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The main purpose of using tapered roller bearings is to obtain high bearing stiffness. High bearing stiffness
is achieved by using an appropriate mounting clamp in the bearing system. The mounting clamp, or in other
words, the pre-clamp, is currently selected based on experience. The literature lacks precise indications
regarding the size of the initial clamp of the bearing arrangement depending on the external load, and it is
selected intuitively. The wrong choice of preload can have a disastrous effect on the life of the entire bearing
arrangement.

This study aims to determine the maximum preload in the tapered roller bearing system, taking into account
its durability and the elasticity of the bearings and the shaft.

In this article, different load variants are analysed, considering the effect of preload on the fatigue life of the
bearing system, and recommendations are proposed for the acceptable preload value depending on the size of
the bearings used.

tozysko stozkowe, zacisk wystepny, obcigzenie watu, trwato$¢ tozyskowania, sprezystos¢ tozysk.

Glownym celem stosowania tozysk stozkowych jest uzyskanie duzej sztywnosci tozyskowania. Uzyska-
nie duzej sztywnosci lozyskowania osigga si¢ poprzez zastosowanie odpowiedniego zacisku montazowego
w uktadzie tozysk. Zacisk montazowy czy inaczej moéwiac — zacisk wstepny dobierany jest obecnie w oparciu
o doswiadczenie. W literaturze brakuje doktadnych wskazowek dotyczacych wielkosci zacisku wstepnego
uktadu tozysk w zaleznosci od obciazenia zewnetrznego i jest on dobierany intuicyjnie. Zty dobor zacisku
wstepnego moze mie¢ katastrofalny wplyw na trwalos¢ catego uktadu tozyskowego.

Celem tej pracy jest okreslenie maksymalnego napigcia wstepnego w uktadzie tozysk stozkowych, biorac pod
uwage jego trwatos¢ przy uwzglednieniu spr¢zystosci tozysk oraz sprezystosci watu.

W artykule przeanalizowano roézne warianty obcigzenia z uwzglgdnieniem wplywu napigcia wstgpnego na
trwato$¢ zmeczeniowa uktadu tozyskowego oraz zaproponowano zalecenia dotyczace dopuszczalnej warto-
$ci napigcia wstepnego w zaleznosci od rozmiaru zastosowanych tozysk.

INTRODUCTION

In modern scientific literature, much information
can be found concerning the effect of preload
on bearings and bearing systems. The preload
is applied not only in the case of angular contact
ball bearings but also in the case of other bearings,
e.g. [L. 1] presents a generalisation of previous
works developed by the authors in the field of
calculation and selection of slewing bearings

*

Zeromskiego 116 Street, 90-924 £.6dz, Poland

where a theoretical model for the estimation of the
static load-carrying capacity of four-contact-point
slewing bearings was obtained. In those previous
works, it was assumed that there was no preload
in the balls; in the work presented, the model has
been improved in order to consider the effect of the
preload in such a way that it provides more realistic
results because this type of bearings is preloaded
in several applications to increase the stiffness and
therefore the accuracy of the system. In parallel and
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for comparison purposes, the finite element model
built by the authors in previous works has also been
adapted to include the preload in the balls. This
[L. 2] presents the results of experimental studies
on the effects of mechanical preload and bearing
clearance on the rotordynamic performance
of lobed gas foil bearings (GFBs) for oil-free
turbochargers (TCs).

Great attention was paid to the effect of
the preload on the stiffness of machine tool
spindles in relation to thermal effects, e.g.
[L. 3] presents a unified method to predict
nonlinear thermal characteristics of a high-
speed spindle bearing subjected to a preload.
Based on a quasi-static model and different
finite methods, the change of thermal contact
resistance, bearing parameters and heat source with
temperature per second is completely analysed
using a new algorithm. The bearing parameters
and lubricant viscosity, affected by time-varying
temperature, are updated in each time step. As
aresult, the thermal effects on contactangles, contact
forces, the preload and stiffness of the bearing are
found. Moreover, our analysis results show that the
estimated preload and bearing stiffness nonlinearly
vary with the increase in temperature, and the
presented method takes much less computational
effort than the finite element method. In [L. 4],
a multi-objective optimisation is performed for the
design of a spindle-bearing system based on particle
swarm optimisation (PSO). Multiple objectives,
such as natural frequencies, static stiffness and
total friction torque, are considered in this design
optimisation. Bearing preload and bearing locations
are selected as the design variables. Pareto-optimal
solutions are used to support the selection of
optimal values of the design parameters. A finite
element model is established to analyse and design
the spindle system with four angular contact ball
bearings.

Then in [L. 5], the effects of preload and
preload method on the rotational performance
of the spindle-bearing system are explored
experimentally to reveal the role of preload and
preload method in spindle rotational performances
under different speeds are presented.

The preload of the angular contact ball bearing
is extremely important according to the following:
high speed of the spindle greatly influences the
spindle’s dynamic and thermal characteristics
[L. 6], vibrations [L. 7], the performance of the
spindle system and bearings in a machine tool

[L. 8, 9], dynamic characteristics of a rotor
[L. 10], on the dynamic performance of the bearing
system [L. 11] and spindles [L. 12]. In [L. 11],
the maximum compliance of the spindle tool tip
occurred at the spindle shaft's bending vibrations
and varied with the preload amount on a spindle’s
bearing.

The preload significantly affects the axial
stiffness of the machine tool spindle, as shown
in [L. 13, 14], where the axial stiffness softening
and hardening characteristics of the machine tool
spindle are studied. “The results show that when
a bearing preload reaches a certain relatively
large threshold, a “sag” shape occurs in the axial
stiffness curve, indicating the “stiffness hardening”
characteristic of the spindle. On the other hand, for
asmall preload, no “sag” shape occurs in the spindle
stiffness curve, indicating a “stiffness softening”
characteristic of the spindle. This phenomenon is
significant for acquiring excellent spindle stiffness
properties” [L. 13].

The wear between the balls and races
significantly affects the bearing's dynamic
characteristics, which is the main cause of bearing
failure. Some existing contact stiffness models were
established to study the dynamic characteristics of
bearings [L. 15]. However, bearing wear has rarely
been investigated due to the contact load and wear
mechanism complexities.

CALCULATION METHOD

The life of the angular contact bearing system
can be determined to a good approximation using
the catalogue method. However, this method
is unsuitable for calculations that consider the
influence of preload. Therefore in the presented
work, a method based on the value of the average
shaft load (rolling element) [L. 16, 17, 18, 19, 20]
is used.

It is impossible to determine forces acting
in bearings if the elasticity of bearings and shaft
are not considered simultaneously. The bearings
and the shaft are coupled systems in which a shaft
deflection forces an angular deflection of the bearing
rings but the angular deflection of the bearing rings
causes a reaction torque in the bearings (except for
self-aligning bearings).

This reaction torque impacts reducing the
shaft deflection. A preload must be applied, i.e.,
closing up the outer bearing rings towards each
other. This clamp will manifest itself as the sum of
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axial deflections in both bearings, but it is unknown
beforehand how this sum is distributed between the
two bearings of the arrangement.

The influence of the following factors on the
rolling element load in the bearing was therefore
considered:

+ radial and axial load acting on the bearing shaft,

» clastic deflection of the shaft causing deflection
of the inner bearing rings,

» preload.

The exact solution to the problem is presented
in works [L. 21, 22].

CALCULATION EXAMPLE
Taper roller bearings of the basic type, i.e. series

302, were used as the calculation subject. Bearing
No. 30209 was selected for the calculation example.

Table 1.

The dimensions of the bearings' work surfaces are
required for the calculation. They were assumed
according to the archival documentation of CBKLT.
There were no contemporary data available
regarding this topic (bearing manufacturers keep
these dimensions as production secrets), but
contemporary deviations from these archival
data cannot be very big (overall dimensions of
bearings are unchangeable). Therefore these
possible deviations cannot qualitatively influence
calculation results. Dimensions of the work
surfaces of selected bearings are shown in Table 1.

A model shaft was determined for the selected
bearings, the dimensions of which are defined
according to Figure 1 and given in Table 2. It was
assumed that two identical tapered roller bearings
support the shaft in an X arrangement in each
calculation case.

Dimensions of work surfaces of bearings taken into account for calculation

Tabela 1. Wymiary powierzchni roboczych tozysk przyjetych do obliczen

Bearing — 30206 30209 30212 30224
D, [mm] 6.137 10.495 13.491 24.907
L, [mm] 12.2 13.8 15.5 30.3
r, [mm] 108 150 193 356
s, [mm] 0.3 0.5 0.5 1

Z 17 19 19 20
D, [mm] 40.632 57.945 74.485 150.478
r_ [mm] 6000 7500 11500 28900
a [rad] 0.244976 0.2637096 0.2637096 0.2822585
d [rad] 1.562070 1.562070 1.562070 1.562070
B [rad] 0.0349066 0.0349066 0.0349066 0.0349066
bearing A bearing B
A 5
1 — A I ! = i
-5—|——£———€————g———£——-}-€:°
! = 1 v ] =
] el_d
— X2 et
X3
- .--x‘4
- s _
- - -
B : T
Fig. 1. Model shaft design
Rys. 1. Szkic modelowego walu
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Table 2. Dimension parameters of models shafts [mm]
Tabela 2. Parametry wymiarowe modelowych watéw [mm]

Bearing — 30206 30209 30212 30224
X, 17 21 24 44
X, 50 75 100 200
X, 100 150 200 400
X, 150 225 300 600
X, 183 279 376 756
X, 200 300 400 800
d, 30 45 60 120
d, 36 52 69 135

The shape of the shaft was selected according
to the typical shape of gear shafts in which the
bearings are placed at the ends of the shaft, and the
diameters at the individual segments correspond to
the theoretical outline being built on the principle
of equal bending strength. In technical reality, there
are infinitely many types of shaft shapes.

The shaft beginning coordinate x1 was
assumed to be equal to zero for all model shafts.

The bearing was calculated with loads varying
in value. A variant of the load location is shown in
Figure 2.

The loading forces (circumferential, radial and
axial) are applied at points determined by a straight
line running through the wheel parallel to the ‘z’
axis; thus, circumferential forces F_ are directed
parallel to the ‘y” axis, radial forces F  are directed
towards the centre of the wheel, axial forces F_are
parallel to the ‘x’ axis. The location of the load
application points is defined by angles Bl and 2.
The directions of the radial and axial forces are
defined in the same way as in the figure.

variant [

Fig. 2. Assumed bearing load variants
Rys. 2. Przyjete warianty obciazenia tozyskowania

Locations of load planes were assumed in fixed
relations to the shaft length L , equal to dimension
x, from Table 2:

For location variant I:
x,=04L ,orx, =05L orx =0.6L.

For placement variant II:
x,=04L_,x,=0.6Lw.

Rolling wheel diameter D, = 150 mm.

The loads presented in Figure 13 are assumed to be
identical (F  =F , F,=F,F,= F).

Firstly, it was established that the
circumferential force on the alleged Fc1 gear wheel
would be taken at three levels: 0.075 dynamic load
capacity C, 0.1 dynamic load capacity C or 0.125
dynamic load capacity C [L. 23].

Assuming that the interlocking buttress angle
of the gears is 20°, the radial Fp force was set as
approximately 0.36 of the circumferential force.
The axial F_force was assumed in five values in
the following fixed relations to the circumferential
force, similar to previous ball bearings calculations.

variant II
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However, due to the greater weight of the axial force
in tapered roller bearings than in angular contact
ball bearings, the axial force contributions were
reduced accordingly. This was done on the principle
of inverse proportionality to the thrust load Y factor.
In the tapered roller bearings of the 302 series —
slightly more than 1.4. Therefore, the axial force's
contribution was assumed smaller for the tapered
roller bearings in the ratio 0.57:1.4 = 0.41.

Hence the following relative values of the
axial forces for the tapered roller bearings of 302
series resulted: 0, 0.03 F, 0.05 F, 0.0874 F,
0.16 F_. Since in the assumed load variant, two
equal axial forces and two equal circumferential

forces act on the bearing, the ratio of the sum of
axial forces to the sum of circumferential forces
is described by the same series of numbers. The
circumferential F_ force is not the only transverse
load (the other one is the radial force). However,
due to the assumed constant ratio of the radial
force to the circumferential one, it is assumed to
treat the ratio of the circumferential force to the
bearing F/C carrying capacity as a parameter
characterising the level of the transverse load in the
bearing arrangement.

The load values summarised in Table 3 result
from the above findings.

Table 3. Load values assumed for calculation
Tabela 3. Przyjete do obliczen wartosci obciazen
Bearing 30206 30209 30212 30224
F/C 0.075 | 0.100 | 0.125 | 0.075 | 0.100 | 0.125 | 0.075 | 0.100 | 0.125 | 0.075 | 0.100 | 0.125
F_[N] 3015 | 4020 | 5025 | 4950 | 6600 | 8250 | 7425 | 9900 | 12375 | 25575 | 34100 | 42625
F [N] 1097 | 1463 | 1830 | 1802 | 2402 | 3003 | 2703 | 3600 | 4500 | 9310 | 12410 | 15520
1 0 0 0 0 0 0 0 0 0 0 0 0
2 90 121 151 149 198 248 223 297 371 768 1023 | 1279
F_[N] 3 151 201 251 248 330 413 371 495 619 1279 | 1705 | 2131
4 264 351 439 433 577 721 649 865 1082 | 2235 | 2980 | 3725
5 482 643 804 792 1056 | 1320 | 1188 | 1584 | 1980 | 4092 | 5456 | 6820
CALCULATION RESULTS L, ., — fatigue life of the bearing A determined in

First, the influence of the initial clamp on
the durability of the bearing ‘A’ and ‘B’ was
determined, where it was found that the life of one
bearing decreased while the other increased. From
the performed observation, it was not possible to
unequivocally state what value of the initial clamp
is optimal for the bearing system. Therefore, the
characteristics of the W, index, combining the
durability of both bearings, were determined.

WT: I—‘hA . I—‘hB
Lyao  Liso

where:

L, , — fatigue life of the bearing A determined in
specific conditions with applied preload,

L, — fatigue life of the bearing B determined in the
same conditions with applied preload,

specific conditions without preload,
L, — fatigue life of the bearing B determined in
the same conditions without preload.

The W, index is an overall parameter that
applies to the simultaneous operation of both
bearings. Therefore, the formulation of this
indicator made it possible to observe the life of the
complete bearing system.

The second important advantage of the
indicator formulated in this way is that when the life
of one of the bearings drastically decreases (e.g.,
close to zero), the indicator's value also decreases
close to zero. Moreover, an increase in the life of
both bearings causes an increase in this indicator,
and a decrease in one causes a decrease. Therefore,
it gives a correct evaluation of the bearing life as
a whole.
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Fig. 3. Life of ‘A’ and ‘B’ bearing for the circumferential load, which is 0,075C for bearing 30209
Rys. 3. Trwatos¢ tozyska ,,A” 1,,B” dla obcigzenia obwodowego wynoszacego 0,075C dla tozyska 30209
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Fig. 4. Life of ‘A’ and ‘B’ bearing for the circumferential load, which is 0,1C for bearing 30209
Rys. 4. Trwato$¢ tozyska ,,A” 1,,B” dla obcigzenia obwodowego wynoszacego 0,1C dla tozyska 30209
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Fig. 5. Life of ‘A’ and ‘B’ bearing for the circumferential load,

which is 0,125C for bearing 30209

Rys. 5. Trwato$¢ tozyska ,,A” 1,,B” dla obcigzenia obwodowego wynoszacego 0,125C dla tozyska 30209

Figs 3-5 show example characteristics of
fatigue life of left (A) and right (B) bearings as
a function of preload Zc for assumed load values
and the bearing version 30209 for one design
variant and load plane x, = 0.6 Lw.

Examples of W_ index characteristics for
bearing 30209 and for the adopted load values are
shown in Figure 6.

In order to determine a beneficial range of
preload, summary graphs based on agreed boundary
points were developed. The agreed boundary
points were the values Z , for which characteristics
of the W indicator have the value 0.98. It has been
arbitrarily assumed that, in order to increase the
longitudinal stiffness of the bearing arrangement,
a decrease in the durability index by 2% may be
allowed.

Collective diagrams of preload are shown
in Figure 7. Each of the cumulative diagrams

Z =1 (F_/F) is made for the assumed location of
the shaft load and for one type of bearing number
and shows the highest value of the initial clamp
(limit according to the criterion of W > 0.98) that
can be used with the parameters mentioned above
in depending on the relative radial load of the
bearing arrangement F_/ C and the relative axial
force F_/F_

With reference to the load plane position x,
= 0.6 L (Figure 7), it can be observed that near
the left edge of the diagram, the characteristic
curves decrease a little, but from the value of the
relative axial load about 0.03+0.04 they begin to
increase. The values of permissible clamping are
proportional to both radial load and bearing size.
For the mean of the bearings analysed, i.e. 30212,
the lowest line runs from the value of 14 um to the
value of 22 pum, so at a slightly lower level than
previously recorded.
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Bearing 30212
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Fig. 7. Acceptable preload Z_according to durability criterion in the function of relative axial load F /F_ for the adopted
example

Rys. 7. Dopuszczalny zacisk wstepny Z wg kryterium trwatosci w funkcji wzglgdnego obcigzenia osiowego F /F dla przyjetego
do analizy przyktadu
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CONCLUSION

After additionally analysing other load variants
and after taking into account the influence of initial
clamping on the bearing stiffness and fatigue life,
it can be concluded that the use of initial clamping
is beneficial in each case of loading the tapered

roller bearing system. The recommendation for
an acceptable preload value is based on the most
restrictive results. The characteristics of the
permissible clamp were built on the most limiting
results based on the points corresponding to F_/
C=0.1and F_/F_= 0. The characteristics thus
created are shown in Figure 8.

0,030
Z . [mm]

0,020

e
0,014
|

0,010 e

0,008

0,006
0,005

20 30 40 50 60 80 100 140 200 d[mm]

Fig. 8. The dependence of the permissible initial clamp on the bearing diameter according to the durability index criterion
Rys. 8. Zalezno$¢ dopuszczalnego zacisku wstepnego od $rednicy tozyska wg kryterium wskaznika trwato$ci
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