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Bidomi meopemuuni nioxoou 0o po3paxyuxy
nodamaueocmi NiOWUNHUKIE KOUEHHS MiCmAmb
docums CKAAOHI aHaNIMUMHI 3aeHCHOCMI | 6uma-
2aromv 2pomizoxux obuucaens. Tomy docniocen-
Hsl, AKe CnpAMoeamne HA Po3podKy THICEHEPHO20
nidxody 0o po3paxynxy paodiaivioi no0amaueoc-
mi niOWMUNHUKIB, € AKMYATLHUM.

Y uvomy Oocniddcenni 3anpononoeana imdice-
HepHa Memoouxa eusHauenHs paodianvhoi nooam-
ameoCmi HA NPUKNAT UUTTHOPUMHUX POSUKOBUX
nidwunnuxie. Bpaxosano padianvruil 3azop, Kom-
maxmui depopmauii demaneii, depopmauii euzu-
HY i nepexic xineup 0ns 6unaokie 0ii Ha nidwun-
HUK UEHMPANIbHOZ20 PAdiaNbH020 HABAHMANCEHHS.
i padianviozo HABAHMAICEHHS 3 eKCUeHmpucume-
mom. Ilpuiinama cnpowena ninitina po3paxynxosa
Modenb 8UHAUEHHS KYma NepeKocy Kineup cnpa-
6€0UBA 0N MATIUX KYMi6, KOU 30epieacmvCs KoH-
maxm no éciii doexcuni poauxa. Pospaxynox pa-
dianvioi nodamaueocmi poauUKo8UX NIOWUNHUKIG
npu He ueHmpanvHOMy paodiaivHOMy Hasawma-
JICEHHI TPYHMYEMbCA HA BUSHAUEHHI CYMU 3MIHHUX
npyscHux Odepopmauiii 6 Konmaxmi xineup i Hai-
OLbWL HABAHMANICEH020 PONUKA. SHAMEHHS NPYHCHUX
depopmauiii eusnavaiomocs 3a gidomumu Qopmy-
JamMu piuenns Konmaxmuoi 3adaxi meopii npyoic-
HOCMI 3 YPAXYBAHHAM PO30IHCHOCMI 2e0MEMPUHHUX
UeHmpie 306HIUHBO20 | BHYMPIUWHDBOZO KileYb.

Adexeamuicmv 3anpononosanoi memoouxu nio-
meepoicyemvCs pe3yaomamamu po3paxynKic nu-
momoi nodamaugocmi YUNHOPUUHOZ0 PONUKOBO-
20 nidwunnuxa 2211 3 yenmpanvium padiaroHum
HABAHMANCEHHAM. 3A 3ANPONOHOBAHOI0 MEMOOU-
K010 ompumani 3navenns numomoi nodamaueocmi
Ha 3..4 % menwi 6 nopieHAHHI 3 aHAN02IMHUMU
pesyavmamamu 6idomoi memoouxu. Ha npuxna-
01 yunindpuu020 poauxosozo nidwunnuxa 42726
nposedeno 00Cai0NCeHHA KOHCMPYKMUBHUX napa-
Mempié 3 Ypaxyeamuam He UeHMpPAaavLHOz0 pa-
dianvrozo nasanmasicenus. Iloxazano 3nuscenus
nodamaueocmi niowunnuxa 42726 3i 36iavuennin
KIbKOCMI PONUKIB i HCOPCMKOCMI 308HIUHBLOZ0
KibUsl, a MaKodc 3i IMEHUEHHAM eKCUCHMPUCU-
memy paoianviozo0 HA6AHMAICEHHSL.

Hooamausicme nidwunnuxie Kouenns Heo6xio-
HO 3HAMU NPU CKAA0AHHT OUHAMIMHUX MoOeJiell Oest-
KUX Mawun: wnunoesié gepcmamis, 6anig-uecme-
peHv eenuxozadapumnux peoyKxmopie, Kpamoeux
xoucmpyxuyii. Tomy 3anpononosana indxcenepna
Memoouxa eusHavenns NO0AmMAUGOCMI POTUKOBUX
nIOWUNHUKIE NPU MATUX KYMAX NePeKocis Kineup
Mooice 3Haimu 3acmocy8ans 6 npaKxmuyi npoex-
MYSAHHA MAWUH | MEXAHIZIMIE, O€ BAIHCIUBT NPYIHCHI
xapaxmepucmuxu 6cix ix ejiemenmis

Knrouosi caosa: inscenepna memoouxa pospa-
XYHKY, no0amaugicmv poauKo8ux niowunnuxie,
Konmaxmui depopmauii, ne yenmpanvie padiano-
He HaBaHMAadNCeHHs, nepexic Kineudp

u] =,

1. Introduction

The ductility of a roller bearing is defined by the elastic
deformations in contacts between the most loaded rolling
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body and the rings rolling tracks. The ductility of a bearing
depends on its type, the number of rolling elements, the con-
tact angle between rolling elements, a material of the parts,
gaps, and preload in bearings, the scheme of application and




magnitudes of loads. Typically, the elastic deformations of
bearing parts are small and are ignored in the calculation of
machines. However, for cases of constructing the dynamic
models of spindles for machine tools, shaft-gears for large-
size reducers, as well as crane structures, the ductility of
bearings is an important factor. In addition, the deformation
of a shaft’s bearings, such as a gearbox, under the influence
of support reactions that are different in magnitude leads
to a relative misalignment of conjugated toothed gears that
shortens their service life. Therefore, it is a relevant task
for the calculation of modern machines and mechanisms to
undertake a research aimed at developing an engineering
procedure for determining the radial ductility of bearings
with different schemes of their loading.

2. Literature review and problem statement

Calculation methods for radial ductility of rolling bearings
differ in approaches and models to representing the contact
areas. The ductility of ball bearings, as proposed in [1], should
be calculated taking into consideration the assumption on the
permanence of contact angle based on the simplified analytical
method by using an iterative Newton’s algorithm. That has
made it possible to perform, without the use of specialized
software, the required computation of ball bearings ductility.
However, there is no information that would account for the
radial gap and the deformation of bearing rings.

Paper [2] suggests calculating the ductility of spherical
roller bearings by using known formulae for determining
elastic deformation and load on the central rolling body
without taking into consideration features of the design. The
working formulae to calculate the ductility of bearings are
cumbersome and are not convenient to practical calculations.

A study into the influence of dimensions of different
types of bearings on their ductility was reported in [3]; the
author used known formulae for the contact problem in the
theory of elasticity. In this case, he did not take into con-
sideration the influence of bearings gaps, the flexural defor-
mation of rings, and the misalignment of rings.

An analytical method was proposed in [4] to calculate the
ductility of roller bearings. However, the suggested method
does not take into consideration the impact of a radial gap,
the possibility of flexural deformation, and the misalignment
between the rings of a bearing.

A study into the influence of a combined (radial and
momentum) load on the ductility of cylindrical roller com-
bined bearings was reported in paper [5] based on a model
that takes into consideration four degrees of freedom. The
combined effect of radial and moment loads predetermined
the misalignment of rings and the non-linear character of
ductility. However, the authors of [5], despite the complexity
of their model, did not consider a no-central application of
the outer radial load, which also contributes to forming the
misalignment of rings.

A research into the influence of different profiles of rol-
lers, which reduce the rim concentration of contact stresses,
on ductility of a bearing was performed in paper [6] by using
numerical methods. In this case, no analytical research me-
thods were discussed in that publication.

To carry out an analytical study into the impact of
the profile of a cylindrical roller on the radial ductility of
a bearing, paper [7] constructed a method for cutting the
contact zone by layers. However, the proposed procedure

for calculating bearing ductility is cumbersome and rather
complicated.

Article [8] suggested an approach to determining the
ductility of a bearing based on a finite element method.
The authors compared results from their calculations using
numerical and analytical methods. The analytical solution
accepted is a single contact between a rolling body conjuga-
tion and a ring rolling track. However, it is not clear how one
could use the proposed procedure to simulate the misalign-
ment of bearing rings.

Paper [9] suggested an energy method for determining
the ductility of a bearing. The method is based on the prin-
ciple of a minimum potential energy from classical mechanics
in order to establish the relationship between a load on the
bearing and its deformation. Implementation of the method
necessitates rather cumbersome calculations, not convenient
in engineering practice.

Based on the results from analytical estimation and
experimental measurements of the ductility of defective
bearings at different magnitudes of a static radial load, as well
as the angular positions of a separator, article [10] established
a link to the amount of the identified damage. However, it
does not give the algorithm for the analytical estimation of
bearings ductility, which hampers the practical application
of the proposed study.

An analysis of papers [1—-10] reveals that known theo-
retical approaches to calculating the ductility of rolling
bearings include rather complicated analytical dependences
and require cumbersome computation. At the same time,
the authors do not take into consideration the patterns in
bearing operation associated with the causes and conse-
quences of forming the misalignment of rings. Remains unad-
dressed up to now is the simplest case of loading a bearing by
a no-centrally applied radial load. Therefore, it is expedient
to devise an engineering procedure for calculating the radial
ductility of roller bearings in order to study a no-centrally
applied radial load, which causes the misalignment of rings.

3. The aim and objectives of the study

The aim of this study is to devise an engineering proce-
dure for calculating the radial ductility of roller bearings that
would account for a no-centrally applied radial load. This
would make it possible, based on relatively simple calcula-
tions, to estimate an additional increase in the ductility of
bearings due to the misalignment of rings.

To accomplish the aim, the following tasks have been set:

—to improve the known procedure for calculating the
radial ductility of roller bearings under a central radial load
considering the contact elastic deformations of parts;

—to account for the contact deformations of parts, the
radial gap, the deformations of bending, and the misalign-
ment of rings.

4. Improvement of the procedure for calculating the radial
ductility of roller bearings under a central radial load

Accepted assumptions:

— rollers and rings are manufactured from a homogeneous
isotropic material and are of perfect cylindrical shape;

— there are no roughness and undulation in the parts’
surfaces;



— there are no bending deformations in rings; only the
contact deformations of rings and rollers are considered;
— the influence of lubrication is not taken into conside-

ration.

The elastic contact deformation of two cylindrical bodies
at compression by force Fy is determined from known ex-
pression [11]:

870=C70.E)’ (1)
where Cy is the rigidity coefficient,
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where E is the modulus of elasticity; Ry, R are the cylinders’
radii, respectively; / is the length of the cylinders.

The radial ductility 8, (elastic contact deformation) of
cylindrical roller bearings under radial load F, is determined
from the sum of elastic deformations &,y; and &y, in contacts
between the central most loaded roller and the inner and
outer rings, compressed by force Fy:

61'0 = 61’01' + 57'00’ (2)

where 8, =C,;-F), 8,0, =C,, F.
Magnitudes: C,,,, C,, are the rigidity coefficients of
the contact between a roller and the inner and outer rings,

respectively:
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Magnitudes: R, is the radius of the outer ring’s running
track; R; is the radius of the inner ring’s running track;
R, is the radius of a roller; /, is the length of the roller’s wor-
king section.

The refined magnitude of the force acting on a central
roller is determined by taking into consideration a mismatch
between the geometric centers of the outer and inner rings in
accordance with the formula reported in paper [12]:

F,= L 3)
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where 7/ is the contact angle between the j-th roller and an
inner ring; n is the number of rollers in the loaded zone of
a bearing.

5. Devising an engineering procedure for calculating
the radial ductility of roller bearings under a no-centrally
applied radial load

Accepted assumptions:

— rollers and rings are manufactured from a homogeneous
isotropic material and are of perfect cylindrical shape;

— there are no roughness and undulation in the parts’
surfaces;

—there is no bending deformation of the inner ring,
which is more common during operation (the inner ring is
coupled to the shaft of solid section via a tight mounting);
only the contact deformations of rings and rollers are con-
sidered;

— the misalignment of rings forms under a no-centrally
applied radial load;

— the small angles in the misalignment of rings are con-
sidered, when a contact between a roller and the rings is
maintained throughout its length;

— the linear law of change in the deformations in contacts
between a central roller and the rings holds for small angles
in the misalignment of rings;

— the influence of lubrication is not taken into consi-
deration.

The radial ductility of cylindrical roller bearings is si-
milarly determined from expression (2). The magnitude for
force Fy in this case is determined by taking into conside-
ration the radial gap G,, the bending deformation u, of the
outer ring and takes the following form [12]:
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The misalignment of bearing rings caused by a no-cen-
trally applied radial load F, is accounted for by applying
an estimation model shown in Fig. 1.
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Fig. 1. Estimation model for determining the angle
of rings misalignment under a no-centrally applied radial load
on a bearing: 1 — outer ring; 2 — inner ring;
3 — cylindrical roller

The emergence of eccentricity e in the load application
F, leads to that the load distribution along the generatrix
of the roller is uneven and there occurs the misalignment
of rings defined by angle 6;. By denoting the area of rec-
tangle BDNM through Sy, the area of triangle ABD — S,
a position of the center of gravity x. of trapezoid ADNM
is determined from:
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Taking into consideration magnitudes S,=38,, -/, and
S, =9, -, expression (5) takes the form:
Ir : (Bmin + 28max)
Y= (6)
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Values 8, and 8. for a change diagram of contact de-
formations take the form:

8min = 8n - 0595 : lr’ (7)
6m;\x = 8n + 050s : lr’ (8)
_ FO.Q

where §,=8.0-10" —— is the rated contact deformation of
aroller [13]. '

Considering (7), expression x, is determined from:
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Considering x, = e, +0.5/, (Fig. 1), the magnitude 6, takes
the resulting form:

125, e,
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0 (10)

To find the maximum magnitude for the radial ductility
of cylindrical roller bearings, the value for 8, derived using
expressions (1), (2), (4), replaces 8, in formulae (8) and (10).

6. Results of research into devising an engineering
procedure to calculate the ductility of roller bearings

Fig. 2 shows the results from calculating specific ducti-
lity & (&'=8,,/q) of the cylindrical roller bearing 2211 with
a central specific radial load ¢, based on data from paper [4]
and based on the proposed procedure.
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Fig. 2. Dependences of specific ductility of the bearing 2211
on specific load: 1 — according to [4]; 2 — based on
the proposed procedure

A comparison of the known results from calculating spe-
cific ductility of the bearing 2211 [4] with the results from
calculations based on the proposed procedure reveals that
the values from the former are 3...4 % higher than those from
the latter.

Our study into the influence of a no-centrally applied ra-
dial load on radial ductility was performed for the cylindrical
roller bearing 42726 with the following geometrical parame-
ters: R,=16 mm, [,=42 mm, R;=79 mm, R,=111 mm, and
the following loading conditions: F,=50 kN; e,=0; e;=1,/10;
es=1,/8. The effect of the number of rollers z, the magnitude
of radial gap G, and the rigidity (the moment of inertia of an
outer ring) I of the outer ring on radial ductility 8, of a bea-
ring at e;=0, e;=1,/10 and e;=/,/8, is shown in Fig. 3.

An analysis of dependences in Fig. 3 shows a decrease in
the bearing ductility with an increasing number of rollers and
rigidity of the outer ring. The eccentricity of the radial load
significantly (by 38...43 %) enhances the bearing ductility.
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Fig. 3. Dependences of ductility of the bearing 42726
on the number of rollers and the inertia moment of
the outer ring at load eccentricity: 1 — e;=0; /=209.6 cm%;
2 — e,=0; /=26.2cm* 3 — e;=/,/10 cm; /=209.6 cm*;
4— e,=//10cm; /=26.2cm* 5 — e;=/,/8 cm; /=209.6 cm*%
6 — es=/./8 cm; /=26.2 cm*

7. Discussion of research results of devising
an engineering procedure to calculate the ductility
of roller bearings

The proposed engineering procedure for calculating the
radial ductility of roller bearings is implemented by solving
two problems.

In the first problem, we have improved known calcula-
tion procedure for radial ductility of roller bearings under
a central radial load by accounting for the mismatch between
the centers of the inner and outer rings. That has made it
possible to refine the magnitude of a radial force acting on
the most loaded roller according to paper [12]. Adequacy of
the proposed engineering procedure has been confirmed by
results from calculating specific ductility of the cylindrical
roller bearing 2211 under a central radial load. Using the
proposed procedure, we have derived values for specific duc-
tility that are 3...4 % lower compared to similar results when
applying a known procedure.

In the second problem, we have devised an engineering
procedure for calculating the radial ductility of roller bea-
rings under a no-centrally applied radial load, considering
the contact deformations of parts, the radial gap, as well as
the bending deformations of rings. This has allowed us to
analytically determine, based on engineering calculations,
the bearing ductility under a no-centrally applied radial force
that causes the misalignment of rings. Using the cylindrical
roller bearing 42726 as an example, we studied design pa-
rameters considering a no-central radial load. That revealed
a decrease in the bearing 42726 ductility with an increase in
the number of rollers and rigidity of the outer ring, as well as
with a decrease in the eccentricity of a radial load.

The current study’s limitation is that it does not take into
consideration the actual structure of a parts’ material, the
roughness and undulation in the parts’ surfaces, as well as
lubrication. In addition, the work addressed the simplest case
in the formation of misalignment of rings in a bearing, arising
from a no-centrally applied radial load.

The disadvantage of the reported study is the simplified
analytical model to determine the angle of misalignment of
rings under a no-centrally applied radial load on the bearing.
This model could be used only for cases of small angles of
misalignment, when a contact between a roller and the rings
is maintained throughout its length. It is considered that the
linear law of change in deformations in contacts between
a central roller and the rings holds in this case. Indeed, even
at small angles of rings misalignment the distribution of
elastic contact deformations is non-linear. The larger angles



of misalignment in rings, when one of the edges of a roller is
released from the radial load, require special research into the
contact problem.

The current study could be further advanced to refine
the magnitudes for contact deformations for large and small
angles of rings misalignment under simple, as well as more
complex, schemes of loading a bearing. The cases of jointly
applied radial and axial central or no-central forces require
solving a problem on the distribution of axial force along the
rollers. In this case, depending on the magnitude and position
of the eccentricity of the applied axial force, the problem
on calculating the ductility of a bearing could become sig-
nificantly complicated. In a general case, there is a need to
construct a method for calculating the combined (radial and
axial) ductility of cylindrical roller bearings caused by the
misalignment of rollers both in a normal plane to the rolling
track of an inner ring and in the tangent plane [ 14].

The presented engineering procedure for calculating
the radial ductility of roller bearings accounting for the
patterns in their operation could be applied in the practice
of designing machines and mechanisms for which the elastic
characteristics of all their elements are important.

8. Conclusions

1. The improvement of a known procedure for calculating
the radial ductility of roller bearings implies accounting for
the mismatch between the centers of the inner and outer
rings. That has made it possible to refine the magnitude
for a radial force at the most loaded roller. The calculation
of specific ductility for the bearing 2211 under a central
radial load based on known procedure has revealed that the
values are 3..4 % larger in comparison with the improved
methodology.

2. The radial ductility of cylindrical roller bearings with
the eccentricity in a radial load is defined by the sum of va-
riable elastic deformations of the rings and the most loaded
roller in line with known formulae for the contact problem.
The accepted linear estimation model for determining the
angle of rings misalignment is valid for small magnitudes of
angles, when a contact is maintained along the entire length
of the roller. Using the bearing 42726 as an example, we have
shown a decrease in the bearing ductility with an increase in
the number of rolling bodies and rigidity of the outer ring, as
well as with a decreasing eccentricity in the radial load.
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