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NUMERICAL STUDY OF INFLUENCE OF MUTUAL SLEWIG OF
ROLLER BEARING RINGS ON THE PRINCIPAL STRESSES AT
CONTACT AREA

Summary. Article deals with influence of mutual slewing of roller bearing rings
on the principal stresses and their distribution at the contact area. Profile of rolling element
is logarithmic. Roller bearing has been loaded by maximum specified load only in radial
direction according to the ISO/TS 16281. In practice, the real roller bearings are not loaded
only in the radial direction. Therefore, the angle a has been gradually slewed from oo = 0' to &'
and equivalent principal stresses have been evaluated. This change influenced on contact
conditions and contact stress distribution has changed.

Keywords: roller bearing, Contact analysis, Hertz theory, Static load-carrying capacity,
Finite element method, ADINA system.

ANALIZA NUMERYCZNA WPLYWU PRZENIESIONEJ ZMIANY KATA
NACHYLENIA NA GEOWNE NAPREZENIA W REJONIE STYKU

Streszczenie. Artykut jest poswiecony wptywom nachylenia pierscieni tozyska walcowego
na wielko$¢ i rozlozenie trzech gtownych napr¢zen na ptaszczyznie styku. Profil tozyska
tocznego (walca) jest logarytmiczny. Lozysko walcowe zostalo obcigzone maksymalnym
dopuszczalnym obcigzeniem statycznym wylacznie w kierunku promienia, zgodnie z norma
ISO/TS 16281. W praktyce realne tozyska walcowe nie sg obcigzane wytacznie w kierunku
promienia, dlatego tez kat nachylenia pier§cieni tozyska walcowego a stopniowo zmienial si¢
od o = 0'do 8', a odpowiednie gldwne naprezenia byty oceniane dla poszczegdlnych potozen.
Zmiana ta miata wplyw na warunki styku oraz na zmian¢ roztozenia naprezen podczas styku.

Stowa kluczowe: lozysko walcowe, analiza kontaktowa, teoria Hertza, podstawowa
wytrzymalo$¢ statyczna tozyska, metoda elementéw skonczonych, system ADINA.

1. INTRODUCTION

The early theory of contact mechanics was developed by Russian scientists
at the beginning of the 20th century with the main emphasis on mathematical methods
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in analytical solutions contact form. In engineering analyzes, simplified results have been
used for long time. Classic examples include Hertzian pressure (Hertz, 1882), Carter's rolling
theory (Carter, 1926) and Winkler elastic foundations (Winkler, 1867) are known to many
mechanical and building engineers [6, 7, 8].

For design of the standard parts and its components are set standard procedures in ISO
standards. However, non-standard methods of loading and dynamic contact problems require
more detailed and advanced solutions. Based on the experience an international technical
standard has been established (Technical specification: Rolling bearing — Methods for
calculating the modified reference rating life for universally loaded bearings) [1]. The static
load-carrying capacity is taken as the load acting on a bearing such that in the most heavily
loaded area of contact the total residual strain developed in the rolling elements and races
does not exceed 0.0001 of the diameter of the rolling element [1]. The deformation arises
from an equivalent load which is equal to the calculated bearing rating.

The radial static load rating for all cylindrical roller bearings (roller, needle, spherical,
tapered) is 4000 MPa which correspond to computational contact stresses at the center
of the most loaded contact area of rolling element with the raceway.

The basic static radial load rating for roller bearings is

D,. -cosa

Cor :44(1_ JiZLWe D,. -cosa., (1)

pw

where Dye — roller diameter applicable in the calculation of load rating, Dyw — pitch diameter
of roller elements, Z — number of rolling elements, Ly — effective roller length.

The main focus of this article is to analyze roller bearings stresses by finite element
method [1]. The outer and inner ring of cylindrical roller bearing will be slewed against each
about the specified angle o = 0', 2', 4', 6', &', fig. 1.

Safety coefficient fs represents a measure of safety against too large plastic deformations
at the rolling elements contact points. If the bearings have easy and especially silent rotation,
they require high value of safety coefficient

fo=—%", (2)

fy = 2.5 to 4 — for extremely high requirements, f; = 1.2 to 2.5 — for high requirements,
f; = 0.8 to 1.2 — for normal requirements, f; = 0.5 to 0.8 — for low requirements.

Por is the static equivalent radial force [N]. Especially high safety factor is required
for structures that have higher requirements for safety (bearings used in wind turbines, lifts
gearboxes, wheels for railway carriages, etc.). A set of calculations in the gradual slewing
of the roller bearing rings with safety of f;=4, the roller bearing load represents only
0.25 times the basic static rating of the bearing, i.e. load rate fr = 0.25.

a
I

Fig. 1. Mutual slewing of the roller bearing rings together with rolling elements
Rys. 1. Wzajemne nachylenie pierscieni tozyska walcowego wraz z elementami tocznymi
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2. CALCULATION OF LOGARITHMIC ROLLER PROFILE AND BASIC STATIC
RADIAL RATING

If a purely cylindrical roller is loaded, edge stresses will occur, which can substantially
exceed the calculated Hertzian pressure [4]. Therefore rollers are usually profiled, they
are produced to the roller bearing with logarithmic profile or “KB” profiles.

In our case, the profile of roller bearing element is logarithmic [2]. For rollers having
alength L,, <2.5D,, astepwise defined profile function

1
P(x, )=0.00035D,, -In {m} 3)

where Xi is x-coordinate from the center of roller. Basic dimensions of bearing are shown in
table 1.

Table 1
Basic dimensions of analyzed roller bearing
Outer diameter D =180 mm
Bearing bore diameter d=100 mm
Width of inner and outer ring B =34 mm
Outer diameter of the inner ring Fy =120 mm
Diameter of rolling element Dye =21.5 mm
Pitch diameter of rolling elements Dpw =141.5 mm
Effective roller length Lywe =25 mm
Number of rolling elements Z=16

By substituting values from the table 1 into (1) is obtained the value of the basic static
radial load rating for roller bearing, Cor = 300 848 N. Finite element calculations were made
for the rate of load fg = 1, therefore the applied loading radial force from (2) is Por = 300 848 N.
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Fig. 2. Logarithmic profile of rolling element, rolling element diameter is scaling factor 1:200
Rys. 2. Profil logarytmiczny elementu tocznego, w kierunku $rednicy walca to stosunek 1:200

3. PREPARATION OF A MODEL FOR FE ANALYSIS

FE software ADINA was used for FE analysis. One quarter of the roller bearing model
was created for the purposes of the analysis. In the model, the profile of roller bearing element
is logarithmic [1], fig. 2. Eight-node quadratic elements were used to create finite element
mesh for the FE model. Mesh size of the model was 2 mm. The higher mesh density was used
in the inner and outer rings contact point of rolling elements.

At least 6 elements on contact ellipse width were used. According to Hertz theory [3],
the width of the contact ellipse is b = 0.74-10” m [2]. The isotropic linear elastic material was
used (E = 2.1-10° MPa, u = 0.3) [4, 5]. The shaft was replaced by constrains. Non-linear
contact problem was solved by Full-Newton iteration method.
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4. STRESS-STRAIN FE ANALYSIS

Stress state is evaluated in the most loaded element of the roller bearing. Stresses G, o2
and o3 are evaluated at gradual slewing of the roller bearing rings, o = 0' to 8' with step size
Ao =2'. The whole model and roller detail is showed on figure 3. We can see stress o3 at the
angle a= 0' and at the load rate fp = 1.

Cylindrical roller bearings are machine components, for which reliability and durability
and also static and dynamic bearing capacity are evaluated on base of acquired values
of stresses. In this case the values of principal stresses o, G2, o3 were used for evaluation
of stress in contact. Nodes on edge were selected like is shown on figure 4.

Fig. 3. Stress o3 at load rate fr = 1, angle a =8'  Fig. 4. Selected nodes on the edge of cylindrical
Rys. 3. Naprezenie o3 przy stopniu obcigzenia roller, stress o3 at angle o = 0, load rate
fr=1,kata =48 fr=0.25
Rys. 4. Punkty weztowe lezace na skraju walca,
na-prezenie o3, kat o = 0', stopien obcig-
zenia fp = 0,25

For processing of the results, graphical depiction of fields of monitored values for defined
slewing angles of bearing rings and for individual load rates was required. Courses of these
none smoothed principal stresses o, o, and o3 are presented on figures 5 to 7 and maximal
values of stress were obtained. Table 2 shows a gradual increase of the o), 6, and o3 stresses
values at gradual load rate fr = 0.25 to 1.0 (gradual safety f; = 4.0 to 1 steps by Af;=0.5).

Table 2
Percentage of principal stress increased at slewing angle o=8', load rate fr = 0.25to 1

load rate fr stress o stress o, stress o3
(safety f) [MPa] — [%] [MPa] — [%] [MPa] — [%]
0.25 (4.0) -1255 (+17.5 %) -1908 (+29.2 %) -2537 (+20.7 %)
0.285 (3.5) -1328 (+16.9 %) -2095 (+32.2 %) -2692 (+20.4 %)
0.333 (3.0) -1375 (+12.1 %) -2306 (+32.5 %) -2876 (+19.7 %)

0.4 (2.5) -1519 (+13.8 %) -2463 (+23.8 %) -3037 (+16.5 %)
0.5 (2.0) -1688 (+10.8 %) -2751 (+17.1 %) -3327 (+14.1 %)
0.666 (1.5) -1886 (+7.6 %) -3088 (+12.4 %) -3684 (+10.7 %)
1(1.0) -2249 (+6.6 %) -3720 (+10.9 %) -4409 (+11.0 %)

The gradual change and increase the value of the principal stress o3 on the roller surface
depends else on the anglea.. Table 3 shows a gradual increase in the value of the o1, 6, and o3
stresses at gradual slewing angle o = 0' to 8' of roller bearing rings. The increase in the
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maximum value of stress is quadratic. Maximum value of stress o3 at the angle o = 0'
1s 03 =-3972 MPa and at the angle a = 8' is o3 = -4409 MPa. The stress value o3 increased
by 11.0%.

Table 3
Maximum value of stresses at gradual slewing of roller bearing rings o=0"'to 8', fp =1
anele o stress o stress ¢, stress o3
2 [MPa] —[%] [MPa] —[%0] [MPa] —[%]
0 -2110 (0 %) -3354 (0 %) -3972 (+0 %)
2' 2111 (+0.5 %) -3396 (+1.25 %) -3978 (+0.15 %)
4' -2164 (+2.55 %) -3492 (+4.1 %) -4141 (+4.25 %)
6' -2228 (+5.6 %) -3619 (+7.9 %) -4280 (+7.85 %)
8' -2249 (+6.6 %) -3720 (+10.9 %) -4409 (+11.0 %)
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Fig. 5. Stress o, at angle a=0'to 8', load rate fi=1 Fig. 6. Stress o, at angle o=0' to 8', load rate fr=1
Rys. 5. Naprezenie o dla kata a=0'+ 8', fi=1 Rys. 6. Naprezenie o, dla kata a=0° + 8¢, fp=1
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Fig. 7. Stress o3 at angle a. = 0’ to 8’, load rate fr = 1
Rys. 7. Naprezenie o5 dla kata a=0' + 8', stopien obcigzenia fr=1

We can observe gradual movement of maximal values of individual principal stress
components from the center of the roller in the direction of ring slew. Gradual rise of stresses
occurs. The largest increase of the third principal stress o3 occurred at load level frp = 0.25
by 20.7% and second principal stress 63 by 29.2%.

Based on that consideration, it is possible to establish, that the contact pressure at the load
rate fr = 0.25 increases about quarter of its permitted value. It means that the safety coefficient
fs is not equal to f; = 4, but it is equal to safety coefficient f; = 2.5. It is not sufficient
and the system failure can occur.
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In the next part were analyzed maximal stresses at contact surface. Magnitude and course
of the third principal stress o3 at the contact surface of the roller at mutual slewing of rings by
angle a. = 0' and load rate fr = 1 is plotted on the figure 8. Values of stress o3 are interpolated.

Contours for interpolated values of the third principal stress o3 referring to figure 8 are
plotted on figure 9.
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Fig. 8. Stress o3 at angle o = 0', load rate fp = 1 Fig. 9. Contour of stress o; at angle o = 0/,

Rys. 8. Naprezenie o3 dla kata o = 0', stopien load rate fr = 1
obcigzenia fr=1
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Rys. 9. Obwiednia naprezenia o3 dla kata o = 07,
stopien obcigzenia fr=1

The last position of gradual slewing of rings of roller bearing is slewing by angle o = 8.
The value of the third principal stress at the contact surface for that angle and load rate
is depicted below on figure 10 for interpolated values.

Contours referring to third principal stress o3 for the angle of slewing o = 8 are depicted
on figure 11 for interpolated values.
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Fig. 10. Stress o3 at angle oo = 8°, load rate fr=1  Fig. 11. Contour of stress o3 at angle o = 8§,
Rys. 10. Naprezenie o dla kata o = 8', stopien load rate fp = 1
obcigzenia fr=1 Rys. 11. Obwiednia napr¢zenia o3 dla kata
o = 8, stopien obcigzenia fr=1

If we have a roller bearing with similar dimensions loaded by 1.0 C, (for example),
the increase of compressive stress o3 can be estimated for a specific angle by this quadratic
polynomial function. The relation is a function of three variables:

* slewing angle of cylindrical roller bearing rings a. = 0,2, 4°,6’, 8’,

* loading rate of cylindrical roller bearing fr = 0,25 + 1,

+ the maximal value of the third principal stress 3.

In the same way were interpolated other two main stresses G; ©,. The degree
of polynomial was gradually changed in the direction of ring slewing and load rate. For every
approximation was evaluated the coefficient of correlation of used function approximation.



Numerical study of influence of mutual slewing... 89

In the direction of slewing angle were values approximated by polynomial of third degree
and in the direction of load rate by polynomial of second degree. This degree of polynomial
can be considered adequately accurate. The surfaces are described by the equation 4.

c;=T-P, 4)
wherei=1, 2, 3,
[-52327 [-385.97" (1146 [ 1]
—4.578 -23.31 31.95 o
-2372 —4729 — 4177 fe
—8.047 -9.77 -27.37 o’
T,=| 3458 | ,T,=| 54.74 | ,T,=| 2435 | and P=| a-f. |. (5)
787.3 1765 1341 fe
0.071 0.3229 1.851 o’
—0.3623 3.062 3.11 a’-fr
| —19.52 | | —43.8 | | —30.43 a7

In our case the value of radial static load for cylindrical roller bearing stated by technical
standard ISO 76 equals to 4000 MPa what corresponds with computational contact stresses
in the centre of the most loaded zone of contact between rolling element and raceway.

On the figure 12 is depicted the dependency of the first principal stress o, for load rate
fr = 0.25 to 1.0 and for slewing angle of bearing rings a = 0’ to 8’. Maximum stresses G, G,

and o3 at load rate fr = 0.25 to 1 and at mutual slewing of roller bearing rings angle o = 8’
are shown in figures 12 to 14.
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Fig. 12. Maximum stress o, at angle oo = 0’ to 8’, Fig. 13. Maximum stress o, at angle a. = 0’ to §’,

load rate frp = 0.25 + 1 load rate frp = 0.25 + 1
Rys. 12. Maksymalne naprezenie o; dla kata Rys. 13. Maksymalne napr¢zenie o, dla kata
o = 0’ + 8, stopien obcigzenia fr = o = 0’ + &, stopien obcigzenia fr =

0,25+ 1 0,25+ 1
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Fig. 14. Maximum stress o3 at angle o =0’ to 8’, load rate fr = 0.25 + 1
Rys. 14. Maksymalne napre¢zenie o3 dla kata oo = 0' + 8', stopien obcigzenia fp=0,25+1

5. CONCLUSION

The main goal of this article was the influence study of mutual slewing of roller bearing
rings and load rate on principal stresses in contact area. The finite-element program ADINA
was used for the analysis of this problem.

The set of calculations in the gradual slewing of the roller bearing rings was made with
the various values of safety coefficient f;. The influence of two parameters was expressed
by polynomials of high degree (second and third). Stress o3 decreases about 11%, it means
from -3972 MPa to -4409 MPa. It can be the reason of the limit state generation.
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