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PykoBoguony npojekta O 174001

U3BewmTaj ca Hay4yHor ckyna ,,9th European Nonlinear Dynamics
Conference" (ENOC 2017) y ByiumneiTy, OpraHM30BaHOT MO/
nokpoBuTes/bCTBOM ,European Mechanics Society” (EUROMECH)

[TomrroBany,

oA 25. o 30. jyna 2017. roauHe ofjp>kaHa je KOHpepeHLHja noj Ha3uBoM ,9th European
Nonlinear Dynamics Conference" (ENOC 2017) y bByaumnewmtn, Mabhapcka. Ha
KOH}epeHIIMju caM Yy4yecTBOBAO Ca YCMEHUM CaOoMNUITEHheM Ha MUHUCUMIIO3UjyMY
»,Nonlinear Dynamics in Engineering Systems“ kojuM cy npetcenaBanu npog. dp Kamuya
(Cmesanosuh) Xedpux u npog. dp Yuri Vladimirovich Mikhlin ca pagoM moJ Ha3uBOM
»2Dynamics of ball bearings with damages at outer raceway surface - vibration response under
different loads “, u ca nocTepoM ca UCTUM HACJOBOM y MOCTep CEKLUjUu. AyTOpH pajia Cy
MBaHa AtaHacoBcka ¥ HaTtawa CosiiaT Koje cy MU IpeAJioKuJle Aa pefCTaBUM pe3yJjTaTe
HbUXOBOT HCTPaXKHMBama, IITO CaM NPUXBATHUO U yCHEUIHO ypaauo. Moje u3Jarame je
HAMIIJIO HA MO3UTHUBAH 0/]a3UB U OWJIO MU je MOCTaB/beHO HEKOJIMKO MUTAbA.

Ha koHdepeHIUju je y4yecTBOBAO BeJHMKM OpOj HCTpaXuBaya ca MHOCTPAHUX
YHUBEP3UTETA aJlM U 0caM UCTpakuBava u3 CpOuje of yera neT UCTpaKMBaya ca NpojeKTa
OH174001 yxwyuyjyhu u pykoBojuona npojekta. KoHdepeHnuja je opraHusoBaHa y
OKBUpPY 21 MuHMcuMNo3ujymMa. O6/JacTU Koje je MOKpHUBajJa OBa KOHdepeHLHja Cy:
MoJle/lMpalkbe U MeTOoJie y HeJMHeapHOj JWHaMUIYM, IpUMeHa (QpakKIMOHOT payyHa Ha
npo6seMe MexaHHUKe, KBaJMTAaTMBHA M KBAaHTUTATHUBHA aHa/i3a HeJMHEapHUX
JAUHAMHUYKMX CUCTeMa, HeJIMHeapHa /JWHAaMMKa KOHTHUHYA/IHUX, JUCKOHTUHYAJIHUX U
XUOPUJHUX cHUcTeMa, Oudypkauuja U XaoC, HeJUHeapHU CTOXaCTUYKH CHUCTEMH,
HeJIMHEapHU AWMHAaMHUYKU PeHOMeHH, NpoO6JeMH ylpaB/bakba OCLMWJIALIMjaMa U XaoCoM,
NpUMeHa MeXaHUKe Ha BUIIE CKaJla U y pea/lHUM UHXXeHEePCKUM NpobieMUMa U3 06J1acTU
rpaheBHHApCTBa, eJeKTPOHHUKE, MeXaHUKe, MeJULMHe, MaTepyjaia, KOMYHUKaLUja UJAP.
Takobe, koHbepeHIHja je oOyxBaTajsa M MYyJTHAUCHUINHAPHE TeMe U3 NpPUMEHEHE
MaTeMaTuKe, Gusrke, 6U0PHU3UKe, FeHEeTHUKe, HAHOTEXHOJIOTHja, PUHAHCHja, MeJUIIMHE U
reo-Hayka.



HakoH mor usnarawa paga ,Dynamics of ball bearings with damages at outer raceway
surface - vibration response under different loads “, 6UJ0 je BeJMKOT WHTEpeCcOBamba U3
ny6JiMKe Y MyHO NMTakba, HApOYMTO UCTpPaXKUBauKe rpyile ca /lenapTMaHa 3a MeXaHUKY,
YHuBep3uTteTra Tianjin u3 KuHe, Koju ce 6aBe UCTOM HaydyHOM obuamthy. [ouwio je go
JIOTOBOpA 3a HAy4Hy capajipy y OyayhHOCTM y CMHCAy Hay4yHUX NyOJMKauuja U
6usaTesapHUX npojekata. I[Ipog. dp Kamuya (Cmesanosuh) Xedpux je nmo3Basa KoJjiere ca
YuuBepsuTera Tianjin Aa nowasby pajoBe y CpPICKe Hay4yHe 4acoluce 3a MeXaHUKY U
MaTeMaTUKy M Ja nocete Marematndyku uHcTUTYyT CAHY M oppxe npeznaBame Ha
CeMUHapy 3a MeXaHUKY, a OHU Cy U3Pa3UJIU XKeJby [la TO U ypaje.

PagHu fgeo koHdepeHIMje je oApKaH y 3rpafyd YHUBep3uTeTa TexXHOJOWKUX U
ExoHOoMcKUX Hayka y Byaumnenrtu. KondepeHnyja ce o/ip>kaBa Ha TP TOJIUHE.

3a yueuthe Ha oBOj KOHdepeHIHMjU caM NoApKaH oj, MateMaTuuykor uHctutyta CAHY,
npojekta "OHU174001 JuHamuka XubpudHuX cucmema CA0X4CeHUX cmpykmypa, MexaHuka
Mmamepujaaa” U pykoBoauoua mpojekta npog. dp Kamuye (Cmesanosuh) Xedpux w
MuHuKcTapcTBa NPOCBeTe, HAyKe U TEXHOJIOWIKOT pa3Boja.

gaHa 03.07.2017.

Hukosa Hemuh
UCTpaKuBay-capaJAHUK, MaTeMaTU4ku UHCTUTYT CAHY
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Dynamics of Ball Bearings with Damages at Outer Raceway Surface -Vibration
Response under Different Loads

) Ivana Atanasovska” and Natasa Soldat ™~
Mathematical institute of SASA, Belgrade, Serbia

~ University of Belgrade-Faculty of Mechanical Engineering, Serbia

Summary. This paper presents the new approach in analyzing the vibration response of rolling ball bearings. The simplified
methodology for vibration calculation is developed in order to become a tool for analyzing the wide range of different ball bearing types
with different defects and under various working conditions. The methodology is verified by compare with available experimental
results. For a particular ball bearing type and a particular damage shape and size, all of steps in the developed procedure are performed
and results are presented. The conclusions about the dynamics of ball bearing with damage are obtained in accordance with graphical
presentation of the results.

Introduction

The operation characteristics which are required from rolling bearings become very rigorous in last few decades. This
condition is result of the fact that rolling bearings are the part of almost all contemporary transmission systems
including systems in generators of renewable energy. Consequently, the energy savings, longer working life and noise
and vibration reducing have become an integral part of all ball bearing studies. In that sense, the rolling bearings as
well know and widely used standard machine elements, have been entered into the focus of contemporary research of
many group of mechanics scientists. Almost of all them are studying the dynamic behavior of rolling bearings as the
most important bearing characteristics which reflect almost all characteristics of design, production, assembly and
bearing operation and maintenance.

But, the unique methodology for analyzing the dynamic behavior of rolling bearings still doesn’t exist. The results
presents in this paper is a step forward in developing such a methodology, which will be in same time with
satisfactory accuracy and simplified enough for widely usage, with emphasis on qualitative and comparative analyses.
The special attention is paid to developed procedure with possibilities to studying the different ball bearing defects
with failure prediction possibilities, in order to make a tool for reversible maintenance.

Simplified methodology for analyzing the dynamics of radial ball bearings

Ball bearing assembly has been analyzed as a system of elastic related masses, with fixed outer ring in housing, and
rigidly bounded inner ring to the shaft. Contact between balls and races can be modeled as non-linear springs, which
operate only in compression, simulating contact deformations and resulting forces. System of differential equations
describing the vibrations of the bearing assembly can be expressed as, [1]:

[MI{G(©)} + [DHa(O} + [CHq(®)} = {F (D)} 1)
where:[M] — mass matrix; [D] — damping matrix; [C] — stiffness matrix; {q(t)} and {F(t)} are vectors of generalized
movements and external forces.

The main postulates of the mathematical phenomenological mapping has been used for simplifying the system of
equations (1) in the case of radial ball bearing, [1], to a single degree of freedom system with reduced mass of shaft and
housing and with time-dependence radial stiffness of ball bearing of whole assembly.

The time-dependence stiffness has been calculated by Finite Element Analysis, [2]. In figure 1 the developed Finite
Element Model of a particular radial ball bearing type 6206 with defect (with width of 0,3mm and depth of 50um) is
shown. The modeled defect shape often exists under fatigue or other damaging phenomena, [3, 4]. Figure 2 shows
obtained radial stiffness for different external loads.

Figure 1. Finite Element Model for stress-strain analysis Figure 2. Variable radial stiffness for ball
(with damage detail) bearing with damage - zoom in detail



Results and conclusions

The obtained functions of radial stiffness are incorporated in the appropriate equations for calculation the radial ball
bearing vibrations, [1]. The Runge-Kutta method by MathLab software has been used for differential equations
solving. The obtained results give the vibration response of modeled ball bearing type in both of the cases: with and
without damages and for different external loads. For new methodology verification the available experimental results
for the same type of ball bearing vibrations in the case without damages are used, [5].

The obtained results are presented by set of comparative diagrams. Two of the comparative diagrams for discussing
the influence of damages on 6206 bearings vibrations are shown in Fig. 3. Similar diagrams are created for other
external forces in range of ball bearing load capacity. It is easy to conclude that the effects of damages on other
raceway surface have different character for different external loads. The no predictable qualitative vibration response
of rolling bearings with damages could be expected. Therefore, the one more quality of presented methodology could
be the analysis of optimal external load range in cases of rolling bearings for which operation the monitoring systems
shows the responses characteristic for existing damages. For these purposes the velocity-displacement diagrams,
Fig.4, could be created and analyzed.

(@) (b)
Figure 3. Comparative diagrams for vibration responses of ball bearing with and without damage:
(a) external load 1000 N; (b) external load 2000 N

@ (b)
Figure 4. Velocity-displacement diagrams: (a) ball bearing without damage; (b) ball bearing with damage
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ﬁOCEDURE FOR MULTI-BODY CONTACTS
- FLOW CHART OF THE NEW APPROACH FOR NON-LINEAR DYNAMICS OF MULTI-BODY CONTACTS

~
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complex.

The new approach solves the non-linear dynamics of complex mechanical systems,
which contains two or more deformable bodies in contact.

The developing of presented approach is motivated by problems of solving the
vibrations and noise generated by real complex mechanical systems.

The analyzed problems is characterized with continuous changes of contact areas’
geometry, friction, load distribution and other parameters - Therefore, the problem of
non-linear dynamics of mechanical systems with contact pairs becomes very

MJi% () }+ [DIx ()} +[Clx (1)} = F (1)}

[M], [D] and [C] — the system mass,
damping and stiffness matrices respectively
{x(t)} and {F(t)} — the generalized
displacement and applied load vectors

respectively.
Contact between balls and races are seen as non-linear springs,
\ which operate only in compression, simulating contact deformation
and resulting force
4 | . \
Ball bearing assembly - Simple machine system with rolling ball bearing Contact Finite Element Analysis
- reduction to one degree of freedom system for radial ball bearings - for ball bearing type 6206 by SKF
‘ = , VonMises stresses
M, X+d, (1) X+ ¢, (1) x = F(t) for radial load of
5000 N
mcx.c + Cb(t)(xc - Xs) +Cy (t)(XC_XS) — F(t)
msxs o Cb(t)(xc - Xs) _Cb (t)(xc_ Xs) — _F(t) 3 B
] /
Finite Element Analysis results Sample ball bearing — 6206 by SKF | Verification test ring
FEA results for sample without defect
Average values of total Average radial stiffness - .
deformation of bearing vs external load —‘mredx_l_db(t)x_l_cb (t)x = F(t)
assembly vs external load ' ¢, (H)=F(1)/3(t) The Runge-Kutta numerical

iterative method
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