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PREFACE

All around us the things work thanks to contact. We can say with confidence that the contact
phenomenon exists in every complex real mechanical system, starting with the machines, the building
constructions and even in the micro and nano-electronic systems. In accordance with these facts, in the
last decade, the contemporary research of research groups in wide range of disciplines is focused on
the contact phenomenon investigation. The advances in computer technology have provided new
methods and solutions for contact problems and open many possibilities for improvement of existing
methods of contact variables solution, as well as for developing the new methods.

The one of the specific and very attractive problem is multi-body contact in real mechanical
systems. Very often, elastic properties in contact areas couldn't be neglected, so the elastic
deformations exist in contact area of each two bodies in contact. When there are two or more contacts
at the same time and rotations and/or translations of contact bodies, these conditions cause the
continuous changes of contact areas' geometry, friction, load distribution and other parameters.
Therefore, the problem of mechanics of this kind of systems becomes very complex.

The real mechanical systems, which are parts of complex machines and industrial installations and
plants, very often have complex characteristics with respect to geometry, kinematics, lubrications and
interconnections. Therefore, the basic contact characteristics of these mechanical systems are:
geometry of contact surfaces with and without irregularities, material deformability, and coefficient of
friction and so on. It is obviously important to study all of contact features in contact systems and to
assess their influence on their mechanics. The complexity of this problem is actually higher due to
variable basic contact characteristics which exist in real systems. The contact characteristics mainly
depend of time, but also very often depend on each other. These postulates are the basis and the main
motivation for developing the new approaches for investigation and assessment of non-linear
mechanics of contact systems which is among other things explain in the lectures which will be
presented in this Mini-symposium.

We organize this Mini-symposium with the main objective to bring together the researchers focus
in the area of contact mechanics. The exchanging of ideas and inspirations within wide range of
researchers in the roles of lecturers and auditorium will be the main constituent of the both of working
and braking parts of the Mini-symposium. The lecturers whose have been invited are the researchers
from different areas in contact mechanics research, from analytical and numerical, via experimental
research to applications in real systems. We hope that this Mini-symposium will bring new ideas about
the applications of original theoretical results in real engineering systems and new connections
between the present researchers, and finally the exceptional important international collaboration.

Editors
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YBOJ

CByna oko Hac crBapu (YHKUMOHHINY 3axBabyjyhu koHTakTy. Moxkemo ciobomnHo pehu na
KOHTAaKT Kao ()CHOMEH IOCTOjH Y CBAKOM CJIOKCHOM PEaTHOM MEXaHHYKOM CHCTEMY, ITOYEBIIH O
MallnHa, IPeKo rpal)eBUHCKUX KOHCTPYKIHja, a YaK U KOJ MUKPO M HAHO-CJICKTPOHCKHUX cucTemMa. Y
CKJagy ca OBHM YHIbEHHIAMA, Y TIOCJIEAOj MACLCHHjH, CaBpEMEHA HWCTPaKMBamkba MHOTHX
UCTPaXMBAUKUX TPyIa y HAjpa3IUuNTHjUM HAyYHUM IMCIHMIUIMHAMA YCMEpEHa Cy Ha HCTPAKHUBAIHC
KOHTaKTHOr (peHOMeHa. Hampenak y KOMIjyTepCcKMM TeXHOJIOrHjama 00e30eno je HOBE METOAe U
pelema 3a KOHTAKTHE MpoOiieMe M OTBOPMO MHOre MoryhHOCTH 3a moOoJsplname mnocrojehux u
pa3BHjarkbe HOBHX METO/IA 32 PEIIaBarbe MPOMEHJBUBHX KOje KapaKTepPHITy KOHTAKT.

Jenan on crnennduYHNX W BeOMa 3aHMMJBMBHX IPOOJIEMa je M KOHTAKT BHIIE Tela KO PEATHHX
MEXaHMYKUX cHUCTeMa. Beoma decTo, enacTMYHe OCOOMHE y KOHTAaKTHO] 30HHM HE MOry OuTH
3aHeMapeHe ¥ jaBJhajy c€ y KOHTAaKHMM 30HAMa CBaKa JBa Tella y KOHTakTy. Kama moctoje
MICTOBPEMEHO J[Ba WJIM BHUILIC KOHTAKTHA Mapa W pPOTAIWje W/WIN TPAHCIIAIH]je KOHTAaKTHUX TeJla, TAKBH
YCIIOBM W3a3WBajy KOHTHHYHUPaHy IPOMEHY KapaKTEpPUCTHKAa KOHTAKTHUX OOJAcTH: TeOMETpHje,
Tpema, pacronene ontepehema u ap. JacHo je aa je 3a1aTak penraBamba MEXaHUKE OBE BPCTE CHCTEMa
BEOMa CJIOXKEH.

PeanHn MexaHWYKH CUCTEMH, KOjH CY 160 KOMIUIEKCHUX MallliHa WX UHIYCTPHjCKUX MHCTANIAIH]ja
U TIOTOHAa, BEOMa YECTO MMajy KOMIUIEKCHE KapaKTepHCTHKE y TIOTJIeAy TeoMeTpHje, KHHeMaTuke,
noaMasuBama U MelhycoOHHX Be3a. Y Ckiialy ca TUM, OCHOBHE KapaKTepPHCTHKE KOHTAKTa KOJ OBHX
MEXaHHYKHX CHCTEMa Cy: TeOMeTpHja KOHTAKTHHX TMOBpIIMHA ca WIH 0e3 HEeNpaBHIHOCTH,
nehopMabMITHOCT MaTepyjana, KOeQHIIHjeHT Tpeha W CIUYHO. JacHO je /1a je BaKHO MPOYYUTH CBE
KOHTAaKTHE KapaKTEPUCTUKE KOHTAKTHOT CHCTEMa U MPOIEHUTH HUXOB yTHUIIA] HA MEXaHHUKY CHCTEMA.
KommnekcHocT oBOr 3ajaTka je peaJHO BeoMa BHCOKa 300T IPOMEHJBUBOCTH OCHOBHUX
KapaKkTepHCTHKAa KOHTaKTa KOjU IIOCTOje KOJ peaTHHX cHucTeMa. KOHTaKkTHE KapaKTepHCTHKE
VIJIaBHOM 3aBHCE O]l BpeMEHa, aid Beoma dYecto cy u MehycoOHO 3aBucHe. OBe mOCTaBKe
NpeACTaBbajy OCHOBY M TJIaBHY MOTHBAIMjy 3a TpoydaBamba U pa3BHjalba HOBHX MpPUCTYNA y
HEJIMHEAPHO] MEXaHUIM KOHTAKTHUX CHUCTEMa, IITO je n3Mel)y ocTaior U mpeaMeT npeaaBama koja he
ONTH M3TI0KEHA Y OKBHPY OBOT MHUHHN-CHMITO3Hj yMa.

OCHOBHHM LIWJb KOjH CMO MOCTaBHJIM Yy OpraHu3alMju OoBOI MUHH-CHMIIO3HMjyMa je€ Ja OKYyNHU
UCTpaKWBade TOCBeheHe HCTpaKMBamMMa y OOJIaCTH KOHTakTHe MexaHuke. Pa3smeHa wuuaeja u
MHCOHpaLHja y MHPOKOM KPYTy IpefaBada W ciylraona Ouhe OCHOBHM YMHIJIALl M PAJHUX JEI0OBA
MuHH-cUMINIO3HjyMa, i U MpeIBUleHUX Hay3a. Y TOj HaMepH, Jla OJpXe MpeaaBamba y OKBUPY OBOT
MuHH-CUMIIO3H]j yMa, TIO3BAHU Cy HCTPAKUBAYH KOJU TPUTIAJIA]y Pa3IMIUTHM O00JaCTHM HCTPAKUBAMHA
y OKBHPY KOHTAaKTHE MEXaHHKe, OJf aHAJUTHYKUX, HYMEPHUUKHX, IPEKO EeKCIEePUMEHTATHHUX
UCTpaXKMBamkha M KOHKPETHHX cllyyajeBa mnpuMeHe. Hamamo ce na he oBaj MuHH-cuMIO3ujym
U3HEIPUTH HOBE HJEje O NMPUMEHH OPHIMHAIHHUX TEOPHjCKUX pe3ysiTaTra KOJ PealHNX MEeXaHHYKHX
cucteMa u n1a he IpUCyTHU UCTPaXUBA4X OCTBApUTH y Oymyhem mepromy ycreniHe KOHTakTe Koju he
3a pe3ynTaT uMatu MelyHapoaHy capaimy.

Ypennuuu
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CONTACT PROBLEMS IN AIRFRAME STRUCTURES ON ELASTIC SUPPORTS

Mirko Dinulovic':L

1Faculty of Mechanical Engineering, Department of Aerospace engineering
University of Belgrade
Belgrade, Serbia
E-mail: mdinulovic@mas.bg.ac.rs
web page: www.mas.bg.ac.rs

ABSTRACT

In the present work the stress and displacement fields of the airplane wing to fuselage connection area, and
rod structure helicopter airframe residing on elastic supports, are analyzed using a finite element analysis (FEA)
approach.

External loading on the airframe components is obtained by performing CFD analysis for given flight
conditions for the analyzed structure. To obtain the accurate results doublet lattice method is used. Aerodynamic
pressures obtained were directly transferred to the structural model using method of splines. In order to obtain
accurate values of stresses, strains and displacements in the high stressed areas of the airframe. Each component
of the assembly was modeled separately and the 3D stress field is assumed.

It was found that in order to accurately predict structure aeroelastic parameters, such as divergence speed,
reversal speed and flutter speed contact effects between parts in airframe components have to be taken into
account.

Keywords: Contact Stress Analysis, Computational Mechanics, Airframe, Finite Element Analysis.
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ITPOBJIEMH KOHTAKTA KO/l BA3AYXOIIVIOBHUX CTPYKTYPA HA
EJACTUYHHUM OCJIOHIIUMA

Mupko I[HHyJIOBth

Im
AIIITMHCKHU (l)aKy'J'ITGT, KaTe}Jpa 3a Ba3AyXOIIJIOBCTBO
Yuusep3ureT y beorpaay
Beorpan, Cpbuja
E-mail: mdinulovic@mas.bg.ac.rs
web page: www.mas.bg.ac.rs

AIICTPAKT

Y 0BOM pajly aHAJIM3UPAHO j€ HAIIOHCKO CTAake Kao U M0Jbe IIOMEpara aBUOHCKOT KpHila Y 30HH Be3e KpHIIo-
TPy Kao M XEIMKONTEPCKE pEelIeTKacTe CTPYKType KOje Ce Ocllamajy Ha eJacTHYHE OCIIOHIE METOJ0M
KOHAYHHX €JIeMEHATa.

Crospanme onrepeheme cTpykrype mobujeHo je merogqom CFD anammse 3a 3amate yciioBe jera. Y OBOj
mertoau kopumrrer je “doublet lattice method”. AepoanHamudky npuTHCIN Cy TIpEeHETH Ha CTPYKTYpy “spline”
MeToZoM. Y by AoOWjamka INTO TadyHHje pacHojielie HallOHA y BHCOKO omnTepeheHMM 30HaMa CKJIOMOBa
CTPYKTYype, MOceOHO Cy MOJENHMPAaHH CBH EJIEMEHTH CKJIONOBA M MPETIOCTABJBEHO j€ TPO-AUMEH3HOHAIHO
HAIlOHCKO CTambe.

3akJpydeHO je Ja je y Luiby oipehuBama TauHUX aepoeacTUYHHMX Mapamerapa CTPYKType, Kao LITO Cy
Op3uHa JuBepreHiyje, Op3uHa peBepca KOMaHAHUX MOBpHIMHA W Op3uHa (iarepa moTpeOHO y3eTH y 003up
e(eKTe KOHTAKTa u3Mel)y KOMIOHEHTH KOje CauribaBajy CKIION Ba3IyXOIJIOBHE CTPYKTYpE.

Kibyune peun: KonrtakTHa HamoHcka aHanmmza, Hymepuuka Mexanuka, BazmyxomnoBHa cTpykTypa, Meton
KOHAYHMX €JIEeMEHAaTa.
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SOME ASPECTS OF 3D FINITE ELEMENT MODELING OF CONTACT EFFECTS
IN WIRE ROPE STRANDS

Gordana M. Kastratovic’1

1Department of Technical Sciences
University of Belgrade, Faculty of Transport and Traffic Engineering
Belgrade, Serbia
E-mail: g.kastratovic@sf.bg.ac.rs

ABSTRACT

Knowing that experimental work on wire rope requires specific and expensive testing devices, because of
which the experimental results reported in the literature are very limited, numerical analysis such as finite
element analysis (FEA), was the logical step in the wire rope behavior studies. However, because of its complex
geometry, it is still very difficult to model and analyze wire ropes, using finite element method. Another
important issue, which increases the difficulty of FEA, for this particular problem, represents the modeling of
contacts between wires, which exist and must be taken into consideration. They determine how the wires can
move relative to one another and the distribution of load between them, even when the friction is neglected.

As an effort to resolve mentioned issues, this research explores some aspects of 3D modeling of contact
effects in wire rope strands with Independent Wire Strand core (IWS), since there are not many papers in which
mentioned topic was analyzed. Using advanced 3D modeling techniques, FEA of wire rope strands was
considered, with special emphasis on diverse types of contacts between wires. Several different meshed 3D
models were made, and numerical analysis, using finite element method based commercial software was carried
out under two different load conditions.

First the 6x7 Independent Wire Rope Core (IWRC) was investigated, and afterwards the 1x19 wire rope,
which is a stainless steel core of a 7x19 wire rope. These analyses were employed for verification purposes,
since it was possible to compare the obtained results with the solutions from the available literature. This
comparison showed excellent agreements. Then, the 7x19 IWS itself was investigated, with the finite element
model based on previously mentioned analyses. This analysis provided results, which can be found useful in
practical engineering. All this emphasis the significance of creating the suitable finite element model of the wire
rope contacts, in order to provide a better understanding and prediction of the mechanical behavior of the wire
ropes.

Keywords: Wire rope, strand, contact, finite element method.
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AIICTPAKT

ExcnepuMeHTanHa HCIUTHBAKA IUICTCHUX YSTHMYHUX YXKAIW 3aXTEBajy CICUU(PHUUIHY U CKYIy OIpEeMy U
MEpHE HHCTPYMEHTE, IITO EKCICPHMEHTAJHE pe3yirTare y JUTepaTypd YHHH BEOMa PETKHM H TEIKO
JOCTYMHUM. 300r Tora cy HyMepHUuYKe MeToje, M TO y IPBOM pelny MeTona koHaynux enemenara (MKE),
JOTHYaH KOpaK y HCOHMTHBAby W aHAM3M MOHAIIama IUICTCHHX YeIWYHHX YKaaun. MehyTum, BHXOBO
MoJernoBame U anaiauza npumenoM MKE cy U 1ajbe KOMIUTMKOBaHH, y IIPBOM peay 300T N3y3eTHO KOMIUIEKCHE
reoMeTpHje, anu u 300T mocTojamka KOHTakTa m3Mel)y KUyaHWX BIIakaHa, KOJH ce€ MOpajy y3eTu y o03up. OBu
KOHTaKTH onpel)yjy Kako ce u4yaHa BIakHa Kpehy permaTwBHO jeHO y OJHOCY Ha IPYTO, ald HCTO TaKO H
pacmionery ontepehema Mely \Ma, 4ak U KajJa je Tpeme 3aHeMapeHo.

Y muipy pemmaBama OBHX IIpoOiieMa, OBHM HCTPAKUBAKREM C€ aHAIM3HPajy MojeanHH acnektn 3D
MOJICJIOBAbA yTHLAja KOHTaKaTa M3Mely *KMIa y IUIeTCHHM YXaJuMa METOJOM KOHAa4YHHX eJieMeHaTa, a C
003MpOM Ha TO Ja HeMa MHOT'0 UCTpaKHBamba y KOjuMa je oBa TeMa pa3MarpaHa. Kopucrehu HanpenHe TexHUKe
3D mopenoBama, 0Ba aHaM3a je pa3MarpaHa ca NoceOHUM HarjackoM Ha pa3jIMYMTe THIOBE KOHTaKaTta uMely
JKMYaHUX BiakaHa. KpewpaHo je HEKOIMKO pasIMuuTHX MoOJelia, ca pa3IMYuTUM Mpexkama, KOju Ccy
aHaJIM3MpaHu TMoMohy komeprujanHor codTBepa OazupaHOT Ha METOAM KOHAYHHMX elleMeHara, ¥ TO 3a JBa
pas3IMYuTa yclIoBa onTepehema.

[TpBo je anamu3upano 6x7 IJIETEHO YEIMYHO YKE, a 3aTUM U IUIETEHO 4ean4Ho yxe 1x19, koje npencraBiba
jesrpo ox Hephajyher uenmka ruieteHor yxkera 7x19. OBe ananmsze cy ypaleHe y by Bepudmukaimje, ¢
003MpOM Ha YHILCHUILY [1a je Y OBHM ClIydajeBUMa Omio moryhe m3pprutu mopeheme 1oOujeHnx pe3ynrara ca
pesyaTaTuMa AOCTYIHUM y JuTepaTypd. OBo mopeheme je nano ofIMYHO MoKianawme pesynrara. KoHayHo je
AQHATM3UPAHO U YSITMYHO IUICTEHO yke 7X19, mpu demy je MoJen KOHAUYHHX eleMeHaTa 3aCHOBaH Ha MPETXOJHO
NOMEHYTUM aHanmzama. OBa aHaNU3a je Jana pe3yirarte KOju MOry OWTH KOPHCHHU y PEaTHOj SKCIUIoAaTaluju
KOHKPETHOT y)KeTa, ald U KOMIUIEKCHUX Yy)kaau yonmre. OBUM HCTaKMBabUMa UCTAKHYT je 3Ha4aj aJeKBaTHOT
3D mozenoBama KOHTaKaTa IUICTEHHX YEIMYHUX YXKaIh, a y LHbY LITO OOJbEr pasymeBama U mnpeisubjama
noHamamka UCTUX.

Kbyune peun: IInereno genmuno yxe, Ctpyk, Konrakr, MeTona KOHAaYHUX eleMeHATa.
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ABSTRACT

The investigation of contact phenomena uses to represent a hard task in numerical modelling. It involves
steps as formulation of geometry, statement of interface laws, variational formulation, algorithms development
and so on. This article provides a short overview on this topic with special regards to industrial applications. The
discretization of a contact problem in time and space has to be realized deeply considering the inner nature of
this contact. Thus, the procedures conventionally used for discretization of contacts are here discussed as well as
advanced techniques for their better modelling. Furthermore, it is noteworthy that different variational
formulations can be applied to treat the variational inequalities due to contact.

The current requirements in optimization of the structures and components of industrial reality bring a latest
investment in research project regarding engineering systems which are already in use or under development.
Several methods will be presented and discussed as contact problems: Resistance of composite curtains under
ballistic impact; Winding of the automotive throttle body spring; Viscoelastic banding of porcelain; Crash test of
electric and solar vehicle; Ballistic Impact on concrete and ceramic barrier; Hydro elasticity in water-entry
problems etc. These examples will give an overview of the non-linear dynamics application that is very
important in the area of real engineering approach.

Keywords: Contact problems, Composite material, Ceramic, Concrete
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AIICTPAKT

HcrpaxuBame KOHTAKTHHX ()CHOMEHA IpPEACTaBJba TEXAK 33JaTak y HYMEPUYKOM Mojenupamy. To
YVKJbydyje KOpake, Kao INTO Cy.: KpeHmpame TreoMeTpHje, NepHHHCAme 3aKOHA, AepUHHCAme MPOMEHJBUBUX
(dopmymnanmja, pa3Boj anropurama u Tako aajbe. OBaj pax Aaje KpaTak OCBPT Ha OBY TEMY Ca MOCEOHOM IaXKEOM
Ha WMHAYCTPUjCKY NpuMeHy. JluckpeTHsalyja KOHTaKTHHUX HpoOsieMa y BpeMEHY M IIPOCTOpy Mopa Ja ce
peanusyje ayOOko 0O3MpOM Ha yHYTpalllby MpHpoay oBor KoHrakTta. Crora, mpoueaype Koje ce
KOHBEHIIMOHAJIHO KOPHUCTE 32 JMCKPETH3alHjy KOHTaKaTa OBJIE CY M3JI0KEHE Kao HalpeJHe TEXHUKE 32 IHXOBO
Opxe Mozaenupame. OCHUM Tora, Ba)KHO je HAllOMEHYTH Ja C€ pa3IMYuTe NPOMEHJbUBE (OpMyJanuje MOry
MIPUMEHUTH 32 TPETUpae IMPOMEHJBUBUX HEjEJHAKOCTH IpH KOHTakTy. Cajallmu 3aXTEBH Y ONTHMHU3ALMjU
CTPYKTYpa ¥ KOMITIOHEHATa WHIyCTPU]CKE PEATHOCTH, JOHOCH HajHOBH]ja YJarama y UCTPaXKMBAuKe IPOjEKTe y
BE3W Ca WHXCHEPCKHM CHCTeMHMa Koju cy Beh y ymorpebm mwim y ¢asu uspamge. Hexommko mertoma Ouhe
NPEJICTAaBJbEHO M Pa3MOTPEHO Ka0 KOHTAKTHH NpoOiieMu: OTIIOPHOCT KOMITO3HTHUX Oapujepa Ha OalMCTHYKU
ynap; HamoraBame ayromoOwmicke ompyre; BuckoenactuyHo caBHjame Kepamuke; Cynap €IeKTPUYHOT U
coJlapHOT Bo3miIa; bamucTiuku ynap Ha GETOHCKY M KepaMuuKy Gapujepy; XUIpo-eIacTHYHOCT Y HpodiIeMuMa
yaapa y Boay uta. OBU mpuMmepHn he naT mperiex HeJWHeapHe AWHAMHYKe NPHMEHE Koja je BeoMa BaXKHa Y
00J1aCTH peasHOT HHKEHEPCKOT IPUCTYTIA.

Kibyune peun: [IpoGnemMu KOHTaKTa, KOMIIO3UTHH MaTepHjalii, KepaMuka, 0ETOH
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A QUATERNION-BASED ANALYTICAL SOLUTION FOR THE GENERALISED
3-D NON-CONJUGATE GEAR CONTACT ANALYSIS PROBLEM
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ABSTRACT

The current technological state-of-the-art uses modified gear tooth profiles, which are in part non-conjugate
and therefore cannot be analyzed using standard conjugate contact theory. Existing non-conjugate mathematical
models require the solution of a system of implicit equations, typically with significant computational effort and
need for careful monitoring of solution stability, convergence and selection of initial values.

This paper derives a modified form for the fundamental gear meshing equations in three dimensions, which
are solved in an analytical way using quaternions. Two-dimensional solutions are presented demonstrating the
improved solution speed and stability of the proposed approach. The solution is validated in benchmark tests
using real gear geometries.
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AIICTPAKT

CaBpeMeHe TexHOJIOTHje Kopucte MoaudukoBaHe npodwie 3ybana 3ynuaHHKa, KOjU Cy JEIUMHYHO
HEKOWYTOBaHN (HECTIPETHYTH) M 300T TOra ce HEe MOTY aHAIW3HUPaTH CTAaHAApIHOM KOHTAaKTHOM TEOPHjOM.
Iocrojehn HeKOBYTrOBaHM (HECHIPETHYTH) MaTeMaTHIKHA MOJIENN 3aXTEBajy pellaBambe CHCTEMa WMILUTHITUTHUX
jemHaunHa, OOWYHO ca 3HAYajHUM padyHApPCKUM BPEMEHOM U MOTpeOOM 3a Ma)kJbUBUM IMpahemeM cTaOMIHOCTH
peleba, KOHBEpreHuje 1 1300pa MOYETHUX BPEIHOCTH.

OBaj pax u3BoIM MOIU(PHUKOBAHU OOJMK 32 OCHOBHE jeHAYHMHE CIpe3ama 3yIMUaHuKa y TPH TUMEH3Hje, Koje
Cy pelleHe aHAIUTUYKK KopumhemeM KBaTepHHOHA. J[BOIMMEH3MOHANHA pellema Cy NpelcTaBJbeHa Ja
IpHKaxy MoOosblllaHy Op3MHY pelllaBamba U CTaOMIHOCT NPEIIoKEHOr NpHCTyma. Pememe je moTBpheno y
perepHUM TeCTOBHMa KOpHIINemheM pealHuX reoMeTpHja 3ymuaHHKa.

16


mailto:vspitas@central.ntua.gr

Mathematical Institute of SASA and Project Ol 174001,

m Mini-symposium “Contact Mechanics: Theory and Applications”
Belgrade, Serbia, March 14, 2017

CONTACT ANALYSIS APPLIED TO GEAR DESIGN

V. Roda—Casanoval, F. Sanchez-Marin2

Department of Mechanical Engineering and Construction
Jaume | University
Castellon, Spain
E-mail: 'vroda@uiji.es, *ftsan@uiji.es, web page: http:/gite.uji.es/

ABSTRACT

The determination of the maximum contact stress and the maximum bending stress at the root of the tooth is
an important stage in the design process of a gear transmission, since they directly define the load carrying
capacity of the gears. If these stresses become higher than the allowable values according the properties of the
material, the expected life of the transmission will decrease.

Several approaches have been developed through years to determine the maximum contact stress. Some of
them are numerical methods based on the discretization of the domain, while other approaches use analytical
solutions, generally based on Hertz contact theory. Compared to the numerical approaches, the analytical
solutions are more efficient in terms of the computational cost, but they have severe applicability limitations,
imposed by the hypotheses of the underlying theory. On the other hand, the numerical approaches can overcome
these limitations, but at much higher computational cost. Semi-analytical approaches can be considered as an
intermediate step, since they are potentially more efficient than the numerical approaches and they allow
overcoming some of the limitations of the analytical approaches.

For any of these approaches, the priority is realism (accuracy of results). This means that contact analysis
must be performed in conditions as realistic as possible considering all phenomena that may affect the contact.
Among these phenomena, the mesh misalignment has special importance. When two gears are misaligned, a
defective contact pattern is produced, originating uneven distributions of contact pressure, which tend to increase
the maximum contact and bending stresses. And mesh misalignment may be produced by several causes, such as
manufacturing and assembly errors, elastic deflections, thermal deformations, etc.

In this work, new models have been proposed and some existing models have been improved, to take into
account the mesh misalignment produced by the elastic deflections of the elements of the transmission when
performing analytical [1], semi-analytical [2] and numerical [3] contact analyses.

Keywords: Contact analysis, Gear drives, Mesh misalignment.
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AIICTPAKT

OnpehuBarbe MakCUMaJHMX KOHTaKTHHUX HallOHA M MAaKCHMaJHUX HAIlOHa y IOAHOX]y 3y0ama BeoMma je
Ba)XaH KOpPaK y Npolecy KOHCTpyHCama 3yM4acTHX NPEHOCHHKa CHare, ¢ 0O3MpOM Ja OBa HAINlOHCKA CTamba
JMPEKTHO o1pelyjy HocuBoCT 3ynuanuka. Kasia cy oBM HalloHM BUILIM O JJ03BOJbEHHUX BPEIHOCTH C 003MPOM Ha
KapaKTepHCTHKE MaTepyrjalia, OYeKMBAaHH PaJHU BEK IPEHOCHUKA CE CMambYje.

Hexonuko npucrtyma je pa3BHjeHO y IPETXOAHOM MEpUOy Y IHJbY oapehuBama MakCHMaaIHUX KOHTAKTHHX
HaroHa. Hekn onl ®mUX Cy HyMepwdke MeTojae Oa3upaHe Ha IUCKpeTH3anuju o0jekTa, MOK APYTH MPHUCTYIH
KOpHCTe aHAIMTHYKa pellea, yriIaBHOM Oa3upaHa Ha Hertz-opoj xoHTakTHOj Teopuju. Y mopehemy ca
HYMEPHYKUM IIPHCTYNUMA, aHAJUTHYKA pelleha Cy epUKacHUja y HOIVIeAy padyyHCKOI BpeMEHa W IeHe, alu
MMajy HEKOJIMKO OTpaHHYCHa y MPUMCEHH, KOja MPOU3MIa3e O XHUIIoTe3a OCHOBHE Teopuje. Ca apyre cTpane,
HYMEpHYKH MPUCTYI MOXKe IpeBasuhul Ta orpaHUyYersa, ajli y3 MHOTO Behly pauyHcky ueHy. Iloiy-aHanmuTnaku
MIPHUCTYIIA MOTY OWTH pa3MaTpaHu Kao Meljykopak, ¢ 003UpOM a Cy MOTSHIHjarHO e(hUKACHH]H 0T HyMEPHUKUX
npuUcTyIia 1 oMoryhasajy npeBasuiaxemhe HEKHX 0J1 OTpPaHuYCHha aHATUTHYKUX IIPUCTYIA.

3a cBakd OJ] OBUX MPHUCTyIA, MPUOPUTET je PeasHOCT (TayHOCT pe3yarara). OBO 3Ha4YM Ja KOHTaKTHA
aHajM3a Mopa OWMTH CIIPOBE/IEHa Yy LITO PEalHUjuM ycIoBUMa y3umajyhu y o03up cBe (peHOMEHE KOju MOTy
UMaTH yTUIa] Ha KOHTAaKTHA Harpe3ama. Meljy oBiM (eHOMEHNMa, O/ICTyIama Npouiia 3ay31UMajy CIeLH]jaIHo
mecro. Kama w3melhy nBa 3ymyaHMKa IOCTOje OJCTyNama, jaBjba Ce€ HENpaBHJIHA KOHTaKTHa o0JacrT,
npou3Boaehin HepaBHOMEPHY pacrojiely KOHTAKTHOT NMPUTHCKA, KOjH MMa TCHACHLM]Y Ja noeha MakcHMalHe
KOHTAKTHE HaIllOHE ¥ HAalOHE y MOAHOXK]Y 3ynua. Oncrynama npoduia MOTy ce jaBUTH yCJIed HEKOJMKO Y3pOKa,
Kao IITO Cy FPElIKe y U3pajd K MOHTaXH, elacTUYHe U TEPMHUUKe AehopManuje u Jp.

VY oBOM paly, NpeIUIoNKEHH CY HOBH MOJEIH, a HeKU moctojehin ¢y moboJblIaHy, TaKo J1a y3uMajy y o03up
OJICTYIlalha y CIpe3amy Koja Cy pe3yiTaT elacTUYHHX AedopMaiija o eleMeHaTa NMPEHOCHHWKA 3a CIy4aj
ananutuuke [1], mony-ananuruuke [2] 1 Hymepuuke [3] KOHTaKTHE aHAIH3E.

Kbyune peun: KonTakTHa aHanm3a, 3ymuaHUIN, OACTYNamka y CIPE3amby.
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ABSTRACT

Stress analysis of gears has become a popular area of research in order to reduce the failures and to optimize
the design of gears. Theoretical analysis with friction in geared system becomes quite complicated because of the
presence of several factors contributing to the frictional variations [1]. Friction between gears causes detrimental
effects on gear surface contacts, but there is no effective method to determine the frictional effects on these
contacts. Inclusion of friction in the study of gear contact is sparse [2-4]. In addition, friction depends on various
other parameters, which are in turn ambiguous to evaluate. Due to this frictional unpredictability in gear contact
stresses, many gear systems have experienced premature failures. Hence, a quantitative study of frictional effects
on gear contact problem is therefore essential. Thus, to solve the present problem, a dimensionless friction factor
has been developed based on the finite element analysis and it would account for the friction on gear contact
stress calculations. The friction factor function which estimates the significant frictional rise in gears has been
proposed based on the parametric studies carried out on various sets of parallel axis involute gears. It has shown
that there is a 15% to 22% rise in contact stresses with increasing frictional coefficient from 0 to 0.3, for
different parallel axis gear sets (spur and helical gears) [3]. The mathematically correlated X, function was
verified and its inclusion provided better frictional contact stress evaluation in gears, providing a simplified
frictional measure in gear contact stress calculations [5].

Keywords: Gear Contact Stress, Finite Element Analysis, Friction Factor
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AIICTPAKT

AHanu3a HaloOHCKOT CTama KOJ| 3yITYaHNKa [10CTaje BeoMa akTyellHa 00J1acT HCTPaKMBakba y LINJbY CMambemha
OTKa3a W ONTHMHU3AlMje KOHCTPyKLHMje 3ym4yaHuka. TeopHjcke aHaIM3e Kajga ce y3Me y o03Mp Tpeme y
O3YITYEHNM CHCTEMHMA ITOCTajy MPIJINYHO KOMIUIMKOBaHE 300T IOCTOjarba HEKOJHKO (pakTopa KOju yTHUy Ha
npomeHpuBOCT Tpewa [1]. Tpeme y KoHTakTy 3ybama 3ymuaHHKa n3a3uBa LITETHE e(peKTe Ha KOHTAKTHE
TIOBPIIIMHE, NPH YeMy He MOocToju epukacaH MeTon onapehuBama edexaTa Tpema Ha Te KOHTAKTe. Y3UMame Y
003Wp Tpema y WCTpaKMBamUMa KOHTAaKTa KO 3yMUYaHHKa je BeoMa perko [2-4]. Omer, Tpeme 3aBHCH O
MHOTHX JPYruX Iapamerapa, KOjH Cy OIeT decTo HeoapeheHor yTumaja. Yciex oBakBe HENpPEIBHIJBUBOCTH
Tpeka U HEroBor yTHIAja HAa KOHTAKTHE HAINlOHE KOJ 3yIMYaHWKA, MHOTH 3yITYacTH IPEHOCHUIM HpPEeIMeT Cy
NPEBPEMEHOr" OTKas3a. Y CKJIaJy ca TUM, KBAHTHTaTHBHE CTyJHje YTHIaja TpeHha Ha KOHTAaKTHU HPOOJIEM KOJ
3yI4aHuKa Off CYIITHHCKOT Cy 3Hauaja. Jla Ou ce pemmo oBaj mpoOiieM, Oe3AMMEH3UOHU (AKTOp Tpema je
YBEJCH Ha OCHOBY aHajlM3a M3BPIIEHWX METOJOM KOHayHMX ejeMeHata. OH OmHcyje yTHIA] Tpemwa Yy
MpopavyHHMa KOHTAKTHUX HAIIOH KOJI 3ymuyaHuka. DYHKIIMje KOjuMa je TPEICTaBbeH (aKTop Tperha 1ajy OLeHY
yTUIaja Tpewa KOoJ 3ylYaHUKa ¥ MOTY ce JOOUTH Ha OCHOBY MapaMEeTPHjCKUX MCTPaKMBamka W3BPLICHUX Ha
Pa3MYUTUM [apOBHMa €BOJBEHTHHX LWIMHIPUYHUX 3ymuaHuka. OBa MCTpakuBamba IOKa3yjy a IMOCTOjU
noeehame on 15% mo 22% y koHTakTHUM HamoHunMa mpu noschamy koedumujenra Tpema ox 0 mo 0.3, 3a
pasiMYuTe ClydYajeBe LWIMHIAPHYHUX 3YMYacTHX NapoBa (ca MpaBUM M KocuM 3ymuuma) [3]. Marematmuka
3aBUCHOCT 3a (akTop Tpewa - K, BepU(UKOBaHa je, M HBEHO y3uMame y 003up 06e30ehyje 6osby mpoueHy
HAallOHa y KOHTAaKTy ca TpemeM 3a 3ymyaHuke. OBO HaM Jaje TMOjeJHOCTaBJbEHY MEpYy YTHIaja Tpema y
popavyyHHMa KOHTAKTHAX HATIOH KO 3ymuaHuka [5].
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ABSTRACT

The rolling bearing, operating in a contaminated environment, may be exposed to intensive abrasive wear.
When contaminant particles enter into the bearing and into the contact zone between rolling elements and ring
raceways it leads to their interaction with bearing parts contact surfaces in relative motion. The interaction is
based on the plastic deformation (microploughing) or microcutting or a combination thereof. The stress-strain
state of contact between the particles and the surfaces of bearing parts depends on particle geometry (shape and
size), as well as the relations between particle and surfaces material properties (strength and hardness) [1, 2]. In
mathematical modeling of abrasive wear, different authors have used different models of abrasive particles:
sphere [3, 4], cube [5] or cone [6]. Geometry and mechanical properties of abrasive particles depend on their
origin (metals, non-metals, non-metals of mineral origin) [2]. The assessment of dominant form of abrasive
wear, based on the particles geometry and material properties in combination with the material properties of
bearing parts is carried out in this paper. Within this, the abrasive particles of mineral origin (quartz and
corundum) modelled by shapes of spheres, cubes and cones are considered. The material of the bearing parts is
steel of appropriate hardness, according to the technical properties of rolling bearings. Obtained results can be
used in the mathematical and numerical modelling of rolling bearings abrasive wear.

Keywords: Rolling bearing, Abrasive wear, Abrasive particles.
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AIICTPAKT

Kotpspajuu nexaj, Koju paad y KOHTAMHHUPAHO] CPEIUHHU, MOXKE OMTH M3JI0KCH HHTCH3UBHOM aOpa3suBHOM
xabamy. Kana uectuiie Heuncroha nocrejy y yHYTpalIBOCT JIeXkaja U y 30HY KOHTakTa m3Mmely KoTpsbajHHX
Tella M CTa3a KOTpJbama, JO0Ja3d N0 HHUXOBE MHTEpPaKLHje ca KOHTAaKTHUM ITOBPLIMHAMA JIENIOBA JIeXaja y
peraTHBHOM KpeTamy. VHTepakidja je 3acHOBaHA Ha IUIACTHYHUM Iedopmandjama (MHKpoOpasmame) HITh
MHUKpOpe3amy HIH BUX0BO] KoMOWHammju. HamoHcko aedopMamioHO CTame KOHTakTa m3Mel)y decThna o
TTOBPIIIMHA JIEJIOBA JIeXKaja 3aBHCH O] TeOMeTpHje decTuna (OOJMK W BENWYHWHA), Ka0 M OJ OJHOCAa OcoOMHa
MaTepHjalia YeCTHIla W KOHTaKTHHX MoBpmmHA (uBpctoha m TBpmoha) [1, 2]. VY mMaTeMaTHuKkoM MOJEIUpamy
abpa3uBHOT Xabama, Pa3INiUTH ayTOPH KOPUCTE pasiiMIuTe Mojeie abpasuBHUX dectuna: cdepy [3, 4], kouky
[5] wiu xonyc [6]. ['eomeTpHja U MEXaHUYKE OCOOMHE aOpa3sMBHUX YECTUIA 3aBUCE OJ HUXOBOT MOPEKJa
(MeTanu, HEeMeTaj M, HEeMeTaJd MHUHEpaIHOTr mopekna) [2]. Y oBOM pajay je M3BpLICHA OICHA JOMHUHAHTHHX
o0nrka abpa3uWBHOI Xabama, 3aCHOBaHA Ha TEOMETPHjH U OcoOMHaMa MaTepujaia aOpa3HMBHHUX YCCTHLA Y
KOMOMHAIIMjU ca MaTepHjaioM JeioBa Jyiexkaja. [Ipu Tome, pasMaTpaHe Cy aOpa3sWBHE YECTHIIC MHUHCPATHOT
nopekia (KBapili U KOPyHZ), MojeaupaHe obOmuinmMa cdepe, KOIKe W KOHyca. Marepujan [eiioBa Jiexaja je
yenuK, ojarosapajyhie TBpmohe, carjlacHO TEXHHYKMM KapaKTepHCTHKama KOTpJhajHHX Jekaja. JloOujeHu
pe3yaTaTh ce MOTY KOPUCTUTH y MAaTEMaTHYKOM M HYMEPHYKOM MOJCINpaby abpasHBHOI Xxabama KOTPJbajHUX
Jexaja.

Ksbyune peun: KotpspajHu nexaj, abpa3uBHO xabame, abOpa3uBHE YECTHUIIE.
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ABSTRACT

The primary focus of this work concerns the surface damage of a cast iron and austempered ductile iron
(ADI) exhibited during different time interval of cavitation testing. The conclusions were based on our own
results and compared with literature data.

The ADI is produced by austempering of a ductile iron, and can be successfully used for pump bodies (of
various sizes), as a replacement for low-alloy manganese steel castings, due to its high strength, ductility and
resistance to wear. However, it is known that in pumps, cavitation damage occurs on the working surface. This
represents a limiting factor in the choice of materials.

For that reason, in this paper the results of cavitation resistance of unalloyed ductile iron and ADI material
during the cavitation testing by the ultrasonic vibration method with stationary pattern are presented.
Comprehensive morphological examinations of cavitation surface damage were made on all specimens
(unalloyed ductile iron and ADI material) by means of light microscopy (LM) and scanning electron microscopy
(SEM).

In previous studies, the cavitation resistance of cast irons (grey cast iron, malleable cast iron and ductile iron)
was found to be affected by factors such as grain size, shape and distribution of graphite, as well as the strength
of the matrix [1-3]. It was found that ductile iron, which is the starting material for the ADI, possesses better
erosion resistance than a grey cast iron [4]. With increasing the time of testing the attacked area of the specimen
became larger with more pits, micropits and surface deformation. The cavitation rate of the ferritic ductile cast
iron is 1.85 times higher compared with that of carbon steel of the similar hardness [5, 6].

Based on the results of cavitation tests, investigations confirmed that the cavitation resistance of ADI
materials mostly depends on the size, shape and distribution of graphite as well as the strength of the matrix, as
in the case of cast irons, also. However, in the case of the ADI, the additional resistance to cavitation can be
achieved through phase transformation of the base metal during cavitation damage, the “SATRAM”
phenomenon (stress assisted transformation into martensite) [7, 8]. It was found that unalloyed ADI material
possesses improved resistance to cavitation in the water environment, with increased ductility and resistance to
impact loads, compared to standard ADI materials that are widely used in the industrial practice [9]. Enhanced
characteristics of the ADI materials are achieved due to the presence of metastable retained austenite which
through “SATRAM” mechanism transforms into martensite on the surface. Martensite presence increases
resistance to cavitation, while the retained austenite enables high ductility and impact resistance [10, 11, 12].

Keywords: Cavitation, ductile cast iron, austempered ductile iron, SATRAM phenomenon
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AIICTPAKT

I'maBHM akmeHaT paja je mpuka3 ImpoMeHe Mopdosoruje MOBpIIMHE ca MPOMEHOM BPEMEHAa HCIHMTHBAMKbA
JUBEHOT TBokha m aycTeMmrepoBaHOT HoxyiapHor jmBa (AJIW) minmoxeHux aejctBy KaBuTanwje. [Ipowmsammm
3aKJbYUIIH Cy IOOMjEHH Ha OCHOBY COIICTBEHHX pe3yiTaTa u y nopehemy ca JINTepaTypHUM CXBaTamkbHUMA.

Al marepwujai, Koju ce NOOMja TEPMHUYKOM OOpaJoM HOIYIApHOT JIMBa (ayCTEeMIIEPOBAaE-EM) MOXE ce
YCIICITHO KOPHUCTH M 3a TeNa ITyMOH (pasIHduTHX IUMEH3Mja), Ka0 3aMEHa 3a HHCKO JIETHPaHE MaHTaHCKE
YeJIMYHE JIUBOBE, 300T CBOje BUCOKE YBPCTONE, NYKTHIHOCTH U OTHOPHOCTH Ha xabame. Mehytum, mo3naro je
Jla ce KOJ IyMIIM jaBibajy KaBUTAalMOHa oluTeherma pajHUX MOBPIIMHA IITO NpEJICTaBJba OrpaHUuaBajyhu
(hakrop koj u300pa Marepujana.

U3 Tor pasiora, y 0BOM pajy Cy NpHKa3aHU pe3yaTaTH KaBUTAlMOHE OTIIOPHOCTH HEJIETUPAHOT HOAYJIApHOT
muBa 1 AJIW marepujana 10OWjeHN NPH UCIIUTHBAKY YJITPa3BY4YHO-BHOPAIIMOHOM METOJOM Ca CTallMOHAPHUM
y3opkoM. Mopdonoruja omrehema HacTazor IejCTBOM KaBHTAlMOHE IOBPIIMHE JMBEHOT IBokha m AJIN
MaTepujana npaheHa je CBETJIOCHIM MHUKPOCKOIIOM M CKEHHHT eJIeKTPOHCKMM MHKpockoroM (CEM).

Panmja ucTpaxknBama 1Mokaszana Cy Ja KaBUTAI[OHA OTIOPHOCT JMBEHOT TBOXKha (CHBH JIMB, TEMIIEp JHB U
HOJIyJIapHU JIMB) 3aBUCH O] BEJIMYUHE, 00IMKa U pacrope/a rpadura kao u o uBpcrohe Meranne ocHose [1-3].
Honymapru nuB koju je momasHu matepujai 3a AJIN maTtepujan mMa 00Jby OTIHOPHOCT MpeMa KaBHTAIHOHO)]
epo3uju y nopehemy ca cuBum smBoM [4]. IloBehame BpemeHa u3narama JEjCTBY KaBUTAIMje YCIIOBJbaBa
noBehan crenen omrehema MmeraaHe ocHoBe ca Behum OpojeM jamuma u Behum creneHom aedopmariimje
noBpuinHe. bp3uHa kaBuTanuje (EpPUTHOr HOAYJAPHOT JIMBAa y ONHOCY Ha YIJBEHHYHHU YENUK ojrosapajyhe
TBpaohe je u mo 1.85 myra Beha [5, 6].

Ha ocHOBy pe3synraTa MCIUTHBama KaBHUTalMje MOTBpheHO je ma oTmop mpema KaBuTauuju kox AJIU
MaTepujaiia, Takohe, Kao U KOJI TUBEHUX TBOXKNa 3aBUCH O] BeNMUYWHE, 00IMKa U AUCTpuOyImje rpaduTa, Kao u
yBpcTohe MeTamHe ocHoBe. Mehytum, koxq AJIM matepmjana, JoJaTHA OTIOPHOCT HAa KaBHTAIM]y MOXE Ce
OCTBapUTH U (a3HOM TpaHCHOPMALMjOM METallHE OCHOBE NMpPH KaBHTauHWju, MexaHm3MoM ,,SATRAM® [7, 8].
Y1Bpheno je ma nenermpanu AJIM matepujan moceayje moOoJbIIaHY OTIIOPHOCT Ha KaBHTAIM]y Y BOJEHO]
cpeauHHM, y3 ToBehaHy AYKTHIHOCT M OTIOPHOCT Ha ylapHa onrtepehema, y omHocy Ha cranmapaHe AJIU
MarepHjaie KojH ce LIMPOKO Kopucte y mHAycTpujckoj mpakcu [9]. [obospimane kapakrepuctuke kox AU
Marepujajia IIOCTUTHYTE Cy 3axBasbyjyliM mpHUCYCTBY MeTacTaOWIIHOT 3aJpXKaHOI ayCTeHHTa KOjU ce
mexaHn3MoM ,,SATRAM® Tpancdopmunie y MapTeH3WT Ha IOBPIIMHH, YUME ce IoBehaBa OTIOPHOCT Ha

KaBHTAIH]y, JOK y 3alPEMUHN 3a/Ip>KaHH ayCTEeHUT oMoryhaBa BUCOKY HYKTHIHOCT M OTIOPHOCT Ha yaape [10,
11, 12].

Kibyune peun: KaBuranuja, HoymapHU JHUB, aycTeMIIepoBaHd HoaynapHu uB, SATRAM ¢enomen
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ABSTRACT

Wheel-rail contact presents the most complex problem to be solved within the railway vehicle dynamics. The
main task in this research area is determining the wheel-rail contact forces, where the pure mechanical aspect of
the problem is closely connected with geometrical one. Considering that wheel and rail are deformable, real
contact is realized over a small area in the region of contact point determined as in the case of contact between
two rigid bodies.

Wheel-rail rolling contact is the base principle for realization of the train motion along the tracks.
Historically, revolution in the railway vehicle dynamics started when in 1926 Carter introduced creepage in the
analysis of this phenomenon. One of the important contributions to development of contact theories was given
by Kalker in 1967, who studied rolling contact between two elastic bodies and depending on required level of
accuracy, available computational resource and level of simplification, he defined several contact theories.
Kalker’s work along with development of numerical methods provided broad possibilities for development of
railway vehicle dynamics through computer modelling and also initiated further development in this area.

For railway vehicles, application of the multibody system simulation (MBS) has significant importance, due
to possibilities of detailed modelling vehicle—track interaction, including complex wheel-rail geometry, non-
conservative contact forces, as well as large number of nonlinearities in the suspension system.

Geometrical aspect of wheel-rail contact depends on: wheel and rail profiles, track gauge, outer lateral
distance between wheel flanges, rail lateral cant, etc. In addition to these parameters, railway vehicle dynamics
and contact forces depend on vehicle parameters, track parameters and service conditions.

Considering that contact between the wheel and rail is moving along tracks, it is very difficult to establish
system which would provide accurate and reliable measurement of contact forces. This paper presents own
research, numerical and experimental, on determination of the wheel rail contact forces. Experimental
measurements were performed with several types of railway vehicles using own developed wayside system for
contact forces measurement and laser based system for wheel to rail angle of attack measurements, significant
for estimation of the wear rate and safety against derailment.

Obtained experimental results were compared with numerical simulations using specialized software package
VAMPIRE. Conclusion about possibilities and adequacy of the use of both approaches is presented.

Keywords: Wheel-rail contact, Forces, Measurements.
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AIICTPAKT

Jonup ToYak—IIMHA NpEACTaB/ba HAJKOMIUIEKCHMjU CETMEHT JUHAMHMKE IIMHCKMX BO3WIA. Y OKBHDPY
UCTpaXXMBamba y TOj 00JIaCTH, TJIaBHU 3aJiaTaK je oxpehuBame cuia y J0AUPY TOYAK—IIHHA, IPH YEMY je YHUCTO
MEXaHWYKH acleKT npobieMa OUTHO Be3aH ca reoMeTpujckuM. C 003MpoM Jia cy TOYaK U MnHA AehopMaOHIIHY,
CTBapHHU J0AUp ce 00aBJba M0 Majoj HOBPLIMHK Y OKOJIMHH TauyKe JOJMpa, Koja OM oJrosapana JOAUPY KPYTHX
Tena.

Homip mpeacTaBjba OCHOBY 33 OCTBApHUBAKE KpeTama MIMHCKOT BO3MIA MO KOJOCEKY M y NPHHIMILY ce
OCTBapyje KOoTpibameM. VICTOPHjCKH TTIeIaHO PEBONIYIIHja y aHAIM3H AHHAMHUKE ITHHCKIX BO3MJIA j€ Todera Kajia
je Kaprep (Carter) 1926. rogmae y aHanm3y OBOT (eHOMEHa INPBH IYT yBEO IoOjaM Kim3ama. JemaH of
3HAYajHUjUX JOMPHHOCA Pa3Bojy TeopHja moaupa nao je Kamkep (Kalker 1967), koju je npoyuaBao goaup npu
KOoTpJamy M3Mely J1Ba eJacTHYHa Tella M Yy 3aBHCHOCTH OJl HNOTPEOHOI CTEeleHa TaYHOCTH, PACIIOIOKHBOT
padyHapCKOT pecypca M cTeneHa ynpourhema nedUHHCA0 BUIIE KOHTAKTHUX TeopHja. KaikepoB panx u pa3Boj
HYMEpPHYKUX METOAa Cy MIMPOKO OTBOPWJIM MOTyhHOCTHM aHaju3e JAWHAMUKE BO3MJIa KPO3 KOMIIjYTEPCKO
MOJICITUPAHE U MHUIUPAJIC BETUKU OpOj HCTPaKUBaka y OBOj 00IaCTH.

3a jkenme3sHMYKAa BO3WJA MocebaH 3Ha4ya] MMa TMpHMeHa aHanuse cuctema Bumie Teida (Multibody system
simulation) kojoM ce KOMIUIEKCHHM ORHOC HM3Mel)y BO3MiIa M KOJOCEKAa MOXE BeoMa JETabHO MOJICITUPATH,
y3umajyhu y 003up KOMILICKCHY T'€OMETPH]jy TOYKA U IIIMHE, HEKOH3EPBATUBHE CHJIC KOj€ HACTAjy y HUXOBOM
JOAMPY, KA0 ¥ MHOT'€ HEJIMHEAPHOCTH Y EIEMEHTHMA CUCTEMa OClIamaba.

Wmajyhn y Buay aa ce noaup u3Mel)y Touka ¥ IIMHE MPU KpeTamby NpeMeITa Iy) KOJ0oceKa, BEOMa je TEIIKO
YCHOCTaBHUTH CHCTEM Koju he 00e30eIiTH TauHo U MOY3JaHO MEepere Chila Koje Y TOM JOIUPY HacTajy. Y oBOM
pany cy IpeACTaBJbeHa COICTBEHA HCTPAXKUBakba, HyMEpHUUYKa W SKCIEepUMEHTalHa, Ha oipehuBamy cuia y
JOIUpY TOYaK—IIMHA. ExcriepuMeHTanHa Mepema ca BHIIE BO3MWIA CYy peaju30BaHa MPUMEHOM COICTBEHUX
CHCTEMa 3a Mepeme CHia y JOJAMPY TOYaK IIMHA IOCPEACTBOM ILIMHE M JIACEPCKOr CHCTEMa 3a MEpeHe yria
HaJleTama TOYKa Ha IMHY, 3HAYajHUX 32 aHaJIu3y ()eHOMeHa Xabarwa H NPOBEepY CUTYPHOCTH O HCKIM3HYha.

JoOujeHn ekcrepuMeHTallHU pe3yaTaTh cy ymnopeheHun ca pesyararuMa CHMYJAMOHHMX MpopadyHa,
npUMeHOM crierjanu3oBanor copreepckor makera VAMPIRE. [lata je kpuThuka aHanmms3a pesyiraTa u
MoryhHOCTH puMeHe 00a MpHUCTyTa.
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ABSTRACT

Running and braking of railway vehicles is possible by the wheel/rail contact friction and the wheel/brake
block contact friction. The forces in wheel/brake block contact vary on numerous parameters. Due to increased
requirements for railway vehicles regarding environmental protection and the reduction of noise levels in recent
years, replacement of brake block materials was proposed.

The aim is to analyze the forces in wheel/brake block contact and parameters that affect the friction
coefficient, regardless of the brake blocks type or materials. Stick-slip phenomena were considered in
wheel/brake block contact. Causes of vibration and their intensity are analyzed. The lecture shows the
consequences of contact forces which observed in service, such as wear and defects, on wheels and brake block
of real railway vehicles.

Keywords: Contact Mechanics, Wheel, Rail, Brake Block, Railway Vehicles, friction coefficient.
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AIICTPAKT

Kperame u 3aycraBibambe KEJIC3HUYKUX BO3MIa OMOTyheHO je cuiiama Tpema y KOHTaKTy TOYaK/IIMHA U
tTouak/mamy4a. Cmie Koje ce jaBjbajy y KOHTAKTy TOYaK/Tamyda 3aBHCE OJ OpojHMX mapamerapa. 300r
NMOBehaHWX M CTPOXKMjUX 3aXTeBa KOjU C€ MOCIEABUX TOJWHA IOCTAaBJbAjy Npeja KeJIe3HWYKa BO3Mia, ca
CTaHOBUILTA 3alITUTE OKOJMHE M CMamema HUBoa OyKe, NpEUIOKeHa je 3aMeHa Malyda OJf CHBOT JIMBa
namny4amMa oJf KOMIO3HTHUX MaTepHjaa.

lum paga je aHanmu3a cuiia y KOHTAKTy TOYAaK/Mamyda W rmapaMmerapa KOju yTH4y Ha KOC(HIHUjEeHT Tpema,
HE3aBUCHO O] THIAa M MaTepujayia mnamyda. Pasmatpane cy (asa mpujamarma M KIH3ama KOje Ce jaBibajy Y
KOHTAKTy TOYak/manyva. AHaJIM3UpaHH Cy y3pOLH 10jaBe BUOpalMja ¥ ’bUXOB HHTE3UTET. Y pajly Cy MpHKazaHe
MOCNIE/IMIe CHIa y KOHTAKTy, Kao INTO cy Xa0ame u omirehema, HA TOYKOBUMA W Malydyama peaHUX
JKEJIe3HUYKHUX BO3MIIA, KOja Cy PETHCTPOBAHA y €KCILIOATALIH]H.
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(Stevanovié¢) Hedrih

Home page of the Project activities:
http://www.mi.sanu.ac.rs/novi_sajt/research/projects/174001a.php

The project has produced original scientific 8. Control of systems with delay and theorems

results in the following themes:

1. Elements of mathematical phenomenology
and applications (in Mechanics, in nonlinear
dynamics in general, in integration of
scientific knowledge in reduction of number
of models of dynamical systems).

2. Analytical mechanics of discrete fractional
order systems; Derived a series of theorems.

3. Nonlinear and rare phenomena in dynamics
of hybrid systems with coupled structures of
rigid and deformable bodies; Transfer of
energy through a system and subsystems;
Synchronization of subsystems.

4. Models of biodynamical oscillators;
Phenomenon of transfer of signals,
information and energy through their
complex structures; Oscillations of DNA helix
chains and discrete continuum models of
Zone Pelucida.

5. Mechanics of discrete continuum models.
Dynamics of coupled structures of
deformable bodies and discrete continuum
layers with different constitutive relations:
Linear elastic, nonlinear elastic, visco-elastic,
hereditary and fractional order properties.

6. Phenomenon of dynamics of systems with
friction and vibro-impact system; Theory of
collision of rolling bodies; Dynamics of
billiards.

7. Mechanics of damage and fracture.

of stability.

9. Continuation of doctoral research in

accordance with scientific based themes by
younger PhD students. 13 PhD students,
younger than 30 years of age, are included
in the project team and its scientific
research. All of them were participants of
the two year seminar. So far, 12 PhD
students completed all courses at doctoral
study programs; 6 candidates defender their
doctoral dissertations.

Other topics considered in the framework of the
project are: nonlinear transformation,
rheonomic system, nonholonomic constraints,
mass moment vectors, gyro-rotor dynamics,
approximation, amplitude-frequency
characteristic, stability, synchronization, theory
of collision, vibro-impact system, dynamics of
billiards, energy analysis, non-local theory and
applications, biomechanical oscillators, control
motion. The project collaborators participated in
the conferences ENOC 2011 and 2014, IUTAM
ICTAM 2012, ESMC 2012, Mini-symposium
Nonlinear Dynamics 2012, 2014, 2015, etc. A
member of the project was awarded EuroMech
Young scientific prize Roma 2011.
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TTpop. Ap Paaueoje Mutposuh poheH je 11.03.1957. (y Nonapama,
Penybnuka Cpncka - BuX). Ha MawwuHckom gaxkynteTy YHusepsuTerta y
Beorpaay aunnomupao je 1981, maructpupao 1988. u poktopupao 1992.
roavHe.

Toxom ctyznuja o0aBipao je myxHocT mpencennuka Crynentcke koHdpepermuje CCOJ (1978. rogune), a y
neproay 1979-1980. — myxHOCT cTyaeHTa mpojekaHa MammuHckor (akynrera. [Ipodecronanny kapujepy
3armo4eo je kKao KOHCTpyKTop-TexHoior y ¢adpuun MKII - Uaayctpuja koTpspajHuX Jexaja, a og 1983. romune
CTaJIHO je 3arocieH Ha MammHckoM ¢axynrety. [lopen obaBe3a acucTeHTa-pUIPaBHUKA, aCUCTEHTA, JIOLIEHTA,
BaHpEIHOT U peJoBHOT npodecopa, o6aBibao je Bume pykosonaehux myxnoctu: wian Casera ®akyntera, med
Katenpe 3a ommire MammHcKe KOHCTpYyKIuje u Ap. HheroBo anraxoBame je Mpeno3Haro u Mpu3HaTo, na je 2015.
roavHe n3adpaH 3a Aekana MamHcKor (akyireTa.

Cem aHraxoBama y TPOCBETH W oOpasoBamy, PamuBoje MwutpoBunh o0aBibao je BeluKH Opoj jaBHHX
(dyHKIMja: 3aMEHUK MUHUCTpa 3a HayKy U TexHosorujy (1998-2000), Munuctpa 3a HayKy u TexHOJIOTHjy Biane
Perry6mmke Cp6uje (2000-2001.), mpxaBHOT cexperapa y MUHHCTapCTBY NPOCBETE, HayKe M TEXHOJOIIKOT
pas3Boja Bnanme Pemryonmke Cpouje (2008. mo 2013.) u ap.

Bumre myra ce cTpy4HO ycaBpIIaBao y MHOCTpaHCTBY, y CaBe3HOM HayYHOHMCTPa)KMBAYKOM HHCTHUTYTY 3a
KoTpJhajHe Jekaje BHUMIIIL, Mocksa, Pycuja (1987.) u y Bbpmy, Yemka (om 1990. mo 1991.) — xao
crureHancta Yemke Brnaxe u Brage Penyomuke Cpowuje.

Kao MeHTOp ¥ 4naH, yd4ecTBOBao je y BHIIE KOMHCHja 32 OAOpaHy MarmcTapckmx Te3a M JIOKTOPCKHX
JcepTalyja, Ha MATHYHOM U ApyruM dakynretuma. Pykosoauiail je mabopatopuje JIMMEC (Jlabopatopuje 3a
WCIIUTHBAKE MAIIMHCKUX eJleMeHaTa U cuctema) — akpeautoBane ox 2008. roaune.

Kao capajHuk 1 pyKOBOJMIIALl yYECTBOBAO j€ Y peaji3aluji OpOjHUX HayYHOMCTPKUBAUYKUX U CTPYYHHX
npojekata M3 o0JNacTH IMpopauyyHa MAIIMHCKUX eJieMeHaTa W CHUCTeMa, WCIHMTHBaba KOTPJbajHHUX Jexaja,
TEXHUYKOT 3aKOHOJABCTBA, YNPaBJbalba WHKEHEPCKUM IpOjeKTHUMa, JupekTuBa EY, KoHCTpyncama MalluHa,
NOY3/IaHOCTH MAIIMHCKUX eJIeMEeHaTa U CHCTeMa.

bro je wian Hay4Ho-TexHMYKOr caBera komuTeTa 3a craHmapiausauujy OSPP mpu SEV (Opranuszannmja
mpou3Bolhaua u moTpormraya KoTpbajHEX Jiexkaja) u HanmoHamHe UNESCO komucuje.

Unan je Acommjanuje 3a Juszaju, Enemenre n Konctpykmuje — AJIEKO (ox meunem6pa 2014. rogune je
npeacennuk), Jpymrsa 3a Materpurer u Bex Koncrpykuuja — JJMBK, Cprckor npymTsa 3a TprOOIOTHjY,
Cprckor npymTBa 3a Mexanuky uta. Ox 2005. mo 2008. rommne je OMO mpeacenHHMK yHpaBHOT oj0opa
Wucturyra 3a Texnomorujy Hykmeapuux m Munepamanx Cuposmna — UTHMC. V UKJl-y (Magyctpuja
KoTpJhajyhux sexaja) je ox 1995-2000. roause 61O npeAceqHuK yrpaBHOT oxbdopa, a ox 2003-2006. — meros
ITyHOIIPaBHHM 4YJIaH.

AyTOp je m KoayTOp BHUIIE Ol BajieceT YIIOeHHKa, 30MPKHU 3a/laTaka W MPUPYIHHKA, IBE MOHOTrpaduje u
eCT TEXHUIKUX peliema. AyTop je JBa peann3oBaHa W Tpu3Harta mareHta. O6jaBuo je mpeko 150 pamoBa y
MehyHapoaHUM 1 foMahuM gaconucuMma 1 300pHHUIIMMA Ca HAYYHHUX U CTPYYHHX CKYTIOBA.

Joo6uthuk je Harpane [Ipuspenne komope beorpama 3a Maructapcku paj u TOKTOpCKy aucepranujy (1988.
n 1992. ronune) u 3natHe Menasbe Hukona Tecna, CaBe3a npoHanasaya M TEXHHYKHMX yHanpehema beorpana
(2016. ronune).

On 1995. rogune je npenceauuk CkymuriHe Komapkamkor kixyoa OKK beorpan.

OskemeH je, oTall 1Ba CHHa.

Biography and References:
http://omk.mas.bg.ac.rs/index.php/zaposleni/4-prof-dr-radivoje-mitrovic-redovni-profesor
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Prof. dr ing. Danilo Raskovié about contact phenomenon,

From the book .. Theory of Elasticity* (in Serbian), 1985

Prof. dr dipl. Math. Danilo P. Raskovic (1910-

1985)

8. KOHTAKTHA HAITPE3AIbA

Kapa ce Zpd eNACTAYHA Tea NPH OJCYCTBY YIAjAMHEOT NPHTHCKA MO~
Pyjy ¥ TANNH WAM TO UHEJH, @ BOTHM ce TIOJ JiejcTRoM cuna npubmesyjy
JEMHO ApYroM, TANa ce yenesd enacTrumnx fedopMAla NOjanEYjy gogupse (Kon-
axine) fGogpum HA KOjMA NSjCTHY]Y HAUOHM XojH ce HAIMBAjY Kow@akin
wafowy. Ovo Wanpesame je Jdoxaawol Kapawiiepa, m manomd Gpao onexajy yoa-
haBameM Of KOMTAKTHe Noppmm. Kaxo cy osm nmpofliehMs BUXHN ¥ TEXHRYKO]
npaxc, NpoyTleMo NPETXONHO Heke CHENHjaNde cyidjese ommepehersa momy-
PEBHK ¥ eNacTHYEOT MOYTPOCTOpa.

8.1. Eaac (FL B. — Ha
XOPR: xpaj AB Tamke nnowe AefusnBe §, Koja ce, NMpocTHpe
Geckpajeo HaloNe, HANCRO o HAJECHO, AejeTeyje ¥ TaukH () KOHNEHTpRCRHA
cung F Eoja je pammomepHo pacnopelena mo meGrmmims Tasxe naode, na je F =
= F§ pehi no j 0. (cmmxa 8.1, ), IMpoBmenm Flamant-a
je crmemmjanmm cmywaj onvepeliema knpEa axcmjasEom cuioM (wr 7.11), na ce
an fe0; w=mnf2, ua (7.125), noGHja H3pa3 38 KOMIOHEHTHE HAMOHE:

a = —(2F cosglfnr; 6,=0; =,=0 (8.1.a)

Cnuxa 8.1, — Flemanto-on mpobacm

264 Teopja enscramoctic

POM Ha BRKHOCT ODMX PE3YATATR ¥ UpakcH**, NeTamuuje hemo mpoyssTs cma
TPH COyUaja.

8.10.1. Yagjaunu fipufiucar goejy esacifwom Ky, Hee
o — ENACTHYHE
:zmc n;w:pgmﬁ;n_ R, u R, on Apaanlmym'or MATEPHjana, MOAYNE €AACTH-
ocTit Ey u E,, Poiss K TR W, Mo, j¥ ce ¥ Taurn O
H HMAJY 3ajemHEuRy raarcamwa‘y_ paBai (z=0) xoja je xowTypma pasan.
(cmmxa 8.17.a). O6e xyrne HMAJY Jajenumky ocy Or-ocy. Hexa npawa nmapa-

k= 2y

Comea 817, — Yaajasuw npuvecak Abejy enacTirgmes xyram

JNenitia O — OCH HA Maton CACTOjaRRY r Of e Npofmpe
L r KYrae Y Taukama P
# 0. Pactojame Tasxe P o TARTEHIMjAINE PaBHE (z=10) je

zu'Rlﬁl—m%)-&[l—l‘r[Tsinﬂ]-R,[l - m%]-

-R,[l—(l - )]_.i,
1r3/|" 2R,

{;ch; & Ry Auznorwo rome pobuja ce m pacTojame 2, Tauke O on pavm,

5 =r1R; 5,=P2Ry; 5 +2,=r[(R, + R)2 R, R, (8.32.a)

Kama ce ofie xyrme nputmciy Jy® Oz—ose conama F,
pHe Tadxe @ ce ped ma ce Mel Hommp : mﬂlzi R:::y
UOBPIN — gogupny (xomax‘ﬁaw fioapu [TowTo ey pedopmanije comerprome
¥ omocy ma Oz—osu, To je Npojexmmja mommpne TOBPIUIEHE HA TY OCY Kpyr,
Manor Nomympeswika 4. [lve Tawke ma Oz—ock ofe xyrae (manpmvep, cpe-
mmmra Oy u 0,) koje cy magam j Pop ja yeneq yaa-
Jaor upiticxka sbansube ce 34 maty mosany 8, =Aw, Tiske P n @ xyrnm
KOje C¥ ¥ OKOMNEH 300E NOKATHEX sedopranmja sGmmsnhie ce aa MUY JYREHHY,
Jep inajy w nomMepara (Yrabe) xoiu ¢y cynpoTHOr 3RaEs, 8 je 8,-—8—(w.+w,):

** Omiopuocr seaepmjuna, wamy 13.9.
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