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B3AMMOJIEVICTBUS KOJIECA M PEJIbCA B ACIIEKTE IIYMOOBPA3OBAHUS

B cmamuve nokazana cxema cunogoeo 83aumMo0etiCmasi Koaeca u penbcd 8 NOCKOU MOOenU Ux KOHMaKkma u
npuseoeHbl aHaIUMuUYecKue 3a6UCUMOCIU, Onpedensiouue uymooopazosanie KOHMaKmHo2o npoyecca.
Knroueswvie cnosa: xoneco, penvc, konmaxm, 3y0uamoe Koneco, WiyM, 30Had CKONbIUCEHUS, 30HA CYenaeHus,
corcumarowast cuada.

AKTyaJbHOCTh HCCJIEAOBAHUA. YKpanHa WUMEET MOUIHBI MaTepHANbHBIH IMOTEHIMAT IO HPOU3BOJCTBY
MOABIYKHOTO COCTaBa JKEJIE3HOJOPOKHOI'O TPAHCIOPTa, a TakkKe IOTPeOHOCTh W CTUMYJ B HHTEHCH(UKAIWU
MEPEBO30K, B YACTHOCTH U B BBICOKOCKOPOCTHOM JIBMKeHHH. C APYroll CTOPOHBI OCTPO CTOMT 33java MoJiep KaHus Ha
JIOJDKHOM YPOBHE B O3THX YCIOBHUSIX COLMAIBHO-DKOHOMHYECKHX IOKa3aTeJed BIMSHHS MOABIXKHOTO COCTaBa Ha
OKPYXKAIOIIYIO CPE/y U YeIOBeKa, B TOM YHCIIE M ITyTeM BO3/ICHCTBUSI HA aKyCTHUECKHE XapaKTepUCTHKH. BmecTe ¢ Tem
COBPEMEHHOE COCTOSHHE YPOBHS M3YUYSHHOCTHU IIYMOBOI'O BO3/AEHCTBUS IOIBIKHOI'O COCTaBa Ha OKPYXKAIOIIYIO CPeay
MOKa3bIBAET, YTO HEAOCTATOYHO PACKPHITHI M HCCIIEIOBAaHbI, KaK MPUYMHBI IIyMOOOpa30BaHUs ITOIBMKHOTO COCTaBa,
Tax ¥ MpeaaraeMble H3BECTHBIE CPEACTBA €TO CHIDKEHUSL.

W3 u3110)KEeHHOT0 BUIHA aKTYaJBHOCTh TEMBI MCCIENOBAHHUS M 3TO MOTPEOYeT NONOIHUTENBHOI'O HAYYHOTO
obecreueHus 3TOH 3anaun.

IHocranoBka mpodiaembl. B Toxe Bpems mpoOieMa B3aUMOIEHCTBHS JKEIE3HOJOPOXKHOIO TPaHCIOPTa C
NPUPOIHOIN Cpeloi BechbMa CIIOXKHA M IIOAXOJ K €€ H3Y4eHHIO, a CJIeOBaTelbHO M pa3paboTKa Mep 3alluThl
OKpY’Karollleil cpelibl, MPEAIoNaraT rIyOOKyl0 BCECTOPOHHIO IPOPabOTKy psa BaXKHBIX HAy4HBIX NMPOOJIEM H, B
YaCTHOCTH, (PyHIAMEHTAJbHBIX HCCIECIOBAaHUN B HANPABICHUH NPOTHO3MPOBAHMS BO3JCHUCTBHS HOBBIX TEXHUYECKHX
pelIeHU Ha OKPYXKAaIoIIyI0 Cpelay M T[OWUCKa NyTed II0 OrpaHWYEHHIO €ro HETaTUBHBIX CTOPOH, 3aMETHO
YBEIMYHBAIOIINXCS IT0 MEPE POCTA CKOPOCTEH ABHKEHHSL.

Teopernueckuil aHaau3 ucciaenoBanus. 3BecTHo, uyTO ompexensromMM (HAKTOPOM IIyMOOOPAa30BAHUA
XKEJIE3HOJOPOXKHOTO IOABIKHOTO COCTaBa, B TOM 4YHCIE M JIOKOMOTHBA, SBJSIETCS IIPOLECC KOHTAKTHOI'O
B3aMMOJICHCTBUSI KOJIeCa U pellbca, T JOMHHUPYIOINIMM CUHTAEeTCsl ero (ppUKIMOHHAs cocTaBiisitomas. [locmemHss
3aBHCHT TJaBHBIM 00pa3oM OT COOTHOIIEHUS HAarpy30K CKUMAIOUIEH M C/ABUTAIONICH, a TakKe OT COCTOSHHS
KOHTaKTHPYIOIIUX MOBEPXHOCTEH, KOTOPOE OIpPEAENIeTCs B OCHOBHOM IIEPOXOBATOCTSIMU PA3JIUYHOTO YPOBHS M
0COOEHHOCTSIMU TTOBEPXHOCTHBIX CJIOEB, OOYCIAaBIMBAIOUIMX B YCIIOBHSX KOHTAaKTa OJHOTO TBEPIOrO Teja C APYTUM
TBEP/IBIM TEJIOM HaJHYHE IIPOMEXKYTOUHOT'O CIIOSI THIIA «CMasKuy». [2]

Heas u 3agaun ucciaenoBanus. M3ydenne (u3MYECKOi CYIIHOCTH JaHHOW B3aWMOCBSI3M C IPHBIEYCHUEM
OCHOB TEOpUH KOJIeOAaHWH U 3aKOHOB TPEHUS €CTh LIENb NaHHOTO HCCIIE[OBAHUS, YTO ITO3BOJIUT INIy0XKE PACKPHITh
MIPUYUHBI ITyMOooOpa3oBaHusi. [loaToMy craBUTCS 3a1a4a;

— pacKpbITh (PU3MUECKHE OCHOBHI ITYMOOOPA30BaHMs B3aUMOJICHCTBHS KOJIeca M PebCa;

— pa3BUTh MaTeMaTHUYECKHE MOJIEIH TIpoliecca IyMOooOpa3oBaHus OT Kojieca U pelibea.

H3noxxeHne OCHOBHOIO MaTepHaja uccieaoBaHus. KOHTakT kojieca M pelibca OCYLIECTBIAETCS CHKaTUEM
TIOBEPXHOCTEH HECOrNIaCOBAaHHBIX (GOpM ¢ 0Opa3oBaHMEM IUIOMIAJIKU OBAJILHON MM DIUIMICHOW (POPMBI C OCSMH X, Y

(puc. 1).

\Z

9/

A 0 B
_X % X

-z 2
1 — 30Ha cKoJIBXKEHUS, 2 — 30HA KAYCHHUS

Puc. 1 - Cxema KOHTaKTa Kojeca U peiibca
Torma B o0ylacTH KOHTaKTa, IPH OMUHAKOBBIX (DM3HMUECKUX CBONCTBAX MaTepHalia KOHTAKTECPOB, CO3IAIOTCS
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IPaHUYHBIC YCHIIHS, COACPIKAIIUE TIONAPHO HOPMAJIBHBIC CMELICHHs. Z, M HOPMalbHble ycwmust P, T.e. Z =Z W
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B nenom myMoo6pa3yI0my}0 CHUCTEMY «KOJIECO-PEJIBC» MOXKHO IMOKAa3aTb COCTABJIAIOUINMU:

e  CcoOCTBEHHO 00JIaCTh KOHTAKTA, Kak (YOPMHUPYIOIIYIO aKyCTHUECKOE BO3MYIIICHHUE;



®  U3IyYaTenb [IyMa B BUIE PENbCa;
®  U3IyyaTenb IIyMa B BUJE KoJeca.

Brizenenne 0061acTi KOHTaKTa B OT/CNBHYIO COCTaBIISIONIYIO Kak (hakTopa mymMooOpa3oBaHHUs, 00YCIOBICHO

CHHT'YJIIPHOCTBIO 30HBI KOHTaKTa (30HBI C OCOOEHHBIMU CBOMCTBAMH), BCIEACTBHE TOrO 4YTO B TOUYKax A U B umerorcs

CKa4YKH1 HallpsHKCHUA GO OT HYJIA BHC obJtactu HarpyxXeHus 10 — ny BHYTpU obJiacTu HarpyXcHus.

31ech 1yMoo0pa3oBaHHe CBS3aHO ¢ HAIMYHUEM IIEPEMEHHBIX CHJI B 00JaCTH MX KOHTAKTa, KAKOBBIMH SIBIISTFOTCS
BEPTHKAJbHAs OCeBas Harpy3ka, MOMEHT KPYTSAIIHMA, MMOJBOJMMBIA K KOJE€Cy OT TACOBOIO INPHBOAA M CHIIA
COIPOTHUBIIEHHS €TI0 MOCTYNATEIBHOMY MEPEMEIEHHIO.

CunrtaeM CHIIbI, 00YCIOBJIEHHBIE KHHEMATUKON MEPUOANUECKOrO ABMXKEHHUS Kojeca, JIeTEPMUHUPOBAHHBIMH, a
CHJIBI BBI3BAHHBIE TPEHHEM H3-3a NE(PEKTOB M3TOTOBJIEHHS M COCTOSHHEM IOBEPXHOCTH KOHTAKTa — CIy4aiHBIMH,
BCJIEACTBHE IPOM3BOJILHO PACIPENCIEHHBIX 110 IUIOMAAM KOHTakTa CyOMmuKpoHepoBHocTell. Ho B mpenene
CTOXACTUYECKHE HEPOBHOCTH IIEPEXOAAT B KBazumepuomuueckwe, [16]. DTH CHIBI BBI3BIBAIOT BBIHYKICHHBIE
KoJieOaHMs Kojleca M pejibca OT KMHEMAaTHUECKUX (DaKTOPOB. A IIMalibHasl PEIIETKA BBI3BIBAET «OTIIOP» KOJECY M3-3a
HU3MEHEHHS JIOKAIbHOM JKECTKOCTH pelibca B TOYKE OIOPBI, YTO CO3JAeT KojieOaHMs Kojeca W pelibca Ha YacToTe,
3aBHCSIIEH OT CKOPOCTH IBIDKCHHS DKHUIAXKa M Ilara pPelieTKd, O0yClIaBIuBas MapaMeTPHUYECKoe BO30YKICHUE
COOCTBEHHOH YaCTOTEI.

Vka3aHHbIE CHUJIBI ITOKaXKEM B BUIAC CYMMBI JIBYX COCTaBJIAIOIINX: CTAIIMOHAPHOI'O 3HAYCHUA p 1 BO3MYUICHUA

p’, OGyCJ’IOBJ’IeHHOFO JUHAMHWYCCKHUMU SBJICHUAMU, HpOI/ICXOI[HIJ_[I/IMI/I 10 paSJII/I‘IHI)IM HpI/I‘II/IHaM ", Kak HpaBI/IJ'IO,
IMUKIIMYECCKUMHU CBA3AHHBIMU C BpaH_IEHI/IEM KoJieca, T.€C.
p=p+ple”, (1)
re S =0 + ] (D — KOMIUIEKCHAsl CKOPOCTh U3MEHEHUsI BO3MYLLICHMS], o - KO3 QUIIUEHT 3aTyXaHusl KonebaHus, ()
— KpyroBasl 4yacTora.
YKaSaHHOC HpeI[HOJ'IO)KeHI/Ie O IIOCTOSAHCTBEC p ITIO3BOJIACT l'IpI/I aHaJIn3¢ SIBJ'IeHI/Iﬁ H_IyM006p8.30BaHI/ISI

HCIIOJIb30BATh NPUHIIKIT JIMHEAPU3AUH U PACCMATPUBATh Pa3eIbHO MPOIECCH MPOUCXOAAIIME B 30HaX CIEIUICHHUS U
CKOJIBKEHUS ¢ TIOCTEIYIONIMM CYMMUPOBAHHEM HX MAapaMETPOB.

TakuM 00pa3oM, HWMeEM BBIHY)KIEHHbIE KOJEOAaHWs: OT Kojieca, TATOBOM Iepefayd W peibca, KOTOPBIE
BenencTBre ycnoBus (1) paccMaTpHBAIOTCsI CAMOCTOSTENBHO.

HpI/I OTOM 3aMCTHUM, 4YTO CTallMOHApHas COCTaBJIAIOLIAsA p O0OBIYHO HaxXoJquTCsa BHEC obnacTH 3BYKOBOI'O

JMara3oHa 4acToT, PerjaMeHTHPOBAHHOTO HOPMATHBHBIMH JOKYMEHTAMH JIJIS TTOJBMYKHOTO COCTaBa JKEJIC3HBIX JOPOT
[14,15].

MexaHu3M IIIyMOOOpa30BaHMs B OOIIUX YepTax U3BECTEH [S].

Mojens pacnpocTpaHeHHs IITyMa OT KaXKJ0ro BUIa KojecOaHus U MOXKET ObITh TOKa3aHa B Buje [1]

P=S T -Nu, )

3nech I)r - 3BYKOBO€ JaBJICHUEC B TOYKC Ha6J'IIOZ[eHI/IH, Sp(w) — CHEKTpaJibHasA IJIOTHOCTb (l)yHKHI/II/I HUCTOYHHKA

p(w)

BO3MYUICHUA (B JJaHHOM cCJj1y4yae (byHKLII/IH BO3MYIICHHSA B KOHTAKTC BSaHMOﬂeﬁCTBHH KoJjieca C peJ'II)COM), T -

KOO((UIHMEHT TIepefaul BOMYIICHHS OT ero HCTOYHHKA B CMEXKHBIC Cpelbl — BO3AYX, peibe, komeco u INU —
K03 GHUIMEHT M3ITydeHUsI KoJIeOaHUH B OKPYXKAIOIIYIO CPEy OT KOJIeca U pelibea.

ockonbky kod(pdurmentsr 1 u Nu e cessannb HANpsSIMyI0O C TPOLECCOM LIYMOOOpa3OBaHWUs,
MPOUCXOJSIIUM B KOHTaKTe KOJIECO-pPENbC, TO B paccMaTpuBaeMoll padoTe WX 3HAYECHUsI HUCIONB3YIOTCS IS
KAayeCTBEHHOT'O OILICHUBAHMS IPEAINONaraéMbIX KOHCTPYKTHBHBIX peEIIeHWH, HAMpaBICHHBIX Ha CHIKEHHE IIyma
kadyenus. [loaToMy OHM MPUBOIATCS B CaMOM OOLIEM BHUJIE, T.K. UX TOYHOE OIpeJeIeHUe 3a/1a4a JOCTaTOYHO CIIOXKHAs,
MIPEICTABIAIONIAs CAMOCTOSTENbHBIN HHTEepec.

B paccmotpennu konebaHuii Kojeca U peibca MPUMEHHUM CHHYCOUIAIBHBIN 3aKOH BO3ACHCTBUS INHAMUYECKHX
COCTaBJISIFOIIMX BHEITHUX CHJI OOYCIIOBJICHHBIX IMEPUOJUYECKUM JIBIDKEHHEM KOJIeca M DJIEMEHTOB TATOBOTO MPHUBOJIA,
HarpuMep, 3y04aToro peaykropa. Torja Bo3MylieHHE B BHJIE CMEIICHHS M3-32 HAKOIUIEHHBIX OTKIIOHEHUH reOMETpHUU
KOHTaKTHPYIOIUX IIOBEPXHOCTEH BhIpakaeTcsl pyHKIMel BuIa

x(t) =Y. nsinkot 3)
k

rae 1) - amnutyza k-if rapMOHMKH KOMIIOHEHTBI CMEIIeHHUs; () — KPYroBas 4acToTa, B TOM YMCJIE JId 3y04aToro

NPHUBOJIA C YYETOM IIEPECONpPsHKEHUst 3y0beB; [ - xapakTepHoe Bpems (IUIsi Kojieca IPONOJDKHTENLHOCT HMPOX0aa
00J1aCTH €ro KOHTAaKTa ¢ PesibcoM, a YIS 3y0uaToro 3anemieHus - MPOIOIKUTENbHOCTh OOKATKU Mpoduiis 3yba).

[epBas npousBoaHast GyHkwH (3) orpeaessieT CKOpOCTh KoyieOaHus U(f )

v(t) =Y nwcoskot, )
k



a BTOpOﬁ HpOPI3BOI[HOﬁ OINpCACIACTCA KoeOaHue CHIIBI

p(t)=PD ne’sinkat, 5)
k

rae P - ammmryna Bo36yKaaromeii CHibL;

JUISL HOpMaHLHOﬁ COCTaBJ’IHIOH.[efI CHJIBI OT HeﬁCTBHH BepTHKaﬂLHOﬁ Harpysku I)O , aMIUIUTyaa P paBHa

3P
P=—L (4a)
2g
u 1Jjida KaC&TeJ’ILHOﬁ, onpez[enﬂeMoﬁ BpaH_[a}OIJ_[I/IM MOMCHTOM
3F,
P = , (5a)
2g

rac E{ - CHJIa TATH.

Mexny TeM 00J1acTh KOHTAKTa COAEPIKUT 30HBI CHEIUICHHS U CKOJILKEHHS, Ka)</asi M3 KOTOPBIX CO3/IaeT CBOE
nrymoo0Opa3oBaHue. B 30He clienieHns BO3MYIIEHUS! BBI3BaHBI B OCHOBHOM YIIPYTUMH e opMalisIMi HEPOBHOCTEMH, a
B 30HE CKOJBXEHUSI — CIBUTOBBIMU JeopMalusIMu U 3TH AepOpMali MOTYT OBITh ONHCAaHBI COOTBETCTBYIOIIMMHU
rapMOHUYECKUMHU (yHKIUsMHE [4].
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Puc. 2 — CHGKTp TNEPpUOANYECCKU ITOBTOPAIOIINXCA UMITYJIILCOB B 00J1aCTH KaYyeHHS

Tak st 30HBI KaueHus, (puc. 2) mpeanonaraeMyro (QYHKIUIO HarpyXeHHUs IpEICTaBUM CIIEKTPOM
MIEPHOINYECKH [TOBTOPSIIOLINXCS UMITYJIBCOB MPSIMOYTOIBHON ()OPMBI, pa3JIOKEHHBIM B TapMOHMUYeCKUl psix Dypbe:

A o0
_ %0 -
s(t) = 5 + Z(AV cosm,t + B, sinw,t). (6)

v=l

. 1

% U sin| @, 1, 5

rz[eAO=2fiUOf;;Av=iTo=2f]tiUo —t , (7)
o, -
1
3n1ech fl = — — OCHOBHA$ YacCTOTa WM CKOPOCTh MOBTOPEHUS Mpoliecca; V — nepeMeHHbIH HHIEKC.

Koa¢ppunuent Bv =0, 1k byHKIMSA S(f ) YeTHasl.

A npyras ¢yHkuoust (puc. 3) COOTBETCTBYET 30HE CKOJBKEHHS, IJIe XapaKTep BO3MYILIEHUs OOYCIOBIICH
C/IBUTOBBIMH JIe(hOPMALIUSIMU; OHA OITUCHIBAETCS TAKXKE PIIOM (6).
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Puc. 3 CHGKTp TIEPUOANYCCKHU TTIOBTOPSIOIINXCA UMITYJILCOB B 00J1aCTH CKOJIBKEHHUS

371ech aHATIOTHYHO Ao = 2fmU0; AV = 2th0 —2 , (8)

2

AO — KOB(b(bI/IHI/IeHT d)ypl)e — aMIUIUTyda naaaromiey BOJIHBI IIPU 4YaCTOTE O; UO — BBICOTA (1)yHKHI/II/I UMITyJibCa

Harpys3Ku; l‘l. — TPOJOHKUTENBHOCTh, uUMIydbca; V =1,23...; o, =vVo,, O, = 27@f] , 1=, [ - JIMHA

nu

)
D, n
TUIOIIaJKHN KOHTAaKTa, L - CKOpPOCTD JIMHCUHAs. OcHOBHAsT YacTOTa a)] - 27[ -, DK — AUaMETp KoJeca 1o
[ 60
ni
o-l
Kpyry KaTaHws, /1 — OOOpOTHas 4YacTOTa KoJyieca; I 00JacTH KadeHHS l‘l. = , Tne O — 1ol JJIMHBI
)

IUIOIIAAKNU KOHTAaKTa, COOTBCTCTBYHOIAA 30HE KadCHUA, (1 - Ol)lm JUIMHa IUIOMIaJIKW, COOTBCTCTBYIOIIIAA 30HC
CKOJIBXKCHHUA.

Boicory mMIynbcoB Harpysok U

o 1 B Gdopmynax (7) u (8) ompenennm no ¢opmynam (4a) u (5a)

COOTBETCTBCHHO IJIsI 30H KaYCHHs M CKOJIBXCHUA objactH KOHTaKTa, rac t: 5 w =, U - CKOPOCTb

JUHEHHast, ¥ — paauyc mo Kpyry KaTaHus Kojeca.

Onpe;[eneHI/Ie BCJIIMYUH P, FK , ti , ﬁ , IPOTSAXKECHHOCTU 30H CHEIJICHUA U CKOJILKCHUS B 00J1aCTH KOHTaKTa

paccMotpero B [6]. TaM moka3aHo, YTO YacTh MOMEHTa KPYTSAIIETO OT TSATOBOTO AJICKTPOIBHUIATENsI 3aTPAYMBACTCS HA
MPOBOPOT KOJIECHOM Mapbl OTHOCUTEIHHO MIHOBEHHON OCH BpallleHHs], KOTOpas PACIONOKEHa Ha Kpasx MPOJOIbLHON
OCH IUIOIIAJKM €ro KOHTaKTa C PEeIbCcOM (B 3aBUCHMOCTH OT HANpaBiCHHUS IOCTYIAaTelbHOro aBrkeHus). Cuia,
00yCIIaBIMBAIOIIAs 3Ty YaCTh MOMEHTA, COIEPIKUT KaK HOPMAJIbHYIO, TaK M KacaTeNbHYI0 cocTaBistomue. Torma, eciau
B KauyecTBE WIUTIOCTPAIlMH pPaccMaTpuBaTh TATOBYIO Iepefady C OMNOPHO-OCEBOM MOABECKOH TATOBOrO
SIIEKTPOJIBUTATENSI, KOTJ]Aa HA OCH KOJICCHOHM Maphl JKECTKO 3aKperuieHbl 3y0uaToe KOJNeco MPUBOAa M CaMo KOJeco
KOJIECHOH Iaphl, TO CYMMapHOE BO3JEHCTBHE THHAMHYECKHX COCTABJSIONIMX OT OCEBOM HArpy3Kd M MOMEHTa
KPYTAIIEro, KaK HOPMaJIbHBIX, TaK U KacaTeNbHBIX IMOKAYKEM MOAYJIHUPOBAHHBIM KOJEOaHUEM, T.€. KaK CYIEPIIO3HIIHUIO

Y/ nByx rapmoHudecKux Konebauuii Y . = Y/, (3yOuaras nepenaya) u Y =Y/, (xomueco), T.e.
v, (t)=A4,cosot ny,(t)= A, cosa,t,
v=y, +y,= A cosmt+ A cosw,t, ©9)
Tlpu 5TOM Cpenmsisl yriioBas 4actora (0, M yIioBas 4aCTOTa MOAYIALMs (D, PABHbL:

1 1
) =E(a)] +,), ® —E(a)] ~,).

cp Mmoo

Torma cynepnosuums Y =Y/, + W/, , Bblpaxkaemast uepes a)cp u @ . UMEeT BUL:

0



A=(4 + 4,)cosw,,t - cosw,t

U
o, — 0 W, + 0
y/(t):(A] +A2)cos ——=|t-cos] —= ¢, (10)
2 2
rie (), - KpyroBas 4acTOTa IEPECONPHKEHUs Z 3yObeB OOJBIIOrO KoJeca ¢ YaCTOTOW BpalleHHs n 00/MUH, T.e.
zn
), = 2r 5; (U, - Kpyrosas 4acTOTa BpalIeHUs KOJNECHOH mapel (0, = 2r —, U - CKOpOCTbh JIOKOMOTHBA;

K

2 .
DK - JAWaMETp KoJieca MO KPYyry KaTaHud, A] = )(E p.N.®,, X - KO>XQPUUMEHT Y4UTHIBAIOLIMH OO
MOMEHTa KpyTsmero Mt 3y0uaToi mepeaayu NpUBOAA, 3aTPavyMBaeMyl0 Ha IPOBOPOT KOJIECHOW Mapbl OTHOCHTEIHHO

MTHOBEHHOH OCH BpalleHHs; J) - CWJa B TOYKE KOHTAKTa 3y0YaTOro 3alleIUICHUs PeIyKTopa 3y0uaToil mepenauw;

2
A =— PN, O, D, -oceas Harpy3ka Ha Kojieco; [ - Bpemsl IPOXOK/IEHHs 30H 00IaCTH KOHTAKTa.

2 2g
[

~ o K
I[J'Iﬂ HOpMaJIbHOU COCTaBJIAIOIICH q)yHKHI/II/I A'Z t: -, ZK - HPOTAKECHHOCTb 3O0OHBICHCIIIICHUSA obnacTH

-1/

nJ
KOHTaKTa, IJIA 30Hbl CKOJIbXXCHMS t = -
L

3 :
. A1 KacaTenbHOM COCTaBIIAIOIIEH A] = (1 —X )2— p.n.w,;

A4, =0,
BuaHo, 4yTo pu ManocTy BETMYUHBI t A] ~ A2 U A] + A2 =A.
BsaumMoneiicTBrue kKoeca U peibca ¢ yYETOM BIIMSHUS IIMATBHON PEIIETKHA TaKXkKe ONMpeIesaeTcs KojdeOaHueM

(9), rie MonynMpyeTcs KpyroBasi 4acToTa ClIeI0BaHus mnaji (D, TPOIECCOM MOAYISIMM C KPYTOBO# 4acTOTOH Korneca

w,te W, =0, = 2r—, lw - paccTosiHHe MeXy ocaMU mmai. B aTom cnydae amminuryna 4 11 HOpMalbHOU

u
COCTaBJ'IHIOH_leﬁ IpeaACTaBJIACT HOpMaJ'H)HHﬁ peaKTI/IBHHﬁ OTIIOp OT IIIaJibl Ha PEJIbC, KOTOpLIﬁ paBCH
0

Kl
p, =Pt S n. + p, (11)

0
IJie TIEpBOE cllaraéMoe YYMUTHIBAeT BIIMSHIE MEXKAYIIIAILHOro IIponeTa [7]. 3aech - CUJIa IpUKaTHsl peiibea, K -
0 > z

o o 0 0
KOB(l)(l)I/IHI/IeHT OTHOCUTCIIBHOU KECTKOCTHU PEJIbCa U NOAPEILCOBOIO OCHOBAHHSA PaBHBIU Kz ~ 001 1/CM; le -

~

. ., 0
K03 GULMEHT, YIUTBIBAIOIIMH IPOrUG perbea Mo cuinoid P, 1. ~ 1.

z

PeakTuBHBIN OTIIOp MPOAOJBbHBIM MEPEMCIICHUEM PEJIbCa CO3Jal0T KacaTeCjbHasA CUjia TATU U I[eq)OpMaHI/IH oT

0
nporn6a pensea. Torma ammutyna A 3aech Oyzer paia A =g = + , TIe - KacaTeJIbHas CHIIa TATH,
p p Y. YOCT p N < X

0 N . 0 0_0
onpenenennas no (10), u ¢ - peakTUBHBIH OTIOp pernbca U3-3a €ro nporuda, paBHbld ¢ = U +X > TIPH YCIIOBHH,

P.

0,0 0
aro U X, < (qx + —) f . 3necw f - k03((UIMEHT TpeHHs MOAOIIBBI PENbca B MPOMEKYTOUHBIX PEIbCOBBIX

w

0 0 0
CKpEIICHHAX; X - CIABHT peIbca; U . - MOIyIb YNPYrOCTH OCHOBaHWs B HANpPABIEHWH X; (f - Harpyska
6 b i 6 ‘=02, U° i :
obyciopienHas jedopmarmell u3-3a nporuda penbca, papHas ¢ =U _Z ; U_ - pacueTHO#H MOmyNb yNmpyrocTw;

o _ DK
Z, =0 MIPOrud pembca.
20U

Kosebanust xosieca u peiibCa oa BO3HCﬁCTBHeM BHCIIHUX CHWJI, UBMCHAIOIUXCA MO NEPHUOJUICCKOMY 3aKOHY,
YCTaHaBJIMBAIOT BBLIHYXKICHHBIC Koje0aHusl C YacTOTOH BHENIHUX CWI, MpOAOJDKAIOIIUXCA B TCUCHUEC BPECMCHHU HX



JIeHCcTBUSA, TOra Kak cBOOOMHBIC (COOCTBEHHBIE) KOJcOaHMs Kojleca U peibca ObICTPO 3aTyXaroT. [Ipu 3TOM aMIuTuTyna
BBIHY)KICHHBIX KOJeOaHuit 6e3 yuera 3aTyxaHus B 00LIEM BHJIE OMPEACTUTCS O GopMyIie:

A
A= 0 , (12)

1—| =

,

rac AO - CMCHICHHUE OT CUJIbI paBHOﬁ AMIUTUTYAC TapMOHHUYCCKOI'O B036y)KI[eHI/I$I, onpez[enﬁeMoﬁ B JaHHOM cCJy4yac 110

P

dopmynam (9) u (10) @ u (), — 4acToTa BHIHYKIACHHBIX KONEOAHUH 1 COOCTBEHHBIX; Ao =—,rae P - Harpyska u C

— JKECTKOCTb, OIpeieNsaeMble AJIs Kojeca U pesibca IPU HOPMAJIBHBIX U KacaTeIbHbBIX CMELICHUAX.

Mexay TeM HMITYJIbChI, BBI3BaHHbIE TApMOHHYECKUMH CHJaMH, orpeaeneHHbMHA 1o (9) m (10) BbI3BIBatoT
KoJieOaHMs TOBEPXHOCTEH KoJieca M pelibca B COOTBETCTBUU C MX JKECTKOCTAMH. Ho, ciienyst H3BECTHOMY JIOMYIIEHUIO,
MIPUHATOMY B TEOPUU KOHTAKTHBIX 3a/1a4, COIJIACHO KOTOPOMY KOHTaKTHbBIE HAIPSKEHUS UCCIEAYIOTCS HE3aBHCUMO OT
o0IMX pacnpeneNeHnid HaNpsDKEHWH B KOHTaKTHPYIOIIMX TellaxX, OnpenesieMblx WX (opMoi M crocobamu
3aKperuieHus [8], mpeacTaBuM MOJIENb KOJIeca U pelibca B MpeesiaXx 00JIaCTH X KOHTAKTa B BHJIE CKATBIX CTEPIKHEH C
OJIMHAKOBBIMHU (PH3MYECKUMHU MTapaMeTpaMH U C PaBHOM IJIOMIA b0 ONEPEYHOr0 CEUSHNMsI, HO ¢ pa3HOH InHOK. Torma
KoneOaHusl U3 00JIACTH KOHTAaKTa PAacHpOCTPAHSIOTCS B HANpaBJIEHHU Kojeca M peiibca, 0e3 yueTra MOJaTiIMBOCTH HX

o K
OIIOp, B COOTBETCTBUM C BCIIMYMHAMU UX ATUHAMHUYCCKUX KCCTKOCTCU, KOTOPHIE COOTHOCATCA KaK Z = ——,rme I‘K -
p

paanyc KoJjeca 1o Kpyry KataHus, hp - BbICOTa pEiibCa.

CrnenoBaTenbHO Kak ISl Kojeca, Tak M Ui penbca 4yactory (O, B (12) onpenmenum Kak Uit CTEp)KHEH

0
3alICMJICHHBIX C 00oux CTOPOH C Iu1omaAgbio MONEepeYHOro CEYCHUs paBHOﬁ mIomaau 00J1aCTH KOHTAKTa.
B takom cry4dac 1Jisd KoJeca:
2 [EI
w, === |—. (13)

P\ p
A |EI
P\ p

rie E — Moy ynpyrocts; - MOMEHT HHEpIHH [OMEPEYHOr0 CEUSHHS; P - envHMYHasg Macca; ! - paaMyc Kolneca;

U Juust pensca (D, = , (14)

h - Bbicora penbca; ix - TOCTOSHHAsi JJIsi COOCTBEHHBIX KojeOaHWil mopsinka k, 3aBucsmas oT croco0oB
3aKperieHus; Ipu k=1 lk =473 [9].
Jlnis yenoBuii KOHTAaKTa KoJieca ¢ PeNbeoM HaJl Inajioi yacrora (), B popmyne (11) onpenensiercst mo Gpopmyre

(13)

K

o, = I\ (15)

2 [E

rac L - paCcCTOSIHUC MEXKIY OCAMMU IHIIa.
HpI/I OIpCACIICHUN 3ByKOBOI>i BI/I6paHI/II/I KoJIeCa B HaAIIpaBJICHUU HOPMAJIH K €ro IJIOCKOCTH NpEACTaBUM €ro

OJIHOPOIHOM TIACTHHON TOMIMHOM h ¢ THameTpom 2I’K 3allleMJICHHOM 110 KOHTYPY.
HUcnonw3ys popmyay (1), cauraem, 4To BO3MYILIECHUS
p(x,r,0,t)=1+ p'(x,r,0,t)
JIOJIKHBI COOTBETCTBOBATH BOJIHOBOMY YPaBHEHHIO
o’p' o°p' 1o 10p_
o o ror roer b

!
rac p - 3aBUCAIIasd OT NPOCTPAHCTBCHHBLIX KOOPJAWHAT aMIUIMTY/ia BO3MYILICHUA. Hpez[nonaraeM, 4YTO €ro pCuIcHue

nmeer Buf, [10]



12
p'=PX)y(r)0(9), (16)
rac P - (1)yHKHI/IH pacnpez[eneHI/Iﬂ BOSMyIJ_IeHI/IH; W(I") - (1)yHKHI/IH nonepequro KOJ'Ie6aHI/IH B 3aBHCHUMOCTH OT 7,

@(19) - (YHKIHS TIOTIEPEYHOr0 KOJIeOaHUs B KPYTOBOM HAIPaBJICHUH.
B nmpenmonoxeHnu OONBIION MKECTKOCTH KoOJeca W B OTCYTCTBHE €r0 «BEPUYCHUSM» KOJCOAHHS MOTYT
OCYIIECTBIIATHCS C OMHOU Y3JIOBOM OKPYKHOCTBIO (TPAHUYHOM) M OJJHUM Y3JIOBBIM JUAMETPOM, T.¢ N1 = I,n=1 (c

yuerom «BepucHms»y N = 2).
B ypaBuenuu (16) paauanbHasi coOCTBeHHast (GyHKIMS BhIpaxkaercs yepe3 ¢pyHkiuto beccerns

w(r)=1I(y, r). (17)
T
e Y, =| — ﬂ > 11 A1 — MHJIEKCBI COOCTBEHHBIX (DYHKIMH, ﬂmn - XapaKTEPUCTHIECKOE YUCIo; V' =7 ;
T
IIpu m=1 n n=1 ﬂ” =1.468 u ]] —ﬂmnr =—-0.2566; ¢ Y4ETOM BEpYEHHUS, KOrIa m=2 u
r

K

T
n=1,pB,=2483ul|—p r|=0.201.
T
OyHKIWHA @(9) B NPEANOJIOKEHUN CTOSYed MOIBI paBHA @(19) =COSV, roe V - mokasaTeib 4ucia
Y3IIOBBIX THAMETPOB.
®yuxips P(x) B (16) pasaa P (x) = l//(l‘ ), orpezeeHHoi o (9), Toraa cKOpocTh MOMEPEYHBIX KOoJieOaHMH
paBHa
V=y(@)I((y,r)cosv.
Monens penbca, UMes B BHAY aKyCTHYECKYIO COCTABIIAIONIYIO KojeOaHWM, IpeicTaBuM Oankol jexained Ha

CIUTOITHOM YIPYrOM OCHOBaHHMHM CO CBOOOTHO OmHepThIMH KoHmamu [7, 9]. Torma ypaBHEHHE TUHAMUYECKOTO
paBHOBECHSI IIPH MOMEPEYHBIX KOJICOAHUAX UMeeT BU, [9]

82y
ot?

rac E - MOAYJb YIPYTI'OCTH, I — MomMeHT HWHEPLHU MMONEPECUYHOTI0 CCUCHUA F CTCPIKHA, p — INIOTHOCTb MaTcpuajia, Kn

4
EIZTf+Kny - pF

— CuJia, OTHECCHHAaA K CAUMHULC JJIMHBI 6am<1/1, H606XOI[I/IMaH JJIA CO3JaHuA HpOFI/I6a Ganku PaBHOT'O CAMHUILIC.
I[J'Iﬂ YCTaHOBUBLICT'OCA BBIHYKIACHHOT'O KOJ'IeGaHI/IH, PECUHICHUEC 3TOI'0 YpaBHCHHUA JACTCA B BUJIC, [9]

_Nr

mrtc’ | )

sina ?, (18)

rae Vo — aMIUTUTYAa KOebaHuii, ¢ — CKOPOCTh PacIpOCTpAaHEHHUS M3THOHBIX KONeOaHuid, /1 — eMUHAYHAS Macca, X —
KOOp/IMHATA NPWIOKEHHS BO3MYIIEHHs, (), — 4acTOTa COOCTBEHHBIX KoneOaHHi, () — 4YacToTa BBIHYKIEHHOTO
KoJie0aHus, (1, — 4acTOTa TapMOHMK BO3MYIIAIONIEH CHIIBL.

B dbopmyiie (2) koaduieHT nepenadu T onpezensercs Kak

4m
I'=s——~. (20)
(m + 1)
_ Py6,
rie MM =—— , p] C] u p202 - BOJTHOBBIC COIIPOTUBJICHUA JIA CTAJIU U BO3/1yXa COOTBETCTBCHHO.

Pic,



Kosdduument wsnydennss /NI OPHEHTHPOBOYHO MOXHO ONPEAC/STH B 3aBHCHMOCTH OT BEIHUMHBI
2
Cy
MPUHATOM JUTS TUIOCKUX H3JTydaTesniei mo Gpopmyie f =—70[14].

T 1L8¢ h

U
Ha gacrorax fd) pr NMZI,HprﬂZpr NuTETEZ—CO i
T

S\ Lo

rae U - IICPUMETP U3JIYy4aTesIA C IJIOMAAbI0 S , UTO IIO3BOJISACT CUUTATh Nu ~ 1; CO - CKOpPOCTBb 3BYKa B BO3J1YXC;

KPUTHUYCCKOU YaCTOThbL p*

Cn - CKOPOCThb HpO}:[OJ'IBHOﬁ BOJIHBI B MaTCpUaJIC U3TTYy4daTCIIA; h — TommuHa n3jaydareiis, NpeacTaBIsieMOro IJTACTUHOM.

Torma xonebanue YPOBHS 3BYKOBOI'O JJaBJICHUA Ha PACCTOAHUN R or koneca unu peiibCa paBHO

Pi

L,=|L,, +L, —ﬁlmg£ T, 21)
7,

S

rae LPOI. - YPOBEHb 3BYKOBOI'O JABJIEHHS Ha PACCTOSIHUU 1M OT H3iIy4aTens, Ls = IOIg— , S 0 =1 S -
0

Ionaas u3nydatess; f=1.67 — kod(pPUIUECHT, YIUTHIBAIONINI pacCcTOsIHUE R OT M3IydaTessl U 10 TOYKH U3MEPEHUs

pu R 10 25 M; ¥ — pacCTOSHUE OT OCH KOJIEU /10 BHEIIHEHN TOBEPXHOCTH U3TydaTeNs.

[Tpu 5TOM B pacuere y4UTHIBAIOTCS 3HAYCHUS YPOBHEH K0Je0aTeNbHONH CKOPOCTH TTOBEPXHOCTH H3JTydaTels, a y
HCTOYHMKA M3MEPEHHs Ha paccTosHUU R - 3HaueHUsl ypoBHeH konebanus dasnenus. [lepexos ocymiecTBisieTcs: yepes
COOTBETCTBYIOIIME COOTHOIICHUS BOTHOBBIX CONPOTUBIICHUH Cpell U3IydaTels U BO3ayXa.

Pe3ynbraThl pacuera 1o npuBeneHHON cxeme (2-21) CeKTpoB ypOBHS BHEIIHETO ITyMa Ha paccTOsHUM R=3.7 M
OT JIOKOMOTHMBa C TaKUMH JaHHBIMH: oceBas Harpy3ka 200 kH, mepemaTouHoe OTHOIICHHE 3y0UYaTOro peayKTopa
TATOBOM nepenauu 4.41, nuamerp Kojeca KojieCHON mapsl o Kpyry karanust 1.05 m, npu nBuwxeHnu co ckopoctbio 100
KM/4, TIOKa3aHbI Ha pHC. 4 U 5 B CPaBHEHUH C U3BECTHBIMH IKCIIEPUMEHTAIBHBIMU JaHHBIMU [3, 16, 17].

120

110 \
[ — [ —
100
1
90 \ r
M~ — /
80 \\
70 4 — \\ /‘2
60 / e \./
— N3 —
160 200 250 315 460 500 630 800 1000 1250 1600 2000 3150 4000 5000 630!
a)
90 - 1
L~ /
/" P
80
7 ~
/ \
70
\
60 /|
"
50
40 T 2
N L
30

160 200 250 315 460 500 630 800 1000 1250 1600 2000 3150 4000 5000 630(



90
80 //\ // \
o] \
rd \ 1
) \ d
40 \ 2 \
N \\\
160 200 250 315 460 500 630 800 1000 1250 1600 2000 3150 4000 5000 o]

B)

Puc. 4. — YpoBHH 1mymMa, H3imydaeMoro kKoiecoMm (a), peibcamu (0) 1 mmanamy (B) Ha pacCTOSIHUM 3,7 M OT pefibea; | — mMepeHus, 2

- pacuer, 3-— HU3MEPECHU Ha CTCHAC.
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Puc. 5. YpoBHu BHemHero nryma: 1,2 —u3BecTHbIE SKCIIEPUMEHTAIbHBIE JaHHbIE, 3 — pe3yJIbTaThl pacyeThbl

BI/II[HO, YTO HMMECTCA KaUYCCTBCHHOC CXOACTBO CICKTPOB PACUCTHBIX M SKCHECPHUMCEHTAJILHBIX, B TOM YHUCJIC B

OorbInel Mepe sl koneca (rpaduk 3 Ha puc 4a) IpH MCCICTOBAHUN HA CTCHJIC W JUISI BHEITHETO IIyMa JOKOMOTHBA
IIpH JABMKEHHUH TI0 TIEPErony (puc. 5).

BBIBOJIBI: Bennuuna ypOBHeﬁ 3aBUCUT B OCHOBHOM OT BCJIMYMHBI M PACIpPCACICHUA BHCHIHHUX yCHHHﬁ,

BO3HCﬁCTByIOHlHX B 00JIaCTH KOHTAKTa U XapaKTCpUCTUK UX HOBerHOCTeﬁ.

HpI/IBeI[eHHaH MCTOAWKAa OHLCHKHW BHCHOIHCTO IOyMa JIOKOMOTHBA MOXKET OBITH HCIIOJB30BaHA A €ro

MPOTHO3UPOBAHUS IIPHU IMTPOCKTUPOBAHUN HOBOI'O TATOBOI'O CpCACTBA.

N —

10.

11.

12.
13.

Jlutepartypa

1. FOmun E.A. CnpaBounuk npoektuposuyka. 3amura ot myma / E. S IOaun — M.: Crpourusaart, 1974.-134c.

Kparensckuit 11.B., Muxun H.B. ¥Y3nb1 Tpenust mammn: Cnpasounuk. [ / U.B. Kparensckuii, H.B. Muxun -
M.:Mammnoctpoenue, 1984r. — 280 c. ISBN 5-256-00361-5.

Komeukuna H.M. O pacnpocrpaneHnu 3Hepruu KojieOaHWH OT MOBEPXHOCTH KOHTaKTa KoJeca U pelibca B
CMeXHbIe CTpYKTYphI // BicHuk CximHOYKpaiHChKOro HalioHai bHOTrO YH-TY iM. B. lanst —Jlyrancek: Bun-so CHY
B. Jans, 2010.— Ne 5 (147). — 4.1, C. 61— 63.

Ckyuuk E. OcHoBbl akyctuku: niep. ¢ aurit.: [B2 1.]. T. 1/ E. Ckyuuk. - M.: Mup, 1976. — 520 c.

Tonyoenko A.JI., Komeukuna H.W., Hocko I'.C. OcoOeHHOCTH MEXaHHUKH KOHTAKTHOT'O B3aMMOJICHCTBHUS Kojieca
U penbca B mporecce ero 3BykooOpasomanus / A.JI. Tomy6enko, H.U. Komeukuna, I.C. Hocko // «BicHuk»
CximHoykpaiHcpKoro Hall.  yH-TY iM. B. Jlans [Hayk. sxyprain]. - Ne18(207) — Yacruna 1, 2013 p., C. 6- 10.

Komeukuna H.U., Hocko I'.C. K Bompocy o0 MexaHH3Me 3BYKOOOpa3oBaHHS OT KOHTAKTHOTO
B3auMoneiicTBus koneca u peibca / H.. Komeukuna, I'.C. Hocko // Bichnk CXigHOYKpaiHCHKOT'O HAaIliOHATBHOTO
yH-Ty iM. B. Jlans —JIyrancek: Bun-so CHY B. [ans, 2011

Bepuro M.®., Koran A.Sl. B3aumopneiictBue mytu noasmkHoro cocrasa / Ilox pen. M.®. Bepuro. — M.:
Tpancnoprt, 1986. — 559 c.

Jxoncon K. MexaHika koHTakTHOTO B3aumozencTust / K. JlxoHcon - M.: «Mupy, 1989, - 510 c.

Tumormenko C.I1., SAur 1.X., Yusep VY. Konebanus B umkenepaom aene / Ilep. c. anrn. JI.T'. Kopretiuyka; [Ton
pen. O.U. I'puromntoka. — M.: MamuHoctpoenue, 1985. —472c.

Mop3 @. Konebanus u 38yk / @. Mops. // Ilep. co 2-ro aura. uzaan. nox. pen.. C.H. Pxxerkuna. 'oc. u3n-so
TexH-teop. mut-psl M., JI., 1949. — 496 c.

Komreuxkuna H.1., Kamrypa A.JI., Hocko I'.C. Penbc kak ucrounuk myma / H.M. Komeukuna, A.JI. Kamrypa, I'.C.
Hocxko // Bicauk CxigHOyKpaiHCHKOro HamioHasnkHOro YH-TY iM. B. Jlans —JIyrancek: Bun-so CHY B. Hamns,. —
2008.

HcakoBudy M.A. O6mmas akyctuka / M.A. Ucakoruu. - M3n-Bo «Hayka», M., 1973r.

Konttopu JI. Akycruka B ctpoutenbcetie / JI. Kontropu - [Tox pen. B.B. ®@ypayesa. 'CU., M., 1960 — 235 c.



14. CnpaBouHHK 1O MexaHuueckon akycruke.:. Ilep. ¢ Hem. / Iloxg pex. M. Xekna u X.A. Mromiepa. — JL:
Cynoctpoenue, 1980. — 440 c.

15. CrnocoObl 3amuTBl OT IIyMa W BHOpalWH JKEIE3HOJOPOKHOro mojaBMWXHOro cocraBa/ M.U. bamnrtep, A.M.
Bepesosckuii, I'.B. Byrakos u np./ [Tox pexn. I'.B. byrakosa. - M., «Tpancnopt», 1978.-231c.

16.  Klimpel T., Knothe K. JK/IM 12-2003. Illym xauenus u metoasl 60ps0bl ¢ Hum/ T. Klimpel, K. Knothe. Glasers
Annalen, 2002, Ne 10, S. 450 —457.

17.  Xexn M., Miomiep X.A. CripaBo4HHK 110 MeXaHU4ecKoil akyctuke.: Ilep. ¢ Hem. / Ilox pen. M. Xexma u X.A.
Miomepa. — JI.: Cynoctpoenue, 1980. — 440 c.

Y cmammi noxasana cxema cunogoi 83acmo0ii koneca i peliku 6 nIOCKil MoOeni ix Konmaxmy i npusedeni aHalimuyHi 3a1eHCHOCHII,
Wo GU3HANAIOMb ULYMOOOPA3068aHe KOHMAKMHO20 HPOYeEC).
Knrouosi cnosa: xoneco, peiiok, konmaxm, 3youacme Koieco, Wym, 30Ha KOB3AHHS, 30HA 34ENNEHH S, WO CIUCKAE CUd.

Toay6enko O.JI. - nokt.TexH.HayK, npodeccop BHY nm. B.[lamns;

Yepueukas-beaunkas H.B. - nokr.texH.Hayk, npodeccop xadenpsl «OpraHuzaiys NepeBO30K W yIpaBIeHHsS Ha
JKeJe3HOA0poKHOM TpaHcnopTe» BHY um. B.Jlamns;

Hocko I'.C. — k.1.H., noueHT kadeapsr «OpraHuzanusi IEPEBO30K M YIIPABJICHHUS Ha KEJIE3HOJOPOKHOM TPAHCIIOPTE»
BHY um. B. lans;

Komeuxkuna H.U. — accucrent xadenpst «Merposnorus» BHY nm. B.[lans.

Penenzent: Kupuuenko M. A. nokr.TexH.HayK, npodeccop BHY um.B.[lans



Golubenko A.L., Cherneckaya-Belitskaya — N.B., Koshechkina N.I., Nosko G.S.
WHEELS AND RAIL INTERACTION IN THE CONTEXT OF NOISE CREATION

The article shows a diagram of the power wheel-rail interaction in two-dimensional model of
their contact and the analytical dependences determining the noise level of the contact process are
introduced.

Keywords: wheel, rail, contact, gear wheel, noise, slip zone, adhesion zone, the compressive
force.

Actuality of research. Ukraine has a powerful potential material for the manufacturing of railway rolling
stock, as well as the need and incentive to intensify transport, particularly in the high-speed running. On the other hand,
there is an acute problem of maintaining in these conditions an adequate level of socioeconomic indicators of the impact
of rolling stock on the environment and humans, including by influencing the acoustic characteristics. However, the
current state of exploration of level of the noise impact of the rolling stock on the environment shows that the causes of
rolling stock noise as well as known suggested means of its reducing are insufficiently disclosed and investigated.

From the stated above, the actuality of research topic is outstanding and this task will require additional
scientific support.

Problem statement. At the same time the problem of interaction of rail transport with the natural environment
is greatly complicated and the approach to its study therefore the development of measures to protect environment
suggest a deep comprehensive study on a number of important scientific problems and, in particular, the fundamental
research in the direction of forecasting the effects of new technical solutions on environment and searching the ways to
limit its negative sides, markedly increased with increasing speeds.

Theoretical analysis of the study. It is known that the determining factor of railway rolling stock noise,
including locomotives, is the process of contact interaction of wheel and rail, where the frictional component is
considered to be the dominant. The latter depends mainly on the ratio of compression and shearing loads, and the
condition of the contacting surfaces, which is determined mainly by the level of roughness and various features of the
surface layers, causing presence, in condition of contact of one solid body with another, of intermediate layer sort of
like "lubricant". [2]

The purpose and objectives of study. Examination of the physical nature of this relationship involving the
basic theory of vibrations and friction laws is the goal of this study which will reveal the deeper causes of noise.
Therefore, the task is:

- to reveal the physical basis of noise of wheel and rail interaction;

- to develop mathematical models of the process of noise from the wheel and rail.

The main material of the study. Contact of wheel and rail is performed by compression of surfaces of
uncoordinated forms with formation of platform of oval or elliptic shape with x, y axes (Fig. 1).

\Z
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_x A C D

2
1 —slip zone, 2 —rolling zone
Fig .1 - Diagram of wheel-rail contact

Then, in the contact area with the identical physical properties of contactees’ material, the boundary forces

.. .. . . . ! Y i
created containing pairwise normal displacements Z,  and axial forces p ie. zZ, =Z and p, = p, ; and
. . . . 0 !
tangential forces ¢ and displacements x in zone 2 set equal to 0, andinzonel ¢ =¢ n X =X, .
Generally noise creation system "wheel-rail" can be presented with compounds:
- the actual contact area as forming acoustic disturbance;
- transmitter of noise in the form of the rail;

- transmitter of noise in the form of the wheel.



Isolation of the contact area in a separate component as a factor of noise, due to the singularity of the contact

zone (zone with special properties), along with the fact that at points A and B there are step voltages O, from zero

outside the range of loading to — O v inside the range of loading.

Here noise creation related to the presence of variable forces in the area of their contact, which is the vertical
axial load, torsion torque supplied to the wheel from a traction drive and the power of resistance to its translational
movement.

Consider forces, due to the kinematics of the periodic movement of the wheel, as deterministic, and the forces
caused by friction due to manufacturing defects and condition of the contact surface - random, as a consequence to sub-
microroughness randomly distributed over the contact area. But in the limit the stochastic roughness transformed into
quasiperiodic [16].

These forces cause the forced vibrations of the wheel and the rail of the kinematic factors. A sleeper grid causes a
wheel "rebuff" due to changes in local stiffness of the rail at the fulcrum that creates vibrations of wheel and rail at a
frequency that depends on the speed of the crew and grid spacing, causing the parametric excitation of the natural
frequency.

Let’s show the indicated forces in view of sum of two components: a stationary value p, and agitation p',
caused by dynamic phenomena occurring for various reasons, and are generally associated with cyclic wheel rotation,
ie.

= 1 st
p=ptpe., (1
where § =0 + ] @ — complex velocity of agitation changes, O - subsidence ratio, (¥ — angular rate.
This assumption of the constancy p for the analysis of the phenomena of noise creation allows to use the

principle of linearization and consider separately the processes occurring in the adhesion and slip zones and then
summing their parameters.

Thus, we have forced vibrations: from the wheel, transmission and rail, which, because of the conditions (1) are
considered independently.

At the same time, we note that the stationary component p is usually beyond the audio-frequency range,

regulated by normative for railway rolling-stock [14,15].
The mechanism of noise creation in general is known [5].
The propagation model of each type of vibrations can be shown as [1]

P=S,, T Nu, 2)
where Pr - sound pressure at the observation point,
S po) ~ Spectrum function of disturbance source (in this case the disturbance function in contact of the rail -

wheel interaction), T _ disturbance transfer coefficient from its source to the adjacent environment - air, rail, wheel

and Nu _ emissivity oscillations into the environment from the wheel and the rail.

Since the coefficients 7" and /NU are not connected directly with the process of noise creation in the wheel-rail
contact so their values are used in current work for the qualitative evaluation of assumed constructive solutions to
reduce rolling noise. Therefore, they are listed in the most general form, as their exact definition is quite complicated
task which is of independent interest.

In considering the wheel and rail oscillations the sinusoidal law of dynamic components of applied forces’ effects
associated with periodic motion of the wheels and traction drive elements, such as the reduction gear is applied. Then
perturbance in the form of displacement because of the accumulated deviations of the geometry of contacting surfaces is
expressed by the function

x(t)=Y . nsinkot 3)
k

where T - the amplitude of the k- th harmonic of displacement component; @ — angular frequency including for the

gear drive, considering tooth changeover; ! _ characteristic time (for the wheel - duration of the passage of the area of
its contact with the rail, and for gearing - the duration of the running profile of the tooth).

The first derivative of function (3) determines the rate of oscillation U(f )

v(t) =Y nwcoskot, )
k

and second derivative determines the force oscillation

p(t)=PD ne’sinkat, 5)
k



where P s the amplitude of the excitation force,

. . P o
for the normal force component from the vertical load action = 0, the amplitude is equal to

3P
P=—" (4a)
2g
and for tangent defined by torque
3F,
P= , (5a)
28

where E{ - tractive force.

Meanwhile, the contact area comprises the adhesion and slip zones each of which creates its own noise level. In
adhesion area perturbation caused mainly by elastic contraction of the irregularities, and in the slip zone its caused by
shear deformations and these deformations can be described by the corresponding harmonic functions [4].
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Fig .2 - Spectrum of periodically recurring pulse in the rolling area

Thus for rolling zone (Fig. 2) the intended function of loading can be represented by spectrum of periodically
recurring impulses of rectangular shape, decomposed in harmonic Fourier series:

A o0
s(t) = 5 + Z(AV cosm,t + B, sinw,t). (6)
v=I
0t U sin(a)vti j
whereAO=2l‘l.UOf;.;Av= iTO=2f]l‘l.Uo —t , 7
o -~

1
here fl = ? — fundamental frequency or recurrence rate of the process; V — variable index .

Coefficient Bv = 0, since function § (l‘ ) is even.

And another function (Fig. 3) corresponds to the slip zone where the perturbation character is determined by
shear deformations; it is described also by series (6).



2t U

| - '
0 ] 2 3 /it

- 22
sin(a)’”j

Here similarly A, =2t U ; A, =2¢t,U, —tz , (®)

a)l

2

Ao — Fourier constant - amplitude of the incident wave at a frequency of 0;

U o — height of function of load impulse; l‘l. — pulselength;

[
V=123.,0,6 =V0O,, O = 27%, t= ;;7 , lm — length of the contact area

U — linear speed

. ”DK n . . . .
Basic frequency (0, = 2r —, DK — diameter of the wheel rolling circle, # — wheel rotational
nun 60
o-l :
frequency, for rolling area [, = —, where O — the rate of the length of the contact area corresponding to
L

(1-a)l

rolling zone, nrlength of the platform corresponding to slip zone .

The height of pulse loads UO in formulas (7) and (8) can be defined by the formulas (4a) and (5a) respectively

)
t_?Z'DK w="

. . r . . .
for rolling and slip zones of the contact area, where v x, U _linear speed, Fe _ radius of the rolling
circle wheel.

Determining of P 5 F o l‘l. , f] , length of adhesion and slip zones in the contact area is considered in [6]. There

it is shown that part of the torque from the traction motor consumed by wage wheels turn toward the instantaneous axis
of rotation which is located at the edges of the longitudinal axis of the site of its contact with the rail (depending on the
direction of forward motion). Force defining this part of the moment, contains both normal and tangential components.
Then, if we consider traction transmission by way of illustration with bearing axial suspension of the drive
motor, when the gear wheel of the drive and the wheel of the wheelset are fixed on the wheelset axle, then the total
effect of the dynamic components of the axial load and the torsion moment as both normal and tangent can be shown by

modulated oscillation i.e. composition ¥/ of two harmonic oscillations ¥/, =/, (gearing) and ¥/ =/, (wheel)
ie.

v, (t)=A4 cosot ny,(t)= A, cosa,t,

v=y, +y,= A cosmt+ A cosw,t, ©9)

Herewith the average angular rate a)cp and angular frequency modulation @, . are:

0



Mmoo

1 1
a)cp :E(a)] +0)2), w _E(a)] —0)2).

Then composition Y/ =/, +V/,, expressed through a)cp and @ . appears like:
(4, + 4,)cos®,,,t - cosw,

or
w — w, + o
y/(t):(A] +A2)cos ——=|t-cos] ——= ¢, (10)
2 2
zn
where @), - angular rate of tooth changeover z of the big wheel with rotational speed n rpm, i.e. @, = 2T —:; @, -
angular rate of the wheelset rotation, 0, = 2 —, U - locomotive speed; DK - diameter of the wheel rolling

K

circle; A] =X 2— p.n. a)(f , X - coefficient considering part of torsion torque Mt of the drive gearing expended

on wheelset turn toward the instantaneous axis of rotation; p- force at the contact point of the toothed of reducing

gear of the gearing; 4, = — ®’ , - axial load on the wheel; ¢ - the passage time ofthe contact zones.
2 2 Pl @, 0

For the normal component of the function A2 =, ZK - length of adhesion zone of the contact area , for the slip

71

L
We see that at the smallness of t A] ~ A2 u A] + A2 =A.

Wheel-rail interaction taking into account the influence of the cribbing is also determined by oscillation (9),

3
zone [ =" . For the tangential component A] = (1 - Z)z—pznza)s; A2 =0.

where the angular rate of sleepers’ passing frequency @,, is modulated with the angular rate of the wheel @, i.e.

L
o, =0,= 2 —, lw - sleepers axle base.
w

In this case, the amplitude A for the normal component shows the normal bearing reaction from sleeper to the
rail which is equal to

K
— = N. T D (11)

where the first term considers inter-sleeper’ passage [7]. Here ]90 - rail pressing force; K ZO - the coefficient of relative
o 0
stiffness of the rail and rail base equal K R 0.01 1/em; n. . coefficient considering deflection of the rail under the
force p,, 173 ~1.
Reactive rebuff to longitudinal movement of the rail is created by rail tractive effort and bending deformation of
the rail. Then the amplitude A is equal here
Then the amplitude A is equal here to A= q= (q)(: +4q. ), where ¢ - rail tractive effort, defined by (10), and q)(:

- reactive rebuff of the rail due to its deflection equal q)(: =U f:xﬁ, assuming that U/ f:xﬁ < (q)(: + %) f . Here
w

. . . . . . 0 o 0
f - coefficient of friction of the rail base in intermediate fastenings; Xp - rail displacement; U . - modulator of
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elasticity of basement in direction x; ¢ = - load caused by deformation from rail deflection equal to g, = U 22,5 U .

. 0 . .
- calculated modulator of elasticity; Z = J v rail deflection.

Vibrations of wheel and rail under the influence of external forces, changing by periodic law, establish forced
oscillations with a frequency of external forces continuing during their lifetime, whereas free oscillations of wheel and
rail are rapidly damped. With that, amplitude of the forced oscillations without damping generally determined by the
formula

A= 0 , (12)

where Ao - offset from strength equal to the amplitude of the harmonic excitation, defined by formulas (9) and (10) @

and @, — frequency of forced and free oscillations; Ao = —, where P — load and C — stiffness determined for wheel

and rail under normal and tangential displacements.

Meanwhile pulses caused by harmonic forces defined by (9) and (10) induce oscillation of the wheel and the rail
according to its stiffness. But, following the well-known assumptions underlying the theory of contact problems,
according to which the contact stresses are studied regardless of overall stress distribution in the contacting bodies,
determined by their shape and fastening methods [8], imagine model wheel and rail within the area of their contact in
the form of compressed rods with the same physical parameters and with equal cross-sectional area, but different length.
Then the fluctuation of the contact area extend in the direction of wheel and the rail, ignoring compliance of supports in

1§

K

accordance with the values of their dynamic stiffness which correspond as Z - h , where T -radius of a wheel
p

rolling circle, hp - rail height. Consequently the frequency (0, both for wheel and rail in (12) can be defined for rods

clamped on both sides with a cross sectional area equal to the area of the contact area.
In this case for a wheel:
2 [EI
w,=— |, (13)

P\ p
A, |EI
N\ p

where E — modulator of elasticity; I. sectional moment of inertia; P . unit mass, ¥ - radius of the wheel; h -rail

and for rail @, = , (14)

height, lx - constant for the natural oscillations of k order, depending on the method of fixing , with k=1
A, =473 [91.

For the conditions of contact of wheel and rail above the sleeper, @, frequency in formula (11) is defined by
formula (13)
W, = A B (15)
T P ’
where L - sleepers wheelbase.
When determining the sound vibration of the wheel in the direction normal to its plane, lets figure out it like

uniform plate of h thickness and 27’K diameter edges fixed.

p(x,r,0,t)=1+ p'(x,r,0,t)

Using formula (1), we assume that the perturbation must conform to the

wave equation
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where p' - disturbance range depending on the spatial coordinates. Assume that its solution has the form [10]

p' =Py (OW) "

where P - disturbance distribution function; l//(?’) - transverse vibration function depending on r; @(19) - function

of transverse oscillation in the circumferential direction.
Under the assumption of the high roughness of the wheel and in the absence of its "spinning" oscillations can be

performed with one nodal circle (boundary) and one nodal diameter, i.e. 72 =1, # =1 (considering “spinning” n=2).
In equation (16) the radial eigenfunction is expressed through the Bessel function

W(r) = [] (ymnr)’ (17)
7[ . . .
were Y, =|— ﬂ n > M and n — indexes of eigenfunctions, ﬂmn - eigenvalue; 7" =7 _;
T
When m=1 and n=1 ﬁ” =1.468 and ]] —ﬂmnr =—0.2566; considering spinning when 71 = 2
r

K

T
and N = 1, ﬁ]Z =2.483 and ]] —ﬂmnl’ =0.201.
Ve
Function @(19) on assumption of standing mode is equal to @(19) =COSV, where V - an indicator of
nodal diameters.
Function P(x) in (16) is equal to P (x) = l//(l‘ ) , defined by (9) then the speed of the transverse oscillations is

V=y(@)I((y,r)cosv.

Model of the rail, with an acoustic oscillation component, can be presented as a beam lying on a continuous
elastic foundation with simply supported ends [7, 9]. Then the equation of dynamic equilibrium in the transverse
vibrations has the form [9]

o 0’
EIS2 4K,y =—pF <2
ox ot
where £ — modulator of elasticity; / — moment of inertia of cross section F of the pin;
0 — material density; K, — force per unit length of the beam needed to produce deflection of a beam is equal to unity.

For the forced oscillation, the solution of this equation is given in the form [9]:

sin’m
li
B VOL3 501 L .
= > — —sina,t, (18)
mrim C i=1 1 2
0]
1—| =
a)O

Where Vo — amplitude of oscillation, ¢ — propagation velocity of flexural vibrations,

m —unit mass, X — coordinate of perturbation apply, @, — free frequency, @ — forced oscillation frequency, @, —

harmonic frequency of the disturbing force.
In formula (2) transmission coefficient is determined as

4m
T-= W , (20)



PyC,

where M =——, P,C, and P,C, - wave resistance for steel and air, respectively.
pP\¢
Emissivity Nu can be determined approximately depending on the critical frequency fK » accepted for planar

2
C
radiator by formula f =—O, [14].
S 1,8¢, h
Uc
Onafrequencyoffd) pr NMZI,Whenfﬂ:pr Nunn ——— i

7Z.2ka‘p fl(p

where U - emitter perimeter with square S, that allows to assume Nu ~1; C, -sound speed in air; C, -

longitudinal wave velocity in the material of the emitter; h — thickness of emitter presented by plate.
Then oscillation of the sound pressure level at a distance R from the wheel or rail is equal to

Pi

L,=|L,, +L, —ﬁlmg£ T, 21)
7,

where Z S

- sound pressure level at 1m distance from the transmitter, Ls = IOIg—, S 0= 1 v2 S -
0

transmitter area, f=1.67 — coefficient considering distance R from transmitter to measuring point at R is up to 25 m; r —

distance from the axis to the outer surface of emitter.

Herewith in calculation the values of the particle velocity of the surface of emitter are considered, and at the
source of measured at a distance R - values of pressure oscillation levels. The junction is carried out through
corresponding correlations of the iterative impedances of emitter and air environments.

The results of calculation for this scheme (2-21) of spectrums of external noise level at distance R = 3.7 m from
the locomotive with the following data: axial load of 200 kN, the reduction gear ratio of the traction transmission 4.41,
diameter of wheel of a wheel set in a rolling circle 1.05 m, with moving at 100 km / h speed are shown in Fig. 4 and 5 in
comparison with known experimental data [3, 16, 17].
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Fig .4 .- The levels of noise emitted by a wheel (a) , the rails (b) and the sleepers (a) at a distance of 3.7 m from
the rail ; 1 — measurements, 2 — calculation, 3 — measurement on stand
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Fig .5. Ambient noise levels: 1, 2- known experimental data , 3 - calculation results

It is evident that there is a qualitative similarity between the calculated and experimental spectrums, including a
greater extent for the wheel (curve3 figure 4a) in the study on the stand and for external noise of locomotive when
driving on the haul (Fig. 5).

Conclusion: The values of levels depend mainly on value and distribution of external forces acting in the contact
area and characteristics of their surfaces.

The above method of estimating ambient noise of the locomotive may be used for its prediction in the design of
new traction means.
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