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MatremaTtunyeckoe mogesnmpoBaHne
nepBoro rnPoMeXxyTo4yHoro y4acrka
COPTUPOBOYHOM rOPKU rnpuv BO34eNCcTBUN
Ha BaroH rnonyTHoro BeTpa masion
BesinyuHbl. Meton — npuHunn Janambepa
B KOOpAUHaTHOV popme ¢ HenpeasibHON
cBs3bl0. [1os1y4eHbl NpocTbie Ha

BULO aHanuTu4eckue opmynbl ans
oripeaesieHnss BpeMeHU ABUXEHUS

BaroHa Ha ropke, rno BeJinduHe KOTopou
Haxo4uUTCsl 3Ha4YeHue CKOPOCTHU ero
cKaTbiBaHUSI B KOHLE PaCYeTHOro y4acTtka.
BbisiB/IeHO, YTO BpEeMsl, B Te4eHue
KOTOPOro rponucxoauT ckaTtbiBaHue
BaroHa Ha 3TOM y4aCTKe ropku,

3aBUCUT OT yr/1a HAKJIOHa, Ha4YaslbHOW
CKOpPOCTU U YCKOPEHUS1 BaroHa, a Takxe
KOHTPOJINPYEMOWN AJINHbI ABVKEHUS.

Knto4yesble cnosa: xenesHasi qopora,
CcTaHLusi, COPTUPOBOYHAS rOPKa, BaroH,
MOMyTHbIN BETEP, MPOMEXYTOYHbIN y4acTOK,

BPEMSI 1 CKOPOCTb CKaTblBaHVsl BaroHa.
1

BOTNPOCHI TEGP

I BuXXeHne BaroHa
Ha COPTUPOBOYHOMU ropkKe
npu NOoNyTHOM BeTpe

Typanoe Xabubyaaa Typanoeuu — dokmop
MexXHU4ecKux Hayk, npogeccop Ypanbcko2o
20cy0apcmeenHo20 yHueepcumema nymeii coooujeHus
(YpI'VIIC), Examepunoype, Poccus.

Topouenxo Anopeii Anexcandposun — accucmenm
Kaghedpol «Cmanyuu, y31ulL U epy308as paboma»
YpI'VIIC, Examepunbype, Poccus.

O1ren3BecTHBIC (hOPMYIIBI, ITUPOKO

MpUMEHSIEMbIe TIPU PEIIEHUN 3aa4

MO pacyé€Ty U MPOEKTUPOBAHUIO
COPTUPOBOYHOI TopkH [1—8], mpoTuBOpE-
YaT OCHOBHBIM TTOJIOKEHUSIM KJIACCUUECKOU
MeXaHuKU B TeueHue 6ozee 75 met [9, 10].
Tak, HanpuMep, B [6] 11st pacuéra BpeMeH!
JIBUKEHUS OTIEMNa MO y4acTKaM COPTUPO-
BOYHOI FOPKM UCIIOJIb30BaHA (hopMyia:

1=, =) /(g'107( —w,)), (1)

rae v, — KOHEYHasd CKOPOCTh OTLeNa Ha
y4acTke, M/c; v, — HadalbHasg CKOPOCThb
BXOJIa OTIIeTIa Ha y9acCTOK CKaThIBaHUS, M/C;
g'<g — [0 yCKOpPEHUs CBOOOLHOIO Ma-

nenus, M/c?, mockonbky M < M nipu Tom,
uro M n M — macca Barona (otuena) 6e3
y4éTa U ¢ YUETOM Macchl BpallaroluXxcs
yacTei, KTI.

Kaxk BunHo, popmyia (1) conepXuT cKo-
POCTb B KOHILIE y4acTKa rOPKHU Vv, KOTOpas
HaiiieHa mo ¢hopmyJjie CKOpOCTU CBOOOIHO-
ro maneHus Tena 1o BepTukanu (popmyna
Tanunes) ¢ yuéToM yCKOpEHUSI BpalllaloLIuX-
csl Macc, yTto gBisieTcsa adcypaom [10]. Ko-
HeyHasd CKOpPOCTb BaroHa v,_JIOJKHA ObITh
M3BECTHON BEJUYUHON, B MPOTUBHOM CIIy-
yae JajbHeilee pellieHue 3aaauy B TaKoi
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Puc. 1. BektopHas gnarpamma
CKOPOCTU BaroHa vl ornyTHoOro BeTpa Ha
NPOMeXXyTO4YHOM y4acTKe ropKu.

IMTOCTAHOBKE OKaXXETCS CTOJIb XK€ OeCCMblI-
CJI€HHOM, KaK 3TO BBIMOJIHEHO B [1—4].
B meiicTBUTENBLHOCTH CKOPOCTh OTLENA V,
cJieoBajio Obl HATM B 3aBUCUMOCTHU OT
HayaJlbHOI CKOPOCTH v, YCKOPEHUS a, Bpe-
MEHM JIBVKEHUS BarOHa I10 YKJIIOHY TOPKH 7,
T.e. v, = f(v,, a, ) [11-15].

BriBoa ¢popmynbl (1) ¢ yuétom yckope-
HUi, BO3HUKAIOIIMX TP BO3ACHCTBUM BE-
TPOBBIX HAIPy30K KaK BJIOJIb, TAK 1 TTOITEPEK
BaroHa, mokasad B [16, 17] Ha ocHOBE Teo-
peMBbI 00 UIBMEHEHU U KOJTMYECTBA ABVKEHUST
MaTepuaabHOU Touku [9] B BUAE

1=, ~v) /(€107 (i ~w)) ta-ay), ()

rl1e a U a, — napaMeTpbl, YYUTHIBAIOILIUE
BO3IeliCTBME TTOMYTHOTO BeTpa KaK BOOJb,
TakK U Mmomnepeék BaroHa, m/c.

B [16, 17] ocobGo oTMe4YeHO, YTO IJIs pe-
IIeHMS 3aJa4Yl HaXOXIEeHUSI BPEMEHM CKa-
ThIBaHMSI BaroHa (OTILieTa) ¢ TOpKu (hopMyJIbl
(1) u (2) mpUMEeHUMBI TOJBKO TOTAA, KOTIa
U3BECTHA KOHEYHAs CKOPOCTh BaroHa v,.

B cBsI3U ¢ 3TUM, yUYUTHIBAsI, YTO BCE BbI-
MOJIHEHHBbIEe uccaeaoBanus [1—8] mo nuHa-
MUKE COPTUPOBOYHOM TOPKU IO CEro Mo-
MEHTAa SIBJISIOTCS HEKOPPEKTHBIMHM, TTOCTPO-
eHMe MaTeMaTUYECKUX MOJIeJeii BpeMeHU
M CKOPOCTHU TPU CKaTbIBAHUM BaroHa Ha
MPOMEXYTOYHOM Yy4aCcTKe TOPKHU MpU BO3-
JNEUCTBUM IIOMYTHOI'O BETPpa MAJIOM BEJIUYU -
HBI OCTaeTcs aKTyaJllbHOW mpoOlieMoit
TPAHCIIOPTHOM HAyKMU.

JaHHas cTaThs MPOIOJIKAECT CEPUIO CTa-
teit [13—26] mo pa3paboTke HOBOTO Hay4y-
HOTO HampaBJIeHUSsI, Kacalollerocss IMHaMU-
KM CKaThIBaHUS BaroHa Mo COPTUPOBOYHOMN
ropke. [TockoabKy B OCHOBY UCCIeIOBaHUI
nosoxeH npuHun Jlamam6epa B KOOpau-
HaTHOU ¢opme [9], To B mybanKyemoit pa-
6oTe OyayT MPUCYTCTBOBATH MOJIXObI
u (popMyIibl, M3N0KeHHbIE B [11—15].
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YCJ10BUA SAOAYU U NMPUHATDIE
NPEANOCLIJIKA

ITomuMo 11e11 pa3paboTaTh MaTeMaTUYE-
CKYI0 MOJEJIb IIPOMEXYTOUYHOTO ydyacTKa
COPTUPOBOYHOI FOPKU IPH BO3ACHCTBUMU
ITOITyTHOT'O BETpa Majioii BEeJIMYMHBI, B HAILIEM
cJlyyae CTaBUTCS 3a/1a4ya IOJYyYUTh aHAIUTH -
yeckue GOpMyJIbl BpEMEHU U CKOPOCTHU
CKaThIBaHUsI BaroHa JIjIs pacyéra IpoMexy-
TOYHOTO Y4acTKa COPTUPOBOYHOM rOPKU ITPU
3aIaHHBIX €T0 TEOMETPUYCCKUX ITapaMeTpax
(YKJIOH M JJIMHA). DTO B MOCIEAYIOLIEM MO0~
3BOJIUT BBIMIOJIHUTD ITPOCKTUPOBOYHbBIE Pac-
Y&Thl yY4aCTKOB MPOGWIST TOPKU, KOTOPHIE
obecrieyaT IBVXKEHUS BaroHa 10 pacyéTHOM
TOYKM C TpeOyeMOli CKOPOCThIO (MOopsiaKa
5 KM/4).

Paccmotpum ananornuHo [11—15] oOmmii
CJlyyaii, Korja BaroH ¢ COPTUPOBOYHOM TOPKU
CKaThIBaeTCs MOCTYIATEIbHO C 3aJaHHOI Ha-
YaJbHOM CKOPOCTBIO V= V,, TIOC/IE BHIXOA U3
ydyacTka IepBOii TOPOUYHOI TOPMO3HOI 031~
1. [1pu cKaThIBAHUY OTMHOYHOT'O BArOHA OH
OyIeT UCTIBITBIBATh BO3ICHCTBUE ITPEK/IE BCETO
BHEIIHUX CWJI B BUIE CHUJI TSDKECTH BaroHa
¢ rpy30oM wiu 6e3 rpy3a — G U CUIIBL a3poau-
HaMHWYECKOTO COIPOTUBIICHUS IOITYTHOT'O

BeTpa Majoil BeauuuHbsl — F_ (rae
(F,F,,) € F,). TIpu 5TOM CHIBI BO3IEHCTBUS

Ha BaroH a3pOoJMHAMUYECKOT0 COMPOTUBIIEHUS
MpU MaJioil CKOPOCTU BeTpa (Hampumep, IMo-
IMyTHOM 2—4 M/C) MPUHSITO CUUTATh 3aBUCS-
LIMMU OT TUIOLIa 1 HABETPEHHO MOBEPXHOCTU
BaroHa A __ 1o JUHEAHOMY 3aKOHY, T. €.

F=f(A,,).

ITycTb BaroH coBepIraeT MpsIMOJIMHEITHOE
paBHO3aMeIJIEHHOE ABMXKEHUE C MEPEeHOCHO
CKOPOCTBIO V, =V C COPTUPOBOYHON TOPKHU

OTHOCHUTEJIEHO TIOJIBUKHOM CUCTEMBI KOOP/IH-
Hat Ox,yz, CBA3aHHOM ¢ BaroHoM (pwuc. 1) [5—7].

TypaHoB X. T., lopaveHko A. A. [1Bn>XeHue BaroHa Ha COpTUPOBOYHO ropKe npu NONyTHOM BETpe



Puc. 2. Ynpouw€HHas Mmogesb BO3[eiCcTBUS
CWUJ1 Ha CUCTEeMY «BaroH — nyTb» Ha
MPOMeXXyTO4YHOM y4acTKe ropku co
CTPEJIOYHOV 30HOM MPu rMornyTHOM BETpeE.

Ha puc. 1 o603HaueHo: O — HavaJIo MoI-
BVDKHOM cucTeMBbl KOOpAMHAT OX Yz, KECTKO
CBSI3aHHOM ¢ BaroHoM; OX — OCb 1O rOpu-
30HTAJIM; , — YroJ ykioHa yyactka 1TII
ropku; H, Vu W — ropusoHTaibHas, Bep-
TUKaJbHas U (GpOHTATbHAS TJIOCKOCTH;
V., — OTHOCHUTEJIbHAasl CKOPOCTh BeTpa 0

OTHOIIICHMIO K TTOIBVKHOM CUCTEME OTCUETA
Ox yz (BaroH); A — HanpapJAIOIIKNA YroJ
BEKTOpa OTHOCUTETHLHOW CKOPOCTH BETpa Mo
OTHOIIIEHUIO K MPONOJbHONW OCU BaroHa;
V.. —abCcoJI0THas CKOPOCTh BETpa, KoTopast

as

OIpelesIsIeTCsl COIJIACHO TEOPEME O CJIOXKe-
HUU CKOPOCTEN IIPU CJIOXKHOM ABMKEHMM:
Vy =V, +V,=V+V, rae V,=V — MepeHoc-

as

Hast CKOpOCTh (CKOPOCTh BaroHa), v, — oT-

HOCUTeJIbHasi CKOPOCTh BO3ayxa; & — Ha-
MPaBJISIOMIMIA YIoJI BEKTOpa abCOJIOTHOM
CKOPOCTH BETpa OTHOCHUTEJIbHO ocu Ox,,
vMes B BUJLY, 4TO 00bI19HO & = 15°+30°, a mpu
JIOOOBOM BeTpe, yYUTHIBAsk MaJoOCTU yIja
ykioHa yyactka 1 TIT ropku vy, (v, = 0,859
rpan.), npuHumaor & = 0.

AnanornyHo [18] 6yaem uMeThb B BUJLY, UTO
TPY MTPOEKTUPOBAHUN COPTUPOBOYHOM TOPKU
Takue e€ KMHeMaTUYeCKue MapaMeTphl, Kak
NPOEKLMs JIMHBI Ha TOPU3OHTANb [, 1 yroi
YKJIOHA (CrycKa) Y, HAXOLSIT METOZIOM MO~
Oopa corjacHO MPUHSITON PeKOMEHIAIMU
[1-4]. Hanpuwmep, [, ~41,27 m, tgy,, = (0,007+
0,015) pan. (mam y,, = (0,401+0,859) rpan.).
Mo naHHbIM [, v tgy,, ONPENENSIOT BLICOTY
roOpKH h,. Jlanee 1o 3Ha4eHusM [, u h, BbIMU-
CJIAIOT JUIMHY YKJIOHA TOPKH /,, M:

h,=1,t8(w,,), l,= 2, h42 +lr24

L
=— 3
cos(¥y,)
Ecnu ncxonHblie JaHHBIE TAKOBBI, YTO lr .=
41,27 m, tgy,, = 0,011, To h, = 0,454 m, [, =
41,272 m.

wim I,
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dOPMUPOBAHUE PACHYETHOM
MOJEJIN CKATbIBAHUSAA BATOHA

Yrpoi&HHast Mozie/Tb BO3ICHCTBUS CJT Ha
CHCTEMY «BaroH-ITyTh» Ha TPOMEXKYTOUHOM
y4JacTKe TOPKH TIPU TTOITyTHOM BETPE, YIUTHI-
Balollasi TpeHUe KavyeHUsI KOJIEC BaroHa co
CKOJIbXeHueM, Kak 1 B [11—15], npeacrasieHa
Ha puc. 2.

Ha puc. 2 obo3naueHo: 2L u 2H — navHa
1 BBICOTA IPY3a; Y, — YIOJl HAKJIOHA MEPBOTO
MPOMEXYTOYHOTO YYacTKa; ¥, =V, — CKOPOCTh

BXOJIa BArOHA Ha y4acToK; V,, . — OTHOCUTEJb-

Hasl CKOPOCTb BETpa MaJioit BEJIMYMHbI (OObIY-
HO B Tipenenax 2,5—3,5 m/c); V=V, — nepe-

HOCHas1 CKOPOCTb (CKOPOCTh BaroHa); Gu G,
G, — cuia TSKeCTU BaroHa ¢ Tpy3oM u e€
npoekunn Ha ock Ox u Oz; F — cuna asponu-
HAMWYECKOTO COTIPOTUBIIEHUSI, pACCMATPUBA-
eMast KaK «IBMXKYIIAsT» CUJIa TIOTyTHOTO BETPA;
F, — cuibl conmpoTUBIEHUS BCAKOIO poia
(cpenpl, CTpeIoK, KPUBBIX, CHETA U MHES).
Bce ocranbHble 0003HaYEeHUST HA pUC. 2
Takue xe, kak u B [11]. Hanpumep: MTPHA
(MTpnAE{M MTpnAZ’MTpnA'l’MTpnA’Z})H

TpnAl>

M B(MTpnB E{M M M’rpnB’l’MTpnB’Z}) -

Tpn TpnBl1? TpnB2?
BHYTPCHHUE CUJIBI B BUAC MOMCHTOB TPCHUA

KayeHUs B MOAIIUITHUKAX OYKCOBBIX Y3JIOB
nepeaHen A u 3agHeli B Teilexek BaroHa,

MpUYEM an = MTpnA + MTPHB; P, P, P,
P,,, — MTHOBEHHBIE LIEHTPBI CKOPOCTEN. DTU

MOMEHTHI TPEHUSI KaUeHUS B TTOAIIMITHUKAX
WCTIONB3YIOT [IJIST OTTpeieIeHUsI TIPUBEACHHO-
ro ko3 duieHTa TpeHUsI KaYeHUSs CO CKOJTb-
KEHMEM B KOJIECHBIX Mapax f;.

ITycTb pacuéTHast MOJIEITb IBVKEHUSI Baro-
Ha Ha ITPOMEKYTOYHOM YJacTKe TOPKH, COTJIa-
CHO TIPUHITUITY OCBOOOXIAEMOCTH OT CBSI3Ei
TeOpeTUUECKOM MeXaHWKHU [9], mMeeT BUI,
TpEeNICTaBJICHHBII Ha puC. 3.

Bce ob03HaueHMS Ha purc. 3 TaKue XKe, Kak
¥ Ha pUC. 2, 32 UCKITIOYCHUEM HOpMaJTbHOT N
¥ KacaTe/IbHOM F,  COCTAaBISIIOIINX PeaKLnn

TypaHoB X. T., lopaneHko A. A. [iB>XeHVe BaroHa Ha COPpTUPOBOYHOM ropKe Npv NONyTHOM BeTpe



o=
0 BXy

cBaA3el (pebcoBbIx HUTEM). [Tpuuém N =N, +
N2 + N3 + N4 u F;px = F;pxl + ]7Tp4x2 + FTchS + F1'p.x4
MpEeACTaBJICHBI KaK MapajuIeJIbHbIC CHUITHI.
31ech FTp'x YYUTHIBACT TPEHUS KayeHUS
KOJIEC O TTOBEPXHOCTU KaTaHMSI PEIbCOBBIX
Huteii F = Fm W TPEHUSI CKOJIbXKEHMSI TpeOHe it
KOJIEC TT0 OOKOBBIM TTOBEPXHOCTSIM PETHCOBBIX
HUTEeN FTP'CK M13-3a BO3ACMCTBUS BETpa C OOKO-
BOM CTOPOHBI BaroHa Fm.a U IIOIIePEYHOM epe-
HOCHO1 CHJTBI UHEPLIMHU Iey (He TTOKa3aHHBIE HA
puc.2),T.e. Fm =F

TP.K Tp.cK'

CUJTOBbIE COOTHOLLUEHUSA HA
YYACTKE TrOPKUA

Ha npomexXyTouHOM y4acTKe TOpKU aHa-
JJorn4yHO [11—16] cuoBbIE COOTHOLIEHUS
HaxoJsT B CJICAYIOIIEH TTOCIeI0BATEIbHOCTH.

1. OnpeAessiioT CUIbl a3POIMHAMUYECKOTO
CONPOTHUBIICHUSI, BO3IEHCTBYIOIIME Ha BarOH
BJIIOJIb U MIOTIEPEK (B cyvyae yuéra TaHHOM CH-
JIBI, UMes B BULY, 4TO B [ 1 —4] Takasi cujia BOBce
He yunTtbiBaeTcst), KH [11—13]:

F, =054; F =054, @)

rae 0,5 — yneapHOe naBjaeHKe Ha 1 M2 TutoLa-
au, KH/M?; A — niomans TopueBoii mosepx-
HOCTM BaroHa c rpysom, M A = 2Bx2H
C YYETOM TOTO, UTO B Heli 2B u 2H — mupurHa
M BBICOTA HaBETPEHHBIX TOBEPXHOCTEN Baro-
Ha C Ipy3oM, M; A — miomians GOKOBOIA 1o~
BEPXHOCTH BaroHa c rpysom, Mm% A, = 2L x2H
C Y4ETOM TOTO, UTO B Heli 2L — 1J1IiHAa OOKOBBIX
HaBETPEHHBIX IMTOBEPXHOCTEI BaroHa c Ipy-
30M, M.

2. YuuteiBas MOHSTUS «CABUTAIOLIMX»
U «YAEPXKUBAIOIIUX» CUJI, BEIYUCISIOT BCE
CUJIBI, BO3MIEMCTBYIOIIME Ha BaroH, KH:

— «caBuraoume» cuisl F, (T e. mpoek-
LMY CUJIBI TSDKECTH BaroHa ¢ rpy3oM (MM OT-
1iel1a) Ha HalpaBJieHUe CKaThIBAaHMSI BaroHa)
[11,12]:

F__ =Gsin(y,,)+F, cos(y,,);

ca.x

(6))
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Puc. 3. YnpowéHHas pac4ETHasi mogesb
ABWXEHUs1 BaroHa rno npogusiio ropku npu
nonyTHOM BeTpe.

— «yJepxKuBarolIe» Fy o (T. €. CHIIBI CO-
MMPOTUBJICHUSI TBVDKEHUIO BarOHA B BUIIE CHJTBI
TPEHUSI KaUCHUST U CKOJIBXKEHUS (TOJIBKO TIPHU
yué€Te BeTpa ¢ OOKOBOI CTOPOHBI BaroHa) KO-
JIEC, CHITBI COTIPOTUBIICHMST IBUKCHIIO BCSIKO-
ro pona) [12]:

F, . =F, +F+F

VILX Tp.CK (6)
e Fm . — CuJ1a TpeHus KadeHus (1o [2—12] —
9TO OCHOBHOE CONMPOTHUBIEHHUE); F, — CHIIbI

COMPOTHUBIIEHUST BCIKOTO poja B Buze [11]:

F(':A = Esz + E:m. + E).M. + Fl;pl (7)
C YYETOM TOTO, UTO B Hell Fcp', ch.’ F n FKp —

CUJIbI CONPOTUBJIEHMS IBMKEHUIO BarOHA OT
cpenbl U CTPesioK (Kak AOMOJIHUTEIbHOE CO-
MMPOTUBJICHNUE ), CHETA M MHEs (KaK TIM30014e-
CKOE COITPOTUBJICHNE), a TAKIKE OT KPUBBIX (KaK
MOTIOJIHUTENIbHOE COTIpOoTUBIeHME) [1—4];
F . — cuia TpeHHUsl CKOJIbKEHMs! TIpU yuETe
BO3/IEICTBUSI MOIEPEYHOI MIEPEHOCHOI CUJIbI
MHEPLUU 1 BETpa ¢ 00OKOBOI CTOPOHBI BATOHA.
[epenuiuem (6) ¢ yuérom (7) B Buze [11]:
Fy =Fy +F, +F +F +F, +F_,. (8

yILX TP.K cTp. Tp.CK *

B (8) xaxxmyto caraemyro HaXosIT 1o hop-
MyJIaMm:

F, . = f,(Gcos(wy,)+ F, sin(y,,)); 9)
F;:p. = kcp.G’ F::'rp. = kCTp.G; F;;.u. = kcuG’
Fy =ky G5 (10)
Erp.cl( = f;KO(ley + FrBﬁ COS(!//04))3 (11)

[IIe f, — HEKOTOPbIiA YCIOBHbIA KOS DULIMEHT
TPEHUSI CKOJIbXKEHMSI, YIUTHIBAIOIINI KOJTYE-
CTBO KOJIEC B TeNeXKaX, TPEHUs KauyeHUs
(TI0 KOJTBIIAM TIOIIUITHUKA U KOJIeca O Pelb-
¢y) (110 pacYEéTHBIM JaHHBIM OOBIYHO MOPSIIKA
0,0001) [16, 17]; k., — KOS(hOULMEHT, yIuTbI-
BAIONIUI JOJIO CUJIBI TsKecTu G TIpu yuéTte
COTIPOTUBJIEHUSI CPebl (OOBIYHO TPUHUMAIOT
B ipeaeax 0,0001+0,0005 mpu cKopocTH I10-
ImyTHOTO BeTpa oT 2 mo 4 m/c) [1]; k., k

ctp.? e

u ka. — KO3 GUILMEHTHI, TOKA3BIBAIOIINE

TypaHoB X. T., lopaveHko A. A. [1Bn>XeHue BaroHa Ha COpTUPOBOYHO ropKe npu NONyTHOM BETpe




JIOJIV CWJTBI TsKeCTU G TIPU YIETE COMTPOTHUBIIE-
HMSI IBIKEHUIO BaroHa OT yJIapoB Ha CTPeJioy-
HBIX MEepPeBOIax, OT CHera, WHesI U KPUBBIX
[1-4]; f, , — K0oo(hbHULMEHT TPEHUS CKOJIbXKE-
HUS TpeOHell KoJjiec K OOKOBOI MOBEPXHOCTU
pebcoBoi HUTH (00bI4HO — f = 0,25) [11];
I, — nonepevHasi ePEHOCHASI CHJIA MHEPLIH,
onpenensemMas Kak /, = kﬂ}yG C Y4E€TOM TOTO,
YTO B HEW kﬂ‘y — KO3(dULMEHT TonepevyHol
IOMHAMWKK BaroHa (date cero 0,03); F . —
CUJIa a3pOJMHAMUYECKOTO COMPOTUBICHUS
TIPY BO3JECMCTBUM BeTpa ¢ OOKOBOI CTOPOHBI
BaroHa, kH.

B (11) koaddpuumentsik , &k, vk,  OObI-
HO IMPUHUMAIOT OPUEHTUPOBOYHO. Tak, Harmpu-
Mmep, kcm = 0,0025 (momyckasi Mpu 3TOM BO3-
MOXHOCTb TIPUHSATHUS U APYTOil BETUIUHBI);
k., =0,0001-0,0004; k£ = 0,0031 [1].

IMoncrasmsst (9)-(11) B (8), cuny F,  Mox-
HO TIpeacTaBuTh [ 12] B Buze:

F..=/ (GCOS(V/M) +F . sin(y,, )) +
+(kcp. + kcrp + kc.n. + ka_ )G +

+fCK0(Iey +F_ cos(yy,)).

Oc000 OTMETHM, YTO IBIDKEHIE BarOHa Ha
paccMaTpuBaeMOM y4acTKe TOPKU BO3MOXHO
JINIIIG TIPY COOMIONeHNN yeaoBuii [19]:

F _>F

ca.x ya.x?

F _<F

ca.x ya.x*®

(12)

(13)
(13a)

Ecnu cobmonaercs yciosue (13a), uto
MOKET OBbITh ITPK YIETE BO3AEHCTBUSI ITOTIepeY-
HOl MIePEHOCHOI CHJIBI MHEepLMK [, 1 BeTpa
¢ GOKOBO¥ CTOPOHBI BaroHa F_ ., To IBHXEHUE
BaroHa MPOU30MIET CONNIACHO 3aKOHY MHEPLIUU
C 3aJJaHHOI HaYaJIbHOU cKOpocThio [9, 13].

OCOBEHHOCTU ONPEQEJIEHUA
«YOEP)XUBAIOLLEA» CUNbI

Kaxk u B [11], Oymem uMeTh B BULY, YTO
ciia TpeHust KaveHnst F, (OCHOBHOE COTIPO-
TUBJICHNE), CUJIA COTTPOTUBIICHUST ABUKECHUIO
BaroOHa OT CPe/ibl £, 11 CHJIa TPEHNSI CKOJIbXKE-
HUS TIpU YYETE BeTpa ¢ OOKOBO CTOPOHBI
BaroHa F, » BO3ICHCTBYIOT Ha CUCTEMY «Ba-
TOH—TPY3» Ha BCEM MPOTSIKEHUU TEPBOTO
TMPOMEXKYTOUHOTO YYaCTKA 3a BPeMSI £, a CUIIbI
COTIPOTUBIICHUS ABUKEHUIO BarOHA OT CTpe-
JIOK ¥ KPUBBIX (JOTIOJTHUTETbHOE COTIPOTUB-
JIEHWE), CHeTa U UHes (AMU30MYECKOe COTPO-
TUBJIEHNUE) — C 3amMa3AblBAHUEM BO BpeMeHU
Ha BeJIMYUHY /|, T. €. 1 > [,.
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METOA NOCTPOEHUA
MATEMATUYECKOW MOJENN

XoTb ¥ TTOBTOPHO [11—15], HO BMecTe ¢ TeM
3aIUIIeM OCHOBHOM 3aKOH TMHAMUKHM C HEU-
JeaJTbHBIMU CBA3sIMM (Wutd TipuHIUIT [danam-
Oepa) B KoopauHaTHOI dhopme [9]:
YA R
dt k=1 k=1
rae M — Macca BaroHa ¢ rpy3oM (Wim 6e3 rpysa)
C YJETOM MacChl BpalllaroIIMXCsI YacTeit (Kosec-
HbIX Tap), kr; F, =F,, =const. — npoekumn

BCEX aKTUBHBIX («CIBMUTAIOIIMX») CHJI HA Ha-
MpaBJieHUsI cKaThiBaHUs BaroHa (och Ox), H;
R, =F, =const. — npoeKLMY BCEX PEaKTHB-

P

HBIX («yIEPKUBAIOLIMX>) CKl Ha ock Ox, H.
TMoncrasnsisa (5) u (12) B mpuHLmn Jdanam-
Oepa, OyaeM UMETh:

dv
MzzEm.x _F;mAx’ (14)
rne F._uF — «cABUTAIONIME» U «yIepK1Ba-

ca.x yax
IOoNI1e» CUJbI, BOSZ[efICTBYIOL[[I/IC Ha CUCTEMY

«BaroH—TIPy3», Ha MPOMEXYTOYHOM yJacTKe
ropku, H.

Tlepenuiem ypaBHeHue (14) B Buge nud-
epeHIMaTbHOrO YpaBHEHUSI IBVKEHMSI Baro-
Ha Ha pacCMaTpUBaeMOM YYacCTKe TOPKHU:

dv
M—=F, 15
g Do 15)
rne F0=(E:11Ax_Fy11)) >OI/UH/IE)=(F;A.:C_F;/L[X)

< () — cua conpOTUBIICHUST IBIKEHUIO BaroHa
C yu4€ToM BbITToTHEeHUsI yeaoBuii (13) u (13a),
H.

HauanbHble ycnoBus 3agaun Kowm — npu
t=0:v(0) = v, (roe v,_v,, — CKOPOCTb BXOIa
BaroHa Ha IMPOMEKYTOYHbBIN Y4aCTOK TOPKH).

Paznenss nepemenHble B (14) u 6epst H-
Terpajibl OT 00erX YacTeid OCIeTHETO paBeH-
CTBa, OyneM umets [27]:

j;dv :%_:[dt.

TTocie uHTErpUpPOBaHUS MOJTYYUM U3BECT-
HYIO U3 2JeMeHTapHOW Gu3uku Gopmyny
CKOPOCTH TeJia TIPYA YCKOPEHHOM U/ WY 3aMe]T-
JieHHOM fBvxenuu [12, 13]:

v=y, tat, (16)

TIe @ — YCKOPEHUeE, IPU KOTOPOM IIPOUCXOINT
MPSIMOJIMHETHOE PAaBHOYCKOPEHHOE W/Wn
paBHO3aMeIJICHHOE JBMXXKEHUE BaroHa, m,/c?
[11-13]:
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a:@
T

Beipakenwst (15) u (17) mpencTaBiistioT coooit
OMMHAKOBOE MaTeMaTUUYeCKOe TPe/ICTaBIeHE
BTOPOTO 3aKOHa HboTOHA B MOMEHT abCONTIOT-
HOTO JBVDKEHUSI: TIPU BO3/IEHICTBUYM BHEIIIHEN
CWIbI F| TIOCTOSHHOM BEJIMYMHBI Ha TEJIO € Mac-
coii M oHO coBepILIaeT MPSIMOJIMHETHOE PaBHO-
YCKOPEHHOE 1,/ WJI PaBHO3aMEIEHHOE JIBUKE-
HME C YCKOPEHUEM d.

N3 (12) ctaHOBUTCS 04€BUTHBIM, YTO YCKO-
pexue a o (17) caenyeT onpeaeanuTb B COOTBET-
CTBUM CO BPEMEHEM IPOXOXIEHUST BaroHa OT-
JIEJTBHO 10 TIEPBOIA CTPEJTKH 32 BPEMSI £, OT TIEPBOIA
CTpEJIKM JI0 BTOPOM — 3a BpeMs 7, a TaKXkKe OT
BTOPOM CTPEJIKU € YYETOM KPUBOM #, 0 KOHLIA
TIEPBOTO MTPOMEXKYTOUHOTO YJaCTKa TOPKHU.

Anamzupys (17), 3aMeTiM, 4TO BaroH (M
OTIIETT) Ha TIPOMEKYTOYHOM y4acTKe TOPKHU CO-
BepIIaeT MpsSIMOJIMHETHOE PAaBHOYCKOPEHHOE 1/
WM paBHO3aMeJIeHHOe JBIkKeHue. [1pu atom
Ha JAaHHOM Y4aCTKe YCKOPEHUE @ 3aBUCUT OT BCEX
CWJI, BO3ICHCTBYIOLIMX Ha CUCTEMY «BATOH-ITYTh»
(F::ﬂ.x =f(G’ FrB.x) L4l F;/u.x =ﬂF’l’PAK’ Fc.’ Frsﬁ) iUl
Macchl BaroHa (oTLena) ¢ rpy3oM (1iv 0e3 rpy3a)
M ¢ yaéToM Macchl KOJECHBIX TTap, T. €. a =AM,

(17)

cnx’ F;’Il.x) :

MOJEJSIM BPEMEHU U CKOPOCTU
CKATbIBAHUH BATOHA
[MepernnchiBast (16) HaliAéM TIepEHOCHYIO
CKOPOCTB BaroHa v, (f) Ha pOMEXyTOYHOM y4acT-
ke ropku, m/c [11—13]:
v,(t)=v, tat.

(13)
Orcrozia sICHO, YTO CKOPOCTb BaroHa v (7) Ha
IIPOMEXYTOYHOM Y4acTKe TOPKU C TeUCHUEM
BpPEMEHMU ¢ OIIUCHIBAETCSI T10 JIMHEMHO-BO3pacTa-
IOLLEMY 1/WIN JIMHEAHO-YObIBAIOILEMY 3aKOHY
(18): BaroH Ha paccMaTpMBacMOM yJIaCTKe ObIC-
TPO HaOMpaeT 1/WI1 CHIZKAET CBOIO CKOPOCTb.
Kaxk BumHO, mepeHOCHasi CKOPOCTh BaroHa
v,(f) C Te4eHrEM BPEMEHU / 3aBUCUT OT Hayallb-
HOIi CKOPOCTH V, U YCKOPEHUsI BaroHa a, T. €.

v,(0) =y, a,0).

dx
Hanee, yaurbiBasi, uto V,(f) = e repernu-

memM (18), B Bume nuddepeHINATbHOTO
ypaBHEHUS ABUXEHUSI BaroHa IIPU €ro

YCKOPEHHOM ABIKEHUU:
dx
— =V, xat.
dt
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HauaneHble ycioBus 3agauu Ko — mpu
t=0:x(0)=0.

‘YMHOXast 00€ YaCTH MOCIIETHETO PABEHCT-
Ba Ha df 1 THTETPUPYSI TTOJTyYeHHOE ypaBHEHE
BTIpeaenax ot 0 1o 7, ormycKast TpOMEXyTOUHBIE
3JIeMEHTApHbIE BBIKJIAAKU, OKOHYATEJIbHO
MOJIYYUM MpPOAEHHOE paccTossHUE (ITYTh)
BaroHa C TEYEHWEM BPEMEHM f Ha pacCcMaTpH-
BaeMOM y4JacTke ropku, M [11-13]:

x(t):votilatz. (19)
2

[IpoiinéHHOE BaroHOM paccTosHue Xx(f)
C TeYEeHMEM BPEMEHH ¢ OTTHCHIBAETCS COTJIACHO
KBajzipaTUIHOMY 3aKoHy (19): mpu aTom, yBe-
JINYUBASICh HEJTMHEITHO, OHO MOXKET JJIOCTUTATh
MTOCTOSTHHOM BEJTUYMHBI.

Anammsupys (19), yoexmaemcs, 910 x(f)
C TeYeHUEM BPEMEHM f 3aBUCUT OT HaYaTbHOM
CKOPOCTH V,, U YCKOPEHUS BarOHa d = d,, T. €.
x(0) =fv,, a,1,).

Kaxk cnemyer u3 Boipaskenus (18), mpu £ =0
oynem umeth x = 0, T. €. HAYaJIbHOE YCJIOBUE
3a71a49u COOJTIONACTCSI.

VYpasuenus (18) u (19) npencrasnsitor
€000 MU3BECTHBIE U3 Kypca 3JIEeMEHTapHOM
busuku GopMysibl CKOPOCTH U MYTH TIPU
YCKOPEHHOM U/WJTH 3aMeIJICHHOM JABVKEHUU
Tena.

3ametum, 9to 1o (19) MoKHO HaiiT Bpemst
f,, B TeYeHHE KOTOPOTO MPOMCXOUT CKAThIBA-
HMe BaroHa, COBepIIAoIIEero MpsSMOJIMHEHOE
PaBHOYCKOPEHHOE U/WUJIN PaBHO3aMeIEHHOE
JIBUDKEHVE Ha TAHHOM y4acTKe FOPKU JTUHOM
[,m[11-13]:

; Ty, TV, 12a,l,

n .
a,

(20)

Anamupys (20), yoexkmaeMcsi, 9TO BpeMst
f,, B TE4EHHE KOTOPOIO IIPOMCXOIUT CKaThIBa-
HUE BaroHa, 3aBUCUT OT HAYaJIbHOI CKOPOCTH
Vy,» YCKOPEHMSI BATOHA @ M JUIMHBI 9TOTO y4acT-
Kal,Te. t,=fv,, a,l).

Torma, ncrrons3ys (20), mo (18) erko Haii-
TU CKOPOCTb BaroHa (OTIieTa) B KOHIIEe TIepBO-
O MPOMEXKYTOYHOTO y4acTKa FopKu v_,(%,).

OTciola CTAHOBUTCSI OYEBUIHBIM, UTO
orpejiesieHre CKOPOCTH BaroHa 1o Qopmysie
CBOOOMIHO MAJAIONIETo Tejia, KaK 3TO BHITION-
HSIOT B [1—8], TPOTMBOPEUYNT OCHOBHBIM T10-
JIO>KEHUSIM CKATBIBAIOIIETO TeJIa 10 HAaKJIOHHOM
TUTOCKOCTH [9].

Pemrast copmectHo (18) 1 (19), MOKHO MO~
JIYIUTh 3aBUCUMOCTb CKOPOCTH CKAThIBAHUSI
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BaroHa OT JJIMHBI IIPOMEKYTOUHOTO yJacTKa
COPTHPOBOYHOI TOPKU B BUIIE

v, (1) =v, +2a,l,. 1)

OO0b1yHO (21) MCTIONB3YeTCS TS TOCTPOSHUST
rpaduyecKoii 3aBUCUMOCTH V., (/,).

TakxuMm 0Opa3oM, C UCTIOTB30BAHUEM TIPUH-
mnaJlanambepa, MeTona pasnesieHus mepeMeH-
HBIX U TAOJUI] MPOCTHIX UHTETPAIOB, KaK
1 B [11—15], BeIBeIeHbI KOHEUYHbIC aHATUTAYE-
ckue (hOpMyJIbI ISk OTIPEIEICHUS BPEMEHH 7,
1 CKOPOCTH BaroHa v (7,) B KOHLE TIPOMEXYTOU~
HOT'O y4acTKa TOPKMU.

BbiBO4bI

1. Ucxons u3 KiracCMYeCKUX IMOJIOXKEHUN
TEOPETUIECKOI MEXaHUKHU, TIOJTyYEeHBI IIPOCTHIE
Ha BUJI MaTeMaTHUUECKMe MOICTU CKaThIBAaHUS
BaroHa Ha MPOMEXYTOYHOM YJacTKe COPTHUPO-
BOYHOI T'OPKU IMPU BO3NEHUCTBUY CUJIBI TSLKECTU
BaroHa ¢ Tpy3oM (Wau 6e3 Hero) W IOIyTHOTO
BETpa MaJIOi BeJIMYMHBI B COYCTAHNM C CUIAMU
CONPOTUBIICHUMN, TTOSBIISTIOLIVMUCS ITPY ABVKE-
HUU CUCTEMBI «BATOH—ITYTh>.

2. YcTaHOBIIEHO, YTO BaroH (MM OTIIETT) Ha
IMPOMEXYTOYHOM yJaCTKe TOPKM COBEpIIAcT
MPSIMOJTMHEITHOE PAaBHOYCKOPEHHOE, a TIPU yI&-
Te BO3IEHCTBIS BeTpa ¢ O0KOBOI CTOPOHBI Baro-
Ha — paBHO3aMemIeHHOe aBikeHue. [1pn aTom
Ha JaHHOM YJacTKe TOPKH YCKOPEHUE @ 3aBUCUT
OT BCEX CWJI, BO3ICUCTBYIOIINX Ha CICTEMY «Ba-
LU01 2t I B (Fcux :f(G’ me) n Fynx :f(FTp.K’ Fc.’
F_ ), 10T Macchl BaroHa (OTLena) ¢ rpy3om (Wim
6e3rpy3a) M ¢ yuéToM MacChl KOJIECHBIX T1ap, T. €.
a=a, :f(M’ Fcux’ Fynx)'

3. Ha ocHOBe ¢hopMyJIbl MPOMAIEHHOTO pac-
CTOsTHUSA (ITyTH) BaroHa Ha MPOMEKYTOUHOM
Y4aCTKE COPTUPOBOYHOM TOPKU, U3BECTHOM 13
Kypca 3JIeMeHTapHO# (PU3UKH, TIOTydeHa yIIpo-
EHHas popMyna I onpeaesieHUs BpeMeH!
CKaThIBaHMSI BAarOHAa Ha 3TOM yJacTKe ropku. [1pu
3TOM BBISBJIEHO, YTO BPEMS £,, B TEYEHUE KOTO-
pOTO IMPOMCXOIUT CKaThIBAHME BaroHa, 3aBUCUT
OT HaYaJIbHOX CKOPOCTH V,,, YCKOPEHUsI BATOHA
a, Vi JUIMHBI 3TOTO yJacTka l,, T. €. 1, = flv,,, a,, ).

4. Ha ocHoBe (hopMyJIbI IJIsT OTIpeae/ICHUST
BPEMEHM CKaThIBAaHMS BaroHa Ha CKOPOCTHOM
yJacTKe TOPKU HaiieHa CKOPOCTh CKaThIBAHMS
BaroHa B KOHIIE IIPOEKTHUPYeMOro yuactka. [1pu
5TOM YCTaHOBJIEHO, YTO IEPEHOCHAsT CKOPOCTh
BaroHa v, (f) ¢ Te4eHUEM BPEMEHM [ 3aBUCUT OT
HayaJIbHOM CKOPOCTH v, M YCKOPEHMsI BATOHA @,
T.e.v,(0) =fv,,, a,, 7). [lonyyeHa popmysia 3aBu-
CUMOCTH CKOPOCTM CKaTBIBaHUSI BaroHa OT
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JUTUHBI IPOMEXYTOYHOTO YJaCTKa COPTUPOBOY-
HO¥ ropku v_,(1,).

PesynbraTbl BBITOJIHEHHBIX UCCIEI0BaHUIA
MOTYT OBITh MCMOJIb30BaHbl MPU BBIMOJHEHUN
pacuéTa BpeMeHHU IBUKEHUS 1 CKOPOCTH CKaThI-
BaHMSI BarOHAa Ha Yy4acTKe BTOPOM TOPMO3HOM
TO3ULIMKA COPTUPOBOYHOI TOPKU.
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aM 1o cede mpenjaraeMblii aBTOpaMu

CTaThbU METOJ KWHETOCTATUKU (CITO-

coba pelieHus 3aaady AUHAMMUKH,
Mpeanojaralomii 3anMchb TMHAMUYECKUX
ypaBHEHUi1 B (popMe ypaBHEHUI paBHOBE-
CHST) BIIOJIHE BEPOSTEH MPU MOJEIMPOBAaHU
pabOoThI COPTUPOBOYHOI TOPKU Ha XKeJIe3HO-
MOpOXHOM cTtaHMM. OOMHAKO KOJUJIETH M3
ExaTtepunHOypra nbITatoTcs BBITTOJIHUTD 3a/1a-
qy, 0epsl AJIs 9TOrO JUIIb (DparMeHT CITYyCK-
HOI 4aCTU COPTUPOBOYHOM TOPKU, TO €CTh
Hapylllas €CTeCTBEHHbIM KOMILJIEKCHBIM xa-
paKTEP pacyeTOB ABUXXEHMUSI BATOHA, YYUTbI-
BalOIIMIA BBICOTY U TTPOMUIIb TOPKHU Ha BCEM
MPOTSKEHWU U COBEPLIAEMbIE 10 X0y CIy-
cKa TexHoJoruyeckue onepamuu. [lIoHsaTHo,
YTO HUKTO U3 MPOEKTUPOBIIUKOB HE CTAHET
MOIEIUPOBaTh pabOTy COPTUPOBOYHOI rop-
KM UCKJTIOUMTEIBHO «ITOKYCOYHO». ABTOPBI
KPUTHUKYIOT OTIpEe/IeHUE CKOPOCTH BaroHa
no ¢opmysie cBOOOMTHO MadamIlero Tea,
HaxoJsT B 3TOM ITPOTHBOPEYME C OCHOBHBIMU
MOJIOXKEHUSIMU, XapaKTEPU3YIOLIMMU CKAThI-
BaHUE TeJla MO HAKJIOHHOM MIOCKOCTH, OJ1-
HaKo B IMpenjiaraeMbIX UMU (opMysIax yCKO-
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PE3IOME REAAKENN

peHMe MPUCYTCTBYET, U TOTAa TpebdyeTcs
Pa3bSICHUTD €r0 OTJIMYHUS OT OOIIETIPUHSITO-
O MOHUMAaHUSI.

Bonbiirero BHUMaHMs M TOYHOCTH, Ha HaIll
B3IJISI, TPEOYIOT MOIXOIbI K pacyeTaM KMHETHU-
YeCKMX 3aBUCUMOCTEH CUJI COMPOTUBIICHUS
JBIDKEHUIO OT CTPEJIOK M KPYBBIX, CPEJIbl M BETPa,
TeMIiepaTypbl HApY>KHOTO BO3IyXa, a TAK3Ke Beca
oTiena. 3aech pUrypupyrolye BeJTMINHBI Ipe-
MMYILECTBEHHO HOCSIT BEPOSITHOCTHBIN Xapak-
Tep, TeM He MEHee METOIMKa aBTOPOB 3TOT MO-
MEHT HeIOyYUTHIBACT.

Co3HaeM, YTO MHEHUSI MOTYT OBbITh pa3HBIMMU.
B 10 ke BpeMs1 — 3T0 He MOBOM K B3aMOMCKITIO-
YaroLIMM Mo3uLMsaM. Benp s siroboro crierma-
JIVCTAa BaXKeH HE TOJIbKO (DaKT KaKOro-To IeHCT-
BUS WM Pa30BOIi OLIEHKU, HO 3HAYUMBI He
MEHbIIIE Y KOHCTPYKTUBHASI KPUTHUKA, MBICIIH,
WIEU, KOTOPbIE OH B KOHIIE KOHIIOB POXKIAET.
C 2TOli TOUKU 3pEHUSI CTIOPHBIE WM KasKYIIIECsT
HeMpUEMIIEMbIMU TIO3ULIMY 3aCTY>KUBAIOT BbI-
HECEeHMS Ha CyJ IIMPOKOTo Kpyra 3KCIEepTOB.
W ugepes3 akTBHOE 0OCYXKIEHUE ITyOIMKyeMast
CTaThsI, YBEPEHBI, TTIOMOXET B UTOTE MOUCKY
TMPaBWIbHBIX PEILIEHUIA. ®

TypaHoB X. T., lopaveHko A. A. [1Bn>XeHue BaroHa Ha COpTUPOBOYHO ropKe npu NONyTHOM BETpe
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ABSTRACT

Mathematical modeling of the first intermediate
section of a hump yard at the impact on the car of tail
wind of small value is presented. The applied method
is D’Alembert principle in coordinate form with non-
ideal bond. Simple in appearance, analytical formu-
las were obtained for determining time of car move-

mentatahump yard, according to the value of which
speed of its rolling into the end of the settlement area
is determined. It was revealed that the time, during
which the car rolling at this section of the hump yard
depends on inclination angle, initial speed and ac-
celeration of the car, as well as controlled length of
movement.

Keywords: railway, station, hump yard, car, tail wind, intermediate section, time and speed of car rolling.

Background. Well-known formulas, widely used
in solving tasks of calculation and design of hump yard
[1-8], are contrary to basic provisions of classical
mechanics formore than 75 years [9, 10]. Forexample,
in [6] for calculation of travel time of uncoupling on
sections of hump yard, the formula is used:
1=(v;=v,) /(€107 -wy)), (1)

where v, is final speed of uncoupling at the section, m/s;
v, is initial speed of entrance of uncoupling to rolling
section, m/s; g' < g isshare ofgravitationalacceleration,

m/s?, since M < M, though M and M, is mass of car
(uncoupling) without taking into account and taking
into account mass of rotating parts, kg.

As can be seen, formula (1) contains speed at the
end of hump yard section v, which is found according
to the formula of free-fall speed of the body in the
vertical (Galileo formula) including acceleration of
rotating masses, which is absurd [10]. The final speed
ofthe carv,should be a known value, otherwise further
solution of the task in this formulation would be as
pointless as it is performed in [1-4]. In fact, the speed
of uncoupling v, should be found, depending on initial
speed v, acceleration a, travel time of the car on the
slope oﬁwmp yardt, i.e.v,=f(v, a, t)[11-15].

The conclusion of the formula( 1) taking into
account accelerations arising from the effects of wind
loads both along and across the car, was provedin [16,
17] on the basis of the theorem of change of momentum
of a material point [9] in the form
t=(m=v,) /(107 -w,)ta-a,), (2)

where aand a, are parameters, which take into account
the in?ﬂpact of tail wind both along and across the car,
m/s2

In [16, 17] it was emphasized that for solution of
the task of finding time of car (uncoupling) rolling from
the hump yard formula (1) and (2) are applied only
when the final speed of the car v.is known.

In this regard, given that all completed studies
[1-8] on the dynamics of the hump yard until now are
incorrect, construction of mathematical models of time
and speed when rolling the car at the intermediate
section of the hump yard under the influence of small
value tail wind remains an urgent problem of transport
science .

This article continues a series of articles [13-26]
on development of a new scientific field relating to
dynamics of the car rolling on the hump yard. Because
the research is based on the principle of D’Alembert in
coordinate form [9], the present paper will present
approaches and formulas set outin [11-15].

Objective. The objective of the authors is to study
car movement at hump yard under the influence of tail
wind.

Methods. The authors use general scientific and
engineering methods, comparative analysis,
mathematical calculations, graph construction.

Results.

Terms of the task and adopted background

In addition to the objective to develop a
mathematical model of the intermediate section of the
hump yard when exposed to tail wind of small value, in
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this case we have an objective to obtain analytical
formulas of time and speed of car rolling to calculate
the intermediate section of the hump yard at its given
geometrical parameters (slope and length). It will allow
to perform design calculations of sections of the hump
yard profile, which will provide the motion of the car to
the calculated point at the desired speed (about
5km/h).

Let’s consider similar to [11-15] general case,
when the car from the hump yard rolls progressively
at predetermined initial speed v, = v, after the
release from sections of the first hump braking
position. When rolling the single car it will suffer the
impact of external forces, primarily in the form of
gravity force of the car with or without cargo — G and
aerodynamic drag force of tail wind of small value —

F,, (where(F,,.F,)eF, ). In this case forces of

impact on train of aerodynamic drag at low wind
speeds (for example, tail wind of 2-4 m / s) are
considered to be dependent on the area of windward
surface of the car A, linearly, i. e. F,, = f(Aw)

Let the car performs rectilinear uniformly
decelerated motion with transport speed v, =v from

the hump yard with respect to moving coordinate
system Ox,yz, coupled with the car (Pic. 1) [5-7].
Designations in Pic. 1 are the following: O is
beginning of the moving coordinate system Ox,yz,
rigidly connected with the car; Ox is horizontal axis;
v,;iS gradient angle of the section 1TP of the hump
yard; H, Vand W are horizontal, vertical and frontal
planes; Vv, is relative wind speed with respect to the

moving reference frame Ox,yz (car); X is directional
angle of relative wind speed vector with respect to

the longitudinal axis of the car; v,,, is absolute wind

speed, which is determined according to the
theorem about the addition of speeds in the complex

movement V,,=V,+V,=V+V, where

V,=V is
transport speed (car speed), Vv, is relative speed of

the air; & is directional angle of the vector of absolute
wind speed relative to the axis Ox,, bearing in mind
that usually = 15°+30°, and in head wind, given the
smallness of the angle of the slope of the section 1TP
ofthe humpyard vy, (v,,= 0,859 deg.), is taken £ = 0.

Similar to [18] we have in mind that designing
hump yard its kinematic parameters such as length
projection on the horizontal I,,and angle of slope
(descent) vy, are found using the method of
selection according to the adopted recommendations
[1-4]. For example, |,, =~ 41,27 m, tgy,, =
(0,007+0,859) rad. (or y,, = (0,401+0,859) deg.).
According to values of |, and tgy,,we determine the
height of the hump yard h,. Further, using the values
of | ,and h,we calculate the length of the slope of
the ﬁump yard [, m:

!
hy =18y, 1, = \/hf +l:4 or I, :ﬁ;)
04
If initial data are such that | ,= 41,27 m, tgy,, =

(3)
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0,011 rad., then h,= 0,454 m, |,= 41,272 m.

Formatlon of the calculation model of car
rolling

A simplified model of the effect of forces on the
system of «car-track» at an intermediate section of
the hump yard under tail wind, taking into account
the rolling friction of car wheels with sliding, as in
[11-15], is shown in Pic. 2.

In Pic. 2itis indicated: 2L and 2H are length and
height of cargo; v, is the inclination angle of the first
intermediate section; v,=V. is speed of car

entrance to the section; V,,, is relative wind speed

ofsmall value (usually in the range of 2,5-3,5m /s);
=V is transport speed (the speed of the car); G

and G, G is the force of gravity of the car with the
cargo and its projection on the axis Ox and Oz; F ,
is force of aerodynamic resistance, regarded as'a
«driving» force of tail wind; F_ are forces of resistance
of all kinds (environment, sw:tches curves, snowand
frost).

All other designations in Pic. 2 are the same as
m [11]. For example:
( My €M, Mo M1 My 0} ) and

,,,,B ( My €{Mip1s Miys Miyis M2} )

are internal forces in the form of points of rolling
friction in bearings of axle boxes of front A and rear B
bogies of car, withM, =M, ,+M, P, P, P, P,,
are instantaneous cefters o‘f‘qvelocﬁ/ lesé momerts
of rolling friction in bearings are used to determine
the given coefficient of rolling friction with slip in the
wheel sets f,.

Let calculation model of the motion of the car at
the intermediate section of the hump yard, according
to the principle of replacing constraints by their
reactions of theoretical mechanics [9], has a form
shown in Pic. 3.

All symbols in Pic. 3 are the same as in Pic. 2,
except for normal N and tangential F_ _reaction
components (rails). Moreover N =N, +N, "+ N,+N,
and F, Y FotFostF.are presented as
paralle7 forces

There F,  takes into account the rolling friction
of wheels of the rolling surface of rails F_ = F__and
sliding friction of wheel flange on side surfales of
rails F, due to the impact of wind on the lateral side
of the’Car F,, and transverse portab/e mertlal force
/ y(notshown inPic.2),i.e. F,_ =

Power relations in the section of' the %ump yard

At the intermediate section of the hump yard
similar to [11-16] power relations are found in the
following sequence.

1. Aerodynamic drag forces acting on the car up
and down (in the case of accounting of the force,
bearing in mind that in [1-4], such a force is not taken
i}to account) are determined, kN [11-13]:

(4)

=0,54¢; F,, =0,54,
where 0,5 is specific pressure per 1 m? of the square,
kN/m?; A is area of end surface of the car with cargo,
m?: A, = 2Bx2H with account that here 2B and 2H are
width and height of windward surfaces of car with
cargo, m; A,is area of lateral surface of car with cargo,
m2: A = 2L x2H with account that here 2L is length of
lateral windward surfaces of car with cargo, m.

2. Taking into account the concept of «shear»
and «restraint» forces, all the forces acting on the
car are calculated, kN:

— «Shear» forces F, (i. e. projections of gravity
of the car with the cargo (or uncoupling) to the
d/rect/on of carrolling) [11, 12]:

(5)

F, =Gsin(y,,)+F, COS(l//M)

- «restraint» forcesF  (i. e. motion resistance
force of the car in the form of rolling friction and
sliding friction(only by taking into account the wind
from the lateral side of the car) wheels, resistance
force of any kind) [12]:

frbA

Pic. 1. Vector diagram of the speed of the car and tail
wind at an intermediate section of the hump yard.

F. =Fu+ F; + Efr,

res.x

(6)

where F,_is rolling friction force (according to [2-12]
itis the main resistance); F, are resistance forces of
any kindin a form [11]:
(7)
F

E:‘ = Fen+ Fv+ Fr. + Fcur,
giventhefactthatinitF,, F_, F , andF_ are motion
resistance forces of the car fréf envifonment and
switches (as additional resistance), snow and frost
(as episodic resistance) as well as curves
(as additional resistance) [1-4]; F__is sliding friction
force by taking into account the /mpact oftransverse
transport forces of inertia and wind from the lateral
side of the car.

Rewrite (6) with account of(7) in the form of [11]:
=Frﬁ+En+F'sw+F‘s.f.+Fcur+F‘sfr. (8)

res.x

In (8) each term is given by:

Fre=f,(Geos(wy,)+ F,, sin(y,,)); (9)
Fen= kenG; Fw= kst, Fi= kst, Four = kcurG; ( 10)
Fa= fro(ley +F, cos(yy,)); (11)

where f, is some conventional sliding friction
coefficient, which takes into account the number of
wheels in bogies, rolling friction (for bearing rings
and the wheels on the rail) (as calculated data usually
about 0,0001) [16, 17]; k,, is coefficient taking into
account the share of gravity force G by taking into
account resistance of environment (usually taken
within 0,0001+0,0005 at speed of tail wind from 2 to
4m/s) [1]; k,,, k., and k_ are coefficients showing
the proportion 11 of the forces of gravity G by taking into
account the resistance movement of the car from
the blows on switches, from snow, frost and curves
[1-4]; T, is coefficient of sliding friction of wheel
flange to the lateral side surface of rails (typically — f
=0,25) [11]; 1, IS transverse transport force o
inertia, definedas l,,= k, G given the fact that in it
k,, is coefficient S lat&ral dynamics of the car
(usually 0,03) [12]; F,,, is force of aerodynamic
resistance when exposed to the wind from the lateral
side of the car, kN.

In (11) coefficients k_,, k , and k_ , are usually
taken approximately. For example W = 0,0025
(while allowing for the possibility of adopting another
variable); k , = 0,0001-0,0004; k_, = 0,0031 [1].

Substitiiting ( 9)-(11)in (8) fbrce’ F.. can be
represented [12] in the form:
F.. = f(Geos(y,,) + F,. sin(y,,))+
0( Vo Yo ) (12)

Hken+ kg, +ko g+, )G+ (L, +F, cos(yy,)).

We emphasize that the movement of the car at
the considered section of the hump yard is possible
only under the conditions [19]:

e (13)
F, <F.

>F
sh.x (133)

If a condition (13a) is met, which may be at the
registration of transverse transport force of inertia
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Pic. 2. A simplified model of the effect of forces on the
system of «car — track» at the intermediate section of
the hump yard with switching area under tail wind.

|, and wind from lateral side of the car F_,, car
ey
Hovement according to the law of inertia will bccur
with a predetermined initial speed [9, 13].
Features of the definition of «restraint» force
As in [11], we shall bear in mind that rolling
friction force F  (main resistance), resistance force
of the car on thé environment F,,and sliding friction
force by taking into account the Wind from the lateral
side of the car F,  affect the system «car-load»
throughout the fir&t intermediate section over time
t, and the resistance force of the car from switches
and curves (additional resistance), snow and frost
(occasional resistance) — with a delay in time to the
valuet,i.e. t>t,.
Method of mathematical model construction
Though repeatedly [11-15], but at the same time
we can write the fundamental law of the dynamics
with non-ideal bonds (or the principle of D’Alembert)
in coordinate form [9]:

M S E SR
dt k=1 k=1

where M is mass of the car with load (or without load),
taking into account the mass of rotating parts (wheel
sets), kg; F, =F, =const. areprojections ofall active

(«shear») forces in the car rolling direction (the axis
Ox), N; R.=F, =const. are projections of reactive

(«restraint») forces on the axis Ox, N.
Substituting (5) and (12) in the principle of
D’Alembert, we have:

M—=F, -F.., 14
dt sh.x Tes.x ( )

where F and F___are «shear» and «restraint»

forces, tlng on‘the system «car-load», at the

intermediate section of the hump yard, N.

Let’s rewrite (14) in the form of differential
equations of car motion at the considered section of
the hump yard:

dv

M—=F,

” (15)
where F,=(F, —F_  >0o0rF,=(F, ,<O0is

motion resistarice forée of the car taklng mto Secount
the conditions (13) and (13a), N.

frx frx2

frxl

Pic. 3. Simplified calculation model of car motion on
the profile of the hump yard under tail wind.
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The initial conditions of Cauchy problem — att=0:
v(0) =v,(where v, _v,,~speed of the car entrance to
the intermediate Section of the hump yard).

Separating variables in (14) and taking the
integrals from both sides of this equation, we have
[27]:

After integration we obtain the well-known speed
formula from elementary physics during accelerated
and / or decelerated motion [12, 13]:

v=y,tat, (16)

where a is acceleration at which rectilinear
uniformly accelerated and / or decelerated
movement of the car occurs, m/s? [11-13]:

_IA|
a="—"

M

Expressions (15) and (17) represent the same
mathematical representation of Newton’s second
law at absolute motion when: with impact of external
force F, of constant value on the body of the mass
M it performs rectilinear uniformly accelerated and
/ or decelerated motion with acceleration a.

From (12) it becomes clear that acceleration a
on (17) should be determined in accordance with
the time of passage of the car separately to the first
switch over time t, from the first switch to the
second - over time t,, and from the second switch,
taking into account the curve t, to the end of the first
intermediate section of the hump yard.

Analyzing (17), we note that the car
(or uncoupling) at the intermediate section of the
hump yard performs rectilinear uniformly accelerated
and /or decelerated movement. At the same time at
this section acceleration a depends on all the forces
actlng on the system «car-track»(F, =f(G,F_ )and
Fox=fF,. F,, F.,J)and on the we/ght of the car
( uncouplmg) w:th 16ad (orwithout load) M taking into
account the weight of wheel sets, i. e. a =f(M, F, ,

(17)

res.x:

Models of time and speed of car rolling

Rewriting (16) we find transport speed of car v (t)
at an intermediate section of the hump yard, m / s
[11-13]:

v,(t)=v, tat. (18)

It is clear that the speed of the car v (t) at an
intermediate section of the hump yard over time tis
described by linear-increasing and / or a linear-
decreasing law(18): a car at the considered section
quickly gains and / or reduces its speed.

As seen, transport speed of the car v (t) over
time t depends on the initial speed v,and acceleration
ofthe cara, i. e. v(t) =f(y,, V,, a t)

Furthermore, given that vg(t)=5, we rewrite
(18) in the form of differential equation of motion of
the car when its accelerated motion:
ax =v,tat.

Initial conditions of Cauchy problem at t = 0:
x(0) =0.

Multiplying both sides of this equation by dt and
integrating the resulting equation in the range of 0
to t, omitting intermediate elementary calculations,
we finally get covered distance (path) of the car over
time t at the considered section of the hump yard, m
[11-13]:
x(t)= voti%atz, (19)

Distance covered by the car x(t) over time t is
described according to quadratic law (19): thus,
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increasing non-linearly, it may reach a constant
value.

Analyzing (19), we see that x(t) over time t
depends on the initial speed v,, and acceleration of
thecara=a, i e x(t)=f(y,, V., a,l,).

As follows from the equa?lon( 18), att=0we have
x=0, i. e. initial condition of the problem is observed.

Equations (18) and (19) are known from
elementary physics formulas of speed and path with
accelerated and / or decelerated motion of the body.

Note that, by (19) we can find the time t,, during
which rolling of the car occurs, which performs
rectilinear uniformly accelerated and / or decelerated
movement at the section of the hump yard with a
length of |, m [11-13]:
L Pt ve, £2a,l,

A .
a,

(20)

Analyzing (20), we see that the time t, during
which the rolling of car occurs, depends on initial
speedyv,, acceleration of the car a and length of this
sectionl, i.e.t,=f(v,, a,I,).

Then using ‘('20) t?rrough (18) we can easily find
speed of car (uncoupling) at the end of the first
intermediate section of the hump yard v_(t,).

Hence it is evident that the determination of the
speed of the car by the formula of freely falling body,
as it is performed in [1-8], is contrary to basic
provisions of the body, which rolls down an inclined
plane [9].

Solving (18) and (19) we can obtain the
dependence of the speed of the car rolling on the
length of the intermediate section of the hump yard
in the form

V(1) =ve, £2a,l,. (21)

Usually (21) is used to build graphical
dependencev,(1,).

Thus, using the D’Alembert principle, the method
of separation of variables and tables of simple
integrals as in [11-15], were derived final analytical
formulas for determining the time t, and the speed
ofthe carv (t,) at the end of the intermediate section
of the hump yard.

Conclusions.

1. On the basis of classical provisions of
theoretical mechanics, were obtained simple in the
form mathematical models of car rolling at the
intermediate section of the hump yard under the
influence of gravity force of car with load (or without
load) and tail wind of small value in combination with
resistance forces that appear during the motion of
the system «car-track».

2. It was found that the car (or uncoupling) at an
intermediate section of the hump yard performs
rectilinear uniformly accelerated, and by taking into
account the effects of wind on the lateral side of the
car — uniformly decelerated movement. At the same
time at this section of the hump yard acceleration a
depends on all forces acting on the system of «car-
track» (F, =fG,F )andF__ =fF_,F_F,) and
on the weight of thie car (Uncouplingy with load
(or without load) M taking into account the weight of
wheel sets, i.e.a=a,=f(M, F, ,F_ )

3. On the basis of the formuld of Cvered distance
(path) of the car at an intermediate section of the
hump yard known from elementary physics course,
a simplified formula for determining time of car rolling
at this section of the hump yard. It was revealed that
time t,, during which car rolling occurs depends on
initial speedv,,, acceleration ofthe car a,and length
of this section |, i. e. t,=f(v,, a, I,).

4. On the basis of the formula for determining
time of car rolling at a speed section of the hump
yard was found speed of car rolling at the end of the
projected section. It was found that transport speed
of the car v (t) over time t depends on initial speed
v,,andacceleration ofthe cara, i.e. v (t)=f(v,, a,
tf. A formula of dependence of car rolﬁng speed on

the length of the intermediate section of the hump
yardv,(l,).

The results of the research can be useful in the
calculation of time and speed of the car rolling at the
section of the second braking position of the hump
yard.
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authors of the article (as a technique to solve
dynamics problems assuming notation of
dynamic equations in the form of equilibrium
(balance) equations) considered per se is probably
suitable to simulate the work of a hump yard within
a railway station. But colleagues from Ekaterinburg
try to solve the problem by facing only a fragment
of a chute part of a hump yard, violating thus
naturally complex character of calculation of a rail
car’s movement, that takes into account height and
profile of a hump yard all along its length as well as
operations executed during the chute. It goes
without saying that nobody will design hump yard’s
operations exclusively sectionally either piecewise.
The authors criticize determining of a car’s speed

by formulae of a gravity operated body, find there a
contradiction with main laws, characteristic of a
body’s gliding by an inclined plain, but an

The method of kinetostatics suggested by the
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acceleration is well present in their formulas, and
then it is advisable to explain its distinctive features
as compared to commonly accepted approach.

In our opinion calculations of Kkinetic
dependences of motion resistance forces should be
more focused on switches and curves, environment
and wind, ambient temperature, weight of a train’s
segment. Determined values here are rather
probabilistic, but the authors’ method mostly does
not take those factors into account.

It is accepted that opinions can differ, but this
cannot lead to mutually exclusive, alternative
positions. Every expert is guided not only by the fact
of a single assessment but by critics, thoughts, ideas
born by that fact. From that point of view positions
that can be seen as disputable or unacceptable merit
to be subject to wide discussion of experts. And
discussion of the article will certainly help to find
correct solutions. °
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