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OYUCTKA CTOYHbBIX BOJ B YCJIOBUAX KOCMOCA

Heab. OcHOBHas IeNb CTaThU — pa3paboTaTh TEXHOJOTHIO OYMCTKM CTOYHBIX BOJ B YCIOBHAX KOCMOCA.
Metoaunka. VccienqoBaHus BEINOJHEHB! HA OCHOBAHUH aHANIN3a YKPAUHCKUX U 3apyOe)KHBIX HAYYHBIX MCTOYHHKOB
1 OTYETHBIX TaHHBIX O CTIeIM()MKE MCIOIB30BaHMS BOJBI HA KOCMHUYECKHX CTAHIMAX U CII0c00aX OYMCTKH CTOYHBIX
BoJ. [y pa3paboTKH TEXHOJIOTHH OYHCTKH CTOYHBIX BOJ B YCIOBHAX KOCMOCA, KpPOME MHPOBOTO OIIBITA, UCIIONIB30-
BaHbI COOCTBEHHBIE HccienoBanus. Pe3yabraThl. KoMIiekcHOE paccMOTpEHHE BOIPOCOB, CBA3aHHBIX C OYMCTKON
CTOYHBIX BOJ B YCIOBHSX KOCMOCA, IIO3BOJIAET CHENaTh BHIBOA O HEOOXOJMMOCTH pereHepanuy BOABI HA
Mexnynaponueix kocmudecknx cranmuax (MKC). Benp mis obecriedeHus KH3HENESATENBHOCTH KOCMOHABTOB
TpebyeTcsi KojoccanbHOe KoJM4decTBO Boxbl, a e€ mocraBka Ha MKC c 3emnm sBIseTcs JOPOTOCTOSIIEH.
HayyHasi HOBH3HA. ABTOPHI CTaThH NPOBEJIH aHAJIN3 PabOTHI CYIIECTBYIOIINX COOPYKEHHUH 10 OYHCTKE CTOYHBIX
BOJI B YCJIOBHAX KOCMOCA U MPEICTABUIN PEKOMEHAAIINH 110 uX Hcons3oBanuio Ha MKC. Pa3zpaboranHas TeXHOJIO-
THS TSI OYMCTKU CTOYHBIX U MUTHEBBIX BOJ B YCIOBUSAX HEBECOMOCTH (KOCMOCA) OCHOBBIBACTCS HA MCIIOIb30BAHUH
Pa3IMYHBIX PEAKTOPOB. PeakTopbl MOTYT OBITH BBINOJHEHBI U3 PAa3IHUYHBIX MaTepPHAIOB (MeTall, IIACTHK U Jp.),
OHHU HE COJEpXKaT HECTaHIapTHOrO 00OpYyIOBaHHSA, KOTOpOe TpedyeT 3aBOACKOrO M3roToBieHHsA. KOMIakTHOCTS,
MOJIHAsl TEPMETHYHOCTh M HEOOJIbIINe radapuThl OMO- U (PU3UKO-XMMHYECKUX PEaKTOPOB MO3BOJISIIOT YCTAHABIIH-
BaTh ux B npexaenax MKC. IIporecc o4nCTKH MpOCT B YNPaBICHUN U MOXET OBITh MOJHOCTHIO aBTOMAaTH3UPOBaH.
IIpakTHyeckasi 3HAYNMOCTB. BoHbIE TPOOIEMBI SBISIIOTCS TIIAaBHBIMH BO BCEM MHUPE, B TOM YHCIIC M B YCIOBHAX
kocmoca. Ha MKC nomxaa OBITH IpeycCMOTpEHa cHcTeMa Mo 00paboTKe CTOYHBIX BOJ M MX 3aMKHYTOMY HCIIOJb-
30BaHUIO, TaK KaK CHa0)KeHHE CTAHIMH HOBOW BOJIOW 3HAYUTENIBHO YIOPOXKAET OCBOCHHE KOCMUYECKOTO IPOCTpPaH-
crBa. KauecTBeHHas Boja — 3TO 370pOBbE M OjaromoiydHas padoTa Jtozeil B ycioBHsSX KocMoca. ITockonbky
B KOCMOCE OTCYTCTBYET I'PaBHTAIIVsL, AJISI OT/ENEHUS B3BEIIEHHBIX YAaCTHUIl OT BOJBI HYXKHO HMCIIOJIB30BAaTh LIEHTPO-
OexHble crbl (1eHTprdyrH).

Kntouesvie cio6a: 04UCTKa CTOYHBIX BOJI; KOCMOC; COOPYXKEHHSI [0 OYUCTKE CTOYHBIX BOJ; TEXHOJIOTHUS OUUCTKU
BOJI B YCIIOBHSIX KOCMOCA; CHCTEMA XKH3HE00ECIEUeHUsI B KOCMOCe

BBenenue u paborocmocoOHOCTH IKkmmaxka. OmgHa W3 Bak-
HEWIIMX 3a7a4 — OOeCIeYeHHe HKUIaXa BOJIOM.
C HacTyIUIeHHEeM KOCMHYECKOW 3Pbl 3HAYEHUE BO-
JIbl JIUIIB BO3POCIIO, TaK Kak OT He€ B KOCMOCE 3a-
BHCUT OYKBaJIbHO BC€, HAUMHAsl OT pabOTHI caMoi
KOCMHUYECKON CTaHIIUM U 3aKaHYUBas BHIPAOOTKON
kuciopona [8].

Boma — 310 u3HE. DTOW MBICIH TBHICAYM JIET,
a OHa JI0 CUX MOp HE yTpaTuia CBOEH aKTyalbHO-
CTH.

B ycnoBusiXx HANUTENBHOrO MUIOTUPYEMOIO
KOCMHUYECKOTO MOJIETA CYIIECTBEHHBIM (PaKTOPOM
SIBJISIETCSL  TOJJICp)KAaHUE  SKU3HEICSTEIHHOCTH
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Kocmoc — ouens xonoanoe mecto. Ha cunbaOM
X0JI0Jle, KaK HaM HM3BECTHO, BOJA IIpeBpaIiaeTcs
B JieqT — Kpuctammusupyetcs. Ho kocMoc — 370 erre
U caMblil OJHM3KUH K MACATILHOMY BaKyyM, A0 KO-
TOPOTO MOXKHO AOTSHYThCSA. OmHa atMocdepa 3K-
BMBaJIcHTHA JAaBjeHuio 6 x 10?2 aTomoB Bomopona
Ha KBaJpaTHBIH MeTp. B Jydmmx BakyyMHBIX Ka-
Mepax Ha 3eMiile yYeHble CO3Jal0T JaBJICHUE
B MHJUTHAP/BI pa3 MEHbIIE, 2 B MEK3BE3THOM IIPO-
CTPaHCTBE OHO OITyCKAETCSl B MIJUIMOHBI M MHJLITH-
apapl pa3 HIKE 3€MHBIX TEXHHYECKHX PEKOPIOB.
A TIpy TIOHW)KEHHOM [aBJIICHWH BOJA TEPEXOIUT
B Tra3000pa3HOE COCTOSTHUE — KUIIHT.

ITo cnoBam acTpoHaBTOB MeXyHapOAHOU
kocmuueckorr crannuu (MKC), Boma, momamas
B OTKPBITHIII KOCMOC, CHadaJla MTHOBEHHO CTaHO-
BUTCSI Ta3000pa3HOM, a 3aTeM 3aMep3aeT B BHJC
KpOIICYHBIX JIBAWHOK, 3aIllOJHAIOHOIUX MCK3BC3I-
HyI0 mycToTy [16]. Boob1e, xuakoctu BeayT ceOs
B HEBECOMOCTH COBCEM HE Tak, kak Ha 3emue. [Toj
BO3HeﬁCTBHCM CHUJIbI ITIOBCPXHOCTHOI'O HATAXKCHUA,
KOTOpasi CTPEMHTCS YMEHBIIUTh IUIOMAAb IIO0-
BEPXHOCTH XKUAKOCTH, BOJ]a B O€3rPaBUTAIIHOHHOM
MPOCTpaHCTBE OYAET MiiaBaTh MO0 KaOWHE KOpaos,
cOOpaBIIUCH B IIIap.

Ha puc. 1 npeacTaBieH CHUMOK Karlid B HEBe-
COMOCTH, KOTOpPBIM crenaH Ha MexayHapoIHOH
kocmuueckoii craumuu 24 urons 2012. Ha 3an-
HEM IUIaHEe HHJEPIAHJICKUN acTpOHAaBT AHIpe
Kéitnepc (AP Photo/NASA, Andre Kuipers).

Puc. 1. Boga B npoctpanctee MKC
Fig. 1. Water in the space of the ISS

Bcro Bony, nmeronyrocs Ha KOCMUUYECKON CTaH-
UM, JOCTABISIIOT TPY30BBIMU KopaOnsimu. E€ pac-
XOAYIOT Ul NMUTAaHWS, TMTHEHWYECKUX MPOLEAYD,
MOJIEP)KKH TEXHUYECKUX CHUCTEM CTaHIMU. TexXHH-
KA TIPOCYMTHIBAIOT OYKBAJIbHO KAXJBIA TPaMM

JUIIHETO Beca, MO3TOMY HEBO3MOXKHO B3SITh €€
¢ 3amacoM. Ha 6opTy C OTpOMHBIM KOJIHUYECTBOM
CYIIEpCOBPEMEHHON TEXHUKH yUEHBIE M HMHXEHEPHI
paboTaroT B YCIOBUSAX CTPOTOM 3KOHOMUH BOJIBIL.

KitoueBBIM MOMEHTOM B pereHepanuu SBIsIeT-
Csl OYHCTKA BOJABI. B OUMCTHTENBHBIE CHCTEMBI CO-
Oupaetcs Jiro0ast BoJa: OCTaBIIAsICSH OT IMPUTOTOB-
JICHUSI TTUIIH, TPS3HAS BOJA OT MBIThSl M JJAXKE€ TOT
KOCMOHABTOB. PereHepanus BOABI — 3TO MOBTOP-
Hoe e€ momyueHue. Ho HEBO3MOXKHO pereHepupo-
BaThb BONy, €CIM H3HAYAIBHO €€ HE JOCTaBUTHh
¢ 3emmu. Cam Tmporecc pereHepanuyl CHIKACT
pacxompl Ha KOCMHUYECKHE TIOJIETHI M JIENAeT CH-
cremy MKC wmenee 3aBUCHMMOW OT Ha3eMHBIX
ciyx6 [15].

Takum 00pazom, BOAY, IOCTaBISEMYIO C 3eM-
1y, ucnonb3ytoT Ha MKC MHOTOKpaTtHoO.

Ceituac Ha MKC npuMeHsIOT HECKOJBKO CIIO-
cO0OB pereHepanuy BOJIbI:

— KOHJCHCAIIUS BJIard U3 BO3/yXa;

— OYHKCTKA MCTIOIH30BaHHOM BO/IBI;

— TepepadoTKa YPUHBI U TBEPIBIX OTXOIOB.

Ha MKC ycranoBnena crneruanpHasi ammapa-
Typa, KOTOpasi KOHJACHCHUPYET Bjary H3 BO3AyXa.
Brnara B BO3gyxe — 3TO €CTECTBEHHO, OHA €CTh
1 B KocMoce, U Ha 3emie. B mporecce xuzHenes-
TEJBHOCTH KOCMOHABTBI MOTYT BBIACIATH JI0 2,5 J1
*Kuakoctu B cyTku. Kpome atoro, Ha MKC ectp
crenuanbHble (GUIBTPHI IUISI OYMCTKH HCTIONB30-
BaHHOW Bojbl. Ho yunTEIBas TO, Kak MOIOTCS KOC-
MOHABTBI, OBITOBOW pAacxoa BOJbI 3HAYUTEIHHO
ornu4yaeTcss OT 3emHoro. IlepepaboTka ypuHBI
U TBEPABIX OTXOAOB — 3TO HOBas pa3padoTKa,
npumensemas Ha MKC mums ¢ 2010 roga.

Ha nanublii MOMEHT JUIst QYHKIIMOHHPOBaHUS
MKC Ttpebyercs okono 9 000 1 Bogsl B rog. D10
0000mIeHHas nudpa, oTpakaroiias BCE PAaCXO/IbL.
Bony na MKC perenepupytot npuMepHo Ha 93 %,
IMO3TOMY OOBEMBI MMOCTaBOK CYIIECTBEHHO HUXKE.
Ho He cTtouT 3a0BIBaTh, YTO C KAXKABIM MOJIHBIM
IMKJIOM WCIIOJIL30BAaHUS BOIBI €€ OOIHNI 00BEM
yMmeHbliaetcst Ha 7 %, yto genaer MKC 3aBucu-
MOH OT MOCTaBOK C 3eMJIU.

CoBpeMeHHBIE POCCHIICKHE CHCTEMBI pereHepa-
mmu Boasl CPB-K2M n Onextpor—BM mo3BosoT
obecreunts kocMoHaBToB Ha MKC Bonoit Ha 63 %
[9]. BroxuMuUecKHii aHaIHM3 MTOKA3all, YTO pereHe-
pUpOBaHHas BOZAA HE yTPauMBaeT CBOMX HCXOHBIX
CBOMCTB M MOJHOCTBIO MpUTOJHA Jist TUThs. Cel-
4ac POCCHUHCKHUE yueHbIe pabOTaloT Haj CO3IaHHEeM
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Oonee 3aMKHYTOH CHCTEMBI, KOTOpas IO3BOJIUT
obecrieuynTh KOCMOHABTOB BoJoM Ha 95 %. Cyme-
CTBYIOT INEPCHEKTUBBl Pa3BUTHA CHCTEM OUYHCTKH,
kotopsle obecriedat Ha 100 % 3aMKHYTBIN LUK

AMepuKaHCKasi CHUCTeMa pEreHEpaldd BOMBI
ECLSS 06sb1na paspabdorana B 2008 roxy. Ona maer
BO3MOXHOCTH HE TOJIBKO cOOpaTh BIary m3 BO3AY-
Xa, HO ¥ pereHepupoBaTh BOAY M3 MOYU U TBEPIBIX
orxonoB. HecmoTpss Ha cepbe3Hble IPOOIEMBI
W YacThle MOJIOMKH Ha MPOTSHKEHUH TEPBBIX JBYX
JeT 3Kcrutyarauuu, ceroans ECLSS moxker Boc-
cranoButh 100 % Biaru u3 Bozayxa u 85 % Bnaru
W3 MOYM M TBEPABIX OTXOIOB. B pesynprate Ha
MKC nosBuics coBpeMeHHBIN amnmnaparT, M03BOJs-
IOLIMHA BOCCTAaHOBUTH A0 93 % mnepBOHAYaIBHOTO
o0beMa BOABI.

Bcest otpabotannas Boma Ha MKC cobupaercst
B CHENHANBHBIA AMCTHIUIATOP, BU3YalbHO MOXO-
xuil Ha Oouky. IIpm oumcTKe BOIBI HEOOXOIUMO
CO3/IaTh MCKYCCTBEHHYIO TPAaBHUTAIMIO, IJISi TOTO
JUCTWUISITOP BpamaeTcsl, MPOTOHs TPS3HYIO BOLY
yepe3 punbTphl. B pesynprare nomydaercs: uncras
MUTHEBasl BOJA, KOTOpasi 10 CBOMM KayecTBaM Ja-
e MPEBOCXOTUT MUTHEBYIO BOJTy BO MHOTHX YTOJI-
kax 3emuu [9].

Ha mocnennem stame B Bomy NOOaBISIFOT HOJI.
OTOT XUMHYECKHI Tpernapar MO3BOJISIET IMPeaoT-
BpaTUTh pa3MHOKEHHE MHUKpPOOOB H OakTepwi,
a TaKKe SBISETCA HEOOXOIMMBIM 3JIEMEHTOM JUIS
30POBbsi KOCMOHABTOB. JIF0OOMBITHBIN (hakT, 4TO
Ha 3emiie HOJMPOBAaHHYIO BOJLy CUMTAIOT CIIUIIIKOM
JOPOTMM YJOBOJILCTBHEM JJIsl MacCOBOI'O IpHMe-
HEHHMS M BMECTO HoJa MCHoib3yroT xiop. Ot wuc-
nosib3oBaHus xjopa Ha MKC oTkazanuch 1o mnpu-
YHHE arpecCUBHOCTH JAHHOTO dJIEMEHTa U OO0Ib-
el moJIb3bl OT HOoAa.

ABCTpasMiickoe KOCMHUYECKOE areHTCTBO ILIa-
HUpYeT B TEYEHHE MATH JIET OTNpaBuTh Ha JIyHY
MHCCHIO ¥ Ha4aTh J00BIBaTh TaM BOAY, [UIS ATOTO
MPUMEHHUTH NIEPEJOBOM OMBIT B TOPHOM JeJie B OT-
NaaéHHBIX U HErOCTEIPUUMHBIX o0acTsx [1]. He-
nmaBHee uccinenoBanne HACA mokasaimo, 4To Ha
MOJIIOCax CHYTHHKAa 3eMIIM 3aJieraloT OTPOMHBIC
nenHuKd. VIMEHHO HX XOTST B3sITh B pa3paboTKy
aBcTpanuiiiet [11].

Ecnu Bogy MokHO OyzmeT A00bIBaTh B KOCMOCE,
BMECTO TOTO YTOOBI OTHPABIATH €€ Tyda ¢ 3eMITH
(a 310 0OXOMUTCS OYeHB HOporo) [9], JIyHa BroTHE
MOJKET CTaTh NEPEBAIOYHBIM ITyHKTOM JUI1 MUCCHUI
Ha Mapc u najibiie.

Hean

[Ipobnema BOIBI OYEHb BaXKHA IIPU OCBOCHUH
KOCMHMYECKOI'0 IIPOCTPAHCTBA U 3aCEJICHUS APYTHX
IUTAaHET U CIIyTHUKOB 3eMJIH.

Ilenpro Hamrel cTaThbMl SBJISIETCS pa3padoTKa
TEXHOJIOTHH OYHMCTKH CTOYHBIX (MCIOJIb30BAaHHBIX)
BOJI B YCIIOBHSIX KOcMoca. B 3ToM HampaBieHuu Je-
Jal0T TepBBIE IIArd, KOTOphIE B AAJbHEHILIEM Tpe-
Oy10T OoJee MeTaNbHOTO H3YUEHHS ¥ NCCIIeTOBAHUSL.

MeTtoauka

HccnenoBanus BBHIMONHEHB Ha OCHOBAaHUU
aHaIIM3a YKPanHCKUX U 3apyOeXHBIX HAyYHBIX HC-
TOYHHUKOB M OTYETHBIX JAHHBIX O Clienu(UKe HC-
MOJIb30BAaHUS BOJABI HAa KOCMHUYECKHUX CTaHIMIX
1 crmoco0ax OYHCTKU CTOYHBIX Boa. s pa3pabot-
KM TEXHOJIOTHH OYUCTKU CTOYHBIX BOJ B YCIIOBHSIX
KOCMOCa, KpOME€ MHUPOBOTO OIIbITA, UCIOIB30BaHbI
COOCTBEHHBIE HCCIICIOBAHMS.

CoBepIlieHHO OYEBH/IHO, YTO B YCJIOBHUSAX JIITHU-
TEbHBIX KOCMHYECKUX IOJIETOB NMPUMEHEHHUE CH-
CTeM Bo/I0O0EcIieueHNs, OCHOBAHHBIX Ha 3aracax,
SIBJIACTCSL HEBO3MOXHBIM. B CBsi3M ¢ 3TUM OnHOM
n3 Hanbolyiee MPUOPUTETHBIX 3a/1ad SBISETCS pas-
paboTKa TEXHOJIOTHUECKOH CXEMBlI pereHepamuu
BobI [13].

B kocMoce MCTIONB3YIOT Clieyromue TaHHBIE
B pacuére BOJbI Ha | YesioBeka B CyTKH [2]:

— 2,2 nuTpa — IUTHE U MPUTOTOBIICHHUE MHUIIIH;

— 0,2 nutpa — rurveHa;

— 0,3 nutpa — cMBIB TyaJieTa.

MBI U3y4HIIM KOJMYECTBO 3arpA3HSIOMINX BOIY
BEIIECTB HA OJHOTO XHUTEJS JJIsl ONPEACTICHHs HX
KOHIIEHTPAIil B OBITOBBIX CTOYHBIX BOJAX IO
ta0s. 1 [4]. KoHleHTpalmio 3arpsA3HSIONUX Be-
IIECTB ONPEAENAIOT, UCXOJI U3 YAEIbHOTO BOJO-
OTBEJIEHUS HA OJTHOTO KUTEIIS.

BriepBrle perenepaiiusi BoJIbI B KOCMOce ObLia
OCYIIECTBJIEHa Ha KocMu4eckod cTtaHumm «Ca-
moT—4» B gHBape 1975 roma. B cucreme perene-
paumu Boxel u3 koHzaeHcara (CPB—K) perenepu-
poBasi BOZLy U3 aTMOC(EPHOH BIIar O KOHIUIINN
NUTHEBOXM BOJABL. B nmanmpHeileM aHaIOTHYHbBIE
cucTeMbl paboTamn Ha craHuusax «CaaroT—6»,
«Camror—7», «Mup». Ha ctaammu «Mwup» pabdota-
Jla TaKKe CUCTeMa pereHepanud BOJBI W3 MOYHU
U TpoxoAuia anmpoOaluio cUcTeMa pereHepanun
CaHUTapPHO-TUTHCHUYECKOH BOMHI [8].
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BaxxHo oTMETUTH, YTO H3-3a BIUSHUS KOCMH-
YEeCKUX YCIIOBHI B MOYE aCTPOHABTOB CHIIBHO IIO-
BBITIIACTCS KaibIuil. OUIBTPH I TEepepadOTKH
YPUHEBI, CIPOCKTUPOBAHHBIC Ha 3emiie, HE pPacCcuu-
TaHbl Ha TaKOW OWOXMMHYECKHIl COCTaB MOYH
Y TIOTOMY OBICTPO MIPHUXO/ISAT B HETOTHOCTb.

OTcTravBaHUE WCIOJIB30BAaHHBIX BOJl HE OyIeT
paboTaTh B YCIOBUSAX KOCMOCA, TaK KaK HET TPaBH-
Taluu, HO e€ yCIeNTHO MOYKHO 3aMEHHTb Ha OT-
CTOWHBIC IIEHTPU(YTH.

CoopyXEHUSIMU TSI OYUCTKU CTOUHBIX U MUThE-
BBIX BOJI B YCIIOBHSIX HEBECOMOCTH (KOCMOCA) MOTYT
OBITh pa3M4YHbIe PeakTOphl. Takue peakTopsl MOX-
HO BBINIOJIHUTH M3 PA3JIMYHBIX MaTCpHaIOB (MCTaJ'IJ'I,

IUIACTUK M Jp.), OHA HE COAEp’KaT HeCTaHIapTHOTO
000pyaOBaHUs1, KOTOpOe TpeOyeT 3aBOJCKOr0 M3ro-
toBitleHus [3]. KOMIAakTHOCTH, TMONHAS TepPMETHY-
HOCTb M HeOONbIIMe TabapuTbl OMO- U (QHU3HKO-
XIMHAYECKHUX PEaKTOPOB MO3BOJIIIOT YCTAHABINBATH
nx B mpexenax MKC. Ilpomecc o4YMCTKH TpoCT
B YIPaBJICHUH U MOXET OBITH TIONIHOCTBIO aBTOMATH-
3upoBaH. KonmuecTBO HEOOXOAMMBIX KOHTPOIUPY-
€MBIX TapaMeTpoB MHHHAMAIBLHO, HANpuUMep, ISt
a3poOHBIX OMOPEaKTOPOB — 3TO TEMIIEpaTypa, BOJO-
poaHsiii mokazarens (pH) u xumudeckoe noTpeodie-
aue kucnopona (XIIK) oumménHoro croka. IIpo-
[IECC YCTONYMB U K MTUKOBBIM Harpy3Kam, U K U3Me-
HEHUIO KauecTBa MOCTYMAIOIINX BO/I.

Ta6numa 1
KoJinuecTBO 3arps3HSIIOLIUX BEIIECTB HA OJIHOTO KUTeJIsI
Table 1
The amount of pollutants per inhabitant
IMokazarens KonnuectBo 3arpsA3HAOMINX BEIICCTB HA OAHOI'O KUTEIIA,
I/CyTKH
B3BelieHHbIC BelecTBa 65
Buonornueckoe notpednenue kucnopoaa (BI1Ks) 54
HEOCBETJIEHHOM )KUIKOCTH
Buosnoruueckoe nmorpednenune kuciopoaa (BI1K qom) 75
OCBETJIEHHOM )XUIKOCTH
Xumudeckoe notpednenue kuciopoaa (XI1K) 87
HEOCBETJIEHHOM KUIKOCTH
Aot o6mmmii (N), 11
B TOM YHKCJIC a30T aMMOHHUUHBIX COJICH 8
dochop obmuwmii (P), 1,8
B ToM umncie pochop pochato 1,44
Xnopugst (Cl) 9
[oBepxHOCTHO-aKTHBHEIC BemecTBa (ITAB) 2,5

[Mpumeuanue 1. KoandecTBo 3arps3HsIONMX BELIECTB OT HACEIEHHS, TPOKUBAIOIIETO B HE KaHAIN3UPOBAHHBIX
paiioHax, P HAIWYIHMH CIMBHBIX CTAaHIIMH MPUHUMAIOT B pa3Mepe 33 % OT MpHUBEICHHBIX B TaOIHUIIE.

IMpumeuanue 2. [Ipu cOpoce X035HCTBEHHO-OBITOBBIX CTOYHBIX BOJI IIPOMBIIIICHHBIX IPEINPHUITHII B KaHATH3ALIUIO
HACENICHHOTO IIYHKTa KOJMYECTBO 3arpA3HAIOIINX BEIIECTB OT HKCIUTYaTAIl[MOHHOTO IIePCOHaIa MOKHO

JAOTIOJIHUTCIIbHO HE YUUTHIBATh.

IIpumeuanue 3. Qupextusoit Cosera EBpomnsl BIIKS HeocBeTIEHHON XKUIKOCTH HOPMUPOBAHO KaK MEXTyHapOAHAsS
HopMa rocynapctB EQC B konmyectBe 60 MI/CYTKH Ha OJTHOTO YKHUTEIIS.
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[lo mMeromy OYHMCTKH CTOYHBIX BOJ PEaKTOPEI
nemsites Ha [12]:

1. buonoruyeckue, KOTOpblE B CBOIO OYepenb
KJ1accu(UIUPYIOT:

1.1 Tlo momave Bo3myXa.

1.2 Tlo uMMOOHIM3AaLUA MHKPOOPIaHHU3MOB
B anmapare.

1.3. 1o KOHCTPYKTHUBHBIM OCOOCHHOCTSIM.

1.4. Tlo KOHCTPYKTHBHO-TE€XHOJIOTHIECKUM
MpPHU3HAKAM.

2. Ou3UKO-XUMHYECKHE (XMMHUYECKHE,
TPOXUMHYECKHE, (DU3UIECCKHUE H JIP. ).

3. buopuzuko-xumuieckue (MeMOpaHHBIE OHO-
peaKTophl).

Ha MKC wucnonp3oBanne ra3zoB (Xjopa, 030Ha
U np.) mpu o0e33apakWBaHUW BOJ TMPEICTABIISACT
OTIACHOCTH JJIsS KOCMOHABTOB B CIy4ae X YTCUKH.

B HacTosimee Bpemsi B MacCaKUPCKUX CamoIié-
Tax A7 o0e33apaKMBaHMS NHTHEBOM BOABI HC-
MOJIB3YIOT JOPOTOCTOSIIYIO YCTAHOBKY JAE3HH(EK-
LMY BOJBI HA OCHOBE CIIEIUAIILHBIX YJIBTpagHuoe-
TOBBIX JIaMl [3]. Takue cucteMsl TpeOYIOT 3aMEHBI
mamn kaxzapie 3 000 gacoB pabOTHI, 9TO IPUBOAUT
K 3HAYUTCJIbHBIM 3aTpaTaM.

B HoOBo#l cucreme o0e33apaxMBaHUSI BOJBI,
pa3paboTaHHOM KaHaJICKOU KOMIIaHUEH
International Water Guards, ncronp3yioT yasTpa-
¢duonerobie cBetoanopl [14]. Takum oGpazom
YAAJI0Ch CHU3UTH CTOMMOCTb CHCTEMBI II0 CpaBHE-
HUIO C CUCTEMOH Ha yJbTpa(HOJIETOBBIX JaMIax.
[TosTOMY MBI peKOMeHIyeM /ISl 00e33apakuBaHUsI
CTOUYHBIX U UTheBbIX BoJ HAa MKC 3Ty cucremy.

OJICK-

Pe3yabTatbl

BriienznoxxeHHoe MOA4YEPKUBAET TE3HUC
U 0 HEOOXOAMMOCTH, U O BO3MOXKHOCTH pereHepa-
MU BOABl Ha MEXIyHAPOJIHBIX KOCMHUYECKHX
CTaHIMAX. Pa3paboraHHas aBTOpaMH TEXHOJIOTH-
yeckas cxema (puc. 2) npeaycMaTpuBaeT o0padoT-
Ky crounblx BoJ Ha MKC u ux 3aMKHyTO€ UCHOJIb-
30BaHUE.

Kak oTrMeuanoch BbIIIE, B YCIOBHAX KOCMOCa
U OTCYTCTBHS TPAaBUTAIMHM WCIIOJB30BAHUE OT-
CTOWHUKOB Oecnione3Ho. [loaTomy MBI npenaraem
JUISE OTCTaWBaHUS CTOYHBIX BOJ M yIaJCHUS IECKa
yCTaHaBJIMBaTh ocanuTenbHbie HeHtpudyru [10,
12]. It OYUCTKH BOJ OT PACTBOPEHHBIX BEUIECTB
MBI IIpeJiIaraeM PeakTophl, a TOYHEEe MEMOpPaHHbBIC
OMOpeaKTOPHI HOBOTO TTOKOJICHHUSI.

Crogunie oger Mexgyuapogmoii
KOCMHYECKOH CTAHIIHH

HaxomurensBog

OcagutensHad nenTpudyra

Peaxtop

Virrpaduoneroeoe 00ez3apaEHEIHAE EOIEL

Pezepevap @uctofi Boger

Puc. 2. TexHomgorndeckas cxeMa OYHUCTKH CTOYHBIX
BOJ Ha MeXIlyHapOAHON KOCMHYECKOI CTaHIUU

Fig. 2. The technological scheme of wastewater
treatment at the International Space Station

MewmbGpannbie O6uopeaktopbl (MBP) siBistroTcst
COBPEMEHHBIMH BBICOKOMHTEHCHUBHBIMH COOPYXKe-
HUSIMH OHMOJIOTHIECKOW OYUCTKH [7]. B oTimdume ot
KJIACCHYECKOW CXEeMBbI OHOJIOTUUECKOH OYHCTKH
C pazefieHHeM HJIOBOM CMeCH BO BTOPHYHBIX OT-
CTOMHHUKaxX, B MEMOpaHHBIX OHMOpeakTopax OTAee-
HHUE XJIONbEB aKTUBHOTO MJIa OT OYHUILEHHBIX CTOY-
HBIX BOJI JIOCTHTAaeTCs 3a cUeT QUIbTPAIMK UIOBOM
CMeCH 4epe3 yAbTpadUIbTPAIUOHHYIO MM MHKPO-
(GuUIBTpalMOHHYI0 MeMOpaHy C pa3sMepoM Iop
B muamnazone ot 0,04 mo 0,4 muxpoH. OCHOBHBEIM
KOMIOHEHTOM MBP SBISIOTCS KacCeThbl, COCTOSIINE
U3 MeMOpaHHBIX Moayjeid. MemOpaHbl MOTYT
UMeTh (POpPMY MOJOTO BOJIOKHA WITH JIBYX TDIOCKHX
JIICTOB C TOAJIOXKKOW M3 TOJIMMEPHOTO MaTepuala
[5, 6]. Kaccersl morpyxXeHsl HENOCPENICTBEHHO
B MJIOBYIO cMech. C MOMOIIBIO CaMOBCACBIBAIOIIETO
Hacoca Ha BHYTPEHHEH MOBEpXHOCTH MeMOpaH co-
3[1aeTcsl OTpULaTeNIbHOe JaBiieHue. TakuMm oOpazom,
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M3-3a PAa3HUIBI JAaBJICHUN HA BHEIIHEH M BHYTpPCH-
Hel TMOBEPXHOCTH MEMOpPAHbI CTOYHBIC BOIBI (DHITb-
TPYIOTCSL 4epe3 MeMmOpaHHBIN cioil. [lomyuennas
yrcTas Boja (IepMear) OTBOIUTCS HACOCOM (pHib-
Tpara. OTACIbHBIE MHKPOOPTAaHU3MBI (OaKTepHn)
aKTUBHOTO WJIA WMEIOT pa3Mep, Ha MOPSIOK IIpe-
BHIIAtONIMK pa3mep mop wMemOpanbl. IloaTomy
MeMOpaHa 3a/IepKHMBACT XJIOMbS AKTHBHOTO WIIa,
CcBOOOMHO IDIABAIOIIHME B TIpolecce (QHUIbTpaItuu
MUKPOOPTaHU3Mbl ¥ WHEPTHBIC B3BCIICHHBIC BEIIC-
CTBa, a YNAISIOT UX C MOBEPXHOCTH MEMOpaHBI
C TIOMOIIIBIO CHCTEMBI adPaITUHL.

[IpeumyiiectBa ucnons3zoBanus MBP:

1) MeHbliee KoNM4ecTBO coopykenuit — MBP
3aMEHAeT BTOPUYHBIE OTCTOWHUKH, a’pPOTECHKU
Y TiecuaHble QUIBTPHI;

2) KOMITAKTHOCTh — KOHIIEHTPAIUS aKTHBHOTO
nna B MbP B HECKOJIBKO pa3 BbILLIE, YEM B Tpaju-
[IMOHHBIX COOPYKEHHUSAX, COOTBETCTBEHHO, B TaKOE
e KOJIMYEeCTBO Pa3 MEHbIIE 00bEM COOPYKCHUH;

3) BO3MOKHOCTh KPYTJIOTOJNYHON HUTPU(HUKA-
MU JaXe B YCIOBHUSIX XOJOJHOTO KIIMMaTa—
B TPaAWIMOHHBIX COOPYKEHHUSAX CO CHIKCHHEM
TEMIEepaTypsl CKOPOCTh pOCTa HHUTPHUPUKATOPOB
CHIDKACTCSl, U OHU BBEIMBIBAIOTCS U3 PEaKTOPa;

4) ceneknusi MUKPOOPTaHU3MOB, KOTOPBIE CIIO-
COOHBI OKHUCIISITH OMOPE3UCTCHTHBIC BEIIECTBA, —
MUKPOOPTaHU3MBI, MEIJICHHO pacTyluue u obiia-
JAIoNINe TaKOH CIIOCOOHOCTBIO, Olaromapsi MeM-
OpaHe He BBIMBIBAIOTCS M3 peakTopa. 3HAYuT, (-
(PEKTUBHOCTh OYHMCTKH I10 TPYIHOOKHUCISECMBIM
BewectBaM B MBP 3HaunTeNnbHO BBILIE, YEM B CHU-
CTeMe a’dPOTEHK — OTCTOWHUK;

5)yno6cTBO aBTOMATH3AIMK Mpoliecca — IMpo-
LIECC TMOJTHOCTHIO AaBTOMATH3UPOBAH;

6) HagéxHas IKCIUTyaTanus — pabora coopyKe-
HUN HE 3aBHCHUT OT OCa)X/JIaeMOCTH Wia (MJIOBOTO
WHJIEKCa), €ro BCIyXaHus U T. 1.

7)06e33apakMBaHUE CTOYHBIX BOJ — IOPBI
MeMOpaH MeHbIIE pa3zMepa OakTepui.

W B 3axioueHne MBI mpejyiaraeM st ooe3sa-
paXHBaHUA BOJ TNPUMEHATh Y D—CBETOINOIHBIC
namnbl. B ycrmoBUsX KOcMoOca U OTCYTCTBHS TPABH-
TalWy JUIs ABMOKEHHUS BOJBI MBI MpeJjiaraeM Haco-
CBI HOBOT'O TIOKOJICHHS.

HayuHnasi HOBU3HA U MPaKTHYecKasi
3HAYMMOCTh

ABTOpBI CTaThbHl TMPOBEIH aHAIN3 PaOOTHI Cy-
LIECTBYIOUINX COOPYKEHHH MO OYMCTKE CTOYHBIX
BOJ B YCIIOBHSIX KOCMOCa W TPEACTABHUIN PEKO-
MeHAanuu 1o ux ucnons3oBanuio Ha MKC. Pasz-
paboTaHHass TEXHOJOTHSA AJS OYUCTKH CTOYHBIX
U TIUTHEBBIX BOJA B YCJOBUSIX HEBECOMOCTH (KOC-
MOCa) OCHOBBIBA€TCS HA WCIIOJIb30BAaHUU PA3INU-
HBIX peakTopoB. biaromaps Takum XapakTepUCTH-
KaM, KaKk KOMIIAaKTHOCTb, T€PMETHYHOCTb U He-
Oompire rabapuThl, PEaKTOPbl MOTYT OBITH ycTa-
HoBieHel Ha MKC. BaxHo u TO, 4TO mpouecc
OYHMCTKH BOJ IIOJHOCTBIO aBTOMAaTHU3HUPOBAH.

Perenepauus Bonsl Ha MKC npuBogut k e€ 3a-
MKHYTOMY HCIIOJIb30BaHUIO M HCKITFOYAET JOPOTO-
CTOAIIYI0 JOCTaBKYy HOBOM Bombl ¢ 3emuu. Ilo-
CKOJIbKY B KOCMOC€ OTCYTCTBYCT I'paBUTalUA, IAJIA
OTJIETICHNS] B3BEIICHHBIX YaCTHI[ OT BOABI HYXKHO
UCIIOJIB30BATh IIEHTPOOCKHBIC CHJIbI (LIEHTPHDYTH).

BriBOabI

Ha 6opry MKC Boay HCMONB3yIOT HE TOIBKO
IUISL IAThSI, HO U JUI OOeclieueHusl )KU3HEAeATelb-
HOCTH DJKuNaka M (YHKIMOHUPOBAHUS CHCTEM
craHiu. Bojga — 3TO HEOOXOMUMBIH KOMITOHEHT
IUIS. BOCCTAHOBJICHUSI CYOJIMMUPOBAHHBIX MPOAYK-
TOB MTUTAHUSI.

Mpl pa3paboTaiy TEXHOJOTHIO W MPEIIOKUITH
CXEMY IO OYHCTKE CTOYHBIX BOJ B YCIIOBHAX KOC-
Moca. Taxke NpOaHATU3UPOBAIM PabOTy Cylue-
CTBYIOIIUX COOPYKEHHH MO0 OYMCTKE CTOYHBIX BOJ
B YCJOBHUSIX KOCMOCAa M pa3paboTaii peKOMeHAa-
AU T10 UX ucnojb3oBanuio Ha MKC.

Ha MKC pnomkHa OBITH NPEayCMOTPEHA CH-
cTeMa 1o o0pabOTKe CTOYHBIX BOJA M HUX 3aMKHY-
TOMY HCIIOJIb30BaHMIO, TaK KaK CHaO)KEHHE CTaH-
UM HOBOM BOJIOW 3HAYUTEIBLHO YJOPOKAET OCBOE-
HHE KOCMHYECKOTO IMPOCTPAHCTBA, a KaueCTBEHHAsI
BOJa — 3TO 3[0pOBbe W Ojaromony4Has pabora
JIO/IeH B YCIOBUSAX KOCMOCA.
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OYNIIEHHSA CTIHHUX BO/JA B YMOBAX KOCMOCY

Merta. OcHOBHa MeTa CTaTTi — pO3POOWTH TEXHOJOTII0 OYHINEHHS CTIYHMX BOJ B YMOBaXx KOCMOCY.
Metoauka. [locmikeHHsT BUKOHAHI Ha IMIJCTaBi aHAII3Yy YKPAiHCHKHUX 1 3apyODKHHX HAYKOBUX JDKEper 1 3BITHHX
JIaHUX NpO crenn(piKy BUKOPUCTaHHS BOJM HA KOCMIYHHUX CTAHIIAX 1 ciocoOM o4MIIeHHs cTiuHuX BoA. st po3po-
OKM TEXHOJIOTIi OUMIEHHS CTIYHUX BOJI B YMOBaX KOCMOCY, OKpiM CBITOBOTO JOCBiy, BUKOPHCTAHO BJIACHI JIOCIi-
mxeHHs. PesyabraTn. KoMmiekcHui po3rins nuTaHp, MOB'I3aHUX 3 OYHMIIEHHSIM CTIYHHX BOJ B YMOBax KOCMOCY,
JI03BOJISIE 3pOOUTH BUCHOBOK PO HEOOXIIHICTH pereHepariii Boau Ha MixHapogHux kocMivaux craHmisx (MKC).
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Axe i 3a0€3MeUYCHHS JKUTTEIISITBHOCTI KOCMOHABTIB MOTPiOHA BEMUYE3HA KUTBKICTh BOJM, a 11 TOCTABJISHHS Ha
MKC i3 3emui goporo komrtye. HaykoBa HOBH3HA. ABTOpM CTaTTi NPOBEIM aHali3 POOOTH HasBHUX CHOPYX
3 OYMIICHHS CTIYHUX BOJ B YMOBaX KOCMOCY i MOJany pekoMeHallii moxo ix sukopuctanas Ha MKC. Po3poOnena
TEXHOJIOTiS [T OYMIICHHS CTIYHMX 1 MUTHUX BOJ B YMOBaX HEBaroMocTi (KOCMOCY) IPYHTY€ETHCSI HA BUKOPHUCTaHHI
pizHEX peakTopiB. PeakTopm MOXyTh OyTH BUKOHAHI 3 PI3HHX MaTepiajiB (MeTall, INIACTHK Ta iH.), BOHH HE MICTSTh
HECTaHIApTHOTO YCTAaTKYBaHHS, SIKC BHMAarae 3aBOJICHKOTO BHUIOTOBJCHHsS. KOMITakTHiCTb, IIOBHa TepMETHYHICTH
i HeBenuKi rabapuTH 0i0- 1 (i3UKO-XIMIYHUX PEaKTOpiB O3BOJSIOTH YCTaHOBIIOBATH iX y Mexkax MKC. Ilporec
OUMIIECHHS MMPOCTUI B yIpaBiliHHI i Moxxe OyTH MOBHicTIO aBTOMarn3oBaHui. IlpakTHuHa 3HauMMicTh. BoaHi
npo0JIeMH € TOJIOBHUMH Y BCbOMY CBITI, Y TOMY 4ucili i B ymoBax kocmocy. Ha MKC mae Oyt nepenbauena cuc-
TeMa 0OpOOKH CTIYHHMX BOJ 1 iX 3aMKHYTOTO BUKOPHUCTAHHS, TOMY IO IIOCTAQUYaHHS CTAHILIH HOBOIO BOJOIO 3HAYHO
3JI0PO’KY€E OCBOEHHSI KOCMIYHOTO IPOCTOpPY. SIKiCHa Bojia — Lie 310pOB’s i ycminiHa poOoTa Jroei B yMOBaX KOCMO-
cy. OCKUIBKM B KOCMOCI BiICYTHS TpaBiTallis, JUIsl BIJUIIJICHHS 3Ba)KEHHX YaCTOK BiJl BOAM MOTPIOHO BUKOPHCTOBY-
BaTH BIALCHTPOBI CHIM(LEHTPUDYTH).

Knrwouogi crnosa: odumIeHHs CTIYHUX BOJ; KOCMOC; CIIOPYAU 3 OYUIICHHS CTiYHUX BOX; TEXHOJIOTIS OYMICHHS
BOJ] B YMOBaX KOCMOCY; CHCTeMa )KUTTE3a0e3eYCeHHS B KOCMOCI
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WASTE WATER TREATMENT IN SPACE CONDITIONS

Purpose. The main purpose of the article is to develop a technology for wastewater treatment in space.
Methodology. The studies were performed based on the analysis of Ukrainian and foreign scientific sources and
reporting data on the specifics of water use at space stations and the treatment methods of the used waters
(wastewaters). In addition to international experience, our own research was used to develop a technology for
wastewater treatment in space. Findings. A comprehensive review of the issues related to wastewater treatment in
space, allows us to conclude that it is necessary to regenerate water at International space stations (ISS). Indeed, to
ensure the life support of the astronauts, a colossal amount of water is required, and its delivery to the ISS from the
Earth is expensive. Originality. The authors of the article analyzed the operation of existing wastewater treatment
facilities in space and made recommendations for their use at the ISS. The developed technology for the treatment of
wastewater and drinking water in zero-gravity (space) is based on the use of various reactors. They can be made of
various materials (metal, plastic, etc.); they do not contain non-standard equipment that requires factory manufactur-
ing. Compactness, complete tightness and small dimensions of bio- and physicochemical reactors allow them to be
installed within the ISS. The cleaning process is easy to manage and can be fully automated. Practical value. Water
problems are central to the whole world, including in space. The ISS should have a system for the wastewater treat-
ment and their closed use, since the supply of new water to stations significantly increases the cost of space explora-
tion. Quality water is the health and well-being of people in space. Since there is no gravity in space, centrifugal
forces (centrifuges) must be used to separate suspended particles from water.

Keywords: waste water treatment; space; wastewater treatment facilities; space water treatment technology;
space life support system
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EKCIPEC MOJEJIb J1JI51 PO3PAXYHKY IPOLECY OYUILIEHHS
BOJIU

Mera. BukopucranHs (i3UYHOTO SKCIIEPHUMEHTY JUIS TOCIHIJKEHHS IPOILIECiB MacONepeHOoCcy B CIIOPYAAX CHC-
TeM BOJOIIOCTaYaHHs Ta KaHali3auil HoTpedye 3HAYHOro 4acy Ta € JOCUTh BapTiCHUM. ToMy MeTO0 poOOTH € po3-
poOKa yKceNnbHIX MOJIENEH /sl IPOBEICHHSI 00UUCIIIOBAILHOTO SKCIIEPUMEHTY 3 JIOCIIKEHHSI IPOLeCy Macomepe-
HOCY B HicKOyJoBioBauax. Meroauka. J[is MaTeMaTHYHOTO MOJICITIOBAHHS MIPOLIECY MAacONEPEHOCY B MICKOYJIOB-
JIIOBayax BHKOPUCTAHO IBOBHUMIpHI piBHAHHS HaB’e—Crokca Ta JBOBHMIpHE PIBHSHHS MacOIEPEHOCY JAOMIIIKH.
Jlyist 4ucesbHOTO IHTErpyBaHHS PiBHSHb, 1[0 ONMUCYIOTh PYyX B’SI3KOi HECTHCIMBOI PiAMHM, BUKOPUCTAHO HESBHI
pi3HMLIEB] cXeMH posuieruieHHs. HeBioMi mapaMeTpy Ha KOKHOMY KpOLli PO3LICIVICHHS 3HaliIEHO 3a SIBHOIO 3alie-
KHicT0. ISl YMCENBHOro iHTErpyBaHHsS ABOBHMIPHOIO DIBHSHHS MAacONEPEHOCY BHKOPHCTAHO ITONEPEMiHHO—
TPUKYTHY Pi3HHMIEBY cXeMy posmnieiieHHsa. PesynbraTu. [l npoBelneHHs OOYHMCIIIOBAJIBHOIO SKCIIEPUMEHTY Ha
0a3i moOymoBaHOI YHCENEHOI MOJETI CTBOPEHO CIemiai3oBannii kKol. HaBeneHO pe3yapTaTiH OOUHCITIOBAIBHAX CKC-
NEPUMEHTIB i3 TOCIIKEHHS MPOLIECY MacoNepeHOCy B MiCKOYJIOBIIOBaYax 3 JOJaTKOBUMH eIeMEHTaMH. 3’ ICOBaHO,
10 e(eKTUBHICTh OYUILCHHS BOJHM 3MIHIOETHCS Y BUIIAJKY BUKOPHCTAHHS JOJATKOBOIO €JIEMEHTa Ha JHI MiCKOYJIO-
BmoBaya. HaykoBa HoBu3Ha. [100y10BaHO YHCENBHI MO, IO JalOTh MOXKIIMBICTb OIIEPATHBHO aHANI3yBaTH Ta
MPOTrHO3yBaTH €()EKTUBHICTH POOOTH MiCKOYJIOBIOBAYIB, SIKI MAlOTh CKIaJHY reomerpuuny dopmy. L{i Moxem mo-
3BOJISIIOTh ypaxyBaTH TaKOX TiJpOJMHAMIKy Teuil B o4ucHii cnopyai. [IpakTuyHa 3HaYMMicTh. 3alpOIOHOBAHI
YHCeNbHI MOJIeJI MOYKHa BUKOPHUCTOBYBATH Ha €Talli MPOSKTYyBaHHs OYMCHUX CIIOPY/ CHCTEM KaHaii3aii.

Kniouosi cnosa: ouniieHHs BOAM, YMCEIbHE MOJETIOBAHHS; PI3HHUIIEBI CXEMH; MTICKOYJIOBIIOBAY; BOJOKOPHCTY-
BaHHsI, MaTeMaTHYHE MOJICIIIOBAHHS

notpedy€e 3HAYHOrO 4Yacy Ha TOCTaHOBKY eKcIie-
pumenty. Kpim nporo, € 3Ha4Hi TpyJHOIII B iHTe-
prpeTanii pe3ylbTaTiB eKCIePUMEHTATBHUX JI0C-
JIJDKEHbB, 110 OTPUMaHi, KOJIM HEMOXKJIMBO POBEC-
TH EKCIIEPUMEHT i3 BUKOHAHHSM THX YH IHIIMX
kpurepiiB nogiOHocti. Tomy anbTepHaTnBOIO di-
3UYHOMY EKCIIEPUMEHTY € METOJ MaTeMaTHYHOTO

Beryn

VY Hamr gac y raiy3i IpOeKTyBaHHS CUCTEM BO-
JIOTIOCTaYaHHS Ta KaHali3allil 3Ha4YHy pojib Bifir-
pae MeToJ MaTeMaTHMYHOTrO MojentoBaHHA. Lle
MOB’S13aHO 3 THUM, HIO0 BUKOPHCTaHHSA (i3WYHOTO
MOJICJIIOBaHHS, HaBiTh y J1a0OpaTOpHUX yMOBAX,
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MonemroBaHHSA. ChOTONHI UISI MOJENIOBAaHHSA Ta
PO3paxyHKy MPOLECIB MacolepeHocy B CHCTeMax
BOJIOTIOCTa4YaHHS Ta BOJOBIABEICHHS CTBOPEHi Ma-
TeMaTW4Hi Mozeni pisHux kmacis [1, 2, 4, 6-12].
Haituacrime Ha mpakTHIli BUKOPHUCTOBYIOTH €MITi-
pUYHI Ta aHaMiTH4YHI Mozaeni. BoHW 103BOJISAIOTH
Iye IMBUAKO OTPUMATH JaHi HEOoOXimHI AJs Tpo-
eKTyBaHHs OyIb-AKOI CIIOPYIH B CHCTEMax BOJO-
MOCTauyaHHS Ta BOJOBiABeACHHS. Ane B YKpaiHi
icHye neBHUI AediuUT MoJeneH, o 06a3yroThes Ha
YHCEeNFHOMY IHTErpyBaHHI ()yHIaMEHTAIFHUX PiB-
HSHb MEXaHIKH CYIIBHOTO CEepelIoBHINa, SKi I10-
3BOJISIIOTH, HA BIIMIHY BiJl EMITipUYHHUX Ta aHali-
TAYHUX MOJETEH, i 9ac MpoBeIeHHS OOYHCIIO-
BAIBHOTO EKCIIEPUMEHTY IepelaTH T€OMETPUYHY
¢dbopMmy criopyau AJisi TOCHTIHKEHHS [IPOIecy Maco-
nepeHocy. Taki MoJieli € MPSIMO0 AIbTEPHATHBOIO
(hI3MYHOTO €KCIIEPUMEHTY, OKpIM I[bOTO, HE TaKH-
MU BapTICHUMH, SIK BATPATH Ha MIOCTaHOBKY, 00Jia-
JTHAHHS, TPOBeICHH (PI3HYHOTO EKCIICPUMEHTY.

Meta

3Ba)kal0yd Ha BHKJIAaZeHE, METOIO L€l CTaTTI
€ mooynosa CFD-momeni uist po3paxyHKy Ipoliecy
MacoIepeHoCy B IICKOYJIOBIIIOBaYi, [0 Ma€ CKia-
nHy reomerpuyHy (opmy. Ilix wac moOynoBu ma-
TEMaTUYHOI MOJENi BpaxoBaHO HAaWOUIBII CYTTEBI
¢iznuHi (akTopH, MPHU FOMY Yac PO3pPaxyHKy Ha
0a31 MoJelll € TOCUTHh HEBEITUKAM.

MeTtoauka

[lickoynoBmoBaY € BaXKIUBUM EJIEMEHTOM
y cuctemax BojoBinBeneHHs. EdekTuBHicTh pobo-
TH IICKOYJIOBJIIOBaYa BIUIMBAaE Ha €(EeKTHBHICTH
pOOOTH IHIIMX EJIEMEHTIB — OYHMCHHUX CIOpyJax,
0 PO3TAIllOBaHI 32 MICKOYJIOBIIOBAYEM y TEXHO-
JIOT1YHIN cXeMi OYHUIIECHHS BOAU. JIJIs Il BHINCHHS
e(eKTUBHOCTI POOOTH MICKOYJIOBJIIOBAYIB MOXKHA
BCTaHOBJIIOBATH B HHUX JOJAaTKOBI eJeMeHTH abo
3MIHIOBATH iX TeoMeTpuuHy ¢opmy. Jlns Bu3Ha-
YeHHsSI €(pEeKTUBHOCTI pOOOTH TaKMX MOJIEPHI30Ba-
HUX MCKOYJIOBJIIOBAaYiB HEOOXiHO MaTH eeKTHB-
HI MaTeMaTH4YHI Mojeni. Y Haiii poOoTi Js 1ko-
r'0 BUKOPHCTAHO TaKi piBHSAHHSA [2]:

o Ao o 1[d%e %o

+—+ =— + ; 1
ot ox oy Re 8X2 ayz @)

2 2
0 \2,,+a ;;:_w; @
X< oy
o€ _ o€ ov-wiC -~ o ©)
ot ox oy

ne C — KOHIEHTpaIlisl JOMIIIKA B MiCKOYIJIOBIIOBA-
4i; U, V — MBUAKICTh TEYil B MiCKOYJOBIOBAYI,
W — rigpaBiigyHa KPYIHICTh HOMIIIKH;, G — Koe]iri-
€HT, 1[0 BPaxOBYE MpoIlecH TpaHcopMarlii goMi-
KA B TICKOYJNOBIIOBawi; Y — (QyHKIA
notoky; Re = VoL/X — uncmo PeiiHonbica;
® = 0v/Ox — Ou/Oy — BUXOp; U = OW/0y, V = —0y/Ox
— KOMITOHEHTH BEKTOpa IIBUAKOCTI MOTOKY B IiC-
KOYJIOBJTIOBAYI.

Pipastaas Hap’e—Croxkca (1) — (2) BUKOpuCTaHO
JUISL pO3paxyHKy MOJIsI IBUIKOCTI MOTOKY B MiCKO-
ynopmioBadi. PiBHsHHA Maconepenocy (3) mo3Bo-
JIsiE€ pO3paxyBaTd MPOIEeC PyXy BaXKKOI JOMIIIKH
B MICKOYJIOBITIOBAYi.

[locTaHOBKY TpaHUYHUX YMOB JJIsi MOJIEIIOBA-
JBHUX PIBHSIHB PO3MIISHYTO B [1, 2].

Po3rnsitHeMo MeTOIM YMCEeNHbHOTO 1HTErPYBaHHS
MOJICTIOBATIBHUX PiBHSIHB. JJIS YMCEIBLHOrO iHTET-
pyBaHHsI PiBHSHHS MacOIEPeHOCY BHUKOPHCTOBYE-
Mo anpokcuMaitito [1, 2].

IMoxiaHy 3a 4acOM MOJICITIOEMO TaK:

oC Cijl’]+1_Cirj1
a At

KoHBekTHBHI MOXiIHI 3aMHCyEMO TaKUM YHHOM

[2]:

oucC _ ou'C N ou C
X Ox ox

ovC _ ov'C N ov C
oy oy oy

e

_ u+|u|; . u—|u|; " :v+|v|; . =v—|v|_
2 2 2 2

JlaJii KOHBEKTHMBHI Ta JAPYTi MOXITHI MOJEITIOE-

Mo Tak [1, 2]:

+

u
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_ n+1 —-~n+l
ou C ~ u|+1 JCH—lJ _uijCij _ L;Cn+l;
OX AX
+ +1 +1
ov'C ~ V| J+1Cn Clnj— — L+Cn+l
oy Ay
aV—C VI j+1C|n]r}—l jTCi?Jrl _1—-~n+l.
5 . =L,c",
Yy
0 2, CC CeC
8X X 6X X sz X AXZ
M Cn+l + M Cn+l
(H aC) . C|n;r}_1 Cinj+l _u Cinj+l CInJ+l:L _
Yoy Y AX? Y AX
- +1 + +1
=M, C™ + My C"".

[Ticns takoi anmpokcumanii pi3HUIIEBUH aHAJIOT
PIBHSHHS MacoINepeHOCy Ma€ BUTIIS:

n+1 n
ij i + LJ;Cn+l+ L;Cn+l+
At
+L,C™ + L,C™ +oCl* =
+ +1 - +1 + +1
=M C™ +L,C"™ +L,C"" +
- n+1
+L,,C )+Qij6ij. (@)

Ha nactynHoMy eTari 3MiHCHUMO PO3INEIICHHS
IILOTO PiBHSHHS HA ITOCTiIOBHICTh TAKWUX PiBHSHB!

— Ha MepIoMy KpOIIi PO3IIEIIeHHS
1
k=n+=):
( 2)
Cl =Cl 1/t i), O
m +E(LXC +LiC )+Zci,j=
1 _ _
:Z(M;Xck +M,C"+ M, CK+ M, C"); (5)
— Ha Ipyromy KpoIi PO3IICIUICHHS

(k=n+l;c:n+l):
2 4

Ck. _c¢.
Mﬁ(gck +1,C")+2Cf) =
At 2 4"

Z%(M;xck FMSCE+MCH +M;CE ); (6)
. 3 1
— Ha TperboMy kpomi (K :n+z; C:n+§)
BHKOPHCTOBYEMO 3aJI€XKHICTh (6);
. 3
— Ha uyetBepromy kpomi (k=n+1c=n+ Z)

3aCTOCOBYEMO 3aJICKHICTB (5).

J1sa ancensHOTO iHTETpyBaHHS PIBHSHB TiApO-
TUHAMIKA BUKOHYEMO TaKy AampOKCHUMAINIO piB-
HsiHb [1]:

=0 o0 )0
ZyA( —v:jmi,j_l)/Ay;
a\(;ym = Ao = (Vi 1O 1 = Vi O )/Ay;
70 o Lo
= (ot ) /A + (w0 -0y ) /A
TO Lo L=
= (01008 + (00 -0, ) /Ay

ATpOKCHMYBaJIbHI PIBHSIHHS MAalOTh BUTJISII;

—(o[‘le;m:‘J + (A; +A, +A; +A;)><
x(0™g+(1-E)o" )=
Rle(l_ + Ly + L, + L )

x(0" g+ (1-E)o")
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abo

(E+AE)(A; + A, +A] +A; o™ -
—Q—ZQ(L§X+L;X+L§V+L;V)OJ”*1=
=(E—At(1—a))(A;+A;+A;+A;)m“+
A P
+R—2(1—§)(LXX+LXX+LW+Lyy)oo".

3MiHIOIOYM TapaMeTp &, MOXXEeMO 3MiHIOBATH
MOPSIZIOK TOYHOCTI cxeMu. Tak, 3a & = 2 pi3HuIeBa
cXeMa Ma€ JPYrHi MOPSIOK TOYHOCTI 32 4aCOBOIO
KOOP/MHATOIO.

PisHnneBa cxema pO3LICTUICHHS Ma€ BUIJISAL

[1]:

1
(5 (el o -
(B S A A (L) o

(E +%(A; +A;)—%(L;X + L‘yy)jco”+1 =

1
(S A (B ) Jo

Ha 6a3i nux ¢gopmysn MOXHa BU3HAYaTH 3HA-
YeHHSI BUXOPY B ITICKOYJIOBIIOBAYi.

Jis urcenpHOTO IHTETpYBaHHS PIBHSHHS QyH-
KIIii MOTOKY Ha MEpIIOMY KPOIli 3BOJAMMO HOTro J0
BUTIISILY:

2 2
v = 0 \g + 6_\;/ +m, @)
o ox° oy
ne 1 — QIKTHBHUIT Yac.

Jani BHKOPHCTOBYEMO TaKy CXEMy pO3IIer-

JICHHS:

sy +C~OA_2“;

(E—A—;(L;X+L;y)j v =
:(E+A—;(L;X+L;y)j V' (8)
(E—A—;(LXX+LW)j Yo
=(E+A—;(L;X+L;y)j \VH%;
vyt = WH% +6)A—2n.

OCOONUBICTIO PO3TIISHYTHX PI3HUICBHX CXEM
€ Te, 110 PO3paxyHOK HEBIZOMOI BEIMYMHH Ha KO-
JKHOMY KpOIli pO3IIEIUICHHS 3iHCHeHO Ha 0as3i
SIBHUX 3QJIEKHOCTEM.

[Ticas po3paxyHKy 3HaueHHS (YHKIII MOTOKY
PO3paxOBYEMO KOMITOHEHTH BEKTOpa IIBHIKOCTI
MOTOKY B IMiCKOYJIOBIIOBAYi:

Ujj Z(Wi,j+1_‘lfij )/Ay; Vij =

= —(\Vi+1,j — Vi )/AX-
PesyabTatn

Jis xoryBaHHS PiBHIHD YHACEITHHOI MOJIET BH-
kopucrano FORTRAN. Hmwkue nokazano pesyib-
TaTH YUCEJILHOTO MOJIEJIOBaHHS Ha 0a3i mo0y/o-
BaHOT yucenbHOI Mojen. Po3rnsHyTO TpH ClieHa-
pii. [lepmuii cuieHapiii — y micKOyJIOBIIOBadi € J10-
JaTKOBUI eneMeHT Ha fAHi. Jpyrwii creHapii —
BHKOPHCTAEMO J[Ba e€JIeMeHTa Ha JHi. Tperi cie-
Hapiii — BUKOPUCTOBYEMO TPH JOAATKOBUX eJieMe-
HTa Ha JHi. EQeKTUBHICTL OUMIIICHHS BU3HAYAEMO
3a KOHIIEHTPAIII€l0 Ha BUXO/I 3 MICKOYJIOBIIOBAYA.
s xoHIEHTpaIisl ToKa3aHa Ha puc. 1-3 y BigcoT-
Kax BiJi KOHIICHTpAIlii JIOMIIIKH Ha BXO/II B MICKOY-
JIOBJIOBaY (KOHIIEHTpalis B 0e3po3MipHOMY BH-
sl gopiBaroe 100 oguHUTIAM).

Ha puc.1l nokazaHo po3monia KOHLEHTpauii
BaroMoi JIOMIIIKM B TICKOYJIOBJIIOBadYi, IO Mae
JIOTATKOBUM €JIEMEHT HA J(HI.
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Puc. 1. KonneHTpartiisi ZOMIIIKA B TOPU30HTAIEHOMY
MICKOYIOBITIOBAYi (OJATKOBHUI €JIEMEHT Ha JIHi)

Fig. 1. Impurity concentration in the horizontal-flow
sand trap (additional element at the bottom)
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Puc. 2. KoHneHTpallisi JOMIIIKA B TOPU30HTATEHOMY
MICKOYJIOBIIIOBaYI (J1Ba JOAaTKOBUX SICMEHTA)

Fig. 2. Impurity concentration in the horizontal-flow
sand trap (two additional elements at the bottom)
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Puc. 3. KoHmeHTpalis JOMIIIKA B TOPU30HTATEHOMY
MCKOYJIOBIIIOBaYi (TpH JIOJATKOBHX €IEMEHTA)

Fig. 3. Impurity concentration in the horizontal-flow
sand trap (three additional elements at the bottom)

Sk OaunMo 3 HaBEICHWX PUCYHKIB, €()eKTHB-
HICTh OYHIIICHHS BOJIU 3MIHIOETBCS Y BUITAJIKY 30i-
JIBIIEHHS KUIBKOCTI JOJATKOBUX €JIE€MEHTIB Ha IHI
MCKOyJIOBNMIOBada. Tak, I mepmioro BapiaHTa,
y SIKOMY € OAWH JOJAaTKOBHH €JIeMEHT Ha IIHi IIic-
KOYJIOBJIIOBaYa, €(QEeKT OYHWIICHHS CTAaHOBHTH
10 %. A Konmm BUKOPHCTAHO JBa MOJATKOBUX €Ie-
MEHTa, CIOCTEPIracTbCs 3MEHIIEHHS e(PeKTy oum-
IICHHS: JUIsl TPEThOTO CIICHAPiI0 e()eKT OYHUIICHHS
CTaHOBUTH Bke 43 %.

Bimzraunmo, 1m0 gac po3paxyHKy CKJIaB MpHO-
nu3Ho 12 cek.

HaykoBa HOBM3Ha Ta MPpaKTHYHA
3HAYUMICTD

3anporoHOBaHO MaTeMaTUYHy MOJENb  JUIS
OIEPaTUBHOIO PO3PAaXyHKY MPOLECY MaCONEPEHO-
Cy B MICKOYJIOBIItOBaYi. [IJis MOJIC/IIOBaHHS MPOIIe-
CY OYHMINEHHS BOAW BUKOPUCTAHO PIBHAHHS B’ SI3KO1
HECTHUCIIMBOI PIAMHYU Ta PiBHSHHS MacONEpeHOCY.
[MoGynoBaHi 4yrcenbHI MOJIENI 03BOJISIOTH TPOBO-
TUTH OOYHCITIOBaTIbHI €KCIIEPUMEHTH JIJISl MiCKOY-
JIOBITIOBAUIB, SIKi MalOTh CKIAIHY T€OMETPHUYHY
¢dhopmy, 10 AyKe BOKIUBO IS TPAKTHKH.

3anponoHOBaHI YHACENbHI MOl MOXYTh OyTH
BHKOPHCTaHI ISl IPOBEACHHS IMIJOTHUX PO3Paxy-
HKIB Ha eTami MPOBEACHHsS NPOEKTHUX pPOOIT i3
MiABUINEHHST €(EeKTUBHOCTI POOOTH CHCTEM OYH-
IICHHS BOJIH.

BucnoBku

VY crarTi 3anponoHOBaHO YMCENBHI MOJIEN, IO
Jal0Th MOXIIMBICTH IIBHIKO aHANII3yBaTH, SIK MPO-
XOJIUTH TIPOIIEC MACONEPEHOCY B MICKOYJIOBIIIOBA-
yax, SIKI MalTh CKJIaJHY T€OMETPUYHY (opMmy.
OcHoBOW0 Mojieneil € (GyHAaMeHTa bHI pPiBHSHHS
MEXaHiK{ CYLIJIBHOIO CePEeIOBHIIIA.

VY mnopanbimoMy 1€ HAYKOBHMA HampsM CIiJ
PO3BHBATH B raiy3i NoOYJ0BH TPUBUMIPHUX YHCe-
JBHUX MOJENeH Ui aHalizy NpoIeciB Macorepe-
HOCY B CIIOpYZaX CHUCTEM KaHali3amil Ta BOIOIO-
CTa4yaHHSI.
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IKCHPECC MOIEJIb JJIAA PACUETA ITPOLHECCA OYUCTKH BO/JbI

HeJ'lb. Hcnons3oBanue q)I/I3I/I‘IeCKOFO OKCIICPUMEHTA JJId UCCIICJOBAHUA MIPOILIECCOB MACCONIEPEHOCA B COOPYIKE-
HHUAX CUCTEM BOI[OCHa6)KCHI/I${ 1 KaHaJIu3allunu Tpe6yeT 3HAYUTCJIIbHOI'O BPEMCEHHU U SABJIACTCSA BECbMa JOPOTOCTOA-
IUM. HOBTOMy OCIBIO pa60TLI SIBIIACTCA pa3pa60TKa YUCJICHHBIX MO,HGJ'IGfI JUTA TPOBCJACHU ST BBIYHUCIIUTEIBHOI'O 9KC-
NEPUMEHTA IO HUCCIICIOBAHUIO ITPOLECCa MACCOIIEPEHOCA B IECKOJIOBKU. MeToumca. I[JISI MaT€MaTu4CcCKOro Moac-
JIMpOBaHUs Mporecca MacCONEpeHOCa B NECKOJIOBKH MCIIOJIb30BaHbl IBYMCPHBIC YPABHCHUA HaBre—CtOKCa 1 ABY-
MEpPHOC YPAaBHCHUE MaACCOIICPEHOCA MNPHUMECH. I[J'ISI YUCJICHHOI'0 HHTEIrpUPOBAHUSA ypaBHCHHﬁ, OITMCBIBAIOIIUX
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JIBIDKCHNE BSI3KOH HEC)KMMAeMOH JKHIKOCTH, HCIIONb30BaHBI HESBHBIC PAa3HOCTHBIE CXEMBbI pacuieruieHus. Hews-
BECTHBIC MApaMETPhl Ha KAXKIOM IIAry pacIleIyICHUs HaWAEHBI 110 SBHBIM 3aBHCHUMOCTSM. [l YMCIEHHOTO WHTE-
TPUPOBaHMA JBYMEPHOTO YPaBHEHHUSI MAacCONEPEHOCA UCIIOIB30BaHA ITONIEPEMEHHO-TPEYTOJIbHASL PA3HOCTHAS CXEMa
pacmerienus. Pesyabrarel. [ mpoBeieHNS BEIYUCIUTEIHFHOTO SKCIIEPUMEHTA Ha 0a3e MOCTPOCHHON YHCIEHHON
MOJIENIM CO3JaH CHelMaIu3UpOBaHHbIA KoI. IIpeacraBieHsl pe3ynbTaThl BRIYUCIUTEIBHBIX YKCIIEPUMEHTOB IO UC-
CJICIOBAHUIO MIPOLIECCa MacCoIepeHoca B MECKOJIOBKH C JONOIHUTEIBHBIME 31eMeHTaMu. OrpeaeneHo, 4to agdek-
TUBHOCTh OYHCTKM BOJbl M3MEHSETCS INpPH HCIOJIb30BAHUHU JONOIHUTEIBHBIX 3JEMEHTOB Ha JHE IECKOIOBKH.
Hayunasi HoBu3Ha. IlocTpoeHbI YMCIIEHHBIE MOJIENH, KOTOPBIE AT BO3MOXKHOCTh ONEPATHBHO aHAIU3UPOBAThH
U TIPOTHO3UPOBaTh 3P PEeKTUBHOCTH pabOTHI ECKOJIOBOK, UMEIOIIHUX CI0XKHYIO0 T€OMETPHUECKYI0 opMy. DTH Moze-
T TIO3BOJIAIOT YYECTh TAKXKE THAPOJUHAMUKY TEUCHHUS B OYHCTHOM coopykeHuH. IIpakTuyeckasi 3HA4UMMOCTb.
ITpenno)xeHHbIE YUCICHHBIE MOJEIH MOXKHO HMCIOJIB30BaTh HA JTAle MPOESKTUPOBAHMSA OYHCTHBIX COOPYKECHHUH CH-
CTEM KaHAIN3aIHH.

Kniouegvie cnosa: 04uCTKa BOJBI; YUCICHHOE MOJCIHMPOBAHNE; PA3HOCTHBIE CXEMBI; IIECKOJIOBKA; BOOIONIB30-
BaHME, MaTEMAaTHIECKOE MOACINPOBAHHUE
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EXPRESS MODEL FOR WATER TREATMENT PROCESS
CALCULATION

Purpose. The use of a physical experiment to study mass transfer processes in structures used in water supply
and sewage systems requires considerable time and is very expensive. The aim of the work is to develop numerical
models for a computational experiment to study the mass transfer process in sand traps. Methodology. For mathe-
matical modeling of the mass transfer process in sand traps, the two-dimensional Navier-Stokes equations and the
two-dimensional impurity mass transfer equation are used. For numerical integration of equations describing the
motion of a viscous incompressible fluid, implicit difference splitting schemes are used. The unknown parameters at
each step of the splitting were found by explicit dependencies. For the numerical integration of the two-dimensional
mass transfer equation, an alternately triangular difference splitting scheme is used. Findings. To conduct a compu-
tational experiment, a specialized code was created on the basis of the constructed numerical model. The results of
computational experiments on the study of mass transfer in sand traps with additional elements are presented. It was
determined that water purification efficiency changes with installation of additional elements at the bottom of the
sand trap. Originality. The constructed numerical models make it possible to quickly analyze and predict the effi-
ciency of sand traps having a complex geometric shape. They also make it possible to take into account the flow
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hydrodynamics in the treatment plant. Practical value. The proposed numerical models can be used at the design
stage of sewage treatment plants.

Keywords: water purification; numerical simulation; difference schemes; sand trap; water use; mathematical
modeling
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JOCJIIZKEHHA IHTEHCUBHOCTI PYXY CHHEHOIAJII3OBAHUX
MOI3/IONOTOKIB B YMOBAX PU3UKIB

Merta. [locnimKkeHHs cpsMOBaHO Ha BCTAaHOBJICHHS Pal[iOHAJBHOTO BapiaHTa MPsMYBaHHS CIIeliali30BaHuX MO-
1310MIOTOKIB Ha 3aJi3HMYHUX HalpsMKax IUIIXOM YNPaBJiHHS PU3UKaMH Ta BU3HAUCHHS 3aJIS)KHOCTI IHTEpBAy
pyXy moi3IiB BiA MapKy JIOKOMOTHBIB 1 JIOKOMOTHBHUX Opuran. JIOCATHYTH MOCTaBJICHOI METH MOXKHA LUIIXOM
YCTaHOBJICHHS MOCHIZOBHOCTI CTaJiii TEHETUYHOTO AJITOPUTMY JUIsl peajizalii MaTeMaTu4yHOi MOJiesli BU3HAYCHHS
IHTEHCUBHOCTI pyXy CIIeIlialli30BaHUX MOi3IOMOTOKIB HA 3aJi3HUYHUX HampsMKax. MeToauka. Y TOCIiIKeHHI PO3-
TJISTHYTO MPOLIEC IPOITYCKY CIIEIiali30BaHHUX IOI3A0IOTOKIB MO 3aJi3HUYHNX KOPUIOpax SK CKIAJOBY €IUHOTO JIO-
rictuaHOTO NaHmora. /1o poro mporecy My MiTIAIUIA 3 MO3HIIT YIIPaBIiHHSA PU3UKaMU, KOJH MOTPIOHO BU3HAYUTH
Yac mpuOyTTS MOT3/iB 13 pi3HUX HANPSAMKIB 3a HASIBHUX TEXHOJIOTIYHUX 00MekeHb. Bubip parioHamsHOTO iHTEpBaITy
MPSMYBaHHS MIX II013/1aMH Ha 3aTI3HUYHUX KOPUIOPAx € BKpail BasKIMBUM, TOMY IO JI03BOJISIE 3/IHICHIOBATH IIPO-
MYCK CIIEIiali30BaHUX BaHTAXXOIOTOKIB Oi1bII €()EeKTHBHO 3 MO3HUII BUTPAT HA BUKOHAHHS JIOCTaBKH B KiHIEBUIH
(onopHMi) MyHKT Ta NIBUAKOCTI L€l JOCTAaBKH. I3 MeTOl0 peanizawii onTHUMizaliifHOl MaTeMaTHYHOI MO/Ieli BU3HA-
YEHHsI IHTEHCUBHOCTI PyXy CIEliali30BaHMX MOI3/I0MOTOKIB Ha 3aJi3HUYHUX HANPSIMKaX BUKOPUCTAHO T'€HETUYHUIA
anroputm i3 mitficaum komyBauusM (RGA). Pesyabraru. [IpoBenennit anami3 10BiB e(eKTHBHICT TOUIYKY paItio-
HAJIbHOTO BapiaHTa BCTAHOBJICHHSI IHTEHCUBHOCTI PyXY CIIeIiaji30BaHHUX MOi3JJ0NOTOKIB Ha 3aJIi3HUYHHUX HAMpPIMKax
3 ypaxyBaHHSM BUTpAT 3aJi3HMII Ha TATY Ta BUTPAT BaHTaXOOTpuMyBauiB. [IpencraBneHo rpadik 3anekHOCTI Kpa-
mmx 1 cepenHiXx 3Ha4yeHb (iTHec-QyHKHii Bim KigbkocTi iTepamii RGA y mporeci 3HaxOIDKEHHS pIlIeHHS.
HayxoBa HoBH3HA. Y pe3ynbTaTi HOCTKSHHS PO3pOOICHO MPOrpaMHy peai3allilo MaTeMaTHIHOI MOJIeIi BHU3HA-
YeHHS IHTCHCHBHOCTI PyXy CIICI[ialli30BaHUX IOI3IOTOTOKIB Ha 3aJi3HMYHUX HANpsSMKaX 3 ypaxyBaHHSIM OanaHCy
BUTpAT 3aJIi3HUII Ha TATOBI PECypcH Ta BUTpAT OAEPKyBada BaHTaxy. Ll mporpama /103BoJIsiE MOAETIOBATH BHOIp
gacy mpuOyTTS MOi3/IiB HA KiHIIEBY CTAHIIIIO MapIIPYTiB i3 Pi3HUX HANPSMKIB B yMOBaX HeBH3Ha4eHOCTi. ExcrepT-
HHUH aHalli3 OTPUMaHHUX PE3yJIbTATIB MOJEIIOBAHHS JOBIB aJeKBaTHICTH pimeHHs. [IpakTuyHa 3HaYMMicTh. Buko-
HaHe JIOCJIKEHHS J03BOJISIE BCTAHOBHUTH 3aJIEKHICTh IHTEpBAJY pyXy HOI3/IB Bijl MapKy JOKOMOTHUBIB Ta JIOKOMO-
TUBHMX Opuraz. [Tomyk onTuManabHOTO 1HTEpBaly MPSMYBaHHS IOI30IOTOKIB 32 JOIIOMOTOK po3polIieHol MaTe-
MaTUYHOI MOJIEJNI JIO3BOJISIE YIPABJISATH CYNYTHIMH PU3MKAaMHU Ta MIHIMI3yBaTH eKCILIyaTaliiiHi BUTPATH Ha MPOCY-
BaHHS CIIEI[ia/li30BAHOI0 MOI3/J0MOTOKY.

Knrouosi cnosa: noi3nonorik; iHTEHCUBHICT PYXY; TATOBUH PYXOMHI CKIIa/I; PU3UKH; TeHETUYHHUIT aITOPUTM

13 pI3HUX HAIPSIMKIB 32 OOMEXEHHX: 1) BeTHUNHU

Beryn

[Iponec mpomycky creriaiizoBaHuX MOI3A0MO0-
TOKIB TIO 3ai3HHYHHUX KOPHJIOPAaX € CKJaJ0BOIO
€IUHOr0 JIOTICTUYHOro JiaHiora. HeoOXximgHo Iii-
IOIMTH 10 UBOro Mmpolecy 3 MO3MLii yNpaBiIiHHS
pHU3UKaMH, 11100 BU3HAYMTH 4Yac MPHOYTTS MOI3iB

HAasBHOTO €KCIUTyaTallilfHOTO MapKy JIOKOMOTHUBIB,
KU MOXKe OyTH BHUKOPUCTAHO JUIs OOCITyroBy-
BaHHS CIICHIaJI30BaHOIO IOI3I0MOTOKY; 2) MiCT-
KOCT1 OIIOPHOI COPTYB&JIBHOI CTaHILii Ta CTaHLiH
MIPUMHKaHHS 70 Hel (116 MOXKYTh OYTH K MPHUIIOP-
TOBI CTaHIIil, TaK 1 CTAHIlIi, HA AKUX 3IHCHIOETHCS
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nepexin i3 komi mupuHOO 1 520 MM Ha KOJdiro
1 435 wmmM); 3) pexumiB poOOTH BaHTAXHO-
PO3BaHTAXYBAIBHUX (PPOHTIB.

VY cydacHHX JOCHiIKeHHSIX [6] HarosomieHo,
10 71 BUPINMICHHS 3aBAaHb IiABUIICHHS €PeKTH-
BHOCTI (DYHKITIOHYBaHHS 3aJIi3HHYHOI Mepexi MMoT-
peOyIOTh TEOPETUYHOI'O OOTPYHTYBaHHS MiIXOIU
1100 BU3HAYCHHS PaLliOHATBHUX MapaMeTpiB 3alli-
3HMYHUX HAIPSIMKIB Y YaCTHHI MPOMYCKY IOI370-
notokiB. OcobauBy yBary mpu LbOMY HaJleKUTh
MPUIITUTH CICIiali30BaHUM IOI3]0TIOTOKAM.

Asrtopu crarti [11] 3amporoHyBanm 3IiHCHIO-
BaTH YMPaBIiHHS JOCTAaBKOK BaHTaXiB Ha OCHOBI
BU3HAYEHHs 3HA4YeHb TPHUBAJIOCTI iX OOpOOKH Ha
KOXXHOMY eTarli BUKOHaHHSA Tpadika. Takum anHOM
MO)XKHa OIIHUTH BIAXWICHHS BiJ HOPMAaTHBHOTO
Yacy B IPOLECi JOCTaBKA BaHTaXiB, TOOTO SKIiCTh
nepeBe3eHb.

VY nocmimkenni [12] 3a mpomoHOBaHO METO[,
SIKWH J03BOJISIE CIIPOTHO3YBATH KOHTPOJIBbHI TOYKH
TUTAHOBHX €TalliB JOCTABKH BaHTaXiB 3 ypaxyBaH-
HAM YMOB peabHOI eKCIUTyaTamiifHOI poOoTH.
AHani3 BiAXWIEHb Yy TPUBAIOCTI IMPOXOKEHHS
pI3HUX eTamiB Mpolecy TPAHCHOPTYBaHHS MOXKHA
HaJaBaTH JHUCIETYCPCHKOMY IE€PCOHATY  JUIS
MIPUHHATTS KEPIBHUX PillleHb, a TAKOX BUKOPHUCTO-
BYBATH MiJI Yac CTBOPEHHS IHTENEKTYAIbHUX TPaH-
CTIIOPTHUX CHCTEM.

VY crarTi [2] po3rasHYyTO MOXIIHMBICTE Y MEXax
BHU3HAYEHOI'O 3ai3HUYHOTO HANPSMKY CKOOPAU-
HYBaTH TEXHOJIOTIYHI Ta IHYPACTPYKTYPHI MOXKIIHU-
BocTi Beix migpo3ainiB AT «YkpaiHchka 3alti3HH-
s U1 GOPMYBaHHS PaLliOHAIBHOI CUCTEMH IPO-
CYBaHHsI CIICI[iaJli30BaHUX BaroHOMOTOKiB. L{s po-
00Ta MiATBEPIKYE TEPCIEKTUBHICTD MOJATBIINX
JOCTIDKEHB Y I[bOMY HaIPSIMI.

KonekTur aBTopiB y po6oTi [3] po3poOuB Tex-
HOJIOT'i0, sIKa JIO3BOJISIE 3MEHIIIUTH BEJIMYMHY €KC-
MO3M1ii, 0 € IHTErPAIbHUM MOKa3HUKOM PH3HKY,
TOOTO KiJIBKICHUM TIapaMeTPOM, SIKHI OIUCY€E MO-
KIJIMBICTh BUHUKHEHHS aBapiii 1 HACTaHHS HeraTu-
BHUX HACIIJKIB, ITOB’s3aHUX 3 00OpOOKOI BaroHiB
i3 HeOe3NeYHUMH BaHTa)XaMW Ha COPTYBaJbHUX
cTaHIisX. J{OIUIBHICTh YIIPOBAKCHHS 1HTEJICKTY-
QIPHUX TEXHOIIOTIM YIpaBIiHHA B TEpPEBI3HUMA
nporec OOyMOBIIOETHCSI 3HIDKEHHSAM €KCILTyarta-
LMIHHUX BUTPAT 1 MIJBUIICHHSAM PiBHS O€3IIEKH BH-
KOHAHHS TEXHOJIOTIYHMX IIPOIECIB Ha CTaHIIAX
B yMOBax OOpOOKH crewiali3oBaHUX BaroHONOTO-

kiB. YueHi B pociimkenHi [13] 3ampononyBaiu
3aXOH MO0 IMiIBHUINEHHS HAIIHHOCTI pOoOOTH II0-
13HMX HITBHUI, IO CIPHATHMYTH IPHCKOPECHOMY
MPOMYCKY BarOHOIOTOKIB.

Y mocmimKeHHSX IIOM0 OpraHisalii iHTepMoza-
JIBHUX TPAHCHIOPTHHUX KOPHUAOPIB OCOOIHMBE MICIIE
mocizae po3poOKa IHTETPOBAHMX MaTEMaTHYHUX
MoJieTield, IO BPaXxOBYIOTh OCOOJHMBOCTI IMOi3J0MO-
TOKIB 3a iX CHemiami3amiero, poOoTy 3alli3HUYHUX
TEpMIHAIIB Ta TOPTIB 3 YypaxyBaHHSIM iHTEpeciB
yCiX y4acHHKIB TiepeBizHoro mporecy [9, 15].

3a TakuxX yMOB aKTyaJbHHUM € BHPIIICHHS 3a-
BIAHHS TOUIYKYy OajaHCy BUTpaT Ha MPOCYBaHHS
MOT3/I0TIOTOKIB 13 PI3HUX 3aTi3HUYHUX HAIMPSIMKIB
Ha KiHIIEBY OTIOPHY CTaHIIIO Ta BUTPAT OAEPXKyBa-
Ya BaHTAXXy [UITXOM BCTAaHOBJICHHSI IHTEHCHBHOCTI
PYXy MOi3/I0MOTOKIB 3 ypaxyBaHHSM OOMEKEHHX
pECypCiB TSATOBOTO PYXOMOT'O CKIIAMY.

Meta

OCHOBHOIO METOIO0 CTaTTi € BCTAaHOBJICHHS pa-
LIOHANBHOTO BapiaHTa MPSIMYyBaHHS CIeliani3oBa-
HUX TMOI3J0MOTOKIB Ha 3aTi3HHYHUX HaANpPsSIMKax
IULIXOM YIPABIIHHA PH3UKaMH Ta BU3HAYCHHS
3aJIeKHOCTI 1HTEepBaly pyXy MOi3MiB BiJ Mapky Jo-
KOMOTHBIB 1 TOKOMOTHBHHX OpHTas.

JIOCATHYTH TOCTaBICHOT METH MOKHA IIISIXOM
YCTaHOBJICHHS TIOCJIIIOBHOCTI CTaJ(ii T€HETHYHOIO
ITOPUTMY JUTsl peaiizalfii MaTeMaTHU4HOi MOAei
BH3HAYEHHS 1HTEHCUBHOCTI PyXy CIIeiali30BaHuX
MOi3/JONOTOKIB Ha 3aJi3HUYHUX HAPSIMKAX.

MeTtoauka

VYBeneMo MOHATTS PU3UKY — II€ OIiHKA MOXKIIU-
BUX BHUTpAaT, IIO IOB’S3aHI 3 HEBU3HAYCHICTIO
B IIpoliecax pyxy Moi3/1iB Ha 3aJi3HUYHUX KOPHJIO-
pax, y poboTi OmopHOi COpTYBalbHOI CTaHIi Ta
CTaHIIi{, SKi MPUMHKAIOTH 10 HEl, y peKUMax po-
00TH BaHTaKHO-PO3BAHTAXYBAILHUX (pOHTIB. Lle
JacTh HaM MOJKJIMBICTh TPOBECTH OIIIHKY HEBU-
3HAYCHOCTI JIOCHI/PKYBAaHOTO MpOLECy. YpaxoBy-
oYM BUIIECKa3aHe, Iepell HaMH II0CTae 3ajaya
CTBOPEHHSI MaTEMaTU4HOI MOJIENi, SKa JI03BOJISIE
BU3HAYMTH ONTHMAaJIbHUH MOMEHT 4Yacy MpHUOYTTS
moi3aiB (TOOTO BU3HAYMTHU palioHaJbHY 1HTEHCHB-
HICTh PyXy TOI3JIONOTOKIB Ha 3aNi3HUYHUX KOpPU-
nopax) B ymoBax pusukiB [8]. dus i€l Mozeni He-
00XiJHO BHMKOPUCTOBYBAaTH CTaTUCTHYHI JaHi 3a
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MoTMepeHi Mepiofn IIONO BiAXWJICHb 4Yacy MNpH-
OyTTs TMOI3AiB Ha KiHIEBY (OMOpHY) CTAHINIO Ta
Yacy HaJIXOJPKEHHS BaroHiB Ha BaHTaXHI (POHTH.

Bubip pamioHanbHOrO iHTEpBaly MNPSAMYBaHHS
MDK TI0i3IaMH Ha 3aTi3HHYHUX KOPHIOpax € BKpai
BKJIMBAM, TOMY IO JIO3BOJIAE 3IIHCHIOBATH IPO-
MyCK CIIEIiali30BaHUX BaHTAXKOIMOTOKIB OLIBII ede-
KTUBHO 3 TIO3MLIl BUTPaT HA BHKOHAHHS JTOCTaBKU
B KIHIEBUH (OMOpHUI) MyHKT Ta MIBHUAKOCTI IN€l
noctaBku. Lle HaOyBae 0co0nMBOI aKkTyaJbHOCTI B
YMOBaX YKOPCTKOI KOHKYpEHIIi 3 aBTOMOOLIEHUMHU
MTePEBE3CHHAMH. Y CTAHOBJICHHS PAIliOHAIBHOTO iH-
TepBaly MK PYXOM IIOi3[iB Ha 3aNi3HUYHOMY KO-
PHUIOPI 1a€ MOKIIMBICTh CKOPOTUTH KUJIBKICTh JIOKO-
MOTHUBIB Ta JIOKOMOTHBHHUX OpHTaj, sKi IX 00CIyro-
BYIOTb, TIOPIBHSHO 3 HAasBHUM BapiaHTOM OpraHi3a-
uii pyxy. Kpim toro, Big 1iporo iHTepBaty 3ajexarh
1 BUTPAaTH BaHTAKOBJIACHHUKIB. 3HAXOJKCHHS pallio-
HAJILHOTO 1HTEPBAJIY JO3BOJIUTH 3HAUTH OaNaHC, TakK
3BaHY «30JIOTY CEpEIUHY», BUTPAT 3aIi3HHUII Ha TH-
TOBI PECypCH Ta BUTPAT BaHTAXKOBJIACHUKIB 3aBISKU
3MEHILICHHIO HETPOJYKTUBHHUX IIPOCTOIB YCIX erre-
MEHTIB JIOTICTUYHOTO JIAHLIOTA.

3 ypaxyBaHHSM BHILIEHABEACHOTO (opmaiza-
IIisT IIHOTO TIPOLIECY MTOBUHHA HOCHUTH ONTHUMI3aIliii-
HuH xapakrep. s o0miky 3a3Ha4eHOT HEBU3HAYE-
HOCTI 3alpOIIOHOBAHO 3aCTOCYBaTH amapaTr Mmare-
MaTHYHOT CTATHUCTHKY 1 Teopii HMOBIpHOCTI.

VY nomnepeaHboMy AOCHiIKEHHI Oyino po3poO-
JICHO MaTeMaTH4YHy MOJIETb, SIKa JI03BOJISIE 3HAUTH
cXxeMHu 00Iry JJOKOMOTHUBIB 3 ypaXyBaHHIM JIUCIIO-
Karlii mapKy 3a pi3HUMH CepisiIMH Ha TIOJITOHI Me-
pexi Ta cxeMH poOOTH JOKOMOTHBHUX Opurajn [7].
VY Mekax MoCcTaHOBKM HOBOT 3a/1a4i JJIsl POCyBaH-
Hs CICIIaTi30BaHOIO BaroHOMOTOKY Ha 3aji3HUY-
HHUX KOpuaopax OyJeMo BUKOPHCTOBYBATH TPYIIO-
BUi rpadik 0OCIyroByBaHHs JIOKOMOTHBIB Ha
3HaWeHUX cxemax ix o0iry. Ile o3Hauae, 110 cre-
miaxizoBadi moizau Oyne oOCIyroByBaTH TiTBKH
BU3HAYCHA TIpyna JIOKOMOTUBIB. OTKe, y HOBHX
pearyisix Ans KOXKHOTO 3ali3HHYHOTO KOPHIOPY
BH3HAYAIBHUM (PaKTOpoM Oyje BUCTYMATH iHTEp-
BaJl MiX TOITyTHAMH CIEI[ialli30BaHUMU T0i31aMuU
y TaK 3BAHOMY «BaHTOKHOMY Hampsmky» [10, 14].
Bin mporo iHTepBanly 3ajexarh BHTPAaTH Ha €KC-
IUTyaTanilo HeoOXiAHOTO JIOKOMOTHUBHOIO MapKy
JUIsE 0OCITYyTOBYBaHHS CIIELiaai30BaHOI0 BarOHOIIO-
TOKY Ta KiJIbKICTh JIOKOMOTHUBIB. Ile ocobimBo Ba-
XJIMBO B YMOBaX KPUTHYHOTO 3HOIICHHS iHBEHTa-

pPHOTO TapKy JIOKOMOTHBIB, IO NepeOyBarOTh Ha
bamanci AT «YkpalHChKa 3aiTi3HUITD.

TpuBanicTs nepiory MIIaHyBaHHS JOMIIEHO PO-
srnsaTa y Tpunooosomy BuMmipi T =[0;72] rog,
OCKIJIBKH, 3TiIHO 3 HOCIimKeHHsM [4], mas HopMa-
JFHUX 3aKOHIB PO3MONUTY CTilika poboTa MOpTY
BCTaHOBITIOEThCS MPOTATOM 2—3 1i0.

AHaImizyroun 3afady 3HAXOPKEHHS ONTHMAalb-
HOTO 4Yacy NPHUOYTTS KOXXHOTO CIIEIiali30BaHOTO
Moi3Jia Ha KiHIEBY (OMOPHY) CTaHIiI0, MPUXOIUMO
JI0 BHCHOBKY, 1[I0 BOHA Tiependadae 3BEICHHS IBOX
BHITAJIKOBHUX TpoIieciB 10 oxHoro. Li nBa Bumamko-
Bl MPOIECU € HE3aJICKHHMH OJWH BiJ| OJHOTO Ta
MICTATh BJacHi MapaMmeTpH PO3MOALITY, IO BPELITi-
pemT 00epTaloThCs PI3HUMH CHOTYYECHHIMH TIOMIMN:
3aIli3HEeHHA Yacy TPUOYTTS CHEiali30BaHOTO II0-
i31a Ta 3ami3HEHHs B MpOolLieCci 3a0MpaHHS BaroHiB
3 OTOPHOI CTaHIIil HA BaHTa)KHO-PO3BAaHTAXKYBAIIbHI
(porTn MaroTh pizHi Hacmigku [1]. OxpiMm ToOTO,
HEOOXIJTHO BPaXOBYBAaTH, IO I1i BUITAIKOBI IIPOIECH
BiZIOYBarOTHCS i/l BIUTMBOM Pi3HOMaHITHHX (DakTo-
piB Ta BU3HAUYCHUX OOMEKEHB.

CxemaTuuHe ysBJICHHS BUHUKHEHHS JJBOX BH-
MaJKOBUX MO — MpUOYTTA TOi3ga Ha ONOPHY
CTaHI0 Ta 3a0WpaHHS BaroHIB 3 OMOPHOI CTaHII1
JUTSL IOAAJIBIIOTO TIEPEBAHTAKCHHS BAaHTAXY TPE-
CTaBJIeHO Ha puc. 1.

I3 MeTOI CTBOpPEHHS MHUILOBOI (QYHKIIT MaTe-
MaTHUYHOI MOJIETIi BU3HAYEHHsI PalliOHAIIEHUX 1HTe-
pBaJiB MpPSMyBaHHS CIEI[iali30BaHUX MOI3IB,
a oTXKe, U IHTepBaliB MPUOYTTS IUX MOT3AIB 13 Pi3-
HUX 3aTI3HUYHUX KOPUAOPIB, HEOOXITHO MPOBECTH
OIIHKY PH3HKiB, IO BPaxXxOBYIOTh Pi3HI cHUTyarlil
31MCHEHHS BKA3aHUX ITOIIM.

lle oAHUMH MOKJIIMBHMH PHU3UKAMH, SKI HE0O-
XiZIHO BpaxOBYBaTH ITiJl Yac CTBOPEHHS IIJILOBOI
(GyHKILIT, € pU3UKA HAKOTIMYEHHs HAJIUIIKY Baro-
HIB Ha BaHTaXHO-PO3BAHTAXYBAJIBHHX (POHTAX
BaHTA)XOBJIACHMKA a00 Ha TPHUIIOPTOBHX CTAHIIISX.
TakoX MOXKJIMBI PU3UKH, KOJM BUHHUKAE Aehilur,
TOOTO BaHTa)XHO-PO3BAHTAXKYBaJIbHI (PPOHTHU TPO-
CTOIOIOTh, TOMY IIO Ha HPUIOPTOBHX CTAHIIIAX
BiJICYTHI BaroHH ISl pO3BaHTaKEHHSL.

3MO/IeF0EMO  BUMAJ0K 30iraHHsl BiJXWICHb
LUX NpoLeciB. Y BUNAAKy Mi3HBOT'O HAIXOKEHHS
BaroHiB Ta Mi3HBOIO NPUOYTTS MOPCHKOTO CyaHA
JI0 TIOPTY JUIS X HABaHTa)XEHHS PO3pPaxyHKOBA Cy-
Ma BTpaT 3MEHINYEThCs. AJle 3aJIe)KHO BiJl 3MiHH
3aImi3HeHHs] KOKHOTO 3 ITMX JIBOX IPOIIECiB OYAYTh
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BUHUKATH BHUTPATH SIK HA HEMPOIYKTUBHUH IPO-
CTii BaroHiB, Tak 1 BUTPATH BaHTAKOBJIACHUKA
3 TIPUYMHHA HEHAIXOIKCHHS HEOOXiTHMX BaroHiB
i BUBaHTaKEHHS, TOOTO MaeMO MPOCTI MOpCh-
KOTO cy/iHa 03 HABAaHTAXKCHHSI.

CxemaTtnyHe TpeCTaBICHHS CUTYyaIlli 30iraHHs
B pasi 3ami3HeHHS HaJXOJDKCHHS IPyN BaroHiB Ha
MPUIIOPTOBY CTaHIil0 Ta 3a0MpaHHA BaroHiB Ha
[prYaj HaBEJACHO Ha PHC. 2, €.

i,3a6 i

("7 — At ; )—3aBuacHe HAIXOKEHHS IPyIH
My s Mk s

BaroHiB Ha MIPUIIOPTOBY CTaHIIIfo;

(t:nol +Atr'n[,m,pm) — 3ami3HEHHs B 3a0UpaHHi Ipy-
k,s k,s

[T BaroHiB y MOPT Yepe3 HErOTOBHICTH MOPCHKOTO

Cy[Ha 10 HABAHTAKECHHS; (t"faé + Atrlni ) — 3a-

k,s k,s
Mi3HEHHS MPUOYTTS BaroHiB Ha MPUIIOPTOBY CTaH-
. i,0 i .
wito; (Y7, —ALU ;) — ToTOBHICTS JIO paH-
mk',s v mky,s

HBOTO 320HMpaHHS TPYIH BaroHIiB y MOPT.

AmHarnoriuHi pu3uKu OynyTh MaTH Miclie Y BU-
MmajKy 30iraHHs 3aBUACHOTO HAJXOKEHHS BaroHiB
Ta MOMEHTY YaCy TOTOBHOCTI MOPCBHKOTO CyJIHA
IiJ] HaBaHTaxxeHHs. HaGaraTo OijbIIMMU BUTpATH
OyayTe B pasi He30iraHHsS XapakTepy BiIXWIECHb
[IUX JBOX BUIAIKOBHX IOii (puc. 3).

OO6O0B’A3KOBO TOTPIOHO BpPaxOBYBAaTH TaKOX
MOKJIMBI PU3WKH, MiJ 4ac 0OpaHHs ONTUMAaJIbHOTO
iHTepBally TMPsMyBaHHS CHeIiali30BaHUX IMOI3iB
Ha 3alli3HUYHUX KOPHIOpax, SKHUMH BHCTYMAIOThH
BUTpPATH Ha EKCIUTyaTamlil0o HEOOXiAHOTo JOKOMO-
THBHOTO TIAPKy.

Posymiroun, mo iHTEepBa) MK CheIliani3oBa-
HUMHU TOi3aMH — 1€ PI3HUIL MK MOMECHTaMHU
mpuOyTTS APYroro Ta MEPHIOrO CHemiaTi30BaHuX
MIOT3/iB, BIIXWIEHHS SKHX € 33 CBOEID IMPUPOIOI0
BUMAJKOBUMH BEIMYMHAMH, CaMy BEIWYHHY 1HTeE-
pBaJIy MOXKHA PO3TISAATH SIK CKJIAJOBY JETEPMi-
HOBAHOTO Yacy Ta BHIIQJIKOBY CKJIaJOBY HOro Bil-
XUJICHHSI.
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Puc. 1. Cxema BUHUKHEHHS ABOX BUMAIKOBUX MOil — MpUOYTTS MOi31a Ha OMOPHY CTAHIIIIO
Ta 3a0MpaHHS BaroHiB 3 OIIOPHOI CTaHII JJIs TIEPEBAHTAKEHHS BAHTAXY

Fig. 1. The scheme of occurrence of two random events — the train arrival at the base station and the removal of cars
from the base station for cargo reloading
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Puc. 2. Cxema BUHUKHEHHsI CUTYallil 30iraHHs NOJiH y pa3i 3ami3HeHHsT HaJXOPKECHHS
TPYI BaroHiB Ha MPUIMIOPTOBY CTAHIIiIO Ta 3a0UpaHHs BarOHIB y MOPT il BUBAHTAKCHHS

Fig. 2. The scheme of coincidence situation occurrence in case of delay of car groups arrival
to the port station and removal of cars to the port for unloading

l )
|
|
|
|
|
|
! 3 i saé
| i = 30 _ i
! r"":\ r'u’ & )
| ks RS k.
. |
Tpumoprosa cTaHuiA . R
I v >
2 ' I : t.ron
] I '
m. Bar ' '
"""""""" | ' ] j
i | 1 r 1opm r,rx
H | ' T 2 -
‘@ L LI
- >
L
H i
: | :
\ !
" { | 1
Mopcsiant nopr i ! R
. fromg
= o F O
f(t) ;,)i‘--'f}v m ”fk.-l-:ap m l_”i‘.g..prn
1

Puc. 3. Cxema BUHUKHEHHS BUTPAT HA MPOCTIH y BUIIA/IKY 3aBYACHOTO HAIXOKEHHS IPYNH BaroHiB
Ha MPHUIIOPTOBY CTAHIIIO Ta 3aMi3HEHHS iX 3a0MpaHHs y MOPT y 3B 3Ky 3 HETOTOBHICTIO CyJHA 10 3aBAaHTAXCHHS

Fig. 3. Scheme of downtime costs occurrence in case of early arrival of a car group at the port station
and delay in its removal to the port due to the vessel unreadiness for loading
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CxeMaTHyHe MpPEACTABICHHS iHTEpBAY MiX
ZBOMa TOi31aMH Ha 3aJi3HUYHOMY HANpsMKY K
HaBeJIeHO Ha PUCYHKY 4.

I3 MeTorO peamizarmii onTHMI3amiifHOI MaTeMa-
TAYHOI MOJIeNl BWU3HAYEHHS IHTEHCHUBHOCTI PyXY
CHeLiani30BaHUX MOI3/IOMOTOKIB Ha 3aJII3HUYHUX
HarpsMKax OyleMO BUKOPHCTOBYBAaTH I'€HETHIHHIN

X,

aTOpUTM 13 AilicHUM KoayBaHHsM (anri. Real-
coded Genetic Algorithm, RGA) [5].

3arajpHy IMOCIITOBHICTD CTaii peasizamii re-
HeTH4yHOTO anroputmy tuiy RGA mns peamizamii
BHUIII€3a3HAYCHO] MaTeMaTHYHOI MOZEIl MOXKHA
MIPEeICTaBUTH Y BUTJISI/II CXEMH, Ha PHC. 5.

CTaHnis BiANp aBJIeHHS MapIIpY Ty

CTaHIIA

i=2

(OPMAMUE i=2
:f 3.:’1‘1” Lo iAr{g
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>
t.rox

P
[~

Puc. 4. CxeMa iHTepBaly Mix ABOMA II0i31aMH Ha 3aTi3HHYHOMY HampsMKky K

Fig. 4. Diagram of the interval between two trains in the railway direction k

IIOYATOK

Imimiamisanis — dopMyEAHHET
MOITYIAIE] I0YaTKOEHX pillleHb

OO BaHHET
HPHCTOCOBAHOCTI
XPOMOCOM B IIOLTY.IALHT

TAK

Bubip
“HaHRpammoi”
XPOMOCOMH
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OoIepaTopis

CTBOpeHHA
HOBOT DOITYIAI]]

Puc. 5. Cxema poboTH reHeTHYHOTO anroputmy tTumy RGA

Fig. 5. Operation scheme of RGA genetic algorithm
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PesyiabTarn

Bubip pamioHampHOTO iHTEpBAYy HpPSIMYBaHHS
MIX TO0i31aMH Ha 3aJ1i3HHYHUX KOPHIOpaxX € BKpai
Ba)XXJTUBUM, TOMY IIO JO3BOJISIE 3A1MCHIOBATH TPO-
MMyCK CIEIiali30BaHuX BaHTAKOMOTOKIB OiIbII
e(heKTUBHO 3 TIO3MINi BUTPAT Ha 3MIHCHEHHS IOC-
TaBKU B KiHIIEBHH (OMOPHMI) MYHKT Ta MIBUAKOCTI
uiei moctaBku. OTpUMaHUi pe3yibTaT A0BiB edek-
THUBHICTH TIOIIYKY PaIliOHAJIHHOTO BapiaHTa BCTa-
HOBJICHHSI 1HTEHCHUBHOCTI PyXy CIIELiali30BaHUX
MO{3I0TIOTOKIB Ha 3aJII3HUYHUX HaNpsAMKax 3 ypa-
XyBaHHSM BHUTpAT 3alli3HUIIl Ha TATY Ta BUTpAT
BaHTa)XOOTPUMYBaUiB.

Ha pucynky 6 npeacraBieHo rpadik 3ai1exHo-
CTI Kpammx i cepemHix 3HaueHb (QiTHec-(QyHKIIIT
Biml KimbkocTi itepamiii RGA y mporeci 3Haxo-
JOKEHHSI PIILICHHS.

HaykoBa HOBH3Ha Ta MPAKTHYHA
3HAYUMICTD

VY mocmiKeHHI BIEpIe MPOIeC MPOITYyCKy CIie-
iaT30BaHUX MOI3IOMOTOKIB IO 3aII3HUYHHUX KO-
pHuIopax pO3MIIHYTO SK CKIAIOBY €IHHOTO JIOTiC-
THUYHOTO JIaHITFoTa. /{0 1[hOT0 Ipotiecy My I AiHILTI
caMe 3 TI03HLii YIpaBIiHHS PU3UKAMH, KOJIU MOTpi-
OHO BHM3HAYaTH 4yac MpUOYTTS MOI3MIB i3 pi3HUX HAa-
MIPSIMKIB 33 HASBHUX TEXHIYHUX Ta TEXHOJOTTYHHX
0oOMeXeHb. Y pe3yJbTaTi JOCHiIKEHHS pO3pO0IeHO
MIPOTpaMHy pealtizalliic MaTeMaTUYHOI MOJE BH-
3HAYEeHHS I1HTEHCHBHOCTI pPyXy CHeiali30BaHUX
MOT3/IOTIOTOKIB Ha 3aJi3HUYHUX HAMpsMKax 3 ypa-
XyBaHHSM OanaHCy BUTpAT 3alli3HHILI Ha TATOBI pe-
CypCH Ta BHTpAT OJepKyBaua BaHTaxy. Lls mpo-
rpama JI03BOJISIE MOJICITIOBATH BUOIp Yacy MpuOyTTS
MOI3IB Ha KiHIEBY CTAHII0 MapUIPyTiB i3 pi3HUX
HanpsIMKiB B yMOBaxX HEBHM3HaueHOCTi. ExcriepTHuit
aHaJi3 OTPUMaHHUX PEe3yNbTATIB MOJEIIOBAHHS J0-
BiB aJIeKBATHICTh PillICHHSI.

Best: 3653.57 Mean: 3932.86
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Puc. 6. I'padix 3aexHOCT] Kpalux i cepeiHix 3Ha4eHb GiTHec-QYHKIT Bij KUIBKOCTI iTeparii
RGA y nporieci 3HaxX0KEHHs pillIeHHs

Fig. 6. Dependence graph of the best and mean values of the fitness function on the number
of RGA iterations in the process of finding a solution
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BucHoBxku

[IpoBemeHe MOCHIIHKEHHS IAJI0 MOMJIUBICTh
YCTaHOBHTH 3aJISKHICTh iHTEpBAJy pyXy HOI3/iB Bil
MapKy JIOKOMOTHBIB Ta JIOKOMOTHBHHX OpHra.
[Momyk onTHMATBFHOTO IHTEPBATY MPSIMYBaHHS TOi-
3IIOTIOTOKIB 3a JOITOMOT'OI0 pO3pPO0JIEHOT MaTeMaTH-
YHOT MOJIeITi JO3BOJISIE YIPABISATH CYIyTHIMH PH3U-

KaMH Ta MiHIMI3yBaTu eKCIUTyaTaliiiHi BUTpaTH Ha
MIPOCYBaHHSA CIELIATI30BAHOTO MOI3/I0TIOTOKY.
ITomameImi AOCTIHKEHHAS TOMUTEHO TIPOBOIUTH B
HanpsiMi BU3HAYECHHS MOMEHTY TOTOBHOCTI cIiemia-
JII30BaHUX ITOI3iB A0 BiMIPABICHHS, IO TO3BOJIUTH
PO3pOOHUTH €TUHY JIOTICTHYHY TEXHOJIOTIIO TPOCY-
BaHHS TOI370NOTOKIB O€3MOCepeIHbO BiJ CTaHIIii

10.

11.

12.

13.

14.

15.

(hopMyBaHHS 10 KiHIEBOI CTaHIIii TPHU3HAYCHHS.
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NCCIEAOBAHUE HHTEHCUBHOCTHU ABU/KEHU A
CIIEUAJIM3UPOBAHHBIX ITOE3OIIOTOKOB B YCJIOBUAX
PUCKOB

Hesn. MccnenoBanue HampaBiIeHO HA YCTAHOBJICHHE PALMOHAJIBHOTO BapHaHTa CJIEJOBAaHMS CHELUATH3HPOBaH-
HBIX MO€37I0II0TOKOB Ha XKeJIe3HOIOPOKHBIX HAMPaBJICHUAX IIyTeM YIpaBJICHHUs PUCKaMHU U ONpeeNIeHNs 3aBUCUMOCTHU
MHTEpBaja ABWKEHHUS ITOE3/I0B OT MapKa JOKOMOTHBOB U JIOKOMOTHBHBIX Opuraj. JlocTH4b NOCTaBICHHOM LETH MOXK-
HO ITyTEM YCTaHOBJICHHS ITOCIEA0BATEIBHOCTH CTaANI T€HETHIECKOTr0 aJITOPUTMA UL PETU3aLH MAaTeMaTHIeCKOH
MOJIENIN OIIPE/ICJICHNS] MHTCHCHBHOCTH MABID)KCHHS CIICHHAIN3MPOBAHHBIX MOE30MOTOKOB Ha HKEJIE3HOIOPOKHBIX
HarpaBieHusIX. Meroauka. B nccnenoBanuy paccMOTpPEH MPOIIECce MPOITyCKa CIEHAN3HPOBAHHBIX MOE3I0MOTOKOB
IO KEJIE3HOIOPOXKHBIM KOPHIOpaM KaK COCTABILIOIIYIO €MHOI JlorncTudeckoi nenu. K atomy mporeccy mMbl omo-
LT ¢ TIO3ULIUH YIIPABJICHUS] PUCKAMH, KOTJa HY)KHO OIIPEACIIUTh BpeMs MPUOBITHS MOE3/0B C Pa3INYHbIX HaIpaBiie-
HUU TIPH UMEIOLIUXCSl TEXHOJIOTHYECKUX OTpaHNueHUsX. BBIOOp palMoHanbHOro MHTEpBaja CIeJ0BaHUSI MEXKIY T10€3-
JTaMH Ha JKeJe3HOJOPOXKHBIX KOPHIOpax KpaiHe BaXKeH, TaK KaK MO3BOJIAET OCYLIECTBIIAThH MPOILYCK CHENUaTU3UPO-
BaHHBIX IPY30MOTOKOB 0oJjiee 3P PEKTUBHO C TOUKU 3PEHHS PAacXOJIOB HA BBIIOJHEHHE JIOCTABKH B KOHEUHBIH (OMOp-
HBIN) MMyHKT U CKOPOCTHU 3TOi 1ocTaBku. C LieNbIo peanu3auy ONTHMU3AIMOHHON MaTeMaTH4ecKoi MOJIeTH ompeie-
JICHUS UHTEHCUBHOCTH JBIDKCHMS CHEIHATN3HPOBAHHBIX MOE3J0MOTOKOB HA KEJIE3HOJOPOXKHBIX HANPaBICHUSIX HC-
M0JIb30BaHO TEHETUYECKUH aNrOpuUTM ¢ JeiicTBUTENbHBIM KoaupoBaHueM (RGA). Pesyabtarsl. [IpoBeneHHbIi aHamM3
Joka3ai 3¢ PEeKTHBHOCTH TIONCKA PALOHAILHOTO BApHAHTa YCTAHOBJICHHSI MHTECHCUBHOCTH JBIKEHHS CTICIUATIM3HUPO-
BaHHBIX ITOE3/I0TIOTOKOB Ha JKEJIE3HOJOPOKHBIX HATPABICHHUAX C YUETOM PACXOAOB JKEJIE3HON JOPOTH Ha TATY M pac-
X0IIOB rpy3omnoiydareneid. IIpeacrasineH rpaduk 3aBHCHMOCTH Jy4IINX W CPEIHHUX 3Ha4eHWH (HUTHeC-(QYHKIMH OT
konunyectBa urepauuii RGA B mpouecce HaxoxaeHus pemieHus. Hayuynass HoBu3Ha. B pesynbprare uccieqoBaHus
pa3paboTaHa IporpaMMHasl peayu3anys MaTeMaTHIeCKOW MOJIENH OIPeIeNICHUs] MHTEHCUBHOCTH JIBMDKEHHS CIIeIIHa-
JIM3UPOBAHHBIX TOE3/I0NOTOKOB HA JKEJIE3HOAOPOXKHBIX HANpaBIEHHAX C ydeToM OajlaHca pacXolloB JKEJIC3HOM
JIOPOTH HA TSTOBBIE PECYpPChl M PAcXOOB MOIydaTess rpy3a. JTa HMporpaMma IO3BOJSIET MOAENUPOBATH BHIOOP
BPEMEHHM NPHUOBITHS TO0E30B HAa KOHEUYHYI0 CTAHI[MIO MAapUIpyTOB C pAa3JIMUHBIX HANpaBJICHUI B YCIOBHIX
HEOIPEIEICHHOCTU. DKCIIEPTHBIN aHAIN3 TOMYYEHHBIX PE3yJIbTaTOB MOJECIMPOBAHUS JIOKA3all a/leKBaTHOCTh pelle-
Hust. IIpakTHyeckasi 3HAYMMOCTb. J[aHHOE HCCIIeJOBaHHUE MO3BOJISET YCTAHOBUTH 3aBHCHUMOCTh MHTEpPBAJIA JBHXKE-
HUS TI0E3/I0B OT IHapKa JOKOMOTHBOB U JIOKOMOTHBHBIX Opuraa. Ilomck onTuMansHOro MHTEpBana CIEAOBAHUS IO-
€3JI0MI0TOKOB C TIOMOIIBIO Pa3paboTaHHON MAaTEMaTUYECKOH MOJENN MO3BOJIAET YIPABIATh COMTYyTCTBYIOIUMU PUCKa-
MH 1 MUHUMH3HPOBATh YKCILTyaTAI[MOHHBIE PAacX0/Ibl HA MIPOIBIKEHIE CHIEHAITN3UPOBAHHOTO TIOE€3/I0I0TOKA.

Kniouegvie cnosa: 1moe3nonoTox; MHTEHCUBHOCTD ABW)KEHUS; TATOBBIN IMOJBIIKHOM COCTaB; PHCKH; T'€HETHYe-
CKHI alropuT™M
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RESEARCH OF MOTION INTENSITY OF SPECIALIZED TRAIN
TRAFFIC VOLUMES UNDER RISKS CONDITIONS

Purpose. The study aims to establish a rational variant for running of specialized train traffic volumes by man-
aging risks and determining the dependence of the train motion interval on locomotive fleet and locomotive crews. It
is possible to achieve this purpose by establishing the sequence of stages of the genetic algorithm for implementing
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a mathematical model for determining the movement intensity of specialized train traffic volumes.
Methodology. The study examined the process of passing specialized train traffic volumes along railway corridors
as part of a single logistics chain. We approached this process from the perspective of risk management when it is
necessary to determine the train arrival time from different directions with the existing technological restrictions.
The choice of rational interval between the trains running along the railway corridors is extremely important, since it
allows the passage of specialized freight traffic volumes more efficiently in terms of delivery costs to the destination
and the speed of this delivery. In order to implement an optimization mathematical model for determining the mo-
tion intensity of specialized train traffic volumes in railway directions, a real-coded genetic algorithm (RGA) was
used. Findings. The analysis proved the search efficiency of the rational option for establishing the motion intensity
of specialized train traffic volumes, taking into account the railway costs for traction and the costs of consignees.
A graph of the best and mean values of fitness function on the number of RGA iterations in the process of finding
a solution is presented. Originality. As a result of the study, a software implementation of the mathematical model
for determining the intensity of specialized train traffic volumes in the railway directions was developed taking into
account the balance of rail costs for traction resources and the costs of consignee. This program allows you to simu-
late the choice of time of trains’ arrival to the final station of from different directions in the uncertainty conditions.
An expert analysis of the obtained simulation results proved the adequacy of the solution. Practical value. This
study allows us to establish the dependence of train motion interval on the locomotive fleet and locomotive crews.
The search for the optimal interval of train traffic volumes using the developed mathematical model makes it possi-
ble to manage the associated risks and minimize operating costs on the specialized train traffic volumes.
Keywords: train traffic volume; motion intensity; traction rolling stock; risks; genetic algorithm
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AHAJII3 PO3BUTKY OCHOBHUX JAE®EKTIB I TEOPETUYHE
MMPOTHO3YBAHHS PECYPCY PEHOK B YMOBAX MAIIIEHHS

Mera. JlocnipkeHHS CTIPSIMOBAHO Ha BHSIBJICHHS 3aKOHOMIpPHOCTEW BIUTMBY HAaBaHTa)XKEHHS Ha pelKy Ta mapa-
METpiB JIBOIIAPOBOTO MAIIEHHS Ha PO3BUTOK OCHOBHHUX JI€(DEKTIB peikH, a came - GOKOBOTO 3HOCY Y KPUBHX JALISAH-
Kax 3ayi3HUYHOI Komii. MeToauka. [l po3moairy OCHOBHUX JIe(eKTiB peHOK BUKOPHCTAHO PE3YJIbTaTH EKCIIepT-
HUX OIIIHOK CITY>KOM KoJiii AzepOaiiyKaHCHKOT 3ai3HUII MO0 BUMIipY Ae()eKTHUX MMapaMeTpiB Ta CTPOKIB CIIYKOH
peiiok 3a OKpeMHMH JUITHKaMH. [1J1si BCTaHOBJIEHHS 3aKOHOMIPHOCTEH BIUIMBY HaBaHTAXXCHHS Ta IapaMeTpiB JBO-
LIAPOBOTO MallleHHs Ha IHTEHCHUBHICTh 3HOIIYBAHHS PEHOK Ta iX pecypc y KPUBHX BUKOPHUCTAHO OCHOBHI ITOJIOKEH-
HSI MEXaHIKM KOHTAKTHOI B3aeMojii, Tpubosorii Ta xiMorosorii. Pe3ynbTaTu. ABTOpH noBenu: 1) OCHOBHHMH Jie-
(exTaMu pelioK y KpUBUX AUSIHKAX KO € nedekTH, NoB’si3aHi 3 HU3bKOK KOHTAKTHO-BTOMHOIO MIIIHICTIO CTai Ta
BHCOKMMH KOHTAKTHUMHU HATIPY)KCHHSIMH H CHJIaMH TepTs; 2) 3TiZHO i3 BCTAHOBJICHUM PO3MOJIIIOM, O OCHOBHHX
JedeKTiB pelioK y KpUBUX CJIiJI BITHOCUTH: OOKOBHiI 3HOC I'OJIOBKH, BUKPHIIYBaHHS METajy 1o OOKOBiil MOBEepXHi,
HasBHICTh MONEPEYHHUX TPILIMH y TOJIOBL; 3) 3aCTOCYBaHHs JBOLIAPOBOrO MAIICHHS MPU3BOIMUTH 10 30UIBIICHHS
(hakTHYHOT IUIOIII KOHTAKTYy KoJleca Ta PeHKH, 3MEHIIEHHS] KOHTAKTHOTO THCKY Ha PEHKy Ta, Y CYKYITHOCTI, 10 yHO-
BUIbHEHHS! OOKOBOTO 3HOLIYBaHHS Ta 30UIbIIEHHS pecypcy peliok. HaykoBa HOBH3HA. ABTOpH BIepIle BUKOHAIN
CHCTEMATH3aIli0 Pe3yNbTaTiB BUMIPIOBaHb MMapaMeTpiB MePEeKTIB peHoK y KPUBHUX Ta Ha I[iif OCHOBI OTpUMAaJH PO3-
TIOJIIT OCHOBHUX AE(EKTIB 3aJIeXKHO BiJ paziyca KpuBoi. Takok aBTOpH BJOCKOHAJIMIN MaTeMaTH4HY MOZENb IS
PO3paxyHKy pecypcy peiok y KpWBHX, sIKa, HA BIAMIHY BiJ HAasBHUX, YPaXOBY€ TOBIIMHY MACTHJIBHOI IUTIBKH Ta
KOHLEHTpalito TBepaoi aHTH(pUKLiiiHOT 100aBKM B OJNMBI MiJl 4Yac BHKOHaHHsS MalleHHS OOKOBOI MOBEpPXHI.
IpakTuyna 3nauynMicTb. OTpUMaHi pe3yabTaTH JA03BOJISIOTh BUKOHYBATH MIPOTHO3HI PO3PaXyHKU pecypcy perok
Yy KpUBHUX AUISTHKAX 3aJI€KHO BiJl HABAaHTaXKEHHS BiJ KoJjieca JUIsl Pi3HUX eKCIUTyaTalliiHX YMOB, a caMe 3a CyXOro
KOHTaKTy KoJieca peiiKoI0 Ta B yMOBax iX JBOIIAPOBOTO MalleHHs. Pearizamis IBOIIapOBOrO MalIeHHS pEeHOK Ha
3aJI3HUYHOMY TPAHCIOPTI 3 ypaxyBaHHIM BIUIMBY AOCHIIPKEHHX IapaMeTpiB MpU3BeAe 10 IMiIBUINECHHS pecypcy
peiiok y kpuBux Ha 55, 50 ta 45 % 3a po3paxyHKoBoi Macu pyxomoro ckiany 60, 70 ta 80 T.

Kniouosi cnosa: 3ani3HUUHHUNA TPaHCIIOPT; peiKa, BaroH; KOJecO; KOHTAKT; HAaBaHTaXeHHs; JedekT, OokoBui
3HOC; pecypc; MallleHHs
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Beryn

JocBin ekcroryaTarmii 3ami3HUIB YCTaHOBIIOE
OHHM 3 OCHOBHHUX 3aBJaHb YNPOBAJKCHHS TeX-
HOJIOTI{ YTIOBUTHPHEHHSI PO3BHTKY OCHOBHHX Aede-
KTIiB pelioK, 0COOJHMBO B KPHWBHX AUITHKaX BaHTa-
KOHanpy»x)eHux mneperoniB [1-4]. Jlo mepemoBux
METO/IiB 3aro0iraHHs 3 PO3BUTKY OCHOBHUX jAcde-
KTiB HaJeXaTh MONIMNIIEHHS KOHTAaKTHO-BTOMHOT
MIIHOCTI PEWKOBOI CTalli, MONEpe/HKYBAIbHE Ta
M1aHoBe HUTi(yBaHHS, a TAKOK PeHKO3MaIyBaHHS
[9-14]. HaiimeH1 ompaiibOBaHUM, alle MEPCIEKTH-
BHHM, € peiiKO3MallyBaHHS, SIKE B JEIKUX KpaiHax
CBITY IIMPOKO 3aCTOCOBYIOTh, OJHAK y OUIBIIOCTI
kpain xonuiaboro CPCP nepeOyBae Ha mouaTko-
Biif crafmii po3BUTKy. lle moB’s13aHO 3 KOJIMBaHHS-
MU SKOCTI PEeHKOBOi cTaii, 3MMOBHMH YMOBaMH,
MiCUTIAHHSAM TCKY, HU3BbKOIO €(EeKTHBHICTIO Jie-
IIeBUX 3MAallyBadiB, BHCOKOIO BapTICTIO IMIOPT-
HHUX KOMIT IOTEPU30BAHUX CHUCTEM, JFOJICHKHM (haK-
TOpPOM, SIK HACII/IOK, BiZICYTHICTIO HAYKOBUX 3acal
palioOHATBHOTO BITPOBA/PKEHHS METOAY 3Mally-
BaHHs peiiok [3, 13, 14].

Meta

JocnipkeHHsT CTaBUTh 32 METy OTPUMAaHHS 3a-
KOHOMIPHOCTEH BIUIMBY HaBaHTAKEHHS Ha peHKy
Ta MapaMeTpiB JBOIIAPOBOTO MAllleHHS Ha PO3BH-
TOK OCHOBHHX JIe)eKTiB peloK, iX OOKOBHI 3HOC
1 pecypc y KpUBHX IUISHKax Kojii. 3aBOaHHSAMH
JIOCJIIKEHHH €

— BHKOHAHHS aHaji3y po3nojiny nedeKTiB
peloK Ta BCTAHOBJICHHS HA Iili OCHOBI 3aJIEKHOCTI
3MIHH pecypcy peiok Bix pajiyciB KpUBHUX;

— YIOCKOHAJICHHSI MaTeMaTW4HOI MOJeNi po3-
paxyHKy pecypcy peloK y KpHUBHUX Ta OTPHUMAaHHS
IIJTHOBUX 3aKOHOMIPHOCTEH.

MeToauka

Jis po3mnojiny OCHOBHUX Je(EeKTiB peok 3a
TUIIAaMH Ta JAUITHKAMH KOJii BUKOPUCTAHO Pe3yIib-
TaTH EKCIEPTHUX OLIHOK CIIy>kOM Koiii A3epOaii-
JDKQHCBKOI 3ai3HMIN IIOA0 BUMIPY JehEeKTHUX
napaMeTpiB peiiok 3a OKpeMuMH IiasHKamH. Jlis

BCTaHOBIIEHHSI 3aKOHOMIPHOCTEH BIUIMBY HaBaH-
TQXEHHS Ta TapaMmeTpiB ABOIIAPOBOIO MAIIEHHS
Ha IHTEHCHBHICTh OOKOBOT'O 3HOIIIYBaHHS PEHOK Ta
iX pecypc y KpWBHX BUKOPHCTAaHO OCHOBHI ITOJIO-
JKEHHSI MEXaHIKM KOHTaKTHOI B3a€MOJIi 3a TMPYyXK-
HOTO Ta TUIACTUYHOTO KOHTAKTY, a TaKOX TPHOO-
JIOTii Ta XIMOTOJIOTI.

Ananiz posnodiny odegexmis petiox. Ha puc. 1
HaBEJICHO JlaHi OINHOK JaeekTiB peiiok Ha 174
KpUBHX  JIUISIHKAax MaricTpaibHUX KOJIif
AzepOaiimkancekoi  3amisHuii. Ha pwue. 1, a
HaBEJCHO [aHi IIONO pO3MOoALTy nedeKTiB 3a
BHJIaMH [0 OJHOTHIIHUX Tpymax JUISHOK.
Konbopamu  Bim3HayeHO BUAM JC(PEKTIB  3a
knacudikamiero, moganoro B iHcTpykmii [[[1-0285
[5]. Ha puc. 1, 6 moka3zaHo 3arajbHuil (CyMapHHiA)
PO3MOJIIT MO BCIX MIISHKAX 32 OKPEMUMH BUIAAMU
nedeKTiB.

Sx BugHO 3 puc. 1, MarOTh Micne aedeKTH piz-
HUX BUJIB, OJHAK JUIsl KPUBUX JUISHOK IepeBaxa-
I0Th JIeeKTH, SIK MO0 Mipi 3MEHIIeHHS iX YacTK{
TIOIUISIIOTH Ha TaKi:

—44.1-2, OOKOBHI 3HOC T'OJIOBKU PEHKH, CKIIa-
Jae 26 % BiI 3araibHOI KiIBKOCTI,

—11.1-2, BukpuiyBaHHS MeTaly Ha OOKOBIi
poOouili BUKpPYXII, ckiamae 25 % Bija 3arajabHOi
KIJIBKOCTI,;

—10.1-2, BukpunIyBaHHS ¥ BiAmapyBaHHS Me-
TaJly Ha MOBEpPXHI KOYeHHs, ckianae 24 % Bix 3a-
rajbHOI KiJIbKOCTI;

—21.1-2, momepeuHi TPIlIMHU B TOJIOBII, CKJIa-
naroTh 13 % Bif 3arajibHOI KIIBKOCTI;

— 37.1-2, ropu3oHTaIbHE PO3MIAPOBYBAaHHS T'O-
J10BKH, ckiagac 11 % Bij 3arajbHOT KiJILKOCTI.

Bimznaunmo, mo Taki nedekth SK OOKOBHH
3HOC (44.1-2) Ta BUKpHILIYBaHHS MeTayly Ha OOKO-
Bili pobouiit moBepxHi (11.1-2), xapakTepHi nepe-
BKHO JUIsI PEHOK y KPUBHUX AUISHKAX KOJii, 10
OyJ0 3a3Ha4eHo B MOIEPeIHIX NOCTiHKeHHIX [4,
8, 10]. OTpumani gaHi CBiIYaTh PO HEAOCTATHIO
3HOCOCTIHKICTh Ta KOHTaKTHO-BTOMHY MIilIHICTb
pelikoBoi cTaii, MmO MiATBEPIKYETHCS 3HAYHUM
OOKOBHM 3HOCOM PO0OYOT MOBEPXHi pPEeHKH y KpH-
Bux. lle morpeOye momryky ekcruryaTaiiHuX Me-
TOJiB 3a100iraHHs 3 PO3BUTKY J1e(EKTiB.
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Puc. 1. Posnoxin gedexrtis peitok (y %) Mo KpUBHX AUTSHKAX 3aJTi3HHII:
@ — 3a BUIAMH 110 OMHOTHITHHUX IPYIax TiISHOK;
6 — 3aranbHUI 47151 BCIX TISTHOK 33 BUAaMu Ae(eKTiB, 3riqHo 3 kiacudikamiero [[I1-0285

Fig. 1. Distribution of rail defects (in %) over curved sections of railway:
a — by types by same groups of sections;
b — common for all sections by types of defects, according to the LI11-0285 classification

Hwxue, Ha puc. 2, HaBeIeHO pe3yNbTaTH CTa-
TUCTHYHOTO aHaNi3y BU3HAUEHHS iHTEHCHBHOCTI
3HOILYBaHHs Ta PECypCcy PEeHoK y HOCIIDKYBaHHUX
KPUBUX JIUTSTHKAX.

Ha puc. 2, ¢ HaBeseHO JaHi IMOAO PO3MOILTY
IHTEHCHBHOCTI OOKOBOTO 3HOIIYBaHHS pPEHOK
y KpuBuX IinsHKax. OKpeMHM KOJBOPOM MO3Ha-
YeHO [ianma3oHM paiiyciB kpuBux, Big 300 g0
1 200 M, 3a sKMMH 3rpyHoBaHi AUIAHKHA. Taki gaHi
JIO3BOJIMJIM BCTAHOBHUTH CEpeAHId pecypc perok
3aJIe’)KHO Bij JianazoHy pajiyca KpHBHX, SIK HOKa-

3aHO Ha pHC. 2, 6. Y 1IbOMY BHUIAJIKy pPecypc IO
OKpEeMili JUISHI[I BU3HAYCHO SIK BiJIHOIICHHS BCTa-
HOBJICHOTO TPaHUYHOTO OOKOBOTO 3HOCY PEUKH J0
IHTEeHCUBHOCTI 3HOLIYBaHHS, IIiCIs YOr0 OTpHUMaHi
JlaHl yCepEeIHECHO 3a KOXKHHUM J1alma3oHoM, JI0 KO-
rO BXOAWTH Ta YM iHIIA Ipymna JUITHOK. SIK BUIHO
3 puc. 2, 6, pecypc perioK y KpHUBHX HENIHIHHO 3a-
JISKHUTD Bijl pazaiyca Ta ckiagae 170 MiaH T OpyTTO
s kpuBux 300-600 m; 450 maa T OpyTTO ANIs
kpuBux 600—900 m; 560 MitH T OPYTTO AJISI KPUBHX
900-1 200 m. OtpumaHi 1aHi cBiT4aTh OpO JOCUTD
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HU3BKHUI pecypc peroK, HaBiTh Ui KPUBHUX BEIIH-
KOTO pajiyca, mo noTpedye, sik OyJIo CKa3aHO BH-
IIe, MONIYKY METOJIB 3MEHIICHHS 1HTEHCUBHOCTI
0OOKOBOTO 3HONIYBaHHS peroK. OTHUM i3 TIepcreK-

THBHHUX, OJJHAK HaHMEHII BUBYCHHX, € METOJ 3Ma-
IIyBaHHS pPEWOK, camMe TOMY MOJANbII JOCIHi-
JDKEHHsI CTPSIMOBaHI Ha MPOTHO3YBaHHS pecypcy
pelioK B yMOBaxX 3MallyBaHHS.
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Puc. 2. IHTEHCHBHICTb 3HOIIYBAaHHS Ta PECYpC PEHOK 3 KPUBUX AUISHKAX 3aJII3HUIII:
a — IHTEHCUBHICTb 3HOIIIYBAaHHSI MO JOCTIDKSHHUX JIISTHKAX, SIKi 3rPYIIOBaHi 32 TphoMa Jiara3o0HaMH pajiiyciB KPUBHUX;
6 — 3aJIeKHICTh YCEPETHEHOTO Pecypey pelok Bif paniyca KpUBUX

Fig. 2. Wear intensity and service life of the rails on the curved sections of the railway:
a — wear intensity on the investigated sections, which are grouped by three ranges of the curve radius;
b — dependence of the average rail service life on the curve radius

Mooenv npoznosysanns pecypcy petiok. Ilin
gac po3poOKH Mozesiell NpPOTHO3YBAaHHS pecypey
Ha OCHOBI BHMBYEHHS TPOIECY 3HOUIYBAHHS CIIiJI
CIUpaTHCS Ha BiJJOMI MiIXOAH B Tay3i TPUOOJIOTIi,
3 ypaxyBaHHSIM MEXaHi3My KOHTAaKTHOi B3a€MOil

peiikn Ta Kojeca mo Oiumiii mosepxmi [6, 8.
VY upoMy JOCHIIKEHHI PO3rISHYTO BIUIMB Iapa-
METpIB JIBOIIAPOBOTrO MallIeHHs PeKH Ha BEJUYH-
HY (paKTHYHOT TUTON[ KOHTAKTY, THCK Y KOHTaKTI,
IHTEHCUBHICTh 3HOILIYBaHHS Ta, SIK HACIiIOK, pe-
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cypc. 3rigHo 3 momepeaHiMi poOOTaMH aBTOPIB Ta
IHIUX AOCTIAHUKIB, i JBOIIAPOBUM MAIICHHIM
CIIii PO3yMiTH HaHeceHy Ha po0OouYy MOBEPXHIO
pelikn MacTUIIBHY IUTIBKY, SIKa CKIIAa€Thes 3 mep-
moro (HWKHBOTO) MIapy TBEPAOi aHTU(PHUKIIHHOT
n00aBKH, HaNpUKIaz, rpadiTy, Ta Ipyroro (Bepx-
HBOTO) Iapy, SIKUH SBJISE COOOI0 MONIMOJIEKYJISIP-
HUH TPaHWYHHUHA MIap, YTBOPEHHUN 13 MOJIEKYJ OJIH-
BU [7, 13, 14]. Tlepunii map 3amoBHIOE HEPIBHOCTI
MOBEPXHI, 30UIBIIYIOYHM THM caMUM (pakTHIHY
IUIONTY KOHTAaKTYy, II0 Ma€ aHTH()PUKIIHHI BIACTH-
BocTi. Jpyruii map — KBa3iKpHUCTANIYHUH, BiH
nemii(ye 30BHILIIHE HABAHTKEHHS 1 TaKOX Mae
noOpi  aHTU(PUKINHHI BIACTUBOCTI. Buxoasun
3 IMX MIpKyBaHb, MOXKHA 3aIllPOIIOHYBAaTH pO-
3paxyHKOBY CXeMy IJisi T00yJOBH MOJENI TPOTHO-
3yBaHHS pECypcy, ska HaBeJieHa Ha puc. 3.

PIHLI.\'

D

E—

ARp

Puc. 3. Po3paxyHkoBa cxemMa KOHTaKkTy B pasi
JIBOIIIAPOBOTO MAII[CHHS

Fig. 3. Calculated contact scheme for two-layer oiling

Ha cxewmi, 3rimHO 3 puc. 3, y34TO Taki MO3Ha-
YeHHS: Pmax — MakKCUMaJIbHEe OOKOBE HaBaHTAXKEH-
Hs BiJ KoJieca Ha peiiky, H; Pi — HaBaHTa)keHHS Ha
OJMHUYHY HEpiBHICTh, H; p — KOHTaKTHHH THCK,
Mlla; Ny, — KUTBKICTh HEpIBHOCTEH HA KOHTYpHIH
IUIOILI KOHTAKTY; Sy — OAMHUYHA IJIOLIA KOHTAKTY
micys  IracTuyHOi  Aedopmainii 3 ypaxyBaHHIM
ITBOK, M?; Iy — Pafiyc y IUIaHi OAMHUYHOI ILIONI
KOHTaKTy Miciis macTuuHoi nedopmarii, 6e3 ypa-
XyBaHHsI IUTIBOK, M; Nyy — TOBIIMHA MAacCTHJIBHOL
IUTiBKK (Zipyroro mapy), M; Ra — modaTkoBuii ce-
penHiil pagiyc HepiBHOcTel, M; R, — cepeans Bu-
coTa HepiBHOCTEH micis iX ractTuyHoro nedop-

MyBaHHS, M; AR, — 30Ha IpyXHUX AeopMariii, M;
Sun — IUIOIIA, Ky 3aliMa€ MacTHJIbHA IUTIBKA TOB-
IMUHOKO Ny, M2 Sip — IIIOIA TTOBEPXHI, IO MOXKE
OyTu 3amoBHeHa rpadiTom, M2,

KpurepisiMu gBOLIapOBOro MAIIEHHS € KOHILIE-
HTpawis rpaditTy B OJMBI Crp Ta TOBIIMHA MACTHIIb-
HOI TUTBKH Ny, — Apyruii map. Y 3arajibHOMY BH-
Il pecypc perok, y MIIH T OpyTTO, MOXe OyTH
BU3HAUYECHUM SIK:

|
T(m_.,c )= LIM -m_, 1
( Bar Fp) Iic(mBar,Cl_p)‘nKn Bar ( )

ne lum — TpaHUYHNN BaroBuil 3HOC, KT'; Mgy — Maca

BaroHa, T; Ny, — YMCJIO KOJNICHUX Map BaroHa; lic —

BaroBa iHTEHCHBHICTb 3HOITYBaHHSI, KI/I[HKII.
['pannvHMit BaroBuii 3HOC AOPIBHIOE

lim = Seon P Per s (2)

ne  Son KOHTypHAa IUIOIIA KOHTaKTy, M?

hum — rpaHugHUE niHiAHAE (OOKOBHI) 3HOC, M;
Per — NILTBHICTE PEMKOBOI cTai, Kr/M°,

OcHOBHUM (haKTOpPOM, IO BILTUBAE Ha PeCypc
peliku, € IHTeHCUBHICTh 3HOIIYBaHHS lic, sika 3aie-
J)KUTh BlJ 30BHIIIHIX HaBaHTa)KE€Hb, MeEXaHIYHHUX
BJIACTMBOCTEH cTajmi Ta MapaMeTpiB MaICHHS.
Y HamoMmy BWIIaAKy 3MIiHHMM MapaMeTpoOM Ma-
IIeHHs € KOHIIeHTpamis rpadiTy B OiHBI ¢, TOXI
3QJIKHICTD I BH3HAYCHHS IHTCHCHBHOCTI 3HO-
IIIyBaHHS MAa€ TaKUH BUTJIS:

Iic (mBar ’ Crp) = AVcer (mBar ’ Crp) : nrm “Pers (3)

ne AVee — 00’eM 3HOmIIEHOTO Matepiany Ha 1-i
HEpIiBHOCTI BiJ mpoxomkeHHs 1-1 KomicHOI mapw,
M3 Ny — KiIBKICTH HEpIiBHOCTEH Ha KOHTYpHiid
TUTOII KOHTAKTY, IIT.

O06’eM 3HOIIEHOTO MaTepiany OAHOI HEPIBHOCTI
32 OJIMH IIUKJI HABaHTa)KEHHS BU3HAYAEMO 3 ypa-
XYBaHHAM TeOpiil TPYKHOCTI, IMJIACTUYHOCTI Ta

MaJIOLIMKJIOBO1 BTOMJICHOCTI:

Rp(m

Bar)
2 2
Avcer(maarlcrp)zn' (Ra —X )dX(4)
Rp (M, )-ARpP(m,, )

SIkio

P(m_.,c_)-Rp(m
ARp(m, ) = e ) RO er)
E'Srm(msar)'nlc(msar’crp)

(%)

Creative Commons Attribution 4.0 International
doi: https://doi.org/10.15802/stp2020/203112

© C. B. BopoHin, b. C. Acanos,
B. O. Credanos, /1. B. Ononpeituyk, O. O. I'y6in, 2020

39


http://creativecommons.org/licenses/by/4.0/

ISSN 2307-3489 (Print), ISSN 2307-6666 (Online)

Hayka Ta nporpec tpancropry. Bicuuk J[HIinponeTpoBcbKoro
HAL[IOHAJILHOTO YHIBEPCUTETY 3alli3HHYHOro Tpancnopty, 2020, Ne 2 (86)

3AJIIBHMYHA KOJIII TA ABTOMOBUIBHI JOPOI'

ne E — mMoxynb mpykHOCTI peiikoBoi crami, MIla,
a Nic — KUTBKICTh IUKJTIB HABAaHTAKECHHA e opMo-
BaHOTO 00’eMy HEpiBHOCTI [0 pyHHYBaHHS, TOAI
AV.er — 116 acTHA 00’ €My MPYKHO NehOpMOBaHOT
HEPIBHOCTI, IO 3HOMIIYETHCS BiJl MPOXOIKEHHS 1O
Hil omHOTO KoJyieca. Binznaummo, mo R, € mouar-
KOBOIO BHCOTOIO «IIPHUITPALbOBAHUX» HEPIBHOCTEH,
sIKa YTBOPIOETHCS MUISIXOM TUIACTUYHOI Aedopmartii
HEpIBHOCTEH HOBOi peWiKH 3 BHUCOTOKO Ra, micis
YOro KOHTaKT PEWKH Ta Kojeca PO3risIaeMo SK
MIPYKHUH JUCKPETHUH KOHTAKT MO BCiX HEPiBHOC-
TAX y MEXKaxX KOHTYPHOT TUTOMITI.
[TouarkoBa Bucota R, nopiBHIOE

(6)

JIe Ger — MeXa TUIMHHOCTI perikoBoi ctami, Mlla,
a OJIMHUYHA TUIOIIA KOHTAKTYy TICIs IIACTHYHOI
nedopmanii Syy TOpiBHIOE:

Srm (m ) = ﬂ:(RaZ - Rp(mBar)z) +

+n((Ra+h,, )" ~Ra?) (7)

3anexHicte (7) ypaxoBye ApYyruil mapamerp
JBOIIAPOBOTO MAIEHHS — TOBIIWHY MAaCTHJIBHOT
IUIBKY My,

MaxkcuMalibHe OOKOBE HAaBAaHTAXKEHHS Pmax 3a-
JISKHUTD BiJl MACH BaroHa i KUJIbKOCTI KOJIICHUX Tap
Ta, 3rigHo 3 [2, 9, 11], ckimamae 60 % Big BepTHKa-
JIFHOTO HaBaHTAXEHHsI, 110 MPHOIM3HO BiAMIOBiAaE
paaiycam kpuBux 600 M Ta cepeiHiil MIBUIAKOCTI
pyxomoro ckiany 80 km/To:

max 3
Pmax — mBaF 10 g . 0, 6,
n, -2

Kn

(8)

a HaBaHTAXXCHHS Ha OJJUHUYHY HEPIBHICTH Pj:

3
m,,.-10°-g 0

P(m
nKH : 2‘ nHJ’l

’6_Grp 'Srp’ (9)

Bar’crp) =

1e orp — MeXa MiHocTi rpadity, Mlla.
[Mnoma Sy, mo Moxe OyTH 3amoBHEHa rpadi-
TOM, JIOPIBHIOE:

Srp (mBar 1 Crp) =

Srp(l) (mBar ) -

- C
Sr‘p(b (mBar) - Srpd) (mBar) ’

2, (10)

p
Cum (Myr)

Ie Srpp — IOTOYHA TUIOINA 3aTIOBHEHHS TpadiToM 3a
NEBHOI KOHLIEHTpALlii, M2, SIKY BU3HAYA€EMO TaK:

S, (M) =4-Ra® —m(Ra® =Ry (m,,,)*); (11)

CcLM — TpaHWYHA KOHIEHTpamis rpadiTy, 3a SKOi
Oyze 3anOBHEHWH BeCh 00’ €M Ha KOHTYPHIM IO
KOHTaKTy, %:

Cum (M) =

Rp (Myy,.)

4.Ra’-R,(m,, )7 (Ra - x)*dx

0
= -100.(12
16 ’ Ra2 : RP (mBar) ( )

KinpkicTh nuKiIiB 10 pyHHYBaHHS MPYKHO Jie-
(hopMoBaHOTrO 00’€MY HEpPIBHOCTI, 3a TEOPi€I0 Ma-
JOIMKIIOBOi ~ BTOMJIGHOCTI, €  CTYIIEHEBOIO
(YHKIII€I0 BIAHOMIEHHS G¢r A0 TUCKY B KOHTAKTI
[7,10]:

6

.(13)

Ser
I:,i (msar ' Crp )/Snn (mBar)

3anexHocTi (4) — (13) y sBHOMY BHUIJISII PO3K-
PHUBAIOTH 3aJIEXKHICTh (3) JUIA 1HTEHCHUBHOCTI 3HO-
IIyBaHHS Ta JO3BOJIAIOTH BECTH PO3PAXYHKH SIK
OKpPEMHUX XapaKTEPHCTHK KOHTAKTY, TaK 1 pecypcy
peioK, 3 ypaxyBaHHSIM MapaMeTpiB JIBOIIAPOBOTO
MaIlCHHSI, 30BHIIIIHIX HaBaHTaXCHb, T€OMETPIl KO-
HTaKTy Ta MIITHOCTI peHKOBOI cTai.

Ha puc. 4 HaBeseHO pe3ynbTaTH PO3PaxyHKY
OCHOBHHUX XapaKTEPUCTHK KOHTAKTY, 3HOLIYBaHHS
Ta pecypcy pelok. Po3paxyHOK BHKOHaHO B IIpO-
rpamHoMy kominiekci Mathcad 3a Takux BuXigHHX

r]IC (mBar’Crp) =

nanux: My = 90 T; po3paxyHKOBHWil jianasoH
MAacH BaroHiB Mg, = 60...80 T; hum = 0,013 M;

Ayn = 0,110 M; ¢rp = 0...3 %.
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Puc. 4. PesynbraT po3paxyHKiB:
a — TUCK Ha (PaKTUYHIH IJIOMII KOHTAKTY; 6 — KUTBKICTh HUKIIIB A0 PYHHYBaHHS IPYXKHO A1ePOPMOBAHOTO 00EMY HEPIBHOCTI;
6 — IHTCHCUBHICTb 3HOLIYBAHHS PEHKH; 2 — pecype perku

Fig. 4. Results of calculations:
a — pressure on the actual contact area; b — number of cycles to destruction of elastically deformed volume of inequality;
¢ — wear intensity of rail; d — rail service life

Cnig BiA3HAUWTH, 110 OTPUMaHI PO3pPaxyHKOBI
3anexHocTi (1) — (13) Ta pe3yabTaTu po3paxyHKiB,
HaBeJICHI Ha puc. 4, He BPaXOBYIOTh HIBUIKOCTI py-
XY BaroHiB, 0 POOUTh MaTeMaTHYHY MOJIEIh «CTa-
TruHOKO». lle € 1i roJOBHMM HEIOIIKOM, OJIHAK,
3Ba)KAIOYM HA BIJICYTHICTh aHAJIOTIYHUX MOJENeH
JUTS. TIPOTHO3YBAaHHS PECYPCy PEHoOK B YMOBAx JIBO-
IIApOBOTO MaIlleHHS, OTPUMaHi 3aJIe)KHOCTI € €1H-
HUMH 33 CBOIM IPH3HAYCHHSAM, a JIOCTOBIPHICTH
OTPUMAaHUX Pe3yJIbTATIB IOCTATHHO BUCOKA, SIK Oy/ie
MOKa3aHO HWKYE IIij] Yac 3iCTaBICHHS (haKTHUHUX
Ta pO3paxyHKOBUX 3HAYEHb PECYPCY.

PesyabTaTtn

VY mepriit yacTHHI AOCIIIKEHHS Ha OCHOBI aHa-
Ji3y (PaKTHYHOTO CTaHy peHok A3sepOailKaHChKUX
3aJIi3HMIIb YCTAHOBJICHO, 110 JOMIHYHOUUMH Aehek-

TaMH PEHOK Y KpPUBHX € Je(heKTH, OB’ s13aH] 3 HU3b-
KOO0 3HOCOCTIMKICTIO Ta KOHTAKTHO-BTOMHOK MilI-
HICTIO CTaJli, a caMe OOKOBHUIT 3HOC 1 TPIIIUHOYTBO-
PEHHS 3 BUKPUIITYBAHHSIM MeTalry Ha OOKOBiil po0o-
Yiii BUKPYXKI. [HTCHCHBHICTh PO3BUTKY BKa3aHHX
nedekTiB yCTaHOBIIOE BEIWYHMHY pPEcypcy peHok,
mo ckiagae 170 mma T OpyTrTo mns xpuBux 300—
600 m; 450 mte T OpyTTo MU KpuBUX 600-900 M;
560 mutH T OpyTTO st KprBUX 900—1 200 M.

VY npyriii 4acTHHI JOCTIHKEHHS] BUKOHAHO TI0-
Oy/I0OBY 3aJIeKHOCTEH [T TPOTHO3YBAaHHS pecypcy
peHoK y KpHBHX B pasi peamizarii ix ABOIIapOBOTO
MallleHHs. Y CTaHOBJICHO, IO y BUMAJKY 3aCTOCY-
BaHHsI IBOILIAPOBOI'0 MAIllEHHS TUCK Ha (aKTHUYHIH
IUTOIII KOHTAKTY 3MEHINY€EThCSI IPUOIM3HO Ha 5 %
(puc. 4, a), a 4uCIIO TMKIIB HABAHTAXEHHS J0
pyiiHyBaHHS JeOpMOBaHHX 00’ €MiB HEpPiBHOCTEH
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3poctae B 1,4 paza, sk mokazano Ha puc. 4, 6. Taki
(hi3uvHI SBUINA CUPUSIOTH 3MCHIIICHHIO 1HTCHCHB-
HOCTI 3HOIIYBaHHS PEHOK y KPUBHUX, K HACIIJIOK,
MiABUIIEHHIO iX pecypcy. Hampukman, 3rigHo
3 puc. 4,6, IHTEHCHBHICTh 3HOIIYBaHHS pPEHOK
3MEHIIYEThCS B cepenHboMy Ha 34 % mns jocii-
JOKYBAHOTO Jlialia30Hy MacH BaroHiB. BiamosigHo,
31 3017BIIEHHSM KOHIEHTpalii rpadity B OJHMBI
pecypc peiiok 3poctae Ha 55 % a1 BaroHiB Macoro
60 1, Ha 50 % mus BarouiB macor 70 T 1 Ha 43 %
TuTst BaroHiB Macoro 80 T, Sk Toka3aHo Ha puc. 4, 2.
Po3paxyHKOBi 3Ha4eHHSA pecypcy peHok y pasi ix
MaIlCHHS YMCTOK OJIuBOKO (0e3 rpadity) ckiana-
10Tk Bix 350, 800, 2 000 muH T OpyTTO 1JIsl BAarOHIB
macoro 80, 70, 60 T BigmoBimgHO. OTpHMaHi 3Ha-
YeHHs ONM3bKI A0 (PakTHYHUX 3HAYEHb MEpIIol
yacTHHU nociimpkeHb — 170...560 mina T OpyTTO
JUTS KPUBUX PI3HUX PajiyciB, M0 TOBOPUTH IIPO
BHCOKY JIOCTOBIPHICTh PO3pPaxyHKIB 32 OTPUMAaHH-
MU 3aJICKHOCTSMHU.

HaykoBa HOBH3HA Ta IPAKTUYHA
3HAYUMICTh

ABTOpPHM BHEpIIe BHUKOHAIM CHCTEMAaTHU3AIiO
pe3ynbTaTiB BHMIpPIOBaHb IapaMmeTpiB JedeKTiB
peiioK y KpUBHX Ta Ha LIl OCHOBI OTPUMAJIH PO3-
MOMIINT OCHOBHHX Je(eKTiB 3alleXXHO BijJ paiaiyca
kpuBoi. TakoX aBTOPH BIOCKOHAIWIM MaTeMaTH-
YHYy MOJIENIb JUIS PO3PaxyHKy pecypcy peHok
Yy KpHBUX, 5IKa Ha BiIMiHYy BiJl HASBHUX, yPaxoBY€
TOBIIMHY MACTHJIBHOI IUIIBKM Ta KOHIIEHTPAIIIO
TBep/0i aHTUPUKINIIHHOT JOOABKM B OJHBI Mij] 4ac
BUKOHAHHS J[BOIIAPOBOTO MamlIeHHS OOKOBOi po-
00401 MoBepXHi peiKu.

OtpumaHi pe3yabTaTH A03BOJISIIOTH BUKOHYBa-
TH TIPOTHO3HI PO3PaxyHKH pecypcy peHok y KpH-
BHUX JIIAHKAX 3ajJ€KHO BIJ HaBaHTAXXEHHS Bij KO-
Jeca Juisl pi3HUX eKCIUTyaTaliifHX yMOB, a caMme 3a
CyXOro KOHTAKTy KoJIeca 3 PEHKOIO Ta B YMOBax iX
JBOIIAPOBOTO MAIIEHHS 3a 3MIHHOI KOHIEHTpAIii
rpagity B onuBi. Peamizamis nBomapoBoro Ma-
HICHHS PEeWoK Ha 3ali3HUYHOMY TPAHCIIOPTI,

3 ypaxyBaHHSM BIUTUBY JOCTIKEHUX MapaMeTpiB,
npu3Beae 10 MiJBUILEHHS PEecypcy pPeroK Yy Kpu-
BuX Ha 55, 50 Ta 45 % 3a po3paxyHKOBOI MacH py-
xoMmoro ckiany 60, 70 ta 80 T.

BucHoBku

YcraHOBICHHH PO3MOIIT OCHOBHHX Ne(eKTiB
Ta pecypc peloK y KpHUBHX TUITHKAX, a TAKOXK PO3-
pPaxyHKH 3a 3allpOIOHOBAaHOI0 YIOCKOHAJICHOIO
MaTeMaTHYHOIO MOJIEIUTIO TPOTHO3YBaHHSI pecypey
peliok B yMOBax iX JBOIIAPOBOTO MAIICHHS 103BO-
JIVJIA 3pOOUTH TaKi BUCHOBKH:

— IOMiHYIOUUMH Je(eKTaMH PEHOK Yy KpUBHUX
MaricTpanbHAX KONiH A3epOailKaHCHKUX 3alli3-
HHUIb € OOKOBHI 3HOC Ta BUKPHUIIYBAaHHS METaIy
Ha OOKOBil poOOYiit BUKPYTII;

— IHTEHCHBHICTh PO3BUTKY BKa3aHUX Ie(eKTiB
oOMexye pecypc periok Ha piBHi 170 MiH T OpyTTO
st kpuux 300-600 m; 450 MmH T OpyTTO AN
kpuBux 600-900 m; 560 MiH T OpYTTO AJISt KPUBHX
900-1 200 M, o0 € HemocTaTHIM i3 TOYKY 30py
e(eKTUBHOI eKCILTyaTaIlil 3aIi3HUIIb;

— 3apoOIOHOBaHa MaTeMaTHYHa MOJEIb Tpo-
THO3YBaHHS pecypcy peHoK J03BOJISIE BUKOHYBATH
PO3paxyHKH OCHOBHHMX XapaKTEPUCTHK KOHTAaKTy
Ta pecypcy peHok B yMOBax iX ABOMIAPOBOTO Ma-
IICHHS, SKE € HAiOIbII NEPCIECKTUBHUM 13 TOYKHU
30py 3MEHIIEHHSI 00OKOBOTO 3HOCY;

—3TiJHO 3 BUKOHAaHUMH PO3pPaxyHKaMH, J[BO-
[IapoBe MalleHHs PeloK CYTTEBO MiABHIIYE iX pe-
cypc, 31 170 go 350 muH T OpyTTO 3a HYJIBOBOI
KOHIeHTparii rpadity B onusi ta 1o 500 MimH T
OpyTTo 3a KOHIEHTpalii 3 %, 10 MiATBEPIKYE
BUCOKY €()EKTUBHICTh TAKOTO MAICHHS;

— OJTHMM 13 aKTyaJbHUX HAINpPSMIB ITOJAJIBIINX
JOCITIDKEHb, 13 TOYKHA 30pY BIOCKOHAJICHHS 3a-
MIPOTIOHOBAHOT'O METOAY MPOTHO3YBaHHS pecypcy
pelioK, € BpaxyBaHHS IIBHIKOCTI PyXy PYXOMOTO
CKJIQly, TOOTO BpaxyBaHHsS BIUIMBY JWHAMIYHUX
HABaHTa)XCHb HA XapaKTEPUCTUKU KOHTAKTy Ta
IHTEHCHBHICTH 3HOIITYBaHHS.
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AHAJIM3 PA3BUTUA OCHOBHBIX TE®EKTOB U TEOPETUYECKOE
INPOI'HO3NPOBAHUE PECYPCA PEJIBCOB B YCJIOBUAX CMA3KHN

Heas. MccnenoBanne HampaBlIeHO Ha BBISBICHNE 3aKOHOMEPHOCTEH BIVMSIHUS HATPY3KH Ha PENbC U ITapaMeTpoB
JIBYXCJIOMHOM CMa3K{ Ha Pa3BUTHE OCHOBHBIX JE(PEKTOB pesibca, a UMEHHO - OOKOBOTO M3HOCA B KPUBBIX y4acTKax
KEJIEe3HOIOpOoXKHOTo ImyTu. MeToauka. Jlist pacipesesieHnsi OCHOBHBIX JI€()EKTOB PEIbCOB HCIIOIb30BAHbBI PE3YIIb-
TaThl 3KCIEPTHBIX OLEHOK CITYXKOBI IyTH A3epOaiiykaHCKOH KeJIe3HOW JOPOTH KacaTelbHO U3MEPEHUH Ne(eKTHBIX
IapaMeTpOB M CPOKOB CIIYKOBI PENIbCOB 10 OTAENBHBIM y4yacTKaM. Jis yCTaHOBJIEHUsI 3aKOHOMEPHOCTEH BIIMSIHUS
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Harpy3kd W IapaMeTpoB JBYXCIOHHOW cMa3K{ Ha MHTEHCHBHOCTh OOKOBOTO M3HAIIMBAHUS PEJIBCOB U MX PECypC
B KPUBBIX HCIIOJIb30BaHbI OCHOBHBIC MOJ0)KEHHS MEXaHHKH KOHTAKTHOTO B3aMMOJCHCTBHS, TPHOOJIOTHU U XHMMO-
tonoruu. Pe3yjabrarhl. ABTOpHI OKa3anu: 1) OCHOBHBIME Ae(pEKTaMU PEIBCOB B KPUBBIX YYACTKAX IyTH SIBISIOTCSI
ne(eKThl, CBSI3aHHBIE ¢ HU3KOW KOHTAKTHO-YCTaJIOCTHOW MPOYHOCTHIO CTAIN U BEICOKMMH KOHTAKTHBIMH HaIpsKe-
HUSIMA U CHJIAMH TPEHHUS; 2) COTJIACHO IOJIYYCHHOMY PACIPEeIeICHNI0, K OCHOBHBIM Je(eKTaM pPEIbCOB B KPUBBIX
ClIelyeT OTHOCHUTh: OOKOBOW M3HOC T'OJIOBKH, BHIKpAIIMBAHUE METalIa 10 OOKOBOI NMOBEPXHOCTH, HAIWYME TIOTIe-
PEUHBIX TPEIIMH B FOJIOBKE; 3) UCHOJIB30BAHUE IBYXCIOWHOW CMa3KK MPUBOAUT K YBEIHYCHHIO (HAaKTHUECKOM II0-
I1aI1 KOHTaKTa KoJeca U pesibca, CHIKEHUIO KOHTAaKTHOTO JIaBJIE€HUS Ha PENbC U, B COBOKYIMHOCTH, K 3aMEJICHHIO
OOKOBOTO M3HAIIMBAHMS M MOBBILIEHUIO pecypca pesbcoB. Hayunas HOBH3HA. ABTOPHI BIIEPBBIC IIPOBEIIU CHUCTE-
MaTU3alMI0 Pe3yJbTaTOB M3MEPEHHUI MapaMeTpoB Je(eKTOB PEJIbCOB B KPUBBIX W Ha 3TOW OCHOBE MOJYYWIIU pac-
IIpe/ieNIeHNe OCHOBHBIX A€()EKTOB B 3aBUCHMOCTH OT pajuyca KpuBoil. Takke aBTOpPBI yCOBEPIIEHCTBOBAIHN MaTeMa-
THYECKYI0 MOJENb AJI pacdeTa pPecypca pelbCcoB B KPUBBIX, KOTOpPas, B OTIMYHE OT CYIIECTBYIOIIUX, YIUTHIBACT
TOJIIHY CMAa304YHOH IUICHKW M KOHIEHTPAIWIO TBEPJOH aHTU(PUKIMOHHONW N0OABKM B Macje NPH IPOBEACHUN
cMa3bIBaHUS 00KOBOH mosepxHocTH. [IpakTHyeckasi 3HaAYMMOCTh. [lomydeHHbBIE pe3yabTaThl MO3BOMISIOT BBIIOJ-
HATH IIPOTHO3HBIE PACUETHI PECYPCA PENBCOB B KPUBBIX y4acTKaX B 3aBUCUMOCTH OT HAarpy3KH OT KoJeca AJs pas-
HBIX JKCIUTyaTallUOHHBIX YCIOBUH, & IMEHHO IPH CYXOM KOHTAKTe KOJIECA C PENLCOM M B YCIOBHAX HUX IABYXCIOH-
HOH cMma3ku. Peanuzanys 1ByXCIOMHON CMa3Kyu PENIbCOB HA JKEJIE3HOJOPOKHOM TPAHCIIOPTE C YUETOM BIIUSHUS HUC-
CJIeJOBaHHBIX TTApaMETPOB IIPHUBEET K MOBBIIIEHUIO pecypca penbcoB B KpUBBIX Ha 55, 50 ta 45 % npu pacueTHo
Macce noasmxHoro cocrasa 60, 70 u 80 T.

Kniouegvie cnosa: xene3HOJOPOKHBII TPAHCHIOPT; PelibC; BarOH; KOJIECO; KOHTAKT; HArpy3ka; AedeKT; OOKOBOH
U3HOC; PECYPC; CMa3Ka
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DEVELOPMENT ANALYSIS OF MAIN DEFECTS AND THEORETICAL
FORECAST OF RAIL SERVICE LIFE IN THE CONDITIONS OF
LUBRICATION

Purpose. The study is aimed at identifying the patterns of the load influence on the rail and the parameters of the
two-layer lubrication on the development of the main rail defects, namely, lateral wear in the curved track sections.
Methodology. To establish the distribution of the main rail defects by type and sections of the track, expert esti-
mates of the track service of the Azerbaijan Railway were used with respect to the results of measurements of defec-
tive parameters and rail service life on individual sections. To establish the load influence patterns and the parame-
ters of the two-layer lubrication on the intensity of lateral wear of the rails and their service life in the curves,
we used the main provisions of the contact interaction mechanics, as well as tribology and chemmotology.
Findings. The authors proved: 1) the leading rail defects in the curved track sections are defects associated with low
contact fatigue strength of steel, high contact stresses and friction forces along the lateral surface; 2) according to the
obtained distribution, the main rail defects in the curves should include: lateral wear of the head, metal shelling
along the lateral surface, transverse cracks in the head in the subsurface area; 3) the use of a two-layer lubrication
leads to an increase in the actual contact area of the wheel and the rail, a decrease in the contact pressure on the rail,
and in aggregate, to a decrease in lateral wear and an increase in the rail service life. Originality. The authors first
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systematized the results of measurements of the rail defects parameters in curves and, on this basis, obtained a dis-
tribution of the main defects depending on the curve radius. The authors improved the mathematical model for cal-
culating the service life of rails in curves, which, unlike the existing ones, takes into account the thickness of the
lubricating film and the concentration of the solid anti-friction additive in the oil when lubricating the lateral surface.
Practical value. The obtained results allow us to perform predictive calculations of the rail service life in curved
sections depending on the load from the wheel for different operating conditions, namely, with dry contact of the
wheel with the rail and in the conditions of their two-layer lubrication. The implementation of two-layer lubrication
in railway transport, taking into account the influence of the studied parameters, will lead to an increase in the rail
service life in the curves by 55%, 50% and 45% with an estimated rolling stock mass of 60, 70 and 80 tons.
Keywords: railway transport; rail; car; wheel; contact; load; defect; lateral wear; resource; lubrication
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INVESTIGATION OF GEOMETRICAL DETERIORATION
OF TRAMWAY TRACKS

Purpose. The authors’ aim is to demonstrate their results of analysis of deterioration of tramway tracks’ geometry.
Methodology. This article is a start of a PhD research. At first, the superstructure systems and the used instrument
were summarized, after that the examination of running track, tramway stops, crossings and turnouts. Findings. The
authors examined separately the running track, tramway stops, level crossings and turnouts. In case of examination of
running track, we evaluated the measurement results according to two methods. To clarify the superstructure systems’
deterioration factor the authors had to do further measurements on other tramway lines too. Originality. The fulfilled
analysis is the first step to the complex method that can consider and determine the optimisation of life-cycle costs of
tramway superstructures. For this goal a lot of parameters, factors have to be taken into consideration in the future.
There are available methods and models for different civil engineering areas, e.g. there is very complex methodology
related to road pavements, but there is no special one related neither to railway tracks, nor tramway tracks.
Practical value. The authors tried to construct a calculation and evaluation method that can assess the examined
6 different tramway superstructure types on the tramway line No. 1 in Hungarian capital (Budapest). It is a very new
reconstructed tramway line that is the second longest one in Budapest. The authors showed which type of superstruc-
ture system is the «best» and the «worst» based on own made measurements and calculation-evaluation methods. The
next aim of the authors is to start a PhD research in the Multidisciplinary Doctoral School at Szechenyi Istvan Uni-
versity (Gy6r, Hungary) with the continuation of this topic.

Keywords: superstructure systems; deterioration; geometrical analysis; tramway; assessment

tracks [2, 8], as well as turnouts [6, 10, 11, 12, 13,
Purpose 14, 15] and crossings [1]. In the following the author
summarize the relevant point from them.

Kurhan [8] analysed the processes of emergence
and development of irregularities in the area of un-
equal vertical elasticity of railway track using math-
ematical modelling. He adopted model consists of a
wheel set moving on inertia-free beam and resting
on individual supports. It is described by Lagrange
differential equations. The work introduced the hy-
pothesis that the level of permanent strain is distrib-
uted in proportion to the dynamic deflection deriva-
tive. In [2] Kurhan investigated an entropy based
deformation (accumulative) calculation method for
railway tracks. These are very important in the area
of tramway tracks, too, mainly for ballasted types
tramway tracks, too, mainly for ballasted types.

In tramway tracks there are a lot of special turn-
outs. The literature [6, 10, 11, 12, 13, 14, 15] inves-
tigated the turnouts, mainly the common crossings

The aim of this paper is to demonstrate research
results related to analysis of deterioration of tram-
way tracks’ geometry. This paper deals with the
7 different superstructure systems in Hungary, and
with these deteriorations in a chosen tramway line.

This research is our first step to diagnose the
several superstructure systems’ life cycle cost man-
agements.

This paper is based on the MSc thesis of V. Jovér
(one of the authors of this article) [5], the defense
was in 2020 February. She would like to start her
PhD study in 2020 September with the topic of «Op-
timisation of life-cycle costs of tramway superstruc-
turesy.

The authors made a short literature review re-
lated to life time engineering and life cycle cost cal-
culation [4], tramway tracks’ superstructure types
[3], calculation of vertical deformation of railway
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and the frogs, as well as frog noses. The research
team applied mainly dynamic measurements tech-
niques that are important in case of tramway tracks,
too. They dealt with the material, geometry, traffic
loading, etc. of special elements in turnouts. In Hun-
gary according to tramway tracks, turnouts con-
structed with Vignol and grooved rail profiles are
applied [7].

In case the level crossings are investigated, there
is an interested article [1]. In [1] the authors per-
formed statistical analysis showed a steady trend of
growth of inequalities in the area of the railway
crossings. Generally, the level of inequalities in the
vertical plane increases in 1.3-3.2 times and in
1.2-2.0 times in the horizontal plane (compared with
areas that are outside crossing). During the deflec-
tion lines of action in the area of railroad crossing
concrete slabs work as ribs that limit deflections of
rail-tie grating. When placing the wheels of the bo-
gie before (or after) and within crossing the calcu-
lated modulus of elasticity under the rail base,
brought to the point of wheels contact can vary up
to 3 times.

Gaspar et al. [4] introduced the main factors re-
lated to lifetime of different transport infrastructure
elements (road pavements, railway tracks and
bridges). There are many factors that influence the
real and prognosed lifetime, e.g. plans, traffic types
and modes, construction method, materials, mainte-
nance, environment, etc.

Methodology

The invention of electricity has taken a huge turn
in development of public transport. The first Hun-
garian tramway was opened in Budapest (capital of
Hungary) in 1887, it was only one kilometer long.
Since then the public transport organizations which
build the tramways are constantly developing.

In case of tramways, 7 different superstructure
systems (types) can be differentiated in Hungary.
They are chosen for each project, depending on fac-
tors such as the installation site, the track closure
and the geometric characteristics. The 7 types are
the following:

o ballasted track (Fig. 1-2);

o concreted ballasted track (Fig. 3-4);

e concrete slab track (Fig. 5-6);

e ESCRB I. track system track (ESCRB means
elastically supported continuous rail bedding

system, in Hungarian RAFS abbreviation is applied)
(Fig. 7-8);

e ESCRB II. track system (Fig. 9-10);

e ESCRB III. track system (Fig. 11-12);

o «large slab» («big panel») superstructure
(Fig. 13-14) [7].
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Fig. 1. Cross-section of ballasted track [7]

Fig. 2. Ballasted track superstructure
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Fig. 3. Cross-section of concreted ballasted track [7]
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Fig. 4. Concreted ballasted track superstructure
during construction
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Fig. 6. Concrete slab track during construction
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Fig. 8. ESCRB I. track system during construction
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Fig. 9. ESCRB II. track system [7]

Fig. 10. ESCRB II. track system during construction
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Fig. 13. Cross-section of «large slab» («big panel»)
superstructure [7]

Fig. 14. «Large slab» superstructure

The aim of the authors’ research was to investi-
gate all the varieties (types) of tramway superstruc-
ture systems in Hungary. The most important task
during choosing the right tramway line (or track) for
the analysis was equal allowable load and the more
varieties of superstructure systems at the same tram-
way. The authors selected the tramway line No. 1 in
the Hungarian capital (Budapest) where six differ-
ent types of tramway superstructure systems were
able to be investigated.

The tramway line No. 1 in Budapest was built
for several years, applied the most modern technical
upgrades. The tramway was completed in 2019 and
became the longest tramway line in Budapest. It is
18.2 kilometers long and contains 32 tramway
stops, 35 crossings and 22 turnouts.

Tramway tracks’ geometry measurements

Geometrical measurements were executed in the
right track at nights, between 0:30 AM and 3:30 AM
with TrackScan 4.01 instrument (see Fig. 15). This
instrument can measure the following parameters
simultaneously:

e track gauge;

o flange gauge;
superelevation;
direction;
settlement;
length of the railway section;

o twist [9].

The authors were able to evaluate the measure-
ment data with TrackScan Desktop software where
they applied the so called «B — maintenance limity
category in accordance with Hungarian regulations
related to tramway tracks.
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Fig. 15. TrackScan 4.01 Instrument

Examination of deterioration of superstruc-
ture systems

To evaluate the measurement data, a subjective
scoring system was made with the following param-
eters:

o the type of the default;

o the length of the default;

e geometric characteristics;
the length of superstructures;
speed of trams;
load of trams;
unit costs;
life-span.

2(1,43%)

1(0.71%)

34 (24,29%)

Connecting to these parameters the authors have
assigned so called «weightsy, from which they were
able to calculate the «deterioration factor». The
higher the deterioration factor of a superstructure
system, the more intense, faster the track geometric
deterioration.

Examination of running track

The evaluation of measurement data of running
track manifested 140 defaults, they were the follow-
ings (Fig. 16):

o broadening of track gauge;

o narrowing of track gauge;

o twist;

o superelevation.

After the evaluation the authors had to check the
length of defaults. In many cases, the appearance of
local defaults was caused by contaminated of
grooved rail profiles.

In case of superelevation defaults two cases had
to be considered:

o the final tramway geometry plans do not
contain superelevation values but the measurement
results exceed the «B — maintenance limit» values,
or

e the final tramway geometry plans contain
superelevation values but the measurement results
also exceed the «B — maintenance limit» values.

The authors assessed the measurement results of
running track according to two methods detailed in
the «Findings» Chapter.

Name of defaults
#® Broadening of track gauge
& Narrowing of track gauge
& Twist
L]

Superelevation

103 (73.57%)

Fig. 16. The occurrence of defaults, as measured by «B — maintenance limit»
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Findings

In this Chapter the authors summarize the results
of the investigation related to the different calcula-
tion and evaluation methods.

Evaluation of measurement results — case #1

According to the case #1 the authors applied the
following parameters:

o the type of the default;

e geometric characteristics;
the length of superstructures;
speed of trams;
load of trams;

unit costs;
life-span.
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In this case instead of the length of the default
the total length of each superstructure system to the
number of defaults they contain was considered and
compared.

Using the subjective scoring system, the results
are shown in Fig. 17. Figure 17 shows the percent-
age of the deterioration factors of the various super-
structure systems. The benchmark is based on the
most common superstructure system on the tram-
way line which is grooved rail profile, ESCRB on
RC slab, with asphalt pavement. Its deterioration
factor is 100% (see Fig. 17). It seems the deteriora-
tion of the superstructure type with Vignol 48 rail
profile, crushed stone ballast, and concrete sleepers
is outstanding. The type of the defaults is mostly
narrowing of the track gauge.

The deterioration factor of superstructure type with grooved rail profile,

ESCRB on RC slab with asphalt pavement is 14.9.
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Fig. 17. The percentage of deterioration factors relative to each other — first version

Evaluation of measurement results — case #2

e geometric characteristics;
According to the case #2 the authors applied the e speed of trams;
parameters below: e load of trams;
o the type of the default; e unit costs:
e the length of the default; o life-span.
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In this case instead of the length of the super-
structures the authors considered the length of the
defaults as follows:

maximum default value X length of the default

total length of the given superstructure system

The analysis of the measurement results shows
that as in case #1, the deterioration of the superstruc-
ture type constructed with Vignol 48 rail profile,
crushed stone ballast, and concrete sleepers has the
highest value — 14% higher than the benchmark
grooved rail profile, ESCRB on RC slab, with as-
phalt pavement superstructure system (Fig. 18).

The deterioration factor of superstructure type with grooved rail profile,

130 112.8 ESCRB on RC slab with asphalt pavement is 14.9.
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Fig. 18. The percentage of deterioration factors relative to each other — second version

Comparing the results from cases #1 and #2, it is
noticeable that by modifying the parameters, the
values of deterioration factors for each superstruc-
ture system have also been modified
(Fig. 19). This can be explained by the fact that
these superstructure system types are only found in
small lengths over the entire tramway line, but many
defaults have occurred since they were constructed.

It is also important to investigate the deteriora-
tion of different types of superstructure systems as

a function of elapsed time. The authors’ measure-
ments indicate a specific date and there isn’t other
measurement date since the construction, in this
way the relationship between deterioration of super-
structure system and elapsed time since construc-
tion is not able to be assessed, yet. The authors as-
sume that in practice this relation would produce an
exponential function that accelerates in time — but
they have to prove this by further measurements,
calculations, investigations and evaluations.
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Fig. 19. The percentage of deterioration factors relative to each other — first and second version

Evaluation of superelevation values

In case of superelevation defaults two cases had
to be examined:

o the final tramway geometry plans do not con-
tain superelevation values but the measurement re-
sults exceed the «B — maintenance limity values, or

o the final tramway geometry plans contain su-
perelevation values but the measurement results
also exceed the «B — maintenance limit» values.

Based on the analysis of the results the authors
noticed that superelevation defaults appeared at
considerable lengths where the values should be
0 mm.

The ratio of the length of the given superstruc-
ture system to the superelevation defaults on that is
also evaluated. This value is compared to the aver-
age of the deterioration factors (average of cases #1
and #2), it should be noticed that the deterioration
of the superstructure type with grooved rail profile,
direct rail fixation with Icosit materials on RC slab,
with asphalt pavement is outstanding (Fig. 20).

Examination of tramway stops

Related to the evaluation of tramway stops the
authors used the following parameters:
geometric characteristics;
speed of trams;
load of trams;
unit costs;
life-span.

Furthermore, the cumulate lengths of platforms
with the same superstructure system were examined
and they were compared to the cumulate number of
defaults they contain.

Using the subjective scoring system, it should be
noticed that the deterioration of the superstructure
type with Vignol 48 rail profile, crushed stone bal-
last, as well as concrete sleepers is outstanding — as
in the case of running track (Fig. 21). The bench-
mark is based on the most common superstructure
system on the tramway line which is grooved rail
profile, ESCRB on RC slab, with asphalt pavement.
Its deterioration factor is 100%.
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Fig. 20. The joint analysis of length of superelevation defaults and average
of first and second versions’ deterioration factors
The deterioration factor of superstructure type with grooved rail profile,
120 ESCRB on RC slab with asphalt pavement is 8.4.
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Fig. 21. The percentage of deterioration factors relative to each other at tramway stops
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Examination of level crossings

Related to the evaluation of level crossing the
authors used the following parameters:

e geometric characteristics;

o speed of trams;

e |oad of trams;

Furthermore, the authors examined the cumulate
lengths of crossings with the same superstructure
system and then compared it to the cumulate num-
ber of defaults they contain.

The results show that the deterioration of the
grooved rail profile, ESCRB on RC slab, with as-

e unit costs: ph_alt pavement_superstructure system Is outstanding
o life-span. (Fig. 22.). Inthis case, the benchmark is the grooved
rail profile, ESCRB on RC slab, with basalt concrete
pavement superstructure system.
The deterioration factor of superstructure type with grooved rail profile,
4 ESCRE on RC slab with basalt concrete pavement is 10.4.
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Fig. 22. The percentage of deterioration factors relative to each other — in level crossings

Examination of turnouts

The tramway line No. 1 in Budapest contains
22 pieces of turnouts in the right track, with both
grooved and Vignol rail profiles.

Generally, they are in good condition, only two
of them has superelevation defaults. In the first case,
the Phoenix 50/50 type turnout has 13.7 mm super-
elevation default value on average. In the second
case, the B48 100/100e type turnout has
10.5 mm superelevation default value on average.

Originality and practical value

The authors investigated the deterioration of
tramway track geometry based on example of tram-
way line No. 1 in Hungarian capital, Budapest. This
tramway line was reconstructed in the past few
years and it contains 6 different superstructure types
from the 7, that can be applied in Hungary [7].

Because of this tramway line works with the
highest tram traffic in Budapest, as well as the su-
perstructures are relatively new, geometric meas-
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urements were executed on the whole line in No-
vember and December 2019. The measurement in-
strument was a Trackscan apparatus [9]. Based on
the measurements the authors made calculations
and assessments according to two cases (#1 and #2).
They considered not only the running tracks, but the
tramway stops, level crossings, as well as the turn-
outs, too.

In the analyses several parameters were taken
into consideration, e.g. the type of the default, geo-
metric characteristics, the length of superstructures,
speed of trams, load of trams, unit costs, and life-
span. The authors calculated deterioration factors
according to the previous parameters and made
evaluations where they compared the different
tramway superstructure types in running tracks,
tramway stops, level crossings, turnouts.

The authors determined — according to their
measurements and calculations — that the 49E1 rail
profile, crushed stone ballast, RC sleeper type su-
perstructure is almost the ‘best’ and the Vignol
48 &rail profile, crushed stone ballast, and concrete

sleepers type superstructure is the «worst» for con-
struction tramway tracks using a subjective scoring
system.

The observation of geometrical deterioration of
tramway tracks’ is a very important part of the rail-
way tracks’ maintenance procedure. Because of it,
the knowledge has to be improved and as many
methods as possible has to be applied to learn more
about tramway’s deterioration.

To clarify the superstructure systems’ deteriora-
tion factor the authors have to execute further meas-
urements on other tramway lines, too. They can be
Hungarian tramway lines, as well as examples from
abroad.

The next aim is to sentence research plan related
to one of the authors (Vivien Jovér), and start her
PhD research at Széchenyi Istvan University (Hun-
gary). Hopefully, she can submit her dissertation
in 2024 or 2025.
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JOCJAIIXKEHHS MMOTTPIIEHHSA TEOMETPII TPAMBAMHUX KOJITA

MeTta. OCHOBHOIO METOIO CTATTi € JEMOHCTpALlisl pe3yJIbTaTiB aHaJIi3y MOTIPIICHHS reoMeTpil TpaMBaitHUX KOJiH.
Metoauka. L5 cTaTTs € 4acTKOIO AOCITIKEHHs B paMKax KaHnunarchkoi nmucepranii. Crioyatky OyiM y3arajibHEHi
CHCTEMH BEpXHBOI OyJIOBH KOJIii Ta IHCTPYMEHTH, BUKOPUCTAHI i 9ac poOOTH, Ticis 4oro Oyia MpoBe/IeHa IepeBi-
PKa KouIii, 3yIIMHOK TpaMBasi, IEPETHHIB KOl i CTPUTOYHHX MepeBoIiB. Pe3yabpTaTn. ABTOPH MPOBEIU TOCIIIHKCHHS
OKpeMoi TpaMBalHOI KOJIii, 3yIIMHOK TpaMBasi, IEPEIi3AiB Ta CTPUIOYHHX mepeBomiB. [1ix yac mociiKeHHS KOl o1li-
HIOBAJIM pe3yJIbTaTH BUMIpPIOBaHb BIAMOBIHO 10 ABOX MeTOMK. /Iyt BU3HaYCHHS (pakTopa 3HOCY CHCTEM BEPXHbBOI
OyIOBH KO IPOBEIH JOJATKOBI BUMIPIOBaHHS TaKOXK Ha iHIINX TpamBaiHUX TiHisX. HaykoBa HoBu3Ha. BukoHa-
HU aHalli3 € MepUIMM KPOKOM CKJIaJHOT METOJUKH, SIKY BUKOPHUCTOBYIOTH ITiJl 4ac PO3IJIsIy i onTUMizauii BUTpaT
JKUTTEBOTO IMKITY BEPXHBOI OY0BU TpamBaiHOl Kouii. JIJIsi TOCATHEHHS ITi€l MeTH iCHye 0arato mapameTpis, Gakro-
PiB, sIKi HEOOX1IHO B35TH J0 YBaru B MaiOyTHpOMY. HasiBHI MeTO1H i1 MOJIei, SIKi BUKOPHUCTOBYIOTh Y PI3HHUX raly3six
LUBUILHOTO OYIIBHHULITBA, HANPUKIIAM, IyXKE CKJIaJHA METO/MKA, [OB’s3aHa 3 JIOPOXKHIM MOKPHUTTSIM; alie HE ICHYE
creniaibHOT METOJIMKH, II0 CTOCYEThCS 3ali3HWYHUX ab0 TpamBaiiHux konid. [IpakTHyHa 3HaYMMicTh. ABTOpH
crpoOyBaJid PO3POOUTH METOJIUKY PO3PaxyHKY i OI[IHKH, 32 JOIIOMOT'OI0 SIKOT MOYKHA OL[IHUTH 6 Pi3HUX THIIIB BEpX-
HBOI OyZOBU TpaMBaifHOI Koiii Ha miHil Ne 1 B cromuni Yropmunu (bynamernr). Lle HaliHOBIma pekoHCTpyHOBaHA
TpaMBaiiHa JIiHisl, Jpyra 3a JOBKHHOO B bynanemti. BusHauwim, sikuii THI CUCTEMH BEpXHBOi OyJOBH KOJIii € «Hai-
KpaluM» 1 «HaWTipIIuM» Ha OCHOBI BIIACHMX BHMIPIOBaHb i METOJIB PO3PaxyHKY Ta OIHKH. [IpoBemeHe mocii-
JLKESHHS aBTOPIB JSDKE B OCHOBY HAITMCAHHS KaHIUAATChKOI ArcepTalii B OaratonpodineHiil acipaHTypi npu YHiBe-
pcureri ImrBana Ceueni ([pep, Yropiuna).

Kniouosi crosa: cucremu BepXxHBOi Oy10BH KOJii; HOTIpIIEHHS; FTeOMETPUYHHN aHai3; TpaMBalHi JIiHI{; olliHKa
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NCCJIEJOBAHUE YXYAIEHWSI TEOMETPUH TPAMBAMHBIX
IIYTEU

Heab. OCHOBHOI LENBIO CTAThU SABJSIETCSA AEMOHCTpAIMS Pe3yIbTaTOB aHAIN3a YXYAIICHHUS F€OMETPUH TpaM-
BaliHbIX IyTell. MeToauka. J[aHHas CTaThs SABIAETCS YaCTbIO UCCJIEOBAHNUS B paMKaxX KaHAMJATCKOM JuccepTanuu.
ChauaJia ObUTH 0000IIEHB! CHCTEMBI BEPXHETO CTPOSHHS IIyTH M HHCTPYMEHTBHI, UCIIOJIb30BaHHbBIE BO BpeMs paboTHl,
rocJie 4ero OblIa IpOBEAEHa MPOBEPKa IyTH, OCTAHOBOK TPaMBasi, IIEPECCUCHUI MyTeH M CTPEIIOYHBIX MEPEBOIOB.
Pe3yabTaThl. ABTOpPHI IPOBEJIN HCCIIEOBAHNE OTAEIBHOTO TPaMBAHHOIO IMyTH, OCTAHOBOK TpaMmBasi, IEpee3loB
U CTPEJIOYHBIX TNEpeBOZOB. Bo Bpems mcciemoBaHUs MyTH OLCHWBAIN PE3YyJIbTaThl M3MEPEHHH B COOTBETCTBHHU
¢ naByMs MeroaMkamu. Jlns ompexeneHus (¢akTopa H3HOCA CHCTEM BEPXHEr0 CTPOEHHS IyTH MPOBENH
JIOTIOTHUTENbHBIE U3MEPEHUS TAKXKE Ha JPYTHX TpaMBaWHbIX MuHUAX. HayuHasi HOBU3HA. BeImonHeHHbIH aHamm3
SIBISIETCSI TIEPBBIM IIarOM CJIOKHOH METOAMKH, KOTOPYIO HCIIONIB3YIOT HPH PACCMOTPEHHH M ONTUMM3AIMH 3aTpaT
KHM3HEHHOTO IIMKJIAa BEPXHETO CTPOCHMS TpaMBalHOro myTu. [Iimsi JOCTHIKEHHS 3TOW IENH CYIIECTBYET MHOTO
napameTpoB, (akTOpPOB, KOTOPbIe HEOOXOIUMO MPUHSITH BO BHUMaHue B OyayiieM. CyIIecTBYIOT METObI U MOJICIIH,
KOTOpBIE UCIOJIB3YIOT B Pa3IUYHBIX O0NACTIX ITPaKIAHCKOTO CTPOUTEIHCTBA, HAIIPUMED, OUCHD CI0KHAS METOINKA,
CBsI3aHHAs C JOPOXHBIMH HMOKPBITHAMHU; HO HE CYIECTBYET CHEIHUAIBHOW METOIUKH, KacaroIlecs KeIe3HOI0POXK-
HBIX WIN TpaMBaiiHbIX MyTed. [IpakTHyeckas 3HaYMMOCTh. ABTOPHI MONBITATUCH pa3paboTaTh METOAUKY pacdera
U OLIEHKH, C TOMOIIBIO KOTOPOH MOXHO OLEHHUTh 6 pa3NUYHBIX THUIIOB BEPXHETO CTPOEHUS TpaMBailHOTO IyTH Ha
muaun Ne 1 B ctonuue Benrpuu (BymanemT). 3To camas HOBas peKOHCTpYUpPOBaHHAs TpaMBalHas JUHMSA, BTOpas
no amuHe B bypamemre. Onpepenuny, KakOd THUII CHCTEMBI BEPXHETO CTPOEHUS IYTU SIBISACTCA <«JIyYLIHM»
U «XyIIHM» Ha OCHOBaHWHM COOCTBEHHBIX M3MEPEHHH M METOJIOB pacdeTa M OLEHKH. [IpoBelneHHOE HccieoBaHue
JSDKET B OCHOBY HAaITMCaHWS KaHIMIATCKOW JUCCEpTalik B MHOTONPOQHIBHONW acHHMpaHType Ipu YHHUBEPCUTETE
NmrBana Ceuenn ([Ipep, Berrpus).

Kniouesvie cnosa: cucteMbpl BEpXHETO CTPOSHUS ITyTH; YXYALICHHE; TCOMETPUUECKIN aHAIN3; TPaMBalHbIC INHNN;
OLIeHKa
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ORGANIZING WIRELESS NETWORK AT MARSHALLING YARDS
USING THE BEE METHOD

Purpose. In general, today wireless networks are widely used as an alternative to wired, allowing you to connect
multiple devices, both among themselves in the local and global Internet. However, at the present stage in Ukraine
there is no widespread use of a wireless network at rail transport, therefore it is advisable to conduct research on the
deployment of such a network, in particular, at a marshalling yard. Methodology. Using LocBS-BeeCol program
model written in Python according to the bee colony algorithm the optimal number of base stations (BS) of the wire-
less network and their location at the marshalling yards was determined, as well as research on the bee algorithm
parameters was conducted. Input data of the LocBS-BeeCol model are as follows: marshalling yard parameters (ar-
ea, number of clients that need to be connected to base stations); wireless network parameters (base station coverage
radius, maximum number of clients for one base station); parameters of the bee colony algorithm (number of scout
bees, number of attempts to find the optimal solution using one bee). Findings. For marshalling yards of various
capacities (small, medium and high), the optimal number of base stations of the wireless network was obtained with
restrictions on the coverage radius of the base station and the number of clients connected to it. Thus, for example,
to connect 300 clients at medium-sized marshalling yards with an area of 2500x500 m?, 93 base stations with a cov-
erage radius of 50 m are needed. Originality. The quality of the obtained solutions significantly depends on the
choice of the bee colony algorithm parameters. A study of the base stations number of the wireless network and
search time for finding the optimal solution for different number of bees and the number of attempts to find the op-
timal solution using the bee for marshalling yards of various capacities was carried out. It was determined that an
increase in the number of bees (from 10 to 50) and the number of attempts to find the optimal solution by a bee
(from 10 to 50) improves the quality of the optimal solution (decrease in the number of base stations by an average
of 6.5% and 9.3%), respectively. In addition, increase in the bee number (from 10 to 50) reduces the search time for
the optimal solution by bees by an average of 1.8 times, while increase in the number of attempts to find the optimal
solution by a bee (from 10 to 50) will increase search time for the optimal solution on average 2.14 times.
Practical value. An algorithm and its software implementation have been developed, which make it possible to de-
termine the required number of base stations and their location when deploying a wireless network at a marshalling
yards. For marshalling yards with high capacity, when the coverage radius of the base station is doubled (from 50 to
100 m), their number decreases by about half (from 136 to 64), while the time for finding the optimal solution by
bees increases by 2.5 times (from 8.4 to 20.6 s).

Keywords: marshalling yard; wireless network; base station (BS); coverage radius; bee method; bees; attempts;
search time
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Introduction

A wireless network is a connection of comput-
ers and other devices for information exchange
without the use of wires; the connection is made
through radio channels. The installation of a wire-
less network is necessary when the deployment of
a cable system is impossible or economically im-
practical. Wireless networks have significant ad-
vantages over wired ones [5, 11-12]: they allow
deploying the network in places where wires can-
not be used and maintain a sufficient data transfer
rate. Wireless networks also provide easy connec-
tion, user mobility, quick troubleshooting, and
network equipment availability.

According to their size, the wireless networks
are divided into (Fig. 1) [5, 11-12]: Wireless Per-
sonal Area Networks (WPAN) — up to 10 m; Wire-
less Local Area Networks (WLAN) — up to 100 m;
Wireless Metropolitan Area Networks (WMAN) —
up to 50 km; Wireless Wide Area Network
(WWAN).

WPAN WLAN WMAN

Bluetooth, IrDA

ZigBee, UWB Wi-Fi WiMAX

] ] ] S
4

®

10m 100m 50 km Distance

Fig. 1. Classification of wireless networks

According to the topology, wireless local area
networks are divided into ad-hoc temporary net-
works (Independent Basic Service Set, IBSS);
Basic Service Set (BSS); Extended Service Set
(ESS). It is known that there are two main method-
ologies for WLAN deployment: wireless LAN
with maximum service area; wireless LAN with
maximum capacity [5, 11-12].

Scientists such as Ye. S. Skakov,
V. M. Malysh, dealt with the planning of wireless
networks [1]. To solve this problem, it is possible

to use intelligent methods of multiagent optimiza-
tion, which include bee, ant, particle swarm, bat,
fireflies and other algorithms [1, 2, 18]. The work
[1] determines that the bee method is the most
suitable for solving the problem of locating base
stations of a wireless network.

The bee method has some modifications [7-8],
one of which is BCOi (Bee Colony Optimization
based on the improvement concept). Its peculiarity
is that the work with complete solutions of the op-
timization problem is considered, not with partial
ones, as in the classical BCO method [1].

Since 2008, the GSM-R (Global System for
Mobile Communications — Railway) standard has
been used in European railways to ensure secure
wireless communication between railway services
and trains [3, 6, 7, 16]. The GSM-R network is
used to provide the European Train Control Sys-
tem (ETCS) [16]. In the UK, the GSM-R network
has been fully operational since 2015 [16]. Today
in Europe we are talking about transition to more
modern technologies such as 4G/LTE and 5G [19].
In the future, the following new services are ex-
pected at railway transport: on-board and roadside
HD video surveillance, multimedia dispatcher vid-
eo streams, sensor information from railway infra-
structure, including bridges, viaducts, tunnels,
track defects, etc. Using infrared, sound and tem-
perature sensors, information is collected and sent
to a computation center [4].

At the present stage in Ukraine, research is be-
ing conducted on the information and telecommu-
nication system (ITS) of railway transport using
artificial intelligence methods [13-15, 20]: neural
and fuzzy networks, ant and genetic methods. But
the results of the introduction of wireless networks
at railway transport are not sufficiently presented
yet. The authors considered the possibility of using
WLAN technology for the implementation of mo-
bile communication at railway stations, made
a base station state chart in the Distributed Coordi-
nation Function (DCF), which is mandatory and
based on the protocol, providing Carrier Sense
Multiple Access with Collision Avoidance
(CSMAJ/CA). Now it is expedient to conduct
a study of the optimal number of base stations of
the wireless network, in particular at the marshal-
ling yard, which reaches the lower level (line en-
terprises) of the ITS of the railway transport of
Ukraine.
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Purpose

In our work, we plan to investigate the de-
ployment of a wireless network and search for the
optimal number of base stations according to the
bee colony algorithm for marshalling yards of dif-
ferent capacities. Phyton language was chosen for
software implementation.

Methodology

Problem statement. The marshalling vyard
(Fig. 2) includes arrival park, sorting park, hump
and departure park. The most important part of the

technological process is the hump, the capacity of
which (small, medium, high and increased) de-
pends on the number of sorting sets (2, 3, 4, 6-8,
respectively). At the object under study there are
various technological areas (point section, speed
measuring and cut acceleration in the section of 1-
2 BP (brake position) and 3-4 BP, measuring cut
parameters, uncoupling control, cut mass determi-
nation) with various ground equipment: track sen-
sors and photodetectors; track circuits; weight
measuring devices; radar velocity meters and oth-
ers.

Fig. 2. Scheme of marshalling yard

Let L be the total number of clients to be con-
nected to the wireless base station at the marshal-
ling yard. Known M — are the candidate places
where WLAN base stations can be installed. In
addition, all clients must be connected to base sta-
tions.

Let us introduce the notation BSi(r)"— the i-th

base station of the wireless network with a cover-
age radius r, to which k clients are connected,

where ie[LM]; ke[LL]. If BS,(r)* =1, then i-
th base station with k-clients is connected to the
WLAN, in other case BS,(r)* =0.

Let us consider the following function as a target
one:

F =iBSi(r)k —min, (1)

i=1

moreover, it is necessary to comply with the
restrictions:

M <l

K < Ko 2)

Where r.,, — is maximum coverage radius of the
base station WLAN; K., — the maximum number

of clients that are connected to the WLAN base
station.

Wireless network deployment at the marshal-
ling yard. Given the characteristics of the marshal-
ling yard, in the future we are talking about WLAN
planning.
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According to the IBSS topology (Fig. 3) [5, 11—
12], client stations interact directly with each other
without an access point. Ad Hoc mode requires
minimum of equipment — a wireless adapter. This
configuration does not require the creation of any
network infrastructure. In this mode, each node
participates in routing by sending data to other
nodes, so determining which nodes send data is
done dynamically based on the network connection
and the routing algorithm used. Ad-Hoc mode is
used mainly to create temporary networks.

Fig. 3. IBSS topology

According to the BSS topology (Fig. 4) [5, 11—
12], network nodes interact with each other not
directly, but through an access point (AP), which
can play the role of a bridge for connection to ex-
ternal cable network. All base stations in the net-
work are interconnected by Distribution System
(DS), which can be radio or infrared waves.

-
obile station N /
e

L]

-

Mobile station

=

Mobile station

Fig. 4. BSS topology

The ESS topology (Fig. 5) [5, 11-12] makes it
possible to combine several access points, i.e. con-
nects several BSS networks. In this case, the access
points can interact with each other. This topology
is useful when you need to connect multiple users
to a single network or connect multiple wired or
wireless networks.

SR R
g/' AP /" AP
\%/E

Ethernet

Fig. 5. ESS topology

It is advisable to use the ESS topology at the
marshalling yard, as you can use several access
points that interact with each other. In addition,
there are wired networks at the marshalling yard,
with which it is necessary to exchange information.

WLAN focused on the service area are devel-
oped taking into account the provision of maxi-
mum coverage with the minimum possible number
of access points, Fig. 6. [5, 11-12].

:_“/» L

L AN Prs s
I ~ & & /11 |
\/{.6.‘(. "u'ﬁs @ 1,
B! ‘ ‘ |
e =
: =, .l
@ I e @
i3 = y S . |
| 6. | \
</ 11 & ey M @ 1

Fig. 6. Service area oriented WLAN

In a typical service area oriented network, the
ratio of the number of users to the number of ac-
cess points is 25:1. Some typical features of
WLAN are focused on the maximum service area:
the use of bursty applications with low packet rate,
for example, those generating requests to data-
bases; the need for low spectral bandwidth re-
quirements, so that the data flow rate can be re-
duced to a minimum of 1 and 2 Mbps; ensuring
easy maintenance, as WLAN maintenance staff is
small. In service area oriented networks, typical
programs have low packet rate and low spectral
bandwidth requirements. This approach allows
many users to immediately access WLAN services
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while maintaining sufficient characteristics of the
latter. Such options are common for small or me-
dium-sized affiliates, when WLAN is chosen as an
alternative to wired Ethernet. Easy-to-deploy
WLAN provide basic LAN connections that are
not required for file and printer sharing. Each
WLAN access point serves approximately 25-30
users [5, 11-12].

Wireless LAN that focus on high bandwidth
(Fig. 7) should provide maximum performance and
packet rate for each BSS client.

(7 i — 11_1‘ s S ! <
i x / il =y 71 eqlf , o F- i
€1 T Forhy e @yt
> r L ! {
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Fig. 7. WLAN focused on maximum
spectral bandwidth

The cell size of the bandwidth-oriented WLAN
is smaller than that of the WLAN, which focuses
on the maximum service area, respectively, the
location density of access points is higher. High-
bandwidth-oriented WLAN are required when one
uses applications that require high packet rates;
uses applications that are sensitive to delays; de-
ploys subnets of smaller scales (or several subnets
in one service area); there is a high density of user
placement. In such networks, the number of access
points is several times greater than that for WLAN
oriented on service area. The service area of each
access point is much smaller than when building
a network focused on the maximum service area.
Each access point serves about 12 users [5, 11-12].

For a marshalling yard, it is advisable to use
WLAN deployment methodologies that focus on
maximum bandwidth, wireless LAN should pro-
vide maximum performance and packet rate for
each client.

Choice of organization algorithm of wireless
network at marshalling yard. Nowadays, there are
many different swarm algorithms, which can be
divided into [2, 18]: swarm algorithms based on
the behavior of insects and animals; swarm algo-

rithms based on bacterial behavior and inanimate
nature. The first include the following algorithms:
particle swarm algorithm; ant algorithm; bee algo-
rithm; fireflies algorithms; cuckoo search algo-
rithm; bat algorithm. The second include gravita-
tional search algorithm; intelligent drip algorithm;
stochastic diffusion search; bacterial optimization.

Particle swarm algorithm is proposed to opti-
mize continuous nonlinear functions. Ant algo-
rithm is one of the most efficient polynomial algo-
rithms for finding approximate solutions to route
search problems on graphs. Bee algorithm is a rela-
tively new algorithm for finding global extremums
of complex multidimensional functions. According
to the bee algorithm, bees explore areas that are
near elite ones, which allows you to approximate
the solution to optimal. The advantage of the algo-
rithm is the possibility of efficient division into
parallel processes and high speed [2].

Biological bases of the bee method. Bees in na-
ture search for food by studying the space around
their hive (Fig. 8) [17].

NECTAR SOURCE A

% NECTAR SOURCE B

Dancing scout

Fig. 8. Nature analogue

Review of the sources [1-2, 8-10] showed that,
as a rule, at the initial stage, several scout bees
study the environment. After the search, scout bees
return to the hive and inform the other members of
the swarm about the location, quantity and quality
of available food sources that they have found. The
information exchange takes place with the help of
dance on a specially designated area. If a bee
watching a skate dance decides to leave the hive
and collect nectar, it will follow one of the scouts
to one of the previously found food sources. Such
a bee becomes a busy forager. It collects nectar,
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while clarifying information about the amount of
nectar near the source found. After collection, the
forager returns to the hive and leaves the nectar
there. It can then do one of the following: become
a free forager, leaving its current source of nectar;
continue extracting nectar from its source without
recruiting free bees by dancing; continue extracting
nectar from its source, while recruiting free bees.

Described process continues anabated, while
the hive accumulates nectar and explores new are-
as with potential food sources.

Bee colony algorithm, the enlarged scheme of
which is presented in Fig. 9 [10]. First the colony
is initialized, then the solution is searched, after
which the bees exchange information in the hive
with the help of dance, then the colony is initial-
ized again until the stopping criterion is found, af-
ter which the optimal solution is found.

e )
]

Population
initialization

>
>
E

Path exploration

v

Perform waggle
dance

b

Population
initialization

s stopping criteria?

Find optimal
solution

[ )

Fig. 9. Block diagram of the bee colony algorithm

Software implementation of the bee colony al-
gorithm is performed in Python using standard li-
braries: Os — is responsible for interaction with the
OS; Sys — is responsible for system functions;
Random - is responsible for generating random
numbers; Math — is responsible for mathematical
operations; Datetime — is responsible for time con-
version; Matplotlib — is responsible for plotting.

The structure of the LocBS-BeeCol software
model includes the following wuser classes
(Fig. 10): Log — used to debug the program and
display the results, it is the parent for all classes;
Field is a class for presenting a marshalling yard,
where the search for base station location is per-
formed; Hive is a hive class where bee-scouts ex-
change information and choose the optimal solu-
tion, the parent class is Field; Bee is a class of
scout bees looking for coordinates of base stations,
the parent class is Hive.

Class Field Class Graphic

%

Class Hive }-— Class Log

T |
| |
| |

\ /
A\

\, S /i

N P
"’—ﬂ{ Class Bee }f-

Fig. 10. Interaction of the main classes
of LocBS-BeeCol

The location of base stations (BS) at the mar-
shaling yard is based on the algorithm, which is the
basis of the LocBS-BeeCol software model and the
scheme of which is shown in Fig. 11. First, all
classes are initialized. This is followed by a cycle
with the premise: whether all customers are cov-
ered by base stations. If not, then it is performed
the clearing of extremum values, detection of
search area coordinates for each bee, then the
search for clients in a certain area and the coordi-
nates of the base station are determined, at the end
of the cycle the found clients are deleted from the
list of free clients. If all clients are covered by base
stations, the result will be displayed as a diction-
ary, the volume of which is the number of BS
(res[bs_count]), and consists of structures whose
fields are the location of the BS (new_bs_location),
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the number of clients (clients_in_area) covered by
this BS, and numbers of these clients with coordi-
nates (clients_in_area_list) in the form of diction-
aries.

Fig. 12 shows a corresponding fragment of the
program. In the For cycle (line 28) the required
number of bees is created, according to the initial
conditions. After creating everything necessary for
the work of program, the implementation of the
algorithm itself begins. Line 30 starts the While
cycle until all clients are connected to the base sta-
tions. Inside, the For cycle (line 32) takes place, in

Start

which the extremums and positions for each of the
bees are reset to zero (lines 33-35). After specify-
ing the search field (line 36), each bee makes
a given number of attempts to find the optimal so-
lution for the location of the base station (line 37).
As a result of the cycle iteration, the global extre-
mum, where it is more expedient to install the base
station can be found, in this case it will be installed
(line 40). Next, the client numbers that are con-
nected to the BS (lines 41-42) are deleted from the
general list, and the cycle returns to the beginning.

Classes initialization
Log, Field, Hive, Bee

len(clients_list) > 0

Clearing extremes

|

Search area coordinate
detection

|

Searching clients in a
detection area

|

Searching coordinates of
the base station

|

Deleting found clients from
the list

Building the schedule

Stop

Fig. 11. LocBS-BeeCol model algorithm scheme
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bees =
iter_count = @
while len(hive.clients_list) > @:

[bee(hive, log) for i in range(bees_count)]

log.stat{"run”.upper(), "### Iteration #"+ str(iter_count) +" started. ##

#")
for bee in bees:
bee.local extremum = {7}
bee.location = []
hive.global extremum = {}

scouting area = hive.set scouting area(field, bs_area_ radius)

for _ in range(max_retries_count):
tor bee in bees:
bee.scout{scouting_area)

bee.set_bs_location{hive.global_extremum)
for key, value in hive.global extremum["clients_in_area_list™].items():
hive.modify_clients_list({key: valuel})

iter_count += 1

Fig. 12. LocBS—BeeCol program model fragment

Findings

Determining the number of BS at the marshal-
ling yard of small capacity. Input parameters:
number of bees (bees_count) = 10; maximum
number of attempts to find the optimal solution
(max_retries_count) = 10; number of clients (cli-
ents_count) = 250; maximum number of clients
covered by one WLAN Dbase station
(bs_max_clients_count) = 12; coverage radius
(bs_area_radius) = 50; field width (field_width) =
2,000; field height (field_height) = 400. The results
of the model work are shown in Fig. 13.

Artificial Bee Colony algorithm to setting BS locations
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Fig. 13. BS location at the marshalling yard
of small capacity

Thus, the recommended number of BS for
a small-capacity marshalling yard is 78, 23 of
which are in the arrival park, 37 — in the sorting
park and the hump, 18 — in the departure park.

Determining the number of BS at the marshal-
ling yard of medium capacity. Input parameters:
number of bees (bees count) = 10; maximum
number of attempts to find the optimal solution
(max_retries_count) = 10; number of clients (cli-
ents_count) = 300; maximum number of clients
covered by one WLAN base station
(bs_max_clients_count) = 12; coverage radius
(bs_area_radius) = 50; field width (field_width) =
2 500; field height (field_height) = 500. The results
of the model work are shown in Fig. 14.

Artificial Bee Colony algorithm to setting BS locations
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Fig. 14. BS location at the marshalling yard
of medium capacity

Recommended number of BS for a medium-
capacity marshalling yard is 93, 19 of which are in
the arrival park, 59 — in the sorting park and the
hump, 18 — in the departure park.
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Determining the number of BS at the marshal- 150
ling yard of high capacity. Input parameters: num-
ber of bees (bees_count) = 10; maximum number

) ) ) 100
of attempts to find the optimal solution
(max_retries_count) = 10; number of clients (cli- A
ents_count) = 350; maximum number of clients & S0
covered by one WLAN base station = 2
(bs_max_clients_count) = 12; coverage radius E
(bs_area_radius) = 50; field width (field_width) = z 0 20 40 60
3 000; field height (field_height) = 600. The results
L. Number of Bees
of the model work are shown in Fig. 15.
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Fig. 15. BS location at the marshalling yard Number ot Attempts
of high capacity
Recommended number of BS for a high- _ o
capacity marshalling yard is 131, 19 of which are Fig. 17. Optimization results dependence
in the arrival park, 92 — in the sorting park and the (number of BS) on the number of attempts

hump, 20 — in the departure park. for MS of different capacity

Originality and practical value

Investigation of algorithm parameters. The quali-
ty of the obtained solutions largely depends on the
choice of algorithm parameters. Therefore, a study
was conducted to identify the dependences of the
optimization results (the number of BS of wire
network) and the time to find the optimal solution
for different numbers of bees and attempts for mar-
shalling yards (MS) of different capacity. The re- 0 20 40 60
sults are presented in Fig. 16-19. Number of Bees

Fig. 16-17 show that increase in the number of
bees (from 10 to 50) and the number of attempts to - - -
find the optimal solution by one bee (from 10 to Fig. 18. Dependence of the optimal solution
50) leads to a decrease in the number of WLAN search time on the number
base stations by an average of 6.5 and 9.3% re- of bees for MS of various capacity
spectively.

s
R = |
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Rt

~earch Time,

=] =
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Fig. 19. Dependence of the optimal solution search time
on the number of bees for MS of various capacity

Increasing the number of bees (from 10 to 50)
reduces the search time for the optimal solution by
bees by an average of 1.8 times (Fig. 18), while
increasing the number of attempts to find the opti-
mal solution for one bee (from 10 to 50 ) leads to
an increase in the time to find the optimal solution
by an average of 2.14 times (Fig. 19).

Investigation of the coverage radius of the
WLAN base station was performed for a high-
capacity marshalling yard. The obtained results on
the LocBS-BeeCol software model are summa-
rized in Tab. 1.

Table 1

The investigation results for high-capacity
marshalling yard

No. of in- BS cover- Solution
vestigation | 29¢ ﬁdluS, BS number searzr;glme,
1 50 135 22
2 135 20
3 133 19
4 140 22
5 138 20
Average: 136.2 20.6
1 100 67 8
2 61 7
3 62 9
4 63 9
5 66 9
Average: 63.8 8.4

The Table shows that twofold increase in the
base station coverage radius (from 50 to 100 m)
leads to a decrease in the number of BS approxi-
mately twice (from 136 to 64), while the search
time for the solution of bees increases 2.5 times
(from 8.4 to 20.6 sec). The study was conducted
with the following parameters: the number of bees
(bees_count) = 10; maximum number of attempts
to find the optimal solution (max_retries_count) =
10; number of clients (clients_count) = 350; max-
imum number of clients covered by one base sta-
tion (bs_max_clients count) = 12; field width
(field_width) = 3,000; field height (field_height) =
600.

Conclusions

1. Taking into account the topology of the
marshalling yard and the peculiarities of the rele-
vant technological process, it is advisable to use
a wireless local area network of the ESS topology
with WLAN deployment methodology, focused
on maximum bandwidth.

2.Based on the results of the review of scien-
tific sources to determine the optimal number of
WLAN base stations and their location at the
marshalling yard, the bee method was used, the
advantages of which include the possibility of
effective division into parallel processes; high
speed work.

3. Based on the bee colony algorithm in Python,
the corresponding LocBS-BeeCol software model
was compiled, the input data of which are as fol-
lows: marshalling yard parameters (area, number
of clients to be connected to base stations); WLAN
parameters (base station coverage radius; number
of clients served by the base station); the bee colo-
ny algorithm parameters (number of bees, number
of attempts to find the optimal solution by the bee).
For example, to connect 300 clients to a medium-
capacity marshalling yard with an area of
2 500x500 m?, 93 base stations with a coverage
radius of 50 m are required.

4. The quality of the obtained solutions largely
depends on the choice of the bee colony algorithm
parameters. A study of the number of WLAN
base stations (solution search time by the bees) on
the different number of bees (attempts to find the
optimal solution by bees) for marshalling yards of
different capacity. It is determined that increase in
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the number of bees and the number of attempts to
find the optimal solution by the bee leads to an
increase in the quality of the optimal solution —
decrease in the number of base stations. In addi-
tion, increase in the number of bees leads to a de-
crease in the time to find the optimal solution and
increase in the number of attempts will lead to an
increase in the time to find the optimal solution
by bees.

5. For a high-capacity marshalling yard in the
case of increasing the coverage radius of the
WLAN base station twice the number of BS is
reduced by about two times, while the time to
find the optimal solution for bees increases
2.5 times.
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OPT'AHI3AILIS BE3JIPOTOBOI MEPEKI HA COPTYBAJIBHIN
CTAHIII 3 BAKOPUCTAHHAM BJ)KOJIUHOI'O METOY

Merta. CroronHi 6e31poTOBI Mepeski NIMPOKO BUKOPUCTOBYIOTH B SIKOCTI albTEPHATUBH APOTOBUM, IO T03BO-
JIs€ TMIKITIOYUTH JOeKiTbKa MPHCTPOIB SK MK cO00I0 B JIOKAIBHY, Tak 1 10 riiodaimpHOI Mepexi [HTepHeT. Aue
Ha CydYacHOMY erami B YKpaiHI HEMae MacoBOTO BHKODHCTaHHS O€3JpOTOBOI Mepexi Ha 3ali3HHYHOMY
TPAHCIIOPTi, TOMY JOLIIBHO ITPOBECTH JOCIIIKEHHS PO3TOPTAHHS TAKOT MEPEXi, 30KpeMa Ha COPTYBaJIbHIN CTaHII].
Metoauka. Ha nporpamuiit mogeni «LocBS—BeeColy, mo crBopena Mmoo Python 3a anroputmom 61K01rHOT
KOJIOHIi, BU3HAYCHO ONTHMANBbHY KibKicTh 0a3zoBux crtaHIiii (BC) 6e3mpoToBoi Mepexki Ta IX po3TamryBaHHS Ha
COPTYBaNbHIll CTaHIIii, MPOBEICHO JAOCIIKEHHS MapaMeTpiB axroputmy. Bxiani mani moxgeni «LocBS—BeeCol»:
napaMeTpy COPTYBAIbHOI CTaHIli (M0, KUTBKICTh KIIIEHTIB, IKUX MOTPIOHO MiAKIIOUUTH 10 0a30BUX CTaHIIIN);
napameTpu 0e3apoTOBOI Mepexi (paaiyc MOKPUTTs 0a30BOi CTaHINIi, MAKCHMaJIbHA KUTBKICTh KIIEHTIB I OJHIE T
0a30B01 craHlii); mapaMeTpy ajiropuTMy OJPKOJUHOT KOJIOHIT (KINBKICTh OIKINI-PO3BIAHUKIB, KIJIBKICTH CIPOO
3HalWTH ONTHUMAaJIbHE PILICHHS OJHOK 0/K0010). Pesyabraru. s copTyBaNbHHX CTaHLI# Pi3HOT MOTYKHOCTI
(Manoi, cepeiHbOT Ta BEJMKOT) OTPUMaHO ONTHMANbHY KUIBKICTh 0a30BUX CTaHLil 0€31poToBOT Mepexi 3a oOMe-
KCHb Ha paJliyc MOKPUTTSA 0a30BOi CTaHII{ Ta KiTBKICTh KIIEHTIB, MO MiTKIOYEHI N0 Hei. Tak, HampukiIam, uis
nigkrroueHHs 300 KI€HTIB HA COPTYBANBHIN CTaHIlIi cepeqHhOI MOTYKHOCTI, TuIoma sikoi 2 500x500 M?, Heobxi-
nHO 93 6azoBuX cTaHmii 3 pagiycoMm mokpuTts 50 M. HaykoBa HoBH3HA. SIKiCTh OTPUMAaHUX PIIlIEHb 3HAYHOIO Mi-
PO¥O 3aJIeKUTPH BiJ BUOOPY MapaMeTpiB alTOPUTMY OJDKOIMHOI KooHii. [IpoBeieHo MOCTiIKEeHHS KUTBKOCTI 0a30-
BHX CTaHII 0e3pOTOBOI MEpeXki Ta Yacy MOIITYKY ONTUMAIBFHOTO PIlICHHS 3a PI3HOK0 KUTBKICTIO 0K Ta KUTbKIC-
TIO CIPOO 3HAWTH ONTHUMaJIbHE PillIeHHs OKOJIO0 /sl COPTYBAILHUX CTaHIIM pi3HOI MoTyKHOCTI. Bu3HaveHo, 1o
30ibIIeHHsT KijbkocTi 60k (i3 10 no 50) Ta KimbKOCTI crpo0 3HAXO/PKEHHS ONTHMAIBHOTO PIlIEHHS O/1XKOJIO0
(13 10 no 50) npu3BOAMTH 10 YTOUYHEHHSI ONTUMAJIBHOTO PillIeHHs (3MEHIICHHS YHcia 0a30BUX CTaHLIN y cepeqHbO-
My Ha 6,5 Ta 9,3 % BiamoBinHo). Kpim Toro, 306inbiieHHs KigbkocTi 00ki (i3 10 10 50) npu3BoaAUTh 10 3MCHIIICHHS
4acy MOIIYKY ONTHMAJIBHOTO pillleHHs OJDKojlaMK B cepeqHboMy B 1,8 pasa, y Toil yac sik 30UIbLICHHS KUIBKOCTI
crpo0 3HAXOKEHHS ONTHMANBHOTO pinieHHst 0/pkos0t0 (i3 10 1o 50) npusBeae 10 3pOCTaHHs Yacy MOUIYKY OINTH-
MAJIBHOTO pIillIeHHS B cepeTHhOMY B 2,14 pasa. [IpakTuyna 3HaunMicTh. Po3poOiieHo anroput™ Ta #ioro mporpa-
MHY peai3allito, SKi O3BOJISIOTh BU3HAYHTH HEOOXiTHY KiTbKICTh 0a30BHX CTaHINM Ta iX po3MileHHS Iix 9ac
po3ropraHHsi 0€3/pOTOBOT Mepexi Ha COpTyBajbHIH cTaHwii. {7 copTyBaJbHOI CTAHIII BEJIMKOI IMOTYXHOCTI
B pasi 30UIbIIeHHS pajaiyca NOKpHUTTS 6a30Boi craHmii yaBivi (i3 50 1o 100 M) kinbkicTe BC 3MeHnIyeTsest mpuo-
JTU3HO B 1Ba pasu (31 136 mo 64), mpu 1bOMy 4Yac IOIIYKY ONTUMAIbHOTO PIMIEHHS OKOJIaMM 30UTbIIYETHCS
B 2,5 pa3sa (i3 8,4 mo 20,6 c).

Kniouosi cnosa: copTyBallbHa CTaHIlis; Oe3apoToBa Mepexa; Oasoma cranmis (BC); pamiyc MOKpUTTS;
0LKOMHUI METO; O/KOIIH;, CIIPOOH; J9ac MOIIyKy
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OPI'AHM3AIIMA BECIIPOBOJHOM CETU HA COPTUPOBOYHOM
CTAHIIMU C UCHOJIb30OBAHUEM ITYEJAHOI'O METOJIA

Heanb. Ceronus O0ecnipoBOJHBIE CETH IIMPOKO HCIOJB3YIOT B KAUECTBE aTbTEPHATHBBI IIPOBOJHEIM, YTO MO3BO-
JISIET TIO/IKIIFOUUTh HECKOJIBKO YCTPOUCTB KaK MEXAY co00ii B JIOKaJIbHYIO, TaK U K ri00anbHoi cetn HTepHeT. On-
HaKO Ha COBPEMEHHOM dTalle B YKparHe HET MacCOBOT'0 UCIIOJIb30BaHHsI OECIIPOBOTHOI CETH Ha JKEJIE3HOAOPOIKHOM
TPaHCIOPTE, MO3TOMY LENecO00pa3HO MPOBECTH HCCIIEIOBaHHE Pa3BEPTHIBAHUSI TAKOW CETH, B YaCTHOCTH, Ha COP-
THPOBOUYHO#H cranimu. MeToauka. Ha nporpammuoii mogenu «LocBS—BeeColy, nanucanHoit Ha si3pike Python no
ITOPUTMY ITYEITMHONW KOJIOHWH, OIpENeNIeHO ONTUMalbHOe KosmuecTBO 0a3oBbix craHimii (BC) b6ecnipoBogHOi ce-
TH U UX PACHOJIOXKEHHE HA COPTHPOBOYHOM CTaHIUH, IPOBEJIEHO HCCIEAOBAaHUE apaMeTPOB alropuTMa. BxoaHsle
nanHble Mogenu «LocBS—BeeColy»: mapaMeTpbl COPTUPOBOYHON CTAHIMH (ILIOMA b, KOIMYECTBO KIHEHTOB, KOTO-
PBI HY’KHO MOJKITIOYUTH K 0a30BBIM CTAHIUAM); TapaMeTphl OECIIPOBOAHON ceTn (paxuyc MOKPHITHS 0a30BOi cTaH-
IIH, MaKCHMaJIbHOE KOJIMYECTBO KJIMEHTOB VISl OJIHOI 0a30BOM CTaHINM); TApaMEeTPhl ITOPUTMA ITIETHHON KOJIO-
HUM (KOJMYECTBO ITUEN-Pa3BEIUMKOB, KOJMYECTBO MOMNBITOK HAWTH ONTHMAIBHOE PEIICHWE OIHOW IYENION).
PesyabsTarsl. {7151 COPTHPOBOYHBIX CTAHIMHA Pa3IMIHON MOITHOCTH (MAJIOH, cpemHel M BBICOKON) MOIY9IEeHO ONTH-
MaJIbHOE KOJIMYECTBO 0a30BBIX CTaHIMI OECIPOBOIHOM CETH NMPH OIPAaHUYCHHSIX Ha PAJAUYC MOKPBITHS 0a30BOM
CTaHIIMU U KOJHMYECTBO KJIMEHTOB, MOJKIIOUEHHBIX K Hel. Tak, Hampumep, i noakiaodeHus 300 KIHEHTOB Ha
COPTHPOBOYHOMN CTAHIIMH CpeAHEH MOIIHOCTH, IIOoManb KoTopoii 2 500x500 Mm%, Heo6xoauMo 93 6a30BBIX CTAHIUI
¢ paguycom nokpbITst 50 M. Hayunast HoBu3Ha. KauecTBO MoSyuyeHHBIX PEIIEHUH B 3HAYUTELHON Mepe 3aBHCUT
OT BBIOOpa MapaMeTpOB ANTOPUTMA IMUENHHON KoJIoHnH. [IpoBesieHo nccnenoBaHue KoJndecTBa 0a30BBIX CTAHLIUU
0ecIIpOBOJHON CETH M BPEMEHH MOMCKA ONTHMAIBHOTO PEHICHUS MIPH Pa3InIHOM YHCIIE IMYell U KOIUYECTBE IMOTIbI-
TOK HalTH ONTHUMAJIBHOE PEIICHHE MUYENION sl COPTUPOBOYHBIX CTAHIUHI Pa3sIUYHON MOIIHOCTH. ONpeneneHo, 4To
yBenmueHne koamdectsa maen (¢ 10 1o 50) n KosmmyecTBa MOMBITOK HAXO0X/SHUS ONTUMAIBHOTO PEIICHUS MUesIon
(c 10 o 50) mpuBOAMT K yTOYHEHHIO ONTHMAJIBLHOTO PEIIeHHs (yMEHBLICHHUIO Ynciia 0a30BBIX CTAHIUI B CPEAHEM
Ha 6,5 1 9,3 % coorBercTBeHHO). KpoMe aToro, yBennuenue kosmdectsa myen (¢ 10 1o 50) npuBOIUT K yMEHbIIe-
HUIO BPEMEHU MTOUCKA ONTHMAaJIbHOIO PEUICHUs MYelaMH B cpeJHeM B 1,8 pasa, B TO BpeMs Kak yBEIUYEHHUE KOJIH-
YECTBA TOMBITOK HAXOXKJEHHUS ONTUMAaJbHOTO pemtenus myenoi (¢ 10 go 50) mpuBeneT K pocTy BPEMEHHU MOMCKA
ONTUMAJIHOT'O PEHIeHUs B cpeaHeM B 2,14 pa3za. [IpakTuyeckasi 3HAYUMOCTh. Pa3paboTaH airoputMm u ero mpo-
rpaMMHas peaau3anys, MO3BOJIIOINE ONPEIeIUTh He0OX0IMMOe KOJINYECTBO 0a30BBIX CTAHIMH U UX pa3MeIIeHne
IIPU pa3BEPTHIBAHUN OECIPOBOJHOI CETH Ha COPTUPOBOYHOM CTAHIUH. {11 COPTUPOBOYHOM CTAHIIMM BBICOKOI
MOIIIHOCTH PY YBEIMYCHUU PaJnyca MOKPBITH 0a30B0i cranuuu Basoe (¢ 50 no 100 m) xomuuectBo BC ymeHb-
HIaeTcsi PUMEPHO B JBa pasa (co 136 10 64), mpu 3TOM BpeMs MOMCKa ONTHMAILHOTO PEIIEHUS TUeIlaMU YBETHIH-
Baercs B 2,5 pasa (¢ 8,4 o 20,6 c).

Kniouegvie cnosa: copTupoBOUHAs CTaHIMA; OecrpoBojHas ceTh; 0azoBas cranuus (bC); paguyc mokpsITus;
MTYETUHBIN METOJ; MYEITbl; MOMBITKH; BpeMs IOUCKA
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CTATUCTHUYHE OITPAIIIOBAHHSA ITAPAMETPIB 3HOCY
I'AJIbMOBHUX KOJOAOK BAHTA’KHUX BAI'OHIB

Merta. Lle nocnipkeHHs CIIpSIMOBaHE Ha CTATHCTHYHE OTPALIOBAaHHS KOHTPOJILOBAaHUX B EKCILIyaTallii reoMer-
PHYHHX TAapaMeTpiB 3HOCY KOJOAOK MOJAEPHI30BAHMX TalbMOBHX CHCTEM Bi3KiB BaHTa)KHHX BaroHiB. MeToamka.
3acTOCOBAaHO CTATHCTUYHUH MiAXix 10 mMoOYyHOBH TpadivHOi 3aIeKHOCTI 3HOCY TallbMOBHX KOJIOJIOK BiJl MPOOIry
BaroHiB Ha OCHOBI IONIEPEAHBO 310paHUX AaHUX MIOAO 3HOCY B KOHTPOJBHHUX TOYKAX, IO PETJIAMEHTOBAHO BIMOTa-
MH TUTaHOBO-TIOTepeKyBadbHOTO peMoHTy (IIIIP). TeopeTmyHO-eKcIITyaTamiifHI JOCTIKEHHS, SKi CTOCYIOTHCS
3MEHIIECHHS HEHOPMAaTHBHOTO 3HOCY TaJIbMOBHX KOJIOZOK, BUKOHAHO 32 METOANKOIO PETPECiHOTrO aHaNi3y Ha Mijc-
TaBl €KCIIEpUMEHTAIBHUX JaHHUX JOCTIJHOI eKCIulyaTamnii MOJEpPHI30BaHMX HPHUCTPOIB rajibMOBHX CHCTEM BI3KiB
BaHTa)XHUX BaroHiB. OOIPYHTOBAHO «MajiaTHBHUI MIJXiJ 10 BUPIIIEHHS [[bOTO 3aBIaHHs. Pe3yabTaTn. YcraHos-
JICHO, L0 Ha MPaKTHUIl MalOTh MiClle BUNAJKH, KOJIM KOJOJAKMA He 3a0e3MeUyl0Th CBOIO PErjiaMeHTOBaHOTro Npooiry,
YHACII{JIOK YOro iX MmepenyacHo 3aMiHIOITh Yepe3 KIMHOYalbHUN 3HOC. A 1€, 3 TOYKH 30py €KOHOMIKHU Ta Oe3reKu
X BUKOPHCTAHHS, TIPU3BOAUTH /10 3HIKEHHS IajibMOBOI €()eKTHBHOCTI B TPiaHIeJIbHUX T'aJbMOBHX cHcTeMax. Ekc-
MEePUMEHTAIbHO-HAYKOBUMH JIOCIIDKEHHSMH BUSIBJICHO, 110 MiJl Yac BUKOHAHHS IUIaHY BaHTXHHUX NEPEBE3CHb JI0
95 % KOIIOIOK BaroHiB, 32 YMOBH BHKOPHUCTAHHS TUIIOBHUX MPUCTPOIB TaJlbMyBaHH:, MAalOTh IIKIUIMBUH MOIBIHHIHA
¢$puKLidHUH 3HOC, 1m0 MOTpedye iX 3aMiHM y TapaHTOBAaHUH MiXXpeMOHTHHIA mepioa. [1ig gac oOCTeXeHHS B yMOBaX
eKCIITyaTalii SBUI 3HOCY TaJIbMOBHX KOJOJOK JUIS MOJAEPHI30BaHMX NPHCTPOiB BI3KiB Ha OCHOBI perpeciiHoro
aHaJi3y BUKOHAHO NMPOTHO3YBAaHHS IXHBOTO 3AJMIIKOBOTO PECYPCy, PE3YJIbTATOM SIKOTO € BUKOPHCTaHHS KOJOIOK
Ha yBeCh MDXKPEMOHTHHH IepioJl eKCIuTyaTallii BAaHT&XKHUX BaroHiB. HaykoBa HoBM3HA. Ymepiune aganToBaHO IS
MOOYZOBH perpeciitHol 3aJeKHOCTI MOZAETh 3HOCY KOJIOZOK MOJAEPHI30BaHUX IPHCTPOIB raJbMOBHX CHCTEM Bi3KiB
3aJIe)KHO Bij NPOOIry BaroHiB. 3a OTPUMaHUMHU pe3yJIbTaTaMi HATYpHOTO €KCIIEPUMEHTY MPOBEAEHO 00pOOKy 310-
PaHUX JaHKX IPO 3HOC KOJIOJIOK 3@ BiZICYTHOCTI HOPMAJIBHOTO 3aKOHY CTaTUCTUYHOTO po3nojiny. [lepeBipky Biamo-
BIZIHOCTI €KCIIEPUMEHTAIbHO-TEOPETHYHNX PO3PAXyHKIB 1110JI0 BUMIPIOBaHb 3HOCY KOJIOJIOK OIliHEHO 3a TectoM Ko-
XpeHa. 3anporoHOBaHO «HaJllaTUBHHUIA MIJIX1J] JAJIsl CTATUCTUYHOTO aHaNi3y 3HOCY KOJIOZIOK B yMOBax €KCIUTyaTallii,
piox ekcruryaTanii BaHTa)XXHUX BaroHiB. IlpakTudyHa 3HaYnMicTh. Pe3ynbTaT poBeJeHUX JOCIIIKEHb anpodoBa-
HO Ha JIOCJIITHOMY PyXOMOMY CKJIaJli 3 MOJIEPHI30BaHHMH MPUCTPOSIMU JUIsl PIBHOMIPHOTO 3HOCY TaJIbMOBHX KOJIO-
JIOK y Bi3kax. OTpHMaHO NMAaTeHT Ha BHHAXIiJ, KU PEKOMEHIOBAHO /O BTUICHHS IIiJl Yac NMPOEKTYBaHHS HOBHX 1
MOJICpHI3aIlil HASBHUX FAJIbMOBHX CHCTEM Bi3KiB BAHT)KHUX BaroHiB.

Kniouosi cnoea: ranpMoBa KoJloJika, 3HOC; TabMoBa BaxinbHa nepenaya (I'BII); BaroH; aHami3; Mozens, CTaTH-
CTHYHI JIOCTIDKEHHS; BUOIpKa
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PYXOMMI1 CKJIAJL I TATA TTOI3/11B

Beryn

3a ocTaHHI POKH Ha 3aJi3HUYHOMY TPaHCHOPTI
CIIOCTEPITra€eThCs ICTOTHE TMOTIPIICHHS TEXHIYHOTO
CTaHy TaIbMOBHX CHCTEM BaHTa)KHUX BaroHIB, BiJ
SIKUX Y TIEpILy 4epry 3aleXuTh Oe3rneka pyxy Io-
i3miB. [lommpeHow BiAMOBOIO € KIMHOAYaJIbHUN
3HOC TaJbMOBHUX KOJIOJJOK BAaHTQXXHUX BaroHis,
CIPUYMHEHNH HEJOCKOHAIOI0 KOHCTPYKIEIO Ba-
KITBHOT Tepenavi Bi3Ka, MOJICPHI3AIiI0 SKOI He
BUKOHYBaJIU 0arato JIeCATUIIITh.

3ibpana iH(OpMaIis B mporeci HAyKOBOTO J0-
CIIDKEHHS TIPO 3MiHY T€OMETPHUYHUX IapaMmeTpiB
raJIbMOBUX KOJIOJIOK 3aJIS)KHO BiJ MpoOIry BaHTa-
JKHUX BaroHiB B YMOBax eKCIDITyaTallil miasrae
peTenbHiit 00podmi. 3a JOMOMOTOI0 METO[IB CTa-
TUCTHYHOT OOPOOKH MOKHA YSBUTH 3arajibHy Kap-
THHY IPO TaJbMOBI CHCTEMH Bi3KiB BaHTAKHHX
BaroHiB, CTBOPIOIOYX TUM CaMHM CIIPHUSTINBI YMO-
BU IS TOJAIBIIONO CEpPIHHOTO BIPOBAPKCHHS
OHOBIICHHX KOHCTPYKIIH TaJIbMOBHX BaXKLIBHUX
nepenau (I'BII) y BupoOHHIITBO Ha BaroHoOyIiB-
HUX 3aBofax abo ix MozepHi3allii Ha BarOHOPEMO-
HTHHX mignpueMcTBax AT «YKp3ami3HULID.

Y poboti [4] Oyno 3ampomoHOBAHO OAWH i3
HiIXOMIB OO0 MOMIOHUX CTATUCTUYHUX HOCIIDKEHb.
ABTOpY OIIHIOBAJIM TaKi MapaMeTpH, sIK CHJIa Ha-
TUCKAaHHS TaJbMOBHX KOJIOJJOK Ha KoJieca, TBEp-
JCTh MaTepiay KOJIOJOK TOIIO, ITiJl 9aC YCTaHOB-
JICHHS BEJIMYMHU TaJIbMOBOTO IIISXY 3aJI€KHO BiJl
HIBHJIKOCTI PyXY, YXWIIy PEHKOBOI KOJIii i pajaiyca
KpUBOI B pa3i TajJbMyBaHHS PYXOMOTO CKIAIy.
CTaTUCTHYHO BCTAaHOBIIEHI KPUTUYHI YXHUIIH BEIU-
YUHM TaJIbMOBOIO INUIAXY Yy BHIAAKY IOBHOIO
CIIy’>kOOBOTO  TaJIbMyBaHHS PyXOMOI'O  CKJIIAAy.
[Ipote B po0OOTiI HE PO3MIIIHYTO YMOBH, KOJH 3Me€-
HIIYEThCSI TajJbMOBa IUIONIA KOHTAKTY KOJIOIKU
3 KOJIECOM 3a JIyalbHOTO 3HOCY KOJOJOK, TOMY
OIIIHIOBATH TaJhbMOBY e(DEeKTHBHICTH TOi3/1a IO3U-
THBHO HE MOXHA.

ITix yac BUKOHAHWX MOCTIKEHb y Tiparti [8]
Oy110 po3poOIEHO perpeciitHy MoJIeNb TePTs KOJIO-
JIOK 1 KOJIIC JIOKOMOTHBIB IMPOMHUCIIOBOTO TPAHCITO-
PTY B yMOBax CTPYKTYpPHOI HEBU3HAHOCTI 3a BEJIH-
KOi KIJIBKOCTI CKJIaJIHOCTI BXIJHHMX 3MIHHHX Y MO-
JeNIAX TapaMeTpiB, TOOTO 3 ypaxyBaHHSM 3HAYCH-
Hs koedimienta TepTsa. BHKITIOUMTH HECTIHKI
pilieHHsT B Takiii OaraTo mapaMeTpHuHiil Mojedni
CKJIQJIHO, X04Ya aBTOP 3allPpOIIOHYBaB CBOE OaueHHS
npoOsieMu. OJHaK TOJIOBHUY IMapaMeTp — 3HOC KO-

JIOMOK 3a TOBIIMHOIO, SIKUH y CHCTEMi IUIAHOBO-
nonepemkyBanbHoro pemonty (IIITP) oOmexye
3aCTOCYBaHHS BCiX THUIIB TaJbMOBHX KOJOAOK (i3
TOYKH 30py O€3MeKH iX BUKOPHCTAHHS) IUIS i1€H-
tudikamii Momeni He OyII0 BpaxoBaHO.

VY npoBeneHoMy nociipkeHi [12] BcraHoBIICHO
OPUYMHY WIKIAJIUBOTO AYyallbHOTO 3HOCY KOJIOIOK
1 BHM3HA4YCHO MOXJIMBOCTI JIKBimamii BKa3aHOTO
HEJIOJIIKY, 110 MPU3BOJUTD JI0 ePeI4acHOi 3aMiHU
raJbMOBUX KOJIOJIOK, SIKi HE BUKOPHUCTAlIM CBiif
pecypc pobod0i Macu B MeKax TUIAaHOBUX MiXpe-
MOHTHHX TpoOIriB. Y IOMY HOCHIKEHHI OYJI0
BUKOPUCTAHO CTATUCTUYHUHU MiAXiA TUIaHYBaHHS
EKCIIEPUMEHTIB 3a JOCHITHOI eKCIuTyarTalii BaHTa-
JKHUX BaroHiB i3 THIIOBUMH H MOJIEPHI30BaHUMU
I'BII, axi Oynu BKItOYeHI B OnWH cKiaj. Ane 3a-
BaHHS [IO/I0 IPOTHO3YBAHHS TEPMiHIB X €KCILTy-
aTauii He CTaBUIIOCS.

IHmuit miaxig Oyso 3ampONOHOBAHO KOJIEKTH-
BOM aBTOpiB y po6oTi [9]. Ha npuknani HeHOpMa-
THBHOTO 3HOCY TaJIbMOBHX KOJIOIOK PO3TJISIHYTO
MUTaHHS TIPO HEPIBHOMIPHHIA 3HOC Map TEPTA KO-
JIOJIOK 13 KoJiecamMH, 10 HaJIeKaTh JI0 OJHOTO Ba-
TOHA, X JMHAMIYHI TPOIECH, SKI ONMHUCAHO CKIIAJ-
HOIO MOJEJUIIO. AJie TyT MOBa HIIa PO BUIAAKH,
KOJIM BEJIMYMHU JOCHTIDKYBAaHUX IMapaMeTpiB IiJ-
MOPSIIKOBYIOTHCS HOPMAJbHOMY 3aKOHY PO3IOIi-
ay.

SIK TOBOIUTH NMpPAKTHKA, HEHOPMATHBHHUN 3HOC
raJlbMOBUX KOJIOJIOK BHHUKAaE depe3 HempodeciiiHi
Iii poOITHHKIB, SIKi BUKOHYIOTH TEXHIYHE 00CTyT0-
ByBaHHS W PEMOHT BaHTQ)XHUX BaroHiB i3 Mopy-
[ICHHSM HOPMAaTHBHHUX TEXHIYHHX JIOKYMEHTIB [5],
TOOTO B JIEAKUX BUIIAJKaX Ha CBiH PO3CY] yCTaHO-
BIIOIOTH KOJIOJKH, SIKi OyJIM paHimie 3HSTI 3 Baro-
HiB. ToMy iX 3HOC, BOUEBHU/b, HE MOXKE BIJIMOBIIA-
TH HOPMaJIbHOMY 3aKOHY PO3MOJiTy, Ta TOAiOHI
nociipkenns [14, 15, 21-23] He MarOTh CEHCY.

Meta

e mocmimkeHHsT CpsMOBaHEe Ha CTATUCTHYUHE
OTPAIIOBAHHS KOHTPOJBOBAHMX B EKCILTyaTallii
TEOMETPHYHHUX TMapaMeTpPiB 3HOCY TajbMOBUX KO-
JIOJIOK MOJICPHI30BAHHMX T'aJIbMOBMX CHCTEM BI3KiB
BAHTAXKHUX BaroHiB.

Juis peamizariii MeTH JOCTIKEHHS HEOOXiTHO
BHPIIINTH TaKi 3aBJIaHHS:

— BUKOHATH EKCIIEPUMEHTAIbHO-HAYKOBE 00-
CTEXXEHHS TalIbMOBUX KOJIOJIOK B YMOBAax €KCILTya-
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Tamii BaHTAKHUX BaroHIiB IIITXOM BHUMipIOBaHHS
iX 3HOCY B KOHTPOJBHHX TOYKAX 1 310paTu cTaTHC-
THUYHI BiIOMOCTI ITPO BUMipSHUI 3HOC;

— OOTpYHTYBaTH BUTIISA] 3aJI€KHOCTI 3HOCY Ta-
JBMOBHX KOJIOJOK 32 iX TOBIIMHOIO Bim TpoOiry
BaHTA)KHOTO BaroHa IIUISIXOM 3aCTOCYBaHHS perpe-
ciiiHOTO aHami3y 3a pe3ynbTaTaMu 3i0paHuX CTaTH-
CTUYHUX JIAaHUX;

— 3[IACHUTH TIEPEBIPKY CTATUCTHYHHX TilOTE3
LIO0 XapaKTepy PO3MOJily BUIAJKOBHX BEIHYUH
3HOCY TaJbMOBHX KOJIOJOK i X B3a€MO3B’SI30K 3a
HAJIEKHICTIO TaHUX J0 OJHi€l TeHepalbHOI CyKyTI-
HOCTI, 32 3HAYUMICTIO BIAMIHHOCTEH TOIIIO;

— PO3TIISIHYTH TIJCTAaBU IIOAO HMPOTHO3YBaHHS
3aJIMIIKOBOTO PECypCy TaJbMOBHX KOJOJIOK Yy MO-
JICpHI30BaHUX MPUCTPOSX IS PIBHOMIPHOTO 3HOCY
KOJIOZIOK Y Bi3KaxX Ha YBECh IapaHTOBaHUU Mikpe-
MOHTHHH TepioJ eKCIuTyaTamii BaHTaXHHUX Baro-
HiB.

MeTtoauka

B po6ori [11] mocmimkyeTbes sBUIIE 3HOCY Ta-
JBMOBHX KOJIOJIOK BAaHT)XHUX BaroHiB 3aJIe)KHO
BiJ iX MpoOiry Iuisi MOAEPHI30BAaHMX MPUCTPOIB
PIBHOMIpHOTO BiJiBeIeHHS KOJIOJOK W yTPUMYBaH-
HJ iX HAa HOpMaTHBHIH BigcraHi. Ha puc. 1 HaBene-
HO Mojieib TexHiuHoi cuctemu (MTC) MouxepHizo-
BaHOI KOHCTPYKIIii BaHTaxxHOTO Bi3ka 3 ['BII B 3a-
raJbHOMY BHIJISI JUIS CTaTHCTUYHUX JIOCIIPKEHb
3HOCY KOJIOJIOK.

Y1
X1
M
Xz Y2
EE— T
Xn C
—> Yn

Puc. 1. Mojenb TEXHIYHOT CHCTEMHU

Fig. 1. Model of the technical system
Mojenb Mae Taki CKJIaJIOBi: BXiIHUH BEKTOP
X = (x1 Xoy ey Xn); BEKTOp BUXIJIHUX MapameTpiB
Y = (yl, Yorenn ym) 1 CyKYITHICTh TIPOLEAYP BizO-

OpakeHb JOCHIPKyBaHUX HapameTpiB (T) Bino-

OpakeHHst T : X =Y wmicTuts yci QyHKIIOHABHI

MIPOLIEAYPH, SKi BHKOHY€E TEXHIYHA CUCTEMA.

VY HamioMy 3aBIaHHI € JBa MacWBH BXIiJTHUX
i BuximHux mapametrpiB: N =2 — BUMipH 3Bepxy
Xg Ta 3HU3Y Xy KOJIOJIOK, IIIO B3a€EMOIIIOTH i3 KO-
Jecamu Jochignux BaroHiB;, M =2 — 3HOC Bepx-
HBOI Yy YM HIKHBOI Yy YacTHH KOJIOJOK IIICIIs
npobiry L; 1 =7 — kinbkicTh BuMiproBanb (y KOH-
TPOJIBHIN TOYIII) JUTsI KOKHOTO JOCJIITHOTO BaroHa,
sIK1 3BeZieHO 110 Ta0j. 11 2: Y — maHi eKCrepuMeH-

TiB, Y — crarucruuni 3aMipy 3HOCY TaJbMOBHX
KOJIOJIOK.

Po3paxyHKH BUKOHaHO IS CEpPEeIHBOrO 3Ha-
YeHHsI 3HOCY BCiX JIOCIHITHUX BaroHiB i3 MOJEpHi-
30BaHUMU TPHUCTPOsiMHE [17].

Sk BimomMo 31 cTaruCTH4YHOI  Teopii
[3, 6, 13, 16], mix uwac po3riasay Oyab-sSKOrO 3a-
BIAHHS 3 BUKOPHCTaHHSIM 3aKOHIB MaTeMaTHYHOL
CTaTHCTUKUA € JaBa Jokepena iHdopmamii. [lepmie
JDKEpesio — Pe3yNibTaTh CHOCTepeKeHb (eKcIepu-
MeHTiB). llpuyomMy mpomec crocrepexeHbr MOXKe
KOperyBaTHCA Ha TiACTaBi MOMEpPEeNHiX pe3yibTa-
TiB (Tak 3BaHUH MOCiIOBHUH aHaii3). [pyre mke-
peno — anpiopHa iH(OpMALlis PO BJIACTUBOCTI J10-
CJIIJKYBaHOTO 00’€KTa, TOOTO 1€ HAKOMMYEHUH Ha
Iedl MOMEHT 3HOC 3a BH3HA4YCHHIU MPOOIr BaroHa.
[ro iHpopmariito BitoOpakaroTh y MOJAEII, 1110 00-
paHa Juis po3TJIsiLy 3aBIaHHS.

Buxonsun 3 Teopii CTaTHCTHYHHUX BUCHOBKIB
[1, 3, 19], 3a mauwmMu Tabma. 1 i 2 BU3HAUAEMO Be-

Jmtn/IHyZni /2, ne N — cepeHe 3HAYCHHS 3HOCY

KOJIOJIOK JIJTsl BCiX BAroHiB. Ii 3HAYEHHS JIOPIBHIOE
60,27 nns Bepxy 1 58,19 s HU3Y KOJNOIOK, TOMY
MeiaHHuM € iHnTepBan 24,1-74,1 i3 yacToTor0, sKa
nopiBaoe 15,98 mis Bepxy i 15,22 nyis HU3Yy Koo-
JIOK.

Meniany oTpuMyeMo 3a GOPMYIIO0:

DN /2-snye, " M

Mg =Xye +
Ny

e

Ie Xye — IOYAaTOK MeJiaHHOIO IHTepBaly;
Nye — YaCTOTa MEIIAHHOIO IHTEPBALY; SNy ;
HAKOIIMUYEHA 4acTOTa iHTepBaily, 0 Iepeaye Mei-

AHHOMY.
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Ycepenneni 3HaueHHsI BUMipSIHOT0 3HOCY Y BepPXHiii YacTHHI raJabMoBOI KOJIOIKH

Averaged values of measured wear at the top of the brake pad

Tabnums 1

Table 1

IMocminoBHICTS 3MEHIIEHHS TOBIIMHY Y BEPXHill YaCTHHI FalbMOBHX KOJNOZOK Y; (MM)
[iBerTapHuit HoMep fociiHoro 31 36LIBIICHHSM TIPOGIry BaroHa L (Tuc. Bar. km)
e 4,6 16,2 24,1 74,1 121,3 164,6 197,8
61138707 0,75 3,63 5,75 17,38 25,5 33,25 40,63
61139481 0,5 3,13 5,88 16 23,63 32,75 40,63
61138970 0,5 4,13 6,75 13,63 22 29,75 37,13
61139168 0,13 2,88 6,25 16 24,25 33,13 39,5
61139317 0,88 3,25 6,13 16,13 23,88 31,63 38,25
61139176 1,13 3,63 6,88 16 24,88 32,38 38,38
61139556 0,25 3,25 5,38 15,13 22,75 30,63 37,25
61139531 0,25 3 6,25 16 22,75 31,25 39,25
61140083 1,13 3,88 6,25 17,5 25 33,25 39,63
61140307 0,38 3 5,63 16 23,38 30,63 37,38
Cepenne 3HACHNA S BCIX 0,59 3,38 6,12 15,98 238 31,87 38,8
BAaroHIB
Tabnumsa 2
Ycepeaneni 3HaUeHHs] BUMIPSIHOT0 3HOCY B HMKHIM YaCTHHI rajJbMOBOI KOJIOAKH
Table 2

The average values of the measured wear at the bottom of the brake pad

ITocnitoBHICTE 3MEHIIIEHHS TOBIIMHU B HWKHIA YaCTHUHI TaIbMOBHAX KOJOLOK yi (Mm)
IHBeHTapHHﬁBI;S::f AOCTIHOTO 31 301IBIIIEHHSIM MPOOIry BaroHa L (THc. Bar. km)
4,6 16,2 24,1 74,1 121,3 164,6 197,8
61138707 0,5 3,25 5,25 13,25 20,63 29,5 36,5
61139481 0,63 3,25 6,25 15,88 23,38 31,75 39,38
61138970 0,63 4 7 14 22,38 30,25 37
61139168 0,38 3,38 6,13 15,38 23,63 31,38 38,25
61139317 0,63 3,25 5,88 14,5 22,25 29,75 36,38
61139176 0,38 2,63 6 14,75 22,25 29,75 36,5
61139556 0,63 3,13 5,88 15,38 23,13 30,88 38
61139531 0,63 2,88 55 18 25,88 33,25 40,5
61140083 0,38 2,5 5,13 14,88 22,75 30,63 37,5
61140307 0,88 3,13 5,88 16,13 24,13 30,75 37,25
Cepepne sadeHus s BCiX | o7 3,14 580 | 1522 | 2304 | 3079 | 37.73
BaroHiB
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3a pe3ynpTaTaMy po3paxyHKy MOOyIOBaHO Tic-
TOTpaMH BiTHOCHHX 4YacToT (pHc. 2 1 3) BapiariitHo-
ro psxy, TOOTO cximyacTta (irypa, 0 CKIAJAAa€EThCs
13 IPSIMOKYTHHKIB, OCHOBAMH SIKUX € YaCTKOBI iHTe-
pBa¥ JOBKUHOK h, a BUCOTH JOPIBHIOIOTH IIiJTb-
HOocTsM BimHocHOi wactotn f;. Ilmomry i-ro wact-

KOBOTO IPSIMOKYTHHKA BH3HAYa€MO 32 (hOPMYJI0I0:

:
h
pi (] ; —BiHHOCHa qacToTa BapiaHTiB, 10 MoTparuiIn

B i-# iHTepBai. [lmoma ricrorpamMu BiJHOCHUX 4Ya-
CTOT JTOPIBHIOE CyMi BCiX BIJHOCHHX 4acTOT, TOOTO
1,0.
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m16.2-24.1
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IaTepraan npoGiry BaroHie, Bar-km

Puc. 2. Ticrorpama IiibHOCTI PO3MO/iITY CEPEAHBOTO 3HOCY IS BEPXY TAIBMOBUX KOJIOJOK

3aJIeKHO BiJ] MPOOITy JOCITITHUX BaroHiB

Fig. 2. Distribution density histogram of average wear for the top of the brake pads,

0,0801

0,0701

el
(=1
=3
=1
=1

d
(=1
3
(=1
=1

LlinsHicTe BigHOCHOT YacTTOTH, fi
el
[
=

0,0101

0,0001

depending on the run of the test cars

0,0705

"0-4,6
n4,6-162
m162-24.1
m24,1-74,1
u74,1-121,3
®121,3-164,6
= 164,6-197,8

0,0011

0-4,6 4,6-16,2 16.2-24.1 24.1-74.1 74,1-121,3 121,3-164.6 164.6-197.8

InTepeaan npobiry BaroHie, Bar-km

Puc. 3. I'icrorpama mizbHOCTI PO3MOUTY CEPEAHBOTO 3HOCY JUIS HU3Y TaJIbMOBHX KOJIOJIOK

3aJIeXKHO BiJ| IPOOITY JOCIIAHNX BaroHiB

Fig. 3. Distribution density histogram of average wear for the bottom
of the brake pads, depending on the run of the test cars
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Yci po3paxyHKHM BHKOHAHO 3a JONOMOTOIO  3BefeHi 1o Tabum. 3 iTabm. 4.
koM foTepHoi nporpamu EXEL, a ix pesynpratn
Tadnuus 3

Pe3yanaTn p03paxymcy cepezlm,oro 3H00y I Bepxy rajJjbMOBHUX KOJIOAOK 3a MOI[epHi30BaHOF0 HpHCTpOlO
Table 3

Results of the calculation of average wear for the top of the brake pads with the upgraded device

IHTepBay ai1 ai Xi ni Xini XiZNi o fi sni S
04,6 0 4,6 2,3 0,59 1,36 3,12 0,0049 | 0,0011 | 0,59 | 0,0049
4,6-16,2 4,6 16,2 | 10,4 3,38 35,15 365,58 0,028 | 0,0061 | 3,97 | 0,0329
16,2-24,1 16,2 | 24,1 | 20,2 6,12 123,62 24972 0,0508 | 0,011 | 10,09 | 0,0837
24,1-74,1 241 | 741 | 491 15,98 | 784,62 | 38524,74 | 0,1326 | 0,0288 | 26,07 | 0,2163
74,1-1213 | 741 | 1213 | 97,7 23,8 | 23253 | 2271779 | 0,1974 | 0,0429 | 49,87 | 0,4137
121,3-164,6 | 121,3 | 164,6 | 143 31,87 | 4557,4 | 651709,6 | 0,2644 | 0,0575 | 81,74 | 0,6781

164,6-197,8 | 164,6 | 197,8 | 181,2 38,8 | 70306 [ 1273937 | 0,3219 | 0,07 | 120,54 1
Veworo 120,54 | 14858 | 2194216 1

Ilpumimka: @1 — JiBi rpaHUL IPOOIry BaroHiB; a; — NpaBi IpaHuUlli NpoOIry BaroHiB; Xj — cepeHs BeJIMUUHA poOiry Ba-
TOHIB; Ni — CEpEIHE 3HAYCHHS 3HOCY KONOMOK JUIA BCIX BArOHIB; XiN; — Bar¥ CTATHCTHYHOTO PO3IMOAUICHHS; Xi’Ni — Barw
KBaJ[paTa CTAaTUCTHYHOIO PO3MOJUICHHS; i — BIJHOCHA 4acToTa; fi — IIINBHICTH BIXHOCHOI Y4acTOTH; SiN; — HAKOMMYCHI
YaCTOTH; Siwwi — HAaKONW4eHi BigHocHI yactoty. [llupuna inTepBany h'=4,6; BuOipkoBe cepeqHe apupMeTHIHE 3HAUCHHS

Bubipkn X! =123,26; cepenne apudmernune KBajpaTiB 3HaueHb BHOIPKH Xi_pz =18203; BubGipkoBa mucmepcis
D, = 3010, 2; BubipKoBe CepeHe KBafpaTHIHe BiIXWwieHHs Op = 54,865; moma M|, =6,283; meniana M, =11332.
Tabauus 4

Pe3yanaTn PO3pPaxyHKy C€PEeAIHbBOI0 3HOCY JIsl HU3Y TAJIbMOBUX KOJIOA0K 3a MO}IepHi3OBaHOFO MNPUCTPOIO
Table 4

Results of the calculation of the average wear for the bottom of the brake pads with the upgraded device

[aTepBamm ai-1 ai Xi ] XiN XiZNi i fi Sni Swi
0-4,6 0 4,6 2,3 0,57 1,31 3,02 0,0049 | 0,0011 0,57 | 0,0049
4,6-16,2 4,6 16,2 10,4 3,14 32,66 339,62 0,027 | 0,0059 | 3,71 | 0,0319

16,2-24,1 16,2 | 241 20,2 5,89 118,98 2403,36 | 0,0506 | 0,011 9,6 0,0825
241-741 241 | 741 49,1 | 15,22 747,3 36 692,53 | 0,1308 | 0,0284 | 24,82 | 0,2133
74,1-121,3 741 | 1213 | 97,7 | 23,04 2251 21992355 | 0,198 0,043 47,86 | 0,4113
121,3-164,6 | 121,3 | 164,6 | 143 30,79 4 403 629 624,7 | 0,2646 | 0,0575 | 78,65 | 0,6759

164,6-197,8 | 164,6 | 197,8 | 181,2 | 37,73 | 6836,7 | 1238806 | 0,3242 | 0,0705 | 116,38 1,0
VYeporo 116,38 | 14391 | 2127792 1

. . . " _ . : : " o_ .
Ipumimrka: mmpuHa intepsany h”=4,6; Bubipkose cepeaHe apudmernuHe 3HaueHHs BUOIpKH X[ =123,26; cepente

. . 2
apudMeTHYHE KBaJpaTiB 3HaAUYCHb BUOIpKH Xé'p

neHHs oy =54,865; mona M, =6,283; meniana M, =1,1332

=18203; BubGipkoBa aucriepcis ; BUOIpKOBE Cepe/iHe KBaPaTHYHE BiIXH-
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s xapakTepuCTUKM BIACTUBOCTEH CTaTUCTH-
YHOTO PO3IOJUTY PO3PaxOBaHO EMIIPHUYHY (QYHK-
LiI0 PO3NOALTY 32 POPMYJIIOI0:

* n
F*(x) =, )
n
Emnipuuny ¢ynkmito F- (x) BUKOPHUCTAHO [If
OIIHKK TeopeTH4HOI1 (PyHKIIi po3mominy TeHepa-
JBHOI CYKYIMHOCTI. BiIMiHHICTh Mi>X HMH TIOJISITA€E
B TOMY, 10 TeopeTHdHa dyHkuis F(X) BusHauae
AMoBIpHICTh momil X <X, a eMmipuyHa (QYHKIIis
(= (X) — BIJJTHOCHY YaCTOTY L€l MmoJIii.
Emmipuana QyHKINS po3moaiy mparHe 10 Teo-
PETUYHOI 32 WMOBIPHICTIO (CXOAUTHCS 32 HMOBIPHI-
ctio o F~ (X) ) B pa3i BeJIUKOro 00CSTY BUOIPKH:

mp(\F*(x)—F(x)\q):L VX, Ve>0. (4)

3a

(Tabmn. 3 1 4) nus BepXy i HU3Y FaJIbBMOBUX KOJIOJIOK
JOCTITHAX BaroHiB MOOYJOBaHO eMITipHYHy (QYHK-
1ito posnoainy (puc. 41 5).

3apa3 iCHye AOCUTh 0OaraTo pi3HOMaHITHHX
MPOTPaMHUX TPOAYKTIB, SIKI JAal0OTh MOJKJIHBICTb
peamizyBatu Ha EOM metos HaiiMeHIINX KBaJpa-
tis (MHK). Ix 3actocyBanns myske pisHOMaHiTHE:

pesynbTataMu  pospaxyHky Dy =3010,2

CTAaTUCTUKA, CKOHOMETpIs, OIIHKA TTOXHOOK BHIMi-
proBass Tomio [3, 6, 7, 18, 20].

Jinst po3yMiHHS IPaKTUYHOI pealtizamii OJHOTO
3 HUX PO3TIISTHEMO Hallle 3aBJaHHS — BU3HAYCHHS
Ta MPOTHO3YBAaHHS 3HOCY TaJIbMOBHX KOJOJOK Ba-
HTaXHHUX BaroHiB i3 BukopuctanasmM MHK.

AHai3 OTpUMaHUX PE3yJIbTATIB EKCIICPHUMCH-
TiB, 3a JTOTIOMOTOI0 SKHX OIIIHIOIOTh, TOCTOBIPHO
YH Hi migi0paHa anpoKCUMY0Ua 3aJIeXKHICTh 3HOCY
KOJIOJIOK BiJl MpoOiry BaroHa, oOpaHWi Tak, IO
BIJIMOBiIHA aHAMITHYHA (PYHKIliS B iHTEpBaJi BH-
MIpIOBaHb TMIiAMOPAIKOBYETHCS BiOMill Teopemi
Beiiepmitpacca. [Ipu 1mpoMy 4YMCIO YJICHIB IMOJI-
HOMIaJBHOTO Py BU3HAUCHO 3 PEATbHUX MOMKIIU-
BOCTEH MPOBEJICHHS TIAHOBO-TIONEPEKYBaTIbHOTO
pemonty (IIIIP) BarowiB, xoua 1e ¥ Moxe OyTH
MPUYMHOIO HEY3TOKEeHHS 3a Kputepisimu Dimepa,
CretonieHTa Ta iH. 3aranoM OJHM3BKO TOJOBHHU
(axiBIiB CTaTUCTIB BBaxarTh [3,18, 19], 1o
3 TOYKH 30pYy Y3rOPKEHOCTI PE3yJbTaTiB 00YHC-
JIieHb 0araTo 3 KPUTEPiiB HE 3aBXKIU JAOTh MO3H-
TUBHHUU BHCHOBOK, X0Ya B MiJICYMKY JOCIiDKCHHSI
MIATBEP/UKYEThCS TPAKTUKOD. TOoMy anmpoKcumy-
tounii BUDIL (QyHKUIT 0 perpeciiiHoro aHamizy
MO>KHa BHOMPATH JOBUTEHO, BUXOJISYH 31 3pyUHOC-
Tell 1i momanpmioro BUKOpucTaHHs. [HuN ¢axisii,
HaBIIaKH, BBAXKAIOTh, 10 BUIJISA 1€l QYHKINT C1ix
OoOTpyHTOBYBATH.

F*(z()1 .
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Puc. 4. I'padix emmipiaHOi GyHKIIT pO3MOILTY CEpeIHBOTO 3HOCY
JUTS BEPXY TaTbMOBHUX KOJIOJIOK 3aJISKHO BiJ IMPOOITY TOCTITHUX BaroHiB

Fig. 4. Graph of the empirical function of the average wear distribution
for the top of the brake pads, depending on the run of the test cars
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F*(x)1 )

1
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Puc. 5. I'padix emniprunoi GpyHKLIT po3moiy cepeHbOTro 3HOCY
JUISL HU3Y TaJbMOBHX KOJIOZIOK 3JIEKHO BiJl IPOOIry JTOCIITHIX BaroHiB

Fig. 5. Graph of the empirical function of the average wear distribution
for the bottom of the brake pads depending on the run of the test cars

VY Hamomy JOCIiPKeHHI 00paHo JesSKUH MO€E-
HaHU# miaxig g0 uporo nurtaHHA. [Ipumyctmmo,
MICJIS TOMEPEIHLOr0 aHai3y MPOIeCy, JTOCIIKe-
HOT'O Ha OCHOBI CTaTHUCTHYHHX AAaHUX. TakuM 4mu-
HOM, MaTeMaTHYHa MOJENIb I[hOTO TPOIECYy Ma€
BUTJLI:

)A’=Bo+[31X+BZX2- )

e wHeniniiHa MoOJENb JAPYroro CTYIEHS.
VY 3HayHIi KiJIBKOCTI BHUIAAKIB BUOOPY THIy MO-
AeJell anpoKcUMalil MpoLeciB TalbMyBaHHS Baro-
HiB Ma€ Miclie OTpUMaHHS JOCTOBIPHOT 3aJIeKHOCTI
3HOCY KOJIOJIOK BiJI POOIry, 1o BiJNOBIA€ JiHIH-
Hilt Momeni perpeciitnoro anamizy [3, 20], sika 3a-
JIOBIJIBHO OMKCYE TPOIIEC JOCIIIKYBAaHOTO 3HOCY
KOJIOJIOK i1 yac ranbMyBaHHs. Tomy 3BeieMO BU-
pa3 (5) mo mimifiHocTi. J[is 1BOro Bi3bMEMO
X=X 1 X =x2.y pe3yabTaTi OTPUMAEMO Ji-
HiiHY Mopenb (IJs JIHIHHUX MOJeNell iCHYIOTh
MOTYXHi anredpaiuni 3acobu moao ix JociiHKeH-
H$1), SIKa MaTUMe BUTJISIL

Y =Bo +BX +B,X%, . (6)

Mix po3paxoBaHMMH 32 MOJICIUTIO 3HAYCHHSIMU
Y i eKCIepHMEHTAJIbHIUMU pO3paxyHKamu Y, Oy-
IyTb crioctepiratucs BiaxuieHHs. [lo3Haunmo ix sk

G=y;—9%, i=12..,n. (7)

Jani OynmeMo Ha3uBaTH iX 3ajMiikaMud. BoHu
BKJIFOYAIOTh BIUIMB HEBPAaxOBaHHUX (PAaKTOpiB —
3MiHHUX, BUIAJIKOBHX IEPEHIKOA, TOMIJIOK CIIO-
CTEPEKECHHS TOIIIO. Ixui 3HaYeHHS MOXYTh 3MIiHIO-
BaTHCS BiJl OAHOTO CIIOCTEPEKEHHA A0 1HIIOTO.

MeTto HallMEeHIITUX KBaIpaTiB Aa€ 3MOTY 3HaM-
TH Taki 3HaueHHs (OLiHKM) by, b, b, BUXigHUX na-

Bos B1s B2 (ue
[OB’SI3aHO 3 THUM, III0 HEOOXIIHUH KpUTEpid s
migbopy KoedilieHTiB MOJeNi MOBHHEH BpPaxOBY-
BaTH Ty OOCTaBHHY, 3a SKOi ojiepaHa (QyHKITis
perpecii), sKiio ii mpeacTaBUTH Ha rpadiky, BOHU
OyayTh sikOMOra OJIM)KYEe MPOXOJUTH MIXK EKCIIe-
PUMEHTAJILHO OTPUMaHUMU 3MIHHUMHU:

pameTpiB Mojemi, Ui  SIKOi

u:iuﬁ»mm (8)

i-1
VY noganbIIoMy Taky MOAEIb OyJIeMO 3aIucy-
BaTH y BUTIISII:

Y =Dy +byx +b,x; . ©)

Bepyun wyacTMHHI mTOXimHI 3a 3HAYECHHAMH

by, b, b, 1 mpupiBHIOOYN X 10 HYNSA, OAEPKUMO

CHCTEMY 3 TPhOX DPIBHSHB 13 TPbOMa HEBiIOMUMH

by, by, b,, PO3B’A3KOM SIKOI 1 € BU3HAUEH]I 3HAYECHHS
OIIIHOK. Y HAIIOMY BHIIQJIKY, OCKLIbKH
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n n 2
U :;Uiz =Z(yi =y —byx;; —byx,) =.(10)

OZIEPIKHMO:
ouU 4
a = _zg(yi —bX; —byX,) =0,
ouU 4
a =_2§(yi —bix;; —byxi,)x; =0, (11)
ouU I
%Z—Zg(yi —biX; —b,Xi,)%, =0.
n . n 2
;(Xuz Xz)(Yi —Y)';(Xul Xl)
b2 _ i= i=

I3 HaBeZIeHOT BUIIIE CHCTEMH OTPUMYEMO TaKy
CUCTeMy anreOpaiuHuX piBHSIHB

n n
bOn"—blz:xiz :Zyi,
i=1 i=1
n n ) n n
bOZ;xil + bl; X3 + bZ;Xilxiz = ;Xim . (12)
n n n n
bOZl:Xiz + bl_zllxilxiz +by ) xi = _lexizyi :
1=] 1= =

Po3p’si3ytoun maHy cucreMy piBHSAHB, 3HaXO-
AUMO HeBigoMmi koedinientu by, b, b,:

i=1 i=1 . (13)
;(Xil_)_(l)zé(xm_)_(2)2_(;()91 )_(1)()(.2_)_(2)
_)—(Z)J
i(xiz - )_(2)(Yi - y)'i(xil - )_<1)(Xiz _)_(2)
i=1 i=1 5. (14)

bo = 9—b& _bzxz- (15)

ITizcTaBUBIIY X 3HAYEHHS B 3arAJIbHUNA BUTJIAL
perpecii, oTpuMyeMO Tak 3BaHy IiHiIO perpecii
3 xoedinienTamu b1 b,, Aki HazuBarTHCA Koedi-
ienTamu perpecii ¥ 3ax, i Y 3aX, BiANOBIAHO.

3uaiinena Touka (by,b,b,) € Toukoro, sika 3a-

JIOBOJIBHSIE 3rajlaHiil yMOBi. AJjie B MAaTEMaTHIHOMY
aHaji3i € Teopema, sika Ja€ 3MOTY BH3HAYUTH JO-
CTaTHI YMOBH eKCTpeMyMy (QYHKII, y Hamomy
BUTIAJIKY — MiHIMYM ¢QyHKIiT U (b by, bz).

Ha puc. 6 1 7 naBeneno rpadiku mniHiiiHOI pe-
rpecii, moOymoBaHi 3a pe3ynbTaTaMu OOpPOOKHU

Zn:(xil %) iZ:l:(Xiz %) —(g(xu —%) (%2~ ’_‘Z)J

eKCIepUMEHTANFHIX JaHuX (Tadm. 5 1 6), ski jga-
I0Th MOXKJIMBICTH CIIPOIHO3YBATH 3aJIMILIKOBHH pe-
CypC TalbMOBHX KOJIOJIOK 32 IX 'PaHUYHOI TOBILH-
Hu 10 mm [5] s MopepHi30BaHHMX TPHCTPOIB
y BHIQJIKY X BUKOPUCTaHHS Ha YBECh MiXKPEMOH-
THUH TIepio]] eKCIUTyaTallii BAHTA)KHUX BaroHiB. 3a
YMOBHM BCTAQHOBJICHHSI TaKUX IPHUCTPOIB CepelHiit
MpoOir BaHTa)KHOTO BaroHa B pa3i PiBHOMIPHOTO
3HOCY TaJIbMOBHX KOJOJOK MOXE JOCSITH
284 Tuc. xm.

I3 rpadikiB niniitHOT perpecii (puc. 6 i 7) Bun-
HO, 10 3aMiHIOBAaTH T'aJIbMOBY KOJIOZKY 32 MOYJIU-
BOCTI BHKOPHCTaHHS MOJIEPHI30BaHUX MPUCTPOIB
JUIsE PIBHOMIPHOTO BiJIBEICHHS KOJIOJOK HE MOTpi-
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OHO y MIKPEMOHTHHH Tepioj eKcIuTyaTamii Baro-
Ha. KombGiHOBaHMil KpUTEpiil y TOCIIHKEHHAX M-
TBEPJUKYE, IO MPOOIT BAaHTAXKHUX BAaroHiB, sKi pe-
MOHTYIOTh 32 HOPMATHBHOIO TEPIOIUIHICTIO, TTiC-

Js1 OCTAaHHBOTO [IETIOBCBKOTO PEMOHTY IOBHHEH
OyTr 110 TuC. KM, a ISl OCTAHHBOTO KA TAIHHOTO
— 160 Tuc. km [2].

Tabnums 5

Pe3ysbTaTH PO3paxyHKy cepeIHbOI0 3HOCY /ISl BePXY rajibMOBHX KOJI0J0K MO/IEPHI30BAHOTO IPUCTPOIO

Table 5

Results of the calculation of average wear for the top of the brake pads of the upgraded device

X % X2 Xy Y nin dyion d*

0 0 0 0 0,46936 -0,4694 0,22029
4,6 0,59 21,16 2,714 1,3607 -0,7707 0,59397
16,2 3,38 262,44 54,756 3,60843 -0,2284 0,05218
24,1 6,12 580,81 147,492 5,13921 0,98079 0,96195
74,1 15,98 5490,81 1184,12 14,8277 1,15229 1,32777

121,3 23,8 14713,7 2886,94 23,9737 -0,1737 0,03016
164,6 31,87 27093,2 5245,8 32,3639 -0,4939 0,24393
197,8 38,8 39124,8 7674,64 38,7971 0,00295 8,7E-06
602,7 120,54 87287 17196 - - 3,4303
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® Excnep.3H =—=Tab1.33 —/IuHeiinada (Tabd.L3H)

N, 6az-km

Puc. 6. I'padix niniltHOT perpecii 3 MpOrHO30M IOI0BKEHHS pecypcy rajlbMOBHX KOJIOJIOK 3aJIEKHO
BiJl iX cepelHbOTO 3HOCY 3BEPXY 3 YpaxyBaHHIM MPOOITy JOCIiIHUX BaroHiB

Fig. 6. The graph of linear regression with the prediction of the service life extension of the brake pads,
depending on their average wear at the top, taking into account the run of the test car
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Tabnumns 6

Pe3yJibTaTH PO3paxyHKY cepeIHbOI0 3HOCY ISl HU3Y TAIbMOBHUX KOJIO/IOK 32 MOJAEPHi30BAHOT0 MPHCTPOIO

Table 6

Results of the calculation of the average wear for the bottom of the brake pads with the upgraded device

X Y X2 Xy Y s yiox d?

0 0 0 0 037035 | -03704 | 0,13716
4,6 0,57 21,16 2,622 1,23599 0,666 | 0,44354
16,2 3,14 262,44 50,868 3,4189 02789 | 0,07778
24,1 5,89 580,81 141,949 4,90553 008447 | 0,96917
74,1 15,22 5490,81 1127,8 14,3146 0,90538 | 0,8197

121,3 23,04 14713,7 2794,75 231968 | -0,1568 | 0,02459
164,6 30,79 27093,2 5068,03 31,3451 | 05551 | 0,30811
197,8 37,73 391248 7462,99 37,5927 0,13728 | 0,01885
602,7 116,38 87287 16649 - - 2,7989
. 60 >
= 55
50

45

40

¥ =0,1882x 1 0,3704 //
R:=1

35

30 -

25 e

Ny pd
15 /

115] ,//
oo

0 20 40 o0 80 100 120 140 160 180 200 220 240 260 280 300

® Egrcnep.3# =—Tad1.33 —/J/IuHeilinasn (Tad. L. 3H) N, saz-km
Puc. 7. I'padik niHiiHOT perpecii 3 MPOrHO30M MOJJOBXKECHHS PECypCY TaTbEMOBUX KOJIOJOK 3AJICKHO
BiJl IX CEpeIHBOTO 3HOCY 3HHU3Y 3 ypaxXyBaHHSAM IPOOITY IOCIITHUX BaroHIB

Fig. 7. Graph of linear regression with prediction of service life extension of brake pads depending
on their average wear at the bottom, taking into account the run of the test cars
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CX0Xy METOIUKY 3aCTOCOBYIOTH y BHIIQJIKY
3HAXOKCHHS m KoedirmieHTiB perpecii

by, b, b, ..., b,

106 omiHWUTH LIUIBHICTE 3B’SI3Ky MK X Ta Y,
BUKOPHUCTOBYIOTh KOE(iLliEHT KOpenALii Ta Koedi-
LIEHT AeTepMiHamii, SKi MMOKa3ylOTh, HACKUIBKU
Bapialfiss 3MiHHOI X mosicHIOE Bapiamito Y. []o0
OIIIHUTH, HACKUIBKY TOOpE JTiHisA perpecii MosCHIOE
3B’S30K MK X Ta Yy, BUKOPHCTOBYIOTH CTaHIAPT-

HY MOMWJKY 3aJIMIIKIiB, sIKa MOKa3y€e BiAXUICHHS
eMITIpUYHUX 3HAYCHb BiJ JiHii perpecii.

Jus mobymoBu perpeciiiHoi Mojeni mepeBips-
I0Th TiMmoTe3y mpo ii afgekBaTHicTh. s 1iporo mo-
KHa  BHKOpUCTOBYBaTM F—kputepiii ®imepa
[10, 19, 20]. ITix yac oIiHKK TapaMeTpiB perpecii
MEPEBIPAIOTH TIMMOTE3H, YW CTATUCTHYHO 3HAYMMI
BOHH, Y{ BiJPi3HAIOTHCS BiA Hyns. [nsg uporo Bap-
TO 3actocoByBaTH t-rect CthroneHTa. [loOynoBany
perpeciiiHy MoJiellb MOKHa BUKOPHCTOBYBATH JUIS
MPOTHO3YBaHHS BEIMYMHH PE3yIbTaTUBHOT O3HAKH
Y 3a 3aJaHOro 3HaueHHsA (PAKTOPHOI O3HAKU X,
pH koMY OakaHOo Oy/IyBaTH iHTEepBal MOBIpH A
MPOTHO3Y.

F—xkpurepiii ®imepa 11 nepeBipkd Moaemi Ha
BiJIMTOBITHICTH KPHUTEPIIO 3 TOCTATHHOID TOUYHICTIO
BU3HAYAEMO 33 BUPA30M:

n

(-2 (% -y)

Il
N

Fl,n—2 = (16)

i=1

CrioctepexxyBaHe 3HAYCHHS t-xpurepito
CrhrofeHTa U1l MIEPEeBIPKU 3HAUYHIOCTI Koedirie-
HTa KOpeJAllii BA3HAYAEMO 332 BUPA30OM:

rJn—-2
t,,=——. (17)
-
CrocrepexyBaHe 3HAYCHHS t-kputepito

Crhlo/IeHTa I TIEPEBIPKU TIITOTE3H:

Ho: b= (Hy b =B): tn72=u1 i=0,1.

Ob,

(18)
4 2
Z( Yi =i )
65 _ =l
n-2
CnocrepexxyBaHe 3HAYECHHS t-xputepito

Crhlo/IeHTa [T TIEPEeBIPKH TIITOTE3H:

b =0 (Hy:b #0) t =20

Gbi

Hy:

SKuio npsMy JiHII0 po3TallyBaTH Tak, 100 To-
YKY NPUONHU3HO OAHAKOBO 3HAXOIWJINCS 1O 00MI-
Ba OOKM BiJ Hei, TOAI mapaMmeTpH JiHIHHOTO piB-
HSTHHSI MOYKHA BU3HAYUTH JJOCTATHBO TPOCTO.

Jia BU3HAYEHHS MapaMeTpiB pPiBHSHHS BUTIIA-
ny Y=kx+b waituacritne BuKOpHCTOBYHOTH
MHK. IIpn npomy 00OB’SI3KOBOIO € yMOBa, LI00
CyMa KBaJpaTiB BiIXWIEHb (BiJcTaHe#) ycix moc-
JPKEHUX TOYOK Bijl OpAMHAT, OOYMCICHHX 3a PiB-
HSHHAM TpsiMoi €j, Oyia MiHiMaibHOW0. [Hakmie
KaXy4H, TpsMa TOBHHHA MPOXOIUTH SIKOMOTa
OnKde 10 BEPIIUH eMITipuyHOi TiHii perpecii. Lle
o3Hauyae, mo napamerpu K i b piBHsHHS perpecii
TpeOa BU3HAYUTH 3 BUPA3Y.

n

g = (v —¥)=min,

=1

(19)

me Y;— OpAMHATH JOCITI/UKYBaHHX TOYOK; Y;—

Op/IMHATH PO3PaXyHKOBHX TOYOK, BH3HAUYEHi 3a
piBHsiHHAM perpecii Y =KX +D Takum unnHOM:

2
n
g = | Vi —(kx+b)| =F(k,b)min. (20)
i=1
HeoOxigHoto yMOBOIO eKcTpeMyMy L€l (yHK-
1ii € piBHICTh HYJIFO YaCTUHHUX TOXIJTHUX, Y3SATHX
3a mapametpamu K i b:

Creative Commons Attribution 4.0 International
doi: https://doi.org/10.15802/stp2020/203103

© B. T PaBmok, M. I'. PaBmiok, 1. K. Kupruenko, 2020

85


http://creativecommons.org/licenses/by/4.0/

ISSN 2307-3489 (Print), ISSN 2307-6666 (Online)

Hayxka Ta nporpec Tpancnopty. BicHuk J{HiponeTpoBcbKoro

HAL[IOHAJILHOTO YHIBEPCUTETY 3alli3HHYHOr0 TpaHcnopty, 2020, Ne 2 (86)

PYXOMMI1 CKJIAJL I TATA TTOI3/11B

oF . oF / ,
&=o i %zo, [F(u)] =R@*u'". (21)
3Bigcu:

oF _ n - .
== ZE[yI (kx +b) ] =0,

(22)

oF _ 3
a—k:—Zi;[yi —(kx; +b) ]=0.

CropocTuBIIM 1Ii BUPa3d, OTPUMAEMO CHUCTEMY
JHIMHUX PiBHSHB:

n n n
Z;‘yixi = kai2 +b;xi :
1= 1=1 1=

Zn:yixi = kixi +bn .
=1 =l

[lizcTaBuBIIN B cCHUCTEMY YHCENbHI 3HAYEHHS Bi-
JUIOBI/IHMX BEJIMYMH, 3HaiiieMo napametpu K i b.

3anumaroun 1mo3a yBaror 4uceNbHI MepeBipKH
3a kputepismu CThIOJICHTA Ta iH., AKi B IiH 3aaa4i
HE MOXYTh JaTH TO3UTHBHI BUCHOBKH, 3IIHCHUMO
aHaJIOT1uHI OOYMCIIEHHS 3 BUKOPUCTAHHSIM KpHTe-
pito sikocti KoxpeHa, ofHak nmpu oMYy 301bIIH-
MO YHCIIO TOYOK BUMiptoBaHb 10 53. Pesympratn
pO3paxyHKIiB OMUCaHi HWK4Ye Oe3 3BeleHHS iX 10
TaOJIHNIL.

3rigHo 3 kpurepiem KoxpeHa, 11 mepeBipku
BIJIMTOBITHOCTI HYJBOBOI TilIOTE3W Bi3bMEMO Bif-
HOIIICHHSI MAKCUMAJIbHO BUTIPABJICHOT JHCIIepCii 10
CYMHU BCiX BHITPABIICHHUX JHUCIIEPCiii:

2
Smax

Habn — a2 2
Sy +S;

(23)

116,65

=~ _05154. (24)
116,65 +109,66

PosnojineHds miel BMITagKOBOI BEIMYHMHH 3a-
JIEKUTH Bi YHMClla  CTYICHIB BIJIBHOCTI
k=n-1=52, nen — obcar BUOIpKH, 1O JOPiB-
Hro€e 53.

3HaxoauMo 3a Tabmuuero gonxarka [3], 3a pis-
HeM 3HauymocTi 0,05, 4MCIO CTYMEHIiB BUTLHOCTI
52 i 3HauenHs BuOipku | =2 (3HOC 3Bepxy i 3HU-

3y) KpuTH4HY Touky G 0,05; 52; 2) =0,6543.

Kpum (

Ockinbku G, >G

He 3HaYHa, HEMae€ TIIJICTaB BiIKUIATH HYJIbOBY TiIlO-
Te3y. ToMy 3a yMOBOIO OJHOPITHOCTI TUCTIEPCii
OCTaTOYHO BCTAHOBITIOEMO I'€HEPAIbHY JUCIEPCIIO:

D(x)=%(8f+822).

Taxkum 9uHOM, BUIIPABIICHI TUCTEPCii MPaKTH-

wa6n 1 PIBHHIT MIDK HUMH

(25)

amo piBHi — S7 ~ S5 .

OckinpKy aHi B 3aBJaHHI BHOIPKH 3HOCY Ta-
JBMOBHUX KOJIOZOK 3BEPXY 1 3HU3Y OJHAKOBOTO 00-
CATY, PO3TIITHEMO TOPIBHSIHHS TBOX CEPEIHIX HO-
PMaJbHUX TeHepalbHHUX CcykymHocted [3, 20].

Beenemo mosHauenns d; =(X,;). —(X,), Toxi

BUIIPABJICHE CEpPEIHE KBAJAPATUYHE BiIXHICHHS
OyJie TOpIBHIOBATH:

> df [ZaT

n-1

4 =0,342598. (26)

Juis Toro, mo0 /uId 3aAaHoTo PiBHS 3HAYYIOC-
ti o0 =0,05 mepeBipuTH HYIBOBY TiNOTE3Y, MOTPI-
OHO BH3HAYUTH 3HAYCHHS KPUTEPIIO, IO CIIOCTEPi-
TaeThCs:

d-+/n

Tyen =—— =13,90331,
S

Ha0I
d

(27)

ne d= Zdi /n — CepeTHs PI3HUIIAL.

3a KPUTUYHHUX TOYOK PO3IOIJICHHS, 3alaHOTO
piBHs 3Hauymocti oo =0,05 i ynucna cryneHis Bi-
npHOCTI K=Nn-1=52 3HaXxomaMMO 3HAYEHHS KpH-
=2,01. Sk-

TUYHOT TOYKH t

JABOCT. Kp

110 |THa6H|>tﬂB},CT. xp» TOAl OTPUMAaHI pe3yibTaTH

€ TITBEPUKEHHAM TOTO, IO B CEPEITHHOMY 3HOC
raJlbMOBUX KOJIOJIOK 3BEpXY i 3HH3Y Ma€ pi3Hi 3Ha-
YEHHSI.

Pe3yabTaTtu

YcraHOBNIEHO, 10 HA MPAKTULI MarOTh Micle
BUTIAJIKH, KOJM KOJIOJIKA HE 3a0e3MevylOTh CBOTO
pErIaMeHTOBaHOIr0 MpoOiry, yHacHioK 4oro ix
MepeayacHo 3aMiHIOIOTh dYepe3 KIMHOIYyalbHUN
3HOC. A 1Ie 3 TOYKH 30py €KOHOMIKH Ta Oe3reKku 1x
BUKOPUCTAHHS TIPU3BOJUTH J0 3HIDKEHHS T'ajbMO-
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BOi €()EKTHBHOCTI B TPiaHTeIHHUX TAIbMOBUX CHC-
TeMax. ExcneprMeHTanbHO-HAYKOBUMH  JIOCIHi-
JUKEHHSIMA BCTaHOBJICHO, IO B pa3i BUKOHAaHHS
IUTaHy BaHTAKHHUX IepeBe3eHb A0 95 % Koiomok
BaroHiB, 3a YMOBH BHWKOPHCTaHHS THUIOBUX IIPH-
CTpOiB TaJbMyBaHHs, MAlOTh IIKiJUIMBUH ITO/BIii-
HUH (pUKLiHUE 3HOC, O MOTpedye iX 3aMiHH
B TapaHTOBaHWHA MiKpPEeMOHTHHM mepiom. IImsxom
00CTe)KEHHSI B YMOBax EKCIUTyaTalii SBHII 3HOCY
raJbMOBHX KOJIOAOK I MOACPHI30BaHHUX IIPUCTPO-
B Bi3KiB Ha OCHOBI pErpeciitHOTro aHai3y BUKOHAHO
MIPOTHO3YBAHHS 3AJUIIKOBOTO PECYpPCY KOJIOMAOK,
Pe3yJIbTaTOM SIKOTO € iX BHUKOPHUCTAaHHS HA YBECh
MIKPEMOHTHHH Tepio] BAHTAKHUX BaroHiB.

3a pe3ymbTaToM pO3paxyHKiB JOBEIEHO, IO
HEOJIHOPIJHICTh JUCTEPCii TYT HE 3aJIe)KHUTh BiJl
KUTBKICHOTO TIOKa3HWKa BUOIPKM LLOTO €KCIepH-
MEeHTy. YpaxoByrouw, mo B kpurepiii Koxpena
BXOJIUTh TOHATTS 4YHCIA CTYICHIB BUIBHOC-
Tik=n-1, te n — oOcsr BUOIpKH, YCTAHOBIIIOE-
MO, IO 3AJICKHICTh Bifl N iCHYeE, ajie BOHA HE3HAY-
Ha. Kpim Toro, 3rimHo 3 Tectrom Koxpena, mis pis-

HHUX 00csriB BuOipku n maemo G, >G. Tomy

MiJCTaB BIAKUAATH HYJbOBI TINOTE3W HeMmae. 3a
YMOBH OJTHOPIIHOCTI JHCIIEPCiii OCTATOYHO MAEMO

MPaKTUYHO PiBHI BUMIPABJICHI AUCTIEPCIi: 812 & 822.

HayxoBa HOBU3HA Ta NPAKTUYHA
3HAYUMICTh

VYrnepie agantoBaHo i MOOYIOBH perpeciii-
HOI 3aJIE)KHOCTI MOJIENIb 3HOCY KOJIOJOK MOJEpHi-
30BaHMX NPUCTPOIB I'aJbMOBHUX CHUCTEM BIi3KiB 3a-
JIEKHO BiJ MpoOiry BaroHiB. 3a OTpUMaHUMH pe-
3yJIbTaTaMU HaTypHOTO €KCIIEPHUMEHTY TPOBEJICHO
00poOKy 3i0paHHMX JaHWX TMPO 3HOC KOJOIOK 3a
BIZICYTHOCTI HOPMAJIBHOTO 3aKOHY CTaTUCTUYHOTO
posnoniny. [lepeBipky BiMOBITHOCTI eKCHEpUMe-
HTaJIbHO-TEOPETUYHUX PO3PAXYyHKIB IIOJO BUMI-
pIOBaHb 3HOCY KOJIOZOK OLiHEHO 3a TecToM Kox-
peHa. 3arporoHOBAaHO «ATIaTUBHUNY MiAXIA JJis
CTaTUCTUYHOTO aHaNi3y 3HOCY KOJIOJIOK B YMOBax
eKCIUTyaTallii, [0 1a€ 3MOTy CIPOTHO3YBaTH iXHIiH
3aJIMIIKOBHUN PeCypC 3 MO3MIIIT IX BUKOPHUCTaHHS Ha
yBeCh MIKPEMOHTHHUH Iepioj eKcIuTyarallii BaH-
TaXHUX BaroHiB.

PesynpTatn mpoBeneHMX OOCTIIHKEHB anpoOo-
BaHO Ha JIOCJIITHOMY PYXOMOMY CKJIajii 3 MOJICPHi-
30BaHUMH MPUCTPOSIMUA JUI PIBHOMIPHOTO 3HOCY

TaJIbMOBUX KOJIOAOK y Bi3kax. OTpUMaHO TAaTEeHT
Ha BHHAXI, IKHA PEKOMEHIOBAHO IO BTIACHHS i1
Yyac MPOEKTYBaHHS HOBUX 1 MOJCPHi3allil HasiBHUX
TaJIbMOBUX CHCTEM Bi3KiB BaHTa)KHUX BAaroHIB.

BucHoBku

1. B yMoBax ekcrutyaralii BaHTQ)KHUX BaroHiB
3IIACHEHO OOCTEXEHHS TaJbMOBUX KOJOAOK MO-
NEPHI30BaHUX TPHUCTPOIB TaJIbMOBHX CHCTEM Bi3-
KiB BaHT@)XHUX BAaroHiB HUISIXOM BHMIPIOBaHHS iX
3HOCY B KOHTPOJIBHUX TOYKAX.

2. TeopetnuHo 0OOTpyHTOBaHO TpadiuHy 3aie-
JKHICTD JIHIAHOTO BUTIISAY 3HOCY TaJbMOBHX KO-
JIOJJOK 32 TOBLIMHOIO 3aJISKHO Bifl MPOOIry BaHTa-
YKHOTO BaroHa IIJISIXOM 3aCTOCYBaHHS perpeciiiHo-
TO aHami3y AJIS JOCHTIKeHHS MOBEMiHKH 310paHux
CTaTUCTUYHUX JaHUX.

3. 3nilicHeHO MepeBipKy CTaTHCTUYHUX TilOTe3
BIJIMTOBIHO JIO0 XapaKTepy pPO3MOILTY BHITAIKOBHX
BEJIMYMH 3HOCY TalbMOBHX KOJOJOK 1 iX B3ae-
MO3B’S3KY IIOJI0 HAIEKHOCTI JaHUX IO OAHI€l re-
HepanmbHOiI cyKymHOCTi. [loOymoBaHi perpeciiiHi
Moeni Oynu TiepeBipeHi Ha aleKBAaTHICTh 3a Tilo-
Te3ot0 F—xpurepito ®imepa. Tak camo mig uac
OLIIHIOBaHHSI MapaMeTpiB perpecii Oynu nepesipeHi
rinore3n Ha iX CTaTUCTHYHY 3HAYUMICTh 3a
t—xputepiem CThrO/ICHTA.

4. BUKOHaHO TepeBipKY BiJNOBIJHOCTI €KcIie-
PUMEHTAIBHO-TEOPETUYHNX PO3PaxXyHKIiB 3a KpH-
Tepiem Koxpena i oTpuMaHO MiATBEpIKEHHS, IO
B CEpPEeTHbOMY 3HOC TalbMOBHUX KOJOJOK 3BEPXY
1 3HU3Y Mae€ pi3Hi 3HAUEHHS.

5. CtBopeHo rTpadiuHi 3aJIe)KHOCTI Ha OCHOBI
perpeciiHOro aHajizy 3HOCY TaJbMOBHX KOJIOJIOK,
SIKi JIal0Th MOXKITUBICTH CHPOTHO3YBATH iXHIH 3a-
JIMIIKOBUH PECypc 3a YMOBU BHKOPHCTaHHS MOZE-
pHI30BaHUX MPHUCTPOIB Ha yBECh T'apaHTOBaHUN
BaroHOPEMOHTHHM ITiAMPHUEMCTBOM 1 HOPMaTHBHO-
TEXHIYHUMH JTOKYMEHTaMH MIXPEMOHTHUN TepioJ
eKCIUTyaTallii BAHTa)XHUX BaroHiB.

6. TeopeTuyHO BU3HAUEHO, IO 32 YMOBH BCTa-
HOBJICHHS Ha BaHTaXHI BaroHM MOJEPHI30BaHHX
MPUCTPOIB cepelHiil mpodir BaroHa 3a PiBHOMIp-
HOTO 3HOCY TaJbMOBHX KOJIOJJOK MOXE JOCSTaTH
280 THc. kM.

7.Pesynbratn, orpumani B poOoTi, OyayTh Ha
MaiOyTHE BpaxOBYBaTH IS PO3B’SI3aHHS MPOOIEM-
HUX 3aBJIaHb [I0JI0 HCHOPMATUBHOTO 3HOCY KOJIOJIOK
y TAJIbMOBHX CUCTEMAX Bi3KiB BAHTKHHUX BArOHIB.
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CTATUCTHUYECKASA OBPABOTKA ITAPAMETPOB U3HOCA
TOPMO3HbIX KOJIOJOK I'PY30BbIX BAI'OHOB

Lenab. 310 BccnenOBaHNE HANPABICHO Ha CTATUCTHYECKYIO 00pPabOTKY KOHTPOJIHMPYEMBIX B HKCILUTyaTaIlUH I'eo-
METPUYECKHX MapaMETPOB M3HOCA KOJIOJOK MOJEPHU3HPOBAHHBIX TOPMO3HBIX CHUCTEM TEIEKEK I'PY30BBIX BaroHOB.
Mertoauka. [IpiMeHeH CTaTUCTUYECKUI MOAXOJ K MOCTPOCHUIO TpadMuecKol 3aBUCHMOCTH W3HOCA TOPMO3HBIX KO-
JIO/IOK OT Tpo0era BaroHOB HAa OCHOBE IPE/IBAPUTENILHO COOPAHHBIX JaHHBIX M3HOCA B KOHTPOJIBHBIX TOUKaX, YTO pe-
IJIAMEHTHPOBAHO TpeOOBaHUAMHU IIaHOBO-TIpeAynpenurensHoro pemonrta (IIIIP). Teoperuko-3kcIuTyaTalliOHHBIE
HCCIIEI0BaHUs, KaCaIOUIUECs] YMEHbIIEHUST HECHOPMATUBHOIO U3HOCA TOPMO3HBIX KOJIOJOK, BBIIIOJHEHBI 10 METOU-
K€ PErpecCUOHHOIO aHaJlu3a Ha OCHOBAHUU DKCIEPUMEHTAJIbHBIX JAHHBIX OINBITHON 3KCIUTyaTallud MOAEPHU3UPO-
BaHHBIX YCTPOHCTB TOPMO3HBIX CUCTEM TEJIEKEK I'Py30BbIX BaroHOB. OOOCHOBAHO «IIATJIMATUBHBIN» MOIXOM K pe-
HIEHUIO 3TOH 3anaud. Pe3yiabTarbl. YCTaHOBIEHO, YTO HAa MPAKTUKE UMEIOT MECTO CIIydal, KOrja KOJIOJKU He
00ecIieunBaioT CBOETO PETIIAMEHTHPOBAHHOTO TPOOEra, BCIEJACTBHE YEro MX IPEkKIAEBPEMEHHO 3aMEHSIOT 110 MpH-
YMHE KIMHOAYaJbHOTO M3HOCA. A 3TO, C TOUKU 3PEHHUS] SKOHOMHUKH M 0€301IaCHOCTH X HCIOJIb30BaHNUS, IPUBOANT
K CHIDKEHHIO TOPMO3HOH 3((EKTUBHOCTH B TPHAHTEIILHUX TOPMO3HBIX CHCTEMaX. DKCIICpUMEHTaIbHO-HAyYHBIMHU
HCCIIEIOBAaHUSAMU BBISBICHO, YTO IPU BBINOJIHEHHUH IIIaHA IPY30BbIX MEPEBO30K 10 95% KOIOM0K BaroHOB, IIPH HC-
MOJIF30BAHNHU THUIIOBBIX YCTPOHCTB TOPMOXEHHUS, UMEIOT BPEIHBINA BOMHOI (PUKIMOHHBIA U3HOC, YTO TpeOyeT nx
3aMeHBl B TapaHTHUPOBAHHBIM MeXpPEMOHTHbIN mepuon. Ilpn obcrnemoBaHNM B yCIOBHAX SKCIUTyaTallUH SIBICHUH
HU3HOCAa TOPMO3HBIX KOJOZOK I MOJECPHU3UPOBAHHBIX YCTPOWCTB TENIEKEK HA OCHOBE PErPECCHOHHOTO aHAIM3a
BBINOJIHEHO IPOTHO3UPOBAHUE UX OCTATOYHOT'O PECYPCA, PE3YJILTATOM KOTOPOTO SBIISETCS UCIOIB30BAHUE KOJOLOK
Ha BECbh MEXPEMOHTHBIN IIEPUOJ 3KCILIyaTallud Irpy30BbIX BaroHoB. HayyHasi HOBU3HA. BriepBble agantupoBaHo
JUIsl TIOCTPOEHUSI PETPECCHOHHOM 3aBUCUMOCTH MOJEJb HM3HOCA TOPMO3HBIX MOJEPHU3UPOBAHHBIX YCTPOWCTB
TOPMO3HBIX CHCTEM TEJEXEK B 3aBUCHMOCTH OT Ipobera BaroHOB. [lo IMoOJydeHHBIM pe3yiabTaTaM HATYPHOTO
9KCIIEPUMEHTA MTpoBeJIeHa 00paboTka COOpaHHBIX JaHHBIX 00 M3HOCE KOJIOJIOK IIPH OTCYTCTBUH HOPMAJIBHOTO 3aK0-
Ha CTAaTUCTHYECKOTO pacmpejeneHus. IIpoBepky COOTBETCTBHs 3KCIEPHUMEHTAIBHO-TEOPETUUECKUX PACUETOB IO
HU3MEPEHUsIM M3HOCA KOJIOJOK oleHeHo no TecTy KoxpeHa. [IpemnokeHo «aliuaTUBHBINY» MOAXOA AJIS CTaTHCTHU-
YECKOTr0 aHaJln3a M3HOCA KOJIOAOK B YCIOBHSX DKCIUTyaTallM, YTO MO3BOJIIET CHPOTHO3HPOBATH MX OCTATOYHBIN
pecypc C MO3UIMM UX HUCIONb30BaHUS HAa BEChb MEXPEMOHTHBIH MEpUOJ 3KCIUTyaTallid TPY30BBIX BaroHOB.
IpakTHyeckasi 3HAYUMOCTb. Pe3ynpTaThl IPOBEIEHHBIX HCCIEOBAHMI apoONPOBaHBl HAa ONBITHOM IOJIBIKHOM
COCTaBE C MOJIEPHU3UPOBAHHBIMY YCTPONCTBAMU Il PABHOMEPHOI'O U3HOCA TOPMO3HBIX KOJIONOK B Tesexkkax. Ilo-
Jy4eH MaTeHT Ha M300peTeHrne, PEKOMEHIOBAHHBIA K BOTUIONICHHIO TIPH MPOSKTHPOBAHNN HOBBIX M MOJICPHHU3ALINU
CYILECTBYIOIIMX TOPMO3HBIX CHCTEM TEJIEKEK I'PY30BbIX BATOHOB.

Kntouesvie cnosa: TOpMO3Has KOJIO/KA, U3HOC; TOPMO3Has peryaxkHas nepegada (TPII); Baron; ananus; Mozenb;
CTaTHCTHYECKHUE HCCIICOBAHMS; BEIOOpKa
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STATISTICAL PROCESSING OF BRAKE PADS WEAR PARAMETERS
OF FREIGHT CARS

Purpose. This study is aimed at the statistical processing of the geometric parameters of pad wear of the mod-
ernized brake systems of freight cars™ bogies. Methodology. A statistical approach to the construction of the graph-
ical dependence of the brake pad wear on the car run was applied based on the previously collected wear data at
checkpoints, which is regulated by the requirements of routine preventive repair. In this sense, theoretical and opera-
tional studies concerning the reduction of the non-standard wear of the brake pads were performed according to the
regression analysis method based on the experimental data of the experimental operation of the upgraded devices of
the brake systems of freight car bogies. The palliative approach to solution of this task is substantiated. Findings. It
has been established that in practice there are cases when the pads do not provide their regulated run, as a result of
which they are replaced prematurely for reasons of wedge-shaped wear. From the point of view of the economy and
safety of their use, it leads to a decrease in brake efficiency in triangular brake systems. Experimental and scientific
studies have found that when performing freight transportations plan, up to 95% of the car brake pads at standard
braking devices have harmful double friction wear. This requires pads replacement in the warranty inter-repair peri-
od. It is established that during the inspection in the conditions of operation of brake shoe wear phenomena for the
upgraded bogie devices based on the regression analysis, the prediction of the residual life of the pads was per-
formed, the result of which is their use for the whole inter-repair period of freight cars. Originality. For the first
time, the model of brake pad wear for upgraded devices of the bogie brake systems, depending on the car run, is
adapted to build the regression dependence. Based on the results of the full-scale experiment, processing of the col-
lected data on the pads wear in the absence of a normal law of statistical distribution was performed. Correspond-
ence check of experimental and theoretical calculations according to the measurements of the pads wear was evalu-
ated by Kochran's test. A «palliative» approach is proposed for statistical analysis regarding the wear of pads in the
operating conditions, allowing to predict the residual life of the brake pads for their use for the whole inter-repair
period of freight wagons operation. Practical value. The results of the studies were tested on experimental rolling
stock with upgraded devices for uniform wear of brake pads in the bogies. A patent for an invention was obtained,
which is recommended for implementation during the design of new and modernization of the existing brake sys-
tems for freight car bogies.

Keywords: brake pad; wear; brake rigging; car; analysis; model; statistical studies; sampling
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BU3HAYEHHS MIITHOCTI HECYUYOI KOHCTPYKIIII BATOHA-
IHJIAT®OPMMU 3YJIEHOBAHOI'O TUILY 3 KPYI'JIUX TPYD

Mera. lle nmociimpkeHHs CIpsIMOBaHE Ha BW3HAYCHHS IOKA3HMKIB MII[HOCTI HeCy4oi KOHCTPYKILIi Barosa-
aTGopMu 34IEHOBAHOTO THITY 3 KpyriuX Tpy0. Meroauka. CTBOPEeHO KOMII'IOTEPHY MOJIETIbh HECY40l KOHCTPYK-
il BaroHa-riaTpopMu 34JICHOBAHOTO THUITY 3 KpYIriux TpyO. Jlyist qociimKeHHs AMHaMIYHOT HaBaHTAXKEHOCTI HeCy-
40i KOHCTPYKIIii BaroHa-ruiaT)opMu MPOBEACHO MAaTEeMATHYHE MOJCIIOBaHHS. P0O3paxyHOK BHKOHAHO B IUIOCKIH
cucteMi KoopauHaT. J{o yBaru B3sTi KOJMBaHHS MOCMUKYBaHHS, TaJOMyBaHHs Ta IIiJCKaKyBaHHs. Po3B’s30k nude-
peHLIaTbHUX PIBHAHB PyXy 3liliCHEHO B mporpamHomy 3ade3nedeHHi MathCad. [IpoBeneHo po3paxyHOk Ha Mill-
HiCTb Hecy4ol KOHCTPYKLIT BaroHa-1uiaTOpMH 34WICHOBAaHOTO THITY. Pe3yabTraTn. BeTaHOBICHO, 0 TPHCKOPEHHS,
SIKI TIPUTIAJAI0Th Ha HECYTYy KOHCTPYKIIIO MEPIIoi CeKIil BaroHa-TiaTgopMH, CKIagaroTs 38,2 m/c?, a apyroi — Oim-
36K0 37,5 M/c?. OTpuMaHi BETUYNHN TPUCKOPEHD YPaXOBaHO UI BH3HAYCHHS ITOKA3HUKIB MIIIHOCTI HECY4Oi KOHC-
TPYKLil BaroHa-marGOpMH 3WICHOBAHOTO THIY. P03paxyHOK MpPOBEACHO 3a METOJNOM CKiHYCHHHX CIICMCHTIB
y nporpamHoMy 3abesmedeHHi CosmosWorks. YpaxoBaHO, IO KOXKHA CEKILisl BaroHa-muiaTGOpMH 3aBaHTa)KeHa
nBoMa 20-(GpyTOBUMH KOHTeHHepamH. Pe3ynbTaTu NpoBelEHHX pPO3PaxyHKIB JO3BOJMIM 3POOHUTH BHCHOBOK, IO
MaKCHMaJIbHI €KBIBaJCHTHI HaNpy>KCHHS BUHHMKAIOTh y KOHCOJIBHMX YaCTHHAaX XpeOTOBOI OajKM Ta CKJIaJaroTh
6mu3pko 200 MIla, ToOTO He mNeEpeBHINYIOTH IOMyCTHMi. MaKCcHMaibHI NEpeMIlleHHsI Yy By3JlaX KOHCTPYKIIT
3a(hikCcOBaHO B CEpEIHIX YaCTMHAX CEKUidl Ta ckianaroTh 3,8 MM, MakcMMasbHi aeopmanii cknanaots 2,3-1073,
HaykoBa HoBH3Ha. P03po0sieHO KOMIT'IOTEpHY MOJENb AJisi BU3HAYEHHs MIIHOCTI HECy4oi KOHCTpYKIii BaroHa-
1aTGOpPMH 34ICHOBAHOTO THITY 3 KPYIIIUX TpyO. Moiens 103B0JIsS€ BU3HAYUTH MMOKa3HUKH MIITHOCTI HECY4Oi KOHC-
TPYKLil BaroHa-mwiaTGopMH 3a MO3A0BXKHBOI HABAHTAKEHOCTI KOHCTpyKUii. IIpakTuyna 3Hayumicts. [IpoBeneHi
JOCTIDKCHHST CTIPUATHMYTH MiJABHIICHHIO €(EKTHBHOCTI EKCIUTyaTallil KOMOIHOBaHHMX IIEPEBE3CHb Ta CTBOPCHHIO
PEKOMEHIAIIH 100 NPOEKTYBAHHS CyYaCHUX KOHCTPYKLIH BaroHiB-TIaTGOPM 34JICHOBAHOTO THITY.

Knrouogi cnosa: BaroH-uiathopma; 34JICHOBAHHN BaroH; Hecyda KOHCTPYKIIs; JHHAMIYHA HABAHTA)XXEHICTh; Mi-
[HICTh; KOHTEWHEPHI IIepeBE3CHHAS

Beryn [IMHOTO BHKOHAHHA. lle J03BOIUTH 3MEHIIUTH
MaTepialoMiCKiCTh HECYYHX KOHCTPYKII BaroHiB-
matdopm, a BiAMOBIAHO, i BUTPATH HA X BUTOTO-
BIICHHS B pa3i 3a0e3medeHHs yMOB MIITHOCTI Ta
eKCILTyaTalliitHOT HaIIHHOCTI.

[Tig yac mpoekTyBaHHS Cy4yaCHUX KOHCTPYKILiif
BaroHiB-1U1aT(OPM 3WIEHOBAHOTO TUILY BaXKJIMBUM
€ BpaxyBaHHS YTOYHEHUX BEJIMYWH HABAHTAKEHb,
1[0 MOXYTh JiITH Ha HUX B eKcIuryaTalii. HassHa
HOpMaTHBHa 0a3a HE BHCBITIIOE B TIOBHIA Mipi
0c00JIMBOCTEH HABaHTAXKEHOCTI HECYYHX KOHCTPY-
KIIii BaroHiB-IUIaT(OPM 3WIEHOBAHOTO THITY 3a
OCHOBHHUX €KCIUTyaTauilHUX pexxumiB. Lle Buxiun-
Ka€ HeOOXiHICTh MPOBEICHHS BiIIOBITHUX JOCIi-
JDKEHb y 1[bOMY HampsiMi st GopMyBaHHS peKo-
MEHJAIiil 1I0M0 TPOEKTYBaHHS Cy4YacCHUX KOHC-
TPYKIiH BaroHiB-IJIaTHOPM 3WICHOBAHOTO THIIY.

[ligBurieHHs: 00CSTIB MepeBe3cHL BAHTAXIB Ye-
pe3 MIKHApOAHI TPaHCHOPTHI KOPHUIOPH 3YMOB-
JOIOTH HEOOXIJIHICTh YBEIEHHS B EKCILTyaTaIlilo
KOHTEHHEpHUX nepeBe3eHb. [lepeBe3eHHsT KOHTEeM-
HEpIB 3QJI3HMIICIO 3JIHCHIOIOTh Ha BaroHax-
miarpopmax. B ocTaHHI pOKHM AJs MiABUIIECHHS
e(EeKTHBHOCTI KOHTEHHEPHHX IepeBe3eHb BUKOPH-
CTOBYIOTh BaroHU-TIAT(GOPMHU 3WIEHOBAHOTO TH-
my. OcoOJMMBICTIO TAKHX BaroHiB € Te, 110 iX HECy-
Ya KOHCTPYKI[iS CKIAJAa€ThCsl 3 JIBOX CEKINH, SKi
OIUPAIOTHCS HA TPH Bi3KH.

Ha cywyacHomy ertami po3BUTKY 3ai3HUYHOI ra-
NMy3i Ha cTajii NMPOEKTyBaHHS BaroHiB-iaThopm
34JIEHOBAHOT'O THITY HEOOXIJHUM € BIPOBAKECHHS
HOBHX IHHOBAI[IHUX PIillIeHb IOJIO X KOHCTPYK-
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BusHaueHHs BIIIMBY MO3A0BXKHBOTO U Iomnepe-
YHOTO 3MIIIEHHS LIEHTPa TSUKIHHS BEIMKOBArOBOTO
BaHTaXXy Ha BaroHax-margopMax MPOBEACHO
B [14]. V xXoxi BUKOHAaHHS JOCIIIKEHh OTPUMAHO
3aJIe)KHOCTI OCHOBHHMX JMHAMIYHUX IOKa3HMKIB
3 OISy Ha BEIMYHHY LIBUIKOCTI PyXY.

AHamiz  Hecyuoi  KOHCTPYKIII  BaroHa-
miardopmu mposeneHo B [17]. OcobmuBicTio Ba-
rOHa-TUIaTGOPMH € MOXKJIMBICTh PETYIIOBAaHHS KO-
PHUCHOI TOBKHHH 3aJISKHO Bijg rabapuTiB BaHTaXYy,
SKAH HAa HbOMY TIEPEBO3SITh.

BaxnmBo 3a3Ha4YMTH, IO B PO3MIITHYTHX pOOO-
Tax AOCHIPKEHHIO MO3I0BKHBOI AWHAMIYHOI Ha-
BaHTA)XEHOCTI HECY4YHX KOHCTPYKIIiii BaroHiB 3a
eKCIUTyaTallifHUX PEXUMIB yBaru He OyJo TpHIi-
JICHO.

JlocmimKeHHsT TUHAMIYHOT HaBaHTa)KEHOCTI He-
Cy4oi KOHCTPYKIIii Ky30Ba BaroHa mij 4ac mepeBe-
3eHb Ha 3aJI3HUYHOMY MMOPOMi HaBeneHo B [5, 6].
PesynpTatn MaTeMaTHYHOTO MOJICTIOBAHHSIM TTiJIT-
BEPKEHO KOMIT IOTEPHUM.

[IuTanHs AMHAMIYHOI HABAaHTa)KEHOCTI Ta Mill-
HOCTI BaroHiB-TIaTGOpPM 34JICHOBAHOTO THITY
B poO0Tax He PO3TIISHYTO.

[lepcriekTrBH 3acTOCYBaHHS MaTepialliB HOBO-
ro IOKOJIIHHA ITiJ] YaC BUTOTOBJIEHHS 3aJ13HUYHUX
BaroHiB BucBiTiIeHO B [10]. 3a3HauyeHo mepeBaru
BUKOPHCTAHHS MArHi€BHX CIUIABIB y HECYYHX CHC-
Temax BarosiB. [Ipore aBTopu He BKa3aiau ocoOu-
BOCTEHN NMHAMIYHOI HABAHTAKEHOCTI BaroHiB, BH-
TOTOBJIGHUX 13 TaKWX MarepialiB, 3a eKcIuTyaTa-
MIHHUX PEKUMIB.

Koncrpykuiitni  0co6nuBocTi  10Bro6azoBoro
BaroHa-tuiatopmu BucBiTiaeHO B [15]. OcobmuBi-
CTIO BaroHa € BiJICYTHICTh XpeOTOBOI OajKku 3a J0-
BXKHHOIO paMu. HaBeZieHO pe3ynbTaTh po3paxyHKy
Ha MIIHICTh HECydol KOHCTPYKIi BaroHa-
iatopmu, peasizoBaHi B IMPOTPaMHOMY CEPE0-
Bumti ANSYS. OnHak npu npoMy aBTOpPH HeE IpoO-
BOJIMJIM MaTEMaTUYHOTO MOJICIIOBaHHS JIWHAMiY-
HOT HABaHTaXEHOCTI BaroHa-mardopmu, a mij gac
PO3paxyHKIiB Ha MIIHICTh YPaXxOBYBaIH HOPMATH-
BHi BEJINYMHN HABAHTAXKCHb.

VY nockoHaJIeHHsI HeCy40i KOHCTPYKIIii BaHTaX-
HOTO BaroHa BUCBiTiIeHO B [16]. HaBeneno pesyinb-
TaTH PO3paxyHKy Ha MIIHICTh HECYy40i KOHCTPYK-
il BaroHa.

[lix gac mpoBeneHHsS PO3paxyHKIB aBTOPH 00-
MEKWINCS HOPMAaTUBHUMH 3HAYEHHSMH HaBaHTa-
J)KE€Hb, K1 AIIOTH Ha BaroH. ToOTO MOIEIIOBAHHS
TUHAMIYHOI HaBaHTA)KEHOCTI HECYYOi KOHCTPYKIIIT
BaroHa B IIMX poOoTax He 0yJI0 MPOBEICHO.

BusHaueHHs nuHaMiuHOi HaBaHTa)KEHOCTI Ba-
TOHIB MiJ Yac MepeBe3eHb Ha 3aNi3HUYHUX MOPO-
Max mposeneHo B [11]. OTpumaHi BeIWYMHU IH-
HaMIYHUX HaBaHTa)KE€Hb BPAaXOBAHO B PO3paxyHKax
Ha MILHICTh HECYYHX KOHCTPYKIiil BaroHiB.

JocaimkenHs JuHaMIYHOI HaBaHTa)KEHOCTI Ba-
TOHIB 34WJIEHOBAHOTO TUITY B pOOOTI HE BUKOHAHO.

Po3paxyHok Ha MilHICTh Barosa-miatopMu
JUISL TIepeBE3€HHsT KOHTeiHepiB HaBemeHo B [19].
YpaxoBaHo, 0 Ha BaroHi-maTgopmi 3HAXOASATh-
cs nmBa 40-pyroBux KoHTeHHepu. UucenbHi 3Ha-
YEHHS PO3PaxyHKOBHX HaBaHTaKEHb, SIKi IiIOTh Ha
BaroH-TaThopMy, Y34TO BiJIMIOBITHO IO YWHHHX
HOpPMATUBIB.

OOrpyHTYBaHHS JOLIBHOCTI eKCIUTyaTalii Ba-
TOHIB-TUTaTGOPM ISl TIEpeBE3eHHS KOHTEHHepiB
noaano B [7]. 3a KoHCTpyKIli€r0 BaroH-uiaTdopma
Ma€ BaHTAXKOIIAMOMHICTE 73 T Ta MOXE 3I1HCHIO-
BaTH IICPEBE3CHHS KOHTCHHEPIB THUIIOPO3MIpY
1CC, 1C, a takox 1CX.

Oco6aMBOCTI MOJEpHI3alii HECYUYUX KOHCTpY-
KLI# BaroHiBs s 3a0e3meueHHs X MIIIHOCTI B €KC-
IoTyaTarii po3risayTo y [12]. HaBeneno pesyibra-
TH pO3pPaxXyHKy Ha MIIHICTh Ky30BiB BaroHiB
3 ypaxyBaHHSM 3aMpONOHOBAHUX PIIlICHb.

OnHak y po3riIsiHyTHX poOOTax HE BUCBITIEHO
0COOJIMBOCTEI HABaHTA)KEHOCTI HECYYMX KOHCTpPY-
KIIili BAaroOHiB 3a eKCIUTyaTaliiHIX PEXKUMiB.

Merta

OCHOBHOIO METOIO CTaTTi € BU3HAYECHHS TI0Ka3-
HUKIB MIITHOCTI HECy4oi KOHCTPYKIIi BaroHa-
maTGoOpMH 34ICHOBAHOIO THITY 3 KPYIJIUX TPYO.
Jlnst MOCATHEHHS 3a3HA4YEHOi METH BU3HAYEHO TaKi
3aBJIAHHS:

1. 3amporoHyBaTH MOJIE]Ib HECY4YOi KOHCTPYK-
i BaroHa-miatGopMH 3WICHOBAHOTO THITY 3 KPY-
X TpyoO;

2.CKJIaCTH MaTeMaTHUYHy MOJENb JTHHAMIYHOT
HaBaHTA)KEHOCTI HECY4YOi KOHCTPYKIII BaroHa-
m1aTGopMH 3UWICHOBAHOTO THUITY 3 KPYTIIUX TPYO 3a
OCHOBHHUX €KCIUTyaTalliiHUX PEKHUMIB;
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3. CTBOPHUTH KOMII IOTEPHY MOJEINb JUIS BHU3HA-
YeHHs MIIHOCTI HEeCy4oi KOHCTPYKIIl BaroHa-
1aThOpMH 3UJICHOBAHOTO TUILY 3 KPYIJIHX TPYO;

4. BU3HAUMTH TIOKa3HWKHA MIITHOCTI Hecydoi
KOHCTPYKIlii BaroHa-TiaTGOpMH 3UICHOBAHOTO
TUIY 3 KPyTJHX TpyoO.

MeToauka

Jls 3MEeHITIeHHST MaTepiajloOMICTKOCTI BaroHiB-
1aT$opM 3alIpONOHOBAHO BUTOTOBICHHS HECYUNX
€JIEMEHTIB 1X KOHCTPYKIIi 13 TpyO Kpyrioro nepe-
pisy. Ilpu mpoMy BROCKOHaJeHa Hecyda KOHCTpPY-
KLisg BaroHa-mardopMu Mae tapy Ha 5 % MeHIIy
3a Tapy BaroHa-MpoTOTHITy (BaroH-riatgopma
mozem 13-401).

Jus mipBumeHHs e(eKTUBHOCTI eKCInTyaTarii
BaroHa CIPOEKTOBAHO MOJIENIb HECY40i KOHCTPYK-
mii  BaroHa-TaTGoOpMU  3WICHOBAHOTO  THITY
(puc. 1). Hecy4ya KOHCTPYKIIisl CKIIQTA€THCS 3 ABOX
CeKIIii, SIKi CIIUpaIOThCsl HA TPH Bi3KU. Bzaemomis
CeKIii MiX cO0O0I0 3IIMCHIOETBCS Yepe3 MPUCTPIi
sunenyBaHHs SAC-1. Jns Bu3HauUeHHS IiaMeTpiB
TpyO, 3 KX CKIAHAETHCA KOHCTPYKIIis, BHKOPHC-
TaHO METOJ ONTHUMI3alii 3a KpUTEepieM MiHIMyMy
MatepianomicTrocTi. [Ipn mpomy mBopHeBa Oajka
Ma€ KOHCTPYKIIIIO, IIGHTUYHY JI0 Ti€l, sIka BUKOPH-
CTaHa Ha BaroHIi-MPOTOTHII. 3 OOKY CIIMpaHHS Ce-

KITift Ha cepeaHiil Bi30K IMIBOpHEBa Oallka 3aMiHEHA
Ha 0anKy KpyTrioro nepepisy.

J1st MOKITMBOCTI TepeBe3eHHs] KOHTEHHEpiB Ha
BaroHi-tuiatopMi mependadeHo MMOCTaHOBKY Bif-
KUIHUX (ITHHTOBUX YIIOpPIiB y CEepeaHiil JacThHI
CEKIIif, MO JO03BOJSE 3IIHCHIOBATU IEPEBE3CHHS
KOHTEHHEPIB Pi3HOIO THIIOPO3MIpY.

Jnst mocmimkeHHsT JUHAMIYHOI HABAHTaKEHOCTI
BaroHa-maTpoOpMH 34ICHOBAHOTO THUITY BHKOPHC-
TaHO MaTeMaTHYHY MOJEb, PO3polJieHy mpod.
I'. I. boromazom. Lro Momens Gyno moompaiiboBa-
HO NUIIXOM YpaxXyBaHHS MEPEMIIICHb ABOX CEKIIil
3a eKCIUTyaTallifHuX PEeKUMiB HaBaHTaXeHHs. Ta-
KOX Yy MOJIETIi CKacOBaHO MPYKHi 3B’ S3KU MiXK KO-
HTCHHEPaMHU Ta HECYYOK KOHCTPYKIIIEI0 BaroHa-
iatdopmu [3].

VYpaxoBaHo, 110 BaroH-miatgopma 3aBaHTaxe-
HUK KoHTeWHepamu Tunoposmipy 1CC. ocmi-
JDKEHHSI KOJMBAaHb BaroHa-muiaTGopMu 3 KOHTEH-
HEpaMH 3IIHCHEHO Y TUIOCKIN CUCTeMi KOOPAMHAT.

[lix yac ckmamaHHsS MaTeMaTHYHOI MOJIEN Bpa-
XOBaHO, 1110 KO’KHA CEKIlis BaroHa-uiatopMu Mae
BJIaCHY CTyMiHb BiTbHOCTI. Ile mpumymieHHst 00-
IPYHTOBaHO THM, IO KOHCTPYKIIHHI OCOOIUBOCTI
MPUCTPOIO 3WICHYBAHHS JTO3BOJISIOTH 311CHIOBATH
TaKi MepPeMillCHHS.

Puc. 1. Baron-nmatdopma 34JIeHOBaHOTO THITY 3 TPYO KPYTJIOTO Iepepizy

Fig. 1. Articulated flatcar of round pipes
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Pe3yabTarn

Po3paxynkoBy cxemy  Barosa-miaatdopmu
3WIEHOBAHOTO TUITY 3 KOHTEHHEpaMH MiJ i€ Mo-

3MIOBXKHBOI CHIIM Ha HECYYy KOHCTPYKIIIO HaBeJe-
HO Ha puc. 2.

/g

z
m
P, K
- | A ‘
kS T IFr My kS T 1Fmw M ki [ JFr
e==5! S e==5
- 21 L 2 N

Puc. 2. Po3zpaxyHKoBa cxemMa BaroHa-IiaTpOpMHu 3WICHOBAHOTO THITY

Fig. 2. Calculation scheme of the articulated flatcar
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HOJIOBMHA 0a3u cekuii BaroHa-atgopmu; Fpp—
a0COIOTHE 3HAUEHHS CUIIU CYXOro TepTs B pecop-
HOMY KOMIUIEKTI; K'— JKOpPCTKiCTh 3B’SI3Ky MiX
cekuisiMu; K;, K, — JKOPCTKICTh NMPYXXUH PECOPHUX
KOMIUIEKTIB Bi3KiB BaroHa-miaTdopMu (Bi30K MO-
neni 18-100); m, — maca KoHTeliHepa; Z,, — BHCO-

Ta LEHTpa Baru KoHTeiHepa; |,

; — MOMEHT iHepuii

i-r0 KOHTEWHEPa; X, @, Z,

1

— KOOpAuHaTH, 110 BU-

3HAYAOTh  TEPEMIIEHHS  CEeKIliH
m1aThOpMH BiTHOCHO BiJIMOBITHUX OCEH.

BaroHa-

a—a

a, m/ct

[Mo3moBXHE HABAHTAXKCHHS, SIKE JII€ HA HECydy
KOHCTPYKITIIO BaroHa-marGopMu, y3sTO PiBHUM
25MH [1, 2]. Po3r’s3anns nudepeHiiaIbHIX
pisasap (1) — (12) 3milicHeHO B CepeIOBHILI
MathCad [8, 20].

PesynpTatn po3paxyHKy MOKasand, LIO MPHC-
KOPEHHSI, SIKi JIF0Th Ha HECy4y KOHCTPYKLIIO mep-
moi 3 00Ky CHIIM ceKii BaroHa-iaTgopMu, CKia-
naroth 38,2 m/c?, a mpyroi — Omuseko 37,5 m/c?

(puc. 3).

6-b

&, M/ic?

Puc. 3. [IpuckopeHHs, sKi TIFOTh HAa HECYYy KOHCTPYKIIIFO BaroHa-IU1aT(OPMH 34JICHOBAHOTO THITY:
a — mepiia 3 60Ky Jii TO3JJ0BKHBOI CHITH CEKIIisl BaroHa-IuaTgopmu;,
6 — npyra 3 60Ky Jii HO3I0BKHBOT CHIIN CEKIlisl BaroHa-TaThopMu

Fig. 3. Accelerations acting on the load-bearing structure of the articulated flatcar:
a — the first flatcar section on the side of longitudinal force;
b — the second flatcar section on the side of longitudinal force

HactynHum eranom y paMkax IIbOTO JOCIi-
JOKEHHSI € BU3HAYEHHS TIOKa3HUKIB MIITHOCTI HECy-
401 KOHCTPYKIii BaroHa-ruiaThopMu 34JICHOBAHO-
T'O THITY.

Jnist BU3HAUYEHHs TIOKAa3HUKIB MILHOCTI Hecy4uoi
KOHCTPYKIIii BaroHa-ruiaThopMHu 3 KPYIIUX TPYO
CKJIaJICHO KOMIT'IOTEpHY MOJeNb. Po3paxyHOK
MPOBENEHO 3 BUKOPUCTAHHIM METOAY CKiHUEHHHX
CJIEMEHTIB Y CEpeNOBHIII IporpaMHoro 3abesrie-
yerns CosmosWorks [4, 18]. Po3paxyHkoBy cxe-
My HeCy4oi KOHCTPYKLii BaroHa-miatGopmu 3a

PO3paxyHKOBOro pexumy | (pMBOK) HaBeAE€HO Ha
puc. 4. Ilpu oMy 10 TepeaHix yHopiB MpuKiIa-
JICHO TIO3/I0BKHE HaBaHTaxeHHs y 2,5 MH [1, 2].

YpaxoBaHO, II0 KOXHAa CEKIlis BaroHa-
mwiatpopmu 3aBaHTaxkeHa jaBoma 20-QpyToBuUMH
KOHTeiiHepamu. BepTukanbHe HaBaHTa)XKEHHS BiJl
KOHTEHHEpIB OyJI0 MPUKIAJCHO JIO0 TOPU3OHTAIIb-
HUX MOBEPXOHb ()iITUHIOBUX YIOPIB y BUIJISIL 1U-
CTaHUIMHOTO HABAaHTAXEHHS 3 YypaxyBaHHIM
LeHTpa Baru KoHTeiHepis [9, 13].
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Puc. 4. Po3paxyHkoBa cxema HeCy4ol KOHCTPYKIIi1 BaroHa-1iat(hopMu 34JI€HOBAHOTO THITY

Fig. 4. Calculation scheme of the load-bearing structure of the articulated flatcar

Jlnst ckamaHHs CKiHYEHHO-SJIEMEHTHOI MO
Hecy4oi KOHCTPYKIIii BaroHa-miaTGopMu BUKOPH-
CTaHO TPOCTOPOBI i30MapaMeTpUYHI TeTpaeapH.
OntumaneHy KiJIBKICTh €JI€MEHTIB CITKH BHU3Haue-
HO 3 BUKOPHCTAaHHSM I'pad0aHATITHYHOTO METOAY.
[Ipy mpOMY KiNBKICTh €NEMEHTIB CITKH CKJaja
5406 526, ByzniB — 1538 366. MakcumanbHui
pO3MIp eJeMEHTa CITKU JOPIBHIOE 15 MM, MiHIMa-
JIBHUH — 3 MM, MaKCHMaJIbHE CIIBBIIHOIIEHHSI 00-
KkiB eneMeHTiB — 3 078,9; BiIICOTOK €JIEMEHTIB 31
CHIBBITHOIICHHSIM OOKiB MeHIIe Tphox — 87,6;
oinpme gecatd — 0,212, KigpKicTh €JIeMEHTIB
y kouti — 8. CriBBiJHOIIEHHS 301JIBIIEHHS] PO3Mipy
enemenTa — 1,7.

200 MIIa

3aKpilieHHsT MOAEII 3IHCHEHO B 30HAX CITH-
paHHS HeCyJoi KOHCTPYKIIii Ha XO/IOBI YaCTHHH.
Pesynprati po3paxyHKy Ha MIIHICTH HeCydoi
KOHCTPYKIii BaroHa-atopMu HaBEICHO HIDKYE.
MakcuManbHi €KBIBaJICHTHI HANPYXKEHHS TMPH
[IbOMY BHHHKAIOTh Y KOHCOJBHUX YaCTHHAX Xpeo-
TOBOI OalkM Ta cKjiIazarTh Omu3pko 200 MIla,
TOOTO HE MepeBHUIIyI0Th nomyctumi (puc. 5) [1, 2].
MaxkcuManbHi TIEpEMIIIeHHS y BY3Jax KOHC-
TpyKii 3aikCOBaHO B CEPEIHIX YaCTUHAX CEKIIiH,
BOHH CKIaJaloTh 3,8 MM (puc. 6), MakcuMalbHi

nedopMariii ckIamaTh 2,3~1073 )

187 MIIa

167 MIIa

Puc. 5. Hanpy>xeHnii CTaH CEKIIii 3WIEeHOBAaHOTO BaroHa-maTdGopMu

Fig. 5. The stress state of the articulated flatcar's section
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3.4 vmM

Puc. 6. [lepeMineHHs y By3JiaX CEKIIil 34JICHOBAHOTO BaroHa-miatGopMu

Fig. 6. Displacements in the section nodes of the articulated flatcar

HaykoBa HOBH3Ha Ta MPpaKTHYHA
3HAYUMICTD

Po3po6iieHo KOMIT'YOTEpHY MOJEIb JJis BU3HA-
YCHHSI MIIHOCTI HECY4oi KOHCTPYKIII BarosHa-
m1aTGopMu 3WIEHOBAHOTO THITY 3 KPYTIHX TPYO.
Mozens 103BOJIsIE BU3HAUYUTH ITOKa3HUKH MIiITHOCTI
Hecy4ol KOHCTPYKUil BaroHa-miaTopMu 3a Io3-
JOBXKHBOI HABaHTAXXEHOCTI KOHCTPYKINI (po3Tsr-
HEHHS — PUBOK).

Pesynbratu mpoBeieHUX IOCIIIKEHb MOXYTh
OyTH KOPHCHHMH Wil 4Yac CTBOPEHHS Cy4YacHHUX
KOHCTPYKI[iH BaroHiB-miaTpopM 34ICHOBAHOTO
THUITY.

BucunoBxku

[1ix yac mpoBeaeHHS OO TOCIIHKEHHS

1. CtBOpeHO Mozenb Hecy4oi KOHCTPYKLii Ba-
TOHA-TUIATGOPMH 3YWICHOBAHOTO THUIY 3 KPYIJIUX
TpyO. JlJIs1 MOKIIMBOCTI TIepeBe3eHHS KOHTEHHEPIB
Ha BaroHi-tatopMi mnependadyeHo IMOCTAHOBKY
¢GITHHrOBUX YIOpiB. Y cepefHiii YacTHHI pamu
PO3MIIIIEHO BiKUIHI (ITUHTOBI YIOPH, IO JT03BO-
JIsi€ 3MIACHIOBATH TIEPEBE3eHHS KOHTEWHEPIB pi3-
HOTO THIIOPO3MIpY.

2. CkiaJieHO MaTeMaTHYHY MOJIE/b TMHAMIYHOT
HaBaHTAXXEHOCTI Hecy4ol KOHCTPYKLil BaroHa-
1aThOopMH 3 KPYTiux TpyO 3a OCHOBHUX EKCILIY-
aTamiHux pexxumis. Ilig yac ckiagaHHsS MaTeMa-
THYHOI MOJIeNli BpaXxOBaHO, 1[0 KOXKHA CEKIlisl Ba-
rOHa-TIaTGOPMH Ma€ BIACHY CTYIiHb BiIBHOCTI,
OCKUTBKM KOHCTPYKIIHHI OCOOIMBOCTI MPUCTPOIO
34JICHYBaHHS JTO3BOJISIOTH 3IACHIOBATH iX Iepe-

MIIIEHHS Y TIPOCTOPI.

Pesymprati nmocmimkeHb TO3BONMIN 3pOOUTH
BHCHOBOK, IIO MPUCKOPEHHS, AKi MPUIAJalOTh Ha
Hecy4y KOHCTPYKIIIIO Tepinoi 3 00Ky Hii CHIIN cek-
mii  Barona-rutatopmu, cKiamaroTh 38,2 m/c?
a npyroi — 6mm3bko 37,5 m/c?.

3. CTBOpEHO KOMIT IOTEPHY MOJENb /Ul BU3HA-
YeHHsI MIIHOCTI HeCy4oi KOHCTPYKIi Barosa-
mI1aTGOpMH 3WIEHOBAHOTO THITY 3 KPYTIHX TpYO.
[Ipu upoMy po3paxyHOK MPOBENEHO 3a PO3pPaxyH-
KoBoro pexxumy | (puBOK), TOOTO 1O MepeaHiX
YIOpIB TPHKIAJEHO TO3I0BKHE HABAHTAKECHHS
VYpaxoBaHo, 10 BaroH-uiatpopma 3aBaHTAKCHUH
yotupma KoHTeiHepamu turnoposmipy 1CC. Bep-
THKaJbHE HABaHTAXEHHS BiJ] KOHTEHHEPIB NPHK-
JaJeHO JI0 TOPU30HTAJIBHUX TMOBEPXOHB (DITHHIO-
BUX YNOPIB Yy BUTJSAI JTUCTAHIIIMHOTO HaBaHTa-
JKCHHSI.

4. BuzHayeHO MOKA3HUKMA MIIHOCTI HeCcydoi
KOHCTPYKIIii BaroHa-miatGopMu 34JICHOBAHOTO
TUIYy 3 Kpyriux TpyO. Po3paxyHok mpoBeneHO 3a
METOJIOM CKIHYEHHHX EJIEMEHTIB. YCTaHOBIICHO,
0 MaKCHMAaJlbHI €KBIBAJICHTHI HAINPYXEHHSI BH-
HUKAIOTh Y KOHCOJIBHUX YacTHHaX XpeOToBoi Oail-
KM Ta HE NEPEBUIIYIOTh JOIMyCcTUMi. MakcuMaibHi
MIepeMIIeHHs y BY3JIax KOHCTPYKIi 3adikcoBaHO
B CEPEIHIX YaCTHHAX CEKIIiH.

[IpoBeneHi IOCTIPKEHHST CIPUATUMYTh ITiJ{BU-
LICHHIO e(EeKTHBHOCTI eKcIlTyaralii KOMOiHOBa-
HUX TepeBe3eHb Ta CTBOPSHHIO PEeKOMEH/IaIlii 110~
JI0 TIPOEKTYBAHHS CyYacHUX KOHCTPYKIIH BaroHiB-
1aTOpM 34WIEHOBAHOTO THITY.
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OIIPEJIEJIEHUE ITPOYHOCTHU HECYIIEW KOHCTPYKIIUA
BATOHA-IIVIAT®OPMbI COYWIEHEHHOTI'O TUITIA U3 KPYTJIBIX
TPYDb

Heab. /lanHoe HccnenoBaHME HAIMPABJICHO Ha OIpeAeNieHHe MoKa3aTele MPOYHOCTH HECYyIed KOHCTPYKIHMH
BaroHa-1mIaT(OpMbl COWICHEHHOTO THIA U3 KPYribIX TpyO. Meroanka. Co3naHa KOMITBIOTEpHAS MOJIENb HecyIei
KOHCTPYKIIMW BaroHa-miaTGOpMBl COWICHEHHOTO THMA W3 KPYIIBIX TpyO. i WccienoBaHUS AWMHAMHYECKOU
Harpy>XCHHOCTHU HECYIIeW KOHCTPYKIIMH BaroHa-TuIaT(OPMBI IIPOBEACHO MaTeMaTHIECKOe MOIeInpoBanue. Pacuer
MPOBE/ICH B IUIOCKOH CHCTeMe KoopAWHAT. Bo BHMMaHWE TPWHATH KOJNCOAHWS IMMONEPTHUBAHUS, TaJIONMAPOBAHUS
U moArnperuBaHus. Permenne nuddepeHnnanbHeIX ypaBHSHUH ABIKEHHUS OCYIIECTBICHO B MMPOrPaMMHOM obecre-
yeann MathCad. Pe3yabTaThl. YCTaHOBICHO, YTO YCKOPEHHS, KOTOPHIC MPUXOIATCS HAa HECYIIYI0 KOHCTPYKIIHIO
MEpBOIl CEeKIMU BaroHa-miat(opmsel, coctaBisitoT 38,2 M/c?, a BTopoii — okosio 37,5 m/c?. [lonydeHHbIC BEINYHHBI
YCKOPEHUH YUYTCHBI TIPU OIPEICIICHIH MOKa3aTeIek MPOYHOCTH HECYIIei KOHCTPYKIMH BaroHa-IuiaThopMbl codie-
HEHHOTO THMa. Pacyer mpoBeeH Mo METOy KOHEUYHBIX AJIEMEHTOB B mporpamMMmuoM obecrneyenun CosmosWorks.
VYureHo, 4TO Kakaas CEKIMs BaroHa-miaT(opMbl 3arpyxeHa aByms 20-QpyTOBBIMH KOHTeHHEpaMu. Pe3ynbTars
MPOBEACHHBIX PACYCTOB MO3BOJIMIIM CIIENIATh BBIBOJI, YTO MaKCHMAJIbHBIC YKBUBAIICHTHBIC HAMPSDKCHUS BO3HUKAIOT
B KOHCOJIBHBIX YaCTSAX XpeOTOBOH Oanmky u coctaBisatoT okoio 200 MIla, To ecTh He IPEBHIIAIOT OITyCKaeMEIE.
MaxkcuManpHbIe TIepeMeIIeHIsI B y31aX KOHCTPYKIMU 3a(UKCHUPOBAHBI B CPETHUX YACTSIX CEKIHUH W COCTABISIIOT
3,8 MM, MakcuMmanbHble AedopManuy coctapistor 2,3-10° . Hayunas noBu3Ha. PazpaGoTaHa KOMIBIOTEpHAS MO-
JIeNTb ISl OTIPENeNICHUs] IPOYHOCTH HecyIleld KOHCTPYKIIMH BaroHA-TUIATQOPMEI COWICHEHHOTO THIIA M3 KPYTIIBIX
Tpy0. MoJenb Mo3BONSET ONPEACINTh MOKa3aTeH IPOYHOCTH HECYIIeH KOHCTPYKIMHM BaroHA-TUIAT(QOPMBI IpH
MIPOJOIEHOW HArpy>KEHHOCTH KOHCTpYKnwu. IIpakTudeckasi 3HAYMMOCTb. [IpoBeeHHBIC HCCIeOBaHUS OyOyT
CIOCOOCTBOBAThH MOBBIMICHUIO (PPEKTUBHOCTU KCILTyaTallMd KOMOWHHPOBAHHBIX MEPEBO30K M CO3/JaHHIO PEKO-
MEHJIAIHH 110 MPOESKTUPOBAHUIO COBPEMEHHBIX KOHCTPYKIMI BaroHOB-TIATGOPM COUJICHEHHOTO THIIA.

Knioueswvie cnosa: Baron-ruatopma; COUJICHEHHBIH BaroH; HECyIlas KOHCTPYKIIUS; JUHAMHYECKAsl HATPYIKECH-
HOCTh; MIPOYHOCTh; KOHTCHHEPHBIC TICPEBO3KU
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STRENGTH DETERMINATION OF LOAD-BEARING STRUCTURE
OF ARTICULATED FLATCAR OF ROUND PIPES

Purpose. This study aims to determine the strength of the load-bearing structure of the articulated flatcar of
round pipes. Methodology. A computer model of the load-bearing structure of an articulated flatcar of round pipes
has been created. To study the dynamic loading of the load-bearing structure of the flatcar, mathematical modeling
was performed. The calculation is made in a flat coordinates. The oscillations of twitching, pitching and bouncing
are taken into account. The motion differential equations are solved in MathCad software. Findings. It was estab-
lished that the accelerations that fall upon the load-bearing structure of the first section of the flatcar are 38.2 m/s?,
and the second — about 37.5 m/s2. The obtained acceleration values are taken into account when determining the
strength indicators of the flatcar load-bearing structure. The calculation is done using the finite element method in
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CosmosWorks software. It is taken into account that each section of the flatcar is loaded by two 20-foot containers.
The results of the calculations made it possible to conclude that the maximum equivalent stresses occur in the canti-
lever parts of center sill and are about 200 MPa, i.e., they do not exceed the allowable ones. The maximal displace-
ments in the structural node are fixed in the middle parts of the sections and are 3.8 mm, the maximum deformations
are 2,3-103. Originality. A computer model has been developed to determine the strength of the load-bearing struc-
ture of articulated flatcar made of round pipes. The model allows determining the strength indicators of the flatcar
load-bearing structure with longitudinal loading of the structure. Practical value. The conducted research will in-
crease operation efficiency of combined transportations and create recommendations on modern designing of articu-
lated flatcars.
Keywords: flatcar; articulated car; load-bearing structure; dynamic load; strength; container transportation
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BU3HAYEHHS CTIMKOCTI BAHTAYKHUX BATOHIB
3 YPAXYBAHHSIM MAPAMETPIB 3AJI3HUYHOI KOJIII

Merta. /[ys1 epcneKTUBHOTO MiJBHUILIEHHS IIBUIKOCTEH Yy poOOTI nepeadaueHo po3risiHyTH CKIIaaHI YMOBH JHU-
HaMIYHOT B3aeMO/IiT 3aTI3HMYHOI KOJIIT 3 pyXOMHUM CKJIaJoM. XapakTep 1 piBeHb i€l B3aEMOJIIT 3aJIe)KAaTh K BijJl KOH-
CTPYKLIT OIUHHUII PYXOMOTO CKJaly, il CTaHy Ta LIBHJKOCTI PyXy, Tak i BiJl KOHCTPYKIIi Ta CTaHy camMoi KOJIii.
Metoauka. OLiHKY MOKJIMBOTO BIUIMBY Ha KOJIIO PyXOMOT'O CKJIaay JOCII/DKEHO aHAJTITUYHMM MeTonoM. Hanpy-
KEHHH CTaH KOJIil BU3HAUYCHO PO3PAaXyHKOBUM CHOCOOOM i3 3aCTOCYBaHHIM 3aJIe)KHOCTEH MK CHIIOBHMH (aKkTopa-
MH Ta XapaKTEePUCTHKaMH HaIpyKeHo-nedhopMoBaHoro crany kodii. I1i yac BU3HaYeHHS CTaTHYHOTO THCKY KoJeca
Ha peiiKy pO3IISIHYTO BIUIMB IIEPEKOCIB PYXOMOIO CKJIaly B PEHKOBIH KOJIi 3a CXEMOI <GUIMHKa», 3a SKOi
IOATKOBHUH OOKOBHIA BIUIMB KOJICHUX Tap Bi3KiB Ha KOJNIHHY CTPYKTYpY € MakcHMalbHUM. Pe3yiabTaTh. Y xomi
MPOBECHHS TCOPETUYHUX [OCIIKCHb OTPUMAHO 3aJeKHOCTI KoedimieHTa 3amacy CTIMKOCTI BiJ BHUTHCKaHHS
MTO3IOBKHIMHU CHJIAMH 3 YpaXyBaHHSIM Pi3HHX BHIIB CHJI iHEpIIil Bi HEPIBHOCTEH SK Ha KOJIECI, TaK 1 HA PEHKOBIN
HuTHi. Takox oTpuMaHO BeNWYMHH KoedillieHTa TepTs B KOHTAaKTi Kojeca Ta PEWKM BiJl MIBUAKOCTI PyXY.
HaykoBa HoBH3HA. YHepile MOe€IHAHO NpaBUia pO3paxyHKy 3ali3HUYHOI KOJIiT Ha MII[HICTh 1 BU3HAUEHHS JMHAMI-
YHOT HABaHTA)KCHOCTI PEHKOBOTo ekinaxy. HaBeJqeHe BIOCKOHAJICHHS A€ MOKIIMBICTh PO3PAaXOBYBATH BEIMUUHY
KOHCTPYKIIHHOT IIBUIKOCTI BaroHa Ha OCHOBI OCHOBHMX HaBaHTa)XK€Hb, CHJI iHepLii BiJl HEpiBHOCTEW Ha Kojeci Ta
peiikax, a TaKoK ypaxoBYBaTH MOB3JI0BKHI KBa3iCTATHYHI CHIIH, SIKI BUHUKAIOTh B MOT3/11 3a PEXKHMMIB raJibMyBaHHS.
IpakTuuna 3HaynMicTh. Bu3HaueHHs koedillieHTa 3amacy CTIHKOCTI BiJf BUTHCKAaHHS 3 BUKOPUCTAHHSM HaBejie-
HOT METOJMKH O3BOJHTH OIJBII PETENHHO PO3IIITHYTH Ta OOIPYHTOBYBAaTH NPHYMHY CXOIDKCHHS KOJICHUX map i3
peliok. 3acTocyBaHHsS O3HAYEHOI METOJMKH PO3PaxyHKY CIPHATHME BH3HAYCHHIO MILIHOCTI 3alli3HWYHOI KOJii Ta
0aJlacTHOrO LIapy 3 ypaxyBaHHSM HEPiBHOMIPHOCTI HaBaHTa)XCHHS PEHKOBHX HHUTOK Y pa3i MEpPeKOCiB BAHTAXKHOTO
PYXOMOTO CKJIaIy Mifl AI€F0 CTUCKHUX KBa3iCTATHYHHUX MO3T0BKHIX CHIIL.

Knouosi cnosa: 6e3neka pyxy; koedimieHT 3amacy CTIHKOCTI BiJl BUTUCKAHHS; TO3J0BXHI CHIH; PO3PaXyHOK
KOJIiT Ha MILIHICTh; IIBHJKICTh PyXY

Beryn eKilaxy, 30KpeMa BaroHa, yCTaHOBJICHHS MaKCH-
MaJIbHO JIOMYCTHMOI MIBUAKOCTI € CYTO TEXHIYHUM
3aBJIaHHSM, TIOB’SI3aHUM 13 BH3HAYCHHSIM HOTO
KOHCTPYKIIIHHOT MBUAKOCTI. MakCcUMasbHy IIBHU-
JIKICTh O€3MEeYHOTr0 PyXy Cy4acHHX HECaMOXiTHHX
BaroHiB BU3HAYAIOTh BHKIIOYHO 32 YMOBaMH JIU-
HaMi4HOI B3aeMoO[ii KOJHIi Ta XOOOBHUX YAaCTHH.
3BiJICH BHIUIMBAE, IO TMOHATTS «KOHCTPYKIIiHAY»
IIBUJIKICTh BarOHa € YMOBHHUM, OCKIJIbKH 0€3 ypa-
XyBaHHSI KOHCTPYKIIii 1 CTaHy KoJii BOHO 1030aB-
JICHE MPAaKTHYHOTO ceHcy [1, 4, 5].
KOHCTPYKIIHHOO MIBUAKICTIO BBA)XKAIOTh TaKy
MaKCHMaJbHY IIBHJIKICTb, 32 SKOI 3a0€3Me4y€eThCs
HeoOXi/JIHa MIIHICTh, CTIWKICTh i TUIABHICTH XOAY
BaroHa Ha MPsAMIN TUISHIN KOJIIi Cy4acHOT THIIOBOT
KOHCTPYKIIii, sIKa TIOBHICTIO 33/I0BOJILHSIE BCTAHOB-
JICHUM HOpMaM yTpumaHHs. {8 komii MeHm noc-

HasBHuii BaroHHWI Napk BITYU3HSIHHUX 3aii3-
HUIb 32 CBOIMU KOHCTPYKTUBHHUMH OCOOJIMBOCTSI-
MU, TEXHIYHAMH XapaKTePUCTUKAMH Ta CTaHOM
BUPI3HSAETHCS JIOCUTh BEJIUKOK HEOHOPIIHICTIO.
Sk BaHTa)XHHH, TaK i MACAKUPCHKUI MapKH MAIOTh
Yy CBOEMY CKJIaJli TIOPSJT i3 CYYaCHUMHU B KOHCTPYK-
TUBHOMY 3HA4eHHI OJMHUIISIMH BEJHUKY KUIBKICTh
BaroHiB 31 3HAYHUM TEPMIHOM eKcIuTyararli. Xoua
Il BarOHM 3a TEXHIYHUM CTAHOM III€ IIUTKOM TIpa-
Le3/1aTHI, iX HAsBHICTh y MOI311 B Psiji BUIAIKIB
BUKJINKA€ HEOOXINHICTH OOMEXEHHS IIBHUIKOCTI
pyxy.

MakcuManbHO JOITyCTUMY IIBHJKICTH IO137a
Ha [JUISSHKAX MEPEeKi BU3HAYAIOTh 13 TEXHIKO-
E€KOHOMIYHHMX MipKyBaHb. OIHaK JUII OKPEMOro
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KOHAJIOT KOHCTPYKIIi a00 3 HU3bKUMH ITOKa3HUKa-
MU TEXHIYHOTO CTaHy, JJIsi KPUBUX TIJSHOK, CTpi-
JIOK 1 T. ITOJI. BCTAHOBJIIOIOTh HAMOLIBII JOMTyCTUMY
MIBUIKOCTI BaroHa, sika B PsIi BUTIAAKIB HIDKYA 32
KOHCTPYKIIHY.

I3 BU3HAYECHHS! KOHCTPYKLIHHOI IIBUAKOCTI BU-
IIJIMBAE, 110 il MEPEeBUINEHHS NMPU3BOJUTHL IO IIO-
pyIIeHHsS] BUMOT Oe3leKu pyxy BaroHa abo 7o To-
SBU TPUCKOPEHb 1 BiOpaliif, HEZOMyCTUMHX 3a
BIUINBOM Ha OpraHi3M JIOAWHU abo BaHTaxi.
3 ornsay Ha Te, IO peajbHa KOs, IPUIOMY Haii-
JOCKOHAMIIIOI KOHCTPYKIIil, Y MpoIieci eKcIuryaTa-
uii Moxe mepeOdyBaTH B Pi3HOMY CTaHi, HAHOLIbII
JOMYCTUMY MIBUAKICTH BaroHa HAaBITh IS MPSIMOT
TUISTHKY CITiJI YCTAaHOBJIIOBATH HIKYY 32 KOHCTPY-
KuiiHy. CTymiHb 3HIKEHHS JJOMYCTHUMOI IIBUAKO-
CTi BIJTHOCHO KOHCTPYKLIHHOI MOTPiOHO BCTaHOB-
JIIOBaTH 3 ypaxyBaHHSM BIUIMBY Ha IMHAMIKY Ba-
rOHa JOMYCTHMHUX BiJIXWJICHB BiJl HOPM TIOTOYHOTO
yTpuMaHHs Koiii. PiBeHb KOHCTPYKLiHHOI LIBHI-
KOCTI BCTAQHOBJIOIOTH AJISI TEXHIYHO CIIPaBHOTO
BaroHa 3 ypaxyBaHHSIM JONMYCTHUMHX BiICTYIIiB
i 3HOCiB, 00YMOBJICHHX HOpMamu yTpumanHs [1, 4,
7, 10].

Merta

Jnst Ginbll TOYHOTO MEPCHEKTHBHOTO TUIAHY-
BaHHS IIJIBUIICHHS IIBUIKOCTEH y PoOOTI mepe-
0a4eHO TOEJHATH METOJIVKH HPAaBHJI PO3PAXYHKY
3aJII3HUYHOI KOJIi1 Ha MILHICTh Ta BU3HAUYECHHS JIU-
HaMIYHOI HaBaHTaXEHOCTI pelikoBoro exinaxy. Lle
J03BOJIMTh PO3PAaXOBYBATH BEIWYMHY KOHCTPYK-
MIMHOT IBUIKOCTI BaroHa Ha OCHOBI OChOBUX Ha-
BaHTa)XEHb, CHJI IHEPIIii BiJ] HEPIBHOCTEH Ha KoJleci
Ta peiikax, a TaKOX YpaxOBYBaTH IO3/I0BXHI KBa-
3ICTaTUYHI CHJIM, SKi BHHUKAKOTH Y TOI3JI 3a pe-
KHMMIB TaJIbMyBaHHSI.

Metoauka

Jlo BH3HAYeHHS BEJIWYMHH KOHCTPYKLIHHOI
MIBUIKOCTI BaroHiB MiIXOJATh MO-pi3HOMY. Haii-
yacrinie i BCTAHOBJIIOIOTH 32 pe3yibTaTaMH BH-
npoOyBaHb, aje iHOl 3a pe3yJbTaTaMu PO3paxyH-
KiB. ¥ OyAb-KOMY BHUIaJKy BH3HAa4alOTh T'OJIOB-
HUM YHHOM TIomnepedHi (OOKOBi) CHIIM B3a€MOJIl
XOJIOBUX YACTHH EKIlMaxy Ta KOJii, a TaKoX IpHC-
KOPEHHSI Ta MepeMillleHHS YacTHH eKilaxy B ropu-
30HTaJIBHOMY TIONIEPEYHOMY 1 BEPTHKAILHOMY Ha-
npsivkax [1, 6-10].

VYCTaHOBICHHA  MAaKCHUMAJIbHOI  IIBHUAKOCTI
3MIHCHIOIOTH TTOPIBHSIHHAM OOKOBUX CHII 1 IPHUCKO-
PEHb 13 IOMyCTUMHMHU 3HAYCHHAMHU. YPaXxOBYIOTh
TaKOX, 110 3HAYHE PO3BAHTAXKEHHS KOJIIC 3a HasB-
HOCTi BEJHKOI MOIMEPEYHOi CHIIM MOXKE CIIYKHTH
MPUYHHOIO CXOIKEHHSI PYXOMOT'O CKJIaay 3 PEHOK.
BennunHy KOHCTPYKUifHOT MIBHIKOCTI BaroHa
BCTaHOBJIIOIOTH  PO3PaXyHKOBO-EKCIEPUMEHTAIIb-
HUM [UIIXOM 13 3aCTOCYBaHHSIM TEOPETHKO-
HMOBIPHICHOTO METOAY Ha OCHOBi JOMYCTHMHUX
3HAYCHb 3araciB CTIHKOCTI MPOTH MEePEKUIAHHS Ta
CXODKEHHS 3 PEUOK, MIIHOCTI HECyYHWX YacCTHH
eKiMaxy, JOMYCTUMHUX IMOKA3HHUKIB IJIAaBHOCTI XO-
zIy.

3a AUHAMIYHUMHK ITOKa3HHMKaMHM, SKI BH3Haya-
I0Th PO3PaxXyHKOBUM Ta EKCIEPHUMEHTAJIbHUM Me-
TOJaMH, OOYHMCIIOIOTh KOE(illiEeHTH 3amacy CTiid-
KOCTI Kojleca HPOTU CXOIKCHHS 3 PEHoK depes
BKOUYBaHHSI TpeOeHsi Kojeca Ha TOJIOBKY PEHKH.
3HaveHHs Koe(illieHTiB JUHAMIKK TOPIiBHIOIOTH i3
MPUNHHATAMH 32 HOPMaMH IJIs1 pO3PaxyHKY BaroHiB
Ha MIIHICTh Ta BCTAHOBIIOIOTH (haKTUYHI 3armacu
MIIHOCTI HECYYHMX YaCTHH eKimaxy. Kpim Toro, 3a
3HAYCHHIMM KOEQIIIEHTIB TUHAMIKH OIIHIOIOTh
BIUIMB BaroHa Ha KOJIilO.

3ami3HUYHA KOJis Xoua i sBisie co0OK0 30BHI
MPOCTY IHXCHEPHY CHOPYAY, ajie TIpalioe B Hal-
3BHYANHO CKIIQJIHAX YMOBAX IWHAMIYHOT B3a€EMOJII1
3 PYXOMHM CKJIaJIoOM. XapakrTep i piBeHb i€l B3ae-
MOIii 3aJIe’KaTh BiJl KOHCTPYKIII OJUHUII PYyXOMO-
ro CKiafy, ii cTaHy Ta IMIBUIKOCTI PyXy, a TaKOXK
BiJl KOHCTpYKUIi i crany camoi kouii. CripaBHa 3a-
J3HUYHA KOJis — 1€ €JUHa KOMILJICKCHAa KOHCTPY-
KIIisl, YCI €JIEMEHTH SIKOi MPAIIOTh CIIJILHO, B3a-
€MHO OOYMOBIIIOIOUM 3arajlbHUi Harpy>KeHUH
cTaH. Y JUHAMIYHOMY BiJHOLICHHI WOTO CJIijJ pPO3-
DISJIATH K YaCTUHY 3arajibHOI JUHAMIYHOI CHUCTe-
MU «eKinax — xomis» [1, 4, 5].

Cuny BIJIMBY Ha KOJIIIO KOJIC PyXOMOTIO CKJia-
Iy B MICISIX KOHTaKTy 3 T'OJIOBKOIO PEHKH BHKIIHU-
KalOTh BUCOKI KOHTAKTHI HAaIlPYKEHHs, a TaKOX
BUTHH 1 KpyueHHS peiikoBux HHUTOK. Kpim Beprtu-
KaJbHHUX 1 MONEPEYHUX TOPU3OHTAIBHUX CHJI, Ha
KOJIIIO JIFOTh MO3JI0BXKHI CHJIM — 1€ CHJIA TaJibMYy-
BaHHs a00 NPUCKOPEHHS MiA 4Yac PO3rOHY, CHIIH
yroHy Ta TemrepaTypHi cuiu [7, 8].

3araipHUIA PiBEHb JMHAMIYHOTO BILUIMBY PYyXO-
MOT0 CKJIaay Ha KOJIIO 32 BCiX 1HIIMX PiBHUX YMOB
3aJIeKUTh BiJl BEJIMYMH OCbOBMX HaBaHTa)KEHb Ta
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mBuAKocTel pyxy. OcTaHHI YHHATH JOCUTH 1CTOT-
HUH BIUIMB Ha poOOTy KoJii, 30KpeMa Ha ii cTabi-
JBHICT Ta HanpykeHui ctan. OHak poboTta Komii
3a TpUBAJIWH TEPioJl 4acy, HAKOMUYEHHS B Hill 3a-
JIATITKOBUX AedopMariidi i BHHUKHEHHS Pi3HUX TI0-
HIKO/DKEHb YTOMHOTO XapakTepy 3ajiekaTh He
TUTBKU BiJl PiBHSA JUHAMIYHOTO BIUIMBY, a 37e0i-
JIBIIOTO BiJ KIJIBKOCTI TaKMX BIUIMBIB 3a IIEBHUN
BiJPi30K Yacy, TOOTO BiJl BAHTaKOHATIPYKEHOCTI.

VY psaai BUMAKiB, HATPHUKIAN, JJIs OIIIHKH MO-
MJIMBOTO BIIMBY Ha KOJIIIO CIIPOEKTOBAHOIO DY-
XOMOTO CKJIaxy, MaKCHUMallbHI IIBHUAKOCTI PyXy
JOBOJIUTBCA BH3HAYAaTH PO3PAaXyHKOBHUM CIIOCO-
6oM. Po3paxyHku HEOOXimHI i IJS MEepexolliB Bif
CKCHEPUMEHTAIbHUX ~ PE3yJbTaTiB, OTPUMAHUX
IIOJI0 TIEBHOI KOHCTPYKIII KOJIii, IO OI[IHKK Ha-
NPY)KEHOTO CTaHy KOJNil 1HIIOI MOTYKHOCTI.
VY upoMy BUmajgky MoxkHa 3actocyBatu «[IpaBuna
PO3paxyHKIB 3a1i3HUYHOT KOJIii Ha MIITHICTb 1 CTiii-
KICTh», y SIKHX BUKOPHCTAHO 3aJIe)KHOCTI MK CHU-
J0BUMH (aKTOpaMu U XapaKTEepUCTUKAMH Harpy-
XKEeHO-1e(pOpPMOBAHOTO CTaHy KOIIi.

BruiuB kojMBaHb Yy CHCTEMI «KOJIECO — KOJisD»
1 BIUTUB HEPIBHOCTEH Ha KOJii Ta KoJieci BpaxoBy-
IOTh CHJIaMH iHepIlii, 1[0 BUHUKAIOTh /1 4ac B3ae-
MOJIii 03HAYCHOI CUCTEMH, IIPU 1IbOMY BH3HAYAIOTh
YOTHPH PI3HOBUAW JOJATKOBUX BEPTHKAIHHHUX
CWJI, KOTpl BUHUKAIOTH y CHCTEMI, JOJATKOBO IO
mii cratmunmx cun [1, 2, 4, 5]:

Pp — JI0JJaTKOBa CHJIa KOJIMBaHb HAApPECOpHOi Oy-

nosH, kH; PpH — iHepIiliHe 3yCUIUIs, SIKE€ BUHUKAE

3a paxyHOK pyXy KoJjieca IO IUIaBHIH HEPIBHOCTI
peiikoBoi HutkH, kH; P, — cuna iHepuii HeoOpe-
COPEHOT MacH eKiMmaxy, KOJeco SIKOro Ma€ i30J1b0-
BaHy HepiBHicTb, KH; P, — cuna inepuii HeoOpe-
COPEHOT MacH eKiMaxy, KoJeco SIKoro Mae Oesre-
pEepBHY HEpiBHICTH, KH.

3a po3paxyHKOBE JWHAMIYHE HaBaHTAKEHHS
OepeMo MakcuMallbHe WMOBIpHE 3HAYEHHSI BiJ| CY-
KYITHOCTI J[ill TOCTIHHOT CTaTUYHOI Ta 3MiHHUX JIH-
HaMIYHHUX CHJI:

P, =P =P+k,-S, (1)

po3p JIAH

ne P — cepenHe 3HaueHHS AMHAMIYHOI cuiid, KH;
S — cepemHbOKBaJpaTHYHE BiaxwieHHs, KH;
qu — HOPMYHOYHIA MHOXHHUK (ch =2,5) nns 3ana-

Horo piBHA iMOBipHOCTI @ =0,994.

B mpakTuuHuX po3paxyHKax KOJii Ha MIIHICTh
CEepPEeIHbOKBAAPATHIHE BIIXWICHHS CHIM S, IO
Ilie BiJl KoJieca Ha PeiKy, BU3HAYAIOTHCA 32 HACTY-
MHOTO 3anexHictio [1, 2, 4, 5]:

S=/S2+S2,+0,05-82,+0,95-82,, (2

OHK !

S

BIOXMJIEHHS BIAMOBIAHUX CHIL.
CepenHe 3HaYeHHS TUHAMIYHOTO HABaHTAXKCH-
HsI BU3HAYAETHCSA 32 (hOPMYJIOH0:

me S,, S, S

pH? 1HK !

— CepeaHbOKBAIPaTHYIHI

OHK

P=P_+Py, (3)

ne P, — cTaTM4HUi TUCK Kojeca Ha pelKky, KH
(OepeTbcs 3 MACMOPTHUX NTAHUX PYXOMOTO CKIIa-
ny); Pp — cepelHe 3HAYCHHS CUJIM IHEPIi, II0
BUKJINKAETHCS KOJMMBAHHIMHU HaJIpECOPHOI YacTH-
HU eKimaxy, kH.

[Ipy BU3HAYEHHI NWHAMIYHOTO HaBaHTAKEHHS
BiJl OAMHOYHOTO KoOJieca Ha PEeHKy BpaxOBYETHCS
JIMIIE TAcTIOpTHA Bara peHKoBOro eKimaxy. 3ara-
JILHO BIJIOMO, IO MPHU KBa3iCTATUYHOMY CTHUKaHHI
Moi3J]a BarOHMW B MPOLECI PyXy BCTAHOBIIOIOTHCS
3 mepexocamu. HalfuacTimie Taki mepekocH BHHH-
KaloTh 32 CXEMOK (SUTMHKHY», MPU SKid J0JaTKO-
BHI OOKOBWH BIUIMB KOJICHHX Tap Bi3KiB Ha KO-
JiHYy CTPYKTYpY € MakcuMaisHuM [3, 7, 8].

3i 30iMbIICHHSIM KBa3iCTATUYHOTO CTHUCKAHHS
moi3aa nepekocu (puc. 1, a, 6) 301LIBIIYIOTBCS, BU-
KIIMKAIOUW 30UTbIIeHAS] OOKOBOTO 1 BEPTHKAIBHO-
ro BIUTUBY KOJIC XOJOBHX YaCTHH BaroHa Ha KO-
niiiHy cTpykTypy. ToOTO Mix yac BU3HAUEHHS CTa-
THYHOTO THUCKY KOJIeca Ha peliKy HeoOXiIHO Bpa-
XOBYBATH BILUIMB MO3I0BXKHIX CHIJI KBa3iCTaTHYHOTO
XapaxkTepy, AKi BUHUKAIOTh Y 30HI KOHTAKTy KoJie-
ca Ta pelKH 3a peKUMiB TAIbMyBaHHS.

OCHOBY METOIWKH BH3HAYEHHS BEPTUKAIbHOL
Ta OOKOBOI peakiii peiikn Ha HabirarouoMy Koleci
BiJ mil ITO3I0BXKHIX CHJI CKIAHAIOTh JTOCIIIKEHHS,
HaBe/ieHi B pobori [8]. Pyx ekimaxxy B KpHBiii J0C-
JIJDKEHO 3a PI3HMX 10 OOHWBI CTOPOHHM BaroHa:
KyTax HaxWiy Ky3OBiB JO IUIOLIIMHHU KOJIi ¢, Ta

¢, ; KyTaX IOBOPOTY aBTO3YEIUIEHb BIHOCHO OCi
KOJII Y, Ta ,; BpPaXOBaHO MOBOPOT Ky30Ba Baro-
Ha B MeXax 3a30py B KO Ha KyT \J Ta HasBHICTb

EKCLEHTPUCUTETY 3aKPiIUICHHS XBOCTOBOI YaCTUHH
aBTO3YeIJieHHs1 e . Ha Baro (puc. 2) Aif0Th CTHC-
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KHIi TTO3/I0BXHI CHJIH, a CaM eKilaX YCTaHOBJICHHUN Cwin, Mo Aif0Th HAa BaroH CIPOEKTOBaHI Ha

y pelKoBiit Komil 3a cxeMoro | — «sammHKay, i3 BiA-  MJIONIMHY KOJii Ta ilf MepHeHIuKYIAPHI — MO3I0B-

XWJICHHSIM I1'SITHUKIB MOTIepeK Koiii (B pi3Hi OOKM  >KHIO BIZHOCHO Oci Kouii Ta momepe4yHy. HaBeneHi

Bil MOYAaTKOBOIO BIIXWJICHHS IIO3J0BXKHBOI OCI Ha pHC. 2 MO3HAYEHHS, & TAKOXK IapaMeTpH, SKi

BAaroHa) Ha BEJIMUYHHY J . BUKOPHCTOBYIOTh 3a BH3HAa4eHHA KoedilieHTa
CTIMKOCTI BiJi BUTHCKAaHHS MO3/J0BXHIMHU CHIIAMH,
3BeJieHi B Ta0m. 1.

®

<> ] olely
si—{

Puc. 1. Po3ranryBaHHs BaroHiB y CKJIaji oizaa B pasi nepegadi no3I0BXKHbOTO 3yCUILIA:
a — YCTaHOBKa BaroHiB y BEpTHKAJbHIN IUIOMIKHI 3 IEPEKOCOM;
6 — y TOPH30HTAJIbHII TUIOIINHI y BUITAJIKY TIEPEKOCY 3a CXEMOI0 «sIIMHKay (cxema I);
XOpJ0Be po3TairyBaHHs (cxema II)

Fig. 1. Arrangement of cars in the train in case of transmission of longitudinal force:
a — arrangement of cars in the vertical plane with a skew;
b — in the horizontal plane in the case of skew according to the herringbone pattern (scheme I);
chordal arrangement (scheme I1)
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A 7777 rard

2¢

A
Y

Puc. 2. Cxema cui, 110 AilOTh Ha BaroH y BUMAJKy YCTAHOBKH 32 CXEMOIO <GLIIMHKa»

Fig. 2. The scheme of forces acting on the car in case of arrangement according to the herringbone pattern

Tabnuus 1

IHapameTpu A5 BU3HaYeHHS KoedinieHTa CTilikOCTi Bil BUTHCKAHHS NMO310BKHIMH CHJIAaMH

Table 1
Parameters for determining the car lift resistance coefficient by longitudinal forces
[To3nauenHs [Tapamerp Po3mipHicTh
N MO3/IOBXKHS KBa3icTaTMYHA CHJIa B aBTO3YEIUICHH] B pasi Jii Ha BaroH CTUC- <H
KHYUX CHII
G, Bara Ky30Ba BaroHa kH
H, paMHa CUIa, IO i€ HA KOTiCHY Hapy xkH
G, Bara Bi3Ka xkH
C. TOPU30HTaJIbHA )KOPCTKICTh PECOPHOTO MiJBIlIyBaHHS Bi3Ka kH/m
C, BepTUKAaJIbHA )KOPCTKICTh PECOPHOTO IiABIITYBaHHS Bi3Ka kH/™m
0y, © KYTH y BEePTHKAJIBHIH TUIOIIMHI Yepe3 Pi3HUIIIO PiBHIB Ocell aBTO3YCTIUICHD Y an
12 3’€IHAHHI IBOX BaroHiB p
v KyT IIOBOPOTY LIEHTPAJIBbHOI OCi Ky30Ba BaroHa B pa3i BCTAHOBJIEHHS B KOJii an
3 BIIXWJICHHSM IT"SITHHKIB MTOTIEPEK KOJIiT p
Vi, ¥ KyTH B TOPU30HTAJIbHIN IUTONIMHI 32 CTUCKaHHSA BaroHa B pa3i BCTAHOBJICHHS a
vz B KOJTii 3 BIAXWJICHHSM IT SITHUKIB MOTIEPEK KOJii pan
A, A, Ppi3HHMIIA PIBHIB Oceil aBTO34eIUICHb oNepe Ty 1 103ajly BaroHa M
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[ponorxenHs tabnaumi 1

Continuation of Table 1

[To3nayeHHs [Tapamerp Po3mipHicTh
o CKCUEHTPUCHTET XBOCTOBOI YaCTUHH ABTO3UCIIICHHS B pe3ysbTari Biaxu- "
JICHHSI BiJ] IPOEKTHOT'O MTOJIOXKEHHSI i/l 4ac BUTOTOBJICHHS
2b BiZICTaHb MK IIGHTPaMH IIMHOK OCEH KOJIICHUX Hap M
25, CyMapHHH MOTIepevYHuit po30oir pamu Ky30Ba Barosa BIZTHOCHO OCI KOJIi1 B "

HarpsMHOMY TIEpPETHHI 32 ITKBOPHEM
2L, JIOB)KMHA BaroHa 3a OCSIMH 3UeTlJICHHS M
20 6a3a BaroHa M
2L BiJICTaHb MIXK YITOPHUMH IUTUTAMH aBTO3YCILICHb M
R pazniyc KpuBoi M
JTIOB)KHUHA KOPITyCY aBTO3YCIUICHHS BiJl OCI 3YETIJICHHS JI0 KiHIIS XBOCTOBHKA M
2S BiCTaHb MK KOJIAMU KOYEHHS KOJIIC M
h, BHCOTa OCi aBTO3YEIUICHHS HaJl piBHEM I'OJIOBOK PEHOK M
h, BHCOTa HaJl piBHEM IUIOIIMHH I'OJIOBOK PEHOK 10 BEPXHBOI IUIOIIMHI LICHT- "
P PaIbHOTO PECOPHOTO KOMIUIEKTY
r paniyc cepeaHbo 3HOIIEHOTo KoJieca M
h, BHCOTA [ICHTPa Bard BaroHa HaJl piBHEM T'OJIOBOK PEHOK M
h BHCOTA HaJl piBHEM IUIOLIMHH TOJIOBOK peliok 1o eHTpa Baru 60KOBOT 1o- "
’ BEpXHi Ky30Ba BaroHa
o HerorauieHe IPUCKOPEHHs m/c?
9 NPUCKOPEHHS BUILHOTO IMaiHHS M/c?
5 KOE(DIIIEHT TEPTsI MK KOJIECOM 1 peiKoro
M, KOe(IIieHT TepTs MK KOJIECOM 1 peiikoro Ha HeHabIrarouomy KoJjeci
B KyT HaXUIly, yTBOPEHUIT KOHYCONOAIOHOI0 MOBEPXHEI0 rpedeHs Koeca, 10
TOPU30HTAIIBHOI OCi

3ycuiis, 300paxeHi Ha pUC. 2, BH3HA4Ya€MO  Ha OOKOBY MOBEPXHIO Ky30Ba Baroua F,, Bepruka-
BIZIMOBITHO 710 METOIMKH, HaBeJAeHOI B poboTi [8].

3 YpaxXyBaHHAM CHJI THCPIIll Y KPUBI1X 1 TUCKY BITPY KoJiecl BU3HAYAEMO TAaKUM UMHOM:

2 2,
szl. pB‘;Tr+N_.Wa—hBP+N. ZWG.EWLWK h_a ipiH.EJ_rFB.ﬂ : (4)
8 C (60+e)-S S Ps S S

r

JIBpHY Ta OOKOBY peakIlii peiku Ha Habirarodomy

2 2
wpe N e 5 M
5 1 C. (50+e) S ©)
6:—' 1
8 h
+N-| 2y, - 2—u-§ +\va(2—“-§3} +R,- Z—M-% iFB-(Z—M-%j
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ne P

. — CTaTHYHUI THCK BaroHa (BiJ Kojeca Ha-
6irarouoi KOJIiCHOI IapH ITEPEAHBOTO Bi3Ka (3) —
(4)) Ha 3ai3HUYHY KOJIIO 3 ypaXyBaHHSIM 3HEBaH-

Ta)XEHHSI BiJl IO3I0BXXHBO1 crii, KH, mpraomy:

b
~N-o@.-—, 6
P g (6)

PBC;T" = PBaT
tytr P, =G, +2G,, — Bara Barona, kH; ¢, — kyt
MOBOPOTY Ky30Ba BaroHa y BEPTHKaJIbHIN IJIOIIHU-
Hi, BUKJIMKaHUH HAsBHICTIO PIi3HHLI DIBHIB oceil
aBTO3UCIICHb IIONEpedy ¥ Mo3ady BaroHa, paj,
SIKAU BU3HAYAEMO 32 BUPA30M:

(Pez(Pf(%"‘l]"'(Pz'(%_lj; (7

P, — cuna iHepuii BiJ HENOTalIEeHOIO MPHCKOPEH-
Hs1, KH, 1110 CTaHOBUTH

])iHZ(Go—i_Z'GBB).%:PBaF‘%; (8)

th =r+r,~r — BHCOTa HajJ PIBHEM IUIOIINHHU

TOJIOBOK PEUMOK JIO0 BEPXHbBOI IJIOIIMHU LIEHTPAJIb-
HOTO PECOPHOTO KOMIUIEKTY, M. Haifwacrime mei
nmapaMmeTp y psl JOCHiHKeHb OepyTh PiBHHM pai-
yCy CEpeIHbO 3HONIEHOro Kojeca, Y, — KyT,

YTBOPEHUH IO30BXKHBOIO BICCIO KOPITYCY aBTO3-
YeruieHHs i BicClo XpeOTOBOi Oanku paMu BaroHa
B TOPU3OHTAJBHIN IUIONMIMHI, pajl, HOro MOXKHa
BCTaHOBUTH TaK:

SUSCHN AT

a
0? a

— KyT IIOBOPOTY BaroHa, siKMid 3aJIeXHTh BiJI PO3-
TaIIyBaHHS Y KPUBiH, pal, IpuyoMy

2L,

\VKp R )

VY3BIIM CTaTUYHUM TUCK KOJIECa Ha peEHKy

B 3aJIeXKHOCTI (3) TOTOXHUM Ta PIBHUM BEPTHKA-

JBHIM peakuii peiiku Ha Habirarodomy Koineci |,

OTpUMaHii 3a 3aexHIcTIO (4), oAU po3pa-

XYHOK TPOBEAECMO BIAMOBIHO IO HOPMATHBHUX
METOJMK, HaBeaeHuX B [1, 2, 4, 5].

CkJ1aJHi KOMMBAIBHI TPOIECH, SIKi BHHUKAIOTh

MiJ] 9ac pyXy pyXOMOTO CKIIay, BU3HAYAIOTh HOTO

(10)

TUHAMIYHUHN BIDIMB Ha Kodiiro. L{i mpomecu obymo-
BIIEHI iCHYBaHHSM pI3HOTO POy HEpiBHOCTEH Ha
peiikax, HeAOCKOHANICTIO MOBEPXOHb KOYEHHS KO-
JIiC, OCOONHMBHM XapaKTEepPOM PyXy KOPCTKUX 0a3
eKiMaxiB y KoJii, MPy»XHO J1ehOpPMOBAHICTIO KO-
7ii, pecop Ta iHIIMX €JIEeMEHTIB XOJOBUX YaCTHH.
[lig yac TeopeTHUYHUX JOCHIHKCHHAX 3a3BUYal i3
KOMIUIEKCHOTO TIPOLECY BHUIUISIOTH OKPEeMi BHUIN
KOJNMBaHb 1 PO3MIIAJAIOTH iX 13 PSAOM CHpOIyBa-
JBHUX TIEPEIYMOB.

BiamoBigHO 10 TPUBANOTO IOCBiAY eKCIUTyaTa-
Iii 3aTi3HUIL Ta eKCIIEPUMEHTATBHUX JOCIiHKCHD
YCTaHOBJICHO, IO IiJ YaC BUBYCHHS BEPTHUKAJIHHOT
TUHAMIKU BaroHa HEOOXiTHO BPaxOBYBaTH B OCHO-
BHOMY TaKi BHJIY TIEPIOINYHIX HEPIBHOCTEH: TOBT1
Oe3nepepBHi MOJIOTi HEPIBHOCTI Y3/I0BXK PEHKOBOT
JaHKK a0o 11 TOJIOBMHHU; KOPOTKi Oe3mepepBHi He-
pIBHOCTi, BUKJIHMKaHI XBHJICMIOMIOHNM 3HOCOM
pEeHOK, OBaNBHICTIO a00 EKCIEHTPUYHICTIO KOJia
KOYCHHS KOJIC; KOPOTKI NepepuByYacTi (i30Jn0Ba-
Hi) HEPIBHOCTI THUITy PEHKOBUX CTHKIB i3 MEPiOAOM
MIOBTOPEHb, PIBHUM JIOBXXHHI PEHKOBOI JaHKH,
i TUIy TIOB3YHIB Ha Kojecax i3 MepioJjoM MOBTO-
pEHb, PiBHUM JOBXHHI KOJa KOUeHHs Koieca. Jlo-
BXKMHHU XBWJIb Ta TIEPiOIN MOBTOPIOBAHOCTI 3a3Ha-
YEHUX BUJIB HEPIBHOCTEH MPAKTHUYHO 3a3]alierib
BiIOMI.

MakcumanbHe 3HaYEHHS CUJIU Ta i1 CepeIHbOK-
BaJipaTUYHE BIAXWJIEHHS BiJl KOJMBaHb HaApecop-
HOI Baru BaroHa (Ky30Ba) MO)XKHa BHM3HAUUTH Ta-
KMUMH 3aco0aMH: dYepe3 MaKCHUMalbHUH NpPOTUH
pecop, 4epe3 CTaTUYHUI MPOTHH pecop abo yepes
KOe(ILiE€HT BEPTUKAIBHOT TUHAMIKU:

S, =0,08-P™ =0,08-k, -(P, —q,);

K, =o,1+o,2fl,

CcT

(11)

ne K, — xoedillieHT BEpTHKAIbHOI TUHAMIKH; O, —

Bara HeoOpeCOpPEeHOi YaCTHHH eKilaxy, BiJHeceHa
710 oj1HOTO Koueca, kH.

CepenHe 3HAYCHHS CUJIM BiJ KOJIMBaHb Hajpe-
COpHOI Baru ekinaxy Oepemo sik 75 % Bij ii Mak-
CHUMaJIbHOTO 3HAYCHHSI:

P, =0,75-P™ =0,75-k, (P, —q,)- (12)
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Inepriiine 3ycwiuis, sike BUHUKA€E 32 PaXyHOK
PyXy KoJieca I0 TJIaBHill HEPIBHOCTI pEKOBOI HU-

TkH P, , Ta CepeAHBOKBAIPATUYHE BIIXMICHHS

CHJIM BiJl TIEPEKOYyBaHHs KoJjleca 10 peili 3 Hepi-
BHICTIO S, BH3HAYa€MO BIATOBIIHO JI0:

u.q

P =2,56-10" o Byel,, Py = (13)

Spw =0,707- Pp':ax, (14)
ae o, — Koedili€eHT, 0 3aJIeKUTh Bij TUITY LINA;
B — xoedilieHT, MO BpaxoBye BIUIUB TUMY PEHOK
Ha BUHWUKHEHHS JUHAMIYHOI HEPIBHOCTI (3aJIe)KHUTh
BiJl MOMEHTY 1HepIii pelKHn); € — KOeQillieHT, 110
3aNeXHUTh BiJ TUMY INMANX, Y — Koe(]imieHT, o

3aJIeKUTh BiA BUIy Oamacty; (  — BiJICTaHb MiX

1w
OCSIMH IIIIAJ, CM; P - CepeiHE NMHAMIYHE HaBaH-
takeHHs, KH; U, — Moaynb npykHOCTI Higpeiiko-
Bo1 ocHoBH, MIla; k — koedimieHT BiTHOCHOT %O~
PCTKOCTI OCHOBHU Ta PEHKH, eMl: vV — mBuUAKicTh

PYXy, KM/TO/I.
Cuny iHepIii HEOOpPECOPEHOI Macu eKinaxy,

KOJIECO SIKOTO Mae€ i30J1b0BaHy HepiBHICTb P, , Ta
il cepeHbOKBaJpaTUYHE BIAXWIECHHA S, BH3Ha-
4a€eMO 32 3aJIEKHOCTAMU:

P =0,05-10%a, %eo; (15)

S, =0,25-Pm™

iHK (16)
1€ O, — KOe(ILieHT, 10 3alIeKUTh B TUITY LA,
€, — IIMOKHa 130J1b0BaHOI HEPIBHOCTI Ha KOJIEC, M.

Cuny iHepuii HeoOpecopeHOi Macu eKimaxy,
KOJIECO SIKOTO Ma€ Oe3nepepBHY HEpiBHICTH P

HK !

Ta 11 cepeHhOKBAAPATUYHE BiIXUICHHS S6HK BH-
3HAaYacMoO 3a TAKMMU CIIBBIJHOIIEHHAMU:
mx  0,231:107%a U VA [0, an
[ - ’
d?10"kU, - 3,26k’q, 1072
Sguc =0,225- 62‘2)‘, (18)

ne d — miameTp Kojeca, M.

MakcuManbHe €KBIBJICHTHE HaBaHTAKEHHS
IUTSL pO3paxyHKIiB HaNpyKeHb y perKkax Bif mii 3ru-
HaJHHOTO MOMEHTY BU3HAYa€EMO 32 3AJICHKHICTIO:

I _ pmax D
PeKB - P,HI/IH + Z Pl "M (19)

MakcuManbHe CKBIBJICHTHE HaBaHTAKEHHS
IUTST pO3PaxyHKiB TPOTHHIB PEHOK, a TaKOX Ha-
MIPYXEeHb 1 CHJI B €IeMEHTaX IIiIPeKOBOI OCHOBU
BH3HAYAEMO BiAMOBITHO J0:

P& =Pi+> P-m.

€KB JIUH

(20)

@yHKUii p; Ta 1; 3HAXOIATHCS 3AJICKHO Bij
BiZICTaHEH BiJl PO3paxyHKOBOTO Tepepizy 10 KOXK-
HOTO Kojeca. 3THHaJIbHUA MOMEHT y OyIb-SIKOMY
nepepizi M~ Ta cuay THCKy pedku Ha ONOpH

H

Q, BU3HAYAEMO 32 (hOpMyJIaMH:

1 1 —
M}:{HH ZEPC:(B ZE(Ppozp +Z})| “’I)l (21)
k¢ k¢ =
Q,HMH :TmPeIKIB :Tm(Pposp +ZR nl) (22)

Hampyxenns B peiikax mo oci TOJOBKH Ta IIi-
JIOIIIBY Bif il 3rMHAIFHOTO MOMEHTY BH3HAYa€EMO
3a 3aJICKHOCTSAMMU:

M M
o = JIMH ‘103, o, = JMH .103,
W

(23)

8t
il T

ne W. ta W. — MoMeHTu onopy peiiku y BepTuKa-
JIbHIN TUIONIMHI BIAMOBIIHO 3HU3Y Ta 3BEPXY r0JIO-
BKH, CM".

HanpyxeHnHs: 3MUHaHHS y [IIMajiax Iij| ITijKJia-
JIKOI0 BH3HAYAEMO 3aJICKHO BiJl BEIMYMHU CHIIH

THCKY pelKu Ha omopy Q.-

o = g0
(@)

Jiig

(24)

Jie ®, — TUTOIIA T IKJIAKH, CM” .

VY pesynbrari npoTuaii cuin Tepts nedopmaili-
sIM Ha JUISHI [epe PyXOMUM KoJecoM Oajika He
BCTHra€ HaOyTH OOpHCIB ileasIbHOI MPY>KHOI JIiHiT
1 Mae 3MEHILEHI OpAMHATH, a Ha JUISHII MO3aay
KoJjieca 1i opauHATH Jemio 30iiabineHi. Brums au-
CUIaTUBHHUX CHJI TIO3HAYA€THCS THUM CHJIbHILIE,
YHMM BHUIIIA MIBHIKICT PYXY. 32 BUCOKHX IIBHUJKOC-
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Tell pyxXy IMOYMHAIOTH BIAIrpaBaTH CYTTEBY pPOJIb  BiA il BEPTUKAaTbHUX CKIAJOBHX ITO30BXKHBOI
1 cCHuIM 1HEepIii PO3MOAIIEHO MAaCH KOJIii, TOMY CTa€  CHJIM Ta CTATUYHOTO THUCKY BaroHa 3 ypaxyBaHHIM
BHHSTKOBO - BXJIMBOIO - BIMOT'OIO piBH?MiI_IHOCTi 3HEBAHTA)XCHHS BiJ MO3IOBXKHBOI cuiun P Bin-
BCIX eNeMEeHTIB Kol Ta ii Mmo310BXKHBOI PiBHOII-

pyxHocTi. Po3paxyHKH MOKa3yloTh, IO OibIa
YacTUHA BCHOTO JMHAMIYHOTO JOJATKY 10 CTAaTHY-
HOTO THCKY BHKJIMKaHa HEPiBHOIIPYKHICTIO KOJii.

HepiBHOIIpYXHICTH 3ai3HUYHOI KOJIii € OJTHUM
i3 (aKTOpiB yCKIIaIHEHHS PO3pPaXyHKIB HampyKe-
HO-7iepopMoBaHOoro crany. OCTaHHIMH JOCII-
JDKEHHSIMH BCTaHOBJICHO, IO HASIBHICTB JIOKAJILHO-
T0 3MEHIICHHS TMPYXHOCTI MiAPEHKOBOI OCHOBU
(mpocamku) Moke 30iTbIIYBaTH HANPYKEHHS
B peiikax Ha 25 % [5].

I3 TouKM 30py HANPYKEHOTO CTaHy 3ai3HHYHOT
KOJIiI HaBeleHa Ha pUC. 2 PO3paxyHKOBa cxema
BaHTA)KHOTO BaroHa He € HajHeOe3neyHor. Kinb-
KiCTh HECHpPHUATIMBHUX BapiaHTIB yCTaHOBJICHHS
BaroHiB y KOJii 3 ypaXyBaHHSM PO3TATYBAIBHUX Ta
CTUCKHHMX CHJI CTAaHOBHTH JieB’sTh [8]. ¥V mux Bu- . . )
najgKax 3aJeKHICTh IS BU3HA4YEeHHS KoedirienTa CHJI HCPHI P, 1 THCKY BITpPY Ha GOKOBY IOBEpX-
3amacy CTIMKOCTI BiJi BUTHCKAaHHsA IO30OBXKHIMHM  HIO Ky30Ba BaroHa F, y KpuBiH JUISHII 3aii3HNY-
cunamu Oyle MaTH BIAMIHHOCTI Yy BHpasax Ul  goi koumii:

BU3HAUCHHs E€KBIBaJEHTHOTO KyTa IMOBOPOTY @,

MOBIHO JIJISl TIEPEAHBOTO Ta 33JHLOTO Bi3KiB. [lJis
pPO3paxyHKIiB HaIlpyXeHb y peWKax Bim mii 3ruHa-
JFHOTO MOMEHTY MaKCHMallbHEe CKBIBaJICHTHE Ha-
BaHTa)KCHHS HEOOXiTHO BU3HAUATH 3a CXEMaMH, 32
SIKMX KOJICHI MapH Bi3KiB OyIyTb 3HAa4HO JOBaH-
Ta)kKeHI IMO3I0BKHBOI0 CHITOM0 [8].

Sk Oyno 3a3HaueHO BUILE, PO3BAHTAKEHHS KO-
JIiC 32 HAsIBHOCTI MOMEPEYHOI CHUIIM MOXKE CITYKHUTH
MPUYMHOKO CXOJIKCHHSI PYXOMOTO CKIIay 3 peioK.
Juisa mocimimpKeHHs BIUIMBY CHIT iHEpIlii Bif HepiB-
HOCTEW Ha KOJIECl Ta pelKaxX 3aCTOCOBAHO CXEMY
(puc. 20, sxka peKOMEHIOBaHa HOPMAaTHBHUM JO-
KymeHToM [3].

VY poborti [8] HaBemeHa 3aMeKHICTh IS BU3HA-
YeHHs1 KoedillieHTa 3amacy CTiMKOCTi Bij BHUTHC-
KaHHA MO3I0BXKHIMU cuiaMu K_ 3 ypaXxyBaHHAIM

B

2 2.h h
pBZTrJrNi.MJFN. 2y, - 5P +WKp.ha]_;_piH.hﬂi|:B.m
L _ th_M X Cr (80+e).S S S S S (25)
CTB 1+“’th NZ WZ h hE ( h ’
PO Te 2PN 2y, 2—p 2 |+ 2—p--a ||+
e (80+e) u S \P u S Yip n

h
iPlH. Z_M‘gu iFB‘(z_M‘I‘égj
B ocHoBy BH3HaueHHS KoedillieHTa 3amacy CTPYKTYPORO ITiJ] 4ac pyxy.
CTIMKOCTI 3aKjaJeHa CTaTHYHa PO3PaxyHKOBa CXe- VYBaxaioun HaBeAEHI BUILE CWIJIM iHEpLii, II0
Ma 0e3 ypaxyBaHHS CKJIaJHOTO AWHAMIYHOTO MPO-  BHHUKAIOTH ITiJl 9aC B3AEMOJIl CHCTEMHU «BaroH —
1eCy B3aeMOJIl MiXK OKPEMHMH YaCTUHAMHU PEHKO-  KOJish», MPUKIAJACHUMH B TOUII KOHTaKTy KoJieca 3
BOTO €KilMaXXy Ta MK CAMUM €KilakeM 1 KOJTIMHOI0  PEeHKOr0, OTPUMAEMO TaKy 3aJI€KHICTh:

KW _ op—p PB_(COSB+M1SinB)‘ZRKI _ZPiKZ
" l4p-tgp Ry _(SinB‘MCOSB)'ZPixl U, mez

e ZPiKI’ mez — CyMa BePTHKAIbHHX CHII iHe- Takuit migXix JO3BOJIUTH YPaxOBYBaTH pi3HI
BHIM CHJI 1HEpIi BiJ HEpPIBHOCTEH SK Ha KOJECi,

TaK 1 Ha pelkoBid HUTLi. BrimB mBuIKoCTI pyxy
KOJIICHOI Mapy Ha BeNWYHMHY KoedilieHTa TepTs B
KOHTaKTI TpeOeHsl KoJieca Ta PeWKH Ha TMijcTaBi
eKCIIEPUMEHTY BpaxoBaHo B poOoTi [8]:

ZPiKI = Z Pixz = Pp + PpH + me + P6HK' (27) W=Hg - (1_ 01002\/) (28)
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pIii TOAaTKOBUX 1O Jii CTATUYHHUX CHJI, IO BUHU-
KaroTh IIiJ] Yyac B3a€MOJIl CUCTEMH «BaroH — KOJisI»
BIJIMOBIZIHO Ha HaOIirarouoMy Ta HeHaOirarouoMmy
KoOJIeci:
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A€ V — HIBUAKICTh PyXy B KM/TOX; W, — Koedimi-
€HT TEPTS Ha Mexi 3ueruieHHS 3a V=0, skuil y
pO3paxyHKax Ui 3aTi3HHYHOTO PYXOMOTO CKJIATY
peKoMeH10BaHo Opatu piBHMM L, =0,3+0,33.

PesyabTaru

Ha puc. 3—4 naBeneHO pe3ylbTaTH po3paxyH-
KiB BeMMYMHHU Koe(illieHTa 3amacy CTIMKOCTI Bix
BUTHCKAHHS TO3/I0BKHIMU CHJIaMH i 4ac Pyxy
MTOPOXKHBOTO ¥ 3aBaHTA)KEHOTO IiBBaroHa MOl
12-532 mo minsHmi komii pamiycom R=250 M i3
MIJHECEHHsSM 30BHIIIHBOI peiiku h=150 MM Ta
MOMEPEYHUM PO30IroM paMu Ky30Ba BaroHa BiJHO-
CHO OCi KOJIii B HanmpsAMHOMY TiepeTuHi B 50 mm [3].
BrmnmB BemMUMHM TMO370BXKHBOI KBa3iCTATUYHOI
CTHCKHOI CHJIM ITOKa3aHo 0e3 ypaxyBaHHS CHII Tep-
TS 1 3 ypaxyBaHHAM TEpTsl B KOHTAKTi rpeOeHs Ko-
Jieca W perkd, a TaKOXK 3a HAasIBHOCTI BEPTUKAIb-
HUX CHWJ IHEpIii JOAAaTKOBUX JO Jii CTaTHYHHUX
CHJI, 1[0 BUHHUKAIOTH IIiJl Yac B3a€EMOJIl CHUCTEMU
«BaroH — KOJIis», BIATIOBIAHO Ha HabirarouoMmy Ta
HeHabiraroyoMy Koyieci B IHTEpBalli IIBUAKOCTI
pyxy v=10+120 xm/roa. [lig yac po3paxyHkiB 3a
3aiexHICTIO (25) Koe(illieHTH TEepTs B3SATO PiBHU-
MU W =WU,=0,25, a 3a 3amexuictio (27)

1y =M, -(1-0,002v) ta p, =0,25.

Y xpuBiti R=250 M nmomycTuma MIBHUIKICTH
PYXy CTaHOBUTH 65 KM/TOJ, a JIOIyCTUME 3HAYCH-
Hs KoedimieHTa 3amacy CTIHKOCTI KONCHOI mapu
MPOTH CXO/DKECHHS 3 PEHOK Yy pa3i BUTUCKAaHHS CTa-

Hoeuts [K, ]=12 [3].

JJis po3paxyHKiB ypaxoBaHO PI3HUIO Y BUCOTI
MiX TIO3JJOBXHIMH OCSIMH aBTO3YeIIeHb y BaHTa-
JKHOMY TIOi3/1i, SIKYy JOIMYCKAarOTh HE OLIBIIOI 3a
A, =80 MM momepexy rpynu MOPOKHIX BaroHiB,

pO3TalllOBaHUX 3a 3aBAaHTAXEHUMH BaroHaMu
y ckiani morsra [3]. Tlo3aay mocimipKyBaHOTO Ba-
TOHA DI3HUIO PIBHIB OcCell aBTO3YEIICHb Y3STO
piBaoI0 A, =0 MMm. Cuna TUCKY BiTpy Ha OOKOBY

MOBCPXHKO KY30Ba BaroHa F Ta CKCHICHTPUCUTCT

B
3aKpIMJICHHS XBOCTOBOI YaCTHHU aBTO3YEIUICHHS
¢ B HAIIIOMY JOCIIIKSHHI HE BPaXx0BaHO.
[Tapametpu 3amizHUYHOI KOJii, HEOOXiMHI IS
BH3HAYCHHS CHII 3a 3aiexHocTsmH (12), (13), (15),
(17), obpano BimnosigHo 10 [1, 2, 4, 5] mns peiiok
P65, 3amizo0eToHHUX 1mman Ha medeHeBoMy Oana-

cTi, mopu poky — Jyito [2]. Tlim 4ac BU3HAYCHHS
KoeimieHTa 3amacy CTIHKOCTI KOJICHOI apu mpo-
TH CXOKEHHS 3 peHOK y pa3i BUTHCKAaHHS MMO370-
BXHIMH cuiaamu K_, Oydo BpaxoBaHO Taki 3y-

CHIIJIS: CHIIa iHepIlii HeoOpecopeHoi MacH eKimaxy,
KOJIECO SIKOTO Ma€ i30JIbOBaHy HEpiBHICTH P

1HK !
iHepIiifHe 3yCHIUIS, IKe BUHUKAE 33 PaXyHOK pyXy
KoJieca IO IUIaBHI HEPIBHOCTI PEHKOBOI HHUTKH

P, cuia iHepiii HeOOPECOpPeHOi MacH eKIMaxy,

KOJIECO SKOTo Mae Oe3nepepBHy HepiBHICTH P, .
Cuom P, P

i Puc T8 By TIPHKIAIEHO 10 HalIraro-
4oro ¥ HeHabIraro4oro KoJjic MepIoi KoJicHoi na-
¥ IepeTHBOTO Bi3Ka BaroHa OKPEeMO i OJJHOYACHO.

Otpumani 3HaueHHs KoeQillieHTa 3amacy CTiii-
KOCTI BiJI BUTUCKAHHS ISl TOPOKHLOTO TMiBBaroHa
(puc. 3, a, 6) NIEMOHCTPYIOTh BTPAaTy 3amacy CTii-
kocti B pasi 440 kH 3a 3anexwictio (25) i B cepen-
HbOMY B pasi 360 kH 3a 3anexnictio (26). Hass-

Hicte cun P, P, Ta P, Ha Habirarouomy Koie-

pH ' " IHK
ci (puc. 3, 6, 2) 3a 3anexHictio (25) He BHOCHUTH
3HAYHUX 3MiH y 3HaueHHs K__, a 3a 3aJeXHICTIO

CTB
(26), naBmaku, 3amac CTIHKOCTI 30epiraeTbcst 10
no3aoBxkHK0I cunu y 380 kH. YpaxyBanHs o3Ha-
YeHNX 3yCWJIb Ha HeHalirarouomy koieci (puc. 3,
0, e) mokasye 3Ha4Huwil BB cun P, P Ta
Ps
TUCKaHHs. BTpara 3amacy cTilfikocTi 3a 3ayiexHic-
Ti0 (25) BigOyaeThCS i Yac pyxy 3 JOMyCTHMOIO
mBUAKICTIO Yy 65 kM/Tox 3a 280 kH, a 3a 3amexHic-
Ti0 (26) yxke 3a 200 kH. Bunanok ogHOYacHOi Ha-
SIBHOCTI O3HAYEHUX JIOAATKOBUX CHJI Ha 000X KO-
necax Habirarodoi kosicHol mapu (puc. 3, o, 3)
€ MaJOMMOBIPHUM, ajie pe3yJbTaTH PO3PaxyHKiB
MOKa3yITh 30epeKeHHS TEHJEHIT MepeBaXKHOTO
3HA4YEHHsS 3yCWJIb Ha HeHalirarouomy koseci. 3a-
JIeKHICTD (26) y IbOMY BHITAAKy Ma€ HaBiTh Oillb-
111 3HAYEHHS T03I0BKHBOT e y 240 kH.
JlocnmipkyBaHMi TIBBaroH y 3aBaHTaKCHOMY
pexumi (puc. 4) 30epirac BCTAHOBIIEHHWH 3arac
CTIMKOCTI JUIsl BAHTQ)KHUX BaroHiB y pasi ail gomy-
CTUMOI HOPMAaTHBHOIO JOKYMEHTAli€l0 KBasicTa-
TUYHOI CTUCKHOI cviii BeinunHoro B 1 MH i yac
PYXY 3 JOIMYCTHMOIO MIBHIKICTIO 65 KM/TOJ Y BCiX
PO3MIISIHYTUX BapiaHTax pPO3pPaxyHKY.

Ha 3HaYeHHs Koe(ilieHTa CTIHKOCTI BiJ BU-

HK
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Puc. 3. KoediuieHT 3anacy CTiHKOCTI BiJi BATHCKaHHS IIOPOXKHBOTO IIBBaroHa 3 ypaxyBaHHSIM
i 0e3 ypaxyBaHHS CHJI TePTsl B KOHTaKTi rpeOeHs KoJieca i peliku BiIOBIIHO:
a, 6 — 6e3 T0JJaTKOBHMX BEPTUKATBHUX CHJI IHEPIIil; 6, 2 — 13 TOJATKOBIMH BEPTHKAILHUMH CHJIAMH 1HEpIIii Ha Habiraro4yomy
KOJIECi; 0, e — 13 TOJaTKOBIMH BEPTHKAJIBHUMHE CHJIAMHU 1HEpIIii Ha HEHa0IrarouoMy KoJieci;
o1c, 3 — 13 TOJATKOBUMH BEPTHKAIBHUMHE CHIIAMH 1HEpIIii Ha 000X Kojiecax Habirarouoi KoJIiCHOI mapu 0THOYACHO

Fig. 3. Lift resistance coefficient of the empty gondola, taking into account and without taking into account the fric-
tion forces in the contact of the wheel flange and rail, respectively:
a, b — without additional vertical forces of inertia; ¢, d — with additional vertical forces of inertia on the climbing wheel;
e, f —with additional vertical forces of inertia on the non-climbing wheel; g, h — with additional vertical forces of inertia
on both wheels of the climbing wheel set at the same time
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Puc. 4. KoeoimieHT 3amacy CTIHKOCTI Bil BUTHCKAaHHS 3aBaHTaKEHOTO ITIBBAarOHA 3 ypaxXyBaHHsM 1 0e3 ypaxyBaHHS
CHII TePTs B KOHTAKTi TpeOeHs KoJieca i pelKu BiAMOBIIHO:
a, 6 — 6e3 MOJaTKOBUX BEPTUKAIBLHUX CUJI IHEPIIil; 6, & — 13 TOJATKOBUMH BEPTUKATLHUMHU CHJIAMHU 1HEPIIil
Ha Habiralo4oMy KoJjeci; 0, e — i3 10JJAaTKOBUMH BEPTHKAIbHUMH CHJIaMH iHepIil Ha HeHabirarouoMy KoJieci;
Jic, 3 — 13 TOJATKOBUMH BEPTHKAIBHUMHE CHIIAMH 1HEpIIii Ha 000X Kojiecax Habirarouoi KOJIiCHOT mapy OJJHOYACHO

Fig. 4. Lift resistance coefficient of the loaded gondola, taking into account and without taking into account the fric-
tion forces in the contact of the wheel flange and rail, respectively:
a, b — without additional vertical forces of inertia; ¢, d — with additional vertical forces of inertia on the climbing wheel;
e, f — with additional vertical forces of inertia on the non-climbing wheel; g, h — with additional vertical forces of inertia on both
wheels of the climbing wheel set at the same time
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3HaueHHs HANPYXeHb Y pedKax M0 0Ci TOJIOBKH

Ta MIiJIOMIBY BiJA Mii 3rMHATBHOTO MOMEHTY, OTPH-
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Puc. 5. HampyxeHHs B pelikax 110 OCi TOJIOBKH Ta ITiTONIBY BiJ Aii 3rHHAIEHOTO MOMEHTY:

a, 6 — npuBeneHnit 3H0c 0 MM; 8, 2 —

MIpHUBEACHUI 3HOC 9 MM

Fig. 5. Stress in the rails along the head axis and base from the action of the deflection moment:

a, b —reduced deflection 0 mm; ¢, d —

Po3paxyHkn HanpykeHb y pelKOBiil HUTLI BU-
KOHAHO 3a 3aiekHocTsaMu (22) — (23) 3a npusese-
HuX 3HOCiB 0 MM (puc. 5, a, 6) Ta 9 MM (puc. 5, s,
2). Sk OyJ0 3a3HaYCHO BHIINE, OOpaHa PO3PAXyHKO-
Ba CXeMa MEePEeKOCY BaHTa)XHOTO BaroHa B PEUKO-
Bili KOJIIT HE € HaJIHEOE3CUHOK0 3 TOUKH 30PY Mill-
HOCTI, ajie HaBiTh y bOMY BUIAJIKy OTPUMaHi pe-
3yJILTaTH JIEMOHCTPYIOTh 3HaYHE 30UIbIICHHS Ha-
NpYyXeHb y pa3i MiJBUIIEHHS IIBUIKOCTI PYXY.
OTpuMaHi BEJIMYMHH HANpPYyXEHb y peHKax Mo-
KyTh OyTH 30inbmIeH] Ha 25 % 3a HasIBHOCTI JIOKa-
JLHOTO 3MEHIIIEHHS MPYKHOCTI MiPEHKOBOI OCHO-

reduced deflection 9 mm
BU (TIpOCajiKu).

HanpyxeHHs1 3MUHAHHS Y [ITaiax I ImijjKia-
JIKOI0, BU3HAYEHi 3a 3ajiexuoctsimu (22), (24), mo-
Ka3ai, 10 3alli300eTOHHA Imana 30epirae Bcra-
HoBNeHHH 3amac MinHocti y 4 MIla. Orpumani
3HAYEHHS CTOCYIOTHCS JIWINC IIMAU i Habirar-
YUM KOJIECOM IEepIIoi KONICHOI Mapu NepeaHbOro
Bi3Ka, sika mepeOyBae M1 JI€F0 3HEBAaHTAXKEHHS BiJl
BEPTUKAJIBHOI CKJIAJ0BOI MO3/I0BKHBOI CTHUCKHOI
CWJIM, Ta BKa3ylOTh Ha HEOOXITHICTh BH3HAYCHHS
HaIpPY>KEHb ITi]] KOXXHUM KOJIECOM OKPEMO.
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HaykoBa HOBH3HA Ta IPAKTHYHA
3HAYUMICTh

VY Xoxi mpoBeACHHS TEOPETHYHHUX AOCIHiIKEHb
YAOCKOHAIIEHO 3aJIeKHICTh KoedillieHTa 3amacy
CTIMKOCTI BiJ BUTHCKAHHS IO3I0BXXHIMH CHJIAMHU.
OTtpumaHa 3aJeXHICTb TOPIBHAHHO 3 OiHCHOIO Ha-
OyJa TMoaNIBIIIOr0 PO3BHUTKY Ta JI03BOJISIE BU3HAYA-
TH CTIHKICT KOJNICHOI TapH 3 ypaxyBaHHAM Pi3HHUX
BUIB CHJI iHEpLii BiJ HEpiBHOCTEH SK HA Kojeci,
TaK 1 Ha PEHKOBIH HUTII, a TAKOXXK BEIIMUYNHU KOE-
(imieHTa TepTsA B KOHTAKTI Kojieca Ta PEHKH Bif
HMIBHIKOCTI pyxy. KpiM Toro, HaBeneHa MeTOAMKa,
Ha BIIMIHY BiJi HasBHOI, JO3BOJIIE BpPaxOBYBaTH
CIIIy THUCKY BITpPy Ha OOKOBY MOBEPXHIO Ky30Ba
BaroHa Ta eKCIEHTPUCHUTET 3aKPIiIICHHs XBOCTOBOT
YaCTUHH aBTO3YEIUICHHSI.

3acToCyBaHHS METOAWKH TIOEIHAHHS HPaBHII
PO3paxyHKy 3aJIi3HHYHOI KOJii Ha MIIHICTh Ta BH-
3HAYCHHS JTUHAMIYHOI HABAaHTAXKECHHOCTI PEHKOBO-
T0 eKilaxy J03BOJIUTH PO3PAXOBYBATH BEIHUHHY
KOHCTPYKI[IHHOI IIBHIKOCTI BaroHa Ha OCHOBI
OCbOBUX HaBaHTaXCHb, CHUJI 1HEPIii BiJ HEPIBHOC-
Tel Ha KoJeci Ta peiKax, a TaKoX BPaxOBYBaTH
MTO37I0BXKHI KBa3iCTATUYHI CHJIH, SIKi BHHUKAIOTH Y
MO131i 32 PEXKUMIB TaIbMyBaHHSL.

Busnauenns koedimieHTa 3amacy CTIHKOCTI Bif
BUTHCKAHHS 3 BUKOPUCTAHHSIM HaBEIECHOI METOIH-
KU JIO3BOJIUTH OUIBIN PETETFHO PO3MIIIHYTH Ta 00-
IPYHTOBYBaTH NMPUYHHY CXO/KEHHS KOJICHHX Tap
i3 petiok. KpiM Toro, 3actocyBaHHs 03Ha4€HOI Me-

TOJUKU PO3PAaxXyHKY JO3BOJIUTH BH3HAYATH Mill-
HICTh 3ai3HWYHOI Komii Ta OamacTHOro mapy
3 ypaxyBaHHSM HEPIBHOMIPHOCTI HaBaHTa)KCHHS
pPEeHKOBUX HHUTOK Yy pa3i MepeKOoCiB BaHTAKHOTO
PYXOMOTO CKJIamy Ml Ji€0 CTUCKHUX KBa3iCTaTH-
YHUX TO3IOBXKHIX CHJI.

BucHoBku

Ha mizmcraBi mpoBeAeHNX TEOPETHYHUX TOCITI-
JUKCHb CTIMKOCTI BaHTaXHOTO EKilaXy MOXKHA
3pOOUTH TaKi BUCHOBKH:

— 3HAYHMAW BIUIMB HAa BEMHYMHY KoedilieHTa
3amacy CTIMKOCTI Bif BHUTHCKAaHHS ITO3JOBXXHIMH
cunamu K, Mae HasBHicte cun P, P, ta P,

B pH ! IHK
Ha HeHa0IraruoMy KoJieci;

— Y 3aBaHTKEHOMY CTaHi JOCITIIKYyBaHUHN ITi-
BBaroH 30epirac BCTAaHOBIEHWH 3amac CTIHKOCTI
JUTSL BAHT2)KHUX BaroHiB y pasi Jii JOMyCTHMOI HO-
PMaTHUBHOIO IOKYMEHTAIIEI0 KBa31CTaTHYHOI CTHC-
KHOI criy BenmmuuHoo B 1 MH mix gac pyxy 3 go-
MMyCTUMOO MIBUAKICTIO 65 KM/TOI Y BCiX PO3IJIf-
HYTHUX BapiaHTax pO3paxyHKY;

— OTpHWMaHi pe3ylIbTaTH PO3PaXyHKiB MOKa3aln
HEOOXITHICTh TOHANBIIOTO OCIIPKEHHS Harpy-
JKEHO-1e()OPMOBAHOrO CTaHy 3aJIi3HMYHOI KOJIi Ta
MiPEHKOBOT OCHOBU 33 HAasBHOCTI HEPIBHOMIPHOC-
Ti HaBaHTKEHHS PEHKOBUX HUTOK Y pasi Mmepexo-
CIB BaHT)KHOT'O PYyXOMOTO CKJaay MiJ /i€l IMo3-
JIOBXKHIX CHIL.
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OIPEJEJEHUE YCTOMUYUBOCTHU I'PY30BbIX BATOHOB
C YYETOM ITAPAMETPOB KEJIE3HOJJOPOXHOI'O IIYTU

Hean. J{ns nepcnekTHBHOTO MOBBIIEHUS] CKOPOCTEl B paboTe 3aIIaHUPOBAHO PACCMOTPETh CJIOXKHBIC YCIOBHS
JMHAMHYECKOTO B3aUMOJIEHCTBHS KEIE3HOJOPOIKHOIO MYTH C TOJABHKHBIM COCTaBOM. XapakTep U YPOBEHb ITOTO
B3aUMO/ICHCTBUS 3aBUCST KaK OT KOHCTPYKIMU €MHUIIbI OJABHKHOTO COCTaBa, €€ COCTOSHUS M CKOPOCTH IBHXKE-
HUSI, TAK ¥ OT KOHCTPYKIUHU M COCTOSHHUS caMmoil kosen. Metoauka. OLEHKY BO3MOXKHOTO BO3ACHCTBUS Ha IMYTh
MOABM)KHOTO COCTaBa MCCIECIOBAaHO AHAIUTHYCCKHM METOIOM. HampspkeHHOE COCTOSIHHE KOJICH OIPECNICHO
pacyeTHBIM CHOCOOOM C MPUMCHEHHEM 3aBUCHMOCTEH MEXIy CHIOBBIMH (DAKTOpaMH H XapaKTePUCTHKAMH
HaIpsHKCHHO-eOPMUPOBAHHOTO COCTOSHMS MyTH. [Ipn ompeieNeHuH CTaTHYeCKOTro AABJICHUS KOJeca Ha pelibe
pPacCMOTPEHO BIMSHUE HEPEKOCOB IOJBHKHOTO COCTaBa B PENIbCOBOM KOJIEE MO CXEME «eJIOYKa», MPH KOTOPOH
JOTIOJTHATENEHOe OOKOBOE BIIMSIHHE KOJECHBIX IMap TENEKEK Ha IYTEBYIO CTPYKTYPY SBISCTCS MaKCUMAIIbHBIM.
Pe3yabTaThl. B X0one npoBeeHNs] TEOPETUUECKUX HCCICIOBAHHUN MOTYYCHB! 3aBUCHMOCTH KO3 dHIHeHTa 3anaca
YCTOHYMBOCTH OT BBDKMMAHUSI MPOJIOJIBHBIMU CHIIAMH C YYETOM Pa3JIMYHBIX BHJOB CHJ WHEPLUHU OT HEPOBHOCTEH
Kak Ha KoJiece, TaK M Ha PeJbCOoBOi HUTH. TaKxke MoJyueHbl BEJIMUYMHBI KOI((PHUIUCHTa TPEHUS B KOHTaKTe Kojeca
U penbca OT CKopocTH 1BrkeHHs. Hay4unasi HoBu3Ha. BriepBrie 00beIMHEHBI ITPaBUIIa PacueTa KeJIe3HOJOPOKHO-
rO MyTH Ha NPOYHOCTh M OINpPEJENICHNs] TMHAMHUYECKOH Harpy>KeHHOCTH pelibcOBOro dkumaxa. [IpuBenenHoe yco-
BEPLICHCTBOBAHUE AT BO3MOXHOCTb PACCUMTHIBATH BEJIMYMHY KOHCTPYKIIMOHHON CKOPOCTH BaroHa Ha OCHOBE
OCEBBIX HATPY30K, CHJI HHEPLIMK OT HEPOBHOCTEH Ha KOJIECE U pesibcax, a TAKKE yYHTHIBATH IPOJOJIBHBIC KBAa3HCTA-
THYECKHE CHJIbI, BOSHUKAIOIIME B MOE3/Ie IPU PEKUMaX TopMokeHus. IIpakTudeckas 3Ha4uMocTb. OnpeeneHre
K03 duIIMeHTa 3anaca YCTONYUBOCTH OT BBDKUMAaHHMS C HCIIOJIb30BaHHEM NPHUBEACHHON METOAMKH MO3BOJHUT Ooltee
TIIATENILHO PACCMOTPETh M 0O0OCHOBATh NMPUYMHY CXOJA KOJIECHBIX Map ¢ peibcoB. [IpruMeHeHne yKa3aHHON MeTo-
JOUKW pacyeTa OyJeT cHocoOCTBOBATH ONPENCICHHIO IPOYHOCTH IKEIE3HOMOPOXKHOIO IYTH MU 0aJUIaCTHOIO CIIOS
C YY4ETOM HEpaBHOMEPHOCTH HArpy3KH PEJIbCOBBIX HUTEH B Cllydae MepeKOCOB IPY30BOrO MOIBIKHOIO COCTaBa MOA
JIECTBUEM COKMMAIOLIMX KBa3HCTATUUECKHUX MTPOIOJIBHBIX CHII.

Kniouesvie cnosa: 6€30macHOCTb IBIKEHUS; K03 UIIMEHT 3amaca yCTOWYMBOCTH OT BBDKUMAHUS; IPOJIOJIBHBIE
CHJIBI; pacyeT IyTH Ha IPOYHOCTh; CKOPOCTh JABHIKECHHSI

A. 0. SHVETSY

“Dep. «Theoretical and Structural Mechanics», Dnipro National University of Railway Transport named after Academician
V. Lazaryan, Lazaryana St., 2, Dnipro, Ukraine, 49010, tel. +38 (050) 214 14 19, e-mail angela_Shvets@ua.fm,
ORCID 0000-0002-8469-3902

DETERMINATION OF THE STABILITY OF FREIGHT CARS TAKING
INTO ACCOUNT THE RAILWAY TRACK PARAMETERS

Purpose. For prospective speed increase in the work is aimed to consider the complex conditions of the dynamic
interaction of the railway track with rolling stock. The nature and level of this interaction depends both on the
design of the unit of rolling stock, its state and speed, and on the design and condition of the track itself.
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Methodology. Evaluation of the possible rolling stock impact on the track was investigated by the analytical meth-
od. The track stress state was determined by calculation using dependencies between force factors and the character-
istics of the stress-strain state of the track. When determining the static pressure of the wheel on the rail, the influ-
ence of rolling stock skews in the rail track according to the “herringbone” scheme is considered, in which the addi-
tional lateral effect of the wheel pairs of the bogies on the track structure is maximal. Findings. When conducting
theoretical studies, the dependencies of the lift resistance coefficient by longitudinal forces were obtained taking into
account various types of inertia forces on irregularities both on the wheel and on the rail thread. The values of the
friction coefficient in the wheel-rail contact on the movement speed were also obtained. Originality. For the first
time, the rules for calculating the railway track for strength and determining the dynamic loading of the rail carriage
are combined. This improvement will make it possible to calculate the structural speed of the car based on the axial
loads, inertia forces due to the wheel and rails” irregularities, and also take into account the longitudinal quasistatic
forces arising in the train during braking modes. Practical value. Determination of the car lift resistance coefficient
using the above methodology will allow a more thorough consideration and justification of the cause of wheelset
derailment. The application of this calculation method will allow us to determine the strength of the railway track
and the ballast layer, taking into account the uneven load of rail threads in the case of distortions of the freight roll-
ing stock under the action of compressive guasistatic longitudinal forces.

Keywords: traffic safety; lift resistance coefficient; longitudinal forces; track strength calculation; movement
speed
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