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IMAM’ATHI JATH

YJIK 001(092):656.2

C. B. MAMIJIMH

Ka¢. «BaroHs! 1 BAaroHHOE X03SUCTBOY, JJHEMPONETPOBCKHIA HAIIMOHAILHBIN YHUBEPCUTET JKEIIE3HOIOPOKHOTO
TpaHcIopTa MMeHH akanemuka B. Jlasapsina, yi. Jlazapsina, 2, uunpo, Ykpauna, 49010, ten. +38 (056) 373 15 29,
2i1. moyra sergeymyamlin@gmail.com, ORCID 0000-0002-7383-9304

YUYEHBIN-IUHAMUK U TUHAMWYHBINA YEJOBEK.
K 80-JIETHIO ITPO®ECCOPA BUKTOPA JTAHUJIOBUYA JTAHOBHUYA

CraTps mocBAIIaeTCs MaMATH U3BECTHOTO yue-
HOTO JIOKTOpa TEXHHUYECKHX HayK, Hpodeccopa
Buxropa anunoBrya J[aHoBUYa, KOTOPBIA TOJITO€
BpeMs paboTan B JHENponeTpoBCKOM HaIOHAJb-
HOM YHHMBEpPCHUTETE >KEJIEe3HOJOPOKHOTO TpaHC-
nopra uMeHu akajgemuka B. Jlazapsina (JIUUT).

Bukropa lanunosuya ¢ JIMUTom ces3biBaeT
MIPaKTUYECKH BCs KU3HB. [locie mKoIbl OH MOCTy-
MAeT B UHCTHUTYT, YCIIEIIHO 3aKaHUYMBAET €ro U Ha-
YUHAET TPYyIOoBYIO AesrenbHocTh. B [IUUTe Buk-
Top JlaHunoBuu cdopmupoBancs Kak yUEHBIH
U Kak nejaror. MHe JTMYHO MOCYACTIUBUIIOCH I10-
3HAaKOMMTBCS] C HUM Ha TPEThbEeM Kypce MHCTHUTYTA,

korga Bukrop JlaHuiioBu4, KOTOPBIA TOJIBKO CTall
npodeccopom Ha Kadeape CTPOUTEITHLHOW MEXaHH-
KU TIOCJIE 3aIlIUTHI JOKTOPCKON AHMCCEpTaIiy, mpe-
MO/IaBall y HAC HA MOTOKE BarOHHUKOB JTUCIUILIH-
Hy «J/luHaMuka BaroHoB». Ero oTnnyana BeICOKas
3pyauLMs, UHTEJIUIMTEHTHOCTh U YyBCTBO IOMODA.
Bcnomunaercst ciyvail, korma Hama (axyJiabTeT-
CKas KOMaH/a M0 «HHTEJUIEKTYaIbHOMY XOKKEH0»,
B KOTOpOW  MEHS  BBIOpaJiM  KalHuTaHOM,
C TpEeneToM Okujaia (GUHAIBHBIA TOSIUHOK C KO-
MaHJIOH MperioiaBaTeiel, I/ie KaluTaHoM OBLT Kak
pa3 Buktop [anunosuu. Ho u3z-3a yyactus B uc-
MBITAHUSIX, KOTOPBIE MPOBOAWINCE B OTpacieBoii
HAYYHO-UCCIICAOBATEIILCKON J1abopaTopuu JHWHA-
MUKH ¥ MPOYHOCTH TOBIKHOTO coctaBa (OHMJI
JIITIC), o He y4acTBOBajd B (DHHAIBHON HIpE,
M Hallla KOMaHja BBIMTpaia. 3aTeM MBI YK€ KOH-
TaKTUPOBAJIM KAaK yUEHbIE. CHayana Ipu NOArOTOB-
K€ HAYYHOM YacTH AMIUIOMHOIO IPOEKTa, 3aT€M
MpU  BBHIIOJHEHUH  HAYYHO-HCCIEIOBATEIbCKIX
pabor B OHWJI JIIIIC, npu moAroToBKe KaHIH-
JIATCKOM U TOKTOPCKOM AuccepTaluu, Ipu MOAro-
TOBKE MHOTOYMCIEHHBIX COBMECTHBIX Hay4HbBIX
cTaTeil U JOKJIAJ0B HAa MEXKIYHAPOIHBIX HAYUYHBIX
KOH(EpEHIUIX.

OHIMKIIONIEAMYECKNE 3HAHUS M YMEJoe Biaje-
HUE MaTeMaTUYECKUM ammapaToM MO3BoJsuM Buk-
Topy JlaHWUJIOBUYY CHPaBISATHCA C PA3TUUYHBIMU
3alayaMy, CBA3aHHBIMM C IE€JAaroru4yeckod W Ha-
YYHOU IeAaTenbHOCThIO. OH OJHUM U3 TIEPBBIX pas-
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paboTal TPOCTPAHCTBEHHYI) MaTeMaTHYECKYIO
MOJIeNTh KOJIGOaHUN JKENEe3HOJOPOXKHOTO ITyTH Ha
YIpPYTO-BSI3KOM OCHOBAaHHH, KOTOpas Jierjia B OC-
HOBY HCCIICIOBAaHHUH 110 B3aMOJEHCTBUIO pa3iHy-
HBIX PENBCOBBIX JKHMaxei u mytu. [lom pykoBo-
nctBoM Bukropa JlanwmimoBnda pa3paboOTaHBl Ma-
TEMaTUYeCKUEe MOJIENIM MPOCTPAHCTBEHHBIX KOJIe-
0aHMH MHOT'OYHCIEHHBIX OOBEKTOB: JICKTPOBO30B,
TETUIOBO30B, TPY30BBIX H MMACCAKUPCKUX BaroHOB,
CIEIHATN3UPOBAHHOTO MOIBIKHOTO cocTaBa (3Ke-
JIE3HOZIOPOXKHBIE KpaHbl, ABTOMOTPUCHI H T.1.)
[1, 2, 4, 6-20, 22, 24, 26]. IIpu 3TOM paccmarpu-
Bajach JUHAMHKA KaK OOBIYHBIX PEbCOBBIX DKH-
nakel, Tak U BBICOKOCKOPOCTHBIX. MM pa3pabora-
Hbl MaTEMAaTHYECKUE MOJCIU CIICTIOB 3KUIaKeH:
BaroHOB, JIOKOMOTHBA W BaroHOB, COCTOSIIUX W3
ot 3 10 5 equHUII TOABMKHOTO cocTasa [3, 5].

PaboTast B TeCHOM KOHTaKTE C KOHCTPYKTOpPaMHU
U co3/JaTeNsiMH HOBOWM TexHWKH, Buxrtop Jlanuno-
BUY TIOMOTaJl pemiaTh M WH)KEHEPHO-TEXHUIECKUE
3ajJ1a4d, HalpuMep, N0 BBIOOPY palMOHAIBHBIX I1a-
paMeTpoB PECCOPHOTO TIOMABEIIMBAHUS H CHUCTEM
neMnbupoBaHUS KOJIOaHW, TPUYeM HE TOJIBKO
UL JIOKOMOTHUBOCTPOHMTENIBHBIX W BaroHOCTPOU-
TENBHBIX 3aBOJIOB. HampumMep, B 3TOM HampaBiieHHH
eCTh pa3paboTKu It XapbKOBCKOTO TPAaKTOPHOTO
3aBoja (ceiiuac 3aBoj MMeHH MaJblieBa) mo onpe-
JICNICHUI0  PallMOHAIIBHBIX T1apaMETPOB  CHUCTEMbI
aMOPTH3AIUH TYCEHUYHBIX U KOJIECHBIX TPAKTOPOB.

Kpome teopernueckux uccienoBanuii, Bukrop
JlaHWJIOBMY y4acTBOBaJl M B MHOTOYHCIICHHBIX
IKCIEPUMEHTAILHBIX PA00TaX IO UCTIBITAHUIO TPY-
30BBIX, TACCAXHUPCKUX BAroHOB W CIIENHATBHOMN
KeJIe3HOJopokHO# TexHuku [21, 25]. CBoil onbIT
u 3HaHug Bukrop JlaHWioBUY mepeaaBall CBOUM
YYeHHKaM M KOJUIeTaM, 3aCITy’)KUB TeM CaMbIM aB-
TOPUTET M yBakeHHe. Ero HeyemHas sHeprus mo-
MOrajia eMy HalTH CaMOBBIPRKCHHE HE TOJBKO
B HayKe, HO U B 00IIeCTBEHHOM paboTe, Kak B yHH-
BEPCHUTETE, TaK W JAJEKO 3a ero mpeaenamu. Buk-
Top JaHuinoBud OBLT HACTOIBKO JMHAMHUYHEIM, YTO
yacTo Ooniee MOJOABIE KOJUIETH HE yCIEeBald 3a
HUM KaK B TPUHATHU HAY4YHBIX pEIICHHH, Tak
U B CIIOPTUBHOM XU3HU.

Hanee nmpuBexeM HEKOTOpble (DakThl ero OHO-
rpadun lanoBuua Bukropa lanunoBuya. Posmui-
cs1 oH 23 nmexabps 1936 roga B r. JIHEmpoIeTpoB-
cke. Oren JlanoBuu Jlanun Wmenu (1895-1945)
0b1 BpayoM. Matp [laHoBru Mapusi AGpamoBHa —
oyxraiarepom. B 1941 roay ceMbs 3BaKyHpoOBajiach

B T. Jloccop I'ypeeBckoii obnactu, rae oten pado-
Tan B rocnurtane. Tam xe Bukrop HanunoBud mo-
men B IIKONy ¥ 3aKOHYMJ TIepBBIM  Kiacc.
B 1945 roxy mocie cMepTH OTIa CEMbsl BO3BpAaTH-
nack B T. JJnenponerposck. B 1954 romy Bukrtop
JlaHWJIOBUY 3aKOHYMJI C 30JIOTOM MeNaliblo Cpel-
Hiot0 Koty Ne 1. B mikose ObL1 cTapoCTOMH, mpe-
ceiareneM ydeHWYeckoro komwmrera. B 1954 .
Buxrop [JaHunoBuY MOCTYNHUI HA MEXaHUYECKHMA
¢daxynerer IMWTa, xoropsiit okonywma B 1959 r.,
MOJYYHB JAWUIUIOM C OTIMYHEM M CIEHUAIBHOCTD
WH)XEHEpa MyTel COOOIIeHUsA-MeXaHuKa. 3a Mepu-
o1 OOyYeHHS B WHCTUTYTE €r0 M30MpPAN UICHOM
OOIIECTBEHHBIX OpraHu3aluii Tpynmnsl U (aKyiib-
teta. [lociie okoHYaHMs By3a MMOMYYHII Ha3HAUCHHUE
Ha J{HempomeTpoBCKUN NapOBO30PEMOHTHBIN 3a-
BOjA, TIzAe paboTal KOHTPOJIEPOM-IIPUEMILUKOM
OTK B xy3HeuHOM 1iexe. 32 TOCTUTHYThIC YCIEXH
B MPOU3BOJICTBEHHOM copeBHOBaHWU B 1959 roxy
3a aKTUBHOE yYacTHe B PEMOHTE MapOBO3HOU TeX-
HUKK Obu1 HarpaxaeH [louerHoi rpamoroii JlHer-
POIIETPOBCKOI 001acTHOW amMUHUCTpaluu. B me-
kabpe 1959 rona ObLI HEpEBEACH HAa CTAHIMIO TEX-
HUYECKON mnomoiu [[HenmponeTpoBCKOro COBHap-
X032 Ha JOJDKHOCTh WH)KEHepa-KOHCTPYKTopa
B TeroBo3HOW Tpymre. B 1962 romy moctyman
B 3a04yHyl0 acnupanTypy JAMMTa no cneunansHo-
cti «CTpouTenbHas MEXaHUKa», HO HE MPOIIEI 110
KOHKypcy. B okTs10pe »TOoro ke rojga ObLT IpUHST
accucteHToM Kadenpsl «CTpouTenbHas MEXaHH-
ka» JJUWTa. B 1964 rogy mocTynui B OUHYIO ac-
OUPaHTypy N0 chenualbHocTH «CTpouTensHast
MEeXaHHKa W CONpPOTHBIIEHHE MaTepuayoB». Cpox
00y4eHHs B aCIUpaHType ObUI COKPAICH 0 BYX
JIeT, TaK Kak K TOMY BpPEMEHH OH Y)K€ cIan JBa
9K3aMEHa KaHJIUAAaTCKOTO MHHHMyMa. B mepuon
00y4eHHs B acTIMpaHType, KpoMme paboThI HAJl THC-
cepTaluel, 3aHUMaJCS TMEAaroruyecKoil IpaKTH-
KOH ¥ y4YacTBOBaJl B BHIIOJIHEHWH 6 Hay4yHO-
uccienoBarenbckux padbor B HWJI munamukm
U IOpo4YHOCTH nojsuxkHOro cocrasa JWHWTa. Ilo-
clle OKOHYaHHWs acnupaHTypel B 1966 romy Bep-
Hyncss Ha kadenpy «CTpouTenbHas MeEXaHUKa»
accuctenToM. B 1968 rony mpepcraBui K 3amuTe
Jquccepranuio Ha Temy «MeToanka BeIOOpa ONTHU-
MaJIbHBIX TTAPaMETPOB PECCOPHOTO TOBEITNBAHUS
TPY30BBIX BaroHOB», KOTOPYIO 3aIIUTIII B HOSOpe
TOro ke roxa. Bukrop JlaHMIOBHUY OpPraHUYHO
Biawics B Hayunyto mkony TpaHcnopTHOH Mexa-
HUKH [23, 27], KOTOpo# pyKOBOIWI aKaJeMHK
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Axkanemun Hayk YkpauHbl BceBoiiom ApyTIOHO-
Br4 JlazapsiH, OH ke W OBUT pyKOBOJHUTENEM KaH-
JIUJIaTCKON M JoKTOpckod nucceprauuu B. . a-
HOBHYA.

B nexabpe 1968 r. Beicmieil arTecTannoHHON
KOMHUCCHEH eMy ObUIa MPUCYXKJCHA CTCICHb KaH-
myjara TexHuueckux Hayk. B wuione 1969 r. Ha
yueHoMm coBete JIMWTa yrBepAwIn B JOJKHOCTU
u. 0. noueHTa. B 1970 1. ObLT yTBEpKICH B 3BaHUU
JIOLEHTa Bpicmieil aTTecTallMOHHOW KOMUCCHEM.
Paboras mouieHTOM KadeApsl, UATAIT JISKIIUU U BEJ
MpaKTHYECKUe 3aHATHS 1o auciuiumHaMm: «Co-
NPOTUBJICHUE Marepuanon», «TeopeTnueckas Me-
xanuka», «Teopus ynpyroctu», «llpuknagHas
Teopus ynpyroctu», «Teopust konebaHuit», «/lu-
HaMHKa MOJIBIKHOTO COCTaBa», «MaTpuyHble Me-
TONBI B CTPOWTENBbHON MexaHHKe», «Jlnddepen-
[UAIbHBIC ypaBHEHUs». BBUT pyKoBOIUTEIIEM aKa-
JMIEMUYECKON TPYyNIbI, 3aMECTHTENIEM Ipejacenare-
71 Ipocoro3HOT0 KOMHUTETa (haKyiIbTeTa BBIUHC-
JUTENTPHOW  TEXHUKH, WICHOM  PEIKOJUICTHU
MHCTUTYTCKOW Ta3eThl «3a KaJphl TPAHCIOPTa»,
TpeaceiaTeNieM XyI0KeCTBEHHOTO coBeTa KiyOa
AWNUNTa, orBercTBeHHBIM 3a CTyaeHUYECKOe Hayuy-
HO-TEXHUYECKOoe 00IIecTBO mpu Kadeape, mpeace-
natenem CoBeTa MOJIOABIX YYEHBIX HHCTHTYTA,
wieHoM obOnactHOoro CoBeTa MOJOIBIX YUEHBIX,
JIUPEKTOPOM TOPOJICKOM KHOEPHETHYECKOH MIKO-
JIBI, PENaKTOpPOM COOpHHKA TPYIIOB TOPOACKOIO
Hay4YHOT'O CEMHHApa [0 MEXaHHKE, IIpeceaaTeieM
KiopH (hecTUBAIIA-CMOTpa XyIOKECTBEHHON camo-
JIesITeIbHOCTH WHCTUTYTa. HeoaHokpaTHO Harpa-
JKIAJICS MMOYETHBIMU FPaMOTaMU M TOJdy4all 0iaro-
JIApHOCTH 33 aKTHBHOE yYacTHE B OOIIECTBEHHOM
XKU3HN WHCTUTYTA, B padore CHTO, 3a xoporryro
OpraHM3alni0 YOOPKH ypoxas, 3a ydacThe B Xy-
JTIO’)KECTBEHHON CaMOJICATENIBHOCTH, 3a I00e/bI
B CIIOPTUBHBIX COPEBHOBAHUAX. 3a XOPOIIYIO Op-
TaHU3AIHI0 TOPOJICKON KHOEPHETHYECKOH IIKOJIBI
HarpaxzaeH B 1972 romy IlowerHolf rpamoroii
JlHenponeTpoBCcKOl 00JaCTHON aJIMUHHUCTPAIIHH.
B 1975 roxy mepeBencst Ha TOKHOCTL CTapIIIero
HayuHoro cotpynnuka HWJI nunamuku u npodHo-
CTH TOJIBUXKHOTO COCTaBa JUis pabOThl Haa JIOK-
Topckori nuccepranueit. C 1977 nmo 1984 rop pa-
Oortan moreHTOM Kadeapbl «CTpouTenbHas MeXa-
HuKa». [lOCTOSIHHO pyKOBOIWMI JUTDIOMHUKAMHU
(akyybTeTa BBIYUCIUTENHHOW TeXHUKU. OH ObLI
yleHoM coBera HayudHo-uccnenoBaTenbCcKo pa-
6oter crymenroB (HUPC) mHCTHTYTA, TOMOIIHH-
koM gekaHa Qaxynsrera mo HUPC, mpencenare-

nem cosera HUPC ¢akynprera. Ilpuauman yua-
cThe B paboTe oO0mecTBa «3HAHHWE», Y4acTBOBAI
B paboTe METOMOJIOTHYECKOTo cemuHapa «duio-
cocKkre BOMPOCHI COBPEMEHHOTO EeCTECTBO3HA-
HUs». Ben Gonblryio HaydHO-HCCIEI0BATENBCKYTO
paboTy, OBIT WIEHOM CHEeNHATH3UPOBAHHOTO Yde-
HOro coBeTa 1o 3amure auccepranuii K 114:07.01.
B 1982 romy moBreicun kBanmpukanuio nmpu Moc-
KOBCKOM HHCTHUTYTE€ WH)KEHEPOB KEJIEC3HOAOPOXK-
HOT'O TPAHCIIOPTa, TJE€ O3HAKOMHIICS C MOCTaHOB-
KOH KypCOB IO COINPOTHBICHHIO MaTEpHalOB,
CTPOUTENFHOW MEXaHUKE W TEOPUH YIPYTOCTH.
B 1982 roay B. /1. JlaHOBUY 3alTUTHIT TOKTOPCKYIO
nmuccepranuio Ha teMy «IIpocTpaHCTBEeHHBIE KOJTe-
0aH{s BaroHOB HAa HWHEPIUOHHOM myTw». B 1984
roay ObUT yTBEpXJE€H B JOJDKHOCTH Mpodeccopa
Kaeapsl CTPOUTETBHON MEXaHHKH.

C 1984 no 1997 ron Bukrop [lanuioBud ObLT
npodeccopom 3ToH KadeApbl W CTApIIUM HAyY-
HBIM  coTpynHukoM  OrpacieBod  Hay4yHO-
UCCIIEIOBATEILCKOW  J1a0OpaTopuu  AMHAMHKH
Y MIPOYHOCTH MOJBIKHOTO cocTaBa. Paboras B na-
6oparopuun, Bukrtop JlaHWIOBHY PYKOBOAWI BBHI-
MOJTHEHUEM HAay4YHO-HCCIEAOBATEIbCKUX PadoT,
CBSI3aHHBIX C TEOPETHUYECKUMH W OKCIEPHMEH-
TaJIbHBIMH HCCIICZIOBAHUSAMH ITUHAMHAKH DPa3nd-
HBIX PEIBCOBBIX JKHITAXeH, Cpeii KOTOPBIX TPY30-
BbIC U MACCAXUPCKHE BarOHBI, JOKOMOTHBHI H CIIe-
[IUAIM3UPOBAHHBIN MOABMXHOM cocta. C 1997 mo
2000 rox npodeccop B. /1. JlanoBuu padoTaer 3a-
BeAyromuM Kadenpoit «IIyTe U myTeBoe X03sIiCT-
BO», a ¢ 2001 roga — mpodeccopom 3ToH Kadenpol.
B stor xe nmepuon Bukrtop /laHWioBHY akTHBHO
3aHUMAaeTCsl OOIECTBEHHON nesTenbHOCThI0. OH
paboTtaer nupekTopoM JIHENMpOMEeTPOBCKOIO pe-
THOHAJILHOTO WHCTUTYTa COLMANBHBIX M OOIIWH-
HBIX paboTHUKOB. BukTop [laHMIOBHY PyKOBOIMIT
noaroroskoi 20 acnmpadToB U 1 goxropanTta. OH
spisiercss aBTopoM Oonee 150 HaydHBIX padoT.
B 1984 roay narpaxnmeH 3HakoM MUHHCTEpPCTBa
myTeil coobmenus «IloYeTHBIH KEIEe3HOIOPOXK-
HuK», B 1986 romy Harpaxnen «[loueTHpiM 3Ha-
KomM» MuHucTepcTBa o0pazoBanus, a B 1989 romy
— Menanbio «Berepan Tpyma». Yimien u3 >KU3HH
Bukrop J[lammmoeuu 31 gexabps 2003 roga
B I. Paanana (M3pauis), Tie MpoXoau JIeUCHHUE.

OcHOBHBIE HANPaBICHHS HAYYHOH AESITEILHOCTH:

— MpoOJeMbl MEXaHUKH TPAHCIOPTa, B YaCTHO-
CTH pa3paboTan MaTeMaTHYeCKyl MOJENb Mpo-
CTPaHCTBEHHBIX KOJeOaHUIl BaroHOB W JIOKOMOTH-
BOB KaK MHOTOMACCOBBIX HEJMHEHHBIX MeXaHHue-
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CKAX CHCTEM BO BpEeMs [BIDKEHHS MO MPSIMBIM
Y KPUBBIM y4YacTKaM KEJIE3HOJAOPOKHOTO My TH;

— MaTeMaTHYeCKOe MOJCIUPOBAHHUE JIMHAMU-
YeCKOW Harpy>KeHHOCTH pPa3iINdHBIX PEITbCOBBIX
DKHITAKEH;

— OmpeleNieHHe palMOHANBHBIX IapaMeTPOB
CHCTEM TallleHus] KoleOaHWii BaroHOB W JIOKOMO-
THUBOB,;

— ompefesnieHue 0e30MacHBIX YCIOBUI JBHKE-
HUSl OOBIYHOTO U CHEIMATU3UPOBAHHOIO ITOBYIK-
HOrO COCTaBa [0 MAarMCTPajbHBIM y4acTKaM JKe-
JIC3HBIX JIOPOT;

— MAaTeMaTU4eCKOE MOJICIIMPOBAHHUE OJ[PEITb-
COBOTO OCHOBAHHS B POCTPAHCTBEHHOW ITOCTAHOB-
Ke JUIA 33/1a4 JAWHAMHUKH PENbCOBBIX JKHIMAXeH U
B3aUMOJICHCTBUS UX C JKEJIC3HOIOPOKHBIM ITyTEM;

— JWHAMUKA TPaJWIIMOHHOTO U BBICOKOCKOPO-
CTHOTO PEITBCOBOTO TPAHCIIOPTA,;

— pa3paboTKa HOBBIX KOHCTPYKIIMH XOJOBBIX
YyacTel BaroHOB U JIOKOMOTHBOB;

— COBEpPIIIEHCTBOBAHHWE METOAMK IPOBEIEHUS
IKCIIEPUMEHTAIILHBIX HMCCICAOBAHUI Pa3IUUHBIX
PEIIbCOBBIX IKUIIAKECH.

23 nexabps 2016 roga Buxrtopy anuioBuuy
ucnoaHmiock 6er 80 jier, HO cympba pacHopsiau-
Jlach WHA4Ye, W Y)KE JBEHAALATh JICT, KaK €ro HeT
¢ Hamu. Ho cBeTnas mamsTh 0 MpeKpacHOM deyo-
BeKe, mejarore W yueHoMm — JlanoBuye Bukrope
JanwnoBuue — OyAET KUTh B HAIIUX BOCIIOMHHA-
HusX. OT UMEHHU KOJUIEKTUBA COCTaBUTENCH BhIpa-
xaro OnaromapHocTh xeHe B. JI. lanoBuua Dneo-
HOpe EdumoBHe u chiHOBBAM Uropto 1 Asnekcani-
Py 3a MOMOIIIb B MOJITOTOBKE MaTepHaa.
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IyTH, UL UCCIICNOBAHMS HPOCTPAHCTBEHHBIX KOJIe-
6anmii / B. JI. Jlanosuy, E. YO. Tpy6urikas // Marep.
33-if Hay4.-TexH. KOH(]. / BpsAHCK. HH-T TpaHCIT. Ma-
mmHocTpoeHust. — bpsiack, 1972. — C. 47.

Hanosuu, B. JI. MogaenupoBaHue COEIUHUTENb-
HBIX DJICMEHTOB THIIA CYXO€ TPEHHE» B KOMIIbIO-
TEPHBIX MPOTpaMMax sl pelleHusl 3aj1ad JMHa-
MHUKH penbCoBbix dkunaxeit / B. II. Jlanosuy,
B. A. JlurBun // TlpobieMu MexaHiKH 3ai3H.
TpaHcrl. Jluramika, HaxiiHICTh Ta Oe3meKa pyxoMo-
ro ckimanay : te3u jgor. |X Mixnap. xoud. (29.05—-
31.05.1996) / duimporeTp. iH-T iHXEHEPIB 3aITi3H.
Tpanc. — JlHinponerposcbk, 1996. — C. 77.
HanoBuu, B. 1. Mogens penpco—IINanbHON pe-
HIETKH B 3aJayax B3auMOJEHCTBUS TMOIBHKHOTO
cocraBa u nytH / B. /1. JTanosuu, H. B. Xanumosga,
H. T'. Ynnmkuna // TIpoGieMbl B3aUMOJIEHCTBHS
ITyTH ¥ TTOJIBM)KHOTO COCTaBa : Te3. JIOKI. Mexmy-
Hap. Hayud.-mpakt. koH¢. (01.10.-02.10.1998) /
JHenporerp. MH-T WHXKEHEPOB 3K.-Jl. TPaHCI. —
Huenponerporck, 1998. — C. 9-10.

HanoBuy, B. JI. O BbIOOpE pacyeTHBIX Mapamer-
POB MOJPETHCOBOTO OCHOBAaHHA IO Mojenu Bia-
cosa / B. . lanosuy, B. C. Ukkon // Tp. NN Ta.
— JHuemponerposck, 1977. — Bem. 190/23. —
C. 53-56.

Hanosud, B. /1. O Monenu yrpyroro OCHOBaHUS C
TpeMs ¥ TisThio mapamerpamu / B. J[. danosuy //
Tp. ANNTa. — [duenpomerposck, 1975. — Bem.
158. - C. 73-76.

HanoBud, B. JI. O cBs3u MexAy mnapameTpamu
KOHTHHYaJbHONW W JMCKPETHON Momened mytu /
B. . JdawoBuu // TIpoGieMbl MEXaHUKH Ha3eM.
TPAHCIIOPTa . MEXBY3. cO. Hayd. Tp. — JlHempo-
meTpoBck, 1978. — Beim. 198/20. — C. 45-50.
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12.

13.

14,

15.

16.

17.

18.

19.

20.

HanoBuu, B. JI. Ouenka BIMSHUSI COCTOSIHUSI Te-
nexkn Mozenu 18-100 Ha u3HOC B mape «KoJIeco-
pensc» [ B. 1. Jlanosuy, A. I'. Peiinemeiictep //
Tpaucmopr : 36. Hayk. mp. / JlHimporeTp. Jepik.
TEXH. YH-T 3aJli3H. TpaHCIL. — JIHIIpONETPOBCHK,
1999. — Bumn. 1. — C. 135-141.

Hanosuu, B. JI. IlpumeHeHHE KOMIBIOTEPHOIO
MOJICTMPOBAaHUS TIPH aHaJIH3e CIy4aeB CXoja
B APM «PeBusop mo GesomacHoctu» / B. JI. Jla-
nosu4, C. B. Mssvumnn, B. A. Jlutsunos // XK.-x.
TPAHCHOPT CETONIHS W 3aBTPa . Te3. JIOKI. FOOWIL.
Hay4.-TexH. KoH(}. / VYpan. rToc. akam. myTeit
coobm. — EkarepunOypr, 1998. - Y. 1. -
C. 256-257.

HccnenoBanne BepTUKAIBHBIX KOJIEOAHHWH Baro-
HOB TMpPH IIOMOLIM SIIEKTPOHHBIX Mogenei /
B. A. JlazapsH, B. 1. [lanoBuy, JI. A. Manamikus,
JI. C. Cokon // Tp. koH(. 10 KOHCTPYKLHHU Tele-
JKeK BaroHoB. — Jlenunrpan, 1967.

HccrenoBanne BepTUKAIbHBIX KOJICOAHUH YETHI-
PEXOCHOTO TPY30BOTO BaroHa C IOMOIIBIO DJICK-
TpoHHBIX Mojesei / B. A. JlazapsH, P. B. I'panos-
ckuit, B. [I. lanoBuy, JI. A. ManamkuHn. — [{nen-
porerpoBck, 1970. — 6 c¢. — Pyc. — Jemn.
B HUNDBUP, Ne [1-1844.

K Bonpocy o noctpoeHun MaTeMaTHUECKON MOze-
JIX HATIOJIBHOTO yCTPOHCTBA BECOMEpPA C MATrHHUTO-
yrnpyrum gataukom / B. JI. Jlanosuu, JI. JI. Tlo-
nonbekuit. — Jnenponerposek, 1977. — 12 c. —
Pyc. — Jen. 8 THUUTOU MIIC, Ne 518/77.
MatemaTndeckasi MOAETh BBIHYXIECHHBIX Koieba-
HHUM ~ CHCTEMBl  «IOE3I-dKUNAX-MyTh» I
OlleHKH m3HOca Koseca u penbea / E. I1. Broxus,
B. . HanoBuu, M. JI. Kopotenko, JI. A. Manaiu-
kuH // TIpoGu. MexaHiku 3aimi3H. TpaHcm. JuHami-
Ka, HaJiiHICTh Ta Oe3MeKa pyXoMOro CKJIay | Te-
3u gom. |X Mixuap. koud. (29.05-31.05.1996) /
JuenporneTp. WH-T WHXXEHEPOB JK.-I. TPAHCI. —
Juinponerposcrk, 1996. — C. 59-60.
MatemaTideckasi MOJCTb JJIST MCCICIOBAHUS JIH-
HaMuku sekTpososa / C. B. Mamiun, E. T1. Bro-
xuH, B. JI. Jlanosuu4, JI. A. Hemyxas // Cospem.
mpo0JI. MaIIMHOBEACHHA | MaTtep. MexayHap. Ha-
y4.-TexH. KoH}. / M-Bo obpaszoBanus Pecm. bema-
pycs, benopyc. nnx. akaz., 'oMmen. monurexH. uH-
T um. I1. O. Cyxoro. — 'omens, 1996. — C. 99-100.
Maremaruueckass MOAENb  IPOCTPAHCTBEHHBIX
KoJIeOaHWH MarucTpalbHOTO I'PY30BOTO 3JIEKTPO-
Bo3a / E. I1. baoxuwu, B. JI. lanoBuy, JI. A. Heny-
xas. — Jlnenporerposck, 1996. — 12 c. — Pyc. —
Hen. 8 THTB Ykpaunsr 09.01.96, Ne 229-Vk96.
MatemaTideckass MOJENb  IPOCTPAHCTBEHHBIX
KoJeOaHUH SJEKTPOBO3a C MOACPHHU3MPOBAHHOU
CXEMO#l coemuHEHHs Ky30Ba C Tenexkamu [
B. A. Janosu4, M. JI. Koporenxko, C. B. M,

21.

22.

23.

24,

25.

26.

217.

JI. A. Henyxas // Tpauncnopt. IloBbiieHue 3¢ de-
KTUBHOCTH DPa0OTBl YCTPOWCTB 3JIEKTPUYECKOTO
TPAHCIIOPTa : MEXBYy3. ¢0. Hayd. Tp. / JHempo-
TeTp. MH-T MHXXECHEPOB XK.-JI. TpaHci. — JlHempo-
meTpoBck, 1999. — C. 183-190.

Merouueckre BOIIPOCH! TUHAMHYECKUX HCTIBITA-
HUH PENbCOBOrO KOJECHOTO TPAaHCIOpPTa Ha BHO-
po6esomacHocts / E. TI. Brmoxun, 0. M. Yepka-
mue, B. J. Hawouu, M. JI. Koporenko,
C. B. Mamun, P. b. I'panosckuii, B. JI. T'opoberr,
H. 5. lapkaswy, E. ©. ®enopos // TexH. MexaHHUKa.
—2005. - Ne 1. — C. 131-143.

MozenupoBaHue HEPOBHOCTH IyTH NPH UCCIEO0-
BaHuu Ha ABM konebaHuii  ABHXKYyIIETOCS
yersipexocHoro skunaxa / P. B. I'panoBckuii,
B. A. danoBuu, JI. A. ManamkuH, B. A. My3sI-
kuH, JI. C. Cokon // Tp. IUNUT. — JIHemnpormeTt-
poBck, 1971. — Bem. 103. — C. 89-96.

Mswmml, C. B. PerpocnektuBHbI aHanmu3 Qop-
MHPOBaHHs Hay4HOTO IMOoTeHIMana J{Hempomnerpo-
BCKOTO HAIMOHAJIBHOTO YHUBEPCHTETA JKEIE3HO-
JIOPO’KHOTO TPaHCHOPTa UMEHH akagemuka B. Jla-
sapsina / C. B. Msmutun, U. B. Aruenxo // Hayka
Ta mporpec tpancmopty. — 2015, — Ne 2 (56). —
C. 7-38. — doi: 10.15802/stp2015/42158.

O Mogzemsx I HCCIENOBaHMS B3aMMOJEHCTBHS
MOABMXXKHOTO coctaBa u myt / B. A. JlasapsH,
3. I'. bepman, JI. A. Tlanbuenko, P. b. I'panos-
ckuii, B. [I. JTanoBuy, A. U. 3anecckuii, C. U. Ko-
namenko, U. A. Jlutsus, E. FO. Tpyounkas // u-
HaMMKa M MEpbl OBBIIIEHHS 3KCILUTyaT. HaJle)KHO-
CTH JIOKOMOTHBOB B YCIIOBHSIX XK. 1. Ypana u Cu-
Ompu : Tp. ceTeBOW Hayd.-TeXH. KOHP. — OMCK,
1973. - C. 174-177.

OO6paboTKa pe3yabTaTOB XOJOBHIX HCIBITAHUH
XKEJIE3HOJIOPOXKHBIX BAaroHOB C LIENIBIO ONpeserne-
Hu ux guHamuueckux kadects / E. I1. Brnoxus,
JI. A. Manamkus, B. 1. Jlanosug, M. JI. Kopote-
HKo, P. b. I'panoBckuit, C. B. Mammun, H. 4. Ia-
pkaBu, E. ®@. ®emopos // Bicti Akaaemii imxeHe-
pHUX Hayk Ykpainu: MammnoOyayBanns. — 2002,
—Ne 4 (17). — C. 52-61.

IIpumenenue JJIEKTPOHHBIX Mozenen
K  HUCCIEJOBAHMIO  B3aUMOJEHCTBUA  IIyTH
u moasmwkHOro cocrasa / B. JI. [lanoBuy,
B. A. Jlazaps, JI. A. Manamkus, JI. C. Cokon //
Tes. nokn. XVII Hay4.-TexH. koH}. un-Ta / {nen-
pomeTp. MH-T MHXXEHEPOB X.-1. TpaHcn. — J[Her-
ponerposck, 1967. — C. 29-30.

Myamlin, S. V. Development of scientific school
of transport mechanics: artistic legacy of Ye.
P. Blokhin / S. V. Myamlin, T. O. Kolesnykova //
Hayka Ta mporpec Tpancnopry. — 2014, — Ne 1
(49). — C. 7-21. — doi: 10.15802/stp2014/22657.
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akazemika B. JlasapsiHa, By1. Jlasapsina, 2, J{ninpo, Ykpaina, 49010, ten. +38 (056) 374 00 97, en. nomrra dovganyuk@ukr.net,

ORCID 0000-0003-1320-3192

TH)KEHEP, MEXAHIK, BUEHUMN.

10 80-PIYYA 3 THA HAPOIKEHHS TPO®ECOPA

CABYYKA OPECTA MAKAPOBHUYA

HaykoBa mkona HamiifHOCTI BaroHiB Oyna 3a-
MOYaTKOBaHa B J[HIMPONETPOBCHKOMY HaIliOHAIIb-

HOMY VHIBEPCHUTETI 3ali3HUYHOTO TPAHCIOPTY
iMeHi akanemika B. JlazapsiHa mpakTH9HO 3 moYaT-
Ky 3aCHYBaHHsI iHCTUTYTY BiJIOMHM BYCHUM B ra-
Ty3i BaroHoOyayBaHHsS 1 €KCIUTyaTtalii pyXoMoro
cknany Bunokyposum Muxaiinom BacunboBuuem.
ligauM mpomoBKyBayeM 1 OYIJILHUKOM IIi€i Hay-
KOBOI LIKOJH MPOTAroM OaraTbox pokis Oys Cas-
yyk Opect MakapoBuu.

Opect MaxkapoBnd HapoauBcs 6 mmcTOmama
1936 p. B micri Jlykis, 1110 Ha BonuHi, B CeNsHCH-
kiii pommni. Ilicms 3akindenHs JIykiBchkoi ce-

pennpoi mkomu O. M. CaBuyk CTaB CTyJEHTOM
MexaniyHoro ¢axynabTeTy JIHIIponeTpoBCHKOTO
IHCTUTYTY IHJKEHEpiB 3ali3HHYHOTO TPAHCIOPTY
(OIITy). HaBuaBcs Ha BigMmiHHO, OYB aKTHBHHM
Y4aCHHKOM T'POMAaJCBhKOTO JKUTTA, XyIOKHBOI ca-
MOJISUIBHOCT], aKTUBHO IPALIOBAaB y CTYICHTCh-
KOMY HayKOBOMY TypTKy. Y 1957p. 3akiHumMB HaB-
YaHHS, OTPUMABIIM JWILIOM 3 Bim3Hakoro. [licis
3akinueHHs ATy npamtoBaB Opuragupom, Maucr-
POM TpaHCHOPTHOTO 1exy JHINpoa3ep>KUHCHKOTO
MeTanypriiiHoro komoOinary. B 1959 pomi OyB 3a-
OpolmeHHH 10 poOOTH Ha iHXKEHEpHY Tocaxy
B JIIIT, ane y mpoMy K poIli HOro HampaBIsAOTH HA
poOOTy TOJOBHHM I1H)KEHEPOM KOJITOCIY iM.
KominTepny BacuibkiBchkoro paiiony. Tyt mMoo-
Uil 1H)KEeHEep-MeXaHIK MUISIXIB CIONyYeHHS, BHKO-
PUCTOBYIOYH 3HAHHS, HaOyTi B IHCTHUTYTI, MPOIIO-
HY€ HU3KYy HOBAIliif 3 MeXaHi3alii peMOHTY CLIbCh-
Korocmojgapcekoi Texuiku. Ilig #oro kepis-
HUNTBOM OyiHM MmMoOyJoBaHI 3pa3KoBi MeXaHiuHi
MatictepHi. B xonrocni Opect MakapoBud 3Haio-
MUTBCS 13 CBOEI0 MallOyTHBOIO APYKHHOIO — BUH-
Tenpkolo BanentuHoto CremaHiBHOI0O, 3 SIKOIO
MIaCJIMBO TIPOKHB BCE Tomajblne XUTTA. Y 1961
poui noBepHyBcst 1o JIITy, ne mo4ap mpaioBaTu
acucTeHTOM Kadeapu «BaroHu Ta BaroHHe TOCIO-
JapCTBOY.

Hapuatounce B acmipanTypi B akaJaemika
HarmionanpHoi akanemii Hayk Ykpainu Bceomona
ApytionoBuua Jlazapsaa, O. M. CaBuyk y 1968 p.
JIOCTPOKOBO 3aXHCTUB KaHIUAATCHKY AMCEPTALiO
Ha TeMy «[IpumeHeHHe FIIEKTPUYECKOr0 MOJEINH-
POBaHMs K PEIICHUIO 3a7ad CTPOUTEIbHON Mexa-
HUKH, CBSI3aHHBIX C pacdyeToM BaroHoB». ¥ 1970 p.
HOMY MPHUCBOEHO BUCHE 3BaHHS JIOIICHTA.
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VY 1974 p. nouent O. M. CaBuyk OyB oOpaHuii
3aBigyBadeM Kadeaporo «BaroHu ta Baronse roc-
nomapctBo». Y 1977-1979 pp. BiH mpaimioBaB Ha
rpoMancekiii  podori B JAIITi. 3amumaroduch
3aBimyBaueM kadenporo, y 1979 p. obiiimae moca-
Iy mpopekTopa 3 HaykoBoi poOotu. IIporsirom
ckaanaux 90-x pokiB O. M. CaBuyky Baanocs
30eperTd  HayKOBO-TIEAAroriyHUN  MOTEHIiAaN
YVHIBEPCUTETY, 3HAYHO PO3IIUPUTH MIiKHAPOIHI
HAyKOBi 3B’SI3KH, MIATPUMYBATH 1 3MII[HIOBATH
3B’SI3KHM HAYKH 3 BUPOOHHUIITBOM.

VY 1988 p. O. M. CaBuyk yCHIIIHO 3aXHCTHB
qucepraniro Ha TeMy «ONTHMAajIbHOE MPOCSKTHPO-
BaHHE U COBEPILCHCTBOBAHWE KOHCTPYKLUH He-
MIOPECCOPEHHBIX JAETaleil XOMOBBIX 4YacTed IOA-
BI)KHOTO COCTaBa» i OTPUMAaB BUYCHHH CTYMiHb
IOKTOpa TEXHIYHUX HayK. Y IbOMY JK pOIIi BiH OyB
Haropo/UKEHUH 30JI0TOI0 Mejauno  «BucrtaBku
Hocsruens Hapoguoro I'ocniogapersa xpaiHu» 3a
PO3pOOKY alNropuTMy pPO3pPaxyHKy POJIHUKOBOTO
OyKCOBOTO By3Jla BAaHTa)KHOT'O BaroHa 3 JETAJIMU
13 aMOMIHIEBOTO CIUIABY, pO3pOOKY peKOMEHAIIIH
Ha KOHCTPYKTHBHI IapaMmeTpH, Ja0opaTopHi Ta
eKCIUTyaTaliifHi BUIPOOyBaHHS.

Y 1989 p. oMy NOpUCBOEHO BYCHE 3BaHHS
npocecopa.

Y 2001 p., mocunaro4nch Ha CTaH 3J0POB’S,
Opect MakapoBHuY CKJIaB aJMiHICTPaTUBHI MTOBHO-
BO)XCHHS, MPOJOBXKYIOUM 3aliMaTHCh HayKOBO-
MeAarorivHo0 poOoTor0 Ha Kadenpi. Unrtas Jexii
CTyJIeHTaM, OpaB ydJacTh y HayKOBHUX OCIIHKCH-
HAX Ta BUHAXIJHUIBKIHA TISIBHOCTI KaeapH.

CaBuyk Opect MakapoBud IIIIOB 3 JKUTTS
28 ciuns 2016 poky.

IIpodecop O. M. CaBuyk BimOMHIA BUYCHHI-
MeXaHiK, BiH pO3pOOHB TEOPETHYHI Ta MPUKIAIHI
METOAU ONTHMAIBHOTO NPOEKTYBAaHHS BAaroHiB Ta
1X KOMIUIEKTYHOUUX.

Pazom i3 daxiBusiMu kadeapu BaroHiB Ta Ba-
TOHHOTO TOCHOAAPCTBa PO3POOMB HOBUM PEMOHT-
HUY TTpodiJTb KOUEHHS Kojleca BAaHTAXKHOTO BaroHa,
skuii HasBamu «[IIIT-Y3». Ile mo3Bomwio micis
Horo BIPOBAaKEHHS HA BCIX 3ali3HULSX YKpaiHH
MIIBUITATH TEPMiH EKCIUTyaTaIlii KOJIic Ta 3HSTH
HaNpyry 3i 3HOCOM KoJjic Ta peiiok. Opect Maka-
POBHY 10 TOTO X TPHBaJIMK 4yac odoisoBaB [amy-
3eBy HAYKOBO-TE€XHIUYHY KOMICiI0 3 KOOpAWHAI]
poOIT 31 3MEHIIIEHHST HaJHOPMATUBHOT'O 3HOCY IIa-
pH «koneco-peiika». 3aBnsxu podoti Opecra Ma-
KapoBHWYa, K TOJIOBW Ii€i xomicii, Ta peamizarmii

TUIaHy 3axOJiB 3 IOMEPe/PKEHHS Ta 3MCHIICHHS
3HOCY KOJIIC Ta peHoK, 3ali3HUYHA Tady3b 3a0lla-
Jia 3Ha4HI pecypcH, IO TO3BOJIMIIO 3HAYHO IO-
KpaITUTH TEXHIKO-€KOHOMIUHI TMOKAa3HUKH BCHOTO
3aJI3HUYHOTO TPaHCIOPTY. BiH € Takox cmiBaBToO-
POM HOBHX IPHUCTPOIB, SIKi YAOCKOHAIIOIOTH POOO-
Ty MACAXUPCHKUX BaroHiB.

CaBuyk O. M. omyOmikyBaB IMOHaJ ABOXCOT
HAYKOBHX IIpallb, € CHiBaBTOPOM BOCBMH MiApy4-
HUKIB Ta MOociOHMKiB. OCOONHMBO MOMIMPEHUM CTaB
HiAPYYHUK UL CTYAEHTIB BHUIIMX HABYAJbHUX 3a-
KJIaaiB  3ali3HHYHOTO TpaHcHopry «Pyxomwmii
CKJIaJ TIPOMHCIIOBOTO 3aJIi3HUYHOTO TPAHCIIOPTY»,
SIKUH BUIAaBaBCA ABivi. B #ioro TBOpuOMy ITOpOOKYy
noHaa 30 mareHTiB Ha BHHaxoad. HaiBupmarHimmi
HaykoBi mpaumi mpogecopa CaBuyka Opecta
MakapoBrda HaBeACHO y IPHUCTaTEHHIN JTiTepaTypi
[1-12].

ITix xepiBaunTBoM O. M. CaBuyka 3aXUIIEHO
11 xaHIUAATCHKUX TUCEPTAIlii.

O. M. CaBuyk OyB akameMmikoM TpaHCrOpTHOT
Axanemii Ykpainu, TpancmoptHoi Akanemii PO
Ta Mi>XKHApOAHOT TPAHCTIOPTHOT aKaieMii HayK.

3a JOCATHYTI HayKOBO-TICHAroTidHI YCITIXU
npodecop O. M. CaBuyk HaropoKeHHU OpACHOM
Tpynosoro Uepsonoro IIpamopy, asoma ypsno-
BUMHU Menainsamu, [ pamortoro Ilpesunii BepxoBHoi
Pamu Vkpainu ta [TouecHoro rpamororo KaGinery
MinictpiB Ykpainu. BiH Takox Mae BUIly raiyse-
BY Bi/3HaKY «IlodecHuil 3aIIi3HUIHUK.

Komnextus kadeapu BaroHiB Ta BAroHHOTO T'OC-
nojapcTea  pazoM 3 [amy3eBol0  HayKOBO-
JOCTITHOIO 1a00paTOPi€r0 BaroHiB MpPOJOBXKYIOTh
MATOTOBKY KaapiB Ta PO3BHUTOK HAYKOBHX JOCIHI-
JDKCHb 3a HamlpsMKaM{ IeJaroriqHol i HayKOBOI
nisutbHOCTI podecopa CaBuyka Opecta Makapo-
Buua. Hapasi kadenpa € moTyKHMM HayKOBO-
MEeNaroriYHUM KOJIEKTUBOM TiJHAM BHMKOHYBaTH
HaYKOBI1 JIOCJIJDKEHHS CBITOBOTO PiBHSL.

CIIMCOK BUKOPUCTAHUX JIXKEPEJI

1. ABTOMAaTH3MPOBaHHBIE CHCTEMBI  YIpPaBICHUSA
MPEeINPUATHSIMA BaroHHOTO XO3sicTBa | yu4eO.
nocobue mis ByzoB. Y. 1 / A. E. Jlynapes,
O. M. CaBuyk ; /[HenpomneTp. HH-T UHXKEHEPOB K.-

n. Tpancn. — J[nemponerposck @ JUUT, 1981, —
46 c.
2.  ABTOMAaTH3MpOBaHHBIC CHCTEMBI  YIPaBICHHS

NPEANPUSTHIME BarOHHOTO X03HCTBa : y4eO. 1mo-
cooue. U. 2/ A. E. Aynapes, O. M. CaBuyk, 1983.
-54c.
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MODELLING OF SAFETY-RELATED COMMUNICATIONS
FOR RAILWAY APPLICATIONS

Purpose. The authors according to requirements of the standard valid for safety-related communication between
interlocking systems (EN 50159) analyze the situation of message undetected which is transmitted across BSC
channel. The main part is orientated to description of model with CRC code used for messages assurance across
noise communication channel. Methodology. For mathematical description of encoding, decoding, error detection
and error correction is used algebra of polynomials. Findings. The determination of the intensity of dangerous fail-
ure caused by the electromagnetic interference was calculated. Originality. To obtain information on the probability
of undetected error in transmission code and safety code and on the intensity of dangerous failure from the motel it
was created program with graphical interface. To calculate the probability of undetected error for any block code (n,
K) was created a supporting program that displays the probability of undetected error for selected interval of error bit
rate. Practical value. From the measured and calculated values obtained by the simulation one can see that with
increasing error bit rate is increasing also intensity of dangerous failures. Transmission code did not detect all cor-
rupted messages therefore it is necessary to use safety code independent on transmission code in safety-related ap-
plications. CRC is not able to detect errors if all bits are logical 0.

Keywords: safety integrity level; railway applications; safety-related communications; safety code; CRC; Mat-
lab; modeling

Introduction niques depends on whether is the possible unau-
thorized access to the system or not. This fact is
very significant because in case of possible unau-
thorized access (malicious attacks) it is necessary
to use cryptographic techniques with secret key. If
there is no possibility of unauthorized access to the
transmission system it is used non-cryptographic
safety code (type AQ). If the unauthorized access is
possible we can achieve the safety by the transmis-
sion functions related with safety with the use of
cryptographic mechanisms (type Al). Further is
for this case used term cryptographic safety code.
In case of possible unauthorized access can be used
separate access protection layer (type BO or B1).

doi 10.15802/stp2016/83915 © M. Franekowa, P. Liiley, 2016

If the safety-related electronic system transfers
information between different entities then the
communication system is also part of a safety-
related system and must be demonstrated that the
transfer between end terminals is safe and in com-
pliance with standard EN 50159 [5]. Safety-related
communication system performs and fulfils safety
functions with defined level of safety. Such a sys-
tem includes a safety-related communication layer
which contains all necessary mechanisms to ensure
safety-related transfer of data [8]. Selection and
use of a safety code and other recommended tech-
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Corruption of the message during transmission
can be caused by the network user, by the failure
of transmission medium, by the interference of
messages or by electromagnetic noise. Errors of
this type are categorized as unintentional attacks.
They can be detected by the CRC (Cyclic Redun-
dancy Check) or by the CS (Check Sum). Evidence
of safety with respect to the safety integrity level
and the nature of the safety-related process must
demonstrate appropriateness of: probability of the
detection of random error types and ability to de-
tect all types of expected message corruption sys-
tematic types.

Safety code must be independent of the trans-
mission code what can be achieved in two ways.
One is to use different encryption algorithms and
the second is to use different configuration pa-
rameters of the same algorithm. To meet the re-
quired safety integrity level must be the probability
of undetected errors below specified limit. Safety
code must be able to detect transmission faults
(e.g. impact of EMI) and systematic faults in un-
trusted transmission system caused by hardware
failures. Safety code must also be able to detect
typical faults of transmission system.

In the paper we work with the message type A0
because we do not expect unauthorized access to
the transmission system. Each message will be se-
cured with non-cryptographic safety code
CRC-r.

Characteristic of safety code

Cyclic code is the most used code that can de-
tect several multiple burst of errors. This code is

one of the linear codes (n, k), for which is appli-

cable the linearity property and also property that
cyclic shift of code word creates again code word
belonging to the code [6]. This feature is used in
the construction of encoders, mainly by the use of
linear shift register with feedback. From the group
of cyclic codes in most communication protocols
are used block systematic CRC codes marked
CRC-r (where r is the number of redundant bits in
the code word with length of n bits). For mathe-
matical description of encoding, decoding, error
detection and error correction is used algebra of
polynomials [7].

If is used the safety code in transmission sys-
tem it is necessary to demonstrate probability of
undetected error during transmission below the

limit defined by particular application or standard
to ensure the required safety level. Therefore it is
necessary to calculate the maximum value of prob-
ability of undetected error of code word in the
transmission system for every safety code. In case
of syndrome detecting techniques we look for
event when syndrome is zero (error was not de-
tected) but during the transmission of the code
word occurred error. This case is mathematically
expressed by probability of code word error p,4
depending on the error bit rate p, of used channel.
In the calculation are used statistical values of error
bit rate of particular transmission speeds or if it is
possible for particular application the channel is
tested.

When calculating the probability of undetected
errors are considered only errors arising due to in-
teractions that cause the interchange of symbols.
Errors to the improper synchronization are re-
solved by other safety means. The probability of
undetected error for codes with unknown weight
function can be calculated by following equation

[4]:
pned E2n_1k' Zn: [nJ plla(l_ pb)n_i . (1)

i=dmin{ |
If the conjunction of n and p, is much smaller
than one (np, <«1) the sum can be approximated

by the first number of the sum. The equation 1 can
be adjusted to following:

1 (n
Prea =20k g

min

where: n - total number of code bits, k — number
of information part bits, d.;,, — minimum Ham-
ming distance, p, — error bit rate of the communi-
cation channel.

The minimum Hamming distance d;, and the
length of code word n are the basis for the con-
struction of block codes. The systematic block
code (n, k) has the upper limit of achievable min-
imal Hamming distance given by Varshamov-
Gilbert inequality. For odd values of d_.. applies
equation 3 and for even values of d_;, applies

equation 4. Codes where these two equations are
equal are called perfect codes [3].

min
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) Z(dmm—n/z( J <o )

2 Z(dmln 2)/2(” 1J< 2n—1.

Error probability calculated according to the

equation 2 limits to the value 27— 27" 'what is
the highest residual error rate of the code (equation
5). This value is stated as maximum value of unde-
tected error for CRC-r codes [5]. The probability
of undetected error can be then calculated by the
following equation:

(4)

=2, ()

pundet

where r — number of redundant bits.

If the error is not detected by transmission code
nor safety code while the data integrity was cor-
rupted by EMI during the transmission of the mes-
sage the intensity of dangerous failure caused by
EMI A, Iis calculated according to equation 6

[6]:
= Psc-Pre- (6)

where: pg is the probability of undetected failure
of safety code, p;c is the probability of undetected
failure of transmission code, p;. =1 if the trans-
mission system does not include a channel encoder

EMI cor !

and channel decoder of transmission code, f_,

the frequency of occurrence of corrupted mes-
sages. In case of cyclic transmission of messages
can be easily determined. In case of non-cyclic
transmission of messages is this value estimated or
set to the worst case scenario — all messages gener-
ated from the source are corrupted.

Description of realized model

Realized model of safety-related communica-
tion system with transmission code and safety code
is shown in Fig. 1. In the figure is the scheme
composed of seven blocks. Communication system
consists of transmission system and two terminal
equipment’s TE; and TE, Transmission system is
composed of a communication channel CCH, en-
coder of transmission code Erc, decoder of trans-
mission code D+c, encoder of safety code Esc and
decoder of safety code Dgc. The transmission sys-
tem is untrusted if it contains only a communica-
tion channel and transmission code. The safety
integrity level can be in this case defined as SIL 0.
To achieve higher level of safety integrity SIL 1 to
SIL 4 we have to add safety code for elimination of
communication errors which are not detected via
transmission code. The SIL level depends on the
selected safety code.

Communication svstem

Transmission svstem

(SIL 1-4)

TE,

-,

Trusted transmission system

Untrusted transmission svstem (SIL 0

EMI

h 4

Fig. 1. Safety-related communication system for two-point connection
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Fig. 2. Model with a safety code and transmission code realized in Matlab [2]

In Fig. 2 is shown the model simulating the
transfer of n messages secured with safety code
and transmission code which was constructed in
software tool Matlab, version 7.10.0 (R2010a) and
Communications System Toolbox library [2].

The model is constructed to simulate the trans-
mission of messages through safety-related com-
munication system secured by transmission code
and safety code for two-point connection. From the
point of view of ensuring the transmission we are
using the safety code and transmission code based
on CRC-r. Length of information part of the mes-
sage was set to 64 bits. In order to ensure the inde-
pendence of both types of codes was the generating
polynomial of transmission code selected from
standardized polynomials. For safety analysis we
used generating polynomial of 8th degree type
G(x)= x8+x2+x+1, which is used for example in
ATM link protocol. Safety code generating poly-
nomial was also selected from standardized poly-
nomials for safety-related applications. There was
selected polynomial of 32nd grade

G(X)=x32+x30+x27+x25+x22+x20+x13+x12+
X11+X10+X8+X7+X6+Xx5+x4+1,
which is used for example by the European Train
Control System ETCS and if used separately it
provides integrity level SIL 2. Model is designed
so that we can simulate different error pattern. To
trigger them we use three switches (S1, S2, S3). If
we want to simulate transmission where the mes-
sages are affected only by functional block of bi-
nary symmetric channel (which generates random
errors) S1 must be in position 1, on the position of
S2 does not matter and S3 must be in position 1. If
we want to simulate transmission where the mes-

sages are affected by functional block of binary
symmetric channel and subsequently negated the
position of switches is as follows: S1 — position 2,
S2 — does not matter, S3 — position 1. If we want to
simulate transmission where all bits are set to logi-
cal 0 the position of switches is as follows: S1 —
does not matter, S2 — position 1, S3 — position 2. If
we want to simulate transmission where all bits are
set to logical 1 the position of switches is as fol-
lows: S1 — does not matter, S2 — position 2, S3 -
position 2.

Results and comments

During the time simulations of safety-related
messages we were changing the bit error rate
(BER) of the binary symmetric channel (BSC) by
changing of BER in the range 1.10-8 to 0,5 (values
less than 10-8 have shown very low error rate).
Time of the simulation was set to 100000 s for eve-
ry error bit rate of binary symmetric channel to
simulate transfer of 100000 messages with length
104 bits (64 bits of information part, safety code 32
bits and transmission code 8 bits). Each second
was sent one message [2].

Pul-]

1.0E-07 1,0E-06 1,0E-05 10E-04 10E-03 10E-02 1,0E-01 1,0E+00

1,00E-12

1,00E-25
1,00E-38
1.00E-
1,00E-6:
1,00E-77
1.00E-5
1.00E-103

1,00E-116
dgan [h-1]

Fig. 4. Dependence of Ag, on p, [4]
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In the Fig. 2 is shown intensity of dangerous
failures caused by EMI in closed transmission sys-
tem which is assured by transmission and safety
codes depending on the real BER of the communi-
cation channel. The value (3,2742e-9) is the worst
intensity of dangerous failure. This is calculated as
conjunction of the value of worst probability of
transmission code (2®), value of worst probability
of safety code and (2°*%) and the frequency of cor-
rupted massages, when all messages are considered
as corrupted (3600). This implies that such trans-
mission system complies with requirements for the
safety intensity level SIL 4 classified for all system
with high demand (10° < THR < 10).

Conclusions

The number of applications with higher SIL
(Safety Integrity Level) for which is necessary to
provide evidence of safety not only for hardware
parts and software parts but also for the communi-
cation system is growing. The authors are in this
papers dealing with the issue of safety-related
communication and types of failures that may oc-
cur during transmission of safety-related messages.
We focused on the requirements for the safety code
according to standard EN 50159 with special atten-
tion to the cyclic code on the CRC principle. Ac-
cording to requirements of the standard it is neces-
sary to demonstrate that transmission via real
communication channel with safety code meets the
required safety integrity level.

The main part of the article was orientated to
model realization that simulates transmission of
safety-related messages via communication system
with closed transmission system at the level of
two-point connection. We simulated transfer of
messages for various settings of bit error rate of
communication channel (model BSC). We also
simulated transfer of messages in extreme fault
condition as inversion of the message, all bits in
logical 0 and all bits in logical 1. We applied lim-
ited binary error channel to test the integrity of the
transfer with CRC-r safety code and transmission
code for various lengths of simulated burst of er-
rors. To obtain information on the probability of
undetected error in transmission code and safety
code and on the intensity of dangerous failure from
the motel we created program with graphical inter-
face. To calculate the probability of undetected
error for any block code (n, k) was created a sup-
porting program that displays the probability of

undetected error for selected interval of error bit
rate. We can see from the measured and calculated
values obtained by the simulation that with in-
creasing error bit rate is increasing also intensity of
dangerous failures. Transmission code did not de-
tect all corrupted messages therefore it is necessary
to use safety code independent on transmission
code in safety-related applications. CRC is not able
to detect errors if all bits are logical 0.
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MOJEJIOBAHHS IPUCTPOIB 3B'S13KY, 11O 3ABE3IEYYIOTh
BE3IIEKY HA 3AJIIBHULIAX

Merta. BiamosigHo 10 BUMOT cTaHAApTiB 10 Ge3MMevHOro 3B’ 13Ky B cucTeMax rentpaiizamii (EN 50159) asro-
paMu MpoaHaTi30BaHO CHTYAI[IF0 HEBHUSBJICHUX MMOBIOMIICHb PO MOMMUIIKY, KA MEPENAETHCS Yepe3 KaHai JBIHKO-
BOI CHHXpOHHOI mepenadi. OCHOBHA YacTHHA CTATTi OMHCY€ MOAENH 13 KOJOM ITUKIIYHOI MEePEeBipKH, sIKa BUKOPHUC-
TOBYETHCA IUIS 3a0€3IE€UeHHs] JOCTOBIPHOCTI ITOBIIOMIICHB, MIEPEAAHNX Yepe3 KaHall 3B 3Ky IIYMOBUX ITEPEIIKO/I.
Metoauka. [[jiss MaTeMaTHYHOTO ONKCY KOJAYBaHHS, JEKOAyBaHHs, BUSBICHHS 1 KOPEKI[i MOMHIOK BUKOPHCTOBY-
€Tbcsi anreOpa MHOrowiIeHiB. PesynbraTn. s orpumanHs iHpopMaii npo AMOBIpHICTh HEBUSIBICHHS TOMHIKA
B KOJIi mepenadi Ta Kozl 0e3nekH, a Takox iHpopMalii nmpo iHTEeHCHBHICTh HeOe3lMeYHuX BigMOB, Oyia CTBOpeHa
nporpama 3 rpadiuauM iHTepdeiicom. s TOro, mod OOYHUCIUTH BIPOTIAHICTh HEBUSABICHHS MOMUJIKH [UIS OY/Ib-
skoro 6mouHoro koxay (N, K) Oyia cTBopeHa HOMOMDKHA MporpaMa, sika BifoOpaxkae HMOBIPHICTh HEBHUSIBJICHHS IO~
MUJIKH JUIsl 0OpaHoro iHTepBaly MIBUAKOCTI nepenadi OiTiB moMwiku. HaykoBa HOBH3HA. Y CTAaTTI pO3paxoBYETHCS
BU3HAYCHHS  IHTCHCHBHOCTI  HEOE3MEYHWX  BIJIMOB, BHKIHMKAHUX  CJICKTPOMATHITHUMHU  IEPEIIKOaMH.
IMpakTuuna 3HaunmicTs. Ha 0CHOBI BUMIpSIHUX Ta PO3PaXyHKOBHX 3HAYCHb, OTPUMAHUX 32 JIOMIOMOTOI0 MOJIEIIO-
BaHHS, MOXHa 3pOOUTH BHCHOBOK, IO 3i 30UTBIICHHSAM YacTOTH TOSBU OITiB IOMHIIKH 3pOCTa€ TaKOX IHTEHCHB-
HicTh HeOe3neuHnx BimMoB. Ko mepenadi He MO)ke BHSABHTH BCi MOMIKOHKEHI MMOBITOMICHHS, TOMY HEOOXiTHO BU-
KOPHCTOBYBATH KOJ O€3MeKH He3alIekKHO B KoMy Mepenadi B AoAaTKax, MOB’s3aHuX i3 6e3nexoro. Kox nukiignoi
MepeBipKU HE MOXKE BUSIBUTH TOMUIIKH, SKIIO BCi OiTH jorivsi 0.

Kniouosi crosa: piBeHb MOBHOTH O€3MEKH; 3ali3HUYHI TOJATKU; PUCTPOT 3B s13KiB Oe3neku; kox 6e3neku; CRC;
Matlab; monemoBaHHs
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01026, Ten. +421 (041) 513 33 46, >1. moura maria.franekova@fel.uniza.sk
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MOJIEJJUPOBAHUE YCTPOMCTB CBSI3H,
OBECIIEYNBAIOINX BE3OITACHOCTbD HA KEJIE3HBIX TOPOT'AX

Henn. B cooTBeTcTBHU ¢ TPEOOBAHMSAME CTAHIAPTOB JUTs OE30MACHOM CBsA3M B cucTeMax nentpaimsanuu (EN
50159) aBropaMu MpoaHATU3UPOBAHA CHUTYAlMsi HEOOHAPYKEHHBIX COOOIICHUN 00 ommMOKe, KOTOpas MepeaacTcs
4yepe3 KaHal [lBOI/I'-IHOﬁ CHHXpOHHOﬁ nepeaadu. OcHOBHAas 4aCTh CTaTbU OMHUCHIBAET MO/J€JIb C KOIOM HHKHH‘IeCKOPI
TIPOBEPKH, MCIIONIB3YEMYIO /It oOecrieueH sl JOCTOBEPHOCTH COOOIIEHNH, ITepeaBaeMbIX Yepe3 KaHajl CBS3U IIy-
MOBBIX MoMex. MeToauka. [{si MAaTeMaTHYECKOTr0 OMMCAHKUs KOTUPOBAHUsI, ICKOJUPOBAaHHs, OOHAPYKEHUS U KOP-
PEeKLHK OMUOOK UCIIOJB3yeTCs aredpa MHOrowIeHoB. PesyabTatsl. {11 nomydeHns HHGOPMaLUH O BEPOSITHOCTH
HeoOHapy)KeHHs OIMOKH B KOJIE NIepeaadd U Koae 0e30MacHOCTH, a Takke HHPOpMauuu 00 HHTEHCHBHOCTH Omac-
HBIX OTKa30B, ObUIa co3/laHa Iporpamma ¢ rpapuueckuM uHTepdeiicoMm. st Toro, 4To6bl BEIYUCIUTD BEPOSITHOCTD
HEOOHAPYKEHHsT OMMOKK 1St JTro6oro Gounoro koaa (N, K) 6suta co3mana BcmoMoraTesbHas mporpaMma, KoTopast
oToOpakaeT BEPOSITHOCTh HEOOHAPYKEHHS OIIMOKH UIs BHIOPAHHOTO MHTEpBajla CKOPOCTH Iepeaayn OUTOB OMIHO-
ku. Hayynas HoBu3Ha. B cTaThe paccumThIBaeTCs OmIpelelieHHe WHTCHCHBHOCTH OIACHBIX OTKAa30B, BBI3BAHHBIX
ANIEKTpOMarHUTHeIMH NoMexamu. [IpakTuyeckasi 3HaUMMocTh. Ha OCHOBE M3MEpEHHBIX M PacueTHBIX 3HAUYCHHH,
TMOJYYCHHBIX C MOMOLIBIO MOACIMPOBAHUA, MOXKHO CACIATh BBIBO/, YTO C YBCIMUYCHUCM YaCTOThI MMOABJICHUA 6I/ITOB
OLIMOKU PacTeT TaKke€ WHTEHCHBHOCTH OINACHBIX OTKa3oB. Kox mepenaun He oOHapy>KMBaeT BCE MOBPEXKICHHBIC
coO0OIIeHH s, TI03TOMY HEOOXOANMO HCIIOIb30BaTh KOJI 0€301IaCHOCTH HE3aBUCHMO OT KOJia TIepe/iauy B IPHII0KEHH-
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ABTOMATHU30BAHI CUCTEMMU YIIPABJIIHHA HA TPAHCIIOPTI

SIX, CBSI3aHHBIX ¢ Oe30macHOCThIO. Kox HUKIMYecKOr MPOBEPKH HE MOXKET OOHApyKUTh OIMIMOKH, €CIIH BCE OMTHI
sornyHsl 0.

Kniouesvie cnosa. YPOBEHB ITOJTHOTBI 6630HaCHOCTI/I; KCJIC3HOAOPOXKHBIC IPUIIOKECHUS, YCTPOﬁCTBa cBs3M 0€30-

nacHoctH; kKoj 6e3omacuocti; CRC; Matlab; monenuposanne
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MOJAEJIN OINEHKHU YPOBHS 3ATPASHEHUA ATMOC®EPHI
ITPU TPAHCIIOPTUPOBKE ChIIIYUYUX I'PY30B

Hens. Hayunas pabora HampaBieHa Ha pa3pabotky 3D, 2D uncieHHBIX MOAeJeH Uil MPOTHO3a 3arps3HeHMUS
aTMoc(epbl IPH TPAHCIIOPTUPOBKE CHITYYUX I'PY30B B JKEJIC3HOIOPOXKHOM BaroHe. Meroauka. /s pemeHus no-
CTaBJICHHOH 3aJ1a4d pa3padoTaHbl YUCICHHBIC MOJICIIY, OCHOBAaHHBIC HAa IPHMCHECHUH YPaBHEHHH JBVOKCHUS HEBSI3-
KOH HEeCX)KMMaeMOH KHUIKOCTH U MaccoIlepeHoca, T ONpeielIeH s oIl CKOPOCTH BETPOBOTO NMOTOKA BOJIM3H Baro-
HOB ¥ paccenBaHMs IbUTH B atMocepe. 11 YHCICHHOT0 HHTErPUPOBAHUS YPaBHEHHS IIepeHOCa 3arpsa3HUTEN HC-
MOJIb30BAJIaCh HEsBHAs Pa3HOCTHAs cxema. [Ipu MocTpoeHMH PasHOCTHOM CXEMbI OCYLIECTBISIETCS paclICIUICHHUE
YpaBHEHHsI MEepeHOca, YTO MO3BOJISIET MOCTPOUTH d((PEKTUBHBIN aIropuTM perieHus: aupdepeHInaIbHon 3a1aqH.
HewnsBecTHOE 3HaUeHHE KOHLECHTPAIMH 3arPsI3HUTENIST Ha KaXK/IOM LIare paclieIUIeHUs ONpeessieTcs 1Mo sIBHOH cXe-
Me — METO/ly OETYIIEro c4era, 4To 00eCHeyrBaeT MPOCTYIO YUCICHHYIO PealIM3alnIo ypaBHEeHUH paciuemienus. s
YHCIIEHHOTO MHTEerpupoBaHus 3D ypaBHEHMs JUIs MOTEHIMana CKOPOCTH NpuUMeHsieTcst Metox Puuapacona. Jlist
YHCIIEHHOTO MHTErpupoBanus 2D ypaBHEHUs /I IOTEHIMAIA CKOPOCTH NMPUMEHSETCS METO CYMMapHOH anipok-
cuManud. PazpaboTaHHbIe YUCIEHHBIC MOJICIIN COCTABIISIOT OCHOBY CO3JIaHHOTO ITaKeTa NMPUKIAIHBIX mporpamMM. Ha
OCHOBE TIOCTPOCHHBIX YHCIICHHBIX MOJENCH MPOBEICH BBIYUCIUTEIBHBIA SKCIIEPHUMEHT 10 OLICHKE YPOBHS 3arpss-
HeHHs atMoc(hepbl IpU CHOCE YTOJNBHOW MMBUTH U3 ToayBaroHa. Pesyabrartsl. Pazpaboranst 3D, 2D uncnennsie mo-
JIeTIH, KOTOpBIe OTHOCATCSA K kiaccy «diagnostic models». JaHHble MOmENM yYUTHIBAIOT OCHOBHBIC (PU3HUCCKHEC
(axTopbl, BIMAIONIME HA MPOLECC PACCEUBAHMA MBUIEBBIX 3aIPS3HEHUH B aTMOcdepe IpH TPaHCIIOPTHPOBKE CHIITY-
4yux rpy30B. [IpemnoskeHHbIe YUCIeHHBIE MOJEIN TPEOYIOT HeOOIbIINX 3aTPaT KOMIIBIOTEPHOTO BPEMEHH IIPHU TIPAK-
TUYECKOH pean3aliyd Ha KOMITBIOTepax Majod M CpelHeHd MOUTHOCTH. DTH MOJETH UCIIONb3YIOTCS I CEPUMHBIX
pacyeToB pa3HOOOpa3HBIX CLEHAPUAX CUTYallUii, CBS3aHHBIX C BOIIPOCAMH OXPaHbl OKPYKAIOIIEH Cpelbl U AUArHO-
CTHK{ WHTEHCHBHOCTH 3arpsi3HEHUS IPU Pa3IMYHBIX METEOYCIOBHSX. BBITOIHEHBI pacuyeTsl O ONpPEeICHUI0 KOH-
LEHTPAIMK 3arps3HUTENsS M (OPMHUPOBAHUS 30HBI 3arpsA3HEHUs] BOJIM3W BaroHa C CHIIYYHMM TIpy30M B Maciitabe
«microscale». Hayynass nosusHa. Co3nanbl 3D, 2D uncieHHbIE MOJENH, MO3BOJISIONIME YYECTh CYLICCTBECHHBIC
(axTOpHI, BIMAIONIAE Ha MPOLECC PAaCCEMBAHUS 3arpsI3HAIONINX BEIeCTB B arMocdepe, 1 popMHUpOBaHHUE 30HBI 3a-
IPSI3HEHHMS TIPH [IEPEBO3KE CHITYYHUX TPY30B JKENE3HOJOPOXKHBIM TpaHcropToM. [IpakTHyeckas 3HauMMocTsh. Pac-
cMOTpeHbI 3G (eKTUBHBIC YncieHHbIe Moenu «diagnostic models» st sxcmpecc-pacyera ypoBHsI 3arpsi3HEHHS at-
Mocdepsl PH TPaHCIOPTHPOBKE CHITYYUX I'PY30B JKEJIC3HOJOPOKHBIM TPaHCIIOPTOM. Mozeu MOryT OBITh IIpUMe-
HEHBl I pa3pabOTKH MEpPONPHATHH IO OXpaHe OKPY)KaroLleH cpelpl MPH SKCIUTyaTalliH JKeJIe3HOIOPOXKHOTO
TpaHcnopTa. IIpeanosxeHHble MOAENN MO3BOJIOT paccuutars 3D, 2D runpoauHaMuKy BETPOBOIO IOTOKA M IPO-
[ecC MaccolepeHoca BpeIHbIX BEIIECTB B aTMocdepe.

Knrouesvie crosa: 3arpsi3sHeHHE aTMOCHEPHI; KeIe3HOLOPOKHBIH TPAHCIIOPT; MEPeBO3Ka CHITyYHUX I'PY30B; YHC-
JICHHOE MOJIeTUPOBaHIE
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EKOJIOI'TA HA TPAHCIIOPTI

BBenenue

Hurepuss ¥MeeT XOpOIIO Pa3BUTYIO CETh Ke-
ae3nsix jopor (puc. 1). JKenesHoZOpOKHBIH
TpaHcnoptT Hurepuu nepeBo3ut 6oJbIIoe Koiude-
CTBO CBHIyYHX TIPY30B Kak B IOPTHI, TaK U Ha
HNPEANPUATUS CTPaHbl. TpaHCHIOPTUPYETCS YToJib,
pyaa u T.1. ITOoCKOJNIBKY TpaHCHIOPTHUPOBKA CHIITY-
YUX TPY30B MPOUCXOAUT B IMOJYBAaroHax, TO IIPH
TaKOW TPAaHCIOPTUPOBKE MMEET MECTO MHTCHCHUB-
HOE 3arpsi3HeHUE OKpYyaroleil cpeasl (puc. 2),
BBI3BAaHHOE CHOCOM ITBUICBBIX 3arpsi3HEHHN U3 I10-

JIyBaroHoB.
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Puc. 1. XKenesnonoposxxHas cets B Hurepun
Fig. 1. The railway network in Nigeria

OTOT MpOIECC COMPOBOXKAACTCS TAKUMH II0-
CIE€JICTBUSIMHU.

1. 3arpsi3HeHre TOACTHIAIOMICH MOBEPXHOCTH
MPUMAarucTpallbHOM  TEPPUTOPHH, HYTO  BENET
K YXYJUICHUIO Ka4€CTBa I'PyHTA.

2. 3arpsizHEHHE aTMOC(hepBhI.

3. [loTepe macchl rpy3a B OTyBaroHax.

4. YXyIIIEeHWIO0 CBOMCTB Tpy3a, €ro BHEIIHETO
BUa 1 TOBApHOIo COpTa.

B 5T0i1 cBsI31 BO3HHKAIOT J1BE BasKHBIE 3a/1a4H:

1.OueHka ypoBHS 3arps3HEHUS OKPY’KAIOIICH
cpeasbl IIPU TPAHCIIOPTUPOBKE CHITYYUX I'PY30B.

2. Pa3paboTka METOHOB 3aLIUTHI OKPYXKatoLIeH
CpeIbl OT 3arpsi3HEHHS NP TPAHCIIOPTHPOBKE CHI-
ny4ux rpy3oB [4].

B Hacrosmiei paboTe /Ui pelieHus mepBoi 3a-
aud  pa3pabOTaHBl CIEUATU3UPOBAHHBIE YHC-
neHHple Mojenu. Ciemyer OTMETWTh, YTO B Ha-
CTOsIIIee BpeMs Ui PElICHUs 3aladd 10 OLEHKE
YPOBHA 3arps3HEHHs] OKpYXalolled cpensl Hc-
MOJTB3YIOTCS AMIHUPUYECKIE WIA aHATUTHYECKUE

momenu [5-7, 10, 12, 13]. [anHble MOETH
HE YYWTHIBAIOT psif (HU3UUecKuX (HakTopoB, KOTO-
pble CYIICCTBEHHO BIHSAIOT Ha (HOpMHUpOBaHUE
KOHIIEHTPAIIMOHHOTO TIONSA TBUIH B aTMocdepe.
OTH METOJMKH HE YYUTHIBAIOT MPOPUIH CKOPOCTH
BETPa, BIMSIHUE CAMOTO BaroHa Ha (YOPMHUPOBaHUE
JIOKAJIBHOTO a’POJANHAMHUYECKOTO pekuMa, popMy
HACHIMK CBIMyYero rpy3a B TOJyBaroHe W T.1.
AHaTUTHYECKHE MOJIENIN pa3pabOTaHbl sl CIydast
TOYEYHOI'0 MOCTOSHHO JCHCTBYIOIIEIO MCTOYHHKA
BbIOpOoca. Kpome 3TOro, ecnu MpUMEHSETCS MO-
nenb Taycca [6, 7, 13], TO HEOOXOIMMO BBIMOJI-
HUTH Hay4yHOE 000CHOBaHWE 3HaYeHHI K03(duim-
€HTOB JTHUCIIEPCHHU, KOTOPbIE OBLIM MOTYYEHBI IS
tepputopunn CIIA wnn BenukoOpurtanuu. s
TEPPUTOPHH OPYTHMX CTPaH TaKOro OOOCHOBaHUS
HeT. J[pyruM MOAXOJ0M K IMPOTHO3Y YPOBHS 3a-
TPSA3HEHHS OKPYXKAIOMIeH Cpeapl MPU OMHCCHH
BPEHBIX BEIIECTB SBISCTCSA MPUMEHEHHE YHCIICH-
HbeIX Mmozened [2, 3, 9, 14, 15]. Ho cymectByer
OTIPeICIIEHHBIN TE(PHUIUT YUCIEHHBIX MOIEIEH MIIst
pelleHHUs 33/1a4 pacCMaTpUBaeMOro Kiacca.

Puc. 2. CnyB nbUIEBBIX 3arpsA3HEHUM
TIPY TPAHCIIOPTHPOBKE CHITYYUX TPY30B

Fig. 2. Blowing dust contamination during
transportation of bulk cargo

HOBTOMy BO3HHUKACT BaKHaA 3aJa4da 110 cO31a-
HUIO COBPEMCHHBLIX YHCJIICHHBIX Mo;[eneﬁ KJj1acca
CFD (computational fluid dynamics), xotopsie
MMO3BOJISIIA OBl OCYHICCTBJIATE OLICHKY YPOBHSA 3a-
IPS3HEHUS. OKPYXaroUlel cpenbl IPpU HEPEBO3KE
CBhIIIYUHUX TPY30B KCJIC3HOAOPOXKHBIM TpaHCIIOP-
TOM.
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EKOJIOI'A1 HA TPAHCITIOPTI

ean

Ilenmsto maHHOW pabOTHI sBIAETCA pa3pabOTKa
3D, 2D uucnieHHBIX MOENeH s MPOrHO3a YPOB-
HS 3arps3HEHUs aTMOC(EpPHI MPU 3MUCCUU TIbLIC-
BBIX 3arps3HEHUI W3 monyBaroHoB. CTaBUTCS 3a-
Jlada CO3JaHHs MOJIENEH, KOTOPBIC MO3BOJSIIH ObI
YYHTHIBATh OCHOBHBIC (pu3nMveckue (hakTophbl pac-
CeMBaHUs MBUIH B atMocepe U MpH dTOM Tpebo-
BaX OBl MaJbIX 3aTpPaT KOMITBIOTEPHOT'O BPEMEHH
Opd  TPAKTHYECKOH peanusanud  (3TO  MOJIEH
rpymmsl «diagnostic models»).

MeTtoanka

IIporuo3 ypoBHs 3arpsi3HEHHs aTMOC(EPHI TIPH
CILyBE TBUIEBBIX 3arPA3HEHHUI U3 MOJIyBaroHa mpo-
BOJMTCS B JiBa dTana. Ha mepBoM srare pemraercs
3a/1a4a 110 ONPEJCIICHUIO TI0JI1 CKOPOCTH BO3JLYIII-
HOI'O MOTOKA C YYETOM B3aMMOJEHUCTBUS €r0 C I10-
JyBaroHoM. JIjis pemeHus 3TON 3a1a4u IPUMEHS-
eTCsl ypaBHEHHE Ul IMOTEHIMania CKOpocTu (Mo-
JIeITh TeYEeHUS HEeBA3KOM xuakoctn) [14, 15]:

%p/ox? +d%¢/oy? + %0/ =0, (1)

rae ¢ — NOoTeHUHall CKOpPOCTH, OCb Z HarpaBJICHa

BEPTUKAIBHO BBepX (pHC. 2).
KOMIIOHEHTBI BEKTOpa CKOPOCTH BO3IYLIHOTO
MOTOKA PaCCYUTHIBAIOTCS 110 3aBUCHMOCTSIM:

U=0p/ox, v=0¢/dy, w=0¢/oz .

TTocTaHoBKa KpaeBbIX YCJIOBUH IS JAHHOTO
ypaBHEHHs paccMaTpuBaeTtcs B padorax [3, 8, 14].

[locne onpexneneHuss MONA CKOPOCTH BO3AYIL-
HOT'O MMOTOKA BO3JIE TIOJTYBaroHa, Ha BTOPOM JTarle,
peimaercst 3a7a4a 0 epeHoce MBUICBBIX 3arps3He-
HUI W3 monyBarona B atMmocgepy. s moctpoe-
HUsI HamOoJjee OOIIeH MaTeMaTH4ecKOW MOAEH
OyaeM wucIonb30BaTh (PyHIAMEHTAILHOE YypaBHE-
HHe Maccornepenoca [2, 3, 6, 14, 15]:

aC ouC ovC  o(w-wy)C
—+ + +
ot ox oy oz

=div(pgradC)+

30 03(x-x)8(y-3)5(-2). @

rae C — KOHIIGHTPAILMS 3arPSI3HSIONIETO BEIIECTBA
(mbUTEBOM 3arpsi3HUTENB); U,V,W — KOMIIOHEHTHI
BEKTOpa  CKOPOCTH  BO3AYLIHOIO  IIOTOKa,

uz(ux,uy, uz) — K03 UIMeHTb aTMOChepHOi

TypOynentHoii nuddysun; Q — HHTEHCUBHOCTDH
BBIOpOCA 3arpsI3HUTENSI OT «HACBHIIU» B IOJYBaro-
ue; 8(x—x)d(y—-V;)8(z-z) — nenvra-dyHkius
Hupaka; X, Y;,Z; — KOOPANHATHI MCTOYHHKA BBHI-
Opoca; W, — CKOPOCTb IDaBHTalMOHHOTO OCexa-

HUS 6L, t — Bpems.

ITocTaHoBKa KpaeBbIX YCJIOBUH Mg JAHHOTO
ypaBHEHHMSI pacCMOTpeHa B padoTax [3, 8].

B pa3paboraHHOIi YHCIEHHONH MOAETH HCIIOIb-
3yI0TCSA CIIEAYIOUIME 3aBUCHMOCTH AJISI 3aJaHMS
npoduis BeTpa M BEPTUKAIBHOTO KO3 (HUIHMEHTa
aTmocdepHoit muddysuu [5, 6]:

u=u,(2/2)" 1, =k (2/7)" 1, =n, =ku,

rae U; — CKOpPOCTh BETpa Ha BBICOTE Z; (MpUHHUMA-
ercs z;,~10m); k =0,2; k,=01; p=0,16;
m=1.

YucneHHOEe WHTErpUpPOBaHHUE YpPAaBHEHUH MO-
JIelY BBIIIOJIHSIETCSL HAa IPSIMOYIOJIBHOM pa3HOCT-
HO#t ceTke. [Ipu GpopmMHupoBaHUM pacueTHOM obac-
TH HCIOJB3yeTCss MeToJ] MapkupoBanus [2, 3].
C MOMOIIBI0 MApKEPOB 3a1ACTCs TOJIOKCHUE JKe-
JIE3HOJIOPO’KHOTO BaroHa, (opma «HACHINU» ChI-
My4ero rpysa B IMOJyBaroHe.

Jlist peleHns MOAEIUPYIOmuX ypasHenuit (1),
(2) ucnonp3yercss METOJ CETOK. YpaBHEHHE ISt
MOTEHIMAla CKOPOCTH YHCIEHHO HHTETPUPYETCS
¢ ToMOIIBI0 MeTogaa Puuapzcona [11]. dmst storo
HCXOJHOE ypaBHEHHE IUIsl TOTEHIMANa CKOPOCTH
NpPEBAPUTEILHO MPUBOAUTCS K 3BOJIOIMOHHOMY
BUJLY:

oP/ot = 0°P/ox? + 0P/ oy? + 0%P/ oz

rae t — GukTUBHOE BpeMs.

Janee ocymiecTBisercst anmnpokcuManus IMpo-
M3BOJHBIX U TOJIy4aeTCsl clenylollee pasHOCTHOE
ypaBHEHUE!

n n n
ik — 2P+ Pk

AX?

n+l _ pn
ik Tijk

n n n
Pk — 2P + Pk N

+
Ay?

P . —2P) +P"
i,j,k+1 ijk ijk-1 _
+ 7 =0
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Ha ocHoBe naHHOM 3aBUCHMMOCTH OCYIIIE€CTBIIS-
eTcs pacueT 3HaueHHWs IOTCHIUalla CKOPOCTH
B siUeiiKax, COOTBETCTBYIOIIMX OOJACTH BO3IYIl-
HOT'O TIOTOKA.

B pesynbprare npuMeHeHHS TakoOW anmpoKCH-
Malli{ MOJy4aeTcss pa3HOCTHOE ypaBHEHHE, KOTO-
poe JIErKO PeIuTh 1o IBHOU Gopmyiie.

Jist 4UCIeHHOTO WHTETPUPOBAHUS YPaBHEHHUS
MacconepeHoca (2) mpuMeHseTCs HesiBHasi pa3Ho-
CTHasl cxeMma paciueruienus [2, 14, 15]. Ha xaxmom
Hiare pacileruicHuss HEM3BECTHOE 3HAYCHUE KOH-
LEHTPAIMK BT HAXOIUTCS IO METOAY Oeryiero
cdeta. JTO TO3BOJISIET IMOJNYYUTH HPOCTOW airo-
PUTM JJIsl pacueTa KOHIICHTPAI[MOHHOTO IMOJIS TIbI-
T BOJIM3H TIOJTyBaroHa.

st sxcnpecc petieHus 3a1adn adpoaHHAMUKH
(mpodmiibHas 3aava) mpeIaraeTcsi HCIoJIb30BaTh
JBYXMEpPHOE ypaBHEHHUE JJisi MMOTEHIHaia CKOpO-
cru [14, 15]:

%o 0%¢
—2 + —2 = 0 y (3)
ox° oy
r7e (¢ — MOTEHIMAaJ CKOPOCTH, OCch Y HarpasliicHa
BCPTHUKAJIILHO BBEPX.

KoMmoHeHTsl BEKTOpa CKOPOCTH BO3AYLIHOTO
MOTOKA B 3TOM CJIyYae PacCUMTHIBAIOTCS IO 3aBU-
CUMOCTSIM:

_% ,_%
ox' ooy

[locne omnpexneneHus: ABYXMEPHOTO TOJISI CKO-
POCTH OCYILIECTBISIETCSl pacyeT (HOPMHUPOBAHUS

30HBI MBUICBOTO 3arpsA3HCHUS TyTEM PCIICHUS
CIIETYIOLIEr0 YpaBHEHHsI MacCOIepeHoca:

oC ouC o(v—w)C
—+ +
ot ox

u

=div(ugradC)+

> 03(-%)3(y-%). @

rae C — KOHIIEHTpPALMsl 3arPSA3HSIONIEr0 BEIIECTBA
(mBLTEBOM 3arpsI3HUTEND); W — CKOPOCTh TPaBUTa-
[IMOHHOTO OCEIaHUs MPUMECH (IBLIB); t — BpeMs.
VpaBuenune g moreHnuana ckopoctu (3)
YHUCIICHHO HWHTETPUPYETCS C IMOMOIIBI0 METO/a
cymMapHoii anmpokcumaruu [11]. B pesynbrare
NPUMEHEHHUSI ATOTO METOJa OCYIIECTBIISIETCS pac-
HIEIUIEHHE B PA3HOCTHOM BHJE HMCXOJHOTO ypaB-
HEHUs Ha JBa ypaBHeHus. OnpeneicHHe HEeH3-
BECTHOI'O 3HAYEHHMS TTOTEHIMAIA CKOPOCTH M3 DTUX

NIBYX YpaBHCHHM MTPOUCXOIIUT TIO SIBHOM cxeme Oe-
TYILEro cyera.

JInst 4MCIEHHOTO MHTErPUPOBAHUS YPaBHECHUS
macconeperoca (4) IpUMeEHsIETCS HEsBHAs Pa3HO-
cTHas cxema pacrtierienus [14, 15].

Ha ocHOBe MOCTPOEHHBIX YMCIEHHBIX MOJEIIen
CO3/[aH MaKeT MPHKIAIHBIX mporpamm («generic
model»). [Ins npoBeaeHns pacyeToB Ha Oa3e STOro
makera nmporpamMM HeoOXOIMMO 33/1aTh:

1. Knacc ycroitunBocTr atMocdepsl.

2. [Ipodmne ckopocTH BeTpa.

3. ®opMy HACBHINK CHITYYEro rpys3a B IMOJyBa-
TOHE.

4. THTeHCUBHOCTD BBIJICJICHUS MbIIM OT HACHI-
U B TIOJTyBaroHe.

OrmernM, uTo Bpems pacuera 3D adpoauna-
MUYECKOW 3a7a4il M 3aJauyd MaccolepeHoca co-
crapisger nopsaka 10 cek, a 3amaun B 2D mocra-
HOBKE — O CEeK.

Pe3yabTaTthl

Pa3paboTaHHbIC YUCICHHBIC MOJICIIH OTHOCATCS
K Kiaccy «diagnostic models». Jlannbie Mozemnu
MOTYT OBITH HUCIOJB30BaHbI JUIsi OBICTPOTO CEpUNA-
HOT'O pacyeTa 3arps3HEeHUs] BO3AYIIHOW CPebl JJIs
Pa3sHOOOPAa3HBIX CIIEHAPHEB TPAHCIIOPTHPOBKH ChI-
IIy4uX I'Py30B B II0JIyBaroHax IIPU Pa3jIMYHBIX Me-
TeocuTyauusx. [locTpoeHHbIE MOAETH MO3BOJISIOT
OTEPATUBHO TMOJYYHTh KAPTUHY 30H 3arps3HEHUS,
KOTOpbIe ()OPMHPYIOTCSI BO3JIE BaroHa TPH CIyBE
MBUICBBIX 3arPsA3HCHUM.

[IpuMep MPaKTHYECKOTO HCIONB30BaHUS pas-
paboTanHO# 2D 4HCICHHONW MOJEIH MOKa3aH HH-
xke. PaccmarpuBancs mporecc cIyBa MbUIEBOTO
3arps3HEHUS W3 TOJYBaroHa, TPaHCHOPTHUPYIOIIE-
ro yroims (puc. 3). Llensro pacdera sBjIsIach OIEH-
Ka pa3mepoB, (OpPMBI U WHTEHCHBHOCTH (popMu-
pyIoLIelicsl 30HBI 3arpsA3HEHUs] MPH TPAHCIOPTHU-
pOBKe Tpy3a.

Kak BumHO U3 puc. 3, 30HY 3arpsi3HEHHs, KOTO-
past chopMupoBanach Mpu CIyBe MBUTH U3 MOTyBa-
TOHa, MOXHO YCIIOBHO pa30UTh Ha JBE MOJ30HBI:
mom3oHa 1 — 3T0 00JIACTh ¢ OONBITNM TPAIHUEHTOM
KOHIIEHTPAIMHU TIBUIH, KOTOpasi (hopMUpYeTCsl HEMo-
CPEJICTBEHHO HAaJl HACKIIBIO TPy3a B BaroHe; Moj30-
Ha 2 — 3TO ISk} MUK 3a MMOJIyBarOHOM. XOPOIIIO
BWJIHO U3 pHC. 3, UTO NUIeH() MBUTH 3a TIOJyBarOHOM
MMEET 3HAYUTENILHBIE pa3Mepbl M MPOUCXOIUT 3a-
IPSI3HEHHE HE TOJIBKO BO3YIIHON CPE/ibl, HO U MOJI-
cruiaronieil nmoBepxHoctu. KaprtrHa 30HBI 3arpss-
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HEHHUS Kap/IMHAJIBHO MEHSETCs, €ci Ha OOpTy Io-
JyBaroHa yCTaHOBHTH dKpaH (puc. 4).

c

o
=f. 186E+83 0
B.98BE+BZ r
=t 9ZBE+BZ d
B.852E+B2 i
=t 7B3E+B2 1
B.715E+BZ a
m—fl. 647E+BZ t
B.579E+BZ e
m—fl. 511E+62
B.443E+82
m—f. 375E+62
B.387E+B2
. Z3BE+62
8. 17BE+B2
. 1HZE+62
8.341E+81

coordinate x

Puc. 3. 3oHa 3arps3HEHUs BO3JIE BaroHa:
1-30Ha 3arpsA3HCHUA, C(bOpMI/IpOBaBH_IaSICH HaJl HAChIIIbXO
B BaroHe, 2 —30Ha 3arpsA3HCHUA 3a BArOHOM

Fig. 3. Pollution area near the car:
1 — pollution zone formed on the embankment in the car;
2 — pollution zone behind the car

c

o
. 439E+83 o

0. 184E+83
—f . 156E+83 y
0. 127E+83
— . 99ZE +B2
0. 788E+82
—, 425E+02
8. 142E+82

coordinate x

Puc. 4. 3oHa 3arpsi3HEHUs TPU KCIIOIB30BAaHUH DKPaHa,
YCTaHOBJIEHHOTO Ha OOPTY BaroHa:
1 — 30Ha 3arps3HEHNs, chOPMUPOBABILIASCS
HaJ HaCBINIbIO B BaroHE, 2- 9KpaH

Fig. 4. Pollution zone when using the screen mounted
on the car board:
1 - pollution zone formed
on the embankment in the car; 2 — screen

U3 puic.4 BUIHO, YTO YyCTAHOBKA DKpaHa MpUBe-
Jla K CYIIECTBEHHOMY YMEHBIICHHIO pa3MepOB 30-
HBI 3arps3HeHus aTMocdepHoro Bo3ayxa. [Ipakru-
YeCKH OCHOBHAs 30Ha 3arps3HEHHs (HOPMHUPYETCs
HaJl HACBIMBIO TPy3a. DKpaH MPENATCTBYET MHTEH-
CUBHOMY CHOCY TIBLJIM 32 BATOHOM.

Takum 00pa3oM, MpUMEHEHHE pa3pabOTaHHBIX
YHCJICHHBIX MOJIETIeH MO3BOJIsieT OBICTPO OCyIIeCT-
BIISITh OICHKY SKOJIOTUYECKOW OE30IMacHOCTH MPHU
TPAHCTIOPTUPOBKE CHIMYYHX TPY30B U ONPEICIATH
3 (PEeKTUBHOCTh TPUMEHECHHUS JKpaHa ISl MHUHH-
MU3alUU YPOBHS 3arpsi3HEHHs aTMOC(EPHOTO BO3-
Jyxa.

Hayuynasi HOBH3HA M IpaKTHYecKast
3HAYUMOCTh

Cosnmansl 3D, 2D yucieHHble MOAEIH, IO3BO-
JISIOIIHME PACCUUTHIBATE (POPMHUPOBAHHE 30H TIbLIE-
BBIX 3arps3HEHHUI BO3JIE JKEIE3HOAOPOKHBIX Baro-
HOB TIPU MEPEBO3KE CHITYyYHUX TPY30B C YUETOM
BO3MOXKHOCTH YCTaHOBKH 3aIllUTHOTO 3KpaHa Ha
BaroHe. JlaHHBIE MOZENHM JIalOT BO3MOXKHOCTH
y4ecTh Haum0ojee CYIIECTBEHHbIC (U3UUYECKUC
(hakTOphI, BIUSIONIME HA MPOLECC PACCCHUBAHMUS
MBUIEBBIX 3arpsisHeHuil B atMmocdepe. IIpencras-
nenssle 3D, 2D yucieHHble MOIEIN OCHOBAHBI HA
MPUMEHEHUN (YHIAMEHTAIBHBIX ypaBHEHUHA a3-
POIMHAMUKH M MacCOIIEPEHOCa.

Oco0eHHOCTRIO Pa3pabOTaHHBIX MOACICH SIB-
JIAETCSl HWCIMOJIb30BAaHWE CTaHAAPTHOM HCXOAHOU
nH(pOopMaIy, OBICTPOTa B MOTYyUYEHUH PACUYETHBIX
aHHBIX U YI0OCTBO aHAIH3a MOJIYyIaeMbBIX PE3yITh-
TaTOB MPOrHO3a.

BoiBoabI

Paccmotpenst addexruBabie 3D, 2D uucnen-
uele Momenu «diagnostic models» mms pacuera
YPOBHA 3arpsi3HEHHsI aTMoc(epbl MbUICBBIMH BBI-
OpocamMu TpH TEPEBO3KE JKEJIE3HOJIOPOKHBIM
TPAaHCIIOPTOM ChITy4uX IPy30B. JlaHHBIE MOAeIH
no3BoysitoT paccunrtarh 3D, 2D  aspommHaMuky
BETPOBOr0 MOTOKA U MPOLECC MacCcoNepeHoca Mbl-
7Y Ha IpUJIETaloIUe K KEJe3HOH Iopore Teppu-
TOPHH.

JanpHelilliee COBEPLIEHCTBOBAHUE MOJEJEH
CIIEyeT NPOBOAMTH B HANpPAaBICHUHM MX Pa3BUTHS
IUIL pacueTa a’poAMHAMHMKHM Ha 0a3e ypaBHEHUH
Hagpe-CTokca 1 ypaBHEHHI MaccolepeHoca.
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MOJEJII OIHKH PIBHS 3ABPY/IHEHHA ATMOC®EPHU
ITPU TPAHCITIOPTYBAHHI CUIIYUYUX BAHTAXIB

Merta. HaykoBa po6oTa cripsimoBana Ha po3poOky 3D, 2D uncensHUX MoAaenel Uit IpOrHo3y 3a0pyaHeHHS aT-
Mocepu IpH TPaHCIIOPTYBAHHI CHITyYMX BaHTAXIB y 3aJi3HHYHOMY BaroHi. MeToauka. [[yis BUpIlIeHHS OCTaB-
JICHO1 3a/1a4i po3po0IIeHi YuCceNbHI MO/ETi, 3aCHOBaHI Ha 3aCTOCYBaHHI PIBHAHD PyXy HEB'SI3K0i HECTUCINBOI PiANHU
1 MaconepeHocy, JJisi BU3HAYEHHS MOJIsl MIBHJIKOCTI BITPOBOrO HOTOKY MOOJIM3Y BaroHiB Ta PO3CIIOBaHHS IHITY
B arMocepi. [yl 4uceNbHOrO iHTErpyBaHHS PiBHSHHS TPAHCIIOPTY 3a0py/HIOBaya BHKOPHCTOBYBAJacs HEsBHA
pi3HuieBa cxema. [Ipu noOyoBi pi3HHULIEBOT CXEMHU 3IHCHIOETHCS PO3LICTUICHHS PIBHSHHS EPEHOCY, 110 J03BOJISE
noOyayBaTti e(peKTHBHHUI alNropuTM po3B’si3aHHs aAudepeHnianbHol 3anadi. Hepigome 3HaueHHsT KOHIEHTpaii 3a-
OpyZIHIOBaYa Ha KO)KHOMY KpOL PO3MICIVICHHS! BU3HAYAETHCS 32 SBHOIO CXEMOIO — METOy ODKy4Joro paxyHKy, 110
3a0e3medye MpoCTy YHCEIbHY Peati3alliio piBHSIHb PO3MICIUICHH. {1 yrcenbpHOro iHTerpyBanns 3D piBHSHHS s
MOTEHITially IIBUAKOCTI 3aCTOCOBY€EThCS MeTo Pidapacona. s uncenbHoro iHTerpyBaHHs 2D piBHAHHS IS TIOTe-
HITiaJTy IIBUAKOCTI 3aCTOCOBYETHCS METOJ CyMapHOi arnpokcuMariii. Po3po0OiieHi uncenbHi MOIeNni CKIIagaloTh OCHO-
By CTBOPEHOTO IaKeTa MPUKIAJHHUX IporpaM. Ha ocHOBI MOOYIOBaHMX YHCENBHUX MOJeNeld MPOBENCHUH 00UHC-
JIIOBAIBHUI €KCIIEPUMEHT I10 OIliHII PiBHSA 3a0pyAHEHHsS aTMoc(hepH IMpH 3HECEHHI BYTLUIBHOTO IMIITY 3 IiBBAaroHa.
PesyabTaTi. Po3pobieno 3D, 2D uucenbhi Mozeni, siki BigHOCATHCS 10 Kiacy «diagnostic models». Jlani momesi
BPaxoBYIOTh OCHOBHI (hi3W4Hi (pakTOpH, 110 BIIMBAIOTH HA MPOIIEC PO3CIFOBAaHHS MAIOBUX 3a0pyaHEHb B aTMochepi
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IIPU TPAHCIIOPTYBAaHHI CHUITyYHX BaHTaXiB. 3alpOIIOHOBAaHI YHCENbHI MOJETI BUMAraloTh HEBEIMKHX 3aTPaT KOM-
M'IOTEPHOTO Yacy MpH MpaKTUUHIM peamizamnii Ha KOMITI0Tepax Majioi Ta cepeHboi moTyxHocTi. Lli Mozxeni Bukopu-
CTOBYIOTBCS JJISI CEPIHHUX PO3PaxyHKIB PI3HOMAHITHHX CILEHAPiiB CHUTYyaIlill, TOB'A3aHUX i3 MUTAHHSIMH OXOPOHH
HaBKOJIMIIHBOTO CEPEJOBHUIIA 1 JIarHOCTUKU IHTEHCUBHOCTI 3a0pYyJHEHHS NpPU PI3HUX MeTeoyMoBax. BukoHaHO
PO3paxyHKH IO BHM3HAUEHHIO KOHIIEHTpauii 3a0pynHioBada i (opMyBaHHS 30HM 3a0pyJHEHHs M00JIM3y BaroHa
3 CHITy4YMM BaHTaxeM y maciTabi «microscale». Haykosa Hou3Ha. Cteopeni 3D, 2D uucensni Moneni, 1o mo-
3BOJISIIOTH BPaxyBaTH ICTOTHI ()aKTOpH, BILIMBAIOYI Ha MPOLIEC PO3CIIOBaHHS 3a0pyTHIOIOUMX PEYOBHH B aTMocdepi,
i QopMyBaHHS 30HM 3a0pyIHEHHS TIIpU TEPEBE3CHHI CHUMYYMX BaHTAXIB 3aII3HUYHUM TPAHCIOPTOM.
IpakTuna 3Ha4nAMicTh. Po3rmsiHyTO edekTiBHI uncenbHi Moneni «diagnostic models» ms excnpec-po3paxyHKy
piBHS 3a0pynHEHHS aTMOc(epH IPH TPAaHCIIOPTYBaHHI CHITYYMX BaHTAXIB 3aJi3HUYHAM TPaHCHIOPTOM. Momeri Mo-
JKyTh OYTH 3aCTOCOBaHI IPH PO3POOIIi 3aX0IiB i3 OXOPOHH HABKOJIHUIITHHOTO CEPEAOBHUINA TIPU SKCIUTyaTallii 3ai3Hu-
YHOTO TPAaHCHOPTY. 3allpOTOHOBaHI MOJENI HO3BOJLIIOTH po3paxyBaTtu 3D, 2D rigpoanHamiky BITPOBOTO IOTOKY
1 TIpoIIeC MacOTEPEHOCY IIKIUTMBUX PEUOBHH B aTMOChepi.

Kniouosi crnosa: 3a6pynneHnst armochepH; 3aIi3HHYHUN TPAHCIIOPT; IEPEBE3CHHS CUITYYNX BaHTAXIB; YHUCEIHHE
MOJEITIOBaHHS

M. M. BILIAIEVY", M. O. OLADIPO*

Dep. «Hydraulics and Water Supply», Dnipropetrovsk National University of Railway Transport named
after Academician V. Lazaryan, Lazaryan St., 2, Dnipro, Ukraine, 49010, tel. +38 (056) 273 15 09,
e-mail gidravlika2013@mail.ru, ORCID 0000-0002-1531-7882

#"Dep. «Hydraulics and Water Supply», Dnipropetrovsk National University of Railway Transport named
after Academician V. Lazaryan, Lazaryan St., 2, Dnipro, Ukraine, 49010, tel. +38 (056) 273 15 09,
e-mail Oladipo.toye@outlook.com, ORCID 0000-0001-7945-6657

THE ASSESSMENT MODELS OF AIR POLLUTION
DURING TRANSPORTATION OF BULK CARGO

Purpose. The scientific work is concentrated on development of 3D, 2D numerical models for the prediction of
atmospheric pollution during transport of bulk cargo in the railway car. Methodology. To solve this problem nu-
merical models were developed, based on the use of the motion equations of inviscid incompressible fluid and mass
transfer, to determine the field of wind velocity near the cars and dispersion of dust in the atmosphere. For the nu-
merical integration of the pollutant transport equation implicit alternating-triangular difference scheme was used.
When constructing a difference scheme splitting of the transport equation is carried out that allows us to construct an
efficient algorithm for solving a differential problem. Unknown value of the pollutant concentration at every step of
splitting is determined by the explicit scheme — the method of point-to-point computation, which provides a simple
numerical implementation of splitting equations. For numerical integration of the 3D equation for the velocity po-
tential method of Richardson is applied. For numerical integration of the 2D equation for the velocity potential the
method of total approximation is applied. The developed numerical models are the basis of established software
package. On the basis of the constructed numerical models a computational experiment to assess the level of air pol-
lution when demolition of coal dust from the gondola car was carried out. Findings. 3D, 2D numerical models that
belong to the class «diagnostic models» were developed. These models take into account the main physical factors
affecting the process of dust pollution dispersion in the atmosphere during transportation of bulk cargo, but require
small costs of the computer time in the practice at the low and medium power machines. These models are used for
serial calculations of various situations of scenarios related to issues of environmental protection and pollution in-
tensity diagnostics for different weather conditions. Computational calculations to determine pollutant concentra-
tions and formation of pollution zone near the cars with bulk cargo in «microscale» scale were submitted.
Originality. 3D, 2D numerical models were created. They allow taking into account the relevant factors, influenc-
ing the process of pollutants dispersion in the atmosphere, and formation of the pollution zone during transport of
bulk cargo by rail. Practical value. Efficient numerical models «diagnostic models» for rapid calculation of the
atmosphere pollution level during transportation of bulk cargo by rail were considered. Models can be used in the
development of environmental protection measures at the operation of rail transport. Proposed model allows calcu-
lating 3D, 2D hydrodynamics of wind flow and mass transfer process of pollutants in the atmosphere.

Keywords: air pollution; railway transport; bulk cargo transportation; numerical simulation
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PACYET OITUMAJIBHBIX THTEPBAJIOB /UI1 BBIBOPA PEKUMOB
B3AUMOJEUCTBUA CTAHIINU
N ITYTEU HEOBIIEI'O I1IOJIb30BAHUA

Heab. OcHOBHOM LieNIbI0 Pa0OTHI JOIDKHO CTaTh HOJTyueHHe (YHKIMOHAJIBHBIX 3aBUCUMOCTEH Ul pacyera orl-
TUMAJIBHBIX 3HAUCHWH WHTEPBAJIOB MEXIY I10JJauaMH BaroHOB Ha ()POHTHI MOTPY3KH, BBITPY3KH MO KPUTECPHIO MH-
HUMH3AIMU IKCILTYaTal[MOHHBIX 3aTpaTr. JTO MO3BOJIMT 0OOCHOBBIBATH BHIOOP 3((EKTUBHBIX PEKHUMOB B3aMMO/ICH-
CTBHSI KEJIE3HOIOPOXKHBIX CTAaHILMK M IMyTeil HeoOIero noas3oBanus. Metoanka. [ist TOCTHKEHUS TOCTAaBISHHOM
LIEJT! UCTIONIb30BaHbl METO/IbI HAYYHOT'O aHAJIM3a M CHHTE3a, MeToJ| bpaHioHa rpy anmpokcuManiy QyHKINH, 3KC-
MEPUMEHTAIBHO-CTATUCTHYECKNE METO/BI COCTABICHHS MaTeMaTHUECKUX 3aBucHMocTed. PesyabTartsl. [Toxydenst
(bopMyIIBI 10 OIpeeeHNI0: 1) ONTUMANbHBIX 3HAYCHHH HHTEPBAJIOB MEXKIY [OJaYaMi BArOHOB Ha MECTa HOTPY3-
KU-BBITPY3KH TI0 KPUTEPHIO MHHHUMM3AIMM 3aTpaT TPH PEXHME B3aUMOJCHCTBUS HKEIE3HOJOPOXKHBIX CTAHINI
C MyTSIMH HEOOIIero MoJb30BaHUS 4Yepe3 pacueTHhIC MHTEPBAJIbl BPEMEHHU; 2) TPYII BArOHOB CPEOHErO pasmepa
B COCTaBE OZHOW IOJAa4d Ha IyTh HEOOLIEro IOJb30BaHUS; 3) MPOJOJDKUTEIBHOCTH MAaHEBPOBOM paboThI 1Mo pac-
CTaHOBKE BAarOHOB y (PPOHTOB HOTPY3KHU-BBIrpy3kHd. Hayunasi HOBU3HA. Y COBEpLICHCTBOBAHb! (DYHKINOHAIbHBIE
3aBHCHMOCTH JUIS ONpPEIeICHUs] ONTHMAIBHBIX 3HAUCHUH MHTEPBAJIOB MEXAY I10/1a4aMH BaroHOB Ha (DPOHTHI 110-
TPY3KH, BBITPY3KH 110 KPUTEPUI0 MHHHMHU3AIMU JKCIUTyaTallMOHHBIX 3aTpar. DTO CTajl0 BO3MOXKHBIM OJiarojapsi
MOJIyYeHHBIM (pOpMyJiaM, KOTOPbIC YYHUTHIBAIOT BIHUsHHE: 1) KOJMYECTBA IPY30BBIX (DPOHTOB, 3aJCHCTBOBAHHBIX
B MaHEBPOBBIX OMEPALUIX C BATOHAMH Y MECT MOTPY3KU-BBITPY3KH; 2) TPy BArOHOB CPEIHEr0 YKCia U pa3Mepa,
HaxOAIIUXCS Ha IYTH HEOOLIEro mojb30BaHus; 3) MoAa4u-yOOpKH BArOHOB CPEIHEro pa3Mepa; 4) Haluuus BbICTa-
BOYHBIX IyTeH JUIs nepe3apsaku GpOHTOB; 5) cyMMapHOW MONHO# UTHHBI MyTeH, 3a1eiiCTBOBAHHBIX B Mepe3apsiaKe
(ponTOB NOTpY3KK-BBITPY3KHU. [IpakTUYeckast 3HaUMMOCTh. [ToydeHHbIe QYHKIIMOHANBHBIC 3aBUCHMOCTH MOKHO
WCTIONB30BaTh NPH OMNpPEIEICHUH NMapaMeTPOB MHKJIA MOJadh-yOOpPKH BaroHOB Ha ()POHTHI MOTPY3KH-BBITPY3KH,
a TaK)Ke ONTUMAIBHBIX 3HAYEHUH MHTEPBAIOB MEXIy HOAa4aMH ITPH B3aUMOCHCTBUH KEJIEC3HOIOPOXKHON CTaHIINU
U IIyTell HeoOLIero monp30BaHus. VICmonp30BaHme OMYUCHHBIX PE3yJIbTaTOB ITO3BOJIUT: 1) BELIBUTH CIadble MO3HU-
MU TIPY OpraHu3aniy paboThl CTAHIMH PUMBIKAHUS ¥ ITyTeil HEOOIIEro NOIb30BaHMUS; 2) YMEHBIIHUTD H3ACPIKKH
BJIAJICIIBLIEB JKEJIE3HOAOPOXKHBIX ITyTEl HEOOLIETO MOJIb30BAHUS U JKEJIE3HOM JOPOTH B LIEJIOM 32 CHET MUHHMH3AINU
HKOHOMHUYECKHX U BPEMEHHBIX MOTEPh M, KaK CIIEJICTBHE, OBBICUTh KOHKYPEHTOCIIOCOOHOCTD KEJIE3HOJOPOKHOTO
TPaHCIOPTa Ha PhIHKE TPAHCTIOPTHBIX YCIYT.

Kniouegvie cnosa: nyTh HEOOLIETO TOJIB30BAHUS; PEXKHUM B3aUMOJICHCTBHS; 101a4a-yOOpKa BaroHOB, MaHEBPO-
BbIC OTEpallii; HHTEPBAJ MEX/y 110ladyaMy BarOHOB
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BBenenune

[lyTi HeoOIIero MoIL30BaHUS SBISIOTCS BaXK-
HBIM DJIEMEHTOM B JIOTHUCTHYECKOHN IEenH IBIKE-
HUSL PECypPCOB, MOCKOJIbKY OHH MPEICTABIISIIOT CO-
00l CBA3YIONINE 3BEHBS B IIEMOYKE IEPEBO30YHOTO
TpoIecca TPy30B OT OTIPABHUTENS 0 MOJTydaTels.
Ha cetu benopycckoil kene3Hoil JOporu MHOTHE
W3 HUX OBUIM MOCTPOCHBI B COBETCKOE BpEeMsl, KO-
raa B cTpaHe (yHKIIMOHUPOBAIA IIAHOBAs CHCTE-
Ma dKoHOMUKH. B HacTosmee Bpems B PeciryOmike
Benapych pa3zBuBaeTCs PHIHOK TPaHCIOPTHBHIX YC-
JyT, ¥ COBPEMEHHbIE TEHIEHIIMH €r0 pOCTa CIO-
CcOOCTBYIOT COBEPIICHCTBOBAHHIO TPy30BOH
U KOMMEpPUYECKOH pabOoThl Ha KEJIE3HOIOPOKHOM
TPAHCIOPTE, UYTO CBSI3aHO C MOSIBICHUEM OIEPaTo-
POB BaroHHBIX IMAPKOB M KOHKYPHPYIOIIUX Iepe-
BO3YHMKOB, 00ECIICUCHHUEM IOTPY3KH M BBITPY3KH
TPYy30B IMPEUMYILIECTBEHHO Ha >KEJIE3HOJOPOXKHBIX
MyTSX HEOOIIETro IMOJIb30BaHUs, BO3POCIIUMHU Tpe-
0OBaHUSIMH KIMEHTOB K COKpAIEHHIO CPOKOB J0OC-
TaBKU M COTJIACOBAHMSI MEPEBO30K. Bce 310 Tpedy-
€T HaJIW4YUs COBPEMEHHBIX TEXHOJIOTHYECKHX pe-
IICHNH, HANpaBICHHBIX KaK Ha ONTHMH3AIHIO
B3aUMOJICHCTBHUS KEJIE3HOW TOPOTH C TPY300TIIpa-
BUTEISIMU U TPY30IOIy4yaTeNIIMU, TaK U Ha COBEp-
[ICHCTBOBaHNE BHYTPEHHUX TEXHOJOTHYECKUX
MPOIIECCOB, YTO OYJET CIIOCOOCTBOBAThH IOBBIIIIE-
HUIO YPOBHS KOHKYpPEHTOCIIOCOOHOCTH JKEJIE3HO-
JIOPO’KHOTO TPAHCIIOPTa Ha PBIHKE TPAHCIIOPTHBIX
yeayr. CinemoBarenbHO, MPOOIEMBI B3aMMOIEHCT-
BHSI KEJIC3HOJIOPOKHBIX CTAaHIUUA M IyTeH HE0O0-
HIETO TOJB30BAHUS SIBIISIFOTCSl AKTyalbHBIMU IS
Bemopycckoii kene3HoW HOporH, OO0yCIIaBIHBas
BAXXHOCTb JaHHOT'O HAYYHOT'O UCCIICAOBAaHUA.

Hean

TexHonornyeckne mapamMeTpsl B3aUMOJEHCT-
BUSL ITyTeil HEOOIEeTo IMOJIb30BAHUS C JKEJIE3HOMIO-
POXHBIMU CTaHLMSMH UTPAIOT BAXHYIO POJIb MPH
o0ocHOBaHMM BBIOOpa 3(PPEKTHBHBIX PEXKUMOB
B3auMoJielicTBrsl. OJHAKO TPU WX ONpECICHUN
BO3HHMKACT Psili TPYAHOCTEH, CBSA3aHHBIX C JIOCTa-
TOYHO OOJIBIION TPYZOEMKOCTBIO HX ONPEACTICHUS.
[ToaTOMYy LIENBIO MPEICTABICHHON pabOTHI SBIISCT-
Csl yCTAHOBJICHHE AHAJMTUYECKUX 3aBUCHMOCTEH
ONTUMAJIbHBIX 3HAYCHWH WHTEPBAJOB MEXIy IO-
JlayaM¥y BaroHOB Ha TPy30Bble ()POHTHI MO IKOHO-
MHYECKOMY KPUTEPHIO, O3BOJIIONIMX MHUHUMU3H-
pOBaTh 3aTparhl B MpOIIECCEe B3aMMOJICHCTBUS Ke-

JIC3HOAOPOKHBIX CTaHLIUKA C MyTsIMHU HCO6H_I€I‘ (8}
IIOJIB30BaHMA.

MeToauka

Jnga nmocTwxeHHs TOCTAaBICHHOM IeNd TpH
MIPOBEJICHUN JaHHOTO HCCIIEOBaHUS MCIIOJIb30Ba-
Hbl METOJbl HAYYHOIO aHAJIW3a U CHHTE3a, METO]
Bpannona npu anmpoxcuManyu (QYHKIUH, KCIie-
PUMEHTAIBHO-CTATUCTUUECKNE METOJbl COCTaBJIe-
HUSI MAaTEMaTHYECKHUX 3aBHCHMOCTei [8].

Pe3yabTathl

Bonpocamu 3KkcrmyaTaniy jkeine3HOJOPOKHBIX
MOIBE3AHBIX MyTer ¢ cepenuubl 20-To Beka 3aHU-
mamucek @epamonto I. B, CoramkoB W. b.
B ux Tpynmax paccMoTpeHBl MpoOjaeMbl B3aUMOOT-
HOILEHUS JKEJIE3HBIX JOPOT U BETBEBIIAJEIBLEB,
JTAHO OIHCAHHWE EIUHBIX TEXHOJIOTUYECKHX IIPO-
[IeCCOB, OOOOIIEHBI OMBIT TMEpenayn KeJIe3HO0-
POKHBIX MOABE3THBIX MyTEH B BEJICHHE KEJIE3HBIX
JIOPOT ¥ TpaKTHKa OpraHu3aluu paboThl Ha HUX,
JIlaH aHaJM3 HMCIIONb30BAaHUS TOABIKHOTO COCTaBa
Ha moabe3aHbix myTax [13, 14]. TIpoGremamu xe
OpraHM3alliU TIPOIIECCOB IPY30BOM padOTHI KaK Ha
MecTax HeoOIIero MoJIb30BaHMA, TAK U Ha MeCTax
oOmiero mosp30BaHUs 3aHUMaiInch CMexoB A. A.
u Jlazapes X. M., I'puropiok B. @. B ux paborax
MIPEJICTABIICHBl PEIISHUS ONTHMH3AINHA TPy30BOH
paboThl, COMYTCTBYIOIIMX W MPEIUIECTBYIOMINX
3NIEMEHTOB TPy30Boii paboTs! u jp. [5, 10]. B 80-¢
TOJIbl MICCIIEIOBAHUAMHY II0 MIPHUMEHEHHUIO0 MaTeMa-
THYECKUX MeToJoB U DBM st pacdeTroB omrTu-
MaJbHOTO  HCIOJB30BaHUS  TPy30MOABEMHOCTH
1 BMECTMMOCTH BaroHOB, TEXHHYECKOTO OCHaIlle-
HUS TPY30BBIX (DPOHTOB W YHPABICHHUS WMH, IS
ONTHMAIBHOTO IJIAHUPOBAHMUS PaOOTHI KpPaHOB Ha
KOHTEHHEPHBIX MyHKTaX M BBIOOpAa MX HAWBBHITOJI-
HEUIINX MapaMeTpoB, UIsl aBTOMAaTHU3alldd KOM-
Mepueckux omnepaiuil 3anumanuce [Ipasaud H. B.,
Heixantok M. JI., Herpeit B. S1. [11].

B HacTosiiiee Bpemst B 00JIacTH B3aMMOJCHCT-
BUS JKEJIE3HOJOPOXKHBIX CTAHIIUH C MyTAMHA HE00-
IIET0 MOJIb30BAaHUS TAK)Ke BEAYTCS HCCIEIOBAHNS.
CepazernuHoBoii A. [I. pa3paboraHa MeTonuKa
yIpaBleHHs] BaTOHOIIOTOKAMY Ha TMYTAX HEOOIIEro
MOJIb30BAHUS B YCIOBUSX W3MEHEHUS UX CTPYKTY-
pBl U MHTEHCUBHOCTH, YYMTHIBAIOILAsl ONEpaTHB-
HYI0 3arpyKeHHOCTh ctaHimi. [12]. Teoperuue-
CKAMH WCCIIEJIOBaHUSAMH W DPa3pabOTKON HAyIHO
000CHOBaHHBIX MOJXOJOB K MOJAETHUPOBAHUIO
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B3aMMOOTHOLIEHUN Kopnopauuu «Poccuiickue
JKENE3HbIE JIOPOTH» C PETMOHAMH M XO3SHCTBYIO-
IUMH  CyOBEKTaMH I TOBBIMIEHUS 3 dek-
TUBHOCTH B3aMMOJICHCTBUS 3aHUMAaNach AdaHack-
eBa H. A. OHna pa3paborana: moka3areiab OICHKU
3 (PEKTUBHOCTH  COTPYIHHUYECTBA  KOPIIOPAIHH
«PoccuiicKkue JKeJe3Hble JOpOTrH» € PErHOHAMHU
CTpaHbl, METOAWKY OOOCHOBAaHUS COBMECTHOM
MporpaMMBbl  Pa3BUTHS TPAHCIIOPTHOW HWH(pa-
CTPYKTYPHI B pETHOHE C YIETOM MHTEPECOB KOPIIO-
pali ¥ PETHOHa; MOKAa3aTelb OLCHKUA Pa3BHTHUS
pEeTHOHA BCIEJCTBHE peaU3alliil COBMECTHBIX
mporpamm [1]. Kpome Toro, cpemu coBpeMeHHBIX
YYEHBIX, 3aHHUMAIOIINXCS UCCIICJOBaHUEM B3aUMO-
NEHCTBHS JKEIE3HOJOPOKHBIX CTAHIUN C MYTAMHU
HEOONIer0  TONB30BAaHUA, CJIEIyeT BBIACIUTH
l'apmunkoro E. WM., Bepnuropy P. B., Kosa-
gyenko /1. H. [3, 4, 7], a taxke unocrpanusix Gert-

Joost Peek, Jyh-Cherng Jong, Lorenzo Mussone
[15, 16, 17].

AHanu3 TpyJ0B yYE€HBIX IMOKa3all, 4YTO Tpaau-
[IMOHHO TMPUMEHSIOTCS TPH OCHOBHBIX PEXUMa UX
B3aUMOJICUCTBUS. Yepe3 paBHbIC MHTEPBAIBI Bpe-
MEHH, 10 PACIUCAHUIO, IO YBEJOMIICHUIO.

Kax bl u3 npeacTaBIE€HHbBIX PEKUMOB Xapak-
TEpPU3YyeTCs IMKJIOM IMOAaYyu-yOOPKH BaroHOB Ha
MyTh HEOOIIEero MOJB30BAaHUS HIM MaHEBPOBBIN
paioH, KOTOPBIA BKITIOYAET B ce€0s s ITOCIIEIOBA-
TEJIBHO BBHITIONHSAEMBIX ONEpaluil: OXKUIAaHUE IIO0-
JJadd BaroHOB, Mojaya, OKHJaHHE W BBIITOJTHEHHE
MaHEBPOBBIX OIEpalldid MO PacCTaHOBKE TIPYIIII
BAaroHOB Y MECT IOTPY3KH, BHITPY3KH, OXHUIAHHE
yOOpKH BaroHoB, yoopka. ®opMyIibl, ¢ OMOIIBIO
KOTOPBIX NPUHATO ONPEAENSITh YHCICHHBIE 3HAYE-
HHS OTUX DJIEMEHTOB, CBEAEHBI B Ta0. 1.

Tabnuma 1

q)OpMyJ'IBI AJIA onpele/ICHUA COCTABJIAIIINX ITUKJIA HOZIa‘lPI-yﬁOpKI/I BaroHoB

Table 1

Formulas for determining the components of cycle of cars delivery-removal

Haunmenosanue
oreparuu (BelH4n-
Hbl) (mapamerpa)

Dopmyna

[Ipumeuanus

[Iponomxurens-

\ In/p
HOCTb Nonypeiica (%T + Bme)E +3, 6'7

60

t

n/p

TexHonoruueckoe
BpeMs Ha COOPKY
BaroHOB

t; =18p,s+0,3n,

TexHomoruueckoe
BpeMs Ha COPTH-

OBKY BaroHoB
PoBrY t.=Ag,+bn

[Iponomxutens-
HOCTb OXHJIaHHS
BBITOJIHCHHUS OTIC-

pattu 2.2 2
— p (Unx + Uchn)

2n1-p)

0K

Opry Ppr — KOIPOHIHMEHTBI, YUHTHIBAIOLINE BPEMS HEOO-
XOIMMOE JUISl I3MEHEHUSI CKOPOCTH JBMKSHHS JIOKOMO-
THBA U Ka)X/I0T0 BaroHa Ha 1 KM/4 Ipu pasroHe COOTBET-
CTBEHHO, M BpeMs, HeO0OX0UMOe IJIst U3MEHEHHsI CKOPO-
CTH IBWKEeHMs Ha 1 KM/4 IPU TOPMOXKEHUH;
M — KOJINYECTBO BarOHOB B COCTABE, BATOHOB;
V — IOIyCTUMasi CKOPOCTb ABM)KCHUS IPH MaHEBPAX,
KM/Y;

lyp — IIMHA TIONypeiica, M;

P, — KOIMMYECTBO MyTeH, C KOTOPBIX MEPECTABMIAIOTCS
BaroHbI;

N, — KOJIMYIECTBO BarOHOB, IEPECTaBIAEMbIX Ha IIyTh
cOopky;

g, — KOIM4ecTBO rpymi (OpMUPOBAHNS HA Iy TH HAKO-

TUICHHS,
A, 5 — HopMaTHBHBIE KO3 (PHUIIUEHTHI, MUH;

N, — cpenHee KOIMIECTBO COPTUPYEMBIX BaroHoB [9];

Dx» Voben — KOIPPUIIMESHTHI BapUAIIMK BXOASIIETO MOTOKA
TpeOOBaHUH ¥ MPOAOKUTEIHBHOCTH OOCITY>KUBAHHUS CO-
OTBETCTBCHHO;

p — 3arpy3Ka 00CITy>KMBAIOIIETO YCTPONCTBA,

A — MHTCHCUBHOCTH TIOCTYIUICHUS TpeOOBaHuH, TpeOoBa-
Huii/g [2]
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BzaumoneiicTBrue KEIE3HOOOPOKHON CTAaHLUUU
Y IyTH HEOOIIEeTO MOJIb30BaHuUs MpeayCcMaTpUBaeT
Mo1ady BaroHOB Ha ()POHTHI TIOTPY3KH BEITPY3KH
B cpeaHeM uepe3 uHTepBan Bpemenu |,. Ilpu

9TOM, KaK IpPaBUJIO, HAKOIIJICHHUC BAaroHOB Ha CO-
CTaB IoJga4yu MNpOUCXOAWUT Ha IIYTH CTAaHUOHUU IIPpU-

mbikanus (puc. 1).
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A

Puc. 1. HakormuieHne BaroHoB Ha COCTaB IIOJAYU
Ha NYTU CTaHLMU MPUMBIKAHUS

Fig.1. Accumulation of cars for the train of supply
to the tracks of connecting station

Barono-uacel HakoIJIeHHsT BaroHOB JUIsl TTOJA-
YM Ha TPY30BbIe (DPOHTHI i-TO MAHEBPOBOTO paiioHa
COCTaBJISIOT

B =-n_1_ (1)

rac - IpOAOJIKUTCIIBHOCTD HAKOILJICHUS Baro-

it

m™

HOB Ha COCTaB IIOJAa4H, q/noz[aqy; i

- pasmep
nomaun (yOopku) Ha i-ii MaHEBPOBBINH paiioOH, Ba-
TOHOB.

[MpuHsB, YTO MPOIAOKUTEIBHOCTH HAKOTLICHHSI
BArOHOB Ha COCTaB MO/Ia4YM OJMHAKOBA U paBHa |,
(puc. 1), pasmep momauun (yOopku) Ha i-ii MaHEB-
POBBIil paiioH (IyTh HEOOIETO MMOJIb30BaHMs) pac-
CUHTBIBACTCS 1O (hOpMyIie

miny:a,i’ln'kHu (2)

rac o; — MHTCHCHUBHOCTD HAKOIIJICHUS (HOCTYHJIC'

HHSI) BArOHOB Ha IyTH /IS MOJa4H HA (PPOHTHI T10-
IPY3KH, BBITPY3KH i-TO MAHEBPOBOTO paiioHa (IyTu
HeoOmiero nojb3oBanus); K. — kodpduumeHT He-

PaBHOMEPHOCTH.

[IpuHSB BO BHMUMaHHUE TO, YTO JUIS MOJAYd Ha
(POHTBI TOTPY3KH, BHIFPY3KH I-r0 MAHEBPOBOIO
paifona (IyTH HEOOIIEro IOJb30BaHMS) HA IIyTh

HAKOIUICHUA TIIOCTYNAa€T BAaroHOB B KOJMYECTBC

mcch , MHTEHCUBHOCTh HAKOIUICHHMS MOKHO IIPE.I-

CTaBUTH B CICOYIOLICM BUIC.
mar

A=—2 3
Iy ©)

rac mcch — CPEAHCCYTOYHOC KOJIMYCCTBO BAr'OHOB,

NOCTYMAIOIIUX HA MaHEBPOBBIil paiioH (IMyTh He-
OOIIIEeTO TMOJIb30BAHMS).

3aTpaTbl Ha HAKOIUJIEHHE BAarOHOB PAaCCUMTHI-
BarfoTCs 10 hopMmyIie

I -m®™
I 1
3Ha1<i - : C@—q ! (4)
2
rae Cg_q — CTOHMMOCTH OJZHOI'0O BaroHo-ydaca,

JIeH.e/1./BaroHo-4ac.

IIpunsB, 4TO MOAady BAarOHOB, HAKOIUIEHHBIX
Ha COCTaB IMOJa4yH, Ha i-ii MaHEBPOBBIN PallOH BbI-
MOJIHAET OJMH JIOKOMOTHB, 3aTPaThl HA BBINOIHE-
HHE MaHEBPOBOW paloTHl ompenenstorcs no ¢op-
MyJIe

3M.p.i = C.z—q 'TM.p.i ! (5)

rac C — CTOUMOCTBH OJHOI0 JIOKOMOTHBO-Yaca,

A=

eH.en./nokomoTuBo-4ac; T, i — IPOMOIIKUTENb-

HOCTbH BBITIOJIHCHUSI MAHEBPOBOM pabOTHl Ha i-OM
MaHEBPOBOM paiioHe (MyTH HEOOIero Mmojabh30Ba-
HUS) OJTHUM JIOKOMOTHBOM, H,

TM.p.i =T, oxi +Tncp03i +Ty6i ' (6)

I

roe T

nogi IIPOOJDKUTEIIBHOCTE IIOJJa4Y BaroHoB

Ha i-i MaHEBPOBHBIN paiioH, d; TnepeSi

— OPOAOIIKH-
TETPHOCTh MaHEBPOBBIX OIEpaluii C BaroHaMu
y MECT MOTPY3KH, BBITPY3KH Ha i-OM MaHEBPOBOM

paiione, 4; T — NPOLOIDKUTENBHOCTH YOOPKH

BaroHOB C i-0ro MaHEBPOBOT'O palioHa, Y.

Ocoboe BHHMaHHE CIIEAYET YACIUTh MaHEBPO-
BBIM OIlEpalysiM C BaroHaMH y MeECT HOIPYy3KH-
BBITPY3KH, KOTOpBIE TPEACTaBISAIOT cOOO COBO-
KYITHOCTB TIOCJIEZIOBATENbHBIX MOIYpecoB ¢ yde-
TOM CMEHbI HaIlpaBJICHUS JBHXCHUS JIOKOMOTHUBA,
YKIaKd TOPMO3HBIX OalIMakoB, TEPEKPBITHS
KOHIIEBBIX KPAaHOB, pa3beAMHEHUS TOPMO3HBIX PY-
KaBOB, pacLENKu U T.II. B HacTodmee BpeMs mpo-
JOJDKUTETIbHOCTD BBINOJIHCHNS YKa3aHHBIX MaHEB-
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POBBIX OIEpanuil MPUHITO ONPEICIAThH CyMMHPO-
BaHUEM TIPOJIOIKUTEIHLHOCTEH MOyPEercOB U CMEH
HarpaBieHus ABMKeHMS. OIHAKO MaHHBIM CIOCO0
SABJIACTCA T'POMO3JKHUM, HO B TO K€ BpeMsa J0CTa-
TOYHO TOYHBIM. B TO xke BpEMs MAaHCEBPOBLIC OIIC-
pali ¢ BaroHaMH y MECT IOTPY3KH, BBITPY3KH
MO>XHO TIPEICTAaBUTHh B BUJE Habopa omeparuii mo
CcOOpKE M COPTHPOBKE TPYII BarOHOB, MPU ITOM
HY)KHO YYecTh ITyT€BOE pPa3BUTHE MaHEBPOBOTO
paiioHa, T1e pacroioKeHbI (PPOHTHI MOTPY3KH, BbI-
Tpy3Ku. AHajW3 CXEeM IyTEBOI'O Pa3BUTHUS MyTel
HEOoONIero IMOJIb30BaHUs Ha CETH benmopyckoil xe-
JIE3HOW JTOPOTH TO3BOJMI BBIIENUTH CPEeOH HHUX
JIBa OCHOBHBIX THUMa: 1) cXeMbl, Ha KOTOPBIX €CTh
BBICTABOYHBIN IMyTh; 2) CXEMbl, HA KOTOPBIX HET
BBICTABOYHOTO IyTH. [IpoIomKUTETIhHOCTS MaHEB-
POBBIX OIlepalyil ¢ BarOHaMH y MECT MOIPY3KH,
BBITPY3KHU OyJIET Pa3IUYHON JUIS MPECTaBICHHBIX
cxeM. Ha puc. 2 mpuBeneHa TEXHOIOTHS WX BBI-
MOJTHEHHSI Ha ITYTSAX HEOOIero MoJIb30BaHUA, TIE
€CTh BBICTaBOYHBIN IIyThb.
Y
I

1)]1; =
i

a | §) FG:FH:I
=

]
S

Puc. 2. ITocnenoBaTeIbHOCTH MAHEBPOBBIX OIEpaINit
10 paCCTAHOBKE BarOHOB Y MECT IIOIPY3KH,
BBIFPY3KH IIPY HAJTMYUU BBICTABOYHOTO ITyTHU!

I, Il — morpy3o4no-BeIrpy30uHsie myTH; |l — BeicTaBOUHBIH
yTh

o
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Fig. 2. The sequence of shunting operations
for car spotting at the places of loading, unloading
in the presence of goods siding:

I, Il - loading and unloading tracks; 11l — goods siding

B Takom ciryyae maneBpoBasi paboTa ¢ BaroHa-
MH BKJIFOYaeT B ceOs Be COOpKHM W OIHY COPTH-
POBKY BaroHoB (puc. 2), a ee MpoJ0IKUTEIEHOCTE
COCTaBIISICT

T =t +t, iy

nepes

Ioxncrasnss B popmyny Bmecto t, t, paBeH-
cTBa M3 Tabm. 1, mocne ympolueHWs ¥ BBEACHUS

CpeIHNX 3HAaYCHUU NIepPEMEHHBIX, TOTyJaeTCs:

Toepe =18 (p+D)+ 4(g,, +1)+m x

nepes
x(0,3+ 5)+m7- (0,6 +5),

rae g, — CpeiaHee YHMCIO IPYII BaroHOB, HAXo-

JUIIUXCSA HAa MyTH HEOoOlero moin3oBaHus (Ma-
HEBPOBOM  paiiOHE), KOTOpBIE 3aIeHCTBOBAHBI

B II€pe3apsiiike, IPymm; M. — CpeiHui pasmep

nonaun (yOopku) BaroHos; M.’ — cpeiHui pasmep

TPYIIBI BaroHOB; P — YMCIO MyTeW, HA KOTOpHIE
MOCTYIAIOT BArOHBI B IPOLIECCE BBINOJIHEHUS Ma-
HEBPOBBIX OMNEpaluii ¢ BaroHaMH y MecT TOrpy3-
KHU-BBITPY3KH.

TexHonorusl BBHIOJIHEHNUS MaHEBPOBBIX OIepa-
UU{A y IyHKTOB MOrPY3KH, BBIFPY3KM Ha IyTAX
HEOOIIero MOJIb30BaHUS B CIIy4ae OTCYTCTBHSI BbI-
CTaBOYHOT'O ITyTH NPUBEJICHA HA pHUC. 3.
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Puc.3. IlocnenoBaTenbHOCT ONepanuii
10 pacCTaHOBKE BaroHOB y MeCT IOIPy3KH,
BBITPY3KH IIPU OTCYTCTBHH BBICTABOYHOI'O IIYTH:
I, 11, 11l — morpy304HO-BEITPY304HBIE Ty TH

Fig. 3. The sequence of shunting operations
for car spotting at the places of loading, unloading
in the absence of goods siding:

I, 11, 11l - loading and unloading tracks

HpO,I[OJ'DKI/ITCJ'H:HOCTB BBITIOJIHCHHUA MAHEBPO-
BBIX onepaunﬁ C BaroHamMu y MCCT IIOIPY3KH, BbI-
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TPy3KM IO TEXHOJOIMM, TpPEACTAaBICHHON Ha
puc. 3, paccunteiBaeTcs 1o popmyie

Tiepes = A (P+1)+1,8(g,, +1) +2m]" x

nepes
x(0,3+5)+m7-(g,,(0,3+5)+b).

3HadeHUs TPOJOJDKUTEIHFHOCTE MaHEBpPOBOM
paboThl, MONydYeHHBIC TIO TPEACTaBICHHBIM (hop-
MyJiaM, 3HAYUTEIBHO OTIMYAIOTCS OT 3MIIHMpUYe-
ckux naHHbIX. [IpenctaBneHHblit crocod pacdera
o (¢opMyJsiaM COPTUPOBKHU, COOPKH SIBIIICTCS MPO-
CTBIM, OJHAKO HEJOCTaTOYHO TOYHBIM. Hertou-
HOCTh 3TOTO crocoba obocHOBaHA TeM, 4To (op-
MyJiBl, IpUBEIcHHBIE B Tabin. 1, mpucmnocobiaeHsl
IUIsl ONpEAENICHUs MPOJOJLKUTEIBHOCTH MaHEBPO-
BOH pabOTHI Ha JKENE3HOAOPOKHBIX CTAHIIHSX, KO-
TOpBIE B OTJIMYME OT IyTEH HEOOIIETo IMOIh30Ba-
HUS XapaKTEepU3YIOTCS TEPPUTOPHATBHON cocpe-
JIOTOYEHHOCTBIO MYyTEH, KOMIIAKTHOCTBIO CTPEIOY-
HBIX 30H u nAp. [loaToMy 171 TOBBIIICHUS
TOYHOCTU PacyeTa JaHHBIM CIIOCOOOM HEOOXOIH-
MO BBECTHU AOIOJHUTENbHBIE epeMeHHble. Ha oc-
HOBAaHWM aHaIW3a COOpPaHHBIX CTAaTHCTUYECKHUX
JAaHHBIX YCTAHOBJICHO, YTO MPOAOJKUTEIbHOCTH
BBINIOJIHEHUSI MAHEBPOBBIX OINEPALMM C BArOHAMU y
MECT MOTPY3KH, BBIFPY3KH 3aBUCUT OT: CYMMApPHOM
MOJHOM JJIMHBI MyTEW, 3aJeCTBOBAHHBIX B Ma-
HEBPOBBIX OMNEPALMSIX, CPEAHETO pa3Mepa IPYIIIbI
BAaroHOB, KOJMYECTBAa BarOHOB B COCTaBE MOJA4H,
KOJIMYECTBA IyTEH, Ha KOTOPBIC MOCTYMAIOT Baro-
HBI B MPOIIECCE BBITOJIHEHUS MaHEBPOBOU PabOTHI
C BarOHaMU y MECT MOTPY3KH, BBITPY3KH, HATUUUS
BBICTABOYHBIX IYTEW, CPEAHEro 4ucia rpyni Ba-
TOHOB, HaXOJSAIIMXCS HA MyTH HEOOILEro IMoJib30-
BaHMs (MaHEBPOBOM paiioHe), komuuecTBa (HhpoH-
TOB TIOTPY3KH, BEITPY3KH. B o0mem Buae mckomas
¢yHKIMsT OyaeT 3aBHCETh OT CJCAYIOIIMX Iapa-
METpPOB

F=1f(g,.m2.mZ,p> 1™ N, (7

rae ZI“"“ — CyMMa TOJHBIX JJIHH ITyTeH, 3a1ei-

CTBOBAHHBIX IpPH BHINOJHEHUH MAaHEBPOBBIX OIle-
pauuii ¢ BaroHaMy y MeCT IOTPY3KH-BBITPY3KH, M;
N, — KOIM4ecTBO IPy30BBIX (POHTOB, 3a]eHCTBO-
BaHHBIX MPU BBIMOJIHEHUN MaHEBPOBBIX ONEpaluit
C BaroHaMH y MECT NOTPY3KH-BBITPY3KH.

C noMo1pi0 METOJI0B PErPECCUOHHOIO aHau-
3a, KOTOpbIE OTHOCATCA K OSKCIEpUMEHTaIbHO-
CTaTUCTUYECKUM METOJAM COCTaBJICHUS Marema-

THUYECKUX MOJEINIEN, YCTAaHOBJIEHBl 3aBUCHUMOCTHU
MPOJOJKUTEIBHOCTA ~ MAaHEBPOBBIX  ONEPALIMiA
C BaroHaMu y MECT MOTrpy3KHU-BRITpy3kH. IIpu Ha-
JINYUU BBICTABOYHOTO MyTH B MAaHEBPOBOM pailoHe
(myTH HeoOIIero TMONb30BaHKSA), HCIOIb3YEMOTO
IUISL PACCTAaHOBKH BaroHOB, (DYHKIHSI UMEET clie-
YOI BU!

Tiepes =18 (P+D) + A(g, +D+

nepes
+(m;,(0,3+ B)+m;-g,, (0,6 + b)) x

x(0,0131p +0,0368)(0,0745N,, +0,7612) +

+1,3l(o,0552-z—+7,6169)x
Nd, p

x(0,3074:N,, +0,0779).

IIpu oTCyTCTBUM BBICTABOYHOIO IYTH

Tiepes =L8+A+Ap+18g,,+

nepes
+(2m2(0,3+5)+m-(g,,(0,3+ B) + b)) x

x(0,0289p —0,1345)(1, 4091~ 0,1713N,,) +

+(0,087-ZT+10, 215) (0,1609-N,, +0,4369).

Cpeny [OCTOMHCTB TIOJNyYEHHBIX 3aBUCHMO-
CTel cleyeT BBIACIUTEL COOMIOACHUE TEXHOIOTHH:
¢dopmyna (7) ocHOBaHa Ha TOM, YTO B IIPOIECCE
BBITIOJITHCHHUA MaHCBPOBBIX OHCpaHI/Iﬁ C BaroHamMmu
Yy MECT MOTPY3KH, BBITPY3KH BBITIOIHSIOTCS TOCITe-
JIOBATEIBHO cOOpKa, COPTUPOBKA, COOpPKA BaroHOB;
dopmyna (4) — cOopka, cCOpTHpPOBKa, cOOpKa, COp-
TUPOBKa. ODTO NPENOCTaBJISET BO3MOXKHOCTH IS
JATBHEHIIIET0  YCTaHOBICHHS I1€7IeCO00Pa3HOCTH
OCYILIECTBIICHUSI MaHEBPOBOW PabOTHI Yy MECT IIO-
TPY3KHU-BBITPY3KH Ha MyTSAX HEOOLIEro MOJIh30Ba-
HUSI KPYIHBIX MPOMBIIUICHHBIX MPEINPUITHH IO
TEXHOJIOTHH: cOOpKa Ha (pOHTAx, yOOpPKa BaroHOB
Ha IMyTHU HAKOIUICHHA, I10Ja4a BaroHOB Ha (I)pOHTLI
MOTPY3KH, BEITPY3KH. K HemocraTkaM MOXHO OT-
HECTH OTCYTCTBHE 3aBHCHUMOCTH (GyHKIHH F ot
JUTMHBI CTPEOYHON 30HBL. OJHAKO aHANW3 MyTeH
HeoOIero mojp30BaHusl Ha ceTd benopycckoit xe-
JIG3HOM JIOPOTH TOKAa3all, YTO OOJBIIMHCTBO M3 HUX
HMEIOT TYTEBOE PA3BUTHUE C JUIMHOM CTPENOYHOU
305! 10 100 M, 4To yuTeHo ko3 ureHTamu 4 u b.
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OfHAaKO TpPU HCIOJIB30BAHUHM  MOJyYESHHBIX
(hopMyJT MOTYT BO3HUKHYTH ITPOOJIEMBI, CBS3aHHEIE
C OIlpeJleIeHneM CPeHEro pa3Mepa TPYIIIBI Baro-
HOB. Becompblii Bkiag B HCCIEIOBAHUE CpEIHEU
BEJIMYWHBI Tpymibl BaroHoB BHec CoTHUKOB E. A.
Opnnako ciemayeT OTMETUTH, YTO B TIOIYYCHHON UM
3aBHCHMOCTH CpEJIHEE YUCIIO HA3HAYCHUM, Ha KO-
TOpBIC MPHUOBIBAIOT BaroHbI B OJJHOM II0O€3]Ie, HaXO-
JIITCS B MHTEpPBAJIe, 3aBUCAIIEM OT OOIIETr0 KOJIHYe-
CTBO Ha3zHaueHU. B CBSA3M C 3TUM BO3HHKAIOT
TPYAHOCTU TPH MCIOJIB30BAHUU ATOH (HOpMyIIbI
MIpY BBHITTOTHEHWU pacueToB. [loaTromy Ha ocHOBa-
HUH CTaTHCTHYECKHUX IAHHBIX C IIOMOIIBIO ypaBHE-
HUSI MHOXKECTBEHHOU perpeccuu meronom bpanmio-
HA TOJIyYeHa aHAJIMTUYECKas 3aBUCUMOCTh CPEHE-
TO pa3Mepa TpyNIbl BarOHOB B COCTaBE OJHOW ITO-
Aauu-yOOpKA  OT  3aBUCAIIMX  IapaMeTpOB.
OcoOeHHOCTh METO/Ia 3aKIIFOYAaeTCs B TOM, YTO MO-
PANOK  pacmoJOKEeHUs  BBIOpaHHBIX  (DaKTOPOB
He 0e3pa3IdeH Il TOYHOCTH OOpabOTKH pe3ylih-
TaTOB HAOIIONEHUN. YyeM OOJIbIIE BIIMSIHUE HA UC-
CIIeZlyeMyI0 BEJIMYMHY OKa3bIBaeT BHIOPAHHBIA Ta-
paMmeTp, TeM MEHBIIE JOJDKEH OBITh ero MOpPSIKO-
BbIli HOMep. OCHOBBIBasICh Ha 3Ha4CHHUAX Kod(du-
IUCHTOB  JICTCPMHUHUPOBAHHOCTH,  OIpEJeNicHa
TIOCIIeIOBATEIFHOCTh MCIOIB30BAHUS TTEPEMEHHBIX
U mojiydeHa QopMyiia Ui ONPEACIeHUs CpeiHei
BEJIMYMHBI TPYIMIBI BarOoHOB B COCTaBE I0JIA4U
(yGopkn)

m: :%- (0,15-mZ" —0,0017 - (MZ")?) x
@

x(0,16-m: —0,0006- (M)?).

Ha ocHoBanuu ¢opmyn (1) u (2) moxHo ompe-
JIeTIMTh CyMMapHBIE 3aTpaThl Ha BBINOJHEHHE Ma-
HEBPOBOW paboThl M HAKOIUICHHE, MPUXOISIINECS
Ha OJIMH BaroH
T

a—4 M.p.i

i 'n P
@yuxuus F, HempepsiBHa u auddepennupye-

Ma II0 In' HO3TOMy onTUMAalIbHOE 3HaueHue |

it

MOJKHO OIPEACINUTh U3 YPABHCHUSA

dF,(1,)/dl, =0. ®)

B X0AC pelICHUA JaHHOI'0 YpaBHCHHA BBCACHBIL
CIIeYFOIINX 0003HAYCHUS:

~ 0,001368
b
x(0,0745-N, +0,7612) x

Z:3O'C6_l, '(0’6+E)'C,1—v'g'cpx

x(0,0131- p+0,0368) - A -k, x

(0,15-m2" —0,0017-(m3")?),
p ZII‘IOJ‘I
R=-.(0,0552- +7,6169) x
Ntb
x(0,3074-N, +0,0779),
|
WH :7\‘ - VH&"‘O,OB ”/P ]
PT 120 v

oz

Vv |
W :xT.L6+0,06.“_W,
Yo P 120

Vy6

24.C,

A=Y

cyr !
mg, - K,

pnox ) (stl + U§6cnl)
2: (1_ pnox)

1+

hy

pJ‘IOK : (U§x2 + U§6cn2)
2 : (1_ p_]'[()]()

_ 60Qn (1_Y)ta .(sta +U§6cna)
2-(yT-0,-Q,)-Z

TOE Upxl, Upx2s Kod(hpUIMEHTH BapHaITiu
BXOJALIETO MOTOKA, MOoAa4, YOOpPOK BaroHOB, aB-
TOMOOWJIEH COOTBETCTBEHHO; Dogent, Dogen2s Dogena —
ko2 pHUIHMEHTH Bapualuyd TPOJOKUTECILHOCTH
oOciykuBaHus, 1MOAa4, yOOPOK BaroHOB, aBTOMO-
Oniell COOTBETCTBEHHO,; Pyox — 3arpy3Ka JIOKOMO-
tiBa, Q, — 00BeM rpy3omepepadOTKH, TOHHO-
OTiepaluii B CyTKH; (,; — dKCILUTyaTal[MOHHAs HOpMa
BBIpa0OTKM MeXaHM3Ma, OTHEeCeHHas K 1 4 ero pa-
060TBI, T/4; y — KOJMYECTBO IOIPY304YHO-
pasrpy30YHBIX MEXaHU3MOB Ha TPy30BOM (pOHTE;
Y — J0Jisl OT oOwIel 3arpy3Ku MEXaHU3MOB pU 00-
CITy’)KUBAaHUU BXOJSIIET0 IMOTOKa BaroHoB;, T —
MPOJIOJDKUTENFHOCTh  Pa0OThl Tpy30BOr0 (hpoHTa
B TEUCHUU CYTOK, 4; t; — IPOJOIDKUTENHLHOCTD 00-
CIIy)KMBaHHsI OJHOTO aBToMooms, 4 [10].

h, =1+

h,

DBXH

doi 10.15802/stp2016/83932

36

© U. A. Enosoii, E. H. ITorsuikun, 2016



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

Hayka Ta nporpec Tpancropry. BicHuk J[HIIponeTpoBchKoro
HALIOHAIBHOTO YHIBEPCUTETY 3ali3HHYHOro Tpancmnopry, 2016, Ne 5 (65)

EKCIUTIYATALLA TA PEMOHT 3ACOBIB TPAHCIIOPTY

otHOCUTENBHO |

PemuB  ypaBuenue (8), .
B Cllyyae HaJMYds BHICTABOYHOTO ITyTH B MaHEB-
poBoM paiione (IIyTH HEOOIIEro MoJb30BAHMS) TI0-

Jy4eHO

- W AW, +1.8( prDHR+4(g,, 1) o
z

Ipu HeneTepMUHUPOBAHHOM TTOTOKE T0/1a4 Ba-
TOHOB B MIPOJIOJDKUTENIFEHOCTH MaHEBPOBOH paboThI
Ha MaHEBPOBOM paiioHe (MyTH HEOOLIEro MOJb30-
BaHUs) HEOOXOIMMO YYeCTh BO3MOXKHBIC OXKHJIA-
uus [10]. B pesymerare monydeHa Qopmyia o
OIPE/ICIICHUI0 ONTHUMAJIbHOTO HMHTEpBala MEXIY
10/Ia4YaM¥ BarOHOB Ha ()POHTHI OTPY3KH, BBITPY3-
KU 110 KPUTEPUIO MHHUMH3ALMU JKCILTyaTalluoH-
HBIX 3aTpaT B CJIyda€ HAJIMYHA BBICTABOYHOI'O IIyTHU
B MaHEBPOBOM paioHe:

W, -h +W, -h, +1,8-(p+1) +
+A- (g, tD+R+N,
z

In2 = ( -D. (9)

CnenyeT OTMETUTh, UYTO MPEACTABICHHBIC
(1)OpMyJ'II>I pa60Ta}0T B YCJIOBHAX, KOraa IPOU3BO-
JUTC pacCTaHOBKA BaroHoB Y q)pOHTOB IOrpy3KHu-
BBITPY3KH B IpeAciiaX OJHOro MaHCBPOBOI'O pa171—
oHa. B ciy4dae, €CiIM 3a OOHY Honaqy-yGOpKy 00-
CIIY’)KUBAIOTCA HECKOJIBKO paﬁOHOB, TO CICoyeT

BBINIOJIHUTE CYMMHpOBaHue T,... C BBEACHHEM
I

kod(pummenTa CABOCHHBIX ONEpAIMA TIPH Tepe-
CTaHOBKE BaroHOB U3 OJJHOTO MaHEBPOBOTO paiioHa
B JPYIOH.

Ha ocHOBaHWM mONMy4YeHHBIX 3aBUCUMOCTEH TI0-
CTpOeH rpaduK, MPEeACTaBICHHBIH Ha puc. 4, oOT-
paKaroluii 3aBUCUMOCTh ONTUMAIBHOTO 10 KpH-
TEpUM MHUHUMM3ALUU 3aTpaT HHTEpBaja MEXIY
MoJla4yaMy BaroHOB OT MHTEHCHBHOCTH WX HaKOII-
JIEHUS U YHCIIa My TEeH.

Kak BumHO M3 puc. 4 3Ha4eHHS HHTEPBAJIOB
MEXIy TOJavyaMH, Mmojy4eHHbie mo dopmyie (9),
3aKIII0YeHbI B npenaeiax ot 3 10 9 yacor. Ha ocHo-
BaHHM Y€ro MOXKHO cJIeNlaTh BBIBOJ 00 aJleKBaTHO-
CTH pa3pabOTaHHOW MOJENH, OTPaKAIOIIEH pealb-
HYIO J€HUCTBUTEIBHOCTD.

CrouT y4ecTb, 4TO TTIaBHAs 1IeTh ONTHMH3AIIHU-
OHHBIX pacyeTOB 3aKIIOYAaeTCs B ONPEACICHUH
HambOoyiee YyBCTBUTENBHBIX OJJIEMEHTOB, BIHUSIO-
IMX Ha WHTEpBaJ MEXIy I0jadaMd BaroHOB Ha
MyTH HEOOILIero Moyib30BaHusA. B cB3M ¢ 3TUM

NPOBENICHO HCCIEJOBaHUE CTENEHU BIUSHHUA HC-
XOJTHBIX ITapaMeTPOB Ha OTHOCHTENIbHBIE M3MEHE-
HUS TeNIeBOH (PYHKIMHM TIO YIPOIIEHHOH CXeMme,
B KOTOpPOH NEHCTBHE KAXKIOrO IapaMeTpa OLEHU-
Ba€TCAd B OTACJIIBHOCTH, B TO BPEMA KAaK OCTAJILHBIC
BEJIMYMHBl TPUHUMAIOTCA TOCTOSHHBIMU. Pac-
CMOTPEHHBIC MapaMETpbl HMCHOT HEOAMHAKOBYIO
(u3MUECKyr0 CYIIHOCTh M pazMepHOCTh. [1oaTomy
JUTSL UX CPaBHEHUSI MEXIY COOOH IO CTETICHH BIIH-
SHUSI Ha TeieByio QyHkmuio F, Bce oHM mpuBO-
IaTcs K Oe3pasMepHOMY BHUAY, T. €. HaXOAUTCS
MIPOIEHT OTKIIOHEHWSI ONPEJEeNIEHHOr0 TapameTpa
OT €ro pacyeTHOTO WM ONTHMAIBHOTO 3HAYEHUS
[6]. OtHOCHTENBHBIE MPHPAIEHHUS HCCIIETYEMOTO
napameTpa M LeleBo (yHKIMH pacCUUTHIBAIOTCS
no ¢popmynam:

Aip - Apr ,
pr;
T F.(pr) ’

rjie Pri — MccleyeMblii mapamerp; Apr; — norpemi-
HOCTb HapaMeTpa.

B pesyunbrare nccnesoBaHus MOCTPOSH rpaduk
saBucumoct  Ag'=f(A,'), npencraBnenHsii Ha
puc. 5.

©
|

©
L

~
L

(o))
L

o
L

IS
I

HHTCpBaJ’l MEXOy mogavdyamMu, 4

w

2 3 4 5

[

VIHTE€ HCHBHOCTh HAKOIUICHHS BATOHOB, BATOHOB/4

Puc. 4. I'paduk 3aBUCHMOCTH ONITUMAIILHOTO
10 KPUTEPHIO MUHUMHM3AIIMY 3aTpaT HHTEpBaa
MEXIy oJa4yaMH OT HHTCHCUBHOCTH HaKOIUICHHS Ba-
TOHOB IIPH PA3INYHOM YHUCIIE MyTeil

Fig. 4. A dependence graph of the optimal interval
between car deliveries according to the criterion
of minimizing the costs on the intensity of cars
accumulation at the different number of tracks

Ha ocHoBanum anamusza puc. 5mu MOJTY4YCHHBIX
PE3YyIbTAaTOB MOXKHO CACJIAaTh BBIBOA O TOM, YTO IIO
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CTETEeH! BIMSHMS KaKIOro M3 NMapaMeTpoB Ha Lie-
7eByl0 (pyHKIMIO MX CIIeAyeT pacrojiaraTh B cClie-
IyIOLIeH IOC/IeA0BaTEIbHOCTH!

1) cpenHecyTOUHOE KOJIMYECTBO BaroHOB, MOCTY-

TAKOMIUX HA ITyTh HeoOero nonmbs3osanus (M, );
2) cymMMapHasl TIOJiHasl JUIMHA TTyTeH, 3a1eicT-

BOBAaHHBIX [TPH MaHEBPax (Z L);

3) umcio Takux myTen (P );

4) cpemHee YKCIIO TPYI BATOHOB, HAXOISIIHX-
Cs Ha MyTH HEOOIero Mmojbpb30BaHUs (MAaHEBPOBOM
paiione) (g );

5) KonHMYeCTBO TPY30BEIX (PPOHTOB, 3aMEHCTBO-
BaHHBIX B MAaHEBPOBBIX ONEpAIUAX C BaroHAMU
y MecT norpy3ku-Boirpysku (N, ).

\

Puc. 5. I'paduk 3aBUCHMOCTH OTHOCHUTEIBHBIX
M3MEHEHHH 11e1eBOH (DYHKIIMU OT OTHOCHTENIBHBIX
MIpHUpAICHIA TapaMETPOB

Fig. 5. A dependence graph of the relative changes
in the objective function on the relative increments
of the parameters

[lomydeHHBIE 3aBUCUMOCTH  TPEIOCTABISAIOT
BO3MOKHOCTH JJI1 JAJBHCHIIINX HWCCICIOBAaHUMN
B3aUMOJICUCTBUS  KEIIE3HOJOPOKHOW  CTAHIIMU
TIPUMBIKAHUS W CTaHIMH, (OPMUPYIOIIEH B ee all-
pec mepenaToyHbIe Toe3a, a TaKKe B3auMOIeHCT-
BHUSI TIyT€H HEOOIIETro ITOJIh30BAHUS W CTAHIIHH
NPUMBIKaHUS B YCIOBUAX (DYHKIMOHUPOBAHUS Ba-
TOHOB I'Py300TIPABUTENEH, IPY30MOTyYaTENEH.

Hayunas HOBM3HA M MpaKTHYecKas
3HAYUMOCTh

Hayuynas HOBH3Ha mnpelncTaBICHHOW pabOTEHI
3aKIII0YaeTCA B CIELYIOIEM:

— YCOBEpILCHCTBOBAaHbI (DYHKIIMOHANBHBIC 3a-
BHCHUMOCTH JJIs1 ONpPEJENEeHUsI ONTUMANIBHBIX 3HAa-

YEHUI MHTEPBAJIOB MEXKAY IOJayaMy BaroHOB Ha
rpy30Bbie  (GPOHTHl TIPU JIETEPMUHUPOBAHHOM
1 HEIETEPMUHHUPOBAHHOM ITOTOKAaX I10/1a4 BarOHOB
Ha IIyTH HEOOIIeTo MMOIh30BaAHUS;

— MPeIOkKEHBI (POPMYJIBI IO ONPEACICHUIO
MIPOAOJKUTENIEHOCTA  BBIMTOTHEHHUSI MaHEBPOBBIX
oTiepanuii ¢ BArOHAMH Y MECT TIOTPY3KH-BBITPY3KH,
3aBHUCSIINE OT CICIYIONUIUX MapaMeTpoB. CyMMap-
HOH MONHON AJIMHBI TyTeH, 3a1eHCTBOBAHHBIX IPU
MaHeBpax;, CpeTHEro pasMepa TPYHIBl BaroHOB;
CpeIHero pasMepa MoAadyu-yOOpKH BaroHOB; KO-
JUYECTBA IMyTeH, Ha KOTOpPbIE MOCTYMIA0T BaroHbI
B TIpollecce BBHITIOJHEHUS MaHEBPOBOW pPabOTHI;
HaJU4usl BBICTABOYHBIX IyTEH IS TIepe3apsIKu
y Ipy30BBIX ()POHTOB; CPEIHETO YMCja TPYII Ba-
TOHOB, HaXOJSAIIMXCS HA IMyTH HEOOIEro IMoJib30-
BaHus (MaHEBPOBOM paifOHE); KOJIMYECTBA TPY30-
BBIX (DPOHTOB, 3aJIEICTBOBAHHBIX B MaHEBPOBBIX
omepanusXx C BaroHaMH Yy MECT TOTpYy3KH-
BEITPY3KH. Ilpu 3TOM crmoco® pacdera IpoaoKu-
TETFHOCTH PAaCCTAaHOBKH BaroHOB SIBJISIETCS IIPO-
CTBIM B OTJIMYHME OT CYIIECTBYIOIIETO, OCHOBAHHO-
ro Ha CyMMHPOBaHWHU TPOJODKUTEIHHOCTEH BBI-
MTOJTHEHUS TTOTYPEHCOB M CMEH HAIIPABJICHUS JIBU-
JKEHUsS, KOTOPBIM SBISETCS JOCTATOYHO TPYAO-
E€MKHM.

IIpakTHueckass 3HAYUMOCTH PAaOOTHI COCTOUT
B BO3MOJKHOCTH HCIOJIb30BaHUS MOJTYyUYEHHBIX 3a-
BHCHUMOCTEH TIPH OIpEJIeIIeHNH MTapaMeTpOB IIHUKIIA
nmoayn-yOOpKH BaroHOB Ha TPY30BBIE (DPOHTHI,
ONTUMAIBHBIX 3HAYCHUU MHTEPBAIOB MEXKIY IIO-
JladyamM¥ TIpU B3aUMOJCUCTBHH >KEJIE3HOAOPOKHOM
CTaHIIMY W MYTH HeoOIero nois3oBanus. [Ipume-
HEHUE Pe3yIbTaTOB UCCIICIOBAHUS TIO3BOJIUT: CHH-
3UTh M3JICPKKH BIIAJICNIbIA ITyTH HEOOIIEro IMOJib-
30BaHMsl, KEJIE3HOM TOPOrd, MOBBICUTH KOHKYPEH-
TOCIIOCOOHOCTh  YKEJIE3HOIOPOKHOTO TPAHCIIOPTa
Ha PBIHKE TPAHCIIOPTHBIX YCIYT.

BoIBOaBI

BruiBiieHHbIE (DYHKIMOHAJIBHBIE 3aBHCUMOCTH
JUISL OTIpEIETICHUsSI WHTEPBAJIOB MEXIy IMOJadaMu
BaroHOB, TPOJODKUTENBHOCTH BBINIOJHEHUS Ma-
HEBPOBBIX ONEpalMii ¢ BarOHaMH y MECT IOrpy3-
KH-BBITPY3KH 11eJIecCO00pa3HO MCIONb30BaTh B pac-
yerax mpu OOOCHOBAaHMM BHIOOPA ONTHUMAIILHBIX
pPEKMMOB  B3aUMOJEMCTBHA  HKEIE3HOIOPOKHBIX
CTaHIM{ C TMYTSAMHU HeoOIIero monp3oBaHus. Ha-
JUYre WHTEpBala MO3BOJISET MPUMEHUTHh TEOPHIO
B3aUMOJICUCTBHSI M OpaTh €€ 3a OCHOBY IIPH HCCIIe-
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JIOBaHUU PEXHMOB B3aHMOJEUCTBUS CHCTEMBHI,
BKJIIOUaromed B ce0st CcTaHOuio (OPMHUPOBAHUS
nepenad, KeJIe3HOAOPOXKHYIO CTAaHIUIO MPUMBIKA-
HUS, TYTH HEOOIIEeTO IMOJIh30BaHUsA, (POHTHI II0-
TPY3KHU-BBITPY3KH BaroHoB. JlaHHOe B3aumojeicT-
BH€ MOXHO pacCMaTpUBaTh C MO3ULUHU IPy30BJIa-
Jienbla. DTO CBA3aHO C BBISBICHHWEM CIAOBIX TMO-
3ULMH TpU  OpraHu3anuu  paboThl  CTaHLUHU
NPUMBIKaHUSI M TYTH HEOOIIero MoJb30BaHUs,
YCTpaHEHHE KOTOPBIX HANpsMYIO BIMSAET HA IO-
BBHIIIICHWE KOHKYPEHTOCIOCOOHOCTH KEJIEe3HOA0-
POKHOTO TpaHCIIOPTa Ha PBIHKE TPAHCIOPTHBIX
YCIIYT.

O6o0miast BbIIE TPHUBENEHHBIH MaTepua,
MOJKHO CJIeJIaTh CIEAYIOLINE BHIBOJIBI:

1) B HacTosIIee BPeMs Y TPAHCIOPTHOTO KOM-
iekca PecrryOonukn benapyce cymecTByer octpas
HEOOXOJMMOCTh B Pa3BUTUU WHPPACTPYKTYPHI Iy-
Teil HeoOLIero Mojbp30BaHUs, a TaKXKe COBEpIICH-
CTBOBAHHMHU TEXHOJOTHH UX B3aHMOJIEHCTBHS C JKe-
JIE3HOJIOPOKHBIMUA CTaHIUSIMH IPUMBIKaHHA C IIe-
JIBIO YAOBJIETBOPEHUS BCEX TPEOOBAaHUI KIMEHTOB
benopycckoi xene3Hol JOpOord BBUJY YBEIUYE-
HUS YMCJIa BarOHOB TPy300TIpaBUTENEH, TPy30I0-
JIy4JaTenew;

2) COBEpILCHCTBOBAHUE TEXHOJOTUU pPaOOTHI
TEeXHUYECKUX cTaHuuid benopycckoi kene3Hou
JOPOTH HEBO3MOXHO 03 TIy0OKOro Hay4YHOTO
UCCIICJIOBAHUS PEXHMOB UX B3aUMOJACHCTBUS
C IyTSIMU HEOOIIETO TOJIb30BaHMS;

3) nonyuyeHHbIC B pe3yJbTaTe pabOThI 3aBHCH-
MOCTH CO3JAI0T MPEANOCHUIKN JUIs AajdbHEHIIero
HCCIIEIOBAHUSI PEKMMOB B3aHMOJEHCTBHS KEIE3-
HOJIOPO’KHBIX CTaHIIMN W MyTel HeoOIIero moJyb30-
BaHUS B YCJOBUSAX HaJW4YUs OCHOBHOM JONH Baro-
HOB  TpY300TIpaBHUTENEH,  TIpy30MOIydaTeNney,
a TaK)Ke OpPraHU3ald OTCTOSA TaKHX BaroHOB IpH
CE30HHOM U IPYruX BUJAX HEPABHOMEPHOCTEH.
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PO3PAXYHOK OIITUMAJIBHUX IHTEPBAJIIB
IS BUBOPY PEKUMIB B3AEMOAII CTAHIIN
TA KOJIIA HE3AT'AJIBHOI'O KOPUCTYBAHHSA

MeTta. OCHOBHOIO METOI POOOTH MOBUHHO CTaTH OTPUMAHHS aHATITHYHUX 3aEKHOCTSH Ui PO3paxyHKY OIl-
THUMAJIbHUX 3HAYEHb iHTEPBANiB MiXK IOJa4aMH BAaroHiB Ha ()POHTH HABAaHTA)KCHHS, BUBAHTAXXCHHS 3a KpHUTEpieM
MiHiMi3a1i] ekcIuryaTaiitanx Butpart. Lle 103BomuTh 00TpyHTOBYBATH BHOIp €()EKTUBHUX PEKUMIB B3a€MOJIIT 3aJIi-
3HAYHMX CTAHIIH Ta KOJii He3arabHOTO KOpUCTyBaHHSA. MeTtoauka. /s MocATHEHHS TOCTaBICHOI METH BUKOPHC-
TaHO METOJIU HAayKOBOTO aHAJ3y Ta CHHTE3y, MeToA bpaHnoHa mpu ampokcuMarlii (yHKMii, eKCIieprMeHTaTBEHO-
CTATHCTUYHI METOAU CKJIQJaHHS MaTeMaTHYHUX 3ajexHocTeil. PesyabraTn. OTpuMani GpopMyny o BU3HAYESHHIO:
1) onTMManbHKUX 3HAYEHb IHTEPBAIIB MiXK IM0Ja4YaMM BarOHIB Ha MiCIS HaBaHTAXXEHHS-PO3BAHTAKEHHS 38 KPUTEPI-
€M MIHIMI3aIlil BUTPAT MPH PEKUMI B3aEMOIIT 3ai3HUYHUX CTAHIIHN 3 KOJMISIMH HE3arajJbHOI0 KOPHCTYBAaHHS Yepes3
PO3paxyHKOBI IHTEPBAIM Yacy; 2) TPyIH BaroHiB CEPeIHHOTO PO3MIPY B CKJIA/i OAHIET MOAaYi Ha KOMiI0 He3araib-
HOTO KOPHCTYBaHHS; 3) TPHBAIOCTI MaHEBPOBOI pOOOTH IOJ0 PO3CTAHOBKH BAaroHiB y ()POHTAX HaBAHTAKCHHS-
BuUBaHTaXeHHs. HaykoBa HOBHM3HA. YIOCKOHAJICHO (YHKLIOHAJBHI 3aJ€KHOCTI IJIsi BU3HAYCHHS ONTHUMATbHHX
3HAYCHb IHTEpBaJiB MUK I0JjadyaMy BaroHiB Ha ()POHTH HABAHTAKCHHS, BUBAHTAXXCHHS 3a KpUTepieM MiHiMizarlii
eKCILTyaTaliifHIX BUTPaT. Lle cTano MOXIMBHM 3aBASKH OTPUMAHUM (OpMyNaM, sKi BPaXOBYIOTh BIUIUB: 1) Kiib-
KOCTI BaHTOXHHUX (POHTIB, 3aMiTHUX y MAaHEBPOBHX OIEpaliix i3 BaroHaMH Yy MICIIX HaBaHTaKEHHSI-
BUBAHT&)XCHHS; 2) TPYI BarOHIB CEPEIHBOTO YHCIA 1 pO3Mipy, sKi mepeOyBaloTh Ha KOJii He3araIbHOTO KOPHCTY-
BaHHs; 3) MoJavi-PUOUpPAHHS BaroHiB CEPEIHBOTO PO3MIpy; 4) HasSBHOCTI BHCTaBKOBHUX KOJIM IUIS TIepe3apsiIKu
bponTiB; 5) cymMapHOi MOBHOI JOBKHHHU KOJiH, 3aMisIHUX y TIepe3apsaii (pOHTIB HaBaHTaKCHHs-BHBAHTAKCHHSL.
IpakTuyna 3HaunmicTb. OTpuMaHi QyHKIIOHAIBHI 3aJIE)KHOCTI MOYKHA BUKOPHCTOBYBATH TPH BHU3HAYCHHI Tapa-
METpIB IMKIY [0J[a4ui-NpUOUpaHHs BaroHiB Ha ()POHTH HABAHTAXKECHHS-BUBAHTAKCHHS, @ TAKOXK ONTUMAaJbHUX 3HA-
YeHb IHTEpBaliB MiX MOJa4aMH IPH B3a€MOJII] 3ali3HUYHOI CTaHMIi Ta KOJiH He3arajlbHOro KOPHCTyBaHHs. Buko-
PHCTAaHHS OTPUMAaHHX PE3yJbTATiB JO3BOJUTE: 1) BUSBUTU claOKi MO3UIIT TP OpraHizaiiii poOoTH CTaHIil npuMH-
KaHHS Ta KOJii He3araabHOTO KOPHCTYBAaHHS; 2) 3MCHIIUTH BUTPATH BIIACHUKIB 3aTi3HUYHHUX KOJiH HE3arajbHOro
KOPHCTYBaHHS 1 3aJi3HUIN B IUIOMY 3a paXyHOK MiHiMi3allii €eKOHOMIYHHX Ta THMYAacOBUX BTpAT i, SK HACIIJIOK,
HIIBUIIATH KOHKYPEHTOCIIPOMOXHICTB 3aJ1i3HUYHOT0 TPAHCIIOPTY Ha PHHKY TPAHCIIOPTHHUX HOCIYT.

Kniouosi cnosa: xomis He3araJbHOTO KOPHCTYBAHHS, PEXUM B3a€MOJIl, IoJaya-NpuOUpaHHsS BaroHis;
MaHEBPOBI omeparlii; iHTepBaT MiX IT0Ja49aMH{ BaroHiB
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CALCULATION OF OPTIMAL INTERVALS TO CHOOSE THE MODES
OF INTERACTION BETWEEN STATIONS AND NON-PUBLIC TRACKS

Purpose. The article is aimed to obtain the operational dependences for calculating the optimal intervals be-
tween car supply on loading and unloading fronts, unloading according to the criterion of minimizing operating
costs. This will allow substantiating the choice of effective modes of interaction between railway stations and non-
public tracks. Methodology. Methods of scientific analysis and synthesis, the method of Brandon at the approxima-
tion of the function, experimental and statistical methods of compiling the mathematical dependences were used in
order to achieve the purpose. Findings. There were obtained the formulas for determination of: 1) optimal values of
intervals between the car supplies to the places of loading and unloading according to the criterion of cost minimiza-
tion in conditions of interaction between railway stations and non-public tracks through determined time periods;
2) medium-sized car groups in one supply on the non-public track, 3) the duration of the shunting work on car spot-
ting in loading and unloading fronts. Originality. Operational dependences were improved for the determination of
optimal values of intervals between the car supplies to the fronts of loading, unloading according to the criterion of
minimizing the operational costs. Since the obtained formulas take into account the influence of: 1) the number of
freight fronts involved in shunting operations with the cars near the points of loading and unloading; 2) the average
number and size of the car groups, which are on the non-public tracks; 3) average size of the car supply-removal;
4) the presence of the goods siding for the fronts recharging; 5) total length of the tracks involved in recharging of
the loading and unloading fronts. Practical value. The obtained operational dependences can be used in determining
the parameters of supply-removal cycle to the loading and unloading fronts, the optimal values of the intervals be-
tween supplies in the interaction between the railway station and non-public tracks. Obtained results will allow:
1) identifying weak positions in the organization of connecting station operation and non-public tracks; 2) reducing
the costs of the owners of non-public tracks and the general railway by minimizing the economic and time losses
and, as a consequence, increasing the competitiveness of railway transport in the transport market.

Keywords: non-public track; mode of interaction; car supply-removal; shunting operations; interval between cars
supplies
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USE OF MICROCONTROLLER FOR MEASURING SHAFT SPEED
OF DIESEL LOCOMOTIVE HYDRAULIC TRANSMISSION

Purpose. The article considers the process of development and improvement of tachometer data collectors for
the data-measuring diesel locomotive hydraulic transmission test system, which will give the possibility of obtaining
the source data to conduct further studies of the technical condition of diesel locomotive hydraulic transmission. It is
supposed to provide a solution to the problem of development and improvement of tachometer data measuring tools
of the previously created data-measuring diesel locomotive hydraulic transmission test system, starting out from the
possibility of modification of the existing locomotive hydraulic transmission test-bench at the Dnepropetrovsk Die-
sel Locomotive Repair Plant «Promteplovoz». Methodology. The researchers proposed in the work a method of
modifying the existing tachometer sensor of the automated microprocessor system for the locomotive hydraulic
transmission test-bench in the conditions of a diesel locomotive repair plant. It is applicable by substantiating the
choice of the required tachometer sensor measuring method, as well as by using the necessary hardware and soft-
ware to accomplish the goal with the ability to integrate into the data-measuring system for diesel locomotive hy-
draulic transmission testing. Findings. The available equipment of the locomotive hydraulic transmission test-bench
allowed for design of the optical type speed sensor based on the existing sensor D-2MMU-2. The factory testing
with the use of a sensor prototype resulted in determination of the required and sufficient sampling time for sensor
operating microcontroller. Originality. The available equipment of the locomotive hydraulic transmission test-
bench allowed for design of the optical type speed sensor based on the existing sensor D-2MMU-2. We developed
the operation algorithms for the microcontroller that processes the signals from this sensor. The sensor was factory-
tested. According to the data sample obtained during the tests, we showed the possibility of reducing the sensor in-
formation retrieval frequency. Practical value. The designed sensor significantly reduces the cost of development of
the diesel locomotive hydraulic transmission test-bench, besides it can be used when developing similar hydraulic
transmission test-benches of other wheeled vehicles and the like. The designed sensor has a greater accuracy than
that of D-2-2MMU and considerably lower production cost in comparison with current tachometer sensors. The
measurement results are input data to perform further studies in order to determine the technical condition of
UGP750-1200 hydraulic transmission during the factory post-repair testing.

Keywords: tachometer sensor; D-2MMU-2; hydraulic transmission; hydraulic transmission test; test-bench;
data-measuring system

Introduction opment in accordance with the plant test program
the most necessary and critical 13 process parame-
ters were selected. Information about which re-
ceived from the sensors is processed by the micro-
controller and PC [13].

Information about the rotation frequency of the
drive motor, the generator, the turbine shaft is
measured using D-2MMU-2 tachometer sensors [8],
which transmit the pre-processed analogue signal to
a special converter and then to ATMEL microcon-
troller for its further processing and transmission by
USB 2.0 interface to the computer [13].

Today in Ukraine, the hydraulic transmission is
tested using the outdated test-benches designed in
Soviet times, in particular at the repair plants of
diesel locomotives and military equipment with
hydraulic transmission. Also, there is no standardi-
zation of the production of these test-benches.

As part of the work for improvement and mod-
ernization of the existing hydraulic transmission
test-bench at DZRT «Promteplovoz» plant it was
revealed that the installed thereon analogue control
devices are out-of-date. In the first stage of devel-
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D-2MMU-2 sensor is nothing but an alternator,
which has a critical flaw — at relatively low speeds
(established experimentally at about 80 min™) the
voltage amplitude produced by the alternator is not
sufficient for the normal error-free measurements
(at speeds of about 60 min™, the amplitude is about
1V, and at 2000 min™ — 40 V). It is clear that at
very low speeds the amplitude will be several tens
of millivolts. To measure such a low voltage in the
plant conditions is practically impossible, since,
firstly, long communication lines from the test-
bench to the measuring equipment may have low
voltage blanking and, secondly, at the plant there is
a large number of different sources of electromag-
netic interference, which may be laid on communi-
cation lines and erroneously recorded as the begin-
ning of rotary motion on the test-bench.

It was proposed to use an incremental encoder
[2, 4,5, 10, 12] XCC 1506PS [11] with excess pre-
cision — 2500 PPR) instead of tachometer genera-
tors. The tests showed its high accuracy and reli-
ability in the measuring range of both fairly low
speeds (0 to 80 min™) and high ones (up to 2000
min™). But the major drawback of this device is the
difficulty of its mounting on the test-bench and the
price that is high enough.

Purpose

As an alternative solution, it was proposed to
make an in-house optical type sensor based on
D-2-2MMU sensor housing. This solution has
three important priorities: low price, ability to
measure low speeds (0 to 80 min™), and possibility
of installation inside the D-2MMU-2 sensor hous-
ing (or other tachometer-generators of the series)
that does not require mechanical upgrading of the
test-bench (which was required for using XCC
1506PS encoder). It is also essential that the devel-
oped device may apply a minor modification of the
microcontroller control program, set up to process
the signals from D-2MMU-2 sensor transmitter.

At the initial stage of development, the sensor
consisted of a shaft, on which there was a hand-
made plastic disc with teeth, and infrared optical
coupler EE-SX1041 [9]. The tests have shown that
hand-made teeth did not allow high accuracy
measurements. Therefore, to ensure greater accu-
racy a 10-tooth acrylic disc was manufactured on
industrial equipment by laser technique. The draw-
ing of the disk is shown in Fig. 1.

Fig. 1. Disc drawing

Connection circuit of the sensor optical coupler
allows virtually eliminating the effect of the pulse
rise and decay time (a few microseconds). There-
fore, their effect on the measurement system per-
formance can be omitted during theoretical calcu-
lation of the measured values of rotation speed.

The first thing to bear in mind is that the meas-
uring disk production technique is not perfect and
variations in tooth size are inevitable. Thereafter,
you need to perform calculations for dependence
of the instrumental error (arc length, as shown in
Fig. 1) on the rotation speed. The first version of
the rotation speed measurement algorithm, embed-
ded in the microcontroller, fixes the appearance of
the rising edge of each new impulse signal and as
a result performs the measurement of the signal
cycle time. Simplified diagram of the microcon-
troller operation algorithm is shown in Fig. 2. The
algorithm begins with timer/ counter setting, reset
of the flags required for operation and zeroing of
variables, UART setting (necessary for data trans-
mission to a computer) and interrupt enabling set-
ting. The following step is an endless loop in
which the end of the measurement is checked. For
occurrence of the measurement end event the
following two events must occur, as shown in
Fig. 3.
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Fig. 3 Principle sensor signal processing
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Upon receiving the initial edge of the micro-
controller input capture signal, the timer/counter of
signal input capture interrupts, as shown in Fig. 4.

The clock interrupt handler fixes the counts of
the timer/ counter and the number of its overflow
interrupts in special variables. In case of interrupt
of the measurement final edge capture, the system
also fixes the counts of the timer/ counter and the
number of its overflow interrupts in special vari-
ables, and thereafter the signal input capture inter-
rupts are disabled, the measurement completion
flag is set.

The activated measurement completion flag no-
tifies the main microcontroller program about the
end of the measurement. Thereafter the following
is performed: reset of the measurement completion
flag, subroutine of engine speed calculation per
min™, displaying the measurement results and
sending them via UART. At the end the system
allows for signal input capture interrupts and there-
fore for a new measurement, as well as puts the
microcontroller on standby at the end of the meas-
urement.

The timer/counter overflow interrupt program
serves to count the number of timer/counter over-
flows in the special variable, and to initiate the end
of the measurement with zero result in the absence

of a signal at the signal capture input for more than
6 sec.
The engine speed is calculated by the following
formula:
1

o= X

-1
[ f‘;("“ J ((65535f, +T,)—(65535f, +T,))
x60 [min™],

where o — rotation speed [min™]; f.,, — clock gen-
erator frequency [Hz]; k — timer/counter frequency
divider; f, f, — the number of timer/counter over-
flows at the end and the beginning of the meas-
urements, respectively; T, T, — timer/counter
counts at the end and the beginning of the meas-
urements, respectively.

We performed the calculation of the delay ef-
fects, coupled in by the algorithm when performing
the measurements. It was determined that the exe-
cution of all assembler commands involved in the
measurements makes ~ 6.75 microseconds. This
error g, can be neglected, since, at a rotation speed
of 1500 min™ the cycle of the measured signal is
40 ms.

Timer/counter overflow intermpt request

From clock generator

Direction
it
= Control unit Clock
Count <ii_e_ll"lal
v A 4 A 4
Timer/counter
TCNT (2 bytes)
16
Fd

From prescaler

Signal input capture internpt request

From signal capture input from

F 3

ICE (2 bytes)

Edge detector

sensor optical coupler
- Noise canceler |«

o -

Timer/coumnter fixing register at
tput capture

Fig. 4. Simplified block diagram of timer/counter
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To simplify the calculations it was taken to ne-
glect the backlash of the shaft where the disk is
mounted.

Methodology

Rotation speed is calculated by the following
formula:

1 .
=—-60 [min™],
0= [min™]

where o — rotation speed [min™]; T - rotation pe-
riod [sec].

Since the disk is divided into 10 sectors with
arc length L, the rotation speed calculation will be
as follows:

__L 60 [minY,
2nR7

where omeor — theoretical rotation speed [min™]; L

—arc length [mm]; R - distance from the disc cen-

ter to the tooth height middle [mm]; T — passage

time of optical coupler infrared beam of the arc L

(signal cycle) [sec].

The only variable which will affect the calcula-
tion of the theoretical speed will be the arc length,
which may differ from the theoretical one, due to
a manufacturing error of the toothed disc.

Let us assume that the actual length of the arc is
equal to L, then substituting L™ in (1) we obtain

@)

(Dtheor

&

the actual rotation speed:

*

L .
=———-60 [min™], 2
O =5 =60 [min’] @
Absolute error will be as follows:
A= Otheor — Dget [min'l], (3)
Substituting (1) and (2) in (3) we obtain:
A .
A:('Oact_i_—l_A[mm 1]’ (4)

L

where A, — difference between the actual and theo-
retical arc length L [mm]; A — absolute error [sex].

The relative error on the basis of (4) will have
the following form:

eo AL AL
L+A, L~

We should perform the following calculation
with such assumptions: error in the arc length is +2
mm with 0.1 mm spacing. Fig. 5 shows the graph
of rotation speed relative error on the actual tooth
size production error (the actual arc length L on
tooth center).

U/
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10 11 12 13 14 i5 16
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Fig. 5. Graph of rotation speed relative error on the actual tooth size production error
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The graph in Fig. 5 shows that the deviation of
L from the theoretical size by £2 mm the relative
error will be no more than 17%. This is the vari-
ance between actual and theoretical length L that is
provided with the disc production technique. Based
on the obtained data we can state that the use of the
measurement algorithm (see Fig. 2) at the maxi-
mum possible rotation speed of 1500 min™® may
result in the absolute error of ~ 255 min™,

To reduce the influence of the error discussed
above, it was decided to modify the measurement
algorithm by taking the mean of 10 measurements
(i.e. to obtain an approximate value of rotation
speed per one revolution of the disk, rather than
per passage of the arc L).

Further modification of the algorithm is as fol-
lows: upon occurrence of the first impulse from the
sensor the timer/counter should react to the capture
input as previously. And upon occurrence of the
next impulse edge it must not finish counting the
signal cycle time period but continue counting as
long as the required number of impulses is
reached, and only then stop and perform the speed
calculation.

It is clear that the optimal number of impulses
at which the resulting speed sample is not distorted
and does not lose representativeness is unknown.

To determine the necessary and sufficient num-
ber of impulses it is necessary to take into account
that the uniform rotation will not give the required
information. Therefore we used the uniform accel-
eration data obtained from actual factory tests dur-
ing the algorithm with counting of the sum of ten
signal cycles (although such data contain the addi-
tional error ¢, , it is not critical for the subsequent

calculations).
For the particular case the uniform acceleration
is represented by the following formula:

_Av [min/sec?],
At

where a — acceleration [min"/sec’]; Av — rotation
speed gain over time At [sec].

The non-repeated sampling will be considered
[1, 6, 7] (it is assumed that the uniform accelera-
tion does not give the same results in the sample of
rotation speeds, whose general population will be
considered).

In this case, the variance is calculated by the
formula:

where o — variance; o; — i-dimension of rotation

speed [min™]; @ - arithmetic mean of n-dimension
sample rotation speed [min™]; n — sample size of
considered accelerations (general population).

The mean square error p of the sample using

non-repeated sampling is as follows [1]:

2 *
0_(1_n_J |
n n

where n” — size of the necessary and sufficient
sample from the general population n.
In this case, the absolute error will be as fol-
lows:
(6)

where Ao — absolute error; t — Student’s coeffi-
cient.

Student’s coefficient is in the table from [6] and
for the confidence level a = 95% is 1.98.

Substituting (5) into (6) and performing the
necessary transformations we can get the formula
for calculating the required sample size n” of the
population n:

p= )

Ao=+t-p [min™],

x t?c’n
Ao’n+tic?’
For the general population equal to 1 657 sam-
ples the calculations results are presented in Fig. 6.
Calculation of absolute error of the general

population is conducted without regard to the se-
lection of the sample n* by the formulas:

" 1 < —\2
o

i=1

where 1" — mean square error.

* *

Ao =tp -t

where Aw " — absolute error.
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Fig. 6. Graph of rotation speed absolute error on the n* sample size

Absolute error of the used general population
(without regard to selection of sample n") equals to
27.94 min™. As seen in Figure 6 in this case
n" ~ 208. On this basis it can be affirmed that the
sample n" is representative and does not distort the
general population n, when sampling only each 8th
count from n (1657/208=8). Similar results were
obtained when processing other samples.

Variations of instrumental and methodical er-
rors, which may be due to missing counts, require
further research.

Findings

The available equipment of the locomotive hy-
draulic transmission test-bench allowed for design
of the optical type speed sensor based on the exist-
ing sensor D-2MMU-2. The factory testing with
the use of a sensor prototype resulted in determina-
tion of the required and sufficient sampling time
for sensor operating microcontroller, which al-
lowed making changes to the measurement algo-
rithm.

Originality and practical value

The available equipment of the locomotive hy-
draulic transmission test-bench allowed for design
of the optical type speed sensor based on the exist-

ing sensor D-2MMU-2. The operation algorithms
for the microcontroller that processes the signals
from this sensor were developed. The sensor was
factory-tested. According to the data sample ob-
tained during the tests, we showed the possibility
of reducing the sensor information retrieval fre-
guency. The designed sensor significantly reduces
the cost of development of the diesel locomotive
hydraulic transmission test-bench, besides it can be
used when developing similar hydraulic transmis-
sion test-benches of other wheeled vehicles and the
like. The designed sensor has a greater accuracy
than that of D-2-2MMU and considerably lower
production cost in comparison with current ta-
chometer sensors. The measurement results are
input data to perform further studies in order to
determine the technical condition of UGP750-1200
hydraulic transmission during the factory post-
repair testing.

Conclusions

The available equipment of the locomotive hy-
draulic transmission test-bench allowed for design
of the optical type speed sensor based on the exist-
ing sensor D-2MMU-2. The paper considered pos-
sible sources of measurement error of the new sen-
sor. The instrumental error introduced by sensor
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production techniques was calculated and it was
found that the current sensor signal processing al-
gorithm is not perfect and requires improvement.
An improved algorithm was proposed. The factory
tests of sensor allowed performing the necessary
calculations of the required frequency for computer
sampling of the sensor operating microcontroller
for the purpose of correcting the rotation speed
calculation algorithm.
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BUKOPUCTAHHSA MIKPOKOHTPOJIEPA 1151 BUMIPIOBAHHSA
YACTOTHU OBEPTAHHSA BAJIA IT'TAPABJIITYHOI IEPEJIAYI
TEIIVIOBO3A

Mera. CrarTs nependadae po3risi IpoIecy po3poOKH Ta BIOCKOHAJICHHS 3ac00iB 300py TaXOMETPUYHUX Ja-
HUX 1H(pOPMAIIiHO-BUMIPIOBAJIBHOI CUCTEMH BUIPOOYBAHHS TipaBiidHUX Mepeaad TeruioBosis. Lle nacte Moxiu-
BICTh OTPUMAHHS BUXiIHUX AQHUX JUIS MPOBEACHHS MMOJAIBIINX JOCTI/HKEHb 13 BU3HAYCHHS TEXHIYHOTO CTaHy Tif-
paBIIiYHKX Tepenad TerioBo3is. [lependadaeTscs 3HANTH BUPIMICHAS 3aBIaHHS PO3POOKH 1 yIOCKOHAIIEHHS 3aC001B
BUMIPIOBaHHS TaXOMETPUYHUX NAHHMX paHilie cTBOpeHoi iH(opMmaniiHO-BHUMIpIOBAIBHOI CUCTEMH BHIIPOOYBaHb
ripaBiivHUX Tepejay TemoBo3iB. [Ipu 1boMy BiIIITOBXYBaTHCh MOTPIOHO, B MEPLIY YEPTy, Bill MOKIMBOCTI MO-
Judikarii Be iCHYI04Oro CTeH/ly BUIIPOOYBaHb TiJpaBJIiYHUX Iepe/ad TeIIoBo3iB Ha JIHINIPOeTpOBCHKOMY 3aBO/I
10 PEMOHTY TerIoBo3iB «IIpomTeruioBo3». Meroanka. Y poOoTi mociiHUKaMu Oyiia 3alpoNOHOBaHA METOJMKA
Moudikarii iCHyI04Oro TaXOMETPUYHOTO JaT4hKa MIKpOIPOIECOPHOI aBTOMAaTH30BaHOI CHCTEMH CTEH/IOBHUX BH-
mpoOyBaHb TiAPaBIIYHIX Mepeaay TeIIOBO3iB B YMOBaX TEIUIOBO30PEMOHTHOTO 3aBOy. BoHa mie mumsixoM oOTrpyH-
TyBaHHS BHOOpPY HEOOXiTHOTO CIOCO0Y BUMIpIOBaHHS TaXOMETPHUYHOTO JAATUYHKA, a TAKOXK 3aCTOCYBaHHS HEOOXin-
HUX amapaTHHUX Ta MPOrpaMHUX 3acO0iB AJIS peaizalii mocTaBIeHOT METH 3 MOXKIIMBICTIO iHTeTparii B iHpopMartiii-
HO-BHUMIpIOBaJIbHY CHCTEMY BHIIPOOYBaHb TiApaBIIUHUX Iepeaad TeIuioBo3iB. Pe3yabTaTn. ABTOpaMHU CIpPOEKTO-
BaHWI 1 BUTOTOBJICHUH IIFOYNH MPOTOTHUI JAaTYNKA YACTOTH 0OEpPTAaHHS ONTHYHOTO THUIy HAa OCHOBI BXKE iCHYIOYOTO
nparyrka J[-2MMVY-2. Tlicist 3aBOJIChKHX BHIIPOOYBaHb 13 3aCTOCYBAaHHSM IPOTOTHITY JaT4dKa OyB BCTAHOBICHUI
HEOOXITHUH 1 IOCTAaTHIHM Yac ONMUTYBaHHS KEPyHOUYOoro MikpokoHTposepa naryuka. HaykoBa noBu3zna. Ha nasiBHO-
My o0JIaIHaHHS CT€H/y BUIIPOOYBaHb IiIpaBiiuHKUX Tepead TeIUIOBO3iB OyB CIIPOEKTOBAHUH JAaTYMK YacTOTH 00e-
PTaHHS ONTHYHOIO THITy Ha OCHOBI B icHyrouoro aaruymka J[-2MMVY-2. Bynu po3poOiieHi aaroputMu podoTu
MIKpPOKOHTpOJIEpa, SIKUH 3aiiMaeThcsi 0OpOOKOIO CHUTHANIB BiJ 1bOro naryuka. [IpoBeneHi 3aBoJIChKI BUIPOOYBaHHS
Jaryrka. 3a BHOIPKOIO JaHWX, OTPHMAaHMX IPH BUIPOOYBaHHSX, NOKa3aHa MOXIIUBICTh 3MEHIIEHHS YacTOTH 3Hi-
MaHHS iHpopMauii 3 garduka. [IpakTHYHA 3HAYMMICTB. YIOCKOHAIEHWH NaTYMK iCTOTHO 3JICIICBIIIOE BHUTOTOB-
JICHHS CTCHJAa BHUIPOOYBaHB TiNPaBIIYHUX Tepeaad TEIUIOBO3IB, a TaKOXK MOXE 3aCTOCOBYBATHCS TIPH PO3POOII
aHAJIOTIYHUX CTEHIIIB BUIPOOYBAaHb TiIpaBIiYHMX Iepefad iHIIoi KOJTiCHOI TeXHIKH i T. II. MeXaHi3MiB. Po3pobie-
HUM JaTYUK Ma€ OUTBITY TOYHICTh Y MOpiBHAHHI 3 J[-2MMY-2 i 3Ha4HO MEHIITy, B TOPIBHAHHI 3 CyJaCHIMH TaXxOMe-
TPUYHHMHM JATYMKaMH, [IIHy BHTOTOBJIEHHs. Pe3ynbTaTH BUMIpIOBAaHb € BUXIJHUMHU JAHUMH ISl BUKOHAHHS I107a-
JBIIUX JIOCIIKeHb 13 METOI BH3HAUEHHs TEXHIYHOrO cTaHy rifpapniuHoi nepeaadi YI'TI750-1200 mix uac 3aBoa-
CBKHX IICJISIPEMOHTHUX BUIPOOYBaHb.

Kniouosi cnosa: taxomerpudnuit naruuk; J[-2MMVY-2; rigpaBniuHa nepenada; BUNpoOyBaHHS Tifporneperad;
BUIIPOOYBaIbHUN CTeH; iHPOpMAaIliiiHO-BIMipIOBAIbHA CHCTEMA
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NCHIOJIb30BAHUE MUKPOKOHTPOJIJIEPA 1151 U3SMEPEHUSA
YACTOTbBI BPAIIEHUSA BAJIA THAPABJIMYECKOMU ITEPEJIAYHA
TEIIVIOBO3A

Heas. CtaThs mpemxycMaTpruBaeT pacCMOTPEHKE TpoLiecca pa3paboTKH U yCOBEPIIEHCTBOBAHMS CPEACTB cOopa
TaXOMETPHUECKUX JaHHBIX WH(POPMAIMOHHO-U3MEPHUTEILHOW CHCTEMBI UCTIBITAHUS THAPABINYCCKUX Mepeaay Tell-
JIOBO30B. DTO JIaCT BO3MOXKHOCTb IMOJIYUECHHUS UCXOJHBIX JIAHHBIX JJISl TIPOBEJCHUSI TATbHEUITNX HUCCIIEIOBAaHUM 110
OTIPEJICJICHUIO0 TEXHHUUYECKOTO COCTOSHUS THIIPABIMUYECKUX Tepead TerioBo3oB. [Ipeanonaraercs HaWTH pelieHUe
3a/a4u pa3pabOTKH U YCOBEPIICHCTBOBAHUS CPEJICTB M3MEPCHHS TAXOMETPUYCCKUAX JTAHHBIX paHEee CO3MAaHHOMN WH-
(hopMaIMOHHO-U3MEPUTEIBHON CUCTEMBI MCIBITAHUHA THAPABIMYCCKUX IEpelad TEIUIOBO30B. [Ipu 3TOM OTTaJKu-
BaThCS HEOOXOMMO, B IIEPBYIO OYEPE/Ib, OT BO3SMOKHOCTH MOJTU(DHUKAIINA YIKE CYIICCTBYIOMIETO CTCH A HCITBITAHMH
THIPABIMYECKUX TIepeaad TeIIOBO30B Ha JIHEIPOIETPOBCKOM 3aBOJE MO0 PEMOHTY TEIUIOBO30B «IIpoMTEILIOBO3».
Metoauka. B pabote nccnenoBarenssMu ObDIa MpeIOKeHa METOINKA MOJU(HUKAIINN CYIIECTBYIOIIETO TAXOMETPH-
YECKOTO JaTYNKa MHUKPOIPOIIECCOPHON aBTOMAaTH3UPOBAHHON CHCTEMBI CTCHIIOBBIX HCIBITAHWI THAPABINICCKAX
mepefad TEIUIOBO30B B YCJIOBUSAX TEIJIOBO3OPEMOHTHOTO 3aBoja. OHa IEWCTBYET IyTeM OOOCHOBaHHS BBHIOOpa
HE00X0ANMOTO crocoba U3MEPEeHUs] TAXOMETPHUIECKOTO TaTIMKa, a TAKKe MPUMEHEHUS HEOOXOIMMBIX arapaTHBIX
M MPOTPAMMHBIX CPEJICTB YIS PEaU3alliH MOCTABICHHOMN [EIHM ¢ BO3MOXXHOCTBIO HHTErpaIiK B HH(GOPMAIIMOHHO-
M3MEPUTENIbHYIO0 CUCTEMY MCIBITAaHUIN THIPaBIMYECKUX Mepead TerioBo30B. Pe3yabTaThl. ABTOpaMH CIIPOEKTH-
POBaH U U3rOTOBJIEH JACHCTBYIONIUI MPOTOTHUI JAaTUMKA YaCTOTHI BPAILIEHUS! ONITUYECKOTO TUIIA HA OCHOBE YXKe Cy-
niecTByromero garynka J[-2MMY-2. Tlocne 3aBOJCKHX UCHBITAHUI C TPUMEHCHHEM MIPOTOTHUIIA aTYMKa OBLIO yC-
TAQHOBJICHO HEOOXOJMMOE ¥ JOCTATOYHOS BpEMS ONpOCa VIPABISIONIETO MHUKPOKOHTPOJLICpA JaTYUKA.
Hayunasi HoBu3Ha. Ha mmeronieMcss 000pyIOBaHUU CTEHIA WCIBITAHHNA THIPABIHMYCCKUX IEpeaad TEIIOBO30B
OBUT CIIPOSKTHUPOBAH NATYMK YACTOTHI BPANICHHS ONTHYCCKOTO THIIA HAa OCHOBE YXKE€ CYIIECTBYIONIETO JAaTYHKA
JO-2MMYVY-2. beutn pa3paboTaHBl alTOpPUTMBI pabOTEl MUKPOKOHTPOJIIEpa, 00padaThIBAONIETO CHTHAIBI OT 3TOTO
nmatauka. [IpoBeneHsl 3aBOACKHE UCIIBITAHUA NaTdnka. [1o BEIOOpKE NaHHBIX, TOMYYCHHBIX NP HCIBITAHUAX, TIOKA-
3aHa BO3MO)KHOCTh YMEHBIIICHHUS 9aCTOTHI CheMa HH(popManuu ¢ aatunka. IIpakTuyeckass 3HA4YMMOCTh. Y COBEp-
[ICHCTBOBAHHBIN JATYMK CYNIECTBEHHO YACUICBIISICT M3TOTOBJICHUE CTEHNA MCHIBITAHWN THIPABIMYECKUX Tepenad
TEIUIOBO30B, a TAKXKE MOXET NMPUMEHATHCS MpPHU pa3paboTKe aHAJIOTWYHBIX CTEHAOB HCIBITAHWN THAPABINYECKUX
nepeay APyrod KOJIECHOW TEXHUKH U T. 1. MEXaHU3MOB. Pa3pabOTaHHBIA JaTYMK UMEET OOJBIIYIO TOYHOCTH IO
cpaBHeHuto ¢ J[-2MMYVY-2 1 3HauUTENbHO MEHBIIYIO, B CPABHEHHH C COBPEMEHHBIMU TaXOMETPUYECKUMHU JaTYHKa-
MU, IIEHy M3TOTOBJICHUS. Pe3ynbTaThl U3MEepeHui SABJISIOTCS UCXOJAHBIMU JTAHHBIMU JUIS BBHITIOJHEHUS JadbHEHIINX
HCCIICIIOBAHUM C TIETBIO OTMPEICICHUS TEXHUIECKOTO COCTOSHUS THapaBindeckoi mepenaun YITI750-1200 Bo Bpe-
M$ 3aBOJICKUX MOCJIEPEMOHTHBIX UCIIBITAHUH.

Kniouegvie crosa: Taxomerpuueckuii gatuuk; -2MMYVY-2; ruapaBinuyeckas rnepeaaya; UCIBITaHUS THAPOIepe-
Jlad; UCTIBITATEIbHBIA CTeH]I; HH()OPMAIIHOHHO-U3MEPHUTEIbHAS CHCTEMA
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ENERGY SAVING DURING OPERATION OF EQUIPMENT
WITH NON-CONTROLLED ELECTRIC DRIVE
IN LOCOMOTIVE DEPOT

Purpose. To conduct research of electric motors in order to obtain the results that will assess the degree of en-
ergy saving due to electric loss reduction in the equipment with non-controlled electric drive. Methodology. The
paper proposes an engineering method for determination of active power losses in the motors of the equipment with
non-controlled electric drive in locomotive depot during load changes on the motor shaft. It is necessary to analyse
the reduction of active power losses in the motor and the power supply network when an under-loaded motor is re-
placed with a motor having less power. Findings. After the calculations performed by the authors, it was found that
for electric motors, in case of reducing the load factor from 0,7...0,75 to 0,4...0,5 active loss reduction after the
motor replacement for the less powerful one ranges from 0.58 kW to 2.865 kW. Also, the calculations were carried
out on the example of electric motors with a lower synchronous speed, the effect of under-loaded motor replacement

increases in terms of active power loss reduction. The greatest effect is achieved when the load factor is k;, <0.55.

Originality. For the first time the paper outlines the issues of energy saving efficiency for the equipment with non-
controlled electric drive in locomotive depot by replacing the under-loaded motors with the less powerful ones. As
long as there is a significant amount of the considered electric drives, it may cause severe losses, taking into account
the peculiarities of their operation. Practical value. The obtained research results allow us to solve the problem of
replacement of under-loaded motors in locomotive depot equipment with the motors having less power as efficiently
as possible in terms of reducing electric losses. For instance 90-kW motor of a washing machine can be replaced
with 75-kW motor when the load factor is k; <0.7, this can significantly reduce the performance losses. This
method can be applied not only in locomotive depot but also for all equipment with non-controlled electric drives
that operates in under-load mode.

Keywords: electric drives; locomotive depot; energy savings; active power loss; motor load factor; AIR series
motors
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Introduction

Energy saving is the strategic line of develop-
ment of the main branches of the economy. A sig-
nificant share of electric power consumers falls to
electric motors of various purposes, which con-
sume more than half of the energy produced
[3, 12]. There is where the largest energy saving
reserves lie in. The repair of locomotives in a depot
often involves the equipment whose electric drive
motors operate in non-controlled mode. This usu-
ally includes squirrel-cage induction motors with
power from tenth of kW to several tens of KW. For
example, dolly, which is used for repair of locomo-
tive bogies, has the electric motor with power of
0.8 kW; the electric motor of the assembly line for
locomotive axle-box repair has power of 2.2 kW,
electric motor power of the washing machine for
washing the bearings is 29.7 kW, that of washing
machine for washing the traction motors is 82 kW,
etc. [1, 16, 18].

Purpose

To conduct research in order to obtain the re-
sults that will assess the degree of energy saving
due to electric loss reduction in the equipment with
non-controlled electric drive.

Methodology

Practice shows that in real operation conditions
of this equipment, depending on the locomotive
repair technology, the load factor of many electric
drive motors is less than 50%. The drive operation
in under-load mode results in huge losses. There
are several ways to implement energy saving by
means of an industrial electric drive [1, 16, 17, 18].
In our case, the most appropriate in terms of ease
of implementation and losses is the replacement of
the powerful electric drive with that having less
power to reduce active power losses in the motor
and in the electricity network [3, 4, 17, 18]. Let us
consider the specific example, when for the pur-
pose of equipment unification the traction motor
washing machine is used for washing reduction
gear housing, axle-box and other assemblies that
are placed on the table of the handling dolly.
Herewith the electric drive motor load factor may
vary depending on the table load.

It is necessary to analyse the reduction of active
power losses in the motor and the electrical net-

work when replacing the under-loaded motor
mounted during the equipment manufacture with
the less powerful motor when washing other (non-
traction motors) units of the locomotive.

Initial data: electric drive mode is long-term.
AIR series motor with the following parameters
[4, 9]: P =90 KW, U nom =380V,

noml
Nmnomt = 0.93,  €OSQ oy =0.91, 1., =160 A,
cos¢,, =0.15. Motor type — SAM250M2.

The analysis is performed in accordance with
[13]. We propose the following method [6, 7, 14].
Losses of active power in no-load mode of
SAM250M2 motor:

AP x1~— \/§| xxlU m nom Cos (Pxxl '10_3 =

=\@-48-380-0.15‘10‘3 =473 kW @
No-load current:
l,1=03l,,=03160=48 A, 2

where 0.3 — coefficient according to [12].
Then the relative losses in no-load mode:

AP_." =8Pt 10006 =
noml
_ 473 10006 = 5.25% @)
90
The motor load factor:
P
Ky =—"—, 4
1= @

where P, — actual load of the mounted motor of
the washing machine.

The feasibility of reducing the installed motor
power must be justified with calculations, if:

(0.4..0.5) <k, <(0.7...0.75) (5)
We accept: k,=0.7. Then:
P.=k;Pom =0.7:90=63 kW . The closest to

P.=63 kW and more powerful is the motor of
5AM250S4 type [3]. Specifications of 5AM250S4

type motor: P, =75 kKW, U nom =380V,
Nmnomz = 0-93, €0SQ.p =091, 1., =134.6 A,

cos¢,,, =0.15.

nomz2
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Then for 5AM250S4 type motor:
APXXZ = \/gl xx2Um nom Cos (PXXZ .1073 =
=+/3-40.38-380-0.15-10° = 3.98 kW (6)

No-load current:

l o =031, =031346=4038 A, (7)
AP ," = —2= ARz 100% —% 100% =5.3% (8)

HOM2

The total active power losses APy, for
5AM250M2 type motor:

APZl = (Qxxl (1_ k|:|.2 ) + kllenom ) ke +
+AP + I(|12A|:)m1 ) 9)
where

Qxxl = \/_3U m nomlxxl '10_3

— reactive power consumed from the network in
no-load mode;

(10)

Q. =+/3-380-48-10"° =31.55 kVAr .

t
Qnoml = (Pnoml ' Mj (11)

m noml
— reactive motor power in rated load mode;

0.456
Quomy = [90 W) 44.13 KVAr

tg (pnoml tg (arccos (pnoml)

where cos,,,; —hominal motor power factor; k,

— increased loss coefficient or economic
equivalent, which determines the active power
losses for transmission of one kVAr of reactive
power into these power supply systems,

- kW
k., =0.125 AVAr for low voltage consumers

[4]; AP, — increased active power losses in the
electric motor for 100% load,

1-n 1
Pnoml mnoml | ,

1+vy,

AP,

inl —

(12)

nm noml

where vy, _ ARy

inl
on the electric motor design and calculated by the
formula:

— design coefficient depending

AI:,xxl ; (13)
100(1 nmnoml) AP,

1=
xx1

) 5.25 )
17 100(1-0.93)-5.25

1-093 1

-——=1.7 kW
093 1+3

ARy =90
Then,
ARy, =(3155(1-0.7°) +0.7744.13)-0.125 +

+4.73+0.72-1.7 =10.27 KWr

Similarly, the total active power losses for less
powerful motor of 5AM250S4type:

Qxe = \/§Um nomex2 =

=/3-380-40.38-10 = 26.55 kVAr  (14)
t9
Qrome = (Pnomz .= Poom2 j =
M nom?2
(75 @j 36.77 KVAr  (15)
0.93
APXt(Z
Y2 = P
100(1 Mm nomZ) APxe
- >3 -17  (16)
100(1-0.93)-53
AR, = I:)nom2 1_nm nomz... : =
M nom2 1+ T2
—7si208 L o0 kw (17)
093 1+1.7
APy, = (Qxxz (1_ ki” ) +K12"Quom )ke +
+AP_, + K ,°AP,, (18)
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h_8_ 0.84
P

nom2

kl2 = (19)

ARy, =(26.55(1-0.847)+0.847 -36.77)-0.125+

+3.98+0.84%-2.09 = 9.69 kW

Thus, after replacing the under-loaded motor
5AM250M2 at k;, =0.7 with the less powerful

motor 5AM250S4 in the washing machine, we ob-
tained the reduction of active power losses in the
motor and the electricity network:

AP = AP;, — APy, =10.27-9.69 = 0.58 kW (20)

Similarly, we conducted the calculations and
the analysis of active power loss reduction in the
motor and the electricity network, if

k, =0.65; 0.6; 0.55; 0.5

at n=3000r.p.m,;
750 r.p.m.

When choosing [3] the motor type which is the
closest to the more powerful one relative to the real
load P,, it is necessary to provide:

1500 r.p.m.; 1000 r.p.m,

i <0.9
P

nom2

Kip = (21)

We obtained the following results for the mo-
tors at 3000 r.p.m.

When k,=0.65: P, =585kW. The closest
more powerful, than P, =58.5 kW, is 5AM250S4
type motor (as when kj; =0.7).

APy, =(31.55(1-0.65")+0.65” - 44.13)-0.125+

+4.73+0.652 1.7 =10.07 KW
k,=0.78

ARy, =(26.55(1-0.78?) +0.78736.77)-0.125 +

+3.98+0.78%-2.09 =8.69 kW
AP = APy, — AP;, =10.07 —8.69 =1.38 KW

When k, =0.6: P, =54 kW

APy, =(3155(1-06°)+0.67-44.13)-0.125+

+4.73+0.62-1.7 =9.85 kW
k, =0.72

ARy, =(2655(1-0.72°) +0.72° -36.77)-0.125+

+3.98+0.72%2.2.09=8.37 kW
AP = APy, — APy, =9.85-8.37 =1.48 kW

When k,;=0.55: P.=49.5kW. The closest

more powerful motor is 5A225M2 type (55 kW,

3000 r.p.m.). Here it is ensured k, =%= 0.9.

APy, =(31.55(1-0.557)+0.55” - 44.13)-0.125+

+4.73+0.55%-1.7=9.67 kW

oo =0.25 (according to [7] we take this ratio as

nom2
0.25, which is the average value of this ratio for the
power range 22.5 ... 110 kW and corresponds to
the average power — 55 kW).

Lo =248 A5 AP, =2.45kW ; AP,," =4.45%
AR, = (31.55(1— 0.55%)+0.55? -44.13)><

x0.125+ 4.73+0.55%-1.7 = 9.67 kW

Qxx2 2163 kVAI’, Qnomz = 2711 kVAr X ’YZ :1, 46
AP, =1.83 KW

ARy, =(16.3(1-0.97)+0.97-27.11)x

x0.125+2.45+0.9%-1.83 = 7.06 kW
AP = AP, — APy, =9.67 —7.06 = 2.61 KW .

When k;; =0.5: P, =45 kW . The closest more
powerful motor is 5A225M2 type. k;, =0.82.

AP, = (31.55(1— 0.5°)+0.5° -44.13)><

x0.125+ 4.73+0.5% 1.7 = 9.495 kW
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ARy, =(16.3(1-0.82%) +0.82° -27.11)

x0.125+2.45+0.82-1.83=6.63 kW
AP = AP, = APy, =9.495—-6.63 = 2.865 KW .

For AIR series motors at 750 r.p.m. we ob-

tained the following.
For illustration purposes we will show

AP = f (k) in the form of Table 1.
The parameters listed in Table 1 are obtained

Similarly, the following values of AP are ob- for the types of electric motors shown in Table 2.
tained for AIR series motors at 1500 r.p.m.
For AIR series motors at 1000 r.p.m. we ob-

tained the following.

When k;; =0.7:

When k;; =0.65:

When k, =0.6:

When k;, =0.55:

When k;; =0.5:

When k;; =0.7:

When k;, =0.65:

When k, =0.6:

When k;; =0.55:

When k;, =0.5:

When k;; =0.7:

When k;; =0.65:

When k;; =0.6:

When k;, =0.55:

When k, =0.5:

AP, =10.59 kW
APy, =10.48 kKW
AP, =10.34 kW
AP, =10.25 kW
APy, =10.128 kW
APy, =11.43 kW
APy, =11.37 kW
APy, =11.3 kW

APy, =11.23 kW
APy, =11.17 kW
APy, =13.04 kW
AP, =13.02 kW
AP, =12.98 kW
AP, =12.86 kW

AP, =12.87 kW

APy, =9.23 kW AP =1.36 kW
APy, =9.09 kW AP =139 kW
AP, =8.92 kW AP =142 kW
APy, =7.415 kW AP =2.835 kW
APy, =7.17 kW AP =2.96 kKW
APy, =9.73 KW AP =17 KW
APy, =9.64 kW AP =1.73 kW
APy, =9.55 kW AP =1.75 kW
AP, =8.49 kKW AP =2.74 KW
APy, =8.37 kW AP =2.8 kW
APy, =10.9 kW AP =2.14 KW
APy, =10.825 KW AP =2.195 kW
APy, =9.16 kW AP =3.82 kW
APy, =7.84 kW AP =5.02 kW
APy, =7.73 kW AP =5.09 kW
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Table 1
Dependence AP = f (ki)
3000 r.p.m.
AP, kW 0.58 1.38 1.48 2.61 2.865
K, 0.7 0.65 0.6 0.55 0.5
1500 r.p.m.
AP , kW 1.36 1.39 1.42 2.835 2.96
Ky, 0.7 0.65 0.6 0.55 0.5
1000 r.p.m.
AP, kW 17 1.73 1.75 2.74 2.8
Ky, 0.7 0.65 0.6 0.55 0.5
750 r.p.m.
AP, kW 2.14 2.195 3.82 5.02 5.09
Ky, 0.7 0.65 0.6 0.55 0.5
Table 2
Types of motors, used during the research
3000 r.p.m.
m'f)'tg‘;t{;;e SAM250M2 1 5\ 125054 | 5AM250S4 | 5AM250S4 | 5A225M2 5A225M2
ki >0.7 0.7 0.65 0.6 0.55 0.5
1500 r.p.m.
m'f)'tg‘it{)'/‘;e SAMZ50M4 | 5\ \1o50s4 | 5AM250S4 | 5AM250S4 | 5A225M4 | 5A225M4
ki >0.7 0.7 0.65 0.6 0.55 0.5
1000 r.p.m.
m(E)It(ca)(;ttr;/(;) . AIR280MB | 5 boones AIR280S6 AIR280s | AIR250M6 | AIR250M6
kg >0.7 0.7 0.65 0.6 0.55 0.5
750 r.p.m.
m%'tgit{;;e AIR3ISSE | AIR28OMZ | \1Rogom2 | AIR280M2 | AIR280S8 | AIR280S8
kiy >0.7 0.7 0.65 0.6 0.55 0.5
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Findings

After the performed calculations it was found
that for AIR series electric motors, in case of re-
ducing the load factor within the range

(0.4..0.5) <k, <(0.7..0.75), active power loss

reduction in the motor and the network after re-
placement of the under-loaded motor with the less
powerful one ranges from 0.58 kW to 2.865 kW at
initial motor power of 90 kW. The obtained nu-
merical values of reduction of these losses can be
used as source information when considering the
feasibility of replacement of the motors within the
specified range of the load values. When using the
motors with the lower synchronous speed, the ef-
fect of under-loaded motor replacement increases
in terms of active power loss reduction. The great-
est effect is achieved when the load factor is
k, <0.55.

Originality and practical value

For the first time the paper outlines the issues
of energy saving efficiency for the equipment with
non-controlled electric drive by replacing the un-
der-loaded motors with the less powerful ones,
taking into account the peculiarities of their opera-
tion in a locomotive depot.

The obtained research results allow us to solve
the problem of replacement of under-loaded mo-
tors in locomotive depot equipment with the mo-
tors having less power as efficiently as possible in
terms of reducing the electric losses and increasing
the electric motors operation period.

Conclusions

1. The proposed method for determining the re-
duction of active power losses in the electric motor
and the power supply network after replacing an
under-loaded motor with a less powerful motor can
be used during continuous mode operation of vari-
ous machines at the railway rolling stock repair
enterprises.

2. The obtained numerical values of reduction
of these losses can be used as source information
when considering the feasibility of replacement of
the motors within the load factor range
0.5<k, <0.7.

3. When using the motors with the lower syn-
chronous speed, the effect of under-loaded motor

replacement increases in terms of active power loss
reduction. The greatest effect is achieved when the
load factor is k, <0.55.
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EHEPI'O3BEPEKEHHS ITPU EKCILTYATAIIT B TJOKOMOTUBHUX
JAEITIO ITPUCTPOIB I3 HEPETI'YJIBOBAHUM EJIEKTPOITPUBOOM

MeTta. Y poOOTi HEOOXiZHO MPOBECTH NOCHIIKEHHS €JEKTPUYHUX JIBUTYHIB JUIsl OTPUMAaHHS PE3yJIbTAaTIB, sKi
JIO3BOJISITH OI[IHUTH CTYIIHb €HEepro30epe)keHHs 3a paxyHOK 3MEHILICHHS €JIEKTPUYHHMX BUTPAT y NPHUCTPOSX i3
HeperyJbOBaHNUM eJISKTPONpUBOJoM. MeToauka. 3alporoHOBaHO iH)KEHEPHHUH METO/ i3 BU3HAUEHHS BTPAT aKTHB-
HOI MOTYXHOCTI y IBUTYHI IPUCTPOIB i3 HEPETYIHOBAaHUM €JIEKTPOIPUBOIOM JIOKOMOTHBHUX JEMO IpH 3MiHI HaBa-
HTa)KCHHS Ha BaJly WX ABUTYHIB. Takox MOTPiOHO MPOBECTH aHAJi3 3HW)KCHHS BTPAT aKTHBHOI IIOTYXXHOCTI y JJBH-
T'YHI Ta MEPEeXi eNEeKTPOIIOCTa4YaHHs ITPU 3aMiHi HEOBHICTIO HABAHT)KCHOTO JBHT'YHA TBUT'YHOM MEHIIOI ITOTYKHO-
cTi. PesyabraTn. Ilicns npoBeaeHHX aBTOpaMu pO3paxyHKIB OyJI0 BCTAHOBIJICHO, IIO Ui €IEKTPHYHUX JBUTYHIB
y BUNAJKax 3MeHLIeHHs Koedinienta 3apantaxenns Bix 0,7...0,75 no 0,4...0,5 3MmeHmeHHs akTuBHUX BTpaT Iic-
IS 3aMiHU TBUTYHA Ha MEHIN MOTYXHuH ckianae Bix 0,58 kBt mo 2,865 kBt. Takoxx Oymu mpoBeaeHi po3paxyHKH
Ha TIPUKIAJI eIeKTPUIHOTO JBUTYHA i3 MEHIIOK CHHXPOHHOK YacTOTOI OOEpTaHHS: €PEeKT BiJ 3aMiHH HEIOBaH-
TaXXEHHUX JABUTYHIB 30UIBIIYETHCS 3 TOUKH 30pY 3HW)KEHHSI BTPAT aKTUBHOI NOTYXHOCTI. Haiibinpmmii edext gocs-
raerbest ipu Koedinienti 3aBantaxerns K, <0,55. HaykoBa HoBu3Ha. Briepiie BUCBITICHO UTaHHS e(eKTHBHO-

CTi €HEepro30epeKeHH IS IPUCTPOIB i3 HEPErYIbOBAHUM €JICKTPOIIPHBOAOM Y JOKOMOTHBHHX JICTIO IUITXOM 3aMi-
HU HEJOBAHTAXXCHUX JBUTYHIB MEHII MOTYXKHUMHU. OCKIIBKH PO3TIIIHYTUX EIEKTPOIPUBOJIIB 3HAYHA KUIBKICTh, TO
MOXJIMBI BEJMKI 30MTKM 3 ypaxyBaHHSAM ocobnuBocTeil ix ekcruryartauii. IlpaxkTmuyna 3naummicts. OTpumani
B XOdi MJOCHIIKEHb pe3yNbTaTH [O3BOJSIOTH BHPINIyBaTH 3aJady II0 3aMiHI HEIOBAaHTAXCHHUX IBHUTYHIB
y MPHUCTPOSX JOKOMOTUBHUX JICTIO HA JBUTYHH MEHIIOI MOTY>KHOCTI 3 HAWOUIbIINM €(EeKTOM 3 TOYKH 30pY 3MEH-
HICHHS eNEKTPUYHKUX BTpaT. Tak, ABUrYH MUiHOI ManmHu noTyXxHicTio 90 kBT Moke OyTH 3aMiHEHUH Ha JIBUTYH

notyxHictio 75 kBt npu koediwienti 3aBantaxenns K, <0,7 , mo Moxe CyTTeBO 3MEHIINTH €KCIUTyaTaLliiiHi 30u-
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TKH. [laHy METOAMKY MOXKHA 3aCTOCYBAaTH HE TUIBKH B IOKOMOTHUBHHX JICTIO, a i B3araii JUIsl YCiX IPUCTPOIB i3 He-
PeryJIEOBaHUM CIICKTPUYHHUM JBHTYHOM, SIKI TIPAIFOIOTH Y HEJOBAHTAXKCHOMY PEIKUMI.

Kniouosi crnoea: enekTponpuBOJ; JOKOMOTHBHE JICTIO; CHEPro30epeKeHHs; BTPATH aKTHBHOI MOTYKHOCTI; KOe-
(hilieHT 3aBaHTAXXCHHS JBUTYHA; JBUTYHU cepil AIP

JI. B. IVBUHELL, O. JI. MAPEHNUY?, A. 0. BAJIMMUVK®, A. C. KOPTOI'Y3*

'Kad. «DmeKTpoTexHIKa U MeKTPOMEXaHHKa», JIHEIPOIETPOBCKYIl HAMOHATGHEIA YHHBEPCHTET XKEIE3HOTOPOKHOTO
TpaHCIopTa MMeHH akajgeMuka B. JlazapsHa, yi. Jlasapsina, 2, {uunpo, Ykpauna, 49010, texn. +38 (056) 373 15 47,
ORCID 0000-0003-0319-4544

%Kad. «DNeKTPOTEXHHKA U EKTPOMEXAHHKa», JIHEIPONETPOBCKHIl HALMOHATLHEIN YHHBEPCHTET XKEIE3HOIOPOKHOTO
TpaHCIOpTa MeHH akajgeMuka B. Jlazapsina, yi. Jlazapsina, 2, Iaunpo, Ykpauna, 49010, ten. +38 (056) 373 15 47,
ORCID 0000-0003-3602-5851

3Kaq). «DNEKTPOTEXHHKA U IIEKTPOMEXaHUKa», JJHETTPONeTpOBCKII HAIMOHABHBIN YHHBEPCUTET JKEJIE3HOIOPOKHOTO
TpaHcmopra uMeHH akanemuka B. Jlazapsina, yi. Jlasapsua, 2, Quunpo, Ykpaunna, 49010, ten. +38 (056) 373 15 47,

ai1. mouta baliichukaleksei@mail.ru, ORCID 0000-0003-0119-1446

“Kad. «DNeKTPOTEXHHKA H IEKTPOMEXAHHKa», JIHEIPOIIETPOBCKHI HALIMOHATLHEINA YHHBEPCHTET XKEIE3HOTOPOKHOTO
TpaHcIopTa MMeHH akanemuka B. Jlasapsina, yi1. Jlazapsina, 2, Tnunpo, Ykpauna, 49010, ten. +38 (096) 256 19 65,

a1, nouta andrykor63@gmail.com, ORCID 0000-0001-9316-3500

JHEPT'OCBEPEXEHME IT1PU DOKCIUVIYATAIMHU B TOKOMOTHUBHOM
JIEIIO YCTPOMCTB C HEPET'YJIUPYEMBIM DJIEKTPOIIPUBOIOM

Heas. B pabore He0OXOAUMO MIPOBECTH UCCIECIOBAHMS SJCKTPOIBUTATEICH IS TIOyIeHUS pe3yIbTaToOB, KOTO-
pBIE TIO3BOJIAT OLEHHUTH CTENCHb DSHEProCOCpPEeKCHHS 3a CUET YMEHBIICHHS OJIEKTPUICCKHX TIOTEPh
B YCTPOUCTBAX C HEPETYIHUPYEMBIM dIEKTpOonpuBogoM. MeToauka. [TpeamoskeH HHKEHEPHBIH METOJ IO OTpeee-
HUIO TIOTEPh aKTUBHON MOIITHOCTH B YCTPOMCTBAX C HEPETYIHPYEMBIM AIEKTPOIPHUBOIOM JIOKOMOTHUBHBIX JIETIO MPH
M3MEHEHWH HAarpy3KH Ha Baly 3THUX ABuTateneil. Takke Hy)XHO NPOBECTH aHAIN3 CHIDKEHHUS IOTeph aKTHBHON
MOIITHOCTH B JBUTATEJIE M CETH JIEKTPOCHAOKEHHUS MPH 3aMEHE HE MOJHOCTHIO HArpyKEHHOTO IBUTATEINS IBUTATE-
JieM MeHblei MomHocTH. Pe3yabTarhl. [lociie mpoBEICHHBIX aBTOPAaMH PAacyeTOB OBLIO YCTAHOBJICHO, YTO JIJIS
DIIEKTPOBHMIaTENel B cilydae yMmeHblueHus koddduuuenta zarpysku ot 0,7..0,75 go 0,4...0,5 ymenbmennue
aKTUBHBIX MTOTEPh [MOCJIC 3aMEHBI JBUraTelsl Ha MeHee MolHbIi coctaniser ot 0,58 kBt no 2,865 kBt. Takxke Obuin
MPOBEICHBI PACUeThl HAa MPUMEPE AIEKTPOIBHUraTesciH ¢ MEHbIICH CHHXPOHHON 4YacToToi BpamieHus: 3hp(exT ot
3aMEHBI HarPy>KCHHBIX JBUrATEICH YBEIMYUBACTCSA C TOUKH 3PCHHS CHIKCHUS TOTEPh aKTUBHOW MolHocTH. Hau-
Gonbimit ¢ dext nocturaercst npu kodspuumente sarpysku K, <0,55. Hayunast HoBusHa. Briepsbie ocBewieHbl

BOMPOChl  3(Q(DEKTHUBHOCTH  SHEProcOEpPekKEHUst Uil YCTPOWCTB €  HEPETyIUPYEMbBIM  AJIEKTPOIPHUBOIOM
B JIOKOMOTHBHBIX JIETIO ITyTEM 3aMEHbI HEJOTPYKSHHBIX JIBUTaTeNcii MeHee MOIIHBIMU. [I0CKOIBKY PACCMOTPEHHBIX
AJIEKTPOIIPUBOJIOB 3HAYUTEIILHOE KOJIMYECTBO, TO BO3MOXKHBI OOJIBIINE YOBITKH C Y4€TOM OCOOCHHOCTEH HMX JKC-
riyaranuy. [lpakTnyeckasi 3Ha4yuMocTh. [losydeHHbIE B XOJie MCCIEIOBaHUN pPe3yJIbTaThl MO3BOJISIOT PELIaTh
3ajia4y 10 3aMEHE HEJOTPYKEHHBIX JIBUTATENeH B YCTPOHCTBAX JIOKOMOTHBHBIX JIETNIO HA ABUIATEN MEHbBIIECH MOILII-
HOCTH C MaKCUMAaJIbHBIM 3P (PEKTOM C TOUKU 3PCHUS YMEHBIIICHHS JICKTPHUCCKUX MOTEPh. Tak, JBUTaTEeIhb MOCUHOM
MarmHbel MOITHOCTHIO 90 KBT MOeT OBITh 3aMEHEH Ha JIBUTaTeNIb MOIIHOCTRIO 75 KBT npu koaddunueHTe 3arpys-
ku K, <0,7, 94T0 MOXKET CyIECTBEHHO YMEHbLINTD 3KCILUTYaTalMOHHbIE YOBITKH. JJaHHYIO METOAMKY MOXHO MPH-

MEHATH HE TOJBKO B JIOKOMOTHUBHBIX JIETIO, 3 U B OOIIEM AJISI BCEX YCTPOMCTB C HEPETYIMPYEMbIM 3JIEKTPOIBUraTe-
7eM, pabOTarONINX B HEJIOTPYKEHHOM PEKHIME.

Knrouesvle cnosa: 3mexTponpuBoj; JOKOMOTUBHOE JIE€NI0; HEprocOepexeHye; oTepy akTUBHOM MOIIIHOCTH; KO-
3¢ GUIIEHT 3arpy3Ku JBUTATENs; ABUrarein cepun AP
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EKCIHEPUMEHTAJIBHI JJOCJIJKEHHS B3AEMOIT KOJIII
TA PYXOMOTI'O CKJIALY B MEXKAX 3’i31Y

Meta. OcTaHHIM 9acoM y Mepexi 3ali3HUIb YKpaiHu Bce OUIbLIYy yBary NpHIUISIOTH BHIAJIKaM ITOPYLIEHHS
B YTPUMaHHI CTPUIOYHMX 3’13/1iB, sIKi MOXYTh IIPU3BECTH 0 INOTIpIIEHHS YMOB Oe3neku pyxy noi3ais. Taki mopy-
LIEHHsI, 3a3BUYal, 3’ABJSIIOTECS B pe3ysIbTaTi HETOUHOCTI ITijl Yac pO30MBKHU Ta YKJIaAaHHs 3’131y, a TakoK OyBaloTh
HACIIKOM [ii PyXOMOTO CKJIany i TemrepaTrypHuX cuil. [losBa reoMeTpHYHUX HEPIBHOCTEH TaKOX MOXKe OyTH
CIIPOBOKOBAaHA IMOPYIICHHSIM EIOPH PO3KIAIKH 3113006 TOHHUX OpYCIiB Y 3aXpeCTOBUHHIA YacTHHI 3’131y MIPH MiXK-
kouii meHme 5,3 M. ToMy B poOOTi MOTPiOHO MpoaHai3yBaTH BIUIMB HASBHOCTI BiIXWJICHB Bifl €MIOPH PO3KIIAJKH
OpyciB Ta reOMETPUYHMUX HEPIBHOCTEH HAa yMOBH B3a€MOJil KOJIii Ta PyXOMOIO CKJIaay, BPaXOBYIOUH PE3YJIbTaTH
EKCIIePUMEHTAIBHUX JOCIIKEeHb. Takoxk TpeOa BCTAHOBUTH 3B’SI30K MIXK HAIPYyKEeHO-Ae(hOPMOBAHUM CTAHOM KOJIiT
B 30HAX yKJIQJAaHHSI BKOpoueHuX OpyciB. Mertoauka. JlociiKeHHS BIUIMBY BIAXWICHB BiJl €MIOPH PO3KIAIKU Opy-
CIB Ta reOMETPUYHUX HEPIBHOCTEI Ha YMOBH B3a€MOJIii KOJIIi Ta PyXOMOTO CKJIaay MPOBOJMIKCH IUIIXOM MPOBE-
JICHHSI TEOPETUYHUX PO3PaXyHKIB Ta EKCIIEPUMEHTAIbHUX BHIPOOYBaHb. [yl MPOBEAEHHS EKCIEPHUMEHTAILHUX
JIOCTIKeHb Oynia oOpaHa JOCHiIHA IUISHKA HA KOJNisAX HesaraibHOro kopuctyBanHs TOB 3 II «TpancinBectcep-
BiC», sIKa BifNTOBiJlaJla HEOOXiJHUM yMOBaM B paMKax HayKOBO-HOCHiIHOI poboTu. Pe3yabTaTn. OTprMaHo po3mo-
JIUT HAIIPYKEHB Ta CHJI, IO JIFOTh HA KOJIIO B 3aJICKHOCTI BiJl MIBHKOCTI PyXYy JOCIIHOTO PyXOMOTo ckiany. Ta-
KOXK OTPHMAaHO JIaHi CTOCOBHO BIUTUBY T'€OMETPHYHMX MapaMeTpiB Opyca Ha Horo Hanpy»xeHo-a1e()OpMOBaHHUH CTaH.
HaykoBa HoBHM3HA. ABTOpaMu Briepiie Oyiio MPOBEICHO OLIHKY BILTMBY PyXOMOTo cKiaxy (IpH HasBHOCTI reome-
TPUYHUX HEPIBHOCTEH Ta HECHMETPUYHO BKOPOYEHUX OPYCiB y MeXkax 3’€IHyBaJIbHOI YaCTHHU CTPLIOYHOTO 3’i311y)
Ha Harnpy»XeHo-nedopMoBanuii cTaH BepxHboi Oynou Koiii (BBK) y Bkasawniii 30Hi. Takox GyIiio mpoBeIeHO MOpiB-
HSHHS pe3yJbTaTiB IS AUITHKH 31 3BUYaifHUMK Opycamu Ta BKopoueHHMH. IlpakTuyHa 3HauMmicTh. Ha ocHOBI
OTPUMaHHMX EKCHEPUMEHTAIbHHUX JAHUX OyJI0 BCTAHOBJCHO, IO IPH IIBHAKOCTAX PYXy PYXOMOTO CKJIamy MO
40 xkm/ro HampyxeHo-nedopmoBanuit ctan BBK B 3axpecToBuHHI# 9acTHHI CTPiOYHOTO 3’137y BiAMOBigaE yMo-
BaM MIIHOCTI Ta cTiikocTi. OTpUMaHi pe3yJbTaTd MOYKHA 3aCTOCYBATH IS anpoOallii MaTeMaTHYHUX MOJeNei Ta
TEOPETHYHHX JIOCII/DKEHb I10JJ0 PO3POOKHM HOPMATHBIB YTPUMAaHHs CTPUIOYHOrO 3’i31y. PiBeHb OTpUMaHHUX BepTH-
KaJIbHUX, OOKOBUX CHJI Ta HANPYXXCHb NPAKTHYHO HE 3aJ€KHUTH BiJ HABHOCTI BKOPOUEHOI YaCTUHM OpyCiB, IO YK-
najeHi B 3’1311,

Kniouosi crosa: crpinounnit 3°i3]]; HECUMETPUYHI OpYCH; €KCIIEpUMEHTAIbHI JIOCII/PKEHHS; HAlIPYXKESHHS; Bep-
TUKaJIBHI Ta O14HI CHITN
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Beryn

Juist 301IBIIEHHS TPAH3UTY BaHTaXIB TEPUTOPI-
€10 YKpaiHu yepe3 MiKHApOIHI TPaHCHOPTHI KO-
pumopH BiamoBimHO 10 [11] HEOOXiAHO BUKOHATH
aHami3 6ap’epHUX MICIb iHGPACTPYKTYPH, MO MO-
JKYTh CTATH CTPUMYBAIBHUM (pakTopoM sl TpaH-
CHOPTYBaHHS TPAaH3UTHHMX BaHTaxiB. Jlo Takux
MiCIlb, B TIEpPITy Yepry, MOKHA BIIHECTH IIJITHKH,
AKi He BINMOBIJAlOTh HOPMAaTHBaM yTPHMaHHS Ta
ekcrutyaranii abo KOHCTPYKTUBHO HE JO3BOJSIOTH
pealtizyBaTH BeNHKI MIBHIKOCTI pyXy, HalpuKIam,
CTpLIOYHI TIepeBOIM Ta 3’13/, SKi BOHH YTBOPIO-
I0Tb.

[lig wac pexoHCTpYKii 3’13iB AJIS ITiBUILICH-
Hi IIBUOKOCTEH Ta Oe3meku pyxy, Bimpasy
3’SIBUTHCS TpoOJieMa, MOB’S3aHA 3 TUM, IO IPH
yJamTyBaHHI HOPMAIBHOTO 3’1311y 3 MIKKOJIIIHOIO
BIJICTaHHIO 10 5,3 M BKJIACTH JBa 3aXPECTOBUHHI
OJIOKM CTpIJIOYHUX TMEpeBOiB 0e3 MOpyIIeHb CXe-
MU PO3KJIQJAKH CTaHJApTHHUX OpYyCiB, IO BXOISATH
B KOMIUIEKT, HeMoxJuBo. OcTaHHi Opycu 3axpe-
CTOBHHHUX OJIOKIB CyMDKHHX CTPITOUYHUX IIepe-
BOJIiB 3aBa)XKAIOTh OAWH OAHOMY.

Sk oawH 3 BapiaHTIB BHpilIeHHs wi€i mpooie-
MU, TIPOTIOHYETHCS 3aMIHATH HEOOXimHI Opych Ha
CUMETPUYHO BKOpOYeHi. OCKIIbKH BiICYTHI OyIib-
AKi IaHl CTOCOBHO pOOOTHM HECHMETPHUYHO BKOPO-
geHuX OpyciB, OyJ0 BHPIIIEHO BUKOHATH CKCIIE-
PUMEHTAaJIbHI JOCTIPKEHHsI M0J0 BU3HAUCHHS PO-
00TH TakuX OpYCiB 1 B MOJANBIIOMY Ha OCHOBI OT-
PUMaHHUX JaHUX 3aIPOEKTYyBaTH CUMETPUYHO BKO-
pOUeHi.

Merta

Meroto 11i€i poOOTH € OTPUMAaHHS eKCTIEPUMEH-
TQIGHUM Ta TEOPETUYHUM IILISIXOM IOKa3HHKIB
HaIpy>keHO-7e()OPMOBAHOTO CTaHy AJIs CICMEHTIB
BEpXHBOI OyJOBH KOJNii B Mexax 3’ €IHyBalbHOL
YaCTUHU CTPIJIOYHOTO 3’131y TpW HASBHOCTI Teo-
METPHUYHHUX HEPIBHOCTEH Ta BKOPOUCHUX HECHMET-
pUYHHX OpYCIiB 1 MOPIBHSHHA OTPUMAaHUX 3HAYCHb
3 PEKOMEHJIOBaHUMH Ta JOIMYCTUMHMH 3HAuYCHHS-
M.

MeTtoanka

Ilig wac BUOOpPY mOCHigHOTO 3’134y ISl BUKO-
HaHHS BUNPOOYBaHb BPaXOBYBAJIOCh TaKe:

— MPOEKTH CTPIJIOYHUX TEPEeBOJIB, SKi YTBO-
prototh 3’1371 (mpoekt 1740);

— THI BEPXHBOI OYIOBU 3’ €IHYBAJIBHOI KOJil
(petiku P65, mrmanu i 6pycu 3anizobeTonHi, mebe-
HeBuii Oanact, TunoBe npomixkae ckpimienus Kb);

— BIJICYTHICTh  TIOHAJHOPMATUBHOTO  3HOCY
pefiok B 3’eNHYBalbHINH dYacTWHI 3’134y 1 HHU3bKA
3a0pyAHEHICTh OajacTy;

— MDKKOJIIHA BiACTaHb 10 5,3 M;

— BCTAHOBJICHI IIBHAKOCTI PYyXy BaHTaKHHX
Moi3/1iB Ha OOKOBHUI HAIPSIMOK CTPUIOYHOIO Tepe-
Bony Vg = 40 kM/ros 6e3 0OMexeHHS,

— MOXIIMBICTh HaJaHHA «BIKOH» 1 iX TpH-
BaJIICTD,

— MOKJIMBICTh MiJKITIOYEHHS BUMIpIOBaTbHOI
amaparypu 10 Mepeki eHepronocTayanHs.

ExcniepruMeHTanbHI  TOCTIDKEHHS BHKOHYBa-
JMCh B MeKaxX KOJIiH He3arajJbHOTO KOPHCTYBaHHS
TOB 3 II «TpancinBecTcepBic».

Sk gochmigawmit OyB oOpaHuii 3°i3m B MapHId
TOPJIOBHHI MapKy A MiX HapajielbHUMH KONisIMH,
II0 YTBOPEHHH  CTPUIOYHHUMH  IEPEBOJAMHU
Ne 12-14 (puc. 1) tumy P65 mapku 1/11; min-
peiikoBa ocHOBa — 3ami300eToHHI Opycw; Oamact
mebeneBuii, ToBmuHa 25-30 cM; MIXKKOJIiHHA Bij-
cTaHb B Mexax 3’i3ay — 5,3 m. [Ipu upomy Bpaxo-
BYBaJIOCh, 10 B MeXaxX OOpaHOi MUISHKH 3HAXO-
IUTBCs HeoOXimHMI Habip i po3TallyBaHHS CTaH-
JApTHUX BKOPOYEHHX 3aJ1i300€TOHHUX OpYCiB.

Just BcTaHOBIEHHA  (DAaKTUYHOIO  CTaHy
3’€IHYBaJbHOI YaCTUHH CTPLIOYHOTrO 3’131y Oyiu
BUKOHaHI HATypHI BHMIpIOBaHHS BiAMOBITHO 10
[6] Ta 3 BpaxyBanHs npono3uiii [1, 16]. PoamiTka
TOYOK JUISI BUMIPIOBAHHS OpPJMHAT BUKOHYBAJIACh
4yepe3 KOXxHI 2,5 M, MOYMHAIOYHM Bifl MEPEAHBOTO
BUJIBOTY XPECTOBHHHU sl 000X PEHKOBHUX HUTOK
(rouku 1-13 — mis mpaBoi HUTKH, TOuku 14-26 —
Juist 1iBoi HUTKH). ['padiku 3MiHU BHUMIpPSHUX Op-
nuHaT rpadivyHo HaBeneHi Ha puc. 2—3. Sk 6aunmMo
3 rpadikiB, B 3’€IHYBaNbHIN YacTuHi 3’134y Mae
Miclle TOpPHU3OHTaJbHA HEPIBHICTh MK TOYKAMH
6-9 no mpagiii Ta BixnosigHo 21-16 1o MiBiii pel-
KOBI HUTII.

B mexax mocmimHOi AUISHKHA OYyJIH TaKOXX BU-
KOHaHI BUMIpPIOBaHHsI IIUPUHH KOJIi Ta TOJO0XKEH-
HS OJIHI€i HUTKMA BIJHOCHO IHINOI 3a piBHEM.
CepenmHe 3HAYEHHs I[MHPUHM KOJIi  CKIIagae

S =1520 mm. B nepepizax, ae Oynu BUKOHAHI BHU-

MipH, HIMPHHA KOJIiT Ta TIOJIOKEHHSI 32 PiBHEM 3Ha-
XOAWJIMCh B MeXax JOMycKiB. Bmiuue ykimaneHHX
TUTIOBHX BKOPOYEHHX 3alli300€TOHHUX OpycCiB Ha
ITUPHUHY KOJII B IX 30HI HE CIIOCTEPITaEThCS.
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Puc. 1. Cxema gocmigHoro 3’131y

Fig. 1. The experimental crossover scheme
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Puc. 2. I'padix BUMIpSHUX OpAMHAT B MEXax Puc. 3. I'padix BUMIpsSHUX OpAMHAT B MEXax
JOCIITHOTO 3’131y AJIs PaBOi HUTKH JIOCIITHOTO 3’131y JJIs1 JIIBOT HUTKH
Fig. 2. The schedule of the measured coordinates Fig. 3. The schedule of the measured coordinates
within experimental crossovers for the right rail within experimental crossovers for the left rail

Ilix gac ouiHku craHy 3’137y mMapajie’lbHO Oy  HEOOXiMHICTIO  BpaxyBaHHA  BIUIUBY  CTaHy
BHKOHAHI BHMIPIOBAaHHS OCHOBHUX T€OMETPUYHUX  CTPUIOYHHX MEPEBOJIB HA YMOBH B3aemoii. Micis
napameTpiB CTPUIOYHHX TepeBoAiB. JIOUINBHICTH  KOHTPOJBHUWX BUMIpIB HaBeieHi Ha puc. 4.
BUKOHAHHS TaKMX BHMIPIOBaHb IIOSICHIOETHCS
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1000

Puc. 4. Micust KOHTPOJBHHUX BHMIPIB IMUPHUHH KOJII1 T jK0JI00IB HA CTPIIOYHUX MTEPEBOAAX,
SIKi BXOJISATH JI0 CKITay 3’131y

Fig. 4. The places of the gauge control measurements and chutes
on turnouts that are a part of crossovers

PesynbraT BuUMIpIOBaHHS (DaKTUYHOTO CTaHy
cTpinoynux mepeBofiB Ne 12 Ta 14 naBeneHi B TaOm.
1 Ta 2. IMapamerpu, 110 OyiaM OTpUMaHI IiJ Yac
BUMIPIOBaHb, 3HAXOIATHCA B MEXax HOPM Ta JIO-
MyCKIiB BIIMOBIHO 10 [4]. AHaui3 pe3ynbTatiB CBil-
YUTP TIPO 3aIOBUTHHINA CTaH CTPLUTIOYHHUX TEPEBOIIB 1,
BIZIMOBIJTHO, TIPO BIJICYTHICTh CYTTEBOTO BIUTUBY Ha
YMOBH TPOXOJDKEHHS JOCIITHOTO TIO13/1a B3I0BXK
3’ €THYBaJIbHOI YaCTHHU CTPUIOYHOTO 3 1311y .

s mocnimkeHb B3aeMOIii KOJIl Ta pyXOMOTo
CKJIaJly Ha NOCHiAHIA AINSHII OyNmM BCTaHOBIEHI
npunagu (puc. 5), sxi ¢ikcyroTh pisHi (isuuHi
nporecu. [Ipumaau BcTaHOBIEHI MO 000X peMKo-
BUX HUTKAaX, IO JO3BOJSAIOTh OJHOYACHO BUMIpIO-
BaTH SIK TOPWU3OHTAIBHHUM, TaK 1 BEPTHKAIBHHA
BILIMB PYXOMOT'O CKJIaJly Ha peliku Ta OpycH.

Tabauns 1

Pe3ynbTaTn BUMipIOBaHHS IIHPHHHU KOJIil Ta MOJI0KEHHS 32 piBHEM CTPiT0OYHUX NMepeBoIiB

The measurement results of the gauge and level position of the turnouts Tevle d
Mictte sinviprosasin Mosnascris Ila6ioH, My PiBeHs, MM
Ha cxeMml CIT Ne12 CIT Nel14 CIT Ne12 CIT Nel4
IMepenniii BUTIT paMHOT peiiKy a 1533 1529 +7 -1
BicTps BicTpsika 0 1535 1532 -4 +6
Kopins ITo mpsimomy r 1526 1527 +4 +6
BICTpsKa ITo 6oxoBOMY I 1526 1532 +3 +3
CepenuHa nepesiHoi KpuBoi e 1533 1534 +5 +1
[epenniit | Ilo npsimomy xK 1520 1548 -1 +2
- BT [ GokoBomy 3 1525 1526 +2 0
% [epepis [To npsimomy u 1519 1519 +11 +2
g A0MM T Goxosomy K 1516 1517 -2 -5
< 3annii [To npsimomy b} 1523 1522 +4 0
BT 1 GokoBosy M 1520 1520 +3 -5
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3AJII3HIYHA KOJIIA
Tabnuus 2
PesynbTaTn BUMiproBaHHS K0J100iB HA CTPLIIOYHHX NepeBOAaX
Table 2
The measurement results of the gutters on the turnouts
. . [lo3nauyenns Ha JKono6, Mm
Micue BUMIpIOBaHHS .
cxeml CIT Nel2 CII Nel4
Tepepis ITo mpsamomy H 45,2 45,5
XpecToBuHA 40
MM ITo 6okoBOMY o 47,0 46,5
. B npsimiii Io npsimomy I 45,4 445
KonTtppeiika .
1acTHH1 ITo 6okoBOMY p 448 45,2

B mexax mocmigHOI MiNSHKKA BKJIaIeHI HECH-
METPUYHO BKOpPOYEHI Opycu B pi3HI CTOpPOHH
BiZIHOCHO oci kouii (muB. puc. 1). € rpyna 3 Tppox
OpyciB JOBKUHOW0 2,5 M, Y SKMX BKOpPOYCHA dac-
THHA 3HAXOJUTHCS MO ONHINA crTopoHi. Ilum mosc-
HIOETbCA  3HAXOMMKEHHA  OUIBIIOI  KIJIBKOCTI
BUMIpIOBIBHHX TPHJIAIIB caMe B IIii 30HI HA J0-
CIIIHIA DITAHI.

Hampy»eHHs B KpOMKax ITiJIOIIBUA PEHOK € OJI-
HUM 3 OCHOBHHMX MOKA3HHUKIB OI[IHKH BIUIUBY Ha
KOJIIO pPyXOMOTO CKJady, SIK TOJOBHHM KpPHUTEpii
MIITHOCTI KOJIii, a oTke, 1 0e3nekn pyxy Mo Kouii
3 PI3HOI0 KOHCTPYKII€I0 BepXHBOi Oymosu. Hop-
MOBaHa BeIWYMHA IuX HamnpyxeHb (240 MIla)
BH3HAYAE JIOMYCTUMI MIBUIKOCTI pyxy [3, 8].

ITepepisu, B SIKUX BUMIPIOBAIUCH HANpPYKEHHS
B KpOMKax IiJIOIIBA PEHOK, HaBeJeHI Ha cxeMmi
BCTAHOBJICHHS BHMIpIOBAIbHUX TpHiaaiB (IuB.

puc. 5).
Micisi HakIICIOBaHHS TEH30PE3UCTOPIB BHOU-
paTuch TAaKUM  YHMHOM, MO0  Hampy)KeHHS

B IiJOIIBI peiiku OyJIM BUMIpsHI 110 OOU/IBI CTOPO-
HHU CTaHAapTHOI'O BKOpOYEHOro Opyca, ake IUIo-
ma CHUpPaHHS KOKHOTO KIHIM pi3HA, BiIITOBITHO,
1 Hanpy>KeHHS TOBUHHI BiJIPi3HATHUCH.
BuMipioBaHHSI BepTUKIBHUX CWJI, IO Mepe-
JAIOThCS BIJ KOJIC PYXOMOTO CKJIaxy Ha penKH,
BHKOHYBAJIOCHh B TIepepi3ax, sKi HaBEIEHO Ha PHC.
5. 3HaueHHs Oynu OTpUMaHi 3a IOTMOMOTOIO TEH-
30METPUYHHUX NaT4uKiB 0azor0 20 MM i omopom
200 OwM, 1m0 HaKJICIOBAIKCS BEPTHKAJIBHO B 30HI
HEUTpaNbHOT OCi 0 OOM/IBI CTOPOHU MIMHKHU PEHKH
1 mapajenbHO BKIIOYATUCS B CIUIBHY poOOTY.
TapyBanns npunamiB I BUMIPIOBAHHS Bep-
TUKIBHUX CHJ BUKOHYBAJOCh Ha OCHOBI CTaH-

JApTHOI METOOUKH LUIAXOM INPOIyCKaHHS JOCHi[-
HOTIO IT013/a 31 IBHUAKOCTI 5 kM/TO[T .

Jns Bu3HaueHHs OOKOBUX CHWJI, IO AilOTH Ha
KOJIIO BiI pyXOMOTO CKJaay, TIPHJIATN PO3TaIIo-
ByBaJICA ~ Tpynamu. 3HAYeHHS  HaNpy>KeHb
y 30BHIIIHIX 1 BHYTPIIIHIX KPOMKax MiJOIIBU pel-
KA  3IIHCHIOIOTBCS 33  JIOIIOMOTOK  TEH30-
METPUYHHUX  JaTYHKIB, aHaJOTIYHUX  TpH
BUMIDIOBaHHI ~ BEPTUKAIBHUX  cwil.  JlaTyuku
PO3MIIYIOTHCSI TPAKTUYHO OiIs caMoi KPOMKH
MIIOIIBY T10 ii HIDKHIN moBepxHi [8]. ¥ Tux more-
peuHHX Tepepizax peHok, Ae po3MillyBaucs Jat-
YUKH AJs1 BUMIPIOBAaHHS KPOMKOBUX HAaIpy)KEHb,
PO3TaIIOBYBAIUCEH aHAJIOTIUHI IO 30BHIIIHIN TpaHi
rOJIOBKH peitok (puc. 6).

[pyxHi nepopmanii OpyciB mia dac exkcrepu-
MEHTAIILHUX JOCIIHKEHb HA MOCHIAHINA TiIAHII
BUMIPIOBAIACSL 33 JIOTIOMOTOIO EJIEKTPOIPOTHHO-
mipiB cuctemu [ITHUW MIIC muisixom BU3HAUYEHHS
BEPTHKAIFHUX TIPOTHUHIB B MiApEHKOBI 30HI
1 OCAM HECHMETPHYHO BKOPOYCHHX OpYCIB BiX
BIUIMBY BCIX OCell mochigHoro moisma. Micis,
B SKHX BUMIpPIOBAINCH BEpTHKaIbHI aedopmaii
OpyciB, HaBEeICHI Ha CXeMi BCTAHOBJICHHS BHMIpIO-
BaJIbHUX TpHiaiB (puc. 7).

Jns BUKOHaHHS 3aTBEpAKEHOI MporpamMH Ta
METOAUKU €KCIIEPUMEHTABHUX JOCIiIKEHb BIUIU-
By PYXOMOIO CKJIaJy Ha KOJII 3 BKOPOYECHUMH
3aJ1i300€TOHHUMH OpycaMH B MeKaX CTPIJIOYHOTO
3’131y, OyB chopMoBaHwMiA cTiellianbHAN TOCITHUN
o131,
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MBBT 11BE4 g7
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Puc. 5. Po3mimeHHs BUMiprOBaJIbHUX NPHIAIIB HA JUISHII

Fig. 5. Placement of the measurement devices on the research site

VYMOBHI ITO3HAYEHHS

o—=— — MIPWJIaJ¥ JJIs BUMIPIOBaHHS BEPTUKAIBHUX IIepe-
MIIIeHb OpYCiB;

X — Opuiaau 4jis BI/IMipIOBaHHH BEPTUKATILHUX CHUII,

— MpHUJIaIU sl BUMIPIOBAaHHS HAIPYXKCHb B KPOMKAX
TOJIOBKU PEUKH;

— NPWIAJM [T BAMIPIOBAHHSI HAMIPY)KEHb B KPOMKAX
MIiIOIIBH PEUKA

z4 l, 1,

b‘ ’—- —lr —‘
Tas H ‘ |
I i ‘ ___ '
| . |
Llentp o | ~.._ TeHzomeTpuuni |
/ = | |
/ ofepTaHHs = / ATHHKH
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J Yol / |
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Puc. 6. Cxema BUMiprOBaHHsI HAIpy>kK€Hb B KPOMKaX ITiIOIIBH 1 30BHIIIHII KPOMIII TOJIOBKH PEHKH:
1 — meifrpansHa Bich, 2 — TOPH30HTAIBHA BiCh, IO MIPOXOIUTH Yepe3 HEeHTp o0epTaHHs
Fig. 6. The measuring stresses scheme in the edges of the sole and the outer edge of the railhead:
1 - the neutral axis; 2 — the horizontal axis passing through the center of rotation
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[lepepiz A

Tlepepiz B

Tepepiz C

[Mporunomipu NBb

|
i

NI

=1

l'lpom;otwipld [BG

Puc. 7. Cxema BCTaHOBIICHHS IPOTMHOMIPiB
B3JI0BXX HECUMETPHYHO BKOPOUYEHOTO 3aJ1i300€TOHHOTO Opyca

Fig. 7. The installation scheme of deflectometer
along the asymmetric shortened concrete beam

Cxema [OCIIZHOrO TMOi3Ja HaBeJeHa Ha

puc. 8. Iloizn O0yno chopMOBaHO 3 MaHEBPOBOI'O
temoBo3a TTM6A Ta OBOX HaBaHTAXKEHUX YOTH-
pHUBICHMX HamiBBaroHiB Ha Bizkax 18-100. 3aizau
BUKOHYBAJIUCh TMiJI 4Yac «BIKHa» Yy MaHEBpOBIH
po06oTi YoBHUKOM (TymH 1 Ha3am) 31 MIBHIKOCTSIMHU
1o 40 km/ron.

[lepen mowatkom BuUNpPOOYBaHb PIBHOMIPHO

Henapuuit HanpsaMok

HaBaHTaKeHI meOeHeM HaIiBBaroHW OyiH TOTIe-
PEIHBO 3BAXKEHI 1 CKJIaJICHUH BIAMOBIIHHUNA MTPOTO-
koi. Bara mepmioro namiBBarona ckiana 898 kH,
npyroro HamipBarona — 902 xH.

KinbkicTh 3ai311iB AOCIIITHOTO T0i3/1a, SKi OyJu
pealizoBaHi MijJ 4Yac EKCIEPUMEHTAIbHHUX JJOCIHi-
JUKEHD, HaBeJleHl B Ta0IL. 3.

[lapHuit HanpAMOK

898 kH

902 xH

00 00
78 910

Puc. 8. Mocaiguuii moisy

Fig. 8. The experimental train

KiapkicTe 3ai34iB 10CTiTHOr0 Moi3aa mo MiJasHmi

The number of arrivals of the experimental train on the site

[IBuakicTh, KM/roxa

Tabnuns 3

Table 3

KinbkicTs 3ai31iB
5 5
15 15
25 16
40 15
doi 10.15802/stp2016/84013
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Pe3yabTarn

B pesynbrati ctatucTudHOT 0OpOOKH eKcrepu-
MEHTANBHUX JaHUX OyJIu OTpuMaHi cepenti (o),

1iMOB

may. ) 1 MaKCHMAJILHO

MaKCHMaJbHO WMOBIpHI (G

CIoc

max ) SHAUCHHS Ha-

croctepekeri B jgociimax (o

MpYyXEeHb B KPOMKax MiAOMIBH peiku. PesynpraTtu
HaBezieHi B Tab. 4.

CucremaTn3auisi 1 rpynyBaHHS IOCHITHHUX Ja-
HUX IIiJT 9aC CTaTUCTHYHOI OOpOOKM 111010 BU3HA-
YeHHS HaIllPYyKeHb B KPOMKax IIi/IOIIBH PEHKH BH-
KOHYBQJIUCh OKPEMO IO OCfX, SIKi HaOiraroTh Ha
peiiku (1+3 Bick A7 MaHEBPOBOTO JIOKOMOTHBA
TI'MG6A, 5+7+9+11 Bich 11 BAaHTa)XKHUX BaroHiB),
i 3aaHix ocsax (2+4 Bich Ta 6+8+10+12 Bick Bifmo-
BIJIHO) TIPH HEMapHOMY PYyCi 1 BiJIOBITHOIO 3Mi-
HOO HyMepallii Ipyu TapHOMY PYCi.

ITokazaHHs BHUMIPIOBAIBbHUX TPWIALIB IO
KOXHIM KpPOMIII MIiJOMIBH PEHKH B3AOBXK KOJil
00’eTHyBaIMCh B OKPEMi TPyIH 1 pO3TrIsAaliuch
i 9ac 0OpoOKH.

HanpyskeHHsT B KpOMKax MiJOIIBH PEHKH Bif
BIUIUBY KOJIiC AOCIIAHOTO M0i3/1a BU3HAYAIUCH JUIS
TiBoi 1 MpaBoi peHKOBOI HUTKH OKPEMO B KOKHOMY
KOHKPETHOMY BHUIIAJIKY.

Takox Mg 9ac monepeIHboro aHamizy pe3yiib-
TaTiB PO3TIIANANNACH EKCIIEPUMEHTAbHI JaHi OK-
peMo ISl KOKHOI OCi MaHEBPOBOTO JIOKOMOTHBA
TIM6A 1 HaBaHTa)XEHHX HAIiBBAarOHIB IpH
00’eTHaHI TaTYMKIB TIO OJHIN CTOPOHI pelku. Ane
ICTOTHOI 3MIHM y TIepepo3NOIiIi HaNpyKeHb
B KpPOMKaXx IiJIOIIBH PEHOK MPH TaKOMY TPYITyBaH-
Hi JaHUX HE croctepiranock. Tomy Oyio Bupiie-
HO B TOJAJbIIIOMY 3aJUIIUTH TPYIyBaHHA JaHHUX
caMe T10 OcsiX, sIKi Ha0IrarTh, 1 3a/IHIX OCX.

HaiiGinbini 3HaYeHHST MaKCUMAIIbHO CIIOCTEpe-
JKEHUX HamNpyXeHb B KPOMKaXxX ITiJOIIBH pPEHOK
CKJIQJIH:

— 1o mpasiii petikoBiii HuTHI — 148,78 MI]a;

— 110 JIiBiii peiikoBii HUTIHi — 135,92 MITa.

AHami3 naaux Tabin. 4 3acBiguMB, IO, SIK 1 CITiJ
Oyio oviKyBaTH, HalOIIbIII 3HAYCHHS HANPY>KEHb
MO 30BHIMIHIX KPOMKax MiJOIMIBH pEHOK Maju
MICIIE BiJI BIUTMBY KOJIiC, IO HAOITalOTh HA PEHKY.

Sk mokazaB aHaii3, 3 BKOpPOUYEHOI CTOPOHU
Opyca (mpaBa peiikoBa HHTKA) HaIpPyKEHHS
HECYTTEBO OLbII Hi’K aHAJOTIUHI JUIsl HEBKOpOUe-
HOI dYacTHMHH. Y BCIX BHUNAIKax HaNpPyKEeHHSI
B KpPOMKax [MiJIOIIBH PEHOK CYTTEBO MEHIIE HIX
nomycrumi 240 MITa.

CratuctnyHa o00OpoOKa EKCIEPUMEHTATBHUX

JaHUX TaKOXK Aajia 3MOry OTpUMATH cepez[Hi (P ),
Pi/iMOB

) T4 MaKCHMaJIbHO

MaKCHMAaJIbHO HMOBIpHI (

criocrepexxeri (Py.°) 3HAYCHHS BEPTUKAIBHHX

CHJI, O TIepeNaroThCs Ha PEHKH Bij KOJIC eKima-
KIB Mg Yac pyxy 3 PpI3HUMH LIBHIKOCTSIMH
(tabm. 5).

IIpu peamizariii MBUAKOCTEH PyXy MOCIHIIHOTO
moizma 10 40 km/rox cepeaHi 3HAUEHHS BEpTHKA-
JHHUX JMHAMIYHHUX CHJI CTAHOBUWIIU:

— 10 TpaBiit pevkoBiit HuTIi — 117,14 xH;

— 110 JIiBi# peiikoBii HuTIi — 117,76 xH.

HaiiGinbini 3HaYeHHS MaKCUMAIIbHO CIOCTEpe-
JKCHUX BEPTUKATBHUX CHJI CKIIAH:

— 1o mpasiii peiikosii Hutii — 152,80 kH;

— 110 JIiBi# peiikoBii HuTHi — 157,73 xH.

ITpu 1bOMy MakCHMAaJIbHO WMOBIpPHI 3HAUCHHS
BiJIIIOBITHO CKJIAJIH:

— 1o npasiii perikosii Hutii — 153,93 kH;

— 110 JIiBi# peiikoBii HuTHi — 167,03 xH.

AHANOTIYHUI XapakTep 3MiHH BEPTHKAIBHHX
CHJI CTIOCTEPITraeThes SIK 1 MPU BU3HAYCHHI HAIpy-
JKeHb. B TEpeBakHil OUMbIIOCTI BUMAIKIB HaiOi-
JBIN 3HAYEHHS CIIOCTEPIraroThCs IMiJ] OCSIMH, IO
Ha0IraroTh Ha pEeHKH.

VY BCiX BUMagKax JUHAMIYHI BEPTHUKAIbHI CHIIU
He nepeBuiyBanu nomyctumi 210 kH [8].

Jlns BU3HAYCHHS BEIUYWMH TOPHU3OHTAIBHUX
morepeyHnx (OOKOBHMX) CHJI BHKOPHCTOBYBABCS
TPUTOYKOBUU METOMA, SKUH OyB po3poOicHUi
O. II. €pmixoBum. Ileit MeToa MHUPOKO 3aCTOCOBY-
€ThCSI MiJT Yac BUNPOOYBaHb PYyXOMOTO CKIIAAY IIO-
JI0 BU3HAUCHHS HOTO BIUTUBY Ha KOJIIO Ta CTPijo-
yai mepesoau [/, 9]. Ha crorommi icHyIHOTEH
i iHIO1i MeTOAM BU3HA4YCHHs O0KkoBUX cui [15], ane
B Mexax aepxaB CHJI mmpokoro 3actocyByeTbes
came meton llmomnda [2, 5, 12]. Sk mokaszanu
JOCTIpKEHHs, HaBeneHi B [13], po3xomkeHHs Mix
BHMIPIOBaHHSAMH OOKOBHX CHJI Ha CYITiJIbHOKaTa-
HOMY JIUCKY KoJieca i I[MMH JBOMa METOIaMH He
nepeBuntye 10 xH, mo 3abe3neuye mocrarHio 30i-
KHicTh pe3ynbTatiB (Bix 1 mo 20 % mis meromy
TPHOX TOYOK, Ta Bix 3 1o 18 % mns merony lmro-
Mmida). B miii poOOTi A1 3MEHIIEHHST MaTepiaiib-
HUX BUTPAT Ha OOJIQJHAHHS JOCIHIAHOT MIJISTHKU
3aCTOCOBYETHCS METO]] €PIIKOBA.

Haii6inbIni 3HaYeHHST MaKCUMAIIbHO CIOCTEpe-
JKEHUX OOKOBHX CHJI CKJIAJTH:

— 110 mpaBiii petikosiii HuTii — 68,02 kH;

— 110 JIiBii peiikoBii HuTHI — 73,45 kH.
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bimem poxmamHo pe3ynbTaTd BH3HAYCHHS 00-
KOBHX CWJI HaBeleHl B Ta0. 6.

VY Bcix BuMaakax OOKOBI CHJIM HE TIEPEBHIIYBa-
mu pomycrumi 120 kH [8].

[Tim gac 0O6poOKM eKCIIepUMEHTATHHUX TaHUX
OyJ10 BHPIIIEHO BU3HAYHUTH BILIUB TOPH30HTAIBHOT
HEpPIBHOCTI, sIKa 3HaXoAuThCs Mix 15 ta 21 Opyca-

Mu (muB. puc. 5) Ha BenMuuMHY OOKOBHX CHII
B3JIOBX JOCTIAHOT MUISIHKH. [l [IbOrO OTpHMaHi
3HAYCHHS OOKOBUX CHJI TPYIyBaJMCh OKPEMO LIS
KOXKHOTO Tepepisy komii (mepepiz 1, 2, 3),
a 00’ eqHAaHHS OCEl 3aMIIIIOCH Oe3 3MiH (oci, 1110
Ha0IrarTh, Ta 3a/IHi).

Tabnums 4
Cepenni (G ), MAKCHMAJIBHO HMOBIpHI (oo
i MakcHMAalIbHO cnocTepeskeni (Gry, ) 3HAYEHHS HANPYKEHb
B KpOMKax mizomBu peiixu, MIla
Table 4
Medium (o ), probable maximum (P2 )
and the maximum observed (Gﬁ?jx) stresses in the edges
of the rail flange, MPa
Pyxomuii ckian TIM6A HanisBaron
PeiixoBa HUTKA JliBa IIpaBa JliBa IIpaBa
Bice 1 2 1 2 1 2 1 2

o 82,41 76,89 87,6 68,61 76,2 68,38 70,76 59,09

5 Gimos 129,54 140,86 163,6 93,05 137,45 123,59 112,71 78,1

O 109,63 124,39 148,78 96,24 123,02 104,91 124,95 74,71

o 76,18 70,89 83,28 67,42 71,84 61,27 67,57 56,35
=

O o

\; 15 e 128,14 135,42 154,36 96,67 136,29 118,86 111,21 73,86
N4

E T 128,33 127,25 138,31 99,61 127,15 117,31 125,95 76,46
e

é o 71,71 68,88 78,61 68,16 67,49 56,98 67,73 55,14
>

E 25 o 120,19 135,58 147,66 113,74 124,67 110,73 115,77 77,73
=

o 112,09 127,54 143,6 146,49 119,87 115,24 125,15 79,68

o 77,15 65,83 80,22 69,47 69,18 58,94 66,76 60,18

40 o 137,75 129,09 141,93 112,77 121,61 111,23 111,3 86,85

T 132,07 128,73 135,92 108,8 113,86 113,18 118,17 95,43

[pumitka: uudporo 1 noznaueHi oci, ki HaOIrarTh Ha peiiky, uudporo 2 — 3aaHi oci
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Cepenni (P ), makcumanbno iimosiphi (Pyy" ) i Makcumanbho cioctepexkeni (

BepTUKAJLHUX cui, KH

Tabnums 5

P cnoc
) 3HAYEHHS

max

Table 5
Medium (P ), probable maximum ( PP ) and the maximum observed ( P2% ) value of the vertical forces, kN
Pyxomuit cknan TIM6A HamnisBarox
PeiikoBa HHUTKA JliBa ITpaBa JliBa [Mpasa
Bice 1 2 1 2 1 2 1 2
P 107,54 110,27 117,14 109,48 116,91 117,76 109,03 105,9
5 Pﬁ:xOB 141,15 132,49 153,93 128,26 167,03 167,22 124,73 120,15
P 131,11 124,55 150,16 120,47 131,37 130,49 122,06 116,69
- P 105,38 104,3 111,63 107,97 116,3 1145 105,03 100,34
\é 15 Pﬁ;’xm’ 137,28 128,99 145,34 129,67 138,77 132,39 122,77 118,94
; Prax. 129,86 127,28 143,6 152,8 134,27 128,01 121,03 121,13
g P 103,28 106,07 109,47 105,94 116,25 112,04 104,85 99,73
§ 25 Pﬁ;’x‘”’ 138,17 132,7 143,79 134,27 136,82 128,2 128,44 117,13
. P 135,32 129,55 137,76 147,42 138,79 128,41 127,94 119,86
P 105,19 99,72 110,16 110,8 115,82 111,21 103,51 105,56
40 Pﬁ;’x‘”’ 132,47 116,87 141,97 152,8 152,62 135,94 124,01 129,37
Prax. 127,53 112,94 143,09 133,9 157,73 138,01 125,08 131,93
Tabnuis 6
Cepenni (H ), Makcumansno iimosipi ( H Mo ) § makenmanbho cnoctepeskeni (H o ) snauenns
0OKOBMX CHJI Bij oceii, siki Ha0iraoTh Ha peiiku, kH
Table 6
Medium (H ), probable maximum ( H ") and the maximum observed ( HZ, ) value
of the lateral forces from axes that impinging to the rail, kN
Pyxomuii cxan TIM6A Hanisgaron
PeiikoBa HuUTKA JliBa [Ipasa JliBa [IpaBa
é 5 H 40,07 44,63 41,54 38,16
g 3| s H foo 74,1 72,71 73,57 50,45
5 3 Ho: 61,37 68,02 66,03 48,37
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3akiHuyeHHs TabJ. 6

End of table 6

Pyxomuii cknan TIM6A HamnisBaron
PeiikoBa HUTKA Jlipa IpaBa JliBa IIpaBa
H 38,38 43,62 39,83 37,93
15 Hrﬁ“;;’“ 72,75 66,36 73,29 51,11
E[ Ho: 67,88 63,39 73,45 49,61
i H 37,72 42,96 38,88 38,5
% 25 H r’,‘g;’“ 70,31 63,13 69,85 53,19
'% Ho 65,79 62,53 64,61 50,56
5 H 35,64 40,32 38,63 38,25
40 H r’,‘g;’“ 73,32 53,23 67,84 51,78
Ho: 58,15 56,96 63,91 49,35

XapakTep 3MiHM OOKOBHUX CWJI TIO JIBIf pew-
KOBIH HHUTIII HaBEACHO Ha puc. 9.

S+HTH9+11T 6+8+10+12
143 Bich 2+4 Bich BiCh BiCh
— —
80 3k o
&
- 70 o~ L=
; -
g0 7 B
5 50 &
P i
g
z 40 Z
“ 30 >y
20 ]
ol
ol
10
123 123 123
Ne mepepizy konii
O[] cepenne sHaYCHIL
71 17 2,5 cepeAHbOKBAAPATHYHOIO BIIXMIICHHS

Bill CEPEAHEBOI0

Puc. 9. 3nauennst 00KOBUX CHJI B3JI0BK JIISHKH
JUTSE JTIBOT PeHKOBOT HUTKH

Fig. 9. The value of lateral forces along a section
of railway track for the left rail

SkicHuii aHami3 OOKOBHX CHJI CBIIYUTH IIPO
PO3IUTICHHS MIJITHKA YMOBHO Ha TPH 30HMU:

— 3pocTaHHs OOKOBHX CHI,

— JOCATHEHHS MaKCUMAaJIbHOTO 3HAYEHHS,

— 3MEHIIEHHS OOKOBHUX CHII.

B mepepizi 1 3HaueHHs OOKOBUX cviI OLIBII
HiX mepepi3 3, ane MeHmI Hix mepepis 2. Lle mo-
SICHIOETHCS. HAsIBHICTIO B MICII BCTaHOBJIEHHS
npuiIagiB HalOUIBIIOT BiACTaHI MK OCsIMH OpyciB
(775 mmM, muB. puc. 1).

B mepepizi 2 BenuunHA OOKOBUX CHII HaWO1IIb-
I, TOMy IO MpWJIaayd BCTAHOBJICHI B 30HI TOpH-
30HTaIBbHOI HEPIBHOCTI.

B mepepisi 3 OokoBi cunu (K cepenmHi, Tak
I MaKCHMMaJIbHO WMOBIpHi) MarOTh HaiiMeHII 3Ha-
4yeHHs. B 1mpoMy Bumazky 1€ MOXKHA IOSICHUTH
3MEHIICHHSAM BiJICTaHI MDK OCAMH OpyciB Ha
BiJIMiHY BiJl aHANIOTIYHUX OpyciB B mepepisi 1.

HaykoBa HOBU3HA Ta MPAKTUYHA
3HAYUMICTh

Bnepmie Oynm BUKOHAHI eKCIepUMEHTAIbHI
JOCTIDKEHHS. B MEXax 3 €IJHYyBaJbHOI YaCTHHU
CTPLIOYHOTrO 3’31y MpPU BUKOPUCTAHHI HECHMET-
PUYIHO BKOPOYCHHX 3ajli300eTOHHHUX OpyciB. OT-
pyMaHi pe3ysibTaTd MOXKHA BUKOPHCTOBYBATH IS
MPOEKTYBaHHS CHUMETPUYHO BKOPOUYCHHX OpYCIB,
110 J03BOJISITh, HE TIOPYIIYIOUH EMIOPY PO3KIAIKH,
BKJIQZATH TEPEBOAU y 3131 3 MDKKOJIHAM JI0
5,3 M. Takox Ha OCHOBI E€KCIIEPUMEHTAILHUX 3HAa-
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e _p A » R A ’ taxeHHsaM 25 T Ha Bick / B. B. Pu6bkin, B. €. Cas-
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3KCHEPUMEHTAJIBHBIE UCCJIEJOBAHUS B3AUMOJIEHCTBUS
ITYTHU 1 ITIOABUKHOI'O COCTABA B IIPEJIEJIAX CBE3JIA

Hess. B nocnennee Bpems B ceTH JKeIE3HBIX JOPOT YKPaWHBI BCe OONBIIE YACHIIOT BHUMAHUS CIydasM Hapy-
IICHUS B COJCPKAHHU CTPEJIOYHBIX ChE3/I0B, KOTOPHIE MOTYT NMPHBECTH K YXYAIICHUIO YCIOBHU 0E30MaCHOCTH
JIBIOKCHUS TMOe310B. Takue HapylleHHs, KaK MPaBWIO, TOSBISIOTCS B pPE3yJbTaTe HETOUHOCTEH Mpu pa3OUBKE
U YKJIaJIKEe ChE3/1a, & TAKKE SABIIAIOTCS CIAEACTBUEM IEUCTBUS MOJBUKHOIO COCTaBa M TeMIiepaTypHbIx cuil. [losBie-
HUE TCOMETPUYCCKUX HEPOBHOCTEH MOXKET OBITh CIPOBOIMPOBAHO HAPYIICHUEM SIIOPHI PACKIAJKH KeIe300STOH-
HBIX OPYCBhCB B 3aKPECTOBHHHOW YaCTH Che3/Ia MPH MEXIymyThe MeHee 5,3 M. [Toaromy B paboTe HE0OX0AUMO MPO-
aHAIM3UPOBATh BIMSHUC HAIWYHSA OTKJIOHCHHH OT SMIOPHI PacCKIaIKid OpYyCheB M TEOMETPHUSCKUX HEPOBHOCTEH Ha
YCJIOBUS B3aUMOJICUCTBUS MMyTH U MOJBHMKHOTO COCTaBa, YUMTHIBASL PE3YJIbTAThl SKCIEPUMEHTAIBHBIX HCCIEA0BA-
Huil. Taxke HY)KHO YCTaHOBHUTH CBSI3b MEXIY HANPSHKCHHO-IC()OPMHUPOBAHHBEIM COCTOSHHEM IYyTH M HaJHIUEM
yKOpoUdeHHBIX OpycheB. MeTtoauka. VccnenoBanue BIASHUS OTKIOHCHUH B SIIOPE PAaCKIagKd OpPyCheB M T'€OMET-
PUYECKUX HEPOBHOCTEW Ha YCJIOBUS B3aUMOIEHCTBUS IIyTH U IOJABUKHOIO COCTaBa MIPOBOAMINCH IIyTEM NPOBEAC-
HUSl TEOPETUYECKUX PACUETOB M WCHBITAHWH. JIJI MPOBEAECHUS SKCHEPUMEHTANBHBIX HCCIICAOBAaHMH ObUT BBHIOpaH
UCTIBITATENIbHBIA YYaCTOK Ha MyTax HeoOiero noyib3oBanus OO0 ¢ MU «TpaHCHHBECTCEPBUC», KOTOPBIA OTBEYAT
HEOOXOJUMBIM YCIIOBHSIM B paMKaX Hay4HO-HCCIICIOBATEIbCKOI paboThl. PesynbTaTthl. [lonyyueHo pacmpencneHue
HaIpsHKEHUW U CUJl, JIEHCTBYIOIIMUX HA MYyTh B 3aBUCUMOCTH OT CKOPOCTH JBUKEHHUS OIBITHOI'O MOJBM>KHOTO COCTa-
Ba. Taxke TONYYCHHI JAaHHBICE O BIUSHHA TCOMETPUYCCKHX IapaMETpOB Opyca Ha €ro HampsiKeHHO-
neopmupoBanHOoe coctosiHre. HayuHasi HOBH3HA. ABTOpaMU BIICPBBIC OBLIA MPOBEICHA OICHKA BIHMSHUS IIOJ-
BIM)KHOTO cocTaBa (NP HAJTMYHKM T€OMETPHYECKUX HEPOBHOCTEH M HECUMMETPHUYHO YKOPOUEHHBIX OPYChEB B Ipe-
Jie7aX COEMMHUTENBHOW YacTH CTPETOYHOTO Che3/la) Ha HampsuKEHHO-Ie(OPMHPOBAHHOE COCTOSIHHE BEPXHETO
crpoenns ytn (BCII) B ykasanHoit 30He. Takke ObIIO MPOBEACHO CPAaBHEHHE PE3yJIbTATOB JUIA yYacTKa ¢ 00BIY-
HBIMH OpYyChsSMH W yKOpodeHHbIMH. [IpakTHYeckas 3HAYUMOCTh. Ha OCHOBE MOJYYEHHBIX IKCIIEPHIMEHTATBHBIX
JaHHBIX OBUTO YCTAHOBIECHO, YTO MPH CKOPOCTSIX IBHIKEHHS TMOIBIKHOTO cocTaBa 1m0 40 km/d4 HampsuKeHHO-
nepopmupoBanHoe coctosgaue BCII B 3akpecTOBUHHOI YaCTH CTPEIOYHOTO Che3a COOTBETCTBYET YCIOBHSAM MPOU-
HOCTH M ycTOWYMBOCTH. [lomydeHHBIe pe3yIbTaThl B JAIHEHIIIEM MOKHO IIPUMEHHUTH /IS anpo0auy MaTeMaTHye-
CKMX MOZEJeH M TEOPEeTHYECKUX HMCCIENOBaHMI MO pa3paboTke HOPMATHBOB COJCPXKaHUS CTPEJIOYHOIO Che3za.
YpoBeHb MOJYYCHHBIX BEPTHKAIBHBIX, OOKOBBIX CHJI M HAMPSHKCHUIH MPAKTHYCCKH HE 3aBHCUT OT HAJIMYHS YKOPO-
YCHHOH YacTh OPYChEB, KOTOPHIC YIIOXKEHBI B CHE3/I.
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EXPERIMENTAL INVESTIGATIONS OF INTERACTION
OF TRACK AND ROLLING STOCK ON CROSSOVERS

Purpose. Recently on the Ukrainian railways network more attention is paid to the cases of violations in the
maintenance of crossovers, which may lead to deterioration of the train traffic safety conditions. As a rule, such vio-
lations occur as a result of inaccuracies during crossover pegging and laying, as well as are the consequence of im-
pact of rolling stock and thermal forces. The appearance of geometrical irregularities can also be triggered by viola-
tion of the scheme of layout of concrete sleepers in the crossover turnout curve with intertrack spaces of less than
5.3 m. Therefore, we have decided to analyze the impact of the presence of deviations from the layout scheme of the
sleepers and geometric irregularities on the conditions of track and rolling stock interaction based on the results of
experimental investigations. It was also decided to establish a connection between the stress-strain states of the track
and the presence of short sleepers. Methodology. The effect of deviations from the layout scheme of the sleepers
and geometric irregularities on the interaction conditions of track and rolling stock was studied by means of theo-
retical calculations and experimental research. The experimental research covered the area on the non-public railway
tracks that meets the required conditions for scientific and research work on the territory of «Transinvestservice»
company. Findings. The distribution of stresses and forces acting on a railway track depending on speed movement
of experienced rolling stock was obtained. In addition we obtained the data on the influence of the sleeper geometric
parameters on its stress-strain state. Originality. For the first time the paper assessed the impact of rolling stock in
the presence of geometrical irregularities and asymmetrically truncated sleepers within the crossover connection part
on the stress-strain state of track in this zone. In addition, we compared the results for the area with common and
shortened sleepers. Practical value. The obtained experimental data allowed determining that the stress-strain state
of the track structure in the crossover turnout curve at rolling stock speeds of up to 40 km/h fulfills the conditions of
strength and stability. These results can be used to test mathematical models and theoretical studies on the develop-
ment of standards for the maintenance of crossovers. The level of the obtained vertical, lateral forces and stresses
practically does not depend on the presence of the truncated part of the sleepers, which are stacked in crossovers.

Keywords: crossovers; unsymmetrical sleepers; experimental investigations; stresses; vertical and lateral forces
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PACUYET XAPAKTEPUCTHUK ) KECTKOCTH U YIIPYT'OCTH
PEJIbCOBOM HUTH ITPU KPYUEHUU MO BO3JIEHCTBUEM
BEPTUKAJIBHBIX 1 I'OPU3OHTAJIBHBIX CHJI

Henb. NUMmetomuecss B TuTepaType CBEEHUSI O XapaKTEPUCTUKAX JKECTKOCTH U YIPYTOCTU PEJIbCOBBIX HUTEH
MIPU KPYUEHUH POTUBOPEUHBHL. DTO SBISETCS CIAEACTBUEM OTCYTCTBUS TOYHOTO aHAJIUTUUYECKOTO PEIICHUS 3a1aul
U CJIOXHOCTH IKCHEPUMEHTAIBHOIO M3YYEHMsI YKa3aHHBIX XapaKTEPUCTUK MPU COBMECTHOM JIEHCTBUU Ha PEJIbC
BEPTUKAIbHBIX Y TOPU3OHTAJIBHBIX CHI. B cTaThe mpeacTaBiieH HOBBI METOJ pelIeHUs 3a/lay MO OIpeleeHUIO
JKECTKOCTH M MOJYJISI yNPYrOCTH PEIbCOBOW HHUTHU MPU KPYUEHHU O] COBMECTHBIM JIEHCTBHUEM BEPTHUKAILHOU
U ropm3oHTanpHON crit. Metoanka. B paboTe nCHonp30BaH KOMIUIEKCHBIA METO]] PEUICHHUS 3a/1aud, BKITFOYAFOIITHIA
TEOPETHUYECKYIO YacTh U PEe3ybTaThl SKcriepuMenTa. C MOMOIIBI0 SKCIICPUMEHTa OBUIH U3MEPEHBI XapaKTEPUCTHKI
TOPH30HTAIBHON TOTIEPEYHON JKECTKOCTH PEIbCOBBIX HUTEH IO TOJOBKE W IOJAOIIBE NMPH PA3HBIX KOHCTPYKIHIX
COBPEMEHHBIX PENbCOBBIX CKperieHnd. [locrmemyromas 3amada 1Mo OMpPEAENCHWIO PeajbHBIX 3HAYCHUH MOMYIIA

o T T
YIPYrOCTH W IKECTKOCTH PEJIbCOBOM HHUTH mpd Kpydenuu U q() ) u pr) pelleHa TEOPEeTUYECKUMH METOJAMU.

PesyabTathl. [lonydeHbl HOBbIC 3HAYCHHS XapAKTEPHCTUK JKECTKOCTH U MOIYJISL YIIPYTOCTH PEIGCOBOM HUTH IPH
KpPY4YCHHH Ul COBPEMEHHBIX KOHCTpyKuuit penscoB P65, UIC60, P50 u penscoBbix ckperutenmii Tumo KIIIT, KB,
JO mpu COBMECTHOM ICHCTBUH Ha PENIbC BEPTHKAIBHON W TOPU3OHTAIBHON CHII M KpydeHus. HayyHasi HOBU3HA.
BriepBble B OTEUECTBEHHBIX HCCIIEAOBAHMAX BBIIOIHEHO SKCIIEPUMEHTAIBHO-TEOPETHYECKHE PEIICHUE 3aadd 110
OIIPE/ICJICHUIO PEANIbHBIX 3HAUYCHHUIT JKECTKOCTH M MOAYJIS YIIPYTOCTH PEIbCOBOH HUTH IIPU KPYYEHHH I10J{ COBMECT-
HBIM JICHCTBHEM Ha pEJIbC BEPTUKAIBHBIX M TOPH30HTAIBHBIX KOJECHBIX Harpy3ok. PelmieHue mpeacraBieHO
B (pyHKIMOHANBHOM 3aBUCUMOCTH OT COOTHOLICHUSI COBMECTHO JACHCTBYIOLIMX Ha PENIbC BEPTUKAIBHON U TOPU30H-

TaJbHOU CHUII ﬁ(/()T) = f(l%_| ); U g) = f(l%_| ) Pemenue BBINIOJIHEHO U1l COBPEMEHHBIX KOHCTPYKLMH PENILCOB

oredyecTBeHHOTO cTaHmapra P65, P50, P43 u mexmynapognoro crarmapra UIC60. IIpakTuyeckas 3HAYUMOCTbD.
[Mosy4eHHbIe Pe3yNbTaThl MO3BOJSIOT C OOJBINEH TOYHOCTHIO, B CPABHEHUHU C JICUCTBYIOIIEH METOANKOM, BBIIOJ-
HSTh PACYEThl PEATbHBIX HAMPSHKCHUH U AeOpMaIHii B pelbcax Pa3HbIX THUIIOB. DTO MPOUCXOIUT IIPU COBMECTHOM
JICHCTBUH Ha PENIbC BEPTUKAIBHBIX M TOPU3OHTAIBHBIX CHIT (JUTS IyTH HA JKEJIC300CTOHHBIX M JIEPEBIHHBIX IIITIaax)
W MIPH Pa3HbIX KOHCTPYKIUSX JKECTKUX U yNPYrux penbcoBbix ckperuiennii: Kb, KIIIT, J10.

Kniouegble cnoea: penbcoBasi HUTh; JKECTKOCTh; YIPYrOCTh; KPYUYCHHUE; CHJIbI BEPTUKAIBHBIC; CHJIbI TOPU30H-
TaJIbHEBIE

BBenenue

B crpaBo4HON TEXHUYECKOU IUTEpaType IpHU-
BEICH BecbMa pa3HOOOPA3HbIM CHEKTP XapaKTepH-
CTUK IIPOCTPAHCTBEHHOW KECTKOCTH U YIPYTOCTH
pENbCOBBIX HMTEH, Kak NpPaBUIIO, HE YYHUTHIBAIO-
OMH peanbHOE COOTHOIIEHUE JEHCTBYIOIIUX Ha
penbC BEPTUKAIBHOM M TOPU30OHTAJbHOW CHII.
IIpuToM npuBEACHHBIE pE3ylbTaTbl B OCHOBHOM
OTHOCATCS K aHAIM3y 3acTapenbIX KOHCTPYKLIHH
IyTH, IPUMEHSBIINXCS Ha XKeJIe3HbIX goporax 40-
50 ner nazan. IloaToMy M3ydeHHE yKa3aHHBIX Xa-
PaKTepHCTHUK paboTbl PEIbCOBBIX HUTEH I CO-
BPEMEHHBIX KOHCTPYKIMM NMyTH NPH COBMECTHOM

NIEHCTBUM Ha PEIbC BEPTHUKAIBHBIX W TOPHU30H-
TaJbHBIX CHJI SIBJISIETCS BEChbMa aKTyalbHOU 3aja-
yei.

ean

Ilenbro craTbu SBISAETCS IPEACTABICHUE pe-
3yJbTaTOB HOBEMINNX HMCCIENOBAaHUI MO OIpene-
JICHUIO OJKCIEPUMEHTAIBHO-TEOPETUYECKAMU Me-
TOAAMM XapaKTEPUCTUK MPOCTPAHCTBEHHOMN yIpy-
TOCTH PENBCOBBIX HUTEH NpPU KPYyYEHUH I CO-
BPEMEHHBIX KOHCTPYKLIHUH  KEJIE3HONOPOKHOTO
IIyTH NPU COBMECTHOM JIEHCTBUU HA PEIIBC BEPTHU-
KQJIbHBIX U TOPU30HTAIbHBIX CUIL
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MeTtoauka

JelicTByronias METOJUKAa WHKXEHEPHBIX pacue-
TOB MyTH Ha MPOYHOCTH [3], KaKk M3BECTHO, MO3BO-
JSIET TONy4YaTh TOJBKO PE3YJbTAaThl C TOYHOCTHIO,
JIOCTATOYHOM JIMIIb JUIsl MPAKTUYECKUX LEJei.
[Ipu sToMm BimsiHWE Ha PabOTy pelbca TOPU30H-
TaJbHBIX TUHAMHYECKUX CHJI M KPYTSIIETr0 MOMEH-
Ta HEMOCPEACTBEHHO HE YUNTHIBAETCS, @ YIUTHIBA-
eTcs TOJNIBKO OMNOCPEJOBAaHHO uepe3 NpUMEHEHHE
TaKk Ha3bIBaEMBIX KOA((UIIMCHTOB BIUSHUS, B3f-
THIX W3 3KCIIEPUMEHTAJBHBIX HCCIEIOBAaHHMA, U BO
MHOTHX CITy4JasX HEe MMEIOIINX TOYHOTO TOATBEp-
JKIACHUS JJ11 KOHKPETHBIX PACUYETOB.

OpfHaKo TpH TOJHON TOCTaHOBKE aHATUTHYe-
CKOTO pEeIIeHHUs 3a/a4d 0 pacdyeraM >KeIe3HOO-
POXHOTO IMyTH Ha MPOYHOCTH HEOOXOIMMO C JOC-
TATOYHOW TOYHOCTHIO YYUTHIBATH BO3ACUCTBUE Ha
PENbCOBYIO HUTHh BCEX BHEIIHWX CHJI M TIPH ATOM
COBMECTHO paccMaTpUBATh BOZHHUKAIOIIUE B Peilb-
COBOW HUTH JieOopMaliK: BEPTHKAILHBIA U TOPU-
30HTAJIBHBIA U3TUO PENbCOBONW HUTH H €€ Kpyde-
Hue. /ledopmarim u HampspKEHUS PEITBCOBBIX HU-
Tell MpH aHATUTUYECKUX pacyeTax ¢ JAOCTaTOYHOM
TOYHOCTBIO MOKHO OTIPEAETUTh TOJIBKO IPH yCIIO-
BAW 3HAaHUS XapaKTEPHUCTHK MPOCTPAHCTBEHHOMN
VIPYTOCTH PENLCOBBIX HHUTEH, B TOM 4YHCIE pac-
YETHBIX XapPaKTEPUCTHUK Ha KpydCHUE.

[Ipu 3TOM, 0OCOOEHHO Ba)KHBIM TSI IPOBEIEHUS
TOYHBIX aHAJIUTHYECKUX PACUETOB SIBJIICTCS HaXo-
JKICHUE TMPABWIBHBIX (YHKIIHMOHAIBHBIX 3aBUCH-
MOCTEeH MEXAy JACeHCTBYIOIIMMH Ha PEITbCOBYIO
HUTh BHENIHUMH CHJIAMH OT KOJIEC TOJBH)KHOTO
COCTaBa M MEPEMEHHBIMH 3HAYCHUSIMHU XapaKTepu-
CTHK TPOCTPAaHCTBEHHON YIPYTrOCTH PEIHCOBOM
HATH. HeoO0XoauMo Taxke YIUTHIBATH OCOOEHHO-
CTH  KOHCTPYKTMBHOTO  YCTPOMCTBAa  pENbCOB
U CKPETUICHUH.

0630p npedvldyuux uccaedo8anull u nyoIUKayuil.
OCHOBBI TEOPHUH PACUETOB PEITLCOBO HUTH Ha COBME-
CTHOE JICHCTBHE BEPTHKAIBGHBIX M TOPH30HTAIHHBIX
CHJI C YYETOM XapaKTEePUCTHK TPOCTPAHCTBEHHOH YII-
pyroctu ObUTH pa3paboTaHsl erme B Had. XX B. Tipod.
C. II. Tumomenko [10, 11], HO B ero pemieHUsX
HE YYUTHIBAIUCH CHJIBI TPCHUS MEXKIY PEITbCcOM
W TIOAPETbCOBBIM OCHOBAHMEM W KOHCTPYKTHBHEIC
0COOEHHOCTH 3aKPEIUICHHUS PENbCcOB Ha Oopax, KOTo-
pbIC CYILIECTBEHHO BIIHSIOT Ha PE3YJIbTAThI PEIICHHS.

WcmnpaBnenne 3Toro HemocraTtka OBLIO Tpen-
nmoxkero mpod. O. II. EpmkoBeiMm B 1960-x T1T.
B BHUMXKT (Poccus). Ho pe3ynbTaThl TEOpeTHYE-

ckux pemenuii O. I1. EpmikoBa [7, 8] He ObuH 10-
BE/ICHBI JI0 TIPAKTHYECKOTO BHEIPEHUS W He ObLIH
BHECEHBI B TEOPHIO PAacieTOB Ha MPOYHOCTH JKe-
JIE3HOAOPOKHOT'O Iy TH.

Haum seinemnne uccnenosanus 2012—2015 rr.
[4, 5] mokaszanu, YTO pe3yNbTaThI pacyeToB MPod.
O. I1. EpmixoBa TpeOyIOT CyIIeCTBEHHOW KOPPEKTH-
POBKH, B TOM YHCJIE C Y4ETOM OCOOEHHOCTEH Xa-
PaKTEPUCTUK TPOCTPAHCTBEHHOW YIIPYTrOCTH PEb-
COBBIX HHUTEH C COBPEMEHHBIMH KOHCTPYKIHSMH
PETBCOBBIX CKPETUICHUH .

B paboTe wmcmonp30BaH KOMIDIEKCHBIH METOI
peleHrss 3aJadd, BKIIOYAIONIMHA TEOPETHYECKYIO
9acTh U Pe3yJbTaThl 3KcrepuMeHTa. C IOMOLIbIO
9KCIEPUMEHTa OBUIM H3MEPEHBl XapaKTEPUCTHKH
TOPU30HTANBHOI MOMEPEeUHOM KECTKOCTH PEIhCo-
BBIX HHUTEH IO TOJIOBKE WM IMOJOLIBE MPH Pa3HBIX
KOHCTPYKLMSX COBPEMEHHBIX DPEIbCOBBIX CKpeEI-
nenuii. Ilocnenyromas 3ajada IO ONPEICICHUIO
peanbHBIX ~ 3HAYEHWH  MOAYNS  YOPYrocTH

1 KECTKOCTH PEIbCOBOM HUTH MPH KPYyIEHUH U((PT)

T
nu pr ) peuieHa TCOPETUICCKUMU MCTOAaMU.

Pe3yabTathel

PacueTHas cxema M MOpAJOK peLIeHHs 3a7auu
NPUHUMAIOTCSl aHAIOTUYHBIMU  Pa3pabOTaHHBIM
mnpod. O. II. Epmkosum (Poccus) B 1960-x T [7,
8]. Oxnako mpu peuieHHH TaHHOW 3aja4d HaMHU
CeNaHbl HEOOXOIUMBIE KOPPEKTUPOBKH, YUHTHI-
BaloIlle HETOYHOCTH B pemeHusx [7, 8], a taxke
MIPUHATH HOBBIE XapaKTEPUCTUKU COBPEMEHHBIX
PENIBCOB U PENBCOBBIX CKPETICHUH.

st penieHus 3aqaqu B LEJIOM HEOOXOOUMO Ha
IEPBOM 3Tale PEeLMTh 3aJady 00 OIpeAeIeHUH
pacueTHO-aHATUTHYECKUM IIyTEM OJHOM W3 Bax-
HEHIINX pacyeTHBIX XapaKTEPUCTUK: MOAYJS YII-
PYTOCTH IIyTH NPU KPYYEHHH PEIBCOBOM HUTH OT
COBMECTHOTO JIeHCTBHS BHEIIEHTPEHHO NMPHIIOKEH-
HBIX TOPU30HTAJILHON U BepTUKanbHOU cun H u P,
U C y4eTOM CWJI TPEHHs, BO3HHMKAIOIIMX IO IIO-
JIOILIBE peNbCa.

B cootBercTBuu ¢ pacueTHOU cxemoii (puc. 1)
YpaBHEHHE PaBHOBECHA PeEIbCa MPU €ro KpydeHU!
OTHOCHUTEIIFHO IIPOAOIBHON OCH X UMEET BHL!

me_zqy'hZ_Ty’hzzMKp’ 1)

e me — HepBasa COCTaBJIAMONIAA CyMMAapHOIO

PEaKTUBHOTO OTIOpa KPYUYCHHUIO pelibca MO BCei
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uinHe aedopMalnuy KpydeHHus, BbI3BaHHAs peak-
TUBHBIMH MOMEHTaMH M, ; M, — PEaKTHBHBIN OT-

MOp KPYUYEHHUIO peiibca B CEUEHHUH, I'Zie MPHUIOKEH
BHELIHUHN KPYTSILUNA MOMEHT:

m,=U, -9, )

[Jie @ — yroJ 3akpy4unBanus pesbea; U, — MOAyIb

YIPYTOCTH IOAPEIHCOBOTO OCHOBAHMSA MPH Kpyde-
HUM PENbCOBOM HUTH; (, — PCAKTHBHBIA OTIOP

MOJOMIBEI pefibca OOKOBOMY TIEPEMEIICHUIO OT
NEHCTBUSI KPYTSIIET0O MOMEHTa B CEUSHHUH, TJIe
MIPHUIIOKEH 3TOT KPYTSAIIUI MOMEHT:

qy:Uy(y_(P'hz)' ©)

rae qu -h, — BTOpas cocraBnsOmas CyMMapHO-
IO PEaKTUBHOTO OTIIOPa KPYUYEHHIO PeNbca MO BCel
JiHe nedopMali Kpy4deHHs], BBI3BaHHAs peak-
TUBHBIMH CHJIAMHU qu .

bz

1) - x
P
e
.]l

"y

ymp

r=h,

) 1/1‘7_,
+h

hygp Voo —1M,

l[me — LHCHTP TAKECTU T'OJIOBKU
l[mn — LOCHTP TAKCCTU IMOAOIIBLL
L{mp — ueHTp TSHKECTH pelibca
I]xkp — 1eHTp KpyuyeHus peiibca
Puc. 1. PacueTHas cxema AEWCTBUA CUIT

Ha 3JIEMEHTApPHBII y4acTOK PeIbCOBOM HUTH
IIPY TOPU30HTAIIEHOM M3THO€E U KPYyYEHUH

Fig. 1. Diagram of the forces
on the elementary section of the rail thread
at horizontal bending and torsion

3,E[GCI> Yy — TOPHU3OHTAJIBHOC IEPCMCIICHUC
IEHTpa U3ruda pesbea (CoBmamaeT ¢ EHTPOM Kpy-
YeHUs1) OT JAeHCTBUSA OOKOBOWM CHITBI H, h2 — pac-
CTOSIHME OT LIEHTpa Kpy4deHus peiabca 10 Hu3a I0-
JOIIBBI.

ZTy-h2 — TPEThSI COCTABJIAIONIAS CYMMapHO-

ro PEaKTHUBHOI'O OTIIOpA KPYUCHHIO peiIbCa IO Bcel

unHe aedopMalnuy KpydeHHus, BbI3BaHHAs peak-

THUBHBIMHU CHJIaMHU ZT rae T, - PCaKTUBHasA

y? y
COCTaBJIAOIIass CUJI TPCHUA IO IIOAOINBE pPEIbCa B
CCUCHUU TPUIIOKCHHUA BHCIIHCTO KPYTALICTO MO-

MCHTAa.

T, =U,-z-f, @)

rIe Z — BEPTHUKAJIbHOE MEpeMeIleHHe LIEHTpa U3-
ruba penbca OT ACHCTBUS BEepTUKAIBHOM cubl; f

— KOA(pPHUIIMEHT TPEeHUs IO MOAOIIBE pelibca (3a-
BUCHT OT TUIA CKPEIUIEHUS! U TOAPETLCOBBIX MPO-
KJagoK); M, — BHEIUHMH KPYTSIIMI MOMEHT NpH

COBMECTHOM JAEHCTBUM Ha peiibe cuil H u P.

M, =H-h,—P-e, ®)

rae h', — paccrosHHe OT LEHTpa KPY4YCHHs 0

MecTa MPUJI0KEHUS CUIIbl H; € — 3KCIEHTPUCUTET
MIPUIOKEHHSI CUITBI P OTHOCHTENIEHO OCH CHMMET-
pHH perbea.

Jns 0000meHnst AeHCTBHS BCeX CHII Ha JJIMHE
nedopMaliy 3aKpydrBaHUs peiibca CIeAyeT repe-
nucarh ypaBHeHue (1) B MHTerpambHO# Qopme,
MMOJICTABMB BCE COCTABJISAIOIIME ClaracMbie U3 BbI-
pakennii (2)—(5). Torma MOIy4YMM CIIEAYIOIIEE
ypaBHEHHE:

IU(p-(p-dx—h2 _[Uy(y—cp-hz)dx +

y

+ [U,z-f.dc|=H-h\—Pe.  (6)

—Xr

BeIpakeHHe B KBaIPaTHBIX CKOOKaX ypaBHEHUS
(6) B COOTBETCTBUU C 3aMEUAHUSIMU B HaIlel Tpe-
apiayieir pabore [5] o cyliecTBOBaHHH BTOPOTO
UHTErpaja B KBAJIPaTHBIX CKOOKaX TOJBKO B Mpe-
JeNax OT —X; A0 +X, MOXHO 3aMEHHTb CuiIoit H.
Torna ypaBuenue (6) mepenuiuercss B 6oiiee mpo-
CTOM BHJIE!

+Xw
[U,-@-dx=h,-H=H-h{-Pe. (7)
CormacHo OKCIICPUMCHTAJIbHBIM HCCIICJOBAHU-
+X(p

sm npod. O. I1. EpmkoBa [8] unTerpan I ¢-dx
—X
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MMpeaACTaBIISACT coboit miomanab 3MpbI YIJIOB 3a-
Kpy4YHBaHUA (D(p B IIpeaciax IJIWHBI BOJIHBI 3aKpYy-

YMBaHUS penbca (KOTopas MPaKTUYECKH COOTBET-
CTBYET JUTHHE OOKOBOTO M3TH0Oa PeNbCa).
To ecTh:

+X,

[ o-dx=w,. (8)

— X(p

O. I1. EpuikoBeiM B [8] HaiineHo, uTo:

(5-1)- o
Oy =" 9)
(2)
o = (%y , (10)

(n)
y

mepeMeniennii (n) — MOOMBHI U (2) — TOMOBKH
pesbca IpH COBMECTHOM JICHCTBHU Ha PEIibC TOPU-
30HTAJIbHOW W BepTHKaIbHOW cui; h" — paccros-
HHE MEXKIy TOYKAMH 3aMEpOB IOINEPEUHBIX Mepe-
MEIICHHI TOJOBKH M TOAOMIBBI Pebca; & — COOT-
HOIICHHE TUIOLIACH DITIOP MEePEeMEIICHHI TOJIOBKH
U [TOJIOIIBBI PEJIbCa, OMPEICIISIETCs 110 hopMyJie:

rac o nu (Dgﬁ) — IUIOIIaar SIIOp MONCPCUHBIX

(n)

5=—2
() *

(Dy

11)

(dnst mpakTHYeCKuX Iieiedd, C IOCTaTOYHOU
CTEINEHBI0 TOYHOCTH, MOKHO TIPHUHUMATH K0d(du-
IUEHT O PaBHBIM OTHOIICHHIO MOMEPEYHBIX KECT-
KOCTEU pesibcOBOM HUTH MO MOJOILIBE U MO T'OJIOB-
Ke).

(11-2)

Taxum obpasoM, ypaBHenue (7) mocie mojcra-
HOBKH B HErO BbIpakeHUs (8) M pelieHus ero ot-
HOCHUTEIILHO U(p , OyZIeT UMETh BH/I;

H(h\+h)—Pe

@,

U =

¢

(12)

HManee noactaBuB B ypaBHeHue (12) 3HaueHue
o, 1o dopmye (9) Oynem UMeETH CreyroIEe BbI-

paKeHHE U1 ONpEAENEeHUs] MOAYNIS YHPYrocTH
HOJPEJIbCOBOTO OCHOBAHUS NPH KPYUYEHUHU pPeilb-

COBOU HUTH U(p :

H(hy+h)-h"  P.e-n”
= - . 13
P (510 (5-1)-0)) 13

3ametnM, uto (opmyaa (13), momydeHHas
HaMH, OTJIMYAETCS OT aHAJOrHYHOH (HOPMYIIBI
O. TI. EpmikoBa, nony4eHHo#i uM B padote [8], rae
JOTyIIieHa OIMOKa NpPH BBIBOJE MAaHHOH (opmy-
JIbl, @ UMEHHO — B HEN OTCYTCTBYET COMHOKHUTEIb
(h") B umcnmTene BTOpOro ClaraeMoro mpaBoi

vyactu ypaBHeHus. (Kak mokasanu Hamm pacuersl,
NPU BBIYUCICHUSIX 3TO MOXKET MPUBOJHUTH K OLIHO-
K€ B ONpEeNICHUH MOIYJs YHPYTOCTH IIyTH Ha
kpyuyenue Ha 20% u OoJee B 3aBUCHMOCTH OT CO-
otHomenus cun P/H ).

Ecm IIPUHATH BO BHUMaHHUE, YTO B pPCAIbHBIX
YCIIOBUAX BSaHMOHeﬁCTBHH IIOJABHXXHOI'O COCTaBa
1 OyTU IUIOHIa[lb SMIOPBI MONEPCUHBIX MEPEMCIIC-

(n)
y

HOM cujbl P 1 cui TPEHU IO MOAOMIIBE peiibCa, TO

HUU @)’ OIpenensieTcss Npu HAIMYUU BEPTHKANIb-
oTHOMmeHne H / (o§,”) clemyeT MACHTH(DHUIMPOBATH
KaK peaJlbHOEe 3HaueHHEe OOKOBOTO MOJYJIS YIIPY-
TOCTH TIOJIPEIbCOBOTO OCHOBAHUS U§,T), KOTOPBIN
BBIUMCIISIETCS C YYETOM CHJI TPEHHS IO TOJOIIBE

pennca [5]:

H

m -~
y

(T
ui. (14)

()

Torna, noxcrasus (14) B ypaBuenue (13), mo-
Jy4HM B OKOHYATEIbHOM BHAE (HOpMyIy IUisi Om-
peZeNeHUs] PeabHOrO0 3HAYCHHsT MOJIYJISl YIPYyro-

CTH PEeBCOBOM HUTH NpH KpyueHun U g) IS CITy-

9asi COBMECTHOT'O JCHCTBUS BEPTUKAIBHBIX H TO-
puzoHTaNBHBIX cwil (H u P) U ¢ y4eTtoM cui
TPEHHMS 110 MOJIOIIBE PeIIbCa!

um = (h'l+h2)'h“_u(T) _ P-e-h” um. (15)
¢ o6-1 y (8 —1) H Y

Ecnu npu n3MepeHusx mepeMenieHus: TOIOBKH
penpca ONMpeNeNAtOTCsl HAIPOTUB TOYKH TMPHIIOKE-
HUSl TOPU3OHTAILHON cuiibl H, a mepeMeleHus mno-
JIOIIBBI penbca — ONM3KO K HWKHEH TJIOCKOCTH T10-
JOIIBBI, (4TO, KaK MPaBHUIIO, KIMEET MECTO B JKCIIE-
pUMEHTaxX), TO MOXHO mpuHuMath h"=h'+h,

u Torma popmyina (15) mpumer Gosiee IPOCTOM BHI:
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hy? P-e-h"
U(T)z(—-U(T)——-U(T). 16
°© 51 Y (5-1)H ! (19)

3HaK «—» mepe] BTOPHIM ClIaraéMbIM B IPaBOM
yactu ypaBuerus (15) u (16) coorBeTcTByET CXEME
3arpy’>KeHusi peiibca, MoKa3aHHOW Ha puc. 1, koraa
KPYTALIMI MOMEHT ompeaesiercs no gpopmye (5).
JU1st citydasi MPUIOKEHUST BEPTUKAIBHOI Harpy3KH
ClieBa OT OCH CHMMETPUH pelibCa B YPaBHEHHUSIX
(15) u (16) cnemyer CTaBUTH 3HAK «+» Mepea BTO-
PBIM CJIaraeMbIM.

B ciydae, xorma BepTHKaibHas Harpyska P
NPUIIOKEHA TI0 OCH CHMMETPUH pelibCa, IKCILICH-
tpucutrer ¢=0 u dopmyna (16) 3HauuTeNnbHO yII-
poraercsi:

"2
U(T):(h ) um. (17)
¢ 5—1 y

Bmopou sman pewenus 3a0auu. Ha cnemyro-
IIeM JTale pelIeHus 3aJadd NMepeiieM K oIperne-
JIEHUIO JPYrod BaKHEHIIEW XapakTEpUCTHUKH, OII-
penessitoiiell paboTy penbCOBOW HUTH IIPU Kpyde-
HUH — K ONIPENEICHHIO JKECTKOCTH PEIbCOBOM HUTH

npu kpy4uenun (3, ).
N3 knaccudecko Teopuu KpydeHHUs! CTEpKHEH

[12] w3BecTHa dopmyna s OmpenencHUs yria
3aKpy4MBaHUS CTEP)KHS, KOTOPasi IMEET BUJL:

o=—", (18)

re P, — XKECTKOCTb CTEPIKHs NP KPYICHHUN.

[Ipu paccMOTpeHHM TOPU3OHTAIBHOTO H3THMOa
Y Kpy4YeHUs PENTbCOBON HUTH, He NPUKPENIEeHHOU K
onopam, Ha BO3JIeHcTBHE OOKOBOHM IOTIEPEUHOM
cuibl H n KpyTsiero Momenra M, BBI3BaHHOTO

neiicTBeM OOKOBOM CHJIBI M BHELIEHTPEHHO IpH-
JIO’)KeHHOHM BepTukanbHoU Harpysku P, O. II. Ep-
IIKOBBIM B pabore [8] momydena ciremyromas 3aBu-
CUMOCTh MEXJy YIJIOM 3aKpy4dMBaHHSA pelibca
U KPYTSIIUM MOMEHTOM, MPUIOKEHHBIM K PENbCy
(mst pacyeTHOro CEYCHHsS B MECTE IMPUIIOKCHHUS
KPYTSIIEro MOMEHTA):

M

= ad , 19
® 2D-hZ-1-r, (1 +1,) (19)

rae M, — KpyTsumii MOMEHT BHEWHMX cui (Om-

penensercs mo popmyne (5)); h, — paccrosuue

MEXK/Iy [EHTPAMH TSDKECTH TOJIOBKH H IIOJIOLIBHI;
D — npuBe/ieHHAast )KECTKOCTh TOJIOBKH M MO/IOIIBBI
penbca MpU TOPU3OHTAIRHOM H3rube, Oompesesse-
mast 110 popmyste C.IT. Tumomrenko [10, 11]

1,1

D=E—=—24, 20
I, +1, (20)

Kak Buzmmo u3 comocrasnenus ¢opmyn (18) u
(19), 3namenatespb B BoipakeHuu (19)

B¢=2D-hé«r1'r2(r1+r2) (21)

MPECTABISIET COOOM KECTKOCTh PENbCOBON HUTH
npy Kpy4eHuu [3,, CBOOOJHO Jexalled u He 3a-

KpEIUIEHHOH Ha peNbCOBBIX OINOpax, MpU BO3JAEH-
CTBUHM Ha Hee TOPU3OHTAIBHOW OOKOBOH cuibl H
U KPYyTSILIEr0O MOMEHTa OT 3TOM CHJIBL, a TaKxke
BHELEHTPEHHO MPUIIOKEHHON BEPTUKAIIBHOW CHUIIBI
P. Ilpu 3TOM HEe y4YWTHIBaeTCSl ACUCTBUE BEPTHU-
KaJbHOIO M3ruba M TPEHUs IO IOAOIIBE PEJbca
MEX]Ty PeIbCOM U TOPETHCOBBIMH OTIOPAMH.

B Bepaxenusx (19) u (21), kpome yxe yka-
3aHHBIX Xapakrepuctuk D u h, , mpucyrcryror
BeCbMa BaXKHbIE KOI(QQUIMEHTH I, U I,, ompene-
nennsie B ucciaemoanusax O.I1. Epmxosa [7, 8]
Kak I, — KO3(hOHLUUEHT, XapaKTepUsyIuil u3-

THOHO-KPYTUJIBHYIO KECTKOCTh PENbCa, KOTOPBIH
omnpenenseTcs no Gopmyre:

C
= = (22)
Dh?
r, — K03((PULUEHT OTHOCUTEIBHOH IKECTKOCTU

PENIbCOBOIO OCHOBAaHUS U penbca MPU KPYUEHMH,
ompenenseTcs no popmyie:

= |=—=. (23)

Ha ocHOBaHMU pe3ynbTaTOB HCCICIOBAHUMN
[7, 8] O. II. EpiikoBbIM OBLIO MOIYYEHO IS THIIO-
BOM KOHCTPYKLIMH MyTH HAa JCPEBSHHBIX IIITaNax
¢ pemscamu THIOB P43 u P50 coortHomenne
r,/r, =0,15. TloatoMy mocie HEKOTOpBIX Mpeobpa-
30BaHUil U MOJCTaHOBKH B BbIpaxkeHue (19) 3naue-
Hus 1,=0,15 r, dopmyna g yria 3akpyduBaHHS
penbCcoBOit HUTH @ B pabote [8] npuBeneHa K BUY:
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M

Q= v . (24)
2,30D-hZ -7,

A mocye mojacTaHoBKH B (popmyny (24) Beipa-
xeHuit (22) u (23) oust I, U I, MONyYeHO:

M
e (25)
U
2,30-C_ | >

Kp CKp

(P:

To ecTb, BBIpa)KE€HHE Ul KECTKOCTH PEIBCOBOM
HUTH [, B OKOoH4arenbHOH penakuuu O. I1. Epko-

Ba [8] mpuBeneHo Kk BUIY:
U,
B,=2,30-C,,- c (26)

Kp

U3 Beipakenust (26) B pe3ynbrare BhIBEICHA 3a-
KIIOYUTENbHAs (opMyJsia, BbIpaXarollas 3aBUCH-
MOCTb MEKJLy MOJYJIEM YHIPYTOCTH HOIPEIbCOBOTO
OCHOBAHMsl IIPU Kpy4eHnu U, 1 HKECTKOCTBIO PEtb-

COBOM HUTH P KPYYEHUH [, B CIEAYIOLIEM BUJE!

1 2
U =——_p°. 27
¢ 5,30-C,, Py @7)

@opmyna (27) Obuia TpemIokeHa Mpod.
O. II. EpmkoBeIM Kak yHUBEpCalbHAs ISl OIpe-
JIETIEHUS B3aUMOCBSI3H MEXK/TY MOJYJIEM YIIPYTOCTH
TOJIPENLCOBOrO  OCHOBAHMs TpU Kpyuennd U,

¥ JKECTKOCTBIO PEIIbCOBOM HUTH NPH Kpy4eHnH f3,

JUISL BCEX THUIIOB PEJIbCOB, YJIOKEHHBIX Ha Jepe-
BSHHBIX MIMaNaX, 0€30THOCUTEIBHO KOHCTPYKIIHH
pEeNBCOBBIX CKperieHu. IIpu 3TOM KeCcTKOCThb
PEIbCOBOM HHUTH TPEIUIOKEHO OIMpPEAENATh 10
dopmyite (21).

®opmyna (27) mocie OIMyOIUKOBaHUS HCCIIE-
noBanuii B padorax [7, 8] B 1960 r. momyuuna mm-
POKYI0 HM3BECTHOCTh M CTajla MPUMEHSATHCS TPH
pacdeTax pejbCoB Ha MPOYHOCTH C YUETOM Kpyue-
HYs. B TOM 4mcIie 1aHHAs METO/MKA JIETJIa B OCHO-
BY PacyeTOB CIPABOYHBIX JAHHBIX 10 KPYTHIBHBIM
XapaKTepUCTUKaM pelibcoB it «CrpaBOYHHMKA
umkeHepa-myteiinma» 1972 r. [1] u Gblaa MCIOIB-
30BaHa B JIPyTUX IIMPOKO OIMyOJIMKOBAaHHBIX H3J1a-
ausx [3, 13].

OnHaKo, HAIld COBPEMEHHBIE HCCIIEI0BAHMS
(20122015 r.r.) [5, 6] moka3anu, Y4TO KCMOJB30-

BaHHE BBIIIE M3JIOKEHHOW METOIUKH TpedyeT cy-
IIECTBEHHOW KOPPEKTHPOBKU Al oOecredeHus
NPaBUIBHOCTH KOHEYHBIX DPE3yJIbTaTOB NPHUMEHH-
TEJIBHO K COBPEMEHHBIM KOHCTPYKLHSIM BEPXHETO
CTPOEHUS MyTH.

1. Ipexxae Bcero HEOOXOAUMO 3aMETHUTh, UTO
npunstoe O. I1. EpmkoBeiM B [7, 8] mocTosiHHOE
cootHomenne Koddduuuenro I,/r, =015 wne-
KOPPEKTHO HCIIOJIb30BAaTh JJISl Pa3HBIX THIIOB
PENBbCOB, Ui Pa3HBIX SMIOP YKJIAAKH LIMajl U, TeM
Oomnee, U1 pa3HBIX KOHCTPYKUUH MyTH.

Pe3ynbpTaThl HalMX HCCIENOBAaHUM MOKa3aiH,
YTO BeAMYMHY cOOTHOUIeHHs I,/ =0,15 MoxHO
NPUHUMATh TOJBKO JUIsI KOHCTPYKLMHU ITyTH Ha Jie-
PEBSHHBIX IIMajgax ¢ peiabcamu TuioB P43 u P50
(c xoropeimu mipod. O. I1. EpiikoB kak pa3 u mpo-
BOJAMII DKCIEPUMEHTANbHbIE HcclenoBanus). Ha-
HpuMep, Ul TaKoW K€ KOHCTPYKIIMU IIyTH Ha Jie-
peBsHHBIX mimanax ¢ 3mopoit mmnan 1 840 mmn/km
st penscoB UIC60 crnexyer mpuHUMATh COOTHO-
wenne I,/r,=0,16, a s penscos P65 cuemyer

npuHuMath 1, /f, =0,17. Tlpn U3MEHEHHH SMIOPHI
LI COOTHOLICHHE [,/I TaKKe JOKHO H3Me-

HATBCS, NMPOIMOPLHMOHATIBHO HM3MEHEHHIO0 K03(ddu-
nueHTa I, . Pe3ynbraThl HalIUX pacuyeToB IOKa3a-

JI¥, 4TO JaXKe HE3HAUUTEJIbHBIE HETOYHOCTU B BEI-
0Gope HCXOJHOTO COOTHOIUEHHUS I, / I, TPHBOIAT

B KOHCYHOM HUTOI€ K CYHUICCTBEHHBIM IIOI'PEUIHO-
CTAM HOpHU ONPCACIICHUN MCKOMBIX XaPaKTCPUCTHUK

Ha kpy4enue B, u U ; Uq(f) u prT).
HerpyaHo mokasarh, 4TO UCXOnaHas (opmyJsia

(21), npencrasnsiommas coboii KECTKOCTh PEIbCO-
BOHM HHUTHU NIPU KPYYCHUU Bw U Tocie mpeoOpaso-

BaHUI TNPHBEICHHAs K 3aKIIOYUTEIBHOMY BHIY
(26), Oymer mmeTh OPYroil 3aKIFOYUTENBHBIN BHII,
€CIIM MOJICTABUTh APYTHEe COOTHOLICHHS KO3 HIM-
eHTOB, He paBHble I, /I, #0,15. Jlns nosicHeHust pac-

KpOeM BHYTpPEHHHE mpeobdpa3oBanust popmyJisl (21)
2DRern, (h+1,) =
=2D-h3 11, (1+1,/1) (21-1)

Tocrne noacTaHoBky T, /1, = 0,15 nomxyunm:

2D-hS -1 -1, (1 +1,)=2,30D-h - r? -1, (21-2)
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A 1mocie NMOACTAaHOBKU 3HAuYeHUH I U I, IO
dopmyrnam (22) u (23) ucxomgnas dopmyna (21)
IPHUBOJUTCS K BULLY:

B, =2,30D-h3-r?-r,=2,30-C,, - g—“’ (26)

P
Kak yxe ormeueno, ¢opmyna (26) BbiBemeHa
MPUMEHUTENIbHO K penbcam TumnoB P43 u P50 Ha
JepeBsiHHBIX mmanax. OJHaKo, Il pesibCOB THUIIA
P65 BbuMCICHUS [AAIOT APYroe COOTHOIICHHUE
r,/r,=0,17, n nosroMy 3akmountenbHas Gpopmy-

Jla U1 OIpeACICHUA B(p NpuMET BUMA, OTINYAIO-

mmiics ot (26), a UMEHHO:
B, = 2D 1y (r+1,)=

U
=2,34.C_- | =2
C

Kp

(26-2)

A mns penbcos tuna UIC60 mpu 1, /1, =0,16
OyJIET UMETh MECTO JPYTO€ BHIPAXKEHHUE!

B, = 2Dhgnn, (1 +1,) =

Yy

=2,32.C,, - (26-3)

O

Kp

Taxum oOpa3om, 3akmounTenbHas (opmyia
(27), BbIpakaroliasi B3aMMOCBSI3b MEXKIY BEIHYH-
Hamu U, u B, s penbco tuma P65 Gyzer

UMETh BUJI
2
U, = B—“’ : (27-2)
?  5,475. C.
a s penbeoB Trma UIC60 Oyaer umers BU:
2
U, = B—‘p . (27-3)
? 5382 -C,,
[IpuBenecHHBIE KOPPEKTHBHI B  (opMynax

(27-2), (27-3), (26-2) u (26-3) ¢ y4eToMm OOIBLIOTO
nopsiaka BennauH xapakrepuctuk C, u D cyme-
CTBEHHO M3MEHSIOT 3Ha4eHHus xapakrepuctuk U
u B, mis penscos Tuna P65 u UICE0 no cpasme-

HHUIO C M3BECTHOW (Gopmysoii (27), nmpuBeaeHHON
B Tpyaax O. II. EpmikoBa, koTopas MOXeT mpuMe-
HATBCS TONBKO K penbcam P43 u P50.

2. Taxxe tpeOyer yTouHeHHS (HUIMIESCKHMA
cMbICH Xapakrepuctuk B, n U, B CcBs3M C ycra-

HOBJICHHBIMH MEX1y HUMH 3aBUCUMOCTSIMH.

Kak yxe yxazano, meroguka npod. O. II. Ep-
IIKOBA JIETJla B OCHOBY pacyeToB M OIyOJIMKOBa-
HUSl CIIPAaBOYHBIX JAHHBIX 110 KPYTHJIBHBIM Xapak-
TEPUCTHKAaM pEJIbCOB B OTCUECTBEHHOH IeYaTH
[1, 2, 9, 13]. IIpu 5TOM OBLTO MPUHITO 0OO3HAYATH
uepes U, — MOAyab ynpyroctd IOAPEIbCOBOTO

OCHOBaHHMs NPU Kpy4eHuH, a 4epes B, — xect-

KOCTH PEIIbCOBOW HUTH MIPH KPyUEHHUH.

Jeno B TOM, 4TO XapaKTepUCTUKA KECTKOCTH
penbcoBoit HUTH 3, ompenensemas mo popmyie
(21), nomyuyeHa U3 pacCMOTPEHHS TOJBKO PabOTHI
pelibca Ha TOPU3OHTANBHBIN M3rHO TMOJ BO3IEHCT-
BHEM TOPU3OHTAILHOW CUJIbI H ¥ Ha OJTHOBPEMEH-
HO MPOUCXOJsIee KpyUueHHE pelibca Mo ICHCTBH-

eM KpyTsiuero mMomeHra M, OT BHELECHTPEHHO

MIPUJIOKEHHBIX TOPU3OHTAIBHON CHIIBI H W BEpTH-
KaJIbHOM CHIJIBI P, TIPH 3TOM BEPTHUKAIBHBIN H3THO
penbca B TaHHOW 3ajjaue HE YUHUTHIBAJICSA U, COOT-
BETCTBCHHO, HE YYUTBHIBAIUCH CUJIBI TPEHUS IIO
MOJIONIBE MEXIy PENbCOM H PENbCOBBIM OCHOBA-
HHUEM OT JEHUCTBHUS BEPTUKAJIBbHOW CHIBL. Takum
00pa3oM, xapakrTepuctuka [, BBIYHCIEMAs 110
dopmyie (21), xapakTepusyeT KECTKOCTh PEebCo-
BOIl HUTH, HE CBSI3aHHON CKPEIUICHUSMU C OCHOBa-
HHEM W 3aBUCAMIYI0 TOJBKO OT (DOPMBI pelnbca
U JKECTKOCTH D3JIEMEHTOB €ro cedeHus. VIMeHHO

nosroMy xapakrepuctuka U, B popmynax (27),

(27-2), (27-3) — He MOXKET Ha3BIBATHCS MOIYJIEM
YIPYTOCTH PEATHHOTO MOAPEITHCOBOTO OCHOBAHHS,
TaK Kak II0JlydeHa OHA W3 PEIICHHs 3ajaud, TIe
BJIMSIHUE OCHOBaHHS HE YYHUTHIBAJIOCH. IIpaBUIbHO
Ha3pIBaTh OTy Xapakrepuctuky U, — momynem

YOPYTOCTH IIPHU KPYUEHUH (UKTUBHOIO PEIHCOBO-
ro ocHoBaHus. MccnenoBanus mokasajid, YTO 3Ha-
YeHUsl Xapakrepuctuk U, ONpepensieMbIx 1o

dopmyne (27) nnst penbcoB P43 m P50 (wmm mo
dopmynam (27-2) u (27-3) mis penscoB P65
u UIC60), MoryT OBITH KOPPEKTHO MPUMEHHMBI
TOJBKO JJIsl CIy4aeB OTCYTCTBHSI BEPTHUKAIbHOU
Harpy3ku (opu P=0), 4TO NpakTHYECKH HE MMEET
MeCTa B PEaIbHBIX YCIOBHUIX B3aUMOJICHCTBHS T0-
JIBHYKHOTO COCTaBa U MyTH.

PeanbHOE 3HAaYEHHE JKECTKOCTH PEILCOBOW HU-
TH [IPU KPYUYCHHH, C YUETOM €€ CBsI3eil C HOIpelib-
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COBBIM OCHOBaHHEM BEPT) , CIICyeT ONpPEICIATh W3
dopmyn Buna (27-1), (27-2), (27-3) nocne noxcra-
HOBKH B HUX BMECTO (DUKTHBHOT'O MOJYJISl YIIPYTO-
CTM TIDU KPYYEHHH DelbcoBoro ocHopanust U,
3HAYEHUN peajbHbIX MOJYJIEW YHPYroCTH PEbCO-
BOTO OCHOBAHHS MPH KPYYCHHH PEIbCOBOU HUTH
U((PT), ompenensieMpx mo (opmyine (15) u, coort-
BETCTBEHHO, Pa3JIMYAIONIMXCS Ui Pa3HbIX THIIOB

PEJbCOB, @ HMEHHO:
— st penbeoB tumna P50 u P43 o dopmyie:

M _ T .
By’ =4/930-C_,-Ug"’; (28-1)
— Juis penbeoB Tuna P65 mo gopmye:
Bl = 5475-C,,-UT;  (28-2)
— st penbeoB tuna UICB0 mo dpopmyie:
M _ (M
B, =4/5382:C,-U;’. (28-3)

Pe3ysnbraThl mOBepoYHBIX pacueToB [4, 5] mo-
Ka3aJd, YTO pealbHbIe 3HAYCHUS MOJIYJSl YIPYro-

¢ty npu Kpydenun U q()T ) cymecTBeHHO GombIE

3HAYCHUI MOIYNS YNPYTroCcTH (DPUKTHBHOTO OCHO-
Banus U, u ommyarores nopsiaka B 3,5-5,0 pasa

JUISL peasbHBIX 3KCIUTyaTallMOHHBIX COOTHOIIEHUN

BEPTHKAIBHBIX U TOPH30HTaNIbHBIX cun  P/H.

A peanbHbIe 3HAYECHUS )KECTKOCTH PEIbCOBOM HU-
M =

TH Tipu Kpydenun B’ (c yueTom cesseii ee ¢ mon-

PENBCOBBIM OCHOBAaHHEM) OTIIMYAIOTCS B CTOPOHY

YBETHYEHHUS OT (PMKTUBHOTO 3HAYCHUS KECTKOCTH
B, mopszka B 1,5-2,5 pasa st peanbHBIX SKC-

ITyaTalluOHHBIX COOTHOIIECHUM
¥ TOPU3OHTATBHBIX cun P/H .

BCPTUKAJIBHBIX

B Tabmn. 1 npuBeneHsI pe3yabTaThl BEIYUCICHAN
10 M3JI0KEHHOU METOAMKE 3HAUCHMI 3HAUCHUH U ,
" U((pT) Juis penbcoB tunoB P50, P65, UIC60 ans

cllyuasi BO3JEHCTBHS Ha IIyTh I'Py30BOTO BaroHa
npu P/H = 2,336+2,55 npu jkene3006eTOHHBIX
M JICPeBSIHHBIX IIIMANaX COOTBETCTBEHHO. Ha
puc. 2 mpuBeAeH OOMMA BHUI 3aBUCHMOCTH

U(E)T) = f(P/H) s Beero crektpa P/H ot 0 mo
max.

Tab6numa 1

" . T
3HayeHHe MO/LyJIeii yNIPYrocTH Ny TH NpH Kpy4eHuu peabcosoii anrn U n U((p )

JUIA Pa3sHBIX KOHCTPYKUMI IYTH

Table 1

The values of track elasticity modulator at rail thread torsion U(p , U(f)T)

for different designs of a railway track

Moy b ynpyrocts myTi npu kpyuermn pemscosoit murn U, 5 U,
Tﬂjl:ei:g;en_ THHCI::HB_ Dmropa, wi/kM xr/pan
U, (mpu P=0, H#0) U‘f)T)* (mpu P#0, H#0)
KB P65 1680 34 834,906 166 335,323
1840 38 152,517 182 188,737
KB uUlIC60 1680 25 989,831 149 732,617
1840 28 465,053 164 003,760
KB P50 1680 25 054,575 93 150,919
1840 27 440,725 102 029,718
KIIII-5 P65 1680 34 834,906 162 536,382
1840 38 152,517 178 106,519
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OxoHuanmue tabmn. 1
End of table 1
Mozyib ynpyroctu myTH npu kpy4ennu penscosoii uutu U, 5 U g)* ,
Tan cxpen- | THI P | 1o wrlpas
U, (upu P=0, H#0) UM (upn P£0, H#0)
KIIII-5 uUIC60 1680 25 989,831 151 732,437
1840 28 465,053 166 282,583
KIIII-1 P65 1680 34 834,906 126 415,101
1840 38 152,517 138 520,024
J0 P65 1840 38 152,517 80 080,311
2000 41 470,127 87 051,831
J0 P50 1840 27 440,725 53 453,482
2000 29 826,875 58 104,937
J0 P43 1840 22991,733 43 461,505
2000 24 991,014 47 245,834

*)

— 3HAQYCHHUC BepTMKaHbHOﬁ )41 FOpHSOHTaJ'IbHOﬁ CHUJI IPUHATO PaBHLIM Hanboee BEPOSATHBIM 3HAYCHMEM: HaA

xene3obetonHbIx mmanax P, =16350kr, H,, =7000kr; Ha pepeBsHHbIX mmamax P, =17850«kr,

H

Oun

myTeM B kpuBoii R ~800 M mpu amxkernn co ckopoctsio V = 90xm/rox .

7 k2
U, % )
pac
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Puc. 2. Tpadux dynxumonansHoii saucumoctn UM = f (%)

Fig. 2. Graf of the functional dependence U " = f (%)

=7000 kr , UMEIOIIUX MECTO B AMHAMHUKE MPU B3aUMOJICHCTBUH TPYy30BOr0 4-OCHOTO BAaroHa C PEJIbCOBBIM
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Hayunasi HOBU3HA U MPpaKTHYecKast
3HAYUMOCTh

BnepBele B OTEHECTBEHHBIX HCCIEIOBAHUAX
BBIIIOJIHEHO  3KCIEPUMEHTAJIbHO-TEOPETUUECKHE
peLICHNE 3a1auy 10 ONPEICICHHUIO PEabHbIX 3HA-
YeHUU KECTKOCTH M MOJYJI YIPYTOCTH PETBCOBOM
HUTU TpU KPYYEHUU TMPU COBMECTHOM JEUCTBHUU
Ha pPEJbC BEPTUKAIbHBIX M TOPU3OHTAIBHBIX KO-
JIECHBIX  Harpy3ok. Pemmenune mpezicTaBiIeHO
B (YHKIMOHAIBHOW 3aBUCHMOCTH OT COOTHOILIE-
HUS COBMECTHO ICHCTBYIOIIMX Ha pEIbC BEPTH-

KaJIbHOM M TOPHU30HTAJIBHON CHII BEPT) = f(P/ H );

UM =f(P/H). Pemenne BBmonHeHo mmi co-

BPEMEHHBIX KOHCTPYKIHH PEIbCOB OTEYECTBEHHO-
ro crannapra P65, P50, P43 u mexayHapogHoro
crarmapra UIC60.

Cremyer OTMETHTh, YTO pe3yibTaThl (Tabm. 1
U pHC. 2) HOBEHIIMX MCCIETOBAHUN MOJYIIS yIIpy-
TOCTH PEJIbCOBOW HUTH Ha KpydeHue (B QyHKIHH
OT COOTHOIIECHHS JEHCTBYIONMX CHJI U C YYETOM
TPEHUs PEIbCOB MO MOJOUIBE M pabOTHI CKperuie-
HUIi) TAIOTCS BIEPBbIE B OTCYCCTBEHHOM TEeXHHUeE-
ckoil nureparype. Takux AaHHBIX HET TaKXke B 3a-
pyOexxHO# TexHHYecKkoii utepatype [14, 15].

[lomrydeHHbIe pe3ynbTaThl MO3BOJSIOT C 0OIb-
mel TOYHOCTHIO B CPAaBHEHUU C JIEUCTBYIOIIEH
METOJMKON BBINIOJIHATH PACUETHl PEAIBHBIX JEHCT-
BYIOIIMX HamnpspkeHHH u Aedopmanmii B peibcax
pasHBIX THUIOB, TPH COBMECTHOM JEWCTBUU Ha
pebC BEPTHKAIBHBIX W TOPU3OHTANBHBIX CHJI JUIS
MYTH Ha JKEIe300€TOHHBIX W JIEPEBSHHBIX MINAanax
MIPH Pa3HBIX KOHCTPYKIMSAX JKECTKUX U YIPYTHX
penbcoBbix ckperutenuii: Kb, KIIIT, J10.

BriBoabl

IIpuBeneHo perieHue 3aaa4u IO OMPEIEICHUIO
YKECTKOCTH U MOJYJIsl YIPYTOCTH PENbCOBOM HUTU
MPU KPYUYEHHUU OT COBMECTHOTO JEWCTBUS BEPTHU-
KaJIbHOW U TOPU3OHTAIBHON CHJI U KPYTSILIETO MO-
MEHTa AJI Pa3HbIX TUIOB MOAPEIHLCOBOTO OCHOBA-
HUSI C YYE€TOM COINPOTHUBIISIEMOCTH CKpEIJIEHUN
Y CHJI TPEHUS T10 NOJIOLIBE PETBCA.

B pesynbrare BBINONHEHHBIX HCCIEIOBAHUN
MOJIy4YeHbl HOBBIE PE3YJIbTAaThl MO0 XapaKTepPUCTH-
KaM TIPOCTPAHCTBEHHOM YIPYTOCTH pPebCOBOU
HUTU IJI1 COBPEMEHHBIX KOHCTPYKLMH >KEIe3HO-
JIOPOKHOTO ITYTH HA KEJIe300€TOHHBIX U JICPCBSH-
HBIX mmanax co ckpemieHusmu tunoB Kb, KIIII-5,

KIIII-1, 1O mpu ux paboTe moa COBMECTHBIM BO3-
JIEHCTBUEM BEPTUKAIBHON ¥ TOPU30HTAJILHOU CHIL.

BriepBble nonyueHsl aHaTUTHYECKUE U Tpadoa-
HQJIATUYECKHE 3aBUCHMOCTH MEXAY peaIbHBIMU
XapaKTepUCTUKAMU JKECTKOCTH M yIPYTOCTU PEb-

COBOM HMTHU NpU KPYUEHHHU BEPT) U;T) U COOTHO-

meHneM aelcTByomux cmr P u H.
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PO3PAXYHOK XAPAKTEPUCTHK ’)KOPCTKOCTI TA ITPY?KHOCTI
PEMKOBOI HUTKMU ITPU KPYYEHHI IIIJI J1€1O BEPTUKAJIbBHUX
ITOPU30OHTAJIBHUX CHJI

Meta. HasBHi B miTepaTypi BiIOMOCTI PO XapaKTEPUCTHUKHU KOPCTKOCTI Ta MPY)KHOCTI PEHKOBHUX HHUTOK IPH
KpYYeHHI € cynepewMBuMu. Lle € HaciaiIKoM BiZICyTHOCTI TOYHOTO aHAJITUYHOTO PILIEHHs 3aJa4l Ta CKJIJHOCTI
eKCIIePUMEHTAILHOTO BUBUCHHS 3a3HAYEHUX XapaKTEPUCTHK MPH CHUIbHIN 1l HAa peliKy BEpTHKAJIbHUX 1 TOPU3OH-
TaJIbHUX CHJI. Y CTaTTi MpEeJCTaBlICHUH HOBUI METOJ BUDILIEHHs 3a/adi M0 BU3HAYCHHIO YKOPCTKOCTI M MOayJs
MIPY’KHOCTI pEeHKOBOi HUTKW NPH KPYUYCHHI MiJ CHUIBHOIO JI€I0 BEPTUKAIBHOI i TOPU30HTaNbHOI cril. MeToanka.
Y po6oTi BUKOPHUCTaHO KOMIUIEKCHHH METO]] BUPIIICHHS 3a/1adi, 1110 BKJIIOYAE€ TEOPETHYHY YaCTHUHY 1 pe3yibTaTh
EKCIIEPUMEHTY. 3a JJOIIOMOT'0I0 eKCIIEPUMEHTY OyJIM BUMIPSIHI XapaKTEPUCTUKU TOPU30HTAIBHOI MOIEPEYHOT Kopc-
TKOCTi peHKOBHX HHUTOK IO TOJIBII Ta ITiIOMIBI MPH PI3HUX KOHCTPYKIIAX CYYacCHUX PEHKOBHX CKpiruieHb. [Tomanb-
IIa 3a/1a4a 110 BU3HAYCHHIO PeallbHUX 3HAYeHb MOJYJIS NMPY)KHOCTI i KOPCTKOCTI peiikoBOi HUTKU NPH KPy4YeHHI

T). T . .
U((p Vi pr ) BHUpillIeHa TEOPETUYHUMH MeTonamu. Pe3ysnbTaTu. OTprMaHO HOBI 3HAYEHHS XapaKTEPUCTHK XKOPCT-

KOCTI Ta MOJYJISI NMPY>KHOCTI PeHKOBOT HUTKH NpPH KPYYEHHI Ul Cy4acHMX KOHCTpyKHiH periok P65, UIC60, P50
i pefikoBux ckpirutens tunis KIIIT, Kb, 1O npu crinbHiN 1ii Ha peiiky BepTHKaIbHOI Ta TOPU30HTAIBHOI CHII 1 Kpy-
yeHHa. HaykoBa HoBu3HA. Briepiie y BITYHM3HSHUX TOCIHI/DKEHHSAX BHKOHAHO €KCIEPUMEHTAIBHO-TEOPETHYHI pi-
IICHHS 3aJ1a4i 110 BU3HAYCHHIO pealbHUX 3HAYEeHb KOPCTKOCTI Ta MOXYJIS IIPYKHOCTI peKOBOI HUTKH IPH KPy4YeHHI
i CIUIBHOIO JIi€I0 HAa PEWKYy BEPTUKAJIBHUX | TOPH3OHTAJBHHUX KONICHMX HAaBaHTaKEHb. PIIIEHHS IpeacTaBIeHO
y  OYHKLOIOHAJIBbHIA  3aJ€KHOCTI BiA  CHIBBIOHOIIEHHS CIIJIBHO JIFOYMX Ha  PpelKy  BEpPTHKAIBHOI

i TOPHU3OHTAIBHOT CUIT BEPT) =f (P/ H ) ; Uq()T) =f (P/ H ) . PillleHHs BUKOHAHO JUIS CyYaCHUX KOHCTPYKILH peiiok

BiTum3HssHOTO cTanmapty P65, P50, P43 i mixuapogHoro cranmapty UIC60. IIpakTuyna 3naynmicts. OTpuMmani
Pe3yIbTaTH HO3BOJIIIOTE i3 OUTBIIO TOYHICTIO, B IOPIBHAHHI 3 JIFOY0I0 METOJNKOIO, BAKOHYBATH PO3PaxXyHKH pea-
JBHUX HAmNpyT i nedopmamid y perkax pisHMX THmiB. lle BHHMKae mpH CHOUIBHIA Mii HA PEWKy BEPTHKAJIBHHUX
i TOPM3OHTABHUX CHIT (JUTS KOJTiT Ha 3ai300€TOHHUX 1 IepeB’sIHUX MIMaiax) MpU PI3HUX KOHCTPYKIIAX KOPCTKHX
i npyxHux peiikoBux ckpimnens: Kb, KIIIT, J10.

Knrouosi crosa: peiikoBa HUTKA; )KOPCTKICTh; MPYKHICT; KPYYEHHS; CHJIM BEPTUKAIbHI; CHIIM TOPU3OHTANIbHI
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CALCULATION OF CHARACTERISTICS OF STIFFNESS

AND ELASTICITY OF RAIL THREADS WHEN TORSION

UNDER COMBINED ACTION OF VERTICAL AND HORIZONTAL
FORCES

Purpose. Reference data in technical literature about such characteristics as stiffness and elasticity of rail
threads at torsion are rather contradictory. This is due to the absence of correct analytical solution of this task and
because of complexity of experimental studies of this problem under combined action of vertical and horizontal lat-
eral forces. The article presents the new method of solving the task of calculation the real values of stiffness and
elasticity modules of rail thread when torsion under combined action of vertical and horizontal lateral forces.
Methodology. The complex method of solving the problem was used in the paper. It includes the theoretical part
and the results of the experiment. Using the experiment the characteristics of horizontal lateral stiffness of the rail
threads of the head and bottom at different constructions of the modern rail fastenings was measured. The second

task of determination of the real values of elasticity Uq()T) and stiffness prT) modulus of the rail thread when torsion

was solved by the theoretical methods. Findings. New values of stiffness characteristics and elasticity module of rail
thread when torsion for the modern rail constrictions P65, UIC60, P50 and the rail fastenings of the types KIIIT, KB,
0, under combined action of vertical and horizontal forces and torsion were obtained. Originality. For the first
time in domestic research it was carried out the experimental and theoretical solution of the task for determination of
the real values of the stiffness and elasticity modulus of rail thread when torsion under combined action of vertical
and horizontal forces of the wheel loadings. The solution is represented in the functional dependence on the correla-

tion of vertical and horizontal forces Uq()T) = f(P/H ); prT) =f (P/H) acting together. The solution is carried

out for the modern designs of the rails of domestic standard P65, P50, P43 and international standard UIC60.
Practical value. The obtained results make it possible to carry out calculations of the real acting strains and defor-
mations in the rails of different types under the joint action of vertical and horizontal forces for railway track on
concrete and wooden sleepers with different designs of rigid and elastic rail fastenings Kb, KIIIT, JI0 with higher
accuracy as compared to the current calculation methodology.

Keywords: rail thread; rail stiffness; elasticity; torsion; vertical forces; horizontal forces
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NCCIEJOBAHUE ASPOJJNHAMHNYECKOI'O JABJIEHUSA
ITPU MPOXOKIAEHNHU BBICOKOCKOPOCTHOI'O ITOE3JIA

Lens. B Hay4HO# paboTe HEOOXOIMMO POBECTH HCCIEIOBAHHE a3POJIMHAMUYECKOTO AABJICHUS U paclperee-
HHS TIOJISL CKOPOCTEH BO3AYIIHBIX IOTOKOB BIOJB JIBMIKYIIETOCS BBICOKOCKOPOCTHOTO noesna. Meroauka. Vcerne-
JIOBaHUE PACIIPE/IeNICHHUs MOl CKOPOCTEeil BOKPYT ABMIKYIIETOCsl BHICOKOCKOPOCTHOTO IHOe3Ja MPOU3BEIEHO METO-
JIOM HMHTHPOBAHHS €ro JBH)KCHHSI KaK OCECHMMETPUYHOTO Tela ¢ (OpMOil TOJNIOBHOH W XBOCTOBOH dYacTeit
B BUJIC OKHBAJIO B C)KMUMaeMoil (akycTuueckoit) cpene. Pe3yabTaThl. OnpeneneHbl 3Ha4eHHsT aOCOTIOTHOH CKOPO-
cTu (TeopeTHYECKOi) BO3AYNIHOTO MOTOKA, 0Opa3yeMoro IBIKCHHEM Tena (B ciydyae, KOraa Tejio ABHKETCS C MOo-
crostHHO# ckopocThio (200, 250, 350, 400 km/4ac) Ha HEKOTOPOWH BBICOTE OT MOBEPXHOCTH 3eMIIH), U1 TOYCK, Ha-
XOMAIIMXCS HA PA3IMYHOM PACCTOSHHUHU OT OCH JBIXKYLIErocs Teda (CKOpocTHOro moesna). [lo pesynbratam pacye-
TOB TIOCTPOCHBI rpauKi U3MEHEHHUsI CKOPOCTH BO3IYIIHOTO MOTOKA B aKyCTUYECKOH Cpele BOOJb JBHKYILETOCs
TeJa Ha pa3iMYHOM PACCTOSHUH OT Hero. Mcmomns3ys 3akoH bepHymn (3aBHCHMOCTH W3MEHEHUSI JaBICHHS OT CKO-
POCTH [OTOKA), OIPEIeICHbI 3HAYCHUS H30BITOYHOTO JABICHHS, CO3aBAEMOT0 BO3LYIIHBIM [TOTOKOM OT JBHKYILC-
rocs tena. Hayunasi HoBu3Ha. BriepBble TeopeTHUECKHE HCCISTOBAHUS a3POAUHAMUKH BHICOKOCKOPOCTHOTO T10€3-
Jla TIPOBEIEHO Ha IpPHMepe OCEeCMMMETPHYHOr0 Tena ¢ (OPMOIl TOJOBHOM M XBOCTOBOW YacTH B BHZAE OXKHBAIIO
B CKUMaeMo# (aKyCTHYECKO#) cpefie, ABUKYIIEToCs ¢ YCTAaHOBICHHOM CKOPOCThIO. Pe3ynbTaThl HCcaeaoBaHuil Mo-
3BOJISIFOT YCTaHOBHTH pacrpe/ieiieHre H30bITOYHOTO JaBICHHUS BO3IYIIIHOTO MMOTOKA, 006pa3yeMoro BIOJb IBUKYIIE-
rocst BBICOKOCKOPOCTHOTO moe3zia. [lpakTuyeckasi 3HAYMMOCTh. [loydeHHbIE aBTOPOM DPE3YNIbTAThI MO3BOJISIOT
yCTaHOBUTH: 1) TpeOoBaHMS K (PU3UKO-MEXAHHYCCKAM M MPOYHOCTHBIM XapaKTEPHCTHKAM OTACNBHBIX JIEMEHTOB
00BEKTOB MH(PPACTPYKTYPBI JKEJEC3HBIX JOPOT Ha ydacTKax OOpaleHHs BHICOKOCKOPOCTHBIX MOE3/0B, IMOIBEPIKCH-
HBIX a9POJMHAMUYECKOMY JABJICHHUIO; 2) 6e30MacHOe MUHUMAIBHOE PACCTOSHUE HAXOXKICHUS JIFOJCH OT KOJICH IPH
MPOXOKICHUH BBICOKOCKOPOCTHOTO MOE3/1a.

Kntouesvle cnosa: ene3HOJIOPOKHBIN TPAHCIOPT; JBUKCHHE BBICOKOCKOPOCTHBIX IMOE3/I0B; a’pOJMHAMHKA,
BO3YIIHBIN MTOTOK; TTOJISl CKOPOCTEH; adpOAMHAMHYECKOE AaBICHUE; 30Ha HE30MaCHOCTH

BBenenne Ha KaKOW BBICOTE U HA KaKOM PACCTOSHHUU CTOUT
YEJIOBEK OTHOCUTEIBHO JBMKYIIErOCS BBICOKO-
CKOPOCTHOT'O II0€374.

OKCHNEPUMEHTAJIbHBIE HCCIEIOBAaHUS a3pPOJU-
HaMHUYECKOTO BO3AeHCTBUA Ha ytofer B 80-e roasl
XX Beka npoBoawiKchk B Anonuun, @paniuu, Iep-
manuy, CIIIA, Poccun u apyrux crpanax. B xone
HATYpPHBIX HWCCIIEZIOBaHWN OBUTH YCTaHOBJICHBI
CKOPOCTH BO3JYIIHBIX MOTOKOB, 3HA4Y€HHUE a’3po-
JUHAMUYECKOTO JaBJIEHUS BOKPYT CKOPOCTHOIO
MO€3/a U €ro BO3JACUCTBHUE HA JIOACH, HAXOASILUX-
cs Ha TACCAXHUPCKOHM TuiaTdhopMe M KOHCTPYKIIH-
OHHBIE DJIEMEHTHI NACCAKUPCKUX 3AaHUM.

B cBs3u co 3HAUUTEIIBHBIM YBEIIMYCHUEM CKO-
pocTell IBIDKEHHsI TO€3ZI0B 0oJiee aKTyalbHBIMH
CTaly BOMPOCHI obecrieueHns: KOM(OPTa; BBICOKOI
0e30MacHOCTH JIBI)KEHHUSI TIOE3/I0B M IMACCAXKUPOB;
WCKIIIOUEHHUS TpaBMaTU3Ma JIIOAEH, OKUJAIOIIMX Ha
iatopmax, a Takke pabOTHUKOB KEIEe3HON 10pO-
TH, HaXOJASAIIUXCSA B HENOCPEICTBEHHOW ONM30CTH
OT MPOXOJISIIETO BEICOKOCKOPOCTHOTO MOE3/1a.

OoGecrieueHre 6€30MaCHOCTH TPeOyeT HCCieno-
BaHUs adPOJUHAMUYCCKUX OCOOCHHOCTEH, CBA3aH-
HBIX C BO3JYIIHBIM MOTOKOM, BO3HHUKAIOIIMM IPH
JBIKCHHUH CKOPOCTHOTO M BBICOKOCKOPOCTHOTO

nmoesa.

AspomHaMHUuecKOe BO3JICHCTBHE Ha YEJIOBEKA
3aBUCUT HE TOJIBKO OT MaKCHMaJbHOW CKOPOCTH
BO3JIYIIHOTO MOTOKA, HO U OT €ro MPOJIOJKUTENb-
Hoctu. [Ipu sTOoM OonblIoe 3HAYEHHWE WMEET TJIe,

PesynbraTel uccnenqoBaHuil a3poAMHAMUYECKO-
0 COIPOTHBIICHUS NBWXEHUIO IIO€371a C HCIOJb-
30BaHUEM a’POJAMHAMUYECKONH TPyObl W MOICIHU
M0€3/10B MO3BOJIMIN yCTAaHOBUTH 3aBUCUMOCTH Be-
JINYMHBl a3pOAMHAMUYECKOr0 CONPOTUBIEHUS OT
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CKOPOCTH, GOPMBI TOJIOBHOTO BaroHa M XBOCTOBOI
YaCTH MOE3/1a, YCIOBHIA IBYKEHUH (B TOHHEIE HITH
OTKPBITOM MECTHOCTH), THIIA Ioe3a (IS Moe3I0B
TGV, ICE) [2-5, 20].

AsponrHaMu4YecKue OCOOCHHOCTH JBYKEHUS
CKOpPOCTHOTO TIO€37[a B TOHHENE MO3BOJIMIN Ompe-
JICTUTh BEJIMYMHY JABJICHUS CXKATOTO BO3IyXa Ha
CTEHKH BaroHOB (OKOHHBIC W JIBEPHBIC 3aCTEKIIe-
HUS, B TOM YHCJIE ABYXITaKHBIX BaroHOB), yCO-
BEPIICHCTBOBATh KOHCTPYKIIUIO BarOHOB, MPEIOT-
BpaTUTh uX paspymrenue [16, 20].

TeopeTrueckre M 3KCIIEPUMEHTAIBHBIE HCCITE-
JIOBAHUSI B3aUMOJICHCTBHS JBIKYIIETOCS CKOPOCT-
HOT'O Toe3a ¢ 00BEKTaAMU HAXOMASAIIMMHUCS BJOJb
JKEJIE3HOM JOPOTH U Mmoe3aaMu (CKOPOCTHBIMH HJTH
TPY30BbIMHU), JBHXKYIIUMHUCS TIO MapauIeIbHOMY
nyTd (HABCTpEYy WM B OJJHOM HAMpaBlICHHUH), TO-
3BOJIMJIM YCTaHOBHUTH (pPEKOMEHIOBATh) Oe3ormac-
HOE PACCTOSHIS HaX0KICHUS MMAaCCaKMPOB HA HU3-
KAX WA BBICOKMX CTaHIMOHHBIX IUIaThOpMax,
NPEJOTBPATHTh ONPOKUIBIBAHUS TPY30BBIX KOH-
teituepos [6, 9, 10, 13, 17, 19, 21, 22]. Bsuio yc-
TAQHOBJICHO, YTO HMITYJLC JaBJICHUS, BBHI3BAHHBIH
Moe3/1aMH, MPOXOASIIMMUA HABCTPEUy APYT IPYry
B OTKPBITOH MECTHOCTH, MOXET MPHBECTH K KOH-
CTPYKTHBHBIM MPOOJIEeMaM B CaMUX TO€3/[ax Hero-
CPEJICTBEHHO U CTPYKTYpax MOJOCHI OTUYIKIACHHUSI.

Pe3ynpTaThl  MHOTOJIETHUX  TEOPETUYECKUX
U DKCIIepUMeHTaNbHbIX uccienoBanuil K.beiikepa
MO3BOJIMJIM YCTAHOBUTH M MOHATH (hU3HUKY 00pa3o-
BaHHsI adPOJIMHAMUYECKUX MOTOKOB BO BCEX 4ac-
TSAX JBHKYIIETOCS CKOPOCTHOTO MMoe3aa; obecie-
YUTh 0€30MacHOCTh U KOM(OpTaOEIbHOCTh Macca-
JKHpaM; pa3paboTaTh MEPOIMPUSATHS MO YMEHbIIIe-

HHUIO a’pOTMHAMUYECKOTO COIIPOTHBJIEHHUS
JIBIKeHMIo moesna [11, 12, 14, 15, 18, 23].
Ipu MHOT000pa3uu Hay4HO-HCCIIEI0-

BaTEJbCKUX DPAa0OT KOJMYECTBEHHOE BIMSHUE Ha
YEJIOBEKA, KOHCTPYKLIIMOHHBIE 3JIEMEHTHI Ilacca-
JKUPCKUX 3[aHUN YCTOWYUBOM CKOPOCTH W JJIU-
TEIBHOCTH BO3YIIHBIX ITOTOKOB M3Y4YEHBI HEJIOC-
taTo4yHO. CaMoe IJaBHOE, YTO a3pOANHAMHUYECKOE
BO3/ICHCTBHE Ha JIIOJIeH, KaK KpUTEepHi Oe30IacHo-
CTH TIPH BBICOKOCKOPOCTHOM JIBHKEHHMH Iacca-
KHUPCKUX MOE3]]0B, HE YUUTHIBACTCA.

ean

3HAUUTEIBHOE YBEIWYEHUE CKOPOCTU JIBHXKE-
HUSI MACCAKUPCKUX MOE3/I0B MPHUBEIO K H3MEHE-
HUIO (PU3UKH BO3JYIIHBIX MIOTOKOB BOKPYT CKOPO-

CTHBIX TIO€3JI0B. J[BVKEHUE BBICOKOCKOPOCTHBIX
MOE3/I0B MMEET CBOMCTBEHHBIE €My OCOOCHHOCTH,
KOTOpbIE HE TO3BOJISIOT MCIOJB30BaTh a’poIMHAa-
MHYCCKHUEC 3aKOHBI JICTATCJIBHBIX aIlrapaTos. HpI/I
JIBUKCHUN BBICOKOCKOPOCTHOTO TOE€3]Ia B OTKPHI-
TOW MECTHOCTH, MPOUCXOJUT U3MEHEHHE adpojiu-
HAMHUYECKOT0 TOJS BOJU3U JBMKYIIETOCs MOE3/a.
Cuna ¥ HamNpaBICHHOCTh JABJICHUH 3aBUCAT OT
TakuX (HakTopoB, Kak CKOPOCTh U TEOMETPHS MOe3-
Ila, IPUCYTCTBUS W OJIM30CTH OKPYKAIOMHX 00B-
€KTOB.

Tak Kak a’poJIMHAMUYECKOE JABIICHHUE SBIISCT-
csl TPOHM3BOAHBIM adPOJWHAMUYECKUAX TIOTOKOB,
TEOPETUYECKH HCCIIeyeM pacrpeesieHre MO
CKOpOCTEH BJIIOJIb JIBUXKYIIETOCS BBICOKOCKOPOCT-
HOT'O TI0e3/1a.

MeTtoanka

HUccrienoBanue pacnpeneneHus moisi CKOpocTei
BOKPYT JIBH)KYIIETOCSI BBICOKOCKOPOCTHOTO MOE3/a
MIPOM3BEACHO MMHUTHPOBAHHEM €r0 JBMKCHHS Kak
OCECUMMETPUYHOTO0 Tena ¢ (OpMOIM TONOBHOM
M XBOCTOBOH YacTH B BHIE OKHBAJIO B CKMMAaeMOM
(axycrrmueckoit) cpene (puc.1, a) [1].

[TosoxxeHue Ten B NPOCTPAHCTBE B MPOU3BOJIb-
HOM CEUeHHH Z mpejcTaBlieHo Ha puc. 1, 6. Oce-
CUMMETPUYHOE TeJo JuiMHOW L j;Buraercs
B CXKMMaeMo#l (aKyCTHYeCKoi) cpefe ¢ MOCTOSH-
HOW CKOPOCTBIO V, ¥ HaXOAWTCS Ha BbICOTE h OT

rpaHulbl moiynpocTpancTBa (puc. 1), HanOomb-
IIee yJajJeHrue TPaHMIBI Tesla OT MPOJOTBHON OCH
paBHo R. Ilpm stom momaraem, uro R/L <<1.
Jns pemieHus 3amaddl BBEIEHBI OCECHMMETpHYE-

cKHe KoopamHathl I =+/X*+Yy® u z,. Bpems npu-
KeHus1 o0o3HadyeHo kak t. Hagamo xoopawnar yc-
TaHOBJICHO B CpeIHEM cedeHuH Tena, och 0z, Ha-
MPABIIEHO 10 OCHU Tena, a och OF TepreHAuKyIsIp-
Has K HEH.

CocTaBmsronye CKOPOCTEH YacTHIl BO3TYIITHON
cpensl o ocsim koopauHat 0z m Or mMoxHO ompe-
JIeUTh Yepe3 MoTeHIuan ckopoctu ¢ (r,z;,t) co-
OTBETCTBEHHO 110 (hopMyJiam

v, =0¢, /0, )
Vv, =0@,/or .

PacmpocTpaneHust akyCTHUECKOil BOIHBI B BO3-
JIYIIHOW Cpelieé MOYKHO IpENCTaBUTh B BUJAE Cle-
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JIYIOILEr0 YpaBHEHUS

109,
r or

az(Pl _ aZ(az(pl +

az(Pl
= +
ot? or? )

2
0z;
TJ€ ad — aKyCTHYeCKas CKOpPOCTb 3ByKa.

Tak kax ABMIXXCHHUC TCJIa MNMPOUCXOAUT BHOJIb
ocunu OZl , BBOOUTCA NOABHXKHASA CUCTEMaA KOOpAU-

HaT Z=17 —V,t.
VpasreHue (1) MOXKHO IPUBECTH B BUJIE

2 az(pl _ a2(P1 _la(pl =0 (2)
oz o’ ror
e o a=v1-M?2 M =V,/a —uncno Maxa.

JIBikeHue Teja B aKyCTHYECKOM cpejie cuuTa-
€TCs  JIO3BYKOBBIM, TO €CTh IIPEIIOJaraercs,
yro M <1. Torma ypaBuenue (2) HHTErpHpYETCS
[PH CIIEAYIONMX IPAHUYHBIX YCIOBUSAX:

1. Be30TPHIBHOCTH CKOJBKEHHS YacTHI[ BO3-
JYIIHOW Cpeapl TI0 TOBEPXHOCTH Teja TIpH

r="£(z):

op,
= :Vt ,
r or 0 gy

rae gy — ypaBHEHHE TOBEPXHOCTH Tea.

©)

YpaBHEHUE NOBEPXHOCTHU Teja BBIPAXKEHO 4Ye-
pe3 TaHTEHC yTia HaKJIOHA KacaTeJIbHOU K MOBEPX-
HOCTH JBIKYyIerocs Tena (puc. 1), kotopas Mo-
KET OBITH oTIpesiecHa mo dbopmyme
tgy = f/(2), f.(2) = f,(-2).

2.PaBeHCTBA HYJIO COCTABISIIOIIEH 1O OCH
0y ckOpOCTH YacTHUIl Cpe/ibl Ha TPAHUIIE MOTYTIPO-

CTpaHCTBa, TO ecTh pu Y =—h— f,(2):

0y /0y =0.
3. Cummerpun otHocuTenbHO ocu 0Z, TO ecTh
npu z=0:
¢, =0.
Jli1st moucka pereHusi ypaBHeHus (2) ucmosib-
30BaH METOJ MCTOYHHMKOB [7]. PaccmatpuBas
¢byukmuio  @(r,z), yAOBIETBOPSIOIIYIO ypaBHeE-

Huto (2) W rpaHnYHOMY YyCioBuiO (3), pereHue
MOJKHO TIPE/ICTABUTH B BUJIC

q(e)ds

2)? +a’r?

4
4n j \/(E_\ @)
rae ((z) — MOIMHOCTh MCTOYHHKA, PacTpeaeseH-

HOTO TI0 MOBEPXHOCTH JBIIKYIIEToCs Tela B Tpe-
nemax 0<r< f(z), -L<z<L.

JIIss TOHKOTO OCECHMMETPHUYHOTO Tela U3
dopmysl (4) no [8] MokHO yTBEpKAATh, YTO:

—npu r —>0 (P ).
8!’ 2nr

—npu 0<z<L q(z)=2nv,f/(2) f,(2);
—mpu —L<z<0 q(z) =-2nv,f(-2) f,(-2).
Torma pyuxmms ¢(r,z) npuobpeTraer B

0 RE) (- §)dg

Vo ,L\/(E;—z) +a’r?

f(é)f(i)dé
+jJ

+OLI’

, My My
\X r
—— A\
L h ry &
7777i1-i7+ - | i
o hywE I
z v //'7; I Fdi Pt
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Puc. 1. CxeMa JBHKEHHST OCECHMMETPHYHOTO TEJIA B MOIYIPOCTPAHCTBE (@) M PACTIONOKEHHS CEUECHUH
OCHOBHOT'O M (PMKTUBHOTO TeJ B miockoctu (b)

Fig. 1. Scheme of the axisymmetric body movement in a half-space (a) and the location of sections
of the dummy and main bodies in the plane (b)
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YuuThIBas, qTO0

fl(_EJ) = fl(é) ’
/(&) =—1/(€) , ypaBuenue (5) MOxHO mpexcTa-
BUTH B CIICAYIONIEM BHIC

T ) fLE)ds
\/(§+z)2+a2r2
1(8) f,(8)dg

(E-2)2+a’r?

Vol 0

2 L
17

IMpu stom ¢dyHkumio @, (r,z) MOXKHO TpeacTa-
BUTH B CJIEAYIOLIEM BHJIE

(Plz[(P(Zvr)+(P(Z’r1)]/21 (6)

re 1, =X +[2f,(2) + 2h+ YT .

MokHO TIOKa3aTh, 4TO TIpeIcTaBicHHas (op-
mynoii (6) Gynkumst ¢,(r,z) ynoBIeTBOpsSeT BCeM
YCIIOBUSAM paCCManHBaeMOﬁ 3aJa4u.

Pe3yabTatsl

B kadecTBe mpuMepa pacCMOTPEHO Telo Bpa-
HIEHUs, HaYaJIbHbIE U KOHEYHBIE YYaCTKH KOTOPOTO
sBisitoTest okuBaio (puc. 1). Ilpu sToM mpuHsATHIE
pa3Mepsbl Tea paBHBI CIEAYIONUM 3HAUEHUSIM:

— paccTOsSHUE OT CepeJVHBbI ABMXKYIIErocs Te-
Ja 10 ero KpaiHux Tovek 1mo ocu Oz — L ;

— pacCTOsHUE OT CEPeAMHBI JIBIKYILErocs Te-
Ja JI0 Ha4aJIbHOW TOYKU M3MEHEeHus Gpopmbl (ouep-
TaHUs) TOJIOBHBIX YacTeil JBMXKYLIErOCs Tela —
Lo;

— TIONIEpEeYHOE CEeYeHHE MABIDKYIIErocs Tena
paccMOTpPEHO B KayecTBE Kpyra paguycoM 2 M,
KOTOpO€ MO IUIOIIAAN COOTBETCTBYET IONEPEYHO-
My ceuyeHHI0 moe3fa mupuHoit 3,0 M U BBICOTOMH
4,0 M, T.e. 12 M.

[Ipu popme ronoBHOM 1 XBOCTOBOM YacTH BUA
oxuBano ¢pynxumn f,(z) u f/(z) npencrasmsror-
Csl B CJIEAYIOLIEM BU/E!

— mpu

-L<z<-L,,

f, =R (2+ L2 (L~ Lp)*],
f/=-2R(z+ L) (L~ L,)?.

— npHu

~ly<z<l,, f,=R, f/=0;

— npu
L,<z<L,

=R (2~ L) (L - LY?],
f/=-2R(2 - L) (L~ L)’

PacueTsl abGCONMOTHON CKOpOCTH (Teoperhye-
CKOM) BO3IYIIHOTO MOTOKA, 00pa3yeMoro IBHIKe-
HUEM Telia, MPOBOJUIUCH JUIs CITydasi, KOTJa Telo
JBIDKETCS ¢ TIOCTOSTHHOM ckopocteio (200, 250,
350, 400 km/yac) Ha BBICOTE 2 M OT MTOBEPXHOCTH
3eMJTH, Ul TOYEK HAaXOMAIIMXCS HAa PACCTOSHHH
3,55; 6,00; 8.0 u 10 M oT ocu ABWXKyIIETrOCs Tena
(cxopoctHOTO TIOE371a). TTo pe3ynbTataM pacueToB
MOCTPOCHBI TPaUKH M3MEHEHHUS] CKOPOCTH BO3-
JOYIIHOTO TIOTOKA B aKyCTHUYECKOW cpele BJOJb
JIBIDKYIIETOCs Tella Ha Pa3IMYHOM PacCTOSTHHUU OT
Hero. B kauecTBe mpumepa NpuBEICHbI rpapuKu
W3MEHEHHUS! CKOPOCTH BO3AYLIHOTO MOTOKA BIOJb
Tena, ABIKyImerocs co ckopoctbio 200 km/4, Ha
Pa3IMYHBIX PACCTOSIHUSIX OT ero ocH (puc. 2).

HUcnonb3ys 3akoH BepHyun 3aBUCUMOCTH W3-
MEHEHUS JIaBJICHUSI OT CKOPOCTH MOTOKA, Ompelie-
JICHbl 3HAuYeHHsS W30BITOYHOTO JABJICHWS, CO3/a-
BAaCMOI0 BO3JIYILIHBIM MOTOKOM OT JIBHIKYIIEIrOCs
Tena. [TocTpoeHbl 3aBUCUMOCTH M30BITOYHOTO J1aB-
JICHUs] OT CKOPOCTH U PACCTOSHHS JI0 OCH JIBUXKY-
mierocst tena (puc. 3).

AHanm3 TOCTPOSHHBIX TIpa(UKOB TOKa3bIBACT,
YTO pachpe/ieicHHe IaBJICHHs BIOJb TBHKYIIETOCS
Telna, NPy JIBIKEHUH Tena co ckopoctsimu 160, 200,
250, 350, 400 km/uac mMeeT OOIIYIO 3aKOHOMEp-
HocTh. J[71s1 Tena ¢ ¢opMoil TOJIOBHON M XBOCTOBOH
YacTH OKHBAJO M30BITOYHOE JIABJICHHE TIOBBIIIACT-
cst (I 30Ha) u nonmxkaercs (V 30Ha) ¢ HAUOOJBIITUM
cKaykoM (puc. 2). D10 OOBACHAECTCS TEM, YTO B TO-
JIOBHOM M XBOCTOBOH 4acTW Teja B BUJAE OXKUBAJIO
MUMEIOTCS HEKOTOpBIE 30HBI, TJIeé BO3HHKAIOT Kak
U30BITOYHBIC, TAK M OTPHLIATEIILHBIC TABJICHUSI.

C npuOnKeHHEM JBHKYIIETOCS Tella K TOYKe
M ¢ xoopauHatamu (X, Y, Z) IPOUCXOIUT HE3HAYH-
TENILHOE MOBBIIICHHE M30BITOYHOTO JaBieHHs (30-
Ha |, puc. 2). MakcuMyM H30BITOYHOTO JaBJICHHS
B TOuke M JocTHraercsi, KOrja Ha4aio JBHKYIIe-
TOCS Tella HAaXOAWTCS Ha 3Toit Touke M (3oma I,
puc. 2). IIpu HaXOXICHUU CepelUHBI MOe3/1a Ha-
MPOTHUB TOYKA M MPOUCXOMUT PE3KOe MOHUKCHUE,
a 3aTeM TMOBbIIICHUE U30BITOYHOTO AaBieHus. [Ipu
3TOM CJIEAYEeT OTMETUTh, YTO B TOYKAX, PACIOJIO-
KECHHBIX B CEYCHUH A-A, BEKTOp CKOPOCTH MEHSI-
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€TCS ¥ HAUMHAET TOSBIATLCS OTPHIIATSIHLHOE JIaB-
nenue (3omHa Ill, puc. 2). MakcuMyM OTpHUIIATEIb-
HOT'O JIaBIICHUs JOCTHUTAETCs, KOTJa KOHEI[ JIBU-
KYILETOCSl Tejla HAXOJMWTCS HAIpPOTHB TOYKH M
(3oma 1V, puc. 2). TTocne mpoXOXKACHHUS TOE3I0M
TOYKH M TIPOHMCXOIUT TTOCTEIICHHOE BOCCTAHOBJIE-
HHE HOpMaJIbHOTO MaBieHus (30Ha V, puc. 2). Kak
BUJIHO U3 TpaduKa pacupesiesieHusi U30bITOYHOTO

JIABICHUS, MAaKCHUMaJbHOE  JaBJICHUE  HMMEET
B3PHIBHOW XapakTep, ACWCTBYeT Ha MPOTHKEHUU
JIOTTU CEKyH/ ¥ U3MEHSETCS B OTPUIIATEIbHOE JaB-
JIeHHE B TeUeHUe He Oosiee ceKyHIbl. TakuMm oOpa-
30M, B TEUEHHE CEKYHbl Ha YEJI0BEKa BO3JEHCTBY-
€T U30BITOYHOE U OTPUIATENFHOE JaBIEHUE C MaK-
CUMAaJIbHBIMU 3HaYEHUSAMHU.

I v
P [Pa] | v [m/Ss] I 10ma 30Ha | gl s0Ha V 30Ha
125 20 HEN
g
Hilk
1007 15] 1 P 3
N
757 I iy
o2 I e
= \fff\_”, i
s | 5-
— :

6 t[s]

Puc. 2. Fpaq)mcn HU3MCHCHHS CKOPOCTHU BO3AYIIHOT'O IOTOKA U H30BITOYHOIO JaBJICHUA

Fig. 2. Charts of the air flow rate and overpressure along the moving body at different distances:

BJI0JIb IBMXKYILIETOCS TEJIa HAa Pa3JIMYHBIX PACCTOSHUAX !
1-355m.;2-6,0m.;3-80m.;4-10,0m.

1-t0355m.;2-6.0m.;3-8.0m.;4-10.0m.
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Fig. 3. Overpressure changing depending
on the velocity and distance to axis of the moving body
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Haquaﬂ HOBHU3HA U MPaKTHYECCKasA
3HAYUMOCTDH

BnepBrle TeopeTHdecKkrue HCCIETOBAHUS adPo-
MIMHAMUKH BRICOKOCKOPOCTHOTO MOE3/1a TPOBEICHO
B KaueCTBE OCCCHMMETPUYHOIrO Tena, ¢ (popmoit
TOJIOBHOM M XBOCTOBOM YacTH B BHJE OXKHBAJIO
B CKHMaeMoil (aKyCTHUECKOH) cpeie, IBHKYIIe-
ToCsI C YCTAaHOBUBIIEHCS CKOPOCTHIO.

PesynpraTel mcciiefjoBaHWE IMO3BOJIAIOT yCTa-
HOBUTBL paclipeieliecHue W30BITOYHOTO JaBIICHUS
BO3/YITHOTO MOTOKA, 00pa3yeMoro BIIOJIb JIBUXKY-
IIeToCcs BEICOKOCKOPOCTHOTO TI0€3/1a.

BriBoabI

[losrydeHHsle pe3yapTaThl MO3BOJSIOT YCTaHO-
BUTD.

— TpeboBaHUsT K  (PU3MKO-MEXaHUYECKUM
U TPOYHOCTHBIM XapaKTEPUCTHKAM OTIEIbHBIX
3JIEMEHTOB 00BEKTOB HH(PACTPYKTYPBI KENE3HBIX
JOpOr Ha yyacTKax OOpalieHHs BBICOKOCKOPOCT-
HBIX II0€310B, IOJBEP)KEHHBIX a3POANHAMUYIECKO-
My JIaBJICHUIO;

— Oe3omacHoe MHHHMAJIBHOE PACCTOSHHUE Ha-
XOXIICHHA JIIOAEH MYTH IPU IMPOXOXKAECHUH BBICO-
KOCKOpPOCTHOTO I0€3/1a.
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YKad. «ByaiBHALTBO 3a1Ii3HHLb, KOs Ta KoJiiiHe rocnogapctBo», TAlKeHTCHKIH IHCTHTYT IHKEHEPIB 3a/Ii3HHYHOTO
TpaHCTOpPTY, ByJI. Amuixomkaesa, 1, Tamkent, Y36ekucran, 100167, Ten. +99 (890) 185 29 34,
en. momra _saidhon_@inbox.ru, ORCID 0000-0002-3798-407X

JOCJIJDKEHHS AEPOTUHAMIYHOI'O TUCKY
MPU MPOXO/KEHHI BUCOKOIIBUJIKICHOTO MOI3JA

Meta. YV HaykoBiii po0OTI HEOOXIIHO MPOBECTH AOCIHIIPKECHHS aepPOAMHAMIYHOTO THCKY Ta PO3MOMALTY MOJIS
MIBUAKOCTEH IOBITPSHUX IIOTOKIB Y3/IOBXX PYXOMOTO BHCOKOMIBHAKICHOrO moi3na. Mertogmka. JlocmimkeHHs
PO3IIOITY TOJIST MIBHJIKOCTEH HAaBKOJIO PYyXOMOTO BHCOKOLIBH/KICHOTO T0i34a 3po0ieH0 MeTomoM imirtarii Horo
PYXy SIK OCECHMETPHYHOTO Tijia 3 (JOPMOIO TOJIOBHOI Ta XBOCTOBOI YAaCTHH y BHIVISAI 0XKUBAJIO B CTUCKYBAaHOMY
(akyctmunomy) cepemoBumi. Pe3ymbraTtnH. BusHauenHo 3HaueHHs aOCONIOTHOI MIBUOKOCTI (TEOPETHUHOIL)
TIOBITPSIHOTO TIOTOKY, YTBOPEHOTO PyXOM Tifa (y BHIAJIKY, KOJNH TiJIO PyXa€eThCs 3 IMOCTiHOIO mmBHaKicTio (200,
250, 350, 400 km/rox) Ha JesKil BHCOTI Bi MOBEPXHI 3€MJIi), IS TOUOK, sIKi 3HAXOMATHLCS Ha Pi3Hil BimcTaHi Bix oci
pyxomoro Tima (MIBHAKICHOTO TOi31a). 3a pe3ysibTaTaMu PO3PaxyHKIB MOOymoBaHi rpadiké 3MiHH MIBHAKOCTI
MOBITPSHOTO TOTOKY B aKyCTHYHOMY CEPEJOBHIII Y3[OBX TiNla, MIO PyXaeThCs Ha Pi3HIM BiACTaHI BiX HBOTO.
BukopucroByroun 3akoH bepHymt (3aleXHOCTI 3MiHM THCKY BiJl MIBHIAKOCTI MOTOKY), BH3HAUYCHI 3HAYCHHS
HAJUIMIIKOBOTO THCKY, IO YTBOPIOETHCS MOBITPSHUM IMOTOKOM Bix pyxomoro Tia. HaykoBa HoBuM3Ha. Brnepiue
TEOPETHYHI JOCIPKEHHS acpOJAUHAMIKH BHCOKOIIBHIKICHOTO T0i3/la MPOBEACHO HAa MPUKIAAI OCECHMETPUIHOIO
Tinia 3 ()OPMOIO TONOBHOI Ta XBOCTOBOI YACTHH Y BHIJISIII OXKMBAJIO B CTHCKYBAaHOMY (aKyCTHYHOMY) CEpEIOBHIILI,
10 PYXAETHCS 31 CTAJOI0 MIBHJIKICTIO. Pe3ynbTaTi JOCIiKEHb T03BOJISIOTh BCTAHOBUTH PO3IOALT Ha UIUIIKOBOTO
TUCKY TIOBITPSIHOTO ITOTOKY, YTBOPEHOT'O Y3/I0BK PyXOMOT'O BHCOKOIIBH/IKICHOTO 11013/1a. IIpakTHYHA 3HAYMMICTB.
OtpuMaHi aBTOPOM pe3yJbTaTH JO03BOJIIOTE BCTAHOBUTH: 1) BHMOTH 10 (i3HKO-MEXaHIYHMX Ta MIl[HICHHX
XapaKTEPUCTHK OKPEMHUX eJEeMEHTIB 00'ekTiB iHQPAacTPyKTypH 3ali3HHIF HA JUIBHUIMX 0OepTaHHS
BHCOKOIIBHUIKICHUX TIOI3/iB, CXMJIBHHX 10 AacpPOAMHAMIYHOMY THCKY; 2) Oe3leuHy MiHIMalbHy BiJCTaHb
3HAXOJPKEHHS JIIOACH Bifl KON MPH MPOXOHKEHH] BUCOKOIIBUAKICHOTO MOT3/4a.

Kniouosi crnoea: 3ami3HUYHAN TPaHCIOPT; PyX BHCOKOUIBHIKICHUX ITOI3/1iB; aepOAMHAMIKA; MOBITPSIHAN MOTIK;
TOJISL IBUAKOCTEH; aepOANHAMIUHHMIT THCK; 30Ha OS3IIeKH
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INVESTIGATION OF AERODYNAMIC PRESSURE
DURING THE HIGH-SPEED TRAIN PASSAGE

Purpose. The scientific paper highlights research of aerodynamic pressure and distribution of airflow velocity
field along the moving high-speed train. Methodology. The study of velocity field distribution around the moving
high-speed train is produced by simulating its movement as axially symmetric body with the ogive-shaped head and
tail parts in compressible (acoustic) environment. Findings. The values of the absolute velocity (theoretical) of air
flow generated by the body movement is determined (for the case when the body moves at a constant speed (200,
250, 350, 400 km / h) at a certain height from the ground), for the points located at different distances from the axis
of the moving body (high-speed train). The calculations results allowed building the graphs of the air flow velocity
in the acoustic environment along the moving body at different distances from it. Using the Bernoulli law (pressure
change dependences on the flow velocity), the values of the overpressure generated by the air stream from the mov-
ing body were determined. Originality. This is the first theoretical study of the aerodynamics of the high-speed train
as axially symmetric body with the ogive-shaped head and tail parts in compressible (acoustic) environment, moving
with steady speed. The research results allow us to establish the distribution of the excess air flow pressure gener-
ated along the moving high-speed train. Practical value. The obtained results allows determining of the following
parameters: 1) requirements for physical-mechanical and strength characteristics of the individual elements of the
railway infrastructure in the areas of high-speed train movement, subject to aerodynamic pressure; 2) minimum dis-
tance from the track safe for people location during high-speed train passage.

Keywords: railway transport; movement of high-speed trains; aerodynamics; air flow; velocity field; aerody-
namic pressure; safety zone
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OCHOBU MATEMATHYHOI'O OITUCY XBUJIHOBOI MOJIEJII
MOIIUPEHHS HAIIPYXKEHD Y 3AJI3HUYHIN KOJIII

Meta. B cyyacHHX HayKOBHX JOCIHIPKEHHSIX HEOJHOPAa30BO HABOJMIIMCH MPAKTHYHI MPHUKIAAA BHHUKHEHHS
JMHAMIYHUX e(eKTiB poOOTH 3aJli3HMYHOT KOJI1, SIKi BUXO/ATh 32 MEXI CTATHYHUX PO3PaXyHKOBUX cxeM. Ocobim-
BOT aKTYaJIbHOCTI TaKi MUTaHHS HAOYBAIOTh HA JUIAHKAX, JC¢ MIBUAKICTH PyXy O3B HAOIMKAETHCS IO IIBUIKO-
CTeil PO3NOBCIOKEHHS XBUIIb Y Iapax MiAPeHKOBOi OCHOBH. AJICKBATHUM iHCTPYMEHTOM JUIsl BUBUYCHHS TAKHUX ITH-
TaHb MOXE OYTH 3aCTOCYBaHHS XBHJIBOBOI TeOpii MOMMPEHHS HANPYKEeHb. METOI0 1i€i poOOTH € CTBOPEHHS MaTe-
MaTHYHOTO ONMCY OCHOBHHX NPWHIIMIIIB XBIJIFOBOI MOJEI TOIMMPEHHS HANPY>KeHb Y 3aTi3HUYHIA KOJii, AKi MO-
KyTh OyTH BHKOPHCTaHI SK OCHOBa JUII TPAKTUYHUX pPO3POOOK BiINOBITHMX PO3PAXYHKOBHUX CHCTEM.
Metoauka. Mozens HarpyXeHO-Ae(pOPMOBAHOTO CTaHy 3aJi3HUYHOI KOIi{ Ha OCHOB1 XBHJIBOBOI TEOPii MOMUpEeHHS
HaTpy>KeHb IOJIATA€E B MOETHAHHI PIBHSIHD reOMETpii 00pHUCY YaCTHHU MPOCTOPY CHCTEMH, IO 3aIyYeHa 10 B3aEMO-
Ji1 Ha JaHy MHTb 4acy, i piBHSHb JUHAMIYHOI piBHOBaru ii nedopmanii. Po3s’s13aHHs 3a1a4i 6a3yeThcs HA BUKOPUC-
TaHHI 3aKOHIB Teopii npyxHoCTi. PPOHT XBUJII ONUCYETHCS PIBHAHHAMU enincoiga. [Ipy BU3Ha4YeHHI 3MiHU B Yaci
TIOJIOXKEHHS TIOBEPXHI eJIICOia 3aCTOCOBY€EThCS BEKTOpHUH miaxia. Pesyabrarn. PiBHsHHS reomerpii pyxy XBuiI
BU3HAYAIOTh 00CSATH PEUOBHHM IIAPIB MMiJPEHKOBOI OCHOBH, SIKi OEpyTh ydacTh y B3aeMoAii Ha JAaHy MuUTh. BusHa-
YeHHS AMHAMIYHOI piBHOBaru ae()OpMOBAHOTO CTaHy IPOCTOPY, 0OMEXEeHOro (pOHTOM XBHIIL, 1a€ 3MOTY pO3paxy-
BaTH SIK caMi HampyXeHHs W nedopmanii, Tak 1 iX 3MiHy 3a 4ac CHPUHHSTTS HaBaHTaKCHHS. TakUM YHHOM,
y po0oTi OTpUMaHi MaTeMaTHYHI OMUCH MPOIECiB, M0 MAIOTh MICIE MPH CIPUUHATTI HAaBAaHTAXXCHHS €JIEMEHTaMHU
3aII3HHMYHOI KOJIiT IIPH BUCOKHX IIBHIKOCTAX pyxXy. HaykoBa nHoBu3na. HaGyiu nomanbmmii po3BUTOK 3aj1a4i MO-
JCITFOBAHHS B3a€EMOJII KOJIIT Ta pyXOMOTO CKJIaLy, 30KpeMa, 3 ypaxyBaHHSAM JMHAMIYHOTO MPOTHHY HiIpeiikoBol
OCHOBHM. Bmepmie mnongaHi OCHOBM MaTeMaTH4YHOTO ONMCY XBHJIBOBOI MOJENi IOLIMPEHHS HalpyXXeHb
B 3aNi3HMYHIA Kouii, $Ki MOXyThb OyTH BHKOPHCTaHI [JIsI BHKOHAaHHS NPAKTUYHUX PO3PaXyHKIB.
MpakTnyna 3naunmicts. OTpUMaHi aBTOPOM JaHi MOXYTh OyTHM BHUKOPHCTaHI IJIsi OOIPYHTYBaHHS KOHCTPYKIT
KOJTii 200 BCTAHOBJICHHS BIJMIOBIAHUAX 3HAYCHB JOMYCTUMHUX IIBUAKOCTEH IS BIIPOBAKCHHS PYXY IMOI3/IiB 13 BHUCO-
KAMH HIBUAKOCTSMHU.

Kniouosi crosa: 3ami3HUYHA KOs, B3aEMOIis KOJIii Ta PyXOMOTO CKJIaJy; XBHJIbOBAa MOJICNb; BUCOKOIIBHIKIC-
HUH pyX; TEOpis NPy>KHOCTI

B3a€MOZIi BCiX mIapiB MigpeHKOBOI OCHOBH TOLIO.
IIpy nmocTaTHRO BHCOKMX 3HAYEHHSX IIBUAKOCTI
PYXY BUHHKAIOTH €(EKTH, AJsI OMHCY SIKHX TOTpi-
OHO BpaxoBYBaTH JAWHAMIKY MNpPOTHMHY pPEUKOBOI
KOJIii.

B cyuyacHuMX HayKOBHX AOCIIIKEHHSIX HEOIHO-
pa3oBO HABOIMIIUCH MPAKTHYHI MPHUKIAAA BHHUK-
HEHHS JUHAMIYHUX €(eKTiB poOOTH 3ali3HUYHOI
KOJIi1, SIKi BUXOISTH 32 MEXi CTATHYHUX PO3paxyH-
KoBHX cxeM. OcoOJIHBO aKTyaJbHHUMH TaKi MUTaH-
HS € Ha IUISIHKAX, A€ IBUAKICTH pyXy MOI3/iB Ha-
OMIDKAETHCSl 10 3HAYCHHS LIBHAKOCTI MOLIMPEHHS
XBWJIb B LIapax MiJpeHKOBOI OCHOBH.

Beryn

30ibIIeHHs] 3HAYeHb IIBUIKOCTI pyXy MOi3/iB
€ OJHUM 13 HampsSMKiB PO3BUTKY 3ai3HUYHOTO
TpaHcnopty Ykpainu [7, 9, 10]. Bupimenns Takux
3aBlIaHb BHMAra€ He TUIBKHU BIAMOBIIHUX TEXHIY-
HUX 3ac00iB, a # METOIUYIHO-PO3paxyHKOBUX. ba-
raTo MoJeNnel Ta METOIMK, 10 BUKOPUCTOBYIOTHCS
JUI  aHaNi3y HampyXeHO-Ie(hOPMOBAHOTO CTaHy
3QT3HUYHOI KOil, 0a3yloThCsl Ha IOMYIICHHSIX
1 rinmoTe3ax, aJeKBaTHUX TUILKH ISl TICBHUX PiBHIB
MIBUAKOCTI pyXy. Tak Mexi 3aCTOCOBYBaHHS Mae
MPUMYIICHHS 1010 TOTOKHOCTI CTAaTHYHOTO 1 -

HamigHoro mporuny komii (rimoresa H. IT. TTerpo-
Ba), MPUMYIIEHHS II0I0 MUTTEBOTO 3aJTy4YCHHS JI0

Tak, Ha MUISHIN 3a7i3HUI, IO MPOXOIUTH IO
HabepexHilt CrintoH y BennkoOpuranii, dikcysa-
Jach pi3ka 3MiHA TPOTHHIB KOJii Ha IIBUAKOCTI
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180 xm/rox. ITosicHeHHS 3HANIIIM Y HASIBHOCTI ITi
OanmactoM M’SIKUX IPYHTIB, a came Topdy Ta mMynu-
croi riuny [21].

VY Tonnmanaii Ha AinsgHII Mk AMcTepaamMom
1 YTpexToM BHKOHYBAJINCh TECTH 3 BHUMIipIOBAHHS
3HAYeHb LIBUJKOCTI TOIIUPEHHSI XBHUJIb B IPYHTI
JUIL  MOJKJIMBOCTI NPOXOJDKEHHS  (ppaHIly3bKOTO
noizza TGV 3i mBuakocTAMH Oimble HIX
160 km/ron Ha AUTSIHKAX 3 HACHIIAMH, IO CKJIaja-
Jmcs 13 cnaOkux IpyHTiB [21].

Ha niBgennomy 3axoni IIBemnii na ginsuami [e-
Tebopr—MajbpMe MIBUIKICTh HMIBUAKICHOTO TOi31a
X2000 6yna oomexena 1o 160 xkm/ros yepe3 XBH-
THOBI SIBUIIA B IpyHTI [18].

[TutaHHS MO0 MOSBH 3aIi3HIOBAHHS MPOTHHY
peliku MpHU BUCOKHUX 3HAYEHHSX LIBHIKOCTI PyXy
MOpYIIyBauCs B pOOOTI aBCTPIHCHKUX aBTOPIB
[1], me, kpiM TeopeTHUHHX MipKyBaHb, HaBeICHI
pe3yabTaTH EKCIIEPUMEHTAIBHUX IiATBEPIKEHb
BiJIOBITHUX €()EKTIB HA JOCIITHUX IIISHKAX OiJIst
Bimus mpu 3HaAYEHHAX MIBUAKOCTI pyXy Oiibiie
Hix 230 kM/ToI.

Ti um iHIi 3aco0M BpaxyBaHHs AMHAMIKH MpPO-
THHY 3alli3HMYHOI KOIii 3yCTpidaloThCs IMiJl Yac
BHpIMICHHS pPI3HOMaHITHUX 3amad. Sk mpaBwuio,
BOHH HOCSITH XapakTep KOpPETyBaHHS BXE iCHYIO-
YMX METOAIB po3paxyHKy. Hampuknazx, B po0OoTi
[15] HaBogWMTHECS PO3TOPHYTHIA aHAI3 IOIIAPEHHS
HaINpy>XeHb B 0anacTi 3 ypaxyBaHHIM TUHAMIYHUX
SIBHII] Yepe3 KOoe]illieHTH, TakokK podoTy Oanacty
nocmimpkeHo B pob6oti [13]. B pob6orax [12, 16]
PO3TIITHYTO BUKOPUCTAHHS TEOPEIITOK i 30i-
TBIICHHST MOJYJISL IPYKHOCTI MiAPEHKOBOI OCHOBH
i 3MeHIIeHHs BibOpariii. B po6orti [20] 3anponono-
BaHO MOJENIOBAHHS IOUIMPEHHS XBWJIb B IPYHTI
3aJi3HAYHOT KOJNiI B KOMITFOTEpPHIH cHCTeMi
PLAXIS (finite element method). B poGorax
[17, 19] po3risiHyTO BiOpalii B IpyHTI Ta CTIHKICTh
HACHITy 3aJIS)KHO BiJ MPOQII0 3eMIISTHOTO MOJIOT-
Ha. B pobGoti [11] oOrpyHTOBaHO pPO3paxyHKOBY
METOJMKY BH3HAUCHHS KPUTUYHHUX 3HAYEHb XBUIIb
Penes ans 3anizHU4YHOI KOl

AmHaji3 BKa3aHUX BHILE Ta IHIIUX JOCIIIHKEHD
MOKa3aB, 10 BAKIMBUM (PAKTOPOM IIPU BUPIMIEHH]
[IOCTaBJICHUX NUTaHb € JUHAMiuHa piBHOBara cuc-
TEMH caMme s BiIOKPEMJIGHOTO IMPOCTOpYy Iii-
pEefKOBOI OCHOBH, SIKMl BCTYNHUB y B3a€EMOJIIO Ha
JaHy MUThH 4acy. AJIEKBaTHUM IHCTPYMEHTOM JUIs
IIEOTO MOXKe OyTH 3aCTOCYBaHHS XBHJIBOBOI TEOPIii
MOLIMPEHHS HAIIPY>KEHb.

Merta

Mertoro wi€i poOOTH € CTBOPEHHS MaTeMaTHy-
HOT'O ONHCY OCHOBHUX NPHHLUIIB XBUJIBOBOi MO-
JIeJTi TIOIIUPEHHST HapyKeHb B 3aJi3HUYHIN KOJIii,
SIKHA MOKe OyTH BHKOPHUCTAaHWH SK OCHOBA IS
MPaKTUYHUX PO3POOOK BiANOBIAHUX PO3paxyHKO-
BUX CHCTEM.

MeTtoanka

Mogens HanpyKeHO-Ie(pOPMOBAHOTO CTaHy
3aJTI3HUYHOT KOJIii Ha OCHOBI XBMJIBOBOI TEOpIi MO-
IIMpPEHHs] HANpyXeHb TOJSATae B IMOETHAHHI piB-
HSIHb TeoMeTpii 00pHCy YacTHHH MPOCTOPY CHCTe-
MH, 110 3aJTyYeHa J0 B3aeMOJii Ha JaHy MUTb 4acy,
1 piBHSIHB JUHAMIYHOI piBHOBAr# ii nedopmartii.

Jiist oTpUMaHHS TIEPBUHHHX 3aralibHUX TIOJIO-
JKEHb PIBHSIHD TOIIUPEHHS HAMpyKeHb B TOBII
MaTepiany MpUiMeMO HU3KY ITOJIOKEHB. PO3TJIsiia-
€THCSI TPUBUMIPHUH TIPOCTIP Y AEKAPTOBINA CHCTEMI
KOOpAMHAT, cujia 0 00’€KTa MPUKIANAETHCS B TO-
4mi, siKa CHIiBMajga€ 3 IOYaTKOM KOOpPIWHAT, Ha-
MPSIMOK i1 CHJIM CIiBIa/Ia€e 3 BICCIO «Y», a MOBep-
XHS 00’€KTa, HA SKiH po3TamoBaHa TOYKA IMPUKIIA-
JaHHSl CHJIM, JIGKHUTH B IUIOLIMHI «XZ», MPOCTODPY,
SKUM BCTYNHB y B3a€MOJIIO 3 CHUJIOI0 Ha MUTH 1,
BIJITIOBiJIa€ MHOXXMHA TOYOK, OOMEKEHa TOBEpX-
Helo — (POHT XBWIII, SIKy MOXKHA OIIACATH PiBHSH-
HSIMH ejincoina, puc. 1.

Z

vy

Puc. 1. TloBepxHst ¢ppoHTY XBHITI
y NPUAHATIH cUCTEMi KOOpIUHAT

Fig. 1. The surface of the wave front
in the adopted coordinate system
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Toni moJIO’KEHHST TOYOK, SKi HaJIeKaTh MOBEPX-
Hi eJincoina, OyayTh MiANOPSIAKOBaHI PIBHSIHHIO

2 2
X
y22+ 77 =4
C/t® C/t 1
x° +2° @
278 g
Ct?

ne C,, C, — monepeyHa Ta NO370BXHS IBUIKICTH

MOIUPEHHS XBHJIi BiAIOBITHO.

3HadeHHS IMBHIKOCTI MOIIMPEHHS XBUJIbL B pe-
YOBHUHI € MapaMeTpamu, SIKi 3ajexarthb Bix ii ¢izuu-
HUX XapaKTepUCTHK i MOXYTh OyTH BU3HAYEHI 3a
hopmymamMu
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Puc. 2. Bekrop a1 BU3HAYCHHS T€OMETPHYHOTO MICIISI
TOYKM Ha MOBEPXHI erinca

Fig. 2. The vector for determining the point locus
on the surface of the ellipse

BexropHuii miaxim MOXKHA 3aCTOCOBYBATH IPH
BU3HAYCHHI IOJIOKEHHS TOBEPXHI elincoina s
MOMEHTY 4acy !, BIIHOCHO MOIEPEeAHBOTO KPOKY
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Fig. 3. Vector of ellipsoid expansion on step At
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(o7):

0=(XY5:2,)—(X;¥1;2), @ KoopamHaTH KiHus

ncoima 'y  3amaHOMy — HAmNpsAMKY

BEKTOpa OYIyTh MiAOPAIKOBaHI BUPA3y
X, =X +AX; Y, =Y, +AY; 2, =7, + Az;
AX=rC0SYy; Az =rsiny;
Ay =vC0s o, I =+/L? —Ay?:
v=AtC,_;
At=t, -t;

ae[—g;ﬂ;ye[o; 2n).

()

Jli1s 3arajgpHOrO BUIAAKY, KOJHM TOYKA IIPHUKIIa-
JIAaHHS 1 HAIPSIMOK Jii CHJIM MOXKe OyTH BIJIBHUM,
JUISE KOXXKHOI TOYKHM BHKOHYETHCS IEPETBOPCHHS
KOOPJIMHAT 3 ypaxyBaHHSAM 3MIIECHHS Ta TTOBOPOTY
CHCTEMH BUMIpY.

[Ipukmnan enincoigHol MOBEPXHi, MOOYI0BaHOT
32 BUKJIQJICHOI0 METOJUKOI0, JJISI OJHOTO KPOKY
pO3paxyHKy HaBeIeHO Ha puc. 4 (s Bi3yaapHOTO
CIIPUMHATTS 3a/1aHO BEJIMKI 3HAYCHHS 4acOBOTO Ta
KYTOBUX KPOKIB PO3PAXYHKY).
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Puc. 4. [lpukiax moOy10BH MOBEPXHI eJincoina
Fig. 4. Example of the ellipsoid surface construction

BusHaunMmo piBHSHHS OUHAMIYHOI piBHOBAaru
HaIpY>KEHOTO CTaHy 00’ekTa. JIJIs CIipoIieHHs BU-
KJIaJOK pO3IJIIHEMO PO3PaxXyHOK Halpy>KeHb
B OJJHOMIpPHIi¥ CHCTeMi KOOpPAWHAT — B CTEPIKHI, SIK
B 00’exTi HadmpocTimoi ¢popmu. Kpim Toro, taka
¢dopma mae 3MOTY PO3TIISAATH TINBKH TO3JOBXKHE
NOUIMPEHHS NPY>KHOT XBUJIi, BBa)Kal04yH, IO Y TOH-
KOMY CTEpXKHi IONEPEYHOI0 CKJIQJIOBOI0 MOXHA
HEXTYBaTH. 32 OCHOBY B3fTa METOJMKA, OIHCaHa
I'. Konbcbkum [5].

ITo moBKMHI CTEP)KHS BU3HAYMMO €JIEMEHT elle-
MEHTapHOI JOBXHHU OX , pUC. 5.

———

OXX

vl

mwioma A

vy X
Puc. 5. Po3paxyHKOBHIi €IeMEHT 10 JIOBXKHHI CTEPIKHS

Fig. 5. Calculable element at grip length

Po3B’s3aHHA 3amadi 0a3yeThess Ha BUKOPHUCTAH-
Hi 3aKoHIB Teopii mpysxkHocti [8]. Ha crinky ene-
MEHTa JIiF0Th PIBHOMIPHO PO3MOZiNIEHI HaNpyKeH-

Hi O, . Ctinka mae wromy A. Toxi HampyXKeHHS,

SKI BUHHKHYTHh Ha NMPOTHJIC)KHIN CTIHII eleMeHTa
NIPY IPOXOKEHHI IO HbOMY TIPY>KHOT XBHITI

0o
d,, +—%0xX, (6)
OX
GXX : .
e — 3M1Ha Hapr)KeHB 110 JOBKHWH1 CJICMCH-
Ta.

BignosigHo mo npyroro 3akoHy HwroTona, BU-
pasuBIIH Macy 4depe3 00’eM 1 IiIbHICTH, MOHA
3aMucaT PiBHIHHSI

2
pA?Sxé—LZJ = A%?Sx ,
ot OX

()
ne U — abcomoTHa nedopMartisi elreMeHTa.

Ilicns BHUTy4YeHHS i3 CTOpIH PiBHSHHS OJIHAKO-
BUX BenuuuH Gopmyna (7) Habyae BUTIISALY

ou oo
o= 8
P = o (8)

HanpyskeHHsT MOXHa BHUpPa3HTH 4Yepe3 MOJYJb
npysxHocti E
ou

o,=E—

ox '’ ©

ou . .
e Fvia BiJTHOCHA Je(hopMallis eJIeMeHTa.
X

[MincraBuBmu dopmyiy (9) mo dopmymnu (8),
OTPHUMAEMO DIBHSHHS TOUIMPEHHS XBHIb I10-
B3J/IOBXK CTEPXKHS

ou  _ o
p—=E—.

ot OX
Taxkum umaoM, Gopmynu (1-5) marots reomer-
pito MOLIMPEHHST XBUIII HANPy>KeHb, sIKa BiIOKpPEM-
JIIO€ TPOCTIp, MO Oepe ydacTh y B3a€MOJIIi 3 MpH-

KiIageHo cwio, a ¢opmynu (6—10) BcraHoB-
JIOIOTH JJMHAMIYHY PiBHOBAry I[bOTO IPOLIECY.

(10)

PesyabTaTtn

Jisa po3paxyHKiB HampyXeHb B TiJli BUIBHOTO
o0pucy po3riIsiHEMO pyx XBWJl 3 kpokom At. Ha
KOXXKHOMY KpOIli Oy/IeMO MaTH eIirncoiqHy HoBepX-
HIO — QPOHT XBHJIi BiANOBIAHO J0 3HAYEHH MO3]0-
BXKHBOI 1 MONEPEYHOI MIBUIKOCTI PYyXy 3 ypaxy-
BaHHSM TeoMeTpU4HO1 popMu 00’ exTa
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(xy;2)eQ, (11)
me () — MHOXHWHA TOYOK, SIKi HajeXaTb ITaHOMY
00’€eKTy.

[opymenns ymosu (11) npu po3s’si3aHHi piB-
ustHb (5) Oyje mokasyBaTH Mepexia XBWI 10 Ha-
cTymHOro 06’exra (ab0 BUXIH y MOBITPSs), IO TI0-
TpeOyBaTHMe 3MiHH XapaKTEPHCTHK PO3MOBCIO-
JOKEHHSI BIAMOBIAHO 10 (PI3MYHUX BIIaCTUBOCTEH
HOBOT'0 00’ €KTa.

Bynemo mopinatu 00’€KT Ha CErMEHTH, OOMe-
JKEHI eJNINCOITHUMU MOBEPXHSIMH CyMDKHHX KpO-
KiB pyxy xBuii. [lepexin Bing omHiel emirmcoigHol
MOBEPXHI 10 HACTYMHOI BiIOYBAEThCS depe3 MHO-
JKUHY BEKTOPIB.

PosrisiHEMO | -1 cerMeHT, OOMEXEHHI BOMA
chepuyHUMH TOBEPXHAMH, puc. 6. BBegemo HU3KY

MIO3HAYEHb. G; ;, O; — HANPYXEHH!, 10 JII0Th Ha

HONEPEHIO 1 HACTYIHY CTIHKY CerMeHTa; S, 1 S
—IJI0I1[a ONEePEeHbOI 1 HACTYMHOI CTIHKH CErMEeH-
Ta BIANOBiAHO; U; — aMIUIITyJa KOJMBAaHb YacTOK
pEYOBHHU 00’€KTa B MEKax CErMeHTa; M, — Maca

CErMEHTa, BU3HAYAETHCS BUXOSMYU 3 00’eMy, 00-
MEXKEHOTo cdepamy, 1 IMITBHOCTI pEUYOBUHU; AY —

BIZICTaHb MIK CTIHKAMHM CETMEHTA 10 OCI1 Jii CHIIH.
47

L'
Puc. 6. IToxinenus 00’ ekra Ha CETMEHTH,
SIK TIPOCTOPH MK CYMDKHHMH oOprcamMu (PPOHTIB XBHUIT

Fig. 6. Object segmenting as the spaces
between adjacent outlines of the wave fronts

Taki MOKa3HUKH, IK Maca, IIJIOII, BiJICTaHl BU-
3HAYAIOThCSl BUXOASYU 3 TEOMETPIl MOUIUPEHHS
XBHWJIb, TOMY OyZIeMO BBaXkaTH ix Bimomumu. Toji
aHastoriyHo 10 hopmyiu (7)

. d*y,
' dt?

Ist popmyna mokasye, o Pi3HUIS MTOTEHITIATIB
HaNpy>XeHb HAa CyMDKHHUX CTiHKax CerMeHTa ypiB-
HOBa)XXYETHCSl KOJUBAHHSAMH MacH YacTOK PEeYOBH-
HH 3 TIPHCKOPEHHSIM.

Hanpysxenns, mo Bxomats y (opmyay (12),
HE € TIOCTIHHUMH IO BCiH o cTinku (Ha BigMi-
HYy BiJ CTEp)KHs Ha pHc. 5), a TOMy HOTPiOHO BH-
3HAUUTH 3aKOH PO3MOALTY HalpyXeHb MO IOBEPX-
Hi eninicoina. B pi3HUX cexTopax emnincoiga OyayTh
BUHHKATHU pi3HI HampyxeHHs. [lix HanpyxeHHAMH
G, Oymemo MaTu Ha yBasi Taki, IIO JifOTh 3a Ha-

=645, -0;S;.

(12)

MPSIMKOM O 10 TOPU3OHTAJbHIA IIIOMIAII,
puc. 7. IIoOAWHOKWM BHIAAKOM € HANpPyKCHHS
G,, HaNpsIMOK SKHX CHIBNAJA€ 3 HANPSIMKOM Hii

MPUKIIAZICHOTO HABAHTAKCHHS.

hY

Goc';t’Gou

Go

Puc. 7. Hanpy»eHHs, siki AifOTh 32 HAIPSIMKOM 0
10 TOPU3OHTAIBHIN TUTOIIAIII

Fig. 7. Stresses acting in the direction o
on the horizontal platform

Jna mopanemmx Aiii moTpiOHO MaTH (YHKIIFO
MIPUBEACHHS HAINPYXKEHb UISI OYIb-SKOTO MiCIIs
CerMeHTa JI0 HampyKeHb, SIKi CHiBIAJalOTh 3 Ha-
npsiMKoM 1ii cumi (o, ), puc. 8.
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4
Ta
C)
GLI_
G Go
Go

Puc. 8. BuznaueHHs GyHKIIT po3MOiny HaNpyKeHb
o 00pHuCy enincoina

Fig. 8. Determination of the stress distribution function
on the ellipsoid outlines

Buxonsun 3 TONOXKEHb PO3B’SI3aHHA 3a1aul
Byccunecky [8] BiamoBinHo 10 puc. 8 MoxHa 3a-
H1caTu

o=k
A2

A=Ctcosa,; ¢, (13)

(e} :L

* ch?

ne k — nonomikauit KoedillieHT MPOMOPIIHHOCTI.
[MoennaBmm Bupasu (13), MoXKHa OTpUMATH 3a-
JIEKHICTh

Ccos’a
2 1)
C(X

G, =0, (14)

sika (MpH MOCTIMHMX 3HAYCHHSX MIBUAKOCTI PO3IIO-
BCIOJDKEHHSI) HE 3aJIC)KUTh BiJl IapaMeTpa 4acy.

Bupazumo MBHAKICTH 32 OZHUM HAIPSMKOM
gepes iHIry

Toni, Buxomsaun 3 (2)
1-2p
o= [———. (16)
2(1— ],t)

B ocratounomy surisai Gopmyny (14) moxHa
3aMucaTi y BHTIISAL

6, =G,5c08% ot (17)
e
2 2 ain2 Fa2
—¢’sina+sin‘a
g=2—2 ~ . (18)

TakuM YWHOM, (QYHKIIIO PO3MOALTY Hampy-
KEHb TI0 TIOBEPXHI €JIica OTPUMAHO Y BHIJIII
piBasiHHs (17), a ii 4yuMcIOBI 3HAYCHHS 3aJIeKaTh
TUIBKY Bij BHIY pedoBHHU (depe3 koedimieHT [ly-
accoHa).

BusHauatoun Hanpy>keHHs, KpiM X 3HaueHb,
HEOOXiZHO YiTKO BKa3yBaTH HampsMOK Aii i mojo-
KEHHsl TUIomanku (Ui HampyXeHb B TOYLI —
YMOBHOT), MO sIKii BOHM Aif0Th. J[is OigbIIOCTI
3a7iay HaNpyKeHO-IeOPMOBAHOTO CTaHy 3aIi3HHU-
9HOi KOJIil, KOJNIM HIe MOBa NP0 HANpYy>KEHHS Ha
SIKIACh TIIMOMHI, MAIOTHCS Ha yBa3i HOpMaJbHI Ha-
NpYy>KEHHS, IO IiIOTh 10 TOPU3OHTANBHIN ITIOIIa-
. Tomy s mojanemmx 004YMCIeHh HEOOXITHO
HABECTH CITIBBiTHONIEHHS MiX pPI3HUMHU BHIIAMHU
HaIpYKCHb.

[Ipu BUKOHAaHHI MPAaKTUYHUX PO3PaxXyHKIB MPO-
CTip KOXKHOTO cerMeHTa Oy/ie TOIIeHO Ha OKpeMi
eJIEMEHTH BIAMOBIIHO 10 KYTOBHX KpOKIB (IHB.
Bupa3 (5)). KoxeHn enemeHT Oyae BU3HAYATHCS SIK
IpoCTip, OOMEXEHUH YOTUPMa CyMIKHHUMHU BEKTO-
pamMu. 3a TEOMETPIEI0 BEKTOPiB BU3HAYAIOTHCS TaKi
napamMeTpH eJIeMeHTa, sIK KyT Haxuily, TUIoma CTi-
HKH, Ha SIKY Ail0Th HANPy>KEHHs, 00’ €M TOLLIO.

PosrisiHeMo Hampy>keHHs, 10 AII0Th B €JIeMEH-
Ti CETMEHTa Ha YMOBHIW IUIOIIAI, TEPICHIUKY-
JISIPHIH 70 HampsAMKY o, , puc. 9.

Puc. 9. HanpyxeHHs, siKi AiFOTh 32 HAPSIMKOM O
10 PI3HUX IUIOMAIKAX

Fig. 9. Stresses acting in the direction o
on different platforms
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Buxonsum i3 30epexeHHs MOTEHITIANY Iii Ha-
IpyKECHb

6. S

oo oo (19)

=06,S

o!

S

BezieHi Ha puc. 9.

S,, — Hamlpy)KeHHs 1 IUIOIIUHY, Ha-

AC Guu v Vg

ool

Cosa

Toni, BpaxoBytoun, mo S, = , MAeEMo

(20)

G, =G, COSQL .

PosramryBanHs e1eMEHTIB B CETMEHTI BifOyBa-
€ThCsI TI0 OOPHCY JBOBICHOTO €JIirca, TOMY, Ha Biji-
MiHy BiJ po3ramryBaHHS 1O Koiy (auB. puc. 8),
wiomaaka S, , po3TamioBaHa Mg KyTOM O 10

TUIoIIa KA S HE € MNEPINCHAUKYJIAPHOIO OO0 Ha-

o !
npsaMKy o . [ToTpiOHA 4711 po3paxyHKiB TUIONIAIKA,
gka 0 Oyja mepreHAWKYJSIpHA 0 HAmpsSMKy o,
Oyme moBepHyTa BiTHOCHO TOPHU30HTAIBHOTO IIO-

ToXKeHHs Ha KyT 3, puc. 10.

Puc. 10. CriBBigHOIIEHHS NOTEHLIAIIB B €JIEMEHTI
Ha TUTOMIAKaxX Pi3HOTO PO3TaIlyBaHHS

Fig. 10. Potential correlation in the element
on the platforms of different locations

CHiBBIIHOIIEHHS MDK IUIOIAMU IUIOMIALOK
(3 puc. 10)

Sy = Spcos(a—B);
cos(a—P)

Ccosa

(21)
Sy =5
BukopucToByroun HaBelEHI CITiBBiJHOIICHHS

i popmyiy (17), MmoxkHa 3amucaTu

o = 0o5C0s(a—pB)cosa, (22)

ie G — HOBHI HAINPY)XEHHsI 38 HAIPSIMKOM O, AK1
IiIOTh Ha CTiHKY, IOBEPHYTY Ha KyT [} BiZHOCHO
TOPU30HTANBHOTO TOJNOKeHHs. Came moTeHIiaN
IUX HalpyXeHb y BHUIIISAAI MPOEKLii Ha BepTHKa-
JBHY BiCh MOXHA PO3TISAATH K PEAKIIifo, Mo ypi-
BHOBaXY€ [0 MPUKJIAJCHOI CHITH.

Toxl 3arajapHMil TOTEHIIA IO ETIIICOIAHIN MO-
BEPXHi, 1110 BXOIUTh 10 (hopmynu (12), MoxHa 3a-
MACATH Y BUTJISI

;S = Y 0,5,6c0s(a—P)cos’ a.

o

(23)

JuHamiuHy piBHOBary mpocTopy, sSkuil nedop-
MYETbCS MK CyMDKHHMH oOpHrcamMu ()pPOHTIB XBU-
i, onucye piBasaHHs (12). [ToTeHuian mo moBepxHi
cerMeHTa Oy/ie BU3HAYATHUCA SK CyMa ITOTEHIIIATiB
10 KO)KHOMY €JIEMEHTY, HalpaBJIeHUX HA KOMIICH-
carrito aii mpuKIaaeHoi cuiu, puc. 11.

v-Y

Puc. 11. Jlis Hanpy>keHb Ha OKPEMUI1 CETMEHT cepud-
HOT'O eJeMeHTa

Fig. 11. Effects of stress on separate segment
of the spherical element

Toni moexnanns hopmyin (12) i (23) mae ocuo-
BHE PIBHSHHS TWHAMIYHOI pIBHOBAard CETMEHTA

2
d’oy

dt?

> m,& Ay, cos* o
E

= Go(i-ty >, Sp&a COS° (0 —P) -

—GOiZsﬁaacosz(a—B)JrDﬂ, (24)

dt
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ne D — BpaxyBaHHS AWcHIALil PEUOBHHH, B IHO-
My BHIIAJIKy IIeH MapaMeTp YHEMOXIIUBJIIOE BUHU-
KHEHHS IIBHAKHX nedopmaltiii (Tedi pedoBUHH).

Jus o0’ekTa B IIIOMY CKIIQJIa€ThCSl CHCTEMa
3 piBHSAHE (24), KiTBKiCTH piBHAHE OyI€ BiAmMOBima-
TH KUIBKOCTI CErMEHTIB, Ha fAKI MOIUISCTHCS
00’€kT. 3 KOXXKHMM KpPOKOM JIOJA€ThCS IIE OJHA
TTOBEPXHS 1 OHE PiBHIHHS.

Pesysibprarom po3B’si3aHHsS TAaKOi CHCTEMHU PiB-
HSHb OyIyTh 3HaYEHHS HANpPyKeHb Gy U KOXK-

HOrO cerMeHra o0’ekta (cHMcTeMH 00’€KTiB) Ha
pO3paxyHKOBY MHUTh 4acy. Lle mae MOXKIHMBICTS,
BUKOPUCTOBYIOUH BCTAHOBJICHI BHILE 3aJIeKHOCTI,
BU3HAYUTH HEOOXiIHI XapaKTEPUCTHKH HampyKe-
HO-Ie(opMOBaHOTO CTaHY.

BeprukaibHi (HOpMasbHI) HAmpyKeHHS, 110
JUIOTH MO TOPU30HTANBHIHN Momai (aus. puc. 7)

6, =06,5c08° . (25)
Beprtukanbnaa abcomoTHa nedopmMartist
A 4
- 6,6 yE cos™ a , (26)

o

ne Ay, —BHCOTa CErMEHTa 3a HalpsIMKOM o (IuB.

puc. 11).
HaBenena mMeToauka ONKMCYE KOJNHMBAaHHS CTHC-
KaHHS-PO3TATYBaHHS 1 MPU3HAYCHA JJISl OIUCY PO-
60oTu 00’€KTiB miapeikoBoi ocHoBU (mmanu, Oa-
JIacT, 3eMIISTHE ITOJIOTHO ToIo). Peifika mMae He3Ha-
YHI PO3MIpH IMONEPEYHOro Mepepisy MHOPIBHAHO
3 TOBKWHOKO 1 OMMPAETHCS HA OCHOBY, IIO Ma€ CyT-
TEBO MEHIITY >KOPCTKICTh MOPIBHAHO 3 ii BIACHOIO.
Takuii BUIaOK OUIBIN aJeKBaTHO OYIyTh OIHUCY-
BAaTH MOB3JIOBXKHI KOJIMBAHHS BUTHHY OaJIKH.
3a OCHOBY Bi3bMEMO METOJIUKY OIHCY KOJUBAHBL
OaJIKK [P POXODKEHHI MOB3I0BXKHBOT XBHII [5].
Po3paxynkoBa cema HaBeneHa Ha puc. 12 mis
eneMeHTa Oanku J0BKUHOW OX — 0. banka Buru-
HAETHCS MiJT €0 3rHHA0Yoro MoMeHTy M, skuit
3MIHIOETHCS O 11 JOBXKHHI. 3THHAOYUNA MOMEHT
MTOBHHEH YPIBHOBAXKYBAaTHUCS TMOMEPEYHOIO CHIIOI0
F , sxa Texx 3MIHIOETHCS 110 JOBXKHUHI OaIKH.
PiBHsiHHS pyxy Oanku mo oci «y» Oyae MaTu
BUTJISAT
o’y oF
5 = — X ,
ot X

PASX 7)

e A — mioma nmomnepevHoro nepepisy; y — mnepe-
MIIIEHHS.

Puc. 12. Po3paxyHKoBa cxeMa BUTHHY elIeMEHTa OaJIKu
Fig. 12. Calculation scheme of beam element bending

IIpuitmemo ymoBy, 1110

oM
F =——|8X—>O. (28)
OX
Toxni piBHAHHS PiBHOBAard MOMEHTIB BiJIHOCHO
CepeHH eJeMeHTa Oanku OX OyJie MaTh BUTIIS

M —(M +y6xj+ F§+
OX 2

fF

+f5xj5—x=o, (29)
OX 2

IS CKOPOYEHb

%5x+ 2F +ﬁ5x §=o. (30)
OX OX 2
[puiimemo Taki yMOBH
M=
) , (31)
1 0%y 0
R o™

ne R — paxiyc kpuBu3HM HeWTpasibHOI oci (kimacu-
yHO OajKa MoJaHa sSK CYKYIHICTh HapajelbHUX
BOJIOKOH, BHUINE 32 HEHTpaJbHY BICh BOHU PO3TS-
I'YIOTBCS, @ HU)KYE — CTUCKalThes); El — xoper-
KiCTh OaJIKH.

IeperBopumo (28), BuxopucroByroun (31)

3
. :_ﬂ:_ﬁ(ﬂ):_%a . @32)
OX oxX\_R 15)4
Buxonsun 3 (27) 1 (32),
0%y o'y
A—L = _E| —. 33
P or ox* (33)
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SIkmo BpaxyBarH, MmO Oaika 3HAXOIUTHCS
y TmpocTtopi, SKHA Mae€ MOAydh mpyxHOCcTi U
(peiika crMpaeThCcs Ha MPYXHY OCHOBY) [3], pis-
HstHHS (32) HaOyie BUTIISILY
2 4
z yA
pAa—z—EI 8—4—UZ .
X

34
ot? 0 (34)

Po3B’s13aHHs 11bOTO TU(EPEHIIHHOTO PIBHSIHHS
OyzeMo LIyKaTH y BUTIISI

y=f.(x) f,(t).

Toxni dyskuii f,(x) i f,(t) nosuuni 3anoBo-

(35)

JIBHATH YMOBaM

4
aale zclfl(x);

(36)
0*f, _ EIC,+U £ (1)
a? A7

OyHKIIis fl(X) BioOpaXka€ CTaTHYHUI IPO-
T'MH OaJiKu 10 JOBXMHI 1 11 po3B’si3aHHs IS pEHKH
Bigomo [2, 4]

f,(x)=Be™ (coskx+sinkx), (37)

ne K — xoedirieHT BiIHOCHOT )KOPCTKOCTI;

_ Pk

B=—1.
2U

(38)

Tonmi, Buxomsun 3 (36),

C, = —4k*;

f,(t)=C,sin pt+C,cos pt;
(Y

pA’

(39)

p:

Koedinientn C, i C; MoxxyTh OyTu BU3HAUEHI

BUXOJISIYM 3 TPAHUYHHUX YMOB, SIKi, Y TOMY YHCII,
MTOBUHHI BPaxOBYBATH JHCIIEPCII0O KOJMBAHB IIO
nomkuHi 6anku [5]. [ npakTHYHUX PO3paxyHKiB
po3B’si3kH piBHSAHHS (35) OyneMo LIykaty i3 yMOBH
B3a€MHOTO NPOTMHY peiiku (Y, ), sAKa ONMpaeThCs

Ha OTOpPH, 1 MPOTHHY IiIPEHKOBOI OCHOBU B Mic-
sx onop (Y,,) B CHJI, IO MEpPenaroThCcs Ha I

onopu Bif peiiku (Q,,)

Y, (X,1) = You (X,1);

Yor = T (Qourt); (40)
d“yp
Qun - dx*

[Iporun minpeiKkoBOi OCHOBM BU3HAYAETHCS 5K
cyma nedopmariii CerMeHTiB BCiX IIapiB 3a BiIo-
BITHUMH KOOpPJMHATAMH, 3HAWICHUMHU 32 PO3B’S3-
KaMH CHCTEMH PiBHAHB (24).

OtpumMaHi piBHSIHHS 1 3aJIGKHOCTI OyJI0 MOKJIa-
JIEHO B OCHOBY IIPH CTBOPEHHI KOMIT IOTEPHOI Ipo-
rpamMu IJisi pO3PaxyHKIiB 38 XBHJIHOBOIO MOJIEILTIO
NOUIMPEHHSI HANPYKeHb B 3ali3HUYHIM Kouii, sfKa
Oyiia BUKOPHCTaHa JUIS PO3B’sI3aHHS HU3KH 33/1a4
[6, 14].

HaykoBa HOBU3HA Ta NPAKTUYHA
3HAYMMICTDL

HaOynu noganbimmii po3BUTOK 3a7a4i MOJIEIO-
BaHHs B3a€MOJII KOdii 1 pyXOMOTro cKiany, 30Kpe-
Ma 3 ypaxyBaHHSIM THHAMIYHOTO TIPOTHUHY ITiIApEii-
KOBOI OCHOBH.

Brepiie monaHo OCHOBH MaTeMaTHYHOTO OIH-
Cy XBWIbOBOI MOAETI NOLIMPEHHS HaNpPy>KEHb
B 3QTI3HUYHIHN KOITii, sIKi MOXKYTh OyTH BHKOPHCTA-
Hi I BUKOHAHHSI TPaKTUYHUX PO3PaXyHKIiB.

3anponoHOBaHO TEOPETHYHI OOIPYHTYBaHHS
MIPOIIECIB, IO MAIOTh MiCIle TIPU CIIPUAHATTI HaBa-
HTQXXCHHS €JIEMEHTaMH 3J1I3HUYHOI KOJIiT P BU-
COKHX 3HaYCHHSX HMIBUIKOCTI PYXY.

OtpumanHi nIaHi MOXYyThb OyTHM BHMKOPHCTaHI
JUIsE OOTPYHTYBaHHSI KOHCTPYKIIii Komii abo BcTa-
HOBJICHHSl  BIJNOBIAHUX JIOMyCTUMHX 3HAuYCHb
MIBUJKOCTI Ul BIPOBAKEHHS BHCOKOIIBHIKIC-
HOT'O PyXy.

BucHoBku

[Ipu BHCOKMX 3HAYEHHSX MIBUAKOCTI PYXY, SIKi
HaOJIVDKAIOTHCS A0 3HAYEHb HIBUAKOCTI MOUIMPEHHS
XBWJIb B IIapax MiPeHKoBOI OCHOBH, BUHHKAIOThH
JUHAMiYHI e(eKTH, sIKi He MOXYyThb OyTH OIHcaHi
ICHYIOUMMH PO3paxyHKOBUMH METOJaMu, 1o Oasy-
FOTHCA Ha OTOTOXKHEHHI JUHAMIYHOIO 1 CTATHYHOIO
MPOTHHY.

st MonentoBaHHA TUHAMIKA POOOTH PEHKOBOT
KOJTii BaXKIMBUM (PaKTOPOM € BpaxyBaHHS OOCSATIB
PEYOBMHM IIApiB IMiIPEHKOBOT OCHOBH, SKi O€pyTh
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ydJacTh y B3a€MOJil Ha JaHy MHUTh. AJIEKBaTHHM
THCTpYMEHTOM JUIsl pO3B’sI3aHHS 1€l 3a/madi € Imo-
JaHHS TpOLECy MOIIUPEHHS HANpYKeHb SK PyX
XBHUJIB.

Toni moeqHaHHA PIBHSHB FeOMETpii 00puCy Ya-

CTHHM TPOCTOPY CHUCTEMH, IO 3aJydeHa 0 B3ae-
MoJii Ha JaHy MUTh 4acy, 1 piBHSHb JDWHAMIYHOI
piBHOBaru ii nedopmariii ma€ 3MOTy CTBOPEHHS
MOJIENl HampyKeHO-Ae(POPMOBAHOTO CTaHy 3ajli3-
HUYHOI KOJIii Ha OCHOBI XBHJIBOBOI Teopii MOIIH-
PCHHS HAMPY)KEHb.
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JI. H. KYPTAHY

1'Kag. «I1yTb 1 myTeBOE XO35HCTBO®, JIHEIPONETPOBCKHi HALMOHAIBHBII YHUBEPCHTET JKENC3HOLOPOKHOTO TPAHCIIOPTA
uMmenu akajaemuka B. Jlasapsina, yi. Jlasapsna, 2, Tnunpo, Ykpauna, 49010, ten. +38 (056) 373 15 42,
1. moura kurhan.d@gmail.com, ORCID 0000-0002-9448-5269

OCHOBBI MATEMATHUYECKOI'O OIIMCAHUSA
BOJIHOBOH MOJIEJIU PACIIPOCTPAHEHUS HAIIPSI)KEHUI
B KEJIESBHOJOPOKHOM IIYTH

Ienn. B coBpeMeHHBIX HayYHBIX UCCIIEAOBAaHUAX HEOAHOKPATHO MPUBOAMUINCH IPAKTUYECKHE IPUMEPHI IIPOSIB-
JIeHUs] IMHaMU4YecKuX 3(dekToB padoThl KEIEe3HOJOPOKHOTO IyTH, KOTOPBIE BBIXOAT 32 TPAHHUIBI CTATHYECKUX
pacdeTHbIX cxeM. OCOOCHHO aKTyaJbHBI TAKHUE BOIIPOCHI ISl YIACTKOB, TJI€ CKOPOCTh JBIKCHUS MOE310B MPUOIIH-
JKAeTCS K CKOPOCTSAM PACHPOCTPAHEHUS BOJH B CIOSAX MOAPEIBECOBOTO OCHOBAaHUS. AJIEKBaTHBIM HHCTPYMEHTOM JJISt
M3y4YECHUs] TAKUX BOIIPOCOB MOXKET OBITH HCIIOJIb30BAHUE BOJHOBOW TEOPHM PACHPOCTpaHEHMs HampspkeHuil. Llens
JTAHHON pabOThI — CO3/1aHHE MAaTEMAaTHYECKOTO OIMCAHK OCHOBHBIX NPUHIUIIOB BOJHOBOIM MOJAENN PacHpoCTpaHe-
HUSI HalPSDKEHUH B )KEJIE3HOAOPOKHOM IIyTH, KOTOPBIE MOTYT OBITh HCIIOJIB30BaHbl KaK OCHOBA JUIA NMPAKTHYECKUX
pa3pabOTOK COOTBETCTBYIOIIMX PacueTHBIX cucTeM. MeToamka. Mozenp HanpsKeHHO-Ie(pOPMUPOBAHHOTO CO-
CTOSIHMM KEJIE3HOJOPOKHOIO IIyTH HAa OCHOBE BOJHOBOM TEOPUM DPACIPOCTPAHEHMsI HANPSDKEHUN 3aKIIOYaCTCS
B O0OBEIMHEHHH ypaBHEHHI N€OMETPUHU OYEepPTaHHs YacTH NPOCTPAHCTBA CHCTEMBI, 33J€HCTBOBAHHON BO B3aHMO-
JICVCTBUN Ha JTAaHHBIA MOMEHT BPEMEHH, U ypaBHEHHH ITUHAMHUYECKOTO paBHOBecHs ee aedopmaruu. Pemenne 3a-
Jlaul OCHOBBIBAETCS HA HUCIIOJIb30BAaHUM 3aKOHOB TEOPUU yHpyroctu. OpOHT BOJIHBI ONUCHIBAETCS ypaBHEHHAMU
snnmunconna. Ilpu onpeneneHun U3MEHEHUsSI BO BPEMEHHU MOJIOXKEHHS TOBEPXHOCTH JUIUIICOUAA UCIOIb3YETCs BEK-
TOpHBIA noaxoz. Pe3yabTaThl. YpaBHEHUs] T€OMETPUH JIBH)KCHHSI BOJHBI OMPENEIAIOT 00BEMBI MaTepralia CJIOeB
MOJIPENIECOBOTO OCHOBAHMS, YIACTBYIOIINX BO B3aMMOJCHCTBUN Ha JaHHBIH MOMEHT BpeMeHHU. OmnpereneHue TuHa-
MHUYECKOTO PaBHOBECHs A€(HOPMUPOBAHHOTO COCTOSHHSA IPOCTPAHCTBA, OIPAHMYEHHOTO (POHTOM BOJHBI, IAET
BO3MOXKHOCTb PacCUUTaTh KaK CaMy HalpsDKEHUS U JedopMalvy, Tak U UX M3MEHEHHUS 3a BpeMs BOCHPHATHS Ha-
rpy3ku. Takum oOpa3zoM, B paboTe MONydyeHbl MAaTEMAaTHYECKHE OMMCAHUS IPOIECCOB, KOTOPBIE BO3HHKAIOT
IPH  BOCIPHUATHM HArpy3KH OJJIEMEHTAMH SKEIE3HOINOPOKHOTO IIyTH IIPH BBICOKMX CKOPOCTAX JBHIKCHHS.
Hayunas HoBu3Ha. [lonyuyunu nanpHeiiee pasBUTUE 3a7a4d MOJEIMPOBAHUS B3aUMOJACUCTBUS IIyTH U IIOJBUXK-
HOTO COCTaBa, B YaCTHOCTH, C YY€TOM JMHAMHYECKOTO Ipornda TMOApeIbCOBOI0 OCHOBaHUs. Brepsbie
IIPEICTaBICHbl OCHOBBI MATEMATUUECKOIO OMKMCAHUS BOJHOBOM MOJEIU PACIPOCTPAHECHUS HANPSKEHUN B XKEJIE3HO-
JOPO’)KHOM IYTH, KOTOpbIE MOTYT OBITb HCIOJIG30BaHBl JUIS  BBINOJHEHUS IPAKTHYECKUX PpacyeToB.
IIpakTnyeckast 3Ha4YUMOCTh. [loTydyeHHBIC aBTOPOM JaHHBIE MOTYT OBITH MCIIOJIBL30BAHBI Il 0OOCHOBAHUS KOH-
CTPYKIMH MYTU UM YCTAHOBJICHHS COOTBETCTBYIOIIUX 3HAUYEHHUH JOMYyCTUMBIX CKOPOCTEH JUIsl BHEAPEHUS IBHKE-
HUS TI0€37I0B C BBICOKUMHU CKOPOCTSIMH.

Knrouegvie cnosa: xene3HONOPOKHBIN ITyTh; B3aUMOAEHCTBHE IyTH U MOABUXHOIO COCTaBa; BOJIHOBAsA MOJEb;
BBICOKOCKOPOCTHOE JIBUJKEHUE; TEOPUsl YIIPYTOCTU
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THE BASIS OF MATHEMATICAL DESCRIPTION
FOR WAVE MODEL OF STRESSES PROPAGATION
IN RAILWAY TRACK

Purpose. Modern scientific research has repeatedly cited practical examples of the dynamic effects of railway
track operation that go beyond the static calculation schemes. For the track sections where the train speed is ap-
proaching to the velocity of wave propagation in the slab track layers such issues are of particular relevance. An
adequate tool for the study of such issues can be the use of the wave theory of stress propagation. The purpose of the
article is the creation of a mathematical description of the basic principles of the stress propagation wave model in
the railway track, which can be used as a basis for the practical development of the relevant calculation system.
Methodology. The model of stress-strain states of the railway track on the basis of the stress wave propagation the-
ory is to bring together the equations of the geometry of the outline of the space systems that is involved in the inter-
action at a given time, and the dynamic equilibrium equations of deformation. The solution is based on the use of the
laws of the theory of elasticity. The wave front is described by an ellipsoid equation. When determining the varia-
tion in time of the surface position of the ellipsoid a vector approach is used. Findings. The geometry equations of
the wave motion determine the volumes of material layers of the slab track involved in the interaction at a given
time. The dynamic equilibrium determination of the deformed condition of the space bounded by the wave front
makes it possible to calculate both the stresses and strains, and their changes during the time of the load perception.
Thus, mathematical descriptions of the processes that occur in the perception of the load by the elements of railway
track at high speeds were obtained. Originality. The simulation tasks of the track and rolling stock interaction, in
particular taking into account the dynamic deflection of slab track were further developed. For the first time the arti-
cle presents the basics of the mathematical description of the wave stress propagation model in the railroad track,
which can be used to perform practical calculations. Practical value. The obtained data can be used to justify the
track construction or establishing appropriate values of permissible speeds for the introduction of train motion with
high speeds.

Keywords: railway track; track and rolling stock interaction; wave model; high-speed movement; theory of elas-
ticity
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MODELING OF TEMPERATURE FIELDS IN A SOLID HEAT
ACCUMULLATORS

Purpose. Currently, one of the priorities of energy conservation is a cost savings for heating in commercial and
residential buildings by the stored thermal energy during the night and its return in the daytime. Economic effect is
achieved due to the difference in tariffs for the cost of electricity in the daytime and at night. One of the most com-
mon types of devices that allow accumulating and giving the resulting heat are solid heat accumulators. The main
purpose of the work: 1) software development for the calculation of the temperature field of a flat solid heat accu-
mulator, working due to the heat energy accumulation in the volume of thermal storage material without phase tran-
sition; 2) determination the temperature distribution in its volumes at convective heat transfer. Methodology. To
achieve the study objectives a heat transfer theory and Laplace integral transform were used. On its base the prob-
lems of determining the temperature fields in the channels of heat accumulators, having different cross-sectional
shapes were solved. Findings. Authors have developed the method of calculation and obtained solutions for the
determination of temperature fields in channels of the solid heat accumulator in conditions of convective heat trans-
fer. Temperature fields over length and thickness of channels were investigated. Experimental studies on physical
models and industrial equipment were conducted. Originality. For the first time the technique of calculating the
temperature field in the channels of different cross-section for the solid heat accumulator in the charging and dis-
charging modes was proposed. The calculation results are confirmed by experimental research. Practical value. The
proposed technique is used in the design of solid heat accumulators of different power as well as full-scale produc-
tion of them was organized.

Keywords: solid heat accumulator; thermal storage material

Introduction er in comparison with the normal mode of opera-
tion [1]. One of the most common types of devices
that allow accumulating and giving the resulting
heat obtained in different ways, are the heat accu-
mulators (HA), heat pipes and thermosiphons
[2-6]. Thermal storage devices may be used to im-
plement such principal tasks as performing the dis-
tribution of a source and receiver of thermal energy

Currently, one of the priority areas of energy-
efficiency is to save costs on heating in industrial
and residential buildings by the stored thermal en-
ergy at night time and its return in the daytime. As
a result, savings are achieved due to the difference
in tariffs for cost of electricity in the daytime and
at night one. Change to «Night» tariff allows pay-

ing for electricity on an average three times cheap-

in space and time, as well as smoothing the tem-
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perature field on the surface or in the volume of the
object. Thermal storage devices are most widely
used in the energy, engineering, transportation,
chemical industry, agriculture. Consequently, re-
search and development of methods for determining
the operating modes and the weight and dimensional
parameters of HA is an important task of energy con-
servation, actual in the contemporary conditions of
energy deficit.

Purpose

To date a large number of works about HA
were published. The functioning of the HA in the
process of heat storage can be realized by two
main mechanisms: the first is due to changes of the
physical parameters in the thermal storage solid
(TSS); the second — through the use of the binding
energy between atoms and molecules of sub-
stances.

Capacitance-type batteries are the most com-
mon and simple. Heat capacity of substance, heat-
ing without its aggregative state change is used in
them. Typical HA structural scheme is shown in
Figure 1. It shows that HA always consists of insu-
lated and thermal storage solid (TSS), heater, cool-
ing systems, safety, regulation of heat supply and
removal.

For the weight and dimension calculations one
limits with mass determination [1]. In determining
the HA modes, one considers the heat transfer pro-
cesses using classical approaches of thermal fields
analysis, as well as techniques based on mathe-
matical modeling of heat transfer [7]. Mathemati-
cal models of HA functioning are focused on the
description of the HA thermal field [8-10] and
cannot be directly applied for calculations of tem-
perature field distribution, for example, when con-

vective heat transfers on the HA charge and dis-
charge mode. In order to determine temperature
stresses one can use [9]. However, proposed before
calculation methods [10-14] do not reflect the pic-
ture of heat transfer at active convective transfer
occurring at HA charging / discharging.

The main objective of the work is to develop
a method for calculating the temperature field TSS
in the process of heat accumulation and removal at
the design stage on the basis of mathematical mod-
eling of the temperature field in condition of strong
convective heat transfer.

Solid HA is a complex of multiple systems
connected in a single structure constructively.
Heating system is a mandatory element of the HA,
in our case it is tubular heating elements (THES).
Heat generated by them is accumulated in the
thermal storage solid of — HA charging is made. To
use the stored heat, HA has a cooling system, in
our case there are air channels. With the active cir-
culation of the coolant — air, heat is removed from
the TSS and supplied to the consumer. Heat-
distribution system within the heating object space
does not include in to HA complex.

The design concept of solid HA with convec-
tive heat transfer is shown in Figure 2. HA consists
of a jar 1 which can be fixed on any rigid support,
the front jar is closed with battery cap 2, on the jar
thermal insulation 3, 4 is fixed, in which TSS 5 is
placed. On the front surface of TSS finger baffles 6
are mounted for the cooling air flow direction,
which is fed to the bottom of TA through incoming
louvers 7, then, passing through the HA channels,
enters to the mixer 8 and go through the outlet lou-
vers 9 falls within the scope of the object of heat

supply.

|
‘V

Heating TSS

system

‘l/

Cooling

system

Consumer

Thermal insulation

Fig. 1. Block diagram of HA
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Air outlet

Air
supply

Fig. 2. HA structural scheme

Methodology

Design scheme for the analysis of the tempera-
ture field in the HA can be shown in Fig. 3, where
the following notation is introduced:

Li — heat insulation layer; C — channel; La —
layer of TSS, Tcu - the temperature of the upper
boundary of the channel; Tcl _the temperature of
the lower boundary of the channel Tau _the tem-
perature of the upper boundary of TSS; Tal _the
temperature of the lower boundary of TSS.

y Teu Tcl

V777 =

Y77
\ 2777 /

’ X, ‘.\ \ 2505 3 / 5 / \\,\.‘\\'. ; /‘

X
Li [

9 9.0,
¥t 0

\ ral \ fau

Fig. 3. Diagram of the temperature field analysis

If we neglect the change of heat fluxes along
the coordinate x, which is directed perpendicular
to the plan of TSS 5 (Fig. 2), the temperature field
will depend on three independent variables, name-
ly: spatial coordinates y and z, and time t. Using

ratio t=z/V,, where V, there is air movement

velocity on the channel C, one can reduce constitu-
tive equations to the form, where two independent

variables y u z will take place. Then we can

write such heat transfer equations for the system
shown in Fig. 3

aT, o7,
P1'Cp1’2'V1‘a_le7“1'ay—zl; 1)
oT. 0T,

P2-Cpa ‘Vl‘_622 =Ay ayz ' (2)

where p, C,, A —thermal and physical character-

istics of the material: density, heat capacity ratio
and conductivity coefficient (subscripts 1 and 2 are
used respectively for air and TSS); T — tempera-
ture.

Each of the two equations will have two
boundary conditions on the coordinate y and on

one initial condition on the coordinate z .

The presence of the thermal insulation on the
upper boundary of the channel, and the lower
boundary of the TSS let neglect with heat flow out
the heat accumulator boundaries, in other words
one can record

0 at y=h,; 3)
T g aty=—h,. (@)

Two other boundary conditions can be repre-
sented as

oT.
kl'ﬁ:qﬂ at y=0; (5)

oT,

—hy—==0y, '(le

Ty) aty=0,  (6)
where ¢,, — heat flow coming into the channel
from the heated TSS; T, — coolant temperature at
the bottom surface of the channel; T, — tempera-
ture at the top surface of TSS; o,,— heat transfer

coefficients between the cooling coolant and the
top surface of the heated TSS.

Initial conditions correspondingly for equations
(1) and (2) will be

T,=fi(y) at z=0; (M
T,="f,(y) at z=0, (8)
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where f,(y), f,(y) — temperature functional de-
pendences from the coordinate vy .

In the first approximation temperature func-
tional dependences can be taken as constants. Then
instead of (7) and (8) there will be

T,=T,atz=0; 9

T,=T,, at z=0. (10)

To solve equations (1) and (2) we use the La-
place integral transformation [13, 14].
Using the theorem about the differentiation of the
original, we obtain the operator analogs of equa-
tions (1) and (2) in such form

a1t s . T,

LA L L 11
dy? a a (11
2L
d T22 _i.TZL:_TA’ (12)
dy a, a,

where T- — temperature image T, including ap-

propriate indexes; s — Laplace transformation var-
iable;

q = 7‘1/(2'91‘Cp1 'Vl); a = 7‘2/(92 -Ch2 'Vl) -

Thus, using the Laplace integral transforma-
tion, the transition from partial differential equa-
tions (1) and (2) (in originals) to the differential
equations in ordinary derivatives (in images), that
are solved much easier.

Operator equations for the boundary conditions
(3) — (6) will look like this

dT,t

——=0at y=h; 13
ay y="h (13)
dT,-
=0 at y=-h,; 14
dy y 2 (14)
L
L TV (15)
dy S
,deL _

Ay —2-=

dy

T, T
onlz-(%’—%j at y=0. (16)

Solutions of equations (11) and (12) have the
form

T . S
Tt=-4Cy,-sinh| =y |+
1 s 11 (\/; y)
+C12-cosh(\/z'y} a7
C
T, : s
T2L=%+C21-smh(\/g-yj+
s
+C22-cosh(\/:-y} (18)
a,

For determining the integration constantsC,,,
C,, C,, and C,, it is necessary to differentiate
the last two equations on coordinate y and substi-

tute boundary conditions (13) — (16).

Substituting boundary conditions (13) and (15)
into equation (17), as well as — (14) and (16) into
equation (18), we obtain (after determining the
integration constantsC,,, C,,, C,; and C,,) such

equations in the images for determining the tem-
perature fields

/s
cosh| [—-(h —
LTy Oueya, 1 |:a1 (hl y)}
Th=-10- . 1(19)
s XS s ) S
sinh ;-h1

TL :Tﬁ_alZ'\/a_Z'(le _th)x
2 s A,-S

sinh(\/jth

Taking into account an expression (16) and
(20), one can write down such ratio at y =0

Ty Ty
=—Qly, | —>——2L |,
Q21 12 [ S s

(20)

Then the equation (19) will rewrite in such
manner
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Tt :Tﬁ_i_ O‘12'\/51—1'(-|_1b _T2t)><
S Ay-S

In order to go from the temperature image to
the original, write the hyperbolic functions through
exponential

cosh(x)z(e“re’x)/z,sinh(x)z(eX e’x)/Z).

After appropriate changes expression (21) can
be presented as follow

TL = i 0‘12\/7 1~ Tat)
Lo A S
1 o0
— dil,
S ool 45)-
is-iexp(—dzk-\/g), (22)
k=0
where

di, = \/T[y+2h1k]
\F[ y+2-h-(k+1)].

By analogy with the expression (22) one can
convert the equation (20), namely

oL
-I-2 T Op-y@ T = 2t %

S k .S

x% kiexp( —d3, \/_)

+% :Zoexp( d4, - \f)

d3, =\/I.[—y+2-h2-k];
a,

(23)

where

d4k=\/g[y+2-h2.(k+1)].

Using the general formula of transition from
the image to the original [2]

%-exp(—C-\/g)e\/% exp[—f—zJ (24)

and multiplication theory (Borel theorem) one can
obtain from the expression (22) such original for
temperature distribution in the solid plug along the
y-axis

Oy safay (T =T
Tl(y,z)=T1n+ 12 \/—1}\/( 1b Zt)x

1

x[E1X,(y,2) + E1X,(y,2)] (25)

where

& z d1?
EIX,(y,2) =) | 2-,|—-exp| ——& |-
1(y,2) kEi ﬂ/n p[ 4.2]

dl
—d1, -erfc K11,
‘ (z-ﬁﬂ

ElXZ(y,z)zi{Z-\/%x
k=0
d2; d2,
xexp[ 4'ZJ d2, - erfc(2 \/EH

Using the same technique as in the obtaining of
expression (25), we find from (23) the original for
temperature field distribution in the TSS

T _ gz '\/a_z'(le _th) y
2n 7\'2

T,(y,2)=

x[E2X,(y, z)+ E2X,(y,2)], (26)

where

d3
—d3, -erfc k1],
‘ (NEH
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E2X2(y,z):2{2'\/zx
k=0 T
42 d4,

xexp( d Z}_d4k.erfc(2‘ﬁﬂ.

To determine the heat transfer coefficient o,

in equations (25) and (26) one can use expression
in common case [15]

Nu -2,
b

e

Oy = (27)
where Nu — Nusselt criterion; b, —equivalent size

of the channel.
In general case, it is divided into three modes:

turbulent (Re>10000) ; transitional

(2300 < Re <10000) and laminar (Re < 2300).

In the case of turbulent regime one can use the
following expression to determine the Nusselt cri-

terion
0,25
J (28)

where g - a correction factor that takes into ac-
count impact of the ratio of the cooling cavity
length L, to its equivalent size b, on the heat
transfer coefficient; Re — Reynolds criterion; Pr —
Prandtl number; Pr,; — Prandtl number at a wall

temperature of the cooling cavity. For transitional
regime calculation is recommended to carry out by
the graph, shown in Figure 4, at this the value
NP is determined by expression

NP = Nu/[ Proe. (Pr/pr, )* .

The following relationship is the most accept-
able for laminar regime
0,25
j (30)

_Pr

Nu = 0’021'8I . ReO’SX ’ xPr°'43-(
rWT

(29)

Nu =0,15-¢, - Re®*-Pro®x  xGr’* (_Pr

WT

where Gr — Grashof number.
To determine the criteria, one can use such ex-
pressions

TUYHE MOJIEJIFOBAHHSA
Re:Vl'be Py .
T
C.- h3.42
pr=—pM.g -9 bez PLg.AT, (31)
Ay ™

where m, — viscosity coefficient of a cooling me-
dium; B — coefficient of volume expansion; AT —
the temperature difference between the wall sur-
face and the cooling liquid.

The correction factor decreases when increase
the ratio of the cooling cavity length L, to its
equivalent size. When performing the ratio
Lo/b, >50 one can accept ¢, =1.

NP
30

/

26

22

6,0

2.0

2 4 6 8RelO"

Fig. 4. The graph to determine the Nusselt criterion
for the transitional regime

Equivalent size can be determined from the

4-S,

formula b, =

where S, — square of effective cross-section; P -

full (wetted) perimeter, regardless of what part of
the perimeter is involved in heat transfer.
For heating liquid fluid one can

(Pr/Pry; )" ~1.

Thus, to find the temperature field distribution
in a two-layer system accordingly to Fig. 2 it is
necessary to solve the equations (25) and (26).
However, this system generally comprises two un-
known quantities, namely: T, and T, . At this,

given quantities in boundary conditions (6) are

take
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taken as constant ones. In reality, they will depend
on the coordinate z; . To take into account the last

remark and achieve the required accuracy of calcu-
lations, it should T, and T,, to find on short seg-

ments along z axle.
The initial values T, and T,, are also should

be constantly changed at each segment. Thus, the
final values of the temperature field distribution on
the previous segment will correspond to the initial
values at the next segment along the axis z.

For determining the unknown boundary tempera-
ture values from these equations, we obtain the
following system of equations

Or-~la, (T . =T..
le'jolnyj“‘ 12 \/—1 g\’llb,j Zt,j)x

x| E1X,; +E1X,;| (32

Oyp '\/a_z‘(le,j _th,j)><

T2t,j :TZn,j - N
2

x| E2X, ;+E2X,;]| (33)

In the last two equations index j characterizes
the values of the corresponding ones on each seg-
ment z; at zero value for the second coordinate
(y=0).

For convenience, the solution of equations (32)
—(33) are presented in a matrix form

le,j ) Ao A _ CV,
TZt,j Ao A - CVi ,

-yja “y/a
%’Ozl_ala—\/ilflxj; %’lZWZX—E.Elxj;

1 1

(34)

where

cy/a cy/a
'Alv():alzk\/izEZXJ,A-Vlzl_alZX\/jszJ’
2 2

E1X; =E1X,; +E1X,;;
E2X; =E2X,; +E2X,;;

CVo=T,;;CV1 =T, ;-

To solve the above problem program block in
the mathematical MathCAD package was devel-
oped. Re-solving results are shown in Fig. 4, 5. In
this case the initial values are following:

p, =1,2kg/m?,
Ay =0,0281W/(m-K), C,, =103Kj/(kg-K),

n, =2,27-10° Pa-s, p, = 3200 kg/m?®,
A, =193W/(m-K), C,, =0,57 Kj/(kg-K),
V;=0,3m/s; h, =20mm ; h, =60 mm;

L =2000 mm .

The indices correspond to the following desig-
nations: 1-channel, 2-TSS. Designations corre-
spond to Standards. One should take into consid-
eration that the channel length L is determined by
the number of baffles in HA.

Length temperature behavior of TSS under
specified conditions is shown in Fig. 5. The num-
ber of partitions along the channel (iz) is 30, the
number of partitions in channel depth and thick-
ness of TSS (iy) is 20. The coordinate system
corresponds to shown one in Figure 3.

800
680 T [i.eeee
B e ]
5§, 440 /
...... 0l
20y 10 20 30
jz

Fig. 5. Length temperature curve of TSS at a fixed depth

As can be seen from Fig. 5 the temperature at
TSS, depth of 15mm increases from normal one —
at the beginning of the channel and at a length of 2
m is already 570°C. In the mid-plane of TSS
(iy=10), the temperature will be higher and 670 °C.

Air temperature behavior in the channel along
length under given conditions is shown in Fig. 6.
The air temperature in the channel will change on-
ly slightly, at the outlet from TSS and input to the
mixer will be 770°C. Temperature behavior de-
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pending on selection of calculation fixed point will
be also insignificant and vary within 1-2°C.

- —— \
T-_;_jz_- 18 —~— ]|
771.4
7 10 20 30
jz

Fig. 6. Temperature curve along the channel length,
at a fixed depth

Temperature curve of TSS in depth at a fixed
length and given conditions is shown in Fig. 7.

800
k.
680 A,
Tl - - \ .. -
V.= 560 =

1y 12440 \

Fig. 7. Depth temperature curve of TSS at a fixed length

As seen from the graph (Fig.7), depth tempera-
ture behavior of TSS has exponential nature, in
depth of TSS varies within 50°C.

Air temperature behavior in the channel in
depth at a fixed channel length under given condi-
tions is shown in Fig. 8.

As seen from the graph (Fig. 8), air temperature
behavior in the channel in depth has a logarithmic
character, by channel depth varies slightly withinl-
2°C.

After analyzing the above data, one can draw
the following conclusion: temperature behavior of
TSS in depth and length has exponential nature, it
is more essential along the length than depth. Air
temperature behavior in the length and depth of the
channel varies insignificantly.

773 POy
lg 4
- ....
772.6 o
T2 . Ry
1y.,15772 2 L

T2 307718 1
771.4

7717

Fig. 8. Air temperature curve in the depth
of the channel at a fixed length

Originality and practical value

Technical analysis shows that the proposed
method of estimating the temperature field distri-
bution of solid heat accumulator in different modes
is effective, technically feasible and allows deter-
mining the operation modes of the solid heat ac-
cumulator at the specified weight and dimensional
characteristics in the design stage of solid heat ac-
cumulators.

Conclusions

The method of calculation for temperature
fields of solid heat accumulators on charging / dis-
charging modes was proposed.
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MOJAEJIOBAHHA TEMIIEPATYPHHUX I10JIIB
Y TBEPJOTIJIBHUX TEIIVIOBUX AKYMVYJIATOPAX

Merta. Ha nanuii 4ac OJlHUM i3 MPIOPUTETHUX HAMPSMKIB €HEpro30epekeHHsI € €eKOHOMIisl BUTPAT Ha TEIUIONo-
CTa4aHHs B IPOMUCIIOBUX Ta JKUTJIOBUX OYAIBISX 32 PaxyHOK 30epexeHoi TeIroBoi eHeprii B HiYHUH Jac 1 Biggayi
il y nenHi roguHu. EKOHOMIUHMH edeKT AocaraeThes 3a paXyHOK pi3HHII Tapu]iB HA BapTICTh €IEKTPUYHOT eHeprii
B JICHHUH 1 HIYHUHA yack. OHUM i3 HAWOUIBII TOIIMPEHNX THITIB IPUCTPOIB, SIKi JO3BOJISIOTH aKyMYJIIOBATH 1 Biija-
BaTH OTPUMAaHE TEIUIO, € TBEPIOTLIbHI TEIUIOBI akyMysitopu. OCHOBHA MeTa poOoTH: 1) po3poOka MaTeMaTHYHOTO
3a0e3nedeH sl Ul PO3paxyHKYy TEeMIIEpaTypHOIr'o MO IUIOCKOTO TBEPJIOTUIFHOTO TEIUIOBOTO aKyMYyJATopa, IO
MIPAIIOe 32 paxXyHOK HAKOIMYEHHS TEIUIOBOI eHeprii B 00csI3i TEII0aKkyMyJIIorouoro Marepiany 6e3 ¢aszoBoro nepe-
XOIy; 2) BU3HAYCHHS PO3MOLTY TEMIIEpaTypu B HOro obcsarax mpu KOHBEKTHBHIHN Tertonepeaadi. Meromuka. [l
JIOCATHEHHST METH JTOCTI/KCHHS BUKOPHUCTaHI Teopis TeIulonepenadi Ta iHTerpaibHe nepeTBopeHHs Jlammaca, Ha
OCHOBI SIKOTO BHpILICH] 3a1a4i BU3HAYCHHS TEMIICPaTypPHHUX MOJIB y KaHaIaX TEIUIOBHX aKyMYyJISATODIB, IO MalOTh
pi3Hi dopmu momepeyHoro mepepizy. PesyabTaTH. ABTOpaMH PO3pOOJICHO METOIMKY PO3PAaXyHKY Ta OTPUMAHO
PO3B'SI3KH JUIS BU3HAYCHHS TEMIIEPAaTypHUX IIOJIB y KaHAJIaX TBEPAOTUIBHOIO aKyMYJIATOpa B yMOBaX KOHBEKTHB-
HOTO TeruI000MiHy. JlociKeHo TeMIiepaTypHi oIS 10 JOBXKHHI 1 1o TOBIIMHI KaHauiB. [IpoBeneHo ekcriepruMen-
TaJIbHI JIOCI/DKeHHs Ha (QI3MYHUX MOJENSX 1 MpoMHciIoBOMY oOnanHaHHI. HaykoBa HoBH3Ha. Briepme 3anporio-
HOBaHO METOJIMKY PO3paxyHKy TEeMIIEpaTypHOTO IIOJIsi B KaHalaxX Pi3HOro IOIEPEYHOro Iepepisy TBEPIOTiIEHOTO
TEIJIOBOTO aKyMyJISITOpa B PEXXUMaX 3apsiKu i po3psiAku. Pe3ynbTaTti po3paxyHKiB MiATBEPKYIOTECS €KCIIEpUMe-
HTAJIBHUMH JOCTIKeHHAME. [IpakTH4yHa 3HaYMMicTh. 3alpOITOHOBaHA METO/IMKAa BUKOPUCTOBYETHCSI IPH MPOEK-

doi 10.15802/stp2016/83406 S. S. Belimenko, V. O. Ishchenko, V. O. Gabrinets, 2016

122



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

Hayka Ta nporpec Tpancropry. BicHuk J[HIIponeTpoBchKoro
HALIOHAIBHOTO YHIBEPCUTETY 3ali3HHYHOro Tpancmnopry, 2016, Ne 5 (65)

IHOOPMALIMHO-KOMYHIKALIHI TEXHOJIOT'Ti TA MATEMATUYHE MOJIEJTIOBAHHSI

TyBaHHI TBEPAOTITBHUX TEIUIOBUX aKyMYJIATOPIB Pi3HOI HMOTYXKHOCTI; OpPraHi30BaHO cepiiiHe BUPOOHHUIITBO TETIO-
BHX aKyMYJIITOPiB Pi3HOI OTYXHOCTI.
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MOJEJUPOBAHUE TEMIIEPATYPHbBIX HOJIEN
B TBEPJAOTEJIBHBIX TEIIJIOBBIX AKKYMVYJIATOPAX

Lean. B HacTosimee BpeMsi OAHUM M3 IIPUOPHUTETHBIX HAIpPaBICHUI SHEPTOCcOEPEKEHNS SBISETCS SKOHOMMS 3a-
TpaT Ha TEIUIOCHAO)KEHHE B ITPOMBIIUICHHBIX M JKWIIBIX 3/IaHHMSAX 32 CUET 3allaCeHHON B HOYHOE BpPEMs TEIJIOBOH
SHEPTUH U OT/JAu €€ B JHEBHBIC YaChl. DKOHOMUYECKHH 3 EKT TOCTHraeTcs 3a CUeT pa3HHIbI Tapu(OB Ha CTOH-
MOCTb JJIEKTPHUECKOI SHEPrHH B THEBHOE M HOYHOE BpeMs. OfHUM M3 HaubOoJiee PacIpOCTPAHEHHBIX TUIIOB YCT-
POMCTB, KOTOPBIE MO3BOJISIIOT AKKYMYJINPOBATh M OTJABATh MOJyYEHHOE TEIUIO, SBJISAIOTCS TBEPAOTEIbHBIE TEILIO-
BBIE aKKyMyJsiTopsl. OCHOBHas 1elib paboThl: 1) pazpaboTka MaTeMaTHUeCKOTO OOECTICUCHHS IS pacyeTa TeMIIe-
paTypHOTO MOJIS TIOCKOTO TBEPAOTEIBHOIO TEIUIOBOTO aKKyMyJISITOPa, PabOTAIOIIEro 3a CUET HAKOIUICHUS TEeIIOo-
BOM OJHEprud B 00bEME TEIUIOAKKYMYJIMPYIONIEr0 MaTepuaia Oe3 (a3oBoro rmepexoja; 2) ONpeaciicHue
pacripeesneHust TeMneparypsl B ero o0beMax Ipu KOHBEKTHUBHOH Teruionepenaue. Meroguka. [lns goctrxeHus
Lesel ucciaejoBaHus UCIOIb30BaHbl TEOPHUs TEIUIONEpeaadyr U HHTerpajibHoe Ipeodpa3zoBanue Jlamaca, Ha OCHOBE
KOTOPOT'O PEIeHbI 3a7a4y OINpeeIeHUs] TEMIIEPAaTypHBIX MOJIeH B KaHajlaX TEIUIOBBIX aKKyMYJISITOPOB, HMEIOLIUX
pasznuuHble (OpPMBI MONIepeyHoro ceueHus. Pe3yabraTsl. ABTOpamu pa3zpaboTaHa METOJMKA pacdyeTa M MOITyYeHBI
peleHus sl OnpeieNieHNs] TeMIepaTypHbIX MOoJIeH B KaHalaxX TBEPJOTEIbHOIO aKKyMYyJISITOpa B YCIOBHSX KOHBEK-
THUBHOTO TeIuiooOMeHa. McciienoBans! TeMIlepaTypHbIe OIS O UTMHE U IO TONIIMHE KaHanoB. [IpoBeneHs! skcme-
PUMEHTAIBHBIC HCCIEIOBAHUA HAa (M3MUYECKUX MOJECNAX M MPOMBIIUICHHOM oOopynoBannu. HayyHasi HOBH3HA.
BriepBbie TpetoskeHa METOJMKA pacdeTa TeMIIEpaTypHOTO IOJsl B KaHalax pa3IndHOTO ITOIEPEYHOr0 CEUECHUS
TBEPAOTEIHHOTO TEIUIOBOTO aKKyMYJIITOPA B PEXKUMAX 3aPSIIKU U Pa3psiIku. Pe3ynpTaTsl pacyeToB MOATBEPKAAOT-
Csl 3KCIIEPUMEHTAIBHBIMY HccienoBanusiMy. IIpakTHyeckas 3HaYMMOCTh. [IpennoxeHHas METOIMKA HCHONIb3YeET-
sl IPU MPOEKTUPOBAHUM TBEPJOTEIBHBIX TEIUIOBBIX AKKYMYJSTOPOB PA3IMYHOM MOIIHOCTH, OPraHH30BaHO CEPHi-
HOC IMPOU3BOACTBO TCIJIOBBIX aKKYMYJIATOPOB pa3J'IPI‘-IHOI>1 MOIIHOCTH.

Knouesvie cnosa: TBEpAOTENBHBII TENJIOBOM aKKYMYJIATOP; TBEPABIA aKKYMYJIUPYIOIUH MaTepuai
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KOHCTPYKTUBHOE MOAEJINPOBAHUE 30HbI PACIIPEJAEJIEHUSA
QHEPT'UHN PEKYIIEPAIIMU TAI'N IIOCTOAHHOTI'O TOKA

Henab. Hayynas pabora nocssimieHa pa3paOOTKe CPEICTB M METOMOB (OPMHPOBAHHMS MHOXKECTBA PEabHBIX
U MOTEHIUAIbHBIX CTPYKTYPHBIX CXEM 30H PEKYNEPAaLUU C PA3IUUYHBIMU OE3IHBIMU CUTYALMSIMU Ul JaJbHeie-
ro o0y4eHus! HeHpO-HEUETKHUX CEeTel Ha OCHOBE AKCIIEPTHHIX pElIeHUH U (OPMHUPOBaHMUS PALOHAIBHOTO yIIpaBiie-
Hust. Metoauka. [y MoienupoBaHusi CTPYKTYpHO# CXEMBI CUCTEMBI TATOBOTO 3JIEKTPOCHA0XKEHHS, PEXKUMOB TH-
TOBOTO JIEKTPOIIOTPEOIICHNUS M TIOE3IHON CUTYAIMH B 30HE PACTIPEENICHNs] SHEPIHH PEKyIepaliuy IPIMEHEHa Me-
TOJOJIOTHSI MaTEMaTHKO-AITOPUTMUYECKOTO KOHCTPYKTHBH3MA. JIaHHBIA MOJXO0J] TMpenycMaTpUBaeT pa3paboTKy
KOHCTPYKTUBHO-TIPOAYKUHOHHBIX cTpYKTYp (KIIC) ¢ mpeoOpa3oBaHMsAMH CIENUAIA3alid, UHTEPIPETALNH, KOH-
Kpetusanuu u peannsanuu. Pazpabotka KIIC mpexycMaTpuBaeT onpenencHHe paciIupsieMOro HOCUTENS, CUTHATY-
PBI OTHOWICHUH W OTEpaluii M KOHCTPYKTHBHOM akcmomaTuku. Hambosee ciI0XHOIM M CyImeCTBEHHOW YacThIO ak-
CHOMATHKH SIBIISIETCS MHOXKECTBO ()OPMUPYEMBIX NMPABUII MOJCTAHOBKH, ONPEAEIAIONINX MPOIECC BBIBOJIA COOTBET-
CTBYIOIIMX KOHCTpYyKLUMii. Pe3ynbTaThl. Pazpaborana cneunanusupoBanHas u konkperuzuposantas KIIC, kotopas
MO3BOJISIET YYECTh BCE BO3MOXKHOCTH M OCOOCHHOCTH COBPEMEHHOro OOOPYZOBAaHHUSI CHCTEM TSTOBOTO JJIEKTPO-
CHAa0XXEHHMsI, yYACTKOB TATOBOW CETH U MOE3HOI cuTyaruu. Ee 0cOOeHHOCTh: CeMaHTHYEeCKOe HANOJHEHNUE TEPMHU-
HaJIbHOTO anaBuTa 00pazaMu IEKTPOOOOPYAOBAHUS, TSATOBOW CETH W MOTPEOHTENCH AIIEKTPOIHEPIHH, 00aato-
IIMMH COOTBETCTBYIOIIEH aTpuOyTukoi. [IpuBeieHHBIN YacTHBIN Citydail ()OpMUPOBAHUS CTPYKTYPHOH CXEMBI Je-
MoHcTpupyeT Bo3MoxkHocTu KIIC npumenuTensHO K naHHOM 3ajaue. HayuHnas HoBH3HA. ABTOpaMH NPEUIOKEH
HOBBIM MOJAXOJ K PELICHUIO 331a4M PALMOHAIBHOTO HMCIONB30BAHUS DHEPIHU PEKyNEpaliy, KOTOPBIA 3aKII0YaeTCs
B MPUMEHEHHH METOJOB U CPEACTB MCKYCCTBEHHBIX HEHPOHHBIX CETEH, HSKCIEPTHBIX CHUCTEM M HEYETKOM JIOTHKH
¥ MaTeMaTHKO-aJITOPUTMUYECKOT0 KOHCTPYKTHBM3MA. B nmaHHOW paboTe mpencTaBieHbl METOIbl KOHCTPYKTHBHO-
IMPOAYKIHUOHHOTO MOJEIMPOBAHUS CTPYKTYPBI 30HBI PACIPEACICHUSI SQHEPIUH PEKYTIEPALIUU B CUCTEME TATH IOCTO-
aHHOTrO ToKa. IIpakTHYeckasi 3HaYUMOCTh. Pemenne 3a1a4n palMoOHANBHOTO UCIIONIB30BaHKs DHEPTUHU PEKylepa-
MM [03BOJISIET 3HAYNUTEIHLHO SKOHOMHTB SHEPrOpeCcypChl, CIIOCOOCTBOBATh TEXHUYECKOMY MEPEOCHAIICHUIO JKelle3-
HOZIOPOYKHOTO TPaHCIOPTa YKpauHbl MyTeM BHEIPEHHs COBPEMEHHBIX CPEICTB M BO3MOXKHOCTEH. PazpaboTaHHbIe
MOJIEIT MOTYT PUMEHSTHCS JJIsl PEILICHUS ¥ IPYTUX 3a1a4 SHEProcOepeKeHNs B PA3IMYHBIX CHUCTEMax dJIEKTpHYe-
CKOr'0 TPAaHCIOPTA.

Kniouegvie cnosa: pekynepauysi; SHEprocoepexeHre; KOHCTPYKTUBHO-ITPOLYKIIMOHHAsSI CTPYKTYPa; CTPYKTYpHast
CXeMa; MOJIETIb; TATOBas MOCTAHIIHA

yIpaBlieHHs. Ka4eCTBOM 3IeKTpodHepruu [3, 5, 7],

BBenenne ONTHUMHU3ALUH PACTIPE/ICIICHUs] SHEPTUH peKyrepa-
uu [18].
TexHu4eckoe MEpeOCHALICHHE IKEIE3HO0- P
CILICHUE 3aJa4yM IMPEAINoJaraeT MpH OTCYTCT-
POKHOTO TpaHCHOpTa YKpauHbl Mpearosiaraet A PeaL P y

BHUH Ha YYaCTKEC TATOBOI'O 3HepFOCH36)K6HI/I$I I10€3-
J0B BCTPECYHOI'O WJIM MOIMYTHOI'O CJICAOBAaHUA, CIIO-
COOHBIX  IOJTHOCTBIO HOTpe6I/ITL BBIACIICHHYTO

BHCAPCHUEC COBPEMCHHBLIX CPCACTB W BO3MOXKHO-
cTeil. O,Z[Ha N3 TAaKUX 3aJla4 3aKJIIF0YaCTCsd B DHEP-
FOC6epe)KeHI/II/I IMyTEM palfMOHAJIBHOTO HCIIOJIb30-

BaHUA SHCPIrUU PEKyIiCpaluu B CUCTEMAX TATU 110~
CTOSIHHOT'O TOKa Ha OCHOBC HMHTCJUICKTYAJIBHOI'O

SHEPTUIO PEKYIEPAIMU, aKKYMYJIUPOBAThH €€ B CO-
BPEMEHHBIX HAKOMUTEISX [4] mnu mepenarTs B -
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TAIOUIYI0 BHEIINHIOK CETh. Takue BO3MOXKHOCTH,
KaK TpaBWIO, Ha NAaHHBIHA MOMEHT OTCYTCTBYIOT
B Ykpaune. MccnenoBanne memecoo0Opa3HOCTH UX
WCIIOJh30BAHMS HA Pa3IMYHBIX Y4acTKaxX SHEpPro-
cHaO)KeHUsI SABIISIOTCS HACYIIHOHM 3aja4deil SHepro-
cOepexeHusl.

Ilpu oTcyTCcTBMM CTpOroi MaTeMaTHYECKON
MOJICIH TSl PEIICHUs 33]]a4d PalMOHAIBLHOTO HC-
MOJTE30BaHUS PHEPTHH PEKyTIEPAIIH PEAIaraeTcs
MpUMEHEHHe HeHpo-HeueTKux moxenei [1, 2, 16],
KOTOpBIC BKIIIOYAIOT B Ce0sl MCKYCCTBCHHBIC HEW-
POHHBIE CETH, JKCIEPTHBIE CUCTEMBI H HEYETKYIO
noruky [6, 11, 12, 22]. Takue Momenu IMOIyYHIH
IIMPOKOE PacCHpOCTpaHEHHE B MHOTO0OPAa3HBIX
MIPUKIIAJHBIX 3a7adaX Paclio3HaBaHUS W YIIpaBlie-
mus [8, 9, 10, 13, 17, 21], B TOM 4HCIIE B DIEKTPO-
TEeXHUYECKUX cucremax [14, 15].

B Hamiem citydae, mpemsiTCTBUEM ISl TaKOTO
MoJienupoBanus (U erie B OOJNbIICH CTENEHU IS
MOCTPOEHUST CTPOTUX MAaTEMaTHYECKUX MOJIENEH)
SIBIIICTCS 3HAYUTEIHbHOE MHOT000pa3He IOTCHIIH-
aITBHBIX BO3MOXKHOCTEW OOOpYIOBaHUS yYaCTKOB
TATOBOTO 3HEprocHadxeHus. i MoIennpoBaHus
IIMPOKOTO CIEKTPa CYIIECTBYIOIIETO M MOTCHIIU-
AIBHOTO O00OpPYMOBaHUS YYaCTKOB peKyIeparun
MpeJIaraeTcs WCIIOJIb30BaTh anmapaT MaTeMarTh-
KO-aJITOpUTMHYEeCKOro KoHcTpyupoBanus (MAK)
[19].

DTO 1acT BO3MOXKHOCTh HA OCHOBE 3KCTIEPTHBIX
pelIeHuid JUIsi cMOoIeTMpOBaHHbIX MeTonaMu MAK
CTPYKTYpPHBIX CXE€M Pa3lIMYHON KOMIUICKTAIlUU
ANEKTPOOOOPYAOBaHUSI W TMOE3JHBIX CHUTYyaluil
00yunTh Hetfipodasu ceTu I yIpaBIeHUS CHCTEM
9HEPrOCHAOXKEHUSI C IeJbI0 PALUOHAIBLHOTO HC-
MOJIb30BAaHUS SHEPTUU PEKYIICPAIUH.

B nanpHelmeM BO3MOXHO IOJIyYeHHE 0000-
LIAIOIINX YIIPaBICHUH.

Hean

Jannas paboTa npeacTaBiseT OAHY U3 BaKHBIX
yacTel TNpenjaraeMoro MeTo/Aa YIpPaBJICHHS CHC-
TEMaMH TATOBOTO JJIEKTPOCHAOXKEHHSI M TMOTPEO-
JEHUsI C TENbI0 PAaMOHAIBFHOTO WCIIONh30BaHUS
DHEPTUW peKyIleparii, a WMEHHO. pa3paboTka
CPEICTB M METOJIOB (POPMHPOBAHHMS MHOXKECTBA
pEaNbHBIX U MOTCHIMAIBHBIX CTPYKTYPHBIX CXEM
30H peKymepalyy C Pa3InIHBIMH MOE3IHBIMHA CH-
TyanusiMy JJIs TadbHEHIero o0ydeHus: Heipoda-
3u cereil (HA OCHOBE OKCIEPTHBIX pEIICHHI)
1 GOPMHUPOBAHHH PAIIHOHAIEHOTO YIPABICHHUS.

OcHOBOH A pa3pabOTKH COOTBETCTBYOIIUX
METOJIOB SIBJISIFOTCSI TEOPETHUYECKUE ITOJIOKEHUS
MAK ¥ KOHCTPYKTHBHO-IPOJYKIIMOHHBIE CTPYK-

TYpBIL.

MeTtoaunka

O06001IeHHOM KOHCTPYKTUBHO-TIPOTYKIIOHHOM
crpykrypoit (OKIIC) massiBaercs Tpotika [19]:

Cs =<M,Z,A>,

rie M — HeOmHOpPOIHBI HOCHUTENb CTPYKTYPHI,
Y — cUrHarypa, cOCTOsIIas U3 MHOXECTB oIepa-
LU CBSA3BIBaHMS, TIOACTAHOBKU M BBIBOJA, OIepa-
Ui Haj aTpuOyTaMu W OTHOIIEHUS TOJICTAaHOBKH,
A — KOHCTpPYKTHBHasi akCMOMaTHhKa. AKCHOMaTH-
Ka A TOTHOCTBIO mpezcTaBieHa B [19].

Hasnauenne  KOHCTPYKIMOHHO-TIPOIYKIIUOH-
uoii crpykrypsl (KIIC) cocTout B (hopMHpOBaHUH
MHOKECTB KOHCTPYKLHUI C TIOMOIIBIO OTeparuii
CBSI3BIBaHUS, IMOJICTAHOBKH, BBIBOJA M [IIp. Olepa-
U, 3a/1aBa€MBIX TIPABUIIAMHA aKCHOMAaTHKHU.

B nannoit paboTte moa KOHCTPYKIHSMH MOHH-
MaloTCs CTPYKTYPHBIE CXEMBl CHUCTEMBI TSTOBOTO
ANIEKTPOCHAOKEHUSI B 30HE pAaCIpeJleNieHus] YHep-
THH pEeKyNepalii C COOTBETCTBYIOIIMMH IOE3.I-
HBIMH CUTYaIUSIMHU.

s dopmupoBaHusT KOHCTPYKIMH HEOOXOMIH-
MO BBITIONTHATE PSJT yTOYHAIOIINX TPE00pa3oBaHUi
OKIIC [19]:

— cHenuanu3anysl OIpelessieT MPEeIMETHYIO
007acTh: CEMaHTHUYECKYIO TIPUPOY HOCHTENs, KO-
HEYHOE MHOXKECTBO OIEpalii U MX CEMaHTHKY,
aTpuOyTHKY Omepanui, MOPSAOK MX BBIIOTHEHHS
Y OTPaHWUYEHUS Ha MpaBUIIa TIOJCTAHOBKH;

— WHTEPIpETanns 3aKII0YaeTCs B CBA3BIBAHUU
OTepalyii CUTHATYPhl C alTOPUTMaMH BBITIOJIHE-
HUS HEKOTOPOH alrOPUTMHYECKON CTPYKTYpPHI
[20]. TIpu uHTEepIpETAlINH BHITONHAETCS CBA3BIBA-
HUE WHPOPMALMOHHON MOJENH crocoba mocTpoe-
HUSI KOHCTPYKUHUH U MOAEIH UCTIOTHUTEIS;

— xonkperuzauusa KIIC 3axmrowaercss B pac-
MIIPEHNH aKCHOMAaTHKH MHOXKECTBOM  ITPABII
NPOAYKIHH, 3aJaHMH KOHKPETHBIX MHOXKECTB He-
TEPMHUHAJIBHBIX U TEPMUHAIBHBIX CHMBOJIOB C HX
atpuOyTaMu ¥, TPH HEOOXOIMMOCTH, 3HAUYCHUU
aTpuOyTOB;

— peamuzanus KIIC 3akmrouaercs B Gpopmupo-
BaHWH KOHCTPYKIIUU W3 dJIeMeHTOB HocuTenss KIIC
MyTEM BBINOJIHEHHS AITOPUTMOB, CBS3aHHBIX
C omepauusiMH CUTHATyphl. Peannszanus Bo3MoxKHa
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TOJIBKO JUIsl MPEIBAapUTEIbHO CIEHUATU3UPOBAH-
HOW, MHTEPIPETUPOBAHHOW W KOHKPETH3MPOBAH-
Hoit KIIC [19].

IIpuBeneM OCHOBHbBIE HOHATUSA KOHCTPYKTHUB-
HO-TIPOIYKLIHOHHBIX CTPYKTYD.

Cornacuo axcuomaruke OKIIC ¢opmoit |

¢ aTpuOyTOM W Has3bIBaeTCsd HA0Op TEPMUHAIIOB
U HETEPMHUHAJIOB, OOBEIUHICMBIX OICPALIUIMU
cBa3biBaHus. KoHcTpykuueit HaspiBaeTcs (opma,
coJiepKaliias TONbKo TepMuHaisl [19].

IIpaBumna IMOJICTAHOBKH HAMEIOT BHI

v, (s, g,)e¥, e S, — OTHOWICHMS TOACTa-
HOBKM, (, — HaOop omepauuii Hajx aTpuOyTaMH.
OTHolIeHHE NOACTAaHOBKH — JBYMECTHOE OTHOIIE-
Hue ¢ arpubyramu I ,—> le i [19]. Hna dop-

Mbl b= ©C by, s ey ) 1 mocTym-

HOTO OTHOUIEHWs MOACTaHOBKHA , I, \, — , |, Ta-
P q

koro, uro , I, <, Iy (,, |, sBasercs wacreio 1),
pe3yJIbTaTOM TPEXMECTHOW OIlepaluy MOJCTaHOB-
KH w, = (w, Ins W, g w 1)) Oyner dopma

=, @b oo Lo ) [19], 126 @ =

mro0ast oTepaItys CBSI3bIBaHUS U3 2 .
Ormeparist 9aCTUYHOTO BBIBOJIA 3aKITFOUACTCS B:
— BBIOOpE OJHOTO W3 JOCTYIHBIX MPaBUII MOJ-

w
Wy

CTaHOBKH Y, :<Sr, gr> e ¥, ¢ OTHOIIEHUAMH TIOJ-

CTAaHOBKHM S, W BBINIOJIHEHUH Ha €ro OCHOBE Olle-
pauuii MoJICTaHOBKY;
— BBIIOJIHEHUY ONlepalyii HaJ aTpudyTaMu ¢, .

®DopmBl, Moy4aeMble B pe3ysbTaTe OIepaliuii
YaCTUYHOI'O BbIBOJA, HadYHWHasA C HAYaJIbHOI'O HE-
TepPMUHAA, SABIAIOTCS CCHTCHIMATBLHBIMHU.

Omepariysi OJHOTO BbIBOJA (MK MPOCTO BbI-
BOJIa) 3aKJIOYAETCsl B MOCJIEIOBATEIILHOM BBIMOJ-
HCHHUU OI€pali 4YaCTHUYHOI'O BbLIBOJA, Ha4YWHaA
C HAYaJbHOTO HETEPMUHANA W 3aKaHYMBas KOHCT-
PYKIIUEH.

Pe3yabTaTthl

BeInosiHeHO MOJIeIMpPOBaHUE 30HBI paclpesie-
JICHHUsI DHEPrHd PpeKylepaluH, KOTopas MOXeT
BKJIIOYATh OJIMH MJIM HECKOJBKO CMEXHBIX y4acT-
KOB TSITOBOH CETH C MOJCTAHLHUSIMU: 000PYIOBaH-
HBIX WJIM HET HAKOITHTENIeM JJIEKTPOIHEPTHHU, BO3-
MOXKHOCTBIO Tepeayn dICKTPOIHEPIUH BO BHEII-
HHe (MOCTABJISIONINE) CETH.

Cneyuanuzupogannas KOHCIMPYKMUBHO-
nPOOYKYUOHHASL MOOeNb 30Hbl pekyneparyn. Omn-
peaenmuMm crienmanu3anmuio OKIIC — koHCTpYKTOp
MOJIETTH (CTPYKTYPHOM CXEMBI) CHCTEMBI TSATOBOTO
AIIEKTPOCHAOKEHUS U DJICKTPUUECKON TATH B 30HE
pacripe/ieNieHrs: JHEPTHH PEeKyTepalyu:

C=(M,Z,A) SHCZR<MZR' LR AZR>’

e A,g =AUAUA,, Aj={M,z>T,UN,,
2e={8,0,0}, E={, ,x}, ©=0,
0 ={=,|=,|=}}, MHOXecTBa: = — OTHOILICHUII
(M COOTBETCTBYIOIIMX OIEPAIHii) CBA3BIBAHUS
3JIEMEHTOB KOHCTpyKuui, @ — omepauuil Haj at-
pubyramu, ® — onepauuii BeiBOAa, T, N, — Tep-
MHHAJIOB 1 HETCPMHUHAJIOB.

YacTnyHasg akcMOMaTHKa A, COAEP)KHT Clle-

JyIOIINE ONpENeNICHNs], AOTOIHEHUS M OrpaHude-
HUS, KOTOpBIE YTOUHSIOT andaBuT, aTpuOyThl HO-
CHUTENs], OTHOLICHUsS] MOJCTaHOBKH, 3aJal0T O0CO-
OCHHOCTH BBITIOJIHEHUSI OIEpalUil IT0JCTaHOBKU
Y BBIBOJIA.

TepmunanbHbIM andaBuToM T, SABISETCS MHO-

JKECTBO DJIEMEHTOB CHCTEMBI TATOBOTO 3HEPro-
CHaOXXKeHMsI, TIOTpeOJICHHsT W IMpeodpa3oBaHUS
3JIEKTPOIHEPTHH B CETH MOCTOSHHOTO TOKA XKele3-
HBIX JOPOT, TPaMBAHHBIX U TPOJUICHOYCHBIX JTHMHUH
U METPOIOJIUTEHOB C HX CYIIECTBEHHBIMH IS
JIAHHOMW 3ajJ]a4yd CBOMCTBAMM — aTpuOyTamu. Die-
MEHTHl OyZeM 0003HauyaThb MaJIBIMU JIATHHCKUMH
CHUMBOJIaMH, HallpuMep, ,a — TePMHHAI a C aTpu-

OyToMm X; Xa — aTpuOyT X TepMHHana a.
Herepmunanbnpiii andasur N, ={ o} cocro-

UT M3 MHOXECTBAa BCIIOMOTATeJbHBIX CHMBOJIOB
¢ arpuOyTamu, 0003HAYaEMBIX TPEUECKHUMHU OYK-
BaMH.

OTHOILICHUSI W ONEpalliK CBSI3BbIBAHHMSA U3 =

3a1al0T MOCIIE0BATENILHOE M MApalIeIbHOE COEIH-
HEHME DJIEMEHTOB JJIEKTPHIECKO# 1ienu (Tadu. 1).

B o0mem ciyyae omepanuu He 00JagaroT
CBOMCTBaMH ACCOIMATHBHOCTH W KOMMYTATHBHO-
ct, 10 ectb (a®@b)®cza®(b®dc), rme

a,b,ceN,UT,, a ® — moboe oTHOIICHHE CBA3BI-

BaHus U3 = . [ToaTOMY /1 OJTHO3HAYHOTO OMpejie-
JICHUsI TIOPSJIKAa BBITIOJIHEHHS ONepaliii CBsI3bIBA-
HUsL OyAyT TIPUMEHATHCA CKOOKH. B Tex wacTHBIX
CIy4asix, TJleé BBIONHIETCS aCCOIHMATUBHOCTB,
CKOOKH MOTYT OBITH OITYIIEHBI.
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Tab6numa 1
Table 1
Onepauus CrpyxTypnas DrexTpuyeckas cxema
cXeMa
a-b
a:b
axb

Mooenv ucnonnumens koncmpyuposanus. VH-
tepnperanus KIIC Ha OcHOBaHWM anropuTMHUYE-
CKOM CTPYKTYPHI 3aKJII0YAETCA B PACIIMPEHUU aK-

cuomatuku: VoeX 3amaerca (Al o), To ecth
olepanuy o MpPUCBaWBAaeTCS 3HAYCHUE aTpuOyTa
B Buge Al — atropurma HekoTOpoit 6a30Boii ai-
ropurmMuueckoit ctpykrypst C, [20], Takum obpa-

30M OIcpaliui H3 CUTHATYPbI 2 CBS3BIBAIOTCS

C AJITOPUTMAaMU BBITIOJIHCHUS

(Csr =M 2R, Zsr Azg), Ca=(Mp, 20, AQ)) (B
1 Cor =Mz, Z0r, A3, Z),

rie M,> U (X(A)UY(A’)) - mocurens an-
AV,

TOPUTMHUYECKONH CTPYKTYpBl, X, — MHOKECTBO

omnepanuii cs3biBanus anroputmoB (B [20] ompe-
JICTICHbI OTEpalii KOMIIO3HIHKA U YCIOBHOTO BbI-
HOJIHEHHs), A, — aKCHOMATHKa aJlTOPUTMUYECKON

CTPYKTYPbI (TI/IHI/I‘-IHaH AKCUOMAaTHKa IIPHUBCJACHA

B [20]), V, ={A° P;.} — MHOKECTBO 00pa3yroNMx

aNropuTMOB 0a30BOI ANTOPUTMUYECKON CTPYKTY-

pbl (MHOXECTBO JJIEMEHTapHBIX aITOPUTMOB, pea-

JN3YEMBIX HEKOTOPBIM HCIIOJIHUTETIEM),

VoM XY, MHOKECTBO  OINIPEAETICHUH
o 0 Y. _

u 3Hadennit anmroputma A [y, Az=AzxUA,,
Y, : \

Ay ={(Alx, 4®): VX Al eQ(Cy)}

=10,

Q(C,) — MHOXECTBO alIrOPUTMOB, KOHCTPYHpYe-

I KOJIMYECTBO oOllepauii B X,

end

MbIX B C, .

Ilpu wuHTepmpeTanuy BBINONHSETCS CBSA3bIBA-
HUE WHOOPMAITMOHHON MOJENH Crocoda MmocTpoe-
HMS KOHCTPYKIUI U MOZIENTN UCTIONTHUTEIIS.

TepMuHanbsl MOryT HHTEPIPETUPOBATHCS JBOSI-
k0. Ecin peamuzarnusa KIIC C,; — peanbHas 30Ha
pacnpeie/IeHnsl SHEPTUH PEKyIepaliu, TO TEPMU-
Halbl — 3JE€MEHThl CHCTEMBI 3JIEKTPOCHAOKEHUS
C HUX TEXHHYECKHMMHU XapaKTePUCTUKAMHU, a €CIH
peamusanus KIIC C,; — Mozenb 30HBI pacmpenie-
JEHHUS DPHEPTUM PEKyNepaluu, TO TEPMHUHAIIBI —
YCIOBHbIE 0003HAa4eHHs COOTBETCTBYIOLIMX 3lle-
MEHTOB CUCTEMBI.

Koukpemusayus KOHCMPYKMUBHO-NPOOYK-
yuonnou mooenu. KoHkpeTnsalnus KOHCTPYKTHUB-
HO-TIPOJYKIIMOHHOM  CTPYKTYPhl ~ 3aKJIIOYaeTcs
B PACHIUPEHUM AKCHOMATHKU MHO)KECTBOM KOH-
KPETHBIX TPaBUJI MPOJAYKIMH U 3a1aHUU KOHKpPET-
HBIX MHOXECTB TEPMHHAJIOB 1 HETEPMHHAJIOB!

Copri =Mz Z5r, A3, Z) k>
kP Czric =Mz, Zsr, As, Z)'

rae Ag =A; UA;.
Yactuynas akcmomatuka Ag COHEPXKHUT Clie-

JTyIOTITHE JTOTIOJTHEHHS.

Tepmunanel andasura T,: |, & — BHEmHAA
ES

cucTeMa JJIEKTpocHaOxkeHus ¢ aTpudyToM Ugg —
YPOBEHb BXOJHOTO HANpPsLKEHHUSI CUCTEMBI TATOBO-
ro 9IeKTpoCHadKeHus;  y 0 — noHmKarouui
TpaHcpopmaTrop ¢ arpubyramum 1 -
U.

in?

K.ILI.,
U, — BXOIHOE U BBIXOJHOE HANPSIKEHHUE,

nU,,U ‘C — BBIIPAMUTEIIL C COOTBETCTBYIOUNIUMHA
1IN = oul

atpuOyramu; , y 0 — HHBEpTOP; |\ y €

HAKOMUTECJIb  JJICKTPOIHECPIrun C anI/I6yTaMI/I .
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W’Wmax — HaKOIUICHHasd W MaKCHMaJlbHas 3JICK-

TpHAYECKasi €MKOCTb, f — Tarosas certb

npe.L,X,n
¢ arpubyTtamu: L — nomHa ydacTka; p — yAelnbHOE

CONPOTHUBIICHUE CETH, X — BEKTOP Pa3sMEPHOCTH
N; , | pl DIEKTPONOABUKHON COCTaB ¢ aTpuOyTa-

MH. V — PEXKHM IBIDKCHUs, | — mosjokeHune Ha
MEXIOJICTAHITMOHHOW 30HE; P — moTpebisie-

Mast/BbIIENSIEMAs MOILHOCTD), animUoutvUvnh — pery-

JSITOp HampspKeHws Beimpsimutents; U
pa3MepHOCTH N, KAKIBIH 3JIEMEHT KOToporo U; —

— BEKTOp

peryimpyemble YPOBHH BBIXOJHOTO HAIPsOKEHHS,
X — HMepeKIIIYaTeb.

Kpome yka3aHHBIX BbIIe aTpHOYTOB, BCE Tep-
MUHAJIBl UMEIOT HICHTUPHUIUPYIOMUH aTpulyT
id , KOTOpPBIil MO3BOJIICT OJHO3HAYHO OMPEICITHThH
KOHKpETHOe 00O0pYyJOBaHHE CHUCTEMBI JIIEKTPO-
CHaOXXeHUSL.

Herepmunanbueiit andasur N, cocTouT u3

Nl :{G’ (X"B181Y1
0,1} . HauanbHeIil HETEpMUHAT — G .

BCIIOMOI'aTCJIbHBIX J3JICMCHTOB

AxcuomaTtuka Ay COIEPXKHUT CIeNyolIye Ipa-
BHJIA IPOAYKIUH.

[lepBoe mpaBWIIO CONEPKUT OTHOIIEHHUE, CBS-
3pIBAIOIIEE YYACTOK TATOBOM CETH, ISl KOTOPOM
MPUHUMAETCS peIIeHre 00 ympaBlIeHUU dHEPTHEH
peKymnepanuu ¢ IByMs MUTAIOIUMU TOJICTAHIIUS-
MU

51=<G—)(X'B'(X>.

HpaBI/IJ'IO 52 IO3BOJIICT MOOIIOJIHHUTH MOACIb

crenyromuM (CocemHUM) Y4acTKoM (MTEpaTHBHO
HECKOJIbKUMH y4aCTKaMH):

S, :<oc—>ax(B-oc)>.

Crenyromiee TPaBWIIO TIO3BOJIIET MOJIETHPO-
BaTh ITyTE€BOE PAa3BETBIICHHUE C COOTBETCTBYIOIICH
TATOBOU CETHIO U IMOJCTAHIUSIMHU:

s3=<0c—>([3-a)><(B-a)>.

S, — BCIIOMOTAaTeNbHOE MPaBUJIO I 000pyHo-

BaHUs TATOBOH MOACTaHIK
Sy = <oc —>0x y> .

HpaBI/IHO 55 NpeaAHa3HAUYCHO AJid BKIIKOUYCHUSA
HAKOIMUTEJIA SHECPTHUU C MIEPCKIIIOYATCIIEM B MOICIIb

TATOBOM MOACTAHIMH, S; — albTEPHATUBA IIPABUITY
Sg : IOAICTaHIUS HAKOIIUTEJIEM HE 000pyI0BaHa!

55=<5—>n,w,w e-x>;

56=<8—)8>.

CuMmBOIT € — MmycTO, 0003HAYAET OTCYTCTBHE
COEIMHEHHSI Ha CTPYKTYPHOH M D3JIEKTPUYECKOU
CXeMax.

[IpaBuna S; u S MO3BOJSET BKIIOUUTH B CXe-

My TATOBOM MOACTAHUWHU TNHUTAaHUE OT BHEILIHEU
SHEPTOCUCTEMBI M MTOHIKAIOIINI TpaHC(hOpMaTOp:

S, =<’Y—)UEsa'aninxU b-(e:x)};

out

S = <y —>(O:1) -y a u, U, b> .

JlBa anbTepHATHBHBIX NpaBUJIA Sy U Sy, HO-
3BOJIIIOT BKIIOYHUTh B CTPYKTYPHYIO CXEMY BBI-
IPSIMUTEIIb C PETYJIATOPOM HANpshKEHUs (Sy) Win

0e3 nmocienHero (S, ):
Sg = <e - anianout C> ’

510 = <e _) TI!Uinruout C ’ aninvuou:v Uvn h> '

AnbTepHaTHBHbBIE NIpaBUiIa S;; U S;, MO3BOJS-

0T BKJIOYHTH B CTPYKTYPHYIO CXEMY HHBEPTOD
¢ nepekioyateneM ( S;;) wim 6e3 o6oux (S, ):
511:<7“_)n,u d-x>;

U

in"~out

512=<7\.—)8>.

HpaBI/IHO, IMO3BOJIAONIEE MOACIUPOBATH 3JICK-
TPONHUTAHUC MHOT'OITYTHBIX Y4aCTKOB

Si3 = <B —B: B>
¥ C BO3MOKHBIMHU [IEPEMBIYKAMH Ha y4acTKE
su=(B—>B-B).

IIpaBuio S;; MO3BOJSET 3aMEHUTh HETEPMUHAI
B Ha y4acTOK TATrOBOI CeTH, a S;g U S; — Ha y4a-

CTOK TATOBOM CETH C OJICKTPOIIOABMXHBIM COCTa-
BOM:

Si5 :<B_> n.p,L,%,n f>;
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Si6 =<B—> vpl oL f> !

Si7 :<B_) npL Xt .""’Pt>'

Peanusayus konkpemmou mooenu 30Hbl peKy-
nepayuu. B pesynpTare BBIBOJA HAa OCHOBAaHUH
HpPaBHJI TOICTAHOBKU C yYETOM aKCHOMATHKH CIIe-
nuanusuposanHoil KIIC C,; moxer ObITb peanu-
30BaHO OECKOHEYHOE KOJIMYECTBO MOJENEH 30H
peKymepanuy, BKIOYash MOJEIH BCEX CYIIECT-
BYIOIINX U TPOCKTUPYEMBIX.

[TpoaeMoHCTpUpYyeM BbIBOA Mojenn (B BHIC
CTPYKTYPHOW CXEMBI) OJHOW M3 TAKUX 30H PEKy-
HepaLuH.

B pesynbrare omnepanyu 4acTHYHOTO BBIBOJA
(ol=1,), ¢ BeIOOpPOM mpaBWiIa IOJACTAHOBKU S;
Oynmer cdopMupoBaHa CeHTEHIHUANbHas ¢dopma
l,=0-B-a, u coorBeTCTBYIOIIAs €l CTPYKTypHas
cXeM, IpeacTaBieHHas Ha puc. 1.

1 P

Puc. 1. CtpykTypHOE TIpeacTaBICHUE
CeHTEHUHANbHOM popMmbl ||

o a

Fig. 1. Structural representation
of sentential form |,

IMponomxkas noncranosky | [=1,, ¢ mpumene-

HUEM IIpaBUJia 52, IMOJIy4YuM CCHTCHIHAJIBHYIO

dopmy |, =a-B-(ax(B-a)) u cTpyKTypHYIO CXe-
MY, C 3aJI0)KCHHBIMH 3arOTOBKAaMH JBYX y4YacTKOB
TSFOBOM CETH M TPEeX TATOBBIX MOACTAHLIUMA

(puc. 2).

i : p

o

a

Puc. 2. CtpykTypHOE TIpe/icTaBIeHe
CeHTeHUMaNbHOI popmsl |,

Fig. 2. Structural representation
of sentential form 1,

IlpumeneHne mnpaBmia S; NPU INOJCTAHOBKE
ly=0-B-(ax(B-
(B-a)x(B-0))) u CTPYKTYpHYIO cXeMy, B KOTO-
POt 3aJI0’KeHO pa3BeTBIICHHUE MyTH (C KOHTAKTHOM

CETbI0), MHUTAEMOE OTAEIBHBIMH TATOBBIMH IOJ-
cranusamu (puc. 3).

|, = 1; mnosBomster mnomy4nTs

1 B 1 p

a

Puc. 3. CtpykTypHOE TIpe/icTaBIeHIe
CeHTeHUHaNbHOI opmsl |,

Fig. 3. Structural representation
of sentential form I,

Iponomxkas moacranosku (ly |[=1,) mo npasu-

Ty Sy, ly=(8x7)-B-(ax(B-(B-a)x
x(B-a))) M CTPYKTYpPHYIO CXeMy C OCHOBaMH

KOH(QUrypaluu 3JIeKTPoOOOpYIOBaHUS HA OIHOU
U3 TATOBBIX MoACTaHIuit (puc. 4).

8 [ P -
= [ gle =

Puc. 4. CtpykTypHOE IIpeacTaBIeHUE

MOITyIUM

CeHTeHUHANbHOI opmsl |,

Fig. 4. Structural representation
of sentential form 1,

JHansneiimas noacranoska |, |= | no npasmty

S5 l5 = ((e-x)xv)-B-
(oax(B-(B-a)x(B-a))) ¢ mobasieHmeM B CTPyK-
TYpHYIO CXeMy Ha pUC. 4 HAKOMUTENs 3JIEKTPO-
SHEPrUu Ha COOTBETCTBYIOLIEH TATOBOM MOJCTaH-
uu (puc. 5).

e |-~ | B
Ay

Puc. 5. CtpykTypHOE nIpeacTaBIeHUE

IIO3BOJIACT IMOJIYy4YUThb

CeHTeHUHaNbHOI (opmsl |g

Fig. 5. Structural representation
of sentential form I,

[lpumeHeHne mpaBwia S, MPH IIOJCTAHOBKE
l; = 1, mo3Bonster momyunts |y =((e-x)x(a-b)-

(0:1))-B-(ax(B-(B-a)x(B-a))).
cXema Ha puc. 5 jomosHeHa 000pyIOBaHUEM IS
nepefaur U30BITOYHOM DHEPTUH PEKYIIEPAIlH BO
BHEIITHIOK MUTAIOIIYI0 CETh OT COOTBETCTBYIOIIEH
TATOBOM TMojacTaHIuH (puc. 6).

CtpyKkTypHa

doi 10.15802/stp2016/84036

130

© B. U. lllunkapenko, O. 1. Cabnus, A. I1. VBanos, 2016



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

Hayxa ta nporpec Tpancnopty. Bicauk /{HinponeTpoBchKkoro

HALIOHAIBHOTO YHIBEPCUTETY 3ali3HHYHOro Tpancmnopry, 2016, Ne 5 (65)

IHOOPMALIMHO-KOMYHIKALIIHI TEXHOJIOT'Ti TA MATEMATUYHE MOJIEJIFOBAHHS

iy
0

Puc. 6. CtpykTypHOE TIpe/icTaBIeHe
ceHTeHUManbHON Gopms |y

Fig. 6. Structural representation
of sentential form 1

[MocnenoBarenpbHOE TNPUMEHEHHE MPAaBHI Sy,
U S, npu noxcraHoBkax lg |= |; [= |y mo3Bomstor
l; = ((e-x)x(a-b)-((c-h):(d-x)))-B-
(axB-B-a)x(B-a))). Mo cTpykTypHOIi cXxeme
(puc. 6) 3aBepiieHa KOMIUIEKTALHMs 000PYI0BaHHs
COOTBETCTBYIOIIEH  TOJACTAHIMU  HWHBEPTOPOM

U peryisTopoM HampsbkeHusa. CTpyKTypHas cxema
9TOH TATOBOM MOACTaHUUH MOJHOCTHIO CHOPMHUPO-

BaHa (puc. 7).
ik

Blng
Puc. 7. CtpykTypHOE TIpe/icTaBIeHHE

MOJIy4YUTh

CeHTeHUMaNbHON (popmbl g

Fig. 7. Structural representation
of sentential form I,

Crenmyromiasi  1MoCJieIOBaTeIbHOCTh OJICTAHO-
BOK lg|=ly|= ... |[= 1,3, ¢ npumenennem npasui
S4r g1 S74 Sy S11y Sy g Sgr Sgv S0 S4y Spr Sg
Sg, Sy mo3BomsgeT momyuuth |,y =((e-X)x
x(a-b)-((c-h):(d-x)))-B-((a-b-c)xp-(B-(c:
:(d-x)-b-a))x(B-c-b-a))). B pesymsrare omepa-
IIMH YaCTUYHOTO BBIBOJA HOJIHOCTBIO C(HOPMHPO-

BaHA CTPYKTypHas CX€Ma BCEX TATOBBIX MOJCTaH-
WA 30HBI TIOTPEOJICHUS DHEPTHH pPEKyIeparnu

(puc. 8).

3aKaHYUBACTCSI BBIBOJI T0/ICTAHOBKAMH
Lyl = ... =, ¢ npumenennmem mpaBui
Si30 130 Si55 Sy S175 Si5 Si50 Si50 Sy Sys HO-
aydass npu  9ToM |y =((e-x)x(a-b)-((c-h):
Sd-x))-(f(f-t-f))-((ab-c)x(f:f)-(t-f-
(c:(d-x)-b-a))x(f-c-b-a))) wu crpykTypHYyIO
cxeMmy Ha puc. 9.

Puc. 8. CtpykTypHOE IIpencTaBieHue
CeHTEHUHANBHOI opMmbl |,

Fig. 8. Structural representation
of sentential form I,

Puc. 9. CtpykTypHast cxema 30HbI HOTpEOIeHHS
3Hepruy pekynepauuu (KOHCTpYKuus |y, )

Fig. 9 Block diagram of consumption zone
of recovering energy (design l,)

CdopmupoBaHHas CTPYKTypHasl cXeMa ydacTKa
MOTPeOTICHHUST SHEPTUU PEKYIEpPalid MOJEIUPYET
CTPYKTYpYy 3aJeiCTBOBAaHHBIX TATOBBIX TIOZCTaH-
U U TOE3AHYI0 CUTYaLIUIO.

ATpuOyTHKa 3JIEMEHTOB CXEeMbl (DOPMHUPYETCS
YCTpOMCTBaMHU H3MEpEeHUs W mnepefadn uHdopma-
IIUU ¥ SKCIIEPTHBIMU 3aKIJIFOUCHHUSIMH.

Haquaﬂ HOBHU3HA U MPaKTHYECCKas
3HAYUMOCTDH

TIpeyioxeH HOBBIA MOAXOM K PEMICHUIO 3aJla4u
PaILMOHANBHOTO HUCIOJIB30BAHUS DHEPTUU PEKyTie-
panuy, KOTOpBIA 3aKI0YaeTCs B MPUMEHEHUH Me-
TOIOB U CPEACTB MCKYCCTBEHHBIX HEMPOHHBIX Ce-
TeW, SKCIEPTHHIX CUCTEM U HEUETKOM JIOTUKH U Ma-
TEMaTHUKO-aITOPUTMHUUECKOTO KOHCTPYKTUBU3MA.

B nmanHO# paboTe mpeacTaBiIeHB METOABI KOH-
CTPYKTHUBHO-TIPOTYKITMOHHOTO MOJEITUPOBAHMS
CTPYKTYPBI 30HBI pAaCIpeAeNieHUs] SHEPTUU PEKy-
Mepamuy B CUCTEME TSTU IOCTOSHHOT'O TOKa.

Brmonrena xorkpetusarus KIIC, kotopas mo-
3BOJISIET yYECTh BCE BOBMOXXHOCTH U OCOOCHHOCTH
COBPEMEHHOTO O0OpYIOBaHHUS CHUCTEM TSATOBOTO
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ANIEKTPOCHAOKEHUS, YIaCTKOB TATOBOI CETH U TO-
€37THON CHUTYAIlHH.

BriBoabI

OgHuM M3 OCHOBHBIX HAINpPABICHUN Pa3BUTHUSL
SKOHOMHUKH YKpauWHBI SIBISIETCS 3HEprocoepexe-
HHUE, YTO CBSI3aHO CO CJIIOKHOM CUTyalluil Ha PhIHKE
3HEPrOHOCUTEINEH.

3agaua parMoHAIBLHOTO (M JaXKe MPOCTO) WC-
MONTB30BAaHMUS DHEPTUU PEKyIepaluyd IO3BOJISIET
3HAYUTEIHFHO SKOHOMUTH SHEPTOPECYPCHI.

PazpaboTtanHblii METOA MOJECTHUPOBAHUS OCHO-
BaH Ha Bo3MoxkHOCTsAX KIIC B HOBOIl mpeameTHOM
obnactu. TepMHUHANBHBIN ajXpaBUT CEMaHTHYECKH
HAIOJIHEH 00pazaMy AJIEKTPOOOOPYAOBaHUS, TATO-
BOW CETH M MOTPEOUTENISIMHU 3IIEKTPOIHEPIHuu, 00-
JIAJAFOIIIMH COOTBETCTBYIOIICH aTpHOYTHKOM.

[IpuBeneHHbIN YacTHBIN ciydail (opMHUpPOBaHUS
CTPYKTYPHOH CXEMBI IEMOHCTPHPYET BO3MOKHOCTH
KIIC npumeHHUTENHHO K JAHHOM 3a1aue.

B pamkax BbIOpaHHOTO HampaBIICHUS HCCIIEAO-
BaHMI pa3pabaThIBAIOTCSI HEOOXOAWMBIE WHCTPY-
MEHTaJILHBIC TIPOTPAaMMHBIE CpeACTBa it (HhopMu-
pPOBaHUS CTPYKTYpPHBIX CXeM 30H NOTPeOJIeHUs
SHEPTHH PEKyIepanu, IOy9eHUS SKCIEPTHBIX
peIIeHui 10 ynpaBlIeHUIO u (POPMUPOBAHUIO HEW-
podazu ceTeit NPUHATHS PEIICHHH.
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KOHCTPYKTHUBHE MOJIEJTIOBAHHS 30HHU PO3IIOAITY EHEPTII
PEKYHEPAIII TATY NOCTIMHOTO CTPYMY

Merta. HaykoBa poboTa mpucBsiueHa po3poOmi MeTo/iB Ta 3aco0iB OpMyBaHHS MHOKHHH PEaJIbHUX 1 TOTEH-
LIHHUX CTPYKTYPHUX CXEM 30H peKymnepauii 3 pisHUMH NOI3HUMH CUTYallisIMU [UIs MOAANBIIOr0 HAaBYaHHS HEHpo-
HEUITKMX MEpEeX Ha OCHOBI €KCHEPTHUX pillleHb Ui (GOPMYBaHHS palioHANbHOTO ympaBiiHHsA. Metomuka. s
MOJICITIOBAHHS CTPYKTYPHOI CXEMHU CUCTEMH TATOBOTO €IEKTPOIIOCTaYaHHS, PEKHUMIB TATOBOTO €IEKTPOCIIOKUBAHHS
Ta MOT3HOI CUTYyAIlil y 30HI PO3MOALTY €Heprii pekymneparii 3aCToCoBaHa METOI0JIOTiSI MAaTEMaTHKO-aITOPUTMITHOTO
KOHCTpYKTHBI3My. JlaHuii miaxin mepeabadae po3poOKy KOHCTPYKTHBHO-Tpoaykiiiaux ctpykryp (KIIC) 3 mepe-
TBOPEHHSIMH cHemianizaliii, iHTeprnperatiii, koHkperu3anii Ta peamizaiii. Po3podka KIIC nependayae BuzHaueHHS
PO3LIMPIOBAHOTO HOCIsI, CUTHATYPH BIZIHOCHH 1 OMepalliii Ta KOHCTPYKTHUBHOI akcioMaTHku. HaliOinpin ckiaqHoto Ta
ICTOTHOIO YaCTHHOIO aKCIOMaTHKU € MHOXKHHA c(hOPMOBAHMX TPaBHJI MiJICTAHOBKH, [0 BU3HAYAIOTh TPOLEC BUBE-
JICHHS BIIIOBIIHUX KOHCTPYKLiH. Pe3ynbTaTn. Po3pobieHo crenianizoBany i konkpernzobany KIIC, sika no3Bossie
BpaxyBaTu BCi MOKJIMBOCTI Ta OCOOJIMBOCTI Cy4acHOTO 0OJIaJHaHHS CUCTEM TSATOBOT'O €JIEKTPOIIOCTA4YaHHs, AIISTHOK
TATOBOT Mepexi i Moi3HOi cuTyarii. Ii 0cOGNMMBICTB: ceMaHTHUHe HAMOBHEHHs TEPMiHATLHOTO andapiTy o6pasamu
eJIEKTpOOOITaHAHHS, TATOBOI MEPEXi Ta CHOXXMBAUIB €JIEKTPOSHEPTil, M0 BOJIOJIIOTH BiAMOBIAHOIO aTPHOYTHKOIO.
HaBenennit okpemnii Bunazok (GopmyBaHHSI CTPYKTYpHOI cxemu JeMoHcTpye MoxumBocTi KIIC crocoBHO maHOi
3amadi. HaykoBa HOBH3HA. ABTOpaMH 3aIpOIIOHOBAHO HOBHH IIJXiNl IO BHpIMICHHS 3a[adi PalliOHATBHOTO BHKO-
pHUCTaHHS €Heprii peKyreparii, AKAi MoJsrae B 3aCTOCYBaHHI METOJIB Ta 3aCO0IB IITyYHUX HEHPOHHUX MEPEXK, K-
CHEPTHHUX CHCTEM HEYiTKOI JIOTiKU i MaTeMaTHKO-aITOPUTMIYHOTO KOHCTPYKTHBI3MY. Y HaHill poOOTi mpeacTaBieHi
METOJIU KOHCTPYKTUBHO-TIPOAYKIIHHOTO MOJIETIOBAHHS CTPYKTYPH 30HH PO3MOJIUTY eHepril pekymnepalii y cucremi
TATU nocTiiiHoro crpymy. IlpakTnyHa 3HaunmicTe. PinieHHs 3apavi parioHaJIbHOTO BUKOPUCTAHHS CHEPTii peKy-
neparii 103BoJIsI€ 3HAYHO EKOHOMUTH €HEePropecypcH, CIPHATH TEXHIYHOMY HEpPEOCHAILCHHIO 3a1i3HUYHOTO TPaHC-
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nopTy YKpaiHW NIUISIXOM BIPOBAKEHHS CyYacHHUX 3ac00iB i MOXKIMBOCTEH. Po3pobieHi Moaeni MOXyTh 3aCTOCOBY-
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CONSTRUCTIVE MODELLING FOR ZONE OF RECOVERY ENERGY
DISTRIBUTION OF DC TRACTION

Purpose. The article is aimed to develop the means and methods of forming a plurality of real and potential
structural diagrams for zones of energy recovery and different locations of trains for further training neuro-fuzzy
networks on the basis of expert solutions and also for the formation of good control. Methodology. Methodology of
mathematical and algorithmic constructivism for modeling the structural diagrams of the electric supply system and
modes of traction power consumption and the train’s locations in zones of energy recovery was applied. This ap-
proach involves the development of constructive-synthesizing structures (CSS) with transformation by specializa-
tion, interpretation, specification and implementation. Development CSS provides an extensible definition media,
relations and the signature of operations and constructive axiomatic. The most complex and essential part of the
axioms is the set formed by the substitution rules defining the process of withdrawal of the corresponding structures.
Findings. A specialized and specified CSS, which allows considering all the possibilities and features, that supply
power traction systems with modern equipment, stations and trains location was designed. Its feature: the semantic
content of the terminal alphabet images of electrical traction network and power consumers with relevant attributes.
A special case of the formation of the structural diagram shows the possibilities CSS in relation to this problem.
Originality. A new approach to solving the problem of rational use of energy recovery, which consists in applica-
tion of the methods and means of artificial neural networks, expert systems, fuzzy logic and mathematical and algo-
rithmic constructivism. This paper presents the methods of constructive simulation of a production-distribution of
energy recovery zone structure in the system of the DC traction. Practical value. The tasks decision of the rational
use of energy recovery can significantly save energy, contribute to the technical re-equipment of a railway transpor-
tation of Ukraine through the introduction of modern means and capabilities. The developed model can be used to
solve other energy-saving tasks in different systems of electric transport.

Keywords: energy recovery; energy conservation; constructive-synthesizing structures; structural diagrams;
model; traction substation
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YMOBU 3ABE3IIEYEHHA AKOCTI
BIIHOBJIEHUX HAIIJIABJIEHHAM 3AJIIBHUYHUX KOJIIC

Merta. B po6oti nepenbayaeTbcsi BCTAHOBUTH 3aKOHOMIPHOCTI (OpMYBaHHSI CTPYKTYpH 1 (Pi3MKO-MEXaHIYHUX
BJIACTMBOCTEH KOJIICHUX CTaJled IpH JyroBOMY HallIaBJIEHHI Ta pO3pOOMTH TEXHOJIOTIYHI peKoMeHAawii o0 Bia-
HOBJICHHS IIOBEPXOHB 3HOCY 3aJi3HUYHUX KoJic. BoHU 3a0e3neuars miIBUIICHHS HAAIHHOCTI Ta OE3MEKH pyXy Tpa-
HCIIOPTY B YMOBAaX 3pOCTAalOYMX CKCIUTyaTalliiHUX HaBaHTaxeHb. MeToauka. [yl NOCATHEHHS MOCTaBJICHOI METH
JoCTipKeHo: 1) BIUIMB eKCIUTyaTalifHuX HaBaHTaXKEHb Ha CTPYKTYPHI 3MIHHM Ta BJIACTHBOCTI MeTaly Koleca;
2) BILIMB JyrOBOTrO HAIUIABJICHHS HA CTPYKTYPHO-(ha30BHUil CKJIaJ Ta BIACTHBOCTI METaIy 30HH TEPMIUHOTO BILIUBY,
HOro OmipHIiCTh KPUXKOMY i YIIOBIIBHEHOMY pyiHYBaHHSAM; 3) BIUIMB HAIUTABICHOTO METany Ha (pOpMyBaHHS Ha-
NPY’KEHOTO CTaHy HAaIUIaBJIEHb Ta 1X OMIPHICTH YTBOPEHHIO TPIlIWH; 4) 3HOCOCTIHKICTh BiJIHOBJIECHOTO METANy TPH
TepTI-KOB3aHHI MapH «Koyieco-peiika». PesyabraTn. HallOinb HanpyKeHO TUISHKOI MPO(MLII0 KOUSHHS 3ali3-
HUYHUX KOJIIC BAaHTAXXHUX BArOHIB MPH EKCIUTyaTallil € MiCIle MepeXxoay BijJ MOBEPXHI KOUCHHS 10 rpedeHs. Tomy
MU BIJHOBJICHHI HAIUTABJICHHSM KOJIIC HEOOXiJHO, mepIr 3a Bce, 3a0e3MeUUTH MMiJBHILIEHY OIMIPHICTH KPUXKOMY
pyHHYBaHHIO MeTaly B Wil 30Hi. i1 YHUKHEHHS MMOSIBU XOJIOJHHX TPIIIMH MPU HAIIaBJICHHI HEOOXiTHO 0OMEXy-
BaTH IIBHKICTH OXOJIO/DKCHHS B 30HI TepMmiuHoro BmuuBy 10 16,0 °Clc (B inTeppani 600...500 °C) npu BMmicTi ByT-
aemro C < 0,60 % Ta 10 8,0 °C/c npu C = 0,60...0,65 %. [Ipu npoMy, HOPiBHSIHO BHCOKA OMIPHICTH KPUXKOMY Pyid-
HyBaHHI 3a0e31edyeThes, Ko Oyie copMoBaHa CTPYKTYpa, sika He MICTUTh BEepXHill OCHHIT, a 4aCTKa MapTEHCHUTY
He TIEPEBHIIYE KUTBKOCTI HIDKHBOTO Oeiimity (cmiBBimHomenns M/bu < 1). Burpumka koseca Ha npotszi 3,5-4,5
roquH nipu Temrepatypi 100 °C micist HamIaBIeHHS B MPOIeci HOro YIMOBUTEHEHOTO OXOJIOMKCHHS CIIPHSIE TIiIBU-
IICHHIO OMIPHOCTI KPUXKOMY PYHHYBAaHHIO METaly 30HH TepMiuHOro BrumBy B 1,8-2,3 pa3u. HaykoBa HoBH3HA.
ABTOPOM PO3BHHYTO YSIBJICHHSI I[0JI0 CTPYKTYPHO-(a30BUX 3MiH, sIKi BiIOYBaOTHCS B METalli 3aJIi3HUYHOTO KoJieca
NpY IyrOBOMY HarulaBjieHHI. BcTaHOBIGHUI B3a€MO3B’sI30K MK BMICTOM BYIJICLIO B CTalli, IIBUIKICTIO i 0XO0JIO-
JUKEHHsI TIPH HAIUIABJICHHI, OIIPHICTIO YTBOPEHHIO TPILIMH 1 KPUXKOMY pyiHyBaHHIO. BcTaHOBIIEHO BIUIMB yMOB
OXOJIO/KCHHS! KOJIECa I1iCIsl HAIUIaBIICHHs! Ha BIacTHBOCTI MeTaiy. [pakriuna 3HaunMicTsb. Po3polieHi TexHomo-
riuHi peKoMeH/allil 11010 BiZHOBJICHHS HAIUIABIEHHAM 3ali3HMYHMX KOJIiC BAHTAXKHHX BArOHIB. IX 3aCTOCYBaHHS
3a0e3MeunTh MiJIBUIIEHHS SKOCTI BiJJHOBJICHHS HAIUIABJICHHSM 3aJli3HMYHMX KOJIIC, HAJiHICTh Ta Oe3meKy pyxy
TPaHCIIOPTY B yMOBAX 3POCTAIOUMX EKCILTyaTal[ifHUX HABaHTaXXEHb.

Kniouosi cnosa: 3aiizHUYHE KOJIECO; JyrOBE HAIUIABICHHS,; 30Ha TEPMIYHOTO BIUIMBY; CTPYKTYpPa; XOJOAHI Tpi-
IIMHY; KPUXKE PYHHYBaHHS; HaIUTaBICHUI MeTall, 3HOCOCTIHKICTh; TEXHOJIOTIUHI peKoMeHarlil

Beryn JIHHICTB pHU eKCIUTyaTalii. PiBeHb HaBaHTaXEHHS Ha
BICh KOJIICHOI TTapy BaHTQKHUX BaroHiB IPH €KCILTya-
Tawil Ha 3aIi3HUYHUX KOJIISIX CTAHOBUTH 110 23,5 T.

3 METOIO IMiIBUIICHHS eKCIUTyaTaliiHoi MiIHO-
CTi 1 3MEHIIIEHHS 3HOCY 3aTi3HUYHUX KOJIC ChOTO-

JL1s BUTOTOBJIEHHS KOJIiC BAHTAXKHHUX BaroHIB ChO-
romHi B YKpaiHi BUKOPHCTOBYETHCS KOJICHA CTallb
MapK# 2, BMicT Byryieiro B sikiit ckiamae 0,55-0,65 %.
Koneca 3 Takoi crajgi MarOTh JIOCTaTHBO BHUCOKY Ha-
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IHI B YKpaiHi po3riIagaroThesl ACKUTbKa HaMpsMiB
CTBOpEHHSI HOBHMX KouyicHHX craneil. Ilo-mepme,
MPOTIOHYETHCA ~ 30LUIBIIEHHS BMICTY  BYTJIEIIO
B ctam a0 0,75 %, sk i Ipu BUTOTOBIICHHI KOJIIC
B €C, CIHA Ta Snonii. Ile HalOinpm npocTuit
IUISIX, SIKMH He moTpeOye AOAAaTKOBHX BHTpPAT Ta
3MIHH TEXHOJIOTIYHOTO TMPOIECY BHUTOTOBIICHHS
3TI3HUYHUX Koutic. Jlpyruil HampsiMOK, MiKpoJie-
TyBaHHsI iICHYIOYOI KOJIICHOI cTaii Kap0o- i HiTpi-
JOYTBOPIOIOYMMH €JIEMEHTaMH, 32 PaxyHOK 4YOTO
MOYKIIMBO 3a0€3MeUNTH AUCTIEPTYBAaHHS CTPYKTYpH
Mmetainy. Lle Oyzae cnpusTy 3pOCTaHHIO MIIACTUYHUX
BIIACTHBOCTEH MeTaly Kojeca Mmpu OiIbIIoMy piBHI
tioro minmocri [1, 3].

[TigBMIIUTH MIIHICTh BUPOOIB Ta 3HU3UTH Bi-
POTiAHICTh YTBOpEHHs Ne(eKTiB Ha MOBEPXHI KO-
YEeHHS 3ali3HUYHMX KOJIC MOXXJIMBO TAaKOX 3a pa-
XYHOK OTpUMaHHSI OCWHITHOI CTPYKTypH METaly.
Le Tperiii Hanpsimok. [Ipu pomMy 3a0e3medyoThCs
BUCOKI TIOKAQ3HUKH MEXaHIYHMX BIACTUBOCTEH
1 OMIPHOCTI KPUXKOMY PYHHYBAHHIO METaIy IIpH
301IBIIEHH] 3HOCOCTIMKOCTI 3aJi3HHYHUX KOJIIC.
Ane mpH iCHYIOYOMY BMICTi BYTJICHIO B KOJIiCHIN
cTayli Mapkd 2 OTpUMaHHS OCHHITHOI CTPYKTypH
MeTaxy MOoTpedye 3MiHM TEXHOJIOTIYHOTO TMPOIECY
NpY BUTOTOBJICHHI 3aJli3HUYHUX KOJic. 3a KopAo-
HOM PpO3IVIAJA€THCS TaKOX MOMJIUBICTH 3aCTOCY-
BaHHS KOJIIC, BUTOTOBJICHUX 31 CTajl MPHU 3HIKE-
Homy BMicTi Byriemio (C < 0,30 %). ®opmyBaHHs
OCHHITHOT CTPYKTYpH MeTally Kojeca B LIbOMY BU-
HajZKy IOCSTAEeTbCs MPU TOJATKOBOMY JIETYBaHHI
CTaJli HIKEJIeM, XpPOMOM, MOJIOIECHOM Ta IHIIUMHU
enementamu (pasom 10 8,0 %) [14, 18].

Bci mampsmu po3poOKH HOBHUX KOJICHUX CTa-
Jel ChOTOJHI aKTUBHO BIiANPAlLOBYIOTHCS. AJie
NpU CTBOPEHHI HOBUX 3ai3HMYHHMX KOJIC IiJBH-
IIeHOT MIIHOCTI HEOOXiMHO TakoX mependavary,
Yi MOXJIMBO OyJie X BIJHOBJIIOBATH IICISA 3HOCY B
YMOBaX BITYM3HSHOTO BUPOOHHIITBA.

B mpomeci ekcmryararii Kojeca 3HOUTYIOTHCS
3a podinem koueHHs. Yepes ocobauBoOCTI podoTH
Hapyu TepTsI-KOUEHHsI KKOJIECO-peiika» OUIbII BChO-
ro CXWJIbHA JI0 3HOCY poboua MOBepXHsl TpeOeHs
kojeca. Lleit 3HOC MOB’s3aHMI 3 MEXaHIYHUM TEp-
TAM KOHTAaKTylO4oro MeTaiay. Bemmuumna 3HOCY
3aJeXHUTh Bif Oararbox (HakTOpiB, OB’ SI3aHUX
3 YMOBaMH{ HAaBaHTAXXCHHS KOJICHUX Tap MpH eKc-
IUTyaTanii, CTaHOM KOHTAKTYIOUHMX IIOBEPXOHb
1 TEOMETPUYHUX MapaMeTpiB mpodiiaro Kojeca Ta
peiiky, CIiBBiIHONIEHHS iX TBepaocTi Ta iH. Ha

MOBEPXHI KOYCHHS KOJIIC BHHUKAIOTh TaKOXK Jaede-
KTH, sIKi MarOTh Ha3By «BuliepOuHm». Li nedextu
MalTh TEPMOMEXaHIYHUN XapakTep, SKi YTBOPIO-
I0THCS TIPY TIPOKOB3YBaHHI KOJIC IO perkax 3 ¢o-
PMYBaHHSIM TapTiBHHX CTPYKTYP B IPUIIOBEPXHE-
BOMY Imapi MeTany, IO B TOAANBIIOMY IPHU3BO-
JUTh 10 #oro Bimmapysauus [2, 4, 6, 9, 13]. Tlpu
301IbIIEHH] BMICTy BYIJIEIIO B KONICHill cTaii Bi-
POTiIHICTh YTBOPEHHS «BUIIEPOUH» Pi3KO 3POCTAE.

3acTocyBaHHS TEXHOJIOTii HAIUIaBIEHHS IPH
BITHOBJIEHHI KOJIIC €KOHOMIYHO BUTrigHO. BimgHOB-
JICHHS! HAIJIaBJICHHSM J03BOJISIE 3MEHIINTH BiIXO-
I Metany 00ojia ipy HOro MeXaHIYHOMY 00TOYY-
BaHHI 3a mpodisieM KOYeHHs, a TaKOX IIiABUIIUTH
3HOCOCTIHKICTh KOJeca 3a PaxyHOK HaIlIaBIICHHS
MeTajly 3 Hamepel 3aJaHiMHU BIacTUBOCTSAMHU. J{is
BOTO 3aCTOCOBYIOTBCSI CIIOCOOH JTyTOBOTO HAILIa-
BIICHHS TiA TmapoM QUIFOCY APOTaMH CYIIILHOTO
MEPETHHY, a TAKOX CHellialibHe 3BaploBajbHE 1 J0-
MOMDKHE YCTaTKyBaHHS. TeXHOJOTii BiZHOBIICHHS
HaIUIaBJICHHSM KOJIiC, IO 3apa3 3acTOCOBYIOTHCS,
HE 3aBXIM BPaXOBYIOTh BCl YMHHWKH, SIKi BILINBA-
I0Th Ha HAAIWHICTh BITHOBJIEHHWX BHPOOiB. B pe-
3yNbTaTi, B JACAKHX BUIAJIKaxX, NMPU HaIUIaBJICHHI
YTBOPIOIOTHCS TpiluHMA. 1le 3HAYHO miABHUIIYE pU-
3WK BUHHWKHEHHS aBapiiiHMX CHTyalliii B yMOBax
eKCIuTyaTalii i MoXe MPHU3BECTH A0 CYTTEBUX IIO-
HIKOKEHb 3a1I3HHYHOTO TPAHCIOPTY.

3BaproBaHiCTh BUCOKOMIITHMX BYTJICIIEBHX CTa-
JIEH, HO SIKUX BIJHOCSTH 1 KOJIICHI CTalll, 10 ChOrO-
JTHI TIPaKTUYHO HE JOCIIKYBaJlach, PO IO CBij-
YUTh BIACYTHICTH iH(poOpMamii B cremiani3oBaHii
miteparypi. byno mpwuitHITO Te3y, MmO BUPOOH
3 OUX CTallell He MOXIIMBO 3BaplOBaTH B 3BUYAii-
HUX YMOBax BHUPOOHHMITBa 0e3 YHUKHEHHS B HHUX
TpiliMH. BUHATKOM € TIJIbKH TEXHOJIOTIl BiTHOB-
JICHHS HAIUTaBIICHHSM BHpPOOIB, sKi Oyiau po3poo-
JIeHi 3a pe3yibTaTaMi OOMEXKEHUX eKCIIEPUMEHTIB.
Tomy po3poOka HayKoBO OOIPYHTOBaHHUX TEXHO-
JIOTif HAIUIaBJIeHHS 3aTi3HUYHUX KOIlic, AKi 06 Oa-
3yBaJMCsl Ha pe3yNbTaTax TIIMOOKHX IOCIiKEeHb
BIUIMBY AYTOBOTO 3BaplOBaHHA HA CTPYKTYpHI 3Mi-
HU Ta BJIACTUBOCTI METAJIy 30HH TEPMIUYHOTO BILIU-
By (3TB) KoOIiCHMX cTaleil 3ajJeXHO Bil BMICTY
B HHX BYTJIEIIO, HA OCOOJIIMBOCTI OIIPHOCTI HaIUIa-
BJICHh YIOBUILHEHOMY 1 KPUXKOMY pPYHHYBaHHSIM
NP CTAaTUYHUX Ta UUKIIYHHX HaBaHTKCHHSX,
€ aKTyaJbHUM 3aBIaHHAM. lle J03BOJHTH CyTTEBO
MiABUINUTH Oe3MeKy pyXy Ha 3alli3HUYHOMY TpPaH-
CHOPTI B yMOBaX 3pOCTAl0UMX EKCIUTyaTalliifHuX
HaBaHTaKEHb.

doi 10.15802/stp2016/84078

© O. A. TaiiBopoHchkuii, 2016

137



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

Hayxa ta nporpec Tpancnopty. Bicauk /{HinponeTpoBchKkoro

HALIOHAIBHOTO YHIBEPCUTETY 3ali3HHYHOro Tpancmnopry, 2016, Ne 5 (65)

MATEPIAJIO3HABCTBO

Cmig TakoK 3a3HAYUTH, 1[0 BIJHOBIICHHS Ha-
TUTABJICHHSM ChOTOJHI JIO3BOJICHO Taly3€BUMH HO-
PMaTUBHUMHU JTOKYMEHTAMH Ta 3aCTOCOBYETHCS IPHU
pEMOHTaX 3aII3HUYHUX KOJIC BaHTR)XKHUX BaroHiB
MaricTpaibHOTO TPaHCIOPTY, KoOjdic Ta OaHIaxiB
TPAHCIIOPTY TIPHUYO-30aradyBaJbHUX Ta METAITyp-
TMHUX TIOPUEMCTB, KPaHOBHX KOJIC, OaHIaXiB
TpaMBaliHHUX KOJiC MiCBKOTO TPAHCIIOPTY .

Meta

Mertoro pobotu OyJI0 BCTAHOBJICHHS OCHOBHUX
3aKOHOMipHOCTEH y popmyBaHHI cTpyKTypH 1 ¢i-
3MKO-MEXaHIYHUX BJIACTHBOCTEH KOJIICHHX CTaJeH
NpY AyrOBOMY HAIUIABJICHHI Ta PO3pPOOJICHHS TeX-
HOJIOTIYHHX PEKOMEHAAIIN IMOJ0 BiTHOBIICHHS
MMOBEPXOHB 3HOCY 3aII3HMYHUX KOJIC, SKi 3a0e3rre-
YaTh MiABHIIEHHS HAJIHHOCTI Ta OE3MEeKH pyxy
TPAHCIOPTY B YMOBAX 3pOCTAIOUMX EKCILTyaTalliii-
HHUX HaBaHTAXXEHb.

MeTtoaunka

st HocATHEHHS MOCTaBIEHOI METU TPH BHUKO-
HaHHI POOOTH JOCHIKEHO BIUIMB CKCILTyaTallili-
HUX HaBaHTaXeHb Ha CTPYKTYPHI 3MiHH 1 BIacCTH-
BOCTI MeTally KoJjeca, BIUIMB AYrOBOT'O HaIlIaB-
JICHHSI Ha CTPYKTYPHO-(a30BHiA CKJIaJ 1 BIACTHUBO-
cti merany 3TB, #oro omipHICTE KpUXKOMY
1 YIIOBiTBHEHOMY pYIHYBaHHSM, BIUIMB HaIlJIaBlie-
HOT'O MeTaly Ha (JOpMyBaHHS HANPY>KEHOTO CTaHy
HaIJIaBJIeHb Ta iX OMIPHICTH YTBOPEHHIO TPIIIUH,
JTOCITI/IKEHO 3HOCOCTIMKICTh BiJHOBIIEHOTO METAITy
TIPH TEPTi-KOB3aHHI Mapu KKOJIECO-peiika.

KiHeTuky CTpyKTypHUX MEpeTBOpPEHb B MeTali
3TB gocnimkyBaar METOAOM iMiTallii Tepmozaedo-
pMaIlifHOTO UKy IyrOBOTO HaIUIaBieHHS. [l
[FOTO BUKOPHCTOBYBAJIM CyYacHHH JOCIIITHUH
kommieke «Gleeble-3800», ocHamenuit TepmocTa-
TOM 1 BUCOKOIIBHIKICHUM nuiatromeTpom [7]. Tlpu
TOCITIDKEHHSAX CTPYKTYPHHUX 3MiH B METalli 3aCTO-
COBYBaJIM TPAAMIIHI METOIW ONTHYHOI, pacTpo-
BOI 1 €JeKTPOHHOI Mikpockomii. [l oiHKK Mil-
HOCTi, B’S3KOCTI pyWHYBaHHS Ta pPiBHIB BHYTpi-
IIHIX HampyXeHb B CTPYKTypi merany 3TB Buko-
PHUCTOBYBAIIU HOBITHIH PO3paxyHKOBO-aHa-
JMITHYHUNA MeToJ OIiHKH, po3pobinenuit B IE3 im.
€. O. ITarona HAHY [17]. Lleit meTox ominku Ga-
3Y€ThCSI Ha BUKOPHCTaHHI MapaMeTpiB CTPYKTypH
Ta CyOCTPYKTYpH, BU3HAUYEHHX METOJAMH pacTpo-
BOT 1 €NEKTPOHHOI MIKpOCKOIIi, MPHU PO3paxyHKax
BJIACTUBOCTEN MeTay.

OnipHICTh YTBOPEHHIO XOJIOJHHUX TPIIIMH BU-
3HAYaJ M MpU BUNPOOYBaHHIX 3pa3KiB 3 OAHOILA-
POBHMH HaIUIaBICHHAMH 32 MeToJoM IMrutant [8].
Ormipricts Metanmy 3TB kpuxkomy pyHHYBaHHIO
OIIIHIOBAI TIPH TPHOXTOYKOBOMY BHTHHI MOJIEITb-
HUX 3pa3KiB 3 BAKOPUCTAHHSAM KPUTEPiiB MEXaHIKH
pyiinyBauss [11]. TTomepeaHpo MOIENbHI 3pasKu
Oynu TepMOOOPOOIIeHI M0 3aaHoMy TepMmoiedop-
MaliifHOTO0 LUKy  JYTOBOTO  HAIUIABJICHHS,
1 B IEHTpaNbHIN YacTWHI sSKUX Oyja BHUpOIIEHA
Tpill[MHA BTOMH TIHOMHOIO 3 MM. TpiluHOCTIH-
KIiCTh OLIIHIOBAJIM NIPH TPUTOUKOBOMY BHTHHI Ta IIPH
UKJTIYHOMY HaBaHTa)KE€HHI 3pa3KiB 0araTomapoBUX
3BapHUX 3’€MHaHb TOBIMHOK 20 MM Ha cremiai-
30BaHOMY JIOCHIZHOMY oOOnagHaHHi (yCTaHOBKa
Opignsaaa ta YMII-1 Bianosiguo). Omip 3HOCY
OIIIHIOBAJIM TIPY TEPTi-KOB3aHHI MOJEIEHUX 3pa3KiB
3 0araTolIapoBUM HAIUIABICHHSAM HA JIOCIHITHOMY
obnannanni [E3 im.€.0. [Tatona HAHY [12].

Sk 00’€xT HOCHIMKEHh BUKOPHUCTOBYBAIH KO-
micay cranpe mapku 2 (KC2), a Takoxk IS BH3Ha-
YeHHS BIUTUBY BMICTY BYTJIELIO B CTaJli — KOHCTPY-
KIiiiHy cTaimb 651" Ta peiikoBy crame M76 Takoro
cxiany (mac. %):

— KC2: 0,58 C; 0,44 Si; 0,77 Mn; 0,10 Ni; 0,05
Cr; 0,012 S; 0,011 P;

— 65I': 0,65 C; 0,19 Si; 0,91 Mn; 0,18 Ni; 0,16
Cr; 0,017 S; 0,010 P;

— M76: 0,74 C; 0,30 Si; 0,80 Mn; 0,10 Ni; 0,15
Cr; 0,012 S; 0,011 P.

Pe3yabTarn

Ha nepiiomy eram po0OOTH METOJaMHU OINTHY-
HOI, pacTpoBOi 1 €IeKTPOHHOI MiKpOCKomii, a Ta-
KOXK PO3paxyHKOBO-aHAITHYHIUM METOJIOM BH3Ha-
YEHO JUISHKY NpO(UI0 KOUEHHS 3aJi3HUYHOTO
KoJieca, fKa 3a3Ha€ HAHOLIBLIMX 3MiH CTPYKTYpH
MeTany MijJ Ai€0 TPUBAIHMX EKCIUTyaTallifHuX Ha-
BaHTa)XCHb. BCTAHOBIIEHO, IO 1€ € 30HA TEPEXOaY
BiJl MOBEepXHi KoueHHs 70 Tpebens koneca (3K,
puc.1, a).

Jtst i€l minsHKE XapakTepHE ITiIBUINCHHS Mi-
ITHOCTI MPUIIOBEpXHEBOro Iapy merany B 1,5-1,8
pasy (Biz 950 mo 1 400-1 700 MIla) npu dhopmy-
BaHHI MPOTSDKHUX CMYTOBHX CTPYKTYP HIMPHHOKO
no 30—70 MKM, HasBHICTh pPO3KaTaHUX HEMeTae-
BUX BKpAIUICHb JOBXHHOK J0 160 MKM i CiTKH
TpimwH goBxuHO0 10 350 MM (puc. 1, 6). Bera-
HOBJICHO, IO IIUTBHICTh TUCIOKAIN B CTPYKTYpi
MeTalmy mimBHuIyeThcss g0 p ~ 2...4x10%em?,

doi 10.15802/stp2016/84078

138

© O. A. TaiiBopoHchkuii, 2016



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

Hayxa ta nporpec Tpancnopty. Bicauk /{HinponeTpoBchKkoro

HALIOHAIBHOTO YHIBEPCUTETY 3ali3HHYHOro Tpancmnopry, 2016, Ne 5 (65)

MATEPIAJIO3HABCTBO

a KPUTUYHUH Koe(illieHT IHTEHCUBHOCTI HaIpy-
xeHb Kjc, BU3HaYeHUH pPO3paxyHKOBHUM METOAOM

3a apameTpaMu CTPYKTYPH, 3HHXKYEThCSA B CEpel-
upoMy Ha 50 % (3 30 o 15 MIla-m™?).

a—a

1K
3K

2K
1K

Puc. 1. YMoBHa cxema (a) mpodisro KoueHHs
3aUTiI3HUYHOTO KOJIeca Ta CTPYKTypa MeTary
(6,%500) B mpuMmoBepXHEBOMY IAPi MPU
SKCILTyaTAl[IHHIX HABaHTAXKCHHSIX

Fig. 1. Conventional diagram (a) of railway
wheel rolling profile and metal structure
(b, x 500) in the surface layer
at operational loads

OTpumaHi pe3ynbTaTH AOCTIIKEHD IO3BOJIMIH
3pOOWTH BHCHOBOK, IO TIEpei] HAIUIABJICHHIM
HEOOXiZHO MeTall MOBEPXHI KOYCHHS, MPUIICTIIUH
o TpeOeHs, MeXaHIYHO BHJAIATH Ha TIIMOWHY
He MeHie Hix 1,0 MM. A npH BiHOBJICHHI METaTy
KOJIiC HEeoOXimHO 3a0e3MeynTd MiABUIIEHY OMip-
HICTh KPUXKOMY PYHHYBaHHIO HAIUIaBJIEHb 0COO-
JIUBO B i 30Hi. [le Moxke OyTH peanizoBaHO JIAIIE
32 YMOBHU 3aCTOCYBaHHS KOHTPOJHOBAHOTO TEpMi-
yHOro HMKiIy. [Ipu npoMy HamaBieHHS HEOOXiTHO
MMOYMHATH 3-TMia TpeOeHs Kojieca MpPH TOPHU30HTA-
JHLHOMY TIOJIO’KEHHI KOJIICHOT TTapH.

[pu imitamii TepmomedopMaLifHOTO HUKITY
narasneHs (xommaeke «Gleeble 3800») mome-

JIbHI 3pa3ku HarpiBaiu 1o temnepatypu 1 250 °C
3i mBuaKicTio 25 °C/c (XapakTepHo Ui yMOB 3BH-
YaiiHo1 TepMmiuHOi 00pobku) ta 210°C/c (ymoBu
JyroBOro HaruiaBjieHHs). Yac mepeOyBaHHs MeTa-
Jqy TpH TeMIeparypax BHIIE Acs, 3aleXHO Bif
YMOB HarpiBy i IIBHJKOCTiI OXOJIOJKEHHS, CTaHO-
BuB t; = 23-66 ¢ Ta t; = 7-10 ¢ BignosixHo. IIBU-
JIKICTh OXosiokeHHst 3paskiB Wes (B miamazomni
temmeparyp 600-500 °C) 3miHroBamacst B Mexax
2,5-64 °C/c. BUKOPHUCTOBYBAIM TaKOXK MOMKIIH-
BICTh JIOCIHIHOTO YCTaTKyBaHHS OXOJIO/KYBaTH
3pa3ku IpH MOCTIHHOMY 3HMKEHHI TeMIeparypw,
IMITYIOUM peaibHI YMOBHU IMPH JYTOBOMY HAaIlIaB-
JeHHI. 3a pe3yibTaTaMy JOCHTIKEHb MMOOyIoBaHI
TEPMOKIHETHYH] JiarpaMH TI€PETBOPEHHS Iepe-
oxonomkeHoro aycreHity B Metaini 3TB cranxi KC2
(puc. 2).

BcranoBiieHo, 110 HE3aBEPLICHICTH MPOIECIB
TOMOT€Hi3alii ayCTEHITy, BHACHiJOK IIBHIKOTO
HarpiBy i oOMexxeHOro Jacy repeOyBaHHS METary
IpU TEMIIepaTypax BHUINE TOUYKU Acz NPHU AYyTrOBO-
My HaIUIaBJICHHI, CYTTEBO BIUIMBA€ Ha IEPETBO-
peHHsI epeoxoiokeHoro aycreHity B 3TB. Ilpu
mBHAKOCTI oxomomkenns 2,5-30 °Clc, sxa xapak-
TepHa AyroBOMY HalUIaBJeHHIO, B MeTani 3TB ¢o-
PMYIOTbCS BUKJIIOYHO TapTiBHI cTpykTypu. llpm
IOMY MiHIMaJbHA MBUIKICTh 0XONOMKEHHS Weys,
NIpY SIKif TOYnHAETHCS POPMYyBaHHS MAPTEHCUTHOL
cK1ago0Boi B cTpykTypi Metamy mpu C = 0,58 %,
samkyethes Bim 30 °Clc mo 8 °Cle, a kpuTHyHa
MIBUIKICTE 0X0JokeHHS Wagyy, TIPH SKiH B CTPYK-
Typi Metany 3TB yTBoproerscst 50 % maptencury,
cranoButh 20 °Clc. Ctpyktypa metany 3TB 3ane-
KHO BiI IIBHUIKOCTI OXOJIOJUKEHHS HaBeAEHa Ha
puc. 3, Ae MapTEeHCUTHA CKJIaJ0Ba TOJaHA Yy BU-
IJIA01 CBITJIMX JUISHOK.

[lin BrmmuBoM TepMoneOpMAIITHOTO IHKITY
JyTOBOT'O HAIJIaBJICHHSI 3MIHIOETHCS TAKOXK Xapak-
Tep MEPEeTBOPEHHS IEPEOXOJIOMKEHOTO ayCTEHITY
B MIPOMiXHIH 00JacTi. Y TBOPEHHS HUKHBOTO Oeid-
HiTy mounHaeThes npu 12° Clc. MakcumansHa #o-
ro KinbKicTb (61 %) npu 16 °C/c. Tlpu 30inbiieHHI
MIBUIKOCTI 0Xouo/pkeHHs 10 25 °Clc 06’ emua vac-
TKa HIDKHBOIO OCHHITY 3HMXKYyeThcs g0 26 %,
a mMapteHcuTy 30inbmyerbest 1o 71 %. [lpu mBua-
kocti oxonomkeHHsT Weis < 8°Clc mepeTBopeHHs
BimOyBaeThes B iHTepBanm 680—560 °C, hopmyeTs-
cs CTPYKTYypa BepXHBOTO OeliHiTy. [lepiT B cTpyK-
Typi, Ha BiIMiHYy BiJl YHOBIJIbHEHOTO HAarpiBy, HE
BUSBICHO. Brumme mBuakocTi oxomomkeHHS Wes
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Ha 3MiHY CTPYKTYpPHOTO CKJIaJy 3aJIe)KHO BiJl YMOB
nii T/ILIH naBeneHo Ha puc. 4.

a—a

100

Puc. 2. TepmokineTnyHi xiarpamu
MIEPETBOPEHHS MIEPEOXO0JIO0PKEHOI0 ayCTCHITY
B Metaini 3TB crani KC2:
a-1,=23-66¢;6-t;,=7-10c¢c
Fig. 2. CCT diagram for transformation
of supercooled austenite in HAZ

simulated metal of KS2 steel:
a-t,=23-66s;b-t,=7-10s

[Ipu 30inbLIeHH] BMIiCTy BYIJIELIO B CTajli IO
0,65 % yTBOpeHHST MapTEHCHUTY 3MIIy€ThCS Ha
40°C B oOnacte OUIBII HU3BKUX TEMIIEPATYD,
a TBEPHICThb 3arapTOBaHOT'O METANY ITiIBUILY€EThCS
B 1,4 pasu. IIpn 1pOMy MapTEHCUT YTBOPIOETHCS
ke npu 2,0 °Clc. A KpUTHYHA HIBUAKICTH 0XOJIO-
okeHHst Wsoy 3menmyersest 1o 7,0 °Clc. 3mimio-
€TbCS TAKOX XapakTep HPOMIKHOIO OEHHITHOro
neperBopeHHs. CTpyKTypa MeTaly IepeBaXHO
BEPXHBOTO OCHHITY, sIKa YTBOPIOETHCS B MeTai
3TB crani 3 C = 0,58 % npu 8,0 °Clc, npu 36i16-
MIEHHI BMICTy BYTJICITIO 3MIiHIOETLCS HAa CTPYKTYPY
HWKHBOTO OCHHITY, B AKiii 00’€MHa 4YacTka Bepx-
HbOrO OciHiTy He mepesuurye 10 %, a TBepmicTh
3arapToOBaHOTIO MeTally MiABHIIY€EThCS B 1,2 pasy.

a—a

Puc. 3. Ctpykrypa Metaiy
3TB crani KC2 (x320):
a—We5=8°Clc; 6 —16°Clc; 6 — 25 °Clc

Fig. 3. Structure of HAZ metal
of KS2 steel (x320):
a—Wegi5=8°Cls; b-16 °C/s; c - 25 °Cls
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a—a N, % > Opaxae 3MmiHy omipHOCTI Metainy 3TB 3anexHo Big
80 — BMICTY BYTJICLIIO B CTaJi.
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Puc. 4. CtpykrypHuii ckinan merary B 3TB
crani KC2 (a, 6) Ta crani 651 (6):
a—-1,=23-66 c; 6, 6 —t; = 7-10 ¢; 1 — nepuir;
2 — GeitHiT; 3 — MapTEHCHT
Fig. 4. Structural composition of HAZ
metal of KS2 steel (a, b) and 65G steel (c):
a—-t;,=23-66s; b, c—t; =7-10s; 1 — perlite;
2 — bainite; 3 — martensite

®dopMyBaHHSI TapTiBHUX CTPYKTYp 3yMOBIOE
MM IBUINEH] TOKA3HUKK MIITHOCTI 1 HU3bKI IIJIaCTHY-
Hi BnactuBocTi merany 3TB. TumuacoBuil ormip
MeTany, sikuii 3a3HaB aii TAIIH, 3anexHo Big BMi-
CTy BYTJIEIFO Ta MIBHJIKOCTI OXOJIO/KEHHS, CTaHO-
Buth 940—1280 MIla, rpanuns teky4octi 600—920
MIIa. [Ipu 30inpLmIeHH] BMICTY BYIJIELIO B CTaii
MOKa3HUKN TUTACTUYHOCTI TPU CTaTUYHOMY pPYW-
HyBaHHI 3HIKYIOThCS Maiike B 3 pasu (ds Bix 13,3
1m0 4,7 %, y Bix 33,3 10 12,6 %). B’s3kicTs 3arap-
toBaHoro merany npu yaapi (KCU) mpu temmnepa-
Typi —40°C He nepesumye 5,0-8,0 Jlx/cm.

KinbkicHy OmLiHKY OMipHOCTI yTBOPEHHS XOJO-
JHUX TPiluH (YIOBUTBHEHOMY pyiiHyBaHHIO — YP)
OJTHOIIIAPOBUX HAIJIABJICHbh BUKOHYBAIM BiIOBII-
HO JO 3aranbHOBimoMoro Mmeromy Immutant. Ilpm
BUNPOOYBAaHHIX BUKOPHCTOBYBAIH 3pa3ku & 6 MM.
3a pesynpraTamMu BUNPOOYyBaHb MOOYIOBAHO Aiar-
pamy Wes = f(C), maBenmeny na puc. 5, sxa Bigo-

i3 :*5

[
A
(=]
[
(=4
[
[
(]
=]

1
[

Puc. 5. OnipHiCTh YTBOPEHHIO XOJIOAHUX TPILIIH
B HAIUIABJICHHI 3aJIE)KHO Bijl BMICTY BYTJICIIO B CTaJIi:
1 — 0651acTh aKTUBHOTO PO3BUTKY, € TONEPEAUTH YTBOPCHHS
TpituH He MOxIHBO (oxp < 0,30 6p5); 2 — obacTsb
MiIBUIIEHOT OMIPHOCTI, /e 32 TICBHUX YMOB MOITUBO
YHUKHYTH yTBOPEHHs TpituH (oxp > 0,45 60 );
3 — yMOBH HAIUIaBJICHHS, JIe TPILIMHU HE YyTBOPIOIOTHCS
HAaBITh IIPU HAsABHOCTI KOHLIEHTPATOPa

Fig. 5. Resistance to formation of cold cracks
in building-up depending on the carbon content of steel:
1 — area of active development where it is not possible
to prevent the crack formation (okg <0.30 6¢5);
2 — area of high resistance where under certain conditions
it is possible to prevent the crack formation (oxr > 0.45 o¢,);
3 — building-up conditions where cracks
do not form even if there is a concentrator

y X0l TIOCTIKEHb BCTaHOBJIEHO,
0 TpUM HAIUIABJICHHI Ha TOTOHHIM eHepril
Q3 < 8,6 k/Ix/cM 6e3 momepeHBOTO MiTIrPiBY
Meran 3TB, He3ame:)kHO BiI BMICTY BYTJICITIO
B CTajl, Mae JIy>Ke HU3bKY OIipHicTh 10 YP, kpu-
TUYHI HAmpyXCHHs pyHHYBaHHS CTaHOBJIATH
oxp = 0,07-0,14 ¢ ,. Ilpu mpoMy BCTaHOBJIECHO Ta-
KOX, IO PiBEHB OMIPHOCTI YP CyTTEBO 3a1€KHUTH
BiZ cTpykTypHOTO ctany metany 3TB. [lnsa minsu-
IICHHS OMIPHOCTI YHOBUTRHEHOMY pyHHYBaHHIO
metany 3TB Bix oxp = 0,07 6o, 10 oxp > 0,45 o,
HEOOX1THO OOMEKYBAaTH IIBUAKICTh OXOJIOKECHHS
10 Wes < 16,0°C/lc pmns cram mpu  BMICTI
syriemo C < 0,60 %, mo Wes < 8,0°C/c mpu
Cc = 060-0,65 %, mo Wegs < 5,0°C/lc mpu
C <0,75%. 3a takux ymoB B Mmetani 3TB dopmy-
I0THCS TapPTiBHI OCWHITHO-MapTEHCUTHI CTPYKTYPH,
SIKi MAfOTh TOCTAaTHHO BHCOKY 3[IATHICTH IO MIKpO-
TUIACTHYHOTO JeopMyBaHHS 0e3 yTBOPEHHS MiK-

pOTpilHUH.
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Skmo mpoanamizyBaTh pe3ylbTaTH BUIPOOY-
BaHb, SKI HaBEJCHI Ha puUC. 2—5, ToO MOXKHA 3po0u-
TH Takuii BHCHOBOK. [Ipm ¢dopMyBaHHI rapTiBHOI
CTPYKTYpH, SKa Ma€ CHIBBIIHOIICHHSI CTPYKTYp-
HUX CKJTafioBuXx Ha piHi M/Bu > 1, 8 3TB akTHBHO
YTBOPIOKOTHCS XOJOAHI TPilUHY. SIK moka3aB ekc-
MIEPUMEHT, Yac YTBOPEHHS MariCTpajbHOI TPIMTH-
HU, ska Bpaxae 100 % mepepizy Meraily, cTaHO-
BUTH He Oinble HiX 5 xBunuH. | monepenntn ii
YTBOPEHHS B TAKUX YMOBaX HAIUIABJICHHS MPAKTH-
YHO HE MOXKIIHBO.

[Ipu dpopmyBaHHI rapTiBHOI CTPYKTYPH, SIKa MaE
CHIBBIIHOIIEHHSI CTPYKTYPHUX CKJIaJOBUX Ha PiBHI
M/Bu < 1, B 3TB yTBOpeHHSsI TPIllIMH BiJ0yBa€THCS
nporsiroMm 40-50 xBwimH. Alnle momepeauTH X
YTBOPEHHSI MOXKITUBO 32 PaXyHOK 3aTPUMKH OXOJIO-
JUKeHHS MeTany B obmacti Temmeparyp 100—200 °C
npu MapreHcutHoMy TeperBopeHHi (T < Tyy).3a
TaKUX YMOB OXOJIOJDKEHHsI MeTalry Oyne copmo-
BaHa CTPYKTypa 3 MAPTEHCUTOM BiJITyCKY.

BrumB moroHHOIT eHeprii HaIlIaBICHHS Ta TEM-
nepaTypHu HONEepelHbOro MiMIrpiBy Ha LIBHIKICTDH
OXOJIOJDKEHHS MeTany Ta CTPYKTYpHO-(a3oBuit
ckman wmetany 3TB komicHOi crami HaBeneHO
B Tabu. 1.

Tabnuns 1

CrpykrypHo-da3zoBuii ckaag meraiay 3TB
KkouticHoi craai mapku 2 (058 % C)

Table 1

Structural and phase composition of HAZ metal
of grade 2 wheel steel (058 % C)

I%{Q?SM Tim, °C | Weps, °Cle | Crpykrypa 3TB

86 - 25-30 71-74 % M
100 | 12-15 12-34 % M
150 8-10 2-9% M
200 5-7 >95%b
250 34 >95%b

115 - 15-17 34-39 % M
50 12-14 12-30 % M
100 | 68 >95% b

15,0 - 10-12 9-16 % M

3 HaBEJICHUX JaHUX BUJHO, IPU OJJHOAYTOBOMY
HAIUIABJICHHI 3alli3HUYHUX KOJIIC, BHUTOTOBJIEHUX
3 KOJIICHOI CTaji MapKu 2 TpH BMICTI BYIJIECIO

0,58 %, na morouwii eneprii 11-12 xJ[x/cM, 110
BiamoBinae pexxumy — ctpym 300—350 A, Hampyra
Ha ay3i 32—34 B, mBuzakicte 15—20 m/r, HaBiTh
0e3 momnepenHporo TiAirpisy B 3TB Oyne chopmo-
BaHa CTPYKTypa MeTally, B sSKili MOKJIMBO MoOIepe-
IUTH YTBOPEHHS XOJIOJHUX TPIIIHH, 3aCTOCOBYIO-
YU YNOBIUIHHEHE OXOJIO/KEHHS Koyieca MICis Ha-
ruiaBineHHs. [Ipu 3acTocyBaHHI MONEPEAHBOTO Ti-
nirpisy 10 100 °C yTBOpeHHsI XOJOOHMX TPIIUH
B HAIUIABJICHOMY KOJIECi MPAKTHYHO HE MOXKIUBO.

Aune, sK TIOKa3ye MpaKTHKa, BIIHOBIICHI KoJieca,
MpH HAIUIABIIEHHI SKUX 3aCTOCOBYETHCS IOIEpe-
nmHIM mipirpiB 3 temmeparyporo 150 °C, inoxi 3a-
3HAIOTh pPyHHYyBaHHS Oe€3MOocCepeHhO B IIEXOBHX
yMOBax peMOHTY. JIjisi BUSBICHHS IMX NPUYUH
YTBOPEHHSI TPIllIUH OyJM BUKOHAaHI MOJANBII J10-
CIIDKEHHS, CTIPSAMOBAHI Ha ITiIBUIIEHHS OITiPHOCTI
BiJTHOBJICHMX KOJIIC KpUXKOMY PYHHYBaHHIO.

BimoMo, mo CTIiHKICTH BHCOKOMIIHHX CTajei
MPOTH YTBOPEHHS TPIIIWH [ Ji€f0 HaBaHTaKEHb
3aJIEKUTh BIJ CTYIIEHI WOTO 3arapTOBaHOCTI Ta
HAsSBHOCTI AUQY31HHOTO BOJHIO, SKHHA MEpeMilly-
€ThCSI IO HEUIUIBHOCTEHW CTPYKTYpH Ta IIiJIBUIIYE
B Hili BHYTpINIHI HampykeHHsA. baratema mocmiz-
HUKaMH BIJIMIYAEThCS TAKOX TOU (hakT, mio 3i 30i-
JBIICHHSAM MIITHOCTI Ta CTYIEHs 3arapTOBaHOCTI
CTalli HETaTWBHAW BIUTUB BOIHIO TOCHITFOETHCS.
Bimomo Takox, 1o MmBHIAKICTh Audy3ii BOAHIO 3a-
JISKUTD BiJl XIMIYHOTO CKJIagy Ta CTPYKTypH MeTa-
Ny, a TakoX HMOro TemIrieparypd. I3 3pocTaHHAM
TeMIiepaTypu AuQy3iiHI TpOIecH BiAOYBarOTHCS
OUTBIII IHTEHCUBHO 1 TP TEMIIEPATYypPi CepeIOBUIIA
100°C kinbKiCTh BOJHIO, IO BUAUTIETHCS 3 METAITY
3a OOWH 1 TOW ke 4ac, Oyae Maibke Ha MOPSIOK
OinbIIa HiX NMPH KIMHATHIN Temmeparypi.

Oco0NHMBOCTI KPUXKOTO pYyHHYBaHHS 3arapro-
BaHoro metany 3TB mocmimkyBanu 3a opuriHaib-
HOI0O METOJMKOI 3 BHKOPHCTAHHSM MOJEIBHUX
3pas3KiB MPSAMOKYTHOTO Mepepisy 3 HaApi3oM 0
LEHTPY, 3 BEpIIMHU SIKOTO Oyia BUPOIIEHA TPillu-
Ha BTOMH TVIMOWHOIO 3 MM. 3pa3Ku HaBaHTaXyBa-
JIM CTAJIUM 3yCHJUIAM TIPU TPUTOYKOBOMY BHTHHI.
YacTtrHa 3pa3kiB BUNPOOOBYBaJach y CTaHi MiCis
TepMOOOPOOKH Ta  BHPOIIyBaHHS  TPINTUHH,
a iHIIIAa YacTHHA — JIOJJATKOBO HABOJIHIOBANACH elle-
KTPOJITUYHUM CHOCOOOM JIO CTaHy, KO BMICT
mudysitinoro Boguwo [H]aud B Hux mocsras 0,2;
0,5; 1,2 ta 1,5 mn/100 r. KpurepieMm OIlHKH ITif
Yac JOCIiIKeHb OyB KpUTHYHHN Koe(illieHT iHTe-
HCUBHOCTI HanpyxeHb Kic.

doi 10.15802/stp2016/84078

142

© O. A. TaiiBopoHchkuii, 2016



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

Hayxa ta nporpec Tpancnopty. Bicauk /{HinponeTpoBchKkoro

HALIOHAIBHOTO YHIBEPCUTETY 3ali3HHYHOro Tpancmnopry, 2016, Ne 5 (65)

MATEPIAJIO3HABCTBO

JocmimKkeHHsIMA BCTaHOBJICHO, o0 Metan 3TB
BHUCOKOMIITHUX BYTJICIICBUX CTajJei Mae€ IiJBHILC-
HY CXWJIBHICTB JI0 KpUXKOTro pyiHyBaHHS. [lopis-
HSHO 3 BUXIJTHAM CTaHOM OINPHICTE KPUXKOMY
pyiinyBaHHIO Metany 3TB 3HmXKyeTbes Ui crami
KC2 B 1,5-2,3 pazy, a ans crani 651" B 1,4—3 pasn.
Ilpy 1BOMY CYTTEBO BIUIMBAE CTPYKTYpHO-
(dazoBuii cxmaj 3araproBaHoro merany. [Ipu dop-
myBaHHI B metasi 3TB OeiiHiTHOT CTPYKTYpH, AKa
CKJIQJIa€ThCSI TIEPEBAXKHO 3 BEPXHBHOTO OCEHHITY,
noka3Huk Kjc HaliHwk4uii. Y3araibHEHi pe3yiib-
TaTH AOCIiIKeHb HaBeJICHO Ha puc. 6.

Ki ¢, MITavar
61)

a—a

=l 1

iy &

8 ] md,
m/100r

K¢, MITatyn

N
ek 3 5 [H]mp,
0 w1001
0 0.4 03 12 16

Puc. 6. Kpuxke pyiiHyBaHHS MOJICIIbHUX
3paskiB crani KC2 (a) ta 65I" (6):
a) 1 —cranb y BuxigHomy crani; 2 -3TB, 20°C/c;
3-13,5°Clc; 4 - 6°Clc; 6) 1 — crans y BuximHOMYy
crani; 2 — 3TB, 6°C/c; 3 -13,5°C/c

Fig. 6. Brittle fracture of modelling samples
of KS2 (a) and 65G steel (b):
a) 1 - steel in initial state; 2 - HAZ, 20°C/s;
3-13.5°C/s; 4 — 6°C/s; b) 1 — steel in initial state;
2-HAZ, 6°C/s; 3-13.5°Cls

V3arajapHIO04l HaBeAEH] JaHl MOXKHA KOHCTa-
TYBaTH, IO JJIsl JOCATHEHHS MOPIBHSHO BUCOKOI
OMIPHOCTI KPUXKOMY PYyHHYBaHHIO HEOOXiTHO 3a-
Oe3neunTH yMoBH, koiu B metani 3TB Oyne cdo-
pMoOBaHa OeHHITHO-MAapTEHCUTHA CTPYKTypa, sKa
HE MICTUTb BepxHii OeitHiT (bB), a yacTka MapTeH-
CUTY HE TEPEeBUIIY€ KUTbKOCTI HIKHBOTO OCHHITY
(cmiBBigHOMmMEHHSs M/BH < 1).

HasBHicTh MuQy3iiHOTO BOAHIO B HaIUIaBJICH-
HSX JOJATKOBO OKPHXYy€ 3arapTOBaHUil MeTal
3TB, #ioro 3AaTHICTH 1O MIKPOILUTACTUYHOTO Jedo-
PMyBaHHSI CyTTEBO 3HIKYETHCS, a MIPOLIECH PO3BU-
TKy TpIlIUH MpHCKoprotoThes. [Ipu BMmicTi qudy-
3iiiHoro BoxHio B 3TB Ha piBni 0,2 Mn/100r omip-
HICTh KPUXKOMY PYHHYBAaHHIO 3arapTOBaHOTO Me-
Taly 3HIDKYETHCS, 3al€KHO BiJ WOTro CTPYyK-
TypHOTO CTaHy Ta BMICTy BYyIJIEHIO B CTalli,
B 1,2-3,2 pazy. Ilpu 30inpmieHHi HOro BMICTy 10
1,5 mn/100r omipHiCTP KPUXKOMY pYHHYBaHHIO
metany 3TB crami KC2 3Hmxkyerhcs B 1,5 pasy,
qutst cram 651" — B 56,5 pagy.

VY3aranpHeHi pe3ynabTaTH (paxTorpadidHUX I0-
CIiJDKEHb MOBepXHi 3namiB Metany 3TB craneit
KC2 Ta 65" HaBeneno B Ta0xI. 2.

XapakTepHi ITOBEpPXHi 37aMiB B 30HI MaricTpa-
JTHHOTO PO3BUTKY TPIlIMHU cTami 651" HaBeneHo Ha
puc. 7.

a—a

6—b

Puc. 7. 3nam meramy 3TB crami 650
(13,5 °Clc) B 30Hi MaricTpaisbHOTO PO3BHUTKY
Tpitman (x1010):

a — 3pa3ok 0e3 naBoauenns; 6 — 0,5 mi/100 r

Fig. 7. Fracture of HAZ metal of 65G steel
(13.5 °C/s) in the main crack area (x1010):
a — sample without hydrogenation;
b-0.5ml/100 g
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Tabnuus 2

Xapakrep 31amy Metaiay 3TB
B 30Hi PO3BHTKY MaricTpajibHol TPillinHu

Table 2
Nature of HAZ metal fracture
in the main crack area
KC2
é 13,5 °Clc (25 % bs, 50 %
% 6,0 °C/c (98 % bB) bn,
S 23 % M)
=
&
= KB3,% KM3,% KB3,% KM3,%
- Lgr,MKM Lgr,MKM LgT,MKM LgT,MKM
0 | 100 ) 100 )
40 5
0,2 80 20 70 30
100 100 40 40
0,5 70 30 65 35
120 120 60 60
3akiHyeHHsa Tabi. 2
End of table 2
Crais 65T
’8‘ 6,0 °Clc
= (60 % B, 13,5°C/c (100 % M)
= 40 % M)
=
&
= KB3,% KM3,% KB3,% KM3,%
- Lgr,MKM LgT,MKM Lgr,MKM Lgr,MKM
0 95 5 80 20
30 30 60 60
0,2 50 50 30 70
150 150 220 220
0,5 40 60 20 80
170 170 250 250

[Ipu maBonuenHi merany 3TB po3BuToK Maric-
TPAJILHOT TPILIMHYU XapaKTEePU3y€EThCS HE TUTBKH 5K
KpHXKe pyiHyBaHHs 110 Ty 3eper (KB3), a Takox
sk Kpuxke mix3epenHe (KM3). 3 migBuiieHHsIM
BMicTy nu(y3iHHOTO BOJHIO B 371aMi 301IBIITY€THCS
gacTka KM3 Ta noBXWHA BTOPWHHHX TPIITHH
(Lgt). Haiibinpin pi3ki 3MiHM B XapakTtepi pyHHy-
BaHHs IPH MiABHLICHHI BMICTYy BOJHIO CIIOCTEpi-

ralThCs B METall 3 OUIBIIMM BMICTOM BYIJICIIO.
IMpu mBuaKocTi oxonomkenns 6,0 °C/c B merani
3TB cram 65" copmyerbes  OeliHITHO-
MapreHcuTHa cTpykTypa (60 %Bb, 40 %M). Hasox-
HeHHs1 Takoro metany piBaem 0,2 mi/100r npwu-
3BOJUTH JI0 CYTTEBOT'O 3HWKEHHS HOTO OMipHOCTI
KpUXKOMY PYHWHYBaHHIO, KoedimieHT K¢ 3HMKY-
eTbest Maiike B 3,2 pady. [Ipu nupomy wactka KM3
MiJBUIYETHCS MPAKTUYHO HA MOPSAIOK — BiX 5 10
50 % [15].

SIk mokasalM BHMKOHAHI OCIHIIKEHHS, HAasB-
HicTb BogHiO B 3TB pisko okpuxuye mertan. [Ipu
FOMY 3 MiBUINEHHSM BMICTy BYTJICIIO B CTaji
HETAaTHBHUN BIUIMB BOAHIO 30UIbIIyeThCA. Ilpm
JIyrOBOMY HAIUIaBJCHHI Mia mapom (Jrocy Horo
BMicT B MeTalli 3TB HEMOKIMBO OTpUMAaTH HUKYE
0,2 wMn/100r (B  HammaBlIeHOMY  MeTai
[H]aud > 1,5 m/100r). Tomy HEOOXiHO 3aCTOCO-
BYBATH JOJATKOBI TEXHOJOTIYHI omepalii Mo Horo
BUJAIICHHIO 3 MeTaly HariaBieHb. llpu BigHOB-
JIEHH] 3aJII3HIYHAX KOJIIC 3HMKCHHS BMICTY BOJIHIO
B MeTana 3TB MOXHa JOCATTH TUIBKH B IMpPOIECi
YHOBUTFHEHOTO OXOJIO/PKEHHS KOJIIC TTiCIsl Haruia-
BJICHHS.

Lleti BUCHOBOK MiATBEPAUIN Pe3yJIbTaTH MOJa-
JBIINAX JOCHIKEHb MPU BU3HAYEHHI BILTUBY YMOB
OXOJIOJKCHHS Ha OMIPHICTh KPUXKOMY pyHHYBaH-
Hio metany 3TB crani KC2. Beranoineno, 1o 1mi-
JIBUIINTU OMIPHICTh KPUXKOMY pPYHHYBaHHIO Me-
tainy 3TB B 1,8—2,3 pazy MOXIUBO TIpH BUTPUMITI
Metainy nipu Temmeparypi 100°C. Ilpu mpomy 1mia-
CTHUYHI  BJIACTUBOCTI  MeTally  30LIbIIYIOThCS

1,5-1,8 pa3y, a uacTka B’SI3KOIO CKJIaJIOBOi
B CTPYKTYpi 37aMy IpH PO3BHUTKY MaricTpaibHOI
TpituHK migsuinyetbes 10 20 % (tabm. 3). Lle Bi-
NOYBa€eThCsl BHACHIJOK BHJAICHHS TU(Y31HHOTO
BOJIHIO 3 METaIy Ta, SK IMOKa3al CHellialbHI Me-
tajorpadiyHi JOCTIKSHHS, 3MEHILIEHHS IIIbHOC-
Ti auciokauiii B 3araproBaHiii cTpyktypi (B 1,5
pasy) [16].

3abe3neunT Taki YMOBH Ha BHPOOHHIITBI MO-
JKJIMBO TIPU 3aCTOCYBaHHI TEXHOJOTIYHOI omepariii
YHOBUILHEHOTO OXOJIOJKSHHSI KOJIIC Micis Haruia-
BJICHHSI B TEpPMOKaMepax, /e BOHU IMOBUHHI 3HAaXO-
mutbest pu Temneparypi 250—100 °C mporsirom
3-5 ronun (Temmeparypa 000y Koseca micis Ha-
riaBieHHs rpedens 260—295 °C). o6 Butpuma-
TH MeTajl y BKa3aHOMY [ialla3oHi TeMIIeparyp
HIBUJIKICTh OXOJIO/DKCHHS MOBUHHA OyTH HE OiJib-
e Hixk 35—40 °C 3a roguny. JlocsATTH TakuX YMOB
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MOXIIMBO B CHEHiaTbHUX TePMOKamepax, BUTOTOB-
JICHUX 13 3aCTOCYBAaHHSM TEIUIOI30JIIOI0UNX Mate-
piauiB.

Bubip 3BaproBampHUX MaTepiaiiB I HaIlIaB-
JICHHSI 3aJII3HUYHUX KOJIIC BUKOHYBAIH 3a PE3YJib-
TaTaMu JOCHTIDKEHb BIUIMBY THIY HAIJIABICHOTO
MeTaTy Ha Horo ¢i3uKo-MeXaHIYHUX BJIACTHBOCTI.

BceranoBineHo, 110 HEOOXiMHUN piBEeHb MeXaHi-
YHHX  BJIACTUBOCTEW  HAIUIABICHOTO  METaly
(o > 700 MIIa, KCU.y > 20 I[)K/CMZ) MpH BiIHO-
BJICHHI KOJIIC MOUINBO 3a0€3IEYUTH TPH BUKOPHU-
cranHi aportie CB-08XM, CB-08XM® Ta mopomi-
koBoro japoty IIT-AH180MH/90 (cuctema nery-
BauHs L0XHMI'C®T) (tabum. 4).

Tabnuns 3

BB yMOB 0X0JI0KEHHS HA XapaKTep 3Jamy
metaiy 3TB crani KC2 (6,0°C/c; 0,5 CM3/100r)

Table 3

Influence of cooling on the fracture nature
of HAZ metal of KS2 steel (6.0°C/s, 0.5 cm*/100g)

K XapaKTepucTUKa 371aMy
1Cy

YmoBu MITavu KB3,% | KM3, % B saicuii, %

Lgr,MkM | Lpr,MKM
3Buuaiini | 17,5 70/120 | 30/120 -
3 no6u
npu 26 95/30 - 5
20 °C
2 TOIMHHA
npu 32 90/30 - 10
100 °C
6 roauH
npu 40 80/30 - 20
100 °C
Tabnuns 4

MexaHi4Hi B1aCTHBOCTI HAIIABJEHOT0 METATY

Table 4
Mechanical properties of weld metal

KCU, Ik/cm?

Apit hiﬁa I\/([sllila % % | ¥ % s °cﬂ-4o °C

CB-08XM 535 | 705 | 21,0 | 61,0 | 98 | 42

Cs-08XM® | 610 | 730 | 17,2|56,3| 86 | 40
IIII-

AH180MH/9 | 680 | 750 | 16,5 |57,5| 145 | 98

0

IMpu Bukopucranni apoty I1TT-AH180MH/90
3a0e3nevyeTbcss HeOOXi1IHMH piBeHb TBEPIOCTI Ha-
wiasieHoro Metany (mast KC2 HB > 2 500 MIla)
HE3aJIe)KHO BiJl KUIBKOCTI IapiB HAIUTaBIICHb Ta
TeMIlepaTypH MONepeHbOro MiairpiBy (puc. 8).

a—a HB. MITa
3200
2800 1
1
2 2 3
e |
2400 § —
2000
Ce-08XM TIT1-AH180MH/90
6—b HE, MIIa
3200
ZEDD
1 . 3.5
Foo 8
. |
2400 - Q—
kit /5& /ﬁ&
Ce-0B 01 IMI-AH1EBOLIE D0

Puc. 8. TBepaicTs MeTany, HaIIABICHOTO TIPH
temmeparypi 150 °C (@) ta 250 °C (6):
1 — oxHOWIAPOBE HAIUIABICHHS; 2 — ABOLIAPOBE;
3 — HaruIaBIICHHSI B TPH ILAPH

Fig. 8. Hardness of the metal, built-up at tem-
perature of 150 °C (a) and 250 °C (b):
1 - one layer building-up; 2 — double-layer;
3 — three-layer building-up

BcranoBneHo, oo mpH 3acTOCyBaHHI HU3BKO-
JIETOBaHUX MarepiaiiB OelHiTHOrO abo OeiHiTHO-
MapTeHCUTHOTO  Kiacy (cucremMa  JieryBaHHS
10XHI'C®DT), B Haru1aBIIeHOMY MeTalli, 30Hi cruia-
BnenHs Ta 3TB HaraBieHs GpopMyeThCsS CTPYKTY-
pa 3 pIBHOMIPHHM pPO3IOILIOM HarnpyxeHb 11 pomy
[5]. Kputuunuii xoe(illieHT IHTEHCHBHOCTI Ha-
npyxeHb Kjc I HamiaBieHOro Metany, SKUi
BUPaxOBYBaBCs 3a MapaMeTpaMu CTPYKTYpPH Ta
CyOCTpYKTYpH, B cepenHboMy Ha 25 % BuUIIUii
CTOCOBHO HAIUIABJIE€Hb, BHKOHaHHUX JpoToM CB-
08r2C (25 ta 20 MIla\m BianoBiaHo). IToB’s13aH0
I1e 3 TUM, IO B HAIUIABIICHOMY MeTalli 3 OeHHITHO-
MapTEHCUTHOIO CTPYKTYPOI (OpMyeThCs CyO-
CTPYKTYpa, 3epHa fAKOI MarTh MEHII PO3MipH,
a PO3MOMII ITUCTOKAIli BimMOYBA€ThCS OLBIN piB-
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HOMIpHO, HDK B MeTalli 3 (EpUTHO-TICPIITHOO
ctpykryporo. [Ipu nibomy mo0Ope BigomMo, o MeTan
3 MEPITHOK CTPYKTYpPOIO, sika Mae (a3oBi BHIi-
JIEHHS TIEMEHTHUTY, PYHHY€EThCS ORI KpuxKo. Lle
MOBHHHO CTPUSATH MiIBUIICHHIO TPIIIMHOCTIHKOCTI
3a3HAYCHUX HAIUIABICHb MPU EKCIUTyaTaIliiftHuX
HaBaHTa)KCHHSIX.

JocmimkeHo TPIIMHOCTIHKICTh 3BapHUX
3’¢lHaHb TMPU IUKIIYHOMY HABaHTA)XCHHI BUTHU-
HOM (puc. 9). BcTaHOBIEHO, 1110 TPH 3aCTOCYBaHHI
MOIIEPEAHBOT0 MAIrPiBY 1 YIMOBUTBHEHOTO OXOJIO-
JOKCHHST  TCNIsi  3BaprOBaHHS 31  IIBHJKICTIO
35—40 °C/ronuny, 3abe3neuyeThcs TOCTATHHO BHU-
COKa OMIpHICTh 3’€MHAaHb PYWHYBAHHIO BiJl BTOMH.
Kpurtnuni HanpyxeHHst pyiinyBanas B 1,5—1,9 pa-
3y MEPEeBHIIYIOTh MaKCUMallbHI HANPYKEHHS, IO
YTBOPIOIOTHECA B 000 Kojieca TpH eKCIDTyaTarlii
(opiertoBHO G, < 55 MITa).

u‘ﬂ.?
MIIa
120 %_‘
HHH-‘!‘HH]
MR
HE
50
60
1 5 9 13 17 N=¢®

Puc. 9. [{ukiiuna TOBroBivHiCTh 3’ €qHaHb cTam KC2
TIPY 3BapIOBaHHi:
1 — nmpit CB-08XM; 2 — ITIT-AH180MH/90; 3 — CB-08I'2C

Fig. 9. Cyclic durability of KS 2 steel joints
during welding:
1 — wire Sv-08HM; 2 — PP-AN180MN/90; 3 — Sv-08G2S

BukoHaHO MOPIBHUTEHY OIIIHKY 3HOCOCTIHKOC-
Ti BIJHOBJICHOTO HAIUIABIICHHSAM METANy IPH 3a-
CTOCYBaHHI 3BaplOBaJIbHUX MaTepialliB OCHHITHOTO
Ta OEHHITHO-MapTEeHCUTHOTO Kiacy. BeraHoBieHo,
mo MeTan, HaraBieHud aporamu C-08XM, Cs-
08XM® Ta IIII-AH180MH/90, mae mocTaTHbHO
BUCOKHH OIip 3HOCY IPH TEPTi-KOB3aHHI IPH KOH-
TaKTi 3 peiikoro (puc. 10).

Bcranosneno, mo mopiBHAHO 3 nmaporo «KC2 —
M76» 3HOCOCTIHKICTh HAIUIABJICHOTO IUMH JIPO-
TaMu MeTairy 3pocrtae 1o 2,5 pasy. [Ipu npomy Ta-
KO CYTTEBO 3MEHIIY€ThCS 3HOC peliku. [Ipu Ha-

miasiendi aporom IITI-AH180MH/90 B wmerani
(hopMyeThCSl OJTHOPiHA 1 JUCIEPCHA CTPYKTYpa,
MeTal OB 3JaTHUH 10 OMOPY 3HOCY ITiJ| HaBaH-
TaXEHHAM 1 HOTO 3HOCOCTIHKICTh HE 3aJI€KUTh Bil
KUIBKOCTI IIapiB HaIUIaBJeHb. B mpUIIOBEepXHEBO-
My MIapi HAIIABICHOI0 METaly Ha TIHOUHY 10
100 MKM CIIOCTEPIrarOThCSA CMYTH ILIACTHYHOIO
nehopMyBaHHS, pO3MIp  SKUX  3HAXOAMTHCS
B Mexax 310x25...60 mxwm, (koedimieHT dhopmu
& ~ 6-8). InterpampHa TBEPHICTh METANy IIiJ(BU-
mryetrbest 1o 2 860 Mlla. Otpumani pe3yibTaTi
JTIO3BOJIMJIA OCTaTOYHO BH3HAYUTHCSI 3 BHOOPOM
3BapIOBAILHUX MATEPIialiB JJIs1 HATUIABJICHHS.

V,nmf;g,mr
0.4

0.1

Puc. 10. 3noc HamtaBnenoro merany (V) B KOHTaKTi
3 peitkoro (g — 3HOC PeiKH, ITPUXOBAHI CTOBIYUKH).
Opnomapose HariaBieHHs, nigirpis 150 °C:
1 - crams KC2; 2 — CB-08I'2C; 3- CB-08XM, 4 — CB-08XMO,
5 — III-AH180MH/90

Fig. 10. Weld metal wear (V) in contact with track
(g — track wear, primed columns).
Single-layer building-up, heated to 150 °C:

1 — KS2 steel; 2 — Sv-08G2S; 3 — SVO8HM, 4 — SV08HMF,
5 — PP-AN180MN/90

Y3araJbHIOIOUH pe3yJIbTaTH KOMIUICKCHUX J0-
CIIKEHh OCHOBHHMX 3aKOHOMIpPHOCTEH Yy (opmy-
BaHHI CTPYKTYpH 1 (Di3UKO-MEXaHIYHUX BIIACTHUBO-
CTe KONICHUX CTaJied Ta HAIUIaBJICHOI'O METaily
MOKJIMBO HAyKOBO OOIPYHTYBAaTH BUMOTH JO TEX-
HOJIOTIi BiJHOBJICHHS HAIUIABJICHHAM TPOQIII0 KO-
YeHHA 3aJI3HWYHHUX KOJIC BAHTAXHUX BaroHiB.
TexHomoriyHi1 peKOMeHaIlii, ki 3a0e3nedaTs Imi-
BHUIIIEHHS SIKOCTI BiIHOBJICHHS HAIUIABJICHHSAM 3a-
J3HUYHUX KOJIC, BUTOTOBJIEHHUX 3 KONICHOI CTasi
MapkH 2, IX HaJilHICTh Ta Oe3IeKa pyxy TPaHCIO-

doi 10.15802/stp2016/84078

146

© O. A. TaiiBopoHchkuii, 2016



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

Hayka Ta nporpec Tpancropry. BicHuk J[HIIponeTpoBchKoro
HALIOHAIBHOTO YHIBEPCUTETY 3ali3HHYHOro Tpancmnopry, 2016, Ne 5 (65)

MATEPIAJIO3HABCTBO

PTYy B yMOBax 3pOCTAIOUUX CKCIUIyaTal[ifHUX Ha-
BaHTa)XeHb, HaBeaeHO B Ta0i. 5. BoHu cknanaroTh-
csl 3 BUMOT JI0 MIATOTOBKM KOJIC Tepesa Harlias-
JIEHHSAM, 10 croco0y, TeXHIKH Ta PEXUMIB HarLia-
BJICHHSI, /10 3BapIOBAJIbHUX MaTepiaiB, 10 TeMIIe-
paTypu TONEPeIHBOTO IMIJIrpiBy 3aIeKHO BiX
BMICTY BYTJICITIO B CTaJi Ta yMOB YIIOBUILHEHOTO
OXOJIOKEHHS KOJIiC ITCIIs HaIaBieHHs. Bukona-
HI JOCIIIKEHHS MOKa3ajd, 10 TEXHOJIOIrTYHa olle-
pariis 3 ymoBUIbHEHHS OXOJOPKEHHS KOIIC TiCIs
HAIUTABJICHHS € HaHOUIbII BAXKJIMBOKO 3 TOYKHU 30PY
3a0e3MeUeHHsT HaliiHOI IMpale3NaTHOCTI BiJIHOB-
JIEHHX KOJIIC.

Tabnuns 5

TexHoJIOTiYHi pekoMeHIaLii 1010 BiTHOBJIEHHA
HAIJIABJIEHHSAM 3aTi3HHYHUX KOJIiC BAHTAKHHUX
BAroHiB MaricTpajbHOro TPaHCHOPTY

Table 5

Technological recommendations for building-up
by welding of freight wagons wheels
of main transport

3akiHueHHsa Tabi. 5

End of table 5

Ne | Texnomoriuna
. [Tapamerp Pesynbrar
n/o oreparis
1 O6pobka no- |ToBmmHa BU- |Bumanenns mgede-
BEpXHi miJ JTAJICHOTO II1a- |KTiB HA MOBEPXHIi
rpedeHem ne- |py >1,0mMM  |koneca B micii
pen Hariae- [MOYaTKy HarliaB-
JICHHSM JICHHS
2 Bceranosnenns |[Touatok Ha- |3abe3neueHHs
KOJIICHOT Mapy |TUIABJICHHS — |ONTUMAaIbHIX
B TOPH30HTA- |MICIIC MIEPEX0- |BIACTUBOCTEH
JIbHE I10J10- Iy Bix noep- |merany 3TB B
SKEHHS IS XHI KOYEHHS |HAWOULIbII HaBaH-
HaTIABJICHHS |10 TpeOeHs TaXXEHINW TUIAHIU
mpodiTro Koeca
3 |[Ipoxapro- 1. mpu 350°C, |3HMKEHHS BMiCTY
BaHHS (IIFOCY |2 TOIUHH; [H]and B mamma-
(1) ra mopowr- |2 ppy 230 °C, |BICHOMY MeTai
KOBOTO IPOTY |2 5 roqunm.
)
4 |3actocyBanns |CB-08XM abo |MiLHICTh BiTHOB-
Marepiaiis Cp-08XM® |€HOro MeTaiy op
JUTS HAIJIaB- > 700 MITa, min-
JIeHHS OeiHiT- 03-4 v, BHILICHA 3HOCO-
Horo ta 6eit-  |[II- CTIHMKiCTB, piBHO-
HITHO- AH180MH/90 MipHAH pO3MOALT
MapTEHCUTHO- (10XHMI'C® HanpyxeHs 1
TO KJacy T) pony
@2 MM Ta iHmI

Ne | Texnonoriuna
. [Tapamerp PesynbTar
n/n ornepawis
5 Monepenniit |- Ty = 100°C |BukimrodyeHHs Bi-
nigirpie odoxy [mpu C<0,60%; |porigHOCTI YyTBO-
koneca (mBu- |— Ty = 150°C [peHHs X0M0IHIX
nKicTh HarpiBy [mpu C = TPIIIUH MpH Ha-
<10°C/xs.) |0,61-0,65% |mnaBienHi
6 OpnHojayro- 1. Quamr = [Tpu nBoxmyro-
Be(1) abo aBo- [12—15 k/Ix/cM|BOMY HaILTaBIICH-
xmyrose (2) |2, Quar = Hi B 1,5 pasu Bu-
HATUTABICHHs  |10—12 k[[x/cm|IE Tpane3ar-
HICTh Ta MOKJIHBO
3HU3UTU T Ha
50 °C Big Bka3za-
HO1
7 Vnosineaene |Oxonomkenus |BuganeHds Boj-
OXOJIOMKEHHS |10 4—5 roanH |HIO 3 HaIlJIaBIIEHb,
KOJIIC TICIs 13 IMBU/IKICTIO |3HW)KCHHS PiBHS
HarutaBneHHs  [<35—40 °C/ron [nampyxeHs 11
B TepMOKame- |(B iHTepBai  |pojy, MiJIBHIICH-
pax temnepatyp  |us B 1,8-2,3 pasu
250-100 °C) |omipHOCTI KpHX-
KOMY pyiHYyBaH-
HIO
HaykoBa HOBM3HA Ta IPAKTUYHA
3HAYUMICTh
Po3BuHYTO ysBIEHHS WOAO CTPYKTYpPHO-

(a30BUX 3MiH, sKi BiIOyBarOThCSI B MeTalli 3aji3-
HAYHOTO KoJieca TP AYTOBOMY HAaIUIaBJICHHI.
BcraHoBiIEHO B3a€MO3B’SI30K MiXK BMICTOM BYTJIe-
II0 B CTaJli, MIBUAKICTIO 1 OXOJIOKEHHS TpU Ha-
IUIABJICHHI Ta OMIPHICTIO YTBOPEHHIO TPIIIHH
1 KpHUXKOMY pyHHyBaHHIO. BCTaHOBIIEHO BIUIHB
YMOB OXOJIO/DKEHHS KOJieca IiCIsl HAaIlJIaBJICHHS Ha
BIIACTHBOCTI METaIy.

3a pesynbpraramMu poOOTH PO3POOIEHO HAYKOBO
OOTpYHTOBaHI TEXHOJIOTIYHI PEKOMEHMAIi 00
BIJHOBJIEHHS HAIUIABJIEHHSAM 3ali3HHYHUX KOJIC
BAaHTKHUX BAaroHiB, sIKi BU3HAYAIOTh KOHCTPYKTH-
BHY CXEMy Ta METOJ| HAIUIaBJICHHs, BHOIp 3Baprio-
BaJbHUX MaTEpiajiiB, TEMIEPaTypH MOIEPEIHBOTO
MIOITPiBY KoJieca 3ajie)KHO BiJ BMICTY BYTJICITIO
B CTaJi, MapaMeTpH YIOBLIbHEHOTO OXOJIOKEHHS
KOJIIC IMiCTsl HAIUIaBJICHHS. 3aCTOCYBaHHS PeKOMe-
HAamii 3a0e3meuuTh IMABUILEHHS SKOCTI BiJTHOB-
JICHHSI HAIUTABJICHHSAM 3alli3HUYHUX KOJIC, iX Ha-
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IiiHICTh Ta Oe3MeKy pyXy TPaHCIOPTYy B YMOBAax
3pOCTAIOYMX CSKCIUTyaTalliiHuX HaBaHTakeHb. Oc-
HOBHI IOJIOKEHHS TEXHOJIOI1l HaIlJIaBJIEHHS 3aJIi3-
HUYHHUX KoJic 3axumieHi I[TareaTom Ykpainu [10].

Po3pobneno  TexHiuni  yMOBH  YKpaiHH
TY VYV 30.2-05416923-106:2013 «BinHOoBICHHS
IIyTOBUMH TIPOIIECAMH 3BaprOBaHHS MPOQITI0 I0-
BEPXHI KOYCHHsI 3aJi3HUYHUX KOJIC», SKi periia-
MEHTYIOTh TEXHIUHI BUMOTH SIK JIO MPOIIECY BiJHO-
BIICHHSI HAIUTaBJICHHSIM 3HOIIEHHUX TpeOeHiB Koulic,
TaK 1 JI0 BIJHOBJCHHS BCHOTO MPOMIII0 KOYCHHS
KOJIIC, BKJIFOYAIOYU PEMOHT JIOKABHUX JC(EKTIB
TUTTY «BUIIEPOUHU.

BucHoBxku

1. Meran koJjieca Ha JUISHII TIEPEXOY BiJl MO-
BEpXHI KOYEHHS JI0 TpeOeHs MpHu eKcIuTyararlii 3a-
3Ha€ HaHOUTBmMX nmedopmartiii 1 3MIlHEHHS,
a B MIPUIIOBEPXHEBOMY IIApPi YTBOPIOIOTHCA MiKpO-
TpimmHu AoBxkuHOWO 10 350 MkxMm. Tomy mepen
HAIUTaBJICHHSIM HEOOXiJTHO MEXaHIYHO BHIAISATH
MeTan Ha TnuOuHy He MeHmie Hix 1,0 MMm. A mpu
BIJHOBJIEHHI KOJIIC HEOOXIIHO 3a0e3leYuTH IIij-
BUILIEHY OMIPHICTh KPUXKOMY PYHHYBaHHIO HaIula-
BJICHb OCOOJIMBO B Il 30Hi.

2. Ilpu Har1aBIeHHI B METaJ 30HA TEPMIYHOTO
BIUIMBY KOJIeCa YTBOPIOIOTHCS TapTiBHI OCHHITHO-
MapTeHCHUTHI CTPYKTypH. MiHiMaapHa HIBUIKICTH
OXOJIOJPKEHHS METaly, P sIKiil TOYHHAETBCS (o-
pMyBaHHsS MapTeHcuTy, ctaHoButh 8 °Clc (B iH-
tepBani 600—-500 °C) mpu BMicTi ByIJICIO B CTai
30,58 % Ta 2 °C/c mpu 0,65 % Byraermto.

3.l miABWINEHHS OMIPHOCTI  yTBOPEHHIO
TPIIMH HEOOXiHO OOMEXyBaTH IIBHUIKICTH OXO-
nomkerns g0 16,0 °C/c mpu BMICTI BYIJIEIHO
C < 0,60 %, Ta no 8,0 °C/c npu C = 0,60—0,65 %.
3a TakMX yMOB Me€Tall Ma€ IOCTaTHHO BUCOKY 3J1a-
THICTh 10 MIKPOIUIACTHYHOTO nehopMyBaHHS 0e3
YTBOPEHHS TPILIHH.

4. [Ins ynepemKeHHS KPUXKOTO pyHHYBaHHS
metany 3TB HeoOxigHO 3a0e3meynT YMOBH, KOIU
B TIpoIIeCi HAIUIABIEHHS Oyae copMOBaHa CTPYK-
Typa, siIka He MICTUTh BEpXHiH OCHHIT, a YacTKa
MapTeHCUTY HE IEPEBHLIYE KITBKOCTI HUKHBOTO
Oetinity (criBBigHOmEeHHS M/BH < 1).

5.CyTTeBOMY MiJBUIIEHHIO OMIPHOCTI KPHX-
KoMy pyHHyBaHHIO Mmetany 3TB cnpusie ymnoBisib-
HEHHS OXOJIO[DKEHHS KOJIC TMICNs HaIUIaBJICHHS,
KOJIM BiIOYBAETHhCSI BUTPUMKA KOJIeca TIPH TeMIIe-
parypi 250—100 °C mnpotsirom 3—-5 romun Ilpm

BOMY WIBHUAKICTH OXOJIOJKCHHS MOBHHHA OyTH
He Oinbmie Hik 35—40 °C 3a roguny. [docsrtu Tta-
KX YMOB MOJKJIMBO B CIIELIQIbHUX TepMOKaMepax,
BUTOTOBJICHUX 13 3aCTOCYBAaHHSM TEIUIOI30JIIO0I0-
YHUX MaTepialib.
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YCJI0BUA OBECHHEYEHUA KAYECTBA BOCCTAHOBJIEHHbBIX
HAIIVTABKOM KEJIE3HOJOPOXHBIX KOJIEC

Heab. B pabore mnpennonaraercss yCTaHOBHTh 3aKOHOMEPHOCTH (OPMUPOBAHUS CTPYKTYPbl U  (H3HMKO-
MEXaHMYECKUX CBOMCTB KOJIECHBIX CTaJlel IpH AyroBOil HaIIaBKe M pa3padoTaTh TEXHOJIOTHYECKHUE PEKOMEH AU
110 BOCCTaHOBJICHUIO IIOBEPXHOCTEH M3HOCA JKEJIE3HOAOPOXKHBIX Kojiec. OHM oOecrieyar MOBBIICHUE HAJEKHOCTH
1 0Ee30IaCHOCTH JBWXKCHHUSI TPAHCIIOPTAa B YCIOBHSAX PACTYIIMX JKCIUTyaTalMOHHBIX Harpy3ok. Meromuka. [l
JOCTH)KCHUSI TIOCTABJICHHOW LIENTM MCCIeNOBaHo: 1) BIUsHIE SKCIUTyaTallHOHHBIX HATPY30K Ha CTPYKTYpHBIC H3Me-
HCHHSI M CBOWCTBA METajlIa Koiieca; 2) BIHMSHUC TyroBOM HAIUIABKH HA CTPYKTYPHO-(a30BBIil COCTaB U CBOMCTBA
METajUla 30Hbl TEPMHYECKOTO BIIHSHHS, €r0 COIMPOTHBISIEMOCTh XPYIKOMY M 3aMCIJICHHOMY pa3pyLICHUsIM; 3)
BIIMSIHUE HAIUIABJICHHOTO MeTajlia Ha (JOPMHUPOBAHUE HAIPSHKCHHOTO COCTOSHHS HAIUIABOK M MX CONPOTHBISIEMOCTb
00pa30BaHUIO TPEIInH; 4) H3HOCOCTOWKOCTh BOCCTAHOBJICHHOTO METAJlIa IPH TPSHHH-CKOJIBKEHUH Maphl KKOJIECO-
petika». Pe3yabTaTrsl. Hanbonee HanmpsHkeHHBIM y4aCTKOM IPOGHI Ka4eHHUS JKEJIS3HOIOPOXKHBIX KOJIEC I'PY30BBIX
BaroHOB IIPH 9KCIUTyaTalllH SBJISETCS MECTO Iepexo/ia OT MOBEPXHOCTH KaTaHus 1o rpedus. [lostomy npu BoccTa-
HOBJICHHH HAIUIaBKOH KOJIeC HEOOXOAMMO, MPEXk e BCero, 00eCceunTh MOBBIIICHHYIO COIIPOTHBIISIEMOCTh XPYIIKOMY
paspylLIeHHI0 MeTaia B 9Toi 30He. [y uckimovyeHus: 00pa3oBaHUIO TPEIIUH NPU HallaBKe HEOOXOIUMO OTpaHH-
YMBATh CKOPOCTh OXJIAXKICHUS B 30He Tepmuueckoro Biausaus 10 16,0 °C/c (B unreprane 600...500 °C) mpu co-
nepxkanuu yraepona C<0,60 %, u 1o 8,0 °C/c npu C=0,60...0,65 %. [Ipu 3TOM, CpaBHUTEIBHO BBICOKAsk CONPOTHB-
JISIEMOCTh XPYNKOMY Pa3pyIlIeHHIO o0ecrieunBaeTcs, KOraa B mpolecce HaruiaBky OyeT chopMHUpOBaHa CTPYKTYpa,
KOTOpasi He COJICP)KUT BepxHeil OCiHUT, a 0N MApTEHCUTa HE MPEBBINIACT KOJIWYECTBA HIDKHEro OeiiHuTa (COOT-
norrenne M/bu < 1). Beiepskka koleca Ha npotsokennn 3,5-4,5 gacos nipu Temreparype 100 °C 1ocie HaIIaBKu B
HPOLECCe ero 3aMENICHHOTO OXJIAXKICHHUS CIIOCOOCTBYET IOBBILICHHIO COMPOTHBISICMOCTH XPYIIKOMY Pa3pyILECHHUIO
MeTaiia 30Hbl TepMU4ecKoro BiusHus B 1,8-2,3 paza. D10 NpoUCXOAUT B pe3ylibTare yaaleHus AupQy3uoHHOTro
BOJIOpPOJIa U3 METaJlIa U CHIDKEeHHE B 1,5 pas3a HampspkeHHI BTOPOTO posia B 00beMe pelbcoB OCHHUTA U MapPTEHCH-
ta. HayyHasi HoBU3HA. ABTOPOM Pa3BUTHI 3HAHUS O CTPYKTYPHO-()a30BBIX W3MEHEHUSX, KOTOPbIe IPOMCXOIAT B
MeTaJjIe KeJIE3HOMOPOKHOIO Kojieca NMpH JIYroBOW HalUIaBKe. YCTaHOBJIEHA B3aMMOCBSI3b MEXIY COJEepKaHHEM
yIJIeposia B CTalll, CKOPOCTBIO €€ OXJIXKICHUS TP HAIUIABKE, COMPOTUBIIIEMOCTHI0 00Pa30BaHUIO TPEUIMH U XPYII-
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KOMY Pa3pyLICHHIO. Y CTaHOBJICHO BIMSHHUE YCIOBHM OXJIaXJEHUs Kojeca MOocjie HAIUIaBKM Ha CBOICTBa MeTasa.
IIpakTnyeckast 3HaYNMOCTBb. Pa3paboTaHbl TEXHOJIIOTHYECKHE PEKOMEHJAIMU 0 BOCCTAHOBJICHHIO HAIUIABKON
JKEJIE3HOJIOPOIKHBIX KOJIEC TPY30BBIX BaroHoB. VX mpuMeHeHne o0ecrieunT NOBBIIICHHE KauecTBa BOCCTAHOBIICHUS
HAaIUIaBKOH JKEJIE3HOOPOXKHBIX KOJIEC, HaJACKHOCTh U OE30IIaCHOCTh JBIDKEHHUS TPAHCIIOPTA B YCIOBUSX PACTYLIUX
9KCITyaTal[HOHHBIX HAaTrPy30K.

Kntouegvie cnosa: xene3sHon0pOKHOE KOJIECO; TyroBasi HAIIaBKa; 30Ha TEPMHUYECKOTO BIMAHUS; CTPYKTYypa; XO-
JIOJIHBIE TPEIUHBI; XPYIIKOE pa3pylleHNe; HAIJIaBICHHbIN METalll; H3HOCOCTOMKOCTh; TEXHOJIOIMYECKHE PEKOMEH-
Jlanu
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TERMS OF ENSURING QUALITY
OF THE RAILWAY WHEELS BUILT UP BY WELDING

Purpose. The paper assumes to set the basic laws in determining the structure and physical-mechanical proper-
ties of wheel steels during arc welding technology and to develop the recommendations for reconstruction of railway
wheel wear surfaces that will improve the reliability and safety of traffic in terms of increasing operating loads.
Methodology. To achieve this purpose the paper studied 1) the influence of operating loads on structural changes
and properties of metal wheels; 2) the impact of arc welding on structural and phase composition and properties of
the metal heat-affected zone, its resistance to brittle and slow fracture; 3) the impact of welded metal on the forma-
tion of the stress state of the welds and their resistance to formation cracks; 4) wear resistance of built up metal dur-
ing friction-slip of the «wheel-rail» pair. Findings. The most intense zone of the rolling profile of freight railway
wheels during operation is a place of transition from rolling surface to the ridge. Therefore, the wheel building up by
welding requires first of all the increased resistance to brittle fracture of metal in this area. It is established that
welding in the metal of the wheel heat-affected zone cause formation of the hardened bainite-martensite structures.
The minimum metal cooling rate, at which the martensite start forming is 8 °C / s (in the range of 600...500 °C)
when the content of carbon in steel is 0.58 % and 2 °C/s at 0.65 % of carbon. It is shown that to increase resistance
to cracking it is necessary to limit the cooling rate to 16.0 °C/s when the carbon content is C < 0.60 % and to 8.0 °C
/s when C = 0.60...0.65 %. Under these conditions, the metal has rather high ability to mikroplastic deformation
without cracking. It was founded that to improve the critical stress intensity factor Ky at brittle fracture it is neces-
sary to provide conditions when welding would result in the built up structure that does not contain upper bainite
and the martensite share does not exceed the number of lower bainite (ratio of M/Bn < 1). It is proved that exposure
of wheels within 3.5-4.5 hours at 100 °C after welding, during their slow cooling improves resistance to brittle frac-
ture of metal heat-affected zone by 1.8-2.3 times. This is due to the removal of diffusion hydrogen from the metal
and reduction of the II type stress in the lath volume of bainite and martensite by 1.5. Originality. The author has
developed the idea of the structural-phase changes that occur in the metal of railway wheels during arc welding. The
relation between the carbon content in steel, cooling rate during welding and resistance to cracking and brittle frac-
ture was found. The authors determined the influence of after-welding wheel cooling conditions on the metal prop-
erties. Practical value. Technological recommendations for railway freight wheel building up by welding were de-
veloped. Their application will improve quality of the railway wheels built up by welding, reliability and safety of
traffic in conditions of growing operating loads.

Keywords: railway wheel; arc welding; heat-affected zone; structure; cold cracks; brittle fracture; weld metal;
wear resistance; technological recommendations
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PYXOMMII CKJAJ I TATA O3B
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BUKOPUCTAHHSI HIECTUTPAHHUX CYHIJIBHOMETAJIEBUX
CAMOCTOIIOPHHUX FS-TAMOK Y PYXOMOMY CKJIAII 3AJIIBHULLD
IIIUPUHU KOJIII 1520 MM

Meta. OnHi€l0 3 KJIIOYOBHX BHMOT JI0 PYXOMOTO CKJIaJy HOBOTO MOKOJIIHHS € HOTpeOa 30UIbIIeHHs TapaHTii-
HHX CTPOKiB a00 MpoOiriB MK TEXHIYHUMH 00CIIyrOBYBaHHSIMH B €KCILTyaTalii Ta MiX IUIAaHOBUMH PEMOHTaMH, L0
TIPU3BEJIE /10 3HIDKCHHS BUTPAT HA TeXHIYHE 00CIIyrOByBaHHS Ta PEMOHT PYyXOMOTO CKJIA/ly 33 OTO KUTTEBUH LIUKII.
VY 3B’a3Ky 3 muM mpu OyayBaHHI, pEMOHTI, MOJEpHI3aIlil pyXoMOro CKIaay NparHyTh BUKOPHUCTOBYBAaTH KPEIIikK,
SIKFH 320e3MeYnTh BUCOKY HaIilHICTH MiA Hiero BiOparii. [{luM BHMoram BiAIOBiNAE IMIECTHTpaHHA CaMOCTOIIOpHA
cymiapHOMeTaneBa FS-raiika Gararopa3oBoro BHKOpPHCTaHHs KommaHii-BupobHuka FlaigtHommel GmbH. Tomy
B po0OTI HEOOXIHO PO3MIISIHYTH PE3yNbTaTH BUIPOOYBaHb HA MIATBEPKEHHs HaJiiHOCTI FS-raifok y HOBHX yMoO-
Bax. Meronuka. /Iyis miarBeppkeHHs QyHKIIOHATBHOCTI Pi3b0OBUX 3’ €HAHb 13 FS-raiikaMu Ui pyXoMoro cKiiaay
3aTi3HUIE MAPHHA Komil 1520 MM mpoBezeHui KOMIUIEKC BUTIPOOYBaHb: 1) BUIPOOYBaHHS HABAHTAKCHHAM Ta Ha
cronopHuii MoMeHT 3rifHo 3 1ISO 2320 npu HOpManNbHUX KIIMaTHYHHUX YMOBAxX Ta ITICIIsl BIUNTMBY HU3bKHX TeMIIepa-
TYp; 2) BUIPOOYBaHHS HA PYXOMOMY CKJIaJli B YMOBaX PECypCHHX MPOOIrOBHX HABAHTAXEHb Ta B IMiJKOHTPOJIbHI
eKkcrutyaranii Barosis. Pesyabrarn. [IpoBeneHi BunpoOyBaHHs FS-raifok Ta mpeacTaBiieHi pe3yjbTaTH CBiIYaTh
PO Te, IO CYLUILHOMETAJIEBI CaMOCTOINOpHI FS-raiiku BiANOBiar0Th MDKHAPOJHUM CTaHAApTaM, MiATBEPKYIOTh
HAQIIWHICTh B €KCIUTyaTallii Ha pyXOMOMY CKJaJi 3aii3Hunb mupuan komii 1520 mm. 3okpema, Mmij] yac eKCIuTyaTarii
30epiraeThCsi CTONOPHUIT MOMEHT Ta MOMEHT 3aTsTyBaHHs B Pi3bOOBHX 3’€IHAHHAX HAa HEOOPECOPEHHUX YacTHHAX Ta
Ha 00pEeCcOpPEHHUX YaCTHHAX Bi3KiB BAaHTQ)XHHUX BaroHiB B yMOBaX BiOpOHaBaHTaKE€Hb MPU OaraTopa3zoBOMY BUKOPHC-
taHHI FS-raiiok. HaykoBa HoBu3HA. P0o3pobneHnii KOMIUIEKC MPOTpaM i METOTUK BIOCKOHAJICHUN MPOBEACHHSIM
JI0JIATKOBHUX BUIIPOOYBaHb MICIIsl BILUIMBY Ha Pi3b00BI 3’€iHaHHs 3 FS-ralikamMu HU3bKHX TEMIIEPATyp, a TAKOK KOHT-
POJIBHUMH ONEpallissMH OLIHKK CTaHy pi3bOOBHX 3’€1HaHb i3 FS-raiikaMu B yMOBax MiJIKOHTPOJIBHOT €KCILTyaTaIil
pyxomoro ckiaay. lle B moBHI# Mipi JO3BOJIsiE MIATBEPAUTH HaAIWHICT BUKOpUCTaHHS FS-railok Ha pyxomMomy
ckiani 3ami3Hul mupuHr Komii 1520 mM. [IpakTHyna 3HaYuUMicTh. 3acTocyBanHs FS-raifok 103BOJISIE BIMOBH-
TUCH BiJ] BAKOPUCTaHHS y Pi3bOOBHX 3’€AHAHHSAX PYXOMOTO CKiany mupuHH Kouii 1520 MM TakuX eleMeHTIB siK
KOpPOHYATI raifku, NMpy»XHi maitou, CTONOpHI 1maiou, 3youaTi maidu, 3amo0ikHi IJIACTUHH, OHOPA30Bi CKPIIUICHHS,
KOHTpPralKy TOIIO, 100 rapaHTyBaTH TEXHIYHI BUMOTH JI0 IHHOBaLiHHOTO pyXOMOTo CKJIaay. Takoxk cydacHi BUpO-
O6Hnui TexHouorii FS-raiiok 3a0e3nedyroTs TpuBaiy poOOTY B yMOBaxX 3a0pyJHEHOCTI, BOJIOTOCTI, TIepenaiB TeMIe-
paTypH Ta IHIINX HECHPHUATINBUX (aKTOpiB.

Kniouosi crosa: FS-raiika; pi3p0oBe 3’€1HaHHS; PyXOMHH CKJIaJl, BUIIPOOYBaHHS
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PYXOMUI CKJIAJ] I TSATA IIOI3/IIB

Beryn

Cy4acHUM eJeMEHTOM pi3b0OBOrO 3’€THAHHS
YHIBEpCAJIbHOTO ~ BHUKOPHUCTAHHSA, SIKE IIPAIioe
B YMOBax BiOpallii, € mecTUTpaHHa caMOCTONOPHA
cyuinpHOMeTaneBa FS-raiika Garatopa3oBoro Bu-
KOpUCTaHHS KoMmaHii-Bupobuuka Flaig+Hommel
GmbH (mami — FS-raiika), 1m0 ycImimmo 3apekome-
HAyBajga cebe MPOTArOM JCKIIBKOX JIECATUIITS,
30KpeMa Ha TPaHCHOPTi y KpaiHax €Bpomy, a Ta-
kox 3 2012 poky y Pocii.

FS-raiika BinnoBigae Bumoram cranaaptis 1SO
7042, 1SO 10513, I1SO 7044, ISO 12126, 1SO
2320.

[puknan ymoBHOro no3naueHHs FS-raiiku: FS
M16 1SO 7042-8-Zn8., ne

- FS - 3apeectpoBanwmii
Flaig+tHommel GmbH,;

— M16 — napameTpu pi3n0y;

— I1SO 7042 — crangapT BiAMOBITHOCTI raliky;

— 8 — KJ1ac MIiITHOCTI TaiKH,

— Zn8 — THII i TOBIIMHA MOKPUTTSI.

FS-raiika moxxe OyTH BCTaHOBIIEHa Ha Oyab-
SIKUH 3aTI3HAYHUN PyXOMUW CKJIaJ, SKIIO MPOEKT-
HOI0 JOKyMEHTAalli€l0 Ha HBOrO MependayeHo
KpiIJIeHHs1 JeTani pi3bOOBUM 3’€THAHHSIM 3 BHUKO-
PHUCTaHHSM Oy I1b-KOT TaliKH.

Po3mipu ocHOBHUX TuMiB FS-raiiok HaBeneHi
B Tabn. 1, a mo3HaueHHs po3mipiB — Ha puc. 1. FS-
raiflki MaroTh TMOJIe JOMyCKy pizsou 6H. Crix 3a-

TOBapHUIl 3HaK

—

SW

3HAYUTH, MO0 KPIM OCHOBHHX THIIIB, HABEICHUX
y Tabn. 1, moxnuBe BurOoTOBIEHHS FS-raiiok Be-
TUKUX po3MipiB — 10 M110- cremiansHOi hopmu
UIE  yMOB PIi3HOT CKJIQJHOCTI BHUKOPUCTaHHS
Y KOHCTPYKIIii pi3b00BOTO 3’ € THAHHSI.

FS-raiika cxiagaeTecsi 3 [IBOX EIIEMEHTIB
(puc. 1): Tino raiiku Ta 3anpecoBaHUil Y HBOTO Me-
TaJIEBUIl CTONOPHUH MpPYXHIH eleMeHT 3 Ti€w
K pi3p0O0, MO i TIO TaKH, 31 3MIMIEHHAM IO
Kpoky. CTOIOpHHN €JIEMEHT TEPEIIKOIKAE Billh-
HOMY O0epTaHHIO Tallku 1Mo pi3bOi Oouta, 3abesre-
YYIOYN BUHUKAaHHS CTOTIOPHOTO MOMEHTY IO BCiii
KPY>XHOCTI mpodimto pissou (360°), skuii yrpuMye
raiiky Bij OyIb-sKMX MOCIa0JicHb Ta MPOBEPTaHb
no pi3e0i mpu aii BiOpawii. CTomopHHUH eleMeHT
Jlie B OCLOBOMY Ta pajialbHOMYy HampsMky. Cifg
3a3HAYUTH, IO CTOTIOPHUH EIEMEHT Hi B SKOMY
pasi He MOIIKOXKY€E CIIPSKEHY pi3bOy OonTa.

[Ipaue3natHicTs FS-raiiok, sika momsrae y 30e-
pPEeKEHHI CTOIIOPHOTO MOMEHTY, 3a3Ha4eHOro
B I1SO 2320, Moxe ckiamaTd 10 I’ ATHAAUATH LIUK-
JiB 3aKpydyBaHHSA-BIIKPYYyBaHHA y pa3i JOTPH-
MaHHS BUMOT BHPOOHHKA IMOJO eKcruryaTarii FS-
raiiku. Jlns 3axucty Big koposii FS-raiika Mae
EJIEKTPOJIITUYHE TOKPHUTTS y BixmosigHocTi 3 1SO
4042. Tlim yac BurotoBieHHs Ha FS-raiiky HaHO-
csTh 000B’3KOBE MapKyBaHHS, BXKIIMBUM eJeMe-
HTOM SIKOTO € 3apeecTpOBaHMIA TOBapHHUU 3HAK
«FS».

MeTtannuyeckui
CTONOPHbIW 3NemeHT

Puc. 1. KoHCTpyKIisg Ta Mo3HaUYEHHS TEOMETPUIHUX PO3MipiB FS-raiiku

Fig. 1. The design and geometric dimensions of FS-nuts
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Tabnuns 1
Po3mipu FS-raiiok
Table 1
FS-nuts dimensions
Posmip, MM
[lo3nayenns h Sw
raiiku, d max min . Emin
max min
Besnanuesa | 3 guannem | Besguanuesa | 3 duanmem
M5 51 6,2 4,80 5,70 8 7,78 8,79
M6 6,0 7,3 5,40 6,80 10 9,78 11,05
M8 8,0 9,4 7,14 8,74 13 12,73 14,38
M10 10,0 11,4 8,94 10,34 16 15,73 17,77
M12 12,0 13,8 11,57 12,57 18 17,73 20,03
M14 14,1 15,9 13,40 14,80 21 20,67 23,36
M16 16,4 18,3 15,70 17,20 24 23,67 26,75
M20 20,3 22,4 19,00 20,30 30 29,16 32,95
M24 23,9 - 22,60 - 36 35,00 39,55
M30 30,0 - 27,30 - 46 45,00 50,85
M36 36,0 - 33,10 - 55 53,80 60,79

BigminHOIO 0COOMMBICTIO MOHTaXxy FS-raitkn
€ Te, W0 CTONOPHUH ENEeMEHT TMOBHHEH 3aBXKIH
PO3TaIIOBYBATHCS 3 MPOTHIICKHOTO OOKY BiX TO-
YaTKy Ha)XuBIeHHs FS-raiiku Ha pi3p0y Oosnra.

Jns 3a0e3medeHHsT SIKOCTI 3’€QHAHHS JeTallel
Ta TPUBAJIOI MpPAIE3AaTHOCTI CTOMOPHOTO eJeMEH-
Ta FS-raifku HEoOXiTHO AOTPUMYBATHCh Ta KOH-
TPOJIIOBATH MOMEHT 3aTsryBaHHs (Tabi. 2). Hase-
JIeHI 3HAYEHHS MOMCHTIB 3aTSATYBaHHS DPEKOMEH-
nosani FlaigtHommel GmbH, ane xonctpykTop
PYXOMOTO CKJIaJy MOXe KOPUTYBATH MOMEHT 3aTs-
TYBaHHS JIJI1 KOHKPETHOTO 3’€HAHHS BiAMOBIIHO
JI0 YMHHUX HOPMATHUBIB Ha pi3b0OBi 3’€IHAHHA Ta
0COOMCTOCTEH KOHKPETHOT KOHCTPYKIii (MOMEHT
TEpTs, BIACTHBOCTI IOBEPXHI, JO SKOi TPUTS-
ryeThes raiika Tomo). ®akTHYHUNA MOMEHT 3aTsiry-
BaHHs FS-raiiku (My,) € CYMOIO pO3paxyHKOBOTO
MOMEHTY 3aTAryBaHHSA (Mp,s) Ta CTOIIOPHOTO MO-
MEHTY (Mcron)-

BaxximBoro BUMOro0, OB’ SI3aHOI0 3 0COOJINBI-
CTIO KOHCTPYKIIii FS-raiiku, € MBHIKICTH HATBHH-

gyBaHHSA FS-raiikn Tpu BUKOPHWCTAaHHI aBTO-
MaTH30BaHOTO  IHCTpyMeHTa. PexomeHnoBaHa
Flaig+tHommel GmbH mBuakicTs HarBUHYYBaHHS
— 30 00/xB, OCKIJIbKH TPU TaKiil IIBUIKOCTI 3a0e3-
MEYY€EThCS HAHOUTBII CIPHSTINBA B3aEMOIIS CTO-
nopHoro enemenra FS-raiiku 3 pi3p0Ooro Oouta.

[Ticnst aHamizy KOHKPETHUX YMOB MOHTaXy Ta iH-
CTPYMEHTAa Ha IMINPHEMCTBI, NI¢ BiTOyBa€eThCs
30ipKa KOHCTPYKIIii, IIBHUAKICTh MOHTaXy MOXKE
Ooytun 30LIBIIEHA 3a PEKOMEH/IAITIER0
FlaigtHommel GmbH, ane ue 6insre, mHixk g0 100
00/XB, OCKLUJIbKU IPU 301IbLICHHI 00EPTIB CYyTTEBO
3pocTae Temriepatrypa HarpiBy Oonra Ta FS-raiiku
BHACITIZIOK pOoOOTH CTOTIOPHOTO eneMenTa FS-raiiku.
HarpiBanus HeMuHydYe, OCKUIBKH TPW HATrBUHIY-
BaHHI FS-raifiku MOJIA€ThCS 3YCHIUISL CTOMOPHOTO
MOMEHTY.
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Tabnuus 2
MomenTn 3aTsiryBanHs FS-raiiok
Table 2
Wrench torque of FS-nuts
Mowment 3atsryBanss (H-m), aificHi JUIS Pypys= 0,1%
CranmapTHa pi3bba JpibHa pi3pba
Knac mingocTi 8 10 12 Knac mingocTi 8 10 12
[Tapamerpu [Tapamerpu

pi3poH pi3poH

M5 4,8 7,1 8,3 -

M6 8,3 12 14 -

M8 20 30 35 M8x1 22 32 37
M10 40 59 69 M10x1,25 42 62 72
M12 69 100 120 M12x1,5 72 105 125
M14 110 160 190 -

M16 170 250 290 M16x1,5 180 265 310
M20 340 490 570 M20x1,5 375 530 620
M24 590 840 980 M24x2 630 900 1050
M30 1200 | 1700 | 1950 M30x2 1300 1850 2150
M36 2150 | 3050 | 3600 M36x2 2400 3500 4000

* Unpus — IpHBEICHNH KOEDILIEHT TEPTS

[Ipu ngpyroMy Ta HACTYITHHX BHKOPHCTaHHSIX
FS-raifku OakaHa mepeBipka MPUCYTHOCTI y Hel
CTOIIOPHOTO MOMEHTY, 100 TepekoHaTHucs y ii
CIPaBHOCTi, TOMY IO CTOIOPHI BJIACTUBOCTI,
MO>KIIMBO, OyJIM BTpadeHi y pa3i MOpPYIICHHS YMOB
eKCIuTyaTalii i HeIOTpUMaHHsI TPaBHJI MOHTAXY.
3aci0 mepeBipKu CTOMOPHUX BIIACTHBOCTEH JOCUTH
MPOCTHI Ta TIONSITAaE B TOMY, 11O TpeOa HAKUBUTH
FS-raiiky Ha OONT «BiJ PyKW», BHKJIIOUHUBIINA BU-
KOpUCTaHHS OyAb-SKUX 1HCTPYMEHTIB, IIOKH KPOM-
Ka 00JITa He BCTYNHThH Y B3aEMOIIO 31 CTOIIOPHUM
enemeHToM FS-raiiku. Koxm Bxke cromopHuit eie-
MEHT [TOYHE BXOJIUTH Y 3UEIUICHHS 3 pi3b00t0 00J-
Ta, TONI 3aKpyuyyBaHHs FS-raiiku «Big pyku» Oymue
BKpall Bakke, TOOTO MPAaKTHYHO HEMOXKITUBE, 1 1ie
03HayaTuMme, IO CTOIMOPHHUHA MOMEHT y FS-raiiku
NPUCYTHiH.

Meta

BiamoBimHO A0 TPUAHATTS KOHCTPYKTHBHHX
pillieHb 00 BUKOPUCTAaHHS CaMoCTONopHUX FS-
raifoK B pi3bOOBHX 3’ €IHAHHSIX KPIIJICHHS JleTaleit

PYXOMOTO CKJIaJy HOBOTO IMOKOJIIHHS IIMPHHHU KO-
aii 1520 MM, 30KkpeMa y Bi3ka BAaHTa)KHOI'O BaroHa,
BUHUKJIA HEOOXIIHICTh BUKOHAHHS KOMILIEKCY J0-
JAaTKOBUX BUNPOOYBaHb Ha MiATBEPIUKEHHS HaMil-
HocTi FS-Taliok y HOBHX yMOBaXx.

MeTtoauka

Ha mnepmomy etami BumpoOyBanb FS-raiiku
HepeBipsUT Ha TIPane3IaTHICTh METOJIOM, OIHCa-
M y 1SO 2320, sk npu kiMHATHIA Temmeparypi,
Tak 1 micns gii Ha pi3bOOBI 3’e€nHanHs 3 FS-
raiikamu Hu3bKo1 Temmeparypu (-60°C).

BunpoOyBaHHS BHKOHYBAJINCH Ha TEPHUTOPIi
ninnpuemctBa FlaigtHommel GmbH B atectoBa-
Hill nmabopaTopii 3 HeoOXiTHMMHU 3aco0aMy BUMi-
pIOBaHHS Ta TeCTyBaHHS. JIs BIUIMBY HU3BKOI Te-
MIepatypu Ha pi3p0oBi 3’eaHaHHs 3 FS-raiikamu
BOHHM OyJHM 3aKia/ieHi B TEpMOKaMepy Ta BUTPUMY-
Bayuch npu temmeparypi -60°C mpotsirom 6 To-
JIVH.

BurpoOyBaHHSI BHKOHYBAJIUCh CTOCOBHO TaKHX
tuniB FS-raiiok:
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— FS M 20 DIN 980/I1SO 7042-10-Zn8;

— FS M 20 DIN EN 1664-10-Zn8;

— FS M 24 DIN 980/1SO 7042-10-Zn8,

SKi BUIAIKOBUM YMHOM Oyinu oOpaHi 3 cepiiiHOl
napTii NpoAyKLii, Mo AeB’SITh KOXKHOTO TUILY:

— TI0 TPH JUTS BUMIPIOBAHHS CTOIIOPHOTO MOMEH-
Ty MOMeHTHUM KiroueM (FS-raiika «a» (puc. 2));

— [0 TpHW AJsl BUNPOOYBAaHHS HaBaHTAXKEHHSIM
o 1SO 2320 no BrmBy HU3bKOI TemmepaTypu (FS-
raiika «C» (puc. 3));

— [0 TPU U1 BUMIPIOBaHHA CTOIIOPHOTO MO-
MeHTy aBToMarndHo 1o 1SO 2320 mo i micns Brom-
By HHM3BKOi TEMIIEpaTypH, a TaKoX Ui BHIIPOOY-
BaHb HABaHTA)XCHHSM TICJIS BIUTUBY HU3BKOI TEM-
nepatypu (FS-raiika «b» (puc. 4)).

[opsimok po6iT Ha mepumioMy eTami BHIPOOY-
BaHb OyB HACTYITHHH:

a) Bi3yaJbHO OIIIHIOBABCSA 3OBHIIIHINA BHTJIS,
SKICTh ITOKPHUTTS Ta MapKyBaHHsS KOXXHOI FS-raiiku

(puc. 5);

0) BU3HAYAJIHCh TEOMETPUYHI PO3MIPH KOXKHOL
FS-raiiku Ta ii pi3sou;

B) BHUKOHYBaJINCh BHUMPOOYBaHHsS KOXHOI FS-
raiilkl HaBaHTAKCHHSAM, BHU3HAYaBCS CTONOPHUI
MoMmeHT 3rimHo 3 1SO 2320 npu kiMHaTHIN Temrie-
patypi;

r) BHKOHYBaJIHCh BHIIPOOYBaHHs KOXHOI FS-
railku HaBaHTKEHHSM, BHM3HA4YaBCS CTOIOPHUIM
MoMeHT 3rimHo 3 1SO 2320 micns BIUMBY HHU3BKOT
temmneparypu (-60°C).

Jns BUMIpIOBaHHS TE€OMETPUYHUX PO3MIpiB
FS-raitok Oymu B3siti Tpu FS-raiiku «b» KokHOTO
THITy, SIKi B TIOJQJIBIIOMY BHIPOOYBAJIHNCh HA CTO-
MOPHI BJIACTHUBOCTI JI0 1 Micis BIUIMBY HU3BKOI Te-
MIepaTypy Ta HaBaHTaKEHHAM IIICNS BIUIMBY HU-
3bKOi TEMIIEPaTypH.

Puc. 2. 3paszkun FS-raiiok a1 BU3HAYSHHS CTOIIOPHOTO MOMEHTY MOMEHTHHM KIIIOUEM

Fig. 2. FS-nuts samples for determining the locking moment with a torque wrench

Puc. 3. 3pasku FS-raiiok as BunpoOyBaHb HaBaHTa)KEHHSIM JI0 BIUIMBY HU3bKOT TEMIIEpaTypu

Fig. 3. FS-nuts samples for testing by load to the low temperature impact
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Puc. 4. 3pasku FS-raiiok a1t Bu3HaueHHS! CTOIIOPHOTO MOMEHTY aBTOMAaTHYHO
JI0 1 iCJIs BIJIMBY HU3BKOI TEMIIEPATypPH, a TAKOXXK BUMPOOYBaHb HABAHTAXKECHHAM
TIiCIIS BIIMBY HU3BKOI TEMIEPATYPH

Fig. 4. FS-nuts samples for determining the stopping moment automatically
before and after low temperature impact and testing
by load after low temperature impact

Jns FS-raiiok, Ha SKMX BUKOHYBaJIHCh BUMi-
PIOBaHHA T€OMETPUYHUX pO3MipiB, Oyio 3xilicHe-
HO TaKOXX KOHTPOJIb Pi3bOM BiAMOBiZHUMH KamiO-
pamu.

Ho TecryBaHHsIM BHUIpOOyBaHb Ha CTOIOpPHI
BJIACTHBOCTI aBTOMAaTH4YHHM 3ac000M 3pa3kiB FS-
raiiok «b» BigmosigHo g0 1SO 2320 Gyna BUuKoHa-
Ha MepeBipKa CTOMOPHOTO MOMEHTY 32 TOITIOMOTOFO
MOMEHTHOTO Kito4a (puc. 6) y neB’situ 3paskiB FS-
raiiok «a»(mo Tpu FS-raiiku koxkHoro tumy). Cro-
MOpHUIT MOMEHT (iKCyBaBCS TPH MEPIIOMY Ta
I’SITOMY 3aKpy4dyBaHHI Ta BiKpydYyBaHHi, YOTHp-
HaAUATOMY 3aKpy4yyBaHHI 10 Aii HU3bKOT TemIiepa-
TypH a TOTIM, TIPH I’ ITHAAISTOMY BiIKpY4YyBaHHI
miclisl BIUIMBY HU3BKOI TeMrepaTypu. Pe3yibraTu
HaBezieeHi y Tabn. 6. Ciij 3a3HAYUTH, 1[0 BUMOTH
ISO 2320 no mocTatHiii KiNBKOCTI y IT’ATh UKIIIB,

MIPH SIKUX TIOBWHHI 30epiratucs CTOIIOPHI BIACTH-
BOCTI CTONOPHOI raliku, MEPEBUIICHI, 11O CBIIYUTH
PO BHCOKMH pe3epB KOHCTpyKuii FS-raiiku
30epiraT OCHOBHY BJIACTHBICTh — CTOIIOPHHMA MO-
MeHT!

Bigmosigao no 1SO 2320 ans ges’stu 3paski
«C» (mo Tpu FS-railk KOXKHOTO THITy) BHKOHAHI
BUIPOOYBaHHS HABAHTAXXCHHSIM IO BIUIUBY HU3b-
koi temmneparypu. [ns FS-raiiok M20 BumpoOy-
BaHHs Oy BukoHaHi Ha ipeci MAREM (puc. 7) 3
HaBaHTaxeHHsM 10 259,7 xH ta mis FS-raiiok
M24 — ua npeci KRAFTAUFNEHMER (puc. 8)
3 HaBaHTaKeHHAM 1o 374,2 xH. ¥V nmoganpmux BU-
npoOyBaHHsAX i FS-raiiku He Oymu BUKOpHCTaHI,
OCKUIbKM BIUIMB HaBaHTAXCHHSM — I CKCTpe-
MaJbHI YMOBH, MICJIS SIKUX CTOIMOPHI BJIACTHUBOCTI
FS-raiiku He MOXyTbh OyTH rapaHTOBaHI.

Puc. 5. Bizyanbuuii orssin FS-raiiok mijg 3011b11yBaIbHUM CKIIOM

Fig. 5. Visual inspection of FS-nuts under the zoom
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Puc. 6. MoMeHTHUI KITIOY

Fig. 6. Torque wrench

Puc. 7. BunipoOyBanus FS-raiiku M20 HaBaHTa)xeHHAM

Fig. 7. Test of FS-nut by M20 load

Puc. 8. BunpoOysannst FS-raitku M24 naBaHTa)XeHHAM

Fig. 8. Test of FS-nut by M20 load
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Bigmosigao no 1SO 2320 ans aes’stu 3paskiB
«b» (o Tpu FS-raiiku KOXHOTO THIY), Ha SKUX
BHMIPIOBAIMCH TEOMETPUYHI TapaMeTpyd Ta KOHT-
poroBanacs pib0a, BUKOHAHI BUIPOOYBaHHS CTO-
nopHoro mMomentry Ha creHui SCHATZ (puc. 9).
CronopHuii MOMEHT BH3HA4YaBCS IPH MEPIIOMY
3aKpy4dyBaHHI Ta BIIKpY4YyBaHHI Ta TpPU I’ ITOMY
BIIKpydYyBaHHi. 3a pe3ylpTaTaMH BUMIpPIOBaHb
BiJI3HAYEHO, 1[0 3HAYEHHS MOMEHTY JISKHTh Y Bil-
noBigHomy 3 I1SO 2320 mianmasoni mms FS-raiiku
wiacy wminHocti 10 (pesynbraté momiOHi 10 pe-
3yNbTaTiB, HABEJCHUX y Ta0. 6).

ITicns BumpoOyBaHb IIpH KiIMHATHIN TeMIiepary-
pi pi3b0OOBi 3’enHanHs 3 FS-raiikamu «b» Oynu mo-
MillleHI B TEPMOKaMepy Ta 3aMOPOXKEHi 10 TeMIle-
parypu —60 °C, nipu siKiit Oynu BUTpuMaHi 6 ToauH.

ITicns Bumanenus 3 repmokamepu FS-raiiok «b»
Ta BUTPUMKH IIpU KIMHATHIH TeMmeparypi MmpoTs-
TOM YOTHPHOX TOJWH OYyJM BHKOHaHI BHITPOOYBaH-
HS Ha BiIIOBIIHICTH CTOITOPHOTO MOMEHTY BHIMO-
ram 1SO 2320. CronopHuii MOMEHT BU3HAYaBCS JIs
HEpIIOro 3aKpydyBaHHS Ta BiJKPYYyBaHHS Ta JUIS
I’ sITOr0 BimkpydyBaHas. Clif 3a3HAYUTH, IO TIep-
1Ie 3aKpydyBaHHs Micisl BIUIMBY HU3BKOI TeMIiepa-
TypH BiANoBigae (HaKTHYHO CHOMOMY 3aKpydyBaH-
HIO, a II'SiTe PO3KPYYyBaHHS — OJHHAUATOMY,
OCKUIBKM Ti K cami FS-railku 10 BIUTMBY HW3BKOI
TeMIlepaTypH MiJJaBajinucs BUIPoOyBaHHAM Ha BHU-
MIpIOBaHHSI CTOIIOPHOTO MOMEHTY TPOTSATOM IT'SITH
UKIIIB  3aKPyYIyBaHHA-BIAKPYIY-BaHHSA, a IIOTIM
OyJI 3aKpy4eHi MIOCTHH pa3 1 MOMIIICHI B TEPMO-
Kamepy. 3a pe3yibTaTaMH BHMipIOBaHb BH3HA4YeHA
BIJIMIOBITHICTh 3HAYEHH CTOIMOPHOTO MOMEHTY TIpH-
MyCTUMOMY Jiana3oHny BifmosiaHo 10 1SO 2320 ms
FS-raiiok wmacy minnocti 10 (pesynbrari momioHi
JI0 pe3yNbTaTiB, HABEJCHUX Y Ta0. 6).

FS-raiikn «b», ski Oyau Bix BIUIMBOM HH3BKOI
TEeMIIepaTypl Ta BUMNPOOYBaHI Ha BiJMOBIAHICTDH
CTOIIOPHOTO MOMEHTY, TaKOX OyiHm BUIpPOOyBaHi
HaBaHTa)XEeHHAM BianosinHomo 1SO 2320.

Ha npyromy erani BunpoOyBanb FS-raiiku ko-
HTPOJIIOBAJIUCS B YMOBax pyxy IOi3[a Mia 4ac pe-
CypCHHX TIpOOIroBux BUMPOOYBaHb Bi3KiB MOEi
18-9855 yHiBepcanbHOrO BaHTa)KHOT'O BaroHa MO-
neni 12-9853. BunpoOyBanHsaM Oynu minaaHi Taki
THUITU TaHOK, AKi HaJeXaTh 10 KOHCTPYKII Bi3Ka!

— FS M 20 DIN 980/1SO 7042-10-Zn8;

— FS M 20 DIN EN 1664-10-Zn8;

— FS M 24 DIN 980/ISO 7042-10-Zn8.

Mertoro nporo eramy BUIpOOyBaHHs Oyio me-
PEBIpUTH HAMIMHICTH KPITUIEHHS AeTaineil Bi3ka FS-
raifkamMm B yMOBax BiOpOHaBaHTa)XEHb ITiJI 9ac py-
Xy moi3ga. 3aBIaHHsA BUIIPOOYBaHbL OYyJIO CIIPSIMO-
BaHO Ha OIIHKY MLTICHOCTI Pi3p00BUX 3’€HAHBb
3 FS-raiikamu Ta 30€pe)KeHHSI HAJICIKHUX BIACTH-
BOCTEH CTOIIOPHOI'O MOMEHTY.

BumnpoOyBanHns Oynu BUKOHAHI BiAMOBITHO 11O
po3pobnenoi AT «HBI] «Baronm» mporpamu Ta
METOJHMKH PECYPCHUX NPOOITOBHX BHITPOOYBaHb
Bi3KiB Mojeiei 18-9855.

BunpoOyBaHHS BUKOHYBAJINCh Ha €KCIIEpHUMe-
HTATHPHOMY 3aJli3HUYHOMY TIOJIITOHI HA CTaHIIi
[lepOunka MOCKOBCHKOI 3alli3HUIL, BKIFOUECHHSIM
BaroHa, Ha SIKOMy BHKOHYBaJIHCh BUIPOOYBaHHS,
0 CKJaxy BaHTaxHOro moizga. [loizg maB Bary
0nu3pK0 9 THCSAY TOHH 1 pyXaBcsl MMiJ] 4ac BHIIPOOY-
BaHb 3 cepenHboro mBHAKICTIO 70 kM/roa. Barow,
KU TIPOXOAWB BHIIPOOYBaHHs, OyB HaBaHTaXe-
HHUM 0 MaKCHMAalIbHOTO HaBaHTaXeHHs (25 Tc Bix
OJTHi€T KOJIICHOT Mapy Ha KOJIilo).

Ornsip pizsOoBUX 3’€nHaHb 3 FS-raifikamu Oyio
BHKOHAHO TIepe] MoYaTKoM BHIIPoOyBaHb. [Ipomi-
JKHI oAy OyJIM BUKOHAHI Micis 24 THCSY KM Ta
53 Tucsy kM npobiry Barona. IlincyMKkoBuii orsg
OyB BukoOHaHMH michs 85 tucsy kM mpoOiry, Mo
BIJINIOBIIANI0 €KBIBAJICHTHOMY Tpo0iry 255 Tucsu
KM 3 ypaxyBaHHSM TaK 3BaHOTo koedimienta ¢op-
CyBaHHA — 3, MPU3HAYEHOTO ISl eKCIIEPUMEHTAITb-
HOTO ToJIiroHy Ha ctanmii [1lepOuHka.

[ix wac ormagy  pi3pOOBUX
3 FS-raiikamu BUKOHYBaJIUCh TaKi [l

— Bi3yalIbHO BU3HAYAJIACh IUTICHICTH 3’ €JHAHD;

— BH3HAYAJIOCh, M € MociadieHns FS-raiiok;

— BH3HAYaBCs MOMEHT 3aTsryBaHHs FS-raiiku.

Tpertiii eran BUNpoOyBaHHA — 1€ HATJISA Ta KO-
HTposib FS-Talilok B yMOBax MiJKOHTPOJBHOI €KC-
IUTyaTtamii BCiX BaroHiB, MoOymoBaHUX TiXBiHCH-
KUM BaroHoOyaiBHUM 3aBojgoM (Pocist) Ha Mepexi
3amizHuIE mupuan Koumii 1 520 mm 3 2012 poxky.

Haiibinpmmii mpoOir, SKOTO TOCITIN BaroHH
MEepUIOTO BUMYCKY TiXBIHCHKOTO BaroHOOYAiBHOTO
3aBony, craHoM Ha 1 yepBHs 2016 poky cknaB 0i-
meire HiK 400 Thcsu kM. Baprto 3azHaumtH, 110
OUTBIITIICTh BAaroHIB IHTEHCHBHO EKCILIYaTYIOTHCS
B yMOBax 3ani3Hunpb Cubipy i Janexkoro Cxoxy.

3’€IHaHb
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Puc. 9. BunipoOyBantst FS-raiiok aBTOMaTHYHHUM BUMIPIOBAHHSIM
CTOIIOPHOT'0 MOMEHTY Ha cTeHni SCHATZ

Fig. 9. Test of FS-nut by automatic measurement
of locking moment on the stand SCHATZ

BiamoBigHo 70 mporpam Ta METOAMK IIiJKOH-
TPONBHOI eKcIutyartanii Bi3kiB Mmozeneit 18-9810 ta
18-9855, pozpobnennx AT «HBL «Baronu»,
y MeXaxX BHKOHAaHHS IIAHOBUX KOMICIITHHX
OTJIAMIB BI3KiB Ha TEPUTOPii BaroHOPEMOHTHHUX
HiAIPpUEMCTB  OIiHIOBaBCA  cTaH  FS-raiiok
y pi3p00BHX 3’ €THAHHSIX.

Cranom Ha 1 yepmBHs 2016 poky BimOynocs
II’SITh 3aIJJAHOBAHUX KOMICIMHMX OIJISAIB 3a BECh
yac MIKOHTPOJbHOI ekcrutyartariii 3 2012 poky.
[lig wac ornsaiB ouiHIOBaJOCH mocnabieHHs FS-
raifoK OUIIXOM 3aMipy MOMEHTY 3aTsATyBaHHS,
NPUCYTHICTh YU BiACYTHICTH CTONOPHOTO MOMEH-
Ty, 3Beprajacs yBara Ha TPUCYTHICTh UM Bij-
CYTHICTb TOIIKO/XKeHb FS-raiiok, 30kpema, pizbou.

Crnin 3a3HauuTH, IIO 3a BECh 3a3HAUYCHUH
MepioA MiAKOHTPOJIBHOI eKCIUTyaTaIlii Imi 1 yac Tuia-
HOBHX OTJISIIB BiIOYJOCS INICTh HUKIIB 3aKpydy-
BaHb-BIJKpy4yBaHb FS-raiflok Bi3KiB, IO MEpeBU-
mye BuMoru 1SO 2320 mo mocratHif KiJIBKOCTI Y
I'SITh LIUKIIIB, TIPH SIKUX TOBHHHI 30epiratucs cTo-
MOPHI BIaCTUBOCTI CTOIOPHOI TafKH.

Kpim Toro, B excruyatauii pa3oM i3 peryssip-
HUMH OIIIaMH PYXOMOTO CKJIaJy Ha TEpUTOpii
MYHKTIB TEXHIYHOTO OOCIYTOBYBaHHS BaHTa)KHUX
BAaroHiB, J0JATKOBO [0 MPOTPaMH MiIKOHTPOIBbHOL
eKCcIUTyaTarii, MIPEeACTaBHUKAMU BHpPOOHHKA

BaroHiB 3/[IHCHIOIOTHCS BUITAIKOBI MEPIOIUYHI 00-
crexxeHHs: FS-raiiok. [Ipu 1mpomy mepeBipsieThes
30epekeHHs] MOMEHTY 3aTATYBaHHS Ta OIIHIOETHCS
30BHINIHIN cTaH pi3p00BHX 3’€THAHb
3 FS-raiikamu.

PesyabTaTtn

Ha nepwomy emani eunpobysans

1. Pe3ynpTaTil Bi3yalbHOTO KOHTPOJIO 30BHIMI-
HbOTO BUIIISAAY FS-raifok (MOKPUTTS, HasBHICTH
MapKyBaHHs),  BHMIDIOBaHHS  T'€OMETPHYHUX
PO3MIpIB 1 KOHTPOJIIO Pi3b0OU HaBeneHi B Ta0a. 3—5.
Pesynbpratn mokasanu, mo aedeKTH Ha BCiX 3pas-
kax FS-raiiok BifCyTHi, MOKPUTTS piBHOMIpHE,
MapKyBaHHS € Ta YiTKO YHTA€ThCS, BCi PO3MipH
3HAXOJATHCS Y BIAMOBIAHUX MEXKax, a pizb0a Bij-
NOBiJa€ Kamiopy.

2. Pe3ynbTaTi BUMIpPIOBaHb CTOIIOPHOTO MOMeE-
HTY 3a JIOTIOMOTOI0 MOMEHTHOTO KJIF0UYa MOKa3alH,
IO CTOTOPHI MOMEHTH BCiX BHNPOOOBYBaHUX FS-
raifok Oymu B Mexax 3rigHo 3 1SO 2320, 30kpema,
K TpU I'STOMY BiJKpy4yBaHHI NMpH KiMHATHIiH
TeMIIepatypi, Taki i OpH I ITHAALATOMY BiIKpY-
YyBaHHI Mic/is BIUIMBY Ha Pi3bOOBi 3’€qHAaHHS HHU-
3pkoi Temmeparypu —60 °C. Pesynbrate BHMIpIO-
BaHHsI CTOTIOPHUX MOMEHTIB MOMEHTHUM KIIIOUEM
3BeJieHi B Ta0JI. 6.
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3.Pe3ynbratn  aBTOMaTHYHHX  BHMIPIOBaHb
crormopHoro MomeHty FS-raiiox 3rigao 3 1SO
2320, mokazany, Mo CTOMOPHI MOMEHTH BCiX BH-
npoboByBaHux FS-raiiok Oynu y BiINOBITHUX Me-
xkax 3rigHo 3 ISO 2320 sx mpu mepmomy, Tak
1 IpH I’ ITOMY BIAKPY4YyBaHHI IO BIUTMBY Ha HUX
HU3pKoi Temmneparypu —60 °C, a Takox micis
BIUIUBY HH3BKOi TEMIepaTypd HpU CHOMOMY Ta
OIMHA/IATOMY BiKpy4dyBaHHI.

4, PesynpTati BHNPOOYBaHb HABaHTAXKCHHIM
sriguo 3 1SO 2320 (mis FS-ratiok M20 — no 259,7
kH, mama FS-raiiok M24 — mo 374,2 xH) sk mo
BIUIMBY HHU3bKOI Temmeparypu —60 °C, Tak i micis
BIUIMBY HHU3bKOI TeMIepaTypud TOKa3aid, IIo
y BciX BUNpoOOBYBaHux FS-raiikax nedopmanii
pi3p0H Ha cTaNoCs.

Ha opyzomy emani eunpobyeans

VY pe3ynbTaTi OLiHIOBaHHS (PAKTUYHOTO CTaHY
pizpOoBHX 3’emHaHb 3 FS-raiikamu mix gac pecyp-
CHUX TIPOOIroBHX BHIPOOYBaHb Bi3KiB Mozem 18-
9855 Ha eKcrepUMEHTaIbHOMY MOJIroHi (CTaHIis
[ep6rHka MOCKOBCHKOT 3aJTi3HHUIII):

— nedextu pizpO0oBUX 3’€nHaHb 3 FS-raiikamu
Oymu BiICYTHI;

— mociabyieHHs KpituieHb 3 FS-raiikamu Oynu
BiJICYTHI,

— mporajquHu Mik FS-raifikamu i TIOBEpXHSIMH,
JI0 SIKMX BOHH MPUJISITAI0Th, OYJIM BiJICYTHI;

— MOMEHTH 3aTAryBaHHs FS-raifox BiamoBina-
M KOHCTPYKTOPCBKIM IOKyMeHTalii Ha Bi3KH
(Bchoro OyJI0 BUKOHAHO BiJ Yac BUMPOOYBaHb YO-
THPH [HKIA 33aKpydyBaHb-BiAKpydyBaHb FS-
railok, BTpaT CTOIOPHUX BJIACTHBOCTEH HE OYII0).

Ha mpemvomy emani sunpo6years

3a BBeCh Yac MiAKOHTPOIBHOI eKCIUTyaTallii Ba-
HTAQXHUX BaroHiB 3 Bizkamu Moxeneid 18-9810 ta
18-9855 na mepexi 3amizHunp mmpuad Komii 1 520
MM (3 2012 poxy mpoOir BaroHiB mepIioro BUMYC-
Ky ckiaB B 4epBHI 2016 poky 6imem Hix 400 TH-
¢4 KM) 110 pi3p0oBHX 3’€qHaHb 3 FS-raiikamu 3a-
yBakeHb He OyJI0, IO MiATBEPIKEHO aKTaMU KO-
MICIHHUAX OTJISAIB BaroHiB.

3a yac MPOBECHHS TUIAHOBUX OTJISAKAax BinOy-
JOCS WICTh LHKIIB 3aKpy4YyBaHb-BiIKPYUyBaHb
FS-raiiok Bi3kiB, mo mnepedinbirye Bumoru SO
2320 1o nmocraTHid KUTBKOCTI y I’ SITh IUKJIIB, IPU
SIKMX TIOBHHHI 30epiraTucsi CTONOPHI BIAaCTUBOCTI
CTOMNOPHOI raliKH.

Tabnums 3
Pe3ynbTaTH Bi3yaqapHOro orjisiay Ta BUMIpPIOBaHb TeOMETPHYHUX MapaMeTpiB
FS M 20 DIN 980 /ISO 7042-10-Zn8
Table 3
The results of the visual inspection and measurement of geometrical parameters
FS M 20 DIN 980/ 1ISO 7042-10-Zn8
3pazok 1 3pazok 2 3pazox 3 Hopwma
30BHINIHIA BATIIS Bes nedexris Bes nedexrir Bes nedexrir bes medexriB
[MoxpurTst PiBHOMIpHE, PiBHOMIpHE, PiBHOMIpHE, ITo 1SO 4042
BIIMOBIAAE BIIIOBIAE BIIOBIAE
1SO 4042 1SO 4042 1SO 4042
MapkyBaHHS Y HayeXHOCT, VY HanexHocTi, VY HayexXHOCTI, -
YUTAETHCS YITKO YUTAETHCS TITKO YUTAETHCS TITKO

T"abapuTHi po3MipH, Smax = 30;
MM. 29,90 29,81 29,80 Smin = 29,16;
S 34,10 34,05 34,06 €min = 32,95;

(e) 19,90 19,83 19,84 hinax = 20:

(h) Nimin = 18

KonTtpois pizsou be3 BigxuneHb Be3 BigxuneHb be3 BigxuneHb Ipoxia-Hempoxif
KaJgiopom Kaiopy
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Tabnuns 4
Pe3yabTaTH Bi3yaJbHOro Orjsily Ta BAMipIOBaHb T€OMETPUYHUX MapaMeTpiB
FS M 20 DIN EN 1664-10-Zn8
Table 4
The results of the visual inspection and measurement of geometrical parameters
FS M 20 DIN EN 1664-10-Zn8
3pazox 1 3pazok 2 3pazox 3 Hopma
30BHILIHIN BUIIISA be3 nedexrin be3s nedexrin bes nedexrin be3s nedexrin
IMoxpurTs PiBHOMIpHE, PiBHOMIpHE, PiBHOMIpHE, ITo 1SO 4042
BiAIIOBiae BiAmoBimae BiAIIOBiae
I1ISO 4042 ISO 4042 ISO 4042
MapkyBaHHS VY HanexHoCTI, Y HanexHOCTI, Y HanexXHOCTI, -
YUTAETHCS YITKO YUTAETHCS YITKO YUTAETHCS YITKO
I'abapuTHi po3mipH, Smax = 30;
MM. 29,85 29,82 29,85 Smin = 29,16;
S 33,90 33,97 33,97 €min = 32,95;
O) 21,98 21,98 22,00 Nax = 22,4;
() hivin = 20,3
Kontpons pizsdu Bes Binxuienn Bes BinxuieHn Bes Bimxnienn [poxin-Hempoxis
Kaiopom Kamiopy
Tabnuns 5
Pe3yibTaTH Bi3yaJbHOro OrJjsily Ta BAMipIOBaHb T€OMETPUYHUX MapaMeTpiB
FS M 24 DIN 980/1SO 7042-10-Zn8
Table 5

The results of the visual inspection and measurement of geometrical parameters
FS M 24 DIN 980 / ISO 7042-10-Zn8

3pazok 1 3pazok 2 3pazox 3 Hopma
30BHILIHIN BUIIISA be3 nedexrin be3 nedexrin be3 nedexrin be3 nedexris
IMoxpurTs PiBHOMIpHE, PiBHOMIpHE, PiBHOMIpHE, Ha 1SO 4042
BiAIIoBigae BiAIIOBigae BiAIIOBiae
1SO 4042 1SO 4042 1SO 4042
MapkyBaHHS Y HanexXHOCTI, VY HanexHoCTI, VY HanexHOCTI, -
YUTAETHCS HITKO YUTAETHCS YITKO YUTAETHCS YITKO
I'aGaputhi po3mipH, Smax = 36;
MM. 35,68 35,71 35,67 Smin = 35;
S 40,59 40,55 40,59 emin = 39,55;
) 23,88 23,76 23,84 N = 23.,9;
(h) himin = 22,6
Kontpons pizsdu Bes BigxuieHs Bes BinxuieHn be3 BinxnieHn IIpoxin-Hemnpoxin
Kaiopom Kaiopy

© P. Kpaiic, B. C. Jlicanuuii, 2016

doi 10.15802/stp2016/84080

162



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

Hayxa ta nporpec Tpancnopty. Bicauk /{HinponeTpoBchKkoro

HALIOHAIBHOTO YHIBEPCUTETY 3ali3HHYHOro Tpancmnopry, 2016, Ne 5 (65)

PYXOMUI CKJIAJ] I TSATA IIOI3/IIB

Tabnuus 6

Pe3yJ’lLTaTl/l nepeBipKn CTONMOPHOT0 MOMEHTY MOMEHTHHM KJIKOYEM

Table 6

Test results of locking moment with torque wrench

P 5 3pasok 1 3pa3ok 2 3pasok 3 Hopwmarug mo 1SO 2320
€KUM pOOOTH
CronopHuii MoMeHT, H-M
FS M 20 DIN 980/ISO 7042-10-Zn8
NpY KIMHATHIN TemIepaTypi — 29 16 21 neplie 3aKpy4yyBaHHS —
neplie 3aKpyvyBaHHS max 72;
; i - I’ SIT€ BIAKPYYyBaHHS —
npy KiMHATHIH TeMmepaTypi 29 12 14 i 7
I’ IT€ BIAKPYYyBaHHS
IIpH KiMHATHIHA TeMIieparypi — 8 7 7
YOTHPHAALATE BIAKPYIyBaHHS
ITCIIsl BIUIMBY HU3BKOI TEMIIEPATYPH — 8 8 7
I’ ITHAIATE BiAKPYIyBaHHS
FS M 20 DIN EN 1664-10-Zn8
NpY KIMHATHIN TeMrepaTypi — 15 20 15 TepIe 3aKpydIyBaHHSI —
nepiie 3aKpyqyBaHHs max 72;
NpY KIMHATHIN TemIepaTypi — 12 14 10 w’'sTe BiﬂKPY‘inaHHH -
I’ T BIAKPYYyBaHHS min 7
NpY KIMHATHIN TemrepaTypi — 9 10 95
YOTHPHAALATE BiAKPYUyBaHHS '
ITiCIIs BIUIMBY HU3BKOI TEMIIEPATYPH — 10 10 95
I’ ITHAJIISTE BiAKPYYyBaHHS '
FS M 24 DIN 980/ISO 7042-10-Zn8
NPy KIMHATHIN TemIepaTypi —
P patyp 29 25 29
TepIne 3aKpydyBaHHS
Ipy KiMHaTHi TemnepaTypi — 20 155 20 IepLLe 3aKPy1yBaHHS —
I’ T BIAKPY4YyBaHHS ’ max 106;
npu KiMHATHIN TemmepaTypi — 15 " 1 m'sre BiﬂKpi’g%BaHHﬂ —min
YOTUPHAUATE BiIKPYIyBaHHSI ’
ITCIIs BIUIMBY HU3BKOI TEMIIEPATYPH — 16 14 14
I’ ITHAJISATE BIAKPYYyBaHHS

HaykoBa HOBH3HA Ta IPAKTUYHA
3HAYUMICTh

Po3pobnennii KOMIUIEKC Nporpam i METOIHK
BIOCKOHAJIEHO BHKOHAHHSAM JOJATKOBUX BHIIPO-
OyBaHb micNsl BIUIMBY Ha pi3b00Bi 3’€aHaHHS
3 FS-raiikaMu HU3BKUX TeMIEpaTyp, a TAKOXK KOH-
TPOJHHUMHU OTIEPAIliSIMH OI[IHKK CTaHy pi3bOOBHX
3’enHaHb 3 FS-raiikamMu B yMOBaxX MiJIKOHTPOJBHOT

eKCIUTyaTalii pyxoMoro CKjiajy, 0 IOBHOK Mi-
POIO J103BOJISIE MiATBEPAUTH HAMIHHICTh BHKOPHC-
TaHHS FS-Taifok Ha pyXoMOMYy CKIaji 3alli3HHIb
mpuHd Koil 1 520 mm.

3acrocyBaHHsi FS-raiiok J03BOJISIE BIAMOBH-
TUCh BiJi BHUKOPHCTaHHS JOJATKOBHUX €JEMEHTIB
y pi3b0OBHX 3’€THAHHSIX PYXOMOTO CKIIAAy IIUPH-
HYU kol 1 520 MM, SIKi BUKOPHCTOBYIOTBCS SIK 3a-
NOODLKHUK MOCTa0JIeHHIO 3’ €JHAHHS NpHU BiOpaii,
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30KpeMa KOpOHYATi raiiku, MpYXHi Iaiou, cromo-
pHi 1maiiou, 3yOuaTi maiou, 3armo0iXKHI TIACTHHH,
OJTHOPA30Bi CKPITUICHHS, KOHTPrailKd TOIIO, 00
rapaHTyBaTH TEXHIYHI BUMOIHM JIO IHHOBAIIHHOTO
3aI3HUYHOTO PYXOMOTo ckjany. Takox cydacHi
BUPOOHMYI TexHoyorii FS-rafiok 3abe3nedyioTh
TpuBaiy ix poboTy B ymMoBax 3a0pyaHEHOCTi, BO-
JIOTOCTi, TMepenajaiB TeMIeparypu Ta iHIIUX He-
CIPUATINBUX (aKTOPIB.

BucHoBku

BukoHanuii koMIuiekC BUIIpoOyBaHb FS-raiiok
Ta HaBeJIeHI Pe3yJbTAaTH MOBHOK MIpOIO CBiT4aTh
mpo Te, IO CYIUITBHOMETAJICBI CaMOCTOITOPHI
FS-raiiku BimmoBifawTh MiKHAPOJHUM CTaHAAp-
TaM, MiITBEP/UKYIOTh HaIIWHICTh B EKCILTyaTaIli
Ha PYXOMOMY CKJIaji 3aJi3HUIb IIAPUHHA KOJil
1 520 MM, 30KpeMa Tij yac eKcrutyaraiii 30epira-
€TBCSl CTOIIOPHUI MOMEHT Ta MOMEHT 3aTsTyBaHHS
y pi3b00OBUX 3’€IHAHHSAX HA HEOOPECOPEHUX dYac-
THHaX Ta Ha 0OpECOPEHUX YacTHHAX BI3KiB BaHTa-
KHAX BaroHiB B yMOBaX BiOpOHaBaHTaXXCHb IPH
Oaratopa3oBoMy BHKOpUCTaHHI FS-raitok. Cuifg
3azHaunty, mo Bumorn 1SO 2320 mo mocrartHii
KUIBKOCTI y IT’SITh IUKJIIB, TIPH SIKUX MTOBHHHI 30e-
piraTucs CTOMOPHI BJIACTHBOCTI CTOMOPHOI ralfKy,
MEPEBUILEH], 0 CBIIYMTH NPO BHUCOKHH pPE3EpB
KOHCTpYyKLii FS-Taiiku 30epirati OCHOBHY BIIACTHU-
BiCTh — CTOIIOPHUH MOMEHT.

Ha mincraBi BUCHOBKIB 3a pe3ylbTaTaMyd BH-
npoOyBaHb FS-Taiflku MOXKyTh OyTH peKOMEHIOBa-
HI JUIsl 3aMIICHHS TAKUX CJIEMEHTIB, K KOPOHYATI
rafky 3 INIUTIHTAMH, 3BHYAiiHI Tafiku 3 JOOATKO-
BUMH ejeMeHTaMd (IpyKHi Imaiibu, CcTomopHi
maibu, 3yOuati maiOu, 3amoODKHI IUIACTHHH,
KOHTPraiKH) OJJHOPa30Bi CKPIIUICHHS TOLIO Ha ic-
HYIOUOMY PYXOMOMY CKJIaJi, @ TAKOX Ul BUKOPH-
CTaHHS Ha HOBOMY Cy4acHOMY PyXOMOMY CKJai
3aJ1I3HUYHOTO TPAHCIOPTY .
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INPUMEHEHUE HIECTUT'PAHHBIX HEJIBHOMETAJJIMYECKHUX
CAMOCTOHNOPAIUXCH FS-TAEK
HA NIOABUKHOM COCTABE XKEJIE3HbBIX TIOPOI" KOJIEH 1520 MM

Hean. OxHUM U3 KIIIOYEBBIX TPEOOBaHUM, MPEABSIBIEMbIX K MOJBIDKHOMY COCTaBy HOBOTO NOKOJICHUS, SIBJISI-
eTcsl NOTPEOHOCTh YBEMUYCHHS TapaHTHHHBIX CPOKOB HIIM NMPOOETOB MEXKIY ITyHKTAMH TEXHHYECKOTO 00CITYKHBa-
HHS U B IIEPUOIBI MEKY IUIAHOBBIMH PEMOHTaMH, YTO IPHUBEAET K CHIDKCHHIO 3aTPAT Ha 00CITY)KMBAaHUE M PEMOHT
MOABM)XHOTO COCTaBa 3a €ro KU3HCHHBIH UK. B CBA3M C 9THM IIpH CTPOMUTEIBCTBE, PEMOHTE, MOJCPHU3ALMH HO/-
BIDKHOTO COCTaBa CTPEMSATCS MCIIOJIB30BATh KPEreX, KOTOPhI 00ECIIeUuT BBICOKYIO HAIEKHOCTh IOA AeHCTBHEM
BUOpanuu. ITUM TpeOOBaHHUSIM OTBEYACT ILIECTUTPAHHASI CAMOCTONOPSAIIASCS LeNbHOMeTanYeckas FS-raiika MHO-
TOKPATHOTO HMCIONb30Banus Kommanuu-mpousBoaurens FlaigtHommel GmbH. Tlostomy B paborte HeoO6xoanmo
paccMOTpeTh pe3ysIbTaThl UCHBITAHWI Ha TMOATBEPXKICHUE HaNe)KHOCTH FS-Taek B HOBBIX ycloOBUsX. MeToamka.
Jlist moaTBepKACHUS (QYHKIIMOHAIBHOCTH Pe3bO0OBBIX coelnHEeHui ¢ FS-raiikaMu Ha MOABMKHOM COCTaBE JKeje3-
HBIX Jopor kosien 1520 MM mpoBen€H KOMILUIEKC UCTIBITaHui: 1) UcmbITaHus MPOOHOW HArPY3KOH M HA CTOMOPHBIH
MOMEHT B cooTBeTcTBUH ¢ ISO 2320 mpu HOpMATIBHBIX KIUMATHYCCKUX YCIOBUSX W IOCIC BO3IACUCTBUS HHU3KUX
TEeMIIEPATyp; 2) UCTIBITAHKS HA MOJABIKHOM COCTABE B YCIOBHUS PECYPCHBIX MPOOETOBBIX HArPY30K U B MOAHAI30D-
HOM JKCIUTyaTaly BaroHoB. Pe3yabTaThl. [IpoBeIéHHBIC UCTIBITAHNS CBUJIETENBCTBYIOT O TOM, YTO CAMOCTONOPS-
muecs lelTbHOMeTaInYeckne FS-raiiku oTBe4aroT TpeOOBaHMSAM MEXIYHAPOIHBIX CTaHAAPTOB, MOATBEPIKAAIOT
HaJE&KHOCTD B SKCIUIyaTallil Ha MOABH)KHOM COCTaBe JKeJe3HbIX jopor konen 1520 mM. B wacTHOCTH, BO Bpems
9KCIUTyaTalliy COXPAHAETCS CTONOPHBII MOMEHT M MOMEHT 3aTSDKKH B Pe3bOOBBIX COSIMHEHHUSIX Kak Ha o0Opecco-
PEHHBIX, TaK 1 Ha HEOOPECCOPEHHBIX YacTsX TENEekKEK IPY30BBIX BATOHOB B YCIOBHUAX BUOPOHArpy30K IIPH MHOTOpa-
30BOM HCIIOJb30BaHNU FS-rack. Hayunasi HoBu3Ha. Pa3paboTaHHBIIl KOMIUIEKC TPOrpaMM M METOAUK yCOBEPILEH-
CTBOBaH IIPOBEJICHUEM JJONOIHUTEIBHBIX UCIIBITAHUN TIOCIIE BO3JICUCTBHS Ha pe3b0oBbIe coepimHenus ¢ FS-raiikamu
HHU3KUX TEMIIEpaTyp, a TakKe KOHTPOJIbHBIMH OMEpalusIMH OLECHKU COCTOSHHS pe3b0OBBIX coeiuHeHuil ¢ FS-
railkaMM B YCJIOBUSIX TIOJAKOHTPOJILHOM SKCILTyaTaly IMOABMKHOTO COCTaBa. JTO B MOJHOW Mepe MO3BOJISIET MO/-
TBEpANTh HAA&KHOCTH HCIONB30BaHMs FS-raek Ha MOIBMXXHOM cocTaBe JKeNe3HbIX popor kosen 1520 mm.
IIpakTnyeckas 3HaunMoOCTh. [IpuMeHeHne FS-raek mo3BoiseT OTKa3aThCsl OT MCIIOJIB30BAaHHS B PE3bOOBBIX CO-
€/IMHEHUSX MOJBIXHOTO COCTaBa JKeJIe3HbIX Aopor Kojen 1520 MM TakHX 3JeMEHTOB KaK KOpOHYATHIC TalKH, Ipy-
JKMHHBIC IIai0bl, CTONOPHBIC MIAii0bI, 3y0uaThie MaiObl, PeIOXPaHUTENbHbIC IIIACTHHBI, 0JHOPa30BbIe CKpeIuie-
HHS1, KOHTPTaiKu, YT00BI 00ECIIeYNTh TEXHMYECKHE TPEOOBaHUs, IPEIbIBIIEMbIC K HHHOBAIIMOHHOMY TIOJIBIYKHOMY
cocraBy. Taxxe COBpeMEHHBIC TEXHOJIOTHH MPOU3BOACTBa FS-raek obecneYnBarOT JIMTEIBHOCTD HX paboThI B yc-
JIOBHSIX 3arpsA3HEHHH, BIQKHOCTH, IIEPENatoB TEMIEPATyp U IPYrHX HEOIaronpUsATHBIX (aKTOPOB.
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APPLICABILITY OF FS-ALL-METAL SELF-LOCK NUTS
FOR RAILWAY ROLLING STOCK OF 1520 MM GAUGE

Purpose. One of key requirements for rolling stock of next generation is essential increase of warranty period or
running between maintenance depots and in periods between programming repair works. This will lead to a reduc-
tion of costs to maintenance and repair during service life of rolling stock. In this regard, the industry aspires to use
(during construction, repairs, modernization of rolling stock) a modern screw joints in structures for fixing parts.
These screw joints could provide a high reliability under the action of vibration load. FS-hexagon all-metal self-lock
nuts of multiple use, Flaig + Hommel GmbH company meets these requirements. Therefore, there is the need to
consider the results of tests to confirm the reliability of FS-nuts in the new environment. Methodology. Test com-
plex of developed programs and methods was carried out on railway rolling stock for functional demonstration of
screw joints with FS-nuts. These tests include: 1) proof test and locking moment test as specified in 1ISO 2320 under
normal climatic conditions and after low temperatures impact; 2) running test for rolling stock, secured the most
load condition and according to supervised operation of next generation cars on the railway. Findings. Results of
the tests testify that FS-all-metal self-lock nuts meet the requirements of international standards and confirm the
reliability of the next generation rolling stock during its operation on the railway of 1520 mm gauge. Namely, lock-
ing moment and tightening torque is maintained in screw joints both on spring-suspended and unspring parts of
freight car bogies by the action of vibration load under multiple use of FS-nuts. Originality. The developed soft-
ware and methods was improved by conducting additional tests after exposure of screw joints with FS-nuts to low
temperatures, as well as by control operations for assessing the condition of screw joints with FS-nuts, in the condi-
tions of controlled operation of rolling stock. It fully allows confirming the reliability of the FS-nuts on the rolling
stock of 1520 mm gauge railways. Practical value. Application of FS-nuts makes it possible to stop using secon-
dary members in screw joints of railway rolling stock of 1520 mm gauge. These secondary members are used for
reaction to slacking under vibration and consist of castle nuts, retaining washers, locking washers, serrated washers,
check plates, disposable clamps. Using FS-nuts allow providing the rating rules for next generation of rolling stock.
Besides the modern technologies of FS-nuts production provide their prolonged running time under the conditions
of pollution, humidity, differential temperature and other adverse factors.

Keywords: FS-nut; screw joint; rolling stock; tests

REFERENCES

1. Orlova A.M. Gayki tselnometallicheskiye samostoporyashchiesya: protokol dopolnitelnykh ispytaniy posle
vozdeystviya na boltovyye soyedineniya nizkikh temperatur [Hexagonal, all metal self-lock nuts. Protocol of
additional tests after low temperatures impact on bolted assemblies]. Saint Petersburg, 2012. 96 p.

2. Boronenko Yu.P. Gayki tselnometallicheskiye samostoporyashchiyesya: protokol predvaritelnykh ispytaniy
[Hexagonal, all metal self-lock nuts. Protocol of additional tests]. Saint Petresburg, 2012. 9 p.

3. Miamlin S.V., Neduzha L.O., Ten O.0O. Osoblyvosti innovatsiinykh rishen khodovoi chastyny suchasnykh
konstruktsii vantazhnykh vahoniv [Features of innovative solutions of undercarriage in modern designs of
freight cars]. Zbirnyk naukovykh prats 1V Mizhnarodnoi naukovo-praktychnoi konferentsii «Innovatsiini
tekhnolohii na zaliznychnomu transporti» [Proc. of IV Intern. Sci. and Practical Conference «Innovative
technologies at railway transport»]. Luhansk, 2013, pp. 52-53.

4. Orlova A.M., Lesnichiy V.S. Raschetno-eksperimentalnyy metod prognozirovaniya iznosa v uzlakh treniya
telezhek modeli 18-9855 tipa Barber S-2-R [The calculated and experimental method of wear forecasting in
friction units in bogies, model 18-9855 such as Barber S-2-R]. Transport Rossiyskoy Federatsii — Transport of
Russian Federation, 2015, no. 3 (58), pp. 56-59.

5. Orlova A.M., Lesnichiy V.S. Telezhka tipa «Barber S-2-R»: pervyy etap ekspluatatsii [Bogie, type «Barber S-
2-R»: a first step of operation]. Vagony i vagonnoye khozyaystvo — Cars and Car Maintenance, 2012, no. 4
(32), pp. 20-23.

6. Boronenko Yu.P. Telezhka dvukhosnaya 18-9855, tip 3 po GOST 9246-2013: otchet o rezultatakh provedeniya
podkontrolnoy ekspluatatsii za chetyre goda [Bogie biaxial 18-9855, type 3 on State Standard 9246-2013. Re-
port about results of controlled operation for four years]. Saint Petersburg, 2016. 15 p.

7.  Orlova A.M., Lesnichiy V.S., Sukhikh 1.V., Yureva Ye.l. Telezhka tipa «Barber S-2-R»: resursnyye
probegovyye ispytaniya [Bogie, type «Barber S-2-R»: resource running tests]. Vagony i vagonnoye khozyay-
stvo — Cars and Car Maintenance, 2011, no. 2 (26), pp. 40-41.

doi 10.15802/stp2016/84080 © P. Kpaiic, B. C. Jlicanuuii, 2016

166



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

Hayka Ta nporpec Tpancropry. BicHuk J[HIIponeTpoBchKoro
HALIOHAIBHOTO YHIBEPCUTETY 3ali3HHYHOro Tpancmnopry, 2016, Ne 5 (65)

PYXOMUI CKJIAJ] I TSATA IIOI3/IIB

8.  Ahmadian H., Jalali H. Generic element formulation for modelling bolted lap joints. Mechanical Systems and
Signal Processing, 2007, vol. 21, issue 5, pp. 2318-2334. doi: 10.1016/j.ymssp.2006.10.006.

9. Ibrahim R.A., Pettit C.L. Uncertainties and dynamic problems of bolted joints and other fasteners. Journal of
Sound and Vibration, 2005, vol. 279, issue 3-5. pp. 857-936. doi: 10.1016/j.jsv.2003.11.064.

10. Ouyang H.J., Oldfield M.J., Mottershead J.E. Experimental and theoretical studies of a bolted joint excited by
a torsional dynamic load. Intern. Journal of Mechanical Sciences, 2006, vol. 48, issue 12, pp. 1447-1455. doi:
10.1016/j.ijmecsci.2006.07.015.

11. Yang G., Hong J., Zhu L., Li B., Xiong M., Wang F. Three-dimensional finite element analysis of the me-
chanical properties of helical thread connection. Chinese Journal of Mechanical Engineering, 2013, vol. 26,
issue 3, pp. 564-572. doi: 10.3901/cjme.2013.03.564.

12. Wang Z., Xu B., Jiang Y. A reliable fatigue prediction model for bolts under cyclic axial loading. Proc. of the
5th ISSAT Intern. Conference on Reliability Quality in Design, 1999, pp. 137-141.

13. Zhao, H. Stress concentration factors within bolt—nut connectors under elasto-plastic deformation. Intern.
Journal of Fatigue, 1998, vol. 20, issue 9, pp. 651-659. 10.1016/s0142-1123(98)00036-x.

Cmamms pexomenoogana 0o nybuixayii 0.m.n., npogp. C. B. Mamninum (Vkpaina); nayxosum
xkomimemom X\ Misxcnapoonoi kongepenyii «lIpobremu mexarnixu 3aniznuuno2o mpancnopmy. besneka
PYXY, OUHAMIKA, MIYHICTHD PYXOMO20 CKIAOY, eHePp2030epediCeHs»

Hanittnna no penkonerii: 12.05.2016
[puiinsara go npyky: 14.09.2016

doi 10.15802/stp2016/84080 © P. Kpaiic, B. C. Jlicanuuii, 2016

167



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

Hayxka Ta nporpec Tpancnopty. BicHuk J[HIIponeTpoBChKoro
HaLiOHAIIBHOTO YHIBEPCHTETY 3aili3HH4HOro TpaHcnopty, 2016, Ne 5 (65)

PYXOMMUI CKJIAJL I TATA TIOi3/1B

UDC 629.45/.46-049.6

L. A. MURADIANY

Dep. «Cars and Rolling Stock», Dnipropetrovsk National University of Railway Transport named
after Academician V. Lazaryan, Lazaryan St., 2, Dnipro, Ukraine, 49010, tel. +38 (056) 373 15 19,
e-mail leon59@bk.ru, ORCID 0000-0003-1781-4580

PROBABILISTIC-PHYSICAL APPROACH TO DESCRIBE
AND DETERMINE THE RELIABILITY OF CARS

Purpose. The article aims to develop an algorithm and a sequence of description and determination of car reli-
ability to predict certain quantitative indicators of the studied elements, parts and units, or a car as a whole on the
basis of probabilistic-physical approach. Methodology. For the calculation of the indicators of reliability, durability
and safety of cars the probabilistic-physical method was used, which takes into account the resources consumption
inevitable in the operation of cars. The methodology of quantifying the reliability is based on the study of the physi-
cal-mechanical and physical-chemical properties and parameters of various elements, with the identification of prin-
ciples of the aging processes of the elements or parts (with operating time) to determine the analytical dependencies
of these processes from the indicators of cars reliability. Findings. On the basis of probabilistic-physical approach it
was developed a model to describe and determine the reliability of the cars. At this the method of calculation based
on probabilistic-physical model is fundamentally different from all known rigorous probabilistic methods by the fact
that it considers a continuous set of states of the elements, parts and systems of the car during continuous time. If
there exists or (if it possible to find) the information parameter about the resource consumption of the car element
with evaluation of its change speed, and knowing its limit, based on the built car reliability model with the involve-
ment of probabilistic-physical approach, one can predict all the necessary quantitative indicators of reliability of the
studied elements, parts and units or a car as a whole. Originality. The methodology of the reliability construction
with the use of probabilistic-physical model with DN-distribution was further developed in the article. The specific
physical interpretation of the constants of DN-distribution of failures makes it possible to evaluate them according to
the results of the study of certain parameters characterizing the technical condition of the car. On the basis of prob-
abilistic-physical approach the algorithm and the sequence of description and determination of cars reliability to
predict certain quantitative reliability indicators of the studied elements, parts and units, or a car as a whole were
developed. Practical value. The results make it possible to calculate in practice the quantitative indicators of reli-
ability of cars or their individual elements for further prediction of the overall reliability during operation.

Keywords: probabilistic-physical approach; reliability; technical condition of cars; failure model; development

Introduction the framework of the probability theory and math-
ematical statistics, which is without involvement
physical models of failures and the physical phe-
nomena that cause and accompany the emergence
of failures.

The origins of the physical theory of reliability
can be found in earlier works on statistical inter-
pretation of assurance factor when calculating en-
gineering structures [3, 4]. A distinctive feature of
the physical theory of reliability lies in the fact that
the system survival and the possibility of failure
initiation are considered as the result of interaction
between the system and external influences (opera-
tional loads, environmental conditions, etc.), as
well as mechanical, physical and chemical proc-
esses that occur in the system components during
its operation. The models and methods of natural

doi 10.15802/stp2016/84082 © L. A. Muradian, 2016

In the reliability theory coexist two directions
related in ideology and general system of concepts,
but different in approaches [5-8, 11, 13-16].

The first direction includes the systemacity, sta-
tistical character, i.e. mathematical theory of reli-
ability, the second one can be called the physical
theory of reliability. The object of the system (sta-
tistical, mathematical) theory of reliability is the
system of elements interacting in terms of survival
in logical schemes: graphs, fault trees, etc.

Background information in the system reliabil-
ity theory usually form the indicators of elements
reliability that are determined by statistical analysis
of the test results and (or) operational data. The
task of system reliability theory is solved within
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and technical sciences in the physical theory of
reliability are widely used together with the means
of probability theory and mathematical statistics.
Physical reliability theory indicates that first of
all the car reliability is provided by consistency or
little change in physical-mechanical and physico-
chemical properties (within the permissible limits)
of each element. That is it should be provided the
safety of the physical-mechanical and physical-
chemical properties of each element of the car in
the original (initial) form or with of minor change
that will not lead to a significant deterioration in
the internal state of element materials, parts and
units. First of all, it concerns the safety of such
properties as microstructure, chemical and phase
composition of materials that directly influence the
change in hardness, strength, plasticity, wear, cor-
rosive, and erosive resistance and other properties.
In turn constancy or a small change (within the
permissible limits) in these properties provides
long and reliable operation of the elements and the
car as a whole, which is based on physical reliabil-

ity.
Purpose

The article aimes to develop an algorithm and
a sequence of description and determination of car
reliability to predict certain quantitative reliability
indicators of the studied elements, parts and units,
or a car as a whole on the basis of probabilistic-
physical approach.

Methodology

Physical reliability of various kinds of materials
is the foundation of any reliability (operational,
local, integrated, etc.) of certain elements, parts
and units, and the car in general. However, if to the
material of the elements, parts and units of the car
one applies only the concept of physical reliability,
to the construction of various cars along with the
physical reliability the concepts of constructive and
technological reliability can be applied.

The technical literature and regulatory docu-
ments in principle does not contain such concepts
as constructive and technological reliability. But
the introduction of such terms is always dictated by
production necessity, especially at the stage of de-
signing and manufacturing of cars. Furthermore, it
should be noted the existence of operational reli-

ability of cars, which has a direct link with the
physical reliability including with constructive and
technological. Moreover, it should be noted the
existence of operational reliability of cars, which
has a direct communication with the physical reli-
ability including the constructive and technological
ones.

When designing cars, in accordance with the
regulations [12], the constructive reliability in-
cludes the probability of reliable operation with
certain (necessary) value. That is, at this stage
a mathematical tool of reliability theory without
taking into account possible (during manufacturing
and operation) changes in physical-mechanical and
physical-chemical properties of certain elements,
parts, etc.

In the production process of cars (the initial
time) parts and units are made of different materi-
als, which have certain (projected) design, and
which will operate in a car. Reliability and ulti-
mately failure-free operation of this part will be
determined not only by the initial properties of ma-
terial, but also by the way in which, the assembly
of elements and parts will influence the loss of the
physical-mechanical and physical-chemical prop-
erties in the interaction of these elements during
operation of cars. For example, if the element or
part of the car is designed in the way that there are
stress concentrators (sharp corners, irrationally
located holes, etc.), then as a result of static and
dynamic loadings during operation in the areas of
stress concentration the cracks will be formed with
subsequent destruction of the system of certain unit
or car in general. If one projects the design of these
elements or parts with fillets, the above mentioned
destruction processes will not take place that is the
overall reliability of the car assembly will be high-
er.

Another feature of constructive reliability of
cars is the preservation of the initial (projected)
design of the elements or parts during operation in
its original form. For example, if during operation
of different types of cars the assembly of elements,
parts or units does not undergo significant changes,
the survival and reliability of such system is guar-
anteed.

If during operation of car a random displace-
ment of its elements in relation to the others be-
yond the permissible limits took place, or there
was a loss of certain elements (due to prolonged
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vibration there occurred screw detwisting, loss of
bolts or certain elements, parts, their skewing took
place, etc.), then ultimately such system will be
unworkable and unreliable. Consequently, non-
compliance of the original (initial) form preserva-
tion of the relative orientation of elements or parts
of the system or the change of its completeness can
cause failure. That such failure is a sign of low
level of constructive reliability and, in some cases,
of technological reliability of car.

Paramount importance of reliability is con-
nected with the fact that its level largely deter-
mines the development of automation of produc-
tion processes, intensification of working proc-
esses, materials and energy saving.

The urgency of reliability increases due to the
complexity of modern machines and the impor-
tance of the functions they perform [4, 7, 10].
Modern hardware consists of many interacting
mechanisms, machines and devices. Failure of
even one element of a complex system leads to the
failure of all system.

One of the problems of modern reliability the-
ory based on classical probabilistic methods is the
inability of adequate accurate prediction of the
moment of failure emergence as a random event.
Since, the moment of the object (especially durable
one) failure usually preceded by the complex in-
ternal changes, these changes in freight cars may
appear in different ways depending on the location
and nature of the failure.

Recent studies of reliability, conducted for var-
ious products, machines and components [7, 8,
10-12] show that for the calculation of the values
of reliability, durability and safety of cars one can
apply probabilistic-physical method that takes into
account resources consumption inevitable in the
operation of cars.

The methodology of quantifying the reliability
is based on the study of the physical-mechanical
and physical-chemical properties and parameters
of various types of technical means. On the basis
of this study one can identify the principles of the
aging processes of the elements or parts with oper-
ating time (during resource consumption), as well
as determine the analytical dependencies of these
processes with the indicators of reliability of cars.
When studying the aging processes of cars, i.e. the
degradation processes, one can apply the mathe-
matical methods of studying the internal changes

in the physical-mechanical and physical-chemical
properties involving the theory of stochastic proc-
esses and using stochastic equations and physical
modeling of the use of resource of the elements,
parts and units of the car conducting the reliability
tests.

The use of degradation models based on ran-
dom processes and stochastic kinetic equations
makes it possible to find dependences of the prob-
ability of reliable operation (or failure) and physi-
cal-mechanical and physical-chemical properties
(or certain parameter) that led to the car failure.
The obtained results of solutions of stochastic
equations that describe the internal properties of
the elements or parts of different technical means
are repeatedly confirmed by long tests of the de-
signed physical models that make it possible to
make reliable adequate conclusions involving sta-
tistical tool [1, 2, 9]. This, in turn, opens the possi-
bility to perform the calculations of physical reli-
ability of different types of cars in the process of
aging and using the resources, taking into account
the degradation processes in materials of their ele-
ments and parts, in the case when the failure rate is
acting as a function of operating time. This ap-
proach provides solution of many practical prob-
lems existing in the modern theory of reliability.

As it is known [7, 12], the state of reliability of
cars during manufacture and maintenance of this
reliability at a sufficient level during operation is
greatly influenced by the processes of aging, fa-
tigue and fracture of metals and alloys. The suc-
cessful solution of these problems first of all lies in
the development of new technology, methodology,
physical theory of aging, fatigue and fracture of
materials instead of outdated one. In the second
place is the generalization of disaggregated ex-
perimental data on the mechanism of aging and
fatigue in order to create a general physical theory
of «aging-fatigue-destruction» of all sorts of mate-
rials from the beginning of their production to the
total destruction. And then is the search and devel-
opment of new technologies for production of
parts, which reduce the level of fatigue and aging
of materials at the stage of their processing.

Findings

Let us consider provision of the probabilistic-
physical approach to the problems of reliability
theory. The technical condition of cars depends on
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the values of the internal parameters D, , which will

be unchanged during operation. With the accumu-
lation of operating time and resource consumption
these parameters that will determine the technical
condition of the cars are changing (dropping from
the reliability position), thereby approaching to the
appropriate limit values: D; (t) — D,

Initial technical condition of the car according
to some information about the internal parameters
will be determined by the following vector:

D, = (Dot Dozs -+ Doi) 4 1)

where D, — is the value of defining parameter that

was obtained for the i-th element in the initial mo-
ment of monitoring the technical condition of the
car.

According to some information the following
vector will correspond, to the limit condition re-
spectively and, thus, to the working limit 7, of

the car:

D, =(D,:,D,z:D,,)- @)

Components of vectors of the obtained infor-
mation (1) and (2) differ. This fact can be de-
scribed by the parameter of changing the technical
condition o for the i-th period of the operating
time (mileage) of the car. According to its content
this value is a random one and characterizes the
change of determining parameter for the unit of
operating hours (mileage), which can be defined as
a unit of measurement of the technical state pa-
rameter divided by the unit of operating time of the
car.

Similar to (1) and (2), the parameter of techni-
cal condition of the structural elements of the car
for some operating moments can also be repre-
sented as vectors:

0y = (041, 0yeey Oyy) (3)
epil ! (4)

where oy, o, — are correspondingly the para-

a, = (oczpl,oczpz,..,oc

meters of changing the technical state of structural
element of the car for the first and boundary
periods of the operating time (mileage).

At the moment when the determining parameter
of the components of the car structural elements
achieves the boundary value there occurs its fail-

ure. The condition of the car failure can be written

as follows:
. D, (t
lim ﬁ =1. (5)
Di(t)»D,(t)| D, .

2pi

If we imagine that we can «observe» the degra-
dations and «fix» the moments when the determin-
ing parameters D; achieve their boundary values

D,,;, then we will obtain time interval to obtain an
array of operating hours (mileage) {t; } in the time
interval from t.;, to t . {t }. After we processed
the array {t; } with the known method, that is, di-
viding the interval t_; ...t by | of the intervals

with the length At and counted the number of fail-
ures n( At) for each interval, we obtain the distri-
bution density of failures in the specified interval
of the operating hours (mileage). During mathe-
matical modeling of the processes of degradation
of «observation» and «fixing» are made on the ba-
sis of decision on the solution of (5) at the given
initial and boundary conditions.

The obtained conditional o(t, D) density of

the implementation probability of one or another
trajectory has simple relationship with the distribu-
tion density of operating hours (mileage) of the car
to the failure:

T LGS I G P

The degradation of properties of the structural
elements of the car can have both monotonous and
non-monotonous nature. Solution of the probability
density equation (6) for monotonous and non-
monotonous processes of degradation of structural
elements of the car should differ only by different
boundary conditions.

Changing the determining parameters of the car
elements during operation is described by the sto-
chastic Markov process, when the transition of
physical parameters from the one value to another
(from one state to another) has probabilistic nature,
i.e. it is the Markov process of diffusion type.

At this the conditional probability density of

transition from the one state to another o(t, D)

can be determined using the following equation in
partial derivatives, which is similar to the diffusion
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equation in the theory of mass transfer in the solid
state physics:

d0(t,D) +a8w(t, D) b2 d0(t,D)
ot oD 20D?

where t — is the operating hours (mileage) of the
car; a — is the average rate of change of the deter-
mining parameter of structural element (in other
way - drift coefficient); D=D(t) - is the
determining parameter of structural element that
determines its technical condition; b — is the flow
coefficient of the probabilities of technical
condition of the structural element, at that b? is the
average speed of dispersion change of the deter-
mining parameter of the structural element.

Then the expression for the law of distribution
of the service life of the car to the failure, i.e. the
mathematical model of failures, according to the
fact that the change of the technical state of the car
as a whole can be described by an exponential pat-

1 { (l—at)2

tern will look like:
f(t)=—Fpr—exp — | (8)
bt/ 2nt 2bt

The equation (8) will represent the mathemati-
cal model of change of the car technical condition
according to the determining parameters of struc-
tural elements or DN-model (DN-distribution) [2].

The above-mentioned distribution in the scien-
tific literature [2, 4, 10] was named as the DN-
distribution or diffusion non-monotonous distribu-
tion, because it results from the solution of the
flow equation (diffusion) of probabilities.

In addition, the probability diffusion coefficient
of the technical condition of the car b will be equal
to:

=0, (1)

oy oA _o, o
Ja Java a

The ratio o,/a acts as a coefficient of varia-
tion V, of the process of changing the technical
condition of the car. In the DN-model of failures
the variation coefficient of operating hours (mile-
age) to the failure V of any element, part or unit of
the car coincides with the variation coefficient of
the speed of change taking place in the internal
processes of changing the technical condition of
the car Vv, .

b=

(9)

For the flow coefficient of probabilities of the
technical condition of the car b the following rela-
tionship can be written:

b=Va.

Experience of theoretical estimates according
to the specified mathematical model shows that it
is more convenient to avoid the use of the average
speed of technical state changing@ , but to use the
value reduced to it:

(10)

p==. (11)

a
Then, taking into account the above mentioned
relationships, the distribution density (8) will take

the following form:
2
Gl } (12)

Ji
f(t)= exp| —
(1) Vit 2t P 2V, ut

where p — is a scale parameter of distributon; V —

is a variation coefficient of operating hours (mile-
age) to the failure — the parameter of the
distribution form.

Let us find out the content of parameter of the
scale distribution parameter p from the standpoint

of the reliability theory. To make this let us show
that it nothing else but the average value of the
operating time (mileage) of the car t, i.e. the math-
ematical expectation of the operating time to the
failure.

According to the works [2, 10] — the mathe-
matical expectation of a random variable t is the
first initial statistical moment. Since the operating
time (mileage) of the car t is a continuous random

variable in the range of definition(O,oo), then the
expression for the mathematical expectation oper-
ating time (mileage) of the car to the failure 7',
will take the following form:

(13)

Let us apply the expression (12) to the last ex-
pression (13) and, as a result, after simplifications,
we obtain operating hours (mileage) to the failure
in the following form:
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L

o Vt\/ﬂexp(vtz)Z W x

xvt\/g exp(—Vt‘Z) =pu. (14)

Thus, in the DN-model of the scale parameter
of failures distribution p have physical meaning of
the average operating hours (mileage) of car to the
failure.

Using the results of the works [2, 4, 10] one can
determine the statistical parameters of DN-model:

— operating hours (mileage) dispersion of the
car t to the failure:

o? =§::(t—u)2 f(t)dt,

— statistical moments of failures:

(15)

M =p; of =u™V*; A =3V E, =157 .(16)

On the basis of the constructed model let us
provide an example of the DN-distribution for sta-
tistics on failures of the freight cars (Fig. 1).

=
\

J /ﬁ\\s\—m

100

40

s, fith %

The density distribution of refusal

Mileage, 1, thous. km

Fig. 1. DN-distribution of failures of structural elements
of the freight cars at p=const and p=100 thous. km:
1 - body structure; 2 — bogies and spring suspension;
3 — braking equipment; 4 — wheel sets
Analyzing the main characteristics of the DN-
distribution, the following facts should be noted:
— Skewness A, and kurtosis E, of thee ob-
tained distribution are positive, and the mathemati-
cal expectation M, shifted to the right relative to

the median, that is the DN-distribution density is
asymmetric single-mode curve with extended right
branch line (all the given curves 1-4 in the Fig. 1);

— at the fixed scale distribution parameter (ex-
pectation of operating hours (mileage) to the car
failure =100 thous. km) with the shift of the

form parameter V, the maximum distribution den-
sity f(t) is shifted to the right clockwise with the

simultaneous decrease in the distribution amplitude
(curves 1, 2, Fig. 1) and its subsequent increase
(curves 3, 4, Fig. 1). At this, all the central statisti-
cal moments of distribution (dispersion, skewness
and kurtosis) are decreased:;

— at the fixed form parameter (variation coeffi-
cient V, ) with increasing in the scale parameter of
distribution p, i.e. with the distribution shift to the

right clockwise, it is deformed in a way that the
dispersion increases and the coefficients of skew-
ness and kurtosis are constant. The example of the
given case is shown in the Fig. 2.

The density distribution of refusals, fit). %

Y " NI‘:IlqugL'. :.“llnvu.\.r‘:m v v ! I(.K’
Fig. 2. DN-distribution of failures of structural elements
of the freight cars at V, =const and V, =1:
1 — wheel sets; 2 —braking equipment;
3 — bogies and spring suspension

Originality and practical value

The methodology of reliability construction
with the use of the probabilistic-physical model
with the DN-distribution was further developed in
the paper. The specific physical interpretation of
the constants of DN-distribution of failures makes
it possible to evaluate them according to the results
of the study of certain parameters describing the
technical condition of the car.

Based on the probabilistic-physical approach it
was developed the algorithm and the sequence of
description and determination of the car reliability
for predicting certain quantitative indicators of the
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reliability of investigated elements, parts and units
of the car in general.

The research results make possible practical
calculation of the quantitative indicators of reliabil-
ity of the cars or their elements for future forecast-
ing of the general reliability during operation.

Conclusions

The method of calculation based on the 6DN-
distribution as the probabilistic-physical model is
fundamentally different from all known rigorous
probabilistic methods by the fact that it considers
the continuous (continual) set of states of the ele-
ments, parts and systems of the car with continu-
ous time. Undoubtedly, this is a high-quality repre-
sentation of car elements behavior that consumes
their resources over time — with operating hours
increasing. Specific physical interpretation of the
constants of probabilistic-physical models of fail-
ure distribution makes it possible to estimate them
according to the research results of the determined
parameters describing the technical condition of
the car. If one can find the parameter that informs
about the consumption of the car element resource,
then after estimation of its change speed and know-
ing its limit value based on the constructed model
of the freight car reliability involving the probabil-
istic-physical approach, one can predict the neces-
sary quantitative reliability indicators of the inves-
tigated elements, parts and units and the car in
general.
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WMOBIPHICHO-®I3MYHUAMN MIAXIJI JJI OMIUCAHHS
TA BUSHAUEHHSA HAJIIMHOCTI BAT'OHIB

Merta. Y po0orti ependavqaeTbcsi HA OCHOBI IMOBIpHICHO-()I3MIHOTO MiAXOAY PO3POOHUTH aITOPUTM i TIOCIIIOB-
HICTh OMUCAHHS Ta BU3HAYCHHS HAIIHOCTI BaroHiB IS MPOTHO3YBAaHHS OKPEMHX KiTBKICHHX TOKa3HHUKIB TOCIIi-
JUKYBaHHX €JIEMEHTIB, JIeTalleil Ta By3miB a00 BaroHa B niiomy. MeTtoauka. J[ist po3paxyHKy MOKa3HHUKIB 0€3BigMO-
BHOCTI, JJOBIOBIYHOCTI i 30€pe)KyBaHOCTI BaroHiB 3aCTOCOBAHO MMOBIPHICHO-(I3MYHUI METO/I, L0 BPaXOBYE HEMH-
Hy4i i1 9ac eKCIUTyaTallii BaroHiB BUTPATH pecypcy. MeToauKa BCTAHOBICHHS KUTbKICHUX TIOKAa3HUKIB HAIIIHOCTI
IPYHTYETBCSl HA BUBYEHHI (Pi3MKO-MEXaHIUHUX Ta (i3UKO-XIMIYHMX BJIACTHBOCTEH 1 MapamMeTpiB Pi3HUX €JIEMEHTIB,
i3 BUSBICHHSIM 3aKOHOMIPHOCTEH MPOIIECIB CTApiHHS CNEMEHTIB 4M JeTajedl (3 4acoM UM HAIMpPAIOBAHHSIM) IS
BU3HAYCHHS aHAIITHYHUX 3aJI)KHOCTEH 3a3HAYCHUX MPOLIECIB Bijl MOKAa3HUKIB HaAIHOCTI BaroHiB. PesynsTaTn. Ha
OCHOBI WMOBIpHICHO-(DI3MYHOTO MiAXOAY PO3POOJICHO MOAENb Ul ONMCAHHS Ta BU3HAYCHHS HAJIMHOCTI BaroHis.
ITpu 1boMy MeTOz pO3paxyHKy Ha OCHOBI HMOBIpHICHO-(i3MYHOT MOJIeIi IPUHIIUIIOBO BiAPI3HIETHCS BiJ YCiX Bilo-
MHX CTPOTMX HMOBIPHICHMX METOZIB THM, IIO BiH pO3IJIs/ia€ HENepepBHY MHOXKHHY CTaHIB €JIEMEHTIB, JieTanei
i cucTeM BaroHa BIIPOJOBK HemepepBHOTo vacy. Ilpu icHyBaHHI (YM MOKIMBOCTI 3HAXODKEHHS) iHPOPMAIHOTO
rmapaMeTpa Mpo BUTPATy pecypcy eJIeMeHTa BaroHa 3 OIIHKOI IIBHAKOCTI HOTO 3MiHH i, 3HAIOUXM HOTO TpaHUIHE
3HAYCHHS, HA OCHOBI TOOYZIOBaHOI MO/ENI HAaIfHOCTI BaroHa i3 3aly4eHHSAM HMOBIpHICHO-(Di3HYHOTO MiAXO0Iy MO-
JKHa TIPOTHO3YBATH BCi HEOOXiTHI KUTBKICHI MOKAa3HUKU HAIIMHOCTI JOCHTIPKYBAaHUX €JIEMEHTIB, JeTajel Ta BY3JiB
abo Barona B minomy. HaykoBa HOBHM3HAa. Y po0oTi HaOyna MOJAIBIIOrO PO3BHUTKY METOIOJOTiA MOOYIOBH
HaJIAHOCTI BaroHiB i3 BHUKOpPHCTaHHSAM HMOBIipHicHO-(i3nunHoi Mozeni 3 DN-posmoxinom. Konkperna ¢izuyna
inTepnperariss koHctaHT DN-posmominy BiIMOB Ja€ MOMJIMBICTH OIIHUTH IX 3a pe3yJbTaTaMH JOCIIIKCHHS
OKpEMHX IMapaMeTpiB, IO XapaKTepH3yIOTh TEXHIYHMH cTaH BaroHa. Ha ocHOBi WMOBipHiCHO-(hi3MYHOTrO MiAXomy
PO3pOOIICHO aNrOpUTM 1 MOCIOBHICTh OMNKMCAHHS Ta BHU3HAUCHHS HAMIHHOCTI BaroHiB JJis MPOTHO3YBaHHS
OKpEeMHUX KUTBKICHAX TOKAa3HHKIB JOCTIMKYBaHUX CJICMCHTIB, JeTajei Ta BY3JIB 1 BaroHa B IUJIOMY.
IIpakTnyna 3HaynmMmicThb. Pesynbratét poOOTH J103BOJIIIOTH NPAKTHYHO PO3PaxyBaTH KUIBKICHI ITOKa3HUKH
HAJIHHOCTI BaroHIiB YW iX OKPEeMHX EJEMEHTIB IJIS MOJANBIIOTO IPOTHO3YBAaHHS 3arallbHOi HAMIHHOCTI Mia Yac
eKCIuTyaTarii.

Kniouosi  cnosa: WMoBipHICHO-(DI3MYHMIA MiAXiN; HaNIAHICTh;, TEXHIYHUM CTaH BaroHIiB, MOJEIb BiIMOB;
HaIpaltoBaHHs

J. A. MYPAJSIHY

l*Ka(p. «BaroHsl 1 BaroHHOe X03s511cTBO», JIHEPONETPOBCKUI HALMOHATIBHBIN YHUBEPCUTET JKEJIE3HOA0POKHOTO
TpaHcropTa MMeHH akajemuka B. JlazapsHa, yi. Jlasapsina, 2, {uunpo, Ykpauna, 49010, texn. +38 (056) 373 15 19,
a11. moura leon59@bk.ru, ORCID 0000-0003-1781-4580

BEPOSATHOCTHO-®U3NYECKHN MOAXO A5 ONUCAHUS
N ONNPEAEJEHUA HAAEXKHOCTHU BAT'OHOB

Heab. B pabore mpeamosnaraercs Ha OCHOBE BEPOSITHOCTHO-(DMU3UUYECKOTO MOAXOJa pa3paboTarh aliropuTM
1 TIOCJIEIOBATEIFHOCTE OIMCAHUS U OIIPEAeNICHHS HaZeKHOCTH BarOHOB JUTS POTHO3UPOBAHMS OT/IEIBHBIX KOJHYe-
CTBEHHBIX ITOKa3aTeJiel UCCIIeyeMbIX AJIEMEHTOB, JIeTalell 1 y3JI0B WK BaroHa B neinoM. Meroauka. [{ist pacyera
nokasatesiel 6e30TKa3HOCTH, JOJITOBEYHOCTH U COXPAHHOCTH BaroHOB NMPHUMEHEH BEPOSITHOCTHO-(DU3MUYECKUN Me-
TOJI, YUUTHIBAIOIINI HEM30EXKHBIE MTPU IKCIUTyaTalliy BaroHOB pacxoibl pecypca. MeToinKka yCTaHOBJICHHST KOJIH-
YEeCTBEHHBIX MOKa3aTelel HaJIe)KHOCTH OCHOBBIBACTCSl HA N3YyYCHNH (PU3MKO-MEXaHNYECKUX U (PU3MKO-XUMHUECKHX
CBOMCTB M IIapaMEeTPOB PA3IMYHBIX AJIEMEHTOB, C BBISBICHHEM 3aKOHOMEPHOCTEH MPOLIECCOB CTAPEHUS AIIEMEHTOB
W Jetanei (Co BpeMeHeM WITH HapaOOTKOM) JUIsl OMPEICIICHUS aHATMTUYECKUX 3aBUCHMOCTEH YKa3aHHBIX MpoIec-
COB OT TIOKa3aTelnel HaJe)KHOCTH BaroHoB. Pe3yabTaThl. Ha 0cHOBE BEpOATHOCTHO-(DM3NIECKOTO MMOIXOMa pas3pa-
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0oTaHa MOJENb Ui OMMCAHUS U ONPE/ICTICHUS HAJIGKHOCTH BaroHoB. [Ipu 3TOM MeTo]| pacueTa Ha OCHOBE BEPOSIT-
HOCTHO-(DM3UUYECKOI MOJENIN MPUHIIUITUAIBLHO OTIIMYAETCS OT BCEX M3BECTHBIX CTPOTHX BEPOSTHOCTHBIX METOIOB
TEM, YTO OH PAacCCMaTPUBAET HENPEPHIBHOE MHOXKECTBO COCTOSIHUM 3JIEMEHTOB, JIeTalleil U CHCTEM BaroHa B TEUCHUE
HEMPEPBIBHOTO BpeMeHH. [Ipu cyrecTBOBaHWH (MIIH BO3MOXKHOCTH HAXOXKIACHHS) MH(POPMAIOHHOTO Tapamerpa
0 pacxojie pecypca 3JeMeHTa BaroHa ¢ OLEHKOH CKOPOCTH €ro W3MEHEHHMs U, 3Hasl ero MpelelibHOe 3HaueHHe, Ha
OCHOBE MMOCTPOCHHON MOJENN HaJIe)KHOCTH BaroHa C MPHBJICUYCHHUEM BEPOSTHOCTHO-(DU3MYCCKOTO MOAX0a MOXKHO
MPOTHO3UPOBATH BCE HEOOXOIUMBIC KOJTMYCCTBEHHBIC IMOKA3ATEIH HAJACKHOCTH HUCCICIYyEMbIX 3JICMEHTOB, JCTalCH
W y3JI0B WM BaroHa B 1iesioM. HayuHasi HoBu3Ha. B pabore momyumia JanbHeiiee pa3BUTHE METOIOIOTHS MO-
CTPOCHUS HAJIC)KHOCTH BaroOHOB C HCIOJB30BAHUEM BEpPOSTHOCTHO-(u3ndeckoir momenu ¢ DN-pacnpenencauem.
Konkpernas pusmyeckas naTepnperanus Konctant DN-pacrpeneneHus 0Tka30B JacT BO3MOXHOCTD OIICHUTH UX IO
pe3yapTaTaM HCCICIOBAHUS OTICIBHBIX MMapaMETPOB, XapaKTEPU3YIOIINX TEXHUYECKOS COCTOSHHE BaroHa. Ha oc-
HOBE BEPOSTHOCTHO-(PH3MYECKOTO MOJX0/a pa3paboTaH alrOPUTM M MOCIIEA0BATEILHOCTh OMUCAHUS U OIpeaese-
HUSI HAJIS)KHOCTA BArOHOB JJIsI IPOTHO3UPOBAHUS OTICIBHBIX KOJHMYECTBEHHBIX MMOKA3aTeNie MCCIEAyeMbIX 3Je-
MEHTOB, JIETaleH, y3/I0B U BaroHa B nenoM. Ilpakruyeckasi 3Ha4MMOCTb. Pe3ysbraThl paboThI MO3BOJISIOT MPAK-
THUYECKH PaCcCYMTATh KOJMYECTBEHHbIC MOKA3aTENIM HAJISKHOCTH BaroHOB WIIM UX OTJEIbHBIX JJIEMEHTOB ISl JAajib-
HEWIIero NpOrHo3upoBaHus 00IIeH HaIe)KHOCTH MPHU IKCILTYaTAIHH.

Kniouesvle crosa: BepOSITHOCTHO-(DU3UUESCKUIN TOJXO/I; HAJICHKHOCTh; TEXHUIECKOE COCTOSHHUE BATOHOB; MOJICNb
0TKa30B; HapaboTKa
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FEATURES OF DRILLING-AND-BLASTING AT CONSTRUCTION
OF BESKIDSKIY TUNNEL

Purpose. In this article it is necessary to analyze the possibility of developing technology and increasing its effi-
ciency during the Beskidskiy tunnel construction in difficult engineering and geological conditions.
Methodology. The authors have performed analysis of the technological level of mining and construction works,
new technique, equipment and production. One of the important issues of blasting operation is to ensure the seismic
safety, acting at a distance of 30 m in the axes of single-track tunnel, as the distance to it will be 20 m from the near-
est charge in the laying tunnel. This problem was solved by applying the combined blasting of blast-hole charges
with delay-action and long-delay ways. Herewith the total mass of charges in the stope was divided into three
groups, in which the first group is exploded by short-delay firing with, and the second one is exploded by short-
delay firing too with intervals of 200...400 ms, the third is exploded by long-delay blasting at intervals of
500...10000 ms. The combined blasting of short-delay charges and delay action ones let significantly reduce seismic
action at a mass explosion of charges when driving of double-track railway tunnel of a large cross-section.
Findings. The paper presents the developed technology model, describing dependence of the machines from engi-
neering and geological conditions. The methodology of drilling and blasting works at the construction of the tunnel
callote and stross as well as a technique of arrangement determination and intervals of shot-delay and delay blasting
of blasthole explosive charges was developed. Maximum permissible concentration of gases and vapours at blasting
was presented. The calculations showed that the maximum level of gas contamination of the working area in
Beskidskiy tunnel is achieved at blast operations. In accordance with this ventilation of the tunnel when driving is
carried out by independent systems with mechanical ventilation by blowing using mine fans of special mining enter-
prises. Originality. The developed seismically safety charge masses are based on the well-known state about an-
tiseismic blasting regulations. Practical value. The authors proposed and grounded the efficient technology for re-
duction to practice of drilling and blasting works (with dividing of the tunnel cross-section into the calotte and stross
during of the Beskydy high-mountain tunnel construction. The results of technological experiment are presented.

Keywords: drilling and blasting works; technology of high-mountain tunnel constructing; railway tunnel; blast
seismic; shot-delay and delay charges

Introduction tions. The most significant example of this build-
ing is the construction of basic Gotthard tunnel in
the Alps, length of 57.3 km, completion is sched-
uled for 2016 [3]. A distinctive feature of tunneling

In contemporary environment the construction
of railway tunnels has found a widespread applica-
tion in difficult engineering and geological condi-
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driving of such a type is the extensive use of tunnel
boring machines in hard and strongest rocks.

However, drilling and blasting method for
breaking rocks in the tunneling driving including
the workings of large section can be successfully
used in such conditions [14-16].

Purpose

In Ukraine, currently tunneling driving of
Beskydskiy double-track tunnel in the Carpathians
is being completed. It is under construction in or-
der to increase rail logistics between Western and
Eastern Europe with using tunnel. Its length is
1850 m. Alternation of rocks of different types and
strength, including sandstone, siltstone and mud-
stone with Protodyakonov scale of hardness re-
spectively 6...8, 4...6 and 2...3 occurs in geologi-
cal structure on construction sites. Hydro-
geological conditions are characterized by the ex-
pected inflow of water in the range of
5...10 m*/day. Tunneling driving of double-track
railway tunnel is carried out with the division of
the face on calotte and stross with the way of lower
ledge using drilling-and-blasting operations (DBO)
[8] in to “bricked-up windows” with movement
overlapping of trains in the Beskydskiy acting tun-
nel, located 30 meters away from the tunnel under
construction. Moreover, the existing single-track
tunnel was built in 1886.

Drilling operations are carried out when driving
with the help of a self-propelled double beam elec-
tro-hydraulic unit “Sandvik DT 820-C” from Fin-
land. At this the diameter of holes is 45 mm, and
their length is 1.5; 2.3; 2.8 m when calotte driving
and 4.2...45 m in stross development. Corre-
spondingly stope length, depending on the engi-
neering and geological conditions when calotte
driving is 1.25, 2.0 and 2.5 m, and stross one —
4.0...42m.

Drilling of holes is produced by blowing with
compressed air and water washing. Compressed air
is supplied from the mobile compressor stations,
located on near-entrance sites, and water via
a pipeline that is laid as far as tunneling driving.

DBO nameplate is made at the stage of pre-
production of works and refined accordingly to the
results of at least three conducted test blastings [2,
11]. Breaking of rocks with blast-hole charges is
provided to carry out using the method of succes-
sive contouring with mandatory application of de-

lay-action and long-delay blasting of blast-hole
charges groups in the following order depending
on the stope size, mentioned above: coal-cutting,
contour-hole, under contour, contour, plantar and
under-bottom. Deceleration time (interval between
multiple-shot blasting) taking into account rock
hardness is from 20 to 10000 ms.

For blasting, the following blasting explosives
are applied: ammonite Ne 6 ZhV - for dry and
flooded holes, Grammonit 79.21 — for dry holes,
ammonal M5 — for dry and flooded holes, gremix —
for dry and flooded holes. At this cartridges of
28.32 and 36 mm are used [9].

At complex blasting operating two ways of
charges blasting are applied: non-electric and elec-
tric [9, 10]. The non-electric initiation system
(NIS) «Impulse» is used at non-electrical method.
It includes the UNS-SH and UNS-ShK devices,
detonating cord (DC), a main waveguide, connect-
ing tube and the starting device. Unlike traditional
methods of initiating explosive charges BB, this
system has an increased level of security, since,
due to insensitivity and stray currents it allows car-
rying out drilling works without de-energizing of
power equipment. In electric mode NIS system
«Impulse», UNS-SH device, UNS-ShK, DC and
two detonators, type ED-1-3-T are also applied.

Methodology

One of the important issues of blasting opera-
tion is to ensure the seismic safety, acting at
a distance of 30 m in the axes of single-track tun-
nel, as the distance to it will be 20 m from the
nearest charge in the laying tunnel [1, 4, 6, 7, 13].

Seismic safety charge masses for complex en-
gineering structures, like undoubtedly Beskydskiy
tunnel is, can be calculated by the formula accord-
ing to the work [5],

Q. =(V, x&/Kg)" xr?, kg,

where V. — permissible critical velocity fluctua-
tions, is determined from table 80 [5] and equal to
V, =20sm/s; & — coefficient depending on the

conditions of work and the state of the engineering
object is accepted within £¢=1.5...3.0; B — coeffi-

cient, which depends on the distance to the object,
and equals to p=1.5...2.0; Kg - coefficient de-

pending on the geological and engineering condi-
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tions of works production and equals to Kg =200;
r — distance to the protected object, r =200 m.
Taking e=2; p=2.5; Kg =200, as the result

Q.. =(20x2/200)"" x 20° =143.1kg.

Consequently, there is a certain limit upon
seismic at conducting of blasting operations with
a maximum total charge BB on the stope when
calotte driving of 163.5 kg.

Findings

Solving this problem was carried out by apply-
ing the combined blasting of blast-hole charges
with delay-action and long-delay ways (Fig. 1).

At this the total mass of charges in the stope
was divided into three groups, in which the first
group is exploded by short-delay firing with slow
intervals of 20...200 ms, and the second one is
exploded by short-delay firing too with intervals of
200...400 ms, the third is exploded by long-delay
blasting at intervals of 500...10000 ms. The total
mass of blast-hole charges, length of 1.3 m accord-
ing to the 1 DBO nameplate is 57.75 kg, blast-
hole charges, length of 2.3 m — the 2nd DBO
nameplate — 124.3 kg, blast-hole charges, length of
2.3 m, the 3° DBO nameplate — 163.5 kg. The total
mass of the charges of the 1% group, length of 1.3
m is 19.5 kg (33.8 %), length of 2.3 m — 27.5 kg
(22.1 %) and a length of 2.8 m — 33 kg (20.2 %).
Also, the charges mass of the 2™ group, length of
1.3 mis 6.5 kg (11.2%), length of 2.3 m — 13.75 kg

(11.1 %), length of 2.8 m — 16.5 kg (10.1 %). For
charges of the 3" group, length of 1.3 m charges
mass is 31.75 kg (55.0 %), length of 2.3 m —
83.05 kg (66.8 %) and a length of 2.8 m — 114 kg
(69.7 %).

Thus, the maximum charges mass in groups are
less than the maximum permissible under the terms
of seismic safety.

As follows from the analysis of presented data
in the first group of charges using short-delay
blasting with intervals of 20...200 ms, wave inter-
action with the interference of longitudinal waves
may occur. Charges blasting of the second group
with an interval of 300...400 ms is performed after
100 and 200 ms. During this period a longitudinal
wave from the charges blasting of the first group at
its speed in rocks with a hardness coefficient

f =2...8, equal to 2500...4000 m/s, will cover the

distance from the blasting site of 250...400 m,
namely the interaction of the waves and their inter-
ference are completely excluded.

Long-delay blasting of charges in the third
group with intervals of 500...10000 ms will be
performed with a significant margin in time and
distance from the previous short-delay one. As
a result the interaction of longitudinal waves in the
subsequent blasting is completely excluded, which
was confirmed by measuring the vibration velocity
of rock in active tunnel, which were equal to
0.13...0.15 mf/s.

Fig. 1. Circuit of the disposition and connection of explosive charges
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Thus, the combined blasting of short-delay
charges and delay action ones let significantly re-
duce seismic action at a mass explosion of charges
when driving of double-track railway tunnel of
a large cross-section.

Originality and practical value

The choice of a rational system of ventilation in
face working is of great importance in these condi-
tions. In accordance with current safety regulations
[9] and classic work upon the tunnel ventilation
[12] in workings, where people may be, the air
must contain at least 20 % of oxygen (by volume)
in its composition. Carbon dioxide content in the
air of working at the places of operation should not
exceed 0.5%, and in the working with a common
upward current — 0.75 %. In addition the air in ac-
tive underground workings must be free of harmful
substances exceeding the maximum permissible
concentration (MPC), indicated in Table 1.

In accordance with the Safety specifications the
amount of air required for working ventilation,
should be calculated upon the largest number of
people employed at the same time in underground
works, quantity of harmful gases, calculated on
a notional carbon monoxide in blasting operations,
upon harmful gases from arc welding operations,
as well as of harmful substances released during

operation of machines and mechanisms with inter-
nal combustion engines.

The calculations showed that the maximum
level of gas contamination of the working area in
Beskidskiy tunnel is achieved at blasting opera-
tions, for which it is necessary to supply to the face
of at least 165 m*/min of fresh air.

In accordance with this ventilation of the
Beskidskiy tunnel when driving is carried out by
independent systems with mechanical ventilation
by blowing using mine the fans of “Donventilya-
tor” enterprise. The main technical parameters of
the fan are presented in Table 2.

Ventilation system operating principle is as fol-
lows. Airing face after blasting is carried out by air
supply system from the Eastern portal with the
help of an axial fan of the main airing, type
IN-14-10D (Table 2) installed on near-entrance
site. In the metal pipe with a diameter of 1600 mm
made of sheet steel, thickness of 2 mm, fresh air is
fed into the bottom-hole zone, which dilutes harm-
ful gases and carries them over the working to the
East portal. Along with plenum system also runs
the local (near the face) exhaust system, which
provides with CFT equipment (Kormann), de-
dusting exhaust air before its release to the general
air flow that moves over the working from the face
up to the portal. As advance of face the air supply
pipeline, consisting of 4 m long pipes, is increased
(built up) to provide effective ventilation.

Table 1
Maximum permissible concentrations of harmful substances
. Maximum permissible concentration
Gases and vapours Chemical formula

% at volume mg/m®

Carbonic oxide CoO 0,00240 20
Oxides of nitrogen in N,O3 equivalent - 0,00010 5

Sulfur dioxide SO, 0,00035 10
Hydrogen sulfide H,S 0,00066 10
Acrolein CH,=CH=CH=0 0,00008 0,2
Formaldehyde H,C=0 0,00037 0,5
Hydrocarbons in carbon equivalent - - 300
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Table 2
The main technical parameters of fans
Ne i/ Parameters of fans FA-14-10D VMEFA-12-110
1 Nominal impeller diameter, mm 1460 1200
2 Nominal feed, m*/s 35 32
3 Flow rate within the working zone, m%s:
— minimum, no less 10 8
— maximum, no more 50 42
4 Maximum efficiency 0,83 0,74
5 Nominal full pressure, Pa 4700 2600
6 Revolutions per minute 1500 1500
7 Fan weight, kg 3650 2310
O. M. Kynaxenko // TIpobieMu Ta TepCIIEKTHBH
Conclusions PO3BUTKY 3alli3H. TpaHCI. : Te3u /6 MixHap. Ha-
Thus, the high-level scientific and technical ywtexs, Koud. [ Jluinponerp. wau. yi7 safish.

preparation of operational materials upon technol- 7.
ogy penetration in the rocks in difficult engineer-

ing and geological conditions allows solving the
problem of building the most complex railway arti-
ficial construction — Beskydskiy tunnel.
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OCOBJINBOCTI KOMILVIEKCY BYPOBUBYXOBHUX POBIT
IHPU BYAIBHUITBI BECKUICBKOI'O TYHEJIIO

Mera. B craTTi HE0oOXiTHO TpOAaHANI3yBaTH MOXKIIHBICTE PO3POOKH TEXHOJIOTII MPOBEACHHS OYpOBHOYXOBHX
pobiT Ta mimBWmIeHHA 1 e(eKTUBHOCTI mpu OymiBHHANTBI BEeCKHOCHKOrO TYHEN0 B CKIAIHUX IHXKEHEPHO-
TeoNIoTiYHNX yMoBax. MeToanKa. ABTOPH BUKOHAJHM aHANI3 TEXHIYHOTO PiBHS TIPCHKUX 1 OyIiBeNbHUX PoOiT, HOBOT
TEXHIKH, 00JaJHAHHA Ta BHPOOHMITBA. BHKOPHCTOBYBAJIOCH 3alpONOHOBAaHE 3a0€3MEUEHHS CHCTEMOIO0 Oe3reKu
TYHEIIO, SIKUH eKCIUTYaTyeThesl (BpaxOBYIOUH, IO BiACTaHb 10 HBOro 20 M Bix HAWOMMIKYOrO 3apsiLy B CIOPYIKY-
BaHOMY TyHedwi). Jist nporo Oysa 3ampornoHOBaHa CHCTeMa KOMOIHOBAHOTO BHOYXY IHIMYPOBHX 3apsiiiB KOPOTKO-
YIHOBUILHEHUM 1 YIIOBIIBHEHUM criocobamu. BpaxoBaHo, 1110 3arajbHa Maca 3aps/iiB y 3axojili Oyia po3jijicHa Ha
TPU TpynHW, B SIKMX Meplua i Jpyra rpynd MiIpUBalOThCS KOPOTKOYNOBUIGHEHO, 3 IHTepBaJaMH YIOBUILHEHHS
20...200 mc ta 200...400 mc BiamoBimHO, i TpeTs — ymoBinmkHeHO, 3 iHTepBamamu 500...10 000 mc. 3acrocyBaHHS
i€l CHCTEMH ICTOTHO 3HHU3WIIO CEHCMIYHY JiF0 MacoBOr0 BUOYXY 3aps/iB IIPH ITPOXO/M JBOKOJIHHOTO 3a1i3HUYHO-
IO TYHEIIIO BEJIMKOTO IOIIEPEYHOro nepetuny. PesyabpraTu. B crarTi npeacraBieHa po3podieHa TEXHOJIOTiYHa MO-
JIeITb, IO OMFICY€E 3AJICKHICTh TEXHIKH BiJl IHKEHEPHUX Ta TEOJIOTIYHUX YMOB. byna po3po0biieHa MeTomoIIoris mpo-
BEJICHHS OypOBHOYXOBUX pOOIT IpH OYIIBHHUIITBI KAJIOTH i IITPOCH, a TAKOXK TEXHIKa BU3HAUCHHS Ta YJIAIITYBAaHHS
iHTepBaiB KOPOTKOYIOBITFHEHOTO 1 YIOBUIBHEHOTO MiAPUBAHHS IIMYPOBUX 3apsAiB BUOyxoBUX pedoBwH. [Ipen-
CTaBJIeHA MaKCHMaJIBHO JOMYCTHMa KOHIICHTpAMisd ra3iB i mapiB npu BUOyXy. Po3paxyHkn moka3and, o MakcuMma-
JHHAN piBeHb 3a0pyIHEHHS razaMu pododoi 30HH B beCKnACEKOMY TyHENI JOCSATAEThCA PH BUOYXOBHUX MPOIIECax.
BinmoBimHO 10 OTO, MPU BEHTHIALIT TYHEIII0, KOJIM POXO0/IKa BUKOHYETHCS M0 HE3aJICKHUM CHCTEMaM i3 MEXaHi-
YHOI0 BEHTWIALIEIO HUISIXOM AYTTS, BUKOPUCTOBYIOTh HIAXTHI BEHTHJISATOPH CIIELiali30BaHUX TIPCHKHUX MiINPH-
emctB. HaykoBa HoBu3Ha. Po3po0ieHi celicMoOe3neuHi 3apsiAHi Macu 0a3yloThes Ha J00pe BiIOMOMY ITOJIOXKEHHI
npo aHTHCelcMiuHe migpuBaHHs. [IpakTHYHA 3HAYMMICTh. ABTOpaMH 3allpOIIOHOBaHa Ta OOIPyHTOBaHA e()eKTHB-
Ha TEXHOJIOTis MPOBENCHHsS OypoBHOYXOBHX POOIT (i3 PO3IINCHHSIM MONEPEYHOro Mepepisy TYHEN0 Ha KaJoTy
1 IITPOCY) TpH NPOKIaaHHI BUCOKOTipHOro beckuacekoro TyHemto. [IpencrapieHi pe3yabTaTd TEXHONOTTYHUX eKC-
MIEPUMEHTIB.

Kniouosi cnosa: 6ypoBHOyXxoBi poOOTH; TEXHOJIOTIS IPOXOJIKH BUCOKOTIPHOTO TYHEJIIO; 3aJII3HUYHHUNA TYyHEIb,
BHOyXOBa celiCMiKa, KOPOTKOYIIOBIJIbHEHI Ta YIOBUIBHEHI 3apsiu
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OCOBEHHOCTHU KOMIUVIEKCA BYPOB3PBIBHBIX PABOT
ITPU CTPOUTEJIBCTBE BECKNJICKOI'O TOHHEJIA

Leas. B cratbe HEOOXOUMO NIPOAHATTM3UPOBATH BO3MOXKHOCTh pa3pabOTKH TEXHOJIOTHH U TOBBILICHHs ee d¢-
(DEeKTUBHOCTH IIPH CTPOHUTENHCTBE DBECKMACKOTO TOHHENS B CIIOXKHBIX HHKEHEPHO-TEOJIOTMYECKHX YCIIOBHUSX.
MeTtoauka. ABTOPHI BBITOJIHUIM aHAIN3 TEXHUYECKOTO YPOBHS I'OPHBIX U CTPOUTENBHBIX PabOT, HOBOW TEXHHKH,
000pyIOBaHUS U MPOU3BOJACTBA. MCIonb30BaIoch npearaeMoe odecriedeHne CUCTeMON O€30I1aCHOCTH TOHHES,
KOTOPBIN dKCIUTyaTUpyeTes: (YUUThIBas, 4TO paccTostue 10 Hero 20 M oT GuinKaiiero 3apsiaa B CTPOSIIEMCS TOH-
Hene). st oToro Obuta mpemIoXkKeHa CHUCTEMa KOMOMHHPOBAHHOTO B3phIBA 3apsiOB KOPOTKO3aMEJICHHBIM
U 3aMEIUICHHBIM croco0aMu. YuTeHo, 4To oOIias Macca 3aps/oB B 3aXOAKe ObLIa pa3jielieHa Ha TPU IPYIIIbI,
B KOTOPBIX II€pBasi U BTOpas TPYIIIBI IIOIPHIBAIOTCS KOPOTKO3aMeIeHHO ¢ uHTepBaiaMu 3amemienus 20...200 mc
n 200...400 Mc cOOTBETCTBEHHO, U TPeThs — 3amesieHHo, ¢ uaTepBaiamu 500...10000 mc. [Ipumenenue atoii cuc-
TEMBI CYIIECTBEHHO CHU3WIO CEHCMUYECKOE BO3/ICHCTBE MAacCOBOTO B3pHIBA 3aps10B IPH IPOXO/KE JBYXITyTHOTO
JKEJIE3HOIOPOXKHOTO TOHHENS OOJBIIOro monepeyHoro cedeHws. PedyabTaThl. B crathe mpencrasieHa paspabo-
TaHHAasl TEXHOJIOTWYECKash MOJIENb, OMUCHIBAIONIAs 3aBUCHMOCTh TEXHUKH OT WHXKCHEPHBIX M IEOJIOTHYECKHUX YCIIO-
BUil. Pa3zpaboraHa MeTonONOrHs NPOBEACHHS OYpPOBBIX M B3PBIBHBIX pPAbOT MNpPH CTPOUTENBCTBE KAaJIOTHI
W LITPOCCHI TOHHENS, a TAKKe TEXHUKA ONpPEeIeHHs] PACCTAaHOBKH U MHTEPBAJIOB KOPOTKO3aMEIUICHHOTO M 3aMeJl-
JIGHHOTO B3pPBIBaHUS LIMYPOBBIX 3apsJOB B3PHIBHBIX BelecTB. [IpencraBieHa MakCUMaJIBHO JOIYCTHMAasi KOHLEH-
Tpauus ra3oB 1 [IapoB IPH B3pbIBe. PacueTsl oKka3anu, 4To MaKCUMANBHBIA YPOBEHb 3arpsi3HEHUS Ta3aMH pabouei
30HBI B becknackoM TOHHENE JOCTUTaeTCsl MPU B3PBIBHBIX mporieccax. COOTBETCTBEHHO 3TOMY, BEHTHIISILIUS TOHHE-
JIs1, KOTJa MPOXOJIKa BBIMOJHSAETCS MO HE3aBHCUMBIM CHCTEMaM C MEXaHWYECKOW BEHTWIISLMEH MyTeM IPOJIyBKH,
BBITIOJIHACTCS C HUCIIOJIb30BAaHMEM IIAXTHBIX BEHTWISATOPOB CHEHWATU3MPOBAHHBIX TOPHBIX IPEANPUSTHH.
Hayunasi HoBu3Ha. Pa3zpaboranHble ceiicMoOe30nacHble 3apsAHbIE MacChl OCHOBAaHBI Ha XOPOILO M3BECTHOM IIO-
JIOKEHUH 00 aHTHCeHicMUUecKoM B3pbhiBaHHU. [IpakTHyeckasi 3HAYMMOCTh. ABTOpaMH ITpeyIoKeHa U 000CHOBaHa
3¢ deKTHBHAS TEXHOJIOTHS BHEAPEHUSI B MPAKTUKY OYPOB3PBIBHBIX PaboT (C pa3geieHHeM IONMepevHOr0 CeUCHHsI
TOHHEJIS HA KJOTTy M LITPOCCY) IPH NPOKIAIbIBAHUK BBICOKOropHOTo beckumckoro TonHens. [Ipencrasiens: pe-
3yJIBTaThl TEXHOJIOTHYECKHX IKCIICPUMEHTOB.

Knrwouesvie cnosa: OypoB3pbIBHBIE pabOTHI; TEXHOIOTHS MPOXOIKH BBICOKOTOPHOTO TOHHEIS; JKEJIE3HOIOPOXK-
HBII TOHHEJIb; B3PbIBHAS CEHICMHKa; KOPOTKO3aMEIJICHHBIC U 3aMEUICHHBIE 3apsiIbl
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