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EKCINIYATAIIA TA PEMOHT 3ACOBIB TPAHCITIOPTY

V]IK 629.424-82

B. €. BOJHAPY, O. b. OUKACOB?", €. b. BOJTHAP?*

MKad. «JTokoMOTHBH», YKpaiHCHKUH JIepKaBHUH YHIBEPCUTET HAYKH i TEXHONOTH, By Jlazapsua, 2, Jlninpo, Ykpaina, 49010,
ten.+ 38 (056) 733 19 01, en. nowra bodnarz@nz.diit.edu.ua, ORCID 0000-0002-3591-4772

Kad. «JIokoMOTHBHY», YKpaiHCHKUI TepKaBHUI yHIBEPCUTET HAYKH i TEXHOJIOTIH, By JlazapsHa, 2, Jlninpo, Ykpaina, 49010,
tei. + 38 (056) 733 19 61, en. momra abochkasov@gmail.com, ORCID 0000-0002-7719-7214

¥Kad. «JIokoMOTUBMY», YKPATHCHKHUIi IepsKaBHUI YHIBEPCUTET HAYKH 1 TEXHONOTIH, ByiL. JlasapsHa, 2, JIninpo, Ykpaina, 49010,
tein. + 38 (056) 733 19 61, en. nomta Melnar78@gmail.com, ORCID 0000-0001-6040-913X

BusHaveHHs IepiOAUYHOCTI JIATHOCTYBAHHS BY3JIB IiIpaB/IivHOI mepeaavi
TEeIUIOBO3iB

Mera. CygacHi METOIIOJIOTI] YyTPUMaHHs TEXHIYHIX 00’€KTiB OPiEHTOBaHI Ha OJHOYACHE 3a0€3ICUCHHS 3aJaHO-
TO piBHA HAAIHHOCTI 00TaHAHHSA Ta MiHIMI3aIlii BUTpAT Ha CHCTEMHOTO yTpuMaHHA. [lo0ynoBa cicTeM yrpuMaHHS,
SIK TIpaBWIIO, 0A3y€ThCS Ha BUKOPHUCTaHHI TaHUX PO HAMIHHICTH OONagHAHHS, aHAJIi31 pe3yabTaTiB NiarHOCTYBaHHSA
Ta TMPOTHO3YBaHHI 3AJIUIIIKOBOTO pecypcy oOJIaqHaHHs JOKOMOTHBIB. OKpiM TOTO, IiJ 4aC PO3POOKH CHCTEM YTPH-
MaHHs BpaXxOBYIOTh BUTPATH Ha IPOBEICHHS TEXHIYHOTO 00CIyrOBYBaHHS Ta PEMOHTY By31iB. OCHOBHA MeTa pobo-
TH TIOJISITA€ B MiJABUIICHHI €()EKTUBHOCTI BUKOPHUCTAHHS JIOKOMOTUBHOTO TAPKy 3a PaXyHOK 3MCHIICHHS BUTPAT Ha
yTPUMaHHS JIOKOMOTHUBIB 3 YpaxyBaHHIM TEXHIYHOTO CTaHy Horo By3iiB. Meroamuka. /Iyt JoCSATHEHHS IOCTaBIEHOT
METH 3alpPONIOHOBAaHO METOIUKY BU3HAYEHHS PalliOHAIbHUX MEPIiOAiB 1arHOCTYBaHHS BY3JIiB IOKOMOTHBA, 3aCHOBA-
Hy Ha MiHiMi3auii BUTpaT Ha NMPOBEJCHHS JIiarHOCTYBaHHs Ta BUKOHAHHS TEXHIYHOTO OOCIyroBYBaHHsS i PEMOHTY
oOnamHaHHsA. [l BU3HAYEHHS MEPiOJAWYHOCTI KOHTPOIO BHKOPHCTAHO IaHi MPO HAMIMHICTH BY3INiB 1 JeTaieH,
OTPUMaHI Ha OCHOBi OOpOOKH CTaTUCTUYHOI iH(popMaIlii o0 poOOTH JOKOMOTHBIB B yMOBaX eKCILIyaTalii, a Ta-
KOXX JaHl IOZI0 BUTPAT HA BIAHOBJIICHHS BY3MIB y pa3i BUHUKHEHHs BiqMOB. Pe3yjbTaTH. 3alpOrnOHOBAaHO METO[
BHU3HAYCHHS palliOHAFHUX IEpiofiB IiarHOCTYBaHHS BY3MiB JOKOMOTHBA, 3aCHOBaHHMU Ha MiHiMi3amii BUTpaT Ha
MIPOBEICHHS AiarHOCTYBAaHHS Ta BIIHOBIICHHS B pa3i Horo BigMoBH. Ha oCHOBI aHami3y HaAiHHOCTI TiIpaBIiYHUX
repenad JIOKOMOTHBIB B YMOBaX ixX eKCIUTyaTallii BU3HAYeHO MOKa3HUKH HAJiHHOCTI BY3JIiB 1 JieTanel Timpornepenadi
Yy BUTUIAI 3aJIe)KHOCTEH cepeHbhOi KUIBKOCTI BiIMOB TiIporepenad BiJ HampalloBaHHs TeroBo3a. Po3pobieHo
TEXHOJIOT0-eKOHOMIYHY KapTy PEMOHTY Tiiponiepesiadl Ta TEXHIKO-eKOHOMIYHY KapTy ii aiarHoctyBaHHs. HaBeneHo
pe3yNbTaTH BH3HAYEHHS NepioAMvHOCTI niarHocTyBaHHs Tifpomnepenadi YI'TI750—1200I1P rtemnososie TIT'M4 Tta
TI'M6. HaykoBa HoBH3HA. [loanbinii po3BUTOK OTpUMalia METOO0JIOTISE BU3HAYEHHS TEPIOJMYHOCTI KOHTPOIIIO
TEXHIYHOTO CTaHy BY3JIiB JJOKOMOTHUBIB 32 PaXyHOK OOJIIKY BIUIMBY CHCTEMH NPO(]ITaKTUYHKX, MJIAHOBUX PEMOHTIB
1 JlarHOCTYBaHHs Ha Ha/AIHHICTB JTokoMoTHBa. [IpakTHYHA 3HAYMMicTh. BUKOpHCTaHHS 3aIIpOIIOHOBaHOI METOH-
K1 17151 QOPMYBaHHSI CHCTEMH PEMOHTY W JiarHOCTyBaHHsI IOKOMOTHBIB Ta 1X BY3JIB J03BOJHUTH (OPMYBATH CHUCTE-
MY YTPUMaHHs JOKOMOTHBIB 3 ypaxyBaHHAM X (pakTHUHOTO CTaHy.

Kouosi crnosa: cuctema yTpUMaHHS; MEPiOANIHICTE KOHTPOJIO; MiHIMI3allis BUTPAT Ha CHCTEMY YTpPUMAaHHS;
TifpaBiiyHa Ieperada TeImIoBo3a

3BOJIAE 3aIIO0IrTH ITOJAJBIIMM BIiJIMOBAM B €KC-
Beryn IIyaTarii Ta miABUIIUTH Oe3eKy PyXy.
3a ocTaHHI POKH y CBIiTi AJIs iABUIIEHHS PiBHS
HaJIMHOCTI TEXHIYHUX 3acO0IB 3aCTOCOBYBAIM Ki-
JIbKa CTpATeTil X TEXHIYHOTO OOCIYroBYBaHHS Ta
peMoHTy, a came [8, 15-18]:

YrpaBiiHHSA TEXHIYHUM CTaHOM JIOKOMOTHBIB €
OaratoakTopHUM 3aBHaHHSAM. BoHO Mae OyTH
CTpSIMOBaHE Ha BHSBJICHHS, MMOTIEPEIHKEHHS Ta yC-
YHEHHSI HECTIpaBHOCTEH BY3IMiB 1 AeTajeil, mo 11o-
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— peakTHBHA cTpaTeris (peMOHT 3a GaKToM pa-
IITOBOI BiTMOBH);

— IUTAHOBO-TIONIEPE/KYBAJIbHA CTPATETIS PEMO-
uty (IIITP nie Ha Ykp3amizHuWi Ta pani iHIKX 3a-
JI3HUIB CBITY);

— PEMOHT 3a TEXHIYHHM CTaHOM OOJaTHaHHS
(KOHTpPONIb PO3BUTKY TEPEIBIAMOBHHX CTaHIB ue-
pe3 MPOrHO3yBaHHS 3HAYCHHS 3AJTUILKOBOIO Pecy-
pey);

— pexkoMmeHpaIiifHa crparteris yrpuMaHas (po3-
PaxyHOK iHAMBIAYalbHOI CHCTEMH PEMOHTY IS
KOYKHOT OJUHUIT 00JIaTHAHHS).

VY mepenideHUX CTpaTerisX yTpuMaHHS oOxa-
HaHHS BUKOPUCTOBYIOTH PI3HOMAaHITHI MiIX0AU Ta
MeTooJiorii. Hai0ibIl CydacHUMU € Taki:

— Reliable Centered Maintenance (RCM) — cu-
cTeMa OOCIYroByBaHHS, OpIEHTOBaHAa Ha HaJil-
HICTb BY3IIiB;

— Risk Based Maintenance (RBM) — cucrema
00CITyrOByBaHHS, OpPI€EHTOBaHA Ha MIiHIMI3aIliO
PU3HUKIB BiJIMOB 00JIaIHAHHSI.

[lepexin g0 cy4acHOT MeTOOJOTI] YTpUMaHHS
BUMarae 3HAYHMX BHTPAT peCypciB Ta dacy,
y 3B’SI3Ky 3 MM BHKOPHCTOBYIOTH KOMOiHAIi0
pisHoMaHiTHHX migxoxiB. OmHuMm i3 Hux € Total
Productive Maintenance (TPM) — 11e KOMIUTEKCHMIA
MiIXi, KA BUKOPHUCTOBYE METOOJIOTII0 Oepex-
JUBOTO BUPOOHHMITBA Lean i skuil BBaXKarOTh Tie-
peXimHUM BiI IUIAHOBO-TIONEPEKYBAIBHOI 10
npeBeHTHBHOI cTparerii [13, 17].

VY peanizaltii cTparerii 00CIyroByBaHHs Ta pe-
MOHTY JIOKOMOTHBIB 3 YPaxyBaHHSIM iX TEXHIYHOTO
CTaHy OCOOJMBOI aKTyaJbHOCTI HaOyBarOTh 3a1adi
oprasizaiii poOOTH CHUCTEM JiarHOCTYyBaHHsI, 30K-
pemMa BU3HAUYCHHS MEPIOAMYHOCTI JiarHOCTYBaHHS
BY3JIIB Ta CUCTEM JIOKOMOTHBA.

Meta

OCHOBHOIO METOI POOOTH € CKOpPOYCHHS BH-
TpPaT HAa CUCTEMY YTPUMAaHHS TSITOBOTO PYXOMOTO
CKJIaJy 3a PaxyHOK YJOCKOHAJICHHS IiJIXOJiB JI0
BU3HAYCHHS NIEPIOAMYHOCTI KOHTPOIIO TEXHIYHOTO
CTaHy HOTO BY3IiB.

MeTtoanka

Awnaniz miteparypHux mkepen [1, 2, 9, 14]
3 BU3HAYCHHS IEPiOJIMYHOCTI J1arHOCTYBaHHS BY-
371iB Ta arperariB TpaHCIOPTHHUX 3aC00iB CBIIYHTH,
IO HaiO1IbIIe MOMMPEHHST OTPUMAIH METOH, AKi

BUKOPUCTOBYIOTh JUIS PO3B’SI3aHHSI Ha3BaHUX 3a-
1a4, a came:

— CTaTHUCTHUYHMH, IO IPYHTYETHCS HA JIOIyC-
TUMOMY piBHI HIMOBipHOCTI 0€3BiIMOBHOI POOOTH,;

— IHAMBITyabHUM — 32 OTPUMAHOK peatizalli-
€10 T1arHOCTHYHOTO ITapaMeTpa;

— CKOHOMIKO-HMOBIPHICHUN — 3a CYKYITHICTIO
peanizanii JiarHOCTUYHOTO TapaMeTpa,

— €KOHOMIKO-WMOBIpHICHUH — 33 TUCKPETHUMH
3HAYCHHSAMH JIaTHOCTHYHOTO TTapaMeTpa.

CratucTUyHUA METOJA BHM3HAYCHHS Mepioand-
HOCTi [IIaTHOCTYBaHHS 3a JOMYCTHMHM piBHEM
iMoBipHOCTI Oe3BimMoBHOI pobotn (puc. 1) mpoc-
TUH 1 3pyYHHH, OHAK BiH HE TOYHHH i HE €KOHO-
MIYHHH, 0COOJMBO 3a BEJIMKHUX Bapiailiid 3MiHU Te-
XHIYHOTO cTaHy 00’ekrta. lleii merom momimbHO
BUKOPUCTOBYBAaTH B Pa3l TEXHIYHOTO OOCIyroBy-
BaHHA 00’€KTiB, HE 00NMagHaHUX 3ac00aMU JiarHo-
CTyBaHHS. Sk TpaBWIIO, I€ TPOCTI TEXHIYHI
00’€KTH, XapakTep PO3BUTKY HECHPAaBHOCTI SKHX
Bimomuid. OKpiM TOro, HEOOXiJIHO BPaxOBYBaTH
YMOBH eKCIuTyartamnii 00’€KTiB, 3MiHA yMOB €KC-
IDTyaTarii mpu3Bene 0 3MiHH XapaKTepy KpUBOi
0e3BiaMoBHOI podotu (puc. 1.)

P(tr

P(ts)

ts

Puc. 1. Bu3HaueHHs IepioIMYHOCTI J1arHOCTYBaHHS 32
3aJJaHOI0 IMOBIPHICTIO BiIMOB (CTATUCTUUHUI METO[T):
P(t) — imoBipHicTh 6Ge3BiqMOBHOT pOGOTH;

t — HanmpamtoBaHHS 00’ €KTa
Fig. 1. Determining the frequency of diagnostics
for a given failure probability (statistical method):

P(t) — probability of failure-free operation;
t — operating time of the object

Merto/ BU3HAUCHHS MEPIOAMYHOCTI JIIarHOCTY-
BaHHS 32 OTPUMAHOIO Pealli3alli€lo iarHOCTHUHO-
ro napamerpa (eKCTpamoJSsIiHHUE METOJ) 3aCHO-
BaHMM Ha PO3B’s3aHi (QYHKLIi, IO ampOKCUMYE
3MIHM JIarHOCTHMYHOIO MapaMeTpa BiJi M0YaTKOBOT
BEJIMYMHU S, 10 TpaHu4HOI S, (puc. 2).
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[loBHMIT pecypc By3na, KW JIarHOCTYIOTh,
BH3HAYAIOTH 32 OPMYIIOIO:

S,=S,+V", 1)

ne V — iHTEHCHBHICTh 3MIHU MapamMeTpiB; L — mo-
Ka3HUK CTYyINEHS, 10 BU3HAYAE XapakTep 3MiHH
napamerpa.

Henomnikom 11poro MeTony € HEOOXiTHICTH TOC-
TIHHOTO OOYMCIICHHS BUIEPEIKYBAILHOIO HOpMa-
TUBY JIiarHOCTUYHOTO TapaMeTpa Ta BUMipIOBaHHS
mapaMeTpiB 3HOIIYBaHHS JAeTanei. BukopucranHs
IIFOTO METOJIy BHIIPABJAHO B Pa3i MiarHOCTYBaHHS
CKJIaJJHHUX Ta JOPOTHX BY3TiB.

BukopucTaHHS CTaTHCTHYHOTO Ta €KCTPATIOJs-
[IHHOTO METOJIB Yy TOENHAHHI 3 METOJOJIOTIEI0
TPM no3BOJIsiE 3MEHIIIUTH BUTPATH Ha MPOBEICH-
Hsl JIarHOCTYBaHHS 0OjajHaHHS. 3MCHIICHHS BH-
TpaT 3a0e3meuyeThCcsl IUIIXOM  YIPOBAKCHHS
CJIEMEHTIB aBTOHOMHOT'O OOCITyrOBYBaHHS i3 3aiy-
YCHHSIM TIePCOHANY, SIKHUH eKCcIuTyaTye oOiajHaH-
Hs, IO OpraHi3allii mepioguIHUX BUMipIOBaHb KOH-
TPOJTBHUX TApaMETPIB.

t,

Puc. 2. Bu3HaueHHS IepioIUYHOCTI TiarHOCTYBaHHS
3 BUKOPHUCTAaHHIM OTPUMAaHOI peaizaii JiarHoCTUIHO-
ro napamerpa (eKCTpanosiiiHui MeTox):

Sn— 3HaUeHHS IarHOCTHYHOTO MTapaMeTpa B MOYaTKOBUH Te-
pioxm; Sr— rpaHndHe 3HaYEHHS AIarHOCTHYHOTO IapaMeTpa;

t — HampamoBaHHs 00 €KTa

Fig. 2. Determining the frequency of diagnostics using
the obtained realization of the diagnostic parameter
(extrapolation method):

Sn — value of the diagnostic parameter in the initial period;
Sr — limit value of the diagnostic parameter;

t — operating time of the object

Bukopucranns indopManiiHUX CUCTEM yIpaB-
JHHS TeXHIYHUM cTaHoM oOnaananns EAM (En-
terprise Asset Management) ckopodye BUTpaTH Ha

00pOOKy pe3yNbTaTiB, MPOTHO3YBAaHHS 3aJIHIIKO-
BOTO pecypcy Ta HIMOBIPHOCTI BiIMOBH.

ExoHOMIKO-IMOBIpHICHHI METOJ] BH3HAYCHHS
MEePiOINYHOCTI JIIarHOCTYBaHHS 3a CYKYIHICTIO
peamizamii JiarHOCTHYHOTO MapamMeTpa J03BOJISIE
BCTAHOBHTH TEPIOJUYHICTh IIarHOCTYBaHHS, sKa
€ TOCTIHHOIO 1 €MHOI0 BEITUYMUHOIO JOMYCTHMOTO
(BuMEperKyBaILHOT0) HOPMATHBY ISl BCI€i CyKy-
mHOCTI 00’€ekTiB. CyTHICTh METOIY IOJIATAE B OII-
TUMIi3allii TepiodiB MiarHOCTYBaHHS 3a KPUTEPiEM
MiHIMYMY CyMapHUX IMHTOMHX BHUTPAT Ha PEMOHT,
po(iTaKTUKY Ta A1arHOCTYBAaHHS.

ExoHOMIKO-IMOBIpHICHHI METOJ] BHU3HAYCHHS
MEPIOUYHOCTI JIarHOCTYBaHHS 3a JUCKPETHUMU
3HAYEHHSIMH J[IalrHOCTUYHOTO MapaMeTpa 3acToco-
BYIOTh Y THX BHIAJKaX, KOJH JIarHOCTHYHHHA Ia-
pameTp 1 JiarHOCTUYHI 3aCO0M 3a0e3MeUyOTh BH-
SIBIICHHSI HECIIpaBHOCTEH 00’€KTa JiarHOCTyBaHHS
B TIOTOYHHI MOMEHT, ajic He JO03BOISIOTh BCTAHO-
BHTH 3arajbHy 3aKOHOMIPHICTH MOTO TEXHIYHOTO
CTaHy MPOTATOM MI>KKOHTPOJIBHOTO TIEPiOy.

Y oMy MeTOAlI ONTHMI3aIlilo MepioAnIHOCTI
JarHOCTYBaHHS 3MIHCHIOIOTH 32 MIHIMyMOM CyMa-
PHHX eKCIUTyaTalifHuX BTpaT A0 BigHOBIeHHs. Lli
BTpaTH BU3HAYAIOTh BapTICTIO BCIX AIarHOCTUYHUX
MIEPEeBIPOK J0 BiTHOBIICHHS, a TAKOX AOJATKOBHUMHU
BUTpAaTAMHA HA HECBOEYACHE BUSBIICHHS HECIPaB-
HOCTEM.

AHaii3 MeTOMiB BH3HAYEHHS TEpPiOAUYHOCTI
JarHOCTYBaHHS TEXHIYHMX 00’ €KTiB TOKa3ye, M0
KOXKEH 13 HMX MOYKHa BUKOPHCTAaTH Ha TIEBHOMY
eTari po3poOKH CHUCTEM JliarHOCTyBaHHs. 3aralib-
HHUM HEJO0JIKOM HasiBHUX METOJIB € Te, IO IIiJ] Yac
BU3HAYCHHS TCPIOJAUYHOCTI JIarHOCTYBaHHS HE
BpPaxOBYIOTh BIUIMB CHCTEMHU TNPO]ITaKTHIHHX,
IJIAHOBUX PEMOHTIB Ta JIarHOCTYBaHHS Ha HaMiii-
HICTB 00’ €KTa.

PesyabTatn

[TporoHyeMO MeTOA BH3HAYCHHS palliOHANb-
HUX TIepiOJIiB JIiarHOCTYBaHHS BY3JiB JJOKOMOTHBA,
3aCHOBaHUWI Ha MiHIMi3allil BUTpAT HA MIPOBEICHHS
JarHOCTYBaHHS Ta BiJHOBJCHHS y pa3si ix BigMmo-
BH, 13 BUKOPUCTAHHIM JaHUX NPO HaIiiHICTh BY3-
JIIB Ta JeTajieil, OTPUMaHUX Ha OCHOBI OOpPOOKHU
CTaTUCTUYHOT iH(opMarlii 1og0 poOOTH JIOKOMO-
THUBIB B yMOBaX €KCIUTyaTaLlii.

O6pobka cratucTu4Hoi iHpOpMAaLii I OTpH-
MaHHS MMOKa3HUKIB HaAIMHOCTI, MO-MepIe, Bpaxo-
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BY€ KOHKPETHI YMOBH €KCIUTyaTallii JJOKOMOTHBA,
PEXUMH HOTO pOOOTH, OCOOIMBOCTI MPODITIO KO-
7ii Ta psA 1HIIKX, IO 3aJIeKaTh BiJl XapaKTepy BH-
KOHYBaHOI JIOKOMOTHBOM POOOTH, a MO-Ipyre, Aae
MOJKJTUBICTh BU3HAYUTH TEPIOAU NiarHOCTYBaHHS
Ta BCTAaHOBHUTH TEPIOIU TPOBEIACHHS TEXHIYHOTO
00CITyroByBaHHS W PEMOHTY 3 YpaxyBaHHSM TEX-
HIYHOTO CTaHy Ta YMOB €KCIUTyaTallii JIOKOMOTH-
BiB.

SIK TMOKa3HWK OIIHKY TEXHIYHOTO CTaHy JIOKO-
MOTHBAa BUKOPHCTOBYIOTH 3HAYCHHS CEpEIHBOT
KiJbKocTi BiiMoB H(t). SIkiio miciist BiIMOBH By3J1a
MPOBOJASITE HOTO BiJHOBJIEHHS B TIOBHOMY 00CS3i,
TO Cepe/iHI0 KibKicTh BimMoB H(t) 3a mepiox po-
00T t BU3HAYAIOTh 3 PIBHSHHS BiJHOBICHHS [11—

14]:
H(t):F(t)+jH(t—x)dF(x), 2
0

ne F(t) — dyHKkIis po3moaiay HampamroBaHHS 10
BIIMOBH.

SKImo micns mepioAy HamparfoBaHHS Y MPOBO-
ISITh IarHOCTHYHI TIepeBipKH BY3IiB JTOKOMOTHBA,
TO JESKy YacTHHY BIIMOB OyZe MOTMEepeKeHO.
VY upomy BUMaaky (YyHKIisS HarpamtoBaHHS JIO Bi-
IMOBH OyJie 3alie)aTH Bij TIepiojIiB 1iarHOCTyBaH-
Hs Y, 1o no3Haynmo 3anucom F(tly). s dyHkiis
OyJe  BIAMOBIiZaTH  PIBHSHHIO  BIJHOBJICHHS,
po3B’si30k sikoro H(tly) € cepeaHboro KiIbKICTHO
BiJIMOB 3a HalpaIfOBaHHS 332 YMOBH, IO Yepe3 Ie-
pioJ HampalfoBaHHS ) TPOBOJAATH J[iarHOCTHUYHI
MIEPEBIPKH.

OueBHIHO, WO TMpoIeAypa IiarHOCTYBaHHS
€ MPOIIECOM TOTePEeKEHHS BiIMOB. SKIIO Bpaxy-
BaTH €(pEKTUBHICTD JIarHOCTYBaHHS i€ KOePillieHT
k(y), To cepenHIO KiJIbKiCTh BiZIMOB By3Jia 3 ypaxy-
BaHHJIM JiarHOCTYBaHHS BH3HA4YaeEMO 3a (opMmy-
J010:

H(t/y)=k(y)-H(®). 3)

Takwuii miaxig 4o3BoJIsie OOIATH 3HAYHI MaTeMa-
TUYHI TpyJAHOLII Mmijg yac noOynoBu dynkuii F(t/y)
Ta pO3B’sI3aHHS PIBHSHHS BiJIHOBJICHHS.

Buxonsun 3 BusHaueHHs koedimienta K(y),
BCTaHOBHUMO HOT'O BJIACTHBOCTI:

1)
limk(y)=¢, (4)
y>0

ne [ — J9acTka BiIMOB, sSIKi HE MOXHA MOTCPEAUTH
MPOBEICHUM J[IarHOCTYBAHHSIM.
Sxmmo giarHoctyBanHs BudepItHi, T0 (=0 ;

2)
Iyimk(y):l. (5)

s BnacTuBicTh BimoOpakae TOH ¢akT, mo 3i
3pOCTaHHSAM TepioAiB JIIarHOCTYBaHHS Horo edek-
THBHICTb 3MEHIITY€ETHCS.

SIk OHY 3 MOXIIMBHUX MOJEJICH JiarHOCTyBaH-
Hsl, MOJICJIb MPOPIIKYBaHHS MOTOKY BiJIMOB, MOX-
Ha B3ATH TaKui mepioa poOOTH By3na abo arperara
t(y), 1m0 € HACTYINHHM ICJSA IiarHOCTYBaHHS
1 B SIKOMY BiJJUyTHH BIUIUB JiarHOCTYBaHHSI.

Toni 3 ypaxyBaHHSM HaBeIEHOTO KOe(iIli€HT
K(y) MO’KHA BUpA3UTH TaK:

k()’)=1—Lyy)- (6)

A ockinpku t(Y)<Y, TO, BUXOASYH 3 BIACTHBOC-
teii (1 Ta 2), oTprMaemo:

Iymlyy)ﬂ—e;, (7)
lim ) _o, ®)
yoo Y

Bubip ¢yukuii t(y) mo3Bossie modyayBaTu 3Ha-
YHY KUTBKICTh MAaTEMAaTHYHHUX MOJIEJIEeH JiarHOCTy-
BaHHS.

Jis Bu4epriHOTrO JiarHocTyBaHHs, kKoimu (=0,
K HaOMmKeHe 3HAYeHHS M T/Y MOJKHA B3STH
P(y), Toni koedimient K(y) mopiBHioBaTume (HyHK-
il F(y) posmoiny HamnpaiiroBaHHs 10 BiAMOBH 0€3
ypaxyBaHHS JIiarHOCTYBaHHSI.

Sk HacTynHe HAOJWKCHHS, BIAMOBITHO JIO
OIMHMCYBaHHS MOJIET J1iarHOCTYBaHHS, BiJIHOIICHHS
T/y MOKHA 3alKCaTH Y BATJISIL

t(y) a-sin(b)-y
y y
TO/I 3 ypaxyBaHHsM ymoBH (1) mapamerpu @ i b

MOBHHHI 3aI0BOJIbHATH yMOBI a-b=1—/(, i, Bix-
MOBIIHO:

(9)
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T_ @—20)-sin(b)- y (1—
y b-y

ne b — xapakTepucTHKa CTyIeEHs BiJHOBIICHHS JIO-
KOMOTHBA 32 B3ATOI CUCTEMH J1arHOCTYBaHHSI.

[TuTomi BUTpaTH KOIUTIB Ha MPOBEICHHS Jiar-
HOCTYBAaHHsSI JIOKOMOTHBA Ta HOTO BiIHOBJICHHS
y BUNAJKy BiIMOBH MOXHA TPEACTaBUTH Y BUTIIS-
i

Dsin(v)-y, (10)

N

z=2% /[ L lch k(v -Hm [, @)
T Yi

ne T — HampamroBaHHA JokomotuBa, C' — Bap-

TiCTh TPOBEACHHS NEPEBIPKU i-TO BYy3Ja JOKOMO-
— Cepe/Hs BapTICTh aBapiiHOTO BiJIHOB-
JeHHsS i-TO By3na JokomotuBa; Ki(Yi) Fi(yi) -
IMOBIpHICTH BiIMOBH i-TO By35a JIOKOMOTHBA; N —
KUTBKICTh BY3J1iB JIOKOMOTHBA.

OdeBuHO, MO TEPIIMH WiIeH pPIBHIHHA

THUBA, CiA

cr| =
Yi
peBipok i-ro Bysma, a apyrmii C -k (y,)-H,(T) —
BapTICTh BiJHOBJEHHS i-TO By3Ja 3 ypaxyBaHHSIM
MPOBEICHHSI JIarHOCTYBaHHS Yepe3 Mepionu Yi.
Juis po3B’si3aHHS 3a/7a4i omTHMI3alii mepioaiB
MPOBENEHHsI J1arHOCTHYHHUX MEPEBIPOK pPiBHSHHS
MPeCTaBUMO y BUTJISIL

MIPEICTABIIsIE BApTICTh NMPOBEICHUX Iie-

) (f )
Tlmz Z ) +CA k; (y;)- I|m (12)
e TIIm Hi(T) =® — cepedHs KUIbKICTh BiJMOB

BY3JIiB JIOKOMOTHBA 32 OJIMHUIII0 HATIPAIFOBAHHS.
3 ypaxyBaHHSM IIbOTO, PO3B’SI30K PIBHAHHS
(12) 3anuiemo y BTSN

limZ

T—ow

N C”
:Z _l_;_CiA.ki(yi).(Di — min, (13)

i=1 i

3a ymoBi 0<y<o0.
Cn
CximagoBi —— piBHstHHS (13) sSBISIOTE COOOIO
i
rinepOoty, XapakTep 3MiHH SKOT IMOJIaHO Ha puUC. 3.

T
e () e KO-

—_
Z=
L

C!A : Kl (}’I) Ty

Your
Puc. 3. Xapakrep 3MiHH BapTOCTI MPOBEACHHS TiarHOC-

TUYIHUX TIEPEBIPOK Ta BAPTOCTI BiTHOBJICHHS BY3IIiB
JIOKOMOTHBA, [0 BIIMOBHUIIH:

i

T . .
C — — BapricTh BUKOHaHux | — | pasis
i i
TIEPEBIPOK i-TO By3J1a;
i -K;(Y;)-®, —BapTicTk BiJHOBJIEHHS BiIMOBH i-TO By3/1a
3 ypaxyBaHHIM IPOBEICHHS IiarHOCTYBaHHS
yepes nepionu Y,

Fig. 3. Changes in the cost of diagnostic checks and the
cost of restoring failed locomotive components:

T ) . T .

C — —the cost of checking the i-th node [—j times;

i i

C -k (Y,)- @, —the cost of restoring the failure of the i-th
node, taking into account the diagnostics in periods

C' _a
—+C7-ki(yi)- o

I
MoKa3aly, 110 BOHA € YHIMOJAIBHOK, a 1Ie O3Ha-
Yae, MO ICHy€ ONTUMalbHE 3HAYEHHS, 3a SKOTO
BUTpATH Ha MPOBEICHHS JIarHOCTHYHHX MEPEBIPOK
1 BIIHOBIIEHHS i-TO BY3J1a JIOKOMOTHBa OYyAyTh Mi-
HIMaJIbHI 1 IIe PIIICHHS € €JMHHAM.

BapricTs mpoBefieHHS NiarHOCTUYHUX TepeBi-
POK Ta BapTiCTh BIJIHOBJICHHS BY3JiB JIOKOMOTHBA
BH3HAYAIOTh HAa OCHOBI TEXHIKO-€KOHOMIYHMX Ta
TEXHOJIOT1YHUX KapT. B OCHOBY po3poOKH TEexXHO-
JIOT1YHOI KapTH PEMOHTY By3Jla TiAporiepeaadi mo-
KJazeHo 11 TOI1T Ha €JIEMEHTH, 3B’ SI3KH MIXK SKUMU
00yMOBJIeHI MepexeBUMH rpadikaMu Ha il peMOHT
a00 TepeBIpKy.

Texniko-ekoHomiuna kapra (TEK) pemonty
arperara MIiCTUThb INEPENiK TEXHOJOTIYHUX oOrepa-
Lill peMOHTY HOro By3JiB Tigponepenadi, BUTPATH
KOIIITIB 1 4acy Ha iX BUKOHAHHS, a TAKOX BUTpPATH
Ha aBapiiiHe BiJJHOBJICHHsI BY3JIiB Yy pa3i HellIaHO-
BUX peMOHTIB [3, 4, 7].

Hocnimpkenns ¢yHKii
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TEK niarHocTyBaHHA TiAponepenadi MiCTUTb
iH(pOpMaIifo PO HAAIWHICTG ii By3iB, IIEpENiK Aia-
THOCTUYHHUX OTIepalliii Ta iX eKOHOMIYHY OIIIHKY.

ButpaTt xomTiB Ha BUKOHaHHS KOKHOI orepa-
n
jo
TOJNi BUTPATy KOILUTIB Ha BiHOBICHHA i-TO By3Ja
BU3HAYUTHCS 32 (POPMYIIOIO:

uii mosnauumo uepes Ci, a Butpatn wacy — t,

N

(nu) = Z <nj) ’ S(ZTU-) '

j= iev

(14)

ne N — KiTBKICTh €JIeMEHTapHUX OTepalliid BiTHOB-
JICHHS; v — KUIBKICTh €JIEMEHTIB, SIKI PEMOHTYIOTh
(oOcsT peMoHTY);

1 x>0

=10 o (15)

TpuBainicTe peMOHTY (BUTpaTH 4acy) i-TO ele-
MEHTa BH3HAYNMO 3a (popMyIIoro:

N
no n
t —étj-Tij.

TpuBainicTs peMOHTY arperata abo JOKOMOTHBA
B I[JIOMY BH3HAYa€ Ta HOro CKJIAJ0Ba Ha PEMOHT,
JUTS SIKOT HEOOXiTHO HaOIIbIIe Yacy.

Butpati yacy Ha BUKOHaHHSI PEMOHTY B 00csI3i
v BU3HAYAEMO 3a POPMYJIOIO:

(16)

N

lev j=1

(17)

Butpati KOIITiB HAa BHUKOHAHHS aBapiitHOTO
BIJIHOBJICHHS ITiJ] YaC BUKOHAHHS HEIUIAHOBHUX pPe-
MOHTIB I-TO €JICMEHTa BU3HAYAEMO 32 (hOPMYJIOH0:

A n n
Ci = Ci + ti ) CJZZ + tmp ) CJze’ (18)

ne C! —BapTiCTh NPOBEACHHS IUIAHOBOTO PEMOHTY
arperata; t' — TPHBAJICTh HPOCTOIO TEIUIOBO3A HA
I1aHOBOMY peMoHTi; C , — BapTiCTb JOKOMOTHBO-
rojuHy; t,, — 4ac TPaHCHOPTYBAaHHS TEIUIOBO3A [0

MICIlI PEMOHTY Ta 4ac MMOBEPHEHHS JIO MiCIsl eKC-
TTyaTarii.

Butpartu yacy Ha BUKOHAHHS HEIUIAHOBOTO pe-
MOHTY BH3HA4a€eMO 32 (hOpMYIIOH:

A n
t. =t +t
i i mp .

(19)
BapticTe mpoBeieHHS iarHOCTHYHHMX IEPEeBi-
POK Ta BUTPATH Yacy Ha IX MPOBEACHHS CTAaHOBJISITH:

N

N
Ci()n — Zczj)n; tin — thj)n ,
j=1

j=1

(20)

ne C?" Ta tj—’” — BUTpATH KOWITIB i Yacy BiIIMOBIIHO

Ha MPOBEACHHS 1iarHOCTYBaHHsI i-TO €JIeMEHTA.

Jis peanizaniii HaBeIEeHOI METOAMKH SK 00’ €KT
nmociimkeHHs O0yno oOpaHo yHi(iKOBaHy TiapaBii-
yny nepeaauy YI'TI750-1200I1P, ycranoBieHy Ha
teruioBo3ax TI'M6 ta TT'M4.

Bubip rigpaBmiuHoi mepenadi A MPaKTHIHOL
peamizamii 3anpONIOHOBAHOI METOJUKH O00yMOBIIE-
HUU TUM, IO TiJpaBiivyHa Tepelada € OJHUM i3
HAaWBaKIMBINIMX BY3JiB MaHEBPOBHX TEIJIOBO3iB.
BinmoBa rimpaBmiuHOi mepemaui B mporeci ekc-
IUIyaTarii MOXe MPU3BECTH 10 IMOBHOI 3YIMHHKHU
TEIUIOBO3a. YMOBHM €KCIUTyaTalii TeIUIOBO3IB i3
TiApaBIIYHOIO TIepeadeto Ha MPOMUCIOBHUX MiAT-
pHEMCTBAX € CKJIQJHUMH, TOMY BIIPOBAJUKCHHSI
JIarHOCTYBaHHS Ta MEPiOAWYHOTO KOHTPONIO CTa-
Hy Tiepeqadi 3 BAKOPUCTAHHSAM 3ac00iB iarHOCTY-
BaHHA TO3BOJUTH 3HAYHO ITIABUIIWTH HAIIHHICTH
TEIUIOBO3a B IIJIOMY.

Metoau Ta 3aco0M BUNPOOYBaHHS TiapaBiid-
HHX Mepenay po3risinyTo B [4]. Pesynabratu mocii-
JOKEHb IOJI0 PO3POOKH 3aCcO0IB 1 METOIIB BHUIIPO-
OyBaHHS TipaBIIYHHUX Tepelady y peKuMi BUOIrY
i1 9ac CTeHAOBHX BHIIPOOYBaHb HABEJICHO B PO-
6otax [3, 12]. IlepcrieKTHBH BUKOPHCTAHHS HEW-
POHHUX MEpPEeX JJIs aHaji3y pe3yJibTaTiB JiarHOC-
TYBaHHS TiIpaBIiyHUX Tepeaad HaBexeHo B [19].
VYpaxoByroun CKJIaIHICTh TigpaBiiyHOI mepenadi,
Cy4acHi CUCTEMH BHUIIPOOYBaHHS Ta JiarHOCTYBaH-
HSl TiIpaBIivyHUX Tepenady OyAayloTh Ha 0Oa3i iH-
(hopMariiiiHO-BUMIpIOBAIBHUX cHuCTeM. Po3poOrri
Ta BJIOCKOHAJICHHIO iH(opMariitHo-
BUMIPIOBAJIBHUX CHUCTEM TiJIpaBIiduHUX TMepeaad
i1 4ac CTeHJOBUX BHIIPOOYBaHb NPUCBIYEHO PO-
ootu [10, 11, 20]. Po3rusHyTi MeToAM Ta 3acodu
BUTNIPOOYBaHHS TiJPaBIiYHUX Tepeaad OpieHTOBa-
HO Ha CTEHJIOBI BHITPOOYBAHHS IMiCIsl KaIiTadbHHUX
PEMOHTIB.

[MutanHs BHOOPY TEPIOAMYHOCTI JiarHOCTY-
BaHHS TiJpaBIivyHOI Mlepeaadi B Mporeci eKcIuTya-
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Tanii HeJOCTATHBO PO3TIISTHYTO B poOOTax, 1m0 mia-
TBEP/KY€E aKTyalIbHICTh HAIIOTO JOCHTiKeHHA. Ha
OCHOBI aHaI3y HAAIWHOCTI TiAPaBIiYHAX TIepeaad
B YMOBaXx €KCIUTyaTallii BU3HA4eHO MOKa3HUKH Ha-
JiHOCTI BY3iB 1 JeTaneil riaponepenadi y BHIIIS-
Il 3aJIEKHOCTEH CepemHbol KiTBKOCTI BiIMOB Bif
HarnpaioBanHs TemioBo3a H(t = f(t), a Takoxk po3-
pPOOJIEHO TEXHOJIOT0-€KOHOMIUHY KapTy PEMOHTY
rigporepenadi ¥ TeXHIKO-eKOHOMIYHY KapTy ii mi-
arHOCTYBaHHS.

XapaKkTepUCTHKH HAAIMHOCTI BY3JiB TiIpore-
pemagi YI'TI750-1200I1P y TEK nogaHo y Burmsmi
Koe(iIlieHTiB, ampOKCMMOBAHWX 3a JOCIITHHUMH
3aJICKHOCTSIMH  CEPEIHBOI KIIBKOCTI BiMOB BiJl
HarnpalroBanus TerioBosa H(t) = f(t).

VY 3B’S3Ky 3 TUM, IO AiarHOCTYBAaHHS TETLIO-
BO3a MPOBOJATH MiJ Yac TUIAHOBUX BUIB PEMOHTY,
BUTpPATH KOIITIB 1 Yacy Ha TPaHCIOPTYBaHHS 0

MiCIlI PEMOHTY ¥ Hazaj JO MiCIs eKCIuTyaTrarii
BpaxoBano B TEK pemonry. Ilix wac ckmamanus
TEK nmiarHOCTYBaHHS I1i BATPATH HE BPaxOBYBaJIH.

Hnsa cknapanas TEK pemonTy rigponepenaui
BapTICTh 1 Yac BUKOHAHHS KOXKHOI Omeparii B3sATO
Ha TiJCTaBi TEXHIYHO OOTPYHTOBAHHX HOPM Hacy
Ha CIJItocapHi poOOTH 3a 3aBOACHKOIO0 PEMOHTY Te-
IJIOBO3IB.

Hma TEK miarHocTyBaHHA Tigpomepenadi dac
MIPOBEJICHHS OTIepaIiii KOHTPOJIIO BH3HAUEHO JIOC-
JITHUM TUIIXOM, a BapTiCTh BUKOHAHHS KOXHOI
omeparii po3paxoBaHO 3a TapU(HOIO CITKOIO 3aje-
JKHO Bif BUTpaT 4acy. ParioHanpHi mepionu fmiar-
HOCTYBaHHS BHU3HAUEHO 3 BUKOPUCTAHHIM HaBee-
HO1 MeToanKH Ha EOM.

3a pesynbTaTamMu pO3paxyHKy BHU3HAYEHO pa-
HIOHAJIbHI Ta ONTHMAJIbHI MEePioIU NiarHOCTYBaHHS
BY3JIiB Tigpornepeaadi, siki HaBeeHo B Ta0u. 1.

Tabnuns 1

Iepioau piarnocryBanHs By3.aiB rizponepenaydi YI'TI750-120011P
TenososiB TI'M4 ta TTM6

Table 1

Diagnostic periods of power transmission units UGP750-1200PR
of diesel locomotives TGM4 and TGM6

Ilepioau niarnoctyBanns By3niB YITI, Tucsd ronus

HaiimenyBanus By3na rigponepenaudi YI'TI750-120011P ) ) )
pamoHalbH1 OIITUMAJIbH1
Ban npusinuuit 7...10 7,1
Ban ronoBHuit Ta rigpoamaparu 4.7 4.7
Ban Bimbopy moTyXHOCTI 4...7 47
Bau BropunHUi Ta Ban peBepca 4...10 7,1
Hacoc xuBneHHs 4...7 7,1
Hacoc BigkauyBanbHHI 11...15 11,8
®inbpTp MarHiTHUNA 2.4 2,4
Oinsrp YITI 4...7 4.7
Knanax migmipanii 28...35 28,3
KopoOka 3010THHKOBA 9...15 9,4
BeHTHITb eNeKTpOoTiApaBITiaHIH 28...35 28,3
BeHTunb enekTpornHeBMaTHYHUMA 30...35 30,7
Knanan 6mokyBanbHUH 7...10 7,1
[MpuBin pesepca Ta pexumy 4...7 4,7
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HaykoBa HOBH3Ha Ta MPaKTHYHA
3HAYUMICTD

Y po6oTi oTprMaia pO3BUTOK METOJIOJIOTISI BH-
3HAYCHHSI TIEPIOJUYHOCTI KOHTPOIIO TEXHIYHOTO
CTaHy BY3JiB JIOKOMOTHBIB 3a PaxyHOK OOJIKy
BIUTMBY CHCTEMH MPO(UIAKTUIHHX, IIAHOBUX De-
MOHTIB Ta J1arHOCTYyBaHHS Ha HaJIIWHICTh JJOKOMO-
ThBa. BUKOpHCTaHHS 3alpPOMOHOBAHOI METOIUKU
i 9ac GopMyBaHHS CHCTEMH PEMOHTY Ta JiarHO-
CTyBaHHS JIOKOMOTHBIB 1 IX By3IiB JO3BOJIUTH (O-
PMYBaTH CHCTEMY yTPUMaHHS JIOKOMOTHUBIB 3 ypa-
XYBaHHSM 1X ()aKTHYHOTO CTaHy.

BucnoBku

Ha ocHoBi aHami3y crpaTeridi Ta MigXOMdiB JO
TEXHIYHOTO OOCIYroByBaHHS U PEMOHTY o0ai-
HaHHS JIOKOMOTHBIB OOTIpYHTOBaHO HEOOXIiTHICTh

yIIOCKOHAJICHHS METOJAMKH BU3HAYECHHS epioaud-
HOCTI JJiarHOCTYBaHHS 1X BY3IIiB Ta CHCTEM.

3ampoIToHOBaHO METON BH3HAYCHHS pallioHa-
JBHUX TEPIONiB AiarHOCTYBAaHHS BY3JIiB JIOKOMO-
TUBa, OCHOBAaHHI Ha MiHiMi3allil BUTpaT Ha MpoOBe-
IEHHS [IarHOCTYBaHHS Ta WOTO BiJHOBJICHHS
B pa3i BiAMOBH, 3 BUKOPHUCTaHHSIM JaHUX PO Ha-
IifHICTH BY3JiB 1 JeTalieil, OTpMMaHUX Ha OCHOBI
00po0OKu cratrcTHyHOI iH(OpMaIi moa0 podoTH
JIOKOMOTHBIB B yYMOBaX eKcIuTyarariii. MeToauky
BH3HAYEHHS MEPIOAMYHOCTI JiarHOCTYBaHHS MOXK-
Ha BUKOPHCTOBYBATH TiJ yac (OpPMYyBaHHS CHUCTe-
MH YTPHMaHHS JIOKOMOTHBIB 3 YpaxyBaHHSAM IX
(haKTUYHOTO CTaHy, IO BU3HAYAIOTh 33 pPe3yibTa-
TaMU J1iarHOCTYBaHHSI.

HaBeneni pesynpraTd BH3HAUEHHS MEPiOAwd-
HOCTi JiarHocTyBaHHs Tigpomepenadi YITI750-
1200ITP TemmoBo3iB TTM4 ta TTM6 MoxHa Bu-
KOPHUCTOBYBATH JUI (pOpPMYBaHHS CHCTEMU PEMOH-
Ty Ta JiaTHOCTYBAaHHS BKAa3aHMX TETJIOBO3iB.
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Determination of the Frequency of Diagnostics of Hydraulic Transmission
Units of Diesel Locomotives

Purpose. Modern methodologies for maintaining technical facilities are focused on simultaneously ensuring
a given level of equipment reliability and minimizing system maintenance costs. The development of maintenance
systems is usually based on the use of equipment reliability data, analysis of diagnostic results and forecasting of the
residual life of locomotive equipment. In addition, the development of maintenance systems takes into account the
costs of maintenance and repair of components. The main goal of the study is to increase the efficiency of the loco-
motive fleet by reducing the cost of maintaining locomotives, taking into account the technical condition of its com-
ponents. Methodology. To achieve this goal, we propose a methodology for determining the rational periods for
diagnosing locomotive components based on minimizing the cost of diagnostics and performing maintenance and
repair of equipment. To determine the frequency of control, we used data on the reliability of components and parts
obtained from the processing of statistical information on the operation of locomotives in operation, as well as data
on the costs of restoring components in the event of failures. Findings. A method for determining the rational peri-

Creative Commons Attribution 4.0 International
doi: https://doi.org/10.15802/stp2023/283008 © b. €. Boxnap, O. B. Oukacos, €. B. Boanap, 2023

13


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.32840/2522-4263/2020-2-23
https://doi.org/10.1007/978-3-031-25863-3_70
https://doi.org/10.1115/1.4047856
https://doi.org/10.11113/jt.v76.5678
https://doi.org/10.1007/978-3-319-51502-1_5
https://doi.org/10.15802/stp2015/53159
https://doi.org/10.15802/stp2017/99945

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

Hayka Ta nporpec tparcmopty, 2023, Ne 1 (101)

EKCIIIYATAIIIS TA PEMOHT 3ACOBIB TPAHCIIOPTY

ods for diagnosing locomotive components based on minimizing the cost of diagnosing and restoring them in case
of failure is proposed. Based on the analysis of the reliability of hydraulic transmissions of locomotives in their op-
eration, the reliability indicators of hydraulic transmission units and parts are determined in the form of dependen-
cies of the average number of hydraulic transmission failures on the operating time of the locomotive. A techno-
economic map of hydraulic transmission repair and a techno-economic map of its diagnostics have been developed.
The results of determining the frequency of diagnostics of the hydraulic transmission UGP750-1200PR of diesel
locomotives TGM4 and TGM6 are presented. Originality. The methodology for determining the frequency of
monitoring the technical condition of locomotive components has been further developed by taking into account the
impact of the system of preventive, scheduled maintenance and diagnostics on the reliability of the locomotive.
Practical value. The use of the proposed methodology for the formation of a system for repairing and diagnosing
locomotives and their components will allow the formation of a system for maintaining locomotives taking into ac-
count their actual condition.

Keywords: maintenance system; frequency of control; minimization of maintenance system costs; hydraulic
transmission of a locomotive
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Po3po0JieHHs i aHAJIi3 iIHHOBALIHOI KOMIIOHYBAJIBHOI CXEMHU 34/1CHOBAHOI0
ABOCEKUIHOr0 TPAMBAWHOI0 BATOHA

Meta. OCHOBHOIO METOIO POOOTH € pO3pOOJICHHS Ta aHaJli3 ONTHUMAILHOT KOMIIOHYBAJIbHOI CXEMH 34JIEHOBaHO-
T'O JIBOCEKIIIHOr0 TpaMBaifHOro BaroHa Jijisi CTBOPEHHs MEPCIIEKTHBHUX KOHKYPEHTOCIIPOMOXKHUX MOJIejIel BaroHiB
CYTTEBO BHILOTO TEXHIYHOI'O PIBHS, & TAKOX OIIHKA IEPCIEKTHBHOCTI OCBOEHHA IX CepiifHOro BHPOOHHMITBA 3a
YMOBH 3a0e3MeueHHs MaKCUMaIBbHOI acaxxupoBmicHocTi. MeToamka. Ha ocHOBI aHami3y peraaMeHTOBaHUX TEXHi-
YHUX BEMOT JI0 PO3MIpHHUX IapaMeTpiB TPpaMBaifHNX BAaroHiB, MapaMeTpiB MAaHEBPEHOCTI Ta JOMYCTUMHX HaBaHTar
Ha IX KOJICHI Bi3KH, a TaKOXK Ha OCHOBI aHAJli3y OCHOBHHX TEXHIYHHX MapaMeTpiB HasSIBHUX MOJICNEH OMUHAPHHUX Ta
JIBOCEKIIHHUX TpaMBaiHUX BaroHiB, 0OJaTHAHWX IBOMAa JBOBICHUMH KOJICHAMH Bi3KaMH, — JOBXHHHU Ky30BiB Ta
CHOPAIKEHNX Mac, BU3HAUEHO JIOMyCTHMY JOBXKUHY IX Ky30BiB Ta pO3paxyHKOBY Macy y CIIOpsDKEHOMY cTaHi. J[Ba
JIBOBICHI KOJIICHI BI3KH 3aMiHEHO YOTHpPMa OJHOBICHUMH Bi3kamu. Pe3yabTaTH. 3ampornoHOBaHO W po3poOJcHO
IHHOBaLIHY KOMIIOHYBaJIbHY CXEMY 34JICHOBAHOTO JIBOCEKI[IHHOTO TPaMBAaiHOI'O BaroHa Ha OCHOBI 3aCTOCYBaHHS
YOTHUPHOX OJTHOBICHUX KOJICHUX BI3KiB Ta MiHiMi3allii 3BUCIB CEKIIiif Ky30BiB 32 YMOBH 30CpEIKCHHsI OTPUMAHOI Ma-
KCUMaJIbHOI JIOBXKMHH OJJMHAPHOI'O TPaMBAfHOTO BaroHa Ta KOJii KOJICHUX BI3KiB 1 MIMPHHU BaroHa. Po3poOieHo
METOJUKY OL[IHKH €()EeKTUBHOCTI IPOIIOHOBAaHMX KOHCTPYKTHBHHX pillieHb Ta KOM(pOPTAOENbHOCTI MepeBe3eHpb na-
CaXXUPIB OIMHAPHUMH Ta ABOCEKLIHHUMH TpaMBallHUMH BaroHaMu 3 JBOMa JIBOBICHMMH Ta YOTUPMa OJHOBICHUMH
KOJNIICHUMH Bi3KaMH, €CKi3HI NPOEKTH SKHX PO3POOIIEHO 3a TphOMa PI3HUMH KOMIIOHYBaJbHAMH CXCMaMHU.
HaykoBa HoBH3HA. YIiepIie 3aporoHOBaHO KOMIIOHYBAJIbHY CXEMY 34JIEHOBAHOTO JBOCEKIIHHOTO TpaMBalHOTO
BaroHa Ha OCHOBI IHHOBAIIIITHOTO pIiIIEHHS — 3aCTOCYBaHHS 3aMiCTh JIBOX JIBOBICHHX KOJICHHX Bi3KiB YOTHPHOX
onHOBiCHUX. P03po0eHO METOMMKY TPOBENCHHS aHali3y Ta OLIHKM JOIUIHLHOCTI 3aCTOCYBAHHS 3alpONOHOBAHOI
KOMITOHYBAJIBHOI CXEMH JJIsi CTBOPEHHS MEPCIEKTHBHUX MOJIENeH JIBOCEKIIHHOrO TpaMBalHOTO BaroHa.
IpakTuyna 3HaynmicTs. OOrpyHTOBaHO BHMOIp yXe Ha CTaiii pO3pOOJICHHS €CKI3HUX IPOINO3MILIH ONTHMa-
JIbHOT 1HHOBAIIfHOT KOMIIOHYBaJbHOT CXEMH 3 YOTHPMa OJHOBICHUMH KOJIICHUMH Bi3KaMH Uil CTBOPEHHS
MEePCIEKTUBHUX KOHKYPEHTOCIIPOMOXKHHX MOJIENEH 34JICHOBAaHMX JBOCEKI[IIfHUX TpaMBallHMX BaroHiB 3 OITH-
MI30BaHMMHU TIapaMeTpaMHu JIOBKHHU IX Ky30BiB Ta HOMIHaJbHOI Maca)KMPOBMICHOCTI 3 BHIIO KoMpopTade-
JIBHICTIO TIepEeBE3eHb IaCAXHUPIB MOPIBHAHO 3 HAsBHUMHM TPaMBAaiHUMM BaroHaMHU-aHAJIOTaMHU.

Knrouosi crosa: NBOCEKIIHHMI TpaMBaliHUI BaroH,; KOMIIOHYBaJIbHA CXeMa; KOJIICHUH Bi30K; pO3MipHI napamer-
PH BaroHa, KOHCTPYKTHBHA JJOCKOHAJIICTh BaroHiB; KOHKYPEHTOCIIPOMOXHICTh TpaMBaiHIX BaroHiB

Beryn MicTtax craHoBUTHh NoHaa 2 000 kM, a mopiyHHAN
o0csT rmepeBe3eHb cArae 3 MITP]T acaXKUPiB.

[Ipore pO3BUTOK BITUM3HSHOTO TPAMBAKHOIO
TPAHCIIOPTY, 30KpeMa OHOBJICHHS PyXOMOTO CKJa-
Iy, BiIOyBa€ThCsl BKpail MOBIIBHO 1 CYIMPOBOMIXKY-
€ThCSI HU3KOIO CYTTEBUX HEAOMIKIB, Cepell IKHUX:

TpamBaii € OTHUM i3 BHJIIB €KOJIOTTYHO YHCTOTO
MICBKOT'O TPAaHCIIOPTY IPOMAaJICbKOI0 KOPUCTYBaH-
Hs, TOMY HOTO JIOBOJIi IIMPOKO 3aCTOCOBYIOTH
y Oaratbox KpaiHax CBiTY, 30KkpeMa i y 22 BiT4M3-
HsHUX MicTax. JoBXKHHA TpaMBalHUX KOJIH y [UX
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— BEJMKa YacTKa MapKy TpaMBailHUX BaroHiB
BUYEpIIaa BCTAHOBJICHWH CKCIUTyaTalliiHUN pe-
cypc — He Oinbuie 15 pokis;

— BEJMKY YacTKy CKJIQJAAalOTh BaroHW 3acTapi-
JUX MOJeNel, KOHCTPYKLIT SIKUX XapaKTepU3yOThb-
csl BUCOKMM pIiBHEM MiIJIOTH Y MAaCaKUPChKUX
MPUMIIIEHHSX;

— HE3aTOBIIBLHUHN CTaH OUIBIIOCTI TpaMBaitHUX
KOJIil Ta KOHTAKTHHUX €JICKTPUYHIX MEPEK.

Cranom Ha 01 ciuns 2022 poxy BITUM3HSHHN
HapK MacaXUPChKUX TpaMBallHUX BaroHIB CKJIaJaB
2 314 ox., 3 sxux auiie 99 MoKHa BBa)KaTH HOBH-
MU i TakuMHU, sIKi BiANOBIJAIOTH Cy4YaCHUM BHUMO-
ram JIo rmepeBe3eHb macaxupiB. OKpiM TOTO, JTUIIE
204 Baronm mepeOyBaiii B eKCILTyaTallii MeHIIEe
15 pokiB. 3aranbHa 3HONIEHICTh YCHOTO TMAPKY
TpaMBallHUX BaroHiB cTaHOM Ha movartok 2021
poky csirana 92,2 %.

[IpoGyieMy MOCTYIOBOI 3aMiHU BITYHU3HSIHOTO
MapKy 3HOIIECHUX TPaMBaWHHUX BaroHiB MOXKHA BU-
pilyBaTtu 3a TpbOMa HalpsIMaMu:

— mpuaOaHHS HOBUX MOJEJel TpaMBallHUX Ba-
TOHIB BITYM3HSIHHUX BHUPOOHUKIB (ONTHMANbHUI
BapiaHT);

— PEKOHCTPYKIIiSl CTapuxX MOJelell TpaMBai-
HUX BaroHiB, SIKi MOBHICTIO BUYEPIIANIN EKCILTyaTa-
UidHANA pecypc, IUIISIXOM KamiTadbHOTO PEMOHTY
KY30BiB 13 3aCTOCYBaHHSM HH3BKOIIIIJIOTOBHX CEK-
il y iX cepeqHiil YacTHHI Ta HOBUX KOMILIEKTYBa-
JTBHUX BHUPOOIB, 30KpeMa TITOBHX EIEKTPHYHHX
IBUTYHIB T4 CHUCTEM KEPYBaHHS TATOBUM IPHBO-
JIOM (JIOTTyCTUMHUIA BapiaHT);

— mpua0aHHS TPaMBAaHMUX BaroHiB, SIKi 3HATI
3 eKCIUTyaTallii B MicTaX €BpOINEHChKUX KpaiH (He-
MPUIHHATHUHN BapiaHT JJIsl €BPOIIEHCHKOT KpaiHm).

[Ipore y 2022 poui 3 34 TpaMBaiiHUX BaroHis,
OTPUMaHMX BITYM3HSIHAMH MiANPUEMCTBAMU CIICK-
TPUYHOTO TPAHCHOPTY, HOBUX YCHOTO 9, a BXKMBa-
HHX — ax 25, To010 73,5 %.

3a nepiox i3 2000 poKy 10 HUHIMIHIN Yac I
y 4 BiTunm3HaHUX Mictax — Kuesi, Binnumi, Kpu-
Bomy Po3i Ta JIpBOBiI — Oynu moOymoBaHi Ta BBe-
JICHI B EeKCIUIyaTallild HOBI MEpEeXi TpaMBalHHX
KOJIIH 3arajbHOIO JOBXUHOIO 16,3 KM.

P03BUTOK KOHCTPYKLiH Cy4acHUX TpaMBalHHX
BaroHiB BiZOyBaeTbcs B KUIBKOX HAampsMax,
OB’ sI3aHKX 13 OYZ0BOIO BAaroHIB 1 IUIAHYBaHHAM X
MACaXUPCHKUX CaJOHIB, i3 OYyHOBOIO OKpEMHX
CKJIaJIOBUX YACTHH, 30KpeMa KONICHUX Bi3KiB, TS-
TOBUX EJIEKTPUYHUX JBUTYHIB TOIIO, a TAKOX i3
3aCTOCYBaHHIM Di3HUX KOMIIOHYBaJIBHHX CXEM 3a

KUTBKICTIO, THIIOM 1 PO3MIIIICHHSIM KOJIICHHUX Bi3KiB
1 Maca)XKUPCHKHUX TBEPEH.

OpHuM 13 MaricTpaJbHUX HAMpsSMiB PO3BUTKY
KOHCTPYKIIiH TpaMBalHUX BAaroHiB € 3a0e3MevYeHHs
HHU3BKOTO PIBHS MIUIOTH B IMACAKUPCHKHUX CaJlo-
Hax. Biamosimno mo Bumor JICTVY 4876 [2], mo
TpaMBailHUX BaroHiB i3 HU3BKUM PO3TalllyBaHHIM
MiJJIOTH HaJIe)KaTh BArOHH, y SIKUX IIOHAHMEHIIe
35 % muTommi miIOTH MacaXHUPChKOTO CANIOHY, BiJi-
BEJICHOTO JUISl PO3MIILIEHHS TACAYKUPIB, SIKi CTOATH,
YTBOPIOE CYIIbHY TOBEPXHIO 0€3 CXOIMHOK, Ha
SKy MOJKHa TWITHATHCS TIPUHANMHI dYepe3 OJHi
CIIy>k0OBi J1Bepi, 3poOMBIIM TPU LBOMY BCHOTO
OIIMH KpOK i3 3emini. Came TOMy HUHI iICHYIOTh JBa
HanpsIMH CTBOPEHHs HHU3bKOIIIAJIOIOBUX TpaMBai-
HUX BaroHiB, sKi epea0ayvaroTh:

— MPOEKTYBAHHS BaroHiB i3 YaCTKOBO HU3bKUM
piBHEM TUIOTH, 3a3BWYal, y CepeqHill YacThHi
MacakKUPChKUX CAJIOHIB OJMHAPHUX YU JIBOCEKIIiii-
HUX BaroHiB a00 B CepelHiX CEeKIisIX TPUCEKIii-
HHUX BaroHis;

— CTBOPEHHS MOBHICTIO HU3BKOIIIJIOTOBUX Ba-
TOHIB, TOOTO 3i CTOBiJICOTKOBHM HHM3BbKHM PiBHEM
MiAJIOTH Y MACaKUPCHKUX CaJIOHAX.

EBomromiist KOHCTPYKIiH TpaMBalfHMX BaroHiB
32 KpUTEPISIMU KUJIbKOCTI KOJICHHMX Bi3KiB, PiBHIB
MiJIOTH Y MACaKUPChKUX CaloHax Ta CHCTEM Ke-
PYBaHHS TSATOBHMH IPHBOJIaMU TTOKa3aHa B POOOTI
[8]. Ornsinm KOHCTPYKTUBHUX pillleHb, SIKI 32CTOCO-
BYIOTBCSl MiJ] Yac MPOEKTYBaHHS HHU3BKOMIIJIOTO-
BHX TpaMBallHHX BaroHiB, HaBeJEHO B poOoTi [4].
AHaui3 repeBar Ta HeIONIKiB TPaMBaiHUX BaroHiB
13 YaCTKOBO a00 MOBHICTIO HU3bKUM PIBHEM ITiJIJI0-
I'Ml B MTACAKUPCHKHUX CaJOHaxX, POBEJCHUH Y poOo-
tax [9, 12], mokasye, 110, MONPHU TEHAEPHI BUMOTH
IIOJI0 3aKyIiBeJIb IOBHICTIO HHU3bKOIIIIOTOBUX
BaroHiB, BOHM [aj€KO HE OJHO3HAYHI, 0COOIMBO
3 OIVISIAy Ha BUTPATH Ha MPOEKTYBAHHA Ta OPiOHO-
cepiifHe BHPOOHHWIITBO TaKWX BaroHiB. Amke ix
co0iBapTICTh CYTTEBO BHIIA 332 COOIBAPTICTH TPaM-
BalfHUX BaroHiB i3 9YaCTKOBO HU3BKHM pPiBHEM IIij-
JIOTH, HaBiThb 3a YMOBHU. 1[0 HOr0 YacTKa Csrae
70-80 %.

P03BUTOK KOHCTPYKII TpaMBaiHUX KOJiCHHX
Bi3KiB JUIsi HU3BKOIIIUIOTOBUX BaroHiB HAaBEJIEHO
B JOCIHIIKeHHsX [6, 7].

PexomeHnpgamii 1Moo TPOEKTYBAHHS CydacHHUX
KOHCTPYKLil TpaMBallHUX BaroHiB, 30KpeMa BHOIp
THITy Ta JOBXXHMHH Ky30Ba 3aJIeKHO BiJl HOMiHAIBHOT
nacaKUpoOBMICHOCTI, Togano B podoTti [11]. Ilpo-
OneMu, MOB’s3aHiI 13 3aCTOCYBaHHSIM Y XOIOBUX
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JacTUHAX TPAaMBAaWHMX BaroHiB KOJICHUX Bi3KiB i3
HE3aJISKHOIO MiJIBICKOIO KOJIIC, TOCIiKEHO Y [5].

HampsiMm po3BHUTKY KOHIENTYaJbHOTO AM3AiHY
(excTep’epy) MEPCIIEKTUBHOTO TPaMBAIHOTO Baro-
Ha po3rysIHYTO B poboTi [10].

OCHOBHI acneKTH PEKOHCTPYKIii Ta OyIiBHUII-
TBa HOBUX TpaMBaWHHX IIiHIA MpoaHalli30BaHO
B pobori [3], 30kpeMa, aKIIEHTOBAHO Ha JOIIBHO-
CTi 3aCTOCYBaHHS Cy4yacHHUX 0e30ajacToBHX KOHC-
TPYKUil TpaMBalHUX KOJIH.

Meta

OCHOBHOIO METOIO pOOOTH € PO3POOJICHHS Ta
aHaji3 iHHOBAIIHOI KOMIIOHYBAJIBHOI CXEMHU Tpa-
MBAlHOTO 34YJICHOBAHOIO IBOCEKLIIHOTO BaroHa
Ha OCHOBI 3aCTOCYBAaHHS 3aMICTh JBOX JBOBICHHX
KOJIICHUX Bi3KiB YOTHPHOX OJHOBICHHX, a TaKOX
OIliHKa JOIIIBHOCTI CTBOPEHHS Ha ii 0a3i mepcrek-

a—a

THBHUX KOHKYPEHTOCIIPOMOXKHUX MOJENeH Tpam-
BalfHUX BaroHiB i3 BUIIMM piBHEM KoM(popTadens-
HOCTi Ta OCBOEHHS iX CEpiHHOTO BUPOOHHMIITBA 3a
YMOBH 3a0€3MeYeHH MaKCHUMAIBHOT MiCTKOCTI.

MeTtoauka

Orysi CydacHUX TpaMBaWHHX BaroHiB MOKasye,
[0 B KOHCTPYKIAX XOJOBHUX YACTHH OJMHAPHUX
Ta JEIKMX MOJIEJCH 3WICHOBAHWX JIBOCEKITIHHUX
BaroHiB 3aCTOCOBYIOTh J[BA JIBOBICHI KOJICHI Bi3KH
MMOBOPOTHOTO THITY, HAMPHUKIIAA, Y YaCTKOBO HU3b-
KOIIiIJIOTOBUX OAMHAPHUX BaroHax mogeni «Vario
LF» BupoOHunTBa dYechbkoi Kommadii «Skoda
Eltctric a.s.» (puc. 1, a) abo y 3ulieHOBaHUX JBOCE-
KIIIHHUX TTOBHICTIO HHU3BKOIIIJIOTOBUX BaroHax
mozemi «Stadler 82202» BupoOHuIITBa MIBEHIIAP-
cbkoi dipmu «Stadler Rail AG» (puc. 1, 6).
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Puc. 1. KomnonyBasbHi cXeMn TpaMBaifHUX BaroHis,
o0JIafHAaHUX ABOMA IBOBICHUMH KOJICHUMH BI3KaMH:
a — oguHapHUA Mozeni «Vario LF»; 6 — mBocekmiiinuit mogeni «Stadler 82202

Fig. 1. Layout diagrams of tramcars equipped with two biaxial wheeled bogies:
a — single model «Vario LF»; b — two-section model «Stadler 82202
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OCHOBHI TEeXHIYHI TTapaMeTpy TpaMBalHUX Ba-
ronis Moaene «Vario LF» ta «Stadler 82202»
HaBeneHo B Ta0I. 1.

Tabmums 1

OcHoBHi TexHiYHi mapaMeTpn TpaMBaliHUX BaroHiB

Table 1
Main technical parameters of tram cars
&£ .
— o &
Mogens Barona = RS
§ | 28
Po3swmip ky30Ba, M:
Py 151 | 20,345
— JOBXHWHaA
— IUpUHA 2,5 2,3

HomiHanbHa nmacaXMpOBMICHICTb, YOJI.

— 33 HOPMH 5 4oIL./M? 105 -
— 33 HOPMH 8§ 4OIL./M? - 200
— KUIBKICTh OIMHAPHUX CHJIIHb 24 31
Maca cnopspkenoro Barosa. kr | 21200 | 22 400
JonycTrma HaBaHTara Ha BiCh: 80,0 88.26
—xH
—klc 8 158 9 000
Koumnist koitic, M 1,435
Kinexicts Hale)KI/IpCBKI/IX JIBE- 3 4
peit, o1
— Tun nBepeit MOJABilHI

HominanesHa mnacaXupoBMICHICTh Oynb-sSKOTO
MACaKUPCHKOTO KOJTICHOTO TPAHCIOPTHOTO 3ac00y
IPOMaJICbKOr0 KOPUCTYBaHHS, 30KpeMa TpamBaii-
HUX BaroHiB, 00MeXeHa JOIMyCTUMOIO MiCTKICTIO:

— 3 IUIOIIEH0 MACAKUPCHKOTO CAJIOHY;

— 3a JIOIYCTHUMOIO ITOBHOI MacO0 BaroHa,
TOOTO

Nf{OM 2 NHOM S N:(])M’ (1)

ne NS, — JOmycTMMa HOMiHaIbHA MICTKICTb Ba-

TOHA 32 TUIOMICI0 AaCaKUPCHKOTO CaJIOHY, PU3HA-

YEHOT'O JUIsi BCTAHOBJICHHS CH/IiHB 1 PO3MIIICHHS
. am

CTOSIYMX Macaxupis, yoi.; N, — gomyctuma Ho-

MiHajJbHa MICTKICTh BaroHa 3a JIOMYCTHMOIO IOB-
HOIO MacoI0, YOIL.

JommyctuMy MOBHY Macy TpaMBaiHUX BaroHiB
BHU3HAYAIOTh 33 BUPA30M:

— nKB x noc X[GKB]
g 1

— KUIBKICTBb KOJICHHX IBOBICHHMX BI3KIB,

[M,] )

ae n

KB

0J.; N, — KUIBKICTh OCell y KOIICHOMY Bi3KYy, OJ;
[G,, |- momycrnma HapanTara Ha oxHy Bick Kouic-

HOTO Bi3Ka, H; g — mpucKopeHHs BiIbHOTO MaiH-
a1, m/c? (g = 9,81 m/c?).

Bigmosigao go Bumor JICTVY 4876, nomyctuma
HaBaHTara Ha OJIHY BICh JIBOBICHHUX TpaMBaiHHUX
koxicHux Bi3kiB cranoBuTh 80,0 kH (8 158 kI'c).

OTxe, U1 TpaMBAaWHWX BaroHiB i3 JBOMa JIBO-
BICHUMHU KOJIICHUMHU Bi3KaMM JOIMyCTUMa IOBHA

maca craHoBuTh [M, =32 632 kr.

HomiHanbHa maca)kxupoBMICHICTh TpaMBalHHX
BaroHiB 3a YMOBH JIOIMYCTHUMOI ITOBHOi Macu AOpi-
BHIOE!

[M n] -M;, -m

N — cn bon ( 3)
m

nac

e M_, —Maca BaroHa y Clops[UKEHOMY CTaHi, KT;
M,,, — PO3paxyHKOBa Maca BOJisg TpamBasi, M. —

PO3paxyHKOBa Maca OJHOTO NACaXUpa, Kr.

JIns macakWpChKUX KONICHUX TPaHCHOPTHHX
3ac00iB TPOMAJICRKOTO KOPHCTYBaHHA OepyTh
My, =75 K0y M, = 68 K.

OTxe, JonmycTHMa HOMiHAJIbHA MTACAKUPOBMIC-
HICTh TpaMmBaiiHOro BaroHa wmojemi «Stadler
82202y, npuHaiimMHI, IS eKCIUTyaTalii Ha BiT4U3-
HSHUX MapuipyTax, 3a AOIMYCTHMOK Macoro maca-
XKHUPIB HE MOXe nepeBuiyBatu 150 vod.

HomiHanmbHa mMacakxWpOBMICHICTh OJWHAPHOTO
TpamBaiiHOTo BaroHa moneni «Vario LF» 3a gomy-
CTHMOIO TOBHOIO MacOl0 MOXK€, HaBIaKu, OYyTH
OLIBIIONO 1 CTaHOBUTH 149 4oi., amke BKazaHa Mi-
cTKicTh y 105 4o oOMekeHa MTUTOMOIO HOPMOFO
CTOSMUX MACAXKHUPIB, IO AOPiBHIOE 5 9oir./mM% To6-
TO TUIOIIA MACAKUPCHKOTO CAJIOHY LBOI'O BaroHa,
MIpU3HAYEHA Ul PO3MILICHHS CTOSYMX MACaXHPIB,
CTaHOBHTH:

5
S§z= (N:IOM _Ansoc)XASS ' (4)
8

ne N2 — HOMiHaIbHA NACaKMPOBMICHICTH Baro-
Ha 33 IMTOMOI HOPMH 5 4oi./M% 4o, N, — Killb-

KICTh MacaXupiB, pO3MIIIEHUX Ha OJIMHAPHUX CH-
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JIHHAX, YOJ.; AS; Ta ASg — MUTOMI ILIOMII HA OJ-
HOTO CTOSYOTO Maca)xHupa 3a MUTOMUX HOpM 5 Ta 8
4071./M? BiNOBIHO.

[IuToMmi mTOImI HA OJHOrO TMacakMpa CTAHOB-
1t Asg = 0,2 M?/4ONl. 32 NMTOMOI  HOPMH

Asg= 0,125 m¥uon. 3a

8 yon./mM%. OTxe, HOMIHAJIBEHA MACaKMPOBMICHICTh
oMHApHOro BaroHa mozeni «Vario LF» 3a muromoi
HopMu 8 woi./m? cranoButh 154 won. (130 + 24).
OCKiNIbKY 1151 MICTKICTh OifiblIa 32 JOMYCTUMY, BHU-
3Ha4YeHy JIOITyCTUMOIO MOBHOKO MAco0, HOMiHaJIbHA
nacaXHPOBMICHICT OAMHAPHOTO TpamBas MOJEi
«Vario LF», mopxuHa Ky30Ba SIKOTO CTaHOBHUTH
14,1 M, oOMexeHa BenurHO0 149 yout.

S0 HOMiHaJbHA TTACAKHUPOBMICHICTH OJMHA-
pHOTO Barona 3a 00oMa 0OMeKyBaJIbHUMHU KPUTEPi-
simu (149 9o71.) OiTbINa HIXK TBOCEKITIHHOTO BaroHa
(146 9om.) 3a yMOBH 3aCTOCYBaHHS OJHAKOBOI ITH-
TOMOi HOpPMH 8 4OJI./M?, TO EKCIUTyaTallisi JBOCEK-
LIJHOr0 BaroHa € eKOHOMIYHO HEIOLIBLHOKO.

Omxe, y Tipolieci €CKi3HOTO IPOSKTYBaHHS HOBHX
MEePCIEKTUBHUX TPaMBaHUX BaroHiB, 32 YMOBH 3a-
CTOCYBaHHs JIBOX JBOBICHMX KOJICHHMX Bi3KiB, BH-
3HAYAILHUMH € PO3MIpHI Tapamerpu, MapameTpu
Mac Ta HOMiHaJTbHA TTACAXKUPOBMICHICTh OTMHAPHOTO
BaroHa.

Ockinpkn Kojieca JBOBICHHX KOJIICHHX Bi3KiB
MTOBOPOTHOTO THUMY TiJ Yac pyXy IO KPUBOIiHIH-
HUX JUISTHKaX MapuIpyTiB i3 MiHIMaJIbHO JOMycC-
TUMHUMHU pajilycaMd KPHUBHU3HU PEHOK 3aiiMaloTh
JoBOJI Oarato Micus i CyTTEBO 3MEHINYIOTh IIH-
PUHY MDK apKaMu KOJNICHHX Bi3KiB, IPOIOHYEMO
TaKi CII0CcOOM 3MEHIIICHHS IIbOTO HEOJIIKY:

— 3aCTOCYBAaHHS JBOCEKIIHHUX BaroHiB i3 J0-
BXKMHOIO KY30BiB, MaKCUMAJIbHO MOJKJIUBOIO JUIS
OJIMHAPHOTO BaroHa i3 MIMPUHOIO Ky30Ba, PiBHOIO
2,5 Mm;

— 3aCTOCYBaHHS 3aMICTh JIBOX JIBOBICHUX KOIIi-
CHHX Bi3KiB YOTHPHOX OJTHOBICHHX.

[epmnii crioci6 nepeadayae 3acTOCyBaHHS He-
MOBOPOTHUX KOJIICHUX Bi3KiB 32 PaXyHOK 3HAYHOTO
3MEHIICHHS JOBKHHU Ky30Ba KOXKHOI CEKIIil Baro-
Ha.

Hpyruii cnoci6 mosnsirae B 3aCTOCYBaHHI OJTHO-
BICHUX KOJIICHMX Bi3KiB y JIBOX BapiaHTax:

— MOBOPOTHOTO TUIY 31 CIIJIBHOIO BiCCIO KOJIIC;

— 13 HE3aJIeXKHOIO MIJABICKOIO 1 BUILHUM MOBEP-
TaHHSIM KO>KHOTO KoJieca.

54on./m? Ta HOPMH

3a paxyHOK TOTO, III0 BepTHKAIbHA BiCh 00ep-
TaHHS OJIHOBICHOTO KOJIICHOI'O Bi3Ka MPOXOJHTH
Yyepes BiCh KOIIIC, a He Yepe3 Bich ABOBICHOTO Bi3-
Ka, KyT Horo moBopoTy Oyne meHmuM. Tomy mmm-
pUHA apoK KOJIC OIHOBICHOTO Bi3Ka TeX Oyme
MEHIIIOI0 TOPIBHSIHO 3 apKaMH KOJIIC JBOBICHOTO
Bi3ka. llle mMeHmow Oyne mmMpUHA apoK KOJIiC i3
HE3aJIEXKHOIO I1BICKOIO.

OTxe. Ui IPOBEICHHS JOCIIIKEHb HEOOXiTHE
pPO3pOOJIEHHsSI  €CKI3HUX TMPOEKTIB  OJAWHAPHOTO
1 34WICHOBAHUX [IBOCEKI[IMHHUX BAaroHiB Ha OCHOBI
3aCTOCYBaHHS  TPAJUIIWHUX  KOMIOHYBaJIbHUX
CXEM 13 JBOMA IBOBICHHMH KOJICHHMH BI3KaMH Ta
IHHOBAIIIfHOT KOMITOHYBaJbHOI CXeMH 3 YOTHpMa
OJHOBICHMMH KOJIICHUMH Bi3KaMH.

PesyabTatn

Jinst po3po0iieHHS €CKi3HHX TPOEKTIB OAWHAp-
HOTO Ta JBOCEKIIHHMX TpaMBaHUX BaroHiB 3a
MPONOHOBAaHUMH  KOMIIOHYBIBHUMH  CXEMaMH
B3ATO TaKi BUXiJHI HapaMeTpH:

— IIApHWHA Ky30Ba BaroHiB — 2,5 M;

— 0asa KoicHOro Bi3ka — 1,8 M;

— nmiaMetp Koneca Bizka — 0,6 M;

— IWpwHA Kouii Bi3ka — 1,524 m;

— JOBXHHA MAPHIPHOI CEKIIii 3YIEHOBAHUX Ba-
rouis — 0,8 M.

JIoBXHMHY Ky30Ba OJUHApHOIO TPaMBAaWHOIO
BaroHa BH3HA4alOTh rpadiuyHUM METOJOM 3a yMO-
BU 3a0e3MeveHHs] BUMOTO MaHEeBpeHOCTi. Bimmo-
BigHo 10 Bumor JICTY 4070 [1], tpamBaiinuii Ba-
IOH, NPU3HAYEHWH U eKCIUTyaTalii Ha KOJNifX
wupuHow 1,524 M, NMOBUHEH MNPOXOAUTH KPUBY
JOUITHKY TIIsIXy pagiycoM 20 M, TIpH HbOMY TOYKH
HOTro Ky30Ba, sIKi HAHOIJIBII BUCTYIAIOTh, TOBUHHI
OTMCYBATH KOJIA PalycoM:

— 13 30BHIIIHBOI CTOPOHU KPHBOI — HE OibIIe
21,8 m;

— 13 BHYTPILIHBOT CTOPOHH KPUBOI — HE MEHIIIE
18,4 m.

BusHaueHHS TOBKUHH Ky30Ba OJMHAPHOTO Ba-
roHa rpaidyHAM CIOCOOOM 3a B3ATHUX BHXITHHX
rapaMeTpiB BIAMOBITHO 70 BKAa3aHHUX BUIIE BUMOT
HaBEJICHO Ha puC. 2.

g Barona, mmpuHy Ky30Ba SKOTO 2,5 M, KO-
micHa 0a3a craHoBuUTH 7,45 M. JloBkHHY BaroHa
B3sTO 15,6 M 3a MMPUHM MEepeHbOi 1 3aHBOI CTi-
HOK 1,47 m.
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Puc. 2. BusHaueHHs JOBXXUHU OJUHAPHOTO TpaMBaiHO-
ro BaroHa

Fig. 2. Determining the length of a single tramcar

BiamoBigHO 10 MPOMOHOBAHOI KOHIIEHIIT CTBO-
pEHHS 3WICHOBAHWX IBOCEKIIMHMX TpaMBaWHHUX
BaroHiB, TOBKUHY iX Ky30BiB OepeMo piBHOIO J0-
BXXMHI OIMHAPHOTO Barona, T00to 15,6 M. Po3wmip-
HI TapaMeTpH CeKIil Ky30BiB BaroHiB MOKa3aHO Ha
puc. 3.

15600

]
—

2500

800

74006 7400

Puc. 3. Po3mipHi napameTpu Ky30BiB
JBOCEKIIHUX TpaMBaHUX BarOHIB

Fig. 3. Dimensional parameters
of two-section tramcar bodies

OcTarovHe BU3HAYEHHS PO3MIPHHUX MapaMeTpiB
JIBOCEKIIIMHOr0 BaroHa, 00JIaJHAHOrO JBOMA JIBO-
BICHUMH KOJIICHUMH Bi3KaMH, MIOKa3aHO Ha puc. 4.

1,0

R20000 [ Sl N
RB=18400 /' "
Puc. 4. Po3mipHi mapameTpu Ky30Ba

JIBOCEKIIHHOTO TPaMBaWHOTO BaroHa, 00J1a{HaHOTO
JIBOMA JABOBICHUMM KOJICHUMH Bi3KaMH

Fig. 4. Dimensional parameters of the body
of a two-section tramcar equipped
with two biaxial wheeled bogies

OcrtaTo4yHe BU3HAUYEHHS PO3MIPHHUX ITapaMeTpiB
JIBOCEKIITHOTO BaroHa Ha OCHOBI 3aCTOCYBaHHS
MPONOHOBAHOI ~ 1HHOBALIHHOI ~ KOMIOHYBaJIbHOI
cXeMH, 00JIaIHAHOTO YOTUPMa OJTHOBICHUMHM KOJIi-
CHUMH Bi3KaMH, IOKa3aHO Ha pHC. 5.

Rn=20000

RA=18400 ‘/‘\ K

Puc. 5. Po3mipHi napameTpu Ky30Ba IBOCEKIIIHHOTO
TpaMBaifHOTO BaroHa, 00J1aJHAHOTO YOTUPMa OJTHOBIC-
HUMH KOJICHUMH Bi3KaMU

R21800

Fig. 5. Dimensional parameters of the body
of a two-section tramcar equipped
with four uniaxial wheeled bogies

[lopiBHSHHS KyTiB TOBOPOTIB  JBOBICHHUX
(puc. 2) Ta omHOBiCHUX (pHC. 5) KONICHHUX Bi3KiB
MOKa3ye, 110 3aCTOCYBaHHS IPOIIOHOBAHOI iHHOBA-
LiHHOT KOMITOHYBJILHOI CXEMH 3 YOTHpMa OJJHOBI-
CHUMH KOIJIICHUMH Bi3KaMH 3a0e3redye 3MeHIIeH-
Hs KyTiB IOBOPOTIB 10 7,6°, TOOTO Ha 3,1°. 3BicHO,
3MEHIIIEHHsSI KYTiB MOBOPOTIB OJHOBICHHUX KOJIiC-
HUX BIi3KiB Y CYKYHHOCTI 31 3HAYHO MEHIIUM BH-
THOTOM iX Koumic (puc. 6) 3abe3meuye cyTTeBe 30i-
JBIIEHHS [IUPUHHA TPOXO/AIB MiX KOJICHHMH ap-
KaMH Bi3KiB.

2
%
=
. T
-~

Puc. 6. Bu3HaueHHs: BUJILOTY KOJIiC TpPaMBailHUX JBOBI-
CHHX Ta OJTHOBICHUX BI3KiB

Fig. 6. Determination of wheel overhang for tram
biaxial and uniaxial bogies

I3 puc. 6 3po3ymino, 0 NPOTIOHOBaHA 1HHOBA-
[ifiHa KOMIIOHYBaJIbHA CXEMa JBOCEKIIHHOTO Tpa-
MBalfHOTO BaroHa, sika mependavae 3acTOCYBaHHS
YOTHPHOX OJHOBICHHMX KOJIICHHX Bi3KiB, 3abe3rie-
4yye OUTbIIY MHUPUHY MK KOJICHUMHU apKaMH Ha
0,38 m.

3 iHIoro 00Ky, y XOJOBii YaCTHHI JIBOCEKIiH-
HOTO BaroHa, OOJIAJHAHOTO JIBOMA JIBOBICHUMH
KOJIICHUMH Bi3KaMH, y3araii 3acCTOCOBYIOTH HeEIO-
BOPOTHI Bi3KH, 10 3a0e3rneuye OuTbIIY IIUPUHY
MiXK KojiicHuMmu apkamu Ha 0,114 M BiZHOCHO 70
KOMIIOHYBJIBHOI CXEMH 3 YOTHpPMa OJHOBICHUMH
Bi3kamu. [IpoTre po3MillleHHS KOJNICHUX Bi3KiB
Maiike y cepeiHiX YacTUHAX MacaXKHMPChKUX Cajo-
HIB IEPEIHBOI Ta 3aJIHBOI CEKIlii Ky30BiB HEraTH-
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BHO BIUIMBA€ HA ONTHMANBHICTb iX MIaHyBaHHS.

Jyis mpoBeeHHs JOCiIKEHb 3 OI[IHKY TEXHid-
HOT JIOCKOHAJIOCTI Ta KOM(OpTabebHOCTI MepeBe-
3¢Hb MMACAXKHUPIB OJUHAPHAM Ta 3UICHOBAHUMHU
JMBOCEKIIMHAME BaroHaMH{ 3 PO3MIpHHMH ITapame-
Tpamu, HaBeJCHUMH Ha puC. 2, 4 Ta 5, po3pobIIeHO
€CKi3HI IPOEKTH BaroHiB 3a YMOBH PO3MIILIEHHS B
MMacaXUPCHKUX CaJIOHAX OJHAKOBOI KIJILKOCTI OJIH-
HapHUX CHUIIiHb.

[TnanyBaHHS MAaca)XUPCHKOTO CAJIOHY JBOCEK-
miHOTO BaroHa mozeni AITII-Tn01, crpoekTOBaHO-
TO Ha OCHOBI MPOITOHOBAaHOI KOMIIOHYBAIIbHOI CXe-
MU 3 YOTHpPMa OJIHOBICHMMHU KOJICHHMHU Bi3KaMu
MTOBOPOTHOTO THITYy, B3sITE AK 0a30Be 3a KUTBKICTIO
OJTMHAPHUX MACAKUPCHKUX CHIiHb, HABEICHO Ha
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Puc. 8. [InanyBaHHS aca)XUPCHKOTO CAJOHY JBOCEK-
IIITHOrO TpaMBaHOTO BaroHa MOJIENI
ATIITT-Ta02

Fig. 8. Layout of the passenger compartment of a two-
section tramcar of the APP—Td02 model

[TnanyBaHHS MAacaXUPCHKOTO CaOHY OJUHAp-
Horo BaroHa mogxeni AIIII-ToOl, cIpOEKTOBAHOIO
Ha OCHOBI KOMITOHYBQJIBHOI CXEMH 3 JBOMA JIBOBi-
CHUMHM KOJIICHUMHM Bi3KaMH IIOBOPOTHOT'O THILY, 3a
yMOBH N . = 26 cHl., HABEJECHO Ha puc. 9.
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Puc. 7. [InanyBaHHS acaKMpPCbKOTO CAJIOHY JIBOCEK-
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Fig. 7. Layout of the passenger compartment of a two-
section tramcar of the APP—Td01 model

MakcuMaabHO MOIIUBY HOMIHAIBHY MacaXu-
POBMICHICTh TpaMBaifHOTO BaroHa, periiaMeHTOBa-
Hy IUIOLICIO MACa’KUPCHKOTO CalOHy, BU3HAYa€EMO
TaKUM YUHOM:

s8 cT
N, o =N, TASg xS, . (5)
OCKiJIbKM B TMACaXHUPCHKOMY CaJIOHI JIBOCEK-
LiiHOTO BaroHa mozeii AIII-Tx01 3a B3sTOro Bapi-
aHTa ABOPAAHOIO IJIAHYBAHHS BAAJIOCA BCTAHOBUTH 26
omuHapHUX cuinb, To N =166 1oi.
[InanyBaHHS Maca)XXUPCHKOTO CaJlOHY JBOCEK-
HidHOro BaroHa moxnem AII-Tx02, COPOEKTOBAHO-
0O Ha OCHOBI KOMIIOHYBAJIbHOI CXEMH 3 JIBOMa
JBOBICHMH KOJICHHMH Bi3KaMH HEIOBOPOTHOTO
THITY, 32 YMOBH N = 26 CHJ., HABEJEHO Ha puc. 8.
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Puc. 9. [InanyBaHHs naca)XUpPCbKOI0 CAJIOHY OJIMHAP-
HOTO TpamBaitHoro BaroHa mozeni AIIIT-To01

Fig. 9. Layout of the passenger compartment of a single
tramcar of the APP-To01 model

Po3paxyHKOBY MakCHUMajibHy HOMIHAJbHY Ia-
CaKMPOBMICHICTh JIBOCEKI[IHHMX TpaMBaiHUX Ba-
rouiB moxeiein AIIIT-Tn01 i AIIII-Tn02 ta onu-
HapHoro BaroHa mozeneit AIIII-To01, pernamen-
TOBaHy IUIONIAMH iX IMacaXUPChKUX CAJIOHIB 3a
HHUTOMOT HOPMH 8 YOJI./M?, HAaBeIeHO B TalIL. 2.

Sk BUJIHO 3 IUIaHYBaHb MACAKUPCHKUX CAIIOHIB
Baro”iB mozeneir AIITI-Tn0l1 Tta AIIIIT-ToO01,
JUTS X KOMIDJICKTAIlii 3aCTOCOBAHO, OKPIM OJIMHAp-
HUX cUiHb mupuHOIO 0,42 M, CUIIHHS 301IBIICHOT
mupunu 10 0,522 Tta 0,743 M, BIANOBIAHO, IIPH3-
HA4YCHUX JIJISl PO3MIIICHHS TaCaXKUPIB 13 I ThbMHU.
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TabOnuus 2

Po3paxyHkoBi mapameTpu naca;kupoBMicHOCTI
TpaMBaliHUX BaroHiB
monedeiit AIIN-Ta01, ATIII-Ta02 ta AIII-To01

Table 2

Design parameters of passenger capacity of tramcars
of APP-Td01, APP-Td02 and APP-T001 models

— o -
(=] (=] o
= =¢ )
Monens Barona & = =
= = =
= = =
< < <
Po3mipHi mapameTpu Ky30BiB,
M: 15,6
— IOBXKHHA
— IIUpUHA 2,5

HowminanpHaa macaxupoBmic-
HICTB

3a MJIOUICTO MaCaXUpCbKOTO

N s8 .
camony, N, dom.:

— 3a HopMi 8 4oiL./M? 166 ‘ 171 ‘ 166

— KUTBKICTh OJJUHAPHUX CHU-

X 26
JlHB!
— HOpPMaJbHOI IINPUHA 22 26 20
— 301UTBIICHOT IMUPUHA 4 - 6

MakcuManbHy HOMIHAIBHY —Taca)KHpPOBMic-
HICTh TPaMBAaiHUX BaroHIiB 3a JOMYCTUMOIO ITOB-
HOIO Macolo BU3Ha4daeMo 3a dopmynoro (3). Macy
CTHOPSPKEHOT'0 BaroHa MpONOHYEMO BHU3HAUYATH 32
MTUTOMOIO MacOI0 BaroHiB-aHAJIOTiB:

McnzAmcl:(nXkaLk’ (6)

ne Am;, — mMTOMa Maca CIOPSKEHOrO Ky30Ba
JIBOCEKI[ITHOTO BaroHa-aHajaora Cy4acHoi MOJeli,
00J1aIHAHOTO JIBOMA JIBOBICHUMH KOJIICHUMH Bi3-
Kamu, Kr/M; K, — koedillieHT, skuil BpaxoBye 30i-
JIBIIIEHHS 200 3MEHIIICHHS CIOPS/KEHOI MacH Ky-
30Ba MPOEKTOBAHOTO BaroHa, MIMPHUHA Ky30Ba KO-
ro OuibIra a00 MEHIIa 3a HIMPUHY Ky30Ba BaroHa-
aHanora; L — JIOBXHHA Ky30Ba MPOEKTOBAHOTO

K
BaroHa, M.

IMutomMa Maca cropsyKEHOTO Ky30Ba BaroHa-
aHayiora 0e3 ypaxyBaHHS Mac KOJICHHMX BI3KIB,
na"rorpada, KOMIUIEKTYBaJIbHUX BUPOOiB CUCTEMHU
KEepPYBaHHS TSTOBUM IPHBOJIOM, ITaCAXKUPCHKUX
CHIIHb Ta CUIAIHHS BOJIS CTAHOBUTE.

2m +m_+m, +

+n_xm__ +m

K ocC oC CB

AmE, = n . (M

ne M? — cnopsmkeHa mMaca BaroHa-aHalora, Kr;

M., — Maca KOJIICHOrO JBOBICHOI'O Bi3Ka 3 KOIII€I0

BIZINOBITHOI IIMPUHH, KI; M — Maca naHTorpada,
KI; M, — Maca KOMIUIEKTYBaJIbHUX BHPOOIB CHC-
TEMH KEpyBaHHs TATOBHM HPHBOAOM, KI; M . —
Maca OJMHAPHOTO MAaCaAKHUPCHKOI'O CHIIHHS, KT,
m,, — Maca CHIIHHS BOAisf, KT, L — HOBXHHA Ky-

CB
30Ba BarOHa-aHajuora, M.
Ha erami ecki3HOTO MPOEKTYBaHHS PEKOMEHI0-

BaHo Opatn M= 4 800 xr (ang Bi3Ka 3 KOII€IO
1,542 m), m,, = 340 xr, m,, = 1 000 xr,

m,.= 10 xr, m_ =25 xr. Omxe, Am;, = 547 xr/m.

Jnst mpoBeseHHS PO3paxyHKiB i3 BH3HAYEHHS
MapaMeTpiB Mac MPOEKTOBAaHUX BaroHIiB Ha cTafil
PO3pOOIIEHHSI €CKI3HUX MPOMO3HULIiH PEKOMEHI0BA-
Hi BEJMYUHH K, BH3HAYa€EMO 33 BUPA3aMH.

p

_ “x

kb_ an '
K

npu B’ >B; (8.1)

aH

 mpu B <B", (82)

p— K
b= Hup
BK

ne B’ ta BY" — mmpuHa Ky30Ba IPOEKTOBAHOTO
BaroHa Ta BaroHa-aHajora BiIIOBIIHO, M.

Jlnst Barona mogeri «Stadler 82202» cropsi-
JokeHa Maca gopiBHioe 22 400 KT 3a MUPUHHU Ky30-

Ba B =23 M; Am} = 547 xr/m. Tomy mi1s Ipoex-
TOBAaHMX BAaroHIB i3 MIMPHHOIO Ky30BiB B" =25 M

k, = 1,087, Am;, = 595, kr/m.

Omxe, criopsi/keHa Maca Ky30BiB BaroHiB MoJIeIi
AIIN-Tn02 cranosute M_ = 20520 kr, BaroHa
AIIN-Tn01 — M, = 20 530 kr (3 ypaxyBaHHS 4OTHU-
PhOX MIMPIIHX CHIiHB). CropspkeHa Maca oJuHap-
Horo BaroHa AIIII-To01 nopisuroe 20 570 kr.

Po3paxyHkoBy MakcumanbHy Ta (aKTHUHY HO-
MiHAIIbHY MACKUPOBMICHICTh JIBOCEKIIHHUX Tpa-
MBalHUX BaroHiB MoJieJIed ATIIIT-Tn01
i AII[l-Tn02 Ta oaWHAPHOTO BaroHa MoJeIei
AIIlI-To01, permameHTOBaHY JOITYCTUMOIO ITOB-
HOIO MacOI0 BaroHiB, HaBeJAEHO B Ta0OJI. 3.
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Tabmums 3

Po3paxyHkoBi mapamMeTpH maca;kupoBMicHOCTI Tpa-
MBaiiHUX BaroHiB
monedeii AIIN-Ta01, ATIII-Ta02 ta AIII-To01

Table 3

Design parameters of passenger capacity of tramcars
of APP-Td01, APP-Td02 and APP-T001 models

] 2] g
= =4 3
Monens Barona 0 F\‘ P\‘
A = = =
= = =
< < <
MaxkcumanabHa HOMIHAJIbHA I1a-
CaXKHPOBMICHICTH BaroHiB, YOI
— 3a IUIOLIEIO MACaKUPCHKOrO
- PEBKOTO | 166 | 171 | 166
caJo- Hy 3a HOpMH 8 4O0JI./M
— 3a IOIyCTUMOKO ITIOBHOKO Ma-
Aoy 178 177
COIO
HowmiHanbHa nacaxupoBMic-
: aAHp 166 | 171 | 166
HICTb BaroHis, 4OJI.

OCKiNbKY TOBXKHWHA W IIAPHHA Ky30BiB BaroHiB
MOPIBHIOBAHMX MOJICNIeH OJHAKOBi, a X CHops-
JOKCHI MacH BIJpi3HsIIOThCS Bchoro Ha 10...50 kr,
JUTS TIPOBEJICHHSA OIIHKH iX KOHCTPYKTHBHOI Ta
EKCIUTyaTalliiiHOT JTOCKOHAJIOCTI MPOIOHYEMO TaKi
MMOKA3HMKH:

— Koe(imieHT MUTOMOI HOMIHAIBHOI MACAKH-
POBMICHOCTI 3a ILTOMIEI0 MACaXXUPCHKOTO CAJIOHY:

S
S — C
kN—l—kpr“ , €)]
HOM
ne k — koedimieHT O3MIPHOCTI, M?2/40J1.;
» po3mipHoCTi, 3
S,. — IUIOIIA NMAacakKUPCHKOTO CaJIOHY, M? (BH3HA-

YarTh TpadiuHIM CIIOCOOOM);
— KOe(iIieHT KiTBKOCTI TAaCaXUPCHKHUX JIBE-
peit:
1
2n_ +n

303 ] onB

kPl =1- , (10)

pi(S] nt Ta nm — KUIBKICTb MMACAXKUPCBHKUX NABCPCU

MOJIBIMHUX T4 OJJUHAPHUX BIIIOBIIHO, OJI;

— KOeQIIieHT PIBHOMIPHOCTI PO3MillleHHs Ta-
CaXHPCHKUX JBEpel 3a OBXKHUHOI MaCaKUPCh-
KOT'O CaJIOHY:

| I zlus
kﬂB - Lk _(IBB +t3c)’ (11)

ne ZI » — CyMa BiICTaHEH MiX JBOMa CyMiXKHH-

MU MMaCaXXUPCBKUMU NOBEpHUMA, M, | — JOBXHHa

BB
BIJJIIEHHA BOJIA TpamBas, M; t,. — TOBIIMHA 3a]-
HBOI CTIHKH Ky30Ba BaroHa, M;

— Koe(imieHT 3pYy4HOCTI Mpoxony (IIUPHHU
HPOXOJ1y) MO MACAKUPCHKOMY CaJIOHY:

min
by

Ky =—7—, 12
e (12

ne b — waiiMeHmIa mMpuHa MPOXOJy MO Maca-

’KHUPCHKOMY CaJOHYy BaroHa, M; t, — TOBIIMHA 00-
KOBUHH Ky30Ba BaroHa, M;

— KxoeimieHT po3MileHHs (opieHTaIii BiqHOC-
HO HANpsMKY pyXy) OIMHAPHUX ITaCaKMPCHKUX
CHIiHb, SIKUH XapakTepuzye KoM(popTaOenbHICTh
nepeBe3eHb NMacaKupis:

1,250, +1,5n;,
Znoc ,
ne 1,25 1 1,5 — xoedimieHTH, SKi BpaxOBYIOTH HE-

3pYYHICTh MPOi3Ay HAa CUIIHHIX, YCTaHOBJICHHX
CTIIMHKaMU JI0 OOKOBHH Ky30Ba Ta MPOTH HAMPSIMKY

kP =1 (13)

pyXy BimmosimHo, M; N’ Ta N’, — KiIBKiCTH OfH-
HapHUX CHJIiHb, YCTAHOBJICHUX CIHHKaMHu 110 0O-
KOBHUH Ky30Ba Ta MPOTH HANPIMKY PyXy BiAMOBiJI-
HO, OJ1.;

— Koe(iIlieHT 3aCTOCYBaHHS MaCaKUPCHKHUX
CUIIiHb 30inblIeHol MWUpHHU (UL TacaXupiB i3
TTHMH JIOIIKUTEHOTO BIKY):

b b
n b
o= X, (14)
nOD, bO}l

b
oxn

e N, — KUTBKICTh OJIMHAPHUX CHUJIIHB 301JIBIIEHOT

. Wb ~ ~
LIUPUHU, OJI.; boﬂ Ta b, — mupuHa cuainb 3017b-
[IeHOI Ta HOPMaTbHOI (periaMeHTOBaHO1) IIUPHHA
BIZIIOBIAHO, M;
— KoeQilieHT MaHEeBPEHOCTI TpaMBaiHOTO Ba-
roHa
b

— Kop
kMaH =1- '

bp

KOp

(15)

ne b? — mmpuHa KopuIOpy B pasi pyxy BaroHa

KOp

no kpusiii pamiycom 20,0 m; b’

op — HAOIYCTHMA
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IIMpHUHA KOPUAOPY Mif 9ac pyXy BaroHa o KpuBiit
paaiycom 20,0 M (JuIs BaroHiB i3 MIMPUHOIO KY30Ba

2,5m b? =34wm).

KOp
Juia mpoBeneHHST pO3paxyHKIB y34TO Taki Be-

[HmIi mapamMeTpu BaroHiB MPOIIOHOBAHUX MOJE-
Jiel BU3HAYCHO HA OCHOBI PO3pPOOJICHUX IUIAHY-
BaHb iX MaCAKUPCHKUX CAJIOHIB.

Pesynpratn mpoBeneHWX pO3paxyHKIB i3 BH-

3Ha4YeHHS Koe(ilieHTiB KOHCTPYKTUBHOI JOCKOHA-

awuHi napamerpis: I, = 1,667 M; 1, =01 M5 = j00q TpaMBailHUX BaroHiB MOPIBHIOBAaHUX MOjIE-

B!

0,1 m. Jieil HaBelleHOo B Tao. 4.
Tabnums 4
Po3paxyHkoBi koedillieHTH KOHCTPYKTHBHOI T0CKOHAJOCTi TpPaMBaliHMX BaroHiB
moaeseii AIIN-Ta01, AIIIN-Ta02 ta AIIN-To01
Table 4
Design coefficients of structural perfection of tramcars
of APP-Td01, APP-Td02 and APP-T001 models
Mogens Barona AT AlT= AT
ToO1 Tn02 To01
HowminanpHa macaXupOBMICHICTh BaroHa, YOI 166 171 166
[Toma macaXupCchKOTro CajloHy, M2 30,735 31,046
Koedimient muromoi HoMiHaIbHOT TacaxuposmicHocTi, Ky , 90i1./m? 0, 815 0,820 0,813
KinpKicTh MacaxupcbKUX IBEpel, O1.:
— MOABIAHAX 4 3 2
— OJJMHApHUX - 1 2
KoedirieHT KiNBKOCTI Maca)KUPCHKUAX IBEpEH, k;B 0,875 0,857 0,833
JloBXXMHa TaCa)KUPCHKOT'O CAJIOHY, M 13,833
CymapHa BiJICTaHb MK CepeIMHAME CYMIXXHHX JIBEPEH, M 10,02 11,89 11,325
KoedimieHT piBHOMIPHOCTI PO3MILIICHHS TACAKUPCHKUX IBEpEH, k;In; 0,724 0,859 0,819
MiHiMallbHa IIUPUHA TIPOXO/Y IO MACAKUPCHKOMY CaJIOHY, M 1,03 0,96 0,617
KoedimieHT mupruHU MPOXOAIB IO MACAKUPCEKOMY CAIIOHY, kHp 0,448 0,417 0,268
KinbKicTh OIMHAPHUX CHUIIIHb, PO3MIIICHHX:
— CIIMHKaMH J10 O0KOBHH Ky30Ba 11 8 1
— CTIMHKaMH NIPOTH HATIPSAMKY PyXy 2 6 11
KoedinieHT po3MilleH s OAMHAPHIX NaCaKUPCHKUX chAinb, KD, 0,356 0,269 0,317
KisbpKicTh OIMHAPHUX CHIIHB. OJI.:
— perjaMeHTOBaHOI ITHPUHH 22 26 20
— 30LIBIICHOT ITUPUHU 4 - 6
luprHa OAWHAPHHUX CHIIHB, M:
— peraaMeHTOBaHOI NIMPUHU 0,42
— 30UTBIIICHOT INIUPUHA 0,522 ‘ — ‘ 0,743
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[pongosxenus tabdn. 4

Continuation of Table 4

Mogens Barona AlT= A= AlT=
Tnol Tn02 To01
KoedimieHT 3acTocyBaHHS MacaKUPCHKUAX CHUAIHB OUIBIIO] IIMPUHH, k(t)’ﬂ 0,226 = 0,408
HIupuHa KOPUIOPY B pa3i pyXy BaroHa 1o KpuBii pamiycom 20,0 m, m:
— pO3paxyHKOBa 2,74 ‘ 2,78 ‘ 3,39
— JoImycTUMa 34
Koediuient maneBpeHocti Barona, K, 0,194 ‘ 0,182 ‘ 0,003

3aranpHuil  Koe(ili€eHT KOHCTPYKTHBHOI Ta
eKCIUTyaTalliifHOi JAOCKOHAIOCTI BHU3HAYAEMO 34
BHPA30M:

kg KD K+ Kop + K2, + Koo
= - _

Po3paxyHKOBY BENWYHMHY 3arajibHOTO Koedirli-
€HTa KOHCTPYKTHUBHOI Ta eKCIUTyaTalliifHOI JOCKO-
HAJIOCTI MOPIBHIOBAaHMX MOJEJel TpamMBaliHHX Ba-
TOHIB, PO3POOIEHNX 3a PI3HUMU KOMITOHYBAJIbHH-
MU CXEMaMH, HaBeJIeHO B Ta0II. 5.

Ky (16)

Tabnuus 5

KoedinieHT KOHCTPYKTHBHOI Ta eKcIIyaTaniiiHoi
AOCKOHAJIOCTI TPaMBaiiHUX BAroHiB
mozaeneii AIINI-Tn01, AIIN-Ta02 Ta AIITN-ToOl

Table 5

Coefficient of structural and operational perfection
of tramcars of APP-Td01, APP-Td02 and APP—
To01 models

Mojens Barona

AII-Tn01
AIII-Tn02
AIII-To01

CymapHuii KoeQillieHT KOHCTPYKTH-
BHOI Ta eKcInTyaTamiifHOi mockoHna- (0,520/0,486(0,495
JIOCTi BaroHis, Kg

HaykoBa HOBH3HA Ta NPaAKTHYHA
3HAYHMICTh

Ynepiie po3pobiieH0 METOMUKY 00’ €KTUBHOT
OIIIHKK KOHCTPYKTHBHOI Ta €KCILIyaTalliitHOI Joc-
KOHAJIOCTI TpaMBalHMX BaroHIB 3 OJIHAKOBUMH
PO3MIpHAMH TapaMeTpaMHu iX Ky30BiB — JOBXKH-
HOIO i IIMPUHOO, CTBOPEHUMH 33 TPhOMa PI3HUMHU

KOMITOHYBIFHIMH CXEMaMH Ha OCHOBI 3acTOCY-
BaHHS JIBOX JIBOBICHUX a00 YOTHPHOX OJHOBICHHMX
KOJICHHX Bi3KiB.

OOrpyHTOBaHO BHOIp yK€ Ha CTajii po3poo-
JICHHS €CKI3HMX IPOMO3HIiH IHHOBAIIHOT KOM-
MOHYBAJIbHOI CXEMH 3 YOTHpPMa OJHOBICHHUMH
KOJICHIMH BI3KaMH [UIsl CTBOPEHHS IIEPCIEeKTH-
BHUX KOHKYPEHTOCIIDOMOKHHX MOJIENed 3uiie-
HOBaHMX JIBOCCKI[IHHUX TpaMBallHMX BaroHiB.

BucHoBku

[IporoHOBaHa KOMITOHYBaJIbHa CXeMa IS
CTBOPEHHSI HOBUX NEPCIEKTUBHUX MOJIENEH 3uiie-
HOBaHMX JBOCCKIIIMHUX TpaMBallHUX BaroHiB Ha
OCHOBI 3aCTOCYBaHHS YOTHPHOX OJTHOBICHHX KOITi-
CHHX BI3KIB 3a0e3Meuye Taki KOHKYPEHTHI IiepeBa-
T'H TIOPIBHSIHO 3 OJAMHAPHUMHU a00 JBOCEKIIIMHUMU
BaroHaMu, oOJaJHaHUMH ABOMA JBOBICHUMH KOJIi-
CHUMH BI3KaMH, 32 YMOBH OJHAKOBUX PO3MipHHUX
napameTpiB iX Ky30BiB — JIOBXHHH, ITUPUHU 1 BHU-
COTH:

— YCTaHOBJICHHS y KOXKHIM CEKIil BaroHa JIBOX
MOJIBIHHUX MAaCaKUPCHKUX JABEPEii;

— 3a0e3MneueHHst KpaluX YMOB MTPOXO.Ty IO Ta-
CaXMPCHKOMY CAJIOHY 33 PaXyHOK OiIbII ITHPOKUX
MIPOXO/IiB;

— Outbil KOMGopTadEIbHE PO3MILICHHS OJIH-
HapHHUX TMACAKUPCHKUX CHIIHB, JIMIIE JBAa 3 KX
YCTaHOBJICHI CITUHKAMH MPOTH HAINPSIMKY PYXY;

— YCTaHOBJICHHSI B MACaXUPChKOMY CaJOHI 4o-
TUPHOX MACAKUPCHKUX CUAIHb, IIUPUHA SKHUX Oi-
neina Ha 24,3 %.

OckiNbKH HOMIHaJIBbHA MAcaKMPOBMICHICTD Ba-
rona mojmem AIIN-Tn0l permameHTOBaHa IUIO-
LICI0 TAaCaKUPCHKOTO CajloHy, BOHAa MOXe OyTH
30i1bLIEHA 332 PaXyHOK ONTUMIi3aLil JOBXUHHA HOTO
Ky30Ba 32 YMOBH DiBHOCTI MICTKOCTEW BaroHa 3a
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TIIOMICTO TTACAKUPCHKOTO CAJIOHY 1 3a JOITyCTHMOIO  IIisf CIIMPAEThCS Ha JBAa OMHOBICHI BI3KH, TOOTO

MAacol0 MacakHpiB. CHJIOBA CXeMa CEKIii Ky30BiB OiJbI ONTHMANbHA.
[opanemi  mocmimxkenHss moBuHHI Oyt OKpiM TOTO, OIHOBICHI Bi3KH MOXYTh OyTH BHKO-

MOB’si3aHl 3 OINBII TOYHWM BH3HAYEHHSM MacH HaHI B 0e3peIyKTOpPHOMY BapiaHTi, TOOTO 3 MeH-

CTIOPS/DKEHOTO BaroHa 3a pPaxyHOK 3MEHIIEHHS IIOIO BIACHOIO MAcCoIo.

MacH HECHOTO Ky30Ba, OCKUIBKM KOXXHa HOTO CeK-

CIIMCOK BUKOPUCTAHUX JIUKEPEJI

1. JCTY 4070-2002. Baconu mpameatini. Bumoeu 6e3nexu i 0XopoHu HA8KOIUUIHbO20 cepedosuiya. [UnHHnN
Bix 2002-03-19]. Kuis : IepxcnoxuBctanaapt Ykpainu, 2009. 33 c.

2. JICTY 4876:2007. Bazonu mpamsaiini nacaxcupcoki. 3acanvui mexuiuni umoeu. [Yuuauii Big 2007-11-21].
Kuis : [lep>xcnoxxuBcrannapt Ykpainu, 2009. 39 c.

3. Iananr O. 10., [I)xabpainoB A. M. EkoHOMIuHI nepeBaru KOHCTPYKIii OyJ0BU TpaMBallHUX KOIil. Exonomi-
ynuti npocmip. 2021. Ne 171. C. 42—46. DOI: https://doi.org/10.32782/2224-6282/171-7

4.  Chudzikiewicz A., Maciejewski I., Krzyzynski T., Krzyszkowski A., Stelmach A. Electric Drive Solution for
Low-Floor City Transport Trams. Energies. 2022. Vol. 15. Iss. 13. P. 1-18.
DOI: https://doi.org/10.3390/en15134640

5. Chudzikiewicz A., Sowinski B. Modelling and simulation of trams bogies with fully independently rotating
wheels. Dynamics of Vehicles on Roads and Tracks: Proceedings of the 24th International Symposium on
Dynamics of Vehicles on Roads and Tracks (IAVSD 2015) (Graz, 17-21 August 2015). Graz, 2015.
P. 1427-1434.

6. Jeong N-T., Wangl M., Yoo S., Kim W-K,, Han S-Y., Lee H.-Y., Suh M-W. Conceptual design of high-speed
semi-low-floor bogie for train-tram. International Journal of Automotive Technology. 2017. Vol. 18. Iss. 3.
P. 523—-533. DOI: https://doi.org/10.1007/s12239-017-0052-2

7. Kolaf J. Design of a Wheelset Drive. Transactions on Electrical Engineering. 2015. Vol. 4, No. 1. P. 11-19.

8.  Kolaf J. Trends of development in conception of sectioned low-floor tramways. 2007.
URL.: https://portal.cvut.cz/wp-content/uploads/2017/04/HP2007-34-Kolar.pdf

9. Megna G., Braccialil A. Technical Comparison of Commercially Available Trams and Review of
Standardization Frame and Design Principles. Urban Rail Transit. 2022. VVol. 8. Iss. 1. P. 16-31.
DOI: https://doi.org/10.1007/s40864-021-00163-6

10. Orekhov V. V., Abbasov I. B. Conceptual Modeling of a Tramcar. International Journal of Science and
Research (1JSR). 2021. Vol. 10. Iss. 4. P. 1115-1121.

11. Smatlak J. Development of Guidelines for Modern Streetcar Vehicles. 2012.
URL.: http://reconnectingamerica.org/assets/Uploads/20120906SmatlakLRT ConferencePaper.pdf

12.  Von Rohr J. Low-Floor Light Rail Vehicle Development in Europe. Transportation research record 1361.
1992. P. 66-72

S. V. VOYTKIVY

"Scientific and Technical Center «Avtopoliprom», Zubrivska St., 32/24, Lviv, Ukraine, 79066, tel. +38 (067) 447 04 90,
e-mail voytkivsv@ukr.net, ORCID 0000-0002-7789-2081

Development and Analysis of an Innovative Layout Scheme of an Articulated
Two-Section Tram Tramcar

Purpose. The main objective of the work is to develop and analyze the optimal layout of an articulated two-
section tramcar for the creation of promising competitive models of cars of a significantly higher technical level, as
well as to assess the prospects for their mass production provided that the maximum passenger capacity is ensured.
Methodology. Based on the analysis of the regulated technical requirements for the dimensional parameters
of tramcars, maneuverability parameters and permissible loads on their wheeled bogies, as well as on the analysis
of the main technical parameters of existing models of single and two-section tramcars equipped with two biaxial
wheeled bogies - body length and curb weight - the permissible length of their bodies and the estimated weight
in the equipped state were determined. Two biaxial wheeled bogies were replaced by four uniaxial bogies.
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Findings. An innovative layout of an articulated two-section tramcar based on the use of four single-axle wheeled
bogies and minimization of overhangs of body sections was proposed and developed, provided that the maximum
length of a single tramcar and the track of wheeled bogies and the width of the car were preserved. A methodology
has been developed for assessing the effectiveness of the proposed design solutions and the comfort of passenger
transportation by single and two-section tramcars with two biaxial and four single-axial wheeled bogies, the prelim-
inary designs of which have been developed according to three different layout schemes. Originality. For the first
time, a layout of an articulated two-section tramcar is proposed based on an innovative solution - the use of four
uniaxial wheeled bogies instead of two biaxial ones. A methodology for analyzing and evaluating the feasibility of
using the proposed layout for creating promising models of a two-section tramcar has been developed.
Practical value. The choice of an optimal innovative layout scheme with four uniaxial wheeled bogies for the crea-
tion of promising competitive models of articulated two-section tramcars with optimized parameters of their body
length and nominal passenger capacity with higher passenger comfort compared to existing analog tramcars has
been substantiated at the stage of developing draft proposals.

Keywords: two-section tramcar; layout diagram; wheeled bogie; dimensional parameters of the car; constructive
perfection of cars; competitiveness of tramcars
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Influence Factors on Electrophysical Parameters of Composite Varistors

Purpose. The work is aimed to evaluate the influence of the structural state of polymer phase on the response
voltage and nonlinearity coefficient of a multilayer varistor based on zinc oxide. Methodology. Zinc oxide consisted
of 97% zinc oxide and 3% total oxides of Bi,Os, C0304, MNO2, B,03, ShO3, ZrO,, Al,O3. To obtain the composite
of thermoplastic polymers and zinc oxide, non-polar and polar polymers, high pressure polyethylene and polyvinyli-
denefluoride were used. The composites were obtained by hot pressing at the melting temperature of the polymer
phase and a pressure of 15 MPa. After that, using silver paste measuring electrodes 10 mm in diameter were applied
to the surface of the synthesized samples and then current—voltage characteristics were measured. Modification of
composites under the action of gas-discharge plasma was carried out in a special cell that creates a dielectric-gas-
composite system. The composites structure was studied by X-ray diffraction analysis and IR spectroscopy. Find-
ings. The obtained experimental results show that the size of inorganic phase particles significantly affects the cur-
rent-voltage characteristics of the composite varistor: at a given thickness of the composite varistor, the operation
voltage decreases markedly, and the nonlinearity coefficient increases. The influence of electric discharge plasma on
the polymer zinc oxide-composite results in a significant change in the permittivity and the concentration of local
levels at the separation boundary of the composite. The results research showed that electrical plasma effect on the
response voltage depends on the polarity of polymer matrices. Moreover, plasma processing itself significantly
changes the structure of the polymer phase in the composite. Originality. The magnitude of the potential barrier at
the phase boundary is mainly determined by the volume fraction and size of the main structural element of ZnO ce-
ramics. The change in the structural state of the polymer matrix allows adjusting the response voltage and nonlinear-
ity coefficient of volt-ampere characteristic of the multilayer varistor. Practical value. The discovered development
of electron-ion processes in the polymer phase of the varistor indicates the need of taking into account the change in
its service characteristics from the duration and intensity of use. The result obtained shows not only the reason for
the properties change, but also the need to develop the measures to increase the service life of varistor.

Keywords: amorphous state; boundary; phase; varistor; ceramic; electric current; conductivity

Introduction presence of a potential barrier at the boundaries of
the crystallite-amorphous phase [4, 10, 11]. Such a
structure of Zinc oxide and Silica carbide caused
bipolar conductivity in these materials and the abil-
ity to sharply change the resistance at certain volt-
ages. However, these materials in many cases do

It is known that ceramic semiconductor materi-
als such as zinc oxide (ZnO) and silica carbide
(SiC) are varistor materials. Numerous experi-
mental results show that the formation of the varis-
tor effect in these materials is directly related to the

Creative Commons Attribution 4.0 International
doi: https://doi.org/10.15802/stp2023/283013 © S. M. Ahadzade, I. A. Vakulenko, K. Asgarov, 2023

29


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

MATEPIAJIOSHABCTBO

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

Hayka Ta nporpec tpatcmopty, 2023, Ne 1 (101)

not meet the requirements of their practical appli-
cation. It should be noted that the idea of develop-
ing a composite varistor comes from a model of
the formation of the \wvaristor effect in
semiconductor ceramics. In composite varistor,
a polymer matrix functions as an amorphous phase
in ZnO or SiC ceramics; and as zinc oxide and
silica carbide crystallites — microscopic particles
from ZnO or SiC. This combination of components
contributes to the formation of a potential barrier at
the polymer-semiconductor ceramic interface, and
hence the varistor effect. The purpose of this work
is to reveal the formation features of the varistor
effect in a strong heterogeneous system of
polymer-semiconductor ceramics, taking into
account the influence of individual phases on the
varistor properties of this system. It is possible to
represent the first phase as a crystallite, and the
second — as inter crystallite boundaries. Transfer
processes in amorphous-crystalline materials, in
particular in composites, can be conventionally
divided into two groups: through conduction
carried out by the transition of electric charge
carriers through the potential barrier of inter
crystallite boundaries; conduction along polymer
boundaries without participation of zinc oxide
particles [1, 6].

Not so long ago, it was found that among the
many known organic compounds and composites
based on them, there is a small class of multiphase
materials that have a very peculiar combination of
properties: bipolar non-ohmic conductivity, heat
resistance, fairly high mechanical and electrical
strengths, and a symmetrical potential barrier at the
phase boundary. Such substances, called active
composites, include, in particular, varistor based
on polymers dispersed by semiconductor ceramic
particles ZnO [1-3]. A new class of composite el-
ements was formed, the distinguishing feature of
which is bipolar non-ohmic conductivity. Unlike
traditional non-linear devices, they do not contain
asymmetric potential barriers and current-voltage
characteristics (CVC). The scope of these materials
extends from nano-electronic, integrated circuits to
low-power spark gaps (switching elements) for
various purposes [6, 9-11]. The prospect of poly-
mer composites with bipolar conductivity is due to
both wide functionality (for example, in the func-
tion of energy-intensive and low-power varistor)

and relatively simple and low-temperature manu-
facturing technology. The pronounced nonlinearity
of conductivity and the symmetric nonlinear cur-
rent-voltage characteristic of composites based on
polymer-ZnO attract close attention as an active
composite for the varistor. This allows changing
nonlinearity coefficient of the current voltage char-
acteristic, the opening voltage (Uop) (transition
from linear to non-linear current-voltage character-
istic) and operating temperature range in a wide
interval. With the accumulation of experimental
data, the model representation of the formation
mechanism of the varistor effect and the conduc-
tivity of composites changed from a model in
which the main role was attributed to polymer lay-
ers between ZnO particles to a model in which var-
ious grain boundary effects in the zinc oxide parti-
cle itself and the processes occurring on the
boundary layers of the polymer phase with partici-
pation of the ZnO particle. At same time, the struc-
tural state of the ceramic composite has a fairly
significant impact on the complex of technical and
technological properties. For example, such a char-
acteristic as an electric current leakage largely de-
pends on the distribution uniformity of alloying
elements, which in turn determines the height of
the potential barrier [7, 8]. On the other hand, the
observed sensitivity to the presence of oxygen at-
oms is a factor that has a certain effect on the die-
lectric permeability of ceramics. In fact, the detect-
ed dependence of the specified characteristic on
the ratio of grain size to the thickness of the de-
pleted layer is actually dependent on the oxygen
absorption mechanism (Fig.1.) [12]. As follows
from Fig. 1, the characteristic structure of a varis-
tor is ZnO grains separated by thin films consisting
of chemical compounds of alloying elements. In
a more detailed analysis, after a certain treatment,
one can detect dispersed precipitates of chemical
compounds in the most defective places at struc-
ture — in the triple junctions of grains. Such precip-
itates of chemical compounds can affect the devel-
opment of ZnO grain growth processes during
high-temperature treatments during the formation
of varistors.

Additional evidence of the importance of struc-
tural state of ceramics, especially dispersion of the
phase components, are the results of works [8, 13].

Creative Commons Attribution 4.0 International
doi: https://doi.org/10.15802/stp2023/283013

30

© S. M. Ahadzade, I. A. Vakulenko, K. Asgarov, 2023


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

MATEPIAJIOSHABCTBO

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

Hayka Ta nporpec tpatcmopty, 2023, Ne 1 (101)

-

Fig. 1. The typical structure of the varistor [12]

Indeed, the observed low breakdown voltage val-
ues for varistor sintered at higher temperatures are
due to grain growth and a decrease in the number
of grain boundaries between the inner electrodes.
In addition to the number of boundaries between
phases, the layer thickness acquires a certain value.
Based on this, a layer thickness increase should
contribute to an increase in the breakdown voltage
[8]. Another problem of multiphase varistor is the
leakage current. The selection of the optimal struc-
tural state of the ceramics makes it possible to ef-
fectively decrease it. An example is the stability
increase of secondary spinel particles of
Zn,33Sho 6704 during cooling of ceramics. Another
factor of structure state optimization is location of
insulating phase between the skeleton of bismuth-
containing phases, which helps to reduce the varis-
tor current leakage by about two orders of magni-
tude [9]. Asin [8, 11, 13], in [5, 12] the importance
of the dispersion of structural components is em-
phasized. Thus, for ceramics consisting of the main
ZnO phase and oxides of rare earth elements
(Dy-20s, PrgOa1, Pr20s3), the grain size significantly
depends on the sintering temperature. A sintering
temperature increase by only 200°C is accompa-
nied by the grain size increase up to 6 times and
nonlinearity coefficient decrease by 2-2.5 times.
Based on the analysis of the obtained results, it can
be assumed that the most common model
of a highly heterogeneous structure is a polymer-
semiconductor ceramic composite. The size of the
zinc oxide particles should provide a certain ratio
of contact area of the polymer to the volume of the
ZnO particle. It is obvious that zinc oxide particles
appear as the crystalline phase and the polymer is
used as the amorphous phase.

Purpose

Influence evaluation of structural state of the
polymer phase on the response voltage and nonlin-
earity coefficient of a multilayer varistor based on
zinc oxide.

Methodology

Zinc oxide used as a dispersant was obtained as
follows: the composition of semiconductor ceram-
ics was chosen — 97 mol% zinc oxide and 3 mol%,
oxides BizOs, C0304, MnO,, B,0s3, SbOa, ZrOy,
Al;O3 as an alloying component of molecular
weight 0, 96% used ZrO- or Al,O3 based on these
compositions at a temperature of 1573°K, semi-
conductor ceramics ZnO [3] was synthesized. The
zinc oxide powder with a particle size of < 60 um
was prepared from the mixture obtained by mill-
ing. Composites based on thermoplastic polymers
and the zinc oxide were obtained in the following
way: non-polar and polar polymers, high-pressure
polyethylene (PE) and polyvinylidene fluoride
(F2M), respectively, were used as polymers. The
composites were obtained by hot pressing at the
melting temperature of the polymer phase and
pressure of 15 MPa [1, 6]. After that, using silver
paste, measuring electrodes 10 mm in diameter
were deposited on the surface of the synthesized
samples, and then the current-voltage characteris-
tics were measured. Modification of composites
under the action of gas discharge plasma was car-
ried out in a special cell that creates a dielectric-
gas-composite system [2]. Of particular importance
is the determination of the electrical strength of
composite varistors. The article determined the
instantaneous breakdown voltage. The number of
samples used in the test is at least 10. To determine
the instantaneous breakdown voltage, a UPU-10
device was used. The cell used for testing is shown
in Fig. 2.

The electrodes and their configuration corre-
spond to known conditions. The diameter of the
high-voltage electrode is approximately 3 times
smaller than the diameter of the ground electrode.
The electrodes are made in the form of a Ragowski
electrode and ensure the uniformity of the electric
field in the high-voltage -electrode-composite-
grounded electrode system. The structure of the
composites was studied using the methods of
X-ray diffraction analysis and IR spectroscopy.
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Fig. 2. Device for determining the electrical strength
of samples (1 — ground electrode, 2 — high voltage
electrode, 3 — sample, 4 — compression spring)

Discussion of experimental results

To reveal the role of the polymer phase in the
formation of the varistor effect and to determine
the effect of the polymer matrix on the parameters
of the composite varistor, the properties of the
composite varistor were studied using polymers of
different structure and polarity.

Table show the current-voltage characteristics
and the nonlinearity coefficient of composites
based on non-polar (PE) and polar (F2M) (modi-
fied polyvinylidene fluoride) polymers and zinc
oxide. The results obtained show that the polymer
matrix significantly affects the response voltage of
the composite varistor. The same results were ob-
tained for these composites when comparing their
coefficient of nonlinearity of the current-voltage
characteristics. In the first approximation, we be-
lieve that changes in Ugp and B depending on the
structure and properties (polarity) are associated
with interfacial processes at the polymer-ZnO in-
terface.

Table. 1
Opening voltage and nonlinearity coefficient of ZnO-PE and F2M composite varistors
N ZnO (with admixture of Al203) + PE N ZnO (with admixture of Al203) + F2M
Volume percent of | Ugp, V B Volume percent of UV B
samples samples
1| 30%C+70% PE 140 4,86 4 30%C + 70% F2M 140 3
2 | 50%C +50% PE 120 7,6 5 50%C + 50% F2M 132 5
3 | 60%C +40% PE 117 8,7 6 60%C + 40% F2M 120 6,4
L A It is known that interfacial interactions signifi-
1200 cantly depend on the size of the inorganic phase of

‘[ﬂ‘ A
)

400

0 50 100 150 200

Fig. 3. Grain size influence
of the matrix (1 - 63, 2 - 100, 3 - 200, 4 -315 pum)
on the current-voltage characteristic of a composite
based on polyethylene 30% C + 70% PE

the composites [1, 3]. Therefore, for composites
based on polyethylene, the current-voltage charac-
teristics were studied depending on the size (d) of
Zinc oxide particles (Fig. 3). The obtained experi-
mental results show that the size of the particles of
the inorganic phase significantly affects the CVC
of the composite varistor. At certain (constant)
thickness of the composite varistor, the operation
voltage decreases markedly, and the nonlinearity
coefficient increases. Numerous experimental re-
sults obtained by us show that the impact of elec-
tric discharge plasma on the polymer-zinc oxide
composite leads to a significant change in the per-
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mittivity and the concentration of local levels at the
interface of the composite [1-3].

Fig. 4 shows the dependence of the dielectric
permittivity on the volume content of Zinc oxide
for samples treated under the action of electric dis-
charge plasma. It can be seen that for all volumet-
ric contents, the treatment with electric discharge
plasma leads to a noticeable increase in . This pa-
rameter increases with increasing duration of the
discharge. Fig. 5 shows the changes in the coeffi-
cient of nonlinearity (B) of the I-V characteristics
of the composites before and after their treatment
under the action of a discharge for various volu-
metric contents of the ZnO phase. It can be seen
that plasma treatment significantly increases the
values of f3.

15

10

25 35 45 55 %

Fig. 4. Dependence of dielectric constant on the volume
of content filler in the ZnO — high-pressure polyethylene
composite and treatment by electric discharge
(1 — untreated, 2 — treated for 3 min, 3 — for 10 min)

p
2

25
L

15

1
5 [l
25 35 45 55 %

Fig. 5. Dependence of nonlinearity coefficient
on the volume content of filler
in the ZnO — high-pressure polyethylene composite
and treatment by electric discharge (1 — untreated,
2 — treated for 3 minutes)

Such a change in ¢ and B testifies to the deter-
mining role of boundary effects in the formation of
varistor properties of composites. This assumption
is also confirmed by the results of changes in the
operation voltage of varistor before and after their
processing under the action of electric discharge
plasma (Fig. 6 a, b). The figure also shows that the
effect of electric discharge plasma on Ugp depends
on the polarity of the polymer matrices (high-
pressure polyethylene and polyvinylidene fluo-
ride). From the beginning, let us consider a possi-
ble change mechanism of Uy, and B of composites
after their modification under the action of electric
discharge plasma. It is known that plasma treat-
ment significantly changes the structure of the pol-
ymer phase of the composite (Fig. 6, b). It can be
seen that intense oxidation of polymer chains oc-
curs: CO, OH, COC, etc. appear. Based on the
fundamental idea that any changes at structure are
accompanied by the appearance of local levels in
the quasi-forbidden band of the polymer phase, the
shift of the Fermi level towards the conduction
band is quite justified.

a

|
/
Vs

0 50 100 150

h=}
=
(=)
w
m%
¥
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Fig. 6, a. The treatment effect of the electric discharge
(1 — without treatment, 2 — treatment for 3 min,
3 — 10 min) on the current-voltage characteristics
composite 60% ZnO + 40% polyvinylidene fluoride

Based on this, it should be expected that struc-
tural changes in the polymer matrix will lead to
a decrease in the response voltage and increase in
nonlinearity coefficient of the current-voltage
characteristic.
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Fig. 6, b. Spectra of components
and composite ceramics
(1- 100% high-pressure polyethylene, 2 — 100% ZnO,
3 —10% ZnO+90% of the high-pressure polyethylene)
depending on the inverse value of the wave length (1/4),
where X is the wave length of the spectral lines)

Some confirmation of this effect is the higher
sensitivity of plasma modification of composites
based on non-polar PE polymer (Figs. 6, a and
6, b). Comparison of the results of the change in
the structure of the polymer phase after exposure to
the electric discharge plasma shows that, all other
things being equal (the value of the discharge pow-
er), the structure change degree in the case of com-
posites with a polymer matrix of polyethylene is
greater. This manifests itself in a relatively large
change of opening voltage and coefficient nonline-
arity.

Originality and practical value

The discovered development of electron-ion
processes at polymer phase of the varistor indicates
the need to take into account the change in its ser-
vice characteristics from the duration and intensity
of use. The result obtained has a certain practical
significance, since it indicates not only the reason
for the change in properties, but also the need to
develop measures to increase the service life of the
varistor.

Findings

1. The analysis of the results obtained indicates
the dependence of operational characteristics of
multilayer varistor on the development of the elec-
tron-ion exchange processes at polymer phase.

2. The magnitude of the potential barrier at the
phase boundary is mainly determined by the vol-
ume fraction and size of the main structural ele-
ment of ZnO ceramics.

3. Changing the structural state of the polymer
matrix allows adjusting the response voltage and
nonlinearity coefficient of volt-ampere characteris-
tic of the multilayer varistor.
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DaKTOpHU BILINBY HA eJIeKTPO(i3uYHI MapaMeTPH KOMIIO3UTHUX BAPUCTOPiB

Mera. Y poOorti mepen6adeHo OIiHUTH BIUIHB CTPYKTYPHOTO CTaHy MOJIMEpHOi (a3u Ha HAIPYTy BIIOWUTTS Ta
koedilieHT HeMmiHIHHOCTI 6araTonIapoBOro BApHCTOpa Ha OCHOBI OKCHAY IIMHKY. MeToauka. OKcHJ| IMHKY CKiIajaa-
Best 3 97 % oxcuay umHKY i 3 % 3 okcuaiB BizOs, C0304, MNO,, B0z, SbO3z, ZrO,, Al,Os. 3a temmeparypu
1 573 °C 3pilicHEeHO CHHTE3 HAITIBIPOBIIHUKOBOT KEpaMik/ Ha OCHOBI OKCHJLy IUHKY. [IJIs1 OTpUMaHHS KOMIIO3UTY 3
TEPMOIUIACTUYHUX MOJIMEpPIB Ta OKCUAY IIMHKY BHUKOPHUCTOBYBJIM HETOJSIPHI Ta MOJISIPHI HOJNIMEPH, MOJIETHIICH
BHCOKOT'O THUCKY Ta TOJiBiHUIiAeHPTOpHI. KOMIIO3UTH OTpUMYBaJIU TapsidiM IPECYBaHHIM 32 TEMIIEpaTypH IUIaB-
TeHHs moniMepHoi (asm i tucky 15 MIla. [Ticis nporo, 3a JOMOMOTro0 CpiOHOI MACTH HA TOBEPXHIO CHHTE30BAaHIX
3pa3KiB HAHOCWIIN BHMIPIOBAJIBHI €J1eKTpoau JiameTpoM 10 MM, a IOTIM BEMIipIOBAIN BOJBT-aMIIEPHI XapaKTepHC-
TUKA. MoaudikyBaHHS KOMIIO3UTIB IIiJ] Ai€I0 Ta30pO3PSIHOI IUTa3MH TPOBOIWIIH B CIEHialbHIA KOMIpII, SIKa CTBO-
pIOE CHUCTEMY JieJeKTPUK — a3 — KOMIO3UT. CTPYKTYpy KOMITO3MTIB IOCII/KYBaJIl METOJaMH PEHTT€HIBCHKOTO
¢azoBoro ananizy ta [Y-crekrpockomii. Pesyabrarn. OTpuMaHi eKCHepHMEHTAIbHI Pe3yJIbTaTH MOKa3yloTh, IO
PO3MIp YaCTMHOK HEOpraHiuHOi (ha3u CYTTEBO BIUIUBAE Ha BOJBT-AaMIIEPHI XapaKTEPUCTUKU KOMIIO3UTHOTO BapHC-
TOpa: 3a 3aJaHoi TOBIIMHHM KOMIIO3UTHOTO BapHCTOPA MOMITHO 3MEHIIYEThCS poOOYa Hanpyra, a Koe(illieHT Heli-
HiifHOCTI 3pocTae. BIUIMB MIa3Mu €NEKTPUYHOTO PO3psily Ha MOJIMEPHUIT KOMIIO3UT OKCHI IIMHKY MPU3BOJHUTH JI0
CYTTEBOI 3MiHH JIEJIEKTPUYHOI IPOHUKHOCTI Ta KOHIIEHTpALii JIOKaJbHUX PIBHIB Ha MEXI MOALTY KOMIO3uUTy. Pe-
3yNbTaTH IOCIIKEHb CBi4aTh, IO BIUIMB €IEKTPHYHOI IJIa3MH HA HANPYTy BIIOUTTS 3aJCKUTHh BiJ MOJIAPHOCTI
noJiMepHux Matpuilb. KpiM Toro, cama masmMoBa 00poOKa CyTTEBO 3MIHIOE CTPYKTYpY MOJIIMEPHOI a3y B KOMITO-
3uti. HaykoBa HoBHM3HA. BenmnmuuHy mnoreHuiiiHOro 0ap’epy Ha Mexi MoAiny (a3 B OCHOBHOMY BH3HA4alOTh
00’€MHOIO YacTKOIO i po3MipaMH OCHOBHOTO CTPYKTYPHOTO eneMeHTa kepamiku ZnO. 3MiHa CTPYKTypHOTO CTaHy
MOJTIMEPHOI MaTpHIi J03BOJISE PETYIIIOBATH HANPYTy BIOUTTS Ta KoedilieHT HENTHIHHOCTI BOJIBT-aMIIEpHOT Xapak-
TepUCTUKU OaraTomapoBoro Bapucropa. IlpakTuyna 3HauMMicTh. BusBieHHH DPO3BHTOK €JIEKTPOHHO-IOHHUX
NIpOLIECiB Y MoJliMepHii (a3i BapucTopa CBIIYUTh NPO HEOOXIAHICTD ypaxXyBaHHsS 3MIHM HOTO CIIy’)KOOBHX XapakTe-
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MATEPIAJIOSHABCTBO

PHUCTHK BiJl TPUBAJIOCTI Ta IHTEHCHBHOCTI BUKOpHUCTaHHA. OTpUMaHHi pe3ylbTaT BKa3ye He TUIBKHA Ha MPUIUHY 3Mi-
HU BIIACTHBOCTEH, ajie i Ha HEOOXIIHICTh pO3pOOKH 3aXOiB [UIA 301TBIICHHS TEPMIHY CIIy>KOU BaprcTopa.
Knrouosi crosa: avopHMii cTan; Mexa; ¢da3a; BApUCTOP; KepaMiKa; eIeKTPHIHIHA CTPyM; IPOBITHICTH
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B. B. HOBOJIBOPCbKUI'", I'. K. IBAHULIbKUIA?
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2Kad). MaIvH Ta anapaTiB XiMigHHX i HadTomepepoOHUX BUpOOHMITE, HallionansHuil TexHIUHMIA yHIBEpCHTET YKpaiHu
«KwuiBcpkuit momniTexHiyHuit iHcTUTYT iMeHi Iropst Cikopeskoroy, mp. bepecreiicekuii, 37, Kuis, Ykpaina, 03056,

ten. +38 (067) 145 61 35, en. nmomrra gergey4@gmail.com, ORCID 0000-0002-0486-2359

MogaenroBaHHS Tedil po3IJIaBY NOJIiIMEPY B KLIbIEBOMY KaHAJII JUCKOBOTO
eKCTpyaepa

Mera. IloniMepHi BUpOOM BHKOPHUCTOBYIOTH y MPOMHCIOBOCTI 3aBASKH iX €KCIUIyaTalliiHUM BJIACTUBOCTSIM.
T'OMOTeHHICTh PO3IJIABY Ma€ BAKJIMBE 3HAYCHHS JUISI IKOCTI KiHIIEBOTO MPOAYKTY. PIBHOMIpHHI PO3MOIi KOMITO-
HEHTIB Ta BJIACTUBOCTEH 3a0e3leuye OJHOPIAHICTD (PI3MYHMX 1 MEXaHIUHMX XapaKTephCTHK BUpoOy. HenmocraTHs
TOMOT€HHICTh MOJKE MPHU3BOAUTH 10 Ae(eKTiB y BUpoOi. 30Ha roMoreHi3anii Biirpae BasKJIMBy poJib y 3a0e3reueH-
Hi TOMOTEHHOI'O PO3IUIaBy. Y MUCKOBOMY EKCTPYJIEpi 30HAa MOMOTCHI3allii CKIAJaeThCs 3 YOTHPHOX MOCIHITOBHUX
kanaiB. [1[o0 omucatu Tewiro A BCiel 30HM rOMOTreHi3allil, HeoOXiJHO MepeaycCiM MPOBECTH MOJICIIIOBAHHS TIep-
moro ii kaHairy. ToMy OCHOBHOO METOIO IIi€i pOOOTH € MOAETIOBAaHHS TiAPOTUHAMIYHHX i TEPMIYHHUX MPOIIECIB [
Yac Tedii HeHPIOTOHIBCHKOI PIAWHY B IPSMOMY KiTBIIEBOMY KaHaJl B HEI30TEPMIYHOMY PEXKHMi, a TAKOXK CTBOPEHHS
3araipHOI MPOLEAYPHU MOAATBIINX PO3PaxyHKIB I iHIUX KaHaiiB. Meroauka. IIpoBeneHo aHami3 myOumikarmiii.
Po3pobneno mponenypy po3paxyHKy IIBHIKOCTI i IIBUAKOCTI 3CYBY IOJOBKHBOI 1 TaHTEHINAIbHOI TeUii PO3ILIaBy,
edexTHBHOI B’SI3KOCTI PO3IUIABY Ta PO3PAXYHOK 3MIiHM TeMIlepaTypu pO3ILIABY IO JOBXKHHI KiJIbLIEBOTO 3a30py
B aHAJIITHYHOMY BUIIIiL. Pe3yabTaTn. BianoBigHo 10 po3po0ieHol mpoleaypy po3paxoBaHO 3HAYEHHs TAHTEHIIi-
aJBbHUX 1 MOJOBXKHIX MIBUAKOCTEH Ta MIBUAKOCTEH 3cyBy. HaBeneHo rpadiuHi 3a1e:KHOCTI PO3MOAITY TaHTCHIIaTb-
HUX 1 MOJIOBXHIX IIBHJKOCTEH Ta MIBUAKOCTEH 3CyBY Tedil po3ILIaBy MO MIMPHHI KiJIbIIEBOTO KaHAy, PO3IO/ALT THC-
Ky M ycepeiHeHOI NO LIMPHMHI 3a30py TeMIIEpaTypu pO3IUIaBy IOJIMEpPY IO JOBXKHHI  KUIBIIEBOTO KaHay.
HaykoBa noBusna. Y po6Gori st [IEBT mapku 15803-020 npoBezieHO MOAEIIOBaHHS CTal[iOHAPHOT Teuii B Ipsi-
MOMY KiJIbIIEBOMY KaHali B Hei3oTepMidHOMY pexxumi. CTBOPEHO 3aralibHy MpOLEAYPY MOJAIBIINX PO3PAXYHKIB
JUIsL IHIIMX KaHamiB 30HM romoreHizauii. IlpakTuyna 3naunmictb. HaBeneHny npouenypy po3paxyHKy MOXKHA 3a-
CTOCYBATH JJIsl HACTYITHHX KaHaJiB 30HM FOMOTEHi3allii, 110 JO3BOJISAE ONMCATH TEYil0 PO3IUIABY ISl BCi€l 30HH ro-
MoreHizarii.

Knrouogi crosa: exctpys3is; AKiCTh pO3ILIABY; TEMIIEPATYpHa OJJHOPIJHICTh; TOMOT'€HI3allisl; AMCKOBHH EKCTpyIep

Beryn MOTEHHHUM, 1€ MOXXE MPU3BOJUTH 10 HEPIBHOMIp-
HOCTI TOBIIMHHU CTIHOK, TIOSBU Je(EeKTiB a00 HEOI-
HOpIiTHUX 3a0apBiIeHb y KiHIleBOMY BupoOi. Hemo-
CTaTHA TOMOTEHHICTh MOXXE TaKOX BIUIUBAaTH Ha
(hi3uuHI BIACTUBOCTI, Taki SIK MIIHICTh, THYYKICTh
Ta TepMiuHa cTaOiIbHICTH [4, 5]. Tomy 3abe3me-

YCHHA TOMOTCHHOTO PO3IJIaBY € BaXJIMBOKO YMO-

[TomimMepHi BHUPOOM BHKOPHCTOBYIOTH Y BCIX
rajmy3sx TMPOMHCIOBOCTI 3aBISIKM iX eKcIuTyara-
LIHHUAM BJIaCTUBOCTSM. SIKICTh TOTOBOIO MPOIYKTY
B 3HAYHIN Mipi 3aJ€XHUTh BiJi TOMOT€HHOCTI PO3II-
naBy. PIBHOMipHUI po3MO/Iij KOMIIOHEHTIB Ta Bia-

CTUBOCTEH y BCbOMY 00’ eMi MaTepiaiy 3abe3nedye
OJHOPITHICTD (i3NYHUX 1 MEXaHIYHUX XapaKTepH-
CTHK BHpOOyY. SIKII0 po3miiaB HE € JJOCTaTHBO TO-

BOIO JIJISl OTPUMAHHS BHCOKOSIKICHUX TOJIIMEPHUX
BUpOOiB. DYHKIIIOHANBHO 3a II€ BiJIOBiZa€ 30HA
TOMOT€Hi3allii.
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Temmnepatypa € oqHUM i3 HaWBaXJIMBINIUX I1a-
paMmeTpiB mig 4ac eKcTpysii moiimepiB. Y poOoOTi
[10] onncano MeTox MPOTHO3YBaHHS TEMITEpaTypH
pO3IJIaBy B ITHEKOBUX EKCTPYyJepax Ta BKa3aHO
psiA mapaMeTpiB, SKi BIUIMBAIOTh HA TeMIeEpaTypy
po3MIaBy.

ABTtopu po6oTH [7] 3anpornonyBaii HOBU THIT
JUHAMIYHUX 3MINIyBaviB i3 TEOMETpi€r0, SIKUM Te-
HEpye pajliaibHUN TMOTIK y KaHam IHeka. BoHu
CIIPUSIOTH TTOMINIIICHHIO TIepeIadi TeIa Ta mpoIie-
Cy 3MIIIyBaHHS TMOPIBHAHO 31 3BHYAHUMH IITHE-
KaMH, a TaKOX MOJIIIIYIOTh OPIEHTAIKD BOJOKOH
Ta MeXaHIYHi BIACTHBOCTI BUPOOY.

J1s MOCSTHEHHST BHCOKOTO PiBHS 3MIIIyBaHHS
MOJKHa BUKOPHUCTATH JAMCKOBHH EKCTPYIeEp, Y KO-
MY JMCK € TUHAMIuHUM 3MilnyBadeM. Y pobori [3]
OIMHCAHO TiAPOAMHAMIYHY MOJEIH TIPOIIECIB y 30HI
TOMOT€HI3allii JUCKOBOTO €KCTpyaepa. 30Ha TOMO-
TeHi3allii CKIaJaeThCsl 3 ACKUIBKOX MOCHiJOBHO
pO3TamOBaHUX KaHANIB pi3HOI KoHQirypamii. 3a
paxyHOK pi3HOI KOH(}Irypamii KaHalliB KOXeH i3
HUX BIUIMBa€ Ha MPOIIEC 3MIIIyBaHHS 1 HA TeMIIe-
paTypHy OJHOPIAHICTH MO-Pi3HOMY. Y TakOMY BH-
MajKy 3a0e3medyeThcsi BHCOKWN DPIBEHb 3MIMTy-
BaHHsI 3 MOKJIMBICTIO PEryJIIOBaHHsI 3MilllyBaJIbHO-
ro edexty. Jnst mocTiiHOI MPOAYKTHBHOCTI PO3II-
JaBy HEOOXiMHO TPOBECTH MOJICIIOBAHHS PYXY
PiOVHE B KOXKHOMY 3 KaHAJIB.

11106 omucaTu Teuiro A BCi€l 30HKM FOMOTEHi-
3amii, MOTPIOHO CTBOPUTH MAaTEMaTHYHY MOIEIb
TiApOMHAMIYHUX  TIPOIECIB  HEHBIOTOHIBCHKOT
TICEBJIOTIACTUYHOI PIUHH B TEPIIOMY KaHalmi —
HWTHIPUYHINA KIJBIEBIH MiI30HI 30HU TOMOTCHI-
3ariii (puc. 1). Ha 6a3i mi€i Moiesi MOXHa CTBOPH-
TH 3arajibHy NpOIENypy MOJANBIINX PO3PaXyHKIB
JUIS 1HINMX KaHajiB 30HA TOMOTEHI3allil.

Meta

3a OCHOBHY MeTy Hamoi poOOTH HOCTaBICHO
MOJICJIIOBaHHS  TIAPOAMHAMIYHUX 1 TEpPMIYHHX
MPOIIECiB Tij Yac Tedii HEHbIOTOHIBCHKOI PiAMHU
B IIPSAIMOMY KiTBIIEBOMY KaHaJi B HEi30TEPMidHOMY
peXHUMi 1 CTBOPEHHS 3arajbHOI IPOIEAypH Toza-
JBIIUX PO3PAXYHKIB JUIS 1HIIMX KaHAJIB 30HH TO-
MoreHi3arii.

Aot 4

F0HO ZOMOZEHZALT

Puc. 1. 3oHa roMoreHi3ariii JUCKOBOTO eKCTpyAepa

Fig. 1. The homogenization zone of a disk extruder

MeTtoauka

Iocmanosxa 3adaui. Po3riisiHeMo Hei30TepMi-
YHUH TPOIEC MOJOBKHBOI CTalliOHApHOI Teuil
B’s13K01 HEHBIOTOHIBCHKOI PIIMHU B MPSMOMY Ki-
JILIIEBOMY KaHaJli MK JIBOMa BEPTHUKAIBHUMU CITi-
BBICHUMH IMJIIHAPAaMHU, 13 SKUX BHYTpIlIHIH i3 pa-
aiycom R; =0,0875 M 00epraeTbcss 3 KyTOBOIO

HMIBUAKICTIO ©y = 15,7 pan/c, a BHyTpilHii 13 pa-

aiycoMm R, =0,0925 m € nepyxomum. Ilupuna xi-
IbLEeBoro 3azopy h=R, -R;=0,005 m, nosxuna
L =0,01 m. B akcianpHOMY HarpsimMi piguHa Tede
i Ji€ro nepenagy THCKY Ap = Py — P 13 MOCTii-

HOIO 3aJaHOIO 00’ €MHOIO BUTPATORO

G, = 9,058~10_6 M /e i3 mocTiiiHo0 CEPETHBOI0
mBuKicTio V; =0,003 m/c. BHacninok HeizoTepmi-
YHOCTI MPOIECY TPATIEHT TUCKY TIO IOBXKWHI KaHa-
1y € 3MiHHOW BenmuuHow (dp/dz = f (2)): 3anauy

PO3B’SI3y€EMO B HMJIIHAPUYHIA CHCTEMI KOOPIUHAT
(z,r,0).

[loTpiOHO BH3HAYUTH PO3MOIIN aKCiaIbHOI
¥ TaHTeHI[AJIbHOT IIBUAKOCTEH, a TAKOX PO3MOILI
aKCiaJIbHOI W TaHTeHIialbHOI IBUAKOCTEH 3CYBY
[0 IIHMPHHI 3a30py, PO3MOALT Irpadi€eHTa THCKY Ta
ycepeaHeHol TeMIepaTypy po3IiaBy Mo JOBXKHHI,
HaANpYXXEHHsT 3CYBYy Ta BEIHYMHY e(QEKTHBHOI
B’SI3KOCTI B KOXKHIW TOYITI KaHATY.

Busnauenns weuoxocmi i weuoxocmi 3cygy
n00062CcHb0i meuii posnaagy. Jns TOIOBKHBOT
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Tedil B KUTbLIEBOMY KaHalli pIBHSAHHS PyXy B IIWJMi-
HAPWYHIN CHCTeMi KOOPAMHAT Y KOMIIOHEHTaX Ha-
MpYyKeHb 3aMUCYIOTh Y TAKOMY BHUTJISII:

d(trz 'r):_@_

r, 1
dr dz @)

e TpamieHT THCKY dp/dz € BEMMYMHOI0, He3aJIeK-

HOIO Bif I .
Iurerpytoun piBasHHS (1) 32 1, OTpUMaEMO:

1 C
dpr+—l.

2 dz r @

Trz =
[Mocriiiny inTerpyBanns C; 3HaXOQMMO 3 Ta-
KHX MipKyBaHb. Ha OWIIHAPUYHMX MOBEPXHSX Ki-
JBIIEBOTO 3a30py =Ry Ta =R, MIBUIKICTH IIO-
JOBKHBOI Tedii v, =0. OueBHUAHO, 10 HAa KPUBIii
npodinro mBuakocti v, = f (r) noBuHeH icHyBatH
MaKCUMYM V; =V;max B ACAKOMY IlI¢ HE BH3HAue-
HOMY TPaHHYHOMY MEPEPI3i I = I, 1€ HANpPYKEH-
Hl 3CYBY 3rOPHYTO 10 Hyis (ty, (1, )=0). 3a miero
NEPEyMOBOIO 3HAXOAUMO 3Ha4eHHs C; 1 micis
mificTaBiIeHHs #oro y (2) 3BOAMMO Iie PiBHAHHS 10
BUIIISY:

2 2
S i T 3
) ©)

Ockinbku piBHSHHS (2) MICTUTh HEBU3HAUCHHUN
napameTp I, MOJAIbIIi PO3PAXYHKH PO3MOJLTY

IIBAIKOCTI vz(r) Ta MIBUJKOCTI 3CYBY ITOJOBXK-

HBOI Tedil j,, =dv,/dr HoTpedyroTh 3aCTOCYBaH-
HSI YHCENBHUX METO/IB.

3amauy JOLIIBHO PO3B’sA3yBaTH B HAOJMIKEHI
JI0 TUTOCKOTapayenbHoi Mojeni. JJocTaTHbO BYy3b-
KW KUTBIIEBUH 3230p MOXHA 3 HAOIMKESHHSAM PO3-
ISIATH SIK UI0CKY HiinHy. KpuTtepieM omiibHO-
CTi mepexoy BiJl KiIBIIEBOTO KaHANY JO TUIOCKO-
napaneibHOT [IUIMHK € BUKOHAHHS  yMOBH
s=(l—R1/R2)~—>0 [6]. 3a ymoBamu mi€i 3amaui
e = 0,054,
B JIOCTaTHi# Mipi.

3a namiHapHOI Teuil PIAMHU B IUIOCKIH IIIIHHI
MUPUHOIO h Mpodink MBUAKOCTI MO MIMPHUHI 3a-
30py CUMETPUYHUI BIAHOCHO CepeHBOI JIiHIi, TaK

OTXKCE, KpHTeplﬁ 3a10BOJIBHAETHCA

10 MaKCUMajbHA MIBHUIKICTh V; =Vzmpax » BIAIO-

BIIHO, HYJIbOBE 3HA4YCHHA IIBUIKOCTI 3CYBY
(ty; =0) 3HaxomuTHCA Ha BincTaHi h/2 Bix Goko-

BHUX TOBEPXOHb miivHM [6, 12]. ¥V numiHgpuaHmx
KOOPJAMHATAX e BiZIITOBiTa€ BiJICTaHI
=R +hy / 2. Jlns 3pydHOCTI pO3paxyHKy IIpOBe-
JeMO 3aMiHy B IMJIIHAPUYHIA CHCTEMiI KOOpIUHAT.
Beenemo pamianeHy  koopmunaty  y=r-Ry,
CHpSIMOBaHy 10 I, Ka BH3HAYa€ BiJCTaHb 3aJ1aHOI
TOYKH B CEpelNrHI 3a30py BiJ MMOBEPXHI BHYTPIMI-
HBOTO PYXOMOI'0 LWIiHApa. Bennmuuna y 3MiHIO-
€ThCs B iHTepBani 0<y<h,, a cepenHs JiHis 3a-
30py BiAmnoBifae 3HadeHHIO y = h, /2. Toxi posmo-

I Hampy)XeHHs 3CyBy IO IIHPHUHI 3a30py
Tyz = f (\y) MPEICTAaBUMO Y BUTJISII
dp hy
T = —— —— . 4
vz (¥) - (w 2) (4)

VY pamkax TIIOCKOTapaielibHOrO HaOJIMKEeHHS
piBHsAHHS (4) TOTOXHE piBHAHHIO (3), y SKOMY
=R +h /2.

3aKoH B’SI3KOCTI AJIsl PO3IUIABY MOJIIMEPY, KU
BB2)KAEMO TICEBJIOIIACTHYHOI PiIMHOI, OyaeMo
OIMCYBAaTH CTENEHEeBUM piBHAHHAM OcTBaib1a—
Beins:

n-1
g |

: W"\yz ! (5)

SIKE MOKHA TIPEACTABUTH Y BUTJISIIII:

yz = Ky ’|Y\|;z

NG . )
T =—Kg (er) ,3a Yz >0, (6, a)

(6, 0)

1yt Ky =f(T) — koedilieHT KOHCHCTEHTHOCTI;

T =Ky (‘er )n’ 3a Yrz <0,

n=f(T) — noKasHUK CTemeHs,; Tyz — MBHKICTS

3CYBY IOJIOBXKHBOI Teuii B IUTIHAPUYHUX KOOP/H-
Hatax (z, v, 0).

HIBuakicte 3CyBy  TOJIOBXKHBOI  Tedii
Yz =0V, /dy BH3HauaeMo 3 piBHSHB (6) mmicist mi-

JICTaBJIEHHS B HUX 3HAYEHHS T,, 3 PIBHAHHA (4):

n
. _Ld_p(_h_rjl/
e G e \V 2

, 3a \V<h—r;(7, a)
2
n
. d h h
Tyz =(—KT d—s'[w—?rjj , 30 \v>?r-(7, 0)
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IaTerpyroun piBasHAES (7) y BIAMIOBITHUX iHTE-
pBanax, 3HalHAEMO PO3MOILT MBUIAKOCTI TOTOKY IO
mupuHi 3a30py B iHnTepBaimi 0 <y <h:

1 n+l
1 dp )" n h \n

w28 ()
Ky dz n+1 2

Po3nodin epadienma mucky no 006xcuti 3a30-
py. O0’eMHa BUTpaTa PO3IUIABY 4Yepe3 KiJIbIICBHIA
3a30p MOpIBHIOE AOOYTKY CepemHBOi HIBHUAKOCTI
PIIMHY B 3a30p1 V, Ha IUIOUIy MONEPEYHOro Iepe-

pi3y 3a3opy S, :
— - 2 2
G, =V,-S, =V,-n(R; -RY). (9)
CepenHI0O MIBUIKICTh y 3a30pi BH3HAYAEMO 3
PiBHSIHHS:

n+l
n

. (8)

y-—
2

hr

vz I(RZ—iRl)'sz(‘V)‘d‘V-

3 ypaxyBaHHAM piBHSAHHS (9) 00’€eMHY BHTpaTy
BU3HAYA€MO TAaKUM YHHOM:

hr
Gv:n(RZ"'Rl),([Vz(W)'d\V- (12)

MigcraBumo B (11) 3Hauenns Vv, (y) 3 pis-

(10)

HsHHSA (8) 1 mpoBenemMo iHTETpyBaHHS. Y pe3ylb-
TaTi MiCJIsA OUEBUIHHUX TIEPETBOPEHDb OTPUMAEMO:

1 ’ (R R ) 2n+1
1 dp \" 2mn- + h )\ n
Gy = . #(_rj (12)
Ky dz 2n+1 2
3BificH 3HAXOIUMO BEJIMYWHY TPATi€HTA THCKY:
dp Ky -Gy (2n+1)Y" )
P 2ni :
d  (R,+Ry)-(h/2) 2mn

VY HeizoTepMidyHOMY Ipoleci KoedilieHT KOH-
CUCTEHTHOCTI K, 1 NMOKa3sHWK CTEeNeHs N, 3Mi-
HIOIOThCS 3 TeMIeparypor. OTke, rPaieHT TUCKY
dp/ dz Oyme 3MiHIOBAaTHCS IO JIOBXKHHI KaHAIy

BIJIMOBITHO IO 3MiHH TeMIlepaTrypu. lHTerpyroun
piBHsHHS (13), po3paxyeMo pO3IMOAINT THUCKY IO
JIOBXHHI KaHAITY JIJISl HEI30TePMiYHOTO PEKUMY.
Busnauenns weuoxocmi i weuokocmi 3cygy
manzenyianvroi meuii posnnasy. Po3risHemMo TaH-
TeHIIIAJIbHY TEYil0 B KUIHIIEBOMY KaHalll MiX JBO-
Ma KOaKCiaJlbHUMH [UIIHAPAMH, i3 SIKUX BHYTPIII-
Hili 06epTAETHCA 3 KYTOBOK WIBHKICTIO © . PiB-

HSHHS PyXY JUIS KOJIOBOI Teuii B IMJIIHIPUIHUX
KoopauHatax (Z, I,0) 3amucyemo y BATIISIL
JUTSL I — KOMITOHCHTA!

2
V, 0
p-2 - Po . (14, @)
r or
1T 0 — KOMIIOHEHTA!
ol1lo
—|——(rv,)|=0. 14,
Hef ar[rar( 9)} (14.9)

IaTerpytoun ngiui piBusuuA (14, 6) 3 TpaHNY-
HUMH yMOBaMH Vj (Rl) =w-R Ta v, (Rz) =0,

3HAXOAMMO PO3IMOALT TAaHTCHINIAIBHOI IIBHUIAKOCTI
0 HMIMPHHI 3a30pYy:
R22 —r?
Vo (r)=——3

Amnaniz piBasHHs (15) mo3Boisie 3poduTH nBa
BaXTMBHUX BHUCHOBKH. llo-mepre, y Oyap-sKiit To-

2
_ og-Ry

(15)

4ii 3a30py BENMYMHA KOJNOBOI MIBHAKOCTI V(1)
HE 3aJIeKUTh BiJ B A3KOCTI, a TO-ApYTe, 3allex-
HiCTb Vy = f (r) MOHOTOHHO ¥ Maibke JIiHIHHO
. . 2
3MEHIIYEThCS 10 IMPHUHI 3a30py Bif Vg = 0R; 3a
r=R 1o vy=0 3ar=R,. Tlpunymenns mono
nminiiiocti sanexuocti Vy = f(r) mae moxim-

BiCTh pO3paxyBaTH MIBUIKICTh 3CYBY TaHTEHIliaIb-
HOi Tewii i3 3aCTOCYBaHHSIM IMPOCTOTO CITiBBiTHO-
IICHHS:

2
Yre _J (R2 )h % (Rl) =— mle =const. (16)
r r

VY pasi 3actocyBanHs piBHsHHA (16) 11 Ha-

OJMKEHOT OIIHKU yCepeTHEHOT 10 NIMPHHI 3a30py

HIBUJIKOCTI 3CYBY KOJIOBOT Tedii mOXuOKa He rmepe-
Butrye 5 % .

Ha BigmiHy BiJ] IIBUAKOCTI 3CYyBY TOJIOBKHBOT

Tedii, MBHUJIKICTh 3CYBY KOJOBOI Tedwii ¥ 0= Y o
v r

HE 3aJISKUTH BiJl TEMIIEPATypH 1 TOMY € TIOCTIHHOIO
TI0 JIOBKHHI 3a30DY.

Posnodin eioyenmposozo mucky 6 padiaibHo-
My Hanpsamky. Po3monin BilIEeHTPOBOTO THUCKY KO-
JIOBOT Tedil B pajiialbHOMY HampsMi OIHUCAHO PiB-
HsaHHAM (14, a). llincraBnstoun B (14, a) 3Ha4eHHS
Vo (r) 3 piBHAHHA (15), 3anumemo:
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MAIIMHOBYIYBAHHS
2\2 (p2 _ ,2)?
ap(x):p. (DO'Rl (RZ_r ) . (17)
or RS — R} ré

[licns interpysanus piBusanns (17) Bin Ry mo
' 3HaXOJUMO PO3MOJLT BiAIIEHTPOBOTO THUCKY TIO
IUPHHI KiTbIEBOTO 3a30py P, = f (r).

AHaui3 mokasas, IO BiHOCHA Pi3HUIIS BiIXU-
JICHHS 3HAYE€Hb [, HA IOBEPXHI BHYTPIIIHHEOIO

30BHIIIHLEOTO

([P (R)-po (R2)]/ 7o (R)

menme 4 %. Ockinbku QyHKLS P, = f(r) Mo-

ATIHAPIB

CTaHOBUTH

HOTOHHA, MOKHA B3STH, II0 BEJIMYHMHA BiILEHTPO-
BOTO THUCKY B cepeauHi 3a30py

Po (1) = pr (R)=p- iR’ /2 =const.

Busnauenna egexmuenoi 6’si3xocmi posniagy.
[lix wac MopenrOBaHHS CKIAIHUX TEYil, y SKHX
HasBHI JeKUTbKa KOMIIOHEHTIB IBHKOCTEH 3CYBY,
BUKOPUCTOBYIOTh y3araJIlbHCHH CTEIEHEBHUM 3a-
KOH, BIATOBIAHO 1O SIKOTO €()eKTHBHY B’SI3KiCTh
piAMHYU B cepeuHi KaHaly BU3HAYAIOTh 13 PIBHSH-

HI.
n-1)/2

(n-2)/
Het (2,1,0) =Ky (D) ,

ne @®,, — aucunatuBHa (QYyHKIISA, KA € KBaJpaTH-

(18)

YHUM TEH30pPOM IMIBHAKOCTEH nedopmaniii [2, 6,

8]. V miif 3amaui, 3a HAABHOCTI JBOX CKJIaJOBHX

IIBUAKOCTEH 3CYBY — ?\IIZ Ta Y g » AWICHITATHBIY
\

(dyHKIIIT0 BUTJISAIL:

o =(a) +{1,

opmysy 3HAUCHHS UIBHAKOCTEH 3CYBY Yy Ta

3aMUCcy€eEMO y
2

IMigcraBngroun B LIO

Vo 3 piBasHE (7) 1 (16), 3anmumiemo:
]

1 2
= 2\2
1 dp h\" Q)
I R B R el RS
Ky dz 2 h,
[MincraBmstoun ne 3HavyeHHs ¢yHkuii @,

B piBHsHHA (18), oTprMaemMo piBHSIHHS U1 po3pa-
XYHKY €()eKTUBHOI B’SI3KOCTI PiJMHU B JIOKAJIbHIN
TOYIlI KiJBIIEBOTO KaHANy, SKE IICIS OYEeBHIHUX
MEPETBOPEHb MOYKHA 3BECTH JI0 BHUTJISITY:

n-1
27 2| 2
1 dp ( h) " (0gR
_ \V__ +
Ky dz 2 h
Sk mokaszaB aHami3, M 9ac PO3pPaxyHKy AMCH-
naTUBHOI (YHKII 1[Il 3a1a4i BHECKOM CKIIJ0BOI

Hef (v)= Ky - .(20)

r

LIBH/IKOCTI 3CYBY TOJOBXHBOI Tedii ¥, MOXHA
3HEXTYBATH MOPIBHIHO 31 MIBUAKICTIO 3CYBY KOJIO-

BOi Tedil ¥ p 3 tounicTio 10 0,04 %.
\"4
Tomy mif yac po3paxyHKy TUCHUIATHBHOI (pyH-
KIIii Ta €peKTUBHOI B’A3KOCTI JOIILHO O3 Topy-
IICHHS TOYHOCTI BWUKOPHCTOBYBaTH BiAIMOBITHO

TaKi CIIPOIICHI PiBHIHHA:

2
@, =(ywe) =(wR /hy)
n-1

et () =Kr -(0gR? /hy ) (22)

OdeBHIHO, 110 332 BBEACHHUX IMPUITYIICHb e]ek-

THUBHA B’SA3KICTh PO3IJIABY B 130TEpPMIiYHOMY i Hei-

30TEPMIYHOMY MPOIIECaxX € MOCTIHHO MO MIUPUHI
3a30py.

Po3spaxynok nanpysicensv 3cygy axcianbho2o ma

MAaH2eHYIanbHOo20 PyXy PiOUHU 8 KilbyeBoMy 3a30-

pi. BennunHy Hanpy»KeHHs 3CYBY AJIS TOAOBXKHBOI

2
; (21)

T€Yll BU3HAYAIOTH 13 PIBHAHHA T‘VZ = —},Lef . Y\|IZ y
a JIs1 KOJIOBO1 TCYl11 — 13 PIBHAHHSA T\Ve = _l’lef . Y\y@

. [MigcraBnstoun B 1l PIBHSAHHS BIiJIOBIIHO 3HA-
YCHHA Yy, 13 piBHsHHA (7), 3HAYCHHS }'/\VG i3 piB-

HiHHs (16) Ta 3HAYeHHS ¢ 13 piBHAHHA (22),

3HAXOJIMMO KOXKHY 31 CKJIaIOBUX HAIPYKEHHS 3CY-
BY.

Pospaxynok 3minu memnepamypu posnnagy no
Oosocuti Kinbyesoeo 3azopy. HaBeneHi Buiie pis-
HSHHSL OIMCYIOTh TiJPOJAWHAMIKY Ta PEOJOTivHi
XapaKTepUCTUKU CTAIliOHAPHOT 130TepMiuHOI Tedil
HEHBIOTOHIBCHKOI ~ TICEBJOIUIACTUYHOI  PIAMHU
y BY3bKHX KUIbIIEBUX KaHanax. J[yis omucaHHS Te-
4ii BUCOKOB’SI3KOTO PO3ILIaBy MOJIMEpPYy depe3 By-
3bKi KaHallM CIIiJ] BPaxOBYBaTH HEI30TEPMIUYHICTh
mporiecy. Lle 3aMOBJIEHO BUCOKOI iHTEHCHBHICTIO
TETUIOTH JUCHIIAlii, sIKy BU3HAYal0Th, HACAMIICPE]
3a CKJIaJIOBOIO INBHIKOCTI OOEpTaHHS IWIIHIPA,
a TaKOX 3a TEIUIOOOMIHOM PO3IUIABY 3 HATPITUMHU
a00 OXOJIO/DKEHUMH CTiHKamu Kanamy [1, 2, 8, 9,
11]. 3 ypaxyBaHHsAM 1uX (aKTOPIB PIBHSIHHS Tell-
JIOTIPOBITHOCTI 3BOAMMO JI0 BUTJISIY:
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L
PCpVz P 7‘6?+qdis’

ne p, Cp 1 A —IIe TyCTHHA, TUTOMA TCIUIOEMHICTh

(23)

1 TEIUIONPOBIHICTh PO3ILIABY BIMIOBIAHO; Oy —

MOTY)KHICTh ~ TUCHUTMAIIi, $AKy BH3HAYAIOTh SIK
Ogis = Mef " Py» @ Py Ta L ¢ BHU3HAYAOTH 13 PIB-

usHb (21) i (22) BignmoBigHO.

PiBusaHs TermmonpoBigHocTi (23) € nudepeHri-
QIBHUM PIBHSHHAM JPYroro MOpSAKY 3 JBOMa
3MiHHUMH. TOYHE PO3B’S3aHHSA TAKOTO PiBHSHHA i3
3aJaHIMHU TPAaHUYHIMH YMOBaMH NOTpeOye 3acTo-
CYBaHHSI CKJIQJIHUX YUCEIbHUX METOJIB, IO CYTTE-
BO YCKIIIHIOE 32/1a4y.

[lepmmit wieH y mpasiit yactuHi piBHAHHS (23)
BU3HAYA€ KUIBKICTh TEIJIOTH, ILIO IEPEHaEThCs
IUISXOM TEIUIONPOBIIHOCTI B pajiaiIbHOMy Ha-
MpsiMi 3a paXyHOK TEIUIOOOMiHY PO3IIaBy 3 Harpi-
TAMHU 94 OXOJIOJDKEHWMH CTiHKamMH KaHamy [8, 9,
11]. Jlesii aBTOpH JjIsl ONIMCAHHSI TIPOIIECIB B €KCT-
pydepi CHpOLIYIOTH 3aiady, NPUIYCKAIYH, IO
TEII000MiH MK PO3IUIABOM Ta CTIHKAMH KaHATY
BiJOYBa€THCS 32 PaXyHOK KOHAYKTUBHOTO MEPEHO-
cy Temia [6, 11]. Toai piBHSHHS TEILIONPOBITHOCTI
3 ypaxyBaHHSIM TEIUIOTH JHCHUIAI] MOXKHA 3aIlu-
caTHl y BUTJISII:

oT _o-S(T-Ty) Het v
oz pCpVs pCpVs

; (24)

ne o — koedimieHT TerwoBiamayi, T — TeMrepa-
Typa pO3IIIaBy, yCEepeaHEeHa 10 HIUPWHI 3a30py;

T,, — Temmeparypa CTIHKH KaHaiy.

Amnani3 1okasaB, 10 3a L€ 3aJayero Kijb-
KICTh TEIUIOTH, SIKy BTpadae 4u HaOyBa€ po3IiaB
3a OJIMHMIII0 Yacy 3aBJSIKM HOTO TEIUIOOOMiHY 3i
CTIHKaMU KaHaJly, 3HAYHO MEHINA 3a KIJIbKICTh
TEIUIOTH JUCHIIALIi, M0 HAAXOTUTh J0 KaHAIy 3a
e Jac.

ToMy piBHSIHHS TETUIONPOBITHOCTI, SIKE OTUCYE
3MiHY TEMIEpaTypu PO3ILIaBY MO JOBXKHHI KaHATY
B 130TEPMIYHOMY IPOIIEC], 3BOIUMO JIO BUTIISATY:

— 2 \1+n
oT K [ ooR;

- (25)
0z pepvy\ By
Banexnocti Ky = f(T) i np = f(T) ams po-
3IJ1aBY MOJIMEpY BH3HAYaEMO BiATMOBiIHO 32 (op-
MyJIaMH:

Kr (T)=Kgexp[-B-(T-Tg)]:  (26)
n(T):nst +ay, '(T _Tst)’ (27)

ne Tq — 3amaHa cTaHjapTHa Temmepatypa; K

1 ng — 3HayeHHs KoedinieHta KoHcucTeHii Ky
1 IOKa3HUKa CTenens N 3a T =Tg , AKi QI8 ObOTO

BH[y IOJIIMEPY BH3HAYAIOTH 13 TAOJIWIh Ta IOBiA-
HUKIB; 1 o, — TemmepaTypHi KoeQili€HTH, fKi
BH3HAYAIOTh 3 EKCIIEPUMEHTAIBHOTO JOCHIKEHHS

peodiorii po3IIaBy IbOTO TMoOJiMepy abo 3 JOBif-
HUKIB.

PesyabTaru

Ha pucyHkax HaBeneHO pe3ylbTaTH PO3paxyH-
Ky: pO3NOIUT INBHAKOCTEH  TaHTEHIIaJhHHUX
(puc. 2), momomxHiIX (puc. 3), PO3MOIIN HIBUAKOC-
Tl 3CyBy TaHreHIambHUX (pHUC.4) 1 MOIOBXKHIX
(puc. 5), a TakOXK PO3MOIIJI THCKY Ta yCEepPEIHEHOI
M0 IIMPHUHI 3a30py TeMIlepaTypu PO3IUIaBy MOJIi-
Mepy 10 JOBXKHHI KUIbIIEBOro KaHaiy (puc. 6).

1.8

1.6 — 120
L1.4 06/x8
=
gl.Z 150
'z 1 06/x8
5
g 0.8 180
206 06/x8
0
204
Ko
J0.2
g
0
©
= 0 2 4 6

LLnpurHa KaHany, mm

Puc. 2. Po3nonisn TaHreHiaabHOI MBUIKOCTI Tedil
PO3ILIABY IO MIMPHHI KiJIIIEBOIO KaHATY

Fig. 2. Distribution of the tangential velocity of the melt
flow along the width of the annular channel

Ha ocHOBI cTBOpeHOI MOjesi MPOBEACHO PO3-
PaxyHKH TiIpOJUHAMIYHUX Ta TEPMIYHHX IIPOIle-
CiB i1 Teyil  HEHBIOTOHIBCHKOI  PIAMHHU
B IIPSAMOMY KiJIbIIEBOMY KaHaJli B HE130TEpPMIYHOMY
pexumi. OnEcaHo B aHATITHYHIN (HOpMi TIpoIIeTy-
Py PO3paxyHKy IIBHAKOCTI 1 IIBHAKOCTI 3CYBY I1O-
JIOBXXHBOI 1 TaHTEHI[IAJIbHOT Tedil po3IuiaBy, edek-
THUBHOI B’S3KOCTI PO3IUIaBy Ta PO3PaxyHOK 3MiHH
TEMIIepaTypy pO3ILIaBy MO JOBXHHI KiJIbIIEBOTO
3a30py.
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Puc. 3. Po3nonisn mogoBXHBOT MIBUAKOCTL
Tedii pO3ILIaBY IO MIUPHHI KiTBLEBOTO KaHATY

Fig. 3. Distribution of the longitudinal
melt flow velocity over the width of the annular channel
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Puc. 4. Po3nozin TaHreHIiadbHUX IIBUIKOCTEH 3CYBY
B IIEPLIOMY KaHai

Fig. 4. Distribution of tangential shear rates
in the first channel

[TopiBHSHO 3 YepB’SIMHUMU CKCTPYAEpPaMH, Po-
004Mii OpraH IUCKOBOTO EKCTPy/Aepa Ma€e BEITHKUI
niaMeTp, TOMy B MEpIUil MiJ30HI po3MJiaB pyxa-
€ThCS 3 MAKCUMAJILHOIO TaHT€HIIAJILHOIO 1 MiHIMAa-
JIBHOKO TO3J0BXKHEOI MIBHAKOCTSAMH, 1 BOHH € He-
3MIHHHMH B3JI0BXK KaHay. I3 puc. 4-5 BumHO, 110
BIIMB TOJIOBKHBOI CKJIQJOBOI INBHIKOCTI 3CYBY
HACTUIBKM MaJiui, MOPIBHSIHO 3 TaHI'€HIIaIbHOIO,
o 11 MOXHA HE BPaXOBYBATH.

Puc. 5. Po3nozin noJoBXHiX MIBUAKOCTEH 3CyBY
B TIEpLIOMY KaHai

Fig. 5. Distribution of longitudinal shear rates
in the first channel

Y UMIIHAPUYHOMY KiIBIIEBOMY KaHali JHMCKO-
BOTO EKCTpyZAepa € MOXIJIHBICTh PETyJIIOBATH Jie-
(dopmarito 3cyBy 3aBISKU 3MiHI IIBUAKOCTI 00ep-
TaHHS JUCKA, 3MIHIOIOYY TaHTCHINIAIbHY CKJIAJIOBY
MIBUAKOCTI Tedii po3miaBy Ha 20 % (puc. 2-3).
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Puc. 6. Posnozin tucky (1) Ta ycepeqHeHoi 10 MHUPHHI
3a30py TEMIIEpATypH PO3ILIABY MoJimMepy (2)
IO TOBXKUHI KIiJTBIIEBOTO KaHAIY

Fig. 6. Distribution of pressure (1) and polymer melt
temperature (2) averaged over the gap width along the
length of the annular channel

[Inoma npoxigHUX Mepepi3iB y3I0BXK IPYroro
1 TPEeThOTO KaHANIB 3MEHIIIYETHCS, TOMY MO3JIOBXK-
HS IIBUAKICTH PO3IUIABY 301IbLIYETHCS. A OCKiJb-
KM B IIMX KaHalax € MOXXJIMBICTh 3MEHIIYBaTH Be-
JINYMHY 3a30PY, 3HAYCHHS MO3I0BXKHIX 1 TAHTEHITi-
QIPHUX MIBUJIKOCTEH 3CyBY B HHX MOXYTh OyTH
OUTBILI HIK Y HUITIHIPUIHOMY KUIBLIEBOMY KaHaJIi.

Creative Commons Attribution 4.0 International
doi: https://doi.org/10.15802/stp2023/282982

© B. B. HoBonsopcekuid, I'. K. IBanunpkwuii, 2023

43


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

MAIIMHOBY IYBAHHA

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

Hayka Ta nporpec tparcmopty, 2023, Ne 1 (101)

HaykoBa HOBH3HA Ta NPAKTHYHA
3HAYHMMICTh

BukoHaHO MojentOBaHHS CTaliOHApHOI Tedil
[NEBT mapku 15803—020 y mpsiMmoMy KiJTbIIEBOMY
KaHaJl B HEI30TEPMIYHOMY pEXHMi Ta HaBEICHO
MPOLEAYPY PO3PaXyHKY B aHATITUYHOMY BHIJISII
3aJIC)KHOCTEH, SIKi OMMCYIOTh MPOIIEC TOMOTeHI3aIli1
B kaHaii. CTBOpPEHO 3arajibHy NpoIenypy Iojaa-
JBIIUX PO3PaxXyHKIB JUIA 1HIIMX KaHaJiB 30HU TO-
MoreHi3arii.

BucnoBku

CrtBOpeHO MaTeMaTHYHy MOJETh Hei30TepMid-
HOi Tedii B’SI3K01 HEHBIOTOHIBCHKOI PiJMHU B TIpS-
MOMY KiJIbIIEBOMY KaHaJll JUCKOBOTO €KCTPYJepa.

[IpoanasizoBaHo rojioBHI (haKTOPH, SKi BILTUBAIOTH
Ha XapakTep Tedil B’S3KUX IMOJIMEPHUX PO3ILIABIB
B KUIBLIEBUX KaHAJaX €KCTpyAepa 3 ypaxyBaHHIM
CYKYITHOTO aKCiaJJbHOTO Ta TaHTEHIIaJbHOTO PyXy
Ta HeizoTepMmiuHOCTI mporecy. lIpeacraBneHo 3a-
rajgpHy MpoLeaypy BUKOHAHHS PO3PaxyHKiB Teuil
HEHBIOTOHIBCHKUX PIiJIMH B KUIBLIEBUX KaHAJIaX Ta
IUCKOBOMY 3a30pi exctpynepa. llpencraBimeHo
pe3yabTaTH OOYHCIIOBAHOTO EKCIEPUMEHTY, MpO-
BEJICHOTO Ha OCHOBI CTBOPEHOi MOJIENi, 1o po3pa-
XYHKY PO3IOIITY TUCKY Ta TEMIEepPaTypH pO3ILIaBy
IO TOBXXKMHI KaHaJl , @ TAKOXK PO3MOALTY IIBHUAKOC-
Tl Ta MWBUAKOCTEH 3CYyBY MOJOBKHBOI 1 TAHTCHIII-
aNBbHOI Tedii 10 MHPHHI 3a30py KUTHIIEBOTO KaHa-

ay.
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Modeling of Polymer Melt Flow in the Annular Channel of a Disk Extruder

Purpose. Polymer products are used in industry due to their performance properties. The homogeneity of the
melt is essential for the quality of the final product. Uniform distribution of components and properties ensures ho-
mogeneity of the product's physical and mechanical characteristics. Insufficient homogeneity can lead to defects in
the product. The homogenization zone plays an important role in ensuring a homogeneous melt. In a disc extruder,
the homogenization zone consists of four consecutive channels. In order to describe the flow for the entire homoge-
nization zone, it is necessary to model the first channel first. Therefore, the main purpose of this work is to model
hydrodynamic and thermal processes during the flow of a non-Newtonian fluid in a straight annular channel in
a non-isothermal regime, as well as to create a general procedure for further calculations for other channels.
Methodology. The analysis of publications was carried out. The procedure for calculating the velocity and shear
rate of the longitudinal and tangential melt flow, the effective melt viscosity, and the calculation of the melt temper-
ature change along the length of the annular gap in an analytical form was developed. Findings. In accordance with
the developed procedure, the values of tangential and longitudinal velocities and shear rates were calculated. The
graphical dependences of the distribution of tangential and longitudinal velocities and shear velocities of the melt
flow along the width of the annular channel, the distribution of pressure and the temperature of the polymer melt
averaged over the width of the gap along the length of the annular channel are presented. Originality. In this work,
a stationary flow in a straight annular channel was modeled for LDPE of the 15803-020 grade in a non-isothermal
regime. A general procedure for further calculations for other channels of the homogenization zone has been devel-
oped. Practical value. The given calculation procedure can be applied to the following channels of the homogeniza-
tion zone, which allows describing the melt flow for the entire homogenization zone.

Keywords: extrusion; melt quality; temperature homogeneity; homogenization; disk extruder
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Moae/il0BaHHSI IPOLECY 3HOIIYBAHHA KOJIICHOI IAPH JIOKOMOTHBA Ta PEHKHU
miJx yac OyKCyBaHHsl Y KPHUBIiH

Mera. V wmiif crarTi nependaueHo IpOBECTH aHAJI3 MPOIIeCy 3HOMIYBaHHA OaHaXiB KONICHOI Mapy JOKOMOTHBA
Ta peHoK y KPUBUX JUITHKAX PEHKOBOI KOJIl 3 BUKOPHCTAaHHIM (hopMalizamii MOKa3HUKa 3HOCY TPeOSHIB 3a MUK
OykcyBaHHs KoJicHOT mapu. Meroauka. Y mporeci po3poOKu MOzl 3HOIIYBaHHsI KOJICHOI apy JIOKOMOTHBA OY-
JIO PO3MIIAHYTO sIBHIC OYKCYBaHHS Iiff Yyac peasti3allii TArOBOro MOMEHTY Ta BH3HAUYCHO (DYHKIIT HIBHIKOCTI KOB-
3aHHS B TOYILI KOHTAKTy KoJieca 3 peiikoro. Ha ocHoBI oTprMaHux (yHKIIII 3apONOHOBAaHO aHAITUYHUIT BUpa3 AJs
BU3Ha4YeHHs QakTopa 3HOCY OaHIaxiB 1 rpedeHiB. sl CIIPOIEHHS IPAaKTUYHUX PO3PaxXyHKIB YBEJICHO MOHSTTS Bij-
HOCHOTO TOKa3HHKA 3HOCY IpeOCHs KOJICHOI mapu W 3ampoIrOHOBAHO AHATITHYHUEA BHpA3 JUIS HOr0 BU3HAYCHHS.
PesyabraTu. [IpoBeneHi JOCHIIPKEHHS IOKa3ylOTh, 1110 OYKCYBaHHs KOJICHMX Hap JIOKOMOTHBIB MiJl 4ac peanizarii
TATOBOTO MOMEHTY € OIHUM i3 BUpIIANbGHUX (aKTOpiB, SIKMH BH3Hauae 3HOC IpeOeHiB. ICTOTHOro 3HMKEHHS pe-
3yJIBTYIOUOTO KOB3aHHS IpeOeHs i yac OyKCyBaHHS MOKHA JIOCATTH 32 paXyHOK 3MEHIIEHHS 4acy CIpalnboByBaH-
HSl TIPUCTPOIB MPOTHOYKCYBAJIBHOTO 3aXMUCTy. TaKoX CIIif BiIZHAYWTH, IO PE3yJIbTyIOUe KOB3aHHS 3MEHIIYETHCS
OUTBIIIOI0 MiPOTO, HiXK 301IBIITYETHCS MIBUAKOIISA MPOTHOYKCYBANbHOTO 3axucTy. HaykoBa HOBH3HA. Y IbOMY JOC-
JDKSHHI BIIEpIIIe 3alPOTIOHOBAHO MOJIEINh MPOLECY 3HOITYBaHHS OaHIaXiB i rpeOeHIB KONICHUX Map MijJ 9ac OyK-
CyBaHHS JIOKOMOTHBA Y KpHBiH, e (akTop 3HOCY rpebeHs Kojeca MPEeACTaBIeHO y BUTISII cyMapHOi poOoTa CHil
TepTs 3a MK OykcyBaHHs. [IpakTHYHA 3HAYMMICTD. 3alPONIOHOBAHY aHAJITHYHY MOJEIb MOXXHA BUKOPHCTOBY-
BaTH MiJ] Yac MPOrHO3YBaHHS pecypcy OaHaXiB KOJICHHUX Map JIOKOMOTHBIB Ta B pa3i HOPMYBaHHsI Mac IOI3/1iB Ha
MUISTHKAX 3aJTI3HUI 31 CKIIAIHUM TUIAHOM 1 podiseM KoJtii.

Knrouosi cnosa: MoJenrOBaHHsI; 3ali3HUYHUI TPAHCIIOPT; JIOKOMOTHB; 3HOLIYBaHHsI; (aKkTop 3HOCY; OyKCyBaH-
Hsl; KOJIICHA napa; rpebiHb KoJlicHOT napu; 6aHaax KOJIiCHOT apH; pelku; KpuBa

JIaKiB JIOKOMOTHUBIB, TAKHUX SIK 3MalllyBaHHs Tpede-
Beryn HiB KoJylic Ta OOKOBMX TIpaHeil peroK, 3MIIIHEHHS
MOBEPXHi TpeOeHs 1 Kpyra KOYeHHs KOJIiC, BUKOPH-
CTaHHSl pallioHATBHUX MPOQUIIB KOJIC 1 PeHoK,
3aCTOCYBaHHS paIliOHaJbHUX TEXHOJOTIH BiTHOB-
nenHs npodiiro 6annaxa [2—4, 9, 10].

[IpoGiiema migBHINEHHS TOBrOBIYHOCTI OaHma-
1B JJOKOMOTHBIB € OJIHI€I0 3 HAMAKTYaJIbHIIIUX Ha
3aTi3HUYHOMY TpaHcropTi. ChOroaHi BiIOMMIA IIi-
T psii METOAIB MiBUIICHHS TOBrOBIYHOCTI OaH-
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HaiiGimpmmii ehekT MOXKHA OTPUMATH MUISIXOM
BUKOPUCTAHHS KOMIUIEKCY 3aXOJiB, fKi MOETHY-
I0Th Halle(PEeKTUBHIII METOIH MiABUILEHHS PeCcyp-
cy 6angaxiB. Takumu MeTomamMu € po3podKa i Bu-
KOPHCTaHHSl pAIliOHATBPHUX TEXHOJOTiIH 00TOUy-
BaHHs KOJICHHUX Tap, MiJBHILEHHS e¢()EeKTUBHOCTI
3MalllyBaHHS TPEOCHIB 1 PEHOK, TOJIMIIICHHS 3Yill-
HHUX SIKOCTEH TOKOMOTHBIB [2—6].

TpanuiiiiHo 3HWKEHHS 3YIlMHUX SIKOCTEH JIO-
KOMOTHBIB Ta OyKCyBaHHA KOJICHHX Map
MOB’SI3YIOTH 31 3pocTaHHsAM mpokaty [5, 6, 7-10].
Pe3ynpryroue KoB3aHHS MOBEPXHI KOYEHHS i 9ac
OyKcyBaHHsI 301JIbIIY€THCS MOPIBHSHO 3 HOpMallb-
HUMHU YMOBaMH B COTHI pa3iB. He meHm cyTteBUM
y pa3i OyKCyBaHHS € il CTYIiHb 30UIBIICHHS KOB-
3aHHS rpedeHs. OCKiIbKU B Tpolieci OYKCyBaHHS
MPaKTUYHO 3aBXKIM Oepe ydacThb MICOK, SKUH Ha
MOPSZIOK 30UIBIITye IHTEHCHBHICTH 3HOCY, TOTIp-
LICHHS] YMOB 3UCIUICHHS y KPUBHX MOKe OyTH OlI-
HUM 13 BU3HAYaJIbHUX (PAKTOPIB (POPMYBaHHS 3HO-
Cy TpebeHiB.

Meta

OCHOBHOIO METOIO IIbOTO JOCIIJKEHHS € aHa-
JIi3 TpoIiecy 3HONTYBaHHS OaHIaXiB KONICHOT mapu
JIOKOMOTHBA Ta PEHOK y KPUBHUX AUISHKAX 13 BUKO-
pHUcTaHHsSIM opMaizamii ToKa3HUKa 3HOCY rpede-
HiB 32 UK OyKCYBaHHS KOJICHOI MapH.

MeToanka

Oco0nMBICTh 3HOCY TPEOCHIB KOJIICHOI Mapu
mij 4yac OyKCYBaHHs IOJIATa€ MepeayciM y Hecra-
IIOHAPHOCTI CaMOro pexuMy OykcyBaHHS. Bech
nporiec OyKCYBaHHS B yMOBaX €KCILIyaTallii JIOKO-
MOTHBA MOKHA TOJUIMTH Ha JBa ertand. Ha mep-
HIOMY €eTarli 3a paXyHOK MO3UTUBHOTO Ha/IMIPHOTO
TATOBOTO MOMEHTY BiJIOYBA€ThCS HAPOCTAHHS
IIBUJIKOCTI KOB3aHHs KoyicHOI mapu. Ha apyromy
eTari BiI0YBa€ThCS 3HIKEHHS MIBUIKOCTI KOB3aH-
HS 332 PaXyHOK 3MEHIIICHHS TATOBOIO MOMEHTY a00
30iJBIIEHHST MOMEHTY 34YeIUIeHHS. Y peajbHHX
yMOBax Mpoliec OYKCYBaHHS MOXE NPOTIKaTH 3a
PI3HUX TIOEIHAHD BEJIMYMH MOMEHTIB TSTH Ta 34e-
rieHHs. Ha puc. 1 HaBeeHO XapaKTEPUCTHKH IIUX
MOMEHTIB JUIS BUTIAJIKY, KOJM OYKCYBaHHS BHKJIU-
KaHe TIOYaTKOBUM po30aJIaHCYBaHHSM TSTOBOTO
mMomeHTy M Ta MomeHty 3uenneHHs M i pos-
BUBAETHCS 32 YMOBH HE3MIHHOTO CTaHy XapakTe-

PUCTHKH 34ericHHs. TyT HEOOXiIHO BiJ3HAYHUTH,
110 3a3BMYail V pEAILHUX YMOBAX 3HHKEHHS MO-

MEHTY 34eIUIeHHs! OyBa€ KOPOTKOYACHHUM 1 MPOBO-
Ky€e OykcyBaHHS (PO3BaHTa)XCHHsI KOJICHOI TMapH,
HAi3]] Ha MaclsHYy IUISIMY), a TOAAJBIINKA Horo po-
3BUTOK BH3HAYa€ BiIMIHHICTh Y )KOPCTKOCTI Xapa-
KTEPUCTHK TATH Ta 34eruieHHs. OmHak aHami3 mpo-
LIeCy TaKOro XapakTepy BUMarae HasBHOCTI BeJH-
KOi KiJIBKOCTI BHUXIJHHUX YMOB 1 € TIPEIMETOM OK-
PEMOTO TOCTiIKCHHS.

[Ipouecu OykcyBaHHs, SIKi PO3BHUBAIOTHCA 32
YMOBH HE3MIHHOTO CTaHy XapaKTePHCTHKU 34Yell-
JICHHS, TaKOXX TPAIUIAIOTHCS Iif] 9ac eKCILTyaTarlii,
BOHHM OUTBIII TIPOCTI [T aHATII3y.

Hlono xapakTepuCTHK, SIKi HaBeAeHI Ha puc. 1,
BiJJ3HAYMMO, IO 30HA MPYKHOTO KOB3aHHS Xapak-
TEPUCTHKH 3YETDICHHS He TI0Ka3aHa 3 METOIO CIpO-
LIEHHSI PUCYHKY. Take CIPOIIEHHS HE BIUIMBAE HA
pe3ysbTaT po3B’sA3Ky 3a4adi, siKa MoJsrac y BU3HA-
YeHHI MMOKa3HWKa 3HOCY rpeOeHiB Kodic mix yac Oy-
KcyBaHHA. bynemo BBaxkatu Touky B BepmmHOIO
XapaKTePUCTUKU 3YCTUICHHS, a BEPTHKAJIbHHUN Bij-
pizok OB — 30HOO MPY>KHOTO KOB3aHHS.

[MpunuHeHHs1 OyKCYBaHHSI MOYKIIMBE 32 PaXyHOK
30UTBIICHHST MOMEHTY 34eIUieHHS ab0 3HIKEHHS
TsiroBoro Mmomenty [1, 5, 6, 9, 10]. ITix vac excruty-
aTarii 3acTOCOBYIOTh OOHIBA CIIOCOOH, Y TOMY YHC-
JIi OJTHOYACHO.

Pe3yabTaTtu

s wHamioro Bumagky OyneMo po3risiiaTh
MPUITMHEHHS OYKCYBaHHS IIJIIXOM 3HMKCHHS TS-
rOBOr0 MOMEHTY 32 YMOBH HE3MiHHOTO CTaHy Xa-
PaKTEPUCTUKU 3YCIUICHHs. Takoro 3HMKCHHS MO-
MEHTY MOXKHA JIOCSTTH IUIIXOM MEPEXOly Ha HH-
KUy TIO3HUIIII0 KOHTpOJepa MAaIllHHICTa JIOKOMOTHU-
Ba, sKiil Oyne BianoBizaTH Xapakrepuctuka M,

(muB. puc. 1). Y Bunagxy nepexoay Ha XapakTepu-
CcTUKy M, 3a HIBHAKOCTI KOB3aHHS U, , SKa Me-

CKII ?

HIlA 33 U, ., HeOAJTAaHCHUH MOMEHT Ha KoJjieci 0y-

CKO ?
JIe HETraTUBHUM 1 OYKCYBaHHS MPUITMHUTHLCS B TOY-
ui C xapakrepuctuku M, . SIKIo >k IIBUIKICTH

KOB3aHHsI OyJie OUIbIIO0 3a U, ., OYKCyBaHHS HE

CKO
MPUITUHHUTECSL.

st onucaHHs MpoLecy pO3BUTKY OyKCyBaHHS
CKOpHUCTaEMOCs Au(epeHIiabHIM PiBHSIHHIM JUTS
00epTansHOro PyXy:

M, -M, =J—, (1)
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ae M, — TATOBHI MOMEHT Ha KOJIEC, SIKMI BIJIO-
BiJja€ TO3WIil KOHTpoJepa JOKOMOTHBa Ta 3aJie-
XKHUTh BiI CyMU HIBHJIKOCTEH MOCTYMAIBHOTO PyXY
v, 1 KOB3aHHA U, ; M  — MOMEHT 34Y€IUICHHS,
er J
MPUBEACHUIT MOMEHT iHEepLii KOJIiCHO-MOTOPHOTO
05oKa; W — KyTOBa MIBUIKICTH Kojeca; t — moro-
YHUH 4ac.

ca

SIKAH 3aJ1€KUTH Bl IIBUAKOCTI KOB3aHHSI U

. dw 1 do,
BukonaBmm 3aMiHy —— = — - —=
dt R, dt

ne R — paziyc xoseca, a v, — LIBHAKICTH KOB-

3aHHA B KOHTAaKTi Kojeca 3 pEeHKoI0, OTPHMAaEMO
¢dopmyny (1) y Oinpin 3py4HimoMy AJsl aHami3y
BUTJIISL:

(%

CKn

Puc. 1. XapakTeprCTHKH MOMEHTIB TATH Ta 3UETICHHS

Fig. 1. Characteristics of traction and grip torques

HaiinpocTimuii po3B’ 130K piBHSIHHASA (2) MOXHA
OTpHMAaTH B pa3i ITOJAHHA XapaKTEPUCTHK M,

M, i M, yBurIsaai NpaMux JiHil. Y 150My BU-

MaJIKy OTPHUMAEMO Taki PIBHAHHS 3aJIEKHOCTI MO-
MEHTIB BiJ MIBUAKOCTEN KOB3aHHS:

M,=A-Kpv,, 3)
M,=C-K,v,, (@)
Mcu = B_K3Ucr< ' (5)

ne K;, K,, K; — BianoBiaHi kKyToBi koe(ilieHTH
MPSIMHKX.

[MincTasusmm Bupazu (3) i (5) B (1), micns 3a-
minn J/R_=Jy Ta neperBOPeHb OTPHMAEMO!

do,,

(A-B)+(Ks—Ky) o, =Jg —= (6)

3arajgpHHN PO3B’A30K 1BOT0 IU(EPEeHIATbHO-
r'0 PiBHSHHS OTPUMAEMO Y BUTIISALI:

J do
Ml_Mcuza' dtCK (2)

M,

_____ I Mz

I M,
]

vclcl’) vcx>

Ky - K,

In(A—B+(K3—Kl)UCK)=J—t+C1, ()

R
ne C, —nocriiiHa iHTerpyBaHHs.

Jlist nouatkoBux ymos t=0, v, (0)=0 3Haii-
nemo C, =In(A-B).

Toni yactuHHUI po3B’s130K piBHsSHHSA (1) Oyne
TaKHM:

K3_K1t

ﬂe% -11. (8)

o (t) ) KS - Kl

3aNexHICTh U, (t) 3a B3ATUX JIOMYIICHb € eKC-

MOHEHIIAIbHOIO.

[Iponec npunuHeHHss OyKCYBaHHS MOKHA OIIHU-
caTd aHAJOTIYHUM IU(EpeHIiaTbHOMY PiBHSHHIO
(1) Bupazom:

dw

M, -M_ =J—. 9
2 Vit dt ()

Creative Commons Attribution 4.0 International
doi: https://doi.org/10.15802/stp2023/280012

© A. M. Adanacos, C. M. I'onik, C. 1O. Bypsik,
O. I'. KpaBuynoBchbkuii, €. ©. ®enopos, O. O. I'ononodosa, 2023

49


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.15802/stp2023/

PYXOMMI CKJIAJL I TATA TIOI3/11B

ISSN 2307-3489 (Print), ISSN 2307-6666 (Online)
Hayka Ta nporpec tparcmopty, 2023, Ne 1 (101)

[MincTaBuBmmu y HBOTO (4) Ta (5), OTpHMaEMO:

do,,

(C_B)+(K3_K2)UCK=JR (10)

3aranpHU po3B’A30K LBOTo AnepeHIiaTbHO-
T'O piBHSHHS:

K;—K
In(C-B+(K;— KZ)UCK)z%t+C2, (11)
R
ne C, —nocriiiHa IHTerpyBaHHsI.
Jnsa nowatkoBux ymoB t=0, v, (O) =Vpen

3HAUIEMO:

C,=In(C-B+(K,-K,)v,,), (12)

ae v, — WBHUIKICTb IEPeXo]y Ha MO3UIII0, fAKa
Bi/INIOBi/1a€ XapakTepucTui M, .
[Ticnsa migcranoBku C, B (11) Ta HU3KM nepe-

TBOPEHb OTPUMAEMO YACTUHHHUHA PO3B’SI30K PiB-
HsHHA (9):

vcx (t) — ﬂ + UCKH X
Ks =K,
Ks*Kzt 1
J
x| e °F . (13)
1+ Ks—K, Vpen
C-B
HeBaxxko nepexoHaTUCH, 110

ﬂ =V, (14)
Ks - Kz

1€ V., — HIBUAKICTh KOB3aHHS B TOYILi NEPETHHY
xapakrepuctuk M, i M (touka D ma puc. 1).
Toni micist neperBopeHsb Bupasy (13) orpuma-
€MO:
K3_K2t

Uex (t) =V — (UCKG ~ Ve )e e : (15)

I3 ¢dopmynu (15) BumHO, 1O 3a YMOBOIO
Upn > Uog TIPOLIEC  OYKCYBaHHS PO3BHUBAETHCA
(IIBUIKICTH KOB3aHHS HAPOCTAE).

YMoBa npunuHeHHs: OyKCyBaHHSI B pa3i mepe-
X0y Ha HIDKYY MTO3UIIII0:

UCKH < UCK6 : (16)

daktop 3HOCY OaHmaxiB KousicHoi mapu [2]
MO’KHA BH3HAYHUTH SIK CyMapHy POOOTY CHII TepTs
3a 1uka OykcyBanHs. Ilix mukiom OyKCyBaHHS
PO3YMITHMEMO TIPOIEC PO3BUTKY Ta MPUIHHEHHS
OykcyBanHs 1o koHTypy AEFCA (muB. puc. 1).
®daxTop 3HOCY OaHAAXKIB TOJAMO y BHTJISIL

by

o-

M, b M
—Loydt+ [ —Ro,dt,  (17)
o R o Re

Ie v V.., — IIBUAKOCTI KOB3aHHS IIiJl 9ac po3-

ckl? cK2

BUTKY Ta IPUITMHEHHs OyKCyBaHHS BiJIOBIIHO; 1,
t, — TPHBAJIOCTI NPOLECIB PO3BUTKY Ta MIPUIHHEH-
Hs1 OyKCYBaHHS BiJIIOBIAHO.

®ynkuii v, 1 v, BU3HAUYEHO BHLIE i omuca-
HO popmymnamu (8) i (13) BiamoBigHO.

BimzHauumo, 110 NIBUAKOCTI KOB3aHHS MOBEP-
XHI KOYCHHsI Ta IpeOCHs HE OJHAKOBi, OJIHAK IIiJI
yac OyKCYBaHHS KOJIICHOI Iapy sl Pi3HUIA y Bill-
COTKOBOMY BiJTHOIIIEHHI HE3HAYHA 1 HEIO, y HAaIIO-
My BUTIAJIKy, MOKHA 3HeXTyBaTH. CaMi 3aJ1eKHOCTI
(8) 1 (13) oTpumano 3 AOMYIIEHHS, III0 XapaKTepH-
CTMKH TSTHU 1 34€IUICHHS JiHiKHI. 3a HeoOXigHOCTI
IO 3a7a4y MOJYKHA PO3B’S3aTU IS OY/b-SIKHX 1H-
[IMX XapaKTEePUCTUK YHCIOBUMHU METOJIAMH.

Yac t; 3anexuTh BiA YyTJIMBOCTI JaTYMKa OyK-
CYBaHHs, peakilii MaliHicTa ado MBUIAKOIIT CHC-
TEMH aBTOMAaTUYHOIO peryioBaHHs. Yac t, Moxk-
Ha 3HAWTH 3 yMOBH, IO MIBHAKICTH KOB3aHHS
v, =0, 3a popmynoro (15):

Jr %

t, = In e
K;—-K, \v

(18)
-0

ckO CKIT

[IIBuAKICT KOB3aHHS MiJ 4Yac MEpexony v,
MO>KHa 3HaiTH 3a Gpopmyioro (8) 3 ymoBu t=t,.

dakTop 3HOCY IpeOCHs HAMPSIMHOTO KoJieca
i yac OyKCyBaHHS KOJIICHOI apy y KPUBIH € of-
HIEIO 3 JIBOX CKJIAJIOBHMX 3arajbHOro (akropa 3HO-
cy Gannmaxis O :

O=D _+D,_, (19)

ne ®, — QakTop 3HOCY MOBEPXHI KOUECHHS BHYT-
pIIHBOTrO Ta 30BHINIHBOrO Koimic; @ — daxrop
3HOCY TPeOeHs 30BHIIIHLOTO (HAMPSMHOI0) KOJe-
ca.

Cknanosi y Bupasi (19) € BenmmuuHaMu, Iporio-
PUiHHUMY BIAMOBIAHMM MOMEHTaM 3YeIUICHHS,
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SKi, y CBOIO Yepry, IPOMOPIiiiHI HOPMAaJTbHUM
yMOBaM y KOHTaKTaXx.

YacTrHa MOMEHTY 3YeTUICHHS, 00yMOBJICHA TE-
PTSIM IOBEPXOHb KOYCHHS KOJICHOT MapH:

MCHK :fl‘(PRK’

ne f_ — xoedillieHT TepTs Ha MOBEPXHI KOUEHHS;

(20)

P — naBanTakeHHS BiJl KOJIICHOI Iapy Ha PelKy.

YacTiHa MOMEHTY 34YEIUICHHS, sIKa 00yMOBJICHA
TEPTsIM TPeOCHs 30BHINTHBOTO KOJeca MO OOKOBii
YaCTUHI PeUKU:

M, =f.N(R +h),

ne f. — xoediuieHt TepTs rpedens mo peini; N —

(21)

CHJIa HOPMAJIbHOTO THUCKY TpeOeHs Ha peiKy, mpo-
MopIiifHa HampsMHOMY 3ycwunio; h — rnuOuHa
TOYKU KOHTAaKTy rpedeHs 3 peiikoro, h<< R, .

HeoOxiauo BiA3HauuTH, 010 Beauuuau M o T
M

e 3ATIEXKHI OZHA BiX OOHOI. Y pasi CyTTEBOro

3a0iranHs rpedeHs 30BHIMIHBOTO KoJieca Yy KPUBIH
32 paXyHOK BEPTHUKAIBHOI CKJIAJ0BOI CHIIM TEPTS
BiI0YBa€ThCS HE3HAYHE PO3BAHTAKCHHS KOHTAKTY
moBepxHi KoueHus [1, 2].

3 ymMoBH, MO (paKTOPH 3HOCY MPOTIOPIIiHHI MO-
MeHTaM 3uericHHs, a h=0, oTpumMaeMo YacTUHY
(hakTopa 3HOCY, sIKa MpHIagac Ha TpediHb 30BHIMI-
HBOTO KOJIeca:

D — f.N

— . 22
' fP+fN (22)

V Bunazky, skio koediuientn Teprsa f, ta f|
piBHI, popmyna (22) HabyBae BUTIISAY:
N
P+N’

O =0 (23)

Ha puc. 2 HaBemeHo KpuBi, SIKi SKICHO BiZO-
OpaxaroTh XapakTep 3MIHU IMIBUAKOCTI KOB3aHHS
KoJIeca Mij] 9ac MHUKITy OyKCyBaHHSI.

,2

I,

[

Py 3
=

A

.
Lt |

Puc. 2. XapakTep 3MiHM LIBUIKOCTI KOB3aHHS

Fig. 2. The nature of the sliding speed change

Kpupa 1 xapakrepusye 3MiHy MIBHIKOCTI KOB-
3aHHS MiJ Yac pO3BHUTKY, a KpUBa 2 — MiJ] 4ac Ipu-
NMUHEeHHs! OykcyBaHHs. BinnosigHo mo dopmyn (8)
i (15) oOuaBi KpHUBiI — €EKCIIOHEHTH.

[Inoma ¢irypu, obmexenoi miniamu 1, 2 Ta
BiCCIO Yacy (IUB. puC. 2), SBJISIE COOOI0 PE3yJIbTY-
104e KOB3aHHsI TMOBEPXHI KOYEHHS abo TpeOeHs
(BoHM mix yac OykcyBaHHS MPHOJIM3HO PiBHI), sSKE
MOJKHA B3STH SIK CIIPOLICHUN KpUTEpiil OliHIOBaH-
Hs 3HOCy. Toxi cmpornenuii ¢akTop 3HOCY Oyne
MaTH PO3MIPHICTb JOBXHHHU W BUTIISL

Y

S50 = Ivm dt + TUCKZ dt.
0 0

(24)

Ha npakTtuini Hai3pydHille BUKOPUCTOBYBATH
BITHOCHMI TOKa3HUK 3HOCY, SIKMH sBIsiE CO0OIO
BiJTHOIICHHS PE3YJILTYIOUOrO KOB3aHHS TpeOeHs
mig 4ac OyKCyBaHHSI KOJIICHOI MapH 10 pe3yJbTy-
10490r0 KOB3aHHs rpeOeHs y KpuBiil S 3a HOpMa-
JBHUX YMOB pealtizallii CHiH Tru 6e3 OyKCyBaHHS.
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OcTanHiii TOKa3HUK MOYKHA 3HANTH 3 BUPaA3y:

S, =€.,S (25)

THYK !

ne €, — BIIHOCHE KOB3aHHS IpeOeHs, sKe 3ale-

XKHUTh BIJ] TSATOBOTO 3YCHWUIS, I''TMOMH KOHTakKTy-
BaHHs Ta KyTa HaOIraHHA; S, — JIOB)KHUHA KPHBOI.

J1g 3aranpHOTO BUMAIKY BIIHOCHHUN TTOKa3HHUK
3HOCY TpeOeHs mig Jac OyKCyBaHHS MOXKHA BUpa-
3UTH TaK:

(26)

V' pasi 3actocyBaHHs micKy 3HaueHHi @ 3a

¢dhopmyioro (26) MOTPIOHO MOMHOXHUTH Ha Koedi-
LI€HT, SKUH BPaxoBYy€e 301IbLICHHS iIHTEHCUBHOCTI
3HOCY TpeOeHs yepe3 poOOTy KOHTAKTY 3 MICKOM.

[lomepenni po3paxyHku 3a hopmynoro (26) mo-
Ka3yloTbh, 0 OYKCYBaHHSI y KpWBIH AUISHIN KOl
13 cepeTHBOIO MBUAKICTIO KOB3aHH: 10 M/c mpoTs-
TOM 5 CeKyHIl CHPUYHHSE IO I’ ATUKpPATHE 301Th-
HICHHS] pe3yJbTYIOUOr0 KOB3aHHs IpeOeHs Mmopis-
HSTHO 3 PYXOM Ha IiJIsHI JoBxkHHOI0 500 M 3 HOp-
MaJbHAM BiJHOCHUM KOB3aHHSM, IO CTaHOBHUTH
0,02. Y pasi 3acrocyBaHHS IMICKY IIeH MOKa3HHK
3pocTae Ha MOpsIoK. TakuM YUHOM, MOXHA 3pO-
OWTH BUCHOBOK, IO OYKCYBaHHS KOJICHHX IIap
JIOKOMOTHBIB € OJHUM 13 BHUpIIIaTbHUX (DaKTOPIB,
SIKUI BU3HAYA€ 3HOC IPEOCHIB.

AHani3 xapakTepy KpUBHX Ha PHC. 2 TIOKa3ye,
IO iICTOTHOTO 3HIKEHHS PEe3yJbTYIOYOTr0 KOB3aH-
Hs rpeOeHs i yac OyKCyBaHHsI MOYKHA JIOCSTTH 32
paxyHOK 3MEHIICHHS Yacy CIpalboBYBaHHS IPO-
THOYKCYBaJIbHOTO 3axucTy 1. Bimsnaummo, mo

pe3yJIbTYIOUe KOB3aHHS 3MEHINYETHCS OLIBIIO
MipOI0, HiX 301IBITYETHCS IIBUAKO/IIS 3aXHCTY.

HaykoBa HOBHU3HA Ta IPAKTUYHA
3HAYUMICTh

VYnepuie 3ampornoHOBAaHO MOJENb MPOLECY
3HONIYBaHHS 0aH/Ia)KIB KONICHUX Tap MiJ yac OyK-
CyBaHHS JIOKOMOTHBA y KpHWBIiH, y SKiil QaxTop
3HOCY rpe0eHs KoJieca MoIaHO Y BUTIISAL CyMapHOT
poOoTa cuit TepTs 3a UK OyKCYBaHHS.

3anporoHoBaHy MOZETbh MOYKHAa BUKOPHCTOBY-
BaTH MiJ 4Yac MPOTHO3YBaHHS pecypcy OaHmaxiB
KOJIICHUX Tap JIOKOMOTHBIB Ta B pa3i HOpMYBaHHS
Mac MOi3MiB Ha JUISHKaX 31 CKIaJHUM IIJIJAHOM
1 ipodiieM Koii.

BucHoBku

1. CyTTeBe migBUINEHHS iHTEHCHBHOCTI 3HOCY
rpeOeHiB KOICHUX Tap JIOKOMOTHBIB Ha JINISTHKAX 31
CKJIQJIHUM IUTaHOM 1 TpodiieM KoJii 1MoB’si3aHe He
TUIBKM 31 3pOCTaHHSM KyTiB HaOiraHHs Kojeca Ha
peHKy Ta HaIlpsIMHUX 3YCHIIb, a i 31 CYTTEBUM TIOTi-
PIICHHSIM 34YiMHUX SKOCTECH JIOKOMOTHBIB, SKE
€ IPUYUHOIO YaCTOTO OYKCYBaHHS Y KPHBHUX.

2. IIpoBenenmii aHami3 TMOKa3aB, IO CYTTEBOTO
3HWKEHHS IHTEHCUBHOCTI 3HOCY TpeOeHIB KOMICHUX
nap JIOKOMOTHBIB Y KPUBHX MOKHA JOCATTH 3a pa-
XyHOK 3MEHIIICHHS Yacy CIpalbOBYBaHHS MPOTHOY-
KCYBAJIBHOTO 3aXHCTY.

3. 3HauHe 3HW)KEHHSI BUTpAT HA YTPUMAHHS Tsi-
TOBOT'0 PYXOMOI'O CKJIJy Ta COOIBapTOCTI 3asIi3HH-
YHUX MEePEeBE3eHb MOKHA OTPUMATH Y BHUIAJKY HO-
PMyBaHHS Mac TOI3/iB 3 ypaxyBaHHIM MPOTHOYK-
CYBaJIBHOI CTIHKOCTI JIOKOMOTHBIB.
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Modeling of the Wear Process of a Locomotive Wheelset and Rail During
Sliding in a Curve

Purpose. This article is aimed at analyzing the wear process of locomotive wheelset and rail bands in curved
sections of the rail track using the formalization of the ridge wear indicator for the wheelset slippage cycle.
Methodology. In the process of developing a model for the wear of a locomotive wheelset, the phenomenon of slip-
page during the realization of traction torque was considered and the sliding speed functions at the point of contact
between the wheel and the rail were determined. On the basis of the obtained functions, an analytical expression for
determining the wear factor of the rims and ridges is proposed. To simplify practical calculations, the concept of the
relative wear rate of the wheel ridge is introduced and an analytical expression for its determination is proposed.
Findings. Our studies show that the slippage of locomotive wheelsets during the realization of traction torque is one
of the decisive factors that determines the wear of the ridges. A significant reduction in the resulting ridge slip dur-
ing slippage can be achieved by reducing the response time of anti-skid devices. It should also be noted that the re-
sulting slip decreases to a greater extent than the speed of the snowplow protection increases. Originality. In this
study, for the first time, a model of the wear process of wheel set tires and rims during locomotive slippage is pro-
posed in a curve, where the wheel rim wear factor is represented as the total work of friction forces per slippage cy-
cle. Practical value. The proposed analytical model can be used to predict the service life of locomotive wheel sets
and to standardize train weights on railroad sections with a complex track plan and profile.

Keywords: modeling; railroad transport; locomotive; wear; wear factor; slippage; wheelset; wheelset ridge;
wheelset band; rails; curve
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OOrpyHTYBaHHSI KOHCTPYKUIMHUX 0CO0JIMBOCTEH CEHABIY-TIaHe el
JJISi BUTOTOBJICHHA CTIHOK KOHTeHHepa

Mera. OcHoBHa MeTa Iii€i poOOTH — OOTPYHTYBaHHS KOHCTPYKLIHHHX OCOOIMBOCTEH CEHABIY-TIaHENeH st
BHTOTOBJICHHS CTIHOK KOHTe#Hepa tunoposMipy 1CC. Mertoauka. [l 3abe3medeH s MiITHOCTI CTIHOK KOHTeHHepa
3alpPOIIOHOBAHO 3aCTOCYBATH K iX CKIamoBi ceHxBiu-maneni. [Ipn mpoMy mepen0adeHO BUTOTOBICHHS CEHIIBIU-
MaHeNdi 3 JIBOX METaleBUX JIUCTIB, MK SKUMH PO3MILIYIOTh Marepiall 3 €HepromnorinHaJbHUMH BJIACTUBOCTSIMU.
Take pimeHHs cHpusie NONIIMIIEHHIO MIIHOCTI KOHTEHHEpa 3a paXyHOK 3MEHIICHHS WOro HaBaHTa)xeHOCTi. Jlis
BU3HAYCHHS TOBIIMHHU JIUCTAa MAHEJl MPOBEICHO BIAMOBIMHI PO3paxXyHKH 3 BUKOPUCTaHHSAM MeTony byOHOBa—
lanpopkiHa. YpaxoBaHO, IO JIUCT SBJIsSE€ COOOK TOHKOCTIHHY IUTUTY, Ha SIKy Ji€ DPiBHOMIPHO pPO3IMOJiICHE
HaBaHTaXXCHHs. J[Is MOJIMIIEHHS >KOPCTKOCTI JIUCTAa 3alpOMOHOBAHO BHUTOTOBIIATH HOTr0 TOPpPOBaHUM. AHAII3
BUKOHAHHS rop MO3BOJMB 3pOOMTH BHMCHOBOK, IO HaWOUIBLI JOIIJIBHO 3acTOCyBaTH ropH, sKi MarwoTh
MpSIMOKYTHY KoOH(Qirypamito. PesyabraTrn. IIpoBemeHO po3paXxyHOK Ha MIIHICTH ceHABIU-maHemi. [IpocTtopoBy
MOJIeNb CEHJIBiY-TIaHeNll CTBOPEHO B mporpamMHoMy Komrmiekci SolidWorks, a po3paxyHOK Ha MIIHICT 3HIHCHEHO
B SolidWorks Simulation, sikuii peanizye MeToJl CKIHYEHHHUX €JeMEHTIB. J{Js mpoBeneHHs pO3paxyHKIB Y34TO IO
yBar" HaOUTBII HECTIPUSTIIMBUI PEXUM HaBAaHTAXKEHHs KOHTEHHepa Iijl 9ac 3aJli3HHYHHUX [IepeBe3eHb — MAaHEBPOBE
cniByapsHHs. Po3paxyHOK NMpOBENEHO Ha NPHKIAAi TOPLEBOI CTIHKM KOHTEHHEpAa, OCKUIBKM caMe BOHA 3a3HAE
HaWOIIBIINX HAaBaHTa)XKCHb y pa3i MaHEBPOBOTO CIIBYIapsiHHS BaroHa-matgopmu. IIpoBeneHi po3paxyHKH Ha
MIIHICTh TIOKa3aJik, 1[0 MAaKCUMaJbHI HalpYyXXEHHs B CEHJBIY-IIaHENi, BUTOTOBIEHIH i3 TO(pOBaHMX JIUCTIB,
cKiIaaaTh 0mu3bko 258 MIla, 1o Hmkve 3a gonycrumi Ha 16 %. MakcuMalbHI MepeMillieHHs y By3JlaX CeHJIBIY-
nmaHesi BUHHUKAIOTh Yy ii cepemHid yactuHi i mopiBHIOOTH 3,1 mm. HaykoBa HoBH3HA. HaykoBO OOIpYHTOBaHO
KOHCTpYKIiHE BUKOHAHHS CEHJBIY-NIaHeNeil, sKi YTBOPIOIOTh TOpPILEBI CTIHKM KOHTeiiHepa. BusHaueHo
parioHansHy KoH(irypamito rodp aucTiB ceHzipiu-maneni. IlpakTuyHa 3HaymMicTb. [IpoBeneHe MOCTIIHKEHHS
CHpUSATUME BHUPOOJICHHIO PEKOMEHJAliil MI0J0 MPOEKTYBaHHS CYYaCHHUX KOHCTPYKIIM TpaHCHOPTHHX 3aco0iB
MOJIyJTFHOTO THITY Ta ITiIBUIIECHHIO e()eKTUBHOCTI (PYHKIIOHYBaHHS TPAHCTIOPTHOI rairysi.

Kuouosi  cnosa: xonteiiep [SO; oOmmBKa KOHTEWHEpa; CEHIBIY-TIAHENb, MIIHICTh CEHABIU-TIAHENI;
KOHTEHHEpHI IepeBe3eHHs

Jus 3abe3nedeHHsT TOAANBIIOI eQEeKTUBHOCTI
eKCIuTyaTalii KOHTCHHEPHUX MepeBe3eHb BaXKIIU-
BUM € BIPOBAJDKCHHS HOBUX KOHCTPYKIIIMHUX pi-
LIeHb MiJ Yac MpoeKTyBaHHS KoHTeiHepiB. Lli pi-
IICHHS TOBUHHI OyTH CIpsSMOBaHi Ha MOJIIIICHHS
SIK TEXHIYHHUX, TaK 1 eKCIUIyaTal[iiHUX TOKa3HUKIB
KOHTEHHEpiB.

BaxumBo ckaszaty, 10 B yMOBaXx €KCIUTyaTarii
MOXYTh MaTH MicCIIe MOIIKOJKCHHSI KOHTEHHEPIB,

Beryn

3a0e3neueHHs] KOHKYPEHTOCIIPOMOKHOCTI 3ali-
3HUYHOI Taiy3i 3yMOBIIOE€ HEOOXiJHICTH yIpoBa-
JDKEHHSI B €KCIUTyaTallilo TPaHCTIOPTHHUX 3aco0iB i3
MOJIMNIIEHUMH EKCTUTyaTalliiHUMH XapaKTepUCTH-
KaMHu. YK€ TPUBAJIHMI Yac OJIHIEI0 3 MPIOPUTETHUX
CKJIaJIOBUX TPAHCIIOPTHOI Taiy3i € KOHTEHHEpHi
nepeBe3eHHs [1, 6].
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3YMOBJICHI HaBaHTa)KEHHSMH, SIKI BHHUKAIOTH MiJ
Yac MEepeBEe3CHHsS PI3HUMH BUIAMH TPAHCIIOPTY.
OpnauM i3 HaWOUTBII BarOMHUX Cepell HUX € TUHa-
MiYHI 3HAKO3MiHHI HaBaHTaXeHHS. Takux HaBaH-
Ta)XeHb 3a3HA€ HE TUTHKH KOHTEWHEp, a i BaHTaK,
po3MilIeHn# y HbOMY. YHACIHiJOK HasBHOCTI Bia-
CHOTO CTYNEHs BUIBHOCTI BaHTaXy B KOHTEHHepi
MOJKE MaTH MiCIle JOAaTKOBa HaBaHTaKEHICTh Ho-
ro KoHCTpykmii. HacmigkamMu 1pOTO € TOMIKO-
JoKeHHs1 KoHTelHepiB (puc. 1 [14]). Taka obcTaBu-
Ha TPU3BOIUTH O JOAATKOBHX BUTpAT HA YTpU-
MaHHS KOHTeWHepiB B exciuryararii. /{o Toro x e
MOXK€ BIDIMBATH 1 Ha Oe3MeKy Ta eKOJOTIYHICTh
nepeBe3eHb.

a—a

Puc. 1. [TomkomKeHHS KOHTEHHEPIB:
a — 3MUHAaHHS KOHCTPYKIIIi;
6 — nedopMartis KyToBoO1 CTIHKH

Fig. 1. Damage to containers:
a — crushing of the structure;
b — deformation of the corner post

VY 3B’53Ky 3 UM BaXKIUBUM € TONIYK MUIAXIiB
YAOCKOHAIIEHHS! KOHCTPYKIIA KOHTEWHEpIB i3 Me-
TOIO 3MEHIICHHS iX JMHAMIYHOTO HAaBAaHTAKECHHS
3a eKCIUTyaTalliiHUX PeXKUMiB.

HocnimkeHHs, TPUCBAYCHI BIOCKOHAICHHIO
KOHCTPYKI[if KOHTEHHEpPiB, € MOCHUTh aKTyaJbHH-
MU, IO MiATBEPPKYE BEIIMKA KUIBKICTh MyOJTiKa-
uiit. Hampuknan, y cratri [11] aBTopu 3anpomnony-
BaJIM KOHCTPYKIIIO KOHTEHHepa Uil TIepeBe3eHb Ta
30epiranHsi TIOJO0OBOYEBOI Mpoaykuii. HaBengeno
pe3yNbTaTH PO3paxyHKy KOHTECHHEpa Ha MIIHICTh
13 BUKOPUCTAHHSIM METOIY CKiHYEHHHX €JIEMEHTIB.
3a3HavueHO BUMOTH IO YMOB €KCIUTyaTamii I[bOro
KOHTEHHepa.

Y po6oTi [8] BUCBITIEHO KOHCTPYKIIiHHI 0C00-
JMBOCTI KOHTEHHepa Ul TUI0J00BOYEBOI IPOIYK-
ii. 3anponoHoBaHi KOHCTPYKIIHHI pillleHHS MiAT-
BEP/KEHO BIJTOBITHUMH PO3paxyHKaMd Ha Mill-
HICTh 32 OCHOBHHX €KCILTyaTal[ifHUX CXeM HaBaH-
Ta)K€Hb KOHTEHHEPA.

[IpoTe mix yac NMpoeKTyBaHHS WX KOHCTPYKITiH
KOHTEHHEpiB aBTOpM HE 3aMpONOHYBAM pillleHb
LI0A0 MOJIIMIIEHHS MIITHOCTI iX CTiHOK.

VY crarri [11] mpencraBieHO KOHTEHHep i3
NPYKHO-QPUKIIHHAMA CKJIaJJOBUMU B KOHCTPYK-
uii. Take BIOCKOHAJICHHS CIIPHSE 3MEHIICHHIO JTU-
HAMIYHUX HaBaHTAXEHb, IO JIIOTh HA KOHTEHHEp
Maibke Ha 20 % MOpiBHSHO 3 THM, SIKi JifOTH Ha
THUTIOBY KOHCTPYKIIIfO.

OcobnuBocTi NMpoekTyBaHHs KoHTeiHepa ISO
po3risinyTo B pobori [14]. [IpoananizoBaHO OCHO-
BHI CXEMU HaBaHTa)K€Hb KOHTEWHepa B EKCILIya-
tauii. Takoxx y poOOTi KOCTiIKEHO Omip KOHCTPY-
KIi1 30BHIMIHIM HABAHTAXKEHHIM.

PazoMm i3 1uM, HEOOXiHO CKa3aTH, IO 3ampo-
[IOHOBaHI B 3a3HAaY€HUX POOOTAX YAOCKOHAICHHS
HE CIPUSIOTh MOJIMIICHHIO MIIIHOCTI CTIHOK KOH-
TeliHepa B yMOBaxX TPAaHCIOPTYBaHHS, Y TOMY YHC-
711 3aJTiI3HULEIO.

JUis 3MeHIIeHHS JWHAMIYHUX HaBaHTAa)KEHb,
SIKMX 3a3Ha4aloTh Ha TPAHCIOPTi 3aco0H, 1 BOJHOYAC
TOJINIIEHHS TTOKa3HUKIB MIITHOCTI B X KOHCTPYKIIi-
SIX 3HAWNUIM BUKOPUCTAHHS CeHjBiY-TlaHem. Tak,
YIIPOBA/KEHHS CTUTPHUKOBHX IaHEJeH Yy KOHCTPYK-
LiF0 3aJI3HUYHOI0 TPAHCIIOPTHOTO 3ac00y OOrpyH-
ToBaHO B cTarTi [5]. Y poboTi HaBeneHO aaroputM
OIITHMI3allii HeCy4oi KOHCTPYKII TpaHCIIOPTHOTO
3aco0y. Pe3ysbpraTy po3paxyHKIiB IOKa3aJiy, 10 TaKe
BIPOBA/DKEHHS CHPHSE 3MEHIICHHIO Tapu Hecydol
KOHCTpYKUii Ha 16,36 % NOPIBHSHO 3 IPOTOTHUIIOM.
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Y pobori [13] aBTOpCHKMIA KOJCKTHB 3aKIICH-
TyBaB yBary Ha TOJIMNIIEHH] MOKAa3HUKIB HaTiHHO-
CTI HeCy4Hnx KOHCTPYKIII TPaHCIIOPTHUX 3ac00iB
LUISIXOM YNPOBAKEHHS KOMIIO3UTHUX TaHENeH.
JoBeaeHO, WIIO0 3aCTOCYBaHHS TaKHX IaHelel
CHpusie TOJINIIEHHIO BUTPHUBAJIOCTI Ky30BiB TpaH-
CHOPTHHX 3ac00iB.

BaxnnBo ckazaTH, o0 aBTOPH LUX pOOIT He
MPHUIISUIA YBaru THTAaHHIO BIIPOBA/DKEHHS CEH-
IBiY-TIaHesed y KOHCTPYKUIT 3HOMHHX TPaHCIIOPT-
HUX 3ac00iB, 30KpeMa KOHTEHHepiB.

Jlns1 3MeHIIIeHHS HaBaHTAKEHOCTI 3aTi3HUYHUX
TPaHCHOPTHUX 3aco0iB y pobotax [7, 9] aBTOpHM
PO3TISAHYIM AOLIBHICTh BUTOTOBIICHHS CKJIaJ0-
BUX IX HECYYMX KOHCTPYKIIH i3 TpyO Kpyrjioro
mepepizy, 3aloBHEHHWX IMiHOAMOMiHieM. Jlocmi-
JOKCHHS TTPOBE/ICHI HA MPHKIIAJl MiBBaroHa. Ycra-
HOBJICHO, 10 3 BUKOPHCTaHHIM ITHOATIOMIHIIO SIK
HaIOBHIOBaYa XpeOTOBOi Oallkih MaKCHMalbHI €K-
BiBaJICHTHI HANpPYKEHHS B HECYYill KOHCTPYKIII
3MEHIIYIOThCSl Maike Ha 8 % MOPIBHIHO 3 KOHCT-
pykiiero 0e3 HamoBHIOBada. HeoOximHO ckaszaTw,
0 Taka peaji3alis € JOCHTh CKIAJHOI Ha Tpak-
tuni. KpiMm Toro, aBTOpHM OOMEXKHIINCS BIPOBa-
JOKEHHSIM  3aIIPOTIOHOBAHOTO DILICHHS JIMIIE Ha
OJTHOMY THIi BaroHa. 3 ypaxyBaHHSM Ha IMPHCKO-
PEHHX TEMIIiB POCTY KOHTEHHEPHUX IEpeBe3eHb
BUHUKAE JIOIUIBHICTh PO3IJISAY MUTaHb yIOCKOHA-
JIEHHS KOHCTPYKIIA KOHTEHHEPIB.

[IpoBeneHmit orsiy JiTEpaTypHUX JKEpET J0-
3BOJISIE 3pOOUTH BHUCHOBOK, IO MHUTaHHS BJIOCKO-
HaJICHHA KOHCTPYKIIiii KOHTEHHEpIB € JIOCUTH aK-
TyanbHUM. Pa3oMm i3 TUM TOJIMIIEHHIO 1X MIITHOCTI
NUISIXOM YIPOBAKEHHsI CEH/IBIY-TIaHeTel oci He
OpUIisM HanexxHol yBaru. Tomy mocrae HeoO-
X1IHICTh TIPOBEJIEHHSI JOCHTIUKEHh B 3a3HAUYEHOMY
HaTpsMi.

Meta

OCHOBHOIO METOIO0 CTaTTi € OOTPYHTYBaHHSA
KOHCTPYKI[IHHMUX OCOOMMBOCTEH CEHJBIU-TIaHEeNen
JUIsL BUTOTOBJICHHS CTiHOK KOHTEWHepa THUIIOPO3-
Mmipy 1CC. Jlst focSTHEHHS 3a3Ha4eHOi METH TocC-
TaBIICHO TaKi 3aBJaHHS:

— BH3HAYHUTHU TOBIIUHY JIUCTA CEHBIY-TIAHEI,
IO YTBOPIOE TOPIIEBI CTIHOK KOHTEHHEPa 32 YMOBH
3a0e3MeYeHHs MIIHOCTI B €KCILTyaTallii;

— BU3HAYUTH palliOHATBHY KOHpiryparito rodp
JIUCTIB Ta MPOBECTH PO3PAXYHOK HA MIIHICTH CEH-
JBiY-TIaHeNi, yTBOPEHOI ropOBaHUMU JIUCTAMH.

MeToauka

Y Hamr 9ac CTiHKM KOHTEHHEPiB BUTOTOBIISIOTH
i3 MeraneBuX TodpoBaHMX JHCTIB. ToBmMHA
JUCTIB y KOoHTeHHepi Tunopo3mipy 1CC nopiBHIOE
1,6 MM. B yMoBax ekcruryaTamiifHIX HaBaHTaKEHBb
MalOTh MICIIE ITOIIKOMKEHHS JINCTIB OOLIMBKH, 110
3YMOBJIIOE HEOOXI1/THICTh 3MIACHEHHS
M03aIUIaHOBUX PEMOHTIB KOHTCHHEPIB.

st 3a0e3rmeueHHs] MIITHOCTI CTIHOK KOHTEHHE-
pa TIPONOHYEMO BIPOBAKEHHS 5K iX CKJIQIOBUX
cernBiu-naneneid. [Ipu upomy nepeadbaueHo BUTO-
TOBJICHHSI CEHBIY-TIAaHET 3 IBOX METAJEBHUX JIHIC-
TiB, MK SKAMH PO3MIIIYIOTh Marepiall 3 €Hepro-
MOTJIMHAILHUMH  BJIACTUBOCTSAMHU (puc. 2). Take
pilICHHS COpPUSATHME TOJIMIIEHHIO MIITHOCTI KOH-
TelHepa 3a PaXyHOK 3MEHILECHHS HOro HaBaHTaxe-
HOCTi.

Puc. 2. Cennsiy-mmanenn
Fig. 2. Sandwich panel

JIns BU3HAYEHHS TOBIIMHM JIMCTA TaHENl Ipo-
BEJICHO BIJATOBIHI PO3PaxXyHKH 3 BUKOPHUCTAHHSIM
Metony byOHoBa-T'anpopkina. YpaxoBaHo, 1110
JIUCT SIBJISIE COOO0 TOHKOCTIHHY TUINTY, Ha SKY JIi€
pPiBHOMIpHO po3mojilieHe HaBaHTaxkeHHs P. Bimo-
MO, 1[0 MaKCUMaJIbHI HaNpyXEeHHS [P IbOMY BH-
3Ha4aroTh 3a Gopmyitoro [3]:

96 (b*+p-a’)-a’-b’
T (atept) s @

c=P

Je a — UIMpPWHA TUTMTH; D — BHCOTAa TUINTH;
0 — TOBILMHA TUTUTH; W — Koedirient ITyaccona.
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3BiI[CI/I MO’XHAa BUBHAYUTHU TOBIIUHY JIUCTA:

2 2 2 2
5= P-96-(b"+p-a“)-a“-b . @)

0-n4-(a2+b2)2

[licns BuOOpY TOBIIMHM JHCTa HEOOXiJHO
MPOBECTH BiAIOBIIHI pO3paxyHKU Ha Mil[HICTb.

Pe3yabTarn

Bynemo BBakaTH, 110 JHUCT BUTOTOBJICHUH 3i
crami 09I2C [2, 4], #Aka € THIIOBOIO MJIA
METAIOKOHCTPYKIIH  KoHTeitHepiB.  OCHOBHY
TEeXHIYHY XapaKTEPUCTUKY CTalli HaBeIEeHO B TaOI.
1.

JInst IpoBeIeHHST PO3PaxyHKIB Y3TO 10 YBaru
HaHOIUTBII HECTIPUATINBUN PEXXUM HaBaHTAKEHHS
KOHTCHHEpa B pa3i 3ali3HUYHUX TEPEBE3CHb —
MaHEBpOBE CHIByIapsHHSI. Y 3B’S3Ky 3 LUM

ypaxoBaHO, 110  JONYCTHMI  HAampy>KEHHs
cknamatote  310,5Mlla. Jlmer w™ae mupuHY
2,438 M Ta Bucoty 2,591 m [3, 12].

Tabnums 1

OCHOBHI TeXHIYHi XapaKTepUCTUKH
craji mapku 09I'2C

Table 1
Main technical characteristics
of steel grade 09G2S
Hasga mapamerpy 3Ha4YeHHS
Monyns npyxsocTi, MIIa 2,1-105
Koedimient ITyaccona 0,28
IineHICTE, T/M3 7,8
Mopayns 3cyBy, MIla 7,9 - 104
Mesxa minnHocTi, MIla 490
Mesxa mauHHOCTI, MITa 345

Po3paxyHok peani3oBaHO Ha MpHKIaAi TOpLe-
BOT CTIHKM KOHTEHHepa, OCKUIbKM caMme BOHa 3a-
3HA€ HAMOINBIINX HABAHTAXXEHD ITiJ] YaC MaHEBPO-
BOTO CITiBYJIapsIHHS BaroHa-miatrGopmu. Y pe3ylib-
TaTi MPOBEJCHUX PO3PAXYHKIB YCTaHOBIEHO, IIO
JUCT IOBUHEH MaTH TOBIIMHY Oynn3bko 3 Mm. To-
BUIMHA IIapy, SIKUH yTBOPIOE E€HEProNOrIMHAIIb-
HUI Marepianty Moxe OyTH B3siTa 33 MM 32 yMOBH
JNOTPUMaHHS rabapuTy CTIHKM BIAMOBITHO 10 TH-
noBoi KoHCTpyKii (puc. 3 [13]).

—

" or 1

459 / \

/ N

Puc. 3. Ilepepi3 TrmoBoi 0OmMKBKH KOHTEHHEpa
Fig. 3. Cross-section of a typical container lining

Jiist 301bIIEHHS] MOMEHTY OIOpY JINCTa MOKHA
BUTOTOBUTH Horo 3 rodppamu. Jlns BuU3HAUEHHS
HaWOIIBII ~ PaIliOHATLHOTO  BUKOHAHHSA  TOdp
no0yI0BaHO MPOCTOPOBI MOJIENi JTUCTIB (puc. 4).

3a J0MOMOroI0 OMIil MPOTrPaMHOT0 KOMIUIEKCY
SolidWorks Simulation BH3HaYeHO MOMEHTH
iHep1ii mepepiziB, HAaBECHUX HA PHC. 3, a TAKOXK iX
MOMEHTH o1opy (Tadi. 2).

a—a

Puc. 4. BapianTu BUKOHaHHS rop JHUCTIB OOIINBKY!
a—a=30°%6-a=45°%6—a=60°2—a=90°

Fig. 4. Variants of corrugations of the cladding sheets:
a-a=30%b-a=45°%c—-0a=60%d-oa=90°

AHai3yrouu JaHi, HaBeJCHI B Ta0J. 2, MOXKEMO
3pOOMTH BHUCHOBOK, III0 HAWOUIBII JOITBHUM
€ 3aCTOCYBaHHA TO]p, SKi MarTh NPIMOKYTHY
KOH}iryparito.

Bukopucranus rodpp  J1a€e  MOXKJIHUBICTh
3MEHIIUTH TOBIIUHY JIUCTA. BU3HAYNTH TOBIIVHY
ropoBaHOTO JKICTa MOXKHA 32 YMOBH JOTPUMAaHHS
HOTO0 MOMEHTY iHEpIlii He HIKYe 3a TOW, 0 Mae
MicCIIe 71l MPSMOKYTHOTO JICTA.
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Tabnuus 2

MomenTH iHepuii Ta onopy nepepisis
ro¢poBaHuXx JUCTIB

Table 2

Moments of inertia and resistance
of corrugated sheet sections

Kyt maxmry ropp | MowmenT inepuii, | MomeHT omopy,
oM’ oM’
30° 3,79 3,64
45° 12,52 6,95
60° 4,66 4,48
90° 19,53 10,85

BapianT BUKOHAaHHS CEHJBIY-TIAHEJ 3 JIUCTIB,
gKi MalTh rodpoBaHy KOH(Irypamito, HaBeICHO
Ha puc. 5.

Puc. 5. BapiaHT BUKOHAHHSI CEH/IBIY-TIaHEi
Fig. 5. Sandwich panel version

Jl1s BU3HAYCHHS MIITHOCTI CEHABIY-TTAHEI, SKa
YTBOPIOE TOPILIEBY CTIHKY KOHTEIHEpa, CTBOPEHO il
MPOCTOPOBY MOIENb (pHc. 6).

Puc. 6. IIpocTopoBa MOIenb CeHABIY-TTaHENI

Fig. 6. Spatial model of a sandwich panel

Sk eHepromoriavHaNbHUM — Marepian MK
JUCTaMH TIaHeJl 3aCTOCOBAHO MIHOAMIOMIHIN OWH
13 HaWOLIBII IOMIMPEHUX EHEPrONOTITHHAIBHUX
MaTepiaiB 'y Cyd4acHOMY MamIMHOOYIyBaHHI.
Po3paxyHok Ha MIIHICTh peai30BaHO METOIOM
CKIHYCHHUX €JIEMEHTIB Y MPOrPpaMHOMY KOMILIEKCI
SolidWorks Simulation. ITix gac ckmamganHs po3-

PaxyHKOBOi CXEMH BpaxOBaHO, IO MaHelb
HaBaHTa)XKCHA PIBHOMIPHO PO3MOIIIIEHOI CHIIO0
P, (puc. 7), sixa gopisatoe 0,4- P - g.

Puc. 7. Po3paxyHkoBa cxema CeHABIY-TIaHENi
Fig. 7. Design scheme of a sandwich panel

CKiHYCHHO-EIIEMEHTHA MOJETh YTBOPEHA TET-
paezipamu 3 yotupMa Toukamu SkobGiana (puc. 8).
KinpkicTh CKiHUYCHHHX €JIEMEHTIB MOJENl BH3Ha-
4yeHo rpadoaHaTiTHUHUM crocoboM. KinmbkicTh
By3JiB Mozeni ckiana 16 930, enementis — 72 027.
MakcuManbHUR ~ PO3MIp  €IEMEHTY JOPIBHIOE
60 MMm.

Puc. 8. CkiHueHHO-€JIEMEHTHA MOJIEEL CEHBIU-TTaHET]

Fig. 8. Finite element model of a sandwich panel

3akpimieHHs. MOJIENI 31MCHEHO 3a MEePUMET-
poM. PesynbTaTtu po3paxyHKiB HaBeAE€HO Ha puc. 9
i10.

MakcuManbHi  HampyXeHHs  3agikCOBaHO
B LIEHTPAJIbHII BEpXHil Ta HIKHIM 30HaX MaHei.
[Ipu upoMy umcesnbHI 3HaYEHHS HAIPY>KEHb CKJIa-
s 65m3bko 258 MITa, 1110 HuKYe 3a JOMyCTUMI Ha
16 %. MakcumanbHi IepeMillleHHS BUHHUKAIOTh
y CepelHil YacTUHI MaHemi i JOPiBHIOTH 3,1 MM.
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von Mises (MPa)
265.0
2429
- 220.8
- 198.8
- 176.7
- 154.6
132.5
1104
- 88.3
- 66.3
442
22.1
0.0

Puc. 9. Hanpy>xeHuii cTaH ceHABIY-TIaHEN]

Fig. 9. Stressed state of a sandwich panel

i

URES (mm)
3.189
l 2.923
- 2.657
- 2.392
- 2.126
- 1.860
H 1.594
| 1.329

- 1.063
- 0.797

0.532
0.266
0.0

L

Puc. 10. [IepemimeHHs y By3iax ceHABIU-TIaHET1

Fig. 10. Moving in the sandwich panel nodes

HaykoBa HOBU3HA Ta IPAKTHYHA
3HAYHMICTh

OOTrpyHTOBaHO KOHCTPYKIIIifHE BUKOHAHHS Ce-
HJBIY-TIaHEJIeH JUIS BUTOTOBJICHHS TOPLIEBUX CTi-
HOK KOHTEWHepa.

BusnaueHo pamioHanbHy KOHGIrypairiro rodp
nucTiB ceHnaBid-maneni. Ilpm mpomy mo yBarm
B35TO TOPpH 3 Pi3HUMH KyTaMU HAaXWIy. Y CTAaHOB-
JICHO, 1110 HAWOUIBIN JOUITLHUM € 3aCTOCYBaHHS
rodp, SKi MaTh MPIMOKYTHY KOH(Irypartito.
3 ypaxyBaHHSM IIbOTO 3aIllPOIIOHOBAHO BapiaHT
BUKOHAHHS CCHJIBIY-TIAHEITI.

[IpoBenene nocmimKEHHsS CHOPUATHME BUPOO-
JICHHIO PEKOMEH/IAIli} 11010 TIPOEKTYBaHHS cyJac-
HUX KOHCTPYKUill TPaHCHOPTHUX 3aC00iB MOAYJIb-
HOTO THUILY Ta MiJIBUIIECHHIO ¢(EeKTUBHOCTI (YHKIIi-
OHYBaHHS TPAHCIOPTHOT rays3i.

BucHoBku

1. Bu3HaueHO TOBIIMHY JUCTa CEHIBIY-TIAHEII
JUTSL BUTOTOBJICHHS TOPIICBOI CTIHKY KOHTEHHepa 3a
yMOBH 3a0e3MeYeHHs] MIIHOCTI B eKCIUTyaTarlii.
YcraHOBNIEHO, MO JIMCT TOBUHEH MaTH TOBLIMHY
6mu3pko 3 MM. ToBIIMHA Iapy €HEProNorINHAIb-
HOTO Martepiaiy, SKUM 3allOBHIOIOTH IPOCTIP MIiX
JIUCTaMH CEHJIBIY-TIaHeNi, MOXe OyTH B3sita 33 MM
32 YMOBHU JIOTPUMaHHsI rabapuTy CTIHOK y MeXax
THUTIOBOI KOHCTPYKIIii KOHTEHHEPIB.

2. Bu3HaueHo, M0 pamioHaTFHOK KOH(Irypa-
Hi€ro rodp JUCTIB, AKi YTBOPIOIOTH CEH/IBIY-NIaHENI
KOHTelHepa, € MpsiIMOKyTHa. [IpoBeeHi po3paxyH-
KM Ha MIIHICTh IMOKa3aiad, 110 MaKCUMaJIbHI Ha-
MPYKEHHsI B CEHJIBiY-NIaHeNl 3 roppoBaHUMH JIHC-
TaMU CKJIamaroTh Onmm3bpko 258 MIla, 1o Hrokdi 3a
noryctuMi Ha 16 %. MakcumanbsHi TiepeMilieHHs
y By3JIaX CEHJIBiU-TIaHeNi BUHUKAIOTH Y ii cepenHii
YacTHUHI 1 IOPIBHIOOTH 3,1 MM.

HactynmHum kpokoMm y paMKax IbOTrO JOCHi-
JDKEHHSI € CTBOPEHHSI IPOCTOPOBOI MOZENl KOH-
TeliHepa 31 CTIHKaMHM 13 CeHJBIY-TIaHeJIeH Ta Mpo-
BEJICHHS Bi/IMOBITHUX PO3paxyHKiB HA MillHICTb.
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Substantiation of the Design Features of Sandwich Panels for Container Wall
Lining

Purpose. The main purpose of this work is to substantiate the design features of sandwich panels for the
manufacture of container walls of size 1SS. Methodology. To ensure the strength of the container walls, it is

proposed to use sandwich panels as their components. This involves the manufacture of a sandwich panel from two
metal sheets, between which a material with energy-absorbing properties is placed. This solution helps to improve
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the strength of the container by reducing its load. To determine the thickness of the panel sheet, the corresponding
calculations were performed using the Bubnov-Galerkin method. It is taken into account that the sheet is a thin-
walled plate subjected to an evenly distributed load. To improve the stiffness of the sheet, it is proposed to make it
corrugated. The analysis of the corrugations has led to the conclusion that it is most appropriate to use corrugations
with a rectangular configuration. Findings. The strength of the sandwich panel was calculated. The spatial model of
the sandwich panel was created in the SolidWorks software package, and the strength calculation was performed in
SolidWorks Simulation, which implements the finite element method. The calculations took into account the most
unfavorable loading mode of the container during rail transportation - shunting impact. The calculation was
performed on the example of the container's end wall, since it is the wall that is subjected to the highest loads in the
event of a shunting collision with a platform car. The strength calculations showed that the maximum stresses in the
sandwich panel made of corrugated sheets are about 258 MPa, which is 16% lower than the permissible stresses.
The maximum displacements in the sandwich panel assemblies occur in its middle part and are equal to 3.1 mm.
Originality. The design of the sandwich panels that form the end walls of the container is scientifically
substantiated. The rational configuration of the corrugations of the sandwich panel sheets is determined.
Practical value. The study will contribute to the development of recommendations for the design of modern
modular-type vehicle structures and improve the efficiency of the transport industry.
Keywords: 1SO container; container lining; sandwich panel; sandwich panel strength; container transportation
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BUMOT'H 10 O®OPMJIEHHSI CTATEN

Jo myOmikanii B »)ypHaJl NpUHMaloThCs CTaTTI YKpaiHCbKOIO a0 aHTIJIIChKOI0 MOBaMH MpOOJIEMHOro, y3ara-
JILHIOIOYOTO, METOIMYHOTO XapaKTepy, OPUTiHAIbHI HayKOBI, IPAaKTUYHI JOCITIDKEHHS, SIKi paHille Hile He BUJaBa-
JIHCSL.

Marepianu HeoOXiMHO HamaBaTH B JPYKOBAaHOMY Ta eNCKTPOHHOMY BHIIIsiAI y mporpami Microsoft Word. s
Habopy gopmyn BukopuctoByeThest MathType.

HayxoBa ctarTs moBuHHA BinnmoBigatn Bumoram 11. 3 [ToctanoBu BAK Ykpainu Ne 7-05/1 Bix 15.01.2003 poky.

Martepianu pereH3yIOThCA WICHAMH PEAaKIiiHOT KOJIETii KypHaTy Ta CTOPOHHIMHU HE3JIC)KHUMHU EKCIIepTaMH,
BHXOJSYH 3 IPUHINITY 00’ €KTUBHOCTI Ta 3 MO3HIIN BUIIUX MDKHAPOJHHUX aKaJeMIYHUX CTAHJAPTIB SKOCTI, Ta peaa-
ryfoTecs. Pemakmis 3ammmae 3a co000 paBo HA CTHITICTHYHY MIPABKY PYKOIIUCY.

Bumoru moao o0csiry HaAayKoBHX cTaTeii, OBiTOMJIeHb, BIIT'yKiB Ta peneHnsiii:

—  ormsimoBi Ta mpoGaemHi cratti — 10 45 000 3HakiB 3 mpobizamu (7-10 c.);

—  3araibHi cTarTi 3a pyOpukamu Bumanus — 10 30 000 3uakie 3 npobitamu (57 c.);
—  HaykoBe noBigomiieHHs — 10 8 000 3HakiB 3 mpobimamu (10 2,5 ¢.);

—  Biaryk abo peuensist — 10 6 000 3uakiB 3 mpobizamu (10 2 ¢.).

Marepian HanaeTbes y popmaTi A4, BpaxoByrOUH TabJHIL, UTIOCTpallii, CIIMCOK BUKOpHCTaHUX pkepe. Ctarri,
Oib1Ii 32 00CATOM, MOXKYTh OyTH MPUHHATI 10 PO3TISAY Ha IMiJICTAB] PILICHHS PEIKOJIETi.

Jais1 3na4i cTaTTi 10 APYKY aBTOpaM HeoO0XiTHO HAAATH HACTYIHI JOKYMEHTH

1) caiin 31 cTarTero Ta APYKOBAaHUHA MPUMIPHUK PYKOIHCY 3 IMiIIHCAMH BCiX CITIBaBTOPIB HA OCTAHHBOMY apKy-
1 po6oTH;

2) opurinain JlineH31i{HOTO TOTOBOPY 3 IMiIMIICAMH BCiX CITIBaBTOPIB;

3) ¢aiin 3 BiIOMOCTSMH PO KOXHOTO 3 aBTOPIB — MPI3BHIIE, iM’sI, T0-0aThKOBI MOBHICTIO, OCA/1a, MicIie pobo-
TH, HAyKOBE 3BaHHSA, HAYKOBHH CTYIIiHb, KOHTaKTHa iH(popmamis (TenedoH, ampeca €ICKTPOHHOI MOINTH), KOX
ORCID. BinomMocTi 1po aBTOpiB HOAAIOTHCS ABOMa MOBaMHU — YKPaiHCHKOIO Ta aHTJIHCHKOIO.

¥YBara! 3rigHo 3 MikHapOJTHHMH CTAHAAPTAMH SIKOCTi HAYKOBUX MyOJIiKaniii HeoOXiTHNM €: HAsSBHICTH aB-
Topchkux posmmpenux (250-300 ciiB) i cTpykTypoBanux pestome (pedeparis — abstracts), y T.4. anrmificbkor Mo-
BOIO, PeleH3ii, NpUCcTaTeHUX CHHCKIB JIITEpaTypy B pOMaHChbKOMY ajdasiTi TowIo.

Buxknax ocHOBHOTo MaTepiajy cTaTTi HIOBHHEH MaTH TaKi eJleMeHTH:

—  BCTYIH: IIOCTaHOBKA ITPOOJIEMH, aHANII3 OCTaHHIX JOCIIKEHb;

—  Merty,

—  MeTOAMKY: BHKJIaJ OCHOBHOTO MaTrepially JOCIHiKCHHS 3 TOBHIUM OOIPYHTYBaHHSIM OTPUMAHUX HAYKOBUX
pe3ynbTatiB. JIoKIagHO ONMUCYIOTH 3aralbHy METOIUKY AOCIIKEHHS, 1100 HOTro pe3yabTaTH MOTJIH OyTH BiITBOpE-
Hi: OITUCYETHCA MOCTINOBHICTE BUKOHAHHS JOCIIIKEHH, 00T pYHTOBY€ETHCSI BUOIp BUKOPUCTOBYBAHHX 1 BUKJIATAETh-
s CyTh IIPOIIOHOBAHMX METOJIIB 1 MOJIeTIel, 3MICTOBHO BU3HAYAETHCS, 10 caMe JOCIIKYBaIOCs KOXKHUM METOJIOM;

—  Ppe3yJbTaTH: MICTATh EKCIIEPUMEHTANIbHI YM TEOPETHYHI J[aHi, OTpHUMaHi B poOoTi, AJIs JeMOHCTpalii Toro,
10 OTPUMaHO HOBE PIllIeHHS MPOOJIEeMH, 1 1110 poOOTa € 3HAYHUM KPOKOM BIIEpe/l y MOPIBHSHHI 3 MONEPEAHIMH J0C-
mipkeHHsMu. Jlani nogaroteest y dopmi tabnuip, rpadikis, giarpam, piBHsIHb, GoTorpadiil, pUCyHKIB, CTaTHCTHY-
HUMH OLIiHKaMu. Pe3ynbTaTi MoBHHHI OyTH BHKJIAJIEHI KOPOTKO 1 YiTKO, NPU IIbOMY MICTHTH JOCUTH iH(pOpMAaLil
JUIsl OL[IHKK 3pOOJIEHMX BUCHOBKIB, TAKOX Ma€ OyTH OUEBHIIHO, YOMY JJIsl aHAJIi3y 00paHi came 1 JIaHi;

—  HAyKOBY HOBH3HY Ta MPaKTH4YHY 3HauYMMicTh. HaykoBa HOBH3HA OTPHUMaHHX PE3yJIbTaTiB BUKIIAIAETHCS
apryMEeHTOBaHO, KOPOTKO i 4iTko. Jlo HayKoBOT HOBH3HHM HE MOXKHa BiIHOCHTH NMPUKIAIHI PE3yNbTaTH (crocobw,
MIPUCTPOI, METOJUKH, CXEMH, alropuTMH). [IpakTHiHe 3HAYEeHHS OTPUMAHUX PE3yJbTATIB CTAHOBIATH BiJIOMOCTI
PO BUKOPHUCTAHHS PE3YJIbTATIB TOCIIDKEHb 400 peKoMeH/allii 3 iX BUKOPHCTaHHS,

—  BHCHOBKH: HEOOXiTHO HABECTH AOCSATHYTI KUTBKICHI Ta SKiCHI OKa3HUKH IOCINIHKCHHS, BUKIACTA PEKO-
MeH/IaIi1 3 IX BUKOPUCTAHHS.

3 ycix nuTaHb 3BepTaiiTecs 10 peaakiii ;KypHaJ1y 3a aJpecoro:
Haykogsa 0i6ioreka (aya. 166),
YxpaiHChbKuil Iep)KaBHUI YHIBEPCUTET HAyKH 1 TEXHOJIOTIH,
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49010
e-mail: stp.journal@ust.edu.ua
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