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PABPABOTKA KPUTEPUEB DOPEKTUBHOCTHU 3APAIA U PA3PAA
TBEPAOTEJBHOI'O TEIIJIOBOT'O AKKYMYJIATOPA

Heas. B pabore HEOOX0OMMO pa3paboTaTh KPUTEPHUU ITOJOOUS ISl PA3TUIHBIX PEKUMOB paOOTHl TBEPAOTEIb-
HOTO TeruioBoro akkymyisitopa (TA), paboTaromiero 3a cueT HAKOIUICHUS TEIUIOBOH YHEPTUH B 00bEMe TEII0aKKYy-
MyJIUpYIOIIEro MaTepuana 0e3 (a3oBOro mepexona, a TakKe CO3[aTh KOMIUIEKCHBIH KpuTepuil sddexTnBHOCTH
TEIUIOBOTO aKKyMYJISITOpA JUIsl ONpeesieHHs] BecoradapuTHBIX IMoKa3aresieil 1 pe)XUMOB ero paboThl Ha dTare 1po-
exThpoBaHus. Meroauka. [lsi TOCTHXKESHUS Liesieil nccieloBaHus MCIIOJIb30BaHbl TEOPHs MOA00US U aHAIU3 pas-
MEpHOCTEH, a TaK)kKe METOJMKH IJIAaHUPOBAaHUs POBeieHNsT (hru3nueckoro skcrepumenTa. PesyabraTel. Ha ocHoBe
TEOpHH TOA00US M aHAJIM3a pa3MEPHOCTEH MOTy4eHbl KPUTEPHH 10001 paboThl TBEPAOTEIbHBIX TEIUIOBBIX aKKYy-
MYJISITOPOB IPH 33/IaHHBIX 0a3MCHBIX IapaMeTpax. OTo KpuTepuu 3GpQeKTHBHOCTH 3apsiia, pa3psaa U MOJIHBINA KpH-
Tepuil. Mcrionp30BaHbl TP TEOPEMbI TEOPUH MTOI00MS B IPHIIOKEHUH K PEHICHHUIO TeIUIOTEXHNYECKoH 3anaun. Kpu-
Tepuil 3¢ (HEKTUBHOCTH 3apsAaa TEMIOBOIO aKKyMYJIATOpa XapakrepusyeT 3()(EeKTHBHOCTh JOCTHXEHUS 33JaHHOTO
3HAUEHHMS YAENBHOTO KOJIMYECTBA TEIIa B MaTepualie TeIIOBOTO aKKyMyJISITOpa MpHU 3apsie, MPH IPHHATHIX MaTe-
pHuanax, TeOMETPHUYECKNX COOTHOIICHUAX W TEIUIOBOTO MOTOKAa IOABOAMMOro Teria. Kpurepuit addexruBHOCTH
paspsiza xapakrepusyeT 3((EKTHBHOCTh pa3psia TEIIOBOTO aKKyMYJISITOpa NpH MPUHITBIX MaTepHaiax, Macce
AKKyMYJIHPYIOIIEro Tejla ¥ O0IIero akKyMyJIMPOBAaHHOTO KOJIMYECTBA TEMJa MPHU YyCTaHOBJIECHHOM 3HAYECHUH TEILIO-
BOTO TIOTOKa U BpemeHH paspsiza. [lonueiii koadduipent apdexkruBnoctu padorsl TA xapakrepusyer 3hhexTrB-
HOCTH pabOTBI TEIUIOBOTO aKKyMYJIsiTopa 3a MoJHbli nukil. HayyHasi HOBU3HA. AHaIM3 MOKasal, 4TO BO3MOXKHA
peanuzaiys JII000H CUCTEMBI TBEPAOTENBEHOIO TEINIOBOTO aKKyMYJIATOpa Ha OCHOBE CTPYKTYpPHO# CXEMbI JAaHHOTO
Tuna ycrpoiicts. [lonyyeHsl kputepun noaooust 3pGpekTHBHOCTH 3apsija, YPPEKTUBHOCTH pa3psiia U HOJIHBIA KPH-
Tepuil 3 PEeKTUBHOCTH pabOTHI TBEPIOTEIHHOTO TEIJIOBOIO aKKYMYJISITOPA HA OCHOBE TBEPOT0 aKKyMYJIHPYIOIIEro
Mmarepuana 6e3 dazoBoro nepexona. IlpakTuyeckasi 3HaUMMocThb. Kpurepuu, npuBezieHHble B TaHHOHW pabore,
HOCSIT CPaBHUTENBHBIN XapakTep. B cOOTBETCTBUM C MOJIY4YEHHBIMU KPUTEPUSIMH MOXXKHO CPaBHHMBAThH OJNM3KHE 110
KOHCTPYKIUSIM TPOEKTUPYEMbIE M CYIIECTBYIOIINE TEIUIOBBIE AKKyMYJISATOPBL. TeXHHKO-3KOHOMHUUYECKHH aHAIN3 T10-
Ka3bIBAET, YTO MPEIJIOKEHHAsT METOJOJIOTHS OLEHKH 3(P(HEKTUBHOCTH PabOTHI TBEPAOTEIBHBIX TETIOBBIX AKKyMYyJIs-
TOPOB Ha Pa3HBIX pexXUMax paboThl ABisieTcs dQPEKTHBHON, TEXHUUECKH peaTu3yeMOi U IO3BOJISIET ONPEIEIUTh Be-
corabapHUTHBIE TIOKa3aTeIN U PEKUMBI paOOTHI TBEPAOTENBHOTO TEINIOBOTO aKKYMYJIITOpa Ha 3Tale MPOEKTUPOBAHM.

Kniouesvie criosa: TBepIOTENBHBINA TEIUIOBOW aKKYMYJISTOP; TBEPABIH aKKyMyJIHPYIOMHN MaTepualr; 3 eKTHB-
HOCTB 3aps/a; 3pPEeKTUBHOCTD paspsja; TeOpHs MMOA00MS; aHATTN3 Pa3MEPHOCTEH; KPUTEPHH MOA00HS

Beenenne HOMHS 3aTpaT Ha TEIUIOCHAOKEHHE IMPOMBIIIICH-
HBIX 3aHMH W BOK3aJIOB, 00OTpEB BaroHOB Iacca-

B nacrosmee BpEMs, OJHUM U3 NPUOPUTCTHBIX
JKUPCKHUX IMOC3A0B IIPU MCPCBO3KE IMACCAKUPOB, TC-

HaHpaBJ'IeHI/Iﬁ 3H6pFOC6ep€)K€HI/I${, SIBIISICTCA  OKO-
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TUIOBO30B, HAXOJSIINXCA B TOPSYEM pe3epBe JIET0
[6], 3a cueT 3amaceHHO# TEIUIOBOM SHEPTUCH B HOU-
HOE BpeMs U OTJaue ee B JHEBHbIE Yachl. B pe3yinb-
TaTe ATOTO SKOHOMHUSI IOCTUTAETCS 3a CUET PA3HUIIBI
Tapu(OoB HAa CTOWMOCTH 3JIEKTPHUYECKOH SHEPrUn
B JTHEBHOE W HOYHOE BpEMS, a TaKXKe BeJeT K 3Ha-
YUTEIFHOMY CHIKEHHWIO BbIOpocoB CO, B armo-
chepy, uTto sBiseTcs TpeboBanmeM EBpocoro3a
U CrocoOCTBYeT aKTHBHOW pa3paboOTKe M BHenpe-
HUIO TEIUIOBBIX akkymyssaropos [17]. Ilepexox Ha
«HOYHOW» Tapu() MO3BOJISET IUIATUTH 32 AJIEKTPH-
YEeCKYI0 PHEPTUI0 B CpPeHEM B TPHU pa3a JICIIEBIE,
B CPaBHEHHU C OOBIYHBIM PEeXHMOM paboThl. On-
HUM W3 HamOoJiee pacpOCTPaHEHHBIX THIIOB YCT-
POWCTB, KOTOpBIE IMO3BOJSIFOT ~AaKKyMYJIMPOBATh
Y OT/AaBaTh MOJIyYeHHOE Pa3HbIMHU CIOCOOAMHU TeTl-
JI0, ABJISIOTCS TeruoBble akkyMmynsaTopsl (TA). Ten-
JIOaKKyMYJIMPYIOIIHE YCTPOMCTBA MOTYT TaKXke
WCIIOJIb30BaThCS ISl TIPOTPEBa TEIUIOBO3HBIX AM3E-
ner [9], aBTOHOMHBIM METOJIOM, YTO IIO3BOJISICT
3HAYUTENEHO SKOHOMHUTH TOIUIMBO W YBEJIMYUBATH
MOTOpECYpC AW3ENS, KPOME TOTO TpeAsIaraeTcs uc-
TMIOJIB30BATh TEIUIOBBIE AKKyMYJISITOPBI AJIsI PETYII-
pOBaHUS THMKOBOW HArpy3KH IIPH HKCIOIB30BAaHHUU
KOTE€HEepaIlMOHHBIX ¥ BETPOBBIX JIIEKTPOCTAHIINN
[16]. HaubGombiiee pacmpocTpaHEHUE TEIDIOAKKY-
MYJIUpYIOIIME YCTPOICTBAa HAILIM B JHEPreTHKE,
MammHocTpoeHun. [lo TemmepatypHOMy MHTEpBaTY
TA MOXHO pa3genuTh Ha 4YeTblpe TPYMIbL: IS
npousBoacTBa xonoaa — T < 20 °C; Hu3koremmnepa-
TypHble — 20 °C < T < 200 °C; cpennereMmneparyp-
Heie — 200 °C < T < 500 °C; BBICOKOTEMIIEpATYP-
Heie — T > 500 °C. HauGonpiiee mpuMeHEeHHE Ha-
[IUTH HU3KOTEMITEpaTypHBIE M BBICOKOTEMIIEpaTyp-
Hele TA. Wcnons3oBanue TA, B MepBYI0 Ouepe/ib,
CBSI3aHO C CHCTEMaMH XH3HEOOECTIeUeHUsI YesloBe-
Ka, a TaKKe SKOJOTMYECKH YHCTBIMH CHOCOOaMH
MPOM3BOJICTBA JHEPTHHA C YYETOM ONTHUMU3AINU
MOTpeOIeHHsI SHEPTUH, a TAKXKe C ONTHUMHU3AIEeN X
BecorabapuTHBIX TOKa3aresiei. TermnoBble akKyMmy-
JISITOPBI C TBEPJIBIM TEIUIOAKKYMYIIUPYIOIIAM MaTe-
puaiom (TAM) B HacTosmee BpeMs 3aHUMAIOT
MIpeBaMpYIOIIee MMOJI0KEHNE, YTO CBSI3aHO, B Iep-
BYIO O4Yepelb, C HCIOJIh30BAHUEM OTHOCHUTEIHHO
JIEIIEBBIX MaTepUAIOB B COYETAaHHUH C MPOCTHIMU
Y TIPOBEPEHHBIMU KOHCTPYKTHBHBIMU U TEXHOJIOTU-
YeCKUMHU pemieHusMu. TA o0nagaeT MpakTHYeCKH
HEOTpaHWYEHHBIM pecypcoM pabotel. Cremyer oT-
METHTB, YTO BaXHEHIIINM MOMEHTOM TP MPOEKTH-
poBanuu TA sBiseTcs ompenesicHUE BecoradapHT-
HBIX TIOKa3aTeliel, a Takke ONTUMH3AIUS Padodrnx

Doi 10.15802/stp2014/29945
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peKUMOB WX paboThl. ClleZoBaTENbHO, W3yYCHHE
1 pa3pabOTKa METOAOJIOTHH OIpeIeNeHNsl Becora-
OapuUTHBIX TOKazaTesiell W ompeeieHus padodnx
pexxumMoB paboTel TA sBnsieTcss BakHOW 3amadeid
9HEProcOCpEeKeHUsI, AKTYalIbHOI B COBPEMEHHBIX
YCIOBUSIX JEPUINTA YSHEPTOHOCUTEIICH.

Jo Hacrosiiero BpeMeHH OIMyOJIMKOBaHO OOJb-
moe konuyecTBo padoTr mo TA u TAM, nanpumep
pabotsi [10, 13]. dynkumonuposanue TA B mpouec-
ce aKKyMYJIMPOBAHU TEIJIa MOXKET OCYIIECTBIISITHCS
3a CYeT JBYX OCHOBHBIX MEXaHHM3MOB: IIEPBBII MpO-
HCXOMUT BCIEACTBUE W3MEHEHHUs (QU3UYECKUX Hapa-
MeTpoB TAM; BTOpOii — 3a CYET HCIOIH30BAHUS
SHEPrHHU CBA3M aTOMOB M MOJIEKYJT BEIIECTB.

basupysce Ha IepBOM 3aKOHE TEPMOJMHAMHUKHU
IUIS. HE3aMKHYTOH CHCTEMBI C IIOCTOSIHHBIM XHMH-
YECKMM COCTaBOM, XapaKTEPUCTUKU TEILUIOBBIX
AKKyMYJIITOPOB CBSI3aHbI OIIPEIEICHHBIMUA (yHK-
[UOHAJBHBIMU 3aBUCHUMOCTSIMH C TpaJHeHTaMU
pasIMUHBIX (PU3NYECKUX BETUYMH, a UMEHHO: JH-
TalblIMM U BHYTPEHHEH SHEpruM Marepuaia, AaB-
JIeHus1, Maccel, oobema. IIpu 3ToM ciexyer yunThl-
BaTh B3aMMOCBSI3b MEXIY O3TUMH (DU3NYECKUMHU
BEJIMYMHAMM, a TAaK)Ke BIUSHHE HAa HUX TeMIepa-
TYpPHOTO TIOJIS.

Haunbonee pacmpocTpaHeHHBIMH M MPOCTBIMH
B NIPUMEHEHUU SIBIAIOTCS aKKyMYJATOPBI €MKOCT-
HOI'O THUIA, B KOTOPBIX HCIOJB3YETCS TEIJIOeM-
KOCTh BEILECTBA, HArpeBacMoOro 0e3 H3MEHEHHS
€ro arperatHoro COoCTOSHHUSA. TemnoakKymymsuu-
OHHasg CIIOCOOHOCTh WJIM MOIIHOCTb, KOTOPYIO
MOJKHO HaKOMHTh B aKKYMYJIATOpPE TEIUIOTHI EMKO-
CTHOTO THUIIa, HAXOAUTCS 13 (HOPMYIIBL:

0=mC,(,-T,), (1)

rae m — Macca TEIUIOaKKyMYJIHPYIOUIETO BElecT-
Ba; C, — yzaenbHas u300apHas TEIIOEMKOCTb Be-
mectBa (it Boasl C, = 1,16 Bt/ (xrK); T' u T, —
CpelHME 3HAaYCHUs] HayalbHOW U KOHEYHOU TemIle-
patypst TAM.

Jlyis pacueToB BecOra0apuTHBIX XapaKTEPUCTUK
OTPAaHUYMBAIOTCS OMPEICICHUEM MACCHI, COTJIaCHO
¢dopmyner 1. Ilpu pacuerax pexkuma pabotrer TA
paccMaTpHUBarOT TMPOLECCHl TETUIONEepeIadn, MpH-
MEHSS KJIaCCHYECKHe TIOXO0/bI aHaIN3a TEIUIOBBIX
moneit [11], a Takke METOJIHWKH, OCHOBAaHHBIC Ha
noJo0MK TPOLECCOB TEIUIONEpesayl B yCTPOMCT-
BaX TEIUIOTEXHWYECKOro HazHaueHus [14]. Mare-
MaTHYECKHe MOJIEN XpaHeHus U paspsnga TA Ha-
MIpaBJICHBI Ha OMHCaHUE TEIUIOBOTO 1ot TAM [7,
8] m He MOryT OBITH HANPAMYIO MPUMEHEHBI I

© C. C. benmumenko , B. A. Umenko, 2014
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pacdyera BecOra0apUTHBIX XapaKTepucTuk TA.
BBuly CIOXHOCTH KJIACCHYECKOTO OMHUCAHMS MpO-
LIECCOB HaKOIUIEHUS U pacxona Temna B TA, a Tak-
K€ MMesl TOCTAaTOYHBIA OIBIT B NMPOEKTUPOBAHUU
1 U3rotoBieHUU TA, BOCIIONB3yeMCs TCOPHEH ITO0-
JoOus M aHaIHM3a pa3MEepHOCTEH.

Jns  ompeneneHus: KOHCTPYKTUBHOM CXEMBI
paccMOTpUM THUINHYHBIE KOHCTpyKuuMu TA, KoTO-
pBIe BCTpEYaroTCsl B HAayYHO-TEXHWYECKOW W Ta-
TEeHTHOH nutepaTtype. Hanpumep, B kauectBe TAM
BO MHOTMX ciydasx B TA HCHOIB3YIOTCS CMECU
Pa3InYHBIX KOMIIOHEHTOB M pa3HOOOpa3HbIe KOM-
MO3ULUOHHBIE MaTepuaibl. [ akKyMyIupoBaHUs
TeroBoM 3Hepruu B TA UCIONb3yeTcs Kak Terio-
emkocth TAM, Tak u CKpbITas Teriora (azoBbIX
nepexonoB. Ilpumep Takoit cucremel TA mnpen-
crasjeH B [12].

Iupokoe pacmpocTpaHeHHE KOMITO3UITHOHHBIX
MaTepuaioB MPUBENO K UX UCIIOIB30BAHUIO U B 3TOU
obnactu texuuku. Hanpumep, npemnoxen TA ¢ ka-
HaJIaMH U3 KOMITO3UITMOHHOTO MaTepHaia [8].

IIpuBenenHsle KOHCTpyKUMH TA MONTHOCTBIO
OTPaXKaroT CTPYKTYPY U KOHCTPYKUUIO TUITUYHOTO
TA wa ocHoBe TBepmoro TAM. Takum oGpaszom,
TA Bcerzma comepXuT TEIUIOM30JIMPOBAHHOE Tell-
JI0AaKKyMYJIMpYIOLee TeJ0, HarpeBareib, CUCTEMBI
OXJIAKACHUSA, OE30MIaCHOCTH, PEryJIMPOBAHUS TOI-
BO/Ia M OTBO/IA TeIlIa.

Hean

Lenb paboTsl — onpeneneHne BecorabapuTHBIX
XapaKTePUCTUK TBEPIOTEIHHOIO BBICOKOTEMIIEpa-
TypHoro TA u pexxuMoB ero pabotsl. [[ng permie-
HUS 3TOH 3ama4d cliefyeT pa3padoTaTb KpUTEPUH

MOJO0HS JUIS Pa3IMYHBIX PEKUMOB padoThl TA,
paboTaromux 3a c4eT HAKOIJICHHUS TEIJIOBOH dHEp-
run B oobemMe TAM 06e3 ¢azoBoro mepexona,
a TaKKe CO3/1aTh KOMIUIEKCHBIH KpuTepuil 3 dex-
THBHOCTH TA 171 ompeneneHus BecorabapUTHBIX
nokazareneii TA 1 pexxuMoB ero paboTHI Ha JTane
MPOEKTUPOBAHUS.

MeTtoanka

B Hacrosmeit paboTe pacCMOTPEHBI Clenyro-
e pasHoBuaHoct TTA

— TA ¢ Bo3aymHbeiM oxnaxaeHuem — ADT;

— TA ¢ BogsgaeM oxnaxaenueM — ADT B;

—TA ¢ KOMOMHUPOBAaHHBIM OXJIKACHUEM —
ADT BB.

OCHOBHBIE ~ KOHCTPYKTHBHBIC
TTA npusenens! B [2, 3].

CrpykrypHyto cxemy TA MOXXHO NpeICTaBUTh,
Kak Moka3aHo Ha puc. 1.

TTA mpencraBnser co0oil COBOKYIHOCTH He-
CKOJIBKMX CHUCTEM, KOHCTPYKTHBHO OOBEAWHEHHBIX
B €IMHYI0 KOHCTPYKIHMiO. Tak o0s3aTenbHBIM dle-
MeHTOM TA sBIsieTcs cucTeMa HarpeBa, B HalleM
Clydae — 3TO TpyOdUaThle AIIEKTPHYECKHe HarpeBare-
mu (TOH). BripabareiBaemoe TOH Tero Hakarm-
BaeTcsi B TBepAoM akkymynupyromieM tene (TAT)
TA — ocymectsisierca 3apsaa TA. Jlna ucnosnn3oBa-
HUsI HaKOIUTIeHHOTO Teria TA uMeer cucteMy oxiia-
XKIICHWSI, B HAIlleM CIydae 3TO BO3IYIIHBIE U BOII-
Hble KaHaibl. 1Ipy aKTMBHON LIMPKYJLSILAN TEIJIOHO-
CHUTEJII — BO3/yXa W/WIIN BOJBI, TETIO OTOUPACTCS OT
TAT u nomaercs morpedutento. CrcteMa pacmpese-
JieHus Terwia B coctaB TA He BXOAMT.

0CcO0EHHOCTH

[ToTpedurens

Cucrema —I \ _J \  Cucrema
Harpepa TAT | OxXTIaKIeHIA
Tennomsonsmust

Puc. 1. CtpyxrypHnas cxema TA

Fig. 1. Structural diagram of HA
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IIpu paznuyHbIX COYETAHUSIX KOHCTPYKIUN OT-
JICNBHBIX 3JIeMEHTOB TA MOXXHO TOJY4YUTh pa3-
JIUYHBIC KOHCTPYKIUH TA.

Ucxons w3 Toro, 4ro ucciemyembie OOBEKTHI
MOTOOHEI, BOCITOJIE3YEMCS TEOPHEH TIO00MS 1 aHa-
JU3a pa3MEepPHOCTEH IS TIOMyUYeHUS] KPUTEPUEB TI0-
JOOMST JUIS paccMaTpHBaeMBIX BBIIIE CHCTEM [5].
Tak cormacHoO mepBOi Teopeme MOMOOUS TOIYINM
KpUTEPUU TIOJO0US ISl KaXI0TO 3HAYMMOTO Tapa-
Mmetpa TA. [lepedeHb 3HAaUUMBIX MTAPAMETPOB, KOTO-
pBIE BIUSIOT HAa TPOLIECC aKKYMYJIHPOBAHUS U pac-
XO/a TerJia mpecTaBieHsl B Ta0u. 1. PazmepHocTh
B cucteme CU — [MLT®], rne M — macca, L — nm-
Ha, T — Bpems, ® — Temneparypa. [IpeobpazoBanue
MIPOM3BOAHBIX pa3MepHocTeil B cucrteme [MLTO®],
B MPOCTHIC COOTBETCTBYyMOMmUE cucreMe CH mpuse-
JICHBI HIXKE.

VYV nenbHast TEMIIOEMKOCTB:
[Ix/(xr - K)] =[H - m/(xr - K)] =
= [(xr - M*/P)/(xr - K)] = [(M*/(¢* - K) =
=[L*T? 07"
D¢ dekTrBHAS TETTONPOBOAHOCTD:
[Br/(m - K)] = [[Ix/(cMm - K)] =[H - M/(cMm - K)] =
= [(xr - M/c* - K)] =[MLT> ©].
Y aenpHOE KONMYECTBO Teria B Macce:
[Jox/kr] = [H - m/xr] = [(xr - M*/c?) - kr] =
= [M*/c*] =[L* T7].
TemnnoBoit MOTOK:

[Br/M?] = [(JIx/c)/m] = [H/em] = [kr/c’] = [MT™].

Tabnuna 1
Ilepeyens 3HAYUMBIX mMapameTpoB 1 TA
Table 1
The list of significant parameters for HA
Ne Hassanue napamerpa O6o3HaueHue Pa3zmepHocTh Pa3zmepHocTb B cuc-
n/m mapameTpa napamerpa teme CU [MLTO]
Xapakrepuctuku TAM

1 VY nenbHas TEIIOEMKOCTh G JIx/(xr - K) [L*T? 0"

2 O¢ddexTrBHAS TEIUIONPOBOJHOCTD A Bt/(m - K) [MLT? @]

3 ITnoTHOCTH p Kr/™M° [ML?]

Xapakrepuctuku TAT

4 Macca TAT m KT [M]

5 ITnomanp Temmooomena TAT S M [L*]

6 O6bem TAT 14 M [L*]

7 KoadduimeHT reomeTprudeckoit K. M L]

¢dopmer TAT
XapaKTepUCTUKHU peKUMa pabOTHI
8 Paznocts Temneparyp TAT T K [@®]
MIPH HATPEBE U OXJIAKICHUN
9 Bpewms pexxuma T c [T]
10 VY enbpHOe KOJMYECTBO TETlIa On JIx/xr [L*T?
B Macce TAT
11 TemnoBoit moToK q Br/m? [MT™]
12 Y aenbHOe KOJMYEeCTBO TeTia 0, T/ [MT?L"]
B o0peme TAT

Doi 10.15802/stp2014/29945
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Tabnuma 2
BasuchHble mapameTpsl
Table 2
Basic parameters
Ne n/m Ha3zBanue napametpa Ob6o3Ha4yeHue Pa3zmepHocTh [MLT®O]
1 Macca TAT m KT [M]
2 KoaddummenT reomeTpudeckoit K. o [L'l]
hopmbl
3 Bpewms pexxuma T c [T]
4 PazHocTh TEMIEpaTyp T K O]

VensHOE KOJIMYECTBO TEIUIAa B 00BEME:
[[ox/m’] = [(H/™M*] = [kr/(c” - m)] = [MT?L"].

Koadduuuent reomerpuueckoir gopmer K, —
3TO OTHOIICHHE ITOBEPXHOCTH TermtoooMeHa TA
K ero TeruionoriomarwoonmemMy oovemy. [lpunsiro
B [15] xak xapakrepucTtuka (GopMbl O0OBEKTa B Te-
IUIOBBIX 3a7ayax.

CortacHO BTOPOI TeopeMe MOA00HsT — TeopeMe
BokuHrema, monyyuM KpUTEpHU MOJOOHS I yKa-
3aHHBIX BEJIMYWH, NPH CICIYIOUMX O0a3UCHBIX Ia-
paMeTpax, KOTOpble IIPUBEAEHBI B Ta0JI. 2, coriac-
HO pekoMeHarui [4].

Pe3yabTaTtsl

Jlanee mory4eHbl KPUTEPUH TTOIOOUS IS KakK-
IO W3 3HAYUMBIX BEJIMYHH, BOCITOJIH30BABIINCH
pekoMeHaanusamMu, u3noxkeHusiMa B [12]. Kpure-
pun 1momo0Ws 3HAYMMBIX BEJWYWH IPHUBEICHBI

B Tabm. 3. IlomydeHHBIE KpUTEpPHH Oe3pa3MepHBI
U XapakTepHU3yloT OTHAEIbHBIE MPOIECCH M YHC-
JICHHO PaBHBI AJIS Pa3IMYHBIX CTPYKTYPHBIX CXEM
U KoHCTpyKimi TA, corjacHO CTPYKTYphI NpHBe-
neHHo# Ha puc. 3. lamee Bocmoib3yemcsl TpeTbel
TeopeMoi Mmomo0ust M OOBEAMHUM KPUTEPUH IS
pa3nuuHbIX pexxuMoB paboTsl TA. Beimn mposepe-
HBI pa3lIUYHbIC COUYETaHHUA KPUTEPUEB U OTOOPaHEI
HauOosnee ajantuBHBlE. Kputepuit cuuraercs
aJanTUBHBIM, €CIIM IPU U3MEHECHUH 3HAYCHUH 3Ha-
YMMBIX IIapaMETPOB MMEET HauOOoJIblIee YHMCIICH-
HO€ M3MEHEHHE CBOETO 3HAUYCHUSI.
Kpurepnii apdexruBHocTr 3apsaa TA pasen:

iy, =10, I, /e, O, O )=a 0, K, /q, 2)

rae o — KO3((UIMEHT TeMIepaTypOnpOBOIHO-
cry, paseH a=A/(C, p).

Tabnuma 3
Kpurepuu noapodust 3HaYUMMbIX BeJIUYMH
Table 3
Similarity criteria of significant quantities
Ne n/mn Hazpanue napamerpa O0o03HaueHUE KPUTEPHUs Bripaxxenue kpurepust
1 Kpurepuii TennoemMkocTy ¢y C K TT
2 Kputepuii TernonpoBoaHocT! IT;, AT TK/m
3 Kputepuii mioTHOCTH I, pl(m K.)
4 KpI/ITepI/II/IT}e/ﬁiJ;B:;Fa(; (I:(:JII/I‘IGCTBa M O, Krz 2
5 Kpurepwuii TernoBoro noroxa I1, qTim
6 KpnTepMﬁe);[z;je;;i%r;e;znnqecmo M, 0, ?(m K)
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Tabnuua 4
3HaveHNs KpUTepHeB Moao0us A pasHbix TA
Table 4
The values of the similarity criteria for different HA
S | Hasaera | SPTmsbemmocns| Kpmaput s | Kyt b
1 AOJT 3,2 kBr 2177 0,0006 1,33
2 AODT 4 xBr 2415 0,0007 1,66
3 ADTB 1 859 0,0010 1,88
4 ADT BB 1489 0,0075 11,13

Kpurepuit a¢ddexruBHOCTH 3apsima TA xapak-
TepusyeT 3PPEKTUBHOCTh JOCTHKEHHS 3aJaHHOTO
3HAYCHHS YNIENBHOTO KOJMYECTBA TEIUIa B Mare-
puane TA mnpu 3apszae, Npu NPUHATHIX MaTepHa-
Jax, TEOMETPUYECKUX COOTHOIEHHAX TA W Ter-
JIOBOTO MOTOKA MOJIBOJJIMOTO TEILIA.

Kpurepuii adpdexrrBHOCTH paspsaa TA pasen:

M, =g, I T1,, ATT, T1,) =

=mQ, N(a. g 7)=0/o g 7*) (3)

rae O — oOlee akKKyMYJIMPOBAaHHOE KOJIMYECTBO

temna B TA.

Kpurepnii sdhdexkruBrOCTH paszpsaa TA xapak-
TepusyeT 3¢ PeKTUBHOCTE paspsana TA mpu npuns-
TBIX Marepuanax, macce TAT m o0mero akkymy-
JUPOBAHHOTO KOJIMYECTBA TEIIa MPU YCTAaHOBJICH-
HOM 3HAa4€HUH TEIJIOBOTO MOToKa oT TA u Bpeme-
HU paspsja.

ITonasrit KpuTEpHit 3PPEKTUBHOCTH paBEH:

s :Hi)cps H3cbp =0, K, Q/(‘]2 Tz) “4)

VYCII0BHO NpUHUMAEM PABEHCTBO IUIOTHOCTEH
TEIUIOBOTO TOTOKA TPH 3apsiie M paspsie, Takxke
BpeMs 3apsina u paspsina TA. YkazaHHbIe JoImyIe-
HUS TIO3BOJIAT TOJYYHUTH YTPOIIEHHOE pEIIeHue
Ut TIofTHOTO KpuTepus 3ddexruBHOCTH. YTIpO-
cruMm BblpaxkeHue (5), moxacrasmaa O, =Q/V,

atake V' =S/K_ nomydum:

My =K.’ 0* /(S ¢’ 7°) )

[onuerii k03pdunmenT 3pPexTuBHOCTH Pado-
Tel TA xapakrtepusyerT 3(QQeKTHBHOCTH pabOTHI
TA npu 3apsine u paspsiae, T.€. 3a MOJHBIA UK.
Hanee ympoctum BeipakeHue (9) — BO3bMeM u3

Doi 10.15802/stp2014/29945
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YKa3aHHOTO BBIPRKEHUSI KBaJIPaTHBIN KOPEHb, IO-
JTy4YUM:

. ko _ofs
P JSqr Vagn

Takum o0pa3zoMm, TONMHBIA KO3 UIUEHT -
(extuBHOCTH pabOTHl TA 3aBHUCHUT OT ITOJIHOW eM-
KOCTU 3apsDKEHHOTO aKKyMyJsATopa, TeoMeTpuye-
ckux cooTtHomeHnit TAT, TemaoBoro noToka mpu
BBIODaHHOM PEXUME M BPEMEHHU BBIOPAHHOIO pe-
xkuma. CBotictBa TAM, KOTOpBIE XapaKTEPHU3YIOT-
¢ KOI(QQHUIMEHTOM TEeMIIEpaTypOIPOBOIHOCTH,
paBabiM a=A/(C, p), 0OECICUNBAIOT aKKYMYJIH-

(6)

poBaHHE HEOOXOAMMOTO KOJHMYECTBa TeIUla IPH
3amanHblx rabapurax TA. Ilpm paccmorpenun
moytHOTO THKiIa paborel TA cBoiictBa TAM Ha
9 PEKTUBHOCTS TOJHOTO LWKJIA HE OKAa3bIBAIOT
IPSMOTO BIIHSHUSL.

3HadeHUsS KPHUTEpPHEB IS HcclenyeMblx TA
MpUBeJIeHBI B Ta0. 4.

Haquaﬂ HOBHU3HA U MPaAKTHYECKasA
3HAYUMOCTDH

Kpurepuu, npuBenennsie B Tabi1. 4 HOCAT cpas-
HUTEJIBHBIA XapakTep. MOXKHO CUMTaTh, YTO 3apsa
ocymectButcs ¢ dexruBree s ADT 4 kBt, uem
IUISL BceX ocTanbHBIX TA, a paspsn Oymer Oomee
spdexruBHbIM st ADT B. TToCKOJBKY peXHMEI
TA HeoTaenuMsbI Ipyr OT Apyra, TO aHAIN3 MOJIHO-
ro kpurepuss 3PGEeKTHBHOCTA IIOKA3hIBAaeT, UYTO
ADT BB sBusiercst Hanbonee 3hHeKTHBHBIM yCT-
pPOWCTBOM MO CpPaBHEHHUIO C JAPYTUMH HCCIeIye-
MbiMu TA ¢ Touku 3peHus uukia «3apsg — Pas-
psam». CpaBHenue TA, npuBeneHHoe B Tab. 4, mo-
Ka3bIBAa€T, YTO COIVIACHO IMOIYYEHHBIX KPUTEPUEB
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BO3MOJKHO CpaBHHBATH OJIM3KHE IO MPHHIUIIAM
paboOThl M CXOTHBIM cHCTeMaM TeriooOMeHa TA.
Tak, moxxHo yTBepkaath, uto ADT 4 kBT, addek-
THUBHEe 10 Kputepuio 3apsana, a ADT BB addek-
TUBHEE NMpUBEACHHBIX TA MO MOJIHOMY KPUTEPHIO
3¢ dekTUBHOCTHU (paccuuTaH 1o Gpopmyie 5).

ITockonpKy KpUTEpUHU MOAOOHS, TI0 OIpe/elie-
HUIO, OTPaKAIOT MOJO0HBIE TEIUIOBBIE ITPOIIECCHI,
npoucxoasamme B TA— 3apsn u pa3psii, BO3SMOXKHO,
WCTOJIB3Ys HAKOIUICHHBIM OMBIT, IO MTPOEKTHPOBa-
Huto TA W YuClIeHHBIC 3HAYCHUSI KPUTEPHUEB, TIPU-
BeJIeHHbIe B TaOn. 4, 3ajaBas, HampuMmep, mare-
puanbel U peXuMbl paboTel TA, ompemenuTs ero
BeCOrabapUTHbIE XapaKTePUCTUKHU. TaK AJs peau-
3anuu pexkuma 3apspa nomoonoro ADT 4 kB,
HampuMmep g mpoektupyemoro ADT ¢ monkito-
yeHHO MomHocThi0 10 KBT, 3amaeM 3HaueHue
KpuTepus 3apsijia u3 tabi. 4, BEIOMpacM Marepual,
3HaUEHUs PEXUMHBIX IMapaMeTpOB M ONpEesieM
BecOorabapuTHBIE TIOKa3aTell IPOEKTHPYEMOTO
TA, depe3 kodh¢unmeHT reomerpudeckoin Gop-
Mbl. mn HaoOopoT, 3aj1aBas BecorabapUTHEIE Xa-
PaKTEPUCTUKHU TIpoekTupyemoro TA, ompenernseMm
KpUTEpUi 3apslia, pa3psa WIN IOJHBIM KpUTEPUiA
3¢ (EeKTUBHOCTH.
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PO3POBKA KPUTEPIIB EOEKTUBHOCTI 3APSY M PO3PSALY
TBEPAOTIVIBHOI'O TEIIJIOBOTI'O AKYMVYJIATOPA

Merta. B po60oTi HEOOXiAHO 3MIHCHUTH PO3POOKY KPHUTEPiiB MOMIOHOCTI IS Pi3HUX PEXHUMIB pOOOTH TBEPAOTI-
JTBHOTO TeruoBoro akymyiaropa (TA), mo mpairroe 3a paxyHOK HaKOITMYEHHS TEIUIOBOI €Heprii B 00Cs31 TEII0aKy-
MYJIFOI00T0 MaTepiaiy 0e3 (a3oBoro rnepexojy, a TAKOXK CTBOPUTH KOMIUIEKCHUI KpUTEpili e)eKTUBHOCTI TEILIIOBO-
T0 aKyMyJsTOpa JUIsl BU3HAUEHHS BarorabapuTHHX MOKA3HHKIB 1 PEKHUMIB HOTO poOOTH HA eTami MpOeKTyBaHHS.
Metoauka. J[is1 TOCSTHEHHS IJIeH MOCTiPKeHHS BUKOPHUCTaHI Teopis MoAiOHOCTI 1 aHaIi3 po3MipHOCTEH, a TaKOXK
METOJIMKH TUIAaHYBaHHsI IPOBEICHHS (i3udHOoro mociimkenHs. PesyabraT. Ha ocHOBI Teopil moaiOHOCTI Ta aHaIi-
3y po3MipHOCTEil OTpuMaHi KpuTepii mogioHOCTI poOOTH TBEPIOTUILHUX TEIUIOBUX aKyMYJISITOPIB NPH 3aaHUX Oa-
3ucHMX mapamerpax. Lle kpurepii edekTHBHOCTI 3apsiy, po3psay Ta MOBHUI KpuTepiil. Bukopucrani Tpu TeopemMu
Teopii MoAIOHOCTI B MHTaHHI O BHUPILICHHS TEIUIOTEXHIYHOI 3amavi. Kpurepiii eeKTHBHOCTI 3apsiay TEmIoBOTO
aKyMyJIsITOpa XapakTepHusye e(eKTUBHICTh JOCSTHEHHS 33JaHOTO 3Ha4YeHHS NMUTOMOI KUIBKOCTI TeIula B mMarepiaii
TEIUIOBOTO aKyMyJIsITopa IpH 3apsilii, IpH NPUHHIATUX Marepianax, FeOMETPUYHHUX CIIIBBIIHOLIEHHSX 1 TEMJIOBOTO
MOTOKY MigBeAeHoro Teruia. Kpurepiit epekTHBHOCTI po3psamy Xapakrtepu3ye e(peKTHBHICTH PO3PSAY TEIIOBOTO
aKyMyJIsATopa MpH MPUHHATHX MaTepianax, Maci Tija, MO aKyMYJIIO€, 1 3arajJbHOI KUTPKOCTI aKyMyJIbOBAaHOTO Te-
IUTa TIPH BCTAHOBIICHOMY 3HAUY€HHI TEIUIOBOTO IOTOKY 1 ¥acy po3psmy. [loBHmi koedimieHT e(heKTHBHOCTI po-
00TH TEIUIOBOTO aKyMyJIATOpPa XapakTepusye e(eKTHBHICTH POOOTH TEIUIOBOTO aKyMyJIATOpa 3a IOBHUH LUK
HaykoBa HoBHM3HA. AHai3 TIOKa3aB, 0 MOKJIMBA peatizarlis 0yab-aK0i CHCTEMH TBEPAOTLUIEHOTO TEIUIOBOTO aKy-
MYJISITOpa Ha OCHOBI CTPYKTYPHOI CXEMH I[bOTO THIy HpPUCTPOiB. OTprMaHi Kputepii moaiOHOCTI eheKTUBHOCTI
3apsay, epekTHBHOCTI po3psiay Ta HOBHUN KpUTepiil eheKTHBHOCTI pOOOTH TBEPAOTIIHHOTO TEIJIOBOIO aKyMYJIATO-
pa Ha OCHOBI TBEPJOro MaTepiany, 0 aKyMyiroe, 0e3 ¢asoBoro nepexony. [Ipakrtuuna 3Hauynmictb. Kputepii,
HaBEeJICHI B JIaHill poOOTi, HOCATH MOPIBHUILHUI XapakTep. BiANOBiqHO 10 OTpUMaHUX KPUTEPIiiB MOXKHA MOPIBHIO-
BaTH OJIM3bKI 32 KOHCTPYKILISIMH IIPOEKTOBaHI I iICHYIOUiI TEIUIOBI aKyMyJIITOpU. TexXHIKO-eKOHOMIYHMH aHaji3 Imo-
Kazye, 110 3alIPOIIOHOBaHA METOJIOJIOTIS OI[IHKK e(heKTUBHOCTI POOOTH TBEPAOTIILHUX TEIUIOBUX aKyMYJIATOPIB Ha
Pi3HHUX pexuMax poOOTH € e(heKTHBHOIO, TEXHIYHO Peai3yeThCs 1 103BOJISIE BU3HAYUTH BarorabapuTHI MOKa3HUKU
Ta PeXKUMH pOOOTH TBEPIOTUIHHOTO TEIUIOBOTO aKyMYJIATOpa Ha eTalli MPOSKTYBaHHS.

Knouosi crnosa: TBepIOTIIFHAN TETUIOBUN aKyMYJISITOP; TBEPIUH aKyMyJIOIOUHNA MaTepialr; e()eKTUBHICTD 3apsi-
Iy; e(eKTUBHICTH PO3psIIy; TEOpis momo0u; aHaii3 po3MipHOCTE if; KpUTEpii moJ00u
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DEVELOPMENT OF CRITERIA OF CHARGE AND DISCHARGE
EFFICIENCY OF SOLID STATE OF HEAT ACCUMULATOR

Purpose. Development of similarity criteria for different modes of operation of the solid-state heat accumulator
working due to accumulation of heat in the volume of the heat storage material without phase transition, and the crea-
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tion of systematic criteria of heat accumulator efficiency for determination the weight / size parameters and operating
modes at the design stage. Methodology. To achieve the objectives of the study the theory of similarity and dimen-
sional analysis were used as well as planning and carrying out techniques of physical experiments. Findings. Based on
the theory of similarity and dimensional analysis similarity criteria operation of solid-state heat accumulators, under
given basic parameters were obtained. These are performance criteria for charge, discharge and full criterion. Three
theorems of similarity theory in application to the solution of engineering problems were used. The criterion of effi-
ciency of the heat accumulator charge characterizes the effectiveness of achieving the specified value of the specific
amount of heat in the material of heat accumulator under charge, under received materials, geometrical ratios, and heat
flow of the heat input. The efficiency criterion characterizes the discharge efficiency of the heat accumulator, at the
accepted materials; mass of heat-retainer and the total accumulated amount of heat when the value of the heat flow and
the time of discharge. Full coefficient of the heat accumulator performance characterizes the efficiency of the heat ac-
cumulators for a full cycle. Originality. Accordingly to the analysis the implementation of any system of solid-state
heat accumulator is possible on the basis of structural schemes of this type of device. The similarity criteria of the effi-
ciency of the charge, the efficiency of discharge and the full criterion of solid-state heat accumulators’ efficiency based
on the solid storage material without phase transition were obtained. Practical value. Criteria presented in this work
are of a comparative nature. In accordance with the obtained criteria we can compare designed and existing heat accu-
mulators that are similar to structures. Feasibility analysis indicates that the proposed assessment methodology of solid-
state heat accumulators’ efficiency in different modes of operation is effective, technically feasible and allows deter-
mining the weight / size parameters and modes of operation of the solid-state heat accumulator at the design stage.

Keywords: solid-state heat accumulator; solid storage material; charge efficiency; discharge efficiency; similar-
ity theory; dimensional analysis; similarity criterion
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STUDY OF TRANSMISSION LINES EFFECT ON THE SYSTEM
OPERATIONON OF CONTINUOUS AUTOMATIC CAB SIGNALLING

Purpose. To conduct an effect research of the electromagnetic field of high-voltage transmission lines (HVTL)
(750 kV, 50 Hz) on the track circuits and continuous automatic cab signalling (CACS) with a signal current of 50 Hz in
the areas of convergence and intersection with the transmission lines and to propose possible methods to improve noise
immunity of CACS. Methodology. The measurements were performed both by means of car-laboratory and directly
on rail lines. During the study the electric field strength in the range of industrial frequency directly under the transmis-
sion lines and at the distance from it to the railway lines was measured, as well as the time dependence of CACS codes
with signal current frequency of 50 Hz directly under the transmission lines and at a distance from it in the absence of
the train and its passing. Findings. The root causes analysis of CACS faults and failures was carried out. The effect of
the electromagnetic field of high-voltage transmission lines (750 kV, 50 Hz) on the track circuit and CACS with signal
current of 50 Hz in the areas of convergence and intersection with the transmission line was investigated. Possible
methods to improve noise immunity of CACS were considered. Originality. The effect research of transmission lines
(750 kV) on the operation of the automatic cab signalling on spans Prishib-Burchatsk and Privolnoye-Yelizarovo, Prid-
neprovsk railway in places of oblique railroads crossing and transmission lines (750 kV, 50 Hz) was conducted. Elec-
tric field strength in the range of industrial frequency directly under the transmission lines and at a distance from it to
the railway line, as well as the time dependences of ALSN codes with signal current frequency of 50 Hz directly under
the transmission lines and at a distance from it in the absence of the train and as its passing were measured. It was
found that CACS codes in track circuits under transmission lines are strongly distorted, as strength measurements of
electric field are shown, it can be explained by the electromagnetic field effect of transmission lines on track circuits.
Practical value. Possible methods of CACS safety enhancement by improving the reliability of signaling from a track
on the locomotive were considered.

Keywords: automatic cab signalling system; fault; failure; high-voltage transmission line

Introduction tion, and in the future implementation of high-
speed train one, while ensuring the necessary

Recently, in Ukraine there is an increase of .
safety level of trains.

train speeds, implementation of accelerated mo-
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Fig. 1. Main reasons classification of faults and failures in ACS operation

Short-term faults and failures of continuous
automatic cab signalling (CACS) are connected
with a large number of reasons (Fig. 1) [7].

Natural destabilizing factors due to the design
features of the track structure and functional char-
acteristics of the system itself, can lead to the in-

terval in signalling and brief glimpses of locomo-
tive traffic lights. But the work of the ACS is con-
structed that the devices recognize the new electric
signal is not earlier than 5-6 seconds (time delay
for releasing the Compliance relay (CR)), which in
most cases let protect the system against faults.
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Furthermore, there are some protective measures:

—accelerated and preliminary signalling to the
track circuits, decoding by a decoder the yellow
light signal with red one after the second arrival,
matching the washer starting in the transmitter;

— fixation by a decoder the green light signals
with an extra impulse during a time delay of con-
trol relay in code combinations entry (CCE), the
use of code transmitters with a shorter duration of
code combinations - 1.6 sec. on the stations, the
location of insulated joints in the transition curves
of switches, and not on the main track [5].

External interferences in turn differ in the na-
ture of impact. Impulsive noise consist of short
current pulses, induced in the receiver coils of a
locomotive. They have an arbitrary shape and their
occurrence moment, amplitude and duration are
absolutely sporadic. It is impossible to determine
how often the pulses will follow in turn, there is no
regularity in their intensity, shape and duration.
Impulse noise effect on the electrical signals of cab
signalling can lead to quantitative errors (including
the received impulses) and quality impulse distor-
tions. Nature of these noise depends on their
sources (switch processes in the current collector,
in the collectors of cars, converter istallations and
other elements of the electrical circuit of the loco-
motive may be as impulse noise), so the choice of
the most effective fighting method is based on the
analysis of their characteristics, which are deter-
mined during research in those specific conditions
in which signal transmission takes place.

In the harmonic noise occurence a certain regular-
ity is defined, so protection against them is often con-
structed on the frequency selection using electric fil-
ters. They prevent effect of oscillations with a fre-
quency different from the frequency of the signal
current of cab signalling on the receiving devices.

The percentage of faults caused by the transmis-
sion line effect, in relation to the total number of
repeated faults due to the blame of signal telephone
and telegraph service (Sh) on the Prydneprovsk
railway for the last 4 years is shown in Figure 2.

Purpose

Research conducting of the electromagnetic field
effect of high-voltage transmission lines (750 kV,
50 Hz) on the track circuit and CACS with signal
current of 50 Hz on the sections of approach and
crossing with the transmission line and to propose
possible methods to improve CACS noise immunity.

Analysis of faults in the CACS operation

An important task of traffic safety is to ensure
trouble-free operation of automatic cab signalling.

A special place is the problem of protection
against the effects of transmission lines (TL) on the
sections with DC electric traction and diesel trac-
tion when the cab signalling devices operate at a
frequency of 50 Hz, and so the methods of fre-
quency-division signalling and harmonic noise are
not applicable [1].

400
0
350 %15
——
300
® The total number of failures due to
250 — the service Sh fault, of them:
200 H transmission lines effect
-L.....__. % 11
e
so | . E —_—
0 == % e =] =
2010 2011 2012 2013

Fig. 2. The percentage of faults caused by the transmission lines effect, in relation to the total number of repeated
faults due to the blame of signal telephone and telegraph service (Sh) on the Prydneprovsk railway
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There are two ways of solving this problem.
The first method is external in relation to the sys-
tem and represents the maximum exclusion of the
transmission line effect by shielding the current-
carrying elements, or electric circuits use with an-
tiphase protection currents which flows in the vari-
ous circuits in order to reduce effects of electro-
magnetic noise of the transmission lines on the
receiver coils.

The second method of protection is intersystem
method. It is a necessity to develop such a mecha-
nism or algorithm of the system operation that
transmits traffic lights readings on the locomotive,
so that even small changes in the shape, amplitude,
duration of pauses and intervals are excluded and
do not result in the faults of codes.

One should determine what the most effective
method is. To do this we will carry out the analysis
of the work and functioning of the automatic cab
signalling system under the transmission lines ef-
fect. In accordance with the analysis of noise im-
munity under the effect of high electromagnetic
fields one can judge about advantages and disad-
vantages of a particular protection method.

Fig. 3. Transmission lines crossing the railway track

Ttransmission lines noise have sinusoidal nature
and occur in places of transmission lines approach
with the railway as crossings or in the form of mu-
tual parallel arrangement [14]. Zone of interference
factor is small (approximately 30-40 m on each side
from an axis of the transmission lines). However, on
a number of roads faults in the vicinity of the inter-
section with the transmission lines are significant.
Lines that are parallel to the railways, are usually
low-power, that is why they do not require a special
protection methods. But the lines crossing the track

at different angle, have a fundamental importance
on the ACS receiving system.

The transmission lines effect on ACS receiving
devices depends on many factors. The most impor-
tant is: angle of crossing of transmission lines of
the railway line, suspension type of wires on the
support, the phase currents and their asymmetry,
asymmetry of locomotive receiver coils relatively
to the wires of the influencing line and others [10].

Effective protection measures are necessary to
reduce the level of noise from transmission lines.
To some extent, this protection is ensured with ef-
ficiency of automatic gain control (AGC). AGC is
required to avoid distortion of the receiving code
signals [4]. Current level in the rails under the re-
ceiver coils while the locomotive moves may in-
crease more than 20 times, depending on the length
of the rail line. The signal amplitude at the output
of the filter increases during the impulse and expo-
nential decrease during the pause. If the sensitivity
of the locomotive receiver remained unchanged,
then with an increase of the input signal would oc-
cur pulse stretching and shortening of pause, as at
invariable time constant of the transition process in
this case the wavefront would decrease and the
recession would increase the amplitude of the sig-
nal from the steady-state value to the threshold of
sensitivity.

gy 7
1,00

0,75
0,50
0,25 4

0 4 1216 2014

Fig. 4. Time dependence of the amplifier sensitivity
recovery

With the help of AGC sensitivity of a locomo-
tive receiver is reduced, it promotes undistorted
reception of code signals.

The effectiveness of the AGC is characterized
by the generalizing parameter ts. It is defined as the
time during which the sensitivity of the amplifier
after the termination of the current I, remains be-
low the nominal one. Time ts at switching of the
current corresponding to 10-fold overload is 1 sec
(see Fig. 4) [10]. The effectiveness and anti-
interference features of the AGC are in the Figure 5.
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Fig. 5. Efficiency graphics and anti-interference
features of the AGC:

1 — maximum value of interference current for provision
of normal ACS operation during the noise in phase with the
desired signal; 2 — maximum value of interference current
for provision of normal ACS operation during the noise
influemece in antiphase

Another way to improve the reliability of the
ACS operation is the development of protective
devices (Fig. 6) [9]. The proposed device allows
preventing the effects of the noise influence from
transmission lines on the ACS work regardless of
the train speed. This greatly improves the operation
reliability of the ACS devices.

12 13
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Fig. 6. Protection equipment of operation devices of
automatic cab signalling from transmission lines noise:
1 — plus and 2 — minus poles of energy source; 3 — equivalent
relay; 4 — frontline contacts of code presence relay; 5 — third
counter; 6 — green light relay; 7 — red and yellow light relay;

8 — resistor; 9 — condenser; /0 — contact of impulse relay;
11 —reversal repeater of impulse relay; /2 — spark quenching
diode; 13 — spark quenching resistor; /4 — contact of reversal

repeater; 15 — additional resistor; /6 — additional diode;
17 — the first additional capacitor; /8 — the second additional
capacitor; /9 — the third additional capacitor; 20 — the fourth

additional capacitor; 2/ — the fifth additional capacitor;

22 — speed gauge; 23 — the first, 24 — the second, 25 — the

third and 26 — the fourth contacts of speed gauge

In addition, there are other ways to reduce the
transmission lines effect: increasing the height of
the suspension and reducing the distance between
the wires of transmission lines at the point of inter-
section, arranging of special, closed and suspended
or laid on the ground stubs, which are served with
the current, frequency of 50 Hz, the phase-shifted
with respect to the current of induced noise, com-
pensation of current interference by specially laid
on the locomotive circuit and increase the signal
current at the intersection.

Since the effect of transmission lines can be
conditionally subdivided into direct and indirect, it
is necessary to take into account that most of the
protection methods grade the direct influence of
the transmission lines magnetic field on ACS coils.
But studies show [13] that the noise level is deter-
mined mainly by an indirect effect, i.e. it is a con-
sequence of the guidance in the electromagnetic
mass (frame, bogies, body and so on.) the locomo-
tive of eddy current, their magnetic field directly
affects on the receiver coils. Therefore, the task of
protective measures development remains vital.

Methodology

Among the all varieties the transmission lines
with a voltage of 110 kW, 220 kW, 330 kW and
750 kW are most commonly used. Transmision
lines with voltage 500 kW and above, with cur-
rents exceeding 600 A, and typical unbalances be-
sause of the large distances between the phase
wires and the increasing load currents have the
greatest interfering effect. Maximum EMF (elec-
tromotive force) of noise induced by transmission
lines in the receiver coils can reach 800 mW (ac-
cordingly to measurements). This is equivalent to a
disturbing current approximately of 5.5 A in rails.
Transmission line of 220 kW (current up to 500 A)
with vertical wires are more symmetrical and less
disturb significantly in the receiver coils. The in-
duced EMF in the receiver coils in the first case
is 400-500 mW and in the vertical placement is
135-165 mW. Other transmission lines usually do
not have perseptible effect. To determine the pro-
tective measures it is convenient for EMF, induced
by transmission lines in the receiver coils, to repre-
sent as an equivalent current in rails (1 A directs in
coils 165 mW) at 220 kW (transmission lines) -
1.5-2.5 A at 330 kW — 2-3 A at 500 kW - 3.5-5 A,
750 kW - A 4-6 [9].
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Electric Codes of Ukraine regulate norms of rail-
way tracks crossing (item 2.5.207-2.5.211) [6, 11]:

— crossing angle of HVL with electrified rail-
ways or subject to railway electrification, as well
as the crossing angle of 750 kW with the railways
of general use should be approximately 90°, but
not less than 40°;

— for the non-electrified railways distance from
the wire to the rail head in the normal mode of the
HVL vertically should be at least 7.5 m - 20 m at a
voltage of 110 kW to 750 kW properly;

—span of railroad crossing limited with spun
poles (Fig. 7).

Let us take for the research two spans on Pryd-
niprovsk railway stations on the crossing sections
with the transmission line 750 kW: Prishib-Bur-
chatsk, Zaporizhzhia region (Figure 8) and distilled
Privolnoye—Yelizarovo (Figure 9).

Tenston
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Fig. 7. Scheme of the span crossing with the railway

Span Prishib-Burchatsk is electrified with di-
rect current, measurements were carried out with
system "Control" on the basis of a car-laboratory
of Prydniprovsk signal telephone and telegraph
service.

Fig. 8. Span Prishib-Byrchak

1 - H|4. -

Fig. 9. Span Privolnoye—Eylizarovo

On the span Privolnoye Eylizarovo the con-
tinuous welded railway track with self-contained
traction. The length of the track circuit between
signal points 1 and 18, where there is a crossing
section with the transmission lines, 839 m.

The electromagnetic emission meter levels
P3-41, ampervoltmetr TS-43-80 («C-4380») with
an internal resistance of 0.06 ohms, Rogowski coil
were used for the research.

The following methods for measuring the ACL
signal current in rails are presented [12]:

1) Continuous current measurement sent to the
RC during the check-up instead the impulse. Do
this requires to shunt transmitter relay contact with
a jumper for temporary sending the continuous
current;

2) Measurement of pulse current. During this
prosess one shunt a track circuit at the input end by
an ampervoltmeters with a special driver provided
with an outer head or by ammeters with the inter-
nal resistance not more than 0.06-0.08 ohms TS-56
(«C-56»), TS-760 («C-760%»), TS-4380 («C-4380»),
at a scale 6A );

3) Current measurement in the additional wind-
ing of an impedance-bond. The ammeter is con-
nected parallel to this winding without disconnect-
ing the load. In this case, the ammeter shunts the
track circuit. Current strength in rails one can de-
termine by multiplying the readings on the volt
ratio. The disadvantage of this method is due to an
important role of the ammeter resistance. It is rec-
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ommended to use an ammeter TS-4380 («C-4380»),
with a scale of 0-1.5 A with a resistance of
0.32 ohms;

4) Current measurement with track circuit
shunting with a test shunt. This method finds ap-
plication in the absence of an ammeter with low
input impedance. Voltage on a shunt is measured
and divided on its resistance (0.06 ohms), the re-
sulting value is current of locomotive signaling.

In the research of the span Privolnoye-
Eylizarovo a second method using an ammeter
TS-4380 («C-4380»), with an internal resistance of
0.06 ohms was applied. Using probes the track cir-
cuit was shunted for a short time. On one of the
probes a Rogowski coil was put on, which was
connected to the analog-to-digital converter. Wir-
ing diagram is presented in Figure 10. In addition,
since the interfering effect area of transmission
lines is approximately 30-40 m, measurements of a
level of electromagnetic field emission were con-
ducted by means of unit RR-41 («PP-41») at a
given distance, a height of about 20 cm above the
railhead elevation (taking into account the height
of the receiver coilws) and at a height of about 2.5 m.

PL 750 kV

H

MU

( R ) RC

HH
>

Hi

ADC S

Fig. 10. Wiring diagram for the organization
of measurements:
MU — measurement unit TS-4380 («C-4380»);
RC — Rogowski coil; ADC — analog-to-digital converter;
R —relay end of track cicuit; S — supply end of track circuit

Findings

Measurements results of signal current of the
green light code (Z) with a car-laboratory of signal
telephone and telegraph department on Prydni-
provsk railway are presented in Figure 11.

As in the Figure, noise in the coils, induced by
transmission lines of 750 kV, are so strong that
code availability [3] is hardly discerned. Noise fill

short pause, long interval between codes and su-
perimposed on impulses of code. The magnitude of
the greatest noise reaches more than 1 W, which is
about equivalent to a disturbing current in the rails,
value 6 A.

E,V
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0,6/ ‘

0,4 | 1
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0H
0,2}
-0.4+
-0,6/
0,8}
_1’0' L L L 1

0 05 1,0 15 20 25

= =

3.0 s
Fig. 11. Signal current code Z

The measurements results of the signal current
of yellow light code (W) with a car-laboratory are
presented in Figure 12.

01 2 3 4 5 6 7 8 910¢s
Fig. 12. Signal current code W

As in Figure noise in locomotive coils distort
three consecutive cycles W. The magnitude of the
greatest interference reaches about 1 W that is also
approximately equivalent to a disturbing current in
rails 6 A as in the previous measurement. In these
both cases, the signal through the ADC was taken
directly from the locomotive coils, so we observe
both direct and indirect effects of transmission lines.

The measurements results of the signal current,
code W (a tested section of a track is located in front
of preinput signal point) are presented in Fig. 13.

Also as in Figure 11 one can observe that noise
from transmission line of 750 kW fill a signal code
lengthwise. But unlike the previous figure, the
magnitude of the disturbing current in the rails is
no more than 1 A. In actual operating conditions
on the given sector there is a problem of major
faults in the ACS reception code. In the measure-
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ments, the average position of the instrument indi- End of Table 1
c.ator TS-4380 (f<C-4380») at steady-state oscilla- e e o g | Height 20cm | Height 2.5 m
tions under the influence of the.measured current Jne distance T 0| above the head | above the
has shown the current rate in rails of 8 A. On the ero point-projectio level of arail, | head level of
on the railway track m V/m a rail. V/m

given section the current signal level is too high
due to the need for protection against noise, in- 16 11,7 24,9
duced with HTL (see Fig. 12). In this case, we can

talk about research of direct transmission lines im- 9 9,3 18,2
pact, as readings were taken directly from the track +12 8.3 13,4
circuit without 'the. presence of ‘Fhe rqlling stock. +15 72 10,0
Consequently significant disruptions in the ACS
codes on this section are caused by the indirect +18 6.5 9.1
effect of the HVL. +21 6,2 8,6
LA +24 5,4 8,0
GHHHH 1l m\wlu ‘W"W’U
4
2 l ‘ +30 42 7,6
' | 1T !

'“J-"'

I L T

The average electro-

7,98 14,35

magnetic field strength

“MI” The results of measurement with an instrument
RR-41 («PP-41») are presented in the Table 1. The

25 s electromagnetic field strength at a height of 2.5 m
is 2-3 times greater than at a height of 20 cm from

the railhead elevation - height of receiver coil sus-
The results of measurements with the RR-41 pension.

(«PP-41») are presented in Table 1.

Fig. 13. Signal current code W

Table 1 Originality and practical value
The electromagnetic field strength in the zone of in- The research of transmission line 750 kW effect
terference effect of transmission line on the operation of automatic cab signalling on

spans Prishib-Burchatsk and Privolnoye-Yelizarovo
above the head above the Prydmproysk railway in thg placeg of oblique rail-
level ofarail, | headlevelof ~ Toad crossing and transmission line of 750 kW,

V/m a rail, V/m 50 Hz were conducted. Measurements were made
both by means of the car-laboratory and directly on

The distance from the Height 20 em Height 2.5 m

zero point-projection
on the railway track m

-0 4 4 rail lines. In the research course the electric field
-27 53 8,0 intensity in the range of industrial frequency directly
24 5.7 8.3 under the transmission line and with distance from it
)1 6,1 8’5 along the railway, as well as the time dependences

of CACS codes with signal current frequency of
-18 6,7 8,8 50 Hz is directly under the transmission lines and
with distance from it in the absence of the train and

-15 8,5 9,6 . .
its passing were measured. It was found that CACS
-12 8,8 12,4 codes in rail circuits under the transmission lines are
9 9.9 17,9 strongly distorted, which as shown by measure-
ments of the electric field intensity can be explained
-6 11,5 24,8 by the influence of the electromagnetic field of the
-3 12,3 27,0 transmission line on the track circuits.
The possible methods of CACS safety increas-
0 12,6 35,0 . . . R . . .
ing by improving reliability of signaling from their
+3 12,0 26,0 way on a locomotive were considered.
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Conclusions 7.  Komeswuii, C. B. EjgekTpoMartitHi 3aBaau B Me-

. . Kax peikoBoi JiiHiT 1 iX BIUIMB Ha poOOTY aBTOMa-

Root causes analysis of the faults and failures THHOT TOKOMOTHBHOI cHrHamisawii / C. B. Kome-

in CACS was conducted. The effect of the elec- Buit, M. C. Kowesuit, M. M. BaGaes // Indop-

tromagnetic field of high-voltage transmission MalL.-KepyIoui CHCTeMH Ha 3ali3H. TpaHcil. — 2008.

lines (750 kV, 50 Hz) on the track circuits and —Ne 4, —C. 13.

CACS with signal current of 50 Hz in the areas of 8.  Jleonos, A. A. Texuuueckoe 00CITyKUBAHUE

convergence and intersection with the transmission ABTOMATHYCCKOH JIOKOMOTHBHOM CHIHATM3ALMH /

line was studied. A. A. JleoHOB. — 5-¢ u3n., nepepad. u gom. — M. :
. . . Tpancnopt, 1982. — 255 c.
The possible methods of increasing interference - PHCURL Poccrst, B61L25/02. YerpoiicTso

protection of CACS were considered. . N

3aIIUTHl pabOThl YCTPOKMCTB aBTOMATHYECKOH JIO-
KOMOTHBHOH CHTHAIM3AaLMA OT IIOMEX JIMHHH
LIST OF REFERENCE LINKS anekrponepeaay [Electronic resource] / Kocoma-

1.  besnaputHmii, A. M. AHami3 cTaHy MPUCTPOIB nos A. M., IToxnesoit 0. U. (Poccus) ; 3asBuTens
aBTOOJIOKYBaHHS, METOJIB HOro 0OCIyroBYBaHHS u mateHrosnazenel I'oc. obpasosar. yupekaeHue
ta koHTpoisto / A.M. Besnapurnuii, B. 1. 'aBpu- BBICLLIEr0 PO(ecchoH. 00pasoBanus «Camapckuit
mok, O. O. TomonoGosa // Hayka Ta mporpec roc. yH-T myTed cooOmeHus». — Available at:
TpaHcn. BicH. [lHimpomeTp. Hall. YH-TY 3ali3H. http://www.findpatent.ru/patent/247/2475395. .html.
tpancit. —2014. — Ne 1 (49). — C. 22-32. — Title from the screen. — Accessed: 08.06.2014.

2. Taspmmok, B. I. Mmosipuicna mogens By — 10.  CHCTEMBI KeIe3HONOPOXKHOI aBTOMATHKH H Telle-
TATOBOTO CTPyMy Ha peiikoBi xona / B. 1. 'aBpu- MexaHiky : y4e6. st Bysos / FO. A. Kpasrios,
mok, O. B. 3aBropomnnii // Tapopmar.-kepyrodi B. JI. Hectepos, I'. ®@. Jlekyra u ap. — M. : Tpanuc-
CHCTEMH Ha 3aii3HWYH. TpaHcr. — 2010. — Ne 4. — nopt, 1996. —400 c.

C. 73-76. 11. TlpaBmia yCTpOWCTBa 3JEKTPOYCTAaHOBOK YKpau-

3.  Tomonmo6osa, O. O. MaremaTn4He MOIETIOBAHHSI bl 2009 (no paspenam) [Electronic resource] /
BXIIHUX TPUCTPOIB CUCTEMHU aBTOMATHYHOI JIOKO- Oxpana tpyma. — 2010-2012. — Available at:
MOTUBHOI curtanizamii / O. O. Tonono6osa // Ha- http://www.ohranatruda.in.ua/pages/5004/. — Title
yKa Ta mporpec Tpacil. Bich. J{minponerp. HaiL from the screen. — Accessed : 08.06.2014.

YH-Ty 3ami3H. TpaHcm. — 2014, — Ne 2 (50). — 12. OnexrpomMarHuTHas COBMECTUMOCTH YCTPOHCTB
C. 21-30. ABTOMATHYECKOW JIOKOMOTHBHOH CHTHAJIM3AlUH

4. THCTPYKIis 3 TEXHIYHOTO OBCITyrOBYBAHHS JIOKO- ¢ Tsrosoi ceteto [Electronic resource] / Llentpan.
MOTHBHUX IIPUCTPOIiB aBTOMATHYHOI JIOKOMOTHB- Hayd. O-ka. — 2013. — Available at: http://www.Ock.ru/
HOi curHamizauii Gesmepepsroro Tthiy (AJIC) transport/elektromagnitnaya_sovmestimost_ustro-
i IPHCTPOIB KOHTPONIO MUIBHOCTI MAIIMHICTa HA jstv.html. — Title from the screen. — Accessed :
3amizHuIpsIx Ykpaiau : T-III-0072. — K. : Vkp- 08.06.2014.
samizamms, 2004, — 92 c. 13. Railroad-Highway Grade Crossing Handbook -

5. Kazakos, A. A. ABTOGIOKMPOBKA, JJOKOMOTUBHAS Revised Second Edition August [Electronic re-
CHTHIM3aLKs 1 ABTOCTOIIBI © y4e0. JUIsl TeXHUKY- source] / U.S. Department of Transportation. Fed-
MOB .-11. TpaHcIL. / A. A. Kasakos, E. A. Kazakos. eral Highway Administration. — 2007. — Available
— 7-e w3n., mepepab. u gom. — M. : Tpancmopr, at: http://safety.fhwa.dot.gov/xings/com_roaduser/
1980. — 360 c. 07010/sec04b.htm. — Title from the screen. — Ac-

6. KoHcTpykTHBHBIE mapaMeTpbl BO3IYIIHBIX JTUHUI cessed : 08.06.2014.
snextponepenaun [Electronic resource] / Illkoma  14. Theeg, G. Railway Signalling and Interlocking.
i onektpuka. — 2010-2014. — Available at: Intern. Compendium / G. Theeg, S. Vlasenko. —
http://electricalschool.info/main/v1/829- Hamburg : Eurailpress, 2009. — 448 p.
konstruktivnye-parametry-vozdushnykh.html.  —

Title from the screen. — Accessed : 08.06.2014.
Doi 10.15802/stp2014/30833 © 0. O. Hololobova, V. I. Havryliuk, M. O. Kovryhin, S. YU. Buriak, 2014

25



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

Hayxka Ta nporpec Tpancropty. BicHuk J[HIponeTpoBcbKoro
HAI[IOHAJIBHOTO YHIBEPCHUTETY 3alIi3HUYHOrO TpaHcmopty, 2014, Ne 5 (53)

ABTOMATU30BAHI CUCTEMMU YIIPABJIIHHA HA TPAHCIIOPTI

0. 0. TOJIOJIOBOBA'", B. I. TABPWJIIOK?, M. O. KOBPUT'TH?, C. 10. BYPSIK*

"Kad. «ABTOMATHKA, TeTeMeXaHiKa Ta 38’ 30K», JIHIIPONETPOBCHKNMIT HAIIOHANBHIIT YHIBEPCHTET 3a/Ti3HUIHOTO TPAHCIIOPTY
iMeHi akaznemika B. Jlazapsna, Byn. Jlasapsna, 2, JlninponerpoBcsk, Ykpaina, 49010, Ten.+38 (056) 373 15 04,

ei1. omra gololobova_oksana@;i.ua, ORCID 0000-0003-1857-8196

’Kad). ABTOMATHKA, TeJEMEXaHika Ta 3B’s130Kk», JHIIPONETPOBCHKHIA HAIOHATBHIN YHIBEPCHTET 3aTi3HHUHOTO TPAHCIIOPTY
iMeHi akagemika B. JlazapsHa, Byn. JIazapsina, 2, JIHinponeTpoBebk, Ykpaina, 49010, ten.+38 (056) 373 15 04,

ein. momirta gvi_dp@mail.ru, ORCID 0000-0001-9954-4478

*Kad). «ABTOMATHKA, TeJeMeXaHika Ta 3B’s130Kk», JHIPONETPOBCHKHIA HAIOHATBHIN YHIBEPCHTET 3aTi3HHYHOTO TPAHCIIOPTY
iMeHi akazgemika B. Jlazapsna, Byn. Jlazapsna, 2, JIHinponeTpoBebk, Ykpaina, 49010, ten.+38 (056) 373 15 04

“*Ka. «ABTOMATHKa, TelTeMexaHika Ta 38°130K», JIHIIPONETPOBCHKHMIT HAIOHABHIIT YHIBEPCHTET 3aI3HIEHOTO TPAHCIIOPTY
imeHi akaznemika B. Jlazapsna, Byn. Jlazapsna, 2, JlninponerpoBcsk, Ykpaina, 49010, Ten.+38 (056) 373 15 04,

eJ1. ommra bsyur@mail.ru, ORCID 0000-0002-8251-785x

JOCJLI’KEHHS BILVIMBY .JI[HIﬁ EJIEKTPOIIEPEJAYI HA POBOTY
CUCTEMHU ABTOMATHUYHOI IOKOMOTHUBHOI CUT'HAJIIBALI
HEITEPEPBHOI 11

Merta. Po6oTa Mae 3a METy MPOBENCHHS TOCIIKCHHS BIUIMBY CIIEKTPOMATHITHOTO ITOJISI BHCOKOBOJIBTHOI JIiHIT
enexrponepenadi (JIEI) (750 kB, 50 I'r) Ha peiikoBi Koa i aBTOMATUYHY JIOKOMOTHBHY CHUTHANI3aIii0 HEepEPBHOI
nii (AJICH) 3 curransanM ctpymoM 50 't Ha ainsakax 30mmkeHHs 1 mepetuny 3 JIEII Ta 3ampomnoHyBaTH MOXKITHBI
MeTOoIM miaBHIeHHS Tmepemkoao3axuiieHocti AJICH. Meroaumka. Bumipu mpoBenmeHi sk 3aco0amMu BaroH-
naboparopii, Tak i Oe3rmocepeHb0 Ha PEeHKOBHX JiHIsX. B mporeci gociiikeHb BUMIPIOBAIM HANPYKEHICTh €IIEKT-
PHUYHOTO IMOJIS B Jiana3oHi MPOMHUCIIOBOI YyacTotu Oe3nocepennno mig JIEIT i B Mipy BimganeHHs BiJ Hel 1O 3ai3HU-
YHIi KOJIii, a TaKOX TUM4AcoBi 3anexkHocTi koaiB AJICH 3 wacrororo curaaiapHoro crpymy 50 I'ni 6e3mocepenHbo
miyx JIEIT i Ha Bifcrai Bix Hel y BiICYTHOCTI I0i3/1a Ta pH Horo npoxopkeHHi. PesyabraTu. [IpoBenennii anamnis
OCHOBHUX IIPUYMH BUHMKHEHHS 300iB 1 BiiMoB y poboti AJICH. [locmifkeHo BIUIMB €JIEKTPOMArHiTHOTO MOJIS BH-
cokoBosbTHOT JIEIT (750 kB, 50 I'm) na peiikoBi kxona i AJICH i3 curnamsaum ctpymom 50 I'm Ha minstHKax
30mmkenHs 1 meperuny 3 JIEIL. Po3rmsHyTOo MOXIHBI MeTOAM MigBUINEHHS Nepemkomo3axuiienocti AJICH.
HaykoBa noBu3na. [Iposeneno mocmimkenss BmuBy JIEIT 750 kB Ha poO0oTy aBTOMAaTHYHOI TOKOMOTHBHOI CHT-
Hamizanii Ha neperonax [Ipumu6-bypuansk i IlpuBineae-€mizapose IIpuaHITPOBCHKOI 3aIi3HUIN B MICIISIX KOCOTO
nepetury 3amizanyanx koiii i JIEIT 750 kB, 50 I'u. BumipsHi HanpyXeHiCTh eIeKTPUYHOTO HOJIS B Aiana3oHi Mpo-
MHCIIOBOI yacTtoTu Oe3nocepennro mix JIEIL i B Mipy BimmaneHHs Bix Hel MO 3aii3HWYHIN KOIii, a TAKOK THMYACOBi
3anexHocti koaiB AJICH 3 wacroroto curnansHoro crpymy 50 I'i 6e3mocepennro min JIEIT 1 Ha Bigcrani Bin Hel
Y BiZICYTHOCTI 110i3/1a Ta IpH Horo npoxopxeHHi. BussieHo, mo koau AJICH B peiikoBux naniorax mig JIETT cunbHO
CIIOTBOpEHI, Li€, SIK TI0Ka3yTh BUMIPU HAIPYXKEHOCTI €IEKTPHYHOTO TOJIs, MOXKE OyTH HOSICHEHO BILIMBOM €JIEKTPO-
MarHiTHOTO TI0JIsI JIiHII enexTponepenadi Ha peiikosi koina. [IpakTHyHa 3HAYNMicTh. PO3MIIsTHYTO MOXIIMBI MeTOIU
nigBumieHHs Oesnekn AJICH nuisixom miBUINEHHS TOCTOBIPHOCTI Mepeiadi CUTHATIB 31 IUIIXY Ha JJIOKOMOTHB.

Knrouosi crnosa: cuctema aBTOMaTHYHOT IOKOMOTHBHOT CUTHAI3allii; 301i; BiIMOBa; BUCOKOBOJITHA JIiHIs €JIeK-
Tpomepeaadi
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W CCJEJIOBAHUE BJIUSHUS JIUHUHA SJIEKTPOIEPEJIAYUA HA
PABOTY CUCTEMbI ABTOMATI/I‘IECKOUI?‘I JOKOMOTHUBHOM
CUT'HA/INBALIMU HEITPEPBIBHOI'O IEMCTBUA

Heas. B pabore HE0OXOANMO MPOBECTH WCCICAOBAHUS BIHSHUS AJIEKTPOMATHUTHOTO TMOJS BBHICOKOBOJIBTHOM
mmann exrponepenaun (JISII) (750 kB, 50 ') Ha penpcoBEIe IENMN M ABTOMAaTHYECKYIO IOKOMOTHBHYIO CUTHAIIN-
3anuto HerpepsiBHOTO aelcTBHsS (AJICH) ¢ curnampaeiM TokoM 50 I'm Ha y4yacTkax CONMIKEHHS U IIepecedeHUs
¢ JIDII, a Taxxe MpeasioKUTh BO3MOXHBIE METOBI MOBBIIIeHHUS ToMexo3ammuieHHoctd AJICH. Meroauka. M3me-
peHUA NPOBCACHBI KaK CPEACTBaAMU BaFOH-Ha60paTOpI/II/I, TaK U HENOCPCACTBCHHO Ha PEJILCOBLIX JIMHUAX. B mpouec-
ce HCCIIEeI0BAaHUIN M3MEPSIH HaNpSKEHHOCTh 3JIEKTPUYECKOTo MO B JUana3oHe NMPOMBIIUIEHHON 4acTOThl Hero-
cpencreenHo nox JIOII u mo Mepe ynaneHus OT Hee IO JKeJIe3HOIOPOKHOMY ITyTH, a TaKXKe BPeMEHHbIE 3aBUCHMO-
ctu ko708 AJICH ¢ wactoroii curnansHoro Toka 50 I't HenocpeactsenHo nox JIOII u Ha ynaneHuu oT Hee B OTCYT-
CTBMH TI0€3/1a ¥ TIpH ero npoxoxaeHnu. Pe3yabrarsl. [IpoBeneH aHami3 OCHOBHBIX NPUYUH BO3HUKHOBEHUS COOEB
n orkazoB B pabore AJICH. MccnenoBaHo BIMSIHHE 3JIEKTPOMArHUTHOTO 1ojisi BeIcokoBosbTHOH JIDIT (750 kB,
50 I'n) Ha penbcoBsie nenw 1 AJICH ¢ curransHbM ToKOM 50 I'11 Ha yyacTkax cOmmkenus u nepecedenus ¢ JIOII.
PaccmoTpensl Bo3MokHBIE MeTOABI TOBEIMeHH momexo3amumerHoctn AJICH. Hayunas HoBu3Ha. [IpoBeneHb!
uccnepoBanus BimstHKUA JIDII 750 kB Ha paboTy aBTOMAaTHYeCKOH JIOKOMOTHBHOW CHTHANM3AIlMHM HAa IEPETOHAX
[Mpumm6-bypuark u IIpusoasaoe-EnnszapoBo [IpuaHenpoBCKoii jKene3H0i JOPOrH B MECTaX KOCOTO IepeceueHHs
xene3HoJopoxkHbIX myTei u JIDII 750 kB, 50 I'n. M3mMepeHs! HAPSHKEHHOCTD AIIEKTPUYECKOTO OIS B JUAra3oHe
MPOMBIIIJICHHON 9acTOThl HemocpeAacTBeHHO noa JIDII u mo Mepe yaaneHus OT Hee MO KeJNe3HOJOPOKHOMY ITyTH,
a TaKke BpeMeHHbIe 3aBucuMocTd KofoB AJICH c vactoroii curnansHoro Toka 50 I'p HenmocpenctserHo nof JIDII
Y Ha yaJICHUH OT Hee B OTCYTCTBHH I0€3/1a M MpH ero npoxoxaeHuu. O0HapyxeHo, uto kol AJICH B penbcoBbIx
nersx nof JIOII cuibHO HMCKaXeHbI, YTO, KaK MOKA3bIBAIOT MU3MEPEHHs HAMPSIKCHHOCTU IEKTPUUYECKOrO MO,
MOXET OBbITh OOBSCHEHO BIHMSHUEM OBJICKTPOMArHUTHOTO IIOJISI JIMHUM OBJIEKTPOIEpEeNladyd Ha PEIbCOBHIC LIETH.
I[pakTnyeckasi 3HAYAMOCTb. PaccMOTpeHBI BO3MOXKHBIE MeTOIbI ToBEImeHus Oe3onacHoctu AJICH myrem mo-
BEIIIICHUSI JOCTOBEPHOCTH TIEpeAayll CUTHAIOB C ITyTH Ha JOKOMOTHB.

Kniouevle cnosa: cucteMa aBTOMaTHYECKOH JJOKOMOTHUBHOM CHUTHaJIM3alluK; cOOIf; 0TKAa3; BEICOKOBOJBTHAS JIH-
HUS JEKTpoInepesaun
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MOJEJUPOBAHUE ABAPUIMHOI'O 3ATPA3ZHEHUSA ATMOC®EPHI
IHPU YPE3BBIYAMHOU CUTYALIUHU B XPAHUJIMIIE TBEPJIOI'O
PAKETHOI'O TOIIVIUBA

Heas. PazpaboTka mpUKITaaHON YUCICHHOW MOJENH [T pacdeTa TUHAMHKH 3arpsi3HEHUsT aTMOc(hepsl HaJ TOpo-
JIOM TIPU YPe3BBIUANHON CHUTyallMd B XPAHWIWIIE TBEPAOTO PAKETHOTO TOIUIMBA, COMPOBOXKIAIOUICHCS BBIOPOCOM
B arMocepy npoayKToB ropenus. Meroauka. [si YMCICHHOTO MOJICIMPOBAHUsS Mpoliecca NepeHoca ONacHoro Be-
mecTBa (IPOAYKTa TOPEHHs] TBEPJOrO0 PAKETHOTO TOIUIMBA) B aTrMoc(epe NMpUMEHseTCs ypaBHEHHE KOHBEKTHBHO-
mddy3noHHOTO TIepeHoca nmpuMecd. JlaHHOe ypaBHEHHE YUUTHIBAET pacCcerBaHMe B aTMOc(epe OmacHOTro BelecTBa
3a cyeT BeTpa u armocdepnoit nuddysuu. s pacuera nporecca 3arpsi3HEHNs] BO3AYIIHOM Cpeibl BHYTPH ITOMEIlle-
HHUH TIpU 3aT€KaHWU B HUX 3arpsS3HEHHOTO aTMOC(EPHOro BO3/IyXa HCIIOJIB3yeTcs OanaHcoBas MOJETb. JTa MOJENb
YYUTHIBACT BEMYNHY BO3AyXO0OOMEHa B IMOMEIICHUH, OOBEM IMOMEIIECHHS W KOHIICHTPAIHIO OITacHOTO BEUIECTBA BO
BXOJAIIEM B IIOMEIIEHNE MOTOKe. BenmunHa GuiibTpyromerocst BO3Ayxa B IOMEIICHHUH PAaCCYUTHIBACTCS C MTOMOIIBIO
SMITUPHYECKOI Mozienu. [l YMCIeHHOrO MHTErPUPOBaHMs YPaBHEHHS IIEpeHOCca MPUMeECcH B atMocdepe puMeHseTcst
HEsIBHAs pa3HOCTHAsI cxeMa paclieruieHus. Ha ocHOBe MocTpoeHHOI uKiCIeHHON MOJIENH cO3/1aH KO Ha alrOpuTMUYe-
ckoM si3bike DoptpaH. [IpoBeeH BRMUCIUTENBHBINA KCIIEPUMEHT 110 OIEHKE YPOBHS 3arpsi3HEHHS aTMOc(epsl Hal
r. ITaBorpagoM u BO3AyIIHON Cpeabl BHYTpHU nomeleHuid. Pesyabrartel. [IpennoxenHas Moaenb MO3BOJSET Oepa-
THUBHO PAacCCUMTATh 3arpsi3HEHHE aTMoc(hepsl IPH BEIOPOCE XMMHYECKH OIAacHOTO BellecTBa. Mojielnb o3BOJIsIET Ompe-
JIETTUTH Pa3Mepbl 30HBI TOKCHYIHOTO TopaxkeHus mofei. C moMomipio pa3paboTaHHOW YHCICHHON MOZETH BEIIOTHEHA
OIIEHKA PHCKA ITOpaKeHMs JIIoeH B cenuTeOHoi 30He T. [laBnorpaa. Hayunas HoBusHa. Co3aHa 4rciieHHAS MOJIEIb,
[IO3BOJIMBILAS OIEPATUBHO OLEHUTh PUCK TOKCHYHOIO NOpakeHus Jitojel B I. IlaBnorpan B cilydae 4ype3BblYalHON
CUTYyallul B XPaHWJIMILE TBEPAOrO pakeTHOro TommBa. IlpakTuyeckasi 3HaUMMOCThb. PaszpaboTaHHasi duciIeHHAs
MOJIETIb MOYKET OBITH MCIOJB30BaHA ISl OLICHKH PUCKA TOPAKEHHS JIFOACH Ha OTKPBITOM BO3IyXE WM BHYTPH ITOMe-
IICHUI TIPH SYMHUCCHH XUMUYECKH OMACHBIX BemiecTB B atMocdepy. C MOMOIIbI0 Pa3pabOTaHHON YHCICHHON MOJCITH
pelleHa 3aada o OLEHKe MOCIEeICTBUN I HACEJIEHUs IIPU BOTOPAaHUU TBEPIOr0 PAKETHOIO TOIUIMBA B XPAHUIIUILE.

Kniouesvie cnosa: 3arps3HeHue aTMOC(Ephl; paKETHOE TOIUIMBO; HH(OIIBTPALINS OMACHBIX BEIISCTB B TIOMEIIle-
HUE; YUCIECHHOE MOJIEIUPOBaHUE

BBenenue C TBepABIM PaKETHBIM TOIUIMBOM pakeThl PC-22
(puc. 3). B ciiyuae upe3BbIYaifHOM CUTYaIlul U BO-

Ha teppuropuu IlaBnorpaackoro XuMu4eckoro
3rOpaHuM TOIUIMBAa B atMocepy HA4YHyT MHOCTY-

3aBona (puc. 1) HaxomsaTcs XpaHwiuma (puc. 2)
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[aTh XMMHYECKHU OIACHBIE BELIECTBA — IPOIYKTHI
ropenust. Micxons U3 TOro, 4To BHYTPHU XPaHUIMII
HaXOAUTCS JOCTaTOYHO OOJIbIas Macca TOILUIUBA U
caMM XpaHWIHIIA PacloyiaraloTcsi BOJIM3U ropoaa
(cm. puc. 1) BO3HHMKaeT akTyajbHas 3a/a4a — Mpo-
THO3 AWHAMUKH 3arps3HeHHs aTMocdepsl Ipu
ype3BBIYAHON CUTYallud U OLICHKA PHUCKA TOKCHY-
HOTO TTOpaXeHus Jrojel B ropoxe [1-4, 6, 7].

Puc. 1. [TonmoxeHne XpaHUIIHIIA TBEPIOTO PAKETHOTO
TorutuBa (30Ha A) Bosze r. [laBmorpan

Fig. 1. Storage of solid rocket propellant (zone A) near
city Pavlograd

Puc. 2. 3nanust — XpaHWININA ¢ TBEPBIM PaKETHBIM
TOIIMBOM Ha Teppuropuu IlaBnorpaackro
XUMHYECKOIO 3aBOJIA

Fig. 2. Buildings with a solid rocket propellant on the
territory of Pavlograd chemical plant

Doi 10.15802/5tp2014/29973

30

CAHRAODIEHON

i

TVOEHD

55 24 trail-mobilel.
stage 1

Puc. 3. TBepoe pakeTHOE TOIUIMBO NMEPBOM CTYyNEHU
paketsl PC-22

Fig. 3. Solid rocket propellant of the first stage
of rocket RS-22

Hean

Lens paboTbl — pa3paboTka MPUKIATHOW YHC-
JICHHOHM MoJenu AJsl pacdera Ipolecca 3arpssHe-
HUS1 aTMOC(ephl IPYU TOPEHUH TBEPAOIr0 PaKETHOTO
TOIUTUBA M TIPOTHO3MPOBAHHNE YPOBHS 3arpsi3HEHHS
aTMOC(EepHOTo BO3IyXa B CEIUTEOHOH 30HE B CIIy-
yae Ype3BbIYaiHON CUTyalud B XpaHHUJIHILE.

Ananuz nyonuxayuti. B YkpauHe B HacTosIiee
BpeMsl 7l TIPOTHO3a MOCJEICTBUI aBapuil Ha XH-
MUYECKH OINACHBIX 00BEKTaX IMUPOKO UCHOIb3YET-
Csl HOpMaTHBHAS METOJIMKa, KOTOpas OCHOBaHA Ha
psiae saMnupudeckux 3aBucuMocteil. Henocratkom
3TOW METOIWKH SBIISETCS OTCYTCTBHE IPSIMOTO
ydera CKOpOCTH BeTpa, arMocdepHoi auddysuu,
BPEMEHH SMUCCHH XUMHYECKH OTTACHOTO BEIIECTBa
Ha mporecc (OPMHUPOBAHHS 30HBI 3arps3HEHUS.
Kpome »toif mMozenu B YKpaumHe HPHUMEHSIOTCA
aHAIMTUYECKHE MOJETU W B YaCTHOCTH MOJEIh
T'aycca. Monenu naHHOro Kiiacca mO3BOJIAIOT OIle-
PaTHUBHO paccyuTaTh 30HY 3arpsA3HCHUS, HO IS
MOJIETBHBIX CUTYaIlUi THUIIA TOYSUHBIH MOCTOSIHHO
JIEHCTBYIOIIMN HCTOYHHUK WM TOYEYHBIM MIHO-
BEHHBIN BBIOpOC [8]. [l MpaKkTUKKU Ba)KHO UMETh
0ojee rMOKUE MaTEeMAaTUYECKHE MOJCIH, KOTOPbhIS
MO3BOJISUTH OBl IIPOTHO3MPOBATHh 30HY XUMHUYECKO-
rO 3arpsi3HEHHs] ¢ MAaKCUMAaIIbHBIM y4deToM (hu3u-
YecKuX (PaKTOPOB, BIUSIONIMX HAa MPOIECC IMepe-
HOCa ¥ TTO3BOJIAIONINX OIIEHUBATh PUCK TOKCHYHO-
0 TOpaXXEeHHs Jo/Iell KaKk Ha OTKPBITOM TIPO-
CTPAHCTBE, TaK U BHYTPH IMOMEILIEHHH.

© H. H. Benses, A. B. bepinos, A. B. IlleBuenko, 2014
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Ilocmanoexa 3adauu. PaccMatpuBaercsi pac-
cemBaHHe B arMoc(epe TOKCHYHOTO BEIIEeCTBa
(XJTOpUCTBIA BOMOPOM), TOMABIIETO B HEE IIpH
Ype3BbIYaHOW CUTYallUd B XPAHWIMILE TBEPAOTO
pakeTHoro TorumuBa (puc. 2). M3BecTHa MHTCHCHB-
HOCTH BBIOpOCA 3arps3HSIONIETO BEIIeCTBa U IPO-
JIOJDKUTEIHHOCTh SMUCCHH OIIACHOTO BEIIECTBA IO
BpeMeHH (BpeMs ropenuns). Heooxoammo ucciemo-
BaTh JUHAMHKY 3arps3HEHHS aTMochepsl MpH 3a-
JIAaHHBIX IapaMeTpax METEOCUTyallud U OICHUTHh
PUCK TOKCHYHOTO TIOPaXEHHS IOJEH Kak Ha OT-
KPBITOM TPOCTPAHCTBE, TaK U BHYTPH ITOMETIIEHHH.

MeTtoanka

IIporecc paccenBaHMS TOKCHYHBIX MPOAYKTOB
TOPEHUS TBEPAOTO PAKETHOTO TOITMUBA B aTMoc(e-
pe OCHOBBIBAETCSI Ha MPUMEHEHUH OCPEIHEHHOI'O
o BeicoTe nepenoca H ypasuenus I'. 1. Mapuyka
[2-5; 8-10; 12, 14]

oC ouC ovC 6(
+———=—

oc oc j 0 oC
ot Ox oy Ox

Ly o 5 Hya
+0(1)8(x=x)) 3(y—3y), (D)

rae C — KOHIICHTpaIusl mpuMecu (OmacHoe Belle-
CTBO); U, V — KOMIIOHEHTBI BEKTOPa CKOPOCTHU JIBU-

KEHHUS BETPOBOTO ITOTOKA; u:(ux, uy) — K03(-

¢unmentsr atMocdeproit auddysun; ¢ — Bpems;
(O — UHTEHCHBHOCTb 3MHCCHH; X,,"Y, — KOOPIHU-

HATBI HCTOUHNUKA dMucent; 3(x—x,), 8(y—y,) —

nenbra GpyHkims upaka.
IMocTtaHOBKa KpaeBbIX YCIOBHU Ui JTAHHOTO
ypaBHEHHUS pacCMOTpEHA B padorax [2, 5, §].

Mooenv unurbmpayuu 3a2ps3HEeHHO20 Ha-
PYoicHO20 6030yxa 6 30aHue. B naHHOUM pabote
MpOLIeCC 3arpsi3HEHUs] BO3AYIIHOW Cpelbl B MOMe-
HICHUM OIMHUCHIBACTCS CIICAYIOIIUM ypaBHEHUEM
(mymeMepHas Mognens) [13, 15]

dcC
V_dt =0¢C,,-0C, 2
rae C,, — KOHIEHTpALKs 3arpsI3HATENS B IPUTOY-
HOM Bo3xyxe; C — KOHIEHTpalus OMAacHOIO Be-
IIECTBA B BBIXOASAIIEM W3 IMOMEIICHHUS BO3IYXE;
V' — o0bem KoMHATBI; () — HHTEHCUBHOCTH BO3AY-

xoo0MeHa; ¢ — Bpems. llpu mpuMeHeHUN Moaenn

Doi 10.15802/stp2014/29973

(2) monaraercsi, YTO KOHIIEHTPALUS 3arPsS3HUTEINS
B omeniennn pasHa C.

VHTEHCHMBHOCTh BO3yXOOOMEHa pPacCUUThIBA-
€TCsl C TOMOIIBIO CIEAYIOUIEro ypaBHeHus [15]

O=ELA \f}|AT|+ U, (3)

rae f. — mapameTp, YUMTHIBAIOUIMH MpOLEcC HH-

S

(unpTpanuy yepes MoTONIOK U MO, f,, — Hapamerp,

VUIUTHIBAIOIIMA HAJIMIWE BO3JIE€ 3MaHHSI WHBIX 00b-
extoB;, ELA — mnomans wHpunbrpaiuu, AT —
nepenaj TeMIepaTyp MeXAy TEMIIEpaTypoill BHyTpU
noMenieHus u cHapyxu; U — ckopocth BeTpa. [Ipu
pacueTrax Iojarajaock, 4yTo napamerpel f,, f, pas-

ueI 0,15.

Yucnennoe unmespuposanue Mooeaupyrouux
ypasHenuti. Jlnd YUCIEHHOTO WHTETPUPOBAHUSA
ypaBHeHus (1) UCIONB3yeTcs MONePEMEHHO — Tpe-
yToJIbHAs pa3HOCTHAS cXeMa paciieruienus [2, 12].
Jng 4nuciaeHHOTo MHTETpUpOBaHMS ypaBHEHHS (2)
ucroinb3yercs merox Ditnepa [11].

Tpaxmuueckasn peanusayus YUCiIeHHOU MOOeU.
[MocTpoeHHas 4HcIIEHHAs MOJENb ObLIa HCIIOIB30-
BaHa JUIs SKCIPECC-TPOTHO3a YPOBHS 3arpsi3HEHUS
atMocdepHoro Bozayxa Han r. llaBmorpan mpu
Ype3BbIYAHOM CUTyallud B XPaHUJIUIIE TBEPIOrO
PaKeTHOro TOIUTHBA, PACIIONIOKEHHOTO Ha TEPPUTO-
pun IlaBmorpajckoro Xummdeckoro 3aBoja. Ywc-
JICHHOE€ MOJIENMPOBAHKE BHITIONHSIOCH TIPH  CIie-
IYIOIIMX UCXOAHBIX JaHHBIX: pa3Mepbl pacyeTHOM
obmactu 12 000 M X 6 300 M; HHTEHCUBHOCTH YMHC-
cun — 100 exn (Oe3pa3mepHas); BEIOPOC OCYIIIECTB-
nsiercst B Teuenne 900 c; 3arps3HsIONIee BEmecTBO —
XJIOPUCTBIN BOAOPOJ; BbIcoTa ycpeaneHus — 600 m;
CKOpOCTh BeTpa — 6 M/C; HalpaBlieHHWE BeTpa —
CEBEpO-BOCTOYHOE (ITO HAIPABICHHWE MOXKHO CUH-
TaTh ONHMM W3 HawOoJee OMACHBIX, C TOH TOUKH
3peHUs], YTO MPH JaHHOM HalpaBJICHUHU B 30HY JeH-
CTBHISI ICTOYHHKA TOMAIAI0T JKMJIbIe PaiflOHBI TOPO-
na), 3HaueHue Kkod(dduimentop armocgepHoi
muahy3HH M0 000MM HAIPABICHHSAM — 5 M/C; 00b-
€M KOMHAThI — 51 m° ; IUIOIIAAh IIeJIe B KOMHATe,
yepe3 KOTOpBIE MPOHUCXOANT HWHMWIBTpamus 3a-
IPA3HEHHOTO HAPYXKHOTo Bo3ayxa — 0,0055 M%; pas-
HUIIA B TeMIIepaType Hapy>XKHOTO aTMOC(EepHOTro
BO3yXa W BO3IyXa BHYTpH momernenus — 5 °C.
KoopauHatel WCTOYHHMKA SMHUCCHM (XPaHMJIHINA)
x=1200wm, y =3 150 M; KOOpAUHATHI IEPBOTO pe-
HenTopa — 3MaHWS B Hayaje CeIuTeOHOW 30HBI

© H. H. bensies, A. B. Bepios, A. B. llleBuenko, 2014
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r. [TaBmorpama (puc. 2) x = 6480 m, y = 2 850 m;
KOOPAMHATBHI BTOPOTO pelenTopa — 31aHUs B KOH-
ne cenuteOHOH 30HBI T. [laBmorpama (puc. 1)
x =11 280 m, y =2 850 m. Ha puc. 4 nonoxxeHue
PELEenTOpPOB CXEMAaTHYHO TTOKAa3aHO OEIIBIM «KpPYK-
KoM» ¢ 1udpoit 1 u 2.

Pe3yabTathbi

PaccmoTpum pe3ynbTaThl MOIENUPOBAHUS, TO-
JTy4eHHbIe Ha Oa3e pa3pabOTaHHOMN YUCIEHHOH MO-
nenu. Ha mpuBeneHHBIX HWKE PHCYHKax Ipen-
CTaBJieHa JUHAMHUKa (OPMUPOBAHMS 30HBI 3arpss-
HEeHUs: B aTMocdepe I pa3iInyHbIX MOMEHTOB

BPEMCHHU IOCJIC Havajla TOpCHHA TOIIMBA.

Puc. 4. 3oHa 3arps3HeHus yepe3 3 MUHYTHI ITOCTe
Hayvaja FTOPEeHHUs TOILINBA!
1 — onoXKeHNe MEPBOTO PEIENTOpa B JKHIIOH 30HE,
2 — TIOJIOKEHHE BTOPOTO PEIenTopa

Fig. 4. Contamination area for time ¢ =3 min after
the beginning of the accident:
1 — position of the first receptor in a urban district,
2 — position of the second receptor

Puc. 5. 3ona 3arpsi3HeHuUs yepe3 7 MUHYT MOCIIE Hadaa
TOpEHMUS TOIIINBA

Fig. 5. Contamination area for time ¢ =7 min after
the beginning of the accident
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Puc. 6. 3oHa 3arps3HeHus yepe3 15 MUHYT mociie Havya-
Jia TOPpEHUA TOIITMBA

Fig. 6. Contamination area for time ¢ =15 min after
the beginning of the accident

E .—'-_ = ,) .

Puc. 7. 3ona 3arps3Henns uepe3 19 MuHyT mocne Haga-
J1a TOPEHUS TOIUINBA

Fig. 7. Contamination area for time ¢ =19 min after
the beginning of the accident

Puc. 8. 3ona 3arpsi3HeHuns yepes 21 MUHYTY Tociie
Havaia TOpeHHs TOILINBA (IIPOLIECC TOPEHHS
TIPEKPATHIICS)

Fig. 8. Contamination area for time ¢ =21 min after
the beginning of the accident (the process
of burning has completed)
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Kax BumgHO M3 pric. 46, B TeUeHHE MTPOMEKYTKA
BpPEMEHH, KOTJa MpoLecC TOPEHUsI MPOAOIDKaeTCs,
30Ha 3arps3HEHUS WHTCHCHBHO BBITATHBACTCS I10
HAMpPAaBJICHUIO BETPa, 4 MAKCUMyM KOHIICHTPAIIUH
W 30HA 3arps3HEHUs] ¢ HAWOOINBIIUM TPaJUECHTOM
KOHIICHTPAIIMU HAXOUTCS HEMOCPEIACTBEHHO BOJIM-
31 xpanwmina. [Tocie mpekparieHus ropeHus Mak-
CHMYM KOHIICHTPAIIMW HAXOJUTCS B IICHTpe 00IaKa,
KOTOpOE MUTpHUpYeT depes ropox (puc. 7, 8).

Oyenka pucka moKCcUu4Ho020 NOPaAdiCeHUs n10oel
6 ceaume6bHou 30He. 110CKONBKY KpaifHe BaKHBIM
BOIPOCOM SIBJISIETCSI MPOTHO3 TOKCUYHOTO TOpa-
JKeHUs JII0/IeH B ropoje, TO B pa3padOTaHHOM Mpo-
rpaMMe OCYIIECTBIISIETCSI pacdeT M BBIBOJ Ha Iie-
yaTh KOHLUEHTPALUHU OIACHOIO BELIeCcTBa B JIHO0O0H
siueiiKe, HaXOMAICHCS Ha TEPPUTOPHH CETUTCOHON
30Hbl. Huxe B Tabnuuax mpencTaBieHbl MPOrHO3-
HBIC JAHHBIE OTHOCUTEIBHO BEIMYWHBI KOHIICH-
Tpaluy OMacHOTO BEUIECTBAa Ha OTKPBITOM MECTHO-
CTH M BHYTPH TIOMEIIEHUs Ul IByX PELENTOpOB,
KOTOpBIE YCIOBHO 0003HaueHbl mudpor 1, 2 Ha
puc. 4. D10 Hadayso cenuTeOHOM 30HBI Topoaa
Y KOHeIl ceIMTeOHON 30HBI.

Tabnuna 1

Cpennee 3HaYeHHE KOHIEHTPAHHA ONIACHOTO
BeleCTBa B aTMOC(EepPHOM BO3IyXe B HAUajIe
cesuTeOHOI 30HbI I'. [1aBiorpan

Table 1

The median concentration of hazardous substances
in the air at the beginning of the Pavlograd
residential areas

Bpewms nocie Konnenrpanus
aBapuu OIIACHOTO BELECTBA IIpeBbimienue
B XpaHUJIUILIE, B aTMOc(epHOM ITJIK (C/TLAK)
MHH Boszyxe, C [Mr/m’]
20 15,6 78
30 18,02 90
40 1,49 7,4
50 0,02 0,1

Kak BHIHO W3 JaHHBIX TaONUIl, B Cllyyac aBa-
puitHOTO BHIOpOCA Ha Tepputopuu [laBrorpaacko-
T0 XMMHYECKOTO 3aBOJIa, CO3AACTCSI PUCK TOKCHY-
HOro nopakeHus JiroAeit B r. [TaBnorpaz ¢ neraib-
HBIM HCXOJIOM.

Cremyer OTMETHTb, YTO TSI 3a7a9 paccMaTpH-
BaeMOro KJjiacca 0COOYI0 Ba)KHOCTh MPEACTABISIOT
OIICHKa PHUCKa CMEPTEIBHOTO MOpPAXEHUS JIOACH

Doi 10.15802/stp2014/29973

TIPH SMHUCCHH XMMHUYECKH OTMACHBIX BEIECTB B aT-
Mochepy. Ilog puckoMm 31ech OyleM MOHUMATh
KOJIMYECTBO JIIOJICH TOMAaBIIUX B 30HY, I'ZI€ KOH-
HEHTpAIs XUMHYECKOTO BEIeCTBa IPEBHIIIAET
BEJIMUMHY TOpaKarolield KOHIEHTPAIH, KOTopas
JUISL XJIOPUCTOTO BOJOPOAA COCTABIISAECT MOPSIKA
4,5 mr/m°. B cocTas pa3paboTaHHOTO KOJa BXOJUT
nmoamporpamma «ZONAy, KoTopas pacCUHUTHIBACT,
re B 00JaCTH KOHIIEHTPALMS 3arPsA3HUTEIS paBHA
WJIM OPEBHIIIAET 3TO MOporoBoe 3HaueHue. Ha oc-
HOBE JITHX JIAaHHBIX (HOPMHUPYETCS MACCHB, KOTO-
PBIi OIpENENsieT T€ Pa3sHOCTHBIE STYEHKHU, KOTOPHIE
COOTBETCTBYIOT 30HE nopakeHus. Ha ocHoBe atoi
nH(pOpMAIK HA KapTe CTPOUTCS JaHHas 30HA TI0-
pakeHus, KOTOpas IMO3BOJISIET OBICTPO OIICHHUTH
pa3Mepbl 30HbI, ONTACHOM ISl )KU3HU.

Tabnuma 2

3HayeHHe KOHIIEHTPAIINU ONACHOTO BELECTBA
BHYTPH NOMelleHus (31aHNe HAXOAUTCS B HayaJe
cejuTeOHOIi 30HbI I'. [IaBaorpan)

Table 2

Concentration value of the dangerous substance
inside the premises (the building is located at
the beginning of the Pavlograd residential areas)

Bpewms nocne Konuentparnus
aBapuu OIIACHOTO BEILECTBA IpeBrimenue
B XpaHWIHUILE, | BHYTpPU IOMEILECHHUS, IIAK (C/TIAK)
MHH C [mr/iv’]
20 1,28 6,43
30 4,86 24
40 5,20 26
50 4,35 21
Tabnuna 3

Cpennee 3HaYeHHE KOHIEHTPAIHHA ONACHOTO
BeIeCTBa B aTMOC()EPHOM BO3IyXe B KOHIIE
ceuTeOHOI 30HbI I'. [1aBiaorpan

Table 3

The median concentration of hazardous substances in
the air at the end of the Pavlograd residential areas

Bpewms nocine Konuenrpanus
aBapuu OIIACHOTO BEIEeCTBa IpeBbiieHue
B XpaHUIIHUIIE, B aTMoc(epHOM ITJK (C/TLAK)
MUH Bo3zyxe, C [Mr/m’]
35 17,8 89
50 6,1 30
60 0,48 2,4
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Tabnuua 4

3HavYeHHe KOHIEHTPAIUH ONACHOTO BeIeCTBA
BHYTPH NOMeIleHus (31aHHe HAXOTUTCH B KOHIIE
ceuTeOHOI 30HbI T. [TaBaorpan)

Table 4

Concentration value of the dangerous substance
inside the premises (the building is at the end
of the Pavlograd residential areas)

Bpewms nocne Konuentparnus
aBapuu OIIaCHOTO BEIIIECTBA [IpeBbimenne
B XpaHwiuine, | BHyTpH nomewenus, | IIJIK (C/AIAK)
MHH C [Mr/M3 ]
35 2,06 10,3
50 5,14 25
60 4,60 23

Kpome 3T0Or0 yKazaHHas MOAMPOrpaMMa cpasy
paccUHTHIBAET TUIOMA/b 30HBI MOPAKEHHUS W 3HAS
CPE/IHIOI0 MJIOTHOCTh HACENICHUsS JJIs JaHHOTO TO-
pona (1 855 yenoBek/kM?) ONpeeIseT KOTHIeCTBO
MOTUOIINX JTFOICH:

D=S, P, 4)

rie D — komuuecTBO moruOmux moxeit; S, —

Iiomanab 30HbI ITOPAXKCHUS, P — mmoTHOCTH Hace-
JICHUS.

Puc. 9. 30oHa cMepTenbHOrO MOpakeHUs Ha OTKPBITON
MECTHOCTH Il MOMEHTA BpeMeHH ¢ = 25 MUHYT mocie
aBapuy (B JaHHOM 30HE KOHIIEHTPALMS OIIACHOTO
BeIleCTBA ObLIA PABHA MUK IPEBBICHIA 4,5 MI/M’),
CKOPOCTB BeTpa 6 M/c

Fig. 9. Zone of hitting for time ¢ =25 min after the
accident (in this zone the concentration of hazardous
substance was equal to or exceeded 4.5 mg/m’),
speed of wind is 6 m/sec

Ecnu paccmarpuBaeTcsi CUTyarys, KOTaa JEOIU
HaXOJATCS Ha OTKPBITOM IPOCTPAHCTBE, TO B 30HY

Doi 10.15802/5tp2014/29973
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CMEpTENBHOTO MopakeHus nomnajaet nopsaaka 5 400
YyeJIoBeK. 30Ha CMEPTEIbHOTO MOPAXKEHUS JUId yKa-
3aHHOU METEOCUTYyallH 1T0Ka3aHa Ha puc. 9.
W3MeHeHns: CKOpOCTH BETpa OKa3bIBaeT ecTe-
CTBEHHOE BIHMSHHE Ha TeMN (OPMHPOBAHUS 30HBI
nopaxkeHus. Tak Ha puc. 10 noka3ana sTa 30Ha A7
ckopoctH BeTpa 4 m/c. CpaBHHMBasi 3TOT PUCYHOK
C MPEABIAYIINAM, BUAUM, YTO JJIMHA 30HBI [IOpa)Ke-
HUSI K MOMEHTY BpeMEHHU ! =25 MUHYT MEHbIIE,
4eM Ul IpeabIAyIIero creHapus.
' i

) e, = 3

Puc. 10. 3oHa cMepTENbHOrO NOPAXKEHHU HA OTKPBHITOM
MECTHOCTH JUII MOMEHTA BpEMEHH ¢ =25 MHHYT mocie
aBapu (B JaHHOW 30HE KOHLIEHTPALMs OMACHOTO
BeIlleCTBA ObLIA PaBHA UM TIPEBBICHIA 4,5 MI/M’),
CKOPOCTb BeTpa 4 M/C

Fig. 10. Zone of hitting for time ¢ =25 min after the
accident (in this zone the concentration of hazardous
substance was equal or to exceeded 4.5 mg/m®), speed
of wind is 4 m/sec

TakuM 00pa3zoM, B cilydae 4ype3BbIYANHON CH-
Tyalul B XpaHWIHIIE C TBEPJbIM PAKETHBIM TOII-
JMBOM BO3MOKHO MAacCOBOE IOPaKEHHE JIOJEH
B CEIUTEOHOI 30HE.

B 3akirouenne oTMETHM, YTO pacueT 3aJayd Ha
0a3ze pazpaboTaHHOI MOZIENH COCTAaBIAET MOPSIKA
2 ¢ KOMIBIOTEPHOTO BPEMEHH.

Hayqﬂaﬂ HOBHU3HA U MPaKTHYCCKasA
3HAYUMOCTb

Co3mana duciieHHas MOJENb, II03BOJIAIOLIAS
ONEpaTHBHO PAacCUNUTaTh IJUHAMHUKY 3arps3HEHUS
aTMOC(EepHOTro BO3AyXa M PHCKa TOKCHYHOIO TIO-
paxeHus JIOAEH NPH 4Ype3BbIYANHOW CUTyaluu
B XpaHWIHIIE C TBEPIBIM PAKETHBIM TOILIUBOM.

Oco0EeHHOCTBIO MOCTPOCHHOW MOJENHU SIBIISET-
Ci HCIOJB30BaHHE CTAHJAPTHOW MCXOJHOW HH-
dopMmaru 1 OBICTPOTA B HOJYYCHHH PacueTHBIX
JTAaHHBIX, YTO BAKHO NPH IMPOBEICHUU CEPUMHBIX
pacyeToB MO OLIEHKE pa3MEpOB 30H MOPAKECHHUS.
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MOJEJTFOBAHHAA ABAPIﬁHQFO 3ABPYJHEHHA ATMOC®EPH ITPU
HAIBBUYAUHIN CUTYALII B CXOBHIII TBEPJAOI'O PAKETHOI'O
ITAJINBA

Merta. Po3po0Oka mpuKIIagHOi YACENbHOI MOIETI U pOo3paxyHKy AMHAMIKA 3a0pyAHEHHsS aTMOc(hepH Haa Mic-
TOM MpW HaJ3BUUAMHII CHTYyalii B CXOBHII TBEPJOTO PAKETHOTO MaJMBa, IO CYIPOBOKYETHCS BUKHIOM B aTMOC-
(hepy nmpoxaykriB ropinas. Meroanka. J{J1s YMCceIbHOr0 MOJICIIIOBAHHS IIPOLIECY TIEPEHECEHHs HeOe3MeyHol peyoBH-
HU (TIPOAYKTY TOPIHHS TBEPJOIrO0 PAKETHOTO MajlMBa) B aTMoc(epi 3acTOCOBYETHCS PIBHSHHS KOHBEKTHBHO-
nmudysiitHoro nepeHeceHHs: qoMimku. e piBHSIHHSA BpaxoBye po3citoBaHHsS B aTMocdepi HeOe3neuyHol peyoBHHH 3a
paxyHoOK BiTpy Ta arMocdepHoi nudysii. {i1st po3paxyHKy nporiecy 3a0pyTHEHHs! ITOBITPSIHOTO CEpeAOBHIIA ycepe-
JIMHI MPUMIILEHb MPH 3aTiKaHHI B HUX 3a0pYyAHEHOTr0 aTMOC(epHOro MOBITPSI BUKOPHCTOBYETHCS OajaHCOBa MO-
nenb. s Mozmens BpaxoBye BETHYMHY MOBITPOOOMIHY B MPHUMIMICHHI, 00'€M IPUMIIIEHHS Ta KOHIIEHTpamio HeOe3-
MEYHO] PEYOBUHHM B ITOTOIIi, [0 BXOIUTH B IIPUMIIICHHS. Benrmauna moBiTps, mo QirbTpyeThes, B IPUMIIIEHH] po3-
PaxoBYEThCA 32 ITOTIOMOTOI0 eMITipHIHOi Mozemi. [ 9uCceTbHOTO IHTEerpyBaHHs PIBHSIHHS MEPEHECEHHS TOMIIITKH
B arMocdepi 3aCTOCOBYETHCS HEsIBHA pi3HUIIEBA cxeMa. Ha ocHOBI mo0Oy0BaHOI YnCeNbHOT MOZENI CTBOPEHUH KO
Ha anroputMiuHii MoBi @oprpan. [IpoBeneHO 0OUYHMCITIOBATBHUM €KCIIEPHUMEHT 13 OIIIHKU PiBHS 3a0pyIHEHHS aTMO-
coepu Hag M. [laBiiorpazoMm i MOBITPSIHOTO cepeAOBHIa ycepeauHi npuMimeHs. PesyabpraTu. 3anpononoBana Mo-
JIeJIb JTO3BOJISIE OMEPATUBHO pO3paxyBaTH 3a0pyJaHEHHs atMocdepd MPpH BUKUII XIMIYHO HEOE3MEYHOI PCUOBHHHU.
Mojiens 103BOJISI€ BU3HAUUTH PO3MIPH 30HM TOKCUYHOTO YPAXKCHHS JIFO/ICH. 3a TOMOMOT00 PO3p0o0JIeHOT YHCETbHOT
MO/IeJIi BUKOHAHA OLlIHKA PH3HUKY YpakKeHHs Jitojiell B ceniteOHii 30Hi M. [TaBnorpan. HaykoBa HoBu3Ha. CTBOpeHa
qHCENbHA MOJIENb, 10 J03BOJIMIA OTNIEPATUBHO OLIHUTH PU3MK TOKCHYHOTO ypakeHHs ntozaeil M. IlaBnorpan y pasi
HA/I3BHYAHOI CHUTYyaIlii B CXOBHIII TBEPJOro pakeTHoro manmBa. IlpakTudHa 3HayuMicTh. Po3pobieHa uncensHa
MOJIENIb MOXe OYTH BHKOPHCTaHA IS OIIHKH PH3UKY ypakKeHHS JIOAel Ha BIOKPUTOMY IOBITpi abo ycepemuHi
NPUMILIEHb NPH eMicii XiMiYHO HeOe3NeUHIX PevyoBHH B aTMocdepy. 3a IOMOMOTo0 po3po0IIeHOT YHCEIbHOT MOJIie-
JIi BUPINICHO 3aBJIaHHS 3 OIIHKH HACIIKIB JUUIsl HACEIICHHS [TPH 3aliMaHHI TBEPJOr0 PaKeTHOTO MaJIMBa Y CXOBHIIII.

Kmiouosi cnosa: 3abpynHeHHs aTMOC(epH; pakeTHE MAIKUBO; IHPUIBTpaIliss HeOS3MEYHUX PEUYOBHH B MPUMIIIICH-
Hi; YMCEILHE MOJECITIOBAHHS
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SIMULATION OF THE ACCIDENTAL POLLUTION AFTER THE
EMERGENCY IN TO THE STORAGE OF ROCKET SOLID
PROPELLANT

Purpose. Development of the operational numerical model to compute contamination of the atmosphere over
Pavlograd city in the case of solid rocket propellant ignition at the storage. Methodology. To simulate the toxic
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chemical dispersion (product of the solid rocket propellant firing) the equation of convective-diffusion transfer is
used. This equation takes into account the toxic chemical dispersion in the atmosphere by wind and the atmosphere
diffusion. To calculate the process of the indoor contamination in the case of the contaminated air infiltration a bal-
ance model is used. This model takes into account the ventilation flow rate, volume of the room, concentration of
toxic chemical in the inlet air. To compute the ventilation flow rate the empirical model was used. The implicit
change—triangle difference scheme was used for the numerical integration of the governing equation. FORTRAN
language was used to develop code on the basis of the created numerical model. On the basis of the developed
numeral model numerical experiment was carried out which allowed to estimate the level of atmosphere contamina-
tion in Pavlograd city. Findings. The operational model allows predicting quickly the hitting zone dimensions. The
developed model was used to estimate risk of people toxic hitting in the residential districts of Pavlograd city.
Originality. A numeral model allows to estimate the risk of toxic hitting of people in Pavlograd city in the case of
an accident at the of solid rocket propellant storage. Practical value. The developed numeral model can be used for
the quick estimation of risk for people in the city after toxic chemical release at the solid propellant storage. The
developed numerical model solves the problem to assess the consequences for the population at ignition of solid
rocket propellant in storage.

Keywords: contamination of atmosphere; rocket propellant; infiltration of toxic chemical into the apartment;
numeral simulation
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JTOCIIIKEHHS 3AKOHOMIPHOCTEM MACAKHAPOIIOTOKIB
Y 3AVIIBHUYHOMY HNPUMICBKOMY CIIOJYYEHHI

Mera. JlocmiKeHHs CIPSMOBAaHO Ha BU3HAYEHHS 3aKOHOMIPHOCTEH 3MiH HACEIEHOCTI COCTaBiB MOT3/iB Ta ITifI-
X0y IPUMICHKUX TacaXHPiB HA TOCAAKY JUIsl BU3HAYEHHS TEXHIKO-TEXHOJOTIYHHUX MapaMeTpiB MPUMICHKUX Taca-
JKHPCBKHUX IepeBe3eHb. MeToauka. [l TOCATHEHHs MOCTaBJICHOI MeTH OyJIM BH3HA4YeHI METOOH IOCIiKEHHS
HACEeJIEHOCTI COCTaBiB, OCHOBHI MEPioy MiIX0y MacaKUpiB Ha IUIaTGOpMy, L0 BIUIMBAIOTH HAa HACEJICHICTh Baro-
HIiB y pi3Hi mepionu mob6u. PesyabTaTH. Ha OCHOBI MpOBENCHUX JOCITIHKEHh MOXKHA 3IHCHIOBATH KOMILIECKCHI,
CHCTEMHO I0B’513aH1 PO3PaxyHKH BaXIMBHX TEXHIKO-TEXHOJIOTIYHUX MapaMeTPiB NPUMICHKHX MaCAKUPCHKUX Iepe-
Be3eHb. /lo Takux mapaMeTpiB MOXKHA BITHECTH: MapameTpu rpadika pyxy moi3ziB, HaceleHICTh BaroHiB, KUIbKICTh
KBHUTKOBHX Kac, PO3MIpH MacaXUPChKUX IUIATPOPM, KUIBKICTh Ta pO3TAlllyBaHHS Ha HUX TYPHIKETIB, 3a0e3neueHHs
3py4HOi Ta 6€3MeYHOT MOCaKH MACAKUPIB HAa MPUMICHKI MOi311. 3aIpOIIOHOBAaHO BUKOPHUCTOBYBATH BiTHOCHI TIOKa-
3HMKH HACEJIEHOCTI COCTaBiB MOI3MIB, a TAKOX y3arajJbHEHI TEOPETHUHI 3aJIe)KHOCTI IHTEHCHBHOCTI MiIXOAy maca-
JKUPIB Ha TOcaKy B moi3au. HaBeneHo rpadiku, ne icHye HEpiBHOMIPHICTh HOMUTY MEPEBE3CHb, SIKUH OIIHFOETHCS
(haKTHYHOIO HACENIEHICTIO COCTaBiB TOI3[iB, IO BCTAHOBIIOBANACS HUITXOM O€3MOCepeqHiX HATYpHUX CIIOCTepe-
JKeHb y BaroHax Ioi3ziB. Pe3ynbpTaT 1OCHTIPKEHHS TOTOJMHHOTO PO3IOALTY MacakHPOIOTOKY JI03BOJIMIIM BCTaHO-
BUTH, III0 HEPIBHOMIPHICTB 3a NepiofaMu JoOK Mae SIBHO BHPaKEHUI XapaKTep IPOsiBY, OCOOIMBO y PaHKOBHUII Ta
BEUipHIiH mepiony «Iik». Po3Mipu nepeBe3eHb y 1i TOIUHU HE BiIIOBIAAIOTH KOM(POPTHUM yMOBaM IpOI3/y maca-
JKUPIB y IPUMICHKHX elleKTponoizgax. HaykoBa HoBu3HA. 3ariponoHOBAaHO HOBHMMH MiAXiJA 100 BU3HAYECHHS 3aKO-
HOMIPHOCTE 3MiH HACEJICHOCTI MPUMICHKHX TMOT3/iB, MiIX0y IPUMIChKUX NacaXupiB Ha miatdopmy. [Ipencrasie-
HO CITIBCTaBJICHHS PEaJbHUX KPUBHUX PO3MOALTY Ta allPOKCHMOBAHUX TEOPETUYHHUX KPHBHX IHTEHCHBHOCTI MiIXOILy
MACaKUPIB Ta 3aIIOBHEHHS I01371a, a TAKOXK (POPMYIIH, 33 TOIIOMOTOI0 SIKHX OIUCYIOTHCS BHSBIICHI 3aKOHOMIPHOCTI.
i popmynu MOXyTh OyTH BHKOPHCTaHI U TOOYIOBH BiAIIOBITHUX MaTeMaTHYHUX MOJEJEH, IO OMUCYIOTh MPo-
IeC MiAXO0y MacakupiB Ha mocaaky y moizau. [IpakTuyna 3HAYMMicTh. BUKOpHCTaHHS BCTAaHOBJICHUX 3aKOHOMI-
pHOCTEH O3BOJHUTH B MOJAIBIIOMY NPOTHO3YBAaTH KUIBKICTh NEPEBE3CHUX IACAKUPIB Y KOHKPETHHX I10i3/1aX, OIl-
TUMI3YIOUH IIPU [BOMY PO3KJIaJl PyXy NMPUMICEKUX IO13/1iB, IHTEPBaJ MK IO13/1aMH, @ TaKOX HEOOXiJHY KiJIbKICTh
PYXOMOTO CKJIafy.

Kniouosi cnoea: HaceneHicTh BaroHiB; MKIIOI3HUI IHTEpBaJl; MPUMICHKI MTACAXKUPCHKI NEPEBE3CHHS; TaCaKUPO-
MOTIK; IHTEPBAIU MIAXOY MaCAKHUPIB

Beryn KIJIBKOCTI MacaXUpiB Ha KOPOTKI BiJCTaHi, pi3Ke
MaAiHASA TacaKUPOTIOTOKY IO Mipi BiIaJeHHS BiJ
roJIOBHOI craHIii. Bee 1e 3HaYHO yCKIIagHIOE pa-
[IOHAJILHY OpTaHi3allifo HuX NepeBe3eHb. Jlo Toro
K, MOpAJBHO 3acTapija MaTepialbHO-TeXHIYHA
0asa 3HOIIEHA Bxke Oinmbine, Hixk Ha 90 %, OHOB-

XapakTepHOK OCOOIHBICTIO TPUMICHKUX TIIa-
CaXHUPCHKUX IEPEBE3CHb, IOPIBHIHO 3 IHIIMMH
BUJAMHU 3QJII3HUYHUX MMACAKUPCHKUX CIONTYYEHb,
€: KOJIMBAHHS MAacaXUPOIMOTOKIB MO FOUHAX 100U,
IHSAX, MICAISX 1 Ce30HaX, IMEPEeBE3CHHS BEIMKOL
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JIEHHS TIapKy BiAOyBaeThCsA Iy)Ke IOBLIHBHUMH
TeMrmaMHu. Y Takiil cuTyamil 3alli3HUI BUMYIIEHI
CKOpOYYBaTH KIIBKICTh NPUMICBKHX IOI3iB Ha
OaraThOX HampsMKaxX. BiamoBigHo HaiOiIbIIa
KUTBKICTh JOpiKaHb MACaXUPIB MPHUIAIAE caMe Ha
MPUMICBKI TIEPEeBE3CHHS, 10 MPHU3BOJWUTH IO IIO-
CTYIIOBOi BTpaTH MO3MIII Jifilepa MPUMICHKUX IIe-
peBe3cHb MAacaXUpiB y KOHKYpPEHTHIH O0poThOi
3 MapIIPyTHAM aBTOTPAHCIIOPTOM, SIKHH Ha ChOTO-
JH1 Ma€ yCMiIIHUH PO3BUTOK.

3a I0CBIZOM HIMEILKHX Ta 1HIIAX 3ajIi3HHLD,
SK1 HAHOUIBII YCITINIHO MPOWIITH IUISX pedopMy-
BaHHs 3alli3HUYHOIO TPaHCIOPTY, came y cdepi
3aTI3HUYHUAX PETiOHANIBHHUX 1 MPUMICHKHUX TIepeBe-
3¢Hh MOXE BIAOyBaTHCSA cepilo3Ha KOHKYPCHIIIS
MDK TIEpEeBI3HUKAMHU JIepXKaBHOI, MPUBATHOI, 3Mi-
manoi OpM BIACHOCTI i HaBiTh 1HO3EMHUMH IIe-
peBizaukamu. [12, 13]. B Takux ymoBax mis 3a-
Oe3revYeHHs] KOHKYPEHTOCTIPOMOXKHOCTI Maii0yTHIX
BITYM3HSHUX 3aJi3HUYHUX KOMIIAHIM MPHMiChKUX
nepeBe3eHb 0y1e KPUTHYHO BaXKIUBUM 3a0e3Meun-
TH ONTHMAJIbHE BUKOPHUCTaHHS PYXOMOTO CKJIamy
SIK 32 HACEJICHICTIO, TakK 1 3a mpobirom (1o € B3ae-
MOIIOB’ I3aHUMH TIOKa3HUKaMmu). OOuaBa IIi MOoKa3-
HUKH 0€31ocepeHhO BIUTHBAIOTh Ha €EKTUBHICTD
BUKOPHUCTaHHsI PYXOMOT'O CKIIQJly Ta YMOBH HpOi3-
Iy TIacaKUpiB, SKi 3YMOBIIOIOTH NPHBAOIUBICTD
TPAHCIIOPTHUX TIOCIYT TPHUMICHKOI KOMITaHii ITO-
PIBHSIHO 3 iHIIMMU MEPEBI3HUKAMH.

EdexTuBHE BUKOPHUCTaHHA MAaCaXUPCHKOTO PY-
XOMOTO CKJIaZly Y MaiOyTHIX yMOBaxX pedopMyBaH-
HS 3QII3HUYHOTO TPAHCIOPTY, KOIHM JOCTYI M0
iH}pacTpyKTypy 3ali3HHLBL IS ONEpaTopiB  SK
BaHTAXXKHHUX, TaK 1 MACAKUPCHKUX TepeBe3eHb [14]
Oyne 3miiiCHIOBATHCH 3a IUIATy, 3a MPHUKIIAIOM €B-
POIEHCHKHUX, aMEPUKAHCHKUX Ta IHIINX 3aJi3HUIIb,
MOTSATHE 3a COOOK TaKOXK 1 HAWOLIBII eeKTUBHE
BUKOPHCTAaHHs HaJJaHOI MEPEBI3HUKOBI YaCTKH MPO-
MYCKHOT CIIPOMOYKHOCTI («HUTKH rpadikay) [14].

Pazom 3 UM migABUILYIOTHCS BUMOTH [0 SIKOCTI
00CITyroByBaHHS MacakUpiB, MIBUAKOCTI Ta 3pyd-
HOCTI NepeBe3eHb U MOBHOI'O 3aJ0BOJICHHS BU-
MOr Ta OaxaHb crnokuBayiB. ToMmy e¢exkTuBHA
Oprasizarlisi IpUMIChKUX TepeBe3eHb i BHCOKOSIKi-
cHe 00CIyroByBaHHS MacCakKHPIB Y CydacHUX YMO-
Bax MEpPEeXiJHOrO PO3BUTKY Taiy3i HEMOXINBI 0e3
BBEJICHHS HOBHMX YIPaBIIHCBKUX MiAXOMIB y CHC-
TeMy Oprasi3amii IpUMICEKUX MAaCaXUPCHKHUX TIe-
peBe3eHb. Taki MiIXOMW TOBHHHI 0a3yBaTHCh Ha
BUSIBIICHHI 3aKOHOMIpDHOCTEH BiANpaBieHHS Ta
MIEPEBE3CHHS MACAKUPIB MPUMICHKUMHU I0i31aMH
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i OyTHM OCHOBOIO oOpraizamii pyxy HNPHUMIiCBKHX
MOI3MIiB 3 PI3HOI0 YACTOTOIO, MACAKHPOMICTKICTIO
1 KITBKICTIO BaroHiB y COCTaBi, a TAKOX PO3paxyH-
Ky KUIBKOCTI TOI3ZIB JUI OCBOEHHS MAaCaKUPOTIO-
TOKY Ha KOHKPETHIH MUTGHUII Ta iH.

VY PO3BUTOK IOCHTIKEHBb MIOA0 BAOCKOHAICHHS
HOBHX TEXHOJIOTiIH OpraHizamii mIpuMiChKUX 3ajIi3-
HUYHUAX TACKUPCHKHUX IMEpeBe3eHb 3HAYHWI BHeE-
cok 3pobunu taki aBropu: T. B. ByTeko, T. A. Be-
perenkoBa, O. M. 'ynkos, JI. B. KoHcraHTiHOB,
®. II. Kounes, H. B. Jleagua, [I. B. JlomoTtbKO,
B. 1. Mamok, B. K. Muposnenko, 0. O. ITa3oiick-
kuii, P. B. I[Nank, A. B. TIpoxopuenko, JI. C. Ps0y-
xa, [1. B. Camapues, B. M. Camconkin, B. 1. Tep3u,
B. I'. Uly6ko, I1. O. SInoBchkuit Ta inmi [7, 9, 11].

OpHak BUIICTIEPEpax0OBaHi HAIpaIFOBaHHs He-
JIOCTaTHHO BPaXOBYIOTh 3aKOHOMIPHOCTI Iacakw-
POTIOTOKIB, 30KpeMa MOTOIMHHOT HEPIBHOMIPHOCTI,
HACEJICHOCTI PUMICHKUX TMOT3IIB.

JlocmipkeHHs TUX BUCHUX MPHUCBSYCHI HAIPSIM-
Ky BUpIIIEHHS TpoOIeMH MiBUIIEHHS JOXOMIHOCTI
MIPUMICBKHX TMAaCaXKUPCHKAX TIEPEBE3CHb Ta ITiBU-
HIEHHS SIKOCTI 00CIyroByBaHHs macaxupiB. Hesa-
JKaro4d Ha Pi3HOMAHITHICTh TOTIISAIB, aKTyaJbHUM
Ta BIAKPUTHM 3QJTUIIAETHCS TUTAHHS TOCIIHKSHHS
3aKOHOMIPHOCTEH TaCaKUPOTIOTOKIB Y 3ali3HUYHO-
My TPUMICBKOMY CIIOJIyYeHHI, a TaKOX yIOCKOHa-
JICHHS 3MIiHH HACEJIEHOCTI COCTaBiB IPHUMICHKHX
TMOI3/1B 3 PI3HUMHU MIXKITOT3HUMH 1HTEpBaJIaMHU.

Meta

BuzHaueHHs 3aKOHOMIPHOCTEH 3MiH HaceleHO-
CTi COCTaBiB TOI3IIB Ta MiAXOAY MPHUMICBKHX Tia-
CaXUPIB HA TOCANKY JJIsl BU3HAYCHHS IapaMeTpiB
rpacdika pyxy moi3/iB, KiTbKOCTI KBUTKOBHX Kac Ta
TYpHIKETIB, 3a0e3meueHHs 3pydHOi Ta Oe3rmedHol
MOCA/IKH NTACAKHUPIB HA TIPUMICHKI MOT31IH.

MeTtoauka

Jlns BU3HAUCHHS 3aKOHOMIPHOCTEH 3MiH Hace-
JICHOCTI COCTaBIB MOI3/IB Ta MiIXOAY MPUMICHKHX
MacaXXupiB Ha Mocanky OyJi0 BU3HAYEHO METOU
JOCIIIIPKEHHS HAcEeIEHOCTI COCTaBiB, OCHOBHI IIe-
piogM MiOXOMy TMacaXupiB Ha ImIIaThoOpMy, IIIo
BIUIMBAIOTh Ha HACEJCHICTh BAaroHiB y pi3Hi mepi-
OIIx T0OM.

3 MeTo0 OLIbII INIMOOKOrO BHBYEHHS ILHOTO
mporecy Oyyin 3MiCHEHI MpsiMi CIIOCTEPEIKEHHS
HAJXOJDKCHHS TAaCAXUPIB HAa 3yNUHOYHI ITYHKTH
y ®acTiBcbkoMy HampsMky KHiBChKOTO 3ami3HUY-
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HOT'O By3/a, A€ XPOHOMETPYBAaBCS 4ac NPHUXOLY
nacaxxupiB Ha miargopMy 10 MOMEHTY Binmpa-
BJIEHHS MOI37a.

JocnimkeHHs 3aKOHOMIPHOCTEH Macakuporno-
TOKIB y 3JII3HUYHOMY TMPUMICEKOMY CITOJTYIeHHI
BHUKOHYIOTBCA 13 3aCTOCYBaHHSIM METOJiB MaTeMa-
TUYHO{ CTATUCTHKH.

Pe3yabTarn

3pYUHICTh PO3KIIAY PYXY NPUMICHKUX MOi3IiB
Ha HampsMKax € OZHUM i3 OCHOBHHX SIKICHHX TIO-
Ka3HHKIB, 1[0 XapaKTepH3y€e NMPUBaOIIMBICTh 3aIi3-
HUYHOTO TpaHCIOPTY s macaxupis [1, 8]. Jlis
palioHaJbHOTO BCTAaHOBJICHHS 1HTEPBANiB MiX
MPUMICEKHMH TI0i3[IJaMH, BU3HAYEHHS KLIBKOCTI
KBUTKOBUX Kac i TypHIKETIB, IiIBHICHHS 3pyYHO-
CTell Ta MOCTYIHOCTI TPaHCIOPTHHUX MOCIYT JUIS
MacaXupiB HEOOXiMHO JOCTIIUTH PEKUM MiTXOAY
MmacaXupiB Ha TUIaTGOpMy, HACEIEHICTh BaroHIiB
B TOi37aX MPUMICHKOTO CIIOIYUYEHHS 3aJIEKHO Bij
gacy JoOH Ta Ce30HHOCTI.

OCKIJIbKY TTaCaXXKUPOIIOTIK € OCHOBHUM (haKTo-
poOM TIpH BHOOPi KIIBKOCTI BaroHiB y CKJaJi MPH-
MICBKHX TOi3/iB, MDXXITOI3HUX 1HTEPBAJIiB Ta IHIINX
napamMeTpiB, HEOOXiTHO MOCHIAUTH 3aKOHOMipHOC-
Ti MITXOMy MacaXXupiB Ha mmiaThopMmy TIepen Bif-
MpaBJIEHHAM TPUMICBKUX TIOI3iB, TEMIH 3aIroB-
HEHHS Ta HACEJICHICTh MOI3iB 1 MijiOpaTu 3akoH
po3moniny Juii BUKOPHCTaHHSA ILIOTO IIPOILECY
B MPaKTUYHUX HiNsiX. [Ipu boMy HaTypHI criocTe-
PEKEHHS TaKMX JOCHIIKEHb MOBUHHI JOMOBHIOBA-
THUCB iX TEOPETUYHUM y3arajJbHECHHSM.

YIOCKOHAJIEHHS CUCTEeMH IIPUMICHKHMX Iiaca-
JKHPCHKHX TIEPEBE3CHB Y CYYaCHUX YMOBAX PO3BHUTKY
3aTI3HUYHOTO TPAHCHOPTY YKpaiHW € OmHUM i3
MIPIOPUTETHUX IMUTAaHb y TIporpaMax YKp3aTi3HHUII
I0JI0 PO3BHUTKY 3aJIi3HUYHUX MTepeBe3eHs [5, 10].

Crin BU3HATH, PUMICBKi 3aJi3HUYHI HacaXup-
CbKi TEPEeBE3EHHs IOCTYIOBO BTPAdalOTh CBOIO
NpUBabIMBICTh, HE3BAKAIOYH HA BiJIHOCHO HEBU-
COKi piBHI Tapu(iB y NPUMiCEKOMY CHOJYYEHH,
gyepe3 3acTapiiuil pyXxoMuil ckiaag Ta MEHIIy iH-
TEHCHUBHICTh pPyXy IOPIBHIHO 3 aBTOMOOLTHHUM
TpaHcnoproM. ToMy B yMOBax, IO CKJIaJHCs, aj1a-
NTYBaTH IPUMICBKHHA TNACaKUPCHKUM TPaHCHOPT
MOXJIUBO, JINIIE BUKOPHCTOBYIOUYM HOTO IepeBaru
B TE€XHIKO-TEXHOJOTIYHMX acIleKTaX, sSIKi BH3HaYa-
I0Th 3arajbHUN dYac, IO BUTpAuyaE Macaxup Ha
MOI3IIKy Ta YMOBH, B SIKUX NepeOyBa€e macaskup mix
yac HOI3JKH Y PyXOMOMY CKJIasi.
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IIpuMicbKMM TIaCa)KMPOTIOTOKAM BIIACTHBA iC-
TOTHA HEPIBHOMIPHICTh Y 4aci, i MOXKHa PO3pi3Hs-
TH XapaKTepHi Mepioau NoOH, MPOTATOM SIKUX iH-
TEHCHUBHICTh IaCaXUPOIOTOKIB MOXKHA BBaXKaTH
nocTiitHotO. Ile paHimmHIM mepiox «mmik» 1 3HAYHO
MEHII iHTEHCHBHHUH Tepioa mpuOyTTsS TOI3IIB Ha
TOJIOBHY CTAHINI MINSTHKH, a TaKOX BEUIpHIN Ime-
ploa «ImiK» 1 MEHI IHTEHCUBHHUU TIEpioj] BiIIpaB-
JIEHHS MOI3/iB 13 rojgoBHOI cTaHmii. [4]. Ha mi me-
pioau npunagae 6au3pko 90 % BcbOro macaxupo-
MoToKy (3a HampsiMkamu). Came B Taki mepiogu
3aJi3HHIS MOXCE BHKOPHUCTOBYBATH CBOIO HaiiOi-
JBIIY TEXHOJOTIYHY TMepeBary — 3abe3ledeHHs
BEJIMKOI MPOBI3HOI CIIPOMOXKHOCTI Pa3oM i3 Haii-
HICTIO CIIOJTYYCHb.

Juist Gk HA0YHOT KApTHHU IO MIKOBUX Tepi-
onax HaBeneMo Trpadiky 3MiHH TIONUTY Ha TiepeBe-
3¢HHS B a0COJIIOTHUX BEJIMYMHAX IIOCTAHLIHHO
y dacTiBchbkOMY HanpsMKy (puc. 1).

326 §13
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Puc. 1. JIlunamika HaceneHOCT eJIeKTPOIIOi3aiB
nocranuiiHo ainpHUNI KuiB-Ilacaxupcekuii—-Dacris

Fig. 1. Dynamics of electric trains rate,
station-by-station of Kyiv-Passenger — Fast section

I3 HaBeneHux Ha puc. | rpadikiB BHIHO TaKOX,
o IiCHy€ HEpPIBHOMIPHICTh OOCSTIB IEPEBE3CHb
(monuTy) y mpsIMOMY Ta 3BOPOTHOMY HamlpsMKax.
HepiBHOMipHICTh 3a HaNpsSMKaMH BHUSBISETHCS
TOJIi, KOJIN MapajeiabHO MPOXOAUTH NEKIbKa [UIs-
XiB CITONYYCHHS, B IIbOMY BUTAJKy 1€ 3aJTi3HHYHI
Ta aBTOMOOUTBHI IIUIAXHM CIIOMYYEHHS, 1 Haca)Xup
3MIHCHIOE MOI3KY «TyIW» OIHUM BHIOM TPAHCIIO-
pTy, «Hazamy — iHmmM. OTXe, naHi Mmoo ¢haKkTHd-
HOi HaceJeHOCTI MOI3/IB y CIiBCTaBICHHI iX MOX-
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JUBOCTSIMU TIEPEBE3CHHS MMACAKUPIB AbTECPHATHB-
HUMH MapUIpyTaMH iHIIMX BHIIB TPAHCIOPTY MO-
JKYTh BHKOPUCTOBYBATHCS IJISl OLIIHKH KOHKYpPEH-
1i1 Ha TPAHCTIOPTHOMY PHUHKY.

IToruT Ha TepeBe3eHHS OIIHIOETHCA (HAKTHY-
HOIO HACEJICHICTIO COCTaBiB IOT3/iB, SIKa BCTAHOB-
JFOBasiacs MUIAXOM Oe3rocepe/iHiX HATYPHUX CIO-
CTepekeHb y BaroHax moizmiB. Lli cmocTepeskeHHs
BUKOHYIOTBCSI PETYJISIPHO TIPAIiBHUKAMH JAUPEKIii
3ai3HUYHHX NepeBe3eHb. OfHaK, Ha Hally TyMKY,
OTpUMaHI TPH TAaKUX CHOCTEPEKEHHSX JaHi IMo-
TpeOYIOTh TOAAJIBIIOrO ONpPAILIOBaHHsI, a came ix
CIIBCTABJICHHS 3 HOMIHAJIBLHOI KUIBKICTIO CHJIS-
YUX MICIIb Y MPHUMICBKHX T0i3/1aXx, TOOTO BHpa-
’KCHHS Y BIJIHOCHUX BEJIMYMHAX.

Pesynbratn mocmijkeHHsT MOTOAMHHOTO PO3-
MOJINTy TacaXuponotoky y DacTiBcbkoMy Ha-
MPSMKY Y BIIHOCHUX BEIMYWHAX (0 HOMiHATHHOL
KIJIBKOCTI CHISIYMX MICIb y BaroHax NPHUMIiCHKUX
Mmoi3/1iB) 300paxeHo Ha puc. 2.

L6

140

.

Iaeeacnicns npisticoruy notsors, "o
-

Puc. 2. luramika HaceIeHOCTI MPUMICHKUX TIOI3/IIB
3a mepionamu 106u Ha ainbHuLI KuiB—DactiB

Fig. 2. Dynamics of habitability suburban trains
by periods of day at the station Kyiv-Fastiv

HepiBHOMIpHICTh 3a mepiogamMu m00m OimbII
CyTT€BA, Ma€ SABHO BHPAXEHUH XapaKTep IMPOSBY,
0cO0JIMBO y PaHKOBHI Ta BEUIpHIHN MEPioaH «ITiK».
Po3mipu mepeBe3eHs y 11i TOAWHA HE BiOBIJAIOTh
KOM(OPTHIM yMOBaM TpPOi3Iy MAcaKUPIiB y TPH-
MICBKHX €JICKTPOIIOi3/1ax.

JlociKeHHsT MOTOIMHHOTO PO3MOJITY Iaca-
JKUPOTIOTOKY TIPUOYTTSI Ha TOJIOBHY CTaHIIIIO Ha-
MPSIMKY, 300pa)KEHOTO Ha pHUC. 2, T03BOJIMIO BCTa-
HOBHTH, [0 HANOINBIINN OOCAT MEepeBe3eHb Mae
Micre 3 5 1o 9 rox paHky. YacTka macaxuporoTo-
Ky, 10 IprOyBa€e Ha TOJIOBHY CTAHIIIO B IHTCHCH-
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BHUH paHKOBHI mepiof, ckinamae 45 % moboBoro
npubyTTs. Y mepioz 3 9 roa paHky 1o 13 rop cro-
CTEpIraeThCsl TOCTYNOBE 3HIKECHHS MPUOYTTS Ma-
CaXUPIiB, YaCTKa MacaXUPOMOTOKy ckinamae 21 %
nmoboBoro mpuOyTTs. A 3 13 1o 20 rox BimOyBaeThCs
30UIBIIICHHS. IHTCHCUBHOCTI TICPEBE3CHHS Ta 3pPOC-
TaHHS PO3MIPIB TACAKHUPOIIOTOKY, YacTKa SKOTO
ckiagae 34 % moboBoro mpuOyTTs. B mepiog 3 22
JI0 5 TOJ] paHKY PUMICBKI MOT3/11 BiZICYTHI.

JlociKeHHsT MOTOIMHHOTO PO3MOTY Iaca-
JKUPOTIOTOKY BIANPAaBICHHS 3 TOJOBHOI CTaHIIil
®DacTiBCHKOr0 HAIMPSIMKY JI03BOJIMIIA BCTAHOBHTH,
IO PO3MONIA BiOYBAa€ThCS HABIAKH IOPIBHSHO
3 IMHaMikoro mpuoOyTTs. HaitOinpmuit obcsar nepe-
Be3eHb npumnaaae 3 15 g0 19 roja, yactka nacaxu-
pPOTIOTOKY, IO BIAIpaBIS€TbCs 3 cTaHIil Kwuis-
[Nacaxxupchkuii B IHTEHCHUBHUH BeUipHIH mepiof
ckinamae 50 % moboBoro BimmpaBieHHS. 3 6 10
10 rom BimOyBa€eThCsl PAHKOBE 301JIBIICHHS 1HTCH-
CUBHOCTI MEPEBE3CHb, MAKCUMYM SIKOTO TPUIIAIAE€
Ha nepiox 3 7 10 9 rox. YacTka macaxuporoToky
cknanae 30 % moOoBoro BimmpaBieHHS. Y mepion
39 no 13 rox BinOYyBaEThCS 3HUKCHHS MACAXKUPO-
nmoToKy 10 85 %, a motim y nepiox 3 13 mo 15 rox
CITOCTEPITAETHCS TTOCTYIIOBE 30UIBIICHHS BiIpaB-
JICHHSI TTAaCaXUPOIOTOKY, YacTKa SKOTO CKIalac
20 % noboBoro BianpasieHHs. BevipHiii mepion mik
npunazaae 3 15 g0 19 roa. Yactka nacaxuponoToky
nporo mepiony ckmamae 50 % moOGoBoro Biampas-
JICHHs. Y MKOBI MEPIOJU HACENICHICTh MOI3/IiB Ha
30-40 % nepeBulLye iX HOMiHAIBHY MacaXUPOMIicC-
TKICTbh, a II¢ O3HAYae, MO TMEPEBE3CHHS MaCaKUPIiB
3IIMCHIOEThCS. Y HEKOM(OPTHHX YMOBaX IPOI3Ay.
OTxe, 7S OLIHKK YMOB TPOi3/ly MacaXupiB y MpH-
MICBKHX TTO137aX CIIiJ KOPUCTYBATHUCS caMe BiIHOC-
HUMH BEJIMYMHAMH X HACEJICHOCTI.

YMoBU npoi3ay HmacaXupiB y Noizaax €, MOKHa
CKa3aTH, «HACIIJKOM» YMOB iX MOCAJKHA B TOi3/H.
Jnst nocnmipkeHHs 3aKOHOMIpHOCTEH (hopMyBaHHS
MACaXXUPOIMOTOKIB MPUMICHKHX MIEPEBE3CHB IMij] 4ac
MOCagKd B Toi3au Oynu 3MidCHEHI HATYpHI Cro-
CTEPEIKCHHS HAIXODKEHHS PUMICHKUX TTaCaKHPIB
Ha 1mIaTGopMy Mepea BiApaBICHHIM MPUMICHKHX
MOI3/I1B.

CriocTepekeHHS BUKOHYBAJIUCh Y BEYIpHI TO-
muHK miK 1o craniii Kuis-Ilacaxupcbkuit y ®ac-
TIBCBKOMY HampsMKy y BepecHi 2013 poky. Bcra-
HOBIICHO, IO Yac MPUXOAY MPUMIiCEKHX MACaKUPIB
Ma€ KOJWBaHHSA, OCKUIBKH OUTBIIICTH TacakKHUpiB
KOPHUCTYIOThCS PUMICHKUM TaCAKUPCHKUM TPaHC-
MOPTOM YacTO 1 3HAKOTHh PO3KIAN PYyXy TMOI3IIB.
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Tomy MOXKHA CTBEpKYBATH, 110 3HAYHA KIJTBKIiCTh
MacaxupiB MPUXOIUTh Ha IuIaThopMy Oesmocepe-
JHBO TIEpEe] BIAMPABJICHHSAM TI0i3]1a, CTBOPIOIOYU
JTOJTATKOB1 HE3PYYHOCTI ITiJl Yac MOCAIKU Ta TiCHA-
BY Ha 1utatopmax.

JlocimKeHHsT BUSBIIIH, 110 Y OUTBIIIOCTI BHIIa-
IKIiB TOSBa TEPLIOrO Tacaxupa Ha Iiatdopmi
3adikcoBaHa HE paHime HiK 3a 35—40 XBHIUH 10
npuOyTTs moi3aa. [loTiM BUKOHYBaBCS MipaxyHOK
KUTBKOCTI TAaCaKUPIB, SKI HAIXOMIN Ha IUIaTdo-
pMy, 3a I’SITUXBWIMHHMMH IHTEpPBaJIaMH, JO MO-
MEHTy BimmpaBJIeHHS Toi3ga. Ha ocHoBi BuOipkH
BUKOHAHO MATEMATHYHHI aHami3 3HA4YeHb Yacy
MPHUXONy TACAXKHUPIB, SKUH J03BOJSIE BU3HAYUTH
napamMeTpH, sKi XapaKTepU3yHTh 3aKOHOMIPHICTb
3MIHH JOCTIIKyBaHOI BenMnuuHH [2, 3, 6]. Xapak-
TepHi Tpadiku NPUXOIy MACAKUPIB HA IUIATHOPMY
HaBeJleHI Ha puc. 3—5, Ha SKUX, SK MPUKIAJ, HaBe-
JICHO TpH MOi3/11 (TPH CIOCTEPEIKSHHS 3 IHTEepBasia-
MU Mk moizgamu 40, 24 1 8 XBHUIIMH BiATIOBIIHO).
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— =KpIEa Te0penMHoT0 POIMOITY IHTePBATE ILTX0Y TPIMICHEILT
TACAETIPE

Puc. 3. Kpusi (hakTHYHOTO 1 TEOPETUUHOTO PEKUMY
MiAXO0Ty MPUMICHKUX MACAKUPIB IS
MiX1oi3Horo inrepBaiy 40 XB:
¢ —dac 10 mpuOyTTS MPUMICHKOTO 01312

Fig. 3. Curves of actual and theoretical approach mode
of commuters for intertrain interval of 40 min

Ha puc. 3-5 HaBeneHO CITIBCTaBJICHHS peallb-
HUX KPHUBUX PO3MOJINY Ta ampOKCHMOBAHUX TEO-
PETUYHUX KPUBUX IHTEHCHBHOCTI MiAXOJy Tia-
Ca’)XKUPIB Ta 3alI0BHEHHS 1013712, a TaKOXK GOpMyIH,
3a JIOTIOMOTOIO SIKHX OIMCYIOTBHCSI BUSIBJICHI 3aKO-
HoMipHOcTi. Lli ¢popmynn MOXKyTs OyTH BHKOpHC-
TaHi I TMOOYIOBH BiMMOBITHUX MaTeMAaTHIHUX
MOJeNeH, 0 OMUCYIOTh MPOLEC MiAXOAY MacaKu-
piB Ha TOCaIKy y MOI3AH.

3HavYeHHS YUCIOBHX XapaKTEpUCTUK IHTEepBa-
JB MiIXOMy TPUMICBKUX ITACAKUPIB HA EIEKTPO-
MOi31M HaBeAEHO B Ta0I. 4.

Doi 10.15802/s5tp2014/30443
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— = KpiBa TeopeTIuHOro oMoy iHTePBATIE MO MPIMICEEIL TACAETIHE

Puc. 4. Kpusi hakTHYHOTO 1 TEOPETUUHOTO PEKUMIB
MIXOY MPUMICBKHX MAcaXUPiB JJIsl MDKIIOI3HOTO
iHTepBaiy 24 xB

Fig. 4. Curves of actual and theoretical approach mode
of commuters for intertrain interval of 24 min

0.5

0.5
04
0.4 t /s
03 10 /

N " 1213

02

0.2

0.1

0,1

0.0

0.0 1000 200,0 300.0 4000 5000 600,0

Ic
—+—EpnBa QakITIHOTO POSIOIUTY HTEPBALE MLTK0 Ty MPTRMICERICE

TACARTIPIE
— —EpiBa eECTIOHERIATEHOTO POSTONITY iHTePEANIE T TX0My MPTMICHEICE
TACAEIIPIE

Puc. 5. KpuBi pakTHYHOTO 1 TEOPETUIHOTO PEKUMY
MiAXOTy MPUMICHKUX MACAKUPIB I MIKITOT3HOTO
iHTepBaNTY 8 XB

Fig. 5. Curves of actual and theoretical approach mode
of commuters for intertrain interval of 8 min

3a BenmumHOI0O TapameTpiB K, KoedimieHTIB
Bapialii iHTepBaiiB BXigHOTO NOTOKYy C 1 3a cXO-
KICTIO (DaKTHYHOTO 1 TEOPETUYHOTO PO3IMOALTIB
MOKHA CKa3aTH, IO IHTEePBaIH IMiIXOTy MPHMICh-
KAX TacaXupiB Ha IwiarpopMmy (0 TPHUMICHKUX
MOT3/1iB 1 KBUTKOBUX Kac) MalOTh CKCIIOHEHI[iallb-
HUH pO3MO/IiI.

[ligxin macaxupiB — 11¢ BUIAJKOBA BEJIUYMHA,
sIKa KOJIMBAETHCS MPOTATOM BCHOTO MEPIOAY PO3-
KIaJy PyXy NPUMICHKUX TOI3[IB 1 3aJ€KUTHh Bif
MDKITOT3HOTO iHTEPBATY PO3KIATy PyXy MOI3IiB.

TakuMm YMHOM, MIAXIJ MAaca)XUpiB 10 KBUTKO-
BUX Kac, Ha TPHUMICBKI TOi3W Mae HEOpaUHap-
HICTh, OCKIJIBKM MOJXKJIMBA ITOsBa JBOX 1 Oljblie
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MMacaXupiB B OJMH 1 TOH k€ MOMEHT dYacy, 1 € He-
CTaIllOHAPHUM Y 3B’S13KY 3 THUM, IO IHTCHCUBHICTh
MOTOKY MacaXKUPiB 3aJICKUTH Bifl Yacy OOH.

Tabnuns 4

YucioBi XxapakTepucTHKH iHTepPBaJiB MiAX0Xy
NPUMiCbKHX NacaKHPiB

Table 4
Numerical characteristics of intervals approach
of commuters
Cranis InTepBan X
Bianpas- MiXK P’ K C c
JICHHS 03 1aMu XB
Kwuis-
[Macaxwup- | cepennini | 34,75 | 20,93 | 0,22 | 7,6
ChKHUH
Kwuis- 3
[Macaxwup- 6,82 | 19,32 | 0,23 | 93,1
. XBHJIMH
ChKUI
Kwuis- 024
[Macaxwup- 5 20,91 | 18,91 | 0,23 | 4,8
. XBHJIMH
CbKHUU

[Ipu 3rymeHoMy migxoli Maca)KUpiB BHHHUKA-
I0Th Y€prH 10 KBUTKOBHX Kac, 1 SKIIO yepra 3ats-
T'YETBCS, TO MACAKUP BUMYIICHUH 3aJHIINTH Yep-
ry i ixatu 6e3 KBUTKa ab0 00paTh aBTOMOOITHHII
BUJ TpaHcropTy. Taki BiIMOBH JOIMYyCKaTH He
MOYKHA, HEOOXiZHO CTBOPUTH TaKi YMOBU IIpH-
n0aHHs MPUMICBKUX KBUTKIB, 00 0OCIyroByBaH-
HSl TacakupiB Oyyo siKicHe 1 mBHAKe. Y 3B’SA3KY
3 UM HEOOXITHO TOCTaTHhO THYYKO pearyBaTd Ha
MOTIK MMACaKUPIB, SAKi 3BEPTAIOTHCS IO KBUTKOBHUX
Kac, BU3HAUAIOYM iX HEOOXiJHY KiJBKICTh IO Tepi-
onax nobu y poOoui Ta BUXiJHI JTHI THXKHS, 0CO0-
JIMBO B MEpiogy iHTEHCUBHOT'O BiANpaBICHHS MpH-
MICBKHX IIOI31B.

ITapameTp K, skuii xapakTepuszye KOJIMBAHHSA
MPUXO/Ay MAacaXHpiB Ha TIATPOPMY, BU3HAYAETHCS
3a 3araJibHOBiIoMOI0 hopmyiioro [2, 6]:

X2
K=—m*_, (1)
ALX]

Ie ch — cepeaHE 3HAYEHHS HACENIEHOCTI IIpH-
MICBKHX MOi3miB; /] [X ] — IUCTIePCis AOCIIIKyBa-
HO1 BEIMYMHH.

Benmnuwna G, 16 G — CTaHmapTHE BiIXHIJICHHS

KUTBKOCTI TacakupiB Ha TIaTGopMi, BU3HATAETHCS
3a opmymoro [2, 3]:
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Koediuient Bapiauii, sikuii BKa3ye, Ha CKiJIbKH
OinpIie po3CiroBaHHS BHIAJKOBUX BEJIHYWH TIO-
PIBHSIHO 13 CepeIHIM 3HAYEHHSIM, BU3HAYAETHCS 32
(dhopmyioro:

p

3a OTpUMaHUM PO3IMOALIOM IPOIECY MiAXOIy
nacaXupiB Ha TPUMICHKI IMOT3/1M, BCTAHOBJICHOIO
BeIMUMHOW mapamerpa K i Bimomum (abo 3ana-
HUAM) PO3KJIAZ0M BiAMpaBIeHHS MPUMICHKUX I10i3-
IiB B sikOMych mepiofi T MOXKHa BH3HAYHTH (TIO-
OyayBaTu rpadik) 3aranbHUM miaXiJ MacaXupis 10
MPUMICBEKHX Kac MPOTATOM mepioay 7 1o 4acy i mo
KimbkocTi (puc. 2). OTpuMaHi JaHi 3arajbHOTO
MiAXO0AY MacaXKUpiB MPOTATOM Iepiony 7 MOXYTb
OyTH TakoXK BUKOPUCTaHI 1 BU3HAYEHHS KiIbKO-
CTi OUIETHUX Kac 1 9acy iX poOoTH.

3a BenmumuHMHOIO TapameTpa K, KoeQilieHToM Ba-
piamii iHTepBaliB BXiJHOTO TOTOKY i 3a CXOXICTIO
(haKTUYHOTO 1 TEOPETHYHOTO PO3MOALIIB MOXKHA
CTBEp/KYBAaTH, L0 IHTEPBAJIH TPHUXOJY MPUMICHKHX
MacaKUpiB Ha TJATQOpMy A0 MPUMICBKHX TOI3iB
y ®DacTiBCbKOMY HAINpsSMKy Yy BEUipHI TOIUHHU IIiK
MAaIOTh TEOPETUIHNH (€KCTIOHCHITIATEHUH ) PO3TOIL.

HaykoBa HOBU3HA Ta MPAKTUYHA
3HAYNMICTDL

Y poOoTi BAOCKOHAJIEHO METOH OIlIHKH 3MIHU
HACEJICHOCTI COCTaBiB MPHUMICBKUX TOI3MIB, IO
IPYHTYETHCSI HA OTPUMaHHI BIIHOCHOI OIIIHKH Ia-
CaXHUPOIIOTOKY 0 MICTKOCTI NMPUMICHKHUX ITOI3/IiB
Ta OTPUMAHO HOBI 3aJIKHOCTI PEXKUMIB IMiIXOMY
NPUMICBKHX MAacaXHpiB IS Pi3HUX MIKIOIZHUX
IHTEpBaJiB.

BukopucTaHHS BCTaHOBJIEHHX 3aKOHOMIpHOC-
Tell MO3BOJNIUTH B MOJANBUIOMY MPOTHO3YBaTH Ki-
JBKICTh TEPEeBE3EHHX MACaXXHPIB B KOHKPETHUX
NOI31aX, ONTUMI3YIOUH NP IIbOMY PO3KIAT PyXy
NPUMICBKUX TOI3/1B, IHTEPBAI MK MOI31aMH,
a TaKOK HEOOXiIHY KiJIBKICTh PyXOMOTO CKIIafy.

BucnoBxku

JlocmimKkeHHsIMH BCTaHOBJICHO, IO HEOOXimHi
Uil OUbIl  eeKTUBHOI oOpraHizamii HpPUMICHKHX
nepeBe3eHb BEJMYHMHU, 4 CAME HACENICHICTh MOT3/iB,
MOMUT Ha TIEPEBE3CHHS, IHTCHCHUBHICTH TMIAXOIY
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UCCJIEJOBAHUE 3AKOHOMEPHOCTEN MACCAXKHUPOIIOTOKA
B ’KEJIE3HOJOPOXHOM INPUT'OPOJHOM COOBLIEHUN

Measb. VccnenoBanue HanpapieHO HA ONPEAEIECHUE 3aKOHOMEPHOCTEW U3MEHEHU HACEIEHHOCTU COCTABOB II0O-

€3/I0B U MOJXO0/a MPUIOPOAHBIX MAcCaXKUPOB HA MOCAAKY AJIS ONpEesICHHs] TEXHUKO-TEXHOJIOTHYECKUX MapaMeT-
POB NIPHUTOPOIHBIX MACCAKUPCKUX MEepeB0o30K. MeToauka. [ TOCTIKEHUs] OCTABICHHOM e ObUTH OIpeaeie-
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HBbI METOJIbl MCCJICIOBAHUS HACEJICHHOCTA COCTABOB, OCHOBHBIC MEPHOIBI MOAXO0/a MACCAKUPOB Ha ILIATPOPMY,
BIIMSIFOIIE HAa HACEIICHHOCTH BarOHOB B pa3HbIE MEepHOAB! CyTOK. Pe3yabTaTsl. Ha ocHOBaHMM NpOBEIEHHBIX HC-
CIIEJOBaHUI MOXXHO OCYIIECTBISATh KOMIUICKCHBIE, CHCTEMHO CBS3aHHBIE pPAacyeThl BaXXKHBIX TEXHHUKO-TEXHO-
JIOTUYECKUX MapaMeTpOB MPUTOPOIHBIX MACCAKUPCKUX MepeBo3oK. K TakuM mapameTpaM MOXHO OTHECTH: Hapa-
MeTpHI rpadrka IBIKEHUS OE3I0B, HACEIEHHOCTh BarOHOB, KOJTMYECTBO OMJIETHBIX Kacc, pa3Mepsl MacCaXUPCKUX
w1atopM, KOJIUYECTBO M PACIOI0KCHUE HA HUX TYPHUKETOB, 0OecIieueHe YI00OHOH U 0e301macHON MOCa KU Tac-
CaXMPOB Ha MPUTOPOJAHBIE TToe37a. [IpeanoKeHo NCIoIp30BaTh OTHOCHTEIBHBIE TIOKAa3aTeN HACEIEHHOCTH COCTa-
BOB, a TaKXke 0000IICHHBIC TEOPETUICCKHE 3aBUCUMOCTH HHTCHCHBHOCTH ITOAXO0/[a MTACCAXKUPOB HA MOCAKY B ITOE3-
na. [IpuBenensl rpaduku, rie CyniecTByeT HEPaBHOMEPHOCTh CIIPOCa MEPEBO30K, KOTOPbIil OlieHnBaeTcs (akTude-
CKOIl HACEJICHHOCTHIO COCTABOB, YTO YCTaHABJIMBAJIOCH ITyTEM HEIOCPEJACTBEHHBIX HATYPHBIX HAOIIOACHUI B Baro-
HaxX TOe30B. Pe3ympTaThl MCCIEAOBaHHMA IOYACOBOTO PACHpPEIENCHHUS MacCaXKHUPOIOTOKA JalH BO3MOXHOCTH
YCTaHOBHTB, YTO HEPABHOMEPHOCTH I10 NIEPUOJIaM CYTOK MMEET SIBHO BBIPAXKCHHBIN XapaKTep MPOSBICHHS, OCOOCH-
HO B YTPEHHHI M BEYEpHHMH MEPUOABI «IHK». Pazmepbl MepeBO30K B 3TH Yachl HE COOTBETCTBYIOT KOM(MOPTHBIM
YCJIOBUSM Mpoe3/a NacCaKupoB B MPUTOPOAHBIX dekTpornoe3gax. Hayunas noBusna. [IpenioxeH HOBBIN MOAXO0/
K OIpEIETICHNI0 3aKOHOMEPHOCTE M3MEHEHHH HACEIeHHOCTH MPHUTOPOAHBIX MOE3I0B, MOJX0Aa MPUTOPOTHBIX Iac-
caxxupoB Ha mardopmy. [IpercraBieHbI COMOCTABICHUS PEATbHBIX KPUBBIX PACIIPEICICHUS H allPOKCUMUPOBAHHBIX
TEOPETHYECKUX KPUBBIX HHTEHCHBHOCTHU MOAXOa MACCAKUPOB U 3ATIOJIHEHHUS TI0e3/1a, a TaKXKe (POPMyIIbI, C IIOMOIIBIO
KOTOPBIX ONHCBHIBAIOTCS BBISIBICHHBIC 3aKOHOMEPHOCTH. JTH (DOPMYIIBI MOTYT OBITh MCIOJIE30BAHBI IS IIOCTPOCHUS
COOTBETCTBYIOIINX MaTEMAaTHUECKUX MOJIENeH, OMMCHIBAIOIIMX IPOIECC MOIX0/1a MACCAXUPOB Ha MOCAKy B IOE3/a.
I[IpakTuyeckas 3HAYUMOCTB. VCrOb30BaHNE YCTAHOBJIEHHBIX 3aKOHOMEPHOCTEH MO3BOJIUT B JAJIbHEUIIEM IpPO-
THO3HPOBATh KOJIMYECTBO MEPEBE3EHHBIX MACCAKUPOB B KOHKPETHBIX MOE3/1aX, ONITUMH3HUPYS IIPH STOM PAaCIUCAHUE
JIBIDKEHUS TIPUTOPOAHBIX TOE3/I0B, HHTEPBAJl MEXAY MOE3[aMH, a TaKKe HE0OXOJMMOE KOJIWYECTBO MOABHUKHOTO
cocraga.

Kniouesvie cnosa: HaceleHHOCTh BAarOHOB; HMHTEPBAJ MEXKIy II0€31aMH; TPUTOPOIHBIE TTACCAKUPCKIE
MEPEBO3KHU; TTACCAKUPOIIOTOK; HHTEPBAJIBI ITOAX0/a TACCAKUPOB

T. M. HRUSHEVSKA "

"Dep. «Management of Transportation Processes», State Economic and Technological Transport University,
N. Lukashevicha St., 19, Kyiv, Ukraine, 03049, tel. +38 (044) 409 24 40, e-mail tanya.grushevska @ yandex.ua,
ORCID 0000-0002-8480-2283

RESEARCH OF REGULARITIES OF PASSENGER FLOWS IN THE RAIL
SUBURBAN TRAFFIC

Purpose. Determining regularities of changes of trains occupancy and the approach commuters on landing for
determining the technical and technological parameters of suburban passenger services. Methodology. To achieve
this goal were identified research methods of train occupancy, basic approach periods of passengers to platform
affecting the occupancy of carriages in different periods of the day. Findings. On the basis of conducted researches
can be carried out comlex, systematically related calculations of important technical and technological parameters of
suburban passenger transportations. To such parameters can be attributed parameters of trains timetable, occupancy
of carriages, the number of ticket offices, passenger platforms size, number and location on them turnstiles, provid-
ing the comfortable and safe boarding of passengers on commuter trains. It is proposed to use the relative indicators
of trains occupancy and generalized theoretical dependencies of approach intensity of passengers on landing in
trains. There are graphs where there is unevenness of transportation demand, which is estimated by actual train
occupancy that is established by direct natural supervision in train carriages. Results of the study hourly of passen-
ger flow distribution have allowed to establish that irregularity by period of day has a pronounced character of mani-
festation, especially in the morning and evening during the "peak" periods. Dimensions of transportations in these
hours do not meet comfortable conditions of passenger travel in suburban trains. Originality. It was suggested the
new approach to determine regularities of changes of the suburban trains occupancy to approach commuters to plat-
form. It is presented the comparisons of actual distribution curves and approximated theoretical curves of approach
intensities of passengers and filling of trains, and the formula by which the described patterns are identified. These
formulas can be used to construct appropriate mathematical models describing the process to approach of passengers
on landing in trains. Practical value. Using of obtained regularities will allow in future predict the number of pas-
sengers in specific trains, thus optimizing the schedule of commuter trains the interval between trains, as well as the
required number of rolling stock.
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HOWKO/’KEHHA POBOYUX EJIEMEHTIB IHCTPYMEHTY,
HOB’A3AHUX I3 IVTACTUYHUM JE®OPMYBAHHSAM
SATBEPAIV/INX OPTAHIYHUX PEYHOBHUH

Mera. HaiiOinplna yacTuHa BaHTaXHUX MEpeBE3eHb B YKpaiHi 3JIMCHIOETHCS 3ai3HUYHUM TPAHCIIOPTOM.
JleprkaBHA CTAaTHCTHKA MIOPIYHUX BaHTaKHHUX IEPEBE3CHb 3AII3HULSMH (CiueHb-JIMCTONaN) QiKCye HACTYIHI JaHi:
2011 p. — 468 mun. 1 (108,2 % mo 2010 p.); 2012 p. — 421,5 mas. T (98,5 % nmo 2011 p.); 2013 p. — 441,8 muH. T
(96,6 % mo 2012 p.). HezBaxkaroun Ha 1opiuHe 3MEHIIEHHS 0OCSTIB BAHTAXXHUX IE€PEBE3CHb, BATOMUI BHECOK IPH
TPAHCHOPTYBaHHI BaHTaXiB HAJICKHUTh IIEPEBO3KAM y LUMCTEpHAX. ToMy IpW eKcIutyaralii HUCTepH Haa3BHYAHHO
aKTyaJhbHUM Ha CHOTOMHI € TIOJOBXKEHHS TePMiHy iX MoBroBigHocTi. CydacHi ysBICHHS PO HAKOIMHMYCHHS BTOMHHX
MOIIKO/DKEHb B JCTAISIX PYXOMOIO CKJIaJy 3alli3HMYHOTO TPAHCIIOPTY IPYHTYIOTBCS Ha MOJCISX, SIKi OLHIOKTH
JIOBIOBIUHICTP METAJICBHX CHCTEM, 3aJIKHO Bil yMOB HaBaHTaXeHb. Lli Momerni IO3BOJISIOTH 3 OCTATHIM PiBHEM
TOYHOCTI BHKOHYBAaTH OIIHKY 3HEMIIIHEHHS METAJIEBHX CHCTEM B yMOBaxX 0araTOLMKIOBOI BTOMH Ta 3a HAsBHOCTI
npykHuX Aedopmariil. Bogrouac, ocobnrBoCTi MOBEAIHKM KOHTPTLI I MOJIEINi HE BPaxoBYIOTh. MeToro i€l poboTu
€ no0y10Ba MaTeMaTUYHOT MOJZEINI, SIKa JO3BOJISIE OLIHIOBATH JOBrOBIUHICTH POOOYMX IHCTPYMEHTIB, IIJ0 BUKOPUCTO-
BYIOTBCSl IIPU OYMIIEHHI 3aTBEPAUIMX OPraHiYHUX BaHTAXIB 3alTi3HMYHUX LUCTEpH. MeToamka. 3 BHUKOPHCTAHHIM
CYYaCHHUX IiAXO/IB MEXaHIKu J1eOpMOBAHOIO TBEPIOro Tijia OyJI0 BUKOHAHO aHajl3 BIUIMBY IapameTpiB OynoBU
OpraHiYHHX PEYOBHH HA JOBTOBIYHICTH BHCOKOHABAHTAXKCHHX CJIEMCHTIB KOHCTPYKINA. BBemeHHs B JaHiid poOOTi
CHIBBIJHOIICHHS B3a€EMOJI{ IMOIIKO/KCHb BiTHOCUTHCS, TOJIOBHIUM YHHOM, IO TUX €JIEMEHTIB KOHCTPYKIIi iHCTpPY-
MEHTY, $5IKi, BHACIII/IOK BIUIMBY IIMPOKOCMYTOBHUX I'ayCCIBCHKUX BUIIAJJKOBUX HaBaHTAXEHb, 3/[IICHIOIOTh KOJIMBaHHS
31 CBOIMH pPE30HAHCHHUMH a00 HABKOJIOPE30HAHCHMMH dacToTamu. Pe3dyjabTaTH. BuBYeHO BILIMB OCOOIHMBOCTEH
BTOMHHX HaBaHTa)XCHb Ha [OBTOBIUHICTP KOHCTpYKmHii. Tak, OTpHMaHI pe3yibTaTH CBiAYaTh PO 3POCTAHHSI
MOIITKO/KEHB, SIKI BHOCATHCS IUKIAMH 13 MaJMM{ aMIUTITYJaMH Halpy>KeHb, 13-3a HENIHIITHOTO e(eKTy B3aeMomii
po6oYoro eneMeHTy iHCTpYMEHTY 3 OpTaHiYHUM MatepiajoM. J[Jis HaBeIeHoTo mpuKiIagy Oyina po3paxoBaHa JOBIO-
BIYHICTH CTOMJIIOBAHOCTI, 5IKa, 3T1IHO YTOYHEHOI OIIHKH, BHSBHJIACh 3HIKEHOO Ha 10...15 %. 3nmxenns Ha 10 %
BIIIOBiZa€ MaKCHUMAaJbHIM aMIUTITY/i HAmpyXeHHsS 5G , a 3HWKeHHs Ha 15 % — MakcuMainpHil ammumitymi 7G .
HayxoBa HOBM3HA. AHAJIITHYHO MOKa3aHO, IO MMAapaMETPH 3HEMIIIHEHHS METAJIeBUX CHCTEM IOB’s3aHi 3 KiIHETHKOIO
BTOMHHX [OIIKO/DKEHb, IO HAKONMYYIOTBCA y METaIeBUX KOHCTPYKIAX IiJ Yac 30BHILIHIX HAaBaHTAKEHb.
IpakTHyna 3HAYUMICTB. ABTOPOM OYJI0 3aIIPOIIOHOBAHO CITIBBITHOIICHHS, SIKi JIO3BOJISIFOTH OI[IHFOBATH 3aJIMIIIKOBHUIA
pecypc JeTalli B yMOBax 3aaHOro MMOCiIOBHOIO 0AaraToOpiBHEBOTO IIUKIJIIYHOTO HABAHTAXKCHHSI.

Knrouogi crosa: UK, JOBrOBIYHICTB; MOMIKODKEHHS; BTOMA; HAPYKEHHS; LUCTEPHU PYXOMOT0O CKIIafy; 3ai3-
HUYHUN TPaHCIOPT

—2013 p. — mepeBe3cHHS BaHTaXIB CKJIAJIAI0Th
441,8 muH T (96,6 % 10 2012 p.); BaHTaK0000POT J0-
piBatoe 224 017,8 M 1/kM (94,2 % mo 2012 p.) [2].

HesBaxxatoun Ha miopidHe 3MEHIIEHHS 00CSTiB
BaHTAXKHUX TMEPEBE3eHb, BATOME 3HAYCHHS TIiJl Yac
TPAHCIOPTYBAHHS BAaHTAXIB HAJIC)KUTH MEPEBO3CH-

Beryn

Haii0inplia yacTHHA BAHTAXHUX TMEPEBE3CHb
B YKpaiHi 3MIHCHIOETBCS 3ai3HHYHUM TPAHCIIOP-
TOM. Jlep:kaBHA CTATUCTHKA IIOPIYHUX BAHTAXKHUX
MEePEeBE3eHp 3AMBHHUISAMHU (CiYeHb-IHCTONAN) (ik-
CY€ TaKi JaHi:

—2011 p. — mepeBe3eHHsT BaHTAXIB CKIIAJIAIOTh
468 i T (108,2 % mo 2010 p.); BaHTaX)X0000POT
nopiBHIoe 243 556,4 mumH T/kM (111,7 % o 2010 p.);

—2012 p. — mepeBe3eHHsT BaHTaXIB CKIIAJIAIOTh
421,5 mma T (98,5 % mo 2011 p.); BaHTaK0000POT
nopiBHioe 218 026,2 mutH T/kM (98,1 % 1o 2011 p.);
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HSIM Y LOUCTepHaX. ToMy TpHW eKcIuTyaTamii muc-
TEpH HAJ3BHYAIHO aKTyalbHUM Ha CHOTOAHI € TO-
JTIOBKEHHS TEPMiHY iX MPUAATHOCTI.

[MuTaHHs MWOMO TTOMOBXKEHHS TEPMiHY EKCILTY-
aTalii B A€TaJIIX PyXOMOTO CKJIaAy Ta 0e3MeYHOro
NIEPEBE3CHHS BaHTAXIB y LUCTEPHAX HOCTIHHO HO-
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CIHDKYETHCS YKPAiHCHKUMH Ta 1HO3EMHUMH BYe-
Humi [1, 7-14]. Tak, aHaii3 NPUYKH MOIIKOPKEH-
HS 3QJIi3HUYHUX [UCTEPH, aBTOIMCTEPH 1 KOHTEMH-
HEPIB-IIUCTEPH, a TAKOXK MOPIBHAHHS iXHBOTO EKC-
TTYaTamifHOTO OKUTTSD JOCTIIHKEHO HIMEIbKUMH
BueHuMHU [14]. Posrimsimy KOMIOpPOMICHHX PIllIeHb
MiX e(peKTHBHICTIO IepeBe3eHb 3aTi3HUIHUMU IHIC-
TepHAMH Ta 3a0€3MEYCHHAM iX OC3MEYHOTO TpaHC-
MOPTYBaHHS MPHUCBSIYEHA POOOTAa aMEPUKAHCHKHX
nmocigaukiB [13]. Temi MoaenOBaHHS THHAMIYHUAX
MOITKO/DKEHD 3aNlI3HUYHUX IIMCTEPH 3 BUKOPHC-
TaHHAM ()i3MYHO MOTHBOBAHOI BHYTPIIIHBOI 3MiH-
HOI TUIACTUYHOCTI HPHUCBsUEHO myOmikamio [12].
JocmimkeHHs IpoIieciB BTOMH MaTepiaiiB i Ai€0
BHITQJKOBOI BiOparii Ta iX aHaji3 cTajiu MpOBiITHU-
MU y nyomikamisx [1, 9-11]. MoxiuBicTh MOCTIH-
HOTO O3HAaHOMJIGHHS Ta OOTOBOpEHHS BapiaHTIB
KOHCTPYKTHBHUX 1 TEXHIYHUX DillleHb, IO T03BO-
JIIIOTh TBUIIMTH TOKA3HUKM €(EKTUBHOCTI TIe-
pEBE3eHb PEUOBHMH B 3aJi3HUYHUX IMCTCPHAX, Ha-
JTAETBCS BUEHUM Ha CTOPiHKaX HAyKOBOTO XXypHa-
nmy «Hayxka Ta mporpec Tpancmopty» [3, 6].

VYV To#l JKe 4Yac HeIOCTAaTHHO MOCIIIKEHOIO 3a-
JUIIAETHCS TPOOJIeMa TUTACTHYHOTO JehopMyBaH-
HS, IKa BUHUKA€ BHACIIAOK KOHTAKTIB OPTaHigHOTO
Marepiaiy i3 poOOUYMMHU eJIeMEHTaMH IHCTPYMEHTA.

Meta

CyugacHi ysABICHHS TIPO HAKOIMHUYCHHS BTOMHHUX
MOIIKO/KEHb B JIETAIAX PYXOMOI'O CKIAIy 3aji3-
HUYHOTO TPAHCIIOPTY TIPYHTYIOTHCSI Ha MOJEINSX,
Kl OLIHIOKTH JOBTOBIYHICTE METAJIEBUX CHUCTEM
3aJIe)KHO BiJl YMOB HaBaHTakeHb. [li momenmi mo-
3BOJISIFOTH 3 JIOCTATHIM PiBHEM TOYHOCTI BUKOHYBa-
TH OIIIHKY 3HEMII[HCHHSI METAIIEBUX CUCTEM B YMO-
Bax 0araToOIMKIIOBOI BTOMH Ta 33 HAsIBHOCTI TIPYXK-
Hux nedopmaniii. BomHoyac ocoGmuBOCTI TOBe-
JIHKM KOHTPTUI I MO He BPaxoBYIOTh. MeToro
miei poOOTH € TMo0yIoBa MaTeMaTHYHOI MOZET,
sika JI03BOJISIE OIIHIOBATH JIOBIOBIYHICTH POOOYMX
IHCTPYMEHTIB, IO BHUKOPHCTOBYIOTBbCS IIifi Yac
OUMIIICHHS 3aTBEPINX OpTaHiYHUX BaHTAXIB 3a-
J3HAYHUX ITUCTEPH.

MeTtoanka

Jlo BUKOHaHHS JOCHIKEHb 1 pOOOTH HAJ IEI0
CTaTTCI0 CIIOHYKaB aHali3 KUIBKOCTI 3ajTUINKiB
y 3aJi3HAYHHUX [UCTEPHAX 3aCTUTIIMX OpPTaHIYHUX
BaHTaXIB (PiOKuWil MeK, piiKa cipka, KalpoiakTam,
nacta cynbdoHoma, cyrneppochopHa KACIOTa, OJie-
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yM, koBTHH (pochop, HahTOOITYM TOINO), SAKI TTe-
pell IOBTOPHUM 3aBaHTaXKCHHSIM HEOOXiTHO BUja-
JIMTH 13 TOPOKHUH KOTJIIB HUCTEepH. [y BUKOHAH-
Hs TOCTIiPKeHb OYB BUOpaHMiA MaTepial mek, sKui
MICAS BHUBAHTAKCHHS PITKOTO TIEKYy, 3aJHIIABCS
y HUCTEPHI y BUIIIAII 3aCTHIIIOTO TMEKY, IO i~
raB BHIAJICHHIO, SIKC Ha MPAKTULI 3[iHICHIOBANIOCH
Ha TIpoMUBaNbHO-TIponaproBanbHiit cranmii (ITI1C)
BaroHHOTo Jieno. TpyAHOIII TEXHOJOTIYHOTO IMPo-
Hecy BHIAICHHS 3aCTHIVIOTO MEKy B MEPILIy Yepry
MOJISITAJIN y CKJIAJHOCTI pyHHYBaHHS HOro MOHOIII-
THOCTI Ta TMOPYIIEHHS aAre3iHOCTI 13 MeTanioMm
BHYTPILIHBOT MOBEPXHI LIUCTEPHHU.

Bigomo, mo mek — TBepAa abo B’s3Ka Maca 4o-
PHOTO KONBOPY, SIKa 3aJHMIIAETHCS Bil MEPErOHKH
KaM’sIHOro BYTULIs, TOp¢’siHOro abo AepeBHOTO
JILOTTIO, CIPKH, CMOJIA TOIO. BiH 3aCTOCOBY€ETHCS
JUIS BUTOTOBJICHHS TTOKPIBEIBHOTO TipOi30JIAIIiii-
HOT'O MaTepiaiy, TpadiTOBUX €NEKTPOMIIB TOIIO.

Ha neii yac amist opraniyHMX MaTepialiB, SIKUM
BJIACTHBI MIIHICHI Ta MPYXHICHI XapaKTePHCTHKH,
e HEeIOCTaTHBO PO3pO0JIeHI, CTBOPEHI 1 BIPOBa-
’KeH1 HamiliHI METOIH, SIKl JO3BOJISAIOTH BH3HAYATH
YMOBU PYHHYBaHHSI TAKHX MaTepiaiiB MPH CKIaJ-
HOMY HampyxeHoMy crtadi. [8]. [ToTpebu mpoekTy-
BANbHUKIB 33J0BOJBHAIM METOAU PO3PAXYHKY
YMOB TUIACTHYHOTO DPYHHYBaHHS Ipu KOMOiHOBa-
HUX HaBaHTKEHHAX. Y I[bOMY HAJaHOMY JOCIIJ-
KEHHI TIPUITYCKAETHCSA, IO €Hepris (HopMO3MiH-
HEHHSI € OCHOBOIO JUISl OTIUCY HPY>KHO-TJIACTHYHOT
MOBEIIHKH 3aCTHUIJIOT0 OPraHidYHOTO MaTepialy
y BUNAJKY, KOJH TOJIOBHI HANpPYXKCHHS 332 Hamps-
MOM CHIBITaal0Th 3 OCIMHU MaTepiay [5].

BBenenns y miif poOOTi CIIBBIAHOIICHHS B3a€-
MO[i1 HOMIKOAKEHb BiTHOCUTHCS TOJIOBHUM YHHOM
JI0 TAKHMX €JIEMEHTIB KOHCTPYKIIii iHCTPYMEHTY, Ki
BHACIIZIOK BIUTUBY MINPOKOCMYTOBUX TayCCIBCh-
KHX BUIIAJKOBUX HaBaHTAKEHb 3IIMCHIOIOTH KOJIH-
BaHHS i3 CBOIMH pE30HAHCHUMH ab0 HaBKOJOPE30-
HaHCHUMM 4acToTamu. lIpu Takux KOJMBaHHAX
Halpy>XEeHHS B POOOYHX €JIEMEHTax € BY3bKOCMY-
TOBUM TayCCIBCBKMM BHIIaJJKOBUM MPOLECOM i3
HAOMMKEHUMU 10 HyJIs CepeqHIMM 3HAUeHHSIMH Ta
13 cepeIHbOKBAaZAPAaTHYHUM 3Ha4YeHHSAM G . ['yctu-
Ha HMOBIPHOCTI 3rHHAIOY0i KPUBOI IUKIIIB (aMILTi-
TyA) TAaKOTO HANPYXEHHS HAOIMKEHO IiIITOPSI/I-
KOBY€ETbCsl po3nofineHHio Penes [4]. Taki 3akoHu
3MIHH HampyKeHb 332 YacOM XapaKTEePH3YIOThCS
HE3HAYHOIO KUIBKICTIO IUKIIB HAIPYKEHHSI BUCO-
KOi aMIUTITyAW TOPIBHSHO 13 IUKIIAMHA HEBEIMKHUX
ammutitya [9]. Llukn BHCOKOI aMILTITYyIu TPU3BO-
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IUTh 10 TIEpEeBaHTAXKEHHS, TOOTO JO MiJBUIICHHS
nedopmariii. 3B’s30Kk MK e(eKTaMH BiJ TaKUX
LUKIIB 1 OLIBII YaCTIUX LUKJIIB MEHIIUX aMILIi-
TyJ € IPUYUHOIO TaK 3BAHOTO SBHUIIA MOCHIIOBHO-
cti (ab0 "yepryBaHHS MUKITIB) HaBaHTaKeHHS [11].

Maxcumanvhuil nix Hanpysicenv ma Moougiko-
6aHe nNpaguno JNiHitHo20 00daganHs. BemmunHa
MaKCHUMAJBHOTO MIKY S, By3bKOCMYTOBUX TayCCiB-
CHKMX BUIMAJKOBHX HAIPy>KE€Hb 3aJICKUTH BiJl ILH-
PHHHU CIIEKTpa HaNpyKEHHS Ta BiX TPUBAJIOCTI Ha-
BAaHTAXEHHA. UMM MIMPIINM € CIEKTP HapPy>KEHHS
1 TPUBANIIINM € TPOIIEC HABAaHTAKEHHS, THM O1J1b-
UM € Benu4duHa S,,. Tumose 3HaueHHsd S,, B 4...7
pasiB nmepeBaxae o [11].

Hani mokaxkemo, sIK 3ampornoHoBaHa Moppoy
Moaens B3aemoxii [1], moB’s3aHOi i3 PoOOTOIO
TUTACTHYHOTO AeopMyBaHHSI, 1 BiAMOBIIHE TIPaBU-
JI0 J0AaBaHHS MOLINPIOETHCS HA CHUTYalil0 BY3b-
KOCMYTOBHX TayCCIBCHKMX BHIIQJIKOBUX HaIpy-
skeHb. [lomkomkenns Dg BiJl MKy HampyXeHb S
BU3HAYAETHCS:

d
Ny i (1)
Ng\S, )~

=
m
I 7s — KUTBKICTh UUKITIB HAPY>KEHHS 3 aMILIITY-
Tor0 S; Ny — KibKICTh UKIIB IO pyWHHYBaHHS TIPH
aMITTITYIi HanpyXXeHb S; d — TMOKa3HUK POOOTH
TUTACTHYHOTO e)OpPMyBaHHSI.

3ayBaxkumo, mo S <S§, 1mo (ns /Ns) € BigHO-
MIEHHS, SIKe BUKOPUCTOBYETHCSA Y TIPABHIIAX JTiHIN-
HOro JnojaBaHHs. EQeKkT HakomuueHHS TOMIKO-
JUKEHb OIHUCYEThCA 1HTETPYBAaHHSIM HENiHIHHOI
¢ysKii (1) mo BCiM piBHAM aMILTITYT HANpPyKeH-
HA 10 S,,. YMOBa pyiHYBaHHS BUPAKATHMETHCS:

Sm

[ Dyds =1 )

0

CrisBignomensasa (1) i (2) Oymemo Ha3uBaTu
3aMpOINIOHOBAaHUM MOJU(IKOBAaHUM TPABUIIOM JIi-
HIlIHOTO I0JaBaHHS.

Onuc memoouxu ananizy. JJOBroBIiYHICTb CTOM-
JICHICTIO, TOOTO OYiKyBaHa KiTbKICTh IUKIIB J0
pyiiHyBaHHS N), MOXHa BCTAHOBUTH Ha OCHOBI
3alpOMIOHOBAHOTO MOJAM(IKOBAHOTO TpaBWia JIi-
HIHOTO [MoJaBaHHS WLUISIXOM MiAcTaHOBKU B (1)
1 (2) mapameTpiB BY3bKOCMYTOBHX TayCCiBCHKHUX
BUIA/IKOBUX HAIpPYy>KeHb. BHACTIIOK ILOTO OTpHMY-
€ThCSI CTEINEHEBA 3aJIEXKHICTh JJOBIOBIYHOCTI Bif] G .
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Kpim TOTO, BHBEACHA MacmTaboBaHa TyCTHHA
HMOBIpHOCTI pyliHyBaHb G(S)m, sika XapaKTepu3ye
PO3MOJIIIEHHS MOMIKO/PKEHb BiJl KOXHOTO IHKITY
HaTpy>KEeHHSI.

BucHOBOK 3ayie)XKHOCTI JOBTOBIYHOCTI Bij Ha-
npyskeHHs. ITo3Haunmo:

1=S, /o, 3)
P(S)=ng/ Ny, 4)

ne P(S) — monst IMKIIiB HANPY)XEHb 3 aMILTITY 100
S, ng — KUTBKICTh TaKUX IUKIIB; Ny — CEpeIHs Ki-
JTBKICTh MAKITIB 10 PYHHYBaHHS.

[TincraBuBim npuitasTi BUpasu B (1), oTpuMyemo:

PS) . (S
Dy === Ny (ZGJ . (%)

3ayBaxkumo, mo npu d = 0 1151 QyHKIiS TOIIKO-
JUKCHHS BIJIIIOBIIA€ TIPABIITY JITHIHHOTO JOaBaHHS.

BpaxoByemo Bupasu (2) i (5) y nporneci pyiHy-
BaHHSL:

S, lo P S
1= | Dyds =2 s Blas, )
0 (ZG) 0 NS
(Is)’
Ny = ™
.[Sd mdg
0 NS

SIKIO Hampy>KeHHs € BY3bKOCMYTOBHM Tayc-
CIBCBKMM BHUII3JKOBHM TMPOIECOM, TO TyCTHHA
HWMOBIpPHOCTI OrMHar4ux amrutityn P(S) migno-
PAIKOBY€EThCA po3nofineHHto Pemnes [4]:

S s?
P(S)=—exp| —— |, me $>0, (8)

c 2c

npudomy P(S) =0 mpu S < 0.

3acTOCOBYEMO PiBHSIHHS KPHBOI CTOMIICHOCTI S
— N pu CUHYCOIIaIbHOMY HaIPy>KEHHI

—p

S
Ng = 7-1/B G'f ’ ©)
B=-1/b, (10)

ne G ,, P Ta b — mapamMeTpu CTOMJICHOI MILIHOCTI

OpraHiYHOTO MaTrepialy HpH IUKIIYHOMY HaBaH-
TaXKCHHI.
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Ilicns 9oro oTpuMy€eMO:

(to)’

Ny = , (1D
. 2‘ J" glped,=5*120" ¢
c o, B0
3BIAKH:
Ny =Hy, o, (12)
G,
H, - s a3
14 [21+[3/2+d/2:| 1+E+ﬁ ﬁ
! 2 2)2
ne y((x, 1:) — HeMmoBHA ramMma — (QyHKUis [5]
y
y(a, r) = J‘x‘H e “dx. (14)
0

®opmyy (12) MoxHA IepenucaTi TaKUM YHHOM:
(15)
(16)

G=CM N;j/ﬁ;
Cy=H,’.

Bupazu (12) i (13) pazom i3 (15) Ta (16) BuzHa-
YarTh NIYKaHy 3aJIeKHICTh JOBTOBIYHOCTI CTOM-
JICHICTIO BiXl O .

[Ipu 3acTocoByBaHHI IIpaBHia JiHIHHOTO I0Ma-
BaHHs ciin npuitmatu d = 0. Toxi Bupas (13) ma-
TUM€E TaKUH BUTJISI;

H, =o"f B {[2“5/2] y [(1+%j %}} , (17)

Jle 1HAeKCoM L To3HadeHi pe3yibTaTH, SKi Ipy-
HTYIOThCS Ha OCHOBI IIpaBHJjIa JIHIHHOTO J01aBaH-
Hs Ta otpumadi ipu d = 0 [1].

Js odikyBaHO1 (cepemHbO1) MOBrOBIYHOCTI N
OTPUMYEMO:

N, =H, o, (18)
N, H, [1 v[(1+8/2)(7/2)]
= =\ 7-an (19)
Ny Hy LR prvar) (i)
3rigHo 3 Bupazamu (6) Ta (11)
N, [G(5), ds=1, 20)

0
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Sl/p

6(8) = |

d
—— ; Lj S1+B+de—sz/252‘ 21)
P

lo

VY nux Bupazax G(S)y — MacmraboBaHa TyCTHU-
Ha HWMOBIpHOCTI MOMIKOMKEHb D 13 HOPMYIOUUM
MHO>KHHUKOM N

[MigcraBuBmM B ocTaHHii Bupas (21) 3HaUYeHHS
d = 0, Bu3HauaeMo MacitaboBaHy TyCTHHY HMOBIp-
HOCTI TourkokeHHs G(S);, 3TigHO 3 MPaBUJIOM JTi-
HIIIHOTO JOXaBaHHI:

G(8), (s
) .
PesyabTatu

ABTOpPOM JIOCTTi/PKEHO BIUTUB OCOOJIMBOCTEH BTOM-
HUX HABAaHTQKCHb HA JIOBTOBIYHICTh KOHCTPYKIIi1.

PosrnsaeMo sk mpukiIax Taki mapamerpu. He-
XaM 3a7JaHo:

cs'f =1 152 MIla; § =9,65;d=-0,207.

Busnauumo Ny, /Ny npu [ =3, 517 Ta no0yny-
emo rpadiku G(S)y 1 G(S), npu [ =5.

Po3paxyHKH BUKOHYIOTCS 3TiTHO 3 HABSICHHUMU
Bupazamu (12)...(22), pe3yibTatu SKUX NOAAIOTh:

l Ny / Ny
3 0,97
5 0,90
7 0,85

OTpriMaHi pe3yibTaTH CBIMYATH MPO 3HMKCHHS
PO3paxyHKOBOI OLiHKN qoBroBiuHocTi Ha (10...15) %.

S S/, G/ GO,
c 0,2 1,40
2c 0,4 1,21
3o 0,6 1,11
4o 0,8 1,05
5c 1,0 1,00

OTtpumaHi pe3yabTaTH B TOH K€ yac CBiA4aTh
NP0 3POCTAHHS MOLIKO/KEHbB, SIKI BHOCSTHCS LHK-
JaMH 13 MaJUMH aMIUTITyIaMHA HamlpyXeHb, 13-3a
HelniHiiHOro edekTy B3aeMozii poOOYoro ereMeH-
Ty IHCTPYMEHTY 3 OpTaHIYHUM MaTepiajoM.

Ha puc. 1 naBegeni MacmTaboBaHiI TYCTHHU
HMOBIPHOCTEH MOUIKO/PKYBAaHOCTEH, BU3HAUCHI
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MpaBUJIaMH JIIHIHHOTO Ta HENIHIMHOTO J0/IaBaHHS.
3ayBaXnMoO, M0 HAHOLIbIIE MOUIKOIXCHb BHUHH-
KaroTh ITUKJIaMHU HAIIPYKEHb 3 aMILTITYI0I0 Bil 26
mo 5o . Luknm 3 aMIDITyZ0I0 BUIE 5C MOXYTh
BUKITUKATH IyXX€ 3HAa4YHI TOUIKODKEHHS;, OTHAK
TaKi LUKIH, SKIIO 1 BUHUKAIOTh, TO JYXKE PLIKO.
[ukin 3 aMIuTiTYZ0f0 MEHIIe 2G BUHHUKAIOTH JI0-
BOJII YacTO, OJHAK OYyJb-SKHX 3HAYHHX IOIIKO-
JOKCHb HE CIIPUYHMHSIOTh. MaKCUMYM IOIIKOPKEHb
y HaBeJICHOMY TPHUKIIAJ MPHUITAJAE HA [IUKIU 3 aM-
mwritygor 3,23c .

GIS)10°
’ /\ B-965
y P\ a=-0207
sk , \ 15
’ 7” NS
, I W\
//
7 / \
a
T 20 Jo Lo 5o b0 7o

Puc. 1. MacmraboBaHa rycTiHa HMOBIPHOCTI MOIIKO-
JOKEHB 3T1THO 3 TIPAaBMIIOM JIIHIIHOTO
Ta HEJIHIMHOIrO 0IaBaHHA

Fig. 1. Scalable density of damage probability according
to the rules of linear and nonlinear addition

TakuMm 9wHOM, Ha TPUKIAAi Ii€i Momeni Oyio
PO3paxoBaHO JIOBTOBIYHICTh CTOMIIIOBAHICTIO, SKa
3riTHO 3 YTOYHEHOIO OILIIHKOIO BHSBWIIACH 3HIMKE-
Hoto Ha (10...15) %. 3amwkenns Ha 10 % BigmoBigae
MaKcHMaJbHIH aMIUTITY/l Hampy>KeHHs 50 , a 3HHU-
JKeHHs Ha 15 % — MakcuMabHil aMIuityai 7o .

KpuBi HampyXeHHS — JOBrOBIUHICTh €KCILTya-
Talii B JOTapupMIYHUX KOOPAUHATAX MAKOTh OJI-
HaKOBHI KyTOBHU KOS(DIITi€HT.

['ycTHa AMOBIpPHOCTI MOIIKOMXKEHb 1TIOCTPYE
BIUIMB HEJiHIHHOI B3a€EMO/I] Ha Pi3HUX PIBHAX B3a-
€MOJTi{; HaWOUTBIIIe TiABUINCHHS PiBHSA pyHHYBaH-
HS 32 PaxyHOK IBOTO e(eKTy CIoCcTepiracThCs
B 00JacTi MaJIMX aMIUTITY ] HanpyxeHHs. OCHOBHA
YacTHUHA IMOUIKO/KEHb YTBOPIOETHCS LUKIAMH Ha-
MPYKEHb 3 aMILTITYAOIO0 BiJ 26 110 5G .

[TobynoBana mareMaTHdHa MOJETH JIO3BOJISE
OLIIHIOBATH JIOBTOBIYHICTH POOOYHMX IHCTPYMEHTIB,
10 BUKOPHCTOBYIOTHCS MiJl 4ac OUYMILEHHS 3aTBep-
JIUTNX OPTaHIYHUX BAaHTAXIB 3aJI3HUYHHUX IACTEPH.
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HaykoBa HOBH3HA Ta NPAKTHYHA
3HAYUMICTh

Y BUKOHaHOMY aBTOPOM JOCIiKEeHH] OyJio aHa-
JMTUYHO HABENEHO, IO MapaMeTpH 3HEMIIlHCHHSI
METaJIeBUX CHCTEM TIOB’5I3aHi 3 KIHETHKOIO BTOMHIX
MOIIKO/DKEHb, 10 HAKOIMUYYIOThCS y METAJICBUX
KOHCTPYKIIiSIX ITif] 9ac 30BHIMIHIX HABaHTaKEHb. 3a-
MIPOITIOHOBAH1 aBTOPOM CITiBBITHOIIICHHS, SKi JI03BO-
JISIIOTh  OI[IHIOBATH 3QJIMIIKOBUH pecypc Jerai
B YMOBaXx 3a/IaHOTO ITOCIIiIOBHOTO 0araTopiBHEBOTO
[UKIIIYHOTO HABAHTAXKCHHS, J03BOJAThH MOJOBKUTH
TEpMIH eKCIUTyaTallii JeTajeld PyXxoMOro CKIaay
Ta 3a0e3meunTH Oe3MeyHe IMEepPEeBE3CHHsS BAaHTAXKIB
y MUCTEpHAX HA 3aTi3HUYHOMY TPAHCIIOPTI.

BucHoBku

B pe3ynbraTi BUKOHAHOTO JOCHIKEHHS OYyJIO
BCTAHOBIICHO, IO ICHYIOTh CIIOCOOM OYHMCTKH IIHC-
TEepH BiJ 3aJUIIKIB 3aCTUTIINX OPraHIYHUX BaHTa-
XKIB, sIKi TIepe]l TOBTOPHUM 3aBaHTa)XCHHSM HE00-
XiIHO BUJIAJIMTH 13 IOPOKHUH KOTIIIB IIUCTEPH.

ABTOp 3anpOMOHYBaB METOANKY BCTAHOBJICHHSI
BIUTUBY (Di3WKO-MEXaHIYHUX XapaKTEPHUCTHUK Opra-
HIYHMX PEYOBMH Ha JIOBTOBIYHICTH BHCOKOHABaH-
Ta@XCHUX CJICMEHTIB IHCTPYMEHTY pyWHYBaHHS Ta
BHJIQJICHHS 3aJIUINKIB 3aCTHUTJIOTO TIEKY 3 KOTIIIB
3aTI3HUYHUX UCTEPH.

3anpornoHoBaHi  CHIBBIJHOIICHHS J03BOJISITH
OITIHIOBATH 3aJIUIIIKOBUH pecypc poOOUInX eIeMeH-
TiB iHCTPYMEHTY B YMOBaX ¢()eKTUBHOTO TEXHOJIO-
TYHOIO HABAHTAXXEHHS.
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HOBPEKIAEHUA PABOYUX 2JIEMEHTOB UHCTPYMEHTA,
CBA3AHHBIX C INTACTHYECKUM JE®OPMHUPOBAHUEM
SATBEPAEBIINX OP'TAHUYECKHUX BEIIIECTB

Ieas. HanGonpmas 4acTh rpy30BbIX IEPEBO30K B YKpaHHE COBEPIIAETCS JKEIE3HOAOPOKHBIM TpaHCHopToM. I'o-
CYAapCTBEHHAs CTAaTHCTHKA €XErOJIHbIX >KEeJIE3HOJOPOXKHBIX I'PY30BBIX MEPEBO30K (SHBAPb-HOSOPH) (UKCHPYET Clle-
nytonme naaabie: 2011 r. — 468 mua. T (108,2 % 10 2010 1.); 2012 . — 421,5 mutH. T (98,5 % mo 2011 1.); 2013 1. —
441,8 miH. T (96,6 % no 2012 r.). HecMoTpst Ha exeroJHoe yMeHbIIeHHe 00BEMOB IPY30BBIX IEPEBO30K, BECOMBIN
BKJIA/l TIPH TPAHCIIOPTHPOBKE I'PY30B NMPHHAIJIEKHUT IIEPEBO3KAM B IIUCTEPHAX. VIMEHHO 1MO3TOMY NPH 3KCIUTyaTaluu
IUCTEPH CETOIHS OYCHb AKTyaIbHBIM SIBIISIETCS NPOJOJDKEHHE TEPMHHA HMX JIONToBeYHOCTH. COBpEMEHHBIE IMpea-
CTaBJICHUS] O HAKOIUICHWH YCTaJOCTHBIX HMOBPEKICHUH B JETAIAX MOJBIKHOTO COCTABA >KENIE3HOJOPOXKHOTO TPAHC-
MOPTa OCHOBBIBAIOTCS HA MOJEIAX, OLECHUBAIOMINX JIONTOBEYHOCTh METAIIMYECKHX CHCTEM B 3aBUCHMOCTH OT YyC-
JIOBUH Harpy3oK. JTH MOJENHU TO3BOJIIOT C JOCTATOYHBIM YPOBHEM TOYHOCTHU BBIIOJIHATH OLEHKY Pa3yNpOYHEHUS
METAJUTMYECKUX CHCTEM B YCJIOBMSAX MHOTOIMKIOBOTO YTOMJICHUSI M MPH HAINYMK ynpyrux Aedopmanuii. B To xe
BpeMsi, OCOOEHHOCTH ITOBEACHHSI KOHTPTEN 3TH MOJEIN HE YUUTHIBAIOT. L{eNbro 9T0i paboThl SBISETCS NOCTPOSHHE
MaTeMaTH4eCKOi MOJIENH, TO3BOJISIONIEH OLEHUBATH JJOJITOBEYHOCTh PA0OYMX MHCTPYMEHTOB, KOTOPBIE HCIOIB3YIOT-
Csl IPU OYMILEHUH 3aTBEPJIEBIINX OPraHMYECKUX TPY30B JKEJI€3HOAOPOXKHBIX HucTepH. MeToanka. C 1cnoiab30BaHuU-
€M COBPEMEHHBIX MOJXO0JI0B MEXaHNUKH Je(hOPMUPOBAHHOTO TBEPJOTO Tejia ObLI MPOW3BEJICH aHaIM3 BIMSHUS Iapa-
METPOB CTPOCHHSI OPraHWYECKHX BEIIECTB Ha JIOJITOBEYHOCTh OOJBLIEIPY3HBIX 3JIEMEHTOB KOHCTPYKIMH. BBeneHne
B JIaHHOHM paboTe COOTHOLIEHMs B3aMMOJECHCTBUS MOBPEKAEHUI OTHOCHTCS, TJIaBHBIM 00pa3oM, K TE€M 3JIEMEHTaM
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KOHCTPYKIIMM MHCTPYMEHTAa, KOTOpBIE, BCIEACTBHE BIMSHHS IIUPOKONOJIOCHBIX TAYyCCOBCKHX CIy4YailHBIX 3arpys3ok,
COBEPIIAIOT KOJIEOAHMSI CO CBOMMHM PE30HAHCHBIMH WJIM OKOJIOPE30HAHCHBIMHM dacToTamu. Pe3ynabrarsl. V3ydeHo
BIIMSIHWE OCOOCHHOCTEH YCTAJIOCTHBIX HAarpy30K Ha JOJTOBEYHOCTH KOHCTPYKIMH. Tak, MOIyYeHHBIE PE3YJIbTaThl
CBUJIETENBCTBYIOT O POCTE MOBPEKAEHHMN, KOTOPBIE BHOCATCSA LIMKIAMHU C MAJIBIMU aMILUIUTYIaMH HaNpsDKEHUH, U3-3a
HeIMHEHHOTo 3¢deKTa B3auMOASHCTBHS paboyero »IeMeHTa HHCTpYMEHTa ¢ OpraHM4ecKuM matepuaniom. s npu-
BEJICHHOTO IIpuMepa Oblla paccuuTaHa AOITOBEYHOCTh YTOMIIAEMOCTBIO, KOTOpAsi, COIIACHO yYTOYHEHHOH OIIEHKE,
okaszanace noHmwkeHHoH Ha 10...15 %. CHikenne Ha 10 % COOTBETCTBYEeT MakCHMAaJIbHOM aMIUTUTYyZE HAMpPsKEHUS
50, a cumkenne Ha 15 % — MakcuMmanbHOM amiuuryne 70 . Hayunasi HOBM3HA. AHAIMTHYCCKH MOKA3aHO, YTO
napaMeTpel PasylpOYHEHHs] METAIMYECKUX CHUCTEM CBA3aHBl C KMHETUKOW YCTAJOCTHBIX MOBPEXKACHUH, KOTOPBIE
HaKaIIMBAlOTCA B METAUIMYECKUX KOHCTPYKIMAX MPH BHEHIHUX Harpyskax. [IpakTuyeckasi 3Ha4UMMoOCTh. ABTOPOM
6]:.1.]'11/1 MpEIJIOKECHBI COOTHOLICHUS, KOTOPBIC MMO3BOJIAIOT OLICHUBATDH OCTaTOYHBIM peCypcC ACTaIn B YCIIOBUAX 3a[laHHOi/lI
[IOCJIEI0BATEIbHOM MHOTOYPOBHEBOM LIMKJIMYECKOU HAIPY3KHU.

Kniouesvie cnosa: IMKIT; AONITOBEYHOCTD; MOBPEXKICHHS; YCTAIOCTD; HANPSIKEHUS; HUCTEPHBI MOABHAKHOIO CO-
CTaBa; KEJIE3HOJOPOKHBII TPAHCIOPT
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OPERATING ELEMENTS DAMAGE OF TOOLS CONNECTED
WITH THE PLASTIC DEFORMATION OF HARDENED ORGANIC
COMPOUNDS

Purpose. Most of the freight traffic in Ukraine is made by railway transport. Government statistics of annual
railway freight traffic (January-November) records the following data: 2011 - 468 million tons (108.2% to 2010);
2012 —421.5 million tons (98.5% to 2011); 2013 — 441.8 million tons (96.6% by 2012). Despite the annual decrease
of freight traffic volumes, a significant contribution during the freight traffic belongs to transportation in tanks. That
is why the term of their service life extension is very topical today at the operation of tanks. Modern ideas about the
accumulation of fatigue damages in the details of railway vehicles are based on models that assess the service life of
metallic systems, depending on the load conditions. These models with sufficient accuracy let carry out an assess-
ment of softening of metallic systems in high-cycle fatigue conditions and at the presence of elastic deformation. At
the same time, peculiarities of counterbodies’ behavior these models do not take into account. The purpose of this
paper is to construct a mathematical model to evaluate the durability of the operating tools, which are used in the
purification of solidified organic cargo of tank cars. Methodology. With the use of modern approaches of deformed
solid body mechanics the parameters impact of organic substances structure on the service life of heavy structural
elements was analyzed. We present the interaction of damages ratio in this article. It relates mainly to those elements
of the tool structure, which due to the influence of broadband Gaussian random loadings oscillate with their resonant
or near-resonant frequencies. Findings. The influence of the fatigue loads features on the structure durability was
studied. Thus, the obtained results suggest the increase of damages that are entered with low-amplitude cycles of
strain, because of the nonlinear effect of the interaction between instrument operational elements with organic mate-
rial. For the given example durability with fatigue which, according to an updated assessment, had been reduced by
10...15% was calculated. A decrease of 10% corresponds to the maximum amplitude of the voltage 56, and a de-
crease of 15% - the maximum amplitude 7c . Originality. It is analytically shown that parameters of the metallic
systems softening are connected with the kinetics of fatigue damages that accumulate in the metal structures under
external loads. Practical value. Authors have proposed correlation that allows estimating the residual life of the part
in conditions of a given sequence of multilevel cyclic loading.

Keywords: cycle; durability; damages; fatigue; voltage; tanks of rolling stock; railway transport
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AOCTIIKEHHS BJJACTUBOCTI MACIITABHOI IHBAPIAHTHOCTI
CUCTEMH OPT'AHIBALII HOI3AOIIOTOKIB HA OCHOBI TEOPII
HEPKOJIALII

Meta. PoboTa npucBsiueHa MUTAHHIO JOCIIDKEHHS BJIACTHBOCTI MacIITaOHOI iHBapiaHTHOCTI CHCTEMHU OpraHi-
3amii Moi3M0MOTOKIB Ha 3aNi3HUIAX YKpainu. Meroauka. /i1 n1oka3y Halle)KHOCTI peajbHOI MepeXi MpH3HAYCHb
riady ¢opmysanns noi3ais (IIPI1) no Tuny tak 3BaHnMX MacmTaOHO-IHBapiaHTHUX MEPEX 3alpOIOHOBAHO 3reHe-
pyBatu pizHOi po3MipHOCTI Oe3macmTabHy Mepexy Tury bapabami-Ansbepra 3 mapaMmeTpaMu, sSKi Mae peanbHa
Mepesxa npusHadeHb [IDI1. [locmimkeHo Takoxk IX CTPYKTYPY Ha JKHBYYICTh 3a OIOMOTOI0 NPOLIEAYPH MEPKOJISLIT
By3uiB. [Iporiec mepkoIsALii 3apooHOBaHO PO3TIIIATH SK 3MiHY BapiaHTy MPOCTOPOBOTO IIEpEMIIIEHHS BarOHIB Ha
Mepexi NMpH 30UIbIIEHHI KUIBKOCTI 3aJII3HMYHUX CTAHIIH, 1110 BTPATWIN 3aTHICTh BUKOHYBAaTH OCHOBHY (DYHKIIiIO
IIOA0 MPOIYCKY BaroHiB 3a npuzHaueHHsME [IDI] B yMoBax HeCIpUATIMBUX BIUTUBIB (aBapiifHa CHUTYyaIlis, IepeBa-
HTaxeHHs). PesyabraTu. [lopiBHAIBHUIT aHaNI3 pe3ysIbTaTiB NEPKOJIALIT IPU BUIAKOBOMY Ta LIJIECHPSIMOBAHOMY
JIECTPYKTHBHOMY BIUTHBI Ha BY3JIM MEPEXKi MOKa3aB CIiBIAAIHHS 3 Pe3yIbTaTaMH MEPKOIIALIT peanbHOT MepexKi mpu-
3HaueHb [1DII, 1m0 JoBOANTH iCHYBaHHS BIACTHBOCTI caMonoAiOHocTi. [TopiBHAIBHUMHU ITOKa3HUKaMH IPU MEPKO-
nsinii OyJM: BIICOTOK BHIAJICHUX CTaHIIM B Mepexi, IpU SKOMY BHHUKAE (parMeHTalis Mepexi, cepesiHiil iHBepc-
HUH IIISIX MIDXK By3JIaMH Mepexi, fiameTp rpadoBoi CTPYKTypH, 3HAYEHHS PO3MIpy APyroro 3a BEJIWMIMHOIO KiacTe-
pa B Mepexi Bill KpokiB pyiiHyBanHs. HaykoBa HoBH3HA. Briepuie niaTBep/pkeHa rimore3a npo iCHYBaHHS BJIAaCTH-
BoCTi MacmTabHOI iHBapiaHTHOCTI B rpadi npuzHadeHs [1DI1 Ha 3ami3HULAX YKpaiHu, 10 JO3BOJSE BigHECTH rpad
JI0 Kiacy Oe3maciuTabHuX Mepex. [cHyroui 3HaHHs B 007acTi Teopil Oe3macTabHIX MEpeK MOXKYTh OyTH BUKOPH-
CTaHi JUI ONKCY >KUBYYOCTI CHCTEMH NepeBe3eHb Ha 3ali3HUIX YKpainu. [IpakTuyHa 3HaunMicTh. Crinparoynch
Ha BUSBIICHI BIACTHBOCTI CUCTEMH HAIPABJICHHS ITO13/0IIOTOKIB, B IOJAIBIIOMY MOXJIMBAM € CTBOPEHHS Marema-
TUYHOT MOZETIi, [0 JO3BOJIMUTH CIIPOTHO3YBATH MOBEIIHKY CHCTEMH MEPEBE3EHB 13 MEPEKEBOIO CTPYKTYPOIO. AHATI3
BJIACTHBOCTI XHMBYYOCTI CHCTEMH OpraHi3alil HOi30MOTOKIB JJO3BOJIUTH ONTHUMI3yBaTl BUKOPHCTaHHS KaIliTaIbHUX
IHBECTHLIN IS MiABUIICHHS MPOITyCKHOI CIIPOMOXKHOCTI MepeXi 3a paXyHOK BHSIBICHHS HAMOLTBIT KPUTHYHHX [i-
JILHUIb Ta CTAHLIH, SIKI CHCTEMHO BIUIMBAIOTh Ha €)EKTUBHICTH POOOTH MEPEXI B IIJIOMY.

Kniouosi cnoea: macuitabHoO-1HBapiaHTHa Mepexa; IuiaH (GOpMYBaHHS MOI3/IB; MEPKOJISLIs; KUBYHICTh; rpad;
3aJIi3HUYHA Mepexa

Beryn HHUX eJIeKTpollepenad, iHTepHETY Ta IpPOMaJIChKOTO
aBToTpaHcoprty [5, 8]. [Ipote y >koHiit 3 pobiT He
JOCITIDKYBAJTH TMiJ] Yac 3aCTOCYBAaHHS I1i€] KOHIICTI-
il Mepexy Mpu3HayeHb IUlaHy (GopMyBaHHS MOi3-
niB (I1DIT) Ha 3amizHUIIX YKpaiHd. 3a TAaKUX YMOB
aKTyaJbHUM € aHali3 MPOLECIiB, IO BiIOYBalOTHCA
B Mepexi npusHaveHb [IDII. Busenena y xoxi mo-
CII/DKCHHSI CTPYKTYPHHX BIIACTUBOCTEH Mepexi
npusHadeHs [IPI] rimore3a mpo HalEKHICTH Mepe-
X1 O THIy MacITa0HO-iHBapiaHTHUX CTPYKTYP
[12] moTpedye monmatkoBoro miATBepIKeHHs. Ta-
KUM CTPYKTypaM BJlacTHBa MacluTaOHa iHgapianm-
Hicmb, TOOTO SABUINE caMOIoiOHOCTI [6], a0o iHBa-
pilaHTHICTB mmij yac 3MiHu MaciiTaby Mepexi. JloBe-
JIEHHS TINOTe3W TPO ICHYBaHHS CaMOIOIiOHOCTI
B MEpEeXi HaJaCTh MOKJIMBICTh CIIPOCTUTH BHBYCH-

Ls poGoTa € mpomoBKEeHHIM TOCHTIKEeHb (hyH-
JTAMEHTAJILHUX BJIACTUBOCTEH CHUCTEMH OpraHizaii
BaroHOIIOTOKIB y TOI3AM Ha 3ali3HUILIX YKpaiHH
[1, 3]. IcHyTO9I migXoawm MO aHAI3y CUCTEMH Opra-
Hi3awii MOI310MOTOKIB HE JO3BOJISIIOTH Ha MaKpOpi-
BHI JIOCTITUTH 3aKOHOMIPHOCTiI (PYHKIIIOHYBaHHS
cucTeMu TepeBe3eHb. Lle BUMarae BIpOBaKCHHS
HOBHMX METOIB AOCIIIKEHD, 110 3aCHOBAHI HA CHC-
TEMHOMY TiaxXomi. 3 Ii€i TOUYKH 30py, NMEPCIEKTHB-
HUM € 3aCTOCYBaHHSl CY4acHOTO HAmpsIMKy IOCIHi-
JOKeHb Ha OCHOBI KOHIIEMIIii CTaTUCTUYHOI (hi3UKH
ckimanaHux Mepex. Lled miaxin moOpe 3apekoMeHy-
BaB ce0e MiJ yac JOCHTIHKEHHSI CTPYKTYpHHX Bilac-
THBOCTEH COIIATBHUX MEPEXK 3HAHOMCTB MiX JIO-
JIbMH, TEXHOJIOTIYHUX MEpEX JIHIH BUCOKOBOJIBT-
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HS 3araJlbHOCHCTEMHHUX BIIACTHBOCTEH CHCTEMH Op-
rafizarfii BaroHOIOTOKIB y TOI3AM Ha 3aJTI3HHIIIX
VKpalHu 3a paxyHOK 3acTOCYyBaHHs 3a3Aaieriib
BUSIBIICHUX Ta BUBUCHHUX SIBUII 1 3aKOHOMipHOCTEH
B Mepekax mojaioHoro tumy. ToMy B po0OoTi 3ampo-
[IOHOBAHO IOC/IIAUTH BIACTHUBICTH Oe3MacIITaOHOC-
Ti CHCTEMH TIePEBE3EHb 13 CITHOBOIO CTPYKTYPOIO Ha
OCHOBI aHaiizy ii kuBy4ocTi. BinnosizHo mo Bigo-
Moro Bu3HaueHHA [2] Ta crenmdiku BUpIOICHHS
MOCTABJICHOTO 3aBAaHHA B POOOTI, MiJl )KUBYYiCTO
CHCTEMH OpraHi3alii BarOHOMOTOKIB pO3yMi€Thbes 1l
BJIaCTHBICTh, IO 3a0e3Meuye 3MaTHICTh BUKOHAHHS
¢GyHKIIT 3 TPOCTOPOBOTO TEPEMIILICHHSI BarOHIB 3a
YMOBH JOTPUMAHHS CTPOKIB JOCTABKH BAaHTAXIB 3a
HAasBHOCTI BIZIMOB Ha 3aTi3HUYHUX CTAHI[INX, MMICIIS
SKMX BIJIIPABJICHHS BaroHIB 3a NPU3HAYCHHSIMU
wiany (opmysanus moizais (I1PII) HeMoxIHBE.
B Mexax MOCHiIKEHHS JKHUBYYOCTI MEpEKaHol
CTPYKTYPHU OCHOBHMU iHTEpEC CKIaaae JOBEICHHS
ICHYBaHHS CaMOIIOTIOHOCTI ii epKOSIIIHHOTO Kila-

crepy [6].

Merta

OCHOBHOIO METOI JIOCHTI/DKCHHS € TiITBep-
JOKEHHS TINOTE3H MPO iCHYBaHHS BJIIACTHBOCTI Mac-
mTabHOi 1HBApiaHTHOCTI B MEpeXi IPHU3HAYCHD
wiany (opMyBaHHS TOI3IB YKpaiHW Ta BUKOPHC-
TaHHS HOBUX 3HAHb IS ITiIBUIICHHS ¢QEeKTHBHOCTI
(YHKITIOHYBaHHS 3ai3HUYHOTO TpaHcnopty. Pe-
3yJBTaT! AOCIHIIKEHHS JO3BOJIATEH CIIPOCTUTH PO3Y-
MIHHSI TIPOIIECIB, SKi BiMOYBAlOTHCS B CHCTEMi Ta
MOXYThb OyTH 3aCTOCOBaHI IiJ] 4ac aHaJi3y >KUBY-
YOCTi CUCTEMH TIepeBe3eHb Ha 3aI3HUIAX Y KpaiHu.

MeTtoanka

s BupimeHHs 3a3HaueHoi MpoOiieMu B pobo-
Ti 3aIPOTIOHOBAHO 3T€HEPYBATH PI3HOI PO3MIpHOC-
Ti 6e3mMacmTabHy Mepexy 3 mapaMeTpamH, sIKi Mae
peanbHa Mepexa npusHadeHb [IDII ta mocmiantn
il CTPyKTypy Ha XHUBYYICTH 3a JOMOMOTOIO MPOIIe-
nIypu niepkonsiii. Cuparoyuch Ha BUCYHYTY Tillo-
Te3y PO HANEKHICTHL Mepexi mpuzHadeHb [1DIT
JI0 TUIY TaK 3BaHUX MAacCIITaOHO-IHBapiaHTHHUX
Mepex (aHri., scale-free networks) [9], mo maroTh
CTETCHEBUN PO3MOLa 3B’ sI3HOCTI By3imiB [13], 3a-
MPOMIOHOBAHO BUKOPUCTATH JJIsi TCHEpaIlii Mepex
Moxens bapabamri-Ans0epra (anrn., Barabdsi—
Albert model) [8].

s Monenp € ofHier0 13 HAWOIUBI MOMIUPEHUX
MoJieNiel TeHepallii BUIMaJKOBUX Oe3MacIiTaOHUX
MEpPEX 3 BUKOPUCTAHHSAM TMPUHIUITY 301IbIICHHS

Doi 10.15802/stp2014/30471

pPOCTYy Ta TEpeBaKHOrO NpUENHAHHA (AHIIL,
preferential attachment) [8]. I'enepartis Mepexi
HOYMHAETHCS 3 TOYATKOBOI 3B’SI3HOI Mepexi mi,.
BaxnuBoro € ymoBa, 3a Kol m, >2 1 CTymniHb £k
KOXKHOTO BY3Jla i B IOYaTKOBIM MepekKi TMOBHHEH
Oytm He MeHIIe 1, iHaKIIe BOHA 3aBXaH OyIe Bif-
JIJIeHa Bij iHINOI YacTUHU Mepexi. [IpuHiun 3po-
CTaHHS 3a0€31euyeThCs IPUENHAHHAM Ha KOXHO-
My Kpoli HOBOTro By3na. KoxkeH HOBHH By30I1
3’€JHY€ThCA 3 ICHYIOUMM BY3JIOM I 3 HMOBIpPHICTIO
P; » 1110 TIPONOPIIifHA KITBKOCTI 3B’A3KiB LIUX BY3IIiB

xe k; — crynidb By3na i; k,

YUX BY3JiB j B Mepexi, (i, j € R). B neskuii Mmo-

— CTYIIiHB BCIX iCHYIO-

MEHT 4acy ¢ J0 MepexXi JOA€ThCs HOBUI BY307 i3
3a/1aHOI0 KINBKICTIO HOBUX 3B’s3KiB 1, n<m,. Ha

puc. 1 HaBeJeHO NpUKIA] TeHepalii Mepexi i3
IUSATH KPOKiB 3a Jomomoror moxeni bapaGarri-
Annbepra.

B Mexax 3aBmaHHS JOCHIDKEHHS JKUBYYOCTI
cTpykTypu Mepexi npusHadeHb [IDII 3ampomnono-
BaHO BHWIKOPUCTATH NPOIEIYpPY IEPKOJIAII BY3JiB
(auru., site percolation problem) [14]. Ilpouec nep-
KOJIAIIT 3aITpONIOHOBAHO PO3TJIIIATH SIK 3MiHY Bapi-
aHTa TPOCTOPOBOTO TEPEMIICHHSI BaroHiB Ha Me-
pexi mif 4ac 30UIBLICHHS KUTBKOCTI 3aI3HUUHHX
CTaHIlif, O BTPATHIIU 3JaTHICTh BUKOHYBATU OC-
HOBHY (PYHKIIIF0O IIOAO MPOITYCKYy BAaroHiB 3a IpH-
3HayeHHsIMH [IDI] B yMOBaxX HECHIPUATIMBUX BILIU-
BiB (aBapiifHa cUTyaLisi, TepeBaHTAKEHHS).

bepyun nmo yBarum Bimomi JocmimkeHHs [6, 7],
B pOoOOTI 3aIIpOITOHOBAHO TPOBOJHUTH TIEPKOJIAIIITO
B YMOBaxX BHITQJKOBHX BIJJMOB CTaHIIIi B Mepexi
(BUIaKOBa MEPKOJIALIS) Ta MPH TaK 3BaHUX 3a-
IJJAHOBAHMX BiMOBaX (KOpeIhOoBaHA MEPKOJISIIIS),
KOJIM JECTPYKTUBHUI BIUTUB 3IIHCHIOETHCS IIiIec-
MPSIMOBAHO IOCIIZIOBHO HA CTaHIII 3 HAWOIIBIIUM
BUXIIHUM CTYIIEHEM 3B’ SI3HOCTI.

st IOpiBHSHHS pe3yJIbTaTiB MPOTIKAHHSI Me-
pexi npusHadenp [IDII 3rigHO 3 AOCHIHKEHHIMU
[4] 3ampomoHOBaHO MOCHITUTH KPUTHYHUHA CTaH
IBOX BHUMAJKOBO 3T€HEPOBAHUX 3a JOMOMOTOIO
Monen bapaOarnri-AnsOepTa Mepex 3 mapameTpa-
MU CTEIIEHEBOTO PO3IMOALTY 3B’SI3HOCTI BY3JIiB, 110
BiJINIOBIIAIOTh peaibHii Mepexi [12].
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Puc. 1. 'enepanis mepexi npusnadeHns [1OI1 3a momomoroto moaeni bapadamri—Aas0epTa mpyu MOYaTKOBIH Mepexi
m, =7 Ta HoJaBaHHI HOBOTO By3/1a Ha KO>KHOMY KpOIIi ¢ i3 KiJIbKiCTIO pebep n =1

Fig. 1. Generating networks of TFP destination using the model Barabash-Albert at an initial network of m, =7
and adding a new node at each step ¢ of the number of edges n=1
Tabnuns 1

Pe3y.m>TaTn MOACJTIOBAHHSA ITOBHOT0 pyﬁl—[yBa]—[Hﬂ MEpEK 3a IBOMA BapiaHTaMl/l l'lepKO.]'lﬂ].lﬁ

Table 1
The simulation results of the complete destruction of networks in two variants of percolation
PecanpHa MEpeiKa MO,I(CIII)HB. MEpeiKa MO,I(CIII)HB. MEpexka
181 BepmuHa; 372 3B’s13ku 181 BepmuHa; 363 3B’sA3kU 362 BepiuuHa; 846 3B’s3KU

BHUITaIKOBA TIEPKOJISIIIS: TOBHE PYHHYBaHHA MEPEKi
0ok | 94% | 179wpox | 9% | 339mpox | 9%
KOpeJIbOBaHa MEePKOJISILIis: TIOBHE PyHHYBaHHS MEPEKi

8lwpox | 45% | S8wpox | 32% | N7wpox | 32%

Peanpna Mmepexa mnpmsHaueHb [IDI1, mo Oyma Mepexi BinOyBaeThCs Maike 3a OJHAKOBHX YMOB

noOyaoBaHa BiAMOBiAHO A0 iHopMmauii 3 kHuru  (puc. 2). Pesynbratn MoaeiroBaHHS MOBHOTO pYH-
«Ilopsimok HaImpaBJICHHS BaroHOIOTOKIB Ta OpraHi- HyBaHHS MEpeX HaBeIeHO y Ta0m. 1. PyiHyBaHHS
3allii X y BaHTaXHI MOI3M Ha 3aNi3HUIAX YKpaiHM  peajbHOT Mepexi BiIOYBAEThCS y pa3i BHIAICHHS
Ha 2012-2013 poxm», mae 181 By3o1 ta 372 38°s3ku. 94 % cTaHMmiid BiJ 3arajibHOi iX KITBKOCTI, TOAI SIK
Crtix 3a3Ha4YWTH, TSI MOKJTMBOCTI BUKOHAHHS MOPiB-  PYWHYBaHHS TEPINOi i Ipyroi Mepek BimOyBaeThbCs
HSJIBHOTO aHani3y 3 Mepexxamu bapabami—AnsOepta, y pasi BuganeHHs 99 % ta 94 % Bix 3aranbHoi Ki-
rpad peasbHOI Mepeki OyB TIEPETBOPECHUI y HEHAIT-  JILKOCTI CTaHITiH BiIOBIIHO.
paBJIEHWA 3a JOTIOMOIOI0 TPOTPAMHOTO IMAKETy [Ipu mocnioBHOMY BUJalIeHHI BY3JIiB 3 HaiOi-
PAJEK [10]. I'eHepanis mepIiuoi MOJAENBHOI MEPEXi, JIBIIUM CEpEeIHIM CTyrneHeM (parMeHTailis B pea-
mo Mae 181 Bysou Ta 363 3B’A3KH, 3/11iICHEHO HAa OC-  JIbHIM MepeXki BUHHMKAE Ha 81 KpOIli, [0 CTAHOBHUTH
HOBI [10YATKOBOI 3B’s13HOI Mepesxi npu m, =7. Tomi 45 % cTaHLii BiX iCHYIOYUX, TOAl K pyHHYBaHHS
SIK JIpyra MOJIe/TbHA Mepexa Oyia CTBOpeHa Ha OCHO-  HEPIIOL 1 APYrol Mepesk BUHUKAE y pasi BUIAICHHS
Bi IIOYATKOBOI CTPYKTYpH peaibHOi Mepeki npu 32 Yo YCIX CTaHLIM.
m, =181 Ta 30i1bIIEHa B PO3MIp] PUOIU3HO y JBA _J;ﬂ’l HePeBiPKH_Bi{lfIOBiHHOCTi CHCTEMH OpraHi-
3amii BarOHOMOTOKIB ii MPHU3HAYEHHIO 3aIpPOIOHO-
BaHO Ha KO’KHOMY KpOITi MOJICITFOBAaHHS 3/iHICHIOBA-
PesyabTaTn TH PO3PaxyHOK TaKMX MOKA3HHUKIB, SIK CEpeIHil 1H-
BEPCHUH IUIAX MK By3JIaMH Mepexi [4] Ta giamerp
rpadoBoi cTpykryp [16] (auB. puc. 3). Pesynsratn
MOJZIETIOBAaHHS IIOBHOTO PYyHWHYBaHHS MEpEeX 3a
JBOMa BapiaHTaMH MEPKOJIsALii HaBeaeHo y Talum. 2.

pazu 10 362 BepiirHU Ta 846 3B’S3KiB.

BukoHaHHS eKCTIEpUMEHTaNbHUX AOCIHIIKEHb
(ha30BUX MepeXo/iB MPH MEPKOIIALi B CUCTEMI Op-
rafizaiii BaroHOIOTOKIB y TMOi3[X BHUSBUJIO, IO
Npy BUMAIKOBIM MepKoJsLii MOBHE pyHHYBaHHS
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Puc. 2. I'padix 3aneKHOCTI KUIBKOCTI 1if04nX By3JiB B Mepeski npusHaueHb [P Bix kpokiB pyiiHyBaHHS
3a BOMa BapiaHTaMH TEPKOJISLIIT:
a — pealibHa Mepeska; 6 — Iepiua MoJelIbHa MEPeka; 6 — Ipyra MOZCIIbHA Mepexka
Fig. 2. Dependence diagram of the number of active nodes in the networks of TFP destination from
destruction steps by percolation of two options:
a — real network; 6 — the first network model; ¢ — the second network model
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Puc. 3. I'padix 3anex)HOCTI cepeJHbOr0 iHBEPCHOTO NUIIXY B Mepeski npusHaueHs [1DIT Bix kpokis
pYHHYBaHHS 3a ABOMa BapiaHTaMH1 IEPKOJISLIIL:
a — peabHa MepesKa; 0 — Ieplia MOJeIbHa Mepeka; 6 — Apyra MOE/IbHA Mepexka

Fig. 3. Dependence diagram of the average inverse path in the network of TFP destinations from
destruction steps by percolation of two options:
a — real network; 6 — the first network model; ¢ — the second network model

Tabnuns 2

Pe3ysbTaTH Moe/IIOBaHHA Pi3KOI 3MiHM MOKA3HHMKA cepeHbOr0 iHBEPCHOro NIJISIXY Ta AiaMeTpa Mepex
3a 1BOMa BapiaHTaAMM NepKOJIs il

Table 2
Simulation results of abrupt change of the average inverse path and the networks diameter in two variants
of percolation
Peanbna mepexa MounenbHa Mepexa MopnenbHa Mepexa
181 BepmuHa; 372 3B’A3k1 181 BepmuHa; 363 3B’13KU 362 BepiuHa; 846 3B’s13KU

BHUITIaJIKOBa HCpKOJ’IHHiHI

3MiHa [TOKa3HUKa CEPEHBOT0 IHBEPCHOTO HIJISIXY MK By3J1aMH MEPExXi

130 kpox | 2,83 | o2mpox | 361l | 2siwpox | 323
nIiamerp rpadoBOi CTPYKTypH
130 kpox | 7 | 2mpox | 6 | 23ixpox | 9
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3akiHyeHHsa Tabm. 2

End of Table 2

Peanbna mepexa MonenbHa Mepexa MogenbHa Mepexa
181 BepmmHa; 372 3B’A3KH 181 BepmuHa; 363 3B’s3KK 362 BepmnHa; 846 3B’s13KH

KOpeEJIbOBaHa HepKOJ’IHHiHZ

3MiHa [TOKa3HUKa CEPEHBOT0 IHBEPCHOTO HIJISIXY MK By3J1aMH MEPExi

15 xpox | 6,08 | 1 xpox

| 4,984 ‘ 10 kpox ‘ 7,148

niametp rpadoBOi CTPYKTypH

15 xpox ‘ 16 ‘ 1 xpox

AmHami3 3MiHM CEpeJHbOr0 iHBEPCHOTO MUBIXY
MK By3JIaMHd MepeXi BUSBHB iCHyBaHHS (ha30BOTO
Mepexoy mepuoro poay [5, 16]. Tak, 3a Tpu Kpoku
BinOyBaeThca Horo mamiHHs Ha 22,8 % y peanbHii
MEpEeXKi, TOMI SK TepIna Mepeka TakoK Mae criaja Ha
22,7 % 3 momanbIIon TEHICHINED Crary, o Xapa-
KTepU3y€e TIOBHE PYWHYBaHHSI MEPEXi.

Binbi moBiTbHMIN CHIaja MOKa3HUKA CIOCTepira-
€TbCS y APYTii MOJACIBHIA Mepexi, TaKk 32 YOTUPU
KPOKH BiOyBa€ThCA MaAiHHA TOKa3HuKa Ha 18,6 %,
TOJIi SIK 32 12 KPOKIB JIOCATAETHCS BiIHOCHE MAiHHS
Ha 23,9 % 3 mojanbInor TeHAEHIlE crnary. AHa-
73 3aIEKHOCTI TMOKa3HWKa jgiamerpa rpada Bifg
KPOKiB pyHHYBaHHS A3€PKaJbHO BioOpaxae Taky
K caMy TEHCHIIITO.

HeonnakoBi pe3ynbTaTu CTIHKOCTI Mepex Mif
Yac IiJEeCIPAMOBAHOTO NIECTPYKTUBHOTO BIUIHBY.
PeanpHa Mepeska Ta Apyra MojenbHa Mepeka Mmpo-
JEMOHCTPYBAJIM MPUOIM3HO OJHAKOBI pe3yJIbTaTH
crifikocti. Tak TMOKa3HHUK CepeTHBOTO IHBEPCHOTO
HUISIXY JOCSTaE CBOTO MaKCUMYMY y peasbHill Me-
pexi Ha 15 xpomi Ta cranoBuTh 6,08 mepedopmy-
BaHb, TO/I SIK Y JAPYroi Mepexi MaKCUMyM JOocsra-
etbcst Ha 10 xponi Ta craHoButh 7,148 mepedop-
MyBaHb. Mailke OJTHAKOBI Pe3yJIbTaTH Pi3KOTO Ta-
IIHHSA I[IOKa3HHUKA ITCJS JOCATHEHHS MaKCHUMAllb-
HUX 3HaY€HB: Tak 3a 14 KPOKiB BinOyBa€ThCs pi3Ke
nagiHag nokasHuka Ha 70,6 % y peanpHIi Mepexi
Ta 60,14 % y apyriii MOAENbHIN Mepexi.

Bigminai Big iHmMEWX pe3ylbTaTd CTIAKOCTI
y mepmiii MonenpHi Mepexi. [lokasHuk cepen-
HBOTO 1HBEPCHOTO IUIAXY Ha MEPIIOMY KPOILli Mae
MakcUMallbHe 3HadeHHs 4,984 mepedopmyBaHb,
TICJIS 4Ooro Ha 8§ KPOIli BiIOYBa€EThCS Pi3Ke Ma[iHHS
MoKa3Huka Ha 67,8 % Big MAaKCUMAaJILHOTIO.

MoskHa KOHCTATyBaTH, IO TepIia MOIelIbHA Me-
perka IpH KOpeIbOBaHii MEePKOIALT € HECTIMKOFO.

BiamoBimHO 10 pe3ynbTaTiB MEPKOIIAIIT Mepexi
MOPIr MPOTIKaHHS MijA Yac BHIAAKOBOTO MEpeBaH-

Doi 10.15802/stp2014/30471
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‘ 10 ‘ 10 xpox ‘ 21

Ta)KEHHsI 3aJII3HUYHUX CTAaHLIM B MEpexi BHHUKAE
y peanbHiil Mepexi npu Bigmosi 71,8 % cranuii,
y mepmriii mepexi — 50,8 %, y apyriii mepexi —
63,8 %. Ilpu xopenboBaHiil MEPKOJALII HOPIr mpo-
TikagHsA Mepexi [1DI] BuaMKae I peaabHOI Me-
pexi mix yac pyitHnyBanHs 8,2 % cTaHUil Big 3ara-
JBHOI KUTBKOCTI; IS TIEPIIOi MOJEIHHOI Mepexi
Ha nepiomy kporii — 0,6 %; m1st Ipyroi MoIenbHOT
Mepexi Mij yac pyiHyBaHHS 5,5 % cTaHLii.

Jns minTBepKeHHS 3HaYEeHb MOPOTY MPOTiKaH-
Hs B Mepexki npusHauenb [1DIT Ha puc. 4 mobyno-
BaHi 3aJI©KHOCTI PO3MIpy JAPYroro 3a BETHYHHOIO
Kiactepa B Mepexi [11, 15] Bix KpokiB pyiHYBaHHSI
3a ABOMa BapiaHTaMu mepkosiii. Ogpa3sy MoxkHa
cnioctepirati pa3oBuil mepexia B CHCTEMi IIPH J0-
CSITHEHHI MaKCHMAJIBHOTO 3HA4Y€HHS PO3Mipy Apy-
roro 3a BeIMYMHOIO Kiactepa (puc. 4). Ilpu xope-
THOBaHIH MEPKOIiT MaKCUMalbHE 3HAUYEHHS PO3MIipy
JPYroro 3a BENIMYMHOK KJIacTepa AOCATAETHCS
y peanbHiil Mepexi Ha 15 kpori; 1 nepiioi Moje-
JBHOT Mepexi Ha 2 KpOIli; Ui APYroi MOJENBHOI
Mmepexki Ha 11 kpomi. Tak sik 1 B monepenHix pe3ynb-
Tarax, BIIMIHHUAM € JIMILIE Pe3yJbTaT IMepuioi Moje-
npHOT Mepexi. [Ipu BumaakoBii nepkosiii ¢azo-
BHU TEpeXill B CUCTEMI TPHU MOCATHEHHI MaKCHMa-
JIBHOTO 3HAYEHHS OPYroi CWIBHO 3B’A3HOI KOMIIO-
HEHTH TOMiOHMI y Bcix wMepex. Pesymeratn
MOJIETIOBaHHS TpPU JIOCSTHEHHI MaKCHMAJIbHOTO
3HAUEHHSI PO3MIpY IPYroro 3a BEIWYWHOIO KiacTe-
pa BiJl KpOKiB pyiHyBaHHS MEpEX 3a JIBOMa BapiaH-
TaMH TIEPKOJIALIIi HaBEIEeHO Y TaoI. 3.

HaykoBa HOBHU3HA Ta NPAKTHYHA
3HAYMMICTD

BimmoBimHO 710 BUKOHAHWX PO3PAXyHKIB IPOTi-
KaHHSI MOJICTIBHUX MEPEX TX CTIMKICTh 10 BUTIAJKOBHX
BIJIMOB Ta YyTJIMBICTh JI0 CKOOPJMHOBAHUX 3001B J0-
3BOJISIE CTBEP/DKYBATH IMPO iX CTPYKTYpPHY CXOXKICTh
3 peabHOI0 Mepexeto npu3HayeHb [1DI1.
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Fig. 4. Dependence diagram of the size of the second largest cluster in a network from destruction steps:
a — real network; 6 — the first network model; 6 — the second network model

Tabnums 3

Pe3yabTaT MOJIe/II0BAaHHS 32J1€;KHOCTI PO3Mipy APYroro 3a BeJIMYMHOIKO KJIACTEPa B Mepexki Bii KPOKiB
pYiiHyBaHHSI Mepe:K 3a IBOMa BapiaHTaM¥ MePKOJIAIii

Table 3

Simulation results depending on the size of the second largest cluster in a network from destruction
steps in two variants of percolation

PeanbHa mepexa
181 BepmmmHa; 372 3B’s3K1

MonenbHa mepexa
181 BepmmHa; 363 3B’sA3KH

MopnenbHa mepexa
362 BepimuHa; 846 3B’S3KU

BUITaJKOBa HCpKOJ’IHHiHZ MAaKCHMaJIbHC 3HAYCHHS pO3Mipy JAPYToro 3a BEJIMIMHOIO KJIaCTepa B Mepexci

130 xpox ‘ 8 cranmii ‘ 93 xpok

16 cranmiit ‘ 241 xpok ‘ 9 craHwLii

KOpEeJIbOBaHa NEPKOJIALIS: MaKCUMaJIbHE 3HAUYEHHSI PO3MIPY JIPyroro 3a BEIWYMHOIO KJIacTepa B Mepexi

15 xpox ‘ 13 cranuii ‘ 2 KpOK

OTpumaHi pe3yNbTaTH MEPKOJILii Mepex pis-
HOI PO3MIpHOCTI MiATBEPAXKYIOTh, IO IX HEPKOIIS-
[idHI KJIacTepyu caMmomnmofiOHI a00 He3alleXkHi Bif
MacimTady. BiAmoBigHO 10 BHINE ONMMCAHUX JOCITI-
JDKEHb B POOOTI BHepIle MiATBEpIKEHA TiloTe3a
MpO iCHyBaHHS BIIACTHBOCTI MacIITaOHOI iHBapia-
HTHOCTI B MEpEXi MpHU3HAYCHb IUIaHy (hOpMYBaHHS
MOI3MIB Ha 3ali3HMINX YKpaiHU. 3 MpPakTHYHOI
TOYKH 30Dy, CIIMPAIOYUCh Ha BUSBJICHI BIACTUBOC-
Ti CHCTEMHU HANpaBJIEHHS IOI30MOTOKIB, B TOJa-
JBIIOMY MOMJIMBAM € CTBOPECHHS MaTeMaTH4HOI
MOJeNi, O JO3BOJIUThH CIIPOrHO3YBAaTH MOBENIHKY
CHCTEMH IEPEBE3CHb 3 CITHOBOIO CTPYKTYpOIO Ha
3aIII3HUYHOMY TPAHCITOPTI.

BucHoBkH

Crig 3a3Ha4YMTH, HYJIBOBHU TMOPIT MPOTiKAHHS
IUIS TIEPIIIOi MOJIETBLHOI Mepeki MPU KOpeIhOoBaHii

Doi 10.15802/stp2014/30471

22 craHmii ’ 11 kpox ’ 32 craHuiit

MEPKOJIALIT BIIPI3HAETHCS BiJl PE3yJIbTATIB CTIUKO-
CTi peasibHOI MepesKi 3 MPUYMHU CKIaJHOCTI pealti-
3amii Ha TMPaKTHIll TeHepYBaHHS Mepexi, ska Oyna
0 imeHTHYHA peanbHii. Bee  Taku miaxim Ha Oc-
HOBi Mozeni bapabamri-Anp0epT € HalimpocTium,
a TOMy Ui OLTBIIOro HAONMKEHHS J0 pealbHHUX
JaHUX HEOOXIMHUM € yIOCKOHAJICHHS IPOICTYPH
reHepyBaHHsi Mepexi npusHaueHb [1OI1. OnHaxk,
HABITh 32 TAKUM CIPOIICHUM ITiJIX0J0M Malike BCi
OCHOBHI pe3yJIbTaTH MEPKOJIAIii OLBIIOCTI MOPiB-
HSUJIBHHUX TTOKA3HUKIB CIIBIAIAIOTh 3 PE3yJIbTaTaMu
peanbHOT Mepexi npusHaueHb [IDII, mo e migcra-
BOIO JIJISl CTBEPPKEHHS TIPO iCHYBaHHSI BIIAaCTHBOCTI
Oe3MacmTabHOCTI B CHCTEMI oOprasizarii moi3mo-
MOTOKIB Ta HAJICKHOCTI pealbHOT Mepexi MpU3Ha-
yenp [IOIl no Tumy Tak 3BaHHX MacIITaOHO-
IHBapiaHTHUX MEPEXK.
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WCCJEIOBAHUE CBOMCTBA MACIHITABHOI UHBAPUAHTHOCTHU
CUCTEMBI OPTAHU3ALIIMU MOE3/IOITIOTOKOB HA OCHOBE
TEOPHUU INEPKOJIALINA

Heab. PaGora mocesiieHa BONPOCY HCCIIENOBAaHWS CBOWCTBA MacmITaOHOM WHBApUAHTHOCTH CHCTEMBI Opra-
HHU3aIMM TOE3[0II0TOKOB Ha KENE3HbIX Aoporax YkpauHel. Metoamka. Jlsi NOKa3aTeabCTBAa MPUHAIECKHOCTH
peanpHONM ceTH HasHaueHMH I1utaHa (opmupoBanus mnoe3noB (IIPIT) x Tumy Tak Has3bpIBAEMBIX MacIITaOHO-
WHBapUAHTHBIX CETEH MPEAJTIOKEHO CTCHEPHPOBATh PA3IMYHON pasMEpHOCTH Oe3maciuTabHble ceTd Thna bapabarm-
Aunpbepra ¢ mapameTpamu, KOTOpble UMeeT peasibHast cetb HazHadeHui [1DI1. ViccnenoBana Takxke CTpyKTypa Ha JKH-
BYYECTb C IIOMOIIBIO HPOLEAYPHI NEPKOIALMHN y31I10B. [Ipoliecc nepKomsaIyy NpeaaokeHo paccMaTpUBaTh Kak U3Me-
HEHUE BapHaHTa IIPOCTPAHCTBEHHOI'O MEPEMELIEHNs] BATOHOB HA CETH IPU YBEIMUYEHUHU KOJIMYECTBA JKEJIE3HOIOPOXK-
HBIX CTaHIUH, KOTOPbIE MOTEPSIIA CIIOCOOHOCTh BBIMOIHATH OCHOBHYIO (DYHKIIMIO TI0 IIPOIYCKY BaroHOB IO Ha3Haue-
HsM T1DI1 B ycnoBusX HeOnaronpusTHBIX BO3JAEHCTBHUN (aBapuiiHas cUTyarus, eperpyska). Pesyabsrarsl. CpaBHu-
TENbHBIN aHAM3 PE3yJbTaTOB MEPKOIIMU TIPH CIYYailHOM ¥ LEJICHANPaBICHHOM JECTPYKTHBHOM BO3ACHCTBHM Ha
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y371bL CETH MOKA3aJl COBIA/IEHUE C PE3yJIbTaTaMu NEPKOJIALUY peanbHOM cetu HazHadeHuil [IDII, uro nokaseiBaer cy-
IIECTBOBAHUE CBOMCTBA camono106us1. CpaBHUTENFHBIMY ITOKA3aTENSIMU TTPY MEPKOJIALMN OBUTH: MPOLEHT yAAJIEHHBIX
CTaHLMH B CETH, IPH KOTOPOM BO3HUKAET (PparMeHTALUsl CETH, CPEIHWN MHBEPCHBIN MyTh MEXTY y3JIaMU CETH,
JameTp rpadoBOl CTPYKTYpBI, 3HaUeHHE pa3Mepa BTOPOro MO BEIMYHMHE KIIacTepa B CETH OT LIaroB paspylleHUsL.
Hayuynas HoBu3Ha. BriepBbie MOATBEpIKIE€HA THIIOTE3a O CYIIECTBOBAHMM CBOWCTBAa MAacIITaOHOW WHBAPHAHTHOCTH
B rpate HazHaueHui [1PII Ha >kene3HBIX JOporax YKpauHbI, YTO MO3BOJISIET OTHECTH rpad K Kiaccy Oe3maciTabHuX
cereil. CymiecTByromue 3HaHUS B 00JaCTH TeOpuH Oe3MacTabHuX ceTei MOTYT OBITh MCIIOIBh30BAHbI JJISI OITMCAHU
JKUBYYECTU CHCTEMBI NIEPEBO30K HA KEJIE3HBIX Aoporax YkpauHsl. [lpakTndeckasi 3 Ha4MMOCTh. OnMpasch HA BbISB-
JICHHBIE CBOWCTBA CUCTEMBI HAIIPABJICHUS [OE3/I0MI0TOKOB, B JAIBHEHIIIEM BO3MOXKHBIM SIBIISIETCS CO3AaHUE MAaTEMAaTH-
4EeCKOW MOJENHU, YTO MO3BOJIUT CIIPOTHO3MPOBATH IOBEICHHE CUCTEMBI NEPEBO30K C CETEBOM CTPYKTypol. AHamm3
CBOICTBA )KUBYYECTH CHCTEMBI OPraHM3aIMU MOE3I0NO0TOKOB MO3BOIUT ONTHMHU3HMPOBATh HCIONB30BAaHNE KAIHUTAlb-
HBIX MHBECTHIMH JUISl TIOBBIIIEHHS TIPOITYCKHOM CIIOCOOHOCTH CETH 3a CUET BBISBJICHHS HaOOIee KPUTHIECKHUX y4acT-
KOB M CTaHIIMH, KOTOPbIE CHCTEMHO BIUSIOT Ha 3 ()EKTUBHOCTH PabOTHI CETH B LIEJIOM.

Knrouesvie crosa: MacmTaOHO-WHBapUAaHTHAsL CETh; IUIaH (JOPMHUPOBAHUS IOE30B; MEPKOJIALHUS; KUBYYECTh;
rpad; >KeJIe3HOZOpOKHAS CETh

A. V. PROKHORCHENKO"

"Dep. «Operational Work Management», Ukrainian State Academy of Railway Transport, Feuerbach Sq., 7, Kharkiv,
Ukraine, 61166, tel. +38 (057) 730 19 88, e-mail railwayhub@yandex.ua, ORCID 0000-0003-3123-5024

INVESTIGATION OF SCALE-INVARIANT PROPERTY
OF ORGANIZATION SYSTEM OF TRAIN TRAFFIC
VOLUME BASED ON THE PERCOLATION THEORY

Purpose. The work is devoted to the study the property of scaling invariance of the organization system of train
traffic volume on Ukrainian railways. Methodology. To prove the real network origin of Trains Formation Plan
(TFP) destination to the type of so-called scale-invariant networks it is proposed to generate scale-free networks
with different dimensions, Barabasi—Albert type with parameters that real networks of TFP destination has and to
investigate their structure on survivability using the procedure of percolation nodes. Percolation process is proposed
to be considered as a modified version of the spatial movement of cars on the network by increasing the number of
railway stations, which have lost the ability to perform the basic function to pass cars on TFP destination in terms of
adverse effects (an accident, overload). Findings. Comparative analysis of percolation at random and targeted de-
structive impact on network nodes has shown matching with the results of real network percolation of TFP destina-
tion, which proves the existence of self-similarity. Comparable figures in percolation were: percentage of remote
stations in the network, in which the network fragmentation occurs, the average inverse path between network
nodes, the diameter of the graph structure, the size meaning of the second largest cluster in the network from the
steps of destruction. Originality. For the first time the hypothesis of the existence of scaling invariance properties of
the graph TFP destinations on the railways of Ukraine, which can be attributed to a class of the graph scale-free
networks was confirmed. Existing knowledge in the field theory of scale-free networks can be used to describe the
survivability of system transportation on the railways of Ukraine. Practical value. Based on the identified properties
of system directions of train traffic volumes, it is possible to create a mathematical model in the future that will pre-
dict the behavior of the transportation system with network structure. Properties analysis of system survivability of
train traffic volumes will optimize the use of capital investments to increase network capacity by identifying the
most critical lines and stations that systematically affect the efficiency of the network as a whole.

Keywords: scale-invariant networks; trains’ formation plan; percolation; survivability; graph; railway network
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BU3HAYEHHS YACTOTH BUCOKOYACTOTHOI JIAHKH
JJIA TEPCIIEKTUBHOI CXEMHM EJIEKTPOPYXOMOTI'O CKUIAY

Mera. 3aranbHa TPOTSDKHICTD €NEeKTpU(BIKOBAaHUX TUISHOK 3ai3HHIb YKpaiHW pO3MOJiIeHa MPUOIU3HO HABITLT
MDK JUITHKAMA TIOCTIHHOTO Ta 3MIHHOTO CTPyMiB. JIJisi TIPOXOKEHHS MICIlb CTUKYBaHHs PI3HHX POIIB CTpyMy 0e3
3YIIMHKKA MOi31a 3aCTOCOBYETHCS IBOCUCTEMHHMH €NEKTPOPYXOMHH CKiiaj. TOMy HEpCHEKTHBHUM sl 3ai3HHILb
YkpaiHu € BOPOBaJPKEHHS CaMe TaKOro PyXOMOTI'O CKJIaJy HOBOi KOHILEMNIIii, TOOTO, 3 BUKOPUCTAHHSIM aCHHXPOHHOTO
TsiroBoro npusozaa. OKpiM psiay nepeBar icHye BaroMuid HEIoJiK PyXOMOTO CKJIa Iy MoJi0HOT KOHIIENii, IKUii TToJisirae
B IMITyJIbCHOMY BiOMpaHHI €Heprii 3 JUKepesia JKMBJIEHHS, 10 MOXE BIUIMHYTH Ha HaJiiHICTH pOOOTH KOJIHHHX
MIPUCTPOIB aBTOMATHKH, a, OTXKeE, i Ha Oe3meKy pyxy moi3miB. KpiM Toro, miToma moTyXHICTh TSATOBOTO TpaHCHOpMa-
TOpa 3HAYHO IMOCTYHAETHCS MUTOMIl IMOTY>KHOCTI iHIIUX €JIEMEHTIB TATOBOTO Koma. [ yCyHeHHS TaKuX HENOJIKIiB
Oyny 3amporOHOBaHI IMEPCHEKTUBHI CXEMH 13 3aCTOCYBaHHSAM NPOMDKHOI JaHKM MigBHINEHOI dacToTH. JlaHka
CKJIaZIa€Thesl 13 TpaHchopMaTopa Ta iHBepTOopa. IlepioueproBoro 3agauero i BIPOBAIKEHHS IEPCIIEKTUBHUX CXEM
SBJIAETBCA BU3HAYEHHSA POOOYOi YACTOTM BHCOKOYACTOTHOI JIaHKW. MeTogwka. /[y BH3HAUCHHS MaKCHMAJbHOI
po6040i YaCTOTH KOMYyTallii TPAH3UCTOPIB B POOOTI BUKOPHUCTOBYETHCSI METOIMKA PO3PAXYHKY TEIUIOBUX HapaMeTpiB
JUIsl HaIlBIPOBIJHUKOBUX NpuiaaniB. s OTpUMaHHs aHAJITUYHOTO BHMpa3y KpPHBOI 3aJIeKHOCTI EHeprii, sKka
Bunusierbest npu komytauii IGBT (insulated-gate bipolar transistor) Bix cTpyMy HOro HaBaHTa)XEHHSI, 32CTOCOBYEThCS
METOJ amnpokcumallii kpuBoi. Pe3yabTaTH. BCTaHOBJIEHO, IO OMYCTHMMAa 4YacTOTa BHUCOKOYACTOTHOI JIAHKH BU-
3HAYAETHCSI CTPYMOM HAaBAaHTA)KEHHS NPOMDKHOTO TpaHchopmaropa. BusHaueHO piama3oH poOOYMX 4YacTOT JIAHKH
B 3QJISKHOCTI BiJl CTPYMIB HaBaHTa)keHHs. J[J1s 3a1aHOTO Jiara3oHy CTpyMiB BUKOHAHO MOPIBHSUIBHUM aHaNi3 KOMyTa-
niiHnx xapakrepuctuk IGBT 65 knmacy BupoOHmiTBa kommaniii Infineon ta ABB. HaykoBa noBm3na. OtprmMas
MOJATBIINIA PO3BUTOK METOJ] BU3HAYCHHS! MAKCHMAIBHOI poO0Y01 YaCTOTH MPOMDKHOI JJAHKH B CXEMi 3 BUKOPHCTAH-
HSIM TPOMDKHOTO TpaHC(opMaTopa MiABUIIeHOI yacToTH. IlpakTHyHa 3HauYnMicTh. Br3HaueHwi niamazoH poOodnx
YacTOT BHCOKOYACTOTHOI JIAHKM JJO3BOJINTH PO3BHUHYTH IOJAJBII JOCHIKEHHS POOOTH CHIIOBOI CXEMH 3 3acTo-
CyBaHHAM TpaHc(OpMaTopa MiABUIEHOI YaCTOTH ENEKTPOPYXOMOIO CKJIaqy MOABIMHOTO JKUBJIEHHS 3 ACHHXPOHHUM
TSTOBUM TPUBOJIOM, 1110 3pOOUTH MOKIIUBUM OLIHUTH €(DEKTUBHICTD BIPOBAPKEHHS CXEeM MOJ[I0HOT KOH(Irypartii.

Kniouosi cnosa: acHHXpOHHHH TATOBHH JBUTYH; €JIEKTPOPYXOMHUH CKJIaJ] MOABIMHOTO YKUBJIEHHS; TpaHchopma-
TOp MiZBUIIEHOI YaCTOTH; JIaHKa migBueHol yactotr; IGBT; aBTOHOMHUI iHBEpTOp HANPyTH

Beryn BUKOPHCTaHHS SIKOTO JIO3BOJISE 3HU3UTH KIJIbKICTh
IHBEHTApHOTO MapKy JIOKOMOTHBIB Ta MiJBUIINUTH
MIPOITYCKHY CIIPOMOKHICTH 3aJTi3HUIIb.

Cranom nHa movatok 2014 poky iHBEeHTapHHI
MapK eJIeKTPOPYXOMOTO CKJaay MOABIMHOTO >KUB-
JNeHHa ckiaagae 61 oguHunio. 3 HUX 49 oIUHUILE —
enexTpoBo3u cepii BJI82M, siki IpakTUIHO TOBHi-

Doi 10.15802/stp2014/30448 © /1. O. 3abapuo, 2014

3anizHuLi YKpaiHu eleKTpuQiKoBaHi IiNsHKA-
MH TIOCTIHHOTO 1 3MIHHOTO CTPyMy Ta PO3IiICHI
MYHKTAMH CTUKYBaHHS. [IJIsl MPOXOMKEHHST TaKhUX
NYHKTIB 0€3 3yNWHKH IMOi3/1iB 3aCTOCOBYETHCS
nBocucTeMHUE enekrpopyxomuit cxman (EPC),
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CTIO BHYEPIIAIN CBi pecypc i BUMararmTh 3aMiHH
Ha eJEKTPOPYXOMHH CKJIAJ HOBOTO MOKOJIHHSI.
EPC HOBOTO TOKONIHHS XapaKTepU3yHOThCS
BUKOPUCTAHHSIM aCHHXPOHHHX TATOBUX JBUTYHIB,
SKI MalOTh HU3KY TepeBar BiJIHOCHO KOJIEKTOPHUX
JIBUTYHIB TIOCTIHHOTO Ta MYJbCYIOYOTO CTPYMY.
CTpyKTypa BHCOKOBOJBTHOI YacTHHH MPHBOJA
Bu3Hauae Horo KKJI, maco-raGapuTHi TOKa3HUKH,
HaJIHICTh Ta piBEHb BIUIMBY Ha CYMiDXHi CHCTEMH.
B 3aragpHOMY BHITIALI CTPYKTypa CHJIOBOI CXEMH
EPC monBiiiHOro >KMBJIEHHS HOBOI'O ITOKOJIIHHS 30-
Opakena Ha puc. 1 [11]. [Iparroe cxema TakuMm 4u-
HOM. Ilpwm >KMBJIECHHI Bim Mepeki 3MIHHOTO CTPYMY
25 kB, 50 T'm Hampyra 3HMXKYETbCA TOJOBHUM
Tpancpopmaropom ['T, mami BUOpSIMISETbCA, MiA-
BUIIYETbCS 1 CTaOLTIBYETHCS UYOTHPUKBAIPAHTHUM
neperBoproBadeM [IY, 3miamkyeTsest y JaHIi Io-
critiHoi Hanpyru JITTH Ta mogaerbes Ha aBTOHOMHMIN
iaBepTop Hanpyru AlH, sikuii »KUBHUTH TATOBHH acu-
uxponnuit apuryH ATJI. [pu xuBneHH] Bin Mepexi
mocTiitHOTO CTpyMy 3 KB Hampyra nomaeTbest 6e3mo-
CepenHbO 10 TaHKH rocTiiHoi Hanpyru JITTH.

25 kB, 50 I'y .
T 'Lr"
: ATJI
[T [ MY [ JINH|AIH[EO)
O

Puc. 1. Crpykrypa cunosoi cxemu EPC moasiitHOTO
JKUBJICHHA 3 aCUHXPOHHUM TAT'OBUM IPHUBOIOM

Fig. 1. Power circuit structure of doubly-fed ERS
asynchronous traction drive

lonoBHUM HemoNiKOM cXeM MOAiOHOI KOH]Iry-
patii € iMITyIbCHUIH BigOip eHeprii 3 BTOPUHHOI 00-
MOTKH TpaHc(hOopMaTopa UYOTHPUKBAIPAHTHUM IIe-
PETBOPIOBAaYEM LUISIXOM KOPOTKOYACHOTO 3aMHUKaH-
HS 0OMoTKkM aist miaBuiieHHs Hampyru JIITH [3].
Taki 3aMHKaHHS! CTBOPIOIOTH IMITYJIECH CTPYMY 3 TIi-
KOBHMMHM 3HAUCHHSIMH, fKI NEPEHAIOThCs, B OCTATOY-
HOMY MIJICyMKY, B PEHKOBI KOJIa i MOXKYTh BUKIJIMKA-
TH 30iif B poOOTI KOMIMHUX MPUCTPOiB aBTOMATHKH,
B PE3yJIbTAaTi YOT0 3HMKAETHhCS Oe3leka pyxy Ioi3-
niB. KpiMm Toro, mitomMa Bara TSATOBOTO TpaHChOpMa-
TOpa 3HAYHO IOCTYMAEThCS MUTOMIH Ba3i MEpeTBO-
proBaua, a TpaJuWIliiHI MeToau 11 3HMWXKEHHs (3aCTO-
CYBaHHsI ENICKTPOTEXHIYHHUX CTaJied 1HIIUX MapoK)
HE Jal0Th CYTTEBOTO BHTpAITy, TOMY IOTPiOHO 3a-
CTOCOBYBaTH alIbTEPHATHUBHI CIMOCOOM TMOJIIIICHHS
MacorabapuTHHX MOKa3HUKIB TpaHCpOopMaTopa.

Doi 10.15802/stp2014/30448
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Jst yCyHEHHST BKa3aHUX HEIOJIIKIB OyIIH 3ammpo-
MoHOBaHI KoH(iryparii cxem [2, 3, 12, 13], B sSKkux
BUKOPUCTOBYEThCS TMPOMDKHHUN  TpaHChOpMATOP
MiBUIIICHO] YaCTOTH, IO JO3BOJIUTH TOKPALIUTH
MacorabapuTHI MMOKa3HUKH TATOBOTO TpaHChopMa-
TOpa Ta YCYHYTH IMITyJIbCHUH BiIOIp eHeprii.

3aranbHy CTPYKTYpY (YHKIIOHAIBHOI CXEMH
3aIIPONIOHOBAHOI KOH(Iryparlii 300pakeHo Ha pHC. 2.
CxeMa mpairtoe TakuM 9uHOM. [lpu >kuBIeH1 Bix
Mepexi 3MiHHOTO cTpyMy 25 kB, 50 I'm Hampyra
BUTIPSIMIIIETHCST BXiTHUM BUIpsMisiaieM Bl, mepe-
TBOPIOETHCS B 3MIHHY HAIIPYTy IiJBUIIEHOT 4aCTO-
TH iHBepTOpoM I, mepeTrBoproeThcs TpaHCHopMa-
TopoM minBuiieHoi yactotu TIIY mo moTpiOHOTO
piBHSI, BUNPSAMIBIETBCS BHIpsAMIsTIeM B2, 3ria-
JUKY€EThCSl (QUIBTPOM B JIaHII MOCTIHHOT HAmNpyTH
JITTH Ta momaeThcst Ha BXi aBTOHOMHOTO 1HBEPTO-
pa Hanpyru AIH, skuil >XUBUTb aCHHXPOHHUU
TsroBuid aBuryH ATJI. Tlpum xuBneHi BiJ Mepexi
nocriHoro crpymy 3 kB Hampyra momaetbcs 10
JaHKY 1ocTiHo1 Hanpyru JIITH.

25 kB, 50 Tu 3KB_

1]

] AT/]

B1 [ 1 [Hriu[] B2 IjﬂﬁH]jAlHB@

s

-

o)

Puc. 2. ®ynkuionansaa cxema EPC monsiitHoTO
JKUBJICHHSI 3 BUKOPHCTaHHSIM TpaHchopmaropa
T ABUIIIEHOT YaCTOTH

Fig. 2. Doubly-fed ERS functional diagram using
a high frequency transformer

B pexumi pexynepanii Bunpsmsiai Bl ta B2
MPAIOTh K 1HBEpTOpH, a iHBepTrop | mparoe
BUTIPSMIISTICM.

3 Toukm 30py KOHOQIryparii maHy CTPyKTypy
CXEMHU CHJIOBHX KiJI MOKHA BUKOPHUCTOBYBATH JIJIs
EPC 3 Oynp-sikoro KibKicTh oceli [1], a 3 Touku
30py MOTYXKHOCTI — SIK IS €JIEKTPOIIOi3MiB, TaK
1 17151 €JICKTPOBO3IB.

CunoBa eJeKTpUYHA CXEMa 3alpolOHOBaHOI
KOHGIrypamii 11 OJHOTO TSTOBOTO IiedYa Ipe-
CTaBJIeHa Ha puc. 3.

Meta

OnHUM 3 TOJOBHHX 3aBaHb, SKi MMOTPIOHO BU-
pIIIUTH A1 BIPOBA/KCHHSI CXEMHU 3 3aCTOCYBaH-
HSIM TpaHchopMaTopa MiABUIICHOT YaCTOTH, € BU3-
HAYeHHs pPoO0YO0i 4acTOTH OJI0KA IHBEpPTOpA.

© JI. O. 3abapwuio, 2014
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Il e Qs1 FLCI BI1

PWRI

25xB, 50T

15 Py rumangw:

Fi ’ f

W1

Ire" J.JJ:JLJU’

F2

od

Puc. 3. Cunosa cxema EPC nonBiitHOro )XMBJIEHHS 3 BAKOPUCTAHHSM TpaHC(HOPMATOpa MiJBHUILIEHOI YaCTOTH:
QS1, QS7 — Bunpsminsiai; FLC1, DCLI1 — dinsrpu; BI1 — 6110k iHBepTopa, sIKKil CKIIaaeThes 3 iHBepTOpa Ta TpaHcdopmaropa
migsuiienoi yactot; QT1 — ranemiBauit yonep; PWR1 — aBToHOMHHI iHBepTOp Hanpyru; M1 — acCHHXpOHHHUH TATOBHUI JBUTYH;
Dr — BxinHwmii gpoceins

Fig. 3. Doubly-fed ERS power circuit of using high frequency transformer

MeTtoauka

brox iHBepTOpa ckmamaeTbes i3 TpaHchopma-
TOpa TMIiABUINEHOI YacTOTH Ta IHBEpPTOpa, SKHM
WOro KUBUTH.

Honyctruma poboda vacToTa TpaHchopmaropa
BHU3HAYAETHCSA, TOJIOBHUM YHHOM, MarHiTHUMHU Ta
CJIEKTPUYHUMH BIIACTHBOCTSAMH Marepiajy MarHi-
TorpoBoy. [liABUIIEHHS YacTOTH MPU3BOAUTH IO
3pOCTaHHSl HarpiBy CepAeYHHKa, IO 3YMOBIEHO,
3 OJTHOTO OOKY, Mi€l0 BUXPOBUX CTPYMIB, a 3 iHIIO-
ro — 3MCHILIECHHSIM IUIONII MOBEPXHI OXOJIOIKEHHS
(BHACIiIOK 3MEHIICHHs TadapuTiB TpaHCPOopMaTo-
pa). ToMy I 3MCHIIICHHS TEMIIEPaTypH HArpiBy
HEOOXiIHO 3HMKATH BUXPOBI CTPYMH B CEpJICYHU-
Ky. [l IbOr0 MOTPIOHO 3aCTOCOBYBAaTH MAarHiTO-
M’SIKi Marepiaii 3 TUTOMHM OINOPOM OibIINM,
HIXK y €IeKTPOTEXHIYHHUX CTaJISIX.

OcTaHHIM YacoM LIMPOKE PO3MOBCIOMKEHHS
oTpuMan aMOop(Hi CIIaBU — Iie CIUIaBH, SIKi Ma-
I0Th BHITAJIKOBY (HEKPHCTATIYHY) CTPyKTypy. o
CKJIaaly CIUIaBY BXOJIATh Bl TPYHH EIIEMEHTIB:
nepexigni meramu (Fe, Co, ...) i Tak 3BaHi aMOp-
doytBoprorodi enementu (B, C, Si, ...). AMopdHa
CTPYKTYpa CIUIaBy BUXOJAWTH TUILKU MPHU BU3HAUeE-
HIf IIBUIKOCTI MOT0 OXOJIODKEHHS — COTHI M TH-
Cs19i TpajyciB 3a CEKyHY.

st cumoBoro TpaHchopMaTopoOy IyBaHHS pa-
HIOHAIBHUM € 3aCTOCYBaHHS aMOp(QHHX CIUIaBiB
Ha OCHOBI 3amiza. Taki cIulaBU MaroTh iHIYKIIIO
HacwaeHHS 1,5-1,6 T

Haif6inpir  MOTYKHOIO  KpaiHOI-BUPOOHUKOM
amop¢uux cmnasiB € CLIA, sxi B 1iid kpaiHi Ha3u-
BatoThcst Metglas. Cepen Benmnkoi HOMEHKIATYypH
aMOp(HUX CIUIaBIB BUTIHO BIAPI3HAETHCS CIUIAB
Mapku 2 605 HB1M [6], sikuit Mae OLITbII HU3BKI MTH-

Doi 10.15802/stp2014/30448

tomi Brparu (0,083 Br/kr npu B = 1,3 T, £= 50 ')
Ta OUThII BHUCOKY iHAyKmito HacwyeHHs (1,63 Tm)
TTOPIBHSTHO 3 aHAJIOTAMH.

Ha EPC 3wmiHHOrO CTpyMy, SIKMH €KCILTyaTy-
€THCS Ha 3aMI3HUILIX Y KpaiHU, BUKOPHUCTOBYIOTHCS
TATOBI TpaHChHOPMATOPH, MATHITOIPOBOIN SKUX
BUKOHAHO 3 €JIEKTPOTEXHIYHOI cTanmi mapok 3 414
1 3 407 toBuuuor aucta 0,30 mMm Ta 0,35 MM Bia-
noBigHO. [1ix yac 3aMiHM MarHiTONPOBOJIIB 3 €JICK-
TPOTEXHIYHOI CTaJli BKA3aHUX MapoK Ha aMOpQHI
criaB Mapku 2 605 HB1IM moHa 3HU3UTH BTpaTH
xoJjocToro xony B 8,5...10,6 pa3y [2]. Tomy Buko-
puctanHas amopdHOro craBy mapku 2 605 HB1IM
JO3BOJINTh 3HU3UTH TEMIIEpaTypy HarpiBy cepied-
HHUKa TpaHcopMaTopa MigBUILEHOT YacToTH. Taki
CepACYHMKH 1, BIAMOBIIHO, TpaHchopMaTopu Mo-
XYTh TpaIroBat Ha yactorax mo 100 kIt [6].

[lopiBHAHHS MMTOMHX BTPAT B ENEKTPOTEXHIYHIN
cTaiti Ta aMOpQHOMY CIUIaBi HaBeJEHO B Taou. 1.

JlonyctuMa poboya 4dacToTa iHBEpTOpa OOMe-
KYETHCS KOMYTALIHHUMU BIaCTUBOCTSMU CHJIOBUX
kimoviB. CydacHi CHIIOBI KepoBaHI HaIliBITPOBII-
HHUKOBI KJIOYi BEJIMKOI MOTYXHOCTI MPAaLIOIOTh Ha
YacToTax A0 JECATKIB KuIorepl, a ixX JomycTuma
poboda gacToTa 0OMEKYETHCS, TOJTOBHUM UYHUHOM,
TEIJIOBUMH MapaMeTPaMH.

Jns wanmiiitHOi pobGoTm cxemu (puc. 3) He-
00XiTHO B TEpeTBOPIOBAYaX 3acTOCOBYBATH IpH-
nmaau He HIK4e 65 kmacy [1]. Ha ceoromai Takumu
npunagamu € IGBT. Tomy npu Bu3HaueHOMY Kilaci
IGBT nomyctuMa yacToTa BUCOKOYACTOTHOL JTAHKU
3aJIeKHUTh BiJl CTPYMYy HaBaHTaKEHHS, SIKUH BU3HA-
Ya€ThCS AOMYCTUMUMH BTPAaTaMU HOTYXHOCTI.

3aranpHi BTpatu notyxkHocTi B IGBT P Bu-
3HAYAIOThCS TETUIOBUMH MapaMeTpaMH MpHiiany Ta
CKJIaJal0ThCS 13 TAKUX CKJIAJOBUX:

© JI. O. 3abapwuio, 2014
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Tabnums 1
IlopiBHSIHHA MNTOMHUX BTPAT B eJIeKTPOTeXHIYHil cTaui Ta amopdHoMy cniasi
Table 1
Comparison of specific losses in electrical steel and amorphous alloys
Mapka craii, cruraBy 3414 3 407 2 605 HB1M
[MuTomi BTpaTH, BT/kT 0,878 0,737 0,083
BimHOIIEHHS THTOMHX BTPAT B CTAJi 10 aMOP(HOTO CIIaBY 10,6 8,5 -
PZE?ond+})sw+}))/np+})3c’ (1) i
Po=f a+bz+cz Upc 5)
ne P, — BIpaTH MOTY>KHOCTI y TIpOBiaHOMY (Biz- w2 n 4 u,’
KpUTOMY) cTaHi, BT; P, — BTpaTH HOTY>KHOCTI IIpu
. ne f,, — dacrora komytauii, I'm; a, b, c, —
KoMmyTanii, Br; P — BTpaTu MOTY>XHOCTI Ha yIpa- .. . .
yip Koe(imieHTH  MOJiHOMY, SKHA  alpOKCUMYE

BIiHHS npwiazoM, Bt; P, — BTpaTu MOTYXHOCTI,

3C

CIPUYMHEHI IPOTIKaHHSIM 3BOPOTHOTO CTpyMy, BT.

Brparu motyxuocti F,, Ta P MawTh

BIIHOCHO HHW3bKI 3HAYEHHS, TOMY HHMH MOXXHA
3HeXTyBaTI/I, 10 HC BIIJIMHC Ha TO‘-IHiCTI) HpI/I p03-
paxyHnkax. Topmi:

P=P, +P,. 2)

COon sw

Brtparu notykHOCTi y npoBigHOMY cTaHi P,

cond
B IGBT npu cunycoigansriit [1IIM s nBopiBHe-
Boro AIH BuzHavarothes 3a popmymoro [10]:

[ 2
Pona = 0,5 | Uggo ="+ 1 = |+
T 4

+mcos @ UCEOIierCE—j’ , 3

8 3n
ae Uy, —noporosa Hanpyra IGBT y Binkpuromy
crani, B (puc. 4); 1, — munamiyauii onip IGBT
y Biakputomy ctani, OM; m — KoeQillieHT Moay-
JIATIT;, cos( — KOe(ilieHT MOTYKHOCTI TpaHcdop-
Maropa MiJBHUIIEHOI YacToTu; [, — aMIUITy[IHe

3HAYCHHS CTPYMY HaBaHTaXCHHs TpaHchopmaropa
MiIBUIIICHOT YaCTOTH:

1, =2I,, )

ne [, — niroye 3HAUCHHS CTPYMy HaBaHTaKEHHS

TpaHcpopMaTopa MiABUIIEHOT YacTOTH, A.
Brpartu morykHOCTI mpu KomyTamii Bu3Haua-
I0ThCsI 32 BUpa3oM [5, 10]:

Doi 10.15802/stp2014/30448

68

3ajexHicTh eHeprii BTpart npu komyTtauii IGBT Bix
CTpyMy Kosiektopa (puc. 5);

1500

1250

1000

e [A]

750

500

250

0,0 1,0 2,0 3,0 4,0 50 6,0
Vee [V]

Puc. 4. 3anexxHicTh MagiHHSA HAPYTH HA TPAH3UCTOPI
Big ctpymy konekropa IGBT tuny FZ750R65KE3
kommadii Infineon

Fig. 4. Dependence of the lost volts on the transistor
from IGBT collector current, type FZ750R65KE3,
Infineon company

Upc — Hampyra JIaHKM IOCTIHHOro cTpymy, B;

U,om — 3HaYEHHS HAIPYTH, IIPH AKOMY BH3HAYaIOTh-

n
cs1 mapaMeTpu BMUKaHH: Ta Bumukanag IGBT, B.
JonycTuMi 3Ha4YeHHs MMOBHHMX BTpPAaT BU3HAua-
I0ThCS 32 hopmytoro [9].
[ToBHi BTpaTH MOTY>XHOCTI P BH3HAYaIOTHCS 32
(hopmyItor0:

4 , 6)

© JI. O. 3abapwuio, 2014
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Ae T, — MakCHMalbHO JIONyCTHMa TeMIepaTypa 3aranbHi BTpAaTH HOTY>KHOCTI P HE NOBHHHI
HarpiBy HANiBIPOBiTHHKOBOrO KpHctamy; [, — | CPeBHILYBaTH ﬂOHyCT.HMHX BIPAT By, , TOMy i
o 3HaYeHHS] MO>KHA IPUPIBHATH:
TeMmepaTypa HaBKOJMIIHBOrO cepepoBuia, °C
Ry, — TCIUIOBWiA OMIpP KPHCTal — CEPCIOBHILE P oup T,-T, ®
oxomnomkenHs, B1/°C. cond = Zsw i ’
20 .
Voo = 3600 V 3 ypaxyBanusaMm BupaziB (2), (3), (5)...(8) mo-
:;f}in:f;_i,\;hm nyctumy dactoty komytanii IGBT moxHa Bu3Ha-
PO B i el / yuTH 3a HopMyoio (9).
il = n . . .
T, < 125 °C = - Cepen OaraTtbox CBITOBHX BHPOOHHUKIB HaIiB-
I P NPOBIJJHUKOBUX IMPUJIAJIIB JIAIIE OKPeMi BHPOOHU-
3 10 / KM BHUT'OTOBJISAIOTH IQBT 65 knacy, ToMy Ui IO-
5 - 7 | JanplinX po3paxyHkiB oopaHo IGBT BupoOHHLT-
Eun Ba kommaniit Infineon Ta ABB [7, 8]. o Ta6x. 2
. 3BEJICHI 3HAUYEHHS MaKCHMAaJIbHOI YaCTOTH 3aJeikK-
= i HO BiJ cTpyMy HaBaHTakeHHs Ta Turmy IGBT. Ha
puc. 8, 9 HaBemeHi Tpadikd 3aIEKHOCTI TaCTOTH
. i s Bix crpymy mins IGBT xommanii Infineon Ta ABB
0 250 500 750 1000 1250 1500 BiZ[HOBiI[HO.
e [A
Puc. 5. 3anexHictb eHeprii komyraii Big cTpymy z
KoJieKTopa 3a imiyibse st IGBT Tumy = = 250
. 2
5SNA0750G650300 dipmu ABB = =
= = B
: I 5 Sm  m400
Fig. 5. Dependence of switching energy per pulse E % ]
collector current for IGBT type SSNA0750G650300, =N z 300
the ABB firm 250 2 600
200 300 400 55 00 =
TeroBuit omip R,, CKIAZacTbCs 3 TaKUX m750
va CTpyM HaBaHTAKEHHA, A
ckiaoBux (puc. 6):
R, =R, +R,  +R . . .
thja thjc theh thha > ) Puc. 8. I'padiku 3a1eKHOCTI YaCTOTH Bifl CTPyMY

st IGBT xommawii Infineon

ne R,,. —Temnosuii onip kpucran — kopuyce, Br/°C;
Fig. 8. Frequency-versus-current for IGBT,

Rthch — TCIJIOBUM OIIIp KOPIYC — OXOJOIKYyBad, company Infineon

o(. N 1
B1/°C; R, — TEIUIOBUIi OIlip 0XOJIOMXKyBad — 0XO-

JIOKyBaJibHE cepenouie, BT/°C; =
= 3000 ?
Rthjc Rihch Rihha = om0 5
i | | | | E~ N =
J l | l | e Em H400
| § 1000 29
=, 2 B 500
=
400
200 300 499 500 gog E 750

Tjunction Tease Theatsink  Tambient
] CTpyM HaBaHTAKEHHA, A
Puc. 6. TeruioBa cxema 3amilleHHs

Fig. 6 Thermal equivalent circuit

Puc. 9. I'padiku 3a11€KHOCTI YACTOTH Bifl CTPYMY

3HayeHHs BenuunH R,. Ta R HaBOIIATHCS
thje theh A g IGBT xomnanii ABB

Y IACTOPTHUX JAHUX HA NPUIAL, @ Ry, — Ha OXo- Fig. 9. Frequency-versus-current for IGBT,

JIOJKyBay. company ABB
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I -1, - O,S(UCEOImerCE I‘%’}meoscp[UCEO]m-l—rCE Iij
Rthjc + Ry + R T 4 8 3n U
Jow = a bi ci® Ur:cn ©
[2 T 4]
Tabnuns 2
3HavYeHHS] MAKCUMAJBHUX 4acTOT Bix ctpymiB 1 IGBT
Table 2
The value of maximum frequency of the currents for IGBT
Bupo6uuku IGBT
CrpyM HaBanTa- Infineon | ABB
JKEHHS OOMOTKH HowminanpsHuii (macopthuii) crpym HaBantakeHHs IGBT, A
Tpancopmatopa, A |75 400 500 600 750 | 400 500 750
Maxkcumainbsho nornycruma yacrora IGBT, I'n
200 1491 2410 2 487 2 882 2 804 2 661 1 857 1973
250 1076 1 857 1970 2326 2330 2 037 1530 1705
300 - 1491 1622 1977 1987 1582 1269 1477
350 - 1201 1327 1 649 1704 1208 1053 1282
400 - 971 1100 1391 1494 932 871 1121
450 - - 920 1194 1267 - 719 973
500 - - 759 1 008 1094 - 586 841
550 — - — 864 955 - — 734
600 — - — 736 826 - — 629

Sk BuaHO 3 Ta6n. 2, IGBT xommanii Infineon
3a YaCTOTHUMH TlapaMmeTrpamu mnepeBaxkaoth IGBT
komnaHii ABB 11 BCbOro po3risiHyToro jiara-
30Hy cTpyMmiB HaBaHTaxeHHs (200...600 A). Ta-
KOX 3 Ta-ONWIli BUIHO, IO Ui JOCATHEHHS Ma-
KcuMalTbHO1 9actotu komyTarii IGBT npu ctpymi
HaBaHTaXeHHs TpaHcopmaTopa 200 A moTpiObHO
BUKOPHCTOBYBAaTH TMpPWJIaJ 3 HOMIHAJHHHM I1ac-
MMOPTHAM CTPYMOM HaBaHTakeHHS 600 A, mist
PELITH BEJIHYHH CTPYyMY, PO3TIIIHYTOTO Jialma3oHy,
- 750 A.

Pe3yabTaru

BcranosiieHo, 110 A0MyCTHMA 4acTOTa BUCOKO-
YaCTOTHOI JIAHKKM B CXEMi 3 BUKOPHCTaHHSIM ITPO-
MDKHOTO TpaHC(HOpPMAaTOpa BU3HAYAETHCS CTPYMOM
Horo HaBaHTaKEHHs. BusHaueHo miamazoH poOo-
YHX YaCTOT JIJISl BACOKOYACTOTHOT JIAHKH.

Doi 10.15802/stp2014/30448

70

HaykoBa HOBH3HA Ta NPAKTHYHA
3HAYMMICTH

HabyB monanpmioro po3BHTKY METOJ BH3HA-
YeHHS. MaKCUMaJIbHOI PO0O0Y0i YacTOTH BHCOKOYA-
CTOTHOI JIAaHKK JUJII CXEMH 3 BHUKOPHCTaHHSIM
TpaHchopMaTopa IMiJBHAIIEHO] YaCTOTH, IO T03BO-
JUTHh BU3HAYHTH Jiama3oH poOOYMX YacTOT JIAHKU
3aJIeKHO Bl TIOTYXKHOCTI HABAHTKEHHS Ta THUITY
HAMIBIIPOBITHUKOBOTO TIPUJIALy.

BucHoBxu

1. YacToTa BHCOKOYACTOTHOI JIaHKHM B CXeMi
3 BHUKOPHUCTaHHSM TpaHcopMaTopa TiJBUIICHO]
YaCTOTH BHM3HAYAETHCS CTPYMOM HaBaHTa)KEHHS
TpaHchopmaropa.

2. 3a KOMyTaUiiHUMHU BIACTUBOCTSIMH B Aiara-
30Hi cTpyMiB HaBaHTaxeHHs 200...600 A IGBT 65
Kkiacy kommasii Infineon 3Ha4HO BHUTIEpPEmMKAIOThH
IGBT Takoro x xinacy kommnanii ABB.

© JI. O. 3abapwuio, 2014



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

Hayxka Ta nporpec Tpancropty. BicHuk J[HIponeTpoBcbKoro
HAI[IOHAJIBHOTO YHIBEPCHUTETY 3alIi3HUYHOrO TpaHcmopty, 2014, Ne 5 (53)

EJIEKTPUYHUIA TPAHCITOPT

3. MakcumallbHO JOIyCTHMa 4acTtoTra Komyrta- 7.  Xapakrepuctuku IGBT BupoGHMITBA KoOMmaHii

uii IGBT npu cTpymi HapanTaxenns 200 A cTaHo- ABB [Enexrponnnii pecypc]. Pexum pocrymy:
BuTb 2 882 'y, ripu 600 A — 826 I http://www05.abb.com/global/scot/scot256.nsf/ver
itydisplay/bfeb34b019a8d50383257¢a700384dft/$

file/5sna%200750g650300 5sya%201600-
CIMCOK BUKOPUCTAHIX JDKEPET 03%2001-2014.pdf. — Haspa 3 ekpana. — IlepeBi-

1.  Bicin, M. I' AHami3 CHJIOBHX CXeM 3 BUKOPHCTaH- peHo : 02.06.2014.

HSM BHCOKOYacTOTHOro TpaHcdopmaropa st 8.  Xapakrepuctuku IGBT BupoOHHMITBa KOMMaHii
JKMBJICHHSI aCHHXPOHHHX TATOBHUX JIBUTYHIB €lleK- Infineon [Enextponnuii pecypc]. — Pexxum nocry-
Tpopyxomoro cknany / M. I'. Bicin, [I. O. 3abapu- my: http://www.infineon.com/cms/en/product/power/
1o // Enextpudikanis tpaHerm. — 2013, — Ne 5. — igbt/igbt-module/igbt-module-4500v-6500v/

C.25-32. channel.html?channel=ff80808112ab681d0112ab6

2. Bicin, M. I'. lllecTuBicHuiI MaricTpaidbHUN BaH- 918450396. — Ha3ma 3 ekpana. — IlepeBipeHo :
TaXKHUU €NEKTPOBO3 MOABIHHOTO XHUBICHHS i3 3a- 02.06.2014.
cTocyBaHHSAM TpaHcopmaTopa 3 BucOkodyacToT- 9.  YeGorckuit, O. I'. CuIoOBBIE TOIYIPOBOJHHKO-
HOIO PO3B’S3KOI0 Ta ACHHXPOHHUMH TATOBHMH Bble mpubopsl : cnpaBounuk / O. I'. YeOoBckwuii,
nsuryHamu / M. I'. Bicin, 1. O. 3abapuio // BicH. JI. T'. Moucees, P. I1. HepommmBus. — 2-¢ u3., me-
JuinpomneTp. HaIl. YH-TY 3aJli3H. TPAHCIH. iM. aKas. pepab. u mom. — M. : DHeproatomuznar, 1985. —
B. Jlazapsna. — 1., 2011. — Bum. 36. — C. 64-69. 400 c.

3. 3abapuno, /[I. O. IlepcmextuBu 3actrocyBanHia 10. Applying IGBT [Enextponnuii pecypc] / Bjorn
amMop(HHX CIUIaBIB JJIsl TATOBOI'O PYXOMOTO CKJla- Backlund, Raffael Schenell, Ulrich Schlapbach,
ny / J. O. 3abapuno // JIokoMOTUB-HHPOPM. — Roland Fisher, Evgeny Tsyplakov / ABB Semicon-
2014. —Ne 7 (97). — C. 44-47. ductors. — Pexxum poctymy: http://www05abb.com

4. Myxa, A. M. Po3BUTOK HayKOBHX OCHOB CTBOPEH- cBoOoanbIi. — HasBa 3 expana. — IlepeBipeHo :
Hi TATOBUX eJIeKTporepenad 0araToCHCTEMHUX 02.06.2014.
€IIEKTPOBO3iB : aBTOped. AuC. ... A-pa TexH. HAyK :  11. Comparison of multi-system traction converters
05. 22. 09 / Myxa Auapiit Mukonaitosuu ; JHin- for high-power locomotives / M. M. Bakran, H.-G.
poIIeTp. Hall. YH-T 3aJi3H. TpaHCIH. iM. akan. B. Jla- Eckel, P. Eckert et al. / 35™ Annal IEEE Power
3apsHa. — ., 2011. — 36 ¢. Electronics  Specialists  Conference  (20.06-

5. Ocrpenko, B. C. Omnpenenenne MaKCHMAIbHOTO 25.06.2004). — Aachen, 2004. — Vol. 1. -
JIOTTYCTUMOIO 3HAUCHHsSI YacTOThl KOMMYTAIMU P. 697-703. doi: 10.1109/PESC.2004.1355833.
monyns IGBT / B. C. Octpenko // Enextpo- 12. Kunz, M. Entvicklung einer massearmen Energie-
TexHiKa Ta esekTpoeHepreTuka. — 2012. — Ne 2. — versongung fiir elektrische Triebfahrzeuge /
C. 28-33. M. Kunz, F. Horl, Th. Klockw // ZED+DET Glass

6. Ilapamerpu amopdHoro cruaBy Mapku 2605SHB1M Ann. 123.—1999. — Ne 11/12. — P. 423-426.
[EnextponHnii pecypc]. — Pexum gpoctymy: 13. Victor, M. Energieumwandlung aut AC-Triebfa-
http://www.metglas.com/assets/pdf/msds/msds260 rzeugen mit Mittle frequen ztansformator / M. Vic-
S5sal.pdf. — Has3Ba 3 expana. — IlepeBipeno : tor // Elekrtische Bahnen 103. — 2005. — Ne 11. —
02.06.2014. P. 505-510.

II. A. 3ABAPWJIO"

1*Ka(b. «DNEKTPOIOABIKHON COCTaB JKEJIE3HBIX JOPOr», JJHEepOneTpoBCKH HAIMOHAIBHBIN YHUBEPCUTET JKEJI€3HOIOPOKHOTO
TpaHCHOpTa UMeHH akaznemuka B. Jlazapsna, yn. Jlazapsna, 2, [JnenponerpoBck, Yipauna, 49010, ten. +38 (063) 446 77 38,
1. moura lazbl@yandex.ru, ORCID 0000-0002-6206-0012

OINPEAEJEHUE YACTOTBI BBICOKOYACTOTHOI'O 3BEHA JIJI5
MNEPCIEKTUBHOM CXEMBI JIEKTPOIOJBUKHOT'O COCTABA

Hens. OOwmas NpOTSKEHHOCTh AJIEKTPUPHUIIMPOBAHHBIX YYACTKOB JKEJIE3HBIX I0OpOr YKpauHbBI pacrpenesieHa
NPUOJIU3UTENHHO B PaBHBIX JOJIAX MEXIY Y4aCTKaMHU MOCTOSHHOTO U MEPEMEHHOTO TOKOB. JIJIsl IPOXOXKIIEHUSI MECT
CTBIKOBAaHMS PA3HbIX POIOB TOKa O3 OCTAHOBKH I10€3/1a NPUMEHSETCS JABYXCUCTEMHBIM AJICKTPOIIOBHKHON COCTAB.
ITosTOMY HEepCHEeKTUBHBIM ISl KETE3HBIX JOPOT Y KPauHBbI SIBISETCSI BHEAPEHUE UMEHHO TaKOI'0 MOJBMXKHOIO COCTaBa
HOBOM KOHIICIIIIMK, TO €CTh C NPHMEHEHHWEM AaCHHXPOHHOTO TSTOBOTO NpHBOJA. [IoMHMO psiia mNpenMyInecTB
CYIIECTBYET BECOMBIH HEIOCTATOK y IOJBIKHOTO COCTaBa INMOJOOHON KOHIEMINH, KOTOPHIA 3aKIIOYacTCsl B WUM-
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MyJIbCHOM OTOOpPE SHEPIHU OT UCTOYHHKA IUTAHUS, YTO MOXKET IOBIIHATH HA HAJIEKHOCTD PAOOTHI My TEBBIX YCTPOHCTB
aBTOMATHUKH, a, CJICJOBATEIBHO, U Ha O€30I1aCHOCTh ABMKEHUS 110e30B. Kpome Toro, ynenbHas MOIIHOCTb TSITOBOTO
TpaHcopMaTopa 3HAUUTEIHFHO YCTYNAET YASIbHON MOIIHOCTH APYTHX 3JIEMEHTOB TArOBOW menu. /s ycTpaHeHHs
TaKuX HCAOCTATKOB 6I)IJ'II/I MPCIIOKEHBI IEPCIEKTUBHBIC CXEMbI C TPUMCHCHUEM MPOMEIKYTOUYHOT'O 3B€HA IMOBBINICH-
HOM 9aCTOTBI, KOTOPOE COCTOUT U3 TpaHchopMaTopa U HHBepTopa. [lepBoouepeHoO 3aqaucii Ui JaabHEHIIero BHe-
JIPEHUsI TIEPCIIEKTUBHOM CXEMBI SIBJISETCS OlpeJielieHre padoyell 4acToThl BBICOKOYACTOTHOTO 3BeHa. Meroguka. J{is
OIIpe/ieNICHUs] MaKCHMaJIbHOW pabodyell 4acTOThl KOMMYTAILlMM TPaH3UCTOPOB B pabOTEe HCHONIB3YETCs METOAMKA
pacuera TEIJIOBBIX I1apaMETPOB IOJIYIPOBOAHUKOBBIX INpHOOpOB. JIIs TOJydeHHs aHAJMTHYECKHX BbBIpaXKEHUH
KPHBBIX 3aBHCHMOCTHU 3HEpruH, Beijensemoil npu kommyTauu IGBT (insulated-gate bipolar transistor) ot Toka ero
HarpysKky, IPUMEHSETCSl METO almpokcuManuu. Pe3yabTaTbl. Y CTaHOBIEHO, YTO AOIMyCTUMAsl 4aCTOTa BBICOKOYAC-
TOTHOTO 3BEHA OINPEAENISETCSI TOKOM HArpy3KH NPOMEXYTOYHOro TpaHchopmaropa. OmpeneneH auana3oH padodmx
4acTOT 3B€HA B 3aBUCHMMOCTH OT TOKOB Harpy3Kd. BBINIONHEH CPaBHUTENBHBIN aHAIN3 KOMMYTAMOHHBIX XapaKTepHC-
ik IGBT 65 knacca npomsBozacTBa kommanuii Infineon u ABB. Hayuynasi HoBu3Ha. [lomyunn nanpHeiiee pa3BuTre
METOJI OTIPE/IENICHUSI MAKCUMAJIbHOM paboyeil 4acTOThI MPOMEKYTOYHOTO 3BEHA B CXEME C HCIIOJIb30BAHUEM TTPOMEXKY-
TOYHOr0 TpaHc(hopMaTopa MOBbIIICHHOH YacToThl. [IpakTHYecKasi 3HAYMMOCTD. Y CTAHOBJICHHBIN THANA30H paO0YMX
YaCTOT BBICOKOYACTOTHOI'O 3BC€HA IMO3BOJIUT PA3BUTH z[anbﬂeﬁmne HCCIICAOBaHUA pa6OTI)I CHJIOBOI CXEMBI C npuMme-
HCHHUCM TpaHC(l)OpMaTOpa MOBBIIIEHHON YaCTOThI OJICKTPOIIOABUIKHOTO COCTaBa )lBOﬁHOFO NATaHusA ¢ aCUHXPOHHBIM
TSITOBBIM ITPUBOJIOM, UTO CJIEIaeT BO3MOXKHBIM OLIEHUTH 3 (EeKTHBHOCTh BHEJPEHUSI CXEM ITOJJOOHOH KOH(PUTYpaLrH.

Kniouesvie cnosa: aCHHXPOHHBIM TATOBBIM JBUTATElNb; MIEKTPONOABI)KHON COCTaB JBOWHOTO NMUTAHUA; TPAHC-
(hopmarop noseiieHHO# YacToThl; IGBT; aBTOHOMHBINH HHBEPTOD HAIPSKEHUSI; BHICOKOYACTOTHOE 3BEHO

D. 0. ZABARYLO"

"Dep. «Electric Rolling Stock of Railways», Dnipropetrovsk National University of Railway Transport named after
Academician V. Lazaryan, Lazaryan St., 2, Dnipropetrovsk, Ukraine, 49010, tel. +38 (056) 373 15 04, e-mail lazbl@yandex.ru,
ORCID 0000-0002-6206-0012

FREQUENCY DETERMINATION OF HIGH-FREQUENCY LINK
FOR PERCPECTIVE ELECTRIC ROLLING STOCK

Purpose. Total mileage of Ukrainian electric railways is distributed approximately equally between the areas of
direct and alternating current. A double system of electric rolling stock is used to pass jointing places of different
current kinds without train’s stop. Therefore introduction of such rolling stock of a new concept that is using an
asynchronous traction drive is prospective for Ukrainian railways. Apart from advantages a rolling stock of similar
concept has significant disadvantages, it is pulse energy consumption from the power supply, and it can affect the
reliability of track automatic devices, and consequently, the train traffic safety. In addition the specific power of
traction transformer is considerably inferior to the power density of other traction elements. The promising schemes
using an intermediary link of increased frequency, which consist of a transformer and inverter, have been proposed
for disadvantages amendments. The main task for the further introduction of prospective circuit is to determine the
operating frequency for high frequency link. Methodology. The method of thermal parameters calculation of semi-
conductor devices has been used for determination switching transistors of maximum operating frequency. To ob-
tain analytical expressions curves of energy, released during the IGBT (insulated-gate bipolar transistor) switching
from its current load approximation method is used. Findings. The permissible frequency of low-frequency link is
determinated by load current of intermediate transformer. Operating frequency range of a link depending on load
current has been determined. A comparative analysis of the switching characteristics of 65 class IGBT production
by companies Infineon and ABB has been performed. Originality. The further determination method of the maxi-
mum operating frequency of intermediate link for circuit with high-frequency transformer has been developed.
Practical value. The established operating frequency range of the high-level link will develop further research of
tractive circuit with high-frequency transformer use for double feed electric rolling stock with asynchronous tractive
drive. It will evaluate the introduction effectiveness of similar configuration circuits.

Keywords: asynchronous tractive motor; double feed electric rolling stock; high-frequency transformer; IGBT;
autonomous voltage inverter; high frequency link
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TEOPETUYHI ACHEKTU TA METOJIU INEHTU®IKAILIIT
IMAPAMETPIB IPUCTPOIB CUCTEM EJIEKTPUYHOI TATH.
METO/] BATOBOI ® YHKIIII

Merta. Po3poOka Ta 00rpyHTyBaHHSI HOBOT'O METOJY CTPYKTYPHOI iieHTH(IKALIT eIeKTPOTEXHIYHUX [IPUCTPOIB CH-
CTEM EJIEKTPUYHOI TSATH K MOCTIHHOTO, TaK 1 3MiHHOTO cTpyMiB. MeToauka. [y po3B’si3aHHSI IOCTaBJIEHOI 3a1a4i
BUKOPHCTOBYIOTBCS: METOAN 1 METOIMKH JIIHIHHOI eNIeKTPOTEXHIKM, 30KpeMa, OlepaTopHui MeToxn 3a Jlarumacom; uu-
CeJIbHUI METO/1 PO3B’SI3aHHS IHTErPaJIbHOTO PIBHSHHS, 1110 0a3y€ThCS Ha TIpe/cTaBiIeHH] piBHAHHS Binepa-Xonda cuc-
TEMOIO JIHIHHUX PiBHSIHB, IO JO3BOJISE (POPMYBATH PO3B’SI3aHHS ITIOCTABIICHOI 33734l B MATEMAaTHYHOMY BHIJIAAL KO-
PeTSIiiHOI i BaroBoi (yHKIIIH; MeTox (akTopu3alii, o nepeadadae IeBHE PO30WBaHHS KOPEIALIHNX (YHKIIH BH-
magkoBHX Tporecis. PesyasraTu. Po3pobneno Meton BaroBoi GyHKINT ineHTHDIKAI] IEKTPOTEXHIYHUX MPUCTPOIB,
SKUH y TIOBHIM Mipi MO>Ke BUKOPHCTOBYBATHCh Y CUCTEMaX eNEeKTPHYHOI TATH. B sKOCTI npHKiaxy 3acTOCyBaHHS PO3-
pOOIEHOTO METOMy PO3TIIHYTO (DifepHY AUITHKY €NEKTPHYHOI TATH MOCTIHHOTO CTPYMY 3 OJHOCTOPOHHIM >KHBIICH-
HSIM, TI0 AKili pyxaroTbcs aBa enektposo3u Tumy JE 1, sxi #f Oynu inentudikoBani BaroBumu ¢yHkiisiMa. Hlykani
CTPYMH 1 HalpyTH €JIeKTPOBO3iB Ta TATOBOI Mepexi chopMyIbOBaHO B IMOBIPHICHO-CTaTHCTUYHOMY BHUIJISAL, TOOTO,
BU3HaueHi (QyHKIIT MaTeMaTUYHOTO CIIOIBAaHHS Ta KOpesiiHUX QyHKLUii. [Ipy oMy BpaxoBaHO, 1110 KOpeJsiiLiiiHa
(yHKIIS CyMH BUNAAKOBHUX (DYHKIIH NOPIBHIOE CyMi KOpesILiHHUX (PyHKIIN NOAaHKIB, a KOpesliiHa (yHKLIs Bif
IHTETrpaTy BUIMAIKOBOT (DYHKIIIT BU3HAYAETHCS SIK ITOJIBIMHUI IHTETpall BiJl KOPEIAIIHHOT (PYHKIIT BUXiTHOI BUIAIKOBOT
¢ynkuii. HaykoBa HoBu3Ha. [lonsirae, mo-nepiue, B ajanranii po3po6IeHOro METoLy CTpYKTypHOI ineHTHdikamii 10
NPUCTPOIB CHCTEM EJIEKTpU4HOI TATH. [lo-zmpyre, BiacHe B po3poOLi HOBOro Meroqy BaroBoi ¢yHkuii. I, HapermTi,
B pO3B’s13aHHI piBHAHHA Binepa-Xomda xopemsmiitanm MetonoM ¢akrtopu3amii. [IpakTuyna 3HauYuMicTh. 3amnpono-
HOBaHHMIT METOJ 1 METO/IMKA, IO Ha HEOMY 0a3y€ThCsl, TO3BOJISIOTH IIPOTHO3YBATH EJICKTPOTITOBI HABAHTAKECHHS TATO-
BOI MEpEeXi, a TAaKOXK IHIINX MPUCTPOIB CUCTEM TATOBOTO €JIEKTPOIIOCTAYaHHS Ta €JIEKTPOPYXOMOTO CKJIaly B Pi3HHX
pexxuMax ix poOoTH i, 30KpeMa, IpH MBHAKICHOMY Pyci moi3/1iB. MeTox 103B0oJIsiE BPaXOBYBATH BIUIMB HABAHTAKCHHS
(i #ioro pexxum poOOTH) CycimHIX (imepHUX 30H HA ENEKTPOMArHiTHI MPOLECH B JOCTIHKYBaHIN MIKIIICTaHIIAHII
30Hi. [1pH 11bOMY BaXKJIBO Te, L0 LIyKaH1 HAMIPYTH 1 CTPYMHU PO3IJISIAI0THCS K BUIAIKOBI (yHKIIT.

Kniouosi cnoea: inentudikaiiist; Baroa (yHKIIsI; €IEKTPUYHA Tsra; KopessiliiHa QyHKIIs; eleKTPOBO3; BUIAI-
KOBHH TPOLIEC; HANIPYTA; CTPYM

Beryn BUKOPUCTOBYIOTh BaroBi (pyHKILIi, CyTHICTb SKHX

BUILTMBAE 13 MeTOy iHTerpana /roamens, BioMo-
TO B TEOPSTHYHIN EIEKTPOTEXHIIII.

3rigHo i3 3a3HAUYCHUM METOAOM peakiis ()

3a OmOMOrow po3poOJCHUX 1 BHKIAICHUX
B [6, 7] MeTOIIB MOXKIIMBE PO3B’SI3aHHA 3a11ad, I10-
mepire, TUTBKM TapaMeTpuyHOi ifmeHTHdiKaIii,

TOOTO KOJIM CTPYKTypa (omeparop, HanpuKiIaj ma-
cuBHUil RLC-ABOMOMOCHUK) TIPUCTPOIO (UM CHC-
TEMU, Jalli — CUCTEMH), IO 1NEHTU(IKYEThCSA, 3a-
JaeThCsl, 1, HO-Apyre, B MEPEXiTHOMY peXuMi, Ha-
MPUKJIA]] 32 TSPMIHOM Yacy, [0 JIOPIBHIOE MIEPioay
(30kpema 20 Mc) mit090i B TIPHUCTPOI MPHUKIAACHOT
Hanpyru. OgHaK, OiLIBIT BaXKIIMBOIO € 3a7a4a CTpy-
KTypHOI imeHTudikarnii [1, 17], ToOTo BH3HaueHHS
CTpYKTypH (oreparopa) inmeHTH(])IKYHd0i CUCTEMH.
3acTocoByIOThCS pi3HI omeparopu [12], ane Haii-
yacTile IS JiHIHHOT YM JTiHeapu30BaHOl CUCTEMH
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MACHBHOTO JIBOTOJIIOCHHKA Ha Hil0 X(f), Ha SKy

BMHKAETHCS 1I€H JIBOIIOJIOCHHK, BU3HAYA€THCS 32
¢dopmyroro iHTerpana Jroamerns:

y(t) = x(0)h(t) + jx; (Dh(t-vdr, (1)
0

ne h(t) — mepexigHa ¢yHKIS abo mepexinHa xa-

paKTEepUCTHKA JBOTIOIIOCHHUKA (CHCTEMU).
VY Bunazaky, konu QyHKUi€O-Ii€r0 x(¢) sBIs-

erbest nenbra-pyHkmis (pynkuis [dipaka) d(z),

© T. M. Miuienko, 2014
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TOZI PEaKIli€l0 CUCTEMH € IMITyJhCcHa abo BaroBa
¢yHkuis g(¢) 1 peakuito cucremu y(¢f) Ha OyIb-
AKy Jit0 x(¢) MOKHA 3alycaTy OCKUIbKY rpu ¢ < 0

bynakmis g(¢)=0.
() = [ g(6)x(t =y, @)
0

BusnauHoro ocobmuBicTiO 3B 53Ky Xx(¢) 1 y(¢)
3a dopmysoo (2) € Te, MO SKIO MPUKIIAIEHa 0
cucreMu Jis x(t) Ta il peaxmis y(f) SBISIOTHCS
BUIIAIKOBUMHU CTAl[IOHAPHUMH MPOLIECAMH, TO IS
iX IMOBIpHICHHX XapaKTEpPHCTHUK, 30KpeMa JJisl KO-
persmiitanx (yHKIINW, iCHye 3B’S30K 3a piBHSIH-
HsM Binepa-Xomda [10, 13]:

T
K, ()= [g(K, (t-7)dr, (3)
0

ne K, () — aBrokopensuiiiHa QyHKLiA BXiAHOTO

BUITa/IKOBOrO mpouecy X(¢); K, (f) — B3aemHa

KopensLiiiHa (yHKLis BUIIAJAKOBUX mpoueciB Y ()
1 X(); g(t) — BaroBa ¢yHkiis cucremu; 1 —
JesiKiid PiIKCOBaHMI MPOMDKOK Yacy, IO 0OMEXKYe
yac il CUCTEMH.

PiBusuusa (3) mae onTHMalbHY 3a KpHTEpiEM
MiHIMyMa CepeIHLOr0 3HAUCHHS KBaJpaTa MOMHJI-
Ky BaroBoi (yHKMii g(¢) B Kiaci HecTamioHapHOL
JIHIAHOT CUCTEMU.

Toni 3agada inentudikaiii cucremu, TOOTO BHU-
3Ha4YeHHs 11 BaroBoi GyHkiii g(¢), momsrae y pos-
B’SI3aHHI iHTETPAIILHOTO PiBHSAHHS (3) IPH BiIOMUX
dynxuisx K, (), K, (), 10 MOXINBO 3a JOIO-

MOT'OI0 METO/IIB, HABEAECHHUX JaIl.

Meta

Po3poOka Ta OOrpyHTYBaHHS HOBOTO METOMIY
CTPYKTYpHOi imeHTHU(IKAMl eJeKTPOTEXHITHUX
MPUCTPOIB CUCTEM EJICKTPUYHOI TSTH.

MeTtoauka

ITix yac BUKIAJEHHS METOJIIB PO3B’sA3aHHS PiB-
HaHHA (3), 3 METOI0 KOPEKTHOCTI, OyJIeMO BBaxka-
TH, IO BXiJHOIO BHUIAJKOBOIO [I€I0 € Hampyra
u(t), a BUXigHOIO — cTpyM i(?); AK Bimomo [5, 8],
B CHUCTEMax €JEeKTPUYHOI TSATU BOHHW MAINMCHO € BU-
nankoBumu Qynkuismu U(¢), I(¢). Tomi B piB-

Doi 10.15802/stp2014/30763

HsHHI (3) OyzeMo MaTh CIpaBy 3 KOPENALIHHUMU
bynxuiasmu K, (1), K, (1) .

OpHuM i3 MeToaiB po3B’sa3aHHS PiBHAHHA (3)
€ OIEPATOPHUN METOJ 3a JOMOMOIOH TEepEeTBO-
peHnHs Jlamaca; po3rissHeMO Horo.

PiBusiHHst (3) € iHTErpayibHUM piBHAHHSM Bo-
neTepa 1-ro poxy, B skoMy g(¢) € mrykaHowo (pyH-

KLIE€TO.
. oK, (t-T
Ockinbku K, (t—1), %, K, ()
. 0K .
1 % € HenepepBHl pu 0<¢<a, 0<¢< T,
t

TOJIi Bi3bMEMO IMOXiAHY Bifl 000X YacTUH PiBHSHHS
(3) mo ¢, orpumaemo:

-0

K, (t, )gt)+ j g(vydt=

Ky @. (4

PiBHsiHHS (4) MOXKHA TIepeNUCcaTH Y BUIIISL:

Ky (0)
K, (2,1)

B j@KU (t—1)
ot

g()= g(vdt. (5)

Bupas (5) € piBasaasM Bonereppa 2-ro pomy

oK, (t—1)
ot

(Tumy 3ropku (QYHKLIN , g(t)) ockinb-

KM HOro sapo, , 3AICKUTH Bijl Pi3HUIIL

oK, (t—1)
ot

(t—T1) apryMmeHTiB.

CropHrCcTaEMOCS TEOPEMOI0 MHOXKECHHS (Teope-
Moo bopens, Teopemoro npo 3roptky) [3], 3rigHO
3 SIKOIO 300pa)KeHHS 3TOPTKU OYyIb-IKUX (yHKILIN-
opuriHaniB f(¢) i ¢(¢f) nopiBHIOE JTOOYTKY 30-
OpaskeHb WX (QYHKIIN:

S (®) o) =F(p) ©(p).

Toni i3 (5) namnacoBe 300paXkeHHs MigiHTErpa-
JTHHUX (DYHKIIH JOPIBHIOE

Y o (1)d1 = L[%} L[g®)].

3acTocoByI0UM A0 000X 4YacTWH DiBHSAHHS (5)
neperBopeHHs Jlammaca i BpaxoByrouu (6), 3amu-
IeMo:

Lg0]= L[ £ 0 }—L[OKU;‘ 2 sfe).

oK, (t -
[

0

K, (1)

© T. M. Miuienko, 2014
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3Biaku K,
L|: KI,U (t) :| K2
Ky (4,1) K,y (i A1)
Llg®)]= c : 7 Ky = , K =—"—"3 11
[¢(®)] [k, (7 |K2w X, Ar
dt
Oyukuis-opurinan g(¢) i3 (7) i Oyne po3B’si3- Ky

KOM IHTETpaJIbHOTO PiBHSIHHA (3).

JpyruM MeTonoM BU3HAYECHHS IMITYJIBCHOI Ba-
roBoi (YHKLII € yhcelabHEe PO3B’A3aHHs 1HTErpaib-
Horo piBHSAHHA (3). CyTHICTD IILOTO METOAY MOJIS-
ra€ y MOXIHMBOCTI TOAaHHS piBHAHHS BiHepa-
Xomda (3) cucremoro miHiHHUX piBHIHG [10]. s
BOTO BPaxoByeMO, 110 npu ¢ <0 BaroBa QyHKIs
g(t)=0, a intepBan B3aemHol kopemsuii U(f)
i I(¢) po3buBaeMo Ha N pIBHUX IHTEpPBANiB Yacy
At, 2At, 3At, ..., NAt. Toni piBHsHHS (3) MOXe
OyTH TOJaHO Y BUTJISAAI TaKOi KIHIIEBOT CyMH:

N
Ky (t) =AMty g(t)Ky(t; - 1), (8)
i=1
mpu j=1,2,3,...;i=1,2,3,.., N.

TakuMm 4MHOM, 3a BCiMa 3HaUYeHHAMU Af, 2Af,
3At, ..., NAt orpumaemo 3HA4YE€Hb OpPAHUHAT
BaroBoi QyHKIII g(¢) B Toukax Af, 2At¢, 3At, ...,

NAt . B MaTpr9HOMY BHTJISIZL IO CHCTEMY JTiHIH-
HUX PIBHSHb MOXKHA MOJATH SIK

1K1 |1=lel [

e ||KU|| — KOpelrliifHa MaTpuIls, IO CKIIaZieHa 3a

) €))

MUTTEBHUMHU 3HAUCHHIMH OPJAMWHAT KOPEISIIHHOT
¢dyHKIIT BXigHOT BUnaakoBoi ¢pyHkiii U(f):

Kll K12 Kli KlN
K21 K22 K2i KZN
|&u = ., (10)
Kjl KJ'Z Kﬁ KJN
KNl KNZ KNi KNN
K;=K;; K,=Ky(j—i), ij=123.,N;
"KIU” — MaTpuldg-CTOBIICIb, IO CKIIAAA€THCA i3

€JIEMEHTIB, 5IKi € MUTTEBUMU 3HAUYEHHSIMU OpJIMHA-
TH B3a€MHOI KOpeJsiiitHoT QyHKuil BuxigHoi /(¢)
ta BxigHoi U(¢) BUmagkoBux (YHKIIN; I MaTpU-
151 Ma€ BUTJIS
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B (9) || g|| — MaTpHULSA-CTOBIENb €JIEMEHTIB, 10 € IIIy-

KaHMMHU MUTTEBUMH 3HAUYCHHSIMH BaroBoi (GyHKIIIi:

&1
&>

¢l = (12)

8

En

B pesynbrari po3B’si3aHHs piBHAHHA (8) OTpH-
Ma€eMO JAUCKPETHI YUCEIbHI 3HaueHHs g(f;) LIyKa-
HOi BaroBoi (yHKILI, SIKi aHPOKCUMYIOTbCS (SIKILIO
MOTPiOHO) TIEBHUM aHATITHYHUM BHPA30OM.

Henomik 3a3HageHOro Merody IOJSrae, IIo-
nepiie, y TPYAOMICTKOCTI (opMyBaHHsI (CKJIaJaHHS )
PIBHSHB 1, IO-ApyTe, y 1X BENWKiil KUTHKOCTI y BHITa-
JIKY, SIKILO TATOBI BUMaAKoBi Hanpyra U(¢) i ctpym
I(¢t) nmocmimKyrThCs 3a TPUBAIMHA TEPMIH dHacy,
a iHTepBai yacy At MPUAMAETHCS 3aHAATO MAJIMM.

Tperifi MeTOA, SKHIT MOXXIHBO 3aCTOCOBYBATH
JUTSE BA3HAYEHHS BaroBoi (GpyHKII, € KOpesiiHui
merox [11, 15, 16], meron daxropu3zarii, Tkuii Te-
penbavae neBHE PO30OUTTS 3aJlaHUX KOPEJAIIHHIX
¢yHKUIA. 3rigHO 3 MM METOJOM 300pa)kKeHHS 3a
Jlarmacom mepematHOi (YHKINI TOCITIIKYyBaHOT
CHCTEMH MO>KHA 3aITUCATH SIK

K (D)~ /()
G — U ,
Pk

e KIJ;(I_)) ’ K[;(ﬁ) ’ K;U(ﬁ)
Jlanmacom Takux GopM KOpenAIiiaux QyHKIiH

(13)

— 300pakeHHsA 3a

K/ (#)nput=0,

Ky =" 0O (14)
K, (t)mput<0;
K (H)mput>0,

Kip(={ 0O (15)
K;,(t)nput<0.
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Jus orpumanns 300paxkenHs F(p) B (13) yBo-
TIATHCS, 3TiaHO 3 [11], byHKITiA

f@0)=[ 2@k, (t-v)dx. (16)
0

Moxna poectd [11], mo mykaHa QyHKIs
F(p) € namnacoBuM 300pa)XeHHSIM YBEICHOI

¢byskii f(¢):
F(p)=L[f®)].

[icns 3naxomxenHs G(p) uIykaHa BaroBa
¢yHKUis g(f) BU3HAYAETBCS K OOEpHEHE Jaria-
come 300paxenns Binx G(p).

Slkmo BaroBa (yHKIiS g(¢) TOCTIMKYBaHOI
CUCTEMH 3HaiiJieHa 1 BioMa JIis, B 3arajiLHOMYy BH-
najaKy 1e BumnagkoBa QyHKuUis X (¢), Toxi peaniza-
uist Y(¢) Takoi cUCTEeMH BU3HAYAETHCS 32 (HOpMYy-
noro [9]:

Y(t)= Tg(t)X(t, T)dT. 17
0

PesysbTarn

Po3pobneno meton BaroBoi QyHKHIT ineHTHI-
Kallii eNeKTPOTEXHIYHUX MPUCTPOIB, SKUH y TIOB-
HIH Mipi MOXX€ BHKOPHCTOBYBAaTHCh B CHCTEMax
enektpuuHoi Taru [19]. Merox 0a3yerhcs Ha
pO3B’si3aHHI iHTerpaspHOro piBHAHHS BiHepa-
Xora anst aBTo- 1 B3a€MHO KOpENALIHHUX (QyHK-
i BUMIAAKOBUX IPOIIECIB BXITHOI 1 BUXiTHOI Be-
JUYUH TOpUCTporo. sl po3B’s3aHHs 3a3HAYEHOTO
PIBHSIHHSI 3aCTOCOBAHO OIEPAaTOPHUN MeToJ 3a
JlammacoM Ta KOpessIiiHi METOAH, 30KpeMa METO.
¢axTopuzanii. Sk NpUKIag BUKOPUCTAHHS PO3PO-
OneHoro mMerony BaroBoi QyHKUIl po3risHyTO ¢i-
JIEpHY JUISHKY €JICKTPUYHOI TSIrM TOCTIHHOTO
CTPYMy 3 OJHOCTOPOHHIM J>KHMBIICHHSM, Ha SKii
pyxatoThbcs nBa enekrpososa tumy JIE 1, saxi i Oy-
nu igeHTugikoBani BaroBuMu QyHkuiamu. [llykani
CTPYMHU 1 HAIIPyTH €IEKTPOBO3iB B TATOBIH Mepexi
chopMyTLOBaHO B  IMOBIpPHICHO-CTATUCTHYHOMY
BUIUISIA1, TOOTO BHU3HAYEH] 1X MaTeMaTH4HI CIIOIi-
BaHHS Ta JUCHepCil.

CxeMa IUISIHKH HaBeJeHa Ha puc. 1, Ha sKOMY
TII — tsroBa miacTanuis; R, R, — aKTUBHI onopu
TIUTSTHOK KOHTAKTHOT Mepexi (pO3TisaaeThes ycTa-
JICHUH PEKUM, TOMY IHOYKTUBHICTH KOHTAaKTHOI

Doi 10.15802/stp2014/30763

Mepexi He BpaXxoBYyeThes); g(f) — BaroBi QyHKIII,
SKi 1IeHTH(IKYIOTh (3aMIIIyIOTh) EJIEKTPOBO3HU
1 BBaXKaroTbcs BigoMumu; U — Hampyra Ha BHXOZI
TII (Binoma); I,, I, — dinepni crpymu; U,,, U,,,
I

o> 1,, — HAamIIpyTH 1 CTPYMH €JIEKTPOBO3iB.

Puc. 1
Fig. 1

He 3Bakaroun Ha Te, IO AUISHKA MOCTIHHOIO
CTpyMy, OJIHAK BCi HAIlpyTH 1 CTPYMHU B Hill € BU-
MagKoOBUMU Tporiecamu [2, 5, 8, 18], Tobro 3miH-
HUMH B yaci. Buxomsuu 3 1poro, cucreMa piBHSIHb

CNEKTPUYHOTO CTaHy pO3MNISAYBaHOI CHCTEMH
(puc. 1) Mae BUTIIA
Ut)=RI,()+U,\(1); (18)

U@)=RI,#)+ R, () +U,, (1) =

= RI\(0)+ R, [U,, (g, (0t + U, (1); (19)
0
LN~ 1,(0) =L, = 1,(0) - [U, (g, ()t -
0

-[U, (g, (dt=0.  (20)
0

3aCTOCOBYIOUM  ONEpAIiI0  MaTeMaTHYHOTO
CIOJIIBaHHS J0 BHUIMAAKOBHX (YHKIH cHCTeMU
piBastHHS (18)—(20), oTpMaemMo cucTeMy piBHSHb
JUTS. MATEMATUYHUX CIO[IBaHb:

my; (1) = Rymy (8) + my; (1)

my (1) = Rymy, (2) +

@2y

R, [y (1), ()t +my 1 (0); (22)
0

myy (1) = [ my (g, ()t -
0
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[y (g, (1)dt =0. (23)
0

Bpaxosyroun, mo U(t), U, (t), U,(?)
cTarfioHapHi  BumankoBi  ¢yHkmii [5], Tomi
my, (t) =const, my, (t)=const, my,,(t)=const
i cuctema (21)—(23) crpomyeThbest

my = Rymy () +my,,, (24)
my = Rymy, (¢) +
+R,my ()| g (Ot +my =0, (25)
0

My () =my o (0] g (0)dt =
0

g, (1)[ &, (6)dt = 0. (26)
0

Po3B’s3aBiIu 1110 CUCTEMY PiBHSIHb, OTPUMAEMO
MaTeMaTH4Hi cnopiBaHHa (yHkuit /1,(t), 1,(¢),

Ua@®), Uy, (8).

VY momanemoMy OTPHMAaEeMO CHCTEMY DiBHSHb
Uil BU3Ha4eHHs (QyHKUiM mucnepcid D(¢) Buman-
KoBUX (QyHKIIH B cucremi (21)—(23). Jns mporo
Bpaxy€eMo, IO JUCTEPCisi CTalliOHapHOI BUITaIKOBOT
GyHKIIT gopiBHIOE KOpesmivaii ¢GyHKmii K (T)
iei BumaakoBoi ¢yHKLii mpu T=0. Y cBoto uepry,
KopesliiiHa (hyHKIisS CyMH BHITQJAKOBUX (DYHKIIH
JIOPIBHIOE CyMi KOpPeJSIMiHHUX (DYHKIH TOJaHKiB,
a KopeysuiiiHa QyHKUis (a, OTKe, 1 Aucmepcis) Big
iHTerpany BunaakoBoi GyHkii Y (¢) BU3HAUaEeTHCS
SK TOJBIMHUI 1HTETpan Bill KOpeNnsuiiHOi (QyHKIil
BUXiJTHOI BUMaaKoBoi GpyHKIT X (¢) [4].

2
K,(1=0)=D,=0, =

= [2()| [ (K, (x, = 1,)d7, |d,. (27)
0 0

OGuncnenns D(t) 3a wi€to GopMyIIO € CKIaj-
HHUM Ta TPYIOMICTKMM MPOIIECOM, TOMY IO HOTpe-
Oye o0urCNeHHs IBOKpAaTHUX iHTerpamiB. Tum Oinb-
111, 110 B HAIIIi 3a1a4i MepexiHi CKIaaoBi (PyHKIIH
U, , U,, nin inTerpanom (27) HeBinomi, TOOTO 3a-

Jlada TIEPETBOPIOETRCSI TOIATKOBO B PO3B’SI30K 1HTET-
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PaJBHOTO PIBHSHHS, IO HA MOPSIOK YCKITAJIHIOE 3a-
Jia4qy, TOMY TIOCTYIIMMO TaKUM YHHOM.

[Insxom mmckpern3ariii 3 KpokoM At Tmepe-
TBOpHUMO BHUnaakosi ¢pynkuii U, (¢), U,,(¢) B cuc-
TEMy BHUIMAJKOBUX BEIIUYWH, B PE3yJIbTATI OTPHMA-
€MO 3araJibHy IOBHY (a HE B TEpeTUHAX) BHOIPKY
3HA4YeHb IMX Hampyr. baraTbMa aocCIHigHUKaMH,
30KpeMa B [5, 8], BCTaHOBIEHO, 110 iIMOBIpHICHUH
pO3MOiN 3HAa4YeHp IOBHOI BUOIpKM Hampyr Ha
cTpyMornpuiiMadi pisaux Buaie EPC moctiitHOTO
CcTpyMy (€eIIeKTpOBO3M, TpaMmBai) 3 BEIUKOK iIMOBi-
PHICTIO TIAMOPSIKOBYIOThCS 3akoHy ['ayca, skuit

JI03BOJISIE€ TOJATH BUNankoBi Bennuunun U,, U,
y BimoMiit gopmi [14]:
Ul =My £ 36y, = My 34Dy, (28)

Ue2 szGZ i3 DUeZ'

3 BpaxyBaHHSM 3raJlaHUX BJIACTHBOCTEH Kope-
JAMIHHOT Ta IUCHEPCHOI (YHKIIH BHITAIKOBUX
¢yHkuii, a Takox (28), cucrema piBHIHB
(18)—(20) mnst mucnepciit Oyme MaTH BUTIISA;

D[U]=R!D[1;]£3/D[U,,]; (29)

DIU]=RD[L,1+ R,DIU,,1[ g,(t)dt;  (30)
0

DU, 1% DU, 1[ &)t D[U,, ) g,(0dt =0.. (31)
0 0

Posp’si3ytoun cucremy (24)—(26), 3HaXOAMMO
MaTeMaTU4HI CIIOIBaHHSI, a PO3B’SI3yHOUN CUCTEMY
(29)—-(31) — mucnepcii mykanux [,(t), 1,(t),
U,(), U,(t), mo no3Bose NoaTH ix B KiHLEBIH
iMOBIpHICHIH dopmi (28).

HaykoBa HOBU3HA Ta MPAKTUYHA
3HAYNMICTDL

ITomsrae, mo-miepie, B amanTamii po3pooaeHOro
METOJy CTPYKTYpHOI imeHTudiKalii 10 MpUCTpoiB
cucTeM eneKTpuyHoi Tsru. [lo-apyre, BiacHe B po3-
poO11i HOBOTO MeToMy BaroBoi QyHKIil. I, HapemTi,
B po3B’si3aHHI piBHsSHHA Binepa-Xomnga kopensiiii-
HUM MeToJ0M (akTopu3alii. 3anpornoHOBaHUN Me-
TOJ 1 METOJIMKA, 110 Ha HHOMY 0a3y€eThCsl, 03BOJISI-
I0Th NPOTHO3YBaTH EJIEKTPOTATOBI HABAaHTAXECHHS
TATOBOI MEPEXi, a TAaKOXK IHIIUX MPHUCTPOIB CHCTE-
MH TSTOBOTO €JIEKTPOIIOCTa4YaHHS Ta €IEKTPOPYyXO-
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MOTO CKJIAJy B PI3HUX peKUMax ix poOOTH, 30Kpe-
Ma TPy MBHIKICHOMY pyci TIOT3/iB.
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TEOPETUYECKHUE ACIHEKTBI U METOAbI HIEHTUP®PUKALIUN
MNAPAMETPOB YCTPOMCTB CUCTEMBbBI DJIEKTPUYECKOM TATMN.
METO/J BECOBOU ®YHKIINHN

Hens. Paspabotka u 00OCHOBaHME HOBOTO METOAA CTPYKTYPHOH HMIEHTH(HKAIMU DIIEKTPOTEXHUYECKUX YCT-
POWCTB CHCTEM BJIEKTPUUECKOM TArM KaK NOCTOSHHOIO, TAK U IEPEMEHHOI0 TOKOB. MeToauka. J{is perieHus: nocTas-
JICHHOH 3aJa4d MCIOJIb3YHTCS: METOABI U METOIUKHU JIMHEWHOU 3JIEKTPOTEXHUKU, B YACTHOCTH, OIEPATOPHBIA METOJ
o Jlarracy; YMCIIEHHBIH METO/ PellIeHHs] MHTETPATbHOTO YPaBHEHHS, KOTOPBI 0a3upyeTcs Ha MPEICTaBICHUN YpaB-
Henust Bunepa-Xomnda cucteMoil JIMHEHHBIX YPaBHEHHIA, YTO MO3BOJISIECT (POPMHUPOBATH PEIICHUS TOCTABICHHOM 3a/1a-
91 B MaTEMaTHIECKOM BHIe KOPPEIALUOHHON U BECOBON (DYHKITHIA; METO (haKTOpU3AINH, KOTOPBIA MpeaycMaTpHBa-
eT OmpeJICIICHHOE pa30ueHre KOPPEIAIMOHHBIX (QYHKIMHA CIydaiiHbIX mporeccoB. Pe3yabTaThl. Pazpaboran meron
BECOBOU (DYHKITHH WACHTU(UKANNH SJIEKTPOTEXHUUECKUX YCTPOHCTB, KOTOPHIA B MOJHOW Mepe MOXKET HCIOIB30BaTh-
csl B CHCTEMax AJIEKTPUYECKOH Tsru. B kadecTBe npuMmepa MpUMEHEHHs pa3padOTaHHOTO METO/a PacCMOTPEH (uiep-
HBI yYaCTOK 3JIEKTPUYECKON TATH MOCTOSHHOTO TOKa C OJHOCTOPOHHUM IHTaHHUEM, 110 KOTOPOMY JIBUTAETCs [1Ba
anekTpoBo3a Tuna JI3 1, KoTopble ¥ ObUIM HICHTU(GHUIMPOBAHBI BECOBBIMU (PYHKIMAMH. VICKOMBIE TOKH M HampshKe-
HUSI QJIEKTPOBO30B U TATOBON CETH C(OPMYIHUPOBAHBI B BEPOSTHOCTHO-CTATUCTUIECKOM BHUJE, TO €CTh, OIPEICICHEI
(hYHKIME MaTEMaTHYECKOrO OXXKHUAAHUS W KOPPEISIMOHHBIX (GYHKIHWHA. [Ipym 3TOM ydYTeHO, YTO KOPPENSIMOHHAS
(DYyHKIUS CyMMBI CITy4YalHBIX (PYHKIMI paBHA CyMME KOPPEIIMOHHBIX (DYHKIIMH ClIaraeéMbIX, a KOPPEISIIMOHHAS
(hyHKIUS OT MHTETpaia CiIydaifHoW (pyHKIMH ompenenseTcs Kak JBOWHON MHTErpal OT KOPPENSIMOHHONW (DYyHKIIUH
BBIXOZHOM citydaitHoW (hyHkuun. Hayuynasi HOBH3HA. 3aKITIO9ACTCs, BO-TIEPBHIX, B aJallTAllMH pa3pab0TaHHOTO METO-
Jla CTPYKTYpPHOU MICHTU(HKAIIMU K YCTPOHCTBAM CUCTEM 3JIEKTPHUYECKOM TSTH. BO-BTOPBIX, COOCTBEHHO B pa3paboTke
HOBOT'O MeToJla BecoBod (yHKImHU. V, HakoHell, B pelieHun ypaBHeHus Bunepa-Xorda KoppensIiMOHHBIM METOI0M
¢axropm3anuu. IlpakTHyeckas 3HaYMMOCTb. Pa3paboTaHHBIA METOA M METOIMKA, KOTOpast Ha HeM 0a3upyercs, 1mo-
3BOJISIFOT MIPOrHO3UPOBATH DJIEKTPOTITOBBIE HAIPY3KU TSITOBOM CETH, a TAKXKE JAPYTHX YCTPOMCTB CHUCTEM TSTOBOTO
AIIEKTPOCHAOKEHHS U AJIEKTPOIIOIBIKHOTO COCTaBa B Pa3HBIX PEKUMAax MX pabOTHI U, B YACTHOCTH, IIPH CKOPOCTHOM
JIBIDKCHHU TI0€3/10B. MeTO/I ITO3BOJISICT YUUTHIBATH BIUSIHUAC HATPY3KHU (U €€ PexXHM paOOThI) COCETHUX (PUACPHBIX 30H
HAa JIEKTPOMAarHUTHBIE IPOLIECCHI B UCCIIEAYEMON MEXIIOACTaHIIMOHHOM 30HE. IIpy 3TOM Ba)KHO TO, YTO UCKOMBIE Ha-
TPSDKEHUS U TOKH PACCMATPUBAIOTCSI KaK CITydaliHbIe (QyHKIIHH.

Kniouegvie crosa: naentudukanms; BecoBasi QyHKIH, EKTPUUYECKas TATra; KOPPESLUOHHAs (YHKIIMS; dJIeK-
TPOBO3; CIyYalHBINA MPOLIECC; HAMPSKEHHUE; TOK

T. N. MISHCHENKO"*

"Dep. «Electric Power Supply of Railroads», Dnipropetrovsk National University of Railway Transport named after
Academician V. Lazaryan, Lazaryan St., 2, Dnipropetrovsk, Ukraine, 49010, tel. +38 (097) 485 68 21,
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THEORETICAL ASPECTS AND METHODS OF PARAMETERS
IDENTIFICATION OF ELECTRIC TRACTION SYSTEM DEVICES.
METHOD OF WEIGHT FUNCTION

Purpose. Development and substantiation of a new method of structural identification of electrical devices of
electric traction systems for both DC and AC current. Methodology. To solve this problem the following methods
are used: the methods and techniques of the linear electrical engineering, in particular, the Laplace operator method;
the numerical method for solving the integral equation, which is based on the representation of the Wiener-Hopf
linear equations system (this allows forming the solutions of the problem in a mathematical form of the correlation
and weight functions); the factorization method, which provides certain partition of the correlation functions of the
stochastic processes. Findings. It was developed the method of weight function of the electrical devices identifica-
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tion, which can be fully used in the systems of electric traction. As the use example of the developed method it was
considered a feeder section of DC electric traction with the single power supply. On this section move two electric
locomotives of the type DE 1, they have been identified by the weighting functions. The required currents and volt-
ages of electric locomotives are also formulated in the electric traction network in probabilistic and statistical form,
that is, the functions of mathematical expectation and the correlation functions are determined. At this, it is taken
into account that the correlation function of the sum of random functions is equal to the sum of the correlation func-
tions of additives, and the correlation function of the integral of a random function is defined as the double integral
of the correlation function of the output of a random function. Originality. Firstly, originality consists of the adap-
tion of the developed method of structural identification for the devices of electric traction system. Secondly, it lies
in the proper development of the new method of weight function. And finally, it lies in the solution of the Wiener-
Hopf equation using the correlation method of factorization. Practical value. The developed method and the tech-
nique that is based on it, allow predicting electric traction loadings of the traction network, as well as the other de-
vices of the traction energy systems and the electric motive power in the different modes of operation and, in par-
ticular, during the high-speed train traffic. The method takes into account the load influence (and its mode of opera-
tion) of the adjacent feeder zones on the electromagnetic processes in the studied inter-substation area. Thus, it is
important that the required voltages and currents are considered as the random functions.

Keywords: identification; weight function; electric traction; correlation function; electric locomotive; random
process; voltage; current
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THE RESULTS OF THE DEFECT PLACES INVESTIGATION
OF DONETSK RAILWAY ROAD BED BY GROUND PENETRATING
RADAR COMPLEX

Purpose. Defective places definition of road bed at ground penetrating radar is examined. Methodology. For
achievement of this goal the experimental research on ground penetrating radar inspection of road bed defective places
of the Donetsk Railway, which are caused by a complex of various reasons of geotechnical and constructive character,
were conducted. Findings. According to these diagnostic results of road bed on the three districts of the Donetsk Rail-
way is revealed the main causes which lead to the defects appearance, deformities and injuries in it, there is abuse of
process parameters and modify its physic mechanical soil properties of natural and technology-related factors. As it is
established, the use of ground penetrating radar of series “Losa” on the railways of Ukraine allows searching ballast
tank in the body of road bed, defining damp places in soil road bed and foundations, to find arrangement of foreign
matter in the soil road bed and work search heterogeneity and places weakening soil. In addition, the use of ground
penetrating radar provides rapid detection of defects, deformation and damage of railway track, especially in areas the
most dangerous for rolling stock that creates the high level security at the main and auxiliary lines of Ukrzaliznytsia. In
conducting the research was justified the high level of reliability and performance with autonomous use of ground
penetrating radar. Originality. In modern conditions of defects determination, deformations and damages by traditional
methods with application of engineering-geological investigations, it is impossible in connection with their insufficient
efficiency. Therefore the using of highly effective methodology of expeditious tool identification of defective places
allows reducing significantly the periods of repair of a railway track which is very important for introduction of the
high-speed movement on the Ukrainian Railways. Practical value. On the basis of the executed investigations the
main actions for defects elimination, deformations and damages which consist in the device of counter dams, the drain-
ing sections, the augercast and augured piles are offered.

Keywords: road bed; defect places; embankment; ballast stone; ballast section; counter dam; ground penetrating radar

Introduction for repair of the damaged railway superstructure
and the road bed of the railways. As a result, it is
significantly complicated the operation of the track
especially for high-speed train.

In this regard, the development of scientific fun-
damentals and practical provisions sensing arrays soil
road bed, which are the most manifest of various de-
fects, is actual scientific and technical challenge.

The practice of construction and reconstruction
of a railway track introduced essential amendments
in the device instrument definitions of defective
places of a road bed on the different railways of
Ukraine in recent years. Such places can bring to
dangerous processes with accidents and smash ups
and to cause the organization of special windows
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Current state of the question

Due to the distribution of “sick” places in a road
bed on the railways of Ukraine much attention is
paid to their studying. The known scientists of Ger-
many, France, the USA, Russia, Sweden, Canada
and other states such as S. A. Lengren, 1. Bergstrum,
B. Erson, I. Simon, M. N. Parti, C. Coma, S. D. Ber-
nsayd, M. R. Clark, K. I. Broukhton, M. K. Ford,
T. Saarenketo, A. M. Kulizhnikov, N. A. Lush
Nicknames, A. A. Belozerov, G. A. Safonova,
M. A. Shabashova, E. S. Ashpiz and others, were
conducted many researches for the purpose of their
definition and classification. Performance of inspec-
tion of the road bed by means of geophysical in-
struments was the main goal of the majority of
works [1-9, 11-25].

The studies of the road bed defects on the run-
ning lines such as Naddvirna — Dilyatin, Khryplyn
— Dilyatin, Pidvolochynsk — Ternopil and L’viv —
Krasne of L’viv Railway by means of using the
ground penetrating radar “Loza-V” were provided
by the authors of the given work [9-10]. While
probing stations of road bed were found softening
of ground and waterlogged soil, resulting in subsi-
dence of the main area of the road bed. For another
thing, were found ballast bezel, subsidence of
counter dam running bridge and other defective
places. The ant deformation measures, which is
consisting in onboard cut-out and dumping of
counter dam, creation of a ditch drainage with pro-
duction of water in constructions which are on sites
were offered.

The ground penetrating radars of series “Loza”
of Russian production for sounding “sick” places
of the road bed on the railways is widespread in
recent years in Ukraine. The given ground pene-
trating radars belong to the class of geophysical
instruments for survey of subsurface structure road
bed soil at depths of 10-15 meters or more depend-
ing on the model, antennas which were used and
receiving facilities and environmental parameters
that sounding. The principle of ground penetrating
radar’s operation is based on radiated emission to
broadband electromagnetic pulses and recording
their reflections from the boundaries of soil layers
sections or objects elements. Exploitation of
ground penetrating radar of series “Losa-B” on the
railways of Ukraine is effective in solving of the
following tasks:

— searching in the roadbed body of the ballast
tank and gun-stocks;
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— definition of damp places in soil;
—search for foreign objects in the ground and
the places of its relaxation.

Purpose

To identify the defective places definition of the
road bed at ground penetrating radar’s inspection.

Methodology

For achievement of the given goal, the pilot
studies at ground penetrating radar’s inspection of
road bed defective places of the Donetsk railway,
which are caused by the complex of various rea-
sons of geotechnical and constructive character,
were conducted.

Findings

According to these survey of road bed on the
three Donetsk railway stations is revealed, that the
main causes that lead to the appearance of defects,
deformities and injuries in it, there is a trouble of
process parameters of its design and modify the
physical and mechanical properties of the soil by
natural and man-made factors. As it is established,
the use of ground penetrating radar of series
“Losa” on the railways of Ukraine allows search-
ing in the body of the road bed ballast tanks, defin-
ing watery places in soil of road bed and founda-
tions, to find the location of foreign matter in the
soil road bed and search of irregularities and places
of soil weakening.

Originality and practical value

In the modern conditions of defects determina-
tion, deformations and damages by traditional
methods using engineering-geological researches it
is impossible in connection with their insufficient
efficiency. Therefore, the using of highly effective
methodology of operational instrumental detection
of the defective places allows reducing signifi-
cantly the periods of the track repair that is very
important for implementation of high-speed
movement on the railways of Ukraine.

On the basis of the executed investigations the
main actions for defects elimination, deformations
and damages which consist in the device of counter
dams, the draining sections, the auger cast and au-
gured piles are offered.
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Statement of the main material

The survey of the road bed and establishment
of “sick” places was carried out by line service
experts of the Donetsk railway on 23 km of the
section Ocheretne-Gorlivka, 962 km of the section
Svatove-Popasnaya and 18 km of Ocheretne-
Gorlivka.

The defective place on a site 23 km Ocheretne-
Gorlivka located on mounds up to 18 m, built in
1901-1 903. This section concluded odd track
welded on concrete sleepers with rails type R65 on
crushed stone ballast and steam gauge-sectional,
on wooden sleepers with rails type R65 and
crushed stone ballast. On the whole area of the
longitudinal profile should rise.

The defective place is divided by pipeline at
23 km (PK3 + 61) and by the bridge at 23 km
(PK6 + 15). On this section of track length 254 m
were anti deformation measures by means of one
stage counter dam on both sides of the embank-
ment over 150 m and 200 m from even side and
200 m — odd side. However, according to the pass-
port PU-9 since 2002 to present time at the “sick”
place observed subsidence track.

On-site inspection of the road bed status
showed that on the odd side the angle of slope em-
bankment is oversized, the outside of the track
makes 2.0-2.40 m, slopes and counter dams
shelves aren’t created, slopes are cluttered by hard
stone, on the approaches to bridges the track has a
hollow, in case of cable laying integrity counter
dam is broken.

From the even side such defects were marked:

— the outside of the track makes 1.5-2.0 m;

— the ballast section is oversized on 0.40-0.80 m;

— the angle of slope embankment is oversized;

—on the track the ballast is clogged with clay
soils, the outside of the track isn’t cut off from the
polluted ballast, in the period of rains surges are
carried out that also testifies to existence of ballast
dimples;

— slopes blockage by work-out hard-stone.

For all measurements of ground penetrating ra-
dar soil embankment was presented by moist clay
loam. At work with the ground penetrating radar
was used the following modes:

— type of pass — longitudinal shooting;

— step of each frame passage 50 sm;

— measurement mode is manual;

— mode of wave forms - logarithmic;
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—processing of the data — by the program
“KROT”.

Considering that the “sick” place is divided by
the overpass and the bridge, shooting was carried
out on sections by length 56 m, 173 m and 188 m
between pickets of PK2 + 75-PK7 + 60 (full length
makes 485m).

In processing data of shooting by means of the
program “KROT” were found ballast tanks (hol-
lows) gun-stock, heterogeneity and instability of the
embankment soil and moisture accumulation. This
ballast hollows were filled with water to the depth
of 1,Im from the surface within 35 m from the
bridge with the largest accumulation of moisture on
the approaches to it. Also was determined the pres-
ence of ballast gun-stocks at a depth of 1 m, subsi-
dence of body of railroad over 53 m, violating the
integrity of the structure of road bed within 50 m
and its subsidence over a length of 80 m.

As it is set the basic reasons which lead to ap-
pearance of the road bed defects on 23 km
Ocheretne-Gorlovka is the following:

— badly organized collection and lead out of a
surface water;

— blockage of slopes by work-out hard stone by
execution of track operations;

—width of the sub ballast is insufficient for
placement of the ballast section;

— low-quality cutting of old suitable soils from
the outside of the track by execution of track op-
erations;

— increasing the thickness of ballast layer when
changing the ballast for heavier types.

To eliminate the specified defects, it is neces-
sary to execute the following:

—to provide the water drainage from the base
of a road bed and the sub ballast;

— to dump slopes of the embankment;

— to lower the level of the rack head;

—1in case of ballast depressions drain drainage
board cuts or tenderloin cluttered ground;

— to bring slopes and counter dams shelves into
the appropriate status in case of calculation of the
embankment on stability.

The main recommendations about design con-
sist in the following. Design the anti deformation
actions of the road bed shall provide:

— continuity and traffic safety of trains at exe-
cution of construction works;

— the design decisions on the placement of road
bed should provide the most complete of its use;

© V. D. Petrenko, V. V. Kovalevych, 2014

85



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

Hayxka ta nporpec Tpancnopty. BicHux J{HimponeTpoBcEKOro

HAL[{OHAJIBHOTO YHIBEPCHTETY 3aJIi3HUYHOr0 TpaHcmnopty, 2014, Ne 5 (53)

3AJIIBHMYHA KOJIIA

— high stability, durability and normal operation
of the road bed after its reconstruction;

—the execution of all operations with a maxi-
mum level of mechanization.

“Sick” place on 962 km of the section of Sva-
tovo-Popasnaya it is located on an embankment up
to 32 m high, constructed in 1895. On this section
are concluded odd and even track from link seg-
ments on wooden cross ties with rails of the P 65
type on a crushed-stone ballast. On all section the
longitudinal profile had rise. For elimination of
defects of a track the following anti deformation
actions were executed:

— the dumping one-step counter dam from the
odd side is on length of 200 m;

—the dumping of two-stage counter dams on
the even side on length of 170 m;

—the device of draining sections from bored
piles on the even side at the bottom of counter
dams.

According to PU-9 passport embankment is lo-
cated out of a slope but if to consider a difference
between embankment heights from both sides, an
embankment the odd side less conjugate has the
embankment that testifies that the embankment is
on a slope. The execution the anti deformation
measures in last years on this object didn’t give
any result in stability of the road bed and track.
Therefore on-site investigation of its status showed
the following. From the odd side the gradient of
the embankment is oversize, the outside of the
track makes 2.0 m, slopes and the shelf of the
counter dams which aren’t created slopes blockage
by work out hard stone, on PK4 the track has a
hollow, at the bottom of an embankment the vege-
tation that testifies about remoistening of a road
bed and bad lead out of a surface water from an
embankment is marked hygrophilous, the drainage
system from dredging is absent.

From the even side it was marked. that the
roadside makes 1.5-2.0 m, on the way the ballast is
clogged with splashes of clay soil on approaches to
an embankment and on an output from dredging,
testifies to existence of ballast dimples, the drain-
age system from dredging is absent, slopes block-
age by work-out hard stone.

During the work with a georadar earlier speci-
fied modes were applied. At shooting data process-
ing by means of the “Krot” program the same de-
fects as well as on 23 km at section Ocheretinoe-
Gorlovka were found. Furthermore, it was estab-
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lished irrigation areas of the soil mass of counter
dam length of 40 m on the depth of 1.0 m to the
ground surface, the accumulation of moisture and
unstable of road bed length is 20 m, rich moist soil
subsidence over a length of 140 m and the pres-
ence of foreign objects on the station distance PK
2, 3, 6 at depths 2-7 m from the ground surface.

The main reasons which are resulted in defects
of a road bed on 962 km, except specified for
23 km, the following is:

— the lack of drainage systems at the exit from
dredging;

—the low-quality off take superficial riding
party of a slope;

—the blocking up and insufficient depth of
mountain ditches;

—the dumping of an embankment from low-
quality soils developed near the located dredging.

To eliminate the specified defects, it is neces-
sary to implement the same recommendations
about technology of works as well as on 23 km of
site Ocheretne-Gorlovka, and on design of their
implementation. “Sick” place on 18 km of the sec-
tion Ocheretne-Gorlovka it is located on an em-
bankment height to 17,3 m, constructed in 1903
and it is reconstructed in 1966. On this site it is
concluded a joint less track on ferroconcrete cross
ties with rails of the P65 type and a crushed-stone
ballast. On all site the longitudinal cross-section
has descent. In 1991-1992 from both parties of an
embankment on length of 150 m of one-stage
counter dams were poured out. According to PU-9
passport since 1998 to the present time on “sick”
place track sagging is watched. On-site investiga-
tion of a status of a road bed showed that on the
odd side the steepness of the slope of the embank-
ment is oversize, the roadside makes 1.2-2.40 m,
slopes and shelves of the counter dams not created,
on slopes of the counter damps the vegetation that
testifies to availability of moisture in a body of a
counter banquet is hygrophilous, water conducting
pipes on an input is shielded, the rainwater catch-
ment isn’t created on a bottom. From the even side
it was marked that the outside of the track makes
0.6-1.0 m, and in curve part of track a roadside of a
road bed is absent, the ballast section is oversized
on 0.4-0.6 m, the steepness of a slope of an em-
bankment is also oversized, on the shelf counter
dams of a crack have disclosures 0.2-0.7 ¢cm, on an
output from a pipe the course and the appropriate
ditch silted between the left wall of a day off the
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crown of tube and a body of a road bed is pockets
with a source output.

By operation with a georadar the modes speci-
fied earlier were applied to determination of de-
fects. In case of shooting data handling the “Krot”
program revealed the same mains defect as well as
on 23 km and 962 km.

The basic reasons leading to appearance of de-
fects of the road bed and the recommendation
about elimination of shortcomings and the main
recommendations about design against deforma-
tion actions on 18 km similar which are found and
offered for 23 km the section Ocheretne-Gorlovka.

Thus, georadar application in case of survey of
sections of a “sick” road bed of a track allows re-
fusing the device of labor-consuming prospecting
apertures first of all.

Conclusions

According to these survey and research road
bed on three areas of Donetsk railway to the fol-
lowing conclusions:

— the basic reasons of defects origin and “sick”
places of the road bed on the railways of Ukraine
including Donetsk railway, violation of techno-
logical parameters of its construction and change
of physic and mechanical properties of soil under
the influence of natural and technogenic factors is;

— the application of the georadar of the “Loza”
series on the railways of Ukraine allows to solve a
number of tasks:

1) to carry out the search in a body of a road
bed of ballast tanks and gun-stocks;

2) to define the wet places in soils of a road bed
and the bases;

3) to find locations of outside objects in soil of
aroad bed;

4)to run for search of non-uniformity and
places of weakening of the soil.
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PE3YJIbTATH OBCTEKEHHS T'EOPAJIAPHUM KOMILIEKCOM
JE®EKTHUX MICIh 3EMJISTHOTO MOJIOTHA JOHEILKOI
3AJIIBHULI

Meta. OCHOBHOIO METOIO POOOTH € BCTAHOBJICHHS Je(PEKTHHX MICIh 3€MIITHOTO IOJIOTHA NPHU T'eO0JapHOMY
oOctexxeHHi. Meroauka. /111 JOCATHEHHS MTOCTaBJICHOT METH OyJIM IPOBE/IeH] eKCIIEPUMEHTAJIbHI JJOCIIIXKEHHS 10
reopagapHOMy OOCTEKCHHIO Ae()EKTHHUX MICIbh 3eMIITHOTO TONOTHA JIOHENbKOI 3ai3HUIl, SKi OO0yMOBICHI
KOMIUIEKCOM PI3HOMAHITHMX NPHYMH T€OTEXHIYHOTO 1 KOHCTPYKTHBHOTO xapaktepy. PedyiabraTm. 3rimHo 3 Ha-
BEJICHHMH pe3yJbTaTaMi OOCTEXKEHHs 3eMJISIHOTO ITOJIOTHA Ha TPHOX AUIBHHUISAX J[OHEIbKOI 3ali3HUMLI BHSBIEHO,
10 OCHOBHUMH IPUYMHAMH, II0 NPU3BOISATH IO MOSIBH JedeKTiB, Aedopmaliiii Ta IMOIIKOKEHb Y HbOMY, € II0-
PYIICHHS TEXHOJOTIYHUX MapaMeTpiB HOro KOHCTPYKIIi Ta 3MiHEHHS (i3UKO-MEXaHIYHUX BIACTHBOCTEH IPYHTY IIi[
BIUIMBOM IIPHPOJHHUX Ta TEXHOTEHHHX (hakTopiB. SIK BCTaHOBIIEHO, 3aCTOCYBaHHs TeopamapiB cepii «Jloza» Ha
3TI3HUIIX YKpaiHU JO3BOJISIE POBECTH IMOIIYK B TiMI 3€MIITHOTO MOJIOTHA 0aacTOBUX KOPHUT, BU3HAYUTH BOJIOTI
MICIISI B IPYHTaxX 3€MIITHOTO ITOJIOTHA Ta OCHOB, 3HAXOIWTH MICUS PO3TAIlyBaHHA CTOPOHHIX 00’€KTiB B IPYHTI
3eMJITHOTO TIOJIOTHA 1 pOOMTH TMOIIYK HEOAHOPITHOCTI Ta MiCIb OciabieHHs IpyHTY. KpiM TOro, BUKOpMCTaHHS
reopagapis 3abe3rneuye OIepaTHMBHE BHSBICHHS Je(ekTiB, aedopMariliii Ta MOIIKOKECHb 3ali3HUYHOI KOJIil,
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0COOJMBO B MICIIIX HAWOUIBII HEOE3MEUHHX I PYyXOMOTO CKIAAy 3alli3HHUIb, IO MPU3BOAWTH OO CTBOPEHHS
BHCOKOTO piBHS Oe3MeKH Ha TOJIOBHHMX Ta JOMOMDKHUX JiHIAX YKp3amizHumi. I[Ipu mpoBeneHHi gocmimkeHs OyB
OOIpyHTOBaHMIN BHCOKHH PiBEHb HAIIMHOCTI Ta €()EKTUBHOCTI POOOTH reopanapiB 3 aBTOHOMHHM 3aCTOCYBAaHHSIM.
HaykoBa HoBM3Ha. B cywacHux ymoBax Bu3Ha4yeHHs aedexTiB, aedopmaniii Ta MOIIKO/PKEHb TpaaULiHHUMHU
METOJIaMH 13 3aCTOCYBAaHHSM 1H)KEHEPHO-T€OJIOTIUHUX JOCITIPKEHh HEMOXJIMBE B 3B’SI3KY 3 iX HEIOCTaTHBOIO
orepaTuBHICTI0O. TOMy BHKOpPHCTaHHSI BHCOKOE(EKTUBHOI METOMOJIOTI] ONEpaTHBHOIO IHCTPYMEHTAIbHOTO
BUSBJIICHHS Je(DEKTHUX MICIb JO3BOJIIE CYTTEBO CKOPOUYYBATH IEPIOJM PEMOHTY 3alli3HUYHOI KOJIi, IO JTyXkKe
BaXXJIUBO ISl BIIPOBADKEHHS MIBHIKICHOTO PyXy Ha 3ali3HUIIX YKpainw. [IpakTwuHa 3naummicts. Ha ocHOBI
BUKOHAHUX JIOCIIDKCHB 3aIIPOIIOHOBAHI TOJIOBHI 3aX0/U TI0 YCYHEHHIO Ne(EKTiB, qeopMalliil Ta MOMKOIKEHb, SKi
MOJISTAIOTh Y BIAIITYBaHHI KOHTPOAHKETIB, IPEHYIOUNX TepepisiB, Oypoin’ ekuiiHux a00 OypoHAOWBHUX Malb.

Kniouosi cnosa: 3emisiae monotHo; AedekTHI Mmicist; Hacui; OamacT meOeHeBwit; OanacTHa Mpu3Ma; KOHTPOaH-
KETH; reopauap
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PE3YJbTATHI OBCJEJOBAHUSI TEOPAJTJAPHBIM KOMILIEKCOM
NE®EKTHBIX MECT 3EMJISTHOI'O TOJIOTHA JJOHELIKOM
’KEJIE3BHOH JTOPOT'H

Hean. OcHOBHAs 1ENb Pa0OTHI — OMpe/IeliCHHe Ne(PEKTHBIX MECT 3eMIISTHOTO MOJIOTHA TIPH TeOpagapHOM 00CIIeI0-
BaHny. MeToauka. [ JOCTH)KEHUS TIOCTAaBICHHOM e OBLTH MPOBENEHBI SKCIIEPUMEHTABHBIC UCCICIOBAaHUS 110
reopasiapHOMy OOCIeOBaHUIO Ne()EeKTHBIX MECT 3eMIITHOTO ITOJIOTHA JIOHEIKOH JKele3HOH HOporH, KOTopbie 00y-
CIIOBJICHBI KOMITJICKCOM Pa3sHOOOPa3HBIX MPHUYHH TEOTEXHUIECKOTO M KOHCTPYKTHBHOTO Xapakrepa. Pesyabratsi. Co-
TJIACHO C MPHUBEACHHBIMU pe3yJbTaTaMH 00CIEIOBaHMS 3eMJITHOTO TOJIOTHA Ha TPEX ydacTkax J{OHeIKo# kene3Hoi
JIOpPOTH OOHAPYKEHO, YTO OCHOBHBIMH IPHUYMHAMH, KOTOPbIE TIPUBOJIT K MOSBICHUIO Je(EKTOB, AehopMaliii U 1mo-
BPEXICHUH B HEM, SIBIISIFOTCSI HapyLIEHHs TEXHOJOTMUYECKUX IapaMeTpoB €ro KOHCTPYKLIUH M M3MEHEHHUs (hH3UKO-
MEXaHUYECKUX CBOICTB TpyHTa NOA BJIMAHUEM C€CTCCTBCHHBLIX M TEXHOI'CHHBIX (l)aKTOpOB. Kak YCTAHOBJICHO, ITPUMEC-
HEHHE TeopaziapoB cepuu «J103a» Ha jKeNe3HBIX 1oporax YKpauHbI IO3BOJISIET IPOBECTH MOUCK B TEJE 3EMIITHOTO IIO-
JIOTHA OAJTACTOBBIX KOPKIT, OIPEICITUTh BIYKHBIC MECTA B TPYHTAX 3EMIITHOTO ITOJIOTHA U OCHOBAHUIA, HAXOAUTH MEC-
Ta pa3MeICHHs] MOCTOPOHHUX OOBEKTOB B TPYHTE 3EMIITHOTO TIOJIOTHA ¥ MPOU3BOJMTH MOUCK HEOIHOPOIHOCTEH
U MecT ocna0ienus rpyHTa. Kpome Toro, UCIoib30BaHIE TeopaiapoB 00SCIICUNBACT ONEPATUBHOE BBIIBICHHE Ae(heK-
TOB, Ae(hOpMAIii U TIOBPEKACHHUH KEJIE3HOIOPOKHOTO ITyTH, OCOOEHHO B MECTaX HamOoJee OMAacHBIX JUIS TIOIBHYKHO-
TO COCTaBa XEJE3HBIX TOPOT, YTO MPHUBOIUT K CO3IaHHUIO BBICOKOTO YPOBHS 0€30MAaCHOCTH HA TJIaBHBIX M BCIIOMOTA-
TENFHBIX JTMHUSAX YKp3am3HbIM. [Ipu mpoBeneHnn MccieqoBaHnil ObII 0O0OCHOBAaH BBICOKHH YPOBEHB HAJECKHOCTH
1 3G PEeKTUBHOCTH PabOThI re0paapoB ¢ aBTOHOMHBIM NprMeHeHneM. Hay4uHast HoBu3Ha. B COBpeMEHHBIX YCIIOBUSIX
ompeneneHue nedexTos, neGopManyii ¥ NOBPEXKICHUN TPaJUINOHHBIMA METOJAMHU C HCIIOJIF30BAaHIEM HHKEHEPHO-
T€0JIOTHYECKUX HM3BICKAaHMHA HEBO3MOXKHO B CBS3M C MX HEIOCTATOYHOW OMEPAaTHBHOCTHIO. [lo3TOMy mcmomb3oBaHME
BBICOKOI()(DEKTHBHOM METONOJIOTHH OIEPAaTUBHOIO WHCTPYMEHTAIBLHOIO ONpereneHust NeeKTHBIX MECT pasperiaer
CYILIECTBEHHO COKpAIIAaTh MEPUOJIbl PEMOHTA JKEIE3HO0POKHOM KOJIEH, YTO SIBJISIETCS] BAYKHBIM 11 BHEIPEHUST CKOPO-
CTHOTO JIBMDKEHUS Ha KeJe3HBIX Joporax Ykpauusl. [IpakTuyeckas 3HauumMocTb. Ha oCHOBaHMM MPOBEICHHBIX HC-
CJICZIOBAHUH MPEUIOKCHBI TIIABHBIC MEPOTIPHATHS [0 YCTPAHCHUIO Ae(hEeKTOB, TeopMaIHii U MOBPEKICHUIA, KOTOPHIC
COCTOSIT B YCTPOHCTBE KOHTPOAHKETOB, IPESHUPYIOIINX CCUCHUH, OyPOMHBEKIIMOHHBIX WA OypOHAOUBHEIX CBaii.

Kniouegvie cnosa: 3eMiIsiHOE NOJOTHO; Ie()eKTHBIE MECTa; HACHIIb; OayuiacT 1me0eHOYHbIN; OaacTHas MprU3Ma;
KOHTPOAHKETHI; Teopaaap
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INFLUENCE OF CHEMICAL COMPOUNDS ON THE FORMING OF
WELDING ARC

Purpose. The purpose of work is a comparative analysis of chemical compounds influence on the process of
forming arc welding and condition of its burning. Methodology. A wire with diameter 3 mm of low carbon steel
with contain of carbon 0.15% was material for electrode. As chemical compounds, which determine the terms of arc
welding forming the following compounds were used: kaolin; CaCO; with admixtures of gypsum up to 60%; SiO,

and Fe — Si with the iron concentration up to 50%. Researches were conducted using the direct electric current and
arc of reverse polarity. As a source of electric current a welding transformer of type PSO-500n was used. On the
special stand initial gap between the electrode and metal plate was 1-1.5 mm. The inter electrode space was filled
with the probed chemical compound and the electric arc was formed. At the moment of arc forming the values of
electric current and arc voltage were determined. After the natural break of electric arc, the final gap value between
electrodes was accepted as a maximal value of arc length. Findings. Experimentally the transfer of metal in inte-
relectrode space corresponded to the tiny drop mechanism. According to external signs the relation between maxi-
mal arc length and the power of electric current has the form of exponential dependence. Specific power of electric
arc at the moment of arc forming per unit of its length characterizes the environment in the interelectrode space.
Originality. 1) Based on the analysis of influence of the studied chemical compounds on the formation processes of
electric arc the inversely proportional relationship between the power of the electric current and the maximum arc
length until the moment of its natural break is defined. 2) Ratio between the maximal arc length and the power of
electric current, with the sufficiently high coefficient of correlation is submitted to the exponential dependence. In-
fluence of the compounds under study on the process of electric arc forming is determined using the indexes of de-
gree of the above mentioned correlation. 3) The value of specific power of electric current at the moment of electric
arc forming per unit of arc length can be accepted as the parameter, which characterizes the state of interelectrode
space environment. Practical value. In the conditions of identical adjusting force of electric current the sequence of
location of the studied compounds in the order of increase of their influence on the process of arcing is determined.
Minimum influence is observed from kaolin, and maximal one — from Fe — Si .
Keywords: electric arc; arc length; power of electric current; chemical compound

Introduction extent determine the peculiarities of further process
of arcing. Taking into account the array of factors,

For the technology of electric arc welding, the which according to quality indicators in different

initial conditions of electric arc forming to a large
Doi 10.15802/stp2014/30824 © 1. O. Vakulenko, S. O. Plitchenko, D. M. Makarevich, 2014

92



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

Hayxa ta nporpec Tpancnopty. Bicauk /[HinponeTpoBchkoro

HAI[IOHAJIBHOTO YHIBEPCHUTETY 3alIi3HUYHOrO TpaHcmopty, 2014, Ne 5 (53)

MATEPIAJIO3HABCTBO

ways influence the conditions of electric arc igni-
tion the state of the interelectrode space environ-
ment can be attributed to one of the most important
effects [5].

On the other hand, the environment state will
become no less important at the stage of stable arc-
ing, defining the conditions of metal transfer
through the electrode space. Furthermore, the na-
ture of the molten metal transfer from the electrode
to the welding pool itself will stipulate not only the
technological characteristics of the electric arc and
energy balance, but also the stage of development
completion of metallurgical processes when form-
ing the weld connection as a whole [3, 14]. Taking
into account that the influence of interelectrode
environment on the arc ignition process is deter-
mined by the ionizing power, the location of dif-
ferent substances between electrodes will change
the initial conditions of the electric discharge form-
ing [4, 11]. On this basis, the purposeful influence
on the conditions of metal transfer at the moment
of electric discharge forming is very important for
the technologies of electric arc welding.

Current condition of the problem

The process of metal transfer through the inte-
relectrode space is to a large extent determined by
the initial conditions of the electric arc ignition.
The above mentioned metal transfer process can be
roughly divided into separate stages. The charac-
teristic conditions of change of the metal aggregate
state and its properties are inherent to these stages
[1, 6]. Thus, after formation of liquid, the growth
of its volume on the cathode surface takes place
until the separation of droplets from the surface
and transferring them to the anode.

Taking into account the dependence of the
process of droplets forming, their size and shape
on the chemical reactions behavior between the
substances filling interelectrode space, the com-
bined influence on the ionizing power of environ-
ment is difficult to predict [8, 10]. On the other
hand, the formation process of droplets can be con-
fidently considered as dependent on the ratio of the
gravitational forces influencing the fluid and force
of surface tension of the metal.

The force value of the surface tension of molten
metal or alloy is determined by the characteristics
of their internal structure, which include the type
of crystal lattice, the chemical composition of the
alloy. The temperature of the fluid heating and its
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fluidity has certain influence on the specified char-
acteristic.

Thus, for the iron the surface tension coefficient
equals to 1.22 N/m [6]. Admixtures of alloying
chemical elements to the iron lead to its change. For
example, the addition to the iron of 18% Cr, 8% Ni,
1% Ti (H18N9T) leads to a decrease of the surface
tension (o) at the level of 8-10%.

As compared to the influence of chemical com-
position of the alloy, a mixture of gases of inte-
relectrode space can also influence the level of
values o, although their influence in most cases is
qualitatively different.

Considering the formation of metal droplets of
the electrode it can be noted that the main influ-
ence is determined by the ratio between the axial
force, which arises as a result of so-called pinch
effect and the force of surface tension [4, 6]. The
growth of heating temperature of the molten metal
is accompanied by a decrease of the surface ten-
sion coefficient [6, 9].

Accounting the fact that during the first ap-
proximation the heating temperature of molten
metal is proportional to the strength of welding
voltage (/), when the growth [/, changing the in-
fluence of gravitational component reduces the
critical size of the droplet (conditions of droplet
detachment from the electrode) [6]. At the same
time the influence of electromagnetic force [2] in-
cluding its compressing effect on the molten metal
of the weld pool is increasing [2, 12]. After the
detachment of droplet from the electrode surface,
the process of its movement is starting to depend
on the joint action of electrostatic and electrody-
namic forces, reactive action of the electric dis-
charge [10].

On the basis of the presented joint influence,
the strength increase of electric current is accom-
panied by breakage of molten metal droplets,
which are transferred in the interelectrode space [6,
15]. The presented compound influence on the
process of transferring the molten metal during the
arc welding can be corrected using various chemi-
cal compounds.

Purpose

Purpose of the article is the comparative analy-
sis of the chemical compounds influence on the
process of electric arc forming and the conditions
of its burning.
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Methodology

The law carbon wire with the diameter 3 mm,
of the steel with 0.15% carbon was used as a mate-
rial for electrode. As the substances determining
the conditions of electric arc formation were used
the kaolin; CaCO; with admixtures of gypsum up
to 60%; SiO, and Fe—Si if the iron concentration
is up to 50%.

The studies were conducted with the use of
electric current of constant direction and the arc of
reverse polarity. As a source of electric current the
welding transformer of the type PSO-500 was
used. On the special stand the initial gap between
the electrode and metal plate was 1-1.5 mm. Inte-
relectrode space was filled with the studied sub-
stance and the electrical discharge was formed.

At the moment of the electric arc ignition the
values of electric current and arc voltage were de-
termined. After natural break of electric arc the
final size of the space between electrodes is taken
as the maximum arc length.

Findings

Except the dependency of metal heating tem-
perature on the electric current force [7, 10] the
formation process of molten metal droplets is de-
termined by the joint action of several factors. First
of all, the existence of inverse proportion between
the heating temperature and the force of metal sur-
face tension shows that the growth / would en-
hance the fluidity of liquid.

At the same time the rise of electrodynamic in-
fluence on the process of droplets formation is ob-
served. The joint influence of the mentioned fac-
tors leads to increase in the dispersion degree of
molten metal droplets [6].

The process of transferring the molten metal
through interelectrode space can be decomposed
into successive stages: detachment of the formed
droplet from the surface of one electrode and its
transferring to another one. Thus, the size of drop-
lets that are detached from the electrode surface
will decrease proportionally to the increase of 1. At
the same time the number of droplets that are being
transferred through the space between the elec-
trodes per time unit will increase.

When the electric current force is so that the
droplets form a continuous chain it is considered
reaching the critical conditions that determine the
qualitative changes in the nature of metal transfer
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(from the drop to the spray one). Thus, the defini-
tion of metal transfer mechanism is of practical
importance to assess the influence of the studied
substances on the process of electric discharge
forming.

The critical value of electric current (/,) meets

the conditions when the diameter of molten metal
column reaches about 0.7 of the electrode diameter
[6]. On this basis, the value /. is estimated by the

ratio:

I,=kod, (1)

where k£ and o — are the coefficients of propor-
tionality and surface tension of the metal respec-
tively, d — is the electrode diameter.

[y, MM
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e

]
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10 \E& B
8 & .
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Fig. 1. Influence of kaolin — (a), SiO, —(b), Fe—Si —
(c) and CaCO, —(d) on the ratio between the arc length
and the electric current power

Uncertainty of the values & and o can be re-
moved using the known experimental data. So, the
surface tension force for iron is 1.22 n/m, and
when increasing the content of alloying elements it
decreases, reaching the grade for complex alloyed
steel KH18NOIT for example 1.1 n/m [6]. Substitut-
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ing in to (1) o = 1.1 n/m, for different electrode
diameters: 1-3 mm and the corresponding values of
I, (190-350 A), obtained from the full-scale inves-

tigations (according to detachment of molten metal
droplets from the electrode surface) for steel
KH18NOT the value & was 18.1-18.8 A/dyne””.
Taking into account the change range of ¢ for
low-carbon steel can be taken ¢ = 1.2 n/m and
k =18.5 A/ dyne™. According to ratio (1) it has
been determined that for low-carbon steel of electro-
de with d =3 mm, /. should be equal 375-380 A.

Comparing with the installation current 200 A it
should be assumed that upon the experimental
conditions the metal transfer in the interelectrode
space corresponded to the droplet mechanism.
Under conditions of electric current of constant
direction with reverse polarity the search for corre-
lations between the maximum arc length (/) sepa-

rately for the strength of electric current or arc
voltage (U ) have shown the need to considerate
the influences of / and U at the same time. The
results of the constructed dependences for the
components under study are presented in the Fig. 1.

According to external characteristics one can
talk of inverse relationship between /, and electric
current capacity (W =U [I). The deviation of de-
pendences [, = f(W) from the rectilinear appear-
ance indicates the need to reconstruct them in loga-
rithmic coordinates (Fig. 2).

In the first approximation, the specified de-

pendences are clearly subordinated to relation of
the type:

In(,) = A+ K In(W) @)

where 4 and K are the constant characteristics.
After transformation the expression (2) takes the
form:

)

where B — is a proportionality coefficient.

For each component under study from the
graphic solutions of dependences (Fig. 2) the values
A4 and K, for the dimension /, [mm], W [VA]
were determined. Thus, in the order of decreasing
the values A (14.75; 13.7; 10.5 and 8.8), the studied
components are placed in the corresponding order:
Si0,, Fe—Si, CaCO, and kaolin. The similar
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pattern of change is also observed for the value K
in the specified order ( SiO,, Fe—Si, CaCO, and

kaolin): 1.5; 1.4; 1.03 and 0.817.

In(l,)
2 &
o “
2.5 \E\
2
1.5 \
95 !
2
2.5 é\’\l -
R
o)
. ol N TR L nW

Fig. 2. Dependences [, = /(W) for the studied

components in the logarithmic coordinates.
The identifications are similar to the Fig. 1

For more detailed explanation of the reasons
leading to the influence on the formation process
of electric arc components in the presented order
from SiO, to kaolin, the additional analysis of the

obtained relations was made. Thus, in a first ap-
proximation, accounting the known decrease in
surface tension force of the iron from the oxygen
concentration [6], the presented influence nature
(Fig. 1) may be stipulated by the presence of oxy-
gen atoms of different concentration as a result of
the dissociation reaction of the studied compo-
nents. On the other hand, at the initial stages of the
arc forming, the increase of electric current
strength is accompanied by proportional increase
in the metal mass transfer through the interelec-
trode space [5, 10]. At the same time, due to the
joint action of electric and magnetic fields that ap-
pear in the space between electrodes, the axial
force determining the mechanical nature of the in-
fluence on the molten metal is being formed. The
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voltage that is appearing according to its action
represents the pressure voltage.

Under conditions of permanency of the most of
factors influencing the formation process of elec-
tric arc the specified voltage can be estimated us-
ing the power that is appearing (p ) with the use of

dependence [6]:

p:kalz’ (4)

— 1s a coefficient that determines the

electrode diameter influence and the electric arc
polarity. At the same time, according to the pre-
sented dependence the influence of ionizing ability
of interelectrode environment is absent. Although
using the form of the ratios [, = /(W) (Fig. 1) one

can still identify the influence peculiarities of the
studied substances on the environment of interelec-
trode space.

Using the electric arc power at the moment of
arc forming as the characteristics determining the
conditions for its further combustion, the maximum
arc length should reflect the state of the interelec-
trode space environment. Indeed, the analysis of
dependences /, = f(W) shows that one can quite

where £,

often observe the change /, in a certain range of

values for the same levels W . In order to try to de-
termine the index, which may allow assessing the
influence of the studied substances on the process of
arc formation, we use the dependence [, = f (W)

(Fig. 1). But as an argument we take the value /,.

The next step, after approximation of dependence
W = f(l,) with the use of straight lines, the slope
coefficient determination allows assessing the de-
gree of influence of the substances under study.

For the range of values W and [, (Fig. 1), let
us assess the slope coefficient (C ) using the ratio:

_AW (5)
Al,
where — AW and Al, are the corresponding

change intervals W and /.

Taking into account the fact that to each chemi-
cal element corresponds its own value of ionization
potentials (the first ionization potential, the second
and so on [16]) one can make an attempt to assess
the specified characteristics of the studied sub-
stance ( P) with the defined simplification degree.
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First of all, to determine P let us use only the first
ionization potential of chemical elements whose
values are shown in the diagram (Fig. 3).
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Fig. 3. Value of the first ionization potential
of the chemical elements depending on the
serial number of the periodic table.

The presented position is stipulated by the fact
that during the electric arc formation mainly the ex-
traction of outer (valence) electrons takes place,
when the extraction of the electrons closest to the
nucleus requires several times more energy [13, 16].

In order to take into account the complicated
joint influence of different chemical elements pre-
sented in the area of electric arc discharge at the
same time, it is necessary to make two assumptions.

The first assumption — is an assessment of the
P values of the studied substances excluding the
energy spent on complete dissociation of mole-
cules or chemical compounds to atomic state. The
second assumption — the additive nature of ioniza-
tion potentials influence of chemical elements
forming the molecule or chemical compound in
proportion to their number is accepted.

P,B
1 /-GD
bl
10 /
’ /
g &
AW KBA
0.3 0.4 0.5 AI Sy

Fig. 4. The ratios between the values P and C for
the studied substances ( (O is a kaolin; ® ;s Si0, ;
@ is caco,; ® _is Fe-si).
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The influence efficiency of the studied sub-
stances on the process of electrical discharge form-
ing that is assessed according to the values C
(Fig. 1), in fact, should be connected with the pe-
culiarities of the atomic structure of the chemical
elements that form the substances. On the basis of
this, one can expect the existence of correlation
between the values C and P. The result of pair
plotting of the specified characteristics is shown in
Fig. 4.

Considering the nature of the presented ration
one can talk of the proportional relationship be-
tween the angular coefficient (C ) and the value
P . If we assume that under certain conditions the
formation of electric arc discharge the value C
characterizes the substance influence on the proc-
ess of arc ignition, it is reasonable to expect the
existence of relation with the values characterizing
the state of interelectrode space. According to the
presented dependence as compared to the other
substances under study, filling the interelectrode
space of Fe—Si is accompanied by the electric arc
formation at the lowest values of specific power.
Around 20% more of electric current power is nec-
essary to have to enable the arc discharge excita-
tion while filling the interelectrode space and even
greater one for kaolin.

Originality and practical value

1. Based on the influence analysis of the stud-
ied substances on the formation processes of elec-
tric arc, the inverse relationship between electric
current power and the maximum arc length until its
natural break was determined.

2. The ratio between the maximum arc length
and the electric current power, with a sufficiently
high correlation coefficient are subordinated to the
exponential dependence. The influence of the stud-
ied substances on the electric arc formation is de-
termined using the degree indicators of the pro-
posed relationship.

3. The value of specific power of electric cur-
rent at the moment of electric arc formation, which
is attributed to the arc length, can be taken as a
parameter characterizing the state of the interelec-
trode environment.

Under conditions of the identical adjusting
force of electric current the gradation of the studied
substances in the order of increase of their influ-
ence on the arcing process is determined. Thus, the
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minimal influence is observed from kaolin, and the
maximum one — for Fe—Si. Using the value C
allows assessing the influence degree of chemical
mixture on the formation of electric arc in practice.

Conclusions

1. Under conditions of the research the metal
transfer in the interelectrode space corresponds to
the droplet mechanism.

2. The ratio between the maximum arc length
and electric current at the moment of forming the
electric discharge for the conditions of inverse po-
larity, has the form of exponential dependence.

3. Substance influence on the state of environ-
ment of the interelectrode space can be estimated
using the ratio of the change speed of electric dis-
charge power at the moment of arc ignition per
unit of length.
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BJIUAHUE XUMHWYECKUX COEJVHEHUN HA ®OPMHUPOBAHUE
EJEKTPOAYI'OBOI'O PA3PAIA

Heun. Llensio pabOTHI SIBISETCS CPABHUTEIBHBIN aHAIN3 BIMSHUS XHUMHUYECKHX COCOHUHEHHUI Ha mporecc (op-
MHUPOBaHHA EKTPUIECKON IyTH M yCcIoBHA ee TopeHus. MeToauka. MaTtepuaioM sl 3JIeKTpoaa Oblia HU3KOYT-
JIEpOIUCTas TMPOBOJIOKA AHMAMETPOM 3 MM M3 CTajH C coiepykanuem yriepoxa 0,15 %. B kauecTBe coennHeHHH,

KOTOPBIC OIPCACIIAIOT yCIOBUA (bOpMI/IpOBaHI/IH QJICKTPOAYTOBOT'O pa3psja, UCIOJb30BAJIN: KAaOJIWH; CCICO3 C Ipu-

MecsMu rurca 10 60 %; SiO2 n Fe— Si npu koHnenTparmn xenesa 10 50 %. MccnenoBanus mpoBOIMIKCE C HC-

MTOJIF30BAHMEM IOCTOSTHHOTO 3JICKTPUIECKOTO TOKa M JYyTW OOpaTHOW MONAPHOCTH. B KadecTBe MCTOYHMKA DJICK-
TPUYECKOT'0 TOKa MCITOJIb30BAIM CBApOUHBIA mpeobpazoBatens tuna [ICO-500. Ha cnenuanbHOM CTeHIE Hadalb-
HBIA 3a30p MEXIY JIEKTPOJOM W METaJUTMYECKOH IUIACTHHOM cocTaBisil 3HaueHHe 1—1,5 MM. MeXaneKTpoaHbIi
MIPOMEKYTOK 3aIlOJIHSIIN HCCIEAYyEMBIM COeTUHEHNEM U (DOPMUPOBAIIN IEKTPHUECKUH pa3psa. B MoMeHT BO3HHK-
HOBCHUA 3ne1<Tp1/me01<0171 AYTU ONPEACIIIN BEJIMYUHBI SJICKTPUYCCKOI'0 TOKA W HAIIPSXKCHUSA Ha OYyTE. ITocne npu-
POJIHOTO pa3phiBa JEKTPUUECKON YT OKOHUYATENBHYIO BEJIMUMHY 3a30pa MEXIY dJIEKTPOJaMu MPUHUMANIH B Ka-
YECTBE MAKCHUMAJIbHOTO 3HAYEHUs JUIMHBI Iyru. Pe3yjabTaThl. B yCcloBusSX sKcliepuMeEHTa MEPeHOC MeTallia B Me-
JKIIIEKTPOJTHOM MPOMEKYTKE OTBEYAJ KaleIbHOMY MEXaHHW3MY. 3a BHCITHUMH NPH3HAKAMH COOTHOIICHUE MEKIY
MaKCUMAaJIbHON JUIMHOW YT ¥ MOUTHOCTBIO 3JICKTPUYECKOTO TOKA MMEET BUJ 3KCIIOHCHIIMAIBLHON 3aBHCHMOCTH.
VYaenpHas MOIIHOCTE 3JEKTPUYECKOrO JYrOBOTO pa3psaa B MOMEHT ()OPMUPOBAHUS MYT'H HA CIUHHILY €€ JIHHBI
XapaKTepU3yeT COCTOSHUE CPEObl B MEXIICKTPOTHOM mpomexyTke. Hayunas HoBu3Ha. 1) Ha ocHoBe aHammsa
BIIMSTHASL HCCIIEAYEMBIX XUMHYECKIX COCTUHECHUI Ha MPOIEcChl (POPMHUPOBAHUS IIIEKTPUIECKOTO AYTOBOTO pa3psaa
oTpeniesieHa 0OpaTHO-TIPOIIOPIIHOHANIEHAS CBA3h MEXKTy MOITHOCTBIO DIEKTPHUECKOTO TOKA M MAKCHMAIIBHOW IITH-
HOW IyTW K MOMEHTY €€ IPUPOAHOTO pa3pbiBa. 2) COOTHOIIEHNE MEXAY MAKCHMAIbHON UIMHOW AYTH W MOIIHO-
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CTBIO ANEKTPHYECKOTO TOKA, C JOCTATOYHO BBICOKHM KO3((HUIIMEHTOM KOPPEIALNH, TOJUYNHICTCS SKCIIOHCHIHATIb-
HOW 3aBHCHUMOCTHU. BiusiHMe uccienyeMbix COeqMHEHHH Ha mporecc (popMHPOBaHHS DIIEKTPHUYECKOTO TYrOBOTO
paspsiza onpenenseTcs yepes MoKa3aTel CTENeHH MOJyYeHHOTO COOTHOIIeH . 3) Bennunaa ynensHoi MOIHOCTH
JIEKTPUUECKOTO TOKa B MOMEHT (DOPMUPOBAHUSI JIEKTPUUECKOTO paspsija Ha €IUHUIY JJIMHBI AYTH MOXET OBITh
MPUHATA B KauyecTBE IMapaMeTpa, KOTOPBIM XapaKTepu3yeT COCTOSHHUE CPEIbl B MEXDICKTPOIHOM IPOMEXKYTKE.
IIpakTnyeckasi 3HAYUMOCTb. B yCloOBHSAX OJMHAKOBOM yCTaHOBOUHOM CHJIBI 3JEKTPHUUECKOTO TOKA OIpeesieHa
MOCIEI0BATENBHOCTD PACIOI0XKEHUS HUCCIEAYEMbIX XUMUYECKUX COEIUHEHUN B MOPSAAKE YBEIMYEHUS UX BIUSHUA
Ha TIPOLECC TOPEHUS Ayrd. MUHUMAJIbHOE BIMAHUE HAOIIOMAETCS OT KaoJlMHa, a MAaKCUMabHoe — oT Fe — Si .

Kniouesvie cnosa: >nexTpudeckuii yroBou pa3psi; IIHHA yTH; MOITHOCTH 3JIEKTPUIECKOTO TOKA; XUMHUECKOE
COEMHEHUE
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BILIUB XIMIYHUX PEYOBMH HA ®OPMYBAHHSI
EJIEKTPOJYTOBOI'O PO3PSITY

Meta. MeTo1o poOOTH € NMOPIBHAJIBHUI aHaNi3 BIUIUBY XIMIYHAX PEYOBHH Ha MPOLEC 3alaJOBAHHS EJICKTPHY-
HOI yr¥ Ta yMOBH i ropinas. Meroauka. Martepianom [uist eeKTpoay OyB BUKOPUCTAHHMI HU3bKOBYTJICIEBUH PIT
nmiamerpoM 3 MM i3 craii 3 0,15 % Byrienro. B skoCTi pe4oBUH, 10 BU3HAYAIOTH YMOBHU (POPMYBAHHSI €ICKTPOYTO-
BOro po3psiy, Oymnu Bukopucrani: kaonis; CaCOy 3 nomimkamu rincy 1o 60 %; SiO, ta Fe—Si npu KoHUEHT-
pamii 3amiza mo 50 %. JJocmimKkeHHs IPOBOAIIIUCS MTPH BUKOPUCTAHHI €IEKTPUIHOTO CTPYMY HMOCTIHTHOTO HAMPSIMKY,
JIyTH 3BOPOTHOI MOJISIPHOCTI. B AKOCTI [kepena elekTpudHoro CTpyMy OyB BUKOPHCTAHHH 3BapIOBaIbHUN NEpETBO-
proBau tuny I1CO-500. Ha crienianbHOMY CTEHAI MMOYaTKOBHH 3a30p MIX €JIEKTPOJIOM Ta METAJIEBOIO IUIACTUHOIO
cKkianaB 3HaueHHs 1-1,5 MM. MDKeneKTpOAHUI NPOMIXOK 3aIl0OBHIOBAJIN JIOCIIPKYBaHOIO PEYOBHHOIO 1 popMmyBaiin
SJIEKTPUYHUH po3psii. B MOMEHT 3amaoBaHHs €JIeKTPUYHOI Jyrd BU3HAYAIHM BEJIIMUYMHU €JIEKTPUYHOTO CTPyMy Ta
Harpyru Ha ay3i. [licis npupogHOTO pO3pHBY €IEKTPUYHOI JYI'M OCTATOYHY BEJIMUYHMHY 33a30py MK €JIEKTPOJaMHu
npuiiMany B SKOCTI MaKCUMAJIbHOT JOBXMHM Oyrd. Pe3yabTaTn. B yMOBax eKcriepuMeHTy NepeHoC METaly B MiXK-
€JIeKTPOJHOMY IPOMDKKY BIIIIOBiZaB KPAIUIMHHOMY MEXaHi3My. 3a 30BHIIIHIMHA O3HAKaMH CITiBBITHOIICHHS MiX
MaKCHMaJIbHOIO JOBXUHOIO AYTH 1 MOTYXHICTIO €JIEKTPUYHOTO CTPYMy MAa€ BUIJIA €KCIIOHEHIIATBbHOI 3aJIeKHOCTI.
[TuToMa MOTYKHICTH €IEKTPUIHOTO AYTOBOTO PO3PSAAY B MOMEHT 3alajJeHHs IyT'M Ha OJWHULIO ii JTOBXXHHHU BilO-
Opakae cTaH cepeioBHIIA B MDKEIEKTpoaHOMY Npomikky. HaykoBa HoBu3HaA. 1) Ha ocHOBI aHaii3y BIUTMBY I10-
CHIPKYBaHUX PEYOBMH Ha MpolecHd (OPMyBaHHA €JIEKTPUYHOIO IyroBOTO pO3psLy BHM3HAUYEHHH OOEpHEHO-
MPONOPIIHHUHN 3B’ 30K MUK MOTYXXHICTIO €IEKTPUIHOTO CTPYMY 1 MAaKCHMAJIbHOIO JTOBKHHOIO JYyTH 10 MOMEHTY i
NpUpOIHOro po3puBy. 2) CHiBBIAHOIIEHHS MK MaKCUMAaJbHOIO JOBXHMHOK JYTW 1 MOTYXHICTIO €JIEKTPUYHOTO
CTPYMY, 3 JOCTaTHbO BHCOKHMM KOe(]iLieHTOM KOpesslii, MiANOpSIKOBYIOTHCS EKCIIOHEHLIAIBHIH 3aJIe)KHOCTI.
BrumB nocnipkyBaHUX PEYOBHH Ha Ipouec (popMyBaHHS €JIEKTPHYHOIO JYyrOBOTO PO3psily BU3HAYAETHCS uepe3
MOKa3HUKH CTYIEHs PO3IJISIHYTOro CHIBBiIHOIIEHHS. 3) BenuunHa mUTOMOI MOTYXHOCTI €NEKTPHYHOTO CTPyMY
B MOMEHT (DOPMYBaHHS €JIEKTPUYHOTO PO3psiy Ha OJUHUIIO JOBXKHHM JYyrH MOXe OyTH NpHHHATA B SKOCTI
napameTpa, 10 XapaKTepHU3ye CTaH MDKeIeKTpoxHoro cepenopuina. IlpakTuyHa 3HaYMMicTh. 32 yMOB OJHAKOBOI
YCTAHOBOYHOI CHJIM EJIEKTPUYHOTO CTPYMy BH3HA4YEHA ITOCTIJOBHICTH pO3TAIlyBaHHA AOCIIUKYBAaHHUX PEYOBHH
B MOPSAKY 30UTBIIEHHS X BIUIMBY Ha MPOIeC TOPiHHS AyTH. MiHIMANBHUH BIUIMB CIIOCTEPIraeThes 3 OOKY KaoIiHy,
a MakcuManbHuii — st Fe — Si .

Kniouosi cnosa: enekTpudHUil AyroBUH po3psii; JOBKUHA TYTH; MOTYXHICTh €JEKTPHYHOTO CTPYMY; XiMidHA
pedoBUHA
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NIABUIEHHSA AKOCTI BTOPUHHUX CUJIYMIHIB HIJIIXOM
BUKOPUCTAHHSI PA®IHYBAJIBHO-MOJIN®PIKYBAJBHOI,
TEPMIYHOI TA JIABEPHOI OBPOBOK

MeTta. BroprHHMM crilyMiHaM NpUTaMaHHa, SIK IPaBUIIO, HIDKYA 32 1X TIEPBUHHI aHAJIOTH SIKiCTh. [Ipy BUTOTOB-
JICHHI CIJIaBIB HE BPaxOBYETHCA HASABHICTh BEJIHMKOI KUTBKOCTI iHTEpMETamiIiB, MEpeayciM Ha OCHOBI 3aii3a, B ix
CTPYKTYpi. [l HOCATHEHHS ONTHMAIBHOTO PiBHS BJIIACTUBOCTEH HEOOXITHO IIYKATH NUIAXM ajanTarii padinyBaib-
HO-MO/IM(IKYBaIbHOI, TepMi4HOI Ta ja3epHOi 00poOOK O ocoOMMBOCTEH CTPYKTypu BTOpHMHHUX Al-Si cruiasis.
Metoauka. JlocnmimkeHHs 3IIACHIOBATN 3 BHKOPHCTAHHSIM CTaHIAPTHHX METOIUK MeTajorpadiqHoro aHaiisy,
BU3HAUYCHHS JIMBAapHUX, MEXaHIYHUX Ta EKCIUTyaTal[liHUX BIACTHBOCTEH CIIaBiB 3a POTOTAOENBHHMH IUIAHAMH
OaraToakTOpHHX eKcriepuMeHTiB. Pe3yibTraTH. BceraHoBieHo, 1o padiHyBanbHO-MOauGiKyBalbHa 00pOOKa
€ 000B’3KOBOIO OTIEPAIi€l0 IIPU BUTOTOBJIEHHI BTOPMHHHUX CHJIYMIiHIB, OCKUIBKH J103BOJISIE €(DEKTUBHO BILIMBATH HA
BUIJICHHS 3ali30BMICHHX (a3, 3MIHIOIOUH X MOPQOJIOTio, pO3Mip Ta PO3MOMLT, 8 TAKOX ITiIBHUIIYBaTH €()EKTHB-
HICTB MoaNbIIO] 00POOKH B TBEPIOMY CTaHi. BusiBieHO, 1110 CTaHAAPTHI peKUMHU TepMidHOI 00pOOKH HE € onTHMa-
JHHAMH JAJIsl BTOPUHHHUX CHIyMiHiB. JlazepHa oOpoOka mokasana BHCOKY €(EeKTHBHICTh B MIJBHUILEHHI MIillHOCTI,
3HOCOCTIMKOCTI, KOpO3iifHOT Ta KaBiTaliifHOl cTiiikocTi BTOpmHHHX Al-Si CruiaBiB, a MmiIBHINEHUIH BMICT 3ami3a
CHpUSIB JJOAATKOBOMY TBEPAOPO3UMHHOMY 3MilHeHHI0. HaykoBa HoBH3HA. BeranoineHo, 110 micis padinyBaibHO-
MoaudikyBanbHOT 00poOKH (aza AlsSiFe, sika KpucTamizyeTbest y BUMIISAL TOBTMX BUTSTHEHUX IUIACTHH, TpaHc(ho-
pmyeTbes B pazy Aljs(FeMn);Si, y ckeneronoziOHiit abo 6ararorpanHiit popmi. OTprMaHO 3aI€KHICTH MiXK BMic-
TOM 3ajli3a y BTOPMHHHMX CHJIyMiHAaX 3 4acOM BUTPHMKHU IIPU TePMidHiA 0OpoOri, K1 3a0e3rneuye onTuMyM Mexa-
HIYHUX BJIaCTHUBOCTEH. J[OBE/ICHO, 1110 HASBHICT 3a1i30BMICHUX iHTepMeTatiniB AlsSiFe npu3BoauTh 10 3MEHIIICH-
HS TTIHOMHM 3MIIHEHOTO Iapy MpH JiazepHiid oO6podui. BeranosmeHo, mo 3i 30iMbIICHHSIM KOHIIGHTpAIli 3ami3a
MIBHAKICTH KOPO3il BTOPUHHUX CHIyMiHIB B cepenoBuiax 3 % NaCl + 0,1 % H,0, ta 10 % HCI nixBumtyerses.
IpakTHyHa 3HAYUMIiCTDb. 3aIIPOIIOHOBAHI TEXHIYHI PIlICHHS CIPHUAIOTH ITiABUIIEHHIO SKOCTI BTOPDHHHHUX CHUIIYMiHIB
IO PIiBHSL, IKUH T03BOJISIE BHKOPHUCTOBYBATH iX SIK CHPOBHHY JUISI BUTOTOBJICHHS CIUIABiB HA OCHOBI aJIIOMiHifO.

Kniouosi crosa: cumymian; MoaudikyBaHHS; TepMidHa 00poOKa; IMITyIIbCHA Jla3epHa 0OpoOKa; JIMBapHi; Mexa-
HIYHI Ta eKCIUTyaTalliiHi BIACTHBOCTI

Beryn 30yTHCS TIPOOJEMH HAKOIMMYCHHS BIAXOMIIB, OCja-
OWTH TEXHOTEHHE HAaBaHTa)KEHHS Ha MOBKUDIA Ta
3HHM3UTH COOIBaAPTICTh BUITYCKY TPOMYKIITii.

ITopsia i3 6€3CyMHIBHUMU TepeBaraMyu BUKOPH-
CTaHHS BTOPUHHUX PECYpCIB iCHY€E i CyTTEBUI He-
JIOMIIK — HU3bKA SKICThH CIUIABIB, IIOB’sA3aHa 13 3HAY-
HOIO KIUTBKICTIO iHTepMeTanmimHux (a3, po3dmHe-
HUX Ta3iB Ta HEMETAJICBUX BKPAIUICHb B CTPYKTYPI,
a TaKoX MiJBHIICHOK mopucTicTio. [Ipu 1pomy
OCHOBHHUH BKJaJ B TOTIpHICHHS (i3UKO-MeXaHiy-
HUX BJIaCTHBOCTEH BTOpWHHHMX Al-Si criaBiB Ha-

Doi 10.15802/stp2014/30427 © 1. I1. Bomuok, O. JI. Ckyiibina, O. B. Jlrorosa, H. B. lllupoko6okosa, 2014

Huni anroMmiHI€B] CIUIaBH, BUTOTOBJIEH] 13 BTO-
PHHHOI CUPOBHHH, BCE LIUPIIE BUKOPUCTOBYIOTHCS
B aBTOMOO1Ie0y/IyBaHHI, aBialliiHill IPOMHICIOBO-
CTi, UMBITPHOMY Ta TPOMHCIOBOMY OYIiBHHUIITBI
tomo. Tak, 3a ganumu [3], oOcsAr BUIYCKY BTOPHH-
HOI'O aJlfoMiHi0 B kpainax €C csarae 5,2 MiH T/p,
IO 3HAXOIUTHCS HA MPUOIU3HO OJHAKOBOMY PiBHI
3 BHITYCKOM TIEPBHUHHOTO atoMiHiio (5,1 MiH T/p).
BukopucTanHs BTOPUHHOI CHPOBHHH JI03BOJISIE IIO-
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JeKUTH 3amizoBmicHuM (aszam AlsSiFe, AlSiyFe,
AlgFe,Si Ta iH., M0 MarOTh TPyOOKpPUCTATIUHY OY-
JIOBY, HECIIPHUSITIMBY INIaCTUHYACTY (opMmy 1 mose-
TIIYIOTH MpOLeC PyHHYBaHHS MaTepiaiy, Bimirpa-
FOUX POJIh KOHIICHTPATOPiB HAMPYKeHb [14, 15].

VY xomi aHamizy JniTepaTypHHX [pKepen OyIo
3’4COBaHO, 10 HaWHOUIBII J1€BUM CIOCOOOM BILIH-
By Ha BUJUJICHHS 3alli30BMiCHUX (a3 B CTPYKTYpi
BTOPHHHUX CHIYMiHIB € MoaudikyBaHus. Tepmiu-
Ha 00poOKa € OJHIEI0 3 OCHOBHHMX TEXHOIOTIYHHX
omepariif, 3acTOCyBaHHS SIKOI 3a0e3Iedye OTpH-
MaHHsI TIEBHUX MEXaHIYHHMX Ta EKCIUTyaTalliifHuX
BJIACTHBOCTEH. BUXOSIUU 3 TOTO, 110 BMICT iHTEp-
MeTaTiTHuX (a3 g yac BUKOPUCTAHHS BTOPHHHOL
CHUPOBHHHU 3HAYHO 3POCTa€, Y HAC BHHUKIO MpH-
MYLICHHS, 0 CTaHAApTHI PEKUMH TEPMidHOI 00-
poOku mist BropuHHUX Al-Si cruiaBiB HE MOXKHA
BBa)XKaTU ONTHMAIGHUMH, TPOTE IIbOMY MHUTAHHIO
B JIiITEpaTypHUX JUKEpeJiax yBard He IPUAIISETHCS.
HesBakaroun Ha CyTTEBE MiJBHIICHHS BIACTHBOC-
TeH, sIke BAAETHCS JOCATTH MOIM(IKYBAILHOIO Ta
TEPMIYHOK O00pOOKaMH, HEIOJIKOM CHIIYMIHIB
3aJMINAIOTHECS HU3bKI BTOMHA MIIHICTh, KaBiTa-
IifHa Ta KOpO3iliHa CTIHKiCTh. JlocTaTHRO eheKTH-
BHUM 1 TEXHOJOTIYHHM CIIOCOOOM BHpIIICHHS i€l
npobJeMu € moBepxHeBa JiazepHa o0podka. Bimomi
ChOTOJTHI poOOTH 3 JTa3epHOi OOPOOKH CTOCYIOTHCS
MEPBUHHUX CHIyMiHIB. Hamu 3pobneno mpuiry-
HIEHHS, 10 3aCTOCYBaHHA Ja3epHOi 00pOOKH MOXKe
BUSIBUTH Kpallli pe3yJIbTaTH JUiss BTOPHHHUX CILIa-
BiB 32 paxyHOK TBEPAOPO3UMHHOTO 3MIITHCHHS I10-
MIIIKOBUMH €JIEMEHTaMH, ITEPEIyCiM 3aJTi30M.

Merta

Merta poboTH — afanTaris pagiHyBaIbHO-MOIH-
¢iKyBaIbHOI, TepMiYHOI Ta Ja3zepHOi 0OpOOOK [0
0COONIMBOCTEH CTPYKTYpH Ta BiacTuBocTed Al-Si
CILIaBiB, BUTOTOBJICHHX i3 BTOPUHHOI CUPOBHHH.

MeTtoanka

JlocimkeHHs 3A1MCHIOBAIM 3 BUKOPHCTAHHIM
METO/IiB MATEMATHYHOTO TUIAHYBaHHS EKCIIepUMe-
HTy, PETPECciiHOTO Ta KOPEISIIHHOTO aHali3iB,
a TaKOX METOJIB CTaTUCTUYHOI 0OpOOKHU eKcriepu-
MEHTAILHUX pe3yJibTariB. [1in yac BUKOHAHHS J0-
CIJKeHb 3MIACHIOBAIM XIMIYHHU aHali3 CKIamy
CIUIaBiB, MeTajorpadidHi TOCITIKEHHS, BUMIPOOY-
BaHHS JIMBApHUX, MEXaHIYHHX Ta CKCIUTyaTallii-
HUX BJIACTHBOCTEH 3a CTAaHJAPTHUMH METOIMKAMHU.

Pe3yabTarn

HocmimkenHs Ha kadeapi TEXHOJOTIi MeTawiB
3HTY (M. 3anopixoks) cIpusuid po3poOLi HHU3KH
padinyBabHO-MOAU(DIKYBATEHIX KOMIUIEKCIB BTO-
pUHHHUX CHIyMiHiB [6—10], 10 CKIamy SKHX B pi3-
HUX KOMOIHAI[ISIX Ta KOHIIEHTpAI[isIX YBIMIUIA Taki
kommonentd, sk SiC, Ti, C, S, Na,CO;, SrCO;,
KBF4, KZTiFﬁ, MnClz, KCl, NaCl, A1F3 CKJ'IaI[ Cy-
Mimel miadupaBcs 3 METO 30UIBLICHHS JUCTIepC-
HOCTI Ta KOMIIAKTHOCTI CTPYKTYPHHX CKJIaJ0BUX,
3MiHHU CKJIaay Ta MOPQOJIOTii iHTepMETaIi IiB Ha OC-
HOBI 3aJli3a, a TaKOXX 3MEHIICHHS BMICTY BO/IHIO.
[MpoBiaHa posis B HEHTpai3awii MKIUIMBOTO BILTHUBY
3aiiza Ipy [bOMY HaJIEXHTh MpHUCaiKaM Cipkd. Tak,
3a gaHuMH [5, 13], mpHUCyTHIN B CTPYKTYpi HEMOIU-
¢ikoBaHUX cHIyMiHIB iHTepMeTaiig AlsSiFe mae mo-
HOKJIHHY IpaTKy 3 mapamerpamul @ = b = 0,612 aM
Ta ¢ = 4,15 HM 1 KOBaJEHTHHH THUI MIDKaTOMHHX
3B’SI3KiB, IO 3yMOBIIIOE TOHKOILIACTUHYACTY (GOPMY
BUALTeHb (puc. 1, a). JleryBanus ¢asu cipkoro mpu-
3BOAUTHL JO0 MeTami3allii MIDKAaTOMHHX 3B S3KiB,
BTpaTH 1X HAMpPaBJICHOCTI Ta 3MiHA (OPMHU 3alli30-
BMICHHX iHTepMeTatiiB (puc. 1, 6).

L

A N
6-b , Faf__}'-

Puc. 1. 3mina mopdororii 3anizoBMiCHIX
IHTepMeTaJiIiB B CTPYKTYpi cruiasy AKIM2
1111 BIUIMBOM Mo udikyBanHs (x 500):

a — ¢aza Al5SiFe; 6 — paza All5(FeMn)3Si2

Fig. 1. Change of iron-containing intermetallides'
morphology in the structure of alloy AK9M2
under the influence of modification (x 500):

a — phase Al5SiFe; b — phase Al15(FeMn)3Si2
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3o0kpema, 30UTBIIEHHST TBEPAOCTI, MIITHOCTI Ta
IUTACTUYHOCT] CIUIABIB, BUTOTOBJICHUX 3 JIOMY Ta
BiJIXO/IB BUPOOHUIITBA, MOB’sI3aHi 31 3MIHOO MOp-
(OJOTIYHHUX MMapaMeTpiB CTPYKTYPH IIiJ BILTUBOM
MmoaudikyBanas [1, 7]. 3amicte ¢aszu AlsSiFe
HECIIPUATINBOI MOP(OJIOTIi B CTPYKTYpi BTOPHH-
HUX CHITyMIiHIB MU CIIOCTEpirajgy yTBOPEHHS CIIO-
nyku Alys(FeMn);Si,, 1o mpuiimMana CKeJIeTormo -
OHy a00 MHOTOTpaHHy (HOPMY 3aJIeIKHO BiJ KOHIIE-
HTpamii 3aiiza Ta PEeKUMY TEpPMIYHOI OOpOOKH.
3HaueHHsT mapaMeTpy (QopMH 3aTi30BMICHHUX iH-
TEPMETATIIIB 3MECHIIYBAJIOCh MPH IIbLOMY B CEpEJi-
HbOMY B 2,5...3,5 pa3y, 110 IO3HaYaJIOCh Ha Ocla-
OyileHH1 nii KOHIEHTPATOPIB HANPYKEHb, SKAMH €
BEpIIIMHN TOYacTHX BKparwieHb. [licmss oOpoOkm
Moaudikaropom cruiaBiB AKSM2 ta AK6M2 Bin-
Oynock miaBumeHHs TBepaocti HB Ha 23...31 %,
TPaHMII MIIHOCTI ITiJT 9aCc BUIPOOYBAHHS Ha PO3-
Tar Ha 11...12 % Ta BiZHOCHOrO BUOBKEHHSA Ha
26...67 %.

JocmimkeHHs Ha BToprHHOMY crrymini AK9M?2
BHSIBIUIH, IO 31 301IBIICHHSIM CTPYXKKH B IIUXTI
31 % mo 19 %, a TakoK KIIBKOCTI 3a1i3a B CIUIABI
3 0,66 mac. % mo 2,34 mac. % BinOyBanoch 3HH-
eHHs pimmaHOIUTMHHOCTI Ha 30...35 %, miniitHol
ycaiku Ta TpimuHOCTiHKocTI Ha 18...25 %, cmo-
cTepirascs pict nopucrocti 3 0,5 1o 2...2,5 Oany.
[Ipucankn momndikaropa y kimekocti 0,15 % Bin
MacH CIUIaBy HPU3BOIMIN 10 IMiIBUIICHHS PiIUH-
HOIUTMHHOCTI B cepeanboMy Ha 10...15 %, miHiii-
Hoi ycanku Ha 30...35 % T1a 3MeHIeHHs Oany ra-
30B0Oi mopucTocTi 3 2,5 g0 0,5. Jlo Toro k, mix gac
3acTOCYBaHHs padiHyBaJIbHO-MOIU(DIKYBAIBHOI 00-
poOKM MeTan 3BapHUX 3 €IHAHb YCMAJIKOBYBAaB
BJIACTHBOCTI OCHOBHOTO JIUTOTO METaly Ta 3a TBe-
PAICTIO, MIIHICTIO 1 TUTACTHUYHICTIO HABITh MEPEBE-
puryBas toro [4]. OgHOpinHICTH Ta T epeHIialis
CTPYKTYpH 3BapHOTO IiBa 30epiranacs micis Tep-
MIYHOT 00pOOKH, MPUIOMY MAKpPO- Ta MIKPOCTPYK-
Typa 3BapHOTO IBa OyJM AWCHEPCHILIMMHU 3a OC-
HOBHMIA MeTal (puc. 2).

Ha mactymHOMYy erari JDOCHiKyBalld B3aEMO-
3B 130K BMICTY 3aji3a y CKJaJli BTOpDUHHUX CHIIY-
MiHIB 3 YacOBMMH TapaMmeTpaMH TapTyBaHHS Ta
crapiHsa. B pe3ynprari eKCepuMeHTy 3’sSCOBaHO,
10 IHTEpPMETAIiIU Ha OCHOBI 3aji3a MicIsl Tomnepe-
IHbOT padiHyBaTbHO-MOAN(IKYBaIbHOT 0OPOOKH
3/1aTHI 3MIHIOBaTH CBOi (opMy, po3Mip Ta po3Io-
I T gac TepMidHoro BIUMBY. OXIHI peXUMH
TEpPMiYHOI OOpOOKH BUSIBHIIMCS CHPUSTIUBIIINMH
3a 1HII 3aJIeKHO BiJ KOHIIEHTpAIii 3aii3a, Ipo 1o

CBITYIIIA CTPYKTYPHI 3MiHH Ta Pe3yJbTaTH BHUIIPO-
OyBaHHS MEXaHIYHUX BJIACTHUBOCTEH [2, 11].

BcranoBneHo, 1mo mpu BMICTI 3ami3a Ha piBHI
0,5 mac. % mOIIBHO BUKOPHCTOBYBATH 4Yac BH-
TPUMKH TIPH rapTyBaHHI 0 7 TOA.

[pu xounentpauii Fe = 1,2 mac. % BuHMKAE NO-
Tpeba B 30UIBIICHH] Yacy BUTPUMKH TIPU TapTyBaH-
Hi 10 8 Tox. Illo crocyeThes cTapiHHS, TO IS CH-
TyMiHiB i3 BMicToM Omu3bko 0,5 mac. % Fe Bukopu-
CTaHHS HWKHBOI MEXi CTaHAAPTHOTO Yacy BUTPHM-
ku (5...10 rox BigmoBigao mo JACTY 2839-94) me
Jla€ ONTHMABHOTO pe3ynbTary. [Ipu Takiii KoHie-
HTpamii 3aii3a HeoOXiIHO BHUKOPUCTOBYBAaTH Yac
BUTPHUMKH TIPH CTapiHHI Ha piBHI 7 Toa. Ha xoxHi
0,1 mac. % Fe npu ioro BMICTI Y BTOPUHHUX CH-
nyMmiHax Oineine 3a 0,5 mac. % motpibHO mojgaTko-
Bo nependauutu 0,5 ron Burpumku. HeoOXinHiCTh
30UTBITICHHS Yacy BHTPUMKH IPH 301TBIIIEHHI KOH-
LIEHTpAIIT 3aJ1i3a B CIIaBaX MU IOB’A3YEMO 31 3pO-
CTaHHSIM KUIBKOCTI iHTepMeTamigHux ¢as, sKi ra-
TBMYIOTh JUQY3iiiHI MPOIeCH MpH rapTyBaHHI Ta
cTapiHHi.

Puc. 2. Makpo- ta mikpoctpykrypa (x 100) 3BapHOTrO
IBa Ta OCHOBHOTO MeTaiy ciuiaBy AK9IM2 micist
aproHO-yrOBOTO IIIaBICHHS

Fig. 2. Macro- and microstructure (x 100) of the weld-
ing joint and basic metal of the alloy AKOM2 after
argon-arc melting
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Ilix gac 30iTBIICHAS Yacy BUTPUMKH TIPU Tap-
TYBaHHI T, MONEPEIHBO paiHOBAHOTO Ta MOAUQI-
KOBaHOTO BTOpMHHOTO cuinyMiny AK8M3 i3 Bmic-
toM Fe = 1,2 mac % 3 6 no 8 rox Ta yacy BUTpUM-
KW TIPH CTapiHHi Te; 3 7 10 11 Tox BigOyIuch cripu-
ATJINBI 3MIHH B CTPYKTYpi: 3MEHIIMINCH PO3MIpH
Ta 30UmbmmIach audepeHmianis CTPYKTYPHHX
CKJIAJIOBUX, IO TOKazaHO Ha puc. 3. Ilpu upomy
CIIOCTEpIraiy MiZBUINECHHS 3HAYCHb T'PAHMIN Mill-
HOCTI Ta TUIMHHOCTI B cepeaHboMy Ha 7...8 %,
TpaHUI BUTpHUBAIOCTI — Ha 12 %, MaJoOnUKIOBO1
ButpuBanocti (¢ = 0,3 %) — Ha 30 %, TBepHOCTI

Puc. 3. BriB 4acoBuX napaMeTpiB TepMidHOi 00pOOKH

Ha CTPYKTYpY BTOpuHHOTO cuiryMiny AK8M3 (x 200):
a—Tt.=6rox, 1, =7rom, 6 —t.= 8 rox, 1., = 11 rox

Fig. 3. Influence of heat treatment time parameters on

the structure of secondary silumin AK8M3 (x 200):
a—t,=6hrs, 1,,=7hrs; b—1,=8 hrs, 1,, = 11 hrs

B pesynbrati nasepHoi 0OpoOku BimOyBamocs
CyTT€BE TOAPIOHEHHS CTPYKTYpH, 301bIICHHS Jie-
(heKTiB KpUCTATIYHOT OYIOBH Ta yTBOPEHHS METa-
crabinpHuX (a3. [loBepxHeBa ja3epHa 00poOKa
BTOoprHHOTO ciuiaBy AK8M3 mpuBena no migBu-
IIEHHS] TOBEPXHEBOI MIKPOTBEPAOCTI B CEpPEeIHBO-
My B 1,7 pa3y Ta minHOCTi B 3 pa3u TOpPIiBHSHO
3 QJIIOMIHIEBUM TBEpPAUM pO3YMHOM (Tadm. 1).
[IpoTe HasBHICTH 3aJi30BMICHHX IHTEpMETANiIiB
Tty AlsSiFe BHacmigok iX BETWKHX PO3MIpIB Ta
HecnpuaATIBOI Mopdoorii 30imblIyBana Terio-
BUH OITip MiXK 30HOIO OILJIABJICHHS 1 MAaTPUIICIO Ta,

BIJITOBIAHO, BUKJIMKAJIa 3MEHIIIECHHS IJIUOMHH 3Mi-
HEeHOro Imapy. TakuM YuHOM, eeKTHUBHIN Ja3ep-
Hill 00poO1Li cripusano nonepeaHe MoAU(iKyBaHHS
CIUTaBiB.

Tabnums 1

MikpoTBepaicTh Ta rpaHuLi MilTHOCTI CIJIABY
AKS8M3 mnicisi 0AHOKPATHOI Jia3epHOI 00pOOKHU

Table 1

Microhardness and strength limits of AK8M3
alloy after single laser treatment

Bwicr 3MminHeHni map Mar
Fe, IToxasHuk (100 mMxM Bix (E)Suﬂ
Mmac. % TIOBEPXHi)
Hup, MIla 1 605 975
0,40
G, MIla 515 172
Hup, MIla 1625 994
0,92
G5, MIla 523 180
Hup, MIla 1620 1 000
1,45
G5, MIla 524 174

3i 3pocTaHHsAM KOHIIEHTpaItii 3ami3a Bix 0,4 mac. %
1o 1,45 mac. % crnocrepirany 30UTBIICHHST TPAHULI
BuTpHBaioctTi curyminy AK8M3 B cepemHpomy Ha
19 %, 3MeHIIeHHs] BTpaTH Mach 3pa3kiB B yMOBax
3HOIIYBaHHS 00 HEKOPCTKO 3aKpiIieHHd abpa3uB Ha
25 %, Tpu cyXxoMy TepTi «MeTal 10 MeTaly» — Ha
41 % Tta npu KaBitaniiiHoMy 3HOLTYBaHHI — Ha 60 %o.

3a maHMMH KOPO3iHHMX BHIIPOOyBaHb Yy BOJ-
Homy po3umHi 3 % NaCl + 0,1 % H,O (t = 28 °C,
T = 720 rom) 30UIBIIICHHS KOHIEHTpAIll 3ami3a 3
0,4 mac. % no 1,45 mac. % npusBeno 10 3pOCTaHHA
KiNbKOCTI miTHHTIB 3 35 mr/em® mo 103 mr/cm?.
CTpYKTYpHI CKJIaJIOBi CILIaBY i3 BMICTOM 3aji3a Ha
HIDKHBOMY PiBHI OyJH TUCHEPCHUMH Ta HEBEIH-
KAMH 32 pO3MipaMH, TOMY 1 IJIOII@ PO3TPAaBIIIO-
BaHHS HABKOJIO HUX, 1 IIMOWHA MITHHTOBOI KOPO3il
Oy He3HayHMMU. [l dyac 301IbIICHHS KOHIICHT-
pawii 3ami3a, a, OT)Ke, 1 KiJIBKOCTI Ta po3MipiB iH-
TepMETaNIIiB Ha WOTO OCHOBIi, 3pOCTAIA TPOTSIK-
HICTb MEX «MaTpHLA-BKpaIUICHHs», IUIOIA pyH-
HYBaHHS MATPHII Ta MBUIKICTh MPOHUKHEHHS ITi-
TUHTY BrIIMO Marepiaiy. JlazepHa oOpoOka 103B0-
TWia TiABUILUTHA OMip BTOPUHHOTO CHIIYMIiHY
AK8M3 mituaroyTBOpeHHI0 B 5...8 paziB. Kopo-
3iiHa CTilKicTh cruiaBy B 10 %-my poszumni HCI
micist 0OpoOKHK Jla3epoM 3pocia B CepelHbOMY Ha
JIBa MOPSIKK, a 0a KOPO31MHOT CTIMKOCTI 3MEHIITH-
Bcs 3 10 no 5...7 BigmosigHo no ['OCT 13819-68.

Doi 10.15802/stp2014/30427

104

© 1. I1. Bomuok, O. JI. Ckyiibina, O. B. Jlrorosa, H. B. lllupoko6okosa, 2014



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

Hayxka ta nporpec Tpancnopty. BicHux J{HimponeTpoBcEKOro

HAL[{OHAJIBHOTO YHIBEPCHTETY 3aJIi3HUYHOr0 TpaHcmnopty, 2014, Ne 5 (53)

MATEPIAJIO3HABCTBO

HaykoBa HOBHU3HA Ta NPAKTHYHA
3HAYUMICTh

BcranoBneHo, mo MoaudikyBaHHS BTOPUHHHX
cunyMiHiB [6—10] mo3Bomsie TpancopmyBatu da-
3y AlsSiFe, sika KpHUCTaMi3yeThCs Y BUTIISAI JOBTHX
BUTSATHEHUX TiacTuH, y ¢azy Aljs(FeMn);Si, i3
OLITBII CIIPHUATINBOO (CKeNeTonoAiOHO ab0 MHO-
roTrpaHHoO0) (GopMOI0. 3aCTOCYBaHHS PO3POOIICHUX
1 3amaTeHTOBaHWX padiHyBaIbHO-MOIU(IKYBab-
HUX KOMIUIEKCIB JO3BOJNMIO 3MEHIIUTH 0an razo-
BOI TOPHUCTOCTI, CYTTE€BO 3OiIBIINTH PiIUHHOI-
JMHHICTb, JIIHIAHY yCaaKy, TBEPIICTh, MIIHICTh Ta
TUTACTUYHICTh CHJIYMiHIB, BUTOTOBJICHHX 13 BTO-
PUHHOI CHPOBHHH.

BussieHo 3aekHICTh MiXK KOHIICHTPAITIEIO 3a-
miza B Al-Si cruiaBax 3 4acoM BUTPHMKH NPH TEp-
MIYHIi 00poO1Ii, KUl 3a0e3Meuye ONTUMYyM MeXa-
HIYHUX BJACTHUBOCTEH. BcTaHOBIIEHO, 110 [JI CH-
TyMiHIB i3 BMicTOoM Oinbie 3a 0,5 mac. % Fe He-
00xigHO 30imbLIyBaTH MependaueHuil CTaHAapTOM
JACTY 2839-94 yac BUTpUMKH TP TapTyBaHHI Ta
CTapiHHI, IO TIOB’S3aHO 3 MIIBUIIECHOT KUTBKICTIO
IHTEepMeTaNiiB Ha OCHOBI 3aJli3a B CTPYKTYpi CIuIa-
BiB, sIKi TATBMYIOT Iepe0ir udy3iHHNX IPOIIECiB.

JloBeneHo, mo HecnpuATIHBa (hopMa Ta po3Mi-
pu BuniieHs ¢aszu AlsSiFe 30inpmrye TerioBuit
OMip MK MaTpHUIEI0 Ta 30HOK0 OIUIABJICHHS, ILO
MO3HAYAETHCA HAa 3MEHIIEHHI TTMOWHN 3MIITHEHOTO
mapy mij yac ja3zepHoi oopoOku. Lle BusiBmio He-
00Xi/THICTh 000B’SI3KOBOTO 3aCTOCYBaHHS IOIEpe-
MHBOI omepamii MoAuQiKyBaHHS s CHIYMIHIB
3 MiJBUIIEHUM BMICTOM 3ai3a.

HoBeneno, mo mnazepHa 0O0poOKa BUKIUKAE
MiBUINEHHS 3HOCOCTIMKOCTI BTOPHHHHUX CHIYMi-
HIB B yMOBax aOpa3WBHOTO 3HOITYBaHHS Ta IPH
CyXOMy TEpTi «MeTal IO METaly» BHACHIIOK
YTBOPEHHS Y TIOBEPXHEBOMY IIapi BHCOKOAMCIIEP-
cHOi cTpykTypu. [Ipu 11bOMy KOHIIEHTpaIlis 3aji3a
B inTepBam 0,40...1,45 mac. % Ha i OKa3HUKHU
NPaKTUYHO HE BIUIMBAE, IO PO3IIUPIOE TEPCIEK-
TUBU BUKOPHUCTAHHS BTOPHHHUX CHIIYMIHIB 3 Tij-
BUIIICHUM BMICTOM 3aJIi3a.

BceranoBiieHo, 110 30UNBIICHHS BMICTY 3aii3a
MPHU3BOIUTH JI0 3POCTaHHSI MBUIKOCTI KOPO3ii BTO-
pUHHHX cHIyMiHIB y po3unHax 3 % NaCl + 0,1 %
H,0, ta 10 % HCI. Ilicna iMmynbcHOT Na3zepHOi
00poOKH MIBUIKICTH KOPO3ii 3pa3kiB y cepeoBUIIi
3 % NaCl + 0,1 % H,0, 6yna B 5...7 pasis, a y ce-
pemosuti 10 % HCl Ha 2...3 mopsaaxu HIKYOIO 3a
HIBUJIKICTH KOPO3ii BUXIIHUX CIUIaBIB.

3anponaHoBaHI TEXHIUHI PIMICHHS CIPUSIOTH
MiIBUIICHHIO SIKOCTI BTOPUHHHUX CHIIYMIHIB /IO pi-
BHSI, SIKMI1 103BOJIsiE BAKOPUCTOBYBATH X SIK CHPO-
BUHY /ISl BUTOTOBJICHHS CIUIAaBIB Ha OCHOBI alIfo-
MiHif0.

BucHoBku

1. BuxkonaHi IOCHiIKEHHST BUSBHIIM, IO SIKICHI
Al-Si crmaBu MOKHA OTPHUMATH 13 BTOPUHHOI CHPO-
BUHH TIPH TIOMITHOMY BMicTi 3aii3a (o 1,45 mac. %)
3a paxyHOK 3acToCyBaHHsS padiHyBaJbHO-MOAH(i-
KyBaJIbHOI 00OpOOKH.

2. OCKITBKY 3aJ1i30BMICHI iHTEpMETAIIH Tallb-
MYIOTh Iudy3iiHiI mpolecH i yac TepMiuHoi 00-
poOKH, TO TpH 30UIBIICHH] X KUTBKOCTI B CTPYK-
Typi CIUIaBiB MOTPiOHO 301IBIIYBATH YaC BUTPUM-
KU TIpU TapTyBaHHI Ta 0COOJIMBO TIPH CTapiHHI.

3. JlominpHO 30UTBIIYBaTH 4Yac BUTPUMKH IIPHU
CTapiHHI 3aMiCTh BUKOPHUCTAHHS JOJATKOBOTO Bif-
naJty Ticis Jia3epHoi 00poOKH.

4. B ninoMy eQeKTHUBHICTH SIK TepMidHOT 00po-
OKM, TaK i MOBEPXHEBOI'O JIA3€PHOTO 3MiIlHEHHS
3aJICKUTh 0araro B 4OMY Bij MOTIEPETHLOTO MO-
IUQiKyBaHHs, SKE IO3BOJSE BIUIMHYTH Ha BUII-
JICHHS. HaWOUTBII MIKiAIUBOTO IHTEpMETANiAy Ha
ocHoOBI 3aii3a — AlsSiFe, 1, BIAIoBiAHO, HA MOKJIN-
BICTh 3aJli30BMiCHUX (a3 TpaHc(HOpMyBaTHCh Iij
BIUIMBOM IHIIUX BUJIB 00POOKH.
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IMOBBIINIEHUE KAYECTBA BTOPUYHBIX CHJIYMHHOB HyTjiM
NCHOJIb30BAHUS PAOUHUPYIOIME-MOJJUOUIINPYIOIIEM,
TEPMHUYECKOM U JJASEPHOU OBPABOTOK

Hesb. BropuuHsiM CHITyMHHAM CBOMCTBEHHO, KaK IPABHII0, 6oJiee HU3KOE, TT0 CPABHEHHIO C MX MEPBUYHBIMH aHAJIO-
ramu, KadecTBo. IIpW WM3rOTOBJIICHHH CIUIABOB HE YUYMTHIBACTCS HAIMYKE OOJBINOTO KOJHMYECTBA HHTCPMETALIHIOB,
B IIEPBYIO OYepe/ib, Ha OCHOBE JKejie3a, B MX CTPYKType. JJist JOCTHKEHHUsI ONTUMAILHOTO YPOBHSI CBOWCTB HEOOXOMMO
MCKaTh MyTH aIaNnTalliyd pa@UHUPYIONIC-MOTUPHUIMPYIONICH, TEPMUYECKOW U J1a3epHOl 00pabOTOK K OCOOCHHOCTSAM
cTpyKTyphl BropuuHbix Al-Si cruasos. Meroauka. VcciienoBanust POBOIMIN C MCIIOJIb30BAHHEM CTAHIAPTHBIX METO-
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JK MeTauorpauIeckoro aHain3a, ONpe/eieHUs! JNTEHHBIX, MEXaHUUECKHX W DKCIUTYaTalliOHHBIX CBOWCTB CILIABOB
MO pOoTOTa0ebHBIM IUIaHAM MHOTO(AKTOPHBIX JKCIIEPUMEHTOB. Pe3ysibTaThl. YCTaHOBICHO, YTO paUHUPYOIE-
MoauHuIupyromas oopaboTka SBISETCS 00sS3aTeNHHON Olepalliell TP MPOU3BOJCTBE BTOPUYHBIX CHIIYMHHOB, IIO-
CKOJIBKY 103BOJISIET 3()(EKTUBHO BJIMSTH HA BBIIEICHUS JKee30coepKalunx (a3, u3MeHsst ux Mop(osoruio, pasmep
W pacrpeiesieHHe, a TaKkKe MOBbIaTh d3P(EKTUBHOCTD JanbHele 00paboTku B TBEPAOM coctosiHin. OOHapykeHo,
YTO CTAaHAAPTHBIC PEKMUMbI TepMH'—IeCKOﬁ 06pa60T1<14 HE SABJIAIOTCA ONTUMAJIBHBIMU IJI1 BTOPUYHBIX CUJTYMHUHOB. J]a3ep—
Hasi 00paboTKa MOKa3aia BBHICOKYIO 3(D(EKTHBHOCTD B MOBBIIIEHUH IIPOYHOCTH, U3HOCOCTOMKOCTH, KOPPO3HMOHHON U Ka-
BUTAlMOHHOHW CTOMKOCTH BTOPHYHBIX Al-Si CIUIaBOB, a MOBBIIIEHHOE COJEPKAHUE XKeJle3a CIIOCOOCTBOBAIO JIOTIOIHH-
TEJIbHOMY TBEPIOpAcTBOPHOMY yrpouHeHHio. Hay4yHasi HOBHM3HA. YCTaHOBJIEHO, YTO Iocie padpuHUPYIOEe-MOaH-
(ummpyromeit o0padotku aza AlsSiFe, kpucramm3yromasics: B BUe [UIMHHBIX BBITAHYTHIX IDIACTHH, TPaHCHOPMUPYET-
cs B pazy Aljs(FeMn);Si, B ckeneTooOpasHoit mim MHOTOrpaHHO# (opme. [lomydeHa 3aBUCHMOCTE MEXKIY COACpKaHNEM
JKeye3a BO BTOPHYHBIX CHIIYMHHAX W BPEMEHEM BBLICPKKU MPH TEPMHUECKON 00paboTKe, KOTOPOE 00ECIIeUNBALT OITH-
MyM MEXaHHYECKHX CBOMCTB. JlOKazaHO, YTO HaIM4ME Kene30cofepkamux uHTrepMmeTammaoB AlsSiFe mpuBomut
K YMEHBIICHHUIO TITyOHHBI YIPOUYHEHHOT'O CJIOsI TIPH JIa3epHO 00paboTKe. Y CTaHOBIICHO, YTO C TIOBBIIICHAEM KOHIIEHTpa-
LIMH JKeJie3a CKOPOCTh KOPPO3MU BTOPUYHBIX CHITyMUHOB B cpefiax 3 % NaCl + 0,1 % H,0, Ta 10 % HCI nossimaercst.
IIpakTnyeckast 3HaAYNMOCTB. [IpeIOKeHHbIE TEXHUUECKHUE PEIICHHUs CIIOCOOCTBYIOT TOBBIICHUIO KAauyeCcTBA BTOPHY-
HBIX CHJIYMUHOB /IO YPOBHsI, KOTOPBIH MO3BOJISIET MCIIOJNB30BAaTh MX KAK ChIPhE JUIsl M3TOTOBJIEHHUS! CILIABOB HA OCHOBE
ATIOMUHUSL.

Kniouesvie crnosa: cumyMuHbl; MOTUGHUIIMPOBAHUE; TePMHUUYCCKast 00pab0OTKa; UMITYJIbCHAS Jia3epHas 00paboTKa;
ﬂHTeﬁHbIe, MEXaHUYECKUC U IKCIUTyaTalluUOHHBIC CBOICTBa
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QUALITY IMPROVEMENT OF SECONDARY SILUMINS BY USING
REFINING-MODIFYING, HEAT AND LASER TREATMENTS

Purpose. As a rule secondary silumins are characterized by lower quality than their primary analogues. During
manufacture of alloys a large quantity of intermetallides, first of all on the basis of iron, in their structure is ignored.
To achieve the optimum level of properties it is necessary to search for ways to adapt refining-modifying, heat and
laser treatments to peculiarities of the structure of secondary Al-Si alloys. Methodology. The research was carried
out by using standard methods of metallographic analysis, determination of foundry, mechanical and service proper-
ties of alloys according to rotatable plans of multifactor experiments. Findings. It was established, that refining-
modifying treatment is a required procedure during manufacture of secondary silumins as it permits to effectively
influence the iron-containing phases' segregations by changing their morphology, size and distribution and to in-
crease the effectiveness of further treatment in solid state. It was found that standard modes of heat treatment are not
optimal for secondary silumins. Laser treatment has shown high effectiveness in increasing of strength, wear resis-
tance, corrosion and cavitation resistance of secondary Al-Si alloys, and the increased iron content contributed to
additional solid solution hardening. Originality. It was established, that after refining-modifying treatment the phase
Al;sSiFe, which crystallizes in the shape of long stretched plates transformed into phase Al;s(FeMn);Si, in skeletal or
polyhedral shape. The relationship between iron content in secondary silumins and holding time during heat treat-
ment that ensures optimum of mechanical properties was obtained. It was proved that the presence of iron-
containing intermetallides AlsSiFe results in the decrease of hardened layer's depth during laser treatment. It was
established, that with increasing of iron concentration the corrosion rate of secondary silumins in 3 % NaCl + 0.1 %
H,0, and 10 % HCI environments increases. Practical value. The offered technical solutions are instrumental in
upgrading second silumins to the level which allows to utilize them as raw material for making of alloys on the basis
of aluminium.
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OCHOBHU PE3OHAHCHO-CTPYKTYPHOI TEOPII BIFPOYJIAPHOI'O
PO3BAHTAKEHHSA TPAHCIIOPTHHUX 3ACOBIB

Merta. Pob6oTa cripsmMoBaHa Ha 3aCTOCYBAaHHSI OCHOBHUX ITOJIOKEHb PE30HAHCHO-CTPYKTYPHOI TEOpii A Teope-
TUYHOTO JOCTI[UKEHHS OCHOBHHX (Di3MKO-MEXaHIYHMX INPOIECiB, IO BiAOYBAIOTECS B PO3BAHTAKYBAILHOMY
Mmarepiani mij 4ac BiOPOyJapHOTO PO3BAaHTAXKEHHS, 3 METOI OOIPYHTYBaHHS €(EKTHBHOCTI iX 3aCTOCYBaHHSI.
Metoauka. Po3BaHTaxyBanbHUII MaTepian Mig 4ac BiOpOyZapHOTO PO3BAHTAXECHHS B SIKOCTI JOCIiIKYBaHOTO
00’€eKTa MPeACTaBISABCS Y BUTIISIII (PEHOMEHOJIOTIHHOT MOJIeNl IIPOCTOPOBOI0 TUCIIEPCHOTO cepeoBuia. Po3risny-
TO DIBHSHHS JHHAMIKA HEBCTAHOBJICHOTO BHUMYIICHOTO KOJHMBAHHS YACTHHOK «3B’SI3aHOT» CTPYKTYPH MiX €0
BiOpamiiHUX Ta yJapHUX HaBaHTAXXEHb, 13 ypaxyBaHHSIM BiOPOPEOJIOTiYHOro e(eKTy, i3 BCTAHOBJICHHIM 30H pe30-
HaHcy. Pesyabratm. Ilpu po3risiii pe30HAHCHHX 30H HEBCTAHOBJICHOIO BHUMYIICHOTO KOJHBAHHS YacTHHOK
«3B’s13aHOD» CTPYKTYpH BCTAHOBJIEHO, IO MpH il BiOpamiiHUX HaBaHTa)XEHb MOXJIMBO €(EKTHBHO BIUIMBATH Ha
CHCTEMY MOHOTaQpPMOHIMHUM IMITYJIbCOM 30BHILIHIX cWII. JJaHWH iIMITyJIbC Ma€ BUTJISII CHHYCOiJalIbHOT XBUJI 3 KyTO-
BOIO 4YacTOTOIO, SIKa PiBHA OCHOBHIM YacTOTI BJIACHUX KOJIMBaHb PO3BaHTAXyBaJbHOTO Marepiany. [Ipu yzapHomy
HaBaHTaXXCHHI HEOOXiTHO BIUIMBATH Ha Hel CYKYIHICTIO IMIOYJBCIB 30BHIIIHIX CHJI Y BHTISAI OZMHUYIHOTO
MHUTTEBOTO IMITyJIbCy. 3a JaHMX YMOB HaBaHT@KECHHS B JaHMX CHUCTEMax Mae€ Micle SBHUILNE PE30HAHCY, IO
3a0e3medye B pO3BAaHTAXYBAIBHIN CHCTEMI «3B’s3aHOD» CTPYKTYpPH MaTepiany aOCOMIOTHY IedopMaliro 3a paxyHOK
JIUCKPETHOTO 3POCTAHHS B IHTEPBaJI IUIACTUYHUX Aedopmaliiii. AGCooTHI Aedopmallil, 1110 BUHUKAIOTh PH HOMY
B PO3BAaHTA)XyBAJILHOMY Matepiaji, MepeBHIYIOTh JOMyCTUMI MPYXKHI AedopMarii 1 YaCTHHOK AAHOI CHCTEMH;
JI0 TOTO X BiIOYBa€eThcA PyHHYBaHHS 30H KOHTAKTiB JaHUX 4acTHHOK. HaykoBa HOBM3HA. ABTOpaMH JOCIiIKEH]
HEBCTaHOBJICHI BUMYIIEHI KOJMBaHHS YaCTHHOK «3B’S3aHOT» CTPYKTYPH Ha OCHOBI ()€HOMEHOJIOTIHHOI MOJIENi IIpo-
CTOPOBOTO JMCIIEPCHOI'O CEPEAOBHINA PO3BAHTAKYBAILHOrO Marepiamny. [Ipy 1pOMy, Uil KOXXHOTO THITY
BiOpOYTapHOTO HABaHTAKEHHS, L0 IPEJCTABISIIOCS BiIIOBIIHIUM BUIOM 30YKYIOUOI CHIIM, PO3PAXOBAaHO YMOBH
JUIl TIPOXOJDKEHHS pe3oHaHCHMX mponeciB. IIpakTmyHa 3HauMMicTh. OCHOBHI IOJIOXKEHHS pPE30HAHCHO-
CTPYKTYPHOI Teopii P TEOPETHYHOMY JOCITIPKEHHI POLECiB BiOPOYAapHOTo pO3BAaHTAXKEHHS JI03BOJISIIOTE 00IPY-
HTyBaTH ¢()eKTUBHICTb BUKOPUCTAHHS BiOpOymapHOTO OONamHAHHS IUIA MiABHIICHHS IHTEHCHBHOCTI PO3BaHTa)KEH-
HS TPaHCHOPTHUX 3aco0iB. BUKopucTaHHS pPe30HAHCHO-CTPYKTYPHOI TeOpii TO3BOJSE CIIPOTHO3YBATH HEOOXimHI
mapaMeTpu BiOpOyIapHOTO HABAaHTAXXCHHS HAa PO3BAHTAXKYBAIBHUIM MaTepian, y 3aJeKHOCTI Bix #Horo ¢isuko-
MexaHi4yHuX BractuBocTei. Lle 3a0e3neuye oMy HalieekTHBHIIIE PO3BAHTAXKEHHS 32 PaXyHOK pPyWHYBaHHS CHIIO-
BHX 3B’S3KiB YaCTHHOK PO3BaHTAXXyBaJIbHOTO MaTepiaiy.

Kniouosi crosa: peornorist; KOMUBaHHS; PE30HAHC; PO3BAHTAXKEHHS; Ae(OpMAllist; Hapy>KeHHS
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Beryn

VY cy4acHHX yMOBax HayKOBO-TEXHIYHOI'O PO3-
BUTKY IIMPOKO BUKOPUCTOBYIOThCS BiOpalliiiHi Ta
BiOpoyAapHi TeXHOJIOTIT uIsl iHTeHCcHiKalii BUpo-
OHUYHX TMPOIIECIB y PI3HUX TATY3SX IMPOMHICIOBOC-
Ti [1-3, &, 10].

VY xoxi gocmikeHns [5, 6] Oyio BUSBICHO, 110
JUTSL TIIBUIICHHS €(EKTHUBHOCTI MPOIECIB PO3BaH-
Ta)XEHHS JIOIIJIFHO 3aCTOCOBYBATH MPUMYCOBI Bi0-
pamii Ta ynmapu, SKi BIUIMBalOTh Ha (Di3HKO-
MeXaHiuHi mapaMeTpu 0OpoOIIIOBaHOTO MaTepiany.

Ili TexHOMOrii peami3yloThcs 3a JIOIOMOTOHO
MAaITuH Ta IPUCTPOIB 3 PI3HUMH THUIIAMU TIPHBO/IIB
— MEXaHIYHAM, eNIEKTPUYHUM, TiIpaBIIidYHIM, TTHE-
BMAaTUYHUM, KOMOIHOBaHUM.

[Mig gac nii BiOpoyAapHOTrO HaBaHTAKEHHS Ha
MUCTIEPCIMHUN MaTepiall, B OCTaHHBOMY BIIOYy-
JIeThCSl HU3Ka NEepeTBOpeHs [2, 11], xapakrep sikux
3aJIeKHUTh BiJl IHTEHCUBHOCTI 1 BUAY BiOpoyAapHO-
TO HABAaHTa)KCHHS.

Meta

Jliis oOTpyHTYBaHHS yCiX OCOOJIIMBOCTEH MPOTi-
KaHHS Tpolecy BiOpPOyJapHOrO pO3BaHTAKEHHS
HEOOXITHO, 3aCTOCOBYIOYHM OCHOBHI TIOJIOKCHHS
PE30HAHCHO-CTPYKTYPHOI TEOpil, TEOPETUIHO 0~
CIITUTH OCHOBHI (Pi3UKO-MEXaHiIUHI TPOIIECH, IO
BiZIOyBalOTHCS B PO3BaHTaXKyBAILHOMY Marepiani
i 9ac BiOpOyIapHOTO PO3BAaHTAKEHHS, 3 METOIO
0oOTpyHTYBaHHSI €(PEKTHBHOCTI IX 3aCTOCYBaHHS Ha
TPaHCIIOPTHHUX 3ac00aXx.

MeTtoanka

Posrnsnatoun pe3oHaHCHO-CTPYKTYPHY TEOpito,
mporec BibpoynapHoro (iMIyJbCHOTO) pyHHYBaH-
HSl KyCKOBHX 1 3MEp3JIMX BaHTAXKIB MOXKHA IOJIaTH
SK TIONAJaHHs B PE30HAHC TOJIOBHUX KOJIMBAaHb
CHCTEMH, KOJIM YCi YACTHHKH 3B’S3aHOI CTPYKTYPH
KOJIMBAIOTHCS 3 OJIHIEIO 1 TIEHO K BJIACHOK) YacCTO-
TOIO, SIKa BIAINOBIZA€ 9ACTOTI 30BHINIHLOI KOJIMBA-
neHOT mii [4] Bim 30ymkyrodoi cumu Fi. Ilim gac
MOTTaJJaHHST CUCTEMH B PE30HAHC MK YaCTUHKAMHU
3B’S3aHOI CTPYKTYpU HOPYIIYIOTHCS MOYATKOBO-
BCTAHOBJICHI CHJIOBI 3B’SI3KH R;, KOHTAaKTH 1 34erl-
JeHHS — BiAOyBaeThCsS pPYyHHYBaHHS MaTepiaiy.
[Iponec pyitHyBaHHSI CyNPOBOKYETHCS SK BiIHO-
CHUM TIPOKOB3YBaHHSM YACTHHOK, II0 BUKIUKAE
MDK YaCTHHKaMHU 3B’S3aHOI CTPYKTYpH KpPUTHYHI
HaIpY>KEHHS 3CYBY 1 PO3TATy, TaK i BiJHOCHUM
MPOBEPTAaHHSAM YaCTHHOK MaTepialy BaHTaXy, IO

TaKOX BUKJIMKAE MIX YaCTUHKAaMH 3B’SI3aHOI CTPY-
KTypH KpUTHYHI HANIPY KEHHS 3TUHY 1 PO3TATY, SIKE
MOXE BHHUKHYTH Yy pa3i pyWHaIii MPyXHHUX 30H
KOHTakTy B Toukax 1—4 (puc. 1).
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Puc. 1. [IpuanMmoBa crctemMa 3B’ 43aHO1 CTPYKTYpH
MaTepiary BaHTaxy

Fig. 1. Principle system of linked structure
of the freight material

Po3BanTaxkyBampHUH MaTepial y 3aralbHOMY
BUTIIAI MOXe OyTH MOJaHuil (eHOMEHOJIOTTUHOI0
MOJEIUII0 TPOCTOPOBOTO 0araToMacoBOI0 AWCIEp-
CHOTO CEepEIOBHINA Y BUTIISAII IPYXKHOB’ sI3KOIIIAC-
TUYHO-1HEpIiiHUX cucTeM (puc. 2). KoxHa peoo-
riuHa KOMipKa Takoi CHCTEMH Ma€ CBOi iHEpLiiHi
BJIACTHUBOCTI, SIKi XapaKTepU3yIThCs i MacaMu m;.;,
M;, M+, TPYKHAMHU BJIACTUBOCTSIMH, SIKi 3aKJIa/ICHI
B MPY/KHUX €EeMEHTaX C\,., a TAKOXK TicTepe3uc-
HUMH BJIACTHBOCTSAMH, SIKi MOJICTIOIOTHCS B’SI3KU-
MU a"x,ylz. Peonoriuai kKoMipku B3a€EMOIIIOTH depes
NPY’KHi €IEMEHTH Ta Mapy B’S3KOTO 1 CYXOT0 TEePTsI.

Y

Puc. 2. ®eHOMEHOIOTIYHA MOJICITH IIPOCTOPOBOTO
JIUCTIEPCHOTO CEPEIOBHIIA

Fig. 2. Phenomenological model of spatial dispersion
medium
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Po3BanTaxkyBanpHUH MaTepial B 3aMKHCHOMY
00’eMi Ky30Ba TPaHCIIOPTHOT'O 3aC00Y € CKJIaJHOI0
CHUCTEMOIO CTPYKTYPHHUX YTBOPEHb, IO CKIIATA€Th-
sl 3 IPOCTUX OKPEMUX TBEPIUX YACTHHOK 3 W CTY-
MeHsMH BUTBHOCTI. KonmmBanbHI pyXw B CKJIQIHIN
CHCTEMI OMICYIOThCS 7 KOOPAWHATAMHE, BUOIp SKUX
JTOBITBHUH, a YHCJIO CTYTEHIB BUIBHOCTI BU3HAYA-
€TBCSA MIiHIMaJIBLHUM YHCIIOM 3MIHHHUX, IO OIHUCY-
I0Th PyX IpOoCTUX cucTeM. PakTUYHUI PyX yac-
THHOK OCHOBHM DPO3BaHTaXXYBaJIBHOTO MaTepiany
€ 3B’S13aHUM, TOOTO KOJIMBaHHS B Oyab-sKiid 3 IPO-
CTHUX CHUCTEM BIUIMBAIOTh HAa KOJWBaHHS B IHIIIN
1 HABIaKH.

Jns ¢dizuuHOro aHamily KOJMBAIBLHUX SIBHII
B CKJIATHIN CHCTEMi PO3BaHTAXYBAJIILHOTO MaTrepi-
ay HeoOXiJJHO 3HATH XapaKTep KOJIMBaHb B OKpe-
MUX TPOCTHX, SIK IX NMPUHHATO HA3WBATH, Mapilia-
JBEHUX CHCTEMax, 3 SKHX BOHA CKiamaeTscs [12].
3 1i€r0 METOIO CIIiJI BU3HAYHMTH: MapIialibHi CHCTe-
MHU, 1[0 YTBOPIOKOTH CKIIAJHY CHUCTEMY; BCTAaHOBHU-
TH 3B’SI30K — B3a€MOJIIF0 MiX KOJIMBaHHSMH B Tap-
[MiabHAX CHCTEMaX; OI[IHUTH BEIHMYHWHY IIHOTO
3B’S3Ky 3a CTYIIEHEM WOTO BIUIUBY Ha XapakTep
KOJIMBaHb. JI7s BHIIJICHHA TNaplialbHOI CHCTEMHU
B CKJIQJHI CHCTEMI PO3BaHTaXyBaJIbHOTO MaTepia-
JIy CKOPHUCTAEMOCH BiJOMUM IpaBuiioM, [12] 3rimHo
3 SIKUM TIapIliajibHa CUCTEMa, MOBEIIHKA SIKOI OIH-
CY€ThCSA JTAHOIO y3arallbHEHOI0 KOOPIWHATOI0, BH-
XOJIUTB 3 CHCTEMH, SIKIIO PEIITY KOOPIUHAT OepeMo
piBHMMH HYJ10. TOMI 4acTOTH KOJMMBAaHb BUALICHUX
MapIiialbHIX CHUCTEM HAa3WBAIOThCA MapIlialbHIMHU
YacTOTaMH CKJIATHOI CHCTEMH 1 32BN JIEXKATh MIXK
il BIaCHUMM 4aCTOTaMU. 3MEHIIICHHS IHTEHCUBHOCTI
3B’A3Ky MDK MapmialbHUMH CHCTEMaMHd 301IbIIye
CTYTIiHB 301’KHOCTI BITACHOI YaCTOTH CHCTEMH 3 Hali-
OMIDKYOI0 TapIianbHO YacToTow. ToMmy y HU3MI
BUMAJIKIB JUIS OIIHIOBAHHS BJIIACHUX YacCTOT CKIIAJI-
HOi CHCTeMH, 0 Mae clabKi 3B’SI3KH, AOCTATHBHO
BU3HAYMTH ii TapIiaibHi 4acToTH [8].

B ckmagHiit cucreMi po3BaHTa)XyBaJbHOTO Ma-
Tepially, YMOBHO Ha3BaHOI 3B’S3aHOI0 CTPYKTY-
poI0, THIIOBA MapIliabHa CHCTeMa MOXe OyTH T0-
JaHa y BUTISAI E€JIEMEHTapHOTO MPOCTOPOBOTO
aHi30TpoImHOTO ocumisiTopa (puc. 3) — TBepAOi 4a-
CTHHKH PO3BAaHTAXXyBaJbHOTO MaTepialy Macoro
m;, 0 B3aEMOJIIE€ 3 HEPYXOMUMH YaCTHHKAMH OC-
HOBH, I1I0 OTOUYIOTH i [3].

3araiom BiOpoyZapHHUIl mpolec MOXHa po3-
TJISJATH SIK TOCTIAOBHUIM BIUIMB HAa PO3BAHTAXKY-
BaNbHUI MaTepial MONIrapMOHIHHHMX 1MITYJIbCIB
30BHIIIHIX CHJI, Y BUIIISIIII KOCHHYCOiTalbHUX (CH-

HyCOiJadbHUX) XBHIb 3 KyTOBHMH YacTOTAMH Oj,
Pe3yJIbTaTOM SKOTO € CYNEPIO3HIlis TapMOHIHHUX
KOJIMBaHb, IO BIJNOBIJA€ CKIQJHOMY IMIYJIbCY
30BHIIHIX CHI KiHIEBOi TpuBaiocti [8]. Bibpoy-
TMApHUH TIporiec, KUK MOAAEThCS Yy BUTIISAMI TIOMi-
TapMOHIMHOTO 30BHIIIHBOTO BILUIMBY, CKJIAJIa€ThCS
3 HHU3KHM YaCTOTHUX KOMITOHEHT 3 MOCTIHHOIO pi3-
HUIIEI0 YacTOT O® 1 YTBOPIOE XBUJIHLOBHH ITaKeT,
IO JIGKHUTh y BY3bKOMY YacTOTHOMY IHTEpBaji
Ao=wz —o, (puc. 3, a). AHani3 NOBEIIHKHU Ta-
KOTO XBHJILOBOTO IMakeTy A® 3 OJIHAKOBOK, Ha-
NpUKIa] aMIUIITYIOI0 7 Yy Yaci, Ja€ MOJIUBICTb
CHUHTE3yBaTH 30BHINIHE HABAHTAXXEGHHS y BHIIISI
IMITyJIbCY CHUIIH.
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Puc. 3. Cxema nostirapMoHiHHOTO 30BHILTHEOTO
HaBaHTAXKCHHS:

a — TIaKeT XBUJIb; 6 — CyMapHa aMIUIITy ja

Fig. 3. The scheme of polyharmonic external loading:
a — wave packet; b — the total amplitude

Lleit BUCHOBOK MiITBEpAXKY€E OCOOIHMBY edek-
TUBHICTH BiOpamitHoro abo yIapHOTO 30BHIIIHBO-
TO HaBaHTAXXCHHS IIiJ Yac BiOpOyAapHOTO PO3BaH-
TaKeHHS MarepianiB. Sk nmpukiaa cUHTE3yBaHHS
IMITyJIbCHOTO 30BHIIIHBOTO HAaBaHTa)KCHHS JIOCUTH
PO3IIISIHYTH BIUIMB Ha CHCTEMY XBHJIBOBOTO ITaKe-
Ty A®, KOXHAa KOMIIOHEHTa SIKOTO BiAIOBiAaE
rapMOHITHOMY KOJIMBaHHIO:
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F=r sin(col-t) R

ae o, =0, +(@-1)0w; k=Ao/(dw)+1;i=1, 2,
3, ...

CyMa HU3KH TaKHX TapMOHIHHHX KOMIIOHEHT
3a0e3nevye BIUIMB:

k-1
F(t)=r) sin(@yt + kdot) .
i=1

CepenHe 3HAYEHHS YacCTOTH XBUJIHOBOTO TaKe-
Ty A®:

0=0, +

—om,

a 3aJIeKHICTh CyMapHOI aMIDTITYIH Bil 4acy NpHu
BEJIMKUX k MOKHA HABECUTH Y BUTJIISIIL:

. [ Aot
sin| —
_\2)

Aot
2
I'padix Tumuacoroi 3minu F(¢) (puc. 3, 6) mo0y-
JOBaHMU Ha ocHOBi Bupasy (1) i Bimmomimae okpe-
MOMY 3racallbHOMY IMITyJIbCy, € Pe3yJIbTaTOM J0/1a-

BAaHHS TapMOHIYHUMX KOMIIOHEHT, YacTOTH SKHX
OOMEKEHI XBHJIBOBUM MAKETOM A®M= My — 0 .

F(t)=hkr sinax . (1)

3HayHi aMruntyau F(f) CIOCTEpIraloThCs TUIBKU
B iHTepBami 0<?<27n/(A®w), a TpUBAIICTh i€l
OCHOBHOI YacTHMHU CHHTE30BaHOTO  IMITYJIBCY
(At) Bm3Hauaethcs BemuunHO Aw. Ilpu 3meH-
IIeHHI XBHILOBOTO Makera ( Aw — 0) BinOyBaeTbes
Mepexia 10 OAHOYACTOTHOTO TAPMOHIMHOTO BILTUBY
®=Myz =0y, TPUBAIICT SKOr0 HE OOMEXeHa
(TeopeTH4HO); 30UIbIIEHHS A® XapaKTepHO IS
yaapHoi aii, ko At =21/(Aw) — 0.

PosrissHeMo BHMyIIEHE KOJIMBaHHS OKpEMOi
i-01 YaCTHHKH TUCTIEPCHOTO cepemoBuia (puc. 4),
B y3araJbHEHUX KOOPJHWHATAaX ¢, Ha Ky Ji€ 30y-
Jokyroua cuna F(f). KoxkHa i-Ta yaCTHHKAa CUCTEMU
BaHTaXy Ma€ CBOI iHEpIIiiiHI BIaCTUBOCTI, sIKi Xa-
paKTEepU3YIOThCS 11 MacaMHl m;, TPY>KHUMH BIIac-
THUBOCTSIMH, IO 3aKJaJicHI B MPYXHUX €lIeMeHTax
Cig» @ TAKOXK TICTEPE3MCHUMM BIACTUBOCTSAMH, L0
MOJIEIIIOIOThCSl y3arallbHEHUMH B SI3KUMH €, €lle-
MEHTaMH.

PiBHSIHHSI TWHAMIKH YacTHHOK 3B’S3aHOI CTPY-
KTYpHU PO3BAHTAKYIOUOTO yIAPHUMHU IMITYJIbCAMU
Marepialy 3 ypaxyBaHHSIM BiOpOPEOJIOTiYHOTO

edexTy mix Yac 30BHINIHBOT yAapHOI Hii Ha BaH-
TaXK, PO3TIISNAETHCA, IK HEBCTAHOBJICHI KOJMBAHHS
B CHCTEMI 1 OITUCYIOTHCSI PIBHSAHHSIM:

o . 1
g +2& q+wpqg=—F(), (2)
a

'z | I/—'/f‘/

Ly ' 17

| g
Eir
ll] e

Puc. 4. Po3paxyHkoBa MoIeNb KOJMBAaHHS 3B’ SI3aHOT
CTPYKTYpH MaTepiairy BaHTaxy

ay

i

Fig. 4. The estimated model of «linked» structure
oscillation of the freight material

3 novatkoBumu ymoBamu ¢(0)=g¢,,q(0)=¢q,, ne

on BJacHa 4YacTOTa KOJMBAHHSA YaCTUHKH
3B’S13aHOI CTPYKTYpH MaTepially BaHTaxKy.

PosrnsiHeMo nomoMiKHY 3amady Mpo Hil0 Ha
CHUCTEMY OJWHUYHOTO MUTTEBOTO IMITYJIbCY O(f — T),
MPUKJIaICHOTO B MOMEHT 4acy ¢ = T, IPH HYJIbOBUX
MOYaTKOBUX yMoBax. Po3B’s3kom audepeHmianb-
HOTO piBHAHHA (2) € IMITyJIbCHA TiepeximHa QpyHK-
uist A(¢, 1) (iHOII 1FO (PYHKIIIFO HA3UBAIOTH BarOBOIO
¢dyHkuiero abo ¢pynkuiero ['pina) [11].

Po3B’ 130K Mae BUTIIA;

0,t<1t
h(t, r)z ie

('08

—¢&;(1-1)

3

sinw, (t—1),t>7.

Hexait mouyatkoBi ymoBu — HynboBi. Ilogamo
30BHIITHIO 30Y/DKyI0Uy cuity F(f) y BUTTSAL CyKy-
MMHOCTI HECKIHYCHHO MaluX IMITyJIbCiB F(T)dT.
CrIajiarouy peakifito CUCTeMH BiJi KOXKHOTO TaKO-
ro immynecy Ha BiApi3ky uacy [0, f], oTpumaemo
PO3B’S30K, SIKMHM 1€ HAa3MBAETHCSA IHTEIPAIOM
Jroamenst:

g«(t) = lj.h(z‘, T)F(t)dT, 4
as

Iie a — KoedillieHT MiICHIICHHS.
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Skmo 30ymxyrody cuiny F(f) MoXHA TOmaTd
Y B MTOCTIIOBHOCTI HECKIHUEHHO MaJIUX MPHU-
poctiB dF(t)dt, Tomi YacTUHHUH pO3B’SI30K piB-
HSHHSA (4):

1 1 : o
q:(t)=—F(t)—F(0)e * (cosw,t + Zi gin o, 1)—
c c o '

€

L,
—ljF(r)e_Sf(t_T) [cosw, (f—T)+
c 1

+isin o, (t—1)dt, (5)
0) 1

g

JIe g — BUMYIIIEHA YaCTOTa KOJIMBAHHS YaCTUHKU
3B’S3aHOI CTPYKTYPH MaTepiaay BaHTaXy.
BaranbHuil po3B’s30K piBHsHHS (2). Moro mo-
JAIOTh Y BUTJISIIII CyMH 3arajibHOTO PO3B’SI3KY BiJl-
MOBIIHOTO OJHOPITHOTO PIBHSHHS, IO 33J0BOJIb-
HSIE TIOYATKOBUM YMOBaM, 1 YACTUHHOTO PO3B’s3KY,
3anmcanoro y dopwmi (4) abo (5). Hampuknan, Bu-
KOPHUCTOBYIOUYH BHpa3 (5), OTpUMaEMO:

_ g .
q(t) = g,e " (cos o, + (D—lsm o, 1)+
€

+-4 e sin o, 1+
0) 1

g

t
+q—°jF(r)e*€f<H> sino, (1-1)dt.  (6)
a 1

€ o

Amnarmizyroun mporec BiOpoygapHOTo pyHHY-
BaHHS, HEOOXiNHO PO3TIIANATH OKpEeMO BiOparliid-
HUH 1 yIapHUH peXUMHU HaBaHTAKCHHS.

Jlis BIOpalliiHOTO HaBaHTAXKCHHS 30YKyroda
CHJIa BUPAYKAETHCS Y BUIIISII TIOJIITApMOHIHHOT CHITH

F(t)=F, sin(%bt2 + @), 1e b — KyTOBE MPUCKOPEH-

HS; ¢ — TIOYATKOBHIA (a30BHN KyT 30y HKYIOUO0i CHIIH;
® = bt — MHUTT€EBA 4aCTOTA CHUIM (B MOMEHT PE30OHAHCY
{+ MUTTEBA YaCTOTa JOPIBHIOE YACTOTi BIACHUX KOJIH-
BaHb CHCTEMHU (;, TOOTO t+ = ®y; / b). Peakuito cucre-
MU BU3HAYMIMO, BHKOPHCTOBYIOUH PO3B’ 130K (3):

t

F .
q(6)=—25 [V sin(w,, (¢ 1)) -
amy *

—sin(%bt2 +o)dt. (7

BiamoBinHO 110 TIOIOKEHD (Di3UKO-XIMITHOT Me-
XaHIKW JTUCIIEPCHUX CHCTEM PO3BUTOK aedopmariii
B CTPYKTYPOBAaHOMY TBEPIOIMOIIOHOMY TiJli Xapakx-
TEePHU3YETHCS THUM, IO MiJ] Yac 30UTBIICHHS HAIpy-
JKEHHS 3CYBY BHIIEC MEXi TEKYJOCTi BimOyBaeThCS
pyHHalis CTPYKTYpH, BHACITIIOK 4Oro e(eKTHBHA
y3aranbHeHa B’S3KICTb € CHCTEMHU PI3KO 3HUXKY-
€TBCH, 1 TIPHU TPAHUIHO TIOBHIN pyHHAIT CTPYKTYpH
Jlocsirae HaWMEHIOro 3Ha4deHHs. s BUIlleBKa3a-
HOT'O BHUMAAKY, Koiu € = 0, po3B’s30K iHTerpaia
(7) HaBeneno Ha rpadiky 3aNex)HOCTI KoedimieHTa

IVHAMIYHOTO IIJACHJIEHHS — X:i 1 CIIBBIZHO-
9 em

IIEHHS bt (puc. 5), e q.; — cTaTHYHE 3MIIEHHS,
@p;
a ¢ — TMHAMIYHE 3MIMEeHHS KOJTNBAIHHOI YaCTHHKH
«3B’S3aHOT» CTPYKTYpH PO3BaHTAKYIOUOI'O Mare-
piany. Ha miarpami (puc. 5) BUIHO, SIK KOJIMBaJIbHA
cHCTeMa IMEePEeXOJUTh y PE3OHAHCHUH CTaH, II0
NPU3BOANTH 10 BUHUKHEHHS KPUTHYHUX HaIpy-
JKeHb pYHWHYBaHHS MK YacTHHKaMH 3B’s3aHOT
CTPYKTYpPH pO3BaHTaxylo4doro wmarepiamy. Jlns
KOXHOTO MapameTpa oo/2mh, 3MiHo0uH (pa30BHit
KyT ¢, MOXXHa OTpPHMaTH CIMEHCTBO MOMIOHUX
KPHBHX, 32 SIKUMH MOXXHa BH3HAYUTU HaHOUIBIIY
aMILTITy 1y, o crnpuyuHse. YuM Oinmbire KyToBe
MPUCKOPEHHS b, TUM MEHIIIe MaKCUMallbHa aMILTi-
TyJa KOJIMBAaHb 1 TUM Oijblne ii 3MIIICHHS Bill pe-
30HaHCY M) = bt*.
“a 2y

30 ’
25
20
5

)

Puc. 5. [liarpama aMIDTiTy THO-4aCTOTHOI XapaKTepH-
CTHKH CHCTEMH KOJIMBAIbHOI YACTUHKH 3B’ SI3aHOT
CTPYKTYPH MaTepiaiy i yac BiOpoyIgapHOTO
PO3BaHTaXEHHS

Fig. 5. Diagram of amplitude frequency response
of oscillation particle of linked structure
of the material at vibroimpulsive unloading
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SIKIIO MU TTOJTA€EMO CHCTEMY 3B’S3aHOI CTPYK-
TYypH MaTepiany OJHOPIAHOI, THM CaMUM ITiKpe-
CIIIOI0YM KOHTHHYaJIbHUH XapakTep 3B’S3aHOi CTpy-
KTYPH PO3BaHTaXYyBaJBHOTO Marepiany, i Ha TaKy
cucteMy OynemMo BIUIMBATH MOHOTAapMOHIHHUM
IMITYJIbCOM 30BHIIIHIX CHJI, IO TPUBAE HECKIHUECH-
HO, Y BUIVIAJ CHHYCOINANbHOI XBWJII 3 KyTOBOIO
JacTOTOIO bt, IO piBHA OCHOBHIN YaCTOTi Mg 1 Blla-
CHHMX KOJINBaHb PO3BAaHTAXYBAIBHOI'O MaTepiainy,
TO B OCTaHHIM NMOBWHHI OyTH KOJNHMBaHHS (XBHII
nedopmartiif), o MPOXOIATh B YMOBaX PE30HAHCY.
AbcomoTHI AedopMartii, 1110 BUHHKAIOTH MPH 1O~
My B pPO3BaHTaKyBaJbHOMY Marepiaji, IMepeBu-
IIYIOTh JOMYCTHMI TIPYKHI Aedopmarii 1 dac-
THHOK TI1i€l cucteMu. BinOyBaeThcs pyiHyBaHHS
30H KOHTAaKTiB IIMX YaCTHHOK [6].

Jlnst ymapHOTO HaBaHTa)KEHHs TOCTiiHa 30y.1-
Kyroda cwia Fy, panToBO MPUKIJIAIEHA 10 CHCTEMHU
B MOMeHT uacy ¢ = (, Jdi€ MIpOTSIroM TEBHOTO
NPOMIKKY Yacy T. KonuBaHHs cucTemMu Tpu HYJb-
OBHX ITOYATKOBHX YMOBax (¢ < T) ONHUCYIOTBCS 3a
dhopmyIoro:
1—e*

F A
g(t)=—2 [(cosw,t +—sinw )] |, (8)
a ()

€l

I M — BUMYIIEHa YacTOTa KOJMWBAHHS YaCTUHKH
3B’513aHOI CTPYKTYpH pO3BaHTaXXyBaJbHOIO Ma-
Tepiany.

[Ticnsa npunuHeHHs il CUIIM PyX CHCTEMH CTa€
BUTBHHUM 1 3HIMCHIOETHCS 32 PaxXyHOK MOYATKOBHUX
YMOB ¢; 1 ¢, IO HaJAalOTHCSI CHCTEMiI B MOMEHT

qacy t =T
q(t)=q.e " [(cosw,, (t —T)+

g . e (-
+—’smc08i(t—r)]+ie & (D)

€l €l

sino,;(t—1).

)

Buxopstum 3 piBusHHEA (8) 1 (9), Tpadik Komu-
BaHb 300pakeHo Ha puc. 6, kpusa 1.

OCKiIBbKH IMITyJIECOM CHIIH S HAa3UBAaIOTh BEJHU-
quHy FoT, 1 K0 T 3MEHITYEThCS, a BEIMIHUHA F (T
3aJIMINAETHCS TOCTIHHOW, TO Mexy F = lim(Fyt)
Ha3UBaIOTh yIapHUM iMmyibcoM. Ilicns mepexonmy

y Bupasi (10) 10 Mexi oTpuMaEMo:
q(1)=F(ao,) " e sinw,t. (10)

Hexait Ha cucTreMy MifOTH 4epe3 piBHI MPOMiXK-
KM 9acy T OJIHAKOBi yapHi iMnyJibcu. [Ipu criBma-

IIHHI T 3 TepioJoM KoimBaHb 1, = 21 / m; Mae
Miclle yJapHHii pe30HaHC.

qlfl |

J
2
/
Fo
T 4
. | -
-~ .
| AN -
T Y f
T
[0

Puc. 6. I'padik peaxiii cucTeMu KOJIHBAIbHOT YaCTHHKA
3B’S3aHOI CTPYKTYPH PO3BaHTAKYBAJIFHOTO MaTepiamy
Mig 9yac BiOpOyIapHOTO pO3BAHTAKCHHS:

1 — rpadik KOIMBaHHSA CUCTEMH MPHU il OMHHOYHOI HOCTiitHOT
cuin; 2 — rpadik KOJIMBAHHS CHCTEMH NPH Iii yIapHUX IMITy-
nbCiB; 3 — rpadik KOJMBaHHS CUCTEMHU IIPHU il yIapHHUX
IMIyJIBCIB, U cCHCTeMH 0e3 AucUmaTHBHUX cull (g; = 0)

Fig. 6. Reaction diagram of the system of oscillation

particles of the linked structure of unloading
material at vibroimpulsive unloading

MaxkcuMainbHe 3HAYEHHsI MOPIBHSHO 3 JAI€I0 OfH-
[1 —exp(—neT, )]
[1-exp(—eT,)]
pas, kpuBa 2 Ha puc. 6. [Ipu g; = 0 11e 30iTBIIICHAS
Oyze BinOyBaTtucs B n pa3, Kpusa 3 Ha puc. 6.

OT1xe, MO0 3a0€3MEYUTH B PO3BAHTAKYBAIbHIN
cucTeMi 3B’S3aHOT CTPYKTypH Matepiamy abco-
TOTHY AedopMallifo 3a paxXyHOK JUCKPETHOTO 3PO-
CTaHHS B iHTEpBaJi IJIACTUYHUX Aedopmariil, He-
00Xi/THO BIUTMBATH Ha Hel CYKyIHICTIO N iIMITYJIbCIB
30BHIIIHIX CHJI [6], Y BUIJISIAI OJUHUYHOTO MUTTE-
BOTO IMITYJIBCY.

HOYHOTO IMITYJILCY 301IBITYETHCS B

PesyabTarn

VY X071 po3risiLy pe30HaHCHHX 30H HEBCTAHOB-
JICHOT'O BUMYIICHOT'O KOJIMBAHHA YaCTUHOK 3B’s13a-
HOI CTPYKTYypH BCTaHOBJICHO, 100 3a0e3MeunTH
B PO3BaHTAXYBAJIbHIM CHCTEMI 3B’S13aHOI CTPYKTY-
pu Marepiany aOCoOOTHY Aedopmaliito, 3a paxy-
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HOK TUCKPETHOTO 3pOCTaHHS B iHTEpBAIIi TUIACTHY-
HUX JIedopmalliii, 3aJexHO Bl THIY Marepiany,
HEoOX1THO MPUKIANATH sIK BiOparliiiHe, Tak i BiO-
poynapHe HaBaHTaxeHHs. [0 TOro > BCTaHOB-
JIEHO, IO TiJ JYac Aii BiOpamiifHOTO HaBaHTAKCHHS
HalfKpallle Ha CHCTEMY BIUIMBATH MOHOTapMOHIH-
HUM IMITyJIbCOM 30BHIMIHIX CHJ, Y BUTISAI CUHY-
COITaTbHO1 XBHJII 3 KYTOBOIO YaCcTOTOIO, SIKa piBHA
OCHOBHIlf 4YacTOTI BIIACHUX KOJWBaHb YacCTUHOK
PO3BaHTaKyBaJbHOTO MaTepiaiy, IO NPU3BOIUTH
JI0 PE30HAHCHOTO SIBHIIA (BUHUKAOTH XBHJI Jedo-
pmaniit). Ilig gac ymapHOro HaBaHTaKEHHS HEOO-
X1THO BIUIMBATH HA CHCTEMY CYKYIHICTIO iMITyJIb-
CiB 30BHIIIHIX CHJI Y BUTJISAAI OAMHUYHOTO MHUTTE-
BOTO IMITYJIbCY, Yac MPOXODKEHHS SKUX PIBHHMA
Nepioly BIACHUX KOJMBaHb YaCTHHOK pPO3BAaHTa-
JKYBaIBHOTO MaTepiay, Mo TaKOX MPU3BOIUTH JI0
PE30HAHCHOTO SIBUIIA (BUHUKAIOTH XBHUIL Acedop-
Mariif). AOcomoTHi aedopmarii, 0 BHHUKAIOTH
3a JIaHUX PEKUMIB HABaHTAXKCHHS B PO3BAHTAXKY-
BaJbHOMY MaTepiajli, MepeBUINYIOTh JJOMYCTUMI
MpY>KHI gaedopMartii AT YaCTHHOK ITi€l CHCTEMH
1 BinOyBaeThCsl pyHHYBaHHS 30H KOHTAKTIB LUX
YACTHHOK.

HaykoBa HOBH3HA Ta NPAKTHYHA
3HAYMMICTh

ABTOpaMUu JIOCITIDKEHO HEBCTAHOBJICHI BUMY-
IMeHl KOJMBAHHSI YaCTHHOK 3B’S3aHOI CTPYKTYPH
Ha OCHOBI ()eHOMEHOJIOTIYHOT MOJIENI MPOCTOPOBO-
TO JHCIEPCHOTO CEpeIOBHIA PO3BAHTAXKYBAIBHO-
ro Matepiany. [Ipu npomy, 11 KOXKHOTO THUITY BiO-
pPOYJIapHOTO HABAHTAXKEHHSI, IO TOJaBaNOCs BiJ-
MOBiTHAM BHJIOM 30YIKYIOUOi CHIIM, pO3paxoBaHi
YMOBH JIJIsl MPOXOKEHHST PE30HAHCHUX TPOIICCIB.
OCHOBHI  TIOJIOKEHHS  PE30HAHCHO-CTPYKTYPHOL
TEOopIii Mg Yac TEOPETUYHOTO JAOCHIHKCHHI TIPOIe-
CiB BiOpPOyIapHOTO PO3BAHTAXKEHHS JO3BOJSIOTH
0OTpyHTYBaTH €(EeKTHBHICTP BHUKOPHCTaHHS BiO-
poyAapHOro OOJNIaqHAHHS JJIs IMiJBUIICHHS THTCH-
CHUBHOCTI pO3BaHTaXCHHsS. BUKOpUCTaHHS pe30Ha-
HCHO-CTPYKTYPHOT Teopii J03BOJSE CIPOTHO3YBa-
TH HEOOXiIHI MapaMeTpH BiOpOymapHOTO HaBaH-
TaXCHHS Ha PO3BaHTAXYBAJIBHUN  MaTepial,
3alIeKHO BiJl HOTO (Pi3MKO-MEXaHIYHUX BIACTHBOC-
Tel, mo 3abe3nedye oMy HaiiedeKTHBHINIE PoO3-
BAaHTA)XCHHS 3a PaxXyHOK pPYyHHYBaHHS CHJIOBHX
3B’S3KIiB YACTHMHOK PO3BaHTAXYIYOTrO MaTepiaiy.
Pe3ynpTaté MOCHIIKEHb 3HAWIUIA CBOE HAYKOBE
BHKOPWCTAHHS B HU3I ITyOJTiKaIliii aBTOPIB y CIe-

[iaJbHUX Ta HAYKOBO-TIOMYJIIPHUX BUIAHHAX, BH-
CTyIax Ha HAyKOBHX KOH(EPEHIIIsX.

BucnoBxku

OCHOBHI TIOJIOKEHHSI PE30HAHCHO-CTPYKTYPHOL
Teopii MiJ 4ac TEOPETHUYHOTO JOCIIPKEHHS MPOoIie-
CciB BIOpOyZapHOTO PO3BAHTAKECHHS JIO3BOJISIOTH
0o0rpyHTYBaTH e()eKTHBHICTh BUKOPUCTAHHS BiOpO-
YAapHOTO OOJIQJHAHHS JJIS TiBUIICHHS IHTCHCHB-
HOCTI pO3BaHTaXCHHS TPAHCIIOPTHHX 3ac00iB [9].
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OCHOBBI PE3OHAHCHO-CTPYKTYPHOM TEOPUU
BUBPOYJIAPHOM PA3I'PY3KH TPAHCIIOPTHBIX CPEJICTB

Heab. Pabora HanpaBieHa Ha NMPUMEHEHHE OCHOBHBIX IIOJIOKEHUH PE30HAHCHO-CTPYKTYPHOH TEOpHH JUIs
TEOPETHYECKOTO HCCIIEAOBAHUSI OCHOBHBIX (DM3MKO-MEXaHHYECKUX IIPOIECCOB, MPOMCXOMAIINX B Pasrpy304HOM
MaTepuajie BO BpeMs BHOPOYZAapHOH pas3rpy3KH, C MeNbi0 O0OCHOBAaHUS S((EKTUBHOCTH HX MPUMEHEHHS.
Metoanka. Pasrpy3ounsiii mMarepuall BO BpeMsi BUOPOYJIapHOH pasrpy3kW B KauecTBE HCCIEIYyeMOro OObeKTa
MPECTABISUICS B BUAEC (CHOMEHOIOTHIECKOW MOAETIH MPOCTPAHCTBEHHON JHCTIEPCHON cpensl. PaccMoTpeHs! ypas-
HEHUS IMHAMUKN HEYCTAHOBHUBILIMXCS BBIHYKJICHHBIX KOJEOaHUH YacTHUI] «CBSI3aHHOW» CTPYKTYPBI IO/ eHCTBHEM
BUOPALIMOHHBIX M YIapPHBIX HATPY30K, C y4eTOM BUOpopeosnoruueckoro 3hdexra, ¢ yCTaHOBICHHEM 30H PEe30HaHCA.
PesyabTatsl. [Ipn paccMOTpeHHH pe30HAHCHBIX 30H HEYCTAHOBHUBILIMXCS BBIHYXKJICHHBIX KOJIEOaHUH 4acTHI[ «CBS-
3aHHOI» CTPYKTYPBI YCTAaHOBIIEHO, YTO IPH BO3JEHCTBUN BUOPAIIMOHHBIX HArPY30K BO3MOXHO 3PQEKTHBHO BIUATH
Ha CHCTEMY MOHOTapMOHHUYECKHM MMITYJIbCOM BHEIIHUX CHJI. JIaHHBIA MMITYJIbC MMEET BHJ CHHYCOMIAIbHON BOJI-
HBI C YTJIOBOW 9acTOTOM, KOTOpas paBHa OCHOBHOHM YacCTOTE COOCTBEHHBIX KOJIEOAHW Pa3rpy309HOr0 MaTepHaia.
[Tpu ynapHO# Harpy3ke HE0OXOIUMO BO3/IEHCTBOBAaTH Ha HEE COBOKYITHOCTHIO MMITYJIbCOB BHEUIHMX CHJI B BHJIE
€IMHUYHOTO MTHOBEHHOTO MMITyJbca. [Ipy JaHHBIX yCIOBHAX HArpy3KH B TaHHBIX CHCTEMaX MMEET MECTO SIBICHUE
pe3oHaHca, KOTOpoe 00eCHeYMBaeT B Pa3rpy304HON CHCTEME «CBSI3aHHOM» CTPYKTYpbl MaTepHana aOCONIOTHYIO
nedopManuio 3a C4eT AWCKPETHOTO POCTa B MHTEPBAJE IUIACTHYECKHX aedopmanuidi. AGcomoTHbIe nedopmammu,
BO3HHKAIOIIME TP 3TOM B pasrpy304HOM MaTepHalle, PEBHIIA0T J0IMYCTUMBIE YIpyrue aeopMariy sl 4acTUI]
JTAHHOM CHCTEMBI; K TOMY K€ MMPOUCXOAUT pa3pyIIeHNE 30H KOHTAKTOB JaHHBIX yacTull. HayyHasi HOBU3HA. ABTO-
paMu uccCJI€A0OBaHbl HCYCTAHOBUBIIUECSA BbIHYXXICHHBIC KOJ'le6aHl/I51 YaCcTHUI| «CBSI3aHHOMN» CTPYKTYpPbl Ha OCHOBE€
(heHOMEHOJIOTHYEeCKOH MOIEIH MPOCTPAHCTBEHHOH IUCIIEPCHOM Cpelbl pa3rpy309HOro Marepuana. [lpu sToM, mis
Ka)XJIOTO THUIIa BUOPOYIApHON Harpy3KH, YTO MPECTaBIISIIOCh COOTBETCTBYIOIIUM BHJIOM BO30YKAAIOIIEH CHIIBI,
paccYMTaHBl YCIOBHS IUISI IIPOXOXKICHIS Pe30HAHCHBIX TporieccoB. [lpakTudeckass 3HaYuMocTh. OCHOBHBIC T10-
JIO)KEHHs PE30HAHCHO-CTPYKTYPHOH TEOpPHM MPH TEOPETUUECKOM HCCIIEIOBAHUM ITPOLIECCOB BUOPOYAApHOW pas-
TPY3KH TO3BOJISIOT 000CHOBaTh 3PPEKTHBHOCTD HCIOIB30BAHUS BHOPOYAAPHOTO 00OPYIOBAaHUS ISl TTOBHIIICHUS
WHTEHCUBHOCTH Pa3rpy3KH TPaHCHOPTHBIX CPelCTB. Mcosbp30BaHne pe30HAHCHO-CTPYKTYPHOI TEOPUU MO3BOJISET
CIIPOTHO3MPOBATH HEOOXOANMBIE MTapaMeTpbl BUOPOYIAPHON HArPy3KU HA Pa3TPY30UHBIA MaTepUal B 3aBUCHMOCTH
oT ero (pU3MKO-MeXaHMYECKUX CBOWCTB. DTO obecreunBaeT eMy d3(pQEeKTUBHYIO Pa3rpy3Ky 3a CUeT pa3pyLIeHUs CH-
JIOBBIX CBSI3€H YaCTHUI] pa3rpy’KaeMoro MaTepuania.

Kniouesvie cnosa: peonorus; KonebaHus; pe30HAHC; pasrpy3ka; AedopMalys; HalupsHKeHNE
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THE BASIS OF RESONANCE-STRUCTURE THEORY
FOR VIBROIMPACT UNLOADING OF THE VEHICLES

Purpose. The use of the main provisions of the resonance-structure theory for theoretical study of basic physical
and mechanical processes taking place in unloading material during the vibrimpact discharge in order to substantiate
the efficiency of their application. Methodology. Unloading material during vibroimpact unloading, as the study
object, appeared as phenomenological model of spatial dispersion medium. The dynamics equations of unsteady
forced particle oscillations of the "linked" structure under the action of vibration and impact loadings, taking into
account the vibro rheological effect, with the establishment of resonance zones were considered. Findings. When
considering the resonance zones of unstable forced oscillations of the "linked" structure particles it was found out
that under the influence of vibration loadings the system is effectively affected by the monoharmonic pulse of exter-
nal forces in the form of sinusoidal wave with an angular frequency. This frequency is equal to the main frequency
of the natural oscillations of the unloading material. Under the impact loading it is necessary to affect the system by
the accumulation of external force pulses in the form of single instant impulse. Under the given load conditions in
these systems the phenomenon of resonance, which provides absolute deformation in handling system of the
"linked" structure of the material due to discrete growth in the range of plastic deformations takes place. Absolute
deformation, resulting in handling material exceed the permissible elastic deformations for the particles of this sys-
tem and the destruction of the contact zones of these particles takes place. Originality. The authors studied unstable
forced oscillations of the "linked" structure particles based on the phenomenological model of the spatial dispersion
medium of unloading material. Thus, for each type of vibro-impact loads were calculated the conditions for resonant
processes. That was presented by the relevant type of the actuating force. Practical value. The main provisions of
the resonance-structural theory in theoretical study of the vibroimpact load processes prove the use efficiency of the
vibroimpact equipment to increase the intensity of the vehicles unloading. The use of resonance-structural theory
allows predicting the required parameters of vibro-impact loading on the unloading material, depending on its
physical and mechanical properties that ensures the efficient unloading due to the destruction of the power relations
of unloading material particles.

Keywords: rheology; oscillations; resonance; unloading; deformation; strain
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WHEELSET AXLE WITH THE CAVITY OF UNIFORM CROSS
SECTION

Purpose. Due to operation in complex loading conditions, the rolling stock wheelsets should provide high reli-
ability, since the train traffic safety largely depends on them. Design and technical condition of wheelsets affect the
smoothness, intensity of forces generated by the interaction between the car and track, and the motion resistance.
Specificity of the axle operation consists in the fact that it undergoes the bending stresses under loading. These
stresses are unevenly distributed along the cross-sectional area, reaching the highest values in the outer fibers and
the minimal values in the internal ones. This aspect sets the problem of replacement of the uniform cross section
with the hollow cross section. The disadvantages of hollow axle design, which are used at the present time, should
include a significant manufacturing complexity of the variable section cavity. The purpose is to develop a modern-
ized design of the wheelset axle. Methodology. A construction of the hollow axle having an inner longitudinal cy-
lindrical through hole of the constant diameter throughout its length was proposed. The item is made of steel seam-
less tube. The inner surface of the tube is treated by mechanical means to remove the voltage concentrations in the
internal longitudinal cylindrical through hole, which has a constant diameter along the entire length of the axle.
Findings. Application of this design will facilitate manufacturing of the hollow axle and the machining of the inner
longitudinal through hole, while retaining all the use advantages of the hollow axle in the rolling stock wheel pairs.
Another use advantage of the hollow axle of this design is the absence of partial heterogeneity of the metal, which is
inevitably, occurs during the solid axles blanking. Originality. A new design of the wheelset hollow axle of railway
rolling stock was proposed. Practical value. Introduction of the new design simplifying the manufacture and me-
chanical treatment of the inner cavity of the wheel pair axle will bring significant economic benefits. According to
preliminary calculations, the use of the axle with the uniform cross section cavity will reduce the metal consumption
by 100-110 kg.

Keywords: wheelset; solid axle of wheelset; hollow axle of wheelset; railway rolling stock; railway car, un-
sprung weight of car

Introduction The scale assessment of the global market for
railway wheelsets made by All Russian Market
Research Institute based on data for the production
of cars (about 100 thousand per year) and their
park (more than 4 million pieces), taking into ac-
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purposed metal products is the production of
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count the needs in repair and modernization of the
fleet, shows that each year about 1.500 thousand of
wheelsets are produced worldwide. According to
assessment of All Russian Market Research Insti-
tute based on the statistics of UN and UNECE, and
data of national statistics in several countries [4],
the total physical volume of production of these
products in the world at the moment is about 1.5
million tons per year.

Due to operation in complex loading condi-
tions, the wheelsets should provide high reliability
[9, p. 3], since the train traffic safety largely de-
pends on them. Therefore the special, high stan-
dardization requirements are imposed on them.
They are regulated by the Rules of Technical Op-
eration of the Railways, the Specifications on the
inspection, repair and forming of car wheelsets and
other regulations for the design, construction and
maintenance.

The issues of the design, construction, manu-
facturing, quality control and maintenance of the
wheelset axles abroad are clearly regulated by the
European standardization documents. High-speed
train traffic, increase in the number of passenger
and freight transportations and other factors re-
quired the creation of new standards for the wheel-
sets of solid and hollow shafts of rolling stock too:
1) Railway applications — Wheelsets and bogies —
Non powered axles — Design method; German ver-
sion EN 13103:2009 + A2:2012; 2) Railway appli-
cations — Wheelsets and bogies — Powered axles —
Design method; German version EN 13104:2009 +
A2:2012; 3) Railway applications — Wheelsets and
bogies — Axles — Product re-quirements; German
version EN 13261:2009 + A1:2010, etc.

At the same time F. Murawa in his research
emphasizes that the constant striving to increase
the environmentally safe and cost-efficient railway
transportations involves not only the strict adher-
ence to technical standards, but also the opportuni-
ties for innovations and new solutions [13].

Design and technical condition of wheelsets af-
fect the smoothness, intensity of forces generated by
the interaction between the car and track, and the
motion resistance. These issues are discussed by
scientists and practitioners from different countries.
Thus, M. Novosad, R. Fajkos, B. Reha and R. Rez-
nicek [12], S. Myamlin, V. Horobets and A. Bon-
darev [6] in their articles emphasize the importance
of testing for fatigue failure of the wheelset axle
metal. S. Beretta, M. Carbonia and other researchers

Doi 10.15802/stp2014/30775

120

[11], developing the given subject, research, corro-
sion-fatigue failure of steels. D. Dani-lov and
A. Andreyev [2] study the stress-strain state of the
car wheelset when driving on the straight and
curved track sections, taking into account the impact
of wind load by means of PC ANSYS. L. Luben-
skaya [5] describes a method for increasing the per-
formance properties of wheelset axles due to the
hardening of their surface. At the same time, in spite
of the number of studies on this issue, the problem
of significant increase in performance properties of
wheelset axles up to this day is still unresolved.

Purpose

The purpose of the work is to create a design of
wheelset axle that will satisfy a number of basic
requirements. The requirements are: 1) the avail-
ability of sufficient strength with minimum un-
sprung weight that is dictated by the need to reduce
the empty weight of the rolling stock and reduce
the direct impact on the rail track and the car ele-
ments during the passage of rail track irregulari-
ties; 2) provision (together with axle boxes) of the
lesser resistance during the car moving and the
greater resistance to the wear of elements undergo-
ing the wear during operation.

Methodology

Specificity of the axle operation consists in the
fact that it undergoes the bending stresses under load-
ing. These stresses are unevenly distributed along the
cross-sectional area, reaching the highest values in
the outer fibers and the minimal values in the internal
ones. This aspect sets the problem of replacement of
the uniform cross section by the hollow cross section
without notable increase in the overall dimension.
But it should promote the weight reduction as com-
pared to the axle of uniform cross section.

It was found that the endurance limit in all parts
of the hollow axles is not lower and the sensitivity
to stress concentration is lesser than that of the
standard solid axles [1, p. 94]. The carrying capac-
ity, which is estimated by the endurance limit
product at the moment of the cross section resis-
tance to the bending in the wheel seat of the hollow
axle is 15% higher than this figure for the compa-
rable solid axle.

Therefore the designs and technologies of the
hollow axles manufacturing using the method of
helical rolling [10] (Fig. 1) are developed.

© S. R. Kolesnykov, M. R. Romaniukha, I. Yu. Kebal, 2014
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Fig. 2. Wheelset axle with a cavity of uniform cross section:
1 — inner longitudinal through cylindrical hole of constant diameter throughout the length of axle; 2 — neck
of the hollow axle for bearings; 3 — prewheel seat; 4 — wheel seat; 5 — hollow axle body

Technical and economic advantages of the
wheelsets with hollow axes are defined by the fol-
lowing parameters [3]:

1) decrease in the metal consumption;

2) reduction of the empty weight ratio and in-
crease of the car capacity (without changing the
load from the wheel on the rail);

3) cost reduction for the non-productive trans-
portation of the empty weight of cars;

4) reduction of forces of the dynamic interac-
tion of rolling stock and track due to the reduction
of the unsprung weight of cars.

The disadvantages of such structure should in-
clude significant manufacturing complexity of the
cavity of variable cross-section. Internal configura-
tion of the designed hollow axle is a longitudinal cy-
lindrical hole with the same diameter in the middle
part and wheel seat. It radially passes into the hole in
the form of truncated cones in the prewheel seat with
smaller bases to the openings of axle necks.

In turn, the openings in the necks of hollow
axle are also in the form of truncated cones. The
larger bases of these cones are directed to the butt
ends of the axle or the cylindrical ones in case the

Doi 10.15802/stp2014/30775

necks forming in the black collar axle is made
without a drawbar or mandrel. Smaller bases of the
truncated cones of the wheel seat parts and the
necks are mated together smoothly along the ra-
dius. Longitudinal holes in the necks at the butt are
ended by the center holes with a protection cone.
Through the holes all the internal surface of the
blanks is descaled with the steel shot. As a result
the surface layer from the inner side of the axle is
somewhat strengthened due to work hardening.

Thus, the technical task, which would allow the
efficient use of the hollow axles, is to develop the
structure facilitating the manufacturing and ma-
chining of the inner cavity.

The specialists of Planning and Design Techno-
logical Office of the Rolling Stock, Track and the
man-made structures of the Dnipropetrovsk Na-
tional University of Railway Transport named after
Academician V. Lazaryan (Ukraine) have devel-
oped the hollow axle construction with internal
longitudinal through cylindrical hole of the con-
stant diameter throughout length (Fig. 2).

The item is made of steel seamless tube. The
inner diameter of this tube should be a little
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smaller than the diameter of inner longitudinal
through cylindrical hole, when the outer diameter
of the is somewhat larger than the diameter of
wheel seat part. The outer surface of the tube is
welted to the diameters equal to the diameters of
necks dor the bearings, prewheel seat, wheel seat
and the hollow axle body. The inner surface of the
tube is treated by mechanical means to remove the
voltage concentrations in the internal longitudinal
cylindrical through hole, which has a constant di-
ameter along the entire length of the axle.

Another use advantage of the hollow axle of this
design is the absence of partial heterogeneity of the
metal, which is inevitably, occurs during the solid
axles blanking [8]. Black collar solid axles are made
of axle billet or directly from the steel ingots by
forging, stamping, screw rolling or radial-rotational
deformation [7]. With such production method the
metal heterogeneity often leads to the radial runout,
which is corrected by the labor-consuming balanc-
ing on the special stands. Applying the same all-
rolled metal to produce the hollow axles eliminates
this problem, when the manufacturing technology of
the cavity with the same diameter throughout the
length of the axle allows a conducting finishing cut
of the surface with the exact accuracy that further
improves the item balancing.

It should be also noted that due to the increase
in the outer diameter of the axle neck, increases the
inner diameter of the axle box bearings. Thus, to
provide the necessary contact area for load transfer
from the body car to the axle, the bearing width
decreases. This prevents significant increase in
weight and material costs for the axle box of the
wheelset.

Findings

During the study the variants of wheelset axles
were analyzed and the use advantages of the hol-
low axles were illustrated. The authors have devel-
oped the design of axle with the cavity of uniform
cross-section, which would simplify the production
of the item.

Originality and practical value

The authors have proved the need to improve
the hollow axle of the wheelset and developed its
new design. Production of wheelset axle with the
cavity of uniform cross-section simplifies the hol-
low axles manufacturing. According to preliminary
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calculations, the use of the axle with the cavity of
uniform cross-section would reduce the metal con-
sumption by 100-110 kg.

Conclusions

As a result of the study the authors have found
that for a significant increase in performance prop-
erties of the wheelset axles is necessary:

1) Creation of the wheelset design, having suf-
ficient strength with minimum unsprung weight in
order to reduce the empty weight of rolling stock
and to reduce the direct impact on the rail track and
the car elements during the passage of the rail track
irregularities;

2) Ensuring (together with the axle boxes) the
lesser motion resistance and larger wear resistance of
the elements undergoing the wear during operation;

3) Application of the construction proposed by
the authors, simplifies the manufacturing of the
hollow axle and the machining of the inner longi-
tudinal through-hole, while retaining all the use
advantages of the hollow axle in the wheelsets of
the rolling stock.
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OCbh KOJECHOM MMAPHI C TOJIOCTHIO IOCTOSSHHOI'O CEYEHUS

Hess. BenepcTBue sKCIuTyaTanivi B CIOXKHBIX YCIOBHSAX HArpy)KEHHS KOJECHBIE Maphl MOABIKHOTO COCTaBa
KEJIE3HBIX TOPOT JOJDKHBI 00ECTIEYNBATh BEICOKYIO HaEKHOCTh, TAK KaK OT HUX BO MHOTOM 3aBHCHT 0€3011aCHOCTb
JABHXKCHUA I1OE3/10B. KOHCprKLIl/ISI M TEXHUYECKOE COCTOSHHUE KOIECHBIX nap OKa3bIBAalOT BJIMAHHUEC Ha IJIABHOCTH
Xo4a, BCJIWYUHY CHJI, BO3HHUKAIOIUX IIPpU B38HMO)1€FICTBHI/I Barona " MnyTu, U COIPOTUBJICHUC JIBHKCHUIO.
Crneunduka paboThl OCH 3aKJIIOYAaeTCs B TOM, YTO IIPU HArpy>KEHWH OHA WCIBITHIBACT M3THMOHBIC HAIPSDKEHHMS,
KOTOpBIE MO IUIOMIAH TOIEPEYHOr0 CEUEHHs PacHpeAeNIIOTCS HEPaBHOMEPHO, MOCTHras HauOONIbIINX 3HAUYCHHUH
B Hapy>XHbIX U HAUMEHBIINX — BO BHYTPEHHUX BOJIOKHAX. JTO OOCTOSTENBCTBO CTABUT 3aJlauy 3aMEHbI CIIJIOIIHOTO
cedeHus ocu nonbiM. K HemoctaTkaM KOHCTPYKLUM IOJIBIX OCEH, IPUMEHSEMBIX B HACTOSILEE BpeMs, CIEHYeT
OTHECTH 3HAYUTEIBHYIO CIOKHOCTH W3TOTOBIICHHS IIOJIOCTH MEPEMEHHOTO cedeHws. Llenmpio paboThl sBIsEeTCS
CO37JaHl€ MOJEPHU3UPOBAHHON KOHCTPYKIIMHU OCH KOJIECHOHM napbl. Metoauka. IlpeanosxeHa KOHCTPYKLMS IOJION
OCH, UMEIOIIeH BHYTpEeHHEE MTPOAOIEHOE CKBO3HOE OTBEPCTHE IMIIMHAPIHYECKON (DOPMBI MTOCTOSTHHOTO THAMETpPa I0
Bcell anmHe. JleTanp M3roTaBIMBAeTCS M3 CTAIBHOM LETHHOKATaHOW TPyOBl. BHYTpEHHIOIO MOBEPXHOCTH TPYOBI
00pabaThIBAIOT MEXaHUYECKUM CIIOCOOOM ISl CHATHS KOHIIEHTPAIM HANpsDKeHHH BO BHYTPEHHEM IPOIOIHHOM
CKBO3HOM OTBEPCTHH LMJIMHIAPUYECKON (DOPMBI, KOTOPHIH HMMEET IMOCTOSHHBIN AMaMeTp MO BCEH UIMHE OCH.
PesyabTarsl. [IpuMeHeHHE 1aHHON KOHCTPYKIUY II03BOJUT YIIPOCTUTH U3TOTOBJICHUE II0JIOM OCU U MEXAHUYECKYIO
00paboTKy BHYTPEHHETO ITPOIOIHLHOTO CKBO3HOTO OTBEPCTHSI, COXPAHsisl IIPU 3TOM BCE NMPEUMYILECTBA TIPUMEHEHUS
II0JIOM OCH B KOJIECHBIX Iapax MOABUXKHOIO cocTasa. Enie 0qHUM NpeuMyIecTBOM IPUMEHEHUS II0JI0OM OCU JaHHOMI
KOHCTPYKLIUU SIBJISIETCS OTCYTCTBHE YaCTUYHOM HEOMHOPOJHOCTH MeETallla, HEU3MEHHO BO3HUKAIOUIEH IpH
NIPOM3BOJICTBE 3aroTOBOK CIUIOMIHBIX oceld. Hayunasi nHoBu3Ha. PazpaboTaHa HOBas KOHCTPYKIHMS IIOJIOH OCH
KOJIECHOM TIaphl MOJBMXKHOTO COCTaBa jkeJe3HbIX jopor. IlpakTuyeckass 3Ha4YuUMOCTh. BHeapeHne HOBOM KOH-
CTPYKIINH, YIIPOUIAIONIEH M3TOTOBICHHE M MEXaHHYECKYI0 00pabOTKy BHYTPEHHEH MOJOCTH OCH KOJECHOW Iapel,
MIpUHECET 3HAYUMBIN dKoHOMHYecKHi 3(pdekt. CornacHo mpeaBapuTeN-HBIM pacdeTaM MpUMEHEHHe OcH 4 ¢ T0JIo-
CTBIO MTOCTOSIHHOTO CEYEHUS MO3BOJIUT CHU3HUTH pacxoa Metaia Ha 100110 kr.
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BICh KOJIICHOI TAPH 3 IIOPOKHUHOIO NOCTIMHOI'O MEPEPI3Y

Meta. BHacnifok ekcruryaTaiii B CKJIaJHUX yMOBaX HaBaHT)KEHHS KOJICHI Mapy pyXOMOTO CKJIaJy 3ali3HHUIb
MIOBUHHI 3a0e31evyBaTi BUCOKY HaJlIHICTb, TaK SIK BiJl HUX 0arato B 4OMYy 3aJIeXHTh Oe3leka pyxy noizzis. KoHe-
TPYKIisl T2 TEXHIYHUH CTaH KOJICHUX Iap BIUIMBAIOTH HA IUIABHICTH XOJY, BEJIMYUHY CHJI, III0 BUHUKAIOTH IIPH B3a-
€MOJIi1 BaroHa Ta KoJii, a Takox omip pyxy. Crnenundika podoTH oci mondrae B TOMy, IO IPYW HABAaHTaKEHHI BOHA
BiJUyBa€ HANpPYTH BUTHHIB, AKi 32 IDIOMICIO IOIEPEYHOTO Mepepi3y pO3MOMIIAIOTECS HEPIBHOMIPHO, JOCSATAIOUYN
HaMOLIPIINX 3HAYCHD Y 30BHIIIHIX 1 HAMMEHIINX — Y BHYTPIMIHIX BONOKHaX. L[ oOcTaBHHA CTaBUTH 3a/1aqy 3aMiHU
CYLIIBHOTO TIepepizy OCi MOPOKHUCTHM. J[0 HEIOMIKiB KOHCTPYKIIii TOPOKHUCTHX OCel, BKMBAaHMUX Yy AaHUI dac,
CIiJl BIAHECTH 3HAYHY CKJIAIHICTh BHUTOTOBJICHHS MOPOXHWHHU 3MIHHOTO Tepepizy. MeToio poOoTH € CTBOpEHHS
MOJIEPHI30BaHOI KOHCTPYKII oci KoxicHoi mapu. MeTtoanka. 3arponOHOBAHO KOHCTPYKIIIO MOPOKHHUCTOI OCi, 110
Ma€ BHYTPIIIHIM MO3/I0BXHIH HAcKpi3HUWA OTBIp LMIIHAPUYHOI (OpMH MOCTIHHOrO AiaMeTpa Mo BCiil OBXKHHI.
Jletayib BUTOTOBIISIETHCS 31 CTAEBOI CyllJIbHOKaTaHOT TpyOH. BHYTpilIHIO TOBEpXHIO TpyOU 00pOOIISIOTH MEXaHiu-
HHUM CITIOCOOOM JIJIsl 3HSTTSI KOHIIEHTpaLiil HAalpy)XeHb Y BHYTPIIIHbOMY HO3/I0B)XHBOMY HAaCKPi3HOMY OTBOPI LIMJIi-
HApPUYHOI (HOpMHU, SIKMH Mae MOCTiHMIT KiameTp 1o Bciii JoBxkuHI oci. Pe3yabTaTn. 3acrocyBaHHs 1aHOT KOHCTPY-
KIiT 103BOJINTH CIIPOCTUTH BUTOTOBJICHHS ITOPOXKHUCTOI OCI Ta MEXaHIuHy OOpOOKY BHYTPIIIHBOTO HO30BXXHBOTO
HAaCKpi3HOTO OTBOpY, 30epirawyu Hpu IIbOMY BCi Ie€peBard 3acTOCYBaHHs ITOPOXHUCTOI OCi B KOJICHHX Hapax
pyxomoro ckiaxny. llle ommielo TepeBaror 3acTOCYBaHHS ITOPOXKHHCTOI OCi JaHOi KOHCTPYKIIi € BiACYTHICTH
YaCTKOBOI HEOJHOPOJHOCTH METaly, IO HE3MIHHO BHHUKAE€ TPH BUPOOHUIITBI 3arOTOBOK CYIIIBHHX OCEH.
HaykoBa HoBu3HA. Po3p0o06ieHO HOBY KOHCTPYKIIiIO MTOPOKHHUCTOI OCi KOJICHOI apy PyXOMOTO CKJIaxy 3ali3HUIb.
IIpakTnyHa 3HaYMMicTb. BripoBaykeHHS HOBOI KOHCTPYKIIii, IO CIPOIIy€ BUTOTOBICHHS Ta MEXaHIYHY 00pOOKy
BHYTPIIIHBOI MMOPOKHUHM OCi KOJIICHOI Mapu, MpUHEeCce 3HAYYITHH eKOHOMIYHHN e(eKT. 3riAHO 3 MonepeIHiMH po3-
paxyHKaMH 3acTOCYBaHHsS OCi 3 IOPOXXHHUHOIO IIOCTIHOTO NEPETUHY NO3BOJIUTH 3HU3MTH BUTpPATy MeETaly Ha
100-110 kr.

Kniouosi cnosa: xonicHa mnapa; CylilibHa BiCh KOJIICHOT IIapH; MMOPOXKHUCTA BICh KOJICHOI Mapu; PyXOMHIA CKIia
3aJTiI3HUIb; 3aJII3HUYHUIN BaroH; Oe3MpyKMHHA Maca BaroHa
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INVESTIGATION OF DYNAMIC CHARACTERISTICS OF GONDOLA
CARS ON PERSPECTIVE BOGIES

Purpose. In this paper, it is necessary to examine the dynamic properties of the gondola car with bogies, model
18-1711 when it moves on straight and curved sections of a track. Methodology. The calculations were performed
using the object-oriented programming on the program "Dynamics of Rail Vehicles" ("DYNRAIL" Myamlin S.V. reg-
istered 20.03.2003). Mathematical models of a gondola car and bogies 18-100 and 18-711 were created for the calcula-
tions. Findings. Dynamic performances comparison of the gondola car with bogies 18-1711 and the gondola car with
bogies 18-100, obtained by calculation method was carried out. Originality. Firstly calculations in order to determine
the dynamic properties of the gondola car with bogies 18-1711 when it moves on straight and curved sections of track
were performed. At the same time an assessment of the dynamic characteristics of the gondola car was made. The fol-
lowing dynamic standards were determined: the coefficient of vertical dynamics (Cg,), the coefficient of horizontal
dynamics (Cg), and the safety factor against derailment (SFg). Track irregularities in vertical and horizontal transverse
planes were assigned as perturbations. They should be so that the dynamic indexes of the widely used in operation
gondola car on bogies model 18-100 keep in admissible range of speeds up to 80km / h for the empty gondola car and
at speeds up to 90km / h for the loaded gondola cars. Practical value. As a result of the calculations and comparisons
of their results, we have findings that the use of bogies with bilinear characteristic of the central suspension will im-
prove the dynamic performances of gondola cars, currently operating on bogies, model 18-100. And by improving the
dynamic performances it is possible to increase the permissible speeds of these cars motion.

Keywords: dynamic qualities of gondola car; bogie of the model 18-1711; dynamic performances of gondola car

Introduction and wheel sets implementing through the herring-
bone absorber that works in all three planes. There-
fore, the bogie 18-1711 can be considered as hav-
ing two stages of suspension.

The design of cars improvement and increase
of train speeds requires solution of a question con-
cerning safety in operating, reliability of rolling
stock and a track. In seeking to resolve such matter
the important factor is operations on modernization
of existing ones and creation of new structures of a
truck. Dynamic and strength qualities of cars in
general depend on their workability.

These requirements were the basis for the de-
velopment of a new freight bogie, model 18-1711
with increased axle load [3, 7].

The bogie 18-1711 is a three-element structure
consisting of two side frames and a bolster. In the
bogie the central bilinear suspension and friction
wedge-type shock absorbers of spatial actions were
implemented.

Purpose

The aim of this work is the dynamic properties
research of the gondola car with bogies, model
18-1711 when it moves on straight and curved sec-
tions of a track and their comparison with the dy-
namic qualities of the gondola car with bogies,
model 18-100. Results comparison of such calcula-
tions will determine the direction of scientific re-
search in order to improve the dynamic qualities of
gondola cars.

Methodology

One of the bogie 18-1711 features is the pres-
ence of elastic coupling between the side frames
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A mathematical model of bogies, model 18-1711
was built in this study. The dynamic characteris-
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tics of the gondola car in empty and loaded state,
when it is installed on these trucks were deter-
mined too [1, 2].

Dynamic properties determination of gondola
cars with bogies 18-1711 was performed during its
movement on straight and curved sections of a
track. At the same time the dynamic characteristics
evaluation of the gondola cars was carried out ac-

cording to the following regulatory dynamic pa-
rameters: coefficient of vertical dynamics (Cy,), the
coefficient of horizontal dynamics (Cg,), the safety
factor against derailment (SF,) [4, 5].

For the calculations a typical gondola car with
the following inertia characteristics was chosen
(table 1).

Table 1

Inertial parameters of gondola cars objects (in the numerator — loaded, in the dominator — empty)

Object Weight [(] Monments of inertia [t - m?] Coordinates of the center of mass [m]
Iz Jy Ix X Y z
1 2 3 4 5 6 7 8
Basis 0 0 0 0 0 0 0
Bogie |
Left rail 1 0,5 0 0 0 0 -0,79 0
Right rail 1 0,5 0 0 0 0 0,79 0
Wheelset 1 1,37 1 0,1 1 0 0 0,475
Left rail 2 0,5 0 0 0 1,85 -0,79 0
Right rail 2 0,5 0 0 0 1,85 0,79 0
Wheelset 2 1,37 1 0,1 1 1,85 0 0,475
e lettside 0,68 022 022 0 0,925 1,02 05
ane Right side 0,68 0,22 0,22 0 0,925 1,02 0,5
Bogie-bolster 1 0,45 0,3 0,05 0,3 0,925 0 0,6
Bogie 2
Left rail 3 0,5 0 0 0 8,66 -0,79 0
Right rail 3 0,5 0 0 0 8,66 0,79 0
Wheelset 3 1,37 1 0,1 1 8,66 0 0,475
Left rail 4 0,5 0 0 0 10,51 -0,79 0
Right rail4 0,5 0 0 0 10,51 0,79 0
Wheelset 4 1,37 1 0,1 1 10,51 0 0,475
e leftside 0,68 022 022 0 9,585 1,02 05
gr};fnrei%ht side 0,68 0,22 0,22 0 9,585 1,02 0,5
Bogiebolster 2 0,45 0,3 0,05 0,3 9,585 0 0,6
Body
Body 76,5/12,3 | 1100215 | 1050/214 | 75/24,6 5,255 0 1,92/1,67
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Fig. 1. Dependence graphs of the dynamic parameters of the empty gondola car on the speed movement (Direct):
a — coefficients of the vertical dynamics; b — coefficients of the horizontal dynamics; ¢ — the safety factor
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Fig. 2. Dependence graphs of the dynamic parameters of the empty gondola car on the speed movement (Curve 600 m):
a — coefficients of vertical dynamics; b — coefficients of the horizontal dynamics; ¢ — the safety factor
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Fig. 3. Dependence graphs of the dynamic parameters of the empty gondola car on the speed movement (Curve 300 m):
a — coefficients of vertical dynamics; b — coefficients of the horizontal dynamics; ¢ — the safety factor
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Fig. 4. Dependence graphs of the dynamic parameters of the loaded gondola car on the speed movement (Direct):
a — coefficients of vertical dynamics; b — coefficients of the horizontal dynamics; ¢ — the safety factorfactor

Doi 10.15802/stp2014/30789 © S. V. Myamlin, V. M. Bubnov, YE. O. Pysmennyi, 2014

131



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

Hayxka Ta nporpec Tpancropty. BicHuk J[HIponeTpoBcbKoro
HAI[IOHAJIBHOTO YHIBEPCHUTETY 3alIi3HUYHOrO TpaHcmopty, 2014, Ne 5 (53)

PYXOMMI CKJIAL I TSATA TTOI3/IB

a 1,0

0,8

0,6 e —— —__—

0,4 -

Cdv

0,2

0,0

’

40 50 60 70 &0 90

km/h

0,1

0,0

’

40 50 60 70 80 90

km/h

4,0

3,0

’

0,0
40 50 60 70 &0 90
Vkmf h
Fig. 5. Dynamic indexes of the loaded gondola car (Curve 600 m)
Doi 10.15802/stp2014/30789 © S. V. Myamlin, V. M. Bubnov, YE. O. Pysmennyi, 2014

132



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

Hayxka Ta nporpec Tpancropty. BicHuk J[HIponeTpoBcbKoro
HAI[IOHAJIBHOTO YHIBEPCHUTETY 3alIi3HUYHOrO TpaHcmopty, 2014, Ne 5 (53)

PYXOMUM CKJIAJL I TSTA ITOI3/IB
a 1,0 /V

o o
0.4 //

0,2

.

Cdv

0,0

’

40 50 60 70 &0 90
km/h

b 0,5 /
0,4

’

th

0,1

0,0
40 50 60 70 &0 90

km/h

4,0

3,0

0,0

’

40 50 60 70 80 90

Vkm!h

Fig. 6. Dependence graphs of the dynamic parameters of the loaded gondola car on the speed movement (Curve 600 m):
a — coefficients of vertical dynamics; b — coefficients of the horizontal dynamics; ¢ — the safety factor
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Maximum permissible values of determined
dynamic parameters for gondola cars with bogies
having over axle box suspension are presented in
the Table 2.

Table 2

The maximum permissible values of the main
dynamic parameters for gondola cars with
the bogie, model 18-1711

Index value
Index
Empty | Loaded
Coefficient of vertical dynamics
(Cav) 0,95 0,8
Frame strength (fs) 0,4 0,38
Safety factor (SF) 1,4 1,4

The calculations were performed using the ob-
ject-oriented programming on the program "Dy-
namics of Rail Vehicles" ("DYNRAIL" Myamlin
S. V. registered 20.03.2003). Mathematical models
of a gondola car and bogies 18-100 and 18-711
were created for the calculations [6, 8, 9].

In order to compare the obtained results calcula-
tions were performed for gondola cars on bogies of
the typical model 18-100 and new bogie 18-1711.

Track irregularities in vertical and horizontal
transverse planes were assigned as perturbations.
They should be so that the dynamic indexes, of the
widely used in operation gondola cars on bogies,
model 18-100 keep in admissible range of speeds
up to 80 km/h for the empty gondola car and at
speeds up to 90 km/h for the loaded gondola cars.

Next, movement simulation of empty and
loaded cars on straight and curved section of a
track with middle (600 m) and small (300 m) radii
with the above mentioned irregularities of tracks
was carried out. The results of these calculations
will be used as reference values for comparison of
them with the results for the gondola car on the
bogies, model 18-1711 [10-14].

Findings

In all the figures the results for cars on bogies
18-100 are shown by the line with a triangular
marker and for cars on bogies 18-1711 — by the
line with thomboid markers.

Analysis of the results obtained during the re-
search let us make the following conclusions:

1. The use of the spring grouping bogie with a
bilinear characteristic in the central stage of sus-
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pension has improved dynamic performances of
described gondola cars.

2. To a large extent dynamic performances of
empty gondola cars have improved in comparison
with loaded. This explains the fact that the static
deflection of spring grouping in the empty gondola
car is on a section characteristic with less rigidity.
Dynamic performances of loaded gondola cars on
bogies, model 18-1711, were improved too, though
to a lesser extent.

Improving the dynamic performances is more
evident in the modeling of freight gondola cars
motion on a straight section of the track than at
motion on curve of medium and small radii. This is
due to the fact that the dynamic performances of
gondola cars during motion on curves are largely
determined by the centrifugal forces that operate
on cars.

Originality and practical value

Firstly calculations to determine the dynamic
performances of gondola cars with bogies, model
18-1711 during its motion on straight and curved
sections of the track were carried out. At the same
time the assessment of dynamic characteristics of a
gondola car was made and the following regulatory
dynamic performances were identified: the coeffi-
cient of the vertical dynamics (Cy,), the coefficient
of horizontal dynamics (Can), and the stability fac-
tor against derailment (SFy). The use of bogies
with bilinear characteristic of the central suspen-
sion will improve the dynamic performances of
gondola cars, currently operating on bogies, model
18-100. And by improving the dynamic perform-
ances it may increase the permissible speed of
these cars.

Conclusions

Analysis of the calculations results and com-
parison of dynamic parameters of the gondola car
with bogies 18-1711 and the gondola car with bo-
gies 18-100 shows that the bilinear characteristic
of the central suspension of freight car bogie has a
positive effect on its dynamic performances both
during motion on a straight sector and in the
curved sections of the track. Besides the dynamic
performances improvements are more pronounced
in the gondola car in empty state. Thus, the use of
bogies 18-1711 with bilinear characteristic of the
central suspension for gondola cars will enable to
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increase the maximum permissible motion speeds
in unloaded state, which is very actual for modern
railway transportations. 8.
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ectp. 20.03.2003 p.). [Ans po3paxyHKiB OyJId CTBOPEHI MaTeMaTH4YHi MOJeli miBBaroHa Ta BiskiB 18-100 1 18-1711.
Pe3yabTaTn. BukoHaHO NMOPIBHSHHS IWHAMIYHHUX ITOKA3HUKIB IiBBaroHy 3 Bizkamu 18-1711 Ta miBBaroHy 3 Bi3Ka-
Mmu 18-100, orpumanux po3paxyHKoBHM IuIsixoMm. HaykoBa HoBH3HA. Briepine BUKOHaHO pO3paxyHKH IO BH3HA-
YEeHHIO TWHAMIYHUX SIKOCTEH MiBBaroHy 3 Bizkamu 18-1711 mpwm #oro pyci mo nmpsAMOIiHIHUX 1 KpUBOJMIHIHHUX [i-
nsgHKax Koiil. Ilpn npoMy Oyrma BHKOHaHa OLIHKA JUHAMIYHUX XapakTEPUCTUK ITIBBATOHA 1 BU3HAYEHO TaKi HOpMa-
TUBHI JUHAMIYHI MMOKa3HUKHU: KoediumieHT BepTukanbHOl nuHamiku (K), koedilieHT ropu30oHTaNbHOT AWHAMIKA
(K), xoediuienT crifikocTi Bif cxomy kouic 3 peitok (K). B sxocti 36ypeHs Oynu 3a1aHi reoOMeTpUYHI HEPIBHOCTI
KOJIiT y BEpPTHKaJIbHIN 1 TOPU30HTAJIBHIN TTONIepEeYHil IUIONIMHAX, TaKi, 1100 TUHAMIYHI TOKa3HUKH [IMPOKO BUKOPH-
CTOBY-BaHOT'O B €KCIUTyaTallil miBBaroHy Ha Bizkax mojeini 18-100 Bkiamaaucs B AOMYCTHMUH iara30H MU IIBHUI-
KOCTSIX pyxy 70 80 KM/ToJ1 st MOPOKHBOTO MIBBAaroHy 1 MpHU MBUAKOCTSIX 10 90 KM/TOJ JUTS HaBaHTaXXEHOTO IiBBa-
rony. [IpakTuyHa 3Ha4YMMicTB. Y pe3ysbTaTi IPOBEAECHUX PO3PaxyHKIiB 1 MOPIBHAHHA iX pe3yJibTaTiB Oyio BcTa-
HOBJICHO, III0 3aCTOCYBaHHS Bi3KiB i3 OUTIHIMHOIO XapaKTEPUCTUKOIO LIEHTPAIBHOTO MiJBIIIYBaHHS JIO3BOJIUTH I1O-
JNIIUTH AWHAMIYHI TIOKa3HUKH ITiBBArOHIB, €KCIDTyaTOBAaHUX Y NaHMi Jac Ha Bi3kax mogeni 18-100. I 3a paxyHOK
TIOJITIIIICHHSI TUHAMIYHHAX TTOKa3HUKIB MOITUBE 30UTBIICHHS JOITyCTUMHUX IIBUIKOCTEH PYXY IMX BaroHiB.

Knrouoesi crosa: muHaMidHi SKOCTI IiBBaroHa; Bizok mojeni 18-1711; nuHaMivyHi IOKAa3HUKH TIBBAarOHA
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Heas. B paboTe He06x0ANMO UCCIIEIOBATh JHMHAMHUYECKHE KauecTBa MTOJTyBaroHa ¢ Tesiexkkamu moaenu 18-1711
IIPU €r0 JBW)KEHWHU O MPSIMOJIMHEHHBIM U KPUBOJIMHEHHBIM yuacTKaM IIyTH. MeToanka. PacueTsl Ipou3BOIUINCH
C TMOMOIIBI0 OOBEKTHO-OPUEHTUPOBAHHOIO IpOrpaMMmupoBaHusi Ha nporpamme «Dynamics of Rail Vehiles»
(«<DYNRAIL» Msmaun C. B. 3aperectp. 20.03.2003 r.). [{ns pacueToB ObUIH CO3/1aHBl MaTeMaTHYECKUE MOJIEIN
nostyBarona u tenexek 18-100 u 18-1711. Pe3yabraThl. BoilionHeHo cpaBHEHHE TWHAMHYECKHUX TOKa3aTellel mo-
nmyBaroHa ¢ Tenexkkamu 18-1711 u nmomyBaroHa ¢ tenexkamu 18-100, momyueHHBIX pacdeTHeIM ITyTeM. Hayunas
HOBHM3HA. BriepBbie BBINOJIHEHBI PAcyeThl 10 OINPEAEICHHI0 JTUHAMHYECKUX KauecTB IOJyBaroHa C TEJIEXKaMH
18-1711 npu ero ABMXEHHUH IO TPSIMOJIMHEHHBIM M KPUBOJIMHEHHBIM ydacTKaM IyTH. [Ipu 3ToM ObuIa BBEINOJIHEHA
OLIEHKA JMHAMUYECKUX XapaKTEPHCTHK IOJIyBaroHa W ONPEEeNICHbI CIEAYIOINEe HOPMAaTHBHBIC JUHAMHYIECKUE I10-
Kazarenu: Kod(pGUIueHT BepTukanbHoi nuHamukd (K,;), koapduunent ropuszonranprHoit nuHamuku (K), xoag-
(bHUUMEHT YCTOHUMBOCTH OT cxoja Koiec ¢ penbcos (Ky). B kauecTBe Bo3MyLIeHHH OBLIH 3a1aHbl TEOMETPHYECKHE
HEPOBHOCTH ITyTH B BEPTUKAIBHONW W TOPU30HTAIBHOM MONEPEUHOH TUIOCKOCTSIX, TaKHe, YTOOBI TUHAMHUYECKHE I10-
Ka3aTeNy IUPOKO HCIIOIB3yEeMOTO B SKCILUTyaTalldy OJyBaroHa Ha Tenexkax monenu 18-100 ykiagsBaaucek B 10-
MCTUMBIH IHANa3oH HPU CKOPOCTIX ABWKEHHA A0 80 KM/4 ISl MOPOXKHEro IOJyBaroHa M IPHU CKOPOCTAX 0
90 km/4 1iist Tpy>xeHoro nosyBarona. IlpakTuyeckasi 3HaYMMOCTh. B pesylibTare npoBeieHHBIX PacueToOB U CPaB-
HEHUS UX Pe3yJIbTaToOB OBbLJIO YCTAHOBIICHO, YTO MPUMEHEHHE TENIEKEK C OMIMHEWHON XapaKTepUCTUKOW LIEHTPasb-
HOTO NOJBEIINBAHUS MO3BOJIMT YIyYIIUTh AUHAMHUYECKHE MOKAa3aTeIH MOJyBarOHOB, 3KCIIyaTHPYEMbIX B HACTOS-
niee BpeMs Ha Tenexkax mogenu 18-100. M 3a cuet ynmydiieHuss JUHAMHUYECKUX MOKa3aTeneld BO3MOXKHO yBeInue-
HUE JOITyCTUMBIX CKOPOCTEHN JBUKEHUS ITUX BarOHOB.

Kniouesvie cnosa: nuHaMudeckue KauecTBa MOJTyBaroHa; Teyexka mogenu 18-1711; nuHamudeckue nokasarenu
MOJTyBaroHa
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KOHTAKTHASA ITPOYHOCTb MEXAHOAKTUBHUPOBAHHBIX
MEJIKO3EPHUCTBIX BETOHOB U3 JOMEHHbIX
I'PAHYJIMPOBAHHBIX IIIJTAKOB

Heas. UccrenoBanue npeanoiaraeT ynpoyHeHNE KOHTAKTHON 30HBI MEITKO3EPHUCTOTO OETOHA 3a CUET MEXaHH-
gecKkor 00pabOTKH BceX KOMITOHEHTOB OETOHHOW CMECH B CMECHTEJIe-aKTHBATOPE W MPHMEHEHHE 3arlOJIHUTEIS
¢ 1IepoxoBaTol MNOBEpXHOCThIO. Meroauka. [ JOCTHKEHHS NOCTaBICHHOM LEJIM B KAauyeCTBE CMECHUTENS-
aKTHUBaTOpa OBUI MCIOJB30BaH aKTUBATOp poropHoro tuma PC-06, pa3paOoTaHHBIN HAy4IHO-HMCCIIETOBATEIHCKIM
HHCTUTYTOM CTPOUTEIHFHOTO MPOU3BOJICTBA. B BHIE MENKOTO 3alOTHUTENS MPUMEHSIICS TOMEHHBIN TpaHyIMpPOBaH-
HBI{ [IUTAK, UMEIOINI 0osiee pa3BUTYIO MIEPOXOBATYIO TIOBEPXHOCTH, YeM IecoK. JlaHHas ycTaHOBKa 00eCIeunBacT
HUHTCHCUBHOC T'OMOI'CHHOC HepeMeLlII/IBaHI/Ie KOMIIOHCHTOB 66TOHHOI>1 CMECH, o60ra1ueHI/1e CblpbeBle MaTepI/laJ'IOB
(OI-II/ILlleHl/Ie HUX 4YaCTUYCK OT SanHSHHIOLHI/IX BeU_leCTB), a TaKXe MexaHI/l‘leCKy}O IleCprKHI/llO HOBerHOCTHI)IX CJIOEB
JIOMEHHOI'O TPaHyJIMPOBAHHOIO IJIaKa U JAPYTUX BXOJAUIUX B CMECh KOMIIOHEHTOB. Pe3yabTaTsl. [Ipu noaroroske
paboTHI MPOBOIMIIACH IKCIIEPUMEHTAIBHBIC HCCICIOBAHUS C OMpPECIICHHEM COCTaBa HOBOOOPa3OBaHHUNA MEIKO3ep-
HUCTBIX OETOHOB TP MOMOINU TP PEPCHINATEHO-TEPMUIECKOTO U PCHTTEHO(A30BOTO METOIOB aHAIIN3a, a TAKXKE
(hM3UKO-MEXaHUYECKUX CBOWCTB MEJIKO3EPHHUCTHIX OCTOHOB B COOTBETCTBHHU C JICHCTBYIONIMMHU CTaHIApTaMH YK-
pamHEL. Y CTaHOBIECHO, YTO (pa30BBI COCTaB HOBOOOPA30BaHMI MENKO3EPHUCTHIX OCTOHOB, MPHUTOTOBJICHHBIX M3
aKTUBUPOBAHHBIX U HEAKTHUBUPOBAHHBIX CMeceH, He m3MeHseTcs. VX TIaBHOe pa3indie COCTOUT B BEIMIHHE CO3/1a-
BaeMbIX A(PPEKTOB U TeMIlepaTypHbIX HHTEPBAJIOB BOZHHMKHOBEHUS ATUX MUKOB. Tak, y MEJIKO3EPHUCTBIX OETOHOB,
M3TOTOBJICHHBIX Ha OCHOBE aKTUBHPOBAHHBIX CMecel, BendrHa 3()()EeKTOB MEHBIIIE, UTO CBHIACTEILCTBYET O Oojiee
BBICOKOW CTETeHU THUApATaIlliu ero KOMIoHeHTOB. Kpome Toro, Ha kpuBbix TI" Ha mepuBaTorpamMmax oOpasioB Oe-
TOHa HOTepH MacCChbI reneo6pa3Hb1x Fl/I)lpOCI/lJ'II/lKaTOB KaJIbLIus 6eTOHa u3 MeXﬁHO&KTHBI/IpOBaHHOﬂ CMECH Ha
0,5...0,7 % BelIiiie, 4eM B OCTOHE M3 HEAKTUBUPOBAHHOM CMECH, UYTO CBUICTEIBCTBYET O OOJIBIIEM KOJMYECTBE ITUX
HOBOOOpa30BaHMii B OETOHAX U3 aKTUBHPOBAHHBIX CMeceid. B 11ei1oM, OETOHBI pa3InYHOTO COCTaBa, H3rOTOBJICHHBIC
Ha OCHOBE CMeCH, 00pabo-TaHHOW B CMECHUTEINIe-aKTHBATOPE, HMEIOT 00JIee BBHICOKYI0 MEXaHUYECKYHO MPOYHOCTS.
Hayunas HoBu3Ha. [Toyumim naneHeiee pa3sBUTHE MPEICTABICHUS O BIMSHUA MEXaHUYECKON aKTHBAIUU KOM-
MTOHEHTOB MEJKO3EPHUCTHIX OCTOHHBIX CMeceil ()OPMOBOYHOW BIIAXKHOCTH B CMECHTENIC-aKTHBATOPE POTOPHOTO TH-
Ma Ha 3HAYEeHHE KOHTAKTHOW NMPOYHOCTH IEMEHTHOTO KaMHs W 3amonmHutess. IlpakTuyeckasi 3HAYMMOCTB. YTI-
pOYHEHHE KOHTAKTHOH 30HBI MEITKO3EPHUCTOTO OSTOHA TMPH MPOBEIECHINH COBMECTHOIH 00pabOTKH BCeX KOMIIOHEH-
TOB OETOHHOH CMECH B CMECHTEIIC-aKTHBATOPE TOCTUTACTCS Ollaromapsi MOBBIIICHUIO CTENICHH THAPATAIINU CHIPbe-
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BBIX KOMIIOHEHTOB OETOHA; CO3JaHUIO YCIOBUI IJIsl IPOTEKaHUs TBEPAO(DA3HBIX XUMUIECKUX PEaKIUil MEXIy €ro
KOMITOHEHTaMH; yIy4IIEHUIO CTPYKTYpPbI NMOJYYEHHOTO MaTepHaiga. JTO CIOCOOCTBYET CYIIECTBEHHOMY yBEIHUE-
HUIO MEXaHWYECKOW NPOYHOCTH MEXAHOAKTHBHPOBAHHBIX MEIKO3EPHUCTBIX OCTOHOB HPUOIM3UTENBHO B 5 pa3
B CpaBHEHHMHU ¢ OETOHAMH, U3TOTOBJICHHBIMH M3 HEAKTUBUPOBAHHBIX CMECEH, 4TO aeT BOBMOXKHOCTh CHU3HUTH pac-

XO/JI IIEMEHTa MIPHU U3rOTOBJIEHUH | M Getona 110 59 %.

Kniouesvie cnosa: KOHTaKTHAs IIPOYHOCTh, MEIIKO3CPHUCTHIC OCTOHHBIC CMECH; NOMEHHBIE I'PaHYJINPOBAHHBIC
[IJIAKW; MEXAaHOAKTHUBALUA; CMECUTECIIb-aKTUBATOP POTOPHOI'O THUIIA; CTCIICHb rMApaTaliuni; COCTaB H03006pa3013a-

HUI 0ETOHA; MEXaHUYECKas IIPOYHOCTh OETOHA

BBeaenune

HawubGosee cimaObiM 3j1EMEHTOM B OETOHE, MOJ-
BEP)KCHHOM DPa3pyIICHUIO TPH JICHCTBUM BHEITHUX
Harpy30K SBIISIETCSI KOHTAKTHAS 30HA, T. €. yU4aCTOK
KOHTaKTa [EMEHTHOTO KaMHs W 3armonHuTens. [Ipo-
WCXOIUT 3TO W3-3a CYIIECTBEHHOTO PA3NUYUs HX
(U3UKO-MEXaHMYECKUX CBOMCTB (Momyiis aedop-
Marmu, kodhdummenta Ilyaccona, koadduimenra
JMHEHHOTO TEPMHUYECKOTO PACIIMPEHHs) W pa3Mme-
POB KOHTaKTHPYIOUIMX (a3, a TakKe HATUIUS MHK-
ponedekroB Ha moBepxHOCTH paznena ¢das [1, 19].
Jig vckiroueHus NaHHOM TpoOIeMBI HEKOTOpHIC
y4eHbIe MPeJUIaraloT MPUMEHITh B Ka4eCTBE 3aroJ-
HUTEJICH MaTepUallbl, CXOXHE 10 CBOMM (hU3UKO-
XUMHYECKUM M MEXaHWYeCKUM CBOWCTBaM C Ie-
MeHTOM. Hampumep, JoMeHHBIE TpaHyJIHpOBaHHBIE
nutakd. Bompocy uccienoBaHHs CBOWCTB M BO3-
MOKHOCTH HWCIIOJIb30BaHUSI BTOPUYHBIX MaTepHab-
HBIX PECYpPCOB B MPOM3BOJCTBE OETOHOB TOCBSIIIE-
HO psia paboT Kak yKpamHCKHX ydeHbIX [8, 10, 13—
16], Tak u 3apyOexHsix [5, 17, 20-24]. locrouHct-
BOM JIOMEHHBIX TPaHyJIUPOBAHHBIX IIIJIAKOB SBIISET-
Cs UX CXOAHBIA C LIEMEHTOM XHMMYECKUI COCTaB,
BBICOKAsl XUMHUUECKasi aKTUBHOCTb, BEICOKOPA3BUTAS
IIepoXoBaTasi MOBEPXHOCTh €ro 3epeH. K riaBHbIM
HEIOCTaTKaM CIIEAyeT OTHECTH BBICOKYIO ITyCTOT-
HOCTB, YTO TIPH €T0 WCIOJNb30BaHUM B OETOHAX Be-
JIeT K TMOBBIIICHHOMY PacXOfy BSDKYIIETO WM TO-
JMyYeHUI0 OETOHOB C HEYIOBJIETBOPUTEIHHBIMA
MIPOYHOCTHBIMH TIOKa3aTeNIIMHU. YUeHble MO-pa3Ho-
My pemarot 3Ty npobiiemy. Tak, B pabore [14] aB-
TOpBI TIPEIUIaral0T WCIIONb30BaTh PAIMOHATBHBINA
3epHOBOH COCTaB KOMIIOHEHTOB OETOHA, KOTOPHIH,
M0 WX MHEHHWIO, JAOCTUTAETCSl NMPH COOTHOILICHHUH
pacxofia KpymHOH (pakiuu K cpemHeil U K MeJIKon
52:23:25, a ux pazmepoB npumepHo 100:10:1. Jlna
TOTO, 4TOOBI 0OECIEUNTh TAaKOW 3EPHOBOW COCTaB
KOMITOHEHTOB 0€TOHa HCCIIeJOBaTeld B KauyecTBe
TOHKOJWCIIEPCHON (pakiuu K [EMEHTY BBOJIUIN
3ommy-yHoca [lpuanenpoBckoit TOC, a B KauecTBe
JIETKOTO 3alOJHUTENS HKCIOJIB30BAIMA JTOMEHHBIN
TpaHyJIMPOBaHHBIA NIIAK METAJUTyPrH4ecKoro 3a-

Doi 10.15802/stp2014/29975

Boza uMm. [lerpockoro. [Togdop cocraBa mpou3Bo-
JTAJICSL TIyTEM PacceBa BBIICIIEPEUNCIIEHHBIX MaTe-
puanoB. Hemenkuit ydvensiii Andreas Ehrenberg
[21] mpenmmaran ONTUMHU3AIUIO TPAaHYJIOMETpUUE-
CKOTO COCTaBa JIOMEHHBIX TPaHyJTUPOBAHHBIX IILIa-
KOB IyTeM UX U3MENbYEHUs W TPOCEUBAHUS B paz-
JIUYHBIX CTHENHUATBHBIX YCTAHOBKaX. B OCHOBY 3TOi
paboTHI TIONOKEHO COYETaHHWE B PACTBOPAX CBEPX-
TOHKOH (pakiiyi JOMEHHOTO T'PaHyJIHPOBAHHOTO
1JIaKa ¢ yACHbHOI MmoBepXxHOCTHI0 > 10 000 cM?/r,
KpYIMHOTO IIeCKa JOMEHHOTO TPaHyJIHPOBAHHOTO
ITaka ¢ yAembHOH MmoBepXHOCThI0 < 2 000 cM*/r
W TMOPTJIAHAIEMEHTHOTO KIIMHKepa CpeaHel uc-
MEPCHOCTU. YUEHOMY yAalIOCh MOMYYUTh MaTepHal,
MMEIOIIUI BBICOKYIO PAHHIO TPOYHOCTh U YIy4-
MIICHHBIE TEXHOJIOTHMIECKUE CBOMCTBA (hopMyeMOit
cmecu. Ilpu 3TOM, OH yKa3bIBaeT Ha HeIOCTaTO4-
HYI0 PacIpOCTpPaHEHHOCTh CBOEH pa3paboTku m3-3a
BBICOKMX JHEPIreTHUYECKUX 3aTpaTr MpU IMOTyYeHUH
CBEPXTOHKOT'O IIUIAKA.

B nocnennee BpeMs i yiaydllleHUs] CBOMCTB
TOTOBBIX CTPOUTEIBHBIX MaTepUaIOB M3 BTOPHY-
HBIX MaT€pUATBHBIX PECYPCOB IIUPOKO HCIIONH3Y-
10T Pa3IMYHbIC XUMHUYECKUe 100aBku. Tak, B pa-
Oore [24] mccrmemoBaTelb MPEIOKHUI B OETOHBI
BBOJWTH HOBYIO OpraHO-MHHEpaNbHYIO T00aBKY,
COCTOSIIIIYI0 U3 MOJIOTOTO AOMEHHOTO TPaHyJIHPO-
BaHHOTO MUIaKa M CYCHEH3MH MHUKpPOKpEeMHe3eMa
B BOJIHOM PacTBOpE HIEJIOYHOIO aKTHUBATOpa ILia-
ka. [Ipu 3TOM, ciemyer OTMETUTh, YeM OOJbIe
KOMIIOHEHTOB B OETOHHOW CMECH HCIIOIb3yeTCs,
TeM OoibIe OyIyT IOMOITHUTEIBHBIC 3aTParthl,
CBSI3aHHBIE C OOOPYIOBaHWEM EMKOCTEH I WX
XpaHEHUS, PUEMHBIX OyHKEPOB, 103aTOPOB, TPaH-
CIIOPTHBIMU pacxojlaMu Ha ux npuso3 u mp. K to-
My K€ HEeIOCTaTOYHO M3y4YeH BOMPOC BIHMSHUS XU-
MHUYECKHX H00aBOK B CTPOWTENBHBIX MaTephaiax
Ha OpPTaHU3M JIIO/IeH.

Mp1 ipeiiaraeM, MpOBOIUTh MEXAaHOAKTHBAITUIO
KOMITOHEHTOB O€TOHa B CMECHUTEJIe-aKTHBATOpPE po-
TOPHOTO THUIA. DTO MO3BOJSET HE TOJBKO ONTUMU-
3WPOBaTh TPAHYJIOMETPHUUECKHI COCTAB JOMEHHOTO
TPaHyJIMPOBAaHHOTO MUTAKA U YIAYYIIUTD PSIIl APYTHX
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CBOMCTB y 00pabaThIBaeMbIX MaTepHAIOB, HO U MO-
BBICUTH NMPOYHOCThH CLEMJIEHNS MaTepHUaroB MEXIY
co00ii, B JaHHOM cJIydae LIEeMEHTHOrO KaMHs U J0-
MEHHOT'0 TPaHyJIMPOBAHHOTO IIIIAKA.

Hean

YnpouHeHne KOHTaKTHOH 30HBI MEJKO3EpHU-
cToro OeToHa 3a CYeT MEeXaHH4YecKOoi 00paboTKu
BCEX KOMIIOHEHTOB OCTOHHOI CMECH B CMECHTelIe-
aKTHBATOpEe M NPHMEHEHHS 3alOJHUTENS C IIepo-
XOBaTOH MOBEPXHOCTH.

MeTtoanka

JUTs. HOCTHXKEHHUS TOCTABIICHHOM 1IeTH B Ka4eCT-
BE CMECHTENS-aKTHBAaTOpa ObIJI MCHONB30BaH aKTHU-
BaTop poropHoro Tuna PC-06, paspaboranHsiii Ha-
YYHO-HCCIIEIOBATENILCKUM WHCTUTYTOM CTPOUTEIh-
HOT'O NPOMU3BOACTBA; B BUJE MEJIKOTO 3allOIHUTEN
NPUMEHSUICST AOMEHHBIA T'paHyJMPOBAaHHBIA IUIAK,
UMEIOIINI OoJiee pa3BUTYIO IIEPOXOBATYIO TOBEPX-
HOCTB, 4eM Tecok. JlaHHas ycTaHOBKa oOecriedynBa-
€T HHTEHCUBHOE TOMOT'CHHOE MepEMELINBAHNE KOM-
TIOHEHTOB OETOHHOW CMeCH, 00OTaIlleHNE ChIPbEBBIX
MaTepuajoB (OYMIIEHHE HX YacTHUeK OT 3arpss-
HSIOIIMX BEILECTB), a TAKXKE€ MEXaHUIECKYIO JIeCT-
PYKLIHMIO TOBEPXHOCTHBIX CJIOEB IOMEHHOIO TpaHy-
JIMPOBAHHOTO IIJIaKa M APYTHX BXOJSAIIMX B CMECh
KOMITOHEHTOB.

Pe3yabTatsl

Eme B 50-X romax ombIThI, IPOBEIACHHBIE COBET-
ckuM ydeHbiM HO. M. JlemmHCKUM, MOATBEPAMIH
¢dakT 11e7Iec000pa3HOCTH MPUMEHEHUS TPaHyJIUPO-
BaHHBIX JOMEHHBIX IIJIAKOB BMECTO TIeCKa IPH W3-
TOTOBJIEHHU OeToHOB. MccrnemoBarens 3aMeHMI
50 % MenKOoro mnecka Ha HUIAK U MOTYYHI MEXaHH-
YecKkylo MpoyHocTh OeroHa Ha 60 % Bemme [19].
[Tomydennusiii 3¢ dekT wuccaenoBaTellb OOBSICHUIT
TEM, YTO MEXIY [IEMEHTHBIM KaMHEM H JOMEHHBIM
TPaHyJIMPOBAHHBIM IIJIAKOM HMMEETCS BBICOKOE XHU-
MHYECKOE B3aMMOJICHCTBHE M BBICOKAsI CTETIEHb MX
MEXaHMYECKOTO 3alleTUICHUs U3-32 BBICOKOPa3BUTO-
T0 MUKpOpelbeda MOBEPXHOCTH MIIAKA.

Kak Obuto ycraHoBiieHO panee [5, 19], momeH-
HbI TpaHyJIUpPOBAaHHBIA IIJJAK B COCTaBe MOPT-
JMAHANEMEHTHOTO O€TOHa BHIMONHAET (DYHKIUIO
aKTHUBHOTO MHUKpOHamonaHuTens. Ero moBepxHOCT-
HBII CIIOM pearupyer ¢ TUAPOKCUIOM KaJIbILIHs,
BBIICJISIIOIIMMCS. TIPH TUApOJIM3e 1eMeHTa. llpum
3TOM 00pa3yeTcs [OMOJIHUTEIBHOE KOINYEeCTBO
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THUAPOCHINKATOB KaJIBITH, 00ECIIEINBAIONINX CO3-
JlaHW€ Ype3BbIYaliHO MPOUYHOM CBS3HM 3aMOJHUTENA
C IEMEHTHOM MaTpHIIed. JTO 3HAUUTEIHHO YIIyY-
[IaeT aire3nOHHYI0 MPOYHOCTh OETOHA, €T0 KOPpo-
3WOHHYIO CTOHKOCTH W PSAI APYTUX (U3NKO-MeXa-
HUYECKHUX XapaKTePUCTHK.

Kpowme Toro, uzBectHo [5, 8], 4To mpu 0OBIIHOMN
KOMHATHOM TeMIIepaType [IOMEHHBbIE TpaHyIupo-
BaHHBIC NUTAKA TIPAKTHYECKU HE TPOSBIIIOT XUMHU-
YECKOW aKTMBHOCTU MPU B3aUMOJACHCTBUU C BOJOU
U OYeHb MEMJICHHO TBEpACIOT. JIuib mpu BO3IEH-
CTBUH MCEXaHHYCCKUX, XUMHUUYCCKHX WM TCILTOBBIX
(haKkTOpOB WX pEaKIIMOHHAS CIIOCOOHOCTH IOBBIIIIA-
€TCS U OHM HAaYWHAIOT aKTUBHO B3aUMOJICHCTBOBATH
C BOJIOW W I[EMEHTOM, OBICTPO TBEpPAETh M 00pa3o-
BBEIBATh MOHOJIMTHBIA KaMeHb. CBSI3aHO 3TO C TEM,
YTO B UX MUHEPAJTIOTUIECKOM COCTABE MPAKTUICCKH
OTCYTCTBYIOT aKTHBHBIC (pa3bl. boJjiee MHTECHCUBHO,
YeM KpHUCTaUTHUeCKhe (as3bl, B3aUMOAEHCTBYIOT
C BOJIOM IIITAKOBBIE CTEKIA. VX XuMHUYecKass aKTHB-
HOCTb 3aBHUCUT OT TeMIepaTypbl MOIy4aeMoro u3
MeYr IIDIAKOBOTO PAacIliaBa, €ro XUMHYECKOTO CO-
CTaBa, XapakTepa W CKOpPOCTH TpaHysmu. [Ipu
OBICTPOM OXJIXKICHUHU IUIAKOBBIX PACIUIaBOB IILIa-
KOBBIE CTEKJIa MPHOOPETaroT OYEHb BBICOKYIO MO-
TEHITHATLHYIO PEaKIMOHHYI0 CIIOCOOHOCTD, a Iia-
KH — CIIOCOOHOCTh pearupoBarh ¢ MOPTIAHAIICMEH-
TOM TIipu 1o0aByIeHNH BOJBI [8, 12].

B HacTosee Bpemst Hanboliee MPUMEHSIEMBIM
CITOCOOOM TIOBBIIIICHUST XUMHYECKOH aKTHBHOCTH
JIOMEHHBIX TPaHYJIMPOBAHHBIX IIJAKOB KaK B YK-
paune [10, 16, 18], Tak u 3a pyOexoMm ocTaercs
XUMWYECKUN, a UMEHHO WX MIEIOYHAs aKTHBH3a-
s [17, 22, 23]. [Ipu BBeneHUN MIETOYHBIX 100a-
BOK, Takux kak NAOH umu Na,COj3, 1o0aBisieMbIx
B KoJu4ecTBe A0 7 % OT MacCOBOM YacTH IIJIAKOB,
HapyImaeTcss TEPMOJUHAMHUYECKH HEYCTOWIHBOE
paBHOBECHE IUIAKOBOTO CTEKJIA. DTO CHOCOOCTBY-
€T ero IepecTpoiike W 00pa30BaHUIO THIPOCHIIU-
KaToB, THIPOATIOMOCHIMKATOB, MIEJIOYHBIX THAPO-
aJTIOMOCHIIMKATOB, YTO M MPUBOJUT K YCKOPEHUIO
TBEPJCHUS W YIPOYHEHUIO MCKYCCTBEHHOTO IIja-
KoBoro KamHs [8, 12].

MeTton MeXaHWYECKOW aKTHBAIlUA JOMEHHBIX
TpaHyJIUPOBAHHBIX IIIJIJAKOB MEHEE PaclpOCTPAHEH,
YeM XUMUYECKHIA, BCIEACTBHAE TPeOyeMbIX IS €T0
OCYIIECTBJICHUS TOMOJHUTENBHBIX 3aTpar. OpaHa-
KO, OH TIO3BOJISCT TOJIYYUTh U 0O0Jee CYIICCTBCH-
HBIH 3¢ ¢dekT. JJOCTONHCTBOM JaHHOTO METOJIa SB-
JIIETCS TO, YTO MPH HEM IMPOHUCXOJHUT HE TOIHKO
YBEIMYEHHE PEAaKIMOHHON CIOCOOHOCTH 00paba-
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THIBAEMBIX MaTepHAJIOB, a KOMIUIEKCHOE YITydIIe-
HUC psaaa HUX (1)I/I3I/IKO-XI/IMI/I'-IGCKI/IX U MCXaHHYC-
CKHUX CBOHCTB, YTO B KOHEYHOM UTOTC IOJIOXKH-
TENPHO CKAa3bIBaeTCAd Ha KayeCTBE W HKCILTyaTallH-
OHHBIX CBOHCTBaxX 0€TOHA, M3TOTOBIEHHOTO U3 Me-
XaHOAKTHUBHUPOBAHHOI'O ChIPbA.

Bormpocer moBeIeHUsT peaKIIMOHHON CcHoco0-
HOCTH JIOMEHHBIX TPaHyJIWPOBAaHHBIX [IIAKOB,
BIIMAHUA BBICOKOCKOpOCTHOﬁ MEXaHOAaKTHUBAIINN
Ha MX CBOWCTBAa U MEXaHU3M BO3JCUCTBUS MeXa-
HUYECKOHN 3Hepruu Ha oOpabaTeiBaeMble MaTepua-
JIBI paccMaTpUBaJINCh HaMU B paboTax [2—4].

CoBMecTHasE MeXaHWYecKas aKTHUBaIlUs 3aroJ-
HUTENs (JOMEHHOI'O TPaHYJIMPOBAHHOTO IIIAKA)
1 BSOKyIIETo (MOPTIAHANEMEHTA) B MPUCYTCTBHH
BOJBI MTO3BOJIACT YBCJIMYUTHL 3HAYCHUC KOHTaKTHOM
MpOYHOCTH OeTOHa 3a cueT Ooyiee WHTEHCHBHOTO
MPOTEKAHUS XUMHUYECKUX PEaKIMid MEXIy 3aIlol-
HUTCJIEM U BAXKYIIHUM, B PE3YJIbTAaTC 4YCTO Ha rpa-
HUIIC UX KOHTAaKTa 00pa3yIOTCs THAPOCHUIHKATHI
KaJbI¥sl. DTO MPOUCXOANUT BCIEACTBHE TOTO, UTO
B pe3yJibTaTe MEXaHHMYECKOTO BO3ACHUCTBUS Ha 3a-
MOJTHUTENh €r0 MOBEPXHOCTHBIC CIOU aMop(hu3u-
pyrOTCs, 00pa3yroTCs TPEUINMHBI, KOTOPBIE 3aroJ-
HAIOTCS LIEMEHTHBIM TeCTOM. BceiieicTBrEe BEICOKOM
IIEJIOYHOCTH LIEMEHTa PAaCTBOPUMOCTh aMophu3u-
POBaHHOU TOBEPXHOCTH ILIAKA 3HAYUTEIBHO IIO-
BbImaeTcs. Bece 9To0 o0ecrieunBaeT CyIeCTBEHHOE
YBCIMYCHUC CHCIUICHUA HEMCHTHOI'O KaMHSA U 3a-
TOJTHUTEJIS.

MeI ipezsiaraem, IPOBOAUTE MEXAHOAKTHBAITHIO
KOMITOHEHTOB MEJIKO3epHHUCTOr0 OeTOHa B CMECH-
Tese-aktuBaTope potopHoro tuma PC-06, pa3pado-
TAaHHOTO HAyYHO-HCCIIEAOBATEIhCKUM WHCTUTYTOM
CTPOWTENIFHOTO TIPOM3BOJICTBA. TexHHWYecKas Xa-
paKTEpUCTUKA ¥ ONTUMAJbHBIA PEXHM PaOOTHI
JTAHHOW YCTaHOBKH IPH aKTHUBAIlMH JIOMCHHBIX Tpa-
HYJIMPOBAaHHBIX IUIAKOB W TPHUTOTOBICHUH MEJIKO-
3CPHUCTBIX OETOHHBIX cMeceit IMPUBCIACHBI B CTAThE
[2]. O oOecrneurBaeT OCYIICCTBICHHE OIHOBpE-
MEHHO OJTHOPOJTHOTO IePEeMEIINBaHMsI, 000TalleHUS
(oumieHuss YacTHUEeK 00padaThIBAEMBIX MaTepHa-
JIOB OT 3arps3HAIONIMX BEIISCTB), MEXaHHUYECKOU
aKTHBAIlMM ¥ YaCTUYHOTO JIOMOJIa KOMITOHEHTOB
OCTOHHOW CMECH B TPHUCYTCTBHH HEOOXOIUMOTO
KoJmuecTBa Bojbl. [IpuroTosieHue cmeceit hopmo-
BOYHOW BJIQXKHOCTH JIa€T BO3MOXKHOCTH TOBBICUTH
WX KauyecTBO W 3HAYHUTENBHO YIPOCTUTH TEXHOIO-
THIO TIPUTOTOBJICHUSI.

B kauecTBe KOJMYECTBEHHBIX OICHOK, OIIPEACs-
IOIUX WHTEHCUBHOCTh XMMHYECKOTO B3aHMMOJICHCT-
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BUSI IIEMEHTHOTO KaMHS C 3allOJIHUTENEM W YIpod-
HEHHE KOHTaKTHOH 30HbI OeTOHA, OBLITH PUHSTHI:

1) cocraB HOBOOOpPa30BaHUIT MEIKO3EPHUCTHIX
0CTOHOB, M3TOTOBJICHHBIX W3 AKTHBHPOBAaHHBIX
Y HEaKTUBHPOBAHHBIX CMECEH;

2) MexaHUJIeCKast IPOYHOCTh dTUX OCTOHOB.

[Ipu peanmzanmu SKCIIEPUMEHTAIBHBIX HCCIE-
JIOBaHUW TTPUMEHSUTHCH TU((EpEeHIIUATEHO-TSPMH-
YeCKHil ¥ peHTreHo(a30BbIil METOABl aHANIHU3a CO-
cTaBa HOBOOOpa30BaHWU OETOHOB;, METOIBI OIpE-
JeNeHus MPOYHOCTH OETOHOB, COTJIAaCHO JeHcT-
BYIOIIMX CTaHIapTOB YKpauHbl. OlleHHBaHUE MIPO-
BOJIMJIOCH ITyTEM CPaBHEHHS CBOWCTB MEIKO3EPHU-
CTBIX OETOHOB, M3TOTOBIICHHBIX U3 OETOHHBIX CMe-
cell pa3HOro MPUTOTOBJIEHUS: B CMECUTEIE IPUHY-
TIUTEHHOTO NEeHCTBUS (HEAKTHBUPOBAHHEBIEC CMECH)
U B BBICOKOCKOPOCTHOM CMECHTEJIe-aKTHBAaTOpe
poTOpHOTO THIA (aKTHBHUPOBAHHBIE CMECH) NpHU
CTPOTO OAMHAKOBBIX UX COCTaBaX, CTENEHH Y000~
YKJIaIbIBAEMOCTH, YCIOBUI TBEPACHHUS M METO/I0B
WCTIBITAHWSL.

B kauecTBe CHIpBEBBIX MaTEPHAJIOB MPH W3TO-
TOBJICHUH MEJKO3EPHUCTON OETOHHOW CMecH Hc-
MOJIB30BAINCH  JIOMEHHBII  I'paHyJIMPOBAaHHBINA
nurak npousBoacTBa IIAO «EBpa3 — JlHenporner-
POBCKUI MeTayuryprudeckuid 3aBoa um. Iletpos-
CKOTO» C MOAYJEM KpyHmHOCTH 3,2, HACBHIMHOMN
IUIOTHOCTBIO — 780 Kr/™’, mycToTHOCTBhIO — 70 %,
BojonoTpeOHOCTRI0 — 35,73 %; mopTiIaHAIIeMEeHT
¢ MuHepanbHbIMU go0aBkamu Mapku [1L 11 / b — 111
—400 ACTY b B.2.7-46:2010 npousBoacta Kpu-
BOPOXKCKOTO TleMeHTHOro 3aBona [TAO «Xatimenb-
oeprlleMeHT YKpawHa» C HOpPMaJdbHOH T'yCTOTON
27 %, octatkoM Ha cute Ne 008 — 7,1 %, npouHo-
cteio mipu cxatuu — 40,8 Mlla, mpodHocThi0 IpU
m3rube — 6,4 Mlla; Bojga TeXHUYECKA.

B wuccnemoBaHusax cocraBa HOBOOOpa3OBaHUI
B MEJIKO3EPHUCTBIX OETOHAX B KauecTBe Mpod wuc-
MOJIF30BAIMCh BHYTPEHHHE 30HBI 00pa3loB-KyOoB
0eTOHOB, KOTOPbIE N3MEIHUAIHNCH B CTYNKE 1O TI0-
POIIKOOOpa3HOTO COCTOSTHUS. Pe3ynmbraTel mccie-
JIOBAaHUY Ipe/ICTaBICHBI Ha puc. 1—4.

Ha Bcex nepuBarorpaMMax MeETKO3epHUCTBIX
OeroHoB (puc. 1-2) HaOIFOAAFOTCS TPOIIECCH OKHC-
JICHUsI, YTO CBHUJETEIBCTBYET O HAIHYHH MHPPOTH-
Ha, TeTuTa W Mar"Hetura. Marnetutr Fe;O4 umeer
IIBa DK30TepMHUUYECKUX 3(dekTa mpu Temmeparype
350400 °C, xoTopoMy COOTBETCTBYET OKHCJICHHE
MarHeTtura 1o marremuta y-Fe,O;, u npu temmepa-
Type 600—1 000 °C, mpu KOTOPOH MPOUCXOIUT IIe-
pexonx MarremuTa B reMatut o-Fe,Os [7].
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s rerura (0-FeO-OH) xapakTepen 3HIOTEp-
Muueckuii 3((dekT B UHTEpBaje TEMIeparyp OT
300 mo 400 °C, cBsi3aHHBIN C €ro JAeTUapaTaluei.
[To manueiM B.C. I'opuikosa [7] TemnepaTypa 3To-
ro 3¢ ¢ekra 3aBUCUT OT pa3Mepa YacTHI[ TeTHUTa.
KpymHble gacTuipl B mpobe Marepuana CABHTAlOT
SHA03(PQEKT AeruapaTanud B CTOPOHY OoJee BbI-
COKHX TEMIIepaTyp, MEJIKHEe YacTHIbI, Hao0OpOT,
B CTOpOHY HM3KMX Temmeparyp. [locie sHmoTep-
MHUuecKoro nuka kpusas JJTA HaxonuTcs HEMHOTO
BEIIIIE OCHOBHOHW JIMHUH, @ B HEKOTOPBIX CIIydasx
cpa3y MPOUCXOIUT KPUCTAIUTM3ALUsS OCTAaTKa B Tre-
MaTuT o-Fe,O3, 9T0 compoBOKIaETCS HEOOIBIINM
ak3oTepmudeckuM dddekrom. [Ipu Temmeparype
680 °C BozHukaeT 3HI03(P(PEKT, CBI3aHHBIN C MO-
muMopHBIM TIpeBparienreM Temartuta o-Fe,O;
B Marremur y-Fe,O; [6].
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Puc. 1. [lepuBarorpamma o0pasia MEeJIKO3EPHUCTOTO
0eToHa W3 HEaKTMBHPOBAHHOM cMecH cocTasa 1:3

Fig. 1. Derivation of the sample of fine-grained
concrete from inactive mixture composition 1:3
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Puc. 2. JlepuBarorpamma obpasua MeIKO3epHHCTOrO
OeToHa M3 aKTHBUPOBAHHOI cMecH cocrasa 1:3

Fig. 2. Derivation of the sample of fine-grained
concrete from active mixture composition 1:3
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Puc. 3. udpakrorpamma odpasiia MEIKO3EPHUCTOIO
0eToHa U3 HEaKTMBHPOBAHHOW cMecH cocTasa 1:3

Fig. 3. Diffractogram of the sample of fine-grained
concrete from inactive mixture composition 1:3
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Puc. 4. Iudpakxrorpamma odpasia MEIKO3EPHUCTOTO
0eToHa M3 aKTUBUPOBAHHOHN cMecH cocTaBa 1:3

Fig. 4. Diffractogram of the sample of fine-grained
concrete from active mixture composition 1:3

Ha muddepeHnmanbHBIX KPUBBIX BCeX 00pas-
1IOB OCTOHOB MMeeTCs IHI03(DdeKT npu Temmepa-
Type 120 °C, cBUAETENbCTBYIOIUN O IEruapaTa-
UH TOOEPMOPHUTOBOTO Tells, OJM3KOrO K aMopd-
HOMY, Ccla003aKpUCTaIM30BAHHOMY THAPOCHIIUKA-
TY KaJbITUs TOOSPMOPUTOIIOA00HOM TPYIIITHI.

Taioke Ha nepuBarorpaMMax HaOiromaeTcs dK-
3otepmudecknii 3pdext mpu §75-890 °C, cooTset-
CTBYIOIMH KPUCTAUIM3ALMK CTEKIa WIM OKHCIIe-
HHUIO MarHeTHTa KUCIOpPOAOM Bozdyxa. Emy mpen-
MIECTBYET PHIOTepMHUUECKUil d(h(HeKT mpu Temrepa-
Type 825-830°C, KOTOpHI HakmaabpIBaeTcs Ha
npyroii s3Hm03¢dext mpu 775-800 °C. IlepBsbiii K
CBsi3aH, IO-BUIMMOMY, C 3aTpaTaMH 3HEPIUd Ha
MEePErpyIIUPOBKY CBs3ei B CTEKIOBHIHOW (hase
nepen ee KpUCTAIM3AlMeH, TaKk Kak MpH HEM He
HaOJromaeTca moTeps Macchl Marepuaia. Bropoit
sHnodhdexr (775-800 °C) mokeT OBITh BBI3BaH
TOMMOP(hHBIM MPEBPALLICHAEM IIIEHHOHHTA (Y—>0. )
wi paznoxkenueM kameiuTa Ha CaO u CO,. Ha
npucytcTBue kapOoHara xanbiws (CaCOs;) ykassi-
BaeT TAaKXKe IIMPOKUI SHAOTEpMHYECCKUI 3D eKT
pu Temnepatype 935-950 °C.
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Ox303dpdexr mpu 250-300 °C ykaspiBaeT Ha
Hanmuyhue B OeToHe rejieoOpasHoro (amopgHOro)
okucina xene3a cocraBa Fe,O;nH,O. On o0pazy-
€TCs B pe3yJIbTaTe peakuyd MEeXIy HIeToubio (Ile-
MEHTOM) | COJISIMU kene3a. Ha BenmunHy 3¢ dexta
M ero TEeMIICPaTypHBINA JHMANa30H BIUACT Hadallb-
Hoe 3HaueHne pH cpensl. Uem Gosbpiiie moka3aTenu
pH, TeM BhIme 3HaYEHWE TEeMIIEpPaTypbl SHIOTEP-
MHYECKOTO THKa [7].

Hpyrue Hebombiue 5k303QQeKThl yKa3bIBaIOT,
MO-BUIUMOMY, Ha KPHUCTAJUIM3AIHI0 CTEKOJ pas-
JUgHOro cocrasa [6, 11, 19], saumosddexrs — Ha
JIETUPATAIIIO TUAPOATIOMUHATOB KaJIbITHSL.

Kpome Toro, cremyer oOpatuTh BHUMaHHE Ha
xapakTep KpuBBIX TI MEIKO3epHUCTHIX OETOHOB
W3 aKTHBHPOBAHHBIX U HEAKTHUBHUPOBAHHBIX CMe-
ceit. Tak, oOpa3zer; MeNKO3epHUCTOTO OETOHAa W3
aKTUBUPOBAHHOW cMecH coctaBa 1:3 B MHTepBalie
temmepatyp 50-200 °C (puc. 2) TepseT mpuMepHO
2,6 % Maccel, Toria Kak o0pasell U3 HeaKTHBHPO-
BaHHOU cMecH TOro e coctasa (puc. 1) — 2 %. Ilo-
CKOJIBKY B 3TOM TeMIIepaTypHOM JTUara3oHe MPOou-
CXOIMT ACTUApATANUS TeIeo0pa3sHbIX THIPOCHIIU-
KaTOB KallbIUs, TO 3TO CBUAETEIBCTBYET O OOIb-
meM KOJMYIEeCTBE 3TUX HOBOOOpa3oBaHWi B OeTo-
HaX W3 aKTUBUPOBAHHBIX CMECEH.

Hanuuue mepeuucneHHbix (a3 moaTBEpkKIAaCT-
csl pe3ylibTaTaMH peHTreHoda3oBoro anamm3a. Ha
peHTreHOrpaMMe 00pasiia MEJIKO3ePHUCTOrO Oe-
TOHA W3 HEAKTHMBHPOBAHHOU (PHUC. 3) M aKTHBHPO-
BaHHOW cMecH (puc. 4) UISHTUPHUIHUPYETCS HaIU-
YHe HU3KOOCHOBHBIX THAPOCHIMKATOB KBNS
tuna CSH(I) mo audpakiimoHHBEIM OTpakKeHUAM
dm=1,25;0,53; 0,307; 0,24; 0,183; 0,167; 0,153 umMm;
memmmta (Cax(Al, Mg, Si)Si,07) mo d/n = 0,2858;
0,2291; 0,1881; 0,1608; 0,1429; 0,1384 HM; MarHe-
tuta (Fe;0,) mo d/n = 0,2098; 0,171; 0,1612; 0,1479;
0,1277 um; reruta (a-FeO - OH) mo d/n = 0,5; 0,336;
0,245; 0,20; 0,18; 0,1359; 0,1317; 0,1291 HM; 1IEH-
Honuta (y-2CaO - Si0,) mo dmn = 0,202; 0,1908;
0,144; 0,1411; 0,1303 HM; TpPEeXKaJbLHEBOTO CUIU-
kara (3CaO - SiO,) mo d/n = 0,2957; 0,267; 0,2304;
0,1979; 0,1926; 0,1771; 0,1623; 0,1497; 0,1392 um.
[epeuncnennpie HIDKE U(PAKIUOHHBIE OTPAKEHUS
MOTYT TIPHHAUIEKATh KaK IICHHOHUTY, TaK M TPEX-
kanbiieBomy cuiukary (3CaO - Si0O,): d/n = 0,2738;
0,2592; 0,2185; 0,1752; 0,1633; 0,1543; 0,1377 um.

C 1enpro omnpezeseHusl MEXaHUIEeCKON MPOYHO-
CTH TIPUTOTABJIMBAIACH OTOHBI 3-X cocTaBoB (1:3,
1:5 u 1:10) Ha OCHOBE aKTUBUPOBAHHBIX CMECEN OJH-
HakoBOro BojoTBepaoro otHomenus (B/T = 0,135)
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Y HEaKTUBHPOBAHHBIX CMeCEel C BOJOTBEPABIM OT-
HomenueM B/T = 0,21. B neproM cityyae cMecu Iie-
PEMEIINBAIIICH B CMECUTEINIC-aKTHBATOPE POTOPHOTO
THUIA B Te4eHue 45 ¢, BO BTOPOM — B CMECHUTEIE TIPH-
HYIUTEIHHOTO JeHCTBUS B TeueHune — 3—4 muH. O0-
pas3np-KyOsl OETOHA HCIBITHIBAINCH HA MPOYHOCTH
TIPY CYKATUH B PaHHUE W TIO3[IHUE CPOKH TBEPICHUS
cormacHo JICTY b B. 2.7-214:2009 [9]. Pe3ymnbTarst
CPaBHHTEIIBHBIX UCTBITAHUN MEJIKO3EPHHUCTHIX OETO-
HOB TIPUBEJICHBI B Ta0M. 1.

Tabnuna 1

PesynbTaThl CpaBHHTEIBHBIX HCIBITAHMIA
MeJIKO3ePHUCTBIX 0eTOHOB 0JJUHAKOBOM KeCTKOCTH
M COCTABa NMPHU Pa3HBIX CNOCOOAX NPUTOTOBJICHUS
0ETOHHBIX cMeceil

Table 1

The result of comparative tests of fine-grained
concrete with the same rigidity and composition
at different modes of concrete mixes preparation
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beTtoH, npuroToBIIEHHBIN B CMECHUTEIIE-aKTUBATOPE

PC-06
1:3 466 1398 | 252,6 5 33,8
1:5 | 3074 | 1537 | 2499 7,2 9,68
1:10 | 166,1 | 1661 | 2475 13 7,59
beToH, NpUrOTOBJIEHHBI B CMECUTEIE
MPUHYIUTEIBHOTO AE€HCTBUS
1:3 406 1218 341 5 6,52
1:5 | 268,2 | 1341 | 338,1 7,2 1,74

Hamu Taxoke ObLT M3y4YeH XapaKTep HapacTaHUs
MPOYHOCTU BO BPEMEHHU ISl MEJIKO3EPHUCTHIX OeTo-
HOB, U3TOTOBJICHHBIX M3 aKTHBUPOBAHHBIX Y HEAKTH-
BHPOBAHHBIX CMECEH Pa3IMIHOTO cocTaBa (Tabi. 2).

[Monmy4yeHHBIE pe3yNbTaThl HCCIEIOBAHUNA CBU-
JETECTBYIOT O TOM, YTO IPOYHOCTH OETOHOB,
M3TOTOBJICHHBIX M3 aKTHBHPOBAHHBIX CMECEH BbI-
1Ie, 4eM MPOYHOCTh OCTOHOB M3 HEAKTHBHPOBAH-
HBIX B cpefHeM B 5,2 pasza. CyliecTBeHHOE MOBbI-
IIeHWEe TPOYHOCTH OeTOHa OOBsACHSETCS aMopdu-
3alell MOBEPXHOCTHBIX CIIOEB 3aIOJHUTENS, YBe-
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JTUYCHUEM PEaKIIMOHHON CIOCOOHOCTH BSDKYIIETO
Y 3aII0JTHUTENS B PE3yJIbTaTe BOSHUKHOBEHUS KPH-
CTAJUIOCTPYKTYPHBIX ~HapyLICHUN, 0OO0pa3oBaHUS
CBEXHX IMOBEPXHOCTEH C XUMHUYECKH aKTHBHBIMHU
IIEHTPaMH W W3MEHEHUS YHEPTEeTHIECKOTO COCTOS-
HUsl 00padaThIBAEMBIX MAaTEPHAJIOB IO BO3JCHCT-
BHEM MEXaHUYeCKOI SHepruu.

Tabnuma 2

Hapacranne npo4HOCTH MeJIKO3ePHUCTHIX 0ETOHOB
BO BpPeMeHH

Table 2

The increase in fine-grained concrete strength
through time

IIpouHocTs IIpU C3KATUU, IIPU TIPO-
JOJDKUTEIIbHOCTU TBEPACHUSA, CYTOK,
Bberonnas cmech MIIa
3 7 14 28
AKTUBUPO-
BaHHas:
coctas I3, 1 o8 | 208 | 264 | 338
X1 (5¢); ’ ’ ’ ’
cocras 1:5,
Kl (7 o: 2,68 5,12 6,93 9,68
cocras 1:10,
K2 (13 ¢) 1,88 2,57 5,52 7,59
HeakTtusupo-
BaHHAs:
coctaB 1:3,
KL (5 o: 1,2 3,6 5 6,52
cocras 1:5,
K1 (7 ¢) — 0,63 0,87 1,74

Kpome Toro, mpoBeneHre COBMECTHOW aKTHBa-
IIUH 3aTIOJTHUTENS U BSDKYIIETO B TIPUCYTCTBHH BOJIBI
CHOCOOCTBYET YBENHMYCHHIO 3HAUCHHS KOHTaKTHOU
NPOYHOCTH OeToHa 3a cyeT OoJiee WHTCHCHBHOTO
MIPOTEKaHUS XMMUYECKUX PEaKIIUi MEXKTy 3aIlOHU-
TENeM ¥ BSDKYIIUM, B Pe3yJbTaTe 4ero Ha TPaHUIle
UX KOHTaKTa 00pa3yrOTCS THIPOCUIUKATHI KaJIbITHSL.
DTO MPOUCXOAUT BCIIEACTBHE OOECTIEYeHHS IIEMEHTOM
IIETIOYHOCTH CPEIbl, KOTOpasi MOBBIIIAET PACTBOPH-
MOCTh aMOpP(HU3UPOBAHHON IMOBEPXHOCTH IIITaKa.

Haquaﬂ HOBHU3HA U MPaAKTHYECCKasA
3HAYUMOCTDH

Tlonyunnu nanpHeiiiee pa3BUTHE MpeacTaBiIe-
HHUS O BIUSHUM MEXAHUYECKOM aKTUBAaLUM KOMIIO-
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HEHTOB MEJIKO3EPHUCTHIX OCTOHHBIX cMecei (op-
MOBOYHOW BJIAXXKHOCTH B CMECHTEJIC-aKTHBATOPE
POTOPHOTO THIA Ha KOHTAKTHYIO IPOYHOCTH IIe-
MEHTHOTO KaMHs Hu 3amonHuTens. llpaktuyeckas
3HAYMMOCTh. YTIPOUHEHUE KOHTAKTHOM 30HBI Mel-
KO3EPHHUCTOTO OETOHA NPH MPOBEIACHUH COBMECT-
HOW 00pabOTKM BCEX KOMIIOHEHTOB OETOHHOM
CMECH B CMECHTEJIC-aKTUBATOPE TOCTUTAeTCs Oia-
rojiapsi MOBBIIICHUIO CTEIICHU THUIPATAIMH ChIPhe-
BBIX KOMITOHCHTOB O€TOHA; CO3/aHUI0 YCIOBUH
JUTSL TIPOTEKAaHUSI TBEPHO(a3HBIX XUMHUYECKUX pPe-
aKIUH MEXAy €ro KOMIIOHEHTaMHU; YCOBEPIICHCT-
BOBAaHUIO CTPYKTYpPBI TMOJIYYEHHOTO MaTepuaa.
DT0 CnocoOCTBYET CYIIECTBEHHOMY YBEITHUYCHHIO
MEXaHUYECKOW IPOYHOCTH MEXaHOAKTUBHPOBAH-
HBIX METKO3EPHUCTBHIX OCTOHOB TPHUOIUZUTEIHHO
B 5 pa3 B CpaBHEHHH ¢ OETOHaMH, U3TOTOBIICHHBI-
MH W3 HEaKTHBHUPOBAHHBIX CMECEH, UTO NaeT BO3-
MOXKHOCTb CHHM3UTh PAacXO]] IEMEHTA TPU M3TOTOB-
nennu 1 M° Gerona 10 59 %.

BoIBOaBI

Takum oOpazom, MPOBEICHUE MEXaHHYCCKOM
aKTHBAIlMM OCTOHHOH CMECH B CMECHTEJE-aKTHh-
BaTOpe pPOTOPHOTO THIIA ITO3BOJMIIO TOBBICHUTH
KOHTaKTHYIO TIPOYHOCTh MEIKO3EPHHUCTOTO OeTo-
Ha U3 JOMEHHBIX I'PaHyJIMPOBAHHBIX IIJIAKOB, JO-
Ka3aTeIbCTBOM YETO CITYXKHT:

1. IloBbllLIEHHE CTENIEHU TUAPATALMA KOMIIOHEH-
TOB O€TOHA B KOHTAKTHOH 30HE, a TAKXKE yBEIUICHHE
cofepKaHusi  O0Opa3oBaBIIMXCSI  THUIPOCHIMKATOB
KaJlbIUsl B €0 cocTaBe. Tak, oOpaser] MeIKo3epHH-
croro OeToHa U3 aKTHBUPOBAHHOM cMecH cocTaBa 1:3
MIpY IETU/IpaTalliy Te’aeo0pa3HbIX THAPOCHIMKATOB
KalbLUsl TepsieT MpUMepHO 2,6 % Macchl, TOraa Kak
oOpazer U3 HeaKTUBHUPOBAHHOW CMECH TOTO XK€ CO-
ctaBa — 2 %. DTO CBUIETENBCTBYET O OOJNBILIEM KO-
JIMYECTBE 3THX HOBOOOpa3oBaHMI B OETOHAX U3 aK-
TUBHPOBAHHBIX cMeceid. B 1iemom, ¢azoBblii cocTaB
00pasIoB METKO3EPHUCTHIX OETOHOB, PUTOTOBIIEH-
HBIX pa3JIMYHBIM 00pa3oM, He u3MeHseTcs. Mx rmas-
HOE pa3Indhe COCTOMT B BEIMYMHE CO3/[aBaeMbIX
3¢ dEKTOB U TEMIIEpaTyPHBIX HHTEPBAIOB BO3HHK-
HOBEHHMS ITHX MUKOB. Tak, y METKO3EpPHUCTHIX OeTo-
HOB, HM3TOTOBJIEHHBIX Ha OCHOBE AKTHBHPOBAaHHBIX
cMmecell BenmmunHa 3(PQPEKTOB MEHBINE, YTO CBHUIC-
TENBCTBYET O Oo0Jiee BBHICOKOM CTENEeHH TMpaTalvu
€ro KOMIIOHEHTOB.

2. YBenmueHne MEeXaHUYEeCKOH MPOYHOCTH OeTo-
HOB U3 aKTUBUPOBAaHHBIX CMecel MpUMEpHO B 5,2 pa-
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3a, 10 CpPaBHEHMIO ¢ OETOHAMHM W3 HEaKTHBHPOBAH-
HBIX cMmeceil. Kpome Toro, 6eToHBI Ha OCHOBE aKTH-
BHUPOBAaHHBIX CMECEd HMEIOT MEHBIIYI0 BOZIOIO-
TPeOHOCTh BCIENICTBUE TOTO, YTO y HCIOIB3YEMOTO
[UIaka TPy aKTUBAIMKM CHWKAIOTCS TOKa3aTeln BO-
JIOTIOTPEOHOCTH M MyCTOTHOCTH. [l momyueHwus
PaBHOIIPOYHBIX OETOHOB M3 aKTUBHPOBAHHBIX CMe-
Cell 1o CpaBHEHHWIO ¢ OETOHAMH W3 HEaKTUBHPOBAH-
HBIX MOXKHO CHHU3UTH pacxoj IieMeHTa B 3,3 pasa,
ucnonb3ys 10 u meHee % BSDKYIIETO OT MAacchl rpa-
HYJUPOBAHHOIO 11ITAKA.
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KOHTAKTHA MIINHICTb MEXAHOAKTHBOBAHHUX
APIBHO3EPHUCTUX BETOHIB I3 TOMEHHHNX
I'PAHYJIBOBAHHUX IHIJIAKIB

Merta. [locnikeHHs nepeadayae 3MilHEHHS] KOHTAKTHOI 30HU APiOHO3EPHUCTOro OETOHY 3a paXyHOK MeXaHiy-
HOi 0OpOOKH BCiX KOMITOHEHTIB OETOHHOI CyMillli B 3MiIlTyBadi-aKTUBATOPi Ta 3aCTOCYBAaHHS 3aIlIOBHIOBAYa i3 IIOpC-
TKYBaTOl0 MoBepxHero. Meroauka. /st JOCATHEHHS TOCTABJICHO METH B SIKOCTI 3MilllyBada-akTUBaTopa OyB BUKO-
pucranuii akruatop poropHoro tumy PC-06, po3pobineHnil HayKOBO-IOCTITHIM iHCTUTYTOM OYAiBEITFHOTO BUPOO-
HUITBA. Y BUIJISI APIOHOTO 3alOBHIOBAYA 3aCTOCOBYBABCS JOMCHHUH TPaHyJIbOBAHUH 11K, SKHA Mae OLIbII po3-
BHUHEHY IIOPCTKYBAaTy IOBEPXHIO, HiX micoK. [laHa ycTaHOBKa 3a0e3redye iHTeHCHBHE TOMOTCHHE ITePEeMIITyBaHHS
KOMITOHEHTIB OETOHHOI cyMilli, 30arauyBaHHs CHDOBUHHUX MaTepiaiiB (OUHMILEHHS iXHiX 4aCTOYOK BiJl 3a0py/HIO-
IOYMX PEYOBHH), a TAKOXK MEXaHIYHY JECTPYKINIO MOBEPXHEBHUX MIapiB JOMEHHOTO TPaHyJIHOBAHOTO MUIAKY Ta iH-
IIMX KOMIIOHEHTIB, 110 BXOAAThH y cyMiul. Pe3yabrarn. [Ipy miaroToBii poO0oTH MpOBOAMINCS €KCIEPHUMEHTANbHI
JOCTIKCHHST 3 BU3HAYEHHSIM CKJIaIy HOBOYTBOPEHB ApiOHO3epHHCTHX OETOHIB 3a JOMOMOTOK AH(epeHIiiHO-
TEPMIYHOTO Ta PEHTreHO-(Pa3oBOro METOIB aHalli3y, a TaKoX (Pi3MKO-MEXaHIYHUX BJIACTUBOCTEH JAPIOHO3EPHUCTUX
OeTOHIB BiIOBITHO O AiOYMX CTAaHAAPTIB YKpaiHu. BcTaHoBIEHO, Mo (a30BUil CKIax HOBOYTBOPEHB NpiOHO3Ep-
HUCTHUX OCTOHIB, BUTOTOBJICHHX 13 aKTMBOBAaHUX 1 HCAKTHBOBAHMX CYMIIICH, HE 3MIHIOETHCS. ix romosua BimMin-
HICTP TIOJIATA€ y BEIMYUHI YTBOPIOBAHUX €(EKTiB i TEeMIepaTypHUX IHTEpBaIiB BUHUKHEHHS IHX MiKiB. Tak, y mpio-
HO3CPHUCTUX OCTOHIB, BUTOTOBJICHUX HA OCHOBI aKTMBOBAHMX CyMillled, BEIMYMHA ¢(EKTIB MEHIIE, 10 CBIIYUTH
po OLIBII BUCOKUH CTYIIHB TiApararii iforo kommoneHTiB. KpiM Toro, Ha kpusux TI" Ha mepuBaTtorpamMMax 3pa3KiB
OeroHy BTpaTa Macu TelenoAiOHMX TiIPOCHIIIKATIB KaJblilo OETOHY 3 MexaHoakTHBoBaHOi cyminn Ha 0,5...0,7 %
BHIIE, HIX y OETOHY 3 HEaKTHBOBAHOI CYyMIillli, IO CBIAYUTH MPO OLIBITY KiTBKICTh IUX HOBOYTBOPEHb Y OETOHAX 3
aKTUBOBAaHUX cyMmimei. B mizomy, 6eToHN Pi3HOTO CKITady, BATOTOBJIEHI Ha OCHOBI CyMirri, 00po6IeHol B 3MilryBa-
4i-aKTHBATOPi, MalOTh OLIBII BUCOKY MexaHiuHy MiuHicTb. HaykoBa HoBH3HaA. OnepKany NOAAJIBIIMNA PO3BUTOK
VSBJIEHHS IPO BIUIMB MEXaHIYHOI aKTHWBALli KOMIIOHEHTIB IpiOHO3EpHHCTHUX OCTOHHHMX CyMimied (opMyBaIbHOI
BOJIOTOCTI B 3MiIllyBa4i-aKTHBATOPi POTOPHOTO THUITy Ha 3Ha4Y€HHS KOHTAKTHOI MIIHOCTI IIEMEHTHOIO KaMEHIO Ta
3amoBHIOBaYa. [IpakTHYHA 3HAYMMIicTh. 3MiIHEHHS KOHTAKTHOI 30HU JPiOHO3EPHHUCTOrO OETOHY IpH MPOBEACHHI
CyMicHOT 0OpOOKH BCiX KOMIIOHEHTIB OETOHHOT CyMIillli B 3MIillTyBa4i-aKTUBATOPI JJOCATAETHCS 3aBISKH ITiBHUIICHHIO
CTYIMEHS TipaTaiii CApDOBUHHHUX KOMIIOHEHTIB OETOHY; CTBOPEHHIO YMOB JIJisl IPOTIKAHHS TBEPAO(DA3HUX XIMIYHHX
peakuiii Mk HOro KOMIOHEHTaMH; IMOJIIMIIEHHIO CTPYKTYPH OTpHUMaHoro marepiany. Lle cnpusie icrotHOMy 30116~
IICHHIO MEXaHIYHOi MIIIHOCTI MEXaHOAKTUBOBAHMX JIPIOHO3EPHHUCTHX OETOHIB MPHOIM3HO B 5 pa3iB y MOPiBHIHHI
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3 OeTOHaMH, BUTOTOBJIIEHHMMH 3 HEAKTHBOBAHHUX CyMillIeH, 110 1a€ MOXJIMBICTh 3HU3UTH BUTPATy LIEMEHTY [P BUIO-
ToBaeHHi 1 M° 6erony 1o 59 %.

Kniouosi cnoséa: KOHTAaKTHa MIIHICTB; JIpiOHO3epHHUCTI OETOHHI CyMIlli; JIOMEHHI T'paHyJbOBaHI IUIAKH;
MEXaHOAKTUBAIlisl; 3MINIyBau-aKTHBATOP POTOPHOTO THUIY; CTYIiHB TifpaTamii; CKJIaJl HOBOYTBOPEHb OETOHY;
MeXaHi9Ha MIIHICTh OeTOHY
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CONTACT STRENGTH OF MECHANOACTIVATED FINE CONCRETES
FROM GRANULATED BLAST-FURNACE SLAGS

Purpose. Strengthening of fine concrete contact zone by mechanical processing of all components of the con-
crete mix in a mixer-activator and aggregate application with rough surface. Methodology. Rotary activator PC-06,
developed by Scientific and Research Institute of Construction Technology, was used as a mixer-activator to achieve
this purpose. Granulated blast furnace slag, having a more developed rough surface than sand, was used as fine ag-
gregate. This apparatus provides intensive homogeneous mixing of concrete mix components, processing of raw
materials (purification of their particles from contaminants), and mechanical destruction of granulated blast furnace
slag surface layers and other components of the mix. Findings. During the preparation work, experimental research
of new formations composition of fine concretes, using differential thermal and x-ray phase analysis methods, and
physical-mechanical properties of fine concretes in accordance with the applicable standards of Ukraine, were car-
ried out. It is established that the phase composition of new formations of fine concretes made from activated and
non-activated mixes, is not changed. Their main difference is the size of generated effects and temperature intervals
of occurrence of these peaks. Thus, in fine concretes made on the basis of the activated mixes, magnitude of effects
is less, indicating a higher hydration degree of its components. Besides, TG curves of concrete specimens show that
weight loss of gel calcium hydrosilicate of concrete from a mechanically activated mix is 0.5...0.7 % more than of
concrete from a non-activated mix, which indicates a larger number of these formations in concrete from activated
mixes. In general, concretes of different composition, made from a mix, processed in the mixer-activator, have
higher mechanical strength. Originality. Ideas about the influence of mechanical activation of components of fine
concrete mixes with forming humidity in a rotary mixer-activator on the value of the contact strength of cement and
aggregates got further development. Practical value. Strengthening of contact area of fine concrete in the exercise
of the combined machining of all concrete mix components in the mixer-activator is achieved owing to increment of
hydration degree of raw concrete components; creation of conditions for solid-phase chemical reactions between its
components; structure improvement of the received material. It promotes significant increase of mechanical strength
of mechanoactivated fine concretes (around 5 times) in comparison with concretes, made from a non-activated mix,
which makes it possible to decrease the cement consumption when manufacturing 1 m® of concrete up to 59 %.

Keywords: contact strength; fine concrete mixes; granulated blast-furnace slag; mechanoactivation; rotary mixer-
activator; hydration degree; new formation composition of concrete; mechanical strength of concrete
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AHAJIN3 U IIEPCIIEKTUBBI IPUMEHEHUA DO@PEKTUBHBIX
PECYPCOCBEPEI'AIOIIUX TEXHOJIOT'MH B TIPOU3BOJCTBE
BETOHA

Henb. Lenpio MpoBEACHHBIX HCCICIOBAHUH OblTa OILCHKA MEPCIEKTHBHOCTH HCIOIb30BaHHS HAHOMATEPUATIOB
B CTPOUTENBHBIX TEXHOJOTHAX, NMPU OJHOBPEMEHHOM COOJIOACHHH TPeOOBAHHH MO COXPAHCHHIO SKOJIOTHYESCKOM
0€301aCHOCTH ¥ PALMOHATFHOM HCIIONIB30BaHUH MPUPOIHBIX pecypcoB. MeToauka. B xoze npoBeneH s ncciieoBa-
HHI OBUTH M3yYeHBI U TIPOaHATU3UPOBAHBI CTPOUTENBHBIC KOMIIO3HUTHI, B YACTHOCTH OETOHBI, MOTy4aeMble HA OCHOBE
CBIPbs, KOTOPBIE HATPYKAIOTCSI HA MacIITAOHBIX MUKPO- U HAHOYPOBHSX; MPOMOJCIHPOBAHBI MPOLECCH nehopMUpo-
BaHUS M Pa3pyLleHHs HaHOCTPYKTYPUPOBAHHBIX OETOHOB, B 3aBHCHMOCTH OT MX COCTaBa M TEXHOJIOIMYECKUX Mapa-
MeTpoB noitydeHus. Pe3yabTatsl. [Ipon3BoncTBo 6eToHA HAPSIMYIO 3aBUCHT OT KOMIIOHEHTOB, KOTOPBIE BXOJAT B €0
cocraB. Benencteue 100k 1 nepepabOTKU STHX KOMIOHEHTOB NPOMCXOAUT Jerpaaliis 3eMellb U3-32 YHHYTOXKCHUS
HIOYBBI KPYITHBIMH KaphepaMu, YTO HECET yrpo3y 3KOJOTHH OKpY’Kalollel cpenpl. B cBs3u ¢ 3TuM Bo3HHMKaeT HeoOXO-
JUMOCTB B CO3JaHMY MHOW KOHIENIIMH TTOJTy4YEeHHS CTPOUTENNBHBIX MaTepuasIoB A M3rOTOBNIeHUs OeToHa. B ee ocHo-
BY JIOJDKHA OBITH HOJIO)KEHA HOBas OTpacib HayKH, 0a3UpyIOIIascs Ha MOHATHAX HAHO-TEXHOJIOTHI, HAHOMATeprajoB
W HaHOCTPYKTYpupoBaHusi. OCOOCHHOCTBIO HAHOCTPYKTYPUPOBAHHBIX OSTOHOB SIBJISIETCS BBEJICHUE B UX COCTaB HAHO-
J100aBOK (YriepolHble HaHOTPYyOKH, MEXaHOAKTHMBUPOBAHHbBIE JOMEHHbIEC 1UIaKH). M3yueHue 3akoHOMepHOCTEW Jie-
(hopMHpOBaHUS U pa3pyIICHUs OETOHA HA OCHOBE MEXaHOAKTHBUPOBAHHOTO CHIPhs TIO3BOJIUT HAMPABJICHHO BO3/ICHCT-
BOBaTh Ha CTPYKTYPY, PU3HKO-XMMHYECKUE, MEXaHH4YecKue U nedopmaionHsie cBoiictBa. Hayunast HoBu3sHa. [Ipo-
BEJICHHBIC HCCIICIOBAHMS MIOKA3JIH, YTO HAHOCTPYKTYPHPOBAHHbBIC OCTOHHBIE CMECH UMEIOT OOJBILIYIO MOABUKHOCTS.
[Tpo4yHOCTH TaKMX KOMITO3UTOB HOBBIMaeTcst Ha 13 % — 0e3 cokpaieHus pacxona emMeHra u Ha 8,8 % — npu cokpa-
IIeHuH pacxona 1ementa Ha 10 %. I[IpakTudeckasi 3HAUMMOCTh. [IprMeHEHHE CTPYKTYPHPOBAaHHBIX OETOHOB Ha
OCHOBE MEXaHOAKTHBHUPOBAHHOTO CBHIPBSI MO3BOJIUT IOBBICHTH 3()()EKTHBHOCTD NepepabOTKU MPOMBIIUICHHBIX OTXO-
JIOB, YIYYIIUTh (PH3UKO-MEXAHUYECKHE W TEXHOJIOTHYECKHE CBOIMCTBA MOJy4aeMbIX KOMITO3UTOB. C TOYKH 3pEHUS
HKOHOMHYECKOH 11eJ1ecO00pa3HOCTH IPUMEHEHHE HAaHOCTPYKTYPHPOBAHHOTO OETOHA SIBJIIETCS BHIFOIHBIM, TaK KaK OH
HaOupaeT BBICOKYIO IIPOYHOCT, IIPH 3TOM BeC U 00beM KOHCTPYKLMU yMeHbIIaeTcs. VIcIonp30BaHne HOBBIX TEXHOJIO-
TUH TI03BOJINT YIIYYIIUTh SKOJIOTMYECKHE OKa3aTell CTPOUTEIbHBIX MaTepUaIOB 1 YMEHBIIHUTh BPEJHOE BO3eiicTBIE
Ha aTMocdepy B IpoIecce NX MPOU3BOACTBA.

Knouesvie crosa: 6eTOHBL; MEXaHOAKTHBALHS; IPOYHOCTh; HAHOMATEPHAIIBL; HAHOCTPYKTYPUPOBAHHE; aCTPAICHBI

Beenenne MO>XHO YTBEpKIaTh, YTO TEXHOJOTHS JIFOO0TO Oc-
TOHA, B CHUJIy BBICOKOW JUCIEPCHOCTH KOMIIOHEH-
TOB, OCOOCHHO IIEMEHTa — KIIACCHYECKUH MpUMep
M37aBHA CYIIECTBOBABIIECH MPOMBIIIJIEHHOW HAHO-
TexHoJjoruu [7, 3].

B nocneanue roapl pa3BUTHE HAHOMHAYCTPUU
mproOpero MUPOKOMACIITAOHBIA XapakTep B pas-
JUYHBIX 00JACTAX YEIIOBEYECKOH MAesATeNbHOCTH.
Oco0oc BHUMaHUE yAETSICTCS PA3BUTHIO UCIIONB30-

beton sBIseTCS OMHUM M3 OCHOBHBIX Matepua-
JIOB, IPUMEHACMBIX B I'paXXIJaHCKOM H IIPOMBIIII-
JICHHOM CTPOUTCIILCTBE.

beronsl MOXHO KJ'IaCCI/Iq)I/ILII/IPOBaTL, KaK MHO-
TOKOMIIOHCHTHBIC KOMIIO3MIIMOHHBIC MaTCpUaibl
Ha OCHOBC MHHCPAJIBbHBIX BIKYIUX, CBOMCTBa
KOTOpPBIX ONPCACIIIFIOTCA BHUAOM, PA3SMCPHOCTBIO
U XapaKTepoM B3aHMOI[€I>'ICTBI/IH KOMIIOHCHTOB.

[Ipu 3TOM OHUM W3 CaMBIX CYIIECTBEHHBIX (hak-
TOPOB, ONPEIEISIONIMX HX CBOMICTBA, SBISETCS
y4eT OCOOCHHOCTEW B3aUMOJICHCTBHS 3TUX KOM-
MMOHEHTOB W WX COENWHEHWH Ha MeX(a3HBIX rpa-
HUIIAX B YK€ 3aTBepiaeBIINX OeroHax. B memnowm,

Doi 10.15802/stp2014/30453

150

BaHMsI HAHOMaTepHaNoB B cTpouTenscTse [5, 10].

OO6nacTh NPUMEHEHUS] HAHOMATEPUaIOB MOCTO-
SHHO pAacCIIMPSIETCS, MOATOMY BOIPOC O BO3MOXK-
HOCTH MX HCIIOJIb30BaHUS B CTPOUTEIBHBIX Mare-
pHanax O4eHb aKTyaJIeH.
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Ilpyu 3TOM CTOUT OTMETHUTH, YTO OXpaHa OKpY-
KAOIMIEH Cpefbl W palroOHaIbHOE HCIIOF30BAHNE
MIPUPOJHBIX PECYPCOB — OJIHA W3 CaMbIX aKTyalb-
HBIX TIpo0OJsieM coBpeMeHHocTH [9, 2]. B mocnennee
BpeMs B YKpawHe Habomaercs mpobiema Hemoc-
TaTKa MaTepUAIbHBIX U YHEPTETHYECKUX PECYPCOB,
KOTOpBII TpeOyeT pa3paOOTKU NPOTPECCHUBHBIX Ma-
JIOOHEPrOEMKUX TEXHOJIOIMM IPOU3BOACTBA CTPOHU-
TEIBHBIX MaTepuajaoB W manenuii. [Ipobiema moi-
HOU TepepaldOTKU OTXOAOB MPEATIPHUITHN TaKKe
SABJISIETCS KOJIOTHYECKU BaYKHOM.

ean

Ilempio TIPOBEJCHHBIX HWCCICIOBaHWA ObLIA
OIIeHKa TEePCIIEKTUBHOCTH WCIIOJIb30BaHUs HAaHOMa-
TEPHUAJIOB B CTPOUTEIBHBIX TEXHOJOTHIX, IPU OJ-
HOBPEMEHHOM COOJIIOZICHUH TPeOOBaHUH IO coXpa-
HEHHUIO JKOJIOTHMYECKOH OE30MacHOCTH M paImno-
HAJILHOM WCIIOJIb30BAaHUN TIPHUPOIIHBIX PECYPCOB.
Taxoke 1eTbI0 TaHHOW PabOThI SBISETCS YCTaHOB-
JIeHWe 3aKOHOMEPHOCTEH (OPMHUPOBaHHSA CTPYKTY-
pBl MaTrepualia, ero MpOYHOCTHBIX U YIPYTro-Tiia-
CTHUYECKUX CBOMCTB.

MeTtoanka

PabGoTa mocBsimeHa W3yYEHUIO CTPOUTEITHHBIX
KOMITO3UILIMTOB, B YaCTHOCTH OETOHOB, Ha OCHOBE
CBIPBSl, KOTOPOE HArpyaeTcsi Ha MAacIITaOHOM
MUKPO- ¥ HAHOYPOBHSX. METOAMKA 3aKITF0UaeTCS:

— B HUCCJICIOBAHUN CBOWCTB W TPaHyJIOMETPH-
YECKUX XapPaKTEPUCTHUK KOMITOHEHTOB OETOHHBIX
cMeceii;

— B HCCIICOOBAHUU BJIIUAHUA I’pﬁHy.HOMCTpPI‘-IC-
CKHX XapaKTEePHCTHK W YACIHbHON IOBEPXHOCTH
MaTepHaIOB Ha UX aKTHBHOCTH (IPOYHOCTH );

— B U3y4YCHUU (PU3UKO-XMMHUYECKUX M TEXHOJIO-
TMYECKUX CBOWCTB HAHOCTPYKTYPHPOBAHHBIX CTPO-
WTEJBHBIX KOMIIO3UTOB;

— B MOJICTTUPOBAHUH TIPOIECCOB JiehopMUpOBa-
HUS U pa3pylIeHUs] HaHOCTPYKTYPHUPOBAHHBIX Oe-
TOHOB B 3aBHCHUMOCTH OT MX COCTaBa M TEXHOJIOTH-
YECKUX MapaMeTPOB MOTYUCHHS.

Pe3yabTaTthl

IIpomsBoacTBO O€TOHA HAMPSMYIO 3aBHCHT OT
KOMITOHEHTOB, BXOAIIMX B ero coctaB. OCHOBOM It
OcToHa SBISETCSA IIEMEHT — CaMbId JTOPOTOM KOMIIO-
HeHT OeroHHoM cMmecu. Ilo mroram 6 mecsmes 2013
rojia eMKOCTh PBIHKA I[eMEHTa B YKpauHe COKpaTH-
mack Ha 13 % u cocraBuina 4,71 mtH TOHH (puc. 1).

Doi 10.15802/s5tp2014/30453

ITo cpaBuenwuto ¢ 2012 rogom B 2013 roay cnan
[IEMEHTHOTO TIPOM3BOJICTBA 3a IEPUOJ SHBapb-
OKTS0ph cocTaBmi 3 % (puc. 2).

Jns mebeHouHol otpacnu Hayamo 2013 roma
03HAMEHOBAJIOCH CTpPEMJIEHHEM BBIAATh OOJbIIe
MPOMyKIIMK — OKOJo 70 MIJIH TOHH, U3 KOTOPBIX
nopsiaka 30 MITH TOHH Oy/IeT 3aTpadyeHo Ha Mpou3-
BOJICTBO OeToHa [8].

[lecka B YkpanHe exerogHo J00BIBAIOT OKOJIO
22 MIH TOHH, U3 KOTOpBIX Mopsaka 15 MIH TOHH
UAEeT Ha Mpou3BOACTBO OeroHa. IIpom3BomcTBoO
OeToHa 3aHMMaeT BTOPOE MECTO B MHUpE IO TO-
TpeOJICHUIO BOJAHBIX PECYPCOB.

16
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Puc. 1. Emxocts priaka niementa B 2008—-2013 romax

Fig. 1. Market capacity of the cement in 2008-2013
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Puc. 2. TIpousBoacTBo emenTa B Ykpaure 3a 2013 rox
Fig. 2. Cement production in Ukraine in 2013

Hcxons W3 BBIIEN3IOKEHHOTO, CTOHT OTME-
TUTh, YTO KPYIHBIC KaPhephl CTPOUTEIBHOTO CHIPhS
YHHYTOXKAIOT TIOYBBI HAa 3HAYHUTENHLHBIX ILIOMIAISX
Y BBI3BIBAIOT A(PQEKT TUAPOreOIOTHIECKON JeTpec-
CHOHHOW BOPOHKH, B PE3YJIbTaTe 4ero MOHIKAeTCs
YPOBEHb TOJ3EMHBIX BOJ| HA TEPPUTOPUH, HAOIFO-
Jaetcst aerpagauust 3emenb, B 10-15 pa3 mpeBbl-
MIaroIIel IUIOmanah OTKPHITHIX pa3paboTok. Exke-
rogHO oOpasyercs okoio 50 ThIC. ra HapyIICHHBIX
3eMellb, 00BEMbI PEKYJIbTUBAIIUM KOTOPBIX COCTaB-
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TSI0T OKouto 60 % TUTOIAAN OTUYKIAEMBIX 3eMeb,
YTO HE 00ECIEeYHBACT UX CBOEBPEMEHHOTO BO3Bpa-
IICHUS B XO3IHUCTBEHHBINH 000pOT [4].

B cBa3u ¢ 3THM BO3HUKaeT HEOOXOAUMOCTH
B CO3/IaHMH HHOW KOHIIETIIINU CTPOUTEIHHOTO O6eTo-
Ha. B ee ocHOBy mosiojkeHa HOBast OTPAcib HAYKH,
Oazmpyromiasicss Ha MOHATHIX HAHOTEXHOJIOTHIA, Ha-
HOMaTepHaJIOB M HAHOCTPYKTYPHUPOBAHHS.

Hanomarepuanbl MOKHO pa3[elTuTh Ha YeThIpe
OCHOBHBIE KaTETOPHH.

[lepBas kareropus BKIIOYAaeT MaTepHUalbl B BU-
Jie TBEPJIBIX TEJ, Pa3Mepbl KOTOPHIX B OJJHOM, IBYX
WIN TpeX NPOCTPAHCTBEHHBIX KOOpIUHATaX He
npesbimaoT 100 M. K TakuM MatepuanaM MOXKHO
OTHECTH HaHOPa3MEpHBIE YACTHIBI (HAHOIIOPOII-
K1), HAHOBOJIOKHA, HAHOTIPOBOJIOKH, OYE€Hb TOHKHE
wieHkn (TommuHoi MeHee 100 HM), HAaHOTPYOKH
u T. . Takue Marepuagbl MOTYT COIEPXaTh OT OJI-
HOTO CTPYKTYPHOTI'O BJIEMEHTa WM KPUCTAJITUTA
(11 4acTHIl TIOPOILNKa) JO HECKOJIBKUX HX CIIOEB
(st TUTeHKH). B CBSI3M € 3THM TEPBYIO KaTErOpHIO
MOJKHO KJIACCH(HIIMPOBATh KaK HaHOMAaTEepHaIbI
C MaJbIM YHUCIOM CTPYKTYPHBIX 3JIEMEHTOB HIIH
HaHOMATEpUaJbl B BU/Ie HAHOU3IEIHH.

Bropas xaTteropus BKIIIO9aeT B ce0sl MaTeprabl
B BHJIE MaJIOPa3MEpPHBIX M3IEIHIA C XapaKTepU3YIO-
MM pa3MepoM B MIPUMEPHOM Juamna3oHe | MKM —
1 MM. OOBIYHO 3TO TMPOBOJIOKH, JICHTHI, (HOJBIH.
Takue MaTepHalbl COAEPKAT YKE 3HAYMTEIBHOCE
YHCIIO CTPYKTYPHBIX 3JIEMEHTOB M MX MOKHO KJjlac-
CUPUIUPOBATh KaK HaHOMAaTepHAIBl C OONBIIAM
YUCIIOM CTPYKTYPHBIX 3JIEMEHTOB (KPHUCTAJLINTOB)
WJIM HAHOMAaTEPHAIbl B BHJC MUKPOU3ICIIUH.

TpeTpst KaTeropus MpeNCTaBIsAeT COOOW Mac-
CUBHBIE (WM WHAa4Ye OOBEMHBIC) HAaHOMATCPHUAJIBI
C pa3MepaMu W3IENHi U3 HUX B MakpoJAuara3oHe
(Oonee HECKONBKUX MWIIIMMETpOB). Takue mate-
pHAIBI COCTOSIT U3 OYEHH OOJBIIOTO YHCIa HAHO-
pa3MepHBIX JIEMEHTOB (KPUCTAIUTOB) M (pakTh-
YEeCKU SIBIAIOTCS MOJMKPUCTALIMYECKHMMHU Mate-
puanamu ¢ pazmepom 3epHa 1-100 um [11].

UerBepTast KaTeropus BKIIOYAET KOMIIO3HIIH-
OHHBIC MaTepHallbl, COIEPIKAIINE B CBOEM COCTAaBE
KOMIIOHEHTHI U3 HAHOMATepPHAaJIOB U3 MEPBON KaTe-
TOpUH 1 BTOPOH Kareropuu (puc. 3) [1].

Oco0EHHOCTBIO HAHOCTPYKTYpPHPOBAHHBIX OETO-
HOB SIBJISIETCSl BBEJCHHE B COCTaB OCTOHOB U Iie-
MEHTHBIX PacTBOpOB HaHOA00aBOK. Hanomucmepc-
HBbIE HAIOJHUTENN SIBISTIOTCS BBICOKOTOYHBIMH MHU-
HEpaIbHBIMU BEIIECTBAMH, KOTOpBIE (DOPMHUPYIOT
a/IT€3MOHHYIO TIPOYHOCTH B IIEMEHTHOM KaMHE H, CO-
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OTBETCTBEHHO, IOBBIIIAIOT JIOJTOBEYHOCTh OETOHA,
MOpPO30CTONKOCTb, BOJIOHENPOHUIIAEMOCTh U PyTHE
¢usnko-mMexannyeckue xapaxrtepuctuku [12]. Kak
TIpUMeEp, MOXKHO PACCMOTPETh YTIIEPOAHbIE HAHOT-
pyOKH (YIUIEpOMIHOTO THIIA — acTpaJcHBL. BBere-
HHE acTpaJICHOB B OETOHHBIC CMECH B CAMOM HE3Ha-
YUTEITLHOM KOJIMUECTBE ITPUBOJIUT K POCTY B COCTaBe
[IEMEHTHOTO KaMHS IPOTSHKEHHBIX CTPYKTYP JTHHON
B COTHM MKM. Hanmmine Takux oOpa3oBaHUl sIBIISICT-
Cs1 MUKPOJIUCIIEPCHBIM CaMOApPMHUPOBAHUEM LIEMEHT-
HOTO KaMHf, YTO TPHBOJIUT K COOTBETCTBYIOIIEMY
YIPOYHEHHIO OETOHOB [6].
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L l |
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Puc. 3. Kitaccudukanyst HaHoMaTepHaIoB
Fig. 3. Classification of nanomaterials

B xauectBe 100aBOK MOTYT OBITH HCIIOJIb30BAHbBI
MEXaHOAKTEeBUPOBAHHBIE IIUIAKK W IIJIAMbl MeETall-
Jyprudeckoro mpousBojctea. OmHUM H3 Hanboree
3P PEKTUBHBIX CINOCOOOB WCIIONH30BAHUS BTOPHY-
HBIX MaTepUajIOB B KAUECTBE ChIPbsI, yCKOPEHUS IIPO-
[ECCOB X TMepepadOTKH SIBISIETCSI MEXaHOAKTHBALIUS
3a CYET NPHUMEHEHHUs] CKOPOCTHBIX PEKMMOB MeXa-
HUYECKHX Harpy30K Ha MaclITaOHBIX MHKPO- M Ha-
HOYpPOBHSX. M3ydeHre 3aKOHOMEpHOCTEH nedopmu-
POBaHKA U pa3pylIeHUs] OETOHa Ha OCHOBE MEXaHO-
AKTUBUPOBAHHOTO CBHIPbS IO3BOJIMT HAIPaBJICHHO
BO3JCHCTBOBaTh Ha CTPYKTYpY, (U3HKO-XUMUUEC-
Kre, MeXaHH4ecKne U Ae(opMaIlioHHbIE CBOMCTBA.
Taxke 310 OyJeT crocoOCTBOBAaTh pa3padOTKe TeX-
HOJIOTWH TIOJIy4YeHUs] CTPOMTENBHBIX MAaTepHalIoB,
M3JEUI U KOHCTPYKLMI € YJIYUIIEHHBIMU IPOYHO-
CTHBIMH 1 IepOpMaIiMOHHBIMU cBoicTBamu [13].

bnarogapss cBoMM KauecTBaM, HAHOCTPYKTY-
pUpOBaHHBIC OCTOHBI U MaTEPUANbI MTOTYYar0T BCE
Oonee IMPOKOE PAaCHpPOCTPaHEHHE B CTPOUTEIb-
HOM OTpAaCIIH.

HemamoBaxxasiM  (akKTOPOM pPEHTAOCTHPHOCTH
MPUMEHEHUs] BBICOKOKAYECTBEHHOTO OCTOHA SIBIIS-
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€TCs OIEHKA DKOJOTHUECKON 0€30IacHOCTH U BO3-
IEHCTBUS Ha OKpysKaromryoo cpeaxy. OCHOBHbBIC
KOMIIOHEHTBI, KCIIOJIb3YEeMbIC IJIi W3TOTOBIICHUS
CTPYKTYPUPOBAHHOTO OETOHA, MOSBJISIOTCS MOCIIC
nepepaboTKH OTXO0B MPOMBIIIJICHHOCTH, a TAKIKE
WU3MENTBYCHUSI MCXOMHBIX MAaTEPUATOB U  CHIPHSL.
CpaBHUTEIBHBIA aHAIHM3 JKOJIOTUYCCKUX XapaKTe-
PUCTHK HauboJiee PaCHpPOCTPAHCHHBIX CTPOUTEIIb-
HBIX MaTEPHajOB M HAHOMATEPUAJIOB ITOKAa3ajl, YTO
HAHOOETOH W HAHOBOJOKHO OE3BpEIHBI TPHU CO-
OJIrO/ICHUH TTPaBIIT 0€30MACHOCTH.

Hayunas HOBM3HA M MpaKTHYecKas
3HAYUMOCTH

B oOmem cMbicie HAHOTEXHOJOTUH BKJIIOYAIOT
CO3JJaHUE U HCTIONBb30BaHME MaTepHasoB, CBONCTBA
KOTOPBIX ONpe/eNsieTCsl HAHOCTPYKTYpPOH, TO ecTh ee
YIOPSIIOYEHHBIMU (hparMeHTaMu pa3mepoMm oT 1 1o
100 aM. OOnacte TpUMEHEHHS HaHOMATEPUAIOB
MIOCTOSIHHO PACIIMpPSIETCs], TMO3TOMY BOIPOC O BO3-
MO’KHOCTH X HCIIOJIb30BAaHMS B CTPOUTENBHBIX Ma-
TepHaax OYeHb aKkTyalleH. B cTpouTenscTBe MHMpO-
KOE pacnpocTpaHeHHe MOMYYHIX HAaHOOSTOHBI, MPOY-
HOCTH KOTOpBIX mouTH Ha 150 % mpeBblmaer cpen-
HIOO [IPOYHOCTh KOHCTPYKIMOHHBIX O€TOHOB, MX MO-
po3ocToiikocTs Bbiie Ha 50 %, a BEpOSATHOCTD MOSIB-
JIEHVs TPEUIUH B pa3bl HIDKe. Tak k€ CTOMT OTMETUTh
1 TOT (haKT, YTO BeC KOHCTPYKIIMH, IPOU3BECHHOMN 13
TaKoro OETOHA, yMEHBIIAETCA B IIECTh Pa3.
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[ Ges nanomarepuanos;
— ¢ HaHOMaTepuaiamu 6e3 COKpalleHHs Pacxoja
[[EMEHTa;

] c nanomarepuanamu ¢ COKpauleHHEM pacxona
nemenTa Ha 10 %;

I ¢ sasomatepuanaMu ¢ COKpaleHHeM pacxosia
nemeHTa Ha 15 %.

Puc. 4. 3aBUCUMOCTH IPOYHOCTH OETOHA TIPH CIKATHH
10 KJ1accam

Fig. 4. Dependence of the concrete strength during
compression by classes
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[IpoBeneHHbIe wCCIENOBaHUS IMOKA3aid, YTO
HAaHOCTPYKTYypHUPOBAaHHBIE OETOHHBIE CMECH UMEIOT
0OJIBINYI0 TIOJIBUKHOCTD. [IpOYHOCTH TaKUX KOM-
MO3UTOB TOBEIMIaeTcs Ha 13 % — 06e3 cokpaieHus
pacxojna 1eMenTa u Ha 8,8 % — mpu COKpaleHun
pacxona nemenTa Ha 10 % (puc. 4).

C TOoYKHM 3peHHsI IKOHOMHUYECKOH Iiermecoodpas-
HOCTH TIPUMEHEHHS HAHOCTPYKTYpPHUPOBAHHOIO Oe-
TOHA SIBIIIETCS BBITOAHBIM, TaK Kak OH HaOHWpaer
BBICOKYIO TPOYHOCTb, TIPH 3TOM BeC M 00BbEM KOH-
CTPYKIIMM yMeHbIaeTcs. Bce 3To mo3BossieT Haje-
SITBCS, 9TO YK€ B 0003pUMOM Oy IyIIIeM TPOM30UIET
MPOMBIIIJICHHOE BHEPEHUE HAHOOETOHOB, KOTOPOE
MO3BOJIUT TOJYYHTh 3HAYUTENHHBIA DKOHOMUYE-
CKUii (P QEKT, TTOCKOIBKY NPH YBEIHYCHUH MOTpe-
OHTENBCKUX XapaKTEPUCTUK HAHOOSTOHOB B 4—6 pa3
WX CTOMMOCTH BHIIIIe OOBIYHBIX HE Ooylee 4eM Ha
10-20 % (4To HATTAIHO WILTIOCTPUPYET pHC. 4).

Kak mpumep, MOXXHO TPUBECTH TEIIEXOIHBIN
MocT B SlmoHWW, TIEe NpUMEHeHHe HaHOOETOHOB
COKOHOMMIIO 15 % NEeHEKHBIX CPECTB.

BriBoabI

PaccMmoTpeHHSbIH 1 poaHaTN3UPOBaHHEIH HabOp
METOJOB M CpPeACTB (hOPMHUPOBAHUS CBOWCTB BBI-
COKOKA4YECTBEHHBIX OETOHOB C IIPUMEHEHHEM HaHO-
MaTepuajoB U COOTBETCTBYIOIIMX TEXHOJIOTHH,
B TOM YHCJIE IPEATIOKECHHBIX aBTOPAMHU HACTOSAIIEH
POOOTHI, OTKPHIBAET CUCTEMY HOBBIX BO3MOKHOCTEH
JUId TIepexo/ia CTPOUTEIBHOIO MaTepHaIOBEICHUS
Ha TPUHLUIBI CO3JAHUSA MATEPUANIOB C 33JaHHBIMU
CBOWCTBaMH B AMaNa3o0He OYE€Hb BBICOKHMX 3HAYEHUHN
UX IIapaMeTpOB.

BaxxHo O0TMETHTH, YTO IpEeUMyIeCTBa HaHOOe-
TOHOB 00YCIIOBIIEHBI 0CO00H CTPYKTYPOH, POpMHU-
pYEMOi1l BCIEACTBHE CAMOOPTaHU3alUU IIEMEHTHO-
ro KaMHsA Ha HaHOypoBHe. Vcrosp30BaHNE HOBBIX
TEXHOJIOTHH TO3BOJINT YJIYYIIUTh 3KOJOTHYECKHE
MOKa3aTeNd CTPOUTENbHBIX MaTepUaloB U yMEHb-
IINTH BpeIHOE BO3JCHCTBUE Ha aTMOc(epy B Mpo-
Iecce MX MPOU3BOACTBA. BronHe BO3MOXKHO, 4TO
pa3BUTHUE HAHOTEXHOJIOTUH TNpPHUBEAET K TMOSBIIE-
HUIO Ha CTPOMUTEIBHOM pPBIHKE NPUHLIUIMUAIBHO
HOBBIX BHJIOB MaT€pHasOB.

B HacTosmee Bpems B MUpPE 3apEerHCTPUPOBAHO
M BBITyCKAeTCS MPOMBINUICHHOCTEIO Oojee 1 800
HalMEHOBaHUI HaHoMaTepuanoB. Camble pa3BUTHIE
CTpaHbl OOPIOTCS 3a JIUAEPCTBO B 3TOM cdepe. Ilpu
atoM g0 CHIA Ha peIHKaxX HAYKOEMKOH IMPOIyK-
M coctaBisieT 36 %, Snonuu — 30 %, Torma kak
Uit YKpauHbl 9Ta cepa siBisieTcst HoBoi. B crpa-

© A. I1. Banoga, O. U. Tpydanosa, 2014

153



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

Hayxka Ta nporpec Tpancropty. BicHuk J[HIponeTpoBcbKoro
HAI[IOHAJIBHOTO YHIBEPCHUTETY 3alIi3HUYHOrO TpaHcmopty, 2014, Ne 5 (53)

TPAHCIIOPTHE BY AIBHULITBO

Hax EBpomsl co3matorcsi HaydHbIe JabopaTopun XapaKkTepUCTHK KOHCTPYKLMOHHOTO OETOHA B pam-
u ]_[eHprI 10 H3yqumo HaHOMaTepI/IaJ]OB. B TO Kax TCOPUH CKOJIbXXCHHA MI/IKpOHOH}IpI/IBOBaHHOﬁ
BpeMs Kak B YKpauHE 3Ta mpoOiieMa HOCHT, B OC- Cpezbl (MIIC) TIPH JIOBEPHTENLHON BEPOATHOCTH
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AHAJII3 I IEPCIIEKTUBHU 3ACTOCYBAHHSA E@OEKTUBHUX
PECYPCO3BEPIT'AIOUUX TEXHOJIOI'T Y BUPOBHUIITBI BETOHY

Meta. MeTo10 MPOBEICHHOTO OCTIPKEHHS Oyia OIliHKa MEepCHeKTHBM BHKOPHCTaHHS HaHOMaTepialiB y Oymi-
BEJIEHHX TEXHOJIOTISX MPU OJHOYACHOMY JOTPHMAaHHI BUMOT TI0 30€peKEHHIO EKOJIOTIYHOT OE3IIEKH Ta parlioHaTEHOMY
BUKOPUCTaHHI PUPOIHUX pecypciB. MeToauka. Y X0/l IPOBEJeHHs TOCIKEeHb 0yJI0 BUBUCHO Ta MPOAHAIi30BaHO
OyaiBeNbHI KOMIIO3UTH, 30KpeMa OETOHH, 10 OTPUMYIOTH Ha OCHOBI CHPOBHHH, SIKi HABAHTAXKYIOTHCS HA MaCIITA0OHUX
MIKpO- 1 HAHOPIBHSIX; ITPOMO/IEIbOBaHI nporecH nedopMyBaHHs 1 pyiiHyBaHHSI HAHOCTPYKTYPOBaHHX OCTOHIB, B 3a-
JIEXHOCTI BiJl IX CKJIajy 1 TEXHOJIOTTYHMX MapaMeTpiB orpuManHs. Pe3yabTaTu. BupoGHuiTeo 6eToHy OGe3nocepeiHbo
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TPAHCIIOPTHE BY AIBHULITBO

3aJISKUTh BiJl KOMIIOHEHTIB, IO BXOAATH 1O Horo ckiany. IIpy BumoOyBaHHI LMX KOMIIOHEHTIB BiJ0yBaeThCs
JleTpajallisi 3eMeNb 4epe3 3HUIIECHHS TPYHTY BEIMKHMH Kap’€paMu, II0 Hece 3arpo3y eKoJorii. Y 3B’S3Ky 3 UM
BUHHKA€ HEOOXIAHICTD y CTBOPEHHI iHIIOI KOHIENMii oTpuMaHHs OyaiBensHOro 6eToHy. B 1 OCHOBY mOBHHHA OyTH
MOKJIa/IeHa HOBA Taly3b HAayKH, sika 0a3yeTbcsl Ha TOHATTSAX HAHOTEXHOJIOTIH, HaHOMaTepialliB Ta HAHOCTPYKTY-
pyBaHHs. OCOOIMBICTIO HAHOCTPYKTYPOBAaHUX OCTOHIB € BBEIEHHS 10 iX CKJIaay HAHOA00AaBOK (BYTJIeleBi HAHOTPYO-
KH, MEXaHOaKTMBOBaHI JJOMEHHI IUIaKW). BUBYEHHs 3aKOHOMIpHOCTEH aedopMyBaHHsS 1 pyiHHYBaHHS OETOHY Ha
OCHOBI MEXaHOAKTHBOBAaHO! CHPOBHHH J03BOJIMTH HAIIPABJICHO BIUIMBATH HA CTPYKTYPY, (Qi3UKO-XIMIUHI, MEXaHIYHI Ta
nedopmariiiai Biactiuocti. Haykosa HoBH3HA. [IpoBeseni pociimKeHHs OKa3aiy, 0 HAHOCTPYKTYPOBaHi OETOHHI
CyMIlIl MaroTh BEIHMKY PyXOMicTh. MILHICTh TaKMX KOMIIO3UTIB MiABHIIyeThcs HAa 13 % — 0e3 CKOpO4YeHHs BUTpaT
neMeHty 1 Ha 8,8 % — npu ckopodeHHi BuTpaT HeMeHTy Ha 10 %. IIpakTHyna 3HaAYMMicTh. 3aCTOCYBaHHS CTPYK-
TypOBaHHX OETOHIB Ha OCHOBI MEXaHOAKTHBOBAHOI CHPOBHHH JO3BOJIUTH IiIBUIIUTH €(DEKTHBHICTH HEPEpOOKH Tpo-
MUCJIOBUX BiJIXOJIIB, MOJIMIIUTH (Hi3MKO-MEXaHIYHI Ta TEXHOJIOTIYHI BIACTUBOCTI OJICPKYBaHMX KOMITO3HTIB. 3 TOYKH
30py €KOHOMIYHOI JAOIJIFHOCTI 3aCTOCYBAHHS HAHOCTPYKTYPOBAHOTO OCTOHY € BHTITHHM, TaK SK BiH HaOUpae BHCOKY
MILHICTh, PU [IbOMY Bara Ta 00’€M KOHCTPYKIIi 3MEHIIY€EThCS. BUKOpHUCTaHHST HOBUX TEXHOJIOTIH J103BOJIMTH ITOKpa-
IIUTH €KOJIOTiYHI MOKa3HUKH OyAiBENbHUX MaTepiajiiB Ta 3MEHIIMTH IIKi[UIMBUHA BIUIMB Ha aTMocdepy y mporeci ix
BUT'OTOBJICHHSL.
Kniouosi crosa: 6eToHN; MEXaHOAKTHBAIIIS; MIIHICTh; HAHOMATEpialn; HAHOCTPYKTYPYBaHHS; acTpaJICHU
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ANALYSIS AND APPLICATION PROSPECTS OF EFFECTIVE
RESOURCES-SAVING TECHNOLOGIES IN CONCRETE
MANUFACTURE

Purpose. Prospectivity assessments of the nano-materials usage in construction technologies at the same time
meeting the requirements of environmental safety and rational use of the natural resources. Methodology. During the
study the building composites, in particular concretes, which are obtained on the base of the raw materials, which are
introduced in the array of micro- and nanolevels were researched and analyzed. The deformation and deterioration
processes of nanostructured concrete depending on their composition and manufacture parameters were simulated.
Findings. Concrete manufacture is in the direct dependence on its components. Due to the extraction and processing of
these components land degradation occurs because of soil destruction with oversize pits, which threatens the ecology of
the environment. In this connection there is a need for another concept of building materials receiving for concrete
manufacture. The new branch of science based on nanotechnologies, nanomaterials and nanostructuring is a key to its
foundation. The special features of nanostructured concretes are the nanoagents in their composition (carbon nano-
tubes, mechanoactivated slags of blast furnace production). The study of deformation patterns and concrete deteriora-
tion based on the mechanoactivated material will purposefully affect the structure, physical and chemical properties, as
well as the mechanical and deformational ones. Originality. The researches have shown that nano-structured concrete
had high fluidity. The strength of such compositions is enhanced up to 13 % without reduction of concrete consump-
tion and up to 8.8% at 10% reduced concrete consumption. Practical value. The application of the structured concretes
based on the mechanoactivated material will increase the efficiency of the industrial wastes recycling and improve the
physical, mechanical and technological properties of the produced composites. From the standpoint of the economic
benefits, the application of the nano-structured concrete is profitable, as it develops high strength along with the de-
crease in the weight and volume of the constructions. The use of new technologies will improve the environmental
performance of building materials and reduce the harmful effects on the environment during their production.

Keywords: concrete; mechanical activation; strength; nano-materials; nano-structuring; astralenes
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NUMERICAL SIMULATION OF VISCOELASTIC MATERIALS

Purpose. The main goal of this paper is to develop the numerical model of viscoelastic material using finite
element method (FEM). The model was applied to asphalt-aggregate mixtures. Additionally the obtained numerical
results with use of different FEM software were compared with experimental data. Methodology. In order to per-
form the investigation, the numerical specimen was built within FEM software. Material of the specimen was as-
sumed to be viscoelastic. Viscoelastic materials are characterized by a combination of elastic behavior, which stores
energy during deformation, and viscous behavior, which dissipates energy during deformation. It was assumed that
the behavior of the material corresponds to generalized Maxwell model. The model consists of a spring element in
parallel with a number of spring and dashpot Maxwell elements. Generalized Maxwell model consisting of 5 ele-

ments was offered at p” =0 . Mechanical properties of the material correspond to the properties of real asphaltic

material. Findings. As the result of calculations the stress and strain state of the asphalt specimen were obtained. To
compare mechanical characteristics of the model with experimental data the dynamic elastic modulus and phase
angle values were calculated. Originality. Viscoelastic material model based on generalized Maxwell scheme was
developed using ANSYS software. In order to compare the numerical model of the material with real asphalt-
aggregate mix data, the values of dynamic modulus and phase angle were selected. Analyzing the results of calcula-
tions one can see good correspondence of numerical material model to experimental data. Moreover, the numerical
data obtained with ANSYS and LS-DYNA software were compared. Practical value. It should be emphasized that
FEM gives the possibility of determining stresses and strains for asphalt pavement non-elastic models what is of
great importance using mechanistic design procedures.

Keywords: mechanical properties; numerical model; viscoelastic material; generalized Maxwell model; finite
element method

Introduction Purpose

The constitutive behaviour of many engineer-
ing materials combines with its elastic, viscous,
plastic and fracturing response. Determining the
parameters of such materials within a wide range
of loadings is extremely complicated. Even in such
a case when plasticity and fracture are not consid-
ered, material viscosity causes temperature and
strain rate dependence of the stiffness, what is of
great importance analysing asphaltic materials [1,
2] or polymers. For that reason, temperature and
strain rate are sometimes integrated in the elastic
parameters of the models.

Another problem arising from application of
non-elastic materials in the process of structural
design is to perform appropriate experimental test
in order to calibrate material parameters. While
such tests are performed, we need to use special
optimization algorithms which allow obtaining the
best curve fitting results. This problem is espe-
cially important in case of cyclic tests used for vis-
coelastic materials [5, 7, 9-11, 14, 15].

Doi 10.15802/stp2014/30811

The main goal of this paper is to develop the
numerical model of viscoelastic material using fi-
nite element method. The model will be applied to
asphalt-aggregate mixtures. Additionally the ob-
tained numerical results with use of different FEM
software will be compared with experimental data.

Methodology

In order to perform the investigation, the nu-
merical specimen was built within FEM software.
Material of the specimen was assumed to be vis-
coelastic. Viscoelastic materials are characterized
by a combination of elastic behavior, which stores
energy during deformation, and viscous behavior,
which dissipates energy during deformation. The
elastic behavior is rate-independent and represents
the recoverable deformation due to mechanical
loading. The viscous behavior is rate-dependent
and represents dissipative mechanisms within the
material [3, 4, 8]. A wide range of materials such
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as polymers, glassy materials, soils, biologic tissue,
and textiles exhibit viscoelastic behavior. Material
is viscoelastic if its stress response consists of an
elastic part and viscous part. Upon application of a
load, the elastic response is instantaneous while the
viscous part changes over time. Generally, the
stress function of viscoelastic materials can be de-
fined in an integral form. Within the context of
small strain theory, the constitutive equation for
isotropic viscoelastic material can be written as
follows:

t t
o= sz(t—r)fdwle(z—r)d—Adr,
0 dt 0 dr

where e — denotes deviatoric part of the strain, A —
represents volumetric part of the strain, G(f) —
represents shear relaxation kernel function, K(¢) —
bulk relaxation kernel function, ¢ — current time, 7 —
past time and / — is unit tensor.

The kernel functions are represented in terms of
Prony series, which assumes that

G=G, +ZG1. exp(—%) ,
T

i=1 i

1

K=K, +ZK1. exp(—LKj ,

i=1

where G, G, — shear elastic moduli, K, K, —

bulk elastic moduli, t, tF

each Prony component.
Introducing the relative moduli

— relaxation times for

where
el
Gy=G,+Y.G.,
i=1
Ky=K,+) K.,
i=1

the kernel functions can be equivalently expressed
as

G=G, {ocg + ZOLIG exp[—%ﬂ ,
T

i=1 i
Doi 10.15802/stp2014/30811
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ny ¢
K=K, {ocg + ZociK exp[——Kﬂ.
- T

i

The integral function can recover the elastic be-
haviour at the limits of very slow and very fast load-

ings. Here, G, and K, denote shear and bulk
moduli at the fast load limit (i.e. the instantaneous
moduli), while G_and K_ are the moduli at the

slow limit. The elasticity parameters input corre-
spond to those of the fast load limit. Moreover, by
admitting, the deviatoric and volumetric parts of the
stress are assumed to follow different relaxation
behaviour. The number of Prony terms for shear n

and for volumetric behavior n; need not be the

. . K
same, nor do the relaxation times t° and T .

The Prony representation has a prevailing
physical meaning in that it corresponds to the solu-
tion of the classical differential model (the parallel
Maxwell model) of viscoelasticity. This physical
rooting is the key to understand the extension of
the above constitutive equations to large-
deformation cases as well as the appearance of the
time-scaling law (for example, pseudo time) at the
presence of time-dependent viscous parameters.

At the same time, generalized Maxwell mate-
rial model was offered. The following Fig. 1 shows
one dimensional representation of a generalized
Maxwell solid. It consists of a spring element in
parallel with a number of spring and dashpot
Maxwell elements.

%f

i

W= 12 13 L
.?7] Ll_l ,”2 LH ]»]3 Ll—l _.rfn Ll—l

Fig. 1. Generalized Maxwell model

4

The development of material model was ac-
complished with software based on FEM. In order
to solve the problem the numerical specimen of
asphalt pavement was built. The specimen and its
coordinate system are shown in Fig. 2, a, while the
loading scheme is shown in Fig. 2, b.

Mechanical properties of the material corre-
spond to the properties of real asphaltic material. It

© S. P. Panchenko, 2014
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was assumed that the behavior of the material cor-
responds to generalized Maxwell model. General-
ized Maxwell model consisting of 5 elements was

offered at p* =0.

4 b pu ut
q u u
I )
' X
1 ]
1 ]
z] peoeod - z| yo-o-d e
1 T lu |
3 Iy u

h‘l

Fig. 2. Numerical specimen (@) and loading scheme (b)

In order to develop the numerical model of the
material the data based on [13, 14] was used. Cor-
responding parameters of Maxwell model are
shown in Table 1.

Table 1
Optimized data of Maxwell model
Volumetric Deviatoric
Ne parameters parameters
£ ow e | ow
1 923 700 426 323
2 1391 24 357 642 11241
3 1068 23 493 11
4 2626 6 1212 3
5 945 118 436 54

In Table 1, volumetric (bulk elastic modulus)
and deviatoric (shear elastic modulus) parts of the
Maxwell elements are given. Moreover, correspond-
ing viscosities are shown for each modulus. In order
to implement appropriate loading and boundary
conditions and to eliminate rigid motion, the 1/8
part of the specimen was investigated (see Fig. 3, a).
Corresponding boundary and symmetry conditions
were applied to reduced model (see Fig. 3, b).

The specimen was loaded kinematically apply-
ing a displacement in z-direction on the upper part
of the cube (Fig. 3, b). The magnitude of the dis-
placement was determined in such a way the strain
in this direction to be equal 5 - 10”. Thus, the small
deformations theory can be assumed. For our
specimen, the displacement of the upper part of the

Doi 10.15802/stp2014/30811

cube was determined to be equal 5 - 10° m. More-
over, the loading was taken with different frequen-
cies corresponding to formula: u = 4 sin(w?) . The
following frequencies were proposed: f = 0.1, 0.5,
1.0, 5.0, 10.0, 25.0 Hz (see Table 2). Here, A de-
notes amplitude of the load (A =510 m), o is
circular frequency, @=2m f .

a b gHT.&:&f ”T;gﬁ
) | uy
B
z) 3§ A fgﬂ
YA i s
g ;.\‘
7T T

Fig. 3. Investigated scheme

Table 2 shows frequencies and corresponding
values of dynamic moduli (£,4,) and phase angles
(p) obtained in experiments.

Table 2
Experimental data of specimen investigation
Frequency, Hz | Dynamic modulus, MPa | Phase angle, °
0.1 1991 20.3
0.5 2914 18.5
1.0 3322 17.4
5.0 4376 14.5
10.0 4974 13.7
25.0 5575 14.2

In the paper, the comparison of results is shown
obtained with ANSYS and LS-DYNA software,
based on finite element method.

Findings

As the result of calculations the stress and
strain state of the asphalt specimen were obtained.
It is necessary to note that the aim of this part was
to develop numerical model of asphaltic material
and to compare mechanical characteristics of the
model with experimental data. To fulfill the task
we had to calculate the dynamic elastic modulus
and phase angle.

We can note that stress and strain at such type
of loading can be written as:

o(t)=o,sin(w?),
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e(r)=¢y(0) sin((ot —~ (p(oa)) ,

where oy, €(w) — amplitude values of stress and
strain.

To determine dynamic elastic modulus and
phase angle we have to write some relationships.
So, to define the modulus we used such formulas:

E (io)=E,, (m)exp(z’ (p(w)) ,

where E, (0)=|E"(io)|= — dynamic
dyn( ) ‘ ( )‘ 80((,0) y
elastic modulus.

Thus, to calculate the dynamic modulus, we
have to know the amplitude values of stress and
strain in the model.

In order to visualize the relations between
stress and strain during numerical experiment the
history graphs were built. The diagram of stress
and strain changes for load case with 0.1 Hz fre-
quency is shown in Fig. 4.

150

100

Stress, kPa
(=)
Strain, x106m

stress
— Strain

-150 |
Time

Fig. 4. Diagrams of stress and strain

To obtain the needed values we can use the
diagrams of stress and strain as functions of time
(Fig. 4).The amplitude values of stresses and
strains are shown in the table 3. Also, obtained dy-
namic modulus are written in the table 3.

It is necessary to note that the characteristics
achieve their maximal values at different time. So,
maximal stress in the specimen appears early than
maximal strain. To calculate phase angle we will
use this difference.

To calculate phase angle, we also can use the
diagrams (Fig. 4). On the diagrams we can see that
there is the difference in time between maximal
values of stresses and strains. It is equaled to the
phase angle. To obtain the angle value it is neces-
sary to determine the difference between maximal
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values of stresses and strains on the time-axis and
take into account the scale of the time. Also, we
need to use the formula:

¢ =27 f At (in radians)

Table 3
Freqﬁezzncy, Stre}:;ses, Strains Dynamli\i I1)12110dulus,
0.1 99 685 1994
0.5 146 474 2930
1.0 167 619 50 10° 3352
5.0 221 609 4432
10.0 247 190 4944
25.0 278 014 5560

The difference as time between values of
stresses and strains in the model and obtained val-
ues of the angle are shown in the table 4.

Table 4
Frequency, Hz Time, At Phase angle, °
0.1 0.57 20.52
0.5 0.1035 18.63
1.0 0.05 18.0
5.0 0.008 14.4
10.0 0.0038 13.68
25.0 0.00153 13.77

So, we can write main results (elastic dynamic
modulus and phase angle) in the table 5.

Table 5
Numerical results (ANSYS)
Frequency, Hz | Dynamic modulus, MPa | Phase angle, ©
0.1 1994 20.52
0.5 2930 18.63
1.0 3352 18.0
5.0 4432 14.4
10.0 4944 13.68
25.0 5560 13.77

The obtained results of investigation can be given
as amplitude-phase characteristics. The storage mo-
dulus E' is situated on the x-axis, and loss one E" is
situated on the y-axis, according to relations:

© S. P. Panchenko, 2014
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E'(i0)=E'(0)+iE"(0),
E'(0)=E,, (0)coso(0),
B'(0) = By (0) ing(0)

The modulus were calculated based on the for-
mulas. Obtained results are shown in the table 6.

Table 6
Numerical (ANSYS) and experimental results
ANSYS Experiment
Frequency, Storage Loss Storage Loss
Hz modulus, | modulus, | modulus, | modulus,
MPa MPa MPa MPa
0.1 1 868 699 1 867 691
0.5 2777 936 2763 925
1.0 3188 1035 3170 993
5.0 4293 1102 4237 1 096
10.0 4 804 1169 4 832 1178
25.0 5400 1323 5405 1368

Also, in the table 6 experimental results are
written.

Using data showed in the table 6, we can obtain
the diagram of the modulus to compare experimen-
tal and numerical results (Fig. 5).

1700

1500
M &
E 1300 o
S
5 900 S : &
4 @ experiment
= o00 ‘»4_ =0~ numerical calculation | _|

s (ANSYS)
500 u + +
1500 2500 3500 4500 5500 6500

Storage modulus, MPa

Fig. 5. Comparison of experimental and numerical
(ANSYS) results

On the Fig. 5 we can see good agreement be-
tween experimental and numerical (ANSYS) data.

To estimate the different software, we will give
the data obtained in LS-DYNA [14]. The values
are showed in the table 7.

The comparison of experimental and numerical
(LS-DYNA) data is shown in Fig. 6.

Doi 10.15802/stp2014/30811

Table 7
Numerical results (LS-DYNA)

LS-DYNA
Frequency,
Hz Storage modulus, Loss modulus,
MPa MPa
0.1 1 868 689
0.5 2762 913
1.0 3189 971
5.0 4252 1154
10.0 4701 1167
25.0 5402 1492
1700
= 1500
E 1300
£ 1100 /O"-‘-'f/
8 e
g >
§ 900 7~ | @ experiment I
H 200 _4 == numerical calculation )
(LS-DYNA)
500 } } }
1500 2500 3500 4500 3500 6500

Storage modulus, MPa

Fig. 6. Comparison of experimental and numerical
(LS-DYNA) results

Comparing the diagrams (Figs. 5, 6) for nu-
merical results obtained with ANSYS and LS-
DYNA software we can see that the results of
ANSYS calculations are better satisfied to experi-
mental data.

Table 8

Results of numerical investigations

ANSYS LS-DYNA
MPa angle, MPa angle,
0.1 1994 20.52 1991 20.24
0.5 2930 18.63 2909 18.31
1.0 3352 18.0 3334 16.94
5.0 4432 14.4 4 406 15.19
10.0 4 944 13.68 4 844 13.94
25.0 5560 13.77 5 605 15.45
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Let us to estimate the values of the correspond-
ing modulus and phase angles obtained with dif-
ferent software. To do it, the values were written to
common table 8.

As we can see from the table 8, the differences
between the values are not essential. To confirm it
the ratios of results obtained in ANSYS and LS-
DYNA were determined and written to the table 9.

Table 9
Comparison of numerical results
Frequency, E;yjy\,/sy (pANSV
Hz E;yi—DYNA (PLS—DYNA
0.1 1.002 1.014
0.5 1.007 1.017
1.0 1.005 1.063
5.0 1.006 0.948
10.0 1.021 0.981
25.0 0.992 0.891

In the table 9, the ratios of elastic dynamic
modulus and phase angles are shown. The relations
of ANSYS results to LS-DYNA ones were calcu-
lated. It is necessary to note that every value is
clothed to 1. It points on similarity of the results.

We can note that differences in dynamic
modulus are small, and in phase angle are bigger.
So, for the elastic dynamic modulus ratios the av-
eraged difference in the results does not exceed
1%. As an exception, maximal difference is about
2% for load case with 10 Hz frequency. Minimal
difference is 0.15% for load case with 0.1 Hz fre-
quency.

If we speak about differences between phase
angle results we can note such ratios. The maximal
difference is 10.9% for load case with 25 Hz fre-
quency. And minimal difference is 1.6% for load
case with 0.1 Hz frequency.

So, the results of calculations for different
software at load case with 0.1 Hz frequency coin-
cided most exactly.

Originality and practical value

In the article, viscoelastic material model based
on generalized Maxwell scheme was developed
using ANSYS software. In order to compare the
numerical model of the material with real asphalt-
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aggregate mix data, the values of dynamic modulus
and phase angle were selected. The procedure of
the calculation was explained in [14]. Moreover, in
this work the experimental data are given. To visu-
alize the results the diagram of storage modulus vs.
loss modulus was built (so called Cole-Cole graph)
(Fig. 5). Analyzing the diagram one can see good
correspondence of numerical material model to
experimental data.

Moreover, the numerical data obtained with
ANSYS and LS-DYNA software were compared.
The compared data are written in Table 8. In
Figs. 5, 6 the diagrams of ANSYS and LS-DYNA
results are shown.

It should be emphasized that FEM gives the
possibility of determining stresses and strains for
asphalt pavement non-elastic models what is of
great importance using mechanistic design proce-
dures.

Conclusions

Comparing numerical results obtained with
ANSYS and LS-DYNA software we can see that
the results of ANSYS calculations are better satis-
fied to experimental data.

Analysis of data are written to the table 8
showed. Increasing of load frequency causes in
increasing of elastic dynamic modulus and de-
creasing of phase angle. It can be noted that dy-
namic modulus increase from 1 to 6 load cases.
But, values of phase angles decrease from 1 to 5
load cases and increase at 6 load case. Such behav-
ior of the values is fulfilled for every investigated
software.

Also, we can see that for load cases 1-5 dy-
namic modulus obtained with ANSYS software is
bigger than the modulus obtained with LS-DYNA
one. For load case 6, the LS-DYNA modulus is
bigger than ANSYS one.

For values of phase angle, we note that phase
angle is bigger for ANSYS software at load cases
1-3. And it is smaller for load cases 4-6.

It can be noted that relationships between load
frequency and obtained values (elastic dynamic
modulus and phase angle) are nonlinear. By the
way, at little load frequency the velocity of value
changing is bigger than at big one. So, most sig-
nificant changes occur at load cases 1-3 (frequency
0.1; 0.5; 1.0 Hz).
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YUCEJBHE MOJAEJIOBAHHA B’A3KOIIPYKHUX MATEPIAJIIB

Meta. OCHOBHOIO METOIO CTaTTi € po3po0Ka YHCETHHOT MOJIEN B’SI3KOIMIPYKHOTO MaTepialy 3 BUKOPHCTaHHIM
MeToly CKiHueHHuX enemeHTiB. [loOymoBana Mmopens 3actocoByBasiack 10 achanbTHOI cymimn. JlonaTrkogo,
YUCETbHI Pe3yNbTaTH, OTPUMAaHI 32 IOTIOMOTOI0 Pi3HUX MPOTPaMHUX KOMIUIEKCiB, OCHOBaHUX Ha METOJI CKiHYEH-
HUX CJIEMEHTIB, OYJIH MOPIBHSIHI 3 EKCIIEPUMEHTAIFHIMH JaHUMU. Metoanka. [[Jiss BUKOHAHHS JOCIHIIKESHHS OYyB
o0y T0BaHUH YMCENFHIH 3pa30K MaTepiaay B CEpPeIOBUIIII IPOrPAMHOTO KOMIUIEKCY, 3aCHOBAHOMY Ha METO[Ii CKiH-
YeHHHX eJeMeHTiB. Marepiai 3pa3ka MpHITyCcKaBcs B SI3KONPYKHIM. B’SI3KONIpYKHI MaTepiand XapaKTepu3yIOThCI
KOMOIHAIII€I0 MTPYKHOT MOBEAIHKH, sIKa HAKOITMYY€ SHEPTiio BIPOAOBX JAedopmallii, Ta B’sI3K0i MOBEAIHKH, sIKa PO3-
ciroe eHepriro BIpoaoBxk aedopmariii. [lependavanock, m0 MOBEAIHKAa MaTepiady BIAMOBIAAE y3arajbHEHIH Momeni
MakcBesna. Taka MOAeNb CKIANAETHCS 3 MPYKHOTO €IEMEHTA, 3’€IHAHOTO MapayieNibHO 3 HA0OpOM MPYXKHUX Ta
JeMIipepHUX MaKCBEJUIOBHX elleMeHTiB. byna 3ampornoHoBaHa y3arajibHEHa MoOJeNb Marepianry MakcBeiia, 1o
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. © . . . . . ‘o
CKJIagaJjiacsa 3 5 eleMeHTIB mpu u =0 . MexaH14H1 BJIaCTHBOCTI1 Marepilajly BIANOBIAAIN BJIACTUBOCTAM HIMCHOI'O

Mmarepiany acanbty. PesyabTaTu. B sikocTi pe3ynbrary po3paxyHKiB 0yjo OTpUMaHO HampykeHO-Ae(opMoBaHUi
CTaH 3pa3ka MaTepiamy acdanbTy. [ MOPIBHAHHSA MEXaHIYHHX XapaKTEPHCTHUK MOZETI 3 eKCIEePUMEHTAIbHUMHA
JAaHUMU OyJIM OOYHMCIICH] BEJTMYMHHU TUHAMIYHOTO MOJIYJISl IPY>KHOCTI Ta KyTa (a3oBoro 3cyBy. HaykoBa HOBU3HA.
3 BHKOpHCTaHHSIM nporpamuoro kommiekcy ANSYSS, po3poGiena Moaens B’SI3KONPYXKHOTO Martepiaiy, mo 6azy-
€ThCS HA CXeMi y3araabHeHoi Mojeri MakcBemia. {71 HOpiBHAHHS YHCEIEHOI MOJIENi MaTepiary 3 TaHHUMH Ipo JTii-
cHy acdanpTHy cyMiml Oy BHOpaHi BETMYMHU AMHAMIYHOTO MOJYJISI IPYXHOCTI Ta KyTa (ha30BOro 3cyBy. AHai-
3YIOUYH PE3yIbTaTH PO3PaxXyHKIiB, MOXKHA MOOAYUTH XOPOIIY BiATOBIAHICTh YHCEIHHOI MOJETI MaTepialy A0 JaHUX
excriepuMenTy. Kpim Toro, Oyiu mOpiBHSAHI JaHI YACENFHUX PO3PaxyHKiB, OTPUMAHUX B MPOTPAMHIX KOMIUIEKCAX
ANSYS ta LS-DYNA. IIpakTnuyHa 3HaunMicTh. HeoOXiHO Bi3HAYUTH, IO METOJ CKiIHYCHHUX CJICMEHTIB Ja€
MOXJIMBICTh BU3HAYCHHS HAIpyKeHb Ta Jedopmaliii B HENPYKHUX MOJENSAX Marepiany ac(aibTHOrO MOKPUTTS,
IO € BOXKJIUBHM IIPU KOHCTPYIOBAHHI.

Kniouosi cnosa: mexaHiuHI BIaCTHUBOCTI; YMCENIbHA MOJENb; B’S3KONPYKHUM MaTepianm; y3aralbHEHa MOJENTb
MakcBesia; METO CKIHYEHHUX €JIEMEHTIB
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YUCJTEHHOE MOAEJIUPOBAHUE BA3ZKOYIIPYT'UX MATEPHUAJIOB

Heab. OCHOBHOH LIENBIO CTaThH SIBJSIETCS pa3padOTKa YMCIEHHONW MOZENHN BA3KOYNPYroro Marepualia ¢ UCIIOib-
30BaHMEM METO/a KOHEUHBIX 3JeMeHTOB. [locTpoeHHas Monens npuMeHsuiach K acaibTHOH cMecH. JlononmHuTensHo,
YHCJIEHHBIC PE3YNBTATHI, TIONyYSHHBIE ¢ TIOMOIIBI0 PA3IMYHBIX IPOTPAMMHBIX KOMIUIEKCOB, OCHOBAaHHBIX Ha METOJIE
KOHEYHBIX AJIEMEHTOB, CPABHUBAJIMCEH C HKCIIEPUMCHTAIBHBIMA JTaHHBIMU. MeToauka. [ BEITOTHEHUS HCCIIeI0Ba-
HUsI OBIT TIOCTPOSH YUCIICHHBIN 00pa3el] MaTepraia B cpelie IPOrpaMMHOTO KOMIUIEKCa, OCHOBAHHOTO Ha METOZE KO-
HEYHBIX AJIeMEeHTOB. Martepurair o0pasiia mpearnoaraics BI3KOyIpyruM. Bs3koynpyrie MaTepralibl XapaKTepu3yIoTCs
KOMOWHAIMEH yIpyroro MoBeeHHs, NP KOTOPOM HAaKallIMBAETCs SHEPrHs Mpu JeopMUPOBaHUH, U BSI3KOTO TOBE-
JICHUSI, TIPU KOTOPOM pacceuBaeTcsi sHeprus npu aedopmupoBanun. [Ipeanonaraioch, 4To MOBEACHUE Marephaia
COOTBETCTBYET 00001IeHHOI Monen MakcBeiuia. Takas MOJeNb COCTOUT M3 YIPYIOro 3JIEeMEHTa, COEIMHEHHOTO Ma-
paJIesbHO ¢ HAOOPOM YNPYTHX M AeMII(HPYIONMX MaKCBEIUIOBBIX 3J€MEHTOB. bbuta npemioxkena 00001eHHas MO-

o0 v
Jienb MaTepuana MakcBeiuna, Kotopasi cocTosia u3 5 snementos pu [ =0 . Mexanuueckne cBoicTBa MaTepuana

COOTBETCTBOBAJI CBOWCTBAM pealnbHOr0 Marepuana acdanbra. Pe3dysabTarbl. B KadecTBe pesyibrara pacdeToB
OBLTO TIOTyYeHO HAIPSHKEHHO-IEePOPMUPOBAHHOE COCTOSIHUE 00pa3ia Marepuaia achansTa. s cpaBHEHUS MEXaHU-
YECKUX XapaKTEPHUCTHK MOAEIH C SKCIICPHMEHTAIbHBIMH JAHHBIMH OBUTH BBIYHCIICHBI BEIMYMHB! AUHAMHIECKOTO MO-
Iylsl yOpyroctd M yria ¢asosoro cipura. Hayynasi HoBu3Ha. C HCIIOJB30BaHHEM HPOTPaAMMHOTO KOMILIEKCa
ANSYS paszpaborana Monens BS3KOYNPYIroro marepuana, KoTopas Oasmpyercs Ha cxeMe 000OIIeHHOH Monenn
MakcBeia. Jljist CpaBHEHHMS YMCICHHON MOJENIN MaTepraiia ¢ JaHHBIMH O PeabHOM ac(habTHOM cMecH ObLIH BhIOpa-
Hbl BEJIMYMHBI JUHAMUYECKOTO MOXYJIS YIPYrocTH M yria ()a3oBOro capura. AHanu3upysl pe3yJibTaTbl PacueToB,
MOXXHO YBUIACTH XOPOIIEE COOTBETCTBHUC YHUCJIICHHOMN MOJCIN Marepuajla JaHHBIM 3KCIICPUMCHTA. KpOMe TOro,
CPaBHMBAINCH JAHHBIC YMCIEHHBIX pacyeToB, MOJy4deHHbIE B mporpaMmubeix komruiekcax ANSYS u LS-DYNA.
IIpakTHyeckas 3HAYUMOCTb. HE0OX0IMMO OTMETHTB, YTO METOJI KOHEYHBIX 3JIEMEHTOB JIa€T BO3MOXKHOCTh OMpeie-
JSITh HAaNPSDKEHUS ¥ Ie)opMaliii B HEYIPYTUX MOJAEISIX Marepuaia acaibTHOIO MOKPBITHS, YTO SIBISETCS BaXKHBIM
NIPY KOHCTPYHPOBaHHHU.

Kniouegvie cnosa: MexaHnuecKue CBOMCTBA; YMCIEHHAs MOJENb; BI3KOYNPYIHid MaTeprai, 0000IeHHas MOJIENb
MakcBeia; MeTo/] KOHEYHBIX SJIEMEHTOB
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Ta nepexagy NOKJIAJA€THCA HA aBTOPiB.

OcTtaTouHe pilenHn woao my6ikanii yxeanioe peaakuiiina KoJieris AypHaiy.
CTraTTi, Biaxu/eHi peaakuiiH010 KoOJIeri€, NOBEPTAIOTLCH aBTOPaM JJIH J00NpaUiOBaHHA.

IIlaHoBHi aBTOpH, 3aNIPOUIYEMO T0 CcMiBpoGiTHHLTRA!

3 muTaHL onyOiKyBaHHA 3BepTaiiTecst Ao pelakuii »kypHany 3a agpecoio:
HayxkoBo-TexHiuHa 6i6nioTeka (ayn. 166),
JrimponeTpoBCcbKUil HalliOHANBHUI yHIBEPCUTET 3aJ1i3HHYHOTO TPAaHCNOPTY iMeHi akaneMika B. JlazapsHa,
ByJt. JlazapsHa, 2,
M. JIHiITpOTNe TPOBCEK,
VkpaiHa,
49010
e-mail: visnik@diit.edu.ua
Anpeca caiiTy »cypHary: http://stp.diit.edu.ua/
3 nUTaHL NpUAGAHHS MPHMIPHHKIB JKypHANTY TenedoHyliTe 32 HoMepoMm (056) 776 90 59 T'pimacosa A. B.
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W= 7 77773 TpaHcHopTy iMeHi akanemika B. Jlazapsina

JIHINponeTpoBCbKUIA HAaiOHAJILHUI YHIBEPCUTET 3a1i3HUYHOTO TPAHCIIOPTY iMeHi akaaeMika B. Jla-
3apAHa Belle MiATOTOBKY JOKTOPAHTIB Ta acllipaHTiB 3a paxyHOK komTiB JlepxaBHoro Gromkery YkpaiHu
— 3a Iep>KaBHUM 3aMOBJIEHHSIM — 32 TaKHUMM CTIELlIaATbHOCTAMU:

JOKTOPAHTYPA

No CrneniaibHicTh nudp
1 | TeopeTHuHi 0CHOBH iHGOPMATHKH Ta KiOEpHETHKHN 01.05.01
2 | YropaBiiHHA IPOEKTaMH i IporpaMaMH 05.13.22
3 | 3anisuudHa KO 05.22.06
4 | Pyxomuii ckiiaa 3anmi3HULb | TAra Noi3AiB 05.22.07
5 | EnexrporpaHcnopr 05.22.09
6 | Excnnyarauis Ta peMOHT 3aco0iB TpaHCIOPTY 05.22.20
7 | ByaiBenbHi KOHCTPYKLi, OyaiBai Ta cnopyiu 05.23.01
8 | byniBenbHi MaTepiaiv Ta BUpoOH 05.23.05

Ha niacraBi yroa, o yKiaaatoTbes 3 AOKTOPAHTOM i KEPIBHAKOM BHMILOIO HaBYAILHOIO 3aKjiamy, A0
JOKTOPaHTYPH NPUIMalOTLCA TpoMaasaHU YKpaiHH, KaHOIWIaTH HaykK, IO MAarOTh HAYKOBi JOCATHEHHA B
obOpaHiit ramysi.

Ctpok HaBuaHH#A 3 pPOKHU.
BCcTyMHUKH 10 JOKTOPaHTY pH T101aK0Th:
— 3asBy Ha iM’s peKTopa,
— KOMik MNepuioi CTOPiHKK Nacropra,
—  0COOMCTHIH JTUCTOK 3 00JTIKYy KaapiB 3 OTOKApPTKOIO, AKHI 3aCBiMEHO BiAALUIOM KaapiB 3a Mi-
clieM OCHOBHO1 poboTH,
—  BUTAT 3 TPYNOBOT KHWIKKH,
— J0BiaKy 3 Oyxranmrepii npo 3apobiTHY IJIaTHIO,
— 3acBiU€Hy KOMIiI0 AUIUIOMA NPO 3aKiHYEHHA BUILOIO HABYAIBLHOIO 3aKJlafy i3 3a3HaA4YEHHSAM
oaepxaHoi kBamidikauii crietianicra,
—  KOIMIiIO AMINIOMAa KaHAWAaTa HayK,
—  KOITIFO aTecTaTa IOLEHTa, C.H.C. 32 X HagBHOCTI,
—  PO3ropHYTHH MJIaH JOKTOPCHKOI AMcepTaLii,
—  CIUCOK OITyOJTIKOBaHWX HAYKOBHX TIpallb T2 BUHAXO/IB,
— MEeNUYHY JOBIJIKY MpO CTaH 310poB’a 3a Gopmoro Ne 286-y,
— imeHTU(ikaUiAHUNA Ko,
— oaHy $oTOKapTKy po3MmipoM 3x4.

ACINNIPAHTYPA

Ne CreuianbHICTB Mudp

1 | ®i3uka TBepIoro TiNa 01.04.07
2 | TeopeTHuHi OCHOBU iHOPMATHKHU Ta KiGEpHETUKU 01.05.01
3 | MarematuyHe MoAeTIOBaHHA Ta 00YKMCIIOBANIbHI METOAM 01.05.02
4 | HeopraniuHa ximis 02.00.01
5 | YnpaBniHHsA npoekTaMu i nporpaMaMu 05.13.22
6 | Texdiuna Teriodi3zvka Ta MPOMHCIOBA TEIUIOEHEPrETHKA 05.14.06
7 | 3amizHuuHa KOs 05.22.06
8 | Pyxomuii ckirag 3a1i3HHALB 1 TATA MOI31iB 05.22.07
9 | EnexrpotpaHcriopt 05.22.09
10 | ExcruryaTauis Ta peMOHT 3ac00iB TpaHCTIOPTY 05.22.20
11 | OcHosu i byHgameHTH 05.23.02
12 | ByaisenbHI KOHCTPYKIIT, OYIiBJIi Ta cIOpY AU 05.23.01
13 | ByaiBensHi MaTepiaiu Ta BUpoOU 05.23.05
14 | TexHooria Ta opraHizaliif IPOMHWCIOBOr0 Ta LIMBiNIbHOrO Oy AiBHULTBA 05.23.08
15 | EkoHOMiKa Ta ynpaBJiHHA MigMpUEMCTBaAMHU (32 BUAAMH €KOHOMIYHOT M IbHOCTI) 08.00.04
16 | IcTopia dinocodii 09.00.05
17 | ExonoriuHa 6eaneka 21.06.01
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Ha nigcrasi yroa, 110 yK1afaroThCs 3 acmlipaHTOM i KepiBHMKOM BUIIOr0 HaBYaJLHOrO 3aKjany, 10
acMmipaHTypH MpUiiMaloThCs rpoMaJsHH Y KpaiHd, SKi MaloThb BULLY OCBITY i kBajidikauito crieuiaiicTa.
CTpoK HaBYaHHSA B acripaHTypi 3 BiIpUBOM BiJl BUPOOHHLITBA — 3 pokH, 6e3 BiIpUBY Bifi BUPOOHMLTRA

— 4 pokH.

Oco0n, JOMyLLUEHI A0 BCTYIIHUX iCIIMTIB Y acmipaHTypy, CKJIaaloTh TPH iCMIUTY 3a NIPOrpamMor0 BHILO-
ro HaB4aJILHOTO 3aKIamy:

cneuialbHy JUCLMILNIHY,
¢dinocodpiro,
1HO3EMHY MOBY.

3a KOHCYNBTALliIAMH 3BEPTATHCA Ha BIAMOBIOHI kadeapH yHIBEpCUTETY.
Oco6wu, o BcTyNatoTh 10 acipaHTypH, MOAaI0Th:

3as1BYy Ha iM’s peKTopa,

IMMCHbMOBHI{ BUCHOBOK Tiepea6ayyBaHOTO HayKOBOTO KEpiBHHKA MPO MOMUJIUBICTH HABYaHHA B
acnipaHTypi,

peKOMEHIALiF0 BYEHOT paJd BHMIIOTO HABYAIBHOTO 3aKjiagy A0 BCTYIY B acmipaHTypy (s
BMITY CKHUKIB TTOTOYHOTO POKY),

KOMIilo NMEepLIOi CTOPIHKM Nacnopra,

0coOUCTHIt TUCTOK 3 00Ky KaApiB 3 GOTOKapPTKOI, AKMIA 3aCBiTUeHO BiIALJIOM KaJpiB 3a Mi-
CLIEM OCHOBHOI po0oTH,

BHUTAT 3 TPYJAOBOT KHWKKH,

JOBIJIKY Npo 3apoOITHY IM1aTHIO,

3aCBIAYEHY KOMIilO AUIUIOMA MPO 3aKiHYEHHS BULIOTO HAaBYATGHOTO 3aKTamy,

MOCBIAYEHHS TIPO CKIIaIaHHA KaHAMAATCHKUX ICTUTIB (32 iX HaABHOCTI),

CITHCOK OITyOJIiIKOBaHUX HAYKOBMX MNpalb Ta BWHaxoniB abo pedepar 3 oOpaHOi HayKoBOi
CTMEeNiaTLHOCTI 3 peLieH3i€ro nepeabavyBaHOro HAYKOBOIO KEPIiBHUKA,

MeOUYHY AOBIAKY Mpo cTaH 300poB’ s 3a popMoto Ne 286-y,

ineHTRQiKAiHHMI Kox,

onHy POTOKapTKy po3MipomM 3x4.

IIpafioM TOKyMeHTIB 10 JOKTOPARTYpH Ta acuipanTtypH 3 01.09 no 30.09 uropiuno.
BeTynHi icnuTu ao acnipadtypu 3 10.10 no 30.10 wopivHo.
TMogarok 3auats 3 01.12 mopiuHo,

3a ingpopmauicro 3sepmamuca:

JHinponeTpoBcLKMit HALIOHATBEHUH YHIBEpPCUTET 3aJ1i3HUYHOI0 TPaHCHOPTY,
ByJ. JlazapsHa, 2,

M. JIHinpomneTpoBChK,

YkpaiHa,

49010.

Ten. : (056) 373-15-44 — pexrop, npod. [Tineko Onexcanap MukonatioBud, NpUAMAaIbHA;
(056) 373-15-29 — npopekTop 3 HayKOBOI poOOTH, npod. Mamnin Cepriii Bitanifiosny;
(056) 373-15-63 — 3aBigyroua acnipaHTyporo Ta nokropanTyporw JlaxHoBa IpuHa AHartoJiiBHa,
KiMH. 320).

Injdopmania npo cneniagizoBani Bueni paan ynisepcarery

B yHiBepcuTeTi npalLioe TpH crieUianizoBaHi BUSHi paaM i3 3aXHCTyY JOKTOPCHKHX Ta KAHIUWAATCh-
KMX JucepTalilf 3a cneutabHOCTAMU:

- J1 08.820.01 — 3anizanyHa konia (05.22.06) Ta enexrporpancnopt (05.22.09); 05.22.12 — npo-
MHCIIOBHH TPaHCIIOPT.

- J108.820.02 — pyxomuii cknan 3aiizHHUb Ta TATa noi3aiB (05.22.07) i ekcrutyaTallis Ta peMOHT
3aco6iB TpaHcopTy (05.22.20); TpancniopTHi cuctemMu (05.22.01);
- K08.820.03 — exoHOMiKa Ta ynpaBJIiHHA MTiAIPUEMCTBAMH (32 BHAAMH €KOHOMIYHOT TifATbHOCTI).
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