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Ka4yecTBO MeTa/lLIN4eCKOM MOBEPXHOCTH
nmocJje ruipoadpasuBHON OYUCTKH OT KOPPO3MOHHBIX OTJI0KEHHUH

JlokT. TexH. HayK, npo¢. U. B. Kaqaﬂonl),

KaH/. TeXH. HAaYK, Aol. A. B. (I)MJIHH‘II/IKZ),

uHxkeHeps! B. C. Konanemm”, H. M. H_[aTa.IIOBl), C.B. HeuBeuKm‘i“)

1)Eenopyccm/n‘& HallMOHAIIBHBIA TeXHUYecKuil yHuBepcuret (MuHck, PeciiyOiuka benapycs),

2)M€)KHYHapO£[HI>II7I rOCyIapCTBEHHBIN dKoornueckuii HHCTUTYT uMeHd A. JI. Caxaposa
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4)I/IHCTI/ITyT MeperoroTOBKH ¥ ToBbiieHns kpanudukaiwm ['YO «YHuBepeuteT rpaxaanckoi 3amursl MUC benapycu»
(n. CBetnas Poma, Pecriybnmka benapyce)

© benopycckuil HallMOHANBHBIN TEXHUYECKUH yHUBepcurert, 2024
Belarusian National Technical University, 2024

Pedepar. [IpuBoauTcst KpaTKuil aHATUTHIECKUH 0030p CYIIECTBYIOIIMX THAPABINIECKAX CIIOCOO0OB M METO/OB, UCIIOJIb3Yye-
MBIX JUIsl YIJIC€HHsI KOPPO3HOHHBIX OTJIOKEHHH, 00pa3yromMXCsl Ha METALIMYECKHX IoBepxXHOcTsIX. OmuckiBaeTcst 3¢ ex-
THBHBIH CIOCOO OYMCTKM — THApoabpasuBHAs OYMCTKA C MCIOJIb30BAHMEM B CBOEM COCTaBE OCHTOHMTOBOW IVIMHBI, Kallb-
IUHUPOBAHHON COMBI M MOJIMAKPHIAMHJA, KOTOPHIE MO3BOJISIOT HE TOJNBKO MOBBICHTH KaueCTBO OYMIAEMON IOBEPXHOCTH,
HO ¥ copMHpOBaTh Ha HEW KOPPO3MOHHO-3AIIUTHOE IUIEHOYHOE MOKpHITHE. [IpUBOASATCS pe3yibTaThl SKCIEPUMEHTAIBHBIX
UCCIICZIOBAHMIT 110 U3YYCHUIO BIUSHHS MapaMeTPOB TEXHOJOI'MH TMAPOAOPa3sUBHOI OUMCTKH Ha 00padaThIBaeMyo MOBEPX-
HOCTH 00pa3ioB, m3roroBieHHBIX u3 craneii Cr3, Ct20 u Cr45. [loka3aHo, 4YTO H3MEHEHUE MaPaMETPOB THAPOAOPA3UBHOM
00paboTKH (CKOPOCTH CTPYH, PACCTOSHHS 0 00pabaThIBacMOil TIOBEPXHOCTH, BPEMEHH) MO3BOJISET JOCTHYD MIEPOXOBATOCTH
MeTajuton3enuil B quamnasone ot 3,2 o 12,5 MkM. YCTaHOBIICHO, YTO NPUMEHEHHE HOBOW TEXHOJOTMH I'MIpoabpa3sUBHON
00pabOTKH IPHUBOAUT K IOJIYYCHHIO OYHIIEHHBIX OT KOPPO3MOHHBIX OTJIOXKCHUH METAJUIMYECKHX ITOBEPXHOCTEH C MHHH-
ManpHOM mepoxoBarocTbio 10 0,01 MxM. Takke MOKa3aHO, YTO MPH KOHIEHTPAIMM OCHTOHHUTOBOW I'MHHBI 2—4 % MOXHO
JOCTUYb IIEPOXOBATOCTH MOBEpXHOCTEH B nuanasoHe 20—-30 MKM, 4TO SIBJISICTCS] ONTUMAIBHBIM JUIS TEXHOJIOIHYECKOTO Mpo-
Iecca ra3oriaMeHHoro HambulieHus. IIpu koHueHTpanuu O6eHToHHTOBON TiHHBI 0,5-2 % MOXHO JOCTHYB IMIEPOXOBATOCTH
MOBEPXHOCTEH B auanasone 30—-50 MKM, 4TO SIBJISETCS ONTHMANIBHBIM VIS TTOCJIEAYIOLIEro mpolecca nokpacku. Kpome toro,
TIPY TIPOBEJICHNH THPOA0Pa3sUBHON OYMCTKH Ha 00PaOOTaHHBIX METAIMIECKHX ITIOBEPXHOCTIX (hOPMHUPYETCSI TOITOBPEMEH-
HOE aHTUKOPPO3HOHHOE MOKPHITHE, KOTOPOE COXPAHSIET CBOM CBOWCTBA B TEUECHHE JUIMTEIBHOT0 BpeMeHH (1o 1 roxa).

KiroueBblie ciioBa: KOoppo3us, MaTte€puajl, OYUCTKA, METAJJI, MAIIMHBI, MEXaHU3MBbI, TEXHOJIOI'HA, MAIITMHOCTPOCHUE, CTPYS,
EpOXOBATOCTD, IOKPBITUE, OCHTOHHMTOBAS IIMHA
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Mamlmocmpoenue U MawiuHogeoeHue

Quality of Metal Surface After Hydroabrasive Cleaning
from Corrosive Deposits

L. V. Kachanov", A. V. Filipchik?, V. S. Kovalevich®, I. M. Shatalov", S. V. Nedvetsky®*

YBelarussian National Technical University (Minsk, Republic of Belarus),

IInternational Sakharov Environmental Institute of Belarusian State University (Minsk, Republic of Belarus),

IJSC «Belsudoproekt» (Gomel, Republic of Belarus),

DInstitute for Retraining and Advanced Training of the State Educational Institution University of Civil Protection
of the Ministry of Emergency Situations of Belarus, (v. Svetlaya Roshcha, Republic of Belarus)

Abstract. A brief analytical review of existing hydraulic methods and techniques used to remove corrosive deposits formed
on metal surfaces is provided. An effective cleaning method is described — hydro-abrasive cleaning (HAC) using bentonite
clay, soda ash and polyacrylamide in its composition, which can not only improve the quality of the surface being cleaned, but
also form a corrosion-protective film coating on it. The results of experimental research to study the influence of hydro-
abrasive cleaning technology parameters on the processed surface of samples made from steels Ct3 (St3), Ct20 (St20)
and Ct45 (St45) are presented. It has been shown that changing the parameters of hydro-abrasive cleaning (jet speed, distance
to the treated surface, time) makes it possible to achieve a roughness of metal products ranging from 3.2 um to 12.5 pum. It has
been established that the use of a new technology of hydro-abrasive cleaning (HAC) results in the removal of corrosive depos-
its from metal surfaces with a minimum roughness of up to 0.01 microns. It has also been shown that with a bentonite clay
content of 2—4 %, it is possible to achieve surface roughness in the range of 20-30 um, which is optimal for the flame spray-
ing process. With a bentonite clay content of 0.5-2 %, a surface roughness of 30-50 um can be achieved, which is optimal
for the subsequent painting process. In addition, when carrying out hydro-abrasive cleaning (HAC) on the treated metal sur-
faces, a long-term anti-corrosion coating is formed, which retains its properties for a long time (up to 1 year).

Keywords: corrosion, material, cleaning, metal, machines, mechanisms, technology, mechanical engineering, jet, roughness,
coating, bentonite clay

For citation: Kachanov 1. V., Filipchik A. V., Kovalevich V. S., Shatalov I. M., Nedvetsky S. V. (2024) Quality of Metal
Surface After Hydroabrasive Cleaning from Corrosive Deposits. Science and Technique. 23 (3), 185-191. https://doi.org/10.

21122/2227-1031-2024-23-3-185-191 (in Russian)

BBenenue

MammHOCTpOUTEIFHOE MPON3BOJACTBO Xapak-
TEPU3YeTCsl CYLIECTBEHHOW 3aBHCUMOCTBIO OT
MHOCTPAHHBIX MaTepUAIBHBIX PECYpPCOB M JHEp-
TOHOCHUTEJICH, TOCTABIISIEMBIX 110 MUPOBBIM LIEHAM.
[Ipu pabote B Takux ycnoBusx 3(pPeKTHBHOCTH
IPON3BOJCTBA MOXKET OBITh JOCTHUTHYTA 3a CYET
ONITUMAJILHOTO WCIIOJNB30BaHMs HEPro- U Pecyp-
cocOeperaroIrx TeXHOIOTHIA.

Omnpenenstoniee 3Ha4eHNUE B TOCTHKECHUH BBI-
COKOH 2 PEKTUBHOCTH TEXHOJIOTUYECKOTO IPO-
jecca IPOMU3BOACTBA AeTallCii MAIIMH U MEXaHU3-
MOB HUMEIOT pe3yJbTaThl KAaueCTBEHHOH OYHCTKH
METaJUIOB OT MPOAYKTOB KOPPO3HH C MOMOILKIO
rUApOadpa3uBHBIX OINEpalui, a TakXke Moydye-
HUSI HEOOXOJMMBIX MapaMeTpOB IMIEPOXOBATOCTH
IUIS TIOCIIAYIOIIUX IPON3BOJICTBEHHBIX OIlepa-
i [1-5].

[IpeAmouTHTENbHEIM ANl OLECHKH KadyecTBa
MOBEPXHOCTH SIBIISIETCS MApaMeTp IIepOXOBaTo-
CTU Ra, KOTOpBIH XapakTepH3yeT cpeaHeapupme-
THYECKOE OTKIIOHEHHE TIPOQIIISL.

CornacHO WHCTPYKIMH IO BU3YallbHO-HU3MEPH-
tensHOM mpoBepke PJI 03-606-03, moBepxHOCTH
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METAIJION3IENHS TOJDKHA OBITH OYHWIIEHA OT IPO-
IYKTOB KOPPO3HWHW U 3arps3HEHUH, IPU 3TOM IIIepo-
XOBaTOCTh MOBEPXHOCTEH JieTayiell CBapHBIX COEJH-
HEHH, a TaKXkKe IIOCKOCTh Pa3leiKh KPOMOK Jie-
Talnell He JOJDKHA JOCTUraTh Ra 12,5 Mxm.
[Ipu mpoBeneHun MOCICAYIOMKUX METOAOB HEpas-
pPYLIAIOMIET0 KOHTPOJS MIEPOXOBATOCTh MOBEPX-
HOCTEH METa/UTOM3IEeNUi JOKHA COCTaBISATh HE
6oee:

— IIpY KalWUISIPHOM KOHTposie Ra = 3,2 MKM;

— Py MarHUTOIMOPOIIKOBOM KOHTposie Ra =
= 10 MKM;

— IIpU YJIBTPa3BYKOBOM KOHTpoJjie Ra = 6,3 MKM.

IIpu razomnamMeHHOM HAMBUICHUHA METaJUTHYe-
CKasi TOBEPXHOCTh [IOJKHA OBITh OYHINEHA OT
KOppO3UuH, OpBI3r METalIa ¥ 3arpsA3HEHUN U UMETh
IEpOXoBaToCTh Mo mapamerpy Ra = 20-30 MkM
IUTA  Jy4Iied aAre3ud HAaHOCHMOTO TIOKPBITHS
C METAJTHIECKOU OCHOBOM [6].

Hns obecnieuenns 3(h(HeKTUBHON aAre3uu Clo-
€B KpacKM K OYMILIEHHON MOBEPXHOCTU METAJLIO-
M3MIeNUi B TPOIecCce OKPACKU MPUMEHSETCS TeX-
HOJIOTHS, KOTOpast TpeOyeT NOCTM)KEHHUS Ompeie-
JIGHHOTO  TIOKa3aTeis  ImepoxoBaToct  Ra,
Haxondierocsa B nuamnasone oT 30 mgo 50 Mkw.

Hayka
urexHuka. T. 23, Ne 3 (2024)
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DTOT [Wama3oH NIEPOXOBATOCTH O0ECIeunBaeT
ONITHMAJbHBIE YCIOBUS JUIA MIPOYHOTO CIETUICHUS
KPacOUHBIX MaTEpUAlIOB C IOBEPXHOCTBHIO U, Clie-
JIOBAaTEIbHO, TMOBBIMIACT JOJTOBEYHOCTh IMOKPHI-
tus. llpu TpaBHIBHOW pEryIMPOBKE PEXKUMOB
CYIIKH TIOCIIE OKPACKH TOCTUTAETCS JOJTOBEYHOE
MOKPBITHE METAIUTHICCKUX U3ICIHi [7].

[lpu mnokazarensx mnapameTpa IIEPOXOBATO-
ctiu Ra = 0,16-0,01 MKM monupoBaHHOU MOBEPX-
HOCTH TIPOUCXOJUT TOBBIIICHHE KOPPO3HOHHOM
cToiikoct [8] MPOM3BOACTBEHHBIX HAeTajiei, 4TO
CIOCOOCTBYET YBEITHUEHUIO MEXOIEPalnOHHOTO
TEXHOJIOTHYECKOTO MEPHO/A.

Heo0xoquMo OTMETUTb, YTO IO/ BO3/ICHCTBU-
eM aTMOC(EepHON KOPpO3WU IETalld, OUYHIICHHBIC
mo TexHonoruu ['AQO, moryT momBepraThCs IIO-
BTOPHOI KOPPO3MH IPH HAXOXKICHUU B TIPOU3BO/I-
CTBEHHBIX YCJIOBUSIX (MEXKOIMEPAMOHHBIN TEPUOT
bomee 8 ).

TexHOMOTHU CTPYHHOH 0OpPAaOOTKH CHKATHIM
BO3J[yXOM, IpEJHA3HAYCHHBIC I OYUCTKH Me-
TAIUIOM3/IENUI OT KOppO3uH (IIeCKOCTPYWHBIE, PO-
OecTpyHHBIE M T. 1.), B KOTOPBIX MPUMEHSICTCS
abpa3uBHBIM MaTepuan (pa3Tu4Hble MeTalInye-
cKue Apo0u, MeCoK, CyXoH JIED U T. [I.), UMEIOT Psif
CYIIIECTBEHHBIX HEIOCTATKOB!

— TIpollecc yAaJeHHs KOPPO3UH COIpPOBOXKIa-
€TCSl MHTCHCHBHBIM BBIICIICHHEM TBUIM, YTO Tpe-
OyeT mpUMEHEeHHsI CIICIIUAIN3HPOBAHHBIX CPEICTB
3aIUTHI 7S TIEPCOHANA;

— YacTuIlbl a0pa3uBHOrO MaTepuania OCTAITCS
Ha 00pabOTaHHOW MOBEPXHOCTH, YTO HEOIATONPH-
ATHO CKa3bIBAE€TCS HAa MOCIEAYIOMIMX AIKCILTyaTa-
[UOHHBIX XapaKTEPUCTHKAX JIETaJICH;

— MPUMEHCHUE IApXKUPOBAHHUS, PH KOTOPOM
MeTaJUTMYeCKass MOBEPXHOCTh OYHINACTCS C WC-
NOJB30BaHUEM JIpOOU, TpeOyeT AOMOITHUTEIBHBIX
SHEPreTHYCCKUX 3aTParT JJIs UX yAaJICHUS;

— HE COOTBETCTBYIOT TEXHOJIOTUYECKHUM Tpe-
0OBaHMAM TI0 TIOBTOPHOMY 0Opa30BaHUIO KOPPO-
3MOHHBIX OTJIO0KEHUM;

— YBEIIMYEHHE TeMIIepaTypsl B 30He 00pabOTKH.

Jns ynaneHus KOPPO3HOHHBIX OTJIOKEHHM C
METaNTMYECKUX TMOBEPXHOCTEH  HUCIOJIB3YIOTCS
THIIPaBIMYECKHE METOJBI, UCKIIOYAIOIINe Coaep-
JKaHWE MBLUTH B BO3IyX€E U TEMIIEPaTyphl B 00JIaCTH
00paboTku. ['mapaBiIHYecKWe METOIABI OYHUCTKH
METaJNTMYECKUX MOBEPXHOCTEH OT KOPPO3UH MO-
TYT KJiaccU(UIIMPOBATHCS HA: THIPOAMHAMUYE-
CKH, KaBUTAITMOHHBIA (OYHMCTKA CTpyeH Kuu-
KOCTH C HCHOJb30BaHHEeM 3((dekTa KaBUTAIWH)
U rupoabpasuBHeii [1-3].

Hayka
wrexHuka. T. 23, Ne 3 (2024)

Tuopoounamuuecxkuti cnoco6 OYNCTKH METa-
JMYECKAX TIOBEPXHOCTEH OT KOPPO3WUU Tperdy-
CMaTpHBaeT UCIMOJb30BaHUE CTPYH BOABI pa3iuy-
HBIX ITapaMeTpoB JaBieHui [1]:

— Huskoro (mo 1 MIla);

— cpeanero (1-5 MIla);

— BeIcOKOTO (5—60 MIIa).

Hcnons3oBanue MeTona THAPOAMHAMUYECKON
OYNCTKUA TIOMOraeT H30eXaTh TMOBpPEXKICHUH Ha
OUYHIIaeMBIX METAINIOW3NeNusix. B  mpomecce
OUUCTKU TIONy4aeTcs OYHWIICHHAs MOBEPXHOCTh
Oosiee BBICOKOTO KayecTBa, YeM NPH MeXaHHue-
ckoii 00paboTke ¢ TMOMOIIEI0 (PPE3ePOBKH WU
mapomiex [1].

K HenmocraTkaM THApOJMHAMUYECKONW OYHCTKU
MOKHO OTHECTH:

— THAPOJAVMHAMUYECKHE YCTAHOBKH  HMMEIOT
3HAYUTENFHYIO CTOMMOCTD;

— THAPOAMHAMUYECKHE METOABl OYUCTKH IIO0-
TPeOISIFOT OOJBIIOE KONUYECTBO DHEPTHH IS
obecreueHus mporecca OUUCTKHY;

— TpUMEHEeHHEe THAPOAMHAMHUYECKHX METOIOB
OUYUCTKU MOMKET MPHUBOIUTH K TOBBIIICHHOMY W3-
HOCY yCTPOMCTB, OTBETCTBEHHBIX 332 (POPMHPOBa-
HUE CTPYH;

— BO3HHUKAET MPOoOIeMa OTCYTCTBHS 3aI[UTHI OT
MOBTOPHOTO 00pa3oBaHMsl KOPPO3WU HA OYMILICH-
HOH MTOBEPXHOCTH, JUIA MPEIOTBPAIICHUS TTOBTOP-
HOH KOppO3HH HEOOXOAUMO MPUMEHSTH JTOTIOHU-
TENLHBIE METOBI 3alllUThI, TAKHE KaK HaHECEHHE
3aIIUTHBIX TIOKPBITUH WM aHTHKOPPO3MOHHBIX
COCTaBOB, YTOOBI COXPAaHUTh M TMPOIIHUTH IPPeK-
TUBHOCTH OYHMCTKH.

Kasumayuonnwlii cnoco6 09UCTKN UCTIONB3YET
SHEPTHI0 CXJIOTBIBaHUS TapOra3oBOT0 ITy3BIPb-
Ka TIpU KOHTaKTe C OYMIIAEMON IMMOBEPXHOCTHIO.
B pesynpraTe 3TOTO Mpomecca IpPONUCXOIUT MECT-
HOe ocjabyieHne MPOYHOCTH MaTepHaja, 4To IMOo3-
BOJISIET THUAPOJMHAMHUYECKOW CHJIe CTPYH paspy-
ITUTH ¥ YIAIATH 3arps3HeHus [1].

HenocraTku KaBUTAaIMOHHOTO CIOCO0a OYMCTKH:

— TIOCJIE OYMCTKH TIOBEPXHOCTEH C HCIOJB30-
BaHWEM KaBHTAIlMOHHOTO METOZa CYIIECTBYET
pHCK OBICTPOrO BO3HMKHOBEHHSI TOBTOPHOH KOp-
po3um;

— TpebyeTcss 00s3aTebHOE TACCHBUPOBAHHE
MOBEPXHOCTH 00pPa0OTaHHOTO METaION3CIIHS;

— BO3HHMKAeT MpobiieMa MOBBIIIEHHOTO H3HO-
ca YCTpOHWCTB, OTBEYarOIIMX 3a (HOpMHUpOBaHUE

CTpYH.
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I'uapoabpasuBHas obOpabotka (TAO) — 310
3(PeKTUBHBIN CIIOCOO OYMCTKH METAJUTOM3ICITHIA
OT KOPPO3HOHHBIX OTJIOKEHHH. JlaHHasi TEeXHOJIO-
TUsl SIBJSIETCSl TIEPCIEKTHBHOM Ui OYHCTKH OT
Harapa, OKHCHBIX TUICHOK M APYTHX 3arps3HEHHH
C JeTajie MallMH W MexaHu3MmoB. B mporec-
ce Tuapoabpa3uBHON 0OpabOTKM TaKWe YaCTHIIbI,
KaK TECOK, TPaHUT WM CTEKJIO, MPHUMEHSIIOTCS
B CTPYHHOM IOTOKE Ui TOBBIIICHUS 3()(HEKTHB-
HOCTH O9HCTKH [1].

[Tpu ruapoabpa3nBHOil 00pabOTKE HA MOBEPX-
HOCTH 00pabaThIBaeMOi AeTain 00pa3yercs KH/l-
KOCTHasl ITJICHKA, KOTOpasl 3alojiHseT €€ HEepOB-
HocTH. [Ipu ynape abpa3uBHBIX YacTHUI IO BHICTY-
MAIOIIUM HEPOBHOCTSIM, 3TH YACTHIBI HE MPEOJIO-
JIeBalOT COMPOTHBIICHUS KUIKOCTHOH IUICHKH
¥ BO3JCHCTBYIOT TOJBKO Ha BBICTYIBL. YacTHIIb,
HOMNA/AI0IIKEe BO BIAAWHBI, JOJDKHBI IIPEOOJIEThH
COIIPOTHUBIICHNE >KUAKOCTHOHN IJICHKH, U MX BO3-
JEWCTBUEC HAa OYMIIAEMYIO IOBEPXHOCTh OTPaHU-
4yeHo. B pesynbTare 3TOr0 mporecca MmocTeneHHO
CHIDKAETCSl LIEPOXOBATOCTb 0OpabdaThIBacMOM Io-
BEPXHOCTH, YTO CIIOCOOCTBYET IIOJY4EHHIO IIO-
BEPXHOCTHU ¢ 0ojiee HU3KUMH IIapaMeTpaMu Iepo-
xoBaroctu [1, 3].

I'mapoabpasuBHBI cOCOO OYHCTKH HMEET
CJICAYIOIINE IPEUMYIIECTBA!

— OYHCTKA MOBEPXHOCTEH OT KOPPO3HUHU OTIIH-
Yyaercsi OTCYTCTBHEM O0pa30BaHUs HBLIM B IIPO-
mecce o0paboTKH;

— pemaer mpoOiieMy YXyIIIEHUs TPOYHOCT-
HBIX XapaKTEPUCTUK 00pabaThIBaeMOM IMOBEPXHO-
cti TyTeM 3¢ (GEeKTHBHOTO OTBOJA TEIUIOTHI 3a
CYET UCIOJIb30BAHMS BOJBI B IPOLIECCE OUUCTKH.

— Mmo3BoJIsIeT (OPMUPOBATH MTOBEPXHOCTH C HE-
00XOIUMBIMH XapaKTEPHCTHKaMU penbeda (1e-
POXOBaTOCTB);

— 00paboTKa MOBEPXHOCTEH OT KOPPO3UOHHBIX
OTJIOKEHUM o0ecleunBaeT IPOJUIEHHE CPOKa
CIyObl abpasuBHOro Marepuaia B 2-3 pasa
[0 CPaBHEHHIO C MECKOCTPYHHONW 00paboTKOM
Onmaromapss aMOPTU3HPYIOIIEMY IEHCTBUIO pado-
qel JKUIKOCTH.

Ho, xoHe4HO, HeNmb3s HE OTMETHTH W HEJO-
CTAaTKHU, BOHUKAIOIINE IIPU TAKOM CII0c00e OIHCT-
Ky m3nenus. B mponecce runpoabpazuBHON O4MCT-
KA HE pemiaercss mpobiemMa MPOTHBOKOPPO3HOH-
HOW 3alUTBI. DTO MOXKET NPUBECTH K CYLIECT-
BEHHOMY COKpAIICHUI0 BPEMEHHOIO HHTEpBaia
MEXIy ONepalusMHU U3-332 PUCKa IMOBTOPHON KOp-
PO3HHU OUHIIEHHON TOBEPXHOCTH.
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OcHoBHAasl YacTh

Ha xadeape «['MapoTeXHUIECKOE U SHEPIETH-
YeCKOe CTPOUTEIHCTBO, BOJHBIA TPAHCIOPT U
ruapaenuka» BHTY mnpennoxkeH HOBBIM MeTOA
00pBOBI C KOPPO3UOHHBIMHU OTJIOXKECHHUSIMH Ha Me-
TaJUIMYECKUX TIOBEPXHOCTSX, OCHOBAaHHBIM Ha
aHaJIM3€e MPEeUMYIECTB U HEJOCTaTKOB COBPEMEH-
HBIX TexHoJoruil '’AO. DTOT METO/ UCIIONB3YET B
CBOEM COCTaBe: OEHTOHUTOBYIO TJIHHY, KaIbIIHHHU-
POBaHHYIO COY U MOJIMAKPUIIAMUJ, KOTOPHIE TT03-
BOJISIFOT HE TOJBKO OYHUCTHTH IMIOBEPXHOCTH, HO U
(hopMUpPOBaTH 3aIIMTHOE IJICHOYHOE IOKPBITHE.
Baxxno ormeTuth, 4TO AaHHas pa3paboTkKa oOna-
JlaeT TEXHUYECKON HOBU3HOM M UMEET COOTBET-
CTBYIOITHE MaTeHTHl [9, 10].

OTCyTCTBHE  HCCIENOBAaHHUN, KaCAIOIIMXCS
BITUSTHUSI KOHIIEHTPAIIK KOMIIOHEHTOB B COCTaBe
paboueil KUAKOCTU Ha TapaMeTphl IIEPOXOBATO-
CTH METAJIJION3JIENNS U MPoLecch (OPMUPOBAHUS
3alIUTHBIX TUICHOYHBIX MOKPHITUH Ha 00paboTaH-
HOHM TOBEpXHOCTH, 0OecIieunBaeT OCHOBY I 0O-
Jiee JeTaIbHOTO UCCIIEIOBaHMS JaHHOTO BOIIPOCa.

s olleHKH BO3AEWCTBUS PA3IHYHBIX PEXKH-
MOB THJIPOa0Opa3MBHON 0OpabOTKM Ha Mapamer-
pBl IIEPOXOBATOCTH METAJUIOU3AETHS, KOTOpOe
ObUTO TpeIBapUTENIHHO OYMIIEHO OT KOPPO3HUOH-
HBIX OTJIO)KEHWH, MPOBOAMINCH J1abOpaTOpHBIE
nccienoBanns Ha obpasmax u3 craneit Cr3, C120
u Ct45 (obpasusl TommuHoN S = 4 MM ¢ pa3Mepa-
mu 100x100 mm). B mporiecce 06pabOTKu HCITONE-
30BaJlach CTPys pabodei )KUAKOCTH CO CIETYIOIIH-
MU KOHIIGHTpAIUsIMH KOMIIOHEHTOB: 3 % OeHTOHH-
Ta (Ks), 5-10 % mommakpunamuna (K;), 2 % kaib-
LMHUPOBAHHOM coibl (K ), OCTAIbHOE — BOJIA.

B TocynapcTBEHHOM HAay4dyHOM Y4YpEXICHHH
«/HCTUTYT HOPOUIKOBOM METAJNIyprud HMEHU
akamemuka O. B. Pomana» (MwuHCK) MpOBEACHBI
HCCIIeIOBaHUS MOP(OIOTUIECKUX XapaKTEPUCTHUK.
OnpeneneHue mMepoXxoBaTOCTH MOBEPXHOCTH TPO-
W3BOJMIIOCH C HCIOJIB30BAaHHEM MpodHriIoMeTpa-
npodunorpada moxenu 252 tun Al. ns ananuza
MOp(OJIOTUN TIOKPBITHM OBUT TpPUMEHEH CKaHU-
pyIonHit 31eKTpoHHBI MuKpockon (COM) mome-
mu Cam Scan ot Oxford Instruments (BexukoOpu-
TaHUsA). MUKpOCKOTT (PYHKIIMOHHPOBAII B PEKUME
OTPaXCHHBIX JIEKTPOHOB MPHU HANPSKEHUU YCKO-
penust 20 kB n mMacmrabupoBaHuK B Iuana3oHe
50-5000 kpar.

Ha puc. 1 n3o0pakeHO BIUSHUE pACCTOSHUS L
MEXIy TOPIIOM coIla W o0pabaTbiBaeMON TIO-
BEPXHOCTHIO Ha MIEPOXOBATOCTh MOBEPXHOCTH Ra
OpH 33JlaHHOM CKOPOCTH CTPYH Verp, = 200 m/c
U BBIXOJHOM JUaMeTpe cotuia dy = 1 MM.
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Puc. 1. 3aBHcHMOCTb IIEPOXOBATOCTH 00pabaThIBaeMOit
MIOBEPXHOCTH OT PACCTOSIHHS MKy TOPLIOM COILIa
1 00pabaTrIBaceMON TTOBEPXHOCTHIO:
1 — Crainp 45; 2 — Crans 20; 3 — Cranb 3
Fig. 1. Dependence of roughness of the processed
surface on the distance between the nozzle
end and the processed surface:
1 — Steel 45; 2 — Steel 20; 3 — Steel 3

Ha pwuc. 2 mpencraBieHo BIUSHUE Pa3IMIHBIX
apaMeTPOB CKOPOCTH CTPYH Ve, HA IEPOXOBA-
TOCTB 00padaThIBaeMON MMOBEPXHOCTH Ra TIPH BBI-
XOJTHOM AMaMeTpe coria dy = 1 MM.
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Puc. 2. 3aBUCEMOCTH MTApaMETPOB MEPOXOBATOCTH
00pabaThIiBacMOro METAJUIOH3ICITUS OT 3HAYCHUH
CKOPOCTH CTPYH KOMIIOHEHTOB paboyeii )KUIKOCTH:
1 — Cransb 45; 2 — Cranb 20; 3 — Ctans 3

Fig. 2. Dependence of roughness parameters
of the processed metal product on the jet speed values
of the working fluid elements:
1 — Steel 45; 2 — Steel 20; 3 — Steel 3

Puc. 3 nemMoHCTpHpyeT 3aBUCHMOCTH IIEPOXO-
BaTOCTH METAIJIOM3Aenuss Ra oT BpeMeHH oO0pa-
OOTKHM IIPU CIEAYIOIMX YCIOBUAX: Verp = 250 M/c,
di=1 MM, L =50 Mm.
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Puc. 3. 3aBHCUMOCTP IIEPOXOBATOCTH 00pabaTHIBaEMOit
MOBEPXHOCTH OT MPOAOIDKUTEIEHOCTH 00paOOTKH:
1 — Crainb 45; 2 — Crans 20; 3 — Cranb 3

Fig. 3. Dependence of roughness of the processed surface
on the processing duration:
1 — Steel 45; 2 — Steel 20; 3 — Steel 3

OddekT yBenmndueHUs KOHIICHTpAIMH OCHTO-
HUTa Ha IIIEPOXOBATOCTh Ra METaIOU3ICTHUI
IPU Verp, = 200 M/c, di = 1 MM, L = 200 MM uro-
CTpHpYET puc. 4.
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Puc. 4. 3aBECHMOCTb IIEPOXOBATOCTH 00padaTEIBAEMOTO
METAJUTOU3/ICIINS OT YBEJIMUCHUS KOHIICHTpallui OEHTOHHUTA
B COCTaBe KOMIIOHEHTOB pabo4ell »KHUIKOCTH:

1 — Cransb 45; 2 — Crans 20; 3 — Crans 3

Fig. 4. Dependence of roughness of the metal product being
processed on an increase in the concentration of bentonite
in the components of the working fluid:

1 — Steel 45; 2 — Steel 20; 3 — Steel 3

doTorpaguu y4acTKOB MOBEPXHOCTH, Ha KO-
TOPBIX HU3y4ajach MOP(HOJOTHs IUICHOYHBIX MO-
KpBITHH, TIpeaCcTaBiIcHB! Ha puc. 5a, b. [Tocie 06-
paboTku 00pa3ibl ObLIH BBICYLICHBI HA OTKPBHITOM
Bo3ayxe npu Temmeparype 7 = 20 °C B TeueHue
20-24 4.

Ucxons u3 aHanu3za puc. 5a BUJHO, YTO HA 00-
paboTaHHBIX CTambHBIX OOpasuax Qopmupyercs
IUIOTHOE TIOKPBITHE, COCTOSIIEE W3 OTAENBHBIX
yemryek. PacmonokeHHble Ha puc. Sb yvactkw,
0003Ha4YeHHBIE KaK MO3UIMU 1—4, MpencTaBiIsIoT
HarJsIIHBIC PE3yJIbTaThl IPOLIECCa OUYUCTKH.
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I mm DnekTpoHHOE n300paxenue 1

9 MKm DnekTpoHHOE N300paxenue 1

Puc. 5. BHemHui Buj 3alUTHOTO IJIEHOYHOTO MOKPBITHSL, CO3[JaBa€MOr0 Ha IIOBEPXHOCTH 00pa3LoB
HocJe THAPoadpa3sUBHOIT OYUCTKH C MCIIOIb30BaHUEM B KAYECTBE OJHOTO M3 KOMIOHEHTOB GEHTOHUTOBOMW TIIHHBI:
1, 2, 3, 4 — yemyiiku, OCHOBHAS CTPYKTYPHAs COCTABIISIOMIAs cOOPMUPOBAHHOTO 3aIIUTHOTO MOKPHITHS; a — yBenuueHune x40;
b — yBemmuenue x5000; marepuan — C13; K =3 %, K, = 107 %, K,..= 2 %, ocTaibHOE — BOJIa, Verp = 185 M/c

Fig. 5. Outward appearance of the protective film coating, which is created on the surface of the samples following
hydro-abrasive cleaning utilizing bentonite clay as one of the components: 1, 2, 3, 4 — scales — the main structural component
of the formed protective coating; a — magnification x40; b — magnification x5000; material — Steel 3; Kgp) = 3 %, Ky = 107 %,
Ky ks) =2 %, the rest is water, Verp sy = 185 m/s

Pe3yabTaThl Hcc1e10BaAHUS
H UX 00CysKIeHue

[lomyueHHble B XO0j€ JIAOOPATOPHBIX HCIIBI-
TaHu{ pe3ynbTaThl (pUc. 1-3) CBUAETENBCTBYIOT O
TOM, 4YTO M3MEHEHUE IMapaMeTpoB THIpoadpa3uB-
HOI 00pabOTKH (Verp, L, f) MO3BOISET HOCTUYB
IIEPOXOBATOCTH METAJUIOM3/ICTN B JHara3oHe
Ra = 3,2-12,5 MKM I TIPOBOJMUMEBIX BITOCIIEII-
CTBUH OTIEpalliii CBAPOYHOTO IIPOU3BOICTBA.

W3MeHsist KOHIICHTpaIMIO OCHTOHUTA B COCTaBE
KOMITOHEHTOB paboueii sxuakoctu (K = 2-4 %),
a TaKKe NPH 3aJaHHBIX 3HAUEHHUAX Ve, = 200 M/c,
dy=1mM u L =200 MM MOKHO TOCTHYB TpeOye-
MOW IIIEPOXOBATOCTH MOBEPXHOCTEH B qHUAIa3o-
He Ra = 20-30 MKkM. DTO SABISICTCS ONTHUMAIBHBIM
JUISL TEXHOJIOTHYECKOTO TIpoliecca Ta30IuiaMeHHO-
TO HaINbUICHHS, KaK ITOKa3aHo Ha puc. 4 (kpuBas 1).

[lpu yBeNMWYEHUM KOHIIGHTPALUU OCHTOHHU-
Ta B COCTaBe KOMIIOHGHTOB pabodYel >KUIAKOCTH
(Ks ot 0,5 mo 2 %) u mpu 3aJaHHBIX 3HAue-
HHAX Verp = 200 M/c, dp = 1 mm 1 L = 200 mm
MOXXHO JOCTHYh TpeOyeMoll IepoXOoBaTOCTH
noBepxHocTel B nuamazoHe Ra = 30-50 Mkwm.
OTO SABIAETCS ONTHUMAIBHBIM IS TOCIEIyIoIe-
ro Tporiecca MOKpackd, Kak IMOKa3aHo Ha puc. 4
(xpuBasg 1).
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IIpuMeHneHne HOBOW TEXHOJOTHUU THIpoabdpa-
3UBHOW 00pabOTKH MPUBOIUT K TOIYUCHHUIO OYH-
IIEHHBIX OT KOPPO3UOHHBIX OTJIOXKEHHH METaJlIH-
YECKHUX IIOBEPXHOCTEM € MHMHHMMAJIBHOM ILIEpO-
xoBaTocThio Ra = 0,16-0,01 MxM, KaKk IOKa3aHO
Ha puc. 1-3. DTo UMeeT MONOKUTEIBHOE BIUSIHUE
Ha KOPpPO3MOHHYIO CTOWKOCTH zeraineil. Kpome
Toro, mpu nposeneHun ['AO dopmupyercs moin-
TOBPEMEHHOE aHTHKOPPO3HOHHOE MOKpPHITHE (TI0-
Ka3aHo Ha pHc. 5), KOTOPOE COXpaHsSIET CBOU CBOM-
CTBa B TeueHUe 1 roza.

BbIBO/JIbI

1. Ha ocHOBe NMpOBEICHHBIX 3KCIIEPUMEHTAIb-
HBIX HCCIIEOBaHUN pa3paboTaHa HOBas dHeEp-
rocOeperaromas TEXHOJOTHS THUAPOaOpa3HBHOM
00paboTKH, KoTOpas mo3BoiieT 3(dekTuBHO
OYHIIATh METALIHYECKHE MIOBEPXHOCTU OT KOPPO-
3WOHHBIX OTJIOXEHWH W OJHOBPEMEHHO (hopmu-
pOBaTh KOPPO3MOHHO-3ALIUTHOE IUICHOYHOE IO-
KpBITHE.

2. IlpuMeHeHne pa3InIHBIX MTapaMeTPOB OYHCT-
KU (Verp, L, t, K5) B paMKaX HOBOH TEXHOJOTUM
ruapoabpa3uBHON 00pabOTKH TO3BOJISIET TOINY-
4aTh TIOBEPXHOCTH C HEOOXOAUMBIMHA 3HAYECHUSIMHU
LIEPOXOBATOCTH, YTO SIBISIETCS Ba)KHBIM JJIS TIO-
CIIEAYIOMINX TEXHOJIOTUIECKUX OTepaluii.

I Hayka
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Abstract. There is a need in machine-building industries nowadays to automate technologies, in particular, laser ones, to re-
move surface oxide layers — mill scale, rust — from steel products/pieces in order to improve the energy effectiveness of pro-
cessing. Herewith, a theoretical assessment method for the intensity of heating of the oxide layer and the phase transition in
it can be used to optimize laser cleaning (LC) of the steel surface. To realize this, it is possible to use some calculation
and modeling procedures that require, as a first step, the data collection and verification on the temperature-dependent proper-
ties of iron-containing condensed phases, as possible components contained, in particular, in scale, which is typically wide-
spread into various metal products. In this regard, the formation of database for characteristics of oxide scale components by
the way of selection of information on thermophysical (including optical) properties of the components mentioned and of steel
base, which are required for a reliable calculation of the thermal efficiency parameters of the technology for laser cleaning of
carbon steels, as well as such actively developed related technologies as laser cutting, drilling, coating remelting, etc., was
chosen as the task of our research. An analytical overview of published experimental data made it possible to systematize
information on a number of transport and other physical properties of iron-containing components at ambient pressure, inclu-
ding thermal conductivity (i) and diffusivity (a), density p, irradiation absorptance and integral emissivity in the temperature
range from T = 298 K to the melting temperatures of oxide and metal phases and above them. At the same time, a preliminary
thermochemical estimation shows (on the calculated data) the existence of such thermodynamically stable forms of the con-
densed phase in the heating spot of scale layers during its LC at the melting point and above it, as Fe;0,, FeO, and Fe, which
is consistent with known experimental data. Comparison of the values of a calculated by us (using the published values of «, p
and molar heat capacity and using extrapolation in the high-temperature region) for the types of scale components under con-
sideration with a set of experimental values of this parameter in current literature revealed the presence of differences for both
oxide and metal phases. These new values make it possible to fill in a gap in the temperature range 7 = 1600-1800 K that
existed in the data on the thermal diffusivity. The value of a = (0.83-0.92)-107° m%/s was also calculated for liquid iron oxide
for the T'= 1800 K, which was not measured experimentally, that, obviously, prevented modeling of not only laser surface
processing, melting and cleaning of steels, but also calculations in the field of metallurgical and other technologies, which are
characterized by the presence of iron oxide melts during heating.

Keywords: laser processing, removal of surface oxide layers, mill scale, steel, iron(II) and iron(IIl) oxides, melting, evapo-
ration, theoretical estimation, efficiency parameters, physical properties, thermal conductivity and diffusivity, absorptance,
values comparison.
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®opmupoBaHue 0a3bl JaHHBIX N0 PU3NYECKUM CBOICTBAM
KOMIIOHEHTOB OKCH/IHOW OKAJIMHBI JIJIS TEOPETHYECKOI OLeHKH
3¢ PeKTUBHOCTH JIA3€PHOM OYUCTKH YIJIEPOAUCTHIX CTAJIel

H POACTBCHHBIX TEXHOJOIruH
JIOKT. TexH. HayK, npod. O. I'. Iepoiino", kanxa. Texn. Hayk A. B. FopGynos?,

A. C. ﬂanxoncxnﬁ”, H. . .JIymco'), . A. HJnaKeBnq'), KaH/. XUM. HaYK, jou. B. A. FopﬁyHOBa'),
KaH/I. TeXH. HAYK, 1om. B. A. Kopain"

1)]Senopyccmm HAIIMOHAJIBHBIN TeXHUYeCKHi yHuBepcuTeT (MuHCK, Pecrrybnmka benapycs),
I TexHONOrHUeCKHit MHCTHTYT aspoHaBTukH (Can-XKose-nyc-Kammyc, bpasumus)

Pedepat. B HacTosimee BpeMsi B MAIIUHOCTPOUTENBHBIX MTPOM3BOACTBAX MMEETCS MOTPEOHOCTh B aBTOMATH3AIMH TEXHOJIO-
THii, B YaCTHOCTH JIa3CPHBIX, JJIsl YAAJICHUS OKCUIHBIX CJIOCB — OKAINHBI, PXKABYMHBI — CO CTAJBHBIX U3JCIUHN C IETbI0 YIIyd-
nreHust SHeprodhhekTUBHOCTH 00paboTKH. [Ipr 3TOM MOXKHO MCIOIB30BATh TCOPETHUYCCKYIO OIICHKY HHTCHCUBHOCTU HAarpeBa
OKCHJIHOTO CJ10s U (ha30BOTO Iepexoa B HEM UIs ONTUMH3aLUH JiasepHoi ounctku (JIO) moBepxHocTH cranu. Jlns Hee Tpe-
OyIOTCS CreIUaIbHbIH cOOp U Bepr(UKAIKS JAHHBIX 10 3aBHCAIIAM OT TEMIIEPATyphl CBOHCTBAM KEJIE30COCPIKAIINX KOH-
JCHCHPOBAHHBIX (ha3 KaK BO3ZMOXKHBIX KOMIIOHCHTOB, COJCPIKAIIMXCS, B YACTHOCTH, B OKAJIMHE, PACHPOCTPAHCHHOH B MeTa-
Jou3enusiX. B cBsI3M ¢ 9THM B KayecTBe 3a4a4yd JaHHOH paboThl ObUIO MPHUHATO (HOPMHUPOBAHUE 0a3bl JAHHBIX MO XapaKTe-
PHCTHKAaM KOMIIOHCHTOB OKCHHOW OKaJHMHBI IyTeM Mog0opa CBEACHUH MO (U3MYSCKHUM CBOMCTBAM €€ KOMIIOHEHTOB
W CTaJIbHOH OCHOBBI, TPEOYIOMIMXCS [T HAJEKHOTO OLCHUBAHMSA TEIUIOTEXHUUECKUX MapaMeTpoB dPPEKTUBHOCTH TEXHOJO-
THH JIa3epHON OYUCTKU YTIEPOAUCTHIX CTallCH, a Tak)Ke aKTUBHO BHEAPSEMBIX POACTBCHHBIX TEXHOJIOTHH — JIa3epHOI PE3KH,
CBEpJICHUS, OIUIABICHUS MOKPBHITHNA U Ap. AHATUTHYECKHHA 0030p OIMyONIMKOBAHHBIX dKCIIEPUMEHTAIBHBIX JaHHBIX TTO3BOJHII
CHUCTEMAaTU3UPOBATh CBEACHUS MO DALY NEPEHOCHBIX M JPYTHX CBOHCTB KENIE30COACPIKAIINX KOMIIOHEHTOB IpH atMocgep-
HOM JaBlieHHH B oOyactu ot 298 K no TemmepaTyp IDIaBICHUS METALIHYCCKAX W OKCHIHBIX (a3 M BbINIC HUX. [Ipu 3TOM
MpeBapUTEIbHAS PaCcUCTHAs TCPMOXHMHUYECKAs OICHKA IOKa3aja CYIICCTBOBAHUE TAKUX TEPMOIUHAMHUYCCKH CTAOMIBHBIX
KOHJICHCHPOBAHHBIX (a3 B IIATHE HarpeBa okanuHbl IpH ee JIO B Touke TuiaBieHus U Beiie, kak Fe;Oy4, FeO u Fe, uro corna-
CYeTCsl U C M3BECTHBIMH OINBITHBIMH NaHHBIMH. CpaBHEHHUE ONPENCIICHHBIX HaMHU (IO OIyOJIMKOBAHHBIM 3HAYCHHSM K, P
U TEIUIOEMKOCTH U C MPUMECHCHHEM SKCTPATIOJIAIUKA B BBICOKOTEMIICPATypHOI 00aCTH) 3HAYCHUI a I pacCMaTPHBACMBIX
BU/IOB KOMIIOHEHTOB OKaJIMHBI C HAOOPOM HMMEIOIIUXCS B COBPEMEHHOM JINTEpaType OMBITHBIX BEJIECYMH 3TOTO MapameTpa
BBISIBIJIO HAJIMYKE OTJIMYUM KaK Ul OKCHUIHBIX, TaK U MeTaiuinueckux (a3. HoBble 3HaueHHs 3amoMHAIOT npodern B 00aacTu
temneparyp 1600-1800 K, nmeBmuiicss K JaHHOMY MOMEHTY IO TEMIIEpaTypONPOBOJHOCTU. Takke HAMHU MOJYYEHO 3Haue-
ue a = (0,83-0,92) - 10°® m*/c anst pacriiaBa okcria AByXBaJIeHTHOrO XKelesa npu Temneparype T~ 1800 K, He onpeeisis-
meecs: paHee SKCIEPHUMEHTAIBHO, YTO MENIAO0 MPOBEACHUIO KOPPEKTHOT'O YHCICHHOTO MOJCIUPOBAHUS KaK Ja3epHBIX MPO-
LIECCOB TOBEPXHOCTHOH TEepMOOOPAaOOTKH, IUIABICHUS W OYHCTKH CTaJed, TaK M pacdeTaM B OOJIACTH METaJLTyprHYeCKHX
M MHBIX TEXHOJIOTHH, U KOTOPBIX XapaKTEPHO HAIMYUE 30H C JKEJIIC300KCHIHBIMH PACILUIABAMH B XOJIC HarpeBa.

KiroueBble cioBa: sia3epHasi 00paboTKa, yAalleHHe OKCHIHBIX CJIOEB, OKaJIWHa, CTajlb, OKCHJIBI JKeJie3a, IUIaBIeHUe, Hcrape-
HHE, TEOPETHYCCKas OLICHKA, (PU3NUECKHE CBOWCTBA, KOA(OUIMEHTHI TEIUIONPOBOJHOCTH M TEMIICPATYPOIPOBOIHOCTH, KO-
3¢ UIHUEHT TOTIONICHUS U3y YeHUS

Jst uutuposanus: GopmupoBanue 6a3bl JaHHBIX M0 (PU3MUECKUM CBOMCTBAM KOMIIOHEHTOB OKCHIHOM OKAJIMHBI JUIS TEO-
peTrdecKkoi oneHKH (G GEeKTHBHOCTH JIa3epHON OYHMCTKH YIIIEPOJUCTHIX CTaneil M poAacTBeHHBIX TexHonoruil / O. I'. JleBoii-
Ho [u np.] // Hayxa u mexnuxa. 2024. T. 23, Ne 3. C. 192-203. https://doi.org/10.21122/2227-1031-2024-23-3-192-203

Introduction and research objective

Laser removal of surface layers of rust and
scale (i. e. descaling), as a potentially highly effec-
tive and environmentally friendly method to clean
corroded metal surfaces, has been actively studied
in the last decade and is gradually being commer-
cialized in machinery industry, shipbuilding, mi-
ning and other industrial sectors [1-6]. It begins
to compete with mechanical methods traditional

Hayka
wrexHuka. T. 23, Ne 3 (2024)

for metalworking for removing surface rust and
scale from metal, primarily steel, billets and
parts/products, including obtained by hot rolling,
forging, etc. However, so far the effectiveness of
a group of laser cleaning (LC) technologies is con-
sidered as dependent on the empirical skills of la-
ser equipment operators in recognizing changes
in the conditions for removing oxide contaminants
associated with unstable cleaning modes and
thermal defects of surfaces [1]. At the same time,
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factors influencing the mechanism of removal
of oxide layers and the quality of removal compli-
cate the monitoring and control of the process in
real time during LC operations, especially when
they use modern pulsed lasers with a high pulse
frequency and improved power [2]. In this regard,
experts note that there is currently a noticeable
need for automation of technologies for the treat-
ment of billets and products made of steels, in par-
ticular carbon ones, from contaminating layers —
scale and rust (which are oxide inhomogeneous
structures with significant porosity) — to prevent
excessive cleaning time, which can give the unde-
sirable effect of partial melting of the steel surface
substrate which was already cleaned of oxidic sub-
stance and, as a result, negatively affect the energy
consumption of the metalworking technological
process as a whole [1, 6].

To implement this, it is advisable to use pre-
liminary theoretical assessment (including calcula-
tion and modeling) of the intensity of melting and
ablation of the oxide layers during heating to find
optimal LC regimes of inhomogeneous crystalline
structures on surface of structural carbon steels
(SCSs). In this case, it is necessary to preliminary
form and verify databases/datasets on the proper-
ties of Fe-containing condensed phases, as pos-
sible components contained, in particular, in mill
scale and other scales that are widespread in in-
dustrial metal products and parts. A feature of
these properties is their variability with changes
in temperature, pressure, wavelength of laser ir-
radiation (LI) and some other parameters [1-6,
15-16, 22]. Taking into account the aforemen-
tioned, as objective for our study the formation of
data sets on the characteristics of the components
of oxide scale was chosen, with selecting and
comparing available information on thermophysi-
cal properties, including transport and optical
ones, for its components and steel substrate (at
atmospheric pressure, as typical for modern laser
processing technologies), required for theoretical
assessment and calculation of thermal parameters
of laser processes for carbon steels cleaning, as
well as for calculations of such commercialized
group of related technologies as laser cutting and
drilling of steels, remelting of sprayed iron-
containing coatings, etc. [1-6, 15-16].
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Brief characteristics of the analyzed
cleaning process for scale layers

and some thermochemical properties

of thermostable phases in the conditions
of typical oxidic scale

When analyzing and modeling processes for
removing (laser or other) layers of mill scale
and other scales from steel surface, it is advisable
to take into account the features of the layer mi-
crostructure. It is known that typical processing
scale that occurs on carbon steels (for example,
during industrial hot rolling of billets in contact
with air) contains up to three oxide sublayers with
a composition depending on the conditions of
scale formation, i. e. temperature conditions dur-
ing rolling, etc. [5, 7], and often oxide phases, as a
result of thermal diffusion, penetrate each other
with the formation of heterogeneous layers of
complex composition. In a simplified manner,
it is generally accepted that in the scale of a num-
ber of steels (including carbon steels with a total
iron content not lower than 97 wt.%, for which the
fraction of oxides of alloying elements can be ne-
glected) a sublayer of wiistite (FeO, often with
cation-deficit crystalline sublattice in the oxide
phase, that allows its composition to be more pre-
cisely written as Fe; ,O (x < 0.06)) is in a direct
contact with metal substrate surface. The next sub-
layer contains predominantly the spinel phase of
Fe;04 (including Fe(Il) and Fe(Ill) cations). The
scale may also contain a third — an outer sublayer
based on the hematite Fe,O; (with Fe" cations).
As has been found, scale formed on steel under
heating conditions at temperatures higher than 850 K
consists, as a rule, of the three indicated oxide
sublayers of varied thickness [7]. According
to some published data, the elemental composition
of typical oxidic scale on SCSs (which can be ap-
proximately considered as a simulator of heated
material in the LC-zone on the surface of non-
corrosion-resistant metal products/parts) can be
taken to approximately correspond to the brutto-
formula Fe;O4, although in its phase composi-
tion it can contain mixtures of Fe,0s, Fe;0,4, FeO
and Fe [5-6].

According to our preliminary thermochemical
estimation (using the thermodynamic approach
previously used for high-temperature reactive mix-
tures, including metal-containing ones [8, 9]),
as the thermodynamically stable forms of the con-
densed phase under laser heating conditions of
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typical scale (with a stoichiometry close to Fe;O,
oxide) at melting temperatures and above them
such substances were recognized as Fe;O4 (solid)
and FeO (liquid) oxides and metallic iron (in solid
and liquid forms). This is consistent with known
experimental data [5-7, 18-19, 21]. Tab. 1 sum-
marizes some data on the previously published
thermochemical properties of condensed compo-
nents of the scale, which are thermally stable (as
the results of our above-mentioned estimation
show) under the conditions of approximately cal-
culated reactive mixtures (oxidative and non-
oxidative types) based on the oxide scale when
heated to the temperatures of melting and boiling
points of the scale components.

Approximate energy balance and equations
of oxide layer heating Kkinetics

for theoretical assessment of cleaning
regimes with varied laser irradiation power.
Selection of data on the physical properties
of condensed (solid and liquid) components
of oxide scale, their comparison

Let us write the energy balance equation for
the steady process of laser descaling of a metal
surface, taking into account heat losses to secon-
dary heating processes (into solid and gaseous

media surrounding the heated layer of oxide mate-
rial, which is the target layer from the point of
view of processing) and using the expression for
the resulting total energy consumption for the
cleaning process under the influence of irradiation
as E,, (in units of J per 1 kg of heated material, i. e.
oxidic scale):

Ey=Qu+E(l—A)+ Our+ Ona=

— Qw + th*l + th*Z
Y] .

(M

In the equation (1), 4 is radiation absorptance
of LI by surface of the material, averaged over the
full temperature range of the LC-process. Energy
consumption @, (in J/kg) for heating of removed
scale layer from the initial temperature (~298 K)
to the final one (taken for technological reasons,
e.g. as the temperature of the point of complete
evaporation of the layer), i. e. energy consumption
only to the target process of scale layer heating —
can be approximately evaluated by expressions
that use the thermal effects of phase transitions
and the heat consumption for heating to the tem-
peratures before these transitions.

Table 1

Thermochemical properties of condensed components of scale (solid (s) and liquid (1)), which are thermodynamically
stable in conditions of different reactive mixtures based on scale when heated to the points of complete melting 7,
and boiling (evaporation) 7} of the components (with equilibrium composition); pressure P = 0.1 MPa

Type of thermochemical system

No Parameter Scale in oxidative Scale in non-oxidative
. . Steel*
medium medium
1 |Composition on Fe-containing
components (solid) near 7,,, K Fe;04 (s) Fe (s) Fe (s) + Fe;C (1) impurity
2 |Composition on Fe-containing
components (a priori liquid) near 7, K FeO (1) (or Fe,.,0) Fe (1) Fe (1) + Fe;C (1) impurity
3 |T,,K
1870 1809-1811 ~1808 [5] (1500 for Fe;C)
4 |Theoretical enthalpy of melting 0.5843 0.1754 ~0.1754 (and in MJ per kg of
(fusion) AH,, (1) [13], (in MJ per kg of Fe;04 — (in M1J per kg of Fe — steel): ~0.2473 (SCS) [13] —
MJ/(kg of scale) —0.5960) —0.2473) 0.270 () [74])
5 |T}, K (on published data) 3687 3133 3133

6 |Theoretical enthalpy of vaporization

AH, (+7)

3.24 MJ/kg of FCOA95O

6.34 — 6.367 MJ/kg of Fe 6.34 — 6.367 MJ/kg of Fe

* — unoxidized steel without scale; £ —in MJ per 1 kg of initial steel; ¢ — for structural carbon steel (SCS) of S235JR G2 grade
(EU standard, it contains 0.063 % C, 0.41 % Mn, 0.13 % Si, 0.34 % Ni, 0.10 % Mo, 98.68 % Fe) [74]; T — for Fe-containing sub-
stance, which is thermodynamically stable under the given conditions at its melting point (per kg of initial scale (assuming its simpli-
fied composition)); 1 — for Fe-containing substance, which is thermodynamically stable under given conditions at its boiling point
according to the reference data on evaporation of iron and its oxide (wiistite) [S9-61].
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Conductive heat losses into the surrounding
(quasi-cylindrical scale heating region) layers of
materials — scale and steel substrate — are charac-
terized by the following value:

Owr =flay, an, T, 1), 2

and the heat losses into the “cold” gas area sur-
rounding the scale heating zone via the convec-
tion-radiation mechanism is:

Onr=fa, g T,1), 3)

where aj, ay; are coefficients of thermal diffusivity
of materials in the solid state (for the scale and for
steel substrate, respectively); o — coefficient of
convective heat transfer from the scale heated sur-
face to the surrounding colder gas; & — integral
emissivity of the surface material, 7 — determining
temperature of the heated surface, ¢ — average
heating time of the LI-spot area (i. e. the full expo-
sure/duration of LI per the

The time spent for the heating, in particular, at
the stage of phase transition (melting) #,, can be
determined from approximate expressions that
were used, for example, in [15, 6] (this is kinetic
dependence for the minimum time value and one
more dependence, which includes theoretical en-
thalpy of melting AH,,). They contain such values
as Km, dm, A, and py, (i. €. is physical properties of
the scale material at the melting temperature 7,,):
thermal conductivity, thermal diffusivity, LI ab-
sorptance and density, respectively.

A quite reliable engineering estimation for the
intensity of heating under the conditions of laser
processing technology can be carried out on the
basis of simplified thermal model for regimes
with varied irradiation power, by analogy with one
previously used in calculations of systems for
electron beam and laser melting of inorganic mate-
rials [11, 12], as well as the methodology, tested to
model laser ablation of organic films [22]. In this
case, a standard solution for the problem of heat
diffusion in a semi-bounded body (i. . in the scale
in our case) with a second-type boundary condi-
tion (considered when modeling local heating
of solids [10—12]) can be applied, using some re-
vised thermophysical properties of iron oxides and
steel substrate, given below (Tab. 2).

In many practical cases (including laser and
electron beam processing of materials), the heat
flux to the surface of a semi-bounded solid can be
represented as a thin circular heat source with
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a uniform distribution of its intensity. In this case,
we can consider a non-stationary axisymmetric
problem of the influence of a continuous heat flow
with constant intensity ¢, uniformly distributed
within a circular region of radius R on the body
surface. For a boundary-value problem (with men-
tioned boundary condition) to determine the tem-
perature distribution 7(r, z, f) in a given type of
half-space with an unsteady heat field, where the
heating occurs from an external heat source con-
stant in time, the following standard statement
can be used [10, 11]:

aAT=T(r>0,z>0,t>0),
—«T, |,-0=qH@®H® - R),
1(r, z, 0) = T(e0, z, 1) = T(r, 0, 1) = T(0, z, £) = 0. (4)

The analytical solution of a two-dimensional
parabolic problem for a non-stationary tempera-
ture field in heated half-space (with boundary
condition of the second kind), suitable to simulate
some solid materials [10], has the following form:

Op, x, 1)=0.5 j (J10))[ (exp(—hx))erfex
0 (5)

: X dh
X (21_0,5 ™ j - (exp(—lx))erfc (F Py HT

This equation contains the following nomen-
clature: J, and J; are Bessel functions (of the real
argument) of zero and first order; erfc — comple-
mentary error function; A — dummy variable [10];
thermal Fourier number for heat diffusion process
Fo =t = (a't/R* [11]; a — coefficient of thermal
diffusivity of the material (oxide scale in our
case); t — time; R — radius of the heating zone
(i. e., the LI-spot on the heated surface); dimen-
sionless simplexes for the axial and radial coordi-
nates (i. e., depth z and radius » coordinates of the
laser beam spot on the surface) of the cylindrical
heating region in the material: x = z/R and p = r/R.

When solving an equation (5), one can find the
values of several basic values that characterize the
LC-process, including Fourier number for heat
diffusion t* and the corresponding heating time #*
required to melt the scale layer in the cylindrical
zone (under the LI-spot) to complete depth of the
layer, and the heat flux ¢* required for the melting.

As mentioned above, to perform this kind of
kinetic heating calculations, which make it possi-
ble to find the efficiency parameters of LC-pro-

Hayka
urexHuka. T. 23, Ne 3 (2024)



Mechanical Engineering and Engineering Science

cess, data set on the properties of scale in various
forms, depending on temperature and other fac-
tors, used in (4), (5) equations, is needed. We car-
ried out a special review of published data on
the thermophysical properties (including some
transport and optical characteristics) of the phases,
which exist in the layers of the metal oxide scale
under consideration and at the boundary with
them, that necessary both for calculations in laser
cleaning technology and in related ones (e.g. cut-
ting, drilling etc.). The results of the review are
presented in Table 2.

A comparison of the values of the thermal dif-
fusivity coefficient a calculated by us (based on
the published values of x, p and ¢, , using extrapo-
lation to the high-temperature region) for the sev-
en types of scale components under consideration
with the experimental values of this parameter
available in modern literature (see rows 8 and 9 in
the Tab. 2) shows the presence of certain differ-
ences for both oxidic and metallic phases, reach-
ing for the solid phases such level as 50% and

even higher. This extrapolation procedure allows
us to fill the gap in the region 7= 1600-1800 K,
which currently exists in array of published data
on the thermal diffusivity a of iron-containing
phases. In addition, such new calculated range
of a as 0.83-10° to 0.92:10° m?*s was obtained
for liquid FeO at ~1800 K (i. e. averaged value
a = (0.875 + 0.045)-10°°), which was absent in
the literature, and this made it difficult until now
to carry out correct modeling not only for laser-
thermal processes, but for related metallurgical
ones in devices with zones of fused FeO, forma-
tion. It should be noted that, as we showed above,
according to a preliminary thermochemical esti-
mation, the thermodynamically stable forms
of condensed phase under laser heating conditions
of typical oxidic scale (with a stoichiometry close
in Fe : O ratio to the Fe;0, oxide) on carbon steels
at melting temperatures and above them include
only two oxides (Fe;O,4, FeO) and metallic iron,
which is consistent with known experimental data on
the Fe-O-system chemistry [7, 18-19, 21, 46, 48].

Table 2

Thermophysical properties of iron-containing components for calculation of heating kinetics and efficiency
parameters for laser cleaning of scale layers on carbon steel surface, given according to the published data [5, 13-58, 62-79]
and on our extrapolation of these data to high temperatures; pressure P = 0.1 MPa

Crystalline solids Liquid substances
No Properties Tron (Fe) Steel Hematite Magnetite | Wiistite Fe,. FeO melt /
Fe,0; Fe;0, 0 (x<0,06) iron melt
1 2 3 4 5 6 7 8
1 |Melting point 7,,, K 1809 [14, 44], 1808 [5] 1812 [13]— | 1870 [5,13] | 1642 [17]; «
(on published data) 1811 [13] | (Q345SCS #) 1838 [5] 1644 18, 19]
2 |Boiling point 73, K 2896 [13],
(on published data) 3133 [14] |3023 [5](Q345)] 2973 [5] 3273 [5] (3687 [20-21] «
3 |Boiling point 7., K (on calcu-
lated thermodynamic data for
systems with different gases) | 2460+ 3300 - - - 32003400 «—
4 |Thermal conducti- 78.48 [22] ~52.0 [5] 4.0 [5], Decrease Rise from |4.0 (it is extrapola-
vity k, W/(m-K) and 78.0 [24] | (Q345), 49.8 0.58 [58]; from 3.5 |[1.8t02.5(in| tion of author
(at 293 K); [15, 16] 3.3 (our extr. | to 1.7 (in the | the range of | of [27] to the T=
35.0 (our ex- | (AISI 1095), |of[24] datato| rangeof (300+1164 K) =1823 K)/
trapolation | 56.0 [80] (for the 7,, = 300676 K) | [41] (FeO); | 33.3+34.4 (at T=
(extr.) of [24]| low-carbon ~1810K) |[51],2.0[5]; |4.3 (our extr.|= 1818-1868 K) [49]
data to the steels); 3.0 (our extr. | of [24] data | and 37.0-38.0
T,,~ 1810 K);| 30.24 (for SCS of [24] data to| to the 7, = | (at~1830K)[81],
8.0 (for Fe;C) |at 1623 K) [70]; the 7, ~ ~1640K) | 39.1£2.5(at T=
[55, 56] 27.3 (at the ~ 1870 K) = 1794-2050K) [79],
range of from 40.0 to 60.0
1073-1473 K) (calculation for
and 37.5 the range of T
(at 7= 1073 K) from 2250 to
for SCS [29] ~3700 K) [83];
36.5 (for SCS)
[74,75]
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Continuation of the Table 2

1 2 3 4 5 6 7 8
5 |Density p, kg/m3 7874 7860 4900 [57] 5190 [51] 5850+ 6050 | ~4600 (extrapo-
(at293 K) [13]; | (at 300 K) [5] | and 5260 [58] | u 5000 [57] | [41] (300 K, | lation to 1773 K)
7500 (estima- |(for Q345 SCS)| (at 300 K); | (mpu 300 K); FeO); [28]; ~5079 (esti-
tion for 8-Fe | and [57] (for {4950 (our extr. 4850 (our extr.[5300 (our extr.| mation of [46]);
for the range | SCS with the | of[23] data | of [23]data | of [23] data |4520+ 3390 (at T
1644 K < T < |carbon fraction to the to the 7, = to the 7, = from 1650
< 1809 K) [46] |0f 0.08+0.17 %)| T,,= 1810K) | =1870 K); ~1640K); |to3400K)[71]/
for Fe;04 melt| 5587 (for FeO | 7015 (estimation
—4380+3715 |at T< 1644 K)| for 7> 1809 K)
(at T from [48] [46]; 7030
1870 to (T=1810K)
2900 K) [71] and ~5974
(T~=3000K) [63];
70236208 (for
the range 7=
=1810+3133K)
[71]
6  |Molar heat capa- 25.1 (for the 440+760 104.2 147.7 49.97 68.20 (at T=
city c,, J/(mol-K) o—8-phase J/(kg'K) (at 300 K); (at 300 K); |(at 7= 300 K);| = 1650-5000 K)
[13-14]) and | (for the range 145.8 200.8 (at 1800 64.03 for FeO [14]/
26.5 (for the |o0f293+873 K)| (at 1800 K) K)[14] |(at T=1600K) 46.02 (atT=
y-phase [14]) | and 650 [14] [14]  |=1809-3100K)
(at 300 K); (kg'K) [14]; 45.4+3.2 (at
42.6 and 39.0 |at 1473 K [29]; T'=1848-1992 K)
(at 1800 K for |~920 J/ (kg-K) [79] and 45.1+3
the a—8-phase |(at ~1800 K for (at 7,, = 1810 K)
and y-phase) |Q345 SCS) [5] [82]
[14]

7  |Molar 0.055845 ~0.055 0.159688 0.231533 0.071844 | 0.071844 (FeO);

mass W (on [14]), kg/mol (FeO); 0.06889 0.068886
(Feo0470 [42, | (Fego470 [42]) /
247) 0.055845
8 |Thermal diffusive- 23.0 (at 300 K) |at 300 K —19.0|at 293 K ~0.70|Decrease from| ~0,3 — 1.4 (at | —/6.0+6.5 (at
ty a (4), m%/s (*10% [43],22.06 |(AISI 1010 SCSjand at 1273 K- 1.1t0o 0.41 | ~300-500 K) | 1818-1900 K)
(at 293 K) [22] | with 0.1 % C) |~0.20 (sintered | (for the range | [53-54] (at [49]
[45] and samples with |of 300676 K)|  porosity
14,9+15,1 |20 % porosity)|[51]; at 293 K|of 42 % [54]));
(SCS [54, 57] ~0.3+0.42 | the rise from
with 0.17 % and at 1273 K| 0.371t00.58
carbon frac- —~0.40 (sin- | (in the range
tion) [57]; tered samples |0f 300-1164 K)
at300 K: 12.2, with 30 % [41] (FeO);
and at 1676 K: porosity) [54][~0.3 (1023 K)
6.02 (SCS [51]; ~0.48
with 0.135 % (300-870 K) —
carbon frac- Feg.010 [68]
tion) [50]

9 |Calculated (by us) thermal | at 7= 300 K: ~7.19 ~0.73 1.06 (at 300 K;{0.42 (at 300 K; 0.92+0.83
diffusivity a (#), m%/s 21.0-22.1;~6.12| (at~1800 K |(at 1800 K—on| ~0.713 (at ~0.873 (at ~1800 K for
(-10%), based on the given | (at ~1800 K on |for Q345 SCS) the 1800 K —on | (at 1600 K on FeO(1)) /

(in this Table) values the extrapo- extrapolation | the extrapo- | the extrapo- ~5.76 (at
of k, p and ¢,, presented lation data) data) lation data) | lation data) |~1810 K)+~6.9 (at]
in the references ~(1850-2000 K),
with use of values
of kand ¢,
from [79])
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Continuation of the Table 2

1 2 3 4 5 6 7 8
10 |Absorptance (§) 4 at 0.36-0.363 [22];| 0.35(0)[5], | 0.60 (0)[5]; | 0.53 (¢)[5]; | 0.81[30,31] | For the oxide
wavelength of LI 0.31-0.38 | 0.46[15-16] | 0.69[30,32] | 0.80-0.83 melt — from
A =1064 nm (T=300K) |[(AISI 1095 1), [30, 33] 0.56+0.64 (at T=
(or 1053 nm [30] nd~0.32  [0.52 [30] (CR4 = 1840-1900 K)
(at 7= 300 K)) (T=1800K) | 1)and0.30 t0 0.66=0.71 (at
[65]; 0.39 (for | [34] (AISI T=2100-2300 K)
T=1800K) [63]] 1006 Tt); (and the drop
0.30-0.36 of 4 in the range
(7= 300 K) and of T>2300 K)
0.31-0.32 [76]/0.31 [62];
(I'=1270 K) ~0.45+0.49 [63]
for steel of
35NCD16
grade (§) [65];
0.35-0.38 (at
T~ 1809—
-3000 K) for
SCS [64]
11 |Absorptance (§) 4 at ~0.42 (T~ 300 K)[0.67 [30] (CR4| 0.97 [30, 32] | 0.83 [30,33]| 0.80[30,31] | —/0.48[62]
wavelength of LI and ~0.44 (T = steel)
A =527 nm [30] ~ 1800 K) [65]
(at T= 300 K)
12 |Reflectance (§) R at 0.637-0.64 [22];] 0.65[5],0.54 | 0.31[30,32] | 0.17-0,20 | 0.19[30,31] | for the oxide
wavelength of LI 0.69-0.62 [15, 16] (AISI [30, 33] melt — from
A =1064 nm (or 1053 nm| (7T=300K) 1095), 0.48 0.36+0.44
[30] (at T'= 300 K)) and ~0.68 (at T~ [30] (CR4) (at 1840-1900 K)
~1800 K) [65]; | and 0.70 [34] to 0.29+0.43
0.61 (at T~ | (AISI 1006); (at 2100-2300 K)
~1800 K) [63] | 0.64-0.70 [76] /
(T'=300 K) ~0.69 [62];
and 0.68-0.69 ~0.51+0.55 [63]
(T= 1270 K)
for the

35NCD16 steel
[65]; 0.65-0.62

(T~ 1809
3000 K) for
the SCS [64]
13 |Reflectance (§) R at wave- | ~0.58 (T'=~ 0.33[30] | 0.03[30,52] |0.17[30,33]| 0.20[30,31] | —/0.52[62]
length of LI ~300 K) (CR4)
A =527 nm [30] and ~0.56
(at T= 300 K) (T=1800K) [65]
14 |Integral emissivity (IE) € [0.35-0.36 (at 7'=| 0.35, 0.60 and |0.626 (at 300 K) ~0.61 ~0.61 IEatA=
=1672-1811 K)| 0.62 (at the [69]; (at 1050 K) | (at 1050 K) | = 600-1064 nm
[52] (for the values of 0.75-0.85 [37,38]; [37,38], |[for the oxide melt:
A=650nm); | T=348K, |(at850-1300K) 0.85-0.89 0.70 ~0.70 (at
0.61 (at 1050 K)| 1773 Kand | [37, 39]; rise |(at 773+1473 K|(at T=1000 K)| 7> 2000 K)
[37,38]; ~0.35 3133 K, respec-| from 0.57 | for ~(Fe;04+ [35] [73,77],/0.35
(at~300K) [78]| tively) [34] | to0.74 (for | +FeO)) (at 1810 K)
(for AISI 1006);| the range (36, 67] [37,40] and 0.314

(at T, = 1810 K)
[82]; normal
spectral emissive-

0.61 (at 1050 |of 1100-1400 K
K) [38]; ~0.45| for powder

(at T>1270 K | samples) [59]; ty — 0.3-0.44
for A = 0.75-0.87 (at 1810-1970 K)
=1000-1500 | (at 740 K) [47] (for the
nm for and 0.64-0.83 A =650 nm),
the SCS) [74] | (1220 K) — for 0.362 (at 1811 K
Hayka
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End of Table 2

1 2 3 4 5 6 7 8

for the A =
= 684 nm)
and 0.38 (2300 K
for the A =
= 684 nm) [52];
IE for A =
=650-850 nm
for the melt
of' S235 SCS (¥)
0.35+0.095
(at the range of
1810+2100 K) [72]

§ — as a rule, in the direction of irradiation normal to the surface; ¢ — values are given for materials assuming their near-zero po-|
rosity; ¢ — values of A-parameter in [5] are taken for the conditions of LI-absorption with a wavelength A = 1064 nm [26];
T — structural carbon steel (SCS) of AISI 1095 — composed of 98.4-98.8 % Fe, 0.3-0.5 % Mn and 0.9-1.03 % C (analogues in the
IRussian Federation (RF) and CIS — ¥8 and VY10 steels); 1 — AISI 1006 SCS — composed of 99.4-99.7 % Fe, 0.25-0.4 % Mn|
and 0.08 % C (analogue in the RF — 05km steel); § — CR4 SCS — composed of 99 % Fe, 0.6 % Mn and 0.1% C (analogue in the]
RF — 0810 steel); # — Q345 SCS (standard of China, it contains 0.21 % C, 0.96 % Mn, 0.12 % Si and up to 98.5 % Fe) — analogues
in the RF — 0912, 09I'2C, 10I'2B5; ¥ — low-alloyed structural steel of 35NCD16 grade (French standard, it contains up to 0.4 % C,
up to 0.6 % Mn, up to 0.4% Si, up to 2.0 % Cr, up to 4.2 % Ni, up to 0.6 % Mo) — analogue in the RF — 40X2H4MA grade;
i — S235 SCS (EU standard, it contains up to 0.20 % C, up to 1.40 % Mn and up to 98 % Fe; analogue in the RF is the steell

powder sam-
ples [66]

of Ct3cm grade).

CONCLUSIONS

1. In order to form the data sets on a number of
industrially significant characteristics of oxide
scale components, a detailed review and selection
of published experimental information were car-
ried out on the group of physical properties (in-
cluding transport and optical) of iron oxides and
steel base (at a pressure of 0.1 MPa), required for
theoretical assessment of thermal technical para-
meters of the efficiency of laser cleaning techno-
logy for carbon steels, as well as related technolo-
gies, using calculation methods. Information on
the properties of iron-containing components,
including density, coefficients of thermal conduc-
tivity and thermal diffusivity (@), optical absorp-
tance and emissivity in the temperature range
from 7 = 298 K to the melting points of oxide and
metal phases and above them, was systematized.
According to a preliminary estimation, Fe;Ou,
FeO, and metallic iron belong to the thermody-
namically stable condensed phases under condi-
tions of laser heating of a typical mill scale (with
integral stoichiometry close to Fe;O4 oxide)
at melting temperatures and above them, which is
consistent with empirical data.

2. Comparison of the values of the coeffi-
cient a for thermodynamically stable scale compo-
nents, which were calculated using currently known
values values of «, p and heat capacity and using
additional extrapolation of properties to the high-
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temperature range, with a set of experimental va-
lues of this a parameter available in the literature
showed certain differences for both oxide and me-
tallic phases. These values make it possible to fill
in the existing gap in the 7= 1600-1800 K region
in the data set on thermal diffusivity of the phases.
A calculated value a = (0.83-0.92)-10° m*/s was
obtained for Fe(Il) oxide for temperature above
the melting boundary 7 = 1800 K, which was not
measured before, which limited the opportunities
not only for modeling surface laser heat treatment
and cleaning of steels, but also made it difficult to
calculate the kinetic data in the field of metallurgi-
cal and related processes and apparatuses in which
some zones exist with iron oxide melts during the
heating of steel, cast iron and their partial oxida-
tion products.
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CTHU Pa3IUYHbIX TKaHEH M OPraHOB YENIOBEUECKOro Tena. VX mpuMeHeHre B COBPEMEHHOH MEUIIMHE MTO3BOJHIIO 3HAYUTETBHO
YIIYYIINTH CIOCOOBI JICUCHNUS, HOBBICUTH KA9eCTBO U IPOAODKHTEILHOCTD XKHU3HH ManueHToB. [IpenodTHTeIbHBIME, C TOUKH
3pEHUs] BO3MOXKHOCTH HPHJIAHUS TPeOyeMBIX MEXaHHYECKHX CBOWCTB, OTHOCHTEIBHO HEOOJBIION CTOMMOCTH Marepuaia
Y HU3KHX 3aTpaT Ha MIPOU3BOJICTBO, SBISIOTCS METAJUTMUECKUE MMIUTAHTATHl. MeTansibl U UX CIUIaBBl MPH MPOU3BOACTBE UM-
IUTAHTATOB MPEBOCXOAAT KEPAaMHIECKHE M IOIMMEPHBIE MAaTepPHANbI 10 KOMIUIEKCY TaKWX CBOMCTB, KaK MPeAeN IPOYHOCTH,
HpeJiel BBIHOCIUBOCTH, H3HOCOCTOHKOCTD, TBEPOCTh, YIIPYTOCTb, BSA3KOCTE, 3¢ deKT mamsatu GpopMsl. B pabore npencrasien
0030p KOHCTPYKLHUH COBPEMEHHBIX MMILUIAHTATOB PAa3IMYHOIO HA3HAUCHUS U METAJUIMYECKUX MATEePUaJIOB, HCIIONB3yEeMBbIX
JUISL UX TIPOM3BOACTBA. AHAIIM3 IUTEPaTypPHBIX HCTOUHUKOB MTOKAa3all, YTO COBPEMEHHBIE UMILIAHTAThl U3 METAJUIMUECKUX Ma-
TEpHAIOB MPECTaBIIOT MINPOKYI0 HOMEHKIATYpy U UMEIOT CyIIECTBEHHbIE OTINIus 1o (opMe U pazmepam. HacTp U3 HUX
XapaKTepH3yeTCs. MaIbIM CEUYSHHUEM U KECTKOCTBIO, IIPH 3TOM 00JaaeT YIpYTHMH CBOWCTBaMH. Jpyrue U3emus SBIIOTCS
HECYIIMMH, B PsJIe CIy4yaeB — MACCHBHBIMM KOHCTPYKUUSMHU. COriaacHO MpeNIoKeHHOH KiacCU(pUKAIMU MO Ha3HAYEeHHIO
METaJUTMIeCKHe NMIUTAHTAThl PA3AeNsioT Ha: 3yOHbIE, YepEHHbIe, YeTIOCTHO-INNIEBBIE, TIO3BOHOYHbIE, TPABMATOIOTHIECKHUE,
CEpACYHO-COCYIUCTBIE U DHAONPOTE3bl CYyCTABOB. BEINOIHEH aHAIU3 NPEUMYILECTB M HEJOCTaTKOB OCHOBHBIX METajUIMde-
CKUX MaTepHUajIOB, UCIIOJIb3yEMBIX IPU IPOU3BOACTBE UMILIAHTATOB (KOPPO3HOHHOCTOMKAS CTajb, TUTAH U TUTAHOBBIE CILIA-
BBI, KOOAIBT-XPOMOBBIE CIUIABBI ¥ HUTHHOJ). YCTAHOBIEHO, YTO BCE MPUMEHSEMBbIE B HACTOSIIEE BpeMsl OHOCOBMECTHMBIE
METaJUTNYECKHEe MaTePUAIbI HE SBIISIOTCS MTOTHOCTHIO HHEPTHBIMH TI0 OTHOIICHHUIO K Opranu3My. Kaskplit MaTepuan B 1000M
Cllydae BBI3BIBAET HEKOTOPYIO PEaKIMIO OKpYyXKarommx TkaHeid. Hambomplryro 6HOCOBMECTUMOCTh M KOPPO3HOHHYIO CTOIi-
KOCTb B OpraHM3Me OOecreunBaeT TeXHHYECKUH THTaH, KOTOPBIH, OJHAKO, 00JIaflaeT HU3KUMH MPOYHOCTHBIMHU XapaKTepH-
CTUKaMHU.
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Metal-Based Implants: Review of Materials and Designs

A. Yu. Korolyovl)
YBelarusian National Technical University (Minsk, Republic of Belarus)

Abstract. The purpose of implants is to replace, restore, maintain or improve the functionality of various tissues and organs of
the human body. Their use in modern medicine has significantly improved treatment methods and increased the quality and
life expectancy of patients. The most preferable from the point of view of the possibility of imparting the required mechanical
properties, the relatively low cost of the material and low production costs are metal implants. Metals and their alloys in
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the production of implants are superior to ceramic and polymer materials in a range of properties such as tensile strength,
endurance limit, wear resistance, hardness, elasticity, viscosity, shape memory effect. The paper provides an overview of the
designs of modern implants for various purposes and the metal materials used for their production. An analysis of literature
sources has shown that modern implants made of metal materials represent a wide range and have significant differences
in shape and size. Some of them are characterized by a small cross-section and rigidity, while possessing elastic properties.
Other products are load-bearing, in some cases massive, structures. According to the proposed classification, according
to their purpose, metal implants are divided into: dental, cranial, maxillofacial, vertebral, traumatological, cardiovascular
and joint endoprostheses. An analysis of the advantages and disadvantages of the main metal materials used in the production
of implants (corrosion-resistant steel, titanium and titanium alloys, cobalt-chromium alloys and nitinol) has been performed.
It has been established that all currently used biocompatible metal materials are not completely inert towards the body. Each
material in any case causes some reaction in the surrounding tissues. The greatest biocompatibility and corrosion resistance in
the body is provided by technical titanium, which, however, has low strength characteristics.

Key words: implant, corrosion resistance, biocompatibility, strength, titanium, corrosion-resistant steel, cobalt-chromium
alloy, nitinol
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BBenenue

3a nocneaHue JSCATUIICTUS] MEIUIIMHCKUE UM-
IUIAHTATBl CTadl HEOTHEMJIEMOW YacTBhIO COBpE-
MCHHON MeTUITMHBL. VX Ha3HAUCHHWEM SBIISCTCS
3aMEHa, BOCCTAaHOBJICHHE, MOAJCPKAHUE WIHN
yiayuiieane (pyHKIIMOHATFHOCTH PA3IUYHBIX TKa-
Hell 1 opraHoB yenoBeveckoro tena. [Ipumenenue
COBPEMEHHBIX HMMIUIAHTATOB IO3BOJIMIIO 3HAYH-
TETHHO YJIYUIIUTh CIIOCOOBI JICUCHUS Pa3IMIHBIX
3a00neBaHuil, TIOBBICUTh KAa4e€CTBO W IPOJOIKH-
TEJIBHOCTh JKM3HHU MaIlUECHTOB.

YBenuueHne 9uciia NarueHTOB ¢ XPOHUIECKU-
MU 3a00JICBaHUSIMA W CTapeHHEe HaceJICHUS, KOTO-
phle OTMEYAIOTCS B TOCIEAHUE BpEMs, SIBISIOTCS
MPUYUHAMHA WHTCHCHUBHOTO POCTa IOTPEOHOCTH
B MeIUIIMHCKUX uMILTanTaTax [1]. CoryacHo uccre-
noBanuio [2], B 2020 r. cmpoc Ha MEIUIUH-
CKHE MMIUTAHTATHl B MHpPE OICHHBAJICS B 0OBEME
87,6 mupn pon. CHIA, a coriacHo MpOrHo3am,
B nepuonx ¢ 2021 mo 2028 r. cpemHerojoBoi
TeMIl pocta coctaBut 7,8 % [3]. Kpome cTapenuns
HaCelleHUs] M BIMSHUSA XPOHHYECKUX 3aboleBa-
HUM, JIPYyTMMHU NPUYUHAMU POCTa PHIHKA SIBIIS-
IOTCS HOBBIE Pa3pabOTKH B 00JIACTH MaTepHAIOB
U TOKPBITUH [UIS TIPOU3BOJCTBA HMMILIAHTATOB,
CO37IaHUE HOBBIX U COBEPIICHCTBOBAHUE CYIIE-
CTBYIOITUX KOHCTPYKIIMA WMIUIAHTATOB, a TakK¥Ke
TEHJICHIIUS K YBEIMUYEHHIO PAcXOJIOB Ha 3]IpaBO-
oxpaHeHue [4].

B xagecTBe MarepHalioB ISl W3TOTOBJICHHUS
COBPEMEHHBIX MEIUIWHCKUX HWMILIAHTaTOB WC-
MOJIB3YIOTCSI META/UTBI M WX CIUIABBI, KepaMuKa,
MOJIUMEPHI B KOMIIO3HUTH [5]. [IpenmodrurensHbl-
MU, C TOYKH 3PEHHUS BO3MOXHOCTH TIPUIAHHS Tpe-
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OyeMBIX MEXaHHYECKHUX CBOUCTB, OTHOCHUTEIHHO
HEOOJIBIION CTOMMOCTH MaTepuana U HHU3KUX 3a-
TpaT Ha MPOU3BOJICTBO, SIBJISIFOTCSI METAJUTHYECKUE
AMITIAHTATHI [6]. MeTaTel ¥ UX CIUIaBBI MIPEBOC-
XOJSIT KepaMUYeCKHe U TOJIMMEPHBIE MaTepUaIbl
0 KOMIUJIEKCY TaKUX CBOMCTB, Kak Mpeen Mpod-
HOCTH, TIPeJIe] BRIHOCIMBOCTH, H3HOCOCTOMKOCTD,
TBEPIIOCTh, YIPYTOCTh, BA3KOCTh, 3PPEKT maMsaTu
(dopMbl. BBIOOp TOIXOASIETO METALTHYECKOTO
MaTepHaia ¢ y4eTOM Ha3HAUYCHUS W3JICTHUS TO3BO-
JSeT JOCTUTHYTh KaK BBICOKHMX MEXaHUYECKHX
XapaKkTepUCTUK, Tak M OuocoBMmectumoctu. Ilo-
3TOMY B Hacrostiee okoino 60 % Bcex MMITIaHTa-
TOB BO BCEM MUPE H3TOTABIIMBAIOT U3 METalTN4e-
CKHX MaTepuaios [7].

Bribop wmarepmana mis WMIDIaHTaTa 00y-
CJIOBIIMBAETCS OCOOCHHOCTSIMU €ro (pyHKIMOHU-
pOBaHUs, KOTOpPHIE, B CBOIO OU€pEellb, OMpPEaAcIs-
10T TpeOOBaHMS K MEXaHMYECKUM XapaKTepUCTH-
KaM M CBOMCTBaM MOBEPXHOCTH. B 3aBUCHMOCTH
OT Ha3HAYCHUS HMMILUIAHTATA MPUMCHSCMbBIN IS
ero MpOW3BOJCTBA MaTepHal JOJDKEH UMETh BHI-
COKHE TMpeJeNnbl MPOYHOCTH U BBIHOCIHBOCTH,
TBEpPJOCTb, U3HOCOCTOMKOCTb, HHU3KHWA MOJIYJIb
ynpyroctu. [Ipu 3ToOM OCHOBHBIMHU KPUTEPHUSIMHU
BBIOOpa MaTepuana sl IPOU3BOJCTBA BCEX M-
IJIAHTATOB SBJISIIOTCS €r0 OUOJIOTHYeCKasi COBME-
CTUMOCTh W KOPPO3MOHHAS CTOMKOCTH Ha IPOTH-
JKEHHH BCETO TepHuoja J3KCIUTyaTallud B Opra-
HHU3ME YEJIOBEKa.

bronornyeckas COBMECTUMOCTH TOJpa3yMe-
BaeT OTCYTCTBHE TOKCHYECKOTO, HIMMYHOT'€HHOTO
JCHCTBHS, KaHIEPOTeHHOro 3(¢eKTa U TEeHHBIX
myTaruii. Kpome TOoro, OMOCOBMECTUMBIC MaTe-
pHalbl HE JOJDKHBI BBI3BIBATH Pa3BUTHE MH(EKIIH-
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OHHBIX 3a00JIEBaHHI, MECTHOM BOCHAJIUTEILHOM
peaxuy, HapymaTh (GyHKIUIO TKaHeHd, obecredn-
Basi IPU 3TOM COXPaHHOCTh PabOTOCMOCOOHOCTH
umIianraTa. Takum o6pa3oM K OMOCOBMECTHMBIM
OTHOCSTCSI MaTepHaibl, KOTOPbIE MOTYT 0€301acHO
B3aUMOJICHCTBOBATh C OMOJIOTUYECKUMH CHCTEMa-
MU OpTaHH3Ma YeJOBEeKa, HE BBI3bIBAsI MOOOYHBIX
peakuuii [8].

KoHcTpyknuu coBpeMeHHbIX HMIIJIAHTATOB
W3 METAJJIMYECKUX MaTePUAJIOB

Knaccugukanus OCHOBHBIX MEIMIIMHCKUX
UMIUTAHTAaTOB M3 METANIMYECKUX MaTepHualioB
C yKa3zaHueM o0acTell uX UCIOJIb30BaHUS B Opra-
HU3ME YeJIOBEKa MpeJCcTaBIeHa Ha puc. 1.

Yepennple 3yOHbIe

YemoCTHO-THICBEL

TMo3roHOUHBIE

Tpaemaro-
JIOFHYECKHEe

T)H[l,ﬂl 1pOTE3hIZ
CYCTaBOB

Puc. 1. Knaccudukanus METAIUTMIECKUX UMILIAHTATOB

Fig. 1. Classification of metal implants

CorracHo KiaccH(pUKAUW, TIO0 Ha3HAYCHHUIO
METANIMYECKAE WMIUIAHTATHI PAa3JIeIsIIOTCS  Ha!
3yOHBIE, YepenHble (KPaHWOIUTACTHHBI), YENIOCT-
HO-TIMIIEBBIE, ITO3BOHOYHBIE, TpPaBMAaTOJIOTHYE-
CKHE, CEpIEYHO-COCYAUCTbIE M 3HIONPOTE3BI Cy-
ctaBoB. [lo nanubpIM [4], HA MUPOBOM pPBIHKE Me-
TAJUTHIECKUX MEIUIINHCKUX H3IETIHA TOMHHAPYET
KaTeropHsl SHAONPOTE30B CYCTaBOB, BTOPOE U Tpe-
Th€ MeCTa 3aHUMAIOT CEepAEYHO-COCYAWCTBIE U
3yOHbBIE NMITJIAHTATHI.

3yOHble HMMIUIAHTATHl SIBIAIOTCS. COCTABHOM
YacThI0 COBPEMEHHBIX 3yOHBIX MpOTe30B. VX mpu-
MEHEeHHe O0OecleynBaeT KaK BOCCTaHOBIICHUE
(hyHKIUI ecTecTBEHHOTro 3y0a, Tak U €ro BHEIl-
HIOIO UMHTAIMo0. 3yOHOHW IMPOTE3 MpEeNCTaBIseT
co00# COCTaBHYIO KOHCTPYKIIHIO, KPOME CaMoOro
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HUMIUIaHTaTa BKJIIOYAIOINYI0 TaKXKe a6aTMeHT u
KOPOHKY (puc. 2). IMIUTaHTaT MOJHOCTBIO MOTPY-
JKaeTCsS B KOCTh, KOPOHKA PACIIONIaraeTcsl Hajl Jec-
HOM, a a0ATMEHT COCIUHSICT X MEX 1y co0oi [9].

Koponka

\ ;’-' AGaTMeHT
| +Jlecna
x| g
|

KocrHas Tkanp

WmnnanTat

Puc. 2. KoncTpyKiust 3yOHOT0 UMILTaHTaTa

Fig. 2. Dental implant design

CoBpeMeHHbIC 3yOHBIE MMILIAH-
TaThl, HpeﬂCTaBHeHHbIe Ha pI)IHKe,
M3TOTABIIMBAIOTCS M3 MeETaJLIAde-
CKHX MaTEepHaiOB C MOCICAYIONIMM
HaHEeCEHHEM OMOCOBMECTHUMBIX IIO-
2 Cepreuno-  KPBITHH JJIS1 YJIYUIIEHHS IIpoliecca
COVMITIEE T saskMBIIEHMS M OCTEOMHTETPALMH.

Hanexnas mexanuueckass U OuoJo-
rudeckas (GpuKcamms J0CTUraeTCs 3a
CYeT KOHCTPYKTHBHBIX OCOOCHHO-
CTeH MMILIAHTATOB, a TAKXKE OCTEO-
HHTErpalnyd KOCTHOH TKaHH B OHO-
coBMecTuMoe nokpsitue. [1lo popme
HCITIOJIHCHU S SY6HI)IC HUMILIIAHTAThI
pa3aeiAOTCsA Ha BUHTOBBIC, IIHIIMH-
JPUYCCKUE U KOHUYECKUE C TOPHCTOH TMOBEPXHO-
cThi0, TuactuH4ateie (puc. 3). Haubonpuryio pac-
MIPOCTPAaHEHHOCTh HA CErOJHS MMEIT BHUHTOBBIC
BUbI UMIIJIAHTOB U UMILJIAHTATHI C HOpI/ICTOﬁ I10-
BEPXHOCTBIO, KOTOPBIC OOCCIICUUBAIOT XOPOIIYHO
OCTCOMHTEIPAlldi0 W IIOJHOE BOCCTAHOBIICHHE
¢byHKIMit 3y6a [9].

Puc. 3. Buapl COBpEMEHHBIX 3yOHBIX UMILIAHTATOB:
a — BUHTOBOM; b — C MOPHCTO# MOBEPXHOCTHIO,
C — INTACTHHYATBIA

Fig. 3. Types of modern dental implants: a — screw;
b — with a porous surface, ¢ — lamellar
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UepenHble HWMIUIAHTAThl (KPaHUOILJIACTHUHBI)
NpeAHa3HAuYeHBl IS 3aKpbITHA Ie(EeKTOB uepen-
HOM KOCTH ¥ MO3TOBOM 00O0JIOUKH, KOTOPHIE 00pa-
30BAINCh U3-3a TPaBMbl WIH XHUPYPIUYECKOTO
BMellaTeNbcTBa. B HacTosiee BpeMst B MEAULIMH-
CKOW MpPAaKTUKE IIUPOKO HCIOJIB3YIOTCS MeTal-
JMYECKUE YepellHble MMIUIAHTAThl Pa3IMYHBIX
KOHCTPYKIMW: TIACTUHBI OBICTpOd  (uKca-
LUH, IJIACTUHBI Pe3b00BOI (MKCALMU U WHIWBU-
IyanbHbIe KpaHuoracTuhsl (puc. 4). [lepseie nBa
BUJA IUIACTHMH MPUMEHSIOTCA A (PUKCALUH
KOCTHBIX JIOCKYTOB (Yy4acTKOB ueperna), BeIpe3ae-
MBIX TIPU BBIIIOJHEHUU XUPYPrHUYECKUX BMeE-
maTenscTB Ha Mmo3re (puc. 4a, b). Ilpu de-
pEnHO-MO3TrOBOH  TpaBMe, COIpPOBOXKIArOIIEHCS
MacIITaOHBIM  paspylICHHEM KOCTeH uepena,
HEO0XOJIMMO 3aMECTHUTh MOBPEKJACHHBIN KOCTHBIN
YYacToK Juisi oOecrieueHHss (PU3NUECKOW 3alUThI
Mo3ra. B Takux ciydasx HCIIONB3YIOTCS WHIWBH-
NyalbHbIC YEepeIlHbIe IJIACTUHBI, KOTOPBIE, KpOoMe
TOTO, JONOJHUTEIBHO OOECIIeYHBAIOT 3CTETHYE-
ckyto ¢yHkimio (puc. 4¢) [10].

©
o

l Puc. 4. Buapl MeTasIM4eCKUuX
YEpENHbIX UMILUIAHTaTOB:
a — ITaCTUHBI OBICTPOH
¢ukcanuu BBRAUN;
b — mractTuHEI pe3pO0BOI
¢uxcannu BBRAUN;
C — MHIUBUAYaJbHAs

KpaHHOIlJIaCTUHA

Fig. 4. Types of metal cranial implants:
a— BBRAUN quick fixation plates;
b — BBRAUN threaded fixation plates;
¢ — individual cranial plate

YemtoCTHO-TUIIEBBIE MMILTAHTATHI np€aHasHa-
YCHBI IJIA JICUHCHUA TpaBM KOCTEH YeIIFOCTHO-IHIIC-
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BOI'O CKelieTa, KOPPEKTUPOBKHM BPOXKICHHBIX U
MpHOOpPETeHHBIX  N1e(heKTOB JIMIEBBIX  KOCTEH
n vemrocter (puc. 5). Takne M3AETUsS HCIONIB3Y-
FOTCSI JIJISL COCTUHEHUS M (pUKCAIU ABYX WM 0O-
Jlee OTJIOMKOB KOCTEH M TaKXKe BBIMOJTHEHHS
(dbyHKIMA Kapkaca. OTH HMIUIAHTATHI TPEICTaB-
JSIOT COOOM TMJACTUHBI CIIOXHON KOH(pUTypa-
IIUH, 3aKPEIUIAEMbIC B KOCTHOM TKaHU C ITOMOIIBIO
BUHTOB [11].

Puc. 5. YUentoCcTHO-IUIIEBbIE UMITJIAHTATHI

Fig. 5. Maxillofacial implants

[To3BOHOYHBIE HMMILIAHTATBI  TTPUMEHSIOTCS
MIpH pa3pyUICHUAX AWCKOB IMO3BOHOYHHKA (TPHI-
Ke), CMEIIECHHUAX ITO3BOHKOB, CYXCHHUSIX I03BO-
HOYHOI'O KaHaJla, TpaBMaXx. WmMiuranratel 3TOro
TUTIA CITy’)KaT B KauyecTBE CTa0MIM3aTOpPOB, KOP-
PEKTOPOB HANPABJICHUS U BBICOTHI TO3BOHOYHHUKA,
3aMecTUTeNel OTAETBHBIX AJIIEMEHTOB IO3BOHOY-
HOTO CTOJI0A, HYXIAMIIUXCS B YJAJICHUU H 3a-
MeHe. CoBpeMeHHasi KiacCU(pHKAIUs MO3BOHOY-
HBIX WMIUTAHTATOB BKJIFOYAET pa3jIMyYHbIC BHUIBI U
Moau(UKALKH, TPEACTABIIAIONINE CO00H JKEeCTKUE
(HemoMBWKHEIE) W JAWHAMHYHEIE (TIOJIBHIKHBIC)
KOHCTPYKIIUM B BHJIE IUIACTHH, CKOO, TPYXKHH,
SHJIONPOTE30B JUCKOB W ITO3BOHKOB, KEWJKEH,
UWIMHIPOB, UMILIAHTAIIMOHHBIE CHCTEMBI C BHH-
ToBO# ukcanmeit (puc. 6) [12, 13].

OHJONPOTE3bl  MCIONB3YIOTCA JUIS  3aMEHBI
TPaBMHUPOBAHHBIX WA MATOJOTUYCCKH HU3MCHCH-
HBIX €CTECTBEHHBIX CYCTaBOB C IIEJIbI0 BOCCTAHOB-
JICHUS NOABHUKHOCTH U Ka4€CTBA XU3HU IMMAallKCHTA.
K nHaubonee pacnpocTpaHEHHBIM H3JICIUSIM 3TON
TPYIIBl UMIUIAHTATOB OTHOCSATCS SHAOMPOTE3HI Ta-
300€PEHHOT0 W KOJIEHHOTO CYyCTaBoB (puc. 7).
Takke B MEAUIIMHCKOM MpaKkTUKE LIUPOKO HC-
MOJIB3YIOTCSL  DHIOMPOTE3Bl IUICYEBOTO CYyCTaBa,
TOJIEHOCTOITHOTO CYyCTaBa M DHIONPOTE3Bl CycTa-
BOB TAJIBIEB PYK U HOT.
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Puc. 6. OcHOBHbBIC BB METAJUTMYECKUX TTO3BOHOYHBIX UMILJIAHTATOB: 8 — HMIUTAHTAIIMOHHAS CHCTEMA
¢ BUHTOBOH (ukcanueit DePuy; b — ummianTar ¢ ceTuatoii cTpykrypoit; ¢ — ummuanrtat Coflex;
d — Teno3amemaromuii Teneckonuyeckuit umrutantar OO0 «Meaouorex»;
e — keiipk BBRAUN; f — mactuna meinas

Fig. 6. Main types of metal spinal implants: a — implantation system with screw fixation DePuy;
b — implant with a mesh structure; ¢ — Coflex implant; d — body-replacement telescopic implant
of Medbiotech LLC; e —- BBRAUN cage; f— neck plate

Puc. 7. KOHCTpYKIIMH 3HIONPOTE30B KOJICHHOTO (a)
1 TazobeapenHoro (b) cycraBoB

Fig. 7. Designs of knee (a)
and hip (b) joint endoprostheses

TpaBMaToJOrHYeCKHEe WUMILIAHTATHI MPUMEHS-
FOTCS 11l BOCCTAHOBJICHHUS KOCTEH TOCie Tepesio-
MOB (puc. 8). Takue UMIIIaHTATBI 00ECIICYNBAIOT
(hUKcaIio OTIOMKOB B HEOOXOAMMOM  TIOJIO-
JKEHUH C COXpaHeHHEM (DYHKIMOHAJIBHOCTH BOC-
CTaHABIMBAEMOTO CETMEHTa U CTaOWMIIM3aINIo
30HBI TIEpEIOMa JI0 MOJHOTO CpaIlMBaHUS KOCTH.
OcteocunTe3 paszzensercss Ha HapyXHBIH (dUpec-
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KOCTHBIN), KOTJla XUPYPIrHYECKOe BMEIIATEIbCTBO
B 30HYy II€pejioMa HE OCYILECTBISAETCS, U MOrPyXk-
HOW (BHYTPEHHHMII), OCYLIECTBISIEMBIH C OTKpHI-
TBIM JocTynoM. IIpu HapyXHOM OCTEOCHHTE-
3¢ MPUMEHSIOT amnmaparbl BHELIHEH (HUKcauu,
a B KauecTBe (PMKCATOPOB HCIOJIB3YIOTCS upec-
KOXXHbIE BUHTHI U ciulbl. [Ipu morpy>xHOM ocTeo-
CHHTe3e sl (PUKCAHM WCIIONB3YIOTCS METaJllu-
YECKHUE IUIACTHHBI, KOTOPBIE KpPENSAT K KOCTAM
BUHTaMH [14].
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Puc. 8. IMmnanraTel 1J1s1 TpaBMaTOJIOT MK

Fig. 8. Implants for traumatology
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Haubonee paclnpocTpaHeHHBIMU CEPIACUHO-
COCYAMCTBIMH HMMIIJIAHTaTaMHU SIBIISIOTCS CTEHTEHI,
CTEHT-IrpadThl, ICKyCCTBEHHBIE KJIallaHbl Cepala 1
KapAnoCcTUMYIATOpbl (puc. 9). CTEHTHI HCIOIb-
3YIOTCS JUISI BOCCTAHOBJICHHUSI HOPMAJIBHOTO KpPO-
BOTOKA MPU KPUTHUECKUX MOCTEICTBUAX CY>KEHHS
cocyaa. OHM BBOAATCA B TOPaKEHHBIN COCY]T IO
PEHTT€HOCKOMTMYECKHUM KOHTPOJIEM, YTO JeJaeT
IpoLEeAYpPY JeUeHUs] MUHUMaJIbHO UHBa3UBHOU 10
CPaBHEHUIO C OTKPHITOH Kapauoxupypruei. CTeHT
MIpesICTaBIsgeT cOO0N YIPYTyI0 MOMYI0 LUIMHIPH-
YECKY0 KOHCTPYKIIHIO, COCTOSIIYIO U3 psijia Oanok
U COCIMHUTENBHBIX 3JeMeHTOB. llpuMmenstorcs
CTEHTBI JUIsl BOCCTAHOBJIEHHS KPOBOTOKAa B MOJI-
B3JIOIIHBIX, O€ApPEHHBIX, COHHBIX Opaxuuedaib-
HBIX, KOPOHApHBIX COCYJaxX, COCyAax TI'OJOBHOTO
mo3ra [15].

CreHT-TpadThl UCHONB3YIOTCA AN YKperuie-
HUSL OCcnabJICHHOW COCYIAMCTOH CTEHKH C ILIEJbIO
MIPEIOTBPAIIECHHUS Pa3pbiBa aHEBPU3MBI (pacTsike-
HUs) aopTbl. KOHCTPYKIMS COCTOMT M3 MOJIHMAC-
TEepHOU TPYOKH, apMUPOBAHHOW METaJITUUYECKUM
KapkacoM. MIMIuIaHTauusi CTEHT-rpad)TOB BHINOJI-

HSIETCSL 3HIOBACKYJSPHO. Y CTAHOBJIEHHBIM CTEHT-
rpadT MepeKphIBacT MOJIOCTh AaHEBPU3MBI M IPO-
BOJUT KPOBb 0€3 KOHTAaKTa C PaCIIMPEHHOH II0-
JIOCTBIO aopThl. B pesymprate co BpeMeHEM
apTepust TpPOMOUpPYETCS M YMEHBIIIAeTCsl B pa3Me-
pax [16].

OubTp-noByMIKa A1 TPOMOOB (KaBa-QuibTp) —
MMIUTAHTaT, TpeAHa3HauYeHHBIH i1 TpemaoTBpa-
LIEHNUS Pa3BUTHUSA y TAllUEHTOB C BBICOKUM PHUCKOM
TpoMO03MOoIMK neroyHoil aprepuu. Ilocne um-
IUTAaHTAlUU Yepe3 HEro MPOUCXOIUT (UIIBTPALHS
KpOBH, COOHMpaeMoOil 1O BEHO3HOH cHCTEME OT
HIDKHUX KOHEYHOCTEH 1 opraHoB Taza [17].

HckyccTBeHHbll KilanaH cepAla UMIUIAHTHPY-
eTcsl IPHU MaToNOrHu ecTtecTBeHHoro. KoHcTpyk-
MM HUCKYCCTBEHHBIX KJIAlaHOB cepALa pasielns-
I0TCSl Ha OMOJIOTHUECKHE U MexaHudeckue. brono-

THYECKHH KJamaH cepAla MpeAcTaBisieT coOoi
METaJUIMYECKU KapKac ¢ 3aTBOPOM, H3TOTOBJICH-
HBIM U3 HEXXHBBIX TKaHel kuBoTHOro [18]. B me-
XaHWYECKOM KIIANaHe 3alliparollnuii 3JIEMEHT BBI-
MIOJTHEH B BUJE JIBYX CTBOPOK, 3aKpEIUICHHBIX Ha
METAITIYEeCKOM KapKace.

=

Puc. 9. KOHCTpYKIIUH CEPACYHO-COCY TUCTHIX UMIUIAHTATOB: a — KOPOHAPHBIN CTEHT; b — aOpTaJIbHBII CTEHT-TpadT;
¢ — purpTp-noBymIKa; d — OMONIOrHIECKHUH KIIAallaH CeplIla; € — MeXaHWYeCKHUH KIIaraH cep/a

Fig. 9. Designs of cardiovascular implants: a — coronary stent; b — aortic stent graft;
¢ — filter trap; d — biological heart valve; e — mechanical heart valve
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MeTaainyeckue MaTepuabl,
NpUMeHsieMble IPU NPOU3BOJCTBE
HMILIAHTATOB

B HacTosiiee BpemMsi OCHOBHBIMH MeTaJlIHye-
CKHMH MaTepHallaMH, HCIIOJIb3YEMBbIMUA TIPH IIPO-
M3BOJICTBE HMMIUIAHTATOB, SIBISIOTCS KOPPO3UOH-
HOCTOWMKasi CTallb, THTAH M THTAHOBBIE CIUIABHI,
KOOAJbT-XpOMOBBIE CIUIaBbl M HHKENWJ THTaHa
(auTnHOM). Pexe MCHONB3yIOTCS TaHTal, MarHue-
BBIC CIUIaBBl W APArolleHHBIE METAIIHI (cepedpo,
30J10TO, TUIaTHHA, namnaguii) [19].

Koppo3uonnocmoiikue cmanu. J1jis M3roTos-
JIeHWsT WMIUIAHTATOB, JJIUTEIHHO (DYHKIMOHUPY-
IOIUX B OpraHU3Me, UCHoJb3yercs cTtaib 316L,
oOnanaromast 0Oojee BBICOKOH yCTOHYHBOCTHIO
K TTUTTUHTOBOM U II€JIEBOM KOPPO3HUM IO CpaBHE-
HUI0O C JAPYTMMH ayCTEHUTHBIMH KOPPO3HOHHO-
CTOWKMMH CTaJISIMU 32 CUET JIETUPOBAHHS MOJIHO-
neaoM [20, 21]. TlomoxuTenabHOe AEHCTBHE MO-
mUOJieHa CBS3aHO C TOBBIIICHUEM CTOMKOCTH
MMACCHBHOM IUICHKH K Pa3pyIICHUIO, YBEIHMICHUEM
peTmacCUBaIlMOHHBIX XapaKTEPUCTUK WM CHUXKE-
HHUEM CKOPOCTH aKTHUBHOTO PAaCTBOPEHHUS OTKPHI-
TOTO METaJla BHYTPU NMUTTHHTA, YTO CBSI3BIBAIOT

2—
¢ obpasoBaHueM HOHOB MO , aacopOUpyONIHX-

Csl Ha TIOBEPXHOCTH MeTajla M SBJISIOIIMXCS WH-
ruduropamu kopposun. Cornacuao [20], MonubeH
MO3BOJIIET CMECTHTh MOTEHIHAN MUTTUHT000pa-
30BaHUsl cTajell ayCTEHHTHOTO KJjlacca B TIOJO-
JKUTENPHYI0 O0JIacTh Jaxe IMpU Ooyiee HU3KOM
coJepxaHuu xpoma. Kpome Toro, MonubaeH cro-
COOCTBYET CHW)KCHHWIO YHCIIa MHTTUHIOB. MMIan-
TaThl U3 ctanu 316L ucmonb3yroTcs B TpaBMAaTO-
JOTHH JJsl WMIUIAaHTAlMM C LEeNblo  (UKCAUuu
KOCTHBIX OTJIOMKOB, B CTOMATOJIOTHUH, OPTaIbMO-
JIOTHH, a TakXe MPU H3TOTOBIECHUHM CTEHTOB Kak
C TOKPBITUSIMH, TaK U 0€3 MOKPBITHIA [22].
AyCTeHUTHBIE KOPPO3UOHHOCTOMKHE CTaau
JIOCTATOYHO XOPOIIO TMOAJAIOTCS 00paboTKe /aB-
nenueMm. Cogepkalmiuiics B HUX HUKelnb obec-
MEYMBAET BBICOKYIO IUIACTHYHOCTH W BS3KOCTb.
B mpormecce xonoaHOW mimactuyeckoi aedopma-
UM TPOUCXOAUT YIPOUYHEHHUE, YTO BBI3BIBAET d(-
ekt Hakiena. B medopMHpOBaHHOM COCTOSHUU
ayCTEHUTHBIE KOPPO3MOHHOCTOHKHE CTAal UMEIOT
BBICOKHUH Tpezen mpounoctd (1o 1400—1700 MITa).
[ToBBILIEHNS ITACTUYHOCTH, CHIDKEHUS TBEPIOCTH
W TIpefeNia MPOYHOCTH JTHUX CTaled JOOMBAaroTCs
3aKaiKoil B Boje mpu temmeparype 1050-1100 °C
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0e3 nmanpHeimero ormycka. [Ipu Harpese mpowc-
XOAMUT PacTBOPEHHE KapOUZOB XpoMa B ayCTEHH-
te. [lpu sToM obOecneuuBaeTcsi mpenes MPOYHO-
ctu 540-580 Mlla, npenen Tekyuectu 190-196 Mlla
u oTHOcuTenbHOe yanuHeHne 38—50 %. B takom
COCTOSIHMM ayCTEHUTHBIE CTAIN MMEIOT TaKXe I0-
BBIIIEHHYO KOPPO3UOHHYIO CTOMKOCTD [23].

OcHOBHOI1 TpoONeMOil NpH HCIIOIB30BaHUHU
KOPPO3MOHHOCTOWKUX CTajed Ui MPOU3BOJACTBA
WUMILUIAaHTATOB SBJSIETCS MX BO3MOXHOE alIepri-
yeckoe JeiictBue Ha TkaHH. Kpome aepruue-
CKOHM peaklUuy TOKCMYHOE U KaHLIEPOTCHHOE BIIUS-
HUE Ha OPraHu3M OKa3bIBAaeT dMHCCHUS HUKeTs [8].
Jnst ycTpaHeHHs 3TOTO HEJOCTaTKa pa3padoTaHbI
Oe3HUKENEBbIE ayCTCHUTHBIE KOPPO3MOHHOCTOM-
KHE CTaJld, JIETHPOBAaHHBIC MapraHleM U a30TOM.
Takue cTanu UMEIT CIEeAYIOIIMA CoCTaB: yriie-
poa — 0,08 %, azoT — 0,9 %, mapranen — 21-24 %,
xpom — 19-23 9%, moimbnen — 0,15-1,5 %.
ITo cpaBHenmio co craiapio 316L Oe3HHKEICBBIC
CTaJM OTJIMYAIOTCS TakKe 0oJiee BBICOKHM COZIEp-
JKaHMeM Xpoma U yriepoja. OHH UMEIOT YCTOH-
YHUBYIO ayCTEHUTHYIO CTPYKTYpPY M BBICOKYIO KOp-
po3uoHHyI0 cToiiKkoCcTh [24]. Ilpu sTOM aHamu3
JUTEepaTyphl TOKAa3bIBA€T, YTO JIO HACTOSILIEro
BpeMeHH O€3HHUKEJIeBbIE ayCTCHHUTHBIE CTaJId HE
MOJYYHMIIM LIIUPOKOTO PacIpOCTPaHEHUs MPH MPo-
W3BOJICTBE UMILIAHTATOB.

Tuman u mumanoewie cnaasvt (Ti—6A1 -4V,
Ti— 6Al—7Nb, Ti— 5A1—6Nb, Ti— 15Mo — 5Zr —3Al,
Ti — 13Nb — 13Zr) WHUPOKO HCTONB3YIOTCS MPH
W3TOTOBJIGHUM UMIUIAHTaTOB Onarojgaps cBoei
BBICOKOH YCTOWYMBOCTH K KOPPO3UHU, OTCYTCTBHIO
W3BECTHBIX KAaHLEPOTCHHBIX PHCKOB M BBICOKOM
CTENeHH OMOCOBMECTUMOCTH. J[OCTOBEpHBIX NaH-
HBIX, MOATBEPKIAIOIINX BBIPAKCHHYIO PEaKTHB-
HOCTh TKaHEH 4YeJOBEKa Ha TUTAaH, B HACTOsLIEe
BpeMs HeT. TUTaH MHEPTEH K OKPY)KaIOIIUM TKa-
HSIM, IPOIYKThI €r0 KOPPO3UU HE TOKCUUHBI, KPO-
M€ TOTO, OHH HE PacCIpOCTPAHSIOTCS MO BCEMY
OpraHu3My, KOHIIGHTPUPYSICh BOJIW3WM HMMIUIAH-
tara [8].

TutaH W TUTAaHOBBIE CIUIABBI MMEIOT Ooee
HM3KU Momynb ympyroctu (105-110 I'Tla) mo
CPAaBHEHHIO C KOPPO3MOHHOCTOWKOM CTajbi0 U
CIJIaBaM{ Ha OCHOBE K0OallbTa, YTO 0OecreunBacT
JMYYIIYyI0 MEXaHHYECKYI0 COBMECTUMOCTb HM-
IUTAaHTAaTOB C KOCTBIO, MOZYJIb YIIPYTOCTH KOTOPOii
coctasnsier MmeHee 30 ['Tla. Ynpyrue nedopmarmn
CHCTEMBl KOCTb — MMIUIAHTAT HPUBOISAT K MEHb-
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MM Harpys3kaMm Ha TKaHb B JIBa pa3a H, ClieZloBa-
TENBHO, PE3KO YMEHBIIIAIOT BEPOSITHOCTh HEKPO3a
U pa3pyueHus KoctH [25].

TexHuuecKuil TUTaH pa3fesseTcs Ha YEThIpe Oc-
HoBHBIe rpymmbl: Grade 1 (amamor mapku BT1-00
no I'OCT), Grade 2 (amanmor mapku BT1-0
mo I'OCT), Grade 3, Grade 4, koTOpbIe KiIaccu-
(GUIMPYIOTCST IO KOPPO3HOHHOM CTOMKOCTH, Iia-
CTUYHOCTU W TPOYHOCTH. Pa3HOBUIHOCTBIO THTa-
Ha Grade 1 sBisercs turan Grade 1 ELI, koTopbiii
XapaKTepU3yeTcsl MEHBIIUM KOJHYECTBOM IIPH-
Meceit. Turan Grade 1 ELI nmeeT MakcHMalbHYIO
KOPPO3HOHHYIO CTOMKOCTh, MaKCHMaJbHYIO IIa-
CTUYHOCTh M CaMblil HU3KHMH INpezesl MPOYHOCTH,
B To Bpems kak tutaH Grade 4 obnamaer Makcu-
MaJbHOW NMPOYHOCTBIO IIPU YMEPEHHOU ILIACTUY-
HOCTH. TeXHUUECKHU TUTaH OTHOCUTCSA K CILIaBaM
HOPMAaJIbHOM MPOYHOCTU C O-CTpYKTypoil. Ilpenen
MIPOYHOCTHU cocTaBisieT G, = 200-550 Mlla, npenen
TeKyudectu Gp, = 170-483 Mlla, otHocuTensHOE
ymHenue O = 15-24 % [26]. TexHu4eckuii TUTaH
HE YIPOYHSIETCS TEPMUYECKOH 00pabOTKOM, XOpOIIO
00pabaThIBaeTCs AaBICHUEM B XOJIOIHOM H TOPSIEM
COCTOSIHUSIX, TUIOXO 00palaThIBaeTcsi pe3aHueM —
HAJINMAeT Ha WHCTPYMEHT, YTO TPUBOAUT K €ro
opIcTpoMy m3HOCY [27]. IlonupoBaHme MOBEPXHOCTH
W3ACMANA W3 TEXHWYECKOTO THUTaHAa W THUTAHOBBIX
CIUIABOB BBITIONHSIOT C MPUMEHCHUEM MeXaHWue-
CKUX U JIEKTPOXUMHUIECKUX METOIOB [28].

TexHuyecKuil TUTaH TPUMEHSETCS NMPU HU3ro-
TOBJICHUH D3JIEKTPOJIOB KapAHOCTHUMYJISITOPOB, KOp-
MyCOB MCKYCCTBEHHBIX KJIAIIAHOB CEPJIIla, 3yOHBIX,
YEIFOCTHO-JIMIIEBBIX M YEPEIHbIX MMIUIAHTOB, BUH-
TOB I OcTeocuHTe3a [18].

HaubGonee yacto mpuMeHSEMBIM TpPU MPOU3-
BOJCTBE HMILIAHTATOB MAaTE€pUajoM Ha OCHOBE
TUTaHa sBisercs ciaB Ti — 6A1 — 4V (anamor
crutaa BT6 cormacHo knmaccudukamuu ['OCT).
Ha wero mpuxomutcst okono 50 % oOrmiero o0obe-
Ma mpomusBojcTBa [29]. CmumaB Ti — 6Al — 4V ot-
HOCHUTCS K TpPYyIIE BBICOKOTNPOYHBIX M SBISET-
Ci CaMbIM PpacIpOCTPAaHEHHBIM YIIPOUHIEMBIM
TUTAaHOBBIM cIutaBoM (o + [)-kmacca. Cras
YIPOYHSETCS ¢ TIOMOINBI0 TEPMUYECKOH 00paboT-
KM — 3aKajJKu U crapeHus. [lpu atom nocruraercs
npenen mpounoct o 1080 MIla [30]. Cmnas
MPUMEHSAETCS B KOHCTPYKIMSX HWMILIAHTATOB,
TpeOyIOMMX BBICOKMX MPOYHOCTHBIX XapaKTepHh-
CTHK TP MajoM Bece (BBICOKas ylenbHas Mpody-
HOCTB), JOCTAaTOYHON KOPPO3HOHHON CTOMKOCTH

Hayka
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u 6uocoBmecTuMocTu [29]. ATIOMUHUN B COCTaBe
CIUIaBa 3HAYHTENHHO YIPOUYHSET o-(asy, a BaHa-
IIUii, BRICTYTIAIONINH B KauecTBe [-cTabnim3aTopa,
obOecnieunBaeT YIMpOYHEHHWE B MEHBIIEW CTEIeHU
[0 CPaBHEHUIO C JPYTHMH BO3MOKHBIMH JIETHPY-
IONUMH DJIEMEHTaMH, HO TP 3TOM WM MEHbIIe
cHIkaeT wiactuaHocTh. CruaB Ti — 6Al — 4V 00-
JIaJaeT BBICOKOH CTOHKOCTBIO K KOPPO3HH H XO-
poleii TEXHOJIOTHYHOCTHIO — TIOJIBEPTacTCs KOBKE
u TepMooOpaboTKe, 00pabaThIBaeTCA pe3aHUEM
Jydiie TeXHu4eckoro tutana [31].

N3 crmaBa Ti — 6Al — 4V wu3roTtaBiauBaroTCs
Takhe WMIUIAHTAThl, KaK DHJOMPOTE3bl Ta300e/-
PEHHOTO CyCTaBa, JHAONPOTE3BI KOJEHHOTO Cy-
CTaBa, TUTACTUHBI ¥ BUHTHI JUII OCTEOCHHTE3a, T10-
3BOHOYHBIC UMITIAHTATHI [29].

OCHOBHBIM HEIOCTATKOM cIuiaBa Ti — 6Al — 4V
SIBJIIETCS. BO3MOYKHOE HETaTHBHOE BIIMSHUE MUK-
porpuUMeceii 1 JIETUPYIONINX JIEMEHTOB Ha TKaHU
opranu3ma. Hanpumep, xene3o U XJop, JETUpy-
IOI[UE KOMITOHCHTHI THUTAHOBBIX CIUIABOB, TaKUE
KaK BaHAJWi U aJIOMUHHIA, HE TOJIBKO HE CIOC00-
CTBYIOT OMOCOBMECTUMOCTH, HO W, HAKAILTUBASICh
B TKaHSX, MOTYT OKa3bIBaTh TOKCHYECKOE BO3ZCH-
CTBHE Ha OpraHu3M OOJBHOTO W BBHI3BaTh HECTa-
OMIFHOCTh KOMIIOHEHTOB HWMIUTaHTaTa. OTHens-
HbIC COCJAMHCHUS AJIOMUHHS, XOTS U MaJIOTOK-
CUYHBI, HO MOTYT MpPHUBECTU K (HUOpPO3y, aHEMUH,
MECTHO-Pa3JIpaKaIoNIei peakiuu ¥ HapyIICHUIO
HepBHOW (yHKIMH. BaHajuii OTHOCHTCS K TOKCH-
YECKUM DJIEMEHTaM C Pa3HOOOpa3HBIM TATOJIOTH-
YECKUM BO3/IeWiCTBMEM Ha opraHusM. llpu moma-
JAaHWH B OPTaHW3M BaHAJWI HAKAIUTMBAETCS B IIe-
YeHH, MOYKax M KOocTsX [32].

C mempr0 CHIKEGHHS HETaTHBHOTO 3(dek-
Ta TP JIUTETBHOW OJKCIUTyaTalldd MMILIAHTa-
ToB u3 ciiaBa Ti — 6Al — 4V Obu1 pa3paboran
ciaB Ti — 6Al — 7Nb, He ycTymnarommii o (pU3HuKo-
MexaHndeckuM cBoiictBaMm Ti — 6Al — 4V. ['nas-
HBbIM OTJINYMEM MEXK]Ly 3TUMH JIBYMS MaJIOJIETHPO-
BaHHBIMH THTAHOBBIMH CIIJIAaBaMH SIBISAETCS TO,
yro Ti — 6Al — 7Nb B 1OJHOI Mepe COOTBETCTBYET
BCEM IPHHIIMIIAM 0€30MaCHBIX MATCPHANIOB, ITPUME-
HseMbIX B MequnuHe. CrtaB mMeeT 6oliee BEICOKYIO
KOPPO3HOHHYI) CTOHKOCTh U OHMOTOJIGPAHTHOCTH TIO
cpaBHeHHIO co crutaBamu Ti— 6Al —4V [33].

OO0muM HEJOCTaTKOM MAaTePHalOB Ha OCHOBE
TUTaHA SIBJISIFOTCS HU3KUE TPUOOTEXHUYECCKUE
XapaKTePUCTUKU. THUTAaH M THUTAHOBBIC CILIABBI
00J1aTafoT BBICOKMM KO3 (HUIIMEHTOM TPEHUS,
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WX W3HAIIMBaHHE HMMEET a0pa3uBHBIN Xapak-
tep [34, 35].

Kobanvem-xpomogule cniagwt MIPOKO UCIOIb-
3yIOTCS B HACTOSIIIEE BPEMS B KaueCTBE MaTepuiia
JUTSE W3TOTOBJICHUST KOMIIOHEHTOB DJHJIONPOTE30B
CyCTaBOB, CEPACYHO-COCYAUCTHIX U CTOMATOJIOTH-
gecKnxX UMIDIaHTaroB. OHU 00Jaar0T BBICOKHMM
MPOYHOCTHBIMHU XapaKTEPUCTUKAMH, BBICOKOH H3-
HOCOCTOUWKOCTBIO M YCTOHYMBOCTBIO B KOPPO3H-
OHHBIX cpemax. VX W3HOCOCTOMKOCTH OCOOCHHO
BBICOKa IT0 CPAaBHEHUIO C JAPYTUMH OMOCOBMECTH-
MBIMH METAJUIMYECKUMU Marepuanamu. Kpome
TOTO, KOOAIBT-XPOMOBBIC CIIABHI OOJIAAIOT YIIO-
BJICTBOPUTEIBHON OHMOCOBMECTHMOCTBIO U OOBIU-
HO HE BBI3BIBAIOT AJUIEPTMUECKUX PEaKIUi B Op-
raausme [36].

CommacHo crangapram ISO, cymecTByroT 4e-
ThIpE THUIA KOOAIBT-XPOMOBBIX CILIABOB, KOTO-
pBIe PEKOMEHAYIOTCS ISl TIPUMEHEHHS TIPH IPO-
m3BozactBe mmimantatoB (CoCrMo, CoCrWNi,
CoNiCrMo, CoNiCrMoFe). x ocHOBY cocTaBisi-
eT KoOaJbT, a TaKkKe XPOM, BBOAUMBIN IS TIpHIa-
HUS CIUIaBY TBEPAOCTH W TIOBBHIIIEHUS KOPPO3HIA-
HOH croiikoctu. Ilpu conmepkaHuM XpoMa CBBI-
me 30 % B cruiaBe oOpasyeTcst Xpynkas ¢asza, 4To
yXyAlIaeT MEXaHWYeCKHe CBOMCTBa W JIUTCHHBIE
KayecTBa CIIaBa. HWKenh MOBBIMIACT IUIACTHY-
HOCTb, BSI3KOCTh, KOBKOCTP CILIaBa, YJIy4Ilas TEM
CaMBIM €r0 TEXHOJOTMYEeCKHEe CBOWCTBa. Momub-
JIeH MMeeT OOJNBIoe 3HAYCHWE IS TTOBBIIMICHUS
MIPOYHOCTH CIUIaBa 3a CUET MPHUAAHUS €My MEIKO-
3epHUCTOCTH. MapraHel] yBeTH4HnBaeT MPOYHOCTD,
Ka4eCTBO JIUThS, MMOHIKAECT TEMIIEpaTypy ILIaBiIc-
HUSI, CIIOCOOCTBYET yIaJeHHIO TOKCHYHBIX CEPHHU-
CTBIX COE€IMHEHUH U3 cruiara [37].

Nznenms n3 k00aIbT-XpOMOBBIX CIIABOB HU3TO-
TaBIIUBAIOTCS METOAOM JIUThS (JINTCHHBIA CIUIaB
CoCrMo comracuo SO 5832-4), KOBKH U IITAMITOB-
ku (crmaBel CoCrWNi, CoNiCrMo, CoNiCrMoFe
u gedopmupyembrii cruraB  CoCrMo  cormac-
HO ISO 5832-12), a Takke METOIOM MOPOIIKOBOM
Meramryprun. W3menus, moiydaeMble METOAOM
JUTHSI, XapaKTEPH3YIOTCS MAaJOH TMOJI3YyYECTHIO
U BBICOKOU MPOYHOCTHIO, B TO BPEMsI KaK U3/,
MojlydyaeMble KOBKOW, HMEIOT BBICOKMH TIpenesn
MPOYHOCTH, BBICOKYIO YCTAJIOCTHYIO IPOYHOCTH
1 BSI3KOCTH [38].

Jlutoit m nedopmupyemsrii cmaBer CoCrMo
(ISO 5832-4 u ISO 5832-12) ucnons3yroTcs mpu
W3rOTOBJICHUH KOMIIOHCHTOB Ta300€/[PEHHBIX, KO-
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JICHHBIX U TUIEYEBBIX CYyCTaBOB, JUIA W3TOTOBJICHUS
METAJUTMYECKUX KAPKACOB ChEMHBIX 3yOHBIX MpOTE-
30B. CrutaBel CoCrWNi (ISO 5832-5), CoNiCrMo
(ISO 5832-5) u CoCrFeNiMo (ISO 5832-5) npu-
MEHSIOTCS NIl W3IENHUN, TONyYaeMbIX KOBKOW,
MIPU U3TOTOBJICHUH KOTOPHIX TpeOyroTcs OomblIue
nedopmammu. U3 crutaBa CoCrWNi m3roTaBimBa-
0T (QUKCHPYIOIIYIO MPOBOJIOKY, CTEHTHI, KapKachl
kinananoB cepjna. Cruiae CoNiCrMo ucnonib3y-
0T Ui HapaBISIOIINAX TPOBOJHUKOB, TPYXKHH,
30H/IOB, KareTepoB, KOPOHAPHBIX CTEHTOB. CIiaB
CoCrFeNiMo mnpumeHsieTcs Tpu TPOU3BOJCTBE
XUPYPrUYECKAX 3a)KMMOB, TIPYKWH, OajutoHOpac-
IIUPSEMBIX CTCHTOB, CAMOPACHIUPSIONIUXCS CTCH-
ToB [39].

Ko6ansT-XxpoMOBBIE CITIaBHI IJIOXO MOIIAI0TCS
00paboTKe pe3aHueM U3-32 COUYETAaHHS BBICOKOM
MIPOYHOCTH, BA3KOCTH, M3HOCOCTOMKOCTH M ILIO-
xoit TermonpoogHoctu [40]. TlommpoBanue To-
BEPXHOCTH HM3/IETHI U3 KOOAIBT-XpPOMOBBIX CILIA-
BOB oOecrieyrBaeTcsi abpa3sUBHON MeXaHHYECKOH
00paboTKOW, aJMa3HBIM BBITJIAXKUBAHUEM WA
ANEKTPOXUMHUYECKOH 00paboTkoi [41, 42].

BrIcokas KOppO3HOHHAsI CTOMKOCTH KOOAJIbT-
XPOMOBBIX CIUIABOB OOYCIIOBJIIEHA OOJBIIHM CO-
JIep>KaHUEM XpOoMa, HUKEISl U MOJIHUOJIeHA. DTH KOM-
MIOHEHTHI CIUIaBa IMOBBIIIAIOT MMACCHUBAIIMIO, CTOW-
KOCTh K MUTTUHTOBOM WM ILENEBOM KOPPO3UHU B
xJopujcoaepxkamieir cpene. ToHKHME OKCHIHBIE
TUIEHKH, 00pa3yromuecs Ha MOBEPXHOCTH CIIaBOB
CUCTEMBI KOOAJIBT — XPOM, MPEAOTBPAIIAfOT MEXK-
KPUCTATUTHYIO KOPPO3UIO U TPHUBOMAAT K TIOBBI-
IeHUI0 OMocoBMecTUMOCTH [43].

OCHOBHBIM HEIOCTAaTKOM CIUIABOB CHCTEMBI
KOOaJIBT — XPOM SIBISIETCSI UCTIOIB30BAHUE IS JIe-
THPOBAHHUA METAIJIOB, KOTOPHIE MOTYT OKa3bIBaTh
aIIepPTUIecKoe, TOKCHYECKOE W KaHIIEPOTeHHOE
Bo37iclicTBUE Ha opranm3M [44]. BeicBoOoxneHue
MOHOB OIACHBIX METAJUIOB NPUBOJUT K TIOBpE-
KJICHUI0 TaKWX OPTaHOB, KaK II€YeHb, ITOYKH,
KJIETKH KpOBH U Jierkue. Kpome Toro, u3 Bcex Me-
TAJUINYECKUX MaTepUANIOB, TPUMEHSIEMBIX IPH
MIPOM3BOJICTBE HMMILUIAHTATOB, KOOAJIBT-XPOMOBBIE
CIUIaBbl MMEIOT MAKCHMAJIbHOE 3HAYCHHUE MOIYJIS
ynpyroctu (230 I'Tla [4]), yTO orpaHHYMBaeT HX
MEXaHHYECKYI0 COBMECTUMOCTb C KOCTHOW TKa-
HbI0. B 3TOl CBs3M B HacTOsIIee BpeMsl KoOaJbT-
XpOMOBBIE CIUIaBbl TPAKTUYECKH HE HCHOIb3Y-
IOTCSl TIPH TIPOU3BONCTBE W3IENWN ISl TpaBMa-
TOJIOTHH.
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Hukenuo mumana (numunon). brnaronaps
BBICOKHM TIPOYHOCTHBIM XapaKTePUCTHKAM, KOp-
PO3HOHHOM CTOHKOCTH M OHMOCOBMECTHMOCTH
CIUTaBBI HA OCHOBE HHKENHJA TUTaHA (HUTHHOJ)
MONMYYWIIA ITUPOKOE PaACIpPOCTPaHEHHE MPHU IPO-
M3BOJICTBE MMILIaHTaToB. CBepXyHpyroctb u 3¢-
(exT maMsTi GopMbl (CrTOCOOHOCTh BOCCTaHABIIH-
BaTh CBOIO (hOpMy TOCJe TUIaCTHIECKOoi nedopma-
I[UU) SBIISIOTCS €TI0 BAKHBIM ITPEHMYIICCTBOM IPU
MIPOU3BOJICTBE MEAUIIMHCKUX u3nenuit. biaronaps
3¢ deKTy CBEpXyNpPYroCTH BEIMYHMHA OTHOCHUTEIb-
HOTO V/UIMHEHWsI HUTHHOJA B OOJIACTH YIIPYroit
nedopmarmu gocturaeT 8 %, 9To B pa3sl OOIbIIIE,
yeM Tpu JedopMalfH IPYTHX METATHIEeCKIX
Matepuainos [45].

HutnaON npuMeHsieTcst Ipu U3TOTOBIICHUH U3-
NN U1 TPaBMATOJIOTHH W OPTOICAHH, Cep-
JEYHO-COCYOUCTOH  XUPYpPIHH, CTOMATOJIOTHH,
YeIOCTHO-JINIIEBON XUPYpPruH, O(TaIbMOIOTHH.
Hanpumep, B cepme4HO-COCYIUCTONW XHPYPTUH
UCTIONIB3YIOTCSl CaMOPACIIMPSIIONINECS CTEHTHl U3
HUTHHOJIA, ICKYCCTBEHHBIE KJIAllaHBI CEpIIa, OK-
KITIOZIEephl, KaBa-(OWIBTPHI, cTeHTTpadThl [46, 47].
B TpaBMaronoruu m OpTONEAMH TPUMEHSIOT TIO-
3BOHOYHBIE WMIUIAHTATHl, CKOOBI IJsl (hUKCaruu
OTJIOMKOB KocTel [46].

Oddext mamsaTu GopMel 1 SPGEKT CBEPXYNpY-
TOCTH peaau3yIoTCcsl B HUTHHOJE Oyaromapst oopa-
TUMOMY TEPMOYIIPYTOMY ayCTEHUTHO-MapTEHCHT-
HOMY IIPEBpAICHHI0, KOTOpPOE BO3HUKAET MpH
TEPMUYECKOM HIIM CHJIIOBOM BO3IECWCTBUU M CO-
MPOBOXKAAETCS W3MEHEHHEM MeEXaHHYeCKHX Xa-
pakrepuctuk. [Ipy moHMKEHUHN TeMIlepaTypbl WK
MPIWIOKCHUN HArpy3ku aycTeHuTHas (aza (A)
YaCTHYHO WIIM TIOJIHOCTBIO TMPEBpaIIaeTcs B Map-
TeHcUTHYIO (hazy (M). Takum oOpa3oM peanusyer-
cd MpsAMoe MapTeHcuTHoe A — M mpeBpallieHue.
[Ipu Bo3BpaTe Temmeparypsl K UCXOAHOMY 3Hade-
HUIO WIW MPEKpAIlEeHHUIO ISHCTBHS HATPY3KH MPO-
UCXOOWT OOpaTHOEe MapTeHCHUTHOE TIpeBpalle-
Hue (M — A). dazoBble mpeBpalleHHs MEXIY
AyCTEHUTOM W MAapTEHCHTOM XapaKTEepPH3yIOTCS
HayaibHOM M, M KOoHeuHOM M Temmeparypoi
MapTEHCUTHOTO (IIPSIMOTO) MPEBPAIICHIS, a TAKKE
HayanbHOM A, W KOHEUHOW A, TemmepaTypoit
aycTteHuTHOTO (0OparHOTO0) MpeBparicHus [48].

Temmieparypsl (pa30BbIX MpeBpaIlCHUN U, Clie-
JOBaTelIbHO, OCHOBHBIE  TEPMOMEXaHHMUYECKHUE
CBOICTBa HUTHHOJIA BO MHOTOM 3aBHCAT OT CO-
OTHOILICHUS  COJCPXKaHWsSI HUKEJIs W THTaHa,
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a TaKXe OT BBIIIOJIHEHHON TEpMOMEXaHUYECKON
00pabotkn. HUTHHON OOBIYHO COCTOUT W3 TIPHU-
mepHO 50-52 % at. nukens (55-57 % wmac.) [49].
Hanpuwmep, cormacHo crangapty ASTM F2063,
HUTHIION JUT MEIUIIMHCKUX U3ACIUH 1 UMILTaHTa-
TOB JOJKEH cogepxkarb 54,5-57,0 % mac. HuKens,
ocTtanbHOe — TUTaH. llpy 3TOM Temmneparyps! ¢a-
30BBIX TPEBPAIEHU 0YeHbh YYBCTBUTEIBHBI K CO-
OTHOIIICHHIO HHKeJs W TuTaHa. Tak, cormacHo [50],
MIpH M3MEHEHWW COOTHOIICHWS HUKENS W THTaHa
¢ 50,75/49,25 mo 50,5/49,5 % ar. Temmeparypa
Hayana oOpaTHOTO MpeBpalleHus A, yBeJINYHBa-
ercs ot 10 no 35 °C.

MexaHnueckre XapaKTepUCTUKH HHUTHHOJA
TaK)Ke 3aBUCAT OT (a30BOTO COCTOSHUS U TIpe/Ba-
puTenpHOU 00paboTku. Tak, mpenes MPOIYHOCTH Gy
HarapToBaHHoro marepuana pocruraer 1900 Mlla,
otoxokeHHOTo — 895 MIla. JI1s 0TOXOKEHHOTo MaTe-
pHaa mpeaen ynpyrocTu Go, HAXOAUTCS B JHanas3o-
Hax: B aycTeHUTOM coctosHuu — 195-690 Mlla,
B MapTeHCUTHOM coctossHun — 70-140 MIla.
OTHOCHUTENbHOE YUIMHEHHE OTOXKEHHOTO Mare-
puana cocrasnser 25-50 % [45].

HuTrHON OTHOCHTENBHO JIETKO MOAmaeTCsl 00-
paboTKe AaBieHHEM B ropsyeM cocTtosHuu. OnHa-
KO €ro XojomHas o0paboTka 3aTpyliHEHa TeM,
YTO U3-32 BBICOKOH YIpPYrocTH YBEITUYHBAETCS
KOHTaKT ¢ Je(hOPMHUPYIOMIUM HHCTPYMEHTOM, YTO
BBI3BIBAET UPE3MEpPHOE TPEHHE M H3HOC HHCTPY-
MeHTa. [lo 3THM ’ke MpPUYMHAM HUTHHOJ OYECHb
IUIOXO TMoAaeTcsi 00paboTke pe3aHueM, K TOMY Ke
OH WMeEeT HH3KYK TeIUIONPOBOJHOCTh, UYTO 3a-
TPYIHSET OTBOJ TEIUIOTHI OT 3aroToBkH. [Ipu 3TOM
OTHOCHUTEIFHO XOPOIIO MOAAaeTcs NUTH(OBAHUIO,
ANIEKTPOIPO3UOHHON 00paboTKe M Ja3epHOH pes-
ke. Jns TO4YHOH 5azepHON pe3ku, B OCOOEHHO-
CTH TOHKOCTEHHBIX (0 125 MKM) KOHCTPYKIIHN
WIA KOHCTPYKIHUH C TOHKHMH TIePEeMBIYKAMHU
(mo 100 mkMm), mpuMeHSIOTCS (HEMTOCEKYHAHBIC
Ja3epsl ¢ YABTPAKOPOTKUMHU UMITYIbcaMu [46].

Oukcanus HEOOXOAMMON KOHPUTYpaIlu H3-
JIeNusl U3 MPOBOJOYHON WIIM JIMCTOBOW 3arOTOBKHU
BBITIOJTHSACTCS ITyTEM €€ TEePMHUYCCKOH 00pabdoT-
ku. s 3TOro ¢ MOMONIBI0 OCHACTKH 3aroTOBKE
npuaarT GopMy TOTOBOTO M3IENUs, a 3aTeM B 3a-
HEBOJIEHHOM COCTOSHUH BBITIOJNHSIOT HAarpeB C T0-
CIIEYIOIM OXJIaXKIeHHEeM. 1epMooOpaboTKy Tpo-
BOJISIT B IleUaxX C MHEPTHOU atMocdepoil npu Tem-
neparype 450-550 °C. dakrtuyeckas Temneparypa
U BpeMsl BBIACPKKH OIPEIENSIOTCS COCTaBOM
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HUTHHOJIA ¥ TpeOyeMBbIMH MEXaHWUYECKUMHU Xapak-
TepUCTUKaMu [46].

Hutnaon B 0,9%-M pacTBOpe Xjopuaa HaTpus
npu 37 °C oOmagaer nydimiedl KOPPO3MOHHOM
CTOMKOCTBIO, YeM KOOQJIbT-XPOMOBBIC CIUIABBI H
KOPPO3MOHHOCTOMKHE cTamu. OmXHAKO CTOMKOCTH
K KOppO3UHM Yy THUTAHOBBIX CIUIaBOB BbIIe [51].
[IpoBeneHHble ucclenOBaHUS MOKa3alH, YTO HHU-
THUHOJ HE MPOSABISAET LIUTO-, HEUPO- U TEHOTOKCH-
YeCKOM WM ajulepruueckoil akTuBHOCTH. CumTa-
€TCsl, YTO KOHTAKT HUKEN C OpraHW3MOM H30JIH-
pOBaH TOHKOW IMJEHKOM okcuaa TutaHa. Kpome
TOTO, aTOMbl HHKEIS 0Opa3ylT IPOYHYIO CBSI3b
C aroMaM{ THUTaHa, YTO MPEMATCTBYET BBIXOLY
MOHOB HUKEJs B OKpyXaromue TkaHu. OfHako u3-
3a 3HAUYUTENIbHOTO COZepKaHHs HUKeNs B HUTHHO-
Jie CYHIECTBYIOT PHCKH BBIIEIECHUS €r0 HOHOB B
opranmsM. st pemenus 3Toil mpobieMsl mpume-
HSETCSl JOTIOJIHUTENBHOE JIETUPOBaHMUE CIUIABA,
HaHEeCeHHE 3aIlUTHBIX MOKPBITHH U 00paboTka
MIOBEPXHOCTH, HAllpaBJICHHAas Ha CHW)KEHHE IIPO-
(hunst ee MUKpoHEpOBHOCTEH [52].

HuTtnHON MMeeT HaMIyUIIyI0O MEXaHMYECKYIO
COBMECTHMOCTbH IO CPAaBHEHHIO C APYTUMH MeTall-
JUYECKUMH MaTepHallaMH, HCIOIb3YEMBIMH IS
W3rOTOBJICHUSI UMIUIAHTAaTOB, — OOJiee HU3KUH MO-
IOyJlb YOPYTOCTH, a Takxke OoJiee BBICOKYIO CTe-
NEeHb yHpyroi nedopmanuu. Momyinb yHIpyrocTu
B 3aBUCHUMOCTH OT ()a30BOT0 COCTOSIHUSI COCTaBIS-
et 40-75 I'Tla [53]. B mocnennee Bpems s 3a-
MeIeHHs 1e()EeKTOB KOCTHBIX U XPSAIIEBBIX CTPYK-
Typ OIOPHO-ABUraTeIbHOIO anmnapara MPUMEHSIOT
MOPUCTHIE UMIUIAHTAThl U3 HUKENIHWJA TUTAHA, IO-
Jy4yaeMmble METOIOM CaMOpPacIpOCTPAHIIOMIEr0Cs
BbICOKOTeMIIepaTypHoro cunresa [54]. Ilopuctsrit
HUTHHOJI MMEET 3HAUUTENIbHO MEHBINWI MOAYIb
YIOPYroCTH IO CPaBHEHUIO C MOHOJHUTHBIM Ma-
TEpUaJioM, YTO TOBBIIIAET MEXaHWYECKYI0 COBMeE-
CTUMOCTh MMIUIAaHATa, W3TOTOBJIEHHOTO M3 HETO.
B uccnenoBanuu [55] ycTaHOBIEHO, 9TO MPH II0-
pucroct 60 % u cpensem paszmepe nop 100-500
MKM CpefHee 3HaueHHE MOAYJsS YIpPYyrocTH CO-
crasnset oxono 1 I'Tla.

BbIBOJbI

1. CoBpeMeHHBIE U3JEHUS MEAUIIHCKOTO
HAa3HAUEHUS U3 METALIMYECKUX MaTepHalloB
MIPECTABIIIOT IIUPOKYI0 HOMEHKIIATYPY U UMEIOT
CYIIECTBCHHBIC OTJIMYHMS 1O (hopMe U pa3Mepam.
OnHu 13 HUX XapaKTepU3yIOTCS MaJIbIM CEUYCHUEM
U KECTKOCTBIO, TIPU 3TOM 0O0JaNaloT yHpPyTUMHU
cBoiictBaMu. Jlpyrue wuzgenusi SBISIOTCS HECYy-
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IIMMHU, B PANE CIIy4YaeB MAacCHUBHBIMU KOHCTPYK-
nusMu. COOTBETCTBEHHO BBIOOp MaTepualna, u3
KOTOpPOTO H3TOTABIUBACTCS TOT WM HHOM HM-
IUTAHTAT, OOYCIIOBIMBAETCS OCOOEHHOCTAMHU €ro
(byHKIIMOHUPOBAHUS, KOTOPHIE, B CBOIO OYEpE.b,
OTIPENIETISIOT TPEOOBAHUS K MEXaHUYECKUM Xapak-
TEPUCTUKAM M K CBOHCTBaM IMOBEPXHOCTH.

2. B 3aBHCHMMOCTH OT Ha3HAYEHHUS MMILIaHTATa
MIPUMEHSIEMBIH JJII €r0 TPOM3BOJCTBA MaTEpHal
JIOJDKEH UMETh BBICOKWH Tpeien MPOYHOCTH, Tpe-
ACJ1 BBIHOCIIMBOCTH, TBEPAOCTD, I/I3HOCOCTOI7[KOCTL,
HU3KHUA MOJyJb ynpyroctd. [Ipy 3ToM OCHOBHBI-
MU KPUTEpHSIMH BBIOOpa MaTepuana Ijs MpOou3-
BOJCTBAa BCEX HMIUIAHTATOB SIBISIOTCS €ro OMo-
JIOTHYECKass COBMECTUMOCTh M KOPPO3UOHHAs
CTOWKOCTh Ha TPOTSDKEHUU BCETO MEPHOAA IKC-
IUTyaTaliyd B OpraHu3Me 4eJioBeka. Bce mpuMens-
€MBIC B HACTOAIICC BPEMA OMOCOBMECTHUMEIE Me-
TAJUTUYECKUE MaTepHalibl HE SBJSIOTCS MOJHO-
CThIO WHEPTHHIMH TI0 OTHOIICHHWIO K OpraHu3-
My. Kaxnmenii marepuan oOnamaer ompeneiaecHHOM
PCaKTOTEHHOCThIO — B JIFOOOM Cily4ac BbI3bIBa-
€T HEKOTOPYI0 PEaKIHMI0 OKPYXAroIIUX TKaHEH.
HawnGonbmryro 6MOCOBMECTUMOCTh U KOPPO3HUOH-
HYIO CTOMKOCTh B OpraHM3Me 00eCleurBaeT TeX-
HUYECKHI TUTaH, KOTOPBIA, OJHAKO, O00JamaeT
HU3KUMH [TPOYHOCTHBIMH XapaKTePUCTUKAMH.
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Abstract. Concrete composites with low defects, dense and homogeneous, with a high degree of adhesion between the cement
matrix and aggregates, as well as a high ratio between static tensile and compressive strengths and plasticity have the best
crack resistance characteristics. This ratio increases in the case of the use of fiber-reinforced concrete. Modern research in
nanotechnology focuses on the management of matter at the nanoscale level, which makes it possible to create materials with
new properties. Due to the high aspect ratio, flexibility, high strength and rigidity, carbon nanotubes (CNTs) exhibit reinforc-
ing properties. Due to their nanoscale features, CNTs interact with a complex network of calcium-silicate-hydrate binder
(C — S — H), contribute to a decrease in porosity and compaction of the cement stone structure, increase the shear forces of
matrix adhesion in the contact zone. Thus, there are all prerequisites to assert that fiber concrete with a cement matrix modi-
fied with carbon nanotubes will have the required high strength characteristics and crack resistance due to multilevel dispersed
reinforcement and the efficient operation of fiber in a nanomodified concrete matrix. This article presents the results of testing
samples made of cement stone, concrete and fiber concrete with carbon nanotubes. The presence of carbon nanotubes in ce-
ment stone contributes to an increase in compressive strength by 11 %, tensile strength during bending by 20 %. The test re-
sults of samples made of reinforced fiber concrete modified with nanocarbon materials have shown an increase in tensile
strength during bending up to 109 %, tensile strength during splitting up to 82 %, axial tensile strength up to 78 %.
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OTHOIICHUEM MEXIy CTaTHYECKHMH MPOYHOCTSIMH Ha pacTsDKEHHE M Ha CXKaTHE M IUIACTUYHOCTHIO. J[aHHOE OTHOIIEHHE
HOBBIIIACTCS] B ClIydyae HMCIOJIb30BaHus (ruOpobeToHOB. COBPEMEHHBIE HCCIICIOBAHUSI B HAHOTEXHOJIOTHIX (DOKYCHUPYIOTCS
Ha yNpaBJIeHHH Marepueil Ha HaHOMAcCIITaOHOM YPOBHE, YTO IIO3BOJISET CO3JaBaTh MaTEpUalbl C HOBBIMH CBOMCTBAMH.
Brnarozapsi BBICOKOMY COOTHOIIEHHIO CTOPOH, THOKOCTH, BEICOKOH HMPOYHOCTH U JKECTKOCTH yriiepoaHsle HaHOTpyOku (YHT)
HPOSIBISIIOT apMUPYIOIINe CBOWCTBa. M3-3a cBoMX HaHOpa3MepHbIX ocobenHocTell YHT B3anMoaeiCTBYIOT CO CII0KHOM ceT-
KOH KaJIbIIMEeBO-CHIIMKATHO-THApaTHOro cBs3ytomero (C — S — H), cmoco6cTBYIOT yMEHBIICHHUIO IOPUCTOCTH U YIIJIOTHEHHIO
CTPYKTYpBI LIEMEHTHOTO KaMHsl, YBEIMUECHHIO CABUTOBBIX YCHJIMH CLENJIECHHsS MAaTPUIIbl B 30HE KOHTAaKTa. TakuMm oOpaszom,
€CTb BCE IPEANOCHIIKH YTBEPXKIATh, 4TO (GUOPOOETOH ¢ MOANGDHUIMPOBAHHON YIIepOIHBIMI HAHOTPYOKaMH LIEMEHTHOM Mat-
purei OyzeT 061anaTh TPeOyEeMBIMH BEICOKMMHE ITPOYHOCTHBIMH XapaKTEPUCTUKAMH M TPEIIMHOCTOHKOCTBIO 32 CUET MHOTO-
YPOBHEBOTO AWCIIEPCHOTO apMHUpoBaHUs U 3()(HeKTUBHOH paboThl (GUOPHI B HAHOMOIM(PHUIIMPOBAHHONH OCTOHHOW MaTpHIIE.
B nanHOl cTaThe MpeACTaBICHBI PE3YJIBTATHl UCTIBITAHUK 00pa3IoB M3 HEMEHTHOTo KaMHs, OeToHa U GpuOpoOeToHa C yrite-
pOAHBIMK HaHOTPpyOKamu. Hamune yrimepoJHeIX HAaHOTPYOOK B IEMEHTHOM KaMHE CIIOCOOCTBYET YBEJIIMUCHUIO IPOYHOCTH Ha
cxarue Ha 11 %, Ha pacrspkenue npu m3rude Ha 20 %. PesynbraTel mcnbiTaHnii 06pa3noB W3 AUCIICPCHO-apMUPOBAHHO-
ro OeToHa, MOJU(MHUIUPOBAHHOTO HAHOYTJICPOAHBIM MAaTEpPHAIOM, OKA3alH IPUPOCT MPOYHOCTH: Ha PACTSHKEHHE IPH M3TH-
6e — 1o 109 %, Ha pacTspKeHHe IPH pacKabIBaHUU — JI0 82 %, Ha oceBoe pacTsnkeHue — 110 78 %.

KnioueBrble cioBa: GudpoOeTOH, IPOYHOCTH HA pacTsDKEHUE, YIIIEPOJHbIE HAHOTPYOKH

Jas uurupoBanusi: Jleonouu, C. H. IIpounoctHpie mokazarenu ¢uOpoOeToHa C YIIepOAHBIMH HaHOMaTepualamu /
C. H. Jleonosuy, E. A. CanoBckas // Hayka u mexuuxa. 2024. T. 23, Ne 3. C. 219-224. https://doi.org/10.21122/2227-1031-

2024-23-3-219-224
Introduction

One of the main disadvantages of concrete,
as the most commonly used building material
in the world, is the fragility of destruction and low
crack resistance. The study of fracture mechanisms
is necessary to understand the fracture processes,
which makes it possible to identify the parameters
of the structure of materials that determine its
crack resistance [1]. Crack resistance is an im-
portant factor in assessing and regulating the cha-
racteristics of concrete, as it helps to maintain the
structural integrity of concrete and prevents its de-
struction. Concrete composites with low defects,
dense and homogeneous, with a high degree
of adhesion between the cement matrix and aggre-
gates, as well as a high ratio between static tensile
and compressive strengths and plasticity have the
best crack resistance characteristics [2].

One of the promising ways to increase crack
resistance is the introduction of various dispersed
fibers. Dispersed fibers, evenly distributed
throughhout the entire volume of the material, cre-
ate a spatial framework and contribute to the inhi-
bition of developing cracks under the action of de-
structive forces.

The expediency of using fiber is due to the fol-
lowing factors: the properties of dispersed rein-
forced concrete can be similar to the properties of
concrete with twice the amount of reinforcement,
but at the same time be cheaper; fiber reinforce-
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ment allows you to strengthen the corners of struc-
tures and adjust the thickness of the element in a
larger range, which allows the use of fiber concrete
in non-standard structures.

Replacement of cement with various materials,
such as fly ash [3, 4], microsilicon [5, 6] cannot
improve the microstructure of the cement matrix at
the nanoscale, reducing internal defects (pores,
cracks). Modern research in nanotechnology fo-
cuses on controlling matter at the nanoscale level,
which makes it possible to create materials with
new properties [7]. Examples of advanced nano-
materials used in the construction industry to im-
prove the properties of building materials include
calcium nanocarbonate (nano-CaCO[]), nanosili-
con (nano-Si0,) and aluminum oxide nanoparticles
(nano-Al,O;). One of the most frequent nano-
materials of the new generation is nanocarbon. Due
to the high aspect ratio, flexibility, high strength
and rigidity, carbon nanotubes (CNTs) exhibit re-
inforcing properties — they fill nanopores and con-
nect grains of calcium hydrates (nanoarming) [8].
Due to their nanoscale features, CNTs interact with
a complex network of calcium-silicate-hydrate
binder (C—S—H), contribute to a decrease in porosi-
ty and compaction of the cement stone structure,
increase the shear forces of matrix adhesion in the
contact zone [9]. Thus, there are all prerequisites to
assert that fiber concrete with a cement matrix
modified with carbon nanotubes will have the re-
quired high crack resistance characteristics due to
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multilevel dispersed reinforcement [10—13] and the
efficient operation of fiber in a nanomodified con-
crete matrix.

Laboratory tests

The following materials were used in the stud-
ies presented in this article: portland cement, sand
with fineness modulus 1.8-2.0, granite crushed
stone with a fraction of 5-10 mm and 5-20 mm,
carbon nanotubes (CNTs) — the average diameter
of tubes and fibers is 10—40 nm, the average length
of tubes and fibers is 0.01-20.0 microns, CP-WBK
superplasticizer (SP) in the form of an aqueous
solution — polycarboxylate copolymer 39—41 %.

The results of compression and tensile tests
[14, 15] for bending cement stone (W/C=0.21)
with carbon nanotubes (0.0004 %) dispersed in
a superplasticizer [16] showed an increase in com-

pressive strength by 11 % and bending strength
by 20 % (Fig. 1).

Tests on samples of coarse—grained concre-
te (cement — 445 kg, sand — 820 kg, crushed sto-
ne 5-20 — 1035 kg, additive — 0.8 %, W/C = 0.29)
the optimal amount of uniformly dispersed CNTs
in the superplasticizer in the area of low concent-
rations equal to 0.00075 % of the cement mass
was determined (Fig. 2).

Various types of fibers of domestic production
were considered as dispersed reinforcement of the
macro level (Fig. 3). Determination of the optimal
amount of each type of fiber was carried out by ana-
lyzing the results of tensile strength tests and the
workability parameter of the resulting fiber mixture
(Fig. 4). It was found that the recommended optimal
amount of fiber FSC-0.9-50 is 0.75-1.00 % by vo-
lume of the mixture, fiber FSA-1.0-60 is 1.0-1.5 %,
fiber FPS-0.6-40 is 0.4-0.6 %.
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Fig. 2. Strength indicators of nanomodified CNT concrete
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In order to create a dispersed reinforced concrete
composite with the required crack resistance pa-
rameters based on the nanocrete compositions al-
ready used in the construction of the Belarusian
NPP, while maintaining the required quality para-
meters to the original ones: compressive strength,
water resistance, frost resistance, workability of the
mixture (Table 1). Fiber was added to the resul-
ting nanomodified concrete mixtures (concrete ma-
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Fig. 4. The effect of fiber on the tensile strength
and mobility of the mixture:
a, b —FSC-0.9-50; c—d — FSA-1.0-60; e — FPS-0.6-40

trices): FSC-0.9-50 in an amount of 80 kg (F1),
FSA-1.0-60 in an amount of 80 kg (F2), FPS-0.6-40
in an amount of 3.5 kg (F3).

From the obtained fiber-concrete compositions
with a nanomodified concrete matrix, test samples
were made: cubes with an edge of 100 mm, prisms
of 100-100-400 mm, prisms of 70-70-280 mm. The
resulting cube samples were tested for compressive
strength. The test results are shown in Fig. 5.
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Table 1
Nanomodified concrete compositions (nanocrete matrices)
. . Chemical additive Solid carbon,
rmaion | Coment | Cruhedsone | Cosedne | Sand. | N Cu | Subyweh | wie
’ > weight of binder) of cement
A 400 1020 — 820 3.2(0.8) 0.00060 0,40
B 445 1035 — 820 2.22 (0.5) 0.00038 0,40
C 460 — 880 950 3.22(0.7) 0.00038 0,40
D 485 — 825 800 4.65 (0.7) 0.00060 0,44
" Additionally included 40 kg of expanding sulfoaluminate additive (ESAA) according to STB 2092-2010 and 45 kg of con-
densed silica (MCS-85) according to TU 5743-048-02495332.

Analysis of the results shows that the introduction
of fiber reinforcement into the concrete matrix with
CNT does not contribute to a significant increase
in compressive strength. The maximum increase
is observed in the compositions of B-F1 — 22 %,
A-F1-17 %, B-F2 - 12 %, D-F2 - 10 %.

Samples-prisms of 100-100-400 mm were tested
for tension during bending according to a four-point
loading scheme. The half-prisms obtained after the
tests were tested for tension during splitting [17, 18].
The test results are shown in Fig. 6.

The analysis of the obtained results shows that
the increase in tensile strength during bending is

observed in all cases of fiber reinforcement. The
highest value in the compositions of A-F2 is 109 %,
A-F1 is 104 %, A-F3 is 81 %, B-F2 is 48 %,
B-F1 is 38 %, B-F1 is 59 %, B-F2 is 55 % [17].
An increase in tensile strength during splitting
is observed in samples reinforced with metal fiber:
F1 —24-82 %, F2 —35-70 %.

According to the obtained test results of the
samples-70-70-280 mm breeze for axial tension
(Fig. 7), the greatest increase in strength is ob-
served in the composition with a concrete matrix
with the highest strength value: D-F1, D-F2 —
77 %; D-F3 — 35 %.

C A

B D

E==IF 1 (FCS-0.9-50) EmmmF2(FSA-1.0-60) EmIF3(FPS-0.6-40) — &= FO(without)

Fig. 5. Compression test results

B C D

E==F 1(FCS-0.9-50) E=IF2(FSA-1.0-60) E=IF3(FPS-0.6-40) —8~FO(without)

==F [ (FCS-0.9-50) ==F2(FSA-1.0-60) ==aF3(FPS-0.6-40) —~o~F0(without)

Fig. 6. Results of tensile tests: a — during bending; b — during splitting
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Fig. 7. Results of axial tension tests

CONCLUSION

The use of dispersed reinforcement at the na-
noscale is one of the methods for obtaining high-
performance concretes that allow designing ele-
ments of buildings and structures with the required
strength indicators and at the same time resistant to
cracking and durable.
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JlokajbHas cucTeMa OTOIJIEHUsI IJIsl MOBBINIEHUs1 KoM(opTa 3puTeieit
Ha TPHOYHAX KPBITOrO J1€I0BOT0 KaTKa
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Pedepar. B nanHoil cTaThe paccMaTpHBAIOTCS MPHMEPHI IPUMEHEHHS JIOKAIBHBIX CHCTEM OTOILICHHS, TIO3BOJISIONIHE YITyd-
IIMTH YCIOBUS KoMdopTa 3puTesneil, HeOOXOAUMBIE IS TIOJTHOIIEHHOTO BOCHPHATHS MEPONPHUATHH Ha KPHITOM JIEIOBOM KaT-
ke. KpbITble Je10Bble KaTKM SIBJISIOTCS HOMYJISIPHBIMM MECTaMHU Ul IPOBEICHUsS CIOPTUBHBIX COPEBHOBAHWM, KOHLEPTOB
M JIpyTHX pa3BIEKaTENbHBIX MeponpusTuid. OJHAKO 3pUTENN HA TpUOyHAX KPBITHIX JIEHOBBIX KAaTKOB BO BPEMs XOKKEHHOTO
MaT4a WIN BEICTYIUICHUS (PUTYPHCTOB YacTO CTAIKUBAIOTCS C MPOOJIEMOH HU3KOH TeMIepaTypbl, KOTOpasi, ¢ OJHONH CTOPOHEL,
HeoOXouMa ISl HOAJIePKaHuUs BBICOKOTO KayecTBa JIbJa, C APYroil — MOXKET OBITh JUCKOM(OPTHON NpH JUTUTENHEHOM IIpe-
ObIBaHMU 3puUTENel. B cTaThe paccMaTpHBaIOTCS 0COOEHHOCTH MPOIIECCOB TEIUIO- M MacCOOOMEHA Ha KPBITHIX JEIOBBIX KaT-
Kax, BKIIFOYAIOIINE KOHBEKTUBHBIA M PaJUAIlMOHHBIA TEIJIOOOMEH C JIE0BOH IMOBEPXHOCTHIO M BIMSHHE KOH(UTYpAIN CH-
CTEeM BEHTWIAIMY HA BO3AYLIHYIO Cpely BHYTpH apeHsl. McciieoBanne akIeHTHpyeT BHUMAHIE Ha HEOOXOUMOCTH MaTeMa-
THUYECKOTO MOJEJIUPOBAHUS Ul OoJjiee IIyOOKOTO NMOHMMaHWS (PM3UYECKHX IIPOLECCOB, MPOMCXOISIIMX BHYTPH KPBITBIX
JEeNOBBIX IUIOMANOK. [ u3yueHus: paboThl JOKAJIbHBIX CHCTEM OTOIUIEHHUS HCIHONbB3YeTCs UYHCIEHHOE PEHIEHHE CHCTEMBI
JudepeHIMaNbHbIX YPAaBHEHHH, ONMHMCHIBAIOMIMX MIPOLECCH TEIIO- U MACCOOOMEHA B BO3AYIIHOM IIPOCTPAHCTBE KPBITOTO
JIeIOBOTO KaTKa. B cTaTbe paccMOTPEHO HECKONBKO TEXHUUECKUX PELICHUIl OpraHu3aluM JIOKAJIbHBIX CUCTEM OTOILICHMS.
Beigenens! mpeMMyInecTBa U HEJOCTATKH NMPUBEJICHHBIX TEXHUYECKHUX pemeHuil. KoMiiekcHslit aHanm3 paboThl JTOKaIbHBIX
CHCTEM OTOIIICHHS Ha KPHITOM JIEJIOBOM KaTKe SIBIAETCS BaXKHBIM BKJIAJIOM B TOHIMaHUE (HU3MIECKUX MPOIECCOB U MapaMeT-
POB, BIMSIONIMX Ha MHUKPOKJIMMAT BHYTPU KPBITHIX JICIOBBIX KAaTKOB, a TAK)XX€ MOXET CIy>KUTh OCHOBOH JJISI ONTHMH3AINN
TaKHX CHCTEM C LIeNBI0 o0ecTieueHus] KOM(MOPTHBIX YCIOBHHI JUIs 3pUTEIICH.
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Local Heating System to Improve Comfort of Spectators
in the Stands of Indoor Ice Skating Rink

D. G. Livanskiy"
YBelarusian National Technical University (Minsk, Republic of Belarus)

Abstract. This paper discusses examples of the use of local heating systems that improve the comfort conditions of spectators,
necessary for a full-fledged perception of events at an indoor ice rink. Indoor ice rinks are popular venues for sporting events,
concerts and other entertainment events. However, spectators in the stands of indoor ice rinks during a hockey match or
a performance of figure skaters often face the problem of low temperature, which, on the one hand, is necessary to maintain
high ice quality, but on the other hand, can be uncomfortable with prolonged stay of the audience. The paper exa-mines the
features of heat and mass transfer processes on indoor ice rinks, including convective and radiation heat exchange with
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the ice surface and the influence of the configuration of ventilation systems on the air environment inside the arena. The study
on the need for mathematical modeling for a deeper understanding of the physical processes occurring inside indoor ice rinks.
To study the operation of local heating systems, a numerical solution of a system of differential equations is used that
describes the processes of heat and mass transfer in the air space of an indoor ice rink. The paper discusses several technical
solutions for the organization of local heating systems. The advantages and disadvantages of the above technical solutions
are highlighted. A comprehensive analysis of the operation of local heating systems at an indoor ice rink is an important con-
tribution to the understanding the physical processes and parameters that affect the microclimate inside indoor ice rinks,
and can also serve as the basis for optimizing such systems in order to ensure comfortable conditions for spectators.

Keywords: ice rink, heat transfer, local heating system

For citation: Livanskiy D. G. (2024) Local Heating System to Increase the Comfort of Spectators in the Stands of the Indoor
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BBenenune

KpbiThIe 1€70BBIC KaTKH SIBISIOTCS OILYJISAP-
HBIMH MECTaMH JJIsl TIPOBEJICHHUS CIIOPTHUBHBIX CO-
PEBHOBaHHM, KOHIIEPTOB U JPYTUX pa3BieKaTelNb-
HBIX MeponpusaTiid. OJJHaKO 3pUTENH Ha TPHOYHAX
BO BpeMs XOKKEHHOTO Marda WM BBICTYIUICHHS
(UTYpUCTOB YacTO CTAIKHBAIOTCS C MPoOIeMOi
HH3KO# TeMIiepaTypbl, KOTOpasi, ¢ OTHOH CTOPOHEL,
HeoOXoMMa JUTsl TIOJIePKaHUsT BBICOKOTO Ka4ecTBa
JB/1A, C APYTOH — MOXKET OBITH AUCKOM(OPTHOH NPH
JUTATETGHOM TIPEOBIBAHUH 3pHUTENCH. JTO MOXKET
CHIDKaTh OOIMNiI MHTEpPEeC M YAOBOJBCTBUE OT IIO-
CEIIEeHUs CIIOPTUBHBIX MeponpusaTuil [1-4].

VYiydineHue yClIOBUH HaxOXKICHHS Ha KaTkKe
3puUTeNeH SBISIETCS BaYKHBIM BOIPOCOM JIJIsl Opra-
HHU3aTOPOB CIIOPTUBHBIX M DPa3BIEKAaTEIbHBIX Me-
POIIPUATHH, TOCKOJBKY KOM(OPTHBIE YCIOBUS
HAIPSMYIO BIHSAIOT Ha YJOBJIETBOPEHHOCTh 3pPHUTE-
Jell U UX JKeJaHUE IOCEeIIaTh CIIOPTUBHBIE MEpo-
HPUATHUS B Oy TyIIEM.

[IpnMeHeHNe JIOKAaIbHBIX CHCTEM OTOIUICHUS
JaeT OoJbIIe BOSMOXHOCTEH IJISI CO3IAHMS KOM-
(OpHBIX YCIIOBHI Uil 3pUTENICH 10 CPaBHEHHIO C
HEHTPATM30BaHHBIMH ~ cHCTeMaMH. [lpemmyiie-
CTBaMH TaKHUX CHUCTEM SIBIISIOTCSL:

— BO3MOXHOCTb OCYIIECTBHTH Oonee >(dek-
TUBHBII 000TPEB KOHKPETHBIX 30H TPHOYHBI, T
HPUCYTCTBYIOT 3PUTENH, MHHUMHU3UPYS IIOTEPIO
TEIIOTHI B IPYTUX 30HAX;

— obecniedenue Oosiee THOKOTO KOHTPOIS TEM-
HepaTypsl B KaXI0H 30HE B 3aBUCHMOCTH OT Bpe-
MEHH TIPOBEICHUS] MEPONPHUITHS C YIETOM KOJIH-
YyecTBa 3pUTEIeH, HaXOSIIUXCS Ha TPUOYHE;

— CHIDKEHHE dHepronoTpebaeHus Ha 000TpeB;

— MHHUMH3ALUsl HETaTUBHOI'O  BO3/CHCTBUS
TETJIOr0 BO3AyXa Ha KadecTBO JIENOBOH MOBEpX-
HOCTH.

VuuThIBas 3T NPEHMYIIECTBA, pa3paboTka U
BHEJPCHUE JIOKAJIBHBIX CHCTEM OTOILUICHHS MOTYT
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ObITh Oonee 3¢ddexkTuBHBIM pemeHneM ajst obec-
neYeHus: KoMQopTa 3pUTeliei Ha KPBITHIX JIEIOBBIX
KaTKax.

B nanHO# cTaThe paccMaTpuBarOTCsS MPUMEPHI
MPUMEHEHUS JIOKAJBHBIX CUCTEM OTOIUICHUS, MO03-
BOJISIIOIIME YIIYYIIUTh YCIOBHS KOMQOpTa 3puTe-
neld, HeoOXOAUMBIE JUIS TTOJHOLIGHHOTO BOCIIPHUS-
THUSI MEPONIPHUATUI Ha KPBITOM JIEIOBOM KaTKe.

Cneuuduka npoueccon
TeIJI0- H Maccoo0MeHa
Ha KPBITHIX J1eJOBbIX KATKaX

[Ipomeccsl Temno- m MaccooOMeHa BHYTpPHU
KPBITOTO JICIOBOTO KaTKa OTJIMYAIOTCS crerudu-
YEeCKUMH OCOOCHHOCTSIMH M CIOXHOCTBIO. Tak, Ha
BHEIIHEW TpaHMIle JISJOBOH IUIOMIAIKK CO 3HAYH-
TEJIbHOW M0 IUIOWAJH JIEIOBOW MIACTUHOW MPOUC-
XOJIUT KOHBEKTHBHBIN M paJMallMOHHBIN TErI000-
MEH C OKpyXaroledl mea BO3AYIIHOM cpenoit
U CTPOUTEITHHBIMH KOHCTPYKIIMSIMH, a TaKXKe KOH-
JeHCanuns BOASHBIX IMapoB U3 Bo3ayxa. [Ipu 3amms-
K€ Jbla TIOBEPXHOCTH (HOpPMUPYEMOU JieJo-
BOM IUIACTMHBI CTAHOBUTCS WCTOYHHUKOM BIIAro-
MTOCTYIUIEHUH B BO3AYIIHOE MMPOCTPAHCTBO ApEHBI.
Ha BHyTpeHHHX NOBEPXHOCTAX OTPAKIAIOIINX
KOHCTPYKIMI (CTEHBI, IMOJI, MOTOJIOK) (opMupy-
IOTCS TEMIIEPaTypbl B 3aBUCHMOCTH OT BHYTpPEH-
HUX U BHEIIHUX TEIUIOBBIX BO3JEUCTBHIM, KOTOpPHIE
OTIIMYAIOTCS OT TEMIEPATypPhl BO3AYIITHOW CpEIbI
U JIeJIOBOM TJIaCTUHBI. BHyTpeHHHE MOBEPXHOCTU
OTpXKAAMIINX KOHCTPYKIUI y4acTBYIOT B ¢op-
MHUPOBAaHUU  TPABUTAIMOHHBIX  KOHBEKTHUBHBIX
IIOTOKOB, a TAK)XE 3a CUET PaJAUALMOHHOIO TEIUIO-
oOMeHa BIMSIOT Ha TEMIIEpaTypy IMOBEPXHOCTH
nenoBoi miactussl [1-10].

CucteMbl BEHTWISLUUA U KOHIUIMOHUPOBAHUS
BO3/TyXa BHYTPH KPBITOTO JIEIIOBOTO KaTKa obectie-
YUBAIOT IM0JAaYy MOJATOTOBICHHOIO W yJaJcHUE
0TpabOTaHHOTO BO3AyXa IUIsl CO3IaHUS U TOJAEp-
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JKaHUs TpeOyeMbIX MapamMeTpoB BO3AYIIHOH cpe-
Ibl. PacnionoskeHre BO BHyTPEHHEM MPOCTPAHCTBE
JIEIOBOTO KaTKa MPUTOYHBIX U BBITSHKHBIX TUDDY-
30pOB, T. €. UCTOYHHKOB M CTOKOB BO3IYIITHOU
Cpelbl, OKa3bIBaeT CYIIECTBCHHOE BO3JCHCTBHUE
Ha (QopMHpOBaHHE HEM30TEPMHUYECKUX TEUCHUH
B BO3YLIHOM IPOCTPAHCTBE apeHBI M OMpEeeIsieT
NepeHOC BO3AyXa BHYTPH KaTka. TeruioBBIACIISIO-
mee oOOpyIOBaHWE HAa JIEAOBBIX apeHax — 3TO
OCBETHUTENbHAS apMarypa, Harperas BHEUIHSS I10-
BEPXHOCTh KOTOPOW OKAa3bIBACT BIMSHUE HA TEMIIC-
patypy Bo3zmyxa B BepXHEH 30HE 3a CUET KOHBEKTHB-
HOTO TIEpEeHOCa BO3IyXOM, OMBIBAEMBIM IOBEPXHO-
CTH CBETWJIbHHKA, a TaK)Ke 32 CUET PaJHaIFiOHHOTO
TEeruI000OMeHa MOBBIIIACT TEMITEPATYPY MMOBEPXHOCTH
JbJa. 3pUTENN ¥ YYACTHUKH COPEBHOBAHHM SIBIISIOT-
Csl ICTOYHUKAMH TETUIOTHI M BIIary.

YkazaHHbIE OCOOCHHOCTH KPBITBIX JIEIOBBIX
KaTKOB OOYCIIOBIUBAIOT HEOOXOAUMOCTh HCIIOJb-
30BaHUsl MaTEMaTHIECKOTO MOJAETUPOBaHMs (Hr3H-
YEeCKHX TPOIECCOB TEIJIO- U MaccOOOMEHa, TpoTe-
KaIOIMX BHYTPU KPBITOTO KaTKa, IMyTE€M peILCHUs
TpexMepHbIX AU depeHITATEHBIX YPaBHEHNH Tiepe-
HOCA B 2JICMEHTAPHOM BEIZIEIICHHOM 00BbeMe [4—8].

[lepeHOC TEMIOTHI B 3JIEMEHTAPHOM BBIICIICH-
HOM 00BbeMe dx'dy-dz B OCHOBaHUU JICJOBOTO TIOJIS
W B BO3IYIIHOM IIPOCTPAaHCTBE JIEAOBON apeHbI
OTHChIBaeTcs ypaBHeHHEM [4—8]

T .
pC; [a—+vaj=x,.v2T+qv. (1)
ot
3mecs p;, ¢;, A, — COOTBETCTBEHHO OOBEMHAs

Macca (Kr/M’), yaenbHas TermroeMkocts (Jik/(kr-K))
n kodhdumment TermionpoBoxHocTH (BT/(M-K))
i-T0  cJOS DIEMEHTapHOro o0beMa pPacueTHO-
ro maccuBa nipu temneparype 1, K; T — Bpems, c;
W — BEKTOp CKOPOCTH MpPOXOja BO3AyXa depes
3JIeMEHTapHbIM 00beM (B BO3AYLIHOM MPOCTpaH-
CTBE apeHBbl), M/C; ¢, — MOIITHOCTh O0OBEMHOTO HC-
TOYHHMKA (CTOKaA) TemnoTsl, Br/(M’).
TpaHCTIOPTHBIA MEPEHOC TEIUIOTHI B BO3AYXE B
HaNpaBJICHUH BEKTOpa W 3HAYUTENHHO OOJblIe,
4eM IEPEeHOC TEIUIONPOBOJHOCTBIO, WC,p, > A,

(0,2-1005-1,2>>0,025). TToaToMy IpHUMEHHTEITh-
HO K BO3AYIIHOMY IPOCTPAHCTBY apeHbI, BBHIY
WVT > A VT, B ypasHenum (1) momyckaetcs
npuaste A, VT =0. Tpu w=0 seipaxenue (1)
SBIISICTCS HEJIMHEHHBIM YpaBHEHHEM TEILIONPO-

BOJHOCTH C PaCHpE/ICICHHBIMH TETUIO(PH3NIECKH-
MU KOOQQHUIMEHTAMH U KICTOYHHKOM TEILIOTHL.
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IlepeHoC BOMSHBIX MApOB B DIEMCHTAPHOM
o0BbeMe dx*dy-dz BO3MyIIHOTO MPOCTPAHCTBA JIEH0-
BOU apeHBI OMHMCHIBACTCSA YpaBHEHUEM [4—8]

%‘0 +We=D, Vo+j, )

IJIe (© — KOHIICHTPAIMs BOJSHBIX MAapoOB B 00beMe
dx-dy-dz BO3IYIIHOrO MPOCTPAHCTBA APEHBI, KI/M';
Dy, — xooddumment muddy3un BOASHBIX MapoB
B BO3[yXE, MZ/C; Jv — MOIITHOCTh UCTOYHUKA (CTOKA)
BOJISTHBIX ITAPOB, KI/(M°+C).

[IpuMeHHuTENEHO K HCCIIEAYEeMBIM MpoleccaM
OCHOBHBIMH HCTOYHHKAMHU BOJSHBIX I1apoOB, IIO-
CTYHAIMX B BO3IYIIHOE MPOCTPAHCTBO APCHBI,
SIBISIFOTCSL 3PUTENM U YYACTHHKH COPCBHOBAHUH.
Ha moBepXHOCTH JIEZIOBOTO MOJSI OCYIIECTBIISICTCS
KOHJICHCAIUSI BOJASHBIX MapoB (CTOK) U3 BO3AYII-
HOTO TMPOCTPAHCTBA apeHbl, a MPH 3aJHUBKE MWJIH
BOCCTAaHOBJICHHUHM JIbJja CMOYEHHas MOBEPXHOCTb
SIBIISIETCS ICTOUHMKOM TTOCTYTUICHHS BIIATH.

Huddysus BoasHBIX TapoB U QHIIBTpAIUs Ka-
MEeJIGHOW BIIard B OCHOBAHHH JICJOBOTO TOJIs, BBU-
NIy HE3HAYUTENBHOTO MX BIMSHHS Ha TEMIIEPaTyp-
HBIN PEXUM, HE YUUTBHIBAIOTCA.

[To ananoruu ¢ ypaBHeHueMm (1) ycraHoBieHO,

uro  wVo > DBHVZ(D. IloaTtomy mnpu pemeHun
ypaBHEeHHS (2) ISl YCIOBHM MCKYCCTBEHHOM KOH-
BEKIIUH 101y CKAaeTCsl IPUHUMATh DBHV203=0.
YpaBHenne ABMKCHUS [4—8]
W —

P, — =p,g — Vp+uV>i. 3)
dt

VpaBHEHHE COXpaHEHUs] Macchl (Hepa3pbIBHO-
CTH) B 3JIEMEHTApHOM o0beMe dx-dy-dz BO3IyIIHO-
ro npocrpadctsa npu j, =0

Lo+ (p,i1) =0, @

TAC py — IIOTHOCTL BO3LyXa, kr/M’; g — rpasu-
TallMOHHOE YCKOpEeHHe, M/c; p — mnasnenue, lla;
L — TMHaMHUYECKas BSI3KOCTh BO3yXa, [1a/c.
YpaBHEHHE paJMallMOHHOTO TEIUIOBOTO IIOTO-
Ka [4-8]
V-(I(r,s)s)+(a+cs)l(r, s)=

()

=a
T 4

oT* o f
+ £ II(r,s')@(S-S')dQ',
T
0
TJie 7 — PaJnyc-BEKTOP; S — BEKTOP HAIpaBIICHUS
U3Iy4YeHHS;, s’ — TO ke paccesHus; a — ko3pdu-

IUCHT IIOIJIOIICHUA, O TO K€ pacCeiaHusd,
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I — mosHas MHTEHCUBHOCTD M3JTy4EHUs, 3aBUCSIIAS
OT paauyc-BEKTOpa W HAINpaBICHUS H3IIyUCHHUS;
® — daszoas QyHKUMSA, ONpEEAIONIas Juarpam-
My paccesiHus; Q' — TeJIeCHbIN yroj; ¢ — MOCTOSIH-
nas Ctedana — bonbimana (5,67-10-8 Br/(M>K").

I'paHnuHbIE yCIOBUS AJISL CUCTEMbl KOHIAMLIUO-
HUPOBaHUS BO3AyXa ONpENeNsIIoTcs ee KOHpuUry-
pamuei, TemrepaTrypod, CKOpPOCTbIO M BJaro-
coJepkaHHEeM (WM MacCOBOM KOHLIEHTpalueil)
BOJSHOTO Tapa Ha BBIXOJE M3 BO3AyXOpaclpene-
nurenei [4-8]:

- tﬂp ’ W|npm = WHP’ d|npm‘ = dﬂp' (6)

|npm
OcBeTHuTeNbHBIC MMPUOOPHI KaK WCTOYHUK TETI-
JIOTHI YYUTHIBAIOTCSI HA OCHOBAHUU JTAHHBIX O TEM-
neparype Y IUIOHIaJX IOBEPXHOCTH MPHOOPOB
OCBENICHUSI W KOH(PUTYpaIllui OCBETUTEIHHOU CH-
cTemsl [4-8]:

cper tCBCT; 4 coer | “lemer (7)

Temno- U BIAromocTyIJICHUS OT 3pUTENeH U
YYaCTHUKOB COPEBHOBAHMWH YYHTHIBAIOTCA Kak
PaBHOMEPHO pacCIpeeNeHHbIe UCTOYHUKH TEeTlIo-
THl U BIIarW IO MOBEPXHOCTH MECT MX HaxOX[e-
HUS: ¢y, M.

Onucanue KPBITOI'O JIEAOBOI'0 KaTKa

Texymue ycioBUsS MUKPOKIMMAaTa Ha KPBITBIX
JIEMOBBIX KaTKax OIpPEeNioTCd KaueCTBOM BO3-
Oyxa BHyTpu momemieHus. Jns koMpopTHOTO
HaXOXK/AEHUs 3puUTeneld Ha TpuOyHaxX KpbITHIX Jie-
JOBBIX KAaTKOB HEOOXOIUMO YYHUTHIBATH CIIEAYIO-
1€ mapaMeTpbl MUKpokiIumMara [1-4]:

— TeMIeparypy Bo3ayxa. OnTuManbHas TeMIie-
patypa ans koMmdopTa 3puTenei 00bIYHO HAXOJUT-
cs B quamnasone ot 18 mo 22 °C, a mist cmopTeMe-
HOB Ha nemoBoi momazake ot 6 1o 12 °C. Oxgnako,
YUUTBIBas XOJIOJ, UCXOISIINN OT JICAOBOW apeHsbl,
MOXeET MOTpeOOBaThCS HEMHOTO Ooliee BBICOKAS
TeMIepaTypa B 30HE TpUOYH, 4To TpeOyer Oonee
JeTaIbHOTO aHAJIH3a;

— BIIQXHOCTb BO31yXa. MaealbHbI ypOBEHBb
BJIQXKHOCTH A1 KOM(OpPTa Yel0BEKa COCTABISIET
oT 30 mo 50 %. MakcuMmaipHasg OTHOCUTEILHAS
BJIKHOCTh BO3[yXa BHYTPH JIEZIOBOIO KaTKa JO-
nyckaetcsa He Oonee 70 % u nOKHA KOHTPOIUPO-
BaTbCsA, YTOOBI NPENOTBPATUTH HEXKEIATENbHYIO
KOHJICHCAIIMIO U IOAJICPKUBATh KaueCTBO JIbJA;
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— CKOPOCTb BO3JYILIHOTO MOTOKA AOJIKHA OBITh
JOCTaTOYHOM Ul 00ECIeUeHHs XOpOLIEro BO3IY-
X000MeHa, HO HE CIIMIIKOM BBICOKOH, 4TOOBI W3-
0exaTb CKBO3HAKOB, KOTOpBIE MOTYT YCHIIUTDH
OLIYIIECHHUE X0JIONA;

— KOHLIEHTpalMIO yriekuciaoro raza. OcHOB-
HBIM HMCTOYHHMKOM BO3MOXKHBIX IIpoOjeM c Kaue-
CTBOM BO3/yXa B 3aKpBITHIX JIEJIOBBIX apeHax sB-
JsieTCsl BBIACNICHUE YTIIEKHUCIIOro ra3a Mpu JbIXa-
HUU JIIOJEN.

CxeMarndeckoe H300paKeHHE paccMaTpHBac-
MOTO KpBITOTO JIEOBOI'O KaTKa C TpUOyHaMu Ha
700 3puTerneli n300paXkeHo Ha puc. 1.

['eomerpust 3maHust Obula co3laHa Ha OCHOBE
APXUTEKTYPHBIX U CTPOUTENIBHBIX uepTexei. Jle-
JOBasi apeHa MMeeT pasMmephl B miuaHe 68x39 m.
BricoTa momenieHus JIEA0BOM apeHbl 10 HU3a IO-
KpbITHs cocTaBisieT 13 M. B nenrpe nenosoil ape-
HBI PacIoIOKEHa XOKKEeHHAas IUIOIAIKa MEXIyHa-
pomHOTO CcTaHmapTa 56x26 M. Ilnomanp 1em0BOTO
nonst coctapister 1392 M. Bokpyr 1e10Bo# Tw0-
LIaJKHA PacIoflaraloTcsl 3pUTENbCKUE TPUOYHBI:
BJIOJIb JJIMHHOW CTOPOHBI KaTka 285 MecT u Jo-
MOJIHUTENbHBIE 415 MecT BOKpYr JeIOoBOH IJio-
manku. JlaHHas jenoBas apeHa o0opynyercst Jo-
MOJTHUTEJILHBIMU MECTaMU JUISI 3pUTENIEH.

OO0mrast MOITHOCTh TPHUOOPOB OCBEIIECHUS CO-
ctasyseT 16 xBT.

[lomemienne nenoBoro KaTka OOCTYXHBAIOT
JIB€ CUCTEMbl BEHTWISILIUU U KOHIULIMOHUPOBAHUS
BO3yXa: IepBast — I 30HbI JIEOBOH IJIOIIAAKHY;
BTOpas — Ui TpUOYH, PAacCIOJIOKEHHBIX BJOJb
JUIMHHOM CTOpOHBI Karka. Hapn senoBoil moman-
KOH pacrnojararoTcsi BOCEMb BO3AyXOpacIpelent-
tenelt Tuna BURE-500, pacnonosxeHHBIX Ha BBICO-
Te 10 M, C IOMOIIBIO KOTOPBIX MOAAETCS Npe/aBa-
PUTENBHO IOATOTOBJICHHBIM IIPUTOYHBIN BO3AYX B
xomyecte 25000 M’/4 (pacXox BO3IyXa Ha OJHUH
BO3IyXOpacmpenenurens 3125 m/u), Temmneparypa
mputouHoro Bo3ayxa 10 °C. OtpaboTaHHBIN BO3AyX
OT 30HBI JIEIOBOHN IUIOIIAJIKH YAAIIETCS C TIOMOLIBIO
30 BosmyxompuemHukoB tuna CCH-825x225, pac-
MOJIOKEHHBIX Ha BBICOTE 12 M IO IEpUMETPY CTEH.
TpuOyHBI BIOJH IJIMHHOW CTOPOHBI JISTOBOTO KaTKa
00CITy’>KMBaeT BEHTWIALIMOHHAS YCTAHOBKA C IIOMO-
mpio 13 Bosmyxopacnpenenureneit tuna SAP-Z-400,
pacronoXXeHHbIX Ha BblicoTe 10 M, mHOCpENCTBOM
KOTOPBIX MOAAETCS MPEABAPUTENBHO MOATOTOBIICH-
HBIil [PUTOYHBIA BO3MyX B Kommdectse 10000 m/a
(pacxom Bo3myxa Ha 1 BO3myXOpacHpeneTuTeIh
770 M’/a, Temmeparypa 22 °C, pacXoi Hapy»KHOTO
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BO3/IyXa B PUTOYHOI cMecu 5700 M/d, B TOM YHCIe
Ha 0[HOTO 3puTesst 20 M'/4).

B pesysbraTe mpoBeIeHHOTO MaTEMaTHIECKOTO
MOJIEIMPOBAHUS TIONYYEHBbI pPACIpeeseHusl TeM-
nepaTypbl, BIaKHOCTH, CKOPOCTH IBHKCHHS BO3-
nyxa u koHneHrpaunu CO,. Ha puc. 2 npezacras-
JIEHBl TOJyYeHHbIE pe3yJbTaThl pacIHpeeNeHus
TEMIIEpaTyphl BO3yXa B 30HE PacIOJIOKEHUS 3pU-
Teneil Ha TpuOyHax.

CBeTHIILHHKH

BrITsKEKa
CCH

Tpubyna

CraMmelKH
3aIIacHBIX

BRITSKKa
CCH

0

I
10.000

Kak BumHo u3 puc. 2 cpemssisi Temrmeparypa
BO3yXa B 30HE PACIIOJIOKEHUS 3pUTENeH Ha TpH-
Oynax coctaBnser okoio 10 °C. Takue HH3KHE
TEMIEpaTyphl BO3AyXa Ha TPUOyHAX BBI3BAHBI
BITUSTHUEM OJHM3KOTO K HEH pPacIoNIOKEHUS JIeJ0-
BOH IUIOIIAIKH.

Ha puc. 3 npencraBneHo pacnpezesneHHe TeM-
IepaTypsl BO BHYTPEHHEM MPOCTPAHCTBE JIEIOBON
apeHBL.

IIpuTok
SAP-Z

BrITsKkka
CCH

Tpubyna

:-- 4 \ Tpudyna

20.000 40.00 (m)
1

30.000

Puc. 1. PacueTHas cxema KpBITOTO JIEIOBOTO KaTka ¢ TpuOyHamu s 700 3pureneii:
ob6osnauenus: IIpntok BURE — pacrooskeHue IpHTOYHBIX ABYXIIOTOYHBIX BO3yXOpacHpeIeuTeNel Ul MoJauy II0Ar0TOBIEHHOTO
BO3yXa JJIsI CHOPTCMEHOB B 30HY JIe0BOM Tutomanky; [Ipurok SAP-Z — T0 e MPUTOYHBIX COIDIOBBIX BO3AyXOpacIpeaeanTeeii
JUTSL TIOJIa4Y¥ TIOJITOTOBIICHHOTO BO3yXa IS 3puTeie B 30Hy TpuOyH; BoiTsikka CCH — TO e BBITSKHBIX JKATIO3UITHBIX
BO3J(yXOpaclpeIenuTenell s yAaIeHNs OTpad0TaHHOTO BO3LyXa M3 HOMEIIEHHUS JIEJOBOTO KaTKa;
CBETWIBHHUKH — TO )K€ CBETHJILBHUKOB CHCTEMbI OCBELICHHS JISOBOTO KaTka; TprOyHa — TO e MEeCT JUIsl 3pUTelIei Ha JIEIOBOM KaTKe;
CkameliKka 3aIlacHBIX — PACIIOJI0)KEHUE 3aIaCHBIX UTPOKOB BO BPEMsI XOKKEHHOTO MaT4da

Fig. 1. Design scheme of indoor ice skating rink with stands for 700 spectators:
designations: BURE inflow — location of supply two-stream air distributors for supplying prepared air for athletes to the ice rink area;
SAP-Z inflow - location of supply nozzle air distributors for supplying prepared air for spectators to stands area;
CCP (SSN) exhaust — location of exhaust louvered air distributors for removing exhaust air from ice rink premises;
Lamps — location of luminaires for ice rink lighting system; Grandstand — location of seats for spectators at ice skating rink;
Bench - location of substitute players during hockey match
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Puc. 2. Pacnipesienenue TeMieparypsl B 30HE pacIoloKeH s 3puTeseil Ha TpubyHax

Fig. 2. Temperature distribution in the stands of spectators area
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7500

10.000 (m)
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Puc. 3. Pactipenenenue TemnepaTypbl BO BHyTPEHHEM IPOCTPAHCTBE JIEI0BOI apeHBbl:
cmpenxu: 1 — IpUTOYHBIN BO3/1yX, IOJaBaeMblii B 30HY JIEJOBOM IUIOIIAAKK Yepe3 Bo3ayxopacnpenenurenu tuna BURE;
2 — XOJIOAHBIN BO3IYX, IEPETEKaCMBIi C JISJOBOH IUIOMIAAKH B 30HY PACIIOI0KEHHUS TPUOYH CO 3pUTEIIMHI

Fig. 3. Temperature distribution in the internal space of the ice arena:
arrows: 1 — supply air supplied to the ice rink area through BURE type air distributors;
2 — cold air flowing from ice rink into area of stands with spectators

Ha puc. 3 (ctpenku 1 u 2) xopouio BUAHO, YTO
MIPUTOYHBIN BO3myX (cTpenka 1) oT Bozmyxopac-
npeaenuTeseii, pacrmoioKeHHBIX Ha BbICOTE 10 M
HaJ| TIOBEPXHOCTHIO JIBJIA, IT0/IaBACMbIil B 30HY JIe-
JIOBOM IUIOIIAAKH, BBIAABIMBAET XOJIOAHBINH 00bEM
BO3/IyXa C JISJIOBOM TUIOMIAJKU Yepe3 OTpajuTeIb-
HbIe O0pTa 3a ee npeeibl (cTpenka 2). XoJo HbIN
BO3/yX, NIEPEIHUBAsICh Yepe3 OTPaXKJACHUE JICIOBON
IUTOIIA/IKH, TIOTIAIaeT Ha MEPBhIe HECKOJIBKO PSIIOB
TpuOyH co 3puTensmMu. B pesynsTare 3TOTO 3pHTE-
U Ha HIKHUX pPsax HaXoIATCS B 30HE Oosee

230

HU3KUX TeMIepaTyp IO CPaBHEHHUIO ¢ 0oJiee BBICO-
KO PacIoIOKCHHBIMU PSAIaMU.

Ha mwmwxHe#t gactu puc. 2 u crnpasa Ha puc. 3
BUIHO, YTO C YBEIWYEHHEM BBICOTHI PaCIOIOXKe-
HUSL paga TpUOYHbI HaONIOAAETCS IOCTENCHHOE
BO3pacTaHue TemmepaTypsl Bo3zayxa ao 16 °C.
Temmneparypa Bo3QyXa Ha HIDKHUX pslax TpU-
OyH cocraBisier okoso 9-10 °C w moBBIIIaETCS
1o 16 °C Ha BepxHHX pagax. JlaHHOe yBenmn4eHne
TeMIIepaTypbl BBI3BAHO IIOJOIPEBOM BO3IyXa 3a
CYET TEIUIOBBIJEIICHUH OT 3pUTeNel U BO3AECHCTBU-
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€M CTpYy# MOJIOrPeTOro NMPUTOYHOTO BO3AyXa, MOoAa-
BacMOro B 30Hy 3puteneld. TakuM oOpa3oMm Xoion-
HBI BO3MYX Ha MEPBBIX HECKOJIBKUX psiaX TPUOYH
BBEI3BIBACT HANOOJIBIIHI TUCKOM(OPT Y 3pHUTENICH.

PaccMoTpum BapuaHT TEXHUYECKOTO PEILICHUS
TOBBINICHAS TEMIIEpaTypbl BO3IyXa Ha TEPBBIX
psanax TpuOyH 3a cyeT TMoJadydl paBHOMEPHO pac-
NpEeAeTICHHOTO TOA0TPETOr0 MPUTOYHOTO BO3IyXa
TIOJ] CUACHBS [T 3pUTENCH.

Ha puc. 4 npencraBieH (pparMeHT IuiaHa ¢ OJi-
HOW W3 TpUOYH Juis 3puteneit u paspes 1-1 c pas-
MEILEHHEM MPHUTOYHBIX BO3AYyXOpaclpenenuTenei
U BBITSDKHBIX pEIIETOK. B KadyecTBe MPUTOYHOTO
BO3/IyXOpachpe/IeIuTeNs MpeaycMaTpuBaeTcs BO3-
IYXOBOJl paBHOMepHOU pazfgauu. OO0beM MpHUTOU-
HOT'O BO3JlyXa ONpeleNieH U3 pacyera MoAadu CBe-
JEro BO3AyXa B KoimdectBe 20 M’/d Ha OXHOTO

a

1 S /-Tphﬁynbl
I /

OgF
/

[T

3putensa. Temmeparypa TI0AaBaeMOro BO3AyXa
npunsta 20 °C. YaaneHue oTpabOTaHHOTO BO3MY-
Xa TpeAyCcMaTpUBaeTCs C BEpXHEH 30HBI HAIl TPH-
OYHOH C TIOMOIIBIO JKATIO3MHHBIX PEIIETOK, pac-
MIOJIOKEHHBIX Ha BBICOTE 9 M HaJl ypOBHEM IIOJIa.
Boznyx ynansercst B o0beMe, paBHOM MOfade BO3-
IyXa Ha JaHHYIO0 TPHOYHY.

Ha puc. 5 npuseneHo pacnpeneicHue TemIle-
paTypsl O paccMaTpuBaeMoMy paspesy 1-1 Tpu-
OyHBbI anst 3puteneid. Kak BugHO U3 pHC. 5, MOXKHO
OTMETUTH HEKOTOPOE JIOKAJIbHOE YJIy4YIlEeHHE TeM-
nepaTypHOil 0OCTaHOBKM Ha TpUOYHE, OJHAKO KO-
JTMYECTBA BO3/AyXa B MPHHATOM O0beMe HelocTa-
TOYHO I TOTO, YTOOBI TOBBICHTH TEMIIEPATypPy
JUIsl 3pUTENiel Ha Beel TprOyHE W OTPaiuTh 3pHUTe-
Jie OT MOCTYIUIEHHS TTOTOKOB XOJOAHOTO BO3yXa
C JIETOBOM IUTOIAIKH.

b
1-1

r :
¥YganeHue sosayxa ns

BepXHeli 30HbI Haf,
TpubyHamu

logaya noAorpeToro NpUTOYHOTO
BO3/1yXa Nof, cuaeHbs TpUBYH
BO3AyxopacnpegenuTernem
paBHOMEPHOI pasaaqn

Puc. 4. dparmenr miana (a) ¢ pa3MemieHrneM TpHOYHBI A 3puteneit u paspe3 1-1 (b)
C pa3MeIeHNEM NIPUTOYHBIX BO3LYyXOPACIIPEACIUTENICH 1 BEITSDKHBIX PEIISTOK (TeXHHUYECKoe penreHne 1)

Fig. 4. Fragment of plan (a) with placement of grandstand for spectators and section 1-1 (b)
with placement of supply air distributors and exhaust grilles (technical solution 1)

TIC)
20.00
F 19.00
18.00
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Puc. 5. Pacnpenenenue temnepaTypsl 1o paspesy 1—1 TpuOyHs! s 3pureneit

Fig. 5. Temperature distribution in section 1-1 of spectator stands
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Ha puc. 6 npencrasien paspe3 1-1 co crnemyro-
UM BapHaHTOM TEXHUYECKOTO PELICHHs MOBBIIIE-
HUSI TEMIIEpATyphl BO3LyXa Ha MEePBBIX PAAax TPHOY-
Hbl C YCTAaHOBKOH KOMIIAKTHOM OTOIUTEIBHO-
BEHTHJIILIMOHHOIN YCTaHOBKH [UISl TIOJOTPEBA BO3IY-
xa Ha TpuOyHe. IIpenmnonaraercs, 9YTo0 OTOMUTENBHO-
BEHTIJIALIIOHHAS YCTAHOBKA 3a0MpaeT XOJOIHBIHA
BO3IyX C HIDKHEH 30HBI Tepes TPHOYHOH, TeM ca-
MBIM CHI’Kasl HETAaTUBHOE BIIMSIHUE Ha 3pUTENIEH To-
TOKOB XOJIOZHOT'O BO3/yXa, IOCTYHAIOIIUX C JIENO-
BoM momanku. IlomorpeTsiii BO3AyX MOCIE OTOMU-
TENIbHO-BEHTWISALIMOHHOW YCTaHOBKM C IIOMOIIBIO
IIEJICBOTO  BO3/yXOpaclpeleuTenss pPaBHOMEPHO
HofIaeTCsl repe; TPUOYHON BEPTUKAIBHO BBEPX IS
co3maHusi Oapbepa — BO3AYLIHO-TEIJIOBOM 3aBECHI.
Oxwmmaercs, 9TO Takas BO3MyIIHAs 3aBeca oOecte-
YUT TEMIIEPATypPHOE pa3AeiieHue TPUOYHBI CO 3pHTe-
JISIMU OT JIEAO0BOM TUTOLIAIKH.

Kak BumHO ™3 puc. 6b, MOXHO BBHIACITUTH
yMEHBIIEHHE 00beMa XOJOAHOTO BO3AyXa B IPO-
CTPaHCTBE MEXIy IIE€PBBIM pSIOM TPUOYHBI H
OrpafuTeJIbHBIM  OOpPTOM  JIEIOBOH  IUIOIIAAKH
(ymeHblLIeHHE 00J1aCTH CHHETO LBETa, T. €. BO3AY-
xa ¢ Temneparypoi Himke 10 °C). Taxxe crout
OTMETUTH (haKT HOBBIILIEHUS TEMIIEPATYPHl Ha Iep-
BOM psAAy TpUOYHBI U TOSIBICHHUA OYEPUCHHOM
TEMIIePaTypHON TPaHMIBI MEXIy 30HOW TPUOYHEI
U NIPOCTPAHCTBOM Iiepes TpUOYHOI cO 3HAUUTENb-
HO OoJiee HU3KOW TeMITepaTypo.

Pabora pasMenieHHON KOMIAKTHOW OTOIH-
TEJIbHO-BEHTWISILMOHHON YCTaHOBKM B TEXHHUYeE-
CKOM pEILEHUH 2 MO3BOJINIIA YMEHBIINTH HEraTHB-

a
1-1

TNopava peunpky NALMOHHOMD
EL /  Bo3gyxa nepepf TpubyHamu
- / WeneskiM
| — ' BO3AYX OpacnpefenuTenem
- NWHEAHOR pasgaqn

“—Ypanesue Bo3ayXa w3 HIKHER
30HbI Nepeq TpuByHamu co
CTOpOHLI NEA0BOA NNoWaOKN

KomnakTtHas—
BEHTMITAYWOHHAR
yCTaHOBKa ANA
obpaboTkn Boagyxa

HOE BIIMSHHE Ha 3pUTENIell MOTOKOB XOJOIHOTO
BO31yXa, NOCTYNAIOIIUX C JICAOBOM IUIOLIAJKH,
U KaK pe3yJbTat, MOBBICUTH TEMIIEPAaTypy BO3IyXa
Ha TpuOyHe. OHAKO TaKOe TEXHUYECKOE PElICHHUE
CO3J1aeT HEJIOCTATOUYHOE YBEIMYCHNE TEMIIEPaTyPhI
BO3/yXa Ha BTOPOM H TPETHEM PsAax TPUOYHBI.

Taxke CTOUTH OTMETHTH MOBBIIICHUE TEMITEpa-
TypHI HE TOJBKO Ha TPUOYHAX, HO U B 00IIEM 00b-
€Me BO3AYIIHOT'O IIPOCTPAHCTBA JIEAOBOIO KaTKa.

[lomaua monxorperoro Bo3ayXa OTOIMTENBHO-
BEHTWJIIIIHOHHOW yCTaHOBKOW Tepen TPUOyHOU
UL CO3JIaHMSA BO3YIIHO-TEIJIOBOM 3aBECHl 10
KpasM TpuOyH HE OTpaKlaeT BCeX 3pHuTeNed OT
MIOTOKOB XOJIOMHOTO BO3IyXa. YCHJIEHHE IOTOKa
BO3AyXa MO KpasiM TpUOYH HPUBOJHUT K yBeJIU4e-
HUIO TpeOyeMol NPOU3BOAUTENHLHOCTH U MOIIHO-
CTH OTONUTENHHO-BEHTUIISIIHOHHOHN yCTaHOBKH.

Ha puc. 7 npencraBieHO TEXHHUYECKOE pellie-
HUe 3 ¢ pa3MeIIeHNEeM KOMIIaKTHOH OTONUTENbHO-
BEHTHJISILIMOHHOM yCTaHOBKH, 3a0HparoIeii BO3ayx
nepea TpuOyHaMy M BBINONHSIOMEH (QyHKIHIO
oborpeBa MoaTpHOYHHOTO TpocTpaHCTBA. B maH-
HOM pELICHHH BMECTO YCTPOWMCTBA BO3IYIIHO-
TEIJIOBOM 3aBechl TMPUMEHEHO CBETOMPO3PaYHOC
oTpakIeHHe TPUOYH crepenu BeICOTOH 600 MM H
o 6okam BeicTol 1100 MM.

Ha puc. 7b BuaHO, 4T0 000rpeB NOATPUOYHHO-
ro IPOCTPAHCTBA IIO3BOJIMI CYLIECTBEHHO YBENHU-
YUTh TEMIIEPaTypy BO3IyXa Ha psanax TPHUOYHEHI W,
B CBOIO O4Yepeqb, TAKKE 3HAYUTEIHLHO TOBBICUTH
TeMITepaTypy BO3IyXxa B 00IeM oOheMe BO3MYII-
HOTO IPOCTPAHCTBA JIEOBOTO KaTKa.

b

o ’

2000
. 19.00

18.00
17.00
16.00
15.00
14.00
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12.00
11.00
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Puc. 6. Pazpe3 1-1 (a) ¢ pa3menieHueM KOMITAKTHOW OTONMUTEIHHO-BEHTHISIIUOHHON YCTaHOBKH
U pacnpejielieHie TeMIepaTypsl 1o paspesy 1-1 (b) TpuOyHsI 1y 3puTenelt (TEXHUIECKOe peneHue 2)

Fig. 6. Section 1-1 (a) with placement of compact heating and ventilation unit
and temperature distribution along section 1-1 (b) of spectator stands (technical solution 2)
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OrpaxpeHue TpubyHb!:
CTeKIo BbicoToi 600 MM

CO CTOPOHbI NEJOBON |

nnowaakv u 1100 Mm
no 60kam TpUBYHbI

1-1

Monava nogorpeTore— '
NPUTOMHOTO BO3AYXa Noj
cuoeHbs TPUGYH
BO3AyXopacnpefenurensm
paBHOMepHO pa3gaun

Mogaua nogorpeToro KomnaktHas— YoaneHue Boagyxa w3
BO3fyxa B NoATpubYHHOE BEHTUNALMOHHAA HWKHER 30HBI Nepen
NpocTPaHCTEO ycTaHoska ana TPUBYHAMK CO CTOPOHEI
obpaboTkw BO3OyXa nefoBoi NNoWanku

TIC]

1

20.00
19.00
18.00
17.00
16.00
15.00
14.00
13.00
12.00

1.00 t A
1000 (=t X —

Puc. 7. Pazpe3 1-1 (a) ¢ pa3MelieHHEeM KOMIAKTHOW OTOMUTEIbHO-BEHTUIIAIIUOHHOMN yCTaHOBKU
U pacrpefeneHne TeMneparypsl no paspesy 1—1 (b) Tpubynsl 1uis 3puTeneii (TeXHUUECKOE pemeHue 3).

Fig. 7. Section 1-1 (a) with placement of compact heating and ventilation unit
and temperature distribution along section 1-1 (b) of spectator stands (technical solution 3)

BbIBO/IbI

1. JIokanbHbIE CHUCTEMBI OTOIUIEHUS TPUOYH
JUIS 3pUTENEH MMEIOT XOPOUIME NMEPCIEKTUBBI IS
pa3BUTHS W BHEIPEHHA HA KPBITHIX JIEJOBBIX
KaTKax.

2. BaxXHBIM aclieKTOM NMPUMEHEHHS JTOKATbHBIX
CHUCTEM OTOIUICHHUS SBIAETCSd MHUHMMH3ALHA BO3-
MOYKHOTO HETraTHUBHOTO 3(¢eKTa MOBBILICHUS TEM-
NepaTypel BO3AyXa Ha Ka4eCTBO JIbJA.
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Pedepat. Acnekr, 3aTpOHYTHII B paMKaxX JaHHON HAyYHOW CTaThbH, MMEET BAKHOE 3HAYCHUE B OOJIACTH JOPOKHOTO CTPOU-
TEJILCTBA, HAIIEJICHHOM He TOJIbKO Ha JOCTIDKEHHE BBICOKOM MPOYHOCTH U YCTOWYMBOCTH ac(aibToOeToHa, HO U Ha odecrieye-
HHUE ONTHUMAIBHBIX XapaKTEPUCTHK €T0 CTPYKTYpbl. OCHOBHBIC IPHHINIIBI ONTUMH3AIMH 36pPHOBOTO COCTaBa 0a3HpyIOTCS Ha
napaMeTpax pa3MepoB U (OPMBI YaCTUI] KAMEHHOTO 3aIlOJHUTENS, BXOSIIEr0 B cOCTaB achanbToOeTOHHBIX cMecei. [my6o-
KU aHAJIM3 36PHOBOIO COCTABA CIIOCOOCTBYET JOCTHIKEHUIO ONTHMAIBHOrO OajaHca MEXLY KPYIHBIMU U MEIKMMH (paKiiu-
SIMH, 9TO, B CBOIO OYepe/ib, 00ECIeUNBAECT YCTONIMBOCT U JIONTOBEYHOCTh ac(albTOOETOHHOTO MOKPHITHA. MakcuManbsHast
IUIOTHOCTH ac()asIbTOOETOHHON CMECH UrpaeT KIIOYEBYIO POJib, BIMSASA Ha ¢ (PM3MKO-MEXaHHUECKUE CBOWCTBA U CLIOCOOHOCTh
MIPOTUBOCTOSITh arpeCCUBHOMY BO3ICHCTBUIO OKPYIXKAIOLIEH Cpeibl U TPAHCIOPTHBIM Harpy3kaMm. Kpome Toro, IJIOTHOCTh
CMECH CYLIECTBEHHO BJIMSAET HA €€ CTOMKOCTb K CTATUYECKUM U AMHAMHUYECKMM Harpys3kam M ae(opManusM, 4To BaKHO JUISL
obecriedeHnst 6€30IIaCHOCTH JIOPOKHOTO IBIKEeHHS. CTaThsl MpeacTaBIseT COO0OH aHAINTHYECKHH 0030p OCHOBHBIX IPHHITH-
OB U METOJ0JIOTUH ONPEJEICHHUS 36PHOBOTO COCTAaBA MEIKO3EPHUCTHIX ac(haabTOOETOHHBIX CMECEH C KPYITHOCTbBIO 3€PEH [0
10 MM C IETBI0 TOCTHKEHHSI HX MAKCUMAIBHOH INIOTHOCTH. PacCMOTpEHBI OT€UECTBEHHBIE U 3apyOeKHBIE METOJUKH OITH-
MH3al11 NapaMeTpoB MPOEKTUpoBaHUs cMeceil. Ha ocHoBaHMH yueTa MaealbHBIX MaTeMaTHYECKHX KPHBBIX 36PHOBOTO CO-
CTaBa yCTaHOBJICHAa OCHOBHAs 3aKOHOMEPHOCTH ISl MEJIKO3EPHHUCTOrO ac(aabToOETOHA, KOTOPAsi HMEET CXOXKHE ITapaMeTphl
¢ MaTematuyeckoi kpuBoi ®yiuiepa. [loHMManyue U MPaKTUYECKOE TPUMEHEHUE TIPUHIUIIOB TOCTPOEHUS 36PHOBOIO COCTaBa
acarbTOOCTOHHBIX cMecel MAKCHMAIBHOH IUIOTHOCTH HE TOJBKO IMOBBIMIAET KaYeCTBO JOPOXKHOTO CTPOUTENBCTBA, HO M
croco6cTByeT Ooiiee 3((HEKTUBHOMY HCIOIB30BAHHUIO PECYPCOB, 00CCICUHBAs YCTOWYMBOCTh M JIOJITOBEYHOCTD JOPOKHOTO
TIOKPBITUSL. DTO MPUBOAUT K CHIDKEHHUIO 3aTPaT Ha OOCIY)KHBaHUE M PEMOHT JOPOT, YTO SIBIISETCS BAXKHBIM ACIIEKTOM B KOH-
TEKCTe YKOHOMHYECKON 3((PEKTUBHOCTH MH(OPACTPYKTYPHBIX NMPOEKTOB. TakuM 00pa3oM, yJIydIIeHHEe METOJOB MCCIIe]0Ba-
HUSI X KOHTPOJISL 36pHOBOTO COCTaBa ac(aabToOETOHa NMEET BaXKHOE 3HAUEHHE JUIS YCTOHYMBOTO Pa3BUTHUSI JOPOKHOTO CTPO-
UTEIIbCTBA.

KnroueBrble ciioBa: achanbTo0eTOH, 3epHOBOM cocTaB acaibToOETOHHOM CMeCH, TUIOTHBIE CMECH, KPHBasi FpaHyJIoMeTprye-
CKOTO cocTaBa, kodddummenT coera, guamerp 3epeH, kpusas Dysuiepa, SKCIIEPUMEHTATBHBI METOJ] TTOA00pa, OCTATOYHAS
MMOPUCTOCTH, Superpave
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Optimization of Aggregate Composition of Asphalt Concrete Mixtures
to Ensure Maximum Density
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Abstract. The aspect raised in this scientific paper is of great importance in the field of road construction, aimed not only at
achieving high strength and stability of asphalt concrete, but also at ensuring optimal characteristics of its structure.
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Cmpoumenbcmeo

The main principles for the optimization of the grain composition are based on the parameters of the size and shape
of the stone aggregate particles included in the composition of asphalt concrete mixtures. An in-depth analysis of the grain
composition helps to achieve an optimal balance between coarse and fine fractions, which in turn ensures the stability and
durability of the asphalt concrete pavement. The maximum density of an asphalt concrete mixture plays a key role, influen-
cing its physical and mechanical properties and ability to withstand aggressive environmental influences and traffic loads.
In addition, the density of the mixture significantly affects its resistance to static and dynamic loads and deformations, which
is important for ensuring road safety. The paper provides an analytical review of the basic principles and methodology for
determining the grain composition of fine-grained asphaltic concrete mixtures with grain sizes up to 10 mm in order to
achieve their maximum density. Both domestic and foreign methods for optimizing mixture design parameters are considered.
Based on the consideration of ideal mathematical curves the grain composition, the main regularity for fine-grained asphalt
concrete has been established, which has similar parameters to the mathematical Fourier curve. Understanding and practical
application of the principles of constructing the grain composition of asphalt concrete mixtures of maximum density not only
improves the quality of road construction, but also contributes to a more efficient use of resources, ensuring the stability and
durability of the pavement. This leads to a reduction in road maintenance and repair costs, which is an important aspect in the
context of the economic efficiency of infrastructure projects. Thus, improving the methods for investigating and controlling
the grain composition of asphalt concrete is important for the sustainable development of road construction.

Keywords: asphalt concrete, grain composition of asphalt concrete mixture, dense mixtures, grain size distribution curve,
runaway coefficient, grain diameter, Fuller curve, experimental selection method, residual porosity, Superpave

For citation: Afanasenka A. A. (2024) Optimization of Aggregate Composition of Asphalt Concrete Mixtures to Ensure
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BBenenune

AchanbTo0CTOH TIPEACTABISIET COOOW BBICOKO-
TEXHOJIOTUUHBIN CTPOUTENBHBIA MaTepUall, KOTOPbII
SIBTIICTCSL OHMM U3 HamOosee paclpoCTpaHeHHBIX
Y [IAPOKO HCIIONB3YEMBIX B YCTPONCTBE MOKPBITHS
J0pOor U yJIiiil HaCCJICHHBIX ITYHKTOB. 9T0T Marepual
o0NagaeT YHUKaJbHBIMH CBOHCTBAMH, ACNAOLINMH
€ro TPENNOYTHTENHFHBIM BBIOOPOM U CO3JIAHHMS
MPOYHBIX, JOJTOBEYHBIX M BBICOKOKAYECTBEHHBIX
JIOPOXKHBIX OJE/I. BaKHbIM acrekToM ero ImoIry-
JSIPHOCTH SIBISIETCA HE TOJIBKO €ro MPOYHOCTh, HO U
BO3MOKHOCTD aJIaNTalliil K Pa3INYHBIM KIMMaTHYe-
CKHM YCJIOBHAM M TPAHCIOPTHBIM Harpy3kaM Kak
TJIABHOTO U HEOTHEMIIEMOTO KOMIIOHEHTA JOPOXKHO-
TO CTPOHTENHCTRA.

B coBpemeHHBIX NOAXOJaX K CO3JAaHUIO Kaue-
CTBEHHBIX JIOPOKHBIX IOKPBITHH Mogdop cocra-
Ba ac(arbTOOCTOHHBIX CMECEH SBISETCS OCHO-
BOTIOJIAralonie YacThio Mpollecca MPOU3BOJCTBA
JOJTOBEYHON W YCTOHYMBOW JOpPOKHOU HH(Opa-
CTPYKTYpBL. DTOT MPOIECC MpHOOpeTaeT 0colyro
aKTyaJIbHOCTh B YCJIOBHSAX MCKITIOYATEIBHBIX Tpeho-
BaHMH K BBICOKMM CTaHAapTaM KadecTBa. CyIIecTBY-
eT OOLIMPHBIM CIEKTP CIENUATbHO pa3padOTaHHBIX
METOJIOB ¥ METOAWK JUTS TTO00pa COCTABOB achallb-
TOOETOHHBIX cMeced. Kanmplii M3 3THX IMOIXOI0B
aJlaliTUPOBAaH K KOHKPETHBIM YCIIOBHSIM, BKIIOYAs
TIOTO/THO-KJIMMaTHUIeCKHe (DaKTOPHI M TPAHCIIOPTHHIC
0COOCHHOCTH, YTO JenaeT ux oonee d3H(HEeKTUBHBIMU
B OIPE/IENIEHHBIX KOHTEKCTaX UCIOJIb30BaHMS.

Crienanuctsl B 00JIACTH JOPOKHOTO CTpOU-
TENhCTBA aKTUBHO HCCIEAYIOT W pa3padaThIBaIOT
Bce OoJiee alanTUBHBIE METOMBI TO00Pa COCTABOB
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acharbTOOCTOHHBIX CMECEH C IIENbI0 MOBBIIICHUS
MPOU3BOIUTEIBHOCTH. OT XHMHUYECKOTO aHaIu3a
KOMIIOHEHTOB JI0 ONTHMHU3AIMH (PPaKIIHOHHOTO
COCTaBa 3TH TMOAXOABI HampaBJIeHbl Ha obecreue-
HUE ONTHUMANBHBIX CBOMCTB acambToOeTOHA IS
Pa3TUYHBIX yCIOBUH dKkcmuryatanmun. Ocoboe BHU-
MaHHE YJINSETCS METOJlaM, OCHOBaHHBIM Ha
MIPUHIIATIAX TPOCTOTHl U TOHATHOCTH. Takue Me-
TOJBI MPHOOPETAIOT OCOOYI0 3HAYMMOCTH B KOH-
TEKCTE WX HWCIIOJIb30BaHUSI HA MPOU3BOJICTBEHHBIX
IDIONIAIKAX, T/Ie TPEOYIOTCS ONEePaTUBHOCTH U 3(-
(EeKTHUBHOCTh B MpoIecce MPOM3BOJCTBA ac(alib-
TOOETOHHBIX CMecell M MaKCHMaJbHas CKOPOCTb
MIPU KOPPEKTUPOBKE COCTaBA.

IMoaGop cocTaBa MIOTHBIX cMecei

ITonbop cocraBa achanbToOETOHA — 3TO KOM-
IJIEKCHBI MHXKEHEPHBIA MPOLIECC, HalpaBJICHHBII
Ha OIpeJieIeHNe HauIydIlero COOTHOLIECHUS U Ka-
YecTBa OCHOBHBIX KOMIOHEHTOB ac(aibTOOETOH-
HOW CMECH, TaKUX Kak OWTyM, MHUHEPaJbHBIA MO-
POIIIOK, TIECOK, MmeOeHb u/wimm TpaBuid. Mckmoun-
TeNbHAs BaXXHOCTH MOI00pa cocTaBa 00yCIIOBJICHA
HE TOJBKO TPeOOBAHUSMH K MPOYHOCTH M JOJITO-
BeYHOCTH acanbToOEeTOHA, HO U €ro ajanTanuel
K KOHKPETHBIM YCJIOBHUSM 3KCIUIyaTalUH, 4YTO
o0ecreunBaeT ONTHMalIbHOE (QYHKIHMOHHUPOBAaHHUE
€ro Ha pa3HbIX TUNAX JOPOr U B Pa3HOOOpa3HBIX
KJIMMaTHYECKUX YCIOBHSIX.

IIpoexTupoBanue coctaBa ac(aabTOOSCTOHHBIX
cMecell B cTpaHaX MOCTCOBETCKOTO MPOCTPAHCTBA,
He uckmovas u Pecnybnmky bemapych [1], ocy-
LIECTBISAETCS 110 METOAMKE, OCHOBAaHHOW Ha IOJ-

Hayka
urexHuka. T. 23, Ne 3 (2024)



Civil and Industrial Engineering

Oope KpuUBOH TpaHYyJIOMETPUUYECKOTO COCTaBa,
BXOJISIIICH B IPENEIbHBIC KPHUBBIE TUIOTHBIX CMe-
ceil. OCHOBHOW TIPUHIIMIT STOTO METO0Ha, pa3pado-
tanHoro B Coro3/lopHMMU [2], 3akmogaercs B yde-
T€ 3aBHCUMOCTH NTPOYHOCTH U JPYTUX CBOWCTB
achanpTo0eTOHa OT TUIOTHOCTH MHUHEpPaTbHON
CMECH TpH ONTHMAaJIbHOM KOJHYECTBE OWTyMa.
OntrumanbHOE KOJTUYECTBO OMTYMa OOBIYHO OTpe-
JeNsieTCsl Ha OCHOBE Pe3yJIbTaTOB AKCIIEPHUMEHTOB,
YYHUTHIBAOIINX HAWBBICIIYIO MTPOYHOCTH 00Pa3IoB
U JpyTue MOKa3aTeld MX KadecTBa, COOTBETCTBY-
Io1IMe TpeOOBaHUSAM CTaHapTa.

OCHOBHBIE TIPHUHIIUIIBI METO/Ia OMHPAIOTCS Ha
TEOPETHYECKNE W DKCIIEPUMEHTAIbHBIE HCCIEN0-
BaHus npogeccopa B. B. Oxoruna [3] u npodec-
copa H. H. UBanoga [4]. CuuTaeTcs, 4TO COCTaBbI
C JIOCTaTOYHOHM IDIOTHOCTHIO BKIIOYAIOT B ceO0s
MUHEpaJbHBIE CMECH, Tle Auamerp uactul (d)
yYMCHBIIaeTCd B JBa pas3a, a Macca COOTBETCT-
BYIOIIMX (paknuii yMEHBIIAeTCs B Ipenenax
0,65-0,9 paza. Benuumna, ompenensonas, BO
CKOJIBKO pa3 KOJMYECTBO MOCIEAYIOmEeH (pakiuu
MEHbBIIIe KOJWYEeCTBA TMPENbIIyIIeH, Ha3bIBaeTCs
kod(pummerrom coera (k).

Takum 00pa3oMm, OTHOIIEHHE AMAMETPOB Hac-
Tl (d) MO’KHO TIPEACTaBUTD B CICAYIOIIEM BUE:

d_dl.d dl. d dl (1)
2= T 3:_5 eeey )
2 2° "o
rie d; — pa3Mep HauOOIBINETO OTBEPCTHS CUTA, MM;
d, — TO X¢ HauMCHBIIEr0 OTBEPCTHUS CHUTA, MM;
dr, d3, ... — TO XK€ TPOMEKYTOYHBIX OTBEPCTHUIL
CHUT, MM.

OTHOIICHHE TT0 Macce MOCISAYIOMUX hpaKIInid
K mpenpiaymeit (koddduuuent coera k) MOXKHO
OTIPEACTUTH IO CICAYIONICH 3aBUCUMOCTH:

=B oS )

XX, x

n—1

TJIe X| — COAepKaHue HauOobIeH (GpakIuu 3epeH
B cMecH, %; X, — TO JKe HaMMEHbIIeH Gpakiuu 3e-
peH B cMmecH, %; Xz, X3, ... — TO e MPOMEKYTOU-
HBIX (PpaKIKK 3epeH B cMecH, Y.

Uccnenosanus H. H. MBanosa [4, 5] nokazanu,
YTO MaKCHMalbHas IUIOTHOCTH ac(anrbToOeTOH-
HOM CMECH JIOCTUTaeTCs MpH Koddduimente coera
ot 0,80 mo 0,81, ogHako, y4UTHIBas TPYIHOCTH,
CBSI3aHHBIC C TOYHBIM MOJOOPOM TAKOTO COCTaBa,
MpeUIarajioch PacHIMPUTh JUANa30H 3HAYCHUH
koaddurmenrta coera ot 0,65 no 0,90. DroT nua-
Na3oH o0ecreyrs OaaHe MeXITy JKenaeMol BhICO-
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KOW IUIOTHOCTHIO CMECH W PEaTbHBIMU TIPOO-
JEMHBIMH MOMEHTaMH, C KOTOPBIMH MOXHO
CTOJIKHYTbCS TIpH Tombope coctaBa. IIpuHSTHII
kod(durmenT cbera B yKa3aHHOM HHTEpBaje
MpeaoCTaBuJI MHXKXCHEPAM U CIiCHUaIMCTaM ONTH-
MaJbHBIE BO3MOXXHOCTH IJIs afanTalid COCTaBa
acanpTo0ETOHA K KOHKPETHBIM YCIIOBHSM ITPOU3-
BOACTBA U Tpe6OBaHI/I$IM, MpeaAbABIAEMBIM K J0-
poxxHOMY ac(aTbTOOESTOHHOMY MTOKPBITHIO.

PacuerHple KomMYecTBa KaXIOW (paKkmuu
oToOpakaroTcs Ha rpaduke, rie IO OCU OpAUHAT
YKa3bIBAIOT TOJTHBIN MPOXOJI Yepe3 CUTO B MPOIICH-
Tax, a MO OCH alcrucc — JorapudMbel pa3MepoB
3epeH Ui oTBepcTuil cut. Ha puc. 1 npeacrasien
IIPUMEP KPHUBBIX TI'PAHYJIOMETPUYECKOIO COCTaBa
MUHEpaIbHOW YacTu acanbToOeTOHA TpH pas-
JTMIHBIX ko3¢ durineHTax coera.
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Puc. 1. T'panynomerpudeckuil cocTaB MUHEPaIbHOM 4acTH
ac(anbTOOCTOHHBIX CMeCel
C pa3nM4YHBIMU K03 durentamu coera

Fig. 1. Granulometric composition of mineral
fraction of asphaltic concrete mixes
with different flow coefficients

Kpusie ¢ xospdunmenrom coera menee 0,7
COOTBETCTBYIOT CMECAM C HHM3KHUM COJEp)KaHU-
€M MHHEPaJIbHOrO IMOpOILIKAa Wi 0e3 Hero, B TO
BpeMs Kak KpHuBble ¢ Koadduuuentom cbera 6o-
nee 0,9 oTpaxaroT cMecH C BBICOKUM COJIEp>KaHH-
€M MHHEepallbHOro Topomka. Bwidop xkoaddu-
UeHTa cOera 3aBUCUT OT HPEANIOYTHTENBHOTO CO-
OTHOUICHUS MHHEPaJIBHOTO IOpOLIKa M MIeOHS
B CMECH, a TaKXe OT TpeOyeMOoll INIOTHOCTH MUHE-
paJIbHOM YacTH CMECH, CTPEMSICh IOJIyUUTh peallb-
HYIO KPUBYIO CMECH, KOTOpas HAXOIUTCA MEXKIY
npeAeIbHBIMUA KPUBBIMHU TUIOTHBIX CMeCeH.

Ucxons W3 TEOpeTHUECKUX MAaHHBIX OIpeie-
JICHUS] ONTUMAJIbHOM KpPHUBOM TIUIOTHBIX CMECE,
¢ yuetoM 3aBucumocted (1) u (2) mocrpoum aHa-
JUTUYECKUE KPHUBBIE 3€PHOBOTO COCTaBa MEJKO-
3epHUCTON ac(hambTOOCTOHHOW CMECH C MaKCH-
MaJIbHBIM pazMepoM 3epeH 10 MM (puc. 2).
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Puc. 2. Ananurideckue KpUBbIe 36PHOBOTO COCTaBa MEIIKO3EPHHUCTOM
acaybTOOSTOHHOM CMECH C Pa3INYHBIMU 3HaUeHUAMH Koddduunenra coera

Fig. 2. Analytical curves of grain composition of fine-grained asphalt concrete mixtures
with different values of flow coefficient

Takum oOpaszom, I00asi METKO3epHUCTasl ac-
(hampTOOCTOHHAS CMECh C pa3MepoM 3€pPEeH He
kpynHee 10 MM, COOTBETCTBYyIOIIAsl ACHCTBYIO-
MM CTaHIapTaM, JIOJDKHA BXOAHUT B TIOCTPOCHHBIC
TpaHUYHbIE AaHAIMTHYECKHE KpPUBBIE, a C IIEIBIO
oOecrieueHusT MaKCUMAaJIbHOW IIJIOTHOCTH M, Kak
CJIEJICTBUE, HEOOXOAUMOCTH MUHHUMAIBHOT'O KOJIHU-
YEeCTBA BSIKYIIETO CTPEMHUTCS IPUOIUUTHCS K TI0-
CTPOCHHOHN aHAIMTUIECKON KpUBOH ¢ Kod(DduIm-
enroM cbera 0,8.

OnTuMHu3anus cocTaBa
10 KPUTEPHUIO MJIOTHOCTH

o HemaBHEero BpeMeH! ONTHMHU3AIUI0 COCTaBa
cMecell Uil CO3JJaHusl BEPXHUX CIIOEB JIOPOKHBIX
TOKPBITHH aCCOLMUPOBANIA C yBEJIHMYEHHEM ILJIOT-
HocTH ac(anbToOeToHa. B pesynbraTte 3TOTO B 00-
JacTH JIOPOKHOTO CTPOUTENLCTBA MOXKHO BBIJIE-
JUTH TPU METOJA, UCHOIB3YEMBIX MPH ONTHMHU3A-
WU  TUIOTHOCTH ¥ (OPMHUPOBAHUH 3EPHOBBIX
COCTaBOB MUHWUMAJIBHOM MyCTOTHOCTH, MCXOJIS W3
3€pHOBOTO COCTaBa KPYITHOTO 3amoyiHuTeNs [6]:

— DKCTIEPUMEHTAIIBHBIN (HEMEIKH) METOJ TIO/-
0opa MIOTHBIX CMECEH, 3aKITIOYarOIIUiics B MOCTe-
NIEHHOM 3allOJTHEHUH OJTHOT'O MaTepualia IPyTruM;

— METOJ KpWBBIX, OCHOBAHHBII Ha MOI0OpE
3epHOBOTO COCTaBa, MPUOIMHKAIOIIETOCS K 3apaHee
OIpe/ieNIeHHBIM MaTeMaTHIECKU «UJIeaTbHBIMY» KpH-
BBIM IJIOTHBIX CMECEH;

— aMEepUKaHCKUM METOJ CTaHJIapTHBIX CMECEeH,
OCHOBaHHBIH Ha arpoOOMPOBAHHBIX COCTaBaX CMe-
ceil U3 KOHKPETHBIX MaTepHAaJIOB.
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CyIIHOCTh AKCIEPUMEHTAILHOTO METOJa IO/~
0opa TUIOTHBIX CMeCel 3aKII0YaeTcs B MOCTEIeH-
HOM 3aIloJTHeHWU TIOp OJHOTO Marepuaina c Oolee
KPYIHBIMH 3€pHaMH ApyruM OoJjiee MEIKUM MH-
HepalmbHBIM MatrepuaioM. [IpakTuuecku moxbop
CMECH OCYIIECTBIIIETCS B CIENYIOIIEM IOPAIKE.
K 100 BecoBbIM yacTsiM MEpPBOTO Marepualia Jo-
6aBJsr0T mocienosareasHo 10, 20, 30 u 1. 1. Beco-
BBIX YacTell BTOPOTO, OMpEIeNss MOocie WX mepe-
MEIIMBAHUS U YIUIOTHEHUS CPEIHIOI IJIOTHOCTH
U BBIOMpas CMEChb C MUHUMAIBHBIM KOJHYECTBOM
ITyCTOT B YIJIOTHEHHOM cOCTOsSHUH. Eciin Heobxo-
JTMMO COCTaBUTh CMECh U3 TPEX KOMIIOHEHTOB, TO K
IUIOTHOW CMECH M3 JBYX MaTepPHAJIOB JTOOABISIOT
MTOCTETIEHHO YBEINYNBAIOIUMHUCS TTOPIUSAME Tpe-
THH Marepuan ¥ TaKke BBIOMpaloT Haubolee
IJIOTHYIO CMECH.

[IpuHIHATT TOCIIE0BATENFHOTO 3aITOTHEHUS ITy-
CTOT MPUMEHEH B METOJAWKE MPOEKTHPOBAHHS OII-
TUMAJIbHBIX COCTaBOB JOPOXKHBIX ac(haibro0eTo-
HOB, B KOTOPBIX HCHOJB3YIOTCS IIcOeHb, IpaBUil
" TIeCOK ¢ 000 rpanynomerpueit [7]. Ilo man-
HbIM aBTOPOB CTaThM, HA OCHOBE JCIYyKTHBHOIO
aHallM3a WCIBITAHUN arperaTHbIX cMecel ¢ pas-
JIUYHBIM COJIEpP’)KaHUEM KOMITOHEHTOB Pa3IMYHON
KPYITHOCTH YCTaHOBIIEHa CIIO)KHAs MaTeMaThde-
CKas 3aBUCUMOCTb JUIS ONPENCIICHUS «ITyCTOTHI
B wMuHepambHOM arperare» (Void in Mineral
Aggregate, VMA). OH oTpaxaeT o0beM mop (Imy-
CTOT) B MUHEPAJIHLHOM 3aIOJHUTENE U ONpeAeseT
JOJIIO TIPOCTPAHCTBA, KOTOPOE MOKET OBIThH 3aroJi-
HEHO BsKymuM. VMA, Hapsaay ¢ coaepKaHHeM
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BO3/yXa, SIBJIAETCS BaXHBIM ITOKa3aTeJIeM B KpHUTe-
pUSAX MPOEKTUPOBAHUSI CMECEH Pa3IMYHBIX THIIOB
acdanbrobeToHa. ABTOpPHI CTaThH IOCTapalIUCh
ydecTb Bce (DaKTOpBl, BIIMSIOIIME HA CO3/aHHUE
IUIOTHOW ac(anbTOOETOHHOW CMECH C Yy4YeTOM
OCTaTOYHOW MOPHUCTOCTH U KOJUYECTBA BOBJICUECH-
HOI'O BO3JlyXa, 37IECh TAK)K€ BBOJATCS JOIOJIHU-
TeJbHBIE KOX(PQHUIMEHTHI, YYUTHIBAIOIINE Pa3Mep
1 (hopMy MHHEPANBHBIX YaCTHIl U X ITOBEPXHOCT-
HYIO MOPUCTOCTh. JIabopaTOpHbIE UCIIBITAHNUS KOH-
TPOJBHBIX CMecell TOKa3alu XOPOIIYI0 CXOIH-
MOCTb C pe3yJIbTaTaMH TEOPETHUYECKUX PacueTOB.

Bropoili MeTon ontumu3zauuu 1mondopa 3epHO-
BOro cocraBa ac(albTOOETOHa OCHOBBIBAETCS Ha
noj0ope IJIOTHBIX MHUHEPAJIbHBIX CMEcel, 3epHO-
BOM COCTaB KOTOPBIX NMPHOIMKAETCS K UACaIbHBIM
kpuBbiM @Dymnepa, ['pada, ['epmana, Bomomes,
Tonbor-Puuapma, Kurr-Ilepda n mpyrux asro-
poB [8]. OTu kpuBBIE B OOINBIIMHCTBE CIydacB
MIPEACTABIISAIOTCS CTENEHHBIMA  3aBUCHUMOCTSIMHU
TpeOyeMoro coIep)kaHusl 3epeH B CMECH OT HX
KpynHoctd. Hanpumep, KpuBasi rpaHyJoMeTpHue-
CKOTr'0 cocTaBa IUIOTHOU cMmecH, 1o Dymiepy, 3aaa-
eTcs CIIEAYIOIINUM YPaBHECHHUEM:

0,5
P=100 % , 3)

rae P — TpOIEHT arperara, MPOXOMISINETo depe3
cuto, %; d — auaMerp oTBepCTHii cuta, MM; D —
MaKCHUMAaJIbHBIN JUAMETP YacTHII B arperare, M.

100,00 ——

OTO ypaBHEHHME HCIOJB3yeTCs JUIsl OIpejiene-
HUSl ONTUMAJILHOTO TPaHYJIOMETPHUYECKOIO COCTa-
Ba ac(hanbTOOETOHHOW CMeCH, YTOOBI 00ECIeUnTh
HanboJiee TUIOTHYIO YIAaKOBKY YacTHI] MUHEpallb-
Horo 3amojHuTens. ['paduueckoe u300paxe-
HUe KpuBoil Dymepa Ui ciaydas MPOEKTHPOBa-
HUSI MEJIKO3EPHUCTON ac(hanibTOOETOHHOM CMecH C
MaKCHUMaJIbHBIM pa3mepoM 3epeH 10 MM mpencras-
JICHO Ha pHucC. 3.

B mpakTuke mpoektupoBaHus achaibTOOETOH-
HBIX cMecell B pamkax meroga Superpave [9, 10],
BHUMaHHUE aKLUEHTUPYETCS Ha PETYIMPOBAHHUH 3€p-
HOBOT'O COCTaBa C LIENbIO ONTHMHU3ALMH IIOTHO-
CTU. B IaHHOM KOHTEKCTE, TakXe IPHHATO HC-
MOJIb30BaHUE TPAHYJIOMETPUIECKUX KPHUBBIX ILIOT-
HbIX cMmecell Dyriepa, KOTOpble COOTBETCTBYIOT
CTEIICHHON 3aBHCHUMOCTH C IIOKa3aTejeM CTele-
uu 0,45 u mpencraBiaoT co00W MHCTPYMEHT IS
OIIpEJENICHU MaKCHUMAaJIbHOH IJIOTHOCTH acdalib-
ToOeToHa. Tak, KpyBasi rpaHyJIOMETPHUUECKOrO CO-
CTaBa B JaHHOM Ciy4Yae 3aJaeTcsl CIeXyIOIM
YPaBHEHUEM:

0,45
P=100 % : (4)

OTOT MOIXOJ TMO3BOJSIET HACTPAUBATh CTPYK-
TYpy CMECH C YY€TOM OCOOEHHOCTEH pa3MepoB
W pacrpenelieHHss MHHEPaJbHbIX (pakiuid, 4To,
B CBOIO OYepellb, CIIOCOOCTBYET NOCTIKEHHIO OII-
TUMAaJIbHBIX IJIOTHOCTEH acdaabTodeToHa.

90,00

80,00

70,00

[+1]
=2
[=]
o

(5]
=
[=]
o

40,00

30,00
=e-— gpuBasi, 1o Vanosy (k= 0,81)
20,00

Maccogast 1015, B %, 3¢peH Melbyue, MM

—e— KpuBas 110 ypasHenuio dysepa
10,00

KpHBas 110 ypaBHeHuo Dyriepa ¢ yueToM oadopa o Superpave 11,83

17,75

0,00

10 5 25 125

0,63 0,315 014

Pasmep cur, Mm

Puc. 3. AHannTnuecKue KpUBbIE 36PHOBOTO COCTaBA MEJIKO3EPHUCTOI
ac(aabTOOETOHHOM CMECH ONTUMAIIBHOH IIOTHOCTH

Fig. 3. Analytical grading curves of fine-grained asphalt concrete mixture
with optimum density
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[MocTporM aHaNUTHYECKHE KPHUBBIE 3€PHOBOTO
coCTaBa IUIOTHBIX CMecei Mo 3aBUcHUMOCTAM (3)
1 (4) uis ciaydast MeJIKO3epHUCTOTO acdanbTodeToHa
C MakCHUMaJIbHBIM pa3mepoM 3epeH 10 mm (puc. 3).
Takum 00pa3oM MaTeMaTHYECKHE KPHUBBIC ILIOT-
HBIX CMeceld, IIOCTPOeHHbIE 10 ypaBHEeHHIO Dyi-
nepa (3), ¥ KpuBasg C y4eTOM KOPPEKTUPOBKH B
METO/IMKE MPOEKTUPOBaHMUs cocTaBa acanbrode-
TOHa 1Mo Meroay Superpave (4), a TaKke Kpu-
Basi 3€PHOBOIO COCTaBa IO KPUTEPHUIO IIJIOTHO-
ctu H. H. VBaHoBa, ompezneneHHass 1o Qopmy-
nam (1), (2), BU3yallbHO MMEIOT OJWHAKOBBIA Xa-
paKTep HAKJIOHA, YTO IO3BOJIAET JAEJIATh BBIBOJBI
00 UX B3aMMOCBSI3H.

[TpoBenst HeclIOXKHBIE PacdeThl METOAAMHU Ma-
TEMAaTU4ECKOM CTAaTUCTHKH, OCYLIECTBUM aHaJIN3
3aBUCUMOCTH MEXAY KPUBBIMHU C LENIbIO BBISBIIC-
HUSI ¥ KOJIMYECTBEHHOI'O OIMCAHUS CBS3U MEXKIY
nepeMeHHbIMU. B KkadecTBe MeTona Ui OLEHKH
Obu1a BeIOpaHa IMHEHHAas! perpeccusi, KoTopas 1mo3-
BOJISIET OLICHUTH JIMHEWHYIO 3aBHCUMOCTH MEX-
Iy ABYMsI II€pEMEHHBIMH, Jajiee MIPOBEPUM HAIy
TUIIOTE3Y.

B snmHEWHON perpeccuu Ipeanonaraercs, 4ro
3aBUCHUMOCTh MEXIYy I[I€PEMEHHBIMU MOXET OBITbH
orHcaHa JIMHEHHON QyHKIMen

y=mx+b, (5)

rZie y — 3aBUCUMas NIepEeMEHHas; X — He3aBHCcuMast
nepeMeHHasi; m — K03()OUIHEeHT HaKIIoHa; b — CBO-
OO/IHBIN YJIEH.

Hna maxoxaenus xodddunmentoB m u b, xo-
TOpBIE HAMIYYIIMM OOpa3oM COOTBETCTBYIOT IaH-
HBIM, BOCIIOJIB3yEMCS METOJOM HAMMEHBIINX
kBagparoB (MHK). DtoT Meron MHHUMH3HpYET
CYMMY KBaJIpaTOB Pa3HOCTEH MeXAy 3HaYCHUSMU
3aBUCHMBIX M HE3aBUCHUMBIX IEPEMEHHBIX. JTO
JeNlaeTcsl ¢ LEJbI0 HAlTH HaWIydIlylo JIMHEHHYIO
anmnpoKCUMaNuio JaHHBIX. @opMyny Ui BBIYMC-
JeHus K03 GUIMEeHTa HAKJIOHA 7 MOXKHO OIHCaTh
mo 3aBUCHMOCTH (6), a KOdQPHUIHEHT b MOXKHO
OTIPEIENIUTD MO BBIPAKEHHIO:

M) () (),
n(Xx) ()

y 2y m(Xv)

n

(6)

; (7

II€ n — KOJIU4YCCTBO Ha6J'IIOI[eHPII>i.
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TakuM 00pazoM, 3aBUCHMOCTh MEXIy JaH-
HBIMH, TIONy4eHHBIMU TI0 ¢dopmyne Dymiepa (3),
Y JaHHBIMH, TIONy4eHHBIMU 110 dopmynam (1), (2)
(npencraBieHsl Ha pHUC. 4), MOXKET OBITH OIMHMCAaHA
CJICIYIOIINM BBIPAKEHHEM:

y =0,8374x +20,1877, (®)

e y — JaHHble, mody4deHHbIe o ¢opmynam (1), (2),
YUUTHIBAIOIINE KPUTEPUH TUIOTHOCTH JJISI MEJKO-
3epHUCTOM achaibToOeTOHHOM cMmecH, o H. H. Usa-
HOBY, ¢ ko3(dunmentom coera k = 0,81; x — 1O
ke, TIOTy4deHHbIe TIo popmynam (3) s MeIKo3ep-
HHACTOH acdasbTOOCTOHHON CMECH IO KPHUTEPHUIO
HUJICJIbHOW MaTEeMaTHYeCKOM KpHUBOM TMJIOTHOM
cMmecu Dyiutepa.

Koadummment xoppemsun  pacCIUTHIBAIICS
C WCIOJB30BaHHEM KPUTEPUS HAUMEHBIINX KBaJ-
paroB. Popmyna s KodpdHULHMEHTa KOppens-
UK (r) B ciydyae JMHEHHON perpecchu ¢ UCMOJIb-
30BaHHEM METO/Ia HAUMEHBIINX KBAJIPATOB BBITIISI-
JUT CIIEAYIOIUM 00pa3oM:

e
\/Z(xf -3) X (n-)

Koaddunuent koppensunuu B HaIeM  CITy-
yae » = 0,9933, 4ro CBUAETEIBCTBYET O CHIIBHOI
MOJIOKUTENIBHON JIMHEHHOM 3aBUCUMOCTH MEXY
MEPeMEHHBIMU. 3HAYCHUE 7, OMU3Koe K 1, yka3wi-
BA€T Ha TO, YTO U3MEHEHUS B MEPEMEHHOU X CUJIb-
HO CBSI3aHbl C U3MEHEHUSIMU B nepemMeHHoH y. Ta-
KAM 00pa3oM, Hallle TPEATONIOKEHUE O JIMHEHHOM
3aBUCUMOCTH MEXIY NaHHBIMH C BBICOKOW AOJEH
BEPOSITHOCTH SIBJIAETCS IPABUIIbHBIM.

)

=)
S

o dakTHyeCcKHe JaHHbIC
| — IlpeackazaHHast TMHUSA

WBanosa (v)
=
(=)

y=0,8374x + 20,1877

JlaHHbIe, TIOTyYCHHBIE [I0 KPHTEPUIO
IJIOTHOM cMecH
Wi
S

20 40 60 80 100
Jannble, noay4deHHsle 1o popmyie Dymnepa (x)

Puc. 4. 3aBUCUMOCTh MEXIY JaHHBIMU JUISI OTIPEACTICHIUS
MAaKCHMaJIbHOM IJIOTHOCTH MEJIKO3EpHUCTON cMecu
110 pa3HbIM METOJUKAM

Fig. 4. Dependency between data for determining
maximum density of fine-grained mixture
using different methods
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C IMOMOMIBIO CPABHUTECJILHBIX PACUCTOB 6I>IJIO
ompeneneno, uro kpuBas @Dymnepa, Hambomee
OymM3Kas K KpUBOH IJIOTHOHM cMecH ¢ kKodddurmmeH-
ToM cOera, paBHBIM 0,73, a OoNTHUMaJIbHAsT KpUBas
IJIOTHOHM achambTOOCTOHHOW CMECH 10 KPHUTEPHIO
npodeccopa H. H. MBaHoBa mns ciydas Menko-
3epHUCTOTO ac(ambTOOETOHA € MaKCHUMAaJIbHBIM
pa3mepom 3epeH 10 MM MOXeT OBITH OTIHCaHa Uie-
anbHONl KkpuBoil ®Pymnepa co creneHsto 0,3 u
ofpezeieHa Mo 3aBUCHMOCTH

d 0,3
P_100(5j : (10)

BbBIBO/IbI

1. B xone aHanu3a pazaMYHBIX METOIUK IMOJ-
0opa 3epHOBOrO COCTaBa JUIl MEJIKO3EPHHUCTHIX
ac(anbTOOETOHHBIX CMecel ¢ MaKCHUMAaJbHBIM
pasmepoM 3epeH 10 MM ycTaHOBJIEHa MaTeMaThuye-
CKasi 3aBHCHUMOCTb, IIO3BOJISIIOIIAs TPOU3BECTH
€ro ONTUMH3ALHUIO 10 KPUTEPHIO MaKCHUMaJIbHOM
TUIOTHOCTH.

2. KpymHOCTh M T€OMETPHYECKHE MapaMeTpbl
MUHEPaJIBHOTO HATIOJIHUTEIS TIPEICTABIISIOT COOO0M
Ba)XKHbIC NEPEMEHHBIC B YIPAaBICHUH CTPYKTYpOii
acampToOCTOHA W MOTYT OKa3aTh 3HAYUTEIHLHOE
BIMSHUE Ha €ro (u3ndeckue U MEeXaHHUUECKHE
CBOHCTBA. YUeT MX B HCCIEIOBAHUAX OOECIIEUUT
Ooree TIyOOKOE TMTOHUMAHUE B3aWUMOCBS3H MEKIY
IpaHyJIOMETPUYECKHM COCTAaBOM M XapaKTepUCTU-
KaMH ac(aabTOOETOHHBIX CMECei, 4TO, B CBOIO
ouepenp, OyIeT COAEWCTBOBATh pa3padboTKe 3-
(heKTHBHBIX METOJOB ONTHMHU3ALMH TAKOTO BaX-
HOTO Ul JOPOXKHOM OTpaciii CTPOUTENHHOTO Ma-
Tepuaia, Kak acaibTOOETOH.
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Pedepar. OCHOBHBIM KPUTEpHEM TEXHHKO-IKOHOMHYECKOTO O0OCHOBaHMS 3(Q(EKTUBHOCTH IPOM3BOACTBA HPEINPUATHI
UHJIYCTPHUAIIBHOTO JOMOCTPOEHHS, aHalIM3a BHYTPHIIPOU3BOJCTBEHHBIX PE3EPBOB U ONTUMAIBHOTO 00BbEMa BBIITYCKa MPOIYK-
MU SBJIAETCS MOKA3aTelb IPOU3BOACTBEHHOW MOIIHOCTH. C Yy4€TOM 3TOr0 HCCIEI0BaHNUE PA3INYHBIX (AaKTOPOB, OKa3bIBAIO-
LIMX BJIMSHUE HA [OKa3aTesU IPOMU3BOACTBEHHONW MOIIHOCTH, SIBJISICTCS Ba)KHOW 3amadeid. B cTaThe mpencTaBieHbl pe3ylib-
TaThl UCCIIEAOBAHHUIN BIMSHUS ST)KHOCTH M HaOopa OJIOK-CeKIMil B KOMIUIEKTAIIMH JKUIIBIX JOMOB B HHIYCTPHAILHOM UCIION-
HCHUU HA M3MEHECHUE COOTHOLICHMS TUIIOB H3JCIUNA B HOMEHKJIAType NPOU3BOJACTBEHHOH IIPOrpaMMbl NpeNIpUSTUH.
VYcraHoBneHs! KosiebaHus ITOKa3aTeaeld COOTHOIECHNS TUIIOB U3JSNIUH ITPU CTPOUTENILCTBE PA3HOTUIIHBIX JIOMOB. OCHOBBIBA-
SCh Ha IOJIy4EHHBIX pe3yJIbTaTax, HOCTPOCHA 3aBUCUMOCTb IPOU3BOACTBEHHONW MOILIHOCTH NPEANPUSITHH OT KojleGaHui 1mo-
KazaTelseil COOTHOIEHUs THIOB n3aenuid. OpesiesieHo, YT0 OCHOBHOW IIPHYMHOM BBISBICHHBIX (DAKTOB CHIDKCHUS IPOU3BOI-
CTBEHHBIX MOIIHOCTEH SIBISIETCS HEpaBHOMEpPHAs 3arpy3Ka TEXHOJIOTMYECKUX JIMHUK NMpU KoJieOaHWsIX MoKa3aTeNleil COOTHO-
LICHUS THUIIOB U3JEIUN B HOMEHKJIATYpE IPOM3BOACTBEHHBIX IPOrpaMM IPEANPUSTHN HHIYCTPUAIBHOIO JIOMOCTPOCHHS.
C y4eToM M3BECTHBIX (JAaKTOB 3aBHCHMOCTH ITPOHM3BOJICTBCHHON MOIIHOCTH OT ITOKa3aTeneil O€TOHOEMKOCTH OJIOK-CeKIUi
JIOMOB IIPE/ICTABIICHEI PE3yJIbTAaThl CPAaBHEHHS CTEIICHU BIMSHHS Ha MPOU3BOACTBEHHYIO MOIIHOCTH OETOHOEMKOCTH M COOT-
HOILICHUS OCHOBHBIX THUIIOB M3/IC/IUH B HOMEHKIATYpe IPOU3BOJICTBEHHBIX IPOrPaMM HPEAIPUATHHA. Y CTaHOBJICHO, YTO KIIFO-
4YeBOE€ BIIMSHHME HA IIOKA3aTeld IIPOU3BOJICTBEHHBIX MOIIHOCTEH OKAa3bIBACT U3MCHEHUE COOTHOILEHMS TUIIOB U3JCIHMH.
Ha ocHoBaHuU NpOBEAECHHBIX MCCIEIOBAaHUN OIPEAEICHBl ONTHUMAIIBHBIC PE3EPBBl IIPOU3BOICTBEHHBIX MOILIHOCTEH IIPU BbI-
COKOH 10J1¢ Pa3HOTUIHBIX JOMOB B IIPOU3BOACTBEHHBIX IIporpamMmax npeanpustuil. C y4eToM yCTaHOBIICHHBIX IOKa3aTesei
CHI)KEHHMS IPOU3BOJICTBEHHBIX MOITHOCTEH ONTUMAIBFHOE UX PE3ePBUPOBAaHNE HAXOAUTCA B mpeaenax 2025 % oT mpoekTHoH
MOIITHOCTH HPEIPHATHS, YTO JODKHO CITy’KHTh OPUEHTHPOM IIPH IIAHUPOBAHUH (DYHKIIMOHUPOBAHUS CHCTEMBI YIIPABICHHS
TIPOMU3BOJCTBOM B YCJIOBUSIX H3MEHEHHUS CIPOCA HA TPOAYKIHIO.

KuiroueBble ci10Ba: Mpon3BOJCTBEHHAsS MOIIHOCTD, MPOU3BOACTBO COOPHBIX JKEIE300€TOHHBIX KOHCTPYKIMH, HOMEHKIIATypa
U3/IeNNi, UHIYCTPUaIbHOE CTPOUTENBCTBO, MPEANPHATHS HHIYCTPHAIBHOTO JOMOCTPOEHHS, MPOU3BOACTBEHHAS IPOrpaMmMa,
3¢ PEeKTHBHOCTD IPOM3BOCTBA, OPraHN3ALHS IPOU3BOJICTBA
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Abstract. The main criterion for a feasibility study of the production efficiency of precast construction plants, analysis of
internal production reserves and optimal production volume is the production capacity indicator. Thus, the study of various
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Factors influencing the production capacity indicators is an important task. The results of research of the influence of the
number of storeys and the set of block sections in the configuration of industrial residential buildings on changes in the ratio
of product types in the range of the production programme of plants are presented in the paper. Fluctuations in the ratio of
product types during the construction of different types of houses have been established. Based on the obtained results, the
dependence of the production capacity plants on fluctuations in the ratio of product types has been constructed. It has been
determined that the main reason for the revealed facts of a decrease in production capacity is the uneven loading of production
lines with fluctuations in the ratio of product types in the range of production programs of precast construction plants. Taking
into account the known facts of the dependence of production capacity on the concrete capacity of block sections of houses,
the results of a comparison of the degree of influence of concrete capacity on the production capacity and the ratio of the main
types of products in the range of production programs of plants are presented in the paper. It has been established that a key
influence on the indicators of production capacity is exerted by changes in the ratio of product types. On the basis of the con-
ducted research, optimal reserves of production capacity have been determined with a high share of different types of houses
in the production programs of the plants. Taking into account the established indicators of production capacity reduction, their
optimal reservation is within 20-25 % of the design capacity of the plants, which should serve as a reference point when plan-
ning the functioning of the production management system under the conditions of changes in demand for products.

Keywords: production capacity, production of precast reinforced concrete structures, product range, prefabricated construc-
tion, precast construction plants, production program, production efficiency, production scheduling
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BBenenue

OCHOBHI pacueTra MPON3BOACTBEHHOW MOIHO-
CTH 3aJOXKCHBl B Y4eOHO-METOJUYECKON JHTe-
parype [1-3], paborax [I'. U. Huremaypu [4],
b. M. Credanosa [5], . 5I. Autonenko [6]. MeTo-
JIUKW pacdera 0a3upyIOTCs Ha ONPEACICHUU OKa-
3aTesiedl Mpyu MaKCUMAaJbHOM 3arpy3Ke Mpou3BO/I-
CTBEHHBIX MOIIHOCTEH, TOCTOSHHOM BO BPEMEHH
crpoce Ha npoaykuuioo. OgHAKO BaKHOW 3ajaveit
NOBBIIEHNsT YPPEKTUBHOCTU MTPOU3BOJCTBA SBIIS-
€TCSl YYET U MPOTHO3UPOBAHUE MPOU3BOACTBEHHOM
MOIITHOCTH TPY MOCTOSHHO M3MEHSIONIeMCS CITpo-
ce Ha MPOAYKUUIO. DTO OOYCIOBJIEHO TEM, YTO
JieficTByIOMIas TPOU3BOICTBEHHAS MOIIHOCTD MIMe-
€T TWHAMUYECKUN XapaKTep U U3MEHSAETCS B COOT-
BETCTBUU C OPTaHU3AIIMOHHO-TEXHUYECKUM YPOB-
HEM TMPOM3BOJCTBA W HOMEHKJIATYpOH U3AeIuid
Monu(pUKaui OJIOK-CEKIMI B MPOU3BOJCTBEHHON
MporpaMme NpeanpusiThii [7].

HomenknaTtypa uzienuit HaxoAuTcss B OpsIMOi
3aBUCUMOCTH OT apXUTEKTYPHOU MHIUBUIYAJIbHO-
CTH W TUOKOCTH KOHCTPYKTHBHO-TUIAHUPOBOYHBIX
peleHuii 1OMOB, JTOJMU WHIUBUIYAITBHBIX KUIBIX
JIOMOB KOTTEIDKHOTO THIA B MpOrpaMMe CTpPOH-
TENbCTBA M XapaKTEPU3yeTCs 3HAYUTEIBHBIM PO-
CTOM TpU MOJAEpHHU3anuu cepuil nomoB [8—11].
JlanHOE yTBEpKICHHE B TIOJHOW Mepe MOJTBEp-
JKIaeTcsl PeACTaBlIeHHON B padoTe [7] dyHkumo-
HAJIBHOM 3aBUCHMOCTBIO POCTa KOJMYECTBA MAapOK
W3JENNN TIPU YBEIHYEHUH IO TOYEYHBIX JOMOB
B MPOMU3BOJCTBEHHOW MpOrpaMMe MPEAIPUITHIA.
Taxke ycTaHOBIIEHO, YTO TOKa3aTeilb OeTOHOEM-
KOCTH OJIOK-CEKITMiI JOMOB HaXOIUTCA B IPSIMOMA
3aBUCHMOCTH OT JTQKHOCTH M KOJIMYECTBA OJIOK-
CEKITHI B KOMITIEKTAITIH JOMOB [7].
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TepMuH «OETOHOEMKOCTE» B HCCICAOBAHHUAX
0003HaUaeT OTHOIIEHHE O0BEeMa JKEeNe300€TOHHBIX
U3 B HOMEHKJIAType JIOMa WM OTHEIb-
HOM GIOK-CeKIMK oMa K 1 M° 06IIei TuIomam.
Poct HOMeHKIATYphl M3mEMA M OCTOHOEMKOCTH
OJIOK-CEKIIUI SBIISICTCS CIICACTBUEM YBEIMUYCHHUS KO-
nrdecTBa (POPMOBOK B MPOU3BOACTBEHHOM ITHKIIC HA
20-25% u COOTBETCTBEHHO pacxojia OeTOHHOU
cmecu Ha 28-33 % [8]. D10 B CBOIO OYepenp OKa-
3BIBAET CYIISCTBCHHOE BIHUSHHE HAa TPOU3BOJI-
CTBEHHYIO MOIITHOCTb TPEATIPHUSITHIHA.

B TO ke BpeMs HU3BECTHO, YTO H3MCHCHHUE
COOTHOINICHUSI OCHOBHBIX THUIIOB M3/I€IHA B HOMEH-
KJIAType TMPOU3BOJACTBEHHBIX IPOrPaMM TpeJ-
NPUSTHH OKa3blBaeT BIUSHHE Ha I[OKAa3aTelln
MIPOU3BOICTBEHHOW MOIIHOCTH BCJIEACTBUE HEpaB-
HOMEpPHOW 3arpy3Kd TEXHOJIOTUYECKUX JIMHUM,
CHETMATU3UPYIONINXCS Ha BBITYCKE OXHOTHITHON
nponykimu [7, 8, 10, 12]. HecMoTpst Ha THOKOCTB
COBPEMEHHBIX TEXHOJIOTHI, COBMEIIECHHE MpPOH3-
BOJICTBA Pa3HOTHUITHBIX W3JENINH HAa TEXHOIOTHUYEe-
CKUX JIMHHSAX 10 PALy NPUYUH (KOHCTPYKTHBHBIC
U ra0apuTHBIC pPEIICHUS W3ACIUM, NapaMeTpbl
MIPOM3BOJCTBEHHBIX JIMHUW) HE IMPEICTaBIIEeTCS
BO3MOXKHBIM HITH OTPaHUYHBAETCS SKOHOMUYECKON
3¢ GEKTUBHOCTHIO Takoro pemenus [13].

Ha ocHOBaHMM CKa3aHHOTO BBIIIE MOXKHO CHIe-
JIaTh BBIBOJ, YTO HCCIIEJAOBaHUE MapaMETPOB HO-
MEHKJIATYPbl U3CIUH, BIUAIONMX HA JUHAMUYEC-
CKMI XapakTep TMpPOU3BOJACTBEHHOW MOIIHOCTH,
H3Y4YCHUE 3aKOHOMEPHOCTH BIHSHMSI HOMEHKIIATY-
pBl HM3ACTUIl HA MPOU3BOACTBEHHYIO MOIIHOCTH
MIPEeNNPUATAN — Ba)KHAs 3aJlaya COBEPIIEHCTBOBA-
HAS W TIOBBIMICHUS 3()(PEKTUBHOCTH TIPOU3BOI-
CTBEHHBIX 0a3 MHIyCTPHAILHOTO JJOMOCTPOCHHUSI.
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B craTtse mpepcTaBieHbl pe3ynbTaThl UCCIIEN0-
BaHUU BIUSHUS U3MEHEHUS COOTHOIICHUS OCHOB-
HBIX THIIOB W3/IENIMd B HOMEHKIIATYpE TPOH3BO/I-
CTBEHHBIX TPOTPaMM MPEANPUITHA TPU CTPOH-
TENhCTBE PA3HOTHITHBIX JIOMOB Ha IIOKa3aTeln
MPOU3BOJICTBEHHON MOITHOCTH, a TAKXKe pe3yibTa-
THl CPaBHEHHUs CTEIIEHW BIMSHUSA Ha TOKAa3aTeNn
MPOU3BOICTBEHHBIX MOIIHOCTEH M3MEHEHUs OETO-
HOEMKOCTH MOIM(HUKAINA OJIOK-CEKIMH M COOT-
HOIIEHWSI OCHOBHBIX THIIOB HW3JENUHA B HOMEHK-
JaType MPOU3BOJCTBEHHOM MporpaMmbl Mpe-
MPUATHI.

Biansinue u3MeHeHUsI COOTHOIIEHU S
OCHOBHBIX TUIOB M3/eJHii HA MOKA3aTeIH
MPOU3BOJACTBEHHBIX MOIHOCTEH
npeanpusTui

BreImonHeH aHalM3 COOTHOUICHHS OCHOBHBIX
TUIIOB U3JICJIMH IO MOKAa3aTeJiIM OCTOHOEMKOCTHU
B HOMEHKJIATYpe MpPOM3BOJICTBEHHOW MPOTpPaMMEbI
YyeThlpeX NPEANPUATHNH HHAYCTPUAIBHOIO JOMO-
CTPOCHHS B 3aBHCHMOCTH OT STaXXHOCTU U Habopa
OJIOK-CEKIIMI B KOMIUIEKTAITH TOMOB. [Ipemmpusi-
TUS UHAYCTPUAIBHOTO JTOMOCTPOCHHS IUIsl 00ec-
nedeHns KOH(QUACHIIMANBHOCTH TaHHBIX 000-
3HAUYEHBI KakK npennpustue «Ay», «B», «C» u «D»
cootBeTcTBeHHO. C yueToM Habopa ITOMOB B IIPO-
W3BOJCTBEHHONW NpoTrpaMMme NpEANpUATHI ycTa-
HOBJICHBI PAMKH aHaJN3a HOMEHKJIATYPhl M3IeNuit
B JIMAITa30HE 3TAKHOCTH AOMOB OT 3 10 18 u xo-
nmugecTBa Onok-cekuuid 10 4. Jlons moOGOpHBIX W3-
JICIMA yYTeHa MPH aHajIu3e COOTHOIICHUS THUIIOB
U3JIENMi B HOMEHKJIAType IPOU3BOJCTBEHHOMN
OporpaMMbl TIPEANPUSATHH, HO Ha rpadukax He
oTtoOpaxanach. MakcuMallbHbIE KOJEOaHUs ITOKa-
3aTejieil COOTHOIIIEHHSI OCHOBHBIX THIIOB HW3JIEIUN
3a()MKCUPOBaHBl B HOMEHKJIATYpPE IPOU3BOCT-
BEHHOH MpOTpaMMBbI NpeanpusiTus «A» (tabdm. 1).
Tak, koneOaHWs JONM TUIMT TEPEKPBITUS TIpe-
BoimaioT 40 %, HapyXHBIX CTCHOBBIX MaHeei
Y BHYTPEHHUX CTCHOBBIX NaHejel oonee 36 %.

I'padmky M3MeHEHHUS] COOTHOIIEHUSI OCHOBHBIX
TUTIOB W3JIENIM B HOMEHKIIATYpE IPOU3BOJCT-
BEHHOW MPOTrpaMMbl TIPEINPUATHI MPEICTABICHEBI
Ha puc. 1.

Pasznu4yHbIe TEHACHIIMU pacpeaeNeH!s] OCHOB-
HBIX THIIOB I/ISILCHI/II\/'I O6YCHOBJ'IGHBI WHAWBUAYaJlb-
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HOCTBKO KOHCTPYKTHUBHBIX CUCTEM H IIPOCKTHBIX
peH_IGHI/Iﬁ cepnﬁ AOMOB B IIPOU3BOACTBCHHLIX MPO-
rpammax npegnpustuil. Tak, Anga npeanpusTus
«A» HaONIOfaeTCs CHIDKEHHUE HOJield BCEX OCHOB-
HBIX THUIIOB H3,Z[eJ'IPII>i npu poCTC 3TAKHOCTHU OJIOK-
CEeKIMH, YTO BBI3BAHO OJHOBPEMEHHBIM POCTOM
o oOopHBIX M3Aenuil. s ocTadbHBIX aHAIH-
3UPYEMBIX THUIIOBBIX CEpHUU JOJSI JOOOPHBIX H3[e-
JIMA HE OKa3bIBaeT CYHICCTBEHHOI'0 BJIMSIHHUA Ha
KOJIEOaHUS TOoKa3arejieil COOTHOIIEHUS OCHOBHBIX
TUIIOB PI3,[[GJII/II>'I npu U3MCHCHUU 3TAKHOCTHU 6.]]01(-
CEKIIHiA.

Tabnuya 1

KoJsiedbanus moka3zareJieii COOTHOIIIEHNSI OCHOBHBIX

THIIOB M3/1eJIHii B HOMEHKJIaType
NMPOU3BOJCTBEHHOI porpamMmmsl, %

Fluctuations in the ratio of basic types of products
in the range of production program, %

H
apyxHble | BHyTpeHHHe S o—
[peanpustue | CTEHOBBIC CTCHOBBIC
MIEPEKPHITHS
MaHeH TaHeNn
«A» 36,2 36,0 40,5
«B» 28,1 4.4 14,5
«C» 17,1 7,3 5,6
«D» 6,2 1,3 4,1

C y4eroM YCTaHOBJIEHHBIX KOJE€OaHH COOT-
HOIIIEHUS! OCHOBHBIX THIIOB M3/ICITHl B HOMEHKJIa-
Type MPOU3BOJACTBEHHBIX MPOrPaMM MPEIIPHSTHIA
JeCTBYIOMAass TPOU3BOACTBEHHAS MOIIHOCTE OY-
JIET OMPEIENAThCS MPOU3BOIUTEIBHOCTHIO TEXHO-
JIOTUYECKON JIMHUHU, KOTOpask OOECIEeYHUT MaKCH-
MaJIbHO BO3MOJHBIH KOMIUIEKTHBIN BBITYCK TMPO-
Ty KIHH.

Jlnis aHaM3a U3MEHEHUsS MPOU3BOIUTEIBHOCTH
TEXHOJIOTHYECKUX JIMHUH, CIEIHATU3UPYOIIHXCS
Ha BBIMYCKE OCHOBHBIX THIIOB W3JENUM, yCTAHOB-
JieHa 3aBUCHMOCTh OCTOHOEMKOCTH OCHOBHBIX TH-
[I0B M3JENINil B HOMEHKJIATYPE MTPOU3BOICTBEHHBIX
porpamMM OT 3TaKHOCTH M Habopa OJIOK-CEeKI[Hii
B KOMILUIEKTAI[UH TOMOB (Ta0I. 2).

ITpoBepka MOTyYEHHBIX MOJIETIEH TI0 KPUTEPUIO
duiepa nokaszana, 4TO MOJCIU aJEKBATHO MPE-
CTaBJIAIOT PACYCTHBIC 3HAYCHUS U WUH(OPMAIIHOH-
HO 3HAYHMEL.

Ha ocHOBaHHMHU TMOJNyYEHHBIX BBIPAXKECHHUI MMO-
CTPOCHBI TPadUKH 3aBHCUMOCTH MPOU3BOJCTBEH-
HOW MOIIHOCTH MpeanpusTuii (B %) OT U3MEHEHHUS
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MoKa3arelleli OETOHOEMKOCTH OCHOBHBIX THUIIOB
H3ICIINHI npu KOJIEOAHUSIX COOTHOIIECHUS 3THX U3-
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Puc. 1. Pacnipesnenenue OCHOBHBIX TUIIOB U3/€JIUil B HOMEHKIIAType IPOU3BOJCTBEHHOH [IPOrpaMMBbl IIpeIIPUATHI:
a — npeanpustie «A»; b — npennpusitae «By»; ¢ — npeanpustue «Cy»; d — npeanpusitue «Dy»

Fig. 1. Distribution of the main types of products in the range of production program of plants:
a —plant “A”; b — plant “B”; ¢ — plant “C”’; d — plant “D”

Tabauya 2

3aBucUMOCTH 0€TOHOEMKOCTH OCHOBHBIX THIIOB M3/IeJIMi OT 3TA’KHOCTH M KOJIMYECTBA 0JI0K-CEKIUi
B KOMILUICKTAallMU 10MOB

Dependence of concrete capacity of the main types of products on the number of storeys
and the number of block sections in house configurations

3aBHUCUMOCTh
«A» Ky =0,657 x X;°7 x x,0211 K = 0,379% X; 32 ), 0% K5 = 0.479x X702 x X, 020
«B» K5 = 0,458x X7 x x; 0140 K5 =0,373x X, %75 X, 018 K5 = 0,236x X, "2 X, M0
«C» Ks = 0,527x X; "7 x x;%160 K5 =0,497x X7 %P1 x; 01 K5 = 0,452x X, x X007
D» K= 0,321 X[ 1% x X, 00 K= 0,355 X7 400 Ko = 0,261 XM 00
[ Hayka

urexHuka. T. 23, Ne 3 (2024)
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Puc. 2. 3aBucuMOCTb OKa3aTene NPOU3BOACTBEHHBIX
MOIIHOCTEH OT M3MEHEHNUsI 0ETOHOEMKOCTH OCHOBHBIX THIIOB
u3zenuit: a — npennpuaTie «A»; b — npeanpustue «By;
¢ — npeanpusitue «C»; d — npeanpusitue «D»

Fig. 2. Dependence of production capacity indicators
on changes in concrete capacity of main types of products:
a—plant “A”; b — plant “B”; ¢ — plant “C”; d — plant “D”
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Poct 6E€TOHOEMKOCTH OCHOBHEIX THIIOB H3JE-
JIUH SBISETCS CIEJACTBUEM CHUKCHUS MPOU3BOIH-
TEJILHOCTH TEXHOJIOTHYECKHX JHHHUH. Kak BHIHO
n3 rpaduKoB Ha puC. 2, TaHHBIA (HaKT MPUBOIAUT
K CHW)XCHUIO IIOKa3aTelied MPOU3BOJICTBEHHON
MOIIHOCTU TPEANPHUITANH OTHOCHUTEIHHO IPOEKT-
HbIX 3HaueHuu. [Ipu >TOM a9 OTAENBHBIX MOIM-
(uKanui TOMOB C OTHOCUTEIbHO HM3KHMU IOKa-
3aTEISIMA OETOHOEMKOCTH OCHOBHBIX THMIIOB H3e-
nuii  HaOdromaeTcss  POCT  TPOHW3BOJCTBEHHOMN
morHOCcTH A0 50 % OTHOCHUTENHHO MPOEKTHBIX
nokazatenedd. OHAKO CIeayeT OTMETHTh, YTO Ta-
KHe MOIU(HUKAIMK JOMOB XapaKTEpHU3YIOTCS
ATaXHOCTHIO 18 ypoBHEH B HAOOPOM OJIOK-CEKITHi
B KOMIUIEKTAllMK TOMOB He MeHee 9. Kak moka3san
aHanmu3 Moaudukanuii JOMOB B TPOU3BOJICTBEH-
HBIX TIpOrpaMMax MPEANpHUSATHH, TaKhe PEIICHIS
JIOMOB B OTCUECTBEHHOW MPAKTUKE WHIYCTPUAIIb-
HOTO JIOMOCTPOCHHS HE TIPUMEHSFOTCS.

Biaunsinue napamMeTpoB HOMEHKJIATYPbl
H3JeJIMi Ha I0Ka3aTeJIM IPOU3BOACTBEHHOM
MOII{HOCTH NpPeANPUATHH

JoMuHupylomiee BIMSHHE Ha H3MEHEHHE Oe-
TOHOEMKOCTU OJIOK-CEKIIMA M COOTHOIICHHE OC-
HOBHBIX THUIIOB WU3JIEIMHA OKa3bIBACT 3TAXKHOCTh
omok-cexnwmii. C ydeToM NpUBEACHHOTO (haKTa It
YCTaHOBJIEHHAS 3aBUCHMOCTH IIPOW3BOJCTBEHHBIX
MOIIHOCTEH OT MapaMeTPOB HOMEHKIIATYPhI H3J1e-
MU B KayecTBE OCHOBHOTO KpPHUTEPHS TIPHUHSTA
STaXXHOCTH TIPH HA0Ope CEeKIHH B KOMIUIEKTAIUU
JIOMOB, paBHOM 4.

Ha puc. 3 mpeacraBieHbl COBMEIICHHBIE Ipa-
(bMKM 3aBHCUMOCTH TTOKa3aTenei MpON3BOJICTBEH-
HBIX MOITHOCTEH OT OETOHOEMKOCTH OJIOK-CEKITHi
Y M3MCHCHUS COOTHOIICHUS OCHOBHBIX THIIOB W3-
JeNMii B HOMEHKIIAType MPOHM3BOJCTBEHHBIX IIPO-
rpaMM IPEANPUATUN MPU U3MEHEHUM 3TAKHOCTH
OJIOK-CEKIIHiA JJOMOB.

B cooTBercTBUU ¢ Tpadukamu (puc. 3) mpous-
BOJAMTEIBHOCTh TEXHOJIOTUYCCKUX JIMHUHM TPU U3-
MEHEHHH COOTHOIICHHUSI OCHOBHBIX THUIIOB W3JENNN
OKa3bIBaCT ONPE/CIIAIONISe BIMSHUE HA MOKa3are-
JI1 TIPOU3BOJICTBEHHBIX MOIIHOCTEH MPEAPULTHIA.
YCcTaHOBJIEHO, YTO BIHMSHHUE POU3BOIUTENEHOCTH
TEXHOJIOTHYECKUX JIMHUM Ha IMOKa3aTelH IMPOU3-
BOJICTBEHHOW MOIIHOCTH TPEATIPUATHIA yBEITUYH-
BaeTCs IMPH CHUKEHUH STaXKHOCTU OJIOK-CEKIUN
IoMOB. B cBorO ouepenb, pocT JOJM HapyKHBIX
CTEHOBBIX IIaHeJe B HOMEHKJIAaType U3Ienui
HMeEeT ompejelstoniee 3HaueHue. VckiaroueHue
YCTaHOBJIEHO TOJIEKO JIJISI TIPEATPUATHS «Dy.
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Puc. 3. TlokazaTenu U3MEHEHHs IPOU3BOJICTBEHHBIX MOILIHOCTEH € yYETOM IPOU3BOAUTEILHOCTH TEXHOJIOTHUECKHX JIMHUMI:
a — npeanpusTue «A»; b — npeanpustae «By»; ¢ — npennpustue «C»; d — mpeanpusarue «Dx»

Fig. 3. Indicators of changes in production capacity taking into account the productivity of technological lines:
a—plant “A”; b — plant “B”; ¢ — plant “C”; d — plant “D”

3aduKcrpoBaHbl OTKIIOHEHUS TIOKa3aTenell mpo-
HU3BOACTBCHHBIX MOHIHOCTGI\/'I, YCTaHOBJ'IeHHBIX 110
0ETOHOEMKOCTH OJIOK-CEKIIM W TIPOU3BOJUTEINb-
HOCTU TEXHOJIOTM4eCcKUux JUuHui. IIpu 3TOM OTKIIO-
HEHUS YBEJIMYUBAIOTCS MPU CHIKCHUH JTaXKHOCTHU
omok-cexnmii. s ONMOK-ceKnui  TpeanpusTHS
«A» mpu 3TaxHOCTH Oonee 12 ypoBHel mMmoka3za-
TeNb TPOU3BOJICTBEHHBIX MOITHOCTEH OIpenessier-
csl OETOHOEMKOCTBLIO OJIOK-CEKI[UM, YTO OOBICHS-
€TCsl POCTOM JIOJH JTOOOPHBIX M3/ICIIHIA IPU yBEIHU-
YEHHU DJTAXKHOCTU OJOK-ceKumii. B ocTaapHBIX

AHAIM3UPYEMBIX THUIOBBIX CEpUSX ISl BCed aHa-
JIU3UPYEMOM JIMHEMKH 3Ta)XXHOCTH OJIOK-CEKIIUI
MOKa3aTellb MIPOU3BOJACTBEHHBIX MOLIHOCTEN 3aBU-
CUT OT MPOU3BOJUTEIHLHOCTH TEXHOJIOTHIECKUX
nuHud. OTKJIOHEHUs MOKa3aTenel Npou3BOACT-
BEHHON MOILIHOCTY HNPEANPUATHN, YCTaHOBICHHBIX
[0 MPOU3BOJUTEIBHOCTH TEXHOJIOTMYECKUX JIHU-
HUH, OT MOKa3aTesicH, yCTaHOBJICHHBIX 10 OSTOHO-
E€MKOCTH OJIOK-CEKIIUI aHATU3UPYEMBIX CEpUH,
TIPEACTABIICHHI B Ta0II. 3.

Tabnuya 3

OTKI0HEHUS PAaCYE€THBIX JAHHBIX HpOI/I3BOHCTBeHHOﬁ MOIITHOCTH npeunpmle“a

Deviations in calculated data of production capacity of plants

g OTKIIOHEHUSI pPacYETHBIX MIOKa3aTeleid OCBOCHUS MTPOM3BOACTBEHHON MOIIHOCTH MPEIIPHUSTHI

g E MPU 3TAKHOCTH OJOK-CEKIMH, %

é)* =3 3 4 5 6 7 8 9 10 | 11 12 | 13 14 15 16 17 18

«A» -72 | 59| 46| -33|-19 |-04] 1,2 |29 |46 ]| 65|86 |109]| 134 | 16,2 | 19,4 | 23,3
«B» 0,7 1,3 1,8 2,4 30 | 3,642 |49 |56 |64 | 72 81 9,1 10,1 | 11,3 | 12,7
«C» 3,6 3,5 3,5 3,5 34 | 34|34 |33 (331(32]31] 3,1 3,0 2,9 2,8 2,7
«D» 13,8 | 13,7 | 13,6 | 13,5 | 13,3 |13,2|13,0| 12,8 | 12,6 | 12,4 | 12,2 | 11,9 | 12,3 | 156 | 19,4 | 23,9
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Kak Bugno u3 Tabn. 3, ompenesnsioliee 3Have-
HUE Ha TIOKAa3aTelIu MPOU3BOACTBEHHON MOILIHOCTH
OKa3bIBa€T IPOU3BOAUTEIBHOCTh TEXHOJOTHYeE-
CKUX JIMHUH TIpH W3MEHEHUH COOTHOIIEHHS OcC-
HOBHBIX TUIOB M3Aenuid. Tak, mpu MakCUMaIbHOU
aHaJIM3UPYEMON STAKHOCTH OJIOK-CEKIUH TPEBHI-
HIEHUE TIOKa3aTellell, YCTAaHOBIEHHBIX 10 OETOHO-
E€MKOCTH OJIOK-CEKIIHH, JOCTUTAET IS OTACIBHBIX
cepuit gomoB 6onee 23 %. Tonpko As npennpus-
TASA «A» UISI JOMOB 3TaXXHOCTBIO 10 9 ypoBHEH
omnpenenstoniee 3HaueHUE Ha IOKa3aTeNnd MpOu3-
BOJICTBEHHOH MOIITHOCTH OKa3blBaeT OeTOHOEeM-
KOCTh OJoK-ceknnid. Takum obpazom, mipu popmu-
POBaHUM MPOU3BOJACTBEHHON NpOrpaMMbl Mpen-
OpPUSATUH  IEPBOOYEPENHOM 3afadeld  sABILETCA
ONpeaeNeHUE MPOU3BOAUTEIBHOCTH KaXAOU TeX-
HOJIOTMYECKOW JIMHUHU C YYE€TOM M3MEHEHHs MOKa-
3aresiel COOTHOIIEHHS OCHOBHBIX THIIOB M3JENIUN
B HOMEHKJAType NPOU3BOACTBEHHBIX IPOrpaMM
MpEeANPUATUH.

Onpenenenne ONTHMAJILHOIO
pe3epBHPOBAHUSA NPOU3BOACTBEHHBIX
MOII{HOCTEH NpeanpUusaTHii

21.1'[51 CrjlIa)KMBaHUslT CHUCTEMATHYCCKU HU3MCHIAC-
MOW HOMEHKJIATYpPbl U3ACIHH MPH CTPOUTEIHCTBE
JIOMOB Pa3JIMYHON 3TAXHOCTH B PEKOMEHIAIMSIX
pacdera MpPOU3BOJICTBEHHONW MOITHOCTH MPEAIPH-
ATUH TPEeIyCMOTPEHO pPE3epBHPOBAHUE 3araca
MOIITHOCTY Ha KaXJOW TEXHOJOTUYECKOW JIMHUU B
pasmepe 6 % [3]. B [12] nmpuBoasTCS naHHBIE aHA-
nv3a PeKOMEHIAIMN CIPABOYHON JTUTEPATYphl U
Pe3yJIbTaTOB MCCIICOBAHUN ONTUMAIILHBIX pe3ep-
BOB MPOM3BOJICTBEHHBIX MOIIHOCTEH IjIs obOecrie-
yeHus1 3(G(GEKTUBHOCTH MPOU3BOACTBA. [ KoM-
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MEHCAlMK KOJIe0aHi MOTPEOHOCTH B OT/IEIBHBIX
TUTNIAX W3MIENUA W CHW)KEHUS CEPUUHOCTU IPOU3-
BOJICTBA NIPU YBEIIMYCHUU KOJIMYECTBA MApOK pe-
KOMEHyeTcs pe3epB He 6omnee 10—-15 %.

1 n3ydeHus: ONTUMAIBHBIX PE3ePBOB MIPOU3-
BOJICTBEHHOW MOIIHOCTH BBHITIOJIHEHO pacrpejerne-
HUEC JIOMOB B IIPOM3BOJICTBEHHBIX MPOrpaMMax
MPENNPUATANA 0 KONUYECTBY 3Taxei OJOK-cek-
uuii. Ha puc. 4 mpuBeeHbl JaHHBIC aHANH3a MPO-
M3BOJICTBEHHBIX MTPOTPAMM JIEBATH OT€UECTBEHHBIX
NpEeANpPUATHN.

Kak BugHO U3 puc. 4, HanOobmas 10 OI0K-
cekmuii (36 %) B MPOM3BOACTBEHHBIX MPOTPAMMax
NpeAnpuUaATUid uMeeT BBICOTHOCTE 10 ataxkeit. Ilpu
9TOM JI0Jisl JOMOB BEICOTOM Humke 10 ataxei co-
craBisier 43 % B o0memM o0beMe BO3BOANMOTO
JKWIbS B HWHIYCTPUAIFHOM HCIIONHEHUU. TakuMm
00pa3oM, B IMPOrpaMMax CTPOUTEIILCTBA KHJIbS MPe-
o0amaeT MajodTaXXHast 3aCTPOiKa TEPPUTOPHH, UTO
YBEIMYHBAET IS MPEIIPUATHIA PUCK CHIKEHHS TI0-
Kazareneld OCBOEHHS MPOM3BOACTBEHHBIX MOLIHO-
cTell. DTO yTBep)KIECHUE TTOATBEPIKAACTCS JTAHHBIMH,
IIpeCTaBICHHBIMY Ha puC. 3.

3aukcUpoBaHbl CIEAYIONIME CpEIHHE TOKa-
3aTelw MapaMeTpoB JOMOB B HHIYCTPHAIHLHOM
WCTIOTHEHUH: HA0Op CEKIUI B KOMIUIEKTAIIUU J0-
ma — 3,0; 3TaXHOCTh JHOMOB — 12,3; 3TaXKHOCTH
CEKLHMH B KOMIIEKTAL[MU JJOMOB — 9,6.

C y4eToM yCTaHOBIICHHOH CpeAHEl 3TaXKHOCTU
OJIOK-CeKIMIA OTpeieNeHbl MaKCUMaJIbHbIE TTOKa3a-
TeNW CHIDKEHUS MPOW3BOACTBEHHBIX MOIIHOCTEH.
B Tabn. 4 npuBeneHs! MOKa3aTeNM OCBOCHUS TIPO-
M3BOJICTBEHHBIX MOIIHOCTEH B 3aBHUCHMOCTH OT
OCTOHOEMKOCTH OJIOK-CEKITMH W TIPON3BOIUTEIh-
HOCTH TEXHOJIOTUYECKHX JIMHUI TPU H3MEHEHUU
COOTHOIIICHHUSI OCHOBHBIX THUTIOB M3/ICITHH.

1918 17 16 1514 13121110 9 8 7 6 5 4 3

KonunyecTtso aTaxem

Puc. 4. PacnpeueneHne KWJIbS B UHAYCTPUAJIBHOM UCIIOJTHECHNUU B 3aBUCUMOCTHU OT OTAXKHOCTH

Fig. 4. Distribution of prefabricated construction housing depending on number of storeys
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Tabnuya 4

IMoka3aTesin 0CBOEHUS HpOﬂBBOHCTBeHHOﬁ MOIIHOCTH U ONITUMAJIBHBIEC PE€3€PBbI I[pOPI3BOJICTBeHHOﬁ MOIIHOCTH

Indicators of development of production capacity and optimal reserves of production capacity

MuHIManbHOE 3HAUE€HHE ITOKA3aTEeNsl OCBOCHHS
MPOU3BOACTBEHHOH MOIIHOCTH, %o
[Ipennpusrue
10 K03 (QULHMEHTY COOTBETCTBUS 10 NIPOM3BOTUTENBHOCTH
GeTOHOSMKOCTH M3 eIt TEXHOJIOTHIECKHX JTMHUI

«A» 74,0 67,6
«B» 79,6 73,3
«C» 86,7 75,2
«D» 83,4 80,2
CpenneapudMeTHIECKUH TOKa3aTENb 80,9 74,1
CpenHekBaipaTUYeCKOe OTKIIOHEHUE 5,5 5,2
Koadpuiment Bapuannu, % 7,0 7,0
Pe3epBbl IpoM3BOACTBEHHON MOIIHOCTHU C YYETOM
Kose0aHuH MapaMeTpoB HOMEHKIIATYPbI N3AeIui, % 20 25

B coorBercTBHM ¢ maHHBIMEH B Ta0m. 4 ycpen-
HEHHBIN MOKA3aTesb Pe3ePBOB MPOU3BOACTBEHHOM
MOIITHOCTH JIOCTUTAET 3HaueHus 25 %, 4TO B CBOIO
ouepeIb MOKET CIIY)KUTh OPUEHTHPOM TIPH TUTAHU-
poBaHUM (YHKIMOHUPOBAHUSI CUCTEMBI YIpaBIie-
HUA NIPOU3BOACTBOM B YCJIOBUAX U3MCHCHUSA CIIPO-
ca Ha MPOJYKIHIO.

BbIBO/IbI

1. TeopeTndeckuil aHamu3 JUTEpaTypbl IMOKa-
3aJl, YTO WU3BECTHBIE IMOAXOJBI ONPEAEICHHs MPO-
W3BOJCTBEHHBIX MOIIHOCTEH TPeOyrOT ONTHMHU3a-
UM B CBSI3U C BIUSHUEM pOCTa HOMEHKJIATYpbl
U3JENNN Ha apaMeTphbl IPOU3BOACTBA, B TOM YHC-
Jie TIPOU3BOJUTENBHOCTD NMPEANPUATHH. Y CTaHOB-
JIeHa aKTyaJbHOCTh y4eTa BIUSHUS Ha MMOKa3aTeln
MIPOU3BOJICTBEHHON MOIITHOCTH MPEANPUITHI HO-
MEHKJIATYPbl H3/IEHiA U BIHUSIHUS TapaMeTpOB HO-
MEHKJIATyphl U3AENUil Ha YPOBEHb OCBOCHUS MPO-
M3BOJICTBEHHBIX MOLTHOCTEM.

2. AnHanmu3 pacmpesieNieHus OCHOBHBIX THIIOB
U3eNUii B HOMEHKJIAType IPOU3BOJACTBEHHBIX
MIporpamMM TPEANPUATHI HHIYCTPHAIEHOTO JIOMO-
CTpPOCHUS 3a(UKCHPOBAN KOJICOAHUS MAHHBIX TPH
W3MEHEHUH 3TaXXHOCTH Onok-cekmmid. [Ipu 3TOoM
KoJieOaHusI IO OCHOBHBIX THIIOB H3JIEIHNA TPO-
W3BOJCTBEHHBIX MPOrpaMM OTAEIbHBIX IpPEINpus-
tuit pocturaroT: 40 % — I IUIMT TEepeKpBITHUS;
36 % — s HApYXXHBIX U BHYTPEHHUX CTEHOBBIX
naHeneul. Pa3nuunple TEHACHIMY U3MEHEHUS 10JIH
OCHOBHBIX THIIOB U3JENWi B HOMEHKJIAType Ipo-
W3BOJCTBEHHBIX TIPOTPaMM MPEINPHUATHH 00y-
CJIOBJICHBI MHIUBUAYAITBHOCTBIO KOHCTPYKTHBHBIX
CHCTEM U MPOEKTHBIX PEIIEHUI TOMOB.

Hayka
urexHuka. T. 23, Ne 3 (2024)

3. IlpuBemeHnl 3aBUCHMOCTH ITOKa3aTenei
OCBOEHHS TPOU3BOJICTBEHHBIX MOIIHOCTEH OT Oe-
TOHOEMKOCTH OCHOBHBEIX THIIOB HU3JENUH C y4Ye-
TOM BJIHSHUS Ha HUX W3MEHEHHs] COOTHOIICHUS
W3JIeNNUH 3a CYeT U3MEHEHHS MPOU3BOUTENLHOCTH
TEXHOJOTHYeCKUX JUHUH. O000mas pe3yibTaThl
MPOBENEHHBIX HCCIEJOBaHUM, pUBenEHbI rpadu-
KM 3aBHCHMOCTH II0OKa3aTeled OCBOEHHS IpOU3-
BOJICTBEHHBIX ~MOIIHOCTEH OT OETOHOEMKOCTH
OJIOK-CEKIM U TPOU3BOTUTEIHHOCTH TEXHOJIOTH-
YeCKUX JIMHUI MpHU M3MEHEHWU COOTHOIIEHHS OC-
HOBHBIX THUIIOB HU3AENHI. YCTaHOBJIEHO, YTO YpO-
BEHb OCBOEHUS MPOM3BOJICTBEHHOW MOIIHOCTH B
OoJpIIel CTENeHW 3aBUCUT OT MPOW3BOAMTEIHHO-
CTH TEXHOJIOTHYECKUX JIMHUH.

4. Ha ocHOBaHMM YyCTaHOBJICHHOH cpenHen
ATaXXHOCTH U HabOpa CEeKIIHii B TPOU3BOACTBEHHBIX
IporpaMMax JIeBATH MPEINpUATHH WHAYCTPUANb-
HOTO JIOMOCTPOEHHUS OIpeJIeNeHbl MaKCHMalbHbIS
[IOKAa3aTeNIM CHI)KEHUS MPOU3BOACTBEHHOM MOIII-
Hoctd. C y4yeToM 3aMKCHPOBAaHHBIX MapaMeTpOB
HOMEHKJIATYphl U3AEIUN ISl CpeaHEeN 3TakKHOCTH
u Habopa OJIOK-CEKIM B KOMILUICKTALMH JTOMOB
npu  (GOpMUPOBAaHWU TPOU3BOJCTBEHHBIX IPO-
rpaMM HIPEANPUATUN B YCIOBUSAX ACHCTBYIOLIETO
MIPOM3BOJICTBA MJIM TEXHOJIOTUYECKOM MPOEKTHPO-
BaHWHM HOBOTO CTPOWTENHCTBA (PEKOHCTPYKITHH)
MIPEeNNPUATHN 17151 00ecTieYeHnsT JOCTIKEHUS TPo-
eKTHBIX TOKa3aTeJe ONTHMaIbHBIE Pe3ePBHI MPO-
M3BOJICTBEHHBIX MOIIIHOCTEH PEKOMEHIOBAHBI B
nuanasone 20-25 %.
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BecCTynquaTaﬂ ABYXIIOTOYHAsA FHHpOOﬁ'beMHO-MexaHI/I‘-IeCKaH TPAaHCMUCCHUSA
T'YCEHUYIHOTI'O TPaKTOpa

Kawna. texn. nayk, nou. Y. U. Knanosua?

l)}SGJIopyCCKI/H71 HAIIMOHAJBHBIN TeXHUYeCcKid yHuBepcuTeT (MuHCK, Pecrryonmka benapycs)

© Benopycckuil HallMOHANBHBIN TEXHUYECKUH yHUBEpcUTeT, 2024
Belarusian National Technical University, 2024

Pedepat. B paboTe mpemiokeHa OpUrHHANBHAs KOHCTPYKIHMS O€CCTYNEHYATOH ABYXMOTOYHOH THAPOOOHEMHO-MEXaHHUYE-
CKOH TpaHCMHCCHH, KOTOpast 00ecIeunBaeT pasJeJeHie IOTOKa MOITHOCTH 110 GOpTaM IryCEeHHYHOTO TpakTopa. [ ycroitun-
BOCTH IPSIMOJIMHEHHOTO ABMKCHUS PETYJHPYIONIE SIEMEHTH ABYX OOPTOB KMHEMAaTHYECKU CBSI3aHBI MEXTy OO0 crienu-
QIBHBIM MEXaHH3MOM OJIOKMPOBKH, KOTOPBIH pa30ioKupyeTcs: Ha moBopote. TpaHcMuccHs 00eciednBaeT YeThIpe Juarna3oHa
ckopocty. Ha nepBoM auana3oHe ¥ NpH IBMXKEHUU 3aJHUM XOAOM MOILHOCTb IEpeNaeTcs 0 I'MApaBIndeCKOl BETBH TPaHC-
MHCCHHU, HA BTOPOM—UYETBEPTOM — 10 JBYM BETBSM: MEXaHMUYECKOH M ruapasiandeckoil. Paspaborana maTemarnueckas Mo-
JeTb Ui BBIOOpa MmapaMeTpoB THIPOMAIIHH, YUUThIBatoIas ux oobeMusblil 1 Mmexanunueckuil KI1JI, MmakcuManbHOE HaBieHHe
paboueif )KUAKOCTH B THAPOIEpeaade, MaKCUManbHbIe 00OPOTHI U KPYTSIIHIE MOMEHT Ha Bally THAPOMOTOpa. BrrOpaHs! ma-
paMeTphl HEPETYINPYyEMOro THAPOMOTOPA, PETYINPYEMOT0 HACOCa M MEXaHHIECKUX 3JIEMEHTOB TpaHcMuccuu. PaspaboTanst
MaTeMaTH4YecKass MOJENb MPSIMOJIMHEHHOIO JIBIDKCHHUS T'yCEHHYHOTO TPAaKToOpa C OeccTyNeH4aTod IMapooOBheMHO-MEXaHH-
YECKOI TPaHCMUCCHEH, yUUTBIBAIOLICH BEC TPAKTOpa, apaMeTphbl XOA0BOM CUCTEMBbl, XapaKTCPUCTUKU JIBUTATEIsl BHYTPEH-
Hero cropanusi, napameTps! u KITJ] rugpomanivg, pexykTopoB, IHana3oHHON U pa3JaTOYHBIX KOPOOOK, IIaHETapHOH Iepe-
naud ¥ no3Bodisitonier onpenenste KITJ[ otnenbHbIXx BeTBel M BCEl TPaHCMUCCHH, NMPOBOAMTH TATOBBIA pacueT TPAKTOpa.
PaspaboTana nporpamma pacuera, peanusyonias MaTeMaTHIeCKyI0 Mojielb. [lapaMeTpsl 1BYXMOTOYHON TPAHCMUCCHH MOM0-
OpaHBbl Tak, YTO OOJIBIIASA YACTh KPYTSIIET0 MOMEHTA MEPEAeTCs IO MEXAaHUUECKOH BETBH U TPAHCMHCCHS HMEET JOCTATOYHO
Bbicokoe 3HaueHue KIIJI. MakcumansHoe 3Hauenue Tsrosoro KII/I Tpakropa peanusyeTcst Ha BTOPOM U TPEThEM JHana3oHax,
KOTOpBIE TpeIHAa3HAYCHBI JUIS BHITOTHEHNSI OCHOBHBIX OTEpaIyii TOYBO0OPabOTKY.

KnroueBble ciioBa: auamna3oH CKOPOCTH, BBIOOp mapameTpoB ruzapomainuH, KIIJI ruapomanivH, ruiaHeTapHas nepenava,
KIIJ tpancMmuccuu, TAroBbli pacuer, Tarossiit KIT/T

Jas uutupoBanus: XXnanosuy, U. U. Becctynenyaras AByXmOTOYHAs THAPOOOBEMHO-MEXaHUUYECKass TPAHCMUCCHS Tyce-
unuyHoro Tpakropa / U. Y. XXnanosuu / Hayka u mexnuka. 2024. T. 23, Ne 3. C. 251-260. https://doi.org/10.21122/ 2227-
1031-2024-23-3-251-260

Continuously Variable Two-Flow Hydrostatic-Mechanical Transmission
of Crawler Tractor

Ch. 1. Zhdanovich?

YBelarusian National Technical University (Minsk, Republic of Belarus)

Abstract. The paper proposes an original design of a continuously variable two-flow hydrostatic-mechanical transmission,
which ensures division of the power flow along the sides of the crawler tractor. To ensure stability of rectilinear motion,
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the regulating elements of the two sides are kinematically interconnected by a special locking mechanism that unlocks when
turning. The transmission provides four speed ranges. In the first range and when reversing, power is transmitted through
the hydraulic branch of the transmission. In the second -fourth range, power is transmitted through two branches: mechanical
and hydraulic. A mathematical model has been developed for selecting the parameters of hydraulic machines, taking into
account their volumetric and mechanical efficiency, the maximum pressure of the working fluid in the hydraulic transmission,
the maximum speed and torque on the shaft of the hydraulic motor. The parameters of an unregulated hydraulic motor,
an adjust-table pump and mechanical transmission elements are selected. A mathematical model of the rectilinear motion
of a caterpillar tractor with a continuously variable hydrostatic-mechanical transmission has been developed, taking into
account the weight of the tractor, the parameters of the running system, the characteristics of the internal combustion engine,
the parameters and efficiency of hydraulic machines, gearboxes, range and transfer boxes, planetary gear and allowing to de-
termine the efficiency of individual branches and the entire transmission, carry out traction calculations of the tractor. A calcu-
lation program has been developed that implements the mathematical model. The parameters of the dual-flow transmission
are selected so that most of the torque is transmitted through the mechanical branch and the transmission has a fairly high
efficiency value. The maximum value of tractor traction efficiency is realized in the second and third ranges, which are
designed to perform basic tillage operations.

Keywords: speed range, selection of hydraulic machine parameters, hydraulic machine efficiency, planetary gear, transmis-
sion efficiency, traction calculation, traction efficiency

For citation: Zhdanovich Ch. I. (2024) Continuously Variable Two-Flow Hydrostatic-Mechanical Transmission of Crawler

Tractor. Science and Technique. 23 (3), 251-260. https://doi.org/10.21122/2227-1031-2024-23-3-251-260 (in Russian)

BBenenue

Pa3BuTHe KOHCTPYKUMH CEIbCKOXO3AMCTBEH-
HBIX TPAaKTOPOB HAIPABJIICHO HA TOBBIMICHUE IPO-
M3BOAMTEIHHOCTH MAITUHHO-TPAKTOPHBIX arpera-
TOB W YIJY4IICHHE YCIOBHW TpyJAa oIeparopa.
Pemenne maHHBIX 3a/1a4 MOXKET OBITH JOCTUTHYTO
3a cuUeT aBTOMATH3aIlMH TIpoIlecca YHpaBJICHHS,
Ha YTO CYIIECTBEHHOE BIIMSHUE OKAa3bIBAET THUI
WCIOJIb3yeMOM TpaHcMuccuu. Ha naHHbI MOMEHT
HaOI0aeTCs CyIIeCTBEHHOE YBETMYCHNE HCITOIb-
30BaHUsl HAa TPAKTOpax OCECCTYNEHYATHIX TPaHC-
Muccuii. MHorue Benylue TPaKTOPOCTPOUTEIIb-
HBIE KOMITAHUM TPOU3BOMAAT KOJIECHBIE TPAKTOPHI
¢ OeccryneHuyatbiMu TpaHcMmuccusmu [1-5]. Tax,
¢upma Fendt mepennia Ha TPOU3BOACTBO TPAKTO-
POB TONBKO C OeccTylmeH4YaThIMH TPaHCMUCCHS-
MU [2, 3, 6], mpuueM HE TOJBKO KOJECHBIX, HO U
rycennuHbix [6]. T'ycenmunsie Tpaktopsl Fendt
MOTYT OECCTYTIeHYaTo U3MEHATh CKOPOCTD JIBFIKE-
Hus B npeaeniax ot 0 mo 40 km/4. OHU UCTIONB3YIOT
CIIEITHATbHBIC MOIIHBIC THAPOCTATUYCCKHUE arpera-
THI BBICOKOTO TeXHHYecKkoro ypoHs [7]. B pabo-
Te [8] mpemoxkeHa U obocHOBaHAa OeccTyreHYa-
Tasg TUAPOOOBEMHO-MEXaHUUYECKAs JBYXIIOTOTHAS
TPAHCMUCCHUSL ISl TYCEHHYHOIO TPaKTOpa BECOM
50 xH co ckopoctbio aBmwkeHus ot 0 10 15 xkm/u.
B mmanazone ot 0 1o 7,5 kM/49 TpaHcMuCCHS pabdo-
TaeT B pexxuMe Lupkynsauuu sHepruu, ee KIIJ B
nuarna3one ckopocteit 0—-6 km/4 pacret ¢ 0 1o 0,8,
JIocTHras MakcuMyMa 8,4 TIpu CKOpOCTH 7—8 KM/,
3ateM onATh magaet a0 0,8.
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Beccrynenyaroe peryimpoBaHHE€ B IIHPOKOM
CKOPOCTHOM JMariazoHe TpeOyeT yCTaHOBKH TH[-
poMamuH OOJBIION MOIIHOCTH, IPU 3TOM HaOIIO-
JaeTcd X HEeOPKOHOMHUYHAs paboTa Ha OTIAENIBbHBIX
peXUMax IBWOKEHHUs TpakTopa. sl yMEHBIIECHUs
CTOMMOCTH THAPOOOHEMHO-MEXaHUYECKUX TpPaHC-
MHCCHH 1e71eco00pa3HO YCTaHOBHTH HECKOJIBKO
CKOPOCTHBIX AMAIa30HOB U HCIIOJIb30BATh CEPUHHO
M3TOTaBINBAEMYIO TUAPONEpeaady ¢ HEperyiImupy-
€MBIM THAPOMOTOPOM, O00ECHEUMBAIOIIUM 3a/aH-
HBIN auarnas3oH [9].

Tpakrop rycennunsiii «bemapyc 2103» obopy-
JIOBaH cTyneHuyaToi TpaHcMmuccueil [10], nmero-
el 4eTelpe AuMana3oHa IepefHero xoja W JBa
nuamasoHa 3anHero xoja. Ilpemmoxena cxema
Tpancmuccuu [11], obecieunBaromias OeccTymneH-
4aTyio paboTy TpakTopa B arpOTEXHHYECKH JOIY-
CTHUMBIX CKOPOCTHBIX IHMalla30HaxX arperatupye-
MBIX MamuH [12].

Ilenp pabOTHI — pacUETHO-TEOPETHIESCKOE 000C-
HOBaHHE KOHCTPYKIMH OeccTymeH4aTod THapo-
00BeMHO-MeXaHNUecKkoi Tpancmuccuu [11] ryce-
HUYHOTO TPAKTOpa M aHaJIU3 €€ OCHOBHBIX Xapak-
TEPUCTUK.

Koncrpykuus 0eccryneHuaroii
THAPOOOBLEMHO-MEeXaHNYeCKOH
TPAaHCMHUCCHH

Konctpykuust u pabora paccmarpuBaeMoit
TPaHCMHCCHHM TYCEHHYHOTO TpakTopa IMOAPOOHO
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u3noxkeHsl B martedre [11]. Paccmorpum HekoTo-
prie ocobenHocTu ee pabotel (puc. 1). Ilpu nBu-
KEHUU TPAKTOpa MOTOK MOIIHOCTH OT ABHIATENs
yepe3 My(Ty CLEIUIeHHs MOCTyNaeT Ha pa3farod-
HYI0 KOpoOKy | mpuBOIa HacocoB, Ii€ HMPOUCXO-
JUT pa3aeneHue moroka. YacTb MOLTHOCTH MO Me-
XaHUYECKOW BETBM Yepe3 [HANa30HHYI KOpoo-
Ky 2, pa3gaToyHylo KOpOOKy 3 MexaHu3Mma IMOBO-
porta, e MoTOK paszensercs Ha 0b0a 6opTa Tpak-
TOpa, IOCTYHaeT Ha 3MUIUKINYECKUE LIecTepHH 4
u 5 nuddepeHINATBHBIX MEXaHU3MOB IIOBOPOTA.
[IpyueM u3MeHeHMEe MepeaTOYHOoro yucia B Aua-
Ma30HHOM KOpOOKe (MepekiTtoueHne auama3oHa)
NPUBOIUT K U3MECHEHHIO YacTOThI BPAIICHHsS SITH-
LUKINYECKON MIECTEPHU U CTYNEHUYATOMY HM3MEHe-
HHUIO CKOPOCTH IBIKCHMA TpakTopa. YacTh Mor-
HOCTH YXOIUT IO THAPABIMYECKOH BETBU UEpe3
HIECTEPHH pa3faTOYHOl KopoOKH | mpuBonxa Haco-
COB, peryJaupyeMble HAcOCHl 6 U 7, THOPOOIIOK 8§,
Heperynupyemsbie rugpoMoTopsl 9 u 10, penykro-
pel tuapomotopoB 11 u 12 u mocrymaer Ha coi-
HeuyHple mecTepHu 13 u 14 muddepeHnmanTbHbIX
MEXaHU3MOB I[O0BOpOTa. l3MeHeHHe mapamerpa
peryiIMpoBaHys Hacoca MPUBOAUT K HM3MEHEHUIO
YacTOThl BPALICHUS THAPOMOTOPOB M, KaK CIel-
CTBHE, YaCTOTHl BPAIUCHHs COJHEYHBIX LIECTEPEH
u OeccTyneHYaTOMy H3MEHEHHMIO CKOpPOCTH [BHU-
JKEHUsl TpakTopa B Ipenenax auanazona. Cymmu-

| —on
| —

pOBaHHE TIOTOKOB MOIIHOCTH OCYIIECTBIIIETCS Ha
Bogunax 15 u 16 u ganee yepe3 KapJaHHbIE mepe-
Jaud, TTIaBHYIO nepefady (LeHTpalbHBIA U OopTO-
BOM peIyKTOpbI) MepenaeTcsl Ha BeAyIIne Kojeca.
Jus obecrieueHus] yCTOMYUBOCTH TPSIMOJIMHEHHO-
IO JBWXEHHS PETYJIUPYIOLINE 3JIEMEHTH IBYX
6optoB 13 u 14 KMHEMaTHYECKU CBS3aHBI MEXKIY
co00if CIeuuanbHBIM MEXaHU3MOM OJIOKHUPOB-
ku 17, KOTOpBIH pPa30IOKUpyeTcss Ha MOBOPOTE.
[InaBHOE perynupoBaHUE CKOPOCTH JABHXKCHHS
B 33/IaHHOM JMamna3oHe W OeCCTyNeHdYaToe H3Me-
HEHHE paJuyca MOBOPOTa TPAKTOpa OCYLIECTBISAET
ook ympasnernns 18. Ilpennaraemast KOHCTPYKITHS
o0ecrieunBaeT YeThIpe IUana3oHa CKOPOCTeH JBU-
KEHHMsI TpakTopa BIIEpel, aHAJIOTMYHO CEpHUIHO
BhIIlycKaeMoMy TpakTopy «bemapyc 2301» [10],
U OJMH JUamna3oH ABIKeHHs Haszaa. Ha mepBom
JUana3oHe SMHUIMKI OCTAHOBJIEH TopMo3oM 19,
MOIITHOCTh Y€pe3 MEXaHUYECKYI0 BETBb HE Mepea-
eTCsl, TBMKEHHE TpaKTopa obOecrednBaeTrcsl mepe-
Jadyell MOIIHOCTU 110 THJPABIMYECKOH BETBU.
AHanornyHo obecrednBaeTcsl JBIKEHHE 3aJHUM
XOZIOM, TOJIbKO MOCPEACTBOM YIpABJIECHUS Mapa-
METPOM pETYJIHMPOBAaHUS Hacoca OCYIIECTBISETCS
M3MEHEHUE HaIpaBJICHUs BpallCHHUs THAPOMOTO-
poB. Ha BTOpOM—YeTBEpTOM JAMama3zoHax MOII-
HOCTh TepelaeTcsl MO JBYM BETBAM: MeXaHHue-
CKOM U TUJIPaBINYECKOM.

4 13 11 17
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Puc. 1. KunemaTnueckasi cxemMa TpaHCMUCCUU

Fig. 1. Kinematic transmission diagram
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Bb160p napameTpoB OeccTyneHYaTO
rUpo00bLEMHO-MeXaHUYECKOl TPAHCMHUCCHU
TyCeHHYHOT0 TPAKTOpPa

Uucna 3y0ObeB MISCTEPEH pa3gaTOUuHON KOPOO-
Ki | mpuBOAa HAacoCoB BBIOMpPAaEM IIO KPUTEPHIO
oOecrieueHUs] HOMHHAJIBHOM YacTOTHl BpalLCHHS
Hacoca Mpyu HOMUHAIBHOW YacTOTE BpallleHHs Baja
neuratens. Yucna 3yObeB B IIECTEPHAX AHANa30H-
HOM KOPOOKHM M pa3gaTOYHON KOPOOKH MeXaHHU3Ma
MOBOPOTa MOJ0MpaeM TakuM 00pa3oM, YTOOBI Ha
BTOPOM [JHana3oHe B JHala30HHOW KOpOOKe
BKJIIOYAIach MOHW)KEHHAS Tepeaya, Ha TPETheM —
npsiMasi, Ha YeTBEPTOM — IOBbIIeHHAs. KoHCTpyK-
sl U TIapaMeTphl IIaHETapHOTO PAda MEXaHU3Ma
MOBOPOTa, LEHTPAIBLHOTO M OOPTOBOTO PENYKTO-
poB  yHHU]HIUpOBaHE ¢ TpakTopoMm «bena-
pyc 2301». Umncna 3y0beB MIECTEPEH PEAYKTOPOB
ruapoMoTopoB 11 u 12 mombupaeM 1o YCIOBHUIO
corylacoBaHus 00OpPOTOB THAPOMOTOPA M COJHEY-
HBIX IIECTEPEH M BO3MOXKHOCTH YCTAaHOBKH MeXa-
HU3Ma OJIOKUpPOBKH 17.

Pabounii 06beM rumpomMoTopa M Hacoca, Mak-
CHUMaJbHbIe OOOPOTHl BJIEMEHTOB IUIAHETAPHOTO
psiza ompenenseM, UCIOJIb3ysl U3BECTHbIE 3aBHCHU-
Moctu [13-16], mpu HEOOXOAMMOCTH Tpeodpasys
ux. Pabounit 06beM ruIpoMOTOpa paccuuTaeM Io
MaKCHMaJIbHOMY KPYTSIIEMY MOMEHTY Ha €ro Ba-
Jdy ¥ BbIOpaHHOMY MAaKCHUMAaJIbHOMY JaBJICHHIO
paboueii )XUAKOCTH B ruaponepenade. AHaiu3 Ho-
Ka3bIBaeT, YTO MaKCHUMAJIbHBIA KPYTALIMA MOMEHT
OrpaHMuYeH MaKCHMaJbHBIM CIIETUICHHEM TyCEHH-
bl C NOYBOW. YUMTHIBas, 4TO KaxkJas T'yCEHHIA
UMEET CBOIl MPUBOJ, MOJIyYUM

v (pacu)
_ TCGT(‘pmaX rBK (1)
nrycirnnrnnKB ( K + 1)nCBipranrMApmaanM(rM) ,

rae G, — Bec Tpakropa, H; @max — K03ddunmeHt
cuerieHus; I, — paguyc BemylIero Kojieca, M;
Ny — KIJI ryceHn4HOro IBUKUTENS; Iy — TIEpE-
JTATOYHOE YHCIIO TJIaBHOW mepenadn (IeHTpaTbHO-
ro u 60pToBOTO peaykTopoB); M., — KII/] rmaBHoi
nepenaun; m,, — KIIJ| kapnansoro Bana; K — ko-
s¢duieHT wianerTapHoro paga; 1, — KIIJ mia-

HETapHOTO psiia OT COJHEYHOW IIECTEpHU 10 BO-
IWIA; pry — MEPENATOYHOE YUCIIO PEXYKTOpa TH[-
pomoropa; 1, — KIIJ{ pexykropa rugpomoropa;

APmax — MAKCUMATBHOE aBIICHUE paboueit KUIKO-
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cty B rugponepenade, Mlla; n — TUAPOME-

rm(rm)
xannueckuit KIIJI rugpomoTopa.

[0 TONYYEHHOMY 3HAYEHHIO Viy(pacs), em®/06,
no0UpaeM THAPOMOTOP M3 YHCNIA CEPUHHO H3ro-
TaBJINBACMBIX, YTOUHSIEM €r0 00beM Vi,

MaxkcuManbHbIi pabounii 00beM Hacoca orpe-
nensiercst o GopMylie, PU MapaMeTpe PeryaIupo-
BaHMs Hacoca g, = 1.

_ SI'MVI'M nI‘M max ipH (2)

Moo €M Mosin)

H(pacu)

TZI€ € — MapaMeTp perylIupoBaHUs THAPOMOTOPA;

Npvmax — MAaKCHMAalbHbIE OOOpPOTHI THUAPOMOTO-

pa, MEH ; iy, — TIEPENaTOYHOE YHCIO PETYKTOpa

pUBOJA Hacoca; Ny — HOMUHAIBHAs YacToTa Bpa-
-1

LIEHUS Bala JIBUMATENs, MUH ; M, — O0BEM-

bl KI1JI ruapomoropa, 1,4, — TO X&e Hacoca.

ITo 1oyYEeHHOMY 3HAYECHUIO V( cm*/06,

H(pacy)’?
BEIOMPAETCSL HACOC W3 YHCJIA CEPUUHO M3TOTABIIH-
BaeMBIX ¢ pabounm oObeMoM V. .

IIpu ompenenenuun KII pemykTopoB, miaHe-
TApHOTO psZa, AMANAa30HHOW MU pa3faTOYHBIX KO-
poOOK yuMTHIBaEM MEXaHWYECKHE MOTEPH Ha Tpe-
HUe B 3y0YaThIX 3aleIUICHHSAX, ITOAIINITHAKAX
U TUOPABINYECKHE MOTEPH, CBSI3aHHBIE C IEepeMe-
m1BaHMeM Macna B ux kaprepax. s KIIJ xap-
JAaHHOTO Bajlla yYWUTBIBAEM MOTEPH B KapAaHHBIX
IapHUpax.

O0bemublii u TuapoMmexanmveckuii KIIJ[ B
THApPOMAIIMHAX  OINpenenseM IO  3aBUCUMOC-
Tam [17-19], Heckonbko MpPeoOpa3OBaHHBIM IS
yno6cTBa pacuera. O6wemusnrit KI1/] Hacoca

k 30Ap(n
_ oyl > p Hmax , (3)
nn Dle | n

MNoswy =

H

rae Kk M2/ (MIla-c), ¢, — koapuureHTsI yTe-

yul?

yek Hacoca; D, =32-10°nV, — xapakrepHblii

pasMep Hacoca, M; 1, — 06OPOTBl HACOCA, MUH

Ny max — MAKCHMaJTbHBIE 06OPOTHI HACOCA, MUH
O6bemusiii KI1/1 runpomoTopa

k ,30Ap (n
— 1+ yu2 M max +c , 4
n06(rM) nnrM DI'ZMSI‘M nrM 2 ( )
rae K, m?/(MIla-c), ¢, — K0O(DOUIMEHTEI yTe-
yek rugpomoropa; D, =3/2-10°nV,, - xapak-
Hayka
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TEpHBI pasMep THAPOMOTOpa; N, — O0OOpPOTHI

TUAPOMOTODA, MHH .
IMunpomexannueckuit KI1J[ ruapomoropa

2 2
k)l(].lZTcnl'M DrM (l + c)l<28rM )

g
™ 30n. A
T'IFM(F[“) — I'M max p %
SI'M
— kn2 _ kcz (5)
2 2
c.mn- D
Ap| 1+ M 14 22 ™ Trm
30nrM max 30nrM max
% i)
SFM
rae K,,,,» MIa-c/™m, ¢,, — Ko3bduIueHTs! noTeph

TUIPOMOTOpa Ha Jkuakoe TpeHue; K ,, Mlla,
¢y ©/M, — TO K€ Ha cyXoe Tpenue; K,, c,, M, —

TO K€ MOTEPh Ha MPOKPYTKY THIAPOMOTOpA.
I'unpomexannueckuii KIIJ[ Hacoca

€
nFM H = . %
(w) kmnni D, (1+ C, & )
e + +
! 30nH maxAp
N g, (6)
+ knl kcl ’
2 c.mn’D
ap| 1+ G™iDa | g G,
30nH max 3onH max

rae k., Mlla-c/m, c,, — koadduumnentsr noreps
Hacoca Ha xkujkoe Tpenue; K, MIla, ¢, ¢/m, —To ke
noTepb Hacoca Ha cyxoe TpeHue; K., ¢, M, —

TO € MOTeph Ha MPOKPYTKY Hacoca.

Ha ocHOBaHmM MmareMaTH4ecKOd MOenu
JUIsL BBEIOOpa TIapaMeTpoB THApPOMAIIHWH (ypaBHe-
aus (1)-(5)) paspaboraHa KOMIBIOTEpHas IIPO-
rpamma. OHa TO3BOJISIET BHIOMpATh MapameTphl
THIPOMAIIIHMH C YYETOM: UX O0OBEMHBIX M THAPOME-
xaHnueckux KIIJI, MakcumanbpHOrO AaBieHUs pa-
0odYeil KHUIKOCTH B THApOIEpenave, MaKCHMallb-
HBIX O0OOPOTOB M KPYTAIIETO MOMEHTa Ha Baly
THIIPOMOTOpa. PacyeThl MOKa3bIBAIOT, YTO THAPO-
MOTOp MOXXHO BbHIOpaTh B JAuamna3oHe oObe-
MOB 32-56 CM3/06, B 3aBUCUMOCTH OT 3a]1aBA€MOT0
MaKCUMAJIBHOTO JIABJICHHUA pPadoueil IKUAKOCTH
B rujaponepenaye. Jnga ganpHEHIIMX pacueToB
U3 Karajora BHIOMpaeM CEpHHHO BBITyCKaeMbIil
HEpEryIpyeMBlil THAPOMOTOpP 06BbeMoM 40 cm*/06
¥ peryaupyeMsiii Hacoc o6semMom 90 cm*/06.

Hayka
wTexHuKa. T. 23, Ne 3 (2024)

MaremaTnueckasi MoJejlb MPSIMOJIUHEITHOT 0
JBUKEHHS T'YCEHUYHOT0 TPaKTOpa

¢ 0ecctynmeH4aToii
THAPO0OBLEMHO-MeXaHNYeCcKoM
TpaHCMUCCHeH

IIpoBenem aHanm3 pabOTHI IBYXIIOTOYHOHN TH-
POOOBEMHO-MEXAaHUIECKON TIEpeladyl U TPaKTopa
B nenoMm. Hcmomp3yem H3BECTHBIE 3aBUCHUMO-
ctu [13-16, 20, 21], npu HE0OXOAUMOCTH TIpe-
o0pa3sys ux.

KpyTrsmmii MoMeHT Ha Baly [BMrarens 3a-
BHCUT OT CONPOTUBIICHMS JBHKCHHIO MAIUHbI.
CxeMa nepenauu Y3HEpruu OT JBUTATENS O BOIUIA
KKIOrO IUIAHETAPHOTO psiia JBYMS IOTOKAMH
MIpe/ICTaBIeHa Ha pHC. 2.

YacTs KpyTAIMIETO MOMEHTa IBUTATEIS, IIepe-
JlaBaeMasi TI0 MEXaHMYECKOW BETBU (Uepe3 auarna-
30HHYK) KOPOOKY, pa3JaToO4HyI KOpPOOKYy Mexa-
HU3Ma TIOBOPOTA, DIUIMKINYECKHE IIECTEPHIO
mudpepeHIaTbHBIX MEXaHU3MOB TIOBOPOTA KaX-
noro 6opra):

KM
M Mm)i == H y ! (7)
A( ) IzucinZlKi IpManMH ( K + 1) nCB

rae My — KpyTSIMi MOMEHT Ha BOJUJIE KaXIIOTO
[UIAHETAPHOTO Psifa Ha i-M auana3oHe, H-M; i
MepeaToyHoe  YHCIO JHMANa30HHOM  KOpOOKH
Ha i-M AuamaszoHe; My — KIIJl nuanasoHHON KO-
poOKHM Ha i-M IMANa3oHE; lpyy — MEPEeNaTOYHOE
YHUCIIO Pa3aTOYHON KOpOOKH MeXaHH3Ma MOBOPO-
Ta; Npun — KIIJI pa3naToynoii KOpoOKH MexaHHU3Ma
IIOBOPOTA.

YacTe KpyTSIMIETO MOMEHTA IBUTATEIS, Iepe-
JaBaeMas IO THIPaBIMYECKOW BETBU (uUepe3 Iie-
CTepHU pPa3aTOYHOUW KOPOOKU MPHBOJA HACOCOB,
perynupyeMbie HacoChl, THIPOOIOK, THIPOMOTO-
PBl, PELYKTOPBl TUAPOMOTOPOB, COJIHEYHBIE IIE-
crepan U PepeHInaTbHBIX MEXaHU3MOB ITOBO-
pota kaxjoro 6opra):

My =
eV.M, 8

ipanHnrm(H) ( K + 1)n3BngVl‘MnrM(FM)IpFanFM

rae m,, — KIIJI pasparounoii kopoOku npusoja

Hacocos; 1, — KIIJ] muianerapHoro psna or snu-

OUKJIa 10 BOJHJIA.
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A PH|H|T|I'M|PI'M
Qu

Puc. 2. Cxema niepeJlauu SHEPIUU OT JBUTraTENs K BOIIILY
JABYMs IIOTOKaMM: A — Touka pas3aciicHus IoToKa,
JK — nnamazonnas kopo6xa; PMII — pazgaTounas kopoGka
MEXaHHu3Ma II0OBOPOTa, PH — 10 xe IIpruBOJa HaCOCOB;

H - perynupyemsiit Hacoc; I'M — Heperynupyemblil
rugpomotop; PI'M — penykrop runpomoropa; b — rouka
CYMMHPOBAHUSI IOTOKOB; ®,, Wy, Oy Dpyy O, Oy — YIIIOBASI
CKOPOCTB: KOJIEHYATOI'O BaJla IBUTaTElId, BXOAHOI'O Baja
JMaNa30HHON KOPOOKH, SMUIKKIIA, BEAYIIEeH IIeCTepHU
pa3aToYHON KOPOOKH MPUBOJIAa HACOCOB, COTHEYHOM
LIECTEPHU U BOJMIIA, COOTBETCTBEHHO, c’l; M, My, My, My,
M., M, — Kpy TSI MOMEHT Ha: KOJIEHYaTOM BaJly ABUIaTels,
BXOJZIHOM BaJly JHAaIrla30HHON KOPOOKH, SIHULHUKIIE,
BeIyILel LecTepHe Pa3faToOuHON KOPOOKH IPUBOAA HACOCOB,
COJIHEYHOM MEeCTEpHE U BOAUIIE COOTBETCTBEHHO, H'M;

Ap — naBieHue pabodeil ;KUAKOCTH B ruaponepenaude, MIla;
Q.. — mozmaya paboueil )KUIKOCTH HACOCOM, oM®/mMuH
Fig. 2. Scheme of energy transfer from engine
to carrier in two streams: A — flow separation point;

JIK (DK) - range box; PMII (RMP) — transfer case of rotation
mechanism; PH (RN) — transfer case of pump drive;

H (N) — adjustable pump; I'M (GM) — unregulated hydraulic
motor; PT'M (RGM) — gearbox of hydraulic motor;

b (B) — flow summation point; ., 0., ©,, ®py, O, ©, — angular
velocity: engine crankshaft, input shaft of range box, epicycle,
drive gear of transfer case of pump drive, solar gear and carrier,
respectively, st My, M, My, M, M, — torque on: engine
crankshatft, input shaft of range box, epicycle, drive gear of pump
drive transfer case, solar gear and carrier, respectively, N-m;
Ap — pressure of working fluid in hydraulic transmission, MPa;
Q,, — supply of working fluid by pump, sm*min

CyMMupys 9acTH KpyTSIIEro MOMEHTa JIBUTA-
TeIsl, mepeaBaeMble Mo MexaHuueckoil (7) u rua-
paBamdeckoi (8) BETBSM, OMPENCITUM KpPYTSIITHI
MOMEHT Ha I-M JHMala30He Ha BOJUIIC KaXKI0TO
TUTAHETAPHOTO psfa, epeaBaeMblil OT IBUTaTEIs:

K
- - +
Ipmnnpmnluxinuxi ( K + 1)1'133

M,; =0,5M,

K
: : + (9
IpMnannlaKinuKi ( K + 1)“3}3

rae M, — KpyTaiuii MOMEeHT aBuratesns, Hum;

MaxkcuMalbHBIA KPYTSIIUN MOMEHT Ha BOJUJIE,
OTPAaHWYMBACMBIN CIETUIEHHEM BEOYIINX KOJIEC
C TPYHTOM, OTIpenesiercs mo popmye

— O’ 5GT(pmaX rB](
MBmax((p) - | n.m .

M,; =0,5M,

(10)
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MakcuMalIbHBIN KPYTSAIIUIA MOMEHT Ha BOJMIIE
OTPaHMYUBACTCS TAKXKE JIaBICHUEM Pabodel XKui-
KOCTH B THAPOIIEpEIaue U ONpPeNeNsIeTCs

_ Apmax (K +1) ncangVrMnrM(rM)ipranrM
B max(Ap) on

. (11)

Ilepennan naBneHUs MEXIy THAPOJIWHUEH BbI-
COKOTO W HH3KOTO JaBJeHHH CHJIOBOTO KOHTYypa
00beMHON THApONepeaun Ha I-M JUamna3oHe
oTpeieNsieTCs 3aBUCUMOCTBIO

2nM .
Ap= Bl . (12)
p ( K +1)nCBngVrMnrM(FM)IpranrM

KIIJ] runpaBnuyueckoil BETBU ydacTKa TpaHC-
MHCCHH OT JBHraTensl 10 BOAWJIA IUIAHETApHOTO
pana

nrﬂ-B = annFM(H)nFM(rM)onMnCB' (13)

KII/I mexannueckoi BETBH y4acTKa TPAHCMUC-
CHUU OT ABUTATENS JI0 BOJAMJIA IUIAHETApPHOrO psla
Ha i-M quamnazoHe

nM -Bi = nnxinpmnnas . (14)

KIIJ] yyacTka TpaHCMUCCHUU OT JBUTATENs IO
BOJWJIA IUIAHETAPHOTO psAga Ha i-OM JUama3oHe
IIpH OTHOBPEMEHHO paboTe ABYX BETBEH

2M
n):[—Bi = M - I ’ (15)
e’ n-Bi
rac iu»Bi — NnepeaaTovyHoC 4YUCIO I[ByXHOTO‘IHOﬁ

YacTH TPAHCMHCCHU OT JBHTaTelsi [0 BOJMIIA
Ha i-M Juarna3oHe.
KIIJ] TpancMuCCHU Ha i-M JHana3oHe

T.l'rpi = nu-BinKBnrn . (16)

KacarenapHas cuna taru TpaKTOpa Ha i-M Janua-
Ma30HEC OMpPeACIACTCA 3aBUCUMOCTBIO

2M m.i
Fkl — Ban; FHT]FHT]F)’C . (17)

BK

KprokoBast cuiia Ha i-M inamna3zone

F,=F.—F. (18)

Kpi

Koaddunuent OykcoBanus Ha i-M Tuana3oHe

o

8i —_ kT max (19)
Tsarossrii KI1J] Ha i-M nuamasone
FK i
nTi :nTpinryc (1_ 6) _p (20)
F
Hayka
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CKOpOCTh JBMKEHUS MAITUHBI 33JIa€TCSI 9aCTO-
TOW BpallleHUsl JBUTATENs U BEJIMYMHOW Toaauu
paboyeii KUIKOCTH B 00bEMHOM THpOIIepeaaye.

OGOpPOTHI THIPOMOTOPA

n = neSHVHno6(H)n06(rM)
™ s V |

I'M ' TM pH

(21)

[lepenatoyHoe dYHCIO JBYXIOTOYHOH YaCTH
TPAHCMHCCHUH OT JBUTATENIS JI0 BOJWIA Ha i-M JHa-
Ma30HE OMPEIEISIETCS 3aBUCUMOCTRIO

i = K ,‘ SHVHnoﬁ(H)noﬁ(rM)
(K4 Db (K+1)e,V, 0,

pMI T™M ' TM pH prm

. (22)

HepeﬂaTOque YUCJIO TPaHCMHUCCHUU B LCIOM
Ha i-M quanasoHe
Tpi = I}J—Bi'l“l'[ ' (23)
ﬂeﬁCTBHTeHBHaﬂ CKOPOCTh TpaKTOpa Ha i'M JAN-
arra3oHe

nnr, (1-0

LA i)} 4)
30i,,,

AHaJIN3 XapaKTePUCTUK

pa3padoTaHHON TPAHCMHUCCUH TPAKTOpPa

Ha ocHOBaHWM MaTeMaTHYeCKON MOJCTH Tpsi-
MOJIMHEHHOTO JIBHXKCHUSI T'YCEHHYHOTO TpaKTOpa
¢ OeccTymeHYaTol THIPOOOBEMHO-MEXaHUYECKOH
tpancmuccuel (ypasuenus (3)—(24)) paspaborana
KOMITBIOTEpHAs TporpaMMa pacueTa XapaKTepu-
CTHK TPAaHCMHCCHM WM TpakTopa. B kadectBe uc-
XOJIHBIX JTAHHBIX WCIOJIb30BAIUCH MapaMeTphl Ty-
cennuHoro tpaktopa «bemapyc 2301» [10] u pas-
paboraHHo#it  TpaHcMuccuu.  [IpuHATO,  YTO
JIBUTATENh paboTaeT Ha HOMHUHAIBHBIX 000pOTax U
peanu3yeT SKCIUTyaTallHOHHY0 MOIIHOCTb.

V3MeHeHHe CKOpOCTH JIBHIKECHUS TpakTopa
BIIEpE/l OCYLIECTBIISIETCS M3MEHCHHEM Mapamerpa
perynupoBaHus Hacoca g; oT 0 mo 1 u, Kak cnen-
CTBHE, YaCTOTHI BPAIICHUS COJHEYHOW NICCTCPHH
TUIAaHETapHOTO psina. Bo3MoXHBI crenyromue pe-
JKUMBI PaOOTHI:

— KOpOHHAsl U COJTHEYHasl IIECTEPHU OCTAHOB-
nensl (g, = 0), Tpakrop Tak)ke OCTaHOBIIEH, Ja-
Jee COJIHEYHAs MIeCTEpHS Ha4YMHACT BpalleHUE
(0< &4 < 1), TpakTOp HaYMHAET IUIABHO HAOMPATh

CKOpOCTh, JBHTasich Ha | quamaszoHe, KPyTSIIHiA
MOMEHT OT JBHUraTels 10 BOJAWIA TMepeaaeTcs
TOJBKO TIO TUAPABINIESCKON BETBH;

— COJIHEYHas IIecTepHs ocTaHoBneHa (g, = 0),
B Iuara3oHHoi kopoOke Brirodaercs I, 1 v IV
JIMAIa3oH, 3aMbIKaeTCsl My(Ta CLEIUICHHS, KPYyTs-
U MOMEHT OT JBHTATENs 0 BOIWIIA MEpeaaeTCs
TOJIBKO 110 MEXaHUYIECKOW BETBHU, TPAKTOP HAUMHA-
eT JIBW)KEHHE Ha MHUHMMAJIBHOW CKOPOCTH BKJIIO-
YEeHHOTO Jauamas3oHa. Jlamee coiHeUHas IIeCTEPHs
BpAIIaeTCs M0 HAIPABJICHUIO BPAIECHHUS KOPOHO
mecrepan (0 < ¢ < 1), KpyTsIMHA MOMEHT OT
JBUTATENs] JIO BOJMIIA TIepenaeTcs Mo MeXaHu4e-
CKOM M THUAPABINYECKONW BETBSIM, TPAKTOP IJIABHO
HaOWpaTh CKOPOCTh JO0 MaKCHUMaIIbHOW Ha 3ajaH-
HOM JIMana3oHe.

JIBioKkeHHe TpakTopa 3aJHUM XOJOM aHAallo-
TMYHO JBMXKEHHUIO Ha | muamazoHe, TOJNBKO TUAPO-
MOTOp ¥ COJTHEYHAs IIECTEPHs BPALIAKTCSA B MPO-
THBOIIOJIOXKHYIO cTopory (-1 <¢ < 0).

B Tabn. 1 mpuBeneHBl 3HAYCHHS TEOPETUYEC-
CKOH ckopocTH Ans cepuifHoro Tpaktopa [10] u
TPaKTOpa C IpeiaraeMoil TPaHCMUCCHUECH.

KIIA runpaBnmueckoil BeTBU (pHC. 3) OTHOCH-
TENbHO HM3KWH, €ro MaKCUMaJbHOE 3HAYCHHUE
ma | gmamasome cocrasiusger 0,82, ma Il — 0,76,
Ha Il — 0,71, ma IV - 0,63. KIIJ| MexaHu4deckoii
BetBH Ha |l u IV mgmanaszonax — 0,90, a na 1l 6na-
rogaps npsimoit mepemade — 0,94. Yuwursias, 4To
OoJpIas 4acTh KPYTSIIETO MOMEHTa IepenaeTcs
10 MEXaHW4YeCKOH BeTBU (puc. 4), olIee MaKcCH-
mansHOe 3HaueHue KIIJ| nByxmotouHoil mepena-
yn cocraBiuger Ha |l mmamazome — 0,90-0,84,
Ha |l - 0,94-0,88, na IV — 0,90-0,85.

| Tnana3oH He OCHOBHOM, MPEAHA3HAYCH JJIsI BBI-
MIOJTHCHUS TEXHOJIOTUUECKUX ONEpaluii Ha CKOPO-
CTH 2—6 KM/4, TPaKTOpP MOXET Pa3BHUTh KPHOKOBOC
yeune 49-76 xH npu KIIJ| nepemaun 0,76-0,82.
Il u Il nquamazonsr paboure, MpeaHA3HAYECHBI IS
BBITIOJTHEHUSI OCHOBHBIX OIEpaIlvii MOYBOOOPaOOTKH.
Tak, arpoTeXHUYECKH JIOMYCTHMAasi CKOPOCTh Iax0T-
HBIX arperatoB 7—10 km/4, O4YBOOOpadaThHIBAOIIIE-
rmoceBHBIX 6—12 xkM/9 [12], TpakTop Oymer paborath
Ha |l mmamasoHe, MOXKET pa3BUTh KPIOKOBOE YCH-
nue 23-52 kH (puc. 5) nmpu KIIJ| nByxmorouHoi
nepemauan 0,90-0,82.

Tabnuya 1
Teopernyeckasi CKOPOCTh TPAKTOPOB, KM/4
Theoretical speed of tractors, km/h
Hanpasnenue Brnepen Hazan
Junanazon | 1 Il \V4 | 11
«benapyc 2301», cryneHuaTo 3,0; 3,72; 5,5; 6,65; 7,78; 9,40; 13,90; 16,79; 4,31; 5,21; 7,70; 9,30;
4,49; 559 8,02; 10,34 11,34; 14,62 20,25; 26,12 6,28; 8,20 | 11,22; 14,47

Bbeccrynenuaras TpancMuccust 0-8,1 6,01-14,15 10,13-18,27 18,04-26,18 0-8,1 -

HayKa 257
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ATPOTEXHHYECKH JOMYCTUMAasi CKOPOCTh TIpH
kynpTuBarmu 10-15 km/g [12], Tpaktop Oyaer pado-
tarb Ha |ll nmamazoHe, MOXXET pa3BUTH KPIOKOBOE
yeunue 18-32 xH (puc. 5) npu KIIJ] apyxmotounoit
nepenaun  0,94-0,86. |V jgmamazon TpaHCHopT-
HBIH, JBIKEHUE MOXKET OCYIICCTBISITHCS HA CKOPO-

ctu 18-26 km/4, kprokoBoe ycwmme 5—-15 kH
npu KITJ] neyxnorounoii mepenayun 0,90-0,63.

MakcumanbHoe 3HadeHue Tsarosoro KIIJ[
0,62-0,64 (puc. 6) tpaktop pasBuBaer Ha |l
u Il ananazonax npu kprokoBoMm ycunuu 25-52 kH
u OykcoBanuu 2,4-6,2 %.

1,00
I R S MDA -2
U i \_,\ 1 \_7_\ v
m T s N N
0’60 L 'r& A > a3 - il
D T . Rl \
0,50 [, , T o S N
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Puc. 3. 3aBucumocts KITJ] yyactka TpancMmuccuu (OT JBUraTels A0 BOAWIIA IUIAHETAPHOTO Psizia)
OT AEHCTBUTENBHOM CKOpOCTH ABIKeHus Tpakropa Ha |, II, 11, IV auanasonax: 1 — ruapaBnuyeckoii BeTBH;

2 — MEXaHUYECKOH BETBH; 3

— IBYX BETBEH BMECTE

Fig. 3. Dependence of efficiency of transmission section (from engine to planetary gear carrier)

on actual speed of tractor in ranges I, 11, 11, 1VV: 1 — hydraulic branches; 2 — mechanical branches; 3 — two branches together
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Puc. 4. 3aBUCUMOCTD BEJTUYHHBI KPYTAILIECTO MOMEHTA ABUI'aTCJIs, [ICPEAArOIEerocs 1no MEXaHUYECKON
u anpaBanecxoﬁ BETBSAM TPaHCMHUCCHUH, OT Z[eflCTBHTeJ'II:HOfI CKOPOCTH ABUIKCHUS TPAKTOpa

Ha |, Il, Il u IV nnana3zonax: 1 — mo rupaBIN4eCKON BETBU; 2 — 10 MEXaHUUCCKON BETBU
Fig. 4. Dependence of torque value of engine transmitted through mechanical and hydraulic branches
of transmission on actual speed of tractor in ranges I, II, 11l and 1V: 1 — hydraulic branch; 2 — mechanical branch
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Puc. 5. BennunHa KpIOKOBOTO YCHIINS U ISHCTBUTEIBHOM

ckopoctu tpakropa Ha I, II, 11l 1 IV nnamasonax
Fig. 5. Value of hook force and actual speed
of tractor in ranges I, Il, 1l and IV
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50

0 10 20 30 40
Puc. 6. 3aBucumocTts tarosoro KIT/I ua I, I, 111
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BbIBO/IbI

1. IlpeanokeHa OpWTHHAIBHAS KOHCTPYKIIHS
OeccTymeH4YaTol, B paMKax dYeTBHIpexX Juarmaso-
HOB, JIByXIIOTOYHOH THAPOOOBEMHO-MEXaHUUECKOM
TPAaHCMUCCUHU TYCEHHUYHOTO TpakTopa. Ha mepBom
QMara3oHe ¥ MpH JBMKCHUW 33JJHAM XOJ0M MOIII-
HOCTh IIepellaeTcsi MO TUAPABIMYECKON BETBU
Tpancmuccuu. Ha BTopoM—4eTBepTOM JHarna3oHax
MOIITHOCTH TIEPEeIaeTCsl 10 BYM BETBSIM: MEXaHU-
YECKOW U rUJIpaBInYeCKOM.

2. Pa3paborana Matemarthyeckas MOJENb IS
BbIOOpa MapaMeTPOB THAPOMAIINH, YIUTHIBAIOIIASL
nx o0beMHBIM W Mexanuwdeckuit KIIJI, makcwu-
MaJlbHOE JaBlieHWE pabodell KHUIKOCTH B THIPO-
nepejade, MakCUMabHBIE O0OPOTHI U KPYTSIIUH
MOMEHT Ha Bally rujpomoTopa. Paspaborana mpo-
rpaMMa pacdera, peaju3yromas MaTeMaTH4YeCKyIo
MOJIeNib, BHIOPAHBI THUAPOMAIIHHBI: HEPETYJIHUPYe-
MBI THIPOMOTOP 00BeMoM 40 cM*/06 u peryiiu-
pyeMsiIii Hacoc 06beMoM 90 cm*/06.

3. Pazpaborana marematrudeckasi MOJeNb Tpsi-
MOJIMHEWHOTO JBUKEHHUS TYCEHHYHOI'O TpaKTopa
¢ pa3paboTaHHON OECCTYIeHYaTOW THAPOOOHEMHO-
MEXaHUYECKON TPaHCMUCCHUEHN, YUUTHIBAIOIIAs BEC
TpakTopa, MmapaMeTphl XOJOBOM CHCTEMBI, Xapak-
TEPUCTUKHU JBUTATEINsl BHYTPEHHETO CrOPaHUs, Ma-
pamerpsl u KII/[ rugpomaiivy, peayKTopoB, aua-
Na30HHOH M Pa3JaTOYHBIX KOPOOOK, INIAHETAPHOTO
psana u nospojisitomias omnpeaensate KII otnens-
HBIX BETBEH M BCEW TPaHCMHUCCHH, ITPOBOJUTH TH-
roBEIN pacuer TpakTopa. Paspaborana mporpamma
pacdera, pean3yomiasi MaTeMaTHYECKYI0 MOJEITb.

4. Teopernueckasi CKOPOCTh ABWKEHHS TPAKTOPa
npu paboTe ABWTATENs] HA HOMHHAIBHBIX 000pO-
Tax COCTaBJIAeT: Ha mepBoM auamnazone 0-8,1 km/d,
Ha BTOopoM — 6,01-14,15 xM/4, Ha TpeTbeM —
10,13-18,27 xm/4, Ha geTBepTOM — 18,04-26,18 KM/,
Ha 3amHeM xomny — 0-8,1 wkM/4. Makcumals-
Heli KIIJ[ ABYXHmOTOYHOM 4YacTH TPaHCMUCCUHU
Ha TnepBOoM auanaszoHne cocrtapiger 0,82, Ha BTO-
pom — 0,90-0,84, na tperbem — 0,94-0,88, Ha yer-
Beprom — 0,90-0,84.

Pabota BbinonHeHa B pamkax gorosopa Ne T23Y3b-045
o1 20.11.2023 ¢ BP®ON.

JIUTEPATYPA

1. KitounnkoB, A. B. TeHneHunu pasBUTUS TPAaHCMHCCHIMA
KosecHbIX TpakTopoB / A. B. Kmrounnkos // TexHuka u
obopynoBanue ms cena. 2012. Ne 1 (175). C. 43-47.

2. ITepcriextuBHI TpaHcMmicii konicHux Tpakropis / B. b. Ca-
MopozoB [u np.] / Bicauk HTY “XIII”: 36. Hayk. npaus.

Hayka
wTexHuKa. T. 23, Ne 3 (2024)

10.

11.

12.

13.

14.

15.

16

. CamopomoB,

Cep. ABTOMOOGine- Ta TpakTopoOymyBaHHS. XapKiB:
HTY «XIll», 2014. Ne 10 (1053). C. 3-10.

.TCH)IGHL[I/II/I pasBuTUsd TpaHCMPICCPIﬁ KOJIECHBIX TPaKTO-

PoB cenbckoxo3siicTBeHHoro HasHauenus / A. C. Pomanos
[u np.] // TenneHiwmy pa3BUTHSI TEXHUYECKHX CPEACTB U TEX-
Honoruit B AIIK: marepuanst MexayHap. Hayd.-IIpakT.
KoH(}., Boponex, 25 ¢esp. 2021 1. / mox obm. pen. O. M.
Koc-tukoBa, A. B. boxxko. Boponex: Boponex. roc. arpap-
HBIA yH-T uM. umMrrepatopa [Terpa [, 2021. Y. I. C. 240-242.

. Tpakropsr XXI Beka: cocrosiaue u nepcnextuss / C. H. Tlox-

ny6xko [u ap.]. Munck: benapyc. HaByka, 2019. 207 c.

. Illenbupin, H. A. CoBpeMeHnHble OeccTyneH4YaThle TPaHC-

muccuu c.-X. Tpakropos / H. A. Ilensupin, JI. A. @pym-
xuH, . B. IBanos // Tpakrops! u cenpxo3mammabl. 2011.
Ne 11. C. 18-26.

. Fendt Tractors [Electronic Resource]. Mode of access:

https://www.fendt.com/int/agricultural-machinery/tractors
Date of access: 12.01.2024.

. Fendt 900 Vario MT [Dnexrponnsiii pecypc]. Pexum jo-

cryna: https://polymya-agro.by/pdf/fendt900mt.pdf. Tara
noctyma: 12.01.2024.

B. bB. beccrynenuaras runpoodbeMHO-
MEXaHMYEeCKasl ABYXIIOTOYHAS TPAHCMHUCCHUS I'yCEHHIHOTO
tpakropa / B. b. Camoponos, U. B. Ynon, O. U. lepkau //
Bectuuk Ham. texn. yH-Ta «XIIW»: 6. Hay4. Tp. Temar.
BhIIL: TpaHcnoptHOe MammHocTpoeHue. XappkoB: HTY
«XTIW», 2011. Ne 18. C. 45-50.

. XKnanosnu, Y. V. BriGop numanasoHa peryinpoBaHHs

JIByXIIOTOYHOM TPAaHCMHUCCUHU  CEJIbCKOXO3HCTBEHHOTO
tpakropa / Y. U. XKnanosuy, M. 1. MamoHoB // ABTOMO-
Omie- W TPaKTOPOCTPOCHHE: MaTepuansl MexmyHap.
Hay4.-TipakT. KoH(]. / bemopycckuii HalMOHAIBHBIA TEX-
HUYECKUH yHHBepcUTeT; peakon.: orB. pexa. . B. Kam-
ckuit [u np.]. Murck: BHTYVY, 2018. T. 1. C. 176-179.
Tpaxrop rycennunblii «bEJIAPYCy» 2103 [DnexrpoHHbIH
pecype]. PykoBonctBo 1o skcrutyarauuu. Pexum pocryna:
https://iww.mozyrmash.by/upload/iblock/b83/Traktor-guse
nichnyy-Belarus-2103-rukovodstvo.pdf.  Jlara  ngocryma:
12.01.2024.

TpancmuccHst ryCeHUYHOrO TpakTopa: moises. Mmoaens BY
4161 / Y. W. Xnanosuu, M. . MamonoB. Omy6.
28.02.2008.

XKnanosuu, Y. M. AHanu3 pexuMoB pabOThI TpakTopa 00-
IIero Ha3HA4YeHMsI B COCTaBE MALIMHHO-TPAKTOPHOI'O arpera-
ta / Y. W. XKnanoBud / ABTOTpakTOpOCTPOCHHE U aBTOMO-
OWnbHBIA TpaHcHopt: ¢6. Hayd. TpyAoB: B 2 T. / Bemopyc-
CKUI HallMOHAJBHBIM TEXHUYECKHH YHHBEPCUTET, ABTO-
TPaKTOpPHBIN (akynpTeT; peaxoin.: T. B. Matrommuner (0TB.
pen.) [u ap.]. Munck: BHTY, 2023. T. 1. C. 249-254.
Tlerpos, B. A. I'miapooObeMHbIE TPAaHCMUCCHH CAMOXOJHBIX
marmd / B. A. Tlerpos. M.: ManmHoctpoehue, 1988. 248 c.
OOBbeMHBIE THAPOMEXaHWYECKHE IIepeaadn: pacyeT ¥ KOH-
crpyupoBanue / O. M. babaeB [u ap.]; mox obumi. pen.
E. C. Kucroukusna. JI.: Mammnoctpoenue,1987. 256 c.
[apunos, B. M. IlpoektupoBanue MexaHW4ECKHX, TUI-
POMEXaHMYECKHX B THAPOOOBEMHBIX TIepesiad TPAKTOPOB /
B. M. Hlapumos. M.: MI'TY «MAMM», 2002. 300 c.

. XKnanosuu, Y. M. Breibop mapamMeTpoB ABYXIIOTOYHON

TPaHCMHCCHH: y4e0.-METOA. TOCOOHMe Uil CTYACHTOB
crier. 1-37 01 04 «MHoroueneBbie r'yCeHUYHbIE U KOJec-
veie Mammbey / Y. UW. Xpanosuu, M. U. MamoHOB.
Munck: BHTY, 2022. 54 c.

259


https://www.fendt.com/int/agricultural-machinery/tractors
https://polymya-agro.by/pdf/fendt900mt.pdf
https://www.mozyrmash.by/upload/iblock/b83/Traktor-guse%0bnichnyy-Belarus-2103-rukovodstvo
https://www.mozyrmash.by/upload/iblock/b83/Traktor-guse%0bnichnyy-Belarus-2103-rukovodstvo

Tpancnopm

17.

18.

19.

20.

21.

.Romanov A. S.,

.Fendt 900 Vario MT. Available at:

Toponenkwii, K. . Mexannueckuii KI1/ 06beMHBIX THA-
pomamms / K. U. Toponeuknii / BecTHuK MamiHOCTpOe-
Hus. 1977. Ne7. C. 19-23.

TFoponmenxwmii, K. W. KIIJI o0bemHBIX rumponepenad /
K. U. Toponenkwuii, A. A. Muxaiinut // TpakTopsl U celb-
CKOXO3HCTBeHHBIE MauHbBL. 1979. Ne 9. C. 9-14.
loponenxwuii, K. . Maremarudeckast Moaenb 00bEMHBIX
rugpomanvH / K. W. Toponmenkwii, A. A. MuxaiinuH //
Bectauk Mamunoctpoenus. 1981. Ne 9. C. 14-17.

Renius, K. Th. Fundamentals of Tractor Design / K. Th. Re-
nius. Springer Nature Switzerland AG, 2020. 287 p.
https://doi.org/10.1007/978-3-030-32804-7.

boiikos, B. II. MHorouenessie TyCEeHUUHbIE U KOJIECHBIE
mammnbl / B. I1. Boiikos, B. B. I'ycekos, B. A. KopoOkuH.
Munck; M.: HoBoe 3nanne; MHOPA-M, 2012. 542 c.

IMoctymuna 16.02.2024
ITognucana B neuars 23.04.2024
Ony6nukoBana onyaiia 31.05.2024

REFERENCES

. Klyuchnikov A. V. (2012) Development Trends of

Wheeled Tractor Transmissions. Tekhnika i Oborudovanie
dlya Sela [Machinery and Equipment for Rural Areas],
(1), 43-47 (in Russian).

. Samorodov V. B, Bondarenko A. I., Kozhushko A. P., Pe-

lipenko €. S. Mittsel” M. O. (2014) Prospective Transmis-
sions Of Wheeled Tractors. Visnik NTU«Khpi»: Zb. Nauk.
prats'. Seriya: Avtomobile- ta Traktorobuduvannya [Bulle-
tin of NTU «KhPI». Series: Car- and Tractorbuilding].
Kharkov, National Technical University “Kharkiv Poly-
technic Institute”, iss. 10, 3-10 (in Ukrainian).

Bozhko A. V., Ozherel’ev V. N,
Podorvanov D. A. (2021) Trends in the Development of
Transmissions for Agricultural Wheel Tractors. Tendentsii
Razvitiya Tekhnicheskikh Sredstv i Tekhnologii v APK:
Materialy Mezhdunar. Nauch.-Prakt. Konf., Voronezh,
25 fevr. 2021 g. Ch. 1 [Trends in the Development of
Technical Means and Technologies in Agriculture: Pro-
ceedings of the International Scientific and Practical Con-
ference, Voronezh, February 25, 2021. Part 1]. Voronezh,
Voronezh State Agrarian University named after Emperor
Peter I, 240-242 (in Russian).

. Poddubko S. N. Amel'chenko P. A., Stasilevich A. G.,

Vityaz' P. A., Dubovik D. A., Vashchula A. V., Zhu-
kovskii I. N., Klyuchnikov A. V. (2019) Tractors of the
21 Century: State and Prospects. Minsk, Belaruskaya
Navuka Publ. 207 (in Russian).

. Shcheltsyn N. A., Frumkin L. A, lvanov I. V. (2011)

Modern Continuously Variable Transmissions of Agricul-
tural Tractors. Traktory i Selkhozmashiny = Tractors and
Agricultural Machinery, (11), 18-26. (in Russian).

. Fendt Tractors. Available at: https://www.fendt.com/int/

agricultural-machinery/tractors (accessed 12 January 2024).
https://polymya-
agro.by/pdf/fendt900mt.pdf (accessed 12 January 2024)
(in Russian).

. Samorodov V. B., Udod 1. V., Derkach O. I. (2011) Step-

less Hydrovolumetric-Mechanical Two-Flow Transmis

260

10.

11.

12.

13.

14.

15.

16.

17

18.

19.

20.

21.

sion of a Crawler Tractor. Vestnik Nats. Tekhn. Un-ta
“KhPI”: Sh. Nauch. Tr. Temat. Vyp.: Transportnoe ma-
shinostroenie [Bulletin of National Technical University
“Kharkiv Polytechnic Institute”. Collection of Scientific-
Works. Thematic Issue: Transport Engineering]. Kharkov,
National Technical University “Kharkiv Polytechnic Insti-
tute”, iss. 18, 45-50 (in Russian).

. Zhdanovich Ch. I., Mamonov M. I. (2018) Selection of the

Adjustment Range of the Two-Flow Transmission of the Ag-
ricultural Tractor. Avtomobile- i Traktorostroenie: Materialy
Mezhdu-nar. Nauch.-Prakt. Konf. T. 1 [Automobile and Trac-
tor Construction: Proceedings of the International Scientific
and Practical Conference. Vol. 1]. Minsk, Belarusian National
Technical University, 176-179 (in Russian).

Caterpillar Tractor “BELARUS™ 2103. Operation Manual.
Auvailable at: https://www.mozyrmash.by/upload/iblock/b83/
Traktor-gusenichnyy-Belarus-2103-rukovodstvo.pdf  (acces-
sed 12 January 2024) (in Russian).

Zhdanovich Ch. I., Mamonov M. I. (2008) Transmission
of a Tracked Tractor. Utility Model no. BY 4161 (in Russian).
Zhdanovich Ch. I. (2023) Analysis of Operating Modes
of a General-Purpose Tractor as Part Of a Machine-
Tractor Unit. Avtotraktorostroenie i Avtomobil'nyi Tran-
sport: Sbh. Nauch. Trudov. T. 1 [Automobile and Tractor
Construction and Automobile Transport: Collection of
Scientific Works. Vol. 1]. Minsk, Belarusian National
Technical University, 249-254 (in Russian).

Petrov V. A. (1988) Hydrostatic Transmissions of Self-
Propelled Vehicles. Moscow, Mashinostroenie Publ. 248
(in Russian).

Babaev O. M., Ignatov L. N., Kistochkin E. S., Soko-
lov G. S., Tsvetkov V. A. (1987) Volumetric Hydro-
Mechanical Transmissions: Calculation and Design. Lenin-
grad, Mashinostroenie Publ. 256 (in Russian).

Sharipov V. M. (2002) Design of Mechanical, Hydro-
mechanical and Hydrostatic Transmissions of Tractors.
Moscow, Moscow State University of Mechanical Engi-
neering. 300 (in Russian).

Zhdanovich Ch. 1., Mamonov M. I. (2022) Selection of
Dual-Flow Transmission Parameters. Minsk, Belarusian
National Technical University. 54 (in Russian).

. Gorodetsky K. I. (1977) Mechanical Efficiency of Vo-

lumetric Hydraulic Machines. Vestnik Mashinostroeniya,
(7), 19-23 (in Russian).

Gorodetsky K. I., Mikhaylin A. A. (1979) Efficiency of
Volumetric Hydraulic Transmission. Traktory i Selkhoz-
mashiny = Tractors and Agricultural Machinery, (9), 9-14
(in Russian).

Gorodetsky K. I., Mikhaylin A. A. (1981) Mathematical
Model of Volumetric Hydraulic Machines. Vestnik Mashi-
nostroeniya, (9), 14-17 (in Russian).

Renius K. Th. (2020) Fundamentals of Tractor Design.
Springer Nature Switzerland AG. https://doi.org/10.1007/
978-3-030-32804-7.

Boikov V. P., Gus’kov V. V., Korobkin V. A. (2012) Multi-
Purpose Tracked and Wheeled Vehicles. Minsk, Moscow,
Novoe Znanie Publ., INFRA-M Publ. 542 (in Russian).

Received: 16.02.2024
Accepted: 23.04.2024
Published online: 31.05.2024

Hayka
urexHuka. T. 23, Ne 3 (2024)


https://www.fendt.com/int/%20%0bagricultural-machinery/tractors
https://www.fendt.com/int/%20%0bagricultural-machinery/tractors
https://polymya-agro.by/pdf/fendt900mt.pdf
https://polymya-agro.by/pdf/fendt900mt.pdf
https://www.mozyrmash.by/upload/iblock/b83/%20Traktor-gusenichnyy-Belarus-2103-rukovodstvo
https://www.mozyrmash.by/upload/iblock/b83/%20Traktor-gusenichnyy-Belarus-2103-rukovodstvo
https://doi.org/10.1007/

QKOHOMWKA NMPOMBIWITEHHOCTMU
ECONOMY IN INDUSTRY

https://doi.org/10.21122/2227-1031-2024-23-3-261-266
YK 656.131:656.138:656.016:65.011.42:33.338.001.36

CTpyKTypHbIe Ipeodpa3oBaHus 3aTPAT HA NMEPEBO3KHU NMACCAKNUPOB
FOPOJACKUM 3JIeKTPUYECKHMM TPAHCIOPTOM

Maructp O. A. Cl/lHl/l].lKaﬂl), T. A. I[ofmn;[ol), KaH/. 9KOH. HayK, nou. /1. H. Mecnuk?
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Pedepar. Tpancnoptasle npennpustuss Pecry6nuku benmapyck cerogHs HaxoIsdTcs Ha 3Tane HPEOAOJICHHS IOCIEICTBUI
naggeMud COVID-19 u CaHKIIMOHHOTO NABJIEHHS, CBSA3aHHBIX C OCOOCHHOCTSAMH Pa3BUTHs ee SKOHOMHUKH. COBpeMeHHbIE
YCIIOBHSL SSITENIHOCTH TNPENNPHUATHIH, OKa3bIBAIOLIMX YCIYTH 110 MEPEBO3KE MACCAKUPOB, MTUKTYIOT HUCIIOIHUTEISM YCIyT
OPHMEHTUPOBATHCSI HA CTPYKTYpHOE, OPraHU3al[MOHHOE Pa3BUTHE, HA IOBBILICHNE Y)()EKTUBHOCTH B YIOBICTBOPEHHU H3Me-
HSIIOIUXCS 3alpOCOB rorpeduteneil. JIoCTHYh SKOHOMHYECKOTO pe3yibTaTa ISl TAKOTO pojAa NMPEANPUSITHH paBHO3HAYHO
OIIPE/ICJICHNIO PAlMOHAIBHOTO COOTHOIICHHMS 3aTpaT IO MPOU3BOJCTBEHHBIM, MAaTCPHAIBHBIM, (PUHAHCOBBIM U TPYHOBHIM
pecypcaM B TIPOIECCce OKa3aHUsI TPAHCIOPTHBIX yCiIyT. IIporiecchl arimoMepanny MacCaKUPCKUX IEPEeBO30K B IPHTOPOIHOM
coobmienny, ypOaHn3anuy, a TakXKe MOSBICHHE HOBBIX TEXHOJIOTHUECKHUX CPEICTB MEPCOHANBPHOH MOOMIBHOCTH YCHIHMIH
MEePECTPOCHUE NMACCAKUPOIIOTOKOB B 00CTY>KUBAHHN aBTOMOOHMIBHBIM TPAHCIIOPTOM OOIIETO MOJIb30BaHUs. B npuropoassix,
TOPOJICKHX MACCAKMPCKUX MEPEeBO3KaxX 3aeHCTBOBAH Yallle BCETO aBTOMOOMIBHBIH U )KEJIC3HOIOPOXKHBIN TPAHCIIOPT, PexXe —
BHYTPEHHHI BOAHBIN TpaHCHOpT. [lepeBo3kM maccakxupoB OCYLIECTBISIOTCS Pa3IMYHBIMHM BHIAMU HAa3eMHOTO TPAHCIIOPTA:
aBTOOYyCaMu U 3JeKTpoOycaMu, TpouleiidycaMu M TpaMBasiMU, aBTOMOOMIISIMH-TAKCH, a TakKe TPAHCIIOPTOM, HaXOISIIUMCS
B JINYHOH COOCTBEHHOCTH Tpa’kAaH, KOHKYPEHIUS MEX/y KOTOPHIMH 3aBHCHT OT OTHOIICHHS IIEHOBBIX MAapHTETOB IEPEBO3-
YHKa U YPOBHS IOXOJ0B MOTpeduTeneit. ITuM 00yciIoBIeHa HEOOXOMMOCTh IIEPECMOTpPa IICHOBBIX M HEIIEHOBBIX Mep THOKO-
TO pearnpoBaHHs TPAHCIIOPTHBIX IEPEBO3YMKOB MACCAXXMPOB B MPOIECCE OKA3aHMS COLUATBHO 3HAYMMBIX yCIyr. B mpuse-
JEHHOH CTaThe HCCIIE0BaHA CYIIHOCTh YCIyT IO NMEPEBO3KE NMAacCaKUPOB B PETYIIIPHOM COOOIEHNH B TPaHUIAX TEPPUTOPHU
r. MuHCKa IPUMEHHUTEIBHO K COBPEMEHHOMY YPOBHIO Pa3BUTHUS TPAHCIOPTHO-JIOTUCTHYECKON cucTeMbl PecyOiuku bena-
pych. Llenb npoBeIeHHOr0 HCCIIEOBAHUS COCTOSIA B Pa3paboTKe MPeUIOKEHUH 110 PacyeTy CTOMMOCTH TPaHCIIOPTHOH pabo-
THI Ha BBINOJHEHNE NIEPEBO30K MTACCAKUPOB HA IPUMEPE MapKa IEKTPHIECKOTro TpaHcHopTa I. MuHCKa.

KiroueBble ¢j10Ba: 2JIEKTPUUECKUM TPAHCIIOPT, NACCAKUPCKUE IIEPEBO3KYU, CTPYKTYpa 3aTpaT, CTOUMOCTb COLIMAIBHO 3HAYU-
MBIX yCIIyT

Jas nurupoBanusi: Cunmnkas, O. A. CTpykTypHbIe TpeoOpa3oBaHHsA 3aTpaT Ha IMEPEBO3KH IACCAKUPOB TOPOACKHM
anexTpudeckuM tpancnoptom / O. A. Cunnixas, T. A. Hownumo, . H. Mecnuk / Hayka u mexnuxa. 2024. T. 23, Ne 3.
C. 261-266. https://doi.org/10.21122/2227-1031-2024-23-3-261-266

Structural Transformations of Passenger Transportation Costs
by Urban Electric Transport
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Abstract. Transport enterprises of the Republic of Belarus today are at the stage of overcoming the consequences of the
COVID-19 pandemic and sanctions pressure related to the peculiarities of the development of its economy. Modern operating
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conditions for enterprises providing passenger transportation services dictate that service providers focus on structural and
organizational development, and on increasing efficiency in meeting the changing demands of consumers. Achieving an eco-
nomic result for this type of enterprise is equivalent to determining a rational ratio of costs for production, material, financial
and labor resources in the process of providing transport services. The processes of agglomeration of passenger transportation
in suburban traffic, urbanization, as well as the emergence of technologically new means of personal mobility have intensified
restructuring of passenger flows in public transport services. In suburban and urban passenger transportation, road and rail
transport is most often involved, and inland water transport is less common. Passenger transportation is carried out by various
types of ground transport: buses and electric buses, trolleybuses and trams, taxi cars and also transport owned by citizens, the
competition between which depends on the ratio of price parities of a carrier and the level of consumer income. In this regard,
it is necessary to revise price and non-price measures of flexible response of transport carriers of passengers in the process
of providing socially significant services. This paper examines the essence of services for the transportation of passengers
in regular traffic within the boundaries of the territory of Minsk in relation to the current level of development of the transport
and logistics system of the Republic of Belarus. The purpose of the study was to develop proposals for calculating the cost
of transport work for passenger transportation using the example of the electric transport fleet in Minsk.

Keywords: electric transport, passenger transportation, cost structure, cost of socially significant services
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Beenenne nesTenpHOCTH. ['ocynmapcTBeHHOM mporpammoin
«TpancnoptHbiii kommuieke» Ha 2021-2025 rr.,
yTBep)KAeHHONW mocTaHoBieHuem Coseta Mu-
HUCTpoB PecmyOmuku bemapycs ot 23.03.2021
Ne 165 (manmee — ['ocymapcTBeHHass mporpamma),
0003HAYEHBI 337a4d O OO0ECICUYCHUIO JOCTYII-
HOCTH, TIOBBIIIEHUIO KadecTBa M 0e30MacHOCTH
yCIyr TOPOACKOIO 3JIEKTPUYECKOro TpaHCIOp-
Ta [4]. OnHUM U3 TPHUOPUTETOB peEIIeHUs 3adad

CoBepIeHCTBOBaHNE MEXaHHM3Ma B3aMMOJEH-
CTBUSI CYOBEKTOB TPAHCIIOPTHOW JesTeTbHOCTH
IIPH OKa3aHWUU YCIYT MO TMEPEeBO3KE MacCaKUPOB
TOPOJCKUM 3JIEKTPUYECKUM TPAHCIIOPTOM HaIpaB-
JIEHO Ha yperyJHpOBaHHE IOPAIKA pa3MeIIeHUs
TOCy/apCTBEHHOTO 3aKa3a Ha MEePEeBO3KH COTJIACHO
JIEVCTBYIOIEMY 3aKOHOJATENLCTBY B OOJIACTH TO-
POZCKOTO DIEKTPHUYECKOTO TPAHCIIOPTa, a TaKKe Ha

oTpezielieHHe TOpsIKa SKOHOMHYECKH OOOCHOBaH-
HBIX 3aTpaT C Y4YETOM JEHCTBYIOLLIEH MaplIpyTHOU
CETH TOPOJICKOTO IEKTPUIECKOT0 TpaHcmopTa [1-3].

CchopmupoBaHHBIH TOPSAJOK BO3MEIICHHS 3a-
TpaT Ha COIMAILHO 3HAYUMBIE YCIYTHU 10 TIEPEBO3-
K€ TacCaKUPOB, HAXOMISIIUICS TOJ ITOCTOSHHBIM
JIaBJICHUEM HM3MEHSIOIIEHCS PhIHOYHON CHUTYaIlNH,
B TOM YHCIIEé MaKpOIKOHOMHYECKHX ITPOIIECCOB
BO3/ICHCTBYS, BRIHY)KAAET aJJallTHBHO PearupoBaTh
CyOBEKTOB TPAHCMOPTHOHN NEATEIBHOCTH U MPHIIa-
raTh YCWJIHS 7S TOBBIICHUS 3()()EKTHBHOCTH MX
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l'ocynapcTBeHHOH TpOTrpaMMEBI SBJISETCS oOecte-
qeHne 0e3yOBITOTHON PabOThl TPAHCIOPTHBIX TPEI-
MIPUSTANA MTOCPEACTBOM COBEPIICHCTBOBAHUSA IIOJI-
XOJI0B K BO3MEIICHUIO SKOHOMHUYECKH 00OCHOBAH-
HOM CTOMMOCTH 3aTpar Ha BBHIITOJIHEHUE TIEPEBO30K
MacCakKUPOB IO PeryInpyeMbIM Tapudam [5, 6].

CeTh TpPaHCHOPTHBIX MapIIPyTOB, CHOPMHUPO-
BaHHBIX TOPOICKUM JJIEKTPHUUECKUM TPAHCIIOPTOM,
OXBaTbIBAaeT JEBITh KPYIHBIX ropoJoB Pecmy0Oiu-
ku benapycws ¢ Hacenenuem He meHee 100 ThIc.
yenoBek (puc. 1).

Puc. 1. PacnionoxeHue HaCEeJICHHBIX ITyHKTOB
C MapIIPyTHOH CEThIO TOPOJCKOTO 3IEKTPUUECKOTO
tpancnopra Pecny6inku bBenapych
(CobcTBeHHas pa3paboTKa aBTOPOB HA OCHOBAaHHUU
HUCTOYHHKOB [7, 8]):
@ _ reooKaus HACETEHHBIX MYHKTOB C MEPEBO3KAM
NaCCAKUPOB FOPOJCKUM DIIEKTPUIECKUM TPAHCIOPTOM;

— Ie0JIOKAlNs HACEICHHBIX ITYHKTOB
C NEePEeBO3KaMH I1aCCaKMPOB TPAMBASIMU
Fig. 1. Location of settlements with the route network
of urban electric transport of the Republic of Belarus
(Authors’ own development based on the source [7, 8]):
¢ — geolocation of settlements with the transportation
of passengers by urban electric transport;
— geolocation of settlements with the transportation
of passengers by trams
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Ha puc. 1 oTMeueHBI: NEBSITh HACEICHHBIX
MTyHKTOB ¢ 00CTy>)KHBaHWEM HACEJICHUS ITacCakup-
CKUMH TIEPEBO3KAMHU TOPOJCKUM SJIEKTPUUECKUM
TPAHCIIOPTOM; YETHIPE HACEIICHHBIX ITyHKTa ¢ 00y-
CTPOCHHON WHQPACTPYKTYpOH TO TMpemocTaBie-
HUIO TPAHCHOPTHBIMHU HPEANPHUSATHSIMU YCIyT IIe-
PEBO3KH MACCAXKUPOB TpaMBasMH, OTHOCSLIUMHU-
€ K JKOJOTMYECKH UYKUCTOMY BHUIY TPAHCIOPTA.
ITo BceM OTMEUEHHBIM ropojam, 3a UCKIIYCHHEM
HoBonononka 1 Mo3bIpsi, B 4YUCIE TOPOACKOIO
3JEKTPUUECKOTO TPAHCIOpTa AJsl MEPEeBO3KU Mac-
CaXHPOB UCIOIB3YIOTCS TPOJUICHOYCHI.

OcHoBHAafl YaCcTh

B PecrybOmuke bemapych mapk ropockoro 3Jek-
TPUYECKOTO TPAHCIIOPTa OTINYACTCS TI0 MOJIEISM.
ITapk TpamBaeB r. MUHCKa, KOTOPbI HACUMTHIBAET
Ha Hagayo 2023 r. 133 egquHMIB TEXHUKH, BKITFOYACT
takne Momem, kak AKCM-60102, AKCM-843
u AKCM-743. Tak, B CTpyKType TpaMBalHOI'0O mapka
(mmana «TpamBalHBII TIApK» TOCYTAPCTBEHHOTO
npeanpusaTas «MHHCKTPaHC» TpPaMBacB MOJIEIIH:
AKCM-60102 — 95,6 %, AKCM-843 — 3,7 %,
AKCM-743 — ogna equnnia, wim 0,7 %.

TpomneiibycHblil mapk T. MUHCKa BBIAETSIETCS
caMOi MHOTOYHCJICHHOM B MUPE CEThIO MapIIPyTOB,
MPOTSDKEHHOCTHI0 KOHTAKTHOM CETH, YHCIIEHHOCTHIO
TPOJEHOYCHBIX — TPaHCIOPTHBIX — cpencts  [9].
Ilo pmamapiM  HanmuoHaIBLHOTO CTAaTUCTUYECKOTO
koMuTeTa Pecybonmku benapyce, exeromHo Tpod-
neiibycamu mepeBo3utTcss mpuMepHo 35 % macca-
JKUPOB T. MHHCKa, M 3TO SBISAETCS TPETHUM IOKa-
3aresyieM I0 MepeBO3KaM ITacCakKUPOB ITOCIE aBTO-
OycoB un Mmerpo. Beero na nawamo 2023 r. B map-
Ke I. MUHCKa HacuuThIBajJoCch 715 emuHuUIl Tpoi-
neitbycos, B Tom umcie momenu 321 — 49,1 %;
moaenu 203T70 — 20,3; momenmu 333 — 15,7; mone-
m 43300D — 7,0; momenu 32102 — 4,3; mMone-
au 32100D — 3,5; momens 33305 — 0,1 %. U3 06-
IIei YUCIEHHOCTH TpoJuielOycHoro napka . MuHc-
ka 37,6 % mpomnutn HOPMATHUBHEIA pecypc 0
KalmUTaILHOTO peMOHTa U ipuMepHOo 52,0 % Haxo-
JIATCS Ha ydYeTe C CaMOPTHU3MPOBAHHBIM pecyp-
coMm. CpemHmil CpOK IKCILTyaTaIlul TPOJUICHOYCOB
r. Muncka npubnusmics k 9,4 roxa, uto B 1,7 pasza
HIDKE CpEeNHEero Cpoka JKCIUTyaTallid TpaMBacB
tummana «TpamMBaliHBIA Mapk» TroCyIapCTBEHHOTO
npeanpuatus «MUHCKTPaHC).

B pamkax I'ocymapcTBeHHOH mporpamMmbl HH-
HOBAIIMOHHBIM pEIIEHHEeM TI0 Pa3BHTHIO I1acca-
YKUPCKHX TIEPEBO30K IKOJIOTHUECKH YACTHIM BUIOM
TpaHcopTa 0co00e MECTO OTBOIUTCA 3JIEKTPOOY-
cam [10, 11]. IIpomucannoe B CTh 2531-2018
«IlepeBo3ka maccaxupoB. TepMUHBI U OMpe/ene-
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Hus», 'OCT 312862005 «TpancnopT AOPOKHEIH.
OcHoBHBIC TepMUHBEI U omnpezaeneHus. Kimaccudu-
Kallis» W JIPYTHX HOPMATHBHO-TIPABOBBIX [OKY-
MEHTax OIpeleIeHne dIeKTPoOyca MO3BONISIET BBI-
JIENIUTH €T0 KaKk pa3HOBHIHOCTH aBTOOyca, MPUBO-
TUMOTO B JIBIDKEHHE JJIEKTPUYECCKUM JBUTATEIIEM
OT BHYTPEHHErO Tepe3apsHkaeMoro HCTOYHHKA
sHeprum [12—14]. BmepBple Oenopycckoe mpen-
npusitue OAO «YKX «bKM» B 2016 1. mpou3sse-
70 saektpodycel moaened AKCM-E420 u E433
Vitovt Electro u Vitovt Max Electro. B manpHeii-
1IeM KOHCTPYKTOPCKHUE PEIICHUS [0 PA3BUTHIO HJIEK-
TpOOYCOB  OTCYECTBEHHBIMH  TPOM3BOJIUTEISIMU
o0ecreurTi pocT 3amaca aBTOHOMHOTO xofa ¢ 12,5
no 50 km. Tak, Ha 6a3e Tpomnelidyca AKCM-321
MIPEACTABIICH TOPOJCKOIT 0OIIECTBEHHOCTH 3JIEKTPO-
oyc monemn E321, ocHameHHBIH CynepKOHICHCATO-
POM C TIUKJIOM TIOJTHOM 3apsIKu/pa3psIKd MPHOIH-
surenbHo 90 Teic. kM. OAO «MA3)» BBIIyIICH B
aKcIITyaranmo 31ektpodyc momemn MA3 303E10,
KOHCTPYKIIMEH KOTOPOTO TPEIYyCMOTPEHBI JIUTHH-
xene3o-pochaTHbIe aKKyMyISTOpHBIE Oarapeu, o0e-
CIeYHBAIOIIMeE 3amac xoxaa 3nekrpodyca 1o 300 kM.
K HacrosmiemMy BpeMeHH, IO JAHHBIM TOCYJap-
CTBEHHOTO TpeAnpusTis «MUHCKTpaHC», B TapKe
TOPOZCKOTO AJIEKTPUYECKOTO TPAHCIOPTa HACUUTHI-
Baercst 93 anekTpoOyca, YTO COCTABISCT IOPsIKA
11 % ot o0Imero KonMM4YecTBa TpaMBaeB U TPOJUICH-
OycoB 1. MuHCKa.

Ha puc. 2 npencraBieHa cTpyKTypa 1o cpokam
JKCIUTyaTallid TaKUX MOJENeH 3IeKTpoOyCcoB B
r. Muncke, kak E321, E321-30, E433, MA3-303E10.

JlanHble puc. 2 CBUIETENbCTBYIOT O TOM, YTO
HanOOoJIbIIIee KOJIMIECTBO 3a/I€HiCTBOBAHHBIX B TIe-
pPEeBO3KaxX IMAacCaXUpPOB 3IEKTPOOYCOB MPHUIIIOCH
Ha TIEpUOJ DKCIUTyaTaluu 4—5 JIeT W COCTaBWIIO
33,3 %. Ha nepuoa 1-2 roma 3kcrutyaTtaluuu 3JeK-
TpobycoB npuxoautcs 2,2 % (1a 01.01.2023). Do
CBUJICTEIBCTBYET O 3HAYUTEIBHOM 3aMEIJICHUU
OOHOBJICHUSI TIapKa TOPOJCKOTO JIIEKTPUYECKOTO
TPaHCIIOPTA IO TIEPEBO3KaM MaCCAKUPOB IKOJIOTH-
YECKH YMCTHIMU BUJAMU TPAHCIOPTHBIX CPEJICTB,
TaKUMH KaK dJIEKTPOOYCHI.

Crep KHBaIONMMHU MPOIIECC OOHOBICHIS MTapKa
TOPOJICKOTO 3JIEKTPUYECKOTo TpaHcmopTa r. MuH-
CKa JIeKTpoOycamMHu OTMEYEHBI CIEAYIOIINe MpH-
YUHBI: HEJJOCTATOYHAsI Pa3BUTOCTh MHPPACTPYKTY-
PHI IEKTPoOyCOB, TpeOyIoMmas 3HAYNTEIIBHBIX WH-
BECTUIIMOHHBIX BIIMBAaHUH, BBICOKAs CTOUMOCTH
AMEeKTpOOyCOB OTEUECTBEHHBIX MPOM3BOIUTENCH
(TpensATCTByeT ee CHMKCHHIO WUMIIOPTHAs COCTaB-
JSIOIIAas B CTOMMOCTH TPOU3BOJICTBA AIIEKTPOOY-
ca), poCT cIpoca Ha JIEKTPOOYCHl CO CTOPOHBI 3a-
pyOeXKHBIX TOTPEOUTENCH, 3HAYUTEIBHEBIC PacXo-
JIbI B DKCILTyaTalluu 3JIEKTpoOyca u Jp.
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HccnenoBanneM pa3pabOTaHbl MPEATIOKEHHS
mo (GopMUPOBAHUIO CTAaTeil 3aTpar Mo BHIAM TO-

25 POJZICKOTO 3JIeKTpUdecKoro tpaHcmopra. Ha puc. 3

20 MPUBEJICHA CTPYKTypa 3aTpar Ha IEepPeBO3Ky Tac-

s CaXXMPOB C YYETOM OCOOCHHOCTEH HSKCILTyaTalllu
TOPOJICKOTO AJIEKTPUIECKOTO TPAHCIIOPTa M DIIEK-

10 TPOOYCOB B PEryJIIPHOM COOOIICHUH T'. MUHCKA.

3 HccnenoBanue CTPYKTYphI 3aTpaT Ha MEPEBO3-

0 Ky MAaCCaXUPOB FOPOJICKUM DIICKTPUICSCKUM TPaHC-

1-2 B, 2-3 BKIL 3-4 B 4-5BKJI. 5 W BbIIIE
Toner

nopTOM Muncka CBUACTCILCTBYET O TOM, YTO

HauOONBIINI yIeNbHBIH Bec B o0IIeM o0beMe 3a-

Puc. 2. Ctpykrypa napka 31ekTpodycoB r. MuHcka YA 1 N

110 CpOKaM JKCIUTyaTaLH, % TpaT NpUXOIUTCA Ha 3apabOTHYIO IUIaTy, KOTOPBIN

(CobcTBeHHas pa3paboTKa aBTOPOB HA OCHOBAHUH COCTaBWJI: MO TpamBasM — 36,4 %, TposuienOy-
HWCTOYHHKA [7, 8

[7.8D cam — 42,9 %, anektpodycam — 45 %; oTUUCICHUS

Fig. 2. Structure of the electric bus fleet in Minsk Ha coumanbHoe cTpaxoBanne — 13,2, 15,9, 6,2 %,

by service life, %
(Authors’ own development based on the source [7, 8]) COOTBCTCTBCHHO.
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Puc. 3. CTpyKTypa 3aTpat [0 BUIaM FOPOICKOr0 JIEKTPUUECKOTO TPAHCIIOPTa (KPOME HKEJIE3HOJOPOIKHOTO U METPO)
B pa3pe3e CTaTeil: a — OCHOBHBIX; 0 — Apyrux 3arpar (CoOcTBEeHHas pa3paboTKa aBTOPOB Ha OCHOBAHMH HCTOYHUKA [7, 8])

Fig. 3. Cost structure by type of urban electric transport (except railway and metro) in the context of:
a) main expense items; b) other cost items (Authors’ own development based on the source [7, 8])
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CremyeT OTMETHTh 3HAYUTEIBHBIA YIETbHBIH BeC
0 CTaThe «IMEKTPOIHEPTHsI Ha paboTy AmeKTpudu-
IIUPOBAHHOTO TPAHCIIOPTa»: Mo TpamBasiM — 13,5 %,
Tposeiibycam — 15,0 %, snektpobycam — 9,3 %.
Kak BumHO m3 puc. 3b, 3aTparsl 10 BUIaM TOPO/I-
CKOTO 3JEKTPUYECKOTO TpPAaHCIOpTa IO CTaThe
«CogpepxaHue M TEKyIIUH PEMOHT KOHTAKTHO-Ka-
OeNbHBIX CeTe, TATOBBIX AIEKTPHUECKUX TOCTaH-
mii» 1o TpamBasM coctaBuin 5,0 %, TposeiOy-
cam — 10,9 %; «ConepkaHne M TEKYIIUH PEMOHT
3apsAHBIX CTAHLMID 10 3meKTpodycam — 6,9 %; «Co-
Jiep)kaHue M PeMOHT TpaMBaitHoro mytm» — 14,9 %;
«IIpoune 3arpare» mo TpamBasM — 11,7 %, Tpoi-
neiibycam — 10,3 %, snexkrpodycam — 12,8 %.

TpaauMOHHO TPYIIHMPOBKA 3aTparT IO 3Ie-
MEHTaM CIOCOOCTBYET M3YyUCHHIO BIMSHUS TEXHU-
YEeCKOro Iporpecca Ha CTPYKTypHBIE IpeoOpaso-
BaHMs 3aTpaT Ha TEPEBO3KY IMACCaXHUPOB TOPOJ-
CKUM 3JIEKTpUYECKUM TpaHcnoproM. CuuTaercs,
YTO 3JEKTPHUYECKHN TPAaHCIOPT OTHOCUTCSA K BBI-
COKOMY YPOBHIO Pa3BUTHUS TEXHHUYECKOTO IIPOrpec-
ca. B cBa3u ¢ aTuM crnegyeT oXuaaTh, 4TO OIS
3aTpaT Ha OIUIaTy TpyAa OyIeT COKpaIlaThCs MPH
OJTHOBPEMEHHOM pOCTE JO0JH aMOPTH3AI[MOHHBIX
OTYMCJIEHUI 110 OCHOBHBIM CPEICTBAM M HeMare-
pUAIBHBIM aKTHBaM B OOIIEH CTpyKType 3arpar.
C npyroil CTOpoHBI, omjaTa Tpyda SBISETCA CO-
CTaBIISIIONIEH JT0OABJIEHHONW CTOMMOCTH, TO €CTh
MOKa3aTelis, XapaKTepU3YIOIEro pe3yJbTaTHB-
HOCTh JIESITEIbHOCTH TPAHCIOPTHOTO MpEIpusi-
Tus. B 3TOM ciydae HaOmogaeTcsi OTKIOHEHUE OT
OOIIENPUHATOTO MOHUMAHUA: YEM BBIIIE YPOBEHb
TEXHUYECKOTO Iporpecca, TeM Oosee BBICOKas pe-
3yJIBTaTUBHOCTh PabOTHl Tpeanpustuil. Kmeet
MecTo OajJaHC MEXIy IOCTaTOYHBIM YPOBHEM pe-
3yJbTaTUBHOCTH W YPOBHEM pa3BUTHS TEXHHUYE-
CKOTO Iporpecca, BBIpaKEHHOI0 J0Je aMopTu3a-
IIMOHHBIX OTYUCIIEHUH 10 OCHOBHBIM CPEICTBAM U
HeMaTepUaIbHBIM aKTUBaM B OOIIEH CTpyKType
3aTpaT MO OKAa3aHUIO YCIyT NEPEeBO3KU IMacCaku-
poB. OmpeneneHHo 3TOT 0ajJaHC CIYXUT KPUTEPH-
€M UCIIOJIb30BaHUS IOTEHIMAIBHBIX BO3MOXHO-
CTel XO3SMCTBYIOMIETO CyOheKTa.

BbIBO/IbI

1. Pa3paboTanpl mpeioxkeHus mo GopMupoBa-
HHUIO CTaTel 3aTpaT MO BHUIAaM TOPOACKOTO 3JIeK-
TPUYECKOTO TpaHcmopra r. MuHCKa.

2. [IpakTrdeckasi 3HAYUMMOCTD ITOJIyYEHHBIX pe-
3yJIBTaTOB IIPEIYCMaTPUBACT TOCTHKEHHE IKOHO-
MHYECKOTO M COIMANBEHOTO dPeKTa NpH OKa3aHUH
yCIyr 10 TEepPeBO3KE MAacCaKUPOB T'OPOJICKHM
JNEKTPUIECKUM TPAHCIIOPTOM, Y€MY CETOJHSI CIO-
COOCTBYIOT 9KOHOMHYECKHE YCIIOBUSI 000OCHOBAHHS
00BbEMOB TOCYJAPCTBEHHBIX CYOCHIMI M IOpsIKa
OIUIATHl TPAHCHOPTHON Pa0OTHI MPHU BHIOIHEHHH
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MEPEBO30K MACCAKUPOB B PETYISIPHOM COOOIICHUH
JOCTYIHBIM IOTPEOUTEIII0 3JIEKTPUUECKUM TPaHC-
IIOPTOM.

3. B npakTuuecKod AEATEIbHOCTH TPAHCIIOPT-
HBIX MPEANPHUSATHIA B OCHOBE YIpPaBIEHHS 3aTpara-
MU JIe)KaT NpoQecCHOHANbHBIE HABBIKM MX IEepCo-
Haja B YMEHUHU KOHOMHTBH pecypchl (pecypcoche-
pexeHue, 3HeprocOepekeHNe), OCBOCHUM HOBBIX
METOJIOB CTaHAApPTH3allMd B COOTBETCTBHUHU C OC-
HOBHBIMHU TOJ0XeHUsIMH [IporpaMmel conpansHo-
SKOHOMHUYECKOTO pa3BuTHs Pecmyonuku bemapych
Ha 2021-2025 rr. B koHTekcte HanmonampHOMN
CTpaTeruy YCTOHYMBOTO COLMAIBHO-IKOHOMHYE-
ckoro pa3Butus PecryOnuku Benapyce Ha neproa
1o 2030 r. [16].

4. Pa3paboTaHHbIe NPENIOKEHUsSI HApPaBICHBI
Ha COBEPILCHCTBOBAHUE IIOPS/AKA OIUIATHl TPaHC-
MOPTHOM PabOTHl C HCIIOIB30BAHUEM HIICKTpUYC-
CKOTO TPAHCIIOPTA, & TaKXKE YUHUTHIBAIOT MPHUBEIC-
HUE B COOTBETCTBHE 3aTpaThl Ha yCIyrd macca-
KHUPCKUX IEPEBO30K TOPOJACKHM 3JICKTPHUCCKUM
TPAHCIIOPTOM IIPH YCIOBHU OOOIOJIHO BBITOAHOTO
coOmroieHust OallaHca MHTEPECOB MOTpeOuTeNneil u
MepeBO3UnKa C TOYKU 3peHus 3(H(HEeKTHBHOTO HC-
MOJIb30BaHUsI OIOKETHBIX CPEICTB.
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Munuctpos Pecn. bemapycs, 11 sHB. 2023 1., No 22. Pe-
KUM goctyna: https://pravo.by/document/?guid=12551&
p0=C22300022. Jata noctyna: 28.05.2023.

4. O T'ocymapctBeHHOW mporpamme «TpaHCIOPTHBIH KOM-
mexcey Ha 2021-2025 rr. [DaekTpoHHbIH pecypc]: nocra-
HoBienue Coera MunuctpoB Pecn. benapycs, 23 mapra
2021, Ne 165. Pexum pnoctyna: https://pravo.by/docu
ment/?guid=12551&p0=C22100165&p1=1. [Jlata nocty-
ma: 09.07.2023.

5. Mecnuk, /JI. H. PeiHOK maccaxupckux nepeBo3ok Pecry©0-
nmuku benapych: pa3sBuTHE, CTPYKTYPHBIE H3MEHEHHUS, TEH-
nennun / J1. H. Mecnuk, T. B. [Tueryn, O. U. Moiicak //
Hogast sxonomuka. 2021. Ne 1 (77). C. 68-80.

6. Ctpykrypa maccaxupoobopora B 2021 r. [DneKTpoHHBII
pecypce]. Pexxum noctyma: https://www.belstat.gov.by/ofi
tsialnaya-statistika/makroekonomika-i-okruzhayushchaya-
sreda/okruzhayuschaya-sreda/sovmestnaya-sistema-ekolo
gicheskoi-informatsii2/h-passazhirooborot/h-1-passazhiro
oborot/. Jlata noctymna: 20.12.2022.

7. Cratuctnueckuii exxeroguuk 2020 / Har. crar. KoMUTET
Pecni. Benapycs. Munck: MH(GOpMannoHHO-BBUNCIHTENb-
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10.

11.

12.

13.

HbI HeHTp HanuoHanbHOro CTaTHCTHYECKOIO KOMUTETa
Pecrry6imuxu Benapycs, 2020. 436 c.

. Tpauncmopt B Pecrrybmnuke benapycs 2020 / Ham. crar. xo-

murer Pecn. Benapycs. Munck: VudopmarimoHHO-BEIYMH-
CIIUTENBHBINA IeHTp HalmoHansHOTO CTaTHCTHYECKOTO KO-
muteta Pecnyonuku benapycs, 2020. 23 c.

. Uctopus muHCKOTO TposmeiOyca [ DIeKTpoHHEIH pecypc].

Pexxum noctyma: https://tochka.by/articles/life/po_prospek
tu_ nezavisimosti_snova_ezdyat trolleybusy video/. [lata
nocryna: 09.07.2023.

Mechuxk, JI. H. DKOHOMHKO-OpraHU3aIIHOHHBIA MEXaHU3M
CTUMYJIUPOBAHHUS PA3BUTHUSI SKOJIOTNYECKH YHCTHIX TEXHO-
noruit Ha tpancnopte / JI. H. Mecuuk, [I. A. Beu€pxko //
Hayka u Ttexmumka. 2023. T. 22, Ne 3. C. 248-255.
https://doi.org/10.21122/2227-1031-2023-22-3-248-255.
Mecnuk, [JI. H. Pa3Butue TpaHCHOPTHO-JIOTHCTUYECKON
CHCTEMBI B YCIOBUSX (OPMHPOBAHUS HHHOBALMOHHOMN
skonomuku / JI. H. Mecuuk. Munck: BHTY, 2023. 282 c.
06 ytBepxnenuu [IpaBun nepeBo3ok maccaxupoB ropo-
CKHM 3JIEKTPHUECKUM TpaHcrmopToM u IIpaBmi nepeBo3ok
MacCaXUPOB METPOIOJIMTEHOM [DIEeKTPOHHBIN pecypc]:
nocranoBienue Cosera MunuctpoB Pecn. benapycs,
22 Hos6. 2014 r., Ne 1088 (B pen. ot 12 nos6. 2020 r.,
Ne 642). Pexxum mocrymna: https:/minsktrans.by/wp-con
tent/uploads/2021/03/1088.pdf.

O HEKOTOPHIX BOMPOCAX aBTOMOOMIBHBIX MEPEBO30OK Iac-
CaxupoB [DNeKTpOHHBIH pecypc]: mocraHoBienue CoBeta
MunnctpoB Pecn. Bemapyce, Ne 972, 30 mrons 2008 T.
Pexxum nmoctyma: http://vitoperator.by/normativnye-doku
menty. Jlata moctymna: 12.07.2023.

14. O ropoJCKOM 3JIEKTPUYECKOM TPAHCIOPTE U METPOIOo-

15.

16.

nuTeHe [DnekTpoHHBIH pecypc]: 3akoH Pecn. bemapycs,
05 mas 2014 r., Ne 141-3. Pexxum noctyna: http:/vitopera
tor.by/normativnye-dokumenty. Jlata goctyma: 12.07.2023.
ITepeBo3ka maccaxupoB. TepMHHBI M  ONpPEIEICHHMS:
CTb 2531-2018. Munck: 'occranmapt, 2018. 60 c.
HamyionanbHast crparerust ycTOH4MBOIO COLMANIBHO-3KOHO-
mudeckoro passutus PecryOmuku Benapyck Ha mepuon 1o
2030r. / HanmoHapHAsi KOMHCCHS IO YCTOMYHUBOMY pas-
ButHio Pecriy6nuku benapyce; peaxon.: SI. M. Anexcannpo-
BHY [U Ap.]. Munck: FOnunak, 2014. 132 c.

Iocrymuna 15.08.2023
TTonnucana k neyatu 15.10.2023
Ony6nukoBana onyaiiH 31.05.2024
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