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Co3nat B 1ems1X MHGOPMUPOBAHUS YUTATENBCKOW ayJIMTOPUU O HOBEHIIMX IOCTIDKCHHUSIX M MEPCIEKTHBAX B 00JIaCTH
MEXaHWKH, MAaIIMHOCTPOCHUS, WH(POPMATUKHA M BBIYHCIUTEIbHOW TexHUKU. W3naHue sBisercs (opymMoMm [uis
COTPYAHUYECTBA POCCUICKUX U MHOCTPAHHBIX YUEHBIX, CIIOCOOCTBYET CONMKEHHUIO POCCUHCKOTO M MHPOBOTO HAayYHO-
WH(POPMAIIMOHHOTO MTPOCTPAHCTBA.

KypHaa BK/IIOYEeH B NepevyeHb peleH3MPyeMbIX HAYYHBIX M3AaHHil, B KOTOPOM JOJIKHBI ObITH OMYOJUKOBAHBI
OCHOBHbIE HAY4YHbIe Pe3yJbTAThI JMCCEPTALMII HA COUCKAHNE YYEHOH CTelNeHH KAHAUAATa HAYK, HA COMCKAHME
yueHo# crenenu 10kTopa HaykK (Ilepeyens BAK) no cienyomumM HayyHbIM ClIeHMAJIBHOCTSAM:

1.1.7 — Teopernueckass MEXaHHKa, IMHAMIKA MAIINH (TEXHUIECKHE HAYKN)

1.1.8 — Mexanuka aehopMHPYEMOTO TBEPAOTO Tesa (TeXHIHYECKHE, (PU3NKO-MaTeMaTHIECKUE HAYKH)

1.1.9 — MexaHuKa »UAKOCTH, ra3a U IIa3Mbl (TEXHUYECKHE HAyKH)

1.2.2 — MaremaTudeckoe MOJIEITHPOBaHNE, YUCIICHHBIE METOABI M KOMIUICKCHI IPOrpaMM (TeXHHYECKUe HayKH)

2.3.1 — CucreMHBI{ aHANK3, yIpaBieHHe U 00paboTKa HHPOPMAIMH, CTATUCTHKA (TEXHUYECKUE HAYKH)

2.3.3 — ABTOMaTH3anys U yIpaBJIeHAE TEXHOJIOTUUSCKUMH IIPOIECCaMU U POU3BOACTBAMH (TEXHHIECKHE HAYKN)

2.3.5 — Maremarideckoe 1 IpOrpaMMHOE 0OeCTIeYeHHE BBIUFCIHUTENBHBIX CHCTEM, KOMITTEKCOB M KOMITBEOTEPHBIX CeTell (TEXHIMIECKIE HAYKH )
2.3.7 — KoMmmbroTepHOE MOJEINPOBaHHE M aBTOMATH3ALMS IPOSKTUPOBAHUS (TEXHUUECKUE, PU3NKO-MaTeMaTHUECKUE HayKH)
2.3.8 — MndpopmaTika 1 HHHOPMATMOHHBIE IPOLIECCH (TEXHUYECKUE HAYKH)

2.5.2 — MamHoBeieHHe (TeXHHYECKHE HayKH)

2.5.3 — TpeHue 1 U3HOC B MalINHAX (TEXHUYIECKHE HAYKN)

2.5.5 — TexHomorust 1 060pyAOBaHHE MEXaHUIECKOH U (PH3UKO-TEXHUUECKOH 00pabOTKH (TEXHUYECKHE HAYKH)

2.5.6 — TexHOIOTHsl MAIIMHOCTPOSHNUS (TEXHUUECKUE HAYKH)

2.5.8 — CBapka, poICTBEHHBIE TIPOIIECCHI M TEXHOJIOTUH (TEXHUYECCKUE HAYKH)

2.5.9 — Metoasl 1 IpuOOPHI KOHTPOJIA U TUaTHOCTUKU MaTEpUAIOB, U3/IEJINH, BEIIECTB U IPUPOAHON Cpe/ibl (TEXHUUECKUE HAYK1)
2.5.10 — I'mapaBnuyeckre MalIvHb], BAKYYMHAs1, KOMIIPECCOpHast TEXHHUKA, THPO- U THEBMOCHCTEMBI (TEXHIUECKUE HAYKH)

Hnoexcayus PUHILI, CyberLeninka, CrossRef, Dimensions, DOAJ, EBSCO, Index Copernicus, Internet Archive,
U apxueayus: Google Scholar

Haumenosanue opeana, Bemucka U3 peecTpa 3aperHCTPHPOBAHHBIX CPEICTB MaccoBod mH(opmamuu IJI Ne ®C 77 — 78854
sapecucmpuposaswezo ot 07 arycra 2020 r., Beigano denepanbHoil ciry:x00i o Han3opy B chepe cBsA3M, HHGOPMAIIMOHHBIX

usoauue TEXHOJIOTHH ¥ MacCOBBIX KOMMYHHUKAIIAH
Yupeoumens OenepanbHOe TOCYAapCTBEHHOE OFO/DKETHOE 00pa30BaTeNbHOE YUPEKICHHE BBICIIEr0 OO0pa30oBaHMs
u uzdamenv «JloHCckOM TocynapcTBeHHbIN TexHuueckuil yauBepcute (JAI'TY)
Tepuoouunocmo 4 BBIIIyCKa B IOl
Aopec yupeoumens .
344003, Poccuiickas denepanys, r. Pocros-Ha-/lony, . 'arapuna, 1
u usoamens
E-mail vestnik@donstu.ru
Teneghon +7 (863) 2-738-372
Catim http://vestnik-donstu.ru

Jlama evixoda 6 ceem 30.06.2024

© JloHCKOM roCyJapCTBEHHBIN TEXHUUECKUI yHUBepcuTeT, 2024


mailto:vestnik@donstu.ru
http://vestnik-donstu.ru/
https://creativecommons.org/licenses/by/4.0/

O

[IT4
Nl

Advanced Engineering Research (Rostov-on-Don)

Peer-reviewed scientific and practical journal (published since 2000)

eISSN 2687-1653
DOI: 10.23947/2687-1653

Vol. 24, no. 2, 2024

The journal is aimed at informing the readership about the latest achievements and prospects in the field of mechanics,
mechanical engineering, computer science and computer technology. The publication is a forum for cooperation between
Russian and foreign scientists, it contributes to the convergence of the Russian and world scientific and information space.

The journal is included in the List of the leading peer-reviewed scientific publications (Higher Attestation
Commission under the Ministry of Science and Higher Education of the Russian Federation), where basic scientific
results of dissertations for the degrees of Doctor and Candidate of Science in scientific specialties and their
respective branches of science should be published.

The journal publishes articles in the following fields of science:

— Theoretical Mechanics, Dynamics of Machines (Engineering Sciences)

— Deformable Solid Mechanics (Engineering, Physical and Mathematical Sciences)

— Mechanics of Liquid, Gas and Plasma (Engineering Sciences)

— Mathematical Simulation, Numerical Methods and Program Systems (Engineering Sciences)

— System Analysis, Information Management and Processing, Statistics (Engineering Sciences)

— Automation and Control of Technological Processes and Productions (Engineering Sciences)

— Software and Mathematical Support of Machines, Complexes and Computer Networks (Engineering Sciences)

— Computer Modeling and Design Automation (Engineering, Physical and Mathematical Sciences)

— Computer Science and Information Processes (Engineering Sciences)

— Machine Science (Engineering Sciences)

— Machine Friction and Wear (Engineering Sciences)

— Technology and Equipment of Mechanical and Physicotechnical Processing (Engineering Sciences)

— Engineering Technology (Engineering Sciences)

— Welding, Allied Processes and Technologies (Engineering Sciences)

—Methods and Devices for Monitoring and Diagnostics of Materials, Products, Substances and the Natural Environment (Engineering Sciences)

— Hydraulic Machines, Vacuum, Compressor Equipment, Hydraulic and Pneumatic Systems (Engineering Sciences)

Indexing RSCI, CyberLeninka, CrossRef, Dimensions, DOAJ, EBSCO, Index Copemicus, Internet Archive, Google Scholar
and Archiving

Name of the Body Extract from the Register of Registered Mass Media 3JI Ne ®C 77 — 78854 dated August 07, 2020, issued
that Registered by the Federal Service for Supervision of Communications, Information Technology and Mass Media

the Publication

Founder Federal State Budgetary Educational Institution of Higher Education Don State Technical University (DSTU)
and Publisher

Periodicity 4 issues per year

Address of the Founder 1, Gagarin sq., Rostov-on-Don, 344003, Russian Federation

and Publisher

E-mail vestnik@donstu.ru
Telephone +7 (863) 2-738-372
Website http://vestnik-donstu.ru

Date of Publication 30.06.2024

© Don State Technical University, 2024


mailto:vestnik@donstu.ru
http://vestnik-donstu.ru/
https://creativecommons.org/licenses/by/4.0/

Advanced Engineering Research (Rostov-on-Don). 2024;24(2). eISSN 2687-1653

Penaknuonnasi KoJiierus

I'nasnviit peoakmop, Beckonvinvnviit Anexceii Huxonaeeuu, dokmop mexuuueckux nayx, npogeccop, Honckoi 2ocyoapcmeennvlii mexHu4eckul
yHueepcumem (Pocmos-na-/Jony, Poccuiickas @edepayus);

3amecmumensy 2nasnozo pedakmopa, Cyxunoe Anexcandp Heanoeuu, unen-xoppecnondenm PAH, doxmop ¢husuko-mamemamuueckux Hayx,
npogeccop, JJonckoii 2ocyoapcmeennviii mexnuueckuil ynueepcumem (Pocmos-na-/lony, Poccuiickas @edepayus);

omeemcmeennstit peoaxmop, Komaxuoze Manana I'neuesna, KaHouoam xumudeckux Hayx, JJoOHCKOl 20cyOapcmeentblil mexHu4eckull yHusepcumem
(Pocmos-na-/ony, Poccuiickaa @edepayus);

omeemcmeenuulit cekpemaps, Illesuenko Haoesxcoa Anamonvegna, /[onckoui eocyoapcmeennviii mexnuveckuti ynugepcumem (Pocmog-na-/Jony,
Poccuiickaa ®edepayus);

AiiznkoBud Cepreii MuxailioBu4, 10KTop (PU3HKO-MaTeMaTHYECKUX HayK, mpodeccop, JJOHCKOH rocyaapCTBEHHBINH TEXHUYCCKUH YHHBEPCUTET
(Pocros-na-/lony, Poccuiickas ®enepanus);

Antubac Uman Puszakaiia, kaHIuaaT TEXHUYECKUX HayK, JIOHCKO# roCyJapCTBEHHBII TexHI4eckuii yHuBepenteT (Pocto-Ha-/loHy, Poccuiickas deneparis);
AxuiaH AnnaTtypaii, Mia i HayqHelii coTpyIHUK, H)XxeHepHo-TexHoaornueckuit koyutemx PSN, Yuusepcurer Aunbl Uennan (Muaus);
Axsepanes Kamua Camen Orubl, JOKTOp TEXHMYECKHX HayK, mnpodeccop, POCTOBCKMil rocyaapCTBEHHBIH YHHBEPCUTET IyTEH COOOIICHUS
(Pocros-na-/lony, Poccuiickas denepanns);

Bapaska Banepmii HwuxonaeBu4, IOKTOp TEXHHUYECKMX Hayk, mpodeccop, JIOHCKOH ToOCYyIapCTBEHHBIH TEXHMYECKHH YHHBEPCHUTET
(Pocros-na-/lony, Poccuiickas denepanus);

Bepuep Urops MuxaiijioBu4, JOKTOp TEXHHYECKUX HAYK, podeccop, TexHomorndeckuit HHCTUTYT B M3panne (M3pauib);

Boponos Cepreii AsexcanIpoBH, JOKTOp TEXHHYECKHX HAyK, IOLEHT, Poccuiickuii hoHx GpyHIaMeHTatbHbIX HecnenoBannii (Mocksa, Poceniickas Deneparys);
Tanymkud Hukxonaii EGumoBuY, 10KTOp TEeXHHUECKMX Hayk, mnpodeccop, MHcTuTyT cdepbl 0OCIyXMBaHUS M INPEINPUHUMATENIBCTBA,
¢umman AI'TY (IaxTel, Poccuniickas denepanus);

Jlapy I'mitecnu, TOKTOp TEXHHYECKHX HayK, podeccop, [Ipesunent Obmmecta Manmuoctpouteneii (CLLA);

Awnbii I'yéepr, 10KTOp HaykK, TOUEHT, BapiaBckuii TexHonorndeckuii ynusepcuret (ITonbia);

Bacmaun I'onbTexnH, TOKTOp Hayk, mpodeccop, YHuBepcureT bypaypa Mexmera Axuda Opcost (Typrms);

JBopHukos Outer BiajuMupoBHY, JOKTOp TEXHUYECKUX HayK, podeccop, benopycckuii rocynapcrBennsiit yuusepeuter (benapycs);

Jemexun EBrenuii AdanacheBH4, TOKTOp (DU3MKO-MaTeMaTHYECKUX Hayk, mnpodeccop, KpacHomapckuit ¢unnan ®OuUHAHCOBOrO yHHBEPCHTETa
npu IIpaBurensctBe PO (Kpacnonap, Poccuiickas @enepanus);

Xamua Aoayia Jxxanad, nokrop Hayk (nHpopmartrka u UT), yausepcurer Manaiis (Manaii3us);

Erua3zapsin Kapen OHMKOBHY, TOKTOp TEXHUYECKUX HAYK, podeccop, Texnonornuyeckuid yausepcuret Tamnepe (OunnsHams);

Epemees Buxrop AHaTo/beBHY, TOKTOp (DH3HKO-MATEMATHIECKIX HayK, Ipodeccop, FOmxupii Hayumsiii ientp PAH (Pocro-ta-/lony, Poccutickas deneparmis);
3axoBopoTHBIii Bmiop JlaBpeHTheBHY, JOKTOp TEXHHYECKHX HaykK, mpodeccop, J[OHCKOW TroCylapcTBEHHBIH TEXHHYECKHIl YHHBEpPCUTET
(Pocros-na-/lony, Poccuiickas ®enepanus);

Kasrapanse PeBa3 3ypadoBud, TOKTOp TeXHHUECKHUX Hayk, mpodeccop, MuctutyT Mmexanuku MammH uM. P. [IBamu (I'py3us);

Kosy6au SInym Burtanuc, 10KTOp TEXHHYECKHX HayK, Ipodeccop, Bpomnasckuii rexunaeckuii yausepcuret (Ilomnbma);

Xoce Kapaoc Kyaapaso, 10KTop HayK (JIEKTPOTEXHHUKA U KoMIbloTepbl), [Tlonutexuuueckuit uaetutyt [lopry (ITopTyranus);

Kyanm Wnbsa UcupopoBuy, 10ktop Gusuko-MaTeMatuueckux Hayk, YHusepcuteT Kerrepunra (CILA);

Ky3Heuos I'ennii BiagumupoBud, TOKTOp (H3HKO-MaTeMaTHIeCKHX HayK, poeccop, Tomckuit nomvrexaideckuii yaisepenteT (Tomck, Poccuiickas deneparmst);
Kypeiiunk Buxrop MuxaiijioBu4, JOKTOp TEXHHYECKUX HayK, podeccop, FOxubIii (enepabhbii yausepeutet (Poctos-Ha-/lony, Poccuiickas denepanys);
JIbicak Baagumup Uibuy, JOKTOp TEXHHYECKUX HayK, mpodeccop, Bonrorpanckuid rocyaapcTBeHHbIH TeXHHYECKUit yHHBepcuTeT (Bosrorpan,
Poccwuiickast Oeneparus);

Mapuyk Baagumup UBaHoBHY, TOKTOp TEXHUYECKHUX HayK, npodeccop, MHCTUTYT cdhepbl 00CTy KUBaHUS ¥ NpeAnpUHUMaTenbeTBa, Gumman AT TY
(ITaxTsI, Poccuiickas Menepanns);

Baagumup MiafeHoBHY, TOKTOP TEXHHYECKUX Hayk, mpodeccop, Kparyesankuii yausepcurer (CepOus);

MykyTraaze MypMaH AJIeKCAaHIPOBHY, JIOKTOD TEXHUYECKHX HAayK, AOLEHT, POCTOBCKMII rOCyJapCTBEHHBIH YHMBEPCUTET IyTeH COOOILECHUS
(Pocros-na-/lony, Poccuiickas ®enepanus);

Hacemxin Anapeii BUKTOpoBH4Y, JOKTOp (DH3HKO-MaTeMaTHIECKIX HayK, ipodeccop, FOxabii henepanbrbii yriBepcutet (Pocto-Ha-/loHy, Poccuiickas Ddenepariyrs);
Harpnamsuian Tamaz MamueBuny, akajeMuk, THCTUTYT MexaHuku MatuuH uM. P. Jipanu (I'py3us);

Hryen IoHr AHb, TOKTOp (HU3UKO-MaTeMaTHYECKUX HayK, podeccop, IHCTUTYT MeXaHUKK AKaJeMHUU HayK U TeXHOJoruii BoeTHama (BbeTHam);
Hryen Cyan TbeM, TOKTOp TeXHHYECKUX HayK, BreTHaMckuil rocynapcTBeHHBIH TexHIYeckuil yHusepcutet M. Jle Kyit [lona (BretHam);
Mapmmn Cepreii [eoprueBuy, J0KTOp TEXHUYECKUX HayK, noueHT, CaHkT-IlerepOyprekuii nonutexuuueckuit ynusepeurer (Cankr-IletepOypr,
Poccuiickas enepanys);

TIMoamacrepbeB Koncrantun BajneHTnHoBuy, JIOKTOP TEXHUYECKHUX HayK, npocdeccop, Opnosckuit roCyAapCTBEHHBIH
yuausepeuteT uM. U. C. Typrenesa (Open, Poccuiickas ®eneparus);

Tonsiko Poman HukosaeBud, JOKTOP TEXHIHYECKIX HAYK, OLEHT, OprioBckuii rocyaapersenHbiit yauBepentet uM. U. C. Typrenesa (Opern, Poccuiickast Deneparis),
Ionos Banentnn JleonuaoBu4, IOKTOp (GH3UKO-MAaTEeMAaTHYECKHX HayK, mpodeccop, MHCTHTYT MeXaHHKHM bepIHHCKOTO TEXHHYECKOTO
yruBepcuteta (I'epmanus);

IIpokonenko Hukonaii HukonaeBu4, JOKTOp TEXHMYECKMX HayK, mnpodeccop, JIOHCKOH TocylapCTBEHHBIH TEXHHYECKHH YHHBEPCUTET
(Pocros-na-/lony, Poccuiickas ®enepanus);

Poidak Agexcanap TumodeeBuY, J[JOKTOp TEXHMYCCKHX HayK, mnpodeccop, JIOHCKOW TroCylapCTBEHHBIH TEXHHYCCKHH YHHUBEPCUTET
(Pocros-na-/lony, Poccuiickas ®enepanus);

Mysadep CapaueBud, 10KTOp Hayk, npodeccop, Yuusepcurer Hosu-ITazapa (Cepous);

CapyxaHstH ApecTak ApaMancoBH, JOKTOp TEXHHYECKHX HayK, podeccop, HalmoHaIb b YHUBEPCHTET apXHTEKTYpbI H CTPOUTENHCTBA ApMEHHH (ApMEHHs1);
Cugopos Bragumup HukonaeBnd, T0KTOp TEXHHUECKHX Hayk, Poccuiickuil yHuBepcuret TpancnopTa (Mocksa, Poccniickas denepamnus);
ConoBréB Apkannii HukomaeBu4, 10kTop (H3MKO-MaTeMaTHYEeCKHX Hayk, mpodeccop, KpeIMCKuii MH)XEHEPHO-IIEarornieckKuii yHHBEPCUTET
umenn Dessu Skydosa (Cumdeponons, Poccuiickas Deneparusi);

CymbaTtsan Mexiaym AnbGepToBHY, TOKTOp (PU3HKO-MaTeMaTHUECKUX Hayk, mpodeccop, HOxueiii denepansusii yausepcurer (Poctos-Ha-/lony,
Poccuiickast ®eneparus);

Tamapkun Muxani ApkajgbeBHY, [OKTOp TEXHHYECKHUX HayK, mnpodeccop, JIOHCKOH rocylapcTBEHHBIH TEXHHYECKHH YHHBEPCHUTET
(Pocros-na-/lony, Poccuiickas ®enepanus);

Mypar Te3ep, npodeccop, bimxneBocrounsiii yausepcuret (Typiust);

Beprpam TopcreH, 10KTOp TEXHUYECKHX HayK, npodeccop, Texuuueckuii ynuepcuter Joptmynaa (I'epmanus);

Typauaaues Ymua MyxrapaaueBH4, JOKTOP TEXHHIECKUX HayK, Ipodeccop, AHAMKAHCKUI MAaIIHHOCTPOUTENIBHBII HHCTUTYT (Y30eKHCTaH);
AxMmeT YioMa3, IOKTOp TeXHUYECKHX HayK, podeccop, yauBepcureT bypaypa Mexmera Axuda Opcost (Typrms);

Aan Maxuna Xacad AJBa3JiM, JIOKTOP HayK (KOMIIBIOTEpHAs MH)KEHEpUs ), TOLEHT, Y HuBepcuteT Anb-Haxpeitn (Mpak);

Hu6ymun BsuecnaB I'eoprueBud, JOKTOp (PU3HKO-MaTeMaTHUeCKUX HayK, JomeHT, IOxHbIi ¢enepambuslii ynusepcureT (Pocros-na-/lony,
Poccuiickast ®eneparys);

Yepupbimes IOpuii OseroBuy, J0KTOp TEXHUYECKUX HayK, nmpodeccop, JJOHCKO rocyaapcTBeHHBIH TexHuueckuii ynusepeutet (Pocros-na-/{ony,
Poccwuiickas enepanus);

Xyuan JIsto, npodeccop, Hayunslit corpyauuk IAAM; Crapimii wieH Ikoins! 6usneca IEEE, Yuusepcuter Coiuyans (Kutaif);

SI3bieB Batbip MepeToBUY, JOKTOp TEXHHYECKHX Hayk, mpodeccop, JJOHCKON rocynapCTBeHHbIN TexHHUYecKHil yHHBepcuteT (Pocros-na-/{onHy,
Poccwuiickas eneparus).
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AHHOTANNSA

Beedenue. YBenuuenue cKkopocTel JBUKEHUS KEJIE3HOAOPOKHOIO TPAHCIIOPTA U MOBBIILIEHUE HAIPY30K HA OCH KOJIeC-
HBIX Map 00yCIIaBIMBAIOT HEOOXOAMMOCTh MOJIEPHHU3ALIMH CYIIECTBYIOIIEro napka. HayuHsle uccnenoBanus B 00actu
JVMHAMHKH TTOJIBIDKHOTO COCTaBa HANpaBJICHBI HA yUET KOIeOATEeNbHBIX MPOLIECCOB, BOSHUKAIONINX IPH ABHKEHUH Ke-
JICBHOAOPOKHBIX TPAHCIIOPTHBIX CPEACTB B TPAAUIITUOHHOM KOHCTPYKTHBHOM HUCIIOJTHCHUU. HpMCOG)II/IHeHI/Ie JOIIOJIHU-
TEJBHBIX 3JIEMEHTOB PACCMaTPUBANOCh HA YPOBHE CLEMNKH IBYX BarOHOB U MIPUCOECIUHEHUH TPEThEN TENEKKH B LIEHTPE
TSDKECTH JKeJIe3HOAO0POXKHOM 1iardopmbl. IIoCcTpoeHNIO MaTEMaTHYECKUX MO/IENEH, TTO3BOJISIOIIMX OLIEHUTh TUHAMIYE-
CKHE COCTOSIHMA TaKUX KOHCTPYKTHBHBIX PELICHUH, B HAy4YHOH JMTEPaType HE yAEIEHO JOCTaTOYHO BHMMaHHMA. Llenb
JAHHOTO HMCCJIEOBAHUSA — CO3[aTh METO/]] OLIEHKH AMHAMHUYECKUX COCTOSIHUI BaroHa. PaccmarpuBaercst cutyanus, Ko-
IZ1a B €r0 CTPYKTYpPYy BBOJUTCA JOMOJIHHUTENbHAS COBOKYITHOCTh MAaCC-MHEPUUOHHBIX M YIPYTUX JIEMEHTOB, IIPUYEM OT
KOPPEKTHPOBKHU MX MapaMeTPOB 3aBUCHUT 0011Iee TUHAMHYECKOE COCTOSIHUE TPAHCIIOPTHOTO CPEJICTBA.

Mamepuanvt u memoovt. ba3oBbIM HHCTPYMEHTOM NPOBEIEHHS UCCIIENOBAHNN ABISETCA CTPYKTYPHOE MaTEMAaTHIECKOE
MOJIEJIMPOBAHKE, B OCHOBE KOTOPOT'O JIEXKHT ITOJX0JI, KOT/Ia HCXO/IHAsl pacueTHas cXeMa IpeICTaBiIseT co00H MexaHuve-
CKYIO K0JIe0aTeIbHYIO CHCTEMY B BHJIE TBEPOTO TeJla HA YIPYTHX OIOpax C JOHOJHUTENbHON BBEAEHHBIMH B €€ CTPYK-
TYPY TUITOBBIMU 3JICMCHTAMMU. III/lHaMl/IlIeCKI/IM aHaJIOroM l/ICHOﬂb3yeM0ﬁ paC‘leTHOﬁ CXEMBI SABJIICTCA CTPYKTYpPHasA CXxeMa
CHCTEMBI aBTOMAaTUYECKOI0 YIPAaBICHUsS, IPUMEHEHUE KOTOPOH MO3BOJIET AETAIU3UPOBATh CBSI3H MEXAY THIIOBBIMU
YIPYTUMH H MacC-MHEPIUOHHBIMH 3JIEMEHTAMH.

Pezynomamut uccnedosanusa. IIpennoxeH METo ] OUEHKU AUHAMUYECKUX COCTOSIHUMN XKEIE3HOJOPOKHBIX TPAHCIOPTHBIX
CPEIICTB, OCHOBAHHBIN HA IOCTPOEHUU MATEMATUYECKMX MOJEJIECH, C YUYETOM BBEIEHUS [ONOJIHUTEIbHOU CTPYKTYpHI
MacCC-MHEPLUUOHHBIX M YHNPYTUX 3J€MEHTOB. MccienoBaHo BiIMSHUE NOMOIHUTENBHBIX MapaMeTPOB Ha JAMHAMHUYECKOE
COCTOSIHHE TPAHCIOPTHOTrO cpezAcTBa. [1omyueHb! aHaTNTHUECKHE COOTHOIIEHHS, TIO3BOJIAIONINE P U3MEHEHUH COOT-
BETCTBYIOLINX [TapaMETPOB TEXHHYECKOTO 00BEKTa CHU3UTH AWHAMUYECKHE HAarpy3KH Ha OCHOBHBIE KOHCTPYKTHBHBIC
ynpyrue sneMeHTsl. [puBenena nepenarounas QyHKIUS MeXIapLUUaIbHBIX CBSI3€H, I03BOJISIONIAs KOHTPOJIUPOBATH B3a-
HMMOJIEIICTBHE MEXKAY KOOPAMHATAMH IBHKEHHS TPAHCIOPTHOTO CPEACTBA IPU AEHCTBUHU ABYX KHHEMATUYECKHX BO3MY-
HICHUH CHH(pA3HOTO THIIA.

Oécysycoenue u 3axknouenue. CHopMUpoOBaHHAST MaTEMATHIECKAs! MOJEND ITO3BOJISIET OLEHUTh TUHAMHYECKOE COCTOS-
HUE KEJIEe3HOJOPOKHOTO TPAHCIIOPTHOTO CPEJICTBA B YCIOBUAX JEUCTBUS KMHEMATUUYECKUX BO3MYLIEHUH. Pe3ynbTaThl
HCCIIeIOBAHUH MOT'YT OBITh IPUMEHEHBI IIPH MOJIEPHU3ANH CYIIECTBYIONINX ¥ CO3AaHIH HOBBIX TPAHCIIOPTHBIX CPEICTB
C YJIyYIIEHHOW JUHAMUKO.

KioueBble c10Ba: JUHAMHMKA TPAHCIOPTHBIX CPEICTB, NTUHAMHYECKOE COCTOSIHHE, CTPYKTYPHOE MaTeMaTH4ecKoe
MO/JIEINPOBaHKE, CTPYKTYpHAs cXeMa

BaarogapHocTH. ABTOpPH BBIPAXKAIOT OJArOJApHOCTH 3aCIyXKCHHOMY JaeAremto Hayku PO, n.T.H., mpodeccopy
EnuceeBy C.B., a Takke pegakuuu M peLEeH3eHTaM 32 BHUMAaTeJIbHOE OTHOIICHHE K CTaThe M yKa3aHHbIE 3aME4aHus,
KOTOPBIE TIO3BOJIMIIN TIOBBICUTH €€ KaueCTBO.
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Assessment of Dynamic States of Railway Vehicles: Structural Mathematical Modeling

Roman S. Bolshakov'=' D4, Valery E. Gozbenko~', Vuong Quang Truc
Irkutsk State Transport University, Irkutsk, Russian Federation
D4 bolshakov_rs@mail.ru

Abstract

Introduction. The speed rise of railway transport and an increase in the loads on the axles of wheelsets necessitate the
modernization of the existing fleet. Scientific studies in the field of rolling stock dynamics are aimed at taking into account
the oscillatory processes that occur during the movement of railway vehicles in a traditional design. The attachment of
supplementary elements was considered at the coupling level of two cars and the attachment of a third trolley in the center
of gravity of the railway platform. The scientific literature has not paid enough attention to the construction of
mathematical models that make it possible to assess the dynamic states of such constructive solutions. The objective of
this study is to create a method for evaluating the dynamic conditions of a car. The situation is considered when an
additional set of mass-inertial and elastic elements is introduced into its structure, and the general dynamic condition of
the vehicle depends on the adjustment of their parameters.

Materials and Methods. The basic research tool is the structural mathematical modeling, which is based on an approach
where the source design scheme is a mechanical oscillatory system in the form of a solid body on elastic supports with
supplementary typical elements introduced into its structure. The dynamic analogue of the calculation scheme used is the
block diagram of the automatic control system, the use of which provides detailing the connections between typical elastic
and mass-inertia elements.

Results. A method for estimating the dynamic states of railway vehicles is proposed. It is based on the construction of
mathematical models, taking into account the introduction of an additional structure of mass-inertia and elastic elements.
The impact of additional parameters on the dynamic condition of the vehicle is investigated. Analytical relations have
been obtained that provide reducing the dynamic loads on the major structural elastic elements when changing the
corresponding parameters of a technical object. The transfer function of interpartial relations is given, which provides
controlling the interaction between the coordinates of the vehicle movement under the action of two kinematic
disturbances of the in-phase type.

Discussion and Conclusion. The generated mathematical model provides for assessment, monitoring and control of the
dynamic state of the vehicle under conditions of kinematic disturbances. The research results can be used to modernize
existing vehicles and create new ones with improved dynamics.

Keywords: vehicle dynamics, dynamic condition, structural mathematical modeling, block diagram
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BBenenue. Pacimpenue TEXHHKO-3KOHOMUYECKUX CBSI3€H MEKPETHOHAILHOTO YPOBHS, 00ECIIEYCHUE POCTa MPOU3-
BOJICTBEHHO-TEXHHUYECKOTO MOTEHIMAIa CTPAHBI U MOIJICPIKAHKUE Pa3paCTaIOIIEiCs CUCTEMbI MEXKyHAPOAHBIX TOPTOBO-
KOMMEPYECKHX OTHOIIIEHU BO MHOTOM 3aBUCHUT M OTIUPAETCSI Ha )KETE3HOA0POKHBIN TpaHcropT [ 1]. OOBEMBI mepeBo30K,
BEITIOJTHAEMBIX KEJIC3HOJJOPOKHBIM TPAHCIIOPTOM, ITIOCTOSTHHO BO3PACTAIOT, YTO OOYCIIOBIMBAET HEOOXOIUMOCTh ydeTa
HEXeNaTeIbHBIX 3P ()EKTOB OT MOBBIIICHUS TMHAMUYECKUX HArPy30K [2], HAPSIMYIO BIHSIOLUIMX HA HA/ICKHOCTH IKCILTY-
aTalMK KaK MOJABHXHOTO COCTaBa, TAK M BEPXHEro CTPOCHUsI MyTH. HecMOTpst Ha Halln4Me TaKMX HEeraTUBHBIX (JAKTOPOB,
HeO6XOI[I/lMO BBIMOJIHATH IJIAHOBBIC IMOKA3aTCIM, K KOTOPBIM MOXHO OTHCCTU IMOBBIIICHUEC y’-IaCTKOBOﬁ CKOpPOCTH, CO-
OJII0JICHHUE HOPM Beca U JJIMHBI COCTABOB, YBEIMYEHUE OCCBOM HArpy3ku 1o 30 TOHH U Ooiiee. DTO OTpaXKaeT pealibHbIC
3aIpOChl Pa3BUTHUS POCCHICKONM YKOHOMUKH M CTUMYITHPYET CO3/IaHHE HOBBIX 00JIE€ MOIIHBIX IOKOMOTHBOB, 0OHOBJICHHE
napka MOABKHBIX CPEICTB, MOJCPHU3AIINIO ITyTEBOTO X03aWcTBa [3]. BMecTe ¢ TeM Henb3sl HE pacCMaTPUBATh U BO3-
MOJKHOCTH TIPOSIBJICHUS HETATUBHBIX MTOCIICICTBUA HHTCHCU(DUKAIINY ITIEPEBO30YHBIX MPOIeccoB. OIHUM H3 BaXKHBIX BO-
[IPOCOB SIBIISICTCS] BO3PACTAHUE MIIM YBEIMYCHHE TEMIIOB U3HOCA BEPXHETO CTPOCHUS IyTH C COOTBETCTBYIOIIUMHU BbITE-
KAIONIMMH CJIOXKHOCTAMH [4].
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B Texy1uii MOMEHT BpeMEHH ITOBBIIEHHOE BHUMAHHUE YJIEISETCS PAa3BUTHIO METO/I0JIOTUH OLIEHKH TMHAMUYECKOTO CO-
CTOSIHHS IOIBM)KHOTO COCTaBa, B3aMMOAEHCTBHIO TEXHUUECKUX CPEJCTB C PENBCOBBIMU Iy TSAMH, 3KOHOMHUH 3JIEKTPOIHEP-
THH, TIOBBIIIEHUIO HAIEKHOCTH 1 0€3011aCHOCTH IEPEBO30YHBIX IPOIIECCOB. METOA0I0r Ml MATEMaTHUECKOTO MOAEINPOBa-
HUS ONMCaHa, HanmpuMep, B [5]. Bmecte ¢ TeM, CyIecTBYIOT U APyrue BO3ZMOXKHOCTH JJIsl IOMCKA PALOHAIBHBIX Pellie-
HUH [6]. BakHO ynenuTs BHIMaHHE BOIIPOCAaM MOZEPHH3AIMHN CYIIECTBYIOIIETO ITapKa IPy30BbIX BarOHOB, SKCILTyaTaIHs
KOTOPHIX TIPH MTOBHIIICHHBIX HATPY3KaX yke He ABIseTcs d3GPekTuBHOI [7]. OMHIM U3 TOAX0M0B, KOTOPBIA MOT OBl OBITH
TIPUHSAT K Pa3pabOTKe, SBIISIETCS] KOHLETINS YCTAHOBKH JUIS TPY30BBIX 4-OCHBIX BarOHOB JIOTIOJTHUTENILHON IBYXOCHOH Te-
nexkd [8]. B aTom ciryyae MOKHO 0KHMIaTh OoJiee paBHOMEPHOT'O paciipeiesieH!st Harpy3Ky Ha BEpXHee CTPOSHHUE ITyTH, a
TaK)Ke BO3MOXXHOCTD YBEIIMUYEHHS Beca IIEPEBO3UMBIX TPY30B IIPH COXPaHEHNUH PETJIaMeHTa Ha 3HAYEHHSI OCEBOM Harpy3Ku
B nipezeiax 22 T [9]. HepaBHOMEpHOCTh TapaMeTpOB KOHTAKTa KOJIECO-PEJIbC MHULIMMPYET KoJieOaTenbHbIe IBIKEHHUS Ba-
roHa, 4to (OpMHUPYET B CBOIO ouepeb KojedaTelbHble ABM)KEHUs Kopiyca BaroHa. IIponecc konebanuii popmupyercs
TaxKe YCIIOBHSMH B3aWMOIEHUCTBHS BaroHoB BHyTpH cocrtaBa [10]. B sTom ciaydae BO3HHKAIOT AMHAMHYECKHE PEAKIHN
CBsI3€H, HAKJIABIBAIOIIMECS HA CTATUYECKHUE COCTABIIAIOIINE ITOJTHON PEaKIUH, YTO MOXKET CYIIECTBEHHO YBEJIMUHUTh YPO-
BEHb JUHAMHYECKUX B3aMMOACHCTBHUII B KOHTaKTe Kojieco-penbe [11, 12]. OmHako BO3MOXKHOCTSAM CTPYKTYpHOTO MaTeMa-
THYECKOTO MOJIETIMPOBAHMS NIPH OIEHKE IMHAMHYECKUX COCTOSHHMI JKeJIe3HOIOPOKHBIX TPAHCTIOPTHBIX CPEICTB IPH BBE-
JICHUHX OTIOJTHATEbHBIX CBA3EH ITOKA HE YEIIIOCh JOCTAaTOYHO BHUMaHU. [103TOMY 11e/IbI0 JAHHOTO MCCITEI0BAHMS SIBH-
J10Ch POPMHUPOBAHKE METO/IA OLICHKU JMHAMHYECKUX COCTOSTHUH JKEJIC3HOIOPO’KHOTO TPAHCIIOPTHOTO CPEJICTBA IIPH BBEJIE-
HHUH B €0 CTPYKTYPY JOIOJHUTEIHFHON COBOKYITHOCTH MacC-MHEPIMOHHBIX M YIIPYTHX 3JIEMEHTOB, KOPPEKTUPOBKA Tapa-
METPOB KOTOPBIX OyJIeT BIMATH Ha 00I11ee AMHAMHYECKOE COCTOSIHIE TPAHCIIOPTHOTO CPEACTBA.

Marepuasasl 1 MeTobl. MeTOJ0IOrNueCKOil OCHOBOM MCCIIEIOBaHUi BEIOpaHa CTPYKTypHas TEOpUsi BUOPO3aIuT-
HBIX CHCTEM, ITO3BOJISIONIAs B IMHEHHOW TIOCTAHOBKE C Y4ETOM COCPEIOTOUYEHHBIX ITapaMeTPOB M MaJlbIX KoJjieOaHuit 01-
HOCHUTEJBHO TTOJIOKEHHUS] CTATUYECKOTO PABHOBECHS I YCTAHOBUBIIIErOCS IPOLIECCA, IOCTATOYHO TOYHO OLICHUTD -
HaMHYECKHE CBOMCTBA KEJIE3HOA0POKHOI0 TPAHCIIOPTHOIO cpeacTBa. PacuéTHol cxeMol sIBIsIeTCS MEXaHWYECKasi KO-
ne0aTenbHas CUCTEMa ¢ AMHAMUYECKUM SKBUBAJICHTOM B BHJE CTPYKTYpPHOI CXEMBI CHCTEMbI aBTOMATHYECKOTO YIIPaB-
JEeHUs. DTO MO3BOJISICT JETAIN3UPOBATH CBA3M MEXKIY 3JIEMEHTaMU TPaHCIOPTHOTO CPENCTBA, a TaK)KE HCIOIb30BaTh
METO/IbI, XapaKTEepHBIE JUII TEOPHH aBTOMATHIECKOTO YIpaBJIeHHs (IlepenaTouHble (QyHKIUH, TPeoOpa3oBaHus CTPYK-
TYPHBIX CXEM, CBEPTKH U YIPOIIEHHs, YaCTOTHBIC XapakTepucTuku) [13].

CraHgapTHbIE KOHCTPYKTUBHBIE CXEMBI I'PY30BBIX KEJIE3HOIOPOKHBIX TPAHCIIOPTHBIX CPEJICTB OIHMCHIBAIOTCS N3BECT-
HBIMH PAaCUETHBIMU CXEMaMH, a UX AMHAMUYECKHE OCOOCHHOCTH MOKHO OLIEHUTB C UCIIOJIb30BAHUEM JIMHEHHBIX PacuéT-
HBIX cXeM. PaccmaTpuBaercs »ene3HOJOPOXKHOE TPAHCIIOPTHOE CPEJACTBO B BUIE IPy30BOI0 YETHIPEXOCHOTO BaroHa,
NpeHa3HaYeHHOT'0 JUIS EPEBO3KU TSDKENBIX IPY30B, TAKUX KaK KAMEHHBIH yrojib, py/a, IeCOK, METaJUIONPOKaT, MaJjlo-

Q
b ? A

rabapuTHBIE METAIUIMYECKHE KOHCTPYKIMHU H ap. (puc. 1).

¥, M, J

// //

\ \
sS SSS S S

Puc. 1. HpI/IHHHHI/IaJII)HaSI CXeMa I'py30BOro 4€TbIpEXOCHOI'O BaroHa

CrpyKTypa NpecTaBIEHHOIO XKEJIE3HOJOPOKHOIO TPAHCHIOPTHOTO CPEJCTBA COAEPKHUT Ky30B, 00IaJarolIuii Mac-
coit M, MOMEHTOM MHEpLUH J 1 OIIMPAOLINIACS Ha ABE IBYXOCHBIEC TEIECKKH, YCIIOBHO IIPE/ICTABICHHbBIE KAK COBOKYIIHO-
CTH MaCC-WHEPINOHHBIX U YIIPYTUX 3JE€MEHTOB. J[nHAMUYECKHe 0COOCHHOCTH pacCMaTpPUBaEMOIl CHCTEMBI ITOKA3bIBAIOT
HaJIM4ue N30BITOYHOTO BIMSHUS Ha KOHCTPYKTHBHBIE 3JIEMEHTHI TEJISKEK KETIE3HOIOPOKHOTO TPAHCIIOPTHOTO CPE/ICTBA.
B 3T0i1 cBSI3M Ui yiydIIEHHUS €ro JUHAMHYECKUX CBOMCTB B CTPYKTYPY NMOJBECKU JOMOJIHHUTEILHO BBOAUTCS TPEThS
JIBYXOCHAsI TEJIS)KKa, KOTOpasi pa3MellaeTcs B IEHTpe BaroHa (puc. 2).
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Puc. 2. [lpuHIMnmanpHas cxema rpy30BOT0 HIECTHOCHOTO BaroHa

[Tpu coOcTBEHHOM Bece BaroHa OKoJio 23 TOHH M OCEBOM Harpyske B 22 TOHHBI, 3TO MOXET 00€CIIeYHTh YBEITHUCHNE
BeCa IePEBO3UMBIX IPY30B OPHEHTUPOBOYHO Ha 20 TOHH, TO €CTh CYIIECTBEHHO IMOBBICUTH 3()(EKTUBHOCTH MIEPEBO30Y-
HBIX MPOLIECCOB, HE CO3/aBasi M3JIMIIHUX JUHAMHUYECKUX HAarpy3ok Ha BepxHee crpoenue myt (BCII). IIpaktuueckas
peanuzanys MpeaaaraéMoro moaxoaa TpedyeT MOIepHU3alu KOHCTPYKIIMK TUIIOBOTO BaroHa, KOTOpasi 3aKJI04aeTcs B
CO3JJaHWH y3J1a KPEIUICHHs JOIOJHUTEIBHON TEIEXKKH Ul YMEHBIICHUS] HAarpy3Kd Ha OCh TPY30BOTO BaroHa 3a CHET
BBEJICHUS JOTIOJHUTEIILHOM ABYXOCHOH TENEKKH. MoepHU3anus y3iia KperIeH s OCYIIECTBIISIETCS B TEX JK€ KOHCTPYK-
THUBHO-TEXHHYECKNX (popMax, 4TO ¥ KPEIUICHHS C UCTIOJIb30BAHUEM IKBOPHEH B JIBYX (IITAaTHBIX» ABYXOCHBIX TEIIEKKAX,
TO €CTh Yepe3 yCTAaHOBKY HAIIIKBOPHEBOW M IOAIIKBOPHEBOH OallOK C COOTBETCTBYIOIINM LIKBOPHEBBIM Y3JIOM CTaH-
JApTHOTO THIIA.

HpeﬂnaraeMaﬂ METOAUKA ITOBBINICHUSA S(l)(l)eKTl/IBHOCTl/I HCIOJIB30BaHUS YCTBIPEXOCHBIX I'PY30BbIX BAaroHOB B YCJIO-
BUSIX JIOTIOJHUTEJIBHBIX HAarpy>KeHUI OPHEHTHPOBAaHA HA PELICHHE MPOOJIEeMbl TIOBBIIICHHS HArPY3KH Ha OCh KOJECHOMH
napsl 10 30 TOHH ¥ YBEIMYEHUH CKOPOCTH JABMKEHHUS MOE3I0B. DTO JOCTUTAETCS MOJEpHHU3ALUel TUIIOBOIO IPy30BOT0
BaroHa MyTéM YCTaHOBKHM JIOMOIHUTEIBHON JIByXOCHOM TENEKKH COOTBETCTBYIOIUM YCTPOHCTBOM, 00CCIICUHNBAIOIINM
yCIIOBUsl €€ JUHAMHYECKOT0 B3aUMO/IEHCTBHS ¢ KOHCTPYKIHMEH paMbl Tpy30BOTO BaroHa.

YcTaHOBKa JOTOHUTENBHON IBYXOCHOM TEJNEXKKH 3a CUET IepepacipeneneHs Harpy3Ku MexXy o0mmM HabopoMm
KOJIECHBIX Tap OOecIieuMBaeT BO3MOXXHOCTH IIE€PEBO3KH I'PY30B OOJBIIMX IO BECY IPH OJHOBPEMEHHOM CHMKEHHH
Harpy3ku Ha oCb. JTO obecrieunBaeT 0ojiee paroOHaANbHBIE YCIOBHS 3KCIUTyaTalluy PETbCOBOTO IyTH M BEPXHETO CTPO-
€HHS1 JKEJIE3HOAOPOKHOTO MOJIOTHA ITPH COXPAHEHUH MTPUEMIIEMOM JITTMHBI COCTaBa.

[Ipeamonaraercst, 4TO MKBOPHEBBIH y3e1 OyaeT UMETh YIPYTYI0 PE3HHOBYIO NPOKIAIKY, 00eCIeUNBAIOLIYI0 aMOp-
THU3aIUIO B3aHMOHeﬁCTBHH TEJIC)KKHN U paMbl KOpIyCa BaroHa. HpI/l 9TOM HE€ NpeamnojaracTcsa MoACpHU3alusa 1MCKOB KO-
JIECHBIX Map. M3MeHsroTcs uib Gopma IIPOBOAKH DJIEMEHTOB «IITATHOWY MTHEBMATUYE€CKONW CHCTEMbI TOPMOXKEHUS CO-
CTaBa U KOH(UTYpALKs TIPOBOAKH THEBMOIIPOBO/IOB.

Pe3yabTaThl HcciienoBanusl. PacyéTHas cxemMa paccMaTpHUBAaEMOTO JKEJIE3HOJOPOKHOIO TPAHCIOPTHOTO CPEACTBA B
NIEPBOM NIPUOIVKEHHH MOXKET OBbITh NPEICTABICHA B BUJIE MEXaHHYECKON K0JIeOaTenbHOW CHCTEMBI, COCTOSIIEH U3 TBED-
JI0TO TeJia, 00JIaaroIIero Maccou /71, 1 MOMEHTOM MHEPIUH J, ONIMPAIOIIEMCSI HA TPH YIPYTUX JIEMEHTA C )KECTKOCTSMH K1,
ko, k». KuremaTtmaeckue BO31eHCTBUS PEICTaBICHBI CHH(A3HPIMU TAPMOHUICCKUMH (PYHKIMSME OTHOU 4acTOTHI (puc. 3).

Yo M,J

y,T T h ‘M L, T fyz

¢ — v b ¢

T. 4 T.D, T. B,
kl kO kz
T. 4 ZOT T.D T.B
Z1 @ @ Z
4 ¢ S TS ST

Puc. 3. Pacu€rHas cxema yKele3HOAOPOKHOTO TPAHCIIOPTHOTO CPECTBA
NpU KHHEMaTUYECKOM BO3MYILECHUH (Z1, 22, Z0)
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Ientp macc cucreMbl — Touka O HAXOTUTCS HA PACCTOSHUSX [ U [, OT KOHIIOB TBEPAOro Tena (Touek Ay, B). Die-
MEHT € )KECTKOCTBIO ko 3aKperui€éH B Toukax D u Di; pacctosiare OD; 0003HaueHO Kak /o. JIBIKECHHE CHCTEMBI paccMar-
pHBaeTCsl B KOOPAMHATAX V1, V2 U Jo, (9, CBI3aHHBIX C HEMOABMKHBIM Oa3zucoM. B pacuérax ucronb3yoTcst COOTHOILICHUSI:

Yo=ay, +by,, ¢ :C(M —)’1), Yi=Yo—h, ¥, =y +10,
l l; 1 1)

=y, +Lb,a= ,b= ,C= .
Yp=yothba=immm b= o e =

st BeIBoza anddepeHIManbHBIX ypaBHEHHH IBIKESHUS UCTIoNb3yeTces hopmanmusm Jlarpamka [14], uto Tpebyer mo-
CTPOEHUS BBIPAKCHUI AJIs1 KHHETUYECKOM U MOTEeHIMANBHON SHepruil. B taHHOM ciydae umeeM:

1 , i\ 2 , N2
T=— +byy ) +Je* (va-m1) s 2
2”‘(‘0’1 J’2) ¢ (yz yl) (@)
1 2 1 2 1 2
H=Ek1()’1_21) +5k0(yD_ZO) +5k2(y2—22) . (3)
YuréM, 4TO NOTEHIHANEHAS 3HEpTus (3) MOXKET OBITh 3allMCaHa TAKXXE B BUJIC:
1 2 1 2 1 2
I1 :Ekl (J’1 _Zl) +5k2 (yz _22) +5k0 |:ay1 +by, +loc(J/2 _)’1)_20] = @
1 2 1 2 1 2
Ekl (yl _Zl) +5k2 (yz _22) +Ek0 [alyl +by, _Zo] )
rae ar =a— loc, by =b + loc.
Cucrema ypaBHEHHH JIBUXKEHHSI B KOOPIUHATAX V1, Y2 BO BPEMEHHOM 001aCTH IPUMET BUJ:
yl” (ma2 +JC2)+y1 (kl +k0a12)_y£ (JCZ _mab)+y2k0a1b1 = klzl +k0a120, (5)
Vs (mb2 +ch)+y2 (k2 + koblz)—yf (J(32 —mab)+ vikoa\b, = kyzy + kb, z,. (6)

[Tocne mpuMeHeHHsT HHTETPATBHBIX MpeoOpazoBannii Jlamnaca mpu HyJIEBBIX HAYaNBHBIX YCIOBUAX [15] cucrema
ypaBHeHHi (5), (6) MOXeT OBITH IIpeJCTaBICHA B ONIEPaTOPHOIT popme:

Y [(ma2 +Jc? )p2 +k + koaf]—fz [(ch —mab)p2 —koalbl} =kz, +kyazy, @)
7, [(miﬂ +J2) p? +k, +k0b,2]—yl [(ch —mab) p? —koalbl} = kyZ, +kobiZ, (8)

IJIe p = j® — KOMIUIEKCHas iepeMeHHast ( j = +/—1 ), 3HauoK <—> HaJ| IIepeMeHHOI 03HayaeT e€ n3o0paxenue o Jlaruacy [5].

Ha ocnoge (7), (8) mocTpoeHa, B COOTBETCTBUU C MOJIOKEHUSIMU METOJ]a CTPYKTYPHOTO MaTeMaTHYECKOTO MOJICIIH-
poBaHus [5], CTPYKTypHas MaTeMaTHYeCKasi MOJICITb B BUJC CTPYKTYPHOU CXEMBI SKBUBAIICHTHOH B JMHAMHYECKOM OT-
HOIIICHUU CHCTEME aBTOMATHUYECKOTO yrpaBiieHus (puc. 4).

(J¢* — Mab)p* - kyab,

1 5 5 1
(Ma* + Jc*) p* + ky + kyaf (Je* —Mab)p” —kyab, (Mb? +J) p* + key + keobf »

Puc. 4. CprKTypHaj{ MaTeéMaTu4eCKass MOACIIb KEJIC3HOAOPOKHOI'O TPAHCIIOPTHOI'O CPEACTBA

O6cy:xaenne u 3aKkiaw0denne. OCOOEHHOCTH CHCTEMBI 3aKITFOYAIOTCS B TOM, YTO OHA IMEET JIBa IMapIAaTbHBIX OJIOKa,
KaX]bIi M3 KOTOPBIX OIPEACISIET COOTBETCTBYIOIIHE MAPIUATbHBIC YACTOTHI:

2
2 ki +koa

n=—-—, 9

! ma’® + Jc? ©)
ky + kob?

2 _ Ko T ROy

"= mb? + Jc*’ (19)

KOTOPBIE, B CBOIO OUEPE/Ib, ONPEIEISIOT IPAHULIBI PACTIONOKEHHS YACTOT COOCTBEHHBIX KOJIEOAHHUI CHCTEMBI B IIEIOM:
2 2 _ 2 2
Wicos <Np <Ny < W5 (1D
TIIE ®1cos, M2co6 — YACTOTHI COOCTBEHHBIX KOJNEOAHUHM CHCTEMBI, IPH PAOOTE HA KOTOPHIX BO3MOXHO BO3HHKHOBEHUE Pe-
30HAHCHBIX PEKUMOB.
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K uncny ocobeHHOCTEH CHCTEMBI OTHOCUTCSI HAJTMYME HECKOJIBKUX OJHOBPEMEHHO JISHCTBYIOIINX BHEITHUX BO3MY-
meHuid. [Tonarast B nensix ynpoueHus, 4Tom z;, =z, =z, (BIIOJIHE JOIMYCTHMO Ha CTaJUsIX TPEIBAPUTEIbHBIX JHHAMH-

YCCKHUX OIICHOK) MMPpUMEM, UYTO HaA BXOJ IEPBOro U BTOPOI'O MapuuajibHbIX 6J'[0KOB HCﬁCTByIOT CUJIOBBIC @aKTOpLI:
0, =z (k +koa,), (12)
0, =z (ky +kob)). (13)
Hcnounb3yst CTPYKTYPHYIO CXeMy Ha pHC. 4, 3alHIIeM BBIPOKESHUS IJIs IepeIaTOuHbIX (PYHKIIMIL, moaras, 4To MexIy
BHEITHUMH (PaKTOpaMHU BO3MYIIECHHUS UMEETCS CBA3b, POPMHUpyeMasi COOTHOIIICHUEM

0,=0.0, =00, (14)
_ T (ky +koa, )[(mb2 +J2) p? +k, +k0b12]+oc(k2 +k0b1)[(.1c2 ~mab) p? —koalbll "
z A(p)
w, (p) _ % _ oc(k2 +k0b1)[(ma2 +ch)p2 +ky +k0a12}+(k1 +k0a1)[(ch —mab)p2 —koalbl} ’ 16)
z A(p)
rae
A(p)= [(ma2 +Jc2)p2 +k +k0a12}[(mb2 +ch)p2 +k, +k0b12}—[(ch —mab)p2 —koalbl}, (17)

SIBJISIETCS YACTOTHBIM XapaKTePUCTHYECKUM YPABHEHHUEM CHCTEMBI.
YucnureneM neperaToYHbIX QYHKIHUI B BeIpaskeHIIX (15), (16) ompenensioT pexkUMbl AMHAMHYECKOTO TAIlIeHUS KO-
nebaHuil, 9T0 MOXKET OBITH AETAIM3UPOBAHO U3 YPABHEHUH, OIyIaeMbIX IPH «OOHYIeHUm» yncnuteneit (15), (16):
2
) (ky +koay ) (K + kob? ) = ot (K + koby ) koarby
O = el — (18)
(ki +koa, ) (mb? + Je? )+ au(ky + kob; ) (Je? —mab)

(Fka +koby ) (e +koa? )= o (ky +koay ) kgarby
O = . (19)
o(kyk, +k0b1)(ma2 +Jc2)+(k1k2 +k0a1)(J02 —mab)

U3 Bepaxkennit (18), (19) cnemyer, 4To B CUCTEME C ABYMS CTCICHSAMH CBOOOJBI MPHU HAIWYHWH JIBYX CBS3aHHBIX
Mex1y co0ol BO3MYIIAONIUX (paKTOPOB BO3MOYKHO BOSHUKHOBEHHE PEKUMOB JIMHAMUUECKOT'O rallleHus: KojeOaHuii Ha
JBYX 4acTOTax, MapameTpbl KOTOPBIX 3aBUCST OT 3Ha4YeHWil KoddduimeHTa cBsI3HOCTH 0. DTOT KO3Q(UIMEHT MOKET
MIPUHUMATh OTPHIIATENIbHBIC, TIOJIOKUTENFHBIE U HyJICBBIC 3HAUCHHS.

W3 ananm3a cTpyKTypHOU MaTeMaTHIeCKOM MoaemH (puc. 4) ClieAyeT TakKe ¥ BO3SMOKHOCTh BOSHUKHOBEHHS 0CO00TO
JUHAMUYECKOTO peKrMa Ha 9acToTe:

2 koa,by

N Je? —mab’
KOTJIa MapliyaibHbIe OJOKU MOJTyYaloT BO3MOXKHOCTh pa3beAMHEHU. B aToM ciyuae cucrema (puc. 3) pacmagaercs Ha
JIBA aBTOHOMHBIX 0JIOKa, KOTOPEIE He OyIyT CO3/1aBaTh CUTYAIMi B3aUMOJICHCTBUS TAPIUATIBHBIX CTPYKTYP.

Peanu3anust Takoro pexuma MOXKeT MPUBECTH K CYIIECTBEHHON pa3HUIIE B 3HAUECHUSX OTKJIOHEHUH B TOUKax A U By
U «pa3dpocy» 3HaYCHUI AMHAMUYECKUX peakluil B Toukax 41, B u D;. Onpeznenenne TMHAMHUYECKUX PEAKIMH B TOYKaxX
A, Bu D MoxeT ObITh pean30BaHo 110 METOIMKE, U3JI0KEHHOMH B padoTe [14], B KOTOpoi qTuHaAMHUYeCKast peaKilus ornpe-
JiesieTcsl Kak MPOU3BeIeHne TMHAMUYECKOTO CMEIeHus (Hampumep, Toukax A, B u D;) Ha 3HaYeHHUE MPUBEAEHHON

(20)

JMHAMHUYECKON KECTKOCTH.
Jnist KoopAMHATEL V;, JTUHAMHYECKOE CMEIICHUE ONpeNesieTcsl U3 BhIpaKeHHs Ui nepenarouHoil GpyHkuumu (15), a

JUTSL KOOpJIMHATBL y,, U3 Beipaxkenus (16). s onpeaeneHus: npuBeAEHHON JMHAMUYECKON KECTKOCTU UCTIOIB3YETCS
YaCTOTHOE XapakTepucTudeckoe ypasaenue (17):

[(ch —mab)p2 —koa,b, ]2

koa’a
ki (P)=k + o= 1 - . (21)
P! ( ) : (mb2 +ch)p2 +ky + kob (mb2 +ch)p2 +ky + kob
AHaNOrHYHO MOXKET OBITh HAWJCHO 3HAUCHHE MPUBEIEHHON JMHAMUYECKOH KECTKOCTU 0 KOOpIUHATE ),
2
2 2
k-b2b Je* —mab ) p” —kya b,
kan (P) = kZ + 3 : - |:( ) :| (22)

(ma2 +J(:2)p2 +ky +kyat (ma2 +ch)p2 +k, +kyat .
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Jlnst onpenenenus KOHKPETHBIX 3HAYEHHH Ky ( p) Ko ( p) HEeOOXOIMMO HAWTH 3HAYEHHWE 9aCTOTHI M, KOTOPAas

OTIpeNieNsIeTCs U3 YCIOBHS, 4TO V, / ¥, =1. B Oonee obmiem cirydae mpearnonaraercs, 9ro:
Loy, (23)
N
rze Y — KO3 QUIHMEHT CBSI3HOCTHU JBIXKEHUS DJIEMEHTOB 10 KOOpAUHATAM V, U y;. Takum 00pa3oM 3TOT Kod(PPHLIUEHT
(s ciydas Y = 1) MOKeT OBbITh 3alucaH B BUJE:
oc(kz +koby )[(ma2 +Je? )p2 +ky +koa? J + (kl +kya, )[(ch - mab)p2 - koalle

_22 : (24)
P (ke +koa )| (mb? + ) p ke +kob? |+ o (ks + koby )| (Je? —mab) p* ~ koaib, |

[TprHNMas KOHKPETHBIE 3HAYECHUS Y, MOJKHO HATH Y4acTOTHI KoJeOaHMIt IS IBM)KEHHST pPacCMaTPHBAEMOTo 00BbEKTa

B KOOpJIMHATaxX Y, ¥ ;. Hanpumep, nmpu y = 1 yactoTa NocTynaTeIbHBIX BEPTUKAIBHBIX KOJIeOaHUH TBEPIOTO TEIa OIpe-
ACIINTCA BBIPAXKKCHUCM!
7, o(ky+koby ) (ki +koat )= (ky +koay ) koaby + (ki +koa, ) koary -
N B (x(kz +k0b1)<ma2 +ch)+(k1 +k0a1)(Jc2 —mab)—
—(ky + koay ) (y + kb2 ) = (ks + keoby ) (g + koaf )+ o1 (ks +koby ) koaiby
~(ky + koay ) (mb? + Jc? ) = au(ky + koby ) (Jc? — mab)

(25)

Yacrora ® cuH(a3HBIX TApMOHHYECKUX BO3MYILEHUH z1(f), z2(f) U zo(f) obecrieunBaeT ABMKEHHE TBEPIIOTO Tejla NpU

¢ =0, 10 ecTh ¥, =y, = yp. llpu npyrux 3HaueHusx y (y # 1) onpenenstorcs y;, U y,, a HAa X OCHOBE U3 TeOMETpHYe-
CKUX COOOpaKeHWil oIpelessieTcsi 3HaueHue Y. s TBEpIoro Tena mpu M3BECTHBIX V, U, JIETKO MOXET OBITh

HaMICHO T0JI0KEHHUE [ICHTPa BpalieHus (win konedbanuii) [12].

JuaamMudeckne peakiun cBsi3ed R, Rp 1 Rp; MOTyT OBITH B TIEpBOM MPHOIIMKSHUN HAWICHEI 110 (popMyam:
Ry =kyi, Rp =kyyy, Rpy =koyp.
B o0mem criyyae tuHaMH4YeCcKre peaklnK ONPEAEISIFOTCS ¢ HCIONb30BaHNEM AMHAMUYECKUX CMEIeHUH ¥y, V), Vp,

omnpenenieMblx BelpakeHUsIMH (15), (16). Uro kacaeTcs AMHAMHUYECKOTO CMEIEHHs B TOUKe D, TO UCIONb3yeTCs BbIpa-

KEeHue yp =a,y, +b;y,, mapaMeTpbl KOTOPOTO ONPEAEISIIOTCS BHIICIPUBEAEHHBIMU 3HaYeHUSAMH. B BbIpaxe-

Hus (15), (16) MoryT OBITH BBeIEHBI JAHHBIC O CBA3HOCTH CHIIOBBIX (PaKTOpOB Bo3neiicTBus (Tapametp o). s momyde-
HUSI KOHKPETHBIX JTJAHHBIX O 3HAYEHUSIX TMHAMHUUYECKUX PEaKLUi BBOASATCS NapaMeTphl YaCTOTHI, IPU KOTOPOH peannzy-

€TCsl COOTHOILICHNE aMIUTUTY ]l KOJIe0aHui ¥, U y; uepe3 KOAQPUIMEHT CBA3HOCTH aMIUIUTYA KoJieOaHuH .

ITonHas peakuus cBsi3eil B Toukax 4, B u D onpenensercs CyMMOI IBYX KOMIIOHEHT: CTATHYECKOM U TUHAMUYECKOI.
Cratnyeckast KOMIIOHEHTa MOXET OBbITh HalZieHa W3 BBIPKCHUS JJISI MEPEAATOYHBIX (QYHKINH THHAMHUYECKUX PEaKIni
npu p = 0 ¥ 3aaHUU TapaMeTPOB CTATHUYECKOM Harpy3ku (Bec BaroHa M IepeBO3MMOTO0 Irpy3a). [Ipin MHTEHCUBHOM pa3-

BHUTHH KOJE€OATEIBHBIX MPOIECCOB, KOTJa BO3pACTAIOT KOJIeOaH!s 10 KOOpAUHATAM V), V,, Vp, HOJTHAS PEAKIUsI MOXKET

U3MEHAThCA B 3HAUMTENBHBIX MpeesiaX U OTIMYaThCs OT CTAaTUYECKOM peakuuu cBs3eil. [Ipu Hamuunu TuHaMHU4ecKoit
KOMITOHEHTBHI TIOJTHAs PEAKLMsl MOXKET IIPHHUMATH Pa3NuHbIe 3HAUCHHS, B YACTHOCTH, HyJIEBbIE HJIM OTPUIIATEIIBHBIC.

CdopmupoBaHHas B paMKax IpeIUIOKEHHOI0 METoJja MaTeMaTuieckas MoJiesib, 0003HaueHHas BbIpaxkeHuem (25),
TIO3BOJISIET OIICHUBATH AMHAMUYECKOE COCTOSHHE JKEIE€3HOOPOKHBIX TPAHCIIOPTHBIX CPEACTB IIPU BBEACHUN JOTIOIHH-
TENBHBIX CBSI3eH B X CTPYKTYpPY I (POPMUPOBAHUS KOMILIEKCA PEKOMEH AN [0 MOIYYSHHIO YCTOHUMBBIX PEXKUMOB
UX 3KcIuTyaTanud. V3yueHne ocoOOEHHOCTEH CHCTEMBI IPH MTOMOIIH ITOIX0/I0B, XapaKTEePHBIX U CTPYKTypHOTO MaTe-
MaTHUYECKOTO MOJEINPOBaHUS, TIO3BOJIAET IETATM3UPOBAHO PACCMOTPETH CBA3H MEXIY dJIeMeHTaMU. [[puMEeHNUTEeNbHO K
paccMaTpuBacMOMY TEXHHYECKOMY OOBEKTY 3TO 1AaET BOBMOXKHOCTh KOPPEKTHPOBKH INHAMUYECKOTO COCTOSTHUS TEXHH-
YeCcKOoro oObeKTa Ha OCHOBE BapbHPOBAHMS [TApAaMETPOB COBOKYITHOCTH JIOTIOJIHUTEIBHO BBEAEHHBIX SJIEMEHTOB M I103-
BOJISICT YMEHBIINTh HAarpy3Ky Ha OCHOBHBIE YACTH MOJBECKH, a TAK)KE YCTAHOBUTH HAJMYHE B CHCTEME COOCTBEHHBIX
YacTOT M YacTOT AMHAMUYECKOT'O rallieHus KoJieOaHHuH.
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B nanpHelimeM IIaHupyeTcs NPOBEAEHHE HCCIIEAOBAHMM MPHU BBEICHHUU B CTPYKTYpPY TPAHCHOPTHOTO CPEICTBa
nemiiepoB U yCTpOiCcTB mpeoOpa30BaHus IBMKEHUS JJIS OLEHKH BO3MOXKHOCTEH CTPYKTYpHOT'O MaTeMaTHYECKOTO MO-
nenupoBanus. Taxke MHTEpECHBIM HAIIPaBICHUEM SIBJISIETCS OLIEHKA BO3MOKHOCTEW U3MEHEHMS AMHAMHUYECKUX PEAKLIUI
B 3aBUCHUMOCTHY OT BHEIIHErO BO3JEHCTBUSA, YTO IO3BOJMT OLCHUTH YCUIMUS, IIPUIaraéMple K pa3iIudHbIM 3JEMEHTAMU
TOABECKU TPAHCIIOPTHOTO CPENCTBA.
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Abstract

Introduction. Slender structures of subsea energy production systems are under constant influence of currents and waves.
Hydrodynamic loads result from the interaction of subsea pipelines, umbilicals, equipment supports with fluid flows, and
lead to the vortex formation in the area behind the structures. Vortex-induced forces are the sources of the cyclic loading.
They accelerate gradually the fatigue damage, which may result in a failure. One of the ways to reduce the loads on subsea
structures is to alter the shape of a cross-section, taking into account the flow regime. Dependence of the resulting
hydrodynamic loads on the cross-sectional shape and relative position of structures has not been studied in details for the
uniform flow in the critical mode. The current work is aimed at filling this gap. The research objective is to consider the
impact of the distance between the structures, and also, the presence of a D-shaped structure, placed upstream relative to
the group of three cylinders of different cross-sectional shapes.

Materials and Methods. The computational fluid dynamics approach was used in this work for numerical simulations of
vortex-induced forces in the ANSYS Fluent software for cylinder with D = 0.3 m. Modelling was conducted with the
Detached Eddy Simulation (DES) method, which combined advantages of the Reynolds-averaged Navier-Stokes equation
(RANS) method and the Large Eddy Simulation (LES) method. The object of the research was the system of four
structures in the 2D computational domain, which included the upstream D-shaped cylinder and the main group of three
cylinders with the circular, squared and diamond shapes of the cross-section. The transient process was considered, where
structures were under the influence of the uniform flow in the critical regime at Re = 2.5x10°.

Results. Five sets of data were obtained in simulations for the time-dependent coefficients of the lift and drag forces: for
the main system — of the D-shaped, circular, square and diamond structures, and also for the four systems — of only
D-shaped, only circular, only square and only diamond shaped structures. Additional analysis was conducted for the effect
of the distance between the structures on the amplitude of fluctuating hydrodynamic force coefficients. The obtained
results are presented as time histories of coefficients of the lift and drag forces, frequency analysis and contours of
velocity, pressure and vorticity fields. The results indicate a positive effect of the upstream D-shaped structure on reducing
the drag force, acting on the central structure in the group of three cylinders located downstream.

Discussion and Conclusion. The results of the performed studies facilitate the informed decisions regarding the
arrangement of subsea structures in a group of four objects, depending on the cross-sectional shape and the distance
between the structures. The upstream D-shaped structure provides reducing the hydrodynamic drag force acting on the
central structure in the downstream group of three structures, thereby slowing the fatigue accumulation and increasing
the time of safe operation.

Keywords: vortex-induced forces, drag coefficient, lift coefficient, uniform flow
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OpueunaﬂbHoe meopemu4eckoe ucciedosanue

AHaJIM3 BO3MOKHOCTH CHUKEHHSI JIOOOBOT0 CONMPOTHUBJICHHS 32 CYET PACIIOI0KEHUSA
U NONepevYHbIX ceYeHN i MOABOAHBIX KOHCTPYKIHI B NOTOKEe KPUTHYECKOI0 peskuMa

I'.®. Annane'™', B.A. Kypymmna =/ D<
P4 v.kurushina@outlook.com

AHHOTANNSA

Bgeoenue. JInuHHBIE U Y3KHE B IONEPEUHUKE KOHCTPYKIUH MOPCKHX 3HEProf00BIBAOIINX CHCTEM HaXOATCS MOJ 110-
CTOSIHHBIM BO3JICHCTBHEM TEUEHUH M BONH. [ MApOoIMHAMUYECKUE HArpy3KU SIBIAIOTCS PE3yJIbTaTOM B3aUMOAEHCTBUS
MTOJIBOTHBIX TPyOOIIPOBOIOB, IJIAHTOKa0EIeH, ormop 000pyIOBaHHUS C MMOTOKOM JKUAKOCTH M IPUBOIAT K 0Opa30BaHUIO
BHXpEH B 30HE 32 KOHCTPYKIMAMH. BuxpeoOpa3oBaTeIbHbBIE CHUIIBI CIIYXKAT NCTOYHHKOM IIHKIMYECKOTO HArpy>KeHUS 1
MIOCTETIEHHO YCKOPSAIOT YCTaJIOCTHOE Pa3pyllIeHHE, YTO MOXKET NMPHUBECTH K aBapusiM. OIHUM U3 CIOCOOOB CHIDKEHHMS
Harpy30K Ha I0/IBO/IHbIC KOHCTPYKIMH SIBIISETCS N3MEHEHHE ()OPMBI HX TTOTIEPEYHOTO CEUCHHUS C YIETOM PEXHUMa ITOTOKA.
HenocrarouHo n3ydeHo, kakuM 00pa3oM UTOTOBbIE THAPOANHAMUYECKHIE HATPY3KH 3aBHUCST OT (DOPMBI ONIEPEYHOTO Ce-
YEeHUS ¥ B3aUMHOI'O PACIIOJIOKEHHsI HA3BAHHBIX BBIIIE DJIEMEHTOB CHCTEM, HAXOSIIUXCSI B PABHOMEPHOM KPUTHYECKOM
noroke. IIpencrasiennas Hay4Has paboTa IpU3BaHa BOCHOIHUTE 3TOT npoben. Llens uccnenoBanust — paccMOTPETh B
JTAHHOM KOHTEKCTE 3HAUY€HHE PACCTOSHHS MEXAY KOHCTPYKIMSAMH, a TaKke HaJIW4IHe MONyKpyrioi D-oOpa3Hoil kKoH-
CTPYKILUH, Pa3MEILEHHOMN NIepe] TPYNIOoN U3 TPEX NUIMHAPOB C Pa3HBIMU MTONIEPEUHBIMUA CEYEHUAMM.

Mamepuanst u memoowt. 171 YUCISHHOTO MOJEITMPOBAHHS BUXPEOOPA30BaTEIbHBIX CHJI UCIIOJIB30BAJICS METO BBIYHC-
TUTensHON nuHaMuKH (ionmoB B mporpamMe ANSY'S Fluent mms munmuaapos quamerpom D = 0,3 M. MonennpoBaHue
BBITIOJTHEHO METOJIOM HempucoeanHEHHBIX BuXxped DES, KoTopslil coueTaeT B cebe MpenMyIIecTBa METOAA YCPETHEH-
Horo 1o Perinonsacy ypaBHenns HaBre-Ctokca RANS u metoma kpynusix Buxpeit LES. B xauecTBe 00bekTa nccieno-
BaHMS pacCMaTpUBAJach CHCTEMa, COCTOAIIAS M3 YETHIPEX KOHCTPYKIMH B BBIYMCIUTENHEHOM ja0MeHe B 2D, Briodas
CTOSIIIUM BBIIIE M0 TEYEHHUIO NOMYKPYIJIbIM IMIMHAP U OCHOBHYIO IPYIITY U3 TPEX LMIMHIPOB KPYIJIOH, KBagpaTHOU 1
POMOOBHIHOI (POPMBI IIONIEPEYHOTO CEUEHHS. DT KOHCTPYKIIMHU B YCIOBHSIX HEYCTAaHOBUBILIETOCS TIpOIiecca HaXOIITCs
O] ICHCTBUEM PABHOMEPHOTO MOTOKA KPUTUYECKOTO peskuma npu Re = 2,5%103,

Pesynomamol uccnedosanus. B pesynbraTte MoJeITMPOBaHUS TOTYUYESHBI 1T HAOOPOB JaHHBIX /ISl U3MEHSIOIINXCS BO
BpeMeHH K03((HIIMEHTOB BUXPeoOPa30BaTeNbHBIX IOXBEMHON CHIIBI U CHIIBI CONPOTHBIICHHUS: Il OCHOBHOW CHCTEMBI
U3 TOTYKPYTIIOH, KPyTJIoH, KBaApaTHON 1 pOMOOBUIHON KOHCTPYKIIUH, a TAaKXKe IS YEeTHIPEX CHCTEM M3 TOJIBKO IOIY-
KPYTJIBIX, TOJTBKO KPYTIIBIX, TOJIBKO KBaZPATHBIX M TOJIBKO POMOOBHUIHBIX KOHCTPYKIMH. JlOMMOTHUTENIBHO POBEAEH aHa-
JIU3 BIMSHAS PACCTOSHAS MEXAY KOHCTPYKIMSIMH Ha aMIUTUTYAy KojeOaHni k03((GUINEHTOB THAPOANHAMHUYECKHIX CHIL.
[Tomy4eHHbIE pe3ynbTaThl MPEACTABIEHBI B BUAE KO3(G(GHUINEHTOB NOABEMHON CHIIBI U CHIIBI CONPOTHUBICHUS B AWHA-
MHKE, aHaJHM3a 9acTOT U KOHTYpPOB MOJIEH CKOPOCTH, AABJICHHS, 3aBUXPEHHOCTH. Pe3ysIbTaThl MO3BOJISIIOT YCTAaHOBUTH
TIOJIOKUTEIHLHOE BIMSHHUE CTOSIIIEH BBILIE 10 TEYEHHUIO MOIYKPYTJIOH KOHCTPYKIUH Ha CHIDKEHNE CHIIBI CONPOTUBIICHHS
Ha LEHTPAJIbHYIO0 KOHCTPYKLHIO B TPYIIIE U3 TPEX LUIMHAPOB HIXKE 110 TEUEHHIO.

Oobcyrcoenue u 3axnouenue. Pe3yapTaThl MPOBEASHHBIX HCCIICOBAHUH TO3BOJIIOT IPUHUMATh OOOCHOBAHHEIC pPellie-
HUSL U PACCTaHOBKHM MOPCKHX KOHCTPYKIMH B TPYIIIE U3 YETHIPEX OOBEKTOB B 3aBUCUMOCTH OT ()OPMBI ITOTIEPEYHOTO
CCUCHUA U PACCTOAHUA MEXKIY HUMMH. YcraHoBka HOHpryFHOﬁ KOHCTPYKIIMH BBIIIEC MO TCUCHHIO IMO3BOJISACT CHHU3UTDH
TUAPOJUHAMUYECKYIO CHUILY COIPOTUBIIEHUS HA LICHTPAIbHYI0 KOHCTPYKIUIO B IPYIIE U3 TPEX KOHCTPYKLUI HUXKE 110
TEUEHHUIO, YTO 3aMEIIET €€ yCTAIOCTHOE Pa3pyIIEHHE U YBEIUIUBAET CPOK IKCIIITYaTaLHH.

KiroueBble c10Ba: BIXpeoOpa3oBaTesIbHbIC CHIIBI, KO3 (UIIEHT J000BOT0 COMPOTUBIICHUS, KOA(PPHUIUEHT HOIBEMHON
CHJIBI, PABHOMEPHBIH ITOTOK

BaarogapHocTu. ABTOPBI BBIPAXAIOT IPU3HATEIBLHOCTh JOKTOPY A. IIoCTHHKOBY 3a 00Cy>K/IeHHE IO MOJECIHPOBAHHIO
MIOTOKA BOKPYT LIMJIMHAPA. ABTOPHI TaKkKe O1arofapAT pelakMOHHYIO KOJUIETHIO )KypHaIa M aHOHUMHBIX PELICH3EHTOB
32 KOHCTPYKTUBHBIE 3aMEUaHHs], MO3BOJIMBIINE YIIyUYIIUTh CTAThIO.
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Introduction. Operation and construction of modern offshore systems, specializing on the energy production,
extraction of resources or carbon capture and storage, require evaluation of the impact of environmental flows on
equipment and structures. An increased fatigue failure in subsea structures, such as pipelines, risers, cables, piles,
equipment supports, may come from the vortex shedding phenomenon. The problem is particularly important when
slender structures are designed to reach deep waters to connect subsystems together. The layout of subsea systems comes
with the arrangement of structures with different geometry, hydrodynamic properties, and their position in proximity to
each other. The interference of wakes from these structures and vortex formation patterns is sometimes challenging to
predict at very high Reynolds numbers due to the turbulent nature of the flow.

Differences in the flow over a standalone cylinder and two cylinders in tandem are discussed in [1], and three vortex
shedding regimes are identified for tandem structures. These vortex formation modes include the extended-body regime
at 1.0 < L/D < 1.8, where L/D is spacing ratio, commonly used to quantify the distance between centres of neighbour
structures. So that, L corresponds to the distance, and D is the diameter of the structure. In [1], increase of the spacing
ratio to 1.8 < L/D < 3.8 leads to the reattachment regime, where shear layers detach from the upstream structure and
reattach to the front side of the downstream structure, so that vortices are formed behind this downstream object. Further
growth of the spacing ratio, above L/D > 3.8, introduces the co-shedding regime, where a separate vortex is formed from
the upstream structure and from the downstream structure. Another fundamental research investigated vortex dynamics
in details through experimental research [2]. One of the following fundamental studies [3] experimentally investigated
the vortex shedding frequencies of two staggered identical circular cylinders with the Reynolds number Re varying from
3.2x10% to 7.4x10%, and two fixed side-by-side cylinders at the Reynolds number of 2.5x10* were earlier considered in [4].
These investigations provide an important foundation for modern studies in terms of the known effects in fluid forcing
and vortex shedding patterns.

Significantly more recent investigations are performed numerically [5] to study the effect of spacing on loads and
vibrations for two tandem cylinders at subcritical Reynolds numbers, and for specific cases, like a group of mixed large
and smaller structures [6]. The latter work [6] numerically investigates fluid force coefficients and observes the vortex
formation pattern on three identical rigid circular cylinders in proximity to a square cylinder. A parametric study is
conducted in [7] for three identical stationary circular and D-shaped cylinders placed close to a square cylinder at
Reynolds number 3900 in both linearly and parabolic sheared flows.

Considering the impact of cross-sectional shapes further, a numerical study is conducted by [8] for a flow over six
identical stationary cylinders having different cross-sectional shapes at Reynolds number of 2.5x10° in the uniform and
linearly sheared flow. Rectangular cylinders are investigated in details in [9, 10, 11], where one of the most impactful
factors for hydrodynamic loads is the aspect ratio of rectangle sides. The works [9, 10] provide new experimental data
and attempt to develop semi-empirical methods of predicting the response of structures. Further steps in improving the
modelling approaches for the structural vibration of rectangle-shaped objects under the hydrodynamic excitation are
performed in [11]. Another branch of studies considers a flow over a sphere [12, 13, 14], while still leaving issues of the
impact of the cross-sectional shape of subsea structures open.

Further research on diverse cross-sectional shapes is performed in [15, 16, 17], where triangular and diamond cross-
sections are studied in comparison. Research [15] is focused on the sensitivity to the corner sharpness for the diamond
(rhomb) cross-section. Work [16] investigates effects from diverse cross-sections for the system with a rotational degree
of freedom, when subjected to flow-induced vibration, and study [17] uses cross-sectional shapes for the energy
harvesting with fluid-structure interaction.

Following published results, the current work aims to investigate the drag reduction when three structures of different
cross-sectional shapes are located around a circular cylinder to observe the wake interference and the vortex formation
pattern between these structures for the spacing ratio L/D varying from 1.67 to 2.83 in the uniform flow at the Reynolds
number of 2.5%10° with the computational fluid dynamics approach. Specifically, the drag reducing ability of the upstream
structure is of the research interest. The considered layout is a combination of cylinders placed in tandem, side-by-side
and staggered position, with a mixture of cross-sectional shapes.

Materials and Methods. A system of four cylinders with a diameter (characteristic size) of 0.3 m with different cross-
sectional types is considered in this study. The selected cross-sectional shapes and positions of structures are shown in
Figure 1. Fluid forces and the flow interference are studied for the spacing ratio of L/D varying from 1.67 to 2.83 in the
uniform current at the Reynolds number of 2.5x10° and the corresponding velocity of 0.837 m/s. The study focuses on
the specific layout, where structures are positioned relative to each other in a mixed tandem (cylinders 1 and 3), side-by-
side (cylinders 2 and 3, and cylinders 3 and 4) and staggered (cylinders 1 and 2, and cylinders 1 and 4) configuration.
Cross-sectional shapes considered include half-circle, square, circle, and diamond.
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Periodic

27D

Shadow

47D

Fig. 1. Considered structures in the computational fluid domain

Computational fluid dynamic simulations are performed in the domain with a size of 47D x 27D. The top and bottom
boundaries are located at a distance of 13.5D away from the center of the circular cylinder, periodic and shadow properties
are assigned to these boundaries. The left boundary serves as a velocity-inlet, which is located at the distance of 20D from
the centre of the circular structure 3 in the domain. The value of gauge pressure is set to zero at the pressure-outlet set at
the right boundary. No-slip conditions are applied to the cylinders.

The flow around cylinders is simulated using the computational fluid dynamics software ANSYS Fluent, where the
finite volume method is implemented to solve the Navier-Stokes system. The incompressible flow is considered, and the
2D DES transient simulations are conducted with the k&—® SST turbulence model. Time integration is performed using
the second-order implicit transient formulation with a time step of 0.01 s, and the PISO algorithm is used as the solver.

The DES approach connects capabilities of the Reynolds-Averaged Navier-Stokes (RANS) and Large Eddy
Simulation (LES) methods [8]. The RANS governing equations for the incompressible flow are as follows:

o(pu,)
) (M
olpw) o ——\ o,y )
p +a—)6i(pu,.uj+puiuj)—aXi o, (2)

where p is mean pressure, u; is average Cartesian components of the velocity vector, pu;u; are Reynolds stresses, p is

density of the fluid and ; is mean viscous stress vector components, which could be expressed as:
—  (ou, ou;
oty :p(a—-i-—j}, (3)

where p is dynamic viscosity.
The Large Eddy Simulation (LES) system of equations for the incompressible flow can be written in the following way:

ou;
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where Z and p represent the resolved filtered velocity and pressure, respectively.
The diffusion term of the DES model is given by
Y, =pB koF s, (6)
where B* is a constant, & stands for fluctuation of the turbulent kinetic energy,  is specific energy dissipation rate, and
Fpgs is as follows:

Fpes =max(L,lj, @)

des = max
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where Cg; is a constant, A, is local maximum grid map A = (A1, A, A3)'?. Further, L, is turbulent length scale:

JK

L =——". 8
s ®
The DES-SST model uses the following zonal formulation:
L
Fpgs :max[—t(l_FSST),le )
des = max

where Fssr= 0, F1, F», and F, F, are mixed functions of the SST model.

Table 1 below provides results of the mesh independence test for the uniform flow of Re = 2.5x10°. The mesh settings
are adopted from [7], and the accuracy of the grid is demonstrated by comparisons in Table 1. All subsequent analysis in
this paper is performed with Mesh 2, and the results include signals and frequencies of the fluid force coefficients and an
indication of the vortex shedding pattern. The drag force fluctuations are presented in this work in terms of the drag force
coefficient Cp which comprises the mean drag coefficient Cpo and the fluctuating drag coefficient Cp/, as follows:

Cp=Cp+C}. (10)
The lift force fluctuations are presented using the lift coefficient C;.
Table 1
Mesh independence test results
Cases Cno Number of cells Strouhal number

Re =2.5x10°

Current study
Mesh 1 0.98 63,345 0.24
Mesh 2 1.08 86,478 0.24
Mesh 3 1.08 131,041 0.24

Published data
Lehmkuhl, et al. (2014) (LES) [18] 0.833 - 0.238
Achenbach&Heinecke (1981) (Experiment) [19] 1.135 - 0.230

Re =3,900
Current study, Mesh 2 0.93 86,478 0.18
Wornom, et al. (2011) (VMS-LES) [20] 0.99 -
Re =3.6x10°
Current study, Mesh 2 0.4100 86,478 —
Porteous, et al. (2015) (URANS) [21] 0.4206 -
Nazvanova, et al. (2022) (URANS) [22] 0.4657 74,496 -

Results. In this study, simulations are performed in two series. The first series is focused on recognising the overall
effect of various cross-sectional shapes, placed at L/D = 2.00 from each other. Cylinder numbers here correspond to the
ones used in Figure 1, according to the cylinders position. The calculation results for this set are reported in Table 2, in
comparison to the case of structures with mixed cross-sections. The second series provides an insight into the impact of
L/D ratio on hydrodynamic loads observed for the mixed cross-section case only, as in Figure 1. These results are
summarised in Table 3 and allow defining the drag reducing effect of the D-shape upstream structure on loads when
cross-sections are different.
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Simulation results for the same arrangement with different cross-sectional shapes for L/D = 2.00

Table 2

1D=2.0 Basic;;?}ieaﬁizzztures All circular | All square All D-shaped All diamond-shaped
cross-sections in Fig. 1 structures structures structures structures
Cylinder 1
Cpo 0.45 0.28 0.49 0.48 0.46
Cg 0.19 0.14 0.43 0.28 0.17
Ce 0.18 0.04 0.07 0.13 0.28
Cylinder 2
Cpo 0.87 0.39 0.89 0.64 0.70
cf 1.03 0.38 1.38 0.49 0.60
Ce 1.38 0.53 0.07 0.11 0.07
Cylinder 3
Cpo 0.3 0.24 0.26 0.35 0.70
Cg 0.45 0.37 0.91 0.68 0.63
Ce 1.03 0.73 1.26 0.30 0.73
Cylinder 4
Cpo 0.98 0.39 0.83 0.61 0.99
cf 0.90 0.27 0.96 0.44 1.05
Ce 1.22 0.81 1.63 0.37 1.11
Table 3
Simulation results for the mixed cross-sections at various L/D ratio
Cylinder 1 Cylinder 2 Cylinder 3 Cylinder 4
L/D
Coo | Cf C Coo | Cf C Coo | CP C Coo | Cf G
1.67 0.14 | 0.18 0.15 0.98 1.17 1.44 | 048 0.57 0.66 0.93 0.75 1.13
1.83 0.33 0.21 0.18 0.93 1.54 1.40 0.33 0.50 0.86 1.01 1.36 1.15
2.00 0.45 0.19 0.18 0.87 1.03 1.38 0.30 0.45 1.03 0.98 0.90 1.22
2.17 0.49 0.05 0.19 0.81 0.14 1.11 0.25 0.06 0.83 0.96 0.38 1.10
2.33 0.37 0.12 0.00 0.78 0.34 1.03 0.25 0.06 0.28 1.00 0.07 0.79
2.50 0.57 0.16 0.20 0.76 0.89 1.18 0.26 0.47 0.77 1.01 0.64 1.06
2.67 0.57 0.02 0.27 0.78 0.16 1.37 0.28 0.08 0.82 1.02 0.03 0.96
2.83 0.58 0.21 0.21 0.84 0.91 1.70 | 0.20 0.52 1.16 0.93 0.68 1.03

Comparison of all circular, all square, mixed (as in Fig. 1), all diamond and all D-shapes with each other in Table 2
reveals relatively lower hydrodynamic loads for all four structures observed for the circular shapes at the L/D = 2.00. The
largest mean drag coefficient here is experienced by the fourth structure in both mixed-shaped and all diamond-shaped
arrangement. The highest maximum fluctuating drag coefficient of 1.38 is observed for cylinder 2 in the all square-shaped
arrangement. The largest maximum amplitude of the lift coefficient of 1.63 also belongs to the all square-shaped
arrangement, but corresponds to cylinder 4. Mixed-shaped arrangement (or basic case of structures with alternate cross-
sections, as in Fig. 1) at L/D = 2.00 demonstrates a relative consistency in large amplitudes of the lift coefficient for
cylinders 2, 3, 4, which makes estimations of hydrodynamic loads for this arrangement more important, due to higher
expected loads.
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Fig. 2. Time histories of fluctuating drag coefficients for four cylinders of a different cross-sectional shape with L/D = 2.0:
a — cylinder 1; b — cylinder 2; ¢ — cylinder 3; d — cylinder 4
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Fig. 3. Time histories of lift coefficients for four cylinders of a different cross-sectional shape with L/D = 2.0:
a — cylinder 1; b — cylinder 2; ¢ — cylinder 3; d — cylinder 4

Further observation of signals of the fluctuating drag and lift coefficient in Figures 2 and 3 reveals meaningful instabilities
in forces experienced by all structures with square shapes, and for structures 2, 3, 4 with diamond and mixed shapes. The
comparison shows that circular and D-shaped structures would experience lower and more stable fluid loads in this arrangement.
Table 2 and Figures 2 and 3 confirm that cylinder 1 in the shape of a circle or D-shape provides reducing fluid loads for the
three downstream cylinders. This substantiates the common interest in further exploration of the effect of the D-shaped structure
on reducing the drag force in the arrangement with all alternative cross-sectional shapes.
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This effect is studied in details in the next (second) simulation series, presented for each cylinder in Figures 4-7 in
terms of the fluid forces and in Figures 8, 9 — in terms of the fluid flow characteristics for the considered computational
domain. Figure 4 illustrates fluid loads on the upstream structure, where the most unstable signal (at L/D = 2.17) belongs
to fluctuations of the drag force. Figure 4 ¢ also indicates presence of multiple frequencies in signals of the fluctuating
drag coefficient, while a single dominating frequency can be identified for the lift force coefficient in Figure 4 d.
Figures 4 ¢ and 4 d demonstrate that the frequency of both lift and drag forces generally increases with the growing L/D
ratio, and the maximum frequency is indicated by signals at L/D =2.67 and 2.83.
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Fig. 4. Time histories of fluid force coefficients for cylinder 1 in the uniform flow:
a — fluctuating drag coefficient; b — lift coefficient; ¢ — fluctuating drag coefficient FFT; d — lift coefficient FFT

Relatively similar complexity of frequencies of the lift force is observed in Figure 6 d for cylinder 3, where one to
two dominant frequencies could be clearly identified. At the same time, more than two frequencies are observed in
Figure 6 c for each signal of the fluctuating drag force. The pattern of growth in the overall dominant frequency with the
increasing L/D is still recognisable for cylinder 3, similar to cylinder 1. Combination of frequencies is even more complex
for cylinders 2 and 4, as comes from Figures 5 ¢—d and 7 c—d, this is not possible to indicate clear dependences in the
frequencies of the fluctuating drag force. Some resemblance of the found growth trend could be still observed in Figure 5 d
for the lift force coefficient for cylinder 2. This provides evidence for the generally unstable nature of hydrodynamic
loads acting on the square cross-section shown in Figure 5.

Impact of the L/D ratio on the mean drag coefficient for cylinder 1, based on Table 3, is partially confirmed: apart
from a couple of deviations, the mean drag force increases with the growth of L/D. Data for cylinders 2 and 4 do not
indicate a specific pattern, as the values fluctuate back and forth within 10% from the initial mean drag coefficient at the
smallest L/D. Cylinder 3, on the contrary, indicates a stable pattern of the reduced mean drag coefficient with the increased
L/D, so that the reducing ability of the upstream D-shaped structure is evident, but for the central cylinder only. The
largest mean drag coefficient of 1.02 is linked to cylinder 4 at L/D = 2.67. The considered range of L/D allows observing
an important transition from the strong to minor interference in the wake of the three paired structures.

The highest fluctuating drag coefficients of 1.54 and 1.36 are linked to cylinders 2 and 4, respectively, both observed
at L/D = 1.83. The feature of the maximum amplitude of the fluctuating drag coefficient, indicated in Table 2, is in absence
of a specific dependence from the L/D, the values rapidly change from near zero to relatively high with a small increment
of change in the ratio. The fluctuating drag coefficient has generally the lowest amplitudes for cylinder 1, average
amplitudes — for cylinder 3, and the largest amplitudes — for cylinders 2 and 4.

The largest maximum amplitude of the lift coefficient occurs at L/D = 2.83 for cylinder 2. The lift coefficient
generally resembles the distribution, similar to the maximum amplitude found for the fluctuating drag coefficient: the lift
force appears to be the smallest for cylinder 1, relatively intermediate — for cylinder 3, and the highest — for cylinders
2 and 4, with no specific pattern linked to the L/D increase and reduction. This allows us to conclude that the ability to


https://vestnik-donstu.ru/

Advanced Engineering Research (Rostov-on-Don). 2024;24(2):135-147. eISSN 2687-1653

reduce hydrodynamic forces by placing the upstream D-shaped structure in front of the array is limited. The force
reduction is observed mainly for the structure placed in tandem downstream, and the effect is most pronounced for the
mean drag coefficient, with some reduced effects also seen for the fluctuating drag and lift coefficients.
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Fig. 8. Contours of the flow characteristics for L/D = 1.67 at 200 seconds:
a — velocity contour; b — vorticity contour; ¢ — pressure contour; d — streamline
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Fig. 9. Contours of the flow characteristics for L/D = 2.83 at 200 seconds:
a — velocity contour; b — vorticity contour; ¢ — pressure contour; d — streamline

Figures 8-9 show the velocity, vorticity, pressure and streamlines of the flow around cylinders for some selected L/D,
where both proximity and wake interference among the cylinders are presented for the time step of 200 s. The flow around
cylinders is complex, and vortex formation patterns are highly affected, as the distance between the cylinders increases.
The proximity interference is observed for cylinders 2, 3, and 4, alternate single vortices are shed on the downstream side
of these structures. For the wake interference at L/D = 1.67, free shear layers separate from the upstream cylinder 1 and
reattach themselves to the upstream side of cylinder 3, and a vortex street is only formed at the downstream side of
cylinder 3. At this distance, a broad region of wake is created at the downstream side of cylinders 2, 3, and 4. As the L/D
increases above 2.00, there are vortices formed at the upstream side of cylinder 3, in the wake of cylinder 1. A vortex
street is also formed at the downstream side of cylinder 3, with formation of 2S vortices. Figures 8 a, 9 ¢ demonstrate a
group of minor vortices formed following the diamond-shaped cylinder 4 and a vortex pair formed in a similar to S+P
vortex cycle past cylinder 2.

Discussion and Conclusion. The 2D numerical simulations are performed in this work for cylinders with different
cross-sectional shapes at the Reynolds number of 2.5%103 using the DES approach. The considered cylinders are studied
in a complex position of an upstream D-shaped structure in front of three paired structures, with the aim to investigate the
drag-reducing ability of this specific layout, observe the flow complexity, the wake interference from each structure, and
vortex formation patterns.

The following conclusions could be made from this study:

1. The ability to reduce hydrodynamic forces by placing the upstream D-shaped structure is mainly limited to the
structure placed in tandem downstream, and the effect is most pronounced for the mean drag coefficient.

2. Overall, the mean drag coefficient of cylinders is observed to be affected by varying L/D, with the main effect on the
mean drag coefficient of cylinder 1, which grows with increasing L/D, and of cylinder 3, which reduces with increasing L/D.

3. Competition of frequencies is observed for the fluctuating drag coefficient for all structures and lift coefficient
signal of cylinders 2 and 4. This competition is due to the joint effects of both the uniform current and wake interference,
which intensifies at a lower L/D in terms of changes to the resulting vortex street.

4. Both proximity and wake interference among the cylinders are observed. The flow around cylinders is complex,
and vortex formation patterns are highly affected as the distance between the cylinders increased with 2S being the major
vortex type formed and shedding the additional vortices from the square and diamond structures.
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The study generally contributes to the field of knowledge by advancing our understanding of fluid-structure
interactions, drag reduction strategies, and vortex dynamics, with potential applications in offshore energy systems. The
current work contributes to the development of the drag reduction strategies through analyzing the impact of the upstream
D-shaped structure on downstream cylinders. Understanding how different structural configurations affect drag can
inform the design of more efficient systems in various engineering applications, such as subsea transportation of fluids.
By observing flow complexity, wake interference, and vortex formation patterns, this study contributes to the
understanding of fluid dynamics around complex geometries. This knowledge is crucial for optimizing the performance
of structures in environments where fluid flow plays a significant role, such as subsea engineering. The results of the
present research highlight the effect of varying the aspect ratio L/D on drag coefficients to inform engineering designs of
similar arrangements. This study reveals the intricate vortex dynamics and shedding patterns, particularly concerning the
proximity and wake interference among cylinders. Understanding these phenomena can aid in predicting and controlling
flow behavior around complex configurations, leading to more efficient designs and better performance in practical
applications in offshore systems.
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AHHOTALMSA

Begeoenue. YcrpoiicTBa cOopa U HAKOIUICHUS SHEPIHU M3 BHEIIHEH Cpe/ibl MPEACTABISIIOT CO00i MaJIOMOIIIHBIC HCTOY-
HUKH 3JIEKTPUIECKON 3HEPTHH, KOTOPbIe aKTHBHO HCIIOJIB3YIOTCS, B TOM YHCIIE B aBTOHOMHBIX IPHOOpax MOHHTOPHHTA
TIOBPEKIEHHOTO COCTOSIHUSI PA3JIMYHBIX KOHCTPYKIHHA. PaO0ounM 37IeMEHTOM STHX YCTPOUCTB SIBIISIETCS THE30DJIEKTPHYE-
ckuit reaeparop (I13I') — mpeoOpazoBaTens MEXaHUIECKOW YHEPTUH B dMekTpudeckyto. Koncrpyuposanue 191 cBs-
3aHO C IIPEABAPUTEIBHBIM OCTPOSHUEM UX MaTEMAaTHUECKUX U KOMIBIOTEPHBIX MOJENEH, C IIOMOIIBIO KOTOPBIX MTPOH3-
BOJUTCS pacdeT M ONTHMHU3aNUs KOHCTpYKuuid. OmHUM u3 crioco0oB MojenupoBanus U pacdera [I01 sBisercs paspa-
00TKa MPUOJIM>KEHHBIX METOJIOB pacieTa Ha OCHOBE MPUKIIAIHBIX TEOPHUid. B muTepaType n3BecTHHI U paHee pa3paboTaHbl
TIPHUKIIQAHBIC TEOPHUU pacueTa U3THOHBIX KOJIeOaHNT MHOTOCIONHBIX The30aKTUBHBIX TuTacTHH. OtHaK0 HHPOpMAIUl 00
N3rHOHO-CABHUTOBBIX KOJE0aHUIX, KaK MHCTPYMEHTE HOBBIICHHS 3()()EKTHBHOCTH MHKEHEPHBIX PAacueTOB OIMCAHHBIX
KOHCTPYKIHH, B HAYYHOH JHUTEpaType HegoctaTouHo. Llenpro HacTosmei paboThl ABISIIaCh pa3padoTKa MPUKIATHOTO
METOo/1a pacyeTa U3rHOHBIX M CIIBUTOBBIX KOJIEOAHUH ITbe30KepaMUYECKUX IJIACTHH, B TOM YHCJIE HOPUCTHIX.
Mamepuanst u memoosl. B xauecTBe Mbe30aKTHBHOTO MaTepHalia IJIACTHHBI HCIIONB3yeTcs mhe3okepamuka PZT-4, B
TOM uHcie nopucras. [Ipu Mcroap30BaHUM NOPHUCTOI KEPAMHKH KECTKOCTh KOHCTPYKIIMKM YMEHBIIIAeTCsl B OOJIbILEH CcTe-
MIEHH, YeM IIHE30MOTYJIH, YTO ITO3BOJISET MOMY4IHTh Oonee 3ddexruBHbI [10I mpu MexanndeckoMm Bo3aeiicTBuu. Mate-
MaTH4ecKasl MOCTAHOBKA OCYIIECTBIIEHA B paMKax JMHEHHOW TEOPHH 3JIEKTPOYIPYTOCTH MPH TOJISIPU3AINHI TUTACTHHBI
TI0 TONIINHE. BOKOBBIE CTOPOHBI IITACTHHBI 3JIEKTPOANPOBAHBI, IPaBasi CTOPOHA 3aKPEIUICHA, a Ha JIEBOM 3ajiaH IITaKui
KOHTaKT B BEPTHKAJIBHOW CTEHKE. Y CTAHOBUBIINECS KOJICOAHHS IUTACTHHBI BBI3BIBAIOTCS IABICHUEM Ha JIMLIEBBIC IIOBEPX-
HOCTH IJIACTHHBI WJIU Pa3HOCTHIO DJIEKTPUUECKUX MOTEHIIMANIOB Ha 3NeKkTpojax. s pacueta xapaktepuctuk [131 B pa-
60Te mpenaaraeTcs MPUKIAIHAS TEOPHs, OCHOBAaHHAS HA TMIOTE3aX O PacTpeesICHUH XapaKTePUCTHK HaNPsKCHHO-/1e-
(OPMUPOBAHHOTO COCTOSHHS M DJIEKTPUUECKOTO TOJISL.

Pesynvmamut uccinedosanus. PaccMOTPEHBI TONIEPEUYHBIE KOJICOaHNs MTHE30KePaMHIECKON TUNTACTHHBI B HU3KOYACTOTHOM
oOacTu (HIKe IEPBOTr0O M3rHOHO-C/IBUTOBOTO pe30HaHca). B cuity Toro, yro Maremarnyeckas oCTaHOBKA PACCMOTPEHA
B paMKax JMHEWHON TEOPHH yNpyTocTH, 3a/lada pasJeiuiack Ha CyMMy JBYX. B repBoi y4nTHIBaIOCh MEXaHUIECKOE
BO3/ICHICTBHUE: Ha JIMLEBbIE TIOBEPXHOCTH IIACTHHBI ACHCTBYET paciipe/iejieHHas Harpy3Ka 1 IorepeyHas Cuia Ha JIEBOM
KOHIIE, a HOTEHIINAIbI Ha 3JIEKTPO/IaX PaBHBI HyM0. Bo BTOpoii 3agaue MexaHW4IeCcKne Harpy3Kn OTCYTCTBOBAIH, HO 3a-
JlaBajlach pa3HOCTh NMOTEHINANIOB Ha 3JeKkTpoaax. Ha ocHOBe rumores o pacrpeneneHun aedopMaiyii, MEXaHHIeCKIX
HATIPSDKCHUHN U DIIEKTPHYECKOT0 ITOTEHITHAaa 00¢e 3a1a4ul ObLTH CBEICHBI K CHICTEME OOBIKHOBEHHBIX TU((epeHIIHATHHBIX
YpaBHEHUH M rpaHUYHBIX ycioBHH. CpaBHEHHE C pe3yJibTaTaMU PAaCYeTOB METOJOM KOHEYHBIX JJIEMEHTOB B IaKeTe
ACELAN moka3anm afekBaTHOCTh MPEI0KEHHON TIPUKIIaJHOW TEOPUN B HU3KOYACTOTHOHW 00IaCcTH.
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Oobcysncoenue u 3aknouenue. [10CKoIbKY TIOCTAHOBKA 33/1a4H pacCMaTPUBATIACh B IMHEMHON TEOPHUU DIEKTPOYIPYTOCTH U
M3yYanach HU3KOYacTOTHas 00s1acTh, B paboTe yaaaoch 3a/iauy 00 M3rHOHBIX U CABUTOBBIX KOJICOAHUSIX IIACTUHBI U3 T10-
PHCTOH MTBe30KePaMUKH Pa3feIuTh Ha JBE: U3THOHYI0 — C MEXaHHYECKMM BO3IEHCTBHEM IPH HYJIEBBIX MOTEHIHATAX U
CIBUTOBYIO — IIPU 3aJlaHUX PA3HOCTU TOTEHIMAIOB U HYJIEBOM MEXaHHYECKOM BO3IEHUCTBUU. VICTIOMB30BaHBI COOTBET-
CTBYIOIIIHE TUIOTE3bI 00 M3rHbe W COBHUIE, IIOCTPOCHHI IBE CHCTEMBI OOBIKHOBEHHBIX AU (epeHINATBHBIX YPaBHEHUH U
TPAaHUYHBIX YCIOBHH, KOTOPBIE PEIIAIOTCS aHAMTUIECKH 0€3 UCTIONB30BAHMS «TSDKEIBIX) KOHEYHO-3JICMEHTHBIX MTAKETOB.
Jnst cpaBHEHUS pe3yJIbTaTOB | MOATBEPKICHHS aICKBATHOCTH TPEIOKCHHOTO METO/IA TIPOBEICHO KOHEYHO-3JICMEHTHOE
MOJICITMPOBAHIE TAKUX 33a4 B criernanu3uposanHoM nakere ACELAN. DTo cpaBHEHHE TIOKa3aJio, YTO OIIHOKA B OTIpEIe-
JICHAW CMEIICHUIA U IEKTPUIECKOT0 MOTESHINANA TIPH HCIIOIE30BAHMH 3TOTO MOJX0/a, B CIyYae 3aIaHus MEXaHIMICCKAX
HArpy30K ¥ pa3HOCTH IMOTEHIIMAJIOB, HE TpeBbIIacT 6 %. Pa3paboTaHHBIN B CTaThe METO/ MOXKET ObITh MPUMEHEH TIPH MPO-
EKTHPOBAHUH MThE303JICKTPHUCCKUX TEHEPATOPOB HAKOIUICHUS SHEPTUH B HU3KOYACTOTHON 00JIACTH.

KiioueBble cioBa: ycTpoiicTBO cOopa DHEPrHH, NbE303JIEKTPUYECKUH T'eHepaTop, MOpUCTas Kepamuka, H3rH0
IUIaCTUHBI, CABUT IIJIACTHUHBI, ITPUKJIIaAHAsA TCOPUL

Eﬂarouapnocnl. ABTOpr BbIpaXKaroT 6J'IaI‘0)Z[apHOCTB pe€aakuuu XypHajla W PCHCH3CHTaM 3a BHHUMATCIbHOC
OTHOIICHUEC K CTAaThE.
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Abstract

Introduction. Devices for collecting and storing energy from the external environment are low-power sources of electric
energy that are actively used. The autonomous devices for monitoring the damaged condition of various structures include
them as well. The working element of these devices is a piezoelectric generator (PEG) — a converter of mechanical
energy into electrical energy. The design of PEG is associated with the preliminary construction of their mathematical
and computer models, with the help of which the calculation and optimization of structures is carried out. One of the ways
to model and calculate PEG is to develop approximate calculation methods based on applied theories. The applied theories
for calculating bending vibrations of multilayer piezoactive plates are known and previously developed in the literature.
However, in the scientific literature there is not enough information about bending and shear vibrations as a tool for
improving the efficiency of engineering calculations of the described structures. The objective of this work was to develop
an applied method for calculating bending and shear vibrations of piezoceramic plates, including porous ones.
Materials and Methods. Piezoceramics PZT-4, including porous ones, were used as the piezoactive material of the plate.
When using porous ceramics, the rigidity of the structure decreased to a greater extent than the piezoelectric modules,
which made it possible to obtain a more effective PEG under mechanical action. The mathematical formulation was
carried out within the framework of the linear theory of electroelasticity with plate polarization in thickness. The sides of
the plate were electrodated, the right side was fixed, and a smooth contact in the vertical wall was set on the left side.
Steady-state vibrations of the plate were caused by pressure on the front surfaces of the plate or the difference in electrical
potentials at the electrodes. To calculate the characteristics of PEG, the authors proposed an applied theory based on
hypotheses about the distribution of characteristics of the stress-strain state and the electric field.

Results. Transverse vibrations of a piezoceramic plate in the low-frequency region (below the first bending-shear
resonance) were studied. Due to the fact that the mathematical formulation was considered within the framework of the
linear theory of elasticity, the problem was divided into the sum of two. The first one took into account the mechanical
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effect: a distributed load and a transverse force at the left end acted on the front surfaces of the plate, and the potentials
at the electrodes were zero. In the second task, there were no mechanical loads, but the potential difference was set at the
electrodes. Based on hypotheses about the distribution of deformations, mechanical stresses and electric potential, both
problems were reduced to a system of ordinary differential equations and boundary conditions. Comparison with the
results of calculations by the finite element method in the ACELAN package showed the adequacy of the proposed applied
theory in the low-frequency region.

Discussion and Conclusion. Since the formulation of the problem was considered in the linear theory of electroelasticity,
and the low-frequency region was studied, the work succeeded in dividing the problem of bending-shear vibrations of a
porous piezoceramic plate into two: bending — with mechanical action at zero potentials, and shear — when setting the
potential difference and zero mechanical action. The corresponding hypotheses about bending and shear were used. Two
systems of ordinary differential equations and boundary conditions, which were solved analytically without the use of
“heavy” finite element packages, were constructed. To compare the results and confirm the adequacy of the proposed
method, the finite element modeling of such tasks was carried out in a specialized ACELAN package. The comparison
showed that the error in determining displacements and electric potential when using this approach, in the case of setting
mechanical loads and potential differences, did not exceed 6%. The method developed in the paper can be applied in the
design of piezoelectric generators for energy storage in the low-frequency region.

Keywords: energy collection device, piezoelectric generator, porous ceramics, plate bending, plate shear, applied theory
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Bgeenenne. [1bez0anexrpudeckue reHepatopsl (I131) ucnons3yroTes iist npeodpa3oBaHusI MEXaHUUECKOW YHEPTUU B
ANIEKTPUUECKYIO C MOCIEAYIOMNM ee HakomieHueM. OxHa u3 obmacteii npumenenus [13I0 — co3maHne MalOMOITHBIX
ABTOHOMHBIX BO300HOBIISIEMBIX HMCTOYHHMKOB JJIEKTpHUUECKOW »dHepruu. Paboumm osmementom II0I  sBiseTcs
MMBE30KEPaMIYECKAN DIIEMEHT OIlpeAeneHHol ¢opMbl. PopmMa W THI JeQopMamiid ATOTO 3JIEMEHTa OIPEACIISIOT
MMEE30MOIYIb, KOTOPBIH XapaKTepu3yeT NMpeoOpa3oBaHUe MEXaHWIECKOW SHepruu AeopMaIliy B AIEKTpHUECKyro. Tak
MTEE30MOIYIIb /33 CBSI3aH C pacTsHKEHIEM-CKATHEM BIOJIb OCH TOJISIPH3AINH, 31 — C TaKOH e JedopManieii B mormepeaHoM
HalpaBJICHUH K 3TOM ocH, dis — cO cABHroM. lcrosb3oBaHHE MOPUCTON KepaMHUKH MO3BOJSET CO3JaBaTh Ooiee
s¢dextuBHBIe [10I°. DTO CBS3aHO C TEM, YTO MOAYJIHM YIPYTOCTH HOPUCTON KEPAaMHUKH C POCTOM IOPHCTOCTH yOBIBAaIOT
3HAYUTENHLHO CUIIbHEE, YeM Mbe30MOoayHu. Takum oOpa3oM HpH OJHOIM M TOW ke MEXaHMYEeCKOH Harpy3ke aMIUIMTYZAa
nedopManyy y moprcToi KepaMHUKy OyAeT O0JIbIIIe, CICIOBATEIBHO, BRIXOIHOU JICKTPHUUCCKHI TTOTCHITHAT TAKXKE OOJIBIIIC.

Pacuer TIOI' mMoxeT OBITH MPOU3BEACH METOJAOM KOHEYHBIX JJIEMEHTOB, peaian3oBaHHOM B maketax ANSYS,
ACELAN, COMSOL u apyrux. J{ns npe3031eMEHTOB, OJUH WJIH JBa pa3Mepa KOTOPBIX 3HAYUTEIHFHO MEHBIIE APYTHX
(IIaCTHHBI, CTEPXKHHU), MOTYT OBITh OCTPOEHBI MPHUKJIAHBIE TEOPUU pacyeTa Ha OCHOBE THIIOTE3 O PACIPE/ICIICHUN Me-
XaHWYECKOTO M AIEKTPHUECKOTO ToJieH. be3 mpuMeHeHNs «TSHKETBIX» KOHEYHO-JIEMEHTHBIX TIAKETOB IMPUKIIaTHBIE TEO-
PpHH TTO3BOJISIOT MOJIEIMPOBATh PA3INYHbBIE YCTPOHCTB HAa OCHOBE MTbE30aKTHBHBIX MaTepHaIoB. B kauecTBe TaKMx MaTe-
pHAIIOB pacCMaTPHUBAJIHCh MTBE30IEKTPHUCSCKIE, TFE30MAarHUTHBIE ¥ KOMIIO3UIIMOHHBIC MThe30MarHUTOAICKTPHIECKHE.
[MocTpoenue 3TUX TEOpHl OCHOBAHO Ha MPUHATHH THIIOTE3 O PACIPEICICHIN MEXaHMUESCKIX, AIEKTPHUCCKIX H MarHUT-
HBIX TIOJICH. DTH THIIOTE3HI CBA3aHBI C XapaKTEpOM KoJIeOaHWH YyIpyTUX U Mbe30aKTUBHBIX d1eMeHToB 101, Hanbonee
pacrpocTpaHeHHBIMHI KOHCTPYKIMSIMHU SIBIISIIOTCSI aKTHBHBIE U TTOJTyTIaCCUBHBIE OMMOP(BI Ha OCHOBE MHOTOCJIOWHBIX IlTa-
CTHH, TIOJIIPU30BaHHbIE IO TOJIIMHE C HJIEKTPOJaMHU Ha JINIEBBIX TOBEPXHOCTSIX, COBEPIIAIONINE MONIEPEYHbIE N3THOHBIE
kosieOanus. VccnenoBaHUIO YCTPOMCTB CO CABUIOBO# AedopMaliieli mbe303JEMEHTOB TOCBSIIEH psij paboT. DieKTpu-
YyecKasi MOJIENIb C MbE30IEKTPUUECKIMU OTPEEIISIOINMH YPABHEHUSIMH PeXuMa dis 1 MOJIEIb C OJIHON CTEIEHbIO CBO-
607151 00BEIMHEHBI IS OTIMCAHHS XapaKTEPUCTHK cOOpa SHEPTHH MTbe303JIeKTPUIECKOr0 KaHTHUIIEBEpa B CIBUTOBOM pe-
xkume B padote [1]. [Ipeamaraemast MOJENs HCIIOMB3YETCS T MOJCITUPOBAHUS YaCTOTHOH 3aBICHMOCTH BBIXOIHOTO TIH-
KOBOTO HAINPSDKEHUS W MOIIHOCTH. Pe3ynmpTaThl MOKa3BIBAIOT XOPOIIee COBMAICHUE C IKCIIEPUMEHTOM M KOHEUHO-3JIe-
MeHTHBIM pacueToM B ANSYS. B pabore [2] pa3paboTaH 1mbe303JIeKTpHUECKH IPpeoOpa3oBaTelb SJHEPTUH CBUI'OBOTO
PEeXUMa IS HCTIOIh30BaHMs SHEPTMY MOTOKA BOJIBI TOA NaBiieHneM. OH nmpeo0pasyeT SHEPrHIO TOTOKA B AJIEKTPHUECKYIO
SHEPTHIO ITyTEM ITbE303JIEKTPHUYECKOT0 PeoOpa3oBaHus ¢ KOleOaHHEM ITbe303JIeKTPUIecKol IieHku. Paspaborana Mo-
JIeNIb KOHEYHBIX 3JIEMEHTOB JAJISl OLIEHKHU T'€HEpUPYEMOro HANpPSKEHUS MbEe30NIEKTPUUECKON MIICHKH, KOTOpask XOpOLIOo


https://vestnik-donstu.ru/
https://rscf.ru/project/22-11-00302/
https://doi.org/10.23947/2687-1653-2024-24-2-148-158

Conoeves A.H. u op. 06 00HoM Memoode pacuema u3zUOHbIX U COBUZ0BBIX KONEOAHUIL NOPUCHIOZ0 NbE30INEMEHNA 6 HUSKOYACHOMHOU o0nacmu

Corjiacyercs € IMpPOBCIACHHBIM HATYPHBIM 3KCICPUMCEHTOM. OHHOMepHaH IOJIHOCTBIO CBA3aHHas1 MOACJIb KoJIeOaHus
0aJKM Ha OCHOBE TUNOTE3 TuUMa THUMOIIEHKO, KOTOpasi IPEelOCTaBIsIET EANHYIO OOIYI0 OCHOBY /ISl aHAJM3a SHEPTUH B
pexurMe cBura u n3ruba, npejcrasieHa B padore [3]. B pabote [4] u3ydaercst BIUsHUE HEOJAHOPOAHOCTH CBOMCTB ILIa-
CTUHBI PU CIBUTOBBIX M KPYTUIIBLHBIX KOJIEOAHUAX €€ IIEHTpabHOU YacTh. B skcniepuMenTanpHoi padoTe [S] Obu1 mpe-
CTaBIICH MHOTOCITIOWHO-IIMIINHAPHYECKUH ITbe303IIeKTprdeckuil caABUroBbIii akTyaTop (MCPSA), paboTatomtuii B pexxume
casura dis, JUI IPENU3NOHHOTO cpabaThIBaHU IPU OOIBIION MEXaHUIECKOH Harpy3ke. AKTyaTop ObUT H3TOTOBIICH U3
ITBE30IEKTPIUUECKHUX KepaMuueckux koier Pb(Zr,Ti)Os; (PZT-51), koTopble ObUIN KOHIIEHTPUYECKH COOpaHbI BMECTE B
IIEKTPUYECKH NapauIeIbHOM COEMHEHNH C TIOTIEPEMEHHO TIOJIOKUTENBHON M OTPUIATENIFHOM NOIIpHU3aliell B 0CEBOM
HarpasieHnH. B pabote [6] co3nan MeTamareprai U3 HASHTUYIHBIX JIEMEHTAPHBIX SY€eK, CIIPOSKTUPOBAH M M3TOTOBJICH
HCKYCCTBEHHBIH NMPOTOTUI YCTPOWUCTBA C XapaKTEPHBIMH Y30pUaTHIMU AJIEKTPOJAMHU U PACIIOJIOKEHHBIMH B PSIJL ITbE30-
KepaMHUECKHMU CYObeTMHAIIAMH, KOTOPBIH, KaK JOKa3aHO, HIeaJIbHO FTeHEPUPYET CHHTETUYECKYO0 ieopManuio CIBUra
rpanu. [Ipu TOM e HanpsbKeHUU BO30YyKACeHHs HAOI0JaeTCs yCUIIEHHE CMEIIleH s CIIBUTOBOTO THIA 0oJiee 4eM Ha I10-
PSIOK, TI0 CPABHEHUIO C IIPEIBIAYIUMH 00bEMHBIMHU DJIEMEHTaMU B pexkuMe d)s. B crarndeckoil mocraHoBke B padoTte [7]
TEOPETHYECKH YCTAaHOBJICHO ITOJIE 3JIEKTPOMEXAHMIECKO CBSI3M B CABUTOBO-M3THOAIOIIEM PEKIME ISl KOJIBIIE0Opa3HON
MTbE303JICKTPUIECKOH IIACTUHBL. B COOTBETCTBHH C KIIACCHYECKOHM TeOpHel YyIpyruX IIACTHH MaJoro M3ruda U Mbe30-
NEKTPUYECKIMH ONIPEICIIIIONINMHI YPaBHEHUAMHE OBIJIO JOCTUTHYTO aHAIUTUYECKOE pelIeHne H3rHOHOH aedopmanyn
MTE30AKTI0ATOPa O] ACHCTBUEM IEKTPHUYECKOTO TI0JIS1 M KOHIIGHTPUPOBAHHOM MIIM PABHOMEPHO PAcCIpeielICHHONW Me-
XaHWUYECKOH Harpy3ku. MexaHu3M co3JaHusl M3THOHOHN JeopManni OOBSICHIETCS OCECHMMETPUYHON CIIBUTOBOH Jie-
(dopmaryieli, KoTopasi JONOJHUTENIBHO BBI3BIBAET M3TMOHYIO NedopManuio OJHOW IbE303JIEKTPUYECKON IIACTHHBI B
(dopme KosbIa. DTOT MEXAHNU3M CYHIECTBEHHO OTIMYAETCS OT MEXaHM3Ma Ibe303IEKTPUUECKUX OUMOP(HBIX MM YHH-
MOpPQHBIX PUBOJIOB, O KOTOPBIX cooOlImanock paHee. [IpoBenena onTuMu3anys KOHCTPYKIUH KOJIbIIEOOPa3HOTO 1The30-
akTyaropa. B pabote [8] Ha OCHOBE OJIHOMEPHOIH MOJIENIN CTPOUTCS (PYHKITHSI OTKIHKA AaTYMKa HA OCHOBE CIBUTOBBIX
Ppe30HATOPOB (Cpe3bl KBapIia) 00bEMHOM aKyCTHUSCKON BOJIHBI, KOTOPBIC IEPCIIEKTUBHBI IS TIOTOYHBIX U3MEPEHUH BsI3-
KOCTH XHJIKOCTH, HallpUMep, B MPOMBIIUIEHHBIX Iporeccax. B pabote [9] ¢ momMomnipio MeTo1a KOHEYHBIX IEMEHTOB
HCCIIEIOBANICS TBbE303IEKTPUYECKHI peoOpa3oBaTenb yIIpaBIeHHs BBICOTON IOJIETAa C UCIIOJIB30BAHKEM JAehopMaIuu
mojenu casura. B [10] Teopust GyHKIIMOHATBHO-TPAIMEHTHON IUTACTHHBI C YeTHIPbMST HEM3BECTHBIMH C/IBUTOBOI aedop-
MalMu IIPUMEHSIETCS JUTS BBIPRKEHHUS KOMIIOHEHTHI CMeIeHus. Pacipeaenenue 31eKTpUIecKoro MOTeHNrala MpeacTaB-
nseT co0oi TMHEWHYI0 (QYHKINIO 1o ToimuHe. [ImacTiHa HaXOOUTCs 0] MEXaHHYECKON HATrpy3KOH M SJIEKTPUIECKAM
HanpspkeHreM. OCHOBHBIE YpaBHEHHUS! M TPAHUYHBIC YCIIOBUS BBIBOASTCS C MCIIOJIb30BAaHWEM ITPUHIIMIA BUPTYaIbHON
pabortsl. IIpoBeseH aHanu3 HanpspKkeHUH U nqedopmanuii OT mapaMeTpoB KOHCTPYKIMH. DIIEKTPOMEXaHUIECKUI aHaIIn3
MIOTEPH YCTOHYMBOCTH IHE30JICKTPUUECKON HAHOIUTACTHHBI IIPH CABHUIE C MCHOJIBb30BaHUEM MOIU(PHUIIMPOBAHHON TEo-
UM MapHBIX HAMPSHKEHUH C pa3IMYHBIMU TPaHUYHBIMU YCIIOBHUSME n3y4aics B padote [11]. UToOsl yuecTs ayekTpuue-
ckue AP PEeKTHI, K ME303JIEKTPHUYECKOI HAaHOIIIIACTHHE MTPUKJIA/IbIBAIIN BHEIITHEE 3JICKTPUUYECKOe HarpshkeHue. bouia uc-
T0JIb30BaHa YIPOIIEHHAs! TEOPUsl CIIBUTOBOH eopManivu nepBoro nopsiaka. OcHoBHbIe TuddepeHuanbHble ypaBHe-
HUs OBUTH MOJTyYEHBI C MCIOJIb30BaHUEM MpHUHIKIA ['aMuIbTOHa U HelmuHEeHHbIX nedopmanuii @on-Kapmana. B urore
pe3yapTaThl MOKa3ald, YTO BIMSHHUE BHEIIHETO DJIEKTPHYECKOTO HANPSHKEHUS HAa KPUTHYECKYIO CABUIOBYIO HATPYy3KYy,
BO3HHUKAIOMIYIO Ha MMbE303JIEKTPUIECKON HAaHOIUTACTHHE, He3HAYUTEIhHO. B paboTte [12] ¢ moMomipio KOMOMHAIINH IBYX
KIIACCHUYECKHX TTOIX0/I0B MOJICTUPOBAHHS HEIMHEHHOT O IIOBECHNUS IIbE303JIEKTPUIECKUX MAaTEPUAIOB UCCIIEyeTCs ITbe-
303JIEKTPUYECKUIT PUBOJ] CABUTOBOT'O THIIA JUISl aTOMHO-CHIJIOBOTO MUKpPOCKOTIA. B 9acTHOCTH, HOBH3HA ITPEIaracMoro
METO/Ia COCTOUT B TOM, YTO OH COYETAaeT B ceOe /[Ba MCTOYHHMKA HEIMHEHHOCTH I0JIE3aBUCHMON Mozaenn Mioiepa n
UkaHa ¢ 9aCTOTHO-3aBUCHMOM MOJeIblo JlaMbsiHOBHYA. UHCIIEHHBIE PE3YIbTaThl, TIOJyYeHHBIE C IOMOIIBIO METO/A KO-
HeuHbIX 351eMeHToB (MKD), cpaBHUBAIOTCS C SKCHIEPUMEHTOM.

MeHee nccie10BaHbI B HAyYHOH JIUTepaType KosieOaHus, B KOTOPBIX KpOMe M3ruoda MpuCyTCTBYET CIBHT, T.€. «pado-
YUM» ABJIACTCS IbE30MOMYIb dis5, 3HAYCHHE KOTOPOTo YOBIBAaeT C YBEIMYCHHEM IIOPUCTOCTH, HO B MCHBILECH CTEIICHH,
yeM ympyrue Monayin. [locienree 00CTOSATEIHCTBO MO3BOISIET IOCTPOUTE 3PPEKTHBHOE YCTPOHCTBO MPeoOpa3oBaHUs
sHeprud. [ToaToMy pazpaboTka npukinaaHoi Teopun pacuera [I91 ¢ ncnonb3oBaHMEM OPUCTOH ITbe30KEpaMUKH Ha OC-
HOBE YNPOLICHHBIX MOAENEH 0e3 HCIOIB30BAHUS «TSIKEIBIX» KOHEYHO-3JIEMEHTHBIX NAaKETOB MPEICTABISIETCS BEChbMa
aKTyasnpHOI 3amaueii. Llenpio HacTosIeH paboThI SIBUJIOCH MIOCTPOCHUE TIPUKIIAHOTO METO/Ia pacyeTa sl yCTaHOBHB-
LIMXCS TONEPEYHbIX KOJIeOaHUi B HU3KOYaCTOTHOW 00JIaCTH MOPUCTOMN Mbe30KEPAMUUECKOH IUIACTHHBI, XapaKTepPHU3yIo-
LIMeCs KaK CIIBUTOM, TaK M U3THOOM.

Matepuanbl u Metroabl. Vccnenyembrii [I917 mpexacrariser coO0Od Mbe30KePaMUYECKYIO IUIACTHHY (IuiMHA [,
TOJIIMHA /), TIONSIPU30OBAHHYIO TI0 TOJIIMHE, KOHCOJIHHO-3aKPEIJICHHYIO TI0 TIPaBoii OOKOBOM CTOpOHE, JieBast OOKoBast
CTOpOHa TPHKpEIUIeHAa K HMHEPIHOHHOW Macce, KOTOpas COBepIIaeT BepTHUKAIbHbIE KOJEOaHWS W 3aKpervieHa B
TOPU30HTAIBHOM HAINPaBICHUH. DIIEKTPOBI PACIIOI0KEHbI Ha OOKOBBIX CTOPOHAX IUTACTHHBI, IOITOMY NPH Pa3HOCTH
MTOTEHINAJIOB Ha HUX W OTCYTCTBHHM MEXaHWYECKON HArpy3KH, OCHOBHOH aedopmaryiedd B HU3KOYaCTOTHOH 00jacTu
SIBISIETCS CABHT. PaccMaTprBaroTest KoaeOaHusl, 4acTOTa KOTOPBIX MEHBIIIE YaCTOTHI IEPBOTO PE30HAHCA.
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Mamemamuueckasa nocmanoséka 3adauu
Maremaruueckas IOCTaHOBKA 33]]a4¥ ONUCHIBACTCS CHCTEMOM M depeHInaibHbIX ypaBHeHni [13] u cooTBeTCTBY-
IOIIMMU TPaHUYHBIMH yCIOBHAMH.
ppi+agpu—-V-6=1; V-D=0
c=cj (e+Byé)—e) -E E=-Vo (1)
D+gD=e; (e+gs¢)+3] E ¢ =(Vu+VuT)/2

[Ipu paccmoTpennu mopucToi kepamuku cBsisHocTu 3—0 B ypaBHeHUsX (1) ncmons3yrorcst aQeKkTuBHbIE Qu3nde-
CKHe KOHCTaHTHI, onpeesieHHbie ¢ momorisio naketa ACELAN-COMPOS [14]. Otu 3¢ dekTHBHBIC CBOWCTBA HA OCHOBE
MIPEACTaBUTENBLHBIX 00BeMOB (puc. 1) moiydeHsl B padote [15] u npencrasiens! B Tabnure 1.

Puc. 1. [IpencraBurensusie 06bembl B nakere ACELAN-COMPOS [14]

Tabmuma 1
D¢ dexTrBHBIE CBOWCTBA TOPUCTON KEPAMHUKH

% HOPHCTOCTH 0 10 20 30 40 50 60 70 80
p, kg/m’ 7500 | 6750 | 6000 | 5250 | 4500 | 3750 | 3000 | 2250 | 1500
ch 1010, N/m? 13,90 | 11,56 | 925 6,85 5,05 3,34 2,07 1,26 0,68
et 1010, N/m? 7,78 6,15 4,66 3,14 2,10 1,16 0,62 0,28 0,13
5101, N/m? 7.43 5,82 4,25 2,82 1,87 1,06 0,52 0,24 0,10
cE™ 1010, N/m? 11,50 | 9,53 7,23 5.42 3,91 2,72 1,63 0,91 0,47
BT 101, N/m? 2,56 2,23 1,83 1,44 1,10 0,74 0,44 0,23 0,10
et C/m? 15,10 | 13,38 | 1137 | 9,59 7,68 5,93 3,93 2,30 1,25
est C/m? -520 | 423 | 3,14 | 2,07 | -132 | -0,75 | -043 | 021 | 0,10
est C/m? 12,70 | 10,96 | 896 6,91 5,00 3,30 1,95 1,00 0,44
" /0 730 663 582 509 439 349 263 191 122

K55 /g 635 567 492 413 345 270 199 130 75

[o manubIM TabmMLBl | TOCTPOEHBI 3aBUCUMOCTH 3()()EKTHBHBIX YIIPYTUX MOJIYJIeH M Mbe30MOJYJIel OT MpOLEHTa
MOpUCTOCTH [15], KOTOpBIE peACTaBIEHBI Ha pHC. 2.

100 500
© V1] S S S S S S
5 00 — EfY T, 200 = dfg
e . = — dj
g 49 — B 2 100 o
":n g dlS
E! g 0
o 20 2 PO S S
- £ 1000 o *

0 -200
0 20 40 60 80 0 10 20 30 40 50 60 70 80
Porosity, % Porosity, %
a) 6)

Puc. 2. 3aBucuMocCTH 3HaUCHHUH OT MPOLEHTa NOPUCTOCTH [15]: @ — ynpyrux mMozenei; 6 — mbe3oMoysieit
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B cooTBeTcTBHM C pe3ysbTaTaMu, NIPeJCTaBICHHBIMU Ha PUC. 2, MOAYJIb YIPYToCTH E| yObIBaeT 3HaUUTEIBHO OBICT-
peii, 4eM mbe30MOTy b d|s.

Ilocmpoenue npuknaonuoii meopuu
[TocTpoeHHBIIT METOT pacyeTa COCTOUT U3 PEIICHHUS ABYX 3a[ad: B IEPBOI paccCMaTpPUBAETCS M3TU0 MOA JeiicTBHEM Me-
XaHUYECKOU Harpy3KH IPH HYJIEBOM pa3HOCTH MOTEHLUAIOB, BO BTOPOY — MOJEIHUPYETCS CIBUT, BEI3BAHHBIM pa3HOCTBIO
MIOTEHIIMATIOB IPH OTCYTCTBUM MEXaHMYECKOH HAarpy3kd. B 000mX ciydasx y4HTHIBaeTCS OTCYTCTBHE 3apSJ0B Ha JIHIIE-
BbIX TOBCPXHOCTAX IJIACTUHBI. HpI/I }1617ICTBPIPI MEXaHHUYECKOH HarpyskKku U pa3HOCTHU DJICKTPUYCCKUX IMOTCHINAIOB pE-
3yJbTaThI ABYX 3aJ1au CKJIAJbIBAIOTCS B CUILy TMHEHHOCTH 3a/1a4H.

Jeiicmeue mexanuueckoii Hazpy3Ku, HOMeHYUAIbl HA INEKMPOOax pagyl Hyaio. IIpUHIMAIOTCS THIIOTE3B! THIIA
Kupxroda-JIsBa OTHOCHTETFHO paBEHCTBA HYJII0 HOPMAIBHBIX HANIPSHKEHHUH, a IS TIEpeMEeHHN]:

d
uz =UZ, (x), u = _[—UZQ (x)jz. 2)
dx
Pacnpez[eﬂeHHe QJICKTPHUYCCKOI'O MOTCHIHAJIA IO TOJIWHE MPEATNOIaracTcd KBaapaTuiHbIM U CUMMETPUYIHBIM!
2
o=, (x)z(2,%—1)hl + @, (x)z(l+2%)hl + @, (x) 1—42—2 : 3)

Jnst yaeTa rpaHUYHBIX YCIIOBHI Ha KOHIAX ruacTuHbl (x = 0, /) HOoJIy4eHOo BhIpayKeHUE JUIsl TOTIEPEYHON CHIIBL:

2
8633g33 +8€33 8
C13€33| 7V~ — 5

(033g33 +€323) n? 2
O = 1 +es _Bexgs+8eis 8 |15
12 €33 (033g33 +€323)h2 h?
1 1 3 4
——e5 _ML-F?@:__Z h —eish (i@z (x)j+
127 2 (cngn+eh)n® h dx
4
€33 (013633/’!2 —033631h2)
a3 N, B , ,
1 (033g33 +633)h e31(613€33h —cnesh ) s
+| ——| —C11 — + 3 3 h” -
12 c33 (033g33 +6’33)h
1 e (013633h2 —033631h2)h 3
57 ; —=UZ:(x)
24 33833 +e33 dx

C y4eToM paBeHCTBA HYIIO HOPMaJIbHOH KOMIIOHEHTHI BEKTOpPA AJIEKTPUYECKOH MHIYKIMU Ha JIMLIEBBIX [T0BEPXHO-
CTAX (z ==h), ypaBHeHMs JUI1 Heu3BecTHOro nporuda UZy(x) u pacmpeneneHus: JIeKTpuieckoro noreHuuana Px(x)
HUMEIOT BUI:

2
8033g33 + 8633 8
C13€33| 7 -\ 5

2 2
1 (033g33 +e33) h ‘e 8cizgas + 86323 8 X
N - _° _
2 €33 (033g33 +€323)h2 h?
2 2
—lels 1—8033g33 +286332 _iz h3 —eish d—2¢’z (x) +
2 2 (033g33 + 633)h h dx -
e3s (C13e33h2 —033631h2)
C13 2 2 —Ci13 ) )
1 (033g33 +e33 )h €3] (013633h —cxesth ) 3
+| ——| —c11 — + —— h’ -
2 €33 (033g33 +633)h

eis (cizessh? —cszenh? ) h ¢
1 15( 13€33 33€31 ) %UZz (x) |-W*phUZs(x)-p(x) =0,
x

54 2
24 C33g933 +€33
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]

02| Semgun el 8
22 2
(C33g33 +e33 )h h 8ci3g33 +8eis 8

-g —— | |D2(x)+
c33 » (033g33+e323)h2 h? (%)

1 1 2 4 2
o gn-Lg | L Seognrteh 4 | [d_z@(x)}
2 (033g33 +e33)h h dx

6
(613633h2 —633631h2) ©)
e3s i3
g3 (013633112 —033631112) (033g33 +€323)h2 d>
+| — 3 3 —e3] — —2UZZ (X) —
(033g33 +€33)h €33
d4
g (013633h2 —cyesh’ )[4U22 (X)J
1 dx 0

o4 2
24 C33g33 t€33

3aoana paznocms nomenyuanos, mexanuueckas Hazpyska paena Hyaw. Ilpeanomnaraercs He3aBUCUMOCTH TIOTIE-
PEYHOT0 CMEIIEHHUS OT TONIIMHBI ¥ PABEHCTBO HYJIIO IMPOIOIBHOTO IIEpEMEIIEeHNs U KBaIpaTHUHOE PaCTIpEICTICHUE AJIeK-

TPUUECKOTO MOTEHIHANA 10 ToimuHe (3):
Uus =UZz (x),m =0. (7)

BbipakeHue sl ONEPEYHON CUITBI:
d d
=— —UzZ h— —@ h. 8
O 044[dx 2 (x)j els(dx p (x)j 3

C y4eToM paBeHCTBa HYJII0 HOPMaJIbHON KOMITOHEHTBI BEKTOpA AIIEKTPUYECKON MHIYKIMN HA JIUILEBBIX TTOBEPXHO-
CTIX (z==h), ypaBHEHHs U1 HeW3BecTHOro mporuda UZ:(x) M pacrpeneseHus IeKTpHdecKkoro noteHnuana Ox(x)

MMEIOT BUI:
d? d? 5
—Ca4 —ZUZz(x) h-es| — @, (x) h—p(x)—W phUZz(x):O, &)
dx dx
d’ d?
elSFUZZ(x)_g“EQZ(X):O. (10)

PesysbTaThl nccaegoBanusi. IIpoBeieHO CpaBHEHHE pPE3yNbTAaTOB PACUETOB MO MPEATIOKEHHBIM IPUKIIAJAHBIM
TeOpHsM C pacdeTamu KoJsiebanuii mbe3osnementa (/= 0,1 m, 2 = 0,01 M) Ha yactoTe paBHoit 100 ¢! METOIOM KOHEUHBIX
anemeHToB B ACELAN [16].

B mepBoii 3agave, onpenensiemMoil ypaBHeHHsMH (5) u (6), IpH 3alaHUU PaBHOMEPHO PacIpelielIeHHOW Harpy3Kd
p(x)=1000 ITa-M u c TpaHIYHBIMHU YCIOBHSIMHU:

%uzz (0)=0, 01 [eeo=0, 5 (0) = @5 (1) = 0, UZs (1) = O,%Uzz (1)=0 (11)

MIOJTy4Y€eHBI CIEAYIOIIUE Pe3yIbTaThl, IPEACTAaBICHHBIE Ha puc. 3, 4.
Pacuersl mokaszanu, 4TO HOrPEIIHOCTD B ONPEAEICHNH BEPTUKATIBHOIO cMemenus — 5,8 %, a 11 TOpu30HTaIbHOTO

cMereHus coctapiseT 1,2 %.

4,461E-7 .
I Us, m
2,788E-7 - i I - 3x107
I —
1,394E-7 ——
I 1x107
0,000E+0
0

002 006 xwm
a) 0)

Puc. 3. Bepruxansaoe cmenienne B ACELAN B nepBoii 3anaue:
a — pacnpejerneHne; 6 — rpaduk Ha BepXHEH IrpaHuIe
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3,268E-8 Ui m /‘\
3x10°8
8,141E-9
2x10°%
~8,151E-9
1x10°%
~3,259E-8

0,02 0,04 0,06 0,08 x, M
a) 0)

Puc. 4. I'opuzontansaoe cmenienue B ACELAN B nepBoii 3anaue:
a — pacnpeeiicHue; 6 — rpaguk Ha BEpXHEH IPaHuUIle

Bo BTOpoIii 3amaue, onpenensieMoit ypaBaeHusAMH (8) u (9), ipH 3amaHUH HYIJIEBOW Harpy3ku p(x) = 0, pa3HOCTH TO-
teHuuaioB Vo= 100 B 1 rpaHUYHBIMU YCIOBUSIMH:

O1 0= 0, @2 (0) = 0,0, (/)= Vo, UZ (1) =0 (12)

MTOTY4EHBI CIEAYIOIINE PE3yIbTATh, IPECTaBICHHBIC Ha pHC. 5, 6.

5,006E-8 Us, M
| 4x1078
3,129E-8 3x10°®
____UEERREE
e
1,877E-8
2x10°®
0,000E-0 0
0,02 0,04 0,06 0,08 x, m
a) 0)
Puc. 5. Bepruxansaoe cmemenne B ACELAN Bo Bropoii 3anaue:
a — pacrpeeicHue; 6 — rpaguk Ha BEpXHEH IpaHuIle
1,000E+2 o, B
I 80
6,250E+1
60
____UNEEEES
. |
3,750E+1 I 40
20
0,000E+0

0,02 0,04 0,06 0,08 x, m
a) 0)
Puc. 6. Onexrpuueckuii morenuuan B ACELAN Bo BTOpoif 3a1aqe:

a — pacnpeiesieHne; 6 — 3aBUCHMOCTB OT ITPOAOJIBHOI KOOPIAUHATEI B CEPEIUHE TONIINHBI

PacyeTs! mokaszanm, 9To OTPEIIHOCTE B OMPEICICHHN BEPTUKAITBHOTO cMelneHus coctaisier 0,8 %, a uis amextpu-
yecKoro norennuaia — MeHee 1 %. Ciemyer OTMETHTb, YTO 3HAYCHHUS TOPU3OHTANBHOTO CMEIICHNUS, PACCINTAHHEBIE B
ACELAN, oka3anuch Ha TPH TOPSIIKa MEHBIIIE MAaKCUMAJTHHOTO BEPTHKAIFHOTO CMEIICHHUS, YTO TOBOPHUT 00 aJeKBaTHO-
¢ty rumnoTe3sl (7).

Mexanuka

IIpu 3ananuy MexaHUYECKUX HArpy30K U Pa3HOCTU MOTEHIMAIOB MOTPEIIHOCTh MPEIOKEHHOIO METO/Ia OKa3aiach
nopsaka 6 % U1 KOMIIOHEHT TIEpEeMEICHUS U 3JIEKTPHUECKOTO MOTEHINAaa.
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Oocy:xaenne u 3akaiouenne. Kak orMevanoch B IUTHPYEMOI JINTEpaType, OMHOBPEMEHHOE UCIIOJIb30BaHHE H3rinba
U CJIBUTA MbE303JIEMEHTA MOKET 3HAUUTEIBHO MOBBICUTH ero 3¢ deKTUBHOCT. KpoMe 3Toro, HCHoIb30BaHNe TIOPUCTON
KEpaMHMKH B CHJIy DPAa3lIMYHBIX 3aBUCHMOCTEH YIPYIHMX MOAYJEH U IbE30MOIYJEH OT IPOLEHTAa MOPHUCTOCTH TAKKE
yIIydIIaeT BEIXOAHBIE XapakTepuctuku 1101

B Hacrosmeii paboTe B CHITy THHEHHOM IOCTAHOBKU B TEOPHH 3JIEKTPOYIIPYTOCTH YIAJIOCh OCTPOUTH MPUKIIATHYO TEO-
PpHIO pacyeTa H3rnOHO-CABUTOBBIX KOJIEOaHHI ITh€303JIEMEHTA B HU3KOYACTOTHOM 00JIACTH, KOTOPAsi COCTOUT U3 PEIICHUS ABYX
3a/1a4: B MEPBOH JEHCTBYIOT MEXaHNUECKHE HArPY3KH IIPU HYJIEBHIX TOTEHIMAAX, a BO BTOPOH — HA000pPOT — HYJIEBbIE
MEXaHUYECKUE HAarPy3KH U 33JjaHa pa3sHOCTh MOTEHIHAN0B. Ha 0OCHOBE pa3nMYHBIX FHIIOTE3 O PACIIPEACICHUN MEXaHHIECKOTO
1 3JIEKTPUUYECKOT0 TOJIEH MOTydeHbI JIBE KPaeBble 3a1a4M [UIsl CHCTEM OOBIKHOBEHHBIX An(depeHInaIbHbIX ypaBHEHNH, KO-
TOpbIE pelIaIUCh aHaNUTH4ecKy. [IpoBeieHo cpaBHEHUE Pe3ysIbTaTOB pacyeTa CMELEHUH 1 AJIEKTPUUECKOro MOTEHIHaNa 1o
MpeATIoKEHHOMY MeToay U ¢ nomMolsio MKD, peamzoBanHoro B nmakere ACELAN. Dtu pacueTsl NOATBEPAIN IPUMEHH-
MOCTB MPEIOKEHHOTO METO/[a, HOTPEIIHOCTH AT KOTOPOT'O B BBIYMCIEHHUH BBIIIEYKA3aHHBIX XapaKTEPUCTHK cocTaBmia 6 %.
Takoi TOYHOCTH TOCTATOYHO JUIS HH)KEHEPHBIX PACUETOB, TOITOMY IPEIOKEHHBINH METOT MOXKET ObITh IPUMEHEH IIPH MPo-
EKTUPOBAHHH IbE303JIEKTPUUECKHIX YCTPOMCTB, B TOM YHCIIE IPU cOOpe M HaKOIJIeHHH sHepruu. [lanpHeiiiee pa3Butue 3Ton
NPHKIIATHON TeopuH Oy/IeT HalpaBJIeHO Ha OXBaT 0oJIee MIMPOKOr0 YaCTOTHOTO ANAIIa30Ha, BKIIFOYas IIePBbIi H3rNOHO-CIIBH-
TOBBIN PE30HAHC.
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YnpoueHHbIH pacyeT MOMEHTA HHEPLIMH NONEPEYHOro CeYeHNsl KOHCOIU
10/l HATPY3KOH

E.E. leprorun
WucrutyT QU3MKK MPOYHOCTH U MaTepuanoBenenust Cubupckoro oraenenus Poccuiickoii akageMun Hayk,

r. Tomck, Poccuiickas @enepanus EDN: YAIWEZ

P dee@ispms.ru

AHHOTALMSA

Beeoenue. Orry0nrKoBaHHBIE UCCIIEIOBAHUS KECTKOCTH KOHCOJIEH TI0f] Harpy3Koi (POKYCHPYIOTCS Ha BOTIPOCaX WX Jie-
¢dopmaru 1 paspyuieHus. OnucaHbl pacueTbl MOMEHTa MHEPLMH — MPUHINIHAIEHO BAXHOW XapaKTEPUCTHKH MTPOU-
HocTH cTepkHs. OHaKo He pelleHa npodiaeMa 3HaYUTEeNIbHBIX 3aTpaT BPEMEHN JUIs Takux BeruncieHui. [Ipeacrasnen-
HOE HCCIIeIOBaHKE BOCIIOJIHSET JaHHBIN 1Tpobeit. Llens paboTsl — onncanne HOBOTO OBICTPOTO METO/1a aHAJTUTUIECKOTO
pacueTa pacnpeesIeHus HallpsKeHUs CABUra B CEYCHUH KOHCOJIM, COOTBETCTBYIOLIETO IEHCTBHIO BHEIIHEH MPHUIIOKEH-
HOMW CHUIBL. BHepBble B TAKOM KOHTCKCTC paCcCMaTpUBArOTCA KaCaTCJIbHBIC HAIIPSXKCHUS U IPUBOAATCA MPUMEPHI pacyeTa
MOMEHTA MHEPIUH T ABYX HECTAHAAPTHBIX CEUCHUH KOHCOH.

Mamepuanst u memoosl. J11s co3qaHNsT HOBOTO METOJa KOHCOJIb MPEICTABIIN KaK MMa4Ky INIACTUHOK, OPUCHTHPOBAH-
HBIX Mapajie]IbHO BEKTOPY BHEIIHEH CHIIbI. MICXOMHBIE pacueThl CTPOMIIM 10 CXEME KOHCOIBHON OalKy ¢ BBIACICHHON
TUTACTHHKOH. JeopMannio CTep>KHEBBIX 3JIEMEHTOB MOJEIMPOBAIH C yUETOM JEHCTBHS OJHOPOIHOTO TIOJIS HAIIPSKE-
HUSI CIBUTA B CEYEHHUH IUTACTUHKH. 7151 000CHOBaHMS YIPOILIEHHOT O pacyeTa MOMEHTa HHEPIIMH CEUCHNH 3a/1eficTBOBaIN
CXEMBI KBaJpaTa, SJUIUIICA, TPEYTOJIbHIKA, IIECTHYTOJIbHUKA, IIIECTUKOHEYHOH 3Be3/1bl M (purypHoro kpecra. Mcrmosb3o-
BaJIM aHAIMTHYECKUE U MaTeMaTHYECKUE METO/IbI MCCIIEA0BaHNs, B 4aCTHOCTH Teopemy [ toiirenca—lllreiinepa.
Peszynomamut uccneooganus. Coznan ObICTPHIA YHUBEPCATIBHBIA METO]] BBIYNCICHUH MOMEHTA HHEPLIUH TTOTIEPEYHOTO
CEeUYeHHs1 KOHCOJIM N0 Harpy3Koi. Ero oTinnyre — oTKa3 OT pacyeToB AJIsl KAXK/IOTr0 CEUSHHUs ¢ y4eTOM (OPMBI U IPYTHX
ocobennocreit. [Ipu mo6oi popme ceueHus Oanka MPEACTABIIICTCS KakK Mavyka OSCKOHEYHO TOHKUX IUIACTHHOK, MO-
MEHTBI MX HHEPLUH UHTETPUPYIOTCS, ¥ UCIIOJIb3YETCsI H3BECTHOE PEIlICHHE ISl Mporuba TOHKOH IIIacTUHKYU. MeTo[ 1o3-
BOJISIET OJJHO3HAYHO [TOKA3aTh paclpeielieHNe KacaTeIbHbIX HapsHKEHUI Ha TOPLE KOHCOJIM, 00ECTIeUHBAIOIIUX 3a1aH-
HBII IPOTU0, MPUYEM BIEPBbIE IJIsl TAKMX PELICHUH NCTIONB3YIOTCSI KacaTesibHble HanpspkeHus. [lomydensl nux npodunm
B 3aBHCHMOCTH OT HaIlpaBJICHHs BHELTHEH MPWIOKECHHON cHuTbl. BriepBbie BoIBEICHBI ()OPMYJIBI JUII MOMEHTOB HHEPIINU
CIIOKHBIX CEYCHUI — IMIECTUKOHEYHOM 3BE31IBI M PUTYPHOTO KpecTa. Kaxkmoe ceueHrne COOTHECEHO ¢ KPUBOH pactipeie-
JICHUS! HANIPSDKEHUS X €70 MaKCHUMAIIbHBIM 3HaYeHNUEeM. DTH JaHHbIe BU3YJIN3UPOBAHBI B BUJIE AMAarpaMM. Y CTAaHOBJICHO,
YTO MOMEHT MHEPUUH U JKECTKOCTh KOHCOJIM HE MEHSIOTCS NPH MMOBOPOTE BHEIIHEH NMpPWIOKEHHOW cribl Ha 30° muist
CedyeHus B BUJIE 3Be3/bl M Ha 45° — st kBajpaTa U (UrypHoro kpecra. B obmiem ciryuae mosie KacaTeIbHBIX 3aBUCUT
OT r€OMETPHUYCCKON ()OPMBI M OT OPUCHTAIIUH CEUCHUS OTHOCUTEIHHO BHEITHEH MPUIIOKEHHON CHUIBL.

Obcyrncoenue u 3axniouenue. 11peioKeHHBIN YIPOIIEHHBIN NOAXO0 K pacueTy MOMEHTa MHEPLUH TONEePeYHbIX ceue-
HUM KOHCOJIEH JJaeT BO3MO>KHOCTh OJIHO3HAYHO OIIPEJEIIUTh MOJIE KacaTelbHbIX HAMNPsDKEHUH Ha TOpIie, 00eCeunBaro-
11ee Mpy 33JaHHOM IPOrHOe COOTBETCTBYIOLIEE 3HAUEHNE BHEITHEH MTPUIIOKEHHON crutbl. IH)KEHEPbl 1 MEXaHHKH MOTYT
HCIIOJNIb30BATh PE3yNbTATHI MIPEACTABICHHON PabOTHI IIPU pacdyeTax U MOJEIMPOBAHHMHU Ie(hOPMALIUH CTEPKHEBBIX dIIE-
MEHTOB KOHCTPYKLUH.

KiroueBble cioBa: nedopmanys CTep)KHS, MOMEHT HHEPLHH IUIOCKOH (UTyphl, MOMEHT HHEPLUH CIO0XKHBIX CEUCHHMH,
YIPYTHH TPOTUO KOHCOJIH, pacipeieeHIe KacaTeJIbHbIX HalpsDKEHUH

BJIaFOIIapHOCTI/l. ABTOp 6J'IaI‘O,HapI/IT PEAAKOIMOHHYIO KOMAHAY KYypHaJla 1 aHOHUMHBIX PCHEH3CHTOB 3a KOMIICTCHTHYIO
OKCIICPTU3Y U LICHHBIC PCKOMCHAAIINU IO YIYUIICHUIO CTaTbU, KOTOPBIC [MO3BOJINIIN IMTOBBICUTH €€ Ka4€CTBO.
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Abstract

Introduction. Published studies on the rigidity of consoles under load focus on the issues of their deformation and
destruction. Calculations of the inertia moment, fundamentally important characteristic of the strength of the rod, are
described. However, the problem of significant time consumption for such calculations has not been solved. The presented
study meets the lack. The objective of the work is to describe a new rapid method for analytical calculation of the shear
stress distribution in the section of the console corresponding to the action of an external applied force. For the first time,
tangential stresses are considered, and examples of calculating the inertia moment for two non-standard sections of the
console are given in this context.

Materials and Methods. To develop a new method, the console was presented as a pack of plates oriented parallel to the
vector of external force. The source calculations were based on the scheme of a console beam with a dedicated plate. The
deformation of the rod elements was modeled taking into account the effect of a uniform shear stress field in the plate
section. To validate the simplified calculation of the inertia moment of the sections, schemes of a square, ellipse, triangle,
hexagon, six-pointed star, and a figured cross were used. Analytical and mathematical research methods were applied,
specifically, the Huygens—Steiner theorem.

Results. A rapid valid method for calculating the inertia moment of the cross section of the console under loading has
been developed. Its difference is the rejection of calculations for each section, taking into account the shape and other
features. For any shape of the section, the beam is represented as a bundle of infinitely thin plates, their inertia moments
are integrated, and a well-known solution for deflection of a thin plate is used. The method allows us to unambiguously
show the distribution of tangential stresses at the end of the console, providing a given deflection, and tangential stresses
are used for such solutions for the first time. Their profiles are obtained depending on the direction of the external applied
force. Formulas for the inertia moments of complex sections — a six-pointed star and a figured cross — are derived for
the first time. Each section is correlated with the stress distribution curve and its maximum value. This data is visualized
in the form of diagrams. It is found that the inertia moment and the rigidity of the console do not change when the external
applied force is rotated by 30° for a star-shaped section and by 45° for a square and a figured cross. In general, the tangent
field depends on the geometry and on the orientation of the section relative to the external applied force.

Discussion and Conclusion. The proposed simplified approach to calculating the inertia moment of the cross sections of
the consoles makes it possible to uniquely determine the field of tangential stresses at the end, which provides the
appropriate value of the external applied force for the given deflection. Engineers and mechanics can use the results of
the presented work in the calculations and modeling of deformation of rod structural elements.

Keywords: rod deformation, inertia moment of a flat figure, inertia moment of complex sections, elastic deflection of the
console, shear stress distribution
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BBenenue. MHOrne crpouTenbHbIE KOHCTPYKIMHM COJIEPXKAT SJIEMEHTHl B BHJE CTEpP)KHEH, KOTOpble B Ipolecce
W3TOTOBIICHUSI MJIM KCIUTyaTalliy UCTBITHIBAIOT yrnpyrue nedopmanuu [1]. [IpoyHocTs cTepikHs nin Oalku Ha U3rHO
OIpeJIeTIsIeT HECYIYI0 CIIOCOOHOCTh KOHCTpYKIUH [2]. COCOOHOCTH Oanku K ynpyroi aedopManuy XapakTepH3yeTcs
KECTKOCTHIO, ONPE/IENIIeMOil Kak OTHOILIEHNE HArpy3ku P Kk ynpyromy mporudy 6aiku A. : my = P/ A, [3]. Kak npasuuio,
B JIaOOPATOPHBIX YCJIOBUSIX JKECTKOCTH NPOBEPSIOT Ha KOHCOIBbHOW Oanke. OAMH ee KOHell 3aJelbIBAI0T B JKECTKOE
OCHOBaHHe, a Ha IpyToii AeHCTBYeT BHELIHS CHIIa, HallpaBJIeHHas NIepIIeHUKYIIIPHO ocH Oanku [4]. MonenupoBanue u
pacyeTsl XapaKTepUCTHUK JeGopManny U pa3pymeHns CTep)KHEH, KaK MTPAaBUIIO, CBSI3aHBI C PEICHHUEM 3a/1a4 O IPoTrnode
KOHCOJIBHOM OaiK¥, WM KOHCOJM, ITOJ JCHCTBHEM BHEUTHEW MpHiIOXeHHOH cwibl [5]. IIpu 3Tom HeT myOnmKaruii o
MIPOCTHIX ¥ YHUBEPCAIHHBIX METO/AX ONpPEENICHUS MOMEHTOB MHEPIMH CIOKHBIX CEUYCHHH OTHOCHTENFHO JCHCTBHS
BHEITHEH MPHIIOKEHHOM critbl. Pemenne 3Toi 3ajauu ONMcaHo B IIPEJICTABICHHON CTaThe.

Lenp nanHON pabOTH — CO3/1aHKE YHUBEPCAIBHOTO, OBICTPOTr0 METO/1a PaciyeTa MOMEHTOB HHEPIIMHU CIIOKHBIX cede-
HUN KOHCOJIU TOJ] IEHCTBUEM BHEUTHEH MPUIOKEHHOU cuiibl. HOBBINM MOX0/ MO3BOJISET aHATUTUYECKH y3HABATh pac-
MpCAC/ICHUE HAIPAKCHUA CABUTIa B CEYCHUU, COOTBCTCTBYIOLICEC HeﬁCTBHIO BHEIIHEH HpHJ’lO)KeHHOfI CHIJIBI. OTMeTI/IM,
YTO PaHEe B TAKUX BBIYHMCIICHHUIX HE IPUHUMAIICh BO BHUMAHHUE KacaTellbHbIe HanpshkeHus. Kpome Toro, BriepBblie IpH-
BOJATCS IPHMEPHI pacyeTa MOMEHTA HHEPLIMH ISl CIIOKHBIX (PUI'YPHBIX CEUCHHH.

MaTtepuaabl 1 MeToAbl. Bo MHOTHX paboTax 1Mo CONMPOTHBICHUIO MaTEPHAIOB, HAPUMEp B [6], IPUBOAUTCS YHU-
BepcaibHas GOopMyIIa U pacueTa yIpyroro nmporuda KOHCONH, A.. CoritacHo 3Tol hopMyIie, 5KECTKOCTh KOHCOJIH PaBHA:

P/n, =3EI |17, (1)
rne E— monpyns FOHra; L — nmmHa KOHCOIH; [, — MOMEHT MHEPIIMH MTOTIEPEYHOr0 CeUEHHs OaTK OTHOCHTEINIFHO OCH X,
MPOXOJALIEH Uepe3 LEHTP TSHKECTU CEUEHUS EPIICHIUKYIIIPHO MPUIOKEHHOH cune P.

W3 ypaBrenus (1) ciaexyer, 9T0 NPUHINIHAIBHO BAXKHOW XapaKTEPUCTHKON KOHCOJIHU SIBJISIETCS MOMEHT MHEPLINT
ceueHus [y, BEIMUYMHA KOTOPOTO 3aBHCHUT OT F€OMETPHUUECKOH (POPMBI IMOIEPEUHOTO CeUeHHs OaKU M HalpaBJICHUS
ocu x [7]. Cnenyet moauepKHYyTh, 4TO B ypaBHEeHUH (1) MOMEHT MHEpUUH /; OTHOCUTCS K OCH X, KOTOpasi MEPIEeHANKY-
JISipHA HAaNPaBJICHUIO BHELIHEW NPHIIOKEHHOH cHitbl P. B yacTHOCTH, MOMEHT MHEPIMHU NMPSIMOYTOJILHOTO CEYEHUs axb
OTHOCHUTEIILHO OCH CUMMETpPHH X paBeH [8]:

I, =ab*/12. )
3nech a — ToNIIMHA KOHCONH; b — ee muprHa. Cuia P HanpaBiieHa napajuielibHO CTOPOHE b NPSMOYTOJbHHKA.

[Moacrasinss (2) B (1), nomyurM U3BECTHOE ypaBHEHHE s Mporuba KOHCOIHM MPsSIMOYToinbHON GopMsl [9]:

3
WL
Ea\ b

[Tonepeunsle ceueHHs KOHCOJIBHBIX 0aJlOK, MJIM KOHCOJIEH, ObIBaroT pazHeIMH. Ha puc. 1 npuBenen npocToit npumep
KOHCOJIM KBaJpaTHOTO CEUCHH MOJ IeHCTBUEM BHELIHEH CHIIbI P, HalpaBIeHHON BAOJIb AUAarOHAIU KBaApaTa.

Puc. 1. Cxema KOHCOJIBHOM OaJIKM C BBIAECICHHON IIACTHHKOMR

Mowmentom HHEPINH CEUCHUS OTHOCUTEIIBHO OCH X Ha3bIBACTCA CyMMa, UJIN UHTETPaAJl, npomseneHm‘/’I OJICMCHTAPHBIX

MIOINAJ0K ds = dxdy Ha KBaJpaThl pACCTOSHUMH y IIOMANO0K 10 Ocu X: [ = [ y2dxdy. [10]. IogpraTerpanbHas GyHKIHS,

B CYIIHOCTH, SIBJISIETCSI MOMEHTOM MHEPLIUH JIEMEHTAPHOM TUIOLIAKH Xy OTHOCUTEIIFHO OCH X.

Konconpr MOKHO NpeACTaBUTL B BUAC IMMAYKHU MNPCACIbHO TOHKHUX IIJIACTUHOK TOHLHHHOﬁ dx n HHMHOﬁ L,
OPHEHTHPOBAHHBIX MapajulelIbHO BekTopy cwibl P. Ilox gefictBuem P Bce IUIACTUHKHM NMPOTHOAIOTCS HA OJHY U TY K€
BCIIMYNHY }\, HpI/I SBﬂaHHOﬁ OpHUCHTAIIUM CCUYCHUA KOHCOJIM OTACJIbHAsA IUIACTUHKA HE HUCIBITBIBACT BJIWAHUA
nedopManuy ocragbHOro oObeMa. Torja MOMEHT HMHEPIUHM CEYeHHS KOHCOIM B LEJIOM OyleT OIpeaesThCs
HMHTETPAIbHON CyMMOI MOMEHTOB MHEPLUH CEYEHUH BCEX IJIACTUHOK B IAYKe.

[Ipoexuns MIACTHHKY Ha TIOCKOCTH IOIEPEYHOTO CEYCHHUS] KOHCOJIH MPEJCTaBIISICT COO0H MPSIMOYTOIBHYIO OJOCKY
TOJIIMHON dx ¥ oMy iHOM A (puc. 1). MOMEHT MHEPINH CeYEeHUS OTACIBHOHN TUIACTHHKHA MOKHO pPacCMaTpUBaTh KakK
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MOMEHT WHEPIIMU KOHCOJIH MPSIMOYToJbHOTO ceueHus 2Axdx. 1o onpeneneHnto, K Kax 10l IACTUHKE B MAYKe [IpUMe-
HUMO ypaBHeHue Tuma (2), tae a =dx u b =2h. CorilaCHO 3TOMY BBIPQKCHUIO, MOMCHT WHEPIIMHU TOJIOCKH pPaBeH
dl, = 2h*(x)dx / 3. Takum 06pa3oM, MOMEHT UHEPLUHU CEUYEHHs KOHCOIM MOKHO OIIPEJENNTh HHTErPHPOBAHUEM MOMEH-
TOB MHEPLIUH HE JIEMEHTAPHBIX IJIOIIAIO0K, @ AJIEMEHTAPHBIX MOJIOCOK:

I = % jj h(x)? dx, 3)

i€ X U3MEeHsieTcsl B peaenax ot 4 1o B.

YcnoBre opueHTaIMH TUIOCKOCTH TIACTHH NapaylIeNIbHO BEKTOPY BHEIHEH MPHIIOKEHHON CHITBI BaYKHO, TOCKOJIBKY TT03BO-
JISIeT OJTHO3HAYHO CBSI3aTh YIPYTUid IPOru0 KOHCONM A, C paclpe/ieieHHeM KacaTebHbIX HAIPSDKEHHI B ITOIEPEYHOM CEUSHNUH
KOoHCcONM. Bce rulacTMHKM B mauke porubaroTcss HAa OmHY H Ty ke BeiamumHy A, CormacHo (1),
dl, = 2h3(x)dx / 3. 3naumT, [ INIACTMHKY TOJIIMHOM dx noTpeOyetcs sneMenTapHas cwia dP = 3LEdL,./ L? = 2L.ER(x)dx / L*. Ta-
Kasi CHJIa COOTBETCTBYET ACHCTBHIO OTHOPOIHOTO TOJIS HATIPSDKEHMSI CIIBUTA B CEUCHNH IUTACTHHKH ds(x) = 2h(x)dx:

t=dP/ds=\,ER*(x)/ L. 4)

W13 (4) BuaHO, 4TO 3HAUEHHUE HAIPSIKEHUS T B CUCTEME KOOPAMHAT Xy HE 3aBUCHT OT KOOPIUHATHI ).

VYpaHenue (4) y1o0HO UCIOJIB30BATH TP MOJEIUPOBAHUH Ae(HOPMALIH CTEPIKHEBBIX AIEMEHTOB KOHCTPYKIHH.

Wnrerpan (3) onpenensieT MOMEHT HHEPLIMN CEUCHUSI /. OTHOCUTENBHO OCH X, IPOXOIIIEH Yepe3 LEHTP TAKECTH cede-
HUA. B ciydae HECHUMMETPHYHBIX U CIIOXKHBIX CEYEHHH yJOOHO CHavYasa HAalTH MOMEHT MHEPIMH CEYECHHS WM YacTH cede-
HUSI OTHOCUTEIIBHO OCH, KOTOPAsl HE IPOXOJIHUT Yepe3 IEHTP THKECTH CEUEHHs. 3aTeM Hy KHO NEpeUTH K MOMEHTY MHEpPIIN
cedeHHs1 /. OTHOCHTENBHO OCH, KOTOPAsi POXOJUT Yepe3 LEHTP TSHKECTH ceueHHs. MI3BeCTHO, YTO MOMEHT MHEPIINH CEUYCHNUS
MOBTOPSIET CBOMCTBA MOMEHTA MHEPLUH TBEPAOTO Tena U noauuHsiercs reopeMe 'oiirenca—Illreitnepa [11]. MomMent unep-
LUU CEUCHHUS [, OTHOCUTENILHO MPOU3BOIBHON OCH X PABEH CyMMe MOMEHTA UHEPLIUHU ITOTO CEUEHHUs /. OTHOCUTENILHO OCH,
HPOXOSIIEeN yepes3 HEHTP TAKECTH CEUSHHUs] apauIebHO OCH X, M IPOU3BEICHMS IUIOIAAN ceueHHs S Ha KBaJpaT paccTo-
AHUA a Mexy ocamu: I, = I. + a*S. TlosToMy B 00LIEM CIlydae MOKHO 3aIlUCaTh:

_2¢B, 3 2¢_ 2
IX—EJ.Ah(x) dx+a’S =1, +a’S. Q)

Ecnu ock x poxoauT uepes UEHTP THKECTH CeUeHHs, TO pacctosHue @ = 0 u ypaBHeHue (5) mepexomurt B (3).

Pe3yabraTsl nccaenoBanus. /st co3qaHusl IPOCTOro, OBICTPOTO M YHUBEPCAIBLHOTO METO/AA BBIYMCICHUH OTKa-
JKEMCSI OT PACUETOB JUIS KKIOTO CEUSHHUS C yUETOM ero (POPMBI U IpyTUX ocoOeHHOCTel. IMeHHO Takoi moxo BIep-
BbIE peaIM30BaH B paMKax JJAHHOW Hay4HOH paboThl. Kakum OBl CII0KHBIM HU OBIJIO ce4eHHe, 0CTaTOYHO HCIIOIh30BaTh
N3BCCTHOC PCHICHUC JJIs nporn6a TOHKOH IJIaCTUHKH, IPEACTAaBUTH 6am<y B BUJIC ITAYKU 0OECKOHEYHO TOHKMX IIJIACTUHOK
U NPOMHTETPUPOBATh UX MOMEHTHI MHepuuH. Kpome Toro, Meroj Mo3BosisieT OJHO3HAYHO MOKa3aTh paclpelesieHue
KacaTeJbHBIX HAlPsDKEHUH Ha TOpIie KOHCONH, o0ecleYnBaomuX 3aJanHbiid nporud. [logyepkHeM, 4To KacaTelbHbIE
HaINpsDKEHUS B TAKOM KOHTEKCTE PAcCMaTPUBAIOTCS BIICPBBIE.

YrpouieHHbIii pacueT MOMEHTA HHEPLUHU NPOCTHIX cedeHui. {111 060CHOBaHMS NpeyIaraeMoro MeToia paccMoT-
PHMM U3BECTHBIE CEYCHHS TPOCTOI reoMeTprIecKkoil popmbl. Jlagee BMECTO BRIpaKeHHUS «MOMEHT HHEPIIHH OIEPEYHOT0
CEYEHHs] KOHCOJIM» UCIIOIb3yeM TepMHUH «MOMEHT HHEPLUM». byieM cuurtare, YT0 BHEIIHSS NPHIOKSHHAs CHIa BCEraa
HalpaBJieHa IIEePIICHIUKYIISIPHO OCH X, OTHOCUTEIILHO KOTOPOH ONpeIeNsIeTcss MOMEHT WHEPLIUHU CEUEHHUSI.

KBaapat. VYpaBHeHue (2) moayd4eHO NPH YCIOBHH, YTO BEKTOP CHJIBL, TNPHJIOKEHHOW K TOPIy KOHCOJIH,
NEPIEHMKYJISPEH CTOPOHE @ NPSIMOYTONIbHUKA. [Ipy b = ¢ TIONTyYMM MOMEHT MHEPIIMU KBaAPATHOTO cedenus I, = a*/12.

Haiinem npenyiaraeMbiM METOIOM MOMEHT MHEPLMH KBaJIpaTa OTHOCHTENIFHO OCH X, KOTOpas NapajulelibHa He CTO-
pOHe, a [uaroHaiu KBajapara (puc. 2 a).

17, MPaF
y
{
g h
Z
= 20F mmmmmmmm e N
L Se——
~
g a 10F
wn
2
.\VS \ 0 1 1 1 1 1
& 3 2 1 0 1 2 x MM
=
a) 6)

Puc. 2. Cxema cedeHus B BUIC KBaJZipaTra: a — CCUYCHHUC, 6 — pacnpeacicHue Halpsa»XEeHus T BAOJIb OCH X
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[Monyanuua nmonocku Ha puc. 1 pasHa i = x. U3 ypaBHenus (3) Haxoanum:
g a/\3 3 614

xX7dx =—.
3J_an3 12

BI/IHHO, YTO MMOBOPOT OCHU X HA 45° He MEHIET MOMEHT HWHEPIUU KBAAPATHOTO CCYCHU. CHGI[OBEITCJ'II)HO, IIpyu MOBOPOTE

C

BHEIITHEHN MPUII0KEHHON CHITBI Ha 45° He MEHSETCS U )KeCTKOCTh KOHCoH (1).

INoxacranss x B BMecTo /1 (4), IOIy4uM paclpeielieHle HaPsHKEHHs CIBUTa B CEU€HUU KOHCOJIM KBapaTHOI'O cede-
HUSI, COOTBETCTBYIOIIEE MPOTHOY Ac:

t(x) = kesz /I3,

Ha puc. 2 6 npenicraBieHo pacrpezneneHye T (X) BIOIb JUaroHai KBaapara npu A, = 2 MM u a = 5 mM. CornacHo (1), neit-
CTBHE HAIPSDKEHUS CABMra T(X) Ha TopLe KoHconu u3 cramu (£=200 MPa) mmHoi L =50 MM COOTBEICTBYET AEHCTBUIO
BHEILHEN NPUIOKEHHOM cuitbl P = 0,25E), a*/L> = 500 N. MakcuMasibHOe HANPSHKEHHE Tmax = 40 MPa HabiroaeTcst Ha Bep-
THKaJbHOM AUaroHauu Kajgpata. IIpy oTKIOHEeH!H OT AUAaroHaIM PE3KO A0 HyJls yMEHbIIaeTcs HalpsbkeHue T. B pesynbrare
B cucTeMe T(x) oOpasyercst OCTphIi MHK.

HanpspkeHne T 3aBUCHT TOIBKO OT HEPEMEHHOH X, TT03TOMY 110 rpaduKy Ha puc. 2 6 MOXKHO ONIpeeIUTh 3HAUCHHE T
B JII0OOH TOUKe KBajpara.

O4eBHIHO, 9TO TIPH OPHUEHTALIAH CHIIBI IIEPIIEHMKYIIIPHO CTOPOHAM KBaapara T = P/a® =20 MPa (puc. 2 6, TyHKTHpPHAS JIH-
Hust). Kak BUIHO, pacnipesieieHe HalpspKeHUs T(X) B CEUEHUH, COOTBETCTBYIOLLEE BHEIIHEl! cuiie P, CYIIeCTBEHHO 3aBUCHUT OT €€
HaIpaBJICHNUS.

Aaunce. Ha puc. 3 a npuBeaeHa cxema 3JuInIca ¢ NOIyocsiMH a 1 b. Hadano KoopanHAT — B HEHTPE HIUIUIICA.

\ 1, MPa
] 60}

b h — b=2a

l — b=a
u 40}

0 &
X 20}
0 -2 -1 0 1 X, MM
a) 6)

Puc. 3. Cxema ceueHns B BHIIE DIUIHIICA C TIOIYOCSIMU d U b:
a — JJUTAIIC; 6 — pachpeaeseHus T BAOJIb nonyocu a. | —a=5b,2 —b=2a,a=2,5 Mm

W3 xaHOHMYECKOTO ypaBHEeHHMs »umica [12] cremyer, 4TO MOJNIOCKA, BBIIEIEHHAs HA PHC. 3, UMEET MONYIHHY
h = b(a® - x»)'"? / a. Tlopcraenss 31y BenuuuHy B (3) U MHTErPUpPYS OT —a JI0 “+@, NOJTYyYUM MOMEHT HHEPIUHM SJUTUNITHYE-
CKOT'O CEYCHHUS:

a 3 pa 3/2 3
I, = EI Wdx = % |:a2 —x2:| dx = nab . (6)
3J-4 3a’ J-a 4

Tlpu a = b = r BBIBEIEM MOMEHT MHEPLIMHU KPYTOBOTO CeYeHus: T+ / 4, rie ¥ — pajiiyCc OKPYKHOCTH.

IloxncraBnsas B (4) 3HaueHHWE 4, COOTBETCTBYIOIIEE 3JUIHIICY, IONYyYUM CIEAYIOIIee pacupeiesieHne HampsHKeHUS
C/IBUTA B CEYEHHU KOHCOJIN JUIMIITHYECKOH (hOpMBI:

(x) =A,b*10 —x? /aPE/ L.

Ha puc. 3 6 npencrasieHo pacipenenaeHue T(x) BAOJIb MOIyocH a = 2,5 MM ripu A, = 2 mm, E =200 MPan L = 50 mm.
[Ipu cpaBHEeHUHM ero c pacrpezereHueM T(x) Ha puc. 2 6 Ui KBajipaTa O4E€BHIHO CYLIECTBEHHOE BINSHHUE T€OMETpHYe-
CKoll (h)OpMBI CeYEeHUs] KOHCOJM Ha paclpejeieHre HalpsHKeHUd. B ciydae aIunTHYeckoro ceueHns: Ha KpuBou T(x)
OTCYTCTBYET OCTpPBHII MHUK. MakcHMallbHOE HANPSIKCHUE Tmax HaOMFOMaeTcs BHONE monyocu b. C ygeTtoM TpeOoBaHUS
he = cONSt MOXKHO TOBOPUTH O OBICTPOM POCTE HANPSIKEHUS Tmax IPH YBEJIIMUEHUU OTHOWEHUS b/a. [Ipu yBenmueHuu mno-
nyocH b B 1IBa pa3a Tmax YBEIHUIHBAETCS B 4 pa3za (puc. 3 0).
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Tpeyroabnuk. PaccMoTpuM cedeHne B BUzie paBHOOGIPEHHOTO TpeyroibHUKA (prc. 4). Och x HanpaBieHa BJIOJIb BHICOTHI
TpeyroibHUKa (prc. 4 a). Ha paccTosTHIM X OT OCHOBaHWS TPEYTOJIbHIKA TIOTYJTIHA TIOJIOCKH paBHa /1 = b(a —x) / 2a.

i_\ 3

X
? _f_ =X

[
S~

e a >| i

a) 0)

Puc. 4. Cxema ceyeHHs B BU/Ie paBHOOCAPEHHOTO TPEYTONBEHHKA!
a — 0Cbh X, CHJIa HaIlpaBJIeHa NapauIeIbHO OCHOBAHHUIO; O — CHJIa HAlpaBJIeHa MEePINeHIUKYIISIPHO OCHOBaHUIO

WuterpupoBanue BoipaxkeHus (4) o x ot 0 10 @ ONPEAEIHT CIEAYIOILY0 BEIMYUHY MOMEHTA HHEPIIHH:

b e 3 b*a
12a° Io (a-x)ds 48 @

PaccmoTpuM citydaii, Koria och X TIPOXOUT Yepe3 HEHTP TSHKECTH U Mapasiie/ibHa OCHOBAHHIO TPEYTONbHUKA (PHC. 4 0).

I, =

[Mosocka Ha pacCTOSIHHUH X OT JIEBOTO YTJIa TPEYTOIbHAKA UMEET TIONYIINHY /s = xv4a* / b*> —1/2 (puc. 4 6). Llentp
TSDKECTH MOJIOCKH PacIIoiOKEH Ha PacCTOSHUM /1 OT OCHOBaHUS TpeyroibHuKa (puc. 4 6). CnenoBaTenbHO, COTJIACHO TEO-
peMe Ttoiirenca—llTeliHepa 17151 MONEPEYHOI0 CEYEHUS,, MOMEHT HHEPLIUU MTOJIOCKU OTHOCUTENBHO OCHOBAHUS TPEYT OJ1b-

HHKa PaBeH:
3

2 8
dl, == Wdx+2hdx = =2 xd.
3 3b
WHTerpHpoBaHne NOTYYEHHOTO BRIPAKCHHUS IT0 IGPEMEHHOM X OT —b/2 110 b/2 ompeiennuT MOMEHT UHEPIIUU TPEYTOJIb-

HHKa OTHOCHUTCIBHO OCHOBAHUAA:

I,=a’b/12. ®)

HeHTp TsOKECTH TpeyroibHUKA PAacIioNoXeH Ha paccTosHud a/3 ot ocHoBaHua. CormacHo Teopeme [roireHca—IllTeit-
Hepa [13], MOMEeHT MHEepIUH TPEYTOIBHIKA OTHOCUTENFHO COOCTBEHHOTO IIEHTpa TSHKECTH OyzieT MeHsIe (8) Ha BEJIMIHHY:

rae S = ab/2 — momanas TpeyroyibHUKA.
CrenoBateibHO, MOMEHT HHEPIIUHU TPEYTObHIKA OTHOCHTEILHO COOCTBEHHOTO [IEHTPA TSXKECTH PABEH:

_a’b a’b _a’b ©)
12 18 36
HOHy‘leHHblﬁ pe3ybTaT B TOYHOCTHU COOTBETCTBYET Ta6J'II/I'-lHOMy 3HAaYCHUIO MOMCHTAa MHECPUHUU CCUCHUA OTHOCHU-
TCJIBHO OCHU Y€PE3 LICHTP TAKCCTHU, napannenLHOﬁ OCHOBAHUIO TPCYTOJIbHUKA.
Ha puc. 5 nmpuBeneHbl pactpeneneHns] HapsHDKeHUsST CABUTa B TPEYTOIBHOM CEUCHHH TPU A, = 2 MM JJISl CITydaes,

KOrJla cujia mporuba HampaBjIeHa BAOJIb OCHOBAHUS (@) U BIOJIb BBICOTHI TPEYTOJBHUKA (6).

1, MPa 1, MPa
a="7MMm a="7wMm
15 b=5wmm 30 b=5wmm
10} 20
S5t 10
00 ‘ 2 I 4 ‘ X, MM 00 1 2 3 ‘ X, MM
a) 0)

Puc. 5. Pacnipenienenus T B TpeyroibHOM CEYEHNH: @ — CHIJIa HAalpaBJIeHa BIOJIb OCHOBAHHUS;
6 — CHJIa HalpaBJIeHA BJOJIb BEICOTHI TPEYTOJIHUKA
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[pu opueHTaMU TPEYTrOJbHUKA KaK Ha PUC. 4 ¢ HANPSDKEHUE T(X) MIABHO YMEHBIIAETCS OT Tmax HA OCHOBaHMH J10 0
Ha BepiuHe (puc. 5 a). [Ipu opueHTaIuK TPEYToabHHUKA KaK Ha pHC. 4 6 pacnpeaencaue t(x) (puc. 5 6) mogoOHO pacmpe-
JICTICHHIO TSl KBaJPATHOTO CEUCHHS, KOT/a CHJTa OPUEHTUPOBAHA BIOJb TUaroHanu (puc. 2 6).

IpaBuibHBI IWecTHYT0ILHUK. Ha puc. 6 pencTaBieHbl 1Be OPUSHTALUH [IECTUYTONBHIUKA OTHOCHTENILHO OCH X!
napajieNnbHo (a) U NepIeHIuKYIIPHO (0) ero JrHaroHalu.

dx,

T_

0 X

a) 6)

Puc. 6. IlpaBUibHBIHA M1€CTUYTOJBHUK:
a — JMaroHalb NepeHUKYIISIpHa BEKTOPY CHJIIbI; 6 — IMaroHalb MapajiedbHa BEKTOPY CHIIBI

CedceHne MECTUYTONBFHUKA HA PUC. 6 a COCTOUT U3:

— NPSIMOYTOJIbHUKA ITUPUHON @ U BBICOTON aN3;

— JIBYX paBHOOEIPEHHBIX TPEYTONBHHKOB BBICOTOM @/2 M ¢ OCHOBaHHEM a\3.

Haiinem MOMEHTBI HHEPIIMY YKa3aHHBIX YacTeil cedeHus 1o (2) It MpsIMOYToJIbHUKA | 110 (7) ATl TPEYTOIBHUKOB.
s npsiMOyrosibHUKA B ypaBHeHuu (2) b = a3, MO3TOMY €r0 MOMEHT MHEPLUU paBeH Iy = \3aY/4. ns TPEYrOJIbHBIX
acreii B ypasHeruu (7) ocHOBaHHe paBHO b = a\3, a BeicoTa a/2. Cle[0BaTEIbHO, MOMEHT HHEPLIH IIECTHYTOTbHUKA:

I, =1,+1,=\3a*(1/14+1/16) =5V3a*/16. (10)

Ecnu mpritoskeHHas cuia HalpaBiieHa BIOJIb IMaroHalld MEeCTHYTOJIbHUKA (pHC. 6 6), TO MOTyAJIMHA ITOJIOCKH paBHA
a/2 — x/\3. CoBepIIMB COOTBETCTBYIONIHE 3aMEHEI B (4), TOTydHM:

a3/2 4
=2 (a—x/«/§)3dx:&. (11
3J-a32 16

Cpasnubas (10) u (11), yoexxaaemcs, 4To MOBOPOT MICCTUYTOJbHUKA Ha 30° He BIMACT HA €r0 MOMEHT HHEPIIUH OT-
HOCHTEJBHO OCH X.

PaccMoTrpuM citydail opueHTanuy IIeCTUYrobHUKa Kak Ha puc. 6 a. [Ipu A=2 mm u £ =200 MPa B unrepsaie
oT —a/2 10 +a/2 HanpspkeHue T(x) OyAeT MOCTOSIHHBIM M PABHO Tmax = 15 MPa (puc. 7 a). Ilpu Tex e ycaoBusIX U OpH-
EHTAllMN LIECTUYTOJbHUKA KaK Ha puc. 6 6 pacmpeneneHre T (x) MOZOOHO paclpeneNeHuio A KBaJPaTHOTO cede-
Hus (puc. 2 6). OMHAKO 310ECh Tmax = 20 MPa u Tmin = 5 MPa (puc. 7 6).

7, MPa 7, MPa
12 16}
9 12}
6 8|
3 4f
0,0 720 3.0 xom 00 1.0 20  xm
M) 6)

Puc. 7. Pactipenenenne T(X) B CEUCHUN MPABHIBHOTO MIECTHYTOJIBHUKA!
a — JMaroHalIb NEePIeHIUKYJISIpHA BEKTOPY CHJIbI, 6 — JHMaroHallb NapajuiejbHa BEKTOPY CHIIBI

IIpuMeps! yHIPOUIEHHOT0 pacyeTa MOMEHTA HHePIUHU CI0KHBIX cedeHU

IlecTukoHeyHast 3BE31Aa. Paccuutaem npeajiara€MbiM METOAOM MOMEHT UHEPUHUU HECTAHAAPTHOT'O CEYCHHUA B BUJIC
TIPaBUIIBHON 6-KOHEUHOH 3BE3/bI CO CTOPOHOM a. JI71s onpeieieHrss MOMEHTa HHEPITUH OTHOCUTEIBHO MaJlol TMaroHaIn
3BE3/Ibl BOCIIOJIB3yEeMCsI CXeMOit Ha puc. 8 a. Brienum Ha cxeMe Tpu 30HbI: 30HY | mupuHoii a/2, 30ony 11 s ocranpHOU
Y4acTH MOJI(UTYPHI B IPUMBIKAIOIIYTO K Hell BerioMoratenbHyo 30Hy 11 B Buae TpeyronsHIKa.
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V3

!

I

\

a) 0)
Puc. 8. K pacuery MoMeHTa HHEPIIUH IECTUKOHEYHOM 3BE3/bl OTHOCUTENIBHO:
a — MaJloi IMaroHain; 6 — OOJBIION AHMaroOHaIN

[oyuTiHA TIONOCKH B 30He | Ha pacCTOSHMY X OT AUaroHanu pasHa Ay = V3(a — x). Ucnons3ys Beipaxenue (3), ams
JBYX 30H | Ha puc. 6 @ MOTyYNM MOMEHT MHEPLUU:

a/2
Iy = 2\/§J. (a —x)de =
a/2

MowmenT uHepuuu 30HbI 1l paBeH MOMEHTY MHEPLHMU NPSAMOYIOJbHUKA BBICOTOH a3 u HIMPUHON a 0e3 MOMeHTa
nHepuuu tpeyroibHuka II1. [lonyanuHa monocku B NpsSMOYroJbHUKE paBHA A = a \3/2. U3 ypaBHeHus (3) HaxoauM

1543
—a .
16

MOMEHT MHEPIHHU IPAMOYTOJIbHUKA:

V3
Iym = —a*.

4
[oyTMHA IONOCKH B TPEyroIbHUKe paBHa Ay = xV3. CornacHo (4), MOMEHT HHEPILUH TPEyroNbHUKA PABCH:

V3

Iy =—a".

32

CrnenoBatenbHO, MOMEHT MHepLUH 30HHI 11 paBeH:

3,

Iy =Iym — I :3_20

YaBoeHHast cyMMa MOMEHTOB HHepHnu 30H I u I onpenenuT MOMEHT HHEPIHUU 6-KOHEYHOH 3BE3IbI:
13 12

= Ta . (12)

Jnst onpeneneHust MOMEHTa MHEPLIUH 3B€37Ibl OTHOCHTEJIFHO OOJIBIION ANaroHalu CIIEAyET BOCTIONb30BAThCS CXEMON
Ha puC. 8 6, T/ BhIICICHBI 1Be 30HbL. [TomymmHa monocku B 30ue I pasHa iy = a + x/A3, B 30me IT iy = a/2 — xA3. U3 (3)
BBIUHCIIAIOTCS MOMEHTHI MHepitin 30H I (L = a*65V3/96) u I (1 = a*N3/96). MoxHO y6eIuThes, 4TO YABOCHHAS CyMMa
MoMeHTOB nHepuuy 30H I u Il B TouHOCTH cooTBeTcTBYET ypaBHeHuIo (12). CnenoBaTebHO, MOMEHT HHEPIIUHU O-KOHEU-
HOM 3Be3/1bI OTHOCUTENILHO OOJIBLION W Maloi AuaroHaieil OIMHaKOB.

Ha puc. 9 @ nokazano pacnpezeneHue HampsOKEHUS CIBUTA B CEUCHUHU O-yTrOMbHOW 3BE37bI, COOTBETCTBYIOLIEE
A =2 MM U OpHEHTaIlM{ BHEUIHEH NPHIOKEHHO! CHIIBI COTJIACHO pHC. 8 a. Bronb BepTHKAILHOI OCH 3BE3.IbI HAIIPSIKE-
HUE TPUHUMAET MaKCHMallbHOE 3HAYCHHUE Tmax = 37,5 MPa. Ilo mepe ynaneHust oT ocu BIpaBo T OBICTPO MaiaeT 10
ypoBH: T = 9,375 MPa u octraeTrcst HOCTOSHHBIM B HHTepBaiie 2 < x <4 MMm. 3aTeMm T nazgaet 1o Hymna. [Ipu ynaisenuu ot
OCH BIICBO T MEHSETCS aHaJIOTUIHO.

1

1, MPa 1, MPa
30} 257
20+
2071 15+
10+ a=4 MM
10 A =2 MM
57 L =80 MM
0. 0= =4 =2 0 2 nwm

0)

Puc. 9. PacnpeneneHHﬂ TB 6-yI‘OJ'H)HOM CCUCHUU: @ — CHJIa HallpaBJICHA BJOJIb 0OJIBIIION JuaroHaliv;
6 — cua Ha paBJi€Ha BAOJIb MaJioi JAuaroHajin
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[Tpu nmoBopore 3Be3xb! Ha 30° pacrpeneneHne HAPSHKEHUS T CYIIECTBEHHO MEHSIETCs, IpUoOpeTast ouepTaHus ja-
CTOYKHHOTO XBocTa (puc. 9 6). HabmoaaroTest ABa Muka co 3HAYSHUEM Tmax = 28,12 MPa. Kaptuna pacnpenenenus cum-
MeTpuyHa. OJHAKO NMpH yAalIeHUN OT OCH CUMMETPUH HalpshKeHHEe CHadajla yBenumuuBaeTcs oT 12,5 mo 28,12 MPa, a
3ateM nagaet jo 3,125 MPa. B c¢Bs3u ¢ 9TUM Ha 3aBUCUMOCTH T(X) HaOIonal0Tes qBa nuka. /lanee HanpsokeHus: OBICTPO
YMEHBIIAETCS 710 HyJIS.

@urypublii  kpecT. PaccMoTpuM pelneHue Uil MOMEHTa HMHEPIMM HECTaHAApTHOTO CEYeHUS B BHAE (UTYPHOTO
kpecta (puc. 10), kKaxkmas CTOpoHa KOTOPOTO SIBISIETCSI YEeTBEPTON UACTBIO OKpPY)KHOCTH pammyca R. PaccrosHme Mexmy
BepIIMHAMH (UTYPBI PaBHO RN\2. Haiiziem cHauasia MOMEHT MHEPLUY KPECTa OTHOCHTENBHO 00IbII0N quaroHam (puc. 10 a).

R/ L7
e 1

dx,

x|
g |
e
T a
a) 6)

Puc. 10. ®urypHslii kKpecT: @ — cuja HampasJeHa BAOJIb JUarOHAIIN KPEecTa;
6 — cuJIa HampaBJIeHHA 10 yTIIoM 45° K IMaroHanm KpecTta

[MomoBuHa muHEI ToJIOCKH 4 Ha puc. 10 a paBHa

h=R-\R*-(R—-x)*.

Y4uuThIBasi CHMMETPHIO U HCIIOJIB3YS yYpaBHEHHUE (3), MOTy4nM cieyloliee 3HadYeHHEe MOMEHTA MHEPIHH CEUEHUS
¢durypHoro kpecra:

I, 3I —Jx(2R- x)] dx=[4-51/4]R*. (13)

OmnpeneiuM MOMEHT HHEPIMK KPECcTa P NOBOPOTe ero Ha 45° otHocuTenbHO ocu x (puc. 10 6).

OurypHbIi KpecT BIHCHIBAETCSl B OKPYXKHOCTH pajuyca R. 13 puc. 10 6 BUAHO, 4TO BOKPYT KpecTa BBIACISIOTCS Ye-
ThIpe (GUIYpHI B BUZE OBajla ¢ OCTPBIMH yIiIaMu. [l onpeneneHus MOMEHTa HHEPLUH KPecTa JOCTaTOYHO M3 MOMEHTA
HMHEPIIMU KPYyTa BIYECTh MOMEHTHI HHEPILUH YETHIPEX OBAJIOB.

U3 (6) cnemyer, 9T0O MOMEHT WHEPIIUH KpyTa paBeH:

_ 4

I, =7R*/4.

OHpeHeJ’II/IM MOMCHTBI HHEPIIUU OBAJIOB OTHOCUTCIIBHO LICHTPA TAXKECTU KPECTaA.

Mowment HWHEPIUU OBaJia CIipaBa paB€H MOMCHTY MHCPIMU OBaJia CJIiCBa. HOJ’IyBI)ICOTa MOJIOCKH Yy OBaJia CJICBA:

h =+R*—(R—x)".

Yurem ypaBaeHHe (3), a Takke CHMMETPUIHOCTh TaHHBIX YacTel U ux paconoxenus. IHrerpuposanmem ot 0 1o R — RA2
HOJTy4HM CIIeyIoIee 3HaueHue MOMEHTA MHEPLIMH JaHHbIX BYX 4acTei:

3
I, =$ OR” l/ﬁ)[«/l—(l—x/R)zJ dx—T[%—% (14)
LIeHTpBI TAKECTH OBAJIOB CBEPXY H CHH3Y OKPYKHOCTH PACIIONIOKEHbI HA PACCTOSHHH a = R/\2 OT LeHTpa TSHKeCTH
nenoit gpurypsl. Ilomans >THX IByX YacTel paBHa S = R*(T — 2).
ITo (4) BEIUMCTIIM MOMEHT HHEPLWUN TaHHOH ITaphl:
I, =a’S=R*[n/2-1].

Benuuuna 4 B (3), cornacuo puc. 10 6, (oBan BHM3Y Kpyra) paBHa % =+/2a% —x? —a. CienoBareibHoO, I apbl
OBAJIOB CBEPXY M CHU3Y KPyIa MOXKHO 3aIMCaTh MOMEHT WHEPIIUU OTHOCUTEIBHO COOCTBEHHBIX LIEHTPOB TSDKECTH:

:—R J'R/ [ ~(x/R)’ 4/[} dx=R*[3n/4-7/3]. (15)
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Heprozun E.E. Ynpowennstii pacuem momenma uHepyuu NONEPeyHo20 cedeHus KOHCOnu nood Hazpy3Koi

OnpenenuM pe3yIbTHPYIOMIMA MOMEHT HHEpIUH (PUTypHOTO KpecTa. J[ns 3roro u3 MmoMeHTa uHepiwu (13) kpyra
BBIYTEM MOMEHTHI HHEPIIMU YETHIPEX OBAJIOB:
Ioo—1—1,—215=[4-5n/4]R".
CpaBH#HBas OJIYYCHHBIN pe3ysbTaT ¢ pe3ynbraToM (13), yOoexmaeMces, 4TO MOMEHT HHEPIIMU TaHHOTO KpecToo0pas-
HOT'O CEYEHUS] KOHCOJIM HE MEHSETCSI MPU TIOBOPOTE OCH X Ha 45°.
Ha puc. 11 ¢ moka3aHo pacmpeneieHue HaNpsDKCHHsI CIBUTAa B CEYCHUHU (DUIYPHOI'O KPECTa, COOTBETCTBYIOIICE
A =2 MM U JeHCTBUIO BHENTHEH MPUIIOKEHHON CHJIBI BIIOJIb ocH KpecTa (puc. 10 a). Ha BepTukanpHOM 0CH KpecTa HaOIro-

JAETCSI OCTPBIN MUK HAMPSIKEHUS, TAC Tmax = 80,0 MPa.

7, MPa T, MPart
60t 161
40} 21

8.
201 at

0 L " " " L
-3 2 -1 0 1 2 x,MMm
6)

Puc. 11. Pactipenenenus T B cedeHHN (PUTYpPHOTO KpecTa: @ — CHIIA HAIpaBjIeHa BIOJb AUaroHalH KPecTa;
6 — cuJa HampaBJIeHa Mo yrioM 45° K IuaroHaiu Kpecra

[Tpu noBOpoOTE KpecTa OTHOCUTENLHO TPUIIOKEHHO!M CHIIbI Ha 45° pacnpeieneHne HapsDKeHUs! T CYIECTBEHHO Me-
Hiercs. [lo Mepe OTKIIOHEHMsT OCH CHMMETPHM HalpsDKEHHE CHayaja IUIaBHO yBenuuuBaercs ¢ t= 13,73 MPa no
Tmax = 20,32 MPa. 3arem HanpspkeHue t pe3ko naaaet a0 Hys. [loatomy B pacnpesiesieHnu t HaOI0AaeTCs ABa CUMMET-
puuHBIX uKa (puc. 11 6) Ha pacCTOSHUK 2 MM OT OCH CHMMETPHH.

O0cy:xaenne u 3akiouenne. [IpeanoxeHHbIH yIPOLMIEHHBII METO pacdyera MO3BOJISIET ObICTPO Y3HATh MOMEHTHI
WHEPIIMH CIIOKHBIX MOMEPEYHBIX CCUeHNH KOHCOMH. [Ipu 3TOM OHO3HAYHO ONpEeNsieTCsl ToJIe HaNpsDKEHUs! CIBUTA B
ceueHHH o0pas3ia, COOTBETCTBYIOIIEE IEHCTBHIO BHEIIHEH MNpMIIOKeHHOH cuiabl. Kpome Toro, mokasaHo, d9TO
pacripezielieHie HalpsHDKEHUH B CEYEHNH Ka9eCTBEHHO 1 KOJTMYECTBEHHO 3aBHCUT OT OPHEHTALNH CEUEHHSI OTHOCUTEIBHO
HaIpaBJICHUS BHEITHEW NPHII0KEHHOH CHITBI.

[t 000CcHOBaHMS METO/1a MPOBEZICHBI BHIYMCIICHUSI MOMEHTOB HHEPIIMH HE TOJIBKO /ISl H3BECTHBIX CEUCHHUI MPOCTON
reoMeTpru4ecKoi (PopMbl (KOTOpBIE TOKA3aJIM a0COTIOTHYIO HIEHTUYHOCTh PACUETHBIX M OIyOJIMKOBAHHBIX B JINTEPATYpPE
pe3yJIbTaToOB), HO W JJIS JIByX HOBBIX CJIOXHBIX CEYEHUH B BHJE IPAaBWIBHOW MIECTHMKOHEYHOW 3BE3/bI U (PUTYPHOTO
kpecra. [loka3aHo, 4YTO JKECTKOCTh KOHCOJM HE MEHSETCS IPH IOBOPOTE BHEUIHEH CHJIBL, IPHUIOKEHHON
NEepIEHANKYIIPHO OCH cUMMeTpuu, Ha 30° 1y ceueHus B BHIE 0-KOHEYHOW 3Be3nbl, U Ha 45° — uId KBajpaTa U
¢urypHoro kpecta. MeToa W MOJyYEHHBIE PELICHUS] MOTYT OBITh HCIIOJNB30BaHBI MH)KEHEPAMU M MEXaHWKaMH NpPHU
MOJIETUIPOBAHNUHU M PACUETaX MPOYHOCTU M )KECTKOCTU CTEPIKHEBBIX JIEMEHTOB KOHCTPYKIIHUI.
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Pa3pabGorka MeToaa pemieHus 3a1aum aedopManuu JeassHOT0 MOKPOBa E E
. . ]

1o/ AeCTBHEM NPOU3BOJIbHO ABHKYIIEHCH HATPY3KH '

A.B. T'anaOypaun

JloHCKOl rocytapCcTBeHHBII TeXHHUUECKUI yHUBepcUuTeT, I. PoctoB-Ha-/lony, Poccuiickas @enepanus E P

< 5339850@mail.ru EDN: ZASIUO

AHHOTANUA

Beeoenue. OcBoeHE MOSIPHBIX paifoHOB MUPOBOTO OKeaHa, HEOOXOAUMOCTh PEIICHHS PA3TMYHBIX 3a/1a4, CBSI3aHHBIX
C HAJIMYKMEM OOJBIIOrO YKCIa 3aMEep3alolINX BHYTPEHHUX BOJOEMOB, CTAaBST Mepe]l HAyKOH HOBbIe mpoOiiembl. K mx
YHUCIy OTHOCHTCS MpoOJieMa U3yuUeHHs TOBEACHUS JICITHOTO MOKPOBA MOJ BO3JACHCTBHEM Ha HErO Pa3IMYHOTO BHUA
Harpy3ok. bosnb1ioi nHTEepec npeacTaBiseT paCCMOTPEHHE 3a/1a4 O ISUCTBUU Ha JISASTHON MOKPOB MOABHXKHOM HArpy3KH.
IToaBwkHas Harpy3ka MOACTUPYET JACUCTBUE HA Jied ABMKYIIUXCS TPAHCIOPTHBIX cpencTB. OqHako B paboTax, MOCBs-
ICHHBIX BBII_HeyKa3aHHBIM 3aga4daM, paCCManI/IBaIOTCSI cnyqan JOBHWXKCHUA HanySKI/I 1o HpﬂMOHHHeﬁHOﬁ TpaeKTOpI/II/I.
Henpro manHON pabOTHI ABILETCS pa3paboTKa METOAA MCCIEIOBAHUS MOBEICHHS JICASHOTO TOKPOBA IOJ JICHCTBHEM
HaTpY3KH, MePEeMEIIaloIecs: MPOU3BOIBHBIM 00pa3oM.

Mamepuanwvt u memoowt. B ctarbe NpeyIokKeEH METO PELIEHUS 3a1a4l O JEHCTBUM Ha JIEASHON MOKPOB BOJOEMA KO-
HEYHOH TITyOMHBI IBUKYIICHCS 110 TIPOU3BOJIEHON TPASKTOPHH CHIIBL. 3a7ada CBOAUTCS K PEIICHUIO CUCTEMBI ABYX IH(]-
(epeHIMaTBHBIX ypaBHeHUH. [lepBoe U3 HUX MOAETHPYET MOBEACHHUE JICITHOTO TIOKPOBA U SBISCTCS YPaBHEHHUEM KOJIe-
0aHUi BS3KOYIPYTOH MIACTUHBI. BTOpoe — MojaenupyeT MoBeIcHUE KUAKOCTH, HAXOISIICHCS B COCTOSTHAU TTOTCHITH-
ANBHOTO TCUCHHUS, U SIBIIsACTCS ypaBHeHUeM Jlarumaca. J{ns pemienus cucteMbl quddepeHInaIbHBIX YpaBHCHUN TpUMe-
HSUIHCh MHTETPAJIbHBIC TIPeoOpa30BaHIsI [T0 BPEMEHHOW U MPOCTPAHCTBEHHBIM NepeMEHHBIM. [loTydeHHOe B pe3ypTaTe
peL[ICHI/IC Bblpa)l(aJ'IOCb qepe3 HOBTOpHLIﬁ I/IHTeI'paJ'I, JJIs1 BBIYUCIICHUA KOTOpOFO HpI/IMeHHHI/ICb YUCJIICHHbBIC MCTObI.
Pezynvmamut uccnedosanusa. B pesynbprare peaquzaiuy IpeiioxKeHHOT0 METO/Ia MOJTYUYeHO PellieHUe 3a/1a9u O JBHXKE-
HHUH COCPEIOTOYCHHOI CHIIBI TI0 JISASHOMY ITOKPOBY IO MPOU3BOJIEHOMY 3aKOHY. [Ipr 3TOM Iipon3Be1eHBI HCCIIE0OBAHMUS
XapakTepa IMoBeIeHHs IepeMeNIeHIH 1 HATIPSDKEHUH B JIEASTHOM TIOKPOBE B 3aBUCUMOCTH OT CKOPOCTH B YCKOPEHUS JIBH-
JKSHUSI BEPTUKAIIBHOM HArpy3KH, TITyOWHBI BOJIOEMA U BI3KOYIIPYTUX CBOMCTB Jibaa. KpoMe Toro, paccunTano pacrpee-
JICHHE BEKTOPa CKOPOCTH YACTHIL )KUIKOCTH TI0 TIIyOWHE BOJOEMA.

Obcyscoenue u 3axnrouenue. IIpeanoxXeHHBI METO SIBISIETCS BecbMa dPQEKTHBHBIM IS PEIICHUS 3aad O TOJBIK-
HBIX Harpy3Kax, JeUCTBYIONINX Ha JEATHON ITOKPOB BOIOEMa KOHEUHOH rryOnHBL. OH MO3BOJISIET PEIIaTh 3a4a4H O JeH-
CTBHUH Harpy3KH, IBIKYIICHCS 110 JICATHOMY MTOKPOBY IO CIIOKHOM Tpaektopuu. [orydeHHBIE pe3yIbTaThl MOTYT OBITh
MCIOJIb30BaHBI JUIsl pacueTa HallpsHKEHUS U MEPEMEIEHUH JIEJ0BOr0 OKPOBA MPH MPOKIAJKE JETOBBIX TOPOT WA CTPO-
UTENbCTBE a9POJPOMOB Ha JIbITY.

KimioueBble cJ10Ba: OECKOHEUHBIH JISISTHON MTOKPOB, ABIKYILASICS HArPY3Ka, IIPOM3BOJIBHAS TPACKTOPHS, TIEPEMEHHAs! CKOPOCTh

BuaronapHoctu. ABTOp BBEIpakaeT OJaroflapHOCTh PELEH3CHTaM 3a YKa3aHHbIe 3aMe4aHus, KOTOpbIE IO3BOJIMIN

HOBBICUTH KQUYCCTBO CTATHH.

s uutupoBanus. ['amaOypaun A.B. Paspaborka meroma pemieHus 3amaud aedOopMayy JICASHOTO MOKPOBA IO
JICWCTBHEM TIPOU3BOJILHO NIBIDKYIIEHCS Harpy3ku. Advanced Engineering Research (Rostov-on-Don). 2024;24(2):170-177.
https://doi.org/10.23947/2687-1653-2024-24-2-170-177
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On the Method for Solving the Problem of Ice Cover Deformation
under an Arbitrary Moving Load

Alexander V. Galaburdin
Don State Technical University, Rostov-on-Don, Russian Federation

B4 5339850@mail.ru

Abstract

Introduction. The development of the polar areas of the World Ocean and the need to solve various problems associated
with a large number of freezing inland water bodies issue new challenges for science. These challenges include the
problem of studying the behavior of ice cover when exposed to various types of loads. Of great interest is the consideration
of problems about the action of a moving load on the ice cover. A moving load simulates the effect of moving vehicles
on ice. However, in papers devoted to the above problems, cases of load movement along a straight-line trajectory are
considered. The objective of this research is to develop a method for studying the behavior of ice cover under the action
of a load moving arbitrarily.

Materials and Methods. The article proposes a method for solving the problem of the action of a force moving along an
arbitrary trajectory on the ice cover of a reservoir of finite depth. The problem amounts to solving a system of two
differential equations. The first of them models the behavior of the ice cover, and it is the equation of vibrations of a
viscoelastic plate. The second equation simulates the behavior of fluid in a state of potential flow, and it is Laplace's
equation. To solve the system of differential equations, integral transformations in time, space and variables were used.
The resulting solution was expressed through an iterated integral, which was calculated using numerical methods.
Results. The development and implementation of the method resulted in solving the problem of the movement of a
concentrated force along an ice cover according to an arbitrary law. At the same time, studies were carried out on the
behavior of displacements and stresses in the ice cover depending on the speed and acceleration of the movement of the
vertical load, on the depth of the reservoir, and on the viscoelastic properties of ice. In addition, the distribution of the
velocity vector of fluid particles along the depth of the reservoir was calculated.

Discussion and Conclusion. The proposed method is very effective for solving problems of moving loads acting on the
ice cover of a reservoir of finite depth. It provides solving problems about the action of a load moving along an ice cover
along a complex trajectory. The results obtained can be used to calculate the stress and displacement of the ice cover
during the laying of ice roads or the construction of airfields on the ice.

Keywords: infinite ice cover, moving load, arbitrary trajectory, variable speed
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BBenenue. OcBoeHUE NOSIPHBIX palioHOB MUPOBOTO OKeaHa M HAJTMYUE OOJBIIOr0 KOJHMYSCTBA 3aMEP3aI0IINX BHYT-
PEHHHX BOJIOEMOB ITPUBOAAT K HEOOXOANMOCTH N3YUEHUS MOJICH epeMeneHIH 1 HapsHKEHUH JIeTHOTO IIOKPOBa, 00y-
CJIOBJICHHBIX JICHCTBUEM PA3IMIHOTO BHJA HATPY30K. PEIICHHUIO STHX MPOOIIEM TOCBSIICHO OOIBIIOE KOTUIECTBO padoOT
OTEUYECTBEHHBIX U 3apyOEeKHBIX YUeHBIX. PaHee ObUIO yCTaHOBIICHO, YTO MEXaHWYECKIE CBOMCTBA JIh/Ia 3aBHUCAT OT COJIe-
HOCTH BOJBI M €TO TeMIepaTyphl. boibiroe BHUMaHNE YIETSUIOCh pa3paboTKe YUCICHHBIX MOJEIeH JIb/1a, KOTOPhIE [10-
CTAaTOYHO TOYHO OTpakaji B3aHMMOJEHCTBHE JIb/ia U UCAIbHON HeC)KMMaeMoH kuakoctu. B paborax [1, 2] mist aToro
TIPUMEHSUICS METOJ THAPOJMHAMUKH CTIKEHHBIX 9acTHIl, B [3, 4] — MeTO[ IUCKPETHHIX JIeMeHTOB. B cratse [5] men
MOJICIUPYETCsI YIPYTOW TUIACTHHOM, JIeXkKAaIIeH Ha TOBEPXHOCTH CTPATU(PHUIIMPOBAHHOMN XUAKOCTH. MOJIeu, oMy CcKaro-
e HANWYHE TPEIINH, pPacCCMaTPHUBAIHCh B paborax [6, 7]. Moaenn npaa, YCHICHHOTO apMHUPYIOIIAMH JIeMEHTaMH,
MpeJICTaBIeHBI B padoTax [8, 9].

IIpu 5TOM B HEKOTOPBIX paboTax JIEATHON MOKPOB paccMaTpUBAETCS KaK yIpyTas IIacTHHA, JeKallas Ha TIOBEPXHO-
ctu Bomoema [10, 11]. B To >xe Bpems B [12] Ha OCHOBE MPUBEJIEHHBIX MCCIIEJOBAHUI JI€Ia€TCs BBIBOA O TOM, YTO B
HEKOTOPBIX CITydasX CBOWCTBA JIb/Ia JIyUIIIe BCETO OMHICHIBACT peosiorudeckast Moaens KensBuHa-DolrTa ¢ OHUM mapa-
MeTpoM (BpeMeHeM 3aTyxaHus). [[03ToMy MHOTHE HCCIIeIOBATEINN IIPU MOICITHPOBAHUH JICIOBOTO TIOKPOBA IIPUMCHSIIOT
BsI3KOynNpyryto miactufy [13]. B [14] nms omucanus CBOKUCTB JbAa IPUMEHSITUCH HEIWHEHHBIE MOIEIH.
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B HexoTopbIx paboTax paccMaTpUBaNIOCh JSHCTBHE HA JISJTHOW MMOKPOB MOJIBUXKHOM Harpy3ku. B [15] uccienoBanoch
JeficTBHE TOBIKHOM Harpy3KH Ha JISASHOW MOKPOB B 3aMOPOXKEHHOM KaHale, B [16] paccmarpuBaiocs JeiicTBre Ha
JIEJSTHOM MOKPOB HAarpy3KHU C UMITYJIbCUBHBIM XapaKTepoM ABrxkeHus. PaboTa [17] mocssileHa H3yueHUI0 Harpy3Ky, JBU-
Kylielcs mo 3amep3memy pyciy. [Ipu 3ToM mccienoBanocs npsiMonrHeitHoe ABkeHne Harpy3ku [18]. OgHako B pe-
IBHBIX YCJIOBHAX YaCTO MPUXOANTCA UMETh JETI0 C Harpy3KoH, epeMernatoeiics 0osee cioxabM oopasoM. [Tostomy
LIENBIO TAHHOM PabOTHI SIBUIACH pa3paboTKa METO/Ia PEIICHNS 3a/1ad O ACHCTBUHU HATPY3KH, IBIDKYIIEHCS 110 JIEITHOMY
TIOKPOBY T10 CIIOKHOM TPaeKTOPHHU. DTO MO3BOJIUT O0JIEe TOYHO HCCIIEIOBATh JEHCTBHE Ha JIe]] TPAHCIIOPTHBIX CPEJICTB,
JBIDKYIINXCS CII0XKHBIM 00pa3oM.

JanHas paboTa SBIsIETCSI TPOIOIDKEHUEM HCCIIeIOBAHH, CBSI3aHHBIX C PACCMOTPEHHEM 3a/1ad O JEWCTBHUH TTOABHK-
HOUW Harpy3KM Ha pa3iIn4Hble OOBEKTHI, PE3yIbTaThl KOTOPHIX MIPeACTaBiieHkl B padorax [19, 20].

Marepuansl n metoasbl. [loctanoBka 3agaun. PaccmarpuBaeTrcst BogoeM KOHEUHOH ITyOHHBI ¢ OECKOHEYHBIM JIes-
HBIM MOKPOBOM (OE€CKOHEYHasl IUIACTHHA), KOTOPBIN MOJBEPIKEH NEHCTBUIO BEPTUKAIBHON CHIIBI, IBMKYLIECHUCS MPOU3-
BOJILHBIM 00pa30M — UMIyJIbCUBHO. [Ipeamnonaraercs, 4To »HUIKOCTh BOJOEMA HEC)KUMaeMa 1 COBEPIIIAeT MOTEHIHAb-
HOE JBIDKCHHE.

3amada cBoOHTCSA K crcTeMe auddepeHnnaibHbIX ypaBHeHuii [ 15]:

(1400, ) AW +c 2020 + kW +b3,F| = w
AF =0,
rne W(x, y, t) — mporud JIeISHOTO TIOKPOBa; £ M |1 — COOTBETCTBEHHO Moayib FOHra m xoaddument Ilyaccona ibna;
D = E W/12(1 — p?) — numspryecKas )KecTKOCTh Ha M3rM0; /1 — TOJIIIMHA JIEAAHOTO NIOKPOBA; T, — BPEMs PEJIAKCALIUH Jie-
popmarmit; Al = (07 + 0,7)% A=07 + 0,7 + 025 py ¥ Ps— COOTBETCTBEHHO IWIOTHOCT JIbJd M BOBL; ¢ 2 = py W/D; k = p, g/D;
b= ps/D; Q(x, y ,t) — neicTBYIOIIAs HA TIOBEPXHOCTH Jibjia Harpy3ka; F(X, y, z, #) — MOTEHIHAa CKOPOCTH.
[Ipu kpaeBbIxX ycnoBusax mpu z=0 (rpaHuLa Jieg-Bojaa):
oW =0.F.

Ha nne Bogoema nipu z = —H:
0.F=0.

Kpowme Toro, mpenrmosmaranock, 4To JIEASHON MOKPOB U KUAKOCTH B BOJOEME B HA4aIbHBI MOMEHT BPEMEHHU HaXOIH-
JIUCHh B COCTOSIHMM TOKOs. Harpyska mpencrasisuia co0oif COCpPEIOTOYCHHYIO €ANHUYHYIO CHITY (BETMYMHON B OJHH
Hstoton) Q(x, y, t), koTOpas mepeMeniaiach MPOM3BOJIBHO 10 HE3aMKHYTOM KpUBOW y Ipou3BosbHOM (opmsbl. [Tonara-
JIOCh, UTO TIepeMeNIeHne CHIIbI 3a1aBajock B Bune O = O(s(?)), Tae s — OyroBas KOOpIMHATA, OTCUATHIBaeMasi OT HEKO-

. . X =xylt
TOpO (PUKCHPOBAHHOMN TOYKH TPacKTOpHH Y. TpacKTOpHs IBHKEHUS 3a7aBajach MapaMeTPUICCKU B BHIC O( ),
y=y(t)
rae t — BpeMsl.

[ToxBMXHASA HATPY3KA AMNPOKCHMUPOBATIACH BEIPAKEHHEM
O(x,y.t)=¢ exp(—s2 ((x—xo (t))2 +(y - Yo (t))z ))/n,

TJ€ € — YUCJIOBOM mapameTp.
ITocne mpuMeHeHHsI HHTETrpaIbHOTO Ipeodpa3oBanus Dypbe MO MEPEMEHHBIM X U , HHTETPaJIbHOTO PeoOpa3oBa-
Hust Jlamnaca 1o ¢, ObUTH MOJTy4eHb! GOpMYITbI JJ1sl BRIYUCICHUS HEM3BECTHBIX QyHKIMH W u F:

t o
1 2/4.2 1
W (x,p,t)=—— | | p2e 214 Iy (pR(t=1))=| e — e e+ | gpgq
(x,y.7) - ‘([‘([p e O(p (¢ t))y[e e } Ipdt,

1 (f 2 /482 ch p z+ H
Flovzi) =5 | [ore "°<PR("T))M’
00

t

W(x,y,t) :LJ‘

pze*[)z/“ngO (pR(f _T))l[e’(a-d)r —ei(“d)r:ldpdr ’

21D Y

ct—3

[(a +d) e lard)e _ (a- af)e’("’d)T J dpdr,

R (1) =52 +B2.5 = (<)~ . B = (1) .
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5

) 12
y:[r(z)plo ~4(c2p? +bpeth(pH ) )(p* +kﬂ 4= z(c‘zpj-olith(pl‘])),

d= Y .
2(c"zp +bcth(pH))

Ucnonb3ys M3BECTHBIE COOTHONICHUS U3 TEOPUM TOHKHX IUIACTUH M TEOPHUH MOTEHIUAIHLHOTO TEUCHUS UJCATbHOMN
JKUJKOCTH, MOYKHO MOJIYYUTh COOTHOIIICHUS JIJIsl BEIUMCIICHHS TIepEeMEIICHUI 1 HAMPSKEHUH B JIEIOBOM TIOKPOBE, a TAKKE
KOMITOHEHT BEKTOpa CKOPOCTH YaCTHII KHUIKOCTH.

IIpu BBIYKCIIEHUH HECOOCTBEHHOTO MHTErpaja ¢ IMOMOIILI0 YHCICHHBIX METOIOB HCIOIb30BAIOCH MPUOIMKCHHOS

0 A
COOTHOIIICHHUE j f ( p)dp zj f ( p)dp, B KOTOPOM BEJIMYMHA A BBIOMpANACh HACTOJBKO OOJIBIION, YTOOBI OLICHKA
0 0

o0
OINHNOKHU J f ( p)dp HE MPEBbINIaa yCTAHOBICHHOTO 3HAYCHUS.
4

Tak, U1 BETHYMHEI IPOTHOa JIba
{4

t © t o
1 1 ¥ 1
W(x,y,t) _%_D,!,([UO (‘C,p)dpdT —%2‘)‘.0 UO (T’p)dpd‘r+27-c_D,([,[U0 (T,p)dpdT,

JaHHAas OLIEHKA MMEET B

El

t o
1 2A82 2 /402
— | | Uy (7, p)dpdt] £ ——— 44z
275D.!’./[ O(T p) par nDy(A)e

1/2
v(4)=[ x84 —4(c242 + bdcih(at))(4* +) | .
[TomoOHBIEC OIIEHKH MOKHO TTOJTYYUTh U IS OCTAIBHBIX BBIYUCISCMBIX BEJIHYUH. DTH OIICHKH HCIIOJIB30BAIUCH TPU
OTIpeJIeNICHUH BEIUYUHBI A.
2
2Ae A2/482

B IMMPOBCACHHBIX pacueTax BCINMYUHA A BBI6I/IpaJ'IaCI) TaKOﬁ, 4TOOBI OILICHKa D—w
Ly

HE MNOpeBbIIIAJIa

1 t @
— U,(t,p)dpdt| 0,001.
2nDIoL 0( p) P

[Tpu BRIYKCICHUN IOBTOPHOTO MHTETPaa UCII0JIb30BAIMCH KBaApaTypHas ¢popmysa CumicoHa (1Mo nmepeMeHHOH T) 1
KBajpaTypHas ¢popmyia YeObilieBa ¢ paBHBIMH BeCaMHM VISl IBYX y3JIOB (110 MEPEMEHHOM p). AHAIOTHYHBIM 00pa3oM
BBIYUCIISUTNCH U OCTAIbHBIEC BETMUUHBI.

Pe3yabTaThl HeceqoBanus. PazpaboTan MeToq pemeHus 3a4a49 0 CHCTBUHN HATPY3KH, IBIDKYIIEHCS 0 JIeITHOMY
MOKPOBY BOJIOEMA, HATIOJTHEHHOT'O UI€aIbHOM KUIKOCTBIO, [0 CII0KHOW TPAEKTOPUHU C IEPEMEHHOM cKOpocThio. [Ipume-
HSIS1 JaHHBIA METOJI, POBEAEHBI PACUEThI, KOTOPBIE OKA3AJIH CTETICHb BINSHHS PA3IMYHBIX TApaMETPOB Ha 1e(OpMAaIIHIO
JIEJSTHOTO TIOKPOBaA.

W3no>xeHHbIH METO/] He HaKJIa(bIBacT OrpPaHNYECHUN Ha POPMY TPACKTOPHH JIBIXKECHHS cCOCpeOTOYEeHHO crtbl. [Tpn
pacuerax paccMaTpHBAaJICS YaCTHBIN CiTydail TPaeKTOPHUH, COCTOSLIEH M3 AyT OKpykHocTed (puc. 1). KpacHol Toukoii
yKa3aHo MOJI0KEHHE COCPEIOTOYESHHOM CHIIBI B pacCMaTpUBaeMblii MOMEHT BPEMEHH U HalPaBJICHUE JIBHXKSHUS CUIIBL.

Y, Mo

|

10|

6
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Puc. 1. Tpaekropus OBIKECHHUS COCPEIOTOUYCHHON CHIIBI
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[Ipu pacyerax NpUHUMAIKCH CIIEAYIOLUIME 3HAYEHHs HCIOJIb3YEMbIX IMapaMeTpOB: TOJIIMHA JIEASHOI'O MOKPOBa
h = 0,25 m, Mmoays IOura E = 500 000 000 H/m?, kosddunuent [lyaccona neaa u = 1/3, mmotHocTs 1baa p = 900 kr/m>,
WIOTHOCTE Boxsl p = 1 000 kr/M>, € = 5. Huoke MpeCTaBIIeHBI PE3YIbTATHI IPOBEICHHBIX PACIETOB.

Ha puc. 2 npuBeneHo U3MeHeHHe Poruda JISASTHOro TIOKPOBa PH CKOPOCTH ABMKEHUS CHIIBI v = 2,5 M/C, KacaTenb-

HOM ycKOpeHuH w; = | M/c?, Tirybune Bogoema H = 25 M 1 BpEMEHH PENaKCanK To = 1 C.
3aKOH ABMXEHUSI CHIIBI TI0 TPAEKTOPUH ITPUHUMAJICS B BUJIE!
s = a1t3 +a2t2 +ast.
Koaddunments ai, a,, az nondbupaimucs TakuM 00pa3om, 4TOObI CHIla, HAXOASCh B OZHOM U TOH K€ TOUKE TPACKTOPHH,

nMesia HeoOXOaUMbIe CKOPOCTH U KaCaTCJIbHOC YCKOPCHUC.

Puc. 2. V3ameHenue nporuda JesiHOro MOKpoBa

HpI/I JAPYTIUX 3HAYCHHUAX YKAa3aHHBIX IMapaMeTpOB Ka4yeCTBEHHBIN XapakTep pacnpeacjacHus r[porn6a JICAAHOI'O I10-

KpoOBa OCTaBaJICA IMPAKTUYCCKHU HCU3MCHHBIM.

Z,M

Y, m

>

Puc. 3. ,Z[BI/I)KCHI/IG KHUOKOCTH, 06yCJ’IOBJ’IeHHO€ Z[eﬁCTBHCM HO}Z[BI/I)KHOﬁ Harpys3kKku Ha JICJITHOM IIOKpPOB

JIBIXeHue XKHUIKOCTH, 00YCIIOBICHHOE EHCTBHEM IOJBIKHON HArpy3Kd IPH TEX K€ 3HAYEHHUSIX CKOPOCTH, Kaca-
TEJIFHOTO YCKOPEHUS! ABMKEHHS HAarpy3KH, BPEMEHH pelakcaluy ¥ ITyOuHbBI BOJOeMa, IPeICTaBIeHo Ha puc. 3 (1300-

PAXKCHO pacpeacJICHUC BEKTOPaA CKOpOCTeﬁ HacCTuIg )KI/IZ[KOCTI/I).

W, m-107 W, m-107

—9,0 \ 77’0 1

94
a ! -8,0
: <
=] 79,8 o
o
% \\\ 79’0 \ ———
=
n
2 10,0
L 0 2 4 6w, Ml 0 10 20 Howm
o
E a) 6)

Puc. 4. I3MeHeHHe BeJIMYMHBI MAKCUMAIBHOTO HpOFI/I6a JICASAHOI'O IOKPOBa B 3aBUCUMOCTHU
a — OT BCJIMYUHBI KaCaTCJIbHOTO YCKOPEHUS 6 — or l"JIyGI/IHLI BOOOCMaA
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Binusanue Ha MaKCHMaH]:HI:Iﬁ HpOFl/I6 JICAAHOTO TOKPOBA KACATCJIbHOT'O YCKOPEHWA ABUIKCHHWA CUJIbI ITPEACTABJICHO Ha
puc. 4 a. B aToM ciydae ckopocTh JBIKSHHUS CHITBI Obl1a paBHOW v = 17,5 M/c, a BpeMsi penakcauu T, = 1 c.

Ha puc. 4 6 u3o0paxeH rpaduk 3aBUCHMOCTH BEJIMYMHBI MAKCHMAJIbHOTO IPOruOa JieATHOro NokpoBa W OT IiryOHUHbBI
Bomoema H. CKopocTh IBHKEHHS HAaTPY3KH IIPH 3TOM paBHsnach v = 17,5 M/c, KacaTenbHoe ycKopenue w; = 1 M/c? n
BpeMsI pellakcaluu T, = 1 c.

W, m-10°° T 1
Y'Y S sl IR e
—r
="
-1,0 -
7
14
i
0 10 20 30 V, Mm/c

Puc. 5. I3MeHneHne MakCMMaJIbHOTO nporn6a JICAAHOTO ITOKPOBA B 3aBUCUMOCTH OT CKOPOCTHU ABUKEHUS CUJIBI

3aBUCHMOCTh MAaKCHMAJIbHOTO IIPOTrHOa JIEASHOTO MOKPOBA OT CKOPOCTH JIBMKEHHUS CUIIBI IIPEICTAaBIICHA rpapUIecKu
Ha puc. 5. ['my6uHa BomoeMa py 3TOM MPHHUMAIIACh PABHOM 25 M, a BEIMYMHA KacaTebHOr0 YCKOPEHHs — w; = 1 M/c2.
CrutonrHoil nuHUEN M300pakeHa 3aBUCHUMOCTb, COOTBETCTBYIOIIAs BPEMEHHU peENIaKCalluH T, = | ¢, IyHKTUPHAs JIMHUS
COOTBETCTBYET BPEMEHH pestakcanuu T, = 10 c.

Obcyscoenue u 3axknouenue. VlccnenoBano BIUSAHUE TITyOMHBI BOZOEMa Ha MAaKCUMAITBHBIH mporu0 jipaa. [Tomydena
KapTHHA poruda JIeTOBOr0 MOKPOBa, 00YCIOBICHHAS IEHCTBHEM COCPEIOTOYCHHOW CHUTBI, IBIKYIICHCS IO CIIOKHON
TPaeKTOPUH C IEPEMEHHOM CKOPOCThIO. PacdeTs! mokasaiy, 4To ¢ yBeJIHMYCHHUEM IITyONHbBI BOJJOEMa MaKCUMAaJIbHBIN MPO-
rud JeJTHOTo TOKpoBa yMeHblaeTcs (puc. 2). Ilpu 3Tom 3aMeTHast 3aBHCHMOCTD NPOTruoa JIeATHOT0 OKPOBa OT TITy-
6unbl Bogoema H nmeer mecto numb st H < 25 m. [pu Oonpmmx riryOMHaxX BeIMYMHA MAaKCHMaJBHBIX MPOTHOOB CTa-
OMJIM3MpPYETCsl OKOJIO HEKOTOPOTO ITOCTOSHHOTO 3HAU€HMs M NPAKTUYECKH He u3MeHsiercs. Takum oOpaszoM, eciu
H > 25w, To 1pu pacueTax riyOMHy BOJJOEMOB MOKHO CYMTATh OECKOHEUHOH.

VBenuueHue kacaTeJaIbHOTO YCKOpPCHUA NNPUBOAUT K YBEIIMYCHUIO npom6a JICAAHOTO IMOKpOBA. HpI/I‘-IeM 3aBUCHUMOCTDb
nporuba OT KacaTesIbHOr0 yCKOPEHHsI O4eHb OJIM3Ka K JIMHEHHOW 3aBUCUMOCTH (pHuC. 4).

ITpu MasbIX BpeMeHax peakcalui T, CKOPOCTh ABIKEHHUS HArpy3KH 3aMETHO BIIMSACT Ha BENWYMHY Ipornda ipaa. [Ipu
OONBIIMX BpEMEHAX BIMSHNE CKOPOCTH ABVIKCHUSI HArPy3KH HA IPOTHO JIEASHOTO IIOKPOBA 3aMETHO yMEHbIIaeTcs (puc. 5).

Jlnist M3ydeHust COCTOSIHUS JKHIKOCTH BOZOEMa OIIPEZEIICHO pacIipeAeieHIe BEKTOpa CKOPOCTH JBIKCHUS YaCTHI
KHUJKOCTH, 00YCIIOBIEHHOE JIEHCTBHEM IOJBIKHOM CHIIBI 110 JIbIY (pHC. 3).

PazpaboTaHHBIi METO peIIeHHs 3a1a4 U PE3yJIbTATHI, IIOJyYSHHBIE C €0 TOMOIIBI0, MOTYT OBITH HCIIOJIB30BAHBI IIPH
CTPOUTENBCTBE JICAOBBIX JOPOT, MPOSKTUPOBAHUHN U CTPOUTENILCTBE B3IE€THO-IIOCAI0UHBIX MTOJIOC HA JIBAY.
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Peasmm3anus ungpoBoil Moae/ M TENJIOBbIX XaPAKTEPUCTHK HA OCHOBE E E
1

TeMIIEPATYPHOIO MOJIs .

B.B. ITozeBankun = <, A.H. IToaskos

OpeHOyprekuii rocy1apcTBeHHbIH yHUBEpCHTET, T. OpeHoypr, Poccuiickas denepanus E

P4 pozevalkinvv(@mail.ru EDN: EYQXQZ

AHHOTAUMSA

Beeoenue. KommproTepHOE MOICITHPOBAHUE MTO3BOJISCT HHXKEHEpAM IMPHHAMATH 000CHOBAHHBIC TIPOCKTHEIC PEIICHUS 3a
CYET TOYHOH OIICHKH TEIUTOBBIX XapaKTEPUCTHK OOBEKTOB MPOCKTUPOBAHUS. AKTYaIBHBIM HATIPABICHUEM HAyYHBIX HC-
CJICJIOBAHUM U Pa3pabOTOK ABJSICTCS pean3allisl TeXHOIOTUHU IIU(DPOBBIX JBOHHHUKOB B MPOIIECCE MPOSKTUPOBAHMS TEX-
HUYECKUX O0BEKTOB. IJis 3TOro HEOOXOMUMO pa3pabaThiBaTh KOMITBIOTECPHBIC MOJICIH, TOYHOCTh KOTOPBIX COOTBET-
CTBYET TPcOOBaHUAM, MPEIBIBIACMBIM K MUMPOBEIM ABOMHHMKaM. OJHAKO B HAYYHOH JTUTEpaType HEJAOCTATOUHO IIH-
POKO MPECTaBJICHBI PE3yJIbTaThl UCCACIOBAHNMN, HAPABICHHBIX HA PEATH3AIMI0 TEXHOJIOTHH ITU(PPOBHIX TBOWHUKOB B
npoiiecce MPOSKTUPOBaHKs. B OCHOBHOM paccMaTpUBAIOTCS OOIIME BOMPOCHI, CBSI3aHHBIC ¢ IPUMEHEHHEM HHU(POBBIX
JIBOMHHUKOB B Pa3JIMYHBIX OTPACISAX MPOMBIIUICHHOCTH. [103TOMY 11€J1bI0 IaHHOTO MCCIIEIOBAHMUS SIBUIACH pa3paboTka
uU(pPOBOI MOAEH 1 CPABHUTEIBHBIH aHAIN3 TOYHOCTH PACUETOB TEILIOBBIX XaPAKTEPUCTUK 00BEKTA IPOCKTUPOBAHHSI.
Mamepuansl u memoowst. B kauecTBe OCHOBHOTO HHCTPYMEHTA IS IIPOBE/ICHHS UCCIIEA0BAHMUS BBICTYIACT MPEJIOKEH-
Hasl aBTOpPaMH METO/IMKA Pa3pabOTKU KOMITBIOTEPHOM MOJIENU TEIUIOBBIX XapaKTEPUCTHK JJIsI pEeaTU3alii TEXHOIOT U
U(POBBIX TBOHHUKOB. UKCIEHHOE PEIICHHIE PEaT30BaHO MyTeM IOCTPOCHHUS TEIJIOBOM MOJIEIH ISl pacyera TeMiiepa-
TYPHOTO TOJIsl HA OCHOBE METO/Ia KOHEUHBIX HJIEMEHTOB B CUCTEME HHXKCHEPHOTO aHaM3a «ANsys» OT KOMIIAaHHU «ANsys
Inc» (CLIA). JIst aHATUTHYESCKOTO PENICHUs TPUMEHSIETCS pa3paboTaHHast HA OCHOBE METO[a IPOCTPAHCTBA COCTOSIHUN
KOMIIBIOTEpHAs MOJICITh TEIUIOBBIX XapaKTEPUCTHK, peaTn30BaHHas B MoyJe «Ansys Twin Buildery. Mogens nmpoctpan-
CTBa COCTOSIHUN MPUBOJAUTCA B COOTBETCTBUE C ITOBEACHUEM I/ICXO[[HOﬁ TEIIOBOM MOJICJIU IyTEM l'lpI/I6J'II/I)KeHl/I$[ nepeaa-
TOYHOH (PyHKLIMH K MOIIArOBOMY OTKIIMKY TEIUIOBOI Harpy3Kku ¢ MPUMEHEHHEM METOJla BEKTOPHOW allpoOKCHMAIIMU BO
BpeMeHHOU 00acTH. Bepudukaius mocTpoeHHON aHATUTUISCKON MOJICTH BBIMOIHIACH B CHCTEME MHKCHEPHBIX pac-
yetoB «KMATLAB» ot kommanuu «The MathWorks» (CIIIA). HccienoBanus MpOBOAMIKCH IS cTaHka Mozeau 400V
npousBoctBa npeanpusitus OO0 «HIIO «Crankoctpoenue» 1. Ctepiuramak (Poccust).

Pesyrvmamut uccnedosanus. Pazpadorana 1udposast MOJIEIb, TO3BOJISIFOIIAS C BBICOKOH TOYHOCTBIO BBITIOJIHUTH PACUET TETI-
JIOBBIX XapaKTEPUCTHK O0BEKTA MPOSKTUPOBAHHMS. Pe3ybTaThl CPABHUTEIHLHOIO aHAIM3a MOKA3bIBAIOT BBICOKYIO CTETICHB CO-
OTBETCTBUSI 3HAUCHHUI TETUIOBBIX XaPAKTEPUCTHK, OIYUSHHBIX C TIOMOIIBIO MPEIORKEHHOM IIM(PPOBOI MOJIEITH, Pe3yJibTaTaM
YHCIICHHOTO MOJICIMPOBAHMS. MaKcHMaibHas IIOTPENTHOCTh pacyeTa TeIUIOBBIX XapakTeprcTrk He npessimact 0,1 °C.
Obcyicoenue u 3aknroyenue. KoMrpoTepHOE MOACTHUPOBAHNE, COYCTAIOIIECE YUCICHHBIC METOBI pacdyeTa U HayJIHBII
MOJTXO/1, OCHOBAHHEIM Ha TEXHOJIOTUU ITU(PPOBBIX JBONHHUKOB, MO3BOJSIOT MOIYYHUTh PE3YIbTAT MAKCUMAILHO MPHOITH-
JKCHHBIN K pe3ysibTaTaM dKCIePUMEHTOB. [IpeioxeHHas: B MCCICIOBAHUU ITU(PPOBast MOJENb BIseTcs () GeKTuBHBIM
pelIeHUEeM, MTOCKOIBKY MO3BOJISCT BBHIIOJIHUTH PACUYCTHI JUTS OICHKH TEIUIOBBIX XapaKTEPHCTHK B PEKUME PEabHOTO
BPEMEHH, YTO SBJSIETCSI OTHUM M3 BXKHEHIIIMX TPEOOBAHUI NP peaIn3allii TEXHOJIOTHU HU(POBBIX IBOHMHUKOB.

KaioueBble cioBa: 1uppoBOil JBOMHUK, CIOXKHBIH TEXHHYECKHH OOBEKT, KOMITBIOTEPHOE MOJIEITUPOBAHHME,
ABTOMAaTU3UPOBAHHOE MTPOEKTUPOBAHUE, TEMIIEPATYPHOE TOJIE, TEIIIOBBIE XapaKTEPUCTHKH

BaarogapHocTH. ABTOPEI BEIpaXKalOT 0JarolapHOCTh PEAAKIMHI U PELICH3EHTaM 32 BHUMATEeIbHOE OTHOIICHNE K CTaThe
¥ yKa3aHHBIC 3aMEYaHHs1, KOTOPbIE TI03BOJIMIIH IIOBBICUTE €€ Ka4eCTBO.

dunancupoBanue. lccienopanre BBITOIHEHO NP GHHAHCOBOH NOIepyKke MUHUCTEPCTBA HAYKH M BBICIIIETO 00pa3oBaHHs B
paMKax IPOrpaMMBI CTPATErNUecKOro akaaemmaeckoro ymaepcersa «[Iproputer-2030» (cormarrenue Ne 075-15-2023—151).
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Implementation of a Digital Model of Thermal Characteristics Based on the Temperature Field
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Abstract

Introduction. Computer modeling allows engineers to make valid design decisions by accurately assessing the thermal
characteristics of design objects. The implementation of digital twin technology in the process of designing technical
facilities is the current direction of scientific research and development. To do this, it is necessary to develop computer
models whose accuracy meets the requirements for digital twins. However, the scientific literature does not widely present
the results of research aimed at implementing digital twin technology in the design process. The general issues related to
the use of digital twins in various industries are mainly considered. Therefore, the objective of this study was the
development of a digital model and a comparative analysis of the accuracy of calculations of thermal characteristics of
the design object.

Materials and Methods. The main tool for conducting the research was the methodology proposed by the authors for
developing a computer model of thermal characteristics for the implementation of digital twin technology. The numerical
solution was implemented through constructing a thermal model for calculating the temperature field based on the finite
element method in the ANSYS engineering analysis system from ANSYS, Inc. (USA). For the analytical solution, a
computer model of thermal characteristics developed on the basis of the state-space method, implemented in the ANSYS
Twin Builder module, was used. The state-space model was matched to the behavior of the original thermal model through
approximating the transfer function to the stepwise response of the thermal load using the time domain vector
approximation method. Verification of the constructed analytical model was carried out in the engineering calculation
system MATLAB from the MathWorks company (USA). The research was carried out for a 400V machine model
manufactured by NPO “Stankostroenie” LLC, Sterlitamak (Russia).

Results. The developed digital model makes it possible to calculate the thermal characteristics of the design object with
high accuracy. The results of the comparative analysis showed a high degree of correspondence between the values of
thermal characteristics obtained using the proposed digital model and the results of numerical simulation. The maximum
error in calculating thermal characteristics did not exceed 0.1°C.

Discussion and Conclusion. Computer modeling that combines numerical calculation methods and a scientific approach based
on digital twin technology, provides obtaining the result as close as possible to the results of experiments. The digital model
proposed in the study is an effective solution, since it provides performing calculations to evaluate thermal characteristics in real
time, which is one of the most important requirements for the implementation of digital twin technology.

Keywords: digital twin, complex technical object, computer modeling, computer-aided design, temperature field,
thermal characteristics
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Beenenne. KomnpiorepHoe MoJIeIMpOBaHHE TPAJAULIMOHHO sIBJsieTCs 9P PEeKTHBHBIM HHCTPYMEHTOM JJIsl PELICHUS
TEIUIOBBIX Mpo0JieM Ha paHHEH CTagul MPOSKTHPOBAHUS CIOKHBIX TEXHHYECKHUX 00BeKTOB. OHAKO pelIeHHe Mpo-
6s1eMbI TpeOyeT TOYHOM OLIEHKHU TEIUIOBBIX XapaKTePUCTUK 00BEKTa IPOSKTUPOBAHHUSI JJIsl CHUKECHHUSI HETATUBHBIX A(-
(eKxTOB, BBI3BAHHBIX MOBBIIIeHHEM Temiiepatypsl [1]. IIpu sTom oguuM U3 3 PEeKTUBHBIX HHCTPYMEHTOB JIJIsl IIPE/Ba-
PHUTENBHOHN OIEHKM TEIUIOBBIX XapaKTEPHUCTUK SBISETCS WMHUTAIIMOHHOE MOJCIHPOBAHHE B CHCTEME WH)KCHEPHOTO
aHaJIM3a Ha OCHOBE IEePEIOBEIX MU POBEIX pemIeHIH 1 pa3paboTok. Hampumep, B pabote [2] aBTopoB Jianying Xiao u
Kaiguo Fan npezacrasien paspadoTanHblid nnpoBoii TBOMHUK JUIS ONPEAETICHNS TEIUIOBBIX XapaKTepucTHK. [IpuHImn
paboThI JBOWHMKA 3aKJIIOYAETCS B MOJICITMPOBAHHUH TEIUIOBOTO TIOBEICHUS 00BEKTa ITyTEM OTOOpasKeHHS 1 KOPPEKIINN
TEIUIOBBIX TPAaHUYHBIX YCIOBHU. Pe3yabTaThl SKCIEpUMEHTa ITOKA3ali BBICOKYIO TOYHOCTH Mozenu (0onee 95 %), uro
CYLIECTBEHHO /ISl IOBBILIEHNSI TOYHOCTH MOJICIMPOBAHMSI TEIUIOBBIX XapaKTEPUCTHK M TEIUIOBOW ontuMmu3anuu. Ilo-
STOMY aKTyaJbHBIM HAIPaBICHUEM HAayYHBIX UCCIIEOBAaHUN U pa3padOTOK B 00JaCTH MOAETUPOBAHUS SIBJISIETCS IIPH-
MEHEHHE CHUCTEM HCKYCCTBEHHOTO MHTeNIekTa [3] u nupoBbix nBoiiHukoB [4]. Hampumep, B padote [3] aBTOpOB
Haoran Yi u ap. AJist NOBBIIEHNS TOYHOCTH aHAJIN3a TEIUIOBBIX XapaKTEPUCTUK MPEI0KEeHA HHTEPAKTUBHASL MOJIEIb
KOPPEKLHH TEIJIOBBIX TPAHUUYHBIX YCIOBUN HAa OCHOBE HEMPOHHOMW ceTH. Pe3ysbTaThl 3KCIIEPUMEHTOB MOKa3bIBAIOT,
YTO TOYHOCTH pacdera TEMIIEPATypHOro MoJis mpeBbImaeT 98 %, a TOYHOCTh MPOTHO3UPOBAHMS TEIUIOBOH Nedopma-
i — 96 %, 9To 3P QeKTHBHO MOBBIMIAET TOYHOCTH MoJenupoBaHus. Kpome toro, B padore [5] aBropoB Kypra-
HoBa H.B. u nip. oTMeueHo, 9To U pOBEIe ABOWHUKH YaCTO MPHUMEHSIIOTCS C IETBI0 COBEPIICHCTBOBAHMS (PH3MIECKUX
MPOTOTHIIOB CIIOXHBIX TEXHUIECKIX 00BEKTOB, TIOCKOIBKY ITO3BOJISIOT HE TOIBKO 00eCTIeunTh HHPOPMAITHOHHOE CO-
MIPOBOXKICHHUE MTPOIIecca MPOSKTUPOBAHUS, HO U IPUHUMATH 3P PEKTUBHBIC IIPOCKTHHIE PEIICHUS Ha OCHOBE HApaOOTOK
B 00JIACTH HUCKYyCCTBEHHOT'O MHTEIIEKTA.

OnHOM M3 XapaKTepHBIX OCOOEHHOCTEH TEXHOJIOTUH IIM(POBHIX ABOWHHUKOB SIBIISIETCS TO, YTO JUISl IMUTAIMOHHOTO MO-
JIETTMPOBAHUS YaCTO NPUMEHSIOTCS] KOMITBIOTEPHBIE MOJIEITH IMTOHMKEHHOTO ropsiaka [6]. [ToaToMy pa3paboTka KOMITbIOTED-
HBIX MOJICJICH SIBJISCTCS OJHUM U3 0a30BBIX YCIIOBHM B pealM3alldyl TEXHOJOTHU MUPPOBLIX IBOHHUKOB [7]. [ToHMmKeHHE
HopsiAKa Moiernield — 3(QEeKTHUBHBII ¥ IOHATHBIN C MAaTEMaTHYECKOH TOYKH 3pEHHMS TI0JIXO/1 JUIsl IPEOJIOICHHS Or paHMYEHHUN
BPEMCHH BBIITOJHEHHS MHOTOMEPHBIX MMHUTAIMOHHBIX Mojenel. Hampumep, B padote [8] aBropoB Mupsaes JI.A. u ap.
MPEIUIoKEHa MPOCTasi aHATMTHYECKasi MOJIEIb TETUIOBBIX MOJIEH [isl pa3padoTKu 1U(BPOBBIX JBOMHUKOB Ipoliecca Mpo-
MBIIIICHHON AyToBO# cBapku. ABTopsl bopmades E.B. u Jlanmua B.I1. B cBoeit pabote [9] mpeacTaBuimm pe3ynbTaThl Ma-
TEMaTHYECKOTO MOJICTIMPOBAHMS TEMIIEPATyPhl B 30HE KOHTAKTa HHCTPYMEHTA M U3/IENHS IIPH TOKapHOiT 00paboTke MeTa-
710B. TaKo# MoaX0/1 MO3BOISIET MOTYYUTh TOYHYIO OIEHKY TEIDIOBBIX XapaKTEPHUCTHK, COOTBETCTBYIONIYIO PEe3ylIbTaTaMH
YHUCIICHHBIX SKCIICPIMEHTOB B PeXHMeE peaibHOTro BpeMenu. B padote [10] aBropsr Schroder C. u Matthias V. nmpencrasmmm
MOJIeITh IOHMKEHHOTO MOPSIIKA U TIPEIIOKIIIA HOBYIO TIPOLICTypY OaaHCHPOBKU MOJICITH, OCHOBaHHYIO HA IPeoOpa3oBa-
HHH CIIBUT'a COCTOSIHUS. B 3aKIIFoueHNN IpeICTaBIIIN Pe3yJIbTaThl CPAaBHUTEIBHOTO aHAJIN3a C Pe3yJIbTaTaM1 U3 HCTOYHUKOB
JIUTEPATYPBI, TOTYUYSHHBIX C TIOMOLIBIO CEPUH YUCIEHHBIX AKCIIEPUMEHTOB.

[IpuMeHeHne TUHEHHON M MHBAapUAHTHOW 110 BPEMEHHU KOMITBIOTEPHON MOJENH IMOHM)KEHHOTO MOPSIKA 103BO-
JisieT 00ecneyuTh OBICTPOE MOJACIUPOBAHUE MPU COXPAHEHUHU BBICOKOW TOYHOCTH pacueToB [11]. I[Ipu paspaboTke
KOMIBIOTEPHON MOJENN BBINOJHIETCS annpokcuManus [12] nepeaatodHoil GyHKIMH JUIsl TPUOTHMIKESHHUS MOAEIN
MIPOCTPAHCTBA COCTOSIHHUII K MTOIIArOBOMY OTKJIHMKY MCXOAHON TeruioBoit moaenu [13]. IlockoapKy mOMIaroBslid OT-
KJIMK TEIUIOBOW HArpy3KH MOJYYEeH U3 UCXOJHOM TErIoBOi MoJenH, To HU(ppOBas MOJENb JAOJDKHA MPEAOCTaBUTh
T€ € 3HAUCHUS TETUIOBBIX XapaKTEPUCTHUK.

OpHako HECMOTPSI Ha TO, YTO B TIOCJIETHEE BpeMs HAOII0AAaeTCs pOCT MHTEpeca K MI(POBOMY ABOWHHKY, B HAYIHOU
JUTEpaType HEAOCTATOYHO MIMPOKO MPEICTABICHBI PE3yIbTaThl UCCISIOBAHNUMN, CBA3AHHBIX C pean3aniei uQpoBHIX
pEIIeHUH B Tporecce MPOSKTUPOBAHUS TEXHHUSCKIX 00BheKTOB. Ha OCHOBe crcTeMaTHdeckoro 0030pa JIMTepaTypel U
TEMaTHYECKOTO aHaIN3a MyOJIMKAIii 1Mo (POBEIM TBOHUKAM BEISBIICH OJUH W3 KITFOYCBBIX MPOOEIOB B 3HAHUSX,
CBSI3aHHBIN C Pa3pabOTKOM MaTeMaTHUECKOTO, IIPOTPaMMHOTO ¥ METOIMYECKOTO 00ECTIEYeHHUS BBICOKOTOYHBIX KOMITBIO-
TEPHBIX MOZIeTIel B paMKax peasl3aliy TEXHOIOTUH U(POBHIX TBOHHHUKOB.

B 37011 CBS3M LIenbIO HCCIeIOBaHMS SBISIIACH pa3paboTka KOMIBIOTEPHON MOJIEIN ITOHMKEHHOTO TIOpsKa U aHAIIN3
3 PEKTUBHOCTH €€ MPUMEHEHUs B cCOCTaBe U(POBON MOIEIH ISl TOYHOTO PacyeTa TeTUIOBBIX XapaKTEPUCTUK CIIOKHBIX
TEXHUYECKHX 00BEKTOB NPOCKTHPOBAHHSI.

st nocTHXKEHUs IOCTABJICHHOM el TPeOOBaJIOCh MOCTPOUTH TEIUIOBYIO MOJIENIb U BBIIOJIHUTH pacyeT TeMIiepa-
TYpPHOTO TOJIS1 00BbEKTa MPOCKTUPOBAHUS, CTEHEPUPOBATh HE3aBHCHMBIE TIOIIATOBBIE OTKIMKHU TETJIOBOM HATPY3KH C I10-
MOILIBIO pa3paboTaHHOro MpOrpaMMHOro crieHapust [ 14], peanu3oBats nuppoByO MOJEIb AJIsl PACUeTa TEINIOBBIX XapaK-
TEPHUCTHUK, OTPENEIHUTE IMOTPEITHOCTh PACYETOB, TOTYICHHBIX C ITOMOIIBI0 YHNCIIEHHOTO W aHATUTHYECKOTO PEHICHUN U
MIPOBECTH CPaBHUTEIHHBIIN aHAIN3 MTOMYYCHHBIX PE3yIbTaTOB MOICIHPOBAHNS.
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MaTepHa.m,l U METObI. HOCTpOCHI/Ie TEMIICPATYPHOTO 1TOJIA 0o0BbeKkTa MOJCJIMPOBAHUS BBINIOJIHAIOCH JJI1 OAHOPO/I-
HOT'O U30TPOIIHOI'O TE€JIa HAa OCHOBE YPaBHCHUA HeCTaI_II/IOHapHOf/'I TCIUIOMPOBOJIHOCTH:

oT /ot =a*AT +q,/c, )

rne T — temmeparypa (°C); ¢ — BpeMa (¢); a=+/A/(p-¢) — KoO(QHIMEHT TeMIEpaTypOHpOBOMHOCTH (M%/c);
A — ko3¢ dumment TermmonpopoaoctH (Br/M-: °C); ¢ — ynensHas TerwtoeMKocTs (Jx/kr °C); p— INIOTHOCTB MaTepuana (Kr/m’);
A — oneparop Jlamnaca; ¢, — 06beMHass MOIHOCTE TeIUIOBEIneneHns (B1/m?).

TermoBoit MOTOK B Iporiecce TEIUIONepeadn MPUHUMAIICS PAaBHBIM KOJHUYECTBY TEILIOTHI, IEPSHOCHUMOI depes mpo-
M3BOJIBHYIO TMIOBEPXHOCTH TUIOIMAABI0 S B SIMHUILY BPEMEHHU £, UTO BEIPaXKaeTCs CICIYIOIINM YpaBHCHUECM:

0=-] | a.sa, @

rae O — TemnoBoii notok (BT); ¢, — MIOTHOCTH TemIoBoro noroka (Br/m?); § — miomaas noBepXHocTd (M2).

[I70THOCTH TEIIOBOTO OTOKA MIPH TEIJIOOTAaue OMPEAessIach Mo popmyie:

g.=a-S(Ts~T,), 3)

rae o — kodpduuuent terwnooraaun (Br/(m2-°C)); Ts — temneparypa nosepxnoctu (°C); T, — TeMIeparypa OKpy-
xaroreit cpensr (°C).

B aT0ii cBs3M, I8 pacueTa TeMIepaTypHOTo Mol 00beKTa MoJieupoBanus Mo Gopmyie (1), 3a1aBaich TEILTOBBIE
moTokH (2) u (3), KOTOPBIE OMPEICIUTA KOIMIESCTBO TEILIOTHI, IPOXOIAIICE Yepe3 IOBEPXHOCTh B CIMHUILY BPEMCHH.

B xadecTBe 00BeKTa MOJCIMPOBaHHS OBLT BRIOpaH KOMIIOHEHT (puC. 1) MeTaiuiopexymiero cranka Mogeru «400Vy»
npousBojicTBa npeanpusitus OO0 «HIIO «Crankoctpoenue» (Poccus, r. Crepinramak) B BUE CBEPIMIBLHOM MOJOBKH.

ut Q O g1 qu2 @

>

Puc. 1. 'eomerpuueckas Mmonens o0bekTa B «Ansys Design Modeler»:
1 — xoprryc; 2 — 3IeKTPOABUTATEND; 3 — IIMUHACIBHBIA y3el; ) — TEIIOBbIe OTOKH;
@v— 00beMHas MOIIHOCTb TEIIOBBIIEICHUH; ¢n — INIOTHOCTH TEILIOBBIX IOTOKOB;
a — ko3¢ duimeHT Temiootaaun; 71—7T4 — TeMrepaTypHble JaTYHKU

HOCKOHI)Ky IJIA pacueTa TEMIIEPATYPHOTO MOJIA YYUTBIBAJIOCH KOJIMYCCTBO TCIUIOTHI, BBIACIAEMOE B OCHOBHOM JJICK-
TpoJBUTaTEEM (3JEKTPOMArHUTHBIC TOTEPH) U IINMUH/IEIBHBIM Y3JI0M (MEXaHUYECKHUE TOTEPU Ha TPEHUE), TO B KAUECTBE
BHYTPEHHUX UCTOYHHMKOB TEIUIa MPUHUMAIINCH JJIEKTPOIBUTaTENb ¢y ¥ LIMUHCIBHBIA y3€l ¢, BOJIM3H KOTOPBIX 33Ja-
BaJIMCh COOTBETCTBYIOIINE TEMIIOBbIE MOTOKU Q1 U ;. IIMOTHOCTH TEMIIOBBIX IOTOKOB ¢1, ¢2 HA3HAYAINCH JJISI TOBEPX-
HOCTEH, pacIoI0KeHHbIX BOJIM3H 3JIEKTPOIBUraTeNs U MINUHICIBHOTO y3/1a COOTBETCTBEHHO.

Konekuus 3aaBanach Ko3QHUIIMEHTOM TEIUIOOTIAuU & C YIETOM YCIIOBHUI TemiooOMeHa (CBOOOIHAsSE KOHBEKIIHS B
Bo3ayxe). [IockoIbKy CTaHOK KOHTAaKTHPYET ¢ Ta3000pa3HOi cperoil (BO3AyX), TO KOJIMYECTBO TEIUIOTHI, OTAAaHHOE
HarpeToi MoBEpXHOCTHIO OKPY’KaIOIIeH cpeJie B eIMHUIY BPEMEHH 7, IPSIMO IPONOPLUOHATIBHO Pa3HOCTH TEMIIEPaTyphl
moBepXHOCTU Ts U cpenbl To, B 3aBUCUMOCTH OT S TUIOIIAIH TEILIOOTIAIOIICH TOBEpXHOCTH (3).

[Tpu mocTpoeHUH TEMIOBOW MOAEN! 00beKTa (TBEpOTo TeNa), COCTOSIIETO U3 OAHOPOAHOTO Marepuaina (KOHCTPYK-
IIMOHHAS CTaJIb) C TIOCTOSIHHBIMH TETUIO(QHU3MYECKUMH CBOMCTBAMH W HAJIMYMEM BHYTPEHHHUX MCTOYHHMKOB TEIUIa, Ha3Ha-
YaJiCh CIEAYIOINE HadyallbHbIE U TPaHUYHbIC YCIIOBHS:

— HAYaJIbHbIC YCIIOBHS YUUTHIBAIH (DUKCALIUIO OCTOSHHOW TEMIIEPaTyphI MO BCE MOBEPXHOCTH 00BHEKTa MOJIEITHPO-
Bauus (1 =0: T = Ty = const);

— TPaHUYHBIE YCIIOBHS BTOPOTO POJIa 3a0aBaIMCh TEIUIOBBIMH ITOTOKAMH dJIeKTpoaBrraresist (Q1), IMMHASITBHOrO y3ma (02),
TUTOTHOCTBEO TEIIOBOTO TIOTOKA (¢,1) OT JIEKTPOABUTATES K TIEpEHEN CTEHKE KOpITyca U (¢,2) K BHYTPEHHAM TIOBEPXHOCTM;

— rpaHUYHBIC YCIIOBHS TPETHETO POJIa 3adaBaliiCh KOY(D(OUIIMEHTOM TEIUIOOTAaYH (0) UIS TIOBEPXHOCTEH, Pacoo-
JKEHHBIX BHYTPH KOpITyca CBEpJIMIIHOHN TOJIOBKH;

— T'PaHUYHBIE YCIIOBHS YETBEPTOrO POAA JUISi KOHTAKTHBIX COETUHEHHH IMOBEPXHOCTEH YUUTHIBAIN UICaTIbHBINA Tell-
JIOBOM KOHTAKT M OTCYTCTBUE TEPMHUYECKOTO CONPOTUBIICHHUS:

or or
T|—0 :T|+0;}\"_ =\

— +q.. 4
onl, lﬁnmq “)

MaHII/IHOCTpOCHI/Ie 1 MAalIMHOBCICHUEC

181



http://vestnik-donstu.ru

182

Advanced Engineering Research (Rostov-on-Don). 2024;24(2):178—189. eISSN 2687—1653

Ternossie oToku (Q1, O»), IIOTHOCTH TEIJIOBBIX TOTOKOB (i, ¢n2), KAK U 00BEMHAsI MOIIHOCTD TEILIOBBIJIEIICHUS
(gv1, g12), HA3HAYATINICH B COOTBETCTBUH C M3BECTHBIMH PEKOMEHIAIMAMH 10 METAJUTOPEXYIIUM cTaHKaM [ 1]. ['parmunbie
YCIIOBUSI, KaK U TEIUIOBBIE TIOTOKH, 3a/1aBAJIMCh JUI HAPYXKHBIX MOBepXHOCTEH. [109TOMY yUHTBHIBAIOCH, YTO B3aUMOCBSA3H
TEIJIOBBIX MOJIEH MPUCYTCTBOBAIH TOIBKO MEXIY BHEIIHUMU ITIOBEPXHOCTAMHU.

Jduddepenmmanpaoe ypaBHeHue (1), COBMECTHO C HAUaIBHBIMU U TPAHUIHBIMHA YCIIOBHSMH BTOPOTO (2), TpeThero (3)
H 9eTBepTOoro (4) poxa, MpeacTaBIseT coO0H MaTeMaTHIecKyo GOpMyIHPOBKY MOCTaBIeHHOH 3anaun. [locraBneHHas
3ajjaya penaisach ¢ IIOMOIIBI0 METOI0B YHCICHHOTO U aHATMTHYECKOTO MOJICITUPOBAHHA.

UucreHHOE pelIeHHE BBITIONHSUIOCH Ha OCHOBE METOJ]a KOHEUHBIX JJIEMEHTOB B CHCTEME MH)XEHEPHOTO aHaIM3a
«Ansys», KoTopas pa3pabaTbIBaeTcs aMepruKaHcKoi koMmmanuer «Ansys Incy» (CLLIA) u nocrasisercs pupmoit «MIUD»,
ABTOPU30BaHHBIM AUCTPHOBIOTOPOM «Ansys» B Poccuu. 'eomerpudeckast Mmonens (puc. 1) o0bekTa MIIoOpTHpOBaJIach B
npoekt «Ansys Workbench» ¢ nob6aBnennem 6si0ka aHanuza nepexoaHoro remreparyproro noiist « Transient Thermaly.
[Ipy 4nCIEeHHOM pelIeHHH BBIIONHSUIIACH KaTMOPOBKA MapaMeTpOB MOJICIMPOBAHUS M IPAHMYHBIX YCIOBHUIl TEIIOBOM
Mojenu (Tabmuna 1) s mpuOImKeH!s] MOJIENTBHBIX 3HAYCHUH TeMIIepaTyphl K 9KCIEPHUMEHTAIbHBIM JAHHBIM.

Tabnuna 1
['panmyHbIe ycioBUs (IapaMeTpsl) TEIUIOBOH MOIEITH
. I110THOCTH TEMIOBBIX Koadpdrmment
MoIHOCTb TEMIOBBIAENCHNH | TemnIoBbIle TIOTOKU
Tapamerp TIOTOKOB TEIIOOTAAYH
gv1, Br/m3 G2, BT/M3 01, Bt 0>, Bt Gn1, BT/M? gn2, BT/M? a, Br/(m?-°C)
3HaueHue 6 500 1 000 28 15 32 18 15

B moayne «Ansys Mechanicaly Ha3zHauaiuch HadanbHble (HadanbHas temmeparypa 79=24 °C) u rpaHu4Hbie (Tad-
nura 1) ycrnoBus I MOCTPOEHHOM CETOUHONW MOJIENH, BRIIOIHSIOCH IIOCTPOEHHE TeMIepaTypHoro nois (puc. 2). [pu
9TOM K03(p(HUIMEHT TEeTUIONPOBOJHOCTH TpUHUMaCs paBHbIM A=60,5 B1/(M °C) n Ha3HayaJCsl TAKOBBIM JIJIsl KOHCTPYK-
IIUOHHOI CTaJIu.

TemnoBast Mosiesib 00bEKTa BKIIOYAIIA ABA KOHTAKTHBIX COCAMHEHUS ISl QNICKTPOJBUIATEISI U THIIb3bI HIMUH/CIS C
KOPITyCOM CBEpJIMJIBHON TOJIOBKH M COZIEpKaia 7 TEeIJIOBBIX IPaHMYHbIX yciaoBHH. [locTpoeHHast ceTouHas MOJENb CO-
crosia u3 16 309 snementoB u 58 527 y3nos.

Oo6mee Bpems monenupoBanust 21 600 cekynn (6 yacoB) pazouBaioch Ha mHTepBaibl (1 vac) u maru At = 360 cexyH/
(6 munHyT), Bcero N = 60 maros, B npejeiax KOTOPBIX ITapaMeTphbl TEMJIOBOH MOJeNH (TpaHUYHbIE YCIOBUS) IIPHHUMA-

JINCh KaK MOCTOAHHBIC U HE3AaBUCAIIINE OT BPCMCHU.

3 Model (4) |
[&]- @ Geometry
-, {8 Materials
(-3 Coordinate Systems
[#-/f%) Connections
(-, &P Mesh 42,082 Max
=/ Transient Thermal (B5) 40,188
=0 Initial Temperature 38294
w0 Analysis Settings 364
=] ./E Simplorer 34,507
~®. Internal Heat Generation1 32,613
~ W Internal Heat Generation2 30,719
_/C:d‘ Heat Flow1 28,825
‘/qu Heat Flow2 26,931
-+ HeatFlux1 25,037 Min

D3 HeatFlux2
% Convection
=& Solution (B6)
@5 Solution Information
&8 Temperature
) Simplorer
.. /%8 TempProbe1
L. %8 TempProbe2
@ TempProbe3
‘/Qﬁ TempProbe4

Puc. 2. TemneparypHoe noiie 00bekTa B «Ansys Mechanical»

Pacuer TemMnepaTypHoOro 1ot TpeGoBacs Ul FeHepaliy He3aBUCHMOTO ITOLIar0OBOro OTKJIMKA TEIUIOBOW HArpys3KH,
COJIepKAIEro MHPOPMALIHIO 00 N3MEHEHUN TeMIIepaTypPhI [0 BpeMeHH (TEIUIOBBIe XapaKTePUCTHKH) IS KAKIOTO mapa-
MeTpa (Tabnuna 1) TerIoBoi MOJIENN B OTAEIEHOCTH:

Vi (t):Ti_j (t),izl, k,j=1m, &)

rae  k — KOJIMYecTBO TEMIIEPATYPHBIX JATYUKOB; /1 — KOJIMYECTBO MapaMeTPOB TEINIOBOH MOAEIH.


http://vestnik-donstu.ru/
http://vestnik-donstu.ru/

Ilozesanxun B.B. u op. Peanuzayusa yughpoeoit mooenu mennoguvix XapaKkmepucmuk Ha 0CHOGe MEMREPAMYPHOZ0 NOA

I'eHeparust MOIIAroBOro OTKIMKA BBINOJHSIACH B Moayje «Ansys Mechanicaly ¢ mpumeHeHueM paciIupeHHs
«Application Customization Toolkit (ACT)», KOTOpo€e MOIAECPKUBACT BHEAPEHHE MOJIH30BATEIBCKHX CIICHAPUEB. DTO
MTO3BOJIMIIO pa3paboTaTh MPOTPaAMMHBIN CIIEHapUi Ha A3bIKe IporpaMMupoBanus «Python» ¢ menpio aBTOMaTHYECKON
TeHepalry CHenraIbHOro Habopa (aiioB, colepKaniiux He3aBUCUMBIE MONIaroBble OTKIUKH [ 14].

AHaNMUTHYECKOE PEIICHHE BHITOIHIOCh HA OCHOBE METO/AA MPOCTPAHCTBA COCTOSHHUM ITyTEM IOCTPOCHUS MOICIH
TEIUIOBBIX XapaKTEPUCTHK 110 GopmyIie:

X =Ax+ Bu

, 6
y=Cx+Du ©)

rae x=0x/0t — IIpOU3BOJHAsA BEKTOpa X COCTOSIHUH IO BPEMEHH ¢; ¥ U U — BEKTOPBI BEIXOAHBIX M BXOJHBIX JTaHHBIX

COOTBETCTBEHHO; A, B, C, D — MaTpuIpl MOCTOSHHBIX K03 duIreHToB.

B ypaBHenun (6), BeKTOp X = (Xi,X2,...,Xy)] CONEPKHMT IIEPEMEHHBIE COCTOSHMS, BEKTOP BXOJa
u=(qvi, g2, O1, Q2, Gn1, g2, To1, Ton, .., Tox)T 3HAYEHUS TAPAMETPOB TEILIOBOM MOAENH (IPaHUYHbIE U HAYAILHBIE YCIIO-
BUs), BekTOp Bhixona y = (T4, T, ..., Tr)T 3HAUEHHUS TETIOBBIX XapaKTEPHUCTHK.

Mogenb nepenaTouHoi (yHKINK BEIPAXKAETCS CIIEAYIOUIMM YPABHEHUEM:

Vi (t):Z:ilH[,j(t)“/"i:L_k’ 0

rae H— marpuyHast KOMIUICKCHAS ITepeaaToqIHast PYHKIHS.

Matpuunas nepenaTodnas GyHKIus H moiaydeHa myTeM npuMeHeHus K popmyie (6) mpeodpazoBanms Jlamraca, 9to
BBIPAXKAeTCs CICIYIOIINM YPpaBHEHHEM:

H(s)=C(sI—A4)" B+D, (®)
rae s — KOMIUICKCHas nepeMeHHas Jlamraca; / — equHUYHAs JUaroHANbHAS MAaTPHIIA.

Ilepenatounas ¢yukums (8) oTpakaeT 3aBUCUMOCThH IpeoOpasoBaHus Jlammaca BBIXOZHOW NEpPEeMEHHOU
Y(s) = H(s)U(s) ot mpeoOpa3oBanus Jlamraca BxoaHoH mepeMmenHod U(s) momenu (6) mpu HYJEBBIX HadadbHBIX
ycnoBusix x(0) = xo = 0. [Ipn 3TOM pasMepHOCTH MaTPUIIBI IEpeaTOUHOM GYHKIMY H 3aBHCHT OT BEJTMYNHBI BBIX0J1A
k=4 u pasMepHOCTH BXOJIHOH BeJM4YMHBI m = 10, 4TO COOTBETCTBYET Pa3MEPHOCTH MCXOJHOTO MOLIAaroBOTO OT-
ximka (5). [Toatomy Mozens (6) IpUBOIUIACE B COOTBETCTBUE C MOBEACHUEM HCXOIHOW TCIUIOBOH MOJCTH MyTeM
npuOIIKeHus ee nepenaToyHol GpyHKuM (7) K MomaroBoMy OTKIMKY (5) ¢ IpUMEHEHHEeM METO0/1a BEeKTOPHOU ar-
npokcumanuu [15].

Jnst moctpoenust Marpui] Ko3hPHUIUEHTOB MoJieNi (6) BBIMOJHSIICA OOpaTHBIA MepexoJ] OT MepeaaToyHon (yHK-
1 (8) K MOJIeIM B IPOCTPAHCTBE COCTOSIHUM. B aTOM cityuae, nepeaarounas GpyHkuus (8) IpUHAMAET BUJ YpaBHEHHS,
B 3HAMEHATEJIe KOTOPOTO COAEPIKUTCS XapaKTePUCTHICCKHUN TIOIMHOM CTeTieHH / = 4 (TTOpSAO0K CHCTEMBI), a B UUCIIHATEIS
MTOJTUHOM cTenenn z =/ — 1:

G(s)= ggii’f’@):beflbfs",Q<s>=ao+wa”- ©

rae a u b ko3pdunrenTs! momuHOMOB (J(s) U P(S) COOTBETCTBEHHO.

Kopau nonmroMoB Q(s) 1 P(s) IpeACcTaBISIOT cOOO0H MOI0ca M HyJIN TIepelaTOYHON QyHKINH (8) COOTBETCTBEHHO.
Mertox HeonpeaeEHHBIX MHOXKHTENIEH MPUMEHSIICA K YpaBHEHHIO (9) IS pa3iioKeHHs KaKI0ro dJIeMEeHTa MaTpULbl H
Ha dJieMeHTapHbIe Apo6u. O003HAYMB TOJI0CA XapaKTEPHCTHIECCKOTO MOJIMHOMA Yepes3 pj, NoJIydaeM ypaBHEHHE ClIey-
IOLIETO BUJA:

R
G(s):D+Zl_q:1—S_’p_, (10)

P
ve R = lim (s=r) 50

Panr MaTpuibl R,' 0003HayaCcs 4epe3 r; U BBIIOJHAJIOCH €€ PA3JIOKCHUE Ha IMPOU3BEACHUEC ABYX MATpUI] C MMOJIHBIM

— MaTpuIa pa3MepHOCTHIO (k X m); ¢ — KOIMYECTBO TIOTFOCOB.

pPaHroM CToJIONA ¥ CTPOKH COOTBETCTBEHHO:
R, =C"BI™"  rank(R;) =T (11)

Marpuiisl Moziesn (6) SBISIOTCS JAMATOHATLHBIMHU, PA3MEPHOCTBIO A", B (P DF™M (n = 56) n comepxar aie-
MEHTBI, KOTOpBIE ITOJIyYEeHbI HETIOCPEACTBEHHO U3 KoddduiueHToB nepeaatounoi pyHkuuu (10).
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Marpunpl 4 cucteMsl 1 B ynpaBJieHUs! COJepKaT CleaAyronre Ko3(GHINEeHTHI:

(pa 0 0 ... 0 by 0 ... 0
0 i 0 ... O b 0
A= Piz B= ql (12)
0 0 ps ... O 0 b, b,
| 0 0 0 ... Pu| 10 0 ... by,
Marpuist C Bbixoaa u D NpsiIMOii CBSI3U COJEpIKaT CleAyome Ko3hHUIUSHTbI:
Ci . Cyy 0 0 o ... 0 o ... 1 0O 0
0o ... 0 c(k—l)i C(k—l)q 0 0 O ... 0 .. 1 0 ( )
0 ... 0 0 0 Cki + Cig 0 ... 0 ... 0 1

Tako#i moxo 1 O3BOJIHII BRITIOJIHUTE EPEX0/1 OT MOJIENH B (hopMe nepenatoyHoi GpyHkumu (8) K MOAEIH B IPOCTPAHCTBE
COCTOSIHUH (6). AJITOPUTMBI IIEpEX0/1a TaKXKe peaM30BaHbl B cUcTeMe MHXeHepHbIX pacyeTtoB « MATLABY, kommepueckoit
rxomnannu «The MathWorks» (CILIA), B Bune crienpiaibHbIX QyHKIMH «ss2tf()» u «tf2ss()».

Jlist monmy4eHust 3HauSHNH TEMJIOBBIX XapaKTEPUCTHUK peraiack 3anada Komu 1uist cucreMbl 0OBIKHOBEHHBIX TU(de-
PEHLMATBHBIX ypaBHEHHUH, IOCKOJIBKY B (hopMyste (6) mepeMeHHas X SIBISIETCS] POU3BOIHOM OT BEKTOPA COCTOSIHUMA TEM-
MepaTyPHOTO MOJIS 10 BpeMeHH t. PelrieHue cucteMsl ypaBHEeHUH (6) ObLUTO MOIYYCHO ¢ OMOIIBbI0 MeToia PyHre-KyTTh
YETBEPTOTO MOPSIIKA.

Bepun¢ukanus mocTpoeHHON aHATUTHYECKOM MOJICITN BBITTOJIHSIIACH ITyTEM ITPOBEICHNS CEPHH BEIYHCIUTEIBHBIX JKC-
MIEpIMEHTOB C IPUMEHEHHEM, pa3zpaboTanHoii B cucreme « MATLAB» npukiaHoi IporpaMMbl, KOTOpasi BKITFOYaIa pe-
anm3anmio Meroaa Pynre-KyTTer ueTBeproro nopsiaka (puc. 3). BeraucnurensHble SKCIIEPUMEHTHI IIPOBOMIIICH Ha TIep-
COHaJBHOM KomiibtoTepe (mporieccop AMD Ryzen 5 5600U with Radeon Graphics 2.30 GHz, omepaTuBHasi maMsTh
16,0 I'b, Tun cuctemsl 64-pa3psimHas oneparmonHas cuctema Windows 10 Pro Bepcust 21H2), xapakTepuCcTUKH KOTOPOTO
SIBJISIFOTCS] 0230BBIMU ISl COBPEMEHHO BBIYMCIUTEILHON TEXHHUKH.

[TocTpoeHHas aHanuTHYECKask MOJENb U MpUMeHeHue MeTtoaa Pynre-KyTThl ueTBepTOoro mopsiaka Ajs peuieHus cu-
cTeMbl AudGepeHINaIbHBIX YPaBHEHHH TTO3BOJIMIIO C BBICOKOM TOYHOCTBIO BBIYMCIIUTh 3HAYEHHS TEIUIOBBIX XapaKTepH-
ctuk (puc. 3). IlockonbKy MaKCUMaJIbHBIE 3HAUEHHS TIOTPELIHOCTH, TO €CTh Pa3HOCTh MEK/Ty MOJEIbHBIMU 3HAYCHUSIMU
TEIUIOBBIX XapaKTEPUCTHUK, MOJY4YEHHBIX ¢ nmoMousio yncieHnoro (FE-Model) n ananurudaeckoro (LTI-Model) pete-
Hu#, He ipeBbicuau 0,72 °C Ha BceM WHTepBaJie MOJISIIUPOBAHMS.

Jlnneitnas n vaBapuanTHas o Bpemend (Linear and Time-Invariant, LTI) koMmproTepHas Moellb HOHIKEHHOTO TIOPSI/IKA
(Reduced Order Model, ROM) pazpabatsiBaack B Moayie «Ansys Twin Builder» crucremsr mHxeHepHOTO aHAIM3a «ANSys»
Ha OCHOBE TEMIIEPATyPHOTO IT0JIs 00BEKTa M CreHepUPOBAHHOTO B MotyIte «Ansys Mechanical» momaroBoro oTkimka. ccc
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Puc. 3. I'paduku TemoBbIx XapakrepucTik B cucteme « MATLAB»
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Peanuzanus uudpoBoii MOJENN TEIUIOBBIX XapaKTEPUCTHK HAa OCHOBE TEMIIEPATypHOI'O IOJIsl C IPUMEHEHHEM BEK-
TOPHOM anMpoKCUMAIIUH 3aKJII0YAeTCs B IOCJIEA0BATEIEHOM BBINOJHEHNH CEMU OCHOBHBIX 3TAIlOB:

Oran 1. IMIopT reoMeTpryIecKoi MozieNl 00bEKTa U MOCTPOEHHE TEILIOBOI MOJENN B CHCTEME HHXEHEPHOTO aHaIIH3a,;

Oran 2. Pacyer TeMiiepaTypHOTo 1ot 00hEKTa Ha OCHOBE MTOCTPOSHHOH TEIIOBOH MOJIENH;

Oran 3. ['eHepanys HE3aBUCHMOTO TOIIATOBOTO OTKIIMKA MO PE3yJbTaTaM YHCICHHOTO MOAEIMPOBAHUS TETUIOBBIX
XapaKTEPUCTHK 0OBEKTA;

Oran 4. [IpumeHeHne anropuTMa BEKTOPHOH alMpPOKCHUMAIMH JUIS HOIYYCHHUS TOJIOCOB M HYJICH HepenaToyHoi
(YHKITMHM MOJEIHN IIPOCTPAHCTBA COCTOSHUH;

Oran 5. [locTpoenne MoAEIN IPOCTPAHCTBA COCTOSIHUH 110 U3BECTHOM IEePeAaTOYHON (QYHKIINY;

Oran 6. Pa3paboTka KOMIBIOTEPHON MOJEIH TEIUIOBBIX XapaKTEpPHUCTHK;

Oran 7. Peannzanms 1 poBoit Mosenu o0beKTa.

Takum oOpazoM npeiokeHHas H(POBast MOJIENb, COJEpIKaIas KOMIBIOTEPHYIO MOZEIb JUIsl TOYHON OLEHKH Tell-
JIOBBIX XapaKTEPHUCTHK CIOKHBIX TEXHUYECKUX 00BEKTOB IIPOSKTHPOBAHMUS, ObliIa MIOJTyYeHa IyTEM I10CIIeI0BATEIHLHOTO
BBITIOJTHEHHS BCEX MPECTABICHHBIX BBIIIE ATATIOB.

PesyabTaThl nceaenoBanus. Pazpaborannas kommnerorepaas moaensb (Thermal SG400V_SML1) copepxut 6 BX0-
J0B U 4 BbIxoJa (puc. 4), 4TO MO3BOJISIET BBIABUTH B3aMMOCBSI3b MEX/y ITapaMeTpaMM TETJIOBONH MOAEIH U 3HAYCHUSIMU
TEIUIOBBIX XapaKTePHCTHK. B KauecTBe BXOAHBIX JaHHBIX KOMIBIOTEPHON MOIEIH MPHUHATH 00BbEeMHasi MOIIHOCTD TETl-
JIOBBIAENCHUH (Gy1, ¢v2), TEIIOBBIE NOTOKU (Q1, Q2) ¥ IIIOTHOCTH TEIUIOBBIX MOTOKOB (Gx1, ¢n2). B KauecTBe BBIXOIHBIX
JAHHBIX BBICTYMAIOT TeIuioBble XxapaktepucTuku (71—74). KoMIbroTepHas Mozienb BXOAUT B cocTaB LU(POBOI Mo-
nenu (puc. 4 a) TeIUIOBBIX XapaKTEPUCTHK, Peal30BaHHON B MoayIie «Ansys Twin Buildery.

3HaveHHs apamMeTpoB HUPPOBOI MOJEIH, IPEICTABICHHbBIE B TAOIHMYHOM Buze (pUC. 4 6), TOJAFOTCS HA BXOJ KOM-
npIOTepHOM Moaenu (puc. 4 @) ¢ nomoubio koMrnoHeHToB «STEPy. I'paduueckuii MOAysib AEMOHCTPUPYET 3HAUEHHMS
TETUIOBBIX XapaKTEPUCTHK (pHUC. 4 6), TOTYYEHHBIX HA BBIXOJE KOMITBIOTEPHOU MOJIEIIH.

Thermal SG400V_SML
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Time, ¢ 3600 7200 10 800 14 400 18 000 21 600

qn2 18,0 18,0 18,0 18,0 18,0 18,0

vl 6500,0 6500,0 6500,0 6500,0 6500,0 6500,0

01 28,0 28,0 28,0 28,0 28,0 28,0

02 15,0 15,0 15,0 15,0 15,0 15,0

ov2 1.000,0 1.000,0 1.000,0 1.000,0 1000,0 1000,0

gnl 32,0 32,0 32,0 32,0 32,0 32,0
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Puc. 4. Peanuzanus uudpoBoit Monenu B cucreMe «Ansys Twin Builder»:
a — KOMITBIOTEpHAsi MOJIEeJIb TEIUIOBBIX XapaKTEPUCTHUK; 6 — MOIYJIb rpaduueckoro npeacTaBieHHs Pe3yIbTaToB;
6 — MOJIyJIb KOHTPOJISI BXOJIHBIX JAHHBIX KOMITBIOTEPHOH Mozenu

Ipu pa3paboTke KOMIBIOTEPHOH MO 33AaBATIMCh IIPEACIIBI Pa3MEPHOCTH OT 2 110 4 TopsiKa, 3HAYeHHS LIeJICBOI
o6k € = 5x107> 1 KOMyCK I HyJIEBOTO TopsAaKa g = 2x1072. OcTanbHbIE MAPaMETPHI yCTAHABINBAINCH ABTOMATH-
YeCKH, IIOCKOJIBKY METOJ BEKTOPHOU alIPOKCUMAIIMN MAaKCUMAIbHO aBTOMAaTH3UPOBAH B CPAaBHEHHH C OCTAJIbHBIMH Me-
TOJIaMH, KOTOpPEIE TTOAepKUBatOTCs B Momylie «Ansys Twin Builder».

B nporecce pa3paboTku KOMITBIOTEPHOM Moziesi Moyb «Ansys Twin Builder» aBromarndecku reHepupyeT Crieru-

QJIbHYIO MaTpHIly olMOoK anmpokcumamuu M ; =|| y;(£)— y,(f)||; BO BpeMeHHON 00IaCTH, KaXKIbIii SIEMEHT KOTOPOH
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OTpakaeT Pa3HOCTh MEXIy 3HAUEHHMSMH TEIUIOBBIX XapaKTEPHUCTHK IMOLIArOBOr0 OTKIWKA (5) U mepeaaTtoyHoi (yHK-
1w (7) MOJIeTH B IIPOCTPAHCTBE COCTOSIHUIA, UTO BBIPAXKAETCS CIEIYIOIINM YpaBHEHHEM:
0,43 4,04 1,53 4,97 2,22 182
0,21 2,22 2,54 1,07 L16 195
M= x107. (14)
2,66 1,63 0,39 0,26 3,43 1,82
1,46 3,21 0,06 0,84 2,95 3,50

B naHHOM Cilydae MakCHMalbHasi OTHOCHTEIbHAS OIMMOKA He MpEBBIIacT 3Hauenue € = 4,97x107. Ilpu sToM Bee
OCTJILHBIE 3HAYECHUS OMMOOK OKA3aIMCh MEHbINE yKa3aHHoro € = 5x10 npenena. Hynesoe 3Hauenue ommobKn B MaT-
putie (14) o3Hauaer, 4TO BXOH OBUI MPOUTHOPUPOBAH B CBSI3U C OUEHB MAaJBIM BKIIAZIOM.

O1leHKa TOYHOCTH pacyera TeIJIOBBIX XapaKTePUCTUK C IPUMEHEHUEM TPEII0KEHHOU IU(POBOI MOIETH BBIMTOIHSI-
JIach IyTEM CPAaBHHUTEIFHOTO aHAIN3a PE3YJIBTATOB, ITOMYYEHHBIX C IIOMOIILIO YHCICHHOTO ¥ aHAINTHIECKOTO PEIICHHUH.
CpaBHUTENBHBIN aHATIHU3 TPOBOIMIICS MO KPUTEPHIO MAaKCUMAIBHON MOrpemrHOCTH. MakcuManbHast MorperHoCTb ATy,
TO €CTh PAa3HOCTh MEXIY 3HAUCHUSIMH TEIUIOBBIX XapaKTEPHUCTHK, MOIYYEHHBIX C IIOMOIIBIO YUCICHHOTO U aHAINTHYE-
CKOT'O pEelIeHHH ISl BCeX TeMIepaTypHbIX TaTYMKOB, B KQXKIBI MOMEHT BPEMEHH PAacCUUTHIBaeTCs 10 opmyore:

AT, =maxAT;, (15)

max
Jj=Ln

rne AT;=|Tjs— T;4 — norpemocts; Tjru Tj ¢ — 3HaUEHUs TEMIEPATypbl KOHEYHO-3JIEMEHTHOW 1 I(POBOI MozeneH
COOTBETCTBEHHO (j = 1, m); M — KOJTHYECTBO TEMIIEPATYPHBIX JATUHKOB.

J1J1s1 OIEHKH TOYHOCTH LU(POBOI MOJIEIIN BHITIOIHSIICS pacuyeT MOrPeIHOCTEH, pe3yIbTaThl KOTOPOT'O IPECTABICHBI
B BHJIE TIOBEPXHOCTH (pHC. 5 a) U nauHeiHoro rpaduka (puc. 5 6) MakCUMalIbHOM NOIPEUIHOCTH 1O BpemeHH. [loBepx-
HOCTb (pHC. 5 a) mpencraBisier co0OW pacyeTHbIe 3HAYEHUsI TTOTPEeHIHOCTH AT} JUIs KaXXI0r0 TEMIIEpaTypHOTo AaT4nKa
(dT1,dT2, dT3, dT4) B OTIENBHOCTH M B K&XKAbI MOMEHT BpEMEHH Ha BCEM MHTEpPBAJIE MOJISITUPOBAHHS.
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a)
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0)

Puc. 5. Ilorpemnoctu pacueTa TEIUIOBBIX XapaKTEPUCTUK: ¢ — MOTPEIIHOCTD LI KaKI0r0 TEMIIEPaTypPHOro AaTUUKA;
6 — MaKkcuMasbHas MOTPEITHOCTh ISl BCEX TEMIIEPATyPHBIX JaTUHKOB
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I'paduk (puc. 5 6) mokas3bIBacT, YTO JJIsl BHIOPAHHOTO MHTEPBaja BPEMEHH MAaKCHMaJIbHAasl MOTPEITHOCT AT, HE
npesseiaet 0,1 °C. [TorpemHocTs pacueTa TEIIOBBIX XapaKTEPUCTHK AT KaXKOro TEMIIEpaTypHOTO JaTYHKa B OTICTb-
HOCTH (pHC. 5 @) TakKe He TPEBhIIIACT 3aJaHHBIX MMPEAEIIOB.

OO0cy:xaeHne u 3akjroueHne. [loaydeHHbIe pe3yabTaThl BEIYUCIUTEIBHBIX SKCIIEPUMEHTOB U IPOBEICHHBIN CpaB-
HUTENBHBIN aHAIM3 MOATBEPXKIA0T 3(P()EeKTHBHOCTS IPUMEHEHHS NPEIOKEHHON IU(PPOBOH MOAENH, KOTOpasi MO3BO-
JISIET ¢ BBICOKOH TOTHOCTHIO AT a0 = 0,052 °C BBINONHATE pacdeT TEIIOBBIX XapaKTEPUCTHK, TS NANbHEHIIIEro mpoBe-
JICHUS! TIPOLIEYp aHaIN3a U WICHTU(QHUKAIINH TETUIOBOH MOJIEIIH.

Ha Temmieparypnoe mose 00beKTa MpOEeKTHPOBAHHMS BIMSET MHOKECTBO (JaKTOPOB, YTO OCIIOXKHSIET ONpeieNIeHIe HOMHU-
HaJIbHBIX 3HAYEHHUH TEIJIOBBIX IPAHUYHBIX YCIOBHH. JIst perieHuns JaHHOW IPpo0IeMbl B MCCIIEIOBAaHNH CHAYAIa aHAIN3H-
PYIOTCS KITIOUEBBIE TEXHOJIOTHH, 331€HICTBOBaHHBIC B pealIn3aliy LI(PPOBOTo TBOMHUKA CII0KHOTO TEXHUUECKOTO 00BEKTa,
3aTeM CTPOSATCS TEIUIOBask MOAENb M KOMIIBIOTEpPHAs: MOJIENb MOoHWkeHHoro nopsiika LTI ROM nepexoaHoro temneparyp-
Horo noJisi. Pa3paboTaHHasi KOMIIBIOTEPHAsI MOJIEIb IPUMEHSIETCSl B COCTaBe 1M(pPOBON MOJIEIH, KOTOPAsi MO3BOJISIET MOITY-
YHUTh TOYHYIO OIIEHKY TEIUIOBBIX XapaKTEPUCTUK OOBEKTa MPOSKTUPOBAHUS U TEM CaMbIM MOBBICHTH 3(P()EKTUBHOCTD BbI-
TMOJIHCHUA MMPOCKTHBIX MMPOUECAYP B IMMPOILECCE aBTOMATU3UPOBAHHOT'O MIPOCKTUPOBAHUA CIIOKHBIX TEXHUYCCKUX O6’beKTOB.

TouHOCTD W APPEKTUBHOCTD BHIYUCICHIH KOMIBIOTEPHON MOJEIH MOHMKEHHOTO MOPSAKA W UCXOTHOU TETIOBOM
MOJIEJIH MTOJTHOTO TIOPsiIKa OL[CHUBAETCSI ITyTEM CPaBHHUTEIILHOTO aHaIN3a Pe3yJIbTaTOB MOJISIUPOBaHUs. Pe3ynbTaTsl BbI-
YHUCITATENBHBIX SKCIIEPUMEHTOB TIOKa3bIBAIOT, YTO C TOYKH 3PEHUSI TOYHOCTH PACUCTOB KOMITBIOTEPHBIE MOJICIIH MTOHH-
KEHHOT0 MOPSIIKA U KOHEYHO-3JIEMEHTHBIE MOJIEJIU MOJTHOTO MOPS/IKa B OCHOBHOM COIIOCTABUMBI 110 TOYHOCTH, 3 MAKCH-
MaJIbHAasl MOTPELIHOCTh PAacyeTOB HAXOJUTCA B Ipeeax JOIMyCTUMOro quana3oHa u He npesbimaet 0,1 °C.

[Nomy4eHHble B X0/1€ BEIMUCIHUTEIBHBIX SKCIIEPUMEHTOB PE3YJIbTaThl HE MPOTHBOPEYAT pe3yiibTaTaMm, IPEe/ICTaBICHHBIM B
WCTOYHMKAX HAyYHOH JINTEPATYPHI 110 CXOXKEH TEMATHKE U TTO3BOJISIIOT CIETATh BHIBOJL O TOM, YTO IIPUMEHEHHE MPE/TI0KECHHON
u¢poBoit Moxeny 3 (GEKTHBHO I OLICHKH TEIUIOBBIX XapaKTePUCTHK CIIOXKHBIX TEXHHYECKHX OOBEKTOB B PEKHME peaslb-
HOT'O BPEMEHH, UTO SIBJISIETCS] OTHUM M3 BOYKHEWIIINX YCIIOBHH IS peTM3alli TEXHOJIOTMH IM(POBBIX JBOHHUKOB.

OnHako N3MEHEHHE TEMITEPATYPHOTO MOJIS CI0KHOTO TEXHUIECKOTO 00BEKTa MO-TIPEXHEMY 3aBUCHT OT MHOTHX (hak-
TopoB. [103TOMY B HajbHEUIINX UCCICIOBAHUAX HEOOXOIUMO pa3paboTaTh KOMIIBIOTEPHBIC MOACTH TEIIOBBIX Aedop-
Malui ¥ BBecTH 3((PEKTHBHBIC aITOPUTMBI ONITUMU3AIIMY HA OCHOBE MCKYCCTBEHHOT'O MHTEJUIEKTA, YTOOBI 00ECIIEUUTh
Ha/Ie)KHOCTH PE3yJIbTATOB MOICINPOBAHUS, TIOIyUYSHHBIX C IIOMOIIBIO IU(PPOBBIX TBOHHHUKOB.
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Abstract

Introduction. The dynamic loads during the start-up of a bridge crane can cause excessive stress in the structure and
components, leading to potential safety hazards and increased wear and tear. To reduce the influence of the dynamic
loads, various strategies can be implemented including optimization of the acceleration and deceleration profiles, using
the soft start controls, implementing the vibration damping systems. It is vital to ensure that the proper crane maintenance
and inspection protocols are in place. By reducing the impact of dynamic loads during the start-up, the overall
performance and longevity of a bridge crane can be improved, ultimately enhancing safety and efficiency of the industrial
operations. The present research offers a new approach to improving the efficiency and safety of industrial operations by
providing a more precise account of the dynamic loads during the start-up of a bridge crane. The objective of this study
is to develop a mathematical model for investigating the mechanical properties of the bridge cranes by analyzing the
dynamic loads that occur during lifting operations.

Materials and Methods. The development of the mathematical model was based on the kinetic model of the system,
which included three connecting blocks and two flexible connections for a more accurate description of the bridge crane
structure. Lagrange’s equations incorporating the information about the geometry and structure of a bridge crane were
used. They made it possible to describe the motion of a system with the multiple elements and degrees of freedom.
Processing and analysis of the results of the mathematical model were carried out in the MATLAB program using the
Runge-Kutta method.

Results. As a result of the research, a mathematical model was developed to study the dynamic loads affecting a bridge
crane during lifting operations. Graphs describing the dependences of speed, acceleration, load, and rope angle over time,
and their influence on the crane beam were plotted. The changes in these parameters over time, including their maximum
values, were analyzed. The reasons for load changes and factors influencing the extension of lifting machines’ service
life as well as reducing metal consumption during production thereof were identified.

Discussion and Conclusion. The developed mathematical model and its numerical solution using the specialized software
(MATLAB) allow for conducting the dynamic analysis of the bridge crane structures and determining the optimal design
solutions. The analysis of the factors influencing the load changes leads to the conclusion that the use of this model can
significantly reduce the load magnitudes and metal consumption, as well as increase the service life of lifting machines.
The results obtained with the developed mathematical model and its numerical solution are useful for optimizing the crane
structures, providing compliance with the operational requirements, and extending the service life of lifting machines.

Keywords: bridge crane, dynamic load, kinetic model, load lifting, dynamic analysis
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OleZLlHa]leoe meopemu4deckoe uccnedosamue

MogaepoBanie JMHAMUYECKHX HATPY30K, BO3ACHCTBYIOIIHMX HA MOCTOBOM KpaH
B MOMEHT IIyCKa
N.P. AnTHOaC

JloHCKOM rocyapCTBEHHbIN TEXHUYECKUI yHUBEpCUTET, T. PoctoB-Ha-Jlony, Poccuiickas deneparust
P4 Imad.antypas@mail.ru

AHHOTAUMSA

Bgeoenue. JlnunaMuydeckyie Harpy3Ky BO BpeMsl 3allyCKka MOCTOBOT'O KpaHa MOTYT BbI3bIBaTh H30BITOYHBIE HAIIPSKEHUS B
KOHCTPYKIIMH, TIPUBOAS K ITOTEHIHMAIBHBIM PHUCKaM M yBEIHUYECHUIO M3HOCA. [\ CHIDKEHHS BIMSHUSA IWHAMHIECKUX
Harpy30K MOXXKHO NPUMEHATH Pa3IMYHBIE CTPATETHH, BKJIIOYAs ONTHMH3ALMIO MPOQHIEH YCKOPEHHS M 3aMeIUICHHS,
HCIIOJIb30BAHNUE IIUIABHOTO ITyCKa, BHEAPEHUE CHCTEM aMopTH3anuu. BaxHo obecneunBaTh MCIOIHEHHWE MPABHIIBHBIX
TIPOTOKOJIOB OOCITYKMBaHHS W MHCTICKIIMN KpaHOB. [lyTeM CHIKEHHs BO3JCHCTBHS JUHAMHYECKUX HArpy30K BO BpeMs
3aIlyCcKa MOXKHO YJYYIIUTH OOIIYIO MPOM3BOANTEIBHOCTh M JJONTOBEYHOCTh MOCTOBOTO KpaHA, NMOBHICUB B KOHEYHOM
utore 6e30macHoOCTh ¥ 3(h(HEKTUBHOCTH MPOMBIIUICHHBIX onepauuii. JlaHHoe nccieroBaHue npeaiaraeT HOBbIH 1M0IX01
K TMOBBINIEHUIO 3((EKTHBHOCTH W 0E€30MacHOCTH MNPOMBIIUICHHBIX OIepaluid 3a cyer OoJiee TOYHOrO ydera
JMHAMMYECKUX Harpy3oK MOCTOBOTO KpaHa Ipu Imycke. Llemb paboTel — pa3paboTka MaTeMaTHUecKOi MOAEIH JUis
N3Yy4YCHUS MEXaHUYCCKUX CBOMCTB MOCTOBBIX KpaHOB IIYTEM aHaIn3a JUHAMHUYECKUX HAIr'py30K, BOSHUKAIOIINX BO BPEMsL
MOABEMHBIX OTIEpALIHiA.

Mamepuanvt u memoodsl. PazpaboTka MaTeMaTHIECKOW MOZEIH OblIa BBITOJIHEHA HA OCHOBE KMHETHYECKOH MOJEIH
CHCTEMBI, BKIIOYAIOUIEH TPH COCOMHUTENBHBIX OJIOKa M J1Ba THOKHMX COEAMHEHHUS i1 0oyiee TOYHOTO OIMCAHUS
KOHCTPYKIIMM MOCTOBOTO KpaHa. lcronp3oBaHbl ypaBHeHus Jlarpanka, BKIOUaoIe HHGOPMAIIUIO O TEOMETPUH U
CTPYKTYpE MOCTOBOTO KpaHa. OHH MO3BOJIMIIH OIMCATh JBIKEHNE CHCTEMBI C HECKOJIBKUMH JIEMEHTaMHU 1 HECKOJIBKIMHU
cTereHsaMu cBoOoabl. O0paboTKa M aHANHU3 PE3yIbTATOB MAaTEMATHIECKON MOAENH OBLIN MPOU3BEICHBI B IPOTrpaMMe
MATLAB c npumenenueMm metoaa Pynre-KyTTsl.

Pesynvmamut uccnedosanus. B pesynbrate nccienoBaHus Obula pa3paboTaHa MaTeMaTHYeCKast MOAENb ISl M3YYeHHS
JUHAMHYECKHUX HAarpy30K Ha MOCTOBOI KpaH BO BpeMs HOABEMHBIX orepaimii. IlocTpoeHsl rpaduky, ONMCHIBAOLIHE
3aBUCHMOCTH CKOPOCTH, YCKOPEHUSI, HArPY3KH M yIJia KaHaTa OTHOCUTEIBHO BPEMEHHU U MX BIMSHHE Ha 0ajKy KpaHa.
[Ipoananu3upoBaHO W3MEHEHHE ATUX MApaMETPOB BO BPEMEHH, BKIIIOYAs MX MaKCHMajbHbIe 3HaueHus. OrnpenenaeHsl
NPUYMHBI U3MEHEHUH HArpy3Ku U (pakTopbl, BIUSIONIME HA YBEJIMYCHUE CPOKA CIY)KObI U CHIDKCHHE METAIIOEMKOCTH
IIpy MPOU3BOACTBE NOABEMHBIX MAIllNH.

Obcysrcoenue u 3axnouenue. PazpabotanHas MaTeMaTHuecKas MOJENb U €€ YHCIEHHOE PelleHHe C MCIIOJIb30BAaHUEM
CHENHATH3UPOBAHHOTO TporpaMMHoro obecnedeHus (mporpamma MATLAB) mo3BossiOT MPOBOANTE JHHAMUYECKUH
aHaIM3 KOHCTPYKIMH MOCTOBOTO KpaHa M ONPEAENIATh ONTHMAalbHbIE KOHCTPYKTUBHBIE PEIICHUS. AHAIN3 (aKTOPOB,
BIMSIONINX Ha W3MEHEHHE Harpys3KH, MO3BOJISIET CHEeNaTh BBIBOJ, YTO IIPH HCIIOIB30BAaHWU JAHHOW MOJENN MOKHO
3HAYNTEIHHO CHU3UTDH BEIMYMHY Harpy30K M METAJUIOEMKOCTb, a TAK)KE YBEJINYUTH CPOK CITYKOBI ITOEMHBIX MAIIHH.
Pe3ynbTaThl, MomydeHHBIE P TOMOIIH pa3pab0TaHHOW MaTeMaTHYeCKOH MOJIEIH, U €€ YHCIEHHOE PEIICHNE TOIE3HBI
TIPY ONTHMU3AIUHN KOHCTPYKIIMU KPAHOB, 0OECIIEYEHIH COOTBETCTBHS ONEPAIMOHHBIX TPeOOBaHUI U IPOJVICHUN CPOKa
CITy>KOBI ITOJTbEMHBIX MaIlInH.

Ki1roueBblie ¢j10Ba: MOCTOBOM KpaH, JUHAMUYECKas Harpy3Ka, KHHETHYECKast MOJIENb, MOBEM IPYy30B, TMHAMUYECKUI aHAITN3

Jna murupoBanusa. Aunrtubac .P. MonenipoBaHue IMHAMHUYCCKUX HArpy30K, BO3IACHCTBYIOIIMX HAa MOCTOBOW KpaH B
MOMEHT mycka. Advanced Engineering Research (Rostov-on-Don). 2024;24(2):190-197. https://doi.org/10.23947/2687-
1653-2024-24-2-190-197

Introduction. The analysis of dynamic processes in the mechanical part plays an important role in the development
of new overhead cranes and modernization of existing ones in order to reduce loads on control devices and extend their
service life [1].

The bridge crane is subjected to dynamic loads during non-static operations, such as acceleration and braking. Analysis
of these processes allows identifying hidden impacts on the dynamic behavior of the bridge crane. Therefore, it is
paramount for the researcher to make an optimal design choice to reduce these loads, ensuring that the crane can meet the
required operating conditions [2].

In [3], a dynamic model of a crane lifting system was developed, using which an accurate direct numerical integration
method was proposed for calculating the dynamic loads of the system.
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Papers [4, 5] studied dynamic loads in a metal structure, taking into account fatigue of the metal material. However,
the researcher neglected the impact of forces from the drive of the lifting mechanism operating with artificial parameters.

In [6], dynamic loads in a bridge crane were determined during the operation of a lifting mechanism when hoisting a
load suspended on a rope. The most important case studied was the effect of dynamic loads on the crane when removing
a load from a solid foundation, at the moment of lifting-off.

Steel structures of bridge cranes experience non-stationary loads with different stress amplitudes and asymmetry of
the working cycle [7]. To study the real load of bridge cranes under typical operating conditions, constant recording of
their stress state is required, which is labor-intensive [8]. Therefore, statistical processing of the obtained results is used
to assess the loading elements of metal structures of bridge cranes [9]. This involves changing individual components of
the total load of metal elements, such as the gravity of the load being lifted, the angle of rotation of the load, and weather
loads, and then summing them according to the laws of probability theory [9,10]. This approach is less labor-intensive
than a comprehensive study of loading under typical operating conditions. However, determining the probabilistic
characteristics of individual random loads also takes time, so the method for calculating load combinations is widely used
in crane construction [11].

In [12], it was found that during the stage of selecting the rope slack, the value of the stator current of the electric
motor of the lifting mechanism did not depend on the mass of the suspended load. However, as the load increased, the
time of its rise also increased, and at the stage of separating the load from the surface, the amplitude values of the current
increased. Furthermore, a noticeable difference appeared after five periods of mains voltage from the beginning of the
stage. However, the researcher neglected the significant influence of forces arising from the drive of the lifting mechanism
working with artificial elements.

By using the developed mathematical model, the research aims at optimizing the design of bridge cranes through
studying the dynamic loads that occur during lifting operations, ensuring that the crane has the ability to meet the required
operating conditions.

Materials and Methods

Kinetic Model of the System under Study. When developing a kinetic model of the system under study, it can be
represented that the construction of a bridge crane for a given motion form consists of three connecting blocks and two
flexible joints, and has the form shown in Figure 1:

Zg |

o \)M°

My

_E_
g
g

mp

K, C.

7 mg

Fig. 1. Bridge crane kinetic model

mp — mass of the main bridge, moving along the X-axis; mp — mass of the lifting mechanism, moving along the Y-axis;
mg — payload; Kp and Cz — elasticity modulus and damping coefficient of the main bridge; Kz and Cr — elasticity
modulus and damping coefficient of the ropes; o — swing angle of lifting mechanism winding.

Derivation of Kinetic Equations Reflecting the Motion of the Dynamic Model

Mathematical equations representing the motion of the dynamic model are derived from the partial differential
Lagrange equation, which is considered to be one of the best methods used specifically in cases where the system consists
of more than one element and when it has several degrees of freedom.

OfOL|_oL 3D _ o (1)
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where 7 — kinetic energy; U — potential energy; D — damping energy; O — external forces affecting the whole system;
q: — common system of coordinates; i — degrees of freedom of the model under study.
Kinetic energy equation:

T=0.5mpgz%2 +0.5mpz% +0.5mzz2 +0.5J - &2, “)
Potential energy equation:

U=05K,z3+0.5K,(z5 —ra+zz)>. (5)

Damping equation:

2

D =0.5C525+0.5C, (25 —re+25)". (6)

System equations:
(mp+mp)ig+Kpzp+K, (zp—ro+zg)+Cpzp+Cr(zz—ra+zg)=0, ©)
*mGZG+K,(zG—r(x+zB)+C,(z'G—ro'L+z'Bj=O, ®)
S+ Kr(o—zg—zp)+C.or(0—2g—Z25)=M,—M,, )

where M, M.— resistance momentum and lifting mechanism momentum; J — inertia of rotating mass of the lifting mechanism.

Numerical Solution of a Mathematical Model Using the Fourth-Degree Equation of Runge-Kutta

The numerical solution of equations (7-9) was obtained using the Runge-Kutta method in the MATLAB program.
The dynamic equations were derived within the program, incorporating the input data and a set of commands to process
these equations. The resulting graphs illustrate the interconnections between the various blocks and components of the
crane structure under consideration.

The Conditioning of the Input Values Required to Solve the Model

The study was conducted on an ACE type bridge crane consisting of three parts (Fig. 2):

— lifting trolley;

— main bridge, which supports the lifting mechanism;

— end trucks, which support the main bridge.

i

Fig. 2. Main parts of a bridge crane ACE

To align the operation of the bridge crane with a standard set of coordinate axes, the following assumption was made:

— the lifting trolley functions as a unit responsible for raising a load along the Z-axis and allows for horizontal motion
along the Y-axis relative to the main bridge, which is the axis along which the crane moves.

A study was conducted on a prototype bridge crane with a lifting capacity of 10 tons and a width of 21.5 meters. The
following characteristics were considered:

— payload: mg = 10,000 kg;

— mass of the two main bridges: mp = 8,100 kg;

— mass of the lifting mechanism with the trolley: mp = 700 kg.

When determining the input values, all the laws of designing the structures of lifting devices were followed, and the
connections of all components were taken into account. The main factors considered were:

— power of the drive of the lifting mechanism along the Z-axis;

— stiffness coefficient of the steel structure (Kp);

— stiffness coefficient of the rope (K,);

— damping coefficient of the metal frame (Cp);

— damping coefficient of the ropes (C,).
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Table 1
Shows the elements of the design structure of the bridge crane that was studied.

Element name Value Unit of measurement Notation
Load 10 Ton me
Crane mass 8,100 Kg mg
Trolley mass 700 Kg mp
Crane length 21.5 m L
Height of lift 5 m H
Beam device degree 2 - A
Gear box ratio 4.5 - i
Coil radius 0.25 m R
Rope diameter 16.5 mm dy
Engine power 30 kW N,
Speed of the engine rotor core 905 r.p.m ny
Rope stiffness coefficient 11169.8 N/mm Kz
Rope damping coefficient 239344 N/mm K,
Rope damping coefficient 83.37 N.sec/m C,
Metal frame damping coefficient 30.29 N.sec/m Cp

Research Results

Study of the Model Operation Using a Computer
Structural Behavior of a Metal Bridge Crane under Momenta Loads
The structural behavior of a metal bridge crane during the process of lifting a load is depicted by three curves (Fig. 3).
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Fig. 3. Coordinates of vertical motion, speed and acceleration of the COG of the bridge cranes versus time curves

In Figure 3, the first curve shows the coordinates of the bridge crane along the ordinate axis as a function of time.
During lifting, some vibration of the crane's metal structure is observed for 5-10 seconds, which then stabilizes and does

not affect its rigidity.

The second curve in this figure depicts the change in the speed of the center of gravity of the bridge crane over time.
During lifting the load, the speed initially increases and then gradually decreases until stabilization. This indicates that
the center of gravity of the bridge crane assumes a stable position within the specified time period, during which the

vibration stabilizes.

The third curve reflects the change in the center of gravity of the bridge crane over time. It is noteworthy that the
acceleration value at the moment of lifting the load is 0.07 m/s?, with the dynamic load reaching its maximum.°®
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Load Curves

Figure 4 shows three curves that reflect motion of the load during the crane operation at the time of lifting.
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Fig. 4. Coordinates of the speed and acceleration of the load lifting versus time curves

In Figure 4, the first curve reflects the change in the position of the center of gravity of the load over time during its
lifting to a certain height, calculated by the program, by rotating the drum by 180 degrees and then stopping. The height
of the load suspension indicated on the graph is 0.78 m.

The second curve on this graph shows the change in the lifting speed of the load over time. When the drum rotates,
the lifting speed of the load initially increases, then gradually decreases until it stabilizes.

The third curve represents the change in the acceleration of the load lifting over time. At the moment of lifting the
load, the acceleration reaches a maximum value of 0.26 m/s? in 0.8 seconds, and then stabilizes.

From the analysis of these three curves, it can be noticed that the stabilization time of the crane operation is almost constant.

Coil Angle Curve

Figure 5 shows the dependence of the winding rotation on time in degrees.

200
180 J[
160

140

120

]
h—-_._‘_‘_

100
80

60 ]
40

20

Coordinate string, ¢°

[t

0 10 20 30 40 50 t,s

Fig. 5. Coil Angle Curve

Figure 5 shows the change in the angle of rotation of the drum over time. The rotation angle stabilizes when reaching
a value of 180 degrees, after which it remains stable, meaning it repeats.
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Discussion and Conclusion. Analysis of the above graphs leads to the following conclusions.

The mathematical model and algorithms allow for a detailed study of the motion of a bridge crane at all stages.
Adjusting the winch operation and improving the metal structure of the crane have many positive aspects, including
reducing dynamic displacements in the metal frame of the crane and transmission elements (such as clutch, gearbox,
motor, and pulleys), as well as in the hoisting ropes. This reduction in dynamic loads leads to a decrease in rapid wear of
these elements. Additionally, cost savings on maintenance and the development of an optimal metal structure design are
achieved, as well as an increase in the crane's service life. This is evident from changes in the center of gravity of the
load, speed, and acceleration during its lifting over time. It has been established that the height of the load during lifting,
which is directly related to the length of the hoisting ropes, as well as the mass of the lifted load and the design of the
main bridge, including its shape and dimensions, significantly influence the dynamic loads experienced by the structure.

The mathematical model offers a new approach to improving the efficiency and safety of industrial operations by
providing a more precise understanding and accounting for dynamic loads during the start-up of a bridge crane.
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AHHOTaNUs

Bgeoenue. be3onacHOCTb CyIOXOJCTBa U pa3pabOTOK IOABOJHBIX MECTOPOXKICHUI MOJE3HBIX HMCKOMAEMBIX TPeOyroT
TOYHOTO OOHAPY>KEHHS Pa3INIHBIX TIOBOIHBIX 0OBEKTOB. B HTepaType paccMaTpuBarOTCs BOIIPOCHI OTCIICKUBAHMUS NX
MIepeMEIIeHIH 1 TPaeKTOpHH ABIKeHHS. [Ipeamararorcss MeToAbI THAPOIOKANH, 00ECIEYNBAIOIINE BEICOKYIO TOYHOCTh
TTO3UIIHOHUPOBAHMS MOJABOAHBIX 00BEKTOB. OTMEUEHA BBICOKAS TOYHOCTH IEJIEHTa CTEPEOJaTINKOB C YIbTPAKOPOTKOH
6a30i1. OgHaKO Takoe 000PYI0BAaHHUE YYBCTBUTEIBHO K YACTOTE AUCKPETH3ALMH CUTHAJIOB, YTO BBI3BIBACT «IIYM JAUCKpE-
TH3aIUW». B OTKPBITOM J0CTyIe HEeT MyOJIMKanuii, MOCBSIIECHHBIX PEIICHNIO 3TOH mpobemsl. [IpencraBiennoe nccie-
JIOBaHHME NPU3BAHO BOCIOJIHUTH JAaHHBIH npooen. Llens paboTbl — n3yueHne BO3MOKHOCTH MOJyYeHHUs JaHHBIX, YTOY-
HSIIOIIMX MH(POPMAIIMIO O MEJICHI'e TOABOIHBIX OOBEKTOB 32 CUET UCII0JIb30BaHMs (a30BOH MHPOPMAIMU OTPAKEHHBIX
30HAUPYIOUINX CUTHAJIOB U IOTIOJIHUTEIBHOMN NPOLEAYpPhI NEPEIUCKPETH3AUN HCXOJHBIX JAHHBIX.

Mamepuanvt u memoost. MecTononoxkeHue 00beKTa ONPeeIsUIU ¢ TOMOILBI0 SKCIEPUMEHTAIBHOIO KOMITIEKca JUIs
HCCIIeIOBaHUS THIPOAKYCTHIECKUX IaTYMKOB, coznanHoro B.A. llupokosbiv 1 B.H. Munnd B Y imyptckoM denepaib-
HOM HCCJIE0BATEIBCKOM LIEHTPE Y palIbCKOro oTAeneHus Poccuiickoi akaieMuun Hayk. Mcnonabs3oBanu crepeojaTurk C
Mauioii 6a3oit (30 MM) 1o cpaBHEHHIO ¢ paccTosHueM 10 o0bekTa (*800-900 mm). [l 06pabOTKK JaHHBIX MIPUMEHSIIN
MeTobl HU(POBON (UIABTPALIMK 1 MATEMATHYECKHUH anmapaT KOPPeJSIHOHHOTO aHAJIN3a OTPaKCHHBIX THAPOAKyCTHYE-
CKHX CHT'HAJIOB, OJyYEHHBIX (Da30BBIM METOJIOM.

Pezynomamut uccnedoganus. I1pencTaBieHsl UTOTH COTIOCTABICHHS ABYX CIIOCOOOB ONpEIeIeHHs MeNICHra Ha O0BEKT:
110 Pa3HOCTH BPEMEHH TPHXOAA MepeIHNX (POHTOB HUMITYJIHCOB M 110 MAKCUMYMY KPOCC-KOPPENSIIMOHHON (YHKIHH
(KK®). I'padrueckn rmoxa3aHo M3MEHEHHE IIEJIECHTa NIPU JIBIXECHUH 00BeKTa. Vcrons3oBaHue mepeHero ppoHTa cur-
HaJla 00yCJIOBHIIO HEOOJIBIINE BEIOPOCH 3HAYECHHUH BIOJIL BCel kprBoii enenra (menee 0,12 pan). [Ipu makcumyme KKD
BBIOPOCH! (PUKCHPOBAINCH JIMIIH B HEKOTOPBIX 00JIACTSX, HO OBUIN JI0OBOJILHO 3HauuTenbHbIMH (0Koio 0,17 pan). [Toka-
3aHO, KaK BBIOpaTh TOYKH, COOTBETCTBYIOIIME OOJIee II1aIKOH 1 BaJMJHOH TPAaeKTOpUH 00beKTa, U Kak padoTaTh C OILIH-
0ouHBIMH TOUKaMHU. [IpecraBiieHHbI METO/ YCTPaHEHHs OIIMOKHM MOXKHO peajn30BaTh nporpamMmmHo. [Ipu kBazurapmo-
HUYHOM CHUTHAJIe PeIKHe M3MEpPEeHHs HMCXOJHOTO CHUTHAaNa WHTEPHOJIMPYIOTCS YacThIMU BBIYHCIEHHBIMH 3HAUEHUSMH.
bnarogapst TakoMy BUPTyaJlbHOMY YBEJIWYEHHIO YaCTOTHI AUCKPETH3AMH (IIEPEIUCKPETU3AIMN) MOXHO (DUKCHPOBATh
MIPOMEXYTOUHBIC TOKA3aTEIN B OLHU(DPOBAHHBIX MCXOAHBIX JAHHBIX. MHTEpmonsanys 3Ha4eHHH CHUTHaNA KyOHUECKHM
CIUTAfHOM MO3BOJIMIIA MOMY4IHTh 20 TOUeKk Ha | mepuoj curHaia BMECTO 5 TOUEK B HCXOAHOM BapHaHTe. B sToMm ciydae
6oJiee KOppEeKTHA TpaeKTopHs, chopmupoBanHas ¢ Makcumymom KK®.

Oécyycoenue u 3akniouenue. 3aady TEICHTAMA MOXHO PEIIUTh C TOYHOCTHIO, HEOOXOANMON ISl TPAKTUIECKOTO
MIPUMEHEHHs. Y4eT (pakTopa I1aAKoCTH U HENIPEPBIBHOCTH TPACKTOPHH JBIXECHHUS OOBEKTAa ITO3BOJIAET KaUE€CTBEHHO KOP-
PEKTHPOBATh BHIOOP MaKCHMyMa KPOCC-KOPPEISIIMOHHON (DYHKIIMM CUTHAIOB cTepeoaaTdnka. [IpeanoxxeHHbIe MeTo bl
001a1a0T GOJIBIIMM ITOTEHIIMAJIOM JUIS Pa3pabOTKH CUCTEM MOABOIHOTO BHICHHUSL.
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KioueBble cjioBa: onpeaeneHre MeCTOIOI0KEHHsT 00bEKTa B THAPOCPEE, IeleHralus (pa3oBbIM METOJIOM, MIEpeIHIE
(POHTBI UMITYJIBCOB, KPOCC-KOPPEISIIMOHHAST (QYHKITHSL, IIYM TUCKPETU3AIMN

BaarogapHocTH. ABTOpHI BBIpaXaroT OjarogapHocTs oTiamyHBIM umkeHepam H.H. 3BepeBy un A.C. lamysuny 3a
MTOMOIIIb B CO3/IaHUM TEXHHUUYECKUX CpeAcTB. VccrnenoBanus, BRIIOTHEHHBIE Onaromaps ux paboTe, CTaau OCHOBOM Uis
HaIlMCaHUs 3TOM CTATbHU.
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Abstract

Introduction. Safety of navigation and development of underwater mineral deposits require the accurate detection of
various underwater objects. The literature discusses the issues of tracking their motion and trajectory. Sonar methods are
proposed to maintain high accuracy of underwater object positioning. High accuracy of the bearing of stereo sensors with
an ultrashort base is noted. However, this equipment is sensitive to the sampling rate of the signals, which causes
“sampling noise”. There are no publicly available publications dedicated to the solution to this problem. The presented
study is designed to fill this gap. This work is aimed to study the possibility of obtaining data clarifying information about
the bearing of underwater objects through using the phase information about echoed probing signals and an additional
procedure for resampling the source data.

Materials and Methods. The location of the object was determined using the experimental complex for studying
hydroacoustic sensors created by V.A. Shirokov and V.N. Milich at the Udmurt Federal Research Center, the Ural Branch
of the Russian Academy of Sciences. A stereo sensor with a small base (30 mm) was used compared to the distance to
the object (=800-900 mm). Digital filtering methods and mathematical apparatus of correlation analysis of return
hydroacoustic signals obtained by the phase method were used for data processing.

Results. The results of comparing two methods for determining the bearing on an object are presented: by the difference
in the time of arrival of the pulse-leading edges and by the maximum of the cross-correlation function (CCF). The change
in bearing as the object moves, is graphically shown. The use of the leading edge of the signal caused small outliers of
values along the entire bearing curve (less than 0.12 rad). At the maximum CCF, emissions were recorded only in some
areas, but they were quite significant (about 0.17 rad). It showed how to select points corresponding to a smoother and
more valid object trajectory, and how to work with erroneous points. The presented method of error correction can be
implemented programmatically. With a quasi-harmonious signal, rare measurements of the original signal are interpolated
by frequent calculated values. Thanks to this virtual increase in the sampling rate (oversampling), intermediate indicators
can be recorded in the digitized source data. Interpolation of the signal values by a cubic spline allowed us to obtain 20
points for 1 period of the signal instead of 5 points in the original version. In this case, the trajectory formed with the
maximum CCF is more correct.

Discussion and Conclusion. The direction-finding problem can be solved with the accuracy required for practical
application. Taking into account the factor of smoothness and continuity of the object's trajectory makes it possible to
qualitatively correct the selection of the maximum of the cross-correlation function of the stereo sensor signals. The
proposed methods have great potential for the development of underwater vision systems.

Keywords: determination of the location of an object in a hydraulic environment, phase direction finding, pulse-leading
edges, cross-correlation function, sampling noise
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Brenenne. ObecnieucHre 6€30MaCHOCTH CYZ0XO0CTBA U PabOThI HA MOABOJAHBIX MECTOPOXKICHHUSIX MOJIC3HBIX HCKO-
MaeMbIX TPEOYIOT KaueCTBEHHOTO OOHAPYKEHUSI TTOIBOJJHBIX 0OBEKTOB U OTCIIEKUBAHMS UX Niepemertenni [1]. B cucre-
Max IHOABOJHOTO HaOIIOAEHNS IPUMEHSIOTCS THAPOAKYCTHUYeCKUE JaT4uKu. OHH yJIaBIUBAalOT CUT'HAN, OTPa)KEHHBINH OT
00bEKTa, 1 MO3BOJIAIOT BEIYMCIUTH €70 MECTOIIOJIOKEHUE METOJOM TprulaTeparuu [2]. B aTom nporecce kaxaplil naTuuk
MIPEAOCTaBIAET HH(POPMAIMIO 00 MHTEPBAJIEC BPEMEHN POX0XKICHHUS 30HANPYIONIETO CUTHATIA, OTPAXKEHHOTO OT OOBEKTA.
B cnyuyae ncmonp30BaHMS HECKOIBKUX JATYMKOB [3] BO3HHMKAET BOSMOKHOCTH PEIICHHS 3a/1adud 0OpaTHOW MPOCTpaH-
CTBEHHOM 3aCEUKH 1 OTIpe/IeTICHUs] KOOpANHAT HalmoqaeMoro oobekTa [4]. s moBbIeHNs TOYHOCTH N3MEPEHHH Ipei-
CTaBJIIE€TCS IIEPCIIEKTHBHBIM HCIIOJIB30BaHHE B KaUECTBE IIPUEMHHUKA CTEPEOIaTIMKOB C yIBTPAKOPOTKOH 6a30ii [5], mo3-
BOJIAFOIIUX TIOJTYYaTh Pa30Byr0 HH(pOpMAINHIO [6] U ONpenensaTh MeJIeHT Ha 00beKT [7]. MI3ydeHbl BO3MOKHOCTH UCTIONb-
30BaHMU THAPOJIOKAIMOHHBIX JaHHBIX 00 yJaJeHHBIX ITOJIBOJHBIX IIETISIX, a TAKXKE O TEJIEHre OABOIHBIX 00BEKTOB [§]
3a cueT UCIoib30BaHus (a3oBoii [9] winn yactoTHOM [10] HHPpOPMaNNU OTPayKEHHBIX 30HAMPYIOIIUX CUT'HAJIOB.

[Tpu 3TOM U3BECTHO, YTO HpOLENypa JUCKPETU3AINHU CUTHANIA O0YCIIOBIMBAET OMIMOKHU TIPH ONPE/IE/ICHUH MapamMeT-
POB TPaeKTOPHH JBIKEHUS MOJBOAHBIX 00BEKTOB [11]. DTO OTHOCHTCS KaK K AaTbHOMEPHBIM U3MEPEHUSM, TaK H K MPO-
Legypam onpeneneHus nenenra. Onugposka aHaJIoroBoro CUrHana JaTduka, Heooxoqumas Juisl JanbHelmer nudposoit
00paboTKH, BHOCUT TaK Ha3bIBAEMYIO «IIOTPEIIHOCTh AUCKPETH3anum». I[lorpenHocTs, BbI3BaHHAs KBAHTOBAHUEM aM-
IUTUTY bl CUTHAJIA, OLIEHUBAETCS KOJIMYECTBOM YPOBHEH KBAHTOBaHHS aHANIOro-1iupoBoro npeodpasosarens. [lorperm-
HOCTb, BBI3BAHHAS JMCKPETU3ANNEH 110 BpEMEHH, IPONIOPIIMOHAIbHA BEIMYNHE HHTEPBaJla BPEMEHH KBAHTOBAHMUS U CKO-
pocTH U3MEHEeHHUs HanpspkeHns. [109ToMy 4acTOTy TUCKpETH3alMy CUTHAIA CTPEMATCS CIeNIaTh KaK MOYKHO BBIIIE BEPX-
HEH 9acToThI caMoro curHana. OIHaKo yBEJIMUEHHUE YaCTOTHI AUCKPETH3AUHN BO MHOTHX CIIydasiXx OTpaHHMYMBACTCS BO3-
MOKHOCTSIMH PETHCTPHUPYIOIIEH ammapaTypsl: IPOIEccopa, aHaJIoro-1ugpoBoro npeodpazoBartels, KaHAJIOB MEpeaadn
JAHHBIX, yCTPOWCTBAMHU XpaHEeHUs JaHHBIX. OrpaHMYEHHOCTh BO3MOXKHOCTEH UCKPETU3AUN BO BPEMEHH TIPU BBIIIOJ-
HEHHU TPAEKTOPHBIX U3MEPEHH He MO3BOJISIET TOYHO (PMKCUPOBATH 3KCTPEMaJIbHbIE 3HAUCHHUSI TPACKTOPHH (IAJIbHOCTh
u nesiexr). Kak ciencrTBue, CHUKaeTcsi TOYHOCTh PE3yJIbTaTOB M3MEPEHHH, TTIOSIBIISIIOTCS BEIOPOCHI Ha (PUKCUPYEMBIX Tpa-
exTopusix. Jlysl yCTpaHeHHs 3TOro HeOCTaTKa HEOOXOANMO M3y4YUTh MOTEHIUAN NepeTUCKPETU3aIMN OLU(pPOBAHHOTO
THJPOAKyCTHUECKOTO CUTHANIa. B OTKPBITOM NOCTyNE HeT MyOJHMKAaIUi, TOCBSIICHHBIX PEHICHHIO NaHHON MPOOJIEMBI.
Nmeronuiicst mpoOesn BOCIIONHSIOT MaTepUalibl STOH CTaThH.

Lesp mpeACTaBIEHHOTO UCCIEA0BAHNS COCTOHT B OILICHKE BO3MOXKHOCTEH OIPEICTICHUSI TIEJIEHTa HA OOBEKT C HCIOMb-
30BaHKeM (pa30BOI HHpOpPMAIMU U B OTPaOOTKE (ha30BOr0 METOAA IEICHIOBAHHS C IPUMEHEHHEM NepeJUCKPETH3AINH
onr(pOBaHHOTO THAPOAKYCTHYECKOTO CHTHAA.

Marepuansl 1 MeTobl. PaccMaTpuBaeTcst alrOpUTM OIIPEAEIEHNsI KOOPIMHAT C IPUMEHEHHUEM TeeHTanun ($a3o-
BBIM METOAOM. [IpuBOIATCS pE3ynbTaThl €T0 TECTUPOBAHUS ISl 00BEKTa, IBIKYIIETOCS 10 KPYTOBOM TPAGKTOPHH B IKC-
TIepUMEHTAIILHOM OacceliHe.

IocTanoBka 3xcnepumenTa. [Ipy mpoBeIeHNH OTIBITOB /IS OIIPEAEIIEHHS MECTOIIOIOKEHNST 00BEKTa B THAPOCpEEe
TIPY TeJIeHTauK (ha30BbIM METOJIOM 3a/1eHCTBOBAIM SKCIIEPUMEHTANBHYIO YCTaHOBKY, co3nannyio B.A. IlIupokoBeM 1
B.H. Musnuy B Y imypTckoM denepaabHOM HCCIIeA0BaTeNbCKOM IIEHTpe Y palibCKoro oTaenenus: Poceuiickoit akagemun
Hayk [12]. DTo 1abopaTopHBIA H3MEPUTEIHHBIN KOMIUIECKC C IMHCHHOW aKBACPEI0H B BUJIC MPOTSKECHHOTO IWITHH IPHYC-
CKOTO pe3epByapa (THIpOBOJIIHOBOJA) M 0acCeiiHOM, OCHAILIEHHBIM CUCTEMON FeHEePaIK UCIBITATEIbHBIX THAPOAKYCTH-
YeCKHX CUrHajoB. Hipke eTansHO ONMMCcaHbl 3JIEMEHTHl YCTaHOBKHU, KOTOPBIE HCIOJIB30BAJIICH B OIBITAX.

1. Uznmyyarens rTHAPOAKyCTHIECKOTO CUTHAJIA C M3BECTHBRIMH KoopanHaTamu S (puc. 1). B pabore ucnonsiyercs am-
TUTATY THO-MOIYJTUPOBaHHBIN curHai [13].

A

x'(ﬁ) v
Puc. 1. PacnionoskeHne NpHHAMAIONINX JATINKOB (CTEPEOAATIHK C IBYMs HIpHEMHUKaMU st1 1 st2) 1 u3irydateis (S) B INIOCKOCTH
9KCIIEPHUMEHTAIBHOTO Oaccelina (x)). 3nech d — 0a3a crepeonarunka; D(O; st) — pacCTOSHHE MEXKIY CTEPEOAATINKOM B 00BEKTOM;
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2. Otpaxaromuii 00beKT. B 3kcnepumMenTe B KauyecTBe TECTOBOI'O HCIHOJIb3YETCs MPOTSKEHHBIH HMINHAPHUUECKUI
00BEKT — MeIHBIN mpoBo, AuameTp Kotoporo (0,15 MM) 3HAYUTETTFHO MEHBIIIE JUTHHBI aKyCTHYeCKOH BOMHEI (1,5 MMm).
B npezncraBnenHol paboTe 3ajaya pemraercs Ha INIOCKOCTH, MOATOMY Ul COCTABIICHUS! BBIYUCIUTENBHBIX MIPOLEIYD
pacdera KOOPIUHAT JaHHBII 00BEKT MOKHO CUMTATh TOYEUHBIM.

3. CrepeomaTduk, IpeoOpaszyromnii THAPOAKyCTHIESCKIH CUTHAN B AIEKTPIYSCKUH. VI3BECTHBI KOOPIMHATHI KaXKIOTO
W3 IBYX NMPHEMHHUKOB cTepeonaTduka (st1, s2 Ha puc. 1).

4. AnmapaTHO-TIpOrpaMMHBIH KOMIUIEKC, BRIOIHAIOMNI ycruiieHne, onu(poBKy 1 00pabOTKy CUTHAJIOB JaTYHKOB.

Pesynbratom n3MepeHuit siBisieTcst (aiisn perucTpaiiy IpHHAMAEMOT0 JIByXKaHAIBHOTO CUTHAIA.

AJropuT™M 00paGoTKH pe3yabTaTOB N3MepeHwuii. lcrnonbp3oBanue crepeosaTuka ¢ Majoi 6a3oit (30 MM) ro cpas-
HEHUIO ¢ paccTossHueM 10 o0bekTa (= 800—900 MM) O3BOJISIET IPUMEHHUTH YIIPOIIEHHBIE (OPMYJIBI.

Wrak, paccunraeM KOOpAMHATHI UCCIEAyeMOro 00beKTa B cCHCTEME X')', 00pa30BaHHOM INIOCKOCTBIO CTEpeoaaTInKa
1 HOpMaJIblo K Hell. [l 9Toro 3aeicTByEM allrOPUTM, BKIIFOUAOIIUH [ISITh 3TAIOB.

1. IIpenBapurenbHas oopaboTka:

— yAajJeHue cienoi 3016 (mepBbie N 0TCUETOB);

— (uapTpanms curHana.

B pabore npuMeHsAeTCs BRICOKOYAaCTOTHAS (pUIIBTPaLHAL.

2. Brigenenne u3 Bcero curHaia WH(GQOPMATHBHEIX (parMeHToOB impl, imp2 (B IByX KaHallaX), COMEPIKAIIUX M-
MyJIBCHI, OTPAXKEHHBIE OT HCCIeLyeMoro 00beKTa. I 3TOro BHIMIOHAETCS MOPOroBas 00padoTKa 110 aMIUIATYyIe A CUT-
Hana. [Topor npunumaercs paBHbIM pXmax(4) (p = 0,5).

Takast 00paboTKa MO3BOJISIET ONPEACIUTD TepeJHuH GpoHT uMmITyibca (Beginlndex), oTpakeHHOTO OT 00BeKTa. 13 1BYX
KaHAJIOB CUTHAJIA BBIPE3AIOTCsl yUacTkH [ Beginlndex—0,5% LenSignal; Beginlndex+LenSignal). 3necw LenSignal — nnvna cur-
HaJla, [101aBaeMoro Ha BX0J1. B pesynbrarte nomydaem iBa curnana impl v imp2 nmHoi 1,5%LenSignal. B xaxxnoM u3 HUX
COJIEPIKHTCS] UMITYJIBC, OTPaXKEHHBIH OT 0OBEKTA.

3. Pacuer paccrosaus D(O; st) MKy 0ObEKTOM U CTEPEOJAATIUKOM.

— OmnpeneneHne pacCcTOsSHUS, MPOIICHHOT0 UMITYJIBCOM OT M3JTy4aTesis J0 00beKTa ¥ OT 00bEKTa 10 aTYHKa PH-
ema, o opmyie D(S,0,st)=BeginIndexxdtxC. 3necs C=1475 M/c — CKOPOCTh pacipOCTpaHEHHS aKyCTHUCCKOU BOJIHBI,
dt =0,2x10—-6 ¢ — uHTEpBaI JUCKTPETH3ALNH.

— Pacyer 3HaueHus:

D(S,0,st)-D(S,st)

D(O,st)= 5 ey
4. Ompe/iesieHue MeNieHTa o Ha 00bekT [14]:
o = arcsin (—X ali >;dt xm j , 2)

rie A — JJIMHA BOJHBI;, F' — YacToTa CUTHANIA; df — WHTEPBAI TUCKPETH3AIMU; /71 — Pa3HUIIA MPUXO0JIa OTPAKECHHOTO
HMITYJIbCa Ha JiBa cTepeoaTunka (B oTcueTax); d — 06a3a crepeoaTunka (B MpeACcTaBIEHHOM UCCIeOBaHUH A = 1,5 MM,
F=1MTIn,dt=0,2 mxc, d =30 Mmm).

5. BblunciieHue KOOpauHAT aHATU3UPYEMOT0 00BEKTa B CHCTEME, 00Pa30BaHHOM IIOCKOCTHIO CTEPEOIaTUHKA U €T0
HOpMautkio (puc. 1), mo popmynam: x =D(O, st) xcos(a); y =D(0, st) xsin(a).

OnpejiesieHue NMejleHra Ha 00beKT. [IprMeM yCcloBre MAIOCTH CTepe00asbl M0 CPABHEHHUIO C PACCTOSHUEM OT JIaT-
4yKKa JI0 00beKTa. B 3TOM cilyyae cTepeoiaTuiK MO3BOJISIET ONPEICIUTD MEJIEHT Ha 00BEKT ¢ MOMOIBI0 HHPOPMAIIHU O
pasHocTy (a3 MPUHSTHIX UMITYJIbCOB, PAHEE OTPAKEHHBIX OT 00BEKTA, a TAKXKE M0 PA3HOCTH BPEMEHH IIPUX0/1a MEPEAHUX
(hpOHTOB UMITYJIECOB, IOCTYITUBIINX HA CTEPEOIaTUHK (puUC. 2).

A, B ol
impl .
§ o= imp2
? “ f
h /SR ATIIN dt
Th2 | !

PDUBINSISSSSe hs

Puc. 2. Onpenenenne pa3sHOCTH MOMEHTOB IIPHXO/IA dS CTEPEOCUTHATIOB, KOTOPEIE 0003HAUCHBI CILTONIHON imp1(f)
U TyHKTUPHOU imp2(¢) muausasmu. Thl, Th2 — moporu Ajs nepBoro U BTOPOro CUI'HaIa CTEPEOnapbl COOTBETCTBEHHO;
dt — WHTepBal QUCKPETH3AlNN; A — 3HaUCHUE CUTHAJIA B BOJIBTAX; { — BPEMs
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I[J'Iﬂ peain3aiy TaKOTo MoAX0da BBIITOJIHAIOTCA OMMMCAHHBIC HUXKC IMTPOUECAYPHI.

1. MneHTrduKarys MOMEHTOB IPHUX0/1a IEPEAHUX (PPOHTOB CTEPEOCUTHAIOB C IIOMOIIBIO IOPOrOBOi 00padoTK [15]
¢ moporom pxmax(A). B nanno# padore ko3¢ duieHt p npuHsT paBabM 0,5 [16].

2. Brrancnenue pa3HOCTH ds (KOTMYECTBO HHTEPBAIOB df) MEXAY MEpEeIHUMH (PPOHTAMH HUMITYJIECOB, 3apETUCTPUPO-
BAaHHBIX B IBYX NMPHEMHUKAX CTEPEOJATIHKA.

3. Berancnenue nenenra o mo gopmyne (1). 3a m mpuHNMaeM 3HaYEHHUE ds.

ITpu Takom criocobe BeIYMCIICHHS CABUTA (a3bl TepeAHui (POHT cUrHana OyIeT IIIaBHBIM MHUKATOPOM HMITYJIbCa,
OTpa)XeHHOTO OT 00bekTa. He yunThIBaeTCst BHyTPEHHSS CTPYKTYpa CHTHAJIA, KOTOpast MOXKET MMETh pelIaroliee 3Hade-
HUE ISl KOPPEKTHOTO ONPE/ICJICHNs TIeJICHIa Ha 00BEKT. YUTeM CXOXECTh NMPUHUMAEMBIX CUTHAJIOB M PACCMOTPUM B
pabote Apyroi 1moaxo/ K BEIYUCIEHHIO MeJIeHra — Ha 0CHOBE Kpocc-KoppensinonHod ¢pynkiun (KK®) crepeocurna-
noB. JlornuHo omnpenenarts caur ¢assl mo makcumymy KK®. Hmke onmcanbl a5ieMEHTHI alnropuTMa BBIYUCICHUS Tie-
nenra c nmomoisio KK®.

1. Pacuer KK® uMItyabCcoB, MOCTYIMBIIMX HA JBa IPHUEMHHKA OJHOTO CTepeoaTyuka: r = xcorr(impl, imp2). 3Ha-
YyeHue (QYHKIUH XCOIT PU CMEIIEHUH M BTOPOT'0 CUTHAJIA OTHOCUTENBHO TIEPBOTO BBIYKMCIISETCS CIIEAYIONIMM 00pa3oM:

N-m-1
impl,.,, x imp2,, m>0,

Xcorrimpl,impZ(m) = =0

XCOIT 2 imp1 (=), m < 0.

3nece N — muna impl w imp2, —-N<m<N.

2. Onpenenenne Mmakcumyma KK® u cootBeTcTByIOIIEero emy casura dc (B oTcyerax).

3. Beruncienue nesenra o no gpopmysie (1) ¢ yuerom, 4To 3a m npuHUMaeTcs BeJau4yuHa dc.

Pe3yabTaTsl Hccae 0BaHNA

TecTupoBanue MeTOJ0B onpeeeHUs NejeHra. [IpencraBieHHbIe CIIOCOOBI ONpEEICHUs NeJIeHra Ha 00BEKT (110
pa3HOCTH BPEMEHHU MPHUXOJa MEepenHuX (POHTOB UMITYJIbCOB H 1Mo MakcumMyMmy KK®) mportectupoBanu mis oObekTa,
JBIDKYIIETOCs TI0 KPYyTOBOHM TPaeKTOPHH B AKCIIEPUMEHTAIBHOM Oaccelire. M cmonp3oBancs rapMOHUYECKAN CUTHA JIJTH-
TENBHOCTHIO 7 TIepruooB 1 yacToToil 1 MI'. OundpoBaHHBIE CTEPEOCUTHANBI PETUCTPUPOBAIUCH B 256 TOUKaX Tpaek-
TOpHH JIBIOKEHHs 00beKkTa. YacToTa ondpoBkn — 5 MIm.

Ha puc. 3 mokazaHo n3MeHeHHe 3HaUCHHH TEJICHTa [0 Mepe JABMKEHHS 00BEKTa 0 OKPYKHOCTH JUIS JBYX IPEIJIO-
JKEHHBIX IOAX0A0B (pa3HuLa nepeaHux GppoHToB, Makcumym KK®).

o, pan A

0,17
0,12 i a

0,07 - na

. A
0,02 jaem e
A aa & A
- - T ke T T T >
1 A ®e® |] Aees )] 31 41 51 MN
Abrvoageoeoese 5 |
—0,03 AA AAA A

0,08 |

Puc. 3. I3MeHeHue 1eneHra o Ha 00beKT, COBEPLIAONIHI KpyroBoe IBikeHne. [Toka3aTeny NolydeHsl IPH UCHOJIb30BAHUH JABYX
HOAXO0/10B (KpacHbIi MapKkep — pa3HHIa BpEMEHH IPUXO0/1a epeIHUX (POHTOB CTEPEOCUIHAIOB, CHHUI MapKep — MaKCHUMyM
KK®). MN — HOMEp U3MEpEeHHs, 0. — IIEJICHT Ha 00BEKT
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[Tpu ucnonp3oBaHuu nepenHero Gpponra curuana (puc. 3, KpacHbI MapKep) MOYTH BIOJIb BCEH KPUBOI M3MEHEHUS
eJIeHTa Ha 00BeKT HaOMroMatoTCsl HeOobIue BRIOPOCH 3HaueHuH. [Ipu ncrmonszoBannn Mmakcumyma KK® (puc. 3, cu-
HHUI MapKep) TOJIEKO B HEKOTOPBIX 00TACTSAX MPUCYTCTBYIOT BEIOPOCHI 3HAUCHHIA TIEJICHTa, HO OHHU JJOCTATOYHO OOJIBIIIHE.
Bo3MoxHO, 3T0 00BIICHAETCS 0COOCHHOCTSIMH IBIDKEHISI 00BEKTa B 00JIAaCTH, T/I€ 30HAUPYIONMUN U OTPaKeHHBIN CHT-
HAJIBI IEPECEKAIOT 30HY TypOYJICeHTHOCTH, BBI3BAHHOW IBMKEHUEM 00bekTa. [Ipu HaxoxkaeHuu (Ha30BOrO CIBUTA CTEPEO-
CUTHAJIOB ¢ ToMo1sio MakcuMyma KK® BO3HHKAIOT HOMONMHUTENBHBIC OMIMOKH, YTO 3aTE€M OTPaKaeTCs B BEIYUCICHHOM
TpaekTopuu 00bekTa. Takike BEIOPOCH! B BEIYUCICHHBIX 3HAUCHHSX IEJICHTa MOTYT OBITh 00YCIIOBICHBI HEJIOCTATOYHO
BBICOKOI 9acTOTOW AMCKpETH3aluy. 3HAYEHUS STHX OMIMOOK CYIIECTBEHHO BBIMIE ITOKa3aTeleil BEIOPOCOB, HaOoqac-
MBIX JIJISI METOJIa C UCIIOJIb30BAaHUEM TIEPEIHEr0 (PPOHTA UMITYJIBCA.

Ha puc. 4 a npeacTaBieHsI TpaeKTOPUH IBIKEHUS 00BEKTa, BRIYHCICHHBIE C HCIOIH30BAHNEM TII00ATHHOTO MaKCH-
myma KK® u ero coceiHux JTOKaTbHBIX MAKCUMYMOB.

5
¥, MM A r,B A

200 820 870 A

150 mxdlt, ¢

100

50

r, B’a

mxdi, ¢

-100

a) 8)

Puc. 4. Ananu3 TpaeKTOpHii KPYroBOTO ABIKEHUS 00BEKTa: @ — TPAEKTOPHUH, BEIYHUCIICHHBIE C HCIIOIb30BaHUEM INI0OATBHOTO
Makcumyma KK® (duepHsiii Mapkep), JTOKaIbHOTO Onmkaiimero mpaBoro MakcumyMa KK® (opamxeBbiit Mapkep), TIOKaJIbHOTO
omwkaiiero nesoro Mmakcumyma KK® (3enensiii mapkep); 6 — npumep KK®, rimobansHbIii MaKCUMyM KOTOPOW COOTBETCTBYET
KOPPEKTHOMY 3HAa4€HHIO KOOpauHaT 00bekTa; 6 — npumep KK®, B koTopoii KOppekTHOMY 3HaYSHUIO KOOPANHAT 00BEKTa
COOTBETCTBYET JICBBIH JIOKabHbIH MakcuMyM KK

Hcnonp3yst anpropHyo HHGOPMALHUIO O IIABHOCTH MEpEMELIeHHs SKCIEPUMEHTAIBHOTO 00BEKTa, MOXKHO BEIOPAThH
TOYKH, KOTOPBIE COOTBETCTBYIOT OOJIee IIIAJAKOHM 1 BaJIMIHOM TpaeKTopuu. TaKko# IoIXo NpUMEHSIETCs B IpyTUX pado-
tax [17]. Ha puc. 4 a npu x ’€[800;870], y >0 xoppeKTHbIEC 3HaUEHHUS HAXOAATCS Ha KPUBOH IS TPAeKTOPHH, PACCUUTAH-
HOH 10 JeBoMYy JiokagpbHOMY MakcuMyMy KK®. Ectp Takke ommbounsle Touku. Ecii ux 3aMeHUTH TOYKaMu TPaeKTo-
pHH, OTY4YEHHOH B pe3yIbTaTe HCHOIb30BaHUS IPABOro JOKaJIbHOT0 MakcuMyMa KK®, MOKHO BBIYHCINTD KOPPEKTHOE
3Ha4eHHe TOUYKH Tpaekropuu (x =800, y <0 Ha puc. 4 a). JlanHbIi rpaduIecKuii METO I YCTpaHEHHs OIIMOKN MOXKET OBITh
peanu30BaH IPOrpaMMHO.

Takum 00pa3oM, B HEKOTOPBIX TOYKAX TPACKTOPUH KOPPEKTHBIH CIBUT ()a3bl CTEPEOCHIHAIOB, HEOOXOANMBIH IS
BBIUMCIICHUS TIEJICHTa, MOKET COOTBETCTBOBATh HE TiobansHOMy MakcuMyMmy KK®, a onHOMy M3 COCeHUX JOKAIbHBIX
9KCTpeMyMOB (puc. 4 0, 6). Takoe cMmemenne MakcuMyMoB KK® MoskeT ObITh 00yCIIOBIICHO HEIOCTATOYHO BHICOKOH Ya-
CTOTOH JMCKPETH3aLUK CUTHAJIOB. DTHUM e OOBSICHAETCS CTyNEHUYAThI XapakTep Pe3yJIbTUPYIOLIEi TPAeKTOPHH.

C y4eroM KBa3UTapMOHMYHOCTH CHUTHajla MPEAJIaraeTcsi UCIOIb30BaTh HHTEPHOISALHUIO PEIKUX U3MEPEHUH MCXO/-
HOTO CHTHaJa YacThIMM BBIUMCIICHHBIMH 3HAu€HMSIMH. Takoe BHUPTyalbHOE YBEIHMUYEHHE YacTOTHI AUCKPETHU3ALUU
(mepeaucKpeTH3aum) JaeT BO3MOXKHOCTD 3a(pHKCHPOBATH IPOME)KYTOUHbIE 3HAYECHHUS B OM(POBAHHBIX HCXOIHBIX JaH-
HBIX. VIHTEpIONAIMS 3HAYCHUH CUI'Hala KyOMYeCKUM CIUIaiHOM IT03BONIMIIA MMOy4nTh 20 Toyek Ha | mepuox curaana
BMECTO 5 TOUEK B UCXOJHOM BapHuaHTe. Ha puc. 5 nmpuBeneHbI pacueTHbIE TPACKTOPHH JBIKEHUS 00beKTa, c(hopMHUpPO-
BaHHBIE C NIPEIBAPUTEIILHON IIEpeAUCKPETU3ale CUTHAIOB.
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Puc. 5. PacdyeTHbIe TpaeKTOPHH JIBIDKCHUSI 00BEKTa, MOIyYESHHBIE JUISI CTEPEOCHTHATIOB C BUPTYaIbHO MTOBBIIICHHON YacTOTOMH
JMCKPETH3ALMK: CHHUH MapKep — HMCIOJb3YeTCs Pa3HULIA BPEMEHH [IPUX0/ia MEPeJHUX ()POHTOB CUTHAJIOB;
KpacHBI MapKkep — ucnoinb3yercs Makcumym KK®)

KpacHast mMHUSI — 3TO TPaeKTOPHsI JBIKEHUS] 00BEKTa, MOJy4eHHas ¢ Ucnosib3oBanueM Makcumyma KK® ans pac-
YeTa MeJIeHTa M0 MPeIBapUTENIHbHO HHTEPIIOIUPOBAHHBIM JaHHBIM. OHA MPEACTABIsAETCs Ooee KOPPEKTHOM Mo CpaBHe-
HHIO C aHAJIOTUYHOI TPaeKTOPHEH, IOyIeHHOH ¢ NCTIOIBb30BaHHEM Pa3HUIIBI IEPEAHIX (PPOHTOB OTPAYKSHHBIX UMITYIIb-
COB (CHHSIS JTMHHUS).

O0cy:xaenne u 3aKiI09enne. AHaJIM3 0COOCHHOCTEH ONpeesieHHs] TeJIeHra Ha TIOABOIHBIN OOBEKT C UCIIOJIb30Ba-
HHEM B3aMMHOH (ha30BOi MHPOpMALUK CUTHAIOB T} (epeHIIMATBLHOTO CTePeoJaTMKa JaeT BO3MOXKHOCTb CIEaTh Clie-
JIYIOIIME BBIBOJBI:

— Pa3HOCTb BpeMEHH NPHUX0/1a NEPETHIX (PPOHTOB MMITYJIBCOB, 3aPETUCTPUPOBAHHBIX CTEPEOAATYHNKOM, IO3BOJISIET MOJTy4YaTh
3HaueHUS T1eJICHTa, MTOKa3bIBAIONINE HANPaBJIeHHe Ha 00BeKT. KavuecTBo pesysbraTa 3aBUCHT OT MIPHHSATOH BEJIMYMHEI TIopora (vc-
TIOJIE3YEMOTO TIPU OIIPEIENICHIH TIepeIHEro ()POHTA UMITyJIbca) M M3MEHYMBOCTH aMILTHTYI IPUHIMAEMbIX CHTHAJIOB;

— MPUMEHCHHE MOIX0/a C UCTIOIb30BaHUEM MAaKCUMYyMa KPOCC-KOPPEIIAIMOHHONW (DYHKIIMU MIPH HEAOCTATOYHOMN Ya-
CTOTE JMCKPETU3ALUH UCXOJHBIX CUTHAJIOB IIPUBOJIMT K CYIIECTBEHHBIM BEIOPOCaM B PacyeTHOH TpaekTopuH (puc. 3);

— IePeANCKPETU3ALMS CUTHAIOB ¢ MOMOILBIO HHTEPIOJIALMY UCXOHBIX KBa3UTaPMOHNYECKUX CUTHAIOB C HUCIIONb-
3oBanueM Makcumyma KK® st pacuera menieHra U KOOPAMHAT 00BEKTa IMO3BOJISAET MOYYUTh IAIKYI0 TPACKTOPHUIO
(puc. 5), COOTBETCTBYIOILYIO IUIABHOMY IEPEMELICHUI0 00BeKTa 1o Kpyry. Takoii moaxon TpeOyeT 3HauYMTENbHO O0JIb-
IIMX BBIYUCIIUTENBHBIX 3aTpaT B CPAaBHEHHUH C IPYTHMH, PACCMOTPEHHBIMH B 9TOH CTaThe. ITO MOXKET HOBJIHATH Ha CKO-
pOocTh 00pabOTKU CUTHAJIOB B PEXKUME PEATFHOI'O BPEMEHH.

Takum 00pa3om, HcciIeOBaHHBIE BO3MOXHOCTH yYTOYHEHHs ()a30BOTO MeToJa MeNieHranuu (TepeaucKpeTH3anus
onn(poBaHHBIX CHTHAJIOB M HCIONb30BaHne MakcnMyMa KK®) mo3BomsioT 3 eKTHBHO OIIEHUBATH TPACKTOPHIO JBH-
JKE€HHS T0JIBOJHOr0 00LEKTA.

OnucaHbl yCJIOBUS NOJTyYEHHS IIIKOH KOPPEKTHON TPACKTOPHH JBIKEHUS OTCIIS)KUBAEMOTI0 00beKTa. DTOW LeNn
CIYKUT MepEeUCKPETH3aLus OLM(PPOBAHHBIX C HEIOCTATOYHOM YacTOTOW AUCKPETH3ALMU HHTEPIIOJINPOBAHHBIX KBa3H-
rapMOHMYECKUX CTEPEOCUTHaJIoB. BMecTe ¢ 3THM 3a/ieiicTByeTCs METO/ pacueTa IIeJIeHra, UCTIONb3YIOMINH MaKCUMYM
KPOCC-KOPPEISAIHMOHHON (DYHKIMY CUTHAJIOB CTEPEOIaTIHKA.

JaHHBIC Ha pUC. 5 TOATBEPKIAIOT, YTO 33/1a4y MEJCHrallui MOXKHO PEIIUTh C TOYHOCTBIO, HEOOXOAMMOI IS Tpak-
THUYECKOI0 IPUMEHEHHs. YueT (GakTopa IIaJKOCTH U HEIIPEPBIBHOCTH TPACKTOPHH JIBIKCHHS 0OBEKTa O3BOJISET OHO-
3HA4YHO KOPPEKTHPOBATh BBIOOP MaKCUMyMa KPOCC-KOPPESIIMOHHON (PyHKIIMHM CUTHAJIOB cTepeoaTdnka (puc. 4).

[IpemnoxeHHbIe METOIBI IMEIOT OOJIBIIIOE 3HAYCHHE JUIS pa3padOTKH CUCTEM TIOJIBOJAHOTO BUICHUS.
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