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Co3nat B 1ems1X MHGOPMUPOBAHUS YUTATENBCKOW ayJIMTOPUU O HOBEHIIMX IOCTIDKSHHUSIX M MEPCIEKTHBAaX B 00JIaCTH
MEXaHHKH, MAaIIMHOCTPOCHUS, MH(POPMATUKH M BBIYMCIMTEIbHOW TexHUKU. W3naHue sBisercs (opymMoMm [uis
COTPYAHUYECTBA POCCHUICKUX W MHOCTPAHHBIX YUEHBIX, CIIOCOOCTBYET CONMKEHUIO POCCUHCKOTO M MHPOBOTO HAaydHO-
WH(POPMAIIMOHHOTO MTPOCTPAHCTBA.
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1.1.9 — MexaHuKa »HUAKOCTH, ra3a U IU1a3Mbl (TEXHUYECKHE HayKH)

1.2.2 — MaremaTudeckoe MOJEINPOBAHIE, YHCICHHBIE METObI U KOMIUIEKCHI IPOrpaMM (TeXHHUYECKUE HAyKH)

2.3.1 — CucTeMHbIii aHau3, yIpaeieHHe 1 00paboTka HH(POPMALUH, CTATUCTUKA (TEXHUYECKHE HAYKH)

2.3.3 — ABTOoMaTH3anys 1 yIpaBJICHAE TEXHOJIOTNICCKUMH IIPOIECCaMU U IIPONU3BOACTBAMH (TEXHHIECKHE HAYKN)

2.3.5 — Maremarideckoe 1 porpaMMHOE 00eCTIeYeHNE BBIYHCIUTENBHBIX CHCTEM, KOMITIEKCOB M KOMITBEOTEPHBIX ceTeill (TEXHIIECKIE HAYKH)
2.3.7 — KommbroTepHOE MOJIEIMPOBAaHNUE M aBTOMATH3ALMsI IPOSKTUPOBaHUs (TEXHUUECKUE, (PU3NKO-MaTeMaTHUECKUE HAYKH)
2.3.8 — Undpopmarnka u nHHOPMALUOHHEIE MIPOLECCH (TEXHMYECKUE HAYKH)

2.5.2 — MamuHoBeieHHe (TeXHUUECKHE HaYKH)

2.5.3 — TpeHue ¥ U3HOC B MalIMHAX (TEXHUYECKUE HAYKHN)

2.5.5 — TexHonorust 1 000pyAOBaHHE MEXaHUIECKOH U QU3MKO-TEXHUUECKOH 00pabOTKH (TeXHUYECKHE HAYKH)

2.5.6 — TexHONOrHMsl MAIIMHOCTPOCHHUS (TEXHUUECKUE HAYKH)

2.5.8 — CBapka, poACTBCHHBIC TPOLIECCH M TEXHOJOTUH (TEXHHYECCKHUE HAYKH)

2.5.9 — Metoap! u npuOOPHI KOHTPOJIS U IUATHOCTUKU MAaTEpUAIOB, U3/1ENNH, BEIIECTB U IPUPOIAHON cpeabl (TEXHUIECKUE HAYKH)
2.5.10 — 'mppaBiuyeckre MalIvHb]L, BaKyyMHas, KOMIIPECCOPHAst TEXHHUKA, THAPO- U THEBMOCHCTEMBI (TEXHUUECKUE HAYKH)

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

Haumenosanue opeana, Beimucka U3 peecTpa 3aperHCTPHPOBAHHBIX CPEACTB MaccoBod mHpopMmanuu IDJI Ne ©C 77 — 78854
sapecucmpuposaswezo ot 07 arycra 2020 r., Beigano denepansHoil ciry:x00i o Haa3opy B chepe cBsA3M, HHGOPMAIIMOHHBIX

usoauue TEXHOJIOTHH ¥ MacCOBBIX KOMMYHHUKAIIAH
Yupeoumens OenepanbHOe TOCYAapCTBEHHOE OFO/DKETHOE 00pa30BaTeNbHOE YUPEKICHHUE BBICIIEr0 OOpa30oBaHMs
u uzdamenv «JloHCcKOM TocynapcTBEeHHbIN TexHuueckuil yausepcutet (JAI'TY)
Tepuoouunocmo 4 BBIIIyCKa B IO
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/

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

Editorial Board

Editor-in-Chief, Alexey N. Beskopylny, Dr.Sci. (Eng.), Professor, Don State Technical University (Rostov-on-Don, Russian Federation);

Deputy Chief Editor, Alexandr 1. Sukhinov, Corresponding Member, Russian Academy of Sciences, Dr.Sci. (Phys.-Math.), Professor,
Don State Technical University (Rostov-on-Don, Russian Federation);

Executive Editor, Manana G. Komakhidze, Cand.Sci. (Chemistry), Don State Technical University (Rostov-on-Don, Russian Federation);

Executive Secretary, Nadezhda A. Shevchenko, Don State Technical University (Rostov-on-Don, Russian Federation),

Sergey M. Aizikovich, Dr.Sci. (Phys.-Math.), Professor, Don State Technical University (Rostov-on-Don, Russian Federation);
Kamil S. Akhverdiev, Dr.Sci. (Eng.), Professor, Rostov State Transport University (Rostov-on-Don, Russian Federation);
Imad R. Antipas, Cand.Sci. (Eng.), Don State Technical University (Rostov-on-Don, Russian Federation);

Hubert Anysz, PhD (Eng.), Assistant Professor, Warsaw University of Technology (Republic of Poland);

Ahilan Appathurai, National Junior Research Fellow, Anna University Chennai (India);

Gultekin Basmaci, PhD (Eng.), Professor, Burdur Mehmet Akif Ersoy University (Turkey);

Yuri O. Chernyshev, Dr.Sci. (Eng.), Professor, Don State Technical University (Rostov-on-Don, Russian Federation);

Evgenii A. Demekhin, Dr.Sci. (Phys.-Math.), Professor, Financial University under the RF Government, Krasnodar branch
(Krasnodar, Russian Federation);

Oleg V. Dvornikov, Dr.Sci. (Eng.), Professor, Belarusian State University (Belarus);

Karen O. Egiazaryan, Dr.Sci. (Eng.), Professor, Tampere University of Technology (Finland);

Victor A. Eremeev, Dr.Sci. (Phys.-Math.), Professor, Southern Scientific Center of RAS (Rostov-on-Don, Russian Federation);
Nikolay E. Galushkin, Dr.Sci. (Eng.), Professor, Institute of Service and Business, DSTU branch (Shakhty, Russian Federation);

LaRoux K. Gillespie, Dr.Sci. (Eng.), Professor, President-Elect of the Society of Manufacturing Engineers (USA);

Ali M. Hasan, PhD (Computer Engineering), Al Nahrain University (Baghdad, Iraq);

Huchang Liao, Professor, IAAM Fellow, IEEE Business School Senior Fellow, Sichuan University (China);

Hamid A. Jalab, PhD (Computer Science & IT), University of Malaya (Malaysia);

Revaz Z. Kavtaradze, Dr.Sci. (Eng.), Professor, Raphiel Dvali Institute of Machine Mechanics (Georgia);

Janusz Witalis Kozubal, Dr.Sci. (Eng.), Wroclaw Polytechnic University (Republic of Poland);

Ilya I. Kudish, PhD (Phys.-Math.), Kettering University (USA);

Victor M. Kureychik, Dr.Sci. (Eng.), Professor, Southern Federal University (Rostov-on-Don, Russian Federation);

Geny V. Kuznetzov, Dr.Sci. (Phys.-Math.), Professor, Tomsk Polytechnic University (Tomsk, Russian Federation);
Vladimir I. Lysak, Dr.Sci. (Eng.), Professor, Volgograd State Technical University (Volgograd, Russian Federation);
Vladimir 1. Marchuk, Dr.Sci. (Eng.), Professor, Institute of Service and Business, DSTU branch (Shakhty, Russian Federation);

Vladimir M. Mladenovic, Dr.Sci. (Eng.), Professor, University of Kragujevac (Serbia);

Murman A. Mukutadze, Dr.Sci. (Eng.), Professor, Rostov State Transport University (Rostov-on-Don, Russian Federation);
Andrey V. Nasedkin, Dr.Sci. (Phys.-Math.), Professor, Southern Federal University (Rostov-on-Don, Russian Federation);
Tamaz M. Natriashvili, Academician, Raphiel Dvali Institute of Machine Mechanics (Georgia);

Nguyen Dong Ahn, Dr.Sci. (Phys.-Math.), Professor, Academy of Sciences and Technologies of Vietnam (Vietnam);
Nguyen Xuan Chiem, Dr.Sci. (Eng.), Le Quy Don Technical University (Vietnam);

Sergey G. Parshin, Dr.Sci. (Eng.), Associate Professor, St. Petersburg Polytechnic University (St. Petersburg, Russian Federation);
Konstantin V. Podmaster’ev, Dr.Sci. (Eng.), Professor, Orel State University named after I.S. Turgenev (Orel, Russian Federation);
Roman N. Polyakov, Dr.Sci. (Eng.), Associate Professor, Orel State University named after I.S. Turgenev (Orel, Russian Federation);
Valentin L. Popov, Dr.Sci. (Phys.-Math.), Professor, Berlin University of Technology (Germany);

Nikolay N. Prokopenko, Dr.Sci. (Eng.), Professor, Don State Technical University (Rostov-on-Don, Russian Federation);
José Carlos Quadrado, PhD (Electrical Engineering and Computers), DSc Habil, Polytechnic Institute of Porto (Portugal);
Alexander T. Rybak, Dr.Sci. (Eng.), Professor, Don State Technical University (Rostov-on-Don, Russian Federation);
Muzafer H. Saracevi¢, Full Professor, Novi Pazar International University (Serbia);

Arestak A. Sarukhanyan, Dr.Sci. (Eng.), Professor, National University of Architecture and Construction of Armenia (Armenia);
Vladimir N. Sidorov, Dr.Sci. (Eng.), Russian University of Transport (Moscow, Russian Federation);

Arkady N. Solovyev, Dr.Sci. (Phys.-Math.), Professor, Crimean Engineering and Pedagogical University the name of Fevzi Yakubov
(Simferopol, Russian Federation);

Mezhlum A. Sumbatyan, Dr.Sci. (Phys.-Math.), Professor, Southern Federal University (Rostov-on-Don, Russian Federation);
Mikhail A. Tamarkin, Dr.Sci. (Eng.), Professor, Don State Technical University (Rostov-on-Don, Russian Federation);
Murat Tezer, Professor, Near East University (Turkey);

Bertram Torsten, Dr.Sci. (Eng.), Professor, TU Dortmund University (Germany);

Vyacheslav G. Tsybulin, Dr.Sci. (Phys.-Math.), Associate Professor, Southern Federal University (Rostov-on-Don, Russian Federation);
Umid M. Turdaliev, Dr.Sci. (Eng.), Professor, Andijan Machine-Building Institute (Uzbekistan);

Ahmet Uyumaz, PhD (Eng.), Professor, Burdur Mehmet Akif Ersoy University (Turkey);

Valery N. Varavka, Dr.Sci. (Eng.), Professor, Don State Technical University (Rostov-on-Don, Russian Federation);

Igor M. Verner, PhD (Eng.), Professor, Technion — Israel Institute of Technology (Israel);

Sergei A. Voronov, Dr.Sci. (Eng.), Associate Professor, Russian Foundation of Fundamental Research (Moscow, Russian Federation);
Batyr M. Yazyev, Dr.Sci. (Eng.), Professor, Don State Technical University (Rostov-on-Don, Russian Federation);

Vilor L. Zakovorotny, Dr.Sci. (Eng.), Professor, Don State Technical University (Rostov-on-Don, Russian Federation).



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

Penaknuonnasi KoJiierus

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

3amecmumensy 2nasnozo peoakmopa, Cyxunoe Anexcandp Heanoeuu, unen-xoppecnondenm PAH, doxmop ¢usuko-mamemamuueckux Hayx,
npogeccop, JJonckoii cocyoapcmeennviii mexnuueckuil ynugepcumem (Pocmos-na-/lony, Poccuiickas ®edepayus);

omeemcmeennstit pedaxmop, Komaxuoze Manana I'neuesna, KaHouoam xumudeckux Hayx, JJOHCKOI 20cyOapcmeentblil mexHu4eckull yHusepcumem
(Pocmos-na-/ony, Poccuiickas ®edepayus);

omeemcmeeHnuulit cekpemaps, Illlesuenko Haoesxcoa Anamonvegna, /[onckou eocyoapcmeennviii mexnuyeckuti ynugepcumem (Pocmog-na-/lony,
Poccuiickaa ®edepayus);

AiisnkoBuy Cepreii MuxaiiyioBu4, 10KTop (PHU3MKO-MaTeMaTHYECKUX HaykK, mpodeccop, JJOHCKOH rocyaapCTBEHHBINH TEXHUYCCKUH YHHBEPCUTET
(Pocros-na-/lony, Poccuiickas ®enepanus);

Antu6ac Uman Puszakaiia, kaHIuaaT TEXHMYECKUX HayK, JIOHCKO# rocyJapCTBeHHBIH TexHI4eckuid yHuBepeuteT (Pocto-Ha-/lony, Poccuiickas ®eneparis);
AxuiaH Annartypaii, Mila{lui HayuHbId cOTpyAHUK, MHxKeHepHO-TexHOMornueckuit komtepx PSN, Yausepcuter Anubl Yennau (Muaus);
Axsepanes Kamua Camen Orubl, JOKTOp TEXHHYECKHX HayK, mpodeccop, PoCTOBCKMil rocymapCTBEHHBIH YHMBEPCUTET ITyTeH COOOIICHUS
(Pocros-na-/lony, Poccuiickas ®enepanus);

Bapaska Banepmii HwuxonaeBu4, IOKTOp TEXHMUYECKMX Hayk, mpodeccop, JIOHCKOI TOCYy/IapCTBEHHBIH TEXHMYECKHI YHHBEPCHUTET
(Pocros-na-/lony, Poccuiickas ®enepanus);

Bepuep Urops MuxaiijioBu4, JOKTOp TEXHHYECKUX HAYK, podeccop, TexHomorndeckuit HHCTUTYT B M3panne (U3pauib);

Boponos Cepreii AstexcanIpoBH, JOKTOp TEXHHYECKHX HAyK, IOLEHT, Poccuiickuii hoHx GpyHIaMeHTanbHbIX HecnenoBannii (Mocksa, Poceniickas Deneparys);
Tanymkun Hukxonaii EGumoBuY, 10KTOp TeXHUUYECKMX Hayk, mnpodeccop, MHcTHTyT cdepbl 0OCIyXMBaHUS M INPEINPUHUMATENIBCTBA,
¢umman AI'TY (IaxTel, Poccuniickas denepanusi);

Jlapy I'mastecnu, TOKTOp TEXHHYECKHX HayK, podeccop, [Ipesunent Obmmecta Manmuoctpoureneii (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, TexHonornyeckuit yausepcuret Tamnepe (OunnsHams);

Epemees Buxrop AHaTo/1beBHY, TOKTOp (DM3HKO-MATEMATHIECKIX HayK, Ipodeccop, FOxxupii Hayumsiii ientp PAH (Pocto-ta-/lony, Poccuiickas Denepartis);
3axoBopoTHBIii Bmiop JlaBpeHTheBHY, JOKTOp TEXHHYECKHX Hayk, npodeccop, J[OHCKOW TrocylapCTBEHHBIH TEXHHYECKHIl YHHBEpPCHUTET
(Pocros-na-/lony, Poccuiickas ®enepanus);

Kasrapanse PeBa3 3ypadoBud, TOKTOp TeXHUUECKHUX Hayk, mpodeccop, MucturyT Mmexanuku MamuH uM. P. [IBamu (I'py3us);

Ko3y6au SInym Burtanuc, 10KTOp TEXHHYECKHX HayK, npodeccop, Bpomnasckuii rexunueckuii yausepcuret (Ilomnbma);

Xoce Kapaoc Kyaapano, 10KTop Hayk (JISKTPOTEXHHUKA U KoMIbloTepsbl), [lonutexuuueckuit uaetutyt [lopry (ITopryranus);

Kymnm Anbsa UcupopoBuy, 1oktop Gpusuko-MaremMatuueckux Hayk, YHusepcuteT Kerrepunra (CILA);

Ky3Heuos I'ennii BiaguvupoBud, T0KTOp (GH3HKO-MaTeMaTHISCKHX HayK, poeccop, Tomckuit nomrexHideckuii yaisepenteT (Tomck, Poccuiickas denepatmst);
Kypeiiunk Buxrop MuxaiijioBu4, JOKTOp TEXHHYECKUX HayK, podeccop, FOxubIii (enepanbhbiii yausepeuteT (Poctos-Ha-/loHy, Poccuiickas denepanys);
Jbicak Baagumup Wibuy, JOKTOp TEXHHYECKUX HayK, mpodeccop, Bonarorpanckuil rocyaapcTBeHHbIH TeXHHYECKUit yHHBepcuTeT (Bosrorpan,
Poccuiickast ®eneparus);

Mapuyk Baagumup UBaHoBHY, TOKTOp TEXHUYECKHUX HAyK, npodeccop, MHCTUTYT cdhepbl 00cTyKuBaHUs ¥ NpeAnpuHUMaTenbeTsa, Gumman AT TY
(ITaxTsI, Poccuiickas Menepanus);

Baagumup MiaseHoBHY, JOKTOP TEXHHYECKUX Hayk, mpodeccop, Kparyesankuii yausepcurer (CepOus);

Mykyraaze MypMaH AJleKCAaHJAPOBHY, JIOKTOD TEXHMYECKHX HayK, JOLEHT, POCTOBCKMII roCylapCTBEHHBIH YHMBEPCHUTET ITyTeH COOOIEHUS
(PocroB-na-/lony, Poccuiickas ®enepanus);

Hacemxmin Anpeii BUKTOpoBH4Y, TOKTOp (DH3HKO-MaTeMaTHIECKIX HayK, ipodeccop, FOxabii enepanbrbii yruBepcutet (Pocto-Ha-/loHy, Poccriickas Ddenepariyrs);
Hartpunamsuian Tama3 MamueBuny, akajeMuk, THCTUTYT MexaHuku MatuH uM. P. Jipanu (I'py3us);

Hryen IoHr AHb, TOKTOp HU3UKO-MaTeMaTHYECKUX HayK, mpodeccop, THCTUTYT MeXaHUKK AKaJeMHUU HayK ¥ TexHOJoruii BoeTHama (BbeTHam);
Hryen Cyan TbeM, TOKTOp TeXHHYECKUX HayK, BoeTHaMckuii rocynapcTBeHHBIH TexHIIeckuil yausepcutet uM. Jle Kyit [lona (Bretnam);
Mapmmn Cepreii [eoprueBuy, J0KTOp TEXHUYECKUX HayK, noueHT, CaHkr-IlerepOyprekuii nonutexuuueckuit yausepeurer (Cankr-IletepOypr,
Poccwuiickas eneparys);

TIMoamacrepbeB Koncrantun BanenTnHoBuy, JIOKTOP TEXHUYECKUX HayK, npocdeccop, OproBckuit roCyAapCTBEHHBIH
yausepeuteT uM. U. C. Typrenesa (Open, Poccuiickas ®eneparus);

TonsikoB Poman HukosaeBud, JOKTOP TEXHIYECKIX HAyK, JOLEHT, OproBckuii rocyaapersenHblit yauBepentet uM. U. C. Typrenesa (Opern, Poccuiickast Deneparis),
Ionos Banentnn JleonuaoBu4, IOKTOp (H3UKO-MAaTEMAaTHIECKHX HayK, mpodeccop, MHCTHTYT MeXaHHKHM bepIHHCKOTO TEXHHYECKOTO
yHuBepcuteta (I'epmanns);

Ipokonenko Hukouaii HukonaeBu4, JOKTOp TEXHMYECKMX HayK, mnpodeccop, JIOHCKOH TocylapCTBEHHBIH TEXHMYECKHH YHHBEPCUTET
(Pocros-na-/lony, Poccuiickas ®enepanus);

Poidak Agnexcanap TumodeeBuY, JOKTOp TEXHMYECCKHX HayK, mpodeccop, JIOHCKOW TrocylapCTBEHHBIH TEXHHYCCKUI YHHBEPCUTET
(PocroB-na-/lony, Poccuiickas denepanus);

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 rocynapCcTBeHHbIH TexHHYeckuil yHHBepcuteT (Pocro-na-/loHy,
Poccwuiickas eneparus).


https://cv.nahrainuniv.edu.iq/ar/view/852

Advanced Engineering Research (Rostov-on-Don). 2024;24(2):123. eISSN 2687—1653

Contents

MECHANICS

Assessment of Dynamic States of Railway Vehicles: Structural Mathematical Modeling ................... 125
RS Bolshakov, VE Gozbenko, Vuong Quang Truc

Analysis of the Drag-Reduction Ability of the Layout and Cross-Sectional Shapes of Subsea
Structures in the Critical FIOW MOde ............c.ccccooniiiiniiiiiiiiccneccecstnteete et 135
HF Annapeh, VA Kurushina

On a Method for Calculating Bending and Shear Vibrations of a Porous Piezoelement

in the Low-Frequency RegION .............ccooiiiiiiiii ettt 148
AN Soloviev, VA Chebanenko, PA Oganesyan, EI Fomenko

Simplified Calculation of the Inertia Moment of the Cross Section of the Console under Loading .. 159
EE Deryugin

On the Method for Solving the Problem of Ice Cover Deformation under an Arbitrary
MOVINEG LA ...ttt st b et bbbt b et b et b et st e b et b et et e e ebe e ene 170
AV Galaburdin

MACHINE BUILDING AND MACHINE SCIENCE

Implementation of a Digital Model of Thermal Characteristics Based on the Temperature Field .... 178
V'V Pozevalkin, AN Polyakov

Modeling the Dynamic Loads Affecting a Bridge Crane during Start-Up .............cocoiiiiinnnieinnnn. 190
IR Antypas

INFORMATION TECHNOLOGY, COMPUTER SCIENCE AND MANAGEMENT

Features of Bearing on Underwater Object Using Phase Information of a Differential
SEEIE0 SEMSOT .......c.oiiiiiiiiii bbb 198
VA Shirokov, AI Bazhenova, VN Milich

123



124

Advanced Engineering Research (Rostov-on-Don). 2024;24(2):124. eISSN 2687—1653

Conepxanue

MEXAHHKA

Bo3Mo:kHOCTH OLIEHKH TWHAMHYECKMX COCTOSIHMIl >KeJe3HOAOPO’KHBIX TPAHCIOPTHBHIX CPEACTB:
CTPYKTYPHOE MATEMATHYECKOE MOJETUPOBAHME .....cooueirmiieeniieaieeenieeaieeenteesnteeenueesnseesnseesnseeenseessseeesaenns 125
P.C. Bonvwaros, B.E. I'o36enro, K.4. Bvione

AHaJIN3 BO3MOKHOCTH CHHKEHHUSI JI000BOT0 CONPOTHBJIEHUSI 32 CYET PACIIOJIOKEHHS H TOMePeYHbIX
ceYeHUI NMOJABOIHBIX KOHCTPYKIMIA B NOTOKe KPUTHYECKOT0 PesKUMA (HA AHIUL. A3BIKE)........ccvcvemnee. 135
I'.®. Aunane, B.A. Kypywuna

O0 ogHoM MeToAe pacyeTa W3rMOHBIX M CABMIOBBIX KOJIEOaHMIl NOPHCTOrO Nbe303JIeMeHTa

B HUBKOUACTOTHOM OOIIACTH .......einiiiiteieniieieteiecetetetete e teeetese et teseseseae st eteses et e et esesene e s teseneneasesesesenesesesenensnees 148
A.H. Conosves, B.A. Yebanenro, I1.A. Ozanecan, E.H. @omenxo

YnpoueHHbli pacyeT MOMEHTA HHEPL UM MONEPEYHOr0 CeYeHUs] KOHCOIM MOJ HATPY3KOH ..........c.c..... 159
E.E. Jleprocun

Pa3paborka MeTona perienns 3aga4u JepopManun JeJTHOT0 MOKPOBA MO/ AeiiCTBHEM IPOU3BOJILHO
JBHIKYIIETICH HATPYZIKH ....ooveveuiieriieriteuinteststestsesessesessesessesessestssesensesesesensesensesessesessestsesessenessenessensssessesenessesenses 170

A.B. I'anabypoun

MAINIMHOCTPOEHUE U MAINIMHOBEITEHUE

Peanuzanmst uugposoii Moge/ M TEMJIOBBIX XaPAKTEPUCTHK HA OCHOBE TEMIIEPATYPHOIO MOJIA .......... 178
B.B. Ilozesanxun, A.H. Ilonaxos

MogaeaupoBanue AUHAMUYECKHUX HArpPy30K, BO3/IEiCTBYIOIIMX HAa MOCTOBOH KpPaH B MOMEHT
TLYCKA (HA AHTUL SIBBIKE) .....cooiiiteueueiteteueatatetetesenetsessesesenessesesestasasasssesesenssesesesensasesesesensasssesesenssesesesensasesessseneneas 190
HU.P. Anmubac

NHO®OPMATUKA, BBIYNCJIUTEJIBHAS TEXHUKA U YIIPABJIEHUE

Oco0eHHOCTH oONpefieJIeHHs IeJIeHra Ha IOABOAHBIA O00BEKT ¢ Hcnoab3oBaHueM (a3oBoil
HHpopManuu TP EPEHIHATBHOTO CTEPEOTATUMKR ...c..evveiirerereerteteseeetrtesesesesesesseseseessesesesesesesessesesenens 198
B.A. llupoxos, A.1. Basxcenosa, B.H. Munuu



Advanced Engineering Research (Rostov-on-Don). 2024;24(2):125-134. eISSN 2687—1653

MECHANICS
MEXAHHUKA

W) Check for updates
BY

UDC 51-71, 517.442, 629.4.015, 62-752, 681.5 Original Empirical Research
https://doi.org/10.23947/2687-1653-2024-24-2-125-134

Assessment of Dynamic States of Railway Vehicles: E E
Structural Mathematical Modeling . .
Roman S. Bolshakov' = D4, Valery E. Gozbenko"~', Vuong Quang Truc

Irkutsk State Transport University, Irkutsk, Russian Federation E

D4 bolshakov_rs@mail.ru EDN: PEUPEC
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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Opuzunaﬂbnoe amnupudeckoe uccuedosarue

B03MOKHOCTH OLIEHKHU TMHAMUYECKHX COCTOSHUIH KeJ1e3HO0POKHBIX TPAHCHOPTHBIX
CPeICTB: CTPYKTYPHOE MaTeMATHYECKO€e MOIeJTHPOBAHHE

P.C. Boasmakos = <, B.E. I'o36enko =, K.Y. BeioHr

WpkyTcKuii rocyaapCcTBEHHBIH YHUBEPCUTET MyTel coolmenus, . Mpkyrck, Poccuiickas denepanust

D4 bolshakov_rs@mail.ru

AHHOTAIUSA
Beeoenue. Ypenuuenue cKOpocTed ABUKEHUS >KEIE3HOJAOPOXKHOIO TPAHCIOPTA M MOBBILIEHHE HATPY30K HA OCHU

KOJIECHBIX Tap 00yCIaBIMBaIOT HEOOXOAMMOCTh MOJEPHU3ALMH CYIECTBYIOIIEro napka. Hay4dHnsle ncciaenoBaHus
B O6J'IaCTI/l JUHAMUKU MMOJABUXKHOTO COCTaBa HallpaBJICHBI Ha y'-léT KOJ'leGaTeJ'II)HI)IX IMpOoUECCOB, BOBHUKAIOMIUX TIPHU
ABVIKCHHUU KCJIIC3HOAOPOKHBIX TPAHCIIOPTHBIX CPEACTB B TPAAUIIMOHHOM KOHCTPYKTUBHOM HCIHOJHCHUMH. HpI/ICO—
CAUHCHUEC JOIMOJIHUTCIIbHBIX 3JIEMCHTOB paCcCMAaTPpUBaAJIOCh HAa YPOBHC CHCIIKU JIBYX BAroHOB U IMPUCOCAUHCHUU TPEC-
ThEH TEJICIKKHU B IICHTPE TSHKECTH XKEJIE3HOAOPOKHOM miaTdopmel. [ToCTpOeHHIO MaTEeMAaTHYECKUX MOJEIICH, IT03BO-
JISIOUINX OLEHUTh JMHAMUYECKUE COCTOSHNUS TAKMX KOHCTPYKTHBHBIX PELICHUH, B HAYYHOH TUTEpaType HE yACICHO
J0CTaTOYHO BHUMaHMs. Llenb faHHOTO Hecae10BaHUs — CO3/1aTh METO/ OLIEHKH ANHAMUYECKHX COCTOSIHUN BaroHa.
PaccmaTpuBaercs cutyanusi, KOTia B €r0 CTPYKTYPY BBOJIHUTCS AONOIHUTENbHAS COBOKYITHOCTh MacC-MHEPIIMOHHBIX
1 yOPYTHX 3JIEMEHTOB, IIPHYEM OT KOPPEKTHPOBKM HX ITApaMETPOB 3aBHCHUT 0OIIee NMHAMHYECKOE COCTOSHHUE
TPAHCIIOPTHOTO CPEJCTBA.

Mamepuanst u memoost. ba30BbIM HHCTPYMEHTOM NPOBEICHUS UCCIEIOBAHNHN SBIAETCS CTPYKTYPHOE MaTeMaTH-
YeCcKOe MOJICJINPOBAHNE, B OCHOBE KOTOPOTO JIEKUT MOJIX0/, KOT/1a HCXOJHAs pacueTHas CXeMa IPeACTaBIIsieT cO00H
MEXaHHYECKYyI0 KoJIeOaTeIbHyl0 CUCTEMY B BHJAE TBEPAOIO Tella Ha YIPYTHX ONOpax C JONOJHUTEIbHOW BBEIEH-
HBIMHU B €€ CTPYKTYpy THIIOBBIMH 3J€MEHTaMU. J[MHAMUYECKUM aHaJIOTOM HCIIOJIb3yeMON pacueTHOW CXeMBI SIBIISI-
€TCsl CTPYKTYpHas CXeMa CHCTEMBI aBTOMATHUYECKOTO YIpPaBJIEHUs, IPUMEHEHHE KOTOPOH MO3BOJISAET ACTAIU3UPO-
BaTh CBA3U MCXKAY TUIIOBBIMU YIIPYTHMMU U MAaCC-UHCPUUOHHBIMU 3JIEMCHTAMU.

Pezynomamur uccnedoganus. IlpennoxxeH METOJ OLEHKH AMHAMHUYECKUX COCTOSIHHII kKeJNe3HOAOPOKHBIX TpaHC-
MIOPTHBIX CPEJICTB, OCHOBAHHBIM HAa MOCTPOSHUH MaTEMATHUYCCKUX MOJEIEH, C YIETOM BBEJICHUS JOTOJIHUTEIbHOMN
CTPYKTYPbl Macc-MHEPIMOHHBIX M YHPYTHX 3JeMEeHTOB. McciieoBaHo BIMAHNE NOMOJHUTENBHBIX MapaMeTPOB Ha
JUHAMHYECKOE COCTOSIHUE TPAHCIIOPTHOTO cpeacTBa. [lomydeHbl aHaTUTUYECKNE COOTHOILEHUS, T0O3BOIISIFOINE TIPU
HM3MEHEHUH COOTBETCTBYIOIINX apaMeTPOB TEXHNUECKOTO 00bEKTa CHU3UTh AMHAMUYECKIE HAarpy3K1 Ha OCHOBHBIE
KOHCTPYKTUBHBIE yNpyTue 371eMeHTHl. [IpuBenena nepenatouHas GyHKINS MEXMApIHaIbHBIX CBS3€H, ITO3BOJISIIO-
mast KOHTPOJIMPOBATH B3aUMOJCHCTBIE MEXIY KOOPANHATAMH JABHKEHUSI TPAHCIIOPTHOTO CPEJCTBA MPH JEHCTBUHU
JIBYX KHHEMaTHYECKUX BO3MYIIEHUI cuH(a3HOTO THHA.

Oébcyrcoenue u 3aknouenue. ChopMupoBaHHas MaTeMaTHdeckas MOJIEIb O3BOJISIET OLIEHUTh IHHAMHUYECKOE CO-
CTOSIHUE JKEJIE3HOJOPOKHOI0 TPAHCIOPTHOTO CPEJCTBA B YCIOBUSAX NEHUCTBUS KMHEMAaTUYECKUX BO3MYILEHUH. Pe-
3yJbTAThl UCCIICJOBAHUN MOTYT OBITH IPUMEHEHBI IIPU MOJAEPHHU3AIMH CYIIECTBYIONMX U CO3/IaHUU HOBBIX TPaHC-

HOPTHBIX CPEJCTB C YJIYUIIEHHON JUHAMUKOH.

KiroueBnble ciioBa: JUHaMHUKa TPaHCIIOPTHBIX CPEACTB, AMHAMUUYCCKOC COCTOAHUE, CTPYKTYPHOC MAaTEMATUICCKOC

MOJIEJTUPOBaHUE, CTPYKTYypHas cxema

BaaronapHocTH. ABTOPBI BBIPXAOT 0OJarofapHOCTh 3aciyKEHHOMY AesTento Hayku P®, n.T.H., npodeccopy
EnuceeBy C.B., a Takxe peiakiuy 1 pelieH3eHTaM 32 BHUMATEIbHOE OTHOIIIEHHE K CTaThe U YKa3aHHbIE 3aMeUaHusl,

KOTOPBIC IMMO3BOJIMIIN MMOBBICUTE €€ Ka4€CTBO.
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Introduction. The expansion of technical-and-economic ties at the interregional level, providing the growth of the
country's industrial engineering potential, and maintaining the growing system of international trade and commercial
relations largely depends and relies on rail transport [1]. The rail traffic volume is constantly increasing. This drives
the need to take into account the perverse effects of increased dynamic loads [2], which directly affect the reliability
of operation of both rolling stock and the track structure. Despite such negative factors, it is necessary to fulfill the
planned indicators, which include an increase in the service speed, compliance with weight and length standards for
trains, increasing axle load to 30 tons or more. This reflects the real demands of the development of the Russian
economy and stimulates the creation of new more powerful locomotives, the renewal of the fleet of rolling stock, and
the modernization of track facilities [3]. At the same time, the possibility of negative consequences of the
intensification of transportation processes should also be considered. One of the major issues is the increase in the rate
of wear of the track structure with the corresponding resulting difficulties [4].

Currently, particular attention is being paid to the development of a methodology for assessing the dynamic
condition of rolling stock, the interaction of technical means and rail tracks, energy savings, and improving the
reliability and safety of transportation processes. The mathematical modeling methodology is described, e.g., in [5].
At the same time, there are other possibilities for finding rational solutions [6]. It is important to pay attention to the
modernization of the existing fleet of freight wagons, whose operation is no longer effective under increased loads [7].
One of the approaches that could be adopted for the development is the concept of installing an additional two-axle
bogie for freight 4ax wagons [8]. In this case, we can expect a more uniform distribution of the load on the track
structure, as well as the possibility of increasing the weight of the transported goods while maintaining the regulations
for axial load values within 22 tons [9]. The unevenness of the wheel-rail contact parameters initiates the oscillatory
movements of the car, which in turn forms the oscillatory movements of the car body. The oscillation process is also
formed by the conditions of interaction of wagons inside the train [10]. In this case, dynamic restraint forces occur,
superimposing on the static components of the overall reaction, which can significantly increase the level of dynamic
interactions in the wheel-rail contact [11, 12]. However, the possibilities of structural mathematical modeling in
assessing the dynamic states of railway vehicles with the introduction of additional links have not yet been given
enough attention. Therefore, the objective of this study is to form a method for evaluating the dynamic states of a
railway vehicle when introducing an additional set of mass-inertial and elastic elements into its structure, the correction
of the parameters of which would affect the overall dynamic state of the vehicle.

Materials and Methods. The methodological basis of the research is the structural theory of vibration isolation
systems, which provides for the accurate assessment of the dynamic properties of a railway vehicle in a linear
formulation, taking into account concentrated parameters and small oscillations relative to the position of static
equilibrium or a steady-state process. The design scheme is a mechanical vibratory system with dynamic equivalent in
the form of a block diagram of an automatic control system. This makes it possible to detail the connections between
the elements of the vehicle, as well as to use methods characteristic of the theory of automatic control (transfer
functions, transformations of structural circuits, convolution and simplification, frequency characteristics) [13].

Standard design schemes of freight railway vehicles are described by well-known calculation schemes, and their
dynamic features can be estimated using linear calculation schemes. The article considers a railway vehicle in the form
of a four-axle freight wagon designed for the transportation of heavy goods such as coal, ore, sand, rolled metal,

small-sized metal structures, etc. (Fig. 1).
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Fig. 1. Schematic diagram of a four-axle freight wagon

The structure of the presented railway vehicle contains a body with mass M and moment of inertia J. It is based on
two four-wheel bogies, conventionally represented as a set of mass-inertial and elastic elements. The dynamic features of
the system under consideration show the excessive impact on the structural elements of the bogies of the railway vehicle.
In this regard, to improve its dynamic properties, a third two-axle truck is additionally introduced into the suspension

structure, which is located in the center of the wagon (Fig. 2).
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Fig. 2. Schematic diagram of a six-axle freight car

With a car's own weight of about 23 tons, and an axial load of 22 tons, this can provide an increase in the weight
of transported goods by approximately 20 tons, i.e., significantly increase the efficiency of transportation processes
without creating excessive dynamic loads on the track structure (TS). The practical implementation of the proposed
approach requires the modernization of the design of a standard wagon. The modernization consists in creating an
additional bogie attachment unit to reduce the load on the axle of a freight wagon by introducing an additional two-
axle track. The upgrading of the attachment unit is carried out in the same structural and technical forms as the fastening
using pins in two “standard” two-axle bogies, i.e., through the installation of over- and underpin bolsters with the
corresponding standard-type pin assembly.

The proposed method of increasing the efficiency of using four-axle freight cars under conditions of additional
loads is aimed at solving the problem of increasing the load on the axle of the wheelset to 30 tons, and speeding up the
trains. This is achieved through upgrading a typical freight car by installing an additional two-axle bogie with an
appropriate device that provides conditions for its dynamic interaction with the frame structure of the freight car.

The installation of an additional two-axle bogie by redistributing the load between a common set of wheelsets
provides the possibility of transporting heavy loads while reducing the load on the axle. This maintains better operating
conditions for the track and the superstructure while maintaining an acceptable length of the train.

It is assumed that the pin assembly has an elastic rubber gasket that provides cushioning for the interaction of the
bogie and the frame of the wagon body. At the same time, it is not supposed to upgrade the wheels of the wheelsets.
Only the form of wiring of the elements of the “regular” pneumatic braking system and the configuration of the supply

of pneumatic pipelines are changed.
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Research Results. The design scheme of the considered railway vehicle in the first approximation can be
represented as a mechanical oscillatory system consisting of a solid body with mass m and moment of inertia .J, based
on three elastic elements with stiffness k1, ko, k>. Kinematic effects are represented by in-phase harmonic functions of

the same frequency (Fig. 3).
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Fig. 3. Design scheme of a railway vehicle

under kinematic disturbance (z1, z2, zo)

The center of mass of the system — point O is located at distances /; and /, from the ends of the solid (points 4;, B)).
The element with stiffness ky is fixed at points D and D;; distance OD; is indicated as /. The movement of the system is
considered in coordinates y1, y» and yo, ¢, associated with a fixed basis. The calculations use the following ratios:

Yo=ay, +by,, o= C()’z _J’1)a Yi=Yo =00,y =yo +10,
Iy l; 1 (1

=y, +Lb,a= ,b= ,C= .
Yo =Yothba=mmm b= e =

Lagrange formalism is used to derive differential equations of motion [14], which requires the construction of

expressions for kinetic and potential energies. In this case, we have:

T=%M(ayi+by'z)2+Jc2(y'z—y{)2, @

1 1 1
H:Ekl(yl_Zl)2+5k0(yD_ZO)2 +Ek2 (J’z_zz)z- 3

Note that potential energy (3) can also be written as:

1 1 1
H:Ekl (yl _Zl)z +Ek2 ()’2 _22)2 +Ek0 [a)ﬁ +by, +loc()’2 _)’1)_20]2:

1 2 1 2 1 2 @)
Ekl (J’1 _Zl) +5k2 (J’Z _Zz) +5k0 [a1Y1 +by, —Zo] >
where a; =a — lyc, by = b + Iyc.
The system of equations of motion in coordinates yi, y> in the time domain takes the form:
" (ma2 +ch)+yl (kl +koa12)—y; (J02 —mab)-l—yzkoalbl =kz) +koaz,, %)
v (mb? +Jc?) + , (ks +kobi )= yi (Je? = mab) + yikoaby = kyz, +koby 2. (6)

After applying the Laplace integral transformations under zero initial conditions [15], the system of equations (5), (6)

can be represented in the operator form:

Vi [(ma2 +Jc? )p2 +k +koa12}—?2 [(ch —mab)p2 —koalle =kz, +kyaz,, @)
7, [(mb2 +J2) p? +k, +k0bf]—yl [(ch —mab) p* —koalle = k,Z, +kobiZ,, (8)

where p = jo — complex variable ( j = +—1 ), indicator <—> above the variable means its Laplace image [5].
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On the basis of (7), (8), in accordance with the provisions of the method of structural mathematical modeling [5], a

structural mathematical model in the form of a block diagram is constructed, which is dynamically equivalent to an

automatic control system (Fig. 4).

(Jc* — Mab) p* - k,a,b,

1 1
2 2
(Ma? + Jc*) p* + ki + koa? (Je* = Mab)p™ —kyab, (Mb? +Jc*) p* + ky + koh -

Fig. 4. Structural mathematical model of a railway vehicle

Discussion and Conclusion. The feature of the system is that it has two partial blocks, each of which determines the

corresponding partial frequencies:

k+kya?

2 1 0“1

=, 9

i ma® + Jc? ©)
2 _ k2 +k0b12 (10)

2T mb? v Jct’
which, in turn, determine the boundaries of the location of the natural oscillation frequencies of the system as a whole:
Do < <113 < s, (1n
where ®1co5, M2c06 — Natural oscillation frequencies of the system. When operating on them, resonant modes may occur.

Among the features of the system there are several simultaneously acting external disturbances. Assuming, for the

sake of simplification, that z; =z, =z, (quite acceptable at the stages of preliminary dynamic estimates), we consider
that force factors act on the input of the first and second partial blocks:

0, =7 (ky +koay ), (12)

0, =7 (ky +koby). (13)

Using the block diagram in Figure 4, we write down the expressions for the transfer functions, assuming that there is

a relationship between the external perturbation factors formed by the ratio:

Ql :Qa QZ ZGQ, (14)
_ 3 (k, +k0a1)[(mb2 +Je?) p* +k, +k0bf]+a(k2 +k0b1)[(./c2 ~mab) p? —koalbll "
z A(p)
7, (p) :)—}TZ _ Ot(kz +k0b1)[(ma2 +ch)p2 +k; +k0a12]+(k1 +k0al)[(ch —mab)p2 —koalbl] ’ (16)
z A(p)
where
A(p) = |:(ma2 -i—ch)p2 +k +k0a12][(mb2 +Jc2)p2 +k, +k0b]2]—[(ch —mab)p2 —koalb]} 17

is the frequency characteristic equation of the system.
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]
The numerator of the transfer functions in expressions (15), (16) determines the modes of dynamic vibration damping,

which can be detailed from the equations obtained by “zeroing” numerators (15), (16):

) (ky +koay ) (ks + kob? )= o1 (K, + koby ) koarby

I/IH: 9 18
Ol (ky + koay ) (mb? +J* )+ au(ky + koby ) (J* — mab) (15

(ky +koby ) (ki +koa? )= au(ky +koay ) koarby

O = . (19)
ok, +koby )(ma2 +Jc2)+(k1k2 +koa )(Jc2 —mab)

It follows from expressions (18), (19) that in a system with two degrees of freedom, in the presence of two
interconnected disturbing factors, dynamic vibration damping modes at two frequencies may occur, whose parameters
depend on the values of connectivity coefficient a. This coefficient can take negative, positive and zero values.

The analysis of the structural mathematical model (Fig. 4) also implies the possibility of a special dynamic mode at
the frequency:

ey = %, (20)
Jc* —mab
when the partial blocks get the possibility of disconnection. In this case, the system (Fig. 3) splits into two autonomous
blocks, which do not create situations of interaction of partial structures.

The implementation of this mode can cause a significant difference in the values of deviations at points 4; and B;, and
a “spread” of values of the dynamic reactions at points 4, By and D;. The determination of dynamic reactions at points
A, B and D can be implemented according to the methodology described in [14], in which the dynamic reaction is defined
as the product of a dynamic displacement (e.g., points 4;, B and D) by the value of the reduced dynamic stiffness.

For coordinate y,, the dynamic offset is determined from the expression for transfer function (15), and for
coordinate y, — from expression (16). The frequency characteristic equation is used to determine the reduced

dynamic stiffness (17):

kea’a [(ch —mab)p2 —koalbl]z
kpy (P) = Ky + e - . Q1)
(mb? +Jc? ) p? +hy +kob?  (mb? +.Jc*) p? +y + kobf
Similarly, the value of the reduced dynamic stiffness in coordinate y, can be found:
2
k- b2b Je? —mab) p* —kya,b,
kg (P) = s + . B[ ) L (22)

(ma2 +ch)p2 +ky +koa? (ma2 +ch)p2 +ky +kyai

To determine the specific values l;npl ( p) and l;r,pz ( p), it is necessary to find the value of frequency ®?, which is

determined from the condition that y, /y, =1. More generally, it is assumed that:
== 23)
where y — coefficient of connectivity of the movement of elements by coordinates y; and y,. Thus, this coefficient
(for the case y=1) can be written as:
oc(kz +kob, )[(ma2 +Jc? )p2 +ky +koat :| + (k1 +koa, )[(ch - mab)p2 —koa,b, J

SN . (24)
Vi (ko koa, ) (mb? ) p ks + kgb? |+ (ks + koby )| (Je? — mab) p* ~ koab, |

Taking specific values v, it is possible to find the oscillation frequencies for the motion of the object in question in

coordinates y;, and y,. Specifically, at y = 1, the frequency of translational vertical vibrations of a solid is determined

from the expression:
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N N N N N N NN N N — e e — N N — R ———.
v

T ey + koby ) (K + koat ) = (ky +koay ) ko, +(ky +koa, ) koaby —

»i Ot(k2 +k0b1)(ma2 +J02)+(k1 +k0a1)(ch —mab)—

(g + koay ) (Ky +kobi? ) = (ey +koby ) (e +koa? )+ (ky + koby ) koaiby
—(ky + koay ) (mb? + Jc? ) = a(ky +koby ) (Je* —mab)

(25)

Frequency o of in-phase harmonic disturbances z(f), z2(¢) and zo(¢) provides the motion of a solid body at ¢ = 0,

i.e., ¥ =y, =yp. For other values y (y # 1), ¥, and y, are determined, and on their basis, for geometric reasons,
value y, is determined. For a solid body with known ¥, and y,, the position of the center of rotation (or oscillations)

can be easily found [12].

The dynamic constraint reactions R Al R 1 and R p1 can be found in the first approximation by the formulas:
Ry =k, Rp = k3 s, Rpy =koyp.
In general, dynamic reactions are determined using dynamic displacements y,,y,, y,, that are defined by
expressions (15), (16). As for the dynamic displacement at point D, expression y, =a,y; +b,y, is used, whose

parameters are determined by the above values. In expressions (15), (16), data on the connectivity of force factors of
influence (parameter o) can be entered. To obtain specific data on the values of dynamic reactions, frequency

parameters are introduced at which the ratio of oscillation amplitudes y, and Yy, is implemented through the

coefficient of coupling of oscillation amplitudes vy.

The overall restraint force at points 4, B and D is determined by the sum of two components: static and dynamic. The
static component can be found from the expression for the transfer functions of dynamic reactions at p = 0 and setting the
parameters of the static load (weight of the wagon and the cargo being transported). With the intensive development of

oscillatory processes, when fluctuations in coordinates y,, y,, y, increase, the overall reaction can vary significantly and

differ from the static restraint force. In the presence of a dynamic component, the overall reaction can take on various
values, in particular, zero or negative.

The mathematical model formed within the framework of the proposed method is indicated by expression (25). It
provides assessing the dynamic state of railway vehicles when additional connections are introduced into their structure
to form a set of recommendations for obtaining stable modes of operation. The investigation of the features of the system
using approaches typical of structural mathematical modeling allows us to consider in detail the connections between the
elements. With regard to the technical object in question, this makes it possible to adjust the dynamic state of the technical
object, based on varying the parameters of the set of additionally introduced elements, to reduce the load on the main
parts of the suspension, as well as to establish the presence of natural frequencies and frequencies of dynamic vibration
damping in the system.

In the future, it is planned to conduct research on the introduction of dampers and motion conversion devices into the
structure of the vehicle to assess the possibilities of structural mathematical modeling. Another interesting area is the
assessment of the possibilities of changing dynamic reactions depending on external actions, which will allow us to assess

the efforts exerted on various elements of the vehicle suspension.

References

1. Kossov VS, Knyazev DA, Krasyukov NF, Makhutov NA, Gadenin MM. Regulatory Framework for Ensuring the
Safe Operation of Railway Equipment Based on the Service Life of Load-Bearing Structures. World of Transport and
Transportation. 2023;21(3):106—114. https://doi.org/10.30932/1992-3252-2023-21-3-10

2. Makhutov NA, Lapidus BM, Gadenin MM, Titov EYu. Tasks and Prospects for the Development of Scientific

Research within the Framework of Cooperation between JSC “Russian Railways” and the Russian Academy of Sciences.

Zheleznodorozhnyi transport. 2023;(7):6—11. (In Russ.).


https://vestnik-donstu.ru/
https://doi.org/10.30932/1992-3252-2023-21-3-10

Advanced Engineering Research (Rostov-on-Don). 2024;24(2):125-134. eISSN 2687—1653

3. Lapidus BM. Tasks of Advanced Development of Russian Railways. Zheleznodorozhnyi transport.
2023;(2):4-14. (In Russ.).

4. Kolesnikov VI, Migal YuF, Kolesnikov IV, Sitrev AP, Voropaev AP. Increasing the Wear Resistance of Heavily
Loaded Tribosystems by Forming the Structure and Properties of Their Contact Surfaces. Nauka Yuga Rossii (Science in
the South Russia). 2022;18(4):59-65. (In Russ.).

5. Eliseev SV, Eliseev AV, Bolshakov RS, Khomenko AP. Methodology of System Analysis in Problems of
Assessment, Formation and Control of the Dynamic State of Technological and Transport Machines. Moscow: “Nauka”
Publ. House; 2021. 679 p. (In Russ.).

6. Romen YusS, Belgorodtseva TM, Dediacv MV. Condition of Wagon Wheels and Axles and Interaction Forces in
the “Crew — Track” System. Transport of Russian Federation. 2021;95(4):36—40.

7. Savoskin AN, Romen YuS, Akashev MG. A Useful Random Process of Acting Lateral Forces between a Wheel
and Rail and Its Probabilistic Characteristics. Vestnik Mashinostroeniya. 2022;(4):14-19.
https://doi.org/10.36652/0042-4633-2022-4-14-19

8. Ermolenko IYu, Morozov DV, Astashkov NP. Influence of Longitudinal Loads on Traffic Safety When Operating
on Mountain Passway Sections. Vestnik RGUPS, Rostov State Transport University. 2021;82(2):104—-111.
https://doi.org/10.46973/0201-727X 2021 2 104

9. Buldaev AS, Khishektueva IKhD, Anakhin VD, Dambaev ZhG. On One Method for Solving the Problem of
Identifying Dynamic Systems. Bulletin of Buryat State University. Mathematics, Informatics. 2020;(4):14-25.
https://doi.org/10.18101/2304-5728-2020-4-14-25

10. Buldaev AS. Projection Perturbation Methods in Optimization Problems of Controlled Systems. Bulletin of Irkutsk
State University. Series: Mathematics. 2014;(8):29-43.

11. Mizhidon AD, Khamkhanov AK. A Hybrid System of Differential Equations Describing a Rigid Body Attached
to Two Elastic Rods. Bulletin of Buryat State University. Mathematics, Informatics. 2022;(4):38-47.
https://doi.org/10.18101/2304-5728-2022-4-38-47

12. Eliseev AV, Mironov AS, Eliseev SV. Formation of Mathematical Models of Vibration Interactions of Elements

of Technical Means of Transport and Technological Purposes. Proceedings of Voronezh State University. Series: Systems
Analysis and Information Technologies. 2022;(1):32—42. https://doi.org/10.17308/sait.2022.1/9199
13. Eliseev AV, Kuznetsov NK, Eliseev SV. New Approaches to the Estimation of Dynamic Properties of

Vibrational Structures: Frequency Functions and Connectivity of Movements. Trudy MAI 2021;(120):08.
https://doi.org/10.34759/trd-2021-120-08
14. Eliseev AV, Kuznetsov NK. The Concept of a Generalized Lever in Assessing the Dynamic States of Mechanical

Oscillatory Systems under Conditions of Connected Vibration Loads. Systems. Methods. Technologies. 2023;59(3):7-12.
https://doi.org/10.18324/2077-5415-2023-3-7-12
15. Kashuba VB, Bolshakov RS, Mozalevskaya AK, Nguyen Huynh Duc. Identification of Ties Responses between

Vibroprotection Systems Elements on Base of Structural Transformation Method. In: Proc. XV All-Russian Sci.-Tech.
Conference with International Participation “Mechanical Engineers to XXI Century”. Bratsk: BrSU; 2016. P. 295-300.

About the Authors:

Roman S. Bolshakov, Cand.Sci. (Eng.), Associate Professor of the Operational Work Management Department, Irkutsk State
Transport University (15, Chernyshevskogo Str., Irkutsk, 664074, Russian Federation), SPIN-code: 6214-3569, ORCID,
ScopusID, bolshakov_rs@mail.ru

Valery E. Gozbenko, Dr.Sci. (Eng.), Professor of the Mathematics Department, Irkutsk State Transport University
(15, Chernyshevskogo Str., Irkutsk, 664074, Russian Federation), SPIN-code: 4307-8922, ORCID, ScopusID,
vgozbenko@yandex.ru

Mechanics

133


https://doi.org/10.36652/0042-4633-2022-4-14-19
https://doi.org/10.46973/0201-727X_2021_2_104
https://doi.org/10.18101/2304-5728-2020-4-14-25
https://doi.org/10.18101/2304-5728-2022-4-38-47
https://doi.org/10.17308/sait.2022.1/9199
https://doi.org/10.34759/trd-2021-120-08
https://doi.org/10.18324/2077-5415-2023-3-7-12
https://orcid.org/0000-0002-1187-5932
https://www.scopus.com/authid/detail.uri?authorId=57208868417
mailto:bolshakov_rs@mail.ru
https://orcid.org/0000-0001-8394-0054
https://www.scopus.com/authid/detail.uri?authorId=57192079307
mailto:vgozbenko@yandex.ru

https://vestnik-donstu.ru

134

Bolshakov RS, et al. Assessment of Dynamic States of Railway Vehicles: Structural Mathematical Modeling

Vuong Quang Truc, postgraduate of the Department of Physics, Mechanics and Instrumentation, Irkutsk State
Transport University (15, Chernyshevskogo St., Irkutsk, 664074, Russian Federation), SPIN-code: 6214-3569, ORCID,

ScopusID, trucvgl1990@gmail.com

006 asmopax:
Poman CepreeBuu BosibmakoB, KaHIUIAT TEXHUUECKUX HAYK, JTOLEHT KadeaAphl yIpaBiIeHus dKCIUTyaTallnOHHON

pabotoit HpKyTCKOTO TOCYyIapCTBEHHOTO YHHUBepcuTeTra myTed coobmenus (664074, Poccuiickas Deneparus,
r. Upkyrck, yn. Yepasimesckoro, 15), SPIN-kox: 2025-4049, ORCID, ScopusID, bolshakov_rs@mail.ru

Bajepuii EpodeeBuu I'030eHKo, TOKTOp TEXHHYECKHX HayK, mpodeccop Kadeapsl MaTeMaTHKH HpKyTcKoro
TOCyIapCTBEHHOTO  yHHBEpCcHTeTa TyTed cooOmenuss (664074, Poccuiickas @enepamus, 1. HpKyTCk,

yi1. Yepnsiesckoro, 15), SPIN-koxa: 4307-8922, ORCID, ScopusID, vgozbenko@yandex.ru

Beionr Kyanr Uslk, couckarenb kKadeapsl PU3UKU, MEXaHUKH U MPHOOPOCTpoeHUs IPKYyTCKOTO rOCy TapCTBEHHOTO
yHHBepcuTeTa myTeil cooOmienust (664074, Poccuiickas ®enepanus, r. Mpkyrck, yi. UepHsimeBckoro, 15),

SPIN-kox: 6214-3569, ORCID, ScopusID, trucvg1990@gmail.com

Claimed Contributorship:
RS Bolshakov: research objective formulation, building a system of equations and block diagrams, analysis of the

research results, formulation of the conclusion.
EV Gozbenko: correction of the research objective, revision of the text, correction of the conclusion.

Vuong Quang Truc: calculation analysis, creation of graphic images, text analysis and addition.

3anenennsiii 6x1a0 agmopos:

P.C. BosibmakoB: (GpopMHUpOBaHKE SN HCCIEIOBAHUS, MOCTPOCHHE CUCTEMbI YPABHEHUN M CTPYKTYPHBIX CXEM,
aHaJMu3 Pe3yJbTaTOB UCCIIEAOBAHNUS, (DOPMYITUPOBAHHE 3AKITIOUCHUSL.

B.E. I'036eHK0: KOPPEKTHPOBKA [IEJTH UCCIICIOBAHHUS, TOPAOOTKA TEKCTa, KOPPEKTHPOBKA 3aKITFOUCHUS.

Buronr Kyanr UbIk: poBeicHUE pacueToB, CO37aHne rpaduueckux n300pakeHu i, aHATu3 U TOTIOJTHCHUE TEKCTa.
Conflict of Interest Statement: the authors declare no conflict of interest.

Kongpnuxkm unmepecos: aBTopsbl 3asiBJIsSIIOT 00 0TCYyTCTBUH KOH()JIMKTA HHTEPECOB.

All authors have read and approved the final manuscript.

Bce asmopur npouumanu u 0006puniu okoHuamenbHlii 6apuUaAnm PyKORUCH.

Received / IToctynuia B pexaxuuio 15.03.2024
Revised / IToctynuia nocie penensupoanus 10.04.2024

Accepted / IIpunsita k mydaukamuu 16.04.2024


https://vestnik-donstu.ru/
https://orcid.org/0000-0003-3026-5301
https://www.scopus.com/authid/detail.uri?authorId=57201776454
mailto:trucvq1990@gmail.com
https://orcid.org/0000-0002-1187-5932
https://www.scopus.com/authid/detail.uri?authorId=57208868417
mailto:bolshakov_rs@mail.ru
https://orcid.org/0000-0001-8394-0054
https://www.scopus.com/authid/detail.uri?authorId=57192079307
mailto:vgozbenko@yandex.ru
https://orcid.org/0000-0003-3026-5301
https://www.scopus.com/authid/detail.uri?authorId=57201776454
mailto:trucvq1990@gmail.com

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

MECHANICS
MEXAHHUKA

W) Check for updates
BY

UDC 622.692 .4 Original Theoretical Research
https://doi.org/10.23947/2687-1653-2024-24-2-135-147

Analysis of the Drag-Reduction Ability of the Layout and Cross-Sectional E E
Shapes of Subsea Structures in the Critical Flow Mode - .
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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.

®unancupoBanme. llccnenoBanue BBINTONHEHO TpH (DUHAHCOBOW mopanepkke HarmonamsHoro mpoekra «Hayka n
YHUBEpPCUTETHD» MHUHHCTEpCTBA HayKH U BbICIIero oopasoBanus Poccutiickoii ®eneparmu (rpant Homep FEWN-2021-0012).
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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(on)

=0, 1
o (1

~—

‘ N p ij
+—\pu;u; +puu; | =—+—=, 2
o 8xi(p ipu o, ox, @)

where p is mean pressure, 1, is average Cartesian components of the velocity vector, pu,u, are Reynolds stresses, p is
density of the fluid, and t; is mean viscous stress vector components, which could be expressed as:

_ . ou.
oty = p{a”" +ﬁj, 3)

gj Ox;

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

du;
— =0, 4
o @)
u o 2, Oty
%+i(uiuj)=—l@+vﬂ—l, (5)
ot Ox; poOx; 0Ox;0x; Ox;

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

Fogs =max(L, 1], ™

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:

N

L =——"-. 8
e ®
The DES-SST model uses the following zonal formulation:
L
Fpes =max(—t(l_FSST)a1]a )
des = max

where Fsst= 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=Cpy+C}. (10)
The lift force fluctuations are presented using the lift coefficient C;.
Table 1
Mesh independence test results
Cases Cpo 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 - B
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
Ct 0.18 0.04 0.07 0.13 0.28
Cylinder 2
Cpo 0.87 0.39 0.89 0.64 0.70
Cg 1.03 0.38 1.38 0.49 0.60
Cr 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
Cho 0.98 0.39 0.83 0.61 0.99
Cg 0.90 0.27 0.96 0.44 1.05
Cr 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 | Cff G Coo | Cf C Coo | Cff C Coo | Cff C
1.67 0.14 0.18 0.15 0.98 1.17 1.44 0.48 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
233 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 /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
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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. 5. Time histories of fluid force coefficients for cylinder 2 in the uniform flow:
a — fluctuating drag coefficient; b — lift coefficient; ¢ — fluctuating drag coefficient FFT; d — lift coefficient FFT
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Fig. 7. Time histories of fluid force coefficients for cylinder 4 in the uniform flow:
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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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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
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
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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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AHHOTANNSA

Beeoenue. YcrpoiictBa cOopa M HAaKOTUICHHUS YHEPTHH U3 BHEIIHEH CPEIbl MPEACTABISIOT COO0H MaTOMOITHBIE HCTOY-
HHKH 3JIEKTPUYECKON SHEPTUH, KOTOPBIE aKTHBHO MCIOJIB3YIOTCS, B TOM YHCIIE B aBTOHOMHBIX TPUOOPaX MOHUTOPUHIA
TIOBPEKAEHHOTO COCTOSHUSI PA3INIHBIX KOHCTPYKIMHA. Pab0ounM 371eMEHTOM 3THX yCTPOUCTB SIBIIACTCS MTBE30ICKTPHYE-
ckuii reaeparop (I13I') — mpeoOpazoBaTens MEXaHUIECKOW YHEPTUH B dMeKTpudeckyto. Koncrpynuposanue 191 cBs-
3aHO C IIPEABAPUTEIBHBIM OCTPOSHHEM HX MAaTEMAaTHUECKUX U KOMIBIOTEPHBIX MOAENEH, C IIOMOIIBIO KOTOPBIX MTPOH3-
BOJUTCS pacdyeT M ONTHMU3anus KOHCTpYKuui. OgHuM u3 criocoOoB MonenupoBanus u pacdera I101 sBisercs paspa-
00TKa MPUOJIMKEHHBIX METOJIOB paciyeTa Ha OCHOBE MPUKIIAIHBIX TEOPU. B muTepaType n3BecTHHI 1 paHee pa3paboTaHbl
MIPUKJIaJIHbIE TEOPHH pacyeTa N3rHOHBIX KoJieOaHUH MHOTOCIIOWHBIX ITb€30aKTUBHBIX ITacThH. O1HaKo HHpopMaIuu 0o
W3rHOHO-CABUTOBBIX KOJE0aHUIX, KaK HHCTPYMEHTE HOBBIIIEHHS 3()()EKTHBHOCTH MHKEHEPHBIX PAacUeTOB OIMCAHHBIX
KOHCTPYKIIMH, B HAYYHOH JIMTepaType HexaoctaTouHo. L{enpio Hacrosel paboTh! sBIsUIach pa3padOTKa MPUKIIAJTHOTO
METOZa pacucTa I/I3FI/I6HLIX U CABUI'OBBIX KOJ'[C6aHHI>i MbE30KCPaMUYECCKUX TIJIACTUH, B TOM YUCJIC ITIOPHUCTHIX.
Mamepuanvt u memoosl. B xauecTBe NMbe30aKTUBHOTO MaTepHalia IJIACTUHBI HCIIONb3yeTcs Mbe3okepamuka PZT-4, B
TOM uHcie nopucras. [Ipy HCroap30BaHUN NOPHUCTOM KEPaMHKH KECTKOCTh KOHCTPYKIIMHM YMEHBIIIAeTCsl B OOJIbILEH cTe-
MIEHH, YeM IIFE30MOTYJIH, YTO ITO3BOJISET MOMY4YHTh Ooee 3¢ dexruBupiii 101 npu MexanndeckoMm Bo3neiicTBuu. Mate-
MaTHYeCcKasi MOCTAHOBKA OCYIIECTBIICHA B PaMKax JIMHEHHOW TEOPHH 3JIEKTPOYNPYTOCTH MPH MOJISAPU3ALNHN TIACTHHBI
T10 TONIIMHE. BOKOBBIE CTOPOHBI IITACTHHBI 3JIEKTPOANPOBAHBI, IPaBasi CTOPOHA 3aKPEIUICHa, a Ha JIEBOH 3aaH IITaaKui
KOHTAaKT B BEPTHKAJIBHON CTCHKE. Y CTAHOBHBININECS KOJICOAHH IITACTHHBI BBI3BIBAIOTCS IABICHUEM Ha JIMIIEBBIC IIOBEPX-
HOCTH IUTACTHHBI WJIM Pa3HOCTHIO 3JIEKTPUIECKUX IMOTEHINANIOB Ha 3nekTpoaax. s pacuera xapakrepuctuk 101 B pa-
6oTe npesaraeTcs MpUKIaIHas TEOPHsL, OCHOBAHHAS HA TMIIOTE3axX O PaclpeesIeHHH XapaKTepPUCTHK HalpsHKeHHO-/1e-
(hOPMHPOBAHHOTO COCTOSHUS M HJIEKTPUUECKOTO TTOJISL.

Pe3yromamut uccnedosanus. PaccMOTPEHBI TIOTIEPEYHBIC KOJICOAHMS ITbe30KePaMUIESCKO# TNIACTHHBI B HI3KOYACTOTHOM
oOacTu (HIKe IEPBOTO M3rMOHO-CIBUTOBOTO pe30HaHca). B cuity Toro, 4to Maremarnyeckas IIoCTaHOBKA PACCMOTPEHA
B paMKax JMHEHHON TeOpHM YIPYroCTH, 3a/ladya pa3esuiach Ha CyMMYy JIByX. B mepBoil yuuThIBaJIoch MEXaHUYECKOE
BO3/ICMCTBHUE: Ha JIUIIEBBIC TIOBEPXHOCTH IJIACTUHBI ICHCTBYET paclpeielieHHas Harpy3Ka U MolepeyHast CHila Ha JICBOM
KOHIIC, a MOTCHIUAJIBI Ha 3JICKTPOJaX paBHBI HYIIIO. Bo BTOpOﬁ 3a4a49€ MEXaHNYECKUC HAI'PY3KU OTCYTCTBOBAJIU, HO 3a-
JlaBajach Pa3HOCThH ITOTCHIMAJIOB Ha 3JeKTpoaax. Ha ocHOBe rumorte3 o pacnpeneneHun aedopMaryii, MEXaHHIECKIX
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HaIpsDKEHUH 1 2JIEKTPUYECKOro MOTeHIMaja 00e 3a1a4u ObUIN CBEJICHBI K CHCTEME O0OBIKHOBEHHBIX AU (hepeHIInaTIbHBIX
YPaBHEHHMH M TpaHUYHBIX ycnoBuid. CpaBHEHHE C pe3yabTaTaMU PAacUYETOB METOJOM KOHEYHBIX JJIEMEHTOB B NAKETE
ACELAN mnokasanu aIeKBaTHOCTh MPE/I0KEHHOHN NPUKIAAHON TEOPHUH B HU3KOYAaCTOTHOM 00J1acTH.

Oécysrcoenue u 3axnrouenue. 110ckoIbKy IIOCTaHOBKA 331241 PacCMaTpUBalIach B IMHEHHOM TEOPUH AIIEKTPOYNIPYTOCTH U
n3yJanach HU3KOYAaCTOTHAs 00JIaCcTh, B pabOTe yAanoch 3a1ady 00 M3THOHBIX U CIBUTOBBIX KOJIEOAHMSIX TUIACTHHEI U3 I10-
PHCTOH NMbE30KEPaMHUKH Pa3/IelINTh Ha JIBE: M3THOHYI0 — C MEXaHHYECKUM BO3ACHCTBHEM IPH HYJIEBBIX IMOTCHIHANAX H
CIIBUTOBYIO — TIPH 3aJIaHUM Pa3HOCTH MOTEHIMAJIOB M HyJIEBOM MEXaHHYECKOM BO3JCHCTBHH. VICIIOIB30BaHBI COOTBET-
CTBYIOIINE TUIOTE3bl 00 M3rnde M CABUTE, TIOCTPOCHBI /IBE CHCTEMBbI OOBIKHOBEHHBIX I (PEepeHINATBHBIX YPaBHEHHH 1
T'PaHUYHBIX YCIIOBHH, KOTOPBIE PELIAIOTCS aHATUTHIECKH 0€3 MCIIOIb30BAHUS «TSDKEIIBIX» KOHEYHO-3JIEMEHTHBIX TTaKETOB.
Jast cpaBHEHHMS pe3yIIbTaTOB M MOATBEPKACHHS aJeKBaTHOCTH NPEUIOKEHHOIO METO/1a TIPOBEJEHO KOHEYHO-3JIEMEHTHOE
MOJIEIMPOBaHNE TAKUX 33/1a4 B criennannsupoaHHoM nakere ACELAN. 3to cpaBHeHHe nokasao, 4To omubKa B orpesie-
JICHUHN CMeHleHI/Iﬁ 1 DJICKTPUYECCKOr0 NOTCHIMAaIa IMPU UCIIOJIB30BAHNU 3TOI'0 IMOAXO0/Aa, B CIIydyac 3aJlaHuA MCXaHNUYCCKHUX
Harpy3oK 1 pa3HOCTH IIOTEHIHAJIOB, He IIPeBbIIaeT 6 %. Pa3paboTaHHbIl B CTaThe METOA MOXKET OBITh IIPUMEHEH IIPH IIPo-
EKTUPOBAHNH MbE30IEKTPUUECKHX TeHEPATOPOB HAKOIUICHHSI SHEPTUH B HU3KOUACTOTHON 00JIACTH.

KnrodeBble ciioBa: yCTpoWCTBO cOopa 3HEPrHM, IbE303JIEKTPUUSCKUI TeHepaTop, IMOpUCcTas KepaMHKa, H3rHO
IUTACTHHBI, CABUT IUIACTHHBI, IPUKJIAIHAS TCOPH

Eﬂarouapﬂocnl. ABTOpLI BBIPpAXKAKOT 6Har0,£[apHOCTL peaakuum XypHajla W PEUCH3€HTaM 3a BHHUMATCIBHOC
OTHOIICHHUEC K CTAaThE.

dunancupoBanue. Vccnenosanue BoinonHeHo B KOxHOM (enepanbHOM YHUBEPCUTETE MPU (PUHAHCOBOM MOAICPIKKE
Poccuiickoro HayuHoro ¢gonaa (rpant Ne 22—11-00302), https://rscf.ru/project/22-11-00302/

Jast mutupoanms. ConoseeB A.H., Uebanenko B.A., Oranecsn [1.A., ®omenko E.M. O6 omHOM MeTone pacueTa

M3TUOHBIX U CIBUTOBBIX KOJEOAHWH TOPUCTOTO IMbE303JIEMEHTa B HHU3KOYACTOTHOH oOmactu. Advanced Engineering
Research (Rostov-on-Don). 2024;24(2):148—158. https://doi.org/10.23947/2687-1653-2024-24-2-148-158

Introduction. Piezoelectric generators (PEG) are used to convert mechanical energy into electrical energy, followed
by its accumulation. One of the application areas of PEG is the creation of low-power autonomous renewable sources of
electric energy. The working element of the PEG is a piezoceramic element of a certain shape. The shape and type of
deformation of this element determine the piezomodule, which characterizes the conversion of mechanical deformation
energy into electrical energy. Thus, piezomodule ds; is associated with tension-and-compression along the axis of
polarization, d3; — with the same deformation in the transverse direction to this axis, dis — with shear. The use of porous
ceramics makes it possible to create more efficient PEG. This is due to the fact that the elastic modules of porous ceramics
decrease significantly stronger with increasing porosity than piezomodules. Thus, under the same mechanical load, the
deformation amplitude of porous ceramics is greater; therefore, the output electric potential is also greater.

PEG calculation can be performed by the finite element method implemented in ANSYS, ACELAN, COMSOL, and
others packages. For piezoelectric elements, one or two sizes of which are significantly smaller than others (plates, rods),
applied calculation theories can be constructed based on hypotheses about the distribution of mechanical and electric
fields. Without the use of “heavy” finite element packages, applied theories make it possible to model various devices
based on piezoactive materials. Piezoelectric, piezomagnetic and composite piezomagnetoelectric materials are
considered as such materials. The construction of these theories is based on the acceptance of hypotheses about the
distribution of mechanical, electric and magnetic fields. These hypotheses are related to the vibration mode of elastic and
piezoactive elements of PEG. The most common designs are active and semipassive bimorphs based on multilayer plates,
polarized in thickness with electrodes on the front faces, performing transverse bending vibrations. A number of papers
are devoted to the study of devices with shear deformation of piezoelectric elements. An electric model with piezoelectric
defining equations of mode ds and a single-degree-of-freedom model were combined to describe the energy collection
characteristics of a piezoelectric cantilever in a shear mode in operation [1]. The proposed model is used to simulate the
frequency dependence of the output peak voltage and power. The results show a good agreement with the experiment and
the finite element calculation in ANSYS. In [2], a piezoelectric shear mode energy converter was developed to use the
energy of a pressurized water flow. It converts the energy of the flow into electrical energy through piezoelectric
conversion with vibration of the piezoelectric film. A finite element model has been developed to estimate the generated
voltage of a piezoelectric film, which is in good agreement with the conducted field experiment. A one-dimensional fully
coupled beam vibration model based on Timoshenko-type hypotheses, which provides a single common basis for energy
analysis in shear and bending modes, is presented in [3]. In [4], the effect of the inhomogeneity of the properties of the
plate under shear and torsional vibrations of its central part was studied. In experimental work [5], a multilayer cylindrical
piezoelectric shear actuator (MCPSA) operating in shear mode ds, was presented for precision actuation under high
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mechanical load. The actuator was made of piezoelectric ceramic rings Pb(Zr,Ti)O3 (PZT-51), which were concentrically
assembled together in an electrically parallel connection with alternately positive and negative polarization in the axial
direction. In [6], metamaterial of identical elementary cells was created, an artificial prototype of a device with
characteristic patterned electrodes and piezoceramic subunits arranged in a row was designed and manufactured, which,
as proven, ideally generated the synthetic shear deformation of the face. At the same excitation voltage, there was an
increase in the displacement of the shear type by more than an order of magnitude, compared to the previous volumetric
elements in mode ds. In the static formulation in [7], the field of electromechanical coupling in the shear-bending mode
for an annular piezoelectric plate was theoretically established. In accordance with the classical theory of elastic plates of
small bending and piezoelectric defining equations, an analytical solution of the bending deformation of the piezoactuator
under the action of an electric field and a concentrated or evenly distributed mechanical load was achieved. The
mechanism of generating bending deformation was explained by axisymmetric shear deformation, which additionally
caused bending deformation of one piezoelectric plate in the form of a ring. This mechanism differs significantly from
the mechanism of piezoelectric bimorphic or unimorphic drives, which were previously reported. The design of the
annular piezoactuator has been optimized. In [8], a one-dimensional model was used to construct a sensor response
function based on shear resonators (quartz cuts) of a bulk acoustic wave, which are promising for in-line measurements
of fluid viscosity, e.g., in industrial processes. In [9], using the finite element method, a piezoelectric flying height control
converter was investigated using a shear model deformation. In [10], the theory of a functionally graded plate
with four-unknown shear deformations was used to express the displacement component. The distribution of the electric
potential was a linear function of thickness. The plate was under mechanical load and electrical voltage. The basic
equations and boundary conditions were derived using the virtual work principle. The analysis of stresses and
deformations from the design parameters was performed. The electromechanical analysis of the stability loss of a
piezoelectric nanoplate under shear using a modified theory of paired stresses with different boundary conditions was
studied in [11]. To take into account the electrical effects, an external electrical voltage was applied to the piezoelectric
nanoplate. A simplified theory of the first-order shear deformation was used. The basic differential equations were
obtained using the Hamilton principle and nonlinear Von Karman deformations. Finally, the results showed that the effect
of external electrical voltage on the critical shear load arising on the piezoelectric nanoplate was insignificant. In [12],
using a combination of two classical approaches to modeling the nonlinear behavior of piezoelectric materials, a
piezoelectric shear drive for an atomic-force microscope was investigated. Specifically, the novelty of the proposed
method was in the fact that it combined two sources of nonlinearity of the field-dependent model from Miiller and Zhang
with the frequency-dependent model from Damjanovi¢. The numerical results obtained using the finite element method
(FEM) were compared to the experiment.

Vibrations in which there is shear in addition to bending are less studied in the scientific literature, i.e., piezomodule
ds, 1s the “working” one, whose value decreases with increasing porosity, but to a lesser extent than elastic modules. The
latter circumstance makes it possible to build an efficient energy conversion device. Therefore, the development of an
applied theory of PEG calculation using porous piezoceramics based on simplified models without “heavy” finite element
packages seems to be a highly relevant task. The objective of this work was to construct an applied calculation method
for steady-state transverse vibrations in the low-frequency region of a porous piezoceramic plate characterized by both
shear and bending.

Materials and Methods. The PEG under study was a piezoceramic plate (length /, thickness %), polarized in thickness,
cantilevered on the right side, the left side was attached to an inertial mass that performed vertical vibrations and was
fixed in the horizontal direction. The electrodes were located on the sides of the plate; therefore, with a potential difference
on them and no mechanical load, the principal deformation in the low-frequency region was shear. Vibrations whose
frequency was less than the frequency of the first resonance were considered.

Mathematical formulation of the problem

The mathematical formulation of the problem is described by a system of differential equations [13] and the
corresponding boundary conditions.

pprit+agpu—-V-6=f{; V-D=0
6=c; (e+Byt)—e} -E E=-Vo (1)
D+g,D=e; (e+csé)+2] E ¢ :(Vu+VuT)/2

When considering porous ceramics of connectivity 3—0, equations (1) use effective physical constants determined
through the ACELAN-COMPOS package [14]. These effective properties based on representative volumes (Fig. 1) were
obtained in [15]. They are presented in Table 1.
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Fig. 1. Representative volumes in ACELAN-COMPOS package [14]

Table 1
Effective properties of porous ceramics

% of porosity 0 10 20 30 40 50 60 70 80
P, kg/m’ 7,500 | 6,750 | 6,000 | 5250 | 4,500 | 3,750 | 3,000 | 2250 | 1,500
cEef 1010, N/m? 1390 | 1156 | 9.25 6.85 5.05 3.34 2.07 1.26 0.68
cE 10, N/m? 7.78 6.15 4.66 3.14 2.10 1.16 0.62 0.28 0.13
cET 1010, N/m? 7.43 5.82 425 2.82 1.70 1.06 0.52 0.24 0.10
cET 1010, N/m? 11.50 9.53 7.23 5.42 391 2.72 1.63 0.91 0.47
cE 10, N/m? 2.56 2.23 1.83 1.44 1.10 0.74 0.44 0.23 0.10
el Clm? 1510 | 1338 | 1137 | 9.59 7.68 5.93 3.93 2.30 1.25
es™ | C/m? 520 | —423 | 314 | 207 | -132 | —0.75 | —043 | 021 | —0.10
el Clm? 12.70 | 1096 | 8.96 6.91 5.00 3.30 1.95 1.00 0.44
KT /g 730 663 582 509 439 349 263 191 122

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

According to Table 1, the dependences of effective elastic modules and piezomodules on the percentage of porosity
[15] are plotted. They are shown in Figure 2.

100 500
Q

(Dﬁ QL 300 — (3 Y N3 4‘;.
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. = 60 E, ?3.3 200 dsﬁ

g P = — d
g = 40 — 59 2 100 C o
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g g E
3 2 20 5 R
- - £ _100] o
é . )
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Fig. 2. Dependences of values on percentage of porosity [15]: @ — elastic models; b — piezomodules [15]
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In accordance with the results shown in Figure 2, elastic modulus E; decreases significantly faster than
piezomodule d;s.

Building an applied theory

The developed calculation method consists of solving two problems: in the first, bending under the effect of a
mechanical load with zero potential difference is considered; in the second, the shear caused by a potential difference in
the absence of a mechanical load is modeled. In both cases, the absence of charges on the front faces of the plate is taken
into account. Under the action of a mechanical load and an electrical potential difference, the results of the two tasks add
up due to the linearity of the task.

The action of the mechanical load, the potentials on the electrodes are zero. Hypotheses of the Kirchhoff-Love type
are accepted regarding the equality of normal stresses to zero, and for displacements:

us ZU22 (x),m Z—[%UZZ (X)jz. (2)

The distribution of electric potential over the thickness is assumed to be quadratic and symmetrical:
2
o=, (x)z(Z,%—l)h_l + @, (x)z(1+2%jh_l + @, (@(1—42—2} 3)

To take into account the boundary conditions at the ends of the plate (x = 0, /), an expression for the transverse force
is obtained:

8cizgy +8ehy 8
C13€33 72_}7
1 (633g33 t+ess ) 8c33g33 +8ei 8
O =|-——- tel TN 57
12 c33 (033g33 +e33)h h

2
L lM_iz W —eish (i@z(x)j+
127\ 2 (engm+eh )n® b dx

4)
33 (6’13633h2 —C33e31h2)
C13 > 3 —C13 5 5
1 (033g33+e33)h 631(013633h —c33eszth ) ,
+ ——| —ci1 - + -
12 €33 (6’33g33 +€323)h2
2 2
1 es (013633h —cyzesth )h d3
ey 2 —=UZ (x) .
24 33833 +e33 dx

Taking into account the equality of the normal component of the electric induction vector on the front faces (z = +h)
to zero, the equations for the unknown deflection UZ»(x) and distribution of the electric potential ®,(x) have the form:

2
8633g33 + 8633 8
C13€33| 7 >\ T 5

2 2
1 (033g33 + 633) h te 8c33g33 +8eis 8 E
e 5 _S _
2 €33 (033g33 +6323)h2 h?

2 2
—1615 1—8033g33 +8€33 —iz h3 —elsh [d—z@z (x) +
2 2 (033g33 + 6323>h2 h dx -

2 2
€33 (6’13633h —c3esth )

€13 2\.2 o 2 2

(C3ag33 +€33)h 631(613633h —c3esth )

+| ——| —C11 — + h3—
2

€33 (633g33 +€323)h2

ers(cizenh® —cyenh” )h 4
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24 C33g33 + €33 dx
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The potential difference is set, the mechanical load is zero. Independence of lateral displacement from thickness,
equality of the longitudinal displacement to zero, and the quadratic distribution of the electric potential over the thickness

are assumed (3):

us =UZz(x),u1 =0. (7)
Expression for the transverse force:
d d
Ql :—044[5[]22 (x)jh—&s[adjz (x)jh (8)

Taking into account the equality of the normal component of the electric induction vector on the front faces (z = +h)
to zero, the equations for the unknown deflection UZ,(x) and distribution of the electric potential ®d,(x) have the form:

2 2
—Cu [“'—ZUZ2 (x)jh —el{d—z@ (x)Jh - p(x)-W?phUZ,(x) =0, )
dx dx
d? d?
elsEUZz(x)—gn?ch(x):O. (10)

Research Results. The results of calculations based on the proposed applied theories were compared to the
calculations of piezoelectric element vibrations (/ = 0.1 m, 2 = 0.01 m) at a frequency equal to 100 s™! by the finite element

method in ACELAN [16].
In the first problem, defined by equations (5) and (6), when specifying a uniformly distributed load p(x) = 1000 Pa-m

and with boundary conditions:
d d
EUZQ (0)=0,01 k=0=0,0,(0)=D>(/)=0,UZ>(I)=0, EUZZ (H)=o0, (11

the following results were obtained, shown in Figures 3, 4.
The calculations showed that the error in determining the vertical displacement was 5.8%, and for the horizontal

displacement, it was 1.2%.

4.461E-7 S
| Us, m
2.788E~7 | - 3x107
-
e f ! 2x10°7
1.394E-7
| 1x107
0.000E+0 0

0.02 0.06 X, m
a) b)
Fig. 3. Vertical displacement in ACELAN in the first problem: ¢ — distribution; » — graph on the upper boundary
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Fig. 4. Horizontal displacement in ACELAN in the first problem: a — distribution; b — graph on the upper boundary

In the second problem, defined by equations (8) and (9), when setting zero load p(x) =0, potential difference
Vo =100 W and with boundary conditions:
O l=0=0, D, (0) =0, (1) =V,,UZ> (1) =0, (12)

the following results were obtained, shown in Figures 5, 6.
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Fig. 5. Vertical displacement in ACELAN in the second problem: @ — distribution; » — graph on the upper boundary

Mechanics

155



https://vestnik-donstu.ru

156

Advanced Engineering Research (Rostov-on-Don). 2024;24(2):148—158. eISSN 2687—1653

| 1.000E+2
6.250E+1
o R |
‘O.OOOEJrO
a)

Y

80

60

40

20

0.02 0.04 0.06 0.08 x,m
b)

Fig. 6. Electric potential in ACELAN in the second problem: ¢ — distribution;
b — dependence on the longitudinal coordinate in the middle of the thickness

The calculations showed that the error in determining the vertical displacement was 0.8%, and for the electric
potential, it was less than 1%. It should be noted that the values of the horizontal displacement calculated in ACELAN
turned out to be three orders of magnitude less than the maximum vertical displacement, which indicated the adequacy
of the hypothesis (7).

When setting mechanical loads and potential differences, the error of the proposed method turned out to be about 6 %
for the displacement and electrical potential components.

Discussion and Conclusion. As noted in the cited literature, the simultaneous use of bending and shear of a piezoelectric
element can significantly increase its efficiency. In addition, the use of porous ceramics, due to different dependences of elastic
modules and piezomodules on the percentage of porosity, also improves the output characteristics of PEG.

In this paper, due to the linear formulation in the theory of electroelasticity, it was possible to develop an applied
theory for calculating bending-shear vibrations of a piezoelectric element in the low-frequency region, which consisted
of solving two problems: in the first, mechanical loads operated at zero potentials, and in the second, on the contrary,
there were zero mechanical loads, and a potential difference was set. Based on various hypotheses about the distribution
of mechanical and electric fields, two boundary value problems for systems of ordinary differential equations were
obtained, which were solved analytically. The results of the calculation of displacements and electric potential were
compared using the proposed method and the FEM implemented in the ACELAN package. These calculations validated
the applicability of the proposed method, the error for which in calculating the above characteristics was 6%. This
accuracy is sufficient for engineering calculations; therefore, the proposed method can be applied in the design of
piezoelectric devices, including the collection and storage of energy. Further development of this applied theory will be
aimed at covering a wider frequency range, including the first flexural shear resonance.
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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.

EDN: YAIWEZ

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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yl'lpOIIIeHHI)Ii/i pacue€eT MOMECHTA MHEPUUHA TMOMEPECIHOI0 CECYCHUS KOHCOJIH MMOJ Harpy3lc0ﬁ

E.E. [leprorun
WHCTUTYT QU3HMKH IPOYHOCTH U MaTepuanoBeneHust Cubupckoro otaenenus Poccuiickoil akajemun Hayk, r. TOMCK,
Poccuiickas ®enepanus

DX dee@ispms.ru

AHHOTANUA

Beeoenue. Ony0nrKOBaHHBIE HCCIIEOBAHUS KECTKOCTH KOHCOJIEH MO/ HAarpy3Koi (hOKYCHPYIOTCS Ha BOIIPOCaX MX Je-
¢dopmaru 1 paspyuieHus. OnucaHbl pacueTbl MOMEHTa HHEPLMH — MPUHINIHAIEHO BAXHOW XapaKTEPUCTHKH ITPOU-
HocTH cTepkHs. OIHaKO He pelleHa MpodeMa 3HaYUTENIbHBIX 3aTPaT BPEMEHH JUIsl Takux BbhruncieHui. [Ipeacrabnen-
HOE HCCIIeI0OBaHKE BOCIIOJIHSET JaHHBIN 1Tpobeit. L{ens paboTsl — onncanne HOBOTO OBICTPOTO METO/1a aHAJTUTUYECKOTO
pacueTa pacipeneneHus HapsHKSHNS CIBATA B CEYEHUH KOHCOJIH, COOTBETCTBYIOIIETO JEHCTBUIO BHEITHEH MTPUI0KEH-
HOM criibl. BriepBble B TAKOM KOHTEKCTE PacCMaTPUBAIOTCS KacaTeIbHbIE HANPSDKEHHS ¥ IPUBOISTCS IIPUMEPHI pacyera
MOMEHTa MHEPLUH U IBYX HECTAHJAPTHBIX CEUEHUH KOHCOIH.

Mamepuanst u memoosl. J{11s co3naHnsi HOBOTO METOJa KOHCOJIb IIPEICTABMIIN KaK Ia4yKy INITACTUHOK, OPUEHTHPOBAH-
HBIX MTApajjIeIbHO BEKTOPY BHEIITHEH cuiibl. MIcXomHBIE pacyeThl CTPOMIIN MO0 CXeMe KOHCOJBHOM OaJIKu C BBIIEICHHON
TUTaCTHHKOH. JleopMannio CTep>KHEBBIX 3JIEMEHTOB MOJICIIMPOBAJIH C YYETOM JEHCTBHS OJJHOPOJIHOTO TI0JISt HAIIpsKe-
HUS CABHUTA B CEUCHHH IUTACTUHKH. [[711 000CHOBaHMS YIIPOIIEHHOTO pacyeTa MOMEHTa HHEPLIUHU CeUeHHUH 3a/1eHiCTBOBAIIN
CXEMBI KBaJpaTa, SJUIUIICA, TPEYTOJIbHIKA, IIECTHYTOJIbHUKA, IIIECTUKOHEYHOH 3Be3/1bl ¥ (pUrypHOTo Kpecra. Mcmosb3o-
BaJIM aHAJIMTUYECKUE U MaTEMaTUYECKHE METOIbl UCCIEN0BaHuUs, B 4aCTHOCTU TeopeMy [tolirenca—lllTeitnepa.
Peszynomamut uccnedosanus. Coznan ObICTPHIA YHUBEPCATIBHBIA METO]] BBIYNCICHUH MOMEHTa HHEPLMH TTOTIEPEYHOTO
CeUeHHs KOHCONIM MO Harpy3koi. Ero oTimume — oTKa3 OT pacyeToB I KaXKI0T0 CEUSHHS C yU4eToM (POPMBI U IPYTUX
ocobenHocteit. [Ipu moboii hopme ceueHus Oainka MPEACTABIIETCS KaK Mavyka OSCKOHEYHO TOHKUX IUIACTHHOK, MO-
MEHTHI UX MHEPIIUY HHTETPUPYIOTCS, U UCTIONB3YyeTCs M3BECTHOE PEIIeHUEe IS TPOruda TOHKOM IIIaCTUHKA. MeTo 1mo3-
BOJISIET OJJHO3HAYHO TOKa3aTh paclipeeeHie KacaTelIbHbIX HalpsDKEHUH Ha TOpIiEe KOHCOJIM, 00eCTIeUnBArOIINX 38 [aH-
HBIIA IPOTHO, IPUYeM BIEpPBBIC IS TAKUX PEIICHUH UCTIONB3YIOTCS KacaTelbHbIe HapspkeHus. [1omydenHs! ux mpoduiu
B 3aBHCUMOCTH OT HallpaBJIeHHs BHELIHEH MPWIOKEHHON critbl. BriepBbie BoIBeIeHBI ()OPMYJIBI JUII MOMEHTOB HHEPLIMU
CIIO’KHBIX CEYCHUI — IIECTUKOHEYHOM 3BE3/bI M PUTypHOTO KpecTa. Kaxknoe ceueHne COOTHECEHO ¢ KPUBOH pactipeie-
JICHUS! HANIPSDKEHUS ¥ €70 MaKCHUMAJIbHBIM 3HaYeHNEeM. DTH JaHHbIe BU3yJIN3UPOBAHBI B BUJIE AMAarpaMM. Y CTaHOBJICHO,
YTO MOMEHT WHEPIUHN U KECTKOCTh KOHCOJIM HE MEHSIOTCS MPH IMOBOPOTE BHEUIHEW MPHUIOKEHHOW CHiibl Ha 30° ms
cedyeHus B BUJIE 3Be3/bl M Ha 45° — st kBajpaTa U (UrypHoro kpecra. B obmiem cirydae mosie KacaTeabHBIX 3aBUCUT
OT reOMEeTPUYECKOM (POPMBI U OT OPUEHTAIMN CEYCHUsI OTHOCUTENBHO BHEUIHEH MTPUIIOKEHHON CHIIBI.

Oobcyacoenue u 3axniouenue. I1peioKeHHbIN YIPOIIEHHBIN NOAXO0A K pacue€Ty MOMEHTA MHEPLUU MONEPEYHBIX ceue-
HUH KOHCOJIEH AaeT BO3MOXXHOCTh OJJHO3HAYHO OIPEENUTh II0JIe KacaTeIbHBIX HANPsDKEHUH Ha TopIle, 00eceunBaio-
11ee Mpy 33aHHOM POrHOe COOTBETCTBYIOIIEE 3HAUEHHNE BHEIIHEW TPHIIOKEHHON crutbl. IH)KEHephl 1 MEXaHHKH MOTYT
UCIIOJIb30BaTh Pe3yJIbTaThl NPEICTABICHHON pa0boThl IPH pacueTax ¥ MOAEIMPOBAHUH Ae(OpMalHU CTEP)KHEBBIX dJIe-
MEHTOB KOHCTPYKLUH.

KioueBsble cioBa: nedopmaliys CTep)KHs, MOMEHT MHEPLHH IUIOCKON (DUTypbl, MOMEHT HHEPLUH CIO0XKHBIX CEYECHUH,
YIPYTHi TPOrud KOHCOH, pacipeeeHIe KacaTeIbHbIX HalPsSHDKEHUH

BaaronapuocTu. ABTOp 6JarogapuT pelakiiMOHHYI0 KOMaH Iy )KypHaia 1 aHOHUMHBIX PELIeH3EHTOB 32 KOMIIETEHTHYIO
9KCTEPTU3Y U LIEHHBIE PEKOMEHJANH 10 YIyYIIEHHIO CTAThH, KOTOPBHIE MO3BOJIIIH MTOBBICUTH €€ Ka4eCTBO.

duHaHcupoBaHue. Pabora BBIOJHEHA B paMKax TOCYNApCTBEHHOTO 3aJaHUs MUHHCTEPCTBA HAYKH M BBICIIETO
obpazoBanms Poccuiickoit @enepanun (Tema Ne FWRW-2021-0009. Ne ETUICY HUOKTP 121031100276-2).

Jusi uutuposanus. [eptorus E.E. YnpoleHHslld pacdeT MOMEHTa HWHEPLMH IIONEPEUYHOIO CEYECHHUs KOHCOJIM IIOJ
Harpy3kod. Advanced Engineering Research (Rostov-on-Don). 2024;24(2):159-169. https://doi.org/10.23947/2687-
1653-2024-24-2-159-169
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Introduction. Numerous building structures contain elements in the form of rods, which undergo elastic deformations
during manufacture or operation [1]. The bending strength of a rod or beam determines the bearing capacity of the
structure [2]. The ability of a beam to elastic deformation is characterized by stiffness, defined as the ratio of load P to
the elastic deflection of the beam A, : mx =P /A, [3]. As a rule, under laboratory conditions, stiffness is checked on a
console beam. One end of it is embedded in a rigid base, and an external force, directed perpendicular to the axis of the
beam, acts on the other one [4]. Modeling and calculations of deformation and fracture characteristics of rods, as a rule,
are associated with solving the problem of deflection of a console beam, or console, under the action of an external applied
force [5]. At the same time, there are no publications on simple and valid methods for determining the inertia moments
of complex sections relative to the action of an external applied force. The solution to this problem is described in the
presented article.

This work is aimed at the creation of a valid, rapid method for calculating the inertia moments of complex console
sections under the action of an external applied force. The new approach provides analytical determination of the shear
stress distribution in the section corresponding to the action of an external applied force. It should be noted that earlier,
tangential stresses were not taken into account in such calculations. In addition, for the first time, examples of calculating
the moment of inertia for complex figured sections are given.

Materials and Methods. In a number of works on the resistance of materials, e.g., in [6], a universal formula is given
for calculating the elastic deflection of console A.. According to this formula, the rigidity of the console is:

P/n, =3EI ]I, (1)
where £ — Young's modulus; L — length of the console; /. — inertia moment of the cross-section of the beam relative
to x-axis, passing through the center of gravity of the section perpendicular to the applied force P.

It follows from equation (1) that a fundamentally important characteristic of the console is the inertia moment of
section I, whose value depends on the geometry of the cross-section of the beam and the direction of x-axis [7]. It
should be emphasized that in equation (1), inertia moment /, refers to x-axis, which is perpendicular to the direction of
the external applied force P. Specifically, the inertia moment of rectangular section axb relative to the axis of symmetry
x is equal to [8]:

I =ab’/12. )

Here, a — thickness of the console, b — its width. Force P is directed parallel to side b of the rectangle.

Substituting (2) into (1), we obtain the well-known equation for the deflection of a rectangular console [9]:

4P(Lf
A =—| =] .
Ea\ b

The cross sections of console beams, or consoles, are different. Figure 1 shows a simple example of a square section
console under the action of external force P, directed along the diagonal of a square.

Fig. 1. Diagram of a console beam with a dedicated plate

The inertia moment of the section relative to x-axis is called the sum, or integral, of the products of elemental areas
ds = dxdy by the squares of distances y of the areas to x-axis: I, = [[ y*dxdy. [10]. The integrand function is virtually the

inertia moment of the elemental area dxdy relative to x-axis.

The console can be represented as a pack of extremely thin plates with thickness dx and length L, oriented parallel
to the force vector P. Under the action of P, all plates bend by the same amount A.. With a given orientation of the
console section, a separate plate is not affected by deformation of the rest of the volume. Then, the inertia moment of
the section of the console as a whole will be determined by the integral sum of the inertia moments of the sections of
all the plates in the pack.

The projection of the plate onto the plane of the console cross section is a rectangular strip with thickness dx and half-
length % (Fig. 1). The inertia moment of the section of a separate plate can be considered as the inertia moment of the
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console of rectangular section 24xdx. By definition, the equation of type (2) is applicable to each plate in a pack, where
a=dx and b =2h. According to this expression, the inertia moment of the strip is dI, = 2h*(x)dx/3. Thus, the inertia
moment of the console section can be determined through integrating the inertia moments of elementary strips rather than
elemental areas:

=2 [ heoas, 3)

where x varies from A4 to B.

The condition for the orientation of the plane of the plates parallel to the vector of the external applied force is
important, since it provides a unique association of the elastic deflection of console A, with the distribution of tangential
stresses in the cross section of the console. All the plates in the pack bend by the same value A.. according to (1),
dl, = 2h*(x)dx/3. This means that elementary force dP = 3LEdl./ L* = 2I.Eh’(x)dx / L* is required for a plate with thickness
dx. This force corresponds to the action of a uniform shear stress field in the plate section ds(x) = 2A(x)dx:

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

It can be seen from (4) that the value of voltage A. in the coordinate system xy does not depend on coordinate y.

Equation (4) is convenient to be used when modeling the deformation of rod structural elements.

Integral (3) determines the inertia moment of section /. relative to x-axis, passing through the center of gravity of the
section. In the case of asymmetric and complex sections, it is convenient to first find the inertia moment of the section or
part of the section relative to the axis that does not pass through the center of gravity of the section. Then, you need to
move on to the inertia moment of section /. relative to the axis that passes through the center of gravity of the section. It
is known that the inertia moment of the section repeats the properties of the inertia moment of a solid and obeys the
Huygens—Steiner theorem [11]. The inertia moment of section /, relative to arbitrary x-axis is equal to the sum of the
inertia moment of this section /. relative to the axis passing through the center of gravity of the section parallel to x-axis,
and the product of the cross-sectional area S by the square of distance a between the axes: I, = I. + a>S. Therefore, in the
general case, we can write:

I, =§jfh(x)3dx+azs = I, +dS. (5)

If x-axis passes through the center of gravity of the section, then distance @ = 0 and equation (5) turns into (3).

Research Results. To create a simple, fast, valid calculation method, we abandon calculations for each section, taking
into account its shape and other features. This approach was implemented for the first time in the framework of this
research. No matter how complex the cross-section is, it is quite sufficient to use a well-known solution for deflecting a
thin plate, present the beam as a pack of infinitely thin plates, and integrate their inertia moments. In addition, the method
allows us to unambiguously show the distribution of tangential stresses at the end of the console, providing a given
deflection. It should be emphasized that tangential stresses are considered in this context for the first time.

Short-Cut Calculation of the Inertia Moment of Simple Sections. To validate the proposed method, we consider
the known sections of simple geometry. Next, instead of the expression “inertia moment of the cross section of the
console”, we use the term “inertia moment”. We assume that the external applied force is always directed perpendicular
to x-axis, relative to which the inertia moment of the section is determined.

Square. Equation (2) is obtained under the condition that the vector of force applied to the end of the console is
perpendicular to side a of the rectangle. For b = a, we obtain the inertia moment of the square section I. = a*/12.

Using the proposed method, we find the inertia moment of the square relative to x-axis, which is parallel not to the
side, but to the diagonal of the square (Fig. 2 a).

Y 1, MPa
{ 30
h
1 20
R
a 10
\ 0
-3 -2 -1 0 1 2 X, mm
a) b)

Fig. 2. Cross-section diagram in the form of a square:
a — cross-section; b — voltage distribution T along x-axis
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The half-length of the strip in Figure 1 is equal to # = x. From equation (3), we find:
2 a/«/g 4

I, =— Bav =L
3 —a/ﬁ 12

It can be seen that turning x-axis by 45° does not change the inertia moment of the square section. Consequently, when
the external applied force is rotated by 45°, the rigidity of the console does not change either (1).

Substituting x in place of / (4), we obtain a shear stress distribution in the section of the square console corresponding
to deflection A.:

(X)) =AXE/ L.

Figure 2 b shows distribution t (x) along the diagonal of the square at A. =2 mm and @ = 5 mm. According to (1), the
action of the shear stress t (x) on the end of the steel console (£ =200 GPa) with length L =50 mm corresponds to the
action of an external applied force P = 0.25E\.a*/L* = 500 N. Maximum voltage Tmax = 40 MPa is observed on the vertical
diagonal of the square. Under the deviating from the diagonal, voltage t decreases sharply to zero. As a result, a sharp
peak is formed in the system T (x).

Voltage t depends only on variable x; therefore, according to the graph in Figure 2 b, it is possible to determine value
T at any point of the square.

Obviously, when the force is oriented perpendicular to the sides of the square, T = P/a®> = 20 MPa (Fig. 2 b, dotted
line). As can be seen, stress distribution t(x) in the cross section corresponding to external force P significantly depends
on its direction.

Ellipse. Figure 3 a shows a diagram of an ellipse with semi-axes a and b. The origin of coordinates is in the center
of the ellipse.

\ 7, MPa
_T_ 60+
p N —— b=2a
l — b=a
a 40+
0 &
<—x—> 20,
/ 0 -2 -1 0 1 X, mm
a)

b)
Fig. 3. Section diagram in the form of ellipse with semi-axes a and b:

a — ellipse; b — distribution t along semi-axisa. | —a=b,2 —b=2a,a=2.5 mm

It follows from the canonical equation of ellipse [12] that the strip highlighted in Figure 3 has half-length
h = b(a® - x*)'"*/a. Substituting this value in (3) and integrating from —a to +a, we obtain the inertia moment of the
elliptical section:

21 3 2b3 a 2 2 32 TCab3
I.=—\| Wdx=—+ - dx = . 6
¢ 3J‘—a N 3a® —a|:a ¥ :| g 4 ©)

At a=b = r, we derive the inertia moment of the circular section: n7#/4, where » — radius of the circle.

Substituting value / corresponding to the ellipse in (4), we obtain the following distribution of shear stress in the
section of the elliptical console:

w(x)=Ab*(1 —x*/a®)E/ L.

Figure 3 b shows distribution 1(x) along semi-axis @ =2.5 mm at A. =2 mm, £ =200 GPa and L =50 mm. When
comparing it to distribution t(x)in Figure 2 b, for a square, a significant influence of the geometry of the console section
on the stress distribution is obvious. In the case of the elliptical section, there is no sharp peak on curve t(x). Maximum
voltage Tmax is observed along semi-axis b. Taking into account the requirement A. = const, it can be said about a rapid
growth of voltage Tmax With an increase in ratio b/a. When half-axis b is doubled, Tmax increases by 4 times (Fig. 3 b).
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Triangle. Consider the section in the form of an isosceles triangle (Fig. 4). x-axis is directed along the altitude of the
triangle (Fig. 4 a). At distance x from the base of the triangle, the half-length of the strip is equal to 2= b (a — x)/2a.

x | dx
a
) T T e X —>]
<
| S
e a > b
a) b)
Fig. 4. Section diagram in the form of isosceles triangle:
a — x-axis, force is directed parallel to the base;
b — force is directed perpendicular to the base
Integrating expression (4) over x from 0 to a determines the following value of the inertia moment:
b (e b’a
I, = 3J- (a—x ) dx="——. @)
12a° Jo 48

Consider the case when x-axis passes through the center of gravity and is parallel to the base of the triangle (Fig. 4 b).

The strip at distance x from the left corner of the triangle has half-length # = x/4a? / b? —1 /2 (Fig. 4 b). The center
of gravity of the strip is located at distance / from the base of the triangle (Fig. 4 b). Therefore, according to the Huygens—
Steiner theorem for the cross section, the inertia moment of the strip relative to the base of the triangle is:

dl, = Eh3a’x +2h3dx = §a—3x3dx.
3 3b°

Integrating the resulting expression over variable x from —b/2 to b/2 determines the inertia moment of the triangle
relative to the base:

I, =a’bh/12. ®)

The center of gravity of the triangle is located at distance a/3 from the base. According to the Huygens—Steiner
theorem [13], the inertia moment of a triangle relative to its own center of gravity is less than (8) by:

2 3
/- (zj 5=
3 18
where S = ab/2 — area of triangle.
In this manner, the inertia moment of the triangle relative to its own center of gravity is equal to:
a’b a’h a’b
@b @b b ©)
12 18 36
The result obtained corresponds exactly to the tabular value of the inertia moment of the section relative to the axis

through the center of gravity parallel to the base of the triangle.
Figure 5 shows the shear stress distributions in the triangular section at A. = 2 mm for cases where the deflection force

is directed along the base (a) and along the altitude of the triangle (b).

7, MPa 7, MPa
i g
101 20

51 10
00 2 4 X, mm 0

Fig. 5. Distributions t in the triangular section:
a — force is directed along the base; b — force is directed along the altitude of the triangle
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When the triangle is oriented as in Figure 4 a, voltage t(x) decreases gradually from Tmax at the base to 0 at the
apex (Fig. 5 ). With the orientation of the triangle as in Figure 4 b, distribution t(x) (Fig. 5 b) is similar to the distribution
for a square section when the force is oriented along the diagonal (Fig. 2 b).

Regular hexagon. Figure 6 shows two orientation of the hexagon relative to x-axis: parallel (a) and perpendicular ()
to its diagonal.

dx,,
y
OLX
a
a)

Fig. 6. Regular hexagon:
a — diagonal is perpendicular to the force vector;
b — diagonal is parallel to the force vector

The section of the hexagon in Figure 6 a consists of the following:

— rectangle with width ¢ and height a\3,

— two isosceles triangles with apex a/2 and base a\3.

Let us find the inertia moments of the specified parts of the section by (2) for the rectangle and by (7) for triangles.
For the rectangle in equation (2), b = a\3; therefore, its inertia moment is /,; = \3a*/4. For triangular parts in equation (7),
the base is b = a\3, and the altitude is a/2. Consequently, the inertia moment of the hexagon is:

I, =1,+1,=\3a*(1/14+1/16) = 5N3a*/16. (10)

If the applied force is directed along the diagonal of the hexagon (Fig. 6 b), then the half-length of the strip is equal
to a/2 — x/N3. Having made the appropriate substitutions in (4), we obtain:

7 pav3r2 X 5 \/5 a?
=53] .6 %/\B e ==T.

Comparing (10) and (11), we make sure that the rotation of the hexagon by 30° does not affect its inertia moment
relative to x-axis.

Consider the case of the hexagon orientation as in Figure 6 a. At A =2 mm and £ =200 GPa in the range from
—a/2 to +a/2, voltage 1(x) is constant and equal to Tmax = 15 MPa (Fig. 7 a). Under the same conditions and orientation of
the hexagon as in Figure 6 b, distribution T (x) is similar to the distribution for a square section (Fig. 2 b). However, here,
Tmax = 20 MPa and i, = 5 MPa (Fig. 7 b).

I (11)

T, MPaf 1, MPa
12t 16}
9t 12t
6 gl
3t 4f
00 10 20 30 xmm 00 10 20  xmm
a) b)

Fig. 7. Distribution 1(x) in the section of the regular hexagon:
a — diagonal is perpendicular to the force vector;
b — diagonal is parallel to the force vector

Examples of Simplified Calculation of the Inertia Moment of Complex Sections

Six-pointed star. Using the proposed method, we calculate the inertia moment of a non-standard section in the form
of a regular 6-pointed star with side a. To determine the inertia moment relative to the minor diagonal of the star, we use
the diagram in Figure 8 a. Let us highlight three zones in the diagram: zone I with width a/2, zone II for the rest of the
half-figure, and the adjacent auxiliary zone III in the form of a triangle.
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NG

€q X >

Fdi

I

IS}

N

a) b)

Fig. 8. On calculating the inertia moment of the six-pointed star relative to ¢ — minor diagonal;
b — major diagonal

N

Half-length of the strip in zone I at distance x from the diagonal is A = V3(a — x). Using expression (3), for two zones I

in Figure 6 a, we obtain the inertia moment:
a/2 .
I= 2«/§I (a —x)3dx = %a“.
al/2

The inertia moment of zone II is equal to the inertia moment of a rectangle with height a3 and width a without the
inertia moment of triangle III. The half-length of the strip in the rectangle is equal to A =a V3/2. From equation (3), we
find the inertia moment of the rectangle:

B

I =—a
T+IT
4

The half-length of the strip in the triangle is equal to & = x\'3. According to (4), the inertia moment of the triangle is:

1 :£a4
m=osd

Hence, the inertia moment of zone II is equal to:

73,

Iy =Ty — I =3—2a .
The doubled sum of the inertia moments of zones I and II determine the inertia moment of the 6-pointed star:
1, = %a“. (12)

To determine the inertia moment of the star relative to the major diagonal, we use the diagram in Figure 8 b, where
two zones are highlighted. The half-length of the strip in zone I is /1 = a + x/A'3, in zone Il — /iy = a/2 — x/A'3. From (3),
the inertia moments of zones I (L = a*65V3/96) and II (L = a*\3/96) are calculated. It is seen that the doubled sum of
the inertia moments of zones I and II corresponds exactly to equation (12). Therefore, the inertia moment of the 6-pointed
star relative to the major and minor diagonals is the same.

Figure 9 a shows the shear stress distribution in the section of the 6-pointed star corresponding to A =2 mm and the orientation
of the external applied force according to Figure 8 a. Along the vertical axis of the star, the voltage takes on maximum value
Tmax = 37.5 MPa. With distance from the axis to the right, T drops quickly to the level T=9.375 MPa and remains constant in the
range 2 <x <4 mm. Then, t drops to zero. With distance away from the axis to the left, T changes similarly.

1, MPa 7, MPa
a=4 mm
L 25+
30 A=2mm
L =380 mm 20¢
201 15+
10 - a=4 mm
101 A=2mm
[ L =80mm
064 2 0 2 xnmm 0= 4 2 0 » xmm
a) b)

Fig. 9. Distributions t in the hex-shaped section: a — force is directed along the major diagonal;
b — force is directed along the minor diagonal
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When the star rotates by 30°, voltage distribution t changes significantly, acquiring the outlines of a dovetail (Fig. 9 b).
Two peaks are observed with value Tmax = 28.12 MPa. The distribution pattern is symmetrical. However, with distance from
the axis of symmetry, the voltage first increases from 12.5 to 28.12 MPa, and then drops to 3.125 MPa. In this regard, two
peaks are observed on dependence t(x). Further on, the voltage decreases rapidly to zero.

Figured cross. Consider a solution for the inertia moment of a non-standard section in the form of a figured
cross (Fig. 10), each side of which is the fourth part of the circle of radius R. The distance between the apices of the figure
is RN2. We first find the inertia moment of the cross relative to the major diagonal (Fig. 10 a).

R/ AN
- )

de |,
R h
L
||
a) b)

Fig. 10. Figured cross: a — force is directed along the diagonal of the cross;
b — force is directed at an angle of 45° to the diagonal of the cross

Half-length of strip 4 in Figure 10 a is equal to:

h=R-R*~(R-x).

Taking into account the symmetry and using equation (3), we obtain the following value of the inertia moment of the
section of the figured cross:

3
IngjR[R—Jx(zR—x)] dv=[4-5m/4]R*, (13)
0

We determine the inertia moment of the cross when it is rotated by 45° relative to x-axis (Fig. 10 b).

Figured cross fits into the circle of radius R. Figure 10 b shows that there are four figures in the form of an oval with
sharp corners around the cross. To determine the inertia moment of the cross, it is sufficient to subtract the inertia moments
of the four ovals from the inertia moment of the circle.

It follows from (6) that the inertia moment of the circle is equal to:

I, =mR*/4.
We determine the inertia moments of the ovals relative to the center of gravity of the cross.
The inertia moment of the oval on the right is equal to the inertia moment of the oval on the left. Half-height of the

strip at the oval on the left is:
hy=+R*—(R-x)*.

We take into account equation (3), as well as the symmetry of these parts and their location. By integrating from 0 to
R — RN2, the following value of the inertia moment of these two parts is obtained:

3 wR(1-1/42) 3 4
1, =3 [,/1_(1-;5/13)2} dx=R—[3—n-2] (14)
3 Jo 314

The centers of gravity of the ovals above and below the circle are located at distance @ = R//2 from the center of
gravity of the whole figure. The area of these two parts is equal to S = R*(m — 2).
By (4), we calculate the moment of inertia of this pair:
I, =a’S=R*[n/2-1].
Value 4 in (3), according to Figure 10 b, (oval at the bottom of the circle) is equal to 4 =+/2a? —x* —a. Therefore,
for a pair of ovals at the top and bottom of the circle, the inertia moment relative to their own centers of gravity can be

recorded as:
8 L[R2 2 IS 4
I, :—RI [ 1—(x/R) =1/ 2]d —R'[3n/4-7/3] 15
a=se[ -y v R[5/ 4-7/3] as)
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We determine the resulting inertia moment of the figured cross. To do this, we subtract the inertia moments of the

four ovals from inertia moment (13) of the circle:
loo—14—1,,—-215= [4—5n/4]R4.

Comparing the result obtained to result (13), we can see that the inertia moment of this cruciform section of the console
does not change when x-axis is rotated by 45°.

Figure 11 a shows the distribution of shear stress in the cross section of the figured cross, corresponding to A = 2 mm,
and the action of an external applied force along the axis of the cross (Fig. 10 @). A sharp voltage peak is observed on the
vertical axis of the cross, where Tmax = 80.0 MPa.

7, MPa

R=2mm

60

40

20

0 i i "
-3 2 -1 0 1 2x,mm

Fig. 11. Distributions t in the section of the figured cross:
a — force is directed along the diagonal of the cross,
b — force is directed at an angle of 45° to the diagonal of the cross

When the cross is rotated relative to the applied force by 45°, voltage distribution t changes significantly. As the axis
of symmetry deviates, voltage first gradually increases from t = 13.73 MPa to t max = 20.32 MPa. Then, voltage t drops
sharply to zero. Therefore, two symmetrical peaks (Fig. 11 b) are observed in distribution t at a distance of 2 mm from
the axis of symmetry.

Discussion and Conclusion. The proposed simplified calculation method provides for the rapid determination of the
inertia moments of complex cross sections of the console. In this case, the shear stress field in the sample section
corresponding to the action of an external applied force is uniquely determined. In addition, it is shown that the stress
distribution in the section qualitatively and quantitatively depends on the orientation of the section relative to the direction
of the external applied force.

To validate the method, the inertia moments were calculated not only for known sections of simple geometry (which
showed the absolute identity of the calculated and published results in the literature), but also for two new complex
sections in the form of a regular six-pointed star and a figured cross. It is shown that the rigidity of the console does not
change when an external force applied perpendicular to the axis of symmetry is rotated by 30° for a section in the form
of a 6-pointed star, and by 45° — for a square and a figured cross. The method and the solutions obtained can be used by
engineers and mechanics in modeling and calculating strength and stiffness of rod structural elements.
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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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OpuzuHaJleoe meopemu4deckoe uccnedosamue

Pa3pa6oTka MeTona peneHus 3a1a4n qeopManum JieATHOTO MOKPOBA MO/ AeiicTBHEM
MPOU3BOJILHO JABMKYLIEHCS HATPY3KH

A.B. T'ana0ypaun

JloHCKOM rocyapcTBEHHbIN TEXHUYECKUI yHUBEPCUTET, T. PocTtoB-Ha-JloHy, Poccuiickas deneparust

>< 5339850@mail.ru

AHHOTANUA

Beeoenue. OcBoeHNE MOJSIPHBIX paifoHOB MUPOBOTO OKeaHa, HEOOXOAUMOCTh PEIICHHS PA3IMYHBIX 3a/1a4, CBSI3aHHBIX
C HAJMYHUEM OOJBIIOrO YKcia 3aMep3alolinX BHYTPEHHUX BOJOEMOB, CTAaBST Iepell HAyKOH HOBEIC mpoOieMbl. K ux
YHUCIy OTHOCHTCS MpoOJieMa U3ydYeHHs TOBEACHUS JICITHOTO MMOKPOBA MOJ BO3JACHCTBHEM Ha HErO Pa3IMYHOTO BHUA
Harpy3ok. bomnb1io# nHTEpec npecTaBiIseT paCCMOTPEHHE 3a/1a4 O IeHCTBUU Ha JIeASTHON MMOKPOB MOIBHXKHOM HArpy3KH.
[lonBmxHasg Harpy3ka MOJICTHPYET NeHCTBHME Ha JIeA IBIKYIIUXCA TPAHCHOPTHBIX cpencTB. OmHako B paborax,
TOCBANICHHBIX BBIMICYKA3aHHBIM 3aJadaM, pacCMaTpHUBAIOTCA Cilydand JIBMXKCHUSA HArpy3Ku II0 HpﬂMOHHHeﬁHOﬁ
Tpaekropuu. L{enbio AaHHOW PabOThI ABJISIETCS pa3pabOTKa METOAa MUCCIACIOBAHUS MOBEACHUS JICASHOTO MMOKPOBA MO
JeHCTBHEM Harpy3KH, ITepeMearonieics: IPOU3BOIBHBIM 00pa3oM.

Mamepuansvt u memoost. B cratbe NpensioxKeH METOJ PEUICHUs 3a7aud O IEWCTBUM Ha JEASHOM MOKPOB BOAOEMA
KOHEYHOH TITyOWHBI IBIDKYIICHCS MO MPOW3BOJIEHOMN TPACKTOPHUU CHIIBL. 3a/1a4a CBOJUTCS K PEIICHUIO CUCTEMBI JIBYX
muddhepeHINaTbHBIX ypaBHEHUH. [IepBoe U3 HUX MOJIEINPYET MOBEICHUE JISASTHOTO TIOKPOBA U SBISACTCS ypaBHCHUEM
KoJeOaHUU BS3KOYNpPYTrod IUTACTUHBL. BTOpoe — MOAENHpyeT MOBEACHHE XUAKOCTH, HAXOISMICHCS B COCTOSHUHU
MOTCHIIMATFHOTO TEYCHMsI, U sBIsAETCA ypaBHeHWeM Jlarumaca. Jlns pemeHus cucteMbl nuddepeHImantbHbIX
YpaBHCHHUU NPUMEHSUIHCh WHTETPATbHBIC MpPeoOpa3oBaHUS MO BPEMEHHOW WM MPOCTPAHCTBEHHBIM TEPEMEHHBIM.
[TonyueHHOoe B pe3ylbTaTe pEHICHHE BBIPAXKAIOCh Yepe3 MOBTOPHBIM HMHTETpaji, [Js BBIUKUCIEHUS KOTOPOIO
IPUMCHAJINCH YUCJIICHHBIC METObI.

Pesynomamul uccnedosanua. B pesynbTare peanuzaliil MPEJIOKEHHOTO METOJa MOJYyYEeHO pEeIIeHUE 3aJady o
IBIDKEHUH COCPEIOTOYEHHON CHIIBI IO JICASHOMY MOKpPOBY MO TPOHM3BOJIBHOMY 3aKOHY. IIpm 3TOM mpow3BeneHBI
HCCIICIOBAHM XapaKTepa MOBEACHUS MEPEMEIICHII U HAPSOHKCHUH B JICISTHOM TIOKPOBE B 3aBUCHMOCTH OT CKOPOCTH U
YCKOpEHHsI JIBIDKEHUS BEPTHKAIBFHOW HArpy3KW, TIyOHHBI BOJOEMa M BS3KOYNPYTHX CBOWCTB Jpaa. Kpome Toro,
PACCUUTAHO pacIpeieieHue BEKTOpa CKOPOCTH YaCTHI] JKUAKOCTH IO TITyOHMHE BOJOEMA.

Obcyrncoenue u 3axniouenue. IlpelIoKeHHBIH MeTOn sABNseTCS BechMa 3(P(PEKTUBHBIM [UIA pEUICHHA 3amad o
TOJIBMKHBIX HATPy3KaX, IEHCTBYIOIINX Ha JICASHOM TOKPOB BOJI0eMa KOHEUHOU rTyOruHBL. OH IMO3BOJISCT PEIIaTh 3a/1a4u
0 AeMCTBUM HATPY3KH, ABIKYILEUCS M0 JIEITHOMY ITOKPOBY IO CIIOKHOHM TpaeKTopuu. [lonydeHHble pe3yabTaThl MOTYT
OBITh UCTIOB30BaHBI IS pacyeTa HANPsHKEHUS U TIEPEMEICHHUH JISOBOTO TOKPOBA TIPH MPOKIIAIKE JISOBEIX JTOPOT HITH
CTPOUTENBCTBE a9POJPOMOB Ha JIbIY.

KimoueBble ¢JI0Ba: OECKOHEUHBII JeATHONR TOKPOB, ABIXKXYIIAACS Harpy3Ka, [POU3BOJIbHAA TPACKTOPUS, IEPEMEHHAA CKOPOCTH

BaarogapHoctu. ABTOp BbIpakaeT OJ1arolapHOCTh PELEH3EHTaM 3a YKa3aHHbIE 3aMEYaHUs, KOTOpbIE MO3BOJIMIN
MOBBICUTH Ka4€CTBO CTaThH.

s uutupoBanus. ['amaOypmua A.B. Pa3pabotka meroma pemeHnst 3amaud AedopMalliyl JIEJIHOTO ITOKPOBa IO
JICWCTBHEM TIPOHU3BOJILHO NBIKYIIEHCS Harpy3ku. Advanced Engineering Research (Rostov-on-Don). 2024;24(2):170-177.
https://doi.org/10.23947/2687-1653-2024-24-2-170-177

Introduction. The development of the polar areas of the World Ocean and a large number of freezing inland
reservoirs drive the need to study the fields of displacement and stresses of the ice cover caused by the action of various
types of loads. Numerous papers by domestic and foreign scientists are devoted to solving these problems. Previously,
it has been found that the mechanical properties of ice depend on its temperature and water salinity. Much attention
was paid to the development of numerical ice models that accurately reflected the interaction of ice and ideal
incompressible fluid. In [1, 2], the smoothed particle hydrodynamics was used for this purpose, in [3, 4] — the method
of discrete elements. In [5], ice was modeled by an elastic plate lying on the surface of a stratified fluid. Models that
allow cracks were considered in [6, 7]. Models of ice strengthened with reinforcing elements were presented in [8, 9].
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At this, in some papers, an ice cover is considered as an elastic plate lying on the surface of a reservoir [10, 11]. At
the same time, in [12], on the basis of the conducted research, it is concluded that in some cases, the properties of ice are
best described by the Kelvin-Voigt rheological model with one parameter (damping time). Therefore, numerous
researchers use a viscoelastic plate when modeling the ice cover [13]. In [14], nonlinear models were used to describe the
properties of ice.

In some articles, the effect of a moving load on the ice cover was considered. In [15], the impact of a mobile load on
the ice cover in a frozen channel was studied. In [16], the action of a load with an impulsive movement on the ice cover
was described. Paper [17] is devoted to the study of the load moving along a frozen riverbed. Here, the rectilinear motion
of the load was investigated [18]. However, in real conditions, it is often needed to deal with a load moving in a more
complex way. Therefore, the objective of this work is to develop a method for solving problems about the action of a load
moving over an ice cover along a complex trajectory. This will provide for a more accurate investigation of the effect of
vehicles moving in a complex way on ice.

This work is a continuation of research related to the problems about the effect of a moving load on various objects,
whose results are presented in papers [19, 20].

Materials and Methods. Setting the task. A reservoir of finite depth with an infinite ice cover (an infinite plate),
which is subject to the action of a vertical force moving in an arbitrary way — impulsively, is considered. It is assumed
that the reservoir fluid is incompressible and executes irrotational motion.

The problem is reduced to a system of differential equations [15]:

X, y,t
(14190, ) AW + 20 W + kW +b0,F| :%,
AF =0,
where W(x,y,t) — ice cover deflection; £ and p — Young's modulus and Poisson's ratio of ice, respectively;

D = Eh*/12(1-p?) — cylindrical bending stiffness; 4 — ice cover thickness; T, — strain relaxation time; A,2 = (0,°+0,%)%;
A =07+ 0,°+0.%; prand p,— density of ice and water, respectively; ¢? = p,i/D; k = p.g/D; b= ps/D; O(x,y,1) — load
acting on the ice surface; F(x,y,z,¢) — speed potential.

Under boundary conditions at z = 0 (ice-water boundary):

oW =0.F.
At the bottom of the reservoir at z = —H:
0.F=0.

In addition, it was assumed that the ice cover and the fluid in the reservoir were resting at the start time. The load was
a concentrated unit force (one Newton) Q (x, y, ¢), which moved arbitrarily along open free-form curve y. It was assumed
that the displacement of the force was given in the form Q = Q(s(?)), where s — arc coordinate measured from some fixed

x=x,(¢
point of trajectory y. The trajectory of movement was set parametrically in the form { 0 ( )

, where ¢ — time.
y=xo(?)

The moving load was approximated by the expression:
Q(x,y,t) =g’ exp(—82 ((x—xo (t))2 +(y—y0 (t))z))/n,

where € — numeric parameter.
After applying the integral Fourier transform with respect to variables x and y, the integral Laplace transform with
respect to ¢, formulas for calculating unknown functions W and F were obtained:

1 07 2 2 1
W(x,y,t)=—— 2,-p/4e J R(t—1))— ~(a=d)r _ ,~(a+d)r dod
(xyt) 5 ‘(‘]“!.pe O(p (t 'c))y|:e e :|p T,

1 0T 2 /4g2 ch p z+H
Florzi)=g 5[ orer "O(PR(H”w’
00

t o
1 2 /402 1
W(x,y.t)= 2 -p*lae J R(t— 2 a-d)r _ —(a+d)t dod
(x,3.) 2n_D'(|:V(|:P e o(P ( T))y[e e }p T,

[(a + d)ef(‘”“’)T —(a-d) el } dpdr,

R*(t)=8%+B2,8=x(1)-x. B =y (1)~ .
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5
Top

2(c’2p +bcth(pH)) ’

Y= |:r(2)p10 —4(0’2[)2 +bpcth(pH))(p4 +k)}l/2 ,a=

Y
- 2(c"2p+bcth(pH)).

Using the known relations from the theory of thin plates and the theory of the potential ideal flow, it is possible to
obtain relations for calculating displacements and stresses in the ice cover, as well as the velocity vector component of

fluid particles.
When calculating the improper integral through numerical methods, the approximate relationship
0 A ©
J. f ( p) dp = J. f ( p)dp was used, in which value A was chosen so large, that the error estimate I f ( p) dp| did not
0 0 4

exceed the set value.
Thus, for the amount of ice deflection
t A

t o t ©
1 1 1
W(x’y’t):%t_DJ.J.UO (r,p)dpdtzﬁjon (r,p)dpdr+2nDJJU0(r,p)dpdT,
00 00 04
this estimate has the form:
t o
1 2A82 2/4.2
—— | | U, (%, p)dpdt| < ———¢e" [4e ,
27tD.([.[ O(T p) par nDy(A)e

12

y(4) =] T34 —4(c2 4> + bdcth(AH))(4* +F) ]
Similar estimates can be obtained for other calculated quantities. These estimates were used to determine value A.

2
2/402
eA /48

nDy(4)

did not exceed

In the calculations carried out, value A was chosen such, that the estimate

{ PO
! II Uy (1, p)dpdr| 0.001.

2nD Jod 4

When calculating the repeated integral, Simpson's quadrature formula (for variable t) and Chebyshev quadrature
formula with equal weights for two nodes (for variable p) were used. The other values were calculated in the same way.

Research Results. A method has been developed for solving problems on the action of a load moving along the ice
cover of a reservoir filled with ideal fluid along a complex trajectory with variable speed. Using this method, calculations
were carried out that showed the degree of impact of various parameters on the deformation of the ice cover.

The described method does not impose restrictions on the shape of the trajectory of the concentrated force. In the
calculations, a special case of a trajectory consisting of arcs of circles was considered (Fig. 1). The red dot indicates the
position of the concentrated force at the time under consideration and the direction of movement of the force.

Y, me : - - —0— z - 2|

10 |

0 4 g 12 ' 16  X,m

Fig. 1. Trajectory of concentrated force
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The following parameter values were taken into account in the calculations: ice cover thickness # = 0.25 m, Young's
modulus E = 500,000,000 H/m?, Poisson's ratio of ice u = 1/3, ice density p = 900 kg/m?, fluid density p = 1,000 kg/m?,

€ = 5. The calculation results are presented below.
Figure 2 shows the change in the deflection of the ice cover at speed of force v =2.5 m/s, tangential acceleration

w; =1 m/s?, reservoir depth H = 25 m, and relaxation time 1, = 1s.
The law of force motion along the trajectory was taken as:
s=at’ +ayt® +ast.
Coefficients a1, az, a3 were selected in such a way that the force, being at the same point of the trajectory, had the
required speed and tangential acceleration.

-_‘_,_..-""
,m-1077 ey
W, m-10 - \
| et i b~
>4 | — \
L] \
—15.,;-*""'## \
100 |

X, m

-20
Y, m

Fig. 2. Change in ice cover deflection

At other values of these parameters, the qualitative nature of the distribution of ice cover deflections remained
almost unchanged.
Z,m =

20

X, m
50

Fig. 3. Fluid motion caused by action of moving load on the ice cover

http://vestnik-donstu.ru

The fluid motion caused by the action of a moving load at the same values of velocity, tangential acceleration of the
load movement, relaxation time, and depth of the reservoir is shown in Figure 3 (the distribution of the velocity vector of

fluid particles is shown).
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W, m-107

-9.0 AN

0 2 4 6w, m/s
a)

o N

T~

0 10 20 Hm
b)

Fig. 4. Change in amount of maximum deflection of ice cover depending on:
a — tangential acceleration rate; b — depth of reservoir

The effect of the tangential acceleration of the force movement on the maximum deflection of the ice cover is shown
in Figure 4 a. In this case, the force speed was equal to v =17.5 m/s, and the relaxation time 7, = 1 s.

Figure 4 b shows a graph of the dependence of the maximum deflection of the ice cover W on the reservoir depth H.
Here, the speed of the load movement was v = 17.5 m/s, tangential acceleration w, = 1 m/s?, and relaxation time 1, = 1s.

W,m~10""r T T ' |

—""“‘

=

-1.0 /,.i

-1.4

/

0 10 ‘ 20 30 v, m/s

Fig. 5. Change in maximum deflection of ice cover
depending on force speed

The dependence of the maximum deflection of the ice cover on the force speed is graphically shown in Figure 5. The
depth of the reservoir was assumed to be 25 m, and the tangential acceleration — w;, = 1 m/s%. The solid line shows the
dependence corresponding to the relaxation time t, = 1 s, the dotted line corresponds to the relaxation time 1, = 10 s.
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Discussion and Conclusion. The influence of the reservoir depth on the maximum deflection of the ice was studied.
A picture of the deflection of the ice cover was obtained due to the action of a concentrated force moving along a complex
trajectory with variable speed. Calculations showed that with increasing depth of the reservoir, the maximum deflection
of the ice cover decreased (Fig. 2). At the same time, a noticeable dependence of the deflection of the ice cover on the
depth of the reservoir H occurred only for H<25 m. At great depths, the amount of the maximum deflections stabilized
near a certain constant value and practically did not change. Thus, if H>25 m, then the depth of reservoirs can be
considered infinite when calculating.

An increase in tangential acceleration caused an increase in the deflection of the ice cover. Moreover, the dependence
of deflection on tangential acceleration was very close to the linear dependence (Fig. 4).

At low relaxation times 1,, the speed of the load movement affected significantly the amount of ice deflection. At
large times, the impact of the load movement speed on the deflection of the ice cover was noticeably reduced (Fig. 5).

To study the state of the reservoir fluid, the distribution of the velocity vector of the fluid particles due to the action
of the moving force on the ice was determined (Fig. 3).

The developed method of solving problems and the results obtained with its help can be used in the construction of
ice roads, design and construction of runways on ice.
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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

Acknowledgements. The authors would like to thank the Editorial board and the reviewers for their attentive attitude to
the article and for the specified comments that improved the quality of the article.

Funding Information. The research was carried out with the financial support from the Ministry of Science and Higher
Education of Russian Federation within the framework of the strategic academic leadership program “Priority—2030”
(agreement no. 075-15-2023-151).

© Pozevalkin VV, Polyakov AN, 2024


http://vestnik-donstu.ru/
http://vestnik-donstu.ru/
https://doi.org/10.23947/2687-1653-2024-24-2-178-189
mailto:pozevalkinvv@mail.ru
https://creativecommons.org/licenses/by/4.0/
https://crossmark.crossref.org/dialog/?doi=https://doi.org/10.23947/2687-1653-2024-24-2-178-189&domain=pdf&date_stamp=2024-06-30
https://orcid.org/0000-0002-9157-9796
https://orcid.org/0000-0002-6742-7821

Pozevalkin V'V, et al. Implementation of a Digital Model of Thermal Characteristics Based on the Temperature Field

For citation. Pozevalkin VV, Polyakov AN. Implementation of a Digital Model of Thermal Characteristics Based on the
Temperature Field. Advanced Engineering Research (Rostov-on-Don). 2024;24(2):178-189. https://doi.org/10.23947/2687-
1653-2024-24-2-178-189

OpueunaﬂbHoe meopemu4eckoe ucciedosanue

Peasmm3anus ungpoBoil Moaes I TENJIOBbIX XaPAKTEPUCTUK HA OCHOBE TEMIIEPATYPHOIO MOJIS

B.B. HozeBanxun = D<, A.H. IToasaxos
OpenOyprckuii rocyapcTBeHHBIH yHUBEpCHTET, T. OpenOypr, Poccuiickas denepanus
DA< pozevalkinvv(@mail.ru

AHHOTANUA

Beedenue. KoMmiiprotrepHoe MOI€NMpoOBaHUE MI03BOJISIET HHKEHEpaM IPUHUMATh 000CHOBAaHHbIE IIPOEKTHBIE PEIICHHUS 32
CUET TOYHOHW OLEHKH TEIUIOBBIX XapaKTEPHCTHK OOBEKTOB MPOEKTUPOBAaHMS. AKTyaJbHBIM HalpaBICHHEM HAy4YHBIX
HCCIIeIOBaHUN M pa3paboTOK SBISIETCS pealn3alys TEXHOJIOTHH IU(POBBIX IBOHHUKOB B MPOLECCE MPOSKTHPOBAHMS
TEeXHUYECKHX 00BeKkToB. [l 3TOro HeoOXoAuMo pa3pabaThlBaTh KOMIBIOTEPHBIE MOJETIH, TOYHOCTH KOTOPBIX
COOTBETCTBYET TPEOOBaHUAM, IIPEIBSIBISIEMBIM K IN(PPOBBIM 1BOHHIKaM. OIHAKO B HAYYHOU JIUTEpaType HELOCTATOUHO
HIMPOKO MPECTaBICHBI PE3yJIbTAThI UCCIIEIOBAHHIA, HAPABJICHHBIX HA pPEaIM3allUi0 TEXHOJIOTHH HU(PPOBBIX TBOWHUKOB
B MIPOIIECCE MPOEKTHPOBAHMA. B OCHOBHOM paccMaTprBaroTCsl OOIIHE BONIPOCHI, CBSI3aHHBIE C TPUMEHEHHEM (P POBBIX
JBOMHHMKOB B Pa3IMYHBIX OTPACIAX MPOMBIIUICHHOCTH. [103TOMY II€IbI0 JaHHOTO MCCIIEAOBaHMS SBUIACH pa3paboTka
IU(POBOI MOAEIH 1 CPABHUTEIBHBIM aHAIN3 TOYHOCTH PACUETOB TEIUIOBBIX XapaKTEPUCTHK 00bEKTa IPOESKTUPOBAHMS.
Mamepuanvt u memoosl. B KadecTBE OCHOBHOTO MHCTPYMEHTa JUI IIPOBEJCHUS MCCICAOBAHUS BBICTYIACT
MIPEAIOKEHHAss aBTOPaMH METOANKA Pa3padOTKH KOMITBIOTEPHOM MOJIENN TEIUIOBBIX XapaKTePHCTHK U pean3aliin
TEXHOJIOTUM LU(PPOBBIX JBOWHUKOB. UMCIIEHHOE pElIeHNE peaM30BaHO IyTEM IOCTPOCHUS TEIUIOBOM MOJENH JUIs
pacyera TeMIIepaTypHOTO MO Ha OCHOBE METO/1a KOHEUHBIX AJIEMEHTOB B CUCTEME HH)KEHEPHOTO aHaJIN3a «ANsys» OT
kommanuu «Ansys Inc» (CLHA). [ns aHannTHYeCKOro pelleHus] NpUMEHseTcsl pa3padOTaHHas Ha OCHOBE MeETOJa
MPOCTPAHCTBA COCTOSHUN KOMIBIOTEPHAsI MOJIENb TEIJIOBBIX XapaKTEPUCTHK, peaji30BaHHas B Mojayne «Ansys Twin
Builder». Mogens npocTpaHCTBa COCTOSIHUI MPUBOAUTCS B COOTBETCTBHE C MOBEJACHUEM HMCXOJHOM TEIIOBOM MOICITH
IIyTeM MPUOIIDKEHUS TIepeJaTOuHON (PyHKIMHM K MMONMIAaroBOMy OTKIHKY TEIIOBON HAarpy3KH ¢ IMPHUMEHEHHEM METOna
BEKTOPHOM alpOKCHUMAIINH BO BpEMEHHOM 0671acTh. Bepudukarisa mocTpoeHHON aHATNTHYECKOW MOJIENH BHITTOTHSIACH
B cucTeMe nHkeHepHbix pacyetoB «MATLAB» ot komnanuu «The MathWorks» (CHIA). HccnenoBanust mpoBOIHIHCH
s ctaaka moaenu 400V mpousBoactsa npeanpuatus OO0 «HITO «Crankoctpoerne» r. Crepiauramak (Poccus).
Pezynvmamut uccnedosanun. Paspaborana 1m¢poBasi MOesb, MO3BOJIIONIAS C BBICOKOW TOYHOCTHIO BBIIOJHHUTH Pacder
TEIUIOBBIX XapaKTEPUCTHUK OOBEKTa IPOSKTHPOBAHKS. Pe3ynbTaTsl CpaBHUTENBHOTO aHAIM3a [TOKAa3bIBAIOT BBICOKYIO CTEHEHB
COOTBETCTBHS 3HAUECHHI! TEIUIOBBIX XapaKTEPUCTHK, ITOJIyYEHHBIX C TOMOIIBIO MPEIOKEHHON 1I(POBOH MOJIENH, pe3yJIbTaTaM
YHCIIEHHOTO MOZIENIMPOBaHMs. MaKkciMaibHas OTPEIHOCTh pacyueTa TEIIOBBIX XapakTeprucTHK He rpesbiaet 0,1°C.
Obcysycoenue u 3akniouenue. KomnploTepHoe MOJEIMPOBaHNE, COUETAIOIEe YUCIEHHBIE METO/IBI pacyeTa U HayUYHBIH
NOJAXOJ, OCHOBaHHBIH Ha TEXHOJOTMH LU(POBBIX JBOHHHWKOB, MO3BOJSIOT MOIYyYUTh Pe3yJbTaT MaKCHMalIbHO
NpUOIMKEHHBI K pe3yJbTaraM OSKclepuMeHTOB. [IpemsioxeHHas B uWccieqoBaHMM IHM(pOBas MOJENb SBISETCS
3¢ GeKTHBHBIM pelIeHHEeM, IOCKOIBKY ITO3BOJISAET BBIIOIHUTH PACUETHI U1 OLICHKH TEIUIOBBIX XapAKTEPHCTUK B PEKUME
peaNbHOrO BPEMEHH, YTO SIBISETCS OJHUM W3 BaXKHEHIIMX TpeOOBaHUI MpU peanu3aldd TEXHOJIOTHMH HU(POBBIX
JIBOMHHUKOB.

KiaroueBble cjioBa: IUPPOBON BOWMHUK, CIOXHBIH TEXHUYECKHH OOBEKT, KOMIBIOTEPHOE MOJICIUPOBAHHE,
aBTOMATH3MPOBAHHOE POEKTHPOBAHHE, TEMIIEPATYPHOE I10JIE, TEIUIOBBIE XaPAKTEPUCTUKHI

Enaroaapﬂocw{. ABTOpLI BbIpAXKaOT 6J'Ial"0,£[apHOCTI> peaakuu U pCUCH3CHTAM 34 BHUMATCIIbHOC OTHOIICHUEC K CTAThE
1 YKa3aHHbIC 3aMCYaHUs, KOTOPBIC ITO3BOJIMJIN TOBBICUTH €€ Ka4CCTBO.

®unancuposanue. VccnenoBaHne BBIIOIHEHO TPY (PMHAHCOBOH Mojiepskke MUHHCTEpCTBA HAYKHU U BBICIIIEr0 00pa30BaHusl B
paMKax IporpaMMsbl CTpaTernieckoro akaaeMmdeckoro jguaepersa «IIpuopurer-2030» (cornamenue Ne 075-15-2023-151).

Jas uutupoBanus. [lozesankun B.B., [TonskoB A.H. Peanuzauus 1udpoBoli MOJEIHM TEIUIOBBIX XapaKTEPUCTHK Ha
OCHOBe TemmeparypHoro moist. Advanced Engineering Research  (Rostov-on-Don). 2024;24(2):178-189.
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Introduction. Computer modeling has traditionally been an effective tool for solving thermal problems at an early
stage of designing complex technical facilities. However, solving the problem requires an accurate assessment of the
thermal characteristics of the design object to reduce the negative effects caused by an increase in temperature [1]. At the
same time, one of the effective tools for preliminary assessment of thermal characteristics is simulation modeling in an
engineering analysis system based on advanced digital solutions and developments. In [2], for example, a developed
digital twin for determining thermal characteristics was presented by the authors Jianying Xiao and Kangoo Fan. The
principle of operation of the twin was to simulate the thermal behavior of an object through displaying and correcting
thermal boundary conditions. The experimental results showed a high accuracy of the model (more than 95%), which was
essential for improving the accuracy of modeling thermal characteristics and thermal optimization. Therefore, the urgent
direction of scientific research and development in the field of modeling is the use of artificial intelligence systems [3]
and digital twins [4]. In [3] by Haoran Yi and others, an interactive model for correcting thermal boundary conditions
based on a neural network was proposed to improve the accuracy of the analysis of thermal characteristics. The
experimental results showed that the accuracy of calculating the temperature field exceeded 98%, and the accuracy of
predicting thermal deformation was 96%, which effectively increased the simulation accuracy. In addition, in [5] by
Kurganova N.V. and others, it was noted that digital twins were often used to improve physical prototypes of complex
technical objects, since they not only allow for the information support for the design process, but also contribute to
effective design decisions based on developments in the field of artificial intelligence.

One of the characteristic features of digital twin technology is that reduced-order computer models are often used for
simulation [6]. Therefore, the development of computer models is one of the basic conditions for the implementation of
digital twin technology [7]. Model order reduction is an effective and mathematically understandable approach to
overcome the time constraints of multidimensional simulation models. In [8] by Mirzoev D.A. and others, for example,
a simple analytical model of thermal fields was proposed for the development of digital counterparts of the industrial arc
welding process. Bordachev E.V. and Lapshin V.P. [9] presented the results of mathematical modeling of the temperature
in the tool—-product contact zone under metal turning. This approach provides obtaining an accurate assessment of thermal
characteristics corresponding to the results of numerical experiments in real time. Schroder C. and Matthias V. [10]
presented a reduced-order model and proposed a new model balancing procedure based on the transformation of the state
shift. In conclusion, they presented the results of a comparative analysis and the results from literature sources obtained
through a series of numerical experiments.

The use of a linear and time-invariant reduced-order computer model allows for fast simulation while maintaining
high calculation accuracy [11]. When developing a computer model, approximation [12] of the transfer function is
performed to approximate the state space model to the step response of the initial thermal model [13]. Since the step
response of the thermal load is derived from the base thermal model, the digital model should provide the same values of
thermal characteristics.

However, despite the fact that recently there has been an increase in interest in the digital twin, the scientific literature
does not widely present the results of research related to the implementation of digital solutions in the design of technical
facilities. Based on a systematic review of the literature and thematic analysis of publications on digital twins, one of the
key knowledge gaps associated with the development of mathematical, software and methodological support for high-
precision computer models in the framework of the implementation of digital twin technology has been identified.

In this regard, the objective of the study was to develop a reduced-order computer model and analyze its feasibility as
part of a digital model for accurate calculation of thermal characteristics of complex technical design objects.

To achieve that, it was necessary to build a thermal model and calculate the temperature field of the design object,
generate independent step responses of the thermal load using the developed software scenario [14], implement a digital
model for calculating thermal characteristics, determine the error of calculations obtained using numerical and analytical
solutions, and conduct a comparative analysis of the simulation results.

Materials and Methods. The construction of the temperature field of the modeling object was performed for a
homogeneous isotropic body on the basis of the equation of nonstationary thermal conductivity:

oT/ot = a*AT +q,/c, (1)
where T — temperature (°C); t — time (s); a = m — diffusivity coefficient (m?%s); A — thermal conductivity
coefficient (W/m-°C); ¢ — specific heat capacity (J/kg-°C); p — material density (kg/m?®); A — Laplace operator;
qv — volumetric heat dissipation power (W/m?).
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The heat flow in the heat transfer process was assumed to be equal to the amount of heat transferred through an
arbitrary surface area S per unit time t. It is expressed by the following equation:

0-- j | L q,dSd, ?)

where O — heat flow (W); g, — heat-flux rate (W/m?); S — surface area (m?).

The density of the heat flux during heat transfer was determined from the formula:

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

where a — heat transfer coefficient (W/(m?°C)); Ts — surface temperature (°C); T, — ambient temperature (°C).

In this regard, to calculate the temperature field of the modeling object according to formula (1), heat flows (2) and (3)
were set, which determined the amount of heat passing through the surface per unit time.

A component (Fig. 1) of a metal-cutting machine 400V model manufactured by NPO “Stankostroenie” LLC
(Sterlitamak, Russia) in the form of a drillhead was selected as the object of modeling.

gn1 Q O g1 qu @

T4
gv2

Fig. 1. Geometric model of the object in ANSYS Design Modeler: 1 — housing; 2 — electric motor;
3 — spindle assembly; Q — heat flows; qv — volume heat release power; qn — heat flux densities;
a — heat transfer coefficient; T1-T4 — temperature sensors

Since the amount of heat released mainly by the electric motor (electromagnetic losses) and the spindle assembly
(mechanical friction losses) was taken into account for calculating the temperature field, electric motor ¢, and
spindle assembly ¢.», were taken as internal heat sources, near which the corresponding heat flows QO and O, were
set. The densities of heat fluxes g.i1, g.» Were assigned to surfaces located near the electric motor and spindle
assembly, respectively.

Convection was determined by the heat transfer coefficient a taking into account the conditions of heat transfer
(natural convection in air). Since the machine is in contact with a gaseous medium (air), the amount of heat given by the
heated surface to the environment per time unit ¢, is directly proportional to the difference in temperature between surface
Ts and medium 7., depending on the area of the heat-emitting surface S (3).

When constructing a thermal model of an object (solid) consisting of a homogeneous material (structural steel) with
constant thermophysical properties and the presence of internal heat sources, the following initial and boundary conditions
were assigned:

— initial conditions took into account the fixation of a constant temperature over the entire surface of the modeling
object (¢ =0: T = Ty = const);

— boundary conditions of the second kind were set by the heat flows of the electric motor (Q)), the spindle assembly (0-),
the density of the heat flux (g,:) from the electric motor to the front wall of the housing and (¢.2) to the inner surfaces;

— boundary conditions of the third kind were set by the heat transfer coefficient (o) for the surfaces located inside the
body of the drillhead;

— boundary conditions of the fourth kind for the contact joints of the surfaces took into account the perfect thermal
contact and the absence of thermal resistance:
oT
on

Heat flows (1, 0»), heat flux densities (g1, gn2), as well as volume heat dissipation capacity (gv1, ¢.2), were assigned
in accordance with well-known recommendations for metal-cutting machines [1]. Boundary conditions, as well as heat
flows, were set for external surfaces. Therefore, it was taken into account that the interrelationships of thermal fields were
present only between the outer surfaces.

:)\‘la—T

T|—0 :T|+O;)\'1 0 n

+
+0
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Differential equation (1), together with the initial and boundary conditions of the second (2), third (3) and fourth (4) kinds,
is a mathematical formulation of the problem. The task was solved using numerical and analytical modeling methods.

The numerical solution was performed on the basis of the finite element method in the ANSYS engineering analysis
system, which is being developed by ANSYS Inc. (USA) and supplied by “Modeling and Digital Twins” AO, an
authorized ANSYS distributor in Russia. The geometric model (Fig. 1) of the object was imported into the ANSYS
Workbench project with the addition of the Transient Thermal analysis block. In the numerical solution, the simulation
parameters and boundary conditions of the thermal model were calibrated (Table 1) to approximate the model temperature

values to the experimental data.
Table 1

Boundary conditions (parameters) of the thermal model

Heat transfer

Parameter Heat dissipation capacity Heat flows Heat flux densities coofficient
qv1, W/m? G2, W/m? 01, W 0, W gn1, W/m? gn2, W/m? a, W/(m?-°C)
Value 6,500 1,000 28 15 32 18 15

In the ANSYS Mechanical module, the initial (initial temperature 79 = 24 °C) and boundary (Table 1) conditions were
assigned for the developed grid model, the temperature field was constructed (Fig. 2). In this case, the thermal
conductivity coefficient was assumed to be equal to A = 60.5 W/(m-°C) and was assigned as such for structural steel.

The thermal model of the object included two contact connections for an electric motor and a spindle cartridge with a
drillhead body, and contained 7 thermal boundary conditions. The developed grid model consisted of 16,309 elements
and 58,527 nodes.

The total simulation time of 21,600 seconds (6 hours) was divided into intervals (1 hour) and steps Az = 360 seconds
(6 minutes), a total of N = 60 steps within which the parameters of the thermal model (boundary conditions) were assumed
to be constant and independent of time.

%) Model (B4)
@ Geometry
&, {8 Materials
¥, Coordinate Systems
#-&) Connections
(- Mesh 42,082 Max
= [ Transient Thermal (B5) 40,188
»T=0 Initial Temperature 38,294
1] Analysis Settings 364
=) Simplorer 34,507
- /®_ Internal Heat Generation1 32,613
- /B Internal Heat Generation2 30,719
-8, Heat Flow1 28,825
th‘ Heat Flow2 26,931
- /W% Heat Flux1 25,037 Min

/B3 Heat Flux2
% Convection
=& Solution (B6)
-5 Solution Information
#8 Temperature
B Simplorer
. %8 TempProbel
i /%@ TempProbe2
- /%8 TempProbe3
“.. %8 TempProbe4

Fig. 2. Temperature field of the object in ANSYS Mechanical

The calculation of the temperature field was required to generate an independent step response of the thermal load,
containing information about temperature variation over time (thermal characteristics) for each parameter (Table 1) of
the thermal model separately:

v.(0)=T,;(t)i=Lk, j=1m, (5)
where £k — number of temperature sensors; m — number of parameters of the thermal model.

Step response generation was performed in the ANSYS Mechanical module using the Application Customization
Toolkit (ACT) extension, which supported the implementation of user scenarios. This made it possible to develop a
software script in the Python programming language to automatically generate a special set of files containing independent
step responses [14].
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The analytical solution was performed on the basis of the state-space method through constructing a model of thermal
characteristics according to the formula:

X =Ax+ Bu ©)
y=Cx+Du’

where x =0x /0t — derivative of state vector x over time #; y and u — vectors of output and input data, respectively;
A, B, C, D — matrices of constant coefficients.

In equation (6), vector  x=(x1, X2, ..., Xn) contains state variables, input vector
u = (qv1, g2, O1, 02, Gty qu2> Tor, Toa, ..., Tox)T — values of the parameters of the thermal model (boundary and initial
conditions), output vector y = (71, T», ..., Tr)T — values of thermal characteristics.

The transfer function model is expressed by the following equation:
y,‘(t)=zj:1H,-yj(t)uj, i=1k, @)

where H — matrix complex transfer function.

Matrix transfer function H is obtained through applying the Laplace transform to formula (6), which is expressed by
the following equation:

H(s)=C(sI-A4)" B+D, ®)
where s — Laplace complex variable; / — unity diagonal matrix.

Transfer function (8) reflects the dependence of the Laplace transform of output variable Y(s) = H(s)U(s) on the
Laplace transform of the input variable U(s) of model (6) under zero initial conditions x(0) = xo = 0. In this case, the
dimension of the transfer function matrix H depends on the output value £ = 4 and the dimension of the input value
m = 10, which corresponds to the dimension of the initial step response (5). Therefore, model (6) is brought into line with
the behavior of the source thermal model through approximating its transfer function (7) to step response (5) using the
vector approximation method [15].

To construct the coefficient matrices of model (6), a reverse transition is performed from transfer function (8) to the
model in the state space. In this case, transfer function (8) takes the form of the equation, whose denominator contains a
characteristic polynomial of degree / =4 (the order of the system), and the numerator contains a polynomial of degree
z=1[1-1:

1

G(s)= gg; ,P(s)=bh, +Zj:1b,»si, O(s)=a +Z;+1aisi’ 9)

where a and b— coefficients of polynomials O(s) and P(s), respectively.

The roots of polynomials Q(s) and P(s) represent the poles and zeros of transfer function (8), respectively. The method
of indefinite multipliers is applied to equation (9) to decompose each element of matrix H into elementary fractions.
Denoting the poles of the characteristic polynomial by p;, we obtain an equation of the following form:

G(s)=D+y " (10)

b
=ls—p;

P(s)

where R; = lim (s - Dp; )— — matrix of dimension (k X m); ¢ — number of poles.
popi @] ( S)
The rank of matrix R; is denoted by 7;, and its decomposition into the product of two matrices with the full rank of the
column and row, respectively, is performed:

R, =C/™ B[™"  rank (R;) =r;. (11)

The matrices of model (6) are diagonal, of dimension 4™, B™ C¥" DF™ (n=56) and contain elements that are
obtained directly from the coefficients of transfer function (10).
System matrix 4 and control matrix B contain the following coefficients:

(py 0 0 ... 0] by 0 .. 0
e bt2 oo 0
0 p, 0 ... 0 by . .. 0
A Piz B=| @ . (12)
0 0 ps 0 0 by ... by
0 0 0 Pan |0 0 by
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Output matrix C and feed forward matrix D contain the following coefficients:

Ci e Oy 0 0 0o ... 0 0O ... 1 ... 0 0
0 0 C(k*l)i c(k*l)q 0 0 0 ... 0 1 0 ( )
0 0 0 0 Cri e ck,q 0 ... 0 0 1

This approach makes it possible to perform the transition from a model in the form of transfer function (8) to a model
in state space (6). The transition algorithms are also implemented in the MATLAB engineering calculation system of The
MathWorks, Inc. (USA), in the form of special functions «ss2tf()» and «tf2ss()».

To obtain the values of thermal characteristics, the Cauchy problem is solved for a system of ordinary differential
equations, since in formula (6), variable x is a derivative of the vector of states of the temperature field in time ¢. The
solution to system of equations (6) is obtained using the fourth-order Runge-Kutta method.

Verification of the constructed analytical model was performed through conducting a series of computational
experiments using an application program developed in the MATLAB system, which included the implementation of the
fourth-order Runge-Kutta method (Fig. 3). Computational experiments were conducted on a personal computer (AMD
Ryzen 5 5600U processor with Radeon Graphics 2.30 GHz, RAM 16.0 GB, system type 64-bit Windows 10 Pro version
21H2 operating system), whose characteristics were basic for modern computing technology.

The constructed analytical model and the application of the fourth-order Runge-Kutta method for solving a
system of differential equations made it possible to calculate the values of thermal characteristics with high accuracy
(Fig. 3). Due to the fact that the maximum error values, i.e., the difference between the model values of thermal
characteristics obtained using numerical (FE-Model) and analytical (LTI-Model) solutions, did not exceed 0.72 °C
over the entire modeling interval.

T> °C I ] ] ] |

0 50 100 150 200 250 300 350 ¢, min

FE-Model (T1) FE-Model (T2) FE-Model (T3) FE-Model (T4)
LTI-Model (T1) LTI-Model (T2) TR LTI-Model (T3) -—-—-- LTI-Model (T4)

Fig. 3. Graphs of thermal characteristics in MATLAB system

Linear and Time-Invariant (LTI) Reduced Order Model (ROM) was developed in the ANSYS Twin Builder module
of the ANSYS engineering analysis system based on the object's temperature field and the step response generated in the

ANSYS Mechanical module.
The implementation of the digital model of thermal characteristics based on a temperature field using vector

approximation consists in the sequential execution of seven main stages.
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Stage 1. Importing a geometric model of an object and building a thermal model in an engineering analysis system.

Stage 2. Calculation of the object's temperature field based on the developed thermal model.

Stage 3. Generation of an independent step response based on the results of numerical modeling of the thermal
characteristics of the object.

Step 4. Application of the vector approximation algorithm to obtain the poles and zeros of the transfer function of the
state space model.

Stage 5. Building a model of the state space based on a known transfer function.

Stage 6. Development of a computer model of thermal characteristics.

Stage 7. Implementation of the digital model of the object.

Thus, the proposed digital model containing a computer model for an accurate assessment of the thermal
characteristics of complex technical design objects was obtained through sequential completing all the above steps.

Research Results. The developed computer model (Thermal SG400V_SML1) contains 6 inputs and 4 outputs (Fig. 4);
this provides identifying the relationship between the parameters of the thermal model and the values of thermal
characteristics. The volume heat release power (g1, ¢12), heat flows (Q1, Q) and heat flux densities (¢.1, g»2) were taken as
input data of the computer model. The output data were thermal characteristics (71-74). The computer model is part of the
digital model (Fig. 4 a) of thermal characteristics implemented in the ANSYS Twin Builder module.

The values of the parameters of the digital model, presented in the tabular form (Fig. 4 ¢), are fed to the input of the
computer model (Fig. 4 a) using the STEP components. The graphic module shows the values of thermal characteristics
(Fig. 4 b) obtained at the output of the computer model.

Thermal SG400V SML

T,°C
— 34.0-
i T, i
|7 ]
34.07
= T, ]
&l i
] T, 2904
—m= :
——I T ]
—E 24.0 T T T T | T T T T | T T T T | T T T T | T T
| 0 5000 10,000 15,000 s
a) b)
! 2 3 4 5 6
Time, s 3,600 7.200 10,800 14,400 18,000 21,600
a2 18.0 18.0 18.0 18.0 18.0 18.0
vl 6.500.0 6,500.0 6,500.0 6,500.0 6,500.0 6,500.0
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 1.000.0 1.000.0
anl 320 320 320 320 320 320
o)

Fig. 4. Implementation of digital model in Ansys Twin Builder system: @ — computer model of thermal characteristics;
b — module for graphical representation of results; ¢ — module for monitoring input data of the computer model

During the development of the computer model, the limits of dimension from 2 to 4 orders, values of the target error
¢ =5x1073, and the tolerance for the zero order gy = 2x10~° were set. The remaining parameters were set automatically,
since the vector approximation method was as automated as possible in comparison to other methods that were supported
in the ANSYS Twin Builder module.

In the process of developing a computer model, the ANSYS Twin Builder module automatically generated a special
matrix of approximation errors M =|| y;(t) - JN/,. ()|]; in the time domain, each element of which reflected the difference

between the values of the thermal characteristics of step response (5) and transfer function (7) of the model in the state
space. It is expressed by the following equation:
0.43 4.04 153 497 222 182
021 222 254 1.07 1.16 195
M= x107. (14)
2.66 1.63 039 026 3.43 1.82

1.46 3.21 0.06 0.84 295 3.50
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In this case, the maximum relative error did not exceed value € = 4.97 x 107, At the same time, all other error values
turned out to be less than the specified limit ¢ = 5 x 1073, Zero-error value in matrix (14) meant that the input was ignored
due to a very small contribution.

The estimation of the accuracy of the calculation of thermal characteristics using the proposed digital model was
carried out through comparative analysis of the results obtained using numerical and analytical solutions. The comparative
analysis was performed according to the criterion of maximum error. Maximum error ATy, i.€., the difference between
the values of thermal characteristics obtained using numerical and analytical solutions for all temperature sensors, was
calculated at each time by the formula:

AT,y = max AT, (15)
Jj=ln
where AT; = |Tjs— T;4 — error; Tjrand Tjs — temperature values of the finite element and digital models, respectively

(j =1, m); m — number of temperature sensors.

To assess the digital model accuracy, an error calculation was performed, whose results were presented in the form of
a surface (Fig. 5 a) and a linear graph (Fig. 5 b) of the maximum time error. The surface (Fig. 5 a) represented the
calculated error values for each temperature sensor (dT1, dT2, dT3, dT4) individually and at each time point over the
entire simulation interval.
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0.030
0.020
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0.000

dT1

= (0.00-0.01 = 0.01-0.02 = 0.02-0.03 0.03-0.04 = 0.04-0.05 = 0.05-0.06
a)

dTmax, °C
0.045
0.040
0.035
0.030
0.025
0.020
0.015
0.010
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0000 T T T TN T N TN Y N T T T T Y Y T T T TN T T T T T TN T T TN T T T T N T T T T T T O T T A s T O Y T T B N |

360 3,960 7,560 11,160 14,760 18,360 t,s
b)

Fig. 5. Errors in the calculation of thermal characteristics: a — error for each temperature sensor;
b — maximum error for all temperature sensors
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The graph (Fig. 5 b) showed that for the selected time interval, maximum errorA7,,.. did not exceed 0.1 °C. The error
in calculating the thermal characteristics for each temperature sensor separately (Fig. 5 a) did not exceed the specified
limits either.

Discussion and Conclusion. The obtained results of computational experiments and the conducted comparative
analysis confirm the efficiency of the proposed digital model, which provides calculating thermal characteristics with
high accuracy AT = 0.052 °C, for further analysis and identification of the thermal model.

The temperature field of the design object is influenced by many factors, which complicates the determination
of the nominal values of thermal boundary conditions. To solve this problem, the study first analyzes the key
technologies involved in the implementation of the digital twin of a complex technical object, then builds a thermal
model and a computer reduced-order model LTI ROM of the transient temperature field. The developed computer
model is used as part of a digital model that provides obtaining an accurate assessment of the thermal characteristics
of the design object and thereby increases the efficiency of design procedures in the process of computer-aided
design of complex technical facilities.

The accuracy and efficiency of calculations of the reduced-order computer model and the source full-order thermal
model are evaluated by comparative analysis of the simulation results. The results of computational experiments show
that, from the point of view of calculation accuracy, computer models of reduced order and finite element models of full
order are generally comparable in accuracy, the maximum calculation error is within the acceptable range and does not
exceed 0.1°C.

The results obtained during computational experiments do not contradict the results presented in the sources of
scientific literature on similar topics and allow us to conclude that the use of the proposed digital model is effective for
evaluating the thermal characteristics of complex technical objects in real time, which is one of the most important
conditions for the implementation of digital twin technology.

However, changes in the temperature field of a complex technical facility still depend on many factors. Therefore, in
further research, it is necessary to develop computer models of thermal deformations and conduct effective optimization

algorithms based on artificial intelligence to provide the reliability of simulation results obtained using digital twins.
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Modeling the Dynamic Loads Affecting a Bridge Crane during Start-Up E- E
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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 1M0JIX0
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
N3Yy4YCHUSA MEXaHUYCCKUX CBOMCTB MOCTOBBIX KpPaHOB IIYTEM aHaIn3a JTUHAMHUYECCKUX HAI'py30K, BOSHUKAIOIINX BO BPEMsL
MOABEMHBIX OTIEpALIHiA.

Mamepuanvt u memoodsl. PazpaboTka MaTeMaTHIECKOW MOZEIH OblIa BBITOJIHEHA HA OCHOBE KMHETHYECKOH MOJEIH
CHCTEMBI, BKIIOYAIOUIEH TPH COCOWHUTENBHBIX OJIOKA M J1Ba TMOKHMX COEAMHEHHUS JUId Ooyiee TOYHOTO OIHCAHUS
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.
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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=05mpz2 +0.5mpz2 +0.5mgz% +0.5J -6.2. “)
Potential energy equation:
U=05Kz3+0.5K, (zg —ra+z5)°. 5)
Damping equation:
2
D=0.5C25+0.5C, (2% —ré+z25) . (6)
System equations:
(mp+mp)ig+Kpzp+K,(z5—ra+z)+Cpip+Cr(zg—ra+z)=0 @)
*mG'z'G+Kr(zGfra+zB)+C,(z'G7rdL+z'Bj=0 8)
oo+ K, r(o—zg—z5)+C,r(0—26—25)=My,—M,, Q)

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 to 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 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: m¢ = 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 (Kj);

— stiffness coefficient of the rope (K,);

— damping coefficient of the metal frame (Cj);

— damping coefficient of the ropes (C,).

Machine Building and Machine Science

193



https://vestnik-donstu.ru

194

Advanced Engineering Research (Rostov-on-Don). 2024;24(2):190-197. eISSN 2687—1653

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 11,169.8 N/mm Kz
Rope damping coefficient 23,9344 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.
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Fig. 5. Coil Angle Curve
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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.

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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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

© Shirokov VA, Bazhenova Al, Milich VN, 2024


https://vestnik-donstu.ru/
https://doi.org/10.23947/2687-1653-2024-24-2-198-206
mailto:aigul_bazh@udman.ru
https://creativecommons.org/licenses/by/4.0/
https://crossmark.crossref.org/dialog/?doi=https://doi.org/10.23947/2687-1653-2024-24-2-198-206%20%20&domain=pdf&date_stamp=2024-06-30
https://orcid.org/0000-0002-1429-3057
https://orcid.org/0000-0001-8618-5285
https://orcid.org/0000-0002-6038-6668

Shirokov VA, et al. Features of Bearing on Underwater Object Using Phase Information of a Differential Stereo Sensor

Acknowledgements. The authors would like to thank excellent engineers N.N. Zverev and A.S. Galuzin for their help in
creating technical tools. The research done through their work became the basis for writing this article.

For Citation. Shirokov VA, Bazhenova Al, Milich VN. Features of Bearing on Underwater Object Using Phase
Information of a Differential Stereo Sensor. Advanced Engineering Research (Rostov-on-Don). 2024;24(2):198-206.
https://doi.org/10.23947/2687-1653-2024-24-2-198-206

OpueuHaJleoe amnupudeckoe uccnedosamue

Oco0eHHOCTH onpe/e/ieHUsI MeJIeHra Ha MOJABOJAHBIH 00bEeKT ¢ UCN0Jb30BaHueM (a3oBoii
uHpopmanuu 1upPepeHIHATBLHOIO CTEPEOIaTYNKA
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AHHOTaNUs

Bgeoenue. be3onacHOCTb CyIOXOJCTBa U pa3pabOTOK IOABOIHBIX MECTOPOXKICHUI MOJE3HBIX MCKOMAEMBIX TPeOyroT
TOYHOTO OOHApYKEHUS PAa3INYHBIX IOABOJHEIX 00BEKTOB. B muTepaType paccMaTpuBalOTCs BOIIPOCH OTCIIEKUBAHUS HX
TIepeMEIICHIH 1 TPaeKTOpHH ABMKeHHS. [Ipeamararorcss MeToAbl THAPOIOKANH, 00ECIEYNBAIOIINE BEICOKYIO TOYHOCTh
TTO3UIIHOHUPOBAHMS MOJABOAHBIX 00BEKTOB. OTMEUEHA BBICOKAS TOYHOCTH IEJIEHTa CTEPEOJaTINKOB C YIbTPAKOPOTKON
6azoif. OmHako Takoe 0OOpYyIOBaHWE UYYBCTBHTEIHFHO K YacTOTE JUCKPETHU3AIMM CUTHAJIOB, YTO BBI3BIBACT «IIyM
JMCKPETU3alu». B OTKpBITOM MOCTYyIE HEeT IMyOnuKamui, IMOCBAIIEHHBIX PEeIeH o 3Toi npobnemsl. [IpeacraBnennoe
HCCIIeIOBaHNE ITPU3BAHO BOCIIOJIHUTH JAaHHBIH mpoben. Llens paboTsl — u3ydeHHe BOZMOXXHOCTH MOIYyYCHHS JaHHBIX,
YTOUHSIONMX HWH(OPMALMIO O TMeNeHre MOABOAHBIX OOBEKTOB 3a CHET HCIOJIb30BaHMs (Da3oBoil HMH(poOpManuu
OTpa)XEHHBIX 30HANPYIONINX CUTHAJIOB U JJOMIOJIHUTEIBHON POLEyPHI IEPEANCKPETH3AIH HCXOAHBIX JaHHBIX.
Mamepuanst u memoost. MecTononoxeHue 00beKTa ONpeelsUIU ¢ TOMOILBI0 SKCIEPHUMEHTAIBHOIO KOMITIEKca JUIs
HCCIIEIOBAaHUS THUIPOAKyCTHUECKUX NaT4uKoB, co3naHHoro B.A. IlupoxoBeiM u B.H. Mwummu B YiamypTckom
(denepasbHOM HCCICIOBATENBCKOM IIEHTPE YpalbCKOro OThelieHust Poccuiickoit akagemun Hayk. Mcmosb3oBaiau
cTepeofaTyuk ¢ Manoil 6a3oit (30 MM) O cpaBHEHHIO ¢ paccTtostHHeM 10 obbekra (=800-900 mm). [ns ob6paboTku
JIAaHHBIX TPUMEHSIM MeToAsl IHU(GPOBOH (UIBTpAallMM M MaTeMAaTHYECKHH ammaparT KOPPEISLHOHHOTO aHalN3a
OTPaXCHHBIX THAPOAKYCTHIECKNX CUTHAJIIOB, MOTYYEHHBIX (Da30BBIM METOIOM.

Peszynomamut uccnedoganus. I1pencTaBieHsl UTOTH COTIOCTABICHHS ABYX CIIOCOOOB ONpEIeIeHHs MeNICHra Ha O0BEKT:
110 Pa3HOCTH BPEMEHH NPHUXOAA MEepeIHUX (POHTOB UMITYJIHCOB M IO MAaKCUMyMy KPOCC-KOPPEISIIMOHHON (YHKIMU
(KK®). I'padmueckn moka3aHO M3MEHEHHE IENICHra IpH ABWXKEHUH 00bekTa. Vcmosp3oBanue mepeaHero (ponra
curHaia oOycioBHIIO HeOObIINE BEIOPOCH 3HAUCHUH BIOJIb BCel KpHuBoi nesenra (Menee 0,12 pan). [Ipn makcumyme
KK® BbIOpOCH (PUKCHPOBAIUCH JIMIIB B HEKOTOPBIX 00JACTSIX, HO OBUTH JOBOJIEHO 3HaYnTeNbHBIMU (0KoJ0 0,17 pan).
[TokazaHo, kaKk BBIOpATh TOUKH, COOTBETCTBYIOIIME OoJIee II1aIKOI U BAJIMITHON TPaeKTOPHU 00bEKTa, U Kak paboTaTh ¢
OIMOOYHBIMU TOYKaMu. [IpeacraBieHHBI METOA YCTpaHEHHs OLIMOKM MOXXHO pealn3oBarh nporpammuo. Ilpu
KBa3UrapMOHUYHOM CHUTI'HAJIE PEAKUEC HU3MEPCHUA HCXOJHOI'0 CUTHajla MHTCPIOJIUPYIOTCA YaCThIMHU BBIYMCICHHBIMH
3Ha4YeHUusMHU. braromaps TakoMy BUPTYaJIbHOMY YBETHUEHHMIO YacTOTHI JUCKPETU3AIMU (TIEpeIUCKPETU3AIIH) MOXKHO
(UKCHPOBaTh MPOMEKYTOUYHbIE MOKA3aTEIH B OLU(PPOBAHHBIX MCXOAHBIX HAHHBIX. VIHTEpHONAIMS 3HAUYCHUH CUTHANIA
KyOMYEeCKUM CIUTafHOM IMO3BOJIIIIA MONMydnTh 20 Touek Ha 1 mepno/1 CUrHajia BMECTO 5 TOUEK B HCXOIHOM BapuaHTte. B
9TOM cifydae 0oJiee KOppEeKTHA TPAeKTOPHs, copMupoBaHHas ¢ MakcuMyMoM KK®.

Oébcyyncoenue u 3akniouenue. 3aaady TEICHTAMA MOXHO PEIIUTh C TOYHOCTHIO, HEOOXOANMON AJISI TPAKTUIECKOTO
IIpUMeHEHHs. Y4eT (axkTopa IIaJKOCTH W HEHNPEPHIBHOCTH TPAEKTOPHU JBIKEHUS OOBEKTa MO3BOJISIET KAYECTBEHHO
KOPPEKTUPOBaTh BHIOOP MaKCHMyMa KpOCC-KOPPEJSIIMOHHON (YHKIMH CHUTHAJIOB cTepeojaTduka. llpemnoskeHHbIe
METO/BI 00J1a1a0T OOJIBIINM MTOTEHIINAIIOM JUISl pa3padOTKH CHCTEM IOABOIHOTO BHICHHUS.

KiawueBble cjioBa: OIPEACIICHNE MCCTOIIOJIOKCHUA 00BbeKTa B ruapocpeac, rnejacHranus (l)a3OBI)IM METOAOM, ICPECIHNC
(l)pOHTLI HUMITYJIbCOB, KPOCC-KOPPEIAIIUMOHHAA (l)yHKL[I/ISI, IyM AUCKPETU3alNU

baaromapaocTu. ABTOpHI BhIpakaloT OnarogapHocTh oTianuHbiM uHXeHepam H.H. 3BepeBy u A.C. lamy3uny 3a
TIOMOIIb B CO3JIaHUM TEXHUYECKUX CPelCTB. MccnemnoBanus, BHIIOJHEHHBIC OJarojaps ux padore, cTajal OCHOBOH It
HanuCcaHus 3TOU CTAaThHU.

Jas uurupoanus. Hupoxos B.A., baxenosa A.U., Mumma B.H. OcobeHHOCTH OTIpe/iesieH s TIeJIeHTa Ha TT0ABOIHbIH
00BEKT C HCHoNB30BaHHEM (a3oBoil mHMopMarmu auddepeHnnanbHOro crepeonatdanka. Advanced Engineering
Research (Rostov-on-Don). 2024;24(2):198-206. https://doi.org/10.23947/2687-1653-2024-24-2-198-206
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Introduction. Safety of navigation and work in underwater mineral deposits require high-quality detection of
underwater objects and tracking their movements [1]. Hydroacoustic sensors are used in underwater surveillance
systems. They capture the signal reflected from the object and provide for the calculation of its location using the
trilateration method [2]. In this process, each sensor provides information about the time interval of the probing signal
reflected from the object. In the case of using several sensors [3], it becomes possible to solve the problem of spatial
resection and determine the coordinates of the observed object [4]. To increase the accuracy of measurements, it seems
promising to use stereo sensors with an ultrashort base as a receiver [5], which allow obtaining phase information [6]
and determining the bearing on an object [7]. The possibilities of using sonar data on remote underwater targets, as
well as on the bearing of underwater objects [8] through the use of phase [9] or frequency [10] information of reflected
probing signals have been studied.

At the same time, it is known that the signal sampling procedure causes errors in determining the parameters of the
trajectory of underwater objects [11]. This applies to both distance measurements and bearing determination procedures.
Digitization of the analog sensor signal, which is required for further digital processing, introduces the so-called
“sampling error”. The error caused by the signal amplitude quantization is estimated by the number of quantization levels
of the analog-to-digital converter. The error caused by time sampling is proportional to the range of the quantization time
interval and the stress rate. Therefore, the sampling frequency of the signal is sought to be as high as possible above the
upper frequency of the signal itself. However, increasing the sampling rate in a number of cases is limited by the
capabilities of recording equipment: processor, analog-to-digital converter, data transmission channels, data storage
devices. The limited possibilities of sampling in time when performing trajectory measurements do not allow for accurate
recording of the extreme values of the trajectory (range and bearing). As a result, the accuracy of measurement results
decreases, and outliers appear on the fixed trajectories. To eliminate this disadvantage, it is necessary to study the potential
of oversampling the digitized sonar signal. There are no publicly available publications dedicated to solving this problem.
The materials of this article fill in the existing gap.

The objective of the presented study is to evaluate the possibilities of determining the bearing on an object using phase
information, and to develop a phase method of bearing using the resampling of a digitized sonar signal.

Materials and Methods. An algorithm for determining coordinates using the direction-finding phase method is
considered. The results of its testing for an object moving along a circular trajectory in an experimental pool are presented.

Setting up an experiment. During the experiments, an experimental assembly created by V.A. Shirokov and
V.N. Milich at the Udmurt Federal Research Center of the Ural Branch of the RAS was used to determine the
location of an object in the hydroenvironment with the direction finding by the phase method [12]. This is a
laboratory measuring complex with a linear aqua medium in the form of an extended cylindrical tank (hydro
waveguide) and a basin equipped with a system for generating test sonar signals. The installation elements used in
the experiments are described in detail below.

1. Hydroacoustic signal emitter with known coordinates S (Fig. 1). An amplitude-modulated signal is used in the work [13].

A

v

Fig. 1. Location of the receiving sensors (stereo sensor with two receivers s¢1 and s72) and emitter (S) in the plane of experimental
tank (xy). Here, d — stereo sensor base; D(O; st) — distance between the stereo sensor and the object;
o — bearing on the object; plate (x’y’) is formed by the plane of the stereo sensor and normal # to it
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2. Reflecting object. In the experiment, an extended cylindrical object is used as a test object — a copper wire whose
diameter (0.15 mm) is significantly less than the acoustic wave length (1.5 mm). In the presented work, the problem is
solved on a plane; therefore, for the compilation of computational procedures for calculating coordinates, this object can
be considered a point.

3. Stereo sensor that converts a sonar signal into an electrical one. The coordinates of each of the two receivers of the
stereo sensor are known (see s¢1, s£2 in Fig. 1).

4. Hardware-software complex that performs amplification, digitization and processing of sensor signals.

The measurement result is a recording file of the received two-channel signal.

Algorithm for processing measurement results. Using a stereo sensor with a small base (30 mm) compared to the
distance to the object (= 800-900 mm) allows us to apply simplified formulas.

Now then, we calculate the coordinates of the object under study in the system x’)', formed by the plane of the stereo
sensor and the normal to it. To do this, we use the algorithm that includes five stages.

1. Preprocessing:

— removal of the blind zone (the first N counts);

— signal filtering.

High-frequency filtering is used in the work.

2. Selecting informative fragments imp1, imp2 (in two channels) containing pulses reflected from the object under
study. To do this, thresholding is performed according to amplitude A4 of the signal. The threshold is assumed to be equal
to pxmax(4) (p = 0.5).

This processing allows for determining the leading edge of the pulse (Beginlndex), reflected from the object. Sections
[Beginindex—0.5%LenSignal; Beginlndex+LenSignal] are cut from two signal channels. Here, LenSignal — length of the
input signal. As a result, we get two signals imp1 and imp2 with a length of 1.5%LenSignal. Each of them contains the
pulse reflected from the object.

3. Calculation of distance D(O; st) between the object and the stereo sensor.

— Determination of the distance traveled by the pulse from the emitter to the object and from the object to the reception
sensor, using formula D(S,0,sf)=BeginlndexxdtxC. Here, C = 1475 m/s — acoustic wave velocity, df = 0.2x10-6 s —
sampling interval.

— Calculation of value

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

D(O,st) = 5 1)
4. Determination of bearing o on object [14]:
o = arcsin (—7» i >;dt i j ) 2)

where A — wavelength; /' — signal frequency; df — sampling interval; m — difference in the arrival of the reflected
pulse to two stereo sensors (in counts); d — base of the stereo sensor (in the presented study A = 1.5 mm, F =1 MHz,
dt=0.2 ps, d =30 mm).

5. Calculation of the coordinates of the analyzed object in the system formed by the plane of the stereo sensor and its
normal (Fig. 1), according to the formulas: x’ = D(O, sf) xcos(a); y' = D(O, st) xsin(a).

Determining the bearing on an object. Assume the condition of the smallness of the stereo base compared to the
distance from the sensor to the object. In this case, the stereo sensor allows us to determine the bearing on the object using
information about the phase difference of the received pulses previously reflected from the object, as well as the difference
in the time of arrival of the leading edges of the pulses received by the stereo sensor (Fig. 2).

A,V imnl

Th A
Th2 \
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Fig. 2. Determination of difference in the moments of arrival of stereo signals ds, which are indicated by solid imp1(¢) and
dotted imp2(t) lines. Th1, Th2 — thresholds for the first and second stereo pair signals, respectively; df — sampling interval;
A — signal value in volts;  — time
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To implement this approach, the following procedures are performed.

1. Identification of the moments of arrival of the leading edges of stereo signals using thresholding [15] with threshold
p*xmax(A). In this paper, coefficient p is assumed to be 0.5 [16].

2. Calculation of difference ds (number of intervals df) between the leading edges of the pulses registered in two
receivers of the stereo sensor.

3. Calculation of bearing o by formula (1). We take value d for m.

With this method of calculating the phase shift, the leading edge of the signal is the main indicator of the pulse reflected
from the object. The internal structure of the signal is not taken into account, which may be crucial for the correct
determination of the bearing on the object. We take into account the similarity of the received signals and consider another
approach to calculating the bearing — based on the cross-correlation function (CCF) of stereo signals. It is logical to
determine the phase shift by the CCF maximum. The elements of the bearing calculation algorithm using CCF are
described below.

1. Calculation of the CCF pulses arrived at two receivers of one stereo sensor: » = xcorr(impl, imp2). The value of
function xcorr at the shift of m of the second signal relative to the first is calculated as follows:

N=m-1
impl,.,, x imp2,, m>0,
XCOITp1 imp2 (m)= —
XCOT T2 jyp1 (—11), 11 < 0.

2

Here, N— length imp1 and imp2, —N<m<N.

2. Determination of the maximum CCF and the corresponding shift dc (in counts).

3. Calculation of bearing a from formula (1) taking into account that value dc is taken as m.

Research Results

Testing the bearing determination methods. The presented methods for determining the bearing on an object (by
the difference in the time of arrival of the pulse-leading edges and by the CCF maximum) were tested for an object moving
along a circular trajectory in the experimental pool. A harmonic signal with a duration of 7 periods and a frequency of 1
MHz was used. Digitized stereo signals were recorded at 256 points of the object's trajectory. The digitization frequency
was 5 MHz.

Figure 3 shows the change in bearing values as the object moves around the circle for the two proposed approaches
(difference of the leading edges, CCF maximum).
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g Fig. 3. Deviation of bearing a on the object making a circular motion. Indicators were obtained using two approaches
= (red marker — difference in the time of arrival of the leading edges of stereo signals, blue marker — CCF maximum).

MN — measurement number, 0. — bearing on the object
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When using the signal-leading edge (Fig. 3, red marker), small outliers of values are observed almost along the entire
curve of the bearing on the object. When using the CCF maximum (Fig. 3, blue marker), only in some areas there are
outliers of bearing values, but they are quite large. Perhaps this is due to the peculiarities of the object's movement in the
area where the probing and reflected signals cross the zone of turbulence caused by the object's movement. When finding
the phase shift of stereo signals using the CCF maximum, additional errors occur, which is then reflected in the calculated
trajectory of the object. Also, outliers in the calculated bearing values may be due to an insufficiently high sampling rate.
The values of these errors are significantly higher than the emission values observed for the method using the pulse-
leading edge.

Figure 4 a presents the trajectories of the object, calculated using the global CCF maximum and its neighboring
local maxima.

>
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Fig. 4. Analysis of the trajectories of the circular motion of the object:
a — trajectories calculated using the global CCF maximum (black marker),
local nearest right CCF maximum (orange marker), local nearest left CCF maximum (green marker);
b — example of CCF, whose global maximum corresponds to the correct value of the coordinates of the object;
¢ — example of CCF, in which the left local CCF maximum corresponds to the correct value of the coordinates of the object

Using aprior information about the smoothness of the movement of the experimental object, it is possible to select
points that correspond to a smoother and more valid trajectory. This approach is used in other works [17]. In Figure 4 a,
at x ’€[800;870], » >0, the correct values are on the curve for the trajectory calculated from the left local CCF maximum.
There are also erroneous points. If they are replaced by the points of the trajectory obtained as a result of using the right
local CCF maximum, the correct value of the trajectory point can be calculated (x =800, y’<0 in Fig. 4 @). This graphical
method of error correction can be implemented programmatically.

Thus, at some points of the trajectory, the correct phase shift of the stereo signals required for calculating the bearing
may correspond not to the global CCF maximum, but to one of the neighboring local extremes (Fig. 4 b, ¢). This shift of
the CCF maxima may be due to an insufficiently high sampling rate of the signals. This also explains the stepwise nature
of the resulting trajectory.

Taking into account the quasi-harmonicity of the signal, it is proposed to use interpolation of rare measurements of
the original signal with frequent calculated values. This virtual increase in the sampling rate (oversampling) makes it
possible to fix intermediate values 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. Figure 5 shows the calculated
trajectories of the object, formed with preliminary resampling of the signals.

I/IH(I)OpMaTI/IKa, BBIYMCIINTCIIbHAA TCXHUKA U YIPABJICHUEC

203



https://vestnik-donstu.ru

204

Advanced Engineering Research (Rostov-on-Don). 2024;24(2):198-206. eISSN 2687—1653
]

y’, mm Ar

90 —A—A

60

30

=30

Fig. 5. Calculated object motion trajectories obtained for stereo signals with a virtually increased sampling rate:
blue marker — difference in the time of arrival of the signal-leading edges is used;
red marker — CCF maximum is used

The red line is the object’s trajectory, obtained using the CCF maximum to calculate the bearing from pre-interpolated
data. It seems to be more correct compared to a similar trajectory obtained using the difference in the leading edges of
reflected pulses (blue line).

Discussion and Conclusion. Analysis of the features of determining the bearing on an underwater object using the
mutual phase information of the differential stereo sensor signals makes it possible to draw the following conclusions.

— The difference in the arrival time of the pulse-leading edges recorded by the stereo sensor allows us to obtain bearing
values indicating the direction of the object. The quality of the result depends on the accepted threshold value (used in
determining the pulse-leading edge) and the variability of the amplitudes of the received signals.

— The application of the approach using the maximum of the cross-correlation function at an insufficient sampling
rate of the initial signals leads to significant outliers in the calculated trajectory (Fig. 3).

— Resampling of signals through interpolation of the original quasi-harmonic signals using the CCF maximum for the
calculation of the bearing and coordinates of the object provides obtaining a smooth trajectory (Fig. 5), corresponding to
the smooth movement of the object in a circle. This approach requires significantly higher computational costs compared
to the others discussed in this article. This may affect the speed of real-time signal processing.

Thus, the investigated possibilities of refining the phase direction finding method (resampling of digitized signals and
using the CCF maximum) make it possible to effectively assess the trajectory of an underwater object.

The conditions for obtaining a smooth correct trajectory of the tracked object are described. The oversampling of
interpolated quasi-harmonic stereo signals digitized with insufficient sampling rate serves this goal. At the same time, the
bearing calculation method is used with the maximum of the cross-correlation function of the stereo sensor signals.

The data in Figure 5 confirm that 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 allows for the unique
adjustment of the selection of the maximum of the cross-correlation function of the stereo sensor signals (Fig. 4).

The proposed methods are of great importance for the development of underwater vision systems.
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