MexnyHaponHas HaydHas KoHbepeHimus «DyHIaMeHTaIbHbIC U IPHKIIIHbIC 3aja4l MEXaHUKI», MockBa,
24 nexa6pst 2020 r. Matepuainsl konpepenuun. Yacts 2. I1. M. IlIkanoB, M.U. [{psS4YEHKO, COCTaBUTEIH.
Hnorcenepnuiil scypran: nayka u unnosayuu, 2021, soim. 4. http://dx.doi.org/10.18698/2308-6033-2021-4-2068

Me:xayHapoaHasi HAy4Hasi KOH(pepeHuus
«OYHIAMEHTAJIBHBIE U ITPUKJIATHBIE
3AJJAYN MEXAHUKN»

Mockga, 2—4 nexabpst 2020 r.

MATEPHUAJIbI KOH®EPEHIIUN
B 0s8yx uacmsx

Yacms 2

Cocmasumenu: 11.M. lllkanos, M.U. [IpsiueHko

MOCKDBCKME rOCy ICTEEHHLIA TEXHHMECKHA YHHBEDCHTET MM, H.3. Baymana

YHAPOAHAA HAYYHAA KOHQEepeHUMA

OYHOAMEHTANBHBIE H NPUKNAJHBIE

JAAAYN MEXAHWKH

FAPM-2020

International Scientific Conference
FUNDAMENTAL AND APPLIED PROBLEMS
OF MECHANICS (FAPM-2020)

Moscow, 2—4 December, 2020

THE MATERIALS OF THE CONFERENCE
In two parts
Part 2

Compiled by P.M. Shkapov, M.I. Dyachenko

o

MockBa

N3AATENBbCTBO
MITY um. H. 3. BaymaHa

2021

 AUMANPRESS



Dynoamenmanvhvie u npuKkiIaouvle 3adaqu mexanuku. Mamepuanwv kongepenyuu. Yacmo 2

Mexaynapoaabie HayuHble KOH(pepenunu «®DYHIAAMEHTAJIb-
HBIE U INIPUKJIA/IHBIE 3AJIAYU MEXAHMKW» (Fundamental
and applied problems of mechanics — FAPM) ¢ 2012 r. peryJisipHo npo-
BogaTcsa B MI'TY um. H.O. baymana na 6a3ze HayuHo-yueGHOro KomIuiekca
«DyHaaMeHTanbHble Haykm» H Kadeapol «Teoperndeckass MexXaHUKa»
umenu npodeccopa H.E. )KykoBckoro ¢ yuactuem ydeHBIX M3 HAYIHBIX
yupexxaennii PAH, yauBepcutreroB PD, H3BECTHBIX 3apyOEKHBIX YUECHBIX-
MEXaHUKOB.

OCHOBHOW 1ETbI0 KOH(PEPEHIINH SBIISCTCS MPEICTABICHHE HOBBIX Pe-
3yJbTAaTOB MCCIIETOBAHUN IO PA3JINYHBIM HANPABICHUSIM MEXAHHMKH, MPO-
BOJMMBIX B POCCHICKMX W 3apyOCKHBIX HAyYHBIX M 00pa3oBaTelbHBIX
YUPEXKICHUSX.

Ouepennast koHpepeHIs poxoamia B roa 190-neTust co THS OCHO-
Banust MI'TY um. H.O. baymana — oJHOro M3 BeQyIIMX TEXHUYECKUX
yHUBEpcUTETOB Poccuu, 1aBIIero Hayajao MHOTUM BBICIIMM TEXHUYECKUM
y4eOHBIM 3aBEICHMSIM, HAYYHBIM W HAyYHO-NEJArOrMUeCKUM IIKOJIaM
B 00J1aCTH TEXHUKHU W TEXHOJIOTHIA.

B 2020 r. oTkpbITHE KOH(EPEHINH U MEpPBOE IIICHAPHOE 3aceqaHHe
NPOILTH B OYHO-AMCTAHIIMOHHOM pPeXHMe B KOoH(pepeHi-3aine Moomex-
HOro KocMu4deckoro HayyHoro nentpa MI'TY um. H.D. baymana ¢ tpaHc-
JSAIUeH A7 yY4acTHHKOB uepe3 riargopmy Zoom. 3acemaHus CEKIIHi
POBOMIINCH TOJIBKO B TUCTAHIIMOHHOM (hopmare.

Pabouwne s1361k1 KOHPEPEHINH: PYCCKUIN W aHTJTUHCKHA.

Marepuansl K A0KJIa1aM KOH(EpPEeHIUH MMyOIUKYIOTCS B JIBYX HacCTIX
B aBTOPCKOM penakuuu. B yacts 1 Bonuin rieHapHble JOKJIAAbl U MaTE€pH-
anbl cexuuil 1 u 2. B yactu 2 npeacraBieHsl MaTepuaibl cekuui 3—5.

OI'JIABJIEHUE

OOmume cBeneHus 0 KOHPEPSHLIUH
IlnenapHbie JOKIAIbI
Cexmus 1. MATEMATUYECKOE MOAEJIMPOBAHUE
1.1. MaTemaTHyeckoe MOJISTHPOBAHUE MEXaHUICCKHX CHCTEM,
yHOpaBJeHUE JBHKEHUEM
1.2. MaTemMaTHdecKkoe MOJIEITHPOBaHNE (PU3NICCKUX TIPOIIECCOB
1.3. Marematnueckoe MOICTUPOBAHNIE U aHATHN3
Cexnus 2. TEOPETUUYECKAS MEXAHWKA. HEFECHAA
MEXAHUKA
2.1. TeopeTnueckas MexaHHKa
2.2. HebecHast MexaHHKa
Cexnus 3. ADPO- U TUIPOMEXAHUKA
Cexnus 4. [IPUKITATHASL MEXAHUKA
Cexkmus 5. HAYYHO-METOAMYECKUE U UCTOPUYECKUE
BOITPOCbI MEXAHUKHA

2 Huorcenepnutii scypnan: nayka u unnoeayuu #4-2021



DOI: 10.18698/2308-6033-2021-4-2068

Opranuzaropsl KOH(pepeHIH

MuHHICTEpPCTBO HAYKH U BBICIIero obpa3zoBanus PO
Pocculickuii HAMOHANBHBIA KOMUTET 10 TEOPETUYECKON U IPUKIIAIHON
MEXaHUKE
MockoBCKHH TOCYJapCTBEHHBI TEXHUUECKUN YHUBEPCUTET
nmenu H.D. baymana
MoOCKOBCKHI IOCY 1apCTBEHHBIN yHUBepcUTeT UMeHr M.B. JIomoHOCOBa
HuctutyT npobdieM mexannku nMmeHn A.1O. Unmumackoro PAH
IeHTpaabHBIH a3pOrHAPOIUHAMUYSCKUI HHCTUTYT UMEHHU TIpodeccopa
H.E. XyxoBckoro
Hay4no-MeToraeckuii COBET 10 TeOpeTHYECKOM MexaHuKe pu MuHoOpHayku PO

MexayHapOaHbI OPraHU3AIMOHHBIM KOMUTET

IIpod. A.A. Anekcanapos (npencenarens), MI'TY um. H.O. baymana, Mockga,
Poccus

[pod. B.O. I'nappimes (compenceaarens), MI'TY um. H.O. baymana, Mockga,
Poccus

[pod. II.M. llkanos (conpexacenarens), MI'TY um. H.D. Baymana, Mocksa,
Poccus

Astronom C. Bizouard (Co-Chairman), Observatoire de Paris, France

Prof. K. Matsumoto, RISE Project, National Astronomical Observatory of Japan,
Japan

IIpod. B.C. Acnanos, Camapckuii yauBepcutert, T. Camapa, Poccus

IIpod. b.C. bapaua, MAW (HNY), Mockga, Poccus

IIpod. B.J. beptsies, Tyal'V, r. Tyna, Poccus

[Ipod. C.A. Bepectosa, Yp®V, r. Exatepun0ypr, Poccus

IIpo¢. N.I". barosemenckuii, MI'TY um. H.D. baymana, Mocksa, Poccus

Mpod. FO.U. Jumurpuenko, MI'TY um. H.D. baymana, Mockga, Poccus

[Ipod. B.B. UBamkun, UTIM um. M.B. Kennpeiina PAH, Mocksa, Poccust

IIpo¢. B.T. Kanyrun, MI'TY um. H.3. baymana, Mockga, Poccust

IIpod. B.A. Kammmanuenko, UTTMex mm. A FO. Mnumackoro PAH, Mocksa, Poccust

poo. I'.H. Kyseipkun, MI'TY um. H.3. baymana, Mocksa, Poccus

H-p ¢wuz.-mar. Hayk M.X. Maromeno, OOO HII® «Cayno», r. Maxaukaina,
Jlarectan, Poccust

[pod. B.U. Maitopoa, MI'TY um. H.O. baymana, Mocksa, Poccus

[pod. C.H. Casnun, UMAIII um. A.A. baaroupaBosa PAH, Mocksa, Poccus

IIpod. H.U. Cumgnses, MI'TY um. H.D. baymana, Mocksa, Poccus

poo. FO.I1. Yieiosies, PKK «3ueprus», r. Koponés, Poccust

[pod. FO. /1. Yameukun, MIMex um. A.1O. Ummunckoro PAH, Mocksa, Poccust

[Ipo¢. B.H. Uybapukos, MI'Y umenu M.B. JlomonocoBa, MockBa, Poccust

IIpod. A.O. lllmmanoBckuit, BI'YT, r. 'omens, Peciybmka benmapychb

VYuensnii cexperapp — M.U. dpsueno, MI'TY um. H.D. baymana, Mockaa,
Poccus
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AKaJeMH4ecKHi NPOrPAMMHBIA KOMHUTET

[pod. B.O. I'magpimies (npencenatens), MI'TY um. H.D. Baymana, Mocksa,
Poccus

IIpod. B.H. 3umun (conpencenarens), MI'TY um. H.D. baymana, Mockga, Poccus

[pod. IL.M. lkanos (compencenatens), MI'TY um. H.D. baymana, Mocksa,
Poccus

Prof. H. Hanada (Co-Chairman), director of RISE Project, NAO of Japan, Japan

Astronom C. Bizouard (Co-Chairman), Observatoire de Paris, France

Prof. Shuanggen Jin, Chinese Academy of Sciences, China

Axanemuk PAH P.®. I'anues, UMAIII um. A.A. biaroupaBoBa PAH, Mockaa,
Poccus

Axanemux PAH WU.I'. I'opstueBa, PHKTIIM, Mocksa, Poccust

Axkanemuk PAH B.®. XKypapnés, UTIMex um. A.1O. Ummunckoro PAH, Mockaa,
Poccus

Axanemuk PAH C.T. Cypxukos, UIIMex um. A.JO. HMunumnckoro PAH,
Mocksa, Poccus

Axanemuxk PAH JI.B. Tpemés, MI'Y umenu M.B. JlomoHnocoBa, MockBa, Poccus

Axanemuk PAH C.JI. Yepnsimes, LIAT'Y, r. XKykoBckuii, Poccus

Un.-xopp. PAH A.Il. Kpumenko, MI'TY um. H.O. baymana, Mocksa, Poccus

Un.-xopp. PAH N.N. Jlunaros, LHAT'U, r. XKykosckuii, Poccus

Uin.-xkopp. PAH A.H. Mopo3zos, MI'TY um. H.D. baymana, Mocksa, Poccust

Un.-xopp. PAH O.C. Hapaiikun, MI'TY um. H.D. baymana, Mocksa, Poccus

Un.-xopp. PAH B.A. ConoBsé, MI'TY um. H.O. baymana, Mocksa, Poccus

IIpod. M.M. bnarosemenckasi, MI'VIIII, Mockga, Poccus

[poo. B.C. 3apyoun, MI'TY um. H.D. baymana, Mocksa, Poccust

IIpod. T.A. Ucmaunos, AT'TY, r. Maxaukana, /larecran, Poccus

IIpod. B.B. Cazonos, UIIM um. M.B. Kennpmra PAH, Mocksa, Poccust

IIpod. B.A. Camconos, MI'Y umenu M.B. JlomoHocoBa, MockBa, Poccust

[pod. AM. Hupmunr, UIIC wum. A.K. Aiinamassna PAH, . IlepecnaBib-
Samecckuii, Poccus

IIpod. B.H. lllepbakoB, BKA um. A.®D. Moxaiickoro, C.-ITerepoypr, Poccus

VY4eHblii cekpeTapp — KaHA. ¢u3.-mMaT. Hayk, gou. E.B. Menkymosa, MI'Y
nmeHu M.B. JlomoHocoBa, MockBa, Poccus

CEKIIMM KOHO®EPEHIINU

1. MATEMATHUYECKOE MOJIEJIMPOBAHUE

2. TEOPETUYECKASI MEXAHUKA. HEBECHA I MEXAHHKA

3. APPO- U TUJIPOMEXAHUKA

4. IIPUKJIIATHASI MEXAHUKA

5. HAVYHO-METOJMYECKUE U UCTOPUYECKHUE BOIIPOCHI MEXAHUKU

Caiim kongepenyuu:
http://fn.bmstu.ru/coferences-sec-fs/item/101 1-fapm-2020

e-mail: fapm2020@mail.ru
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CEKLUMA 3. A3PO- N TUAPOMEXAHUKA

Pyxosooumenu: n-p Texu. Hayk, npod. B.T. Kanyrus,
I-p ¢us.-mat. Hayk, npod. B.A. Kanunnuenko

AHAJIUTHYECKHI MOIXO0J K HCCJICT0BAHMIO 32124 JUHAMUKH
IK30TEPMUYECKHUX FA30BbIX Cpe/l

© A.H. bormauos

HUU mexanuku MI'Y, Mocksa, Poccus
E-mail: bogdanov@imec.msu.ru

A”HoTanud. [TpenioxkeH aCHMOTOTUHYECKUI METOJI aHAJTUTUYECKOTO
MCCJIE0BaHUS TEUEHUH Ta30BOM cpelibl ¢ TeruoBblAeneHneM. [IpuBoasarcs
pe3ysbTaThl MPUMEHEHUS METOJIa B psA€ 3a7ay ra30JJMHAMUKN BHYTPEH-
HUX Y BHEITHUX TCUCHHH.

Knrwoueswie cnosa: cazosas ()uHamuKa, aAdpPOMeEXAHUKA, IK3omepMmUuiecKkue
cpedbz, ACUMNMOMUYECKUE MEemMOObL.

AHAIIMTUYECKOE HMCCIIEJOBAHUE CTALIMOHAPHBIX HEOJHOPOIHBIX IK30-
TEPMUYECKUX TEUEHUW MOXHO MPOBOJUTH, UCIIOIB3Ysl aCUMITOTHUYECKUE
pa3’oXKeHUs TI0 MajoMy TMapaMeTpy, BIOpaB 3a HEro Majaoe OTKIOHEHHE
TEKyIero 3HaueHus yncia Maxa ot eqununbl. [Ipurognocts Mmerona pas-
JIO’KEHUH M0 BBEIEHHOMY TaKUM O00pa3oM MalioMy HapaMeTpy ISl HIHpO-
KOro Kpyra 3aJiad TMOJICKa3bIBa€TCS aHAJIM30M SIBJICHUS, U3BECTHOTO KakK
«TETJIOBOM KpU3HCy (3amupaHue motoka) [1]. B ogHOMEpHOM 103BYKOBOM
TEUEHUU raza BO M30€KaHHUE TETUIOBOTO KpHU3KCa M3MEHEHHE Oe3pa3Mep-
HOMl CKOpPOCTM NOTOKA TEOPETHUYECKU AOJKHO HAXOAMUTHCS B Ipenesax
0,58<u<l [2].

B psae 3amay aspoIMHAMUKU 3TOT METOJ MO3BOJISET MOJIYUYUTh Kade-
CTBEHHO NPHUHIIMIHAIBHO HOBBIE PE3YJIbTAThl 10 CPABHEHUIO C KlaccUye-
CKOW Ta30BOM JMHAMHUKON OOBIYHBIX cpen. OpraHusys TETUIOBBIACICHHE
B OKpY Xalollel JIeTaTeIbHbIA anmnapar cpejie, MOXHO U3MEHSTh €ro a’po-
JMHAMUYeCKue xapaktepucTuku [3]. PacueTsl moka3beiBatoT [4], 4TO KO-
HEHHUE JIBIXKCHHMS arrapaTa OT MPSMOJIMHEHMHOT0 B 3K30TEPMHUYECKOH cpe-
Jle IPUBEJET K €r0 OMPOKUJIBIBAHUIO MO/ ACHCTBUEM IMOMEPEUYHOU CHUIIBI,
OTCYTCTBYIOIIEH B OOBIUHBIX yCIOBHUSX. Teno, oOlagaroiee MUHAMAIb-
HBIM BOJIHOBBIM CONPOTHBJIEHHWEM, B AK30TEPMHUUECKON Cpelie UMEET Ka-
YECTBEHHO MHYIO (hOpMY, HEXKel B OOBIYHON ra30BOI TuHAMUKE [5] win
B CpeJie, pelaKCUPYIOIIEH ¢ TOTJIOMEHUEM YHEPTUH [6], 9TO 0OBsICHACTCS
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UHBIM XapaKTepPOM Pa3BUTHS BBI3bIBAEMBIX JBIKEHHEM TEJa BO3MYIICHHN
B 00TEKAIOIIEeM armapar MOTOKeE.

[IpemioskeHHBIH METO MPHUTOJEH JJIS MCCICIOBAHUS 33[a4 TEOPHH
CTallMOHAPHBIX HEOJHOPOJHBIX TEYCHUN NHOU PUPOJIBI.

Paboma evinonnena 6 coomeemcmesuu ¢ nianom ucciedosanuti HUHM
mexanuku MI'Y (mema AAAA-A19-119012990113-1) npu uacmuunoti
@unancosou nodoepacke Poccutickoeo ghonoa (hyHOamenmanvHbix
uccneoosanuul (npoekm Ne 18-01-00793).

Jlureparypa

—_—

UYepnstii ['.I". I'azo6as dunamurxa. Mocksa, Hayka, 1988.

2.  borganos A.H., Kynukosckuii B.A. CranuoHapHble CBEpX3BYKOBBIE TEUEHUS KOJIE-
0aTeTbHO-BO30YKIEHHOTO ra3a OKOJIO TOHKUX Tel. [IMT®, 1993, Ne 1.

3. Teopruesckwuii [1.1O., Jleun B.A. Ynpasnenue obTekaHHeM pa3NAYHBIX TEI C TIO-
MOIIBIO JIOKAJH30BaHHOTO OIBOJIA YHEPTUU B CBEPX3BYKOBOH HAOETraOUIHIA MTOTOK.
H36. PAH. MOKT, 2003, Ne 5.

4. bormanoB A.H., Kymukosckuii B.A. O0Texanne TOHKOTO Tela BpalleHHUS MO/ Ma-
JBIM YIJIOM AaTakd CTalMOHAPHBIM CBEPX3BYKOBBIM ITOTOKOM KOJIeOATENbHO-
BO30ykIeHHOT0 ra3a. [IMT®, 1993, Ne 3.

5. Muene A., pen. Teopus onmumanvhslx aspoounamuyeckux ¢opm. Mocksa, Mup,
1969.

6. Tkanenko P.A. O TOHKHMX Tenax BpallleHUs] HAMMEHBILIErO BOJIHOBOTO COMPOTHUBIIE-

HUSI B HEPABHOBECHOM CBEPX3BYKOBOM noToke. 436. AH CCCP. MJKT, 1969, Ne 6.

BHyTpeHHMe rpaBUTALIHOHHBIC BOJIHBI
B CTPAaTU(PUIMPOBAHHBIX CPeIax ¢ TEYEHUSIMU

© B.B. Bynaros’, 10.B. Bragimupos

Wucruryt npobnem mexannku uM. A.1O. Mmmuackoro PAH, Mocksa, Poccust
*E-mail: internalwave@mail.ru

A”HoTanus. PaccmoTpena 3agaya o0 1noJjie BHyTPEHHHUX I'PaBUTALOH-
HBIX BOJIH B CTPAaTU(PHUIMPOBAHHOW Cpele KOHEYHOW TIyOWHBI IS MO-
JIEJIBHBIX pacupe/eieHnii (OHOBBIX CIABUTOBBIX TeUCHUU. JIJIs aHaIMTHYC-
CKOrO0 PpEIICHMs] 3a/adyd MCMOJb30BAHO TIOCTOSIHHOE pacCIpeesieHue
YacTOTHl IUIABYYECTH W Pa3IMUYHBbIC JIMHEHHBIE 3aBUCUMOCTH (DOHOBOTO
CABUTOBOTO TE€YEHUS OT IIyOHHBI. [lomydeHbl AUCTIepCHOHHBIE 3aBUCUMO-
CTH, KOTOpBIE BBIPAXKAIOTCS Yepe3 MoIupHUIMPOBaHHY0 (yHKIHI0 becce-
71 MHUMOTO HHeKca. [Ipu BBINMOIHEHUHN yCI0BUsl yCTOMYMBOCTH Maiinca
U OonpmMX 4mciaax Pudapicona Uit MOCTPOSHUS aHATHUTUYECKUX pere-
HUM OBLIM UCTIONB30BaHBI 1€0aeBCKUE AaCUMITOTHUKH MOAU(PHUIIMPOBAHHON
¢ynxun beccenst MEHMMOro nHaekca. M3ydensl cBoiicTBa TUCIEPCUOHHO-
IO YpaBHEHHUS U UCCIIEJOBAaHbl OCHOBHBIE aHATUTHUYECKUE XAPAKTEPUCTUKHU
JUCTIIEPCUOHHBIX KPUBBIX B 3aBUCUMOCTH OT MapaMEeTPOB (POHOBBIX CIBH-
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TOBBIX TeueHHH. UucieHHO paccuuTaHbl (pa30Bble KapTUHBI BO30YXkae-
MBIX TIOJIEH JJIsI pa3IMYHBIX MO/JIENIC BOJIHOBOM r'eHEpaIlUH.

Knioueewie cnosa: GHYNMPpEHHRUE cpasumayuOHHble 60JIHbL, cmpamuqbuuupo—
BAHHAA cpeda, cosu2o08vle mey4yeHUsl, 60JIHOBAA duHamuKa, ACUMNMOMUKU.

Cpenu 60IBIIIOr0 MHOTOOOPa3usi HAOIIOAAEMBIX BOJTHOBBIX ITPOIIECCOB
pasnuuHON (U3MYECKO MpUponbl B OkeaHe M aTMocdepe 3emin ocoboe
MECTO BBI3BIBAET B3aUMOACHUCTBUE BO30YKIAEMbIX BOJIH C TUAPOIUHAMUYE-
CKUMHU TOTOKaMH. JIBIDKEHHE CTpaTH(QHUIUPOBAHHONW CPEIbI SIBISETCA
OJTHUM M3 OCHOBHBIX (DaKTOPOB, BIMSIOIIMX HA JUHAMUKY BHYTPEHHHX Tpa-
BUTAI[MOHHBIX BOJH KaK B €CTECTBEHHBIX YCJIOBHUAX, TaK U B TEXHUUYECKUX
yCcTpoiicTBax. B nuHEHHOM mNpUOMKEHUN CYIIECTBYIOIINE TOIXOIbI
K ONMCAHUIO BOJHOBOW KApTHHBI BO30YKIAEMbIX MOJIeH BHYTPEHHHUX Tpa-
BUTAIlMOHHBIX BOJH OCHOBAaHbI HA NPEICTaBICHUH BOJHOBBIX ITOJIEH WHTE-
rpanamu Oypbe ¥ UX aCUMOTOTUYECKOM aHaiu3e. B peanbHbIX oxeaHHue-
CKHUX YCIJIOBHSIX HEOOXOIMMO paccMaTpUBaTh BHYTPEHHUE TPABUTALIUOHHBIE
BOJTHBI, PACIIPOCTPaHsIOIIKEcs Ha (pOHE CPETHUX TEUSHUH C BEPTHKAILHBIM
CIABUTOM CKOPOCTH, IPUYEM Bapualysi CKOPOCTHU 110 BEPTHUKAIN COCTABISAET
JIECSITKA CAaHTUMETPOB B CEKYHAY U METPOB B CEKYHAY, T. €. UMEET TOT KeE
MOPSAJOK, YTO M MAKCUMAJIBHBIE CKOPOCTH BHYTPEHHHMX I'DAaBUTALMOHHBIX
BOJIH. Takue TedeHus JOKHbI CYLIECTBEHHO CKa3bIBATHCS HA PaclpocTpa-
HEHUM BHYTPEHHUX TI'PAaBUTAlMOHHBIX BOJH. JlJI1 MoJenupoBaHMs TeHepa-
MU BHYTPEHHUX I'PABUTALMOHHBIX BOJH TOUYEYHBIM HCTOUYHUKOM B peajib-
HOM OKEaHe MOXHO CUUTaThb KPYTOM CKJIOH TIONEpPEeYHoro xpedTa
B TIPOJIMBAX, KOTOPBII 00TEKAETCS CIBUTOBBIM TEYCHUEM H MEPUOINICCKIM
NPUWINBHBIM TeueHreM. Ecin Maciitab u3MeHeHus: TeUeHH o rOpu30HTa-
J¥ MHOTO OOJIbIIIEe JIMH BHYTPEHHUX TPABHTAIMOHHBIX BOJIH, 4 MAaCIITa0
BPEMEHHOW U3MEHYMBOCTH MHOTO OOJIbIIIE TIEPHOJIOB BHYTPEHHHUX BOJIH, TO
€CTECTBEHHOW MAaTEMaTUYECKON MOJIETIBIO SIBJISIETCS CIIy4Yal CTallMOHAPHBIX
Y TOPHU3OHTAIBHBIX OJHOPOJIHBIX CIBUIOBBIX T€UEHUH. TOUYEUHBIM HeEcCTa-
[IUOHAPHBIM MCTOYHHKOM T€HEpallMi B PEATIbHOM OKEaHE MOXXHO CUUTATh
KPYTOi CKJIOH TOMEpeYyHOro XxpedTa B MPOJIMBAX, KOTOPBIA oOOTeKaeTcs
CABUTOBBIM TE€UEHHEM W NEPUOJAMYECKUM NPUIUBHBIM TedeHHeM. Takoit
NoaXo/ sBJsiercs (u3ndecku 0OOCHOBAaHHBIM ISl pEeIlIEHUs] MHOTHX 3a]a4
MOJIETTMPOBAHUS T€HEpAlU BHYTPEHHUX TPABUTALIMOHHBIX BOJIH B OKEaHE
C y4eTOM CHBHTOBBIX TeueHHU. l[enpro HacTosIIel paOoOThI SIBIISCTCS IO-
CTPOCHHE AHAJIMTUYECKUX PEIICHUH, OMMCHIBAIOIIMX IOJS BHYTPEHHHUX
TPAaBUTALMOHHBIX BOJH OT OCHWUIMPYIOIIETO MCTOYHHMKA BO3MYIICHHUHA B
CTpaTU(QHUIIMPOBAHHON CpeJie C YUeTOM CIBUTOBBIX TeueHuil. [ pemenus
3a/1a4dl UCTIOJb30BaHbl MOCTOSIHHOE paclpeselieHne YacTOThI IUIaBy4eCTH
U JMHEWHAas 3aBUCUMOCThH CABHIOBOTO TEUEHHUS OT IiIyOuHBI. [lomydeHs
AQHATUTUYCCKUE BBIPAKEHUS, OINUCHIBAIONIUE JMCIIEPCHOHHBIE 3aBUCHUMO-
CTH, KOTOPBIE BhIpaXkatoTcs uepes MoaudunupoBannyto gpyukiuio beccens

Huotcenepnotit scypran: Hayka u unnosayuu # 4:2021 7



Dynoamenmanvhvie u npuKkiIaouvle 3adaqu mexanuku. Mamepuanwv kongepenyuu. Yacmo 2

MHHUMOTO HHJAEKca. [Ipu BbImOMHEHHH ycnoBuUs ycToWumBocTh Maiiiica u
Oonpmmx yucinax PuuapacoHa /Ui OCTPOCHHUS aHAMTHYECKUX PEIICHUN
ObUTM UCMONB30BaHbl Je0AaEBCKUE ACUMITOTUKU MOIAU(PHUIMPOBAHHON
¢ynkunu beccens MEHMMOro uHaekca. M3yueHsl CBONCTBa TMCIIEPCHOHHOTO
YpaBHEHHUS U UCCJICIOBAHBI OCHOBHBIE AaHAJTUTUYECKHE CBOMCTBA JUCTIEPCH-
OHHBIX KpUBBIX. B mpuOmmxkeHnn craroHapHOU (ha3bl TOCTPOSHBI MHTE-
rpaJibHbIC MPEJICTABIICHUS PEIICHUI JUIsl JalbHUX BOJIHOBBIX mojed. Yuc-
JICHHO paccuuTaHbl (pa3oBble KAPTHHBI BO30YKIAEMBIX TOJEH BHYTPEHHUX
rPaBUTALMOHHBIX BOJIH JJIs1 TaHHOW MOJIEIN BOJHOBOW reHepaumu. [lomy-
YEHHBIC Pe3yJbTAaThl MOKA3bIBAIOT 3HAYUTEIBHYIO 3aBUCHUMOCTH (Pa30BOit
CTPYKTYpPBI BO30Y>K/Ia€MbIX BOJHOBBIX IOJICH OT COOTHOIICHHS aMIUTHTY.]
MPUIOHHOTO M MPUIIOBEPXHOCTHOTO TEUEHUM IJI pa3IUYHBIX THIPOJIOTH-
yeckux mojienei. KauectBeHHast KapTHHA AUCTIEPCUOHHBIX KPUBBIX U COOT-
BETCTBYIOIINX MM (Da30BBIX KapTUH OMPEACTSETCS CBOMCTBAMHU (POHOBBIX
CIBUTOBBIX TeUEeHH. [Ipy OTHOCHUTENEHO MaJIbIX BEPTUKAJIBHBIX I'PAIUCH-
TaX (POHOBBIX CIBUTOBBIX TEUCHHUH (TE€YCHHS HA TOBEPXHOCTH U JHE
Pa3TUYHBI TT0 aMIUTATYI€, HO OJTHOHAMPABJICHHBI) BOJTHOBAs KapTUHA MPE/-
CTaBIISIET COOOM CHCTEMY KaK KIIMHOBHUIHBIX (MIPOJOIBHBIX), TAK U KOJBIIE-
BbIX (ITOTIEpEYHBIX) BOJH. [Ipu OONBIINX BEPTUKAIBHBIX TpaieHTax (OHO-
BBIX CJIBUTOBBIX TEYEHHUH (CIBUTOBBIC TCUCHHS] HA IOBEPXHOCTH U IHE
pa3HOHAMPAaBJICHBI) BOJHOBAsI KAPTHHA COCTOUT TOJIBKO M3 KOJBIIEBBIX (I10-
MEPEYHBIX) BOJIH, MIPU 3TOM COOTHOILIEHUE aMIUIUTY] MPUIOHHOTO U MpH-
MOBEPXHOCTHOTO TEUYECHHUI OMNpEAeiseT CTENEeHb aCUMMETPUU TE€HEpUpye-
MBIX BOJIHOBBIX KapTHH.

Paboma evinonnena npu noooepoicke epanma PODOU Ne 20-01-00111A4.

Internal gravity waves in stratified medium
with shear flows

© V.V. Bulatov*, Yu.V. Vladimirov

Ishlinsky Institute for Problems in Mechanics RAS, Moscow, Russia
*E-mail: internalwave@mail.ru

Abstract. The problem of the internal gravity fields in a stratified me-
dium of finite depth for model distributions of shear flows is considered.
For the analytical solution of the problem, a constant distribution of the
buoyancy frequency and various linear dependences of the shear flow on
depth were used. Dispersion dependences are obtained, which are ex-
pressed through a modified Bessel function of an imaginary index. Under
the Miles-Howard stability condition and large Richardson numbers, the
Debye asymptotics of the imaginary index modified Bessel functions were
used to construct analytical solutions. The properties of the dispersion
equation are studied and the main analytical properties of the dispersion
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curves are investigated. The phase patterns of the excited fields are calcu-
lated numerically for various wave generation models.

Keywords: internal gravity waves, stratified medium, shear flows, wave
dynamics, asymptotics.

Among the wide variety of observed wave processes of different phys-
ical nature in the ocean and atmosphere of the Earth, a special place is
caused by the interaction of excited waves with hydrodynamic flows. The
movement of a stratified medium is one of the main factors influencing the
dynamics of internal gravity waves, both in natural conditions and in tech-
nical devices. In the linear approximation, the existing approaches to the
description of the wave pattern of the excited fields of internal gravity
waves are based on the representation of wave fields by Fourier integrals
and their asymptotic analysis. In real oceanic conditions, it is necessary to
consider internal gravitational waves propagating against the background
of medium currents with a vertical shear of speed, and the vertical speed
variation is tens of cm / s and m / s, that is, it has the same order as the
maximum velocities of internal gravitational waves. Such currents should
significantly affect the propagation of internal gravity waves. To simulate
the generation of internal gravity waves, the steep slope of the transverse
ridge in the straits, which is flown around by a shear current and a periodic
tidal current, can be considered a point source in the real ocean. If the
scale of changes in currents horizontally is much larger than the lengths of
internal gravity waves, and the scale of temporal variability is much larger
than the periods of internal waves, then the natural mathematical model is
the case of stationary and horizontal homogeneous shear flows. A point
unsteady source of generation in the real ocean can be considered a steep
slope of a transverse ridge in the straits, which is flowed around by a shear
current and a periodic tidal current. This approach is physically justified
for solving many problems of modeling the generation of internal gravity
waves in the ocean, taking into account shear currents. The aim of this
work is to construct analytical solutions describing the fields of internal
gravity waves from an oscillating source of disturbances in a stratified
medium, taking into account shear flows. To solve the problem, a constant
distribution of the buoyancy frequency and a linear dependence of the
shear current on depth were used. Analytical expressions are obtained that
describe the dispersion dependences, which are expressed through the
modified Bessel function of the imaginary index. Under the Miles stability
condition and large Richardson numbers, the Debye asymptotics of the
modified Bessel function of the imaginary index were used to construct
analytical solutions. The properties of the dispersion equation are studied,
and the main analytical properties of the dispersion curves are investigat-
ed. Integral representations of solutions for far wave fields are constructed
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in the stationary phase approximation. The phase pictures of the excited
fields of internal gravity waves are numerically calculated for the given
model of wave generation. The results obtained show a significant de-
pendence of the phase structure of the excited wave fields on the ratio of
the amplitudes of the bottom and near-surface currents for various hydro-
logical models. Analytical representations of dispersion relations make it
possible to study the IGW dynamics in a stratified medium with flows and
slowly varying parameters. Horizontal heterogeneity and non-stationarity
have a significant impact on the internal gravity waves propagation in the
world ocean. If the ocean depth, its density, shear flows are changing
slowly as compared to the characteristic length (period) of internal gravity
waves, which is well done in the real ocean, then for solving the mathe-
matical modeling of wave dynamics, we may use the WKBJ method (ge-
ometrical optics method) and its generalizations. Then, the asymptotic so-
lution can be represented as a sum of wave packets. The phase structure of
each wave packet is determined by the analytical properties of the disper-
sion curves. The phase functions (model integrals) of asymptotic solutions
are expressed in terms of various special functions: Fresnel integrals, Airy
functions, Pearcey integrals, and others. The specific choice of the phase
function (model integrals) is completely determined by the analytical
properties of the dispersion relations. The obtained analytical solutions of
dispersion relations allow one to efficiently calculate the main phase char-
acteristics of the excited fields of internal gravity waves and, in addition,
to qualitatively analyze the obtained solutions, which is important for the
correct statement of more complicated mathematical models of wave dy-
namics in real natural stratified media (ocean, Earth’s atmosphere).

This work was supported by the grant RFBR no. 20-01-00111A.

Bb10op cnocoba onpeneneHus KacaTeJbHbIX HANIPAKEHU I
HA MOBEPXHOCTHU NP 00TeKAHUN MOTOKOM ra3a

© C.A. bypues, JI.I'. Xpynes

MI'TY um. H.D. baymana, Mocksa, Poccust

AHHoTanus. [Ipy npoBeeHNN 3KCNIEPUMEHTAIBHOIO HCCIEI0BAHUS
IPOIIECCOB TEIUIOOOMEHA Ha IOBEPXHOCTSAX C PETYJSPHBIM pelbehoM
O00BIYHO HEOOXOAMMO C BBICOKOM TOYHOCTBIO OIPENENATh KacaTesbHbIE
HaNpsDKEHUs, BO3HUKAIOLIME MPU B3aMMOJEHCTBUM MOTOKA C MOBEPXHO-
cTbto. CyIecTBYIOT J1Ba NMPUHLUUIHAIBHO Pa3HbIX MOAXOJA Ui OIpese-
JeHus 3Toro napamerpa. IlepBblif oCHOBaH Ha MoSyuyeHUH MPOQuUIIs CKO-
pOCTH ¢ MoMoIbl0 aHemoMmeTpuu, PIV-meroma wnm OapomeTpuu u
JabHEeHIeM IrepecuyeTe KacaTelbHBIX HANpsKeHUH win kKoddduuuenta
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COIIPpOTUBJICHU, BTOpOI\/'I — Ha IIPpAMOM B3BCHINBAHUU MOJICILHOM IIa-
CTHHBI (TeHSOMeTpI/II/I). Ananuz MNpeUMyeCTB U HEAOCTATKOB 9TUX METO-
A0B UBMCPCHUSA U BBI60p palluOHAJIBHOI'O IPHUBECH B JAHHOM cTaThe.

Knwoueevie cnoea: racamenvHvle Hanpasxicenus, peyiapHulll penveq,
anemomempus, meuzomempus, PIV-memoo, 6apomempus.

BBenenne. B paMkax ra3oBoil TMHAMHUKH U TEOPUH TeIIIoMaccooome-
Ha 4acTO PacCMaTpHUBAIOTCS 3a/a4M, CBSI3aHHBIE C MOBBIILIEHUEM (WM IIO-
HW)KEHMEM) HUHTEHCUBHOCTH MPOLIECCOB MEPEHOCA TEIIOTHI, COMPOBOKIA-
€MBIX U3MEHEHUEM KOJIMYECTBA JIBUKCHMUSL.

YacTbIM MHXEHEPHBIM PELIEHHEM TAKUX 3aJa4 OKa3bIBAIOTCS MCIIONb-
30BaHHE MOBEPXHOCTEH ¢ MHTeHCU(HKaTopaMu. OfHAKO MPU UX TpUMe-
HEHMH OKAa3bIBACTCS, YTO C POCTOM MHTEHCU(HUKAIMM TEIUIOOOMEHA pac-
TYT TaK)X€ W TMAPABIMYECKHE CONPOTHUBIICHUS, NPUYEM CKOPOCTh pOCTa
noTepb OOBIYHO 3HAYUTENBHO BbINIE. BOJIBIIMHCTBO TaKUX MOBEPXHOCTEH
JexxuT B obsnactu kpuBoil Hynnepa [1], rae otHocurensHoe uncino Hyc-
CeJbTa pacTeT MPONOPLUOHAIBHO KBaJpPaTHOMY KOPHIO OTHOCHUTEIBHOIO
pocta kod(duIMEeHTa CONpOTUBICHUA. YacTh MOBEPXHOCTEH COOTBET-
CTBYIOT aHayioruu PeiiHonbaca, ¥ MUl Manas 0Jisl OKa3bIBaeTcst Oosee
apdextruBHONH. C TOUKHM 3pEHUS] MPOCTOTHI TEXHOJOTHH H3TOTOBJIICHHUS
Han0oJiee HHTEPECHBIMU OKa3bIBAIOTCSI IOBEPXHOCTH C PETYJISIPHBIM PElb-
edom (mynkamn) [2, 3].

Jlia pacdera TEMJIOTMAPABINYECKHX XapPAKTEPUCTUK TAKUX MOBEPX-
HOCTEl HEOOXOJMMO HE TOJIbKO ompenensTs uucio Hyccenpra (koTOpoe
JIOCTATOYHO TOYHO MOKHO IOJYYHUTh METOJOM HECTAllMOHAPHOTO TEIUIO-
obOmeHa [4]), HO 1 KOA(hOUIMEHT THIPABIUYECKOTO CONMPOTHBICHHS (Ka-
caTelibHbIe HANpsOKEHHsI Ha MoBepXHOCTH). CyllecTBYIOT JABa MPUHIUIIH-
aJbHO pa3HbIX MOJAXOJa K ero omnpexaeineHuro. [lepBelii OCHOBaH Ha
MOJTyYE€HUHU NPOPMIIs CKOPOCTH C MOMOUIbI0 aHemoMmeTpuu, PIV-merona
Wi GapoMeTpuu U JajbHEHIIeM NepecyeTe KacaTeIbHbIX HAMpsKEHH,
BTOPOl — Ha MNpsIMOM B3BEIIMBAHUM MOJIEIBbHON IUIACTHHBI, MPUYEM
OOBIYHO OTIPEIENAIOT UHTETPATBHBIA KOXPPHUIIMEHT COMPOTHUBIICHHUSI.

Henpsimoit meToa. PaccMoTpuMm nepBeiil MeTo. s ero peanuzanuu
CHauaJjia 1o npoJ0JbHON KOOPJIMHATE X BBIUUCIAIOT YUCIo PeliHomnbca:

Vxp  Vxp
Re, =—=—7-—,
L URT
rae V' — mpononbHas CKOPOCTh; p — CTaTUYECKOE JABJICHHE; L — JIU-
HaMH4YeCKas BI3KOCTh; R — rasoBas IIOCTOSHHAS, I — craTUdecKas
TeMIieparypa.

B skcnepuMeHTe HEOOXOAUMO HM3MEpPUTH CKOPOCTh B sipe IMOTOKA,
IPOJOJIBHYI0 KOOPAUHATY, CTATUUECKOE AABJICHUE B sIpE MOTOKA, JUHA-
MHUYECKYIO BSI3KOCTb ra3a M €ro CTaTUYeCKylo Temieparypy. Bce stu
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U3MEPEHUS] UMEIOT OTPEAENIEHHYI0 TOUHOCTb, 1 MOXKHO BBIYUCIUTH OTHO-
CUTEINIbHYIO TMOrPEUIHOCTh OIpeaeneHus yucia PeliHonbaca Kak KOCBEH-
HOT'O U3MEpPEHUS:

ARe, = (8] +(&) (&) +(3u) + (A7), ()

rae ARe, — oTHOCUTENbHAs MOTPEIIHOCTh B ONpeAeNIeHnn ynciaa Re ;

AV, Ax, Ap, Ap, AT — OTHOCUTEBHBIE IOTPEIIHOCTH B ONPEACIECHUN
CKOPOCTH, NMPOJOJIbHON KOOPAMHATHI, CTATUYECKOIO JaBJICHMS, JTUHAMMU-
YEeCKOH BSI3KOCTH U TEMIIEPATYpPbl COOTBETCTBEHHO.

Onenka cocrapmustomux ¢popmydsl (1) B o0r1actu Hanbomnee xapakrep-
HBIX 3HAYCHUH U3MEPAEMBIX B HKCIEPUMEHTAX BEJIMUYUH (CKOPOCTb IOTO-
ka — 1o 100 m/c, cratmueckas temmepaTypa motoka — ot 273K no
373 K) npencraBiieHa B TaOJIHIIE.

ToyHOCTH METOI0B H3MepeHust

Haé)_a— Mero OTtHOCHUTENbHAs
p A HOTPELIHOCTb, %o
MeTp
AHeMoMeTpuuecKHi (110 JaHHBIM MPOU3BOIUTENIEH 1-5
tepmoanemomeTpoB: DKCUC, Fluke, Testo)

Vv Bapomerpudeckuii (1o naHHBIM [5]) 3-5
SIV/PIV (SIV — o gauusiM [6], PIV — cucremsl 1-3
npousBocTsa [10JIMC)

Wzmepenne tepmonapoii (mo 'OCT P 8.585-2001) 1-2,5

T Tepmorpadus (110 JaHHBEIM MTPONU3BOIUTEINCH TETLTOBH- )
3o0pos: Fluke, FLIR, Infratec)

p N3mepenune natyrkom naBieHus (10 JaHHBIM [7]) 1-2,5

I[I/IHaMI/I‘-IeCKyIO BA3KOCTh MOXXHO OHpe,[[eJII/ITI: C OTHOCHTCHBHOﬁ I10-
rperrHOCThIO 10 1 % MO cTeneHHbIM annpoKcuMalusaM Buaa [8]:

u:(4,031+O,0551T—2,2-10‘5T2 +5,43-10‘9T3)-10‘6.

IIprHMMast OTHOCUTENBHYIO IOTPELIHOCTH OINPENCIICHUS TeMIepary-
pot oT 1,0 1o 2,5 % (cornacHo Tabnuiie), ONpeaeaIuM OTHOCUTEIbHYIO T0-
TPEUTHOCTh U3MEPEHHS TUHAMHYECKON BS3KOCTH KaK MOTPEUTHOCTh KOC-
BEHHBIX U3MepeHuii. OHa JexuT B npenenax ot 1,5 go 3 %.

OTtHOocHTENbHASI TOTPEIIHOCTD ONpPEAEIEHUS TPOJOJIBHON KOOpAMHA-
Tbl He npeBpimaer 0,1 %, mosTomMy ee B CHITy MaJlOCTH MOXKEM HE YUHTHI-
BaThb. Takum O6p2130M, MOKHO OHCHHUTL OTHOCHUTCIIbBHYIO MMOT'PCIIHOCTH
ompeneneHuss uncia Peilinompaca cormacHo dopmyne (1). Ona nexur
B npezenax ot 2,3 1o 6,8 %.
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Jlisi OLIEHKW TOTPEIIHOCTH OIpeeseHus: Kod(h(UIMeHTa conpoTHB-

JIEHUsI MOXKET OBbITh Hcronb3oBaHa ¢opmyna [lpanarns — Illnuxtuara
4

(morpemHocTh He mpesbimaet 5 % B obxactu Re, > 10" [9]). Toraa no-

IPEIIHOCTb OMpeaesieHUs] KOdPPHUIUEHTa CONPOTUBICHUS €CTh (DYHKITHS

oT Rex u ARex. Pacuetn! B OMPCACIICHHBIX BbILIC IMMPEALCIIaX MIPCACTABIIC-

HbI Ha PUCYHKE.

00T AC(Re,.0.02) AC,(Re,.0.04) AC,(Re,.0.06)
0.068 s o { — i i
Ll AC,(Re,.0.03) AC(Re;.0.05) AC(Re,.0.07)
0066 L1 8 - - =W L L - =wm
0.064p+ T
1-.‘- =l -_....
0.062 ez
n‘-‘ [ -...-.-- B
0.06 = : AL
-q..- Iq_ 'l.--.‘.--
0.058f*4=~ +— e
- ..."- ] ™ -
11 LN —---.‘-‘-
0.056 S IR  EE ErTr .
0.054 e
0.052
0.05 )
1x10° 1x10° 1x10° 1x10
Re,

[MorpemrHocTs onpeaeneHus k03¢ GHIUeHTa COTPOTUBICHHS

(AC, — oTHOCHTENbHAS IOrPEIHOCTE KO3(P(HIHMEHTa COPOTUBIICHNS)

CornacHo naHHBIM, NPUBEJCHHBIM HAa PUCYHKE, B O0JACTH YHUCEl
Peitronsaca or 10* g0 10" u IIPY TIOIPELIHOCTU €r0 ONPEAEIEHUS OT 2 10
7 % OTHOCHUTENIbHASA IOrPEIIHOCTh KO()(UIMEHTAa CONPOTHUBICHHS CO-
craBisieT oT 5,3 10 7,0 %.

Kpome Toro, oTHOCHTENIbHYIO TOTPEIIHOCTh M3MEpeHUs KO3 hUIn-
€HTa COMPOTHUBIICHUS NPU NPUMEHEHHWH MAHHOTO METOJAa YBEIMYHBACT
HEOOXOMMOCTh IIOUCKA CPEJHUX IapaMETpOB B s/Ipe MOTOKA, a TaKXKe
npeHeOpekeHNe CTENeHbl0 TypOyJIEHTHOCTH TOTOKA, CONPOTHBICHHEM
OCTaJIbHBIX CTEHOK KaHaja M HaJMYUEeM BTOPHUYHBIX TeueHMH. [l mo-
BEPXHOCTH C JIYHKAaMH S3TOT TOAXOJ JaeT 3HAUYUTENbHO OOJBLIYIO IO-
I'PEIIHOCTD B CBS3U C MCKaK€HUEM (DOPMBI U B3aUMOJICHICTBUEM BUXPEBBIX
CTPYKTYp HaJ HE.
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IIpsimoii meToa. PaccmoTpum BTOpoOil MeTo ompeneneHus kod3hdu-
IIMEHTA COMPOTHUBIICHUS, MCIIONB3YIOMINNA OJHOKOMIIOHEHTHBIE TCH30MET-
pHUYECKHE BECHI.

OnHa U3 BO3MOXKHBIX KOHCTPYKIIMI yIIPYroro 3JIeMEeHTa MpPeICTaBIIs-
eT co0oii CIBOCHHBIN MapasuieorpaMM, Ha KaXKAyl0 MOJIOBUHY KOTOPOTO
MOXeT OBITh yCTaHOBJIEHa MO0 Tiajakas, Ju0o uccienyemas peiabednas
MOBEPXHOCTh, a LIEHTPAJIbHAsI YacTh KECTKO KPEMHUTCS K OCHOBAaHUIO [7].
Kaxnas uccnenyemasi moBepXHOCTh 3aKpeIUieHa Ha TOPU30HTAIBHON KOH-
COJIHOM JIBYXOIIOpHOI1 Oalike, KOTOpas MOXeT BOCIPUHUMATH aedopma-
IIUU TOJILKO B OJHOM HamNpaBlieHUHU. TEH301aTYNKH HAKJIECHBI B MECTaX
HauOoNbIIKUX Aedopmanmii Kakaoro mapauienorpaMma, IpU 3TOM [IBa
JaTyrKa paboTaroT Ha PacTsDKEHHUE, JiBa Ha C)KaTHE, TEM CaMbIM 00pa3ys
TIOJTHBIN U3MEPUTETBHBIN MOCT.

ITo nanHbIM paboThl [7], OTHOCUTENBHAS MOTPEIIHOCTh TEH30METPH-
YECKOro MeToja MpH olpeneiaeHuu Kod(dduireHta cONpOTUBICHUS HE
npesbimaet 7 %. OgHako gaHHas paborta Oblia MpoBeJeHa Ha CBEPX3BY-
KOBBIX CKOpOCTSX, HE Obljla yu4T€Ha pa3HOCTb JABJICHWN Ha TOpPILAX IjIa-
CTHHBI, a TAK)KE€ MPUCYTCTBOBAJIM CYIIECTBEHHbIC BHEIIHUE BUOpanuu. [1o
naHHbiM paboTel [10], mpu ckopocTsax mo 120 m/c oTHOcHUTENbHAs TIO-
IPEIIHOCTh METO/A HE MPEBOCXOAUT 5 %o.

W3 npenMy1iecTB TEH30METPUUECKOTO METOAA MOXKHO OTMETUTh €ro
HE3aBUCHMOCTb OT SMIIUPUYECKHX COOTHOIIECHHH M OTCYTCTBUE CyIIIe-
CTBEHHOTO BJIMSHHUS (OpPMBI MOBEPXHOCTH HA PE3yJbTaT H3MEPEHH.
K HemocTatkaM MOXKHO OTHECTH CJEIYIOIIME: B CBSI3U C OCOOCHHOCTHIO
paboThl TEH30IaTYNKOB HEOOXOAMMO (IO BO3MOXKHOCTH) UCKITIOYUTH BHO-
panmu; BBUAY MaJOCTH AedopMaiuii mpuxoauTcss MCIOIb30BaTh Mpeo0-
pazoBaTeNy ¢ BBICOKUM KO3((DUIIMEHTOM YCUJICHHS, UTO YBEITUYHUBAET I10-
IPEIIHOCTb.

3akirouenue. [Ipu skcniepruMeHTaNbHOM ONPENEICHUN UHTErPaIbHO-
ro ko3¢ (HuIreHTa cConpoTUBICHUS TEH30METPUUECKUNA METOJI 1aeT MEHb-
IIy}0 OTHOCHUTENbHYIO MOTPEHIHOCTh, KOTOpas HE BO3pPACTaeT IMpH H3Me-
HEHUM TIOBEPXHOCTH IUIACTHHBI. TakuM o00pazoMm, [Uis ONpeaeeHHUs
Kod(uUIMeHTa TPEHUSI HAa MOBEPXHOCTAX, MOKPBITHIX PETYJSIPHBIM peib-
edom, 1enecoodpazHee UCTIOIB30BATh IMEHHO 3TOT METO/I.
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O Kos1e0aHusSIX TBEPAOIO TeJIa € IBYMS KHIAKOCTAMU
BOKPYI FOPU3OHTAIBHON OCH

© Bun Ko Ko*, A .H. TemHos

MI'TY um. H.3. baymana, Mocksa, Poccus
*E-mail (noxmamgunka): win.c.latt@gmail.com

AHHOTauMs. B HENMHEHHOW MOCTAaHOBKE pacCMOTpPEHa 3ajada O KO-
nebaHusAX TBEPAOTO Tela ¢ NUIUHAPUUECKON MOJOCThIO, COBEPIAIOIIETO
YIJIOBBIE JABW)KEHHS BOKPYT TOPU30HTaIbHOM ocu OY M MOJHOCTBHIO 3a-
MOJHEHHOU ABYMs WACAJIBHBIMHU W HCCXKUMACMBIMU JKUIAKOCTAMMU. HOJ’[y-
YyeHbl HeNMHeWHble nuddepeHIanbible ypaBHEHHsI, OMUCHIBAIONINE KO-
nebaHus TIOBEPXHOCTH pas3fenia JBYX IKHJAKOCTEH B OKPECTHOCTH
OCHOBHOTO pe30HaHca. [l cocyma Kpyriiol IWIHHAPUYECKONH (HOPMBI
HEJIMHENHAas 3a/laya CBEJeHa K MOCIEA0BATEIbHOMY PEIICHUIO JIMHEWHBIX
KpaeBbIX 3a1ad. [lomyuyeHHbIe pelIeHHs] KpaeBbIX 3a1ad B BUJAEC LWJIMH-
JIpUYECKUX (PYHKIHMH HCIOJIb30BATUCH JIJISl BBIYUCIICHUS JTUHEWHBIX U He-
JUHEWHBIX THAPOJUHAMUYECKUX KO3(P(UIIMEHTOB B 3aBUCUMOCTH OT TITy-
OMHBI ¥ IJTIOTHOCTH BEpXHEH KUAKOCTH.

Knwoueewie cnosa: mexanuueckas cucmema, yuruHOpu4deckas NnoaoCmb,
uodpoounamuyeckue Kodgpuyuenmsi, 0CHOBHOU PE3OHAHC, B03MYUJeHHAs.
NOBEPXHOCMb, BpaAUjamenbHOe O8UNICEHUE.

ITocranoBka 3agaun. OcoOEHHOCTH JIMHENHBIX M HEIUHEWHBIX KOJIE-
OaHUN OJHOPOAHOM KHIAKOCTH, YACTHUYHO 3aIOJHSIONIEH IOJOCTh IIO-
JIBU)KHOTO Y HEMOJBHXHOTO TBEPAOrO Teja, MPUBEICHBI B KHUTax [1, 2].
PaccmarpuBaeTcs Kpyriblil HUIMHIPUYECKUN COCYH, MOJHOCTHIO 3aroJi-
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HEHHBIA JByMSI HECMEIIMBAIOIIMMHUCS H]Ie-
QIbHBIMH  HEC)KUMAeMbIMH  JKUKOCTSIMH,
KOTOpBIN COBEpIIaeT Malible KojJebaHus Bo-
Kpyr HemnoaBwxHOW ocu OY. JIBmxeHue
TBEPJOTO Tejia BOKpyT ocu OY Oynem ormpe-
JeNATh C MOMOUIbIO YIJIOBOW KOOPAMHATHI
0, @, =08,, 0(t) =0, sin pr.

BBegem cucremy KoopaMHAT 0x)z, B
KOTOpOM TOJI€ MAacCOBBIX CHII, CMOYEHHBIE
MOBEPXHOCTH TIOJOCTH O0003HAUYMM depe3

S k=12, a BO3MYILIEHHYIO IIOBEpPX-
HOCTh pasfena Xuikocted — wuepe3 I

(puc. 1).

JIBIKCHHE KaKIOH JKUAKOCTH Oyaem
CUUTaTb NOTCHUHHUAJIBHBIM H YAOBJICTBOP-
I0IIUM ypaBHeHusAM Jlamaca,

Puc. 1. Cuctemsl KOOpAUHAT U
OCHOBHBIE 0003HAYCHUS

Vol =0 s 1; VZOP =0,81,. (1)

ITorenuumanel ckopocTen oMy o@ YIAOBIETBOPAIOT YCIOBUAM HeE-

IMMPOTCKAHUA Ha CMAYUBACMBIX ITOBECPXHOCTAX, a4 TAKKC KHHCMATUYCCKUM U
AUHAMHUYCCKUM YCJIOBUAM Ha IIOBCPXHOCTH pasjcia:

do g0

= =0 r, 2
o - pu X Ha 2)
(2) )
oo oo (2).2 1.2
- — Vo —-p1 (VO -
P> o Pl o +2[pz( ) =P ( ) } &)

2) . = ) . = .
L p2ve® @y x B-pve ) @y % B) | = oy -pp)2 -
e 1§|F = fe|ro +if, 7|F = 7|r0 +if.
[IpencraBuM MOTEHIMATBI CKOPOCTEH KaXKIOW KHUIKOCTH B BHJE CIIE-
JIYIOIIEH CyMMBI:
o0 .
k k k
OO (x,r,m,0) = 0,49 (x,r,) + Y 0, (0B (x,rm), (k=12). (4
i=1
3x1ech " MOTEHILMAIbl CKOPOCTEH BEPXHEW W HUKHEU KUIKOCTEH;
AP TapMOHHYECKHE CKASIPHBIC (YHKIUH; Bl.(k) — (yHKIIUU KOODP-

JMHAT BEPXHEN M HIDKHEH JKUAKOCTEH; o, — 0OOOIIEHHbBIE KOOPAUHATI
BOJIHOBBIX JIBFDKECHHH i-if TApMOHHMKH Ha TIOBEPXHOCTH pasjera.
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ITocraBneHHas 3aja4a pemaercs ¢ MPUMEHEHUEM Pa3NioKeHHs (QyHK-
uuit B psaa Telinopa u MCHonab30BaHUEM 3HayeHHs] QYHKIUI U ee HOp-
MaJIbHBIX MPOU3BOJHBIX HA HEBO3MYILEHHON IMOBEPXHOCTH pa3lena Kui-

xoctet I'y. IIpeacraBum QyHKuuM AP g Bl.(k) B BUJIE PA3JI0XKECHUS I10

nmapamMeTpam «Q; A0 BTOPOIro IMOpsAKa BKIHOYUTCIBHO!

k k k k k
AP = A9+ 0, AP + T oo, 400+ B =
i i J
(5)
k k k
- l.(o)+20ch,§.)+Z%ajockBl§.k)+...,
J J
rae (QyHKIHH A(gk), Al.(k), Al.ﬁ.k), Bl.(é‘), Bl.(.k), Bl.(j],‘? 3aBUCAT TOJIBKO OT

POCTPAHCTBEHHBIX KOOPAMHAT U HE 3aBUCST OT BPEMEHHU.

BriiennM 1Be OCHOBHBIE HECUMMETPHYHBIE TAPMOHUKH, BO30YyKI1ae-
MBIC B JIByX B3aMMHO TEPICHIUKYJISPHBIX IUIOCKOCTSAX M OIpEIesieMbIe
0000IEHHBIMU  KOOpIUHaTaMu H opmamu o, =o,; (i=1,2): o, =a,

o, =B, fi =f, =0(r)sinn, f, =fz =¢(r)cosn, f,, fp. Oto popmsl
OCHOBHOT'O TOHA KOJIeOaHHM TOBEPXHOCTH pa3fiesia KUAKOCTEH.

YpaBHeHwus 411 000OIICHHBIX KOOPAWHAT O ¥ 3 HA MMOBEPXHOCTHU Pa3-
Jieria JKUAKOCTEH MOTy4yaroTcst B CIIEIYIOIEM BHE:

Qo+ gNza—XO 0+ 1, o’ a+ o o+ ap P+ afp? +(7»10c2 —kzﬁz)m2+

tiy| B 0 2B B om 20B” | = (0, + 3y ) o,B = J w0l = O (6)

W+ oNB+ 1| B2 B a2 B+ oot BB (A +2y ) By +

i1y | B2 P 20— aB o 2B 02 |+ (A, + 3k, )P o Jo0B=0;  (7)

Jou +J )0y + hgai— g ot (2,02 = B2 ) ot 20 0o+
y

+(hy +2,) o BB+ B +(x1—kZ)B(;c[.H%[(Jlo@+J232)@2}=Me. (8)

Cucrema HenmuHEWHBIX IU((EPEHINANBHBIX YPaBHEHUH OIHCHIBACT
3 QEeKT BpaAIIATEILHOTO IBIKEHUS TMOBEPXHOCTH pasjeia KUIKOCTEH
B OKOJIO PE30HAHCHOM JIMara30He OCHOBHOTO TOHA KojeOaHuil. B pabore
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TaKXXe TPUBEACHBI BBIYUCICHHBIC MapaMETPhI, ONPEACIISAIONINE HEITHHEH-
HOCTh BOJIHOBBIX JIBWKCHUH MOBEPXHOCTH pasjieiia JKUIKOCTEH M CBSI3bI-
BAIONIME BpamaTeIbHOE JABIKCHHE Tesa U JeopMaIiio o0beMa JKHIKO-
crelt (puc. 2).

M, pl, p2

a o

Puc. 2. 3aBuCIMOCT THAPOAMHAMHYECKHMX KO3(P(HUIMEHTOB [, [;, [, OT OTHOLICHHS

[UTyOHMHEI 3aII0JTHCHHSA BEPXHEH KUAKOCTH /4 (a) U INIOTHOCTH BEPXHEH XKUIAKOCTH Py ()

3akmiouenue. [lonyyennsie nuddepeHnmraibHple HETHHEHHBIE YpaB-
HEHUSl KOJeOaHWH TOBEPXHOCTH >KUAKOCTH MOTYT OBITH ITOJIE3HBI JIJIS
UCTIONIb30BaHUs B OyAyIIUX MPOEKTaX KOCMHYECKOW TEXHUKH, B 00JaCTH
JMHAMHKH MOPCKHMX TPAHCIOPTHBIX CHCTEM KPHOTEHHBIX JKHUIKOCTEH,
B CUCTCMAX XPAaHCHUSA CKMIKCHHOT'O IPUPOJHOIO ra3a, B ITMHAMHUKE XUMH-
YECKUX PEaKTOPOB, IIPU B3PHIBHBIX H CCHCMUUECKUX BO3JICHCTBHSIX.
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Vibrations of a solid body
with two liquids around a horizontal axis

© Win Ko Ko*, Temnov A.H.

Bauman Moscow State Technical University, Moscow, Russia
*E-mail (speaker): win.c.latt@gmail.com

Abstract. In this paper, we consider a problem in the nonlinear for-
mulation of vibrations of a solid with a cylindrical cavity that performs
angular movements around the horizontal axis OY and is completely filled
with two ideal and incompressible fluids. Nonlinear differential equations
describing the vibrations of the interface between two liquids in the vicini-
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ty of the main resonance are obtained. For a round cylindrical vessel, the
nonlinear problem is reduced to a sequential solution of linear boundary
value problems. The obtained solutions of boundary value problems in the
form of cylindrical functions were used to calculate linear and nonlinear
hydrodynamic coefficients depending on the depth and density of the up-
per liquid.

Keywords: mechanical system, cylindrical cavity, hydrodynamic coeffi-
cients, basic resonance, perturbed surface, rotational motion.

Problem statement. The features of linear and nonlinear vibrations of
a homogeneous liquid partially filling the cavity of a mobile and stationary
solid are considered in books [1, 2].

We consider a round cylindrical vessel completely filled with two
immiscible ideal incompressible liquids, which performs small vibrations
around the fixed axis OY. The motion of a solid body around the axis OY

will be determined using the angular coordinate 6, ®,=0¢,,
0(t) =0, sin pt.
Enter the coordinate system oxyz, in which the field of mass forces,

the moistened surfaces of the cavity are denoted by S®(k=1,2), and the

perturbed interface of liquids-through (fig. 1).
We will consider the motion of each fluid as potential and satisfying
the Laplace equations,

vip® =0, B 1;; vip® =0, B 1,. (1)

The velocity potentials ®" and ®* meet non-flow conditions on wet-

ted surfaces, as well as kinematic and dynamic conditions on the interface

o 4o®
dv - dv

(2) @
oD oD 1
(Pz -P1 ]+2[Pz(vq’(2))2 —Pl(V(D(l))Z}—

by x=0 on T, 2)

ot ot

3)
} [szcp(z) @y x B)—p vV . (@, x R)J = (P —P)E T,
where R = 1?|F0 +ifs Fp = F|FO +if.

Let's represent the velocity potentials of each fluid as the following
sum:
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q)(k)(x, r,m,t) =

=0 A(k) (x’ r n) + z Q; (t)Bi(k) (X, r, n)’
i=1

(k=12), 4)
where ®® — velocity potentials of upper and

lower fluids; A — harmonic scalar functions;
Bl-(k) — functions of coordinates of upper and
lower liquids; a; — the generalized coordinates

of the wave movements i-th harmonics on the
interface. Problem is solved by applying the
Taylor series expansion of functions and using
Fig. 1. Coordinate system  the values of functions and their normal deriva-

and main notations tives on the unperturbed interface of liquids I',.

Let's imagine the functions 4 and Bl.(k)

in the form of expansion options o, up to and including the second order
A0 s P ) o -

50 (k

k

Where functions A(gk), Al.(k), A,S.k), Bl%‘), B,S.k), Bl.(jﬁ) they depend

only on spatial coordinates and do not depend on time.
We distinguish two main asymmetric harmonics excited in two mutu-
ally perpendicular planes and defined by generalized coordinates and

shapes o; =a; ((=12): oy =a, o, =0, fi =f, =@(r)sinn, f, =f5 =
=@(r)cosm, fy, fz. These are forms of the basic tone of vibrations of

the interface of liquids.
Equations for generalized coordinates o and B on the interface of lig-
uids are obtained in the following form

},lO.H- gNZ o — Ly @, + 11, (ocz ot o o+ OLBB-i— OLBZJ + (klocz —7»2[32)0;)2-1-
+1, (Bz o+ 2B ap-apfo-— 2(1[32] — (7»1 + 3%2)(023 B— Jlo;)ﬁoa =0;

(6)
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Wb+ gNB+ | B2 B o2 B+ o ot B2 + (A +2y ) By +
iy | BB+ 2000 B B om 2B |+ (A, + 30y ) osBom Syl =0 (7)

(o +7 s+ 2ge 14 &+(x1a2 —xzﬁz)&+ ool

. ° o . d
# (b )| BB |+ (k2 )Bapr | (1o + /5% Jan | = M, (8)

A system of nonlinear differential equations describes the effect of ro-
tational motion of the liquid interface in the near-resonant range of the
fundamental vibration tone. The paper also presents calculated parameters
that determine the nonlinearity of the wave motions of the liquid interface
and relate the rotational motion of the body and the deformation of the
volume of liquids (fig. 2).

[T

# )

" h A

I ;! /
0s — — —_—
(

a b
Fig. 2. The dependence of the hydrodynamic coefficients p, p;, p, from the ratio of the

top liquid filling depth /; (a) and from the ratio of the density of the upper liquid p; (b)

Conclusion. The obtained differential nonlinear equations of liquid
surface vibrations can be useful for use in future space technology pro-
jects, in the field of dynamics of marine transport systems for cryogenic
liquids, in storage systems for liquefied natural gas, in the dynamics of
chemical reactors, in explosive and seismic impacts.
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MoaeaupoBanue JMHAMHYECKUX MIPOLIECCOB

B He()TENPOBOAHOM TPAHCIIOPTE C MIOMOUIHIO

MeTOA0B HeJIUHEHHBIX INIABHbIX KOMIIOHEHT
U HEHPOHHBIX ceTei

©OH.T. Fa6ﬂanMaHOBa*, V.A. AnepoeB*, B.J. ®eaun

PYIH, Maremarnueckuit mactutyT uM. C.M. Hukonsckoro, Mocksa, Poccust
*E-mail: nelli.gabdr@mail.ru, ualeroev@bk.ru

AHHoTanusi. Pabora mocBslleHa pa3BUTUIO METOJIOB IOCTPOCHUS
Mozenel WIACHTUPUKAIUN TUHAMUYECKHMX CHCTEM IO SMIUPUYECKUM
naHHbIM. [Ipenoxen u peann3oBaH rMOPUAHBIA METOJ HA OCHOBE METO-
JIOB HEJIMHEWHBIX TJIABHBIX KOMIIOHEHT M HEHPOHHBIX ceTed. MamuHHOe
o0ydeHHEe CTaBUT CBOEW 3ajjaueil BBISBIICHUE 3aKOHOMEPHOCTEH B AMIIM-
PUYECKHUX JaHHBIX. XOpOIIee Ka4eCTBO OObICHEHUSI UMEIOIIUXCS JaHHBIX
euie He TapaHTHPYEeT COOTBETCTBYIOIIEE KayeCTBO IPOTHO3UPOBAHMSL.
HaxoxneHne yCcTOMYMBBIX PEIICHHUH MOApa3yMeBaeT IPOLELypPY peryJs-
pU3aI — OTPaHWYCHHMS KJlacca JIOMMyCTUMBIX perieHnii. Pabora Hanpas-
JeHa Ha pelIeHHE MaHHOM aKTyaJbHOW HpoOiieMbl. 3ajada pellieHa Ha
JAHHBIX [IOKa3aTeNiell TepeKaykun He(pTH OJHOTO JIMHEHHOTO ydacTKa
HedTenpoBoja 3a 5 Jer.

Knwueewvie cnoea: ounamuueckas cucmema, MauwluHHoe o0OyueHuUe,
YCMOUYUBOCMb PeULeHULL.

Lenbto paboThl SBISETCA CO3AaHUE METOJOB MOJEIMPOBAHUA JMHA-
MHUYECKHX CJIOKHBIX CUCTEM Ha OCHOBE JaHHBIX M3MEpPEHHI, HEMPOHHBIX
cereii (HC) m mMeTonOB HeNMWHEWHBIX TJIaBHBIX KOMIOHEHT. [IpoGnema
YIOpPaBIEHUS CJIOKHBIX TUHAMUYECKHX CHUCTEM B YCJIOBHSIX HEONpeiaeseH-
HOCTU SIBJISIETCSI BAKHOW B TEOPHUU U MPAKTUKE YIPABJICHUS, €€ PEIICHUIO
MOCBAIIEHO MHOTO pabot [1-4]. OCHOBHOW OCOOCHHOCTBIO ATHX 3aj1ad,
KaK MpaBWIIO, SIBJISETCS HEBO3MOXKHOCTh MTPOBEJICHUS SKCIIEPUMEHTOB Hajl
peanbHOM cucteMoil. COBpEMEHHBIN 3Tall MOJEIUPOBAHUS CIOKHBIX CH-
CTEM XapaKTepH3yeTcs MOCTPOECHUEM HEHpOCETEeBbIX MOJIENeH M0 JaHHBIM
HaOIIOZICHUH 32 HEKOTOPHIN nepuoa Bpemenu T. Hampumep, npu moaemnu-
pPOBaHUM JUHAMHYECKHX CHCTEM XOPOULIO MOKa3aliHu ceds peKyppeHTHbIE
HC [3]. Kak npaBuiio, 1aHHbIE B pealibHBIX 3a/ladyax COJAEPKAT HCKaxKe-
Husi. CoBpeMeHHbIE MeTOAbl MamuHHOro o0yueHus u HC 1oBosibHO XO-
pOILIO CHpaBISIOTCA ¢ 3TOM mpobiemoil. IlpoGrema Bo3HMKaeT, Koraa
JTaHHBIE COJEP)KAaT BBHIOPOCHI — CYIIECTBEHHBIC OTKJIOHEHHUS OT «HOP-
MalbHBIX» 3HAUeHUU. [[s pemenus Bompoca aaekBatHoctd HC mozneneit
IpeiaraeTcsl MCIOoJIb30BaTh T€OMETPUUYECKHUE CBOWMCTBAa 00JACTH TOYEK
JMaHHBIX. 3aqada perieHa W anpoOUpoBaHA HA JAHHBIX OJHOTO ydacTKa
He(TEIPOBOAHOTO TPAHCIIOPTA.
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TpyOonpoBoaHbIi TpaHCHOPT HE(TH SBIACTCS OJHUM U3 3HAYUTEIb-
HBIX MOTpeOuTeNel IeKTporHepruu. B Hacrosmee BpeMs copMUpOBaH
€IMHBIA PBIHOK 3JIEKTPOIHEPTHH, 00ECIICUMBAIOIINI JKECTKUI KOHTPOJIb
3a ee MoTpedieHHEM. B CBs3M ¢ 4yeM akTyalbHbIM IIOKa3aTeleM cTaia
TOYHOCTH IJITAHUPOBAHUS 3aTPaT IEKTPOIHEPTHU HA TPAHCIIOPT HEPTH.

CdopmynupoBaHa cienyromias MaTeMaTn4eckas IOCTaHOBKA.

Bech nH(popMaIoHHbII MacCHB, HA OCHOBE KOTOPOTO CTPOUTCS MPO-
THO3, 0003HAYEH:

(R} = {P}-{X"},
rae P = <X Y> = <X(i), Y(i), i = 1, ..., N>; X(i) — BexTOp 0OBACHAIOLIUX

NEepEeMEHHBIX (BEKTOP BXOJIHBIX IIEPEMEHHBIX) B TOUKe #; Y(i) — pe3ynbTa-
TUBHBIM BEKTOP (BBIXOJHOU BEKTOp) B TOUKE 7; N — 4MCII0 TOYEK HAOMIO-

nenmst; X' Z{X(i), i = N+1, ..., N+T} — BeKTOp OOBSICHSIOIIHNX

NEPEMEHHBIX IPOrHO3HOI0 NEpHoa (IUIaHUPYEMbIE IEPEMEHHBIE).

B kauecTBe BXOJHBIX NEPEMEHHBIX NJS MOJEIU BBIOPAHBI 00BEM
MEPEeKadKH, PEOJIOTHIECKHe mapamMeTpbl HeTu u ap. B kadecTBe BBIXOA-
HOM MEPEMEHHOMN MPUHAT PacXOo/ JJICKTPOIHEPTHUH.

Heo6x0auMo MOCTpOUTh MAaTEMaTHYECKYI0 MOJIENb WACHTU(DUKAIINH
JUISI IPOTHO3a Pacxo/ia 3JIEKTPOIHEPTUH MPU U3BECTHBIX IPOTHOZUPYEMBIX
BXOJHBIX JaHHBIX:

Y = F(X),
rae Y* — BBIYMCIICHHOE 3HAYCHHE PacxXo/a dIEKTPOIHEPTUun; X — BEKTOP
BXOJHBIX JAHHBIX; F' — OmepaTop HEHPOCETEeBOTO MOJCIUPOBAHMS, yI0-
BJICTBOPSIIOLINNA KPUTEPUIO MPUTOJHOCTH H.

[To sMmMpHUYECKUM JaHHBIM SKCIUTyaTallMd BBHIOPAHHOTO OOBEKTa 3a
ATk JieT Obi1a moctpoena HC moaens. PesynabraT nmoctpoennss HC moze-
JM TI0 BCeH BBHIOOPKE MCXOJAHBIX JAHHBIX OKA3aJCs YIOBIETBOPHUTEIBHBIM
M0 KPUTEPUIO MPUTOAHOCTH HE BO BCEH 001aCTH MOCTPOCHUSI.

Jlist KOppeKIMK U aHaju3a MOJIy4YEeHHBIX pEIIeHUH mpeniaraercs uc-
MOJIb30BaTh MOJIX0/bl FEOMETPHUUECKOI0 aHAJIN3a JaHHBIX.

C nomo1po METOa IMIAaBHBIX KPUBBIX [3, 4] u1s1 SMOMPUYECKUX aH-
HBIX TIOCTPOCH HEOPHEHTHPOBAaHHBIN NpuMUTHUBHBIA Tpad G(V,E), rae
V' — BepumHsbl rpada; E — pedpa rpada. [ng nomyuenHoro rpaga G mno-
cTpoeHo oTobpakenue ¢ :V — R™, riae m — pa3MepHOCTh MPOCTPAHCTBA
o0jaka Touek. 3amMeydareiabHO TO, YTO OTOOpPaKEHUE ( SBISIETCS BIIOXKE-

Huem VB R".

[MToAmpOCTPaHCTBO, HATAHYTOE Ha IJIaBHBIE KPUBBIE, 00IAaJaeT CBOM-
CTBOM «MHHHUMYyMa OCTAaTOYHOM JUCIIEPCHU» — CPEIHUI KBajapar pac-
CTOSIHUSI OT TOYEK JAHHBIX 0 OTOTO MOANPOCTPAHCTBA MUHMMAIIEH CPEAU
BCEX JPYIUX HEJUMHENMHBIX MOANPOCTPAHCTB pasMepHocTd m’. B paGore
3a/1a4a IMOCTPOEHHSI HEJIMHEHHOTO MHOTr000Opasus CBEIEHA K 3a1a4e MHO-
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TOKpPUTEpUANIbHOM onTuMu3aiuu. OOuH W3 KPUTEPUEB ONTUMU3ALMHU
AMEET BU

1 ¥ : :
— 3 dist? (X’,P(X’,Y)) > min,
i=1

MSD(X,Y)=

e P(X,Y):argmi?dist(X,y); dist(X,Y)=
ye

Jlnist perieHus 3a1a4y peaqu30BaHbl IporpaMMbl Ha s3bike Python.

Ha ocnHoBe pemenuid, nmomydeHHbIx HC u mMeTogoM HETMHEWHBIX
IJIaBHBIX KOMIIOHEHT, IOCTPOEH aJITOPUTM IPUHATUSA YIPABIECHUYECKUX
[JS11(S517178

BuiBoa. HemnpepriBHbIE MHOToo0Opasus, MOCTPOSHHBIE C MOMOILBIO
TJIaBHBIX KPUBBIX, MOTYT BBICTYIIaTh KaK KOPPEKTOPBI HEMPOCETEBBIX MO-
JeNIel, MOCTPOEHHBIX IO «3alllyMJIEHHBIM» JaHHbIM. [lomydyeHHsble pe-
3yJbTATHI ABISAIOTCA BaXKHBIMU IPU MCIIOJIB30BAHUM HEMPOCETEBBIX MOJC-
JIeil B yIpaBlIeHYECKHX 3a/1a4ax Ha PealbHbIX 00bEKTaxX.

Paboma evinonnena npu noooepoicke epanma PODU Ne 19-08-000261.
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Abstract. The work is devoted to the development of methods for
building models of identification of dynamic systems using empirical data.
A hybrid method based on methods of nonlinear main components and
neural networks is proposed and implemented. Machine learning sets itself
the task of identifying regularities in empirical data. Good quality of
explanation of available data does not guarantee the appropriate quality of
forecasting yet. Finding sustainable solutions implies a regularization pro-
cedure - limiting the class of acceptable solutions. The work is aimed at
solving this actual problem. The problem has been solved on these indica-
tors of oil pumping of one linear pipeline section for 5 years.

Keywords: dynamic system, machine learning, solution stability.
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Onpenesnenne KpuTuyeckoro yuciaa Telsopa
JJISL ABMKEHHUS MEKAY BPAIIAIOIIUMHUCS
KOAKCHAJIbHBIMY HWIHHAPAMU
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1HaI_IHOHam,HLH?I HCCIIEI0BATENbCKUM AepHbIi YHUBEepcUTeT « MUDIN»,
Mocksa, Poccus
*Poccuiickmii yHuBepcuret Tpancnopra «MUNT», Mocksa, Poccust
E-mail: AVDmitrenko@mephi.ru, ammsv(@yandex.ru

AHHoTanus. [IpeacraBieHo aHAIUTUYECKOE pEUICHHE AJsi KpUTHYe-
ckoro uucna Teinopa B ciiydae ABM)KEHUS MEX]y BpalllalOIIUMUCS KOAK-
CHAJIbHBIMU LIMJIMHAPAMU Ha OCHOBE TEOPUHU CTOXACTUYECKUX YPaBHEHUU
KOHTHHYaJIbHBIX 3aKOHOB W 3KBUBAJIEHTHOCTH MEP MEXIy CIy4dalHBIMU
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U JIeTepPMUHUPOBAHHBIMU JBIKEHUSAMU. Pe3ynbraT pelieHus nmokasbiBaer
Y/IOBJIETBOPUTENIBHOE COOTBETCTBHE IOJTYYEHHOM AHAIUTUYECKOW 3aBU-
CUMOCTH JuId KpuThueckux uucen Teinopa (Ta) skcnepMMeHTalbHBIM
JTAaHHBIM.

Knroueswie cnosa: cmoxacmuyeckue ypagHeHus, IK8UBANEHMHOCIb Mep,
kpumuueckoe yucao Tetinopa, mypoyreHmuocme.

BBenenne. Paznuunbie uaen Teopuu TypOYJISHTHOCTU MPEICTaBICHBI
B paboTtax [1-18]. CroxacTuueckas Teopusi TypOyJIeHTHOCTH, OCHOBaHHAS
Ha CTOXAaCTHYECKUX YPAaBHEHHSX U TEOPUU SKBUBAJICHTHBIX MEp, MO3BOJIS-
€T MOJYYUTh aHAIUTUYECKUE 3aBHCHUMOCTH JIs MEPBOTO M BTOPOTO KpH-
TUYECKUX 4ucesl PeliHoipaca B ciydyasx M30TEPMHYECKOIO U HEU3O0TEp-
MHYECKOTO0 TEYCHHH Ha TJAJKOW TUIOCKOW TUIACTUHE W B KPYIJIOH TpyOe
[19-27]. Pa3ButHe 3TON TEOPUM JAET HOBBIM METOJ ONpECIICHUS aHaIu-
TUYECKHUX 3aBHCUMOCTEH ISl TPO(MIICH yCpEeTHEHHBIX MOJIEH CKOPOCTH U
temneparypbl [28], xoaddunmentoB TpeHus u Ttemnoorgauu [29, 30],
KOppesiiuii BToporo mopsiaka [28—33], KOppeaslHMOHHON pa3MEpHOCTH
aTTpakTopa B IOrpaHuYHOM cioe [34, 35], TeopeTHuYeCKUX pelIeHun
CIIEKTpaIbHON (yHKIHUU TypOyJIeHTHOTO MmoToka cpeasl [36, 37], popmy-
na no ananoruu PeitHonbaca [38]. B pe3ynbrate ObLIO OMpEENieHo, Y4To
cnektp E(k); HaXOQUTCs B 3aBUCUMOCTH OT BOJIHOBBIX YHCENl k JJIsl HHTEp-
BaJla reHepauuu TypOynenTHoctd B Buae E(k); ~ k", n =-1,2...-1,5. Dra
¢dopMmyia OblsIa Ha3BaHa OTHOIICHWEM HEONPEIEICHHOCTH MPU TeHepaluu
TypOynentHocTH [39]. 3aech mpencTaBieHO pemeHne UIsi KpUTHUIECKOro
ymcia Telnopa s ABMXKEHUS MEXKIY BpallarolIMMUCA KOAKCHAIbHBIMU
[WIHHPAMH.

Pe3yabraTsl. [IpuMeHUB cHUCTEMY CTOXaCTHYECKUX YpaBHEHHM [19—
27], BbIBesieHa ClIAyIOIIAs aHATTUTHYecKas popmya:

k n
roao d d m [h|L N1

di = —— | | 1
v rl f d rl ‘\/Est/p ()

3nech 71, ®1, d — paanyc U CKOPOCTh BPALIEHUs NIEPBOT0 IMINHAPA, pac-
CTOSIHME MEXJy LMIMHAPAMHU COOTBETCTBEHHO; (Ej) — CcTOXacTUYecKas
(MHIEKC «S?») KOMIIOHEHTa ToJisl 3Hepruu E; L — nuHelHbld MaciiTad
BO3MYIlIEHUSI (TypOyJI€EHTHOCTH); P, V — IUIOTHOCTb, KMHEMaTHuYecKas
BSA3KOCTb CpeJbl; M1, k, 1 — KOHCTaHTBI.

3axmouenue. [IpencraBnena ananurtudeckas gopmyna (1) ans kpu-
TU4ecKoro yucia Teistopa s ABMXKEHHS MEXIy BPALLAIOLIMMUCS KOAK-
CHAJIbHBIMU LIMJIMHAPAMHU, OCHOBaHHAsi HA TEOPUU CTOXACTUYECKUX YpaB-
HEHUI KOHTHHYQJIbHBIX 3aKOHOB M OKBHMBAJIECHTHOCTU MEP MEKIY
CIIy4ailHBIMU U JIETEPMUHUPOBAHHBIMU JBUKEHUSIMU. Pe3ynbTaThl pacye-

Ta =
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TOB KPUTHUYECKHX uucen Teiopa mo aHanutudeckoi 3aBucumoctu (1)
MIOKa3bIBAIOT yJIOBJIIETBOPUTEIHHOE COOTBETCTBUE JKCIIEPHMEHTAIBHBIM
JnaHHbIM [40].

Jluteparypa

1.
2.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Jlanpay JI.JI. K mpobrneme typOysnentHoctu. /JAH CCCP, 1944, 1. 44, Ne 8, ¢. 339-342.
Komnmoropos A.H. HoBblif MeTpuueckuili HHBapUaHT TPAH3UTUBHBIX IUHAMHYECKHX
cucreM M aBToMop¢hu3MoB npocrpancts Jlebera. JAH CCCP, 1958, 1. 119, Ne 5,
c. 861-864.

Konmoropos A.H. O6 sHTponuy Ha eAMHHILY BPEMEHH KaK METPUYECKOM HHBapH-
ante aBToMop¢usmMoB. JAH CCCP, 1959, T. 124, Ne 4, c. 754-755.

Kommoropos A.H. Marematndeckue Mozienu TypOyJIEHTHOTO IBIKCHUS HEC)KUMAe-
MOH Bsi3KoM xkuakoctu. YMH, 2004, 1. 59, Beim. 1 (355), c. 5-10.

Lorenz E.N. Deterministic nonperiodic flow. J. Atmos. Sci., 1963, vol. 20, pp. 130-141.
DOI: 10.1175/1520-0469

Ruelle D., Takens F. On the nature of turbulence. Comm. Math. Phys., 1971, vol. 20,
pp. 167-192; vol. 23, pp. 343-344. http://dx.doi.org/10.1007/bf01646553
Feigenbaum M. The transition to aperiodic behavior in turbulent systems. Comm.
Math. Phys., 1980, vol. 77, no. 1, pp. 65-86.

PabunoBua M.U. CtoxacTiuueckue aBTokoicOanus u TypOyineHTHOCTh. Y@H, 1978,
T. 125, Ne 1, c. 123-168.

Monun A.C. O npupone TypOynenTHocTH. Y@H, 1978, 1. 125, Ne 1, ¢. 97-122.
PaburoBna M.U., Cymuk M.M. KorepeHTHBIE CTPYKTYpHI B TYpOYJICHTHBIX TeUe-
HusiX. Henuneiinvie gonusi. Camoopeanusayus. A.B. Tanonos, M.. PabuHOoBHY,
pen. Mocksa, Hayka, 1983, c. 58—84.

3acmaBckuit I'"M. Cmoxacmuunocme Ounamuueckux cucmem. MockBa, Hayxka,
1984.

Crpymunckuii B.B. Bo3uukHoBenue typOysientnoctu. /JAH CCCP, 1989, 1. 307,
Ne 3, ¢. 564-567.

Camapckuii  A.A., Maxykun B.M., Maryc ILII., Muxaimuxk W.A. Z/2-
KOHCepBaTHBHbIE cxeMbl As ypaBHeHus Kopreserage ®puca. J4H, 1997, 1. 357,
Ne 4, c. 458-461.

KiumonToBry FO.JI. TIpoOieMbl cTaTUCTUYIECKOH TEOPUH OTKPBITHIX CHCTEM: KpH-
TEpUH OTHOCUTENFHOH CTENCHH YIOPSIOYEHHOCTH COCTOSIHHH B IpoLeccax caMo-
opranmzamn. Y@H, 1989, 1. 158, Bemm. 1, c. 59-91.

DOI: 10.1070/pu1999v042n01abeh000445

Sreenivasan K.R. Fractals and multifractals in fluid turbulence. Ann. Rev. Fluid-
Mech., 1991, vol. 23, pp. 539-600.

Orzag S.A., Kells L.C. Transition to turbulence in plane Poiseuille and plane
Couette flow. J. Fluid Mech., 1980, vol. 96, no. 1, pp. 159-205.
http://dx.doi.org/10.1017/s0022112080002066/

Priymak V.G. Splitting dynamics of coherent structures in a transitional round-pipe
flow. Dokl. Phys., 2013, vol. 58, no. 10, pp. 457-465.

OypcukoB A.B. MomenTHas Teopus ans ypaBHeHUit HaBre — CToOKCa co ciaydai-
HO TipaBoii yacteto. M38. PAH. Cep. mamem., 1992, 1. 56, Ne 6, ¢. 1273—-1315.
Jdmutpenko A.B. DKBUBaJEHTHOCTH Mep U CTOXACTHYECKHE ypaBHEHUs I TypOy-
JIGHTHBIX TIOTOKOB. /[AH, 2013, 1. 450, Ne 6, c. 651-658.
http://dx.doi.org/10.1134/s1028335813060098

Dmitrenko A.V. Equivalent measures and stochastic equations for determination of
the turbulent velocity fields and correlation moments of the second order. Abstr. Int.

Huorcenepnotit scypnan: nayka u unnosayuu # 4-2021 27



Dynoamenmanvhvie u npuKkiIaouvle 3adaqu mexanuku. Mamepuanwv kongepenyuu. Yacmo 2

Conf. “Turbulence and Wave Processes”. Lomonosov Moscow State University,
November 26-28, 2013. Moscow, 2013, pp. 39-40.
http://www.dubrovinlab.msu.ru/turbulencemdm100ru

21. Hmutpenko A.B. Teopusa sxeusaneHmuvix mep u MHONCECME C NOBMOPAIOUSUMUCH,
cuemHviMu ppaxmanvuvimu daemenmamu. Cmoxacmuueckas mepmoOUHAMUKA U
mypoyrenmuocms. Koppeismop demepmunuposannocms — cayuatinocnms. Mocksa,
Tlamnes-npunt, 2013. http://search.rsl.ru/ru/catalog/record/6633402

22. JImutrpenko A.B. 3axonomepnas cea3v medncoy OemepMuHupoSaHHuiM (lamunap-
HbIM) U XAOMUYEeCKUM (MypOyIeHmHbIM) OBUNCEHUAMU — IKBUBANEHIMHOCMb Mep.
Jurutom Ha HayyHoe oTKpbITHe Ne 458, pernctpaunonHsiii Ne 583 ot 2 nexabps
2013 r.

23. Dmitrenko A.V. Some analytical results of the theory of equivalence measures and
stochastic theory of turbulence for non-isothermal flows. Advanced Studies in Theo-
retical Physics, 2014. vol. 8, no. 25, pp. 1101-1111.
https://doi.org/10.12988/astp.2014.49131

24. Dmitrenko A.V. Analytical estimation of velocity and temperature fields in a circu-
lar tube on the basis of stochastic equations and equivalence of measures. J. Eng.
Phys. Thermophys., 2015, vol. 88 (6), pp. 1569—-1576.
https://doi.org/10.1007/s10891-015-1344-x

25. Dmitrenko A.V. Determination of critical Reynolds numbers for non-isothermal
flows with using stochastic theories ofturbulence and equivalent measures. Heat
Transf. Res., 2015, vol. 46, iss. 12, pp. 1102-1112.

DOI: 10.1615/HeatTransRes.2015014191
http://dl.begellhouse.com/journals/46784ef93dddff27,forthcoming.html

26. Dmitrenko A.V. Determination of critical Reynolds numbers for nonisothermal
flows using stochastic theories of turbulence and equivalent measures. Heat Transf.
Res., 2016, vol. 47 (1), pp. 41-48. https://doi.org/10.1615/HeatTransRes

27. Dmitrenko A.V. The theory of equivalence measures and stochastic theory of turbu-
lence for non-isothermal flow on the flat plate. International Journal of Fluid Me-
chanics Research, 2016, FMR-15458, wvol. 43, iss. 2, pp. 182-187.
DOI: 10.1615/InterJFluidMechRes.v43.i2.10

28. Dmitrenko A.V. Turbulent velocity field and the correlation moments of the second
order deter-mined by stochastic equations. Fractal equation of Landau. International
Journal of Fluid Mechanics Research, 2016, FMR-15893, vol. 43, iss. 3, pp. 271-280.
DOI: 10.1615/InterJFluidMechRes.v43.i3.10

29. Dmitrenko A.V. Stochastic equations for continuum and determination of hydraulic
drag coefficients for smooth flat plate and smooth round tube with taking into account
intensity and scale of turbulent flow. Contin. Mech. Thermodyn., 2017, vol. 29 (1),
pp- 1-9. https://doi.org/10.1007/s00161-016-0514-1

30. Dmitrenko A.V. Analytical determination of the heat transfer coefficient for gas,
liquid and liquid metal flows in the tube based on stochastic equations and equiva-
lence of measures for continuum. Contin. Mech. Thermodyn., 2017, vol. 29 (6),
pp. 1197-1205. https://doi.org/10.1007/s00161-017-0566-x

31. Dmitrenko A.V. Determination of the coefficients of heat transfer and friction in su-
percritical-pressure nuclear reactors with account of the intensity and scale of flow
turbulence on the basis of the theory of stochastic equations and equivalence of
measures. J. Eng. Phys. Thermophys., 2017, vol. 90 (6), pp. 1288—1294.
https://doi.org/10.1007/s10891-017-1685-8

32. Dmitrenko A.V. Results of investigations of non-isothermal turbulent flows based
on stochastic equations of the continuum and equivalence of measures. /OP Conf.
Series: J. Phys.: Conf- Ser., 2018, vol. 1009, art. ID 012017.
https://doi.org/10.1088/1742-6596/1009/1/012017

28 Huowcenepnuii scypnan: nayka u unnosayuu #4-2021



DOI: 10.18698/2308-6033-2021-4-2068

33. Dmitrenko A.V. The stochastic theory of the turbulence. IOP Conf- Ser.: Mater. Sci.
Eng., 2018, vol. 468, art. ID 012021.
https://doi.org/10.1088/1757-899X/468/1/01202

34. Dmitrenko A.V. Determination of the correlation dimension of an attractor in a pipe
based on the theory of stochastic equations and equivalence of measures. 2019 J. of
Phys.:Conf. Series, vol. 1291. https://doi.org/10.1088/1742-6596/1291/1/012001

35. Dmitrenko A.V. The correlation dimension of an attractor determined on the base of
the theory of equivalence of measures and stochastic equations for continuum. 2079
Contin. Mechan. and Thermod. https://doi.org/10.1007/s00161-019-00784-0

36. Dmitrenko A.V. Formation of a Turbulence Spectrum in the Inertial Interval on the
Basis of the Theory of Stochastic Equations and Equivalence of Measures. J. of Eng.
Phys. and Thermophys., 2015, vol. 88 (6), art. ID 1569.

DOI: 10.1007/s10891-015-1344-x

37. Dmitrenko A.V. Theoretical solutions for spectral function of the turbulent medium
based on the stochastic equations and equivalence of measures. Continuum Mechan-
ics and Thermodynamics. https://doi.org/10.1007/s00161-020-00890-4

38. Dmitrenko A.V. The possibility of using low-potential heat based on the organic Ran-
kine cycle and determination of hydraulic characteristics of industrial units based on
the theory of stochastic equations. JP Journal of Heat and Mass Transfer, 2020,
vol. 21, no. 1, pp. 125-132, 39. Dmitrenko A.V. Uncertainty relation in turbulent shear
flow based on stochastic equations of the continuum and the equivalence of measures.
Continuum Mechanics and Thermodynamics, vol. 32, no. 1, pp. 161-171.
DOI: 10.1007/s00161-019-0566-x

39. Hlnuxtunr I'. Teopus nocpanuunoco crnos. Mocksa, Hayka, 1969, 743 c.

IIpucoeauHeHHas Macca B BA3KOH HEC:KUMAEMOU
JKHIKOCTHU NPU TPAHUYHBIX YCJIOBHSAX
NPWJIHMAHUSA U YACTHYHOT O CKOJIbKCHUS

© I'.A. ApiHHIKOBA

HUU mexanuku MI'Y, Mocksa, Poccus
E-mail: dyn@imec.msu.ru

AnHOTanus. /[okazaHo, 4TO B BSI3KOW HEC)KUMAEMOM >KUJIKOCTU TPHU
TPAHUYHBIX YCIOBHUSAX YACTUYHOI'O CKOJIbKEHUS M MPUIIUIIAHUS TUIAPOIU-
HaMUYeCKas CWJIa paBHAa CyMME ABYX CHJI, OJHAa U3 KOTOPBIX 3aBHCHUT
TOJBKO OT CKOPOCTH T€Jla U paCIPEACIICHUSI CKOPOCTH B MPOCTPAHCTBE TE-
YEHHUs, @ BTOpasi paBHAa MPOU3BEACHUIO TEH30Pa MIPUCOEINHEHHBIX MacC Ha
BEKTOp yckopeHus. [Ipu 3ToM K03 PUIMEHTHI IPUCOSTUHEHHBIX MAcC HE
3aBUCAT OT BS3KOCTU M KOX(PQDUIIUEHTA CKOJIBKEHUS U COBIAJAIOT C KO-
a¢unreHTaMu, BBIYUCIEHHBIMU JUIS MOTCHIIMATBHBIX TEUCHUUN HIealb-
HOMU YKUJIKOCTH.

Knrwueswie cnosa: I’lpuCO@duH@HHG}Z macca, 4adcmudHoe CKOJIboCEHUE, 653~
KAl HeCoHcuMaemast HCuoKoCmb

B paGote [1] noka3ana Teopema 0 MPUCOETUHEHHBIX Maccax B BA3KOU
HEC)KUMAeMO# KMIKOCTU TpPH YCJIOBUU MPUJIMIIAHUS HA IOBEPXHOCTHU
tesa. [lokazaHo, 4T0 K03((PUIMEHTHI IPUCOETUHEHHBIX MacC HE 3aBUCST
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OT BSI3KOCTH, & TOJIBKO OT T€OMETPHHU TeJl U COBIAAIOT C KO3 PHUIneHTa-
MU, BBIYMCIICHHBIMH TS TIOTCHIMAIBHBIX TEUEHUH HI€ATbHON KUIAKOCTH.
B nannoii pabote 3Ta Teopema 0600111eHa Ha CITy4yail FPaHUYHOTO YCIIOBHS
YaCTHYHOTO CKOJIBKEHUSL.

[Ipu nokaszarenbCcTBE HMCIOJIB30BAHO pasiiokeHHe ['enbmrosbia Bek-
TopHOH QyHKIMU G =Vp, coriiacHO KOTopoMy Jt00asi HenmpephIBHAs Ky-

COYHO-TJIaJIKasi BEKTOpHAsl (DYHKIMs, OIpe/eieHHast B 001acTu V), MOXKeET
OBITH BBIpRXKECHA Yepe3 ee poTop R, muBepreniuio H u 3HaYeHUS Ha rpa-
HuLax odnacrtu S.

G(r),reV,
aG(r),reS;= j R(r')xK(r,r"\dV + j H(K(r,r")dV +
O,reV ,Us| " Vi

+ j (n(r)xG(r"))xK(r,r')ds + j (G(r')-n(r'))K(r,r')ds; (1)
S S
1 r-r'

-r '
K:2K_1nm; r EVfUS

KospduuueHnt o Ha riaagkoil MOBEPXHOCTH paBeH ‘2, HOpMalb N
HalpasJIeHa BHyTpb o0nacTH Vy.

Potop rpaauenTa naBiaeHus paBeH HyJIO, a JUBEPIEHLUS BbIPAKACTCs
u3 ypaBHeHusi HaBbe — Crtokca. [Ipoekuusi ypaBuenus (1) Ha moBepx-
HOCTh S IpescTaBiseT co00il MHTErpajgbHOE ypaBHEHHE, ONpEeNsioiiee
¢yukuuo ¥ =nxG =nxVp Ha noBepxHocTH. [IokazaHo, 4yTo 3Ta PyHK-

1M MOKET ObITh mpezcraBieHa kak cymma W =%, +%¥,, roe QpyHkuus
¥, 3aBHCHT OT CKOPOCTH JBMKEHHMS T€JIa U MTHOBEHHOT'O PACIpe/IeIeHUs
1

CKOPOCTH B MPOCTPAHCTBE TEUEHHS, HO HE 3aBUCUT OT YCKOPEHHUS, a
¢Gynkiust ¥, 3aBUCUT TOIBKO OT YCKOPEHHH (IIOCTYNaTEeIbHOTO U yIJIOo-
BOr0), T€OMETpUM Teja U TpaHull TedeHus. [IpuyeM 3aBUCHUMOCTBH OT
YCKOPEHUH SIBJISIETCS TMHEUHOM.

B [2, 3] noka3aHbl TOXKAECTBA, CIPABEIMBBIC TS TI000M HETPEPHIB-
HOM KyCOYHO-TJIAKON (DYHKIIMH p HA 3aMKHYTOU IMOBEPXHOCTH "

F, E—(]Spnds:%l(j.er(npr)ds;

K
S S 1 2 )
M, = qunx(r—rO)ds :—E(ﬁ(r—ro) (nxVp)ds.
S S)

CnenoBarenbHO, CUJIbI JABJICHUS MOTYT OBITH NPEACTABICHbI B BUJE
CYMMBI:
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1
sta ad sta
F,=F“+F" F“=——¢rxW¥ds,
k-1
Sp
1

d . d

F* = rx¥,ds; M, =M}" +M",

e w L

3neck F M — crma u MoMeHT IIPUCOEIMHEHHBIX MACC, IMHEHHO 3aBU-

CsIlLIME OT YCKOPEHUH U He 3aBUCSIIME HU OT BA3KOCTH, HU OT KO3 PHULIUEHTA
CKOJIBXKEHUSI, HH OT TPEAbICTOPUN TEYeHHs, TprIeM KOI(PPHUIUESHTHI TPH
KOMIIOHEHTAaX YCKOPEHMsl paBHbI KOI((HULIMEHTaM MPUCOETMHEHHBIX Macc
JUTSl TOTEHIMAJIbHBIX TEYECHUH.

JlokazaHHas TeopeMa WJUIIOCTPUPYETCS Ha MPUMEPE pacyeTa CHIIbI
JIABJICHUsA, NEUCTBYIOIIEH Ha LWIMHAP paauyca R, KOTOPBIA HAayMHAET
IBrkeHME npu ¢ = 0 B MOKosIIENCs )KUIKOCTH B HAIpPaBICHUH, IEPIECH-
JUKYJISIPHOM CBOEU OCH, C IEPEMEHHON CKOpOCThIO U,

0,5¢, t<I;
U:iz 0,5, 1<t <2;
U, 0,5¢ 0,5, 2<t <3
1, >3,

rae ¢ =tU,/R — Ge3pa3mMepHOe BpeMms.

125
{J 100
0.75
0.50
0.25
0.00

25

F, —1

—2

M

0.5 e

0.0

0.0 0.5 1.0 1.5 2.

~ =

Cuita maBneHus, ASUCTBYIONIAs HA IWIMHIDP IPH ABIKCHUN
C NIEpEMEHHOM CKOPOCTHIO
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Ha moBepxHOCTH IIMIMHAPA CTaBUTCSA YCIOBHUE YACTUYHOTO CKOJIbXKE-
Husl. PacueTsl BBIMOIHEHBI 0€CCETOYHBIM METOJIOM BSI3KMX BHXPEBBIX J10-
meHoB (BB/I) [4]. Beibpana Mojienb CKOMBXKEHUs, IPH KOTOPOW MOTOK 3a-
BUXPEHHOCTH G TIPOMOPIIMOHATICH CKAYKy TaHT€HIIMAJIbHOU CKOPOCTH Au Ha
MOBEPXHOCTH Tea & = Au/T, Tak Kak 3Ta MOJENb Haubonee yno0Ha Tpu

pewennu 3anaun MetogoMm BBJI. Ha pucynke nmokazansl 3aBUCUMOCTH 0e3-
pa3MEpHOUM IIOTOHHOM CHIIBI Fp = Fp/(pUgR) npu Re=U,R/v =250

¥ pasHbIX 3HaYeHWsIX T =1U,/R . KpuBas 1 COOTBETCTBYET YCIIOBHIO IIPH-

mumanus (T =0), 3HaueHust T U1t KpuBbIX 2, 3 1 4 pasnbl 0,5; 1, 1 5 cooT-
BETCTBEHHO.

ITo rpadukam BUAHO, YTO B MOMECHTHI OTKIIOYCHHUS H BKIIFOUCHUS
YCKOPECHHSI CHJIa JIaBJICHHUS BO BCEX CIIydyasiX MPETEeprieBaeT CKa4yoK, paB-
Heti 1,574+ 0,02, dYro COOTBETCTBYET MPUCOCAMHEHHOM  Macce

(3,14 £ 0,04) pR2 U COIVIACYETCs C TEOPETUYECKUM 3HAYCHUEM IIPUCOEIU-

o d 2
HCHHOMU MacCChl HUJIMHApPA B IMOTCHLHUAJIBHBIX TCUCHUAX I’I’la ZTCpR .

OTMeTI/IM, 4YTO CWjia TPCHUA 3aBUCUT OT MITHOBCHHOT'O PACIIPCACICHUA 3a-
BUXPCHHOCTH U HC 3aBUCUT OT YCKOPCHHA. HOBTOMY IoJiHagd ruApoarHa-
MHYCCKasd Cujia B paCCMOTpeHHOﬁ 3aa4e IpeTeprcBacT TaKOM K€ CKayoK.
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Added mass in a viscous incompressible fluid
under no-slip and partial slip boundary conditions

© G.Ya. Dynnikova

Institute of Mechanics, Lomonosov MSU, Moscow, Russia
E-mail: dyn@imec.msu.ru

Abstract. It is proved that in a viscous incompressible fluid under
the no-slip and partial slip boundary conditions, the hydrodynamic force is
the sum of two forces, one of which depends only on the body velocity
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and the velocity distribution in the flow space, and the second is equal to
the product of the added masses tensor by the acceleration vector. The co-
efficients of the added masses do not depend on the viscosity and the slip
coefficient and coincide with the coefficients calculated for the potential
flows of an ideal fluid.

Keywords: added mass, partial slip, viscous incompressible fluid.

In [1], an added masses theorem was proved for the case of a viscous
incompressible fluid under the no-slip condition at the body surface. It is
shown that the coefficients of the added masses don't depend on the vis-
cosity, but depend on the geometry of the bodies only and coincide with
the coefficients calculated for the potential flows of an ideal fluid. In this
paper, this theorem is generalized to the case of the partial slip boundary
condition.

The proof used the Helmholtz decomposition of the vector function
G =Vp, whereby any continuous piecewise smooth vector function de-
fined in the domain V; can be expressed in terms of its curl R, divergence
H, and values at the domain boundaries S.

G(r),rev;
aG(r),reS = [ RE)xK(r,r)dV + [ Hr)K(r,r)dV +
0,reV,UsS Vr Vr
+j(n(r NxG(r'))x K(r,r')dS + j (G(r')-n(r"))K(r,r')ds. (1)
S S
1 r-r'

K= ;o r'eV.Us;
2K—1n|r_r,|< S

On a smooth surface the coefficient a is equal to 1/2, the normal n is
directed into the domain V. Curl of the pressure gradient is equal to zero
and the divergence is expressed from the Navier-Stokes equation. The pro-
jection of equation (1) onto the surface S is an integral equation that de-
fines a function ¥ =nxG =nxVp on the surface. It is shown that this

function can be represented as a sum ¥ =%, +¥,, where the function
¥, depends on the velocity of the body and the instantaneous distribution

of the velocity in the flow region, but it does not depend on the accelera-
tion, the function ¥, depends only on the accelerations (translational and

angular), the geometry of the body and the boundaries of the flow. Moreo-
ver, the dependence on acceleration is linear.

In [2, 3], identities were proved that are valid for any continuous
piecewise smooth function p on the closed surface S
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1
F, E—Sgspnds:Eg)rx(npr)ds;
b b

M, Eqﬁpnx(r—ro)ds:—%C_l.)(r—ro)z(npr)ds.

2

Therefore, the pressure forces can be represented as the sum

1
F — Fstat + Fad , Fstat — I X ‘P dS,
PP P K_li 1

1
F* =—1<_|5rxl1'2ds; M, =M +M“,
K_
Sp

where F* M* are force and moment of added masses, linearly depend-

ent on accelerations and independent of viscosity, slip coefficient, or flow
history. The coefficients at the acceleration components are equal to the
coefficients of added masses for potential flows.

The proved theorem is illustrated by the example of the pressure force
acting on a cylinder of radius R, which begins to move at ¢t = 0 in a fluid at
rest in a direction perpendicular to its axis, with a variable velocity U,

0.5¢, t<I;
U 0.5, 1<t<2;
TU, |057-05, 2<7<3;
1, >3,

where 7 =tU,/R.

A partial slip condition is set on the cylinder surface. The calculations
were performed by the meshless method of Viscous Vortex Domains
(VVD) [4]. A slip model is chosen, in which the vorticity flux ¢ is propor-
tional to the jump in the tangential velocity Au on the body surface
o = Au/t, since this model is most convenient for solving the problem by

the VVD method. In the figure, the dependences of the force
Fp =Fp/(pUgR) are shown at Re=U,R/v =250 and different values

T=1U,/R. Curve 1 corresponds to the no-slip boundary condition

(T =0), the values 7 for curves 2, 3, and 4 are 0.5, 1, and 5, respectively.
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Pressure force acting on a cylinder moving at variable speed.

It can be seen from the graphs that at the moments of turning off and
turning on the acceleration, the pressure force in all cases undergoes a jump

equal to 1.57 £ 0.02, which corresponds to the added mass (3.14 + 0.04) pR2

that agrees with the theoretical value of the added mass of the cylinder in po-

d

tential flows m“ = npRz. Note that the friction force depends on the instan-

taneous vorticity distribution and does not depend on acceleration. Therefore,
the total hydrodynamic force in the considered problem undergoes the same
jump.
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YucieHHOe MOACTHPOBAHNE NPOLECCOB 00pa30BaHuA
U Apo0JIeHUs BUXPell pU 00 TeKaHUM
nepgopupoBaHHOIl IOBEPXHOCTH

© A.C. Emnxun"*", B.T. KaJ'IYFI/IHl, ITA. ‘Iepnyal

'MI'TY um. H.D. baymana, Mocksa, Poccus
2MICII um. B.I1. ViBanHuKOBa PAH, Mocksa, Poccus
*E-mail (noknamunka): andrey.epikhin@bk.ru

AHHOTanus. B pabore npoBeaeHO YUCIEHHOE MOJIEIUPOBAHUE TPEX-
MEpHOro O0TeKaHMs CIUIOLIHOM U nephOpUPOBAHHON IUIACTHHBI IIPU pa3-
JMYHBIX yIJIax aTaku ¢ npumeHeHueM nakera OpenFOAM. [Ins pacueTos
UCIIOJIb30BaJICS METOJ KpyIHbIX BUXpel. [lomydeHsl kak a’poauHaMude-
CKHE XapaKTEPUCTHKH, TAK U CTPYKTYphl UX oOTekanus. [IpoBenen ananus
CTPYKTYp OOTE€KaHUs U OIpeJesieHbl OCOOEHHOCTH MPOLECCOB 00pa3oBa-
HUS 1 JpoOJIeHrst BUXpeil 3a cuet nepdopaiun moBepXHOCTH. BhimoiHeHo
CpaBHEHHE C 3KCIIEPUMEHTAIbHBIMU IaHHBIMHU.

Knwuesvie cnosa: uucnennoe mooenuposanue, nephopayus, a’spoouna-
MuyecKue xapakmepucmuxu, memoo kpynuwix suxpeu, OpenFOAM.

Numerical simulation of the physical processes
of formation and propagation of vortices
at the flow around perforated plate

© A.S. Epikhin" %, V.T. Kalugin', P.A.Chernukha'

'Bauman Moscow State Technical University, Moscow, Russia
*Ivannikov Institute for System Programming of the RAS, Moscow, Russia
*E-mail (speaker): andrey.epikhin@bk.ru

Abstract. The aim of the present investigation is to obtain and analyze
flow field and aerodynamic characteristics of perforated plates at different
angles by numerical simulation using OpenFOAM software package.
Large Eddy Simulation was used to obtain a detailed representation of tur-
bulent velocity flow field in the near wake of the drag plates. The numeri-
cal simulation were performed and compared with experimental data to
assess aerodynamic performance of solid and perforated inclined plates
which simulate forward-opening configuration of the drag brakes. For ful-
ly perforated plate’s passive gas injection through the holes close to the
leading edge induce separation zone deformation and affect the whole
flow structure downstream.

Keywords: numerical simulation, perforation, aerodynamic performance,
LES, OpenFOAM.
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Oco0enHocTH mpouecca o0TekaHus neppopupoBaHHOM
IUIACTHHBI C BHYTPEHHEH M0JI0CTHIO

©ALT. Fony6eB*, M. KanymHa**

MI'TY um. H.3. baymana, Mocksa, Poccus
*E-mail: alexeygg@yandex.ru; **maria224466@yandex.ru

AnHoTanus. VccnenoBan npouecc 00TeKaHUs ABYX IUIACTHH C OJU-
HAKOBBIMHM I€OMETPUYECKUMU MapaMEeTPaMHU, HO C PA3JIMYHBIM KOHCTPYK-
LIMOHHBIM HCIOJIHEHUEM: 1) ¢ BHYTpEHHEH IOJIOCTbIO, B KOTOPYIO 4epe3
OTBEPCTHUSI MOXKET 3aTeKaTh BO3AyX (TUM 1); 2) co ckBO3HOH nepdoparueit
(Tun 2). PaccMOTpeHbI CTPYKTYPbI TEUCHUH, OTYYEHHBIE ITPU YUCICHHOM
MOJICIIMPOBAHIH OOTEKAHUS TUTACTUHBI THIA | JO3BYKOBBIM ITOTOKOM BO3-
nyxa non yriaom ataku o = 0...90° B makere SolidWorks Flow Simulation.
[TpoBeneH cpaBHMUTENbHBIM aHAIN3 a’POAMHAMHUYECKUX XapaKTEPUCTUK
(AJIX) 060MX TUTIOB TUTACTHH MPU U3MEHEHUH yTJla aTaKy.

Knwueswvie cnosa: nnacmuna, cxeosnas nequopauu;z, GHYMPEHHAA NO-
J10CNn1lb, aapodunamuuecxue xXapakmepucmuku.

BBenenue. J[o cux mop OHUM W3 aKTyaJIbHBIX HAIPaBJICHHI COBpE-
MEHHOH a’pOJJMHAMUKHU ABIISICTCS OpraHU3alys yIpaBiIeHUs U cTabuin3a-
IIUU BHEIIHEr0 ra30BOro MOTOKa MpU OOTEKaHWU PA3IUYHBIX JIETATEIbHBIX
anmapatoB (JIA) [1]. Koncrpykuus nHanbonee apdextiuBHoro JIA nomxna
CHOCOOCTBOBaTh OE30TPHIBHOMY OOTEKAHHIO KOMIIOHOBKH JJIsl oOecrede-
Husi HeoOxomumbix AJ[X Ha BceM MPOTSXKEHUHM TOJEeTa U OTCYTCTBUS
y HUX HECTALIMOHAPHOTO XapaKTepa u3MeHeHus [2].

B nannoii pabore aisl yCTpaHEHHs] KpPyIMHOMACIITAOHBIX BHUXPEBBIX
CTPYKTYD, TIPU B3aUMOJEHCTBUH C KOTOPHIMH MOTYT BO3HUKATh BUOpaIuu
KoHCTpyKimu JIA [3], mpemiokeHo UCIoIb30BaTh mephopalrio MoBEPXHO-
CTH C BHYTpPEHHEH! MOJIOCTBIO M €3 Hee Ha MpUMepe IIOCKOH MIaCTHHBL.

HccnenoBanue o0Tekanusi neppopupoBaHHON IIACTHHBI ¢ BHYT-
PeHHell mosaocTho. /[ nmpoBeneHus mpoiecca YUCIEHHOTO MOZEIHPO-
BaHUs TPEXMEPHOro OO0TeKaHUs ObLIa BhIOpaHa IUIOCKas mephopHUpoBaH-

Has TuiactuHa Trma 1. Ee otHocutenvHas mmHa [ =1, mmpuna b =1,
tommuHa ¢ =0,04 © OTHOCUTENBHBIM AMameTp OTBepcTHH d =
=0,027;0,04;0,067;0,093 paccuutsiBaiuch o popmymnam:
b < oy

b 2
/ l l
rae | — pnuHa tiactussl ([ = 150 MMm); b — muMpuHaA TUIACTUHBL, ¢ —
TOJIIIMHA TJIACTHHBI.

¢= ’dOTB:

7=l p-
l

Huorcenepnotit scypnan: nayka u unnosayuu # 4-2021 37



Dynoamenmanvhvie u npuKkiIaouvle 3adaqu mexanuku. Mamepuanwv kongepenyuu. Yacmo 2

CreneHb nep(bopaum/l BBIYMCJIAT1aCh I10 3aBUCHMMOCTH:

c=h-100%,
S

rae S,,, — IUIOIAab BCEX OTBEPCTHM, PACIOJIOKEHHBIX Ha IUIACTHHE;

S — 1Iomane MIACTUHEL.

Vel ataku u3mMeHsuiuch B quanazone o = 0...90° ¢ marom Aa = 30°.
[TapameTpsl 103BYKOBOIO MOTOKAa COOTBETCTBOBAIM 4HCiIy PeliHonbaca
Re = 2,5-10°, paccunTaHHOMY 10 JUTHHE MIACTHHBL IIpH 3TOM JaBleHHE
p =101325 Ila, nnotHocts p = 1,225 KTV

UucneHHOE MOJAETMPOBAHUE IPOBOAMIOCH B NMPOTPAMMHOM IMAKETE
SolidWorks 2018 Flow Simulation myTeM perieHusi CUCTEMbI ypaBHEHUH,
BBIpaXKaIOIINX OCHOBHBIE 3aKOHBI coXpaHeHUs. HauanbHas pacuerHas 00-
JIACTh MPECTaBIsAET co00M KyO ¢ aimuHON cTopoHbl 1,5 M. Uucno sdeex
6a30Boil pacyeTHON CeTKH cocTaBisuio mpumepHo 1-10°, mpu sToMm 6bLIO
BBITIOJTHEHO M3MENIbYEHUE SYeeK BOJIHM3U OTBEPCTUH IMyTeM MOCTPOCHUS
JIOKaJIbHOM CETKH C YPOBHEM JIPOOJICHHS siYeeK B TEKy4el cpene, paBHBIM
5, ¥ CTYILIEHHE CETKHU K TOBEPXHOCTH IIACTUHBI.

B pesynbraTe ObUIM TOJTYYEHBI CTPYKTYPHI TEUCHHUS C PACIIpEIeIICHH-
€M CKOPOCTHU ISl IJIACTUH C Pa3JIMYHBIMHU IMaMETPAMU OTBEPCTHM U CTe-
neHsMu - niepdopanymn: JOTB =0,027 (0 =40,7%); 0,04 (c=40,7 %);
0,067 (6 =22,3% u 50,2 %); 0,093 (c =43,8 %).

Bbu10 BBISIBIIEHO, YTO MPHU HYJIEBOM YIJIE aTaku BUXpH, 00Opas3yromue-
Cs B NEpEAHEN YacCTH IJIACTUHBI, IPUBOIAT K HEKOTOPOMY PACIIUPEHUIO
NOTOKA, OJHAKO Jajee CTpPyKTypa TeueHHs Oonee paBHoMepHa. [lpu
o = 30° mMpouCXOAUT NBOMHOE UCKPUBJICHUE TOTOKA MIPU €r0 MPOTEKaHUHU
CKBO3b BHYTPEHHIOIO MOJIOCTh, KOTOPOE CTAaHOBHUTCS Oojiee 3aMETHO IpPHU
yBEIMUYEHUH auaMeTrpa oTBepctuil. C yBennyeHneM yriia ataku a0 o = 60°
Onmxe K mepedHel KPOMKe IUIaCTUHBI CTPYHM JBIDKYTCS MPAaKTHYECKU
NPSIMOJIMHENHO, OIHAKO HAUMHAsl C CEpEIUHBbl IUIACTUHBI HAa MOJIBETPEH-
HOM CTOpOHE BO3AYIIHBIN MOTOK pa3/iBaMBaeTcs B Ipolecce 00TeKaHUS
TBepaoi 00osouku. [Ipu STOM OCHOBHOHM MOTOK HE MPHOOpPETAeT JOIOJI-
HUTEIbHBIX BO3MYILIEHUH 32 CUET UCKPUBIICHHBIX CTPYHl.

JlokanpHbIE BHXPEOOpa30BaHMS BO3HUKAIOT MEXAY OTBEPCTUSIMH,
BO3JIC 3aJJHEH KPOMKHU IUIACTHHBI U BHYTPU IMOJIOCTH OKOJIO CKPYIJICHH
KpoMmoK 1ipu o0 = 0 u 30°, a KpynHbIE BUXPEBbIE CTPYKTYPBhI 00pa3yoTcs
BJIaJI OT MTOBEPXHOCTH ILJIACTUHBI IpH 0. = 60°.

[lo momy4eHHBIM 3HAYEHHWSM CHJ OBUIM paccuuTaHbl Kod(dduimeHt
IIPOJOIBHON ¢, U HOPMAJILHOM CHIIBI C).

Ha ocHoBaHMM MOJy4YE€HHBIX JaHHBIX MOXHO CJENIaTh BBIBOJ O TOM,
YTO Y€M BHIIIE CTENEeHb neppopanuu G, B TOM YHCIE U MPH PaBHBIX 3HA-
YeHUSAX IHAMETPOB, TEeM OoJblliee 3HAYCHHE MPHHUMAeT KoddduumeHt
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npojonpHoii cuibl. Opmako B cmydae dy, =0,027 (6=40,7%) c,
6onbIme, Hexemn pu d,, = 0,067 (= 50,2 %).

Onpenensionyto pojib UrpaeT TakKe JUaMeTp OTBEPCTHil: MpH paB-
HOH cTeneHu nepopaunuu MEHbIINHN ¢, MoTydaeTcst Ipu OoJbIleM 3Hade-

HUU d .

[Ipu ananuze 3aBUCUMOCTH KOX(GUITUEHTa TOIBEMHON CHIIBI OT yIiia
aTaku ObUIO OTMEUYEHO, uTO mocie oo = 50° HaMMEHBIIMM 3HAaYCHUEM 00-
JajaeT IJIaCTHHA ¢ MUHHMAaJIbHOM CTEIeHbio mepdopanuu, mpu o < 50°
3HAUeHMs AJIs BCEX BApUAHTOB JOCTATOYHO Onu3ku. MakcumyM c, Ha

BCEM YYacTKe H3MEHEHHUs yIla aTakd HaOmojanca npu d, ., =
=0,067 (o =50,2 %), T. e. Koraa cTeneHs neppopanuy HaudoIbIIAs.

[Ipu cpaBHenun AJIX ABYX TUIOB IJIACTHH YCTaHOBJIEHO, YTO KO3(-
(ULMEHT NPOJOJIBHOM CHUJIBI B ClIydae HAJIM4YUS Yy IUIACTHUHBI C OTHOCH-
TenbHOM TONLMHON 0,04 MpPOTOKOB C BHYTPEHHEH IOJOCTBIO MEHBIIE,
HEXEJIM y AaHAJIOIMYHBIX IUIACTMH C OTHOCUTENBbHON TonmuHon 0,027
u 0,04 co CKBO3HBIMU OTBEpPCTHSAMHU. MaKkcHMaiIbHOE 3HAYCHHE KOdPPH-
LUEHTA ¢, JOCTUraeTcs Mpu yrie ataku o = 30°.

ITomyueHo, 4To ¢, B ciydyae HAIU4Us y IUIACTHHBI C OTHOCUTEIIbHOU
tonuHoi 0,04 mpOTOKOB ¢ BHYTPEHHEH MOJOCThIO UMEET Oosbliee 3Ha-
yeHue npu o < 50°, HeXKeNH TIIaCTUHBI ¢ OTHOCUTENIbHOM TosmuHou 0,027
1 0,04 co CKBO3HBIMU OTBEPCTHUSIMHU.

BeiBoabl. B pesynbrare 4yMCIEHHOIO MOJEIHMPOBAHUS Ipolecca 00-
TEeKaHUs TUIOCKOW TIep(POPHUPOBAHHON IJIACTUHBI C BHYTPEHHEH MOJIOCTHIO
IpU Pa3IUYHBIX yIjaxX aTakd ObUIM MOJYyYEHBI CTPYKTYpbl OOTEKaHUS U
paccuntanbl AJ/IX, cpaBHEHHE KOTOPBIX MIPOBEJIEHO C a3POAMHAMUYECKU-
MU XapaKTEepPUCTUKAMHU IIJIACTUHBI THIIA 2.
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Features of the flow process around a perforated plate
with an internal cavity
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Abstract. The process of flow around two plates with the same geo-
metric parameters, but with different design versions: 1) with an internal
cavity, into which air can flow through the holes (type 1); 2) with through
perforation (type 2). The structure of the flows obtained in the numerical
simulation of the flow around a plate of type 1 by a subsonic air flow at an
angle of attack a = 0...90° in the SolidWorks FlowSimulation package are
considered. A comparative analysis of the aerodynamic characteristics
(ADC) of both types of plates with a change in the angle of attack is car-
ried out.

Keywords: plate, through perforation, internal cavity, aerodynamic charac-
teristics.

Introduction. Until now, one of the topical areas of modern aerody-
namics is the organization of control and stabilization of the external gas
flow when flowing around various aircraft (AC) [1]. The design of the
most efficient aircraft should facilitate uninterrupted flow around the as-
sembly to ensure the necessary ADC throughout the flight and the absence
of a non-stationary nature of changes in them [2].

In this paper, in order to eliminate large-scale vortex structures, when
interacting with which vibrations of the aircraft structure may occur [3], it
is proposed to use surface perforation with and without an internal cavity
on the example of a flat plate.

Study of the flow around a perforated plate with an internal cavi-
ty. To carry out the process of numerical simulation of three-dimensional
flow, a flat perforated plate of type 1 was selected. Its relative length

[ =1, width b =1, thickness ¢ =0,04 and relative diameter of the holes
d, » =0,027;0,04;0,067;0,093 were calculated by the formulas:

[y

/ [ /
where / is the length of the plate (/ = 150 mm); b is the width of the plate;
c is the plate thickness.

The degree of perforation was calculated from the relationship:
c= Si. 100 %,
S

where S is the area of all holes located on the plate; S is the area of the

plate.

The angles of attack varied in the range o = 0...90 ° with a step of
Aa = 30°. The parameters of the subsonic flow corresponded to the Reyn-
olds number Re = 2.5-10°, calculated from the length of the plate. In this
case, the pressure is p = 101325 Pa, the density is p = 1.225 kg / m’.
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Numerical modeling was carried out in the SolidWorks 2018 Flow
Simulation software package by solving a system of equations expressing
the basic conservation laws. The initial computational domain is a cube
with a side length of 1.5 m. The number of cells of the basic computation-
al grid was approximately 1 x 10°, and the cells were refined near the
holes by constructing a local grid with a level of cell fragmentation in a
fluid medium equal to 5, and mesh to the surface of the plate.

As a result, flow structures were obtained with a velocity distribution
for plates with different hole diameters and degrees of perforation:
d, =0.027 (c = 40.7%); 0.04 (c=40.7%); 0.067 (c =22.3% u 50.2%);
0.093 (o =43.8%).

It was found that at a zero angle of attack, the vortices formed in
the front part of the plate lead to some expansion of the flow, but further
the flow structure is more uniform. At a = 30°, a double curvature of the
flow occurs when it flows through the inner cavity, which becomes more
noticeable with an increase in the diameter of the holes. With an increase
in the angle of attack to a = 60°, the jets move almost rectilinearly closer
to the front edge of the plate, however, starting from the middle of the
plate, on the leeward side, the air flow bifurcates during the flow around
the solid shell. In this case, the main stream does not acquire additional
disturbances due to curved jets.

Local vortex formations occur between the holes, near the trailing
edge of the plate and inside the cavity near the rounding of the edges at
a = 0 and 30°, and large vortex structures are formed far from the plate
surface at a = 60°.

From the obtained values of the forces, the coefficients of the longitu-
dinal ¢, and normal forces c, were calculated.

Based on the data obtained, it can be concluded that the higher the de-
gree of perforation o, including with equal values of the diameters, the
greater the value of the coefficient of longitudinal force. However, in the

case of c?h =0.027 (60 =40.7%) c,, it is greater than in the case of
d, =0.067 (c =50.2%).

The decisive role is also played by the diameter of the holes: with
an equal degree of perforation, a smaller ¢, is obtained with a larger
value d,.

When analyzing the dependence of the lift coefficient on the angle of
attack, it was noted that after o = 50° the plate with the minimum degree
of perforation has the smallest value; at a < 50° the values for all variants
are quite close. The maximum c, in the entire section of the change in the

angle of attack was observed at c?h =0.067 (0 =50.2%), i.e. when the de-
gree of perforation is greatest.
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When comparing the ADC of the two types of plates, it was found that
the coefficient of longitudinal force in the case of a plate with a relative
thickness of 0.04 with ducts with an internal cavity is less than for similar
plates with a relative thickness of 0.027 and 0.04 with through holes.
The maximum value of the coefficient ¢, is achieved at an angle of attack
a=30°.

It was found that ¢, in the case of a plate with a relative thickness of
0.04 with ducts with an internal cavity has a greater value at a < 50° than
for plates with a relative thickness of 0.027 and 0.04 with through holes.

Conclusion. As a result of numerical simulation of the process of flow
around a flat perforated plate with an internal cavity at various angles of
attack, the flow structures were obtained and the ADC were calculated,
which were compared with the aerodynamic characteristics of the type 2
plate.
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BKCHepI/IMeHTaﬂbHOG HCCIEeA0BAHHUC TCILIOOTAAYHN
H TPCHHUSA B KaHAJIC PN TCYCHHUH 34 HUWJINHIAPOM

© H.A. Kucenés, A.I'. 3nurosen, FO.A. Bunorpanos
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Cornacno psany pabot (de Souza et al., 1999), ycranoBka nuiuHapa
B TypOyJCHTHBIM MOTPaHUYHBIM CIOW HA TIAAKOW TUIACTUHE MPUBOAMT
pa3pylLICHUIO TEIUIOBOTO U TIMHAMHYECKOTO MOTPAHUYHBIX cloeB. B nan-
HOI paboTe pacCMOTPEHO BIUSHUE AMAMETpa IMIUHIPA, YCTAHOBICHHOTO
MOTIEPEK HAMPABJICHUS TCUCHHS B IIEJIEBOM KaHaje. DKCIIEPUMEHTAIbHBIC
UCCJIeIOBaHMs MPOBOAMIINCH Ha MaJloil T03BYKOBOH a’pOJMHAMUYECKOM
Tpyoe HUN mexanuku MI'Y. lleneBoii paboumii kaHaia uMen pa3Mmepsl:
qnuHa 1080 mm, BeicoTa 30 MM u mmpuHa 300 mm. Ha ocu kanana none-
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PEK MOTOKA YCTAaHABJIMUBAJICS KPYTOBOH LMWIHHIP, 33 HIS KPOMKa KOTOPO-
ro pacronaraigack Ha pacctosHuu 700 MM oT Haudana pabodero kaHana.
UccnenoBanuchy crnenyromue nuamerpsl mumuaapa: 2,75, 3,2, 4,2, 5,88,
7,4 u 8 MMm. CropocTh Haberaromiero nmoToka cocrasisiia 50 m/c.

KoadduiimeHnTsl TEmmooTaaun u TPEHHUs OINpPENesUINCh Ha ydacTKe
0...120 MM oT 3aaHEH kKpomMkH ITUIHHAPOB. KoadduimenTs Teminootaaun
OTIPEICIISINCH HECTAIMOHAPHBIM METOJIOM C Hcmonb3oBanuem MK kame-
pol. Koaddunuent tpenus onpenensics merogoM Kiayzepa — nmuHamu-
YyecKas CKOpPOCTh B JAHHOM CEYEHHMH MoJ0Mpanach TAKUM 00pa3oM, 4TOOBI
npo b CKOPOCTH B KOOPJIMHATAX CTEHKH COBMAAall C YHUBEPCATbHBIM
J0rapupMHUUECKUM NPODUIEM.

Paboma evinonnena npu noooepaicke epanmos PODU Ne 18-08-00413
u CI1-4006.2018.1.
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Experimental investigation of heat transfer
and friction in a channel flow behind the cylinder
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According to a number of papers (de Souza et al., 1999), the installa-
tion of a cylinder in a turbulent boundary layer on a smooth plate leads to
the destruction of the thermal and dynamic boundary layers. In this paper
we consider the effect of the diameter of a cylinder installed across the di-
rection of flow in a slot channel.

Experimental studies were carried out on a subsonic wind tunnel of
the Research Institute of Mechanics, Moscow State University. The slot
working channel had the following dimensions: 1080 mm long, 30 mm
high and 300 mm wide. A circular cylinder was mounted on the channel
axis across the flow, the trailing edge of which was located at a distance of
700 mm from the beginning of the working channel. 7 different cylinder
diameters were investigated: 2.75, 3.2, 4.2, 5.88, 754 and 8 mm. The on-
coming flow velocity was 50 m / s.
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The heat transfer and friction coefficients were determined in the area
0...120 mm from the trailing edge of the cylinders. The heat transfer coef-
ficients were determined by a transient method using an IR camera. The
friction coefficient was determined by the Klauser method by the dynamic
velocity in a given section was selected in such a way that the velocity
profile in the wall coordinates coincided with the universal logarithmic
profile.

This work was supported by the RFBR grants no. 18-08-00413
and SP-4006.2018.1.
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00 onpenesieHUU A3UMYTAJIBHOH CKOPOCTH
B KPYIJIOH TPpy0e NpH HAJTUYUM NPHUCTEHHBIX
CIMPaJbHBIX 3aBUXpHUTEIei

© A.C. KongparseB, K.®. Oropoanuk, ILII. [IIBeinbKO

MoCKOBCKHUH TOCYTapCTBEHHBIN MOJIUTEXHUUECKUIM yHUBEpcUTeT, Mocksa, Poccust

CranuoHapHO€ TUPKYISILIMOHHO-TIPOJOIBHOE T€YEHHE HbIOTOHOBCKOM
KHUIKOCTH B TpyOe ¢ HeNpepbhIBHBIMH MOBEPXHOCTHBIMH 3aBUXPUTEISIMH
WIN BpalleHUs TpyObl SIBISETCS IIHUPOKO PACHPOCTPAHEHHBIM BUJIOM JIBU-
KEHUS B Pa3IMYHBIX YCTAHOBKAaX, UCIOJb3YyEMBIX B SJCPHOM 3HEpreTHKE,
XMUMHUYECKOU, OMOJIOTUUECKON U APYTHUX OTPACISIX MPOMBIIIIICHHOCTH.

Hapsiny c 3aBucuMocTsiMu, npesioxkeHHbBIMU B paboTax [1, 2], BbIpa-
KEHHE NI a3MMYTaJbHOM CKOpPOCTH W MOXXHO HpPEICTaBUTh B BUJE
0000IIEHHO 3aBUCUMOCTH

W/Wq=a(r/R)/[b+c(r/R)"], (1)

rae W, — Benn4MHA a3uMMYyTalbHOW CKOPOCTH Ha CTEHKE TpyObl (3a-
BUXPHUTEIIC) TIPH 7 = R; ¥ — TEKyIIUi pannyc; R — BHYTPEHHHUH paguyc

TpyOBl; 7, — paguyc, IpU KOTOPOM a3uUMyTallbHas CKOPOCTb MaKCHU-

MaJbHa; 4, 8, C U N — TOCTOSIHHBIE, KOTOPbIE TOAOUPAIOTCS U3 YCIOBUN
HAWIYYIIEr0 COOTBETCTBUS C ONBITHBIMH JJAHHBIMH.

MOKHO TIOKa3aTh, YTO BCS COBOKYITHOCTH OTBITHBIX JAHHBIX OMHUCHI-
BAETCs CJIEAYIOINUM HaOOPOM MapaMeTpoB.
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Ecmu npunsate W /Wi =0 npu (#/R) = 0; W/Wp=2,6 npu
(r,/R)=0,2; W/Wgy=1 npu (+/R) = 1, nomyuum, uro a = 26; b = I,
¢ = 25. Ecnu npunsts, uto W /Wy, =3,0 npu (r, /R)=0,2, To npu
n = 2,1 momyuum, uto a = 29,61838; b = 1; ¢ = 28,61838. Ecnu npuHsTH,
gyro W /Wy =3,6 npu (r,/R)=0,2, To npu n = 2,3 NOIXy4uM, 4TO
a =31,59009; b = 1; ¢ = 30,59009.

ITo dopmyne (1) mpu r=r, MOXKHO ONPENEIUTb MAKCUMAJILHOE
3HAYEHHUE a3UMYTAIBHOU CKOpPOCTH W, , UCHOIB3ys KOTOPOE, MOXKHO IIO-

JYYUTH BBIPAXKCHUE ML PACIPEEICHUS a3UMYTaIbHOM CKOPOCTU OTHO-
CUTEIbHO €€ MaKCHUMaJbHOro 3HaueHus. [IponenaB HeoOXoauMble BbI-
KJIaJIKH, [10JTy4aeM

WIWw, =@lr)b+c, /r)'1/[b+c(r/R)"]. )

B sToM cimydae Take BO3MOXKHO MPOBECTH PACUEThI MIPU Pa3IUIHBIX
COYETaHUsX 3HaYeHUH K0d(HuImeHToB B popmye (2).

Ha ocHoBe aHanmm3a pacyeTHO-OMIMPUYECKUX AamMpOKCHMAIMK TpO-
G a3UMyTaNBHBIX CKOPOCTEH MPHU HUPKYISIIMOHHO-TIPOIOILHOM Tede-
HUM B TpyOe TOJlydyeHa HOBas PaCUETHO-IMIIUPUYECKAs 3aBUCHMOCTD,
obobmraroniast paHee MpeaIoKEHHbIC 3aBUCUMOCTH.
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On determining the azimuthal velocity in round
pipe in the presence of wall spiral swirls

© A.S. Kondratiev, K.F. Ogorodnik, P.P. Shvydko

Moscow State Polytechnic University, Moscow, Russia

Stationary circulation-longitudinal flow of Newtonian fluid in a pipe
with continuous surface swirlers or pipe rotation is a widespread type of
motion in various installations used in nuclear power, chemical, biological
and other industries.

Along with the dependences proposed in [1, 2], the expression for
the azimuthal velocity w can be represented in the form of a generalized
dependence

W IWy=a(r/R)/[b+c(r/R)'], (1)
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where W, is the value of the azimuthal velocity on the pipe wall (swirler)
at r = R; r 1s the current radius; R is the inner radius of the pipe; 7, is the

radius at which the azimuthal velocity is maximum, and the constants a, b,
¢ and n are selected from the conditions of the best fit with the experi-
mental data.

It can be shown that the entire set of experimental data is described by
the following set of parameters.

If we take W/Wp=0 with (#W/R) = 0; W/Wp=2,6 with
(r,/R)=0,2 W /Wy, =1 for (r/R) =1, we obtain that a = 26; b = 1; ¢ =
25. If we assume that W /W, =3,0 with (r,/R)=0,2, then with n = 2.1
we obtain that a = 29.61838; b = 1; ¢ = 28.61838. If we assume that
W/iWg=3,6 with (r,/R)=0,2 then with n = 2.3 we get that a =
31.59009; b = 1;
¢ =30.590.

According to the formula (1) at » =7, one can determine the maxi-

mum value of the azimuthal velocity W ., using which, one can obtain an

mo
expression for the distribution of the azimuthal velocity relative to its

maximum value. Having done the necessary calculations, we get
WIwW, =@lr)b+c, /r)'1/[b+c(r/R)"]. (2)

In this case, it is also possible to carry out calculations with different
combinations of coefficient values in the last formula.

Based on the analysis of the computational-empirical approximations
of the azimuthal velocity profile in the circulation-longitudinal flow in the
pipe, a new computational-empirical dependence was obtained, generaliz-
ing the previously proposed dependencies.
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AHHOTanusi. YUCIEHHO CMOAEIMPOBAaHbl KYMYJISITUBHBIE SIBICHUS,
BO3HUKAIOIIKE MPHU B3aMMOJEUCTBUU 00Jlaka ¢ ra30BbIM CJIOEM WM cde-
pUUecKoil 000J04YKON. YCKOpEeHHE CIIOsi MPOUCXOIUT BCIEACTBUE Pa3HO-
CTH JIaBJICHUH Ha 00euX ero cTopoHax. B o0Iem ciydae yCKOpEeHHE CIos
00yCJIOBJICHO TakXe HEPaBHOBECHBIMU IPOLIECCAMU PaAJAUAIMOHHOTO
HarpeBa ras3a M3JydeHHMEeM OT BHEIIHero HucToyHuka. Haiineno, 4to
C YMCHBIICHUCM I1OKa3aTCJIA a,Z[I/Ia6aTBI Ka4CCTBCHHBIC 0C06€HHOCTI/I I10-
rpyeHust o0jaKa B CJIOM CYyIIECTBEHHO HE MEHSIOTCS M BO3ZHUKAIOT KYy-
MYJIATUBHBIE CTPYH, CKOPOCTb ra3a B KOTOPBIX HaIIpaBIE€HA B CTOPOHY,
MIPOTHUBOIIOJIOKHYIO HavaJdbHOW CKOpOCTH Tasa. [Ipu duxcupoBaHHON Ku-
HETHUYECKOU SHECPTUn 06.]13.1(21 YBCIIMYCHUC C)KUMACMOCTU MPUBOJUT K PO-
CTY IUIOTHOCTH B CTPy€ U K BO3PACTaHHUIO OTHOLICHUS JUIMHBI CTPYH K €€
MIOINIEPEYHOMY pa3Mepy. BbIsABI€Ha HEMOHOTOHHOCTh U3MEHEHUS paauyca
CTPYH BJAOJb OCH CUMMETPHUU. Y CTAaHOBIJIEHO, YTO Ui chepuueckoi 00o-
JIOYKH CYIIECTBEHHBIM SIBIsIETCS 3(PPEKT yMEHBIICHUSI YCKOPEHUS H3-3a
najieHus JaBJieHUs] BHYTPU cepbl. XapaKTEPHBIM AJI TAKOTO JABMKEHUS
SBJISICTCS CYIIECTBOBAHME BHELIHEW YJapHOW BOJHBI, KOTOpas CIOCOOHA
BIMATH Ha nedopmanuio yrotHeHus. s cnos, dopMupyromerocs mnoj
IleICTBHGM BHCIIHCTO HMOHU3UPYIOLICTO HU3JIYUCHUS, HaﬁHGHO, 9YTO BO3-
MO’KHO pa3pylieHue obsiaka U (GOpMUPOBAHHUE KYMYJISTUBHOW CTPYH To-
psiyero rasa.

Paboma evinonnena npu noooepoicke POPU (npoexm Ne 18-01-00184).

Effect of adiabatic index and radiation processes
on interaction of a gas condensation
with an accelerated moving layer

© G.Yu. Kotova', K.V. Krasnobaev'?, R.R. Tagirova2

'Faculty of Mechanics and Mathematics,
Lomonosov Moscow State University, Moscow, Russia
*Space Research Institute of the Russian Academy of Sciences (IKI), Moscow, Russia
E-mail: kvk-kras@list.ru, gviana.k@gmail.com, rtaghirova@gmail.com

Abstract. The cumulative phenomena arising from the interaction of a
cloud with a gas layer or a spherical shell are numerically simulated.
The acceleration of the layer occurs due to the pressure difference on both
sides of it. In the general case, the acceleration of the layer is also due to
non-equilibrium processes of radiation heating of the gas by radiation
from an external source. It is shown that with a decrease in the adiabatic
index, the qualitative features of cloud immersion into the layer do not
change significantly and cumulative jets appear. The gas velocity in cumu-
lative jets is directed opposite to the initial gas velocity. At a fixed kinetic
energy of the cloud, an increase in compressibility leads to an increase in
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the density in the jet and to growth of the ratio of the jet length to its
transverse size. It is revealed that the change in the radius of the jet along
the axis of symmetry is non-monotonic. The effect of a decrease in accel-
eration due to a pressure drop inside the sphere is found significant for
a spherical shell. This moving is characterized by the existence of an ex-
ternal shock wave, which is able to influence the deformation of the seal.
For the layer formed under the action of external ionizing radiation, we
show that the destruction of the cloud and the formation of a cumulative
jet of hot gas is possible.

This work was supported by the Russian Foundation for Basic Research

(project no. 18-01-00184).

OTpbIBHBIE M BUXPEBbIE CTPYKTYPbI PH CBEPX3BYKOBOM
00TeKaHMHU YIVIMHEHHOT 0 UJIMHAPOKOHUYECKOro TeJia
MO/ YIJIaMHU aTaKu

© C.B.TysepHiok', A.T. KyBI)MI/IHz*, M.M. CumorerKo'

'HUU mexannku MT ¥V, Mocksa, Poccust
2CI6TY, Cankr-Ilerep6ypr, Poccust
*E-mail: a.kuzmin@spbu.ru

AnHoTanus. [IpencraBieHbl pe3ynbTaThl YHCIEHHOTO MOJEIMPOBA-
HUSl CBEPX3BYKOBOIO OOTEKaHHUS Y/UIMHEHHOTO MMJIMHJIPOKOHHYECKOTO
OCECMMMETPUYHOIO TeJIa MOJ yriIaMH aTakd. Ha nmonBeTpeHHON moBepx-
HOCTH Teja WJIECHTHU()ULIUPOBAHBI OTPBIBHBIE CTPYKTYpPBI, BKJIIOYAIOLIHME
NEPBUYHBIM MONEPEYHbIH OTPBHIB HAOErarollero MOTOKA U BTOPUYHBIN
OTPBIB PaCXOJALIETOCS OT IJIOCKOCTU CUMMETpUU TedeHHs. OTpBIBBI IO-
TOKa MHUIUHUPYIOT (OPMHUPOBAHUE TIOO0ATBHBIX M JIOKAIBHBIX BUXPEBBIX
CTPYKTYp B IOJBETPEHHOM TeueHuH. [lonepeynoe pacTtekaHue nmoToka Ha
IIOIBETPEHHON NOBEPXHOCTH MPUBOJIUT K YMEHBILIECHHUIO TOJIIIMHBI II0rpa-
HUYHOTO CJIOS B OKPECTHOCTH JIMHUU pacTeKaHus U (OPMHPOBAHUIO
B 3TOH 00JacTH NMPUCTEHOYHOTO BBICOKOHAOPHOI'O CBEPX3BYKOBOI'O Te-
YEHMsI, KOTOPOE MOXKET BBI3bIBATH JIOKAJIBHOE IOBBIIICHUE JaBICHUS Ha
BBICTYTAIOLIUX MPEIATCTBUSAX.

Knroueevie cnosa: ocecummempudHoe meio, CG€pX38yK0601;l nomok, om-
pblé nOmMokKda.

XapakTepHOl 0COOEHHOCTBHIO CBEPX3BYKOBOTO OOTEKaHMs YJUIMHEH-
HBIX TEJI TI0J] YIJIOM aTaKW SABJIACTCS MOINEPEUHBIM OTPHIB MOTOKA, PUBO-
JAIUR K (OPMUPOBAHMIO CIIOKHOM BUXPEBOW CTPYKTYPHI C IOJIBETPEH-
HOM cTopoHbl Tena [1, 2]. UccrnenoBanus TpeXMEpPHOIO CBEPX3BYKOBOTO
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0o0TeKaHus YJIUHEHHBIX TEN C KOJBIEBBIMU BBICTYIIAMH IPOBOMINCH
B [3, 4], mpu 3TOM ObLT OOHApYKEH YP(HEKT JTOKATHHOTO TOBBIIICHUS 1aB-
JICHUs Ha MOJIBETPEHHOU CTOPOHE BHICTYyTIA.

B nacrosiieit pabore npeactaBieHbl pe3ysbTaThl YUCICHHOTO MOJe-
JMPOBAHUS CBEPX3BYKOBOTO OOTEKaHHS YATMHEHHOTO OCECUMMETPUYHOTO
riagkoro Tena. PaccmaTpuBaemoe TeNno COCTOUT W3 LMIMHAPUYECKOTO
kopmyca (nuamerp d = 30 mm, qymHa L = 260 MM) C KOHUYECKUM HaKoO-
HeyHUKOM (yro: noiypactBopa 20°). Haberaromuii cCBEpX3ByKOBOM ITOTOK
BO3/IyXa OIMCBHIBAETCSI B paMKaxX MOJICIM BS3KOTO COBEPIIEHHOTO rasa
B MPEANOJIOKEHUH, YTO T€UeHHE TYpOyJIEHTHOE W MOAUMHSETCS ypaBHe-
Husim  Peitnonbaca (URANS). Hcnonb3yercss nByXmapaMmeTpudeckas
nuddepernranbaas Moaenb TypoynenTHoctn k—o SST. Ha moBepxHo-
CTH TeJla CTaBATCS YCJIOBHS MPUIHIAHUS U aarnabaTuaHOCTH. Ha BHeNTHUX
IpaHULAaX PAacyETHOW 00JIACTH — YCJIOBHE CBEPX3BYKOBOIl CKOPOCTH Te-
YEHUSI.

Pemienus URANS ypaBHEHMIl CTpOSITCSI METOJOM YCTAHOBJICHUS
¢ ucnonb3oBanueM nakera ANSYS-15 CFX. B kadecTBe HadalbHBIX
YCJIOBHH Opannch mapaMeTphbl HaOeraromiero moroka [3, 4]: uucio Maxa
M., = 3, noka3arens aauabatel y = 1,4, monHoe naBienue Py = 4,3-105 Ila,
temnepatypa TopmoxkeHusi 1o = 275 K, enuHuunoe uucio PeliHonbaca
Re; =3,7-10" M. Yron ataku BapsupoBaics B auamasone o = 0...18°.

B uccnenoBanHoM AMana3oHe M3MEHEHMs yTja aTakd HecTallMoHap-
HOE peIleHHE CXOIWIOCh K CTallMOHAPHOMY IOJIO HapaMeTpOB, MPAaKTH-
YECKU CUMMETPUYHOMY OTHOCHUTEIBHO IJIOCKOCTH M3MEHEHHUS yTJia aTaKu.
[Ipu HyneBOM M MajbIX YIJlaX aTakd peaju3yercsi 6e30TpbIBHOE OO0TeKa-
Hue Tena. OCHOBHbBIE U3MEHEHMSI B CTPYKTYpe MOTOKa CBS3aHbl C OCOOCH-
HOCTSIMH Pa3BUTHUS MOMEPEYHOTO TEYCHHS MPH yBEIMUYEHUU YIJla aTakw,
IPU 3TOM MOXHO OTMETUTh TPH XapaKTepHble 00JIACTU MOJBETPEHHOIO
TEUEHUS BJIOJIb IIMJIMHAPHUECKOM MOBEPXHOCTH TEIA.

B meproit obmactu (I) Tedenwe OE30TPHIBHOE, CO CXOASIMIMMHCS Ha
MOJIBETPEHHON CTOpPOHE NMHHUAMHU TOKa. B cnenmyromei obnactu (II) BHU3
0 MTOTOKY JIMHUU TOKa PACXOATCA Ha MOABETPEHHOM CTOpOHE, Ha GOKOBOIA
MOBEPXHOCTHU TeJla PEaIU3yeTCsl IEPBUYHBIN MMONEPEUYHbIA OTPBIB, HHULIUH-
pyIoIuii pa3BUTHE TIJIOOATBHOTO IMAPHOTO CHUMMETPUYHOTO BHXPEBOTO
teuenus. Jlanee B obmnactu (III) Habmrogaercs mpocTpaHCTBEHHOE pacCIIu-
peHue 1i100anbHOT0 BUXPEBOIO TEUEHUSI U BOZHUKHOBEHHE Ha MOJABETPEH-
HOW CTOpOHE Mapbl BTOPUYHBIX OTPHIBHBIX CTPYKTYP, HHUIIMHAPYIOLIUX JIO-
KaJbHble BuUXpeBble oOpa3oBaHus. [Ipu stom B oOnactu III mexny mapoii
rIo0anbHBIX BUXpEl GopMHpYyeTCsl MPOHUKAIOIee K MOBEPXHOCTHU Tela JIo-
KaJbHOE BBICOKOHAIIOPHOE CBEPX3BYKOBOE TEUEHHE, B KOTOPOM IOJIHOE
JABJIEHUE COMOCTABUMO MO BEMYMHE C MOJIHBIM JaBJICHHEM HaOeraromero
MOTOKA, MPOMIEJIIErO TOJIOBHON CKAa4OK YIJIOTHEHMS MEepe]] KOHWYECKUM
HAaKOHEYHHUKOM.
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[TepBUUHBII MONEPEYHBI OTPHIB BOSHUKAECT HA BCEX PACCMOTPEHHBIX
yraax ataku o > 5°. Bropuunslii oTpbIB HaOmoaaercs npu o > 8°. C yBe-
JUYCHUEM yTJIa aTakl MHTCHCU(PHUIUPYETCS BHXPEBOE TEUCHUE HA TOJ-
BETPEHHON CTOPOHE, BBI3BIBAIOIIEE OTTOK ra3a OT IJIOCKOCTH CUMMETPHHU
¥ YMCHBUICHHE TOJIIMHBI TOrpaHu4Horo ciuos. [Ipm 3ToM BHemHUiA
CBEPX3BYKOBOM MOTOK MpHOMMKaeTcs K OOTEeKaeMOW IMOBEPXHOCTH Ha
HOABETPEHHOIH CTOPOHE, OTPBIBHBIE CTPYKTYPbI CMEIIAIOTCS BBEPX I10 TO-
TOKY. Oo0iacTe MNPUCTCHOYHOT'O CBCPX3BYKOBOI'O TCUCHUS C IMMOBBIIICHHBIM
HOJIHBIM JIaBJICHHUEM Ha MOJBETPEHHON CTOPOHE TaK)Ke CMEIIAeTCs BBEPX
10 IIOTOKY IIPU yBEJIWYECHUU yria ataku. 1lo Mepe ynaneHus or Hocuka
KEKTHPYIOIIee JICHCTBUE BUXPEBOTO TEUCHUS! YMEHBINACTCS, YTO IPUBO-
AUT K BBIPOKACHUIO BTOPUYIHOI'O OTPhIBA.

Paboma evinonnena npu yvacmuunoti punancosoii noodepoicke PODU,
npoexkm Ne 19-01-00242, pacuemul npogedeHul ¢ UCNONb308AHUEM
pecypcos Boruuciumenvnozo yenmpa CIIOIY (http://cc.spbu.ru).
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Separation and vortex structures in supersonic flow around
slender cylindrical-conical body at angles of attack

© S.V. Guvernyuk', A.G. Kuzmin®*, M.M. Simonenko'

"nstitute of Mechanics, Lomonosov Moscow State University, Moscow, Russia
“St. Petersburg State University, St. Petersburg, Russia
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Abstract. Results of the numerical simulation of supersonic flow over
a slender cylindrical-conical axisymmetric body at angles of attack are
presented. Separation structures are identified on the leeward surface of
the body, including the primary transverse separation of the incoming flow
and the secondary separation of the flow diverging from the plane of
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symmetry. The flow separations initiate the formation of global and local
vortex structures in the leeward flow. The transverse flow spreading on the
leeward surface leads to a decrease in the boundary layer thickness in a vi-
cinity of the spreading line and the formation of a near-wall supersonic
high-pressure flow in this area, which can cause a local increase in pres-
sure on protruding obstacles. The effect of an abnormal increase in pres-
sure in the leeward flow was observed experimentally and numerically [1].

Keywords: axisymmetric body, supersonic flow, flow separation.
This work was partially supported by the RFBR, project no. 19-01-00242.
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CxeMbl YHCJIEHHOT0 PellIeHUsI TPAHMYHOI0 MHTErPAJIbHOI0
YPAaBHEHHUS PHU MOAeJIMPOBAHUU 00TEKAHMS MOABHKHbBIX
npodueit BUXpeBbIMUA METOAAMHU
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AHHOTanusi. PaccMOTpeHbI BOMPOCHI, CBSI3aHHBIC C YUCICHHBIM MO-
JETUPOBAHUEM OOTEKAHHS TIOJBMKHOTO MPOQIIS WU PEUICHHUS COIps-
JKCHHBIX 3aJ]a4 THAPOYMPYTOCTH C TOMOIIBIO JBYMEPHBIX BUXPEBBIX Me-
tomoB. OmOHMM M3 JTAIOB, HAWMOOJIEE€ CIJIHHO BIIHAIOIIMX HAa TOYHOCTH
pelleHHs 3a]auu, SBIISICTCS BOIPOC KAYECTBEHHOTO YIOBJICTBOPEHHS Ipa-
HUYHOTO YCJIOBHSI, KOTOPOE OOBIYHO CBOJHUTCS K TPAHUIHOMY HHTEIPailh-
HOMY ypaBHeHHI0. PaHee aBTOpamMu ObLIM pa3pabOTaHbI pacuyeTHBIC CXe-
MBI, TIO3BOJISIONIUE YAOBJICTBOPSTh TPAHMYHOE YCIOBHE C BBICOKOM
TOYHOCTHIO. B nokiane o0OcykaaroTcss BOMpockl 0000IeHusT pa3paboTaH-
HBIX TIOJIXOJIOB JIJISl CJIy9acB MPOM3BOJIBHOTO IBMKCHHS W Je(opMaruu
npoQuIis, PEIICHUS CONPSHKCHHBIX 3aJa4 TUAPOYIPYroCTH, a TaKKe
K ONPEICIICHUI0 TEH30pa MPHUCOSAMHEHHBIX Macc MPOQUICH pa3IudHbIX

bopm.

Knroueswie cnosa: cpanuunoe unmecpanvHoe ypagHeHue, CONPAXCEHHbIE
3a0aqu uOpoynpy2ocmu, meH3op NPUCOeOUHEHHbIX MACC.

Paboma evinonnena npu noodepowcxe epanma PH®D Ne 17-79-20445.
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Schemes for the numerical solution of the boundary integral
equation when modeling the flow around moving airfoils
by vortex methods
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Abstract. The paper deals with issues related to the numerical simula-
tion of the flow around a moving airfoil or the solution of coupled prob-
lems of hydroelasticity using two-dimensional vortex methods. One of
the stages that most strongly affects the accuracy of solving the problem is
the question of qualitative satisfaction of the boundary condition, which is
usually reduced to a boundary integral equation. Previously, the authors
have developed numerical schemes that allow satisfying the boundary
condition with high accuracy. The report discusses the generalization of
the developed approaches for the cases of arbitrary motion and defor-
mation of the airfoil, the solution of coupled problems of hydroelasticity,
as well as the determination of the tensor of the attached masses of airfoils
of various shapes.

Keywords: boundary integral equation, coupled hydroelastic probles,
added mass tensor.
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AHHOTauuUs1. YucieHHoe uccie10BaHle TypOYICHTHOTO C)KMMAEeMOTo
HOTPAaHUYHOTO CJI0 Ha MPOHUIAEMOH TUIACTHHE MPH BAYBE NMPU 3HAYCHH-
X TEMIIepaTypbl BIyBaeMOro rasa, paBHOM MO0 HIKE TeMIepaTypsbl
annabaTHOM HENPOHUIAEMOM CTEHKH, MOATBEPANIO CYIIECTBOBAHUE M-
na30Ha TEMIIepaTyp MPOHUIIAEMON CTEHKH HIDKE TEMIIEPATyphl BIyBaeMO-
ro raza. Paccmorpens! pexxumsbl oiHOpogHOTO (cMech He(5%)-Xe) u uno-
pOIHOTrO BAYBa (BAYB Ieiiisl B KCEHOH).

Knrouesvie cnosa: 60ys, aduabamuas cmenka, Mmooeib mypOyieHmHOCMUL.

Hccnedosanue svinonneno 3a cuem cpedcme epanma Poccuticko2o
Hayuno2o gonoa (npoexm Ne 19-19-00234).
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Flow and heat transfer in a turbulent compressible
boundary layer with foreign injection
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Abstract. A numerical study of a turbulent compressible boundary
layer on a permeable plate during injection at temperatures of the injected
gas equal or below the adiabatic impermeable wall temperature confirmed
the existence of a range of the permeable wall temperature below the in-
jected gas temperature. The regimes of homogeneous (He(5%)-Xe mix-
ture) and foreign injection (injection of helium into xenon) are considered.

Keywords: injection, adiabatic wall, turbulence model.
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YucjieHHOe pellleHne 3a1a4M 0 CKATHHU ra3a
KOMOUHUPOBAHMEM METO/1a XapAKTEPUCTUK
1 MeTOoa OJIMKAaWIIINX coceaei
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AHHoTanus. /111 npou3BOJILHON CETKU B 00JIACTH PELLIEHUS] CUCTEMBI
YpPaBHEHUH Tra30BOM JUHAMUKH, OIMCHIBAIOIIETO OJHOMEPHBIE TCUYECHMS
0e3y1apHOro CXKaTHsl, MPEJIOKEH aJrOpUTM pacuera ra3oJnHaMUYECKUX
napaMeTpoB. AJITOPUTM OCHOBaH Ha METOJE XapaKTEPUCTHUK M METOJe
OmKalux cocenei.
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Knwoueewie cnosa: cucmema ypasnenuti 2a3080u OUHAMUKU, OOHOMEPHbIE
meueHusi 6e3y0apHo2o Ccocamusi, Memoo Xapakmepucmuk, memoo O.u-
Jrcaviuux coceoell.

[IpennosxeH anropuT™, UCMONB3YIOMIUNA OJUH U3 METOJOB MAIIUHHO-
ro o0y4ueHHst — MeTOJ] OMIKaNIIuX coceqel Ui cirydast perpeccuu, B KO-
TOpPOM 3HayeHHE OOBEKTa PACCUMTHIBAETCS KaK B3BEIICHHOE 3HAYCHHE
OnmxaiIux K HeMy 0OBbEKTOB C U3BECTHBIMU 3HaueHUsIMU [1]. Aaroputm
MPOTECTUPOBAH Ha MpUMEpe pacuera [2]| 3HAYEHUN Ta30IMHAMHYECKUX
apaMeTpoB B TOYKAX CETKH, MOKPHIBAIOLIEH 001acTh PEIIEHUS] CUCTEMBI
YpaBHEHU Ta30BOM ITWHAMUKHU ISl Clydas OJHOMEPHBIX TEUEHUI MOJH-
TPOITHOTO rasza. TeueHus pean3yloT CKaTHe MOKOSALIErocs ra3a ¢ njaoTHO-
cThio 1 B mokosmmiicst ras ¢ mioTHocThI0 10, OmmceiBaeMoe cxaTue
MPOUCXOAUT 0€3 yIapHbIX BOJH, 3()(PEKTUBHBIM C TOYKH 3PEHHUS YHEPTO-
BJIO’KEHUS CITIOCOOOM C 3aTpaTaMu SHEPTUU TOJIBKO Ha C)KaTHeE Tas3a, HO He
Ha €ro pa3roH. AJIrOpPUTM MOXET ObITh MCIOIb30BaH MPU YUCIEHHOM pe-
HIEHUH B CITyyae MPOU3BOJIBHBIX CETOK U JUIsl IPYTUX 3a/ay Ta30BOM IH-
HAMUKU.
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Numerical solution of the gas compression problem
by combining the characteristics method
and the nearest neighbors method

© Iu.V. Nikolaev

Peter the Great Saint Petersburg Polytechnic University, Saint Petersburg, Russia
E-mail (speaker): YNikolaev@list.ru

Abstract. An algorithm for calculating gas dynamic parameters is
proposed for an arbitrary grid in the area of solving a system of gas dy-
namics equations describing one-dimensional shockless compression
flows. The algorithm is based on the characteristics method and the near-
est neighbors’ method.

Keywords: system of equations of gas dynamics, one-dimensional shock-
less compression flows, method of characteristics, nearest neighbor.

In this paper, proposed an algorithm that uses one of the machine
learning methods-the nearest neighbors method for the regression case, in
which the object value is calculated as the weighted value of the objects
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closest to it with known values [1]. The algorithm is tested on the example
of calculating [2] the values of gas-dynamic parameters at grid points cov-
ering the solution area of the system of gas dynamics equations for the
case of one-dimensional polytropic gas flows. Flows realize compression
of a stationary gas with a density of 1 into a stationary gas with a density
of 10*. The described compression occurs without shock waves, in a way
that is efficient from the point of view of energy input, with energy ex-
penditure only for compressing the gas, but not for its acceleration.
The algorithm can be used for numerical solution in the case of arbitrary
grids and for other problems of gas dynamics.
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Bo3HukHOBeHHE MEPUOTUYIECKUX BOJH
U yeINHEHHOH BOJIHbI B TYPOHMHE r'HAPO3JIeKTPOCTAHIMHU

© B.M. OBCIHHUKOB

Poccuiickuit ynusepcutet Tpancnoptra «MUUT», Mocksa, Poccust
MockoBcKasi rocyiapcTBEHHasl akaJeMHs BOJHOTO TpaHcnopTra, Mocksa, Poccust

AnHoramusi. [Ipu aBapum TypOWHBI THAPOIICKTPOCTAHIIUA MOXKET
MIPOUCXOANTH MOABEM BOAOU TSHKEIIOTO pOTOpa TYPOUHBI C BHIOPOCOM €Tro
B MAIIMHHBIMA 3aJ BO BpalllalOIIEMCsl COCTOsiHUU. JlJIs aHaimM3a 3TOro
SIBJICHHS C TIO3MIIMU TUIPOJUHAMHKHU CJIEAYET PAacCMOTPETh BO3MOIKHBIE
MEXaHU3Mbl 00pa30BaHUs yAapHON BOJHBI. OIUH U3 TaKMX MEXaHHU3MOB
OTIMCBIBACTCS BOJIHOBBIM ypaBHEHHUEM TPEThero mopsnaka auddepeHim-
AIBHOCTH IO BPEMEHHU C UCIIOJIb30BAHUEM IMOJTHOTO YPABHEHUS HEPa3phIB-
HOCTH, BbIBEICHHOTO JiinepoM B 1752 r.

Knwoueevie cnoea: ypasuenue nepaspvléHOCMU, YOApHAs BOIHA, Mpex-
MepHoe meuenue, AKoOUaHn mpemvbe2o nopsaokKa.

IlosiHoe ypaBHeHHe Hepa3pbIBHOCTH JleoHapaa Jiisepa ¢ wieHa-
MM BBICOKOT0 MOpsiAka ManocT. [Ipu BbIBo/Ie ypaBHEHHs HEPA3PHIBHO-
CTH JJIsl HEC)KMMAEMOM >KMJIKOCTH T'€OMETpUYECKUM IyTeM Oinep [1, 2],
NpUPaABHSAB 00BbEMBI MIEPBOHAYANBHOM (GUTYpBI, HanpuMep, Kyba u Qury-
pbl, AeQOopMUPOBAHHOU Tpems AeGopMalUsIMH CXKATUS-PACTSKEHHUS H
Tpems nedopManusMu CIABUTA, — CKOIIEHHOTO Mapaieenure/a, moiy-
YW ypaBHEHUE, cofepxaiiee 15 ciaraembix. B camom nene, cmemannoe
CKaJISIPHO-BEKTOPHOE TPOMU3BEICHUE, HCIONb3yeMOe Ui BBIYUCICHUS
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00beMa CKOIIEHHOTO IMapajuIeieIUIe/1a, COAEPKUT OOJIBIIIOE YHCIIO Clia-
raeMbix. Ecniu He mpeBpamates npeaenbHbIMHU IEPEX0aMu 3TO ypaBHEHUE
B IMBEPTEHIIMIO BEKTOPa CKOPOCTH, a UCIOJIb30BATh YJIEHBI BHICOKOTO IO~
pAllka MaJIOCTH, TO ypaBHEHHUE MO3BOJISIET COCUUTATh BOSHUKHOBEHHE TIC-
PUOAMYECKUX BOJIH BHOpaInuu U 00pa3oBaHue yeAMHEHHOW BOIH. OqHAKO
9TO CTAHOBUTCS BO3MOXHBIM TOJIBKO TOCJIE€ TIEPE3aIMCH TIOJTHOTO ypaBHE-
HUS HEPA3PBIBHOCTH TSI CKUMAEMOM JKHIKOCTH U Ta3a, 4To OBLIO clena-
HO B 2006 r., Tak Kak B HEC)KMMAEMOI JKMIKOCTH BOJIH HE BO3HHKACT:

o, d(pu) .\ o(pv) .\ d(pw) .
ot ox oy 0z

8(u,v) 8(v,w) 8(w,u) 2 6(u,v,w)
+p(t—t + + +(t—ty) p———t=
( 0) G(x,y) a(y,z) a(z,x) ( o) G(X,y,z)
31ech p — IUIOTHOCTB; f—1, — WHTEpBaJ BpeMEHH Je(opMalyi KOH-

TPOJBHOU (QUTYPBL; U,V, W — KOMIIOHEHTBI CKOPOCTH BJIOJIb OCEH X, ), Z.

Onenka MHTEHCMBHOCTH BHOpaunmii Bajga TypOuHbl. C ucnosns3o-
BaHUEM IPHUBEIEHHON BhIIIE (POPMYJIbI MHTEHCUBHOCTh TAPMOHHUYECKUX
KOJICOAHUH MOXET OBITh OLEHEHA MPH PEIICHHH BOJHOBOTO ypaBHEHHUS
BTOPOTO MOPsIKa 10 BPEMEHU

o’p o*p [1)&%p O (u,v)
22| 2| a2 TP :
ox” oy cy ) ot

3I[CCB Pp — TEpMOAMHAMHYCCKAsA INIOTHOCTb, C; — CKOPOCTBH 3BYKa

B pacCMaTpUBaEMOH Cpelie.

JIJ11 ”HTEHCHBHOCTH BO3HUKAIOIIMX MEPUOANUYECKUX KOoJeOaHUM Tuma
BUOpaIMii pelieHne BOJHOBOTO YpPaBHEHHsI METOJOM 3ala3fbIBAIOIIETO
noTeHuuania faet popmyiy [3]

1[%} = poo W/ (167°cyr? ). (1)
3nece W — 00BEM KUAKOCTH, BPALIAIOIICICS C YIIIOBOM CKOPOCTHIO )
7 — pacCTOSIHHE OT OCH BpAIIEHHUS TOYKH, AJII KOTOPOTO BBIUUCISIETCS
UHTEHCUBHOCTb.

HNHTeHcMBHOCTh BUOpalMii OKa3bIBa€TCA MPONOPIUOHATBHONU 4-i
CTETNEeHH YIJIOBOM CKOPOCTH BpallleHHs ®. UHCIOBBIE OIIEHKU MPOBEIEM,
HCITOJIB3Ys1 0000IIICHHBIC TTapaMeTPhl HECKOJIBKUX COBPEMEHHBIX TypPOUH.

Brruncnennas mo 3Toil (opmyne BOJHOBas 3HEPrusi JTOJHKHA OBITh

YMHO>KE€Ha Ha IIomanb S 60KOBOM MOBEPXHOCTH CTEHKH TypOUHBI C BbI-

cotoii pabouero kozeca & = 0,25 m u auametpom D
S= hnD.
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Teneps 00beM kunKocTH W, Bpamiaromieiics ¢ yriioBoil CKOPOCThIO ,
Oyner
W = hnD?/4,

a pacCTOsSIHUE ¥ OT OCH BpalICHHsS TOYKH, i1 KOToporo B dopmyie (1)
BBIUUCIISIETCSI HHTEHCUBHOCTD, ¥ = D /2.

BonHOBast sHEpTUs pacpoCTpaHsIeTCs B INIOCKOCTH BpPAIICHUS BUHTA.
DTO M3BECTHO IO HAMPABJICHHUIO PACHPOCTPAHEHHUS 3ByKa OT CAMOJETOB
C BUHTOBBIMU JIBUTATEIISIMH.

BonHoBast sHeprusi €XeCeKyHIHO 3aTpaurBaeTCs Ha TMOAJEp)KaHHe
BUOpaLuii MaccUBHOTO padouero koseca u ero ocu. Ilponssenem oneHku
BOJIHOOOpa3oBanusi B Typoune ['DC, monb3ysich mapamerpamu THAPO-
CTaHIIMH, IPUBEIECHHBIMU B CIIpaBOYHUKE [4].

Ucxons u3 ammutyapl Bubpaumii noammnuauka o = 1,5 mm = 0,0015 m
u gactothl v = 1,6 tix = 1/T, ¢, CKOpOCTh BUOpAITUH MOKHO OIICHUTH KakK
npousBenenue V = o v. Kunetndeckas sHeprusi BUOPUPYIOIIECH KOHCTPYK-
LMY MacCOM M COCTaBUT

m V32 = m(&v)*/2.

Cuuras, 4TO 3Ta SHEPrusi MOJHOBISETCA V pa3 B CEKYHAY JUIsl MOJ-
Jep>KaHusl BUOpalMii, MOXHO 3aKJIIOYUTh, YTO HA BUOpAlUU 3aTpayuBaeT-
Csl MOIITHOCTh

vm V2[Br] =m & v’/2,

paBHas IPOU3BEIEHUIO S /.
Ucnons3ys hopmyny (1), 3amumiemMm Takoe paBeHCTBO:

2
= =md V2. )

3nech miomaas S G0KOBOH MWIMHAPUYECKON MOBEPXHOCTH BpAIIAIOLICH-
Csl BOJIBI CBsI3aHa C BBICOTOM /4 1 quamerpom D dopmyioit S = AnD.

[ToncraBuB B 00€ yacTH paBeHCTBa (2) 3HAUEHUS U3 CIPABOYHUKA [4]
i TypOunsl Kpacnosipckoit ['9C:

nuaMetp padouero koieca D =7,5M;

YIJIOBYIO YacTOTY BpamieHus v = 1,6 ri;

o =6,28-1,6 ru = 10 pan/c;

IJIOTHOCTB BOJBI po= 1000 KF/M3;

CKOPOCTh paclpocTpaHeHus 3Byka co= 1450 m/c;

pa3zMax BuOpanuii nogmunuauka o = 1,5 mm;

Maccy pabouero kojeca M BBIOPOIICHHOW B MAIIMHHBIA 3a1 KOH-
ctpykuun m = 1 687 000 kr (u3 martepuanoB o6 aBapuu Ha CasiHo-
Hlymenckoit I'9C),

MOJy4YrM MPUOIMKEHHOE paBeHCTBO MomHocTeil: 31 Bt = 31 Br.

Huorcenepnotit scypnan: nayka u unnosayuu # 4-2021 57



Dynoamenmanvhvie u npuKkiIaouvle 3adaqu mexanuku. Mamepuanwv kongepenyuu. Yacmo 2

Bricota 00KOBOI HUIUHAPUYECKON MOBEPXHOCTHU BpALIAIOIICHCS BO-
Ibl B3siTa paBHOU A = 0,125 M, a miomaas OOKOBOW MOBEPXHOCTH Bpallla-
rorericst Boasl S = hnD = 2,93 M’ 1 06BeM W =55 M.

TouHOCTh coriacoBaHus MpaBoW U JIEBOW YacTel paBeHCTBa (2) yka-
3bIBAET HA MPABUJIbHBIN MOPSAAOK BEJIMYMH, UCIOJIb30BAHHBIX B ATOW MpPH-
ONMM>KEHHOU OLICHKE.

Meton Oerymux BoJiH /lanambepa pemieHusi BOJHOBOIO ypaBHe-
Hus. B XVIII B. JlanamOep ucmosb30Ban MeToa OETYHIMX BOJH, YTOOBI
MOJIYYUTh OO0IIee PelIeHne OJHOPOJTHOTO BOJHOBOTO A depeHnaibpHo-
r0 ypaBHEHHS, MUMEIOIIEr0 BTOPOH MOPSAIOK Au(PPEpEeHINATHHOCTH IO
BpeMeHHU. JIJIsl HaXO0XKACHUS PELICHHUs HEOJHOPOAHOIO BOJHOBOI'O ypaB-
HEHUS

82p+62p+82p_ 1 (?z_p:

ot oyt ez | )or?
o(u,v) o(v,w) JO(w,u olu,v,w
0 R ) O )
ﬁ(x,y) G(y,z) G(Z,x) ﬁ(x,y,z)

MOJTYYaOIIErocss MeToIoM JIaWTXmiia aKyCTUYECKON aHaJIOruu, MOKHO
UCTIONB30BaTh TOT K€ METOJ Oerymux BoJH. J[isl ympoIeHus: BBIKIAJI0K
UCKJIIOYMM U3 HEOJHOPOIHOW 4YacTH sIKOOMaHbl BTOPOTO MOpsAKA Malo-
CTH, CO3JAIOIIME TEHEpPalUI0 TAPMOHUYECKUX BOJH, PACCMOTPEHHBIX
B IpeaplayiieM paszzaene. HTepec mpencTaBiseT WieH ¢ IkoOMaHOM Tpe-
TBETO TOPSAJKA, CIIOCOOHBIM K reHepaluy B MOTOKE yAapHOH BoJHEI. [lo-
aToMy OyAeM HCKaTh pemieHue nudepeHImanbHOro ypaBHEHUS

o’p &’p p (1)&°p o(u,v,w)
oot T 2 _2:(t_t0) 02y
ox~ oy° oz ¢y ) Ot 8(x, y,z)

[TycTh neBas 4acTh ypaBHEHHs INPU HYJIEBOM 3HAUCHHU SKOOMaHa
TPEThETO TIOPSIIKA MMEET CHHYCOWJalIbHBIC TapMOHHYECKHE KOJeOaHUs,
BO3HHKIINE MM 332 CUET OTKUHYTBHIX HEOJHOPOIHBIX YJICHOB C SIKOOMaHa-
MU BTOPOTO MOPSIJIKA, WIH 332 CYET TPAHUYHBIX yCIIOBUH.

Mertoa [lanambepa u3noxxum B 0003HaUeHUSAX yueOHMKa Bricieil ma-
tematuku W.U. baBpuna [5, c. 493], pemaromiero ogHOpoIHOE BOJHOBOE
ypaBHEHUE

o*u 2 o%u
—2 =da —2
ot ox
Pemenue ypaBHeHus
82_14 ) o*u *u u

=a + +
o’ o’ oyt oz

+bt
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JUISL ClTydasi HEpaBHOTO HYJIIO SKOOMaHa TPEThEro Mopsiika OyaeM UCKaTh
B BHJIE

u(x,y,z,t)=sin(x—at)+sin(x+at)+sin(y—ar)+sin(y+at)+
+sin(z—at)+sin(z+at)ert3 /6.

BoryricnuB npou3BoJHbIE IEPBOTO U BTOPOTO MOPSIIKOB:

2
Z_Z:—sin(x—at)—sin(x+at);
X
o%u . .
ay—2=—sm(y—at)—sm(y+at);
o*u ) .
aZ_z=_sm(z—az‘)—sm(z+at);

82u 2

P =—a sin(x—at)—a2
t

sin(x+at)—a’sin(y —at)-a*sin(y +at) -

2

—a sin(z—at)—a2

sin(z + at) + bt

U TMOJICTaBHB B BOJIHOBOC ypaBHEHHWE, MOJIYYaeM TOXKICCTBO, YKa3bIBAO-
iee Ha BEPHOCTh PEIICHUS HEOJHOPOIHOTO YPaBHCHHS NPU JIMHEHHOU
3aBHCHMOCTH HEOJHOPOIHOTO WieHa OT BpeMeHHU. PaccmarpuBaeMoe pe-
NICHUE TOKA3bIBACT BO3MOXKHOCTH OOpa30BaHMS YJIApPHOW BOJHBI B TPEX-

ﬁ(u,v, w)
MEPHOM TEYEHHUH IPH AKOOMaHE TPETHEro MOpSAKa — = IOJIs CKO-
0 (x, v, z)
POCTH, OTJIMYHOM OT HYJIS, HAJIArafoMIeHCss Ha TapMOHUYECKHE KOJIeOaHMsI
BHUOpaIui.
B WHKEHEPHBIX KOHCTPYKLHUSAX U3 TUIOCKOTO JIBYXMEPHOTO TCUCHHUS
TPEXMEPHOE TEUCHUE MOXET BOSHUKHYTh HE Cpa3y, a MOCTEIEHHO, Hapac-
Tas 1Mo JUHEHHOMY 3aKOHY BO BPEMEHHU:

@_ S *u *u u

a + +bt>.
ot ot ot ozt

Torpma, mpumensisi aHanoruyHo meroa [lamambepa Oerymmx BOJH,
MOKHO TOJYYUTh YJApHYIO BOJIHY, BO3PACTAIOLIYI0 MPONOPIHOHAIBHO
BPEMEHH B YETBEPTOM CTETICHHU.

Bo3HuKkHOBeHMe YIapPHOIl BOJIHBI IPH BPallleHUH BO/JbI B TYpOMHe
¢ BUOpUpYOIIeil ocbl0 BpalieHus. Pa3BuTue BO BpEeMEHHU yEeAMHEHHOM
BOJIHBI MOXXET OBITh CBS3aHO C CHJIBHBIM OTKJIOHEHHEM OCH BpalleHUS
Typ6I/IHBI OT BCPTUKAJILHOT'O MOJIOXKCHUA C BOBHUKHOBCHUCM TPCXMCEPHOT'O
IIOTOKa. Perenrie BOJIHOBOTO ypaBHEHUS
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62p 62p 82p 1 82p
+ —_ — | — =

ot oyt oz | )or
a(u,v) G(V,w) a(w,u)

=Po +

G(x,y) 6(y,z) G(Z,x)
MI0CJIC UCKJTFOUEHUS JIUIITHUX YWICHOB MOJTYYaroIee BHT
8(u,v, w)
O(x,y,z) ’

JaeT BbIpaXCHHE JI1 OLEHKU M3MEHEHHS M0 BPEMEHH JAaBJICHUS BO3HU-
Karollle yJ1apHOH BOJIHBI:

+(t—19)po2

1 \é%*p

= =(t—1y)py2
cg o* ( 0)p0

P =—(é]c§p0w2A(1‘—t0)4, 3)

HUMEIOIIEH BHUJT CTETIEHHOW (YHKITUU 4-T0 TIOpsIKa, BO3pACTAIOIICH BO Bpe-
MeHU. BOT 3T0 MOBBIIIEHUE TaBICHUA U MOXET CO3/aTh yAApHYIO BOJIHY,
JIOCTaTOYHYIO JUIsl TOIbEMA U BBIOpOCa TypOUHBI B MAallIMHHBIN 3aJl.

B Boipakenuu (3) 4 — yrioBoe yCKOPEHHE OTKJIOHEHUSI OCH POTOpa
OT BEPTUKAIBHOTO IOJIOKEHUsI, 00ecrieuynBaloliee JIMHEHHOe 110 BpEMEHU
M3MEHEHUE TPEXMEPHOCTH TEUEHHUS 3a CUET U3MEHEHUS] KOMIIOHEHTHI CKO-
pPOCTH W:

w = Az(t — to). (4)

[TycTh HIKHUN OMOPHBINA MOAIIUITHUK POTOpa HE COBEpIIaeT BUOpa-
U, a BEpXHUN, HAXOAIIUICS HA Z = 5 M BBIIIE, BUOPUPYET C YaCTOTOM
v = 1,6 i1 1 mepuoioMm kosebanuii T = 1/v =1/1,6 = 0,62 ¢, a yeTBEpTHIO
nepuona 0,15 c. [lpumem mosioBUHY pa3maxa KoJI€OaHUS OCH Ha BBICOTE
BEPXHETO MOIIMITHIKA paBHOU 1 MM. Y101 KojebaHust OyIeT COCTaBIATh
0,001/5 pamgman. YrioBoe YCKOpPEHHE OCH TpHU KOJEOAHUSX COCTABHUT
(0,001/5)/[(0,15 ¢)*] = 0,01 ¢ 2.

B ¢dopmyne (4) BO3HHKHOBEHHSI TPEXMEPHOrO TeueHUs kodhdu-
IIUEHT A UMeeT Pa3MEPHOCTh YTIOBOrO yCKopeHus. BBuay HeomnpeneneH-
HOCTH TIOJII CKOPOCTH BpAIIaTEeIbHOTO JBIXKEHUS BOKPYT BUOPUPYIOIIEH
OCH JJIsl OLEHKU KapTUHBI BO3HUKHOBEHUS YEAMHEHHOM yIapHOW BOJHBI
mosioxxuM A = 0,01 ¢’

[Tnomanp kpyra S ¢ AMaMETPOM, paBHBIM JTUaMETpPy pabouero Koieca,
paBHa 44,3 M°. Bec BHIOPOIICHHOH B MAIIMHHEIA 3a yJapHO# BONHOI
KOHCTPYKLIUU COCTaBIISET

G =mg=1687000xr 9,8 m/c>=16,87- 10° H.
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Jist mogbeMa KOHCTPYKIMU TOCTATOYHO CO3IaHUSI BOJHOBOTO JIaBJie-
HUSL YeMHEHHON yaapHoii BoHEL G/S=16,87- 10° H/44,3 m* = 3,8 10° I1a
1o Bceil moBepxHoCcTH Kpyra. [ToacTaBum B paByto yacTb GopMyisl (3)

1
P :_(gjcgpowzfl(f_to)4s

arcioBble 3HaueHus p = 3,8 10° Ila, YIIOByI0 4acTOTY BpAIICHHS © =
= 6,28:1,6 ru = 10 pan/c, oTHOCTH BOMBI Py = 1000 KO/, CKOPOCTb
pacrpocTpaneHus 3Byka co = 1450 m/c, 4 = 0,01 ¢ > ypaBHeHHe OTHOCH-
TEJILHO MHTEPBaa BpeMeHU f —t,. Paspemms ero, nomyuum ¢ —¢, = 0,183 c.

Orta BeIMYMHA MEHBIIE Mepuoja obparmeHus padodero Kojeca, COCTaB-
asgromero T = 1/v= 10,62 c.

Takum 00pa3zom, OKa3aHO, YTO IO MOJHOMY YPaBHEHHIO HEPa3pPbIB-
HOCTH, BBIBEJICHHOMY DWJIEPOM C COXpAaHEHUEM UYJICHOB TPETHETO MOPSIKa
MaJIOCTH, MOXKHO TIOJyYHTh OOpa30BaHUE YEAWHEHHOHN YJIapHOW BOJIHBI,
napieHue kotopoi yepes 0,183 ¢ mocrtarouHo i MOAHATHS Beca Bpalla-
IOIEHCS B arperare KOHCTPYKIMU U BO3pacCTaloled MPOMOPLIHUOHATBHO
BpEMEHHU B 4-ii CTETICHHU.
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The appearance of periodic waves and a solitary wave
in the turbine of a hydroelectric power plant

© V.M. Ovsyannikov

Russian University of Transport, Moscow, Russia
Moscow State Academy of Water Transport, Moscow, Russia

Abstract. Hydrodynamics equations do not contain terms that create a
shock wave in the turbine of a hydroelectric power plant. Additional terms
of Euler's continuity equation (1752) provide such a possibility. The in-
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homogeneous wave equation of the second order in time gives vibrations
of the fluid in the turbine. The wave equation of the third order in time
gives a power law for the pressure increase in a solitary shock wave. Euler
derived in 1752 the continuity equation for an incompressible fluid. He
used shear and stretch deformations along the three axes of the cube. The
volume of the beveled parallelepiped gives the mixed product of vectors.
The mixed product of vectors contains terms of the second and third or-
ders of smallness in time. The terms of the second order of smallness pen-
etrate into the inhomogeneous part of the wave equation of the second or-
der in time. These terms give rise to vibrations of the fluid in the turbine.
The third-order term of smallness of the continuity equation enters the in-
homogeneous part of the third-order wave equation. The term of the third
order of smallness gives rise to a solitary pressure wave. The pressure in
the shock wave increases with time according to the power law of the
fourth degree. This shock wave can lead to turbine failure.

Keywords: continuity equation, high order terms, vibrations, shock wave,
hydroelectric power station turbine.
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AnHotanus. IIpencraBieHsl pe3yibTaTbl 3KCIEPUMEHTAIBHOTO HC-
ciefioBaHus 1e()OPMUPOBAHHOIO COCTOSIHUSL MaTepualla Ipu peaan3aluu
€ro MEeXaHWYeCKOi 00pabdoTKM (BHITSDKKA C yTOHEHHEeM). B wacTHOCTH,
oOHapy>KeHBI HOBBIE, B JIUTEPAType HE MPECTaBICHHbIE, YY) (HEKTHI H 0CO-
OEHHOCTH B TMHAMHKE MPOIecca, OKa3bIBAIOIIee BIUIHIE HA (HOPMHUPOBa-
HUE KoHeuHoU aedopmanmu. [lpennoxeHsl myTu NpUMEHEHUs] MaTeMaTH-
YECKOro amnmnapara, IpUMEHSEMOI0 B MEXaHUKE CIUIOLIHBIX CPEJ] U TEOPUU
IUTACTUYHOCTH, JIJISl OLIEHKH HaIpsKEHHO-1€(OPMUPOBAHHOTO COCTOSHUS
MaTtepuaa JuIs yueTta oOHapyKeHHBIX 3¢ (HEKTOB.

Knrwouesvle cnosa: mexanuxa, paspyuieHue, MamepuaibHas 4acmuyd, oe-
Gopmayus, MOHOMOHHOCIb, IKCNEPUMEHM, OeTUMENbHAS cemKa, I gexm.

TexHoNOrHYECKHE MTPOOIIEMBI, HATMYECTBYIOIINE B MAIIIMHOCTPOCHHH,
MHOTOCTOPOHHHM M pa3HOOOpa3Hbl. OHM MOTYT OBITH CBSI3aHBI C OTCYT-
CTBHEM TOTO WJIM HHOTO 000pY0BaHUS U (MJIM) HHCTPYMEHTA, OTCYTCTBH-
€M WM HU3KAM Ka4eCTBOM CHIpbsi (M BBI3BIBAEMON ITHM HEOOXOAUMO-
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CTBIO IO100pa MPUEMIIEMOI 3aMeHBbI), HEAOCTATOUHBIM TOHUMaHUEM (H-
3MKHM TE€YEHMs TEXHOJIOTMYECKHUX HPOLECCOB (M MPUHUMAEMBIMU Ha 3TOM
OCHOBE HEPALMOHAIBHBIMU PELICHUSMH 10 Ha3HAYCHHMIO TEXHOJOTHMYe-
CKHUX [apaMeTpPOB), OTCYTCTBUEM UJIM HEYIOBJIETBOPUTEIHHBIM KaueCTBOM
IPUMEHSAEMBIX U1 PACUETOB MHXCHEPHBIX METOJUK M MATEMaTUYECKUX
MOJEJIEN.

Cpenu TEXHOJOTMUYECKUX MPOLECCOB, IPUMEHIEMBIX B MalIMHOCTPOE-
HHH, 0c000€ MECTO 3aHMMAIOT MPOLECCH IUTACTHYECKOH TedopManu Me-
TaJuI0B. VIX Ba)KHOCTh OOBSICHACTCS ONTHUMAJIBHBIM JJIS psiia TIPOU3BOJICTB
(0cOOEHHO KPYIMHOCEPHIUHBIX M MAacCCOBBIX) COYETAHHEM IICHbI M KauecTBa
m3nenui [1].

OCHOBOI MOCTPOEHUS] MAaTEMaTUYECKMX M PACUETHBIX HMHKEHEPHBIX
MOJZIENIEN AJI MPOLIECCOB XOJOJHOM IITaMIIOBKM SIBISIETCS TEOPHs ILIa-
ctuyHocTH. Kak yxaseiBaer I'.A. CmupHoB-AnseB B [l], moTpebHOCTH
NPaKTUKU TPEABABISAIOT K MHXCHEPHBIM MOJEISAM TPH OCHOBHBIX TPeOO-
BaHUs: COOTBETCTBUE PACUETHBIX METOJI0B COBPEMEHHOMY YPOBHIO pa3BH-
TUSl TEOPUU MJIACTUYHOCTH; TOCTATOUYHYIO JJIsl IPAKTUKU TOYHOCTH pacye-
TOB; JOCTYIMHOCTb PACUYETHBIX METOJIUK IS MHXKECHEPHBIX PAaOOTHHKOB.
OpnHako MHXKEHEPHbIE MOJENIN CTPOSTCS HA OCHOBE MAaTEMaTUYECKUX MO-
JeNIel, KOTOpbIE 3aHMMAIOT MPOMEKYTOYHOE IOJIOKEHUE MEXIY CTPOTro
MaTeMaTUYEeCKUMHU TOCTPOCHUSIMH COOCTBEHHO TEOPUU IJIACTUYHOCTHU
Y UH)KEHEPHBIMU MOJIEIISIMHU.

TexHoIOrHYECKHE MPOLECCHl U3TOTOBICHUS AeTanel, GopMupys me-
XaHUYECKHE CBOMCTBA JI€Tajed, BO MHOTOM OIPENEISIOT BO3MOKHBIN IIPU
JKCIUTyaTalluu U3JEeNHs UM KOHCTPYKIMH, COCTABHOM 4YacThIO KOTOPOM
ABJIIETCS. MU3TOTOBJIEHHAS JI€Tallb, XapaKTep €€ BbIXOAA U3 CTPOsl, pa3py-
meHus [2].

XOTsl IpU COBPEMEHHOM YpPOBHE pa3BUTHUSA TEOPUM IJIACTUYHOCTU
U MaTeMaTHYECKHX MOJEJEH MPOLEeCCOB XOJIOJHOW IITAMIOBKUA OHU MO-
TYT HE TO3BOJISITH YYWUTHIBATh T€ WM WHBIE (DU3HYECKHE OCOOEHHOCTH
IPOTEKaHUsl MPOLIECCOB, IPU COBPEMEHHOM YPOBHE Pa3BUTUS MPOU3BO-
CTBa MOXET OTCYTCTBOBATh U HEOOXOJIMMOCTh yueTa 3TUX OCOOCHHOCTEM,
HO C TOYKH 3peHMsI OyAyIIMX MEPCIEKTUB Pa3BUTHsI MPOU3BOACTBA yCTa-
HOBJIEHHE TaKUX (pU3MUECKUX 0COOEHHOCTEN U pa3paboTka MmyTeil ux yue-
Ta B MaTEMATUYECKUX U MHKEHEPHBIX MOJIENISIX aKTyaJIbHBI.

BbITSkKa C YTOHEHHEM CTEHKH SIBJISETCS KIACCUYECKUM ILHPOKO
IPUMEHSEMbBIM U JOCTATOYHO XOPOIIO MCCIEA0BaHHBIM IPOLEcCOM o0pa-
OOTKM METaJJIOB JABJICHHEM, KOTOPOMY IIOCBSILEHO OIPOMHOE YHCIIO
My OJIUKAITHH.

OKCIIepUMEHTAIIbHBIE METObl ONpPEAEICHUs HANPKEHHO-1e(OpMHU-
POBAHHOT'O COCTOSIHUS 3arOTOBKH IIPH BBITSKKE C YTOHEHMEM CTEHKHU Obl-
a1 00OCHOBaHBI M Pa3BUTHl B paborax [3, 4] mox pyKOBOACTBOM
WN.I1. Penne B TynbCKOM MEXaHUYECKOM HMHCTUTYTE (HbIHE TyIbCKHIl TO-
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CyJIapCTBEHHBI YHUBEPCHUTET), a TakXKe IPUBEIEHb U OOCYKIEHBI
B KHHTE [5].

Bormpockl aHanuTudeckoro pacuera HampsbKeHHO-1e(hOpMUPOBAHHOTO
COCTOSIHUSI 3arOTOBKH, CHJIBI JAe(OpPMUPOBaHUs, MOAOOpa ONTHMAIbHBIX
TEXHOJOTMYECKUX MapaMeTpOB MPHU BHITSHKKE C YTOHEHHWEM CTEHKHU ObUIH
paccMoTpeHsl (cpeau npounx) B pyHmaMmeHTanbHbiX Tpyaax M.B. Ctopo-
skeBa u E.A. Tlonosa [6] u A.JI. BoponioBa [7].

Havano pa3paboTku BONpOCOB y4eTa aHU30TPOIHH CBOWCTB TPU BBI-
TSKKE C YTOHEHUEM CTEHKH CBSI3aHO C MPOBOAMBIIMMUCS B TyJIBCKOM TO-
cyaapcTBeHHOM yHuBepcutere uccnenoBanusimu C.II.  SlkoBneBa wu
C.C. SxosneBa [8—10], a ux mpogomkenne — ¢ padoramu M.B. I'pszeBa
[11, 12], C.H. Jlapuna [13].

B bantuiickoM TrocymapCTBEHHOM TEXHMYECKOM YHHUBEPCHUTETE
«BOEHMEX» um. JI.®. YcTtunoBa aBTopamu B pamkax mojenu A.JI. Bo-
ponioBa [7, ri1. 15] Obuta BBIUHMCIEHA cTeneHpb aedopmanuu mo A.A. Mib-
IOIIMHY, U TaKUM 00pa3oM YCTaHOBJIEHbl AHAJIMTUYECKUE 3aBUCHUMOCTHU
MEXaHUYECKUX CBOMCTB MaTepuayia 3aroTOBKM OT YCJIOBUU TpeHus [14,
15], yuuTsiBarouue HEOIHOPOAHOCTh MEXAHWYECKHUX CBOMCTB MO TOJI-
IIMHE CTEHKH, a 3aTeM IIOJIyY€HHBIE 3aBHCUMOCTH OBUIH OOOOIIEHBI IS
Ciyuasi pa3HOCTEHHOM 3aroToBKH [16].

3a mpouueamee BpeMs H3MEPHUTENbHAs M KOMIIBIOTEpHAs TEXHHKA
IpEeTepIeNd CYyLUIECTBEHHbIE N3MEHEHUS, KOTOPbIE MOOYXAAI0T BEPHYTHCS
K BOIIpOCaM pacueTa HEPAaBHOMEPHOCTH Je(OopMaluy IpPHU BBITSKKE
C YTOHEHHUEM IO TOJIIIMHE U BBICOTE CTCHKH, MOJHATHIM B [3—5], a Takxke
K pa3paboTKe METOJMK ydyeTa yKa3aHHON HEPaBHOMEPHOCTH IMPHU MPOCK-
TUPOBAHUU TEXHOJOTMUYECKHUX IMPOIECCOB M3TOTOBJICHUS OCECHUMMETpPUY-
HBIX JIeTaJICH.

B 2017-2018 rr. B banaTtuiickoM rocyaapCTBEHHOM TEXHUYECKOM
yausepcurere «BOEHMEX» um. J[.®d. YctuHOBa ObUIM MPOBEACHBI 00-
HIMPHBIE HKCIIEPUMEHTANIbHBIE HCCIIEIOBAHUS BBITSDKKM C YTOHEHHUEM
CTEHKH METOJIaMHU JISTUTEILHOU CETKH, 3aMEPOB TBEPIOCTH, KOTOPBIE ObI-
JIY TaK»Ke MOJKPETICHbI Pe3yJIbTaTAMH KOMIIBIOTEPHOTO MOJICIUPOBAHUS.

B wuccienoBanusx METOAOM AEIUTEIBHOM CETKH NEPEZ BBITSHKKON
C YTOHEHHEM CTEHKH 3arOTOBKH OBUIM pa3pe3aHbl M0 OCEBOMY CEUYCHHUIO
Ha JIB€ MOJIOBUHKH, METOJOM JIA3€PHOU PE3KU Ha MOJIYYUBLINECS CEUCHHUS
Obl1a HaHECEeHa MPSMOYTOJbHAs JeNUTEeNbHAs ceTKa (0JJHO CEMEWCTBO JIH-
HUW — MPUMEPHO MNapaJJIeNbHO HAPYHOM MOBEPXHOCTH CTEHKH 3aro-
TOBKH, JIPYro€ CEMEMCTBO JUHUN — MEPIEHAUKYJIPHO NEPBOMY, T. €.
NPUMEPHO TMEPHEHIUKYISIPHO HAPY>KHOW MOBEPXHOCTU CTEHKH), MOTOM
MOJIOBUHKHM 3aroTOBOK CKJIEMBAJIMCh, M 3arOTOBKAa IMOABEprajiach ornepa-
LMW BBITSDKKU C YTOHEHUEM CTeHKHU. [Ipu BBITSDKKE Mpolecc ocTaHaBIIU-
Bajicsl (3aroTOBKa W3BIEKalach M paslieisiach Ha JBE HCXOIHBIE MOJIO-
BUHKHU C JIEIUTEIHHON CETKOM): a) MOcie MPOX0XKACHHUS JOHHOTO y4acTKa
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3aroTOBKH; 0) MOCJE MPOXOXKIEHHUS CepelHbl BHICOTHI CTEHKH; B) IMOCTE
MIPOXOXKJICHHS TIOUTH BCEil CTEHKU (HEMPONICHHAs YacTh COCTaBIIsIIa OKO-
710 10 % BBICOTBHI CTEHKH); MOCIIE MPOXOXKIACHUS BCEH BBITSXKKU C yTOHE-
HUEM.

Ilocne ckanupoBanusi Ae(OPMUPOBAHHOMN AETUTEIFHON CETKH C MaK-
CHMaJIbHO JIOCTYTIHBIM Pa3pelIeHHeM OBbUIN BPYYHYIO ONpENENICHBI KOOp-
JIMHATHI BCEX Y3JIOB CETKU B CUCTEME KOOPIMHAT IpayecKkoro peaakropa
Paint. CpaBHeHre W3MepeHHBIX B peaakTope Paint pasmepoB ¢ pesynbrara-
MU (DU3UYECKUX 3aMEpOB 0Opasla MO3BOJSET B Cilyyae HEOOXOAUMOCTH
MPOM3BECTH IIepecyeT Bcex pa3MepoB B cuctemy CH.

OTH 3KCIEPUMEHTHI MO3BOJIMIM OOHAPYKUTh P HOBBIX OCOOCHHO-
CTell TMHAMUKHU TEYEHUs] MaTepHaja MpPU BBITSDKKE C YTOHEHHEM CTEHKH,
KOTOpBIE paHee He ObUIM OTPaXKEHBI B JIMTEPATYpPe U KOTOPHIE, HECMOTPS
Ha JIOBOJILHO MaJIo€ KOJMYECTBEHHOE BIMSHHE HAa (OpMHUpyEeMbIe MeXa-
HUYECKUE CBOICTBAa MaTepHalia 3arOTOBKH, BHOCST CYIECTBEHHBIH BKJIa/
B IIOHMMaHKe (U3UKH IpoLecca.

Haubonpmmii uHTEpEC ¢ TOUKH 3pEHUS] KUHEMATHKH Je(hOopMHUpOBa-
HUSI MaTepualia MPeJCTaBIIsIeT OdYar IUIaCTHYECKO aedopManyu Ha cTa-
[IMOHAPHOM 3Tare NpoTAruBaHus noiydadpukara (puc. 1).

a 7]

Puc. 1. [IenmutenpHast ceTKa B o4are IIacTHUECKon aedopmariim:

@ — OPHUTHHAIIBHBIN CHUMOK; 6 — BBIICIICHBI 3Talbl 1e()OPMHUPOBAHHS

CHHMOK TO3BOJISCT (DPUKCHUPOBATH XPOHOJIOTUYECKYIO IOCIEI0Ba-
TEJILHOCTh Je(OpMUPOBaHUS MaTepHaia noiydadbpukara oT BX0/a B 30HY
OCHOBHOT'O Ouara IUIaCTHYECKOH JehopMaIiy 10 OKOHYATeTbHOTO (hOpMHU-
poBaHMs. MOXXHO OTMETHUTb CIIEAYIOLIYIO MOCJIE0BAaTENILHOCTE (POpPMOU3-
MEHEHHUS:
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1) HakIOH TPSIMOJIMHEWHOTO OTpe3Ka MO HANpPaBICHUIO BHKCHUS
paboyero MHCTpyMEHTa B 30HE, NMPUMBIKAIONIEH K ouary IIacTHYeCKON
nedopmaruu (OITM);

2) u3ru0 B IEHTPAIbHON YacTH OTpe3Ka MPU COXPAHEHUM MPSIMOJIH-
HEIHOCTHU KpaeB B BEPXHEM CEUEHUU KOHYCHOM YaCTH MaTPUIIbL;

3) manmpHeWmUi W3rud KPUBOW B HIKHEM CEYCHHHM KOHYCHOM YacTH
MaTpPHIIbI;

4) HaKJIOH MPSMOJIMHEWHOHN YacTHU OTPE3Ka, MPUMBIKAIOIIECTO K HApy K-
HOW TOBEPXHOCTH Tonydabpukara, U (HOpPMHpPOBAHHE OKOHUYATECIIHHOM
(dhOopMBI BOJIOKHA, OJTM3KOH K MPSIMOJIMHEHHOMY OTPE3KY.

Bo-nepBbIX, OTMETUM, YTO yKa3aHHOE MOHM)KEHHE HapyHOro Kpas
NoNepevyHoro BojokHa nepes Bxogom OIIJ[ mpu oTCyTCTBUM Takoro mo-
Hxkenus nocie OIN/l o3HayaeT, 4ToO CyMMapHOE PacCTOsTHUE MEXAY IO-
MEepPEYHBIMU BOJIOKHAMH TIO0 HAPY>KHOW TMOBEPXHOCTH MEHBIIE, YE€M TIO0
BHyTpeHHel. CrenoBaTeNbHO, HAPYKHBIE CIIOM JTOJDKHBI HAXOJIUTHCA
B YCJIOBHSIX CXKATHSI.

Bo-BTOpBIX, U3 yKa3aHHOTO XapaKTepa M3MEHEHHs (OPMBI TMOTepey-
HOT'O BOJIOKHA B XOJI¢ Ie(hOPMHUPOBAHHMSI CICAYET, YTO TPU MPOXOKICHUN
ouara TUIACTHYECKOW JedopMaIiiu CKOPOCTH JIBIDKEHUS MaTepPUATBHBIX
YACTHI[ MOMEPEYHOr0 BOJOKHA M3MEHSIOTCS — Hauboiiee OBICTPO JBU-
KYIIMMHUCS TIOCJIEIOBATENIbHO CTAHOBATCS YAaCTHUIIBI BOJIM3M BHYTPEHHEH,
CpeHel U HAPYKHOU IMOBEPXHOCTH U3JETUS.

B-Tperbux, 0OTMETUM, YTO OTHOCUTEIBHOE MEPEMEIICHUE HAPY>KHOTO
Kpasl MOMEpPEeYHOro BOJOKHA CHauyaja HUXKE BHYTPEHHErO, a 3aT€M BBIIIE
BHYTPEHHETO 03HAYaeT, YTO MPHU TUIIOBOM pacuere aehopMaIiuu Mo OTHO-
CUTEIIbHOMY U3MEHEHUIO (JOPMBI M Pa3MEPOB SUYCUKH JCTUTEIBHON CeTKH
M0 CPaBHEHUIO C €€ TMepBOHAYANBHBIMH (OPMONM H pasMepamu, s
HApYXKHBIX CIOEB peajbHas UIMHA TPACKTOPHA TeUeHHUs OOJbIIe, YeM Ka-
KETCsl, TAK KaK MMEET MECTO M3THO MOMEePEYHOr0 BOJIOKHA B TPOTHBOIIO-
JIO)KHBIX HarpaBlieHusAX. PaccTosiHMe MeXIy MONepedyHbIMU BOJIOKHAMHU
MO0 BHYTPEHHEMY KpPar0 OTIUYAETCS OT PACCTOSHUS O BHEIIHEMY Kparo,
a CleIoBaTeNNbHO, YAJIMHEHUE STYEeK 110 BHYTPEHHEMY U Hapy>KHOMY KOH-
TypaM HE OJJMHAKOBO.

Bce BhilienepeynciieHHOE YKa3blBaeT HA BBIPAKEHHYI0 HEMOHOTOH-
HOCTb TPOIECCa BBITSKKU C YTOHEHUEM CTEHKH (MOHOTOHHOCTH MOHHMa-
ercs B onpenenenuu . A. CmupHoBa-Ausiena [1, c. 44]).

B »ToM Bompoce Tpebyercs JONOTHUTENBHO UCCIIeI0BaTh, TPOAHAIH-
3UpOBaTh U MPOBECTU OICHKY BIMSHHS Pa3NU4YHBIX (PAaKTOPOB HAa KOHEY-
HYIO CTPYKTYpY 1e(OpPMUPOBAHHOTO COCTOSHUSI MaTepuaia, CoriacoBaTrh
TEOPETUYECKHE U HKCIIEPUMEHTAaIbHbIC JaHHBIE.

Tak, npu KJ1accHYecKuX pacderax HamnpsKeHHO-Ie(hOPMUPOBAHHOTO
COCTOSIHUS TIPU BBITSDKKE C YTOHEHHUEM CTEHKH HCXOJAT U3 MPEAINoyIoxKe-
HUS O JIOKaJM3alUH IJIaCTHYECKON nedopMaluy B o4are IiacTUYecKon
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negopManny, OXBAaTHIBAIOIIEM YaCTh 3arOTOBKH, HAXOMSLIYIOCS B 30HE
KOHUYECKOW yacTH MaTpulbl [Hampumep, 6, 7, 10, 14-16]. OceBoe ceue-
e OII/] oObIYHO MpUHMMAETCS UMEIOUIMM (OPMY KOJIBIIEBOTO CEKTOPA
[6,7,11, 14, 15].

Opnnaxo nposeaennsie B BI'TY «BOEHMEX)» skcniepuMeHTHI OKa-
3anu, 4to A0 Bxojaa B 3ToT OIIJl ¢opma cTeHOK 3aroTOBKH CYIIECTBEHHO
U3MEHSETCS, YTO TEOPETHUYECKH 03HAYACT HAJMUME IJIaCTUYECKOl nedop-
MallMd MaTepuaia, KoTopas U HMOATBEPXKIAETCs COXPAHEHUEM IMpHOOpe-
TEHHOH (POPMBI 3arOTOBKU IPU OCTAHOBKE MpoIlecca Ha MPOMEKYTOUHOM
CTaJuM Y U3BJIEUEHUM 3aroToBku. Ha puc. 2 mokazaHbl TOUKH BHYTPEHHE-
ro KOHTYpa OCEBOTO CEUYEHHUS CTEHKH 3arOTOBKH J0 Hayaja Impolecca Bbl-
TSDKKM M Tocnie JieopMaluy MPUJOHHOTO y4acTKa (Cria’kMBaHHE TOYEK
KOHTYypa HE HpPOBOJIWIOCH, HEPOBHOCTH KPHBBIX OOBICHAIOTCSA Kak JIO-
KaJbHBIMM MHKpOJIe(eKTaMH MOBEPXHOCTH 3arOTOBKHU, TaK U IOIPEIIHO-
CTSIMHM PYYHOTO ONpEeACTICHUS KOOPAUHAT TOUEK).

Puc. 2. H3meHeHne ¢GopMBI BHYTPEHHETO KOHTYpa OCECHMMETPHYHOW 3arOTOBKH
IpPU BBITSDKKE C YTOHEHHEM CTEHKH (TIPH OCTAHOBKE BBITSDKKU IIOCIE NPOXOXKIACHHS
MIPUIOHHOTO y4acTKa):

1/ — BHYTpEHHHMI KOHTYp IO Hayaja BBITSDKKH; 2 — BHYTPEHHUH KOHTYp IMOCIIE OCTAaHOBKH BBI-

TSDKKU TIOCIIE TIPOXOXKIECHHUS NMPUAOHHOTO ydacTka (JIeBblif kpaif COOTBETCTBYET BXOAY CTEHKH

B kiaccrueckuid OI1/l, mpaBblit — BepxHEMY Kpato cTeHKH. [10 BepTHKaIbHOM OCH OTIIOKEHO pac-
CTOSIHME OT TOYEK BHYTPEHHET0 KOHTYpa JJO OCH 3arOTOBKH)

XOTs1 U3MEHEHHE PACCTOSHUS OT BHYTPEHHETO Kpasi B pe3yJIbTaTe BbI-
TSOKKHA COCTaBIIIET Bcero okoio 2 % Ha Bxoxe B OIIJ] u okomno 1 % B 00-
JACTU BEPXHETr0 Kpasi CTEHKHU, OJHAKO KAueCTBEHHO TAaKOE H3MEHEHHUE
03HAYaeT:
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1) HaNMuMe mpeaBapuUTEIHLHOM TUIACTHYECKON e opMaliy 3aroTOBKH
1o Bxomaa B OIT/I;

2) W3MEHEHUE HampaBlieHUs AepopMalii B paualbHOM HarpaBiie-
HUU B XOJI€ BBITSDKKU C YTOHEHUEM CTEHKH;

3) yBenuueHrne BHYTPEHHETO paguyca 3arOTOBKU B 00JaCTU BEPXHETO
Kpasi CTEHKH B XO0JI€ TIPOLIECCa BBITSKKU;

4) ¢popMupoBaHrEe HAKJIOHA (B CTOPOHY BHEIIHEH MOBEPXHOCTH 3aro-
TOBKH) JIMHUM JENUTENbHON CETKU, PACIOJIOKEHHBIX 10 BBITSKKH TOpH-
30HTAJIBHO.

MoskHO erie pearnoIoKuTh, 9TO B ciIydae 00siee BRICOKON MCXOIHOU
CTEHKM 32 YYacTKOM, TJi€ B XOJ€ BBITSUKKH MPOHCXOAUT TMOKa3aHHOE
Ha puc. | yBenuuyeHHe BHYTPEHHErO pajnlyca 3aroTOBKH, pacrojiaraercs
y4acTOK, 0 KOTOPOTO BJIMSHHE BTAJKWBAaHUS 3arOTOBKM B MaTpHUIly He
pacnpocTpaHsieTcs, CIeI0BaTeNbHO, €r0 PaJnyC JOJKEH OCTaThCs HEeH3-
MEHHBIM.

BrankuBaHue 3aroToBKM B KOHYCHYIO 4YacTh MATPHIIbl MPUBOIUT
K HEKOTOPOMY TOPMOKEHHIO MaTepuaia CpeAMHHOMN MO TONIIUHE 001acTh
CTEHKH, YTO CKa3bIBAaeTCsl HAa YacTH CTEHKH, KOTOpas €Ile He BOILIa
B OII/l, HO mojouUIa K HEMY JOCTaTOYHO OJM3KO, U, B CBOIO OYepeb,
K HE3HAUUTEIHHOMY HCKPHBIICEHUIO BBIMTYKJIOCTHIO BBEPX JIHHHUHA JI€JIH-
TEIbHON CETKH, PACTIONOKEHHBIX 10 BBITSHXKKH TOPU3OHTAIBHO.

Kpome Toro, TopmoskeHue matepuana cTeHkH mepes Bxogom B OITJ]
NPUBOJUT K JIOKAJIBHOMY YBEJIMUYEHHUIO TOJIIMHBI CTEHKU. B Tolt wactu
puc. 1, B KOTOpOW BHYTPEHHUIN KOHTYpP IOCJE BBITSIKKH OKa3bIBACTCS
OJIMXKe K OCH 3arOTOBKHU, TAKOE YTOJIIEHNE CTEHKU COCTaBIseT 10 2 %o.

BbiBOABI.

1. DKcepuMEHTABHO YCTAHOBIEHO, YTO MPH BBITSKKE C YTOHEHUEM
CTEHKH MaTepuas CTEHOK ellle O BXOJa B ouar miacThuueckoi nedopma-
IIUU MPETEPIIEBAET HEKOTOPYIO MIACTHUECKYIO Ae(OpMAaIHIO.

2. DKCNepUMEHTaIbHO YCTAHOBJICHO, UTO MO KpaiHel Mepe B BepXHen
YacTH CTEHKH 3arOTOBKH yKa3zaHHas fedopMalivs sIBISeTCS pa3HOHAIPAB-
JICHHOM, T. €. €ClIM CHauaja MPOUCXOAAT yIJIMHEHHE BIOJIb OJIHOM TJaB-
HOH ocu (pacTsiKEHUE B OKPY>KHOM HalpaBJICHUH) U YKOPOUEHHE BJOJIb
JpyToi TIaBHOK OCH (C)KaTUE B paAralibHOM HampaBlIeHUH), TO 3aTeM (I10
Mepe TPUOKEHUS JaHHOW OOJIACTH CTEHKH K BXOJY B Odar IUtacTude-
ckoil nepopmanmu) HampaBieHUe neopMauu MEHSETCS Ha MPOTHUBOIIO-
JI0’)KHO€ — TeNepb MPOUCXOJIUT CXKATUE B OKPYKHOM HaIlpaBJICHUU U pac-
TSXKEHUE B PAJUATbHOM.

3. Takum obOpasom, nedopmarys BEpXHEH 4acTH 3arOTOBKHM BCET/Ia
SIBJISIETCS CIIOKHOM.

4. DKCHepUMEHTAIBHO JA0Ka3aHO, YTO BCJIEACTBUE BO3HUKAIOIIETO HE-
KOTOPOT'0 IJIACTUYECKOr0 YTOJILEHUS] CTEHKU 3arOoTOBKH TEPE] BXOIO0M
B OCHOBHOH OYar IUIacTU4ecKoil nedopManuu JOHKHO MPOUCXOTUTH He-
KOTOpOE MOATOPMaXKMBAHUE MaTepuaa.
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Continuum mechanic issues applied
to general industrial technological problems
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Abstract. The article presents the results of an experimental study of

the deformed state of the material during the implementation of its ma-
chining (drawing with thinning). In particular, new, not presented in the
literature, effects and features in the dynamics of the process, influencing
the formation of the final deformation, were discovered. The ways of us-
ing the mathematical apparatus used in mechanics of continuous media
and the theory of plasticity to assess the stress-strain state of a material to
take into account the discovered effects are proposed.

Keywords: mechanics, destruction, material particle, deformation, monot-
ony, experiment, dividing grid, effect.
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YucieHHOe HccIe0BAaHNe HHTep(epeHnn
BO3AYIIHOI0 BUHTA U KPbLJIa 00/1bIIOI0 YAJMHEHUS
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AnHoTanus. Paccmorpeno BimsiHue nuamerpa BB Ha kpelicepckue
XapaKTEPUCTUKUA CaMOJIeTa C KPbUIOM OOJIBIIOTO yAJWHEHUS. YHCIeHHbIE
WCCIIEIOBAHUS MPOBEICHBI M0 MPOrpaMMe, OCHOBAaHHOM Ha OCPEIHEHHBIX
no PeitHonbacy ypaBHeHusix HaBre — CroKcCa.

Knroueswvie cnosa: manywuil 6030YUWiHbIL 8UHM, UHMeEPDepeHyUsl 8030y~
HO20 BUHMA, KPbLIO DONLULOZO YONUHEHUS.

Bomnpocy B3aumonelicTBus cTpyit Bo3ayiHbIX BUHTOB (BB), ycranos-
JICHHBIX Ha KOHIAX KpbUIa, C 3JIeMEHTaMH KOMIIOHOBKHM CaMOJIeTa MOCBsI-
mieHsl pabotsl [1, 2]. B nanHoit paboTe pacuer npoBeaeH mpu unciax Ma-
xa M = 0,145 u Peiinoabnca Re = 0,3~106. HccnenoBanbl Tpyu BapuaHTa
oOTexanus npsMoro kpsuta: 1) 6e3 obdmysa crpysmu BB, 2) ¢ o6xyBoM
tanyuiero BB ¢ quamerpom 0,22 m u 3) ¢ o6ayBoMm ctpysimu BB ¢ nua-
metpoM 0,33 M. B pacueTHOM uccie1oBaHUM ObUT MCIIONIB30BaH JIBYXJIO-
nactTHol BB, yCTaHOBIIEHHBI B KOHIICBOM CEYEHMHM KpbUIa CaMOJETa.
B paGote comocrtaBneHsl pe3yibTaThl pacueta 6e3 obmyBa cTpysimu BB
C DOKCIIEpUMEHTAIbHBIMU JaHHbIMU. [IpencraBieHa NpOCTpaHCTBEHHAs
KapTHUHA T€YEHHUsS BOJIM3M KpbUla U NMPUBEJCHO paclpeiesieHue AaBJICHUs
Ha KpbUI€ MPHU B3aUMOJAECWUCTBUU CO CTPYSIMM BO3MYIIEHHOI'O MOTOKa OT
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tanyuero BB. Ilokazano, yto ¢ yBenuuennem nuametpa BB Bo3pacrtaer
€ro BIMSHHE Ha pachpeiesieHue [aBJCHHs IO IMOBEPXHOCTU KpbLia,
BCJIE/ICTBUE 4Yero B cedyeHHsX 3a BB mpoucxonut sokaiabHOE majeHue
MOIbEMHON CHIIBI KpbLia.
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Numerical study of interference of propeller
and high aspect ratio wing
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Abstract. In this paper, we consider the effect of the propeller diame-
ter on the cruising characteristics of aircraft with a high aspect ratio wing.
Numerical studies were performed using a program based on the Reyn-
olds-averaged Navier — Stokes equations.

Keywords: pulling propeller, propeller interference, high aspect ratio
wing.

Works [1, 2] are devoted to the problem of interaction of jets propel-
lers installed at the wing ends with elements of aircraft layout. The calcu-
lation in this investigation was performed for Mach numbers M = 0.145
and Reynolds numbers Re = 0.3-10°. Three variants of flow around a
straight wing are investigated: 1) without blowing by the propeller jets,
2) with blowing by pulling propeller jets with diameter of 0.22 m, and
3) with blowing by pulling propeller jets with diameter propeller of 0.33 m.
A two-bladed propeller installed in the end section of the aircraft wing was
used in the numerical study. It is shown that with an increase in the pro-
peller diameter, its influence on the pressure distribution over the wing
surface increases, as a result of which a local drop in the wing lift occurs
in the sections behind the propeller. The paper presents a picture of the
flow around the wing when interacting with the jets of the disturbed flow
from the pulling propeller.
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KoJie0anus ;KUAKOCTH B ’KECTKOM NPAMOYI0JIbHOM 0ake
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© A.A. Tloxanoctus , JLA. ['onuapos

MI'TY um. H.3. baymana, Mocksa, Poccus
*E-mail (noxmamumk): a.pozhalostin@mail.ru

AnHoTtanusi. PaccMoTpensr cBOOOIHBIE KOeOaHMsI )KUKOCTH B Oake
¢ ynpyroil neperopojakoi. MaeanbHas KHIKOCTb 3alOJHIET aOCOIIOTHO
KECTKUHM COCy]] IPSIMOYTOJIBHOM (hOPMBI C IByMSI OTCEKaMH Ha BbICOTY H.
JnuHa kaxgoro orceka /[, [, coorBercTBeHHO. IlomydeHo aHamuThde-

CKOE, TOYHOE PEIICHUE KPaeBOH 3a7add O MAJIbIX KOJICOAHUSIX KUIKOCTH
B3aMMOJICHCTBYIOIIUX C YNPYTUMHU KoJeOaHUAMU Oalku MOJ AeWCTBUEM
TUAPOJUHAMUYECKOTO JTABJICHHUS KUKOCTH.

Freedom vibrations liquid in ridged rectangle tank
with elasticity
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Abstract. An analytical, exact solution to the boundary value problem
of small vibrations of a liquid interacting with elastic vibrations of a beam
under the action of the hydrodynamic pressure of a liquid has been
obtained.

KoJsie0anus )KkeCTKUX MJIACTHH B IPSIMOYTO0JILHOM 0ake,
3al0JIHEHHOM KHJKOCTBIO
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AnHoTauus. IlpencraBnensl pazpaOoTaHHbIE aHATUTHUYECKHE (TOY-
HBIE) METO/bI PEUICHHUS 3a/1a4 O pacueTe YacTOT COOCTBEHHBIX KOJIeOaHHUN
KECTKUX U YNPYIHX MEPEeropofoK B JKECTKOM MPsIMOYTOJbHOM Oake, 3a-
MOJIHEHHOM KHJIKOCTBhIO. Pe3ynbTarhl pemieHus 3THX 3a7ad MOTyT ObITh
WCIIOJIB30BaHbl TP INPOCKTUPOBAHUU TMIPOTEXHUYECKHX COOPYKEHUH,
a TaKKe B CyJOCTPOEHUU IIPHU aHAIU3€ JTUHAMUKU 3JIEMEHTOB KOHCTPYK-
LU KpyIHBIX TAHKEPOB-HE(PTEBO30B U ra3zoB030B. PaccMOTpeHO ueThipe
ciydasi. B mepBoM citydae 6ak 3aKpbIT ¢ OJJHOIO KOHIIA YIIPYTO 3ajeJIaH-
HOM ECTKOHM IIacTUHOW. Bo BTOpOM — IlacTHHA yHpyro 3akperieHa
nocepeanHe Oaka. B TpeTheM — B 0ake pacmoioKeHbI ABE IUIACTUHBI U3
caydaeB 1 u 2. B yeTBepTOM Cilyyae pacCMOTPEHO PELICHHE KPaeBOM 3a-
Jlauu ISl YOPYTOM TUIaCTHHBI-KOHCOJIH, PACIIONOKEHHOH rnocepeanHe Oa-
Ka. B mocnenHem ciydae Moiy4eHO YaCTOTHOE ypaBHEHHE, JIEBas 4acThb
KOTOPOTO MPECTABISAET COO0H MEpOMOPPHYIO PYyHKINIO ¢ OECKOHEUHBIM
YHUCJIOM MPOCTBIX MOMIOCOB. OQHUM M3 MEPBBIX CHELUAINCTOB, IOy YHB-
IIMX pe3yJbTaThl B JAHHOH npobieme ruapoymnpyrocty, 6ot I1.K. Mkos.

Knrwoueewie cnosa: mexanuyeckuil ananoz, Koieoauus, 2uOpoynpy2ocno.

Oscillations of rigid plates in a rectangular tank filled
with liquid
© AA. Pozhalostin*, D.A. Goncharov

Bauman Moscow State Technical University, Moscow, Russia
* E-mail (speaker): a.pozhalostin@mail.ru

Abstract. The article presents the developed analytical (exact) meth-
ods for solving problems of calculating the frequencies of natural vibra-
tions of rigid and elastic partitions in a rigid rectangular tank filled with
liquid. The results of solving these problems can be used in the design of
hydraulic structures, as well as in shipbuilding when analyzing the dynam-
ics of structural elements of large oil tankers and gas carriers. Four cases
were considered. In the first case, the tank is closed at one end by an elas-
tically sealed rigid plate. In the second, the plate is elastically fixed in the
middle of the tank. In the third case, two plates from cases 1 and 2 are lo-
cated in the tank. In the fourth case, the solution of the boundary value
problem for an elastic cantilever plate located in the middle of the tank is
considered. In the latter case, a frequency equation is obtained, the left
side of which is a meromorphic function with an infinite number of simple
poles. One of the first specialists to obtain results in this problem of hy-
droelasticity was P.K. Ishkov.

Keywords: mechanical analogue, oscillations, hydroelasticity.

74 Huowcenepnuii scypnan: nayka u unnosayuu #4-2021



DOI: 10.18698/2308-6033-2021-4-2068

A3pOIlI/IHaMI/l‘IeCKaH (l)OKyCI/IpOBKa MEJIKOIAUCIICPCHBIX
BOJIHBIX Kalle¢/Ib B CBEPX3BYKOBOM BO3AYIIITHOM IIOTOKE

© C.C. HOHOBI/I‘-I*, A.T'. 3auroBen, H.A. Kucenes, FO.A. Bunorpanos

HUU mexanuku MI'Y, Mocksa, Poccns
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HccnenoBanuio B3auMOACHCTBUS ABYX(a3HBIX (AMCTIEPCHBIX) MOTO-
KOB C 00TEKaeMBbIMH TEJIaMH TIOCBSIIIICHO MHOXKECTBO padoT (CM., HaIpH-
Mep, 0030p [1]). Hannuue make HEOOIBIIOr0 KOJIUYECTBA MPUMECH (JIOJTH
MPOLIEHTa) B OCHOBHOM TOTOKE MOXXET MPUBOJUTH K CYIIECTBEHHBIM H3-
MEHEHHSIM €ero nmapaMeTpoB Ha MOBEPXHOCTH 00TekaemMoro Tena. B nanHoi
paboTe BHUMaHHE CKOHIIEHTPUPOBAHO HA BIUSHUU MPUMECH BOIHBIX Ka-
NeNb B CBEPX3BYKOBOM BO3JIYIIHOM MOTOKE Ha TEMIIEPATypy MOBEPXHOCTH
00TeKaeMoro Tena, a Takke Ha BO3MOXHOCTH a’pOAMHAMHUYECKON (OKy-
CUPOBKH YaCTHUI[ HA CTEHKY MpPHU OpPraHU3allid B MOTOKE CKAYKOB YILIOT-
HEHUS MaJioii MHTEHCUBHOCTH. CHIDKEHHE TeMIlepaTtypbl oOTekaemMoun
CTEHKHU B 3TOM CIIy4ae MOXET MO3BOJIUTh 3HAUUTEIHHO MOBLICUTH A (hek-
TUBHOCTh METOJIOB TEIJIOBOM 3alllUThl, YCTPOUCTB OE3MAIIMHHOTO JHEp-
ropasJiesieHus, Coco00B HHTEHCU(PHUKAIIUY TeTIooOMeHa u ap. [2—4].

N3BecTHO, 4TO OBEPXHOCTh, OOTEKaeMas BHICOKOCKOPOCTHBIM MOTO-
KOM, pa3orpeBaeTcs 10 TeMIiepaTypbl, OJU3KON K JIOKaJbHOW TeMIepary-
pe TOPMOKEHUSI HEBO3MYIIIEHHOTO MOTOKa. OHAKO MOJHOTO BOCCTAHOB-
JICHUsl TeMIepaTypbl 1O 3HAUEHHUS TEMIEepaTypbl TOPMOXKEHHUS He
npoucxoAuT. Eciar moBepXHOCTh TEMIO U30JIMpPOBaHa (HEMPOHHUIIaeMa IS
TEIUIOBOTO TIOTOKA), TO €€ TeMIieparypa (aanadaTHas TeMrepaTypa CTeHKH
T,,) Oyzner paBHa TemrepaType MPUCTEHHOTO CIIOs ra3a, B 00IIeM ciydyae
HE paBHOW TemIepaType TOPMOXKEHHs MOToka [5]. Mepol OTKIOHEHHUs
CITy)UT KOA()(PUIIMEHT BOCCTAHOBJICHUS TEMIIEPATYPHI 7, TTOKA3bIBAIOIIUN
JIOJIF0 KHHETUYECKOM SHEPTUH MOTOKA, IEPEXOASILEH B TEIUIO HAa CTEHKE:!

* v—1\ 2

aw (M—IMZ) =y (M>>1),
2

rae T,, — anuabatHas Temneparypa creHku, K; T o — TeMmmnepaTrypa Top-
MOKeHHUs1 B noToke, K; » — koaduuueHT BOCCTaHOBJICHHS TeMIIepaTy-
pb1; M — uncno Maxa; y — moka3zaTenb aanadathl rasa.

[Ipu TypOyneHTHOM GE30TPHIBHOM OOTEKAaHWU TUTACTHHBI M TEJ Bpa-
HICHUS C TVIAIKUMHU 00pa3yomuMu (IIIHHIP, KOHYC) KO3 GUIIUEHT BOC-
CTaHOBJICHUSI TemIiepatypsl coctaBiger okoio 0,89+0,01 [5]. Omnako
CTEHKAa MOYKET HarpeBaThCs (7 BO3PACTAET) WU OXJIAXKIATHCS (77 CHUYKAET-
csl) IpH BO3ACMCTBUU TPaIM€HTA JABJICHHUS, YCIOKHEHUH (HOPMBI TOBEPX-
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HOCTU ¥ HAJIMYMH CHJIBHBIX BO3MYIICHUN B MOTOKE (CKA4KH YIUIOTHEHHS,
OTPBIBHBIE TEUCHHUS, (Pa30BbIE TIEPEXOIBI).

B uccnenoBaHusx CBEpX3BYKOBBIX MOTOKOB YMEHbILIEHHE aauabaTHON
TeMreparypbl cTeHKUA (3G EKT a’poIUHAMUYECKOTO OXJIKICHUS) (PUKCU-
pyercs B 00JacTH OTPBIBHBIX M BO3BPATHBIX TEUEHH NMpHU OOTEKaHWHU pe-
Oep, yCTyNOB, JIOMAaTOK, oOTekaTenel pasnuyubix Gopm u 1. m. [6—10].
B obnactu MHOrOda3HBIX TEUEHUH B TUTEpaType MpPEACTaBieH psl padoT,
MOCBSIICHHBIX IaHHOMY Boripocy. B pabote [11] skcmepumMeHTaIbHO TTOKa-
3aHO, YTO ajguabaTHasl TeMIlepaTypa CTEHKH, 0OTEKaeMOM CBEPX3BYKOBBIM
IIOTOKOM BJIQ&)KHOTO Iapa, MOXET ObIThb paBHA TEMIIEpaType HACBILICHUS
NIOTOKA, €CIM B IOTOKE IMPUCYTCTBYIOT KaIlJIM BOJIbI OIIPEJEIEHHOIO pa3Me-
pa u KoHueHTpauu. B pabotax [13—15] unciaeHHO MOKa3aHO, YTO HATHYHUE
Jla’ke OYeHb MaJION KOHIIEHTPAIlUH Karejlb B OCHOBHOM IMOTOKE MOKET MpH-
BOJIUTh K 3HAUUTEIILHOMY CHIDKCHHMIO aaua0aTHON TeMIlepaTyphbl CTEHKH.
[Tonaganuto Kamens B MOTPAHUYHBIN CIIOM MOXKET CIOCOOCTBOBATH MeEXa-
HHU3M a3pOJMHAMHYECKON (DOKYCHPOBKH YacCTHIl B CBEPX3BYKOBOM ITOTOKE.
CornacHo pe3yJibTaTtaMm UcCleoBaHUM [16], mucrnepcHbie YacTUibl (HoKy-
CUPYIOTCS BIONb (PpOHTA CKayka YIUIOTHEHHUS. TakuM o0pa3oMm, HCKYyC-
CTBEHHasl TeHepallys CKayKOB YIUIOTHEHHUS! MaJloil MHTEHCHUBHOCTH B ra3o-
KarleJIbHOM IOTOKE MOJKET MO3BOJIUTh CHU3UTH a3pOAMHAMUYECKUN HAarpeB
00TeKaeMOH MMOBEPXHOCTH.

B pabote mpencTaBieHsl pe3yabTaThl CPABHUTEILHOTO HCCIIEIOBAHMUS
00TeKaHUs MIACTHHBI CBEPX3BYKOBBIM BO3IYIIHBIM M BO3AYIIHO-KaIelb-
HBIM TOTOKaMHU. DKCHEPUMEHTAIbHbIE HCCJIEIOBAaHUS IMPOBOIIINCH Ha
CBEPX3BYKOBOM a’pOJMHAMUYECKOM cTeHze (puc. 1) ¢ Hucroib30BaHUEM
CUCTeM perucTpanuu AaHHbIX National Instruments, aBToMaTu3upoBaH-
HBIX MPOrpamMM Ompoca U oOpabOTKH MOKa3aHH CEHCOPHBIX YCTPOMCTB
B cpeae LabView, Tepmonap ¢ TepMOKOMIIEHCALMeH, 30HJOBbIX U3Mepe-
HUM, TEMJIOBU3UOHHBIX U ONTHYECKUX METOJOB BH3yallM3allUU KapTUHBI
teuenus [17, 18].

¢hopkamepa XOHelKkomMb conno WK-kamepa
\
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Puc. 1. Cxema npoBeieHHUs SKCIIEPUMEHTA:

* *
T, — nonHas TeMieparypa HaOerarluiero NotToka; P, — noyuHoe nasieHue B Gpopkamepe;
P — cratuyeckoe naBineHue Ha CT€HKe; Ty, — TeMIIepaTypa MOJENN
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Puc. 2. Busyanu3zaius TeueHus 1a3epHbIM HOXKOM, TETNIOBU3NOHHASI KAPTUHA TEUSHUS
BO3YIIHOTO U BO3IYIIHO-KANEeIbHOIO CBEPX3BYKOBOIO ITOTOKA (CJI€Ba HANpaBo)

Mertannuueckas IIacTUHA YCTaHABIMBAJIACh BEPTUKAIBLHO B paboueM
KaHaJe a’poJuHaMHYECKON yCTaHOBKU. KaIuim IUCTHIIIIMPOBAHHOW BObI
B BO3JYIIHBIA MOTOK pacHbUISUINCh B (pOpKaMepe uepe3 LEHTPOOeKHbIE
(OpCYHKH METKOIMCIEPCHOTO paclblIa «IOJBIA KOHYC». MaccoBas KOH-
LHEeHTpalus XKUAKoCcTH coctaBisia 10 0,5 % pacxonma Bo3myxa, CpeaHUi
auaMeTp Karenb 1o 3aytepy — 80 MkM, yucio Maxa HaGeraromero mo-
toka M = 2,0—-3,0. Pe3ynpTarsel u3mMepeHuili TemnepaTypbl MOBEPXHOCTH
TUTACTUHBI 7Sl ciaydas onHodaszHoro (6e3 Karenb) BO3AYIIHOTO MOTOKA
CPaBHHMBAJIUCh C pe3yJbTaTaMu JUIs BO3AYIIHO-KalelbHOrO MOTOKa MpHU
OJIMHAKOBBIX MapaMmeTpax B hopkamepe.

C momoIp0 BU3yaIu3alliy J1a3epHbIM HOKOM (pHC. 2) ObLIO MOKa3a-
HO, yTO OOJIbIIasi YacTh BIPHICKUBAeMbIX B (hopkamepe Kamellb KOHIICH-
TpUpYyeTCsl B LEHTPaJIbHOW 4YacTU KaHaua, He J0Xolsd A0 cTeHkH. [lpu
YCTaHOBKE MOJENbHOM MIACTUHBI MOMEPEK MOTOKA B LEHTPAIBHOM YacTH
KaHaJla HE YJAJIOCh JOOWUTHCS CYHIECTBEHHOTO CHIDKEHUS TEMIIEPATyphI
Mojieni. Bo3MOXHO, MPUYHMHON TOMY SIBISIETCS OTKJIOHEHHUE JHHHUHA TOKa
BJI0JIb TOJIOBHOT'O CKauKa YIJIOTHEHUS, B PE3yJIbTaTe YEro KaIuld He Momna-
JTaJy B TOTPAHUYHBINA CIIOM.

C uenpro GOKYCHPOBKH YaCTHIl B HANIPABICHUH (OPMHUPYIOLIETOCS Ha
MOJIETI TOTPAHUYHOTO CIIOSI Mepel MOJENbl0 ObUT YCTAaHOBJIEH KIUH —
reHepaTop CKauka yIUIOTHEHMs. B 3ToM ciiydae BmepBble yJanoch J0-
OUTHCSI BBIPAXKEHHOTO CHIDKEHHUSI TeMIIepaTypbl CTEHKH B 00JIacTH mMaje-
HUS CKauKa YIJIOTHEHUS Ha CTEHKY (cM. puc. 2). HeBoopyKeHHBIM B3IJISI-
JOM MOXHO ObUIO BHUAETH O0Opa3oBaHUE JEASHBIX HAPOCTOB Ha
00TeKaeMOl CTEHKE CO CHMKEHHOM TeMmIlepaTypoil Ha BelquuuHy 10 15°.
JanbHeiiee ypenuuenue 3pdexra, mo-BUANMOMY, CBS3aHO C MOJI00POM
ONTUMAIILHOW KOH(PUTypalii CKAaYKOB YIUIOTHEHHUS, OTHOCHUTEIHHOTO
pacxo/a KUIKOCTH, PeKUMHBIX MapaMeTPOB MOTOKA U pa3Mepa BIPHICKU-
Ba€MbIX YaCTHULI.

Paboma evinonnusemcs 6 pamxax 2oc6r00xcemnol memul
AAAA-A16-116021110200-5 HUU mexanuxu MI'Y.
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Metoa Tuna bapuca — Xara pemieHusi rpaHUYHOI0
HHTErpajibHOI0 YpaBHEHH s, BOSHUKAIOLIEro B BUXPEBbIX
METOAAX BbIYUCIUTEIbHOM I'HAPOAMHAMUKH

© E.IL. Pstuna" ", LK. MapquCKHﬁl’ 2 0.C. qepHr,Ix1

'MI'TV um. H.D. Baymana, Mocksa, Poccust
2HICII um. B.I1. ViBaHHUKOBa PAH, Mocksa, Poccust
*E-mail: evgeniya.ryatina@yandex.ru

AnHotanusi. OO0bEKTOM WHCCIeAOBaHUS PAOOTHI SBISIOTCS JIBYMEp-
HBIC JIATPAHKEBHI BUXPEBBIE METOJbl BHIYMCIUTENBHON THAPOAUHAMUKH.
[Tpu MmoxenupoBanun 0O6TeKaHUs MPOGUI BUXPEBBIMU METOAAMU Hanbo-
Jiee TPYJIOEMKOM OIepalreil SIBISETCS pacyeT KOHBEKTUBHBIX CKOPOCTEU
BUXPEBBIX YACTHII, YTO MO CYTH O3HAYaeT BBIYMUCICHHE MX MapHBIX B3au-
monercTBuil. [Ipu pemenun 3amad oO0TEKaHUS CHCTEM MOJBUKHBIX APYT
OTHOCHUTEIILHO JIpyra Tell BO3pacTaeT BBIUMCIHTEIbHAS CIIOKHOCTH MPO-
HEeAypbl pPElIeHUs TPAHUYHOTO MHTETPAJIBLHOTO YpaBHEHUS Ha mpodure,
BBIpAXAIOIIEro coO0N TpaHMYHOE YCIOBUE MPUIUIAHUS, YTO CYIIECTBEH-
HO OTpaHUYMBAET 00JIaCTh MPUMEHHUMOCTH BUXPEBBIX METOIOB.

B pabore mpemnoxena moamdukamms ObicTporo merona baprca —
Xara ¢ UCNOIb30BAaHUEM HJEN MYJIBTUIIOJIBHBIX U JTOKAJIBHBIX Pa3I0KEHUN
JUIS PEIIeHUs 3a/1a4yl pacueTa B3auMOJICHCTBUS HAOOpa BUXPEBBIX YACTHI]
MexaIy co0oil. Meron uMeeT JorapuMUYECKyIO BEIYUCTUTEIBHYIO CIOXK-
HOCTh BMECTO KBaJ[paTHUHOU (IIpU MPSMOM pacyeTe), YTO MO3BOJISET CyIIe-
CTBEHHO CHHU3UTh BPEMs PacdeTOB MU OOJBIIOM YHCIIE PACCMATPHUBAEMBIX
gactull. [IpemioxkeHa aganraius METoIa K UTEPAMOHHOMY PEIICHUIO JTU-
HEWHON CHCTEMBI, alllTPOKCUMHUPYIONIEH TPAaHUYHOE MHTErPATILHOE YpaBHE-
Hue. C ucrnonbp30BaHuEM pa3paboTaHHON MOAU(HKAIMUA OBICTPOTO METOAA
peann30BaHbl KaK pacuyeTHbIC CXEMBbI, 00ECIICYMBAIOIINE BBIOIHEHHUE Tpa-
HUYHOTO YCJIOBHS B OTICIBHBIX TOYKAaX NMPOQWIs, TaKk U Ooyiee TOYHBIC,
MO3BOJISIONINE YUUTHIBATh paclpeiefieHHe pelieHus BAOJb MaHelel mpo-
¢wmis. [ToMrMO CyIIECTBEHHOTO YMEHBIIICHUS BPEMEHU PacdeToB, JPyTUM
MPEUMYIIIECTBOM HCIOJB30BaHUsl JAHHOTO TOJXOJa SIBJISETCS OTCYTCTBHUE
HEOOXOIMMOCTH XPaHEHUS MAaTPULIbI CUCTEMBI MOJIHOCTHI0O — HEOOXOIUMO
COXpaHATh JHUIIb T€ €€ KOA(OUIMEHTh, KOTOPbIE PACCUUTHIBAIOTCA
CHATIPSIMYIO).

Knrouesvie cnosa: suxpesoii memoo, epanuyHoe UHmMezpaibHoe ypasHe-
Hue, memoo bapnca — Xama, 3a0aua N men.
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Barnes — Hut-type method for boundary integral equation
in vortex particle method of computational fluid dynamics

© E.P. Ryatina" ", 1.K. Marchevsky"?, J.S. Chernyh'

'"Bauman Moscow State Technical University, Moscow, Russia
? Ivannikov Institute for System Programming of the RAS, Moscow, Russia
*E-mail: evgeniya.ryatina@yandex.ru

Abstract. The lagrangian vortex method of computational fluid dy-
namics is considered. Generally, for the problem of the two-dimensional
flow simulation around airfoils the most time-consuming operation is con-
vective velocities computation (squared computational complexity), that
leads to the necessity of particles pairs interactions calculation. If the sys-
tem of several airfoils is considered, which somehow moves relative to
each other, the other time-consuming operation in vortex method is
a boundary integral equation solution, which is an analogue of boundary
no-slip condition. These facts limit the vortex method range of applicabil-
ity significantly. We suggest the fast Barnes — Hut method modification
based on the multipole method ideas with local expansions for both men-
tioned operations in vortex method — particles interactions calculation
and boundary integral equation solution. The method has logarithmic
computational complexity instead of the squared one that significantly re-
duced the computational time when the number of particles is large. Also,
an adaptation of fast method for the iterative solution of the linear system
that approximates the boundary integral equation is proposed. Besides, the
method can be used as for numerical scheme, when the boundary condi-
tion is satisfied only in some control points, and for more accurate
schemes as well, when the distribution of the solution is taking into ac-
count. Moreover, the fast method allows not to store the full system ma-
trix, but only some of its coefficients, which are calculated exactly.

Keywords: vortex method, boundary integral equation, Barnes — Hut
method, N-body problem.
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Hcnoab3oBanue paspbiBHOr0 Metoaa I'ajepkuna
JJISl pelieHus 32124 ra3oBoil JUHAMUKH

© C.M. CaYTKI/IHal*, B.H. KopanOBaz, n.K. Map‘leBCKI/II\/'Il

'MI'TV um. H.D. Baymana, Mocksa, Poccust
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AnHoTtanusi. PaboTta mocssieHa pa3pabOTKe W peain3aluu Mpolie-
Zypbl YUCJIICHHOT'O PELICHUs] CUCTEMbI YPaBHEHUH Ia30BOM JUHAMUKH pas3-
pBIBHBIM MeTO/IoM ['anepkrHa. BhIUUCIUTENBHBIN alTOPUTM pEATU30BaH
B BUJIE NMPOTOTHUIIA TPOTPAMMHOI0 KOMIUIEKca Ha sizbike C++ u Bepudu-
UPOBaH Ha TECTOBBIX 3a7auax. [IpoBesieH aHaIN3 KauecTBa MOIy4aeMOro
YUCJICHHOI0O pCHICHUA B 3aBUCUMOCTU OT 135160pa YHUCJICHHOI'O IIOTOKA,
MHAMKATOpa «MpoOJIeMHBIX» Aueek U numutepa. [loctpoena u peanusona-
Ha YUCJICHHad CXCMa IAJid MOACIUPOBAHUA TeUueHUl BA3Koro rasza. Iloka-
3aHa 3((PEKTUBHOCTH pacmapauIeIMBaHUs M XOpollas MaciTadbupye-
MOCTH aJITOpUTMaA.

Knroueswie cnosa: RKDG-memoo, 2azosas OuHamuka, iumumep.

[Ipu pemieHnu UHXKEHEPHBIX 3a7a4 a’3po- U TUAPOAUHAMHUKYU TpeOyeT-
Cs1 BBICOKOE pa3pelIeHne MOJICTMPOBaHHS TEUCHUH )KUIKOCTH U Ta3a. [Ipu
BbIOOpE YMCIEHHOTO METOJa JUIsl MOMCKa PelIeHUs] HEOOXOAUMO YUMThI-
BaTh MPaBUIBHOCTh BOCIIPOU3BECHHS PEILICHHs B 00JIACTSIX, TJI€ OHO Ipe-
TepreBaeT CUJIbHbIE U3MEHEHHUS BO BPEMEHHU U MPOCTPAHCTBE, B YACTHO-
CTH, Ha YJapHBIX BOJIHAX, BOJIHAX Pa3peXKEeHHUS U KOHTAKTHBIX pa3pbIBax.
Jlna 3amad ra3oBoM AMHAMUKH YacTO NMPUMEHSIOTCS KOHEYHO-OObEMHBIE
cxeMbl Tuna ['ogyHOBa, KOTOpbIE MO3BOJSIOT ONPEIACTUTh CPEIHUE BEIIH-
YUHBI HCKOMOTO PEILIEHHS Ha sSueikax ceTKH. MeTonbl 3TOro Tuma JaroT
TOYHOE pEIIeHUE 33aJaud O pacraje MPOU3BOJILHOTO Pa3pbiBa, OHU KOH-
CEpBATUBHBI U COXPAHIIOT MOHOTOHHOCTh PO(UIICH CETOUHBIX (YHKITHIM.
OpHako Takoi MoAxoJ]l 00ecrneunBaeT TONBKO MEPBBIA MOPSAIOK arIpoK-
CUMAIMM MO MPOCTPAHCTBY Ha TJQJKUX PEIICHUSX, MO3TOMY IS Kade-
CTBEHHOH mepenadyn 0cOOEHHOCTEH pelIeHUs MPUXOJUTCS CYIIECTBEHHO
yMEHbIIATh mar ceTku. M30exaTh Takol CUTyalli MOKHO C IOMOIIBIO
METO/IOB MOBBILICHHOTO MOpsAKa annpokcumanuu. Ho Torna, kak npaBu-
JI0, BO3HUKAET Jpyras npoOiema: MPUXOJUTCS PACHIUPATH MMIA0JIOH am-
npokcumanuu. s 1ByMEpHBIX U TPEXMEPHBIX TEUEHUI, MOJCTUPYEMbIX
Ha HECTPYKTypPHUPOBAHHBIX CETKaX, 3TO MOXET OBbITb HETPUBUAIBHOU
3aJa4eil.

B nocnennue roapl uaeT akTUBHOE pa3BUTHE pa3pbiBHOrO MeTona ['a-
JEpKHHA, KOTOophld Takke HaspiBaloT RKDG-metonom (Runge — Kutta
Discontinuous Galerkin). On otHOcHTCS K 3((HEKTUBHBIM YHCICHHBIM
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METOJIaM pEIICHUs 3a7a4d C Pa3pbIBHBIMU PEIICHUSIMH U OOJBIIMMHU Tpa-
nueHTamu perieHusi. OCHOBHAs Uaes pa3pbIBHOro Meronaa ['anepkuna co-
CTOUT B HCIOJH30BAHUM TMOJMHOMHUATBHON aMMpOKCUMAILIUU PEIICHUs
BHYTpU SYEMKU M NpUOJIMKEHHOM pellleHuu 3ajgauu Pumana o pacnane
paspbiBa Ha ee rpaHHile. JTOT MOAXO0J] 00eCleYrBaeT COXpPaHEHHE KOM-
NAKTHOTO MIabJOHA anMpoOKCUMAIMK 3a CYET IOBBIIICHHS MOpSAKA YHC-
JIGHHOTO PEIIeHUs Ha KaKI0U siueiike ceTku. KpoMe Toro, ucnoiab30BaHue
KOMITAKTHOTO IIA0JIOHA JJaeT BO3MOXKHOCTH pelIaTh 3a/Ja4d B OOJIACTIX
CIIOXKHOU (OpMBI Ha HECTPYKTYpPUPOBaHHBIX ceTkax. [IpemmymiectBoM
RKDG-mMeTona sBisercs HCIOJIB30BAHUE SBHOM CXEMBbl pacyeTa, 4To
yIpoIaeT pa3paboTKy YHCICHHOTO arOpUTMa U Mo3BoJIsieT 3P (HEKTUBHO
pacmapaieIuTh BEIYUCICHUS.

VYkazaHHbIE JOCTOMHCTBA pa3phIBHOTO MeTo/a ["anepkuHa AenaoT ero
NEPCIEKTUBHBIM HHCTPYMEHTOM pELIEHUs IIMPOKOIo Kilacca 3a/1ad, OJHa-
KO €ro MpakTH4ecKasl peain3alus CONpsiKeHa ¢ HEKOTOPBIMU TPYIHOCTSI-
MU. BBICOKHIT OPSAIOK aNmpOKCUMAIlMU MMPUBOIUT K BOBHUKHOBEHUIO HE-
(U3HYHBIX OCIWLISAIUN pelIeHrs] BOJIM3U Pa3phIBOB; ISl UX MOJABIICHUS
UCTIONB3YIOTCSl  pa3iiuHble (YHKIUU-TUMHUTEPHI, KOTOPBIE TTO3BOJISIOT
KOPPEKTUPOBATh BEJIWYMHY MPOU3BOJHBIX MPUOIMKEHHOTO PpEIICHHUS.
OpnHako NpUMEHEHUE JTUMUTEPOB MOXKET MPUBECTU K CHUIKEHMIO MOPSAIKA
TOYHOCTH CXEMBI B O0JIACTH C TJIaJKUM perieHueM. YtoOwl 3Toro u3lde-
’KaTh, UCIOJB3YIOTCS TaK Ha3blBaeMble (DYHKUMU-UHAUKATOPHI MPOOIeM-
HBIX siYeek. HeoOXoaumMocTs morcka IpoOIeMHBIX SYeeK U MOHOTOHM3A-
UM PEUICHUS YBEJIMYUBACT BBIYUCIUTEIBHYIO CIIOKHOCTH aJTrOpUTMA.
TexHonoruu NUMUTUPOBAHUSA U HMHIUKALMU «IIPOOJEMHBIX» slU€eK IS
OJIHOMEPHBIX TEYEHHUI Pa3BUTHI BEChbMa XOPOILO, OJHAKO JAJIEKO HE BCe
OHHU MOT'YT OBITh IEpEHECEHBI Ha IByMEPHBIC M TPEXMEPHBIC 3a/1a4H.

WneanbHble (HEBS3KKE) TEUEHUS, OMUChIBAEMbIE YpaBHEHUSIMU Diijie-
pa, MOXKHO paccMaTpUBaTh KaK YIPOIICHHYIO MOJENb PeabHOro rasa,
IpY TEYEHUH KOTOPOTO BO3HHUKAIOT BS3KHE HarpspkeHus. JloOaBieHue co-
OTBETCTBYIOLIUX YJIEHOB B MAaTEMaTHUYECKyIO0 MOJENb HMPUBOJUT K pac-
cMoTpeHnio ypaBHeHnii HaBbe — CTOKCa, [JIs1 YUCIIEHHOTO PEIIeHUsT KO-
TOPBIX TPEOYIOTCS CYIIECTBEHHAs] MOAU(DUKAIUS U aJaNTalus alropuTMa
RKDG-mMerona, cBs3aHHas C MOSBIECHUEM B YPABHEHUH JJUIMIITUYECKOTO
(IO IPOCTPaHCTBEHHBIM ITEPEMEHHBIM ) OTIEPATOPA.

3HaunTeNbHAs YacTh CymlecTByrommx peanuzanuiit RKDG-meTona uc-
NOJIB3YET anmpOKCHMAIIMK PEIICHUs] BBICOKOTO IMOpsiKa (BILIOTH 110 5-6),
HO JIMILb 715 TJIAJIKUX pemeHnid. HemocpeacTBEHHOMY NPOBEICHHIO pacye-
TOB 00TEKaHUs, OCOOEHHO B 00JIACTSIX CIOKHOW (POPMBI, pa3peIICHUIO TOH-
KUX CTPYKTYp TEUEHHI BA3KOTO ra3za U MOACTHUPOBAHUIO HEYCTOWYHBOCTEM
MOCBAIICHO 3HAYUTEIILHO MEHBIE PadoT. DTO CBA3aHO C OOBEKTUBHBIMH
TpyAHOCTAMU 3(P()EKTUBHON pean3alliil COOTBETCTBYIOIIUX aJTOPUTMOB
U C TPUHIUMHATIBHON CIOXHOCTBIO 3a/la4d YHUCICHHOM MOHOTOHU3AINH
pelIeHus B Cily4ae BO3HUKHOBEHHUS pas3pbiBOB. IloaToMy n0 cux mop He
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CYILECTBYET YHHMBEPCAJIBHBIX PELIEHHUM, KOTOpble oOecnieunBanu Obl MpU-
€MJIEMOE KaueCTBO PA3pELICHUs Pa3pbIBOB IIPH aIEKBATHBIX 3aTpaTax BbI-
YHUCIUTENBHBIX PECypcoB M ObUIM Obl MPUMEHUMBI K LIMPOKOMY KIaccy
3a1a4.

B pabote npencrasnena paspaborka u agantanus aaroputmMa RKDG-
METOJA AJI1 YMCIEHHOIO MOJEJIMPOBAHUS JIBYMEPHBIX TEUEHHM BSI3KOIO
HETEIUIONPOBOIHOIO CkMMaeMoro rasa. llpencrasnen nmporotun mapan-
JIEJIBHOTO MPOrpaMMHOT0O KoMIulekca, peanusyromuid RKDG-meron Ha
HECTPYKTYpPHUPOBAHHBIX CETKaX.

B kauecTBe TecToBOM 3amaun paccMoTpeHa 3a1adya Cona ¢ KpyroBbIM
BO3MYIIIEHHUEM, PEIICHHE KOTOPOH COAEP>KUT TPU THUIIA Pa3pbIBOB: yJap-
Hasl BOJIHA, BOJIHA Pa3pEKEHUS U KOHTAKTHBIM pa3pbiB. beutn mporecTupo-
BaHbl Pa3/INYHbIC PEAIN3ALUNA TEXHOJOTUHM pacueTa YMCIEHHBIX ITOTOKOB
U TOAXOA0B K JINMUTUPOBAaHUIO 4MciaeHHoro peweHus. [lokazano, yto
JMMUTEP, OCHOBAHHBIN HA JIOKAJIBHOM IIPUHILIMIIE MAKCUMYMAa, XapaKTepu-
3y€eTCs MMOBBIIIEHHOW YNCIIEHHOMN BA3KOCTBIO [0 CPABHEHUIO C JTMMHUTEPOM
Ha ocHoBe WENO-noaxopna.

Jlia TecTupoBaHMsSI MOJETUPOBAHUS TEUEHUS BSI3KOT'O raza paccMoT-
pPEeH LEHTPUPOBAHHBIA KPYyTJbld BUXpb Jlamba ¢ 3amaHHON KOHEYHOW WH-
TEHCUBHOCTHIO. JIJI1 3TOM 3a7aun U3BECTHO TOYHOE PELLEHUE ISl SBOJIIO-
LIUU IIOJISI CKOPOCTEH JUIsl Cllydash HEC)KMMAaeMOM Cpelbl, 3aHUMAroIIeH
Oe3rpaHnyHyto obusiacth. [lokasaHo Xxopolee cOrinacoBaHUE YHUCIEHHOTO
pEILIEHNUS C aHATUTUYECKHUM.

D PeKkTUBHOCTD pacrapaIeIMBaHUS PEaTU30BAaHHOIO TPOTOTHUIIA
IIPOrPaMMHOI0 KOMILIEKCAa IPOACMOHCTPUPOBAHA Ha 3a7ade O JBOMHOM
MaXOBCKOM OTPaKCHUM YJapHOW BOJHBI, HaOeraromield Ha KOCOH ycTym,
u Ha 3amaue Coma B 00nacTu CIIOKHOW (DOPMBI: YCKOPEHHE OCTACTCA
NPAKTUYECKHU JIMHEHHBIM J1a)K€ IPU HCIIOJIb30BAHUU OOJIBLIOTO KOJWYe-
CTBa BBIYMCIMTEIBHBIX Y3JI0B U IpU 00pabOTKE Ha OJHOM IpOLEccOpe
meHee 1000 sueek.

Jluteparypa
1. Toro E.F. Riemann Solvers and Numerical Methods for Fluid Dynamics. Springer,
2009, 738 p.

RKDG method for solution of gas dynamics equations

© S.M. Sautkina'*, V.N. Korchagova?, I.K. Marchevsky'

"Bauman Moscow State Technical University, Moscow, Russia
? Ivannikov Institute for System Programming of the RAS, Moscow, Russia
*E-mail (speaker): sofyasautkina@yandex.ru

Abstract. This work is concentrated on the development and using of
Runge — Kutta Discontinuous Galerkin method for the simulation of gas
flows. The numerical algorithm is implemented in C++ in-house prototype
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and verified on the set of test cases. The report presents an analysis of
quality of the numerical solution in dependency on Riemann solver type,
indicators of “problem” cells and limiters. The numerical algorithm is ex-
tended to the model of viscous gas. The good efficiency of parallelization
and good scalability is presented.

Keywords: RKDG method, gas dynamics, limiter.
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OueHka npeaejabHONH YaCTOTHI KOJIeOAHUI KAIUIM B MIOTOKE

© M.H. Ceprees

PI'ATY umenu I1.A. ConoBreBa, Priounck, Poccust
E-mail: mihail sergeev@mail.ru

AHHOTanms. M3ydenue npoOieHus Kari sBiseTcs akTyalbHOW 3a1a-
Yel, TaK KaK 3TOT MPOLECC YacTO BCTPEYAETCsl B MPUPOJE U UCIIONb3YETCS
B TexHHMKe. Kak HM3BecTHO, cylecTByeT o0JIaCTh PaBHOBECHBIX 3HAUYEHHM
Kamm npu ee aedopmanuu B motoke. Kammro MOXHO HpUOIU3UTENBHO
CUMTATh VIMIICOUAOM. B 3TOM ciiyyae nmoka3aHo, 4To B 00J1IaCTH paBHOBE-
CHsl KaIUId UMEET MECTO M0J00JIacThb, 1€ KaIlli HaXOAUTCS B HEYCTOHUH-
BOM COCTOSIHMM U pacnazaerca. Ha pacnan xamny BIMSIOT BO3ZHHUKAIOLIUE
B Hell konebanus. B nanHoi paboTe mpoU3BOAMTCS OLEHKA YacTOTHI TAKUX
koneOanuii. [Ipruem momaraercsi, 4To KoJeOaHUsI MPOUCXOAAT IPEHMYIIIe-
CTBEHHO BJOJIb oceil ammunconna. Konebanus momnararorcss MainbiMu. Yac-
TOTa OTPEJeNAeTCs U3 YpaBHEHHS TWHAMUKHU Kosebanuil smmncounna. Ilo-
JydeHa TMpeJeNibHas 4acToTa KojaeOaHui MpU KPUTHYECKOM COOTHOIICHUH
IIOJIyOCEH IIIUIICOUA.

Knrwouegvie cnoea: ounamuxa kaniu, opoonenue, KoieOanus Kaniu, Yucio
Bebepa, nosepxnocmnoe namsiicenue, a’poouHamuieckoe oasienue.

Estimation of the limiting frequency of drop vibrations
in the flow

© M.N. Sergeev

P.A. Solovyov Rybinsk State Aviation Technical University, Rybinsk, Russia
E-mail: mihail sergeev@mail.ru

Abstract. The study of droplet crushing is an urgent task, since this
process is often found in nature and is used in engineering. As is known,
there is a region of equilibrium values of a drop when it is deformed in
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the flow. The drop can be roughly considered an ellipsoid. In this case, it
is shown that in the region of equilibrium of the drop there is a subdomain
where the drop is in an unstable state and decays. The decay of a drop is
affected by the vibrations that occur in it. In this paper, the frequency of
such oscillations is estimated. Moreover, it is assumed that the oscillations
occur mainly along the axes of the ellipsoid. Fluctuations are assumed to
be small. The frequency is determined from the equation of oscillation dy-
namics of the ellipsoid. The limiting frequency of oscillations is obtained
for the critical ratio of the ellipsoid semi-axes.

Keywords: drop dynamics, crushing, drop vibrations, Weber number, sur-
face tension, aerodynamic pressure.

YuciieHHOE HCCIeJ0BAHUE AIPOAUHAMHUICCKUX
XAPAKTCPUCTHUK BO3BpPAIIAcMOI0 anmapara 1 J1OHHOIo
AJIEMECHTA KOHCTPYKIHUH B IPOIECCE UX pasacICHUsA

© B.T. Kanyrusn, JI.M. CnoboasHiok

MI'TY um. H.3. baymana, Mocksa, Poccus
E-mail: kaluginvt@mail.ru, slob.dima@mail.ru

Cmyck Bo3Bpamiaemoro ammapata (BA) B armocdepe 3emiu compo-
BOXKIACTCSl OTICIICHHEM HEKOTOPBIX JJIEMEHTOB €r0 KOHCTPYKIMH. OaHUM
N3 TAKUX 3JICMCHTOB MOXKET 6I)ITB KpI)IIHKa JIFOKa HapaHIIOTHOFO KOHTCI\/JIHC-
pa (KJIIK), pacmonoxennas B monHod udactu BA. ITlocne oraenenus
KJITIK HaxoauTtcs B HETOCPEICTBEHHOM Om3ocTu OT BA, B pe3ynbraTe ue-
ro MMEET MECTO B3aWMHas adpoAuHaMu4veckas wHTepdepenmus. lanHoe
SIBIICHUE CYIIECCTBEHHO BIHUSET HAa O€30MacHOCTh OTICIICHHUS, TOCKOJIBKY
MIPOUCXOIUT W3MEHEHHE CYMMApHBIX adpPOJUHAMUYECKHX XapaKTEPHUCTHUK
(AIX) kak BA, Tak u KJITIK, 9yT0 MOKeT nprBeCTH K BO3HUKHOBEHUIO KO-
nebaHui ¥ CTOJKHOBEHHWIO. PaHee MpOBOAMIMCH SKCTIEPUMEHTAIBHBIE HC-
ciaegoBaHus ooTekanus BA u Haxomsamercss BOnm3u Hero monHou KJITIK,
a TaKXke ONpeeIeHNe MUHUMAIBHOTO MMITYJIbCa TOJIKATeNe, HeoOX0u-
MOTO JIsi O€30MacHOTO OTACNIEHUS KPBIIKH [1], oqHaKo B paboTe HEe ObLIO
uccnenaoaHo BiausiHue cuibl Toskarened KJIIIK Ha mporecc ee otnenenus
MIPH Pa3IMYHBIX yTiiax aTaky.

B nacrosmieit pabote paccMaTpuBaeTCs pelieHrue CONPSKEHHOM 3a/1a-
yn a’poauHamMuku U auHamuku aBuxenus: KJIIK, pacnonoxxenue koto-
po¥ MpenycCMOTPEHO Ha KOPMOBOM MOBepxHOCTH BA, mpu ee oTaeneHun
C YYETOM a’poJMHaMHuYecKol uHTepdepeHIuu. PacueTbl BBIMOTHSIIOTCS
B nmaketre FlowVision ¢ mpumMeHeHneM TEXHOJIOTUN JUHAMHUYECKUX CETOK.
OnpenensroTcss  a’poJAMHAMUYECKHAE XapPaKTEPUCTUKH  HETMOJBMXKHOTO
CITyCKaeMOro ammapara ¥ MOJBM)XHOW KPBIIIKHA. BBISBISAIOTCS 0COOEHHO-
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CTH O0TEKaHMs, OLIEHUBAETCS BJIMSAHUE KMHEMATHUYECKHUX MapaMeTpoOB Ha
0€30MacHOCTh OT/AENEHUS. BBISBIEHBI peXUMBI, IPU KOTOPBIX MPOHCXO-
nut cronkHoBeHue KIJIIIK um BA. Ilpu HyneBoMm yrie ataku MpOBEICH
UMIYJbCHBIA aHalu3, U ONpejesieHa MUHUMAalbHasl HavyallbHasi CKOPOCTh
JUTst 0€30IaCHOTO OT/IETICHUS KPBIIIKH.

Jlutepatypbl
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Analysis the influence of the frontal heat shield
separation process from the reentry vehicle
on their aerodynamic characteristics
using numerical simulation

© V.T. Kalugin, D.M. Slobodyanyuk

Bauman Moscow State Technical University, Moscow, Russia
E-mail: kaluginvt@mail.ru, slob.dima@mail.ru

During reentry vehicle (RV) moving in the Earth’s atmosphere, frontal
heat shield (FHS) is separated. After separation, when FHS moves in
the immediate vicinity of the RV, there is mutual aerodynamic interfer-
ence, which significantly affects the separation safety. As a result of this
effect, changing the total aerodynamic characteristics of both the RV and
the FHS occurs, which can lead to oscillations and collision. Earlier, nu-
merical modeling of the flow around the RV and the nearby FHS was car-
ried out [1], however, the effect FHS motion on the aerodynamics charac-
teristics during separation was not taken into account in the work.

In this paper, the problem of the joint flow around an FHS and RV
using fixed and dynamic grids in a spatially unsteady setting is considered.
Features of the flow are revealed; the influence of the FHS motion in the
incident flow on the RV and FHS aerodynamics characteristics is estimat-
ed. Comparison of aerodynamics characteristics is carried out in the calcu-
lation using various varieties of grids. It is noted that the FHS velocity
presence is a determining factor both in the aerodynamics characteristics
changing and in the flow structures transformation, unlike calculations
with a fixed grid. In conclusion, the influence of the detachable elements
speed movement should be taken into account during calculations using a
dynamic grid; as a result acceptable results for engineering practice are
obtained.
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BuxpeBble CTPYKTYpPbI 1 TAMHJILTOHOBA reOMeTPHSs

© H.H. ®umun

HIIM um. M.B. Kennsimia PAH, Mocksa, Poccust
E-mail: oberon@kiam.ru

AHHoTanus. ['eomeTpuzanus OnucaHusl BUXPEBBIX TMAPOJMHAMUYE-
CKHX CHCTEM MOXXET OBITh IPOBEJEHA Ha OCHOBE BBEJICHUS IOTEHIMAJIOB
Monxa — Kinebma. [l 3TOro cTpoum jarpaHuaH IOToKa, Ipeodpasy-
eM ero 1o Jlexanapy B ¢pyHKuui0 ['aMUIbTOHA U ONpenenseM IraMUIIbTO-
HOBO IIPOCTPAaHCTBO HA KAacaTECIIBHOM DPACCIOCHHU HAJl MOTCHLIHAIbHBIM
MHOroo0OpasueMm MoHxa. BelunciuB reccuan raMMiIbTOHHAHA, MOTY4YHM
kK03 punmeHTs (yHIAMEHTAIBHOTO TEH30pa TaMUJIBTOHOBA IMPOCTpaH-
CTBa, ONpeACIAIONINE ero MeTpuKy. /lanee onpenenseM ananoru kKo3ddu-
mueHToB Kpucroddens nns N-nuneiHol cBsi3HocTu. PaccmarpuBas
ypaBHeHHs Diinepa — Jlarpanka ¢ 3TuMH K03((HUIIMEHTaMU CBSI3HOCTH,
IIPUXOJUM K I€0Ie3UYECKUM YPABHEHUSAM NIl «BEPTUKAIBHBIX» TPACKTO-
puil B rTaMMJIBTOHOBOM IPOCTPAHCTBE. AHAJIM3UPYSI MOIYUYEHHYIO CUCTEMY
yYpaBHEHHUH I'€0/1e3MYECKOTr0 IBKEHHS Ha MPEeIMET BO3MOKHOIO yBEIHYe-
HUS WM YMEHbBIICHUS! OECKOHEYHO MAJIOTO PACCTOSHHS MEXIy Teoe3nye-
CKUMM BEPTUKAIBbHBIMU TPACKTOPUSAMM (PEIIEHUs] COOTBETCTBYIOLIEH CH-
cTtembl ypaBHeHu# Slkoom — Kaprana), MmoxxeM copmyanpoBath oOIue
KPUTEPHH PACIaZa U pa3pyLICHNs BUXPEBON KOHTUHYAJIbHON CHCTEMBI.

Knroueswie cnosa: nomenyuanvt Mousica, 2eccuan, oesuayus ceooezude-
CKUX YPABHEHUU, 1ACPAHHCUAH.
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Vortex structures and Hamilton geometry

© N.N. Fimin
Keldysh Institute of Applied Mathematics of RAS, Moscow, Russia
Abstract. Geometrization of the description of vortex hydrodynamic

systems can be carried out on the basis of the introduction of the Monge —
Clebsch potentials. To do this, we construct the Lagrangian of the flow,
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transform it according to Legendre into a Hamiltonian function, and define
the Hamiltonian space on the cotangent bundle over the potential Monge
manifold. By calculating the Hessian of the Hamiltonian, we obtain the co-
efficients of the fundamental tensor of the Hamiltonian space, which deter-
mine its metric. Next, we define analogs of the Christoffel coefficients for
the N-linear connection. Considering the Euler-Lagrange equations with
these connectivity coefficients, we arrive at geodesic equations for “verti-
cal” trajectories in Hamiltonian space. Analyzing the resulting system of
equations of geodesic motion for a possible increase or decrease in the infi-
nitely small distance between geodesic vertical paths (solutions of the corre-
sponding system of Jacobi — Cartan equations), we can formulate general
criteria for the decay and destruction of a vortex continuous system.

Keywords: Monge potentials, Hessian, geodesics deviation, Lagrangian.
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HccaenoBanue paBHOBECHOM CBOOOJHOM NOBEPXHOCTH
KANULJISIPHOM KMIKOCTH B TOIUIMBHBIX 0aKax
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AHHoTanusi. PaccMoTpeHa ocecuMMmeTpuyHas 3afada o0 ompexene-
HUU (HOpM paBHOBECHS >KUIKOCTH B TOPOMAANBHBIX 0Oakax B YCIOBHSIX
MUKpoOrpaBuTauu. [Ipu OTCYTCTBUM 3HAYUTEIHHBIX MACCOBBIX I'paBHUTa-
IIMOHHBIX CHUJI TIOBEJICHUE KUAKOTO TOIUIMBA B 0akaX HAYMHAIOT OMpee-
JISITh CUJIBI TIOBEPXHOCTHOTO HATSDKCHHS M MEXMOJICKYJISIPHBIE CHJIBI Ha
TpaHMIIE >KUIKOCTH C TBEpAOM cTeHKoW. Ha ocHoBe mpuHIuMIa cranuo-
HApHOCTH TOTEHIIMAIBLHON PHEPTrUU BBIBEJCHBI YCIIOBUS paBHOBECHs 3a-
MKHYTOM CHCTEMBI >KHJKOCTH — Ta3a C TBEPAOU CTEHKOM B YCIOBHSX
mukporpasutanuu. [IpuBenena cucrema auddepeHnanbHbIX YPaBHEHHH,
TPYAHOCTH YUCJIEHHOTO PELICHUS KOTOPOM COCTOSIT B ONPEACICHUH TPEX
MpeBAPUTEIIbHO HEM3BECTHBIX KOHCTAHT, W ISl UX PEIICHHS COCTaBJICHBI
ycnosue ronps — FOHra, ycioBue CONpUKOCHOBEHHUSI C TBEPOI CTEHKOMN
U YCIIOBUE COXPAHEHUS 00bEMa KUIKOCTH.

Knrwuegwie cnosa: kanuniapHas scuoKoCcms, MopouUoaibHblll cocyo, PaeHO-
gecHas c60000HAs nosepxHocmy, 3a0aya Kowu.
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B ycnoBHAX KOCMHYECKOTO IOJIETa BO3HUKAIOT TPYIHBIE MPOOIEMBI
1o o0ecTeYeHNI0 HAeKHOTO MUTAHMS JBUTATEeNs TOIUIMBOM M IO Ompe-
JICNICHUIO TUIPOJAWHAMHUYECKUX XapaKTEPUCTHUK KOJIEOaHWH >KUAKOCTH.
Jns ux pemeHns He0OOXOAMMO TPENBAPUTEIHHO ONPENEINTh PaBHOBEC-
HYI0 CBOOOJIHYIO TOBEPXHOCTh KaNMMUIIPHOW kuakocTu. MccnenoBanue
paBHOBECHS KalMJUIIPHOM JKUJIKOCTH B COCYJIE€ TOPOUIATIBHON (OPMBI aK-
TYaJbHO Ul AJbHEHIIEro KOHCTPYUPOBAHUS TOIUIMBHBIX 0AaKOB, TaK Kak
B TOCJIEZHNE TOJBI TOPOUJANBHBIC OAKN B CBSI3U C MX NPEHMYIECTBAMH
B KOMIIOHOBKE 0OJIbIIIE IPUMEHSIOTCS B pa3rOHHBIX OJIOKaX.

Hammmiem ycnoBus paBHOBECHSI CHCTEMBI I'a3 — XHJIKOCTh — TBEP-
Jast CTCHKa:

2
2H =Boz+C,Bo=L0_(3);
612

61, €08 0y +(0y3 =013 ) = 0(7).

3amaya 0 HaX0XKJIEHUU (POPMBI PABHOBECHON TTOBEPXHOCTH CBOJIUTCS K
MOCTPOEHUIO pelIeHus] ypaBHeHHs Jlamimaca mpu TpaHUYHOM YCJIOBHUH
Hionpe — IOHra u ycnoBusi coxpaHeHuss oObema xuakoctu. Ciydaii
Bo =0 npuBoaut x u3BecTHOU B auddepeHnanbHOi reOMeTpun 3a1aue
00 M3y4YeHHUH OBEPXHOCTHU MOCTOSIHHON CpeHEl KpUBU3HBI.

Hns mpumenenus merona Pynre — KyTTsl mpeoOpa3yeM ypaBHEHHE
Jlanmaca B cnenyronryro cucreMy aud@epeHIHalIbHbBIX ypaBHEHUH 1-T0
nopsi/IKa:

v'(s) = u(s) Boz(s)+C— v(s)

r(s)
HavansHble yCI0BUs MMEIOT CIEAYIOUTYI0 GopMy:
r(0)=5-sin(0;), z(0)=cos(6,);
u(0)=—cos(o+6,), v(0)=-sin(a+6,),
rae =R, /r,.

VYcnoBusi CONMPUKOCHOBEHUST CBOOOJHOW TOBEPXHOCTH C TBEPAOH
CTEHKOM:

1(5)=[ 3-r(5)] +2(s) =1;
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ycnosue Jronpe — FOnra:
a(5)=sin"' (' (5))+sin™ (2(5)) = a;

YCIIOBUC COXPaHCHUA obbeMa KHUIOKOCTH:

K 92
V(s)=2n Izrr'ds -~ .[ cost-(8— sint)-(—cost)dt [=V.
0 0,
Ha ocnoBe merona Pynre — KyTTel 4-ro mopsaka B Hporpamme

MATLAB mnonydeHbl ¢opMbl paBHOBECHUS KaNUJUIAPHOW >KUIKOCTH ISt
Pa3IUYHBIX NPAKTUYECKH BaXKHBIX cHUTyaluil. KonnuecTBEHHO OllEHEHO
BJIMSIHUE PA3JIMYHBIX IAPAMETPOB, TAKUX KaK Yroj CMa4MBaHUsA 0 , YUCJIO

bonna Bo, cooTHolIeHHEe paguycoB OKpy>kHOCTell =R, /%, U OTHOCH-
TENIbHBI 00BEM 3alOJIHEHUS JKUAKOCTeH V), Ha (QopMy paBHOBECHs

KalWLISIPHOU YKHUIKOCTH.
B Oynymem OyayT ucclieJOBaHBI paBHOBECHBIC CBOOOIHBIE MOBEPX-

HOCTH TPU MAJIBIX YIjaX CMayuBaHUs [0,100], TaK KaK UMEHHO B 3TOM

JIana3oHe HAaXOJATCs YIJIbl CMayMBAaHUS PEAbHOIO PAKETHOTO TOIUIMBA
B Oakax. Kpome Toro, Ha ocHOBe MOJy4YeHHOH (opMBI CBOOOIHOMN IO-
BEPXHOCTH MOYKHO HCCIIEIOBATh KOJICOAHHS JKUAKOCTH B YCIOBHSIX MUKDPO-
IpaBUTALIUU.
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Study of the equilibrium free surface of capillary fluids
in a toroidal vessel

© Zhaokai Yu, A.N. Temnov

Bauman Moscow State Technical University, Moscow, Russia
E-mail: yuzhaokai933@mail.ru

Abstract. The paper considers the problem of determining the shapes
of the free surface of liquids in containers of a torus shape under micro-
gravity conditions. In the absence of significant mass gravitational forces,
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the behavior of liquid fuel in tanks begins to be determined by surface ten-
sion forces and intermolecular forces at the interface of the liquid with
a solid wall. Equilibrium conditions of a closed liquid-gas system with a
solid wall are derived on the basis of the principle of stationarity of poten-
tial energy. A system of differential equations is presented, the difficulties
of numerical solution of which consist in determining three previously un-
known constants and for their solution the Dupre — Young condition, the
condition for contact with a solid wall and the condition for the conserva-
tion of the volume of liquid are compiled.

Keywords: capillary fluid, toroidal vessel, equilibrium free surface,
Cauchy problem.

In conditions of space flight, difficult problems arise in ensuring relia-
ble fuel supply to the engine and in determining the hydrodynamic charac-
teristics of fluid vibrations. To solve them, it is necessary to first deter-
mine the equilibrium free surface of the capillary liquid. The study of the
equilibrium of a capillary liquid in a toroidal vessel is relevant for the fur-
ther design of fuel tanks, since in recent years, toroidal tanks, due to their
advantages in layout, are more used in upper stages.

Let us write the equilibrium conditions for the “gas—liquid—solid wall”
system:

2
2H =Boz +C,Bo =0 (3);
O12

1 080 +(0,53 —613) = 0(7).

The problem of finding the shape of an equilibrium surface is reduced
to constructing a solution to the Laplace equation under the Dupre —
Young boundary condition and the condition for the conservation of the
volume of the liquid. The case of total weightlessness leads to the well-
known problem in differential geometry of studying a surface of constant
mean curvature.

To apply the Runge — Kutta method, we transform the Laplace equa-
tion into the following system of 1-st order differential equations:

r'(s)=u(s), 2(s)=v(s);

u'(s)=—v(s)(Boz(s)+C—%}
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The initial conditions have the following form:
r(0)=8-sin(6,), z(0)=cos(6,);
u(0)=—-cos(a+6,), v(0)=-sin(a+6,),

where =R, /1.
Conditions for free surface contact with a solid wall:

1(5)=[ 3-r(5)] +2(s) =1;
the Dupre — Young boundary condition:
a(s)=sin"' (#(5))+sin™ (2(5)) = ay;

the condition for maintaining the volume of liquid:

s 0,
V(s)=2n J‘zrr'ds— j cost-(8—sint)(—cost)dt |=V.

On the basis of the Runge — Kutta method of the 4th order in
the MATLAB program, the forms of equilibrium of a capillary liquid for
various practically important situations are obtained. The influence of var-
ious parameters, such as the contact angle o,, the Bond number Bo,

the ratio of the radii of the circles 6 =R, /r, and the relative filling vol-
ume of liquids V},, on the shape of the equilibrium of the capillary liquid,

was quantitatively evaluated.

In the future, equilibrium free surfaces will be studied at small contact
angles, since it is in this range that the contact angles of real propellant in
tanks are located. In addition, on the basis of the obtained shape of the free
surface, it is possible to investigate the oscillations of a liquid under mi-
crogravity conditions.
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CEKUUA 4. NTPUKNAOHAA MEXAHUKA

Pykosooumenu: n-p texs. Hayk, nmpod. C.C. 'appromuH,
I-p TexH. HaykK, ipod. A.}O. Kapnaues

NnenTudukanusa napaMeTrpoB pblYyakKHbIX
U 3y04aTbIX MEXaHU3MOB

© A K. Anemmn, .M. KOHI[paTBeB*

Wnctutyt mamuHoBeaeHus uM. A.A. braronpasoBa PAH, Mocksa, Poccus
*E-mail: kiimash @yandex.ru

AnHoTtanus. [IpeacTaBieH METOI0JIOTMYECKUN TIOIX0T K UASHTU(DH-
Kalliy MapaMeTpoB, ONPEACNIONMX (YHKIMOHATbHBIE XapaKTePUCTUKU
PBIYQKHBIX U 3yOuaThbIX MEXaHM3MOB. [l ompeaeneHHs NPUBEAECHHBIX
MOMEHTa MHEPLUU U MOMEHTA CHJI COIIPOTUBIIEHMS], @ TAK)KE Macchl Tena,
KOOpJMHAT LIEHTpa Macc ¥ TEH30pa MHEPLHMH Tela pa3paboTaHbl COOTBET-
CTBYIOIIIME METO/IbI onepatuBHON uaeHTudukanuu [1]. g onpenenenus
(YHKIIMOHAJIBHBIX XapAaKTEPUCTUK MEXAHU3MOB B HATYpPHBIX IKCIIEPUMEH-
Tax MPeUIOKEHO UCIOIb30BaTh MOAU(DUIIMPOBAHHBIM METOJ MHTEPBAJIOB
BPEMEHH, B KOTOPOM OHU pacCMaTPUBAIOTCS KaK CIIydaiHbIe BEJIMYUHBI.

Knwueevie cnoea: uoenmugurayus napamempos, Memoo UHMEPBEALO8
8peMeHuU, CLyYalHas 6eudUHa.
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Parameter identification for lever and gear mechanisms

© A K. Aleshin, .M. Kondrat’ev"

Mechanical Engineering Research Institute, Russian Academy of Sciences,
Moscow, Russia
*E-mail: kiimash@yandex.ru

Abstract. A methodological approach to the parameter identification
of the functional characteristics of lever and gear mechanisms is present-
ed. To determine the reduced moment of inertia and the moment of re-
sistance forces, as well as mass, center of mass 3D-location and inertia
tensor for mechanism, appropriate methods of operational identification
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have been developed [1]. To determine the functional characteristics of
mechanisms in field experiments, it is proposed to use a modified time in-
terval method, in which time intervals are considered as random variables.

Keywords: parameter identification, time interval measurement, random
variable.
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HpOI‘HOSI/IPOBaHHe MTAMIIYEMOCTH JIUCTOBOTO IpOoKaTa

© C.A. bepecrona, K.B. Cepkos

VYpanbckuii ¢penepansHblii yausepcuret, EkatepunOypr, Poccus
E-mail: s.a.berestova@urfu.ru, k.v.serkov@urfu.ru

AHHOTauus. TexHOIOrHYeCKue 0COOEHHOCTH ITMPOKO MPUMEHSIEMBIX
METO/IOB MOJIyYEHUS JIMCTOBBIX MaTEPHAJIOB MIPUBOJAAT K aHU30TPOIUU UX
(U3UKO-MEXaHNYECKUX CBOMCTB. JTa aHM30TPONHS HEU3OEKHO MPOSBIIS-
eTcs B Mpoliecce JaibHENIIero ux ucnonszoBanusd. Co3nasast Oiaromnpu-
SITHYIO TEKCTYPY JIMCTOBBIX MaTEPHUATIOB, MOXKHO YBEIIMYUTHh CIIOCOOHOCTh
JMCTOBBIX MaTepHajoB K TiyOokod BHITsDKKe. Kpucrammorpaduyeckas
TEKCTypa SIBJISIETCS OCHOBHBIM (haKTOPOM, 00YCIIOBITUBAIOIINM IOSIBIICHUE
AHM30TPONHH B MaTepuanax. Kpucramiorpaduueckas TeKCTypa Kak Ipe-
UMYILECTBEHHAs! OPUEHTAIUsl KpUCTAIIIOrpapuueckux ocei B MOJIUKPH-
CTaJlylaX BO3HUKAET NPU PA3IMYHBIX BUAAX TEPMOMEXaHUYECKOW oOpa-
00Tku. /sl OLIEHKM IITaMIyeMOCTH JHMCTOBBIX MaTEpHUaJiOB Ba)KHBIM
TEXHUUYECKUM I10Ka3aTeJIeM aHU30TPOIMHU MEXaHUUECKUX CBOMCTB SIBJISET-
¢l KOO(PQPUIUEHT HOPMAIBHOW IUIACTHYECKONH aHW3OTPOIHH, KOTOPBIN
OTIPEICIIICTCSl OTHOMICHUEM TTPHPAICHUN TUIACTUIECCKUX Jedopmanmii o
TOJIIIMHE ¥ TI0 MIMPUHE IJIOCKOTO 00pasia, BRIPE3aHHOTO MOJ (GUKCUPO-
BaHHBIM YTJIOM, IIPH €r0 OJHOOCHOM pAacCTSDKEHMM B 00JIAaCTH paBHOMEp-
HOM aedopmaruu. B ciiyyae HETEKCTypHUpPOBAaHHOIO COCTOSIHHSI 3TOT KO-
3 PUIHEHT paBeH CIUHHIIE, @ YEM OH BBIIIE, TEM OOJIbIIE CONPOTUBIICHHUE
JMCTa YTOHYCHHIO TIPU IITAMIIOBKE M TeM TIyO)ke BBITsDKKA. [Lis mucToB
u3 OnHO(A3HBIX METAUIOB W CIUIABOB, KOTOPHIE B MaKpPOCHMMETPHHU
ABIIIOTCS OPTOTPONHBIMHU, YCTAHOBJIEHA aHAIUTHUYECKasi CBsA3b KO3PPu-
LMEHTa HOPMAJIbHOM IJIACTUYECKON aHMW30TPONHUH C COOTBETCTBYIOIMMHU
TEKCTYpPHBIMHU IapaMeTpaMU MU CTENEHBIO aHU30TPOIHMH MOHOKpPHCTAILIA
KyOndeckoi cuMMmeTpun. B kadecTBe mpUMEPOB BBIYHUCICHBI KOA(DuIu-
€HThI JUISl JINCTOB MAJIOYTJIEPOAUCTON CTalu. DKCHEPUMEHTAIBHBIE JaH-
HBIE O TEKCType Marepuaia U 00 M3MEpPEHHBIX U PACCUUTAHHBIX pa3iny-
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HBIMH CIIOCOOaMU 3HAYEHHUAX KOB(I)(i)I/ILII/ICHTa HOpM&J’IbHOﬁ MJIacTUYECKOM
AHU30TPOIINH OBLIU B3STHI U3 HE3aBUCUMBIX HCTOYHHMKOB.

Knwoueevie cnoea: xodgpduyuenm HOpMAnbHOU NAACMUYECKOU AHUZ0-
Mponuu.

Forecasting of sheets stamping

© S.A. Berestova, K.V. Serkov

Ural Federal University, Y ekaterinburg, Russia
E-mail: s.a.berestova@urfu.ru, k.v.serkov@urfu.ru

Abstract. Technological features of widely used methods for produc-
ing sheet materials lead to anisotropy of their physical and mechanical
properties. This anisotropy inevitably manifests itself in the process of
their further use. The deep drawing ability of the sheet materials can be in-
creased by creating a favorable texture of the sheet materials. The crystal-
lographic texture is the main factor that causes the appearance of anisotro-
py in materials. The crystallographic texture is the predominant orientation
of the crystallographic axes in polycrystals. It arises during various types
of thermomechanical processing. An important technical indicator of the
mechanical properties anisotropy to assess the formability of sheet materi-
als is the plastic anisotropy normal coefficient. It is determined by the ra-
tio of the increments of plastic deformations over the thickness and over
the width of a flat specimen cut at a fixed angle. The flat specimen with its
uniaxial tension is in the region of uniform deformation. This coefficient is
equal to one in the case of a non-textured state. The higher it is the greater
the sheet's resistance to thinning during stamping. We considered sheets of
single-phase metals and alloys. They are orthotropic in macro symmetry.
An analytical relationship is established between the plastic anisotropy
normal coefficient and the corresponding texture parameters and the de-
gree of anisotropy of a single crystal of cubic symmetry. Coefficients for
low-carbon steel sheets are calculated as examples. Experimental data
were taken from independent sources. There are data about the texture of
the material, the values of the measured and calculated in various ways
coefficient for normal plastic anisotropy.

Keywords: coefficient of normal plastic anisotropy.
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AHAJIMTHYECKHE OLEHKH YIIPYTrUX KOJIeOaHu i
KOHCTPYKIIUM OT/AeJIsieMbIX CTBOPOK o0TeKaTeJieil
TPaHC(OPMHUPYEMOro COOPOYHO-3ALUTHOTO OJIOKA

© B.H. BaKyJ‘II/IHl, C.B. BOpBBIXZ*, K.B. TepemnHaz, 10.H. I1[u6nes”

'UITPYIM PAH, Mocksa, Poccus
[IAO PKK «ueprus» um. C.II. Koponésa, Koponés MockoBckast 061acts, Poccrst
*E-mail: rigidbor@gmail.ru

AnHoTanus. OTaeleHne 3alUTHBIX CTBOPOK O0TeKaTenel cOOpoUHO-
3alIUTHOTO 0JIOKAa — OJIHA U3 KJIIOYEBBIX ONEpaluii Ha y4acTKe BbIBEJE-
HUS. B CBSI3U ¢ 3TUM CTaHOBHTCS OCTPOAKTYaJIbHOM pa3paboTka Mojesnen
pouecca OTACIECHUS CTBOPOK, B MAKCUMAJIbHON CTETIIEHH YYHUTBHIBAIOLINX
CBOICTBa CTBOPOK, B YaCTHOCTH, UX ynpyrue cBoiictsa. Kunemaruueckue
CXEMBI OTAEJIEHUS CTBOPOK IPENIOJIAraldT MX Pa3BOPOT OTHOCHUTEIBHO
ocell BpamieHus, 3apUKCUPOBAHHBIX Ha HOCHUTENE, U CUJIBI CPE/ICTB OTE-
JIEHUs CO3JIal0T HeOOXOAMMBIN Ui pa3BOpPOTa MOMEHT, a TaK)Ke BbI3bIBA-
I0T KoJjieOaHUsI CTBOpOK. Maible KojeOaHusi MOTYT OBITh NpEICTaBIICHBI
B BUJI€ PA3JIOKEHUS B Psill O cOOCTBEHHBIM (opMam. [losryueH psn ananu-
THUYECKHX OIIEHOK YPOBHS KOJeOaHUI CTBOPOK B MPOLIECCE UX OTICTCHHUS.

Knwuesvie cnosa: paxema-rnocumensb, CmMeopKu oOmexamens, npoyecc
omoenenus, Koieoanus.

MOIIGJII/IPOBaHI/IG AUHAMHUKU COBPCMCHHBIX KOCMHNYCCKUX KOHCTPYK-
muid paccmaTtpuBanochk B padorax [1-10] m np. OTmeneHue 3amUTHBIX
CTBOPOK oOTekareneil COOpOYHO-3alTUTHOTO OJI0Ka — OJTHA U3 KIIFOUEBBIX
orepanuil Ha y4acTKe BBIBEICHHUS, OTKa3 KOTOPON aBTOMAaTHYECKH O3Ha-
JaeT HEBBIIIOJIHEHUE MUCCUHU. B CBS3H ¢ 3TUM CTAaHOBHUTCSA OCTPOAKTYyaJIb-
HOM pa3paboTka MOJIeNeH mpolecca OTAeIEeHUs CTBOPOK, B MAKCUMATbHOM
CTETICHH YYHUTHIBAIOIINX HanOoJiee CYIIECTBEHHBIE OCOOCHHOCTH TPOIIEeC-
ca OTHENEHUS U CBOMCTBA CaMHX CTBOPOK, B YaCTHOCTH, MX YyHpyTue
CBOWCTBA.

«TBepabie» Moaenu OCTATOYHO TOYHO IO3BOJISIOT PACCUUTHIBATH
OTHOCHUTCIIbHOC ABUKCHHUEC HOCUTCIIA U CTBOPOK IMOCJIC UX OTACIICHUA, YTO
ABIIIETCS. OTPaXEHHEM TOTo (paKTa, YTO CHJIBI MHEPILUHU, O0YCIOBICHHbIE
JBUKEHHEM CTBOPOK KaK IEJIOT0, MPAKTUYECKH HE BIHSIIOT HA UX KoyeOa-
TeJbHOE JABM)KEHUE. B CBA3M ¢ 3TUM ypaBHEHUS JIBH)KEHUS Kak 11eJ0r0 (110
TBEpAbIM (hopMaM) U MaJble yHOpyrue KojJeOaHusi MOXKHO aHAJTU3UPOBATh
He3aBucuMmo [11].

WNuTeHcuBHBIE KOeOaHUS CTBOPOK BO3HHUKAIOT TOJ JCWCTBUEM CHII,
CO3/1aBaeMbIX CIIELMAJIbHBIMU CPEICTBAMU OTJIEICHHUSI — TOJKATENIMU
(MPY>XUHHBIMH, TUPOTEXHUYECKUMH, ITHEBMAaTHUECKUMHU ), TBEPAOTOILIHB-
HBIMU JBUTaTeNnssMU. KuHeMaTndyeckue cXeMbl OTIENIEHUsI CTBOPOK YacTO
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MPEIONIarafoT UX Pa3BOPOT OTHOCUTENBHO OCEH BpalleHus, 3a(uKCUpo-
BaHHBIX HA HOCUTEJNE, U CUJIbI CPEJICTB OTIIEICHHSI CO3/Ial0T HEOOXOIUMBIi
JUIsL pa3BOpPOTa MOMEHT. 3aTeM, MOCJIe JOCTHKEHUS ONPENEICHHOIO yria
pa3BoOpoOTa, CBSI3b C HOCHUTEJEM pa3phIBaeTCA, M HAUYMHAETCS Y4YacTOK
ABTOHOMHOTI'O IBUKCHHA CTBOPKHU.

Manble ynpyrue koneOaHusi MOTYT ObITh MPECTABICHBI B MOJIaTbHOM
BUJIC, T. €. B BUJIC PA3JIOKECHHS B P 1O COOCTBEHHBIM (popMam KoJieba-
Huii [2]. [Ipeanonaraercs, 4To BBINOJHAETCS CBOMCTBO OPTOrOHAIBHOCTH
dbopM, 1 BKJIAJ KaKIO0W YacTHOU POpMBI B 0OIIyIO TeopMaIHio HE 3aBH-
CHUT OT BKJIaJia 1o Ipyrum Gopmam. Torma oTneapHbIe ypaBHEHUS 10 Kax-
JIOMy TOHY KosieOaHMi OyIyT HE3aBUCHMBI, U B 3TOM CJIy4ae OHM pellia-
I0TCSl aHAJIUTUYECKH:

S (t)=S,cos o+ S0 in ®,t+

(Dl’l
| (1)
X pX z pz | -
+— [ F f +F fY+F° 7 |sino, (t-1)d 1,
0 ) I ni I ni I ni
not
e Sy, S,0 — HavaubHbIE YCIOBHUs, F' — CHIBI CPEICTB OTIEIEHHS;

GopMBl f OPTOHOPMHPOBAHHL
ni

Cunbl B npaBbIX YacTsAx ypaBHeHus (1) cozmarorcs, Kak NpaBUIIO, JIU-
00 TONKaTeNsIMH, JTUOO TBEPAOTOIUIMBHBIMU PAKETHBIMHU JIBHTATEIISIMH
(PATT). 3aBucumocts Tsiru PATT ot Bpemenu Onm3ka K mocTossHHOH. To
’K€ caMo€e MOKHO CKa3aTb M 00 M3MEHEHHUHU CHJIbI TOJIKaTeIeH, 0COOEHHO B
HavalbHOM, Hambonee omacHOW ¢aze mporecca otaeneHus. Torga B (1)
MIPOEKITUU CUJI MOTYT OBITh BEIHECEHBI U3-TI0]] 3HaKa HHTETpaJa.

C TO4YKM 3peHMs] YMCHBIICHUS BO3MYIIECHUH TIPH Pa3JeICHUN U CHU-
JKEHUS HArPy30K Ha Y3IIbI CBSI3U MPEATIOYTHTEILHBIMHA SIBISIFOTCSI CHMMET-
pUYHBIE CXEMBI Ipollecca, KOrja IUIOCKOCTh OTIEJICHUS COBIAJAET C
MJIOCKOCTHIO CUMMETPHUH OTHAENSAEMON KOHCTPYKIIMH, TIPU 3TOM CPEICTBa
OTJIEJICHUs YCTAHOBJIEHbI NTonapHo cuMmeTpuuHo [11]. Otnenenue cTBo-
pOK oOTeKaTeseH BHIMOIHEHO HIMEHHO 10 TAKOH CXEME.

Iycts ana wee F*=F*, FY=-FY, F?=F? (ocs x mpo-
1 2 1 2 1 2

nomshas). Torma [ =f*; fP=—f" f*=f" — nua cummer-
nl n2 nl n2 " n2
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puaneix popm u fr=—fY; [V =fY, fF=—f% — nua xococum-
nl n2 nl n2 nl n2

METPUYHBIX.

Ha P/ITT Bo3MOXHa 3a7epKKa BKIIOYEHUS 110 BPEMEHU OTHOCUTEIIb-
HO JIpYT Jpyra. MoXeT UMEeTh MECTO Takke pa3Opoc Ccuil, pa3BUBAEMBIX
OTIeNbHBIMU TONKaTesiMu. W3 (1) BUIHO, 9YTO KOCOCUMMeETpHUHBIE (pop-
MBI OyayT BO30YXAaTbCs TOJBKO MPU HAJIMYUU 33J€PKKH At BKIIIOUEHUS
onnoro u3 PATT (unu paszHuile cui TonkaTenei), MHaue BO30YXKICHUE
OXBaTBIBACT TOJBKO CUMMeETpHUHbIE PopMbl. B 3TOM ciydae ipu Af = 0
JUIS CAMMETPHYHBIX (OpM B TIEpHOJ ACHCTBUS CHibl U3 (1) momyyum Ko-
neGaHus OKOJIO CMEIIEHHOTO TTOJIOKECHUS

A F f*+F f7+F* f*
1 " nl 1 “nl 1 " nl
S = ) (2)
n 2

(Q)
n

a TOCJIe OKOHYAHUSI pabOThl CPENICTB OTICICHUS COXPAHSIOTCS OCTATOY-
HbIE KOJICOAHUS OKOJIO HYJIEBOTO 3HaueHus S, = 0.

Paboma svinonnena npu noooepoicke epanma PODOU Ne 20-08-00673.
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Analytical evaluations of the elastic vibrations
of the structure of separated salves of transformable
assembly protective blocks
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Abstract. The separation of the protective flaps of the fairings of
the assembly-protective unit is one of the key operations in the launch
area. In this regard, it becomes urgent to develop models of the leaf sepa-
ration process, taking into account the properties of the valves to the maxi-
mum extent, in particular, their elastic properties. Kinematic schemes for
separating the flaps imply their rotation relative to the axes of rotation
fixed on the carrier, and the forces of the separation means create the mo-
ment necessary for the swing, and also cause the flaps to vibrate. Small
fluctuations can be represented as a series expansion in their own forms.
A number of analytical estimates of the level of oscillations of the valves
in the process of their separation were obtained.

Keywords: launch vehicle, fairing flaps, separation process, vibrations.
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AHHOTanusi. B pabore paccmarpuBaroTcsi NMpo0JiIbHO-NONEPEUHBIE
KoyieOaHusi THOKOW nedopMUpyeMoil HUTH. AHATU3UPYIOTCS YCIOBHA,
IPUBOJAIINE K BO3HUKHOBEHHIO IPOAOJIBHO-IIONEPEYHBIX BOJIH. AHajM-
TUYECKH pellaeTcs YaCTHbIN Cllydail IpOA0IbHO-IIONIEPEYHOTO ABHKEHUS.
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Longitudinal-transverse waves
in a flexible deformable thread
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Abstract. The paper deals with the longitudinal-transverse vibrations
of a flexible deformable thread. The conditions leading to the occurrence
of longitudinal-transverse waves are analyzed. A particular case of longi-
tudinal-transverse motion is solved analytically.

Keywords: flexible string, transverse, oscillations.

MaremaTu4eckue MeTOAbI IPOTHO3UPOBAHMS
onpenesiINX XapaKTePUCTHK KOMIIO3MIIMOHHBIX
MaTEpPHUAJIOB U KOHCTPYKIUHUI NPH IKCTPEMAJIbHBIX

BO31elCTBUAX
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AHHoTanus. PazpaboTtansl MoauuKaluy METOJOB MOMCKA I100allb-
HOT'O HKCTPEMyMa MHOTOMapaMeTPUUECKUX MoKazaTesell 3QpPpeKTUBHOCTH
C YYETOM CTPYKTYPHBIX OCOOEHHOCTEH KpUTEpHUEB OLIEHKH KauyecTBa,
IPUMEHAEMBIX B 3a/ladaX IPOTHO3MPOBAHMS ONPEACIAIOIUX XapaKTEePH-
CTUK KOMIIO3UTOB. lIpoaHamu3upoBaHbl MEPCIEKTUBHBIE IIyTH IOBBILIE-
HUS MOTEHIUAJIBHBIX BO3MOKHOCTEH, CBA3AHHBIE C COBEPLUICHCTBOBAHUEM
METOZOB ITOCTPOEHHs ONTUMAJIBHBIX HANPABICHUH MOUCKA aOCOJIIOTHOIO
MUHHMYyMa ToKa3aTelnieil 3()()eKTHBHOCTH, CBSA3aHHBIX C PEIICHHEM 3a1ad
IIPOrHO3MPOBAHMsI OCTAaTOYHOIO pecypca, HaJEKHOCTH, NOJTOBEYHOCTH
HOJMMEPHBIX KOMIIO3UTOB IPU BO3JEHCTBUU IKCTPEMANIBHBIX (PaKTOPOB
BHEIIIHEH Cpebl U DKCIUTYyaTallMOHHBIX HAarpy3ok. IIpoBeneHHbIN cpaBHU-
TEJIbHBIA aHAJIM3 CYNIECTBYIOMIMX MOIXOJ0B U MX BO3MOXKHBIX MOJIU(U-
Kalyil MO3BOJIMJI 3aKJIIOYUTh, YTO Hambosiee MepCreKTUBHBIE BO3MOKHO-
¢t 3(QQPEKTHBHOTO MOCTPOCHHS TI00ATBHO-ONTUMAIIBHBIX PEIICHUN
B YTOYHEHHBIX BApHAIIMOHHBIX MMOCTAHOBKAaX OOPAaTHBIX 33734 MPOTHO3M-
pPOBaHUs CBSI3aHBI C PAa3BUTHEM METOAOJIOTUU 3()(PEKTUBHOTO CyKEHHS
o0nacTeil moMcka, CofepKaliX riI00aabHO-ONTUMAIIbHBIE PEIIECHUS.
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Knrwouesvie cnosa: xomnosuyuonHvie mamepuaisl, 0CMamouHblil pecypc,
001206€4HOCMb, NPOUHOCMb, BAPUAYUOHHASL NOCMAHOBKA, NPUHYUN MHO-
JHCeCmBeHHOCmuU Mooelell NPOSHO3UPOBAHUs, 0OpamHuble 3a0adu NPOcHO-
3UPOBAHUSL.

B mocnennue necstuinetrs Bce OoOJbIliee PacpOCTpPaHEHHUE B COBpE-
MEHHBIX OO0JIACTSIX TEXHUKH, OINPEICIIONINX HAayYHO-TEXHUYECKUH MpO-
rpecc, TaKUX KakK aBUAIlMOHHAs U KOCMHYECKash TEXHUKA, CYyAOCTPOEHUE,
crcTeMbl He()TSHOM M Ta30BOM MPOMBIIUICHHOCTH, COBPEMEHHAsI TEXHHKA,
(YHKIMOHMPYIOIIAs B SKCTPEMAJIbHBIX ycIoBUsAX Apkruueckoir u CyOapk-
TUYECKOM 30HBI, HAXOAAT KOMIIO3ULIMOHHBIE MaTepUaIbl, KOMIO3UIIMOHHbIE
KOHCTPYKIIMY, KOMITO3UIIMOHHBIC MMOKPHITHS. B CBSI3W C pacTymuMm mpume-
HEHHEM KOMIIO3UTOB B TEXHHUKE 3HAYUTEIbHYIO aKTyalbHOCTh PUOOpETaeT
npobjemMa MPOTHO3MPOBAHUS HAJIEKHOCTH, TOJTOBEYHOCTH, OCTaTOYHOIO
pecypca KOMMO3UIIMOHHBIX MaTe€pUalioB U KOHCTPYKUMWA W3 Hux [1-10].
[TpoBeneHs! HccaenoBaHUs, CBA3aHHBIE C BO3MOXKHOCTBIO pazpaboTKH 3¢-
(EeKTUBHBIX METO/IOB MOCTPOCHHSI HaUOOJIee MEePCIEKTUBHBIX HANPaBICHUN
MOWCKa ITI00aTbHO-ONTUMANBHBIX PEIICHHUH B BApUAIIMOHHBIX IOCTAHOBKAaX
0o0OpaTHBIX 3ajlad MPOTHO3UPOBAHMS OCTATOUYHOTO pecypca KOMIIO3UTOB C
YUETOM YCTAHOBJIEHHBIX KAaUE€CTBEHHBIX 3aKOHOMEPHOCTEH CTPYKTYpHI OII-
TUMAJIBHBIX pelieHuid. [[poBeNeHHbI CpaBHUTEIBHBIN aHAIN3 CYLIECTBY-
IOUIUX TOAXOJ0B M HUX BO3MOXKHBIX MOJU(UKAIUI MO3BOJIWI 3aKITIOUUTh,
YTO HauOOJee MEePCIEKTUBHBIC BO3ZMOXHOCTH 3(PPEKTUBHOTO MOCTPOSHUS
r7100aIbHO-ONTUMANIBHBIX PEIICHNH B BapHallMOHHBIX ITOCTaHOBKaxX oOpart-
HBIX 3a/1a4 MIPOTHO3UPOBAHMSI CBA3AHBI C Pa3BUTHEM METOA0JIOTUH 3(hdek-
TUBHOTO CYXEHHs OOJIacTeil MoMcKa, CoAepXKalluX riI00aabHO-ONTHMAIb-
Hble peuleHus. [Ipu 3ToM OCHOBY pa3BHBaeMOW METOAOJIOIHU COCTABIISAIOT
METOAMKH, CBSI3aHHBIE C TEOPETHMYECKUM OOOCHOBAaHHMEM JIOMYCTHUMOCTH
CXEM CYXEHHS MHOXECTBa JOMYCTUMBIX BapHaHTOB, MPU KOTOPBHIX Ha
PE3YIBTUPYIOLIEM MHOXECTBE MEHBIICH pa3sMEpHOCTH MPOJOKAET HAXO-
TUTHCS UCKOMOE TNI00anbHO-ONTUMAIbHOE perieHrne. Ha ocHOBe KOHCTpPYK-
TUBHOTO MCCIIEIOBAaHUS CTPYKTYPBI MoKa3aTeneil 3((heKTUBHOCTH B UCCIIe-
JTyEeMBIX BapHAllMOHHBIX MMOCTAaHOBKAX OOpPATHBIX 3a7ay MPOTHO3WPOBAHUS
OCTaTOYHOT'O pecypca KOMIO3UTOB YCTaHOBIIEHO, YTO ONTUMAJbHBIE pelie-
HUS, JOCTABIAIONINE a0COTIOTHBII MHUHHMYM COOTBETCTBYIOIIMM MOKa3a-
TensaM 3PPEKTUBHOCTH, MOTYT JIOTIOJIHUTENLHO YIOBIETBOPSATH HEKOTOPOI
cucTeMe CcooTHomIeHHH. Pa3paboTka METOMONOTHH BBIIEICHUS TaKUX CH-
CTeM JIOTIOJIHUTENILHBIX COOTHOIICHUI TO3BOJMIIA CYIIECTBEHHO YMEHb-
IIUTh Pa3MEPHOCTh HMCXOJIHBIX BApPUAIMOHHBIX TTOCTAHOBOK OOpATHBIX
3aa4 MPOTHO3HPOBAHUS OCTATOYHOTO pecypca KOMIIO3UTOB M, COOTBET-
CTBEHHO, 3HAUYUTENFHO Cy3UTh HCXOJHOE MHOXECTBO JAOMYCTUMBIX BapuaH-
TOB MOJEJCH MPOrHO3UPOBAHUS. YCTAHOBJIEHBI (PYHKIHMOHATBHBIE COOT-
HOIIICHHUS, KOTOPBIM JIOTIOJHUTEIBHO MOTYT YIOBJIETBOPATH HCKOMBIE
rI100aTbHO-ONTUMANTBHEIE PEIICHUS B BAPUAIIMOHHBIX MTOCTAHOBKAaX 00part-
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HBIX 3a7lad MPOTHO3UPOBAHMS OCTATOYHOTO pecypca. YCTaHOBJICHHBIC
(GYHKIIMOHANBFHBIE COOTHOIICHUSI B OOIIEM Clyyae MOTYT OBITh 3alvCaHbl
B BHJIE

gj(ul,uz,...,un)=0, (j=12,...q;9 <n). (1)

IIpoBeneHHBIM KOHCTPYKTHBHBIM AHAJIW3 HCCIIEAYEMBIX BapHaLlMOH-
HBIX TIOCTAHOBOK OOPATHBIX 3374 MPOTHO3UPOBAHUS OCTATOUHOTO peCyp-
ca TO3BOJIWJI YCTaHOBHUTbH, YTO HEOOXOAMMBIE YCIOBHS SKCTpeMyMma JUis
nokasaresnei 3pQPEeKTUBHOCTH MO psAAy MapaMeTPOB OJHOBPEMEHHO COB-
NafaloT C JOCTAaTOYHBIMH yclIoBHsAMHU. OO003HAauMM TakHe MHapaMeTphl

uepes u; , u, ,...,u; . HeoGX0oAUMbIC 1 NOCTATOUHBIC YCIOBHS SKCTpE-
1 2 q

MyMa Ui 3TOW BBIICTICHHOM CHCTEMBI MapaMETPOB MOTYT OBITH B3STHI 32
cucreMy (QYHKIMOHAIBHBIX COOTHOWEHUN g; (j = 1, 2, ..., q) (1), xoTopas
MOJKET CITy’)KUTh OCHOBOM IS TIOCTIEAYIOIIETO CYIIECTBEHHOTO YMEHBIIIE-
HUSI pa3MEPHOCTH MCXOIHOHM 3a7auydl NMPOTHO3MPOBAHUS U YIPOIICHHS €€
CTpyKTypbl. Ha OCHOBe MpUMEHEHHS COBPEMEHHOTO MAaTeMaTHYeCKOTO
ammapara KOHCTPYKTHBHOTO aHaJIM3a CUCTEMBbI COOTHOIICHUH, K KOTOPBIM
IMPUBOIAT HGOGXOI[I/IMLIG N JOCTAaTOYHBIC YCJIOBUA 3KCTPEMYyMaA, BbIJICIICH-
Hasl CHCTEMa ¢ IIapaMeTPoB u, , u . MOJKET OBITh BBIpa)KEHA Yepe3
OCTaBIIYIOCA CHUCTEMY r = n — q [1apaMeTpoB
w (1=1,2,m 1 #u; ,i=12,..,q) MHOTOTIApaMETPHUECKON  MOAEIH

IPOrHO3UPOBAHUS
u; =0, (ul’uz"“’ujl—lﬂ Uji+1o ""ujq—l,ujq+1,..4,’un—l’un)’

(i=1,2,..,q).

B pesynbraTe pazpaboTaHHBIN MOAXOA MO3BOJIMI MOJIYYUTh BapHallH-
OHHYIO 3a/1a4y 3HAUUTEJIbHO MEHBIIEH Pa3MEPHOCTH M COOTBETCTBEHHO
0oree mpOCTOi CTPYKTYPHI IO CPABHEHHUIO C HCXOIHOM BapHAIIMOHHOM 3a-
Jader, 1 KOTOPOH ¢ YYETOM YCTaHOBJIEHHBIX OCOOCHHOCTEH €€ CTPYK-
Typbl pa3paboTaHbl 3(QPEeKTUBHBIE METOJbl HEJIOKAIbHOM ONTUMHU3AIUH.
st chopMyTupoBaHHOM BCIIOMOTATEILHON BapUAITMOHHOM 3a7]a4H C y4e-
TOM yCTaHOBJICHHBIX OCOOCHHOCTEH €€ CTPYKTyphl pa3pabotansl ¢ dek-
THUBHBIE METO/bl HEJTOKAJIbHON ONTHUMH3ALIUH.

[To pa3zpaboTaHHBIM METOAMKAM, OCHOBAHHBIM Ha MPUMEHEHUH HE00-
XOJUMBIX M OCTaTOYHBIX YCIOBHH 3KkcTpemyMa i 3(G(EeKTUBHOIO KOH-
CTPYKTHBHOTO MpeoOpa3oBaHUsl BAapHALIMOHHBIX IMOCTAaHOBOK OOpATHBIX
3a/1a4 IPOTHO3MPOBAHUS OCTATOYHOTO pecypca KOMIIO3UTOB K BapHalu-
OHHBIM 3a/layaM MEHBIIEH Pa3MEPHOCTH, MPOBEIAECHBI CPABHUTEIbHBIC BbI-
YHUCIIUTENIbHBIE SKCIIEPUMEHTHI, KOTOpPbIE MOKA3adu BBICOKYIO 3 deKTHB-
HOCTh Pa3pabOTaHHBIX METOJOB JJIS PELICHHS 33734 MPOTHO3UPOBAHMUS
OCTaTOYHOT'O pecypca KOMIIO3UTOB B BAPUALIMOHHBIX TIOCTAHOBKAX.

2
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Abstract. Modifications of methods for searching for the global
extremum of multiparametric performance indicators are developed, tak-
ing into account the structural features of quality assessment criteria used
in predicting the defining characteristics of composites. The article ana-
lyzes promising ways to increase potential opportunities associated with
improving methods for constructing optimal directions for searching for
the absolute minimum of efficiency indicators related to solving problems
of predicting the remaining resource, reliability, and durability of polymer
composites under the influence of extreme environmental factors and op-
erational loads. The comparative analysis of existing approaches and their
possible modifications allowed us to conclude that the most promising
opportunities for effective construction of globally optimal solutions in re-
fined variational formulations of inverse forecasting problems are associa-
ted with the development of a methodology for effectively narrowing the
search areas containing globally optimal solutions.

Keyword: mathematical methods of continuum mechanics, composite ma-
terials, residual life, durability, forecasting methods.

KoHe4Ho-3;1eMeHTHOEe MO/Ie THPOBAHNE OPTOAOHTHYECKUX
nepeMenieHn i 3JIeMEeHTOB 3Y004eJTI0CTHOM CHCTEMBI

© D.b. /lemumikeBuy

MI'TY um. H.3. baymana, Mocksa, Poccus
E-mail: mail@edtech.ru

AHHOTauus. B paboTte onucanbl 0COOEHHOCTH KOHEYHO-3JIEMEHTHOT'O
MOJIETTMPOBAHUS OPTOAOHTHMYECKUX TMEpEMEIICHUI 3JIEMEHTOB 3yOode-
JIOCTHOM cucteMsl. IIpeacraBien cnocod mocTpoeHust KadeCTBEHHBIX KO-
HEYHO-3JIEMEHTHBIX MOJIeJIell Ha OCHOBE CHUMKOB KJIMHHYECKOIO CiIydas,
NOJYYEHHBIX METOJIOM KOMIbIOTepHOH Tomorpaduu. [Ipusenen nmpumep
MOJIEJTUPOBAHUS MEPEMEILIEHUH, BbI3bIBAEMbIX OPTOJIOHTHUYECKOM MpPYKH-
HOM.

Knrwueswvie cnoea: xomneuno-snemenmuulii AHAJUs3, 3y60'¢€]ll06’mHa}Z cu-
cmema, ome()OHmuquKoe Jle4eHue.

OpTOAOHTHYECKOE JICUCHUE 3aKIIIOYAETCS B NPUIIOKEHUU Harpy30kK
K dJIEMEHTaM 3yOOUYeTIOCTHON CHUCTEMBI. bronornueckuii mporecc, mpoxo-
JLIMA TIOJT BO3JIEHCTBUEM OPTOJIOHTUYECKUX HArpy30K, IPUBOJIMT K IEpe-
MEIIEHUIO 3y00B CKBO3b MOACPKUBAIOIINE UX KOCTHBIE TKaHU. KittoueBbiM
CTUMYJIOM K OPTOAOHTHUYCCKOMY IICPCMCIICHUIO SABJIACTCA HAIIPSKCHHO-
ne(OPMHPOBAHHOE COCTOSIHUE MEPUOJIOHTA — TOHKOW TKaHM, COEIUHSIO-

Huorcenepnotit scypnan: nayka u unnosayuu # 4-2021 105



Dynoamenmanvhvie u npuKkiIaouvle 3a0aqu mexanuku. Mamepuanvl kongepenyuu. Yacmo 2

mui 3y0 U anbBeOsIpHYIO KOcTh. IleprnomoHT obecrieunBaeT cHaOXeHHE
OKPY’)KaIOIIMX €ro TKaHEH NUTATeJIbHBIMHU BEIIECTBAMH, TAaKUM 00pa3oM
U3MEHEHHs €r0 CTPYKTYpbl NPHUBOAAT K PACCAChIBAHUIO WM (OPMHUPO-
BaHMIO KOCTHBIX TKaHei. B pabore ommcaHo BIMsSHHE HANPSDKCHHO-
JIe(OPMHUPOBAHHOTO COCTOSHUS TIEPUOJIOHTA HA TiepecTpoeHue koctei. [le-
pemenieHne 3y0a paccMaTpuBaeTCs KaK MTEpallMOHHBIA IMpoIecc, riae me-
pEeMeEIIeHUs BBIYUCIISIOTCS] Ha KaXXIOM I1are, 3aTeM IMPOUCXOJHUT MEpecTpo-
CHHE MOJENI COTJIACHO M3MEHEHHOMY IIOJIOXKEHHIO 3y0a M OIHCAHHOMY
MOBEICHUIO NIEpHOAOHTA. Pa3paboTaHHbIil METO/T MO3BOJISIET TOYHO POMO-
JIeTTMPOBATh OPTOJOHTUYECKHE MEPEMEICHUs 3yOOB, HCIIONB3Ys MEpCOHA-
JM3UPOBAHHBIC JaHHbIC MAIMEHTA [Tl aHAJIHM3A.
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Finite-element simulation of orthodontic tooth movement

© E.B. Demishkevich

Bauman Moscow State Technical University, Moscow, Russia
E-mail: mail@edtech.ru

Abstract. The paper describes the specifics of finite element modeling
to simulate orthodontic tooth movement. A method to build quality finite
element models on the basis of clinical case images obtained by computed
tomography is presented. An example of simulation for movements caused
by an orthodontic spring is also provided.

Keywords: finite-element modeling, orthodontic tooth movement.

Orthodontic treatment consists of applying loads to the elements of the
dentition. Under the influence of orthodontic loading, the biological pro-
cess leads to the movement of the teeth through the supporting bone tis-
sue. The key stimulus for orthodontic movement is the stress-strain state
of the periodontium, a thin tissue that connects the tooth and alveolar
bone. The periodontium provides nutrients to the surrounding tissue, so
changes in its structure lead to the resorption or formation of bone tissue.
This study describes the effect of the stress-strain state of the periodonti-
um on bone remodelling. A tooth movement is treated as an iterative pro-
cess where the movements are calculated at each step, then the model is
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reconstructed according to the changed position of the tooth and the perio-
dontal behaviour described. The developed approach makes possible the
accurate simulation of orthodontic tooth movements using personalised
patient data for analysis.
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00 ycTOMYMBOCTH CTAMOHAPHOIO BpallleHUusI poTopa
C ’KHJIKOCTBIO, 0Cb KOTOPOI'0 PACIOJIOKeHA
B AaHM30TPOINHBIX BA3ZKOYNPYIHX 3aKpenieHusIX

© JI.H. lepennses, H.B. Jlepenasien
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AHHoTanus. Pabota cogep uT pa3BUTHE OPUTHHAIBLHOTO METOAA HC-
CJIEI0OBaHUSl YCTOMYMBOCTH PEKUMOB CTAllMOHAPHOI'O BPAIIEHUS POTOP-
HBIX CHUCTEM C KMAKOCTbIO. MeToJ, u3noxeHHblid B [1], yaaercs pacnpo-
CTPaHUTh Ha ClIy4ail ¢ aHW30TPOIHBIMM 3aKPEIUIEHUSIMU OCH poTopa [2].
bbun ycTaHOBJIEHBI TEOPEMBI, COTJIACHO KOTOPHIM W3MEHEHHE CTETEeHU
HEYCTONYHMBOCTH CBSI3aHO C OCYIIECTBUMOCTBIO BO3MYILIEHHOT'O JABMKEHUS
TUMNA AJUTMOTHYECKON mpeneccud. [Ipy 3TOM BO3MYyILIEHHOE IBUKEHHE
KHUJIKOCTH B CIEIMAJIbHO BHIOPAaHHOW HEMHEPIMAJIBHON CHCTEME OTcueTa
MPEJICTaBISIeT CYNEepPHO3UINIO IBHKEHUI, OTBEUAIOIUX ABYM KPYTOBBIM
IIPELIECCUSIM.

C ucrnosnp30BaHUEM 3TOr0 00OOIIEHHSI METOAAa MCCIEA0BaHUS yCTOM-
YUBOCTH IOCTPOEHBI IPAHUIIBI 007acTel YCTOMYMBOCTH PEKUMOB CTALIUO-
HapHOT'O BpAUICHHsS] POTOPHOM CUCTEMBI C >KUJIKOCTHIO B IPOCTPAHCTBE
apaMeTpoB aHU30TPOIIHBIX 3aKPEIUIEHUI OCH pOTOpa: IJIs Cilydasl aHU30-
TPOITHOM KECTKOCTH 3aKPEIUICHUH, a Takxke Uil Cilydash aHU30TPOIHOTO
neMIupoBaHUs B 3aKPEIUICHUSX OCH POTOPA.

Knwuesvie cnosa: pomophas cucmema, noiocmys, cOO0epHCauids 53KV
AHCUOKOCMb, PENCUM CMAYUOHAPHO20 8PAUeHUsl, YCIMOUYUBOCTb U ABMO-
KoNeOaHuUs.
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CuHXpOHM3ALMS YACTOThI KOJIEOAHU TMCKOBOI0
30JI0THHKA U YaCTOThI BPALLIEHUS KOJIEHYATOr0 BaJjia
3a CYeT KOPPEeKIUMH YIJia 3aKPYYUBAHUSA NPYKUHBI
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AHHOTanus. B HOBOM KOHCTPYKIIMM MEXaHHM3Ma ra30paclpeeicHus
OTKPBITHE U 3aKPBITHE BBIITYCKHOT'O M BIIyCKHOI'O OTBEPCTUH OCYILECTBIIS-
€T IIHCKOBLIﬁ 30JIOTHUK, COBepIHaIOHII/Iﬁ KoJIeOaTeIbHEIE JABMOKCHUSI CUH-
XpPOHHO C 4aCTOTOW BpallleHUs KOJIEHYAaTOro Bajla. BHYTpeHHMI KOHeI|
NPYKUHBI 3aKPEIUIEH Ha Bally, a BHEIIHUN SBJISETCS CBOOOJIHBIM U NpHU
IIOBOPOTE B 00€ CTOPOHBI OT CPEIHEro MOJOXKEHUS YIHPAEeTCs B YIOPHI,
IMMOJIOKCHUE KOTOPLIX HU3MCHACTCA NPH HU3MCHCHUW YAaCTOTHI BPAIICHUA
KOJICHYaTOro Bajla. B mepBoil MOJOBHHE TAaKTa BBITYCKA 30JI0THUK IIOBO-
PaYrBaCTCA B CTOPOHY OTKPLITHA BBIITYCKHOI'O OTBEPCTUA 3a CUCT KCECT-
KOM KMHEMAaTUYECKOM CBSI3U C KOJIEHYAThIM BajoM. B cepenuHe TakTa BbI-
IycKa KMHEMaTH4ecKasl CBSI3b pa3pblBacTCsd U BO30OHOBIISETCS B KOHIIE
TaKTa BITyCKa.

Kniouesvie cnosa: mexanuzm eazopacnpedenenust, CUHRXPOHUIAYUS, KOJle-
OaHUsl, NPYICUHA.

CoBpeMeHHbIE MTOPUIHEBBIE IBUTaTEIM BHYTPEHHETO CTOPAHUS C Me-
xaHu3MoM raszopacnpezenenus (MI'P) knananHoro tuna uMmeroT psia He-
JIOCTAaTKOB, TAKUX KaK YPE3MEPHBIN HAarpeB BBIIIYCKHBIX KJIAIIAHOB U OTpa-
HUYEHHBIE BO3MOKHOCTH MTPOXOAHBIX CEYECHUM.

AKTyanbHOCTh JAHHOW pabOTHI 3aKiItOYaeTcs B pa3paboTKe MpPUHIM-
IIUAJIbHO HOBOW KOHCTpYKUuU MI'P ¢ THCKOBBIM 30JIOTHHKOM, COBEpIIa-
IOIIMM KojieOaTebHOe JABM)KEHHE CUHXPOHHO C YAaCTOTOW BpallleHHs KO-
JIEHYaToOro Bajia, KOTopas YCTPAaHSET yKa3aHHbIe Bbllle Hexoctatku MI'P
KJanaHHoro Tuna. lIpuHOMNUANBHBIM OTJIMYMEM MpelaracMoid KOH-
crpykuuu MI'P OT mM3BECTHBIX paHee KOHCTPYKLUHUN 30JJOTHUKOBOI'O THIIA
ABJIsIETCA KojeOaTeNbHOE JBI)KEHUE IMCKOBOIO 30J0THHKA KaK 10 TapMo-
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HUYECKOMY 3aKOHY Ha OJHUX y4yacTKaxX, TaK U IO WHEPIUU Ha JIPYTUX
yuactkax. [Ipu sTom Ha Oosblieil yacTu TakTa cxkaTtus U paboyero xoza
30JI0THUK OCTAa€TCs HEINOJABMKHBIM, ITI03TOMY OH HE IOJBEP)KEH H3HOCY
U B TO K€ BpeMsl 00ecleyuBaeT XOpOIIy0 TepMEeTH3AIUI0 [HUINHAPA. 30-
JIOTHHK COBEpIIAET OJHO TMOJHOE KojeOaHHe TOJIBKO BO BPeMsl TaKTa BbI-
MycKa U TaKTa BIIyCKa, YTO COOTBETCTBYET OJJHOMY OOOPOTY KOJIEHYATOIrO
Basa, Koropoe 0003HaunM Kax T.

Cuauvana paccmoTpuMm paboty MI'P mpu makcuMmalbHOW YacToTe
BpallleHUsl KoJIeHYaToro Bajna. Jlyis coBepiieHus KojaebdaTeapHOro mpolec-
ca TpyXKUHY Hazo nedopmupoBath. [109TOMYy B mepBOil MOIOBHMHE TaKTa
BBIIYCKa, KOTJja KOJEHYaThlii Bal noBopaunBaerca Ha 90°, 30JI0THUK Tak-
&Ke HEe00X0AUMO MPUHYIUTEIHHO MOBEpHYTh Ha 90° U 3aKpyTUTH MPYKU-
Hy, a 3aT€M pa3opBaThb KMHEMAaTUYECKYIO CBSI3b U OTIYCTUTH 30JO0THHUK
B CBOOOJHOE ABM)KEHUE TMOJ ACHCTBHEM 3aKpYYEHHOW MpPYKHUHBI. Bpems,
B T€UEHHE KOTOPOTO MPY>KUHA MOTHOCTHIO PACTIPSIMUTCS], COOTBETCTBYET
OJIHOI YeTBepTOl Mmepuoa cOOCTBEHHBIX KOJeOaHUM, UTO TaKkKe COOTBET-
CTBYET MOBOPOTY KOJICHYATOro Bayia Ha yroia 90°, mo3ToMy 0003HAUYUM
ATOT MHTEPBAJI BpeMeHH Kak Too. Eciu mepuon coOCTBEHHBIX KOJeOaHUI
paccuutas 1o gopmyiie

T=2n(J/ x)o’s, (1)

rae J — CyMMapHbIi MOMEHT MHEpPLUHM 30J0THUKA M IPYKUHBL, ) —
KECTKOCTb TPY>XKMHBI, TO 30JOTHUK OKaXXETCS B CPEIHEM IOJIOKEHUU
B BepxHel mepTBoit Touke (BMT), korna BIycKHOE U BBITYCKHOE OTBEp-
CTHSI TIOJTHOCTBIO 3aKPBITHI.

[Tocne npoxoxkAeHUs CPEAHETO MOJI0KEHHS 30JI0THUK MPOJOJLKUT CBOE
BpalllaTeJIbHOE JBM)KCHUE B TEUCHHE CIIENYIOIIErO MHTEpBaga BpeMeHu Tog
U OTKPOET IOJIHOCTBIO BITyCKHOE OTBEPCTHE, KOTAA KOJECHYATBIM Bal IO-
BepHeTcs: Ha 90°, 4yTo OyIeT COOTBETCTBOBATH CEPEAMHE TaKTa BITyCKa.
B 3T0T MOMEHT BpeMeHHU NpYyKMHA OKa)KETCsl 3aKPYUYEHHOU B MPOTUBOIO-
JIOHYIO CTOPOHY M HayHET NIOBOPAYMBAThH 30JOTHUK B CTOPOHY 3aKPBITHS
BIIyCKHOI'O OTBepCTHs. Uepes crienyronuil MHTepBail BpeMeHU Tgop NOpLICHb
okaxercss B HMT, u B 3TOT MOMEHT BpEMEHH JBIKCHHUE 30JI0THUKA HEO0O-
XOJMMO OCTaHOBUTH 3a CYET MEXaHMUECKOTO TOPMOKECHHS.

[TockonbKy ynapHble Harpy3Kd HENOIYCTUMBI, TO 30JI0THUK HAJ0 3a-
TOPMaXUBaTh IUIABHO, ITPU IIOBOPOTE KOJIEHYATOrO Bajia HA yroj IpUMep-
HO B 30°. [ToaTOMY mpy’KHHY 3aKpy4dHBarOT BO BpeMs NIEPBOM MOJTOBHUHBI
TakTa BhIycka He Ha 90°, a Tompko Ha 60°. IIpu moBOpoTE KOJIEHYATOTO
Bajia Ha yroia 60° Ha TakTe BBIITyCKa 30JI0THUK OyJET OBOPAuYMUBATHCA 11O
rapMOHMYECKOMY 3aKOHY, a NpHU JAajbpHEHIIeM MoBopoTe Ha yroa B 30°
Oyzner nBuratbesi mo uHepuuu. Ho B 3TOM ciyyae KeCTKOCTb HPY>KUHBI
JIOJDKHA OPENeIsAThCS 1Mo Gpopmyie
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IJIe V — 9YacTOTa BPAICHHS KOJICHYAaTOro Baa, C .

[Tocrne mpoxokIeHUSI CBOETO CPETHETO IMOJIOKEHHS, KOTOPOE COOT-
BercTByeT BMT, 30/10THUK TOBepHETCs Ha yroi 30° mo uHepuuu B CTOPO-
HY OTKpPBITUSI BIYCKHOTO OTBEpCTHs. BHeIIHHII cBOOOIHBINA KOHEI| Mpy-
JKMHBI KOCHETCSI BTOPOTO yIOpa Ha CTOPOHE BIYCKa, U MpPYKWHA HAYHET
3aKpy4YMBaThCSl B MPOTHUBOIIOJIIOXKHYIO CTOPOHY, a ABM)KEHHE 30JI0THHUKA
OyJZeT cOOTBETCTBOBATh rapMOHUYECKOMY 3akoHY. lIpu moBoporte eme Ha
yron 60° 30JI0THHUK OCTaHOBUTCS. B 3TOT MOMEHT BIIyCKHOE OTBEPCTHE
OyZeT MOJTHOCTBIO OTKPHITO, a TIOPIICHDh OKAXETCS B CPEAHEM IMOJIOKEHUN
Ha TaKTe BIIyCKa.

C sTOro MOMEHTa NpYyKWHA HAYHET Pa3KUMaThCs, TIOBOPAYMBAS 30-
JIOTHUK B CTOPOHY 3aKpBITHS BIyCKHOTO oTBepcTHs. llpu moBopoTe Ha
yroia 60° npyXuHa MOJIHOCTBIO pacnpsMUTCA. B 3TOT MOMEHT BKJIIOYaeTCs
JKECTKash KMHEMaTu4ecKasi CBS3b, IJIABHO 3aTOPMAKMUBAIOIAs BUKCHHE
30JI0THUKA MTPU TOBOpPOTE Ha yroi 30°.

Jnst paboThl IBUTATENS HA YacTOTaX, MEHBIIIE MaKCUMaJIbHOU, HE00XO-
JUMO TPEAyCMOTPETh MEXaHHU3M, O0ECIEUMBAIOIINNA CHHXPOHHU3AINIO KO-
ne0aTeNpHOro Mpoliecca 30J0THUKA. JTa 3ajada pemaeTcs MyTeM yYMEHb-
HICHUsST yrJla 3aKpyYWMBaHHs TMPY)KUHBl TIPU YMEHBIICHHH YacTOTHI
BpallleHHsI KoJieH4aToro Bana. [y onpeaeneHusi BETUYUHBI yTia 3aKpyyH-
BaHMS TPY>KUHBI 0,, HEOOXOMMO PEUINTH YpaBHEHUE

T o
2 " fJ.r i:i, 3)
0, v 2\yx 4v

rJie V — TeKyllee 3HaUCHNE YaCTOThI BPAIIEHHUS KOJIEHYATOT 0 BaJja.
[Tocne mpeobpazoBanuit hopmysl (3) monyyaeM pelieHre B BUIe

0 = T

m

L VO )
2v

3ak/roueHne. YTpaBieHHE MEPEIBHKEHUEM YIOPOB ISl BHEIIHETO
KOHIIA TMPY>KHUHBI OCYIIECTBIISIET CUCTEMa aBTOMATHUYECKOTO peryiaupoBa-
HUS, KOTOpasi IOMUMO OCHOBHOTO TIapaMeTpa, YaCTOThI BpAIIeHUs KOJICH-
4aToro Baja, TAaK)Ke yUUTHIBAET HATMYHE TPEHUS TPU MIOBOPOTE 30JI0THUKA.

Paboma evinonnaemcsa npu ¢punarcosoii noooepsicke PODPHU

no epanmy Ne 19-08-00367.
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Synchronization of the disc slide valve vibration frequency
and the crankshaft rotational speed by correcting the spring
twisting angle

©S.S. Dragunov*, E.V. Terentyev

National research university "MPEI", Moscow, Russia
*E-mail: sergejdragunov@yandex.ru

Abstract. In the new design of the gas distribution mechanism,
the opening and closing of the exhaust and inlet openings is carried out by
a disc slide valve, which oscillates synchronously with the crankshaft rota-
tion speed. The inner end of the spring is fixed on the shaft, and the outer
end is free and when turning to both sides from the middle position abuts
against the stops, the position of which changes when the crankshaft speed
changes. In the middle of the exhaust stroke, the kinematic connection is
broken and resumes at the end of the intake stroke.

Keywords: gas distribution mechanism, synchronization, vibrations, spring.
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ITocTpoenue HAYAJIBLHOM KOH(UTYPALMH
HArpY>KeHHOI'0 Tejia

© T.b. dyimenanues, 1.B. Mepkypres, E.A. I'pudos
HarmmonaneHsIi iccnenoBarenbekuil yauBepeutet «M3W», Mocksa, Poccust
AHHoTaums. Pemaercs 3amna4ya 06 onpeneneHun HeaeGOpMUPOBAHHON

(ecrecTBeHHOM) KOH(MUTYypaluu Tejla MPH 3aJaHHOM J1e(hOpMHUPOBAHHOM
€ro cocTosiHMM. MaremaTtndeckasi MOJeNb Uil 9TOM 3aJau 0a3upyercs Ha

Huorcenepnotit scypnan: nayka u unnosayuu # 4-2021 111



Dynoamenmanvhvie u npuKkiIaouvle 3a0aqu mexanuku. Mamepuanvl kongepenyuu. Yacmo 2

PELICHUU KpaeBOW 3aJayll TEOPHH YIPYTOCTH B HEKIACCHYECKOM MocTa-
HOBKe. O0NacThiO OMpeneNieHusT YPaBHEHHI PaBHOBECHUS M COBMECTHOCTH
nedopmarmii, a TakKe TPAHUYHBIX YCIOBHH CITY)KUT KOHEYHOE COCTOSIHUE.
DTO COCTOSHUE PABHOBECHSI CUMTACTCS 3aJaHHBIM, a HE UCKOMBIM. MHade
HEBO3MOYKHO MaTeMaTU4eCKU KOPPEKTHO YKa3aTh MOJOKEHHS CUII, pacrpe-
JIeTICHHBIX B 00beMe M Ha MOBepXHOCTH Tena. [lepemenienus, onpenaense-
Mble 10 Qopmynam Yeszapo, MPECTaBISAIOT T€ MEPEMEIICHUS, KOTOpbIC
MIPUBOJIAT TEJIO B 00J1aCTh KOHEUHOTO (nedopmupoBanHOro) coctosiaus. [1o
HUM HaXOJSATCS KOOPAWHATHI TOUEK HAYAILHOTO COCTOSHHS TE€Ja U CTPOUT-
Csl ero KoH(pUrypamusi.

Knroueswie cnoea: ynpyzoe meno, kpaesas 3adaua, Hanpsixcenue, oegop-
mayus, nepemeujenue, popmynvl Yezapo, konghueypayus, niacmuna.

N3BeCTHO, UTO CYIIECTBYIOT JIBE€ MOCTAHOBKM CTATHYECKOW KpaeBOU
3anau [1]: 1) Teno ¢ 3a1aHHBIMM CHUJIaMU BHYTPHU CBOEro 00beMa U Ha €ero
MOBEPXHOCTU HAXOAUTCS B paBHOBecHMM. Hy)XHO HaliTM HampsoKeHUs U
negopmanuy B HeM; 2) K 33JaHHOMY HayaJIbHOMY COCTOSIHUIO Tella CTaTH-
YEeCKH NPUKJIAIbIBAIOTCSA BHELIHHE CUJIbI M TEJIO, IBUTAsACh U ehopMUpy-
ACh, TIEPEXOIUT B HEKOE KOHEUHOE COCTOSIHME, TJIe U 00peTaeT paBHOBE-
cue. HeoOxomumMo HalTH 3TO KOHEYHOE COCTOSIHUE, a TaKXKe HaIpPsUKEHUs
u neopmaryu B HEM.

IlepBas mocTtaHOBKa 3aJaydl BBIABUTaeTCsS MpH (OPMYIUPOBAHUM,
a BTOpasi — MpU pelICHUU KpaeBou 3amauu ctatuku [1, 2]. [loctaHOBKM
9TU HE WACHTUYHBI, OHM JaXe JUAMETPaJbHO HPOTHBOIOJIOXKHBI, MO0
B MEPBOM U3 HUX Peub UJET O PABHOBECHHU, a BO BTOPOH — O JBHXKECHUM.
OpnnHako B MeXaHUKE 1e(pOopMHpPYyEMOro TBEPAOTO TEJla CUUTAETCs, YTO 3a-
Jaun 00enX MOCTAaHOBOK MMEIOT OJHO M TO ke pemienue. Ho 3to He co-
BceM Tak. Bo BTOpoif mocTaHOBKE 00JIaCTh ONpe/eICHUs] YPaBHEHUI paB-
HoBecusi (00beM V' u moBepxHOCTh S Tena) HeusBecTHa. [[nst Tena
HEM3BECTHOM KOH(UTYpalnu HEBO3MOXHO MATEMaTHYECKH CTPOTO YKa-
3aTh KOOPAMHATHI TOYEK NMPUIIOKEHHSI MACCOBBIX CHJI, & TAK)KE CHUJI HA IO0-
BEPXHOCTH.

Bepnemcst k nepBoif o0mIeNpU3HAHHON MOCTAHOBKE. 3alMIlIeM ypaB-
HEHHS CTATUYECKON KpaeBOM 3a/laud B HAIPSIAKEHUSIX :

Gj,-,j+f,-=O, G; =0, x; eV, (D)

: A =0, x, eV 2
G;‘j,kk"‘mckk,y"‘: i et 1ij+1:=0, x, €V, (2)
GjiNn;=pj X €S. 3)

Beinenum B Tene aneMeHT oobema V), ¢ moBepxHOCThIO S, . PaBeHCTBO

HYJIIO TJIAaBHOI'O BCKTOpa W I'JIaBHOTO MOMCHTa yCHHHﬁ, TPUITOKCHHBIX
K 3TOMY 3JICMCHTY':
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[o;nds+[rav=0, [rxo nds+[rxfdv=0, )
S, Ve S, v,

a TaKKXC PAaBCHCTBO HYJIIO TJIABHOT'O BCKTOpA U I'NIaBHOI'O MOMCHTA BHCII-
HUX CUJI, IPHUJIOKCHHBIX K pacCMaTpuBaA€MOMY TCITY B LICJIOM:

[pds+[rav=0, [rxpdS+[rxfav=0, (5)
S v S 4
npuBOAUT K ypaBHeHUsM (1), (3). B atux ypaBHenusx o;, f, p, r — co-

OTBCTCTBCHHO, BEKTOPBI HAIIPSXKCHUS Ha IUIOIIAAKE ¢ HOPMAJIBIO X;, MacC-

COBBIX W IMOBEPXHOCTHBIX BHEITHHUX CHJI U painyc-BeKTOp. YpaBHEeHHE (2)
BBIPAXKAeT YCIOBUE COBMECTHOCTH Jie(hOpMaIliu.
3amaua (1)—(3) — 3TO mpexzae BCero 3agada 0 paBHOBECHU CHIL. Pe-

mrasa €€, Mbl HaXOJUM TO ITIOJIC HaHpH)KCHI/II\/'I Gij , KOTOpOC NMECTCA B TCJIC

N KOTOPOC YPABHOBCIIMBACT BHCIIHHUEC CHJIBI. Pa3yMeeTc;1, 9TH HAIIPSKCHUS
CO3JaHbl IEPEMECIICHUSAMH U; , KOTOPbIC NPOU3OIIIIN A0 TOT'O, KaK yCTaHO-

BUJIOCH paccMaTpuBaeMoe paBHoBecue. Kak, korya u noj AeiMcTBUeM Kakux
M3MEHSIOIIMXCS BO BPEMEHHU BHEIIHUX CHJI TIPOU3OIILIN 3TH TIEPEMEILICHUS,
K CTaTUYECKOH 3a/1a4e B HAILIEM CITy4yae He NMEIOT OTHOIICHHS.

VYpasuenus (1)—(3) MOXKHO 3amucaTh U B IEPEMEIIECHUAX:

nu; i+ (A+p) u; i+ f;=0, x; €V, (6)

(stjuk,k+lfl(”i,j+”j,i))nj=P,-,X,-ES. (7)

OTu ypaBHEHHUS B MEXaHHYECKOM CMBICIIE BBIPAXKAIOT TO K€ CaMoe,
gyto U ypaBHeHus (1)—(3) — B 110001 MaTepralbHON TOYKE BHYTPH 00be-
Ma J W Ha ero moBepXHOCTH S BHEIIHUE CUJIbI ypaBHOBeleHbl. CTaTu-
yecKkas KpaeBas 3a7aua SBJSETCS, KaK Y)Ke MOJ4YepKUBajoCh BhIIIE, 3aja-
4yeil 0 paBHOBecuMU cuil. B cBeTe 3TOro ee ecTeCTBEHHO NPE/ICTaBIATH
B HaNPSDKEHUSX.

Kpaesas 3amaua (1)—(3) xak mMaTematwueckas MMEET €IUHCTBEHHOE
perieHue. DTO pelieHue, MOJUEpKHEM ellle pa3, B HalleM IPeasioKeHUU
UIIETCS JUIsi KOHEYHOIO COCTOSIHUSI PaBHOBECHUS C U3BECTHbIMH V' u S
M OCTAETCs] TAKUM K€ U TIPU JIPYTUX MPEJICTABICHUSIX KPaeBOU 3a/1auHu.

3azaya pelieHa, eCiIu HaiACHO MONe HAMPSHKeHUs 6;(x), x; €V, Ko-
TOpOE YAOBIETBOPSET YPaBHEHHSIM COBMECTHOCTH Aedopmanuu U ypas-
HOBEIIIMBAET BHEUTHUE CUIIBI BHYTPH 001acT V' U Ha ee MOBEPXHOCTH S .

U3 37010 perieHus yepe3 0000IIeHHbIH 3aKoH ['yKa Jerko OmpeaeistoTcs
nedopMaIiy 1 Jjajiee mepeMenieHus:

1
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u; (x) = 14; (x") + w0y, (x")(x; = x7) +

1
+ 7 _[ (=v8y0, +(1+V)(oy +(x; =y N=V(84;0,, ; —8);0,;) + (1 +V)(0y; ; =0k )Yy >
v

©)
0
rne £ — monyns lOnra, / — nuHus B obnactu V; x — HauvanbHas
. 0
TOYKA 3TOH JUHUH, U, (X ); @ (xo) — TMOCTOSIHHBIE UHTETPUPOBAHMUSI, HE

BIIMSIONINE Ha 1e(OPMHUPOBAHHOE COCTOSIHUE, M MX B HAILIEM CIIy4ae MOXK-
HO HE YYHTHIBaTh. Y paBHeHUS (9) momyyarorcs u3 popmyn Uesapo, eciiu B
HUX JedopMaIiy BEIPa3UTh uyepe3 HanpsokeHus [3].

OTH nepeMenieHus npeoOpasyroT obsiacTh V' U ee MOBEPXHOCTh S
B 00nacThb V|, ¢ moBepxHOCTBIO S,. HavanbHas koHdurypamnus temna crpo-

HUTCA 110 KOOpAWHATaM Z; , OIIPCACIACMBIM I10 (I)OpMYJ'IaMZ

1
—EJ.(—V&.,(G" +(1+v)(oy +(x; -y, )(—v(6k,0,,7j - Skjct,,i) +(1+v)(oy ;- ij,,-))))dyk ,x, €V,
l

(10)
JIns ompeneneHuss KOOPAWHAT TOBEPXHOCTH HAdalbHOW KOH(HTypa-
UM TeJla B NpeblAyllee BbIPa)KEHUE HAZ0 BHOCUTH X; €S . 31eCh HET

OOBIYHOTO KOOPAMHATHOTO pPA3HOUYTEHHS: B (DYHKIMAX TEpeMeleHH,
HanpsDKeHUN U aeopmaliuii, Tak ke Kak U BO BCeX MpEeAbIAYLIUX BbIpa-
KEHHAX, TOJBKO KOOPAWHATHI KOHEYHOro cocTostHua. O0a cocTOsHWUS,
HayaJbHOE M KOHEYHOE, SIBJISIOTCS COCTOSIHUSIMU paBHOBecHs. B mepBom
HET HUKAaKHUX BHEIIHMX U BHYTPEHHHUX YCUJIUU. A BO BTOPOM, SIBJIFOIINM-
Csl IPEeIMETOM HM3y4YeHUs KpaeBoil 3a7auu, Jr000€ BHEIIHEE BO3/EHUCTBUE
YPaBHOBELIMBAETCSI BHYTPEHHUMHU HAIPSKEHUSIMHU.

Ha ocHOBe mpemyioxkeHHOro moaxoja K PEHIeHUI0 KpaeBOMl 3aaayu
CTaTHKHU pa3paboTaHa MaTeMaTUyecKas MOJEJb JJISl ONMUCAHUS KOHEUHBIX
negopManuii ¥ MOCTPOEHUs] HadalbHOW KOH(HUIypaluu HarpyXeHHOTO
Tena. MaremaTudeckast MOJIENb A7l 9TOU 3a/1auy 6a3upyeTcsl Ha pelieHHH
KpaeBoM 3aJjaul TEOPUHU YIPYTOCTH B HEKJIACCHUECKOM MOCTaHOBKE, IO-
ay4deHHOM B pabore [3]. IIpoBeneHbl 0OMIMPHBIE BHIYUCIUTENIBHBIE dKCIIE-
PUMEHTHI IO OIMUCAHUIO KOHEYHBIX (F€OMETPHUYECKH HETMHEHHBIX) Je-
dbopmaruii  ynpyrux SJEMEHTOB pPa3IUYHBIX KOHCTPYKIUH. PacueTs
BEIMIOHEHBI B cucteme MATLAB. MonenupoBanuck u3ruOHbIe aedop-
MalUi IJJACTMH U CTep)kKHEH, NedOpMUPOBAHUE PACTSKEHHUSI—CIKATUS
TOJICTOCTEHHOTO IWJIMHAPA, a TaKKe IMOCTPOCHbl HavajdbHble KOH(pUTYpa-
LUU NpU KPYUYEHUH IUIACTHH U3 PA3IUYHBIX KOHCTPYKIIMOHHBIX MaTepua-
0B (CTaib, AIIOMUHUHN, PE3UMHOMOI00HBIE KOMITO3HTHI).

114 Huotcenepnotit scypnan: Hayka u unnogayuu # 4:2021



DOI: 10.18698/2308-6033-2021-4-2068

Jluteparypa

—_

Hogaukuii B. Teopus ynpyzocmu. Mocksa, Mup, 1975, 872 c.

2. Meiiz [Ix. Teopus u 3adauu mexanuxu cniowHsix cped. Ilep. ¢ anrin. Mocksa, Mup,
1974, 318 c.

3. y#menamues T.b. Hexnaccuueckue pewenus mexanuku oegopmupyemozo mena.

Mocksa, U3a-80 MDU, 2017, 400 c.

Construction of the initial configuration of the loaded body
© T.B. Duishenaliev, I.V. Merkuryev, E.A. Gribov

National Research University “MPEI”, Moscow, Russia

Abstract. The problem of determining the undeformed (natural) con-
figuration of a body for a given deformed state is solved. The mathemati-
cal model for this problem is based on the solution of the boundary value
problem of the theory of elasticity in a non-classical formulation. The final
state is the domain for determining the equations of equilibrium and com-
patibility of deformations, as well as boundary conditions. This state of
equilibrium is considered to be given, not sought. Otherwise, it is impossi-
ble to mathematically correctly indicate the positions of the forces distrib-
uted in the volume and on the surface of the body. The displacements de-
termined by the Cesaro’s formulas represent those displacements that
bring the body into the areas of the final (deformed) state. They are used
to find the coordinates of the points of the initial state of the body and to
build its configuration.

Keywords: elastic body, boundary value problem, stress, deformation,
displacement, Cesaro's formulas, configuration, plate.

It is known that there are two formulations of the static boundary value
problem [1]: (1) A body with given forces inside of its volume and on its
surface is in an equilibrium. It is necessary to find stresses and deformations
in it; (2) External forces are statically applied to a given initial state of the
body, and the body, moving and deforming, passes into a certain final state,
where it finds equilibrium. It is necessary to find this final state, as well as
stresses and deformations in it.

The first one is put forward when formulating, and the second one —
when solving the boundary value problem of statics [1, 2]. These formula-
tions are not identical, they are even diametrically opposed, since the first
one is about the equilibrium, and the second one is about the movement.
However, in the mechanics of a deformable solid body, it is considered
that the problems of both formulations have the same solution, but it is not
truly so. In the second formulation, the domain of determining the equilib-
rium equations (volume V and surface S of the body) is unknown. For a
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body of unknown configuration, it is mathematically impossible to strictly
indicate the coordinates of the points of application of mass forces, as well
as forces on the surface.

Let's go back to the first generally accepted formulation. Let us write
the equations of the static boundary value problem in stresses:

Gjl-,j+fl-=0, G; =0 i, x; eV, (D)

! V.5 —0, x, eV 2
Gij,kk+m5kk,gy+: i e TS+ =0, 5, €V, (2)
G;n;=p; X €S. 3)

Let us select the volume element ¥, in the body with the surface S, .

The equality to zero of the main vector and the principal moment of forces
applied to this element:

[o;nds+[fav=0, [rxc ndS+[rxfdv=0,  (4)
Se Ve Se Ve

as well as the equality to zero of the main vector and the principal moment
of external forces applied to the considered whole body:

[pds+[rav=0, [rxpds+[rxfav=0, (5)
s v s v

leads to the equations (1), (3). In these equations o;, f, p, r, respectively,
are the stress vectors on the site with the normal x;, mass and surface ex-

ternal forces, and the radius vector. The equation (2) expresses the defor-
mation compatibility condition.

The problem (1)—(3) is primarily the problem of the balance of forces.
By solving it, we find the stress field o; that is present in the body and

that balances external forces. Of course, these stresses are created by the
displacements u; that occurred before the considered equilibrium was es-

tablished. How, when and under which time-varying external forces these
displacements occurred, in our case, have nothing to do with the static

problem.
The equations (1)—(3) can be written in displacements as well:
wu i ++wu; + f,=0, x; €V, (6)
MO uy o+ 1wy j+u;;))n; = p;, X; €8S. (7)

In a mechanical sense, these equations express the same as the equa-
tions (1)—(3) — at any material point inside the volume V' and on its sur-
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face S the external forces are balanced. The static boundary value prob-
lem, as already emphasized above, is the problem of the equilibrium of
forces. Considering this, it is natural to formulate it in stresses.

The boundary value problem (1)—(3), as the mathematical one, has the
only solution. This solution, we emphasize one more time, in our formula-
tion is sought for a final equilibrium state with known /' and S, and re-
mains the same for the other representations of the boundary value problem.

The problem is solved if the stress field o, (x), x; €V is found that

satisfies the deformation compatibility equations and balances the external
forces inside the area V' and on its surface S . From this solution, through
the generalized Hooke's law, the deformations and further the displace-
ments are easily determined:

1
£ = E(—\;ESl.j.cskk +(1+ v)cl-j) , (8)

u;(x)= ul-(xo)+(ol-j(x0)(xj —x?)+

1
+ 7 _[ (=v8;0, +(1+V)(oy +(x; =y N=V(840, ; =00, ) + (L + V(O ; =04 )Yy >
v

(€))
where E is Young's modulus, ¢ is the line in the area V, x° is the initial
point of this line, u, (xo) ) O (x°) are the integration constants that do not

affect the deformed state and, in our case, they can be ignored. The equa-
tions (9) are received from the Cesaro formulas if the deformations in
them are expressed in terms of stresses [3].

These displacements transform the area V' and its surface S into the

area V|, with the surface §,. The initial configuration of the body is built

by the coordinates z; determined by the formulas:
Z; =X, —
1
z I (=vdy0, +(1+Vv)(oy + (x; -y, )(_V(Skictt,j - Skjctz,i) +(1+ V)(Oy; — Glg‘,i))))dyk s x €V
/

(10)
To determine the coordinates of the surface of the initial configuration
of the body, x; € S must be entered in the previous expression. There is

no usual coordinate discrepancy here: in the functions of displacements,
stresses and strains, as in all the previous expressions, there are only the
coordinates of the final state. Both states, the initial and the final, are the
states of equilibrium. In the first one there are no external and internal ef-
forts. In the second one, which is the subject of study of the boundary val-
ue problem, any external influence is balanced by internal stresses.
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On the basis of the proposed approach to the solution of the boundary
value problem of statics, a mathematical model has been developed for de-
scribing finite deformations and constructing the initial configuration of
the loaded body. The mathematical model for this problem is based on the
solution of the boundary value problem of the theory of elasticity in a non-
classical formulation obtained in the work [3]. Extensive computational
experiments were carried out to describe the finite (geometrically nonline-
ar) deformations of elastic elements of various structures. The calculations
were performed in the MATLAB system. Bending deformations of plates
and rods, tensile-compression deformation of a thick-walled cylinder were
simulated, and the initial configurations were constructed during torsion of
plates made of various structural materials (steel, aluminum, rubber-like
composites).
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Pemienune 32124 KOHTAKTHOI0 B3AUMOACHCTBUSA
JJISE AaHU30TPOIHOI0 HUJIMHAPA € YYACTHEM MACCOBBIX CHJI
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AHHOTanus. MccnenoBaHo ymnpyroe paBHOBECHE TpPaHCBEPCAIbHO-
U30TPOITHOTO TeJIa BpAIlEHHUsI B YCIOBUSX KOHTAKTHOTO B3aWMOJICHCTBUSA
0e3 TpeHHUs B 30HE KOHTAKTa W HAXOSIIETOCS OJHOBPEMEHHO MOJ JEii-
CTBHEM MAacCOBBIX CWJI. MaTemaTtndeckas MOJENb IIOCTPOEHA Ha OCHOBE
METOAa T'PaHUYHBIX COCTOSHUI. OCHOBY METOAA COCTABJISIIOT IMOHSTHSA
IPOCTPAHCTB BHYTPEHHHUX W TPAHUYHBIX COCTOSIHHH, COTIPSDKEHHBIX M30-
MopduszmoM. Ctpositcss 6a3uchl MPOCTPAHCTB COCTOSHUH; Ha3HA4YaroTCA
CKaJIpHbIE MPOU3BEACHUS B 3TUX IMPOCTPAHCTBAX U IPOBOAUTCS HUX
opToHOpMHpOBaHUE. VIckoMoe COCTOSTHHE PacKiIaibIBaeTCs B Psijl O 3Je-
MEHTaM OpPTOHOPMHPOBAHHOTO 0a3uca, W TMOUCK HCKOMOTO COCTOSIHUS
CBOJUTCS K PELICHUI0 OSCKOHEYHOM CHCTeMbl alreOpandeckux ypaBHe-
HUI oTHOCUTENBHO K03 dunmentoB Dypre. Pemena 3agaua KOHTaKTa 10
TOPILY JUIS KPYTOBOTO IMJIMHAPA U3 TOPHOU mopoabl. [loydeHHble Xapak-
TEPUCTUKH HAIPSKEHHO-1€()OPMUPOBAHHOTO COCTOSHUSI UMEIOT IOJIMHO-
MHaJIbHBIN BUII.
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Knroueewvie cnoea: memoo CPAHUYHBIX cocmo;muﬁ, ocecummempudrHa
()ecj)op/wauuﬂ, AHU30MpOnuUsl, Maccoevle Cujlbl, KOHRMAaKkniHvle 3a0a4u.

KonTakTHOE B3anMoaelCTBHE sBISETCA Hanboliee pacpOCTPaHEHHBIM
ClIlydyaeM MEXaHWYEeCKOro B3auMOAEWCTBUs neraned mamuH. [locneanue
MOTYT OBITh M3TOTOBJICHBI M3 COBPEMEHHBIX aHM30TPOITHBIX MAaTEpPHAJIOB,
00JaIafoIMMX CUJIBHBIM PA3JIMYUEM B YNPYTUX CBOWCTBAX I Pa3HBIX
HarnpaBieHuid. K TakuM martepuainaM OTHOCATCS KOMIIO3MTHI, MOJIUMEPHI,
apMHpOBaHHbIE CTEKJIOIIACTUKY U Jp. Kpome Toro, Ha 3TH Tea NeHCTBYIOT
MaccoBbie CHiibl. OmnpeneneHne HanpsHKEHHO-1e(hOPMUPOBAHHOTO COCTOSI-
HUS OT COBOKYITHOCTU TaKUX BO3JCHCTBUH, a TAaKXkKe B CUITY CIOXXHOM Qu3u-
YECKOM MPUPObl MATEPUATIOB COCTABIISIET AKTyAJIbHYIO HAYUHYIO 3a7a4y.

ITocranoBka 3amaum. lcciemyercss paBHOBECHE TpPAaHCBEPCATBHO-
M30TPOITHOTO T€JIa, OTPAHUYEHHOTO OJHOM WJIM HECKOJIBKHUMHU KOAKCHaJIb-
HBIMH TIOBEPXHOCTSIMH BpAILlCHUS U3 TPAHCBEPCAJIbHO-U30TPOITHOIO Ma-
Tepualia MmoJ AerucTBUEM MaccoBbix cui X. Ha moBepxHocTH Tena 3anaH-
Hbl OCECUMMETPUYHBIE TPAHUYHBIC YCIIOBUSA:

{u,,p.}€S,; pesS,,

rac Su — NOBCPXHOCTb KOHTAKTA, Sp — OCTaJIbHAasA 49aCTb IIOBCPXHOCTU

Tena.

PaccmatpuBaeTcsi IByXCTOPOHHUI KOHTAKT [0 HOPMAaJH K OJTHON WU
HECKOJIbKMM TOBEPXHOCTSIM 0€3 TpeHHs, T. €. JUIsl KOHTaKTUpYIoIlen
nosepxHoctu p. =0. IIlppyeM KOHTAKT MPOUCXOIUT IO CHMMETPHYHOM

OTHOCHUTENILHO OCH z TIOBEPXHOCTH IIETMKOM WM €€ YacTu M He 00s3a-
TenbHO u, =0. 3ajaya COCTOUT B ONpPENEIECHUH HaNpsKEHHO-Ae)OpPMHU-

POBaHHOI'O COCTOSIHUS, BO3HUKAIOLIETO B TEJIE.

Metoa pemenusi. /[yis pemieHus MOCTaBICHHOW 3aqadyd MpUOETHEM
K MOHATUSAM MeToAa rpaHuuHbiX coctosHuid (MI'C) [1]. OcHoBy metona
COCTAaBJISIFOT ITPOCTPAHCTBA BHYTPEHHUX = W I'PAHUYHBIX [ COCTOSTHUM:

== {&1,§2,§3,...,§k,...} c A= (V15 Y25 V3000 Vo ooe} -

BHYTpeHHeC COCTOSAHUC OIIPCHCIIACTCA Ha60paMI/I KOMIIOHCHT BCKTOpa

k _k
ij> O

[Ipu mocTpoennn perieHuss OCHOBHBIX 3a/1a4 MEXaHUKHU UCTIOIb3YEeTCs
ypaBHenue Knamnetipona [2]

HepeMEIIEHHUH, TeH30pOB AeOopMaLUil U HANPsDKEHUIL: &, = {ul.k ,€

[Xudv +[Pu,dS—[o,e,dV =0. (1)
vV N vV
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VYpasHenue (1) MOKHO 3amucaTh B CIAEAYIOUIEM BHUJIE:

[(o}e] +olei)dv = [X'u/dV + [ PlujdS+ [ X/u'dV + [P/uidS, (2)
Vv 4 N 4 N

U OyzieM onpenessTh CKaJspHbIe MPOU3BEICHUS B 0a3uce BHYTPEHHHUX CO-
CTOSIHUH ciiefyrouM o0pazom (Hampumep, Aas 1-ro u 2-ro BHyTPEHHETO
COCTOSIHHS):

(&8, = (ejo} +&jo))dV . 3)
V

I'pannunoe cocrosiHue Y, Oynem (opMHpOBaTb HaOOpPaMU KOMIIO-

HCHT BCKTOpa NEPEMCIICHNA TOYCK I'paHUIBI U MMOBEPXHOCTHBIMU YCH-

Vi 2

JHMAMHU p; W MAaCCOBBIMHU CHJIaMHU X :

_ ok k vk k_ _k
Ve =y 0 X7 )5 p; =0;n;,
I/ 7; — KOMIIOHEHTa HOPMAJIM K IPaHHMIIE.

CornacHo (2), B IpOCTpaHCTBE T'PAaHUYHBIX COCTOSIHMM [ CKaJsipHOE
NPOM3BEICHUE BhIpAXKaeT ABOMHYIO paObOTy BHEUIHMX CHIJI IO MOBEPXHO-
cTH Tena S U paboTy MACCOBBIX CHJI HAa NEPEMEILEHUSX U; BHYTPEHHUX

TOYCK TCJIa:

(11,72) = [ plusdS + [ X}uldV + [ pluydS + [ X uldv 4)
N 4 S 14

npuyeM B cuily ToxzaectBa berrm u  coorHowmenus Kianelipona:

(V1>72) = (Y2,71) -

B cnyvae rmaakoi#t rpanunbl 1 B cuity (1) o6a mpocTpaHCTBa COCTOS-
HUH SBISIOTCS THIBOSPTOBBIMHU M COTPSDKEHBI U30MOPPU3MOM. DTO T03-
BOJISICT TIOUCK BHYTPEHHETO COCTOSIHUSI CBECTH K IOCTPOCHUIO U30MOP(-
HOT'O €My TPAaHHUYHOTO COCTOSTHHSI.

Jlanmee OCyIIECTBIISIETCSI OPTOHOPMHUPOBaHUE O0a3uCOB MPOCTPAHCTB
COCTOSTHUH, UCTIONB3Ys CKasipHbIe pou3BeaeHus (3) u (4).

OxoHuarenpbHO mMpobiemMa CBOAUTCSA K pa3pellarolieii cucteMe ypas-
HCHHMI OTHOCHTENBHO Kod(huimeHToB Dypbe, pas3iokeHHUs HCKOMBIX
BHYTPCHHETO & W IPaHUYHOTO Y COCTOSHHM B Psi/I IO 3JEMEHTaM OPTO-

HOPMHPOBAHHOTO Oa3uca:
‘to:zck(tok; YzzCkYk- (5)
k=1 k=1

B oOmem cinydae moj KOHTAaKTHOW 3a7adyeil OHUMAETCSI B3aHMMOICH-
CTBUC JIBYX HJIM HCCKOJIBKUX TCJI. Pemenne Takmx 3aaa4 noAapa3zyMeBacT
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MMOCTAHOBKY CMCHIAHHBIX 3a4a4 AJId KaXXAO0TO TCJia, TAC Ha OJIHOM u3 rpa-
HUI] 3aJa0TC HOPMAJIbHBIC IICPEMCIICHUA W KACATCJIbHBIC HAIIPSKCHUS.
B nmannom CJIydac BO3HUKACT H606XO,I[I/IMOCTB B pCHICHUU CUCTCMBI YpaB-
HCHHﬁ, KOTOPYHO y,I[O6HO 3aIucaTb B MATPUIHOM BUIC!:

By =2[Xwav+2[ pulds, +2 [ pluids,+2[ piulds, ; B=[B;ly.x:;
14 Su Su Sp

o, =2[Xuw/dv+2| puldS,+2| pju,ds,+2[ pulds,;
Vv Su Su Sp

A=[o;ly, (6)

IJ€ XapaKTePUCTUKHA C BEPXHUMHU MHICKCAMU [ U j OTHOCATCS K COOTBET-
CTBYIOIIMM XapaKTEPUCTUKaM B OA3UCHBIX DJIEMEHTaX MPOCTPAHCTB CO-
CTOSTHUH.

Koadummentsr @ypoe C = [ck] y PACCUHTHIBAIOTCS TaK:

C=B7'A,

rae N — 4mciio UCToNb3yEeMbIX AIEMEHTOB Oasuca.

OxoHYaTeIHHO pelIeHue uMeeT BUJ (5).

I'maBHO# cnoxxHOCThIO B MI'C siBNsieTCss KOHCTpyHpoOBaHHE Oasuca
BHYTPEHHUX COCTOSIHHMM, KOTOPBII omupaeTcs Ha oOuiee win QpyHIaMeH-
TaJbHOE pPEUICHUE JUI CPENbl; TAKKE BO3MOXKHO HCIIOJIb30BAHHME KaKHX-
7100 YaCTHBIX WIN CHEIUAIbHBIX PEIICHUH.

B nanHoOi 3amaue ucnonb3yercs O0ObeIUHEHHBIH 0a3UC BHYTPEHHHMX

COCTOSIHU, COCTOAIMI U3 0a3uca B 3aJade HIACTOCTAaTUKA = U 0as3uca
B 3aJ]a4€ OT JEHCTBUSA MACCOBBIX CUI = :

= = {8, 85,85, L Bt B

B pabote [3] uznoxkeHsl moApoOHbIe METOAUKN POPMHUPOBAHUS Oa3U-
ca BHYTPEHHMX COCTOSHHMM B 3ajjaue 3JacTOCTaTHKH Ha OCHOBE OOIIEro
pemeHus i cpenbl U Oasuca B 3ajJade OT JEHCTBUS MAacCOBBIX CHJ Ha
crioco0e MpUMeHeHUs PyHAaMEHTATbHBIX MHOTOUYJICHOB.

Pemenne 3agaun. Anpobanus npeagoKeHHON METOJUKH MTPOBECHA
Ha MCCIENOBAaHUM YIPYroro COCTOSHHS TpPaHCBEPCATBbHO-U30TPOITHOTO
KPYTOBOTO B IJIaHE LMJIMHAPA M3 TOPHOW MOPOJbI alE€BPOJIUTA KPYITHOIO
TeMHO-ceporo [4]. [Tocie mponenypsl o0e3pa3mMeprBaHus apaMeTPOB 3a-

Javd IWIMHAP 3aHuMaeT obnacte V = {(z, r)| 0<r<1, 0<z<L44; ypy-
rHe XapaKTepUCTHKM Matepuana: £E.=6,21; E, =5,68; G,=2,55;
v,=0,22;v,=0,24.

['pannyHbIe yCIOBUS UMUTUPYIOT KOHTAKT OJHOTO U3 TOPLIOB HWJIMHIPA
CO CKOJIb)KCHUEM:
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p,=0,w=0, S1| z=0, 0<r<l;
p.=0,p, =1, S2| z=4, 0<r<I;
p=0,8| r=1,0<z<4.

Ha Teno neiicTByroT MaccoBbie cuiibl X = {r,z}.

Jlnst pemiennst faHHOM 3ama4u otpedoBasics 6a3zuc B 30 3J€MEHTOB.
OLICHKa TOYHOCTH PCHICHHA OCYHICCTBIIACTCA COIIOCTABJIICHUCM 3a/IaHHBIX
YCJIOBHH Ha TPaHMIIC U BHYTPH 00JIaCcTU (MACCOBBIE CHUJIBI) C TIOJYYCHHBI-
MU B xoje pemeHus. KOMIOHEHTbI HanpsyKeHHO-e(OPMHUPOBAHHOTO CO-
CTOSTHUSI UMCIOT TIOJIMHOMHAJIBHBIN BU/. 31€Ch MPUBEIEM BBIPAXKCHUS T10-
JIYUYCHHBIX MAaCCOBBIX CHIJI:

R =[99724,3r+216,8987° + 216,076 rz—55,1951rz°]-10°;

7 =[50,3475+8,0256 7 +99852,1z —14,8378 r°z +100,384 2> —17,9696 2°]-10° .

3akiouenne. MeToa TpaHUYHBIX COCTOSIHUM TIOKa3all CBOIO d(dek-
TUBHOCTh B IJIAHE PEUICHUS OCECUMMETPHYHBIX KOHTAKTHBIX 3a7ay JUIs
OTPaHUYEHHBIX TPAHCBEPCAIbHO-U30TPOIIHBIX TEJ BPALICHHUA C y4ETOM
MaccoBbIX cuil. CI0XKHOCTD 3a/1auM 3aKJII0YaeTCs B TOM, YTO BOCCTAHOB-
JIEHWE UCKOMOTO YIPYTOro IOJI OCYIIECTBIISETCS OJHOBPEMEHHO IO Ye-
TBIPEM HAINpaBlICHUAM (YETbIPE MHTErpajla B BbIpAXXKEHHU i1 o, (6)):

MAaCCOBBIC CHIJIBI X, MMOBCPXHOCTHBIC YCUIIUA HA YYaCTKE Sp , KOMIIOHCHTBI

P, ¥ U, Ha ydacTke S, .

Hccnedosarnue svinonneno npu gpunancosotl noooepoicke POOU
u Jluneyxoii obracmu 6 pamkax Hayuro2o npoekma Ne 19-41-480003 "p _a”.
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Solution of the contact interaction problem
for an anisotropic cylinder with the participation
of mass forces

© D.A. Ivanychev'’,E.Y. Levina®

'Lipetsk State Technical University, Lipetsk, Russia
’Bauman Moscow State Technical University, Moscow, Russia
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Abstract. The paper investigates the elastic equilibrium of a transverse-
ly isotropic body of revolution under conditions of contact interaction with-
out friction in the contact zone and simultaneously under the influence
of mass forces. The mathematical model is based on the boundary state
method. The method is based on the concept of spaces of internal and
boundary states conjugated by an isomorphism. Bases of state spaces are
constructed; dot products in these spaces are assigned and orthonormalized.
The desired state is expanded in a series of elements of the orthonormal ba-
sis, and the search for the desired state is reduced to solving an infinite sys-
tem of algebraic equations for the Fourier coefficients. The problem of end
contact for a circular cylinder made of rock is solved. The obtained charac-
teristics of the stress-strain state have a polynomial form.

Keywords: method of boundary states, axisymmetric deformation, anisot-
ropy, mass forces, contact problems.

The reported study was funded by RFBR and the Lipetsk Region according
to the research project no. 19-41-480003 "r_a".
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O B3auMoeiicTBMH MOBEPXHOCTHO HEOJHOPOAHBIX TPYO
U KeCTKMX HWINHAPUYECKHUX BTYJIOK U BCTABOK

© K.E. Kazakos

Wucturyt npobiem mexanuku uM. A.JO. Mnumuckoro PAH, Mocksa, Poccust
E-mail: kazakov-ke@yandex.ru

AHHoTauus. Pa3HooOpa3Hble NeTaayl U AIEMEHTHI, U3 KOTOPBIX COCTO-
AT KOHCTPYKITMH, MAIlIMHBI 1 MEXaHU3MBI, B MPOIIECCE IKCIUTyaTallud B3au-
MOJIEUCTBYIOT M M3HAIIMBAOTCA. J{71s1 mpeaoTBpallieHus NpekKIeBpEMEHHO-
IO U3HOCA, a TaKkXKe I 00eCreueHus JONOJHUTEIbHBIX CBOMCTB 3a4acTyI0
WCIOJIB3YIOT MOKPBITUSL, CBOMCTBA KOTOPBIX OTJIMYAIOTCS OT CBOWCTB OC-
HOBHOTO Tena. VX ucnosib30BaHNe NPUBOIUT K HEOOXOIMMOCTH IIPOBOJUTH
KOPPEKTUPOBOYHBIE PACUYETHl, TAK KAK HAJIMYHME JOIMOJHUTEIBHBIX CIIOEB
00ycCiTaBiIMBaeT W3MEHEHHE HAIPSHKEHHO-1e()OPMHUPOBAHHOTO COCTOSHHS
Ten. B maHHO# paboTe ONMUCHIBAIOTCS 3a7aud B3aUMOACHCTBHS KECTKUX
LHWIMHIPUYECKUX BTYJIOK M BCTaBOK M BSI3KOYIPYTOH cTaperouieil TpyOsl ¢
TOHKUM HEOJIHOPOJHBIM YNPYTHMM MOKPBITUEM CO CTOPOHBI )KECTKOTO Te-
na. /Ins mocTaBlIeHHBIX 3a7ad MOCTPOEHBI MX MaTEeMaTHYECKUE MOJENH,
KOTOpBIE MPEACTABIAIOT COOOM MHTETPaNIbHBIE YPaBHEHUS C ONEepaTopaMu
JIBYX THUIOB: C MOCTOSIHHBIMU U NIEPEMEHHBIMH MpeJieJIaMUu UHTErPUpPOBa-
Hus. [lonydens! siBHbIE (OPMYIIBI A HAXOXKJEHUS KOHTAKTHBIX JaBJie-
HUH B 00JacTH B3aMMOACHCTBHS Tell. AHATUTHYECKHE (HOPMYIIBI UMEIOT
BUJ], KOTOPBIN MO3BOJIIET NMPOU3BOAUTH 3((HEKTUBHBIE pacueThl B CiIyda-
X, KOTJIa CBOMCTBA MOKPBITHS OMTUCHIBAIOTCS CIOKHBIMH (DYHKITUSIMH.

Knrwuesvie cnosea: xonmaxmmuas 3610611{61, noeepxXHoCmHoO H€00H0p06Ha}Z
mpy6a, CMEULARHOEe UHmMeSPpA/IbHOE YPABHERUE, aHAlumudecKue Memookwl.

On the interaction of surface nonuniform pipes
and rigid cylindrical bushes and inserts

© K.E. Kazakov

Ishlinsky Institute for Problems in Mechanics of the Russian Academy of Sciences,
Moscow, Russia
E-mail: kazakov-ke@yandex.ru

Abstract. Structures, machines and mechanisms make up of various
parts and elements which interact and wear out during operation. To pre-
vent premature wear, as well as to provide additional properties, coatings
which properties differ from the main body are often used. This leads to
the need to carry out corrective calculations, since the presence of addi-
tional layers causes a change in the stress-strain state of bodies. This paper
describes the problems of interaction between rigid cylindrical bushes and
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inserts and a viscoelastic aging pipe with a thin nonuniform elastic coating
on the side of the rigid body. For these problems their mathematical mod-
els have been built. It is integral equations with operators of two types:
with constant and variable limits of integration. Explicit formulas for find-
ing contact pressures in the region of interaction of bodies are obtained.
The analytical formulas have a form that allows one to provide efficient
calculations in cases where the properties of the coating are described by
complex functions.

Keywords: contact problem, surface nonuniform tube, mixed integral
equation, analytical methods.

JIByxMaccoBasi Mo/ieJib TPDAHCIIOPTHPOBKH Ipy3a
KBa/JIPOKONTEPOM

© A.IO. Kapnaues

MI'TY um. H.D. baymana, Mocksa, Poccus
E-mail: a-karpachev@mail.ru

AnHoOTanus. PaccMoTpena AMHaMuKa JBUXKEHUS JBYXMAacCOBOM cHC-
TEMBI C BA3KOYIPYTOM CBS3bIO MPHU MOABEME I'py3a B OJHOPOJHOM II0JIE
TSDKECTH.

Knroueswie cnosa: ounamuxa, keaopokonmep, 2py30no0beMHOCHb.

BBenenne. B pacuerax TuHaMHMKM 1ojieTa OECHUIOTHOTO JIETATENb-
Horo ammapara (BIIJIA) — npona, xak mpaBWIO, UCIOJIB3YETCS MOJEINb
abCOJIIOTHO TBEPAOTO Tesla. B unciie MHOrouncieHHbIX (YHKIMOHAIbHBIX
3a[a4, pelaeMbIX ¢ MOMOINBIO OSCIUIOTHUKOB M, B YACTHOCTH, KBaJpO-
KONTEPOB, 3HAYUTEIIBHOE MECTO IPHUHAUICKUT PEANM3alUNd HUX TpaHC-
MOPTHBIX BO3MOXKHOCTEM [1].

B sToM ciydae nBwKeHHE KBaIpOKONTEpa JOJDKHO OCYIIECTBIIATBHCS C
Y4E€TOM BJIMSIHUS TPAHCIOPTUPYEMOIO UM Ipy3a. B cBs3M ¢ 3TUM Ha OCHOBE
IIOCTAaHOBKH M PEUICHUS NMPSAMOU 3ala4d TEOPETHYECKOM MEXaHWKH Ipel-
CTaBJIEH OJUH U3 MOAXOJO0B K ONPEIEIICHUIO MOBEACHUS KBaIpPOKONTEPA C
WCIIOJIb30BAHUEM TMPEJIOKEHHON JBYXMAaCCOBOM MOJENH, BKJIHOYAIOIIEH
BA3KOYIIPYTYIO CBAA3b. VcciienoBaHO BIMSHUE MEXaHMUECKUX XapaKTEpH-
CTHMK TaKOH CBSI3U Ha CHUJIbl, HEOOXOUMBIE JJIs1 BEPTUKAIBHOTO MOAbEMA U
3aBUCAaHUs TPAHCIIOPTHOM CUCTEMBI Ha 33JaHHOM BBICOTE.

IMocranoBka 3anaun. Kak nokasano Ha puc. 1, a, kBagpokontep / u
Ipy3 2 COEIMHEHBI IOCPEACTBOM CBSI3U IIPEICTaBICHHON cxemoil PolixTa
KennBuHa, yrpyras ee yactp omnpeneneHa KodhGUIMEHTOM ¢, a AeMIpu-
pyroliee COpoTUBIEHUE — KO3(PPULIUEHTOM L.
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Y

Puc. 1. Moaens TpaHCTIOPTHPOBKH I'py3a KBAAPOKONTEPOM (@) U ee pacdeTHas cxema ()

Jlnist onucaHus MOJIOKEHHUS CUCTEMbI BHIOPAHBI KOOPJAUHATHL Y1 U Yy,
OTCUUTHIBAEMBIE OT €€ HAYaJIbHOTO MOJIOKEHHSI pABHOBECHSI B COCTOSIHUU
nokost. Torga ypaBHeHHE OBUKEHMSI KBaJpPOKONTEPA MAacCOil M, NPUMET
BUJ

N g +F—F 1
1z = g cp o (1
a rpy3a Macchl m,, COOTBETCTBEHHO,
dz}’z 1
m; P F cp —Mag. (2

B ypaBuenusix (1) u (2) F — noabeMHast cuiia, a peakius CBsi3u
Fcu:F'cu:C(ACT+}’1—}’2)+H(}"1—5’2), (3)

rae A., — cratudeckas nedopmaius ynpyroi cocTaBiIsIONIeH CBSI3U.

B 3ajmauy BXOAMT onpezeneHue BIMSHUS MEXAHUYECKUX XapaKTEpH-
CTHK MPUHATON CBSA3M Ha JBWKEHHUE MPHU BEPTUKAIBHOM MOIAbEME U 3aBH-
CaHWU HAa 3aJaHHOM BBICOTE TAKOW TPAHCIIOPTHOW cucTeMbl. [yt 3TOrO
HE0OXOoAMMO TpeACTaBUTh ypaBHeHHE (2) ¢ yderoMm (3) B Buae mudde-
PEHIMAIBHOTO YpaBHEHUS BTOPOTO MOPsIKA

myy, =c(y1 —¥2) + (V1 — ¥2) 4)

WIN CHCTEMBI U3 IBYX Ju(PepeHInanbHbIX YpaBHEHUN IEPBOTO MOpsiAKa

V2=,
V=== y2) 5,01 = V). )

B KOTOPBIX ¥V — CKOPOCTh I'py3a.
B 3apmaue npennosnaraercs, 4yTO MpPU JBUKEHUU CHUCTEMBI M3 COCTOS-
HUS MIOKOSI Macca M, HA4YHET COBEPIATh KoyieOaTeIbHbIe ABMKEHUA. Tpe-
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Oyercst mo00paTh TakKHe XapaKTEPUCTHKHU ¢ U |, 9TOOBI Mpu HaOOpe BHI-
COTHI 3a CUET CHJIbI F' KBaJIpOKONTEP OCTAHOBUJICS, @ CKOPOCTh Ipy3a CTa-
Jla paBHa HYJIIO U KOJI€OaHUs PEKPATHIINCh.

Ecnu npuHsATh ABMKEHUE Macchl My B BUAe QyHKIMH [2]

y1 =05 h"[1—cos(%t), (6)
YAOBJIETBOPSIOLIEN YCIOBUAM
t=0:y,=0,9, =0;
t=ty, =h%y, =0, (7

rae h* — BbICOTa, HA KOTOPYIO JIOJDKEH MOJHATHCS U OCTAaHOBHUTHCS (3a-
BUCHYTh) KBaIpOKONTEP 3a BpeMsl t*, U MOJCTaBUTh €€ BO BTOPOE ypaBHE-
HUs cucteMsl (5), TO BapbUpOBaHUEM NapaMeTpPoOB ¢ U | B MOITYYECHHOM
YPaBHEHUH MOKHO JOOMTHCS BBINOJHEHHS TpeOyeMOoro YyCIOBHs IpH
t =t*:y, = 0, ucronb3ys NMPH 3TOM M3BECTHBIC YHNCICHHBIE METOJIBI pe-
meHus 3anaun Komm ans cucteM nud¢epeHIuanbHbIX ypaBHEHUN Tep-
BOI'O MOPSIAKA.

PesyibTaThl pacyera. B kauecTBe UCXOIHBIX JaHHBIX IIPUMEM: My =
=0,111 kr, m, = 0,02 xr, 3amxaBas t*= 1 ¢, h*= 1 m. PacueTsl yno6HO 1po-
BOJIUTH, €CIIM BBECTH O€3pa3MepHbIC NMapaMeTphl, IPUHSIB MAaCCy CHCTEMbI

~ m ~ m ~ t
M = m; + m, u 0603HauMB M, = —, M, = —; Bpema 0< &t = — < 1;
1 2 1= 5 M2 = o )
Vi = % , Vo = % — BEPTUKAJIbHLIE KOOPAUHATHI, COOTBETCTBYIOLIUE LIEH-
TpaM Macc KBaJpOKOIITEpa U rpysa.
*
v o~ t ~ * *) C ~ *
C yuerom o0OO3HaYeHHWA V=—V, K2 =12k =17 — , b :Lt ,
h m m
2 2
cucreMa (5) mpuMeT BUT
y2 =V, (8)

=k (-7, )+b| -7,

B pesynbraTe BBINOJHEHHOTO pacyeTa YCTaHOBJIEHO, YTO MpHU KO-
¢ummente ymnpyroct ¢ = 1000 H/m, xosd¢uimente comnpoTHUBICHUS

p = 100 H-c/Mm obecrneunBaeTcsi BBIOJIHEHUE YCIOBUSA t=t: V,=0.

Ucnonwzys (1), MOKHO HANUTH 3aBUCUMOCTh U3MEHEHHUS TOAbEMHON CHIIbI
JUISL peaju3aluuy 3aJaHHOM TPAHCIIOPTHOM ONEpallii.

BeiBoa. B ciyyasix TpaHCIIOPTUPOBKHU I'Py3a, JTUKBUAALMS €r0 KOJIe-
OaHuii BO3MOXKHA Ha OCHOBE pacueTa yNpyrux u AeMnpUPYIOMHNX Xapak-
TEPUCTHUK €r0 MOJBECKU K KBAAPOKOIITEPY.
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The two-mass model of transportation of goods by drone

© A.Yu. Karpachev

Bauman Moscow State Technical University, Moscow, Russia
E-mail: a-karpachev@mail.ru

Abstract. The dynamics of motion of a two-mass system with a vis-
coelastic coupling is considered when lifting a load in a uniform gravity
field. In calculations of the flight dynamics of an unmanned aerial vehicle
(UAV) — drone, a model of an absolutely solid body is used. Among the
many functional tasks that are solved with the help of drones, and in par-
ticular, quadrocopters, a significant place belongs to the implementation of
their transport capabilities. At the same time, the movement of the quad-
rocopter should be controlled taking into account the influence of the car-
go it is transporting. Based on the formulation and solution of a direct
problem of theoretical mechanics, one of the approaches to determining
the permissible load capacity of a quadrocopter is presented using a sin-
gle-mass model and a proposed two-mass model that includes viscoelastic
coupling. The influence of the mechanical characteristics of such a con-
nection on the forces required for vertical lifting and hovering at a given
height of such a transport system is determined. The compiled equations
for describing the motion and an example of calculation are given.

Keywords: dynamics, quadrocopter, carrying capacity.
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00 ycTOMYMBOCTH TOHKHX YIIPYTHX 000J104€K

© A.B. Kapnos', B.B. Hoerkos

HHI'Y mm. H. U. Jlo6auesckoro Hmxuuit HoBropoa, Poccust
*E-mail (noxiaguuka): mr.karpov.9857@gmail.com

AnHoTtanus. [IpenyioxeH HOBBIA MOJAXOJA K UCCIECIOBAHUIO YCTOWYH-
BOCTHU Harpy>eHHbIX 00osouek. OH 3aKIII0YaeTcsi B OPUEHTHUPOBAHUU TIPH
pacueTax Ha TMPEICIbHO JOMYyCTUMBIE HArpy3Kd, KOTOPBIC MOJYyYCHBI
UCXoasa 3 HGHHHCﬁHOﬁ MOJICIA C y‘-IeTOM MaJIbIX HGCOBepH_ICHCTB n Ma-
JIBIX HEKOHCEPBATUBHBIX HATPY30K.

Knwuegwie cnosa: ynpyzaa obonouxka, Hacpy3ka, KOHCEpEAmMUSHas HA2py3-
Kd, Maible Heco8epuleHcmed, Maids HeKOHCEep8AMUSHOCb, 6HYMPEHHUL
DE30HANC, 83PbIBHAS HEYCIMOUYUBOCHb.
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On the stability of thin elastic shells

© A.V. Karpov', V.V. Novikov

State University of Nizhny Novgorod, Nizhny Novgorod, Russia
*E-mail (speaker):mr.karpov.9857@gmail.com

Abstract. A new approach to the study of the stability of loaded shells
is proposed. It consists in orientation in the calculations for the maximum
permissible loads, which are obtained based on a nonlinear model, taking
into account small imperfections and small non-conservative loads.

Keywords: elastic shell, load, conservative load, small imperfections,
small non-conservative load, internal resonance, explosive instability.
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CranuoHapHbIe BOJIHBI B IUJIMHAPUYECKOH 000/10UKe
¢ BA3KOYNPYTHUM 3aM0JIHUTEJIEM

© H.Y. KYJ'II[aHIOB*, b.3. Hypunnuunos, l11. A6iokymnos, A. Py3umon

TamkeHTCKI XUMUKO-TEXHOJIOTHIECKUH HHCTUTYT, TamkeHT, Y30ekucrtan
*E-mail (noxagumka): safarovS4@mail.ru

AHHOTauusdA. /[aHa mocTaHOBKa 3alayd O PaCHpPOCTPAHEHUU HEOCe-
CHMMETPHYHBIX COOCTBEHHBIX BOJIH B TPEXCIOWHBIX HMJIMHAPHYECKUX 000-
JIOYKaX, a JBW)KEHUE 3aIlOJHUTENS ONUCHIBACTCS TMHAMUUYECKUMU ypaBHeE-
HUSIMH TEOPHH BS3KOYNpyroctu. Pa3paboTaHbl METOAMKH pacyera Ha
OCHOBE MeTo10B Mrosuiepa, ['aycca u oproroHansHou nporoHku. Ilomyde-
HbI YUCIIEHHBIE PE3yJIbTaThl KOMIUIEKCHOU (pa30BOM CKOPOCTH B 3aBHCHMO-
CTH OT Pa3JIM4YHBIX BOJHOBBIX YUCEN U MAPAMETPOB OCECUMMETPUYHON 1HU-
JTUHIPUYCCKON MEXaHWYIEeCKON cucTeMsl s rurnore3 Kupxrodpa — JlsBa u
Tumomenko. OOGHapYXEHO, YTO MPU PEIHICHUH 33Jayll paclpOoCTPaHEHHS
COOCTBEHHBIX BOJH B COCTABHBIX IMIMHIPUYECKUX TelaxX AJIsi JOCTaTOYHO
JUIMHHBIX BOJIH ()a30Bbl€ CKOPOCTHU NepBOii hopMmbl, 1o runorezam Kupxro-
da — JlsBa u TUMOIIIEHKO, XOPOIIIO COTIACYIOTCA MEXTy coboit. Ho mo-
IJIOLIAIOIIME BOJIHBI IO JBYM TMIIOT€3aM pPa3HbIC. Y CTAHOBJICHO, YTO IPU
KOPOTKUX BOJIHAX MOKHO TTOJIb30BATHCSI YPAaBHEHUSIMU 000JIOYEK C yYETOM
CKMMAeMOCTH 3anoiHuresns. HalneHo, 4to yBenudeHue TOJIIUHBI 3a10J1-
HUTETS] 0COOEHHO CYIIECTBEHHO CKAa3bIBACTCS MPH CPABHUTEIHHO MalbIX
TOJILIUHAX 3aITOJIHUTESL.

Knrouesvie cnoea: sazkoynpyeas mexamuueckas cucmema, cOOCMEEHHAs
80IHA, KOHCMPYKYUS, MPEXCLOUHBLI YUTUHOD, HCECMKOe 3aKpenieHue.

PaccMoTpuM pacripocTpaHeHne CBOOOAHBIX BOJH B ABYX O€CKOHEYHO
JUIMHHBIX CJIOUCTBIX BSI3KOYNPYTUX HUJIMHAPUYECKUX O0O0JOUKAX, MEXKITY
KOTOPBIMU HAXOJSATCSl CJOHU BSI3KOYNPYTOrO 3alOJIHUTENSA. Y PaBHEHHUS
JBIDKEHUS BA3KOYMIPYTOro MUIMHAPUYECKOTO 3aMOJTHUTEINS B CUCTEME KO-
opauHaT 1,0,z 3amuchIBacTCs B BUJE

2

i, V2 +(h, + i, )graddivﬁ:psg—g‘, (1)
t

rae u(u,,uy,u,) — BEKTOP NMEPEeMEIIECHHI TOUeK Cpelpbl; P, — IUIOTHOCTh
MaTepualia Cpeibl;

Ay 9(8) =gy | @(6) = [ Ry (t—D)@(1)d

- f - )

fi, (t) = o, | (1) = [ Ry, (t—D)@(1)d
0

- .

“
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Ry (t—r) u R (t—r) — sA1pa penakcauuu; A,y — MICHOBEHHbIC
MOJIyNH ynpyroctd; ¢(t) — ¢yukuus Bpemenu. [IpuMensembie 0OBIYHO

B pacueTax ypaBHEHMs JBUKECHHS TPEXCIOMHBIX 000JOYEK MOJIydYaroTCs
C IPUBJICYCHUEM PA3IMUYHOIO POJIa JOMYILEHUN, CBA3aHHBIX C XapaKTEPOM
nedhopmupoBanus 3anosHuTeNs [1]. C Henbro OleHKH MPUEeMIIEMOCTH T10-
Jy4yaeMblX Ha OCHOBAaHUHU 3THX ypaBHEHUH pe3yJbTaTOB NpPHU PEHICHUU
JUHAMHUYECKHX 3aJa4 JUIsl TPEXCIOWHBIX UMWIMHIPUYECKUX 000JI0ueK
NpeAJIOKEH YTOUHEHHBIA MOAXO0J], KOTJa ABUKEHUE 3aIOTHUTENS ONUCHI-
BaeTCs AMHAMMYECKUMHU YPaBHEHUSIMHU T€OpUU BA3KO ynpyroctu (1), a He-
CYIIM€ CIIOM PAacCMAaTPUBAIOTCS KaK TOHKHUE OOOJIOUKH, MOIUMHSIOLINECS
runote3aM Kupxropa — JlsBa wim Tumomenko. KonTakT mMexmay Hecy-
HIMMH CJIOSIMU M 3aIIOJTHUTENIEM MOXKET OBITh JKECTKUM WJIH CKOJIB3SIIIAM.
VYpaBHEHHsI JBIDKCHHSI HECYIIUX CJOEB (00O0JIOUEK) B IEPEMEIICHUSX,
B CUMBOJIMYECKOW BEKTOPHO-MATPUUHON (hopMe, 3aruIIeM B BUIE

2
- t — (1 Vox ) (1_V0K ) 62U
LU, —| LR, (t—7)U,(7,t)dt= G+ Pox ,
i~ k IO ij EK( ) k( )d G()KhOK q pO G()K atz
k=12 3)
3necs U © — BEKTOD IEPEMEUICHUH TOYEK CPEAMHHOU IOBEPXHOCTH HE-

CYLIETro cJosi; UHAECKC k=1 OTHOCUTCA K BHYTPEHHEMY HECYIIEMY CIIOO,
k =2 — K BHEIIHEMY CIIOIO.
PaccMoTpuM mpoposibHO-IONEpEUHble BOIHBI. B 3ToM ciyuae mpen-

0
rmojjara€Tcs, 4To % = 0, TOrga CrpaBCIJIMBO I BCEX OCCCUMMETPUYHBIX

3a1a4 ug = 9, = 0. Pemenue ypaBHeHUI HIIEM B BUIE
(Uit} ={U g,ig fexpi(Ez — o), (4)

rae Uy (uk’o,wk’o) — OTJIMYHBIE OT HYJII aMIUIUTYbl CMELIEHUN TOYEK

CPEIMHHBIX MMOBEPXHOCTEH HECYIUX CIIOEB; uO(U (r), W(r)) — aMIUTH-
TyAbl TEPEMEIICHUM TOoueK 3amojaHuTens; &=2m/A 73 (o=cf§; A Iz
¢y =cCp+icy — JUIMHA M KOMIUICKCHas (hasoBasi CKOpocTh BoiH. [Tox-
craBisis BelpakeHusa At U, u3 (4) B (3), moimyyaeM cucteMmy airedpau-
YECKUX YPABHEHUH OTHOCHUTENBHO Uy, Wy o C KOMIUIEKCHBIMU KO3 du-
IUCHTAMU:

l-ve 5 1=y

.« Tk
(tozuk,O HIE— W g =P = O U g~ =G>
a, 2G, 2Gh, -

Huorcenepnotit scypnan: nayka u unnosayuu # 4-2021 131



Dynoamenmanvhvie u npuKkiIaouvle 3a0aqu mexanuku. Mamepuanvl kongepenyuu. Yacmo 2

h/? 4 Weo | Yk l-v 5 1-vp o
LW, o+ FHIE—U, =P, —— O W, ————( ;. 5
12 ,0 Cl;g éak k0 = Pk 2G, k,0 26 h, vk (5

N3 (5) HaxoauM Harpy3kH, KOTOpbIE NIEPEJAIOTCS Ha 3allOJHUTEND CO
CTOPOHBI OOIIMBOK Kak ()YHKIMH aMIUIMTY]l MEpPEMEIICHUN TOuYeK cpe-
JUHHOW MOBEPXHOCTH COOTBETCTBYIOILErO Hecyliero cios. s Bcex pac-
CMOTPEHHBIX CIy4aeB IIOCTPOEHBI 3aBHCUMOCTH (ha30BOil CKOPOCTH OT
BOJIHOBOT'O YKCIIa (AMCIIEPCUOHHBIE KpUBBIE). B KauecTBe mpruMepa Bs3KO-
YOpPYyroro Marepuaja IMpUMEM TpEXIapaMEeTPUUECKOe SJIpO perakca-

mn KonryHoea — Pxamnupina R, (1) = A.e ™' /¢ ¢ mapamerpamu
A4.=0,048; B, =0,05 a,=0,1. Cirexyer oTMETHTH, 4TO C POCTOM TOJI-
IIMHBI 3aII0JIHUTEN (C yBEIMUYEHUEM k) 3TO pa3indue yMEHbIIaeTcs, TaK
YTO JJIS1 TOJICTOTO 3aIOJIHUATEIS (ks > 20) MIPEITOJIOKEHNUE O CKOJIB3SIIEM

KOHTAaKT€ SIBJISIETCS MIPUEMIIEMBIM, OCOOCHHO NP ONPEAEICHUN MUHHUMY-
MOB KPHBBIX JUCIEPCHH.

HccenenoBaHo BIMSHHAE TOJIIUHBL, )KECTKOCTH U BECa 3aIIOJIHUTENS Ha
CKOPOCTH pacnpocTpaHeHus BojaH. Kak mokasanm pacyeTsl, ¢ yBEINYCHH-
€M TOJIILUHBI 3aMIOJHUTENS pealbHble 1 MHUMbIE YaCTH KOMIUIEKCHOH da-
30BOM CKOPOCTH JIJIsl IEPBOI ()OPMBI yBEIMIHMBA.TCSI, a JIJIsl BTOPOM — He-
CKOJIBKO TIOHM)KA.TCsl. YBEIMYEHHE TOJIIUHBI 3alOJIHUTENS OCOOEHHO
CYILIECTBEHHO CKAa3bIBACTCS IIPU CPABHUTEIBHO MAJIBIX TOJIIUHAX 3aIl0J-
HUTES.

Ha ocHOBe noisydeHHBIX pe3yibTaTa yCTaHOBJIEHO, YTO YBEIUYECHHE
TOJIIMHBI 3aTIOJHUTEINSI OCOOCHHO CYIECTBEHHO CKa3bIBAETCS HA M3MEHE-
HUM KOMIUIEKCHON (pa30BOM CKOPOCTH MPHU CPABHUTEIBHO MAJbIX TOJIIIH-
Hax 3anojHuTens. C pocToM mopsaKa MOAbI KPYTUIBHBIX KOJIeOaHUH Ty-
CTOTa pACHOJOXKEHHUS KpPUBBIX Ha IUIOCKOCTH (Da30BOH CKOPOCTH H
BOJIHOBBIX YHMCEJI YBEIMYMBACTCA. B Cilydae KOPOTKMX BOJH CYIIECTBYET
npeeNbHOE 3HaUeHUe KOMIUIEKCHOM (ha30BOii CKOPOCTH.

Paboma evinonnena npu noooepowcke epanma PY3 OT-D4-01.
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Stationary waves in a cylindrical shell
with a viscoelastic filler

© N.U. Kuldashov*, B.Z. Nuriddinov, Sh. Ablokulov, A. Ruzimov

Tashkent Institute of Chemical Technology, Tashkent,
Republic of Uzbekistan
*E-mail (speaker): safarovS4@mail.ru

Abstract. The formulation of the problem of the propagation of non-
axisymmetric natural waves in three-layer cylindrical shells is given, and
the motion of the filler is described by the dynamic equations of the theory
of viscoelasticity. The calculation methods based on the Mueller, Gauss and
orthogonal sweep methods have been developed. Numerical results are
obtained for the complex phase velocity depending on various wave num-
bers and parameters of an axisymmetric cylindrical mechanical system for
the Kirchhoff — Love and Timoshenko hypotheses. It was found that when
solving the problem of propagation of natural waves in composite cylindri-
cal bodies, for sufficiently long waves, the phase velocities of the first form,
according to the hypotheses of Kirchhoff — Love and Timoshenko, are in
good agreement with each other. But, absorbing waves are different accord-
ing to the two hypotheses. It was found that at short waves, one can use the
equations of the shells taking into account the compressibility of the filler. It
was found that an increase in the thickness of the filler is especially signifi-
cant at relatively small thicknesses of the filler.

Keywords: viscoelastic mechanical system, natural wave, structure, three-
layer cylinder, rigid fastening.

Let us consider the propagation of free waves in two infinitely long
layered viscoelastic cylindrical shells, between which there are layers of
viscoelastic filler. The equations of motion of a viscoelastic cylindrical
filler, in the coordinate system, are written in the for

Lo o P
V7 + (A + [ )grad divi = p, 2 6]

where &(ur,ue,uz) is the vector of displacements of points of the envi-

ronment; p, is the density of the medium material;

o .

Ry 9(8) =g | @(6) = [ Ry (t=D)@()d T

- ‘; - ©)

fi, 0(1) = g, | 0() — [ R, (t—D)g()d
0

-
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R, (t—1) and R (t—1) — relaxation kernels; A, 1o, — instant mod-

uli of elasticity; ¢(#) — function of time. The equations of motion of three-

layer shells, usually used in calculations, are obtained using various kinds of
assumptions related to the nature of the deformation of the filler [1]. In or-
der to assess the acceptability of the results obtained on the basis of these
equations, when solving dynamic problems for three-layer cylindrical
shells, a refined approach is proposed, when the motion of the filler is de-
scribed by the dynamic equations of the theory of viscoelasticity (1), and the
bearing layers are considered as thin shells obeying the Kirchhoff — Love
hypotheses or Timoshenko. The contact between the bearing layers and the
core can be rigid or sliding. The equations of motion of the bearing layers
(shells) in displacements, in symbolic vector-matrix form, can be written as

1— ;<2 1— Kz -
Ot 00, e 0N g, L),
k=1,2. 3)

Here, U, is the vector of displacements of the points of the middle surface

of the bearing layer, the index k =1 refers to the inner bearing layer, and
k =2 — to the outer layer. Consider longitudinal-transverse waves. In this

. 0 . . .
case, it is assumed that 2 =0, then is true for all axisymmetric problems

ug =9, =0. We seek the solution of the equations in the form
(Ui} ={U g1y | expi(Ez o), ()

where U 5.0 (“k,OaWk,o) are nonzero amplitudes of displacements of the

points of the middle surfaces of the bearing layers; u,(U(r), W(r)) —
amplitudes of displacements of filler points; £=2n/A.; w=c.E
Ay, cp=cp+icy — length and complex phase velocity of waves. Sub-
stituting expressions for U, from (4) into (3), we obtain a system of alge-
braic equations with respect u; 5, w; , to with complex coefficients

. Vi 1-v, 5 1- A=V 0
izuk,o HIE— W g =P =0 Uy — 9k
a, 2G, 2G, 1y,
kﬁ, +—+l§y—ku =p I_Tvkcozw 1o 0 &)
We,0 ak a k0 = Pk 2G, k0~ ZGk hk
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From (5), we find the loads that are transmitted to the filler from the
side of the skins as a function of the amplitudes of displacements of the
points of the middle surface of the corresponding bearing layer. For all
considered cases, the dependences of the phase velocity on the wave num-
ber (dispersion curves) are plotted. As an example of a viscoelastic mate-
rial, we take the three-parametric Koltunov-Rzhanitsyn relaxation kernel

R.(t)= A e P! /¢7% with parameters 4,=0.048; B, =005 o, =0.1.

It should be noted that with an increase in the thickness of the filler (with
an increase k), this difference decreases, so that for a thick filler

(k, > 20) the assumption of sliding contact is acceptable, especially when

determining the minima of dispersion curves. The influence of the thick-
ness, stiffness and weight of the filler on the wave propagation speed has
been investigated. Calculations have shown that with an increase in the
thickness of the filler, the real and imaginary parts of the complex phase
velocity, for the first form, increase, and for the second, it slightly de-
creases. The increase in the thickness of the filler is especially significant
at relatively small thicknesses of the filler.

On the basis of the results obtained, it was established that an increase
in the thickness of the filler has a particularly significant effect on the
change in the complex phase velocity at relatively small thicknesses of the
filler. With an increase in the order of the torsional vibration mode, the
density of the curves on the plane of the phase velocity and wavenumbers
increases. In the case of short waves, there is a limit value for the complex
phase velocity.
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AHHOTauus. Pa3paboTaH YHCIEHHBI METOJ Ui CKBO3HOTO cueTa
Pa3sBUTHS TPELIMHONOAOOHBIX 30H YCTAJIOCTHOIO Pa3pyLIEHUs MPU BbICO-
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KOYaCTOTHOM HAarpy>KEHHH MaTEPHajOB OT 3apPOXKJICHUS MOBPEKIACMOCTH
110 Makpopaspyuienus. [IpuBeneHs MpUMepsl pacdera yCTaJOCTHOTO pas-
PYIICHHUS TUTAHOBBIX 00PA3IIOB, UCIIOJIB3YEMBIX B CBEPXMHOTOIIMKIOBBIX
UCTIBITAHUSAX Ha MTE303JICKTPUIECKUX YCTaHOBKaxX. [IpoBesieHO cpaBHEHHE
YHCJICHHBIX M 3KCIICPUMEHTAIBHBIX PE3yJIbTATOB JIsi 00Pa3IloB CIIOKHOU
TCOMETPHH.

Knwoueevie cnoea: svicoxouacmomuoe HacpydceHue, Nbe30d1eKmpuie-
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Abstract. A numerical method has been developed for through calcu-
lation of the development of crack-like fatigue fracture zones under high-
frequency loading of materials from the damage initiation to macrofrac-
ture. Examples of fatigue fracture calculation for titanium specimens in
piezoelectric devices for very-high-cycle fatigue tests are given. Compari-
son of numerical and experimental results for specimens of complex ge-
ometry is carried out.
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Pacuyer ynapa nBurareJieit camoJiera
10 KOHTAMMEHTY ATOMHOM 3JICKTPOCTAHIM U

© AB. OCTpI/IK*, B.B. Kum

WucTtutyT ipobnem xumudeckoit pusuku PAH, UepHoronoska, Poccus
*E-mail: ostrik@ficp.ac.ru

AnHotanus. [IpemioxkeHn HOBBIA BapuUaHT OMPENCISIIONIMX YpaBHE-
HUH, SBISIFONIAICS 00OOIICHHEM MUPOKO UCIOIB3yEMBIX MoJieei Oero-
Ha: AedopmalroHHOM Teopuu IactTudHocTu [.A. T'mHeeBa M Mojenu
XonmkBucta — Jloncona — Kyka. Pa3zpaboran u anpoOupoBaH yuc-
JICHHBIN AJTOPUTM PEIICHUS MPEATIOKEHHBIX ONMPEACISIONUX YPaBHEHHIM
B KaXXJOM pacuyeTHOU sUeiike ra30JIMHAMHYECKOT0 Koja. AJITOpUTM pea-
JU30BaH B BHE noamnporpammel aiit OBM u BHenpen B 3D-kon merona
KOHEYHO-pa3MepHbIX 4YacTull. C NOMOIIbIO MOJEpHU3MpOBaHHOrO 3D-
KOJla BBITIOJTHEHBI PacueThl yAapoB aBurareneii camoneta Boeing 707-320
[0 KOHTAaWMEHTY aTOMHOM 3JjeKTpocTaHiuu. [loydeHo, 4To ABUraTenu
npu ckopoctu yaapa 100 m/c cyliecTBEHHO MOBPEXKIAIOT KOHTAWHMEHT, HO
HE NMPOOHBAIOT €ro.

Knroueswie cnosa: onpedensiowue ypasnenus bemona, yoap ogueameret
camonema no KOHMauMeHmy, YucieHHoe MoOeIuposanue.

OnnuM n3 Hanbolee OMacHBIX UCTOYHHKOB YIAPHOTO BO3/IEHCTBUS Ha
aToMHbIe AeKkTpocTanii (ADC) MOryT OBITH TIAJArOIIHE caMoyeThl [1-5].
[Tanenue camonera — KpaifHe TsDKeIO€, HO BeCchbMa pefkoe coobiTue. Bo-
o0111e TOBOPSA, BEPOSTHOCTh CIyYalHOTO MAaJeHUS TSHKEJIOrO JIETaTeNbHOIO
anmapaTa Ha sIepHbI peakTop Mana, mopsiaka 10°° 1/rox (MeHee oHOro
COOBITHSI 32 MIJITHOH JIET) [6], HO €ro MOCIeACTBUS KaTaCTpOUIHBI U HE
MOTYT HE Y4UTBIBaThCs Ipu npoektupoBanun ADC. bonee Toro, BeposT-
HOCTh CYIIECTBEHHO YBEIIMYMBACTCS IS TeX ciydaes, korma ADC pacrio-
JIararoTCcsl HEMOCPEICTBEHHO B 30HE NMPOXOXKIACHUS HaJl HUMH BO3TYLIHOM
Tpacchl, YTO UMEET MECTO I psAAa aTOMHBIX ctaHuui. [locne coOwITHi
B CIIIA 11 cents0ps 2001 r. Henb3s UCKIIOYATh U CHEIMATIBLHOTO IIepeHa-
MIPaBJICHUS CaMoJIeTa Ha peakTop MpH TeppopUCTUYECKUX akTaX. [Toaromy
BEPOSTHOCTH MaJieHUsI camoiieta s Kaxaoid ADC oneHMBaIOTCS MHIH-
BUYaJIbHO C Y4Y€TOM BO3AYUIHOW OOCTaHOBKH, U €CIIM 3Ta BEPOSTHOCTH
meree 10° 1/rox, TO BO3MOXHOCTH BO3/ICHCTBHS HIHOPHPYETCS, B IPO-
TUBHOM CJIy4yae CUMTAETCs, YTO CAMOJIET yMajeT 00s3aTelbHO (MPUHIUI
«UIIA — WUITIAR).

OCHOBHYIO 3aIIUTHYIO (DYHKIIHIO OT yAapa caMmoyieTa U €ro KOMIIaKT-
HBIX 3JIEMEHTOB BBINIOJHSET BHEIIHSS *kKele300eToHHas 000J104Ka, U MpU
pacuere ynapa TpeOyloTCs ONpeeNsole ypaBHEeHUs g OeToHa, Kak
COCTaBHOM yacTH KOHCTpyKuuu. IIupoko ucmosib3yeMble MOJENu Iuia-
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ctuaHocTH OeToHa XonmkBucrta — Jxoncona — Kyka [7-11] (HJC-
mozenb) u I A. I'maeeBa [12, 13] momyckaroT 0000IIEHHE TOCPEACTBOM
ux cunTe3a. HIC-monenp KOHCTAaHTHO o0ecrieueHa, HO He UyBCTBUTEIbHA
K TpeTheMy HMHBapUaHTy TeH30pa HanpsbkeHuil. Jlegopmalrionnas teopus
wiactuyHocTu Oetona I'.A. 'mHeeBa He 00aaeT 3TUM HEIOCTATKOM, HO
OHAa MpPUMEHMMAa TOJBKO K CTAaTUYECKUM 3ajjayaM IpHU TPAECKTOPHIX
HArpy’>KeHUsl, OJM3KUX K MPOCTHIM, U HE YYUTHIBACT HAKOIUICHUS MOBpE-
KJICHHOCTH.

[Tpu 06001IeHNY 32 OCHOBY OepeTcs MOIX0 K OMMCAHUIO TTOBEICHUS
6erona cornacHo HJC-Mozaenu 3a UCKIIIOUEHUEM MMOBEPXHOCTHU IUIaCTUYE-
CKOTO TEYCHHUs, KOTOpasi MPUHUMAETCS B BUJIe, CHHTE3UPYIOIIEM MOIXOIbI
000uX MOJenen:

2 . 2
T P
= | =|1-D+f— || 1+ClIn| g || (1+3); (1)
T, T,
) 3
S| 1+ Cin g; 3TC(RC—RP) RCR
d=e s fE—m— e=— 5 L
T, R.R, T,
T —L\/S2 +52 452 +2(c2 +6% +6%);
s \/5 XX »y zz Xy Xz yz />
NE)
3 7(ng +83,+82 -3(0%,S.. +0LS,,+03,5,)+66,6,.5,. ),
rae P— naBnenue; 7, — npeneiibHas HMHTEHCHBHOCTB KacaTElbHBIX

HaNpsOKEHUM (KOpeHb M3 BTOPOTO MHBAPUAHTHI J€BUATOpA HANPSIKEHHUI);
D — ckansipHas Mepa TOBPEXKIEHHOCTH; S — WHBApUAHTHAS BEITUYMHA,

Ky0 KOTOpOH € TOYHOCTBIO 0 KO3 PHUIIMEHTa 32 /2 cosmamaer ¢ TPETh-
UM MHBAapMaHTOM JE€BMATOpa HANPSLKEHWH; R, Rp’ 1, — mpenensl nmpoy-

HOCTH O€TOHA IPU OAHOOCHBIX CXKATUAX, PACTSKEHHSIX U YACTOM CJIBUTE;
C, f, € — KOHCTaHTBhl; € — MUHTEHCUBHOCTb CKOPOCTEN e(OpMarHii.

B (1) monpaBka 0 =6(S ) BBEJICHA JUUIs ydYeTa BIIMSIHHS Ha IMOBEPX-

HOCTh TE€KY4YECTH TPETHEro MHBapuaHTa S, a MHoxkuTenb 1+ Cin| g; | yun-

TBIBAaET BIMSHUE CKOPOCTHU Ae(opMaliui aHaJOrMYHO TOMY, KaK 3TO Jesa-
ercs B HJC-monenu. Ilpu stom koHcranTa C HMMEET TOT K€ CMBICIH
U BEIMYMHY, 4YTO BECbMa IIOJIE3HO, IOCKOJIBKY MpPU TNPaKTHYECKOM
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HUCIIOJIB30BAHUHN HJC-MOIIG.HI/I 9Ta KOHCTaHTa onpe,uenﬂnaCL IJIA MHOT'UX
Mapok OeToHa.

Pacuer npupanienust creneHu noBpexxaeHHOCTU AD nenaeTcsi B COOT-
BercTBUM ¢ HJIC-Momenpio, B KOTOpOM HAKOIUJIEHWE MOBPEXKIACHHOCTH
MPOMOPIIMOHATFHO HAKOTUICHHIO IIACTHYECKOH aedopmanmu

Ae? + Ap?
D’
Max| & sins D) (P/R.+R,g /R, )

AD =

Ae” =Ae;—AT/(\3G), Ap =A(u-P/K (),

rae Ae?, AuP — mpupaieHnus CABMIOBOW M OOBEMHOW IIIACTHYECKHX
nedopmannii; D;, D, — KOHCTaHTBl MaTepuana; ¢ fmin —— KOHCTaHTa,

BBEJICHHAsl JAJI TOJABJICHUS HAKOIUIEHUS MOBPEXKAECHHOCTU OT CJIA0bIX
BOJIH PAaCTSDKCHUH; R, — HpPeaes NPOYHOCTH MPU BCECTOPOHHEM PacTsi-

KECHUM.

ITomuMo cuHTe3a Habopa Y4YUTHIBaeMbIX (HAaKTOPOB, BIHSIOLUIMX HA
neOpMHpPOBaHUE W pa3pylIeHHE OCTOHHBIX KOMITO3UIIMA, MpPEHMYyIIe-
CTBOM HOBOM MOJ€NM SBJISETCA €€ KOHCTaHTHas 00eCHeueHHOCTh, IO-
CKOJIBKY TpeOYIoIMecs: KOHCTaHThl YK€ MMEIOTCS sl MOAEJeH, Mmociy-
KUBLIMX B KAYECTBE MPOTOTUIIOB.

[lepen HauamoM pacueToB CUMTHIBAIOTCS MaTepHaIbHbIE KOHCTAHTHI Oe-
TOHA, U B CIy4ae OTCYTCTBUS HEKOTOPBIX M3 HMX (00s3aTeNIbHO HAIU4Yue
IUNIOTHOCTU P, W NPOYHOCTU HA OJHOOCHOE CxkaThe R.) MpPOBOAUTCA UX

OIICHKA Ha OCHOBE COOTBETCTBYIOIIMX KOPPESLMOHHBIX COOTHOIIEHUH [ 14].
Ecnu HeoOxomumo, Jienaercst mepecyeT KOHCTAHT Ha CiTydail 0eTOHHOTO Mac-
cuBa. Pacuer nmpeanonaraer UTepanuu Mo CTENEHU NOBPEKICHHOCTH D 1 Be-
JMYMHE WHBapuaHTa S. AJITOpUTM Ka)XI0H WUTEpalM CTPOUTCS MO METOAY
VYunkunaca [15]. TpeOyemass Ha MpakTHUKE TOYHOCTh (OTHOCHUTENBHAS TIO-
rpemHocTh MeHee 0,1 %) mocturaercs 3a 3—5 uTeparuii.

Jlig MarucTtpajibHBIX camojeToB Tuna Boeing xapakrtepHoe Bpems
yJAapa COCTaBJIsIeT JeciAThle A0MH CeKyHABI [16], uTo roBopuT o mpeobma-
JaHUK 00O0JIOUEYHOH cTamuu Ae(GOopMUpOBaHUS U pa3pylICHHUS KOHTaM-
MEHTa MpPH yIapHOM BO3JCUCTBUU HA HETO JIETKO aedopmupyemMoi u pas-
pylIaeMoil KOHCTpyKIuu (hro3eispka JietaTenbHoro amnmaparta. OaHako
BOJIHOBAsl CTaJusl OKa3bIBACTCS JOMUHHUPYIOIIEH MpU pacCMOTPEHUH B3a-
MMOJICUCTBUS C KOHTAMMEHTOM KOMITAKTHBIX M YKECTKUX JBUTATEIICH.
C nomoureto 3D-kona [17] ¢ BHEAPEHHBIM B HErO ajJrOPUTMOM pean3a-
[IW MOJICJTM TIOBEACHUSI OCTOHHBIX KOMITO3MIIMI BBITIOJIHEHBI TPU BapHaH-
Ta pacuera ynapoB asurateneid camonera Boeing 707-320 mo 3amuTHOM
000JIOUKE: OIMHOYHOE BO3ICHCTBHE CBEPXY MO C(heprUuecKoMy KyIOmy;
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OJIMHOYHOE BO3JEHCTBHE COOKY MO IMIMHIPHUYECKOW YacTH; OJHOBpE-
MEHHOE BO3JCHCTBHE JIBYX IIEHTpPaJIbHBIX JBHUTarenel cooky. IlomydeHo,
YTO JBUTATENN MPHU CKOPOCTHU Majaromero camoinera 100 m/c cymiecTBeH-
HO TMOBPEXJal0T KOHTAalMEHT, HO HE NMPOOHMBAIOT €ro (OCTAHABIMBAIOTCA
BHYTpU 3alllUTHOW KOHCTpyKuuM). [Ipym 3TOM B ciiyyae ynapa cBepxy IO
chepruyeckoMy KyIoiy BO3MOXHO OOpYyIIEHUE €ro HEHTPAJIbHON 4acTH Ha
BHYTPEHHIOIO METAJUIMYECKYI0 O000J0YKYy KOHTaiiMmeHTa. [lokazaHo, 4yTO
pe3ysbTaT BO3JIEUCTBUS Ka)XJI0r0 U3 YEThIpEeX ABUraresei camoisiera Boe-
ing 707-320 nokanu3yeTrcs B 30HE ylapa U B3aUMOBJIHMSIHHUEM COCEIHUX
yZapoB Ha BOJIHOBOM CTaauu Ae(GOopMUPOBaHUS MOXKHO IpeHeopedsb. Cie-
JI0BAaTEbHO, YAAPHl IBUraTeNIel JOIMyCTUMO CUYUTATh OTAEIBHO, a IOCIIE-
CTBUS BO3JCHCTBHS ONPENCIATh IOCPEACTBOM CIIOXKECHHS PaCIpEIeICHAN
CTETICHU MOBPEXKAEHHOCTH OETOHHBIX KOMIO3HMIIUHM OT Ka)KJ0T0 U3 HUX.
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Numerical modeling of aircraft engines impact
on nuclear power plant containment
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Abstract. A new variant of the defining equations for concrete is pro-
posed. This variant generalizes widely used concrete models. These models
are deformation theory of plasticity by G.A. Gineev and the Holmquist —
Johnson — Cook model. A numerical algorithm for solving the proposed
defining equations in each calculation cell of the gas dynamic code has
been developed and has been tested. The algorithm is realized as a subrou-
tine for computers and is used in the 3D-code of the method of finite-
dimensional particles. Calculations of impacts of Boeing 707-320 aircraft
engine are made using the developed 3D-code. It is obtained that engines
having a speed of 100 m/s significantly damage the containment, but do
not punch it (the engines stop inside the protective structure).

Keywords: determining equations for concrete, aircraft impact on con-
tainment, numerical simulation.
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N3rudHbIe KoJIeOaHUs KOHCOJIH C TPEHUEM
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AnHotanus. [IpeacraBineH npuOIMKEHHBIM MOAXOA K ONPEIESICHUIO

JOrapu(pMHUECKOro AEKPEMEHTa U3TMOHBIX KOJeOaHUH yrnpyroil KOHCOIH
C Tpy30M Ha KoHIIE. Mcronb30BaH croco0, NpeayioKeHHbII B MOHOTpaduH
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B.C. IlocTHHKOBa O BHYTpEHHEM TpEHUU B MeTaiuie. B paccmarpuBaemoi
IIOCTAaHOBKE 3a7auydl TpeHue mnpenmnonaraercss MaabiM. Ilostomy ¢dopmsl
COOCTBEHHBIX KOJEOAHMI KOHCOJM C TPEHHEM CUUTAIOTCS paBHBIMH (op-
MaM COOCTBEHHBIX KOJICOAaHNH KOHCOMU 0€3 TpeHUsI.

Knwuesuvie cnosa: uszeubnvle konebanus, mpeuue, 4acmomHoe ypasHenue,
O0expemenm KoieOanuil.

B paGote u3naraeTcst moxo/ B ONpeAeIeHUH JOrapupMUIECcKOro ae-
KpPEMEHTa M3TUOHBIX KOJeOaHWd ynpyrol KOHCOIH C TPEHHUEM, OCHOBaH-
Helid Ha cniocobe B.C. [TocTHHKOBA 111 BHYTPEHHETO TPEHUS B METallax.
PaccmoTpensr m3rubHbIe KoNeOaHusl ynpyrol OJXHOPOTHON Oallku ¢ Tpy-
30M Ha koHIue. [Tomyueno mpuOnmxeHHOE pelIeHre STOW 3aJayu C HC-
M0JIb30BaHNUEM YaCTOTHOT'O IKCIIEPUMEHTA.

IlocranoBka 3anaun. KonebatenbHas cucrema (puc. 1) coctout us
3al1eMJIEHHON OJTHOPOJHOM OaIKu MOTOHHOM IIOTHOCTH W, [1, 2]. Jinuna

O6anku OA =/. Ha cB0OOAHOM KOHIIE OalKM HAXOMUTCS TOYEUHBIH Tpy3
Maccou m.

4[]

m

mj’
m
_l-'(l', s ) M UES /
0 X
C ’
(4] y —_
LS 7 - Q
y
Puc. 1. Cxema 6anku Puc. 2. Diiement Oanku

[MpunsTE nOmymieHus: Oaka MIeaTbHO yHpyras, KoJeOaHHs Malble,
U3rud TPSMOM, CHIIbI BHYTPEHHETO TPEHUS JTMHEHHO MPOIOPIHOHATBHEI
ckopoctu aedopmaruu [3, 4]. I[Tycte y(x,¢) — mu3rubd 6anku (cMm. puc. 1).
JuddepennmanbHoe ypaBHEHHE MalbIX M3TMOHBIX KOJeOaHHMH yHpyroi
Oanku mMeeT BU [2, 4]

4 2
1, 2, 22 o, (1)

rae EJ, — n3rubHas sxecTkocTs [1]; £ — moayins FOura I-ro pona.
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2
0y 2
OTMETHM, YTO —5 =—0"y, TAe ® — YacTora cBOOOIHBIX KOJIEDOA-
ot
2
Ho®

0
HOE 3HaueHHue Hallel KpaeBoil 3anaun. Toraa ypasuenue (1) mpumer Bua

HUH cucreMbl. BBeneM 0003HaueHUE =24 3mece A — cOOCTBEH-

64
8712—%4)/:0. )

[Iporu6 Ganku uiem B Bue npousBeacHus y = f(x)-s(¢) [2, 3].
JuddepennuansHoe ypaBHeHHe 11 (HOpMBI KoJieOanuii f(x) :
w_d'f

dx*

Kpaessie ycnoBus 3agaun ipu x =0 W npu x =/ UMEIOT BUT

fMAr=00 3)

2
y0.0=0, Z0.n=0 M, (0=0, mTLroun=0. @
ox dt

N3rubaromumii MOMEHT U Tiepepe3bIBaroiias cuia (puc. 2) UMEIOT BUT

o* o
My () =—EJy =2, Q(x,t)=—EJy . (5)
ox ox

C nomompio mnpuHuuna Jlamambepa MOMyyuM — ypaBHEHHE
—mp+Q(l,t) =0. Tak KaK ¥ =—©>y, TO 3T0 YPABHEHHE IPUMET BHJ]

3
moy(l,t)— EJ, 8y—(§’t) - 0.
Ox

Torna pemenue ypaBuenus (3) anst popmsl konebanuit f(x) [3]:
f(x) = Cie™ + Cye™ +C; cos hx + C, sin Ax.

IToctosinuble unTerpupoBanus C; (i=1,2,3,4) onpenenstorcs u3

IpaHUYHBIX yciioBUM (4). Mcnonb3ys 3TH YCJIOBUSL C yU€TOM BBIpaXKe-
HUH (5), TOJIyYMM YaCTOTHOE YPAaBHECHHE 3a1a9H:

(chAl—cos\l) [me? (shAl—sinAl)—EJ yA(chAl—cosAl)] -
—(sh Al +sin M) [mo* (ch Al —cos Al) — EJ gA(shAl+sinAl)]=0.

Pemas TpaHcueHneHTHOE ypaBHEHHE (6), MOXHO BBIYHCIUTH COO-
CTBEHHBIC 3HAYEHHsI A; M 4aCTOThI COOCTBEHHBIX KOJICOaHUH ;.
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Ha ocHoBanuu [3, 4] nosiaraem, 4To BHyTPEHHEE TPEHUE B MaTepuale
CTEp>KHA U B aTMOc(epe, OKPYKaIoLIeH YCTaHOBKY, IPUOIMKEHHO MPSIMO
IPONOPLUOHATIBHO CKOPOCTU M3MEHEeHMs JedopManuu B Oajke U CKOpO-
CTH JIBUKEHUS MaTEpUAJIbHBIX JIEMEHTOB OKpy:karolei armocdepsl. [1o-
3TOMY TNpPH BBIYUCIEHUH CHJI BS3KOTO TPEHHS HCIOJIb3yeM (opMalin3M
Penes [1].

B nanbHeiimem OyneM y4YUTHIBaTh TOJBKO IMEPBBIA TOH KojeOaHM
cucreMmsl. [losTomy nmeem nuddepennnanpaoe ypapaenue s s(¢) [3]:

§+2ns+w’s =0.

3n1ech ® — cOOCTBEHHAs YacTOTa MEPBOT0 TOHA MOIMEPEUHBIX KOJeOaHUN
CUCTEMBI €3 y4yeTa CHJI BI3KOTO TPEHUS — pellieHue ypaBHeHU (9).
O603HauYUM 3KCHEpPUMEHTAIbHbIE 3HAUYEHHS YacTOThl MEPBOrO TOHA

(c y4eToM BSI3KOIO TPEHHMsI) UEPE3 ).

Tak Kak ©, “=®" —n° [3-5],a o, =27/T, ©=21/T, T0 umeeM:
n® =(2n/T) - (20/T;).
Brimuriem teneps gorapuMuUecKuil AeKpeMeHT KoJIeOaH i CHCTEMBI:
2 2
n=nf, =T\(25/T) ~(2n/T)

3neck 1), ;5 — MEPHOJ U YacTOTa IEPBOrO TOHA KOJIIEOAHHH CHCTEMBI,

orpezieNieHHbIE SKCIIEPUMEHTAIIBLHO.
CnpaBensiuBOCTh TAaKOro MOJAX0Ja MOXXHO MPOBEPUTH SKCIEPUMEH-
TaJbHO, UCIOJIb3Ys HECTOKHYIO YCTAHOBKY C 3aILEMJICHHOM OajKoil.
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Flexural vibrations of the console with friction

© A.A. Pozhalostin, A.V. Panshina

Bauman Moscow State Technical University, Moscow, Russia
E-mail: a.pozhalostin@mail.ru, panalv@mail.ru

Abstract. The paper presents an approximate approach for determin-
ing the logarithmic decrement of Flexural vibrations of an elastic console
with a load at the end. The method proposed in V.S. Postnikov's mono-
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graph on internal friction in metal is used. In this problem statement,
the friction is assumed to be small. Therefore, the forms of natural vibra-
tions of the console with friction are considered equal to the forms of natu-
ral vibrations of the console without friction.

Keywords: flexural vibrations, friction, frequency equation, the decrement
of the oscillations.

AHaJIN3 pa3pbIBOB HEKOHTAKTHBIX HANPSIKEHUH
B PACTYIIMX BSI3KOYNPYI'UX TeJiax

© [.A. INapmna

Wuctutyt npobiem mexanuku uM. A.JO. Mnumuckoro PAH, Mocksa, Poccust
E-mail: parshin@ipmnet.ru

AnHoTanms. [IpencraBieHHble UCCIEIOBaHHS OTHOCITCS K MaTeMaTH-
YEeCKOM TEOpUH MOBEPXHOCTHOTO POCTa CTAPEIOIINX BSI3KOYNPYTHX Aedop-
MUPYEMBIX TBEPBIX TeI (CM., HApUMeEp, JTUTEepaTypHbie 0030pHI B [1, 2]).
PaccmarpuBaroTcst TpeXOCHbBIE ONpPENENSIIOIINE COOTHOIIEHUSI MHTETrpallb-
HOTO THINA, COJEpKallle €IMHCTBEHHOE SApo penakcauuu. M3ydarorcs
pa3pbIBbl HEKOHTAKTHBIX HAIPSDKEHUH HA TOBEPXHOCTSAX, OrPaHUYMBAIO-
IIMX YaCTH (POPMUPYEMOTO Teja, U3roTaBIMBAEMble HAa Pa3IMYHbIX dTanax
€ro KyCOYHO-HENPEPHIBHOIO pocTa. MaTeMaTU4ecKu CTPOro IOCTPOEHBI
AQHAJIMTUYECKHE 3aBUCHMOCTH, OIMCHIBAIOIIUE HBOJIOLMIO 3TUX Pa3phIBOB
B IIPOU3BOJIBHBIX TENAX, HAPAILIMBAEMBIX PACCMATPUBAEMbBIM MaTEPUAJIOM.
[Ipoananu3upoBaHa CTpyKTypa 3THUX 3aBHcHUMOCTe. HccnmenoBaH psn
YaCTHBIX CIy4aeB, PEAU3YIOLUIMXCS MPU HEKOTOPBIX YaCTO BCTPEUAIOIINX-
Csl CWJIOBBIX M KMHEMAaTHMUYECKHX YCIOBHAX Ae()OPMHPOBAHMS PACTYILIETO
Tena sl SKCHEPUMEHTAIbHO IMOATBEPKICHHBIX OOLIMX CBOMCTB KPHUBBIX
HOJI3Y4eCTH MaTepuana. Pe3ynbraTel paboThl IMEIOT BaKHOE MPAKTUYIECKOE
NPUMEHEHNE TIPU PEIICHNH NIPUKIAHBIX 33a4 MEXaHUKHU PACTYIIHX TeEl.

Knrouegvie cnosa: pacmywee meno, KyCoOUHO-HENPEPLIGHbIU POCM, 8A3KO-
YApy20Ccmb, cmapenue, pa3pblé HaANPAXCEHUl, 28011I0YUsl pA3PbIed, AHAIU-
MUYecKas 3a8UCUMOCMb, NPUKIAOHbIE 3a0a4U MEXAHUKU PACIYUUX mell.
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Analysis of noncontact stress discontinuities
in growing viscoelastic solids

© D.A. Parshin

Ishlinsky Institute for Problems in Mechanics RAS, Moscow, Russia
E-mail: parshin@ipmnet.ru

Abstract. The presented study relates to the mathematical theory of
surface growth of aging viscoelastic solids (see, e.g., bibliography reviews
in [1, 2]). Three-axis defining relations of integral type containing a single
relaxation kernel are considered. Noncontact stresses discontinuities on
the boundary surfaces of the solid parts that are produced at various stages
of its piecewise continuous growth are studied. The analytical dependenc-
es describing the evolution of the corresponding stress jumps in arbitrary
solids built up of the material under consideration are mathematically
strictly constructed. The structure of these dependencies is analyzed.
A number of special cases which are realized under some frequently en-
countered force and kinematic conditions of growing solids deformation,
for experimentally confirmed general properties of material creep curves,
are investigated. The results of this work have an important practical usage
in solving applied problems of growing solid mechanics.

Keywords: growing solid, piecewise continuous growth, viscoelasticity,
aging, stress discontinuity, jump evolution, analytical dependence, applied
problems in mechanics of growing solids.

References

1.  Manzhirov A.V., Parshin D.A. Analytical solution of the mechanical problem on
additive thickening of aging viscoelastic tapers under nonstationary longitudinal end
forces. Engng Letters, 2018, vol. 26, no. 2, pp. 267-275.

2. Parshin D.A. Mathematical modelling of the process of internal technological stress
fields’ development in cylindrical solids being layer-by-layer made of ageing vis-
coelastic materials. J. Phys.: Conf. Ser., 2020, vol. 1479, art. ID 012145.

Kuneruka ¢gopmMupoBanus TpemuH
HA rPaHULe COeAUHEHUS MATePUAJIOB

© M.H. [TepeapmyTep
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AHHOTanus. PazpaboraHa MeToauKa OLEHKH BpeMEHHM (hOpMHUpPOBa-
HUS TPEIIMH-1e()EeKTOB B 30HE OCIAOJIEHHBIX CBA3€M Ha IPAHULE COEIH-
HEHMs MaTepuasoB, OCHOBaAaHHAs Ha MOJEIN KOHLIEBOM 00JIaCTH TpPEIUHBI
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U KUHETHYECKOW TEOpHH TepMO(DIYKTYyallMOHHOTO pacmaza MOJEKYJsp-
HBIX CBsi3ed. MeTo/uka peaqu3oBaHa B BU/I€ YUCIEHHOTO alrOpUTMa pac-
YyeTa, OPUEHTHPOBAHHOTO HAa MCCIIEOBAHUE COEIMHEHUH MOIMMEPOB U
metasuia. [lonaraercs, 4To 4acTh TPEILIMHBI, 3aHATAs CBA3SIMU (KOHIIEBas
0011acTh), HE SABJISIETCA MaJOW MO CPaBHEHUIO C AJUHON TpeuuHsl. [Tpu
aHayu3e MpeieIbHOI0 PaBHOBECHUS TPEIMHBI HE HAKJIabIBAETCS yCIOBHE
paBeHCTBA HYJO KOA(pUIMEHTa UHTEHCUBHOCTH HAIPsDKEHUH, YTO IMO3-
BOJISIET pacCMaTpHUBaTh B paMKaX MOJICNIU CO CBS35IMH B KOHLIEBOW 00ia-
CTH TPEIIMHBI TAK)KE U KOMIIO3UIMOHHBIE MAaTEPHAJIbl C MOAKPEIUISIONIN-
MU BOJIOKHAMH.

Knwueswvie cnosa: gbopmupoeaHue mpewurn, KuHemuka, coeounenue ma-
mepuanos.

Paboma sevinonnena no meme 2ocyoapcmeennozo 3a0anus
(Ne cocpecucmpayuu AAAA-A17-117021310386-3).

Kinetics of crack formation on the material interface

© M.N. Perelmuter

Ishlinsky Institute for Problems in Mechanics RAS, Moscow, Russia
E-mail: perelm@ipmnet.tu

Abstract. A model of thermal fluctuation crack formation in weak-
ened bonds region on a material interface is proposed. The weakened
bonds region is modeled by a bridged crack whose properties vary in time
according to the thermal fluctuation mechanism. It is assumed that the
crack part occupied by bridges (the bridged zone) is not small compared
with the crack length. The stresses in the bridges and the kinetic depend-
ence of the bond density in the crack bridged zone are determined by solv-
ing a system of singular integro-differential equations. The condition for
the crack-defect nucleation is the decrease to the critical value of the aver-
age bond density on the corresponding part of the weakened bond region.

Keywords: crack formation, end region, thermal fluctuation fracture, in-
terface.
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Heauneiinoe nepopmupoBaHue ynpyromniacTuH4eCKuxX
0CeCUMMETPUYHBIX MeMOpaH
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AHHOTanMsA. PaccMOTpEHBI TEOPETUUECKUE OCHOBBI AJITOPUTMA pacye-
TOB TPOLECCOB Ae(HOPMUPOBAHUS YNPYTUX OCECUMMETPHUYHBIX MEMOpaH
C yueToM (U3MUECKON U reoMeTpudeckoil Henuueitnocteil. [IpencraBiens
9KCIUTyaTallMOHHBIE XapaKTEPUCTUKU OCECUMMETPUYHBIX MEMOpaH B pas-
JUYHBIX NPOMBINUIEHHBIX YycTpoiicTBax. llpencraBiena maremaTuueckas
MOJIETIb JUIsl ONUCAHUS MpoLecca HEIMHEHHOro 1e(OopMUpPOBAHUS OCECUM-
METpUYHBIX 0Oosiouek. Peanmn3oBan u anpoOupoBaH MOANU(UIIMPOBAHHBIH
METOJ, IPONOJDKCHHS PELICHHUS 110 TapaMeTpy Harpy »KEeHHUs, TO3BOJIAIONINN
MOJIETTMPOBaTh 3aKPUTUYECKOE IOBEJICHHE OOOJIOUEK U TPHEM «CMEHBI
MOJIPOCTPAHCTBA YIIPABIIONIMX IapameTpoB». Ha mpumMepe mapHUpHO-
orepToi cepuueckoid 00OJOUYKH BBINOIHEHO HCCIIEIOBAHUE 3aKpUTHYE-
CKOro MnoBeJieHHs. BeiOpaHa panmoHanbHas MaTeMaTH4eckass MOJENb JUls
OIMCAHUS HEJTMHEHHOro 1e(OpPMUPOBAHUS OCECHMMETPHUUYHBIX 00O0JIOYEK.
Ha ocHoBe pa3zpaboTaHHON MaTeMaTHUYECKON MOJAETH U BBIUYMCIUTEIHHBIX
ITOPUTMOB CO3/1aH ABTOPCKUH MPOTrPaMMHBIN KOMILIEKC, KOTOPBI MOXET
OBITh HCIOJIB30BaH IIPHU pacdeTax AJIEMEHTOB KOHCTPYKIMMH, MOABEPraro-
MIMXCS KOHEYHBIM J1e(hopMaLiusM, a TaKXKe MOXKET ObITh HCIIOJIb30BaH MpH
MOJIEJINPOBAHUH TEXHOJOTMUYECKUX MPOLIECCOB IPU U3TOTOBJIICHUH JEeTaleH
B IIPOMBIIIIJIEHHOCTH.

Knrwoueewie cnoea: nenuneiinoe oegopmuposanue, monKOCmMeHHAs Oce-
cuMmMempuunas 0060104Ka, MeMOpana, 3aKkpumuyeckoe nogeoexue, Ouc-
KpemHnoe nepexniouenue, npooodicenue no napamempy, cmeHa noonpo-
cmpancmea napamempos.

Nonlinear deformation of elastic-plastic axisymmetric
membranes

© S.A. Podkopaev, S.S. Gavrushin

Bauman Moscow State Technical University, Moscow, Russia
E-mails: podkopaevsa@bmstu.ru, gss@bmstu.ru

Abstract. The theoretical foundations of the algorithm for calculating
the deformation processes of elastic axisymmetric membranes are consi-
dered, taking into account physical and geometric nonlinearities. Perfor-
mance characteristics of axisymmetric membranes in various industrial
devices are presented. A mathematical model is presented for describing
the process of nonlinear deformation of axisymmetric shells. A modified
method for continuing the solution by the loading parameter is implement-
ed and tested, which allows modeling the supercritical behavior of shells
and the technique of ‘“changing the subspace of control parameters”.
The study of supercritical behavior is performed on the example of a
hinged-supported spherical shell. A rational mathematical model is chosen
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to describe the nonlinear deformation of axisymmetric shells. Based on the
developed mathematical model and computational algorithms, the author
created a software package that can be used for calculating structural ele-
ments that are subject to finite deformations, and can also be used for
modeling technological processes in the manufacture of parts in industry.

Keywords: nonlinear straining, thin-walled axisymmetric shell, mem-
brane, post-buckling behavior, discrete switching, continuation by param-
eter, change of the subspace of parameters.

IIpuMeHeHHEe aHATUTHYECKOI0 PACYeTa KHHEMATHYECKUX
XapPAKTEePUCTUK AaBTOMOOMJIBLHOI0 TPAHCIIOPTHOIO CPEACTBA
IPH KOCOM Hae3/e Ha 00KOBbIEC TPOCOBbIE OIPAMKACHUS
JJIS1 IPOBEPKH NMPABUJIbLHOCTH MOCTPOEHUS
KOHEYHO-3JIEMEHTHOM MO/IeJIM TPOCOBBIX OIPAKACHUM
U OLICHKU MACCUBHOM 0€30MaCHOCTH BOJAUTEJIsI / MACCAKUPA

© I'.I1. KosecaukoBa

BA PBCH uwm. Iletpa Benukoro, banammxa, Poccus
E-mail: kolesnikovagp@mail.ru

AnHoTtauus. IIperncraBieHa MeToauKa TPOBEPKU MPABUIHLHOCTH
pa3paboTaHHONW KOHEYHO-3JIEMEHTHOW MOJIETTH TPOCOBBIX OTPakIEeHUH
C HCHOJb30BaHUEM AHATUTHYECKH PACCUMTAHHBIX KMHEMATHYECKUX Xapak-
TEPUCTUK aBTOTPAHCIIOPTHOTO CpeACTBa. JlaHbI PEKOMEHAALIMH 10 TIPOLIE/TY-
pe TpOoBeIeHUs] BUPTYAJIHHOTO TECTa C LIEIbI0 MPOBEPKU MPABUIBHOCTH T10-
CTPOEHMSI KOHEUHO-DJIEMEHTHOW MOJENH, a Takke I[poaHaIH3HpOBaHa
BO3MOKHOCTb MCIOJIb30BAHUS AHATUTUYECKUX TPACKTOPUM B U3YyUEHHH I1ac-
CHBHOM 0€30macHOCTH BoAWTENs/maccakupa. KoHEUHO-JIEMEHTHOE Mojie-
JIMPOBaHHUE MPOBEICHO C MOMOILBI0 MHOTOLENIEBOI0 KOHEYHO-3JIEMEHTHOTO
komiiekca LS-DYNA. Hacrosiias pabota siBisieTcst IpoAoKEHHUEM HCCIIe-
JOBaHMIA, OIyOIMKOBaHHBIX B [1] 1 [2].

Abstract. An analytical calculation of the kinematic characteristics of
a motor vehicle allows both checking the correctness of the developed fi-
nite element (FE) model of cable barriers and can be used to study the
movement of a motor vehicle directly during the construction of the FE
model. In the article it has been provided recommendations on the proce-
dure for conducting a virtual test in order to verify the correctness of the
construction of the FE model of the cable barriers, and also it has been an-
alyzed the possibility of using analytical trajectories in the study of pas-
sive safety of the driver/passenger. FE modeling has been performed using
the LS-DYNA multipurpose finite element complex. The present work
continued researches which has been published as [1] and [2].
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HNH:keHepHBbIe MOAX0ABI K pacyeTaM CTPOUTEIbHBIX
KOHCTPYKIU npu 1 PepeHunpoBaHHOM
CEeCMHYECKOM JIBUKEHHHU I'PYHTA

© E.B. INozusik , A.M. bxanna

®I'BOY BO HNY «MDWy», Mocksa, Poccus
*E-mail (nokmagumka): pozniakyv@mpei.ru

AnHoTtanus. OOCyXmaeTcs WH)KEHEpPHAass METOJWKa pacdeTra CTPOH-
TEJbHBIX KOHCTPYKIUI JTMHEWHO-CIEKTPAIbHBIM METOJOM MPH BOJIHOBOM
T hepeHITIPOBAHHOM CEHCMUYECKOM BO3JICHCTBUY, a TAKXKE JIOMYIICHUS,
CBSI3aHHBIC C PACIPOCTPAHEHUEM CEHCMHUYECKUX BOJH, W HWH)KCHEPHBIC
npreMbl, 00ECTIeUYnBAIOIINE 3aMac MPOYHOCTH B YCIOBUSIX HEOMPEAEICHHO-
CTH BEJIMYMHBI TMKOBOTO YCKOPEHUS TPYyHTA U HAMIPABICHUS CEHCMUYECKO-
r0 BO3JCHCTBUA.

Knroueswie cnosa: celicmuueckue 80Hbl, TUHEUHO-CNEKMPATbHbIN MEmoO,
celicMuueckoe gozoelicmaue, ceticMuiecKue pomayuu

BBenenue. B HoBoii pemakiuu Cona mpaBuin 14.13330 [1], perna-
MEHTHPYIOUIEM pacyeTbl CTPOUTENBHBIX KOHCTPYKIMH Ha CEHCMOCTOM-
KOCTb, BIIEPBBIE MOSBUIIOCH YKa3aHUE HA HEOOXOIMMOCTh yyeTa BOJIHOBO-
ro XapakTepa CEHCMHUYECKOrO0 BO3JEWUCTBUS MPH 3HAYCHHSX (Da30BBIX
CKOpPOCTEH pacnpocTpaneHus ceiicmuaeckux BosH 10 400 m/c. merorcs B
BUIY BOJHOBBIE 3((EKTHI, CBA3aHHBIE C MPOXOXKICHHUEM CEHCMUYECKUX
BOJIH TIOJ] TIOJIOIIBOM (PyHAaMEHTa; B3aUMOJICHCTBUE KOHCTPYKIIMU C OC-
HOBAaHUEM U PACIpOCTPaHEHUE BOJIH BHYTPU COOPY’KEHHUSI CUUTAKOTCS OT-
JeNbHBIMU TIpoOJeMaMu. BoHOBOE NBHMKEHHE TPYHTA OIMCBHIBACTCS C
MOMOIIbI0 MHTErpajIbHON NUIATAIIMOHHO-POTAIMOHHON win auddepeH-
LMPOBAaHHOW MOJEJIEH IBW)KECHUS I'DyHTA. B MHTErpaJlbHON IHIIaTalMOH-
HO-POTAllMOHHON MOJIENH MpeJIoiaraercs, 4To o0beM IpyHTa noja ¢QyH-
JTAMEHTOM JIBUXKETCS KaK TBEPJO€ TEJO C IIECThIO CTENEHSMH CBOOOJIBI;
Takas MOJIeJIb IPUMEHSETCS AJISl COOPYKEHHUM Ha OYEHb JKECTKUX (QyH[a-
MEHTaXx.

B muddepennupoBanHoil MOAEIH CEHCMHUECKOE TPYHTOBOE JIBHIKE-
HUE 33J]a€TCsl BEKTOPHBIM I0JIEM KMHEMATUYECKUX MApaMETPOB, ONpELec-
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JCHHBIM B KaXXIOH TOuYke OCHOBaHUSA. Mojens nuddepeHIIpoBaHHOTO
JBWKECHHsI TPYHTAa NPUHMMAIOT B ClIy4asX, KOTrJa OJHOBPEMEHHO JeH-
CTBYIOT J1Ba (pakTOopa: 1) B CeKTpe BO3JACHCTBUS MpeobIagaloT KOPOTKHE
BOJIHBI C MaJbIMH JUIMHAMH (TI0 CPaBHEHHUIO C pa3MepaMu (yHIAMEHTA),
2) 3maHMe WIM COOPY)KEHHE MMEeT MOAATIMBBIN (yHIAMEHT WM yCTa-
HOBJICHO HAa TOYEYHBIX OITOPAX.

OcHOBHOH MeTOJ pacueTa KOHCTPYKIMM HAa CEMCMUYECKUE BO3/IEHUCT-
BUSI — JIMHEWHO-CIIEKTPATIBHBINM METOA. DTO KBAa3UCTATHUYECCKUN MOJaiThb-
HBI METOJ, B XOAE€ KOTOPOIO ONpPENENseTCs] MOJAlbHAs CelicMHYecKast
Harpys3ka, rnapaMeTpbl JUHAMHUYECKON peaklWH HaXOJAT B BHJIE OTKJIMKA
CUCTEMBI Ha 3Ty CTaTUYECKYIO Harpy3Ky, a pe3yJbTUPYIOIIYIO INHAMUYE-
cKyro peakuuro onpenessitoT mo npaBuny KKCK — «kopeHb KBaJipaTHBIN
U3 CyMMBI KBaJIpaTOB».

[IpumeHeHune IMHEHHO-CIEKTPaAIbHOTO MeToAa Ui AuddepeHIMpoBaH-
HOT'O BOJTHOBOT'O JIBIKEHUSI TPYHTA 3a PyOe:KOM HEU3BECTHO, OTEUECTBEHHbIE
Hay4HbIEe IIKOJIbI MOKa Brepend. B Hactosmielt pabore paccMarpuBaeTcs
NPUMEHEHHE JIMHEWHO-CIEKTPAIBHOI0 MeToja mpu IuddepeHInpoBaHHOM
CEMCMHUYECKOM BO3JICMCTBUM M CBA3aHHBIE C HUM HMH)XCHEPHBIE NOJIXOMABI U
JOIYLICHUS.

Pacyernble napamerpbl AH(PPEepeHLIUPOBAHHOIO BO3ACHCTBHA.
HuddepeHurpoBanHoe ceCMUUECKOE BO3ACHCTBHE TepeaaeTcsi Ha KOH-
CTPYKLIMIO B BHUJE KUHEMATHYECKOTO BO30YXKIECHHUS KECTKO 3aJeIaHHbIX
B IPYHTOBOE OCHOBAHME OIIOp, IPUYEM T'PYHT B 30HAX ONMPAHUS MOXKET
JBUTATbCS MOCTYIMATENIbHO U COBEpLIaTh YIJIOBbIE (POTALMOHHBIE) Iepe-
MenieHus. s KOHCTPYKIUMU € 7 CTENEeHSMH CBOOOJbI, MMEIIIeH p

ONOPHBIX TOYEK, CBA3aHHBIX C OCHOBAaHMEM, JBIKCHHE T'DYyHTa B 30HE
ONMpaHUs i-i ONOPHOW TOYKH (xll-,le-,x3l-) (i=1, ..,p) onucsiBaercs

BEKTOpaMH a0COJIOTHBIX TOCTYTMATENbHBIX W POTAIMOHHBIX TEepeMeIe-
HU, CKOPOCTEW, YCKOpEHUl. BEeKTop yCKopeHui NmoCTynaTeabHOIO JABHU-

v (), e ‘XIO‘ — ero

JKEHHUs B [ - TOUKE paBeH X? (t,xli,xzi,x3l-) = ‘X?
X x x x\
Monyns; Vi (t)=(vii Vi Vi BEKTOP HAalpaBJICHUA IIOCTYIIa-

TEJIbHOTO BO3JICUCTBUS. BEKTOp pOTAalMOHHBIX YCKOPEHHUHA B COOTBET-

.0 |0
CTBYIOIIMX OOO3HAYCHUSAX paBEH @, (t,xli,xzi,x3l-) —‘ui ;

v (7). 3a muxo-

BbIC YCKOPEHHS IOCTYINATEIbHOTO W POTALMOHHOIO JBWKECHHUS B [-U
TOYKE NMPUHUMAOT MAKCUMAJIbHbIE 3HAYEHUSI MOJAYJIEH BEKTOPOB IOCTY-

ull= max‘('i?‘.

e X <0
MaTCJIbHbIX U POTAIIUOHHBIX YCKOPCHUU I ; —max ‘Xl

[Ipu pacuerax Nmo JMHENHO-CHIEKTPAIIBHOMY METOJYy BEKTOpP YCKOpe-
| .
HUM (], W HaNpaBJIAIOLUE KOCUHYCBI BO3IECHCTBHS IPUHUMAIOTCS MOCTO-
SHHBIMH BO BPEMEHH:
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X
4, =1 -v, =const;, v, =| ' |=const. (1)
a
WiV
y X
3nech V; — OOBCAMHEHHBI BEKTOpP HAIpPABISIOLINX KOCHHYCOB Vi H
. _Jo /X
vi's w,=1I/I; — oTHOCHTENIbHAsh HHTCHCHBHOCTb YIJIOBOTO yCKOpe-

Hus. [Ipu 3agannu HampaBlieHUN BO3ACUCTBUS MPUMEHSIOT He(DU3NUHBIH,
HO HAJICKHBIM MHKEHEPHBIM MOAXOJ — HAIIPaBJIECHUS ONPEHEISAIOTCA U3
YCIIOBUS MaKCHMyMa AWHAMHYECKOM PpEaKIMH KOHCTPYKLMH, 3TO TaK
Ha3bIBa€MbI€ OMACHBIE HAMPABJIEHUS CECMUYECKOTO BO3/IEHCTBUS.
[IpocTpaHcTBEHHOE pacnpeleeHHe KHHEMaTHYEeCKMX IapaMeTpoB
TOYEK IpyHTa 3a/aeTCs OTHOCUTEIbHO E€IUHCTBEHHON TOYKUM — TOYKH
npuBs3ku. HazHaunM TOYKON MPUBSA3KH MEPBYIO ONOPHYIO TOUYKY C BEKTO-

.0 L0
poM nepemelneHuil q; u yckopenui (;. CoruacHo (1), B Touke npuBs3KH
BEKTOP YCKOPEHMI BBIpAKaeTCs uyepe3 MUKOBOE YCKOPEHUE MOCTyIaTeb-

X o o
HOIro JIBHXXCHUAA Izll M BCKTOP HAIIPaBJICHHHU BO3ACHUCTBHUA Vi

..0 _
4y (x5, %3 ) = Iv,.

Jus i-i OIOpHOW TOYKM, 3aJaHHOW BEKTOPOM rl-:(xll-, Xy, x3i),
BBOJUTCSA MAaTpHla, 3aJarollas INPOCTPAHCTBEHHOEC HW3MEHEHHE YCKO-

peHMii TI0 OTHONIEHMIO K TOYKe NpuBsA3KH [2]: T£6X6] =T, (r;)=

=diag(T,;, Ty;..Tg; ), Tae |
vh/(IIX\/1 R T4l —Ivah/<I1 W1V11)

T,; IXVZZ (IlXV 1) Ts; =1; WVzl/(Ilel"gl)’

= [XV3I/([XV31) T = Il.le.vg‘i/(Ilelvg‘l) .

B 31X 0003HaYeHUAX MOTHBINA 6 p -MEpHBIN BEKTOP YCKOPEHHIA ('jo:

ijo = [Tv = const, (2)

T
e TLOPP] _ dlag( T[] Tz,...,Tp), v[()’”]=(v1 v, .. vp).

KoauuueHnTsl IUHAMUYHOCTH TakXe MOTYT OBITh pPa3sTUYHBIMU

B Pa3HbIX TOYKAaX OCHOBAHHUs. [[BM)KEHUIO i-U OMOPHOW TOYKH COOTBET-

CTBYET IIECTUKOMIIOHEHTHBIH BEKTOp CIEKTPAJIbHBIX KO3(PPHUINEHTOB
T

munavmaroctn B, (Q)=(B; By By By Bsi Bg) . B mmkenep-

HBIX pacyeTax OObIYHO NMPUHUMAIOT €JUHBIN KO3(PPUIHUEHT AMHAMUYHO-
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CTH JJI BCEX KOMITIOHEHT BO3JIeHCTBUSI — JnOo 1o orubarorieit K], mu6o
KaK MaKCHUMAJIbHBIA 3JIEMEHT BEKTOpa B(Qk): B, = max(B(Qk )), rjae

), — cobcTBeHHas uactora k-i Qopmsl konebanuil. OgHako cymie-

CTBYIOT MOJXObl, IPUHHUMAIOIIME BO BHUMaHHE MPOCTPAHCTBEHHOE W3-
MEHEHHE CIIEKTPAILHOT'O COCTaBa BO3/ICUCTBHUS.

YpaBHeHUs] OTHOCUTEJIbHOIO IBMKeHHs. Y paBHEHHE aOCOIIOTHOTO
JBUKEHHSI CUCTEMbI C /1 CTENEHSMHU CBOOOJBI 10 MHOTOMEPHBIM KHHE-
MaTHUYECKUM BO3JICHCTBUEM, MEPENAIONIUMCS Ha KOHCTPYKIHIO Yepe3 p

OIMIOPHBIX TOYECK, UMECT BHU/]
Mqabs + Bqabs + anbs = _quO _Bqu’ (3)
[n]

TI€ (;;, — BEKTOp aOCOIIOTHBIX 0OOOIIEHHBIX NIEPEMELICHUI; q["] — BEK-
TOP OTHOCHTENIBHBIX OOOOIIEHHBIX NepeMelleHU (B MOABWKHONU CHCTEME

KOOPJIMHAT, BMOPO)KEHHON B OCHOBaHHE); M["Xn], B["X"] U K["X”] — Mmar-

[n><6p]

PpUllbl UHCPIUH, ,Z[GMH(I)I/IPOBaHI/I}I N KCCTKOCTU KOHCTPYKIHH; K 5 ,

nx6
B[s p] — MaTpHUlbl )KECTKOCTU U ,Z[CMH(I)I/IpOBaHI/IH CUCTEMBI OITOPHBIX JJIC-

oor] 5 golor]

B OINOpPHBIX TOuKax. [Ipu mepexone K OTHOCUTENBHOMY IBHKECHUIO, YUUTHI-
Basl YCJIOBUS PAaBHOBECUSI KOHCTPYKLIMHU B OIOPHBIX TOYKAX, U MPH JOIyIle-
HHUU MaJIOro BHYTPEHHErO JIeMI1(pUPOBaHUS YPaBHEHUE JBHKESHUSI IPUHIMA-
€T BUJ, YJOOHBIA IS MPUMEHEHUS JIMHEHHO-CIIEKTPAIILHOTO METONa TIPH
3aJaHHOM IIMKOBOM YCKOPEHHUH I'PyHTa!

MEHTOB; (| — BEKTOPbI MEPEMEILCHUNA U CKOPOCTEH TpyHTa

Mg +Bq+Kq=-M,j’, 4)

rne MI™?) = _MFK_, F=K".

Ceiicmuyeckasi Harpy3ka. Jlns pemeHust JUHAMUYECKUX YpaBHEHUN
BHa (4) MPUMEHSIOT METOJ] Pa3jI0KEeHUs IO COOCTBEHHBIM (hopmam, To-
npooHo cM. B [3]. CeiicmMuueckass Harpyska S=Kq onpenensercss s

i -i1 00001IEeHHOW KOOPAUHATHI U k -i1 hopMBbI KOeOaHUI:

T
\AA\ |

Sy = By Im, =Tv,,

mod,k

IrJie BEKTOpP-CTPOKa M; €CTb i -5 CTpOoKa MaTpuubl uHepuuu M, i=1,....n.

3akiouenne. B pabote mpuBeleHBI OCHOBHBIE TEOPETUYECKHUE BBI-
KJIQJKH, TO3BOJISIIOIIME TPOBECTH pacydeT JIMHEHHO-CIEKTPAIbHBIM METO-
noM Ha auddepeHIpoBaHHOE CEeMCMUYEeCKOe BO3eicTBHE. DJTa 3aaadya
CBsI3aHA C PEIICHHEM BaXHOW MPOOJIEMBbI — MOJCTHPOBAHUEM ITPOCTPaH-
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CTBEHHO-BPEMEHHBIX TOJEH KHHEMaTHYECKUX MapaMeTpPOB JBUKCHUS
TpyHTa U MOJYy4YEHHEM aKCelleporpaMM B Pa3IUYHBIX TOYKAX IPYHTOBOTO
OCHOBaHUsA. JIOCTM>KEHHSI COBPEMEHHOM CEHCMOJIOTUU TO3BOJISIIOT MOJIY-
YUTb B XOJI€ IETAILHOTO CEHCMHUYECKOTO palloHMpoBaHUs OoJiee Uil MEeHee
JIOCTOBEPHYIO OLIEHKY MHUKOBBIX YCKOPEHHMI Ha IUIOIIAJIKE CTPOUTENLCTBA,
CHEKTPAJIbHOTO COCTaBa BO3JEHCTBHS, CHHTE3UPOBAaTh MHCKYCCTBEHHBIE
akceneporpaMmbl. Bo3Mo)kKHbIE HEOITPEIEICHHOCTH UCXOIHBIX JaHHBIX Ie-
PEKpPBIBAIOTCS MHXKEHEPHBIMU IIPUEMaMU, HallpuMep, NMPUMEHEHHEM KOH-
LENIUU ONAacHBIX HAIMPaBJICHUNA CEMCMHUYECKOTO BO3AECUCTBUS WM UCTIONb-
30BaHMEM MAaKCHMAJbHBIX KOX(PQPHUIMEHTOB JWHAMHYHOCTU. Takum
obpazoMm, JICM octaercsi caMbIM HaJEKHBIM HHKEHEPHBIM METOJOM TIPO-
€KTUPOBAHMS CTPOUTENIBHBIX KOHCTPYKLIUH.
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Engineering approaches to analysis of civil structures
under differential seismic ground motion
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Abstract. The report discusses the engineering methodology of struc-
tural seismic analysis using the Response Spectral Method for wave dif-
ferential seismic action, as well as assumptions related to the propagation
of seismic waves, and engineering techniques provided structural safety in
conditions of uncertainty of the peak ground acceleration and the direction
of seismic impact.

Keywords: seismic waves, response spectral method, seismic action, seis-
mic rotations.

References

1. SP 14.13330—2018. Stroiyel’stvo v seysmicheskikh rayonakh [Seismic building
design code].

2. Nazarov Yu.P. Rastchetnye parametry volnovykh poley seysmicheskikh dvizheniy
grunta. [Calculated parameters of wave fields of seismic ground motions]. Moscow,
Nauka Publ., 2015, 401 p.

Huorcenepnotit scypnan: nayka u unnosayuu # 4-2021 155



Dynoamenmanvhvie u npuKkiIaouvle 3a0aqu mexanuku. Mamepuanvl kongepenyuu. Yacmo 2

3. Nazarov Yu.P., Poznyak E.V. Response Spectrum Method for integrated and differ-
ential spatial seismic ground motions. Soil Dynamics and Earthquake Engineering,
2018, vol. 108, pp. 69-78.

Ocol0eHHOCTH yyeTa pacnpeaeseHIs] HANPAKEHUI
B JIeCHe IPH MOJeJIMPOBAHUM
MOKPbIBHBIX MIPOTE30B THIA «CIHABHY»

© T.B. INonskoBa

KU PAH, Mocksa, Poccus
MI'TY um. H.D. baymana, Mocksa, Poccust
E-mail: tpolyakova@bmstu.ru

AHHOTamusi. PaccMOTpeH MpoTe3 «COHABUY» C OMOPOM HA PE3IIbI.
[onmyuens! HanpskeHus B JecHe. [locTpoeHne BUPTyalbHOU TpeXMEPHOM
MOJIETI OCYIIECTBIISICTCS B CPEZe CIEIHAIN3UPOBAHHBIX IPOIPAMMHBIX
KomIiekcoB (Amira, Mimics, Geomagic). Pacuersl ObUIM BBITOIHEHBI
B Cpefie NMPHKIAJHOTO MPOTrPaMMHOTO KOHEYHO-3JIEMEHTHOTO KOMILIEKCa
ANSYS.

Knroueevie cnosa: npomes «conosuwy, Memoo KOHEUHbIX dNeMEHMO8, (a-
cCemmas Mooeb.

B nepBoM BapuaHTe NMpOTE3 MOJHOCTHIO OMMPAJICS CBOMM 0a3UCOM Ha
QJIBbBEOJISIpHBIN TpeOeHb. Bo BTOpoM BapuaHTe MOMHUMO aJbBEOJSIPHOTO
rpebHs Harpy3ka 4acCTMYHO BOCIPUHUMAJIACh OJMHOYHO CTOSIIIUM 3yOOM,
o0ecIieunBaroOIIM KpEIJICHHEe TpoTe3a ¢ MOMOILIbI0 (PUKCUpYIOMEH Ko-
POHKU. AHAJIM3UPOBAIM pe3yJIbTaThl PACHpPEENICHUs] HKBUBAJIECHTHBIX
HaNpsDKEHUHN B CIIM3UCTOM JECHEBOM CIIO€, XapaKTEepU3YIOILHeE AaBICHHE,
OKa3bIBa€MOE Ha aJIbBEOJSIPHBIN TpeOeHb CO CTOPOHBI MPOTE3A.

B pe3ynbraTe npoBeAEHHOTO HCCIEA0BAHNS MOKHO YTBEPKIaTh, YTO
C MOMOUIbIO MOKPHIBHOTO MPOTE3a THIMA «CIHABUY» MOXKHO OOECIIEUHUTH
HAJISKHYIO (PHKCALNIO, HCTIONB3Ys OCTABUIMECS OJMHOYHO CTOSIINE 3yObI
WIN KOPHHU, NPH YCIOBUH UCIIONB30BaHUs WTH(TOBOTrO KpemiaeHus. [Toka-
3aHO, YTO UCIIOJIb30BAaHUS B KA4eCTBE OIMOPHI OJWHOYHO CTOSIIMX 3yOOB,
HPUKPBITHIX (PUKCHPYIOLIEH KOPOHKON, MPUBOJAUT K OoJiee pariiOHaJIbHO-
My pacHpefeieHUI0 >KEeBAaTEeIbHOM Harpys3kw, oOecreunBasi CHHKCHUE
JIABJICHUS] Ha CIIM3UCTBIN ClIOH anbBeossipHOro rpeOHs. Mcmonb3oBanue
(GuKCHPYIOIUX KOPOHOK MPUBOIUT K O0Jiee paBHOMEPHOMY paclpeserne-
HUIO HAIPSDKEHUHM B OKPY)KAIOLIMX 3y0 KOCTHBIX TKaHAX NpHU JEHCTBUU
OOKOBBIX U YTJIOBBIX Harpy30K [0 CPABHEHUIO C KIIAMMEPHOW (hUKCAIHEH.
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Features of accounting for stress distribution
in the mucosa when simulation sandwich denture

© T.V. Polyakova

Space Research Institute, Russian Academy of Sciences, Moscow, Russia
Bauman Moscow State Technical University, Moscow, Russia
E-mail (speaker): tpolyakova@bmstu.ru

Abstract. The sandwich denture with support on incisors is consid-
ered. Stress in the mucosa was obtained. The virtual 3D-model is built in
the environment of specialized software complexes (Amira, Mimics,
Geomagic). Calculations were performed in the environment of the ap-
plied software finite element complex ANSYS.

Keywords: sandwich denture, finite element method, facet model.

In the first version, the prosthesis completely rested its basis on the
alveolar crest. In the second version, in addition to the alveolar crest,
the load was partially perceived by a singly standing tooth, which provides
for the attachment of the prosthesis using a fixing crown. Results of distri-
bution of equivalent stresses in mucosal gum layer characterizing pressure
exerted on alveolar crest from prosthesis side were analyzed.

As a result of the study, it can be argued that with the help of
the sandwich- denture reliable fixation can be provided using the remain-
ing singly standing teeth or roots, provided that a nail is used. It has been
shown that the use of singly standing teeth covered with a fixing crown as
a support leads to a more rational distribution of the mastication load,
providing a decrease in pressure on the mucosa layer of the alveolar crest.
The use of fixing crowns leads to a more uniform distribution of stresses
in the bone tissues surrounding the tooth under the action of lateral and
angular loads compared to clammer fixation.
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AHaJIN3 HEPABHOMEPHOCTH BpallleHHsI BHIXOAHOI0 3BEHA
IUIAHETAPHOI0 MEXaHN3Ma
€ AJUINNTHYECKMMHU 3y04UaTBIMH KOJIECAMH
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AnHoTtanusi. PaccMoTpeHa [nByxpsAHas IUIaHeTapHas Iepeaaua
C JABYMS BHEIIHUMHU 3allCTUICHUSIMHU, MUMEIOIAs B CBOEM COCTaBe IMapy
WIMHIPUYECKUX U Mapy AIUTUOTHYECKUX 3yOuareix koiec. [loctpoena
KMHEMaTu4ecKkasi MOJIeJIb MEXaHU3Ma, B PE3yJIbTaTe aHaIu3a KOTOPOil Mmo-
Jy4YeHbl 3aBUCHUMOCTH KO3 PUIIMEHTa HEPaBHOMEPHOCTH BpAIllEHUS BbI-
XOJIHOTO 3BE€HAa OT COOTHOUIEHHUS PaIUyCOB IMJIMHAPUYECKUX 3yOUaThIX
KOJIEC MPHU Pa3IUYHBIX SKCIEHTPUCUTETAX Mapbl JUIMITUYECKUX 3yOda-
TBIX KOJIEC.

Knwoueevie cnosa: epawjamenvhoe 0sudicenue, HEpaGHOMEPHOE O8UICE-
Hue, LIUnmu4ecKue 3ybuamole Koaeca, KUHeMamuyecKul auaius, Koag-
Quyuenm HepasHOMEPHOCMU OBUNHCEHUA.

[lepenaun ¢ HEKPYIJIBIMU 3yOUaTBIMU KOJIECAMH TO3BOJIIOT peain3o-
BaThb pa3JIMYHbIE BUIbl JABW)KEHUS BBIXOJAHOIO 3BEHA: HEPAaBHOMEPHOE
BpanlaTenbHOE JBUKEHHUE [ 1], IBUKEHHE C OCTaHOBKAaMH [2], BO3BpaTHO-
BpamareiabHoe ABikeHue [3, 4]. B HacTtosmeil paboTe mcciemyercs Ku-
HEMAaTuKa JABYXPSAAHOH IJIaHEeTapHOW Nepefayd ¢ ABYMs BHEILIHUMH 3a-
LEIUICHUSMHY, BKJIIOYAIOUIEH Mapy LWIMHAPUYECKUX U Mapy 3JUIMNTHYE-
CKUX 3yOuaTbiX Koyiec (puc. 1). MexaHU3M COCTOMT W3 HEMOABHKHOU
ctoiiku 0, Tpex 3BeHbeB 1-3, BpaliarenbHbIX KHHEMaTHueckux nap A, C,
E u 3yOuaThix kuHeMatudeckux map B u D. B 3aBucumoctu ot BbIOOpa
paanycoB IWIMHAPUYECKUX 3yOUaThIX KOJEC MOYKHO IOJIYYMTh pa3ivd-
HbIE BUJBI IBUKEHUS BBIXOJHOTrO Baja (pHc. 1): HEpaBHOMEpPHOE JBHXKe-
HUE (Hampumep, R, >a+c); IBHUKEHHE C OCTAaHOBKAaMHU (HaIpuMep,

R, = a+c); BO3BpaTHO-BpalaTeIbHOE JBIKEHUE (Hanmpumep, R, <a+c).

B pesynbpTaTe mpoBeNeHHOrO0 KMHEMAaTHYECKOTO aHaJIn3a MOCTPOCHBI
rpaduku GyHKIUN yria TOBOPOTa BHIXOJHOTO Baja JAJsl MPEACTABICHHBIX
MEXaHU3MOB (puc. 2).

[lepcieKTUBHBIM HaIIpaBICHUEM MPAKTUYECKOTO MPUMEHEHUS Tpe-
CTaBJICHHBIX Tepead SBISICTCS pa3paboTKa Ha MX OCHOBE HMCIIOJTHUTEIh-
HBIX MEXaHH3MOB MEpeMEeIInBaoIuX ycTporcTB. [IpoBenennbie pa3nny-
HBIMHU aBTOpPaMHU HCCJICIOBAHUS TMOKA3bIBAIOT [5—7], 4TO HEpaBHOMEPHOE
IBUXKEHHE pabodero opraHa MEpPeMENINBaIOIIErO YCTPOHCTBA MO3BOJIUT
MOBBICUTh MHTEHCUBHOCTH TEPEMENINBAHUS B PEAKTOPE C MEIIAIKOM.
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OaHuM U3 mapaMeTpoB, XapaKTEPU3YIOUINX 3aKOH IBMKCHHS padouero
opraHa, siBJsieTcss KOO((UIIMEHT HEPAaBHOMEPHOCTH BpAIIEHHSI, KOTOPBIHA
oTpeeNsaeTcs CleayrmuM odpa3om [7]:

§= O3 max ~ D3min — U3 1max @1 — U31min D1 — U31max ~ U31min

3

03 cp U3 lep y U3 lep

TAC U3imax U U3imin — MAKCUMaJIBHOEC U MUHUMAJIHHOE 3HAYCHHS Tepe/ia-
TOYHOM (PyHKLIIMU MEXaHU3Ma, COOTBETCTBEHHO; U3|cp — CPEIHELHKIIOBOE
NepeaaTOuYHOE OTHOIICHHE MEXaHU3Ma.

Puc. 1. BapI/IaHTI)I IJIAaHETAapHOI'0 MEXaHU3Ma C SJUIMOTHICCKUMU 3y6‘{aTBIMI/I KoJIcCaMu
JUTA Pa3JINYHBIX BUAOB IBMKCHU .

a — HEPABHOMCPHOC NBUKCHUEC, 06— JBHUKCHHUE C OCTAHOBKAMH,
6 — BO3BPATHO-BPAIIATCIIbHOC JBUKCHUEC

—60 wupao

w
(%]
(8]
('S ]

Puc. 2. 'paduxy QpyHKIWIA yriTa TOBOPOTA BEIXOJHOTO Bajia
IUTSl TUTAaHETAPHBIX MEXaHU3MOB € Pa3IMYHBIMH pailyCaMH HMTHHAPHISCKUX KOJIeC
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[IpennoxeHHblE MEXaHU3MbI B 3aBUCHMOCTH OT T€OMETPUUYECKUX Ta-
paMeTpoB (paauycChl LMIMHAPHUUECKUX 3yOUaThIX KOJEC, IKCIEHTPUCUTET
naphl SJUTUITUYECKUX 3yO0UaThIX KOJIEeC) UMEIOT pa3InyHbIe 3HAUEHUS IKC-
TPEMYMOB NE€pPEeaTOYHON (DYHKIMH, a TaKkKe CPEeIHELMKIOBOIO Iepeja-
TOYHOT'O OTHOILIEHUS. BiusHNe reoMeTpUUEcKUX MMapaMeTpPOB MEXaHU3Ma
Ha KO3 (UIMEHT HEPaBHOMEPHOCTH BPALIEHUs BBIXOJHOI'O Baja IOKa3a-
HO Ha cienyromux rpapukax (puc. 3).

24

18

12

0 1 2 3 4 5

Puc. 3. I'paduxu 3aBucHMOCTel K03 PUIIEHTa HEPABHOMEPHOCTH BPAIICHHS BBIXOIHO-
ro Baja MEXaHW3Ma OT COOTHOIICHHS PAJNYCOB LIIHHIPUISCKUX 3yOUaThIX KOJIEC IS
Pa3THYHBIX YKCIICHTPUCUTETOB ILTUNTHYECKHX KoJec: e; = 0,28 |, e, = 0,475, e3=0,6

AHanu3 NpUBEACHHBIX 3aBUCUMOCTEH IMOKA3bIBAECT, YTO MEXAHU3MBbI
¢ OOJNBIIMMHU SKCHEHTPUCUTETAMH SJUTUNTUYECKUX 3y0UaThIX KOJec uMe-
I0T OOJIBIIIYI0 HEPAaBHOMEPHOCTh BPAILEHHS BBIXOJHOIO Baja MPU PaBHBIX
3HAYCHHSX COOTHOUICHHS R,/R,. TIpu OIMHAKOBBIX pajMycax IIHH-

JIPUYECKUX KoJiec KOA(h(UIIMEHT HEPaBHOMEPHOCTH BPAILEHHUS BHIXOIHO-
ro BaJla CTPEMHUTCS K OECKOHEUHOCTH, TaK KaK CPeJHEIMKIOBOE Tepe/a-
TOYHOE OTHOILIEHHUE B JAHHOM CIy4Yae paBHO HYJIO.

Hccreoosanue evinonneno npu ¢punancosoii noooepicke POOU
u aomunucmpayuu Kpacnooapckoeo Kkpas 6 pamkax Hay4Ho20 npoexma
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Analysis of the rotation irregularity of the output link
in the planetary mechanism with elliptical gears
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Abstract. The paper considers a two-row planetary gear with two
external gears, which has a pair of elliptical gears. A kinematic model of
the mechanism has been constructed, as a result of which the dependences
of the coefficient of rotation irregularity of the output link on the ratio of
the radii of the cylindrical gears at different eccentricities of a pair of ellip-
tical gears are obtained.

Keywords: rotational motion, irregular motion, elliptical gearwheels, kin-
ematic analysis, coefficient of rotation irregularity
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Bo3neiicTBue celiCMOB3PBIBHBIX BOJIH HA KYyCOYHO-
OJHOPOJHOE HMJIMHAPHYECKOE TeI0 C s KMAKOCThIO, HAX0/A-
meecs B AepopmupyemMoii cpene
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AnHoTanusi. PaccMoTpeHa 3amada BO3JAEHCTBUS BOJIH B IPOTSIKCH-
HBIX Telax C KUIKOCThIO. OOHApyKEHBI HEKOTOPHIE MEXaHHUYECKHE (-
¢exTsl. Hanpumep, Korja MCTOYHUK CEHCMMUYECKHX BOJIH HAXOIUTCS HA
PacCTOSIHUU MATU-AECITU PAgUyCOB OT LWJIMHAPUYECKOTO TeJa, BHICOKO-
YaCTOTHBIA XApaKTep M3MEHEHUS KOHTYPHBIX HAIIpSIKEHUMN, BO3IECHCTBY-
IOIIMX Ha BHYTPEHHIOIO CBOOOHYIO TIOBEPXHOCTh, XOPOIIO AlPOKCUMHU-
pytrca ¢ pemieHMEM Ui IUIOCKOM BOJIHBL. Taxke pemieHsl 3aJadu
B3aUMOJICHCTBUSA U AU(PPAKIUN CEHCMUUECKUX BOJIH INIyOOKO 3allo’KeH-
HBIX NIPOCTPAHCTBEHHBIX LWINHIPUUYECKUX 00O0JIOUYEK C yUETOM BHYTPEH-
Hell xuakoctu. OOHapyKEeHO, YTO MAaKCUMAJIbHOE HAIPSKEHUE, BbI3BAH-
HOe B O€TOHHOI 000JI0UKe, JISKAIIEeH B MATKOM TPYHTE, IPOUCXOTUT H3-32
HOTNEPEYHBIX TOPU3OHTAIBHBIX BOJIH, YTO 3HAUUTENIBHO OOJIBIIE, YeM Ipo-
JOJIbHBIE U TIOTIEPEYHbIC (PPOHTANIBHBIE BOJIHBI, BMECTE B3ATHIC.

Knrouesvie cnosa: obonouxa, 6onHa, ougpakyus, HCUOKOCMb, MASKUL
epyHm.

WNurerpo-nuddepennpanbuble ypaBHEHUS JBUKEHHUS KYCOYHO-OJIHO-
POAHOTO LMJIMHIPUYECKOTO TeJla C JKUIKOCThIO MPHU OTCYTCTBHU Macco-
BBIX CHJI UMEIOT BUJ:

2

(A, +2f1;)graddivii, — firotrotii, + b, = pjasz,j =2,4,.,N+1; (1)

o%ii

1.
? , k:1,3, ,N, A(PO__Q([')O:O; (2)

0

2
LE[;:—(I hOVO) ”+p0(1—v(2))
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A fO=no,| fO)= [ RO (=1)f ()dx |,

i,/ @0 =no,| SO [ ROG=1) /(D)7 |;
- (3)

t
Ef (t)=Eq| f(t)- ,[ Ry (t-7) f(t)dr |,
w _ VeU=VOERE oo _ REA=vi)eip,
1 Rl P hle .

3nech 71]-, i, n E

. — OIEpaTopHblE MOIYIM YIpyroctd; FE, —
MTHOBEHHBI ~ Moayns  ympyroctd  FOura; u=u (ur,ue,uz) u

uj =uj (urj,uej,uzj) — BCKTOp CMCHICHUA 000JIOUKH H cpeabpl; @Oy —

MOTEHIMAN UICATBHON JKUIAKOCTH; P ; — IUIOTHOCTh MATEPHAILHOTO
ciost; P — IUIOTHOCTb MaTepuana 00onouky; b, — oObeMHas Harpyska
(b ;=0); f(f) — HenpepbiBHAs (YHKLHS, Rg)(t—t), R}(l’)(t—r) u

R}Ei)(t_r) — sjpa peJaKcaluu; }“ojauoj MI'HOBCHHBIC MOAYJIN

YIPYTrOCTHU CJOSl U OKpY>Karolleil ee cpeabl; £, — MIHOBEHHBIN MOIYJb

YIPYTOCTH 000JI0UKH. [Ipu BBIYHCIICHUH UCIIONIb3YETCS
TpexmapaMeTpuueckoe sAnpo penakcanuu KonryHoBa — PkanunbiHa

—B, ¢ 1—
R (1) =Ae Pkt /- | Ha xoHTaKTe AByX TeJ CTABHTCS YCIOBHE KECTKO-

ro (WiM ckomip3siero) KoHTakTa. CBOOOJHBIE IOBEPXHOCTHU CJIOEB
cBOOOAHBI OT ycunuii [1].
BonHoBoe ypaBHEHME B MOTEHLMANaX MEPEMEIIEHUN yAOBIETBOPSAET
Ha OECKOHEYHOCTH 7 — 00 YCIOBHIO U3lyueHHus 3ommepdenbaa [2].
PacnipocTpansitonuecss BOJHBI B Cpelie MOTYT OBITh B CIIEIYIOIIEM
BUJIE:

. _— -
<p§’v)+1 = (P(N+1)0”TH£ )(OCN+1 rye . 4)

JUia pemeHus 3afadd B IMOTCHOMANAX NEPEMEIICHUI MPENCTaBUM
BEKTOp IIEPEMELICHUN B BUJIE

u; =grade; +roty;,

e ¢, — MOTECHUMA NPOAOIBHBIX BOMH; W ;(0,0,y) — BEKTOpHBIA MO-

TCHIHAJI MMONICPCYHLIX BOJIH.
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VYpaBHenus ABwkeHus (1) Teopuu BSI3KOYNPYTroCcTH B 3a/adax ILIOC-
Ko gedopmariii  CBOAATCS K ClenyromeMy uHTerpo-nuddepen-
UATFHOMY YPaBHEHHIO

t t
(koj +2M0_,-)V2(Pj —y) J. Rﬁ")(t—r)vchjdr—Zuoj J. Rﬁ")(t—r)vchjdr =

o, B Ay B 0% .
=P 5 MgV —Hy J. RELJ) (t=1)Viydr=p;—%,
ot e ot
)
rae V2 — nuddepeHiuanbHele OnepaTophl B LHIHHAPHYECKUX KOOPIH-
Hatax; v; — Koopduuuent ITyaccona.

Pemienue ypaBHeHus (5) MOXKHO UCKATh B BUJIE

0,;(r,0,0) =3 g’ (r)cos(nd)e™"";
k=1
- N W (s ior.
W) (0.0 =24 ()sin(r0)e ™

8 (R,0,0) = D Vi (Ry)sin(nB)e ™
k=1

wO(R,,0,6) = W, (R,)cos(n@)e ",
k=1

rae q,(g("’)(r,ﬁ) U q,(q‘.") (7,0) — xomIuIeKCHBIE PYHKINU. 3a/1a4u CBOIATCS K

PEIICHUIO HEOAHOPOIHBIX aJIreOpanvecKnX ypaBHEHUH C KOMIUICKCHBIMU
K02 (ppunreHTamu.

AHanM3UPYIOTCS BBIHYKJICHHBIC KOJEOAHUS MUIUHAPUICCKUX Tell
pyu BO3ICHCTBUM TApMOHMYECKUX LMIMHAPUYECKHX BOJH. HampspkeHus
U CMCIICHHS OMNpPEACIIAI0TCS 4Yepe3 crernuanbHble GyHKIuu beccens u
Xankenst 1-ro u 2-ro pona. [lpy mogydeHUM YHUCIECHHBIX PE3YJIbTATOB
HaWJIEHO, YTO TOYHOCTH IOBBIIIAETCS C YBEJIMYCHHEM YHUCJIa YWICHOB psi-
J0B. B JUITMHHOBOTHOBBIX 00JACTSIX paclpeesieHus] HalpsKeHUH TPyOBI ¢
KUJKOCTBIO U 0€3 KUIKOCTH OTIu4arTcs 10 14 %, a B 00macTsx KOpoT-
KHUX BOJIH MPU HEKOTOPBIX 3HAUYEHUSAX YaCTOTHI OHU OTIMYaroTcs A0 40 %.
KoHTypHBIe HampspkeHUsT Ha CBOOOTHOW MOBEPXHOCTH IHUIWHIPHUCCKUX
Tel JOCTUTaloT CBOEro MaKCHMAalbHOTO 3HadeHws mpu O =45° u 135°
Ipv BO3JCHCTBUM TIOMEPEYHBIX BOJH. PacmpeneneHue KOHTYPHOTO
HanpspkeHuss npu BiR; =0,099 mnoutu coBmamaer co CTATUYECKUM

pe3yiIbTaToM, a pU NOBBIIICHUH 3HaYeHUs BOJTHOBOro uncna (B;R, =1,5)

PE3KO OTIINYAETCS OT CTATHYECKUX PE3YIIbTATOB.
Paboma svinonnena npu noooepocxe epanma PY3 OT-D4-01.
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Impact of seismic explosive waves on a piecewise-
homogeneous cylindrical body with a liquid
in a deformable medium
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Abstract. Problems of wave action in extended bodies with liquid are
considered. Some mechanical effects were found. For example, when
the source of seismic waves is at a distance of five to ten radii from a cy-
lindrical body, the high-frequency nature of the change in the contour
stresses acting on the internal free surface is well approximated with the
solution for a plane wave. Also, the problems of interaction and diffraction
of seismic waves of deeply embedded spatial cylindrical shells, taking into
account the internal fluid, have been solved. It has been found that the
maximum stress caused in a concrete shell lying in soft soil is due to shear
horizontal waves, which is much greater than the longitudinal and shear
frontal waves combined.

Keywords: shell, wave, diffraction, liquid, soft soil.

Integro-differential equations of motion of a piecewise-homogeneous
cylindrical body with a liquid in the absence of mass forces have the form:
2—

(7:]. +2p;) graddivi, — firotrotu, +5j = p_/%, j=2,4,.,N+1; (1)

2
o ¢

- 2 b
LEii =wﬁ+po(l—vg)[a@i], k=13, ..,N; Ag, —izqso =0; (2)
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WIOE xo,[f(t)— f Ri”(r—r)f(r)dr}

Hof() = Ho{f(f)— J- R (1~ T)f(T)dT}
tiw 3)
Ef (t)= Eo{f(t)— '[ R, (t- r)f(t)dr};

(1_ Vi)clszz , B(ZK) — sz(l _Vi)clzpl )

x Y
B( ) — K
1 Rl hle

Here, A joi; and E, are the operators of elastic moduli; E,is the
instantaneous modulus  Young's elasticity; ﬁzﬁ(ur,ue,uz) and
ﬁj Zﬁj(u,j,ugj,ug) — vector-displacement of the shell and medium; @,
— potential of an ideal fluid; p ; — the density of the material layer; p,
— the density of the shell material, b, — volumetric load(b,=0); f(¢)
— continuous function; RY’(t—1), R{’(t—1) and R{’(t—1) — relaxation
kernels; A,,p,, — instantaneous moduli of elasticity of the layer and its
environment; £, — instantaneous modulus of elasticity of the shell. For
calculations used the Koltunov — Rzhanitsyn’s three-parameter relaxation
kernel R, ()= Ae ™' /1. The conditions of rigid (or sliding) contact
are set at the contact of two bodies. The free surfaces of the layers are free
from efforts [1].

The wave equation in the displacement potentials satisfies the
Sommerfeld radiation condition at infinity » — oo [2].

The propagating waves in the medium can be in the following form:

(i) _ ; H(l)( _) —iot 4

Ot = Pyt ™L, Oy F)e . “4)

To solve the problem in displacement potentials, we represent the
displacement vector in the form:

u,=grado,; +roty,,
where ¢; is the potential of longitudinal waves; v ,(0,0,y) — vector

potential of transverse waves. The equations of motion (1) of the theory
of viscoelasticity in problems of plane deformation are reduced to the
following integro-differential equation
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'y ry 82q>
(K0j+2unj)V2(pj—k0ij§J) (t—r)Vz(pjdt—ZuojJ.R}(l’)(t—r) @,dt=p, P
i} - ) BTl
M,V 1y, I RV (1-1)V*§,dr=p, GTZJ’
(%)

where V* are differential operators in cylindrical coordinates and v, is

Poisson's ratio. The solution to equation (5) can be sought in the form

¢, (r,0,1)= Zq,iw)(r)cos(ne)e ot
v, (r,8,0) = Zq,gw(r)sm(ne)e for |

8(R,.0,1) = Z Ve (R,)sin(nB)e ",

k=1

w(R,,0,1) = Z W, (R,)cos(nB)e ™",

where qk‘”) (,0) and q,(c‘“)(r 0) are complex functions.

The problems are reduced to solving inhomogeneous algebraic
equations with complex coefficients.

Forced vibrations of cylindrical bodies under the influence of
harmonic cylindrical waves are analyzed. Stresses and displacements are
determined through special Bessel and Hankel functions of the 1-st and
2-nd kind. When obtaining numerical results, it was found that the
accuracy increases with an increase in the number of members of the
series. In long-wavelength regions, the stress distributions of pipes with
and without liquid differ by up to 14%, and in the regions of short waves
at some frequency values they differ by up to 40%. Also, the contour
stresses on the free surface of cylindrical bodies reach their maximum
value under 6=45°and under 135° the action of transverse waves.
The distribution of the contour voltage at f,R, =0.099 almost coincides

with the static result, and with an increase in the wavenumber value
(B,R, =1.5) it sharply differs from the static results.

This work was supported by the Grant of the Republic
of Uzbekistan OT-F4-01.
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Pemenne nioCKOHANPAKEHHBIX 3a1a4
HEJIOKAJbHOM TEOPHH YIIPYTrOCTH
METO0I0M KOHEYHBIX 3JIEMECHTOB

© I'.H. KysBeipkun, 1.}O. CaBenbeBa, A.A. CoKoJI0B"

MI'TY um. H.D. baymana, Mocksa, Poccus
*E-mail (noxmnanunka): Zokolof@yandex.ru

AHHoTamusi. Ha ocHOBe Mozeny HENIOKaJIbHOW TEOPUU YIPYTrOCTH
PacCMOTPEHO PEILICHHUE IUIOCKOHANPSIKEHHOU 3a1a4d B IIPSIMOYT'OJIBHOU
oOmactu. Mcrons30BadHue MoaxomoB OOOOMIEHHON MEXAHUKH CIUIOIIHON
cpelsl TO3BOJIMIO y4decTb OS((EKThl HENOKATbHOCTH Cpeabl IO
MPOCTPAHCTBY U MOJYYUTh B KaueCTBE OIPENESIONINX COOTHOIICHUN
UHTErpo-TudPepeHINaIbHbIe  YPaBHEHUS, K KOTOPBIM TNPUMEHUMBI
XOpOILIO M3YyYEHHBIE YHCICHHBIE METOJbI, B YACTHOCTH METO] KOHEYHBIX
AJIEMEHTOB.

Knrouesvie  cnosa:  cmpykmypHo-uyecmeumenvHbvie  Mamepuaibl,
HeNOKANbHASL YNPY20CHb, MEMOO KOHEUHbIX 2JIeMEHMO8.

Beenenne. Co3naHue CTPYKTYPHO-UYBCTBUTEIBHBIX MaTEpUANIOB C
YHHUKQJIBbHBIMU (PU3UKO-MEXaHMUYECKMMH CBOMCTBAMM SIBJIIETCSI OJTHOU U3
NPUOPUTETHBIX 3aJad4 COBPEMEHHOI'0 MamMHOCTpoeHus. OpaHako mpu
pPacCMOTPEHMM TAKMX MAaTEpUaoB KJIACCHUECKUE 3aKOHBl MEXaHHKH
CIUIOIIHOW  cpeAbl MepecTaroT  padoTaTh, MOITOMY  MPUXOIUTCS
paccMaTpuBaTh JIpyrue MaTeMaTHYeCKHUE MOJEIH, KOTOpPbIE MO3BOJISIOT
YUYECTh JOMOJHUTENIbHBIE 3((PEeKThI, KOTOpbIE B HUX BO3HUKaIOT [1, 2]. B
JAHHOM paboTe paccMOTpeHa MOJENIb TEOPHH YIPYTOCTH, MO3BOJIAIOLIAS
yuecTb 3((eKTbl HEeTOKaTbHOCTH CpeAbl IO MpOCTpaHCTBY. JlaHHas
MoJiesIb 0000IIaeT UeH MEXaHUKHU CIJIOLIHOM cpelibl Ha cpelly ¢ MHUKPO-
U HAHOCTPYKTYpOH, UTO TO3BOJIIET ONHUCHIBATH €€  HHTErpo-
nuddepeHInaTbHBIMUA YPAaBHEHUSIMH.

IloctanoBka 3agaum. PaccMoTpuM  ypaBHEHHE  paBHOBECHs
CIUIOIIHOM CpeJibl, KOTOPOE UMEET CIAEAYIOLIUN BU:

dive + b = 0,

IJIe TEH30p HANpPsDKEHUH O ONpeeNnsieTcsl TAKUM 00pa3oM:

—~

6 = piC = &+ Dy [fj, 405 @ (1x — X'NT - 24S'(3).
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I'paHruHBIE YCIOBUS MIEPBOTO U BTOPOTO poja OyIyT UMETh BUJI
ulr, =d(x), o-n|r, =p).
OyHKIWS HEOKATBLHOTO BITHSHUS (0 TIPEICTABISIET COO0M MPOU3BOJILHYIO
HOPMHPOBAHHYIO TIOJIOKUTEILHYI0 QYHKIMIO B 0bmacti S’ (x).
MeTtoa pemenusi. B xauecTBe MeTona permieHusi ObLT BEIOpaH METO/T

KOHEYHBIX 3JIeMEHTOB. [loirydeHHas cxema penieHus: IMeeT BHJ, KOTOPBIH
B MHJICKCHOW (hOpME 3aIHUCHIBACTCS CIEAYIOMINM 00pa3oM:

N
P1 ﬁa—xicijszkzdS+

s
aNrg'e) ! !
+p, ff ff o(|x — x'|)Cjki€1,dS" (x) dS —
3

axi
S'(x)ns

B fNTEE)pldF + f.[ NTEe)bldS = 0' i'j' kll = 1)2rn = 1; M(e)! (e) E Sh'
S

I

KommoueHTsI TeH30pa yrnpyroi aedopmaivu € onpeaessioTcs depes
cooTHomeHHe KoM, a KOMIIOHGHTHI TeH30pa ympyroctn C
ONPENENATCST €  y4eTOM TOro, 4YTO pPacCMAaTPUBACTCS JIMHEHHOE
M30TPOIMHOE TEJIO.

[Ipu anmpokcumany MHTErpana ¢ BECOBBIM MHOXHUTEIEM P, BO3HHKIIA
HEOOXOMMOCTh TaKXKE pean30BaTh TPOLEAYPY TIOMCKA ONFDKAWIINIX
coceiell OTHOCUTEIBHO KBaJpaTypHbIX y370B. Ha mpakTuke 3ta nporemypa
Obula ympollleHa A0 MOMCKa OMKalIuX coceeil OTHOCUTENBHO IIEHTPOB
3JIEMEHTOB, TaK KaK TOHCK OTHOCHTEIBHO KBAJpaTypHBIX Y3JIOB TpeOyeT
3aMETHO OOJIbIlIE BBIYMCIUTEIBHBIX PECYpCOB, HO TPH STOM HE MdaeT
CYLIECTBEHHBIX Pa3/IMunii B KOHEUHBIX pE3yJIbTaTax.

Pe3yabTaThl pacueToB. B kauecTBe TeCTOBOM 3a1auu Oblia BEIOpaHa
3amaya Helimana Ha mnpsmMoyronbHOM oOmactu S = [0,1] X [0,1] co
CJIETYIOIIMMHU IPaHUYHBIMU U IOTIOJHUTEIBHBIMU yCIOBUSAMU:

G- n|x1=0 = -1, (O n|x1=1 =-1, (O n|x2=0,1 =0,
uilxi=0,5 =0, i = 1'_2

Ha npumepe nanHO# 3a1auu OBUTH MCCIIEIOBAHBI OCHOBHBIE TTAPAMETPHI
MOJIC/IN: BJIMSIHHE BECOBBIX MApaMETPOB, paJnyca HEIOKAJIBHOTO BIIMSHHUS,
a Takke OBUIO MPOBEICHO CPAaBHEHUE PEIICHWI TPH BBIOOPE Pa3IMYHBIX
(YHKIMI HEIOKAJIbHOTO BIHMAHUS. BBUIO MOKa3aHO, YTO YYeT HENIOKaIbHBIX
3(h(}EKTOB CyIIECTBEHHBIM O00pa30oM BIMSET Ha HWTOTOBBIC PE3yJIbTaThl
pelIeHus, B OCOOCHHOCTH Ha TpaHHIe oOiacTH. Pacuerbl mpoBoauimch
KB/IPATHYHBIMU CEPEHIUITOBBIMH AJIEMEHTAMH.

Paboma evinonnena npu noodepowcke Munucmepcmea HayKu u gvlcuie2o
obpaszoeanus (npoexm Ne 0705-2020-0032).
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Solving plane-stressed problems of nonlocal elasticity
theory by the finite element method
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Abstract. In this paper, on the basis of a model of the nonlocal theory
of elasticity, the solution of the plane-stressed problem in a rectangular re-
gion is considered. The use of approaches of generalized mechanics of a
continuous medium made it possible to take into account the effects of
nonlocality of the medium in space and to obtain integro-differential equa-
tions as constitutive relations, to which well-studied numerical methods, in
particular, the finite element method, are applicable.

Keywords: structurally sensitive materials, nonlocal elasticity, finite ele-
ment method.
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AHanu3 1e¢opMHUPOBaHHMSA ONMOPHBIX YaCTel MOCTOB
NPH pa3HOM reoMeTpU4YecKOM 0GopMJIeHHHU
chepruecKoro a0 CKOJIbKEHUS

© A.A. Kamenckux, B.1. CTpYKOBa*
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AHHoTanus. B pamkax paboThl IpOBEJEH aHAIMU3 BIUSHUSA T'€OMET-
pudeckoro opopmileHUsT c(hepUUECKOrO CIIOSI CKOJNBKEHHS OIOPHBIX Ya-
CTeil MOCTOB. PaccMOTpeHBI /1Be 3a/aun: BIMSHHUE TOJOXKEHUs chepuye-
CKOI'O CJIOSI CKOJIBKEHHSI OTHOCUTENIBHO CTaJbHBIX IUIMT ONOPHOW 4acTH
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Ha KOHTAaKTHOE Je(pOpPMalMOHHOE MOBEJCHHWE KOHCTPYKIMHM U BIUSHHE
yria HakJIOHAa TOpLA aHTH(QPUKLIMOHHOW MPOCIONKHM HA HANPSKEHHO-
N1e(OpMHUPOBAHHOE COCTOSIHUE y371a B LIEJIOM U IapaMeTphl 30H KOHTAKTa
B YaCTHOCTH. BBINIOJTHEHO MOZEINPOBAHKE IBYX BapHUAHTOB KOHCTPYKLIHN
cepruyecKuX OMOPHBIX YacTel MOCTOB: C MPOCIONUKOM, pacnonoKeHHON
B HIDKHEW CTalbHOM IUIMTE, W C MPOCIOWKOM, HAHECEHHOH Ha cdepuye-
CKHUH CTaJbHOM cerMeHT. B pamkax pa0GoThI cienaHa nmapaMmeTpu3anus Mo-
Jienieil OTOPHBIX YacTell MOCTOB OTHOCHUTENIBHO T€OMETPUYECKON KOH(H-
Typanuu Cjosl CKOJIBKEHUS M paccMOTpeHo 10 BapuaHTOB yIJla HaKJIOHA
Topuia anTu(ppuKIHOHHON Tpocioiiku ot 0 1o 45°. B pamkax uccriemnona-
HUS TOJYy4YEHbl KaUeCTBCHHBIE M KOJIUYECTBEHHBIC 3aKOHOMEPHOCTH Je-
(opMaLOHHOTO MOBEACHUS CPEPUUECKUX OMOPHBIX YaCTEH MOCTOB pa3-
HOM TeOMEeTPHUECKON KOH(PUTYpALIUH.

Knrouesuvie cnosa: Cd)épu'iéCI{Clﬂ ONOpHA:l 4acmvb, KOHmMAaxKkm, mpeHue, no-
JUMEPHbLE Mamepuailbl, ceomempudecKkas KOHd)LlZypal{Mﬂ.

OnopHele 4YacTU MPOJETHBIX CTPOEHUH MOCTOB SIBJISIFOTCS OTBET-
CTBEHHBIMHM KOHCTPYKIUSMH TPAHCIIOPTHBIX CUCTEM M BOCHPHUHUMAIOT 3Ha-
YUTEJIbHBIE HATPY3KH OT MOCTOBOTIO MpoJieTa. MHOr1e MHXEHEPHBIE pa3pa-
OOTKHM MOCTOCTPOEHMS CBS3aHbl C palMOHAIM3ALMENd T'€OMETPHUECKON
KOH(Urypaluu >JIE€MEHTOB OIMOPHBIX YacTeii MOcTOB [1-4]: m3aMeHeHHe
crioco0a 00pabOTKM KOHTAKTHBIX MOBEPXHOCTEH; N3MEHEHHE T€OMETPUH U
HOJIOXKEHHS aHTU(PPUKIIMOHHBIX CJIO0EB CKOJBKEHHS; pallMOHAIM3aLUs T'€0-
METPHYECKOTO O(OPMIICHHSI TEXHOJIOTUYECKUX YTIIyOJCHUH TOa cMa30d-
HbIe MaTepuayibl B 00JaCTH KOHTAKTHOTO B3auMojeiicTBus u T. A. [5—10].
B pabote paccMoTpeH psiji akTyalbHbIX 3a/1a4, CBSI3aHHBIX C pallMOHaIu3a-
[1el TeoMeTpUYecKod KOHPUIypalui aHTU(GPUKIIMOHHON MTPOCIONUKHU U ee
Topua. PaccmoTrpeHsl Mojenu cepudeckux OMOPHBIX YacTeH, OTIMYaro-
IIMXCS PAcIOIOKEHUEM C(epudeckoro ciaosi CKOJIBXEHHUs] OTHOCHTEIBHO
CTAJIbHBIX AJIEMEHTOB KOHCTpYKLUH: 1) chepuueckas onopHas 4acTh C aH-
TUGPUKIIMOHHOMN TPOCIOUKOHN, pacCOI0KEHHOM B HIDKHEH CTalbHOM TITUTE
co chepuyeckuM BbIpe30oM; 2) cheprudeckast OTIOPHAS 9acTh C aHTU(DPHUKITH-
OHHOM TMPOCIONKON, HAaHECEHHOW Ha TOJMPOBAHHBIA CTANbHOU cdepude-
ckuit cermeHT. Cdepudeckas OrmopHasi 4acTh COCTOHUT W3 JIBYX CTaJIbHBIX
IUIMT U TPOMEXKYTOYHON cdeprudeckoi aHTHU(PPUKIMOHHOM MPOCIOUKU
tonmuHo 4 mMm. IIpu 3TOM 2 MM TOpLA €105 CKOJIBKEHUSI KOHTAaKTUPYIOT
CO CTAJILHOU TUTUTOMN (BEpXHEW WM HIKHEH), a 2 MM HE OTPaHUYEHBI U TIPU
IUIACTUYECKOM  J1e(OPMHUPOBAHUM  MOTYT  Je(OpMHUpPOBATHCS  3HAUYH-
TenbHO. O0e KOHCTPYKLIMHU CPEpHUYECKON OMOPHOM YacTu MpPEeAsIOKEHBI
00O «AnpdpaTex» (r. [lepMp) u paccuuTaHbl HA HOMUHAJIBHYIO BEpTH-
KaJibHYI0 Harpy3ky 1000 xH.

3amaua peaqu3yercs B paMKax oO0Iell MaTeMaTH4ecKOil MOCTaHOBKU
3aJa4d KOHTAaKTa JIByX YIPYTHX T€J 4epe3 yIpyroIIaCTHYECKYIO IOJIH-
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MEPHYIO MPOCIONKY C yueToM OoibimuX aAedopmaruii B o0beMe Marepua-
Ja cnos ckoybkeHus. Ha rpaHunax comnpsbkeHus Closi CKOJIbXEHUS U
CTAJIbHBIX ITUT OMOPHON YacTH peain30BaHO (PHUKIIMOHHOE KOHTAKTHOE
B3aUMOJICCTBUE C MTOCTOSTHHBIM Ko3(durmentom tpenus 0,04 u 3apanee
HE M3BECTHBIM pacHpe/ieNIiEeHUEM CTaTyCOB KOHTAKTHBIX COCTOSTHUHU (IIpH-
JUMaHue, IpocKaib3biBaHKUe, OTauNaHue). B kauectBe maTepuana chepu-
YECKOTO CIIOSI CKOJBKECHHUS HCIOIB3YeTCs MOIUPUIIUPOBAHHBI (HTOpO-
miacT. OU3NKO-MEXaHMUECKUE CBOMCTBA Marepuajia aHTHU(PPUKITHMOHHOM
MPOCIOWKH TONY4YeHBl OSKCICPUMEHTAILHO JA-poM  (U3.-MaT. HayK
A.A. AnamoBbIM B MHCTHTYTE MexaHuku cruiomHbix cpen YpO PAH [11].
Jlyist onucaHus MOJIENH MOBEEHUS aHTU(PPUKITHOHHOTO TIOJTUMEPHOTO Ma-
Tepuajia BblOpaHa AeQopMaliOHHAs TEOpUs YIPYTroIUIaCTUYHOCTU IS
Ciy4asi aKTUBHOTO Harpy>KeHHsI.

B pamkax uccinenoBaHus BIUSHUS MOJOKEHUS CIIOS CKOJIBKEHUS OT-
HOCHUTEJIBHO CTaJbHBIX IUIMT OMOPHOM YacTH YCTaHOBJIEHO, YTO ONOpHAas
4acTb C aHTU(QPUKIIMOHHOM MPOCIONKON B HUXKHEH CTalbHOM IUIUTE 00-
nagaeT psgoMm mpeumymiectB. I[lpu cranmaptHoM yrie HakioHa 30° He
HAOJIOJaeTCsl PACXOKICHUSI KOHTAKTHBIX MOBEPXHOCTEN BOJIM3M Kpas
CJIOSI CKOJIbKEHHSI. MaKCUMalIbHBI yPOBEHb KOHTAKTHOTO JIAaBJICHHS Ha
MOBEPXHOCTU KOHTAKTa, [0 KOTOPOH BO3MOKEH MOBOPOT C(HEepHUUECKOro
cerMeHra Ha 9,5 % Huxe, 4eM y KOHCTPYKIMH OMOPHOW YacTH CO CI0EM
CKOJIbKCHHUSI, HAHECEHHBIM Ha CPEpUYECKHH CEerMeHT. MaKCHMabHBIH
YpOBEHb KOHTAKTHOTO JABJICHUS HA TOPIIC aHTU(OPUKIIMOHHON MPOCTIOUKH
Ha 15,4 % Huxe, yeM y BTOpPOH paccMaTpuUBaeMOW KOHCTPYKUUU chepH-
YECKON OMOpHOM 4YacTU. MakCUMallbHbI ypPOBEHb KOHTAaKTHOTO Kaca-
TEIbHOTO HANpsHKEHUS TOpLa aHTU(PPUKIIMOHHOM mMmpocioiku Ha 69 %
HUKE, YeM y OINOPHOW YacTH CO CJIOEM CKOJIbKEHUs, HAaHECEHHBIM Ha
chepuueckuii cermeHT. HopManbHble TepeMelieHus OTHOCUTENBHO CBO-
0O0JTHOM YacTH TOpla CJI0s CKOJIbKeHUs B 1,4 pa3a HUXKE, a YpOBEHb Ilja-
CTHYECKHX Aeopmaluii Hrxke npudnuzurensHo Ha 10 %.

B pamkax uccrienoBaHus TakKe pacCMOTPEHO BIMSHUE YIJIa HAKJIOHA
TOpUa aHTU(QPUKIMOHHOW MPOCIOWKH Ha AePOpMAIMOHHOE IOBEICHHE
KOHTAKTHOTO Y3Jla, yTroJl HaKJIoOHa aHTU(PPUKIIMOHHOW MPOCIONKU BaphH-
pyetcst ot 0 go 45°. Ilpu wcciiemoBaHUN BBIMOJIHEH aHAIU3 JeGOopMaIin-
OHHOI'O TMOBEJECHMS KOHCTPYKIMH B CPaBHEHHUU C ONOPHOM YaCTBIO CO
CTaHJIAPTHBIM YTJI0M HakyioHa 30°. YCTaHOBIIEHO, YTO MPU PACIIOI0KEHUN
aHTU()PUKIIMOHHON TPOCIOWKH B HWXXHEH CTaJIbHOM IUIMTE TMPHU yTiax
HaKJIOHa TopIa mpociaoku ot 0 qo 15° HabmomaeTcst pacxoKaeHne KOH-
TaKTHBIX TOBEPXHOCTEH BONM3HM Kpas MPOCIOWKH MNPUOIHU3UTENHHO Ha
1,5 % moBepXHOCTH KOHTAKTa, MO0 KOTOPOW BO3MOKEH MOBOPOT chepuue-
CKOro cerMeHTa. B npyrom BapuaHTe KOHCTPYKLMHM ONOPHOM YacTH C aH-
TU(PUKIIMOHHON TMPOCIOWKON, HaHEeCEHHOW Ha cdepuyecKUidl CEerMeHT,
OTIIUTNIaHNE KOHTAKTHBIX MMOBEPXHOCTEW HAOIIOAAaeTCA MpPHU YIilax HAKJIOHA
Topua 6omnee 20° u npu 45° HaKIOHA TOPIA CIOS CKOJIBKEHHUS, a MJIOMAdb
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KOHTaKTa, HaXOJAALIasCsl B COCTOSIHUM KOHTAaKTHOI'O OTJIMIAHMS MAaKCH-
MasibHa U gocturaet 4,5 %. Ilpu ananuse negopMalMOHHBIX XapaKTepH-
CTMK KOHCTPYKLHMH B IIEJIOM M aHAJIM3€ 30H KOHTAKTa B YACTHOCTU BhIOpa-
Hbl yTJbl HAaKJIOHA TOPLA, AOCTABISIONIME OMOPHBIM YacTsIM MOCTOB
HauOosiee OIaronpusATHOE HANpPsSKEHHO-IE(POPMHUPOBAHHOE COCTOSHHE:
JUIsL OTIOPHOM YacTH CO CJIOEM CKOJIbKEHMsI, HAHECEHHBIM Ha c(heprUecKuil
cerMeHT, — (0°; 1711 KOHCTPYKIMH ONIOPHOM YacTH C MPOCIOUKOMN, pacmo-
JIO)KEHHOW B HIDKHEH cranbHOM mute, — 25° u 40°. JlanpHeHmm
HarpaBJIeHUEM HCCeloBaHus Oy/eT aHalu3 BIUSHHUS CBOWCTB MaTepHa-
JI0B aHTU(PHUKIIMOHHON MPOCIOWKH Ha 1e(OPMHUPOBAHNE OMOPHON YACTH
MOCTOBBIX IPOJIETOB NPH CTAaHAAPTHOM M BBHIOPAHHBIX YyIJIax HAKJIOHA
TOPLA CJIOS CKOJIbKEHUS.

Paborta mozeneil chepudyeckux ONMOPHBIX YAaCTEH MPOJETHBIX CTpOe-
HUI MOCTOB BepHu(UIIMpOBaHA OTHOCHUTENIBHO IAHHBIX HATYPHBIX HKCIIE-
PUMEHTOB O J1e()OPMUPOBAHUN OTIOPHOM YAaCTH C aHTH(PPUKIIMOHHON IPO-
CJIOMKOW, pacrnojioKEeHHOW B HukHer 1umre. [lomydyeHo xopomiee
KaueCTBEHHOE U KOJNYECTBEHHOE COOTBETCTBUE PE3YJIbTATOB UMCIIEHHBIX
U HaTYpHBIX SKCIIEPUMEHTOB O Ae(POPMUPOBAHUHM KOHTAKTHOTO y37Ia.

Paboma svinonnena npu noooepacke epanma PODOU Ne 18-08-00903.
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The analysis of deformation of the bearing bridges
with different spherical slip layer geometric design

© A.A. Kamenskikh, V.1. Strukova’

Perm National Research Polytechnic University, Perm, Russia
*E-mail (speaker): veloiv_pstu@mail.ru

Abstract. Influence Analysis of the spherical sliding layer geometric
design of the bearings bridges is considered within the framework. Two
tasks are considered: it is influence of the position of spherical sliding lay-
er relative to the steel plates of the bearing on the contact deformation be-
havior of the structure and it is influence of the inclination angle of the an-
tifriction layer butt on the stress-strain state of the assembly as a whole
and the contact zones parameters in particular. Modeling of two variants
of spherical bearings structures of bridges was carried out: with an inter-
layer located in the bottom steel plate and with an interlayer applied to the
spherical steel segment. Parametrization of the bearings bridges models
with respect to the geometric configuration of the sliding layer was made
and 10 variants of the inclination angle butt of the antifriction layer from 0
to 45° were considered within the framework of the work. Qualitative and
quantitative patterns of spherical bearing of bridges deformation behavior
of different geometric configurations were obtained within the framework
of the study.

Keywords: spherical bearing, contact, friction, polymeric materials, geo-
metric configuration.

Pacuer ocTaTOYHBIX HANIPSAKEHUH U AedopMalMid
B IWJIMHIPHYECKOI YaCTH KOMIIO3UTHOTO 0aJ1JI0HA
AABJICHUA C HECYLUUM META/NIHYEeCKUM JIeHHepoM

© B.C. CapGaes’, C. Uxan"

MI'TY um. H.3. baymana, Mocksa, Poccus
*E-mail: bssarbayev@mail.ru; zxbmstu@qq.com

AHHOTanusi. B pe3ynbrare SKCIEPUMEHTAIBHBIX HCCIEAOBAHUN
KOMIIO3UTHOTO OallJIOHa C HECYIIMM METAJNTHYECKUM JIEHHEPOM YCTaHOB-
JIeHO, 4TO JIe(OopMHpOBaHHE KOHCTPYKIHMH SIBIISCTCS HeluHeHHBIM. [Ipu
pasrpy3ke U MOBTOPHOM HarpyXeHuu umeeT Mecto 3¢ dekt baymmunrepa.
C nenpio ero onucaHusl U pacyeTa OCTAaTOYHBIX HANpsKEHUN U aeopma-
U B IMIMHAPHUYECKON YacTH KOMITO3UTHOTO OaJljIoHa IOCIe MpeiBapH-
TETHHON OMPECCOBKU IMpEAsiaraeTcs Crnocod, OCHOBAaHHBIA Ha HUTSHOU
MOJIEJIM BOJIOKHHCTOI'O KOMIIO3UTHOTO Marepuajiga U COOTHOLIEHUH Teo-
PUH TUTACTUYHOCTH C TPAHCISILIUOHHBIM YIPOYHEHUEM JJII M30TPOITHOTO
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Tena. [l cpaBHEHHMsS TPHBEICHBI PE3YJIbTAThl pacueTa, IMOJYUYCHHBIC
C IPUMEHEHUEM METO/1a KOHEUHBIX 3JIEMEHTOB. TeopeTHdecKue pe3yibTa-
TBI YJIOBJICTBOPUTEIIBHO COTJIACYIOTCS C DKCTIEPUMEHTAIBHBIMU TaHHBIMHU.
[Tokazana HEOOXOIUMOCTh y4eTa HEIMHEWHOTO J1e(OpPMHUPOBAHUS META-
JUYECKOro JieiHepa Kak Mpy MPOSKTUPOBAHUM OAJIOHA, TAaK U MIPH aHAIH-
3¢ HaNpsHKEHHO-Ie(OPMUPOBAHHOTO COCTOSIHUS MPHU IKCILTYyaTallMOHHBIX
HarpysKax.

Knwoueewie cnosa: xomnozumuulii 6a110H 0A6LeHUs, HECYWULl MeManlu-
yeckuil Jelinep, ocmamouHvle Oedopmayuu, meopus NIACMUYHOCTU,
mpaHcaayuonHoe ynpoutnenue, sgpgexm baywuneepa.

PaccmaTpuBaeTcsi BapuaHT KOHCTPYKIMH KOMIIO3UTHOTO OaJllIOHA BbI-
COKOT'O JIaBJIEHUSI C HECYILUM METAJTIMYECKUM JIEMHEpOM, IpeqHa3HaueH-
HOT'O JUIsl XpaHEeHUs ckaToro rasza. Llunmmaapuyeckas yacte 6auioHa ycuie-
Ha OKPY>KHBIMHU U CIIUPAJILHBIMU CJIOSIMH BOJIOKHUCTOT'O KOMITO3UIITHIOHHOTO
matepuana (KM). J{nst nmpenoTBpaienus HeskenarenbHoro 3 dekra norepu
YCTOWYMBOCTM TOHKOCTEHHOI'O JICHHEpa IpH pasrpy3ke OajuloHa Iocie
Hpe/IBapUTENILHON ONPECCOBKU HEOOXOAMMO MPOTHO3MPOBATh OCTATOYHBIE
HanpsDKEHUs B JIEHHEPE U KOMIIO3UTHBIX CIIOSIX. B ¢BsA3M ¢ 3TUM B MeTo/1aX
pacdera W NMPOEKTHUPOBAHMS JOJKHA YUMTBHIBAThCS (PU3UUECKasl HEUHEH-
HOCTb KAaK JIEHHEPa, TaKk ¥ MHOrociaoiHoro KM.

B Hacrosmeii pabote paccMaTpuBaeTcs Clocod pacyeTa 0CTaTOYHBIX
HanpsoKeHUH U JaedopManuil B HUIMHAPUYECKOW YacTH KOMIIO3UTHOIO
0aJuloHa YKa3aHHOM BbIlIE KOHCTPYKLUHU C NMPUMEHEHHEM COOTHOLICHHUH
Teopuu MiaacTUYHOCTU. OH OCHOBAH TaKXe Ha MPUMEHEHHM JIMHEHHO
ynpyroi monenu 1yist KM. B otianuaune ot pabot [1, 2], B KOTOPBIX HCTONb-
3YIOTCSl COOTHOMICHHUS J1e(OPMAIIMOHHONH TEOPUH IUTACTUYHOCTH, IS
onucaHus (pU3NUECKOW HETMHEHHOCTH METAIJIMYeCcKOro JieiiHepa nmpume-
HSIOTCS COOTHOLIEHMSI TEOPUU MJIACTUYHOCTU C TPAHCISLUOHHBIM YIIPOU-

HenueM [3]. JleBHaTopbl HANPSHKEHUH S;j M IUTACTMYECKHMX Aedopmaruii

eipj CBA3aHbI CJICAYIOIMMUMHA 3aBUCHUMOCTSAMM:

2 Y4
—ogde;
— 3 7]
Sij _W‘l'rij- (1)

3mech Ui TEH30pa 7j; WCHOJL3YIOTCS WMHTETPAbHbIE COOTHOIICHUS
HacyieacTBeHHOro tumna. OHU UMEIOT BT

P
dei]

Tij = ER foEp exp{—alz,(§,) — 2, (8,")]} dgp; d&p. 2)

B dopmynax (1) u (2) 0y — mpenen Tekydectd; R, a — mapameTpbl
MaTepuana, npudem R > 0; (dEp)z = 2/3deipj

cra. B kadectBe BpeMeHeHO,Z[O6HOFO napameTpa, OTpaXxaromero nCTOPUro

deg. — napameTrp OxaxBu-
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HArpYKEHHUS, UCTIONb3YETCs QYHKIUSA Z), (Ep), 3aBHCAIIAs OT IapaMerpa
OpxBucra. VYKa3aHHBI NOAXOJ MO3BOJIAET AaJEKBATHO OINPEACIATH
HanpspKeHUs1 U aedopmanuu B BoJoKHHCTOM KM m neiiHepe, a Takke
onuceiBath 3¢(dexr baymmHrepa npu pasrpyske M KpHBbIE THCTEpe3HCa
IpU LUKINYecKoH Harpy3ke. C HCIOJIb30BaHUEM JaHHOTO MOJAXO0Aa MOJTy-
YEHBI BBIPAXKECHUS JUISl 2JIEMEHTOB MaTPULbI YIPYTOIJIACTUYECKUX XapaK-
TEPUCTUK MHOTOCIIONHOTO Marepuaia. Mx BbIBOJ OCHOBaH Ha MpUEME, U3-
JaoxeHHoM B pabore [3]. Takum o6pa3zom, NpH IIACTHYECKOM pacueTe
COOTHOILIEHUS HalpsHKEeHUH U 1eopManinii MOTyT ObITh BBIPA)KEHBI B BEK-
TOpP-MaTpUYHOH popme:

do = Depds,

rae D, — MaTpula KacaTeNbHBIX YNPYTOIUIACTHYECKMX KECTKOCTEH.
CnoxXHOCTh NPUMEHEHHUS YKa3aHHOTO BapHaHTa TEOPUHU IJIACTUYHOCTU
CBf3aHA C HEAHAIUTUYHOCTBIO ONPENEIAIOIINX COOTHOIIEHUH. [ToaTomy
IpY TTOCTPOSHUH aJTOpUTMa pacdera Hambosee d(P(EKTUBHBIM SBISCTCS
COUYETaHUE METOJa MOIIAroBOr0 HAarpy>KeHUs C METOAOM IIEPEMEHHBIX T1a-
pPaMeTpOB KECTKOCTH.

[NepemenieHus MOBEPXHOCTH HATPYKESHHS M TPACKTOPUS Harpy KeHus JeiHepa (a)
1 IICHTPa IOBEPXHOCTH HATpy)eHus (0)

B mpeanaraemom croco0e pacdera NMpH HArpykKeHHH OajulOHa BHYT-
PEHHMM JaBJICHUEM JUIsl HAaIVIOHOCTH ONPEACIAETCS IEPEMELICHHE II0-
BEPXHOCTH HAarpy>kK€HUS U TPAEKTOpUS HArpy>XeHHUs JICiiHepa B IPOCTpaH-
CTBE HaNpsDKEHUH (PUCYHOK). AJITOPUTM pacdeTa pealn30BaH B IIporpamMme
MATLAB. IlonyuyeHHblE ONpEAEISAIOIINE COOTHOLIEHHS] CPABHUTEIIBHO
IPOCTHI M yIOOHBI B IPAKTHUECKHUX pacyeTax.

B HacTosmiei paboTe Takke BBIITOJHEH pacueT ¢ IPUMEHEHUEM METO-
Jla KOHEYHBIX 3JIEMEHTOB. [[J1s1 5TOro MCIoNb3yeTcs COBPEMEHHBIN IPO-
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rpamMMHbIi komruieke ANSYS-Workbench. MoaenupoBanue nuianHIpu-
YeCKOW YacTh OayuioHa OBLJIO MOCTPOCHO HAa OCHOBE OOOJOYHBIX KOHEU-
HBIX DJIEMEHTOB. B HEM MCHONB3YIOTCS TEOPHs MIIACTHYHOCTH U30TPOITHO-
ro Tela C KUHEMAaTUYECKHM YIPOYHCHHEM U TEOpUs KOHTHHYaJIbHOMN
MEXaHHUKH MOBPEKICHHOCTH sl BookHHcTOro KM. B 3Tom ciyuae Teo-
peTuYecKne pe3yJbTaThl, TIOJYYCHHBIE Ha OCHOBE JIBYX CIIOCOOOB, y0-
BJICTBOPUTEIILHBIM 00pPa30M COTJACYIOTCS C AKCIIEPUMEHTATbHBIMU JaH-
HBIMU.

CrnemyeT OTMETUTh, YTO OCTATOYHBIE AedopMaluu B JielHEpe, Ompe-
JIeJICHHBIC HA OCHOBaHUU JIe(hOpMAITMOHHON TEOPUH TNIACTUYHOCTH U TEO-
pUU TEYECHHs] C M30TPOIHBIM YIPOYHEHHEM? TMPEBBIMAIOT IKCIEPUMEH-
TanbHble JaHHble [1, 2]. IlokazaHo, 4TO MpPUMEHEHHE MpeaIaracMoro
crocoba pacueTa MPUBOIUT K JIYUIIEMY COOTBETCTBHIO MEXIY TEOPETH-
YECKMMH W SKCIEPUMEHTaJbHBIMU JaHHBIMU [4]. Ero mpuMeHeHue mis
000CHOBaHUS NIaBICHUS aBTOPPETUPOBAHUS, a TAKXKE JJII aHATN3a HEeCy-
el CocOOHOCTH KOHCTPYKIIMH TIPU ITUKINYECKOM HArpyKEHUH SIBJISET-
Cs1 11eJIeCO00Pa3HBIM.
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Analysis of residual stress and strain
in the cylindrical part of the composite pressure vessel
with load-bearing metallic liner

© B.S. Sarbayev', X. Zhang'

Bauman Moscow State Technical University, Moscow, Russia
*E-mail: bssarbayev@mail.ru; zxbmstu@qq.com

Abstract. As a result of experimental studies of the composite pres-
sure vessel with load-bearing metallic liner, the deformation of structure is
nonlinear, exhibiting Bauschinger effect during the unloading and cyclic-
loading phases. A method for purpose of describing and analyzing residual
stress and strain in the cylindrical part of a composite pressure vessel after
preliminary pressure testing is developed, which is based on the mono-
tropic model of the fibrous composites and the relations of the theory of
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plasticity with kinematic hardening of isotropic material. In comparison,
the theoretical results are in good agreement with predicted results using
finite element analysis. The results show that it is necessary to consider
the nonlinear deformation of the metallic liner, both in the design of pres-
sure vessel, and in the analysis of stress-strain state under operational
loading.

Keywords: composite pressure vessel, load-bearing metallic liner, residu-
al deformation, the theory of plasticity, kinematic hardening, Bauschinger

effect.
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Harpy3ku Ha 0cHM MHOTOOCHOI0 MOJIynpuuena (TpaJja)

© B.B. Bapenuos
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E-mail: varentzov.viatch@yandex.ru

AHHOTanusi. PaccMOTpeHO paBHOBECHE I'Py>KEHOTO MHOTOOCHOTI'O I10-
Jdynpuuena (Tpaja) ¢ LEJIbl0 OINpelesIeHUs] peakluil, MPUIOKEHHBIX K
Hemy. [loka3aHo, YTO peakiuu Omop MOTYT OBITH BBIPAKEHBI IMHEHHBIMU
YPaBHEHHSAMH, YUNUTHIBAIOIIUMH KOOPAUHATHI TOYEK UX MPHUIIOKEHNUS.

Knroueewvie cnosa: pasHoeecue MHO2O00CHO20 nojiynpuyend, ypaeHeHu:sl
PAaeHoeeCUsl CUl, Hacpy3Ka Ha OCU.
Axle loads of a multi-axle semi-trailer (trawl)
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Abstract. The balance of a loaded multi-axle semitrailer (trawl) is
considered in order to determine the reactions applied to it. It is shown that
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the reactions of supports can be expressed by linear equations taking into
account the coordinates of the points of their application.

Keywords: balance of a multi-axle semitrailer, equations of the balance of
forces, axle load.

Pacyer cTPyKTYPHBIX TEPMOYIIPYITMX HATIPSIZKEHUH
B BOJIOKHHUCTBIX KOMIIO3HIIMOHHBIX MaTepHaJIaxX

© C.JI. KocaueB
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AHHoTanus. B paGore mpencTaBieH aHaTUTHYECKUNA METOJl pacuera
CTPYKTYPHBIX TEPMOYIIPYTHX HaNpPsDKEHWM B OJHOOCHO apMHUPOBAHHOM
BOJIOKHUCTOM KOMITO3UIIMOHHOM Matepuane (BKM), Bo3HuKarommx mnpu
€ro M3roTOBJICHUH. MeTOo OCHOBAH Ha MCIOJIb30BAaHUHU MOJIEIN PEryJisp-
HO apmupoBaHHOro BKM, reomerpusi u Hanps>KeHHOE COCTOSIHUE KOTOPO-
o0 TMOJHOCTBIO ONPENENSIIOTCS MUKPOCTPYKTYpPOH (QyHIaMEHTAIbHOM
saueriku. JIJis aHaTMTUYECKOTO pacdyeTa OCTaTOYHBIX HANPSKEHUH UCTOJIb-
3yeTcsd DJKCIEPUMEHTAJILHO YCTAaHOBJIEHHAs TEpPMOYIpyras aHaJloTusd,
B COOTBETCTBUU C KOTOPOH OCTATOYHBIE HANIPSIKEHUSI CUUTAIOTCSA TTPOMOP-
[IUOHAIBHBIMU PA3HOCTU KO3 (UIIMEHTOB TEMIIEPaTypHOTO PACHIMPEHUS
MAaTpUIlbl U apMUPYIOLIMX BOJOKOH M PAa3HOCTH TEMIEpaTyp MpH OXJia-
KIEHUU Kommosuta. 11o npemiokeHHo MeTOuKe IPUBEIEHBI pe3yibTa-
ThI PACUETOB JIJI CTEKJIOIJIACTHKA C T€KCArOHAJbHOW PEIIETKOM, YCTaHOB-
JIeHAa ONTHMAJIbHAS CTEIIEHb APMUPOBAHUSA, IIPU KOTOPOM OCTAaTOYHBIE
HaNpsHKEHUS SABJISIOTCS MUHUMAIIBHBIMM TSI pa3JIMYHBIX TEMIEpaTyp OT-
BEPIKICHUS.

Knrouesvie cnoea: komno3uyuoHHvlli Mamepuai, NPoYHOCMb, OCMAMOY-
Hble HaNPAXCeHUsl, NepuoouyecKue CmpyKmypbl.

BBenenue. BonokHucteie komMno3unoHHble Matepuaisl (BKM) sB-
JSIOTCS OJIHUMU M3 CaMbIX MEPCIEKTUBHBIX MaTepUaioB B CO3JAaHUU CO-
BPEMEHHBIX MAaIIMHOCTPOUTENbHBIX KOHCTPYKIMM. OIHAKO MpU pacyere
KoHCTpyKIuid 13 BKM Bo3HHMKaeT MHOKECTBO MpOOJIEM, OJHON M3 KOTO-
pPBIX SIBISIETCS. HAMYUE B CTPYKTYype MaTepuajia OCTATOUHBIX Hampshke-
HUU.

Crpykrypa BKM 00brdHO (OpMUPYETCS B YCIOBHSIX MOBBIIIEHHBIX
TEMIEPATyp C MOCIEAYIOIUM OXJaKIECHUEM, UYTO 0OECleyuBaeT JA0CTH-
JKEHHE MaKCUMAaJIbHBIX MEXaHW4YeCKHX cBOMCTB. [lporecc oxmaxaeHus
COTPOBOXAACTCS TeMIepaTypHbIMu AedhopmarusiMu  komrnoneHT BKM, u
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MOCKOJIbKY TEpPMOYNPYIHe CBOMCTBA BOJOKOH M MATPHUIbl Pa3IUYHBI, TO
BO3HUKAET WX CTECHEHHas nedopMaius, MPONOpPLUUOHANBHAS Pa3HOCTU
KOX(P(UIIMEHTOB TEMIIEPATYPHOTO PACHIMPEHUS U TEMIIEPaTypHOMY WH-
TEepBaJy PEeXHMa OXJAXACHUSA. TepMOyINpyrue oCTaToO4YHbIe HANPSHKEHUS
TaKOBBI, YTO MPU BBICOKUX CTEMEHAX apMHUPOBAHUS U TEMIEPATYPHOTO
MHTEpBaja OXJIAXKICHUS MOJUMEpPHasi MaTPULIA MOXKET Pa3pylIaTbCs Jaxe
Ha CTaguM W3TOTOBJICHHS KOHCTPYKIMU O€3 MPHIOKEHUs BHEIIHEH
Harpys3Ku.

OObIUHO 711 UCCNIEAOBAHMS TIOJsI OCTATOYHBIX HampspkeHuid B BKM
UCIIOJIB3YIOTCS Pa3IMYHbIe KaK dKCIEPHUMEHTAIbHBIE METObI (Hampumep,
MOJISIPU3AIMOHHO-ONTUYECKUI), TaK U aHAJIUTHYEecKue meronasl [1-5, §].
B nanHo#i paboTe mpencTaBiieH aHAIUTUYECKHH METOJl pacuera CTPYK-
TYPHBIX OCTATOYHBIX HAINpPSHKEHUW, OCHOBAHHBIA HA HMCMOJIB30BAHUHU MO-
JIeTN peryJiipHo apMupoBaHHOTO BKM.

IMocranoBka 3agauu. B xauectBe mogenu BKM npumem HEKOTOpYIO
TPEXMEPHYIO M30TPOIHYI0 KyCOYHO-OJHOPOJIHYIO Cpedy, YIPYTHE U Teo-
METPUYECKHUE CBOWMCTBA KOTOPON HEW3MEHHBI B HANpPABJICHUU X3 U UMEIOT
JIBOSIKONIEPUONYECKUN XapaKTep B IUIOCKOCTH X1X2. byaeMm mosarars, 4Tto
B Cpe/ie pealn3yeTcsl TaKkoe HampsHKeHHO-Ie(QOpPMHPOBAHHOE COCTOSHUE,
IpU KOTOPOM KOMITOHEHTA JiepOopMallii €33 HEe 3aBUCUT OT BCEX KOOPAMHAT,
a OCTaJIbHBIE KOMITOHEHTHI Ae(popMaIiu — OT KOOPAUHATHI X3.

Xz <O'22> I

— <0, >

00/00/00/c 7a 0 o

a)h

7 7 e —

Puc.1

[Tockonbky HampshkeHHO-IehopMHUpOBaHHOE cocTosiHue cinosi BKM sB-
JS€TCA  IBOSIKONIEPUOAMYECKUM, TO JOCTAaTOYHO PACCMOTPETh IEPUOANYE-
CKHM DJIEMEHT CTPYKTYpBI B BHUJIE MapajuiejiorpamMmma nepruoaoB (pyHaameH-

TanbHas sueiika). [lycte W) m (O, — OCHOBHBIE TEPUOMABI CTPYKTYPBL

BHyTpu napasuienorpamMma nepuonos P, (m, n =0, 1, £ 2, ... ) comep-
KUTCS k HEeTIepeceKaroIuXcsl BKIIIOUEHUH (BOJIOKOH), OTPaHUYEHHBIX KOHTY-
pamu L;. KoHeuHble OTHOCBSI3HBIE OOJIACTH, OIPAaHMYEHHBbIE KOHTypaMu L,
0003HaunM yepe3 Dj, ynpyrue mocTOsIHHbIE cpelibl B 00sacTsIX D; (BOJIOKHA)

u D (matpuria) — uepes Ej, V,;u E,Vv cootserctBenHO (puc. 1).
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byneM mosmarate, 4TO BOJIOKHA MOCAaKEHBI B MATPUIy ¢ HEKOTOPHIM
U3BECTHBIM HATATOM /i; B IJIOCKOCTH X;X; M YHPYroe B3aHMMOJIEICTBHUE
MaTpulbl U BOJIOKOH HACAJIBHO, YTO O3HAYACT HCHPCPBIBHOCTH BCKTOPOB
HAIPSKEHUH U TIEpEMEIIEHUH (C y4eTOM HaTsra) IpH nepexoje yepes L.

CgBeneHue 3a1a4M K cMCTeMe MHTErpajbHbIX ypaBHeHui. [IycTh B
obnactu D cnpaBennuB 3akoH ['yka, Tormaa

1 1
€ :E(Gn —VGy), ey =E(Gzz —VGy,), e :;(512- (1)

YpaBHEeHMs paBHOBECHS B HANPSKEHHUSIX UMEIOT BUJ]

0o, N 0o, —0: 0G,, N 0o,, 0. @)
ox,  Ox, ox,  Ox,
YpaBHEHUS COBMECTHOCTH JiehopMariuii —
0’e,, N o’e,, 0’e, 3)

ox,’ ox; - 0x,0x,

Ecnu BBecTm B paccMoTpeHne (YHKIMIO HamnpspkeHHH ((yHKIUIO
Opwu) 1o popmynam:

s _azu.c _82U.G __oU @)
e ;) ox,0x,
To cooTHomIeHus (1) u (3) mpuBOAAT K OUTAPMOHUYECKOMY YPAaBHEHHIO
V2V2(](xl 7x2) = 05 (5)

IpU 3TOM YypaBHEHUsS PaBHOBECHS YJOBJIETBOPSIOTCS aBTOMATHYECKHU.
Taxum obpazom, pyHKIMA DpH sBIseTCS Ourapmonnueckoil. Ecimu BBectn

B PAacCMOTpEHHE KOMILIEKCHYIO MepeMeHHyo Z = X, +IX,, To mo0yo
OUrapMOHHUYECKYIO (DYHKIUIO MOKHO BBIPA3UTh UEpPE3 JIBE IPOU3BOJIbHBIE
aHanmuTH4Yeckue B D QyHKUMHU (MOTEHIHAIIBI) o(z2),y(2) mo dbopmyiie

I'ypca [6]. Torna HampsiKeHHs U TIEPEMEILICHUS, NCHCTBYIOIIME B Cpele,
3aMuIIyTCs B BUJIE

G, +0,, =4ReD(z); ©)
G, —0,, +2ic, =2[zD'(2)+ ¥(2)];
oy =2u(1+ V) ey, +4vRed(2);

2y +ity) = k9(2) = 20(2) — y(2),

rne W(z)=vy'(z),®(z)=¢'(z), k=3-4v. Yepra Hax ¢yHKuueii

03HAYaeT KOMIUIEKCHO COMPSKEHHYIO (DYHKIIHIO.
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Bynem paccmarpuBaTrh MMOJIS HANpsOKEHWH, oOJamaronme TOW ke
TPYIION CUMMETPUH, YTO U 001acTs D. B aToM ciyuae HampspkeHus B D
JOJDKHBI MMETh JIBOSIKOIIEPHOAMYECKYIO CTPYKTypy. Torma mocTtaHOBKY
3aJa4d O TUIOCKOW jaedopMany KOMIIO3UIIMOHHOIO MarepHuaja MOXKHO
chopmyiaupoBath  cienyromuMm  oOpasoM. OmpenenuTs  (QYHKIHMU
¢0(2),w(z) u ¢,(z),y,(z), perynspHble COOTBETCTBEHHO B 00nacTsx D,

D;(j=1,2, .., k) n ynoBrerBopsironue Ha rpanuue pasaena L =L ; cae-

JQYIOIIHMM YCJIOBUSIM COIIPSDKEHMSI MATPULIBI M BOJIOKOH:
— HEMIPEPBIBHOCTh BEKTOPA HAIPSKECHUN

Q(t)+1D@ () + G (1) =0, (1) + 1D, () +,(¢); (7)
— HEMPEPHIBHOCTH (C YUETOM HATsTa) BEKTOpa MepeMenieHui

Lo ()= @ () -T(0)]= 0, (-1, (97, ()] +24,0)- ®

J

3necn
d(p(z) E E.
t L:CD =T =T N ‘:—J,
=i (2) dz H 2(1+v) M 2(1+vj)
K= , K. = .
I+v I+v,

IIpu sTOM moppa3ymeBaeTcs, 4TO BCE YCIOBUS NMEPUOAUYHOCTH BbI-
MOJIHEHbl aBTOMATMUYECKU 3a CYET CIELMaIbHOIO BMJIA NPEACTaBICHUN
UCKOMBIX peryyisipHbix (pyHnkimii. Kak nmokasano B [7], uckomble (GyHKIIMU
¢O(?),y(f) MOKHO BBIPA3WTh HYEPE3 JIBE HEM3BECTHBIE KOMILICKCHBIE
¢yHkuun (IoTHOCTH) p(f) U ¢(f), mpUYeM TakuM 00pa3oM, 4To AJis OIpe-
nenenus p(t) u g(¢) momydaercst SKBUBAJICHTHAsI UICXOAHON KpaeBoii 3aaue
CHCTEMa MHTETPATbHBIX ypaBHeHUH. [logcTaBus Belpaxkenus s O(f) u
y(¢) B ycnoBus conpsukeHus (7) u (8), MOTyduM CUCTEMY MHTETPATbHBIX
ypaBHeHH Ppearoabma BTOPOro poja:

p(t) =M ,(p(1),q(2),1,) = R;(%,);
q(t) =N, (p(1),q(1).1,) = O,(1).

PemuB cucremy (9), momyuuMm 3HaueHMs TUIOTHOCTEH p(f), ¢g(f) Ha
koHType L. Ilocrne 4ero BBIYMCISIOTCS MPOM3BOJHBIE OT KOMILJIEKCHBIX
NOTEHIIMAJIOB, a 3aTE€M U HANpsDKEHUS Ha TPaHULE paszesia KOMIOHEHTOB
no popmymnam [2]:

©)

o.(1)=Re[20(t) -t D'(t) - Y (1)];

_ (10)
G,(1) =Re[2D(¢) + 1 D'(¢) + P (1)].
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Yder ocTaTo4HBIX HampsKeHHil. ['ereporeHHas crpykrypa BKM
B CHJIOBBIX KOHCTPYKIHSX OOBIMHO ()OPMHUPYETCS B YCIOBUAX MOBBILIECH-
Heix Temmeparyp (150...180 °C) c¢ mocneayrommM OXJaKICHUEM 0
OKpY’Karolled KOMHATHOW TeMIIepaTypbl, YTO 00eCleYrBaET JOCTHKEHHE
HanOoJiee BBICOKMX MEXaHMYECKHX CBOMCTB. [Iporecc oxmaxaeHus co-
IPOBOXKAAETCSl TEMIIEPATYPHBIMU J€(POPMALUAMU KOMIIOHEHT KOMIIO3H-
LIUOHHOI'O MaTepuaya, U IOCKOJIbKY TEpMOYIPYI'ME€ CBOMCTBA BOJIOKOH
U MaTpUIbl pa3IMYHbl, BOZHUKAET UX CTECHEHHAs TemIeparypHas aedop-
Malys, MPONOPIHUOHATIbHAS Pa3HOCTH KOI()(UIIMEHTOB TeMIIEpaTypHOIrO
pacIIMpeHus U TEMIIEPaTypHOMY MHTEPBANly peXHMa OXJaxaeHus. Pas-
JIeJICHUE TIaBHBIX JEHUCTBYIOIIUX HAIIPSOKEHUN B IIONIEPEYHOM Cpes3e, Ipo-
BEJICHHOE II0 pe3ysbTaTaM NOJSAPU3ALUOHHO-ONTUYECKUX HW3MEPEHU,
[I0Ka3aJI0, YTO B IJIOCKOCTH, MEPIICHIUKYJIIPHON HAIIPABICHUIO APMUPO-

BaHUs, JCHCTBYIOT paJialibHbIC OCTATOYHbIC HAIPSDKEHUS CKATHA G, WU

TaHTCHIMAILHBIC HAIPSDKCHUS PAacTSHKEHHS G, , JOCTHUTAIONIME CBOMX

HanOOJIBIIINX 3HAYEHUH HA TIOBEPXHOCTH paszzena [8].

JU11 aHaIMTUYECKOTO pacyeTa OCTATOYHBIX HANPSIKEHUH B OJHOOCHO
apMUPOBAaHHOM KOMIIO3UTE HCIOJIb3YETCsl 3KCIEPUMEHTAIBHO YCTAHOB-
JIEHHAsI TEpMOYIIpyrasi aHajiorus [9], B COOTBETCTBUU C KOTOPOH OCTaTOY-
HbI€ HANpsDKEHUS CUUTAIOTCAd TEPMOYIPYT'MMH, MPONOPLUUOHAIBHBIMU
pa3HoCTH KO3 PUIMEHTOB TEMIIEPaTypHOT0 PACHIMPEHUS MATPHUIIBI U ap-
MUPYIOIIUX BOJOKOH U pa3HOCTU TemnepaTyp AT ImpH OXJIaXIEeHUH KOM-
MO3UTA.

Torna crecHeHHbIe TeMIepaTypHbIe EPEMEIEHUS] APMHUPYIOIUX BO-
JIOKOH U MaTPHIIbl MOTYT OBITh OIpEIeIEHbl U3 YPaBHEHUI:

U+iV =t(a—a,,)AT,

(1D
W=tla—a,)AT, tel.

3nech o, ; U 0O,; — KOI(UUMEHTBI TEMIIEPATYPHOTO PACIIMPEHHUS BIOMb
U TIOTIEPEK j-TO BOJIOKHA COOTBETCTBEHHO;, 0. — KOA(PHUIMEHT TemIepa-
TYPHOTO pacimmpeHus MaTpuibl. OceBble OCTaTOYHbIE HANPSHKEHUS O
o0pa3yroTcsi BeaeacTBUe pa3nuuuns kodddumuentos I[lyaccona s Bojo-
KOH M MaTpPHIIBL.
ocT ocT o
Hampsokenuss O u O, , IelCTByIONIHE B IONEPEYHBIX CCUCHUSIX,

HAXOATCS W3 PEIICHUs 3aJa4d O IUIOCKOW jaedopmarmu kommo3uta (9)
NP CIICAYIONIEM HarpPYKCHUU:

(6,) =(0,)=(0y,) =0, h, #0, (12)

rac hj — HOHepe‘lHHﬁ HaTAIrr BOJIOKHA, BBI3BaHHBLIN TEMIICPATYPHBIMU [C-

q)OpMaHI/ISIMI/I MaTrpuibl 1 BOJIOKHA. Ero moxnO OIPCACINTDb U3 YPAaBHCHUA
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h () =tAT[(a—0a,;)+(a—a, ) (v-V,)]. (13)

B otnuuMe OT nony4eHHbIX paHee PELICHUH, 31€Ch YUUTBHIBAIOTCS I10-
nepeyHsle 1eopMalMy He TOJIbKO MaTPULbL, HO U BOJIOKOH, T. €. OIpe/e-
JSIFOTCS. HAIIPSDKEHUST KaK B 00JIACTSIX, 3aHUMAEMbIX BOJIOKHAMHM, TaK U B
obnactu, 3aHMMaeMoil matpuieii. Kpome Toro, mpenioKeHHBIH MOAXOM
NIO3BOJIIET ONPEIENSTh HANPSIKEHUS B MaTepUalle 10 BO3HUKAIOIIUE 0]
JEHUCTBUEM BHEIIHUX HArpy30K C Y4€TOM IIOJISl OCTATOYHBIX TEMIIEpaTyp-
HBIX HaNpPsHKCHUH, JUIs 4ero B BbIpakeHUH (12) HY>KHO IMOJIOKUTH BHEIII-
HUE HArPy3KU HE PaBHBIMU HYJIIO.

Pe3yabTaThl pacdera. [lo mpeanoxeHHON MeTOAMKEe OBUIM MPOBE-
JI€HBI PacyeThl U1 Pa3JInYHBIX TUIIOB PEIIETOK, TEMIIEPATYpPHBIX MHTEP-
BAJIOB M creneHei apmupoBanus BKM. Ha rpaduxkax (puc. 2, 3) npeacras-
JICHO pacIpeAeIcHUe OCTaTOYHbBIX HAIPSHKCHUN IS CTEKIIOIIACTUKA B OMb
IpaHUIIbl pa3jieia MaTpHlla — BOJIOKHO, [JI€ OHU JOCTUraloT MaKCHUMallb-

HbIX 3HAYEHWM, U1 T€KCAarOHAJIbHOM PELIETKU (031 =2,0,= 2™ 3), HMe-

IOLIEH B y371ax BKIIoueHus paauycoM R = 0,75, AT =—-120°C.
> [MIla]

200 e
5L

10+

30 60 92 ¢

Puc. 2

30 60 9 6

-5+

-10+

-151

0,%" [MIIa]
Puc. 3
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J171s1 BBISIBIIEHUSI BIUSIHUS HA YPOBEHb HAYAJIbHOTO HAMPSXKEHHOI'O CO-
CTOSIHUS CTEIIEHN apMUPOBAHUS U TEMIIEPATYpPbl OTBEPHKACHUS TOCTPOEHBI
rpaduku pacrnpeneneHus OTHOCUTEIBHBIX SKBUBAICHTHBIX OCTaTOYHBIX
HaNpPsDKEHUM 71 CTeKIoIuiacTuka (puc. 4), pacCuuTaHHbIE IO TEH30PHO-
MHBapUaHTHOMY KpHUTepHUIo pouHocTu [onbaendmara — KomHoga.

Oxs
GM
AT =-180"C
1.4} P
12— T .
— AT =-120°C
1
~F
4:—______'_—____.~f’ __,JAT =-100"C
08f %
0.6}
0.4
0.2
0 1 1 |V
0.2 0.4 0.6 0.8

Puc. 4

Kak BuIHO M3 rpadukoB, NpU BBICOKHX CTENEHSAX ApMHPOBAHUSA
U TEMIEpaTypax pa3pylIeHHE MaTpHIbl MOKET HACTYyINaTh €LIe Ha 3Tare
U3rOTOBJICHUs MaTrepuana 0e3 NMpUIIOKEHUs BHeIHed Harpysku. Kpome
TOr0, YCTAHOBJIEHA HEKOTOpas ONTUMaJIbHAs CTENEHb apMHPOBAHUS, CO-
orBercTBYIOmas v=0,6, npu KOTOPOH OCTATOUHBIE HANPSKEHUS SIBIIS-
IOTCSl MUHUMAJIBHBIMU JUJIsl pa3IMYHbIX TEMIIEPATyp OTBEPKICHHUS.
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Calculating structural thermo-elastic stresses
in fibrous composite materials

© S.L. Kosachev

Bauman Moscow State Technical University, Moscow, Russia
E-mail: s_kosachev@bmstu.ru

Abstract. The paper presents an analytical method of calculating the
structural thermo-elastic stresses of fibrous composite material (FCM)
arising in its manufacture. The method is based on the use of a model of a
regularly reinforced FCM, the geometry and tense state of which are fully
determined by the microstructure of the fundamental cell. For the analyti-
cal calculation of residual stresses, an experimentally installed thermo-
elastic analogy is used, according to which residual stresses are considered
proportional to the differences in temperature expansion of the matrix and
reinforcement fibers and temperature differences at the cooling of the
composite. According to the proposed method, the results of calculations
for fiberglass with hexagonal lattice are presented, the optimal degree of
reinforcement is established, at which the residual stresses are minimal for
different curing temperatures.

Keywords: the composite material, the strength, residual stress, periodic
Structures.

HpeZ[CTaBJIeHI/Ie TEPMOHANIPAKCHHOT'0 COCTOSTHUA
NJIaCTUHbI HA OCHOBaAaHHUH TpeXMepHOﬁ TCOPUMA YIIPYIOCTH

© B.IL. Pesenxo', B.H. Bakynuu’

'"MHCTHTYT NPUKIAAHBIX IPOGIEM MexaHuku 1 MaTematuku HAHY, JIbBoB, Ykpanua
*MHCTHTYT NIPUKIAIHOM MexaHuKn Poccuiickoil akagemun Hayk, Mocksa, Poccns
E-mail: victor.rev.12@gmail.com, vbak@yandex.ru

AnHoTanus. [TonyuyeHo ofiee pelieHHe CTaTUYECKOH 3alayul Tep-
mMoynpyroctu. OHO 6a3upyercss Ha NPEJIOKEHHOM PELICHUH ypaBHEHHM
Jlame uepe3 Tpu rapMoHHYECKHE (YHKIMHA M M3BECTHOM TEPMOYIPYTOM
noreHnuazne. PaccMoTpeHa miacTiHa ¢ 3aJaHHBIM TEMIEPaTyPHBIM IOJIEM
CO CBOOOJHBIMU OT CHJIOBBIX HAarpy3oK TOPLOBBIMHM IOBEPXHOCTSIMH,
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CUMMETPUYHO Harpy»eHHas Ha O0KoBOI moBepxHocTu. [locTpoeHo nBy-
MEpPHOE IUIOCKOE TEPMOYINPYroe HAMPSKEHHO-1e()OPMUPOBAHHOE COCTOSI-
HUE TOHKOW WJIM TOJICTOM IUIACTHHBI 0€3 MCIIONB30BaHMS THUIIOTE3 O €e
IUIOCKOM HaIpsDKEHHOM cocTosiHuM. [lepeMenienus u HanpspkeHus B IUia-
CTHHE BBIPaXXEHbI 4epe3 JBE ABYMEPHblE TrapMOHHUYECKHE (QYHKIHMU H
YaCTHOE peIlIEHUE, KOTOPOE OIpeaesseTcsl 3aJaHHOM TeMIlepaTtypoil Ha
NOBEPXHOCTAX IJIACTHHBI. 3alMCaHbl KPA€BbIE YCIOBUS ISl ONPECIICHUS
3TUX QyHKIIHH.

Knrouesvie cnoea: mepmoynpyeas niacmuma, mepmody8CmEUmeabHblll
mMamepuan, HaAnPANCeHHOoe COCMOsSIHUE.

Beenenue. IlnacTuHbl, K KOTOPBIM IPUJIOKEHBI CHIIOBBIE HATPY3KHU
Y 3a/IaHHBbIE TEMIIEPATYPHBIE MOJIS, IIUPOKO MCIIONB3YIOTCS B a9POKOCMH-
YECKOW M JIPYTOM TEXHUKE, MI0ITOMY PELIECHHUE YPaBHEHUW TEOPUHU yIPY-
roctu u ucciaenopanue HAC nis Takux ynpyrux Tein — BakHas Hay4yHas
npobnema [1, 2]. B paborax [2, 3] caenan 0630p auTepaTypsl MO Mpea-
CTaBJICHUIO YPaBHEHUH IJIOCKOW TEOPUHU TEPMOYIIPYIOCTH C MCIIOJIb30Ba-
HUEM TUIOTE3 MJIOCKUX HAINPSLDKEHUH 1J1 TOHKUX IIACTHH.

Lenp paboTbl — MaTeMaTHUECKOE CBEJICHUE TPEXMEPHOI0 TEPMOYIIPY-
rOro HamnpsKEHHOIO0 COCTOSIHMS IJIACTUH K HAXOXKIACHUIO JBYMEPHBIX Iap-
MOHHWYECKHX (PYHKIMH, yIOBIETBOPSIOMINX 33aHHBIC KPAeBhIC yCIIOBUSL.

@®opMyJIMPOBKA 3a1a4U U NMpeAcTaBJeHue pemenus. Paccmorpena
TOJICTas MIIACTHHA TOJIMHOM /1, CpelMHHAas MOBEPXHOCTH KOTOPOH 3a-
HUMAeT 06macTb S ¢ KOHTypoM L u Haxomutcs B mwiockoctn Oxy me-

KapTOBOﬁ CUCTCMBI KOOPpAUHAT: X, =X, X, =V, X3 = Z. Ha TIOBEPXHOCTAX

mnactunbl (z=h;, hy=h/2, h,=—h/2) OTCYyTCTBYIOT HOPMAJIbHbIE H

KacaTeNIbHbIE HATPY3KH, a 3aaHbl TONbKO Temmeparypel 1T =T", rae
3HAaKH «1», «—» ONHUCHIBAIOT (PYHKIMU HAa BEpXHEW W HU)KHEW MOBEPXHO-
CTSX. 3aMMcaHbl TEPMOYIIPYTHE HAMPSHKEHUS
% I+v .
o, =2Glg, + e— ofl']l, t,=Gy,..k+]j, (1)
J g
I-2v  1-2v

U ypaBHEHUs CTallMOHAPHON TEPMOYIPYTOCTH B IIepeMeIleHusIX u, [1]

(1=20)Vu, + 28 =201+ w0l k=13, @)
ox, ox,
2 2 2
vir=o0, v =2 0 0 3)

+—+ ,
ox;  ox;  Ox;

1-2v
rIe e = T® + 30l — o0bemMHOE pacmpenue, ® =6, +6, +G,, o0 —

K03()(DUIMEHT TEIIOBOro paciuupenus, 7 — U3BeCTHas TeMIepaTypa.
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Hcnonb3oBanbl pe3yibTaTtel pa®oThl [4], U HaliieHO HOBoe oOriee
MIPEICTABJICHUE pelIeHUsI ypaBHEHUH (2):

_opLo0 o 3, 0P

u, =— , U , u,=—-=41-v)0, 4
Yoox Oy Y0y ox 0z ( ) @
reP=z(0+pQ)+Y¥; @, ¥, QO — TpexmepHble TapMOHHYECKHUE
GyHKIUHN nepeMenieHui, 2 = J‘T dz, B = L+v o
0 2(1-v)

W3 npencrasnenuii (1)—(4) onpeneneHsl HOpMaibHbIE

2 2
5,=2G 0 I;—(—l)fa—Q—zvai)—zﬁr ,j=12,
Ox; 0x,0x, Ox,
2
G3=2G{alj—2(2—v)a£—ZBT}, (5)
X, Oox,
M KaCcaTCJIbHBIC
2 2 2
. =G| 2 o°P +8g_8g ’
ox,0x, Ox; OX
2
=62 2L sa-vyo [y 22| =12, ()
’ Ox, | Ox, Ox;_,0x,
HanpsokeHus, tne G = E /2(1+v). Haitneno
e=—20-2 204287, @=—2B 0+ L. 7)
oz oz I-v

PaCCMOTpeHLI CUMMCTPUYHBIC 110 Zz HOPMAJIBHBIC HAIIPAXKCHUA, KOT' 1d
6,K06,0,. Ilocne HUHTCTPUPOBAHUA IO TOJIIIUHE ITTJIIACTUHBI X UCIIOJIB30-

BaHUs coOTHOIIEHUH (5)—(7) BbIpaK€Hbl HOPMAJIbHBIE U C/IBUTAIOIINE YCH-
74 4epe3 AByMepHbIe (DYHKIUH, KOTOPBIE YAOBIECTBOPSIOT YPAaBHEHUAM

AP = —4(1-v)D", AQ=—2§Q+, A(D* +pQ7) =0, (8)
zZ

N hy - Iy 82 82
rne P=| Pdz, O= dz, A=—+—.

IIpencraBieHue TepMOYNPYroro HaNpsizkeHHOT0 COCTOSIHUS Yepe3
rapmonnveckue pynkuuu. Halinens! pemenus ypasHeHui (8)
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+ 2
15:2(1—v)h[ya—(p+[3c)1]—(1+v)ha—w, o0 =4h a‘P; 9)
oy Ox 0z 0x0y
< o oo o’ _h
=—4hy—~+(1+V)h—, ® " =—h—L-B—Ao,, 10
0 e (1+v) & P Bz ) (10)
rae ¢, Y — rapMOHMYECKHe (DYHKIUM; (), — YaCTHOE PELICHHUE ypaB-

HeHust hAw, =2Q".

Hcnonws3oBanbl pe3ynbTatsl ctaTh [5], cootHomenus (9), (10) u 3a-
NUCcaHo o0lIee NPeACTaBIECHUE HAIPSKEHUH

3 2 3 2
o, =2E ya(g+2a(f+ GZ\V —280} ;
oy oy~ oy ox 2 oy

0o Oy ade }

=2F + ; 11
© {yéxzéy ox* 2 ox? (1)

T.XV

3 2 3 2
=-2E]y 8(p2+ o9 + az\lf _Eaml .
Ox0y~ 0Ox0y Ox 0y 2 OxOy

lapmonnueckue GyHKIUU @, Y ONPECNSIIOTCS M3 KPaeBBIX YyCIO-
BHi1 [5]:

.2 2 : o~ -
{s]n OLGy +cos 0o, +SlIl20L’Exy} |L— G,;

{sin 20

5 (o, —csx)+cos2(prxy}|L=rn, (12)

1 Iy | Iy
rne 6, =— J. o, (x,y,z)dz|,, t,=— I T, (x,y,2)dz |, .
h s, h s,

Metoapl pemenus kpaeBoil 3amauu Buga (11), (12) paspabGoransb
B pabotax [5-7].

BouiBoabl. /[BymMepHas TeopHs TEPMOYIPYTUX IUIACTHH MOCTPOEHA Ha
OCHOBaHHMH TPEXMEPHOW TEOPUHU YIPYrocTH Oe3 MCIIOJIB30BAHUS TUIIOTE3
0 HYJIEBBIX KacaTeJIbHBIX 1 HOPMAJIbHBIX HANPSDKEHUAX G, . Y CTAHOBIICHO,

YTO HANJCHHBIC HANPSIKEHUS U IEPEMELIEHUS TOYHO PaBHbI COOTBET-
CTBYIOIIIMM YCPEIHEHHBIM HAIPSDKEHUSAM TPEXMEPHOW TEOpUU TEPMO-
ynpyroctu. M3 noiaydeHHbIX GOpMyIT CIIEAyIOT MPEACTaBIECHUS HalpsKe-
HUH IUIOCKOW 3a/1ayil TEOPUU YIIPYTOCTH.
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Representation of the thermo stress state of a plate
based on the three-dimensional theory elasticity

© V.P. Revenkol, V.N. Bakulin®

'Pidstryhach Institute for Applied Problems of Mechanics and Mathematics National
Academy of Sciences of Ukraine, Lviv, Ukraine
’Institute of Applied Mechanics, Russian Academy of Sciences, Moscow, Russia
E-mail: victor.rev.12@gmail.com

Abstract. A symmetrically loaded thermosensitive plate is consid-
ered. This problem in a two-dimensional formulation has become wide-
spread in the study of the effect of temperature loads on the stress state of
thin plates. It is obtained from the equations of the three-dimensional
problem, after using the hypotheses of the plane stress state for thin plates.
The report proposes a general three-dimensional solution of the static
problem of thermoelasticity in a form convenient for practical use. To
construct this solution, a thermoelastic displacement potential is added to
the previously found general solution of the Lamé equations. The ther-
moelastic stress state of a thick or thin plate is divided into two parts: first,
takes into account the thermal effect caused by external heating and inter-
nal heat sources; the second is determined by the symmetrical power load.
Thermoelastic stresses are expressed in terms of deformations and known
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temperature. The zero boundary conditions on the outer surfaces of the
plate are exactly satisfied. This made it possible to prove that the intro-
duced two-dimensional functions will be harmonic. After integration over
the plate thickness, the normal and shear forces are expressed in terms of
three unknown two-dimensional functions. A closed system of partial dif-
ferential equations for the introduced two-dimensional functions is con-
structed without using hypotheses about the plane stress state of the plate.
We used only the physical fact that normal stresses perpendicular to the
middle surface are insignificant in comparison with longitudinal and
transverse stresses. The displacement and stresses in the plate are ex-
pressed in terms of two two-dimensional harmonic functions and a par-
ticular solution, which is determined by a given temperature on the surfac-
es of the plate. The posed three-dimensional problem is reduced to solving
two-dimensional equations. The proposed method allows the solution of
three-dimensional boundary value problems for thick heat-sensitive plates
to be reduced to a two-dimensional case. The introduced harmonic func-
tions are determined from the averaged boundary conditions on the lateral
surface of a thick plate.

Keywords: thermoelasticity plate, thermosensitive material, stress state.
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CEKUMA 5. HAYYHO - METOANYECKUE
N UCTOPUYECKUE BONMPOCblI MEXAHUKW

Pyxosooumenu: n-p ¢pus.-mar. Hayk, npod. C.A. bepecrona,
I-p TexH. HayK, npod. [1.M. IlIkanos,

npezcenaTenb HayqHO-METOMUECKOTO COBETa

M0 TEOPETUYECKON MexaHuKe pu MuHoOpHayku PO,

I-p ¢us.-mat. Hayk, npod. B.A. CamcoHOB

Harasigablie moco0usi 1Jis NpenoaaBaHus
NPaKTUYECKOM MeXaHUuKM B KOHIe XIX Beka

KaK HCTOYHHUK H3YYECHHS HCTOPHYECKOr0 HACTeIns
MPY3 — UMTY — MBTY

©T'.A. bazanuyk, C.B. Kypakos

MI'TY um. H.3. baymana, Mocksa, Poccus
E-mail: bga@bmstu.ru; kurakov@bmstu.ru

AHHOTanus. J[oKnax MocBAIEH BOIPOCaM U3YUYEHHs UCIIOJIb30BaHUs
UCTOPUYECKUX MOJENIe MEXaHU3MOB B INPaKTUKE INpernojaBaHus pyHaa-
MeHTaJdbHbIX Hayk B MPY3 — UMTY — MBTY, co3panuio HOBBIX
Hay4HbIX HampasieHUN B XX BEKe U, KaK CIEACTBUE, PA3BUTHUIO U paCLIu-
PEHHIO KOJUJIEKIIMM HArJSIIHBIX MOCOOMHA. ABTOpBI MPOCIEIUIN BIIUSHUE
TpymoB mpodeccopa H.E. )KykoBckoro, BBIafOIIErocs y4eHOTO-
MEXaHHMKa MHPOBOT'O YPOBHs, HE TOJbKO Ha Kypc «Teopernueckas mexa-
HUKa», HO M Ha CMEXHBIE 00JacTH TEXHUYECKHMX HayK. PacckazaHo
0 HOBBIX HOCTYIUIEHUsAX B My3elHblii ponn MI'TY um. H.O. baymana u
MOKa3aHO HOBOE COBPEMEHHOE MPUMEHEHHE UCTOPUUECKUX OOBEKTOB MpHU
paboTe co MKOIbHUKAMH, CTYJEHTAaMU MIIQJIIINX M CTApIIUX KYypCOB, MPH
IIPENOIaBAHUM TEXHUYECKUX JHUCLIMIUINH, a TAKKE IIPU CAMOCTOSTEIIBHOM
W3y4YEHHUH BOIIPOCOB UCTOPUU HAYKH, TEXHUKH Y MAallIMHOBEICHUSI.

Knrwoueswie cnosa: npakmu4yecKkas mMexanuxka, meopemudecKkasi mexanuKka,
HaeﬂﬂaHOcmb, mooenu MEXAHU3MOE, npenodaeanue MawuﬂoeedeHu}z,
ucmopus Malun U MeXaHU3mMo8, Mexanuka 6 My3eeeedeHuu.

BBenenue. B HacTosimiee BpeMsi poib MOAENEH MEXaHU3MOB U3MEHHU-
Jach, TaK KaK U3MEHHWICSA U TPAAUIMOHHBIA Kypc MPOEKTUPOBAHUS MeXa-
HU3MOB B COBpeMEHHOW BbIcuIiel Imikojie. C pa3BUTHEM COBPEMEHHBIX
TEXHOJOTHH JaHHble OOBEKTHl Hayalld TEPSITh CBOW TUAAKTUYECKHI
CMBICJI, OCTaBasICh MPU ATOM TPUMEPOM H 00pa3lOM HATJSJAHOCTU TPH
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MPEnoIaBaHUM TEXHUYECKUX MUCHUILIUH. CKakeM Tak, CErOJHs MOJIENH
UCIIOJIB3YIOTCSL HE TOJIBKO ISl J€MOHCTPALUY MPeoOpa30oBaHUsl ABHKEHUS
Ha JIEKIUAX 10 KypcaMm «Teopernueckas Mexanuka» u « Teopusi MexaHus-
MOB U MalllMH» WJIH JUIsl IPOBEACHUS SKCIIEPUMEHTOB B yueOHOI 1abopa-
topur. PaKTUUECKHM CaMH A3TH MOJEIM CTajld MPEIMETOM HAYyYHOTO
HCCIeI0BaHUS KaK LIEHHBIC MAaMSATHUKYA UCTOPUHU HAYKHU U TEXHUKH.

B cBsi3u ¢ OypHBIM pOCTOM MPOMBIIUICHHOCTH B cepennne XIX Beka
BO3HHKAET NEPHUIIMT TEXHUYECKH OOpa30BaHHBIX CIEIHAIMCTOB, CIIOCO0-
HBIX MIPOEKTUPOBATH, U3TOTABIUBATh U HKCILUTYaTUPOBATH CIIOKHBIE MeXa-
HU3MBI U MallMHbI. BrIciiee TexHnueckoe oopazoBaHue, KOTopoe odecre-
YUBAET TEOPETUUYECKYI0 M TMPAKTHUYECKYIO0 IOJFOTOBKY WMHXKEHEPOB U
TEXHHUKOB, 0053aTeJIbHO BKJIIOYAIO B yueOHbIE TUIaHbI JBa MpeIMeTa: Teo-
pHUIO MAIIMH U TEOPHI0 MEXaHW3MOB. JTH TPEIMETHl OBUTH OCHOBHBIMU
B MOJUTEXHUYECKHUX IIKOJaX U YHUBepcUTeTax. VX kauecTBEHHOE Mpero-
JTaBaHue OBUIO HEBO3MOXKHO 0€3 HArJISIHBIX MMOCOOMN — Mojeneil mexa-
Hu3MoB. Komnmekuuyn Moneneil MalimH M MEXaHM3MOB HAaYMHAIOT CO3[a-
BaThCs B HAYYHBIX coobmecTBax (puc. 1).

KafuHeTs IPEEIANHON MEXAHHEH.

Puc. 1. Poro Ko/UIEKIINY KHHEMATHYECKUX MOEIIEH
Ji71s ipenoiaBanus Kypea «llpukiagHas MexaHuka»
B UMTY, Hauano XX Beka

Hogbie noctyniiennst B ponansl mysess MI'TY um. H.D. Baymana.
[Mpodpeccop MMTY H.E. XyxkoBckuii 0oJblIoe BHUMAaHUE YACTSUT
HarJIIIHOCTA TpPHU HAMHUCAHUU U OOBSICHEHHHM CBOUX HAYYHBIX TPYJIOB.
Tak, B ctatbe «Moaenb masitHuka ['ecca» [1] Hukonait EropoBuu numier
0 TIOCTPOEHUHU UM 3TOM MOJENH JIJs MEeXaHM4YecKoro kabuxHera MockoB-
CKOTO yHHMBEpPCHTETa C TPUBEACHUEM pa3MepoB U 3cku3a (puc. 2).
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DK3eMIUISIp HAyYHOT'O YCTPOMCTBA HE COXPAHMIICS, HO BIOJHE BO3MOXKHO
CO37aTh UCTOPUYECKYIO PEIUINKY, KOTopasi OyJIeT JTOCTaTOYHO 3HAKOBOM,
CHUMBOJIMYHON U BBI3OBET MHTEPEC Y CTYJIECHTOB U MpernojaBaTeiei Hale-
ro yausepcutera. IlogoOHas Haxonka oOHapyKWiach B HEZABHEM IIO-
CTyruieHud B (oHI My3es cOopHuka TpyaoB OtaeneHus (PU3HUECKUX
Hayk OOIecTBa JIIOOUTENIEH eCTeCTBO3HAHUS.

Puc. 2. Nzo0paxenune Mmonenn MastHuka ['ecca
B ctatbe H.E. XKykoBckoro, n3rotoBneHHoH
UL MeEXaHndeckoro kabmaera MI'Y

[Ipuknannoe 3nauenue tpynos H.E. JXKykoBckoro onenunu eme ero
coBpeMeHHukU. Tak, B xkypHaie «HentyHn» (mepuoandyeckoe uzgaHue To-
BapuiiectBa umxeHepoB «H.IT. 3umun u K°») B 1915 r. Obl1a HaneyaTaHa
cTaThs «OnpeieneHre MecTa yTeukd BOAbl U3 BOJOMPOBOIHBIX TPYyO» MO
cnocoby H.E. XKykoBckoro, ykazanaomy um emie B 1898 r. K teopernye-
CKHMM BBIKJIaJIKAM IIPWJIArajgoch TEXHUUECKOE PEIICHUE — HCIIOIb30BAHNE
npubopa «Ilynascorpad» (ckopee Bcero, He COXPAHUIICS) CUCTEMBI MHKe-
Hepa H.B. AxumoBa, OwiBiero ydyenumka Hwukomass Eroposuua. Kak wmbr
BUJUM, TMOJOOHBIC TPYIKU3HEHHBIC W3JIaHUSI TOJHBI UCTOPUYECKOW WH-
dopmaruu s aTpuOyLUU MEXaHU3MOB, TIO3BOJISIOT ONPEACIUTh HauaIo
MPUMEHEHUS TE€X WU UHBIX TEXHOJIOTUMN, JAIOT BO3MOXKHOCTh 0ObEKTHBHO
OLICHUTh BKJIAJl BETMKOI'0 YYEHOTO B pa3BUTHE TEXHUYECKOTO IIporpecca.

[TomoOHBIE BHIBOABI TO3BOJIMJIO CHENATh €IIe OJHO MOCTYIUICHHE
B (hoHIT My3est — 3TO HekpoJior A.B. JIeTHUKOBY, HANMMCAHHBINA €T0 KOJUIET O
H.A. IllanonrtHuKoBbIM, U3BECTHBIM TI€aroroM-MareMaTukoM, B 1888 r. [2].
®opmar Hekposora XIX Beka (MOMMMO TEUAIBHOW KOHCTaTanuu (akra
yTpaThl) ObUT MOAPOOHBIM U JETATBHBIM OTYETOM O JIEATEIHHOCTH yYEHO-
ro, €ro XU3HEHHOM IYTH, JOCTHXKECHUSX, CAEIaHHBIX HAy4YHBIX OTKPBITH-
SIX, TIPOBOJAMMOM aJMHUHHCTpaTHBHOU pabore u T. A. Ha cexkumum OymyT
BbIHECEHBI Ha 00CYK/IEHHE HE TOJIbKO HAay4YHbIE MHTEPEChl U HCCIEI0Ba-
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Hus A.B. JleTHukoBa, HO 1 ero poib B co3nanuu «Pycckoro Merona noj-
TOTOBKHM MHXKEHEPOB». ABTOPBI CUMTAIOT, YTO CJIEAYET COOIIOAATh UCTO-
PUYECKYIO CIIPaBEUIMBOCTh MO OTHOILIEHHUIO K HAIlEeMy YUY€HOMY U Hempe-
MEHHO ynoMmuHaTh umsi A.B. JleTHHKOBa Kak OJIHOrO W3 OCHOBaTEEH
OTEYECTBEHHOU MHKEHEPHOU ILKOJIBL.

Pycckass ko/uiekuMst MoJesiedl MEeXaHHU3MOB BTOPOil IOJIOBHUHBI
XIX Beka. Ee ocnoBarenem sBisiercst aupektop MPY3 Anexcannp Cre-
nanoBud Epmos. B Poccum dopmupoBanne BBICHIETO TEXHUYECKOTO
o0Opa3oBaHMs HA4YAIOCh HEMHOTO MO3XkKe, 4eM B EBporie, moatomy ero pas-
BUTHE MTPOUCXOAWIO MOJI CUIBHBIM BIIMSHUEM €Bponenckoro oneita. Ilog
pykxoBoactBoM A.C. EpimioBa B peMECIEHHBIX MAaCTEPCKUX NPUCTYTIHIN
K U3rOTOBJICHHUIO MOJIENIE KHHEMAaTHYECKUX MEXAHU3MOB, KOTOPBIE JIETJIH
B OCHOBY YHMKQJIBHOW KOJUIEKLIMM, HACUMTHIBAIOLIECH HA CETOMHSIIHUN
neHb Oonee 50 myseiHbIX 3kcmoHaToB [3]. Ocoboe BHUMAaHHE CIEIyeT
VACIUTh «JOCKaM» — CTEHJAaM C IUIOCKO-PhIYaKHBIMU MEXaHU3MaMu,
HaTJSHO JIEMOHCTPHUPYIOIMIMM paboTy MexaHu3MoB VYarrta, Hepnuxa
u n1p. (puc. 3).

Puc. 3. [Ipumepsr Mozeneil TUIOCKO-PEIYaXHBIX MEXaHU3MOB, BHITIOJTHEHHBIC
BocriutaHHuKamMu MPY 3 mox pykoBoactBom mupektopa A.C. Epmoa, 1860—1867 rr.

Cekuuu KoH(pepeHIuH OyJeT NpeayioKeHO OOCYIUTh COBPEMEHHOE
IPUMEHEHUE JaHHBIX MOJIeNel Npu OOBSCHEHUH U BBINOJIHEHUU, HAIPU-
Mep, JAOMAIHero 3ajaHus 1no aucuumiinHe «TeopeTnueckas MeXaHHKa»
MyTEM MAaTEMaTU4YECKOT0 MOJEINPOBAHUS (U3MEHEHUS pa3MEPOB 3BEHbHEB,
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BEJIMYUHBI KPYTAIIEr0O MOMEHTA U TIp.), YTO JJII UCTOPUUECKUX IKCIIOHA-
TOB OyJleT KpallHe BaXXHBIM W CYIIECTBEHHO OOOTAaTUT B METOIUYECKOM
ACIEKTE YHUKAIbHYIO KOJUICKIIHIO.

0 MEXAHU3MEB .I. B. ACCYPA.

H. E. J{yEoBCEii.

(Coobugeno 31 Marematnueckoms OOmecreh 15 mapra 1916 r.)

§ 1. Bwceoems counsenin «Macrbposanie naocknxs crepmmue-

BHXDH MOXAHIEBMOBT Cb HU3MINMI MapaMu ¢b TourH aphuia nxs
eTpVRTYpH I KaacenPuraniny *) JI. B, Aceypr yrasuBaeT™h MeXi-

Puc. 4. Cxema mockoro crepskaeBoro mexannsma JI.B. Accypa
B cTatbe-coobmenun H.E. XKykosckoro, 1915 .

[Ipomomkast TOBOPUTH O MPUMEHEHUH HATJISITHBIX YY€OHBIX TTOCOOHH,
BepHeMcs Kk Oonee mozaHelt crathbe H.E. JXKykoBckoro (1916 ) «O mexa-
HusMe JI.B. Accypa», B kotopoii Hukomnaii EropoBud pa3zoupaer counte-
Hue «lccnenoBaHue MIOCKUX CTEP’KHEBBIX MEXAaHU3MOB C HHU3IIMMH Ma-
pamMH C TOYKH 3pPEHHS MX CTPYKTYPHl W KIACCH(PHUKAIMW» €IIe OJHOTO
cBoero yueHuka (puc. 4). Jleonun Brnanumupouu Accyp — co3parens
palMoOHaIbHON KiIacCU(UKAMU TJIOCKUX LIAPHUPHBIX MEXaHU3MOB JIO-
00l CJI0)KHOCTH METOJIOM IMOCJIEI0BATEIbHOTO HACIOEHUS KHHEeMaTHhde-
CKHX LIeNel, NoTyYuBIINX Ha3BaHue «rpynn Accypa». K coxanenuro, He-
JoArasi KM3Hb 3TOTO YYEHOrO0 HE I03BOJIWIA €My B IIOJHOH Mepe
PacKpBITh IOTEHIIMAT CBOMX pa3paboTok; mms JI.B. Accypa u ero uccie-
JIOBaHUs ObUIN OCHOBATENBHO 3a0bITHI BCKOpE Mociie ero cmepTtu B 1920 r.
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VY4yeHsle B cBOMX paboTax yHNOMHUHaNU Kiaccupukanuio Accypa, HO He
NPUMEHSIIN €€ I PELIeHUs 3aad CUHTe3a W aHaiau3a MexaHu3moB. Cu-
Tyanus ¢ uaesiMu Accypa U3MEHWIACh, KOTJIa K UCCIIEJOBAHUSAM MOIKIIIO-
gusics Mosiofou yuensii .M. ApToOosieBCKUiA, KOTOPBINA IMOHSJ, KaKue
BO3MOXXHOCTH JJIsl TIOCTPOCHHS OOIIEe TEOpHH MEXaHHW3MOB OTKPBHIBACT
teopusi JI.B. Accypa. MUmenno W.M. Aprobonesckuii (1905-1977),
H.I'. Bpyesuu (1896—1987) u B.B. Jlo6poBonsckuii (1880—1956) pazsunu
Y NPOAOJDKUIN TEOPHUIO CTPYKTYPHOTO aHAJIU3a MEXaHU3MOB, OCHOBBI KO-
Topoil 3as0oxun yueHuk H.E. Xykosckoro.

3apyle:xkHasi KOJJIEKIHMS MoJeseil MexaHM3MOB KoHuma XIX —
Havyasna XX Beka. CBs3b ¢ eBponelickoil Haykoit B MPY3 — UMTY —
MBTY cymecrBoBana Bcerjga. 3arpaHU4YHble KOMaHIUPOBKH PYCCKUX
WMH)XCHEPOB Ha JyYIlIME 3aBOJAbI, 3allUTa JUCCEpPTAlii B MHOCTPAHHBIX
YHUBEpPCUTETAX, y4acTHe Y4uinina B MexxyHapoIHbIX BbICTaBKax B Ila-
pwke, Bene, ®umanenshuu, 3aKynka Jydmiero y4eOHOrO HWHBEHTApS
U PACXOJIHBIX PEaKTUBOB U MHOTOE APYTroe — BCE ATH (DAKTHI SBISIOTCS
HEOTHEMJIEMOH YacThI0 HAYyYHO-y4EOHOTO IpOIecca B MCTOPHH HAIIETO
yHuBepcutera. Hano cka3ate, uto B EBpone noHMmanu BaKHOCTb, ITOJIE3-
HOCTb ¥ HEOOXOJMMOCTh MPUMEHEHUS HATJISIAHBIX OCOOUN OYeHb JaBHO.
Hampumep, B Tpaktate Anbpbpexta J{ropepa «PyKkoBOACTBO K M3MEPEHHUIO
LIUPKYJIEM U JIMHEHKOIW» yxe B 1525 r. mpuBOIUTCS MHOKECTBO MPHUCIIO-
cOOJIeHHI M TIOCKUX MEXaHU3MOB «HA IOJIb3y BCEM JIIOOSAIIUM HCKYC-
ctBoy». Cpenn HUX KOHXOHWJA, WK pakoBuHa, [{ropepa (puc. 5), mis Boc-
npousBenenus WM. AproOoneBckuM OBUT CO3/MaH IUIOCKUNA KYJHCHO-
phIYaXHBIA MeXaHu3M 1o HomepoM 1216 B cepenune XX Beka [4].

Bos3Bpamasice k skcnoHaram myszes MITY um. H.O. baymana,
cIeayeT OTMETUTh 4acTh Mmozened dpanma Peno, koTopble, BO3MOXKHO,
ABJISIFOTCS. €IMHCTBEHHBIMU B MHUpPE, COXPAaHMBIIMMMCS O HAIIUX AHEH
B HameM Mmy3ee. [Ipodeccop @. Peno, yueHUK BBIIAIOMIETOCS HEMEIIKOTO
nmxenepa @. Pearenbaxepa, co3man KpymHEHITYIO KOJIJIEKIIMIO MOJEICH
MEXaHU3MOB /I O0yYeHHsI TPAKTHIECKON MexaHuke [S]. OHa coCTOUT U3
nByx uacred. [lepBas — oOmen3BecTHa M MPHUCYTCTBYET BO MHOTHX
texHudeckux Mysesx EBpombl u CIIIA, a BTOpas 4acTb KOJUIEKINH, O0jee
MO3/IHssA, BBIIEAIIAs B CBET B CaMOM Hadajie XX BeKa, — MaJlOM3BECTHA
U MaJO4YMCIEHHA, TaKk Kak mocie cMmeptu Ppanna Peno B 1905 r. nena
y ero komnansoHa U (habpukanta ['ycraBa DoiiTa pacCTpOMINUCDH, TPUILLTH
B YIAJ0K, M HEMEIKYI0 (pupMy, 3aHUMABIIYIOCS U3TOTOBICHUEM MOJENeH
KMHEMaTUYECKUX MEXAaHU3MOB, TPUIILIOCH 3aKPbITh.

HNmeHnHO BO BTOpOM 4YacTU CBOEH KOJUIEKUMH Peno yaenwn BHUMa-
HUE KHUHEMaTHUKE TOYKM W CO3Jal TPYIIy MOAEIEeH — JUCIUICEB, I/
OTMEYEHHAsi TPACKTOPHUs Ha CTEKJE IMO3BOJSET HU3ydyaTb MaTeMaTHUYec-
KO€ OIIMCAaHWE [BWKEHUS MaTepUalbHbIX TOo4ek. B Myszee MITY
uMm. H.D. baymana umeercss msaTh TakuX HArIsAHBIX mocoOuit (puc. 6).
Crekina y Tpex U3 HUX yTPadyeHbl U TPeOYIOT BOCCTAHOBIECHHS, YTO OyAeT
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BBITIOJIHEHO B OmmkaiiieM OyayiieMm, a BeAyIIMM CHEIHAlUCTaM Tpo-
dunbHOM Kadenpsl dakynprera «DyHIaMEHTANbHBIE HAYKW», HAJEEeMCH,
OyJeT MHTEPECHO OIEHUTh METOJWYECKUN MOTEHIMaN MOAOOHBIX MOJe-
Jeil mpu MaTeMaTH4eCKOM MOJAEIMPOBAHUU U MPENoJaBaHUU 0a30BBIX
KypCOB B HallleM YHHUBEPCUTETE.

Puc. 5. U3 tpakrara A. Jlropepa npumep
IUIOCKOTO MeXaHu3Ma (a) W KOHXOWIa
[ropepa (6); KyJIMCHO-PBIYQKHBIA MeXa-
Hm3M Ne 1216 u3 cOopHuka «MexaHu3-
MBI B COBPEMEHHOW TEXHHKE», TOM 2,
N.U. AptoboneBckoro, BOCHpOU3BO/Is-
it kouxonnay Jropepa (8) 8

Co3nanue, nepcneKTUBBI U JajbHelilee pa3BuTHe 0a3bl TaHHBIX
KHHEMaTH4YeCKUX MojeJieil. J[1s1 pa3paboTki HEOOXOAUMBIX MPOTOKOJIOB
Y HaKMCAaHUs KOJa TPorpamMM ObUTH MTPHUBIICYCHBI TPAKTHKAHTHI Komemka
KocMuueckoro mpubopoctpoenus npu MI'TY um. H.D. baymana, xorto-
pbIe TaHHYIO MPAKTUYECKYIO PabOTy BBIMONHSIN BIEPBHIC B XOJIE JUIIIOM-
HOW Y TIPEITUIUIOMHOM TTpakTuK. OIHAKO MO PYKOBOACTBOM Ipodeccro-
HAJIOB: IMperoaBaTeiei, Xy JOXKHUKA U My3eHHBIX COTPYAHUKOB — peodsiTa
CIIPaBUJIMCh C 3aa4€il YCHEIIHO, CO3[all PEaJbHbIA MPOAYKT, BBICOKO
OIICHEHHBIM KOHEYHBIM MOJIb30BATEIIEM, U MOJTYUYUIN XOPOIIUM IpaKTHYe-
CKHUH OTBIT.
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KINEMATISCHE MODELLE NACH PROFESSOR REULEALX

|
|
|
|
|
| MECHANISCHE WERKSTATT, GUSTAV VOIGT, BERLIN SW. 68,

Puc. 6. ®parment karanora KuHematiuueckux moaenei Peno — ®oiira (I wacts),
1907 r. (uBeTOM BBIIIENIeHbI MOJIEH, Haxousuecs B my3zee MI'TY nm. H.D. baymana)

YuuteiBass COOCTBEHHBII MHOTOJIETHUH OIIBIT, & TAKXKE OOIIEMHPOBBIC
TEHJEHUNH, MOXHO BBIIEIUTH CIEIYIOIINE METOAMYECKUE HAIpPaABICHUS
WCIIOJIb30BAHUS MY3CHHBIX TEXHOJIOTHI B 00JaCTH MOIYJISIpU3aAN Hayd-
HBIX 3HaHUM.

1. Co3nmanue BUPTYaJIbHBIX TPEXMEPHBIX MOJIEICH MEXaHU3MOB C UC-
nosab3oBanueM nuppobix nakeroB CAD/CAM/CAE, pa3paboTka crieru-
¢uKaMii W MapmIpyTHBIX TEXHOJOTHH, oTpadoTka 3D-Bu3yanmuzanmu
(aHMManMs, peHAEPUHT U Tp.) Ui HATJSTHOTO TPEACTABICHUS ecTe-
CTBEHHBIX 3aKOHOB HayKu. J[aHHOE HaIlpaBJE€HUE YCHEIIHO Pean3yeTcs
¢ kKoHIa XX BeKa U MPOJ0JIKAET COBEPILIEHCTBOBATHCS CETOaH: [6].

2. Coznanue U BBIpANIUBAHUE METOJOM MPOTOTUIUPOBAHUS (MIIU TIPU
MOMOIIM MHBIX CIIOCOOOB aJIUTUBHBIX TEXHOJIOTHI) TPEXMEPHBIX 00pa3-
IIOB MOJICJICH MEXaHW3MOB. Y JTOr0 HampaBjcHHs OoNbIIoe Oyaymiee
u obmupHas cdepa npuMeHeHus. JlaHHBIN MOAXOM BBITEKAET U3 MpPEIbl-
IyIIETO IMyHKTa B IUJJaHE TOJTOTOBKM TEXHMYECKOW ITOKYMEHTAIlUU M
UCTIONB3YET TY K€ soft-cpemy.

3. IlpoekTupoBaHHE€ HOBBIX METOAOB OOyYEHHS (AUCTAHIIMOHHBIX,
UTPOBBIX, MPOOIEMHBIX [7] U Ap.) Ha 0a3e COBPEMEHHBIX KOMMYHHUKATHUB-
HBIX TIATGOpPM — BEOMHAPHI, COBMECTHBIC MPOEKTHI C YIAJICHHBIM JIO-
CTYIIOM, MHTEPAKTUBHBIC JIEKIIUH U T. TI.
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4. CozpaHue BUPTYaJIbHBIX Ja00paTOpUil 10 U3YyUEHHIO TEXHUUECKUX
TUCIUIINH [8], KOoTAa MPOBOJUTCS TEOPETUUYECKOE U MpaKTUiIeckoe o0y-
YEHHUE C YYETOM BO3MOXKHOCTH THOKOTO M3MEHEHHUS caMoil cpeabl [9], uTo
HEBO3MOJKHO IPHU KJIACCUUECKOM MOJXOAE.

5. AnanTanus CIOXHOTO y4yeOHO-HayyHOro MaTepuaia JUisl pa3iud-
HBIX BO3PACTHBIX U 00pa30BaTEIbHBIX TPYII OOLIECTBA — IMIKOJIBHUKH,
CTYJI€HTBI, TI€1arory, MEHCUOHEPHl U T. 1. BonbIIoil MHTEpec BBI3BIBAET
npoekT JlemapramenTa oOpa3oBaHus U HaAyKHU I. MOCKBBI «Y HUBEPCUTET-
cKkue cy0O0OThI», Tlle CIEUUATNCThl Pa3HbIX HAIMpPaBICHUNA B JOCTYITHOU
dopMe BeoyT JEKUMU U MacTep-Kiacchl. VX menp — mnomynspusanus
B Cpe/ie IIKOJIbHUKOB COBPEMEHHBIX HAYUYHBIX U TEXHUYECKHUX JOCTUXKE-
HUN B pa3IU4YHBIX 00JACTSIX HAYYHOU AESITENHbHOCTU: OT TYMaHUTapHBIX
JI0 €CTECTBEHHO-HAYUYHBIX U MHXEHEPHBIX HayK. 3aHstue B Mmy3ee MI'TY
uM. H.D. baymana «KuHemaTnueckue MeXaHU3Mbl — OT IPOCTOIO
K CIOKHOMY» CTall0 MOOEeNUTEeIeM MOCKOBCKOTO KOHKypca «Jlyuias
yHUBepcuTeTcKas cyooora — 2019».

3akirouenue. B nocrienHue roibl 0TMEUYAETCsl 3HAYUTEIBHOE MOBBI-
HIEHUE MHTEpeca K KOJUIEKIMSAM MEeXaHW3MOB. BHauasne 3ToT uHTepec Bo3-
HUK C HUCTOPUYECKOM TOUKH 3peHMsI K Haubosee cTapbiM MOJEISAM Mexa-
HU3MOB KaK Ba)XHBIM OOBEKTaM H3Y4YCHHSI M COXpPAHCHHS IaMsATH 00
VCTOPUM TEXHUKU U €€ JBONIOIMM BO BpeMeHHM. Hekoropas dacTb 3THX
Mojiesiell UMeeT OOJIbLIYI0 UCTOPHUECKYIO U XYJI0’)KECTBEHHYIO IIEHHOCTh
Y XpaHUTCS B HAYYHBIX U TEXHUYECKUX My3esx. Pazsutue MuTepHera BbI-
3BaJIO TOSIBJICHHE HOBBIX (JOPM JUIS JTEMOHCTPAIMU KOJUICKIIMHA PEIKUX
TEXHUUYECKUX YCTPONCTB: BeO-CaliThl M BUpTyalbHbIe My3eu. CoBpeMeH-
HOE€ MYJbTUMEIUWHOE MPOCTPAHCTBO IO3BOJIAET MPOBOJIUTH HE TOJIBKO
JIEKIMM U CEMUHAPHI 110 TEOPUU MEXAHU3MOB U MAIIWH, HO U 3aHATUA 110
HCTOPUM MAIIMHOBEAEHHMS, IO TEXHUYECKOMY AHIJIMMCKOMY S3bIKY, BbI-
MOJIHATH Hay4YHbIe Pa0OTHI U PECTaBPALIMOHHBIC U3bICKAHUSI.

Kak BUAHO U3 U3JI0KEHHOT0, K My3€IHOM, HAYYHON U TEXHUYECKOM pa-
0oTaM MpHUBIEKAIOTCA OOYyYaloNIMecs Pa3IUYHOTO YPOBHS KOMIIETEHIIHH
KaK B TUIaHE pa3pabOTKU MPOTpaMMHOTO OOecredeHHus M CO3JaHHs BeO-
CaliTOB, TaK M B JIeJI€ PECTABPALIH, UICHTH(DUKAIINKI ¥ OIMCAHUS MOJIEIICH
koyutekuuu. [Ipu moanepikke yHHBEpCHUTETa BO3MOXKHO CO3JJaHUE 00pa3o-
BaTEbHOM CpeNlbl Pa3INYHOIO YPOBHS TEOPETUYECKOTO 3HAHUS U MPAKTH-
YECKOI'0 YMEHUs], Ha3bIBaeMbIX B I1eJIoM «Pycckas IIKoia MoJroTOBKH HH-
xkeHepoB». CTyAeHThl Moy4ar OoraThlii OMBIT, paboTas ¢ MEXaHU3MaMH,
u3ydasi ICTOPHIO MAIIMHOBEICHHUS U CBSA3aHHBIE C HEW O0JIacCTH HAay4YHBIX
3HaHUI, a TaKkKe TEOPETUUECKYI0 MEXaHUKY, (PyHIaMEHTaIbHYIO0 HHKEHEP-
HYIO JHMCUUIUIMHY, C(OPMHPOBABIIYIOCS I0J] HEMOCPEICTBEHHBIM PYKO-
BoactBoM H.E. JKykoBckoro[10]. TakoBa koHueNuus pa3BUTHUS My3esl
KPYHHEWILIEro ¥ BEAYIIEr0 TEXHUYECKOI0 YHUBEPCUTETA HAlIEH CTPaHBbl.
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HpeI[METHO-Opl/IeHTI/IpOBaHHaH OHTOJIOIUA B OHﬂaﬁH-Kypce
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AnHoTanusi. C pa3BuTueM IUPPOBHU3AIMU 0OpPa30BATEIBHOTO MPO-
necca (opMHUPYIOTCSI HOBBIE TpaBHia B CHCTEME OPTaHU3AlMU Y4eOHOM
NeSITeIbHOCTH. Y HUBEPCUTET, MMes LeJIbIii Habop oOydaronux miathopm,
JIOJDKeH pa3paboTaTh OHTOJIOTHIO 3JEKTPOHHOTO 0Opa3oBaHMA IO ycCTa-
HOBJICHHBIM TpaBWJIaM YHU(HKAIUY, C OJHOM CTOPOHBI, U, MPEAYyCMaTPH-
Bas BO3MOXKHOCTb WHIUBHIyaJIH3aluH, ¢ Ipyroi. IlpencraBnenue wuH-
dopmaniu  Ha ~ KOMMYHHKAIIMOHHO-OOpa3oBaTeJbHBIX  IUIaTdopmax
TpeOyeT 4eTKOU CTPYKTyphl. PazpaboTunkamu 1 nepxaTesiMu miatGopm
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MPUBCTCTBYCTCA HCIIOJIB30BAHUC BCTPOCHHBIX HWHTCPAKTUBHBIX HWHCTPY-
MEHTOB. B  kadecTBe OCHOBBI [UIi  TIOCTPOCHUS  IPEIMETHO-
OpHeHTHpOBaHHOﬁ OHTOJIOTUU HCIIOJIb30BaHa pCIAUOHHAsA MOJACIb IaH-
HBIX. OHTOJIOTHIO, IPEACTABICHHYIO B ()OpME JIepeBa, yI00HO HCIONIb30-
BaTh JJIS CO3JaHUsI MOJETH Kypca, Habopa 3a1aHuii, opMHUpPOBaHUS TaH-
HBIX O KayecTBE ITHX 3a/laHUi M Kypca B 1esoM. [lomumo storo, Ha Gase
TaKOW OHTOJIOTMM OpPTraHU30BaH MH(OPMAIIMOHHBI OOMEH MEXIy pasfe-
JaMU Kypca, CO3JJaHbl IPOCTPAHCTBO TETOB M CHCTEMa KOAU(PHUKAIINH JIIs
opraHu3anuy nHPOPMAIIMOHHOTO OOMEHa B 3JIEKTPOHHOI cpene. B padorte
M3JI0’KEHBI IPUHIUITBI CO3/IaHMS TAaKOW OHTOJIOTHH Y IPUHIUIIBI €€ pean-
3allMu Ha TpuMepe OHNaifH-Kypca «HxKeHepHas MexaHuKay. DPPeKTHB-
HOCTh M HKOJOTMYHOCTH OHJIAMH-Kypca OOYCIIOBJICHBI BapHaTHBHOCTHIO
3aJaHMii, BO3MOKHOCTBIO BEIOOpA U pealin3aliuil MHIMBUAYAIbHOW Tpaek-
TOPHUU OCBOCHHS JUCIUIIIIHHBL

Kntrouegwie cnosa: onmonozus, aneopummvl, 6a3a UHOUBUOVATILHBIX 3A0AHUII.

Subject-oriented ontology in an online course
© S.A. Berestova, M.Yu. Gudova

Ural Federal University, Ekaterinburg, Russia
E-mail: s.a.berestova@urfu.ru, m.j.gudova@urfu.ru

Abstract. The digitalization of the educational process dictates new
rules in the system of organizing educational activities. The university has
a variety of learning platforms. It is necessary to develop ontology for e-
education. On the one hand, the ontology must be developed according to
the established unification rules. Presentation of information on communi-
cation and educational platforms requires a clear structure. On the other
hand, it is necessary to provide for the possibility of individualization. De-
velopers and platform holders are encouraged to use interactive tools.

A relational data model is used as a basis for building a domain-
oriented ontology. The ontology is presented in the form of a tree. The onto-
logy is used to create a course model, a set of tasks, and generate data on
the quality of these tasks and the course. In addition, information ex-
change between sections of the course is organized on this ontology. A tag
space has been created. A system of cods is proposed for organizing in-
formation exchange in an electronic environment. The work outlines the
principles of creating such ontology. The principles of this are also de-
scribed on the example of the online course “Engineering Mechanics”.
The effectiveness and environmental friendliness of the online course are
due to the variability of tasks, the ability to choose and implement an indi-
vidual trajectory for mastering the discipline.

Keywords: ontology, algorithms, database of individual tasks.
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CucreMa aBTOMaTH3HPOBAHHOIO NPENOAABAHUSA
ASSISTENT

© B.M. XBucesuu, A.1. Bepemeiiuuk, A.A. Knonouxuii, M.B. Ma3sipka

Bpectckuii rocy1apcTBEHHbIN TEXHUYECKUI yHUBEpCUTET, bpect, benapych
E-mail: vai_mrtm@bstu.by

AnHoTanus. Pa3paborana cuctema aBTOMaTU3UPOBAHHOTO MpeEmoaa-
Banust ASSISTENT, mno3Bossitomiasi MOBBICUTh KAadeCTBO IPEIojaBa-
HUS OOIIENHKEHEPHBIX TUCIUILUINH U aKTUBU3HPOBATH CAMOCTOSTEIBHYIO
paboTy CTy/ICHTOB.

Knroueswie cnosa: agmomamuzuposannas cucmema, KOMNieKe, npenood-
sameb, cmyoenm, paboma, OUCYUNTIUHA.

B coBpemMeHHOM MHpe aBTOMATHU3MPOBAHHBIE CHUCTEMBI PA3IUYHOIO
Ha3HAYCHUs MPOHUKIM MPAKTUYECKU BO BCe c(hephl UeTOBEUECKOM JKU3HE-
nestenbHOCTH. OHM HMIMPOKO MCHOJB3YIOTCS HAa MPOU3BOJACTBE, B YIIPaB-
JICHUH, METUIIMHE U T. 1. AKTYyaJbHBIM SIBIISIETCS pa3paboTKa U BHEAPEHHE
TAaKOTO pOJia MPOrPaMMHBIX CUCTEM M B BbICIIEH mKoje. [1o cnoxuBLIeii-
Csl TPAJUIMK MPU U3YyUYEHUU OOIIEUHKEHEPHBIX AUCIMILIUH B By3aX CTY-
JICHTaM BBIJAIOTCA 3aJ]aHUs Ha pacueTHO-rpaduyeckue (pacueTHO-IPOeK-
THPOBOYHBIE WJIM KOHTPOJIbHBIE) paboThl. [locne BeimomHeHUs paboT CTy-
JEHTBHI IPEJICTABIISIIOT UX MPENOJaBATEINIO IS IPOBEPKU U 3AIMILAIOT UX,
OTBeuas Ha TEOPETHYECKHE BOIPOCHI M pellast TecToBbIe 3aaauu. [Ipermno-
JlaBaTellb, UMes HETOCPEICTBEHHBIH KOHTAKT C KaXKIbIM CTYJEHTOM, MO-
KET HE TOJBKO BO3JEHCTBOBATH Ha MpPOLECC €ro padoThl, HO U CIOCOO-
CTBOBAaTh BBIPA0OTKE y HErO HABBIKOB JIOTUYECKOTO MBIIIJICHUS. 3aJaHus
Ha BBIMOJIHEHHE paboT, Kak MpaBuUiio, GOPMHUPYIOTCS MpenofaBaTesIMu
C YYETOM CYIIECTBYIOIIEH yueOHOH auTepaTypsl U pa3pabOTaHHBIX METO-
nudecknx mnocobuid. Ilpm TakoM moaxoie mpernojaBaTelio TpeOyroTcs
OoJblMe 3aTpaTbl BpeMeHH Ha ()OPMHUpPOBAHME BAapHAHTOB 3aJlaHHUM, WX
BbIIayy ¥ MPOBEPKY BBIMOJIHEHHBIX pabOT, YTO HE MO3BOJISET B 10CTATOYU-
HOU Mepe OCYIIECTBUTh MHAMBHUIYATH3AIMIO pabOTHI CO CTyAeHTaMu. s
pemieHus 3TUX mpobieM B bpecTckoMm rocyaapCTBEHHOM TEXHMYECKOM
YHHMBEpPCHTETe Ha KadelIpe NpUKIaIHOW MEeXaHHKH ObUIM pa3paboTaHbI
TPHU CHEIHAIN3UPOBAHHBIX MaKeTa KOMIIBIOTEPHBIX MPOTrpaMM MO Teope-
TUYECKOW U NMPUKIIAJHON MEXAHUKE NIl CTYJEHTOB MEXaHUYECKUX CIIEIU-
anpHOCTEH [1] 1 Ha X 0a3e co3maHa cCHUCTeMa aBTOMATHU3UPOBAHHOTO Tpe-
nonaBanus (CAIl) ASSISTENT, npeanasHaueHHas [uisl yBEIMYEHUS
pazHooOpa3us BbIJaBa€MbIX BapUAaHTOB 33/JaHUN, aBTOMATU3alUN pabOThI
npenonasatens co cryaenramu. CAIT ASSISTENT npexacrasisier coboit
MOJIYJIbHYIO CHCTEMY, LIEHTPAJbHOE MECTO B KOTOPOH 3aHMMAeT OJHO-
uMeHHbIH Moayiab ASSISTENT. Cucrema siBAsieTCSs MHOTOIOJIB30BATEb-
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CKOM M COCTOUT M3 OCHOBHOTO (YTPABJISAIONIETO) U Psiia PACUETHBIX MOJIY-
aei. B xommiekce mpeayCcMOTPEHbl YEThIpE POJIM: aIMHHUCTPATOp, CEK-
peTapb, mpernojaBaTenb U cTyneHT. Kaxplii moap30oBareiab BXOJIUT B CHU-
CTEMY I10J1 CBOMM IapoJIEM.

AJZIMUHHCTPATOp BEAET CIPABOYHUKU BHIOB PAa0OT Mo (akyibTeTam,
CHEIUAIBHOCTSIM M (hopMaM 0OydeHHsI, OTBEYaeT 3a CO3JaHHe W OOHOBJIE-
HHE CIPAaBOYHUKOB MaTepHAaJIOB, KOTOPHIE UCHONb3YIOTCS MPU BHIOTHEHUH
paloT, BeleT KypHajbl IPYII CTYJEHTOB, T. €. Pa0OTAaeT C PAIOM OCHOB-
HBIX OJIOKOB mporpammsl. biok «Mopaynu reHepanumy mpeaHa3HaueH Ui
BU3YaJIM3aLUM MPEJCTABICHHBIX 3a/1a4, 10 KOTOPbIM MOXXET IMPOBOAUTHCS
TeHepaIys 3a1aHuii ¢ pa3duBKOi 1Mo npeaAMeTHbIM obnacTsaM. biok «Ilapa-
METpb» NpeAHa3HaueH Juid (POPMHUPOBAHMS THUTYJIBHOIO JIUCTA PAOOTBHI.
B 6noke «['pymnmbl CTyJIEHTOB» COCPEIOTOYCHBI CEPBUCHBIE KOMAHBI IO
YIpPaBJICHUIO TPYIIIAMU CTYAEHTOB, B OJIOKe «3alaHus» — CEpBUCHBIC
(GYHKIIMM 10 YNPaBICHUIO 33JaHUSMH K padoTaMm. AJMHUHHUCTPATOp 3aHH-
MaeTcsl Takke (popmMupoBaHueM 0a3 JaHHBIX NpenojaBaTesell U ceKpeTa-
peii, paboTaronux ¢ cucreMoil. DyHKIUM ceKpeTapsi, KOTOpble 0OBIYHO BbI-
MOJTHSET JTabopaHT Kadenpsl, cieayromue: GopMUPOBaHNE U J0O0ABICHHE
rpynn ¢axyiabpTeTa, aHaJI|3 MpoLecca U ATAloB 00yUeHUs B TpyMIax, Besie-
HHE CIMCKOB CTYJICHTOB B rpymmnax. [losb3oBarens, BXOJAIMUI B cUCTEMY
kak «[IpermonaBarensy», omnpenenser B COOTBETCTBUU C YYEOHBIMU MpO-
rpaMMaM¥ JUCLUIUIUH I KaKAO0H M3 TPYIN CTYJEHTOB IepeueHb pador,
UX CTPYKTYpY M 00beM, GOopMUpPYeT 3aJaHusl Ha 3TH paboThl, OObEAUHSET
UX B COOTBeTCTBYIoIMe Osoku. IlpemomaBaTens MoxeT A00aBIATh WM
yIAIATH 33/1a41, BXOAAIINE B pacUeTHYIO paboTy, a TakkKe yKa3bIBaTh JAHa-
Na30H 3HAUYEHWH HArpy3o0K U UX KOJIMYECTBO, MApaMETPbI, OIMHMCHIBAIOLIME
T€OMETPHUIO PAaCUeTHOro 3JIeMeHTa, ero marepuain. [locie dopmupoBaHus
CTPYKTYpBl U 00BbEMOB paldOT IMPENOJaBaTENb OCYLIECTBISAET I'€HEpalUIo
3aJJaHuil ¢ TIOCTPOEGHHEM PACUETHBIX CXEM U MPOBOJUT IIEKTPOHHYIO pac-
CBUIKY UX cTyneHTaM. lIpolecc BBINOIHEHHS CTyI€HTOM pabOThl MOCTOSH-
HO JOCTYIEH IPENoaBaTeNio, OH MOXKET KOHTPOJIUPOBATH XOJ BBIMOJIHE-
HUs paboThl M TOJNydYaeMble IMPOMEXKYTOUHBIE U  OKOHYATEJIbHBIE
pe3yibTaThl, IPU HEOOXOAUMOCTH MOXKET BMEIIUBATHCS B pabOTy CTyICH-
Ta, yKa3blBas Ha ero omMoku. CTyieHT, BOWAS B CUCTEMY, IIOJIy4aeT Ha pa-
60unii cToi 3amaHKs, KOTOpbIE HY>KHO BBINOJIHUTH. Ha OoCHOBe 3THX 3a1a-
HUIA OH MOXET COPMHUPOBATH IS ce0st TEXHMUECKHE 3aaHusl K paboTam u
NPUCTYNHUTh K BBIOJHEHUIO MTO3TAIHOIO pellleHus 3a1ad. Boiiag B ocHOB-
HOW MOJIyJIb, CTYJICHT HIMEET BO3MOKHOCTh pacrieqaTarh JJIs ce0st TeXHIYe-
CKO€ 3a7laHue K paboTe, a TaKkKe BBINOJIHUTH MPOBEPOUHBIN pacueT Juis
KaXI0i cxeMbl. [locie OKOHYaHUsI KaIIOTO 3Tara MpH MPaBUIBHOM €To
BBINIOJTHEHUH B 0a3€ CTaBUTCS OTMETKA O €ro BBINOJHEHUH, YTO TO3BOJISET
NPETNoAaBaTeN0 OCYIIECTBIISATh AKTHBHBIM KOHTPOJIb 32 XOJOM BBITIOJIHE-
HUSL pabOT CTYJICHTOM.
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B Texymeli Bepcun cucremsl 3.1 peannzoBaHa aBTOMaTU3MPOBAaHHAs
paboTa o AUCUUILIMHAM: TEOpPETUYECKas MEXaHUKa, CONPOTUBIIEHUE Ma-
TEPUAJIOB U AIEKTPOTEXHUKA. [10 cOMPOTUBIEHNIO MaTEPUATIOB BO3MOKHO
IIPOBEJCHUE PACYETOB KaK CTATHYECKH ONPENEIMMBIX, TAK U CTATHYECKU
HEOIIPEAEITUMBIX CUCTEM.

[IpumeHeHne Takoro NporpaMMHOIO KOMILIEKCA IO3BOJIAET MTOBBICUTH
KaueCTBO M3Y4YEHHMsI CTYJIEHTAaMH JUCLUIUIMH U YCIEBAEMOCTh CTYJIEHTOB,
a TaKKe CYLIECTBEHHO 00Jer4uTh paboTy MpenoAaBaTeist U COKpPaTUTh 3a-
TPAaThl €r0 BPEMEHU Ha MPOBEPKY padoT. AHATU3 MPUMEHEHHS KOMIUIEKCa
ASSISTENT npu u3ydeHur TucUIuIinHbl «CONMpOTUBICHUE MATEPHAIOB)
nokasan 3(pQeKTUBHOCTb €ro HMCIOJIb30BaHUS B MPOLIECCE U3YUYEHHUS 00-
LICMH)KEHEPHBIX TUCLHUIUIMH KaK JUIsl IPENoAaBareiei, Tak U Ul CTyICH-
TOB. B fanbpHENIIEM IUIAHUPYETCS pEealn30BaTh B 3TOM CUCTEME BO3MOXK-
HOCTh paOOThI U MO JIPYrMM AMCLUUIUIMHAM, a TaKXKe aBTOMaTH3HpPOBATH
4acTh pabOThI, CBSI3aHHYIO C 3alIUTON pacueTHO-TpauyecKux padorT.
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Automated teaching system “ASSISTANT”
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Abstract. An automated teaching system “ASSISTANT” has been
developed, which allows improving the quality of teaching general engi-
neering disciplines and intensifying the independent work of students.

Keywords: automated system, complex, lecturer, student, work, discipline.

In the modern world, automated systems for various purposes have
penetrated into almost all spheres of human life. They are widely used in
manufacturing, management, medicine, etc. The development and imple-
mentation of such software systems in higher education is relevant.
According to the established tradition, when studying general engineering
disciplines at universities, students are given tasks for calculation-graphic
(calculation-design or control) work. After completing the work, students
submit them to the lecturer for testing and protect them by answering theo-
retical questions and solving test problems. A lecturer, having direct con-
tact with each student, can not only influence the process of his work, but
also contribute to his development of logical thinking skills. Tasks for the
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performance of work, as a rule, are formed by lecturers taking into account
existing educational literature and developed methodological manuals.
Such an approach requires a lot of time for the lecturer to form task op-
tions, issue them and check the work performed, which does not allow
enough individualization of work with students. To solve these problems,
the Brest State Technical University, the Department of Applied Mechan-
ics developed three specialized packages of computer programs in theoret-
ical and applied mechanics for students of mechanical specialties [1] and
on their basis an automated teaching system (ATS) “ASSISTANT” was
created, designed to increase the variety of tasks issued, automation of the
lecturer's work with students. ATS “ASSISTANT” is a modular system,
the central place in which is the module of the same name “ASSISTANT”.
The system is multi-user and consists of the main (control) and a number
of calculation modules. The complex has four roles: administrator, secre-
tary, lecturer and student. Each user logs in under his/her password.

The administrator maintains directories of types of works in faculties,
specialties and forms of training, is responsible for creating and updating
directories of materials used in the performance of works, keeps journals
of groups of students, i.e. works with a number of main blocks of the pro-
gram. “Generation Modules” unit is designed to visualize presented tasks,
according to which tasks can be generated with breakdown by subject are-
as. “Parameters” unit is used to form the cover sheet of the work. In “Stu-
dent groups” block, service teams for managing student groups are con-
centrated, in block “Tasks”, service functions for managing tasks for work
are concentrated. The Administrator is also developing databases of lec-
turers and secretaries working with the system. The functions of the secre-
tary, which are usually performed by the laboratory assistant of the de-
partment, are as follows: formation and addition of faculty groups,
analysis of the process and stages of study in groups, maintenance of stu-
dent lists in groups. The user, who enters the system under the role “Lec-
turer”, determines the list of works, their structure and scope in accord-
ance with the curricula of disciplines for each of the groups of students,
generates tasks for these works, combines them into appropriate blocks.
The instructor can add or remove tasks included in the calculation work,
as well as specify the range of load values and their number, parameters
describing the geometry of the calculation element, its material. After
forming the structure and volumes of work, the lecturer generates tasks
with the construction of calculation schemes and conducts an electronic
distribution of them to students. The process of the student performing the
work is constantly available to the lecturer, he can monitor the progress of
the work and the obtained intermediate and final results, if necessary, and
he can interfere with the student's work, indicating his mistakes. The stu-
dent, entering the system, receives tasks on the desktop that need to be
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completed. Based on these tasks, he can form technical tasks for himself
and can begin to perform step-by-step task solving. Entering the main
module, the student has the opportunity to print for himself a technical
task for work, as well as perform a check calculation for each scheme. Af-
ter the completion of each stage, if it is correctly performed, the database
puts a mark on its implementation, which allows the lecturer to actively
monitor the progress of the student's work.

In the current version of the 3.1 system, automated work is imple-
mented in the disciplines: theoretical mechanics, material resistance and
electrical engineering. According to the resistance of materials, it is possi-
ble to conduct calculations of both statically determinable and statically
indeterminable systems.

The use of such a program complex allows to improve the quality of
students' study of disciplines and student’s performance, as well as signifi-
cantly facilitate the work of the lecturer and reduce his time to check
work. The analysis of the application of the “ASSISTANT” complex in
the study of the discipline “Resistance of Materials” showed the effective-
ness of its use in the process of studying general engineering disciplines
for both lecturers and students. In the future, it is planned to realize in this
system the possibility of work in other disciplines, as well as automate
part of the work related to the protection of calculation and graphic works.
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AHHOTaHI/Iﬂ. PaCCMOTpeHa IMOCTaAaHOBKAa TEMbI HAayYHbLIX HCCJIICIOBA-

HUU U1l CTYJI€HTOB BTOPOIO Kypca.
Knroueswie cnosa: ounamuxa, keaopokonmep, 2py30no0beMHOCHb.
BBenenne. BaxxHyio posib B TEXHHMYECKOM Ppa3BUTHUHU OECIUIIOTHBIX

neratenbHbIX annapatoB — BIIJIA (ApoHOB) UrpaloT ycnexu B TEOpETH-
YECKOM MOJICJIMPOBAaHUM YNPABICHUS MOJETaMH 3THX POOOTOTEXHHUYE-
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CKUX cHcTeM. MHOTO(QYHKIHNOHAJIBHOCTb, KOTOpAsi B HACTOSIIEE BpeMs
peanmu3yeTcs C HCIOJIB30BAaHUEM JAPOHOB (JOCTaBKa TPY30B, pa3BeIKa
B TPYIHOJOCTYIHBIX MECTaX, IMOMCKH IPOMAaBIIMX JIIOAEH, adpOChEeMKa
IpU TOKAPOTYIICHHH W MHOTOE€ JIpyroe), oOyCIOBIMBACT aKTyaJIbHOCTb
pa3paboToK, HANPaBJICHHBIX HA X COBEPIIEHCTBOBAHUE.

B cBs3u ¢ 3THM 3a7a9a paboTHI 3aKIII0YANIach B TEOPETUIECKOM U IKC-
NEPUMEHTAIBHOM H3YYCHHU T'PY30MOJIBEMHOCTH KBaJIPOKONTEpa MPH €ro
BEPTHKAJILHOM B3JICTEC M 3aBHCAHHM Ha 3aJaHHOW BBICOTE C LEJIBIO OIpe-
neneHust Heooxoaumoro ko3 duimenTa 3amnaca MOAbBEMHON CHIIBI, HEOO-
XOANMOH JUTS TPAHCIIOPTHPOBKH I'Py3a KBaJPOKONTEPOM.

IlocTaHoBKa 3a1a4uM U ee pemreHue. OOBIYHO B pacueTax TUHAMUKH
nosera OeCIMIOTHUKOB UCTIONB3YETCsI MOJIENb a0COTIOTHO TBEPAOTO Tela.
B paccmarpuBaemMoM ciydae JOCTATOYHO MOJICIHMPOBATH KBAJIPOKONTEP
MaTepHaIbHON TOYKOM Maccold M W accouuMpoBaTh €€ JBHXKCHUE
C IBWKCHHEM €ro LIEHTpa Macc.

TpeOyercst M3y4UTh BEPTUKAIBHOE IBIDKCHHE TOYKH M3 COCTOSHUS

TOKOSI 10 HEOGXO/IMMOiT BBICOTHI /i’ 3a 3a/[aHHOE BpeMs { u OIIPELEIINTD,
KAaK U3MEHUTCS 3TA BBICOTA C YBEJIMYEHUEM MACCBHI.

BepTukanpHoe IBHKEHHE TOUKM MOXKHO ONMCaTh JU(QepeHHaTb-
HBbIM YPaBHEHHEM

My =F-Mg, (1

rae F'— noabeMHas cuila KBaJIpOKONTEPa; ) — BEPTHKAJIbHAS KOOpAUHATA
HOJIOXKEHHSI LIEHTPa Macc; g — YCKOpeHue cBo0oHOro najaeHus (puc. 1).

NN

Puc. 1. Cunbl, geiicTByIOLTNE Ha KBAJIPOKOITEP MPHU €r0 BEPTUKAIHLHOM B3JIETE
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[IpuBeneHHOEe ypaBHEHHE MO3BOJIAET PEIIUTH BOIPOC 00 ompeneie-
HUM (QYHKIUM U3MEHEHUs cuibl ' = F(f) (f — BpeMsl) Ipu B3JIeTe Ha 3a-
JAHHYIO BBICOTY M 3aBUCAaHUM Ha HEH.

[Tocne moncranoBku GyHKIwH [1]

y= o,5h*[1—cos(£*t]] : )
t

YIOBJIETBOPSIOUIEN YCIOBUSM
t=0:y=0, y=0;
t=0:y=h", y=0, (3)

B ypaBHeHue (1), monyunm

2
F(t)=M O,Sh*(ﬂ*j cos(ﬂ*t}tg ) 4)

t t

3amaBasi TpeOyeMyIO BBICOTY I u BpeMsl B3JieTa { 1o Hee, hopmy-
na (4) Mo3BOJSIET ONPEAETUTh 3aKOH M3MEHEHHUSI He0OXOIMMOI MoIbeM-
HOM CHJIBI.

Ecnu k Mmacce M no0GaButh m — Maccy MOJHUMAEMOro Tpy3a, To, 3a-

~ ~ m
menuB B (1) M na M(1+ k), tne k= v u ucnonb3ys Gopmymny (4),
MOKHO IOJIYYHTb 3aBUCHMOCTb BBICOTbI [IOABEMA OT £

£ ~ ok
_ 2k —gkt” )
2(1+k)

dakTUUECKH MPe/ICTaBICHHAs 3aBUCUMOCTD XapaKTePU3yeT CHIKCHHUE
IPy30HO0ABEMHOCTH KBaIPOKOINITEPA C YBEIMYEHHEM MACCHI Ipy3a.

CpaBHeHHe TeOpeTHYECKHUX Pe3yJIbTaTOB C IKCIIEPUMEHTAIbLHBIMHU
AaHHBIMH. [IJ1 SKCIIepHMMEHTAIBHOM MPOBEPKH TOCTOBEPHOCTH IOTYYCH-
HOH (opmyiisl (5) ucnonb3oBan kBaapokontep PILOTAGE Falcon X5W,

(V) *
CHOCOOHBIN OCYILECTBIISATh B3JE€T U 3aBUCAHWE HA BbicoTe £ = 1,2 M 3a

BpeMs f=11c, npu macce M = 0,111 xr. Ha puc. 2 npuBeeHbl TaHHbIE
IPOBE/ICHHBIX OINBITOB M PE3yJbTaThl TEOPETHUECKUX pacueroB. VX cpas-
HEHUE 00OHAPY’KUBAET YA0BICTBOPUTEIBHOE COBIIA/ICHHE.

Pemienne paccMOTpeHHBIX 3aJad HE0O0XOAUMO MpHU (HOPMUPOBAHUU
panMoHaNbHBIX peKUMOB 110J1eTOB BITJIA.
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h — - TeopeTuyeckue
pesynbTaThl

* - 3KCnepUMeHTanbHble
AaHHbele

Puc. 2. TeopeTnueckue U HKCIIEPUMEHTAIbHBIE JAHHBIE IPY30I10AbEMHOCTH

- *
kBanpokonrepa (h=h/h )

BoiBoabl. 1. [IpuBenena nocraHoBKa NpsIMOM 3a/1aud BEPTUKAIBHOTO
JIBUKEHUSI MaTEPUATIBbHOM TOUYKM B OJJHOMEPHOM I10JI€ TSKECTH JI0 3a]aH-
HOH BBICOTHI 3a TpeOyeMoe Bpems.

2. Ha ocHOBe npeyioxKEHHOTO PeLIeHUs ONPEIETICHO BIUSIHUE MaCChl
TOYKHM Ha BBICOTY €€ MoJbeMa MoJ JCUCTBUEM M3MEHSIONICHCS 10 3a/1aH-
HOMY 3aKOHY CHJIbI Ha BELIODAHHOM MHTEpPBaJie BPEMEHHU.

3. Pe3ynbpTarhl pac4eToB yAOBJIETBOPUTEIHHO COBIAAIOT C TAHHBIMU
OTMBITOB, MPOBEJICHHBIMU C UCITIOJIb30BAHUEM MOJENH KBAJAPOKOIITEPA, YTO
CBUJIETEIBCTBYET O MPABOMEPHOCTH MPUHATHIX AOMYILICHUH.

4. TlocraBieHHasl 3aja4ya JIONMYCKAaeT YTOYHEHUE CHJIOBBIX YCIOBUH
JIBU)KEHUS TOYKH, B YaCTHOCTH, YYET BIIMSIHUS CONPOTUBIICHUS CPEIbI, B
KOTOPOU ITPOUCXOAUT IBUKCHHUE.

5. Onpenenenue 3amaca rpy30MOAbEMHOCTH MO3BOJISET MPU IKCILTya-
TallUM KBaJAPOKONTEPa HA MPAKTUKE ONMPEACIUTh JUANa30H BapbUPOBAHUS
TPaHCIOPTUPYEMOTO Tpy3a.
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An example of solution of the direct problem of dynamics
of a point in the theory of flight control
of unmanned aircraft
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Abstract. The formulation of the research topic for second year stu-
dents is considered.

Keywords: dynamics, quadcopter, carrying capacity.
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OmnbIT BHeApeHre HUPPOBBLIX TEXHOJIOTHI
B H3y4eHHe Kypca « Teopernyeckasi MEXaHHKa»

© C.JI. Kocaues

MI'TY um. H.3. baymana, Mocksa, Poccus
E-mail: s_kosachev@bmstu.ru

AnHoTanms. [IpencraBieHsl HEKOTOPBIE pe3yIbTaThl PabOThI, MPOBO-
numoit Ha kadenpe Teoperndeckoit Mmexanuku MI'TY um. H.D. baymana no
CO3JJAHUIO U BHEJIPEHUIO B YUEOHBIN MPOIIECC 3JIEKTPOHHOTO Kypca 1o Teo-
perudeckord mexanuke. Kypc BkitouaeT B ceOsl JICKIIMOHHBIA MaTepHual,
NPaKTUUECKUE 3aHATHS M TecTupoBaHue. HoBas meroauka mnpenopaBaHMs
MO3BOJISIET peain30BaTh LU(PPOBOE ayAUTOpHOE OOyUeHHE CTYAEHTOB, CIO-
COOCTBYIOIIIEE TTOBBIIICHHIO KauecTBa 00pa3oBaTeIbHOrO mpouecca u 3 hex-
TUBHOCTH MOATOTOBKH CIIEIIUATUCTOB.

Knrwoueevie cnosa: ungopmayuonnsvie mexnoaiocuu 8 06pa306aHuU, meo-
pemuueckas MeXaHuxkd, meCcmuposanue, KOMNbIOMEPHAs AHUMAYUs,
OHNAUH-KYPCHI.

TeopeTnueckas MexaHMKa Kak 0a30Basi NUCUUIUIMHA HWHXEHEPHOTO
00pa3oBaHUs MUMEET OOJIBIIOE 3HAYCHUE JJIi COBPEMEHHOTO MAITMHOCTPO-
eHusi. PazButue MHPOPMAIIMOHHBIX TEXHOJIOTHI MIPUBENIO K MOSIBICHUIO Ha
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kaenpe teopernyeckoit Mexanuku MI'TY um. H.D. Baymana Hecko:b-
KHX HalpaBJICHUH, CBS3aHHBIX C MCIOJIb30BAaHUEM BBIUYMCIUTEIBHOU TEX-
HUKH B yueOHOM npouecce. K HUM oTHOCATCS:

® CO3JaHHE aBTOMATU3MPOBAHHOM JIAOOPATOpUH MO KypcaMm Teope-
TUYECKOW MEXaHUKH U TeOpHH Kosiebanui [1];

® CO3JaHKME aHMMALMOHHON BUPTYaJIbHOM KOJUIEKIIMM MEXaHU3MOB,
KOTOpBIE€ BCTPEUAIOTCSI PU U3YUEHUH Kypca TEOPETUUECKON MEXaHUKU Ha
NPAaKTUYECKUX 3aHATUAX, B BapUAaHTaX KYypCOBBIX pa0dOT M JOMAIIHUX 3a-
naHusx [2];

e pa3paboTKa KOMIUIEKCAa KOMIIbIOTEPHOIO TECTUPOBAHUS CTYJCHTOB
10 Pa3JIMYHBIM pa3esiaM Kypca TEOpEeTHUECKOM MEXaHuKH [3, 4].

B nacrosiiee Bpems, B cBsi3u ¢ nposeaenueMm B MI'TY um. H.O. Bay-
MaHa SKCHEPUMEHTA 10 BHEAPEHHIO B Y4YEOHBIH MPOLECC CMEIIaHHOIO
mdpoBoro o0yueHus, Ha Kadeape pazpabaThIBaeTCs SIEKTPOHHBIA Kypc
1o TeopeTuyeckoi Mexanuke. OH BKIIOYaeT B ceOsl JEKIMOHHbBIN MaTepu-
aJl, IpakTUYEeCKUe 3aHATH U TecTupoBaHue. Kypc oxBaTbiBaeT Kiiaccuye-
CKHE pa3lieNibl TEOPETUYECKOM MEXAaHUKH, MPEAYCMOTPEHHBIE OCHOBHOM
00pa3zoBaTebHON MPOTPaMMOM MOATOTOBKM OaKaJIaBpOB M CIEIUATUCTOB.
Ha cerognsimnuii nens pazpadoransl pazaensl «Kunemarukay, «Ctatukay
u «JluHamukay, oHu pazMenieHsl Ha matdopme «OTKpbITeIiE MI TV ».

B cootBercTBUM C HAEONOTHEN CMEIIAHHOIO 00Y4YEeHUs 3JEKTPOHHBIN
KypC TIO3BOJISIET TMPOBOAMTH AyJUTOPHBIC 3aHATHS B IU(PPOBOM pPEKHME
C UCIOJIBb30BAaHUEM IPOEKTOpPA WJIM MHTEPAKTUBHOMW JOCKH, a TAKKE HAET
BO3MO>XHOCTb CTYJIEHTaM BECTH CaMOCTOSITENIbHYIO pa0doTy IpU MOMOILU
1100010 MOOMIIBHOTO YCTpoiicTBa. biarogapss OTKpeITOMY JOCTYIly uYepes
WHTepHer k MarepuanaMm Kypca CTYIAEHTbl MOTYT JUCTaHIMOHHO M
B y/100HO€ JUIst ce0si BpeMsl IOBTOPSITh MaTepual, NPOHACHHBIA Ha JEKIH-
X U CEMUHApax, a TAK)KE€ CAMOCTOSITEIIbHO U3y4yaTh MaTepuai NpoImyIeH-
HBIX JIEKIUN U CEMMHAPCKUX 3aHATHH. KpoMe Toro, y cTyZIeHTOB IOSIBIISI-
€TCsl BOBMOXHOCTb MOATOTOBUTHCSA K 3aHATHUIO, NPEABAPUTEIBHO M3YUYUB
HOBBIIl MaTEpUaj COOTBETCTBYIOLIEH 2JIEKTPOHHOU BUICO-TIEKLIMH.

N3yueHune TeopeTuueckoil MEXaHUKH CTYJEHTbl HAUMHAIOT Ha IEPBOM
Kypce, TI€ OHM BIEPBbIE CTAJIKUBAIOTCA C KMHEMaTUYECKMMM CXEMaMU
MEXaHHU3MOB, C KOTOPbIMH OHU OyAyT UMETh JIE€JO U B JAlbHEHIIEM, KaK
IIPU U3YUYEHUH MOCIEAYIOUMUX pa3[esioB MEXaHUKH, TaK U B IPYrMX TeX-
HUYECKUX JUCHMIUIMHAX. Ha mepBbIX Mopax y CTy/JE€HTOB BO3HHUKAIOT CY-
LICCTBCHHBIC 3aTPyJHEHUS B BOCHPUATHM JaHHbIX cxeMm. llupoxoe
UCIIOJIb30BaHUE aHUMAIIMM U BUPTYaJIbHBIX MoJiene [2] B pazpaboTaHHOM
Kypce MO3BOJIAET CTYIEHTY YBUAETH 3a IJIOCKON CXEMAaTUYECKOU MOJEIIBIO
peabHO ABMXKYIIMNICA MEXaHU3M.

Hudposas Meroauka npenogaBaHus Kypca «Teoperndyeckas MexaHu-
Ka» YYMUTBIBAET MOJYJIbHO-PEHTHUHIOBYI0 CHUCTEMY OLIEHKM 3HAaHUH CTy-
neHroB. Pazgen «KuHemarukay BKJIOYaeT B ceOsl TpU MOXYJIs, pas3zien
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«Cratuka» oIuH MOAYJb U paznen «/lunamuka» tpu moayns. s moiy-
YEHUs 3a4eTa MO0 Ka)XJI0My MOJYJIIO CTYJCHT JOJKEH BBIITOJHUTH JOMAIl-
Hee 3ananue (/13) u Hanmucatp pyoexusiii kKoHTpoib (PK). Ecnu [I3 cry-
JEHT BBIMOJHIET TPAaJUIMOHHBIM criocoboMm, To caada PK mpoucxomut
IIOCPEACTBOM KOMIIBIOTEPHOI'O TECTUPOBAHMSL.

dopMUpoOBaHUE TECTOB OA3UPYETCs] HA MOCTPOCHUHU KOMIIBIOTEPHOTO
aHayiora oObIYHOM KOHTPOJIbHOM pabOoThI, KOTOpasi, KaK U3BECTHO, SIBJISET-
csl PEKTUBHBIM DJIEMEHTOM OOYYEHHS W KOHTPOJISI 3HAHUH CTYACHTOB.
Tectel popMUPYIOTCS U3 HECKOJIBKUX OJIOKOB BOIIPOCOB, KAXKIBIA M3 KO-
TOPBIX COJIEPKHUT HECKOJBKO JECATKOB BapHaHTOB. M3 kaxmoro Oioka
CTYZCHTY CiIy4ailHbIM 00pa3oM BbIOMpaeTcst ouH Bompoc. Bcero Takux
6mokoB ot 10 mo 15, BOompochkl OXBATHIBAIOT KaK TEOPETUYECKYIO YaCTh
Kypca, TaK ¥ pelieHne 3a1ad.

TecToBble BOMPOCH! YCIOBHO MOXHO Pa3leiWTh HA TPU TPYIIbI: 3HA-
HUS, YMEHUs U peuieHue 3anad. [lepsasi rpymnmna BkIto4aeT B ce0si JocTa-
TOYHO TMPOCTBIE BOIPOCHI, KOTOPbIE MPOBEPSIOT 3HAHHE CTYAEHTaMH OC-
HOBHBIX TIOHATUH, ompeiesieHnd u TepMmuHosiornu. Cremyromas rpymnmna
BOIIPOCOB TIPEJIIIOIAraeT YMEHHE CTYACHTaM BBIYHMCINATH T€ WIH HUHBIE (U-
3UYECKUE BEJIIMYMHBI, TIPU 3TOM OTBETHI K 337a4aM CTYJCHT (OpMUpPYET
caM, a He BbIOMpAeT M3 HECKOJIbKUX MPEIUIOKEHHBIX MporpaMmoi. B mo-
CJIEJHIOIO TPYIIY BOIPOCOB BKJIFOUEHBI [TOJHOLEHHBIE 3a1a4u. [Ipu oneHke
OTBETOB KaXKIbIIl BOIPOC B 3aBUCUMOCTH OT CJIOKHOCTH MMEET CBOI BECO-
BOi koaddummeHt or 1 3a Bompockl mepBod Tpymmsl 10 4 3a 3amady.
B 3aBucuMOCTH OT MpOLIEHTA BBHIMOJHEHHBIX 33JaHHUN (C YYETOM BECOBBIX
K03 (UIIMEHTOB) TIO pe3yJIbTaTaM TECTUPOBAHUS CTYICHTY BBICTABIISETCS
OLICHKA.

OnpIT, NOMYyYEHHBIM MO pe3yJbTaTaM TECTUPOBAHHUSA, IOKA3al Clie-
JyIollee:

® KOMIIBIOTEPHOE TECTHUPOBAHUE YCKOpSET W 00JierdaeT KOHTPOJIb
3HaHUU CTYJICHTOB;

® KOMITBIOTEPHOE TECTUPOBAHHE 00JIEryaeT BBHIIIOJIHEHUE Ay TUTOPHBIX
KOHTPOJIbHBIX PaboT U ABIIAE€TCS O0BEKTUBHOM (POPMOIA OIICHKU 3HAHUIA;

® KOMIIbIOTEPHOE TECTUPOBAHUE MO3BOJISIET COONIOIATh €IMHCTBO Tpe-
0OBaHMI1 KO BCEM CTYJIEHTaM, BO BCEX IpyINax U Ha BceX (aKyJIbTeTax.

PaboTta 1o co3gaHuio U UCHOIb30BAHUIO AIEKTPOHHOTO Kypca COYeTaeT
B ceOe clieloBaHue KIACCHUECKUM TpaJUIMAM HHKEHEPHOTO 00pa30BaHUs
U COBPEMEHHBIX MH(OPMALMOHHBIX TEXHOJOTHA, YTO CIIOCOOCTBYET IMOBbI-
HICHUIO HArJSIIHOCTH, WH(OPMATUBHOCTH U JTIOCTYMHOCTH U3y4aeMOro Ma-
Tepuana.
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Introduction of digital technology in the course
of the Theoretical Mechanics

© S.L. Kosachev

Bauman Moscow State Technical University, Moscow, Russia
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Abstract. Some results of the work which is carried out at department
of theoretical mechanics of MSTU of N.E. Bauman on creation and intro-
duction to educational process of an electronic course on theoretical me-
chanics are presented. The course includes lecture material, a practical
training and testing. The new technique of teaching allows to realize the
digital classroom training of students promoting improvement of quality
of educational process and efficiency of training of specialists.

Keywords: information technologies in education, theoretical mechanics,
testing, computer animation, online courses.

Oo0pa3soBaTenbHbIE KJIACTEPHI NPUKIATHBIX
y4eOHBIX IMCUMIINH

© A.B. Kynasues

MI'TY um. H.3. baymana, Mocksa, Poccus
E-mail: AVKUP@bk.ru

AHHOTAIMA. YBeIWUYCHUE BPpEMCHHU Ha CaMOCTOATCIIbHYIO pa60Ty
CTYACHTOB 34 CUCT COKpALICHUA ayJUTOPHBIX 3aHATUH HE MPUBCIIO K IIO-
BBINICHHUIKO Ka4C€CTBa O6y‘leHI/I${ U CHUIKCHHIO OTCCBA CTYACHTOB. Temaru-
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YecKHe KJIacTepbl ayJUTOPHOTO M yIAJIEHHOTO 3JEKTPOHHOTO MHTEHCHUB-
HO-/IEATEIbHOCTHOrO OOy4eHHUsl HalleJeHbl Ha (OPMHPOBAHUE MOHATHIM-
HOI'O MBIIIJICHUS CTYAEHTOB IOCPEACTBOM TeHepain3zauuu (yHIaMeH-
TaJIbHBIX €CTECTBEHHO-HAYYHBIX O0OOIIEHUI M TEOPETHUECKUX BBIBOJIOB,
OCBOCHHME METOJIOB U CIIOCOOOB MPEIMETHO-NPAKTUUECKON AESITEIbHOCTH
B OTpacyid. 3HAKOMSCh B MPOLIECCE BBINOJIHEHHS KlacTepa ¢ MepBUYHBIMU
(mporeIeBTUYECKUMHU) MPEIMETHO-TIPAKTHYECKUMH BUJAMU OTPacieBON
JeSITeIbHOCTH, YYaIllMiCs 3aTeM OCYIIECTBIISET MOUCK pelIeHus mpoodie-
MBIl TEPCOHAIBHONW Y4eOHOW 3aJa4yH, CTPOUT €ro LEJIOCTHBIH KOHTYD,
YCTaHABJIMBAET COAEP)KaHUE M IOCIEIOBATEIbHOCTh CBOMX JCHUCTBUA,
BBITOJIHSIET CAMOIIPOBEPKY OTAEIBHBIX ITAIOB U BCEH EATEIBLHOCTH B IIE-
JIOM B pexuMe CyOBeKTHOH aesTenbHOCTH. brarogaps on-line momommu u
KOHTPOJIIO TpernojaBareis I03HaBaTelIbHAs JEATEIbHOCTh Y4allerocs
IpeBpaIlaeTcs B camMooOyueHue, COBPEMEHHBIH NPUHYUNUANLHO HOBbIlL
6U0 0OyueHus B BhICIIEH POPEeCcCHOHATBHON LIKOJIE.

Knrwueswvie cnosa: yqe6Hbl€ Kjilacmepbul, Cy6’b€KWlHCI}l 0essmelbHOCmb KaK
CaM006yll€HM€ npu Kormpo.Jie u nomousu npenodaeameﬂﬂ.

Knacrepsl OTHOCATCS K aKTUBHBIM TEXHOJIOTUSIM OOydeHUs, MpU KO-
TOPOM CTYJAEHT IO ONPEJEIIEHHON NMporpaMMe U MpU HaNpaBJsIoLIEd po-
JM TperojaBaTelslss YCBauUBaeT Yy4yeOHbIM MaTepuall B COOTBETCTBHHU
CO CBOMMH CIIOCOOHOCTSIMU M JINYHOCTHOM No3unueil B yueOe. 910 HOBast
COBpEMEHHasi (popMa CaMOCTOSATENILHOW pPabOThl CTYAECHTOB, HMPUTOAHAs
JUISL @y IUTOPHOTO U YJIaJI€HHOI'O 3JIEKTPOHHOI'O O0YYEHHS U BBINOJIHEHUS
JOMamHuX 3aaaHuil. Kiactep OTHOCHTCS K TeMaTH4eCKOMY 3a/laHMIo,
HAIlEJICHHOMY Ha (OPMHPOBAHWE TOHSTHHHOTO MBIIIJICHUS U OCBOCHHE
HPEIMETHO-IIPAKTUYECKONH U TEOPETUYECKOH IesITeIbHOCTH B MPOU3BO/-
CTBEHHOMU oTpaciu. Harpumep, packpbITHe HENIPEPHIBHOTO U JUCKPETHOIO
BOJIHOBBIX ITPOLIECCOB, CBS3U JUHAMUKU U SHEPreTUYECKOI0 METOA B Me-
XaHHKE, €IMHCTBA BOJIHOBBIX U KOPITYCKYJIIPHBIX CBOMCTB MaT€pUH U T. II.
KnacrepHoe oO0yueHue OCHOBaHO Ha npunyune OesimenbHOCMU, COTJIACHO
KOTOPOMY 3HaHUSI U YMEHHS POXIAIOTCS U (YHKIHOHUPYIOT TOJBKO
B AestensHocT [1, c. 346]. JlesaTenbHOCTh OOydYaromierocst B KiacTepe
IIpEBpaLIaeTcs B CPEACTBO OCBOEHUS U IOObIYM 3HAHUU.

Kractepbl 0CHOBaHbI Ha COBPEMEHHOM IOCTHEKJIACCUYECKOM IMOHHMa-
HUM 00pa30BaTENBLHOTO MPOIIECCa, 3aKITFOYAOIIETOCs B OTKa3e OT (hopMab-
HO-HOMHUHAJIBHOT'O, «IIOCTABJIEHHOTO Ha OJIHY JIOCKY C HEOAYILIEBICHHBIMU
00BEKTaMI» y4aIierocsi Kak cyobekra ooydeHus [2]. Beskyro yueOHyro 3a-
Jlady yyaluicsi BOCOPUHUMAET Kak MpolieMy, croco0 peleHust KOTOpoi
OH JIOJ’KEH 000CHOBATH, IOCTPOUTH U YCBOUTH B KauecTBe o0paslia oTpaciie-
BOI JesrenbHOCTH [3]. B TakoM KIacTepHOM cyObeKmHO-0essimenrbHOCHHOM
00y4YEeHUH y4aIlMiCs MpeBpalaeTcsi B CyObeKTa, KOTOPbIM «TrOCHOACTBYET»
HaJ OOCTOSITENIbCTBAMU CBOEro TBopueckoro mnoucka [4]. CyObekTHas
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JESATENIbHOCTh YYEHHS TOOYKIAeT Y4allerocss caMoro OCYIIECTBISATh IO-
UCK pelIeHUH 33JaYyHbIX MPOOJIeM, HAXOIUTh KPUTEPUU OLEHKU OOOCHO-
BAHHOCTU BBIJIBUTAEMBIX THUIIOTE3, MOATBEPKJIATh MPaBUIBHOCTH CBOUX
JEWCTBUM M TOJYYEHHBIX pe3yiabTaToB. J[aHa kmaccudukamus TUIOB Gu-
3UKO-TeXHUYECKUX MPOOJIeM U MPUHIMITAATIBHBIX CIIOCOOOB MX PEIICHWS,
a TaK)Ke PACKPbITa TEXHOJIOTHSI CTAaHOBJIEHUSI CYOBEKTHOCTU OOyuarolie-
rocs Kak IMepexoja OT BHEIMYHOCTHOW 3HAHMEBOW MH(POpMAILMU K JINY-
HOCTHOMY y4€0HO-IT03HABATEIbHOMY CaMOBBIPAKEHHUIO.

KrnactepHoe oOydeHre B KOpHE MEHSET MPOoLecC OOIIeHUs Mpernoaa-
BaTelsl U CTYJIEHTOB, MpeBpalllas MOHOJIOT B J€JIOBOM AMAaJor, B OOIIYIO
COBMECTHYIO JICATEIBHOCTh TO JOCTH)KCHHIO 00pa3oBaTENbHOM IIEMH.
bnarogaps on-line momonu npenoiaBaresst BO BpeMsl 3aHATHUS ydaluiics,
BBITIOJIHSIST KJIACTEPHOE 3aJaHue, Cpa3y OTTAauMBAeT MOHMMAHHUE TEOPUU
U OCBamBaET MPEAMETHO-NIPAKTUYECKUN OMNbIT AesTenbHOCcTH. [lo3HaBa-
TeJbHAsl JEATEIbHOCTh YUYalllUXCsl, BBIMOJHSIOIMIMX KJIACTEPHOE 3aJaHuE,
MOJIHUMAETCS 710 YPOBHSI CaMO0Opa30BaHusl, CAMOCTOSITEIBHOTO camooby-
Yyenus IPU KOHTPOJIE U MTOMOILU CO CTOPOHBI IpenoaaBaTes [S].

[IpuoputeTHOE OTHOLIEHHE K CAMOCTOSITENIBHO BBINOJIHAEMOM MO3HA-
BaTENIbHOMN JIEATEIbHOCTH CTYJICHTOB SIBISETCA NPUHLMIHAIBHON MO3UIH-
el kmactepHoro o0ydenus. B He#l mpemxycMarpuBaeTcsi OATOTOBKA yda-
HIerocss K TakoW MAEsTeNbHOCTU, BOOPYKEHUE HYKHBIMU 3HAHUSIMU U
OTIBITOM JIESITEIILHOCTH, CIIOCO0aMU 0OOCHOBAHUS U CAMOKOHTPOJISI CBOMX
neiictBuii. ConpoBOKIaEMOE Pa3BUTHEM CIIOCOOHOCTEH U MPHUPOIHBIX 3a-
JATKOB CTYJEHTOB KJacTepHOEe OOy4YeHHE CTAaHOBUTCS COBPEMEHHBIM
APUHYURUATLHO HOBbIM BUOOM 00yYeHus B BbICIIEH NMpodecCHOHATbHON
HIKOJIE.

B no3naBarenbHOM Ipoliecce ACSITENbHOCTD MPOSBIISETCS ABOSIKO: Kak
BHEIIHUE JICUCTBUS C MPEAMETAMH OKPY KAIOIIET0 MHUPA, KOTOPHIE MOYKHO
CUUTATh nponedesmudeckumu, IPeIIIeCTBYIOIMUMU OoJiee TTyOUHHBIM BH-
JlaM JIeATEIbHOCTH, SIBJISIFOIIMMCS CIEICTBUEM TUAIEKTHYECKOTO OTPaKe-
HUS CBOMCTB MpenMeTHOro Mupa. Hampumep, aOCTpakTHOMY KBaHTOBaHHUIO
MEXaHMYECKOI0 MOMEHTA UMITYJIbCa U SJHEPIHH 3JIEKTPOHA B MOJIENIH aToMa
bopa npenuiecTBoBano HarjsigHOE MPOSBICEHUE BOJIHOBBIX CBOMCTB 3JIEK-
TPOHOB B aToMax B BHUJE CTOSAYMX DSJIEKTPOHHBIX BOJH. JleMoHCTpanus
Y OCBOCHHUE CTYJICHTaMU JABYX F€HETUYECKUX THUIIOB JIEATEIBHOCTH SBJISIOT-
Csl BAYKHEHIIIMM TIOJIO’KEHUEM KJIACTEPHOM TexHosoruu ooyuenus. [Ipumep,
MPUHLIAIT KOPITYCKYJISIPHO-BOJIHOBOI'O Jlyald3Ma pPacKpbIBaeT CBOE CYLI-
HOCTHOE €/IMHCTBO BOJIHOBBIX M KOPITYCKYJIIPHBIX CBOMCTB MAaTE€PHUH, €CIH
CHauaJa MokKa3aTh B Ka4eCTBE MPOIEJAEBTUKY U HAYYUTh KOHKPETHO O0BsIC-
HSTH | MPEJICKA3bIBATh BOJTHOBBIC CBOMCTBA MUKPOYACTHI] TIPU AH(paKIUH,
IpY TPEOJIOJICHUH MOTEHIIMATBHBIX 0apbepoB, a TAKKE KOPIYCKYJSIPHBIX
SIBJIGHUN C BBICOKOYACTOTHBIM SJICKTPOMArHUTHBIM HU3JIyYE€HHEM H T. II.
B ponu nponeneBTHUECKON NPEIMETHOM IEATEIbHOCTH MOTYT BBICTYIIUTh
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TaKKe SKCICpPUMEHTaNbHbIe MeToabl (u3uku. Hampumep, skcnepumeH-
TaJIbHOE OIpEJeNICHUE IUPUHBI TAKOI'O OTBJICUYEHHOIO IOHATHSA, KaK IIU-
pHHA 3aMpeLeHHON 30HBI B MOJIyTIPOBOTHUKAX.

[ToMrMO mpakTHUECKOM YacTH KIACTEPHOIO 3aJaHUs B CTPYKTYpY
y4eOHOTr0 KJjlacTepa BXOIAT OTBETHI Ha KOHTPOJIbHBIE BOMPOCH [6]. OHU
MOBBIIIAIOT KaYeCTBO 3HAHUI M CIIy)KaT CPEJICTBOM aKTHBH3ALMS IMO3HA-
BaTENILHOW JIEATENIbHOCTH M TBOpUYECTBA CTyAeHTOB. OHHM MOOYKAAIOT
00yyaromuxcst OOpaTUTbCA K KOHCIEKTY JIEKIUH, pEeKOMEHIOBAaHHON JIH-
TepaType, BAyMaTbCs B COACPIKaHUE 3HAHUM, MOHATh UX MPOUCXOXKICHHUE.
HecTannapTHble BOIIPOCH OOYXAAIOT 1yMaTh U paccyXJ1aTh.

BrinonHenue kiactepa 3aBeplLIacTCs caMOIO/BEICHUEM €ro MTOrOB,
KOTOpOE MPOBOAMTCA B TIpajaluy, BeITeKarouled M3 nuddepeHuuanuu
OTpacieBbIX HAIIPABJICHUH HAyKU B NPUKJIAJHbIE HAyYHbIC AUCLUIUIMHBIL:
reHepanmzanus QyHIaMeHTAIBHBIX 000O0IEHUI ecTeCTBO3HaHUs (B pam-
Kax TeMBbI KJIACTepa), TCOPETUIECKHE OCHOBBI PACCMaTPUBAEMOTO (hr3HIe-
CKOTO SIBJICHHSI, METOABI MPEAMETHO-TIPAKTUIECKON NEeSATETLHOCTH B JJaH-
HOU NPUKJIaJHONW OTpacIy HAyYHOU AUCIUILINHBI, 0a30BbIC 3HAHMUS.

Hanpumep, no teme «JluckperHoe BBICOKOYACTOTHOTO 3JIEKTPOMAr-
HUTHOE M3JIyueHHe» TeHepaiu3auus (QyHIaMeHTaIbHbIX 0000IIEeHUH 1O
TeMe BKJIIOYaeT CJICAYIOLINE MOJIOKEHUs: runore3a [lnanka, kBaHTOBaHUE
SHepruu, (OTOHBI KaK YacTUIbl IEKTpoMarHuTHoe uznydenus, MCO,
(yHIaMEHTaJIbHbIE 3aKOHbl COXPAHEHUs B IMPUPOAE, PEIATUBHCTCKUMN
JJIEKTPOH.

Jlanee Ha OCHOBE 3TOM CUCTEMBI YTBEP)KICHUN CTPOMUTCS CUCTEMA
TEOPETUYECKUX 3HAHWUN, M3 KOTOPOW BBITEKAIOT METOJBI M CIIOCOOBI OT-
pacieBoii IeATEIIbHOCTH U MPAKTHKH. 3aBepIuatorcst «Tormy BhITUCHIBA-
HUEM KOHKPETHBIX (6a30BbIX) GOPMYII IO TEME.

Cucrematusupysi NIpHOOpPETEHHbIE 3HAHUS 110 TEME KJIacTepa, CTy/IeH-
Thl aKTyanu3upytot oonacts ®KM B yacTu ee METOA0IOTMUECKUX MOJI0XKe-
HUHA U yTBEP)KICHUI, yCBaMBAIOT OINMUPAIOIIMECS HAa HUX TEOPETUUECKHUE
IIOCTPOEHMS], a TaK)Ke NPEAMETHO-IIPAKTUUECKHE METObI U CIIOCOOBI Jies-
TEJIbHOCTH, BOCCTAHABIIUBAIOT B NaMATU 0a30Bble (GOPMYJIbI 10 TEME KJia-
crepa. OHU BBIIEISAIOT TEOPETUUECKHE TUIOTE3bl U JIPYTHE YMO3AKIIOUe-
HUS, KOTOpbIe Oyxydu 00JIa4eHHBIMH B CIIOBA CTAHOBSATCSI OCO3HABAEMBIMH
3HaHUAMHU. CTYZAEHTBI OXOTHO BBITIOJHSIOT JAaHHOE TPeOOBaHHE KIIaCTEpHO-
r'0 33JIaHusl, HO HY>KJAl0TCsl B IOMOIIU U KOHTpoJie [7].

VY4eOHbIH KIacTep MpeayCMaTpUBACT MOSTAHOCTb BBITOJHEHHS
3aJaHMsl, MOITAHOE JO3MPOBAHUE METOJMYECKOH IMOMOIIM CTyACHTaM,
a TaKKe 3aIUIaHUPOBAHHBIM MMO3TAHBIN YUET-KOHTPOJIb MPOMEKYTOUHBIX
U UTOTOBBIX PE3yJbTATOB. J[JIsl OnepaTuBHOrO KOHTPOJS IPENojaBaTellb
UMEeT MOITANHBIA OTBETHUK PE3yJIbTATOB 10 BAPUAHTAM.
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Educational clusters of applied academic disciplines
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Abstract. Thematic clusters of classroom and remote electronic inten-
sive-active learning are aimed at forming the conceptual thinking of stu-
dents through the generalization of fundamental natural-science generali-
zations and theoretical conclusions, mastering the methods and techniques
of subject-practical activities in the industry. In the process of the cluster
implementation, students get acquainted with primary (propaedeutical)
subject-practical types of industry activities, then search for a solution to a
personal learning problem, build its integral contour, set the content and
sequence of their actions, perform self-test of individual stages and the
whole activity in the mode of subjective activity. Thanks to the on-line
help and control of the teacher, the cognitive activity of the pupil turns in-
to self-study, a modern essentially new kind of education in the higher
professional school.

Keywords: Learning clusters, subjective activity as self-study with the con-
trol and assistance of a teacher.
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IlepBblii pycckuii yueOHUK M0 MPAKTHYECKO MeXaHUKe

© I.A. MkpTbIusiH
MI'TY um. H.3. baymana, Mocksa, Poccus

AnHotanus. A.C. EpmioB — oxauH u3 ocHoBareneii MocKoBckon
HAay4YHOW IMIKOJBI Teopun MexaHm3mMoB U mammH (TMM). Ero ydeGHuk
«OcHOBaHUSI KHHEMATUKU WU 3JIE€MEHTapHOE YYCHHE O JABMKEHHU BOOO-
1€ ¥ MEXaHU3ME MAIIUH B OCOOCHHOCTW, HAITMCAHHBINA 1151 MOCKOBCKO-
ro ynusepcutera 1 UMTY, O6bu1 nepBbIM pycckuM ydeOHUMKOM 1o TMM.
JlestenbHOCTh MOCKOBCKOTO pEMECIEHHOIO y4eOHOro 3aBelieHusl (BIIO-
ciencreun Mmnepatopckoe MOCKOBCKOE TEXHUYECKOE YUMIIUINE) — OJ-
HOTO W3 MepBbIX B Poccny MamMHOCTPOUTENBHBIX YUEOHBIX 3aBEICHHN
o011ero Ha3HaYeHUss — BO MHOroM cBsizaHa ¢ uMeHeM A.C. Epmosa, ko-
Topblii ¢ 1845 r. Hauan 31ech CBOIO paboOTy CHauajga MperojaBaTeIeM
NPaKTUYECKOH MEXaHMKM, a 3aTeM CTal MpodeccopoM, HHCIEKTOPOM
KJIACCOB U, HAaKOHEL, €ro AUPEKTOpoM. B pe3ynbTaTe €ro AesTeabHOCTU
Kak npodeccopa npukiIagHOW MeXaHUKU U qupekropa PY3, on noluics
pacimpeHusi TEOPETUYECKOT0 OOYYEHHs, yBEIMYEHHUSI Kypca IpaKkTH4e-
CKOM MEXaHMKH, MOBBIIIEHUS KBaJU(PUKALUN [TPEN01aBaTeIbCKOTr0 COCTa-
Ba, noArotoBws peopranuzanuio UMTY, nobuicst paBeHCTBa craryca
npenojaBateneil u cratyca yueHukoB ¢ CaHkt-IleTepOyprckum TexXHOI0-
rudeckuM MHCTUTYTOM. A.C. EpioBsIM ObUIO MOJIOKEHO HAYaJI0 KOJUIEK-
uu Mexanu3MoB kadenpst TMM B UMTYVY.

Knroueswie cnosa: unscenepnoe obpaszosanue, yuebHvlll npoyecc, HAYKA,
npakmuueckas mexanuka, Mmnepamopckoe Mockogckoe mexuuueckoe
yuunuwe, A.C. Epuios, mawunocmpoenue, npomMvlulIeHHOCHb.

Kuura A.C. EpmoBa «OcHOBaHUS KMHEMAaTHKU WM 3JEMEHTApHOE
y4€HHE O JBM)KEHUH BOOOIIE M MEXaHU3ME MALIMH B 0COOEHHOCTH» Oblia
HEPBBIM PYCCKUM CHCTEMATUYECKUM Y4EOHUKOM I10 MPAKTUYECKON Mexa-
Huke. Pabora 6buta u3nana B 1854 r. [1] B tumorpaduu MoCKOBCKOTO
YHUBEpCUTETa AJIsl CTyJeHTOB MockoBckoro yHuBepcuteta u MPVY3.
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VYuebnuk A.C. EpmioBa MOXHO OCTaBUTb B OJMH Psiji ¢ CAMBIMU HOBBIMH
110 TOMY BPEMEHHU PYKOBOJICTBAMHU MO MpaKTUUECKON MexaHuke. [1o cBoei
CTpYKType oH oueHb HanomuHaeT Kypc JK.-B. IToncene (Poncelet) Meca-
nique physique et experimentale (1841), monorpaduro 2. bypa Cours me-
canique et machins (1862), Traite de cinematique (1849).

Counnenne A.C. EpmoBa conepxut 292 crpanuusl; u3 Hux 10 crpa-
HUII TIOCBAIICHO NpeAauciaoBuio, 50 cTpaHUI] — KHHEMAaTHKE, OCTaJbHOU
00BeM Kypca 3aHUMAaeT U3JI0KEHHE BOIIpoca NMpeoOpa3oBaHus U Mepeaadn
JIBUKEHHSI C TIOMOIIBIO PAa3HOOOPAa3HBIX MEXAHU3MOB (TEOpPHUS MEXaHM3-
MOB U MallIuH).

B npenucnosun A.C. EpuioB npuBOIUT KPaTKUN HCTOPUYECKUI 00-
30p, OTIaBasl AaHb CBOMM MpesiiecTBeHHuKam: Ammepy (Ampere), [1on-
cene (Poncelet), Monxy (Monge), Bunucy (Willis) u ap. [2].

Knaccudukanus mexaHn3mMoB MaimuH B yueOHHKe EpmoBa ocHoBaHa
Ha TOHATUAX MOHXKa, T.€. Ha pa3jIMuuu BUIOB JBIKEHUH 1Mo (dopme
U HAaMpaBJICHUIO, U MPEJCTABICHUAX AMIIEpa O HE3aBUCUMOCTU T'€OMET-
PUYECKUX M KMHEMaTHUECKUX CBOICTB MexaHM3Ma OT cuil. B kiaccugu-
Karu Bumica EpioB BUANT HETOCTATOK B TOM, YTO OJIMH U TOT XKe Me-
XaHU3M BCTPEUYAETCS Y HEro B Pa3IMUHBIX pa3iesiax B 3aBUCUMOCTHU OT
BO3HMKAIOIIUX 3HAYEHUU CKopocTeit [3].

A.C. EpmioB mpenMyIIeCTBEHHO IOJB3YETCsI TEeOMETPHYECKUMH TI0-
CTPOEHUSIMH, C IOMOIIbIO KOTOPBIX €My YJalI0Ch YIPOCTUTh TEOPHUIO OT-
HOCHUTEJIBHOTO JIBIXKEHUS ABYX HWIMHIAPOB (§27), mIaTyHa W KPUBOIIUIIA
(8§27, §129), cxonpxenns 3youos (§88) u . 1.

B pazpene «llpenBaputensubie noustus» A.C. EpmoB onpenenser
npeIMeT MEXaHUKH KaK U3y4YeHHe 3aKOHOB M MPUYHH JIBHKEHUS Tell, JaeT
OCHOBHbBIC KMHEMAaTHYECKHE M HEKOTOPHIE JWHAMHUYECKUE OIpPEeIICHHS.
Hanee A.C. EpmioB ucciemyet Bonpoc o cuie unepiuu. OH ccbutaeTcs Ha
nucbMa Diinepa (Euler) Lettres a une princesse d’Allemagne (Paris, 1843),
Ha paboty Kapuo (Carnot) Principes fondamentaux de [’equilibre et du
mouvement, B KOTOPbIX CHUJIa HHEPLIUU €CTh HE YTO MHOE, KaK «COMPOTHB-
JIeHWE, BO3HMKAIOIIEe MPpHU niepemMeHe cocTostHus Tenm». Jlarmac (Laplace) u
I’ Anam6ep (D’ Alembert) oTBeprayiv moHSITHE O CHJIE HHPELIUU B OTIUYHE
ot Octporpajackoro, [loncene, Mopena u nip.

B nepBom otnene paccmarpuBaroTcs 0OOILIUME BOMPOCHl KHMHEMATHKU.
B Hem uznoxkeHo ABMXKEHHE TOYKH (IPOCTOE, COCTABHOE) M JBUKCHHE
TBEPJIOTO Tea.

Bo BTOpoM oTaene uznararotcs B3rsAbl MoHka U AMIepa, a Takke
JaeTcst OOIMi TUIaH KHUTH.

I'maBa 1. «Ilepengaua aBuxenus» (c. 54—179): HenpepblBHOE NPSIMO-
JMHEHHOE, MPSMOJIMHEHHOE KadaTelbHOe, KPYroBOe HENMpPEpHIBHOE, KPY-
rOBOE KayaTelbHOe.

I'maBa 2. «IIpeobpa3zoBanue nBmwxkenus» (c. 180-256): mpsiMoauHe-
HOE HEINPEpPBHIBHOE B KPYroBO€ HENPEPHIBHOE M HA0OOPOT; KPYroBoe He-
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IPEPBHIBHOE B MPSMOJIIMHENHOE KayaTeJIbHOE U HA000POT; MPSIMOJIMHEITHOE
KayaTellbHOEe B KPYroBO€ KadaTeabHOE U HA00OPOT; KPyroBOE HEIpPEPHIB-
HOE B KPyroBO€ KadaTeiabHOE U HA00OPOT.

I'naBa 3. «/IBmxenus quddepeHnuaibable U cocTaBHbIe» (C. 257-266).

I'nasa 1. [lepenaua nBuKeHUs1

1. HenpepsiBHOe mnpsMonuHeliHoe nBmxkeHue. [lepenaya nBrKeHUS
HOCPEJICTBOM THOKMX M JKMIKUX BEIIECTB (HEMOJBUXKHbBIC OJOKH, IIO-
JBUKHBIEC OJIOKU U TOJIMCIIACTBI, TPUBOJ IJIsl TIOJHATHS 3€MIIM, Iieperadya
NPSIMOJIMHEMHOTO JIBMXKEHHSI TTOCPEACTBOM BOJbI). Ilepenava aBrkeHus
4yepe3 HEMOCPEICTBEHHOE COPUKOCHOBEHUE (KJIUH).

2. llpamonuneiiHoe kayaTesnbHOE ABWKeHUe. llepemaua yepe3 Hemo-
CPEIICTBEHHOE COEJIMHEHUE BEPEBKOIO WJIM CTEp)KHEM (Komep, MapoBoi
konep). Ilepenaya mpsMONIMHEHHOTO KadyaTeIbHOTO JBHXKEHUS MOCpe-
CTBOM KOpOMBICJIAa (COKpAIIeHHbIH MapajielorpaMM, MapaieaorpaMm
Varra, MexaHu3M DBEHCA).

3. KpyroBoe HemnpepbiBHOE ABUXEHHE. beckoHeuHbIe BEPEBKHU, PEMHH,
nenu. [lepegaua mMexny napasieNnbHbIMH U HENAPAJUIECIbHBIMU OCSIMH.
[IepenaTounoe otHowenue. [1IkuB nepemennoro nuamerpa. Illarynsr nium
mrranry. 3y0uareie kojieca (OBOJIBBEHTHBIC M LIUKIOUAATIbHBIEC 3yObs. 3a-
30pbl B 3aleIuieHnu. BHyTpenHee 3auenienue. LleBouHoe 3aremieHue.
Konnueckue nepenaun. Ilepepaun co ckpemuBaromummucs ocsamu). bec-
KOHEUYHBIM BHUHT (4epBsiuHas mnepenada). Komenuartsrii mapuup ['yka
u MyQThI (TTyX0€ COEAMHEHUE BaJiOB, MOJABMKHBIE COCIUHEHMUSI, CLIeTIe-
HHUE TocpeacTBOM TpeHus (ppukimonHsie Myrhl)). Cl0KHBIE MEXaHH3-
MBI, YIIOTpeOJsieMble I Mepeladid KPYyroBOTO ABMKEHHUs (OCCKOHEUHBIN
BUHT (YepBSYHAS [epeiaya)).

4. KpyroBoe kauareiapbHOE JBWKECHHE (pBIYaKHBIE U 3yOuaTo-
pBIUAXKHBIE MEXaHU3MBbl: MEXAHU3M JUISl TIOJIpEe3aHusl CBail, CTAHOK JJIsl 00-
TaYMBAHUS IEPEBA).

I'naBa 2. [IpeoOpa3oBanune ABUKEHUS

1. TlpeoOpa3oBaHue BpallleHUsI B NPSIMOJIMHEHHOE HENpPEPHIBHOE.
Yepes mocpeACcTBO TBEPIBIX U THOKUX Tel (MPOCTOW BOPOT, apTHILICPUI-
CKUIi BOPOT). Uepe3 HemocpeICTBEHHOE COMPUKOCHOBEHUE (BUHT, TaliKa)

2. Ilpeobpa3oBaHue BpallleHHs B BO3BpaTHOE MpsiMonnHeitHoe. Yepes
MOCPEACTBO TBEPABIX OPYCKOB (IIaTyH, KPUBOLIUI, KPYIJIbII IKCUEHTPUK,
nBoiHOM skcueHTpuKk CtedeHcona, mexanusM Jlarupa). Uepes Hemocpen-
CTBEHHOE COIIPUKOCHOBEHHUE (CcepAneoO0pa3Hblil AKCIEHTPUK, TPEYIroib-
HBIH SKCLUEHTPHUK, TBOMHON KyJIaK, KyJauHbId BaJl, GPUKIIMOHHBINA MOJIOT,
IIECTEPHS U 3yOuaTka).

3. IlpeoOpa3oBanue BpalleHHs B BO3BPaTHO-BpAILATENILHOE JIBUKE-
Hue. [lepenaya qBuKEHMS IOCPEACTBOM TBEPBIX OPYCKOB (KPHUBOILUITHO-
KOPOMBICJIOBBIM, KPUBOIIUITHO-KYJIHCHBIN). Ilepemaua aBmkeHUs depes
HEMOCPEJCTBEHHOE COMPUKOCHOBEHHE (KYJIAaYKOBBIE MEXaHU3MBI IS
noabpeMa 6abbl MOJIOTa, XPAaNlOBbIE MEXAHU3MBI).
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[Ipeo6pa3oBaHue BO3BPATHO-BPALIATEILHOTO ABMKEHUS B BO3BPATHO-
NPSIMOJIMHEHHOE (COeAMHEHNE KOPOMBICIIA CO CTEPKHEM MOPILIHS).

I'nasa 3. /IBu:xenns nuddepeHnuaibHble U COCTABHbIE

B 3T0i1 rimaBe paccMaTpuBarOTCs MJIaHETAPHbIE MEXAHU3MBI U, B 4aCT-
HocTH, Tuddepenunanst. [Ipumepsl, B3ATbie U3 MPAKTUKH, XOPOLIO UILTIO-
CTPUPYIOT TEOPETHUECKUE HauaJIa IIJIaHETAPHBIX MEXAHU3MOB.

Takum 00pa3oMm, 3TOT y4eOHHK HOCHUT SIPKO BBIPAXKECHHBIM Y3KONPH-
KJIAJJHOM XapakTep, HE IPETEHAYs Ha CEPbE3HOE M3JI0KEHUE TEOopeTHye-
CKOM MexaHuku B 1enoMm [4]. EpmoB onenuBan cBowo padoTy kKak a30yKy
«...MalIMHOBeIeH!s, 0€3 KOTOPOH, BIPOYEM, Helb3s MOHUMATh HU COCTa-
Ba, HU JEWCTBUS MAIIMH, a 110 W3JI0KEHUIO NPUHAJUIEKUT K YUCIy dJie-
MEHTapHBIX COUYMHEHUI, OCHOBAaHHBIX Ha HaYaJIbHOU MaTeMaTHKe...» [S].
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The first Russian textbook on Practical Mechanics

© D.A. Mkrtychian

Bauman Moscow State Technical University, Moscow, Russia

Abstract. Alexander Yershov was one of the founders of the Moscow
Science School of TMM. His book “Foundation of Kinematics or Elemen-
tary theory about motion in general and about mechanisms of machines
especially”, that was written for the Emperor’s Moscow University and
Emperor’s Moscow Technical Supreme School (EMTS), was the first
Russian textbook of practical mechanics. The activity of Moscow Educa-
tional Industrial School (MEIS) — later EMTS, which was one of the first
higher engineering schools in Russia, is connected with the name of Alex-
ander Yershov. He began his career at the institute in 1845 as a teacher of
the practical mechanics, and then became a professor, a class inspector
and finally the director. The theoretical education was widened, the course
of practical mechanics was increased and teachers’ qualification was
raised as a result of his activity as a professor of “Applied Mechanics” and
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the director of MEIS. Yershov prepared the reorganization of EMTS and
achieved equality of the status of teachers and the status of pupils with the
St.-Petersburg institute of technology. Collection of mechanisms of de-
partment “Theory of machines and mechanisms” in EMTS was started by
Yershov.

Keywords: engineering education, practical mechanics, Imperial Moscow
Technical School, A. Yershov, mechanical engineering, industry.

MeToauka co3aanus 0a3bl JAHHBIX 1JISI KOMIILIOTEPHOT 0
TecTUPOBaHUA N0 TeMe «Ci10KHO0e IBHKEHHE TOUKID)

© H.W. bounapenko, C.JI. Kocaue, K.b. O6nocoB, K.A. CtuxHo

MI'TY um. H.3. baymana, Mocksa, Poccus
E-mail: fn3@bmstu.ru

AHHOTanusi. OOOCHOBBIBaeTCS HEOOXOAMMOCTh KOMIIBIOTEPHOIO
TECTUPOBaHUS 00YUaIOIIMXCsI BOOOIE U [0 KOHKPETHON TeMe TeopeTHye-
CKOM MEXaHMKM B YaCTHOCTH. M310’keHa MeToauKa co3AaHus 0a3bl JaH-
HBIX JJI KOMIIBIOTEPHOIr0 TecTHpoBaHus. OAMH U3 MPUHIMIIOB MOIO0pa
3aa4 — OT MPOCTOTO K CIOKHOMY — IO3BOJIAECT NPENOJABATENI0 OLle-
HUTb, HACKOJIbKO MOJIHO 00y4aeMblil OBJIaJie]l TCOpHEH U METOAAMHU pelle-
HUS 3a/1a4 110 CI0XKHOMY JIBHKEHHUIO TOUYKH. JTa METOAOJIOTHUS MTO3BOJISET
3a MaJloe BpeMsl OOBbEKTHBHO OLIEHUTb 3HAHUS U YMEHHs Cpa3y Kak rpyi-
IIbl CTYICHTOB B LIEJIOM, TaK U OTAEIBHBIX CTYIEHTOB. B yacTHOCTH, BCe
3aa4y KaxJ0ro TecTa pa3OoUThl HA YEThIpe IPYMIbL: ONpeJeIeHHEe OTHO-
CUTEJIBHBIX CKOPOCTEN M YCKOPEHMMH, ONpEIEIIEHUE NEPEHOCHBIX CKOPO-
CTEl U YCKOpEHHUH, omnpeneneHue yckopenus Kopuonuca u HaxoxaeHue
abCOJIIOTHBIX CKOPOCTEH M YCKOpeHHMH. B 3axitoueHue mpuBEAEHBI TH-
NUYHBIC 33/1a4M U3 COCTABJICHHOM 0a3bl NaHHBIX MO BCEM TpyIIam, Ipe-
JaraeMble JUisi KOMIIBIOTEPHOTO TECTHUpOBaHUS 1Mo Teme «CioxHoe IBU-
JKEHUE TOUKUY.

Knrwoueegvie cnoea: memoouxa cozoanusi 6a3vl OAHHbLIX, KOMNbIOMEPHOE
mecmupoganue, CIL0HCHOe OBUMICEeHUe MOYKU, AOCOTOMHASL CKOPOCHb,
abconomuoe YCKOpeHue, OMHOCUMENbHAsT CKOPOCHb, OMHOCUMENbHOe
YCKOpeHue, NepPeHOCHAsi CKOPOCMb, NepeHOCHOe YCKOpeHue, YCKOpeHue
Kopuonuca.

OnHUM U3 BO3MOKHBIX ITyTeH MOBBIIICHUSI Ka4eCTBA MOJTOTOBKH CTY-
JICHTOB TE€XHUYECKUX BY30B SIBJIICTCS] MCIIOJIb30BAaHUE PEryJISIPHOIO KOH-
TPOJIA 3HAHUM, PacKpbIBalOllee CyTh KOHKPETHOTrO pasfesia M3ydaeMoil
qucuuIuinHbl. C OHOM CTOPOHBI, TAKOW KOHTPOJIb MO3BOJIUT CAMOMY CTY-
JICHTY BBISIBUTH MPOOEIBbl B 3HAHUH Y4eOHOro Marepuana u OyneT nooyx-
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JlaTh €ro K CUCTEMaTHUecKoi paboTe B TEUEHUE BCETO MIpoliecca U3yueHHs
JucuuiuinHel. C Ipyroi CTOPOHBI, KOHTPOJIb 3HAHUN CTYJIEHTA IO3BOJIUT
IPEenoiaBaTesl0 y4eCcTh BO3MOXKHBIE HEJIOUEThl B CBOEH paboTe U B opra-
HU3ALMU 1poliecca B By3e. Bee 310 MoXkeT ObITh ONTHMAaJIbHO PEATM30Ba-
HO C COBPEMEHHBIX MO3ULMH TOJIBKO C TIOMOIIBIO KOMIIBIOTEPHBIX TECTOB.

Ha xadenpe «Teopernueckas mexanukay MI'TY um. H.DO. baymana
NOJArOTOBJIEH IIAKET MATEPUAJIOB JJIsi KOMIIBIOTEPHOIO TECTUPOBAHUSA 10
Teme «CoxHOe ABIKEeHHE Toukn». [Ipemiokensl HOBbIE, BHOBB pa3pado-
TaHHbBIC, a IOTOMY ¥ OTCYTCTBYIOIUE B [IHTEpHETE, CXEMBI MEXaHUYECKUX
yCTpOHCTB. MHOIOBapHMaHTHOCTh 3a/laHUil OOecrieunBaeTcsl CiIy4yaiHbIM
BBIOOPOM CO37aHHOW Ha Kadenpe MporpaMMbl TECTHPOBAHUS CXEMBI Me-
XaHMU3Ma, CIIy4ailHbIM BBIOOPOM €ro r€OMETPUUYECKUX U KUHEMaTH4ECKUX
apaMeTpoB. OTO MO3BOJSET 3HAYUTENIBHO YCJIOKHUTH 3aMMCTBOBaHUS
TOTOBBIX PEUICHUH Y KOTO-TH00 MK TIe-In0o0.

[IpennosxenHsle 3a1aun nakera 1o reme «CI0KHOE JBUKEHUE TOUKI
MOTYT OBITh HCIOJB30BaHbI KaK B OOBIYHBIX pyOekHOM KoHTpoje (PK)
U CEMECTPOBOM dK3aMeHe (0e3 MPUMEHEHHs KOMITbIOTEpa), B TeKyiiem PK
B ¢dopMe KOMIIBIOTEPHOTO TECTHUPOBAHUS, Tak, MNpu online-oOyueHuu
B hopme KommbroTepHOTO TecTupoBanus PK u sx3amena.

IlepBoHauanbHO MpennoIaransoch, 4To 3ajaya nakera OyIeT TOJIbKO
OCHOBHBIM BorpocoM kak PK, Tak u sk3ameHa. 11 TEXHUUYECKUX BY30B,
Tak Bcerga Obuto, ecth U Oyner Bcerna. Ho B marepuanax (6unerax) PK
B MI'TY um. H.D. baymana, kpome OCHOBHOM 3aJ1auu, UMEIOTCS €LIe TeO-
pETHUYECKHE BOIIPOCHI 1 MUKPOIIPUMED, KOTOPbIE MO3BOJISAIOT MPENOJaBa-
TEJI0 JOCTaTOYHO XOPOIIO OLICHUTh Ka4e€CTBO 3HAHMU CTYJCHTOB IO BCEH
tematuke PK. [Ipu noaroroBke marepuaioB 3ajjad nakeTa noTpedboBajioch
3HaHHUE MPOMEKYTOUHBIX PE3YJILTATOB, KOTOPHIE MIPSIMO HE BXOIWIN B BO-
npocsl 3a1a4. Ecnu B Bonpockl 6mitera PK BcTaBuTh TpeboBaHuE HaXOXK-
JIEHUS 3TUX IPOMEKYTOUHBIX PE3YJIBTATOB, TO IOJYYaeTCsl HEKOTOpas 3a-
MEHa MCIOJb3yeMbIX ceidac TBepabix konusx OwieroB PK. Ho Takas
3aMEHa B HACTOAILEE BPEMs XOPOILUA TOJBKO I KOMIBIOTEPHOIO TECTH-
poBanusi. B noknazne Ha KOH(EpEeHIHUH PacCMOTPEHO HECKOJIBKO BapHaH-
TOB TaKOW 3aMEHBI.
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The method of creating a database for computer-based
testing on the subject of “The complex motion of a point”

© N.I. Bondarenko, S.L. Kosachev, K.B. Obnosov, K.A. Stikhno

Bauman Moscow State Technical University, Moscow, Russia
E-mail: fn3@bmstu.ru

Abstract. The necessity of computer testing of students in General
and on a specific topic of theoretical mechanics in particular is justified.
The method of creating a database for computer testing is described. One
of the principles of problem selection — from simple to complex —
allows the teacher to assess how well the student has mastered the theory
and methods of solving problems on complex point movement. This
methodology allows you to objectively evaluate the knowledge and skills
of both a group of students as a whole and individual student in a short
time. In particular, all the tasks of each test are divided into four groups:
determining relative speeds and accelerations, determining portable speeds
and accelerations, determining Coriolis acceleration, and finding absolute
speeds and accelerations. In conclusion, we present typical tasks from the
compiled database for all groups that are offered for computer testing on
the topic “The complex motion of a point”.

Keywords: database creation methodology, computer testing, complex
point movement, absolute velocity, absolute acceleration, relative velocity,
relative acceleration, portable velocity, portable acceleration, Coriolis
acceleration.
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B 1997-1999 rr. B.A. By6HoB [1, 2] oOpaTui BHUMaHuE Ha MOJTyYe-
Hue H.E. )KykoBCKkHM 4IEHOB BTOPOTO MOpsAKa MajgocTu B nuddepeHIu-
aJbHOM YPaBHEHUM HEPA3pPbIBHOCTH MJIi HECKUMAEMOW KUIAKOCTH.
B 2006 r. 4neHbl BTOPOro U TPETHEro MOopsIKa MaJOCTH ObLITH OOHapyxKe-
Hbl U B JOKJIajae Dunepa, npeacrtaBieHHoM B 1752 r. Ha naTeiHU B bep-
JUHCKOW AKajeMuu HayK [3] ¢ BBIBOJOM IOJTHOTO YpaBHEHHUS HEpa3phIB-
HOCTH JUIsl HECXKMMAaeMOW JKMIKOCTU. OJTOT JOKJIaA JO0 CHX IOp HE
MOJTy4rJ JODKHOTO PacCHpOCTPaHEHUs! CPpei MAaTEMAaTUKOB M MEXaHHUKOB,
Tak Kak Obul m3gaH B I[letepOypre nump B 1761 r. mocne myOaukanuu
BTOPOTO JIOKJIaja 3TOro HarpaBjeHus: Ha ¢paHIly3ckoM s3bike. B 1755 T.
Olinep cnenan B bepauHckoil AkageMun HayK BTOPOM JIOKJIaJ C TEM K€
Ha3BaHUEM Ha (PpaHITy3CKOM SI3bIKE, KOTOPBIM ObLT O0Jiee IOHITEH CITyIa-
TesIM U BeKope u3faH B bepnune B Buzme crathu. Craenas mects aedop-
MalMi CABUTA U PACTSKEHUS BIIOJIb KOOPJUMHATHBIX OCEH, DUJIEp ITOKEH
ObUI OJYYHTh IIECTh UM 0OJiee WICHOB, OTPAXKAIOIUX U3MEHEHHE 00b-
€Ma, a HE TPHU, KaK JaeT TUBEPreHIus BEKTOpa ckopocTu. B noknane 1755
r. B bepnunckoit AH ypaBHeHHe Hepa3pbIBHOCTH DifjiepoM ObUIO Ipen-
CTaBJICHO 0€3 YHUYTOXKEHHBIX MPEeNIbHBIMU MEPEX0/IaMU YJIEHOB BBICO-
KOI'O MOPSAKA MAJIOCTH.

OTKuIbIBaHNE YJIEHOB, HEU3BECTHBIX IO CO3/IaBa€MOMY MMM >Pdek-
Ty, 9KBUBAJICHTHO I0OABICHUIO B ypaBHEHHUE MIPOU3BOJILHBIX WieHOB. [1o-
9TOMY HEOOXOJIMMO MPOAHAIM3UPOBATh, K KakuM 3(ddexrtaMm MNpuBOAAT
0TOpachIBaeMbl€ YJICHBI, M PELIUTh, BAKHBI JIU 3TU 3()(EKTHI I MOCTAB-
JIEHHOU 3aJ1a4H.

MaJion3BeCTHBIM JIATUHCKUHA TEKCT Jokiaana Oitnepa 1752 r. Obun
B 1954 r. kpaTko nepeckaszan no-anrimiicku Knusnenmom Tpycaemiom.
TouHblli IepeBOI HA AHTIIMHCKUN SI3BIK MOSBUJICS JHIIb B HOsiOpe 2018 1.
B Kopnemickom ynusepcurere CIIIA, Bxomsmem B Jlury mmromra. (B mo-
cJe/Hee BpeMsl 3HAMEHUTBIN YHUBEPCUTET MPOCIABUIICS IPOCKTUPOBAHU-
eM Mapcoxozna.) B Hamielr crpane mepeBoj CTaThbu Diljiepa ¢ JaThIHA HA
pycckuit s3p1k onmyonukoBad B 2016 1. [4, 5]. BonHBI MOTYT NOSIBIATHCS B
CIUIOIIHOM Cpelie TOJBKO IPU MPOSIBICHUU €10 CxKuMaeMocTu. Dduznye-
CKHMI CMBICI JONOJHUTEIbHBIX YWICHOB YPaBHEHUSI HEPAa3pbIBHOCTH, BbI-
YUCIICHHBIX DWJIEpOM, CTall MOHATEH nociie 3anucu B 2006 r. 3Toro ypas-
HEHUs [6] 1151 COKMMAEMOM JKUJIKOCTHU U ra3a:

ap, Opu)  0(pv)  O(pw)
ot ox oy 0z

G(u,v) 8(v,w) 8(w,u) 2 6(u,v,w)
+p(t—1, + + +(t—t,)) p—""-=% =0.
( 0) G(x,y) 6(y,z) 6(z,x) ( O) G(x,y,z)
3nech u,v,w — KOMIIOHEHTBI CKOPOCTH BJIOJIb OCEH X,),Z; p — IUIOT-

HOCTb; ¢ —f, — MHTEpBaJl BpEMEHU Je(opMalii KOHTPOIbHOU (UTYpBI.
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Oxkazanoch, 4TO YJIEHBI BTOPOrO MOPSAJKA MaJOCTH C sIKOOMaHAMU
BTOPOTO MOPSKA MPUBOJAT K OMHCAHUIO MOSIBICHHS IIEPUOJMUECKUX aBTO-
Kosiebanui, BuOpauuii. IMeeTcs ocHOBaHME Mperonararh, 4To 4ieH Tpe-
TBETO MOPSAAKA MATOCTH MOXET ObITh OTBETCTBEHEH 32 CaMOIIPOU3BOJIBHOE
3apOXKICHUE B TEUCHHE YEAUHEHHON BOJHBI C PE3KUM HApacTaHUEM €€ JIaB-
JICHHs BO BPEMEHH THUIA COJUTOHA. JTO MPEAINOJIOKEHHE OCHOBAHO HA TO-
[Ia/IaHuM WIEHA TPETHErO NOPSIIKA MAJIOCTH B HEOJHOPOAHYIO UCTOUHUKO-
BYI0 YacCThb BOJIHOBOTI'O YPaBHEHUS TPETHETO MOPSIIKA.

Ha nosisnenne noknana Diinepa 1752 r. B bepauHckoit AkagemMun HayK
C BBIBOAOM (P (PepeHIINaTIBHOT0 ypaBHEHHsI HEpa3pbIBHOCTH HECOMHEHHO
OKa3ajo BiMsHUE TosiBieHHe B 1748 r. memyapa [lanambepa «Paccyxe-
HUs 00 0011elt MpuYrHEe BETPOBY, B KOTOPOM Ha MPAKTUKE PEIICHUS 3a1a4H
CTPOWIINCH U epeHInaTbHbIe COOTHOILECHHS, OTPAXKAIOLINE COXpaHEHUE
BEILIECTBA M KOJIMYECTBA JBIKEHMA. Dilnep crenan 3To 0ojee CTporo, Imo-
JIpOOHO U OTBJIEYEHHO OT KOHKPETHOMH peraeMoii 3a/1auu.

Hannuue uieHOB BBICOKOrO MOpSAIKa MaJIOCTH B T€OMETPUUYECKUX I10-
CTPOCHUSAX Oijepa MO3BOJIMIO KPUTUYECKH IIOCMOTPETh HA BTOPOH M3-
BECTHBII BbIBOJ YpaBHeHUs HepaszpbsiBHOCTH M.B. Octporpazackoro 1831 r.
Y YBUJETb B €0 NOCTPOEHUSIX TOXKE MOSIBJIEHUE YWIEHOB BTOPOTO U TPETHETO
MOPSIKOB MaJIOCTU IIPU JBOMHOM IIEPECECYCHUH JKUIKOM YaCTULEH T'paHu-
bl KOHTPOJIBHOW (DUTYPBI 10 CEKYyIIEH, YHHYTO)KaeMOM HCIIOJIb30BAHUEM
HaMpaBJISIOIUX KOCUHYCOB U MPEAEIbHBIMU NEPEXOJaMH, COJEpPKAIUMHU-
cs B UHTerpajax. Bo3BpaT OT HHTErpajoB K HHTErPAJIbHBIM CyMMaM
B ¢popmyne ['aycca — OcCTpOrpajackoro AaeT BBIPRKEHHS Ui JIOTIOJHU-
TEJIbHBIX YJIEHOB, COIVIACYIOIIMECS C pe3yJbTaraMu Oiiepa. DTH UJIEHbI
nossisitorcss U B yueOHuke JI.M. CenoBa «MexaHuka CIIOUIHON Cpeab»,
obo3HaueHHBIE Yepe3 € B dopmyne (8.11) paznena «Teopema [Maycca —
OcTporpaackoro» 10 COBEpIICHUS B HEW NPEAEIbHbBIX IEPEXOIOB.

AHanmu3 ypaBHEHHS HEPa3phIBHOCTH Jiiljiepa C 4iICHAaMU BBICOKOTO
NOpsJIKa MAJIOCTH MTOCTaBUJI BONPOC 00 OTIMYUU TPeOOBAHMSI HHTETIPasib-
HOTO COXpaHeHHs oT AU (HepeHIINaIBHOTO WIN JIOKAIBHOTO COXPaHEHHS.
3apoAMBIIUICS B IPEBHOCTU B PA3IMUYHbIX YaCTAX MHUpa MPUHIMI cOXpa-
HEHUS OTHOCUTCS K HHTETPAJIbHOMY COXPAHEHHIO BEIIECTBA B OJHOM
6onpmoM oobeMme. [IuchMeHHOE OTpa)KeHHE OH TIOYYHI BIIEPBBIE C ITyO-
mukaruu Omnenokia (490430 rr. 10 H.3.) — ydyacTHHKA mKoibl [uda-
ropa (570—490 rr. o H.3.). luddepennmanbapiii 00beM HE MOXKET OBITH
YEIUHEHHBIM, U30JUPOBaHHBIM. OH OKPYXEH CO BCEX CTOPOH IPYIMMH
TakUMU ke oObeMaMu. B cocegnue oO0beMbl BO3MOXKHO IEpeMelieHHe
BELIECTBA, YTO JIEMOHCTPUPYET JIOKAJIbHOE HECOXpPAHEHHE MPHU BBIIOJIHE-
HUU MHTETPAJIBLHOTO COXpaHEHHs. DTO ObUIO OTPaKEHO B CTAThAX JIEKAaHA
Mexmarta MI'Y H.A. Cne3kuna u nexkada Matmexa JII'Y C.B. Bamianne-
pa B UX cTaThsaX, onyonukoBaHHBIX B 1951 1. B «/lokmamax AH CCCPy.

UucneHHblld METOJ peryiisipusanuu, paspabareiBaembii B UIIM
M. M.B. Kenaprma T.I'. EnuzapoBoii [7] u ee ydeHHMKaMu, UCHOJIb3YET
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JIOTIOJTHUTEJIBHBIE YWIEHBI BTOPOTO MOPSIKA MaJOCTH, COBMAIAI0NINE C BbI-
YHUCJIEHHBIMH DMJIEPOM.

B HacTosiiee BpeMsi UMEIOTCS BCE YCIIOBUS JJIsl BKIIOUCHUS B MPETO-
JaBaHUE B BEAYIIUX By3aX MaTepuaia 10 BOJHOOOPA30BaHHIO M ypaBHE-
HUIO Hepa3pblBHOCTH JleoHapaa Diepa ¢ WieHAMU BBICOKOTO MOPSIKA
MaJIOCTH B KauecTBe JOIMOJHUTENIbHBIX IJIaB pazzaena «MexaHuka >KuiaKo-
cty u razay. s storo B 2020 r. onyOnukoBaHo y4yebHoe mocobue [5]
«BomHOOOpa3oBanue W ypaBHEHHE Hepa3pblBHOCTH JleoHapma Ditnepay,
MaTepuan ObLT JOJIOKEH Ha JBYX MOCIEIHUX Che3axX MO MEXaHUKe, Mpo-
xonuBmmx B Kazanu B 2015 r. u B Yde B 2019 1., 1 Ha MeXTyHAPOTHBIX
KOH(epeHIUAX 10 TudPepeHInaTbHbIM YPAaBHEHUSM.
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Let's teach Euler's complete continuity equation
in high schools

© V.M. Ovsyannikov

Russian University of Transport, Moscow, Russia
Moscow State Academy of Water Transport, Moscow, Russia
E-mail: OvsyannikovVM@yandex.ru

Abstract. In 2006, I found the Euler continuity equation for an in-
compressible fluid, which contains terms of the second and third orders of
smallness. It is contained in a 1752 message from Euler to the Berlin
Academy of Sciences. High-order terms penetrate the wave equation and
generate pressure waves. In 2006, the complete continuity equation was
written for a compressible gas and a compressible liquid. We can use it to
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calculate self-oscillation and generate sound. We can teach about Euler's
complete equation of continuity in high school.

Keywords: Euler's complete continuity equation, additional chapters of
hydromechanics, teaching.

TeopeTnueckass MexaHUKa B AKa/IeMHU:
200-1eturo BA PBCH umenu Ilerpa Beaukoro

© B.H. I'opkynos, T.H. Poranosa , I'.C. I'm3arynuna

BA PBCH uwm. Iletpa Benukoro, bamammxa, Poccus
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AHHOTAaNUsl. AHAJIU3UPYETCS HCTOPUYECKUM IIyTh TEOPETHYECKOU
MEXaHUKH B AKaJeMHUU B JIMIAX C MOMEHTa €€ CO3JaHMs 10 HACTOSIIEe
BpPEMS C LIEIBIO YKPETUICHUS U Pa3BUTHS MHTEpECA KyPCAHTOB K U3yUEHUIO
OCHOB 3TOM TOYHOW HayKH B PELICHUM NPAKTHUYECKUX 3a]ad pPaKETHBIX
BOMCK CTPaTErMuecKoro Ha3HaueHHUs.

Knrwoueswie cnosa: meopemudecKas Mexanuka, Komnemernyusd, mexanude-
CcKoe deuofceHue, MexarHuyeckoe 636114.7[/10@612071’161/[6, meopuecmeo, HaAyKda.

HeobOxonuMocTh apTUuiepuu ISl 3alllUThl U YKPEIUICHHsS BOSHHOMU
Mowm rocynapcrsa Poccuiickoro Ilerp Benukuii onpenenun co3faHueM
apTUiepuiickor Opuraasl. Hayunoe obecrnieueHne MpuIuio 3HaYUTEIbLHO
nmo3:xe, xoraa B 1820 r. no nannuatuse Bennkoro Kus3sa Muxauia Ilas-
JI0BHYa ObLT OTKPBIT Psi/i BOGHHBIX YUMIIMIL, B TOM YHCIIE apTUILIEPUIICKOe
Yuunumie (HpiHe BoeHHas akamemuss PakeTHBIX BOWMCK CTpaTerdyecKoro
Ha3HadeHus MeHu [lerpa Benmnkoro), B KOTOpoM «OCHOBOM AJIST BCEX OT-
JeNoB ApTWIepuH, Kak HAyKU JOJKHBI ObUIM CITy’)KMTh MaTeMaTHhKa
u MexaHuka» (ucropuorpad Axamemum I['.J[. I'poxckuit). B mepBwie cTo
JIET CBOEH IESITEIbHOCTH aKaIEeMHUUECKUE HAyUYHO-TIEAaroruuecKue MIKoJIbl
dakTuyecku ObLIM €AMHCTBEHHBIMH OTEUECTBEHHBIMU LIEHTPAMH IO paz-
BUTHUIO TEOPUH OPYXKHs, BEIpAOOTKE OCHOB MPOCKTUPOBAHMS U TIPOU3BOJI-
CTBa OTHECTPEJIbHBIX, PAKETHBIX, MUHHBIX YCTPOMCTB KaK CpPEJCTB MOpa-
JKEHUS MPOTUBHUKA.

['maBHas 3ajaya TeOpEeTUUECKOW MEXAaHUKH, KaK HayKH 00 oOLuX 3a-
KOHaX MpocTeiiel GopMbl TBHKEHUS MaTEPUATBHBIX TEJ, COCTOHT B IO-
3HAHUM KOJIMYECTBEHHBIX 3aKOHOMEPHOCTEW MEXAHMYECKUX JIBHIKCHHM.
Ha nepBom 3tamne ucciaenoBaHus BBINMOJIHSAETCS MAaTEMAaTHUYECKOE MOJIEIH-
pOBaHME U COCTABIAIOTCS AU epeHnanbHble ypaBHEHUS IBUXKEHHUS, 110~
CJI€ Yero CTAaHOBUTCSI BOZMOXHBIM BTOPOM 3TAll MHKEHEPHOTO aHAIN3a —
ONpeJIETICHUE XapaKTepUCTUK ABvxkeHus. [Ipu 3ToM Teopernyeckas mexa-
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HUKAa HIMPOKO HMCIOJb3YEeT MAaTEMaTUYECKUE METOJbl HUCCIEIOBaHUs, HE
ABJISISICH NPUKIJIATHONM MaTeMaTHUKOM. TeopeTnueckas MEXaHHKa SBIISIETCS
dbyHIaMeHTaIbHON nuciuIuinHON. OHa GOPMHUPYET HE TOIBKO OTpPEeIis-
embie ®I'OC u KT (y BOGHHBIX) KOMIIETECHIIMM HAa YPOBHE 3HaHUH, yMe-
HUU ¥ HaBBIKOB, HO U HAYYHOE MUPOBO33peHUE OYAYIIero HHKEHEpa.

B nepBble roapl cyniecTBOBaHUS YUMIIMILA B €r0 y4eOHBIX IJIaHaX He
OBLJIO JIeJICHHSI MEXaHUKH Ha TEOPETUYECKYIO U MPAKTUIECKYIO (TPUKIIaI-
Hy10). B Kypc MexaHuUKH BXOIWIM Kak 00Ilas TeOpusl paBHOBECHS U JBH-
JKEHUS MaTepUaTbHBIX TEJ, TAaK U YUEHHUE O MPOCTEHIINX U CIOXKHBIX Ma-
IIMHAX M 3JIEMEHTHl THAPABIMKU. YYeOHBIN Mpoliecc BKIIOYANl YTEHUE
JIEKLHM CTPOro MO COCTABJIECHHBIM Mporpammam. CirylaTenau BeIu 3a JIeK-
TOPOM 3alKCH, TOTOBUJIUCH 110 HUM K PENEeTULUSAM (aHaJIor ceMUHapa Te-
nepb) u dk3ameHam. [lo Kypcy ObUT TOIOBOM 3K3aMEH U JOMOJHUTEIHHO
CHayaja JBa dk3aMeHa (10 TPeTsM), a 3aTeM OAMH — B CEpelMHE Toja.
Nzydanace MmexaHuka B 0HUIEPCKUX (T. €. CTapIINX) KIaccax.

MatemaTHuecKkue OCHOBBI, a MO3KE CTATUKy WM Hayaja MEXaHUKU
HAuMHAJI YUTaTh PYCCKUM y4YEeHBIH, MEPBbIA MperojaBaTenb OANTUCTUKU
B Poccun, mpodeccop IlerepOyprckoro yamBepcutrera B.A. AHKynoBu4
(1789—-1876).

K 1841 r. 3aBepmmuicsa mporecc (GopmupoBaHus y4eOHOTO IUIaHA.
N3yueHne MexaHUKH HAYalIOCh C PACCMOTPEHHS OOIIMX CBOWCTB M 3aKO-
HOB JIBIDKEHUS; CTAJIO YAENIAThCS 00Jibllle BHUMAHUS MIPUHLIUIIAM MEXaHH-
KH; 3aKOHBI PAaBHOBECHUSI CTaJM BBIBOJIUTHCS U3 YPABHEHUHN JBMKEHUS KaK
YaCTHBIN ciiydail. B ocHOBHOM Bce M3MEHEHUs ObUIM HampaBlIeHbl Ha 00-
Jee CTpOroe M HayyHOe M3JI0kKeHHe Kypca. B Yuunuiie npuObl1 npu3HaH-
HBIM Juiep mateMaTukoB M MexaHukoB XIX Beka M.B. Octporpaackuid.
[Ipn Hem MexaHWKa OTAENSAETCS OT OAJUIMCTUKH W HAYMHAET (UTYPHUPO-
BaTh B YYCOHOM IIJIaHE KaK caMocTosTeNbHas nucuumuimaa. M.B. Octpo-
rpaiCKui cO37al 1ENIYI0 IIKOJY U3 CBOMX TaJaHTJIMBBIX YUEHUKOB, MPU-
BJIEKasi HEKOTOPbIX (OAMH M3 KPYNMHEHUIINX apTHUILIEPUMCKUX HH)KEHEPOB
N.A. BelmHerpajackuii, CnenuamucT B 00JacTH BHEIIHEW OaJUTMCTUKH
H.C. bynaeB u ap.) u3 npyrux y4eOHbIX 3aBefeHuil. [lo mepe pa3Burtus
Yyunuina yBeIuurUIOCh YHCIIO KENAIMUX 00ydaThCsl B HEM, TTOBBICUIICS
KayeCTBEHHBIN COCTAB MOCTYNAOMUX. YacTh NUCHUIUIMH IEPEMECTUIIN U3
BBICIINX (O(UIIEPCKIX) KIACCOB B HU3IINE (FOHKEPCKHE).

B 1860-1870-x romax B mporpammax Kypca T€OpETUUYECKOW MEXaHU-
KU1 B AKaJieMuu 100aBUIIUCH TaKWe TEMbI, KaK KWHEMAaTHKa TOUYKH U TBEp-
JIOTO TeJia, JMHAMUKA TOYKH, OOIIME TEOPEeMbI JMHAMHKHU CHUCTEMBI, yde-
HUE O MOMEHTAaXx WHEpIHH, JWHAMUKA TBEPAOrO Tela, Teopus
OTHOCUTEILHOTO JBMKEHUS TOUYKU U TEOPHs yaapa.

TeopeTnueckas MexaHWKa B yHHBEPCHUTETaX paccMaTpHUBallach Kak
MpUKJIaHas BETBb MaTeMaTuku. B To jke BpeMsi pa3BUBaBIIAsACS TEXHUKA
TpeOoBaia pelieHus 3a1a4 ¢ MPUBJICUYECHUEM SKCIIEPUMEHTAIBHBIX UCCIIe-
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JIOBAaHUH U NMPUOIMKEHHBIX PACUYETOB, YeM, KaK CUATAJIOCh HA TOT MOMEHT,
JIOJDKHBI 3aHUMAThCSl HE yUeHble-MeXaHUKH, a HHKeHepbl. B Akanemun 31o
ObUTH ee BOCITUTAHHUKH, BBIIAIOIIMECS MHKEHEPHI C TITyOOKUMU 3HAHUSIMU
teopetnueckoil mexannku: H.B. MaiieBckuii, A.B. I'agonun, JI.JI. Kupnu-
4eB U JIpyTHe.

Cepbe3Hble M3MEHEHUS B TEOPETHMUYECKOW MEXaHHWKE CTaHOBUIMCH
Hen30exkHbIMU, U OHM B 1880-1890-x rogax B Poccuu ObLIM BHECCHBI I'e-
HUAJIBHBIM pycckuM yueHbIM H.E. JKyKOBCKHMM, 3aJI0KMBILIMM OCHOBBI
KJIACCMYECKOT0 MPEToAaBaHus TEOPETUIECKON MEXaHUKHU B By3aX CTPAHBI.

Kypc mexanuku npogonkaeT HOCUTh YUCTO aKaJeMUYECKUI XapaKkTep
U COJEPKUT MHOT'O JIETlIbHBIX UCCIIEI0BAaHUM, BECbMA JAJIEKUX OT IpaK-
TUYECKHUX 3ajJ1a4, pemaBmuxca B Akajgemuu. B Hauane XX Beka BKIo4da-
10Tcs ypaBHeHusi Jlarpanyka, KaHOHMYecKHe YypaBHeHHS [amunbTOHA
u MeTof SIkoOu. M3naroTcs cHavana muTorpaupoBaHHBIM ITyTeM KpaTKHe
u 3ateM Oonee noaubie pykoBojacTBa H.C. bynaesa (1900) u I1.®. [uda
(1903) mo kypcy TeopeTuueckoil MexaHUKH, a B 1912 r. uznaercs tumno-
rpa)CKUM IyTeM H3BECTHBIM 5-TOMHBIH KypC TEOPETHYECKOW MEXaHHKH
reHepai-neiitenanra, npopeccopa C.I'. [lerpoBuda, BoeHHO-Hay4YHAas Jesi-
TEIbHOCTh KOTOPOTO BKJIIOYAET MIMPOKHA KPYr BOMPOCOB U MpoOieM,
B OCHOBHOM KacaloIIMXCsl MaTEeMaTHKH, TEOPETUUECKON MEXaHUKU U Oa-
JIUCTHUKMU.

B nocnepeBosoninoHHbINA IepuoA ObUTO U3/1aHO 3HAYUTEILHOE KOJIH-
4ecTBO (DyHAAMEHTaJIbHBIX TPYJIOB, BCE HOBOE OINEPATUBHO BHOCHIIOCH
B Y4eOHBIH TMPOILIECC, 3aKPEIUISUIOCh B YUYEOHBIX MOCOOHMSX M PYKOBOJ-
ctBax. ChopmupoBasiich Hay4dHbIe IIKOIBL. Havana dopcupoBaHHO pas-
BUBATHCS UCCIIEIOBATENLCKAS JESTEIbHOCTD.

B 2020 r. Bo3rnaBnsaBLmIeMy Kadeapy TEOPETHUECKON MEXaHUKHU Jie-
BATHaAUaTh JeT ¢ 1938 r. 3aciayKeHHOMY JEATENI0 HAYKM U TEXHUKU
PCOCP, yuenomy ¢ mupoBsiM uMeHeM, nipodeccopy H.A. Crne3kuny uc-
nojaHuiIock 0wl 115 net; mpopabotaBmemy ¢ 1939 r. u Bo3rinaBisBIIEMY
kadenpy Teoperndeckoit MexaHuku ¢ 1957 mo 1972 r. u3BeCcTHOMY KpyTI-
HOMYy ydyeHomy-MexaHuky C.M. Tapry wucnomawiocs Os1 110 7er.
B 1941 r. u3 uucna npenojaBaTenel, ciayliaTeiaeld akaJeMUd U KypcoB
BOCHTEXHUKOB ObLT COPMHUPOBAH CBOJHBIN CTPEIKOBBIN MOJK, HAYaJIb-
HUKOM ImTaba kotoporo Obut HazHadeH C.M. Tapr — npodeccop kaden-
pbl, BoeHuHxeHep 2-ro panra. C.M. Tapr Obu1 HarpaxkJieH AByMs Op/ieHa-
mu Kpacnoii 3Be3nbl; opaeHoM Tpynosoro KpacHoro 3HameHu; mecTbro
Meaal MU, B TOM 4uciie «3a 000poHy MOCKBBI».

B roapr Benukoit OteuecTBEHHON BOMHBI BY3 MEPEKUIT IBAKYALIHIO.

ITocne BoitHBI Kadenpa TEOpeTUIECKONH MEXaHUKH Oblla OpraHu30Ba-
Ha MOYTH 3aHOBO. Kypc « AHamIMTHYECKOW MEXaHUKW», JIGKIIUHU 10 00IIen
MEXaHHUKe, TEOPUU TMPOCKONOB M MHEPIHUAIbHON HaBUTALUKM YUTANl CO-
BETCKUU U POCCHMCKHUI yUEeHBII-MEXaHUK, OPTaHU3aTOP HAYKU U MEeAaror
A.1O. MnuuHckui.
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B 1960-e romsl HayuHO-MccenoOBaTelbckas pabora Ha Kadeape
HAUMHAET TECHEE CBS3BIBATHCS C JEATEIBHOCTHIO CIEIUANBHBIX Kadeap
Axkanemuu. [lecsaThio rogaMu Mo3xe MOSBHIIACH HOBas KaTEropus Ciylla-
TeJlel ¢ BeICIIUM 00pa3oBaHUEM — WHKEHEPBI-UCCIIeI0BATENN, MaTeMa-
TUKU-UCCIIEIOBATENU C JBYX M IO3)KE€ TPEXJIETHUM oOydeHueM. A Ha Ka-
benpe — omATh KaAPOBBIE U3MEHEHUS cOCTaBa. B 3To HempocToe Bpems
(c 1975 mo 1985 r.) xadenpoil TEOPETUYECKOH MEXaHHKH PYKOBOIUT
KPYIHBIA CHELHUATUCT B OOJIACTH MEXaHWKH JeQOpMHPYEMOro Tena
u npukiagHoi Mexanwku A.J[. Ilocmenos, mpumenmwmii Ha kKadenpy
B 1947 r. mpenopxaBareneM. Pa3paboTaHbl HOBBIM Kypc TEOpETHUYECKOU
MEXAHUKH ¥ MEXAHMKH CIUIOIIHBIX CpEl, MaTepuabl 110 aHAIUTUYECKOU
MEXAaHMUKE NIl MH)KEHEPOB-UCCIIEI0BAaTENEH, IBAXKIAbl B T'OJ] MPOBOJIATCS
Hay4YHO-TeXHUYeckre KoH(pepeHuuu ciymareneil. [losBusercs BO3MOX-
HOCTb PYKOBOJUTH KYPCOBBIMH IMPOEKTAMHU U OBITh KOHCYJIbTAaHTAMU JTUII-
JIOMHBIX pa0boT Ha cnernkadeapax.

Ilocne peopranmzamuu 1985 1. oOpa3oBaHa Kadenpa MeXaHHUKH,
B cocTaB mpeameTHo-metoandeckoir komuccuu Ne 1 (IIMK-1) xotopoi
BOILUIM IPENoJaBaTesH MpekHel kadeapbl TeOpeTUYECKON MEXaHHUKH.

Jls HEKOTOPBIX CHEHUAIBHOCTEH ObUIO MPEeNIokKEeHO pacCMaTpUBATh
TEOPEMbl JUHAMHUKU TOYKH U MEXAHUYECKOW CHUCTEMBI B OJJHOU TEME, CO-
KpaTUTh coepxaHue pasnena «CraTuka» M U3jiaraTb €ro Kak CJleICTBUE
paznena «JluHamuka», T. €. B BUAE ABYX paszzaenoB: «Kunemaruka» u
«Kunetukay. C cepeaunnl 1980-x ro10B B yueOHBIH mpoliecc 00beAMHEH-
HOM Kadeapbl yCUJIEHHO BHeApsieTcsl mporpamMupoBanue u OBT, Bxito-
gaeTcst KypcoBas pabora mo TPM ¢ ucnonszoBannem 9BM 11s mosiBUB-
mMxcs B AKaJIeMUH KypCaHTOB, aKTUBHO MCIOJIB3YIOTCS BBIYMCIUTENIbHAS
TEXHMKA U HarJIIHbIE CPEJICTBA O0yUEHUSI.

C nauana 2000-x ronoB Teoperuueckas mexanuka B [IMK mexanuku
kadenaper Ne 61 (kadenpel ecTeCTBEHHO-HAYYHBIX AUCHUILINH). OCHOB-
HBbIM HalpaBJIC€HUEM HAY4YHBIX UCCJIEIOBAaHUI WIEHOB HAyYHOM IIKOJIBI IO
MEXAaHUKE SIBJSIOTCS JUHAMHMKA U MPOYHOCTH 3JIEMEHTOB KOHCTPYKIIHM.
AKTHUBHBIMU TIPEACTABUTEISIMU TEOPETUUYECKOW MEXAaHUKU B HAy4yHOU
mikoJjie craimu mpodeccop kadeapbl TeopeTudeckoi mexaHuku (1972),
nokTop TexHuueckux Hayk (1972) @.I1. KouanoB u Berepan Akaiaemuw,
nouent K.b. O6HOCOB.

B 2015 r. Axagemus nepebazupoBanack Ha HOBOe€ MecTo. B cooTseT-
cTBuM c mnpukazoM HadaibHuka BA PBCH wumenn Ilerpa Benukoro
B mTar AKaJeMHH BHOBb BKJIIOYeHa Kadeapa MexaHWKH. HbIHemrHwmit
MOJIHOCTBIO OOHOBJICHHBIM BO3IJIABISEMBI KAaHIUAATOM TEXHUYECKUX
HayK, goieHToM B.H. ['opkyHOBBIM KOJUIEKTHB Kadeaphl SBISICTCS IMPO-
JoJKaTeNeM TPaJulil HaydHbIX IIKOJ MPeIIIecTBYIONINX Kadeap Teope-
TUYECKOM MEXaHUKH, CONPOTHUBIICHUS MAaTEpUAIOB M MPHUKIAJHON Mexa-
HUKU AKaJieMuu. TeopeTHYeCKyr0 MEXaHUKY KypCaHThl U3y4aroT Ha 1-M u
2-M kypcax. O0beM aisg OOJIBIIMHCTBA CHEIUATBHOCTEH CHIIBHO COKpa-
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TUJICS, TP 3TOM BO3POCJIO YHCIIO YAacOB HAa CAMOCTOATEIbHYIO padoTy,
YTO JUIg KypcaHTOB He Bcerna 3¢ dektuBHO. B mporpaMMmy TpaguiiiOHHO
BKJIFOYEHBI CTATHKA, KHHEMATUKA, JUHAMUKA U JUIsI HEKOTOPBIX CIIELUaIb-
HOCTEH BOMNPOCH AHAIUTUYECKOW MeXaHUKH. [IperycMOTpeHbl uTeHue
JEKIMM U MPAKTHYECKHUE 3aHATHUS C IpernojaBareneM. TeKyluid KOHTPOIb
oOecrieunBaeTcs pa3HbIMU BUJAMU ONPOCA, TECTUPOBAHUEM, B TOM YHUCIIE
KOMITBIOTEPHBIM, U PyOEKHBIM KOHTPOJIEM B BHJIE pAaCUE€THO-TpaprUECKuX
paboT Mo TpeMm KiaccHuecKuM paszzaenaM. [IpoMexyTO4HbBIH KOHTPOIb
OCYILECTBIIICTCS] BBIMOJIHEHUEM U 3allUTON KypcOBOW pabOThl M caavei
9K3aMeHa. Pl crienuanbHOCTEN BBIIEISIET HA TEOPETUYECKYI0 MEXAHUKY
MHUHHMMYM 4acoB, U TOTJa UCKJIIOYAETCs KypcoBast paboTa U BMECTO JK3a-
MEHa BKJIIOYAETCs 3a4eT C OLEHKOH. TeopeTndyecKyro MEXaHUKy Mpero-
naroT kaaauaat gusuko-marematudeckux Hayk I'.C. ['m3atynuna, kaHau-
jnar texHuueckux Hayk T.M. PoranoBa u mpenogaBareiib — BBIITYCKHULIA
MI'Y — I'.I1. KonecuukoBa, KBaJIM(UIIMPOBAHHBIE CIICIIMATHCTHIL.

Cerongusa AxageMusi TOTOBUT O(HILEPCKUE KaJpbl KOMAHIHOTO U MHXKe-
HepHOro npoduel, crmocoOHBIX paboTaTh HA CIIOKHOM, COBPEMEHHON TeX-
HHKE, TOTOBBIX PUMEHHTH €€ B JIFOOBIX yCIOBHsX 00cTaHOBKU. [IpenoaBa-
TEJIM TEOPETUYECKOM MEXAHUKH, OCO3HABasl BCIO CTENEHb OTBETCTBEHHOCTH,
NOHUMasI, YTO 0€3 MOCTUIKEHUSI KypCaHTaMH €€ OCHOB HEeT OyayIlero Kpa-
TU(GUIMPOBAHHOTO MHXXEHEPa, a CJIe0BATEIbHO, HAJIS)KHON HallMOHAIb-
HOM 0€30MaCHOCTH CTpaHbl (CEroAHss HET HU OJHOTO0 TPaJAULUMOHHOIO
CPEJICTBA MOPAXKEHUS IPOTUBHUKA, Y UCTOKOB KOTOPOT'O HE CTOSI Obl Halll
BBIIYCKHHK), MPOJOJDKAIOT U Pa3BUBAIOT TPAAUIMM MPEIIECTBEHHUKOB
[0 TOUCKY IyTel COBEPLICHCTBOBAHMS TEXHOJOTUH NIPENOJaBaHUsl, MPH-
MEHEHUIO WHHOBAIMOHHBIX TEXHOJOTMHA W CPEIACTB HH()OPMAIIOHHOTO
obecrieueHus, pa3paboTKe yIeOHO-METOINICCKUX MATEPUAIIOB ISl 00ec-
NEYeHUs] YCIEIIHOCTH Yy4YeOHOro Tmpolecca, OpTaHU3ali Hay4HO-
UCCIIEIOBATEIBCKONW pabOThl C KypcaHTaMu B KPYXKKax M IOATOTOBKE UX
K y4acTur0 B MOCKOBCKOW IOPOACKON OJIMMIIMAJE, POBEACHUIO TBOpYE-
CKUX JTUCKYCCHUH, MOBBIIICHUIO CBOETO MPO(ECCHOHANBHOTO YPOBHS y4a-
ctueM B pabore HTC mo teopermueckoil MexaHuke npu MHUHOOpHAYKH
Poccun, nmopnepxanueM U pa3BUTHEM CBSI3€H C POJICTBEHHBIMH Kadeapa-
Mu U kouteramu u3 MOU, MI'TY um. H.D. baymana u npyrux By30B,
y4acTUEM B HAYyYHO-IIPAKTHUECKUX KOHPEPEHIUAX.

3akuouenne. TeopeTnyeckas MexaHuKa B pamMKax AKaJeMHUU IPO-
nuta 200-1eTHUN TyTh, MPETEPIIEB HEOJHOKPATHOE POXKICHHUE 3aHOBO,
U COXpaHWIa B AKaJIeMHUH CBOM CTAaTyC OCHOBHOHM (hyHIaMEHTAJILHOW WH-
KEHEPHON AMCUMILUINHBI, MPU3BAaHHOW (OPMUPOBATH HE TOJIBKO KOMIIE-
TEHTHOCTHBIE 3HAHMSI, YMEHHUS U HABBIKM, HO U Hay4YHOE€ MHUPOBO33PEHHUE
OyIylero HHXeHepa pakeTHBIX BOMCK cTpaTernyeckoro HazHadeHus. Ko-
peHb ycrexa — B Moa0Ope KaapoB, B THOKOW CHCTEME OpraHHM3allid
y4eOHOT0 mpoIiecca, B OOIIHOCTA YCTPEMIICHUH TIeIaroroB Beex Kadeap B
BOCIHUTAHUU OYyyIIUX BHICOKOKBATH(QHUIIMPOBAHHBIX CIIELUATHCTOB.
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Theoretical Mechanics at the Academy:
the 200th anniversary of the Peter the Great VA RVSN

© V.N. Gorkunov, T.I. Roganova’, G.S. Gizatulina

VA Peter the Great RVSN, Balashikha, Russia
*E-mail: dobrrog@yandex.ru

Abstract. Analyses the historical path of theoretical history in Acad-
emy in persons from the time of its creation to the present, with a view to
strengthening and developing the interest of cadets to study the basics of
this exact science in solving practical problems of strategic missile forces.

Keywords: theoretical Mechanics, competence, mechanical motion, me-
chanical interaction, creativity, science.
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O 3aKoHaX ¥ OCHOBHBIX MOHATHAX KJIACCHUECKON MEeXaHUKH

© AU. Cmenarun

Ky6I'TY, Kpacuonap, Poccust
E-mail: asmelyagin@yandex.ru

AnHoTanus. Hayka, uzyvaroniass MEXaHMUECKHE JBU)KEHUS U PABHO-
BECUE MATEPUAIIBHBIX TEJI, HA3bIBACTCS KIACCUYECKOW MeXaHukou. DyH-
JJaMEHT COBPEMEHHON MEXAHUKHU ITOCTPOEH Ha Tpyax I'amunes, HproToHa,
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Oiinepa. AHaIu3 3aKOHOB-akCMOM HbI0TOHA ITOKa3bIBAET, UTO, CTPOIO I'0-
BOPS, OHH HE SBIISIOTCS HU 3aKOHAMH M HA aKCHOMaMHU. DTO 00YCIIOBIICHO
TEM, YTO OHH OIMCHIBAIOT [IBIDKCHHE TOJBKO HE CYIIECCTBYIOIINUX
B MIPUPOJIE OOBEKTOB, @ UMEHHO, MaTepUaIbHBIX ToueK. OCHOBHBIC TTOHS-
THS KJIACCHYCCKON MEXaHUKH B HACTOSIIEE BPEMS TOYHO HE ONPEACICHBI
u He chopmynupoBaHbl. Cle0BaTeNbHO, KIACCUYECKasi MEXaHUKA HYX-
JaeTcsl B MOCTPOCHUHM HOBOM TeopeThuueckor 0asbl. Omupasch Ha cOBpe-
MEHHBIE 3HaHUS, B pa00OTE yTOUHSAIOTCS OCHOBHBIC TOHSITHS U TIPUBOIATCS
peanbHbIe 3aKOHBI MEXAHUKHU.

Knroueswie cnosa: 3axonvl, 83aumooeticmsue, cuid, c8sa3b, Maccd, 8pems,
NPOCMPAHCMBE0, NOKOU, PAgHOBecUe, Mepbl OBUNCEHUSL.

DyHIAMEHT COBPEMEHHOM KJIACCHUYECKOM MEXAHUKHU IIOCTPOEH Ha
uaeax, Tpyaax, akcuoMax M 3akoHax [amunes, Hptorona m Diinepa u
TaKUX OCHOBHBIX IIOHATHUAX, KaK: MaTEpUalbHOE TEJIO; MaTepUalbHasl
TOYKA; Macca; ABUKEHUE; ITOKOM; TPOCTPAHCTBO; BPEMsI; MEPHI IBUKECHHSI;
cBsi3b [14].

AHanu3 KJIaCCUYECKUX 3aKOHOB-aKCMOM HbIOTOHA U COBPEMEHHBIX HX
(GbOopMyIIMPOBOK MOKA3BIBAET, YTO OHHU HE SIBISIOTCA HU 3aKOHAMU, HU aK-
cuomamu [4].

B [2, 3] ormeuaeTcs:

e «Ilo Mepe yriyOsieHus HalIMX 3HAHUWA BBIABISAIOTCA T'PAHMIIBI
MIPUMEHUMOCTH TEOPETUYECKOW MEXaHUKH, OTHOCUTEIBHOCTh €€ OHITHH.
BpIsicHWIOCH, UTO aKCMOMBI WJIM 3aKOHBI KJIACCHYECKOM MexaHuKu Hbro-
TOHA HE a0COIOTHBIY;

e «3TO HE 3aKOH (BTOpoH 3akoH HbioToHa), OO HET omnpenencHUs
CUJIBDY;

e 3akoHbl HploToHa cdopMynupoBaHbl ISl HECYIECTBYIOIIMX
B [IPUPOJIE MAaTEPUAIbHBIX TOUEK;

e TaK Ha3bIBa€Mble OCHOBHBIEC IOHATHS MEXAaHUKU (CHJIa, IPOCTpPaH-
CTBO, BPEMsI), «CMBICT KOTOPBIX YUTATEINIO0 CUUTACTCS SICHBIMY, OJIHO3HAY-
HO HE OIIPE/ICIICHBI.

Tem He MeHee COBpeMEHHasl KJlacCHYecKas MeXaHuka Oazupyercs Ha
«3aKOHaX» U NOHATHUSAX, cpopMmyaupoBaHHbIX enle B X V-XVII Bekax. On-
HaKo JIF00asi pa3BUBAIOIIASICS HayKa HE MOXET B CBOE OCHOBE UMETh 3aKO-
HBI, IPE/ICTABIIAIONINE COO0M «BEUHBIE», IPUUEM HEKOPPEKTHBIE UCTHHBI.

OCHOBBIBasICh HAa COBPEMEHHBIX MOHATUAX U 3HAHMSX B [5, 6], cdop-
MYJIMPOBaHbI OCHOBHBIE 3AKOHBI MEXAaHUKH.

OTH 3aKOHBI UMEIOT BU/L:

1) 63aumodelicmeusi mamepuanbHulX mel NAPHLL, PAGHOBENUKU U
NPOMUBONOJIONHCHO HANPABIEHYL,

2) pabomsi GHEWHUX U UHEPYUOHHBIX B3AUMOOEUCMBUL MaAmMepudib-
HbIX Mel Ha 11000M nepemeweHUU paghbl Mexcoy coooll;
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2" cymmapuas paboma 6HeWHUX U UHEPYUOHHBIX 63AUMOOEUCMBULL
MamepuaibHuIX mei 6 11060e MHOBeHUe PABHA HYTIO.

3aKOHBI JABIKEHNUS 2 ¥ 2 [OJIHOCTBIO SKBUBAICHTHBI JIpyT IpYTy.

CuefcrBre U3 3aK0HOB 2 1 2. Ecu Ha ucciedyemoe meno 0eliucmsyem
BHEWIHASl VPABHOBEUIEHHASL CUCeMA 83AUMOOelUCmEUll, Mo OHO Heno-
OBUIICHO UTIU OBUINCEMCSL C NOCMOAHHOU CKOPOCHIBIO.

CrnexnctBue BBITEKA€T U3 TOrO, YTO €CJIM HA UCCIEIYyEMOE TEeJIO JIeH-
CTBYET BHEIUHSS YpaBHOBEUIEHHAs CHUCTEMAa B3aWMOJCHCTBUN, TO HET
YCIIOBUHM JJIsl COBEpUICHHs] pabOThl, a 3HAYUT, U HET UHEPLMOHHBIX B3au-
MOJCHCTBUM, KOTOpPBIE MPUBOJIAT TEJa B ABUKCHUE WM U3MEHSIOT €T0.

BoiBoasbl. [Ipoananu3upoBaHbl, YTOYHEHbI U CHOPMYITUPOBAHBI OC-
HOBHBIC 3aKOHBl W TOHSATHUS KIACCUYECKOW MEXaHUKH, KOTOpbIe ObUIH
MIPOBEPECHBI Ha PEATHHBIX MEXaHUYECKHX O0BEKTaX U CUCTEMAX.
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The laws and concepts of classical mechanics

© A.L Smelyagin

Kuban State Technological University, Krasnodar, Russia
E-mail: asmelyagin@yandex.ru

Abstract. The science that studies the mechanical, motion, and bal-
ance of material bodies is called classical mechanics. The Foundation of
modern mechanics is built on the works of Galileo, Newton, and Euler.
The analysis of Newton's laws and axioms shows that, strictly speaking,
they are neither laws nor axioms. This is due to the fact that they describe
the movement of objects that do not exist in nature, namely, material
points. The basic concepts of classical mechanics are currently not pre-
cisely defined and formulated. Therefore, classical mechanics needs to
build a new theoretical base. Based on modern knowledge, the paper clari-
fies the basic concepts and provides real laws of mechanics.

236 Huotcenepnotit scypran: Hayka u unnosayuu # 4:2021



DOI: 10.18698/2308-6033-2021-4-2068

Keywords: laws, interaction, force, connection, mass, time, space, rest,
equilibrium, measures of motion.

The Foundation of modern classical mechanics is built on the ideas,
works, axioms and laws of Galileo, Newton and Euler and such basic con-
cepts as: material body; material point; mass; motion; rest; space; time;
measures of motion; connection [1-4].

The analysis of classical laws-Newton's axioms and their modern for-
mulations shows that they are neither laws nor axioms [4].

In [2, 3] it is noted:

* “As our knowledge deepens, the limits of applicability of theoretical
mechanics and the relativity of its concepts are revealed. It turned out that
the axioms or laws of classical mechanics of Newton are not absolute”;

* “this is not a law (Newton's second law), because there is no defini-
tion of force”;

e Newton's laws are formulated for material points that do not exist
in nature;

* the so-called basic concepts of mechanics (force, space, time), “the
meaning of which is considered clear to the reader”, are not clearly de-
fined.

Nevertheless, modern classical mechanics is based on “laws” and con-
cepts formulated in the XV-XVII centuries. However, any developing sci-
ence cannot be based on laws that are “eternal”, and not correct truths.

Based on modern concepts and knowledge in [5, 6], the basic laws of
mechanics are formulated.

These laws have the form:

1) interaction of material bodies in pairs, equal and opposite,

2) the work of external and inertial interactions of material bodies at
any moving equal,

2*) the total work of external and inertial interactions of material
bodies at any moment is zero.

A consequence of the laws 2 and 2*. If the body under study is affect-
ed by an external balanced system of interactions, it is stationary or mov-
ing at a constant speed.

The consequences follow from the fact that if an external balanced
system of interactions acts on the body under study, then there are no con-
ditions for performing work, and therefore there are no inertial interactions
that cause the body to move or change it.

Conclusions. The basic laws and concepts of classical mechanics are
analyzed, refined, and formulated, which have been tested on real mechan-
ical objects and systems.
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HN3aoxenne paszaeia «BekropHas GyHKUUA CKAJIAPHOTO
ApPryMeHTa» B Kypce MaTeMaTH4eCKOro aHAJIn3a

© C.K. Cobones

MI'TY um. H.3. baymana, Mocksa, Poccus
E-mail: sergesobolev@mail.ru

AnHoTanus. [Iperiaraercs noapoOHbIi IU1aH NpenojaBaHus pas3aesa
«BEKTOpHasi (QyHKIUS CKAIIPHOTO apryMEHTa» B Kypce MaTeMaTHYeCKOTO
aHalu3a B TEXHUYECKOM YHuBepcutere. OcCOOBI akKLEHT JenaeTcss Ha
ocnabieHHyr0 TeopeMy Jlarpamka Uit BEKTOPHBIX (DYHKIIHIA, HA CTPOTOM
BeIBOZIE (hopmyi anst auddepeHnnana AMUHBI AYTU U KPUBU3HBI KPUBOMA.
Kax npunoxenue noapodbHo paccMaTpuBaeTcs 3ajada O IUIaBHOM COIps-
KEHUHU TPSAMOJIMHENHBIX YYaCTKOB JKEJIE3HbIX JOPOT.

Knrwoueevie cnosa: eéexkmophas ¢ynukyus, npouzeoonas, OIuHa oyau, Kpu-
8U3HA, YeHMPOCMpeMumenbHoe YCKOpenue, NIA8HOe CONPAXCeHUe.

IlepBblii cemecTp Kypca MaTeMaTHYECKOrO aHalM3a B TEXHUYECKOM
YHHUBEPCHUTETE TPAAUIIMOHHO 3aKAHUYMBACTCS U3yYEHUEM BEKTOPHOU (DyHK-
MU CKaJsIpHOro aprymenta. Ho m3-3a «mpomnax» 3aHsATHI MO0 pa3iIuYHbIM
NpUYMHAM Ha HEE€ MHOTJA HE OCTAeTCsl BPEMEHHU, XOTsS 3TOT pasjien 3acily-
JKUBAET TIIATEIBHOIO M3y4deHHUs. BOT ero onTuMMaibHbIM Ha Hall B3IV
IUIaH.

[Ipenen, HEMPEepHIBHOCTh U MPOU3BOIHASI BekTOpHOU (yHKIMU (BD)
U €€ TEeOMETPUYECKUI CMBICI, YpaBHEHMs KacaTesbHON K KpuBoil. Kune-
MaTUYECKHN CMBICII TIEpBOW M BTOpoi mpousBogHoil BD. IIpaBuna aud-
dbepeHnupoBanus, TeopeMa O Npou3BoAHOH B®d MOCTOSHHON ATUHBL
Ocna6nennass teopema Jlarpamwka mis B®. JlokazareabCcTBO TeOpeMbl
0 MPOM3BOJIHON JJIMHBI IyTH KpuBoi. Onpenenenre u BeIBOA GopMya Asis
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KPUBU3HBI KPUBOU. Paauyc U OKpy>KHOCTb KPUBM3HBL. BBIBOI Pa3iiokKeHUs
BEKTOPa YCKOPEHUsI JBMKYILEHCS TOUKM Ha KacaTelbHYI0 U HOPMAJIbHYIO
COCTaBJIAIOLLUE, LIEHTPOCTPEMUTEIBLHOE YCKOPEHHE. 3a7aua O IJIaBHOM CO-
HPSKEHUM XKEJIE3HbIX IOpOr: YTOOBI Oe3/ ABUTraics 6e3 O0KOBBIX TOITYKOB,
HE00X0aMMO, YTOOBI KPUBU3HA, a 3HAYHT, U BTOpasi MPOU3BOIHAS ObLIN He-
IpepbIBHBI BAOJIb BCero myTH. [1o3ToMy aist ABYX NMPSIMOJIMHEWHBIX Y4acT-
KOB ITyTH IUIABHOE CONPSIKEHUE UX TYyTrOl OKPY’KHOCTH HEBO3MOXHO. CTy-
JIEHTaM MpEeAJaraeTcsi €€ pelleHHe C IOMOIIbI HMHTEPHOJIALHOHHOIO
MHOIO4JI€Ha DpMUTA MATON CTEIIECHHU.

Exposition of the Section “The Vector Function
of Scalar Argument” in the Calculus

© S.K. Sobolev

Bauman Moscow State Technical University, Moscow, Russia
E-mail: sergesobolev@mail.ru

Abstract. A detailed teaching plan of the section “Vector Function of
Scalar Argument” in the course of Mathematical Analysis at technical
University is proposed. Special emphasis is placed on the weak La-
grange’s theorem for vector functions, the strong proofs of formulas for
the differential of the arc length and the curvature of a curve. As an appli-
cation the problem of smooth connection of straight sections of railways is
considered in detail.

Keywords: vector function, derivative, arc length, curvature, centripetal
acceleration, smooth connection.

OcHoBHBIE 3TaNbI Pa3pad0TKH METOANYECKOM
JOKYMEHTAIMH HOBOI'0 HANIPABJICHHUA MOATOTOBKH
O0akanaspuara no deaepajbHoMy crangapry 3++

© H.B. Apxunosa, K.A. CtuxHo

MI'TY um. H.D. baymana, Mocksa, Poccust
E-mail: fn2cyril@gmail.ru

AHHOTauusi. PaccMoTpeHbl 0cOOEHHOCTH pa3pabOTKH JTOKyMEHTAIMU
JUIs HOBOTO HampaBieHus OakanaBpuara mo crtangapty PI'OC 3++.
Ocgemraercs mporiecc GopManu3aiil OCHOBHBIX TPEOOBAaHUN K CTYICH-
TaM 10 UTOraM OOydYeHus, a Takxke (POPMUPOBAHHUS OCHOBHBIX HOPMAaTHB-
HBIX JIOKyMEHTOB, ONpEACIAIOINX 1Ie U cpeacTtBa oOydenus. [Ipenna-
raroTcs COOCTBEHHBIE METOAUKU (POPMHUPOBAHUS MATPHUIIBI KOMIIETCHIUH,
CaMMX KOMITETCHIIUH U UX JECKPUIITOPOB.

Huorcenepnotit scypnan: nayka u unnosayuu # 4-2021 239



Dynoamenmanvhvie u npuKkiIaouvle 3a0aqu mexanuku. Mamepuanvl kongepenyuu. Yacmo 2

Kniouesvte cnosa: D@IOC 3++, 6axanraspuam, npogeccuonanvhbviil
cmauoapm, mpyoosas YYHKYus, Mampuya KoMnemeHyul.
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Main stages of the development of methodical
documentation for an opening of a new bachelor
education course according to the Federal standard 3 ++

© N.V. Arkhipova, K.A. Stikhno

Bauman Moscow State Technical University, Moscow, Russia
E-mail: fn2cyril@gmail.ru

Abstract. The paper describes the features of the development of
documentation for the new education course of the undergraduate program
for the Federal State Educational Standard 3 ++. The process of formaliza-
tion of the basic requirements for students’ education course is described.
The formation of the main normative documents that determine the goals
and means of education course is highlighted. We also propose our own
methods of forming a matrix of competencies, competencies themselves
and their descriptors.

Keywords: FSES 3 ++, bachelor's degree, professional standard, labor
function, competency matrix.
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Pa3paboTka u BHeApeHUE MPOTPAMMHOI0 odecrneyeHust
JJISl TECTUPOBAHUSA TEKYIIUX 3HAHUI CTY/IEeHTOB
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AnHoTanusi. PaccMoTpeH coOCTBeHHBIN, pa3paOoTaHHBI Ha 0ase
s3pika Python, mporpaMMHBIN TPOAYKT MO OHJIAWH-TECTUPOBAHUIO TEKY-
IIMX 3HAHUH CTYJICHTOB, KOTOPbIM ObLT BHEAPEH B YUEOHBIN MPOLECC BO
BpeMs Iepexojia Ha AUCTaHIMOHHOe oOydeHue BecHou 2020 r. [IpuBene-
Ha CTpPYKTypa mporpamMmmHoro obecrneuenus (I10), nqano omucanue B3au-
MOJICHCTBUS TI0JIb30BaTenel ¢ 6azamu gaHHbIX (BJl) 3amay u cratucTukwy.
Oco0oe BHMMaHHE TIpU pa3pabOTKe YJEICHO HE3aBUCHUMOCTH OT Mpe-
ycTaHoBJeHHOro B cucreMe [1O u Mepam NpOKTOpWHIa, OrpaHUYHUBAIO-
IIMM BO3MOXHOCTH CTYJEHTOB IO MOJCIIKE Pe3yJIbTATOB TECTUPOBAHUSI.

Knrouesvie cnosa: szvik Python, ounaiin-mecmuposauue 3HaAHUU, OU-
CMAaHyuoHHoe oOyuenue.

IlocTaBiieHHbIe 3a1a4n Ha 3Tane pa3padorku. Becnoii 2020 r. npu
nepexojie Ha odlee JUCTAaHLIMOHHOE 00y4YeHHe BCIIEICTBUE PacIpocTpa-
HEHHS HOBOW KOPOHOBHUPYCHOW MH(EKIINH BO3HUKIIA OCTPast MOTPEOHOCTh
B HOBOM mporpammHoM obecnieuenun (I10), koTopoe mo3BosI0 OBI OI-
TUMAJIbHO OpPraHU30BaTh JUCTAHLUOHHYIO IIPOBEPKY 3HAHUHU CTYJEHTOB.
Hanuuue takoro 1O mo3Bosmiio Ob CTPYKTYpPHUPOBAaTh HOBBIN YUEOHBIH
npoliecc, 0CBOOOAMB IpernoAaBaTeneil 0T pyTUHHON MPOBEPKHU U 3aTpat-
HBIX 10 BPEMEHHU 3JIEMEHTOB Iepenayd HMH(OpMalUU K CTyJEHTaM U
OT HUX.

B ycnoBusix HegocTaTka BpEMEHU U PECYpPCOB OBLIO PEIIEHO aJanTH-
POBATh K HOBBIM YCJIOBUAM HUMCHOIIHUCCH CO6CTBCHHBI€ porpaMMHBIC peC-
menust [1]. HyxHo OBLIO pemmTh CHEAYIOIMHME OCHOBHBIC MPOOIEMBI:
o0ecrneunTh ylajJeHHOE XpaHeHHe, nepenady u Bepudukanuio bJ[ 3amaq,
CTaTUCTUKH M OTBETOB CTYJCHTOB, HICHTHU(PHUKAIMIO MOJIb30BaTECH.
[TozgHee k TuM 3amauaM JA00ABWIKCH elie obecredeHne Oe30MacHOCTH
JAHHBIX U IPOKTOPHHTA.

HNnenTtudukanus noap3oBaTess U JOTHKA NPHIOKEHUSI-KJINEHTA.
[Ipobnema uaeHTUHUKAIIMKN TOJIL30BATENs OblJIa pellieHa ¢ IMOMOIIbIO CH-
CTCMbI aBTOpHU3allun CTYIACHTA, BKHIO‘I&IOH.[CFI B ce6;1 3aI110JIHCHHUEC OCHOB-
HBIX y4eTHbIX AaHHbIX: ®UO, rpynmny u yHUKaJbHYIO [OYTY B CTyJI€HYe-
ckoM gomeHe (.students.bmstu.ru). Joctyn k modre mpoBepsieTcs depes
OTIIPaBKy YETHIPEX3HAYHOI'O KOJa Ha YyKa3aHHbII IMOYTOBBIN ajapec U
MpEJI0KEHUE BBECTH JIaHHBIN KOJ B MOsIBUBILIEECS OKHO. B mpouecce pe-
TUCTpalun CTYACHT, BBOAS KOA C IIOYTHI, IOATBCPKAACT CG6$I €€ BJIaACIIb-
uem. Ilocne momydeHuss BEpHOrO KOAa MPOMCXOAUT MPHUBS3KA TEKyIIeH
MallluHbl CTYJIEHTAa K aKKayHTy B JIOKanbpHOM b/l mosb3oBatenein depes
CIeyIOIIME IMapaMeTphl: mac-aJpec ceTeBoro aganrtepa, ID mamuHsl,
HOMEp JKECTKOro JHCKa. J[aHHasg MamuMHa CUMTAETCA JIMYHOW MAlIMHOW
CTYJIeHTa, U JUIsl Hee HauyWHAEeT JeWCTBOBAaTh OMEKTHUBHOE MPAaBUIIO: OJHA
MallMHa — OJHMH IHoJb30Barelnb. [Iponenypa aBropusanuu MpOBOIUTCS
TOJILKO MPH TIEPBOM 3aIlyCcKe MpHIokeHus. B nanpHeiieM oHa ommyckaer-
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cs, TIO3BOJISIsL, OJTHAKO, CTYJICHTY U3MEHHUThH CBOIO YUEOHYIO IpyIITy MpH Iie-
pexone Mexay cemecTpaMu. MneHTudukanys MamyHbl CUATAeTCs yCIIel-
HOM, €CIT COBIMAAAIOT XOTs OBl JBa U3 TPEX KOHTPOJIBHBIX MTAPaMETPOB.

[Tocne ycnemHoil aBTopu3aluu MPUWIOKEHHUE JIENaeT 3alpoc Ha cep-
BEp W IpeJyIaraeT OJHy M3 JOCTYIHBIX TeM TecTa Ha BeIOOp. [locie BbiOO-
pa TeMbI cepBep reHEPUPYET CIydyalHbId BapUAaHT TE€CTA U MPEIOCTABISAET
ero crygeHty. OKHO TECTUPOBAHUS MO3BOJSET CBOOOJHO MEPEKIIOYATHCS
MEXJy 3aJayaMM, UMEETCS BCTPOEHHBIN KaJIbKyJATOp, TaMEp OCTaBLIe-
rocs BpemeHH. Ilocie oTrBera Ha Bce BONPOCHI TECTA U MOATBEPKICHUS
CTYJIEHTOM OKOHYAHUs TECTA IPOUCXOIUT 00I1ast IPOBEPKA BCEX 3aJaHU.
Pe3ynbTaThl mpoiAEeHHOrO TecTa MPEICTaBISIOTCS CTYAEHTY B BHJE Tal-
JUIBI ¢ KOHKPETHBIM yKa3aHHEM KaK BEPHO PEIICHHBIX 3a/ay, TaK U He-
BepHO. [IpaBuiibHbIE OTBETHI HA HEBEPHO PEILIEHHBIE 3a/1a4U CTYJCHTaM He
MOKa3bIBAIOTCSI.

B xonne npmioxenue dororpadupyeT 3KpaH ¢ pe3yJbTaTaMu TeCTa,
COXpaHsIeT ero Ha paboueM CToje CTyJeHTa, a TakKe OTIpPAaBIIIET B 00-
11yto 6a3y JaHHBIX, K KOTOPOW UMEET OCTYI MPEroiaBaTeb.

CepBep U oco0eHHOCTH ceTeBOro B3aumopeicrBus. bJ[ 3amau,
Gaiinel ¢ oTBETaMH, KONUs 0a3bl TaHHBIX pe3yiabTaToB M bJl moms3oBare-
JIeH JIeKaT Ha KPYTIIOCYTOYHOM cepBepe co ctatudeckuM [P, obecnieunBas
OecniepeOOMHBIN KPYTJIOCYTOYHBIM JOCTYN K MpuiiokeHuro. OOpaiieHue
K cepBepy NpoHUCXOoauT ¢ nomoinbto TexHosorun HTTP 3anpocos. [lpu-
JIO’)KEHUE-KJIMEHT B Ipolecce paboThl OTIPABIIAET 110 YKa3aHHOMY apecy
3arpoc Ha OTIPABKY 3ajay, (aiiia ¢ OTBETaMH, a TaK)KEe CaMO OTIIPABIISIET
daiin ¢ pe3yabTaTaMu JUIsl XpaHEHHUsI Ha CepBepe.

Jlis MOHUTOpPHHTa 3ampocoB ucrosb3yercs Apache web-server. On
NPUHUMAET 3alpochl KIWEHTAa U BBI3BIBACT CKPUNTHI-00PAOOTUHKH.
Ckpuntel HanucaHbl Ha si3bike Python 3.6. J{ns xpaHeHus NUYHBIX JaH-
HBIX CTyZeHTa ucnosbsdyercss MySQL.

[Ipu mocTymiieHnn HOBOTO KJIMEHTCKOTO 3aMpoca MPOBOAUTCS MOIBIT-
Ka uIeHTU(UKALMK 3anpaimBaroniei Mamuuel B b/ umerommxes momib-
3oBaresieil. B ciydae ycnexa JOMOJHUTENHHO MPOBOJIUTCS MPOBEPKA IMO-
cnennero nocryna k bJ[ 3amau. B cucreme ycTaHOBIIEHO OrpaHHuYEHUE HA
JOCTYN K TecTaM B KojuuecTBe 1 Tect B 3 mus. MHTepBan ompenensercs
0 BPEMEHU Hayala MOCIeAHEero Tecra. Takxke Ha cepBepe BCTPOCHBI
OTpaHHYEHHUS HAa CYTOYHOE KOJIMYECTBO MOIBITOK JOCTyrna kak mo IP-
aZipecy, Tak U 1O <GKeJIe3y».

DJieMeHThI NPOKTOPHUHIa. J[McTaHIIMOHHAS TIPOBEPKa 3HAHUN OCTaB-
JSIeT HAMHOTO MEHbIIIe BO3MOXKHOCTEH KOHTPOJISI CO CTOPOHBI IPenoaBa-
TeJs IO CpaBHEHUIO ¢ OYHOU popmoit cnaun. /st CHIDKEHUsT Harpy3KH Ha
npenoaaBaTeniell Mo HabMIOAEHUIO 32 CTYACHTAMU B MPUIIOKEHUE-KIHEHT
ObuH 106aBNICHB! (PYHKLIMU aBTOMATUYECKOT'O IIPOKTOPUHTA.

OTOT (PyHKIMOHAT HECKOJIBKO OrpaHHMYMBACT CTYACHTOB B IpoIecce
TecTUpoBaHusi. OrpaHUYCHUs KacalOTCSd HAIWYUS JOTOTHUTEIHHBIX BUP-
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TyaJbHBIX PabOYMX CTOJIOB U MOHUTOPOB. IIpuioxenue npocut BHIOpAThH
TOJIbKO OJUH ayJIuO-BU3yaJIbHBIN KaHaN JAJs CBA3U C MpernojaBareieM U
HNPUHYIUTEIBHO OTKIIIOYAET OcTajlbHble. Bo Bpems TecTupoBaHUs BCe IO-
IBITKA 3aHOBO OTKPBITh KaHAJIbl CBSI3UM NPUHYJIUTEIBHO 3aBEPLIAOTCS.
[TpunoxeHne He MO3BOJISIET BBIBECTU JPyrue OKHA MOBEpPX ceOsi, OJJHAKO
TEOPETUYECKH CMeHa «(oKyca» BO3MOXKHA. [IpuiiokeHHe OTCIeKUBAET
TaKWe TMOMBITKH U MPHU OOJBIIOM KOJIMYECTBE MOTEPh (POKyca MpUHYIU-
TEJIbHO 3aBepuIHT TecT. [lomoOHas ke mpoueaypa KacaeTcsi HOAKIIOUCHHS
BTOPOI0 MOHUTOpA.

JBosonusa oduaiiH-npuiokenus. Benencrsue pa3paboTKu OHIANH-
BEpCUU MpUIOKEeHUs oaifH-Bepcus mpuioxenus [ 1] Takxke Obuia Moaep-
HU3UpoBaHa. Tenepp NpUIOKEHUE JUIsl OYHOTO IpUEMa B KOMIIbIOTEPHBIX
ayIUTOPUSAX TaKKe OoOLaercs ¢ CepBepOM M BHOCUT DPE3YJbTaThl
B 0011y10 0a3y JaHHBIX NONBITOK. [I0TOKM TaHHBIX CTATUCTUKU Pa3HECEHBI
C NPWIOKEHUEM JJIsl OHJIAWH-TIpUEeMa, TaK KaK ayJUTOPHOE MPHUJIOKEHHE
00JIeryeHo B 4acTu NpoKTopuHra. OTIN4YUTEIbHOW OCOOEHHOCTHIO ay/u-
TOPHOT'O MIPUIIOKEHUS SBIISETCS BOASHOM 3HAK HA CKPUHILIOTE C pPe3yJibTa-
TaMU TECTa, KOTOPbI MO3BOJISET OTIUYUTH AYAUTOPHYIO BEPCUIO OT
OHJIAMH.

Buenpenue B yueOHb1ii npouecc. B Becennem cemectpe 2020 r. no-
cile mepexojfia K AMCTAaHIMOHHOMY (opmaTy paboThl ¢ MapTa MO HIOJIb
0b110 00paboTano Gosiee 10000 comepkaTebHBIX 00paIlleHu K cepBepy
tectupoBanus oT 6onee yem 2000 crynentoB MI'TY um. H.D. baymana.
Ha BecenHell sK3aMEHALlMOHHOW CECCUM B PaMKax IIPOBEPKU IIPOMEKY-
TOYHOM yCIIEBA€MOCTH CTYAEHTOB ObLJIO MIPOBEAECHO IK3aMEHAIMOHHOE Te-
ctupoBanue B 120 y4eOHBIX IpymIax.

B ocennem cemectpe 2020 r. B CBA3M C MEPEXOJOM K AUCTAHIIUOHHO-
My ¢opmary oOyueHHs B HOSAOpE peIIeHO MPOJOKUTH SKCIUTyaTalUio
HPUIOXKEHUS.
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OO0 onbITe NMpoBEACHUSA TUCTAHIIUOHHOI'0 JK3aMEHa
mo TeOpeTI/I‘IeCKOﬁ MEXaHHKE

© K.A. Ctuxno, I1.M. llIkamnoB

MI'TY um. H.3. baymana, Mocksa, Poccus
E-mail: fn2cyril@gmail.ru, spm@bmstu.ru

AHHOTanUA. PaccMOTpeH noaxo K opraHu3aliii yCTHO-ITMChbMEHHOTO
9K3aMEHa CTYJICHTOB B PEXHME JIUCTAHIIMOHHOTO OOydYeHHs Ha 0asze mpo-
rpaMMHOTO OOecrieueHHs, pa3paboTaHHOrO Ha Kadeape TeopeTHIecKoin
MexaHuku. O0CyKIar0Tcsi OCHOBHBIE TIPOOJIEMbI, BOSHUKAIOIIUE TIPU MPHE-
Me AMCTaHIIMOHHOTO AK3aMeHa, U MpeyIaraloTcsl BApUAHTHI UX PelIeHUs Ha
OCHOBE MMEIOIIET0Cs OMbITa MpoBeAeHus: BeceHHen ceccuu 2019/20 yue6-
Horo roga B MI'TY um. H.D. baymana.

Knrouesvie cnoea: oucmanyuonnoe odOyueHue, OHAAUH-MeCMUposanue,
NPOKMOPUHL.

B nocnennee Bpemst Ha kadenpe PH-3 «TeopeTuueckas MexaHHUKay
umenu npodeccopa H.E. XKykosckoro MI'TY um. H.D. baymana aktuBHO
POBOJWIACH pa3pabOTKa M BHEApPEHHE B y4eOHBIN MPOLECC HOBBIX HH-
(OpMaLMOHHBIX TEXHOJOTHHA OOy4YeHHsSI W KOHTPOJSI 3HAHWUH CTYJIEHTOB.
[lepBoHavanbpHOE HampaBiIeHHE B 3TOW pabOTe MpeInoiarajo HMPOKOe Uc-
N0JIb30BaHUE CHELUAIM3UPOBAHHBIX ayAUTOPUN YHHBEpcUTETa, 000pya0-
BaHHBIX KOMIIBIOTEpAMH U CEpBEpaMU AJIsl pa3pabaTbiBa€MOro Mporpamm-
Horo obOecneuenus. C wmapra 2020 r. 3Ta pabora mMONMy4dwsia HOBOE
HarpasjieHue: pa3pabOTKy NPUIOKEHUS JUIsl JUCTAaHIIMOHHOIO B3auMOJIei-
CTBUS C O0YYarOIIMMHUCS B MPOLECCe KOHCYJIbTAlU U TpUeMa BBIIOIHEH-
HBIX JIOMAIHUX 3aJaHUil B PeXHUME YAAJIECHHOIO TECTUPOBAHMs JIOCTyIa
C IOMAIlIHUX KOMIBIOTEPOB OOYUarOIIMXCsl, BKIIIOYAIOIIErO 3JIEMEHTHI aB-
TOMATHUYECKOTO TMPOKTOpPHHTa 3a 3Toi paboroir. Becnoit 2020 r., mocime
IIOJIHOTO TepexoAa YHUBEPCUTETa Ha JUCTAHLIMOHHOE OOydeHHe, B KpaT-
YalIme CpoKu ObLIa OpraHu3oBaHa paboTa Mo ajanTalud COOCTBEHHOTO
IPUIOKEHUS 10 AyAUTOPHOMY IIPOBEJIEHUIO TECTOB II0 TEOPETUUYECKOU
MEXaHUKe, paHee BHEJIPEHHOr0 B y4eOHbI! Mpolrece, K BUIY, IPUTOIHOMY
JUIsL MIPOBEJICHUS OHJIAMH-TECTOB IPU YIAJIECHHOM KOHTpPOJE Ipenoja-
BaTEJIEM.

B HOBOM KOMILIEKCE OBLIM IIPEAYCMOTPEHBI CIEAYIOIINE BO3ZMOXKHOCTH:

® aBTOPM3ALIUA CTYACHTOB B [I0JIb30BATEIbCKON 0a3e JaHHBIX;

e IIpOBEpKa NPUHAUICKHOCTU IOJb30BaTenen Kk crygeHraM MITY
uMm. H.O. baymana;

® [IpUBSI3Ka YCTPOMICTBAa, C KOTOPOIO BBIMOJHIETCS TECTUPOBAHUE,
K aKKayHTY CTYy/ICHTa;

e (opMHpOBaHUE COCTaBa BAPUAHTOB TECTOBBIX 33JlaHUH U BPEMEHHU,
OTBOJUMOTO Ha UX BBIIIOJIHEHUE;
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e aBTOMaTHYECKas MMPOBEPKA U OLIEHKA BHITIOJTHEHHBIX TECTOB;

e OrpaHUYEHHUE 110 BPEMEHH Ha JOCTYI MOJb30Baresel k 0asze maH-
HBIX 3aJIaHHI;

e yI0OHBIN BHYTPEHHHUH (PYHKITMOHAT,

e 00mme 0a3bl JaHHBIX CTATUCTHKUA paOOThI CTYJIEHTOB C IIPOrpam-
MO TeCTUPOBAHUS, B TOM YHCIIE CAMOCTOSITENLHOM (6e3 mpernoaaBaress);

® aBTOMATUYECKHH NPOKTOPUHI — OTCIICKUBAHUE HEKENATeIIbHBIX
JEUCTBUI CTyIeHTa, IPUHYIUTENIbHAs (JOKYCHMpPOBKA Ha SKpaHe TecTa U T. 1.

B mae 2020 r. mpunoxeHue U CepBEp TECTUPOBAHUSA IPOXOAMIN
anpoOaluio Mpu MPOBEPKE TEKYIIEH yCHEeBaeMOCTH MO TEOPETUUECKOU
MeXaHUKe MpuMepHO B 20 y4eOHBIX TpyIIax MepBOro ¥ BTOPOTO KypCOB.
[To utoram »TOM pabOTHl MPUIIOKEHUE OBLJIO JIOMOJHEHO HECKOJIbKUMU
(GYHKIMSIMU aBTOMAaTHYECKOTO MPOKTOPUHIA, CIIOCOOCTBOBABILUX OOBEK-
TUBHOMY OIICHMBAHHIO 3HAHUM CTYJCHTOB U 3HAUUTEIHHO YCIIOXKHHUBILUX
BO3MO>XHOCTH CTYJIEHTOB II0 HECAHKIIMOHMPOBAHHOMY BIIMSIHUIO Ha pe-
3yJlbTaThl TECTUPOBAHUS.

B xonme mas Ha kadeape ObUIO MPUHATO PEIICHUE ITOBCEMECTHO
UCIOJIb30BaTh JTAHHOE MPUIIOKEHUE, B TOM UYHUCIIE U MPU MPOBEPKE MpoMe-
JKYTOUHOW yCIIEBAEMOCTH CTYJIEHTOB BO BpEMs JIETHEW CECCUM, JUIsSl aBTO-
MaTHYECKOW FeHepaluy SK3aMEeHAIIMOHHOTO OMieTa ¥ OLEHKU MUChbMEHHOM
4aCTH PK3aMEHa.

CrnenyeTr 0c000 OTMETUTB, UTO CUCHEMA MECMUPOBAHUS He ABIAEMmCs
CAMOCMOSAMENbHOU CUCMEMOU Npuema 3K3aMeHd; Mo UL 8CHOMO2a-
mejbHoe 36€HO, TIO3BOJISIONIEE IIOMOYb IPENOAABATEN0 B IPOBEPKE
MUCHMEHHBIX OTBETOB Ha BOMPOCH TecTa. [Ipu 3ToM Ha nanbpHeen ycT-
HOM 4YacTu 3K3aMeHa IpernojaBaTellb caM OLIEHHWBAET MPUCIIAHHbBIE BapH-
aHTBl OTBETOB CTYJEHTOB, MOXET YTOUHATH CTENEHb CAMOCTOSITETLHOCTU
UX B BBIMIOJIHEHUU TECTOB U MOCJE JONOJHUTEIBHBIX BOIIPOCOB IOCTABUTh
UTOTOBYIO OIICHKY.

Paboras mo maHHOU cxeme, TperoaaBaTean Kapeapsl B JICTHIOK CeC-
cuto 2019/20 yyebHOro rojga CMOIIM YCIEIIHO MPOBECTU U MPUHATH 00-
nee 120 gUCTaHLMOHHBIX 3K3aMEHOB B IPYIIax MEPBOrO U BTOPOro Kyp-
COB B CPOK U 0€3 CPBIBOB.

Ocenbplo kadenpa paspaboraiga OOHOBICHHYIO BEPCHIO TPUIIOKEHUS
JUIS TECTUPOBAHUS B ayAUTOPUSIX YHUBEPCUTETA, UCIIONB3YIOLIYIO OOLIHii
CepBep TECTUPOBAHUS U COOMPAIOILYIO OOIIYI0 CTATUCTUKY MONBITOK. [1o-
JIOKUTENBHBIN OMBIT paboThl Kadeapbl MO JaHHOMY HAIMpPaBIIEHUIO OTMe-
YeH PyKOBOJCTBOM KOMILIEKCA MHHOBAIIMOHHBIX pa3padoToK B cdepe nH-
(bopMaIMOHHBIX TEXHOJIOTHI YHUBEPCUTETA.

[IperonaBaTenu U3 TPYIIBl Pa3pabOTIMKOB MPOTPAMMHOTO obecre-
YEHHUs] Yy4YacTBOBAJIM BO MHOTHUX HAyYHO-METOJWYECKUX KOH(EPEHIUIX
pasHoro ypoBHs (0T (DaKyJIBTETCKHX A0 MEXKIYHApOAHBIX) IO JaHHOMY
HANPAaBIIEHUIO, BRICTYAIN C IOKIAJAaMU U UMEIOT myOnukaruu [ 1-3].
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CrnenyeT KOHCTaTUPOBATh, UYTO PE3YJIbTAThl IPUMEHEHUS IPOrpaMM-
HOro o0ecrieueHus, CO3/1aHHOT0 Ha Kadeape, JOMOJIHEHHOTO OCHOBHBIMU
3JIEMEHTaMHU TNPOKTOPUHIA, TOKa3aJd BBICOKYIO 3(PQPEKTHUBHOCTh, a €ro
OCHOBHBIE TIApaMETPhl MOXXHO CpPaBHUBATh C JIyYIINMH 3apyOeKHBIMH
porpaMMaMHy YJIaJ€HHOTO IpuUeMa 3K3aMEeHOB Tuma «Jk3amyc». llpu
3TOM MPOrpamMMHOE oOecreueHne yCTOMUMBO paboTaeT co BCEMU OCHOB-
HBIMH 3apyOCKHBIMU M OT€UECTBEHHBIMU IIATPOPMaMU AUCTAHIIMOHHOTO
B3aMMOJICHCTBHS C 00YYaIOUIMMUCS Ha UMEIOIIUXCS B UX PACHOPSKEHUU
JIOMAIITHUX KOMIIBIOTEPAaX W HOYTOYyKaX, 00ecleynBaIoOMX CTaHJapTHBIC
BUJICO- U ayJMOKaHaJbl cBsi3u B IHTEepHETE.
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Abstract. The approach to the organization of oral-written examina-
tion of students in the mode of distance learning on the basis of the soft-
ware developed at the department is considered. The main problems that
arise when taking the distance exam are discussed, and options for solving
them are proposed based on the existing experience of the spring session
of the 2019/20 academic year at the Bauman Moscow State Technical
University.
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TeopeTnueckasi MeXaHUKA B TEXHMYECKOM YHUBEPCUTETE:
K 190-n1eTuio co nus ocHoBanust MI'TY um. H.D. baymana
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AHHOTanus. PaccMOTpeHBI BONPOCHI CTAHOBJIEHUS U Pa3BUTHS Kypca
TEOpeTHUECKO MexaHuku B MmneparopckoM MOCKOBCKOM TEXHUYECKOM
yuniuine ¢ cepeaunbl XIX no Havana XX B. OTMeueHa onpenesstomnast
poip H.E. )KykoBckoro. Ykazanbel OCHOBHBIE NMpPEIMETHBIE 00JIACTH TEO-
PETUYECKON MEXaHUKH B COBPEMEHHBIX YCJIOBHSX, a TAKXKE TEHACHIIUU
uaeHtudukaru gucuuminael B MI'TY um. H.D. baymana, B Begymmx
TEXHUYECKUX YHUBepcuTeTax Poccuu u 3a pyoexom.

Knrwouegvie cnosa: meopemuueckas mexanuka, H.E. JKykoeckuii, memo-
OuKa npenooasanus, OpeaHusayus yuebHo2o npoyecca, mexHuyecKue yHu-
eepcumemai.

dopMUpOBaHUE TEOPETHUECKOW MEXaHUKU B KauecTBe 0a30Boi (yH-
JIaMEHTAJIbHOM MHXEHEPHOW AUCUUILIMHBI ITpoxoauiio B Poccum ¢ cepe-
nuabl XIX mo Hawano XX B. MOJ HEMOCPEACTBEHHbIM BiusgHUEM Huko-
nast EropoBrya JKyKkoBCKOro, BEJIMKOIO PYyCCKOTO YYEHOI'O, BBIITYCKHHKA
MOCKOBCKOTO YHUBEPCUTETA.

CornacHo ucropudeckuM (haktaM U JOKyMEHTaM, Kadeapa TeopeTH-
yeckoil MexaHMkH mmeparopckoro MOCKOBCKOTO TEXHMYECKOI'O Yy4H-
muma 6suta cozpana H.E. XKXykosckum B 1878 r. [1]. Benukwuii pycckuii
YUEHbII SBJSUICS OCHOBATEJIeM LIEJIOro psAjJa HAy4yHbIX W Hay4dHO-
IelarOrMYeCcKUX IKOJI B BBICHIMX Y4eOHBIX 3aBeneHusXx Poccuu, mpexnae
BCero B BricuieM TexHHYEeCKOM yuyuiauiie ¥ MOCKOBCKOM YHHUBEPCHUTETE.
OTnu4UTeNbHOM 0COOEHHOCTBIO MX SIBJISIACh HAIPABJICHHOCTh HAa BOBJIE-
YEHHE B COBMECTHYIO HAay4HYIO pa0OTy IO CaMOil aKTyaJIbHOW TeMaTHKe
npernojaBaTesieil, HHXeHepoB U cTyneHTOB. dopMupoBaHUE TaKUX KOJ-
JIEKTUBOB, Kadenp, pa3BUTHE HOBBIX Y4YEOHBIX TUCHUIUIMH M Y4EeOHBIX
IUIAHOB HMMEJI0O CaMO€ IOJIOKUTEJIbHOE BIIMSHUE HAa Pa3BUTHE BBICILETO
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oOpa3oBanus Bo Bceil Poccuu. JXKykoBckuii pykoBoami kadeapoit Teope-
TUYECKOM MEXaHUKH, COCTaBIsI ydeOHbIE IUIaHbl, YUTAJl JIEKUUU U BeJ
MpaKkTUYECKHe 3aHIATUs B TeueHue 43 ser cBoelt xu3uu 10 1921 r. Ha ka-
denpe B pazHoe Bpems paboTaim MHOTHE YYCHUKH U mociienoBarenu Hu-
koJsasg EropoBuua: C.A. Yamneirud, A.M. Hekpacos, A.Il. KoTeabHUKOB,
B.II. Berunnkun, B.H. BecenoBckuii, a co BTopoil mojsioBuHbl XX B. —
U3BECTHBIE METOUCTHI U yueHble: A.A. Kocmonembsackuii, B.B. Jlo6po-
HpaBos, [.JI. baromun, H.H. Hukutun, K.C. KonecHukoB u MHOTHE Opy-
rue [2—4]. Cam mpouecc CTaHOBJIEHHE METOJIMUKH MPENoJaBaHUsl 3TON
JTUCIUIUIMHBL U Pa3BUTHE HAYYHO-TIEAArOTUYECKON IIKOJIBI Kadeaphl Co-
CTaBJISIIOT OCHOBY HCTOPUU PA3BUTHSL Kypca TEOPETUYECKONW MEXaHUKU
B TEXHUYECKHMX By3ax Poccum, MHTEPECHYIO ISl BEJCHUSI NPOCBETUTENb-
CKOH JesTeNIbHOCTH KaK B CpeJie 00yJaroluXcsl, TaK U KOJUIET-MEXaHUKOB
U3 YHUBEPCUTETOB U aKaJIEMUUECKUX UHCTUTYTOB.

Kypc Teopernueckoil MexaHUKH 3a 3TO BpeMsi B OCHOBHOM COXPaHMII
CBOIO CTPYKTYpPY U MpPEJAMETHYIO HampaBieHHOCTb. OCHOBHBIMHU pa3jieia-
MU €r0 OCTAIOTCS Crmamuka, Kunemamuxa, ounamuxa. llpu atom cmamuxa
YUTAETCS HEMOCPEACTBEHHO TEPe/l COMPOTUBICHUEM MaTepUalioB U JPY-
TUMU TPUKIAJAHBIMA WHXEHEPHBIMH JUCHUIIMHAMUA. OCHOBHBIMH MO-
JENBHBIMU TPEACTABICHUSIMU MATePUAIBHBIX 00BEKTOB B TEOPETUUECKOM
MEXaHUKE SBISIIOTCS MAmepuaibHdas moukd, abconiomio meepooe meno u
MexaHuuecKkue cucmemvl KaK COBOKYIMHOCTb TBEPABIX TE€J U MaTepUallb-
HBIX TOYEK, B3aUMOJCHCTBYIOIUX U CBSI3aHHBIX APYr ¢ Apyrom. M3noxe-
HUE BCEX paslieJioB Kypca mpuodpeno BeKTOpHYI ¢opmy. CyliecTBEHHO
000TaTUINCh U PACIIMPUINCH Pa3Aeiibl aHATUTUISCKOM MEXaHUKH, a TaK-
)K€ CIelHaIbHBIC TJaBbI 10 TEOPUH yAapa, TEOPUU KOJIEOAaHWU CHUCTEM
C KOHEYHBIM YHUCIIOM CTCTICHEH CBOOOJBI, YCTOWYMBOCTH JBYIKCHUS H
PaBHOBECHS] MEXAaHUYECKUX CHCTEM.

B 1980-x romax Hadaiochb CTPEMHTENBHOE BHEIpEHUE HH(OpMAIu-
OHHBIX TEXHOJIOTui B yueOHbIi pouecc. K coxkanenuto, BO MHOTHX By3ax
3TO MPOU3OIILIO 3a CYET CHUKEHUS COACPKATEIBbHON YacTH KypCOB Teope-
THYeCKOU Mexanuku. Ha crenyromem stamne kadeapbl TEOPETHIECKON Me-
XaHWKHU CTAIM O0BEIUHATH C POJICTBEHHBIMH KadeapaMu CONPOTUBICHHUS
MaTepuaioB, TCOPUU MEXaHW3MOB M MalllMH, ACTAJIe MalluH, MPUKIIAI-
HOW MaTeMaTHWKH, a TIe-TO0 W ¢ Kadeapamu rpadukd U depueHus. Bo
BHOBB pa3padaThiBaeMbIX Kypcax, KaK MPaBHIIO, YATAOTCS JUIIb OTICIThb-
HBIC TJIaBBI M Pa3ie]bl TEOPETUUECKON MEXAaHMKH, OPUCHTHUPOBAHHBIC HA
NOTPEOHOCTH CMEXHBIX M BBIMycKarommx kadeap. OcoOeHHO SpKO 3Ta
TEHJCHILIMS MPOSBIIAETCA B 0aKagaBpCKUX Kypcax IO «OoOIIei» MeXaHHKe
KaK B HaIlIEH CTpaHe, TaK U 3a pyOeKOM.

B MI'TY um. H.O. baymana, 6iarogapst mocjae10BaTeIbHON KOHCTPYK-
TUBHOU MO3UIIMK PYKOBOJICTBA, MOJJIEPMKAHHOM OCHOBHBIMM paboTojare-
JISIMH U1 BBIITYCKHUKOB By3a, 0COOEHHO B OOOPOHHBIX OTpAcCIisiX, YJAJIOCh
COXPAaHHUTh KJIACCUYECKHI MOJHBIN 0a30BbIN KypC TEOPETHUUECKON MEXaHU-
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KU /ISl CIICLMAIMCTOB U JIMIIb HE3HAYUTENIbHO COKPATUTh Kypc Ajs Oaka-
JaBpOB. JTO HAXOAMT IOJIHYIO NOJEPKKY B HaydyHo-MeToqrueckoM cose-
T€ MO0 TEOPETUYECKON MEXaHUKe NpU MMHHCTEPCTBE HAyKM M BBICLIETO
obpazoBanus PO, a rimaBHoe — y nmpouiaMpyommx Kadeap Hamero YHu-
BEPCUTETA, BBITYCKHUKHA KOTOPBIX BOCTPEOOBaHbI Ha NMPEINPUATUAX B IIPH-
OPHUTETHBIX 00JIACTAX Pa3BUTHS TEXHUKU U TEXHOJIOTUH.

Ha nmannom stame pedopmupoBanus BeICIIero oOpa3oBaHus Poccuu
BCE 3TO IpHodpeTaer ocodoe 3HaueHue, Tak kak MI'TY um. H.O. baymana
SABIISICTCS (PJIarMAaHOM BBICILIETO TEXHUYECKOTO 00pa3oBaHMs CTPAHBI, KO-
TOPBIM B 3TOM rojxy orMmeyaer 190-netue co AHS OCHOBaHMs, a TEOpETUYE-
CKasl MEXaHHWKa SIBJISIETCS OJHOW M3 0a30BBIX (DYHAAMEHTAIBHBIX OCHOB
3TOro o0pa3oBaHus. JTO HAKIAABIBAET OCOOYI0 OTBETCTBEHHOCTh Ha Ka-
denpy Teopernueckoit Mmexanuku uMmeHu npodeccopa H.E. XKykosckoro,
KOTOpasi IOCTOMHO BBINOJIHAET CBOK0 MUCCHIO IO KOHCOJUAALUH Ipodec-
CHOHAJIBHOTO COOOIIEeCTBa IpenojaBaTesei BbICIIeH HIKOJIbl U JOBEICHUS
€ro MHeHus J10 obuiecTBeHHOCTH Poccun.
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Abstract. The main issues of the formation and development of the
course of theoretical mechanics at the Imperial Moscow Technical School
are considered. The defining role of N.E. Zhukovsky is shown. The main
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subject areas of theoretical mechanics in modern conditions, as well as
trends in the identification of the discipline in the Bauman MSTU, in the
leading technical universities in Russia and abroad are indicated.
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ganization of the educational process, technical universities.
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