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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
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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).
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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
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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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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 =

26 Huowcenepnuii scypnan: nayka u unnosayuu #4-2021



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

TOB KPUTHUYECKHX uucen Teiopa mo aHanutudeckoi 3aBucumoctu (1)
MIOKa3bIBAIOT yJIOBJIIETBOPUTEIHHOE COOTBETCTBUE JKCIIEPHMEHTAIBHBIM
JnaHHbIM [40].
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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
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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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Keywords: heat transfer coefficient, friction coefficient, heat transfer
enhancement, turbulent boundary layer.

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).

Jluteparypa

1. Park M.-Y., Kim W.-S., Kim S., Park S.H., Lee J.-W. Asymmetric vortices around
a body in a high angle of attack supersonic flow. Journal of the Korean Physical
Society, 2009, vol. 55, no. 5, pp. 2159-2165. DOI: 10.3938/jkps.55.2159

2. Tuling S., Dalab L., Toomer C. Some compressibility effects on the lee side flow
structures of cruciform wing—body configurations with very low aspect ratio. Aero-
space Science and Technology, 2013, no. 29, pp. 373-385.

DOI: 10.1016/j.ast.2013.04.008

3. Cumonenko M.M., 3yokoB A.®. DKCHEPUMEHTAIEHOE HCCIEIOBAHUE CBEPX3BYKO-
BOT'0 TPEXMEPHOT0 00TEKaHHsI OCECHMMETPUYHOIO TeJla C KOJIBIIEBbIM BBICTYIIOM Ha
MTOBEPXHOCTU. M36ecmus ebicuiux yyeOHvix 3agedenuti. Mawunocmpoenue, 2018,
Ne 5 (698), c. 52-59. DOI: 10.18698/0536-1044-2018-5-52-59

4. Simonenko M.M., Guvernyuk S.V., Kuzmin A.G. On the supersonic flow over an
axisymmetric step at an angle of attack. AIP Conference Proceedings, 2018,
vol. 2027, art. ID 030023. DOI: 10.1063/1.5065117

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

© M.S. Makarova*, V.G. Lushchik

Institute of Mechanics, Lomonosov Moscow State University, Moscow, Russia
*E-mail (speaker): mariia.makarova@gmail.com

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
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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.
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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

© O.H. BI/IHOFpaIIOBl*, A.B. Koprymerxko', O.B. ITanenko',
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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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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.
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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
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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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