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PaccMmoTpeHo paBHOMepHOE ABM:KEHHME OUCKA B TOPM3OHTAILHOM HAIIPaBJICHUM BIOJb OCH €ro
CUMMETPUY B TOKOSIIEHCS CTpaTU(PUIIMPOBAHHON BSI3KOM XUIKOCTU. JIMCK TeHepupyeT IIpo-
CTpPaHCTBEHHBIC I'PAaBUTAIIMOHHBIC BHYTPEHHNE BOJHBI, 3aHMMAIOIINE BCE MPOCTPAHCTBO MEXIY
JVICKOM M MECTOM ero ctapta. BoJiHbI HabJI101al0TCsl MPU MOMOIUM ABYXLIBETHOM OeTa-IJII0C-BU3Y-
amM3aly BUXPEBOM CTPYKTYPHI TEUSHUSI, pACCUYMTAaHHOTO IIPH ITOMOIIY CHCTeMBbI ypaBHeHMiA Ha-
Bbe—CTOKca B mpubamkeHun byccrmHecka. B HacTosIeit paboTte cyliecTBEHHO JOMOJHEH Oy 0JIn-
KOBaHHBIN paHee MeXaHN3M (DOPMHUPOBaHUS IIOJIyBOJIH Hal OChIO CUMMETPUH TMCKa, TIe OCHOBHOE
BHMMAaHME YIEISIIOCh IEPUOANYECKOMY ITPOLIECCY 3apOoXIeHUs N1e(OpPMUPOBAHHBIX BUXPEBBIX KO-
JIell HaJ MeCTOM CTapTa IMCcKa, IIPOUCXOISIIEMY B CHIIY TPaBUTAIIMOHHOM 1 CIBUTOBOI HEYCTOMYM -
BOCTEI; JIeBOE MOJIYKOJIbIIO TpaHC(OPMUPYETCS B ITOJIYBOJIHY BITAIUH WK I'peOHeit, a TpaBoe MoJTy-
KOJIBIIO MicUe3aeT co BpeMeHeM. B HacTosieit paboTe ycTaHOBJICHO, YTO JIEBbIe YaCTH IPaBBIX He-
YeTHBIX TTOJIYKOJIEI] IIPEBPAIAIOTCS B OCEBbIE YACTH ITOJIyBOJIH IpeOHeit.
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HUTDb, TICTJIA

DOI: 10.31857/S1024708422601019, EDN: WKFNOM

IMoHumanue npoiiecca GOPMUPOBAHUS CIOXKHBIX MPOCTPAHCTBEHHBIX (3DD) BUXpEBBIX CTPYKTYP B
KUIKOCTU, MHULIMMPOBAHHOTO MPOXOXIEHUEM TeJla KOHEUHBIX Pa3MEPOB CKBO3b HEE, BCETIa BbI3bIBa-
Jio 60bIoi nHTepec. OMHUM U3 CIOCOOO0B MOJYYEHUST 3TOU clIoKHOU 3D-CcTpyKTyphl OblJIa BU3yaIv-
3alusl ToJieil BEKTOPOB CKOPOCTH, PACCUYUTAHHBIX MPU MOMOIIM MaTeMaTUYeCKOTro MOIEJIUPOBaHUS
aToro npoiiecca. Eciu ncrnonb3oBars cdepy, Kak npocteitiiee 3D-Te0 KOHEUHbIX pa3MEPOB, U OMHO-
POIHYIO HECXKMMAaEeMYyIo BSI3KYIO XXUIKOCTh, TO ToIoJjiorust 3D BUXpeBoit CTPYKTYphI OYAET TOCTATOYHO
cinoxHoit. B 1987 r. B [1] HauaJio ripoliecca GopMUpPOBaHUSI LIETIOYKM BUXPEBBIX METENb B ciiefie 3a cde-
poit BU3yaTu3UPOBaIY ITPU MOMOIIY HECKOJIBKUX MTHOBEHHbBIX 3 D-TMHUI 3aBUXPEHHOCTU. DTOT IPO-
1IeCC TOBOJIbHO TPYAOEMKUI, TaK KaK JIJIsl KaxKI0i TaKOi JMHUM Hado TPaMOTHO 3a/1aTh €e HayaJbHYIO
Touky. B pesynbrare nosieaeHust B 1988—1995 rr. HOBBIX IMOAX0OI0B K BU3yaJIU3all1 BUXPEBBIX CTPYKTYP
B XKUIKOCTU M Ta3e, ONMMCAHHBIX B [2], cTaJlo BO3BMOXHBIM IOJly4aTh paccuuTtaHHble 3D BuxpeBbie
CTPYKTYpHI B ciiefe 3a cepoii [3, 4], TOMosoruu KOTOphIXx KAUeCTBEHHO COBITAAAIN C DKCIIEPUMEHTOM
[5]. B 2006 1. 6B BITepBBIC AeTaTbHO pacCMOTPEH MexaHu3M dopMmupoBaHus Buxpeit (M®B) B ciene
3a cdhepoii, paBHOMEPHO JABUTAlONIEicsd B OMHOPOJHONW HEC)KUMAEMOM BSI3KOU XUIKOCTU, MPUBOIS-
M K GOPMUPOBAHMIO LIETTOYKH BUXPEBBIX METENIb B BUIE LIMUJIEK M1t Bosioc [6]. MDB 3neck pabota-
eT B peLUPKYJISILMOHHOI obiacT R ciiena, pacnonoxeHHoit 3a cepoit (puc. 1:xk—13).

B cirygae nuHeiiHO cTpaTUhULIPOBAHHON MO IDIOTHOCTU HECXKMMAEMOM BSI3KOI XMIKOCTH HAOJIIO-
JIAeTCSI CUMMETPHUSI T10JISI BEKTOPOB CKOPOCTEH JKMAKOCTU OTHOCUTEIBHO TOPU30HTAJIbHOM MIOCKOCTH,
MPOXOASIIE uepes reoMeTpuueckuii lieHTp O BBIMYKJIOTO CUMMETPUYHOTO TeJia. [ToaTomy, st orpe-
JIEJICHHOCTH, TMHAMMWKA U3MEHEHUSI CTPYKTYPHI TeUeHUsI CTpaTU(MDHULIMPOBAHHOMN XUIKOCTHU OITMCHIBA-
€TCsI TOJIBKO B BEpXHEM ITOIyIpocTpaHcTBe Hal Toukoi O. Ilycth Touka F HaxomuTcs Hal Toukoi O Ha
repeceyeHur MOBEPXHOCTH Tejla ¢ BEPTUKAJIbHOM OChlo X, Mpoxoasiiieil uepes Touky O 1 HalpaBjieH-
Hoit BBepx. Hammpumep, misa cepbl Touka F OymeT ee BepxHuM IomocoM. B [7] chepa mmokourcs Ha
YPOBHE HENTPAJIbHOM TUIABYYECTH B IIOKOSIIIEHCS cTpaTU(PUIIMPOBAaHHON BI3KOM kuakoctu. Hecmor-
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Puc. 1. Teuenue okoino mucka npu 7 = 1.5, Fr = 0.3, Re = 50, T, = 21 ¢: a—6, u — N30MOBEPXHOCTU O+ = [rot v|+ =

= 10.01, B+ = £0.01, B = 0.2; 6—e, kK — UBOTUHUU 0 = (rot v),, ¢ warom 0.02 (6) n B+ ¢ marom 2 x 1073 (2) B BepTU-
KaJIbHO tutockocTr x—z 1 B+ ¢ miarom 0.04 B miockocTu y—z (k); 0—3 — MrHoBeHHbIe inHun Toka B CK3(0, —0.01, 0)
npu 0 <x < d/2 n B CK3(0.973, 0.005, 0) mpu x > d/2, coorBercTBeHHO (d), B CK2 (¢) 1 B CK1 B rutockocTsIx x—z (o)

uy—z(3).

ps Ha TO 4TO CWJIbl TUDPY3UM TOIKAIOT KUIKOCTh BO BCEX HANPABIEHUSIX, U B CUJIY TOrO, YTO MHOTHE
YacTU MOBEPXHOCTU chepbl HAXOASITCS MO YIJIOM K TOPU30HTY, OKOJIO HUX TTpU X > (0 co3maroTcs Teye-
HUS XUJIKOCTU, UHAYLIMpOBaHHbIe nuddy3ueii, HanmpaBieHHbIe K Touke F. TedeHue 310 OyneT oueHb
MEIJICHHBIM M OCECUMMETPUYHBIM OTHOCUTENILHO ocu X. B [7] moka3aHo, YTO B OKPECTHOCTH MpsiMoit X
MEePUOINYECKU HaJl CaMbIM BEPXHUM KOJILLIOM B CHJTY TPaBUTAIIMOHHOM U CIBUTOBOIT HEYCTOMUYMBOCTEM
TeHEPUPYETCSI HOBOE OCECUMMETPUYHOE BUXPEBOE KOJIbLIO, KOTOPOE YMEHbIIIAeT BEpTUKATbHbIE pa3Me-
Dbl paHee creHepupOBaHHbBIX KoJiell. Kaxaas nmapa KoJiell COCTaBJIsIeT ONHY I'PaBUTALIMOHHYIO BHYTPEH-
HIOIO BOJIHY. [ pynIioBble CKOPOCTHY 3TUX BOJIH MEPHEHANKYISIPHBI UX (pa30BOI CKOPOCTU 1 HarpaBJie-
HBI 10 pagnyc-BeKTopaM oT Touku F [7]. danee oKoyo Touku F ocTaloTCs TOJILKO ABa BUXPEBBIX KOJIbIIA,
CYJTBHO CILTYCHYTBIX B BEpTUKAJIBbHOM HallpaBJICHUH M HaOMogaeMbIX B akcriepuMeHTe [7]. TakuM 00-
pasoM, KpaTtkasi (popmyaupoka MPB B [7] 3ByuuT Tak: “Ha Touky F magaroT KoJjibLa”.

Eciu BMecTO cephl B3ITh TUCK C TOPU3OHTAIBLHOM OChI0 CUMMETpUU Z, To T Gy3us MHIYLIUPYET
TeUeHHE XKUIKOCTH TOJILKO OKOJIO O0OKOBOM MoBepxHOCTH AucKa [8]. IToaTomy B [7] cMHTYIsSIpHAS TOYKA
F—y3en,aB|[8] —cemno. B [8] Ha TouKy F cHauyana nagaiot neopMUpOBaHHBIC BUXPEBbIE IIPSIMOYTOJIb-
HUKU BMeCTO KoJjiell. [laiee BUXpeBast CTPYKTypa TeUEHUST CTAHOBUTCSI Bce 60Jiee XaOTUYHOIA.

B HacrosIieii ctatbe paccMOTPEHO paBHOMEpPHOE IBIKEHME IMCKA U3 CTAaThy [8] Bmoab ocu Z cripa-
Ba HajeBo. [Tyctb Q — MecTo cTapTa LieHTpa ThIJIbHOM CTOpOHBI Aucka. Ha puc. 1B—1e Touka Q Haxo-
JIUTCS Ha MepeceYeHU YepHOU BEPTUKAIbHON MPSIMOIi U OCU Z, COBMNaAaloNeil ¢ HUXHEN IrpaHuLei
pUCYHKOB. VI3 TMHENHOI TEOPUU 1 SKCIIEPUMEHTOB U3BECTHO, YTO CTAPT Tejla COMPOBOXIAETCS U3JTY-
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Puc. 2. TeueHue okoso auicka npu Re = 50, Ty, = 21 ¢: a—6 — usonoBepxHoctH (f—) = 2 X 103 u M=) =-3x 1070
npu x < 0, Fr = 0.8, 7= 1.51; 6—0 — cxeMaTruueckoe MpeacTaBieHne n3onosepxHocreii B npux > 0, Fr<4,0.28 < T'<
< 1.4: 66epxy — BUI COOKY, 6HU3y — BUI CHU3Y; ¢ — n3omoBepxHOcThb B = 0.003 mpu Fr =4, T'= (0.28; s — BpeMeHHast
3aBUCUMOCTb Ko3dduureHnra Cy conpotusieHus nucka npu Fr = 0.3, undpam k£ cOOTBETCTBYIOT BpEMEHHBIE ITPOME-

KyTku [0.5T,(k—1), 0.5Tk].

YeHMEeM NydKa HeCTallMOHAPHBIX T'PaBUTALIMOHHBLIX BHYTPEHHUX BOJIH, KOTOPBIE PaCIPOCTPAHSIOTCS
oT Q BnoJib paguyc-BeKTopoB [9, 10]. MaTemaTtnueckoe MoAeIMpPOBaHME MMO3BOJISIET IETATBHO U3YUYUTh
STOT IIPOLIECC M3TyYeHHUS IMyYKa BOJIH, IIOAPOOHO ucciaeayss AMHaAaMUKY 3D BUXpeBoil CTPYKTYpHI TeUe-
HUS XUIKOCTU. JleTalbHOE omucaHue 3TOro mpoiiecca 0bu10 maHo B [11]. CHavama MexXmy IMCKOM U
Toukoi Q GOpMUPYIOTCS IBE BUXPEBbIE HUTHU f|, KOTOPbIE MTOTOM TPaHC(HOPMUPYIOTCI B HOXKU BUXPE-
BOIi TeTsiu — 1, roioBHasi yacTh — 1 KoTopoii pacnonoxeHa npasee Q (puc. 2e). [Torom Haa Q niepuoau-
YeCKHM 3apOXKIarTcs e opMUpOBaHHBIE BUXPEBBIC KOJIblIa k, Toe kK = 2, 3, 4 ... . Takum oOpa3om, Kpat-
Kasg dopmynuposka M®DB B [11] 3Byuut tak: “Ha Touky Q nanaioT e opMUpOBaHHbIE KOJbLIa”.
To ectb kpatkue ¢hopmyanupoBku M®PB B cratbsix [7] u [11] mpakTuyecku cCOBNaAAIoOT.

31ech Hag0 MOMUEPKHYTh BaxkHoe pasnnure M®B m1g otTHOpOoIHOM U cTpaTUDUIIUPOBAHHOMN KU/ -
Kocteil. Eciiu B oTHOpOOHOM XUIKOCTH BUXPeBasi CTPYKTypa TeUeHMsI (hOPMUPYETCS HEIIOCPEICTBEHHO
3a TeJIoM [6], TO B cTpaTU(MUILIMPOBAHHOM KUIKOCTH — Haa MECTOM cTapTa Tena [11].

B [11] Gonbiioe BHUMaHUE YACASIETCS OOBICHEHUIO MeXaHU3Ma (POPMUPOBAHUS BUXPEBBIX KOJIEIT
Hana Q, MPOUCXOASIIEeMY U3-3a TPAaBUTALIMOHHON U CIBUTOBOI HeycTounBocTeit. B [11] memoHCcTpupy-
€TCsl, YTO JIeBOE MOJYKOJbIO kK TpaHCHOPMUPYETCs B TTOJYBOJIHY BIIaIUH WU rpeOHEi, a mpaBoe IMoJy-
KOJIBLIO —k Mc4Ye3aeT co BpeMeHeM. lejlo B TOM, YTO BOAOBOPOT KUIKOCTH, MHULIMUPYEMbIil CTApTOM
JIIMCKa, 3aCTaBJISIET JIEBbIe MOJIYKOJIbLa KPYTUTLCS CUIIbHEE, YeM IpaBbie. B pe3ynbrare 3TOr0 pasmepsl
JIEBBIX ITOJIYKOJICII YBEJIMYMBAIOTCS, a BEJIMYMHA 3aBUXPEHHOCTU B HUX OyJeT Ha IMOPSA0K OOJIbIIIE, YeM
B IIPaBbIX HONyKoIbLax (puc. 1a, 18). Takum o6pa3zoM, BHyTpEHHME ITOJYBOJIHBI (OBIBIIKE JIEBbIE MTOJTY-
KOJIblIa) 3aHUMAIOT BCE IMIPOCTPAHCTBO MEXIY IMCKOM U TOUYKOM Q.

HauanbHast u nocienywoiue cranuu M®B cuibHO OTIMYAIOTCS B TPUBEISHHOM BbIIlIE KPATKOM U3-
JIoxkeHUH. 2KenaHue MOJTydnuTh 60Jiee yHUBepcarbHBIM M@PB B mmmpokoM nuamnazoHe ynucelsr Fru momort-
HUTEJIbHBIE BCECTOPOHHUE MCCIIeTOBAaHUs TMHAMUKU 3D BUXpEBOIt CTPYKTYPHI TEUEHUM CTPAaTUDUIIN -
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POBaHHOM BSI3KOM KUIKOCTH TIPUBEIN K TTOSBIICHUIO HacTosIeil ctatbu. B Heit M®B cymecTBeHHO
JnopaboTaH Mo cpaBHeHUIo ¢ [11], 1 meperMeHOBaH B MeXaHU3M (POpMUPOBAHUS BHYTPEHHUX BOJH
(M®BB). ®opmynupoBka atoro MOBB Oyner naHa rociie ornucaHus MIOCTAaHOBKY 3TOM 3a1a4u, METO-
IIOB €€ YMCIIEHHOTO pelleHNs M BU3yam3almi 3D BUXpeBOil CTPYKTYPHI TEUSHU JKUITKOCTH.

1. TIOCTAHOBKA 3AJAYHN

Juck ¢ nmameTpoM d v TonuHoi 4 = 0.76d BHOCUTCS B ITOKOSIIIYIOCS TUHEHO CTpaTU(UIIMPOBaH-
HYIO 110 TUIOTHOCTH HECXKMMAaeMYyl0 BSI3KYIO KMAIKOCTb M Cpa3y K€ HauMHaeT paBHOMEPHOE JIBIKECHIE
€0 CKOpOCThIO U BO0JIb TOPM30HTAIbHOM OCU CUMMETPUU Z I1cKa ciipaBa HaieBo. ITycTs Touka Q crap-
Ta LEHTPA ThUILHON CTOPOHBI AMCKA OyIeT HauyaJloM MOKOSIIEHCS TeKapTOBOM CUCTEeMbl KOOpAUHAT
CK2 (z, x, y,), Toe och X — BepTUKaJIbHA, OCh Z COBITaAaeT ¢ ochio Z. I1ycTh Havyano ABUTAIOLICIICS ae-
kapToBoii cucteMbl KoopauHaT CK1 (Z, X, Y) ¢ BepTukaabHOI OChIO X CBSI3aHO C T€OMETPUIECKUM 1ICH-
TpoM O nucka. s peiieHus1 mocTaBJIeHHOM 3a7auu MOJIEIMPYETCSl BCITOMOrarteyibHas 3ajadya ooTeKa-
HUSI I1CKa paBHOMEPHBIM OTOKOM KMAKOCTHU co ckopocThio U B CK1. HamnpasieHne moToKa XXUIKO-
CTH COBMANAET C ITOJIOXKUTEIbHBIM HallpaBJIeHUEM OCH Z.

ITycte T}, — nepuon riaBy4yecT XKUaKoctu, T — obe3pazmepeHHoe Ha T, BpeMmsi, IIPOLIE/IiIee C MOMEHTA
BHECEHMSI AMCKA B XUAKOCTb. [lnoTHOCTh Xuakoctu p(Z, X,Y) =1-0.5- X / A + 5(Z,X,Y) obGe3pazmepeHa
Ha TUIOTHOCTb Py HA YPOBHE LIEHTpa IMCKa, a KoopauHatel Z, X, Y —Had/2,tne A = A/d — oTHOllIeH e Mac-

2
wradoB, Ny, =2n/Tyu A = g/ N —4acToTa 1 MaclluTab riaBy4YeCT XXUIKOCTH, g — YCKOPEHKE CBOOOTHOTO
nageHus, S(Z, X, Y) — 06e3pazMepeHHOE Ha Py BO3MYILEHUE COJIEHOCTHU, KOTopoe npu 7'= 0 paBHO HYJIO.

JI1s1 MaTeMaTUIeCKOro MOASIMPOBAHUSI BCITIOMOTaTeIbHOM 3amaun ooTeKanus agucka B CK1 pema-
eTcd caemyrolasi ooe3pasMepeHHast cuctema ypaBHeHuii HaBbe—Crokca B ipubmmkeHun byccunecka [12]:

IS Ly V)S=—2 A5+ Yx (L1)
ot Sc-Re 2A
ov 2 A g
=+ V- V)v=-Vp+=Av+ S& 1.2
o (v-V)v D Re v e g (1.2)
V.v=0 (1.3)

OHa 3anucaHa B ULMJIMHAPUYECKON cucteme KoopauHar (Z, R, ©): Z=Z, X = Rcos@, Y = Rsin@,
e v = (V,,Vy, Vy ) — BEKTOp CKOPOCTH, HOPMUPOBaHHBII1 10 U; p — BO3MYIIIEHUE NaBIeHNsI, 00e3pa3-

MEepeHHOoe Ha pOUz; t — Bpemsi (o6e3pasmepenHoe Ha f = d/(2U) = 1/(2Fr - N,)); Re = Ud/v — uucno
Peitnonbaca, Fr = UT,/(2rnd) — BHyTpeHHee yuciio @pyna, Sc = v/K = 709.22 — yucno munra; v =
= 0.01 cM?/c — KOa(PPULIMEHT KNHEMATUYECKOM BA3KOCTH BOIbL, K = 4.1 X 1073 cm?/c — Ko3hPpULMeHT
nuddysuu conu; V u A — oneparopsl I'amuibToHa u Jlamnnaca.

Jist pelieHUsT 3TOi 3amaun UCIIONIb3yeTCs YUCISHHBII METO, paclielyIeHNs 110 (pu3ndeckum ¢ak-
TopaM MEPAHX [13], KOTOpBIif yCIIEITHO IPUMEHSIIICS IS MOICITMPOBAHUS TeUEHNI HECXKMMaeMOI
BSI3KO# 3KUJIKOCTH OKOJIO c(pep, HMINHIPOB U AUCKOB [4, 6—8, 11, 14—16], a TakKe AJIs1 TEYEHU I CO CBO-
6onHOI TToBepXHOCTHIO [13]. JeTaiu YUCIEHHOTrO MeTOoAa, IMJIMHAPUIECKON pacyeTHOI CeTKH, rpa-
HUYHBIX YCIIOBUI U pE3YIbTaTOB TECTUPOBAHMS IIPOrPaMMHOI0 KOMILIEKCAa MaTeMaTUIECKOTO MOOEIIM -
poBaHUS 1 BU3yanu3aunu 3D-TedeHuii cTpaTuPUIIMPOBAHHOMN BSI3KOM KMIKOCTH OKOJIO JUCKA OITyO-
JukoBaHbl B [11, 14]. I[IpuBeneHHas B [14] kiaccudukaliys TedeHUt cTpatuULIMPOBAHHON BSI3KOM
KUIKOCTU OKOJIO AucKa ToiamuHoit 2 = 0.76d ipu 0.05 < Fr < 100 u 50 < Re < 500 xopoii1o comiacyeTrcs
C TPEXMEPHBIMU pacueTaMu [15, 16] u ¢ sxkcriepumedTamu [17, 18].

BHelrHsist mpaBasi rpaHuIIa pacyeTHOI 001acTU yaajieHa oT lieHTpa aucka Ha 25d. [1pu Fr> 10 punHa
BHYTpeHHe BOJIHEI A = 21tFrd > 207d ~ 62.83d, 1.e. Ha BRIOpaHHOM paCYETHOM CETKE YMECTUTCSI MEHEE
yeM 40% nnuHBI IEpBOIi BOHBI. bojiee Toro, aMIinuTyaa 3Toit BOJHBI OyaeT Mana. [ToaTtomy xapakrtep
TEYEHUs OKOJIO MHCKa OyIeT 3KBUBAJICHTEH TEYCHHIO OMHOPOTHON BsI3KOM kumkoctu [6]. [1pm Fr =
=4 — A = 8nd = 25.13d, T.e. TOJILKO OJHA BOJIHA OYIET HOCTYIHA Wid HabmoneHud [11]. [Tostomy ms
paccMOTPEeHHOM pacdyeTHOIT obacT MeHHO 1TpH Fr <4 Bo3MOXXHO MCCIeI0BaTh F'eHepalliio BHYTPEH-
HUX BOJIH, KOTOPBIE 3aHMMAaIOT BCe IIPOCTPAHCTBO pacueTHOIi ceTku JeBee Touku Q [11] (puc. 1a). Pac-
YeThl IIPOBOAWIMCH HAa BEIYMCIIUTEIBHBIX pecypcax MexXBeIOMCTBEHHOTO CYIIEPKOMIIBIOTEPHOTO LIEH-
tpa Poccuiickoii akanemun Hayk (MCLI PAH).
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B CK2 3nayeHus 6e3pa3MepHBIX TOPU3OHTATBHBIX KOMIIOHEHT V, BEKTOPOB CKOPOCTH, pACCUYMTAH -
Hple B CK1, yMeHbIIAIOTCA HA €AMHUILLY (V, = Vz— 1), a 3HAYEHUsI IEPEMEHHBIX V,, V,,, S p B CK2 Te xe,
yto 1 B CK1. TakuMm o6pazom, B CK2 cKopocTh Haberaollero Ha IMCK MOoToKa paBHa HyJI10, a 0e3pas-
MepHasl CKOPOCTb MHCKa paBHaA —1, T.e. IMCK paBHOMEPHO IBUTAETCS CIIpaBa HaJleBO B MOKOSIIEHCS
)unkocTu. LIeHTp ThUTbHOI cTopoHBI aucka 3a Bpemst T = [if ] /T, = [t/ (2FrN,)][Ny/2n] = t/ (4ntFr)
cMetaercst B okositeiicst CK2 na paccrosinue L = U [#f] /(0.5d) = t = 4nFrT Bieso ortouku Q (puc. le).

2. BU3YAIU3ALIMA BUXPEBOU CTPYKTYPbI TEHEHUSA XKUAKOCTU

M3-3a crpatuduKkainy XXuaKoCcT, MeajIeHHOM ckopocTu aucka (Re = 50) 1 cuMMETpUYHOCTH I1C-
Ka OTHOCUTEIBHO IJIOCKOCTH X—Z pacCuynTaHHbIe 3D-110J151 BEKTOPOB CKOPOCTH B JII000I1 MOMEHT Bpe-
MEHM XapaKTepU3YyIOTCsI TOPU3OHTATIbHOMN y—2Z U BEPTUKAJIbHOM X—Z TNIOCKOCTIMU cuMMeTpuu. Cineno-
BaTeJIbHO, UMEIOT CMBICJI KAPTUHBI MITHOBEHHBIX JIMHUI TOKA B IJIOCKOCTIX X—Z (puc. le—1x) u y—z
(puc. 13). Ha puc. le mra CK2 Busyanu3upyioTcs BUXpeBbIe S4eiiku 1, 2, 3, COOTBETCTBYIOIIME BHYT-
peHHUM TojiyBosiHaM 1, 2, 3, crenepupoBaHHbIM ipu T'= 1.5 o Fr = 0.3. Ha puc. 1:x—13 mist CK1 no-
Ka3zaHa pelupKYyJIsaLuoHHas 30Ha R, cpopmupoBaHHast B pe3ysbTaTe OTphIBa HAOETralOIIEro Ha JUCK
IOTOKA OT ThUIbHOM CTOPOHBI TMCKa.

H3BecTHO, 4TO TTOCcTpoeHUEe 3D MTHOBEHHBIX JIMHUI TOKA C Lieblo BU3yaim3auuu 3D BuxpeBoii
CTPYKTYpPBI TeUECHMsI — TPyAHOE M HebJiaromapHoe aeia0. MoXHO JIETKO IIOTepsSTh MHOTHEe Buxpu. I1o-
3TOMY IIJISI BU3yaju3aluun 3Toi 3D-cTpyKTyphl €CTeCTBEHHO ObLIO OBl MCITOIb30BaTh N30MOBEPXHOCTH
MOLIYJISL 3aBUXPEHHOCTH ® = || = |rot v| (puc. 1a). PaccMoTpuM cHavajia KapTUHBI U30IUHUI (PUTOM
KOMIIOHEHTBI 3aBUXPEHHOCTHU (), B BEPTUKAIBHOI TUIOCKOCTU X—Z (puc. 1B). U3 onpenenenus o, cie-
IyeT, 4TO B si4eiikax 1, 3 m —2 Ha puc. 1B, t1e ®, > 0, XKUIKOCTb BPAIIACTCsI IPOTUB YaCOBOIA CTPEJIKH,
YTO MOATBEpKAaeTcsl pucyHKoM le. B sueiikax 0, 2, —3, —1 Ha puc. 1B, rae 0, < 0, >XMAKOCTh BpalllaeTcs
1o 4acoBoii cTpelike (cMm. puc. le). M3onoBepxHocTh ® = (.01 Ha puc. 1a BuU3yanu3upyeT BHYTpEeHHUE
MOIyBOJHBI 1—3 (061aCTH TeYEHMSI CO 3HAYMTEILHBIM BpallleHUEM CILIOIIHOM Cpeabl), HO HE CITOCOOHA
MoKa3aTh CTPYKTYpY 0oJiee ciabbIX BUXpeil 0Koiao ocu zZ [4]. s BU3yann3aluy BCceil BUXpEBOM CTPYK-
Typbl 3D TeyeHMsT HeCXKMMaeMOM JKMAKOCTH B cTaThe [2] ObLIO MpeaIoKeHO UCI0Ib30BaTh N30II0BEPX-

2 2
HOCTB A, < 0 (puc. 26). 3mech A, — BTOpoe COOGCTBEHHOE 3HAYeHNE CUMMETpUYHOTo TeH3opa F~ + B”, rie

F+B =G — TeH30p rpalMeHTa CKOPOCTH C MEMEHTaMu v, = ov;/ox;, F,; =0.5(v,,; +v;;), B, ; =
=0.5(v;; — v;,;)- B [2] Takxke ynomuHaercst Busyanusanus 3D-TedeHuii Py MOMOIIN U30TIOBEPXHOCTH
MHHMMOM 9acTH 3 IBYX KOMILJIEKCHO-COTPSIKEHHBIX COOCTBEHHBIX 3HaUYeHuit TeH3opa G (puc. 16, 1u).
MHTepecHO OTMETUTH, YTO B [2] 3Ta MHMMAsI YacTh HUKaK He 0003HavyaeTcsl. [IoaToMy B pa3HBIX CTaThsIX
ee 0003HAYaI0T MPH MMOMOILH pa3HbIX cuMBoJioB: Im(o,,) [6, 15], B [8, 11, 14, 16], A, [19], A, [20] u T.1m.
CHauvaJia UCIoJIb30BaIach A,-Busyanu3anus [4], a morom B-susyanusanus [6, 8, 11, 14—16], kotopast
WMEET CIASOYIOIN ICHBIN du3mdeckuii cMbici. Bertoepem B CK1 mpon3BonbHYIO TOUKy M cO CKOpO-
CTBIO XUIKOCTH V) B Hell. [lepeiinem B cuctemy orcuera CK3(vy,), aBuramouytocst otHocutenbHo CK1
CO CKOpPOCThIO V. Toraa ckopocth B Touke M B CK3(vy) cTaHeT paBHOI HYJIIO, a 1JIs1 CKOPOCTel B Ma-
JIOI OKPECTHOCTU 3TO# TOUKM OyIeT cripaBelJIMBO OObIKHOBEHHOE auddepeHIlInaibHOe ypaBHEHUE
oay)v = dx/ dt = Gx. I3BeCTHO, YTO HAIMYME ABYX KOMILIEKCHO-COIIPSKEHHBIX COOCTBEHHBIX 3HA-

YyeHul 0 = o + i3 10 = a — i3 TeH30pa G B Touke M maet cnenymoiiee pemeHue 3toro OJ1Y [21]:

x = Chexp(ct) + Ch exp(g t) + Ghy; exp(o5t) = X, + X5

3nech BenuunHbl C U C; — KOMIUIEKCHAS U JEUCTBUTENIbHASI KOHCTAHThI COOTBETCTBEHHO, G3 — Tpe-
The (AEUCTBUTEIbHOE) COOCTBEHHOE 3HaYeHue TeH3opa G, h; — Tpetuii (1elicTBUTENbHBIN) COOCTBEH-

HbIA BeKTOp, h = h; —ih, n h — 1Ba KOMIIEKCHO-COMPSIKEHHBIX COOCTBEHHBIX BeKTOpa TeH3opa G, h,
u h, — 1Ba TMHENHO HE3aBUCUMBbIX I€ACTBUTEILHBIX BEKTOPA, KOTOPbIE SIBISIOTCS 0a31COM B IJTIOCKO-
crtu P. TTyctb KomiuiekcHoe uncio § = &, + i, = Cexp(o7), Torna mbl umeem: X; =&, - h; + &, - h,. O1o6-
pasum abUHHO MIOCKOCTh P Ha BCIOMOTaTeIbHYIO TUIOCKOCTh P* KOMITIEKCHOTO nepeMeHHoro (,
4ro6bI BeKTOP h, mepemen B enunuity, a Bektop h, — B i. Torma Bekropy X; = &, * h, + &, - h, 6yzer coor-
BETCTBOBATh KOMILIEKCHOE unciio { = &, + i€,. B cuity 31010 0T06paXeHust TpaeKTopust B INIOCKOCTH P
nepeiineT B TpaeKTOPUIO B IUIOCKOCTH P*, onuchiBaeMylo ypaBHeHueM { = Cexp(G7). B mosisipHbIX KO-
opauHatax (r, 0) { = rexp(i0), 1.e. &, = rcos, &, = rsinb. [ycts C = C,,exp(iD), Torna r = C,.exp(o),
6 = B¢ + D. Takum oGpasom, eciu § # 0, TO MOXXHO TOBOPUTH O BUXPEBOM XapaKTepe IBUKEHUSI KUII-
KOCTU B MaJIoii OKpeCTHOCTU TOUKU M B CK3(vy;): MOJIEKYJIBI )KUIKOCTU ABUXKYTCS 10 oBajiaM (1ipy oL = 0)
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Puc. 3. Teuenne oxono nucka npu Fr = 0.3, Re = 50, 7, = 27 ¢: a—6 — MmrHoBeHHEBIE TMHUM ToKa B CK2 (1) 1 n3onmaun

103B+ ¢ maramu 500, 0.1, 1 (I) B BepTUKAIBbHON TIOCKOCTH X—7, M3oiuHuu B+ ¢ mraramu 0.5, 0.1, 0.1 B Turockocti
¢ =7/4 (I11), U30MOBEPXHOCTU 103|3 =0.5,5u 103|3+ =+0.5IV)npu 7=0.1,0.2, 0.24.

WJIM OBAJIbHBIM criupasisim (rmpu oL # 0) U 3 — 3T0 ycpeaHeHHast 10 BpeMEeHU yIIoBasi CKOPOCTb Bpallle-
HUS MOJIEKYJT XKUIKOCTU 0Kos10 Touku M B CK3(vy) [21]. A ynoO6cTBa MOCTPOESHUSI OMHOLIBETHOU N30-
nosepxHocTH B =, > 0 (puc. 11), IeMOHCTPUPYIOILEH BUXPEBYIO CTPYKTYPY TE€UEHUST KUAKOCTH, B TEX
siueiikax pacyeTHoOM ceTku, rae 3 = 0, dyHkiwms B nepeonpenensiercs: B = —0.01 [6, 8, 11, 14—16].

B [22] Gblna BBeneHa aByX1IBeTHas 3+-Busyanusaiiysi, KOTOpast MPU MOMOIIIM 3HaKa ), OKpaLIK-
BaeT IOJYBOJIHEI BIaauH 1, 3 u rpebHeii 2 Ha puc. 10 pa3HBIMU LIBETaMU, YTO OYE€Hb YIOOHO JIJISI UC-
ClieIOBaHUsI BUXPEBOI CTPYKTYpPbl BHYTpeHHUX BOJIH (puc. 3—5, V). ®yukuus B+ onpeaeneHa npu
B > 0: B+ = sign(w,)PB, rne bynkums sign(w,) = 1 npu 0, = 0, sign(w,) = —1 npu ®, < 0. AHATOTUYHBIM
00pa3oM MOXHO BBECTH [BYXLIBETHYIO (O+-BU3yaTM3alUI0: M1 = sign(®,)® (puc. 1a).

Hasiee ObLIO 3aMEYEHO, YTO Ha OOJIbLIEH TUToIanu puc. 18 ®, < 0. IToatomy, eciiu Ha puc. 1B yoparh
BUXPEBbIE CTPYKTYPBI, JUIS1 KOTOPBIX M, = 0, TO CTPYKTypa TeYeHMsl CTAHET B IBa pa3a Mpolle, HO MpU
3TOM yIaJeHHBIC CTPYKTYPBI MOXKHO JIETKO MBICJICGHHO BOCCTaHOBUTL. I1oaTOMY B [22] Obla BBeleHaA
onHotBeTHast (B—)-Busyanusaims TedeHust xuakoctu. @yukis (f—) onpenesnera npu > 0 u ©, <0:
(B—) =B (puc. 2a). B 3D-ciy4ae npu cpaBHEeHUM U30MOBepXHOCTEH B+ Ha puc. 16 U M30IMOBEPXHO-
ctH — Ha puc. 2a BUIHO, YTO Ha PUC. 2a BCe MOIYBOJIHbBI BITAIWH, KPOME TIEPBOii, OECCIIENHO NCYE3aloT.
Ha puc. 16 yepHoii TuHUEl oTMedeHa IIpruMepHas TpaHuia mexay oonactsamu (0 + S) u 1, toe S — a0
roJiIoBHasi YaCcTh OOKOBOI BUXpeBoii netinu (puc. 2e) [11]. YnaneHue obnactu (S+1) ocraBisieT rpyobIii
ciien Ha obosiouke ciena 0 (cpaBHuUTE puc. 4B, IV u Sa, 1V).
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Puc. 4. Teuenne oxono nucka npu Fr = 0.3, Re = 50, T, = 27 c: a—6 — MmrHoBeHHBIe TMHUM ToKa B CK2 (1) 1 nsonmnumn

102B+ cmaramu 0.2, 5, 5 (IT) B miockocTu x—z, uzonuuuu B+ ¢ maramu 0.1, 0.08, 0.04 B miockoctu @ = 1t/4 (111), uzo-
noBepxHoctH B+ = £0.0052, B = 0.15, B+ = £0.05 (IV) npu 7= 0.28, 0.45, 0.68.

Puc. 1r—11 nemoHcTpupytoT dhusndeckuit cMbica B aist aByx Touek M, u M, co ckopoctsimu B CK1
(V2 Vg, Vo) = (0.973, 0.005, 0) (pu x > d/2) u (0, —0.01, 0), cOOTBETCTBEHHO, OTMEYCHHBIX YCPHBIMU
KpectaMu. Puc. 11 paszaesieH yepHoOM MpsIMOii X = d/2 Ha BepXHIOI0 U HUKHIOI YacTu. KapTUHBI IMHU
TOKa B BEpXHeM 1 HUXKHel yactsax puc. 1o nokaszansl B CK3 (0.973, 0.005, 0) u CK3(0, —0.01, 0), coot-
BETCTBEHHO, ¥ IEMOHCTPUPYIOT BpallleHNe XKUIKOCTH B OKPECTHOCTSIX Touek M| u M,. KapTuHBI TMHUI
TOKa B BepXHeil M HMXKHEN YacTsax puc. 11 moxoxu Ha KapTuHbl JuHuii Toka B CK2 (puc. le) u CK1
(puc. 1:xx) coorBeTcTBeHHO. Tak, Ha puc. 1o u 1k ipu 0 < x < d/2 mbl BUIuM 30Hy R. A Ha puc. 1o u le
IpU X > d/2 Mbl BUAVIM TTOJIyBOJIHBI BITAAWH U rpebHeit. [ToaToMy 1T MPpUOIN3UTETLHOTO ONTUCAHUS U3-
MEHEHUsI KHHEMAaTUKU BHYTPEHHUX BOJIH U OTPBIBHBIX T€YEHUI OKOJIO OCH Z B BEPTUKAJIbHOM TIJIOCKO-
CTU MOXHO MCIT0Ib30BaTh MrHOBeHHbIe JIMHUM ToKa B CK2 u CK1 coorBeTcTBeHHO. Tak, Ha puc. 1,
3—6 1151 KaXI0i KapTUHBI U30JIMHUE B+ B IUIOCKOCTH X—Z MPUBOIUTCS] COOTBETCTBYIOIIIAsS € KapTHHA
MI'HOBEHHbIX JUHUM Toka B CK2.

o ananoruu ¢ B+ u (B—)-BuU3yanusarMsiMi MOXHO OTPENeTUTh A, + 1 (A,—)-Busyanusaiuu (puc. 26).
®yukuus A,+ onpeneseHa npu A, < 0: A+ = sign(w,)[A,|. Pynkuus (A,—) onpenenena npu A, < 0 u
®, <0: (A,—) = \,. CpaBHenue puc. 2a u 26 i 7= 1.5 u Fr = 0.8 mokassIBaeT, 4YTO TOIIOJOTUH BUXpE-
BBIX CTPYKTYp, MOJy4eHHbIe Mpu oMot (B—) u (A,—)-BuUdyanusaiiuii, MpaKTUYECKN COBIANAIOT, HO
(B—)-Busyanusanusi Gosiee TApPMOHUYHO TPEACTABISET BUXPEBYIO CTPYKTYPY TEUEHHUsSI KUIKOCTH.
Tak, Ha puc. 2a HUTHU f; COENUHSIOTCS € KOoblioM R, a Ha puc. 26 He coenuHsorcs. Ha puc. 2a BuxpeBoe
Kosblo —1 meapHOe, a Ha puc. 20 — pa3opBaHO HA TPU YaCTH.

3. MEXAHU3M ®OPMHWPOBAHUA BHYTPEHHUX BOJIH I[TPU Fr<4

IMpu 7= 0 AUCK BHOCUTCS B HOKOSIIYIOCS CTPAaTU(HUILIMPOBAHHYIO BSI3KYIO SKHIKOCTh U Cpa3y ke Ha-
YUHAeT paBHOMEPHOE NBUKEHHME BIOJb TOPU3OHTAIBLHOM OCH 7 CUMMETPUM OHCKa CIpaBa HajeBoO.
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Puc. 5. Teuenne oxono nucka npu Fr = 0.3, Re = 50, T, = 27 ¢: a—6 — MmrHoBeHHEBIE TMHUM ToKa B CK2 (1) n n3onmnumn

B+ ¢ marom 1072 (IT) B rutockocTH Xx—2, u3onuuu B+ ¢ mrarom 0.08 B rutockoctu ¢ = 1t/4 (I11), uzonosepxHoctu (B—) =
=5x1073, B+ = %1072, £10~2 (IV) ipu 7= 0.8, 0.86, 1.

Ha notpeBoxXeHHYI0 JKMIKOCTb, OTKJIOHUBIIIYIOCSI OT CBOETO HAYaIbHOTO ITOJIOXKEHUSI, HAUMHAIOT JIeii-
CTBOBATh CUJIBI TUTABYYECTH (TTOCIeNHMIA yieH ypasHeHus (1.2)). C npyroi CTOpOHBI, B pe3y/IbTaTe IIPH-
JIMIAaHUS MOJIEKYJI XUIKOCTH K MOBEPXHOCTH OMCKa, Mepel JMCKOM M IT0 60KaM AKCKa Ha XKUAKOCTh
JIEeMCTBYIOT CUJIBbI, HAIIpaBJIeHHBIE CIIpaBa HajeBO. DTU CUIbI IPUBOMST K TeHEpallii BUXPEBOIO TOpa C
OChI0 CUMMETPUMU Z, 3aIIOJIHSIOIIEro Bce IMpocTpaHcTBO (puc. 3a, I mpu 7= 0.1), a cCuUIbI IJ1aBy4YeCTU
MPU 3TOM T€HEPUPYIOT I'paBUTALIMOHHBIC BHYTpeHHUE MoayBosHbI Haa Q (puc. 3B, I mpu 7 = 0.24).
Ha puc. 3—5, IV noka3ana nunamuka 3D BuxpeBoii CTpyKTypbl TeueHus XuakocT npu 0 < 7'< 1, o0y-
CJIOBJICHHAsI TPaBUTALIMOHHOM U CABUTOBOIM HEYCTOMYMBOCTIMU. [ paBUTalIMOHHASI HEYCTOMYUBOCTD, B
CBOIO ouepellb, 00yC/IOBIeHa CUJIaMU TI1aBydecTU Xuakoctu. Kaxnyto 3D-cTtpykrypy Ha puc. 3—5 no-
MOJTHSIIOT U30IMHUK B+ B ee cedeHusix npu ¢ = 0 u ¢ = /4 u MrHoBeHHbIe TuHUK ToKa B CK2 B Bep-
TUKAJIBbHOI 11ockocTr x—z (pu @ = 0). Ha puc. 3a, IV onHa yeTBepTh M30MoBepXHOCTH B =5 X 1074
BbIp€3aHa, YTOObI IT0Ka3aTh MOBEPXHOCTh AMCKA.

IMpu 7<0.1 u Fr £4 BHe ocecuMMeTpUUYHOI BUXpeBoit 0000uku 0 1MCKA Y THIOBOM OCTPOI KPOM-
KM gucKa 1mpu x > ( ITOSIBIISIIOTCS ABE HEOObIINE BUXpeBbIe CTPYKTYpHI (puc. 3a, III—-1V u puc. 2a—2r,
2e, 6a—66 u3 [11]) — 3auaTKu ABYX BUXpeBbIX HUTE f; (puc. 36—3B, 111-1V). Kaptuna usonunuii B+ B
CEYEHUHU (P = /4 AEMOHCTPUPYET AMHAMUKY POCTa HUTEM f; U peLMPKYIALIMOHHOM 30HbI R. [1pn 0.2 <
< T'<£0.24 rpaBUTALIMOHHAS U CIBUTIOBasi HEYCTOMUMBOCTHU IIPUBOISAT K TOMY, YTO (hOpMa MTHOBEHHEBIX
JiuHuUi Toka Hag Toukoid O B CK2 npu ¢ = 0 U3 OpsIMOJIMHEIHOM CTAaHOBUTCS BOJTHOOOpa3Hoii (puc. 3B, I).
IToyemy 3TO MpOUCXOAUT, TOAPOOHO ommurcaHo B [11]. B pe3ynbrate Hag Q opMHUpYIOTCS ABa Kackaaa
Buxpeii: 1 (cieBa) u —1 (cripasa) (puc. 3B, 1I). ITpu 7= 0.28 mnst Fr = 0.3 cepaueBuHbI KackanoB 1 1 —1 06-
pasyioT koab11o 1 (puc. 4a, 1V).

IMpu Fr<1 u Fr =2 neranu npoliecca popMupoBaHusi Buxpeit HemHoro otianvatorcs. Ecau ipu 0.1 <
< T<0.28, Fr=2n x> 0 obomouka 0 ciaema mpakKTUIECKN HE MEHSIETCSI CO BpeMEHEM, a IBe TIepBbIc HUTH
/1 v nBe BTOopble (6OKOBbIE) HUTHU fg hopMupytoTcs BHe obosiouku 0 (puc. 2¢) [11], To npu 0.1 < 7<0.28,
Fr <1 ux > 0 Hurtu £ u fg pasMmetiatorcst B camoit obosouke 0. [Tostromy npu Fr < 1 umeeT cMmbica pas-
JeauTh 000104Ky 0 Ha BHYTpeHHo0 0, ¥ BHEIHO 0, YaCTH TIPH MMOMOIIN U30ITOBEPXHOCTH [3,. Mo-
nynb B, npuseneH Ha puc. 3—5, I11. O60104ka 0, c;1ab0 MEHSIETCSI CO BpEMEHEM U COCTOUT M3 IBYX KO-
JIell 7y, ¥y, KOTOpbIE TEHEPUPYIOTCS AByMs OCTPhIMU KpoMKamu aucka (puc. 3a, IV). Ha puc. 36, 11l B
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Puc. 6. TeueHnne oxkono nucka npu Fr= 0.3, Re = 50, T, = 21 ¢: a—0d — MrHoBeHHbIe TMHUM ToKa B CK2 (I) 1 n3onmuumn
103B+ ¢ marom 2 (II) B rutockocTH X—2z, U30MOBepXHOCTH P+ = +1073 (I1I) mpu T=1.25, 1.3, 1.4, 1.73, 1.9.

ceyeHuU 000s104ku 0, mpu ¢ = /4 MOXKHO BBIAEIUTh HUTH f,, 3aLlUTPUXOBAHHbIE B KJIETOUKY, 30HY Ry
TBUJIBHOI CTOPOHBI JUCKa U OCTalIbHYIO YyacTh 0, HaJ 60KoBOIi cTtopoHoit aucka. [Ipux > 0un 0.2<T< 1
JIBE BUXPEBbIE HUTH f; (HOXKKHU BUXPEBOU MeTaU — 1) SIBISAIOTCS 9acThlo Kackana —1, a metist —1 — cepn-
HeBUHOM Kackana —1. ['eHepalust AByX CMMMETPUYHBIX TieTesib —1 mpu x > 0 u x < 0 conmpoBoXaaeTcs
3apoXIeHUEM OOKOBBIX METEb S, KaK OOKOBBIX YacTeil AByX CUMMETpUUHBbIX KackanoB 1. [Tpu x > 0 u
0.24 < T<0.32 g Fr = 0.3 HabGonatoTcst YeThipe 00OKOBbIE HUTH fg (puc. 3B, 4a, IV), i Fr =4 — nBe
HUTU fg (puc. 2e). [losiBiieHUeE T1eTesb S CBSA3aHO C MPUCYTCTBUEM IMCKA U HE YIIOMUHAETCS B 00CyXka-
eMoM 3neck M®BB, Tak kak ator M®BB 110C¢BsIIIeH HemOCpenCTBEHHO TeHepalli BHYTPEHHUX BOJIH.

Takum o6pazom, ripu 0.1 < 7<0.32 bopmuUpyrOTCs 1BE BUXPEBbIE METIU — 1 ¢ HOXKaMU f; 1 OOKOBbIE
netau S. IIpu T= 0.28 qns Fr = 0.3 cepaueBruHbl KackaaoB 1 u —1 o6pasytoT kosblio 1 (puc. 4a, IV), a
st Fr = 4 monykonbiio 1 moxoxe Ha apKy (Kak Ha puc. 30 B ctathe [11]), paauyc KOTOpoii IpUMEPHO B
naTh pa3 6osblile pagunyca nojykonbla —1. IToaromy B popmynrnpoke MPBB Hango roBoputh o pop-
MUPOBaHUU HE OMHOTO BUXPEBOTO KOJIBIIA 1, a IByX KacKamoB BUXpeil 1 1 —1, cepaiieBUHAMK KOTOPBIX
OynmyT noJyiykosibia 1 m —1.

ITpu 0.28 < T<0.45 u Fr = 0.3 nuametp D(1) ceyeHus1 MoayKojblia 1 MI0CKOCThIO X—Z YMEHbBILIAETCS
B TpU pa3sa, a gajiee ucuyesaet coBceM. D(1) = 0 ToBOpUT 0 TOM, YTO NOJIYKOabLO 1 mpu x > 0 pa3nenniioch
Ha ABE MOJIOBUHKU, CUMMETPUYHBIE OTHOCUTEIBbHO IUIOCKOCTU X—Z. ITpn x > 0 1 0.28 < 7'< 0.8 muck
CIBUTAETCS BIEBO, a Kackan —1 ocTaercs y TOUku Q, MO3TOMY HOXKMU f] TETJIN — | BBITATUBAETCS B TO-
PU30HTaJIbHOM HarpaBieHuu (puc. 46—4B, S5a, IV); monaykoiblo —1 CIUIIOIIMBAETCS B BEPTUKAJIbHOM
HaIlpaBJICHUM U IIpeBpalnaeTcs B moiykpyT —1. Ha puc. 46 u 4B, IV moka3aHbI TOJIBKO ITOJIOBUHEI N30~
MMOBEPXHOCTEH 3 17151 TOro, 4ToOkI MoKa3aTh aAuck. [pu 0.5 < 7'< (0.8 Hag Q M3-3a rpaBUTALIMOHHON 1
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COBUTOBOM HEYCTOMYMBOCTEI TeHEpUPYIOTCS KacKanbl Buxpei 2 u —2. Kackam Buxpeii 2 co BpeMeHeM
CTaHET MOJIYBOJHOM rpebHeit 2. BuxpeBbie HUTH f,, 00BeIeHHbIE YepHBIMU KpyTraMu Ha puc. Sa, IV mis
Fr = 0.3 unu npencrasieHHbIe B (hpopMe MONYKOJbLIEBOU MePEMbIUYKN MEXIY HUTSIMMU f; Ha puUc. 3a U3
[11] mnsa Fr = 4, — 370 HIzKHMe YacTu KacKana Buxpeit 2. TakuMm obpasom, 1ipu Fr = 4 1monyBoJIHEI Tpe6-
Hell GOpMUPYIOTCS M3 YETHBIX HUTEM OKoJIo O, a He 13 moJryKosen Hax Q Kak nipu Fr = 0.3.

ITycth B.4(k) — 3HaUYEHME JIOKATTLHOTO MakcuMyMa (YHKIIUY [3 B CEYEHUU MOTYKOJIbIA A TUIOCKOCTHIO
x—z. lpu T= 0.8 u Fr = 0.3 cepaieBrHa Kackaia 2 MPUOIMKACTCS K OCH Z, Prax(2) = 0.025, B (—1) =
= 0.142, 1.e. monykpyr —1 oGsagaer HAaMGOIBIIUM ., B cedeHrM @ = 0 BHe 000I0YKM aucKa (puc. 5a, 11).
Ipu x> 0wu 7= 0.86 kackan 2 caauTcst Ha JIeBbIH Kpai mosykpyra —1, B,,..(2) yBenumausaercst mo 0.088,
3Ha4YeHUs B epepacrpenesisiioTes: MEXKIy JIeBbIM UM MTPaBbIM KpasiMu 1oaykpyra —1: B, (—1, neBblit) =
=0.12, B,,.x(—1, mpaBsiit) = 0.068 (puc. 56, II). Teriepb B CK2 yepe3 HUTH f| IPOKAYMBAETCS KUIKOCTD, M0~
CTYMUBILIAs KaK U3 TOJIyKpyra — 1, Tak M M3 Kackaja 2, uTo B JajbHeliiieM rpu 7'= 1 mpuBoauT K TpaHChOp-
Marmu rmoykpyra — 1 B kosbiio —1 (puc. 5B, 11, B,,.,(2) = 0.22, B,,..(—1) = 0.038). Ha puc. 56 u 58, IV u3o-
MoBepxHOCTH 3 mokazaHbl pu —7/2 < @ < 1t/10 11si TOro, YTOOHI MOKa3aTh NUCK. TakuM 06pa3oMm, B pe-
synbrare cavusaus mpu 0.86 < 7T'< 1 cepalieBUHBI KacKajaa 2 U JIEBOM YacTH ITOJIyKpyra — 1 Kackan 2 crai
06s1agaTh HAMOOIBIIUM [, B cedeHUn @ = 0 BHE 00O0JOYKH IHCKA.

Hrak, npu T< 1 Hag Q mepuoanyecKu B TedeHue Kaxmoit A7 = 0.5 dopmMupyrorcs KacKaabl BUXpeid
ku —k, tne k = 1, 2. CepaueBuHbl KackanoB —1 1 1 cocTosT u3 BuxpeBoii netinu —1 (¢ HoXKamu f; 1
MOJTYKOJIBIIOM — 1) ¥ 13 MoyKoJiblia 1 ¢ 60KOBBIMU METISIMU S COOTBeTCTBEHHO. CHavasa Kackas 2 co-
CTOUT U3 HUTel f, (0KoJio () U MOJYKOJIblia 2, KOTOPOe MOTOM CaIUTCs Ha JIEBYIO YacTh MOJyKoabla —1.
B pesynbrare opMupyroTcs MoayBoIHA BITaguH 1 (HaD HUTSIMU f;) ¥ TIOJIyBOJTHA TpeOHei 2. DdyHna-
MEHTOM BUXPEBOM CTPYKTYPHI IEpBOIi BOJHEI ITpu T = 1 ABIIsIETCS TOPU30HTATIBHOE KOJIBIO —1, chop-
MUpOBaBIieecs U3 Moaykoabia —1.

OnucaHHbBIN BhilIe TIpoliecc hopMupoBaHusl Buxpeit mist T < 1 cxemMaTUYeCKU MpeacTaBjieH Ha
puc. 2B—2r. Ero MoxHO 0000IINTh Ha 1100011 npyroit mHrepBai BpemeHn (n—1) < T'<n,tmen =2, 3,4, ... .
HeiictButenbHo, ripu 7' > 0 Hag Q IepuoanMYecKU B TeUYeHUe Kaxkaoro nHrepsajia BpemeHu 0.5(k—1) <
< T £0.5k dopmupytotcs JieBblii kK 1 TpaBblil —k Kackaabl Buxpeil. OHU COCTOSIT U3 HUTEN f 0KoI0 Q
U 1ebopMHUpPOBAHHBIX ITOJIyKonen k 1 —k, toe k=1, 2, 3, ... . JIJ1 Kaxkooro He4eTHOIo kK y ocu Z hpopMu-
pyeTcs BUxpeBasi netyisi —k. OHa COCTOUT U3 HUTEH f, U HUKHETO TMOJyKoJiblla —k, Ha KOTOPOE MOTOM
canuTcsl YeTHbI Kackana (k + 1). Jlajee HUXXKHee MOJYKOJbIIO —k CTAHOBUTCS IeOPMUPOBAHHBIM
KoJiblIoM. TakuMm o6pa3oM, B TeUeHUE KaKIoro uHrepBayia BpeMeHu (n—1) < T'< n hopmMupyercst BHyT-
PEHHSIS BOJIHA 1, COCTOSIIAsl M3 ITOJIYBOJIH BItaauH k = (2n—1) urpedHs (k + 1) = 2n. JIeBast 4acThb KOJIb-
11a —k CTAHOBUTCSI OCEBOI YacThlo TpedHs (kK + 1). B pesynbTaTe oceBble YacTu rpeOHEl 0Ka3bIBalOTCS
CBSI3aHHBIMU APYT C IPYTOM HEYETHBIMU HUTSIMU B 1Ieniouky. MMDBB st Fr<4 u AT =1 MmoxHO cdop-
MyJaupoBaTh Kopoue. HeueTtHble kackanbl kK 1 —k, HUTHU f, + HUDKHUI BUXPb —K; YeTHbIE KacKanbl (kK + 1) u
—(k + 1), outu (k + 1), kackan (k + 1) canurcst Ha HUXHUA BUXpb —k (pucC. 2B—211).

Ha puc. 2:xx npueneH rpaduk 3aBucumMoctu Koadduiimenrta C, 1060BOro COMPOTUBICHUS JUCKA OT
BpeMenu ¢ ipu Fr = 0.3. BonHooOpasHast popma rpacduka npu 7'< 1 o6yciaosieHa TeM, 4To Iipu 7'< 1 Touka
0, Hax KoTopoii pabotaecT M®BB, Haxonurcs okoJio nucka. Peanuzanuss M®BB nipuBoayT K BO3MYILEHUIO
ToJieli BEKTOPOB CKOPOCTU U IABJICHUsI Y TOBEPXHOCTH AUCKA, KOTOPbIE U onpeneistoT Cg.

Ecmu npu T< 4 u Fr = 0.3 peanuzanuu M®BB 17151 pasHbIX BpeMeHHBIX MUHTepBaIoB AT = 1 HEMHO-
ro OTJIMYAIOTCS APYT OT Apyra, To ripu 7> 3 u Fr = 0.3 moxoxu apyr Ha npyra. Huxke nonpoGHO onuchi-
Batorcs peanusaruu M®BB nipu 1 < T< 3, Fr = 0.3, T, = 2w ¢ m Re = 50, onmupasics Ha puc. 1, 6—7.
Onucanue ocooeHHocTeit M®BB nipu 7> 3 npuBeneHo 6€3 MOMOIIY PUCYHKOB.

4. AETAJIN3ALNA ITPOLIECCA TEHEPALIMU BOJIH IIPU Fr=03 U 7> 1

Paccmorpum Tenepsb 6onee meranbHo M®BB ipu 1 < 7T< 2 (puc. 6, 2a, 1). Tak kak ipu 7= 1 un
Fr = 4 Touka Q nocturiia BHEIITHe it rpaHUIIBI paCUEeTHOM CEeTKH, TO HabHeIee ucciaenosane MOBB
npu Fr = 4 ctano HeBo3MoxXHBIM. [Ipu 1 < T'< 1.3 u Fr = 0.3 Han Toukoii Q reHepupyroTcsl KacKaabl
Buxpeii 3 u —3 (puc. 6a—606). Ipu 1 < T< 1.3 B,,,,(2) yBeauuuBaercs g0 0.33. TTpu 7> 1.3 B,,,.4(2) 601b-
IIIe He MEHSIETCSI, YTO TOBOPHUT O ToM, UTo ipu 7'= 1.3 rpebGeHb 2 1 BUXpeBasi CTPYKTypa JieBee ero yxe
npumepHo copmupoBanuck. Ha puc. 6, 111 u 7, I1 uzonoBepxHoctu 3 mokaszausl mpu T/2 < @ < 1T 1Ist
TOTr0, YTOOBI MOKA3aTh IUCK U JJIs JIydlllero moHMMaHust 3D BUXpeBO CTPYKTYpPhI TEUSHUS XKUIKOCTHU.
IIpu T=1.25 na puc. 6a, 111 mmpokwuii “amdureatp” MOJTYBOJIHBI 2 CTOUT IIepel MEHBIIIEH MO pa3Mepam

90

“cIeHOM” TTOyKOoIblla —2, OOKOBBIE YaCTH KOTOPOTO BBIAEIIEHBI YePHOM OKPYKHOCTBIO. DTN OOKOBBIC

MN3BECTUA PAH. MEXAHUKA )KUAKOCTU U TA3A Ne 4 2023



OOPMHMUPOBAHUME IMPOCTPAHCTBEHHbBIX BHYTPEHHHWX BOJIH 127

Puc. 7. Teuenne okono aucka mpu Fr= 0.3, Re = 50, Ty, = 21 ¢: a—e — n301MHUN 103[3+ c marom 2 (I) B mmockoctnt x—z,
M30MoBepxHOCTH (B—) = 1073 (I) mpu T = 2.05, 2.6, 2.8, 2.95.

4YacTu UHAYLUPYIOT MOsIBJIeHWe HUTel f; Haa Toukoit Q npu 7 = 1.3. Hutu f;, BbleJIeHHbIE YEPHBIM
MPSIMOYTOJILHUKOM Ha puc. 66—6B, 111, asiasiorcsa yacteio popmMupyromerocs Kkackana —3. Ilpu 7= 1.4
MTOJTYKOJIBIIO —2 OTPBIBAETCS OT MOJMYBOJHBI 2, B,,...(3) = 0.021, B,...(—3) = 0.013, pasmepsl HUTEN f; yBe-
smauBatotes (puc. 68, 111). Hutu f; pactionoxxeHs! Beitite HUTE f1. KaptiHa Tedenns mpu 7= 1.5, mpen-
cTaBJieHHasd Ha puc. la—13 1 2a—20, yxXe OblIa TOapOoOHO OMMcaHa B IToapasesie 2 HaCTOSIIIE CTaTbu.
31ech K 3TOMY ONKUCAaHUIO OCTAeTCsI J0OABUTh YCTOSIBIIIYIOCSI BHYTPEHHIOIO CTPYKTYpY (“ckelieT”) mep-
BO¥1 BOJTHBI Ha puC. 11, Te 60KOBBIE HUTH fg COSIMHEHBI C KOJIBIIOM F, 2 HUTH f; — C KOJIBIIOM 7. 30ECh
TaK k€ BUAHO, 4To pu 1 = 1.5 cepanieBrUHA NOIYBOJIHBI 2 — 3TO Ne(opMUPOBAaHHOE KOJIBLIO 2 (puc. 1K).
Ha puc. 6r, 111 nipu 7= 1.73 HUTH f; COENMHEHBI C KOJIbIIOM 2. TakuMm 06pa3oM, B cTpaTU(hUIIMPOBaH-
HOWM XXUJIKOCTU KaX/I0€ BUXPEBOE KOJIbIIO CBSI3aHO C YEThIPbMSI HUTSIMU. B TO BpeMsi Kak B OMHOPOIHOI
KUIKOCTA BUXPEBOE KOJIBLIO CBSI3aHO TOJIBKO C ABYMSI HUTSIMU [6].

Ipu 1.5 < T'< 1.73 Hag Toukoii Q TeHepupyIoTcs KacKanbl Buxpeit 4 u —4 (puc. 6r). Ilpmn 1.3 < T< 1.73
Bimax(—2) ymenbimaetcst 10 0.003. Tpu 1.4 < T< 1.73 B,,ax(3) 1 Brnax(—3) yBemmumBatorest 1o 0.027 1 0.052,
COOTBETCTBEHHO (puc. 61, 11), moaykosb1o —3 npeBpaliaercs: B MOJAYKPYT —3, U3 HUTEH f; 1 MOJIy-
Kpyra —3 ¢popmupyetcst BUxpenast netist —3 (puc. or, 111); D(3) yMeHbIIaeTcs IpUMEPHO B MOJITOPA pa-
3a (aHajmoruuyHo ymeHblneHuo D(1) npu 0.28 < T'< 0.45), HO Ipu 3TOM 00BEM ITOJTYBOJHEI BIAAUH 3
3HauuTeNbHO yBenmuuBaercst. [pu 1.73 < T< 1.9 B,..(3) ymensbinaetcs 10 0.023, B,,.(—3) yBennuusa-
ercst 10 0.057 (puc. 6, IT). Tpu 7= 1.9 B,.«(4) = 0.0124, B,,..(—4) = 0.0056.
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Ipu 1.9 < T < 2.05 pa3BuBaroTcs ABE MTOIMYBOIHEI 4 1 —4. BepTnKanbHas MMOJyBOJIHA 4 camuTCcs Ha
JIEBYIO YaCTh BBITSIHYTOIO TOPU3OHTAIBHOTO MOJYKpyTa —3, KOTOPbIii 3aTeM TpaHC(pOpMUpyeTCs B 1e-
¢dopMUpoOBaHHOE KOJBIIO —3, BhIACACHHOE HA pHC. 7a, 11 1ByMs YepHBIMU KpyraMu ¢ YepHOil JoOMaHOM1
KPHUBOI MEXIY HUMU; B (—3) = 0.0046, B,,.<(4) 1 B (—4) yBemuuBarorest 10 0.08 1 0.0092 cooTBeT-
cTBeHHO. Takum obpazoMm, 1ipu 1 < T'< 2 hopMupyroTcs MOJIyBOJHA BIIAJMH 3 HAJ HUTSIMHU f3 U TIOJTy-
BoJIHA TpeOHeit 4. DyHIaMEeHTOM BUXPEBOM CTPYKTYPHl BTOPOIi BOJHBI pu 7' = 2 SIBASIETCSI TOPU30H-
TasibHOE KoJiblio —3. [1pu 2.05 < 7'< 2.95 nuameTphl AehOpMUPOBAHHBIX KoJiell —1 1 —3 MoCTeneHHO
yBeauuuBaiorcs (puc. 7, 1I).

ITpu 2.05 < T'< 2.5 Hax Toukoil Q reHepupyloTcs Kackaabl Buxpeit 5 u —5. Ecau kackansl —1 1 —3
BO BpeMsI cBoero 3apoxaeHus mpu 7 = 0.28 u 1.3, cOOTBETCTBEHHO, UMEIU OTHY SIPKO BBIPAXKEHHYIO
cepAleBUHY, TO Ha puc. 76—7r 1ipu 2.6 < T'< 2.95 HabmomaoTes cpasy TpU cepAlieBUHBI Kackama —5 B
dopme nonykodelr. [Tpu 2.1 < T< 2.5 60KOBbIE YACTU MONYKOJbLAa —4 (hOPMUPYIOT HUTHU f5 (AHATOTUYHO
(opMUpOBaHUIO HUTE f3), KOTOPBIE CTHIKYIOTCSI C HUXKHUM MOJYKOJIBIIOM KacKaaa —S, KOTopoe Mpu
T = 2.6 conpuKacaercsl ¢ BepxHeil 4acThio JIEBOrO BHYTPEHHETO KycKa —3* mpaBoii yacTu KoJjiblla —3
(puc. 76). B cuity TOro, 4To KyCOK —3* pacrosiox)eH OIMxKe K OCH Z, TO P (—3) = 0.011 > 0.005 = B, (—3)-
ITostomy nipu 2.6 < T'< 2.8 KycoK —3* mOIIOLIAET NOAYKOABLIO —5, T.e. —3* := (=3*) + (=5). B pe3yib-
TaTe HUTU f5 COENUHSIIOTCS ¢ KycKoM —3* (puc. 7B). I1pu 2.5 < 7'< 2.95 Hag Toukoil O TeHEepUpPYIOTCs
Kackanmpl Buxpeid 6 u —6. Ipu 2.8 < 7'< 2.95 Kycok —3* oTphIBaeTCS OT IMPaBOI YaCTH KOJbIIa —3 U
TpaHCHOPMUPYETCS B CUJIBHO JehopMUpPOBaAaHHOE KONbIIO —3* = —5, 00KOBast 4aCcTh KOTOPOTO BhIALIIEC-
Ha YePHBIM IIPSIMOYIOJIbHUKOM Ha puc. 7T, I1. [lajiee BepTUKaIbHBIN KacKam 6 caauTcs Ha JIEBYIO YacTh
KoJIblia —5, a MOIYBOJIHA 1, cocTosIas paHee U3 ABYX ITOJIOBUHOK, CHOBA CTAHOBUTCS MOJTHOLEHHBIM
MOJTYKOJIBLIOM, B,.«(1) = 0.008 (puc. 7t, 1). Takum o6paszom, ripu 2 < T'< 3 hOpMHUPYIOTCsI MTOTYyBOTHA
BIAIWH 5 Hall HUTSIMU f5 U TTOJTyBOJTHA TpeOHelt 6. DyHIaMEeHTOM BUXPEBOM CTPYKTYPHI TPETheM BOTHBI
siBsteTcst Konbiio —5. Tpu 7> 2.8 B,,,,.(4) =0.14 < 0.33 = B,,.«(2), T.c. ipu T= 2.8 rpeGeHb 4 U BUXpeBast
CTPYKTypa JIEBEE €T0 YKe ITpruMepHO chopmupoBaiick. [TosToMy mmmmprHa moayBoiaH 2-4 Ha puc. 78—7T, 13-
MepsieMasi BIOJIb MPSIMOIi, MepIeHANKYISIPHON UM, Npubaru3uTeabHoO paBHa TFrd = 0.94d. DTo xopoliio
COIJIaCcyeTCs C JMHEWHOI Teoprueii BHYyTPEHHUX BOJIH.

IMpu 7= 2.95 BuxpeBbIe KOblla —1 1 —3 BMeCTe ¢ MOJYKOIbIIaMU —5 1 —6 cO30aI0T BUXpEBOE “THE3-
no0” (puc. 7r). B HeM moToM reHepupyloTcs KacKaabl BUXpeii 7 1 —7 ¢ HECKOJIbKMMU CEepALIeBUHAMM, 1a-
Jiee y OCH Z MOSIBJISIETCSl BUXpEBasi MeTJist —7, 3aTeM (hOpMUPYIOTCSI BUXpEBbIe KacKaibl 8 U —8 M Kackan 8
CaJUTCs Ha TOJIOBHYIO yacTh netinu —7. [lpu 7'=4 u /2 < ¢ < T 60KOBasi 4aCTh KOJIblLia —5 CTAHOBUTCSI
JIOTIOJTHUTEIbHOM HUTBIO, CBSI3bIBAIOIIEN OCEeBbIE YacTU rpeOHe —5 U —7 Hapsiy ¢ HUThIO f;. {1 yncna
Fr= 0.3 Bce M®BB npu 7> 4 noxoxu Ha M®BB nipu 3 < 7< 4. B pesynbTaTe oceBble YaCTU TpeOHeit
OKa3bIBaIOTCS CBI3aHHBIMU APYT C IPYTOM B [IENOYKY HEUeTHBIMU HUTSIMM KaK “TI03BOHKHU~ “cKenera”
BUXPEBOIi CTPYKTYyphl TeueHus (puc. 71, 1I). Ha xaxnplit Takoii “II03BOHOK” IIPUKPEIICHBI 1B ITOJIY-
BOJIHBI (BMaauH U rpedHst). ITo Mepe yMmeHblleHUs1 Fr ropu3oHTalIbHbIE pa3Mepbl MEXIY LEHTpaMu
“no3BOHKOB”, paBHble 2TTFrd, yMeHbIlIaloTCs.

SAK/IIOYEHHE

IIpoBeneHO MaTeMaTUUECKOE MOJCIMPOBAaHNE PABHOMEPHOIO IBMKEHMS NMCKa ¢ AUaMeTpoM d 1
ToHOM 4 = 0.76d B TOpM30HTAIBEHOM HAIIPaBJISHUHU BIOJb €T0 OCH CUMMETPHUH Z B OKOSIIIIEICS JTN -
HEHHO cTpaTU(UIIMPOBAHHO MO IJIOTHOCTU HECXKUMAaEMOI BsI3Koi xxunkoctu npu Re = 50, T, =2 ¢
¥ B IMpoKoM nuarazoHe Fr. [Iuck renepupyet npocrpaHcTtBeHHbIE (3D) rpaBuTalinoHHbIE BHYTPEH-
HUE BOJIHbBI, 3aHUMAaOLINE BCe TPOCTPAHCTBO MEXAY AMCKOM U MecToM Q ero ctaprta. CyllecTBEeHHO 10-
MOJIHEH oMyOJMKoBaHHbIN B [11] M®B, paboTatoimuii mpu GopMrUpoBaHUN IPaBUTALIMOHHBIX BHYT-
PEHHUX BOJIH, IIOJIyYeHHBII HA OCHOBE aHaIM3a AMHAMUKHU 3D BUXpeBOil CTPYKTYPHI TEUSHUSI SKMIKO -
CTU, BU3YAJU3MPYEMOI TNpU TOMOIIM H30MOBEPXHOCTH MHUMOW vactu [ > 0 KOMILUIEKCHO-
COTIPSIKEHHBIX COOCTBEHHBIX 3HAYEHUI TeH30pa rpagrueHTa CKOpOCTH. JIJIsi HaXOXIAEeHUsI 3 B KaKIoM
y3JIe pacueTHOM CeTKHU ITpy oMoy ynciaeHaoro Mmeroga MEPAHK [13] pemaiack cucreMa ypaBHe-
Huit Hasre—CToKca B mpubakeHun byccuHecka, 3anvcaHHasi B IMJIMHAPUYECKON cUCTEME KOOPA-
Hat. /1151 60JbIlIei HATJISIAHOCTU MOJYBOJIHBI IpeOHell 1 BriaiuH ObLIM OKpallleHbl pa3HLIMU LIBETAMU
B 3aBUCHMOCTH OT 3HAaKa YIJIOBOW KOMITOHEHTBI 3aBUXPEHHOCTHU O, Ha HUX. Takast BU3yaru3anus mo-
Jydnsia HauMeHoBaHue B+ [22].

B [11] ocHOBHOE BHUMaHUE yAEsSIeTCsSl IePUOAUIYSCKOMY IPOLIECCy 3apoXAeHUS JeOopMUPOBaH-
HBIX BUXPEBBIX KOJIELl HaJ TOYKOM O, IpOMCXOASsIIeMYy B CUIIy TPaBUTALIMOHHOM U CIBUTOBOI HEYCTOM -
yuBocrTeii. Torma JieBoe MoayKoJbllo TpaHC(OPMUPYETCS B MOJYBOJIHY BIaAUH WU TPeOHEN, a IIpaBoe
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MOJIYKOJIbLIO McYe3aeT co BpeMeHeM. B Hacrosiieit pabote nmomuepkuBaeTcsl BaxHasi pojib HEYETHBIX
npaBbIx noaykoselr B M®B u cpopmynuposaH ciaeayoinii yHusepcaiabHblii MMDBB 3a nuckom ajis
Re =50, T}, = 21 c u Fr £4 B BepxHeM NOIyIPOCTpaHCTBE HaJ ocklo Z. [Ipu 7> 0 nepuoanyecku B Te-
yenue Kaxgoii AT = 0.5 Hag Toukoil Q GopMUPYIOTCS JIeBhIi kK U TIpaBbIii —k KacKaIbl BUXpE, COCTO-
s1IMe U3 HUTeM f, okosio Q u neopMUpOBaHHBIX NToJIyKoJiell k u —k, tne k=1, 2, 3, ... (cM. puc. 36—4a
u 5a—56 1151 K = 1 1 2 COOTBETCTBEHHO). JIJIs1 KaXKIOTO HEYETHOTO k'Y ocU Z (popMUpyeTCs BUXpeBasi
neTst —k, COCTOsIIIAast U3 HUTEM f, U HUXKHETO TOJyKoJiblla —k, Ha KOTOPOE MOTOM CaauTCsl YeTHbIH Kac-
kanm (k + 1). Janee ronoBHas1 4aCTh NETIM —K CTAHOBUTCS 1e(pOPpMHUPOBAHHBIM KOJIbIIOM. TakuM o6pa-
30M, B TeueHue Kaxnoii AT = 1 (¢popmupyeTcs HoBasi BHYTPEHHsISI BOJIHA, COCTOSIIIAS M3 ITOJYBOJIH BITa-
IuH k 1 tpebHs (k + 1). JIeBast yacTh Koiblia —k CTAHOBUTCSI OCEBOI1 YyacThio IpedHs (kK + 1). B pe3ynb-
TaTe OCEBble YaCTU IpeOHell OKa3bIBaIOTCSl CBSI3aHHBIMU JAPYT C IPYrOM B LIETIOYKY HEYETHBIMU
HUTSIMU. YTOOBI YBUAECTh 3Ty BUXPEBYIO LICMIOUKY, HY>KHO BU3yaJIU3UPOBaTh TOJLKO Ty YacTbh U30I0-
BepxHoCTH 3 = B, HAa KOTOPOii ®, < 0. Takas BU3yanM3anus MojayInia HANMEHOBaHUE (B-) [22]. Ans
pasHbIx uHTepBasioB AT = 1 M®BB umMeeT cBoM 0COOEHHOCTH, TTIOAPOOHO OMKUCAHHBIE B HACTOSIIICH
pa6ore. CyuiectByeT Hebob1Iasg 3aBucuMocth M®BB ot Fr. Hanmpumep, ripu 0.8 < Fr <4 noJ1iyBoJIHbI
rpebHel GopMUPYIOTCS U3 YeTHBIX HUTel oKoJio Q, a He u3 mnoJiykosiell Haa Q kKak npu Fr < 0.5. Tpu
Fr=0.8u 7> 1 Bce M®BB m1s1 pa3Hbix BpeMeHHBIX nHTepBaIoB A 7= 1 moxoxu Ha M®BB nipu Fr =
=03uT=3.

Takum o6pa3oM, B HACTOSIIEH paboTe TIPUBEICHBI AeTAILHOE ONMCAaHNE W PE3YIbTaThl pacyeTHO-
TEOPETUYECKOro aHajn3a TUHAMUKU (hOPMUPOBAHUST TIPOCTPAHCTBEHHBIX BUXPEBBIX CTPYKTYpP B JIM-
HEWHO cTpaTu(GUIIMPOBAHHOI BSI3KOH CIUIOIIHONM Cpefie, CO31aBaeMbIX IBUXYIIIMMUCS B TOPU3OHTAIIb-
HOM HampaBJIeHUM 00beKTaMU B (popMe TucKa.

PacyeTbl mpoBOIMIIMCH Ha BEIYMCITUTENBHBIX pecypcaXx MexXBeTOMCTBEHHOTO CYTIEpKOMITBIOTEPHO-
ro ueHrpa Poccuiickoit akanemun HayK (MCL PAH).
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