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AHHOTaIUA

B mnpenpunte Ha OCHOBE 4MCIEHHOro pelieHuss ypaBHeHud Habe-Crokca ais
BS3KOW HEC)KMMAeMOM JKHUIKOCTH HM3Yy4YeHBI PEXHMbI T€UEHHS B IUIOCKOM Iuddy3ope ¢
MaJIbIM yrJIoM pactBopa. [IpogeMOHCTpUpOBaHO, B 3aBUCMMOCTH OT uucia PeitHonbica,
CMEHa pEeXUMOB TedeHHs B AudPy3ope OT CHUMMETPUYHOIO CTALHOHAPHOTO K
HECUMMETPUYHOMY CTAallHOHAPHOMY M 3aTeéM K HECTAalMOHAPHOMY HECUMMETPUUYHOMY.

VYka3zaHbl 3HaUYCHUS JUAIa30HOB ynces PeliHolb/Ica CyIeCTBOBAHMS JAHHBIX PEXKUMOB

Abstract

In the paper the results of studying the various flow regimes in a plane diffuser with a
small opening angle obtained for a viscous incompressible fluid by numerical solving the
Navier-Stokes equations are presented. A transition of the flow regimes in a diffuser from a
symmetric stationary regime to asymmetric stationary one and next to asymmetric
nonstationary regime in their dependence on the Reynolds number is demonstrated. The
values of Reynolds number that define the ranges of existence of given regimes are pointed

out.
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1. BBenenue

B nanHo# paboTe mpencTaBiIeHbl pe3yabTaThl YUCICHHOTO MOJICTUPOBAHMS TCUCHUN
BA3KOM HECKMMAaeMOW JKUJIKOCTH B TUIOCKOM CHMMETPUYHOM ABYMEpHOM Auddy3ope st
CTallMOHAPHOTO W HECTALMOHAPHOTO (CHMMETPUYHOTO W HECHMMETPUYHOIO) pPEXHMOB
TedeHus. TeueHue BSI3KON KUIKOCTH B IUIOCKOM JABYMEpHOM auddy3ope crnenupuaao Tem,
YTO, 3a CYeT pacIIUpeHus o0JIacTH TE4YeHHWs, B HEM MPOUCXOAUT TNpeodpazoBaHUE
KMHETUYECKOM SHEPTruy MOTOKA B CTATUYECKOE JABJICHUE U XapaKTep TeUEHUS ONpeaesieTcs
reomerpueii (yrimom pactBopa auddysopa ) u umciom PeiiHombaca  (BS3KOCTBIO,
CKOPOCTBIO HJIH PACXOJIOM).

3angaua o TeueHUH B quddy3ope (KoHPy30pe) JaBHO NMPHUBIIEKAET BHUMAHUE YUEHBIX
u uHKeHepoB. [lepBble M3BECTHbIE AaBTOMOJEIBHBIE PEIICHUS 33Jadyd O CTallMOHAPHBIX
TeueHusx B nuddyszope (koHPy30pe) ObLIN HE3ABUCUMO TIOJIYUEHBI €IIe OKOJIO CTa JIET TOMY
Hazan k. [xebdpu [1] u I'. Tamenem [2] (mepeBobl TaHHBIX CTaTe HA PYCCKUH S3BIK
cnenansl JI.B. I'eoprueBckum [3] u C.B. HecrepoBbim [4] u omyOnmkoBaHbl B Oosee
JIOCTYITHOM poccuiickoM xypHaine [3,4]). HecMoTpst Ha Kaxymiyrocs MpOCTOTY, 3anada
Jxeddpu-I'amens n300mIyeT pa3InYHbBIMU ITOCTAHOBKAMH W HAJIMYUEM OOJIBIIIOTO Kjacca
peuieHnit U GU3NYECKUX ABJICHUH, KaK CTAl[MOHAPHBIMU, TaK U HECTAIMOHAPHBIMHU.

Jlist onipeieNIeHHBIX AMAa30HOB yucen PeifHonbaca u yriioB pactBopa muddysopa
TEUCHHE B HEM MOXET OBITh CTAI[MOHAPHBIM M CHUMMETPHYHBIM, TO €CTh BEKTOPHOE IOJIe
CKOPOCTH TaKOr0 TEUEHUS CTAI[MOHAPHO U paJualibHO 0€3 TaHreHCAIbHON COCTaBISIONICH, a
BEJIMYMHA CKOPOCTH YMEHbIIAeTcs Mo aiuHe Auddys3opa, aCUMITOTHUECKH CTPEMSCH K
HyqI0 Ha OeckoHeyHOCTH MJIuHBI auddysopa. I TakuMxX TEUEHUH CYIIECTBYIOT
aBTOMOJeNbHBIC pemieHus. [Ipu yBennyennn yncia PeliHonbaca CMMMETPUYHOCTh TEUCHHS
OTHOCHUTENbHO ocH Au(dy30pa MOXKET HApYIIAThCs, OCTABAsCh MPU 3TOM CTAllMOHAPHBIM, a
MpU JaJbHEHIIEM YBEJIUYECHUHU yucia PeilHonbpaca TeueHHe MPUHUMAET HECTAIl[MOHAPHBIN
XapakTep, Mepexos CHayalla B KoJeOaTeIbHbIN 1 3aTeM B TypOYJICHTHBIN PEKUM.

N3-3a Hanmu4usi pa3IUYHbBIX PEKUMOB TEUCHHUS U OOJIBIIOTO KOJIMYECTBA TEXHUIECKIX

NpHIOKEeHUH AudPy30poB U MHOrooOpaszusi TUAPOJIUHAMUYECKHUX SIBJICHUN B HHX, 3ajJaya



[0 HCCIENOBAaHUIO TNEPEeXOAHBIX PEKHUMOB TeueHUs B auddysope, He mepectaeT OBITH
aKTyaJIbHOM U MPHUBJIEKAaeT BHUMAHNUE YYEHBIX U HH)KEHEPOB JI0 HACTOAIIETO BPEMEHHU.

K HacrosiieMmy BpeMeHU CyIIECTBYET OU€Hb OO0JIbIIIOE KOJIUYECTBO TEOPETUUECKUX U
AKCIIEPUMEHTAIBHBIX Pa0OT, MOCBSIICHHBIX TEUEHUSM XUAKOCTEH (ra3oB) B nuddysope u
3TOMY YACIEHO BHHMAaHHE BO MHOTHX H3BECTHBIX MOHOTpadusx © ydeOHUKax I10
ruapoauHamuke [5-9]. O630p padot mo pemenuto 3anauun Jxeddpu-I'amens u 06o6meHne
Ha OCHOBE I'PYIIIOBOrO aHanu3a aaHbl B pabote B.B. Ilyxnauesa [10]. B pa6ote [10], kpome
OTHMCaHUsI CBOMCTB CTAIlMOHAPHBIX pereHui 3anaun [xeddpu-I'amens, yka3pBaeTCsl TakKe
0 BO3MOJKHBIX HEEAMHCTBEHHOCTSIX B CTAIIMOHAPHBIX PEIICHUSIX MPH YBETUYCHUH PAcCXofa
0 CTaOWIM3UPYIONIEM XapaKTepe PpeHICHHs] MPHU SBOIIOIMOHUPOBAHUH HECTAIMOHAPHOTO
ABTOMO/ICIBHOTO TEYCHHsI HEC)KMMACMOM JKUAKOCTU (1151 yMEpEeHHBIX urces PeliHombaca) ¢

HavaJbHBIM MacIITaOHO HWHBAPUAHTHBIM U COJICHONAAJIBHBIM ITOJIEM CKOPOCTH.

B paGorax JI.JI. Akynenko ¢ coaBropamu [11-14] naiinensl 0000IIeHUsT pelIeHUs
samaun  JDxeddpu-T'amens, ykazaHo Ha HaaM4YUe HECHUMMETPHYHBIX CTAIMOHAPHBIX
pereHuil (TEUEeHU) W TPHUBEACHBI OJHO-, JBYX- M TPEX-MOJOBBIE Ou]ypKalMOHHBIE
pemienusa. B aTux paboTax ykasplBaeTcs Ha HAJIWYUE CTAllMOHAPHBIX HECUMMETPUYHBIX U
MHOTO-MOJIOBBIX PEIICHUN Jis ONMpeAeNICHHBIX IUana3oHOB uucen PeliHonblaca W yrioB
pactBopa nuddysopa.

B pabore A.B IllameeBa [14] mnpoBeaeHO MareMaTHYeCcKoe MOJCIUPOBAHNE
MPOLECCOB Pa3BUTHUS M YCTAHOBJICHUS CTAallMOHAPHBIX TEYEHUW BSI3KOM HECKUMAEMOM
xKuIKocTH A 3anaun [amens-Jxepdpu u oOpasoBanue Buxpeit Moddarra npu HyneBoM
pacxole Ha OCHOBE YHCIEHHOTO peIICHHs aBTOMOJICIbHBIX ypaBHeHHWH. JlaHHBIE
aBTOMOJEJIbHbIE PELICHHUS YKa3bIBAIOT HA CYLIECTBOBAHME CTAlIMOHAPHBIX MOJ, HO OHU HE
YKa3bIBalOT Ha MEXaHH3M CMEHbI MOJ U HE MPEIIoJaraioT CpbiBa MOrPAaHUYHOIO CJIOS Ha
cTeHkax quddy3opa U MOSBICHUS HECTAIIMOHAPHOTO KOJICOATETLHOTO PEXKIUMA TCUCHHUS.

Jnst cumMeTpudHbIX TU(QPY30pOB ¢ MalbIMH yIJIaMH pacTBOpa (B<6°) MOYKHO
BBICTUTh ~HAJIWYUE UYETHIPEX  XApPAKTEPHBIX PEKHUMOB TEYCHHS: | - MEUICHHOE
CTallMOHAPHOE CUMMETPHYHOE 0e30TpBIBHOE TeueHHe, 2 - CTAIlMOHAPHOE HECUMMETPHYHOE
TeueHue, 3 - HeCTallMOHapHOe KosebarenpHOe (MEepexoHOe) TeueHue, 4 - pa3BUTOE
HecTanuoHapHoe (TypOysieHTHoe) TeueHue. JlaHHas paboTa MOCBSIICHA U3YYCHHUIO TEPBBIX

TpeX, U3 YKa3aHHBIX PEKUMOB.



[Ipu wucnonb3oBanuu AU(PPy30poB Ha MPAKTHKE YaIle BCEr0 CTATKHUBAIOTCSA C
HECTALlMOHAPHBIMU U TypOYJIEHTHBIMH pPEKUMaMM TEUCHMsI KHUJIKOCTH M Ta30B B HHUX,
[IO9TOMY HCCIIEJIOBAHUSAM TEPEXOJHBIX U TypOyJEHTHBIX PEXHMOB TEUCHHH B IUIOCKUX
midy3opax  MOCBALICHO  MHOTOYHCIEHHOE  KOJHMYECTBO  TEOPETHYECKHX U
IKCIIEPUMEHTAIBHBIX Pa0dOT, CPeIM KOTOPBIX MOXKHO BBIIEIUTH cieayromue: [15-24].

Xors pabora R.W Fox, S.J.Kline [24] u mocesiieHa 3KCHEPUMEHTATBHOMY
UCCIIEIOBAaHUIO TYpOYJEHTHBIX TEYEHUH B KPHUBOJIMHEHHBIX auddysopax c¢ yriamu
moBopoToB OT 0 10 90 TpamgycoB, oHA SABISIETCS MPOMODKEHHEM PabOThI M 0000IIEHHEM
padoter C. Moore,. and S.J. Kline. [19], rme wu3y4anuck TypOyJCHTHBIC TEYCHHS B
muddy3zopax ¢ IIOCKMMH cTeHKaMu. B pabote [24] npuBeneHa kinaccudukanus pexuMoB
TE€4EeHUH U GOPM CPBIBOB TEUEHHH (CTALlMOHAPHBIX, HECTALIMOHAPHBIX, IEPEMEKAIOIINXCS) B
auddy3opax ¢ MIOCKUMHU CTEHKaMHM, a TaKXKe 3aBUCUMOCTH ()OPM BTOPUYHBIX TEUEHUH UIs
KPUBOJMHEUHBIX U((Y30pOB OT YIIIOB pacKpbITHs W moBopora aupdysopa. B pabote
B.I1. I'epacumenko ¢ coaBropamu [21] npencTaBieHbl KiacCH(PUKAIUS OTPBIBOB B INIOCKHX
muddy3opax v 1uarpaMMbl UX CYIIECTBOBAHMUS.

Teuenust B xaHasne U B 1uddy30ope ¢ ManbIM yIjOM pacTBOpa MpPU MaJbIX YHUCIAX
PeiiHonbica MOTYT HMMETh MOJOOHBIE XapaKTEPUCTUKU. TeueHHs CTpyd B OTKPBITOE
IPOCTPAHCTBO M TEUYEHHUS BO BHE3AMTHO PACHIMPSIOUIMXCS KaHajaX B HEKOTOPBIX CIIydasix
MO’KHO PacCMOTpPETh, KaK IIPeJeNIbHbIN cilydail TedeHus B Auddy3opax ¢ yriiamu pacTBopa B
360 wim 180 rpamycoB, COOTBETCTBEHHO. MccnenoBanne HapyIeHusl CHMMETPUU TE€UCHUS U
oudypkauuit B 3amaue Jxeddpu-I'amens, BkIOUas TeUeHHWE B KaHAJIE W MpPeICsIbHBINA
ciyuait mudy3opa ¢ yriiom packpeitus B 180 rpamycos, mpoBeneHo B padote [25].

HccnenoBaHusiM TEYEHUH BO BHE3AIHO PACIIMPSIOLIMXCS KaHajlaX IOCBSIIEHO
OrPOMHOE KOJIUYeCTBO padot, Hanpumep [26 - 34]. Jlanuble paboThl OTOOpAHBI C KPUTEPHEM
oOmHocTH TeyeHHH B JudQy30pax M TOCBALICHHBIX M3YYCHHUIO CHMMETPUYHBIX,
HECMMMETPUYHBIX, CTALIMOHAPHBIX, HECTAIIHOHAPHBIX PEXKUMOB.

B pa6orax D. Drikakis ¢ coaBropamu [32, 33] ucciaemoBaHbl CMEHBI PEXHMOB
TE€4YEHUHN U HapyLICHUs] CHMMETPUYHOCTU TEUCHHsS B CUMMETPUYHOM KaHaje ¢ BHE3aIHbIM
pacpenuem i uncen Peiinonbaca ot 70 go 1000.. B pa6ore [33] ucciaenoBano BiusHUe
Pa3NUYHBIX YUCICHHBIX METOJOB M CXeM (OT MEpPBOro O TPETHEro MopsijaKa TOYHOCTH) Ha

KpuTHueckue uucna PeliHonblca MOSIBIEHUS HECUMMETPUU UM OMQypKanuil B TECUYEHUAX B



KaHajiaxX ¢ YCTYIOM H BBICTYIOM. [loka3zaHa BOCIIPOM3BOAMMOCTh YHCIEHHBIX PE3yIbTATOB —
BO3HUKHOBEHHE HECUMMETPHYHBIX TE€UEHUH, MOJYyYEHHBIX [0 TPEM PA3JIUYHBIM YHCICHHBIM
CXeMaM MPH XOPOIIEH CETOYHON pa3pelIuMOCTH.

O0630p paboT MO YMCICHHBIM METOJAM HCCIENOBaHUS OM(PYPKAIMOHHBIX TEUEHUH
ony0irkoBaH B padote [35].

B paborax F.Durst ¢ coaBropamm [26, 27] npuBOAATCSA  pE3yabTaThI
HKCIIEPUMEHTAILHOTO UCCIIEAOBAHUS TEUEHUS B CUMMETPUYHOM PACIIMPSIONIEMCS KaHae.
[IpuBeneHbl KapTUHBI TEUEHWH W TPOPWIM CKOpPOCTEH B KaHaJIe C CHMMETPUYHBIM
paclpeHueM, UW3MEpeHHbIC Jlazep - JAOIUIEPOBCKMM MeTonoM. B pabore [26]
AKCIIEPUMEHTAIBFHO IOKAa3aHO, YTO MPU MaNbIX Yuciax PelfHombAca B CHUMMETPHYHOM
KaHajle CO CTYNEHYaThlM pacIIMPEeHHEM TEYEHHE MOKET HMETh CTal[MOHAPHBIA U
HECUMMETPUYHBIN xapaktep. B pabore [27] moka3zaHo, 4TO TpH HEOONBIIMX YHCIIAX
Pelinonpaca ¢GaykTyaruu SHEpPruu B KaHAJE MOTYT MPEBOCXOIUTH (DIYKTyalluu SHEPTUU
COOTBETCTBYyMOIIME TypOyneHTHOCTH. B paborax J. Mizushima c¢ coasropamu [30, 31]
MPUBOJATCS KPUTHUECKHE 3HauUeHUsl yrcen PeifHombAca BOSHUKHOBEHHS Pa3IUYHbBIX BHUJIOB
Ooudypkanuii 1 HeHTpabHbIE KpUBBIE (Yrciio PeitHOMbIca/ OTHOIIIEHHE CTOPOH YCTyMa) JJIs
CTAIIMOHAPHBIX, MIEPUOTUICCKIX, CHMMETPHYHBIX U HECUMMETPHYHBIX TEUYCHUH B KaHANaX C
BHE3AITHBIM YCTYIIOM U BBICTYTIOM.

N3yueHunto OTpBIBHBIX TEUCHUH M OudypKamusam TeueHuil B Auddy3opax moCBsIICHBI
pabotsI [16, 18, 25, 34-39]. Kaptuns! orpbeiBa TeueHus B 1 (Hy30pe MOKHO TTOCMOTPETH B
pabore Ashjaee, J.P.Johnston [16], a Taxke B ansbome Van Daike [40] (wa pucynke 4).
Hecmotpst Ha cyliecTBOBaHHE U MCIOIH30BAaHUE HECTAIIMOHAPHBIX TeUeHUU B nuddysopax,
MEXaHU3MBbl MEPEX0J0B OT JJAMHUHAPHOTO CTAaI[MOHAPHOTO TEYEHUS K HECTAllMOHAPHBIM U
TypOyJE€HTHBIM HW3Y4EHbl HEIOCTaTOYHO TOJHO. JleTadbHOE HKCIEPUMEHTaIbHOE
WCCJICIOBAaHNEC BO3HMKHOBECHHSI BO3BPATHBIX TEYCHWHW W HECTAIMOHAPHBIX PEKUMOB B
IUIOCKUX JUIMHHBIX JTU(Qy30pax ¢ yrimamu pactBopa oT 4 10 24 TpagycoB W UHCIE
Peitnonbaca Ha Bxoge 2.2 10° 6bUI0 crenaHo B pabore J. Ashjaee, J.P.Johnston [16].
ABTopsl paboTel [16] sKCHEpUMEHTANBHO IMOKAa3ald CYIIECTBOBAHHUE HECTAIMOHAPHBIX
PEKUMOB TEUYCHHUS C TIEPEMEKAIONINMICS BO3BPATHBIMH BTOPHYHBIMH TEUCHHUSIMH Y CTEHOK
Y OTPHIBAaMH OT CTEHOK OCHOBHOTO TEUEHUS C «BHE3AITHOM 1mMepedpocKoii oTpbiBay. CXOaHbBIE

3¢ heKThI HEYCTORYMBOCTH UCCICAYIOTCS 4HciaeHHO B pabore A.T. demopuenko [17] mpu



pPacCMOTPCHHUUN TCUCHUA CXKUMACMOI'0O Ira3a BO BHC3AIIHO PACHIMPAIOMICMCA KaHAJIC IJId

JI03BYKOBBIX PEKHMOB.

B pabore M. Nabavi [18] mpusomsarcs pesymbratel 2D um 3D (¢ ycmoBuem
CHMMETPHH) YUCICHHOTO MOJCIHPOBAHMS TEUCHHS BS3KOH HEC)KUMAEMOW YKUIKOCTH IS
uucen Peitnonsaca B auanasone ot 60 no 360 u yriioB pactBopa auddysopa ot 10° go 180°
B IUIOCKOM U (dy30pe ¢ HATMYUEM BXOJIHOTO YY9aCTKa, TIOKa3aHO BIHMSHUE TPEXMEPHOCTH U
OCHWIUISIIIAA ~ CKOPOCTH Ha BXoAe B AU(dy30p Ha HAIMYAE HECTAlMOHAPHBIX
HECHMMETPUYHBIX PEKUMOB TCUCHHSI.

B paborax O.R. Tutty c coaBropamu [36, 39] wuccrnemoBaium BO3HUKHOBEHUE
CTaI[IOHAPHBIX U HECTALMOHAPHBIX BOJH B TEUYCHHH XHIKOCTH B nuddy3ope B quana3zoHe
yucen Peitnonbaca ot 5 mo 5000 mpu pa3HbIx yriax pactBopa auddysopa. [IpuBoasrcs
3aBHCUMOCTH ¥ ACHMIITOTUKU CYIIECTBOBAHHS BOJH B 3aBUCHMOCTH OT yIJIa pacTBOpa
muddyzopa u uncna PeiiHonbca.

P.M. Eagles, u M.A. Weissman B cBoeii padote [34] mokaszamu pacnpocTpaHeHHUE
BOJH B auddy3ope ¢ ydeToM M3MEHEHUS MONEePEYHON KOMIOHEHTHI CKOPOCTH M MPHBOIST
YaCTOTHO-aMIUTUTYTHBIX XapaKTEPUCTHK W HEHTPAIbHBIX KPUBBIX, CpaBHUBAs HX CO
cilydaeM KBa3u-MapaJuIeIbHOTO MPUOIIIKCHHUS.

HecMoTpst Ha  MHOTOYMCICHHOCTh  Pa0OT, TOCBSIICHHBIX  HCCICIOBaHHIO
THIPOAMHAMUKK B nuddy3opax, AeTand Iepexona TEYeHUs BI3KOW HECKHMaeMOn
XHUIKOCTH B MU (dy30pe OT CHMMETPHYHOTO CTAIMOHAPHOTO PEXHUMA K HECUMMETPHYHOMY
CTallMOHAPHOMY M HECTAI[MOHAPHOMY PEKMMaM TEYEHUS [0 HACTOSIIEr0 BPEMEHU HE
M3YUYCHBI.

B nannHoil paboTe Ha OCHOBE YMCICHHOTO perieHus ypaBHeHuid HaBbe-CTokca mis
BSI3KOW HEC)KMMAEMOH JKHUIKOCTH HW3Yy4YeHBI PEXHMMBI TEUCHHS B IUIOCKOM Iuddy3ope ¢
MajblM YITIOM pacTtBopa. B 3aBucumoctu oT uucna PeliHonbaca, IpOAEMOHCTPUPOBAHO
CYILIECTBOBAHME CTAI[MOHAPHBIX W HECTAI[MOHAPHBIX PEXHMMOB TeueHMs. [loka3ana cmeHa
pPEeKUMOB TeueHus: B Auddy3ope 0T CHMMETPHYHOTO CTAIIMOHAPHOTO K HECHMMETPHYHOMY
CTallMOHAPHOMY M 3aTéM K HECTaI[MOHAPHOMY HECHMMETPHYHOMY. YKa3aHbl 3HAYCHHUS

JAHUaIria30OHOB YHCCJI Peﬁﬂonbz[ca CyHICCTBOBAaHUA JaHHBIX PCIKUMOB.



2. ITocTaHoBKA 3a1a4M.

PaccmarpuBaeTcs aMUHApHOE TEYEHUE BS3KOM HECKUMAEMOM KUJIKOCTH MEXKIY
JBYMSI TUIOCKUMH CTEHKaMH, HAKJIOHEHHBIMU JIPYT K IPYTY M0 HEOOIbIIHM yriioM (puc. 1).
Teomerpuueckas monenb quddysopa creayromas: yroa pacrsopa aubdysopa pasen f=4°,
BXO/IHAs rpaHuna umeer ¢opmy Ayrd lin (3aKIOYEHHOW MEXIy TOYKAMH Ha JIydax Ha
paccrosiauu Ii7=0.005M OT Hayaia KOOPAWHAT U TOYKAMHU C BEPTUKAIBLHBIMH KOOPIUHATAMU
Yin=t0.00035M, rae r2:x2+y2), BBIXOJHAs TpaHuna umeer Gopmy B Buae ayru loy (Ha
paccTosHUM OT Hayaja KOOpAUHAT [oy=0.5M M 3aKIIOYEHHOM MEXAY TOUYKaMH You==
0.035m). Takum obpaszoM, jmHa auddy3opa coctaBimsieT L= roy - fin = 0.495m. Takas
yAJTUHEHHAs TeoMeTpusi ObUla BHIOpaHa MO ABYM MPUYMHAM: BO-TIEPBBIX, IJIS TOTO, YTOOBI
UCKITIOYUTh BJIUSHUE HA OCHOBHOE TEUEHHUE AaNMpPOKCHMAIUA TPAHUYHBIX YCIOBHHM Ha
BXOJIHOM M BBIXOAHOM rpaHuiax Auddys3opa, a BO-BTOPBIX, AJIS TOTO, YTOOBI MPOCIEANUTD 32

M3MEHEHHUEM CTPYKTYpbI Te€UEHHS 1O AsnHe aAuddy3opa.

Puc. 1 Cxema pacueTHO# 00J1aCTH U CETKA JIs TUIOCKOTO MU dy3opa

¢ yriom pactBopa B=4° u niuunoi 0.495 merpa

MO,HGHHpOBaHI/Ie 3a1a4r OCYIICCTBIISICTCA Ha OCHOBC YHCJICHHOI'O pCHICHUA CUCTEMBI

ypaBHeHuir HaBbe-CTokca 1151 HECH)KMMAEMOM BS3KOM KUAKOCTH:

ﬂ+(VV)V=—V—P+VAV
o p (1)
divv=0

rie V — BekTop ckopocTH; P — paBieHuwe; p — IUIOTHOCTh, V — KoOdhdHUIHEHT

KHHEMaTHYECKOM BSI3KOCTH.
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B kauectBe rpaHMuHBIX yciaoBui, Ha Bxoae B mupdysop liy (Ha paccrosHuEM OT
Havaya KoopauHar li, =0.005M), 3a1aH TOCTOSITHHBIA TTOJIOKHUTENBHBIA pacxoa Q, Ha BbIXOJE
lout (Ha paccTosiHMM OT Haydana KOOPAWHAT Foy=0.5M) 3amano maBnenue P=0, Ha BepxHeil u
HIOKHEW TpaHWIax IS CKOpOCTH cTaBuTcs ycioBue mnpwmnanus: V=0. Hauanbnbpie
3HAYEHUS! CKOPOCTH U JaBIICHUs ObLTU HYyJEeBbIe. UNCIEHHBIC PENICHUS aHATU3UPOBATUCH Ha
CTaIlMOHAPHOM WJIM Ha YCTAaHOBHUBIIEMCS KOJIeOATeTbHOM peXHUMe TeueHus. Yucio
Petinonbaca Ha Bxone B auddysop omnpeneneno, kak Re=Uij, lin/v, rae li,, — amuna nyru, a
Uin — ckopocts Ha Bxoae B auddys3op, HampaBieHHas IO HOPMald K TpaHUIIE,

COOTBETCTBYMOMIAs pacxoay Q.

Juckperuszanus aByMepHbIX ypaBHeHuH HaBbe-CTOKca OCylIECTBIsUIaCh METOAOM
KOHTPOJIbHBIX 00BEMOB. Ilpu mpocTpaHCTBEHHOHM anmpokcuMaluu ypaBHeHH Hasbe-
Crokca HMCHOJIB30BAIMCh YHWCIECHHBIE METOABI BTOPOTO U TPETHEro MOpsAAKa TOYHOCTH
(BTOpOTO JUTsl aNIPOKCHMAIINU YPABHEHUS JaBICHHUS M TPETHETO ISl CKOPOCTH) C HESIBHBIM
COBMECTHBIM (MaTPHYHBIM) METOJIOM PEUICHUS! YPaBHEHHI, HMEIOIINUM JIy4IIyl0 TOYHOCTb,
4eM METOJ C pa3leibHBIM pEIICHHEM YypaBHEHMU. [Io BpeMeHM Takke HMCIOJIb30BaIACh
cXeéMa BTOPOro MOpsJKa TOYHOCTH. PacdeTsl ObLIM NPOBENEHBI HAa pPa3HBIX CETKaX M
IIPOBEPEHa CXOAMMOCTh YHCIIEHHBIX PE3Yy/IbTaTOB B 3aBUCUMOCTH OT mmara cetku. Ha puc. 1
MoKa3aHa CXeMa pacyeTHOW OoO0JacTM M OJHA M3 HCIOJB3YEMBIX B JAHHBIX pacyerax,
HEpPaBHOMEpHAasi, pacuyeTHas CeTKa C YUCIOM Y3JIOB OKOJIO 10°, co CTYILEHHUEM OKOJIO

BXOJHOW TIPaHMIIBI ¥ TIPOJIOJIBHBIX CTEHOK Auddy3opa.

3. Pe3yJabTaThbl YHCJIEHHOT0 MO/1€JIUPOBAHMSA.

3.1 BapuaHTsl pacuéToB
B pabortax [12-14] moka3aHo, 4To B muddy3opax ¢ yriamMud pacTBOpa, MEHBIIUMH

10°, 6uddypkalroHHas KapTHHA TEUCHUS MPAKTHYECKH HE 3aBMCUT OT yIia, IMO3TOMY B
JTaHHOW paboTe MPOBEACHO YHCICHHOE HCCIICIOBAHME TEUYEHUS BSA3KOW HECKHUMaAEeMOM
JKUIKOCTHU B IUIOCKOM auddy3ope ¢ yrioM pactBopa paBubiM f=4°. Kpome 3TOro, M3BECTHO,
YTO NpU MajbIX yriax kodpduiumeHt naBieHus B nud¢y3opax B 3aBUCHMOCTH OT yIJa

pacTBOpa yMeHbIIAeTCss 1 MUHUMAJIEH NIPH YTIJIe, PABHOM MPHOIM3HTENsHO P=6°,
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Tab6aunna 1. BapuanTsl pacyeToB U THI TEUEHUI

Ne Tun
Bapu p u Q q Vinput Reinput Teye
aHTa [kg/m?] [kg/msec] | [kglsec] | [kg/m?sec] | [m/sec] HUSE

1 998,2 0,001 0,0025 7,17 0,00718 2,49 cCT

2 998,2 0,001 0,005 14,3 0,0144 4,99 ccT

3 998,2 0,001 0,01 28,7 0,0287 9,97 ccT

4 998,2 0,001 0,025 71,7 0,0718 24,9 CCT

5 998,2 0,001 0,03 86,0 0,0861 29,9 CCT

6 998,2 0,001 0,05 143 0,144 49,9 cCT

7 998,2 0,001 0,1 287 0,287 99,7 cCT

8 998,2 0,001 0,25 717 0,718 249 cCT

9 998,2 0,001 0,3 860 0,861 299 CHT

10 998,2 0,001 0,33 946 0,948 329 CHT

11 998,2 0,001 0,35 1000 1,00 349 CHT

12 998,2 0,001 04 1150 1,15 399 HHT

13 998,2 0,001 0,5 1430 1,44 499 HHT

14 1,225 0,0000179 0,001 2,87 2,34 55,9 cCT

15 1,225 0,0000179 0,0025 7,17 5,85 140 cCT

16 1,225 0,0000179 0,003 8,60 7,02 168 cCT

17 1,225 0,0000179 0,004 11,5 9,36 224 CCT

18 1,225 0,0000179 0,0048 13,8 11,2 268 CCT

19 1,225 0,0000179 0,005 14,3 11,7 279 CHT

20 1,225 0,0000179 0,0075 21,5 17,5 419 HHT

21 1,225 0,0000179 0,01 28,7 23,4 559 HHT

22 1,225 0,0000179 0,05 143 117 2794 HHT

CTallMOHAPHOE CTallMOHAPHOE HECTallMOHAPHOE
CCT - CUMMETPUYHOE CHT-  HecuMMeTpUYHOE HHT - HecummerpuuHOe
TEUYEeHHUE TEUYEeHHUE TEUYEHHE

B nmanHOll paboTe pacCMOTpPEHBI TEYECHHS BSA3KOW HECKUMAEMOW KHUIKOCTH B

wiockoM 1udysope ¢ HeGombmmMm yriom pactBopa (B=4°) u mpW pasHBIX YHCIAX
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PefliHosb/ICa, COOTBETCTBYIOIIUX CTAIIMOHAPHBIM U HECTAI[HOHAPHBIM PEXKHMaM TCUCHHSI.
beutn paccMoTpensl TedeHus B Iu((dy30pe € IMOCTOSHHBIMH — 3HAUYEHUSIMH MacCOBOTO
pacxona Q B aumanazone ot 0.0025 mo 0.5 xr/cek - mis Boasl u ot 0.001 10 0.05 kr/cex - mis
BO3/yXa, YTO COOTBETCTBYCT jaMamna3zoHy uucena Peiinoasca Re=Uj, lin/v ot 2,5 no 2,8 10°
(rme Ui, — ckopocth Ha Bxoae B au@dy3op, HampaBjiIeHHAs M0 HOPMAld K TpPaHMIIE,
cootBercTBYytommas pacxony Q, a lin, loyt — JUIMHBL Tyr BXOTHOTO M BBIXOJHOTO OTBEPCTHIA
middyzopa). I[lapameTpbl UHCIEHHBIX pacueTOB W THUN HAOJIIOJAEMOTO TEYCHMS,

MOJIYYEHHOTO U3 YHUCIICHHOTO PelIeHUs], TpUBEAeHbI B TabmuIe 1.

B tabmuie 1 mpeacraBiaeHbl HEKOTOPbIE BAPHAHTHI pacyeToB TeueHuit Boasl (Nel-13)
u Bosayxa (Nel4-22) B mnockom quddysope ¢ yriom pactsopa B=4°. Ha Bxoze B quddysop
lin 3amaBaimcst maccoBelii pacxonq Q B amamazone ot 0.0025 mo 0.5 kr/cex s BOJBI
(2.499<Re<499) u Q ot 0.001 mo 0.05 xr/cex mis Bo3ayxa (55.9<Re<2794). B tabnuue 1
MPUHATH 0003HAYCHHSI PEKHUMOB TEUCHHI: CCT- CTAIIMOHAPHOE CHMMETPUYHOE TEUCHHE, CHT
- CTallMOHApHOE€ HECHMMETPUYHOE TEeUeHUE, HHT - HECTAllMOHApHOE HECHMMETPUYHOE

TCUYCHHC.

B pabotax [13-14] mony4yeHo aHaiuTHUECKOe perieHue 3aaaun Jpxeddpu-Tamens ¢
MPUMEHEHHEM YHCICHHOTO METO/Ia PeUICHHS HeMHHEHHBIX U] PepeHInanbHbIX ypaBHEHUN
Y YKa3bIBA€TCSl HA CYIIECCTBOBAaHUE HECITMHCTBCHHBIX CTAI[MOHAPHBIX TECUEHHUH B muddy3ope
(koH(y30pe) M HaWIEeHbl KPUTUYECKHE 3HAUYEHHUs YIJIOB pacTBopa auddy3opa u umcen
PeitHonbica nepexona TeueHus B Auddy3ope oT 01HO-MOIOBOTO K JIBYX M TPEX-MOJIOBOMY
teuenuio. B pabdorax [11-14] yka3ano, uto npu uucie Re*=18.8/a (rae o - yromx pactBopa
muddy3opa B paguanax o=p7n/180) mpoucXOoaUT MEpexo] K HECUMMETPUUHOMY XapaKTepy
teyenus. st yria B 4° 9T0 KpUTHYECKOE 4nCiIo paBHO Re*=269. B nanubix paborax mpu
pemiennn 3amaun  Jxeddpu-I'amens NOpUHATO MPEANONOKEHHE O CTAIHOHAPHOM
pamuaNbHOM XapakTepe TedeHHUs: (00 OTCYTCTBHHM a3MMYTaJbHOW COCTABIISIONICH BEKTOpa
ckopoctH). B paborax [11-14] roBopuTcs O CyIIECTBOBAHMHM HECHMMETPHYHBIX MOJ IPU
ompeeNieHHBIX Yncnax PeiiHomnbaca, HO He YKa3bIBAIOTCS MEXaHU3MbI HX B3aUMOJCHCTBHS U
nepexo/ia OT OJHO-MOJOBOTO TE€YEHHUS] K MHOTO-MOJIOBOMY, a TaKKe K HECTAI[MOHAPHOMY
pexxumy. CrieyeT OTMETUTh, YTO C yBEIMUYCHHEM yriia pactBopa auddysopa 3HaueHwHs

KPUTHYCCKUX YHUCEIT Peﬁﬁonbnca, COOTBCTCTBYIOIIMX IEPEX0oJaM TCUHCHUSA BSI3KOH KHUIKOCTH
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OT CUMMCTPHUYHOI'0O K HCCUMMCTPUIHOMY U K HCCTAIUOHAPHBIM PCIKUMAaM YMCHBIIIAIOTCA. B
pabore [26] sKcrepUMEHTAIBHO IIOKAa3aHO, YTO KPHUTHYECKHE dYKciaa PeliHOIbACA BO
BHE3aITHO PACIIUPSIONIEMCS KaHalle TOpa3/l0 MEHbIIE, 4eM B Tuddy30pe ¢ YyriioM pacTBOpa,

MenbinumM 180°.
3.2 CtanMoHapHble CHMMeETPHYHbIE TeYeHUS .

YucrneHHbIe pe3yNbTaThl MOKA3alH, YTO JJISi PACCMOTPEHHBIX BapHUaHTOB PacdeTOB,
yKa3aHHBIX B Tabnmie 1, mpu HEOONBIIMX IMOCTOSHHBIX pacxomax Q, BIUIOTH O YHCENT
PeitHonmpnca Re=268, paccuntaHHOEe TEYEHHE BSI3KOM HEC)KUMAEMOW IKUIKOCTH B
muddy3zope UMeeT CTAllMOHAPHBIA XapaKTep ¢ CUMMETPUYHBIM MPO(QUIEM CKOPOCTH. DTO
XOpOIIO COINIACYeTCS ¢ KPUTHUYECKUM uuciaoM Peitnonbaca Re*=269 (mus yrima p=4°),

HaiiieHHbIM B paboTte [13-14].

Ha puc. 2a,0 npencraBiieHbl H30JITMHUN TOPU30HTAIILHON KOMITOHEHTBI CKOPOCTH (BO
BCEi 00JIacTH W Ha HAadaJdbHBIX ydacTkax aud@y3opa, OTMEUEHHBIX OBajOM) W H30JIMHUHU
yrja BEKTOpa CKOpPOCTH (HMKHMM PUCYHOK) AJisl pa3HbIX uncen PeliHonbaca: muist Boasl Re=
249 (puc. 2a) u mis Bo3zmyxa Re=268 (puc. 20). Jlns nmanHbIX ymcen Pelinonbaca (u
MEHBIIUX UX 3HAYEeHWi) Npu B=4° TeyeHHe CTALMOHAPHO U CHMMETPUYHO OTHOCHUTEIHLHO
ropuzoHTansHOU tiockoct Y=0. [y qanHbIxX yncen PefiHombaca yroi BeKTopa CKOpOCTH B
m000M  TomepeyHoM cedueHuH auddy3opa JTUHEHHO M3MEHSETCS 10 BEPTUKAIH B
nuamasonax: ot -2,5° no 2,5° — mis Re =249 u ot -4,5° no 4,5° — nna Re=268 (B >tux xe

JManazoHax Ha puc.2 a, 0 mpeacTaBlIeHbl H30JIMHUH YTJIa BEKTOpA CKOPOCTH).

Ha puc. 3 mokaszansl Oe3pazMepHble MPOQUIN KOMIIOHEHT BEKTOpPAa CKOPOCTH st
Boabl Re= 249 u s Bo3myxa Re=268 mis uersipex BeprukaimbHbiX cedenuid (r=0.1, 0.2,
0.3, 0.4m). MakcumaibHbIe 3HaYEHHST CKOPOCTH B BEPTHKAIBHBIX CCUCHHUSIX YMEHBIIIAIOTCS C
yBenu4eHueM I. M3 CUMMEeTpUYHOCTH TaHHBIX Mpo(UiIeil CKOpoCTell Takke MOXKHO CYIUTh

0 CUMMCTPHUYHOCTU TCUCHUA NTPHU JAHHBIX YUCIaX PeﬁHOHBI[C&.

Ha puc. 3 u B nanpHeiemM B JaHHOW pabOTe MPUHSTHI CICAYIONIHE 0003HAYCHUS:
y_dim|esszy/r Sin (B/2), VX_dim]esszvxlvxin, Vy_dim|esszvylvxin, Fﬂe VXm— CKOpOCTB Ha BXOI[G
B quddy3op. g CHMMETPUYHOTO peKUMa TEUCHHS TPOPUITN CKOPOCTEH, MpeICTaBICHHbIE

Ha pHc.3 coraacyroTcs ¢ pesyiabratamu padot [13,14].
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N30mmHMN yriia BEKTOpa CKOPOCTH

a) Re=249 (Boxa)

W3ommann VX

mm'fil[!_i_'gﬁsﬁﬁﬁs.bba-—ﬁ“ﬁ ;

M3onuanm VX (BxoaHo# yuactok quddysopa)
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N30onuHun yriia BEKTOpa CKOPOCTH

0) ) Re= 268 (Bo31yx)

Puc.2 N30nuHuu ropu3oHTaIbHONM KOMIIOHEHTHI BEKTOPa CKOPOCTH

a) Re=249 (sona), 6) Re= 268 (Bo31yx)

Yron BCKTOpPA CKOPOCTHU OIIPCACIICH, KaK

arctg (Vx/Vy) (2)
rie VX u VY — TOpU30OHTaJbHA M BEPTHKAIbHAs KOMIIOHEHTHI BEKTOpa CKOPOCTH,
COOTBETCTBCHHO.
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Puc.3. be3paszmepnbie mpoduir rOpu30HTAIBHBIX (2, T) U BEPTUKAJIBHBIX (0, ) KOMIIOHEHT

BEKTOpa CKOpPOCTH Jyis Bojbl Re=249 u Bo3ayxa Re= 268 (B ceuenusx: r=0.1, 0.2, 0.3, 0.4m)

3.3 CraniuoHapHble HECUMMETPHYHbIE TeYEHHUSs.

PesynbTarsl pacueToB mpeACTaBlIEHbl HA PUCYHKAX 4 U 5 U MOATBEPKIAIOT TO, YTO
npu Re>Re* mpoucxoaut HapylieHHE CUMMETPHH B CTPYKTYpPE TEUEHHUS, KPOME ITOrO Y
CTEHOK 00pa3yIOTCsl BUXPEBBIC CTPYKTYPHI C BO3BPATHBIMH TEYCHHUSMH, KaK 3TO M3BECTHO,
U3 JTUTEpaTyphl, cM., Hanpumep, [9, 10. 13, 16, 36, 37]. UucneHHbIe pacyeThl MOKA3aIH, 4TO
Opy  yBEIIMYEHWHM 3HauyeHWs uyucia PeifHompaca Bbelme kputhueckoro Re>269 (cwm.
Tabiuy 1) mMpOMCXOAUT CPHIB MOTPAHUYHOTO CIIOS M HA ONPEICICHHOM DPACCTOSHHUU OT
Bxoga B auddy3op, BOIM3M MPOAOIBHBIX CTeHOK auddy3opa (GopMupyroTcs criadbie
BTOPUYHBIC BO3BpaTHBIC TEYEHHUS. B JaHHBIX 00JACTAX BEKTOP CKOPOCTH MEHSET
HaIlpaBJICHHUC, BO3HUKAIOT JOIMOJIHUTCIIBHBIC COCTABJIAIOIIUC Y A3UMYTAJIIbHBIX KOMIIOHCHT
CKOpOCTH, HapyIIaroIlie CUMMETPUIO TIOTOKA, 3aJaHHyl0 Ha BXoje B muddy3op (Bo Bcex
pacderax Ha Bxoje B auddy30p 3amaBaics MOCTOSHHBINA MOTOK MO HOpMaiu K ayre lin). ITo
mmHe auddysopa CTpyKTypa TeUeHHsS H3MEHSETCS, TIepeCTpanBasiCh OT OJTHO-MOJOBOTO K

MHOI'0-MOJIOBOMY HECUMMETPUYHOMY TEUEHHIO (pHUC.5), O HAJIMYUU KOTOPBIX TOBOPUIIOCH B
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paborax [13.14]. JlaHHOE TCUCHHE MOMET OCTABAaThCSA CTALMOHAPHBIM IO OMPEACICHHOTO
KPUTHYECKOI0 3HAueHUs uucia PeifHonpica, 3aBUCSAIIEro OT yria pactBopa Auddysopa.
UucnenHsle pacueTbl IOKa3ajau, 4To TedeHue B auddy3ope rmepectaeT OBbITh
CUMMETPUYHBIM, OCTaBasCh CTAallMOHAPHBIM B Y3KOM JHana3oHe uyucen PeliHonpaca
299>Re>279. B nmanHOM auama3oHe 4ucen PeifHombaca pe3ynbTaThl JaHHBIX pPacueToB

Ka4eCTBEHHO COTJIACYIOTCS C aHAIMTHYECKUMH pelIeHussMu padotsl [13, 14].

Ha puc. 4 a, 6 npeacraBieHbl H30JIMHUN TOPU3OHTAITHPHOM KOMIIOHEHTBI CKOPOCTH (BO
BCeil 0071aCTH M Ha HaYalbHBIX ydacTKax auddy3opa, OTMEUEHHOW OBAJOM) M H3OJUHHU
yria BEKTOpa CKOPOCTH (HIDKHUM PHCYHOK) IiIsl pasHbIX umcen Pelinonmbaca: Re=279
(puc.4a) u Re= 299 (puc.46), U3 KOTOPHIX BUAHO HApPYLUICHHE CUMMETPHUH TECUCHHUS.
Ckopoctu TedeHHs 1o BpemMeHW (s naHHbIX uucen Peiinonpaca Re=279, Re= 299 u
MCHBIINX), HaYMHAS B HAYaIbHBIH MOMEHT JBH)KCHHS C HYJICBBIX 3HAYCHUH CKOPOCTH,
JOCTHTalOT CTAllMOHAPHBIX 3HAYEHWH M OCTAIOTCSI HEM3MEHHBIMU BO BPEMEHH, MPH 3TOM
COXpaHseTcs HeCUMMETPUYHOCTh MoToka. Ha crenkax muddysopa CymecTByIOT Y4acTKU €
OYCHb CJIA0BIMH BTOPHUYHBIMHA BO3BPAaTHBIMH BHUXPSMH, Ha YTO HATJLSIHO YKa3bIBAIOT
M30JIMHUKM YIJIOB BEKTOPOB cCKopocTel (puc.4 a, 0), 3HaUYeHUS KOTOpPHIX mpu Re=279
usMeHsroTest ot -178.9 ° no 178.9°. O6 acuMMeTpHu TEUEHHs HATISIHEE TOBOPSIT MPOdIIH
KOMIIOHEHT BEKTOpa CKOPOCTH, M300pa’keHHBIC HA PHC. S5a-T JJS Pa3lUYHBIX HOMEPEYHbBIX
ceuernii (r=0.1, 0.2, 0.3 u 0.4m) u uucen Peitnonpaca (Re=279 u Re= 299). Uzonunun
YIIIOB BEKTOPOB cKopocTel (puc.4 6) npu Re=299 wmsmensiorcs or —179.9° no +179.9°,
Crnenyer OTMETHTh, YTO WM3MEHEHHE HAINPaBICHHUS BEKTOpAa CKOPOCTH TPOHMCXOIHUT B
OCHOBHOM TOJIBKO B TIPUCTEHOUHBIX oOmactsax auddysopa (puc.d a, 6). YucneHnusle
pe3yabTaThl TOATBEPKIAIOT CYIIECTBOBAHUE CTAIIMOHAPHBIX HECHMMETPUYHBIX MOJ

teuenus [13, 14].

MeTtonudeckue pacuéThl Ha Pa3HbIX CETKaX MOKa3aJid, YTO HEAOCTATOYHAs CETOYHAs
anmpoKCUMAIlUs, a TaK)Ke HECHMMETPHUYHOCTh M HECTAIMOHAPHOCTh MPO(UIS CKOPOCTH
(pacxoma) Ha Bxonae B auddy30p BIUAIOT HA XapakTep TCUCHHUS] M KPUTHYECKOE YHUCIIO
Peitnonpaca. 3amerum, uto B pabote [19] ykaspiBaeTcs, YTO BBEACHHE OCIHUJUISIUI
CKOPOCTM 10 BpEMEHHM Ha BXOAHOH rpanune B Aup(dy30p MOXKET IEepPeBOAUTH

HCCUMMCTPUYHBIC TCUCHUSA B CHMMCTPUYHBIC TCUCHU .



19

W3omnann VX

W30nuHKUN yrita BEKTOpa CKOPOCTH
a) Re=279 (Bo3ayx)

M3omuann VX (BXomHO# yyacTok auddysopa)
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—_—

W30uHu# yriza BEKTOpa CKOPOCTH
0) Re= 299 (Bona)

Puc.4 V30muHiK TOPU30HTATLHON KOMIIOHEHTBI CKOPOCTH (BBEPXY)

W yIiia BeKTopa ckopoctu (BHU3Y) a) Re=279, 6) Re=299
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Puc. 5. be3pazmepHbie mpoduiIu ropu30HTAIBHBIX (4, T) © BEPTHKATBHBIX (0, 1) KOMIIOHEHT

BEKTOpa CKOpOoCTH s Bo3ayxa Re=279 u Boast Re= 299 (B ceuenusix: r=0.1, 0.2, 0.3, 0.4m)

3.4 HecranimoHapHble HeCUMMeTPUYHbIE TeYeHHUSI.

C yBenuuenueM uucia PeiiHomnbaca (Re>299) HHTEHCMBHOCTh BUXPEBBIX BTOPHUHBIX
MPUCTEHOYHbIX TEYEHHH BO3pAcTaeT, KapTUHA MX PACIOJIOKEHHS B MPOJOJIHHOM
HarpaBJeHUHU o00pa3yeT '"maxmMaTHYI' CTPYKTYpYy, a OCHOBHOE TEYCHHUE MPEACTABISCT
co00H CTpyIO, IEPEMEKAIOUTYIOCS MEKIY TBEPABIMHU MPOIOJILHBIMU CTEHKaMH Tudy3opa.
[Mpn yBenwuenun uwmcna PeliHonmbaca cranmoHapHbIe TedeHHs B nuddyszope TepsioT
YCTOWYMBOCTh U MEPEXOJAT B KOJeOaTeNbHBIH PEKUM TEUEHHUS, XapaKTEPUCTUKH KOTOPOTO
MeHsroTcss mo juuHe auddysopa. Ilepemexaromas crpykTtypa TedeHuss B auddyszope
u3yyanach 3KCIEpUMEHTANbHO B pabote [16], rae ykaszblBaoch Ha CIy4YaiHBIM XapakTep
OTKJIOHEHHSI TOTOKa OT CHMMETPUYHOTO M Ha TO, YTO BPEMEHHBIE MEPUOABl CMEHBI
HampaBlIeHUs TOTOKAa Ha TMOPSAKU Oojbllle TypOyJE€HTHBIX BpEMEH U HE SBISIOTCS

CICICTBUEM Typ6y.]'IeHTHOCTI/I. HaHHI)Ie YHUCJICHHBIC PaCyYCThbl IMOATBCPKIAIOT 3TOT BBIBOJ
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aBTOpOB paboThl [16] M yKa3plBalOT Ha TPAHUIBI CYHNICCTBOBAHUS CTAMOHAPHOTO U
HecTalmoHapHoro pexumoB. Ha pucynkax 6-11 moka3zaHbl pe3ysibTaThl YHCIECHHBIX
pacyeToB JJisi HECTAIIMOHAPHBIX PEKUMOB HECUMMETPUYHOI'O TE€UYEHHUS BSI3KOW KUAKOCTU B
middyszope npu umcnax Peidinompaca ot Re=419 no Re=2794. Ha puc. 6a-r BBepxy
MPEJICTABICHBl HM30JUHUM TOPU30HTAIBHON KOMIIOHEHTHI CKOPOCTH JUIsi BCed o00iacTu
muddy3opa 1 B HauanbHOU oOmactu quddys3opa, oTMeueHHOI oBasloM. BHU3y Ha puc. 6a-T
MPE/ICTAaBICHbl HM30JIMHUU YIJla BEKTOpa CKOPOCTH JUIsl pa3HbIX uucen PeliHonbaca:
a) Re=419, 6) Re=499, B) Re= 559, r) Re=2794, u3 KOTOpHIX BUIHO 3HAYUTEIHHOEC
HapylIeHHEe CHMMETPHH TEUEHHI Ha KBa3WMYCTAaHOBHBINUXCS pexuMmax TedeHus. [Ipu
0
Re>299 nuana3oH uU3MEHEHHs yrila BEKTOpa CKOPOCTH CTAaHOBHUTCA paBHbIM OT -180710
0 . .
+180° nmns Bcex 3HaueHud uucnaa PeifHonbaca, ykasaHHBIX Ha puc.6a-T. OCHOBHBIC
XapaKTepUCTUKU TEUEHUS M3MEHSIOTCSA, Kak @0 MPOCTPaHCTBY (BAOJb U TIOMEpEK
maddys3opa), Tak u mo Bpemenu. lllaxmarHas mepemexkaeMas CTPYKTypa TEUYCHHUS CO

BpEMEHEM HaYMHAET MEUIEHHO N3MEHAThCS MpH ynciax PeitHonbaca Re> 559.

H3omuanm VX

W30muHMN yrita BEKTOpa CKOPOCTH
a) Re=419 (Bo3ayx)
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W30n1HMY yriia BEKTOpa CKOPOCTH
0) Re=499 (Bogma)

\[‘!1-;::-.»,,..,,. —

Nzomuanm VX (BXOIHOM ydacTok quddysopa)
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W305mHuM yria BeKTopa CKOPOCTH

B) Re= 559 (Bo3ayx)

W3ommann VX

Y R

W305mHUM yria BEeKTopa CKOPOCTH
r) Re=2794
Puc.6 N3omuHnn ropru30HTaIbHOM KOMIIOHEHTHI (BEPXHUE PUCYHKH)
U yIJia BEKTOpa CKOPOCTH (HYKHHE PHCYHKH) JUTS pa3HbIX umcen PeliHonbaca

a) Re=419, 6) Re=499, 5) Re= 559, r) Re=2794
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Ha puc. 7a-r npencraBiieHbl MTHOBEHHbIE TPO(PUIIN KOMIIOHEHT BEKTOpa CKOPOCTH B
pasnmuuHbIX BepTHKambHbIX cedueHusx (r=0.1, 0.2, 0.3 u 0.4m) uW ;O pa3HBIX YKCET
Peitnonpca: a) Re=419, 6) Re=499, B) Re= 559, r) Re=2794.

Ha puc. 8a,0 mnpencraBieHsl MrHOBEHHBIE MNpO(UIM TOPU3OHTAIBHOM (a) U
BEePTUKAITHHON (0) KOMIIOHEHT BEKTOpa CKOpPOCTU BIOJb ocu nuddysopa (Y=0) mpu umcie

Peitnonpaca Re=419 (Bo3nyx).
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—e—r=0.
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a) Re=419
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6) Re=499



——r= %

—e—r=0.
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1.75e-01
1.50e-01
1.25e-01
1.00e-01

7.50e-02 -

vx_dimless 5.00e-02

2.508-02 -
0.00e+00
-2.508-02 -
-5.00e-02
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-0.2 li] 0.2
y_dimless
=
—e—f=
-—=
—s— =

1.60e-01

1 40e-01 ] ./"h"\ r=0.1
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1.00e-01 | Pt s

P LY

vy_dimless ©.00e-02 -

4.00e-02 -
200002 4 [ eeee r=0.2
il r=q-3- P ‘.'."-;.
0.000+00 Ry s oo ttnay TS teacnsesseston,
4 - _ o
-2.00e-02 - “reuf50:0 0es e e
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-

-1 -08 -0& -04 -02 0 02 04 0.6 08 1
y_dimless
r) Re=2794

Puc. 7. MraoBeHHbIC Ge3pa3MepHbIe MPO(UIH TOPHU3OHTAILHON (BEpXHHUE PUCYHKH) U
BEPTUKAIHHOHN (HW)KHUE PUCYHKH) KOMIIOHEHT BEKTOPA CKOPOCTH JIJISl pa3HBIX
BepTHKanbHbIX ceyenuit (r=0.1, 0.2, 0.3, 0.4m) u uucen PeitHonpaca:

a) Re=419, 6) Re=499, B) Re=559, r) Re=2794
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25.00 1
20.00
1500
H
VX  10.00 :‘:
(m/s) i
500 Y -

R
\l::‘ "?MM
0.00 3

-5.00
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50

x (m)

5.00
4.00
3.00
2.00

1.00

Vv Loee e
m/s)s 0.00 N7 L
( g

’
-1.00 %
-2.00 J
3.00 B

4
-4.00

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50
x (m)
6) Re=599

Puc. 8. MruoBeHHbIe pa3MepHbie mpoduan ropu3onTanbHbix (VX) 1 BepTHKanbHbIX (VY)
KOMITOHEHT BEKTOpa CKOPOCTH BAOJbL ocH nuddy3opa

npu uncie Peiinonbaca Re=419 (a) u Re=559 (6).
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Ha puc. 9a,6 mms Re=2794 mnoka3zaHO W3MEHEHHE TOPHU3OHTAIBHOW (a) U
BEePTUKAILHON (0) KOMIIOHEHT BEKTOpa CKOpPOCTH Baoib ocu auddysopa (y=0) u Bmosb

JUHUI MapajieNbHbIX IPOAOIbHBIM cTeHKaM Tuddy30pa, pacrooKEHHBIM Ha PACCTOSHUN

+ .
0.1mMM ot crenok. Ha pucynkax 9a, 6 mpuHATBHI 0003HAYCHUS: Y - JIMHUH, OTCTOSIICH OT
BepxHel crenkn guddyszopa Ha 0.1MM ¥ Y - JMHHHM, OTCTOSIIEH OT HYIKHEH CTEHKH

o +
muddyszopa Ha 0.1mm. Creayer OTMETUTh, YTO TMPO(MIM CKOPOCTH BIOJIL BEPXHEH Y U

HIDKHCH Y JIMHWH, MapauieNbHbIX MPOJIOIBHBIM CTEHKaM Mud(y30pa, UMEIOT IOI00HBIMH
XapakTep, HO HW3MEHSIOTCS MO JUIMHE B INAXMAaTHOM IMOPSAIKE C NPUOTU3UTENHHO

OAVHAKOBBIMH YaCTOTHO-aMIIJIUTYJHBIMH XapaKTCPHUCTUKaAMMU.

—°—§=-3.0001-0.
=0.0001+0

1.20e+02 al
1.00e+02
8.00e+01
6.00e+01

4.00e+01
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-4.00e+01
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Position (m)
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:§§-3.0001-0.
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0)
Puc. 9. [Tpodunu ropu30HTANBHBIX (2) U BEPTUKATBHBIX (0) KOMIIOHEHT CKOPOCTH IS

Re=2794, B pa3HbIX MpoaoJbHBIX ceueHUsX auddy3opa (Baonb ocu Y=0 U BIOIb THHUI y+ U

Y , mapajulelibHbIX cTeHKaM auddy3opa Ha pacctosHu 0.1MM OT CTEHOK)

Pacuersl MONTBEPXkJAIOT, YTO MHTEHCHBHOCTb TEUEHHUS MO AiIuHE Juddy3opa
YMEHBIIIACTCS,, TO €CTh, SBHO BBIPAKCHHAs Ha HadalbHOM YydacTke auddysopa crpys
OCHOBHOT'O TE€YEHHS, ITOYTH MCUE3aeT HA KOHEYHOM Y4YacTKe, TaK KaK 3a CUET PacHIMPEHUS
muddy3opa KUHETHYECKass PHEPIrUs MOTOKa Mpeodpa3yercsi B yBEIMYEHUE CTATHUYECKOTO

JaBJICHHUA.

Kpome m3menenusi xapakrtepa TeueHus: mo JuiHe Auddys3opa, CTpyKTypa TEUEHUS
nmpu Re>419 mensiercs U co BpeMeHeM. V3MEHEHHS CTPYKTYpbl TEUYEHHUS POUCXOMIST
cienyomuM obpaszom. C TedeHHEM BPEMEHHM OCHOBHOE TeUeHHE (CTpys) Ha HaYalbHOM
yuactke auddy3opa HauyMHACT MEMJICHHO MEHSTh CBOE MOJIOKEHHE OTHOCHTEIHHO OCU
muddy3opa U Kak CIEACTBUE 3TOTrO, CTPYKTypa TE€UeHUs BO Bced oOmactu muddyzopa

TaKKe TepHoaudecKu u3MeHsercs Bo BpemeHH (puc.10). OcHoBHOE TedeHme, Kak Obl
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NPWKUMAeTcsl K OAHOM W3 cTeHOK auddy3opa u Ha HayalbHOM YyyacTke auddysopa
CTAaHOBUTCS TMPAKTUYECKH NapajuleIbHBIM BEpXHEW WM HUKHEH cTeHke auddysopa.
OTtmeTnM, 4YTO JJIMHA YYacTKOB MapajieIbHOIO TEUEHHUS BJOJIb BEpPXHEH WU HUKHEH
cTreHku auddy3opa yMEHbIIACTCS C yBenuueHHeM uucia PeiliHonmbaca. B cpenneil wactu
Qg dy3opa OCHOBHOE TEUEHUE, U3MEHSS CBOE HAIIPABIICHHE OT BEpPXHEW K HEXKHEH CTEHKe,
MpHoOpeTaeT yHopsSAOYEHHYI0 HIaXMaTHYIO CTPYKTYpY, KOTOpasl 3aTyXaeT U pacraaaercs,
npuOIMXKasch K BBIXOAHOMY ydacTky auddysopa (puc.6a-r). PacueTsl mokaszaid, dTO
yacToTa MepeMexaeMoCTH (M3MEHEHHUsl yriia BEKTOpa CKOPOCTH) OCHOBHOTO TEUYEHUS
3aBUCUT OT BEIWYMHBI 4YHcia PelHonbACca M yMEHBLIAETCS K BBIXOJHOMY Y4YacCTKy

muddy3opa, Kak ¥ aMIUTUTYyJa U3MEHEHUS yIila HaKJIOHAa BEKTOpa CKOPOCTH

CpenHue aMIUTUTYIbl M YacTOTHl OCHWUISIMA CKOPOCTH IO BPEMEHH B Pa3HBIX
MOTIEPEYHBIX CceueHMsIX nupdy3opa UMEIOT pa3Hble 3HAYCHHS, W U3MEHSIIOTCS 10 JIJIMHE
muddyzopa. Ha puc. 10 u puc.1la, 6 mis Re= 449 u Re=559 nokaszaHbl 3aBUCUMOCTH OT
BPEMEHH CpPEJHUX 3HAYCHUU KOMITIOHEHT BEKTOpa CKOPOCTH IJI YETBIPEX BEPTUKAIBHBIX
ceuenmii (X=0.1, 0.2, 0.3, 0.4m). DT 3aBUCHMOCTH IOKa3bIBAIOT, YTO JIS JAHHBIX YHCEIT
Peiinonsaca (Re= 449 u Re=559) B xaxmom ceuenun auddy3opa OCHHUIAINNA CKOPOCTH
UMEIOT CBOM YacCTOThl M aMIUIMTY/ABI, IPUYEM C YBEIHMYEHHUEM IPOJOJILHON KOOPIMHATHI
gacToTa W aMIUTUTyJa KoJieOaHWil CpeaHedl CKOpPOCTH B  IOMEPEYHOM CEUCHUU
YMEHBIIAIOTCS, KaK CIEACTBUE paciiupeHus Tuddy3opa ¥ YMEHBIICHHS MOIYJSI CpeTHEH

MPOAOJIBHOW CKOPOCTH.

Cpe;[HHe 3HAYCHHUA TOPU30HTAJIBHBIX KOMIIOHCHT BCKTOpPAa CKOPOCTU YMCHBIIAOTCA C
yIajieHueM oT Bxoja B auddy3op, KOTopbie CO BpeMEHEM OCIHIUTHPYIOT OKOJIO CpeaHHX (110
BpPEMEHH) 3HAYCHHH, COOTBETCTBYIOIIMX Ka)KOMYy BEPTHKaIbHOMY cedeHuio (puc.lla).
Cpennue 3HaueHHs] BEPTHUKAIBHBIX KOMIIOHEHT BEKTOpa CKOPOCTH YMEHBIIAIOTCS C
yIaJeHueM OT BXoJa B JU(PPy30p M OCHMIUIUPYIOT OKOJIO HYJIEBOT'O 3HAUEHUS, MEHSS 3HAK

(puc.116). AMIIUTYABI U YacCTOTHl KOJEOAHUH CKOPOCTH YMEHBINAIOTCS C YAAJICHHEM OT

Bxoza B 1uddy3op.
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Puc. 10. 3aBUCMMOCTH OT BpEMEHU CPEIHUX 3HAYCHUN TOPU30HTAIBHBIX KOMIIOHEHT
BEeKTOpa ckopocTH VX (B 4eThipex BepTuKadbHbIX cedeHusx: X=0.1, 0.2, 0.3, 0.4m) npu

grcie Petinonsaca Re=499 (Boaa)
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Puc. 11. 3aBUCHMOCTH OT BpEMEHHU CPEIHUX 3HAYCHHUN TOPU30HTATBHBIX VX () 1
BepTUKaIbHBIX VY (0) KOMIIOHEHT BEKTOpa CKOPOCTH MpH urcie Pelinonsaca Re=559

(Bo3myx) B yeThipex BepTukanbHbix ceueHusx: X=0.1, 0.2, 0.3, 0.4m.

Tabuauna 2. /[nanazoHbl pe:;KMMOB TEUEHUS

CCT - CHT- HHT -
CTaIMOHAPHOE CHMMETPUYHOE | CTAl[MOHAPHOE HECHMMETPHIHOES HECTAl[MOHAPHOE

TEUCHHE TEUCHHE HECUMMETPUYHOE TCUCHUE

Re<279 279<Re<349 Re>399

B Tabmume 2 mnpuBeAacHB! NpUOIM3UTENBHBIC IUANa30HbI Yucen PeliHonbaca
PEXHMMOB TE€UEHHS HECKUMAEMOM KUIKOCTH B TI0cKoM quddy3ope ¢ yriom pactBopa =4°,

IMOJIYUYCHHBIC U3 PE3YJIBTATOB YHUCIICHHOI'O MOJCIINPOBAHUA U B3ATEIC U3 Ta6HI/IHBI 1.
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4. BbIBOJBLI.

UuciieHHO perieHa 3aga4a O TEYEHWHW HEC)KMMAaeMOW JKHUIKOCTH B TUIOCKOM
muddy3ope ¢ yriom pactBopa 4° u nokazano CYIIIECTBOBAHHUE TPEX PEKUMOB TCUCHUS B
3aBHCUMOCTH OT yHciia PeiliHonp/ca: cTallMOHAPHOE CUMMETPUYHOE OE30TPHIBHOE TEUCHHE,
CTallMOHAPHOE HECHMMETPUYHOE TEUEHHUE, HECTAIMOHAPHOE KosebaTenbHOe (IepeXoaHOe)
TEYCHHUE. UucneHHO  TMOJydYeHbl  JWana3oHbl  3HA4YeHUWW  yucen  PeitHonbica,

COOTBECTCTBYOIIHUX JAaHHBIM PEKHUMAaM TCUCHUA.

[TomyueHHble pe3ynbTaThl MO CTAlMOHAPHBIM W HECTAlMOHAPHBIM peXUMam
KaueCTBEHHO M KOJIMYECTBEHHO COTJIACYIOTCA C M3BECTHBIMU SKCIIEPUMEHTAMH U

AHAIIUTUYCCKUMU PCIICHUAMMU.

ﬂJ’IH CTalMOHAPHBIX PCXKHUMOB YHMCJICHHO IMOKA3aHO CYIICCTBOBAHUEC CHUMMCTPHYHBIX
U HCCUMMCETPHUYHBIX PEXKUMOB. ﬂJ’IH HCCTAllMOHAPHOTO PpEXKHUMa YHCICHHO IIOKAa3aHbI
NEPpCMCIKACMOCTb CTPYKTYPBI TCUCHUSA U U3MCHCHUC aMIUIMUTYAbl U YaCTOTbl BPCMCHHBIX

OCLMJIISAIMNA CKOPOCTH TEUCHHUS B 3aBUCMOCTH OT PacCTOSIHUS OT BXozaa B 1uddy3op.

Jlis pa3HbIX PEKUMOB MMOKA3aHbI MOJS U3MEHEHUSl HAIPaBIIEHUs BEKTOpAa CKOPOCTHU

TCUYCHUA.

Pe3ynbraThl MOTyT OBITH HCIIOJNB30BaHBl Ui KAayeCTBEHHOW OIIGHKH XapakTepa

TeueHns npy ymciax Peitnonsaca 0<Re<2,8 10° B y3kux auddysopax.

Benencreue MHOroo0Opasust peXMMOB M HalIM4Msl JIOCTaTOYHO YETKOM I'paHUIIbI
MEX/y HUMH MOJHBIN pacuéT 3axaun o Auddy3ope ciryXuT Xopolei IpoBepKoil 17151 BHOBb
paspabarbiBaeMOil MM MOAM(PHUIMPYEMOH Tpoleaypsl peuieHus ypaBHeHus HaBbe-Crokca

B mto0oM CFD-kone, uTo nanHas paboTa U mpoIeMOHCTPUPOBAa.

biaronapHoCTb:!
ABTOp BBIpaxkaer OnaromapHocTh npodeccopy A.C. OuiunmoBy, 3a 00CYXKICHUS,

IIEHHBIE COBETHI U TTOJIC3HBIC 3aMeYaHusl, C/IeJIaHHbIE TI0 TaHHOHK paboTe.
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