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"TNCJEHHOE NCCIEAOBAHUE BAYBA BA3KOT'O HEC2ZKUIMAEMOTI'O 'A3A B
IIJIOCKNUN KAHAJI HA OCHOBE YPABHEHNUM HABBE-CTOKCA

C.B. Bepesun!, B. M. ITackonos!

B npejacTapieHHON cTaThe Ha OCHOBe WHCJAeHHOTO pemeHnsa ypabHernii HaBbe—CTokca B mepemen-
HBIX (4, v,T) n rpadmveckonn 06pabOTKN PE3yabTATOB PACIETOB IPOBEIEHO MCCACAOBAHNE PA3BUTHS
TedeHHA BA3KOIO HECKIMAEMOr0 I'a3a B IIOCKOM KaHaJe I B a3poHHAMIYECKOM caefe 3a HuM. /TaHo
OIMCaHHe TTOCTAHOBKH 33 a9l I IHCICHHOrO MeTO/a €€ pellleHrA. BLIABICHE pa3inIHble CTPYKTY PhI
TedeHUI B 3aBUCHMOCTH OT OIpeJelAMuX TapaMeTpos. Iloapo6HO HecaefoBal MeXaHH3M GIOKH-
poBKH (“zamupanus’) KaHAIA.

Hacrosmas pa6oTa mocBsiineHa THCAeHHOMY HCCJAeIOBAHNIO BIYBa BA3KOTO HECXKIMMAEMOI'O BO3/IyXa B IIOC-
K KaHaJ mpu Maabx dncaax Maxa. TpyarocTu pacdera BA3KMX TeYeHUH IMPU MaJdbIX ducjiax Maxa m3BecTHE
[JOCTATOYHO MaBHO U OTMedaduch B padore [1]. B razosonl aunamuke 6e3 ydeTa BABKHX CHJI HeCKUMaeMble
TeveHNUs] aCCONUUPYIOTCS ¢ MpefcTaBieHneM, To dncjao Maxa pasao myato. OqHako, HAPUMED, B [HATa30He
xapakTepuol ckopoctu Bozayxa 0.1 < U < 10 m/c wucao Maxa maxoaurca B muanazore 0.0003 < M < 0.03.
UcTopudeckn crokmiack Takasg CHTYallsd, ITO PACIeT HECKHUMAEMBIX BSI3KHX TEeYeHNUU MPOBOAWICS s CH-
crembl ypaBHennin HaBbe—(CToKca, 3a0ucaHHON OTHOCHTENBHO (QGYHKINKE TOKa W QPyHKIWN Buxps. OTMeTnM,
9TO OHU U3 TEPBHIX paboT MO YNCIEHHOMY WMCCAENOBAHMIO BABKHX HECKWMAEMBIX TE€YEHUH B IIOCKOM KaHAaJje
OBLIN BBHITTOMHEHBI B BoraucanreasuoM neaTpe MI'Y u onyGankoBanbl B c60pHIKaX paboT, HOCHBIINKX Ha3BaHME
“Boruncaureibible MeTOAB U OporpaMmmupoBanue” [2, 3].

Puc. 1. Barapes mractun

Puzmtdeckas TOCTAHOBKA 3aJa49l, pACCMATPUBAEMON B MPEIAraeMON IHTATENO CTaThe, (POPMYIAUPYETCS
qpe3BBIMANHO TpocTo. Beckoneunas “GaTapes’ MIOCKHUX IMIACTHH, PACIOJIOKEHHBIX CTPOTO MAPANTEABHO APYT
ApPYTY 1 06pas3yoInx IIOCKNe KaHAJBI OJNHAKOBOU BBICOTHI, 06 1yBaeTCsi PABHOMEPHBIM [O3BYKOBBIM TOTOKOM
BABKOIO HECXKMMaeMOoro rasza. [Ipeamnonaraercs, 9To HaberalMil MOTOK MapaIeleH TOCKOCTAM 6eCKOHETHO
TOHKUX TIACTHH, TOJIMIANHON KOTOPHIX MOXKHO MpeHebpedn. [L1acTuHEl IMe0T KOHEYHYIO IHHY, 9TO TO3BOIAET
paccMaTpuUBaTh HE TOJABKO TedYeHNe BHYTPH KaHAJIOB, HO W CTPYKTYPY TazolWHAMHYECKOTO CJlea 3a TaKOm
“barapeeil” MIOCKUX MmaacTHH (puc. 1).

Puzutdeckon MOCTAHOBKE 3aa9l COOTBETCTBYET CaeIVIONMAs MaTeMATHIeCKasa TOCTAHOBKa. PaccmaTpuBa-
eTcd o6aacTh, BhgeneHras Ha puc. | xupaeivmu auHuaAME (0 < < Ly, 0 < y < 1); XapakTepHBIM JHHENHBIM
pPa3MepoM eCcTeCTBEHHO BHIOPATH BHICOTY KaHada. Takmm obpazom, mimna kanata L. = X, — X, obracTs Ha-
6eratomtero noroka: 0 < ¢ < X, obnactb caena 3a kanaaoMm L, = Ly, — X.. B paccmarpuBaemon oGaacTu
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clefyeT PelnTh cucTeMy ypaBHeHWH Happe—CToKca 14 TIOCKOTO TeUeHNA BA3KOT'O COBEPIICHHOT O HeCKMMa-
eMOT0 Ta3a, KOTopad MOXeT GEITE MpejcTaBleHa A1A Ge3pa3MepDHBIX BEINYNH B CIeyIOMeM BIe:
du du du dp N 1 [ 0%u N 9?u
u V=t — | — 4+ — |,
ot Ox Jy Or Re\dz? 0y

v v v dp N 1 [0% N 9%v
U F V= — | — + —
ot dx dy v Re\dz2 = 9y?)’
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31ech UCMONb30BANNCEH OBIIENPUHATHIE OGO3HAYEHHA: U — NPOAOAbHAS COCTABMAIONIAA BEKTOPA CKOPOCTH, U —

TonepevHas COCTABIAAIONIAA BEKTOPA CKOPOCTH, T’ — TeMTlepaTypa, p — AaBieHne. beapazmepHble TlepeMeHHBIE
BBEJIEHBI CHEAYIOMNM 06pazoM (pasMepHble BEMHIHHEBl OTMEYEHBl IITPHXOM):

r 7 It oy ;o 12 )
L _L$a y_Lya U—VU, pO_pOV b, T_TOT’ (6)
v e py, p, 7o, V! — naBilenne, IOTHOCTE, TEMIIEPATYPA i CKOPOCTE B HaGeT alOIIEM MOTOKe, L' — XapaKTepHBIH
JAMHERHEIN pasMep (BBICOTA KaHATA).
/L/ /
[Mapamerpamu nogobus aagiorcs anciao Peinoabaca Re = ——, ancao Maxa M = —-, aucio [lpangras
v a
1 ’ /
HCp 2 _ AP0 . p
Pr = 5 > KBafpaT CKOpOCTH 3ByKa a° = ——, OTHOIEHNE yIedbHBIX TEloeMKOCTel ¥ = —-. 3jech Re n
Po 2%

M — u3MeHseMble TapaMeTPHL, a Pr, a, ¥ XapakTepH3yIOT JBIDKYIIYIOCA cpeny (B IpeJcTaBleHHBIX pacdeTax —
Bo3/yX). Ilo cyliecTBY, € IMHCTBEHHBIM H3MEHAEMBIM KPHTEPHEM TOAOONA ABAAETCA Hncio PelHOMBACA, TaK
KaK BMECTO ypaBHeHNA 5Hepruu (3), ucmoabsys (4), MOXKHO TONYYNTH ypaBHEHWe A JaBIeHWsS, B KOTOPOM
otrcyTcTByeT uncio Maxa. OpHako mpm pacdeTax MCHOJb30BAIOCH ypDaBHEHNE BHEPTHUH, YTO, Ha HAI B3TJST,
obJervajo NHTEpIpeTaunio pPe3yabTaToB.

Cucrema ypaprennii (1)—(4) monydena us noanoil cucteMbl ypabHeHuin Hapbe—CTokca B 6e3pasMepHOR
/

dopme A BA3KOTO, CXKUMAEMOI0, TEIJIONPOBOIHOT'O I'a3a IpHu p = p_ =1 m ¢ y9eTOM ypaBHeHUA HePa3PHIB-
0

divV =0, (7)

KOTOpOe IIpH pacdeTax AOCTaTOYHO MPHUMEHATH B KadecTBe KOHTPOALHOTO COOTHOIICHHA, TaK KaK OHO yikKe
GBITO HCIOAB30BAHO IPH BHIBOJe ypasHeHui (1) u (2).

B cooTBeTcTBHE ¢ pUBMTIECKOW TMOCTAHOBKOW 3a1a<l IpaHWYIHBIE ycaoBus maa cuctembl (1)—(4) crabu-
auch caegyoumm obpazoM. Ha aeBoil rpanuie pacdeTHol obaactu (puc. 1) mpu # = 0 3ajaBaiuch yCaoBus
PaBHOMEPHOr'O IIOCTOAHHOI'O HaBer alolero MOTOKa:

u(0,y) =1, »(0,y) =0, T(0,y)=1. (8)

HOCTH

IIprn 0 < 2 < X n X < < L, 3a7aBaqanch yCaoBUsA MEPUONATHOCTH:

ou Ov oT oT

a = = :Oa v($a0):v($a1):0a a_ = :0 (9)
8y y=0 8y y=1 8y y=0 8y y=1

Ha nmxnen u Bepxueil crenkax KaHata npu X < # < X 3a1aBalich yCIOBUSA “TPUANTIAHUAA /I CKOPOCTH
U YCJIOBUA TEMOUIOANNE A TEMIIEpaTyphl:

or) - _ory (10)

,0) = 1) =0, ,0) = 1)=0, — = =
u(z,0) = u(z, 1) v(z,0) = v(z,1) oy - oy -



BLIYNC/INTEIBHLIE METOALL M ITIPOIPAMMUPOBAHUE. 2003, T. 4 3

Ha BoIxogHOU Tpannie npn £ = L, HCHOAB30BAINCH “MATKHE” DPAHIIHBIE YCIOBHA:

u_ot_or_
Ox2 ~ Q22 Ox?

(11)

B kadecTBe HAMATBHBIX YCIOBUH WCHOAB30OBAINCH YCAOBUA MOKOA A CKOPOCTH W TOCTOAHCTBA TeMIlepa-
TYPBI BO BCEH paciIeTHOH 06JacTH:

u(z,y) =v(r,y) =0, T(r,y)=1 O<az<< L, 0<y<l). (12)

MeToa uucaenHoro peuteHus. ChopMyInpoBaHHAs BHIIIE 3aada B HEBA3KON NOCTAHOBKe, KAaK IMO-
HATHO, WMeeT TPUBHAJIBHOE DEIeHre, TaK KaK He YIHUTBHIBAET BAZKOCTHBHIX >P@PEKTOB, KOTOphLIE CBA3AHLI C
PasBUTHEM MOTPAHUYHBIX CI0EB OKOJO CTEHOK KaHaja W WX TMOCAeNyIONNM BaauMmoaercTsueM. [losTomy mpu
DeIlleHNH TIOCTABASHHON 3aa9d PA3HOCTHBIM METONOM HEOGXOJIUMO UMETH (ojee TYCTYI0 PAasHOCTHYIO CeTKY
BOIM3N CTEHOK KaHaJa. JTO MOCTHTAJIOCH MMyTeM BBeIeHNs HOBOU “pacdeTHON’ MEPEMEHHOW Y B MOMEPETHOM
HATPABJCHUN:

1
5 e—oc(y—0.5)2 _ p—0.250 a0 <y < 0.5,
vy =n(y) = ) .
1- 3 emW=05)" 4 =025 g 05 <y <1
C HEKOTOpOW JauHenHOl Koppeknmen Boamzm y = 0.5. [lapamMeTp o 10O3BOJMAET CHMMETPHUYIHO OTHOCHTEMLHO

[EHTpa KaHajda CIYIIATH Y3Jbl CETKH OKOJIO cTeHOK. Cpasy cieyeT 3aMeTHTh, ITO BCE PE3YILTATH PACIETOB
OpUBOAATCA B “duandecknx” (a He B “pacdeTHHIX” ) KOODAHHATAX.

B kadecTBe BHIUUCIUTEIHHOTO METOAA HCIOAB3OBAICA MIHPOKO M3BECTHHIN METO HOKOOPAMHATHOTO pac-
merierus. [Jada TpocTOTH U3MOKEHUA TpuBeJeM B “Guantdeckux’ MepeMeHHBIX CHCTeMBbl AuddepeHnaibHbIX
YPaBHEHUH, A KOTOPBIX PEIIaliuch COOTBETCTBYIOIINE KPAeBhle 3a1a9l HEABHBIM PA3HOCTHBIM METOAOM C HC-
MOJB30BaHUEM TIPOroHOK. [Ipoliecc pacdeTa IpH mepexo/e oT OJHOTO BPEMEHHOT O CIof K TOCAEAYIONIEMY OCY-
[eCTBAAACS B ABa 3Tarna. CHada a HaXOWJIOCh PEIeHNe Ha “TIONyIeaoM’ BPEMEHHOM CJO€ TOMEPEK PacieTHON
oBJACTH A CUCTEMBI yPaBHEHIH
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Wcnonbaysa modytdeHHOe pelleHne, HaXOANIOCh PellleHre COOTBETCTBYIONEH KPaeBoW 3agadn Ha ‘TeaoM”

BPEMEHHOM CJIO€ B0 PACIETHON 06JaCTH A CHCTEMbl ypaBHEHIH
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IIpum sToMm aia “BEIGOPKH HEAUHENHOCTH ITPOBOAMINCH HEOOXOMMBIE HTEPAINOHHDIE MPOIIeCCH Ha “TIOJIy-
medblx” u “mednix” BpeMeHHEIX marax. OmneHka TOYHOCTH OCYIIEeCTBIAAACH MYTeM BBIMUCACHUA OCPEeJHEHHOT O
3HaYeHuA MHTEerpada OT JUBEPreHINN CKOPOCTH B KaXKJOH CETOYHON dvelike. B 06CYyKIaeMBIX HIXKE PE3YJb-
TaTax YHCICHHBIX 3KCIECPUMEHTOB OCPETHEHHOE 3HAHMEHIE STOT0 HHTerpada cocraaano 1076 —1074,

O6cyx) JeHne pe3yabTaToB pacdeToB. Mol 6yaeM IpeicTaBlIiTh Pe3ydbTaThbl pacdeTOB B BUE IIO-
BepxHOCTelN z = F(x,y), rae B KadecTe F (2, y) B3ATa IPOJOIbHAA COCTABIAIIIAA BEKTOPA CKOPOCTH, U TOIEH
HATpaBJIeHNI BEKTOPA CKOPOCTH B pacdeTHOH obaacTu (Wam ee dacTh). Jlid MOCTpOEHNA NPHBEJEHHBIX 37€Ch
u306paXKeHnil IPUMEHAIACH CHCTEMa BU3YaJU3alUN Pe3yIbTaATOB HaydHBIX pacdeTon [4]. Hago ormMeTuTh, 94T0
HMEHHO HaridgHoe IpaduyecKoe 0ToOpaxKeHe pe3yibTaToB MO3BOJILIO OOHAPY KUTHL HHTEPECHBIE XapaKTepu-
CTUKHI HeCTAIMOHAPHOIO PasBUTHA IOTOKa B KaHale.
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ITouTn BoO Bcex BapmaHTax PacdeTOB, Pe3YAbTATHI KOTOPHIX 06CYKAAIOTCA HUXKE, MBI CTOJKHYJINCH C He-
CKOJBKO HETPEBIIEHHBIM TIOBEJEHIEM DEIIEHUA B PACIeTHON 00IacTl, KOTOPO€e TPOTHBOPETIIO CIOKUBIINMCH
KJIACCHYECKUM MPEJCTABICHUAM O PA3BUTHU TEHCHUS HA HAYAJLHOM y4acTKe IUIOCKOTro Kanaaa [b, 6] u cBsazan-
HOT'O C TIABHBIM MTEPEXOIOM OT Y IapHOT'O MPOoduisa Ha Bxoje K mapaboamieckomy npodmiato [lyazeiins. C apyron
CTOPOHBI, B a3POTHAPOANHAMIKE M3BeCTeH (PAKT TaK HAa3BIBAEMOT'O “BammpaHus KaHajda, KOToa IMPOUCXOIUT
O6TOKMPOBKA TedeHNA B KaHate. MeXaHW3M TakKoTO ABAEHNA B M3BeCTHHIX HaM paboTax He MPOaHAJM3NPOBAH.
[IpeacraBreHHBIN HIKe aHAJI3 PAcIeTOB Ha ocHOBe Mojean HaBbe—CToKca, Ha HAIl B3TJAI, faeT BO3MOKHOCTh
MOHATH MPOIECC 3alMpaHns KaHAJa M BO3ZMOXKHOCTDL Tepex0ona MPH yBeINYeHnn qucia PelHOIbIca K KIaCCH-
weckon mogenan lanxrurara. [Ipemmoxentas BerMucanTe bHAS METOAUKA TIO3BOMIIA TAKKe ONEHNTH XapaKTep
TevueHUs B caefie 3a GaTapeel TIOCKNX KAHAJIOB.

Puc. 2a. Re =700, Mg = 0.0003,¢{ =5

Puc. 2b. Re = 700, My = 0.0003, ¢ = 8

PaccmoTpum cHadama pacdeT pa3BUTHS TedeHUA B KaHaJe MINHON L, = 3 s ONpeIesoninx mapaMeTpoB
Re = 700 u Mp = 0.0003, koropble NpUSIU3UTEIBHO COOTBETCTBYIOT BAYBY BO3AyXa cO cKopocThio 10 cm/c
B kauaa BeicoTon 10 cm. Pacuer mpoBenen ua cetke 101 X 351 B obmacTn, minmHa KOTOPOW cocTaBiasia 3.5; B
uaTepBaie 0 < z < X = 0.5 B ofmiem nukae paccauThiBajdcs Haberaoliui moTok. Kak mokazamo 60gbIIMHCTBO
pacdeTOB, BAUSHIE BBEPX IO MOTOKY M3MEHEHUA TPAHUYIHOTO YCJAOBHA NpH & = X HE3HAYUTENHHO U HE BANAET HA
pasBuTHe TedeHns B KaHade. OcpelHeHHOE MO CeTKe 3HAYEHNE HHTErpada OT JUBEPTEHINNA BEKTOPA CKOPOCTH
cocTaBuiao 1.4 x 1075,
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Puc. 2¢c. Re =700, My = 0.0003,¢ =15

Ha puc. 2a—2c¢ npejcTaBieHbl TTOBEPXHOCTH MPOJONBHON COCTABAAIIEN CKOPOCTH 4(X,y) MIA TPeX MO-
MeHTOB BpeMenn ¢t = 5, 8, 15, xapakTepusyOmnx n3MeHeHNe CTPYKTYPHI pellleHns. PaBHOMepHBIT Haber atolui
MIOTOK BHeApAETCA B KaHAJ M, TOPMO3ACH OKOJO CTeHOK, obpasyeT obmacTh B BUe 3aTYIIEHHOI'O KJAWHA, 3a-
OCTPAMIIET0CA [0 Mepe MPOABIKEHNA BAOAL KaHata (t = 5, puc. 2a). B »T0f o6aacTi TpoRoabHaA COCTABIAI-
as CKOPOCTH paBHA CKOPoCcTH Haberaroliero noToka. O THOBpEMEHHO BO3HUKAET BTOpAas HEMHOI'O M3OTHYTAasd
MJIOCKasA BOJHA, MHTEHCUBHOCTH KOTOPOW MOYTH B [IBa pa3a MeHbBIIe MePBOHAYAJbHON BOJIHEL. Takum oGpazom,
B KaHaJje hopMUpyeTca ABYXCTyIeHYaTasd CTPYKTypa TedeHusA: IepBoHavadbHad KIMHOBU IHAA BOJAHA, KOTOpad
OPAaKTHYECKN OCTAETCA Ha MecTe, W ILMIOCKasA BOMHA, KOTOpasd MBHXKeTCA K UpaHHIe pacdeTHON obaacTu (1 = 8§,
puc. 2b). Tlocae BHIXOAa BTOPOH BOJHBI M3 PAacHIeTHOH O6IaCTH MPONCXOJUT yCTaHOB/eHHe pemerns (¢ = 15,
puc. 2¢). Kak BuHO Ha 5TOM PHCYHKE, IPOJOIbHAA COCTABAAIIAA CKOPOCTH Ha BHIXOJE U3 PACUETHOH 061acTH
yMeHblTaeTca Oojee 4eM B IBa pasa.

e S
i P i i

Y]

i B b
0 0,35 0,7 1,05 1,4 1,75 Z1 2,45 2,8 3,15 3,5

Puc. 3. Re =700, Mo = 0.0003, ¢t = 15

Ha puc. 3 npefcTapieHo moje HAIPABICHHH BEKTOPOB CKOpOCTH mpH ¢ = 15 (Havano BeKTOpa — TOHKHH
IITPHUX, €ro OKOHYaHNe — yToualleHHoe). B Hadame kaHana BOAM3H CTEHOK BEKTODA CKOPOCTH OTCTPAHAIOTCA
OT CTeHOK (HaMedaeTcd MHKDPO-OTDHIB MOIPAHHYHOTO CJI0A), & MOTOM HAYHHAIT NPIKHMAThCA K HAM. IIpn
3TOM MOYJb MOTEPEYHON COCTABAAIOMIEN cKOpocTu gocTturaeT 0.4, madbllle BHU3 110 TEYEHUIO MOIYJIE MOTIE-
pevHOn cocTaBasollel ckopoctn He npeBbimaeT 0.08. CreayeT OTMeTHTH, YTO [ 3HAYMEHWIH MTPOTOJBHON
COCTABIAIIERN CKOPOCTH CAMMETPUIHOCTH OTHOCHTENRHO MEHTPAa KaHaJa JOCTUTAeT MATH-IMIECTH 3HAYAITX
nudp, CAMMETPUYHOCTE MO[YJA MOMEPEYHON COCTABISIONIEN CKOPOCTH TaKXkKe BBICOKAA. J3aMeTHM, 9TO TPH
pactdeTe WHTerpupoBatack cucTeMa ypasHeHnH (1) —(3) oTHOCHTENBHO HEM3BECTHHIX (QPYHKIWI %, v 1 T ¢ co-
OTBETCTBYIOIIMA HAYATBHBIMI U TPAHNIHBIMHI YCJAOBHUSAMIE; TEMIIEPATYPa OCTaBadach MOCTOSHHOW W PaBHONI
TeMmIiepaType Haberamolero moToKa.

B paccMoTpenHoM BEIIIe BapWaHTe pacdeTa MBI CTOTKHYJNCH C CYIIECTBEHHLIM TOHWKEHWEM BeTMINHDLI
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CKOPOCTH Ha BBHIXOJ€ M3 KaHaja M, TEM CAaMBIM, C YMEHBIIEHIEM TPOMYCKHON CHOCOGHOCTH KaHauaa. Huxke MBI
PaccCMOTPUM TIPOIECC “3amupaHus KaHaaa , NCTOJb3YS BHIYUCANTENHHYIO METOMUKY, TPEJICTABICHHYIO BHIIIE.
Pacuer 6v11 mpousBenen wHa ceTke 101 x 351 nua xamasa eqmHWIHON AAWHBL L, = 1, KOTOpBIN OBLT TIOMEIIEH B
pacdeTnyio obractb maunonn L, = 3.5 npu 0.5 < x < 1.5; naberaroumi norok: 0 < # < 0.5, cien 3a KaHaJIOM:
1.5 < x < 3.5, mapameTpsl ogobusa: Re = 140, Mo = 0.0003. Ha puc. 4 a—4c mpeacTaBieHbl TOBEPXHOCTH MPO-
JOJBHOI COCTABIAIOIIEH CKOPOCTH u(, y) M TPEX MOMEHTOB BPEMEHH, XapaKTePH3YOMINX PA3BUTHE TeUeHNUA
B KaHaJje U B CIeje.

po
&

~ @
o a
o

Puc. 4a. Re = 140, Mg = 0.0003,¢{ =5

Puc. 4b. Re = 140, Mo = 0.0003, ¢ = 7.5

3,35
0,7}
1,06
45—
28—

75
15
3.5

N
&

b

o

Puc. 4c. Re = 140, Mo = 0.0003,7 = 15

Ipu ¢t = b zaTynienHas KANHOBHIHASA 06JACTH, B KOTOPOU CKOPOCTH OIM3Ka IO CBOEMY 3HAYEHUIO K CKOPO-
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cTu HaGerawIero MOTOKa, BHIXOUT Ha HEGOBINOE paccTOgHNe 13 KaHaaa. OKoHYaHNe KaHAIa COOTBETCTBYET
Ha puc. 4 a TOMy MeCTy, I'jie TPOAoJbHAA COCTABIAIONIAS CKOPOCTH 4 CTAHOBUTCS GOJBIIE HYJIS U T'/l€ BOZHUKAET
BTOpas BOMTHA, KOTOPasd BHIXOJUT Ha IIATO TOKa HEBO3MYIIEHHOH cpefbl (4 = 0).

MowmenT Bpemern t = 7.5 (puc. 4b) mpeamecTByeT BEIXOAY BTOPOH BOJHBI U3 PacieTHOH 0OIACcTH W Hepe-
XOMy K CyIIECTBEHHOMY M3MEHEHWIO CTPYKTYPHI pemterus. [Ipu ¢ = 40 mpegcTaBieHa TOBEPXHOCTE PO AOJBHON
COCTABIAIOMIEN CKOPOCTH %(Z,y) AT YCTAHOBUBIIETOCA PEXKUMa TEUEHHA.

PasBuTne TedeHHd mocie MOMeHTa BpeMeHn ¢ = 7.5 (puc. 4¢) mponcxoanT caeayommM o6pazoM. KianHo-
BUgHAS O6JACTh TEYeHNA COKPAIA€TCA B Pa3Mepax U ee MepPeHsas 9acThb yCTaHABANBACTCS TPUOIM3NTEILHO B
pafioHe okoH4YaHNA KaHata. OKOIO CTEHOK B cepefuHe KaHata (¢ = 1.0) IpOHCXOAUT OTPHIB TOTPAHNYHOT'O CIOSA
1 BO3HWKAET BO3BPATHO-TMUPKYJANNOHHOE TedeHne. Co BpeMeHeM 00pa30BaBIINIICA BUXPh Pa3pacTaeTCs, MBU-
JKeTCs BHU3 MO TE€YEHUIO, MOCTENEHHO YCTPEMIAACH K MEHTPY KaHaaa BAOAb T'DAHUIBl KJIMHOBHITHON 06JaCcTH.
Ha puc. 5 B MomenT Bpemenu ¢ = 15 mpefcTaBieHO MoJe HAIPABAEHUH BEKTOPOB CKOPOCTH BO BCEH pacueTHON
obmacTn n ee pparMenT BOAM3N HIKHen rpaHunsl ¥ = 0. [Ipu 3ToM coxpaHsieTcss TOJHAA CHMMETPHS PEIIeHNs
OTHOCHTEJLHO TeHTpa KaHada. O6paTnM BHEMaHWe HA TO, ITO BUXPH HMEOT MOYTH KPYTOBBIE (DOPMBI U UX
MEeHTPHI PACTIONATAIOTCA AOCTATOYHO OAM3Ko K cTenkaM npu ¥y = 0.12 mw y = (.88.
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Puc. 6. Re = 140, My = 0.0003, ¢t = 20

Tpu ¢ = 20 (puc. 6) meHTPHI BUXpell CABHHYINCH K UeHTPY KaHana (y = 0.22 u y = 0.78) B10Jb I'PAHUIE!
KJAMHOBUAHON obaacTn. PaKTHIeCKH MEHTPH BUXPeHR cTadn obJacTAMI PaclpeeleHns MOTOKOB raza. JacTh
raza HaIpaBaseTCs K CTeHKe W B palione x = 1.4 B cBOIO odvepenb pacmagaeTcsa Ha nBa moToka. QOaWH MOTOK
HATpaBJIAeTCA BIOJb CTEHKN KaHajla U o6paszyeT BoaBpaTHoe Tedenue (u < 0), koropoe B paiione x = 1.0
BCTpedaeTcs ¢ 6ojee HHTEHCHBHBIM MTOTOKOM, Pa3BOPAMMBAETCA W YyCTPEMISETCA K MEHTPY KaHAJAA B0 T'Da-
HUIBI KATHOBUAHOW o6jacTu. /[pyroll MOTOK, HANPABIABIINICA K CTEHKE, PA3BOPAMUBACTCA W yCTPEMISETCA
BHI3 TI0 TOTOKY B CJle[ 3a KaHaJtoM. TaxkuMm o6pazom, MeX Ty ABYMS MOTOKAMH, HAMPABIABIINMUCA K CTEHKE,
obpasyeTcs AuHEUA pacTeKaHus. /Ipyras 9acTh ra3a pacCMaTPUBAEMBIX BHXPeH HAlPABAAETCA BHHU3 MO TOTOKY
o K MEHTPY pacdeTHON o6JacTu, e o6pa3yeTcs JUHNUA CJAUSHUS TOTOKOB.

Ha puc. 7 B MmomenT Bpemenn ¢ = 40 mpegcTaBieHO MOJe HATPABIEHHN BEKTOPOB CKOPOCTH BO BCEH pac-
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Puc. 7. Re = 140, My = 0.0003, ¢t = 40

weTHOU obtacTu. B6anzm ocn cuMMeTpHn HavmHAeTCA paspelreHne “KOHMINKTA” MeX Iy BEPXHUM W HUKHUM
BUXpAMHI Ha (poHe MaJbIX 3HAYEHNH MOAyJs ckopocTu. Ha ocm xamada 3aocTpsieTcs KIAMHOBHIHAS 00JaCTh U
obpasyeTcs y3ed, B KOTOPHIU CXO/ISATCA BEKTOPa CKOPOCTH. Bmodb Beell TpaHUIIBl KAMHOBHIHON O00IacTH PE3KO
YMEeHBIIAeTCsA CKOPOCTh BHU3 10 MOTOKY (cM. puc. 4c¢). TlonoxeHne y310Boil TOYKH Ha OCH CHMMETPHH CTa6N-
amzupyercsa mpu & = 1.24. Takum o6pazoM, K 3TOMY MOMEHTY BpeMeHH (DOPMUPYETCS KANHOBUIHASA CTOATAA
BOJTHA M MPOHMCXONT GIOKNpoBKa (“sanupanme”) kaHaaa. B paiioHe okonuannsa kaxauaa (z = 1.5) obpasyercs
mooca pa3jlefeHuss BEKTOPOB CKOPOCTH, NMEIOIMINX HAIlpPaBJeHNe MTPOTHB HaberaoIero moToKa, I BEKTOPOB
CKOPOCTH, HAIIPABJAEHHBIX BHEU3 TI0 TOTOKY. Takum oGpazoM, o6pasyeTcs obJacTh MONCOCA Ta3a K “KINHY | T e
CKOPOCTB GJM3Ka IO CBOMM 3HAYMEHNMSAM K CKOPOCTH HaGerarollero moToka.

C mevennem Bpemenn (cum. puc. 8 w 9, rge ¢ = 50 u ¢ = 80) »ra motoca paseleHHA BEKTOPOB CKOPOCTH
CHOCHTCA BHI3 1O MOTOKY. OTMETHM, ITO CKOPOCTH B CJe/lé BHI3 IO TOTOKY OT MOJOCH Pa3IefdeHus MaJbl: TaK,
HaIpUMeED, TPH BBIXOME W3 PacueTHOW 06JacTh 3HAYeHme CKOPOCTH KodebaeTcs okoqao zHadenns 0.03.
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Puc. 8. Re = 140, My = 0.0003, ¢ = 50

B xonewHOM mTOT€, TOMOCA pa3leJeHns BEKTOPOB CKOPOCTH, BHY TP KOTOPOH MPOJA0IbHAS COCTABIAIONIAL
CKOPOCTHU MeHSeT 3HAaK C OTPUIATENBHOIO Ha TOJOKUTENBHBIN, BEIXOANT U3 pacdeTHOU obmactu; npu ¢ = 80
YCTaHABANBAETCS MOJe HAIPABICHIH BEKTOPOB CKOPOCTH, TPEACTaBIeHHOE HAa PHUC. 9. DTO moje XapaKTepu3y-
eTCA YCTAHOBUBIIEHCA CTOAYEH BOJHOW ¢ YETKO BBHIPAXKEHHOU KAWHOBHIHON (POPMOHN M TIOJOKEHHEM Y3JOBOH
Touyknu nipu & = 1.24 Ha ocu cummeTpun. [lofoxkenne cTogwel BOTHBL O IePKUBAETCA MOACOCOM T'a3a B KaHAJ
m3 GECKOHETHOTO 3aTOIIEHHOT O TTPOCTPAHCTBA, PACIOMOKEHHOTO 3a MIPABOU T'DAaHWUINEN pacdeTHOW o6JacTu B
COOTBETCTBHN C TOCTAHOBKOU 3a a4,

PaccmoTpum Tenleph m3aMeHeHMe CTPYKTYPHI TEYeHNA B KaHAJAaX e TMHUTHON JJINHBI IPH yBEIWYeHUN 9HUCIA
Pefiroabnca no 4000 (uncao Maxa dukcnposano: Mg = 0.0003). XapakTep pasBUTHA TedeHHA B KaHajle U B
caene 3a HuM pu Re = 350 Takon xe, kak n npu Re = 140. OTimdne cocTONT TOABKO B TOM, UTO y3J0OBas
Touka crabmanzupyercsa npu ¢ = 1.0. BozHnkHOBeHMe MOJ0CH pazjiefeHns BEKTOPOB CKOPOCTH W CHOC €€ BHII3
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Puc. 10a. Re = 700, Mg = 0.0003, ¢t = 20

[0 MOTOKY MPOUCXOJUT TAKUM Ke 00pazoM. YBeaudeHne dncia PefiHoabnaca B aa paza (Re = 700) mpuBoaut
K HECKOJBKO JPYTOMY XapaKTepy Pa3BUTUA TeUEHIUS.

Ha puc. 10a—10c mpegcTaBieHbl OIS HAMPABIEHUN BEKTOPOB CKOPOCTH A TPeX MOMEHTOB BPEMEHH:
t = 20, 40, 60. IIpn BxOJe paBHOMEPHOTO Haberalollero MOTOKAa B KaHaJd OCTpHe ero KJAWHA BBIXOJIUT B ClAe]
a0 x = 1.65, oKoJ0 cTeHOK MPpUOANBNTENLHO B cepeNiHe AMWHBI KaHala YiKe TPOM3OIIE] OTPHIB MOT PAHUIHOTO

cios m o6pasoBadick Buxpu (puc. 10 a).

Puc. 10b. Re = 700, My = 0.0003, ¢ = 40

K momenty Bpemenn t = 40 (puc. 10b) npouzomita cyiecTBeHHaA MOTH(PUKALNA TeIEHNA: OCTPHE KINHA
PaBHOMEPHOT'O MTOTOKA 3aTYIUIOCH W 3aHAJIO YCTOWINBOe ToJoxenne npu & = 0.9, meHTPHl BUXPEH PaCIOMOKI-
auck BOamsu kansa npn y = 0.25 n y = 0.75 u k MomenTy BpeMenn ¢ = 60 (puc. 10 ¢) mpakTHYeCKN He H3MEHHIN

CBOET'O TOJOKEHNA.
Hampreitiiee ypeandernne quciaa Pefinonsaca (Re = 2000) mpuBognT nepponadanbho npu ¢ = 30 (puc. 11 a)
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700, Mo = 0.0003, ¢ = 60

K OTPBLIBY TOMPAHMYHOT O CJIOST Ha CTeHKaX KaHajaa B paiioHe = | m o6pazoBaHnio HeGOMBIINK BUXPEN, a TaAKKe
TPOHUKHOBEHUIO KJANHA HabeTalolero MoToKa B clie] 3a KaHaioM ao x = 1.9.

B naapmefimem npn ¢ = 80 (puc. 11b) ycranaBimBaeTcs peXUM ¢ JBYMsA CHMMETDHYHBIMI BHXDPAMI,
MEHTPHI KOTOPBIX HaxoaaTcea npu ¥y = 0.1 mw y = 0.9 Bbamsu rpaHuisl KinHa paBHOMepHOTO moToka. OcTpue
2TOTO KAWHA BO3BpaIllaeTcsA B KaHAJ W HAXOAUTCA mpr = 1.35.

1,73 z

Puc. 11b. Re = 2000, Mo = 0.0003, ¢t = 80

MakcumaabHas BeJMIHHA PO TOJBHON COCTABIAAIIIER cKopocT gocTuraeT (.33 B KOHIle pacdeTHOU obaa-
ctu (puc. 11c). Takum o6pa3oM, KaHAT e JHHIYHON JINHBI TPH YKAa3aHHBIX BEIIIE OTPEIeNAONINX TapaMeTpax
3aMeIsTeT CKOPOCTh TeYeHNA B TPHU pasa.

Tpu Re = 4000 (puc. 12) ocTpre KinHa PAaBHOMEPHOT O OTOKA NIPOH3AeT BECh KaHAX I B MOMEHT BPeMEHN
t = 30 ycTaHaBauBaeTCA B cliefle 3a KaHaJaoM npn ¢ = 2.20; BHYTpH KaHaJa He BO3HNKAET OTPHIBA ITOT PAHTIHOT O
CJTOsT, MPUBOIAIIETO K 0OPAa30BAHUIO BO3BPATHO-TIUPKYIAIMNOHHOT O TevdeHnsa. C MOCAeIYIONINM yBeANIeHIeM -
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Puc. 11c¢. Re = 2000, My = 0.0003, ¢ = 80

caa Peninoabaca nabarogaeTcs elie Gomee TIyboKoe MTPOHUKHOBEHIE OCTPUA KJANHA B CJe/ 38 KAHAJIOM U PE3KOE
MOHMKEHIME MPOJOJBHON COCTABIAIIEN CKOPOCTH NMPUOMM3UTENRHO B ABa pa3a. Takum o6pazom, CTPYKTYpa
TeYeHUA B cjefle CYLIeCTBEHHO HepaBHOMEpPHA Ha PACCTOAHUM JABYX-TPeX XapaKTEPHBIX JAJWH 33 KaHAJIOM.

Puc. 12. Re = 4000, My = 0.0003, t = 80

Beprewmcs Temephb K pacteTaM TedeHnd B KaHaJde MimHON L = 3, KoTophkle BuinoaHeHB Ha ceTkax 2001 x 401
mpu L, = 5, X, = 0.5, X, = 3.5. Ha puc. 13 u 14 mpeacraBieHbl MOBEPXHOCTH TPOAOJLHON COCTABIISIONIEN
BekTOpa ckopoctu pu Re = 7000, My = 0.03 u mpu Re = 14000, My = 0.06 coorBeTcTBenHO. OTMETHM, TO
CTPYKTYPBI T€YeHUH OYEeHBb CXOXKN: OTPBHIBA MOTPAHUYHOTO CJIOA Ha CTeHKaX KaHajga He MPOUCXOIUT, OCTPHE
KJATHAa Haberalomero MoToKa HaXoMuTcA BHYTPH KaHamta, Ho mpu Re = 14000 pacnomnoxkeno 6anike K BHIXOTY W3
KaHaJja.

Kak BUAHO W3 5THX PUCYHKOB, ToNepednble cedenus npu ¢ = 1.5, 2.5, 3.5, 5.0 (cM. puc 15) moBepxHOCTER
IPOJOMBLHON COCTABIAIIIEH BEKTODa CKOPOCTH (MPOMHIN TPOJOILHON COCTABIAINIEH BEKTOPA CKOPOCTH) B
KaHaJe COBEPIIEHHO He MOXOXKH Ha mapaboaudeckue [5, 6].

B zakatotenne oTMETHM, ITO YHCIEHHOE MOJEINPOBAHNE 3BOMIOMUOHHBIX TPOIECCOB CO CAOXKHOM MPOCTPaH-
CTBEHHOW CTPYKTYPOU PeIeHNH BO3MOXKHO TOJBKO HA PA3HOCTHBIX CETKAaX € GOJBIINM KOJIMIeCTBOM y3J0B. B
3TOM CiIydae TPaKTHYeCKNn HEBO3MOXKHO OCONTHCH G€3 COBPEMEHHOTO MHCTPYMEHTAPUS A HHTEPAKTHBHOTO
rpadguIecKkoro 0TOOPAKEHNS PE3YILTATOB PACIETOB.

Ha puc. 16 mokazan cHUMOK 3KpaHa MPOTPAMMBI, TO3BOJAAMONIEH MCCIeJOBATEH MPOMIIN TBYMEPHOT (PyHK-
unn (371eCh — TOPH3OHTAIBLHON KOMIIOHEHTHI CKOPOCTH) B PA3IHYHBIX CeYeHUAX KaHala IyTeM HENPEPEIBHOTO



12

BLIYNC/INTEIBHLIE METOALI I IPOIPAMMUPOBAHUE. 2003, T. 4

0,5

1

L]
il

1 e

3- X=2.5

~ L~

BN st |

| 7 TR
" ey

Puc. 15. Re = 14000, Mo = 0.0003, ¢ = 80
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Puc. 16. Re = 14000, Mo = 0.0003, ¢t = 80

nepeMeIneHns CeKyIenl MIOCKOCTH.
Pa6ora Beimonanena npu noaaepxkke PPPU, npoextr Ne 01-01-00151 m 02-07-90407.
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