BeBeneHune MHTepec K nccnenoBaHUAaM CXOAALWLNXCSA TEHEHUN XXNOKOCTEN,
obnagatownx HEHbIOTOHOBCKMMN CBOWNCTBAMMN, OFPOMEH. DTO 0OBbACHAETCA He TOJIbKO
LWNPOKNUMN BO3SMOXXHOCTAMUN NPUITIOXKEHUA B COBPEMEHHON XMMNYECKON TEXHOJIOM NN,
HO 1 MHOTMMW HepeLleHHbIMN NpobaemMamMm MaTeMaTU4eCKOro n n3n4eckoro
xapakTepa. Punsnyeckas TpakToBka obpa3oBaHUA U pocTa LUPKYIALUUOHHbBIX 30H MO-
npe>XHeMmy BbI3blBa€T COMHEHUA. MHOrne npusHaHHbIe cneynaancTbl B obnacTtu
BbIYMCNTENIbHO PEOSIOrUN HE NPULLAN K € GUNHOMY MHEHMIO O BANSAHUN PEOJIOr NYECKNX
CBOMCTB MNOJIMMEPHbIX XUAKOCTEN Ha MeXaHN3M 0b6pa30BaHMA LNPKYIALMOHHbIX
TeYeHWUN B Yr10BbIX 30HaX. B BbIYMUCANTENBHOW PE0Nornm CyLecTBYIOT 3a4a4u,
AOBOJIbBHO YaCcTO UCMNOJIb3yeMble B Ka4ecTBe TeCcToBbIX npobsemMm ana oTpaboTKn HOBbIX
YNCJIEHHbIX METOAO0B U OLLEHKN UX TOYHOCTU. KpoMe Toro, 3Tu 3agaynm MOryT
pacKpblBaTb HEKOTOPbIE HOBbIE CBOWCTBA TE€YEHUWN, KOTOPbIE MOAENTNPYIOTCSA TOJIbKO B
orpaHmyeHHon obnactu napamMeTpos. NpruMepaMn ABAAITCS TEYEHME YNPYrOBA3KMX
XXNOKOCTEN Yepes 0CeCMMMETPUYHbIE U MJIOCKNE CYyXKEeHUS, obTeKaHne orpaHUYeHHbIX
CTEeHKaMN UNANHOPOB N chep, TeYEHNS B roppMpoBaHHbIX KaHanax, TedeHumne ¢
OTpbIBOM U npununaHuem (stick-slip problem) n HekoTopbie gpyrue [1,2]. B To BpeMms
KaK pe3ysbTaTbl A/19 HEKOTOPbLIX TECTOBbLIX 3a4a4 nNpeacTaBsieHbl nan B Buae tabnuuy
N rpadKoB 1 NCMONb30BaINCh A5 CPABHEHUS C AaHHBbIMU APYrMX aBTOPOB M AN
apyrux cnydaes. Kosim4eCTBEHHble AaHHbIe BO MHOIMMX C/ly4asaXx OTCYTCTBYIOT U
CpaBHEHMeE 1X, B Jly4LWIEM c/lydae, MOXeT bblTb TOJIbKO KaYyeCTBEHHbIM. B KayecTBe
nepBoOro napamMeTpa MOXXHO MPUBECTU pe3ysibTaTbl YACJIEHHOIO peLleHnsa ons
Ko3hpunumeHTa ConpoTuUBeHUa Ang 3agadm obtekaHnsa cgepsl [2], nam umnuHgpa
[3,4] npn ManbIxX 3Ha4YeHNAX Yncnaa PenHonbaca. NpuMepamm TakKnx CTaHOapTHbIX
TEeCTOBbIX 3a4a4 ABAATCS: - SKCTPY3MA (MI0CKAA NN OCECUMMMETPUYHas),
pa3byxaHue CTpyu; - Te4eHUS C BHE3anHbIM cy>XeHuneMm 4:1, (nnockoe un
ocecMMMeTpuyHoe); - obTekaHue umanHgpa nam cepbl, 3aKJl0YEHHbIE B LMAMHAPE; -
Te4vyeHue B Tpybe Cc rohpnpoBaHHON CTEHKOW, OMNAaMETP KOTOPOro NM3MEHATCS Mo
OJIVHE MO CMHYCOUOasIbHOMY 3aKOHY; - Te4eHne Mexay 3KCLEHTPUYHO
BpaLLalOWMMNCA UMNMHAPaMn (MOALWMNMHNKN CKONbXeHUS). NpuMepoM Ha3BaHHbIX
CUTyauunn ABNAETCA YNCIEHHOE pelleHmne 3aa4m o6TeKaHns yrnpyroBs3Kom
XXUOKOCTbIO chepbl A LuanHApPa Npy ManblX 3Ha4YeHUAX Yucna PenHonbaca [2,3,4].
Mony4YeHHblIe YNCNEHHbIE AaHHblIe UCMO0JIb30BaNIUCh A1 AEMOHCTPAaLMM TOro, 4To
pas/inyHble MeTOAbl Jal0T XOPOLLO CoBNajarmLwme pesysabTaThl, N0gaBas yBEPEHHOCTb
B NPaBUJIbHOCTW MOJIYHEHHbIX PELLEHNN N KOPPEKTHOCTM NCMOJIb3YEMbIX METOL0B
pewenunsa. Ong apyrux npobnem, Taknx Kak TeY4eHUs C NJIOCKNM CYy>KEHNEM, TaKne
KOJINYeCTBEHHbIe JaHHbIe UM HeA4O0CTaTO4YHbl, UM NOJIyYeHbl TOJIbKO HeaaBHo [5-8].
Te4yeHne 4Yepes BHe3arnHble Cy>XeHUs NpuBOANUT K BOSHUKHOBEHUIO CUHIYIAPHOCTU B
Yr0BOW TOYKE, rae Hanps>XeHns CTpeMAaTca K 6eCKOHeYHOCTU. ITO NPUBOAUT K
onpeneneHHbIM TPYOHOCTAM NPU NMoJy4YeHUN pelleHnn YNCNeHHbIMU MeTogaMu.
3ajada Te4YeHus yrnpyroBAa3Kom XNOKOCTU NPy BHE3AMHOM CYy>XeHUW KaHana 4:1
CYMTaeTCAa KJlacCM4YeCKon TeCcToBoM 3afadven. HTepec K Te4eHUsM C cyxeHuem 4:1



paHblLE pacCMaTPUBaICA Kak 0CobbIN CayYan, NICXOA4sA N3 OMNbliTa MOAENMPOBaHNA
TEYEeHUN HbIOTOHOBCKUX XNAKOCTEN. [03TOMY TedyeHune Yyepes cyxeHue 4:1 bbiio
MPUHATO KakK O4HO U3 TeCTOBbIX 3a4a4 NpU YACNEHHOM MOLEe/IMPOBaAHUN Te4YeHUs
HEeHbIOTOHOBCKUX Xunakocten [1]. Ha puc.1 nokasaHa cxeMa Te4yeHUs B Cy>KaloLleMm
ycTponcTtBe [6]. Puc. 1 - CxeMaTn4HOE NpeacTaB/leHNEe TEYEHNS C PE3KUM CYy)XKEHNEM
CYMTanocCh, 4YTO BCE U3MEHEHUSA XapaKTEepPUCTUK Te4YeHUS, Bbi3biBaOLWMNX NHTEpPEC,
BCTPeYalTCa Mexay cy>XeHnamm 1:1 n 4:1, n 41o onga cy»xeHun sbiwe 4:1 He cnenyeT
0XXNAaTb HOBOMN MHGOPMaUnK. OKa3anocb, 4TO 3TO MHeHMe 6bIs1I0 OWNBOYHbIM. Bbille
3TOWN CTeneHn Cy>XeHNs BCTPeYyalTCa NHTepeCHble CBOUCTBA. XOTH yBe/IMyeHune
CTeneHn Cy>XeHUs NHora Bbi3blBaeT OOMOJIHUTESIbHbIE SKCNepUMeHTaslbHble
TPYLAHOCTU, OrpaHNYeHmne CTEeNeHN CYy)XeHNs ABISeTCA HeonpasaaHHbIM. nockoe
TeyeHune C cyxeHmem 4:1 He 66110 NyyLwnM BbIGOPOM, TaK KakK MHOrMe MHTepeCcHble
CBOMCTBA TeYEHUWN He BbIABASAINCE AN YNPYrOBA3ZKUX XuakocTen [9]. ABTopbl 3ToN
paboTbl Npegnonaranm, 4To Te4eHUS C pa3HOM CTEMNEHbIO Cy)XEeHUSA ceayeT nsyyaTb
bonee nogpobHo, oaHako 0630p NMTEpaTypbl NOKa3bIBAET, YTO TOJIbKO HECKOJIbKO
nccnenoBaHMm, B OCHOBHOM 3KCMEepUMeHTallbHble, MOCBALLEHbI N3YYEHUIO BIINSAHUSA
cTeneHun cy)xeHus. Mmerowmeca gaHHble YACTIEHHbIX pacyeToB N4 Cy>XeHusa 4:1
MOryT OCTaBaTbCs CNpaBeniMBbIMAN A8 OnpeaeneHnsa airopuTMoB BblYUCIEHNA.
No3TomMy HeE0OBX0OMMO CMCTEMATUYECKN N3YHUTb POJIb CTEMEHU CY>XKEHUSA Ha TeYeHne
YAPYroBA3KUX XNOKOCTeN. JuHaMn4eckmne sKCnepuMeHTbl B 0OCECUMMETPUYHbIX
CY>KEHUAX C XXNOKOCTAMN, UMELLMMU MOCTOAHHYIO BA3KOCTb U NMCeBAona1acTU4YHbIMU
YAPYrOBA3KUMUN XXNOKOCTAMU MOKasaaun NpUCyTCTBUE OONOJHUTENIbHOW NoTepun
naBneHnsa B6aM3n Cy>KeHuns, BbI3BaHHOM BA3KOYMPYroCTbio. 3TO 3HaYUTeNbHOE
yBesnIM4eHmne B «Tak Ha3blBaeMoun» rnornpaske KyaTTa, BO MHOFOM CBSA3aHO C O4eHb
BbICOKMM TPYTOHOBCKNM OTHOLLUEHMNEM (4ncsioM TpyToHa), AN CUJIbHO YNPYrux
XXNOKOCTEN N MEeTOL0M N3MEPEHNA AAaBNeHUA, MHOrga NCMOJIb3yeMOM KakK
«COMPOTUBNEHME B NPOAOJILHOM TevyeHun [15,16]. BepoaTHo, cnpaBeanneo bynert
CKa3aTb, YTO B 0OCECMMMETPUYHOM CJly4ae BbIOOP XUAKOCTM borepa ¢ NOCTOAHHON
BA3KOCTbIO KakK MOLeJIbHY10, @ He NCeBAOMIaCTUYHYIO XXUOKOCTb, CBA3aH
«OTHOCUTEJIbHO NIErKON nHTepnpeTaunen» HabnwgaeMmoro ssBNeHnNs, a He 0OCHOBHbIM
HOBbIM SIBJIEHMEM, TaK KaK ycuaeHue Bnxps 6bisio OCHOBHON XapaKTEPUCTUKOW ANS
060MX TMNOB MOAENbHbBIX XXNOKOCTEN. TO 3aKJI04EHME He NMOoATBEpP K AaeTCca AN
C/lyqas 3KCNEepUMEHTOB C MJIOCKUMUN CyXeHusamun. B pabote [17] obcyxaanach 3Ta
pa3Hunua. Pe3ynbTaToM aBnfeTCa cnenywowee. [1na cteneHn cyxeHns mexay 2 n 40
TeyeHue B NMNJIOCKOM KaHaJsie MeHee YyBCTBUTEJIbHO BJIMSAHUIO YIPYrOCTU, YeM TevyeHune
B OCECMMMEeTPUYHOM KaHasne. Kpome Toro, B 0CeCMMMETPUYHOM Cllydae, XXUOKOCTH
borepa nposasndalOT npegnosiaraemoe ysesnyeHue nortepu nasneHnsa. O4Hako B
MJOCKOM cJly4yae, HEBO3MOXXHO NPOBOAUTL pa3nnyme Mexay HblOTOHOBCKUMU U
BOrepoBCKUMU XNOKOCTAMU, C OONHAKOBOM BA3KOCTbLIO, KOrfga Aesio KacaeTcs
3aBUCMMOCTM LaBJIEHNS OT CKOPOCTU caBura. [Ina cpaBHEeHUS 3TUX ABYX CJly4aes
MCNOJIb30BaJICA NOKa3aTe b, BKJYAOLWMN NPUCTEHHYIO CKOPOCTb CABUra s



MOJIHOCTbLIO PA3BUTOr0 TEYEHUS B PA3/INYHbIX CEYEHUSAX HUXKHEr0 NOTOKa, CpeaHEN
CKOPOCTU B pe3epByape U CKOPOCTU Ha BbIXOAeE, @ TakKXXe Pa3HOCTb MexXAy cpenHen
CKOPOCTbIO B MOJIHOCTbLIO Pa3BUTOM TEYEHUN Nepen N 3a Cy)KeHneM . 3Ta pa3HoCTb
npencraBnseT cobon CKOPOCTb YOJIMHEHUS, KOr4a XXNAKOCTb nepexoanT vyepes
cy>eHune. CpaBHeHMe NOKa3bIBAET, YTO CKOPOCTb YAJIMHEHUSA B NJIOCKOM CJlyyae
BblLLe, 4eM B 0OCeCMMMeTPUYHOM. B 3Tonm paboTe nokasaHoO n3MeHeHue 0CeBou
CKOPOCTU B 3aBUCMMOCTN OT PacCTOSAHMA Ha BXOo4e B Y3KUW KaHaJs, NMoJsly4eHHas
CKOPOCTHOM KMHOCBHEMKON AN XNOKOCTN borepa B2 . 3Ta 3aBNCMMOCTb
MOATBEPXKOAET, YTO YC/IOBUSA TEYEHUSA B MJIOCKNUX CY>XKEHUAX, MO MEHbLUEN Mepe,
ABNSAIOTCA TAKUMUN XKe, KaK N B 0CECMMMETPUYHbIX KaHanax. OgHako crnegyeTt
npoBoauTb Bbonee TwaTesbHble HabnogeHns, 4Tobbl yoeanTbCca B OTCYTCTBUN
yBEJINYEHNS BUXPS B XXNOKOCTAX borepa Ans NA0OCKOW reoMeTpun BNaoTb A0 TOYKMU,
roe Te4eHme CTaHOBUTCHA HEYCTOMYMBLIM B MNOCKUX Cy)XeHUSAX. C TOYKN 3peHns
MPaKTUKKN, CXOOALLMECA TeYeHM BCTPeYatoTCa B npoueccax nepepaboTkum
MOJINMEPOB, TAaKNX KaK SKCTPY3US U INTbe Mo AaBreHneM. B peomeTpun Takume
Te4YeHUs NCNOMb3YIOT AJ19 TOYHOr0 U3MepPeHUsa MaTepualibHbIX CBONCTB. C TOYKMK
3PEHUSA BbIYUCINTENIbHOW TMAPOANHAMUKN, HECMOTPS Ha KaXkyLLLYOCS MPOCTOTY
reoMeTpumn KaHasna, BO3HMKAET CJ/I0XKHasa aedopMaumsa (CoBUrosas 1 NpoaosbHas),
4YTO AaeT XOPOLUY OCHOBY OJ151 U3YHEHUSA CIOXKHOIO TeYEHUSA YNPYroBA3KMX
XNOKOCTen. B cayyae BHE3anHOro Cy>KeHMsa NpucyTCTBME CUHITYNAPHOCTN BO BXOAHOM
yrny faeT BO3MOXXHOCTb U3Y4YEHUSA YCTONYNBOCTU YNCTIEHHbIX cxeM. CBA3aHHas C
3TUM acnekToM, AlaHHasa 3a4a4va Ha3biBaeTca npobnemon 60AbLLIOro 3Ha4YeHUs Ynucna
BenncceHbepra «high Weissenberg number problem». HecMmoTpsa Ha 6onbLuon
nporpecc, AOCTUrHYTbIA B 3Ton obnactu, npobaema 3Ta oCTaeTcsa A0 CUX NOP
OTKpbITOW. [ANa Toro, 4Tobbl pewnTb 3Ty NpobaemMy, MOXKHO pacwmnpaTb 06nacTb
ynpyrocTun, LOCTUKUMYIO 3aKPYTreHNEM PEe3KUX YI/I0B, NN XKe, NCNOb30BaTb
KOHCTUTYTUBHbIE PeoJiornyeckme COOTHOLIEHMNS, KOTOPbIe ONMCbIBAOT NoBeaeHne
KOHEYHON NPOAO0JIbHON BA3KOCTU (BA3KOCTb NPU KOHEYHOM pacTsXXeHuun). Apyrum
MeTOoO0M MOXXEeT ObiTb BKJIIOYEHME B pELLUEHNE NOKaIbHON hOPMbl CUHTYNSAPHOCTK
HanMpPs>XeHNs, N3BECTHYI0 NMPU HEKOTOPbLIX OOMNYLWEHNAX AN TEYEHUS XXNAKOCTHN
mogenu Ongponpa-b [9-11]. NMpobnema 6onbLworo 3HavyeHns Yncna Benccenbepra
Mpobnema 6onbLLIOro 3Ha4YeHUs Yncna BencceHbepra «high Weissenberg number
problem» Bo3HUKNa B KOHUe 1970 rogos. CyTb ee 3akJllo4aeTCsa B C/leyoLeM,
CyLLeCcTBYyeT BEPXHUIN nNpenen Yncna BencceHbepra , Bbille KOTOPOro YNCNEHHbIE
anropmnTtMbl pacxonaTtcsa. B 1984 roay B paboTe [59] aTa npobnema Ha3BaHa
«3HamMeHnTOon NpobnemMon B YNCJIEHHOM MOAENIMPOBAHUN TE€YEHNA HEHBIOTOHOBCKNX
Xngkoctem» n nmeeT cnepyowme ocobeHHocTun [ 1]: - Bo Bcex onybnKoBaHHbIX
paboTax nMmeeTcsa npenesibHoe YNCIIO ; - Masible U3MEHEHUSA B KOHCTUTYTUBHOM
COOTHOLUEHUW (U B anropuTMe) MOryT NpuBecTn K Bosiee BbICOKOMY npefeny 4ucna
BeincceHbepra . OgHako Takue ynyduweHus - He bonee 4yem 3amMepsieHne npouecca
pa3pyLleHNs YNCIEHHOW CXEMbI. - KOrda 3Ha4YeHmne 4nucna npubnmxxaeTcs K BENYMHE ,



4acTo (HO He Bcerga) noABAATCA IOXKHbIe KoNlebaHnsA B NONSIX MEPEMEHHbIX; -
n3Menb4yeHne CeTOK N CTpaTernsa «BXo4HbIX YyrioB» BANSAET Ha BEJIMYUHY , 0OOHAKO
TPYAHO pacno3HaTb 06LLyI0 NocefoBaTEes/IbHYO TEHAEHLUMIO B ONYy6/IMKOBaHHbIX
paboTax. YCTaHOBJIEHO, 4TO runepbonnmyeckas npupona KOHCTUTYTUBHbIX
pPeosIOrNYeCKNX COOTHOLLUEHUI ABNSETCA BaXXKHOW 0COOEHHOCTbIO B 3a4a4ax
YyCTOMYMBOCTU. TPYOHOCTU, BCTpEYatoLmecs € YyCTONYMBOCTbIO YUCIEHHbIX CXeM 415
SIBHbIX MOZesien BTOPOro nopsigka, 6biam ykasaHbl ewle paHblie [60]. B paboTte [61]
06Cy>Xaanocb «M3MeHeHMe Tuna onpeaensatowmx ypaBHeHUN OT INANNTUYECKN-
rnnepboanyeckoro 0o NoaHOCTbIO runepbonnyeckoro Tnna. B pabote [62] nlyyvanocb
TeyeHume ynpyroBs3sKom XNOKoCTU peosiornyeckon mogenn ®aH-TeeH-TaHHepa PTT
npu cy>xeHmm 4:1. ABTOpbl YCTAHOBUIN, HTO «MNOTEPS CXOAMMOCTUN CXEMbI UMEET YUCTO
YUCJIEHHYIO NpUpoay». DTOT pe3ysibTaT MMes Ba>KHOe 3Ha4YeHue, Tak Kak
CYLLEeCTBOBaIN pa3fiMyHble NpennosioXXeHNsa OTHOCUTENIbHO OTCYTCTBUSA pelleHni (B
0Cc0B6EHHOCTKN, YCTOMYMBLIX PELUEHNI) 3TOW 3aaa4n. B nanbHenwem, npobnema
Te4YeHUs ynpyroBA3KNX XUAKOCTEN B Cy>KeHunax 4:1 cTana HasbiBaTbCA Npobnemon
B6osblIOro 3Ha4YeHnsa Yncna BencceHbepra, 4Tobbl MOAYEPKHYTh, YTO YNCIIEHHbIE
aNIrOPUTMbI CXOAATCH TO/IbKO A0 HEKOTOPOro NpenesibHoro 3Ha4yeHusa 4Yynucna
TpyAHOCTN CXOAMMOCTM ANsa 60NbLINX 3HAYEHUI YNCA NMPUN TEYEHUN B CY)KEHUAX
06ycnoBneHbl pe3KNM N3MEHEHNEM Fr€EOMETPUN, KOTOPOE MOXXET BbI3biBaTb O4E€Hb
BbICOKUW YPOBEHb HaMpsi>XeHns, KOTOPbIN MPUBOANT K CUJIbHON YNCJIEHHOWN
HeycToOn4YMBOCTU. B 0630pe [31], NOCBALLEHHOM 3KCMEPUMEHTANIbHBIM N YNCNIEHHbIM
nccnenoBaHUAM MJIOCKONO U OCECUMMMETPUYHOIr0 BHE3arnHoro Cy>XeHus,
npeanoslaraeTcs, 4TO NpefesibHoe YNC/IO 3aBUCUT OT PEOJSIOrMYeCcKNX Moaesnen umn
pa3MepoB CeTOoK B 0bnacTtum TevyeHus. Bo MHornx pabotax nokasaHo, 4TO nNpeaesibHoe
YMCJI0 YMEHbLUAETCHA C YMEeHbLUeHMeM Wara ceTkn. Kpome Toro, pesysibTaThbl
aKCnepmMeHTaNbHbIX paboT [6,7,2] NOKa3bIiBalOT, 4TO YBENYEHME BUXPS B
BbICTYNaloLWeM yriy 3aBUCUT OT MHOIMMX (paKTOPOB, BKJIlOYaA BUL CY)KEHUSA, CTENEHN
CY>KEHUNSA, CKOPOCTU TE€YEHNSA N PeOosIOrMYeCKNX CBONCTB XUAKOCTU. HegasHO
MOABUIICA 3HAYUTESIbHbLIN NHTEPEC K TPEXMEPHbLIM TEYEHMAM B CBSA3M C pa3paboTkon
COBPEMEHHbIX MOLLHbIX KOMMbIOTEPOB. BO MHOMMX NPUJIOXXEHUAX NOAYEPKMUBAETCS
HeobxoaMMOCTb pa3paboTKM IKOHOMUYHLIX aIFTOPUTMOB, KOTOPbIE MOTYT CMPaBUTbLCA
C JOMONIHUTENIbHLIMU TPYLAHOCTAMU, KOTOPbIE BO3HUKHYT B TPEXMepHbIX 3a4a4vax.
Mo3gHue 3KCnepuMeHTasibHble nccnenoBaHus, NposefeHHble Ha 6bonee coBepLUeHHbIX
ycTaHoBKax, nobasnnn ewe 6onee MHTpuUryrowme KapTuHbl TedeHus [8-12]. Mpwn
HEKOTOpPbIX YCNOBUSAX, KOr4a CKOPOCTb TE€YEHNS B OCECUMMETPUYHOM CYy>XXEHUN
yBEJINYNBAETCS, B OKPECTHOCTU CY>XEHNS BCTPEYaeTCa TpexMmepHoe TedyeHme [13,14].
Taknm obpa3om HeobxoaMMO MOLENNPOBATb TPEXMEPHOE HEeyCTaHOBMBLUEeCs
0CeCMMMETPUYHOE TeYEeHNE C Cy>KeHMEM, 4TODObl OXBaTUTb BCE Ba>KHble 0CODEHHOCTN
TevyeHus. Tnnepbonnyeckasa Nnpupona peosiorn4eckux KOHCTUTYTUBHbBIX COOTHOLLEHUI
OTBETCTBEHHA 3@ MHOXXECTBO TPYAHOCTEN, CBA3AHHbIX C YNCJSIEHHbIM
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HEKOTOpPY OpMYy CXeMbl MPOTUBOTOKA AJIA NONYHEHMNSA YUCIIEHHbIX PeLleHnin Npun
60/1bLUMX 3HAYEHUAX YNCSa , KOr4a Te4eHne CTaHOBUTCA NPeNMyLLeCTBEHHO
KOHBEKTUBHbIM [32]. B 1eNCcTBUTENIbHOCTN, PaCCMOTPEHMNE KOHBEKLUN COBMECTHO C
pacrnosioXXeHneM ToYeK CETKWN ABNAETCA TeM CBOMCTBOM, KOTOpPOE OT/IM4aeT MeTo[,
KOHe4yHoro obbema oT Apyrux MeTofoB. BamsaHme npoaosibHOM BA3KOCTWN Ha
3BOJIOLMNIO LNPKYNAUNOHHBIX Te4eHU Ba>kHOW 3aga4ven peonorum aBnseTcs
yCTaHOBJIEHNE KOJIMYECTBEHHOI0 CPABHEHUSA MeX Oy YNCISIEHHBLIMU N
3KCNepuMeHTasibHbIMU pe3ynbTaTaMun. X MOXXHO NpeacTaBuTb B TEpMUHAX nepenaga
0aBJIEHNA N UHTEHCUBHOCTU LUPKYNALUNOHHBIX TeYEeHUN B OKPECTHOCTH
BbICTynawowero yrna n s6ansm exogHoro yrna. CTpykTypa BUXPS 1 ero 3BositoLums,
CBsiI3aHHasa C U3BMEHEHNEM YCJIOBUN TEYEHUS, ABAAETCA pellatowmm akTopom,
BJINAIOWNM HEe TOJIbKO Ha BbIOOP YNCEHHOW CXEMbI, €8 CXOANMMOCTb U YCTONYUBOCTb,
HO 1 Ha BbIBOp PEeoNOrM4ecKoro KOHCTUTYTUBHOIO COOTHOLLEHUNSA. DKCNEPUMEHTbI C
04eBUAHOCTbIO MOKAa3bIBAOT, YTO HE BCE YNPYroBA3KME XNUOKOCTK byayT
NOATBEPXOATb OANHAKOBbLIE CTPYKTYPbl BUXPSA U UX POCT C YBEIMYEHMEM CKOPOCTM
cABUra Ans 3af4aHHON CTEeNeHN CYy)XeHNs. B 4aCTHOCTN, Ba)>XHOCTb NPOL0JIbHON
BA3KOCTWU U POJib, KOTOPYIO OHa UrpaeT B Pa3BUTUN BUXPEN, SABNSETCS CyLLeCTBEHHOMN
Ons Teopetmnyeckoro [12-14] n akcnepuMeHTaNbHOro aHanaunsa [15-18]. NccnepoBaHmne
BXOOHbIX TEYEHNI METOAOM BM3yann3aunm nokasanm cyuiecTsoBaHne 6onbLumnx
PEeUNPKYNALNOHHBIX TEYEHUIN B Yrjlax pe3ko N3MEeHSAILWNXCA ceveHnn Ha Bxoge [19].
ObLKMpHbIE, B OCHOBHOM, Ka4eCTBEHHbIE UCC/IeA0BaHNSA BXOOHbIX T€YEHUNN
NPOBOAUANCE AJ18 PAa3/INYHbIX pacrnjiaBoB U pacTBOPOB MNOJNMEPOB. TN paboThl
obcyxxpanuce B 0630pax [20, 24]. MHOrue n3 paHHnx paboT BbINOJHANAUCE ANS
OrpPaHNYEHHbIX CKOPOCTEN N MMENN OTHOoLWEeHne 6oiblle K HEYCTONYMBOCTU TeYEeHUS
(pa3pyLlueHnto CTpymn), 4eM K YCTONYUBLIM CTPYKTYpPaM noToka. OQHaKO SACHO, 4TO
BbosiblUMe BUXPU CBA3aHbl C N3ObITKOM Nepenaga BXOAHOr0 AaB/iIeHNs, KOTOPbIN
3HA4YUTENIbHO BbILLE, YeM 0OXXUAAJI0Ch U Tenepb NpefcKkasbiBaeTCcs A1 HbIOTOHOBCKUX
N YUCTO BA3KUX NCEBAOMIACTUYHBIX XNAKocTen. Habnoganocb Takxe, 4To
HeKOTopble BA3KOYNpyrmue pacnsaBbl NOJMMEPOB NPoSaBaAAOT 60sbLUME pa3Mepsl
LUVPKYNALUMNOHHBLIX TEYEHUI, Toraa Kak gpyruve - Het [25]. Ha puc.2 [6] noka3aHo
BO3HWKHOBEHWE 1 pa3BUTME AOMNOJIHUTE/IbHOW BUXPEBOW 30HbI, BO3HMKatOLWeN B6an3n
yrna cy>xeHus. Puc. 2 - Isonwouns sddekTa lip-vortex B paboTtax [25-27] anga
pacTBOpPOB, a B paboTe [25] A8 HEKOTOpPbLIX pacrnsaBoB NMNOJIMMEPOB NOKAa3aHoO, 4YTO
BUXPW B Yr10BbIX 061aCTAX pacTyT C POCTOM CKOPOCTU NMOTOKa. [NOKa3aHO TakXXe, 4To
ANa opyrux pacnaaBoB MOJIMMEPOB pa3Mepbl BUXpen Oblsin ManbiMm 1 HE pOCan C
POCTOM CKOPOCTM NOTOKa. TeM He MeHee, BCe aBTOpbI nNpeanonarasm, 4To ynpyrocTb
XXNUOKOCTN OTBETCTBEHHA 3@ POCT BUXPEN, 04HAKO BOMPOC, NOYeMy OJ19 HEKOTOPbIX
MaTepuasioB BUXPU pacTyT U He pacTyT OJasa Apyrux Mmatepuanos, ocTaBacs 6e3
oTBeTa, 40 nosasneHusa pabot [23,28,29]. B aTux paboTax npeanonaranock, 4To
MaTepuanbl obnagarouwme, yBeaninBaroLENCS CO CKOPOCTbIO paCTSaXEHUS,
NMPOAOJZIbHOW BA3KOCTbIO NPOSABAIOT yBen4eHumne (ycuaeHue) Buxps, Toraa Kak gng



MaTepuasioB C yMeHbLUAOWencs, Nin oCcTarLwencs NnoCTOAHHOW NMPOoA0J/IbHON
BA3KOCTbIO CO CKOPOCTbIO YAJIMHEHUS, BUXPU UK BOOOLLLE OTCYTCTBYIOT, UK
ABNAIOTCA ManbiMU. Takum ob6pa3oM, bbinia BbiCKa3aHa MbIC/lb O TOM, YTO PeosIorns
MPOLOJ/IbHOMO TEYEHUA UrpaeT onpenenaoLLyo posb B ABJIEHUN POCTa BUXPS BO
BXOOHbIX T€YEHUNAX Pa3/INYHbIX HEHBIOTOHOBCKUX XXNOKOCTen. HecMoTps Ha To, 4TO
HeKoTopble aBTopbl, Hanpumep [23,30], obpaTnam BHUMaHNE Ha HEKOTOpPbIE OWNBKN
paboTbl [28], 0AHAKO OCHOBHbIE Uaen 3Ton paboTbl COXpaHAT cuny. B paboTte [13]
3TO nokasaHo Haubosiee NOAHO, NPX 3TOM BU3yanmnsauns Te4eHns KoMbMHMpoBanach
C N3MEPEHMNAMU CBONCTB XMNAKOCTN. HeKOTOpbIie noammMepbl NpoaBasftioT 6onbLune
BUXPU N POCT BUXPSA (NOSIMITUNIEH HU3KON MJIOTHOCTWU), Apyrme (NoJIMCTUPOa HU3KOW
MAOTHOCTM), Apyrmne (NoOANCTMPOI) NOYTU He oBHapy >XMBaeT BTOPUYHOIO TEYEHUS B
NJockoM cy>xeHumn 5,9:1. B ycnosusax HabnogeHnsa oba Te4eHmsa xapakTepnusoBaanuch
MoYTV OONHAKOBbLIMU 3HAYeHUAMN Yncna BencceHbepra, oaHako noasa TevyeHus bbiin
AOBOJIbHO OTNIMYHBbIMWU APYr OT Apyra. Pasnnymne 66110 B CBONCTBAX NPOAO0JILHOIO
Te4yeHus noammepoB. PoCcT BUXpSA Bbla SICHO CBSAA3@H C HEOrPAHMYEHHBLIM POCTOM
Hanps>XeHUsa PacTAXKEHNA CO BpeMeHeM Npu (PUKCNPOBAHHbBIX CKOPOCTSAX
nedopmMannm pacTsa)KeHUs, B TO BpeMs KakK OTCYyTCTBUE BUXPSA Obl10 CBA3aHO C
OrpPaHNYEHHbIM POCTOM HAMPSXXEHUS pacTaXKeHnsA. DT HabntoaeHnsa cosnagann C
BbILLEYNMOMSAHYTbIMU pe3yibTaTaMn paboTbl 0 TOM, 4TO BONbLUME BUXPU U POCT BUXPS
CBSAA3aHbl C MEXaHM3MaMWU CHATUA HaNps>XeHusa. lpyruMmm cnosamu, He Bce
YNPYroBA3KNE XNAKOCTU NPOABAAOT 3hdeKT pocTa 061acTn UMPKYISALNOHHOMO
Te4yeHus BONM3NM BXo4a B Y3KYH YacTb KaHana. TakuMm obpasoMm, nosiBreHue, pocT n
XapakKTepucTmkKa BUXps CUJIbHO 3aBUCAT OT CBOWCTB NMPOAOJ/IbHOro TeyeHus [31].
AHanun3 paboTbl [32] nobaBun gpyroe MHeHME ANA NOOOEPXKKU UAEN O TOM, 4TO O
oNMcaHnsa MexaHn3mMa pocTa BUXPSA BaKHYIO pOJib UrpaeT OTHOLWEeHNe CBOUCTB
NpoAoJ/IbHOro N CABUIrOBOrO T€YEeHUW, B HaCTHOCTW, rnepexonHoe nosegeHune
NPOOOJIbHbIX U CABUIOBbIX HaNps>XeHunn. OTMeTnUM gna cnpaseniMBoCcTU, 4TO B
paboTax [23,33-36] noaTBEep>XAaeTCHA Ba>XXHOCTb NOBeAEHUSA B MPOAOJSIbHOM Te€4EHUNN
Ons onpeneneHnsa pasmepos Buxpen. Hanpumep, B paboTe [23] NnoKa3aHO, 4TO eCcnu
pacTs)XeHue urpaeT poJsib B onpenesieHnn nosegeHnsa BUXps, Torga Ba)KHbiM
ABNSIETCA NepexoaHoe NnoBegeHne Npu pacTsaXeHnn xuakoctu. B pabote [32],
NCMNOJIb3yS XapaKTEPUCTUKN YCTAaHOBUBLUErOCHA TE€YEHUS, NOJIYHEHO COOTHOLLEHME,
CBsA3blBaloLLee nepenag BXOAHOI0 AaBNeHNs U AJIMHbI NPUCOeANHEHHOIr0 BUXPS CO
CBOWCTBaMW CABUIOBOIr0 M NPOA0JIbHOIMO Te4yeHus 0606 EeHHOW YyNpYyroBSA3KOM
XXUOKOCTU 4Yepes Kpyrible n naockue cyxeHus. MNMpu aToM npegnonaranocs, 4To
OT/ZINYHAA OT HYNA KOMMNOHEHTa CKOPOCTU XXNOKOCTWU B YraioBon obnactm mexay
BUXPAMU NMesia 0CeBoe HanpassieHne 1 Bblla NOJIHOCTbIO Pa3BUTON, BXOOHOW Yron
Obln Man n 4TO, oTAeNnswas obnacTm agpa n peunpkynaumm Kpueasa boina MmegneHHo
n3MeHsawenca QyHkKUnen oceson KoopamHaTel. Kpome Toro, casurosas v
MpPOoAo0JIbHasA BA3KOCTMN YCTAaHOBUBLLUErOCH TEYEHUS BblpaXKaJIMCb CTEMEHHbIMU
PYHKLMAMUN CKOPOCTEN CABUIra U pacTsa)xeHus. Nocne MuHUMmM3aumm obuiero pacxona



3Heprun, Tpebyemoro ansd nogaep>XaHuUs Te4eHnsa B cxoasuwenca obnactn mexay
BUXPAMU («BOPOHKa»), NOJy4YeHbl YpaBHEHUA 015 Te4eHUs B KaHaJsle, Yepe3 KOTOopbIN
NnPOXoauT AP0 Te4YeHUNs B NJIOCKOM CJiydae. AHaNnN3 3TOro ypaBHEHUS NokKasaJ, 4To
MaTepuanbl, obnagatoLlime aHoManmnen BA3KOCTU (TBepAeOWME NPU pacTsKeHUN n
pasXumxawLwmeca Nnpu casure), NPOSABASAIOT POCT BUXPS, B TO BpeMSA KakK MaTepuabl,
KOTOpPbIE pa3MAr4atoTCsa Npu PacTaXXEeHUN, NPOABASAIOT MEHbLLLUNW POCT, YEM
TBEpAewLwme npu casure. Tem caMmbiM NOATBEPXKOEHA NAes 0 TOM, YTO BUXPU pacTyT
C POCTOM CKOPOCTU T€YEHMUSA N YMEHbLUEHNEM CKOPOCTU pacTaKeHUs (U
COOTBETCTBEHHO YMEHbLUEHNEM HaNps)XeHNsa pacTsKeHus). (MexaHnsm
ocBoboxxaeHunsa Hanps>XeHuin) [23]. TeopeTudeckne pesynbTaTbl paboTbl [32]
MPOBEPSANINCL IKCNEepPUMEHTasbHO [37] 4N9 0CECUMMETPUYHBIX N MNOCKUX CY)XEHUN
npun Te4eHUn NceBaonaacTUYHbIX BOOHbIX PAaCTBOPOB MoJsiMakpuiaMnaa, KCaHTaH-
ryma n xunakocTtu borepa. CooTBeTCTBME MeXY 3HAYEHUAMU NPOAOJSIbHOW BA3KOCTH,
MOJIYHYEHHOE N3 TeopuKn N IKCNepuMeHTaNbHbIM NyTeM, A8 NCeBA0NIaCTUYHOrr o
pacTBopa NnoanmmepoB BbIS10 04eHb Xopoulee. MNMosy4eHOo Tak>Xe Xopollee coBrnageHmne
MeXAy U3MepeHHbIMU N BblYUCIEHHBIMU 3HAYEeHUSAMN OANHbI NPUCOEANHHOI0 BUXPS
0151 3TUX PacTBOPOB NOJIMMEPOB NPU CKOPOCTAX, KOrga BUXpWU pacTyT, HECMOTPS Ha
TOT aKT, 4TO onpeneneHne oJanHbl NPMCoOeaNHEHHOr0 BUXPSA AaBasioCb Kak
paccTosAHME, Ha KOTOPOM Te4YeHue OTKJIOHAETCS OT MOJIHOCTbIO Pa3BUTON0 TEYEHNS.
HecMoTpsa Ha xopolwiee coBnageHne TeopeTnvyecknx pesynbrtaTtoB [32] ¢
aKCnepmMeHTalbHbIMKU [37] pe3ynbTaTbl 3TUX paboT nogBepranmcb COMHeHuto [38],
TaK Kak 3KcnepmMeHTbl B paboTe [37] npoBoannmncb AN yCTaHOBMBLLEroCs
COCTOSAHUSA, Kak Toro TpebyeT Teopus. MoaTomy B paboTe [38] TeopeTnyeckune
AaHHble paboTbl [32] npoBepsnncb AnA BXOAHON0 Te4eHus nosypasbaBrieHHbIX
PacTBOPOB MOJIYXKECTKUX CO CTep>XHeobpa3HbIMM MONIEKYIaMN KCaHTaH-ryma, ons
KOTOPbIX MOXHO M3MEPATb NPOAOJIbHYIO BA3KOCTb 60/1ee TOYHO. ABTOPbI HaLWIKU, YTO
yBeJIN4eHNnEe CKOPOCTU Yepes ocecuMMeTpuyHoe cy>xenme 4,4:1 npuBoaunT K
He3Ha4YNTeNbHOMY POCTY pa3Mepa BUXPeEN BTOPUYHOIO TeYeHUSA N COBNALEHUIO C
pe3synbTaTaMun HabngeHnsa paboTbl [39] ona 0,01% pacTBopa KCaHTaHa B BoAe.
3aKkpyrseHue yria Cy>xeHus npuBoauUT K HE3HAYNTENIbHOMY OTJ/INYUIO pa3MepoB
BUXpS, Habnogaembix B paboTte [38]. HE3aBUCMMOCTb pa3MepoB BUXPS OT CKOPOCTU
Te4yeHus npmeena K NpennosioXXeHno 0 BaXKHOCTU CBONCTB NMPOAOJ/IbHOMO TEYEHUS Ha
pa3BuUTUE BUXPSA N OJIMHA NPUCOEANHEHHOr0 BUXPSA BTOPUYHOIO Te4YeHUs MOXeT bbITb
TEeCHO CBfi3aHa C OTHolweHneM TpyToHa pacTBopa. Taknum obpasom, Teopusa bUHAMHra
Oblsla NOsIe3HbIM BK1IAAOM B MOHUMaHME MeXaHn3Ma pPa3BUTUSA BUXPEN, XOTHA OHa
MCMNoJib30BaJsia CBONCTBA XNOKOCTEN NPY YCTAaHOBUBLLUUXCHA CABUIOBbIX N MPOLOJIbHbIX
TeyeHUsax. lIMHaMuKa pocTta BUXpsa HeCOMHEHHO OOHNUM N3 OCHOBHbIX TEM B U3YYEeHUN
BXOOHbIX TEYEHUNIN HEHBIOTOHOBCKUX XUOKOCTEN ABNAETCHA MOHUMaHNE MEXAHN3MOB,
pPa3/INYHbIX MepexonHbiX TeYEeHNN, KOTOPble BCTPEeYaltTCsa NP NU3MEeHEeHUN Yncna
BeincceHbepra. B page paboT [34,40-44] nsy4anocb Te4eHMe B KaHaslax C BHE3aMnHbIM
CY>XEHUEM Yrpyrmnx XNOAKocTen, KoTopble MMeT NMOCTOAHHYIO CABUIOBYO BA3KOCTb



(Tak Ha3blBaeMble «)XNOKOCTN borepa»). OKCnepuMeHTbl MPOBOAUIINCL, B HAaCTHOCTW,
C ucnosib3oBaHueM pasbaBsieHHOro pacTBopa nosvakpuiaaMmmaa B BOAE N B cmpone
r/II0OKO3bl. TakMe pacTBOPbl XapaKTepu3oBaJMCb NOCTOAHHOW BA3KOCTbIO, be3
NPosIBNEHNA NCEBAOMIACTUYECKNX CBONCTB. KpoMe Toro Takue pacteopbl obnagatoT
NPOLO0J/IbHON BA3KOCTbIO MPU CTAaLMOHAPHOM PaCTAXEHUN, KOTOpas CyLeCTBEHHO
pacTeT CO CKOPOCTbIo aedopmaunu [45]. Mpu ny4eHnn Te4eHns C pasin4yHoun
CTeneHbl0 CY>XeHNA KaHaI0B NMoKa3aHo, YTO Npu CKOPOCTU CABUra, Bbi3blBatoLLEN
KBaApaTUYHOe NnoBefeHne HOPMaJibHOro Hanps>XeHus, BblNyKJible YroBble BUXPU
CUJIbHO YBeNIMYMBalOTCA B pa3Mepax. bespa3smepHas AosiMHa BUXPSA ABAAETCA
dyHKLUMEN TONbKO Yncna BencceHbepra , KoTopoe onpenensnocb Ha OCHOBE cpefHen
CKOPOCTU HUMXKHEro noToka N MakCBeJIJIOBCKOIrO BpeMeHU pesiakcaLumu, BblIYHUCIIEHHOMO
N3 NPUCTEHHON CKOPOCTU CABUIra HUXKHEro rnotoka. Hanpumep, B npegenax asnHa
npucoeanHeHHOro Buxps yesenmymnacb Ha 100%. lNMpuyem 3To N3aMeHeHne He
3aBMCESI0 OT CTeneHun cyxeHus. B paboTte [34] noka3aHo, 4TO YNPYyroCcThb SABAAETCS
€QWNHCTBEHHbIM (PaKTOPOM, OTBETCTBEHHbIM 3a 06pa3oBaHMe N poCcT HabnaaeMblX
Buxpen. MNMpn fanbHenweM yBesiM4eHNn BTOPNYHOE TeYeHNe CTaHOBUTCS
ACUMMETPUYHbIM U B KOHEYHOM CYeTe NoBOpavMBaeTCs, YTO NMPUBOOUT K
TpexMmepHoMy Te4dyeHuo. B paboTe [46] n3dy4anocb BAUAHUE NCEBAOMNIACTUYHOCTU N
YyNpyrocTu XNOKOCTU Ha OJIMHY npucoegnHeHHoro smuxp4. NokasaHo, 4To
3HaYUTENbHbIN POCT BUXPS MPOUCXOONT A8 NCeBAOMNACTUYHbBIX XXUAKOCTEN TOSIbKO
MPW O4eHb BbICOKMX 3HAYEHUAX YMUCNa , KOrga BANAHMNE YNPYroCTU XNLOKOCTHU
0OCTAaTO4YHO, 4TODObLI NPEB30MNTU BANSHNE HEHBIOTOHOBCKOM BA3KOCTW. Habnwganncos
passinyHble PopMbl PYHKLMOHANIBHOM 3aBUCUMOCTU ON18 XUOKOCTU borepa ¢
pa3IN4YHbIMM BpeMeHaMun penakcaumun. Takum obpasom, Tpebyetcsa bonee 4em ogHa
be3pa3mepHasa rpynna gasa koppensaumm Habnogaemoro pocta BUXpen A XULKOCTH
Borepa. B paboTe [12] BbINOSIHEHO 3KCMNepUMeHTalbHOe N3y4eHne BXOAHOro Te4YeHuns
C OBYMS pa3IMyHbIMUN XUAKOCTAMU borepa (pacTBOpbl NosiMakpuiaMuaa B cmpone
rIOKO3bl U PacTBOPbI NONN300yTUNEHa B ByTaauneHe) Yepes Kpyrsble BHe3anHble
CY>KEHUNSA C pas/IN4HbIMU CTENEHAMMN . DTU ABa pacTBOpa MMesn NoYTU OONHAKOBbIE
peosiornyeckme CBOUCTBa Npuv AUHAMNYECKOM U CABUrOBOM pexume. OLHaKO
Habngaemas AMHaMUKa pocTa BUXpS Oblla 04eHb pa3iMyHon. Ha ocHoBe aHasn3a
hopMbl BUXPA 418 0bonx pacTBOpOB ObINIO BbICKA3aHO NpennosioxXeHne, 4To 3HaHue
CBOWCTB XNOKOCTEWN B CTaLUMOHAPHbLIX 1 UHaMUYECKNX pexxnmax casura
HeAOoCTAaTO4YHO A1 ONMUCAHMSA BXOAHOI0 Te4eHUs B KPYrJ/blX Cy>XKeHUsax. BepossTHoe
06bSACHEHME pPa3/IMYHOro NoBeAEHMA 3TUX PAaCTBOPOB 3aKJIIOHAETCA B UX Pa3/INYHbIX
3HAYEeHNAX NPoaosbHON BA3KOCTU [47]. B cooTBeTCcTBMMU C HabnwaeHnsmmn paboT
[12,47-49] ycTaHOBMIEHO, YTO yNpyrne XUaKoCTu BO BXOLHbIX TE€Y4EHUAX MOryT
nposABAATL ABa Nnepexona K BpeMeHHO0-3aBUCUMOMY TPpeXMepHOMY TeYeHUIO - OANH
nepexon NpPoNCcxXoanT Npu MasblX 3Ha4YeHUAX Yncna [34]. YeenmdeHue 4yncna
BencceHbepra npuBoAnT K HEMpepbIBHOMY POCTY BUXPEN U K pa3pyLUEHUIO OCEBON
CUMMeETpUKN TevyeHns. bonee BbICOKME 3Ha4YeHUA CKOPOCTU CABUra eLle NpuBoaaT K



BpalLeHNI0 0CeCMMMETPUYHbIX BUXPEN BOKPYT UCKPUBJIEHHOW MOBEPXHOCTU BoNbLLOn
Tpybbl 00 Tex Nop, NoKa Npu 3Ha4YeHU NPUCTEHHON CKOPOCTU CABUIra U Bbile, He
HabngaeTca BUHTOBOE TeveHne. XXUaoKocTb U3 BuxpeBon obnactu nepeTekaeT B
BUAE CTPYWU MEpUognNyYeckn B HUXKHUN NOTOK. Bce 3Tn nepexofHble Te4yeHns
Habnoganncb Npu 04eHb MasibiX 3Ha4YeHUAX Yncna PenHonbaca . NepexonHble
SIBJIEHUSA B TEYEHUAX CUJIbHO YNPYrux Xnokocten borepa 4yepes oceCMMMeTPUYHbIE
CYy>XeHUs ANS WNUPOKOro MHOroobpasmsa 3Ha4YeHUN cTeneHn cyxeHnsa boinm
npeaMeToM 3KCNnepmMeHTanbHOro nsyyeHus B paborte [50]. 3aecb 4ncno
BencceHbepra onpenensnock Taknum xe obpasom, Kak n B pabote [49], Bbluncnas ero
N3 MaKCBeJIJIOBCKOIro BpeMeHn pesiakcaunn, KOTopoe B CBOIO o4Yepenb onpenensnochb
N3 BA3KOYMPYrnx CBONCTB XUAKOCTU B HNXKHEM TeyeHun. B aTton pabote ans
OTHOLLEHUS CY>XXEHUS HangeHo, 4TO Npu KpUTU4eCcKoM Ymncne BencceHbepra paBHbIM
1,5 ona TedeHue B6AN3K Kpas ucnbiTeiBaeT Budypkaunto Xonda, S8naaCb
TpexMepHbIM U HeCTauMoHapHbIM, 00 3Toro 6yay4n AByMEepHbIM U CTaLMOHAPHbIM.
XoTa Takaa budypkaumnsa Xonda Habnwoganacs n B pabote [49] ons
0CeCMMMETPUYHOr0 TeYEeHUS NPU CTENEeHN Cy>XeHns , oHa He Bblfla TakoWn, KoTopas
Habnopganace B pabote [50], c nocnenyoLwmm BO3BpaTOM K YCTaHOBUBLUEMYCS
OBYMEpPHOMY COCTOSAHUIO Npun Boslee BbICOKNUX CKOPOCTAX cABura. ABTOpbl He
obHapyxunmn budypkaunto Xonda npu 6osee BbICOKUX CTEMEHAX Cy>XKeHus. Ons
C/ly4as 1 BbICOKUX aBTOpbl 06HapyXmnnm nepexon ¢ yoBOeHHbIM NepnogoM KOMMOHEHT
ckopocTen B6n3n kpas. bbisio yCTaHOBNEHO, YTO BMNOCAEACTBUN pa3BuTmne
KBa3nnepmoon4yeckoro COCTOAHUA 4719 Cy4dasa , Npuv nMoYTn He 3aBUCUT OT . ITO
COOTBETCTBYET COCTOAHUIO, KOorga obpa3ytoTcs Kpaesble BUXPU. Kak MOKa3aHo B
paboTax [47,12], KpaeBO BUXPb YBEJINYNBAETCHA B BEPXHEM MOTOKE N HanpasB/eH
pafnasibHO HapyXy, Korga npoaosnyKaeT yBenn4nsaTbCA. Kak TOJIbKO KpaeBoW BUXPb
[OCTUraeT yria BepxHero notoka oH pacteT bbicTpo, 4Tobbl 06pa3oBaTh 60sbLLION
BbINYKJIbIW YNPYrnMin BUXPb, KakK ONUCbIBAJIOCh APYrMMU UccnenosaHUAMm 3Tomn
npobnembl. B TO )Xe camoe BpeMs, Korga Te4eHne NPoxXoauT Yyepes onmcaHHble Bbille
nepexobl, MOXXHO BUAETb U3MEHEHUSA OpYyrnx opm NoToKa. Hanpumep, 4N U Yucen
BencceHbepra, cpaBHMMbIX CO 3HAYEHMUAMU, NMPU KOTOPbIX CTAHOBUTCA 3aMETHbIM
KpaeBoW BUXPb, BUAHO YMEHbLLEeHNe 0CeBON CKOPOCTU, KOrga XMAKoCTb
npubnamxKaeTcs K ropJIOBUHE CYy>KEHUSA, A0 TOr0, Kak yCcKopsaeTcs cHoBa 6amxe K
MJOCKOCTU CYy>XeHUSA. 3TO NPUBOLAUT Ternepb K XOPOLLO YCTaHOBJIEHHOMY SIBJIEHUIO,
Ha3blBaEMOMY «pacxXxodaLmMcs TedeHnem». Kak nokasaHo B pabote [50] aTo aBneHue
He CBA3aHO C NOsIBJIEHNEM KpaeBblX BUXpen. YyBCTBUTEIbHOCTb pacxoasLerocs
Te4YeHUA K CTerneHn Cy>XxeHus npmeena aBToOPOB K NpennosioxXeHuo, 4TO CKOPOCTb
CABWUra B BEpXHeM MoTOKe N 3aBUCMMOCTb obuien gedopmaumm NeHKU oT 3Ha4YeHuns
MOXXET ObITb Ba)XHOW A1 MOABNEHMNSA pacXonauerocs Teq4eHns. Kak TonbkKo ganHa
npucoeanHeHHOro ynpyroro BUxps OoCTUraeT CBOEro MakCMMmyMma, gasibHenwmm pocT
NPUBOOUT K MyJIbCUPYIOLLLEMY OCECUMMETPUYHOMY BUXpPto (Npu 1 ). OgHaKo, ons
60NbLINX BUXPb CTAHOBUTCSH aCMMMETPUYHbIM. Kpome Toro, oH bonbuie He



nynbcupyeT, a BpawaeTca B Tpybe Ha BepxHeM noToke. Ha puc.3 nokasaHo
HecTalMoHapHOe Te4YeHne B Cy>KaloLeMCsa KaHase npu pasimyHbIX 3Ha4YeHNSaX Ynucna
Hebopsbl [64]. Puc. 3 - nnocTpaunsa HeCTauMOHAPHOro Te4eHUS Npun BbICOKUX
3Ha4vYeHUs Yymncna lebopbl NMNoBepgeHne TevyeHns borepa B 0CECUMMMETPUYHOM CY>KEHUM
nccnepnosanock B pabote [51], B KOTOPOM OTMEYEHO KpUTUYECKmne yCcnoBmusa Havdyana
YNPYyron HeyCTOM4YMBOCTU, NYTEM U3MEPEHNS PA3HOCTU AaBJIEHNSA MOMEPEK MNJIOCKOCTH
CY>XeHUs, Korga CKOpoCTb Te4yeHns yeenn4maeTcs. lMepBon yrnpyrown
HeYyCTON4YMBOCTbIO, OTMEYeHHON B 3Ton paboTe, 61 Nnepexon K cnabomy
nepuoanyeckomy Te4eHMIo, OTOXKOECTBJIEHHOMY KaK KpaeBas HeyCTONYUBOCTb,
obcyxxaoeHHasa B paboTax [49,50]. HoBbiM B 3TO paboTe 6bI10 YKa3aHMe Ha
cnenywwmin gakT. XO0Ta 3Ta NnepBas HEYCTONYMBOCTb JIOKaM3oBasacb B6AM3N Kpasa v
ObICTPO YMeHbLUaslaCb BAAMN OT NJIOCKOCTU CY)XEHMSA B HanpaB/ieHUN BEPXHEro
Te4yeHus, HeyCTOMYMBOCTb NMepeHocnnachb B Tpyby HMXXHEro noToka. lNMpun yBennyeHnm
3Ha4YeHns YacToTa KonebaHnnm gaBneHNa BHE3aNHO yMeHbllaeTcs. MNpu Taknx
B60bLIMX 3Ha4YeHUAX Yncna BencceHbepra BepxHee Te4eHUN UCMbITbIBAET
bndypkKaumio N3 0CecCUMMeTPUYHOro YCTaHOBUBLLErOCSA K TPEXMEPHOMY
nepnoanyeckomy BO BPEMEHU TeYyeHuto. Mexxay nepson 1 BTOPOMN HEYCTONYNBOCTbIO
KpUBble BUXPU BbICTPO pacTyT pagnasibHO N 3aTEM B OCEBOM HamnpasaeHUn. HakoHel,
npun Te4eHne CTaHOBUTCA UPPEryNsapPHO BPEMEHHO-3aBUCUMbIM. ABTOpbl paboTbl [51]
3aKJII04YNAN, YTO POCT YNPYrux Buxpen, HabntogaembliX NpM Ka4eCTBEHHO
noaTeep>xnaeT BbiBoAbl paboT [28,32] 0 TOM, 4TO 3HAYNTENbHbLIN POCT BUXPEN Bbi3BaH
BbICOKOI NPOA0JIbHON BA3KOCTbIO. [asnbHenwmne nccaegoBaHma MexaHnusma,
OTBETCTBEHHOI0 3a POCT BUXPEWN B YNPYrOBA3KMX XUAKOCTAX, MCCNeaoBasacs B
paboTax[52,44,42,53] nyTeM N3MEHEHNSA CTEMEHUN CY>XEHWUSA, 3aKPYIrNeHNs yraoB Ha
Kpato Cy>KeHUNs U CpaBHEHUS NMepexonoB TeYeHNA 015 OCTPbIX U CKPYTreHHbIX
CYy>XeHuW. bbIs10 yCTaHOBNEHO, YTO U3MEHEHME reoOMeTPUnN Kpas Cy>XeHNs oKasbiBaeT
B/INAHME Ha BCe noJie Te4yeHuns. Pasnnyme ypoBHSA akTUBHOCTU BUXPEN XUOKOCTEN
bBorepa nsy4yanacb B paboTtax [42,53] 419 NAOCKOro Cy>KeHUS U KBagpaTHOro
Cy>eHunsa [44]. B cooTBeTCTBUM C HabnogeHnamu [42], Korga 3akpyrisanch yribl,
rMoKa3saHo, 4TO Cpe3aHue yrja Ha O4HOW CTOPOHE Kpas KBagpPaTHOMo Cy)XeHUsA CUJIbHO
B/INAET Ha rnobanbHyl0 CTPYKTYPY TE€YEHUS: BUXPb HA CTOPOHE KOTOpOoW yron 6bin
Cpe3aH, CTaHOBUTbLCA MEeHbLUE, a Ha APYron (paccMaTpuBas Ha Te4eHne CKBO3b
NJOCKOCTb CUMMETPUN ) BUXPb YBENYMBAETCA B pa3Mmepe. Xunakoctm borepa
NMPOSABAAIT ABHOE OT/INYME HE TOJIbKO B BUOE Pa3/IN4MA aKTUBHOCTU BUXPEN B
3aBMCUMOCTU OT FreoOMeTPUN CYy>KEHUA, HO NPOSBAIOT TakXXe pa3/In4yHble MeXaHU3Mbl,
npuBogswme K 60sblWOMY BXOOHOMY AaBAEeHUI0, N3ObITOYHOMY MO CPaBHEHUIO C
HbIOTOHOBCKOMN XXUAKOCTbIO, MMeloLen OANHAKOBYIO BA3KOCTb C BA3KOCTbIO XUAKOCTH
borepa. 3pecb nof «n36bITOYHLIM BXOOHbLIM OaBJ/ieHUEM» NMOHMMAaETCA AaBsieHne,
KOTOpOe npesbllLaeT gasneHue, Tpebyemoe gna obecnevyeHns nosIHOCTbIO Pa3BUTOrO
TeYeHUNS B 30HaX BEPXHEro U HUXXHEro Te4eHuns. [1na oCeCMMMETPUYHOr0o Cy>KeHns
MoKa3aHo, YTO POCT BXOAHOro AaBJsieHNUS CONMPOBOXXAAETCA pa3BuTneM 6onbLLInX



LUNPKYNALMNOHHBIX 30H [37]. Mpn HEKOTOPOWN CKOPOCTU TeYeHMS NOYTN BCE BUXPN,
B6/11M31M BbICTYNaloWero yrna, nc4yesatT A5 NJ0CKoON reomeTpun. B Toukax, rae
NMeeTCH 3Ha4YUTEsIbHbIN POCT B U3ObITKE BXOAHOrO AaBJsieHUs, Nnogaep XnBasaoch
TeyeHune B BUAE JIYKOBULI (pacxopsauieeca TedeHune) [54]. nsa ocTporo Bxoaa
Yr/10BOM BUXPb pacTeT BbICTPO A0 Tex Nop, NokKa TeYeHne He noTepsaeT CBOIO
CUMMETPUIO U HE HAYHEeT BpalaTbCsa. B cnydae 3akpyrsieHHoro sxona, HaobopoT,
Habngancs pocT KpaeBoro BUXps 1 nocnenytollee paclumMpeHne B yrsiioBoM BUXpe,
KOTOpPOEe B OCHOBHOM COCTaBJ/IE€T yBe/INYEeHNe OJINHbI MPUCOeANHEHHOI0 BUXPS NpK
BbICOKUX CKOPOCTAX CABUra. 3akpyrieHue yrnia aBaseTca aHasIorM4yHbIiM no BANAHUIO
Ha BUXPW, KaK U YMeHbLUEeHne cTeneHun cy>xeHumsa [55]. KombnHnposaHHOe BAUSAHUE
KomMbuHnpoBaHHoOE BAMAHME 06/1aCTU TE€YEHNS, CKOPOCTU MOTOKA U PEOJSIONrMYECKMX
CBOWCTB XXNOKOCTW Ha nepenaj gaBJeHUa U QUHaMUKY poCcTa BUXPen nccnenoBasanchb
B paboTe [56], roe nsy4asnocb Te4eHne pacTeBopa NOJINCTUPOIA B OJIMroMepe CTUpona
yepes cy>XeHue-pacwmpenme 2:1:2; 4:1:4; 8:1:8. 3T1a paboTa pacwumpseT paboTy 3Tnx
e aBTopoB [57] ang cnyvas 4:1:4. 30eCb UCMOJ1b30BaJINCb NepexofHble
peosiornyeckme CBONCTBa NPOAOJSIbHOIO TevyeHUs ansa 06bACHEHUA OFrPOMHON
pasHuubl, HabnwgaeMon B nMTepaType, NOCBALLEHHOW POCTY BUXPeN AN XUOKOCTeun
Borepa B KaHanax pas/in4HOn reomMeTpun. bespasmepHbin nepenan LaBe€HNS B 3TON
paboTe onpenenancs Bbl4HUCIEHUEM PAa3HOCTU OABNEHNS B BEPXHEM N HUXKHEM
MOTOKe, BblYMUTas PA3HOCTb AaBJIEHUS B Nya3ensIeBCKOM Te4eHUN N HOpPMUpys
pe3ynbTaT nepenagomM faBlieHUSa 019 HbIOTOHOBCKOM XUAKOCTU. bbinl yCcTaHOBNEH
MOHOTOHHBbIN POCT NMepenaga A58 BCEX CTENeHEeNn Cy>XeHnsd, korga 4mcao ebopeobl
NMPEeBOCXOANT KPUTNYECKOE 3HAYeHMe. DTOT POCT COMPOBOXAAETCS HavYasioM ynpyromn
HEeYCTOWYMBOCTMU XULAKOCTWU. Pe3ysibTaTbl UCCNeAoBaHUN, NPOBEeAEHHbIX A9 KaHa10B
c reomeTpuen 4:1:4 n 8:1:8 nokazanm NnogobHy0 ANHAMUKY POCTa BUXPEN: BUXPU
noAobHble BUXPSAM B C/lyHae HbIOTOHOBCKOM XUAKOCTU, pacTyLlline B pasMepe n
pacTarmBatowmecs ¢ pocToM , BNJOTb A0 Ha4vana rnobanbHON HEYCTONYNMBOCTU. BUXpb
Tenepb nporpeccmpyeT B a3nMyTaJlbHOM HanpaBJIEHUN BMeCTe C CTpyen XXNOKOCTU B
roOpJIOBUHE BEPXHEro TeYEeHUSA NIOCKOCTU CYy)XEeHUA. 3aKpyrjieHHble yribl Tenepb
nepeBoasaT AMHAMUKY poCTa BUXps K bonee Bbicokum . B paboTte [56] naH, Bo-NnepBbIX,
nepenag fasseHns, onsa npeackasaHusa pasMepa oThesIbHOro BUXpsa A9 JaHHOWN
CTeneHn Cy>XeHuns, n3 rpacdunka gJavMHbl NpMcoegnuHeHnsa B 3aBUCMMOCTU OT , 4TOObI
YY4NTbIBaTb paanyc KPUBU3HbI 3aKPYrJIEHHOro yrna. Bo-BTopbiXx, 1 3To 601ee BaXkHO,
aBTOpPbI AaJIn NepBOe KOJINYECTBEHHO A0KAa3aTesIbCTBO TOr0, 4TO KMHEMaATUKa
TeYeHNs ONsa pasiNyHbIX YNPYroBA3KNUX XXNOKOCTEN BO BXOAHbIX TEYEHUAX MOXKET
ObiTb paLMOHaIN3MPOBAHO Ha OCHOBE PEOJIONMYECKNX AaHHbIX. B 4acTHOCTK, aBTOpbI
rnokKasasin, KakMmM obpa3oM OTHOLLEHNE HOPMaJibHbIX HanMpsa)XXeHWin, BO3SHNKALWMX B
MPUCTEHHOM CABUIOBOM TEYEHUUN, N NMPOLAOJIbHbIE HaNMpPsAXXeHUs, BO3HUKaloLMe B
LeHTpasibHOW NNHUN NPOAO0JIbHOIO TeYEeHUS, MOXKHO UCMOJIb30BaTb A1 AAaHHOIO
OTHOLWWEHUSA Cy>XeHuns, byaeT nm pacT BUXPb Ha KPAaeBOM UM Ha BbICTYNAKOLWEM yray.
B paboTe [58] aHanu3 buHagunHra [32] pacwmpanca ansa noayv4eHmns nponosibHOM



BA3KOCTN MOOEJSIbHON MUAKOCTU S1 B CKPYIr/IEHHbIX Cy>XKEHUAX. XOTS B Teopum
BUHOWHIa paccMaTpUBasINCh TEYEHNS C CY)KEHUEM B PEXXNUME BbICOKUX MPUCTEHHbIX
CKOpOCTen casura, 34ecb NokasaHo, 4To «BOPOHKOOBpa3Hoe» TeyeHme BCTpeYvyaeTcsa n
Mpn HN3KNX CKopocTen casura. NMNoaTomMy Kyco4yHoe MHOXXEeCTBO CTerneHHbIX
NpUbAMKEHNA MOXKHO NCMOJIb30BaTb 14 onpenenieHns BXOAHOro nepenaja
OaB/IEHNA MPUN Pa3/INYHbIX 3HAYEHNAX NMPUCTEHHOW CKOPOCTU caBura. BeiBoabl paboThl
[59] ona ckpyrneHHoro cy>xeHus 24,4:1 nogTeep>xaanm 31o. B pabote [58] 6bina
BblCKa3aHa naesi o ToM, 4TO 3Has OOHOOCHYIO NPOLOJIbHYIO BA3KOCTb A1 Pa3JINYHbIX
KOHCTUTYTUBHbLIX MOAENEeN, MOXKHO BblbpaTb 415 XXUAKOCTN MOAesb, HA OCHOBE
KOTOPOMN MOXXHO BbIMUC/IUTbL Nepenaj BXO4AHOro AaB/IeHUA, U CpaBHUBATb €ro C
3KCNepuMeHTasibHbIMU AaHHbIMU. CpaBHeHME C nonpaBkamm KyaTTa, BblHUC/IEHHbIMUY
ansa mogenen PTT un K-BK3, ncnonb3ys opurnHanbHyto Teoputo buHauHra [32], n
3KCNepuMeHTasibHble AaHHbIe NPU Pa3/INYHbIX CKOPOCTAX CABMUIa NOKasao, 4To
Moaesb PTT ny4we onncbiBaeT NonpaBKy MpPu HU3KUX N BbICOKUX CKOPOCTAX CABUra.
Y4yeT ynpyroctu B Teopum buHaunHra, Kak 31o 6b1510 B paboTe [59], nmen
He3HaynTesNbHOe BAUAHME Ha nonpaBky KyaTTa onsa mogenu PTT. MonbIiTKy
norn4yeckoro o60CHOBaHNSA KNHEMATUKN TE€YEHNS Pa3/INYHbIX NOJIMMEPHbIX
XXNOKOCTEN Yyepes CYy>KEHNS Ha OCHOBE MX PeosIorm4yecKnx CBONCTB Bbina
npennpuHaTa B pabotax [57,58]. ABTopbl 06paTnan BHUMaHME Ha NpeanosioXKeHune,
BblCKa3aHHoe B paboTax [12,50,57] 0 TOM, 4TO pa3HMLIA B Nepexonax TevyeHus,
HabngaemMasa onsa XnUoKocten, UMerLwnx Nnpndan3nTenbHO 0ANHaKOBbIe CABUMOBbIE
CBOMCTBA, AOJIXKHA 0OBACHATBCSA Ha OCHOBE UX Pa3HULLblI PEOSIOr U NMPOLO0JIbHOIO
TeyeHnda. OHa MOXKET BO3HUKATb U3 pa3HMLblI Ka4eCcTBa pacTBOpUTens u,
cniegoBaTesibHO, U3 pa3HMLbl PABHOBECHOW KOHUIypaunum pacTBOPEHHOI0O NoanmMepa,
NN N3 pa3HULbI XKECTKOCTM CaMOW NOJINMEPHON MOJIEKYJIbl. DBOJOLNS
PEOIOrNYEeCKNX CBONCTB, TaKNX KaK NnepexofHble HanpsXXeHns pacTsaxeHns byneT
rnpu 3TOM HapyLleHa. 3y4yaa pacTBOp NOANCTUPOSIA B OJINTOMEPHOM CTUpOJie B
paboTe [56] noka3aHO, 4TO NPUCYTCTBME KPAEBOIro BUXPSA A1 U ero 3aMeHa YrjoBbiM
BUXPEM OJ19 N CBSA3AHO C TeM (DaKTOM, YTO Te4yeHue npu Manbix Obiso
npenmMyLLeCcTBEHHO YNPYro-CABUIOBbIM U YBEJIMYEHMNE HANPSXXEeHUS pacTaXKeHUa ons
60/1bLIMX BbINO AOCTAaTOYHbIM AS18 BbITECHEHUS KPAeBOIr0 BUXPS YrI0BbIM BUXPEM.
Takon nepexopn He Habnwganca ona xXuakoctu borepa (pacteop nonmnsobyTuneHa B
nonnbyTaHe), roe Kpaesow BUXpb noasnsanaca and . OgHako, JaHHOe sSBeHne MoXeT
ObITb 0OBACHEHO TEM, YTO NOJINCTUPOJT PACTBOPSAICA B JIy4LLEM pacTBoOpUTEsNE, YeM
nonnnsobyTuneH. NMpneBoas AOKa3aTeNbCTBO TOro, YTO KUHEMATUKA TEYEeHUS,
BKJIIOYEHHas B TaKOM Nepexof N3 KpaeBoro K yrjloBOMy BUXPIO MOXKET BO3HUKATb
nyTem 3aMeHbl LOMUHUPYIOLWEero C4BUroBOro Te4eHnsa NnpoaosibHbIM JOMUHUPYIOLLM
Te4yeHusM, B paboTe [56] npensio)XeHo Bbipa)keHne gaa OTHOWEHUS HOPMaJlbHOro
Hanps>XeHus, onpepensiouero 3ToT Nepexon , rae - nepsas pasHoCTb HOPMasibHbIX
HanNps>XeHun, reHepmnpoBaHHas CABUIOBbIM Te4eHueM B6an3N CTEHOK, -
HbIOTOHOBCKas BA3KOCTb XXNOKOCTU. Ba)XxHOCTb paboTbl [56] 3aknto4aeTcs B TOM, 4TO



OHa NMpeacTaBsSgeT NepBY NOMNbITKY KOJIMYECTBEHHOI0 06 bACHEHNS pa3HULbI B
nepexofax BUXpEWn U3 04HON XNOKOCTU K APYron B TEPMUHAX UX PEOJIONMYECKMX
CBOWCTB.



