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BBenenue

AKTyaJqbHOCTh TeMbl aucceprammu. IlpoGrema Temonepeqayd B OTPHIBHBIX
MyJIbCUPYIOLIUX TEUCHUSIX MPEACTaBIAET Kak PyHIaMEHTAIbHBINA, TAaK U TEXHUYECKUN UHTEpPEC C
TOYKH 3pEHHS YINpPaBICHHS IUIOTHOCTHIO TEIUIOBOTO TMOTOKAa B COBPEMEHHBIX HHIKEHEpPHO-
TEXHUUYECKUX cucTeMax. OTpbIBHbIE MTOTOKM BO3HHMKAIOT MPAKTUYECKHM BO BCEX COBPEMEHHBIX
CUCTEMAX OXJIAKICHUS, HAIPUMEP NPU OXJIAXKIECHUU CEPBEPHOM MUKPOAJIEKTPOHUKH, CUCTEMAX
CO BAYBOM, IIPU OXJIXKACHHUHU JIOMATOK ra30BbIX TYpOUH, IPU OXJIaXAeHUU nomerieHui. [Ipu stom
OTPBIBHBIE TOTOKM XapaKTEpU3YIOTCA HAIUYUEM O0JIacTell pelnupKyIslud, KOTOPbIE MOTYT
IPUBOJUTH KaK K YXYALIECHUIO TEIUIO0OMEHA, TaK U K €r0 MOBBIIIEHUIO 3a CYET HHTEHCU(UKALIUN
npoueccoB mnepeHoca. HecranuoHapHble XapaKTEpUCTHKU IOTOKAa M TEIUIOBBIX IapaMeTpOB
HAOIOIAI0TCS B OKPECTHOCTU TOUYKH OTpPHIBA MOTOKA M MOBTOPHOTO MPUCOEAUHEHUS, U ITOT
MEXaHM3M O4YeHb ciokeH. OmHuM U3 Hauboliee TMPOCTHIX B peald3alud CHOCOO0B
MHTCHCU(UKAIIMA TEIUIOMACCONIEPEHOCa B CHUCTEMax C OTPHIBHBIMH TEUCHHSMHU SBIISETCS
nobaBiieHHe TyJbcallMid pacxona. Takke OOJNBIIOW MHTEPEC BBI3BIBAIOT HCCIIECIOBAHUS
COMPOTUBIICHUS MYIbCUPYIOIIUX TOTOKOB B TIJIAJKUX KaHajgaX U TpyOaX, IMOCKOJIbKY OHH
SBIISIOTCS HEOTHhEMJIEMON YaCThIO OXJIAJUTEIbHBIX CHCTEM.

JInst mMpoKOro uara3oHa 4YacToT KojeOaHwil, amrumtyd W uucen PeitHonbaca
OOJIBIIMHCTBO OCPEHEHHBIX 110 BPEMEHHU XapaKTEPUCTHUK MYJIbCUPYIOIIET0 MOTOKA B KaHaJIaX U
TpyOax COBNAJAaeT CO 3HAUYEHUEM, OXKUJAeMbIM JJIs CTallMOHapHOro mnotoka. Ilpu sToMm, B
pasnuyHble (azbl KoneOaHMH IMOTOK HMMEET pa3jIM4YHYyI CTENeHb TYpPOYJIEHTHOCTH U €ro
XapaKTEepUCTUKU MOTYT CYIIECTBEHHO OTJIMYAThCS OT CTAIl[MOHApHBIX. JTO 000OIIeHHE He
pacnpocTpaHseTcsl Ha MapaMeTpbl TPEHUsI, CPEIHHE IO BPEMEHH 3HAYE€HUS KOTOPBIX OTIMYAI0TCA
OT cranuoHapHbIX. HecMoTps Ha 3HAUMTENBHOE YMCIO WCCIEIOBaHUN, B JHUTEpaType
MPaKTUYECKH OTCYTCTBYET JETAlbHOE ONUCAaHWE JIUHAMUKH NPUCTEHHBIX XapaKTEPHUCTHUK
yJbCUPYIOIUX TedeHUH. OTCYTCTBYET YHUBEPCAIbHBIN 3aKOH TPEHUS U HE ONPEICICHB] YETKUE
IpaHULbl TPUMEHUMOCTH KBa3WCTAI[MOHApHBIX Mojeneil. HepocTtaTouHo AaHHBIX O mporeccax
JaMUHApU3alKU U TYpOyIHU3aliy MOTOKA MPU BRICOKOAMIUIUTYIHBIX KOJI€OaHUSX.

B cucremax ¢ penupkynsuued M OTPHIBOM IIOTOKAa IPAKTHUECKHU BCEra OTMEYaeTcs
HaJIMYME ONTUMAIBHON 4aCTOTHI MyJIbCALMM, IPU KOTOPOI MPOUCXOANUT 3HAUUTEIbHOE YCUIICHNE
teruiooOMeHna. OpHako J00aBieHHME MyJIbCAallMii HE BCErJa COMPOBOXAAETCS KayeCTBEHHOU
MepeCTPONKON MOTOKA M pe30HaHCOM. [Ipr 3TOM MEeXaHU3MbI B3aMMOICHCTBHS ITYJIbCALIHil TOTOKA
C BHUXPEBBIMU CTPYKTYpaMU MOTYT 3HAUUTEIbHO OTJIMYAThCS ISl Pa3HbIX T'€OMETPHUH.
O060011eHNIO0 TIOJIAI0TCS TEOMETPUH C PE3KUM OTPHIBOM MOTOKa (pedpa, quadparmbl), KOTOpbIE

CIUIKMBAKOT BIUSHUE MPEABICTOPUM IOTOKA HA BUXPEBBIE CTPYKTYPHI 32 MPENSATCTBUEM.



[Ipy BO3AYIIHOM OXJIAXIEHHM HA TMpakTHKe Hauboiee dYacTo peaau3yercs
KBa3HCTAI[MOHAPHBIA PEXKHUM MYJIbCUPYIOUIETO TYpOYJIEHTHOTO TEYECHHS, XapaKTepH3yeMbIi
BBICOKOI CKOPOCTBIO IOTOKAa NPH YMEPEHHBIX 4mcinax PeifHonmpaca, oTcyTcTBHEM (Da30BBIX H
aAMIUTMTYJHBIX CIBUTOB CKOPOCTH OTHOCHTENIBHO TPaJWEHTa J[aBJICHUS U OTCYTCTBHEM
UCKPUBIICHHS TPO(UiIel CKOPOCTU B TYpOYIEeHTHOM MOoTOoKe. OIHAKO TaXKe B KBa3UCTAIIHOHAPHOM
PCKUMC BBIHYKACHHBIC ITYJIbCAIIUU IMOTOKA 34 CYCT MHCPUUU CYHICCTBCHHO BJIMAIOT HAa CTCIICHD
TypOyJIEHTHOCTH MOTOKA U, KaK CJIEACTBHUE, HA €r0 CONMPOTHUBIICHUE U TUHAMHKY TYpOYyJICHTHOTO
nepeMemyBanus. [Ipu 5ToM KBa3UCTaIIMOHAPHBIN ITyIbCUPYIOIINI TOTOK UMEET ropasio OoJbIe
o0IIero CcO CTallMOHAPHBIM TEYCHHMEM, TIIOCKOJIbBKY XapaKTEepHbIE BpEMEHa peJaKcaluu
TypOYJIEHTHBIX CTPYKTYp CYIIECTBEHHO MEHBIIIE IepHo/ia HAJOKESHHBIX KojeOaHuii. B cinencTeue
3TOTO, JETaJbHOE HCCIEAOBAaHNE KBAa3HCTALIMOHAPHOTO MYJIbCUPYIOIIETO TEYEHHUS CIIOCOOHO
NPOJUTH CBET HA 3aKOHOMEPHOCTH TYpPOYJIEHTHOIO MaccollepeHoca IO BO3ICHCTBHEM
MOCTCIICHHBIX, HO KOHCYHBIX MO0 BPEMCHU BHCIIHUX BO3My1].I€HHfI. Taknm 06p330M, B Ka4Y€CTBEC
o0BeKTa HCCIeOBaHUSA ObLJIO BHIOPAHO KBa3UCTAIL[MOHAPHOE NYyJIbCUpYIOLIEe TypOyJIeHTHOE
TEUCHHE B IUIOCKOM KaHale C TJaJKUMH CTCHKaMH M OTPBIBHOE IYJIBCUPYIOILIEE TEUCHHE 3a
OJJMHOYHBIM PeOpOM.

Heabio auccepTanMOHHON pPadOTHI SBISIETCS OSKCIEPHUMEHTAIILHOE WCCIIEIOBAaHHE
AOPOJMHAMUYCCKHUX IMapaMETPOB MYJIbCHUPYIOLIECTO IMOTOKA WM CTPYKTYPbI KBA3HUCTALIMOHAPHOI'O
TEYEHUS B PA3IUYHBIX I'EOMETPUSAX B LIMPOKOM Juana3oHe uyucen PeitHonbiaca. Ilposepka
IPUMEHUMOCTH MOJIENTU CTallMOHAPHOTO CTPaTU(UIIMPOBAHHOTO O€3rpajIueHTHOIO TeUEHUS JUIs
HaXO0X/1eHNS K03 PUIMeHTa TPeHHs B KBa3UCTAllMOHAPHOM IIOTOKE B IIIMPOKOM JIMaIa30He YUCel
Peitnonbaca.

Jns nocTHKeHUs HeJH ObLJIM MOCTABJIEHBI CJIeyIolme 3a1a4u:

1. Co3ganue cTeHga s HM3MEpPEHHs a’dpOAMHAMHUYECKUX XapaKTEPUCTUK TYpOYIEHTHBIX
MyJIbCUPYIOIINX TC‘ICHI/Iﬁ, o6naz:a}0mer0 BBICOKHMM TMPOCTPAHCTBECHHBIM W BPEMCHHBIM
pa3penieHueM.

2. YcoBepLIEHCTBOBAHHE AITOPUTMOB aHaIM3a pe3yabTaToB PIV skcrniepiMeHTOB.

3. HccnenoBanue AMHAMUKU WHTETPATBHBIX XapaKTEPUCTHK TypOYJIEHTHOTO MYyJIbCHPYIOLIETO
TE€UCHUA B KaHaJIC. CpaBHeHI/Ie Pa3IMYHBIX MCETOJUK HU3MCEPCHHA TPCHUA Ha CTCHKE B
IIYJIbCUPYIOILIEM ITOTOKE.

4. UHccnenoBaHue AMHAMHUKYU PELMPKYISIMOHHON 30HBI B KBa3UCTALIMOHAPHOM IYJIBCHUPYIOIIEM
MOTOKE 32 peOpoM.

Haylmaﬂ HOBHU3HA OCHOBHBbIX HOHOH(eHHﬁ, P€3yJbTaTOB U BbLIBOAOB, MOJYYCHHBIX

B IMCCEPTALMM:
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1. Pa3paboran croco6 ananusa PIV-gaHHBIX ¢ MOMOIIBIO TpapUUeCKUX MPOILIECCOPOB 3a CUET
UCTIOJIb30BaHUSI BBICOKOYPOBHEBBIX IMPEIKOMIIMIMPOBAHHBIX OHOIMOTEK JUIS TEH30PHBIX
BBIYMCIICHUM.

2. BmepBble TMpOBENEHO CUCTEMATUYECKOE CPAaBHEHHME JIBYX HE3aBHCHUMBIX METOJOB
OINpE/ENICHUs] HANPSYKEHUN TPEHUs Ha CTEHKE — TEIUIOBBIM JaTYUKOM TPEHUS U METOJOM
Knay3epa Ha ocHOBe M3MEpPEHHBIX HECTAIMOHAPHBIX Mpod el ckopoctu ¢ momoiuisio PIV B
YCIIOBHSIX KBAa3UCTALMOHAPHOTO MYJbCUPYIOLIErO TEYEHUS B IIJIOCKOM TJIaJIKOM KaHAJIe.

3. Ha ocHoBaHuU MpOBENEHHBIX SKCIEPUMEHTOB BIEpPBbIC OBbLI MOJYYEH 3aKOH TPEHHsS AJIs
IIyJIbCUPYIOLIEro IIOTOKAa. DBBIIO yCTaHOBJIEHO 4YTO CONPOTUBJICHUE KBa3UCTALMOHAPHOIO
MyJIbCUPYIOLIETO MOTOKA B pa3iinyHble (a3bl Mepruoja KojaeOaHHi 3aBUCUT UCKIIOYUTEIBHO
OT 3HAa4YeHHsI CKOPOCTH B JaHHOH (paze, 0JTHAKO 3Ta 3aBUCUMOCTH CYIIECTBEHHO OTIMYAETCS OT
CTaIMOHAPHOM.

4. TlomyuyeHbl HOBbIE JaHHbBIE O JUHAMHKE PELUPKYIISILIUOHHOM 30HBI OTPBIBHOTO TYpOYJIEHTHOIO
MYJBCUPYIOLIETO TEUEHUS 32 P€OPOM U €ro MyJIbCALIMOHHBIX XapaKTEPUCTUKAX.

Teopernyeckasi U NPAKTHYECKAS 3HAYUMOCTDH PadOThI:

[lonyyeHHble HaAEKHBIE SKCHEPUMEHTAIbHBIE JTAHHBIE MOTYT CIYKUTb OCHOBOHM JUIs
pa3BUTHS TEOPHH U MOJENel TypOYJICHTHBIX IMyJbCHPYIOIIUX TEUCHHH, a Takke 0a30d uis
BepU(UKANU TAKUX MOJICIICH.

IlosnydyeHHBIE NaHHBIE O XapaKTepe W3MEHEHHs NPUCTEHHOIO TPEHHS IPHU ITYJIbCALHIX
pacxojia BOCTpeOOBaHbI IPH MPOSKTUPOBAHUHN TEIIIOOOMEHHUKOB, CUCTEM OXJIAXKIEHUS U IPYTUX
YCTPOMCTB, pabOTAIOIINX B YCIOBUIX HECTAIIMOHAPHOTO TEUEHUS.

Pa3paboTanHblil KO BBICOKOIPOM3BOJUTENBHBIX aIropuTMOB 00paboTku PIV-maHHbIX
OTKPBIT JJIS1 TOJIb30BaTeNel U MOXKET OBITh MCIIOJIb30BaH B ra30JUHAMUYECKUX UCCIIEIOBaHUAX U
IIPAKTUYECKHUX TPUIIOKEHUSAX.

Ha 3ammTy BbIHOCSTCA:

1. Meroauka ananuza PIV sxcriepuMeHTOB ¢ UCTIOJIb30BaHUEM TpaUUeCKuX MPOIECCOPOB.

2. PesynpTaThl 9KCIIEPUMEHTAIBLHOIO MCCIEIOBAHUS JUHAMUKN MHTETPAbHBIX XapaKTePUCTHK
KBa3UCTAlLlMOHAPHOI'O MYJIbCUPYIOLIETO TOTOKA B INIOCKOM KaHaJIE.

3. Pe3ymbraThl 3KCIIEPHUMEHTAIBHOTO HWCCIIEAOBAaHUS TPEHHS HAa CTEHKE IUIOCKOTO KaHaia ¢
WCITOJIb30BAaHUEM [IBYX pa3JIMYHBIX METOAMK: Merona Kiay3epa M HM3MepeHHE TEIUIOBBIM
JATYNKOM TPEHUS.

4. DKCHEepUMEHTAIbHO MOJyYSHHBIH 3aKOH TPEHUS Ha CTEHKE B TypOyJIEHTHOM MYJIbCUPYIOIIEM
KBa3MCTALIMOHAPHOM MOTOKE B IIMPOKOM JHana3oHe uncen PeliHonbaca.

5. PesynbTarhl 3KCHIEPUMEHTAIbHOTO HCCIEIOBAHUS BHUXPEBOW JTUHAMHKHA B OTPHIBHOM

MyJIbCUPYIOLIEM KBa3UCTALlMOHAPHOM TE€UEHUH 32 peOpoM.
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CreneHb 10CTOBEPHOCTH Pe3y/IbTAaTOB: /[0CTOBEPHOCTh pE3yNbTATOB MOATBEPKAACTCS
UCTIOJIb30BAHUEM COBPEMEHHBIX OECKOHTAaKTHBIX METOJIOB JIMAarHOCTUKU TEYEHUH, OICHKON
IOTPEIIHOCTEH M3MEPEHUH, BBICOKOM BOCIPOMU3BOJMMOCTBIO JKCIEPUMEHTAIBHBIX JaHHBIX B
HCCIICJOBAHHBIX PEXUMaX, a TaKK€ MX COIVIACOBAHHOCTHIO C JAHHBIMU JPYTHX aBTOPOB,
YCTAHOBJICHHOH B X0/ BEpU(PUKAIIMOHHBIX SKCIIEPUMEHTOB.

JInunblii BKJIaa aBTopa: JIMUHBINA BKIIAJ aBTOpA 3aKJIIOYAETCS B pa3padoTKe, COOpKE H
MOJICpPHU3ALUN HKCIEPUMEHTAIbHBIX YCTAaHOBOK, HACTpPOHKE M KaluOpOBKE H3MEPHUTEIbHOMN
annaparypbl, NPOBEIECHUU HKCIEPUMEHTOB II0 a’3pOJMHAMUKE IIYJIbCUPYIOIIMX TEYECHHUAX B
pPa3IMYHBIX TEOMETPUAX, pa3pabOTKe MPOrpaMMHOrO obecredeHus: s OoO0paboOTKU H
MHTEPIIPETALIMA 3KCIEPUMEHTAIbHBIX JIaHHBIX, @ TaKXe€ B MOATOTOBKE HAy4YHBIX JOKJIAJOB U
nyonukanuii. Bce mpexacraBieHHble B JIUCCEPTALlMU  PE3YJbTaThl IOJyY€Hbl aBTOPOM
camocTrosTenbHO. ITocTaHoBKa 3aa4 MCCIeA0BaHNS OCYILIECTBICHA HAYUYHBIM PYKOBOAUTEIEM —
n.¢.-m.H. B.B. TepexoBbeiM. B mpoekTHpoBaHUM M CO3AaHUM DKCIEPUMEHTAIBHOTO CTEHAA
IPUHUMAJIHU y4acTUE COTPYAHUKH s1abopaTopuu 2.2 Tepmorazonunamuku UT CO PAH — A.C.
I'epacumoB u M.A. Yoxap. Koncynpranmuu no Teme TypOYJIEHTHOIO TEIJIOMAcCOlepeHoca
npenocrasui A.T.H. B.1. Tepexos.

Anpodauus padoTbsl. Marepuansl 1uccepTanny ObUTH IPEACTABICHBI HA BCEPOCCHICKIX
U MEXTyHapOIHBIX KoH(pepeHuusx u cemuHapax: X XIII Beepoccuiickas koH(pepeHIHS MOTOIBIX
y4€HBIX 10 MaTeMaTH4YEeCKOMY MOJIEIMPOBAHUI0O U  HMH(GOPMAIMOHHBIM  TEXHOJOTHSIM
(HoBocubupck, 2022 rox); XVII MexayHaponHas HayqHO-TEXHHYECKas KOH(EpEHINs
«OnTruyeckue MeToAbl HccienoBanus moTokoB»y OMMII-2023 (Mocksa, 2023 rox); XXIV
Bcepoccuiickast koH(pepeHIMsT MOJOABIX YYEHBIX MO MaTeMAaTUYECKOMY MOJEIMPOBAHUIO U
urdopmarmonusiM TexHosorusM (Kpacuosipck, 2023 rox); Bcepoccuiickas koHbepeHIHs C
MEXIyHapoaHbIM yuacTueM «XL Cubupckuii rerodusnueckuii cemunap» (HoBocubupck, 2024
ron); XI Illkona-ceMiuHap MOJIOJBIX YUEHBIX H crienuanucToB akaaemuka PAH B.E. AnemacoBa
(Kazanb, 2026 ron).

O0bem m cTpykTypa Aucceprammu. [luccepramus COCTOMT W3 BBEIEHUSA, 5 IUIaB,
3aKJIIOYEHHU W CHMCKa jJuTeparypbl. Paborta m3noxkeHa Ha 146 crtpanumax u coaepxut 87
pUCYHKOB U 3 Tabyu1bl. CIIHCOK JTUTEpaTyphl COCTOUT U3 157 pabor.

Myoaukamuu. [To Teme mucceprammu omyoaukoBaHo 4 pabotel. M3 HuX 3 craThu B
BEAYIIMX PELIEH3UPYEMbIX HayUHBIX JKypHallaX U3aHusX, pekomenoBanueix BAK, u 1 PUJI. U3

onyOJIMKOBaHHBIX cTaTei 3 paboThl B xkypHanax 1 ypoBHsa «benoro cnucka» PLIHU.
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I'naBa 1. O630p auTEpaTYyphI

B n1aHHOHM rnaBe IpeACTaBICHBI MMEIOIIMECS IMOAXOABI K OINMCAHUIO IYJIbCHUPYIOLIUX
IIOTOKOB, Oe3pa3MepHble IapaMeTpbl, a TaKXkKe O00JIaCTM HUX MNpuMeHeHus. PaccMmoTpeHsl
pasyInyHbIe CIOCOOBI KIACCU(PHUKALIMU PEKUMOB ITyJbCUPYIOIUX MOTOKOB B INIAJIKUX KaHalaxX M
TpyOax. PaccMOTpeHbI pa3inyHble MEXaHU3MBbl BO3JCHCTBUS IMyJIbCAllUi MOTOKA HA OTPBIBHBIC
TEUEHUS, KIACCU(PHUKAIMA PEKUMOB OTPBHIBHBIX MYJbCHPYIOIIUX TYpOYJICHTHBIX TOTOKOB JUIs
pasIMYHbIX THUNOB HpensaTcTBUNA. OOO03HAYEHBI OOJIACTH TEOPETUYECKOIO M IMPAKTHYECKOTO
UHTEpeca B INPUMEHEHUM IyJIbCUpYIOLIMX TeueHui. IlpeacraBieH 0030p CyLIECTBYIOMIMX
ITOPUTMOB aHAJIM3a SKCIIEPUMEHTOB. YKa3aHbl HauboJiee MOIyJIIpHbIE HAPABICHUS Pa3BUTHUS

COBEPIIICHCTBOBAHUS METOJIOB IIUPPOBOI 00paOOTKH IKCIIEPUMEHTAILHBIX JTAHHBIX .
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1.1. O0mue moaxoabl K ONMCAHUIO MYJILCHPYIOIIUX TeYeHU U Oe3pa3MepHbIe
napameTphl.

Ha ceropssmHuii 1eHb CYIIECTBYET MHOXXECTBO BAPHMAHTOB KJIACCH(DHMKALUU PEKHMOB
NyJbCUPYIOLIUX TEUEHUIH, OCHOBAaHHBIX KaK Ha TEOPETUYECKMX BBIBOJAX, TaK M Ha
SKCIIEPUMEHTANILHO TOJIYYeHHbIX pe3yibTarax. [loTok B TpyOGe WM KaHaje ¢ IMPOU3BOJILHOM
FeOMEeTpHEH, I/ie TPaJUuCHT JaBJICHUS H3MEHSAETCS CO BpEeMEHEeM TakuM oO0pa3oMm, 4YTO Ha
HEHYJIEBOE BPEMEHHOE CpEJHEE 3HAUYEHHME pacxo/la MAcChl HAKIIAJbIBACTCA IEpUOANYECKAs
BapHaIis pacxojia Macchl, 0OBIYHO HA3bIBACTCS MYJIbCUPYIOIIMM IIOTOKOM. Y CIIOBHE IPHIIATIAHHS
Ha CTeHKe TpeOyeT, 4YToObl MpH HAJOXKEHWHM BapHallMd pacxoja B TOTPAaHHYHOM CJIOE
TeHepUpOBajach JIOMOJHUTENbHAS CHUJIa, MEHSIOMIascs BO BpeMeHH. Takum oOpasom
BO30Y)KIAIOTCSI KOT€PEHTHBIE CIABUTOBBIE BOJHBI, KOTOPHIE PACIPOCTPAHSIOTCS OT CTEHKH B
KUJKOCTb U 3aTyXal0T II0 MEpE pacipoCTPaHEHUSI.

Teopernueckoe 000CHOBaHHE pa3IEICHUS Pa3IMYHBIX PEKUMOB MYJIbCUPYIOLIETO MOTOKA
TECHO CBSI3aHHO C pelieHneM 3aaaun CTokca Ayl JaMHHAPHOTO HEeCTalMOHapHOro noroka [1]. B
cBoeil pabore CTOKC MOKa3al, YTO MpU OOTEKAaHWU IUIACTHHBI MEPUOJUUYECKUM IHMOTOKOM

aMHJII/ITYZIa CABUI'OBBIX BOJIH 3KCIIOHCHIIMAJIBHO 3aTyxaeT Ha paCCTOfIHI/H/IZ
. (1.1.1)

OT CTCHKH, I'I€ V — KHMHEMATHU4YECKaA BA3ZKOCTDH XHUJAKOCTHU, W — YIJIOBasA 4aCTOTa ITyJbCallru.
Be3pa3MepHoe 3HA4YCHUC OJIMHHBI Crokca sBIsSeTCs IHUPOKO paCHpOCTpaHéHHHM XapPaKTCPHBIM

napaMeTpoM U Ha3bIBaeTcs unciioMm Bomepenu [2]:

L2 [@
Wo = =T @ (1.1.2)
ls v

rae L — xapakTepHbIi JTUHENHBIN pasMep. B aHrnos3pdHON auTeparype unciio Bomepenu takxke

NpUHITO 0003HAYATH KaK & WIH 2.

B To Bpems kak 3amaua B pabore Ctokca chopmynrpoBaHa Juisi OOTEKaHUS TUIOCKON
IUTACTHHBI, AHAIMTHYECKOE PEHICHHE 3a/laud JIAMHUHAPHOTO HECKHUMAEMOTO IMYJIbCHPYIOIIETO
NOoTOKa B TpyOe BrepBbie ObLTO modydeHo B pabore Womersley [2]. HecmoTpst Ha miupokyro
u3BecTHOCTH pabotel Womersley, nmpumepro B To ke Bpemsi Uchida [3] omyOmukoBan Gonee
JIeTAJIbHOE PEIICHUE ITOH 3a1a4H, BKIIIOYAIOIIEe aHATN3 ACUMITTOTHK, KaCaTeIbHBIX HAMPSDKCHUN
u nuccunanuu. Jluneapusanums ypaBHenuid HaBbe-Ctokca B paborax Uchida u Womersley
JOCTHTAJIach 3a CYET JOMYIIEHHs 00 OCEeBOM NapauIeIbHOM TEUEHHH IMOTOKa. M3 momymieHus

CICAYCT, YTO I'paJUCHT HNABJICHUA B 3a4a4C SABJIACTCA TOJIBKO (bYHKHHCﬁ BpPEMCHH, a CKOPOCTb
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MIOTOKAa TOJBKO (DYHKIMEH paccTOSHHUS OT Ooch TpyObl. TakuM 00pa3oM ypaBHEHHE JBHKCHUS

KUAKOCTU MPUHUMACT BU/:

ou 1 dp 0*u 1 du

—=———tv|—=+-=],

at p Ox ar? r or (1.1.3)
u = u(r,t), o
p =p,t).

[Tpu 5TOM rpagreHT AaBACHHS IPEACTAaBIsSCTCS B BUe psaaa Pypre B KOMIUIEKCHO#H (opme:
1 ap N inwt ;
—; v Ko + Z K,em®t, Ky = Kep — iKgn, (1.1.4)
n=

T/I€ K.y, U Kg;, — KOHCTAHTBI, TIPECTABIISIONINE aMIUTUTYIbI JICMCHTAPHBIX KojieOanuii. Pemenue

ypaBHeHus (1.1.3) taxoke umiercs B Bujie pajga Oypoe:
u=ug+ z U,e™t, Uy = Uy — iUy, (1.1.5)
n=1

rae KoOOQOUIUEHTH Uy, U Uy, SBISIOTCS QyHKUUAMU TodbKO 7. [ToacraBnsas (1.1.4) u (1.1.5) B

(1.1.3) mosryuaem ypaBHeHHS 1151 KOOPDUITUEHTOB pa3I0KEHHS:

d*uy, 1 dug Ko

S T R, 1.1.6
dr? +r dr + v 0, ( )
d’u, 1 du, —iwn K 1.1.7
S = — Uy +— = 0. a.L7)

dr? r dr v

He tpynHo 3aMeTHTh, 4TO MpH rpaHudHbIX yciaoBusax u = 0 npu r = R, rae R — panuyc TpyObI u
orpaHuueHrne CcKopoctd (uy < 00), pemenne ypaBHenus (1.1.6) — teuenue Ilyaseiins c
napabonuyeckuM npoduiem ckopoctu. Pemenue (1.1.7) Haxonutes B Bune ¢pyHkuuu beccens

HYJIEBOTO TOPSIIKA, TaKAUM 00pa3oM mosHoe pemienne (1.1.3) ¢ y4eToM TpaHUYHBIX YCIOBHI

3
. Jo <r /na) ii>
LKy, v .
—_— 1 —_— elnwt’
nw 3
Jo <R e ﬁ)

rae, (—0p/0x) = pk, TNpeACTaBIIECT BPEMEHHOE CpEJHEe TpajJWeHTa IaBJICHHUS. MOXHO

3alIMuChIBACTCS B BUJC:

u(rt) = Z—z (R2 = r2) — Z (1.1.8)

3aMETHUTh, YTO MOJHBIA CPETHUI MACCOBBIM PAacXO[l, KaK M CPEIHASI CKOPOCTh, B IYJIbCHUPYIOLIEM
IIOTOKE COBIIAJAET C YCTAaHOBHUBIIMMCS NOTOKOM llyaseins mpu ToMm ke cpeaHeM TpaJlueHTe
JIaBJICHUS:

R
G="R(_9P) (1.1.9)
8u dx
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_ R%*( 0p (1.1.10)
U=—|[—-—=—]|.

8u\ oJx

Cootnomenus (1.1.9) u (1.1.10) BeImONHSAIOTCS TIPH JTFO00I YaCTOTE MYJIbCALIUN.

B cBoeit pabote Uchida paccmotpen npenenbhbie ciaydan (1.1.9) s HU3KUX U BBICOKUX

gactoT R,/ (nw/v). llpu R/ (nw/v) K 1 Beipakenue (1.1.8) mpeobpaszyercs k BUAY:

1 1 op
u(r,t) = — (R? - 12) [—— 2Pl (1.1.11)
4v p 0x
PacnpenencHre CKOpOCTH ONMUCHIBACTCS 1MapabOJIol, Kak U B Clydae YCTaHOBHBILETOCS MMOTOKA
I[Tyaseiisisi, TOr/ia KaK BEIMYMHA CKOPOCTH HM3MCHSCTCS MEPUOAMYCCKH B (ha3e ¢ rpaaieHTOM

JaBJICHUS.

[Tpu GpicTphIX mynbcanusax R,/ (nw/v) > 1 3HaueHue CKOPOCTH Ha OCH, TAe 11/ (nw /v) =

0 ompenensieTcs Kak
Ko - 2 2 Kn iowt-3)
u(r,t) =—(@* —r<)+ —_ 27, 1.1.12
(r,t) =72 (@* = 12) § e (L112)
n=

WHBpIMU  ClTOBaMH, JKUAKOCTH TeUeT B LEHTpe TpyOnl ¢ (a3oBbIM 3ama3ipiBaHueM B 90°
OTHOCHTEJIHO BOJIHBI I'PAIMEHTA JAaBJICHUS, U aMIUIUTY/a KOJIeOaHUH CKOPOCTH YMEHBIIAETCS C

POCTOM 4aCTOThI OTHOCHUTCIIBHO KoJe0aHui rpaaucHTa OaBJICHUS.

Ha crenkax, mpwm r\/ (nw/v) - R\/ (nw/v) = oo Beruncienus (1.1.8) 3HaumMTENHHO
YCIOXKHSIOTCS, (Da30BBI CIABUI CKOPOCTM HAUMHAET 3aBHCETh OT PACCTOSHUS A0 CTEHKH.
YrpoluieHHbIi BUJ JAHHOW aCUMITOTUKH 13 yp. 29 [3] MoxkHO 3amucaTh Kak

¥, (r,nw)

oz (1.1.13)

K
u(r - R, t) =ﬁ(R2 —7r2) +z Kn
n=1

rae W, (r, nw) — orpannyenHas GyHkips. [Ipy 5TOM aMILIMTY1a KoJeGaHui CKOPOCTH y CTEHKH
TaKKe YMEHBIIAETCA C POCTOM YacTOThI, HO mporopuuoHansio 1/[ R%(nw/v)], uma Woy, 2. To
€CTh, Y CTEHKH C POCTOM YaCTOThI, KOJIEOaHHs CKOPOCTH 3aTyXar0T 3HAYMTENILHO OBICTPEE YeM Ha
OCH.

KoneGanust cpeqHeil CKOPOCTH B MONMEPEYHOM CEYEHMH TPYOBI, MM CpPeIHEPACXOJHOM
CKOPOCTH, TaKKe OTIMYAIOTCS OT KOJIEOAHWM IpajieHTa JaBlIeHUsA. B mpoctoM ciiydae oiHOM

KoJie0aTeIbHON TAPMOHHUKH OHA 3aITUCHIBACTCS KaK

Uy, (t) = U(l + K% o, cos(wt — 6u)), (1.1.14)

r7ie K — aMIUIMTYy/Aa Kojebanuit Hamopa, a,(Wo) u 6, (Wo) — ammumutyassie u ha3oBble CIBUTH
cpeaHepacxogHou ckopocTH. IIpu pocte 4acTOThl Mynbcanuii, aMmIuTyAa 1 (as3oBas 3a1epiKka

crpemstes k 0 u /2 coorBercTBeHHO, puc. 1.1.1.
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KacarenbHble HanpsHKEHUS HAa CTEHKE T, 3aIMCHIBAIOTCS B AaHAJIOTUYHOU (popMme:
172
o) =P 2(1 + £ 6 cos(wt — 51)), (1.1.15)
2 Re Ko
N TaAKXXC MHCIIBITBIBAIOT (1)330BYIO 3a,uep>KKy N HUMCHOT MeHBI_HYIO aMIUIUTYay OTHOCHUTCJIBHO
IyJbCallnii TpajiueHTa gaBieHus. [Ipu 5ToM OKa3bIBaeTCs, YTo (a3a CpeaHepacxoaHON CKOPOCTH
3HAYUTCJIBHO 3al1a3abIBACT OTHOCUTCIIBHO HYHBCI/IpyIOH_Ieﬁ BOJIHBI Fpa):[I/IeHTa JaBJICHUS, TOrga

Kak (pa3a KacaTeJIbHBIX HANpsHKEHWH §; 3ama3apiBacT MeHblle u 6; = /4 npu Wo — oo, puc.

1.1.2.

10

| i .uo
d e i 8 10
Ka

Puc. 1.1.1. BnusiHre 4acTOTHI MyAbCAIlUi TPaIMEHTA AaBIEeHUS Ha 0y, 0, —

aMIUTUTYIHBIH ¥ (ha30BbIN CABUT CPETHEPACXOHOM cKopocTH B Tpyde [3]. ka — uncio

Bowmepcnu (Wo), paccuntanHOE 110 paanycy TPYOBI.

ypaBHeHI/IH JABWKCHUA (1 A 3) IJIA TIIAAKOT0 KaHajla OTIIMYaeTCd OTCYTCTBUEM ClIaracMoro

¢ MHOXHUTeNeM 1/r, uto maet ommyaromieecs ot (1.1.8) pemenue:

3
o0 | |r cos <y /%ﬁ)}
LKn inwt

u(y,t) = Z_S(hz 7 - nZl %il _ » <h\/@i§>r , (1.1.16)

rine h — monoBuHA BBICOTHI KaHana, y € [—h, h]. Paznuune pemennii (1.1.8) u (1.1.16) neranbHo

paccmotpeno B pabore Majdalani [4]. ITpu atom Majdalani Tak)ke IpUBOIUT aHAINU3 ACUMIITOTHK
U JIaeT KOJIMYECTBEHHOE CpaBHEHHE ¢ paboroil [3], a Takke BBOJAMT MapamMeTp aMIUIATYIbI

TpaaAucHTa JaBJICHHUA



Va

a=k
Puc. 1.1.2. BnusiHue aMIuMTY/IbI ¥ YaCTOTHI MYJIbCAIIUI TPAJMEHTA NAaBICHUS Ha KacaTelbHbIC
HaNpsKEHUs Ha CTEHKe B TpyOe u KaHane. Cp = Tmax/Tsteaqy — AMILIMTYIA KOJleOaHUH TpeHUs,
a — grcio Bomepceiu, paccuuTanHoe 1Mo moyBeicote kanana (h = H/2) u paguycy Tpyosl R
COOTBETCTBCHHO. O, 0 — AMINIMTYyAHaA 1 (1)3301335[ 3aACpiKKa Ty, OTHOCUTCIILHO I'paIUCHTA

nasnenus [4].

flow reversal region

no flow reversal

1
a=k"”
Puc. 1.1.3. Onpenenenre ycaoBHi BOSHUKHOBEHHS 00paTHOTO MTOTOKA B KaHAJIE U TPYOe.

a — uncino Bomepenu (Wo), A, = Wo/v/2 — uucino Crokca [4].
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0 =— (1.1.17)
Ko

B pabore Majdalani neMoHCTpUpYeTCs, UTO MOTOKK B KaHAJE U TPYyOE BO MHOTOM CXOXH,
OJTHAKO ACHMIITOTHYECKOE MOBEICHUE TPEeHHUs, (A30BBIX W aMIUTUTYAHBIX 33JePKEK B KaHaie
HACTYIMAeT MPHU MEHBIINX YacTOTaX M aMIUIUTYAax Mmyjibcanuid. DToT 3((deKT mokaszaH Ha puC.
1.1.2. Takxe B pabote [4] mpoBeacHO BBIYUCICHUE YCIOBHI (OPMHPOBAaHUS OOPATHOIO TOKa
JKHJIKOCTH B 3aBUCHMOCTH OT 4YacTOThl M aMIUIMTYIbl KOJICOAHWU TpajueHTa IaBJICHUS.
Otmeuaercs, 4TO OOpaTHBIA TOK B TpyOe MOSBISCTCS MPU 3HAYUTEILHO MEHBIIUX aMIUTHTYIaX
konebanuit, puc. 1.1.3.

HecmoTpst Ha HeOoIbIIIME pa3TMyus TIOBEACHHUS MyJIbCUPYIOIIETO TOTOKA B KAHAJIE U TPYyOe
OHH CIIYIOT TOMY € CIICHAPHIO TP POCTE YaCTOThI. VX MIPUHATO OTHOCUTH K OJTHOM KaTeropuu
U KCIIOJIb30BaTh CXOXHE JMAIa30HbI MApaMeTPoB s Kiaccuukanuu pexkuMoB. He TpynHO B
9TOM YyOEIUThCS, €ciM Ha auarpamMmax (a3oBbIX M aMIUIMTYIHBIX 3alepikek, puc. 1.1.2,
NpPEJCTaBIsATh YUCIO BoMepcian B 3aBHCHMOCTH OT ITOJIOBHHBI THAPABIMYECKOrO THAMETpPa
KaHaJia, KOTOPBIN Kak MmpaBmiio B 1.5-2 pa3a 0osibliie ero BEICOTHL. UeM BBIIIEC YaCcTOTa MyJIbCAIHH,
TeM TOHbIIE cioi CTOKCa U TeM CHIIbHEE 3aTyxaHue. 3a IpeiesaMi MeCcTa, TJIe CBUTOBasi BOJIHA
3¢ (EKTUBHO MOTHOCTHIO 3aTYXaET, MOAYJISAIIUS TIOJIsl CKOPOCTEH CTAHOBUTCS MOYTH OHOPOIHOM
10 CEUCHHIO KaHala, U MOTOK Ha OCH MOKHO pacCMaTpUBATh KaK KOJCOIIOLIMIACS BOKPYT CpeaHEH
110 BPEMEHHU CKOPOCTH.

[ToMrMO TpaTUIIMOHHBIX MAPAMETPOB, MOJTYYaEMbIX U3 aHAJTUTUYECKOTO MOAXO0Ja, IS
NYJIbCUPYIOUIMX MOTOKOB MPUHITUITHAIBHO BaXKHBI O€3pa3MepHbIe YKCiia, B KOTOPBIX B KAYeCTBE
XapakTEpHOTO TapamMeTpa HCIONb3yeTcs dYacTota Kosebanwit. Hapsiy ¢ yke YHOMSHYTHIM
gyucioM Bomepcnu ucmons3yror uncio CTpyxalis, KOTOpOe CpaBHHBAET BPEMEHHOH MaciTad

HyJIBCAIMIA CO BpEMEHEM KOHBEKIIMHU Yepe3 XapakTepHyo JunHy [5—7]:

L
Sh = fT, (1.1.18)
u
rJIe — O3HaYaeT yCpeaHEHHE 10 BpeMeHH, f — yactora mynbscaiuid. Yucno CTpyxalisi akTHBHO

NPUMEHSETCS TIPU ONMCAHUU KaK JIJAMHHAPHBIX, TaK U TYPOYJICHTHBIX MYJIbCHPYIOIINX MOTOKOB C
HAJTMYUEeM O00JacTeil pPelUpKY/SINK, HANpUMeEp OTPBIBHBIX MOTOKOB [8], 3amau oOTekaHus
tBepabix e [9,10], morokoB B TpaHIiesx u kaBepHax [11].

B paHHHX JKCIIEepUMEHTABHBIX paboTax MO HCCIEIOBAHUIO TYpOYJICHTHBIX IOTOKOB B
tpybax Mizushina [12,13] BBoguTCs MOHSTE KPUTHUYESCKOTO Mepuoa myibcaruid, T,. 3HaueHne
JTAHHOTO KPUTHYECKOTO MEPUOJa COOTBETCTBYET MaKCHMAaJIbHOMY BPEMEHHOMY MPOMEKYTKY

MEXTy TypOYJIEHTHBIMH BCILIECKaMU B orpanununom cioe (y+<100), TB,, , TIe UHAEKC P OTBEYacT

MyJIbCUPYIOLICMY PCKHUMY. 3HaueHue TBpHpI/I OTOM OIPECACTIACTCSA KaK BpPEMs, IPU KOTOPOM
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BO3HHUKAET BTOPOH MUK aBTOKOPPENALUHU (IIYKTYalluii CKOPOCTH BOKPYT OTHOAIOIIETO 3a MEPHOJ
3HAYeHMs B IMyJbcupytolieMm notoke, puc. 1.1.4 a. Cormacuo [12], npu mepuone mynbcanui

noroxka T > T¢, T, pe3ko NOHIKACTCS U OCTACTCS IIOCTOSHHBIM MPH aIbHEHIIIEM POCTE HepHO/a

nynbcanmid, 1.1.4 6. B cBoux pabdorax Mizushina nokaseiBaer, uro npu T < T,, npoduiu
CKOPOCTH B TYpOYJICHTHOM IIOTOKE OTKJIQHSIOTCSI OT CTallMOHAPHBIX MPO(QUIEH CKOPOCTH, B
NYJbCAIMAX CKOPOCTH HAOJIOAI0TCS IPKO BhIpaKEHHbBIE (Da3bl TypOYIIHM3aIliK ¥ JaMUHAPH3ALUH
noToka. [ToHATHE KPUTUYECKOro MEepHoa U YacTOThI TYPOYJICHTHBIX BCIUIECKOB MOIPAHUYHOTO
CIIOSL TMPOJOJDKAET BCTPEYAThCs B JAIBHEHININX HCCICIOBAHUSAX, HO IOJB3YETCS MaJoi

MOMYJISIPHOCTBIO TPY KJIACCH(PHUKAIIUU PEKUMOB TYpOYJIECHTHOTO MyJIbCUPYIOIIETO MOTOKA.

a) 6)
[T T T T T T T ™
1.0 J ] ' — - y l
0 Re = 1.48x10* i // |
u —
= 0.04 g / i
T 05 4 - S // : . ]
3 T B o0 © ~
n:g TB-'GrLI‘z "EC" : W :
- |
u | 1
|_ : —- I I Re =10* !
. 0.2 04 06 0-8 01 [ | | -
t (5.9.:) Ll 11l [N A N |
1 Te . 10

T (sec)
Puc. 1.1.4. JlemoHcTpalust MeTo1a ONpeeseHrs KpUTHIECKOro nepuoja konedbanuii, T,. a) —
BU/JI aBTOKOPPEIIAIIMOHHON (YHKIIUM U 3HAYEHHE Meproaa TypOyIeHTHBIX BCIIJIECKOB, 0) —

3aBUCHMOCTbH TIEpHOJIa TYpOYJICHTHBIX BCIUIECKOB OT MepHo/a mybcaruii [12].

OueBUAHO, CYIIECTBYET MHOIO JpPYTrUX CHOCOOOB KOMOMHHPOBAHUS PA3IUUHBIX
MacmTabOB CKOPOCTH U JUTMHBI JJISl XapAKTEPUCTUKU PA3TUIHBIX (P PEKTOB, KOTOPBIE OTHOCSATCS
K KOHKpPETHbIM pekumam. OnHako, paHee BBEJCHHBIE Oe3pa3MepHbIe mapaMeTphl He o0iananu
JIOCTAaTOYHOM MOJHOTOM /17151 ONMcaHus TypOYJIEHTHBIX MPOLIECCOB B INIAJIKUX KaHalIax U TpyoOax.
Tak cpeau xapakTEpHBIX MapaMeTpoB TeueHus B uucie CTpyxans OTCYTCTBYET BSI3KOCTb, a B
ynciie Bomepcnu — ckopocTh. XapaKkTepHble aMILTUTYJHbIE U (pa30BbIE CIBUTH CKOPOCTH U TPEHUS
Ha CTEHKE B TYpOYJCHTHBIX MOTOKAaX IMOSBIISIOTCS MPH 3HAYUTETHHO OOJBIIMX YaCTOTaxX
nyJIbCcalui, YeM MpeacKa3bIBaeT JaMuHapHas Teopus puc. 1.1.1, 1.1.2. Uem Goublie yacToTa, TEM
ToHblle cnoii CTokca W TeM OoJblie CIBUTOBBIX BOJH IOMeNIaercs BOJIM3M CTEHKH. B
TypOyJleHTHBIX ToToKax 3(dexTs (Ha30BBIX 3aiepikeK MNPOSIBISIOTCS TNPH B3aHUMOACHCTBUU

CABHUIT'OBBIX BOJIH C BS3KHM IIOJACIIOEM. Ecmmu CABUI'OBBIC BOJIHBI PAaCIIPOCTPAHAIOTCA BFJ'IY6I)
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IMMOTOKa, 3a MpPCACIbl BA3KOIO ITOACIOSA, TO HUX BJIMAHUC OCHaGHHCTCH 3a CUCT TYPGYHGHTHOI‘O
nepeMenInBanus. B cienctBue yero, npu ONMCaHUU TYpOYJIEHTHBIX MYJbCUPYIOLIUX IOTOKOB B
rIaJKAX KaHajlaX ¥ Tpybax HanOosiee Momy IsipHBIM OKA3aJICs MapamMerp
2
L. WV Sy
wt=—=2|+]), (1.1.19)
uz ls

KOTOPBIA B JIUTEPATypEe MHOIAA Ha3bIBAIOT TypOyiaeHTHoM yactorond Crokxca [14], rme u, =
T

V{Tw)/p — yCpenHeHHas M0 BPEMEHH JHMHAMUYECKAsi CKOPOCTh, Ty, — KacaTelIbHOC HAMPSIKCHUE
Ha CTeHKe, 8, = V/U, — XapaKTepHas TOJIIIMHA BSA3KOTo mojcios, [y — rommuHa cinost Ctokca u3
(1.1.1). [danHbli mapamerp HpPEACTABISCT OTHOLICHHE BSI3KOrO MacImTada JJIMHBI CPEIHEro
TypOYJIEHTHOTO MOTOKA K CPeTHEMY MaclITady HeCTallMOHApHOTO JIaMUHapHOTo cios CTokca y
crenku. B paborax Tardu u Binder [15], Mao u Hanratty [16] Obut0 m0Ka3aHo, 4TO OH YCHEIIHO
XapaKTepu3yeT MHOTOUYHUCICHHBIE MPUCTEHOYHBIE OCOOCHHOCTH B TypOYJICHTHBIX IOTOKAaX B
TpyOax M KaHajax C HECTAIMOHAPHOCTBHIO, HAJIOXKEHHOM Ha CpelHMi MOTOK. Mcnonb3oBaHue
ATOTO MapameTpa OCOOCHHO Y(PQPEKTHBHO B CIIydasX, KOTrJa MPHCTEHHBIE APPEKTH HAMHOTO
Ba)kKHEE, YeM BIUsSHIE 3((EeKTOB Ha MacIITadax XapaKTepHOU JITUHBI.

OnHako, MHTEpIIpeTaIis B3aNMO/ICHCTBUS CIBUTOBBIX BOJIH C TYPOYJIEHTHOM CTPYKTYpOii
TeueHHs B TpyOax M KaHaJlaX HEe OIPAaHUYMBACTCS TOJIBKO BA3KUM I0JCI0eM. B 0HO# 13 mupoko
M3BECTHBIX CYIIECTBYIONMX Kiaccudukanuii u3 pabotr Ramaprian u Tu [17,18] ucnons3yercs
napameTp

wD  Wo?

E = Wl (1.1.20)

KOTOpBIM CpaBHMBAET XapaKTEpHbIH BpeMeHHOM maciutad nud¢dy3un TypOyJIeHTHOCTU 10 OCH
KaHaJla WM TpyObl C TIEPUOJIOM BBIHYKIICHHBIX KOJE€OaHMiA, TakXKe IMONyYHBIINN Ha3BaHHE
TypOynenTHOro ymcia CToKca. AHAIOTMYHO ™, JAHHBIA TApameTp TMO3BOJMI OOBICHUTH
CYIIECTBEHHBIE PACXOXKJEHHUS B IOBEJICHHWU JAMUHAPHBIX M TYpOYJIEHTHBIX MYIbCUPYIOIIUX
MOTOKOB TIPH CXOXeH yacTtoTe mynabcanuid. To, 4TO CUUTATIOCH AOBOJBHO BBICOKOM 4acTOTOU B
samuHapHbIx TedeHusx (Wo >> 1), kak mpaBWIIO He BBI3bIBACT TEX JK€ (Pa30BbIX U AMIUTUTYIHBIX
C/IBUT'OB B TYpOYJIE€HTHBIX OTOKAX.
B memom Ge3pa3mepHbie TapaMeTphl, HCIIOJIB3yeMble TPU OMUCAHUU ITYIHCHPYIOIIIX
MIOTOKOB, MOYXHO Pa3JIeJINTh Ha JIBE KaTETOPUU:
1) Buyrpennee macuitabupoBanue. Takue mapamerpsl Kak w™, [J = /2/wt = u /\Jwv/2 —
yucio Ctokca-PeitHonbaca ninm TypOyneHTHas TonmuHa CTokca, a Takxke napamerp wD /Uy .
2) Buemmnee wMacmrtabupoBanue: uymcina Crpyxans, Bomepcnm W HX TPOM3BOJHBIE C

nobasienneM uncia Peiinoinnaca.
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1.2. TypOyJieHTHBII MyJIbCHPYIOIIMI MOTOK B KAHAJIAX U TPyOax.
Knaccnpuxanus pe:xumMoB.

HccnenoBanust TypOyJEHTHOTO MYJIbCHPYIOIIETO TOTOKAa BEOyTCS yxke Oonee
HIECTUICCATH JIET, TMOCKOJBbKY 3TOT THIl TEYEHHUS CIOCOOCH JaTh IEHHYIO HH(POPMALHUIO O
GyHIaMEHTAIBHBIX ~ MeXaHu3Max  TypOyiaeHTHOCTH. OcoOblii  HWHTEpec  NpPEeACTaBISIOT
NyJIbCUPYIONINE M HECTAIlMOHAPHBIC MOTOKU y CTEHKH, MOCKOJIBKY KOT€PEHTHBIC CTPYKTYPHI,
XapakTEpHbIC [UIS Pa3BUTBIX TYPOYJICHTHBIX TEUEHUH BOJIM3U CTEHKH, JICMOHCTPHPYIOT
YIUBUTEIbHYIO YCTOWYMBOCTH K BHEITHUM BO3MYIIICHUSM — B OTIIMYHE OT CBOOOTHBIX CABHTOBBIX
MIOTOKOB, TAKUX KaK CTpyH. [103TOMY MOXHO 0’KHAATH OOJIBILIET0 CXOICTBA MEKIY MTPOSBICHUSIMHI
TypOYJICHTHOCTH B Pa3JIMYHBIX HECTAI[MOHAPHBIX MMOTOKaX y CTCHKH, YeM B HEOTPAaHMYCHHBIX
MOTOKAX.

Hecranmonapusie 3G (GeKThl B MyJIbCUPYIOIIUX MPUCTEHHBIX MOTOKAX U TYPOYJISHTHBIX
MOTPAaHUYHBIX CIOSX MPOSIBIISIOTCS Kak (pa30BbIid CIBUT ¥ aMILUTUTYAHOE N3MEHEHHE KacaTeIbHbBIX
HAINpSHKCHUN Ha CTEHKE T,,(t) OTHOCHTEIBHO OCEBOW CKOPOCTH WJIM I'paJMeHTa naBiieHus. [Ipu
BBICOKMX YacTOTax IyJbCAIlMid CKOPOCTh BS3KOTO TOJCIOS «OTCTaéT» mo (aze, a aMrummMryna
HAINPSOKCHUST MOXET OBITh BBIIIC, Y€M B CTAllAOHAPHOM PEKUME C TEM K€ CPEAHUM YHCIOM
Peiinonbaca. KpoMe Toro, B TypOyJICHTHOM MTOTPAHUYHOM CJIOE BS3KUH 10ICI0M 1 OydepHas 30Ha
TeHEPHUPYIOT BOJHBI U BUXPH, KOTOPHIE «IIPOCEHBAIOTCS» BOBHE M MEHSIOT JIOTapH(pMUIecKuid
npodmib, NPUBOJS K OTKJIOHEHUSAM OT KJIACCHYECKOro 3akoHa cTeHKu. Ilpu cpaBHUTENBHO
BBICOKMX YacToTax OoJjbllIas yacTb NEPEeMEHHOH (IMylbCallMOHHOM) 4YacTH BA3KHX 3(dexToB
COCpEOTOUEHAa B TOHKOM CJIO€ Yy CTEHKH, TOT/Ia KaK BHEUIHSS 9acTh MOTPAHUYHOTO CIIOS BEAET
ce0s kBazucranuonapso [19].

OnHuM M3 Hambosiee M3BECTHBIX PAaHHHUX 0030pPOB 3KCIEPUMEHTAIBHBIX HCCIIEAOBaHUM
HyJIBCUPYIOILIHUX TOTOKOB ObLIa padota Carr [20]. B atom 0630pe mpoBeaeHo 00001IeHe Ooee
50 skcnepuMeHTanbHbIX paboT 50-80X TOJOB MPOLULIOrO CTOJETHS MO HECTallMOHAPHBIM
TypOYJICHTHBIM TOTPAHUYHBIM CJIOSM (IJIOCKWE THIACTUHBI, TPYObI, Au(dy30psl, KPbUIbs), C
KaTaJIOrOM JIaHHBIX IO CKOPOCTH, TypOYJIEHTHOCTH, CIBUTOBBIM HampspkeHUsM. Carr BBOIUT
KJIacCU(UKALMIO Pa3IMYHBIX HSKCIEPUMEHTOB IO MPOSBICHUIO HE CTAllMOHAPHBIX 3PPEeKTOB B

3aBHUCUMOCTH OT uncia Crpyxains, puc 1.2.1 U oT KpUTHUECKOTr0 IEPUOa, BBEIEHHOTO B paboTax

[12,13], puc. 1.2.2.
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B cBoem 0030pe Carr nenaet HeCKOIbKO OCHOBHBIX BBIBOJIOB:

1) Tlpodwmib cpenHeil CKOpOCTH, YCPEIHEHHOW MO BPEMEHH, MOYTH BCEr/ia COBMANACT C
npopuieM CKOpOCTH, KOTOpbIH uMelnl Obl MECTO B YCTAHOBMBIIEMCS IIOTOKE IIpU
9KBHUBAJIEHTHOW CpefHEH CKOPOCTH BHEIIHEro mnortoka. OJHaKo, HECMOTPS Ha COBIIAJICHUE
ATUX CPEOHHX MpouiIel, MOTYT MPHCYTCTBOBATh CHJIbHBIC JIOKAJIbHBIC HECTAllMOHAPHBIC
Bs3KHE I(P(EKThI TCUCHHUS.

2) Hecraunonapubie 3pdexThl 4acTO OrpaHHYMBAIOTCS TOHKHM CJIOEM BOJM3U CTEHKH, B TO
BpEMs KaK BHEIIHASA 4aCTh [OIPAaHUYHOIO CJIOS TPAKTUYECKH HE 3aTParuBaeTCsl.

3) Koraa umeromyecs: JaHHbIC MPEACTABISIOT B O€3pa3MEepHOIl 4acToTe, KBa3UCTAMOHAPHBIC
pe3yabTaThl HAONIONAIOTCS JIMIIHL B Y3KOM JMAna3oHe aMIUIMTYJ W YacTOT, TpU YHCIe
Crpyxans Sh < 0.01 win manoii ammutyzae nyiascauuit 4 < 0.1.

4) Hecranmonapubie 3(GGEKTbl MPOSIBISIFOTCS JaKe TOrJa, KOrJa YacToTa HAI0KCHHBIX
KoJIeOaHUH 3HAYUTEIBHO MEHbIE JIOKAJBbHOW 4YacTOThl BCIJIECKOB TYpOYJIEHTHOCTH,
0COOCHHO MPY TEYCHUH C HEOIAroMPUATHBIM IPaIMeHTOM AaBieHus [12,13].

Bonbimas 4acte SKCHEPUMEHTOB, YHNOMSHYTBIX B O3TOM 0030pe, NpPOXOAWIa B YCIOBHSX

TypOyJIEHTHOTO OTOKA TIPU CPEHUX 3a MepHo uKciax Peifnonsaca mopsaxa 5-10%[12,13], uro

COOTBETCTBYET YMEPEHHOU TypOyseHTHOCTH. Pabouas cpena Bo3ayX, Boja WM HE(PTEIPOTYKTHI.

Knaccugukamnusi pexxuMoOB TeUeHHs TIOTOKA B MYJIbCUPYIONIMX MOTPAHUYHBIX CIIOSIX B TIIAJKUX

KaHal ¥ TpyOax mo uymciy Crpyxans He oOpena OONBIIONW TOMYISPHOCTA B JalIbHEHIIEH

JUTEpaType, MOCKOJIbKY HHMKakuM oOpa3oM HE YYMThIBaja BA3KOCTh cpelbl. Mcmonb3oBanue

KPUTUYECKOT'0 IEPHO/Ia B KAUECTBE XapaKTEPHOI'0 MapaMeTpa pexxuMa TOXXe peIKO BCTpedaeTcs B

0oJtee O3 THUX UCCIIEIOBAHUSX, BBULY CIO)KHOCTH €0 TOYHOTO onpeaenenus. HecMotps Ha 3T0,

KOHIICTIIIUST HAJOXKEHUS] BHEIIHE BBI3BAHHBIX KOJICOAHWH IMOTOKAa Ha COOCTBEHHYIO YacTOTY

TypOYJIEHTHBIX BCIUIECKOB B IOTPAHUYHOM CJIO€ YacTO BCTPEYAETCS B paMKax KadeCTBEHHOI'O

0O0BSICHEHUS Pe3yJbTaTOB SKCIIEPUMEHTOB.

[TpumepHO B TO K€ BpeMs aKTUBHO IIJIM HUCCJIEAOBAHUS 110 aHAIUTUYECKOMY OMUCAHUIO
MyJbCUPYIOUX TypOyJIEeHTHBIX TeueHHi. dyHaamMeHTaabHble paboThl B 3TOM oOnactu ObuM
npoBefeHsl Brown u np. [21], Ohmi u ap. [22-24]. OHu aHaNuM3UpOBAIM CTPYKTYpPY
NyJIbCUPYIOLIETO TYpOYIEHTHOTO MTOTOKA B TPYOE ¢ JOMYIIEHUEM, YTO TYpOYJIeHTHAas! BA3KOCTh &
NyJIbCUPYIOLIET0 MOTOKA HE OTJIMYANach OT TypOyJe€HTHOH BSI3KOCTH CTAIMOHAPHOTO MOTOKA &.
[Ipu 5TOM HCIOIB30BAJICS KIACCHYECKHUH MOIXO0/T pEHHOIIBACOBA ocpeaneHus [25] mo ancamouio,
C MPEATNOJIOKEHUEM YTO MPOUCXOAMIIO KPATKOCPOUHOE YCPEAHEHHUE, TO €CTh XapaKTEPHOE BpeMs
ocpeHeHHsI OBIJI0O MHOTO MEHBIIIE TIEPHO/Ia ITYJIbCAIIH MTOTOKA.

PaccmoTpenmne TypOyJe€HTHOTO CABHIOBOTO IIOTOKAa Y CTEHKH B BHJIE BPEMEHHOTO

CpCAHCTO TCYCHU ITPUBOAUT K KOHICTIIIUU CYIICCTBOBAHUA Typ6YHeHTHLIX HaHpH)KeHI/Iﬁ caBHTa,



20

TOOABISIONINXCS K BS3KUM. OJTO TO3BOJSET OINMCHIBATH TAKOE TEYCHHE KAaK CTAlMOHAPHOE,
COCTOSIIIEe W3 OTACIBHBIX O0OJIACTEeH, OMpPENEeIIeMbIX COOTHOIICHHEM MEXIY BS3KUMH U
TypOYJICHTHBIMH HAIPSDKCHUSMH. AHAJIOTUYHBIA MMOAXO0J ObUI MPHUMEHEH M K TYpOYJCHTHBIM
NyJIbCUPYIOLINM MTOTOKaM. Mcromnb3yst ycpeaHenue 1o ¢ase, 1moJjie CKOpoCTeH MOKHO Pa3iokHUTh
Ha cpeiHee 1o (asze pacupeaeeHre CKOPOCTH M HAJTOKEHHBIE Ha HEro TypOyJICHTHBIE ITyJIbCAIHH .
TypOyneHnTHble GIIyKTyallii CKOPOCTH, BOSHHKAIOIINE KaK CTy4ailHbIe OTKIOHEHUS MTHOBEHHOTO
3HA4YCHUs OT (a30yCPeAHEHHOTO, TIO3BOJISIOT BBHIYUCIUTh U OXapaKTEPU30BaTh CTATHCTUYCCKUE
cBoiictBa TypOyneHTHOCTH. CrenoBarenbHO, TYpOYJICHTHBIA IyJbCHPYIOIIUH TOTOK TaKKe
MOJKHO ONHCHIBATh Y€PE3 CHCTEMY CIIOEB, OMPEIEISICMbIX OTHOCHUTEIBHBIM BKJIAJIOM BS3KUX U
TypOYJICHTHBIX HANPSHKCHHUIA CIIBUTA.

B paborax [22-24] paccMmaTpuBaIMCh pa3iUYHBIC pacClpecicHUs TypOyJICHTHOM
BSI3KOCTH TI0 Parycy TpyObl, Takue kak pacrpenenenue Ternopa-IIpannris wim pon Kapmana,
pa3aenuB NOMEPEYHOE CEUeHHE TPYObI Ha TP U 4eThIpe obsacTu. [Ipenmonaranocs, 4To MoTepH
HA TPEHHE Ul MYIbCHPYIOMIET0 TYPOYJICHTHOTO MOTOKAa B TpyOe HE OTIMYAINUCh OT MOTEPh
CTaloHapHOro TypOyneHTtHoro motoka. OcpenHeHHble ypaBHeHus HaBbe-CTokca mpu 3TOM
3alUCHIBAINCH B KIIACCUYECKOM BHJIC JUISI HEC)KUMACMOH JKUIKOCTH:

o 1 0P 0%°u 10u 10

E:_Eﬁw W—F;E —;E(ruv), (1.2.1)
=7 _ 0 122

uv' = -, (1.2.2)

dU,, 4%, AP (1.2.3)

PoTa "D T
rae ypaBHeHue (1.2.3) mosnydyeHo uHTerpupoBaHueM ypaBHeHus (1.2.1) mo pamuycy TpyOsl,
MHJ/IEKC M 03HAYaeT CPe/IHEe 10 CEYCHUIO.

[To3auee, Taxke B padore Ohmi u ap. [26], ObUT BBIMONHEH pacyeT pacrpeacieHUs
CKOPOCTH B IYJIbCUPYIOIIEM HEC)KUMAeMOM TYypOyJIIEHTHOM TeUeHHUH B TpyOe, HCIONb3ys
3aBUCSIIYIO OT BPEMEHH TYpOYJICHTHYIO BSI3KOCTh € JIJIsl ONMUCAHUs HampspkeHui PeifHonbca.
bbeuto oO0HapyX)eHo, 4To &° M3MEHsJIach ¢ JTUHAMHYECKOW CKOPOCTBIO U”, COOTBETCTBYIOIICH
MTHOBEHHOMY pAaCIpEIeJIeHUI0O OCEBOM CKOpPOCTH IO TMOMEPEYHOMY CEUYEHHUIO TpYOBI.
TypOyneHTHasT BS3KOCTh MYJIBCHPYIOIIETO TIOTOKA € paccMaTpuBajach KakK COCTOAIIAs W3
CTallMOHAPHON KOMITOHEHTHI € U K0JIe0aTeTbHOW KOMITOHEHTHI Ag, CISIYIOIUM 00pa3oM:

e =g+ Ae(t). (1.2.4)
[Tpu srom Ohmi ykaszanm yto dverhipéxcioiiHas monens (on-Kapmana mydine corjacyercs ¢

9KCIICPUMCHTAMU C YUYCTOM HCCTaHHOHapHOﬁ BA3KOCTH.
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O0630p OONBIIOTO KOMUYECTBA JKCIHEPUMEHTAIBHBIX M TEOPETHYECKHX pPadoT
BKJIIOYAOIIUX IOJX0J] peiHObAcOBa ocpeaHenus Obu1 BhimosiHeH Gundogdu u Carpinlioglu
[27,28]. lanHbIc 0030pHI MPUBOIUT CAEAyIONIKME 0000mICH S, HcX0 a1 U3 padoT Ohmi u Brown:
1) YersipéxcioitHas Mojiemb, peanoxenHas Gon Kapmanowm, Obuia 10CTaTOYHO 00OCHOBAHHOM

JUIS. WIUTIOCTPALMM [TOBEACHMSI TIOTOKA.

2) OceBoe pacmpeieicHUe CKOPOCTEH Ha OCH TPYObl, PAacCCUMTaHHOE C WCIOJIb30BAHUEM
AKCIIEPUMEHTAJIbHBIX 3HAUYEHUN JaBIIEHUS, HE COTJIACOBBIBAIOCH C AKCIEPUMEHTAIBLHBIMU
pe3yabTaTaMy IPH HU3KUX YacToTax 0e3 yuera KoieOaTeIbHONH KOMIOHEHTHI BS3KoCTH Ag(t).

3) Mus auskux gactor, Wo < 1.924, noToK HaXOAHWJICS B KBa3MCTAlMOHAPHOM COCTOSHUH, HO
JUISL COTJIACOBAHUS C HKCIIEPUMEHTOM HEOOXOJMMO YUYHUTHIBATH MEPEMEHHYIO TYpOYIECHTHYIO
BsA3KOCTh, Ag(t).

4) TIlpu BeicOKHX yacToTax, Wo > 1.924, noBeaecHre MOTOKA XOPOIIO OMUCHIBACTCS MOJENBIO C
MOCTOSIHHOM BSI3KOCTBIO.

TpaguuMoHHO B JMTEpaType 00O3HAUEHHE KBA3UCTALMOHAPHOIO JMalla3oHa IMyJbCUPYIOLIEro

IIOTOKA OIpPENESeTCs] BO3MOKHOCTBIO €r0 ONHMCAHMsI 4Yepe3 CTalMOHApHbIE 3aKOHOMEPHOCTH.

TakuMm 00pa3oM, pe3yabTaThl MOJEIN MMEPEMEHHON BSI3KOCTH W3 paboThl [26] mayt Bpaspes ¢

OOILIMM TPEHJOM, OJHAKO OHU OOBACHAIOTCA MPEAENbHBIM MOBEIECHUEM CKOPOCTH HpPU pOCTE

qacToThl. [Ipu Wo — oo, ammmuTyna kojiebaHuii CKOPOCTH OTHOCHTEIBHO TPaIUCHTA JaBJICHUS

ctpemures k 0, uto ciaeayer U3 aHaauTHdeckoro perrenus Womersley u Uchida [2,3].

[lo3nHee crana oueBHHA HEOOXOAMMOCTH ydeTa BCEX MapaMeTpoB cpeabl (CKOPOCTH,
MaciuTaba i BI3KOCTH) IpH Kiaccudukaimu pexumon. B paborax [21,29-32] BBoauTCs MOHSITHE
3aBUCALIEH OT vucna PeiHonbaca mpenenbHOM KBasMCTaMOHAPHOM 4acToThl Wog(Rey,) u
TpaHUIIBI BBICOKHMX YacTOT (MHEPIUOHHO-IOMUHIpYeMoro motoka) Wo; (Req,).

B pa6ote [21] aHamUTHYECKHU U SKCIIEPUMEHTAILHO HUCCIISTIOBAIN OTKIIUK MY IbCHPYIOMHX
TypOyJIEHTHBIX Te€UEHUI B TpyOax Ha KOJIeOaHHs MaJlOW aMILTUTY/bl Ha aKyCTHUECKHUX 4acTOTax,
cootBercTBYroIMX 31.62 < Wo < 774.6, nna nuana3ona cpeanux uucen PeitHonbaca 1100 <
Reiq < 10°. TIpu 5TUX BBICOKMX 4YacTOTAaX HAONIOJAaEMOE 3aTyXaHHE COITIACOBBIBATIOCH C
pacueToM, OCHOBaHHBIM Ha HE3aBUCAIIEM OT BpeMEHU Mpoduiie pacrpeneiaeHus: TypOyaeHTHON
BSI3KOCTH, TIOCKOJIBKY CTPYKTYpa MOTOKA M TYpOYJICHTHOCTh HE UMEJTH BPEMEHHU IIPUCTIOCOOUTHCS
K OBICTpBIM (IYKTyarusiM CKOpocTH. [Ipu 3TOM mpeaenpHyH KBa3HCTAllMOHAPHYIO YaCTOTY

omuceiBany kak Wo, = 0.014Rep;®*, a rpanuuy BbicOKoYacToTHOro peruona Wo; = 2.5 -

10~*Rel® nns sxumxocTu v raza B TpyOe ¢ anuabaTHYECKUMU CTEHKAMH.
B paGore [29] u3Mepsiioch MajieHWE AaBICHUS HA TPCHUU B TEYEHHE OJHOTO IUKIA

MyJIbCALIMK VISl IMala30HOB MapaMeTPOB MOTOKA 10° < Reiyg < 2+ 105, A<05u44 <Wo <
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57. OHM mOKa3ajaM, YTO SKCIEPUMEHTAJIbHBbIC 3HAUEHHUS 4WIeHa TpajaueHTa nasieHuss AP/
L XOpoIIo COrjacoBBHIBAIUCH C €ro 3HAYCHUSIMH, pacCYMTaHHbIMU u3 ypaBHeHus (1.2.3).

KacarenpHoe HampshDKeHUE 1S pacdeTa ObLIO MOJIYYeH U3 COOTHOIICHUS:
As
Koadduiment tpenus Tpyosl A¢ B JaHHOUM paboTe ObLI onpeneneH u3 cooTHomieHus Kapmana-

Huxypanse:

1
— = 1.746 In(Re;q4/25) — 9.195, (1.2.6)

NN

IJIe YMCIICHHBIC 3HAYCHUSI TOJOMPATHUCH U3 IKCIIEpUMeHTa. B 1aHHO# paboTe ObUT CliesiaH BBIBO/,
YTO KBA3WUCTA[MOHAPHOE MPHOIMKEHUE BBIIOIHSIOCH JUIS BCEro JHAIa3oHa HMCCIIEI0BAHHBIX
napamMeTpOB: Wog > 0.025 Rey,.

B pa6ore [30] mpu momomu paszpadorantoir Wood u Funk [33] ympoinerHo# momenu
HNOrPAaHUYHOTO  CJI0OS HAa OCHOBE aHajiW3a CONPOTHUBJICHUS I[OTOKA ObUT  BBIBEJICH

KBa3HCTALMOHAPHBIN auanason Wo3 = 0.00105 Refy’ . cpennux uucen Peitnonbaca 10* <

Re., < 10°. IIpu 5TOM paboTa ONMpanack Ha SKCIIEpUMEHTANbHBIE JaHHBIE 13 paboTsl [21].
Hanbreitme padotsr Ohimi u ap. [31,32] nemoHCTpHpOBanuM MONBITKH 00OOIIUTH

IpaHully NPUMECHUMOCTH KBa3HCTALMOHAPHOTO moaxoxa Kak Qymkumio Woi = C - Rep;>.

[Toxazarens crenenu 0.75 Obul BbIOpaH M3 CcooOpakeHHs KOMOMHAMU Ko3(QuireHTa

compotuBieHns Tpy6 Ag~Re /4

n uyucna Peinonmbnaca. Ilpm 3TOM 3KCHEpPUMEHTAIBHO
KBa3UCTAIIMOHAPHBINA pPEXUM OBLT MOATBEPKACH MPH 10° < Rei, < 107 i COOTHOLICHUS
Woé = 0.066 Re;,Ag, TAC A HAXOIUIIOCH U3 3aKOHA CONMPOTUBIIEHUS [IpanaTiis s Tpyo.

OO6oO011eHre BBIIIEU3I0KEHHBIX pE3yJIbTATOB [0 OIPENEIEHUI0 pa3ieiioB PEeXUMOB
notoka B pabotax [21,29-32] npexncrasneno Ha puc. 1.2.3. 3aMeTHBI cepbe3HbIe TPOTHBOPEUHS
MEXJly aBTOpPaMH, MPU 3TOM B HEKOTOPBIX paboTax ObUIO 3asBJIEHO O BAIMJALMU KPUTEPHUEB Ha
pasIMYHBIX cpenax, BoJe M Bo3ayxe. Takum oOpa3oM MOXKHO CKa3aTh, UYTO KiacCHU(UKAIMH
PEKUMOB TYpOYJIEHTHOTO MyJIbCHUPYIOIIEro Mmoroka mo uuciay Bowmepcnu u PeliHonbiaca He
OTpaB/ajia BO3JIOKEHHBIX HAJIEHKI.

[lepexons k 6osee MO3IHUM HCCIEAOBAHUSAM TYpOYJIEHTHOTO MYyJbCUPYIOLIEro MOTOKA B
Tpybax u KaHanax, pyHIaMeHTa bHbIe paboThI B 3TOM 00acTH ObLTH TIpoBeeHBI Ramaprian u Tu
[17,18,34], Mao u Hanratty [16,35], Tardu u Binder [15,36,37], Shemer u ap. [38], Brereton u
ap. [39-41]. Ycenex naHHBIX HCCIIEIOBAaHUN BO MHOTOM COCTOSIICS OJlaroJapsi MOSIBICHHIO HOBBIX

METOJUK M3MEpEeHMs] apaMeTpoB MOToKa, Takux kak LDA, B cepenune 80X roioB MpoIuioro
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CTOJICTHS. OTH paGOTLI B Hame¢ BpEMA CUHUTAIOTCA KIACCUYCCKHUMU ISKCICPUMCHTAJIbHBIMU

paboTamu B 001aCTH ITyIbCUPYIOIIUX IOTOKOB.

1071

1071

10 1

Re;,

—+— Brown u 1p., Wo (Re,,)
107 Brown u 1p., Wo,(Re,,)
—+— Barid i 1p., Wo (Re,,)
—+— Wood u Funk, Wo,(Re,,)

—+—  Ohmi u 1p., Wo (Re,,)

1071

10 10 10 10
Wo
Puc. 1.2.3. Knaccuduxamus pexxMOB IMOTOKa 3aBUCUMOCTH OT 4rciia Bomepcenu u
Peiinonbaca. Crutoniabple JIMHUU — SKCIIEPUMEHTAILHO H3MEPEHHBIC TUATIA30HBI aBTOPOB,

MMPCPLIBUCTBLIC IMHUHN — AIIIIPOKCHUMAllUs Ha 00/1aCTh HU3KHUX 4acToT, 3aKPallICHHBIC obnactu —

KB%HCT&HHOH&pHHﬁ U MUHECPUIMOHHO-JOMHHHPYEMBIC PECKUMBI COOTBETCTBCHHO MHIACKCAaM ( U .

Pabora Ramaprian u Tu [34] B o6siacTu nepexoaHbIX Yrce PeliHOob/Ica TOKa3bIBACT, YTO
NepuoIMvYecKue KojebaHusi pacxoja MOTYT HE TOJbKO MOBBINATh KPUTHUECKOE YHCIO
PeiiHosb/Ica M YACTUYHO WIJIM TOJHOCTBIO JIAMUHAPU30BATh MEPEXOAHOE TEUEHHE, HO U 3aMETHO
MEHSTH CpelHee TypOyJIeHTHOE TeYeHHE MPHU YacTOTax OJIM3KMX K YacToTaM TypOYIEHTHBIX
BCIUIECKOB TIOTPAaHUYHOTO cjosA. Ha 3THX KPUTHYECKHX YacTOTaX YCHIIMBAIOTCS KacaTelbHOE
HamnpsDKeHWe M MOTepH, NpOQHIb CKOPOCTH y CTeHbl NpuoOperaer mneperud, Hpu 3TOM
TypOyJIeHTHBIE HANpsDKEHUS M MHTEHCHUBHOCTh BO BHYTPEHHEH OOJIACTH OKa3bIBAIOTCS IOYTH
«3aMOPO’KEHHBIMU», YTO TPOTHBOPEUUT pacueraM. OTHAKO MPH HU3KUX YaCTOTaX TEUCHUE BEICT
ce0s1 KBa3WUCTAIIMOHAPHO, KacaTeNbHBIC HANPSKEHHs HA CTEKE BO3MOXKHO JIOCTATOYHO TOYHO
OTIpeNieNATh 3aKOHOM conpoTuBieHus binasuyca, puc. 1.2.4.

B pa6orax [17,18] uccrnemyercss MOMHOCTBIO Pa3BUTHIN MEPHOANYECKUI TYpOYJIEHTHBIN
MOTOK BOJABI B Kpyriod T1pyOe nuamerpom D=50 MM npu cpenHem Re,,~ 50000 c
CHHYCOUJIAJIbHOW MOJYJISIMEN pacxoaa. ABTOPbI pacCMaTpUBAIOT BCero mapy vactot, 0.5 u 3.6

FH, cunTad MCHBUIYIO U3 HUX KBaSI/ICTaI_[HOHapHOP'I, HO IIPOBOJAT OUYCHDb HO)IpO6H0€ HCCIICA0OBAHUC
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Puc. 1.2.4. VI3mMeHeHue cKOpoCTH COBEPUIEHUS paOOThl CUIaMM CIBUTA B 3aBUCUMOCTH OT
¢ba30Boro yria. © — JaHHbIC /IS HECTAHOHAPHOTO TypOyaeHTHoro teueHus, f=1.75T'; A —

-0.25.
)

pacdér no kBazucranonapaoi ¢popmyie brnasunyca, A = 0.3165 Re m— 110

KBa3UCTALMOHAPHBIM U3MEPEHHSM TIeperia/ia IaBJICHHs B PEaIbHOM MEePeX0AHOM TeueHun [34].

npoduneil CKOpoCTH, KacaTelbHBIX HampsDKEHUM mpodunelt TypOyNeHTHBIX IylbCcalluid U
pPEeHOIBACOBBIX HampspkeHuil. [Ipy 3ToM HmpUBOAUTCS aHAIM3 KaK YCPEIHEHHBIX 3a MEepUOJ
napameTpoB MOTOKA, TAKH M CTATHCTHKA JUIsl JAHHOW KOHKpEeTHOU (pa3wl mynbcaruii. Yactora 3.6
['n omHOTO TOpSiKA C YacCTOTOM TYpOYJIEHTHBIX BCIUJIECKOB MOTPAHUYHOTO CJIOsl. AMILIUTY/IA
nynbcanuii cocrapisa 0.64 aing yactorst 0.5 ['m u 0.15 qnst wacroTsr 3.6 ['m.

IIpu »TOM B paborax [17,18] cpaBHHMBaOTCS pe3ynbTaThl AKCICPHMEHTOB C
KBa3UCTAallMOHAPHOW Teopueil. B 3ToM 3akitouanachk NpUHUMIIHAIbHAS HOBU3HA UCCIEIOBAHMUS,
MOCKOJIBKY paHee CpaBHEHHE SKCIEPUMEHTa MPOUCXOIMIO KaK MPaBUIIO CO CTAIMOHAPHBIMU
MojeTsIMA. B KadecTBe KBa3HCTAIMOHAPHON TeopeTHueckod oreHkrn Ramaprian u Tu
UCIIONIB3YIOT pacyeT cTaHgapTHO#W K-&¢ momoOHON Mmojenu IIpaHarTias Aas HeCTAlMOHAPHBIX
OCpPEJTHEHHBIX ypPaBHEHHH, HECTAllMOHAPHOCTh BXOJWJA B PacyeT TOJIBKO Yepe3 3aBUCHMOCTH
TpaJIMCHTA JIABJICHHS OT BPEMEHH M YepPe3 3aBUCSIILYI0 OT BpEMEHHU TYypOYJIEHTHYIO KHHETUYECKYIO

SHEPrui0. 3aMblKaHWE TYpPOYJIEHTHBIX HANpPsDKEHUH MPOUCXOAUT Yepe3 YCPEAHEHHOIO IO
1
aHCaMOJII0 BHUXPEBYIO BA3KOCTb V; = Elq, HO B JIAaHHOM CIly4ya€ aBTOpPbI HCIHOJB3YIOT

SKCIIOHCHIMWAJIBbHYIO HHTCPITPETAUIO:
2

v, = lgexp —cq7 ) (1.2.7)
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rae, q%(r,t) = u'?2 + v'2 + w'2 — TypOyJleHTHas SHEpIus, ¢ — KOHCTAaHTa MoJeiH, [ — MaciTab
JUTHHHBI CMeIIeHus. MaciTal AUHHbI | CYUTAIICS HE3aBUCUMBIM OT BPEMEHH, TOJIBKO (QyHKIIHEH

paauyca:

[ = % (1- %) (1.2.8)

Bce KOHCTaHTBI M MOJIENIb JUCCHIALMU OepyTcsi u3 paboThl [42], TO €cTh 3TO B CYUIHOCTH
CTallMOHAPHAS MOJIEJIb, IPUMEHEHHAS B KBA3UCTAIIMOHAPHOM IMOCTaHOBKE.

Pesynbrarel u3nokeHHbie B [17,18] roBopsAT 0 TOM, YTO TEOPETHYECKH IOJIYUEHHBIC
YCpEIHEHHBIE TI0 BpeMEHU POGUIN CKOPOCTH U3 KBA3UCTAIMOHAPHONW MOJETU TYpOYJICHTHOCTH
OUYEHBb XOPOIIO COTIACYIOTCS C dKcrepuMeHTOM. OHAKO, JaHHBIC pa0OTHI CONEPKAT KPUTHKY
YHHUBEPCAJIBHOTO JIOTapU(PMUIECKOTO 3aKOHA:

ut =244 Iny* +5.5, (1.2.9)
rneut =u/u*, y*t =yu/v, u* =./1,/p WA cpeaHUX 3a NEPUO 3HAYCHUI. Y CPETHEHHBIE 110
da3e, KaK M YCPEOHEHHBIC 3a NEpUOJ, MNPOMUIM CKOPOCTH IUIOXO YKIAJBIBAIOTCS Ha
Jorapu(MHUECKUN 3aKOH, OCOOEHHO B 00JacTH HU3KUX dYacTtoT, puc. 1.2.5. Tak ke ObLIO
MIPOJICMOHCTPHPOBAHHO, YTO HAJIO)KEHHBIC KOJIEOAHUsS CYIICCTBCHHO BIHSIIOT HA YCPEAHEHHOE
TE4YEHHUE, 0OCOOCHHO KOT/a YaCTOTa OCHMJIUISIINH OJIM3Ka K XapaKTePHOH 4acTOTe TypOyIEHTHOCTH.

[Tpoduns ycpenHEHHOM CKOPOCTH UMEET TOUKY Meperuda y CTeHKU U HE MOAYUHSACTCS

l LR R T T T 171177 L R L L B R R

WHKU,)

)

U

L1yl (RN VO O i 1 SO 1 Y U4 I ) DRSO () 5
1 10 102 10% 104 L+ o vl vl il Lt nuls

10 107 0% 104
(YH = WU ¥+

Puc. 1.2.5. Ocpenuénnnie no (aze mpodm CKOpOCTH B KOOPAWHATAX MPUCTEHOYHOTO CIIOS TIPH
yacrore Konebanuit 3.6 't (a, b) m 0.5 T’y (C, d). a, ¢ — da3sr TopMoxkeHHs OTOKA, b, d — dass

ycKopeHus motoka [17].

norapupmMuueckomy 3akoHy. [IpM HU3KMX dYacTOoTax HAOMIOMAIOTCS CHUJIbHBIE HMCKaXEHUS

npod et CKOPOCTH M TypOYICHTHOM MHTEHCHUBHOCTH, TOT/Ia KaK MPH BBICOKHUX — HCKaKEHUS
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OTPaHMYHMBAIOTCS TOHKHM TPUCTEHHBIM ClI0eM. IHTEHCHBHOCTD TYpOYJIEHTHOCTH YaCTUYHO HITH
HIOJIHOCTBIO «3aMOPOKEHa» B TeUeHUE IuKIa. KBasucrannoHapHbie MOAeIH (HapuMep, MOJICIb
[Ipanarns) He COCOOHBI TOYHO OMHUCATh BIUSHHE HECTAMOHAPHOCTH. OHHU MPEICKa3bIBAIOT
HECYIIIECTBCHHBIC HM3MCHEHHS YCPEAHEHHOTO TIIOTOKAa M HE BOCIPOU3BOIAT JUHAMHKY
TypOyJICHTHOCTH, XOTS Ha BBICOKMX YaCTOTAX JIY4IIe COrJIACYFOTCS C BHEIIHEW 30HOM TCUCHUSI.
Jlns knaccugukanuu pexxumoB motoka Ramaprian u Tu [18] BBoxsT mapamerp wD /u,. B
3aBUCHMOCTH OT 3TOTO IapaMeTpa BBIJICICHO MSATh PEXKUMOB TeUeHUs: kBasucranuoHapusii (1),
auskouacTotHbi (1), mpomexyrounstii (I111), BeicokouacTotusli (IV) u 6sicTphix Koaebanwmii (V),
puc. 1.2.6. B pexxume | (wD /u,<0.1) Teuenue u TypOyaeHTHas CTPYKTypa KBa3HCTallMOHAPHBI,
aAMILTUTYIHOTO U (pa30BOTO CABHTa HET, KBA3UCTAIIMOHAPHBIC MOJICIIH TIOJTHOCTHIO TPUMEHUMEBI. B
pexume 11 (0.1S wD/u,< 1) cpexnHee TeueHHWE MOYTH HE MEHSETCS, HO B IEPHUOTUYCCKOM
COCTABJIAIONICH IO BCEMY CJBHTOBOMY CIIOKO TOSIBIISIOTCS aMIUIMTYIHBIA W (Da30OBbIi CIBUT.
TypOyneHTHOCT,  NpH  3TOM  OCTAa&TCsd  MPAKTHYCCKA  KBA3HCTAIIMOHAPHOW,  HYXKHBI

HECTAllMOHAPHBIC pvaéTbI, HO C KBa3UCTAallMOHAPHBIM 3aMbIKAHUCM.
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Puc. 1.2.6. Knaccuduxarnus pexxiMOB MyJIbCHPYIONIEro MOTOKA B TPyOax W KaHaIax,
cornmacto [18]. TTo ocu abcuumce — cpeaHee 3a mepuo yucio Peiinosbaca, 0Ch OpIUHAT —

6e3pazmepHas yactora wD /u;.
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B pexume III (1< wD/u,;<10) naumHaercs mpsiMoe B3auMoJeicTBHE KoJeOaHUil ¢
TypOyJIEHTHBIMH BCIUIECKAMU TIOTPAHUYHOTO CJIOSi: M TEPHOAMYECKOE TII0Je€ CKOPOCTH, H
TypOyJIEHTHBIE MYJIbCAIIUN OTKIOHSIOTCS OT KBa3HCTAIIMOHAPHOTO, KBA3HUCTAIMOHAPHBIE MOJICITH
CTaHOBATCSA BCE MEHEE KOPPEKTHBIMHU, XOTS CpeaHee TedyeHue eme Onu3Ko K
kBazuctanuonapuomy. B pexume IV (wD/u;~10) xonebanus CHIBHO B3aUMOJCHCTBYIOT C
BCIUIECKAMH y CTEHKH: CPEAHHI MpoMiib CKOPOCTU MEHseTCs (BO3MOXKEH IMEeperud y CTEHKH),
NEPUOIMIECKOe TEUCHUE CYIIECTBEHHO M3MEHSETCS JIMIIb B TOHKOM INPHCTEHHOM CIJIOE, a BO
BHEIHEH obnmacTu BeAET ce0sl MOYTH Kak HEBSI3KOE; TYpOYIEHTHOCTh BBIXOJHUT U3 PaBHOBECHS,
MHTEHCUBHOCTh BO BHEUIHEH 30HE TMOYTH «3aMOPOXKEHa», KBA3UCTAI[MOHAPHBIE MOJEIH
MOJIHOCTHIO He paboTatot. B pexume V (wD /u,~100) B3aumopaeiicTBre ¢ TypOyJIECHTHOCTHIO €111
CUJIbHEE, HO OTPaHUYEHO ellle 0oJiee TOHKUM MpUCTEeHHBIM ciioeM nopsaaka 0.01 auamerpa TpyoOHl,
OJIHAKO paboT B 3TOH 00J1aCTH MaJjIo JIs BeprudUKaIuy HAOIIOACHHH.

B pabore Mao u Hanratty [16] usmepsiercs azoycpenHéHHOE KacaTeIbHOE HAIPSHKCHHE
Ha CTCHKE B TYypOYJIEHTHOM TEYEHHH B TpyOe C HAJIOKEHHBIMH MAJOH aMIUTUTYIbI
CHHYCOHIAILHBIMH KOJIEOAHUAMH U MCCIIENYETCS ET0 3aBUCMMOCTh OT O€3pa3MepHON 4aCTOTHI w ™
(1.1.19) B amamasone 0.0075-0.21. IToka3zano, yro npu w*>0.08, Korga CTOKCOB CIION TOHBILE
BSA3KOTO IOJICITIOS, U3MEPEHHbIE aMIUIUTYIbl KoieOaHui T,, 3aMETHO HUXKE KBa3MJIAMHUHAPHOTO
npecKa3aHust; 3TOT A3PPEKT HETb3s1 OOBSICHUTH HH MOTPEUTHOCTSIMA YaCTOTHOTO OTKJIMKA 30H/a,
HU HEJIMHEHHOCTHIO 1O aMIUIUTY/IE, U OH COTJIACYETCsl C He3aBUCUMBIMHU N3MEPEHUSIMH CKOPOCTEH
y CTeHKH. JlenaeTcs BBIBOJ, YTO MpPU OONBIIMX W' B BSI3KOM IOJCIOE BOSHUKAKOT M3MEHEHHUS
TypOYJIEHTHOCTH, HE YYTEHHBIE CYILECTBYIOLUIMMH MOJEISIMUA: OHH MPOSBIISIOTCS, KOT/Ia YacToTa
HaBsA3aHHBIX KoJeOaHWN CpaBHMMa C XapaKTEpHOM YacTOTOM TYpOYJIEHTHBIX BCILJIECKOB
(w*/15~0.004), HO MpaKTUYECKH HE BIMAIOT HA CPEAHUIN NPOPUIL CKOPOCTU M YCPEIHEHHBIE
TypOyJIE€HTHBIE XapaKTEPUCTUKHM. B obmactm Manbix v, TIe CTOKCOB CIIOH  TOJNCTBIN,
kBaswiamuHapHas mozaenab Uchida [3] He pabGoraer, u mpsiMoe HCIOJIB30BaHUE CTaHIAPTHBIX
Mojienell TypOyJeHTHOCTH HE BOCIPOW3BOAMUT JKCIIEPUMEHT, B YAaCTHOCTH PE3KHH CKa4dOK
¢dazoBoro yrnma. Takxke aBTOpaMH JEMOHCTPUPYIOTCS H3MEPEHHUs NyJIbCallMi TIpajiie€HTOB
CKOPOCTM Ha CTEHKE M MX DHEpreThueckue crnektpsl, puc. 1.2.7, 1.2.8. OOHapyxeHO, 4TO B
pPacCMOTPEHHOM JIMana30oHe YacTOT OTCYTCTBYET 3aBHCHMOCTh OTHOCHTEIBHON BEIMYHHBI
nyJabcalMii Ha cTeHKe OoT uucia PeliHonbaca u vactoThl kojebanuil. Ilynbcanuu moroka He
BJIMSIOT Ha SHEPreTUUYECKUI CIEKTp IpaJiie€HTa CKOPOCTH Ha CTEHKE, 3a UCKIIOYEHUEM ITHKOB Ha

YacTOTaX KOJIcOaHUMH.
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Puc. 1.2.7. Cpennuie mo BpeMeHN HHTEHCHBHOCTH TYpOYJIEHTHBIX (ITyKTyalruit
IpaZiM€HTa CKOPOCTH y CTEHKH IIPH Pa3HbIX PEKUMAX TEUCHUS: ® — CTALIMOHAPHBIN PEKUM; O —

npu =0.625 I'; 0 — mpu =0.325 ' [16].

(a) ® ©
10t 10t 10! e ——r——
10° 10° 10°
107! L 10! 10!
g 10 E 102 1072
& 1072 g‘ 10~ 1072
1074 10—* 1074
1075 } 10-8 1078
10-¢ 107 10—¢
107 10t 10° 10* 10° 10— 10t 10 10t 10¢ 107 10 10° 100 10%

Frequency (Hz) Frequency (Hz) Frequency (Hz)
Puc. 1.2.8. Cnextp dnykryaruii rpaguenta ckopoctu y cteHkH (Re = 30000): (a) npu
Hanmunu konebanuit, f = 0.62 I'u; (b) mocie BeIMMTAHUS TIEPUOJNUECKON (OCIHIUISIIMOHHOM )

KOMITOHEHTBHI; (C) TIPU CTallMOHapHOM TeueHuu [16].

B 6Gonee mo3mneit pabore Mao u Hanratty [35] uccieayercs, MOTYT Jin HaJIOXECHHBIC
KPYIMHOAMIUIUTYIHbIE KoJieOaHus B TypOYJIEHTHOM IMOTOKE B TPyOE€ CHMXKATh COMPOTUBIICHHE.
[TockonbKy TOJIE CKOPOCTEH TPYAHO U3MEPUTH HAMPSMYIO, UCTIONB3YIOT U3MEPEHUS TPaJUeHTa
CKOPOCTH y CTEHKH «COHIIBUY»-30HJAMH U 00paTHBIA MacCOTIEpEHOCHBIN aHamu3. TeopeTrnueckn
JUISE  MEJUICHHBIX KOJICOAHWH (KBA3WCTAIMOHAPHBIA ITOJXO0JI) OXHUAAICA POCT CPEIHETro

COMPOTHBIICHHS, HO TIPU JOCTATOYHO BBICOKMX uyactorax w'=0.0138-0.0506 cunycoumaabHbie
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KoJieOaHus OOJIBIION aMIUIUTYBl HE MEHSIOT CPEIHUHN KO PHUIIMEHT TPEHUS, €CIIM He BO3HUKAET
PEBEPCUBHOIO MOTOKAa y cTeHKU. CyIIeCTBEHHOE CHIDKeHHE conpoTuBieHus (1o 8—13%)
HaOJIFO1aeTCsl TOJIBKO MPHU HACTOJNBKO OOJBIIUX aMIUIATYJaX, YTO B TCUCHHE YacTH MEpuoja
BO3HHUKACT PEBEPCHSl Y CTCHKH, JArOIas OTPHIATEILHBIA BKIAJ B CPEIHIO CHIYy TPCHHS.
Hecunycompnanpuple  KojeOaHUS HU3KOW  YacTOTHI, CIEHUAIBHO MNOJOOpaHHBIE  TIOA
ONaronpusATHBIN IPAIUEHT NAaBICHUS, 0)KUIAEMOTO YCTOHUNBOTO OCIa0JICHHUS CONPOTUBIICHUS HE
T, oJHAKo TpHu pocte uncia Peiinonbpaca ¢ 9700 qo 19200 BcE ke pUKCHpPYETCs CHUKEHUE
COIIPOTHBIICHUS, BEPOSTHO CBS3aHHOE C COKpAIICHUEM BPEMEHHBIX MacIITab0B TYpOyJIEHTHOCTH
¥ HEJJOCTATOYHO OBICTPHIM OTKJIMKOM IOTOKA Ha Pe3KHUe M3MEHEHUS TPaJUeHTA 1aBICHUS.
Kpome »storo, B pabGore [35] aBTOpBI BBIIABUIAOT BaXHOE OOOOIICHHE PEKUMOB
IyJbCUPYIOLIEr0 MOTOKA B 3aBMCHMMOCTH OT YacTOTHI @', KOTOPOE B CBOK OYEPEIL XOPOILIO
corjiacyercsi ¢ JJaMHHApHOW Teopueil u skcrepumenTamu Ramaprian u Tu [17,18], puc. 1.2.9,
1.2.10. TIpu wmamoii yactore wt < 0.0138, aMmuuryadbiii ¥ (a30BBIA CIBUIM TIpagdeHTa
CKOPOCTH Ha CTEHKE (MPOMOPIIMOHANICH KacaTeJIbHOMY HAIPSDKEHUIO HA CTCHKE) OKa3bIBAHOTCS
HE3HAYNTENbHBI OTHOCUTEIHHO KOJIeOaHUil ycpeTHEeHHOH 1Mo (ha3e CKOPOCTH HA OCH TPYOBI, U4TO
COTIACYETCs ¢ KBA3MCTALMOHAPHBIM perteHneM. [lpu 6onpmmx gacrorax w™ > 0.0138 daszosas
3aJIepKKa MEXy OCEBOW CKOPOCTHIO U IPAJMEHTOM CKOPOCTH Ha CTEHKE CTPEMUTCS K 7T /4, 4To
COOTBETCTBYET BbIBOAaM u3 JjamuHapHoro peuienus Uchida [3]. Tlpu stom oTHOCHTENbHBIC

TypOyJeHTHBIC (DIYKTyalluy IPaIMeHTa CKOPOCTH CIIa00 3aBUCAT OT (a3bl.
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This study, no reversing flow
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Moo & Hanratty (1535)
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= Quasi-laminar solution
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Puc. 1.2.9. VI3aMeHeHNEe OTHOCUTEIBHON aMIUIATY bl TPAINEHTa CKOPOCTH Ha CTEHKE, S —

— —~

aMIUTATYJa TPAINEHTa, S — CpeaHee 3HaUeHue rpajaueHTa 3a nepuoa, U, — aMminTyia oceBoit

CKOPOCTH, U* — CKOPOCTh TpeHus [35].
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Puc. 1.2.10. ®a3oBas 3aaepKKa rpaJieHTa CKOPOCTH OTHOCHTEIFHO CKOPOCTH Ha OCH

TpyOsI [35].

[To3nuee, B padortax [15,36,37], mpOBOAATCS SKCIIEPUMEHTAIbHBIC MCCIICIOBAHUS
NyJIbCUPYIOUINX TYpOYJISHTHBIX MOTOKOB B KaHajlaxX. B odepenHoil pa3 moaTBep)KAaeTcs, YTo
yCpenHEHHBIE 10 BPEMEHHU XapaKTEPUCTHKHU IMOYTH HE 3aBHUCAT OT BHEIIHETO BO3JCHCTBUS, 3
UCKIIIOYCHHEM HHTEHCUBHOCTH TYPOYIEHTHOCTH B HMHEPLUUMOHHOM TOJCIOE, MJaKe MpHU
NEpUOJIMYECKOl CMEHe HalpaBleHMs MOTOKA Y CTEHKU. BbUIo Moka3aHo, CpelHui 3a MepHoA
npoMIb CKOPOCTH MOTYHHSETCS YHHBEPCAIHHOMY JIOTapH(PMHUYECKOMY 3aKOHY, NPH STOM
IIPOBOAMTCS CpaBHEHHE ¢ paboTaMH Ipyrux aBTOpoB, puc. 1.2.11. Moaynsuus TypOyIeHTHOCTH,
onuceiBaeMas (pazoBeiMu ocpennenusmu (u'u') u (t',,7',,), 3apoxaaercsa B 6yhepHOM Cloe U
pacrpocTpaHsieTcss OT CTEHKH €O CKOpOCThiO AupPy3uu, OMM3KOH K BUXPEBOH CKOPOCTH
i dy3un HHEPIMOHHOTO MOCIOS; IPU ITOM OTKIUK (T, T’ ) 3aTyxaer ObicTpee, yem (u'u'),
YTO yKa3bIBAaeT Ha OoJibIlIee BpeMs peslakcallui TypOyJIeHTHOCTH y CTeHKU. BakHble H3MEHEeHUs
CTPYKTYPbI TYpOYJIEHTHOCTH HPOMCXOAAT B amamazone [ ~ 10— 13 (w* = 0.012 — 0.02),
OJIM3KOM K CpeiHeH yacToTe TypOyIeHTHBIX BCIUIECKOB OMPAHUYHOTO CJI05, I'/1€ B3aUMO/IEHCTBHE
OCIIMJUTAPYIOIIETO TOTOKA ¢ TypOYJIEHTHOCTHIO B OydepHO 30HE OKa3bIBACTCS HAUOOJBIITHUM.
[Tpu Gosiee BHICOKMX YacTOTaX 3Ta 30HA BEJAET ceOs Kak MOPIIHEBOM MOTOK, a Mpu OoJiee HU3KUX
ee 3HAUCHMSIX pean3yeTcsl KBa3uCTallMOHapHBIN pexxuM. [Ipu 3ToM KBa3ucTalmoHapHas MOJIENb
XOpOIIO ONHCHIBAET HU3KOYACTOTHOE IIOBEJCHHUE U JAa€T BEpHBIM TpeHA MNpH OOIbIINX
amMIuiTyaax. Pe3ynabTaTel JaHHBIX pabOT XOpOIIO COrJacyloTcs ¢ Kiaccupukanuen

npemioxxeHHor Mao u Hanratty, puc. 1.2.9, 1.2.10.
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Puc. 1.2.11. [Ipodwunu cpeanei 3a mepro CKOPOCTH B YHUBEPCAIBHBIX KOOPIWHATAX.
Pa3Hble Mapkepbl COOTBETCTBYIOT Pa3HbIM aMIUIUTY/JaM U 4acTOTaM I1yJIbCALUi, a TaKkKe

pabotam apyrux aBTopos [35,36].

Uccnenosanust Brereton u ap. [39-41] chokycupoBanbl Ha aHanu3e TypOYJICHTHBIX
XapaKTEPUCTHK I1yJIbCUPYIOLIETrO MOTOKA. [I0Ka3aHo, YTO OTKJIMK TYpOYJIEHTHOCTH B OCHOBHOM
BBIPA)KAETC B IIEPUOAMYECKOM oprammsaumu BemmuuH (u'u'), (v'v'), (u'v') ma wacrore
NPUHYAUTENBHBIX ~ KOJNEOAaHHWH, TpH OTOM  CpeaHue  (CTAalMOHApHBIE)  CIEKTPAbHbIE
XapaKTEPUCTUKU ¥ MHEPLIMOHHBIN CyOMana3oH OCTAKOTCS OJIM3KH K YCTAHOBHUBIIEMYCS TEUEHHUIO.

[Ipy 3TOM HeCTallMOHAPHOCTh TYPOYJIEHTHBIX MyJIbCAllMil MPOSBISETCS IJIaBHBIM 00pa3oM B
. . du
npucTeHHoi oOmactu. IIpou3BoACTBO TypOyJIEHTHON SHEpruu (—(u’v')a) B MYJIbCUPYIOLIEM

NOTOKE (PAKTUYECKH €CTh MOIYJISALMS OOBIYHOT'O IPOU3BOCTBA TYpOYIEHTHOCTH BOJIN3U CTEHKHU:
IIUKHA YCPEIHEHHOIO 3a NEPUOJ IyJIbCUPYIOUIETO MPOU3BOACTBA COBNAJAIOT IO IMOJOXKEHHUIO C
nukamu cpeadero mpoussoiactea (yt ~ 8-10), a amMmiuTyna OCHMIUIALMMA YMEHBIIAETCS C
pocToM YacToTsl; (ha3oBbie caBurk Mexxay (u'u') u (V'v'), puc. 1.2.12, uHTEpPIPETHPYIOTCS KaK
HKCIEPUMEHTAIbHOE IOJITBEPKACHUE MEXaHU3MOB MEKKOMIIOHEHTHOTO OOMEHa SHEpruH,
n3BeCTHBIX M0 DNS ocuuiumpyroiee Mpon3BOACTBO U OCHWIIMPYIOIIHAE HANPSKEHUS! BBITISAIAT
KaK MOZYJISIUS OOBIYHOTO MEXaHU3Ma TypOYJIEHTHBIX BCIIJIECKOB, a HE KaK HOBBI MEXaHH3M.
Pe3ynpTaThl KJIAaCCHUECKUX HKCHEPUMEHTANBHBIX padboT 80x-90X romoB MoATBEPKAAIOT
Oouiee HOBBIE pacu€THBIC uccienoBanus [43—46] w1t MUPOKOTO TUara3oHa aMILTHTY/] ITYJIbCAINH.
Cpean CcOBpeMEHHBIX pabOT JOCTAaTOYHO Malo JKCHEPUMEHTAIbHBIX  HMCCIEAOBAHUN
NyJIbCUPYIOIIET0 IMOTOKa B MPHCTEHHOW oOgactu. Paboter [47,48] mocBAIIeHbI aHAIH3Y

OCPCAHCHHBIX CKOpOCTCfI u Typ6y.HCHTHBIX HaprI)KCHI/II\/'I, OIHAaKO OTCYTCTBYCT OIIMCAHUC
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JMHAMHUKH TOTpaHUYHOro cios. B paGore [48] nmeranpHO paccMaTpHBaIOTCS KacaTelbHBIC
HaNpsDKeHUST B TYpOYJICHTHOM MYJbCHPYIOIIEM IOTOKE, OAHAKO IPH 3TOM MPAKTUYECKH HE
yAEISeTCs BHHUMAaHHE HANpsDKCHMsAM Ha CcTeHke. Ha ceromHsmHuil AeHb NIPAKTHYECKU
OTCYTCTBYIOT JKCIIEpUMEHTAIIbHBIE MCCIENOBAaHUSA 110 HU3YYCHHUIO IMHAMUKHA HHTETPaIbHBIX
XapaKTEPUCTUK IOTPAHUYHOIO CJIOS, TAKUX KAK TOJIMHBI IIOTEPU UMILYJIbCA, BBITECHEHMS U

dbopmmapamerpa.
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Puc. 1.2.12. Tpohuiin HOPMATH30BAHHOTO BPEMEHHOT'O 3aI1a3 /(bIBAHUSA MEKITY
makcumyMamu (u'u') u (v'v') Bomm3u crenku; 0 — 0.2 Ty V—0.5T; 0 — 0.8 T'; @ — 1.0
I, @— 1.6 'y X — 2.0 T, [41].

Onupasch Ha pacCMOTPEHHbIE B JIaHHOH TJlaB€ MCCIIEJOBAHUS MOXHO 3aKIIOUUTH YTO
IyJIbCALIMK [TOTOKA OKA3bIBAIOT OTPAaHUYCHHOE BIUSHUE HA CPEIAHUE [10 BPEMEHU XapaKTEPUCTUKH
TypOYJIIEHTHBIX TEUCHMH B TIaJKUX reoMmeTpusix. OJHAKO, COBEPILICHHO Apyras TEeHIEHIIHS
HaOJII0/1aeTCsl B 3aKOHOMEPHOCTSIX, CBA3aHHBIX C TpeHueM. Ha mpakTuke, B MEPEXOAHBIX U
TypOyJeHTHBIX unciax PeliHonbaca HaOII0gaeTCs CyIIeCTBEHHOE MOBBIIIEHNE COPOTUBIICHUS B

NYJIECUPYIOLIEM TTOTOKE OTHOCHTENIFHO YCPEIHEHHOTO CTallMOHApHOTO ciy4as [49].
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1.3. OTpbiBHBIE MyJIbCHPYIONIHE TYPOYIeHTHbIE OTOKH.

W3yuenune OTPHIBHBIX TEUEHUH MpeACTaBIAeT Kak (pyHIaMEHTaIbHBIN, TaK U TEXHUYECKUH
uHTEepec. B COBpPEMEHHBIX HWH)XEHEPHO-TEXHHYECKUX YCTPOHCTBAX 3a4acTyl0 BO3HHUKAeT
HEO0XOUMOCTh YCUJIEHHS TEIUIOOOMEHA C OXJIaXJAIoUIeH KUAKOCThIO. JlaHHBIE CUCTEMbI Kak
NPaBUIIO 00JIA/IA0T CJI0KHON TEOMETPHUEH, UTO IPUBOIUT K MOSIBIICHUIO 001aCTe pelupKyIsIUA
IIOTOKA, KOTOpbIE HETATUBHO CKa3bIBAlOTCA HA MHTErPajbHOM TeruioooMeHe. PopMupoBaHue
OTPBIBHBIX KOI'€PEHTHBIX CTPYKTYp NMpH OOTEKaHMM TBEPIBIX TEJ U UX BIMSHHUE B IPOLECCAX
TEIUIOMACCOINEPeHOCca JJOCTATOYHO XOPOLIO U3y4eHO Ha ceroausmuuii nens [50,51]. B omnnune
OT CTallMOHAPHBIX TOTOKOB, MYJIbCUPYIOIINE OTPBHIBHBIC TCUCHHS N3YUEHBI O0siee pparMeHTapHO.
Ha ¢one orpanndennoro s¢¢dexra Ha CpeHHE BO BPEMEHH XapaKTEPUCTHKHU IYJIbCHPYIOMIETO
IIOTOKA B IJIaJIKUX KaHallaX U TpyOax, 3pQeKTsl myabcanuii 3HAaUUTETbHO BBIPAXKEHBI IIPU OTPHIBE.
[Ipy 3>TOM BO3MOMKHBIE MEXaHM3Mbl B3aUMOJICWCTBUS HAJOXKEHHBIX IyJbCallMi IOTOKA C
BO3HUKAIOIIUMHU IIPU OTPBIBE CTPYKTYpPaMH JIOBOJbHO MHOI'OOOpA3HBI.

Hanpumep B padorax Rockwell [52-54] paccmaTpuBaercsi TeopeTHUeCcKoe MpeacKa3aHue
4acTOT CaMOIOAJCPKHUBAIOIIUXCA KOJEeOAaHU CIBUIOBOTO CJIOsl, OOTEKAroOIEro I0JIOCTh
(kaBepHy). MexaHu3M OOpaTHOM CBSI3U NpPH KOJIEOAHUAX HaJ MOJOCTHIO MPEACTaBIsSIET COOOM
3aMKHYTBIM IETIEBONM IPOLECC: MaJO€ IONEPEeYHOE BO3MYIIEHHE CIBUIOBOIO CJIOSI B TOYKE
OTpBIBa Ha TepenHell kpomke mojoctd (x = 0) HapacTaeT BHU3 10 TOTOKY B BHUJIE BOJHBI
HEYCTOWYHMBOCTH, JJOCTUTash MAaKCUMAJIbHOW aMIUIUTY/Bl Y 3aHeld KpoMkH (X = L) W BBI3bIBas
nepuoanyueckre (GIykTyanuu o0bEMa, KOTOPHIA «3axBaThIBA€TCS» TMOJIOCTHIO. I[lOCKONBKY
KUAKOCTh HEC)KMMaema, 3TH (QIYKTyallid HOpPOXKIAIOT (DIyKTyallud JaBJ€HHs, KOTOpbIE
nepeaalTcss OoOpaTHO K TOYKE OTPbIBA M BHOBb OTKJIOHSAIOT JMHHUIO TOKA — MPU 3TOM
00s13aTeNIbHBIM YCIIOBUEM CaMOTIOAIEPKAaHUS ABIIsETCS CABUT (a3 m Mexay (hiaykTyanueit o0béMa
U Bo3MylieHneM B Touke x = 0. Rockwell paccMaTprBaeT HCKITIOYUTETBHO THAPOIMHAMUYICCKHIA
TUI TakoW OOpaTHOM CBA3M (HM3KHE 4Yucia Maxa), mpu KOTOpOM JJMHA BOJIHBI KoJeOaHH
CABUTOBOTO CJOS 3HAYUTENIbHO TMPEBBIACT JUIMHY TOJOCTH WU aKyCTHUECKUH pE30HaHC
HECYIIECTBEHEH, a CaMO HaJINYHE MOJIOCTH YCUIIMBAET OOPATHYIO CBSI3b, MO IEpKUBast KoieOaHus
B IIMPOKOM JIMaNla30HE CKOPOCTEN U YacTOT.

ITonoOHBIN MexaHM3M 00pa30BaHUsI COOCTBEHHBIX KOJEOAaHMI B BHUXPEBOW CHCTEME B
COBOKYITHOCTH C HaJIO)KEHHBIMH IMyJIbCAIUAMHU MOTOKA CIIOCOOEH MPUBOJIUTH K PE30HAHCHOMY
YCHJICHHIO MHTETpajbHOro TerioooMena. Kiaccuueckue uncnennsie padbotsl Ghaddar, Patera u
ap [55,56] B 3TOM HampaBiieHUH TOATBEPANIM HATHYNE PE30HAHCA B YCUIIEHUHU TeIiooOMeHa. B

JaHHBIX pa60Tax paccMaTpuBaCTCA IBYMCPHAA JIaMUHAPHAA 3a1a4a 00TEKaHUS IOTOKOM CHCTEMBI
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Puc. 1.3.1. Camonoaaep>kuBaromuyecs KojieOaHus CABUTOBOTO CIIOS B TIOTOKE HAJ| TIOJIOCTHIO

POM3BOJIbHON TeoMeTpuH [52].

MePUOIUYECKUX KaBEpH ¢ JUIMHHOW mepuona L = 6.6666 h, niuHHOW KaBepHbl | = 2.2222 h,
riyounoit kaBepHsl a = 1.1111h, rne h — nmonyBbIcOTa KaHala. 3aqadya peliaeTcss YHCICHHO
metogoMm DNS, nccnenyercs notok npu cyOkputudeckux unciax Peitnonbaca Re = 225 — 1200
u gucne [Ipanamins Pr = 1 B ycioBUAX 3aJaHHOTO pacxofa. BepxHss CTeHKa KaHalla CUATAIach
aanabaTHYeCKOl, a Ha HIDKHEH CTEHKE 3a/1aBaJjiCcs IMOCTOSHHBIA TEIIOBOM noToK. MccienoBanach
YCTOMYHMBOCTH MOAOOHOTO TEUEHHUsSI K MajblM BO3MYIICHHSIM CKOPOCTH WJIM Pacxoja B pamKax
JUHENHON M HEIMHEWHOW TEOpUU. DbBUIO NPOAEMOHCTPUPOBAHO HAIUYME HEYCTOWYUBBIX
KoJjebaTenbHbIX MOJ. [Ipu HEKOTOPOM KPUTHUYECKOM YHcie PeliHonb/ica B JaHHOW T€OMETpHUH 3a
CYET MaJIBIX BO3MYIIICHHI BO3HUKAIOT HE3aTyXarolue KojaeOaHus Ha ONpeeICHHBIX YacTOTax.

B pamkax nuHeHO# Teopuu 3T KoJebaHusi COOTBETCTBYIOT BoiHaM Tonmuna-1Inuxtunra
C u3BeCTHBIM U3 ypaBHeHus Oppa-3ommepdenbaa 3aKOHOM AuWcCepcud. MHBIMH cloBamH,
MPUHIUIIEI IO KOTOPBIM (POPMUPYIOTCSI HEYCTOMYMBBIE MOJBI B TIOJIOOHOM CHCTEME KaBEepH
JTUKTYIOTCSI B TIEPBYIO Odepeib MapamMeTpaMH KaHajla, KOTOPBIM JaHHBbIE KaBEPHBI COCIMHSET.
HenuneiiHass Teopus IpU 3TOM IMOKa3aia OYeHb CXokue pesynbrarhl. [anee Ghaddar u Patera
MPOJIEMOHCTPHUPOBAIIU, UYTO TIPU BO30YKICHUU KOJEOAHUI TIOTOKA BHEITHEH CHIION Ha 4acToTax
JIAHHBIX HEYCTOWYUBBIX MOJ MMPOUCXOIUT PE30HAHCHOE YCUIICHHE MHTETPAIbLHOTO TETIO0OMEHA
B JJAaHHOU cucteme, puc.1.3.2.

JlaHHBIN pe30HaHCHBIH A(()EKT BOSHUKAET 32 CUET BBHIJABIMBAHMS BUXPS B 001aCTh TEUCHUS
HaJ KaBEPHAMHU B HEKOTOPOH (aze kojebaHuil, TakuM 00pa3oM YCHIIUBAsi MACCOBBIN M TETLIIOBON
00OMEH MEXTy XOJOJTHOW KHJIKOCTBIO W 0oJiee ropsdeii )KUAKOCThIO B KaBepHe, puc. 1.3.3. B
pamKax JIMHEHHOW Teopuu Kod(DPUIMEHT yCUJIEHUS TEIUIoOOMEHa YBEIWYMBAECTCS MpPU pOCTe
aMIUTMTYABl TyJIbcanui, HO HeogHoponHo. Ilpu mameix amrmurygax (A < 0.08) ycunenue

TeriooOMeHa Bo3pacTaeT KBaJlpaTUUHO, B TO Bpems kKak rpu A > 0.08 3aBUCHUMOCTb CTAHOBUTCS
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KOPHEBOW. ABTOpBI CBSA3BIBAIOT 3TO CO CTPYKTYpPOM TEIUIOBBIX IMOTPAaHUYHBIX CIIOEB, KOTOPBIE
dopMHpYIOTCS IO Mepe YBEJIWYCHHUS aMIUTUTYAbl Bo3MymieHuid. [Ipu stom nanubIi 3¢ dekrt
CUJIBHO 3aBUCUT OT T€OMETPUU CUCTEMBI. J[OCTOBEPHO MOKA3aHO, YTO YCHJIEHHE MHTErPAILHOIO

TEIJI000MEHA 3a CYET BHEUTHUX IyJIbCAIIMI pacxo/1a CocoOHO TOXOAUTh 10 1.9 1o cpaBHEHUIO

CO CTAllTMOHAPHBIM CIIy4acM.

a) 0)
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Puc. 1.3.2. 3aBucumoctu ko3 unrenTa ycuiaeHus TerioooMena E OT 4aCTOTHI IMyJIbCcanuid
pacxona Wop nipu amriuryae Bo3myineHus 20%. a) — TuHeHHas MOJielb, 0) — HeJTMHeHHas
MojieiTh. BepxHue kpuBble COOTBETCTBYIOT Re = 525, Hinkaue — Re = 225. [luku

COOTBETCTBYIOT ITABHOW M BTOPHYHOI HEYCTOIUMBOM Mojie [56].

Puc. 1.3.3. Busyanu3aius BbIXo/1a BUXpsI 3a Mpe/Ieibl KABEpHbI Ha PE30HAHCHOM 4acToTe,
npu Wor = 0.6, A = 0.2, Re = 525 [56].

Paboter Ghaddar n Patera mpoaeMoHCTpHpPOBaIH BO3MOKHOCTh OYEHBb BBICOKOTO YCHUJICHUS
MHTETPAIbHOTO TerioooMeHa (110 2x pa3). O/Hako, ONMCAHHBIN UMU MEeXaHU3M (OPMUPOBAHUS
pe3oHaHca 3a cueT KoJjiebaTeIbHBIX MOJ HEYyCTONYMBOCTH HE SIBISETCS OCHOBHBIM. Kpome
BUJISTHUS Ha HEYCTOMYMBOCTH, PE30HAHC MOJKET IPOUCXOJUTh C YacTOTOM pPELUPKYJIALUN
pa3IMyYHBIX KOTEPEHTHBIX CTPYKTYp, BO3HHMKAIOLIUMX IIpU OTpbIBE IOTOKAa. Bo3zaeiicTBue

BBIHYX/ICHHBIX MYJbCAallMii MOTOKAa Ha COOCTBEHHBIE YAaCTOTHhl BHXPEH MOXET paspyuiarh HX,
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BIUATh HAa TOYKY MPHCOSAMHEHHUS, TOBBIIIAS ATHM KaK JIOKAIbHBINA, TaK W HMHTETPaIbHBIN
TEMI000MEH.

WuTepec 31ech MpeacTaBIsIOT 00IIUe 3aKOHOMEPHOCTH (POpMUPOBAHHSI BUXPEH MTPH OTPHIBE
TEUCHHsS OT MOBEPXHOCTH TBepbIX Tel. Erie B paborax 50X rojos mpormuioro crojierus Roshko
[57,58] ykazan Ha HaIMYKe SMIUPUYECCKON 3aKOHOMEPHOCTH YaCTOThI OTPBIBA BUXPS OT KPOMKHU
TBEPJBIX TEJ PA3TUYHON (POPMBI: TIIACTUHA, HWIMHIP, KIUH. B paboTax 7eMOHCTpHpYETCs, YTO B
IIMPOKOM JMAlla30HE YMEPEHHBIX TypOYICGHTHBIX umcen Peinombaca, 5-10° — 20-10°
Oe3pa3MepHasi 4acToTa OTphIBa BUXPs, yncio CTpyxais, MPaKTHYECKH HE 3aBHCHUT OT YHCIa
Peiinonbaca u okaseiBaetcst B mpeaenax 0.15 — 0.18, puc. 1.3.4. IIpu stom uucno Crpyxans
paccuMThIBaeTCA MO CKOPOCTH HAa BHENIHMX IO OTHOUICHHIO K BHXPSM JIMHUSX TOKa U

XapaKTepHoﬁ HIMpHUHE ClIeda 3a TBEPAbIM TCIOM.

dl
Sh* = fT ~ const, (1.3.1)

N

rae f — vactota orpbiBa Buxpeit, d’ ~ 1.1d — 2.4d — nomnepeyHasi MIMPHUHA CIIEa 33 TBEPIBIM
TenoM, Ug — CKOpOCTh Ha BHEIIHUX JIMHUSX TOKA MPHU OTPBIBE. 3aBUCUMOCTD OT BSI3KOCTH CPEIIbI
3]IeCh CKpBITAa B 3aBUCUMOCTU OT uucia PeitHonbiaca. JlaHHBINM yHUBEpCaIbHBIM 3aKOH MO3/IHEE
ObUI TPOBEPEH BO MHOTHX OSKCIIEPUMEHTAIBHBIX W pacyeTHbIX paborax [59-63] mis

CTAallMOHAPHBIX B KIIACCUYCCKOM CMBICJIC IIOTOKOB B PA3JIMYHBIX CpCaax.
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Puc. 1.3.4. O6001enue 0e3pa3zMepHON YaCTOThI OTPBIBA BUXPEBBIX CTPYKTYP B

3aBUCUMOCTH OT uuciia PeiiHonbca [57].

ECTeCTBeHHO, 4To IIpu BOSH@ﬁCTBHH Ha OTPBIBHOC TCYCHHUE IyJIbCallUAMHU IIOTOKa Ha
pCSOHaHCHOﬁ JaCTOTC MOXKCET MPOUCXOANUTH KAYECTBECHHOC U3MCHCHNEC TCUCHUS. CymeCTBOBaHI/Ie
PE30HAHCHOTO YHCJIa CpranBI YK€ Ui MYJIbCUPYIOIIHUX OTPBIBHBIX TEUCHUH 3aTeM
MNOATBCPIKAAIOCH MHOKCCTBOM SKCIICPUMCHTAJIbHBIX U PACUCTHBIX HCCHCHOBaHHﬁ. Tak B pa60Tax

[10,64-70] paccmaTpuBaroTcst TypOy/IeHTHBIE TIOTOKH 3a pedpaMu wiu auadparmamu. B padorax
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NasnermuHa u MuxeeBa [66—70] ycTtanaBnuBaeTcs 4eTKash 3aKOHOMEPHOCTh BJIMSIHUSI YaCTOTBI
MyJIbCAIUH MTOTOKA Ha PACCTOSTHUE JI0 TOYKHU MPUCOSTUHEHHS TOTOKA 3a pedbpamu u nuadparmamu
B KaHajaxX W TpyOax sl MIMPOKOTro auama3oHa yrucen PeitHonbaca, puc. 1.3.5. [Ipu goctmwxenun
PE30HAHCHOM YacTOThl Mynbcauil Shy.s = 1 paccTOsHUE [0 TOYKU NPUCOCTUHEHHS MOTOKA
pPE3KO COKpamiaaock B moaropa-aea pasa (C Xg/h =~ 12 no Xiz/h = 7). IlonoxeHue TOYKH

pHCOeAMHECHUS onpeaersiercs yeaosuem dU /dy|,, (Xg) = 0.
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Puc. 1.3.5. JInuna oTpeIBHOM 00nacTu 3a quadparmoii. CBeTiible MapKephbl — OMpeIelICHIE

10 IMYYHOCTAM CKOPOCTH, TCMHBIC MAPKEPBI — 11O ITYYHOCTAM AAaBJICHUS. Pa3Hbie HHAEKCHI B

KOJIOHKaX COOTBETCTBYIOT pa3HbIM TypOyJICHTHBIM urciaM PeiiHomnbca [67].

Yucno Crpyxains B JaHHOH aBTOMOJIENBHOM 3aBUCUMOCTH OIpeaesiocs kKak Sh = fXg /U,
rae f — yacrtora mynbcaluil MoToka, Xg — PacCTOSHUE 10 TOUYKH INPUCOEIUHEHUS MPHU TEKYyILIeH
yactore, U — cpegHepacxoiHas CKopocTb. TakuM 06pazoM HauOOIbIINH 3((PEKT OT HAJTOKEHHBIX
NyJIbCAMK JIOCTUTAJICSI TIPH COBMAJICHUM JJIMHHBI OTPBIBHOH OOJIACTH C PACCTOSHUEM,
IpOIIEHHBIM Ta30oM 3a Mepuoj kojeOaHuid. M0OXXKHO 3aMETHTb, YTO JAHHOE PE30HAHCHOE YHCIIO
Crpyxaist npubIU3UTENBEHO CXOJUTCS C OTPHIBHBIM pe30HaHCHBIM unciioM Ctpyxans Sh*~0.15 —
0.18 [57], popmyma (1.3.1), ecu paccMaTpuBaTh ONpPEEICHUE TI0 BBICOTE TPEMSITCTBHS HIIH 10

MOTIEPEYHOM MUpPUHE cieia (pa3Mepy BUXPs) B YCIOBHIX pe30HaHcA!

Sh = fh_ Sh h 1 1 0.14
B U B reSXRres - 7 o
4 o , (1.3.2)
Shzf T — Sh 1-— ~ 0.17,

U reSX_IC?Tz '12
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rae Xg,.,, & 7h — paccTosHue IO TOYKM NPUCOENMHEHHUS TIPH pe3oHaHce, X;' ~ 12h — Touka

NPUCOCINHEHUST B CTAllMOHAPHOM ciydae (10 pe3oHaHca), dr.s = 2h — pa3mep BHXPEBBIX
CTPYKTYp Iipu pe3oHaHce [67].

Taxoke [apneTminH 1 MuxeeB BBOAST KJIACCH(PHKAINIO PEKUMOB OTPHIBHOTO TEUCHHUS IO
KWHEMATUYECKON U TEIUIOBOU CTPYKTYpE MOTOKA 32 MPETSATCTBUEM Pa3TPAHUUYCHHBIX B IJIOCKOCTH
yruciaa CTpyxanss U OTHOCHUTENBHOW aMIUMTyAbl myibcauuid B. Umcno Crpyxans B JaHHOU
KJIaccu(UKaUU BBOJUTCS OTHOCUTEIHHO PACCTOSIHUS JI0 TOUYKU IPUCOETMHEHHUS B CTAIIMOHAPHOM
pexume Sh = fX5" /U, rne X5' = 12h. [lpeanaraercst pa3jencHue mMyIbCHPYIONIMX MOTOKOB Ha
4 tuna, puc. 1.3.6, 1.3.7:

1. KBa3ucranyoHapHbId PEKUM — CTPYKTYpa TCUCHHS M TEILUIOOOMEH HE OTIMYAOTCS OT

CTAallMOHAPHOTO CITyYasl.

2. Hu3KOYacTOTHBIM pEXUM — 3@ TPENsITCTBUEM (QOPMHPYIOTCS KPYIHBIE BUXPH
SIUTUNITUYECKON (HOPMBI, BBITSIHYTBIE BIOJb IMOTOKA, YbH pa3MEpPbl COMOCTAaBUMBI C
JUTMHOW OTPBIBHOW 30HBI.

3. Pe3oHaHCHBIH peXUM — 3a MPEMSATCTBUEM OOpA3yHOTCS WHTCHCHUBHBIC BHUXPU MOYTH
KPYTJIOi (OPMBI pa3MepoM JI0 ABYX BBICOT BBICTYIA, TPUYEM TIEPHOL UX MPOXOKICHUSL
gyepe3 OTPHIBHYIO 00JIaCTh COBIAAET C IEPHUOIOM HAJIOKEHHBIX MTyIbCALIUH.

4. BBICOKOYACTOTHBIM  PEXUM — 32  KPOMKOH  TpensaTcTBUs  (POpPMHUPYIOTCS
MeJIKoMacIITaOHble BUXPH, pa3Mepbl KOTOPHIX HE MPEBBIIIAIOT BBICOTHI BHICTYIIA.

IMIpu wmameix wactorax u ammmutygax (Sh<1 wm f <0.1) Tteyenme ocraéres
KBa3HMCTAI[MOHAPHBIM — BHUXPEBasi CTPYKTYPa U TEIUIOOOMEH HE OTIMYAIOTCS OT CTAlMOHAPHOTO
pexxuma, puc. 1.3.6(1). C pocrom wactorsl (Sh = 1) HacTymaeT HHU3KOYACTOTHBIA PEXKHUM C
MOSIBJICHUEM BBITSIHYTBIX SJUTUIITHYECKUX BUXpeit, puc. 1.3.6(2) u ymepeHHO# nHTeHCHDUKAIIHEH
teruiootnaun, puc. 1.3.7(6). [Ipu Sh = 2.5 peanmsyercs pe30HAHCHBINH PEXUM, KOT/Ia BpeMs
KU3HU BHXPS B OTPBHIBHOW 30HE COBNANACT C MEPUOJIOM IMyJIbCAIMH — BUXPHU MPHOOPETAIOT
MaKCHUMaJIbHYIO HHTEHCUBHOCTb U KPYTJyIo GopMy, UTO o0ecrieyrnBaeT HauboIbIINi MaccooOMeH
MEXY PEHUPKYISAIMOHHON 007aCThI0 1 OCHOBHBIM IIOTOKOM, COKpPAIIeHHE JUTMHbI OTphIBa B 1.5-
2 pa3a m pocT cpemHero teriooomena a0 60% (a HemocpeaCcTBEHHO 3a auadparmMol — 10
MSTHKPATHOTO ypoBHS). [Ipy mampHe#meM MOBBIIIEHHH YaCTOTHl HACTYIAET BHICOKOYACTOTHBIN
PEKUM, TJIe MEJIKHE BUXPHU JIOKAJIM30BaHbI B CJIOE€ CMEIICHUS U HE IOCTUTAIOT CTEHKH, BCIIEJICTBHE
4ero JUIMHAa OTPHIBHOM 00JacTW M TEMJIOOTJaya BO3BPAIAIOTCS K 3HAUYEHUSAM, ONU3KUM K
CTallMOHAPHBIM.

MOXHO OTMETHUTBH, YTO JIMHUH Pa3IeIeHUs] KBa3UCTAIIHOHAPHOTO PEXXHUMa B TPEIITI0KECHHOM
JapneTmuHeiM 1 MuxeeBbM kiaccudukanuu, puc. 1.3.7 (a), Ka4eCTBEHHO COOTBETCTBYIOT

U3BECTHBIM JIaHHBIM U3 paboter Carr [20] mis mynbcupyrommx TypOyJSHTHBIX HOTPAaHUYHBIX
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cioeB, puc. 1.2.1. DTO TOBOPUT O BEPOSATHON OOLUIHOCTM B MEXaHM3Max IPOSBICHHS

HECTAlITMOHAPHBIX Sq)(beKTOB B OTPBIBHBIX TCUCHUAX U NOT'PAHUYHBIX CJIOAX.

U
1 hoacl T :: ‘‘‘‘‘ ~~ao 3 ’, ______ ~~_
N ) T H D R —
XR XR
o ©
C Ty S A
R ) TR R I R
xR 'xR

Puc. 1.3.6. Cxema CTpYKTYpHI ITyJIbCHPYIOIIETO OTPHIBHOTO TCUCHHUSI B PA3TUIHBIX
pexuMax. 1 — KBa3ucTalmoOHapHbINA, 2 — HU3KOYACTOTHBIHN, 3 — pe30HAHCHBIN, 4 —

BBICOKOYACTOTHBIH [67].

a) 0)
p
0.4
2 J .
0.2F
1
0 2 4 Sh=f3/U 005 2.0 4.5

Sh = fhy /U
Puc. 1.3.7. a) — kapTa peKUMOB IyJIbCUPYIOIIETO OTPHIBHOTO T€YEHUSI. 0) — OTHOCUTEIBLHOE
3HaueHue K03 PHUIMEeHTa TEIIOOTIA4H U JJIMHBI OTPBIBHOW 00JACTH B Pa3IMUHBIX PEKUMAaX
[67]. Yucno Crpyxans B3TO B pacdeTe 10 PACCTOSIHUIO JI0 TOYKH IPHCOCANHEHHS B

CTAallMOHAPHOM CJIy4ac.

Ucxons uz pabot [asnermmna u MuxeeBa 060011eHne pe3oHancHoro yucia Ctpyxas, puc.
1.3.5, BbIIONMHSETCS TPH YCIOBHSIX PE3KOr0 OTphIBa MOTOKa (pedpa, auadparmMbl) ¥ MaloM
NEePeKPHITUN KaHalla MM TpyObl TIpemsitcTBHeM. Tak B pabore [66] mpuBemeHbl momoOHBIC
3aBUCUMOCTH TOYKH MPHUCOCTUHEHUs OT ‘“‘ciefoBoro’” umcia Ctpyxais i auadparM pasHOTO
pa3Mepa, 0OOpaTHOro yCTylla W COIUIa C 3aKpyrISHHOW TmepemHed Kpomkoi, puc. 1.3.8.
Habmonanock, 4to 3¢ (eKT pe30HaHCHOTO COKPAIIEHUsI TOYKU MPUCOETMHEHUs OCIabeBaeT Mpu

yBEeIUYEHUH nepekprIitust TpyOsl. [Ipu nepexpsitun h/D > 0.34 BausHUE MyabcalMidi HA TOUYKY
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NPUCOCTUHEHUST TOTOKA TOJHOCTBIO HcYe3aeT. B reomerpum oOpaTHOro ycTyma M CoIUIa
MOBEJICHUE TOYKU MPUCOCIMHEHHUS MpPH Pa3IMYHBIX YacTOTaX M pacxojax He 0000mamuch,
HECMOTpS Ha 3HAUUTENbHOE BIUsHUE IMyJbcaluid. [Ipu Gonbiieil CKopocTH TOUKa MpUCOeINHEHUS
CMellajgach B CTOPOHY NPENATCTBUS MPU MEHBIIIUX YaCcTOTax Jisi 00paTHOro ycryna u coruia. [pu
3TOM BO BCEX Cllydasix, rae HaOmogaics 3pQGeKT Mmyiabcaluil MOTOKA, PACCTOSHHE 10 TOYKH

IPUCOEANHEHNS yMEHbIIaNnock B 1.5-2 pasa.

xgp/h . N » 0=78,6 MYy Xp /hi . i = Q=53 1mM
T A o 126.9 10 5'0‘3‘9 PRSI 78.6
6,0 V. . A 18{}6 0 ;b .
55 " N\, 9 A
l . 1* II'- A
5 () s . 8 - A .IIII o
4.5 . i / 4 ,.:I = - I'
S 7 e 1269 o
4,0 e 6| 2 1806
0 01 02 03 04 0.5 0.6 Sh 0 0.2 04 06 08 1.0 1,2 Sh
a 7]
.\'R /h ] Q = 53‘1_\1‘,’]1] bl Q = 3865 .-\'I"ir‘-l
P a 78.6 —o— 53,6
i . 126.9 o 7863
v o .
8 4 ? & 18(),6 //‘QC‘_\\.“\H‘- y
'! T o)
2R AN A
0|:I Ir ™ = ) - I 9 lL I..._\__"._
o |74 1269
5 g | * 180,6
0 02 04 06 08 1,0 1,2 Sh 0 0.5 1,0 1,5 Sh

6 Z

Puc. 1.3.8. PaccTosiHHe 10 TOYKH MPUCOEANHEHNUS JUTA PA3IMYHBIX IPErpaj] U pacxo0B B
TpyOe. a) — obpatuslii yerynm h/D = 0.11, 6) — nuadpparma h/D = 0.17,B) — corio h/D =
0.17,r) — muadparma h/D = 0.27. Yucno Ctpyxays pacCUATaHO TIO PACCTOSHUIO 10 TOUKH

npucoeanHeHus [66].

ITpu sToM mpeiokeHHbIe 00001IeHns U KIacCcU(UKAUU PeKUMOB O0O0TeKaHUs pebpa He
BBITIOJIHSIOTCS M B ClTy4dae KBaipaTHbIX pedep. B pabdore [10] paccmarpuBaercs TermiooOMeH npu
OTEKaHWUHU KBaJpaTHOTO pedpa B YCIOBHAX MyJbCHPYIOMETO NMOTOKA. TeueHune mpu oOTeKaHUH
oI00HOT0 YIIUPEHHOTo pedpa Oosblile MOX0Ke Ha TeYeHHE MPH 00TEeKaHUU 00paTHOIO yCTyna.
PaccrossHme 10 TOYKM TPHUCOCTVMHEHHS B CTAllMOHAPHOM ciiydae cocraBiseT 6h. Takxke

JEMOHCTPHUPYETCS COKpAIllEHUE PACCTOSHUS JJO TOUYKU MIPUCOEANHEHNS TPUOIN3UTENBHO B 2 pasza
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npu yucne Ctpyxans Sh = 0.176 no BeicoTe peOpa, 0HAKO HAIMYKME Pe30HAHCa Ha MPSAMYIO HE
obcyxnaercs.

[TonoGHOe pa3oliieHne B MOBEACHUH TOUYKH OTPBIBA JUIsl OOpaTHOTO YCTyMa MPU Pe30HAHCE
MOKHO OOBSICHUTh M3HAYaJbHBIM OTCYTCTBHEM COTJIACHUS ITUX PEXKUMOB U1l CTALIMOHAPHOIO
notoka. B paborax [71,72] nemoHcTpUpyeTCs, 4TO IMPH 00TEKaHUK 0OPATHOTO YCTYyIIa Teperaibl
JIaBJICHUS ¥ TYpOYJICHTHBIE HAIPSDKEHHS 32 YCTYIIOM 0000IIAI0TCSl 3HAYUTEIBHO XYKE, YeM MPH
oOTexaHnu pedpa MpU pas3HBIX pazMepax MPENmsTCTBHHA U MpenblcTOpuu notoka. Ilepen pebpom
dbopMupyeTcsi AOMOIHUTENbHBIA OTPHIB MOTOKA, KOTOPBIM OCHa0sSeT BIUSHUE NMPEABICTOPUU U
BHEIIHUX YCJOBHM, TOrJa Kak 3a yCTYIIOM Ha OTPBIB CYIIECTBEHHO BIUSET OTHOCHUTEIbHAs
TOJIIIMHA TTOTPAHUYHOTO CJIOSl, YTO HE IMO3BOJSET OOOOMIUTH JaHHBIE MO KOAPPHUIHEHTaM
nasienus, puc. 1.3.9. PenupkynsaunonHoe TedeHne 3a peOpoM UHTCHCHBHEE, YEM 32 YCTYIIOM, a
MaKCHMyM CKOPOCTH BO3BPATHOTO TEUEHUS CMEUIEH Jaibllle OT 30HBI MPUCOCTUHEHHUS. DTO
0o0BsicHsIeTCSl 00Jiee TOJICTHIM CIOEM CMEIICHUS M KPYIHBIMU KOTE€PEHTHBIMHU CTPYKTypaMu 3a

pedbpom, obecriedrBarOUMMI UHTEHCUBHBIM IPUTOK MACChl B PELUPKYISUOHHYIO 00J1aCTh.

(3 a & 0
041 [=1 0.4 -
=2 |
-+ 3
031 | <& . 0,3 -
—F
024 === 0.2 -
0.1 0,1
0 16 x/xp 0 0.4 0,8 1,2 1,6 x/xg

Puc. 1.3.9. IlpuBeneHHbIi KOOPHUITMEHT JaBICHHS B CTAIMOHAPHOM PEXHUME 32 YCTYIIOM a) U
pebpom 0) paccunTaHHBIA 10 Gopmyrie Cp = (Cp = Comin) /(1 — Cpmin), T1€ Cpmin —

K03 OUIMEHT TaBJICHUS B TOUKE C HAMMEHBIINM pa3pspkenueM [71]. Pasubie mapkepsl

COOTBETCTBYIOT Pa3HbIM BBICOTAM MPENSATCTBHUS.

Kpome Bcero BbIIIECKA3aHHOTO, MPU PACCMOTPEHHM SKCIIEPUMEHTAIBHBIX M PACUETHBIX
paboT MOCHEAHUX JECATHIETUH MO TEeMe BIHMSHUS IMYJNbCAllUd IOTOKAa Ha TEIJIOOOMEH B
paznmuunabix reomerpusx [11,73-80] maumnas or TerutooOMeHa B IIaJKMX KaHalax W Tpydax,
KaBepHax, peOpax, 3aKkaH4YWBas BOJHUCTHIMH KaHAJIaM{, KaHAllaMH C JABYMEPHBIMHU
KPBUTOBUIHBIMU TYpOYIHU3aTOpPaMU MOKHO BBIJIETHTH HECKOIBKO 0000IICHHUIA:

1. B cucremax C TJIagKoW TEOMETPHEH WM MallbIMH BHXpEreHepaTopaMu YCUJICHHUE

TEIJI000MEHa MMPAKTUYCCKU HE Ha6J'IIO)IaeTC5I OTHOCHUTCJIBHO CTAllMOHAPHOI'O Cirydas.
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Pasmep sddexra mynbcanuii Haxomures B npeaenax 0.9-1.1 Nu, oT craumoHapHOTO
cilydasi, TP 4Ye€M MOXKET IPOUCXOANTh KaK YCHJICHHE TerjooOMeHa, TaK U €ro
yXyIIICHUE.

B cucremax ¢ HaimyMeM pELUPKYISIUMM M OTpPbIBA IOTOKA IPAKTHUYECKH BCeria
OTMEYAEeTCsl HAJIWYHME ONTUMAJbHOW YacTOTHI IyJbCAlMi, MPU KOTOPOH MPOUCXOAUT
MaKCHUMaJIbHOE YCHJIeHHE TeruiooOMmeHa. OHako A00aBiieHHE MyJIbCAalliii HE BCEraa
CONIPOBOXKIAETCA KAYECTBEHHOM MEPECTPOMKOM NOTOKA WU pe3oHaHcoM. lIpu 3Tom
MEXaHU3Mbl B3aUMOJCHCTBUS IyJbCAllMi IOTOKA C BUXPEBBIMU CTPYKTypaMH MOTYT
3HAYUTENIbHO OTJINYATHCS JUISl pa3HBIX FEOMETPUI.

O000IIeHNIO TOAJAIOTCS TEOMETPUH C PE3KUM OTPBIBOM INMOTOKa (pedpa, nuadparmsl),
KOTOpBIE€ CIIaXUBAIOT BIUSHUE MPEAbICTOPUM IOTOKA Ha BUXPEBbIE CTPYKTYpPHI 3a
IPETSATCTBUEM.

HeoGxoaumas pa3mepHas onTHMajibHas 4YacTOTa IyJbCAllMH B OTPBIBHBIX IOTOKAX
YBEIIMYUBAETCA ¢ pocTOM yucna PeitHoibaca.

Ycunenrne UHTErpaabHOro TEMI000MEHa ITPU ONTUMAJIbHOM 4acTOTE My IbCal[iil CUJIbHEE
BBIpR)XEHO B Ooisiee ClOXHBIX reomerpusx. Ilpu oOrexanuun pedep, KaBepH, YCTYIOB
3¢pdexT uHTeHCHuPUKAUU MOXKET COCTaBsITh A0 1.5-2 Nu, OTHOCUTEIBHO
CTaLlMOHAPHOI'O Cclly4as, a B psJie CllyyaeB, HampuMep, B KaHaJlaX CO MHOXXECTBOM
TypOyNH3aTOPOB LIEHO MOBBIIIEHUS THAPABIMYECKOTO COMPOTUBICHHS OH JIOCTUTAET

ormetku 5 Nug [79].
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1.4. CoBpeMeHHbIe ONITHYECKHE METO/IbI IUATHOCTUKH MYJIbCUPYIOIIHUX MOTOKOB.

OOmiast TeHACHUUSI IKCIEPUMEHTAIBHBIX HCCIEIOBAHUN a’pOJMHAMUKH ITYJIbCHPYIOIIUX
TEYECHUI 3aKJII0YAETCsl B U3MEPEHUHU KaK MTHOBEHHBIX XapaKTEPUCTUK IMOTOKA B 3aBUCHUMOCTH OT
BPEMEHH, TaK M YCPEIHEHHBIX 10 (aze U aHCaMOJII0 CTATUCTUYECKUX XapaKTepucTuk. [Ipu sTom
Ha CETOJIHAIHUN JIEHb B 9KCIIEPUMEHTE IOMUHUPYIOT ONITUYECKUE HEMHBA3UBHBIE METO/IbI, TAKHE
kak LDA (Laser Doppler Anemometry) u PIV (Particle Image Velocimetry). IIupokoe
ucnons3oBanue meroga LDA oOycnaBnuBaercs BO3MOXKHOCTBIO IMPOBEICHHUS H3MEPEHUH C
BBICOKMM BpPEMEHHBIM pa3pelleHHeM Ha YacToTe JAeCATKOB KII, 4TO MO3BOJISIET MPOBOAUTH
TOHKHE U3MEPCHUS BIMSHUSI ITyJIbCALU TTOTOKA HA CIICKTPAJIbHBIC XapaKTEPUCTUKU TeueHus [14].
Meton LDA ycnemHo npuMmeHsulach BO MHOTHX JKCIEPUMEHTalbHbIX paboTax B oOiactu
NyJIbCUPYIONIMX TEUCHUH MOCIeAHNX nmaTuaecsatu jet [16,18,34,40,81-84].

HecmoTpst Ha BO3MOXHOCTh U3MEPEHHUS BHICOKOYACTOTHOI'O CUTHAJa, HEOCTATKOM METOoj1a
SBIISIETCS M3MEPEHHE CKOPOCTH TOJILKO B OJHOM TOYKE IPOCTpaHCTBA. B TO ke Bpems,
kiaccuueckuit 2D PIV meTos no3BosieT nosydaTs IpOCTPaHCTBEHHOE paclpeiesieHue CKOPOCTU
B U3MEPSEMOM ceYeHHUH MmoToka. PIV skcnepuMeHThI ¢ BpeMeHHBIM paspenieHueM mnopsaka 500
MKC aKTHBHO HCITOJIb3YIOTCSI MHOTHMMHU Hay4dHbIMH KoJutektuBamu [9,85,86], ananoruuno LDA,
MO3BOJISIIOT AHAJTM3UPOBATh CIEKTPAIBbHBIE XapaKTEPUCTUKU MOTOKa. OmHAKo, HempepbhIBHAS
3aliCh CUTHAJAa HAKJIAIBIBACT OTpaHUYEHHE HAa MAKCUMAJbHBIA pa3Mep JKCIePHUMEHTAIbHOU
BBIOOPKH, CBSI3aHHOE ¢ 00BEMOM BHYTPEHHEH aMsTH CKOPOCTHBIX KaMmep.

AnbrepHatuBoii PIV ¢ BpeMeHHBIM pa3pelieHneM Mpu U3yYeHUH MYJIbCUPYIOIIUX TOTOKOB
aBlseTcs CcUHXpoHu3oBaHHoe PIV. B Takoil mocraHoBKe »HKCIEpPUMEHTa 3alucCh Mapbl
n300pakeHnid ¢ Kamep, HEoOXOAWMOW Uil TPHUMEHEHHS KOPPEISIUOHHOTO ajrOpuTMa,
CHUHXpOHHM30BaHa ¢ (a3oif mynabcaropa NMpH HMOMOIIM 3JIEKTPOHHBIX JaTyukoB. KomuuecTBo
U3MEpEeHUl B JTaHHOM KOHKPETHOH (pa3e Te4eHUs MPAKTUYECKH HE OrpaHMYeHHO, YTO JaeT
BO3MOXXHOCTh 3alFICH TPEICTABUTENBHON CTATHCTUYECKOH BBIOOPKH, JKEPTBYS BPEMEHHBIM
pazpemieHueM. Vcnonb3oBaHue cuHXpoHU30BaHHOTO PIV mpH HccinenoBaHuM MyJdbCUPYIOLIUX
MOTOKOB BJIEYET 3a COO0O0M HEOOXOAMMOCTh HAKOIUIEHUS M 00pabOTKH OrpPOMHOrO KOJIMYECTBA
BUJICO/IaHHBIX, TOCKOJIbKY U3MEPEHU B KXo (paze KosedaHui MOTOKA SBJISAIOTCS OTAETbHBIMU
AKCTIEPUMEHTAMHU, COJICPIKAIUMH COTHHU TIap CHUMKOB TTOTOKA.

Bcnenctue yBennmueHuss 00beMOB BUIC0TaHHBIX BO3HUKAET HEOOXOAMMOCTD MOJICPHHU3AIINN
anroputMoB aHanuza PIV  skcnepuMeHTOB ¢ ydyeToM BO3MOMKHOCTEH COBpeMEHHOM
BBIYUCIUTENbHON TeXHUKU. OJHUM M3 Haubojiee pPacHpOCTPAHEHHBIX METOJIOB TMOBBIIICHHS
IPOM3BOIUTENFHOCTH TIpU aHATU3€ HW300paKeHHH SBISETCS TEPEeHOC BBIYMCICHUNA Ha

rpaduueckuii nmpoueccop (I'TI).



44

PazBurtue merona PIV nauanocs 6onee 30 jet Ha3ag U ¢ TeX MOp UAET PEKOPIAHBIMU TEMITAMHU.
B 2005 roxy Adrian [87] omyGnukoBan 0030p, MOCBSIMIEHHBIN 3apoXIeHHI0 U pa3Butuio PIV. Ha
NPOTSHKEHUH BCEr0 3TOT0 BPEMEHH METO/I COBEPIICHCTBOBANICS KaK C TOUYKH 3PEHHS TOCTAHOBKH
9KCIIEPUMEHTA, TaK U B TUIAHE MTOBBIIICHNS TPOM3BOAUTEIIEHOCTH ¥ TOYHOCTH 0OPaOOTKH JaHHBIX.
Roth [88] paccMoTpert T METO10B MOBBINICHHS TIPOU3BOAUTEIbHOCTH M TouHOCTH PIV. Nobach
[89,90] nmpumeHnI ABYMEpPHYIO TayCCOBY PEIPECCHIO JIJISl OLICHKU MOIMUKCEIBHOIO CMEIICHHUS
tpaccepoB B PIV u moxkasan, 4to mpemen TOYHOCTH B SKCHEPUMEHTax cocTapisier okoso 0.1
IHKCEJIS.

OOmas xoHuenuust koppemsuuonnoro PIV amropurma mokazana nHa puc. 1.4.1. ITlapa
n300pakeHHii MOTOKa pa3duBaeTcs Ha okHa mowucka (interrogation windows — IW B 3apy0exHO#
JIUTEPAType), KOTOPBIC 3a4acTyI0 EPEKPHIBAIOTCS. 3aTEM BBIYHUCIISICTCS AByMEpHAsk KOPPEIsLHs
MEX1y KaXJOH Mapoi OKOH IMOMCKA M C TOANUKCEIbHON TOYHOCTBIO ONPEEISeTCs MOJI0KEHUE
MaKCHMyMa KOPPEISIIIMOHHON QYHKIMH. IMEHHO TIOJI0)KEHHE MaKCUMyMa KOPPEJISILIUH SBIISICTCSI
BEKTOPOM CMEIICHUSI OTHOCUTEIBHO IICHTpa OKHAa. BeKkTop cMemieHus 3areM MOXKET ObITh
npeoOpa3oBaH B BEKTOP CKOPOCTH IPH W3BECTHOM MaclITabe M300paXEHUS] U BPEMEHU MEXIy

kaapamu. Koppessiiinontasi QyHKIUS @ 3alKMChIBaCTCs cleaytonmm oopasom [91]:

@[m,n] = z z x[i,jlylm+in+j], (1.4.1)
j=—o i=—c

rae x[m, n], y[m, n] — sSpkocTu nukceneid B COOTBETCTBYIONINX OKHAX ITOMCKA.
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Puc. 1.4.1. CranaapTHbIN KPOCCKOPPEISAILMOHHBIM arOpUTM BBIUKCIEHHS BEKTOpPA CKOPOCTHU IO

n300paKeHMsIM YacTuIl B moToke [92].

ITo cBoel mpupoe AByMEpHAst KPOCC-KOPPEIAIHUS MPECTABIISET COOOM ABYMEPHYIO CBEPTKY

C 3€pKaJbHO OTpaxEHHbIM siapoM. [[ns 3agau PIV Tunuunblil pasMep OKHA MOMCKA COCTaBIISIET
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32x32 mKe, 4YTO SBISETCS AOCTATOYHO OOJNBLIMM sApOoM jaxe mnpu ucnonb3oBanuu ['T1. Bo
n30exaHue TMpsSMOro BBIYMCIEHUS KpPOCC-KOPPENSLMU B IPOTrPAMMHBIX  pealld3almsx
npumensiercss Meton BIID, KOTOpBIA CHUkKAET aIrOpUTMHYECKYIO cioxkHocTh ¢ O(N?) 1o
O(N log N). Ilponenypa 3anucu popmysisl BIID aiist BeIpaxkeHHUsSI KPOCC-KOPPEISINHA aHATOTHYHA
meToy BII® ams ObicTpoii CBEPTKHU, C €AMHCTBEHHBIM OTIUYHEM: OT OJIHOTO U3 M300paKECHUI B
YAaCTOTHOHM 00JIaCTH HEOOXOJMMO B35Th KOMIUIEKCHOE compsbkeHue. Torma Beipaxenue (1.4.1)

npeoOpa3yeTcs CIeayOmUM 00pa3oMm:

@[m,n] = shift {iFFT [ FFT(x) = FFT(y)]}, (1.4.2)

rae FFT u iFFT — npsimoe u o6patHoe npeoOpa3oBanuss Pypbe COOTBETCTBEHHO,  — OIEpalus
KOMIUIEKCHOTO COMPSDKEHHS, * — TMO2JIEMEHTHOE YMHOXXCHHE JIBYMEPHBIX MaccuBoB, shift —
onepanys NepeHoca HyJIeBOM YaCTOTHOM KOMITIOHEHTHI B LIEHTP CIIEKTPA.

Ilocne ompeneneHus KOOpPAUHAT MAaKCHUMyMa KOPPEJILIMOHHOM (QYHKIUHM CleayeT 3STarl
HOJNMKCEIbHON aNmnpoKCUMalMM TOJ0XKEeHUs MakcuMyma. Hawubonee pacnpocTpaHEHHBIM
SABJSICTCS METOJ TayCCOBCKOW TPEXTOUYEYHOM AaNIMpPOKCHUMALUHU, KOTOPBIA  BBIPAXKAETCS
dopmynamu, onrcaHubiMu B padore [91]:

_ log((px—l,y) - log(¢x+1,y)
" 2(log(@x-1y) +108(9x41,)) — 4108(¢xy)

_ log(gpx,y—l) - log(¢x,y+1)
z(log(¢x,y+1) + log((Px,y+1)) —4 log((px,y)

riae S — cyOIHKCeNIbHOE MOJI0KEHHE MaKCUMYyMa, — 3HaYEeHHE KOPPEISIMOHHOMN KIIUU B
X,y

(1.4.3)

Sy

TOYKE MAKCHMYMa, & Px_1y, Pr+1yr Pry—1r Pry+1 — 3HAUCHUS KOPPETAMUOHHON QyHKIUHE B
OKpecTHOCTH MakcuMyMa. CMeIeHre MaKCHMyMa KOPPEISIIIHOHHON (QYHKIUU C TIOAMUKCETBLHON
TOYHOCTBIO OTHOCHTENILHO CEPEIMHBI OKHA TIOMCKA U SIBISIETCS KICKOMBIM CMEIIEHUEM YaCTHII.
Kpome ymomsiHyTO# BbIIIE TPEXTOUEYHOM TayCCOBOM ammpOKCHMAIIMH CYIIECTBYIOT eIIe
HECKOJIbKO OOIIENPU3HAHHBIX CIIOCOOOB MOIIMMKCEIBHOTO ONMPEIETICHUS KA KOPPEISIHOHHON
GYHKIMH, Takue Kak mapabomdecKas alpoKCHMAIIHS WIH ONpeeeHne IPU MTOMOIIHU [IEHTPa
macc. B pabore Scarano u Riethmuller [93] mpoBoauTcst cpaBHEHHE MOAMUKCETBHBIX OIMHOOK
JTAHHBIX METOIOB, puc. 1.4.2. Hanbosiee TOYHBIMU METOIAMU SIBJISIFOTCS TAyCCOBA alllPOKCUMAITHS
U TPUOTMKEHHE Mapa0oJIoi MPH YeM METObI AT HaWMEHBIIYIO OIMHOKY HPHOIMKAsICh K
HOJIYIEBIM TOJOKEHUIM MakcuMyMma. OmnOKa CTAaHOBHTCS MaKCHMAaJbHOM IPH OTKIOHEHHUH
HOJIOKEHHsT MAKCHMyMa OT IEJIOr0 3HAUCHHs Ha BEJIMYMHY MOpsaka 1/4 MHKceNns W JOCTHraeT

nopsiaka 0.1 mUKcens, 9TO U COCTABISIET TEOPETUICCKUN TIpeies TOUHOCTH MeToaa PIV.
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Puc. 1.4.2. CpennexBaipaTuyuHasi OlIMOKa paclpoCTPaHEHHBIX CIIOCOOOB MOAMMKCEIBHOTO

orpezeneHus cMerenus yactuiy [93].

N3-3a puckperHoctu Qynkuuonana (1.4.1) Ha mpakTUKEe TakKe MOTYT BO3HHMKATh
CUCTEeMAaTUYECKUE OIIMOKM OINpeAeNieHus] MaKCUMyMa BHE 3aBUCHMOCTH OT croco0a
NOJANUKCENbHOW MHTepnoisuuu. llpu Manbix pasmepax dactul (MeHee 2 MUKcenei) NHK
KOPPENSIUOHHONW (YHKIIMU CTAaHOBHUTCS CIHUIIKOM OCTPBIM, M WHTEPHOJSAIHS IOJOKEHHS
MakCUMyMa TAroTeeT K menbiM 3HaueHusMm (peak-locking addexr). Dta mpobiema MokeT
OPUBOJIUTh K CHIKEHHIO TouyHOocTH anroputMa jno 0.15 mnukcenedd u  mpUBOIUTH K
HAKAIUTMBAIOIIMMCs omrOKkaM. Perrenue 3Tod 3agadu paccMoTpeHo B pabore [94], rae
npemioskeds meron CMM  (Correlation mapping method). Bmecto Toro 4to0bl TpydO
anmpoOKCUMUPOBATh MUK KPHUBOM, METOJ «BUPTYallbHO» CABHTaeT IMEPBBIM KaJIp Ha MpoOHOE
paccTosiHUe, CTPOUT OXKHMJIAEMYI0 KOPPENSIUI0 M MOAOUpaeT Takoe CMELIeHHE, MPU KOTOPOM
OKuIaeMasi KOppesiusl HaWIyqIIuM o0pa3oM COBIAJAET C PEATbHON METOAOM HaWMEHBIIUX
KBaJ[PaTOB, YTO MPAKTHUYECKH IMOJIHOCTHIO KOMIICHCUPYET HEXKENATENbHBIA P PEKT.

Hpyroit  dynmamentanpHOi mpobmemoit PIV  meroma  siBIsieTcss  OrpaHUYEHHBIH
TUHAMHUYECKHI Juama3oH. PazMmep cMeleHusl YacTHIbl MKy ABYMS KaJlpamMH JOJKEH OBITh
OJIHOBPEMEHHO JOCTATOYHO OOJIBIINM (UTOOBI TOUHO €r0 U3MEPHUTH) U IOCTATOYHO MaJIbIM (UTOOBI
YacTHUIla HE MOKWHYJIAa OKHO Toucka). Eciau cmenienue npesbiaet npuMepHo 1/4 pasmepa okHa,
YACTHUIIBI «BBITEKAIOT» U3 HETO, KOPPETSAIIUOHHBIN MUK JETPaIUpyeT U BOSHUKAIOT OLIMOOYHBIE
BEKTOpHI, TaK Ha3bIBaeMbIi 3(deKT moTepu napel. YMEHbLICHHE XK€ BPEMEHHOI'O HWHTEpBaia
MEXIy KaJpaMu CHIDKACT CMEIICHUE MEUICHHBIX YaCTHIl HUKE MOANMUKCEIBHOTO, YTO BEAET K

s¢dexty peak-locking u morepe TOUHOCTH.
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Pemenne mnpoOieMbl NWHAMUYECKOTO AMAla3oHAa METOJa 3aKIIYaeTcs B J00aBICHHUH
UTEPATUBHBIX MOMPaBOK. Ha ka0l uTepaluu OLleHUBASTCSl YTOUHSIONIAs TIOMPaBKa CMEIICHUS,
IOJYYEHHOT0 Ha MPEABIIYIIEM Iare KOppeasiHoHHOro airoputma. B paborax [92,93,95,96]
paccMaTpUBAIOTCS CIIOCOOBI BHECEHUS MTEPATUBHBIX IOMPABOK Pa3IMUYHBIX MOPSIKOB. Mnes
TaKUX METOJIOB 3aKJIF0UAETCS B KOMIICHCAIIUU CMEIICHHS YaCTHI] TOJyYEHHOTO Ha TPEIbITyIEeM
nrare 3a C4eT M3MEHEHUs OKHa Torncka. Kaxoe okHO cMenaeTcst Ha BeTUYHHY, BRIYHCICHHYIO Ha
IpEeIbIAYIIEM IIare, MOCIIe YeT0 BHITIOTHICTCS KOPPEISALUS MEX/ Ty CMEIIEHHBIMUA OKHAMH TIOMCKA.
HoBasi koppensiiiisi HCIOJIb3YeTCs ISl BBIYUCICHHS IONPABKUA K MPEABLAYIIEMY BEKTOPY
cMmemieHrs. OKHO TIOMCKAa MOXET YMEHbBINATHCS MEXKAYy HTEpAlUsiMU B COBOKYIHOCTH C
YBEJIMYCHUEM HAYAIBHOTO KOJIMYECTBA BEKTOPOB CMEIICHUH 3a CYET WHTEPIIOJSINH, TAKUM
00pa3oM OJJHOBPEMEHHO YBEIUYHUBAasi TOYHOCTh U MMPOCTPAHCTBEHHOE Pa3pelICHUE allTOpUTMa Ha
TEKYIIEM IIare.

C y4eToM mpOoCTPaHCTBEHHOTO pacIpeieIeHUs OISl CMEIICHUH, TOTYYeHHOTO Ha TEKYIeM
nrare, B UTEPAIMSIX MOXKET MPUMEHSTCS TEXHUKA 1e(hOpMaIiK OKOH MTOMCKA 33 CYET HAMICHHBIX
Ha TEKYIIEeM Ilare rpajJueHTOB cMemieHus, puc.l.4.3. DTo CTaHOBUTCS BO3MOXKHBIM 32 CUET

Pa3JI0KCHHUA NCKOMOI'O PCAJIbHOI'O CMCIICHUS YaCTUIL B P Tep"mopa:

(6) = o, ¥o) + (6 — x0) b (y = yo) 2 & 144
ux,y) = ulxp, Yo X — Xp ax Y —Yo 6y , ()

rae (x,y) — nNpou3BOJIbHAS TOYKAa OKHA MOHWCKA, (X, Vo) — IIEHTP» OKHA TOMCKa, B KOTOPOM
MOJTydeHa OIICHKAa CMeleHHs. TakuM o0pa3oM 3Has OIICHKY CMCIICHHS W €€ TPaJHMCHTHl Ha
TEKYIIEM IlIare, MOKHO IPOM3BECTH MHIUBUIYAIbHBIN CIBUT IS KQXKIOTO MUKCENsl OKHA TIOMCKA.
[TonpoOHBI 0030p U WILTIOCTPAIMK IPUMEHEHUSI Pa3HbIX MOPAIKOB AedopMaluyd OKHA MOUCKa
npezcrasieH B pabore TokapeBa, Mapkosuya [92]. [Tpu 1poOHOM CMEIICHUH MUKCEIEH OKOH
MOUCKA TIPU HWTEPAlUAX KaK MPaBUIO WCIONb3YyeTCs OWIMHEWHAs WM OWKyOHueckas
uHTepnoysinus. [IpumeHenue Metona aedopManuu OKOH TOWCKA MPAKTHUYECKH IMOJHOCTHIO

yCTpaHseT cucTeMaTrueckyto omuoky meroaa PIV, apdexr peak-locking.

0-ro mopsaaka 1-ro mopsAaka 2-ro nopsaka

Puc. 1.4.3. Jlepopmanust oKHa TOUCKA C YIETOM MOMPABOK CMEIIEHHS Pa3IMYHBIX MOPSIKOB

MaJocTu B pasioxenun Teinopa [92].
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CymectBytor Bapuauuu PIV anropurMa HCIONB3YIOMIME OTJIMYAIOIINECS BapUAHTHI
(YHKIMOHAJIOB Uil OIpPENCNICHUS] CXOXKECTH (ParMEHTOB H300paXEHUS M CIIOCOOOB
IOIIMKCEONIbHOM ammpokcumanuii. Tak B paborax MuxeeBa u Jymmna [86,97,98] npemnoxen
airoputm Smoke image velocimetry (SIV). Otmuuntenshoit ocobeHHOCTRIO SIV  sBIsIETCS

UCTIOJIb30BaHNe (yHKITMOHATA

plmnl= > > Ialijl = ylm+in+]ll (145)
j=—o i=—c

KOTOPBII HampsIMyl0 CpPaBHHMBAET SIPKOCTH MMKCEJIEH B OKHAaX IIOMCKA Ha IOCJIEOBATENIbHBIX
u3o0pakeHusXx. B omiuuune ot kpocc-koppensiuu (1.4.1) B 1aHHOM ciiy4ae HEOOXOJUM MOUCK
MUHHMAaJIbHOTO 3HadeHUs (yHKIuoHana, puc. 1.4.4. OCHOBBIBAasCh Ha aHAIHM3€ MOBEICHHS
¢ynkumonana (1.4.4) mma SIV wucnonmeidyercs mapabonuyeckass OICHKA MOIIHKCETFHOTO

MMOJIOKCHUA MUHHUMYMaA.

(a) 7 @ (6) D
16 r16
~12

~12
~8
~4 r8
8~ B L

~0 8 35 36 60

Puc. 1.4.4. ®opma noBepxHocTu QpyHKIMOHANA (1.4.4) B OKPECTHOCTH €r0 MUHHUMYyMa MPH

CMEIIEHNH U300paKeH!sI Ha OJTHOM KaJzpe (a) U JJIsl mocie0BaTeIbHbIX Kaapos (0) [97].

[TpakTryeckum MuHYycOM moaxoja SIV sBisieTcs He BO3MOYKHOCTh HAIPSIMYEO UCIIOJIb30BATh
BI1® nnst 3HAYUTENHHOTO YCKOPEHUS PACYETOB, KaK B CITydae C KOPPEISAIHOHHBIM () YHKIIHOHAIOM
(1.4.2). TTomoXKUTEIBHON CTOPOHON METOA SIBIISCTCS BO3MOKHOCTD MOJYUCHHS MTOJIEH CKOPOCTH
OpU OTCYTCTBHM BHIMMOIO IMaTTepHA YaCTUI[ B OKHAX MOWCKA, KaK B CJIy4asx JbIMOBOW
BU3yalu3auu. JIByMepHass Kpocc-KOppessiius, Kak M JByMEpHas CBEPTKa, 3apEKOMEHI0Basa
ce0st Kak MOIIHBIN HHCTPYMEHT MOMCKa Ma0JI0HOB HAa N300paKEHUSX, TOCKOIBKY 3TH ONEPAIIH
MOJICITUPYET pabOTy 3pUTENBbHBIX HEHPOHOB *kKBbIX cymiecTs [99,100]. Takum 06pa3oM, TOYHOCTH

ONpCACIICHUA KOPPCIAIUOHHOIO MAaKCHMMyMa HAIPsAMYIO CBA3aHAa € Y3HABACMOCTBIO 06pa3a
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PAacIIONIOKEHHsI YacTUI] Ha MOCTIeI0BATEIbHBIX OKHAX MIOMCKA, HO MEHBIIIE MTOJIBEP>KEHA BIHSHHIO
¢dboHOBOTO OCBelIeHMsI YacTuil. B To sxe Bpemst i pyakimonana (1.4.4) BaxXHO TONBKO pa3indue
B IpKOCTH nukceneil. Anroputm SIV uaeanbHO NOAXOAUT JUIS UCIIOJIb30BAHUS B SKCIIEPUMEHTAX
CO CKOPOCTHOW CBEMKOH U IOCTOSHHBIM JIa3epHBIM OcCBelieHueM. [locTosiHHOe ocBelieHue
MOTOKA JienaeT omunoky dynkiuonana (1.4.4) 6onee npeackazyemMonu.

B mocnennee pecarunerre pemieHue mpodiaemsl npousBoautTenbHocTd PIV cMmectunoch B
CTOPOHY HCIOJIb30BaHUSI MAaCCOBOTO Mapasliein3Ma, CTaBIIEro JOCTYIHBIM OJarogaps pa3BUTHIO
u ynpoieHuro npuMenenust [T mist Beraucinenunii odmero Ha3HadyeHus. 3a rocieanue 15 yer
0b110 co3naHo MHOXkecTBO ['TI-peanuzanumii anropurmoB PIV. Oana u3 nepssix I'TI -peanuzaunii
Kkpocc-koppensnuoraoro bII® meroma PIV Obina npencrariena enié B 2004 roay Schiwietz u
Westermann [101]. B mepBeIX peanu3aiusx BCe OTalbl KOPPEISALHMOHHOIO aJIrOpUTMa
CO3/aBAIMCh BPYYHYIO, 0€3 HCIIOJIb30BaHUS CHEIUAIM3UPOBaHHBIX Oubnuorek. [lo3mgHee, ¢
pasButueM Texnonoruu CUDA, cranu nosBisiTeesi 00j1€€ BHICOKOYPOBHEBBIC, THOKHE U CIIOKHBIE
pemenust 3amaun PIV. Tak, Tarashima [102] B 2010 romy mnpomemonctpupoBan CUDA-
peanu3aluio UTEPaTUBHOTO MeToja MpsiMoil Kpocc-koppemsinuu PIV ¢ nedopmanueit oxna
noucka. [IpumepHo B To e Bpemss Champagnat u xp. [103] paccmotpen meton Jlykaca—Kanane
[104], peanuzoBanubiii Ha CUDA, a1 OIICHKHM BEKTOPOB CMEIICHHUS YaCTHUI[ METOJ0M
ONTUYECKOTO MOTOKA.

B nocnemnue roapl Bc€ Oonbliylo momyiaspHocTs B obmactu PIV  mpuoOperaer
UCIOJIb30BaHUE TIYyOOKMX HEHPOHHBIX ceTel B KadecTBE albTEPHATUBBI KIACCHUYECKOMY
KoppensimonHoMy meroay. Liang [105] mpoaemoncTpupoBan 3¢G(EeKTHBHOCTH MPUMEHEHHS
HEHPOHHBIX CETEM IS ONpPEACIICHHs JIOKHBIX BEKTOPOB CKOpOCTH. HeWpoHHBIE ceTH Takke
UCIIOJIb30BAIMCH ISl onpezeneHus ckopoctu dactuil [106-108]. I'mybokoe oOydeHHe MOKeT
CTaTh MEPCIEKTUBHBIM METOIOM aHanu3a PIV-3kcriepMeHTOB, 0/IHaKO B HACTOSIEE BPeMsl OHO
YCTYIaeT TPAJAUIIMOHHBIM METOAAM KPOCC-KOPPEISIIUH U ONITUYECKOTO IMTOTOKA IO TOYHOCTH HJIH
npousBoauTenbHocTu. Hanpumep, Fischer [106] mpomemMoHCcTpHupoBall, UTO JIETKHE HEHPOHHBIC
CEeTH HE CITIOCOOHBI MTPEICKA3bIBATh TOYHBIE BEKTOPhI CKOPOCTH, TOTIa KaK CETH ¢ OoJiee CIOKHON
apxutekTypoir [107] oxa3piBalOTCS 3HAYMTENBHO TOYHEE, HO IICHOW BEChbMa JJIMTEIBHBIX
BeIUUCIeHnH. Kpome Toro, oOyuaromniye JaHHBIE SBISIOTCS BaXHBIM (AKTOPOM JUIS CTPATETHU
r1y0OKOro oOyueHusl.

B nenoMm Ha cCeromHSIIHUN JI€eHb HCKYCCTBEHHBbIE HEHPOHHBIE CETH, KaK WU METOJbI
ONTUYECKOTO TMOTOKAa, MMEIOT Oojbllee BpeMs BBIUMCICHHH U 0ojee  BBICOKYIO
CpEeIHEKBAIpaTUYHYIO MOTPEIIHOCTh O CPAaBHEHHUIO C METOJaMU KpPOCC-KOPPENALHNH, OJHAKO
aydie paboTaloT B MOTPAHUYHOM CJIO€ U O0ECIeYMBalOT 00jiee BBICOKOE MPOCTPAHCTBEHHOE

paspelieHue.



50

HecmoTpss Ha OOJNBIIyIO TOMYJISPHOCTh TEMbl HEWPOHHBIX CETEH, HCIOJIb30BaHHE
rpaduuecKux YCKOpHUTEICH JUIsi BRIYUCICHUS (PYHKIIMH KPOCC-KOPPEISIIUU TaKKe MPHOOpETo B
MOCJIEIHUE TOABI OYeHb MmHUpoKoe pacmpoctpanenue [109-111]. Wernet [109] paccmarpuBaer
peaM3allid aJIropuTMa BBIYHCIEHUS KPOCC-KOppenauuu g pasnuuHbix mozenedt [Tl wu
JEMOHCTPUPYET BO3MOXXHOCTh CpPaBHEHHUS CKOPOCTHM BBIYUCIICHUH TMPU  HCIIOIH30BAHUH
paznnunbiXx BHaeokapT. HemaBusisi pabora Dallas [110] okaszanma Gonbhioe BIUsSHHE Ha
C000111eCTBO Pa3pabOTUYNKOB OTKPBHITOrO MPOTPAMMHOI0 OOecleueHus] U MPOJAEMOHCTPUpOBalia
kox PIV na Python, amantupoBaHHBIN 1711 OJHOBPEMEHHOTO HCIIOIB30BaHUS HECKOIbKUX ITI.
Heckonpko ser nazan Aguilar-Cabello [111] pa3spaGotan mporpaMMHBIN KOJ, TO3BOJISFOLIHUIA
aHanusupoBath 2D PIV-skcnepumenTsl Ha Bcex cymiecTByroumx apxurekrypax [T1 c
ucnonb3zoBanueM s3bika OpenCL.

Ha ceronnsamnuii nens kommepueckue npoayktsl A PIV mpeacraBnsitor co0oil Becbma
CJIOXHBIE CHCTEMBI, KOTOPBIC, HECMOTpPSI Ha BBICOKHE CTAHJIAPTHI Ka4eCTBAa M TOYHOCTH aHAIH3a
OKCIIEPUMEHTOB, HE OTIHMYAIOTCS JOCTaTOYHOW MPOU3BOAUTENHHOCTHIO. C Apyrod CTOPOHBI,
CYILIECTBYIOT HEKOMMEPUYECKHE MPOEKThI C OTKPBHITHIM HCXOJIHBIM KOAOM, Takue kak OpenPIV
[112,113], DPIVSoft [111] wau PIVlab [114], npenna3HadyeHHbIe HETOCPEACTBEHHO /IS aHAIM3a
IKCIIEPUMEHTATBHBIX JaHHBIX. OHAKO B TAKHUX IMPOEKTAX ONIYIIACTCs HeXBaTKa cTa0miIbHBIX ['T1-
Bepcwuii. Takum 00pa3om, BOIIpoc co3aanus yao0Ho# 1 3¢ deKTUBHON OnbIroTekH 171t 00paboTKH

PIV-3kcniepumenToB ¢ nmoanepkkoit I'TI ocTaércst OTKPBITHIM.
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3akiroueHue K riaase 1.

JUist IIMPOKOTO IMana3oHa 4acToT KoJeOaHUH MyIbCUPYIONIMX OTOKOB, aMIUIUTY M YUCET
PeiiHonb/ca GOJBIIMHCTBO OCPEJHEHHBIX IO BPEMEHHM XapaKTEPUCTHK IMOTOKAa B KaHalax M
TpyOax COBNAJAET CO 3HAYEHUEM, OXKMJAEMbIM AJIs CTallMOHapHOro mnoroka. Ilpum stoMm, B
pasnuyHble (a3bl KoleOaHWH TMOTOK HMMEET pa3jMYHyI0 CTENeHb TYpOYJICHTHOCTH M €ro
XapaKTEPUCTHKH MOTYT CYHIECTBEHHO OTIMYAThCS OT CTAllMOHApHBIX. JTO 0000IIeHHE HE
pacIpocTpaHseTcs Ha apaMeTpbl TPEHUs, CPEIHUE 110 BPEMEHH 3HaYEHUsI KOTOPBIX OTJINYAI0TCA
OT CTauuoHapHbIX. HecMOTpss Ha 3HAUUTENBHOE 4YHUCIO UCCIEN0BaHUM, B JUTEpaType
NPAaKTUYECKH OTCYTCTBYET JETAIbHOE ONUCAaHWE JIHHAMUKHA TPUCTEHHBIX XapaKTEPHUCTHK
NyJIbCUPYIOUINX TEYCHNUH, TAPAMETPOB MOTPAHUYHOTO C1051. OTCYTCTBYET YHHBEPCAIbHBIN 3aKOH
TPEHUS W HE OIpeleseHbl YETKHE TPaHUIbl NMPUMEHUMOCTH KBa3MCTAllMOHAPHBIX MOJENeH.
HenocratoyHo JaHHBIX O Tpoleccax JaMMHapU3allMd W TypOy/lM3aluu IOTOKa IpHU
BBICOKOAMIUTUTYTHBIX KOJICOaHMSIX.

B cucremax ¢ Hanu4YHeM peUUPKYISIIAN U OTPHIBA MIOTOKA MPAKTUYECKH BCETIa OTMEYACTCS
HaJINYMEe ONTUMAJIbHON YacTOThI MyJIbCALlUi, TPU KOTOPOM MPOUCXOAUT 3HAUUTEIIHOE YCUIICHHUE
terioooMeHa. OpgHako A00aBieHHE MyJIbCAllMi HE BCErja CONPOBOXKIACTCS KayeCTBEHHOU
IIEPECTPOMKON OTOKA ¥ pe30HAHCOM. 1Ipy ’TOM MEXaHU3MBbI B3aUMOJAECUCTBUA ITYJIbCAL[UI ITOTOKA
C BHUXPEBBIMH CTPYKTYpPaMH MOTYT 3HAYUTEIBHO OTIMYATHCS JUIS Pa3HBIX TE€OMETPHIA.
O060011eHNI0 TIOJ]IAI0TCS TEOMETPHH C PE3KUM OTPBIBOM MOTOKA (pedpa, auadparmsl), KOTOpbIe
CTJIAKUBAIOT BIUSHHE MPEAbICTOPUHU MOTOKA HAa BUXPEBbIE CTPYKTYpHI 3a mpenstcrBueM. [Ipu
ATOM JIOCTaTOYHO MaJI0 BHUMAHUS yJENSETCS HCCIIESIOBAHNIO0 TUHAMUKHA KOT€PEHTHBIX CTPYKTYP
NIPY OTPBIBE TMTOTOKA.

Ha cerogusmHuii faeHp B HUCCIEIOBAaHMIX MYJIbCUPYIOUIMX IOTOKOB Haubojee
MH(POPMATUBHBIMU U PacTIpOCTPaHEHHBIMHU SBJISIFOTCS ONTHYECKUE METO Il U3MEPEHHI, TaKue KaK
PIV (Particle Image Velocimetry). HecranronapHocTh MOTOKa TpeOyeT HaKOIUICHHS OOJIBIIOTO
KOJINYECTBA JAaHHBIX, M3-32 YEro BO3HUKAET HEOOXOIMMOCTHh COBEPIICHCTBOBAHHUS IPOIECCOB
aHalM3a SKCIepUMEHTOB. B mocneanue rojapl Bc€ OOJbIIYIO MOMYISIpHOCTH B oOmactu PIV
nproOpeTaeT UCIOIb30BaHNE IPaPUUECKUX MPOLIECCOPOB /ISl MOBBIIICHUS TIPOU3BOIUTEIHLHOCTH

METOoJaa.
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I'naBa 2. MeToabl u3MepeHUii U IKCIIEPUMEHTAIbLHBINA CTEH/I.

B naHHON Tr7aBe NpENCTaBIEHO ONMCAHME SKCIEPUMEHTAJIbHOM YCTAaHOBKU U
UCMOJBb3YeMBbIX METOAMK H3MepeHusa. OnucaHa KOHCTPYKLHMS MCIIOJIb3YEMOI0 IIyJIbCaTopa,
IPEJCTaBICHbl BO3MOXXHBIE T'€HEpPUpPYEMbl JaHHBIM IyldbcaTopoM ¢GopMbl BoiaH. OmucaHa
CTPYKTYpa OTpPBIBHOTO YYacTKa KaHaja ¢ peOpoM, a Takke xapakrepuctuku PIV merona u
COCTaBJISIIOLME €ro UIEMEHThl. MeTouKka MU3MEpeHMsl KacaTelbHbIX HAIPSDKEHUH Ha CTEHKE
TEIUIOBBIM JIaTYUKOM TPEHHUs, €ro KOHCTPYKUUS M KaiauOpoBka. OmnucaHbl NpeUMYILECTBa,

HEAOCTATKU U HEOIMPECACIICHHOCTH U3MECPEHUA OTUX METOI0B.
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2.1. Onucanmne IKCMEPUMEHTAJIbHOI0 CTEH/1A.

Cxema SKCHEpUMEHTAIBHOTO CTEHJAa IpejcTaBieHa Ha pucyHke 2.1.1. DxcrnepumeHTHI
TIPOBEJICHBI B INIOCKOM KaHae JutiHoi 600 MM 1 ronepednsiM cedenreM 20x 150 mm? (puc. 2.1.1).
['mapaBianueckuil tuamerp kaHaia coctanisia 35 MM. OTHOILIEHHE BBICOTHI KaHalla K €ro NIMPUHE
obu10 paBabiM 0.133, yTo MO3BOIISIO TpeHeOperaTh KpaeBbiMU 3ddexramu. Pabodas cpema —
BO3MyX. Bo3ayx mocTyman B cHCTeMy M3 HpOHMIaeMoro Oydepa obbemom 1 M,
NPEJHA3HAYCHHOTO U1 HAKOIUICHHMs] M CMEIEHUs 4acTHUl| INIUIepUuHa. 3aTeM MPOXOIWI uepes
paboumnii yuacrok. Ha Bxoze B kaHan Obll yCcTaHOBIEH HpPOGMIMPOBAaHHBIA KOHQY30p CO
CTETICHBIO TIO/PKATHS MTOTOKAa M = 5.6, KOTOPBII MPUBOAMI K BRIPABHUBAHUIO TIPOQHIIST CKOPOCTH.
[Tocne xoH(Yy30pa HA BXO/Ie OBUT YCTAHOBIICH TPEYTONbHBINA TypOynu3arop. [lynbcanuu pacxona
CO3/1aBAJIMCh Bpallaroeiics 3acaoHkoi. /i uCKitoueH st BIUSHUA 3aCIIOHKU HA a3pOJIMHAMUKY
TEYEHUs OHa pacroJiarajach 1o3ajan pabodyero KaHaua U BECh a3pOoJJUHAMUYECKHI TPaKT padoTai
Ha BcackiBaHue. [locre mynbcaropa MOTOK MPOXOAUI Yepe3 BO3MyIIHbINH Oydep oobemom 510 i
JUlsl 00ecriedeHHs] IOCTOSHHOIO pa3pexeHHs. 3aTeM pacrojarajicsi pacxoJoMep M IOTOK
HaNpaBJsUICs B BEHTWJIATOP, pabOTaBIIMK Ha BCcachlBaHUE. BBIXOJ BEHTHIISATOPA COEAMHSICS C
OpoHMLIaeMbIM Oydepom o00pa3ysd TeM caMblM 3aMKHYTBI KOHTYp, HEOOXOAMMBIM JUIs
NoJJIepKaHUs TIOCTOSIHHOM KOHIIEHTpauu TpaccepoB B PV skcniepumenTax.

Crenku pabouero ydacTka ObUIM BBIIIOJIHEHBI M3 OPrCTEKIa JJs BO3MOXHOCTH BEJIEHUS
BUJCOCHEMKHU. DJIEMEHThl YCTAaHOBKH COEIMHSIIMCH MEXIY c000i pa3paboTaHHBIMU 3aMKOBBIM
anantepamu ((praHIaMu) M3rOTOBICHHBIMM NpH MoMmouy 371 nedaT, puc. 2.1.2. Pa3nuunble
AJIEMEHTBHl CHCTEMbI OBLIM COEIMHEHBl MEXIy Cc000i ToQpHUpOBaHHBIMU THOKMMHU TpyOamu
quametpoMm 100 mMm. [t UCKITIOYEHMSI TPOTEUEK BCE COETUHEHUS] YCTaHOBKU 00pabaThIBaINCh

TCPMETHUKOM.

Puc. 2.1.1. Cxema 3KCrIepMMEHTAJIbHOW YCTaHOBKH
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HSMCpeHI/Ie pacxoga B CTAHHUOHAPHOM PCKUMC HU3MECPAJIOCH IMPHU IMOMOMIIU PACXOoIOoMCpa

HNPBUC-VYnbtpa, puc. 2.1.3. B ocHOBe paboThI YIbTPa3BYKOBBIX pACX0JOMEPOB JICKUT CMEIICHUE

aKyCTH‘IeCKOﬁ BOJIHBI ABMXKYIIMMCS 1O pr6e ra3oMm. BpeMﬂ 9TOIro CMCIICHUS ITO3BOJISCT

x

Puc. 2.1.3. ®oto yneTpasBykoBoro pacxogomepa « MPBUC-yabTpar»
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OTIPEICIIUTh CKOPOCTh MOTOKA B €r0 00BEM. [1he301aTYnKN pEruCTPUPYIOIINE 3BYKOBBIC BOJTHBI,
HAXOJATCsI BHE U3MEPSAEMOMN CPEJIbl, YTO JIEJIAeT PacXx0JA0Mep MPUTOIHBIM JIJISl SKCIIEPUMEHTOB C
rurepuHoBoi cMechbio. B mogenn MPBUC-YasTpa 6maromapss 0co00ii KOMIIOHOBKE JTaTYUKOB
MyTh yJbTpPa3ByKa BJBOE JUIMHHEE, YeM B aHAJIOrax TeX ke rabapuToB, YTO OCOOCHHO MOBBIIIAET
TOYHOCTh Ha MasIbIX pacxoiax. [lepBuUYHBIN MpeoOpazoBaTelbh BKIIOYACT JATYUKU JIABJICHHS,
TeMIIEpaTypbl M IUIAThl  BBIYUCIHUTENS. TOYHOCTh HW3MEPEHMsS pacxojia, 3asBJICHHAs
MPOU3BOAUTENEM, COCTaBIAET nopsiaka 0.9 % oT MaKCUMaIbHOTO U3MEPSIEMOT0 pacxoa.
Ompenenenne 3HaYCHUsT pacxojia B pa3auvHbie (a3bl MyJbcaiii MOTOKa OBLIO BO3MOYKHO
TOJILKO UHTETPUPOBAHUEM MTPODUIIST CKOPOCTH MOTYICHHOTO CHHXPOHM30BaHHBIM PIV MeTomom,
cyMuTas TeYECHUE JBYMEPHBIM. B cTanimoHapHOM peXrMe pacxX0kJICHHUE MTOKa3aHUM pacxoaomMepa

U MMOJYUYCHHOT'O UHTCIPUPOBAHUEM I10JII CKOPOCTH PACXO0da COCTABIIAIO HE 6onee 5%.

2.1.1. lapameTpsl MyJibcaTopa.

[Tynmbcaluy OTOKa CO3/IaBAMCh CTATHbHOW BpAIAOIIEHCs 3aCIIOHKOM KBapaTHOW (GOPMBI C
ctoponoit 100 mm, puc. 2.1.4 a. 3acioHka pacroyarajach B METaUIMYECKOM KOHTEHHepe
KyOuueckoil  QGopmMbl ¢ IWIMHIPHUYECKUMH BbIxogamu guamerpom 100 MM
TePMETHU3UPOBAHHBIMU OTBEPCTUSIMH JIJIsI BPAIIAIOIIErOCs Balia, 3aKPETVICHHOTO0 Ha IAPUKOBBIX
noquunHukax. KoHTeHep ¢ 3acIOHKOW HMMEN MpPO3payHOE OKHO Ha BEPXHEW TpaHu Uit
BU3YyaJIbHOTO  KOHTpOJisI  cucTeMbl. (CTeneHb MEpeKphITUS, CO3JaBa€MOI0  3aCIIOHKOM,
omnpenensiach Kak OTHOIIEHHE TUIOUIAAN 3aCJIOHKH K IUIOIIAI CEUYEHUs] IPOTOYHOrO TPAKTA B

MecTe YCTaHOBKH 3aCIOHKHU U coctasisiuia 0.7.

a) 0)

Puc. 2.1.4. ®oTo 311€MEHTOB My/bCcaTOPa. a) — CTaJIbHAsA 3aCJIOHKA, 0) — I1IarOBBIN ABUTATENb.
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3acnoHKa MPUBOAMIACK BO BpallleHue 1maroBbiM apurarenem FL86STH65-2808B, puc. 2.1.4
0. Yacrora 00OpOTOB IBUTATENs 3ajaBajack IpU IMOMOINM jpaiiBepa Leadshine M542 c
npobienueM 1600 maros Ha 360°. MakcumanbHas 4acToTa BpAIlCHHsI 3aCJIOHKH cocTaBmiia 3.4
[u. B cuiay cuMMETpUYHOM KOHCTPYKLUMH 3aCiIOHKH (aKTH4ecKas 4YacToTa IyJbcaluil
yaBauBajack. [lpaiiBep ynpasisuics mpu momory Moyt Arduino nano.

JlaHHasi KOHCTPYKIHMS MYJIbCAaTOpa OTJIMYAETCS MPOCTOTONW pean3alii U CTaOMIBHOCTHIO
MOJICP’)KUBAEMON Y4aCTOThI BpAIllEHUs] MIaroBoro apurareis. CXOkue BapUaHTHI 3aCIIOHOK
UCII0JIF30BaIach BO MHOTHX 3KCIIEPUMEHTAILHBIX paboTax B 00JIaCTH MyJbCUPYIOIIUX MTOTOKOB
[17,18,48,83]. B paboTax mo my;ibCHPYIOIIUM IOTOKAMH B KABEPHAX U BOJHUCTHIX KaHasax Zontul
u Sahin [11,75,76] ucronp30Bajiach MOJHOCTHIO AHATOTHYHAS KOHCTPYKIHUS IyJIbCAaToOpa PHC.

2.15.

Puc. 2.1.5. KoHCTpyKITHs 3aCIOHOYHOTO MyJibcaTopa u3 pabots [11].
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N3meneHne pacxoja, co3aaBaeMoe 3aCIIOHKOM, OBUIO M3MEpeHa B CTAI[MOHAPHOM PEXKHME
MOTOKA PY Pa3IMIHBIX HAIIOpaX BEHTWISATOPA. M3MepeHust mpoBOAMINCE, (GUKCHPYS TTOJI0KECHHE
3aCJIOHKH Ha OTPEICIEHHOM yTJIe IOBOPOTA, IIPH MIOCTOSHHOM pa3peKeHUH BEHTUIIsITOpa. Pacxon
U3MEPSIICS IBYMsI CIIOCOOaMM: HHTETPUPOBAHUEM IPOQHIIS CKOpOCTH Noy4deHHoro PV MeTonom
Y TIPY IOMOIIY PacXo0Mepa, OTIIHYNE MMOKA3aHU ITUX CITIOCO0 HAXOIMIIOCH B Ipenenax 5%, npu
sToM PV mokaseiBan 0okl pacxos 3a c4eT npeHeopexkenus kpaesbiMu ¢ dexramu. Ha puc.
2.1.6 mpezacTaBieHO M3MEHEHUE PAcXoja 3a IMOBOPOT 3acioHKH Ha 180°, 4To COOTBETCTBOBAIO

oaHoMmy nepuoay. M3mepenust mpoucxoauiu ¢ marom B 15°.

100 -

80 -

60 1

Q, I/

40 1

Puc. 2.1.6. 3nauenue pacxo/ia Mpy pa3IMYHBIX YIIIax MIOBOPOTA 3aCIIOHKH B CTAIIHOHAPHOM

IIOTOKCE.

Bb110 yCTaHOBIIEHO YTO B YCJIOBHSIX CTAIlMOHAPHOIO MOTOKA U3MEHEHHUE HAIlOpa BEHTUIISITOPA
HE BJIMSET Ha 3aBUCHMOCTb pacxojia OT yrjla moBopoTa 3acioHku. [Ipu stom ¢opma Takoit
CTAIlMOHAPHOW 3aBHUCHUMOCTH ObLJIa JIOCTATOYHO OJM3Ka K TapMOHUYECKOW. AMIUTUTYyAA
M3MEHEHHUs pacxojia Bo3pacTalia MpU YBETUYCHUU HATopa, YTO OOBSCHSIETCS MOHMKAIOIIUMCS
COTPOTHUBIICHUEM BUXPEBBIX CTPYKTYp Mpu oOTekaHuu 3acioHkH. Jlamee OBLIO TPOBEIEHO
YTOUYHEHHUE KOJMYECTBA TapPMOHHK, TE€HEPUPYEMOE MyJbCATOPOM B YCIOBHSIX CTallMOHAPHOTO
notoka. Jyis 3Toro u3MeHeHue pacxoja, n3oopaxeHHoe Ha puc. 2.1.6, tocrpauBanock 100 pa3 3a

CUCT HUKIIMICCKOTO COCAUHCHH A JaHHBIX 34 OJJUH MOBOPOT 34CJIOHKH, YTOOBI CO34aTb BUIUMOCTD
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Hepuou4eckoro curnama, puc. 2.1.7 a. K moigydeHHOMY HCKYCCTBEHHOMY CUTHaly OBLIO
NPUMEHEHO TUCKpeTHoe npeodpasoBanue Dypre, puc. 2.1.7 6. AHaIN3 TAPMOHUK MOKA3aJ, YTO
TaKO€ M3MEHEHHE pPacxoza, 0e3 CyLIECTBEHHOW MOTepU TOYHOCTH, OINMCHIBAETCS UETHIPbMS
rapMoHn4eckuMu GpyHkuusamu. [Ipu 3rom ammiuTyna yxe 4eTBepToil rapMOHUKH OoJiee yeM Ha 2

MIOPSIIKA MEHBIIE TJIABHOM.

a) 0)

. /f‘\ a il
T

60

Q, T/

FFT(Q, 1/c)| / N
]
\"-—_;

\
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Puc. 2.1.7. AHanu3 rapMOHUK U3MEHEHUS PAcX0ia, TeHEPUPYEMOI0 3aCIIOHKOM B CTALIMOHAPHOM
MIOTOKE. a) — HICKYCCTBEHHO CT€HEPHPOBAHHOE IEPUOINYECKOE U3MEHEHHUE pacxoa, 0) —
HOopManu3oBaHHast MarHutyaa FFT.

AHaJNOrMYHBIM FapMOHUYECKUHA COCTaB CIIEJOBAJIO 0XKMJIATh W B IYJIbCUPYIOLIEM PEXKHUME
paboThl ycTaHOBKH. THIIMUHOE U3MEHEHNE PacXo/ia B MyJIbCUPYIOIIEM PEeKUME MPEICTABICHO Ha
puc. 2.1.8 a. 3aBHCHUMOCTh pacxojia ra3a OT BpeMEHH ONpeeIisyIach HHTETPUPOBAHUEM TTPODHISL
CKOPOCTH JJIi KaXJIOW M3MEpEeHHOM a3pl Mynbcalluid, CYUTasi TEUEHUE JABYMEPHBIM.
Habmoganoce n3MeHeHne (GopMbl BOJHBI MyJIbCALMH pacxofa B 3aBUCHMOCTH OT YacCTOTHI
BpallleHUs 3aCJIOHKM M Halopa BEHTWIATOpA. |'apMOHMUYECKUI COCTaB MOIYYEHHBIX IMyJIbCAllUN
OBLT OYEHB CXO0XK CO CTAIMOHAPHBIM CITy94aeM TIOBOPOTA 3acIOHKH, puc. 2.1.8 6. UHbIME c10BamMH,
B ITyJIbCUPYIOILIEM peKHMe ITOTOKA JJIsl OIMCAaHUs KOJIeOaHU pacxo/ia U CpeIHEN CKOPOCTH TaKkKe
MOYKHO OBLIO HCHOJBb30BaTh 4 TFapMOHUKH, aMIUTUTYAa U (pa3a KOTOPBIX BapbHpOBaNach MpU
M3MEHEHUU HAlopa BEHTWIATOpPAa M 4acTOThl. [lolydeHHbIE NaHHBIE UMENINM OUYEHb BBICOKYIO
BOCIPOU3BOAUMOCTE. [IpH moBhIlIeHNH Hamopa BeHTWISITOpa (opMa BOJIHBI CTAHOBHIIACh Ooliee

CXOKEH CO CTAlMOHAPHBIM CIIy4aeM.
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Puc. 2.1.8. Tunuunoe n3MeHeHHe pacxoa Ipy HAJIMYKU ITyJIbCAMi pacxo/a rasa. a) — popma
BOJIHBI U3MEHEHHUS PACXO/a IPU PA3IUYHBIX YAaCTOTaX IyJbCalUil U CpeaHel CKopocTH, 0) —

FapMOHI/I‘-ICCKI/Iﬁ COCTaB 3TUX PCIKUMOB.
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2.2. Metonuka PlV uzmepenmuii.

Meron PIV (Particle Imaging Velocimetry wnm TpaccepHass aHeMOMETpHs IO
U300paKCHUSIM YaCTHI) TO3BOJISIET OCCKOHTAKTHBIM CIIOCOOOM H3MEpSTh IOJs CKOPOCTEH B
HEKOTOPOM 3aJlaHHOM CeueHHMH MoToka. OH 3aKII0YaeTcsi B OMPEAETICHUN CKOPOCTH TEUYEHUS
CpeZpl MO BBIYMCICHHUIO TEPEMELICHUS TPYI CHEeNHaIbHBIX TPAcCEpPOB Ha IMOCIEI0BATEIbHBIX
U300paKEHUSIX TpPU TOMOIIM KOPPESIMOHHOTO aHaimu3a. MeToJ UCHONb3yeTcss Kak B
NPOMBIIUICHHOCTH, B TaKWX OONAcTAX KakK (DU3MYECKOe MOJAEIMPOBAHHE TEXHOJIOTHYECKUX
IPOLIECCOB B SHEPTETHKE, XUMUUECKON MPOMBIIIJICHHOCTH, IUAarHOCTUKE OOTEKaHHs PEAIbHBIX U
MOJICTIbHBIX OOBEKTOB B aBUa- U aBTOMOOMJIECTPOCHUH H T.J., TAaK U B HAYYHBIX MCCIICJOBAHUSIX,
HarpuMmep, aspoauHamuke [115], u3yueHnn mMurpanuu pakoBbix kietok [116], uccinemoBanuio
KPOBOTOKa BO BPEMEHH B pa3BHBAWOIIEMCS cepaue pbidok ganmo [117], ananmmse
HPOCTPAHCTBEHHOTO U3MEHEHHsI IOTECHIMANa TUIa3Mbl BO BPAIIEHUH TBUICBBIX YaCTHUI[ B TIa3Me
TJIEIONIETO paspsija ¢ napauieabHbiMe iactuHamu [118,119], mporuose coaHEYHON paguanuu ¢
HOMOIIBIO MHACKca anBekiuu u quddy3un odnakos [120], pekOHCTPYKIIMU TOTOKOB JKUAKOCTH,
WHIy[IUPOBAHHBIX MUKpOOpranuzmamu [121] u mp.

Krnaccuueckass cxema mpoBeleHHs SKCIIEPUMEHTa C HCIOJIB30BaHUEM JAHHOTO METOJa
BBITJISIAT ClienytonmmM o0pazoM. B kanaie ¢ mpo3payHbIMH CTEHKaMU TEUET )KUIKOCTh MIIH Tas3,
3acesHHBbIE CIEMUAIBHBIMA YacTHIlaMU. llomepeyHoe cedeHne HTOTO TOTOKAa OCBEIAeTCs
7Ta3epHbIM  HOKOM. OCBEHMIEHHOE CEYeHHE II0TOKa 3aTeM 3alliChIBACTCSI C  TOMOIIBIO
BBICOKOCKOPOCTHON KaMepbl C perylupyeMblM MHTEpBajoM Mexay kaapamu. [locime cOopa
JIOCTAaTOYHOTO0 KOJMYECTBa KaJpoB (OOBIYHO HECKOJBKUX COTEH Map H300pakeHHi) K HHUM
IIPUMEHSETCS ANTOPUTM B3auMHOM Koppemsinuu PIV 11 m3BieYeHHs MTHOBEHHBIX IIOJIEH
CKOpPOCTH TIOTOKA W TIOJIYYEHHS Ha UX OCHOBE ITOJICH CTAaTUCTHYECKMX XapaKTEPUCTHK TCUCHUS —
TaKUX KaK CpeJIHe CKOPOCTH U CTATUCTUYECKHE MOMEHTHI BBICIIUX MOPSIKOB.

JlaHHBI MeTon oOJsiafiaeT psAAOM CYLIECTBEHHBIX MNpeumyiiectB. OH HpenocTaBliseT
3 PEKTUBHBIE BBIYUCIUTEIFHBIE HWHCTPYMEHTBHI ISl OBICTPOTO BOCCTAHOBJICHUS [IBYX- W
TPEXMEPHBIX MOJIEH CKOPOCTH IMOTOKA C JJOCTATOYHO BEICOKMUM MPOCTPAHCTBEHHBIM pa3pelieHneM
U TIO/ITUKCENBHON TOYHOCTBIO ompeneneHus cMmeniennii yactun (mo 0.1 mukcens [95]). Meron
MO3BOJISIET aHAIM3MPOBATH JBM)KEHUE YACTHIl NMPH Ooyiee BBICOKUX KOHIEHTPAIMSIX, YeM 3TO
JOCTHXHMO METOJIaMH TPacCUpOBKH oTAenbHbIX yactul] (PTV [122,123]), a Takxke aeTaqbHO
OIHCHIBATh WX KOJUIEKTUBHOE IMOBEIEHHE — BOJHBI, BUXPH, T€UEHUS U T.N. [loMumo 3TOTO, OH
OPUMEHUM K M300pa)KeHUSM, MOJYYEHHBIM HE CHEIHAIU3UPOBAHHBIM 00OpPYIOBaHHUEM, NPH

YCJI0BUH JOCTATOUYHOT'O KAYCCTBA JAaHHBIX U TOYHO U3BCCTHOI'O BPEMCHHOTI'O HHTCpBaJIa CBbEMKH.
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Bmecre ¢ tem meton PIV umeer onpenenénnble orpanudeHus. OH, Kak IpPaBUIIO, HE
MO3BOJISIET OTCJIEKUBATh JBM)KEHUE OT/IEIbHBIX YacTHIl U Haubojee F3PPEKTUBEH B CUCTEMaX C
HAIPaBJICHHBIM CMEILIEHUEM U MOBBIIIEHHON TIOTHOCTHIO YyacTull. Kopme Toro meroz obnamaer
OTHOCHUTEIIbHO HHU3KHUM MPOCTPAHCTBEHHBIM pa3pelieHueM (OJMH BEKTOP COOTBETCTBYET
CpeHEeMY CMEILEHHUIO YaCTULl BHYTPU OKHA IMOMCKa). BoccTaHOBIeHNE TPEXMEPHOTO ABIKEHHS B
metone PIV XoTrs W BO3MOXHO, HO 3TO TpeOyeT 3HAYMUTEIBHO Ooyiee CIIOKHOU
9KCIIEPUMEHTAIBHON ycTaHoBKU (Tomorpaduueckue PIV u PTV [124], crepeo PIV [125] ) ¢
MCIIOJIb30BaHUEM JIONIOJHUTENIBHBIX KaMep.

Kak Obu10 onmcano B paznene 1.4, anroputm PIV nmpuHumaer Ha BXoJ Ba H300paxeHUs
C KaMephbl, CHATBIX C HHTEPBAJIOM B HECKOJIBKO MUKpOceKyH 1. Kaxmoe nzo0pakenne pazonBaercs
Ha repekpbiBaroruecs odmactu (16x16, 32x32, 64x64 wim 128x128 nukceneii), puc. 2.2.1, 9to
MO3BOJIAET MOJYYUTh HECKOJIBKO COTEH BEKTOPOB CKOpocTH. K mapam COOTBETCTBYIOIIHMX
oOmacreil mpumensercsi ObicTpoe mpeobOpasoBanne Dypbe, MUK Pe3yabTHPYIOMEH (QYHKINU
COOTBETCTBYET HCKOMOMY BEKTOPY CMemeHHs dacTui. [lJis yTOYHEHUS NOJOXKECHHS IHKa
UCIIONIB3YETCSl MOMAMUKCENbHAsS MHTEPHOJAIMS KaK MpaBWiIo, AByMepHas perpeccusi ['aycca c
TOYHOCTBIO OKOJIO 0.1 mukcens. TOYHOCTh AOMOMHUTENBHO MOBBIIMIAETCS 33 CUYET HECKOJIBKHX
UTEpalMii C TIOCJIEOBaTEIIbHBIM YMEHBIICHHEM Iara CeTKHM BIBOEC M OWJIMHEHHOW JHOO0
OMKYOMYEeCKOW MHTEPIOISAIMENH HEeJOCTAIONINX BEKTOPOB. biiaromaps mapamiensHON CTPYKType

aroput™ 3(QQPEeKTUBHO peanu3yercs Ha TpapuuecKux Mpoleccopax; MOJIpPOOHOE ONHCaHUe

UCIIOJIb3YEMOM B HACTOsIIIEH paboTe mporpaMMsl IprBeaeHO B [126].

[TepexpriTrie 0 pOIIEHTOB [TepexpoiTie 50 nporeHToB

Puc. 2.2.1. JlemoHcTpanus pazoreHus n300paKeHU Ha OKHA MOKMCKa 0e3 MEePEeKPhITHS U C
MIEPEKPBITHEM.

BaxxHO OTMETHTB, UTO KJIACCHYECKUU aJITOPUTM TPEIOIaraeT OJHOPOIHOE IBIKCHHUE

BCCX YaCTULl BHYTpPU pacquHoﬁ oOacrtu. OI{HaKO PCAIIbHOC IBUKCHUC II0TOKA MOKET
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OTJINYAThCS, OCKOJbKY HAJIMYME IPAJUEHTOB CKOPOCTH MOXKET MCKaXKaThb PE3yJIbTaThl, CHUXKAs
TOYHOCTb  ONpefesieHuss cmelleHuss. KoppekTHas MHTepoperanuss [POCTPAHCTBEHHOU
KOPPENSUOHHON (DYHKIMM KakK OTOOpaK€HHE CMEIIEHUs 4YacTUI] BO3MOXKHA JIMIIb JJIs
HEC)KUMAEMBIX TIOTOKOB C OJHOPOIHBIM pacrpeeicHreM “HacaabHbix” TpaccepoB [127]. Eciu
JTAaHHBIE YCIIOBHSI HAPYIIAIOTCS, TIOJ0KEHNE MAKCUMyMa KOPPEISILMOHHON (DYHKIIMK CTAHOBUTCS
3aBUCHUMBIM OT [JBIKEHHMS IIOTOKA, a TAaKXK€ OT XapaKTEPUCTUK paclpeAciieHUs 4YacTull B
pacyeTHOM 00acTH.

Monens cTenna ucnosibzyemoro st PIV u3mepenuii moroka npuseieHa Ha puc. 2.2.2.
PIV cucrema coctosina u3 MoHOXpoMHO#M ckopocTHoU kamepsl JAI PULNIX RM-4200 GE (4 MIT)
¢ oowexktuBoM Nikon, nBoitHOro mMmynbcHOTO Jazepa BeamtechVlite 200 ¢ muHON BoHBI 532
HM (JUIMTEJNBHOCTh UMIynbca 6-8 Hc, MakcumanbHas 3Heprus 200 mM/x) U cMHXpOHHU3aTOpa
mapku «[IOJIMC». Cucrema U3 kaHaina, jla3epa U CKOPOCTHOW KaMmepbl ObLIa pacrojio’keHa Ha
HAMpaBIAIONUX pelbcax Uil OOECIEeYeHUsT OPTOTOHAIBHOCTH YacTe W YCTOHYMBOCTH K
BHEIIHUM BUOpanmsiM. VIMIyIbCHBIH J1azep pacrosaraics MoJ U3MEpUTENIbHBIM ydacTKoM. CBet
Ja3epa Mmomajanl B KaHal C HHU3Y OTpaxaschb OT CTaJbHOIO IOJMPOBAHHOIO 3epKaia,
PaCIOJIOKEHHOTO 1O YTJI0M 45° Ha perympyeMoi OACTaBKe. DJIEMEHThl ONTHYECKON CUCTEMBbI
(;mazep, kamepa, 3€pKajgo) MMEIHW BO3MOXKHOCTH MapajUieIbHO CIBHUIAaThCS BIOJIb W IOMEPEK
u3MmepurenbHoro yvactka. s 3amucu PIV skcnepuMeHTOB HMCHOIB30BAJIOCH MPOTPAMMHOE

obecreuenne «Actual flow» sepcun 1.18 [128].

Puc. 2.2.2. Mojenb U3MEpUTEIIBHOTO y4acTKa.
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3aceB MOTOKa MPOU3BOAUIOCH MMYTEM MOAAUX YaCTUI] TJIMLIEPUHA U3 TEHEPATOpa a3p030Jist
kouaeHcanuonHoro tuma INVOLIGHT FM1200 B cmenuanbHbli KyOWMYecKkwii oObeM, U3
KOTOpPOT0 CMECh BO3/1yXa C YaCTHIIAMHU T0/1aBajach B pabounii kaHan. CTeHKH KaMepbl CMEIIEHUs
OBLIM MPOHULIAEMBIMU. THUMHYHAS KOHIIEHTPALMS YaCTHI] B SKCIIEPUMEHTAX COCTaBIIsLIa 8 4acTuIl
Ha OKHO Toucka 32x32 nukcens. Jluamerp wactull Bappupoaics B npeaenax 1-3 mukcens uimu 2-
6 MKM, 4TO SBJISICTCS JIOIYCTHMBIM JUIsI JO3BYKOBBIX TYpOYJICHTHBIX TOTOKOB [129].

JUis  monmydyeHWs TOJNIeW CKOPOCTHM MO0 M300paXeHHUSIM IIOTOKAa HCIOJIb30BaJICS
pa3paboTaHHBI aBTOPOM KPOCCKOPPEISILIMOHHBIM HTEPAaTUBHBIM alrOpUTM C HENpPEPHIBHBIM
CMellieHreM OKHa moucka [126]. B craHgapTHBIX YCIOBHSIX QJITOPHUTM MPHUMEHSJICS C OKHOM
noucka 64x64 nukcens, nepekpoiTueM okoH 50%, IByMs UT€pallUIMH, OTCEBOM U MOCIIEIYIOMIEH
MHTEPIONSIINEN JTOKHBIX BEKTOPOB [0 COOTHOIICHUIO CUTHAJ/IIIYM, YMEHBIIICHHEM OKHa MOMCKa
1o 32x32 nukcens Ha BTopoil utepauuu. O6xacte PIV-u3mepenuii cocraisuia 20 MM nonepék
notoka u 40 MM BaoJib Hero. [IpocTpaHcTBeHHOE pa3pelieHre B MPOBEICHHBIX SKCIIEPUMEHTaX

cocraisuio 0.29%0.29 mm?/BeKTOp.

2.2.1. Cucrema (pa3oBoii cunxponuzanuu PV usmepenmii.

PIV cucrema Obula CHHXpOHH30BaHa C YIVIOM IOBOpPOTa 3acJIOHKH C miarom B 15°
MIOCPEACTBOM ONTUYECKOTO AATYMKA U I'PaJydpPOBAHHOIO JUCKA C MPOPE3bI0, PACIIIOKEHHOTO Ha
Bally ImynbcaTopa, puc. 2.2.3. J{is 3anucu u3MepeHuil onpeaeneHHoN ¢a3bl Myabcaluii BHEIIHASA
CTOpPOHa JHCKa CABHUIaJlaCh OTHOCHTEIBHO HYJIEBOTO IOJIOKEHHMS Ha ONPEAETCHHBIH yroia H
¢ukcupoBanacek Ha mectepHu. JJaTuuk numen nudposoit coBmectumbiii ¢ TTL Beixon. Curnan ¢
ONITUYECKOTO JaTYMKa CIY)KUT TPUTTEPOM JIJISl 3aIUCH Tapbl H300pakeHUI MOTOKA ¢ 3alaHHBIM
BPEMEHHBIM MPOMEXKYTKOM MEXAY KaapamMu. TakuMm o0pa3oM NpH KaXJIOM MOJHOM o0opoTe
3aCJIOHKHU 3alKChIBajach OJHA Mapa M300pakeHHi MmoToka B 3a/laHHOM (aze. BpemeHnHoil mar
CHHXPOHHU3AIMU cocTaBisil 1/12 mepuona mynbcaruii.

O6mras cxema coeauHeHui anemeHToB PV ycraHoBku mpencraBiena Ha puc. 2.2.4.
Cursan onTUYecKOro JaT4yuka MocTynaia Ha Bxoa cuHxpoHuszaropa «I[1OJIMCy», paGorasiiero B
pe’kuMe BHEIIHEH CHHXpOHU3alMH. 3aTeM HeoOXxoaumasi Ui MHULMUPOBAHMS 3aIHCH Maphbl
n300pakeHM pa3BepTKa MOCTyNalla Ha UMITYJIbCHBIH Jla3ep M CKOPOCTHYIO Kamepy.

OtnuunTenbHass 0COOCHHOCTh MMITYNIbCHOTO Jtazepa BeamtechVlite 200 3akirouaercs B
TOM, 4YTO OH COCTOMT U3 JBYX JIa3€PHBIX JIaMII, KaXKAasg U3 KOTOPBIX HYXKIAETCS B CUTHAJE JUIs
Hayasa HaKOIUIEHUS PHEPIruu (HaKauky) U CUTHAJIE JUIS MOKUTa Ja3epHON JIaMITbl, 32 KOTOPBIM
ciemyet Benbimka. CHCTeMa YCTpOEHA Tak, 4TO IepBast J1a3epHast JIaMIla BCITBIXUBAET B MOMEHT

AKCIIO3HITMH TIEPBOTO KaJpa, a BTOpasi — BTOPOTO Kajpa u3 mapsl. B TeueHne sKkcrno3ummm.
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Puc. 2.2.3. Pacniono)xeHue ONTUYECKOro 1aTYMKa CUHXPOHU3AMU (hazbl.

OnTuYecKkuy JaT4uK C

BeamtechVlite 200
I.IPI(l)pOBLIM BbBIXOJ0M

biox cuHXpoHM3aUu

JAI PULNIX RM-4200 GE

Puc. 2.2.4. Cxema coequuenus sementoB PIV cucremel.

MPAKTUYECKH BECh CBETOBOM MOTOK, PETUCTPUPYEMBIN Kamepol, GpopMHUpYETCs OTpaKeHUEM
JIa3€pPHOTO MMITYJIbCAa OT YaCTHUI[-TpaccepoB. [IUTENbHOCTh MUMITYJIbCA COCTaBIsIET 6-8 HC, YTO
oOecrieunBaecT MPAKTUYCCKH MTHOBCHHYIO «3aMOPO3KYy» YacTHI[ B KajJpe HE3aBHCUMO OT
YCTAHOBJICHHOTO BPEMEHH JKCMO3MIMU. TakuM oOpazom, (hakTWdeckuii BpeMEHHOW WHTEpBall
MEXy KaJpaMH OIMpenesseTcs] UCKIIYUTEIBHO 3aePKKOM MEXIy CHUTHAJaMH MOJKHTa JBYX
Ja3epHBIX JIaMII.

Pa3BepTka curnamoB HeoOXoauMasi JJIsl 3aITUCH OJHOU Tapbl M300paKEHUN B yCIOBHUAX
BHEIITHEW CHHXPOHU3AINH MpECTaBiIeHa Ha puc. 2.2.5, co claeayrmuMu 00o3HaueHusIMu. E1 —
CUTHAJ ISl BKIIFOUEHUS HAKOTUJICHHSI YHEPTHH Ha JIaMIIe TIepBOro KaHana jasepa. Q1 — curnan ans
MOJDKUTA JIaMITBI TIEPBOTO KaHana ja3zepa. E2 — curHan Hakauky JIaMIlbl BTOPOTO KaHalla jJa3epa.
Q2 — curHaj I MOJDKUTA JIAaMIIBI BTOPOTO KaHasa ja3epa. [1o mepeaHemy kpato curaaioB Q1 u
Q2 mpouCcXOaUT BCIBIIMIKA. 3a/epyKKa HeoOXoauMast I Hakadku Jjami jiazepa BeamtechVlite

200 ¢uxcupoBana u cocrapnser 150 Mxc. B nmpoBeneHHBIX 3KCIIEpUMEHTaX MepBasi SKCIO3ULINSA



65

kamepbl JAI cocraBmsna 8 MKC, Tak YTO MEPBBIA CUTHAN B pa3BEpTKE MOCIE TPUITEPA SBISUICS
CUTHAJIOM HaKa4KH MepBoi a3epHoit mammbl — EL1. [IpogomxurensHocts curnanos E1, E2; Q1,

Q2 cocraBusna 50 Mkc.

PIV pexnm cbemkn

Trigger Period
Frame Delay

TBE

TpUrrep —‘
Kamepa J IKCNO3NLMA 1| IKCNo3numA 2
Nazepl H H

E1 ‘a1 |

Nazep2 I H H
P B2 @

Puc. 2.2.5. lluknorpamma PIV cheMku B pesxume BHelTHeW cuHXxponu3anuu [128].

[MudpoBoii curHan ONTHYECKOrO JaTYyMKa UMEN MPOAOIDKUTEILHOCTh BPEMEHU IMpOJeTa
IIPOPE3U INUCKA MEXY 3JIEMEHTaMH onronapsl. [IpooKUTENBHOCT CUTHATIA BADBUPOBAIACHh OT
3 1o 18 MC B 3aBHCHMMOCTH OT YaCTOTHI BpallleHUs 3aCIOHKHU IyJIbCaTOpa B pacCMaTpUBAEMOM
JUana3zoHe 4acToT Mynbcaluil. B pexrMe BHeNIHEH CHHXpOHMU3AIMK pa3BepTKa s 3anucu PV
napbsl FeHepupoBajach IO MEpEeAHEMY Kpar BXOAHOIO CHTHaJIa ¢ ONTHYECKOro natdmka. Ecinm
BpeMs 3allCHU Mapbl M300paXeHUH IMPEBBIIAT0 MHTEpBal MEXIY TPUITEPHBIMU CHUTHAJIAMH,
ouepenHOM curHan mnpomyckaics. Ha puc. 2.2.6 mpuBeneHbl H3MepeHHble Ha IU(POBOM
ocummtorpade Rigol DS1054Z mukiaorpaMMmbl CHTHAJIOB CHHXPOHHM3AIMK. 3ajepikka Havaia
3anucu PIV-mapel ompenensnach BpeMEHEM HaKaukd JIa3€pHOM JIaMIbl U HAaKJIOHOM (pOHTa
CHUTHAJIa OIITOMAPHI.

CpabarpiBaHMe TOpora TpUITEpa CHHXPOHU3ATOpa TMPOUCXOAMIIO Ha CepeIuHe
HapacTaromero (poHTa BXOJHOIO CUTHAJA, MOCIE YEero CUHXPOHHU3ATOpP OTIPABIISI KOMaHAY
HaKayky nepBoi jga3epHoit Jamibl (E1) 6e3 kakoii-mudo nuzmepumoii 3anepxxku. Kpyrusna gpponra

CUTHaJIa OITOIAPHI TAKIKE 3aBUCCIIAa OT CKOPOCTU HpOJ'IéTa IIpOpEC3U. CYMMapHaSI 3aACPIKKA MCKIAY
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TPUTTEPHBIM CUTHAJIOM ONTHUYECKOTO JAaTUYMKa U MOPKUTOM IMEPBOM JIa3€pHOM JIaMIbl (3aIHChIO
nepBoro PIV kangpa u3 mapsl) coctaisuia ot 200 MKC Ipu MakCUMaJIbHOW 4acTOTE BpaIIlCHUS
3aciioHkH 10 400 MKC rpu MUHMMaJIbHOU. [Ipr 3TOM OTMeuanack BbICOKasi BOCIPOU3BOJIUMOCTh
TPUITEpHOTrO curHayia. JlaHHas 3axepKKa IOBTOPsUIACh JUJIsl BCEX 3alMCBIBAEMBIX IIap
n300pakeHuii 1 ObLTa OJMHAKOBOM JJISl SKCIIEPUMEHTOB C OJMHAKOBOM YacTOTOW mynbcanuii. B
paccMaTpuBaeMOM B paboTe auama3oHe MapaMeTpoB MYJbCHPYIOIIETO IMOTOKA MOYHO OBLIO

CUHUTaTh AaHHBIC 3aICPKKN HCCYINICCTBCHHBIMU.

r""W\J —— (Curean onronapsl (TpHITep)
Haxkauka s1a3epHOI1 1aMIIbI
G o = T]OJIKHT J1a3€PHOM JIAMIIBI (1EPBBIH Kazp)
m 3 F‘,\I-VJUM
o i
=]
=)
[
g
2.2
E
st

0 100 200 300 400 500 600
Bpems, MKc

Puc. 2.2.6. I/I3MepeHHLIe B SKCIICPUMCHTAX HUKJIOIPpAMMBI CUTHAJIOB CUHXPOHU3AllUH.
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2.3. MeToaMKa U3MepeHUs] TPEHHUs HA CTEHKe.

KacarenpHOe HampspkeHHE HA CTCHKE NPEJCTABISICT MHTEPEC KaK C TOYKH 3PEHUS
GbyHIaMEHTAIbHON HAayKH, TaK M C IPAKTHYECKOW TOYKHM 3peHus. Ero cpenHee 3HadyeHHE
XapaKTepU3yeT OOIIYI0 KAPTHHY 00TEKaHUS IIOBEPXHOCTH, a (DIYKTYHUPYIOIAs KOMIIOHECHTA HECET
WH(OPMAIIMI0O O KOHKPETHBIX MEXaHHM3MaxX IepeAadd UMITylibca K cTeHke. CyliecTByronue
METOJIbI HM3MEPEHHUs MPHUHATO pa3JeNiaTh Ha MPSMbIE U KOCBEHHBIC, MPUYEM IOCIICTHUE
OXBAaTBhIBAIOT KaK METOJIbl, OCHOBAHHBIC Ha OaJlaHCe UMITYJIbCA, TAK M KOPPEIISAIIUMOHHBIC TOIXObI
[130].

KoppensiuoHHble METOABI ONMUPAIOTCS HAa 3apaHee M3BECTHBIC aHAJIUTHYECKUE
3aBUCHMOCTH U JISJSITCS Ha MHETpAIbHBIE U TOKaTbHEIE. Tak, TpyOka [IpecToHa ucnonbs3yer 3akoH
CTEHKH, OATBEPKAEHHBIH 1151 00IBIIOro Yrcia TunoB Tedenuit [131]. TTockonbky e€ mokasanus
OIPENENSIOTCS YCIOBUSIMH BO BCEM MOTPAHUYHOM CJIOC, OHA OTHOCHTCS K HHTEIPAIbHBIM
meTtogam. Clenyer UMEeTh B BHIY, YTO KOPPEKTHOCTh PE3yJIbTaTa MPH HCIOIb30BAHUU TPYOKHU
[IpecroHa rapaHTUpOBaHA JIMIIb TOTJA, KOTJIA WCCIEAYyeMOe TEYCHHE JICHCTBUTEIHHO
MIOTYMHSETCS 3aKOHY CTEHKH, UHAUE TTOTYYCHHBIC 3HAYCHHUSI MOTYT OKa3aThCsl HEJIOCTOBEPHBIMH.
JlokajbHBIE METOJIbI YYBCTBUTEIBHBI K MO0 TCUCHHUS JIMIIL B HEIIOCPEICTBEHHOM OKPYXCHHUU
natauka. [lo cpaBHEHHMIO C WHTErPaIbHBIMH TIOJXOJAMH, OHH OXBATHIBAIOT 3HAYHTEIHHO
MEHBIITYIO0 00JIaCTh BOJM3HM CTCHKU U B MEHBIIICH CTEIICHU PEarnpyroT HAa OCOOCHHOCTH TCUCHUS
BO BHEIIHEW dYacTu morpaHuyHoro cios. K mpubopam naHHOTO Kjacca OTHOCSTCS TpyOka
Crenrona [132], a Takke BCTPOCHHBIC 3aIOJJTUII0 TEPMOIUIEHKH U TEPMOAHEMOMETPHUYCCKUE
naruuku [133,134].

MeTto/el OanaHca UMITYJIbca OA3UPYIOTCS HA U3MEPEHUN MHTETPATBHBIX XapaKTCPUCTHUK:
rpaaueHTa AaBJICHUS BAOJb KaHala UK TPYObI INOO TOIIIHUHBI TOTEPH UMITYJIbCA B IOTPAHUYHOM
cioe Ha miuockod miuactuHe. ONHAKO Takhe M3MEPEHUs MOAXOASAT TOJMBKO Ui TIaJKUX WA
XOpOIIO H3yYSHHBIX TeoMmeTpuid. [IpsiMble METOJBI CUYUTAOTCS KOHIICNITYaJIbHO Hambolee
COBEPIIICHHBIMU: OHHM W3MEPSIFOT HETMOCPEICTBEHHO CHITY, MPWIOKCHHYIO KHIKOCTBIO K
MOBEPXHOCTH, U HE 3aBHUCAT OT KOHKPETHOW CTPYKTYpPhI TEUEHHUS WU PEOJIOTMUYECKUX CBOMCTB
cpensl. TUMMYHBIM TIPEICTABUTENIEM 3TOTO Kilacca SBISETCS JAaTYMK C IUIABAIOIIUM JJIEMEHTOM.
OpaHako MPUMEHEHHUE MOJA00HBIX METOJIOB COMPSIKEHO ¢ OOJIBIIAM KOJIWYSCTBOM TEXHUYECCKHX
tpyauocreii [135,136].

K uHTerpanbHbIM KOPPEISIMOHHBIM MeToaM oTHocuTcs MeToa Kiaysepa [39,137,138],
B KOTOPOM CKOPOCTh TPEHHUS U, MOJOMPAETCS UTEPATUBHO JO TEX MOp, MOKa HOPMHUPOBAHHBIN
npoduiIk CpeHEl CKOPOCTH HE COBMAAET ¢ JorapuPMHUUECKUM 3aKOHOM CTEeHKU. MeToj yno0eH
B MPUMEHEHUHU, OJJHAKO TMPEABSBISET BBICOKHME TPEeOOBAHMS K TOYHOCTH HM3MEpeHUs Mpoduis

CKOPOCTH. 3a4acTyr HCHoJb3yeTcs ¢ TakuMu Merogamu kak LDA u PIV wnmm msmepenusvu
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TepMoaHemMomerpa. [l W3MEpeHus KacaTelbHBIX HANpsSOKCHW Ha CTEHKE B pabore
MCIIOJIL30BAJICSI UMEHHO JIaHHBIHN KJIAaCC METOIOB: KoMOuHaIms Merona Kimaysepa o usMepeHHbIM
PIV npoduissmM cKOpoCTH ¥ TETUIOBOTO JATYMKA TPCHHS.

Meron Knay3epa ocHOBaH Ha JiorapuMUYECKON 00JacTH 3aKoHA CTeHKH, puc. 2.3.1.
3aKOH CTEHKH CIPAaBEJIMB B IIMPOKOM JMANa3oHE TPAHUYHBIX YCIOBUH — HAmpUMep, MpU
HAIMYUU TPAJAUCHTA JABIICHUS WIM yMEPEHHOW MIEPOXOBATOCTU IMOBEpXHOCTU. [lodTOMy OH
NIPUTOJICH ISl ONIPE/ICIICHHS KacaTeIbHOTO HAMPSHKCHUS Ha CTEHKE MOCIIE HAX0XKICHHSI CKOPOCTH

TpeHust u’, MO M3MepeHHBIM NpPOQMIAM CKOpOCTH. IIpodumu CKOPOCTH IIPUBOIATCA K
YHHMBEpCAIBHBIM KoopauHartam u‘t = ﬁ/(UO,/Cf/Z), yt =y/v=* Uo\JCr/2, tne C¢/2 =1,/

(pUZ), Uy = max(U), Takum 06pa3oM, u4ToObl jorapudmudeckas yacth npoduns, yt > 45,
HAWITYYIIIM 00pa3oM JIOKHIIACh HAa 3aBUCUMOCTb
1

ut = Aln y* + B, (2.3.1)

rae A = 0.4 — nocrossuHas Kapmana, a B = 5.5 — KoHCTaHTa, KOTOpast Jii HEKOTOPBIX THIIOB
TEUYCHUN M TPAHUYHBIX YCIOBUHM 3aBUCHUT OT yucia PeliHosbaca. J[aHHbIE KOHCTAHTBI SABJISIOTCS

YHUBEPCATLHBIMHE /151 OOJIBITHHCTBA TYpOYyIeHTHBIX TeueHui [139].

JlamuHapHel, . IepexogHas TypOyieHTHOE
0 CJI0H 20Ha AApPO

225

15

¥=25In gyt 45,5

wt e X
7.5 ___/ 4"-
//—/.i{ & *=5Ing* 3,05
gt / =]
L=t

Puc. 2.3.1. JlorapupmMudeckunii 3aKOH CTCHKH.

BOHpOC O BO3MO’KHOCTHU IIPUMCHCHU METO1a Knay3epa I OIPCACIICHUA KAaCATCIIbHBIX

HaNpsOKEHUH Ha CTEHKE B HECTAIMOHAPHOM IOTOKE SIBIIAETCS TUCKyCcHOHHBIM [39]. B HacTosmeH
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paboTe ero MCIoiab30BaHHE OOOCHOBAHO KBA3WUCTALIMOHAPHBIM PEXKHMOM PacCMaTPUBACMBIX B
paboTe MOTOKOB.

MeToap1 U3MEpEHHs TPEHHsI TEIUIOBBIMH JaTYMKaMH, OCHOBAHBI HA 3aKOHAX TEeINI000OMEHa
MEXy CHEIMATbHBIM MOBEPXHOCTHBIM 3JIEMEHTOM M OOTEKarolIeil ero »uakocTbo. [IpuHnun
paboThI TAKMX YCTPONCTB COCTOUT B CIAEAYIOLIEM. DeKTpruecKas TeruioTa Jkoyns, BblaenseMas
B YYBCTBHUTEJIBHOM D3JIEMEHTE, PacCIpeAesaeTCs MEXAY >XKUAKOCTbIO M IOJIOKKOW COIJIacHO
COOTHOILEHUIO

Q; =Qr + Qs (2.3.2)
rae Qf — TEmIoTa, OTBOMMAs XKUIKOCTBIO HEMOCPEICTBEHHO C HArpeTOM MOBEPXHOCTH, Qs —
TEIUI0Ta, 0€3BO3BPATHO MOTJIONIAEMAs MTOI0KKOM.

B ocHOBe MeTO/1a IEKUT KIIIOUEBOE JOMYIIEHHUE O TOM, YTO TETJIOBOM MOTPAHUYHBIN CIIOM,
bopMHUpYIOIIUNACA HAJ YyBCTBUTEIBHBIM JJIEMEHTOM, IEJIMKOM pacCIojaraercs B JUHEHHOMN
(Bs13k0i) oOnact mpoduist cKopocTd. [Ipu JOMOTHHUTENIBHOM YCIOBHHM JHUHEWHOTO poOCTa
aAMIUIUTYBI MYJIbCAIUN CKOPOCTH C PACCTOSTHUEM OT CTEHKH CTAaHOBUTCS BO3MOXKHBIM CBSI3aTh
MyJIbCAI[MHU KacaTeIbHOTO HANIPSDKEHUS C MYJIbCAIUsIMU HHTEHCUBHOCTH TeruiooOMeHa. CoriacHo
MMEIOLIUMCS JIaHHBIM, B 3HAUWUTEIbHOM YacTU BA3KOTO IOJCIOS IOJIEe CKOPOCTEH ¢ Xopoliei
TOYHOCTBIO ONHUCHIBACTCS JIMHEHHBIMU BhIpaxkeHUsiMH [140], 4TO 1MO3BOJISET NPUMEHSTh JTaHHBIN
METO/ AJIsl OTIpeACTICHUS MYIbCAIIHOHHBIX KOMIIOHEHT TPEHHUSI.

KonnuecTBeHHas CBA3b MEXIY KacaTEJbHBIM HANpPSDKEHWEM U TEIUIOTOM, OTAAaBacMOM

KHUAKOCTU HAa €AWMHUIY INUPHUHBI TIOBECPXHOCTH, OIMPEACIIACTCA COOTHOIICHHUEM

1
2?2 \3
Nu=0807(—1, |, (2.3.3)
ua
rie Nu — uucino Hyccenbta, | — mpomosibHBIA pa3Mep HarpeBaeMoro »JIEMEHTa, [ —

TUHAMHUYECKast BA3KOCTh, @ — KO3 uimeHT temmeparyporpoBogHoctu. CooTHotnenue (2.3.3)
BIICPBBIE ObLIO aHATMTHYECKH ToydeHo B padote Ludwieg [141] mist toukoit donbru. ITo3aaee
Liepmann u Skinner [142] uccnenoBanu BAWSHUE TPaAMEHTa TaBJICHUSA, KOTOPBIH MPHUBOAUT K
OTKJIOHCHHUIO TPOQIISI CKOPOCTH OT JUHEHHOTO B Bsi3koi obOnactu. [lpm HeOmarompusiTHOM
TpaaueHTe JAaBJICHUS BKJIa)l HSIMHEHHBIX WICHOB B Pa3JIOKEHUN CKOPOCTH I10 JUTHHE TEIIOBOTO
MOTPAHUYHOTO CJIOSI CYIIECTBEHHO BO3PACTACT U UMU YXKE HEIb3sI MpeHeOperarTh, a BOIU3U TOUKU
OTpBIBA COOTHOIIICHHE TIOJHOCTHIO MepecTaeT padorark. JlJis MPUMEHUMOCTH JaHHOTO MOJAX0/a
TETJIOBOM MOTPAHUYHBIN CIOW HE JOJDKEH BBIXOAWTH 3a Mpenebl JUHEHHOoW obmactu. OTkyna
cleyeT HeoOX0IMMOCTh MaJIoro pa3Mepa TeIJIOBOTO JaTYHKa.

[IpakTHdecku Bce TEMIOBBIC NaTYMKU PAOOTAIOT B YCIOBUSX MOCTOSHHOM TeMIIepaTyphl,

no3ToMy cooTHomieHue (2.3.3) ompenensercs TONBKO TEKYIIMM 3HAYEHHUEM KacaTelbHBIX
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HaHpH)KeHI/Iﬁ notoka. Temmo OTBOAMMOC OT HArp€BacMOIro JJICMCHTA OKa3bIBACTCA

TIPOTOPIMOHATBHO T,, /3

. C y4eTom TOr0, 4TO TETJIO MOJBOIUMOE K TATUYUKY MPONOPIIMOHATIEHO
KBaJpaTy AJIEKTPUUYECKOT'O HAMPSKEHNUs, BhIpaxkeHue (2.3.2) MOXKeT ObITh NEPErnucano B BUJE:

E*= at1,Y3+ B, (2.3.4)
rie E — HampspkeHHe Ha JaTdMke, «, [ — SMIHpUYECKHE KOI((OUIMEHTHI, ONpeaessieMble
KamuOpoBKor. IIpu 3TOM KOAPPHUIMEHT @ ompenesseTcs TOIbKO MapaMeTpaMy HarpeBaeMoro
ANIEMEHTA, a KOA((UIIMEHT S OTBeYaeT 3a BKJIA/l Iepe/iauu Teria Yepe3 MOATIOKKY.

W3-3a TemigoBOM MHEPTHOCTH B YCIOBHSX (UIYKTYallMii CKOPOCTH M KacaTeJbHBIX
HaNpsDKCHUH TI0JUIOKKAa MOYKET HE YCIIeBaTh pearupoBaTh. B pesynabTare mpu OJMHAKOBBIX
MTHOBEHHBIX 3HAQUEHHUSAX KAacaTeJNbHOIO HANpsDKEHUs TeIvlonepenaya IpH  IyJbCalMsix
OKa3bIBa€TCsl MEHBIIEH, 4YeM IpU KaluOpoBKe. BBIXOAOM M3 3TOr0 MOJIOKEHUS CIYXKHUT
MUHHMH3ALUS TEIUIONepeayd B TOMJIOKKY WM MaKCUMH3AIMs JOJIH TEIUIOTHI, OTBOJUMOMN
xuakocTbio. Hampumep, pacnosiokeHue JaTurMKa HENOCPEACTBEHHO y CTEHKHM B BO3AYXE,
HO3BOJISIET JOOUTHCSA XOPOILEro pe3ysibTaTa, 3a CUeT TEIJIOU30JIMPYIOIIUX CBOMCTB BO3IYLIHON
npocioiiku [143]. JIpyruM NpakTHYECKUM PEIICHUEM SIBJISETCS HCIIOJIB30BAaHUEM TOHKHX
IMHAPHUYECKUX HUTEH, KOTOPBIE MOXKHO KPEMUTh HEMOCPEICTBEHHO Ha IOJIOKKY, BCICICTBHE
UX MaJiod IUIOH[aJy KOHTAaKTa, YTO JEMOHCTPUPOBAIO XOPOIIYID TOYHOCTH ONpPEACTICHHS
GIyKTyHpyIOIeil KOMIIOHEHTHI KacaTebHbIX HampspkeHuit [144].

2.3.1. KoHcTpyKIHUS TENJVIOBOI0 AaTYUKA TPeHUsi. CHHXPOHU3ALUS U3MePeHHUId.

Hcnonb3yemplii B paboTe AaT4yMK TPEHUs MPEACTaBIsl cO00W BOJB(PaAMOBYIO HHTH
quamerpoM 10 MKM M AJUHHOW 2.5 MM 3aKpeIUICHHYI0 Ha Te(JIOHOBOW MOJJIOXKKE, TaKUM
o0Opa3oMm, 4TOOBl HUTh MO BCeH ANMHE Mpuierana K mnomioxke, puc. 2.3.2. Koaddunuenrt
TEIUIONPOBOAHOCTH MOJUIOKKU cocTaBistia A = 0.25 Br/MK. JlaTunk ycraHaBnuBajcs BPOBEHbB C
YPOBHEM CTEHKH, OCTaBJIAs TOJIbKO HUTb OTKPBITOW [uis 001yBaHUs MOTOKOM. JlaHHas
KOHCTPYKIIMSI JaT4MKa BhIOpaHA B COOTBETCTBHM C PEKOMEHMIAIUSMH, IPEICTABICHHBIMH B
pabotax [145,146]. BonshpamoBast HUThH ObliIa MPHUBapeHa K KOHTAKTaM M3 HEP)KaBEIOIIEH CTaIH
nuamerpoMm 0.8 MM, MOAKIIIOYEHHBIM K SKPaHUPOBAaHHOMY pa3beMy Ha BHEIIHEH CTOPOHE KaHaa.

JlaT4uK TpeHUs MOJCOEANHEH C MOMOIIBI0 KOAKCHAILHOTO SKPAaHUPOBAHHOTO Kalens K
6s1oky Tepmoanemomerpa DISA 55MO01. U3mepuTenbHbIid 610K TEpMOaHEMOMETpPa MOACPIKUBAIT
MIOCTOSTHHYIO TEMIIepaTypy HUTH co crenenbto neperpesa Ty /Ty = 1.3, rne Ty u Ty — Temnepatypa
HUTH W Ta30BOTO IOTOKA, COOTBETCTBEHHO. CHWTHAJI ¢ TepMOAaHEMOMETpa B IKCIEPUMEHTaX
cuuThIBaJICs ¢ momolnkio 14-paspsignoro AIIT L-Card E14-140m c wacroroii 3anucu 10 kI

B ycnoBusx mynbcupytomiero notoka 3anuch ¢ ALIT 6pu1a CHHXpOHHM30BaHa € HYJEBBIM
MOJIO’KEHHEM 3aCJIOHKHU TOM ke caMOM CHCTEeMOW CMHXpOHU3auuu, 4yTo npu PIV skcnepumenTax

(pazmen 2.2.1). Takum obpazomM, momeHT Hauana 3anucu ALIl cooTBeTcTBOBaAN MIEpBOMY Kaapy
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PIV u3 mapsel, uckirodas 3alepKKy MEXIy H3MEpSAeMbIMH B Pa0OTE MOJIIMH CKOPOCTH H
KacaTeJIbHBIMHU HaNpsDKeHUsMU. 3MepeHus KacaTenbHbIX HANpsHKEHUH TPOBOJMIIACE OT/ICIBHO
or PIV »skcnepumeHTOB, 4TOOBI H30€XaTh BIMSHHS 4YacTHI[ a’po30Jii Ha HUTH. llepen
9KCIIEPUMEHTAMU C JTaTYMKOM TPEHHUS KaMmepa CMEIleHHus, BXOJHas U pabodas 4acTh KaHaja

OUYNIIAJIMUCH OT OCTATKOB a3pP030Jid.

Tepmoanemomerp DISA 55M10
TernnoBoi aT4YMK TPEHUSA

brok cunxponmszanuu «I[TOJIUCy @ >

14-pazpsianoe ALITT
Lcard E14-140m

Puc. 2.3.2. ®0oT0 TEMIIOBOTO AaTYMKA TPESHUS U CXEMa CHHXPOHH3AINH ITPH 3aITHCH

MyJBCUPYIOLIETO pPeXUMa IOTOKa.

2.3.2. KannOpoBka 1aT4nka TpeHUs.

Jns kanuOpoBKM JaTyuka TpeHus Obuin mposeneHbl cepun PIV skcnepuMmeHTOB B
CTallMOHAPHOM MOTOKE Npu Bapuanmu pacxopaa. Ilo nanueiM PIV skcnepumeHnTta mosmydeHsl
npodMIM CpeTHEe CKOPOCTH B CEYCHHWH IOTOKA, TJI€ PACIIONIOKEH TaT4yUuK TPEHHS. 3aTeM K
U3MEPEHHBIM POPHIISIM CKOPOCTH MPUMEHsIICS MeTo | Kitay3epa st BBIYMCICHHS KacaTelTbHBIX
HanpsbkeHui Ha creHke. KannbpoBounble npoduian ckopocTH npeacTaBieHsl Ha puc. 2.3.3. Bee
U3MEPEHUs IPOXOJIMIN B TypOYJIEHTHOM PeXHMe CTallMoHapHOro notoka. [Ipodumu ckopocTtu B
KaHaJIe XOPOIIo 0000IaINCh JTOTapU(DMHUIECKUM 3aKOHOM.

JIiist BATMIaliiy KacaTeNbHBIX HAMPSDKEHUH, TIOTYYEHHBIX 110 KAIMOPOBOYHBIM TTPODHIIIM
CKOpOCTH, OBIJT pACCMOTPEH 3aKOH CONpoTUBiIeHus biasuyca. [l ucnonp3yemMoro kaHajna 3aKkoH
bnasuyca Bemonnsuics ¢ koagdurmentom 0.27, puc. 2.3.4, 4To XOPOIIO COBNAAATO C U3BECTHBIMU
JTAHHBIMH JIJISL IPSMOYTOJIbHBIX KaHaiioB [147,148]. 3HaveHuss ko3 HIHMEHTA COMPOTUBICHUS
OBLIO TTOTYYEHO Yepe3 IMepecueT KacaTelIbHBIX HANPsDKEHUH 1Mo popmyre

2= 3w 235
- 2:35)
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rne U — cpeaHepacxogHas ckopocTh. Ywucino PeliHompaca B 3aKOHE CONPOTHUBIICHUS

pacCUYUTHIBAIOCH TI0 CPETHEPACXOAHON CKOPOCTH M THIPABINYESCKOMY JHAMETPY KaHaa.

2549 4
1U
20
15—. o 6*103
e 12*10°
] A 17*10°
10 - v 34*10°
] ¢ 51*10°
. 4 84*10°
4 * 3
5. » 101*10
1 +
ot
1 10 100 1000

Puc. 2.3.3. KanmOpoBo4HbIe MPOGUIN CKOPOCTH B YHUBEPCATBHBIX KOOPIUHATAX.

-2
4x10

-2
3%107 -

-2
2x10 7

A

10

6 % 10_3

Re

Puc. 2.3.4. Tlony4eHHBIE JaATYMKOM TPEHHS KOAPPHUIIMEHTHI COMTPOTHBIICHHSI TOTOKA B

CTallMOHApPHOM PECKUME.

HOCKOHBKy TEIUIOOOMEH HUTH AaTYrKa 3aBUCUT OT OKPYKAIOMIUX YCHOBHﬁ, KaJ'II/I6pOBKa

JaTyrKa TPpCHUA MPOUCXOoanIa ABAXK/bl: HECIMMOCPCACTBCHHO NIEPEA HAYAJIOM U3MEPCHHA U ITOCIIC
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3aBEPILICHUS SIKCIIEPUMEHTOB, puc. 2.3.5. OTanyne u3MepseMoro HanpsHKeHUs 10 U IMOCIe 3aMucH,
Kak npaBuio, He npesblmano 10%. OTmedanach, YTO 3aBUCHUMOCTb CPEAHETO HU3MEPSEMOIO
AJICKTPUYECKOTO HAMNPSDKEHUsI OT T,, XOPOIIO omuchkiBaeTcss Gopmynoi (2.3.4). {ns nepecuera
U3MEPSIEMOTr0 IIEKTPHUCCKOrO HANpsUKEHHs B KacaTellbHbIe HampspkeHus mo ¢gopmyie (2.3.4)

HCIIOJIB30BaIaCh CPEAHASA 3aBUCUMOCTD KaHI/I6pOBO‘IHI)IX JaHHBIX.

12 \,2
38 4E% V ——— [10 3KCNEpPUMEHTa
nocne aKkcrnepumMmeHTa

37
: E2=528*1,'3 + 28

36 -
35
34
33
32 E2=4.96*1," +28
31
30 4

29

1/3 1/3
T,y Pa
| R AR IR e e e e R [ F e P ! R |

062 04 06 08 10 12 14 16 18 20

Puc. 2.3.5. KaJ'II/I6pOBO‘lHBIe 3aBUCUMOCTHU JIA U3MCPCHUA KAaCATCIIbHBIX HaprI)KeHHﬁ.
Ty MOJYYEHO METOAOM Knay3epa nus3 KaJ'II/I6pOBOLIHLIX HpO(I)PIJ'ICﬁ CKOPOCTHU IIOTOKA B

CTAlITMOHAPHOM PCIKHUME.
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3akja0UyeHue K riaase 2.

CozfaH 3KCIEpUMEHTANIBHBINA CTEH]I TTO3BOJISIONIMN MPOBOIUTh M3MEPEHUS B IJIOCKOM
KaHaJIe C MYJIbCUPYIOUIMM TOTOKOM, (DOPMHUPYEMBIM C TIOMOIIBIO JIOMIATOYHOTO ITYJIbCATOPA.
HccnenoBan TapMOHMYECKHH COCTaB BOJH M3MEHEHHS pacxoja, TeHEPUPYEMBIX JIaHHBIM
MyJIBCATOPOM, TTPOJEMOHCTPUPOBAHHO HATMYNE YETHIPEX IIABHBIX TAPMOHUK.

PazpaGorana omnrTuyeckass CcHUCTeMa, IO3BOJIIONIMN HM3MepATh (a30yCpeaHECHHBIE
XapaKTEPUCTHKH MOTOKA, TAKWE KaK TOJsI CKOPOCTH U TYpOYJICHTHBIC IYJIbCAIIUH TP TOMOIIN
pa3pabOTaHHOU CUCTEMbI CHHXpOoHM3aluu ¢a3sl MeTogoM PIV. JlocTtoBepHOCTh M3MepeHU ObLia
YCTaHOBJICHA MPH IOMOIIM CPaBHEHHUS C IMUPOKO HM3BECTHBIMH B JHTEpaType NpoduisMu
CKOPOCTH M TYJbCAllMii B YHHBEPCAIBHBIX KOOpIWHATaX B 00JacTH TYpPOYJICHTHBIX YHCET
PeiiHosbICa B CTAIIMOHAPHOM PEXKHME TCUCHHSL.

Co31aH TEIJIOBOM NaTYUK TPEHHS, OCHOBAHHBIM HAa TPUHIMIIAX TEPMOAHEMOMETpa C
BBICOKMM BpEMEHHBIM pa3zpernieHreM. CHcTeMa CHHXPOHU3ANY U3MEPCHHS TPCHHSI TTOJIHOCTHIO
MOBTOpsUTa CUHXpoHM3amuio PIV cucTteMbl, UCKITIOYas 3aJepKKU MEXKIY HCIIOIb3YeMBIMU
MeTofaMu. JlOCTOBEpHOCTh pE3yJIbTaTOB HM3MEpPEHHs TpEHHsI Oblla YCTAaHOBJICHA IIyTEM
COIIOCTAaBJICHUS C 3aKOHOM TpeHUs biasuyca Juis mpsiMOyTroJIbHOTO KaHaa.

Co3aHHBI  AKCIICPUMEHTANBHBIA  CTEHJ| TO3BOJWJI  TPOBECTH  KOMIUICKCHBIE
WCCJICJIOBAHMSI, COYCTAMIINE adPOJUHAMUKY, TYpOYIEHTHOCTh, KacaTelIbHBbIC HANPSIKCHHUS WU

TCIIJIOBBIC ITOTOKHU B ITYJIBCUPYIOIIUX Typ6y.]'IeHTH]':>IX TCUCHUAX.
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I'naBa 3. Peanu3anusi aaropurma anaausa PlV s3kcnepuMeHTOB Ha

rpapuuecKux npoueccopax.

B nanHoli riaBe npeAcTaBiIeHO ONMMCaHUE Pa3pabOTaHHOIO alropurMa st aHanusa PV
SKCTIEpUMEHTOB mpu Tomoutu rpaduueckux mpoueccopoB (I'TI). IlpuBenensl u 0000IIEHBI
M3MEPEHUS NPOU3BOIUTEIBHOCTH BBIYMCICHUH MpU noMoIu pasinyHbix mozenei I'Tl. Onucan
CO3JIaHHBIH c11oco0 renepanuu cuareTnaeckux PIV n3obpaxenunii. PaccMoTpens u onpoOoBaHbI
pasn4yHble METOJAbl BaJuJauuu aiaroputma. [IpoBeneHbI CpaBHEHHsSI C CYIIECTBYIOLIUMHU

peaiu3anusaMu JaHHOT'O aJiroOpuTMa.
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3.1. Onucanmne pa3padoTaHHOIO AJIrOPUTMA.

Beibop s3pika Python pans  peanmsanmum  paspaboTaHHOro MeToja 0OYCIIOBIIEH
COBOKYIHOCTBIO TEXHMYECKMX M IPAKTHMUYECKHX IPEUMYILIECTB JAaHHOIO s3blka B 00JIACTH
Hay4HbIX BbluMciaeHMd. Ha ceronusmnuuii nens Python sBnsercs ne-daxkrto cranmaprom B
HAaYYHOM IIPOrpaMMHUPOBaHUK: Benylue oTKpbiThie PIV-6ubimorexu (OpenPIV [110], DPIVSoft
[111]) peanu3zoBanbl MMEHHO Ha HEM, YTO OOECIIEYMBACT COBMECTHMOCTH C CYHICCTBYIOIIUM
Ha0OpOM HMHCTPYMEHTOB M UIMPOKYIO JIOCTYIIHOCTh pPa3pabOTaHHOM OuOiIMOTEKM i
UCCIIEI0BATEIbCKOr0 coo0IecTBa. BriOpanHas peanu3salys He TpeOyeT KOMITWIISILIAN CO CTOPOHBI
MIOJI30BATeNs, 00J1a1aeT KOMIIAKTHOW KOZI0BOH 0a30ii, criocoOHa padoTaTh Kak Ha HEHTPAITBHOM
nporeccope (LIII), Tak m Ha Tpaduueckom mpomeccope (I'TI) B 3aBucuMocTH OT BBIOOpa
HOJIb30BATENS.

KitoueBass unes pa3paboOTKH JHOOOrO BBICOKOA(P(PEKTUBHOIO HWHCTPYMEHTAa aHajau3a
naHHbIXx Ha Python ocHoBana Ha MakcHMajabHOM HCIOJB30BAaHUU CIIELUATU3UPOBAHHBIX
BBIYUCIUTEIFHBIX OMOINOTEK, CO3aHHBIX Ha 00JIee OBICTPHIX SI3BIKAX MTPOTPAMMHUPOBAHUS, TAKHX
kak C mnu Fortran. DT GMOIMOTEKN KOMIMIMPYIOTCS IIPU YCTAHOBKE U MO3BOJISIOT BBINOJIHAThH
Olepalyu ¢ MacCUBaMHU C JIOCTaTOYHO BBICOKOH ckopocThio. PyTorch siBisiercss onHOM U3 Takux
oubmotek. 3nagansHo PyTorch paspabarbiBainicst kak (pediMBOPK JUI CO3AaHUS M OOy4eHUS
HEHWPOHHBIX ceTel, HanmucaHHbIi Ha s3bike C/C++ ¢ mopnepxkkoit CUDA, ogHako ero yaoOHbBIH
uHTepdeiic n BRICOKas CTENeHb UHTerpauu ¢ Python mo3BosoT NPUMEHSTH €ro JUIsl LIUPOKOTO
kpyra 3anad. PyTorch taxke mpezacrapisercs NepCHeKTUBHON IUIaTGOpPMOM As peanu3alnuu
Meroaa PIV, mockonbky paspaboTaHHbIE TPOTPAMMBI HE TPEOYIOT U3MEHEHUN B 3aBUCMOCTH OT
TOT0, Ha KAKOM YCTPOWCTBE OHU BHIIOJHAIOTCS — HA IEHTPAJIbHOM WM FpauuecKoM IpOLECCOope.
bazoBbIMU CTpYKTYpaMM JaHHBIX JTOH OMONMOTEKM SBISAIOTCS MHOTOMEpPHBIE MAacCCHBBI
NPUMUTHBHBIX TUIIOB, KOTOPhIE MOTYT ObITh MHUIIMAIU3UPOBAHBI KaK HAa XOCTE, TaK U B MaMATH
I'TI. IIpu >TOM GOJBIIMHCTBO OMEpalUil HajJ MAacCHUBAMHU ONTHUMHU3HPOBAHBI C HUCIOJB30BAHUEM
npuniuna SIMD (Single Instruction, Multiple Data — oHa UHCTPYKITHSI, MHOXKECTBO JTaHHBIX ).
Onepanuuy, BeIIOIHsIEMbIe HaJl MaccuBaMu Ha I'Tl, peann3oBaHbl ¢ UCIIONb30BaHUEM OUOINOTEK
cuBLAS u cuFFT, uro sBnsieTcs Kit04eBbIM (PakToOpoM JIs pemieHus 3aaaun PIV.

JetanpHOE ommcanue odmiero anroputMa ananu3sa PIV nanneix npueneno B pasaene 1.4 u
npezcraBieHo Ha puc. 3.1.1. B paspaborannoit 6ubnmmotexe (Torch PIV) Obutn peann3oBaHbl Bce
KJIFOYEBBIE ATambl ATOro anroputMma. beimm peannsoBaHbl pa3OueHue n300pakeHWN Ha OKHA
MIOUCKA C TMEPEeKPBITUEM, TOJCUET KOppesisauuoHHOW ¢yHkuuu meronom BII®, ompenenenue
MOJIOKEHUS TMUKa KOPPETSALHOHHOW (YHKIMHM C TOANUKCENbHOM TOYHOCTBIO dYepe3

uHTepnomsiuuio ['aycca, QuibTpanus JOXKHBIX BEKTOPOB IO COOTHOLIEHUIO CUTHAI/IIYM IpU
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AHAJIN3C KOPPCIINUOHHBIX ITUKOB, 4 TAKIKC UTCPATUBHOC YTOYHCHUC HAYAJIbHOTO ITOJIA CMGIJ_IGHI/Iﬁ

HYJIEBOT'O TIOPSJIKA 32 CUET CMEIIEHUS OKOH MOMCKa C MoANuKcenbHoi TouHocThio (CWS merton).

BRI

®01,,(x,Y)

1,(xy) D = maxg,;, (x,y)]

IR
M
B
Eiies

3)

IZ(X'y)

Puc. 3.1.1. IlocnenoBaTenbHbIE 3Talbl peajin30BaHHOrO anroputma PIV. 1) — pa3zouenue
n300pakeHNs Ha OKHA TIOUCKA, 2) — BBIYMCICHUE KPOCC-KOPPEIIALNY, 3) — OIpeaeTIeHIE

IMIOJIOKCHUI MaKCUMYMa KOppeHHHHOHHOﬁ (bYHKI_II/II/I C HOHHHKC@HBHOﬁ TOYHOCTBIO.

OntuManbHas MPOU3BOAUTENBHOCTE 00paboTku Ha I'TI mocTuraercs nmpexae Bcero 3a cuéT
MUHUMU3ALMHU [Iepeladu JaHHbIX Mexay namsateio [Tl u obmell onepaTuBHOM (MaMsThIO XOCTA)
[149]. [Ins pewienus 91oit 3agaun Bce miaru anropurma PIV BBIMONHSIOTCS MCKITIOYUTENIHHO B
pamkax ¢ynkuuii oubnuorexu PyTorch, 6maronapst uemy nanusie ocratorcs B mamsatu I'T1. Kpome
TOTO, IPU KOUPOBAHUH U300pakeHHid B TaMsTh [ T1 coxpaHseTcss uCXOAHbIN THIT TaHHBIX — Uint8
wiu Uintl6, 4To MO3BOJISIET COKPATUTh BpeMs Iiepejaun JaHHbIX.

Ortan pa30ueHust Ha OKHA 3ampoca ¢ MePEeKPhITUEM PeaTn30BaH IMyTEM M3MEHEHUS 11ara,
OTIpeNIeNAIONIEr0 Hayalo Cleayole cTpokn B MaccuBe. TakuM o0pa3oM, IBYMEpHBIH MacCuB
pasmepom [M, N] mpeoOpaszyercs B TpéxmepHbiii maccuB pasmepom [C, W, H], rae
C — KoM4ecTBO OKOH MOMCKa ¢ ydeToM nepekpoituit, W, H — pa3mepsr okHa 3ampoca. Onepanus
KOIMPOBAHUS BBINOJIHAETCS ObICTpee A MEHbIIMX THMOB AaHHbIX Ulnt8, oqHako pasHMLa 1o
CPaBHEHHUIO C MacCHMBaMH YHCelN ¢ IU1aBaromieit 3anstoil, Float32 necymecrBenna. Ha manHom
ATare alropuTMa UCTOJIb3yeTCs CASAYIONNI MeTo 1 OnbmmoTek: torch.as_strided(...).

3a mpeoOpa3oBaHWEM Tapbl JBYMEPHBIX H300pakeHUH B TpPEXMEPHBIE CIEAYIOT
HOpMaJIM3alusl U BbIYUCIEHHE Kpocc-koppemsuuu meronoM bIID. IIpamoe bIID, a Taxxke
oOparHoe BI1® BBIYUCIHSIOTCS 110 IBYM MOCIEIHUM Pa3MEPHOCTSIM MAaCCHBOB C HCIIOJIb30BaHUEM
CHEIMAJIbHBIX ONTUMHU3UPOBAHHBIX (QYHKIUN I BELIECTBEHHBIX 4YHCEN M JIBYMEPHBIX
npeobpazoBanuil. [Jnst CUDA maccuBOB 3T (yHKIIUH BBI3BIBAIOTCS U3 MPEIKOMIMIMPOBAHHON

6ubmmorexku cuFFT, 06épuyToii B unTepdeiic PyTorch. ®ynkuus BII® moxer ObITh BbI3BaHA C
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JaHHBIMU LenouncienHoro tuma Ulnt8, mpu 3TOM MaccHBBI aBTOMAaTHYECKH MPeoOpa3yroTcs B
tun  Float32; pesynprar 3anmuceiBaeTcs B HOBBIM MaccuB tuma ComplexFloat32. Ilpu
peoOpa3oBaHUU TUIIOB CO3/1aETCS W KOMUPYETCS HOBBIM MAacCHB. 3aT€M IOJIyYE€HHBbIE U3 JIBYX
KaJ[pOB MacCHUBBI IEPEMHOKAIOTCA MO3JIEMEHTHO U OepéTcst oOpaTtHoe npeodpazoBanue Dypre.
Pa3zmepHOCTh pe3yabTUpYyIOIIEro MaccuBa Koppessiuuii Takke pasua [C, W, H]. s peanuzanuu
JAHHOTO  IIara HWCmonb3yrTcs  ciaeayromme  Gyakmum  PyTorch:  torch.fft.rfft2(...),
torch.fft.irfft2(...).

Jlanee g KaXJIOro NEPEeKpBIBAIOMIETOCS OKHA IIOMCKAa OIPEAeNsIOTCS HHICKCHI
MaKCHUMYMOB Koppensiiuu. Ha naHHOM 3Tame BBI3bIBacTCS MPEAKOMITMIUPOBAaHHAS (YHKITUSI
Ooubmuoreku: torch.argmax(...). Ilorom ciieqyer »3Tam TOJMUKCEIBHONW —aNMPOKCHMAIIAN
MOJIOKEHHMSI MaKCMMyMa KOPPEJAIHOHHOK (QyHKImu coriacHo ¢dopmynam (1.4.3). Ha ocHoe
pPE3yIbTUPYIOLIETO MacCUBa HWHAEKCOB MAaKCHUMyMOB COOTBETCTBYIOIIHME <«OOKOBBIE» OT
MaKCHMyMa 3HAYCHUS KOPPEJSAIUN H3BJICKAIOTCS B OT/JCIBHBIC MACCHUBBI C TIOMOINBIO (PYHKIIHH
oubmmoreku torch.gather(). MHIEKCH OKPECTHOCTH MaKCHMyMma TOJYYalOTCS M3 HCXOJHOTO
MacCHBa MHAEKCOB MyTéM no0aBieHus cootBercTByrommx casuros ([1,0], [-1,0], [0,1], [O,-1]).
Jlasee mpuMeHsieTcss Ta e mpoueaypa gather, W3 OKpeCTHOCTH MaKCHMMyMa H3BJICKAIOTCS
MacCHBBI 3HaUCHHUI Koppemsiun, a onepanun (1.4.3) 3anuceiBatoTcs yepe3 GyHKIHH pabOTHI €
MaccuBaMu, 4Tto obOecreunBaeT ux 3pdexTuBHOe BhMonaHeHue Ha [Tl mocpencTBoM Momyiis
nuHeiHo#i anre6psl cuBLAS. Ha ganHOM 3Tane anroputMa UCHOIB3YIOTCS CIEIYIOIINE METOIbI
oubnuoreku: torch.gather(...), torch.log(...).

3areM BBIMONHSICTCS BATHJIAIUS TTOTYYCHHBIX KOPPEISAIHOHHBIX IMHKOB METOJI0OM
OTHOIIEHUS CUTHA/IyM. JIJisi 3TOr0 HEOOXOAUMO HAWTH BTOPON MAaKCUMyM KOPPEISAIIMOHHON
GyHKIIMM, HE TPUHAUISKAIIUNA OKPECTHOCTH IMEpPBOr0 MakcMMyma. VIHBIMU CIOBaMH, BCEM
AIIEMEHTaM MacCHBa KOPPENALNiA, PACTIONOKEHHBIM B 33JJaBAa€MOM MOJIb30BATENIEM KBaIPaTHOM
OKPECTHOCTH TIEPBOTO MaKCHMyMa, MPUCBAWBACTCSl HYJIEBOE 3HAUEHHE, ITOCIIEC Yero IMpoieaypa

IIOMCKa MakCuMyMma noBTopsierca. Kpurepuii Banmuaanuu 3armcblBaeTCs B CICAYIOIIEM BUE:

I
Z>aq, (3.1.1)
I

rae I, I, — nepBblif U BTOPOH MAaKCUMYMBbI KOPPESIMOHHON (PYHKIIMU, @ — HEKOTOPBIH 3a/1aHHBIH
KOO QUIMEHT, KaKk MpaBUJIO B D3KCIEPUMEHTaX IPHHATO 3HaueHHe a = 1.2. AHamoruyHo
IpEeAbIAYIIEMY IIary OKPECTHOCTh MAaKCUMyMa HaxOIUTCA 4Yepe3 OIepaluu ¢ MacCUBaMU
uHAeKkcoB. 3areM npumensercs mero PyTorch, npucBanBaromuii HyseBble 3HaYEHHSI AIIEMEHTaM
MacCUBa KOPPEJALM 110 COOTBETCTBYIOIINUM MHAEKcaM. [Ipu 3TomM Komms maccuBa KOppensiuui
HEe CcO031a€Tcsd — IPOLELypa BBINOIHAETCA Ha Mecre. Jlanee, aHalornyHo IpeablAyleMy ary,

BBITIOJIHACTCS ITOUCK HOBBIX MAKCUMYMOB KOppPCIIAOHUU, 1 COOTHOIICHUC (311) OIPCACIIICTCA B
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BUJIe MaccruBa OUTOBOTO TUMA. Pe3ynpTHpYIOMUiT MacCHB UCHOIB3YETCS B KAUYECTBE MACKH IpU
(GMIBTpalK JOKHBIX BEKTOPOB cMelleHus. JlaHHBIA 3Tam peann30BaH MOCPEICTBOM BBI3OBOB
¢dbynknumii: torch.gather(...), torch.scatter(...).

[Ipyn uTEepaTUBHOM YTOYHEHHMH MOJIYYEHHOI'O MOJIS CMEIICHUM BBIYMCICHHBIE BEKTOPbI
WCTIOJNIL3YIOTCS TIPU MOBTOPHOM Pa30MEeHUN M300pakeHUi Ha OKHaA moucka. s popMupoBaHus
HOBOTO pa3OMEHMs HCHOJIB3YeTCs MAaCCHUB HMCXOJHBIX HMHJIEKCOB H300pakeHus. K maccuBy
WHJCKCOB NPHUMEHSAETCS omnepanus pa3OueHuss Ha OKHa IIOMCKA, aHaJOTU4Has pa3OHeHUIo
M300pakeHHs Ha MEepPBOIl UTepaly AIropuT™Ma. 3aTeM K MHAEKCaM OKOH IMOMCKa MpUOaBIIseTCs
CMEIlIEHNE, NTOIY4eHHOEe Ha Ipeaplayiiel urepanuu. Ha ocHoBe MaccuBa CIBUHYTBIX MHIEKCOB
BOCCTAHABJIMBAETCSl MAacCHB CJBHUHYTBIX OKOH 3allpoca, M ONHMCAHHBIA BBILIE AJITOPUTM
MIOBTOPSIETCS.

B pazpabGortanHoii OuOnMMOTEKEe peaTu30BaHbl JBa METOAA CIBUTa OKOH TIOMCKA:
muckpetHbldl caBur (DWS) u nenpepsiBHbI caur (CWS). Ilpu HenpepbIBHOM CIBUTE OKOH
[OMCKa B KayeCcTBE METO/a WHTEPIOJSIIMM HCIOJIb3YeTCsl OWIMHEHHas MHTEepHOJALus
uzoOpaxenus. Ilpu 3TOoM peanuzoBaHa BO3MOXKHOCTH YMEHBIICHHS OKOH IIOMCKA B XOJe
utepanuil. [lonb3oBarenb TaKKe MOXKET YBEIWYUTh IJIOTHOCTh HAYAJbHOTO IMOJS BEKTOPOB
ckopocTd. i1 yBEIMYEHMs IUIOTHOCTM HAYaIbHBIX BEKTOPOB MPUMEHSETCS HMHTEPHOJSLUSA
JBYMEPHBIM KyOMUeCcKUM cIulaiiHoM. Ha 3Tarne MCcKycCTBEHHOTO YBEIMUEHUS YMcia HayalbHbIX
BEKTOPOB C IMOMOIIbI0O OMKYOMYECKON HHTEpHONIALMU MacKa BaJHJALUMM TaKKe pacIIupsieTcs
HOCPEJICTBOM HMHTEPHOIANMU MO OmkailmuMm 3HaueHusM. TakuM oOpas3oM, Omkaifiime
BEKTOPbI, IOJyYEHHBIE B PE3y/lIbTaTe UHTEPHOJSALUH, TAKXKE MOMEYAIOTCS] KaK HEI0CTOBEPHBIE.
Bpemsi BhINoNHEHUs NOCIEAYIOUIMX UTEpAllMil OKa3bIBAETCSl 3HAUUTENBHO OOJIbIIE BCIEICTBHE
3aTpaT Ha BOCCTAHOBJIEHUE HOBOT'O MacCHBa OKOH 3ampoca.

Ha 3axiitounTenbHOM 3Tarne BEKTOpPhl CMELIEHHs] KOMUPYIOTCA B OOIIYIO ONEpaTHBHYIO
naMATh ¥ YMHOXKAIOTCS Ha 3aJIaHHBIA BpeMeHHOW kodddumment. Ha cropoHe xocTa JIOXKHBIE
BEKTOPbl HMHTEPIIOJIUPYIOTCSI METOAOM OWIMHEHHOW uHTepnoisuuu. Jlisg BbITOJHEHUS
MHTEPHOJISIINN UCTIONb3yeTcst MeTo] 0nbaroTeku SciPy, obecreunBaronnii BEBICOKYI0 CKOPOCTh
00paboTKM MaccUBOB Ha Iporueccope. JlanHbli 3Tan He TpeOyeT 3HAUUTENIbHBIX 3aTpaT BPEMEHH,
MOCKOJIbKY JIBYMEpPHBIE MAacCHUBBI CKOPOCTEH CYIIECTBEHHO MEHbIIIE MAaCCHBOB HM300pa)keHUH,
OKOH IIOHMCKa W KOppemsiuuid. Pe3ynpTUpyrompe CKOPOCTH MOTYT XPaHUThCA B OINEPAaTUBHOMU
NaMATH XOCTa B BHUJAE MaccUBa MATpHI] JUIsl YCKOPEHHOIO BBIYMCIEHHS CTATUCTHYECKHX
XapaKTEePUCTHK TIOTOKA, HCKIOYas HEOOXOAMMOCTh 3arpy3Kd MaTpHI] CKOPOCTEH C JHCKa.
XpaHeHue naxe OOJBIIOrO YHUCJIA MATPHUI] CKOPOCTEl B ONEPAaTUBHON MaMATH JOCTYITHO
OOJIBIIMHCTBY COBPEMEHHBIX KOMIIBIOTEPOB, IOCKOJIBKY pa3Mepbl 3THUX MAaTpULl HEBEJUKH,

nopsiaka [200, 200] sueek, mo cpaBHEeHHIO ¢ u300pakeHHsMH. CKOpPOCTH, IMOJyYCHHBIE B
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skcniepumente ¢ 5000 mapamu u3obpaxenuit, 3anumarot okono 3 I'b oneparuBHOM naMaTu Mpu

HUCIIOJIB30BAHUU YHUCEI C ABOMHON TOYHOCTRIO C IUIABAIOIIEH 3alITOH.
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3.2. Baauaanus ajJropurma.

TouHOCTh pa3pabOTaHHOTO METOJa MPOBEPsIIACh HAa MCKYCCTBEHHO CT€HEPHUPOBAHHBIX,
Wi cuHTeTHueckux, PIV-u3zoOpaxkeHusx, a Takke Ha OKCIEPUMEHTAJIbHBIX JaHHBIX.
Cunrerndeckue u300pa>keHusi ObUIH CTeHEPUPOBAHBI JISI IBYX CIIYYaeB:

1. JlamunapHoe teuenue Ilyaseins B kaHaie.

2. Hecranmonapaoe TypOy/neHTHOE T€USHHE C PE3KUM pacIIipPEHUEM KaHaua.

CrenepupoBanHbie PIV-u3zo0pakeHus: ObUIM TOJYyYeHBI HAa OCHOBE pPacyéToB,
BBIITOJIHEHHBIX METOAOM peméToynoro ypaBuenus bonpumana (LBM) [150] mis aBymepHOro
ciayyasi. Takum oOpazom, nosis, nosnydeHasie metoaoM Torch PIV, cpaBHuBaUCh ¢ peaqbHBIMU
3HA4CHUAMU CKOpOCTH. JlamuHapHOe TeueHue 1lyaseins ncrnonbp30Banoch B KAYECTBE TECTOBOTO
Citydasi B MieaJbHBIX ycioBusax st PIV, B oTcyTcTBUEM OONBIINX TPaAMEHTaX CKOPOCTH. TeueHnue
C PpE3KUM pacUIMpEeHHEM KaHaja T[O03BOJHIO OIEHUTh CIIOCOOHOCTh METO/la KOPPEKTHO
BOCIPOM3BOAUTH IIOJIE€ CKOPOCTEM B YCIOBUSAX OOJBIIMX TIPaJUEHTOB CKOPOCTH M HalIU4uUs
BUXPEBBIX CTPYKTYP.

Jlis  reHepanuu  CHUHTETUYECKUX  M300pakeHUM Obul  pa3paboTaH  aJrOpUTM,
peoOpasyrouil moyst ckopocTei, monyuennsie MetogqoM LBM D2Q9 nns asymepnoro rasa, B
CMeEIlleHUs YyacTull Ha n3o0pakeHuu. Ha sTane crosikHOBeHUH NpuMeHsiach Mozenb barnarapa-
I'pocca-Kpyka (BI'K) [151]. Pasmep pacuértHoit obmactu coctaistm 500 x 1000 sueek, yTo
COOTBETCTBOBaNIO H300pakeHusM pazpemieHueM 0.5 Mm. Pacyé€r BbIMONHSJICS B YCIOBHSX
cBOOOIHOM MpaBo# rpanuibl. s Teuenus [lya3zeitns paccMaTpuBaics JaMUHapHBIN ciTydail, mpu
KOTOPOM B KaueCTBE HAYAJIBbHOIO 3HAYEHUS CKOPOCTM IO BCEH [UIMHE KaHAJIa 3a7aBajcs
napabonudyeckuii mpoduib. Yucno PeitHonbaCa, BRIYMCICHHOE TIO IMIMPUHE KaHAIa U CpeaHen
CKOPOCTH XHIKOCTH, paBHsmoch 1000. [TapabGonmueckuii mpoduiib CKOPOCTH 3a/1aBajcs TaKXkKe B
KauyecTBE YCJIOBUS Ha JIEBOU IrpaHulle pacu€THOU obmacTh. [y TedeHus ¢ pe3KUM paclIupeHUEM
KaHaja B KayecTBE HAayalbHBIX YCJIOBHUU 3a/1aBaJIUCh NPSIMOYTOJBHBIM MPOQHIb CKOPOCTH Ha
JIEBOM I'paHHUIIe U HYJEBOE 3HAUE€HUE CKOPOCTH B OCTAJIbHOM 4acTU pacy€THOW 00JacTH; YUCIIO
PeitHonbaca, onpenenéHHoe MO HAYAJIBHOM CKOPOCTH HA JIEBOM TPAaHMIE M LIMPUHE KaHaja,
coctaBisiio 3500. BxonHoe 3HaYeHHE CKOPOCTH B PEHIETOUHBIX €IMHHIIAX sl 000MX CIIydaeB
paBHsioch 0,08. Mozenb KaK10ro TeYEHUS pAaCCMAaTPUBAJIACh MOCIIE HECKOJIBKUX JIECSITKOB THICSY
utepanui anroputMa LBM. [IpuMepsl noy4eHHBIX MOJEH CKOPOCTEN MPEACTaBIEHbBI HA PHUC.

3.2.1.
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Puc. 3.2.1. Moaynu JByMEpHOTO TOJIsi CKOPOCTH, MoTy4eHHbIe MeToioM LBM. a) — Teuenue

IMyazeiins, Re 1000. b) — IToTtok B kaHaste ¢ pe3kum pacimupennem, Re 3500.

Mertox reneparuu n300pakeHuit ObLT aHATIOTHYCH onrcaHnHOMY B padote [111]. Yactuusl
CIIy4aliHBIM 00pa30oM pacrpeAesuiuch Mo 8-OUTHBIM U300paKeHUSIM, HHTEHCUBHOCTh CBEUCHUS
CIIy4aifHO BappupOBajach B Auarna3zoHe spkocteil ot 0 1o 255. 3agaBanocs HayaJlbHOE MOJIOKEHNE
YacTUL, IIOCJIE Yero paccMaTpUBallach HBOJIIOIMSA MX KOOpPAMHAT. B MOMEHT coxpaHeHus
n300pakeHust (KaXJple HECKOJIbKO JecsITkoB Hurepauuid LBM) wactuipl oTtoOpa)kaluch Ha
MaTpulle B BUJIE TayCCOBBIX MATEH pa3MepoM 5 x 5 mukc. [Tapamerp rayccoBa pa3MbITusi G ObLT
paseH 1. [lmoTHOCTH pacnpenenenus yactul] coctasisuia 30 Ha OKHO 3ampoca pazmepom 32 x 32
nukc. Jas MoaenupoBaHus TPEXMEPHOTO TEUEHUS MPU IeHepaluu Kaxaoro uzoodpaxenus 1%

qacTuI CHy‘{aﬁHBIM o6pa30M ncyc3aia M IIOABJIAJICA BHOBL B CBO6OI{HLIX MECTax. CMeH_[eHI/IC
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JaCcTul B AApC€ IMOTOKAa COCTABJIAJIO OKOJIO 10 IMMUKC., YTO COOTBCTCTBYCT TUIINYHOMY

AKCIIEPUMEHTAJIbHOMY Ciyyato, puc. 3.2.2.

Puc. 3.2.2. IIpumep CUHTETUYECKOTO N300paKEHMS, TIOTYYEHHOTO B pe3yJIbTaTe pacuéra
metonoM LBM. YBenuueHHast 0671acTh COOTBETCTBYET OKHY IOHMCKa pazmepoM 64 x 64 nukc. Ha
MOCJIEI0BATENbHBIX N300PAKEHUAX I0KA3aHO CMEILEHUE YaCTHUI] B IIPE/IeNax OAHOTO OKHA

IIOHCKa.

JU1st OLIEHKH TOYHOCTH pa3pabOoTaHHOTO METO/1a B YCIOBHAX HU3KOTO IPAJMEHTa CKOPOCTH
OBLIM TPOBEJEHBI TECThl HA CHHTETHUECKUX H300paKEHUSIX, CT€HEPUPOBAHHBIX JUISl TEUEHUS
[Tyazeiinsa. PaszpaGorannbiii anroput™ PIV mpumenssics ¢ okHom 3ampoca 64 X 64 mukc.,
nepeKkpbITHEM 48 MUKC. U ABYMs UTEpALMsMU C HENPEPHIBHBIM CMELIEHHEM OKHa noucka. Ha
KaX/I0M WTepaluy aaropuTMa BBIIOJHIACH Baluaalus BekTopoB mo kputeputo (3.1.1) co
3HaueHueM kKoaddunuenta 1.2 ¢ mocneayromeil HHTEPHOAIMeH JT0XKHBIX BeKTopoB. Ha BTOpOit
UTEpallid HayaJbHOE KOJMYECTBO BEKTOPOB YBEIMYMBAIOCH B YETHIPE pas3a, a pa3Mep OKHa
3arpoca yMmeHbmiaics a0 32 nuke. s Bepudukaumm Obuto crenepupoBaHo 400 map

nu3zo0paxenuii. [Ipamep momyueHHOr0O MrTHOBEHHOT'O TIOJISi CKOPOCTEH MpeicTaBieH Ha puc. 3.2.3.
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Puc. 3.2.3. MraoBeHHOE T10JI€ CKOPOCTEH, MOIydeHHOE B pe3yabTaTe 00padOTKA CHHTETHYECKUX
n3o0paxeHuit namuHapHoro teueHus Ilyaseiins merogom Torch PIV. Ilapamerpsl ananu3za:
OKHO 3arpoca 64 x 64 nukc., epeKpbITHE OKOH 48 MUKC., IB€ UTEPALIUU C YMEHBIIIEHUEM OKHA U

YBEJIMYCHUEM [TPOCTPAHCTBEHHOTO pa3pelIeHHs IPU HEpepbIBHOM ciBure okHa noucka (CWS).

Hanee mo 400 momydyeHHBIM MOJIIM OBUIM OMpEeNIeHbl CpellHee 3HAUeHHE CKOPOCTH U
CpeIHEKBaIpaTHYeCKoe OTKJIOHEHHEe BbIOOpKH. [lonmydeHnHble npoduamn ckopocTeil moka3aHbl Ha
puc.3.2.4 a. Cpennuii npomiib CKOPOCTH MPAKTUYECKH COBIAAAET C PEeajbHBIM 3HAYCHUEM.
MrHOBEHHbIE 3HAYEHHS CKOPOCTH OTKJIOHSIOTCS OT peanbHbIX. CpenHeKBaapaTHIecKoe
OTKJIOHEHHUE TIOJIyYEHHBIX MOJeH CKOpOCTeH BO3pacTajo C YBEIMYEHHEM MOAYNS CKOPOCTH.
CpenHee  3Haue€HUE  CPEAHEKBAJPATHYECKOTO  OTKJIOHEHHUS,  HOPMHMPOBAHHOIO  Ha
COOTBETCTBYIOIIEE 3HAUCHUE CKOPOCTH, cocTaBisieT okoyio 1.5% wmm 0.15 nukc., 9To cornacyercs
C BO3MOXHO# morperHocTeio merona PIV [152].

IIpodunp cpeaHEeKBapaTUYECKOr0 OTKJIOHEHMs TIJIaBHOM KOMIIOHEHTHl CKOPOCTH,
U3BECTHOTO TaK)Xe KakK IMyJbCallMd MOTOKA, PACCYUTAHHOTO OTHOCHUTEIBHO COOTBETCTBYIOIIEH
CpeIHel CKOpOCTH, MMoKa3aH Ha puc. 3.2.4. 0. [Ipu TOM TeopeTHuecKkoe 3HaUCHUE MYJIbCAIIAI JITIST
JAMUHAPHOTO TIOTOKA CTPOTro paBHO (), MOTOMY CIIEAYET MHTEPIPETHPOBaTh puc. 3.2.4. 0 Kak
npodwis omuodku Merona. Habmonaercs, 4To OTHOCUTENbHAs BEJIMYMHA MY/IbCAllUil BO3pacTaeT
BOJIM3M CTEHOK KaHama. JlaHHBIN 3¢ dekT 00ycI0BIeH COBOKYIHOCTBIO MOTPEUIHOCTEH MeTona
PIV. TlpucrenHass 0061acTh COOTBETCTBYET HAMOOJBIIEMY TPATUEHTy CKOPOCTH, MPU STOM
BEKTOPbl CKOPOCTH OKa3bIBAIOTCS CMEIIEHBbl B O0JIACTh BBICOKMX 3HAUYEHUN, YTO CBS3aHO C

MPOCTPAHCTBCHHBIM Pa3pCHICHUCM MCTOAA. KpOMe TOTO, B 3TOH o00JIacTH Ha6J'IIOILaCTC$I
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HAauMEHbBIIEE CMEIIEHWE YacTHLl, 4YTO YBEJIWYMBAET OTHOCHUTEIbHYIO  IOTPEIIHOCTh
NOJNHMKCENbHONW — ammpokcuManuu. Ha mpoduine  cpeaHeKBaIpaTU4ecKOro  OTKIOHEHHS
HaOJII0JAF0TCS XapaKTePHbIEC BOJIHBI, KOTOPbIE CBsi3aHHbI ¢ a3 dexrom peak-locking. IToxydaembie
CMEIIIEHHUS YaCTHUI[ B MTUKCENSIX TATOTEIOT K LIeJbIM 3HAaYeHHEM, OJHAKO HaIW4YHe 3Toro 3ddexra

CUUTACTCS HOPMOI JJIsl METOIOB HE MCIIONBb3YIOMIMX JedopMalinio OkHa rmoucka [92].

a) - —— TorchPIV Averaged 6)
o Torch PIV Instantaneous
500 A LBM Simulation 500 -

Standard Deviation

400 A 400 1

300

y, pixels
y, pixels

200 200

1001 100 1

0 2 4 6 8 10 12 0.5 10 15 2.0
VX, px/1s Vx std / MAX(VX), %

Puc. 3.2.4. a) CpaBHeHHEe MTHOBEHHBIX U YCPETHEHHBIX MPOQUIICH INTaBHOW KOMIIOHEHTHI
CKOpOCTH, NosydyeHHbIX MeToioM Torch PIV, ¢ peanbHbIM mosieM cKOpocTel U3 pacyéToB

MeTtosioM LBM. 6) 3HaueHune noay4yeHHbIX OTHOCUTEIbHBIX MYJIbCALUNA CKOPOCTH.

JIns HecTalMoHApHOIO MOTOKa MPU PE3KOM pACHIMPEHMHM KaHaja paccMaTpUBAINCh
TOJIbKO MTHOBEHHBIE 3HaU€HUsI CKOPOCTH. [1071s rI1aBHOM KOMIIOHEHTBI CKOPOCTH, MOJTyYEHHBIE B
pe3yabpTaTe 00paboTKM CUHTEeTUUYeCKHX n3o0paxenuit merogom Torch PIV, a taike ux ornudmne
OT ToJel, moimydeHHBIX MeTonoM LBM, mpencraBnensl Ha puc. 3.2.5. Meron Torch PIV
NPUMEHSJICS C aHAJOTMYHBIMU MPONUIOMY Clydar mapamerpamu. i cpaBHEHHUs moJel
CKOPOCTH K TEOPETHMUYECKUM 3HAYEHUSM ObUIO MPUMEHEHO NMPOCTPAHCTBEHHOE YCPEIHEHHE IO
OKHaM TIoHcKa. PazpaboTaHHBIN METO] MMO3BOJIMI MOTYYUTh MOJIE CKOPOCTEH, BeCbMa OJI3KOE K
pealbHOMY.

Jlanee paccMaTpuBaINCh MPO(UIN CKOPOCTEH ISl ceueHul, ykazaHHbIX Ha puc. 3.2.5 0
[TomryueHnHble MPOGUIH CKOPOCTEH, CPAaBHUBAIOTCS C PEAbHBIMH 3HAYEHUSIMU Ha puc. 3.2.6.
Hab6nronaercst xoporiee coriacoBanue nMpoQuisi CKOPOCTH B 00JIaCTH MaJIbIX TPAIUEHTOB, TOTA

KaK B MPUCTEHHOM 00JIaCTH OTMEYaeTcs 3aMETHOE OTKJIOHEHHE OT peajbHbIX 3HaueHui. Kpome
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TOT'0, 0OCOOCHHOCTH MPO(UIIS CKOPOCTH, XapaKTEPHBIE pa3Mepbl KOTOPBIX MEHBIIIE Pa3MEPOB OKHA

3a1poca, OCTAKTCS HEPA3PEIIEHHBIMU, YTO ABJISETCS TOMYCTUMBIM 111 MeToaa PIV.
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Puc. 3.2.5. a) PazHocTh MeX 1y MTHOBEHHBIM 3HAYEHUEM PEaTbHON TIIAaBHON KOMITOHEHTHI
CKOpOCTH, MoJTydeHHON MeTo oM LBM, 1 3HaueHuneM, noixydeHHsIM MeToioM Torch PIV. 0)
MrHoOBEHHOE 110JIe CKOPOCTEH, MOTYy4eHHOE U3 CHHTETHUECKUX N300paKeHUI METOI0M

Torch PIV.

JIJis Bamuaanuy Ha SKCIIEPUMEHTATBHBIX TAHHBIX OBUT BBIOPAH TOT YK€ TIOXO/, YTO U IS
OpenPIV [110]. B kadecTBe TeCTOBBIX H300pakeHHil OblIa HMCIOJb30BaHAa OTKpBITas 0asa
9KCIIEPUMEHTAIBHBIX JaHHBIX, pa3paboranHas Neal B 2015 romy [153]. baza maHHBIX
npeCcTaBisieT co00i Habop IKCIIEPUMEHTOB, 3aIMCAHHBIX OJHOBPEMEHHO IBYMSI KaMEepaMH, OHA
U3 KOTOPBIX MMeJa OONIbIIHIA JNWHAMHYECKHH Juana3oH W 0ojiee BBICOKOE pa3pelieHue, 4eM
npyras. JlaHHbIe ¢ OTHON M3 KaMep UMEIOT MEHBIIYIO MMOTPEIIHOCTh M OBLITH HCIIOTH30BAHHBI IS
OTpeJIeSICHUsT TOrPerIHoCTH paspaboranHoro meroga (HDR Dataset) [154]. BriOpanHbIit
JKCIepuMeHT Biirouan PIV-uzoOpaxkenust TypOyJaeHTHOW crammoHapHo#W ctpyn (MS BO012

Dataset). B usmepsiemoii 06;1act MpuUCyTCTBOBANIH SIIPO TEUCHUS U 30HA cMenienus. Habop us.
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Puc. 3.2.6. CpaBHeHHE MTHOBEHHBIX MTPOQHIICH CKOPOCTH MOTy4eHHBINH MeTozoM Torch PIV ¢

TCOPCTUYCCKUMH JaHHBIMH B pAaCCMOTPCHHBIX CCUCHHAX.

498 map w3o0pakeHuid cTpyd ObLT 00paboOTaH C TOMOIIBIO Pa3pabOTaHHON OMOIHMOTEKH.
[TnoTHOCTH "acTHIl B 9KcniepuMenTe coctapisuia 0.03 gactuis! Ha nukcenb. [t 00paboTku ObLIO
BBIOpAaHO OKHO 3arpoca pazMepoM 32 X 32 muKc, B UTEPALUH AITOPUTMA C HENPEPHIBHBIM
C/IBUT'OM OKHa IOMCKa, BalUJalMs BEKTOpoB 1o kpureputo (3.1.1) co 3HaueHneM koddduinenta

12w mocjacAyromas HHTCPIIOJIAINA HEAOCTOBEPHBIX BEKTOPOB.

a) 0)
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Puc. 3.2.7. a) — [Ipumep ncnosabp3yeMbIX 3KcriepuMeHTaIbHbIX PV 1anHbIX 13 6a3bl
[153]. 6) — CpaBHenue momydyenHoro metogom Torch PIV cpeanero mpoduiis CKOpocTu u

3HAaYEeHHE CPETHEKBAPATHUECKOM OMUOKH OTHOCHTEIBHO TeCTOBbIX Janubix Neal [153].
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[Tockonbky 00JaCTh CTPYH 3aHUMAlla MaTyl 9acTh W300pakeHHsl, H300pakeHus ObLIN
00pe3aHbl, a MEPEKPHITUE OKHA 3allpoca YCTAaHOBJIEHO paBHBIM 75%. Tak kak peajibHbIC 3HAYEHUS
CKOPOCTH, TIOJy4YeHHbIE W3 0a3bl JAHHBIX, UMENU paspeiieHne | BEeKTOp Ha MHKCENb, OHU
yCpeIOHSUIUCh 10 OKHAaMm 3ampoca s BocopousBeneHus 3¢pdexkra mnpocTpaHCTBEHHOTO
ycpenHenus paspaboranHoro anroputma PIV. CpaBHenue npoduiis cpeqHei oceBoil ckopocTu
MIOTOKA C €r0 PeaJbHBIM 3HAYCHNEM U 3HAYCHUEM CPEIHEKBAPATHUECKON OIIMOKHU MPEICTaBICHO
Ha puc. 3.2.7.

W3mepuTenbHas ceTka UCTUHHBIX MOJIEH BEKTOPA CKOPOCTH MOTOKA OTJIMYAIACh OT CETKH,
onpenenénnoii meromom Torch PIV. [lng ux cpaBHEHUS W BBIUYMCIEHHUS MOTPEHIHOCTU
UCTIOJIb30Baach OwinuHelHas uHTepnosnusa. CpeqHue CKOpOCTH, TOJIYYeHHBIE B pe3yibTare
00paboTKH, TOCTATOYHO XOPOIIO COBMAJAIOT C PeallbHBIMU 3HAYCHHUSIMH B siIpe MOToKa. B sape
MOTOKA CPeIHSS MOTPEIIHOCTh cocTaBiseT npubnusurensHo 0.028 nukcens, unu 0.4%, Toraa kak
B 30HC CMEIICHUS CTPYH CPEIHSS IMOTPEITHOCTh MOXKeT JocTuratsh 1.43 mukcens, wm 20.5%.
['ucrorpamma pacnpeieneHus MOrpeIHOCTH IJIaBHONH KOMIIOHEHTBI CKOPOCTH IIPE/ICTaBIeHa Ha
puc. CpenHsast morpemHocTs B sKkcnepuMmente coctaBuia 0.15 mukc. CpeaHekBaapaTHUeCcKoe
OTKJIOHEHHE MOTPEIIHOCTH B JIAHHOM JKCIEpUMEHTE paBHsUIoch 1.26 mwukc. Jlons maHHBIX ¢
NOTPEIIHOCThIO B uana3zoHe oT —1 g0 1 nmukc. cocraBuna 82%. 3HaunuTenbHasl MOIPEHIHOCTh B
JTAHHOM SKCIIEPUMEHTE 00BACHSAETCS MAJIbIM Pa3MEPOM U3MEPUTENIBbHOM 00J1acTH, COCTaBIISIBILIEH
Bcero 100 mumkcenedl mo MOJHOW IIMPUHE CTPYH, a TAKXKE JOCTATOYHO IMPOCTBIM KPUTEpUEM
BaJIMJalld BEKTOPOB. B I1€IOM MOKHO KOHCTaTHpOBaTh, YTO CPEAHEE 3HAUYEHUE CKOPOCTH

XO0pomo CorjiaCyercsda ¢ SKCICPpUMECHTOM.

12

10+

Percent of Data, %
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Main Velicity Error, pixels/s

Puc. 3.2.8. PaCHpCIlCJICHI/IC OIIMOOK TJIABHOH KOMIIOHEHTBI CKOpPOCTH IIpH BaJIMAAIUN HA

IKCTIEPUMEHTAIBHBIX JaHHBIX U3 paboTel [153].
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Jlamee ObUT MPOBENCH MK BalWJalUd MPOCTPAHCTBEHHO-YACTOTHOTO OTKIJIMKA
pa3paboTaHHOrO METOja, BIEpBbie MpeatoxkeHHbn Scarano u Riethmuller [93]. YUem meHnbIie
JUTMHA BOJIHBI TIPOCTPAHCTBEHHBIX BapHAIlMii CMEIICHUH 110 CPaBHEHHIO C Pa3MEPOM OKHa TIOUCKA,
TEM CHIIbHEE AJITOPUTM 3aHUKAET aMILUIUTY/y — TO €CTh «CTIIAKUBACT)» PEaATbHOE MOJIE CKOPOCTEH.
O1oT 3 ekt aHanoruueH QUIBTPAIMA HU3KUX 9acTOT B 00paboTke curHanoB. IMeHHO oTOMY
B IIPUCTEHHBIX 00JIACTAX ¢ OOJBIIMMHU TPATUCHTAMU CKOPOCTH MOTPEmHOCTh PIV Bhime, yem B
sape noroka. CHHYCOMIAIBHOE paclpeleieHue CMEIICHUH HCII0JIb3YeTCsl KaK TECTOBBIM CUTHAI:
€CIIM 3a]1aTh M0JIE CMEIIEHUI B BHJI€ CHHYCOH/IbI C U3BECTHOM JUTMHOM BOJHBI, MOKHO TIPOBEPUTH,
HACKOJIBKO TOYHO PIV-anropuTm BOCCTAaHOBHUT aMIUTUTYAY M (OpPMY ITOTO paclpeaeieHus mpu
Pa3HBIX COOTHOIICHUSX JUTMHBI BOJHBI M pa3Mepa OKHa 3ampoca.

J1J1s1 5TOTO CO3JJAF0TCS CHHTETHUECKUE N300paXKEHHUSI C 3aJaHHBIMK CMEIIICHHEM YaCTHII I10
dbopmyre

U= Asin (Zn ;) ey, (3.1.2)

rae A — JUIMHHA BOJIHBI BAapbUPYIOMIASACS OT pa3Mepa OKHa IOMCKA 10 HECKOJIBKUX JIECATKOB OKOH
MOUCKA. AMIUTUTYAY TAaKOTO CMEIIEHHs MPUHATO Oparh MOCTOSHHON paBHOW 2 mukcensiM. s
CO3/1aHUS CHHTETUYECKUX N300paKeHUI IPUMEHSIICS pa3paOOTaHHbIN FeHEpaTop, UCIIOIb3YEMbIH
Ha MpeIbIAYIIUX dTanax Banuaanuu. CreHepupoBaHHbIe H300pakeHus uMmenu pamep (512, 1024)
nukcens. IlnotHocts wactuil cocrapmsuia 0.05 uvactui/mukcens. 3areM H300pakeHHs OBLIH
00paboTaHbl CO3JaHHBIM AJTOPUTMOM C OKHOM Moucka 64 x 64, ¢ nepekpreitueM okoH 50% u
MOMPABKOM K CKOPOCTH HyneBoro nopsiaka meronoM CWS ¢ yMeHbIIIEeHMEM OKHA MOMCKa /10 32 X
32 nukceneii. Ha puc. 3.2.9 npeacrasieHo cpaBHEHHE OIYYEHHOTO IPOCTPAHCTBEHHOTO OTKIIMKA

" COIMOCTaBJICHHUEC C pa60TaMI/I Scarano.
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Puc. 3.2.9. CpaBHeHme mpocTpaHcTBeHHOTO OTKIIMKa Metona PV u onepaTopa ckonb3siero

CpeHero. a) — pa3paboTaHHbIN alropuT™. 0) — JaHHBIC U3 padboT Scarano [96].
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Habmo1anock 4To 3aBUCHMOCTh TPOCTPAHHOTO OTKIJIMKA XOPOIIO CXOUTCS C U3BECTHBIMU
B JIUTepaType JaHHbIMHU. Hebolboe pacxoxkaeHne B BRICOKOYACTOTHOW OOJIACTH MOMKET OBITh
00BSCHEHO MPOCTOTOM peanu3anuu pa3paboTaHHOTO reHepaTopa CUHTETUYECKUX M300paskeHuH,

KOTOpBII71 HC YUYUTBIBAJI TOJIIWHY JJa3€PHOI'0 HOXKA.
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3.3. [Ipou3BoAUTEILHOCTD PAa3pPadOTAHHOIO METO/IA.

[Ipon3BoaUTENBHOCTh IIPEMIOKEHHOW peanu3anuu Meroza PIV  tectupoBanace Ha
MEPCOHAIIBHOM KOMIIBIOTEPE, aHATOTMYHOM TE€M, KOTOpPbIE UCHOJIb3YIOTCS g 00paboTku PIV-
nanubiX. [Tockonbky pazpaborannas oubianoreka Torch PIV sBnsiercs anmapaTHo-HE3aBUCUMOH,
MMEET CMbICI U3MEpUTh npousBoautenbHoCcTh Kak LI, Tak m I'Tl Bepcuit. Jduma LII Bepcumn
pa3paboTaHHO OMOIMOTEKH PAcUYETHI BHIIOIHSIINCH C HCIIOJIb30BaHueM mporieccopa Intel Core i5
¢ taktoBoi wactorod 2.9 I'Tu m 8 smpamu. Ha momenT mpomeaeHust pa6otsl ['TI-Bepcus
tectupoBanachk Ha AByX moaeisax ycTpoicTtB NVIDIA — GeForce GTX 1660 Ti u GeForce GTX
1050 Ti, — xoTOpble Ha CETOAHSALIHUAN YK€ JaBHO CUMTAIOTCS YCTApEBIIMMH, HO TEM HE MCHeEe
MIO3BOJIIOT IPOBECTH KOJIMUYECTBEHHOE CPABHEHUE B IIPUPOCTE IPOU3BOIUTEIILHOCTH.

CpaBuenue IllI-Bepcun pazpabotannoit Oubnmnoreku u Oubmuoreku OpenPIV,
OCHOBaHHOM Ha BbIUKCIUTENbHOM OMbmuoTeke NumPy, npeacrasneno Ha puc. 3.3.1. [Tapamerpsl
CpaBHEHHS JIJISl IBYMEPHOTO aHAIM3a: Tlapa u3o0pakenuit pazmepom 1024 x 1024 nukceneii, OKHO
noucka pasmepom 32 mwukcens, nepekpeitue 16 mukceneir (3969 map okoH), TpéxToueuHas
rayccoBa MOAMHUKCENbHAS ANMpPOKCUMAlUS U BBIYMCIEHUWE OTHOILIEHUS CUTHAI/IIYM 3a OJHY
utepannto. CpaBHEHHE MPOBOIMIOCH C HACTPOMKAMU MHOTOMOTOYHOCTH MO YMOJYAHHUIO IS
Kol u3 Ombnmorek. Kak BuAHO M3 quarpamMmbl, pa3paOOTaHHBIH MOAYJIb HMPEBOCXOIUT
OpenPIV 1o npou3BoAUTETEHOCTH. DTO Pa3IMdue B MPOU3BOJAUTEILHOCTH OOBICHIETCS OoJiee
BBICOKMM YPOBHEM BEKTOpHM3AIlMM HamucaHHBIX (yHKIUMA: B kome OpenPIV mpucyrcTByroT
[UKIIBI, HamucaHHble Ha Python, koTopble 3aMeIAOT BBIYUCICHUA. [IpOM3BOAMTENHHOCTH
pa3paboTaHHOTO MeTo/la TpUMEpHO B &8 pa3 Bblme mpousBoautenbHOCTH OpenPlV, uyto
COOTBETCTBYET YMCIIy IIOTOKOB HAa TECTOBOW MalIMHE. bosee BBICOKMI YpOBEHb BEKTOPH3aLUN
no3Boisier PyTorch wncnons3oBaTh MHOTOMOTOYHOCTH 0€3 HEOOXOJUMOCTH PpaCIIUpPEHUs

(GYHKIMOHATIBHOCTH pa3pabOTaHHOTO MOTYJIS.
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Puc. 3.3.1. CpaBHeHHE MPON3BOAUTEILHOCTH pa3padoTtaHHoi Ondmuorexkn u OpenPIV mpu

BBIYHUCJICHUU HA HEHTPAJIBHOM IIPOLIECCOPC.
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Jlanee ObUIO MPOBEACHO M3MEPEHUE BPEMEHH, 3aTPau€HHOr0 Ha BBIMOJHEHHE KaXKJOTO
nrara paspadboranHoro merona ¢ ucrnoib3zoBanuem GeForce GTX 1660 Ti, ta6. 3.3.1. Bunno, uto
BBIUMCJICHUE KOPPEISIIMOHHON (DYHKIIMU 3aHMMAaeT OOJbIIYI0 YacTh OOIEro BpeMeHU. Bpems
BBIUMCIICHHS KOPPETSIUOHHON (PYHKIIMH B 3aBUCUMOCTH OT KOJIMYeCcTBa OKOH 3ampoca st GPU-
Bepcun GTX-1660 Ti u CPU-Bepcun pazpaboTaHHOTO METO/a C 8 TOTOKAMU TOKAa3aHO Ha PHC.
3.3.2. B o6oux ciny4asx HaOII0JaeTCsl JTUHEWHBIH POCT BPEMEHHBIX 3aTpaT B 3aBUCHMOCTH OT
00béma nanubpiX. Mcmomb3oBanme GTX-1660 Ti obecrmeunno 75-KpaTHOE YCKOpEHHE 10
CPaBHEHHMIO C OJHUM IIOTOKOM IIpOLIeccOpa Ha MEPBOM HTEpaluy ajiropuTtMa C Bajuaanuen

BCKTOPOB CKOPOCTH U I/IHTepHOJIﬂI_II/ICf/'I HCAOCTOBCPHLIX BCKTOPOB.

Tabmuna 3.3.1. [IpouieHTHOE COOTHOIIIEHHE BPEMEHH, 3aTpauuBaeMoro Ha paziauunble maru ['T1-

Bepcuu anroputma Torch PIV. Jlannsie ycpennenst o 1000 3amyckam.

Dtan anroputMa 3arpaueHHoe Bpems, %o
Pa36uenune n300pakeHMii Ha OKHA ITOMCKA 3.6
[Toacuer koppensuu metoioM bITD 81.0
[Torck MHIEKCOB MaKCUMyMa KOPPEIISAIIUN 3.1
[TonnukcenpHas annpokcuMmanus metojomM ["aycca 12.3
601 o cpu window size 32x32
gpu window size 32x32
50
£ 401
)
£
-~
c 30 A
9
-
©
0
o 20 A
9]
10 -
0 -

0 1000 2000 3000 4000 5000 6000
Number of interrogation windows

Puc. 3.3.2. CpaBHeHHe BpeMEHHU BhIYHCICHHS KoppemsiiuonHoi ¢pyakmmu L{I1- u T'TI-Bepcwuii

Torch PIV B 3aBUCHMOCTH OT KOJIMYECTBA OKOH TIOMCKA.
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JIist ydiiero NOHMMaHusl HU3KOYPOBHEBOM COCTABIIAIOLICH ONEpanyii C MHOTOMEPHBIMU
MaccMBaMu ObLI TNMPUMEHEH BCTPOCHHBIN mpodmmupoBumk Oubanorexkn PyTorch. Bpews,
3aTpauyrMBaeMoOe Ha BBI3OBBI HU3KOYpPOBHEBBIX omepaiuii PyTorch mpu BbImosHEHHH mepBOit
uteparuu anroputma PIV 6e3 Banmmmanmm, npeacrarineno B tadnuie 3.3.2. CormacHo Tadiuiie,
OCHOBHBIMH OIEPAIMSIMA QJITOPUTMA SIBJISIFOTCSI OTEpaIlil KOMHPOBAHUS M TpeoOpazoBaHUs
TUTIOB W3 BEIMICCTBEHHBIX B KOMIUIEKCHBIE M OOpaTHO MpH BbIMOJHEHUU onepanuu BIID.
Pesynpratel Tabmui 3.3.1 u 3.3.2 oka3ajauCh MPUMEPHO OJWHAKOBBIMH I 00€MX Mojenei
BUJcoKapT. B HemaBHUX mNyOiMKanusx, MpeACTaBIsAOMUX HU3KoypoBHeBble [Tl-pemienus c
UCTIONIb30BaHuEeM Tmosb3oBarenbckux CUDA-snmep, ormedaercs, uyto mnpuOmmsutensHo 70%
BPEMEHHU IIpU BBIYMCIECHHH Kpocc-Koppeimsiuuu Mmerogom bIID pacxonyercs Ha yrnpabiieHHe
naMsAThio U Juib 14% Ha HenocpeactBennbie Boruncaerus [109,110]. [lanHblie, mOTydeHHBIC B
Xolle MPOPMIMPOBAHUS Pa3pabOTAaHHOTO METO/a, COTJIACYIOTCS C paHee YHNOMSHYTHIMU B

JuTepaType.

Ta6nura 3.3.2. Pe3ynbratsl npoduinpoBanus nepsoii urepaiuu I TI-peanusanuu TorchPIV.

Ha3zBanue oneparuu 3arpaucHHOE BpeMs, %
aten::copy 29.66

aten:: fft r2c 15.15

aten::nonzero 10.62

aten:: mul 9.04

aten::roll 8.37

aten::_fft r2c 7.6

aten::add 6.46

Hpyrue 13.10

[IpousBonutensHocTh [TI-MeTona cpaBHUBanmace ¢ pesynbraramMu u3 padotel \Wernet
[109], B «koTOpoii ObuIa TPOJAEMOHCTPUPOBAHA  MPOU3BOJUTEIILHOCTh  BBIUHCIICHUS
KOPPEJAIMOHHON (YHKIIMH € TTIOMOIIBIO TporpamMmbl, HanucanHoi Ha CUDA ¢ ucnionb30BaHuEM
ouommotexk cuBLAS u cuFFT, ansa paznuunsix Mozenei Buneokapt. B pabote Ob10 mokaszaHo,
YTO CKOPOCTh BBIUMCICHHUS KOPPENSIUOHHONW (YHKIIMM 3aBUCUT TJABHBIM 00pa3oM OT
MPOIMYCKHOW CITOCOOHOCTH MaMSITH BHICOKAPTHI.

Ha puc. 3.3.3 cpaBHUBaIOTCS JaHHBIE O MPOU3BOJIUTEIHLHOCTH, TOJyUY€HHBIE B paboTe
[109], 1 mpou3BOAUTENHLHOCTE pa3paboTaHHOTO MeTO1a. Bpemst BeIYKCIICHHS TPUBEICHO HA TTapy
OKOH TIOWICKA, TIOCKOJIbKY OBUIO TOKa3aHO, YTO BpPEMsI BBIUHUCICHUS KOPPEISIIUN JIMHEHHO

BO3PAacCTacT C YBCIIMYCHUCM 00BEMa JaHHBIX. HpOI[eMOHCTpI/IpOBaHHO YTO CKOPOCTb BBIYUCIICHUA
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[109]. Ha ocHOBaHHMM TMOJYYEHHBIX TAHHBIX MOXKHO 3aKJIIOYHTh, YTO IMPOU3BOIAUTEIBHOCTD

pa3paboTaHHOTO

BBICOKOYPOBHEBOI'O

anroputMa Ha s3pike  Python

IMPONU3BOAUTECIIBHOCTBIO MCHEC rHOKOIo PEIICHUS Ha A3BIKC C++.

Bpemsa pacyeTa Koppenauuun, Mmkc/IW

(o]

[e)}

e [lpouzsogntensHocTe M.Wernet CUDA
MponssogutensHocTb Torch PIV
---- M.Wernet nuHunsa TpeHaa

~——

100

200 300 400 500 600
MponoyckHaa cnocobHocTe BugeonamaTu, b/c

COoBIIagacT

Puc. 3.3.3. CpaBHeHHE BpEMEHHBIX 3aTpaT Ha BBIYUCICHUE KOPPEIALUOHHON (DYHKIIUU B

3aBUCHUMOCTH OT HpOHYCKHOﬁ BHUACOIMAMATU rpa(I)quCKoro nmponeccopa u JaHHbIX U3 pa6OTLI

Wernet [109].

(¢
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3ak/Il0YeHne K rijiase 3.

Ha ocHoBe BBICOKOYpOBHEBBIX OHMOMMOTEK s3bika Python Ovlnm paspaboraH anroputm
ananu3a PIV skcnepumenToB mpu nomornu rpaduueckux mpoueccopos (I'TI). Pazpaborannbiii
QITOPUTM BKIIFOYAET B CEOS TOJCYET KOPPEISALNU, HAXOXKICHHE MaKCUMyMa KOPPEISIIUOHHON
(GYHKIIMM METOJOM TPEXTOYCYHOW ammpokcuMmaruu [aycca, OTCEB JOXHBIX BEKTOPOB IO
COOTHOILIEHHUIO CUTHAJI/IIYM, & TAK)Ke€ UTEPALIMOHHOE BBIYHCIICHHE ITOIPABOK CKOPOCTU HYJIEBOTO
MOpsI/IKA.

[IpoBeaena Banuganus CO3JAHHOTO AJTOPUTMA HA CHUHTETHMUYECKUX H300PAKEHUSIX U
OTKPBITBIX IKCIICPUMECHTATBHBIX JaHHBIX. JJis 3TOro OBUT CO3JaH COOCTBEHHBIH T'eHEpPaTOp
cuntetnueckux PIV u3oOpakeHuid. YCTaHOBIEHO, YTO CO3JaHHBIM alrOPUTM COOTBETCTBYET
COBPEMEHHBIM CTaH/IAPTaM TOYHOCTU U IPOCTPAHCTBEHHOI'O Pa3pelICHUsI.

[IpuBenensr U 0000IICHBI U3MEPEHUSI MPOU3BOAUTEIBHOCTA BBIYUCICHUN DPa3IMYHBIX
moaener I'TI. IIpoBeneHsl cpaBHEHUS C IPOU3BOAUTENBHOCTHIO CYLIECTBYIOLUIUX PeaM3aLUn
naHHoro anroputMa. llpomeMOHCTpUpOBaHHO, YTO HauOojiee 3aTpaTHbIE STambl aIroOpUTMa
BBITIOJHSIOTCS CO CKOPOCTBIO CYIIECTBYIOIIMX MeHee TMOKMX peanuzauuid Ha si3bike C/CH+

(CUDA).
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I'naBa 4. A3poAnHaMHUKa NMyJIbCHPYIOLIEr0 TeYEeHHUs B IJIAJJKOM KaHaJle.

B nmanHOl TnaBe MpEACTAaBICHBI PE3yAbTAThl SKCIEPUMEHTAIBHOTO HCCIIEIOBAHUS
a’pOJIMHAMHUYECKIX CBOWCTB ITYJIbCUPYIOIIETO TEUCHHS B MPSIMOYroJbHOM KaHaiue. Jlis
YCTAHOBJICHHSI 3aKOHOMEPHOCTH TPEHHUsS B IYJIbCHUPYIOIIEM TYpOYJCHTHOM IOTOKE B JIaHHOM
pabote ObLT pacCMOTpPEH KBA3WUCTALIMOHAPHBIN MyJbCHPYIOUIUI MOTOK B IIMPOKOM JHAara3oHe
yrcen Pelinonbaca. Beibop KBazMCTAllMOHAPHOTO AMAINa30HA YacTOT MyJbCAI[MH MOTOKA OBLI
00yCJIOBJICH MPAKTHYECKHMM HWHTEPECOM IOIYYCHHUS JaHHBIX O MPUMEHHMOCTH CTallMOHAPHBIX
METOJMK M3MEpPEHHsI TPCHUsI B KaHAIax M TpyOax, Takux kak meron Kiaysepa, u cpaBHeHHE C
[IMPOKO-U3BECTHBIMUA ~ CTAllMOHAPHBIMU  3aKOHOMEPHOCTSIMU TpeHus. Kpome Toro, s
PacCMOTPEHHBIX PEXUMOB TPUBEACHBI W3MEPECHUS JWHAMHKH HWHTETPAJIBHBIX XaPaKTEPUCTHK
MOTPaHUYHOTO CJI0s1, TAKUX KAaK TOJIIIMHBI BRITCCHEHHSI, TOTEPH UMITYJIbca U (popMIIapaMeTpa.

W3mepenus cpeTHHUX U MyJIbCAIIMOHHBIX XapaKTEPUCTHK IMOTOKA MTPOBOIUIIOCH IIPU YK CIIaxX
Peiinonbpnca B amamazone Rey, = 1.7-10* — 7.3-10% wm gacrotax mymscamuii f = 1 — 5.8 T'm.
3Hayenue napamerpa @' B dKCIepUMEHTax BapbUpOBanoch B auanaszone 5-10° — 1.7-10%, uto
COOTBETCTBOBAJIO KBa3HMCTAIIHOHAPHOMY PEKUMY IMOTOKA. AMILTUTY/AA MyJIbCalluii pacxoja B
pa3IMYHBIX peXUMax OTIMYanack U u3Mensuiach B npeaenax A = 0.5 — 0.75. JIuana3zon umcen
Crpyxais B pabote coctasmit Sh = 0.001 — 0.03. [Ipodumu ckopocTr, TypOyIeHTHBIE ITyJIbCAITAN
Y MHTETPAJTbHBIC XapaKTEPUCTHKH IMOTOKA B pa3InyHbIe (ha3bl OCIMIUIALINN H3MEPSUINCh METOIOM
PIV. U3mepenuss TpeHHMs Ha CTEHKE KaHajla OCYUIECTBIISJIOCH KalIMOPOBAHHBIM TEIJIOBBIM
natyukoM. [losydyeHHbIE HKCIEpUMEHTANbHbIE JIaHHBIE COIMOCTABSUIUCh CO 3HAUYEHUSIMU
HanpsDKeHUH TpeHus, onpeaenéHHbIMU Mo Merony Kiayzepa Ha ocHoBe (a3oycpeaHEHHBIX

pacnpeneneHuid Mpo10JIbHOM CKOPOCTH.
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4.1. PexxuMHbIe MapaMeTPhI MYJIbCHPYIOLIEr0 NOTOKA B PSIMOYT0JILHOM KaHaJle.

B pabote paccmoTpeHo 15 pa3iauuHBIX PEXUMOB IYJILCHUPYIOIIErO MOTOKAa B KaHale,
KOTOpBIE OTJIMYAIUCh MEXY CO00M IrIIaBHBIM 00pa3oM CpeIHUM 3a nepuo uncioM PeiiHonbica
u yactoroi nynbcauuii. [lo cpegHeMy umciy PeliHoJblica SKCIEPUMEHTHI JEIUIUCh Ha TPHU
KaTerOpHH: OIM3KMi K TIepexoHOMy pexuM Rey, = 1.7-10%, pexum ymepenHoii TypOyneHTHOCTH
Re,, = 4.8-10* u monHOCTBIO TYpOYIEHTHEIH peskuM Rey, = 7.3-10%. JIns kaka0ro mpuBeIeHHOTO
cpenHero yucia PeifHonbaca ObUIM paccMOTpPEHBI YacTOThl Konebanuit 1, 2, 3, 4 u 5.8 T'm.
OKCHEpUMEHTHI IIPU PaA3IMYHBIX YacTOTaX M OJUHAKOBOM uucie PeliHoibica mpoxoauiau B
YCIIOBUSX TIOCTOSIHHOT'O HaIlopa BCAChIBAIOIIET0 Hacoca, MO3TOMY (DakTHUeCKOoe cpeaHee 3a
nepuo uyucio PeitHombaca nin cpeiHsst CKOPOCTh OTINYANach MPU Pa3IUYHBIX yacToTax. Takoe
OTJIMYUE MPOSBIUIOCH M3-32 W3MEHEHHs OOINEro CONPOTUBIICHUS TPaKTa 3a CUET BPALICHHSA
3aCJIOHKU MPH Pa3IMYHBIX YacToTax. [1oiHbI Ha0Op peKUMOB M MIX MTAPaMETPOB MPE/ICTABIICH B

tabnuue 4.1.1, copTupoBka TaOIUIBI BBIIOIHEHA 10 TApAMETPaM 4acToT.

Tabmuna 4.1.1. PexxuMbl TypOyIeHTHOTO MyICUPYIOILIETO OTOKA B KaHaie

w* = w_;/ ® -
f, T Reta uz Wo=D \P Re
1*10° v

1 84025 0.045 22.577 1262.758
2 69731 0.093 31.929 1039.222
3 72267 0.129 39.105 1111.128
A 71130 0.163 45.154 1123.099
5.8 65440 0.255 54.373 901.053
1 47306 0.075 22.577 764.793
2 48399 0.168 31.929 737.317
3 49553 0.229 39.105 825.533
A 49349 0.281 45.154 841.100
5.8 47014 0.428 54.373 823.329
1 18191 0.322 22.577 336.217
2 17040 0.678 31.929 305.336
3 16737 0.906 39.105 292.687
A 17016 1.122 45.154 292.860
5.8 15647 1.764 54.373 284.983
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Kak y>xe Ob110 0T™MEueHo B pazzene 2.1, u3MepeHue TEKYIEro pacxo/ia B JaHHOH MOMEHT
nepuojia Kojebanuii ObIJI0O BO3MOXKHO TOJBKO MHTETPUPOBAHUEM (Ha30yCpeAHEHHBIX Mpoduieit
CKOPOCTH, TOJY4YeHHbIM B pe3yibTare PIV u3smepenuii. M3aMepenus npoBOIWINCh B OAHOM
CEUYCHHHU KaHajia, PAcloJioKeHHOM Ha paccrosHuud 500 MM OT BXOJHOro KoH(Yy30pa, uTO
COOTBETCTBOBAJIO 25 KanuOpaMm MO BBICOTE KaHaima WM 15 xanmubpaMm 1Mo THIPAaBIUYECKOMY
auameTpy. B crannoHapHOM pexuMe OTKIOHEHHE ONTHUYECKOTO METO/a U3MEPEHMsI pacxosa OT
MoKa3aHui pacxomomepa He npeBbimano 5%. Ha puc. 4.1.1 npeactaBiaeHbl OJYYCHHBIC BOJHBI
KojeOaHuN pacxoJ0B JUIsl PAacCMOTPEHHBIX pexumoB. Takke B pazgene 2.1 oOcyxpancs
TapMOHUYECKUNA COCTaB BOJIH, CO3/IaBa€MbIX HCIHOJb3yEeMBIM IIYJIbCATOPOM, M  OBLIO

MMPOACMOHCTPHUPOBAHO HAJTUYMEC YCTHIPCX I'NIABHBIX 'APMOHUK HYJII)CZIIII/Iﬁ pacxona.

Re,, 1.7-10° Re,, 4.8-10" Re,, 7.3-10*
160 A

100 4 140

120 4
30 80

1004

o

w25

o4 60 80 4
20 1

\ 60,
151 40 1

40

00 02 04 06 08 10 00 02 04 06 08 10 00 02 04 06 08 10
T vT T
—=— 1.0Th 20Ty —=— 30Ty —s— 40y —=— 580u

Puc. 4.1.1. cDOpMEl BOJIHBI UIBMCHCHHS pacXoaad B paCCMOTPCHHBIX PCKUMAX MYJIbLCUPYIOIICTO

IIOTOKAa IPHU pAa3JIMYHBIX YaCTOTAX HYJ'ILCQ.I_II/Iﬁ U CPCAHUX YUCIIaX Peiinomnbaca.

Kax Bunno u3 puc. 4.1.1, popma BOTHBI U3MEHEHHUSI PacX0/1a OTIIMYATIACH JJIST PA3TUIHBIX
YacTOT Mynbcallud W cpeAHux uucen PeitHonbaca. Ilpu »ToM Hambonee OMUM3KUMHU K
cTarroHapHoi Gopme BoHbI (pHc. 2.1.6) 0Ka3amuch peKUMbI ¢ HAUOOBIINM U3 PACCMOTPEHHBIX
cpenHUM umcioM PeiiHomeaca Rey, = 7.3:10%. AMmmmrTyna TakmX BOJIH CYHTANach IO
YnpoiueHHo# popmyne A = (Qmax — @min)/(@max + @min )> TH€ Qax ¥ Qmin— MaKCHMaIbHOE U
MUHUMAJNbHOE 3HAuEHUE pacxoja 3a TMepuoj KojeOaHWW, HE YUMTHIBAIOIIMA HaIHuue
KojebarenbHbIX rapMoHuK. CpenHee 3HaueHHME pacxola 3a IEepUoJ]  OINpenessuioch
WHTETPUPOBAHWEM HW3MEPEHHBIX BPEMEHHBIX 3aBUCUMOCTEH pacxoma. Jlas dYuCiIeHHOTO
MHTETPUPOBAHUS 3/1€Ch U JJajie€ UCIOIb30BAJICS METO/I Tpaneluii BTOporo nopsiaka TouHoctu. Ha
puc. 4.1.2 mpexacraBieHa 3aBUCUMOCTh CpPEOHET0 3a MEPHOJ pacxola rasa M aMILUIUTYIBI

KOJeOaHul OT YacTOThI Hy.]'II)CElIII/Iﬁ C YUCTOM OKCIICPUMCHTOB IJId CTAllMOHAPHBIX MTOJIOKCHUM
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3aCJIOHKHU MYNIbCAaTOPa, €CIHM TaKoBble ObUTH. JI0BOJIBHO OOJBIION pa30poCc aMILTUTY/ ITyJIbCAIHA
pacxona (0.5 — 0.75) o0ycnaBiuBaeTCs BIMSAHUEM JONOJHUTEIBHBIX KOJIEOATEIbHBIX TAPMOHHUK.
HecmoTpsi Ha 3TO, cpenHee 3HAYCHHME pacxoia 3a TEpPHOJ B IKCHEPUMEHTAX H3MEHSIIOCHh
JIOCTAaTOYHO €J1a00, YTOOBI Pa3/ICIUTh IaHHBIC PEKUMBI HA TPH YCIIOBHBIC KATETOPUH 110 CPETHUM

yiciaM PelHobaca.

100 4

0.70 4
80 4

Ocp, T/c

60 1

401 0.55 1

.,’—-‘.\./.\. 0.50 |
0 1 2 3 4 5 6 0 1 2 3 4 5 6
yacrora, ['g yacrora, '

Puc. 4.1.2. Cpennee 3a epro/1 3HAUCHUE pacXojia U aMIUTATY/Ia MyJIbCAIui

B mpoxenaHHOM HCCIIEIOBAaHUM HWHTEPEC MPEACTABIACT HAKOIUIEHHE U aHAJIN3
IPEJCTaBUTENILHOW BBIOOPKU 3KCIIEPUMEHTAIBHBIX JaHHBIX 10 a3pOAMHAMUKE MYJIbCUPYIOIIEro
TypOyJEHTHOIO TEUEHUS B IUIOCKHX KaHaje. Pa3dpoc pacCMOTPEHHBIX PEXUMOB MO CPETHEMY
pacxofy, aMIUIUTYy/A€ U (opMaM BOJIHBI IyJbCalliil HE TOMEIIaNl CIeNaTh BaKHbIE 00OOIICHUS
MHTETPaJIbHBIX XapAKTEPUCTUK M TUHAMUKH TPEHHS B MYyJIbCUPYIOLIEM MOTOKE, KOTOpbIe OyIyT

MMPEACTAaBJICHBI B CIICAYIOIIUX pa3aciiax JTAHHOM TJIaBHI.
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4.2. Ilpoduiin cKOPOCTH M ITMHAMHMKA HHTETPAJbHBIX XapAKTEPUCTHUK.

[Tpumep m3menenus npopuis ckopoctu no daze (0 — 21) B mpegenax oIHOTO Mepuona
KOJICOAHUH B TIOTNIEPEYHOM CEUCHHM IyJbCHPYIONIETO IOTOKa TpejacTaBieH Ha puc. 4.2.1.
OTmeyanoch YTO B KBa3HCTAI[HOHAPHOM PEKUME IMOTOKA, MPOQWIN MPOIOJILHONW CKOPOCTH B
pasnuunbie (azbl KojeOaHMs IMOTOKA MOJOOHBI JPYr IPYry M SBISIIOTCS THIWYHBIMHU IS
CTalMOHAPHBIX TYpOYJICHTHBIX TEYCHUI B KaHalaX. V3MepeHus 1moKa3ajii, 4TO MPH OTCYTCTBUH
BBIHY)KJICHHBIX ITyJIbCAIIM TIOTOKA, HO MPH Pa3IMYHBIX yIJIaX HAKJIOHA 3aCIIOHKH, MPOQIIN
IPOJIOJIEHOW CKOPOCTH, B IEJIOM, NMPAKTHYECKH HE OTIUYAIOTCS OT TAKOBBIX B IYJbCHPYIOIIEM
TeYeHHH. B 3TOM MOXHO yOeIuThCs, OOpATUBIIUCH K puc. 4.2.2, T/ie MPEACTABICHBI MPOPUITH
CKOpPOCTH B Oe3pa3sMepHoi (opme, MPUHATON B Teopuu npucteHHoro cios [139]. IIpu stom B
Ka4yeCcTBE MacIiTada CKOPOCTH UCIIONIb3YETCS €€ 3HAaUCHUE Ha OCH KaHalla, a IMHEHHOro MaciiTada

— TOJIIIMHA MOTEPU UMITyJIbca 0**. DTa BelHUMHA ONpeesieTcs MyTeM UHTETPUPOBaHUS 0** =

u u
1] U—(l —U—)dy, rae U. — mpojonbHas CKOPOCTh Ha ocu KaHana. Kak BHIIHO, pe3yNbTaThl
c c

MU3MEPEHMM KakK JJI1 BPALIAIOLIEHCS, TAK U HEIOABUKHOM 3aCJIIOHKM XOPOIIO COBIANAIOT MEKIY
coboii mpu Bcex (azax, pa3IMUYHBIX CPEIHUX YUCIax PeWHONbca M YacTOTax MyJbCaIUH.

OnbITHEIE JAaHHBIC JIC)KAT JOCTATOYHO OJU3KO K CTCIICHHOMY HpO(bI/IJ'IIO CKOPOCTH B PAa3BUTOM

**) 17

TypOyJEHTHOM MOTPAaHHYHOM CJIO€, OMHChIBaeMbIM cooTHomienuem 0.716(y/0 . Jluaum Ha

puc. 4.2.2 npeacTaBiseT co0OM pacueT 1Mo JaHHOH GopMmyIie.

; - 55
134U, m/c

12 4 2600

11 yv"./"'"w

- 50

- 45

10 YI’W -_40
9+ A I

| ¥a - 35
sl [d ¥ _ 3 3 -

1 9/ w"=12-10 wt=0.14-10 L 30
7] -

6—-
5_-
4_-
3
2]

<Re>=73*10" y MM;'

/| <Re>=1.7*10* , 0
— e AR

5 10 15 20

¢ —®—0,—o—q/3, —A—27/3, —v—m, % 4n/3, 57/3, —»—2n

Puc. 4.2.1. Ilpodunu npoaoabHON KOMIOHEHTHI CKOPOCTH B pa3inuHble (hasbl KojaeOaHHi

pacxona Ha yactote 4 ', B nerenne ykaszansl (assl nepuoja kojaebaHui pacxosa.
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o,o-ﬁ...,....,

T T T
0 5 10 15 20 25 30
y/B**

Puc. 4.2.2. be3pa3mepHblii mpoduias CKOPOCTH B KaHAJIE PH HATMYUHN U OTCYTCTBHH
BBIHYX/ICHHBIX ITyJIbCALIUI, Pa3IMYHbIE MapKEPbl COOTBETCTBYIOT PO(UISIM CKOPOCTH B
paznuuHble (asbl KoebaHuid, pa3IMYHbIM YnciaM PeiiHonbca 1 yacToTaM mynbcatuid. JInans —

CcTeneHHoU npo¢uib ckopoctu ¢ n = 1/7.

Jlns 61U3KOro K MEpeXOJHOMY peXHMy TeueHHs B KaHalie npu Re,, = 1.7-10%
Habo1aeTCs TaMUHapu3anus mpoduis ckopocTu B (pazax yckopenus motoka (0 — ), B To BpeMs
Kak Juis TeueHus npu Re,, = 7.3:10° B TeueHme Bcero mnepuoja MPO(GHIM CKOPOCTH
COOTBETCTBYIOT Pa3BUTOMY TYpOYJEHTHOMY TE€UEHHUIO. DTO OOBACHSAET HEOOJbIIOW pa3zdpoc
0000mEHHBIX TpodmIel ckopocTH Ha puc. 4.2.2. Kak u ciemoBano 0XujaaTh, HHTETPATbHBIC
JUHEHHbIE MacIITa0bl MyJbCUPYIOIIErO MOTOKa B KaHalle JOBOJBHO cIab0 M3MEHSAIOTCS Ha
MPOTSKEHUH MEePHoJia KOeOaHWi B YUCTO TypOYICHTHOM MYIbCUPYIOIIEM MOTOKe, puc. 4.2.3 0.

Opnako, B pexuMe OIU3KOM K TMEepeX0oJHOMY HaOII0JaeTcsl CYIIECTBEHHBIN THCTEPE3UC
JAHHBIX XapaKTEepPUCTHK. TakoW BBIBOJ MOATBEpXKAAaeTCs NaHHbIME puc. 4.2.3 a. HabGmromaercs
CYIIECTBEHHOE pa3inyue TOJIIWH BBITECHEHHUS W TOTEPH HMMMyJdbca B ¢as3pl pa3roHa H
TOPMOJKEHHUS TIOTOKA JJIsl MEPEXOJHOT0 PEKUMA TEUYCHHS. DTO SIBHO YKAa3bIBA€T HA HAIMYME
TypOynu3allii MOTOKA Ha dTare TOPMOXKEHHs B paMKaxX OJHOro mepuoaa. HaumHas ot Manoro
pacxojla TEUEHHUE PA3TOHAETCS IO MEpEe OTKPBITHUS 3aCIOHKH IyJlIbCcaTopa U BMECTE C TEM

MOHMIKAETCS €r0 CTENEHb TypOyJeHTHOCTH (HMKHHUM BUTOK JUHMNA Ha rpadukax 4.2.3 a). 3areM
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3aCJIOHKH  JOCTHUIacCTCsa

MaKCUMaJIbHBIN

pacxof, KpUBBIE

pa3BOPAYMBAIOTCS M HAYMHACTCS TOPMOXKCHHE, KOTOPOE COMPOBOXKAACTCS 00Jee BBICOKON

CTENeHbIO TYpOyJIIEHTHOCTH (BEPXHUI BUTOK JIMHUI Ha rpadukax 4.2.3 a).

delta*, delta**, H (MM, mm, 1)

delta®, delta®*, H (MM, mm, 1)

delta*, delta®*, H (MM, mm, 1)

a)

YacTtoTa 2"y, Re cp. 15253

6)

YacToTa 2lu, Re cp. 64015

1.8 181 —o— deltar
—a— delta**
16 -m—
164 F o H
el
- 1.4 A
=
144 H
=
12 —e— deltax 124
i —a— delta®* T
- H £ 104
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1.0 4 2
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0.8 1 2 ’{7.
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YactoTa 3y, Re cp. 14910 YacToTa 3lu, Re cp. 66100
2.0 —8— delta* 1.6 -
—a— delta®*
184 - H
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H
- 124
144 z
I —o— delta*
1.2 4 % 1.0 —a— delta**
. '}‘:3 - H
T
1.0 4 'u-
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0.8 A 3
0.6 081
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YacToTa 5.8y, Re cp. 13554 YacTtoTa 5.8y, Re cp. 59911
—8— delta® 184
—a— delta** .
254 g H
1.6
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= i
2.0 g1
:
e 127 —a— delta*
» —&— delta®*
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g
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1.0 2
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Puc. 4.2.3. 3aBucumocTth HHTCTPAJIbHBIX XapPAKTCPUCTUK ITOTPAHUYIHOTIO CJIOA OT pacxoJa rasa

MIpY HAJIMYUU MyJIbCAlMi pacxoa rasa.

Mo:xHO OTMCTHUTDH, YTO 3TOT B(I)(I)CKT MMPOABJIILACTCA U B ClIydac 4YHUCTO Typ6yJ'IeHTHOI‘ (8}

TCUYCHHA, OJHAKO, Ha MPOTAKCHHUU OOJIbIIICH YacTH nepuoaa KoJIeOaHMH Cy’H.[CCTBCHHOﬁ
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nedopMaruu mpodust CKOpoCTH He HaOII0JaeTCs ¥ OTIBITHBIE JAHHBIE TIO TOJIIIIWHAM BBHITCCHEHHUS
U TIOTEPH UMITYJIbca OJIM3KHU K Pe3yIbTaTaM Ui Cydasi CTAIIMOHAPHOTO TCUCHUSI.

Jannblit 3¢ exT Habmro1aeTcs U MPU paCCMOTPEHUH CTETNIeHU TypOYJIEHTHOCTH MTOTOKA Ha
ocu kaHaina, puc. 4.2.4. OtMmedaercs pocT TypOyJIeHTHOCTH B (a3bl TOpMOKeHUs moToka. [Ipu
3ToM 3(@eKT B MEPEeXOoJAHOM pEeKHUME TEUYCHHs HaOmogaeTcst Oojiee 3HAYMTENbHBIM, YeM B

Pa3sBUTOM TYpOYJICHTHOM IMyJIbCUPYIOIIEM MTOTOKE.

1uruo <Re>=1.7*10* <Re>=7.3*10'
. g —a—1Ty v—1Ty
. 2Ty 2Ty
0,24 3y —e—3 U
x— 4Ty 4Ty
s 58Ty 58T
0,20
*]
0,16

0,124/
0,08

004

0,00 bt
0 1/6 1/3 1/2 2/3 5/6 1

Puc. 4.2.4. 3nauenue creneHn TypOyJIE€HTHOCTH MOTOKA HA OCH KaHalla B TCUCHHE TIEpHOJIa
KoneOanuii. JlaHHbIe TPUBEACHBI JIsl PA3JIMUHBIX uyncel PelfHONbICca U YaCTOT MyJIbCaluit

pacxopa. [IyHKTHpHAas IMHUS — CTALIMOHAPHBIN CIydai.

Jlia onpeneneHys] NPUHLIMITMAIBHON BO3MOKHOCTH IpUMeHeHus merona Kmaysepa ans
U3MEpPEHUs] TPEHUsI Ha CTEHKE B YCJIOBMSIX IMYJIbCUPYIOLIErO MOTOKA M3MEPEHHbIE NpOoQHIn
CKOPOCTH B pa3nuuHble (ha3bl ObUTM NMPHUBEAEHBI B YHHBEpPCAJIBHBIX KOOpAMHATax, puc. 4.2.5.
Otmeuarnoch xopoiuee 06001ieHne npoduseit CKopocTH B TypOyJIEHTHOM pe MOTOKa, YTO ObLIO
IOpsIMBIM  CIIEICTBMEM TpuMeHeHuss Metona Kinayzepa. OnHako Takke BUIAHO CYLIECTBEHHOE
PacXO0XkKJIEHHE B MOBENEHNH BSA3KOTO MOJICIION MPH BBICOKKX 3HaYeHusx napamerpa . [Ipu oTom
OTMEYAJIOCh, YTO B ciiyyae OJIM3KOrO K MEPEXOJAHOMY PEXUMY TEUEHHs, TOBEJIEHUE BSI3KOIO
MIOJICJI0S MOTJIO IIOJTHOCTBIO HE COOTBETCTBOBATH KJIACCUYECKOM 3aBUCUMOCTH JIJISl CTAL[MIOHAPHOTO
TedyeHus. Pe3ynbTaThl AaHHOro 0000mIeHHUs Hpoduieii CKOPOCTH TOBOPAT O MPUHIMIIHAAIBHO
Pa3sIMYHOM BJIMSHUM MyJbCAlMi MOTOKA Ha Bsskui moxcion (y* < 10) m morapupMuueckuit

Y4acCToOK.
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Puc. 4.2.5. Ilpodunu ckopocTH B pa3nuuHble (azbl KojgeOaHU MOTOKA B YHUBEPCATbHBIX
KOoOpauHAaTax. JlaHHbIe IPUBEACHBI U PA3IMYHBIX YaCTOT MYNIbCAIUN M CPEAHUX YHCEI

Petinonrsaca
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4.3. TpeHue B myJIbCHPYIOLLEM NOTOKE.

[Ipouenypa M3MepeHUN KacaTeJIbHBIX HAINPSKEHUH € MOMOIIBI0 TEIUIOBOIO JaTyuKa
TpPeHHsI MPU MyJbCAlMAX pacxoja raza B LI€JOM Obljla aHAJIOTWUYHOW CIy4aro CTalliOHAPHOIO
TeyeHus. M3MepsiemMoe »slIeKTpUYEeCcKOoe HamNpsHKEHUE ¢ JaTyuka TpeHus mnpeoOpa3oBaHO B
KacaTeJIbHOE HANpsOKEHUE TPH MOMOIIM 3aBUCUMOCTH (2.3.4). s KakIoro 3KCIEpUMEHTa
3amrcano mopsaka 100 mepuomoB KoneOGaHWW pacxoida, IMONYYECHBI 3aBHCHUMOCTH CPEIHHUX
3HAUYEHUM KacaTeJIbHBbIX HANPSLDKEHUM M MX JUCIEPCUM OT BPEMEHH B paMKax OJHOTO IEPHOJa.
Pe3ynpTaThl U3MEpeHUN CpEeIHUX 3HAYCHUM KacaTeIbHbIX HAIPSIKEHUM Ha CTEHKE KaHaja B
TE€YEHHE OJIHOTO Iepuojia KojieOaHWM IpU BapualMM 4YacToThl W uuciaa PeiiHonpaca
neMoHCTpupyroTes Ha puc. 4.3.1. IlpeacraBiensl 1Ba METOa ONpeAeTICHIsI TPEHHUSI Ha CTEHKE: C
MOMOIIbIO TEIUIOBOTO JlaTYMKa TPEHUs, MO HU3MEpPEHHBIM (a3oycpeqHEHHBIM MpOodUiIsaM
MPOJOIBHOM cKopocTH MeTonoM Kiaysepa. HaGmronanock, uto s o0oux BapuaHToB ¢opma
pacrpeneneHusi KacaTelbHBIX HaNpsOKCHWH, B TEUYEHHE Nepuoja KoieOaHWs, KadyeCTBEHHO
MOBTOPSIET U3MEHEHHUE pacxo/ia 0ToKa o BpeMeHu, puc. 4.1.1. JIBa meToa Jat0T KaueCTBEHHO
101I00HbBIE PE3YNbTAThI, IIPU 3TOM OTCYTCTBYET (pa3oBas 3a/Iep:KKa MEXK1y TPEHHEM, TOTyYCHHBIM
U3 TOpoduias CKOPOCTH M U3MEPEHHMSIMH  JaTdyuKa TPEHUs, YTO XapaKTepHO s
KBa3UCTAllMOHAPHOIO MOTOKa. MakcuManbHasi BEJIMYMHA TPEHUSI Ha CTEHKE OCTaeTCsl IPUMEPHO
OJHOM M TOM K€ MPH BCEX UCCICTOBAHHBIX YACTOTAX MYJIbCAI[UM.

OnHAaKO KOJIMYECTBEHHBIE 3HAYCHMsI TPEHMS HA CTEHKE, IOJYYEHHBIE JTUMHU JBYMS
METO/aMH, Kak 3To cienyer u3 puc. 4.3.1, ornuyarorcs apyr oT apyra. s HU3KOro ymcnia
Peitnonbaca (Rey, = 1.7-10%) HabmromaeTcs 3aBBIICHHE TTOKA3aHWI, MOMYYEHHBIX JATIUKOM
TpeHust oTHOcHTeNbHO P1V u3Mepenuii, Tora kak npu BeicokoM (Regq = 7.3-10%) — nabmopaercs
oOparHas kapTuHa: Meto] Knaysepa maer Gojee BbICOKME 3HAUEHHUS TPEHUS IO CPAaBHEHHIO C
TEIUIOBBIM JaTYUKOM TpeHus. B mpomexxyrounbix umciax PeliHoibaca METOABI AIOT CXOXKHE
KOJIMYECTBEHHO PE3yJIbTaThl.

Bonpoc o Bo3amoxkHOcTH npuMeHeHus: Meroaa Knaysepa 1 onpeeneHns KacaTellbHbIX
HaIpsDKeHWH Ha CTEHKE B HECTAIIMOHAPHOM ITOTOKE SBISIETCS AMCKyccHOHHBIM [39]. B HacTosiei
paboTe ero Ucrob30BaHUE 0OOCHOBAHO OTHOCUTENILHO MaJIOi 4acToTOo mynbcanuii pacxona (1-
5.8 I'm) 1 KBa3uCTAIMOHAPHBIM XapaKTepOM TeUeHUs. J{J1s1 MoaATBEP K ICHHS TAKOTO TTOIX01a Oblia
U3MepeHa aBTOKOPPEIAIMOHHAs (PYHKIUS C IIOMOIIBIO 1aTYNKA TPEHUS B Mpollecce KATMOPOBKU
B CTAllMOHAPHOM IOTOKE. XapaKTEPHOE BpeMs 3aTyXaHHUs KOPPEISALUH, IPH KOTOPOM 3HAUYEHUE
¢byHKIMM yMeHbanoch 10 10% oT HayaJllbHOTO 3HaY€HUSs, BapbHUPOBAIOCh B quana3zoHe ot 0.02
¢ ipu umcie PeitHonbaca Re = 6-10° 1o 0.0013 ¢ npu uncne Peitronbaca Re = 10°, uTo HaMHOTO

MEHBIIIE TIEPHO/1a U3MEHEHUS pacxojia B paccMOTpeHHbIX dkcnepumenTax (0.17 — 1 ¢).
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Puc. 4.3.6. CpaBHeHI/IC 3HAYEHHUH KacaTeIbHBIX HaHpH)KCHI/Iﬁ Ha CTCHKC, IMMOJYYCHHBIX TCIIJIOBBIM

AATYUKOM TPEHUA U METOJIOM Knay3epa B TCYCHHUEC OAHOI'0O ICPpUOaa KoJIeOaHMIA.
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PesynpTaThl N3MEpeHNi KacaTeabHBIX HAPSHKEHUN ObLITH 0000IIEHBI 11 PACCMOTPEHHBIX
4acTOT, aMIUIUTY ¥ uucen PeifHonbaca. beiia paccMoTpena quHaMuka KodpuimeHTa TpeHus B

3aBUCUMOCTH OT TCKYHIeﬁ (1)8351 KoJIEOaHMH IIOTOKa, OIMPEACIICHHOI'O KaK

87,,(t)
pUZ(t)

rae Ty, (t), Upy,(t) — u3MepeHHble 3HAYEHHs KacaTeJbHBIX HANPSIKEHHH W CPEIHEPAaCXOMHOM

A(t) = (4.3.1)

CKOPOCTH B paszfinyHbIe (pa3bl OMHOTO Mepuoja Kojaedanuii. Pacuer koaddunmenra tpenus (4.3.1)
OBLT TIpojieNIaH KakK JUIs JaHHBIX, MMOJNy4eHHBIX MeTonoM Kiaysepa, Tak W JUisl U3MEPCHHH TpU
MOMOIIIM TEIUIOBOrO Jarduka. [locKombKy mIar CHHXpOHU3anud (a3bl B ONTHYECKHX
JKCIEpUMEHTax cocTaBsul 1/12 mepuoma, BpeMeHHoe paspemieHue 3HaueHui A(t), Toxke
cocraBwio 1/12 mepuoma xonebanmii. Ha puc. 4.3.2 npuBeneH mpuMmep 3aBHCUMOCTEN T, (t),
U, (t) ucronb3yembIx uisi pacueTa kKod(puimenTa TpeHus pH TUIOTHOCTH BO3IyXa B KaHAJe

p = 1.22 xr/m>.

Ty Uy,

Puc. 4.3.7. TlpumMep BpeMeHHBIX 3aBUCUMOCTEH T\, (t), U, (t) HCHIONB30BaHHBIX IS pacyeTa
k05 PHUIMEHTa CONPOTUBIEHNS TTOTOKA 10 opmyne (4.1.1) ais pesxuma Re,, = 4.8-10%,

f=4Tm.

Bbouto ycranoBieHo, 4yTO MpU MoJ00HOM 0000111eHNN KO (UIUEHT TPEHUS, U3MEPEHHBIH
metonoM Kiaysepa, monHOCTBIO coriacyercs ¢ GopMysoi sl CTAMOHAPHOTO PEXKUMa TEUCHUS
A(t/T) = 0.28 - Re(t/T)™ %25, puc. 4.3.3 a, uTO HPOTUBOPEUHT H3BECTHHIMH IAHHBIMH O
nyJibCcUpyonmx morokax [49]. MupiMu coBamu, 10orapuGMUYECKUi yIacTOK MPOGUIIsT CKOPOCTH
B KBa3HMCTAallMOHAPHOM pEXKMME Te4YeHHs BeJeT ceOsl Kak B CcTalMoHapHOM moToke. OnHako,
MU3MEpPEHUE TPEHMsI HEMOCPEACTBEHHO HA CTEHKE IPU IOMOIIM JaT4WKa JEMOHCTPUPYIOT
COBEpILEHHO Jpyrylo auHamMuky. CoOrizacHo 3TUM U3MEPEHUsIM KOI(DUIUMEHT TpeHHS
OKa3bIBAETCSl BBIIIE CTAIIMOHAPHOIO Clyyass U UMEET APYTyl CTENEHHYIO 3aBUCHUMOCTH OT
Teky1iero asoycpennenHoro yucna Peitnonb/ca:

A(t/T) = 22.59 - Re(t/T)~°¢5, (4.3.2)
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puc. 4.3.3 6. Uucno PeitHonb/aca 3aBucsIiee OT BpeMEHH ObUIO PAaCCUYUTAHO IO CPETHEPACXOTHOM
CKOpPOCTH, TIOJIyUCHHOH HHTErpUpOBaHHEM (a30yCPEIHEHHBIX Npoduiae CKOpocTH, H

TUAPABIMYECKOMY TUAMETPY KaHala.

a) -1
10

Re,, 1.7 - 10

. 1.0I'

. 20Ty

o 3.0I'n

o 40T

e 58I
Re,, 4.8 - 104

o 1.0I'n

0.43-1073 « 20Tu

: . 3.0 Fu

o 40T

08-102% . 58Tn

Re,, 7.3 - 10*

wt e 1.0Im
0.05-10"% . 20In
5 3.0 I'n

. 4.0 r].[

C10-3
026-1072 | Sop

10° 10°
Re

CranuoHapHEIBIi ciyyaii, A = 0,28 - Re ™02

---- KsasucTanmoHapHbIii ciyyaii, A = 22,59 - Re ~0-66

Puc. 4.3.8. amepennsrit MmetogoM Kiaysepa (a) 1 TEIUIOBBIM JaTYNKOM TpeHuUs (0) 3aKOH
COTPOTHUBIICHUS B MYIbCUPYIOIIEM MOTOKe. Pa3nnyable MapKephl COOTBETCTBYIOT Pa3HBIM
cpenHuM unciaMm PeifHomnbaca 1 4acToTaM mynbcaiuii. Pa3nuuHbie TOUKH COOTBETCTBYIOT

pa3HbIM (pazam KoJieOaHHI TTOTOKA.



109

DkcnepruMeHTa bHas koppensus (4.3.2) Obuia monmydyeHa mpu oOpabOTKe OOJBIIOrO
MaccHBa JaHHBIX U 00001IaeT MPOBEACHHBIE SKCIEPUMEHTHI BHE 3aBHCUMOCTH OT ()OPMBI BOJTHBI
Koje0aHui MOTOKa, YacTOThl KojiebaHwii W cpeaHero uucia PeiiHonblica B paccCMOTPEHHBIX
pexumax. IIpu 3TOM pe3ynbTaThl U3MEPEHUU T,, TEIUIOBBIM JAaTYUKOM TpeHus, puc. 4.3.1,
MOBTOPSUTUCH TPU KCIOJIB30BAHUN PA3JIMYHBIX SK3EMIUISIPOB JIaTYMKa U MPU HCIOJIb30BAHUU
Pa3INYHBIX KaTMOPOBOYHBIX 3aBUCUMOCTEH, UTO TOBOPHT B MOJIb3Y JOCTOBEPHOCTH MOJIY4EHHBIX
pe3ynbraroB. J[MHAMUYECKUI 3aKOH TPEHHUs IMOKA3bIBACT, YTO B pa3jiMyHbie (a3bl KoJIeOaHMIA
noToka Kod((QUIMEHT TpeHHs] Ha CTEHKE 3aBUCUT HCKIIOUUTEIBHO OT «MTHOBEHHOT'O» YHCIIa
PetliHonbaca 1711 CKOPOCTH B KOHKPETHO B3ATOH asze.

OcpenHeHHBIE 110 TIEPHOAY 3HAYCHUS MOIYyUYeHHBIX 10 (opmyre (4.3.1) xoadduureHToB
TPEHUs TAaKXe B LIEJIOM YKJIAJbIBacTCs Ha 3aBUCUMOCTH (4.3.2), puc. 4.3.3. Jljsi BpeMEHHOTO
OCpEeIHEHHUsI IPU 3TOM ObljIa HCII0JIb30BaHa (hopMyrna:

1 fT 81, (1)

A== =24t
o PUA(D)

- (4.3.3)

10”
= Re,=1.7-10%
Re,, = 4.8 -10%
» Re,=7.3-104

~<
107
10° 10°
Re

—— CraumosapHssii caygaii, A = 0,28 - Re 022

---- KsasucrammoHapHsIii ciyqaii, A = 22.59 - Re ~0-66

Puc. 4.3.9. YcpennenHnslii mo BpeMeHU K03()(OUITUESHT TPEHHS B IMTYJIbCHPYIOIIEM TTOTOKE.

O06paboTka dKCTIepUMEHTAIBHBIX JAHHBIX IIOKa3ala, YTO paclpeieleHue OCpeIHEHHBIX 110
(ase cpemHEKBaIPATHYHBIX 3HAUYCHHUIN MyJIbCAI[MH KAacaTeNbHBIX HANpPSKEHUH Ha CTCHKE T,, B

NEPUOANYECKOM MOTOKE MOJTHOCTHIO MOBTOPSIO GopMy NpoPuiis CpeAHUX 3HAUEHUN TPEHUS T,
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(cm. puc.4.3.1). B npeaenax meproa HaOIOAAICA SKCTPEMYM T,, H Ty, , OTCYTCTBOBaIa (hasoBast
3aJIepKKa MEXTy TaHHBIMH IMapaMeTpaMu, 4YTO HAarJSIHO cieayeT u3 puc. 4.3.5.

a) 6)

54

0.5 4

0.4 4

0.2 4

0.1

T T T T
0.0 0.1 0.2 0.3 0.4 0.5 0.0 0.1 0.2 0.3 0.4 0.5
Bpems, € Bpema, ¢

Puc. 4.3.10. [Ipumep n3MepeHHBIX TEIUIOBBIX JaTYMKOM TPECHHS KacaTeIbHbIX HANPsDKEHUH (a) U
ux nmyibcanuii (0). YepHas TuHMS Ha puC. (2) COOTBETCTBYET YCPETHEHHOM 1Mo (ase

3aBUCHMOCTH Ty, (t), IBETHBIC TUHUH — PA3INIHBIC TICPUOIBI.

Ha puc. 4.3.6 npencraBieHbl ycpeAHEHHble IO (pa3e OTHOCHTENbHbIE IYyJbCAllUU
KacaTeJbHBIX HAIPSHKEHHUH Ty, /T,, B 3aBHCUMOCTH OT BPEMEHH, B MpeJeiax OJHOro Iepuoja
KOJIeOaHUsI MOTOKA, MPH PA3IMYHBIX YaCTOTaX M3MEHEHHs pacxoja. BennuuHa T,,/T,, MoIy4eHa
quis Beex ¢a3 (0 — 2m) mynbcanuii pacxoja. B kauecTBe Maciitaba HHTEHCUBHOCTHU TypOYJIEHTHBIX
GuyKTyaluii HCroab30BaIOCh OCPEAHEHHOE O (a3e KojaeOaHUil pacxoja 3HaAYCHUE TPEHUS T, .
Beulo  OOHAPY)KEHO, YTO OTHOCHUTENbHBIC MYNbCALMH Ty, /T, Ka4ECTBEHHO MOBTOPSIOT
OTHOCHUTEJIbHOE 3HAUEHHUH MYJIbCAI[M CKOPOCTH Ha Oocu KaHaia, puc. 4.2.4. HaGmonarorcs sipko
BbIpaXX€HHbIE (Da3bl TOPMOXKEHMSI M pa3roHa mnotoka. OnHako, HaOIOJAeTCsl COBEPIICHHO
oOpaTHasi 3aBUCHMOCTb YCWJIEHMsI IyJbcalluii B (a3bl TOPMOXKEHHUS OT yucia PeliHonbiaca u
YacTOTBI 110 CPABHEHMIO C IyJbcalUsMU cKopocTu. IIpu u3MepeHuMu mynbcaluii CKOpOCTH B
pexuMe OIM3KOM K HepexomHomy, Rey, = 1.7-10% sddext ycunenus mynbcaiuii BHI3BAHHbII
TypOynu3anueil moToka OKa3bIBaJICs 3HAUYUTEILHO CHIIBHEE, YeM B CITyyae YUCTO TYpOYyJIEHTHOTO
notoka npu Rey, = 7.3-10% Taxke B ciyuae mymbcanuii ckopocTH 3(QeKT ocnabepan mpu
YMEHBIIEHUHU YaCTOTHI MyJbCalluii, n3-3a OOJBIIETO 3amaca BpeMEHH Ha MepecTPOrKY MOTOKA.

Jnia mynscanuil TpeHus 3Qppext TypOynu3zanuu Hanbosee BhIpakeH MPU BHICOKMX YHCIaX
PeliHonbaca, npu 3TOM BIUSHUS YacTOTHI MyJbCAallMi Ha JAaHHBIM 3(PPEKT B paccCMOTPEHHBIX
pexxumax He oOHapykeHo. Kpome sToro, BHAHO, 4TO (pase MakCHMalbHO BBICOKOM CKOpOCTH
3HAUEHUE MyJIbCAlU TPEHUSI COBIIAJAIOT C 3HAUEHHUEM IIPU TAKOM XK€ cpeHeM unciie PeliHonbaca

B CTAIIMOHAPHOM PeKUMeE (ITyHKTUPHBIE JIMHUH Ha puc. 4.3.6). THTEeHCUBHOCTD MYJIbCAIII TPEHHS
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o Mepe pocra uncia PeifHonbaca B MyJIbCUPYIOIIEM PEKUME HE3HAUYUTEIBHO CHUKACTCS C

0,/Ty=0.12 ipu Re,, = 1.7-:10* 0 0.08 mipu Re,, = 7.3-10%,
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™ TTT

T T T

T T PR
1/3 1/2 2/3 5/6 1

Puc. 4.3.11. prCI[HeHHLIe 1o (1)336 OTHOCHUTCIILHBIC ITYJIbCAIIUN KAaCATCIIbHBIX Hal'Ip}I)KeHI/Iﬁ Ha

CTCHKE, UBMCPCHHBIC TCIVIOBBIM JATYMKOM TPCHUA.

IlepeiineM K paccCMOTPEHUIO CHEKTPOB (PIyKTyallMi KacaTeJIbHBIX HANpsIKEHUH, Kak B
CTAallMOHAPHOM ciy4ae, Tak U MpU HAIMYUM MyJIbCalliii pacxo/ia raza B kaHaje. B mepBom ciiyuae
(puc. 4.3.7 a) mokazaHa CHEKTpaJbHas IUIOTHOCTh MOIIHOCTH MYyJIbCAlMH KacaTeIbHBIX
HANpsDKCHUH, TIONyYeHHass W3 BPEMEHHBIX PSJIOB TPU KanHOpOBKE AaTtyWka TpeHus. [lpum
yBeNU4YeHUN uuciaa PelfHonbaca HaOmogaeTcss yBeNMYEHUE aMIUIMTYIbl (QIyKTyaluMid T,, |
pacuMpeHue CHeKTpa B CTOPOHY Oojiee BBICOKMX dacToT. Hu3kouacTOTHas 4acTh CIIEKTPOB
YBEJIMYMBAIOTCS IPUMEPHO Ha TPH MOPSAJIKA B YACTOTHOM JIMANa30HE CTALIMOHAPHBIX PEKHUMOB
TedyeHus1. CHEeKTphl CTAI[MOHAPHBIX PEXHUMOB MOHOTOHHO YOBIBAaIOT C YBEIMYEHHEM YacCTOTHI U
MMEIOT OO yroJl HAaKJIOHA B JIOTApH(PMUYECKIX KOOPAMHATAX B MHEPIIMOHHON 00IaCTH 4acToT.
Hanmnume eamHOro yria HakiIOHA CIIEKTPOB, TOBOPHT O CBSI3M KacaTEIbHBIX HANPSHKEHUH C
JHEPreTU4YecKUM KackaszoM TypOyneHTHocTH. OiHaKo, Oojiee TOUHOE ONpeesIeHHe CTEEHHOTO
3aKOHA JJIsl JMCCUIAIMK KacaTeNIbHBIX HaNpsKeHUH MOKa OCTAaeTcsl TeMOM I JalbHEeHIInX

uccinenoBanuii. [lo-BuaAMMOMY, BBICOKOYACTOTHAS TpPAaHUIA HM3MEHSIONIEHCS YacTH CIEKTpa,
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XapaKkTepU3yeT BPEMEHHOE pa3pellieHHe TEIUIOBOrO JaTdyhKa TpeHus. B 1mernoMm, pe3ynbrarsl
JAHHOW PabOTHI MO CHEKTPATBLHOMY paCHpeIeICHUIO (IIYKTyalnid KacaTelbHBIX HAIMPSHKCHUN B

CTallMOHAPHOM IOTOKE XOPOILIO COIIACYIOTCS C M3BECTHRIMHU JaHHbIMHU [155,156].

a) 0)
1 YE,), Na?
10' (ty), Ma‘c 10?
10°
10°
s 10°
, 107
103 \\\\ 102
10 E e i . X i 102
4 - ~ e
10 10
10 4 Re: 10
* 3
106 4——6*10 .
L 1—12"10° 10
107y —— 47+ 10° 107
10° 4 ——34+10° 10°
9]——51*10° 9
10 b todt 10°4Re>= 17410  <Re>=4.8*10% <Re>=73" 10"
1071 101 * 10° . 10710 1Ty 1Ty 17y -
10 vy . ] : . S i 88N ——58Mu 58T Iu
107" 10° 10' 107 10° 10¢ 107 10° 10 107 10° 10*

Puc. 4.3.12. CrexTpsl QuiyKTyaluid KacaTelIbHBIX HAMPSHKEHUN. a) — CTallMOHAPHBIN

PEXUM. 0) — MyNbCUPYIOIINE PEKUMBI.

CriekTphl QUIYKTYyaluii T,, MyJIbCHPYIOMIETO MOTOKA IEMOHCTPUpPYETCs Ha puc. puc. 4.3.7
0, Ipu ATOM MPUBOJATCS JIMILb KpaliHUE 3Ha4eHUsl YacToThl myiabcanuit (1 u 5.8 I'n). Kak BugHO
W3 PUCYHKa CIIEKTPHI COJEpKaT y3KHE MUKW Ha YacToTax myibcanui pacxoxa (1 m 5.8 I'm) u
KpaTHbIE UM BBICILIME FAPMOHUKHU, YTO OOYCIOBJIEHO OTKJIOHEHHEM (PopMbI KoebaHMi pacxona
OT rapMOHMYECKOro 3akoHa. [Ipy Takoil CHJIBHONM 3aBUCMMOCTH MHTEHCHUBHOCTU CIEKTPAJIbHON
MOIIHOCTH OT uucia PeifHosbAca B CTAllMOHAPHOM pPEXHMME OKUAAJIOCH YBUIETh HEOOBIYHOE
MOBEJICHNE CIEKTpa IMpH MyJNbCAlUSIX pacxojia, OJHAKO 3TOro He Habmomaercs. Ilpu 3ToMm,
NyJbCUPYIOLUIUI PEKUM TOBTOPSET CHEKTPhl CTAlMOHAPHOTO TEYEHHUs, Kak B 00JIacTu
HU3KOYACTOTHBIX IyJbCallMii, TaAK M B IIOBEJECHWM HWHEPLHUOHHOIO Y4YacTKa. AHaJIOrMYHBIE
pe3ynbTaThl ObUIM TONy4deHbl paHee B pabdore [16] nms uykTyanuit rpaiueHTa CKOPOCTU HPH
NEePHOANIECKOM TYpOyJeHTHOM TeueHMH B TpybOe. OTu nanHeie [16] mpencraBieHbl s
CMEXHOTO auanazoHna uncen CTpyxang u w™, HO MpU ManbIX aMmuMTyaax myascanmii (A = 0.05

~0.1).
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3akjioueHue K riase 4.

B riaBe mpeacraBieHsl pe3ynbTaThl SKCIEPUMEHTAIBHOIO UCCIEI0BAaHUS a3POJMHAMUKN
YJIbCUPYIOLIETo TYpOyJE€HTHOTO TEYEHUS B IJ1a/IKOM IIPSIMOYTOJIbHOM KaHaine. B sxcnepumenrax
OBUIO KCIOJB30BAHO JBA CIOcOo0a OIpeneNieHus] KacaTeNbHBIX HANpPSKCHUH Ha CTEHKE, MpHU
MIOMOIIY TETJIOBOTO JIaTUYMKA TPEHHs U M0 YCPEIHEHHBIM 110 (a3e Mpo(uisiMm CKOPOCTH METOI0OM
Knayzepa. HaGmronanocs otrcyTcTBre (a3oBoi 3a1epKKU PE3yJIbTaTOB U3MEPEHUIN MEXly STUMU
MmeronaMu. B 00oux ciyyasx M3MEHEHHE KacaTesIbHbIX HAIIPsDKEHHUH ciiefoBano Toil ke dGopme
BOJIHBI, YTO W WM3MEHEHHE pacxoja WM OCEBOW CKOpocTH B moToke. OOa Merona mokaszaiu
XOopoliee KayecTBEHHOE MOoJ00Me JaHHBIX, TOTr/a KaK KOJHMYECTBEHHOTO COBMAJCHHS HE
HaOJIFOJaeTCs.

Pesynbratel u3mepenuit koddduirienta TpeHus: ObLTM 00OOIIEHBI ISl PACCMOTPEHHBIX
4acToT, aMILTUTYA U uncen PeitHonbaca. beuta paccmoTpena nuHamuka Ko UIeHTa TPEeHHS B
3aBHCUMOCTH OT TeKymed ¢a3el konebanuii mortoka, A(t/T). bbuio ycranoBieHO, YTO MpH
noJ00HOM 0000meHnrn KOA(PPUIMEHT TpeHUs, U3MEpeHHbIH MeTonoM Kiaysepa, mOTHOCTBIO
coracyercs €O CTalMOHApHBIM peskuMoM Teuenus A(t/T) = 0.28 - Re(t/T) %25, Onnaxo,
U3MEpEeHUE TPEHUS HEMOCPEACTBEHHO Ha CTEHKE MPH MOMOLIH JaTYUKa IEMOHCTPUPYIOT IPYTYIO
3aBUCUMOCTb TpeHMsI OT uucia PeitHonbaca. CoryiacHO 3TUM U3MEPEHUsIM KO3 PULIUEHT TpeHus
OKa3bIBAETCsl BBINIE CTAIIMOHAPHOTO CIIy4as M MMEET JPYTyI CTENEHHYIO 3aBUCHMOCTH OT
Tekymero (asoycpenHenHoro uucia Peitnonbaca: A(t/T) = 22.59 - Re(t/T) %68, uro moxHoO
Ha3BaTh 3aKOHOM TPEHUs MYJIbCUPYIOIIETO MOTOKA.

OTHOCHTENbHOE 3HAYCHHWE TYpPOYJICHTHBIX MYJIbCAMH KacaTeNbHBIX HANPSHKCHUN B
PacCMOTPEHHBIX PEXMMax BO3PACTAET MPU TOPMOKEHHHU TTOTOKA OTHOCUTEIHHO CTAI[HOHAPHOTO
peKuMa TEYEHHUs, aHAJTOIMYHO MYJIbCAlUsAM CKOpPOCTH. IIpM 3TOM MHTEHCHBHOCTH IyJbCallUit
TPEHUs Ha CTEHKe MMOHMXKAETCS 110 Mepe pocTa umciia PeliHonbca, Kak A MyJbCUPYIOILEro, Tak
U JUTS CTAI[HOHAPHOTO PEKUMOB.

Bbutn monydeHsl CHIEKTpPBI KacaTelbHBIX HANpSHKEHWH Ha CTEHKE B CTAI[IOHAPHOM W
NyJIbCUPYIOLIEM peXHMax. YCTAHOBJIEHO, YTO CIEKTPBl IMyJbCHUPYIOIIUX PEXHUMOB TEUECHUS
MOBTOPSIIOT CHEKTP CTALIMOHAPHOIO TEUSHMs MPH OJAMHAKOBOM CpelHeM uucie PeiiHonbica, 3a
UCKJTFOUEHHEM HAIMYHSI TMKOB Ha YacTOTax MyJbcaluii pacxona. [Ipu aToM OBLTO TIOKa3aHO, YTO
BpPEMEHHBIE CIEKTPhl KacaTelIbHBIX HAIMPSDKEHUH WMEIOT OJNIM3KUIA CTENEHHONH HAaKJIOH B
MHEPIMOHHON 006J1aCTH YacTOT MPHU BapHaluu yucen PeifHonbaca, 4acToT M aMILTUTYA KoJieOaHui

pacxola B UBMCPCHHBIX PEIKUMAX.
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I'naga 5. Ilyabcupyloniee oTpbIBHOE TeYeHHe B KaHaJIe ¢ pedpom.

B rnaBe meranbHO paccMOTpeHa BUXpeBas AMHAMHKA MYJIbCHPYIOLIETO TypOYIEHTHOTO
IIOTOKa 33 OJMHOYHBIM peOpoM. OTHOCHUTENBHO NpeAbIAYIIEH IJIaBbl B JIaHHOM pasfene
OCHOBHBIM XapaKTEPHBIM IIapaMeTpoM sBJiseTcs yuciio CTpyxaiid, MOKa3bIBaloLIee OTHOLIECHUE

XapaKTEepHOI'0 BPEMEHU KOHBEKIIMM K IIEPUOLY IyJIbCaluii. PACCMOTPEHBI pEXKUMBI TEUECHHUS TIPH

ancie Peitnonsiaca Rey, = 4.3-10* u mmamasone uncen Crpyxams Sh = f - h/U,= 0.0004 —
0.0024, 9TO COOTBETCTBYET KBAa3UCTAIIMOHAPHOMY DPEXHMY TEUYEHHUS. AMIUIMTYJAA KoJeOaHWH
pacxoa B PpacCMOTpeHHbIX pexumax coctaBuiaa A = 0.7. BpiOop KBa3uCTalMOHAPHOIO
Jana3oHa 4acToT MyJibcaluil ObLI OOYCJIOBJIEH YacThIM €r0 BOSHUKHOBEHMEM B TEXHUYECKUX
cucreMax.

Metogom PIV Obuin u3MmepeHsl (ha30yCpeHEHHbIE [IBYMEpPHBIE I0JII CKOPOCTH H
pacripenenenus mynbcanuii. Ha ocHOBe morydeHHBIX JTMHUN TOKA YCPEIHEHHBIX ITOJIeH CKOPOCTH
ObUIM WCCIIEIOBAaHBl 3aBUCUMOCTH KOOPIHMHAT IIEHTPOB PEUUPKYIALNMU OT BPEMEHH B paMKax
OoJHOro rmnepuoaa Konebanuid. [l 3TOro Obul pa3paboTaH METOJA ONpeAeSeHHs ILIEHTpa

peHHpKYHHHHOHHOﬁ 30HBI, OCHOBAHHBIN Ha aHAJINU3E YIJI0B HAKJIOHA BEKTOPOB CKOPOCTH.
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5.1. JlIunamMuka nyJbCUPYIOLIEro TeueHus 3a pedopom. O0J1acTh pelUupKYJIsIIIUN.

Jlist mpoBeIeHNs SKCTIEPUMEHTOB MCIIOIb30BajIach Ta ke (pa30Bo-CHHXpOoHH30BaHHAas PV
CHCTeMa, YTO M B cCllyyae IJIaJKOro KaHaja C IMPOCTpaHCTBEHHBIM paspemenueM 0.29x0.29
MM%/BexTop. BricoTa pebpa B IIPOBEIeHHBIX YKCIIEPHMMEHTaX cOoCTaBana 8§ MM umn 0.4 xanubpa
1o BhICOTE KaHana. PeOpo pacnonaranoch Ha paccTossHud 320 MM OT BXOJHOTO KOH(Y30pa UIU
16 xanmuOpoB Mo BeICOTEe KaHana. TommmHa pedpa cocraBisuia 1.8 MM, COOTHOIIEHHE BBICOTHI
pebep k Tommuue paBHsIOCh 4.44. Ha puc. 5.1.1 npencraBieHo moJie mpoAoJbHON KOMITIOHEHTHI
CKOPOCTH Y JIMHUU TOKA 32 OJIMHOYHBIM PeOpPOM B CTALIMOHAPHOM pexXuMe rpu ymciie PeitHonbaca
4.3-10*, paccunTaHHOMY 110 CPEIHEPACXOHON CKOPOCTH ¥ THAPABIMYECKOMY JHAMETPY KaHANA.
Uzmeputenbhas obnacts PV MeTona cocrasisiia 20 MM B BeICOTY 1 40 MM B mupuHy, wim 2.5 h
u 5 h coorBeTcTBeHHO. J{JIst MOJTydeHUs JaHHBIX puc. 5.1.1 OblTa mpoBeneHa cuiMBKa yetTbipex PV
9KCIIEPUMEHTOB. PazMep BHIOOPKU [IsI TTOJIyUEHUsl YCPEeITHEHHOM KapTHHBI TeueHus cocTtaBui 500

10JIeH CKOPOCTH JUIsl KaXKJI0M U3MEpPUTENbHOM 001acTH.

I I I v Uy, M/c

y/h

° Touku crarHanuu S— KpI/IBa}I CTarHaluu, JIMHEHOoe HpI/IGHI/I)KeHI/IC

Puc. 5.1.1. KaptuHa TedyeHus 3a OJMHOYHOM PeOpOM B CTAllMOHAPHOM pexume. benbimu

JIMHUSAAMU U PUMCKUMHA I_II/I(I)paMI/I OTMCYCHBI UBMCPUTCIIbHBIC oOJactu.

Kaptuna crannoHapHOro TeyeHHs 3a OJMHOYHBIM pPEOpPOM COOTBETCTBOBAjJA IIMPOKO
W3BECTHBIM B JIUTEPAType JaHHBIM 10 TypOyIeHTHOMY oOTekaHuto pedep [71]. Jlunuu Toka mocie
OTpbIBAa ObUIM HampaBJIeHbl BBEPX I0J HEOONBLIMM YIJIOM, B OTIIMYHE OT ciy4as OOpaTHOTO
ycryna, o0pas3ys MIUPOKYIO IYTy, UAYIIYIO K TOYKE MpHcoeAuHeHus. s onpeaeneHus: TOUKU
npucoenuHenus: (Xz) ObUIO PacCMOTPEHO MHOXKECTBO TOUYEK CTArHAI[MH, COOTBETCTBYOIIMX
ycnoButo U, = 0, BTOpHUHBIN BUXpbh Y OCHOBaHUS pedpa W MpHUCTEHHBbIE 00JaCTH MPHU 3TOM HE
paccMaTpuBaIiCh. 3HAK MPUOJIMKEHHOTO PAaBEHCTBA 3/1€Ch OMNpaBliaH MPOCTPAHCTBEHHBIM M
nuHamMuueckuMm paspemieHueM metoga PIV. Kak Bumno u3 puc. 5.1.1 kpuBasg crarHauuu
IPOXO/Mia Yepe3 LEHTP IITaBHOTO BUXPS U UMeJa OTIIMYHBIN OT JITHEHMHOTO BHJI B OJIU3U CTEHKH
U Kpas peOpa. [{nsa ee onucanust 6bU10 PACCMOTPEHO JMHEHHOE MPUOIIKEHHE, TTOCTPOCHHOE Ha

MHOXECTBE TOYCK CTarHaluu. OJIHaKO, 9TO HpI/I6J'II/I)KeHI/Ie IIOKa3bIBAJIO 3aBBINICHHOC 3HAYCHUS
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Xp TpU NEPECEUCHUU C HUKHEH CTEHKOM KaHaya. be3 yuyera NPUCTEHHBIX TOYEK CTarHaluu
ypaBHEHHE Ui JIMHEHHOrO NPUOIIIKEHUS KPUBOM CTarHallil B CTallMOHAPHOM DPEXUME
IOJIy4UJIOCh

y/h=-0.1-x/h+ 1.19. (5.1.1)
[Tony4yeHHast TMHHS IepeceKana och X B Touke Xp = 11.9 h, 4TO NpOTHBOPEYHT PACIIONOKECHHIO
JUHUNA TOKA M TOYEK CTarHalMu BONM3M HUXKHEH CTeHKH. [IpuOivrkeHue KpuBOHM cTarHaluu
IIOJINHOMAMH BBICOKHX IOPSJKOB TAK)K€ HE IO3BOJIWIO IOJyYUTh JOCTOBEPHYIO OLEHKY Xp.

Takum oOpaszom, Tounoe ompenenenne Xp ¢ nomompio ycnosus U, = 0],y oxaszanoch
3aTPYyAHUTEIBLHBIM H3-3a paspernenus Mmeroga PIV (cm. pasgen 1.4, 2.2). Cama Touka
NPUCOCIMHEHHUS B CTAIIMOHAPHOM MOTOKE pacroaraiachk Ha paccrosauu Xp = 9.3 h 3a pedbpom u3
BHU3YaJbHOIO aHAIM3a JMHUH TOKA M MHOKECTBA TOYEK CTarHauuu mpu ycinoBuu Uy = 0]y~.
[Tpubnn3uTENbHOE PAaBEHCTBO 37€Ch OMPEILISIIOCh OTKIOHEHUEM /10 2.7 % OT cpeaHepacXxoqHon
ckopoctu wik 0.5 m/c. Otmedaercs, yto 3HadeHue Xz =~ 9.3 h okasaqoch TUIHYHBIM IS
o0TekaHus pedpa cTalMOHAPHBIM TYPOYJIEHTHBIM TOTOKOM (cM. paszen 1.3).

[Tockonbky (pa3zoBO-CHHXPOHH3O0BAHHBIE U3MEPEHUS B IMYJIbCUPYIOLIEM PEXHUME MOTOKA
TpeOYIOT TPOBEJCHHS OOJIBIIOTO YHCIa KCICPUMEHTOB, OblIa HEOOXOIMMa aBTOMATH3AIUS
oTIpesieNieHUs IICHTPa IIaBHOTO BUXps. CTaHIapTHBIE METOMBI Takue, Kak Q M A KpuTepuu, Ipu
9TOM OKa3aluch HEdPPEKTUBHBIMH BBUAY HUX JOKAIBHOCTH, OONBIIMX pPa3MEpOB BUXPA U
OrPaHMYCHHOTO MPOCTPAHCTBEHHOTO pasperieHus u3mepenuit [157]. B cBs3u ¢ 3tum, ObLI
pazpaboTaH TPOTPAMMHBIN YHCIEHHBIA CIIOCO0 OMpPENeICHHs TOJOKEHUS IEHTPa TIABHOTO
BuUXpsi. [yt TOr0 6611 paccMOTpeH PYHKITMOHAT (U;,\Ux), KOTOPBIN COOTBETCTBYET YIIy HAKJIOHA
JUHUH TOKA OTHOCHTEIHHO OCH Y, puC. 5.1.2. IMEHHO 3TOT IMapameTp UCIOIb30BaJICs TIPH CITUBKH

U3MEPUTENIbHBIX 00J1acTel BBUJYy €r0 BHICOKOW «KOHTPACTHOCTH.

| I 1 v (U, U),°
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y/h

0 2 4 6 8 10 12 0
x/h
° Touku CTarHanuu — KpHBaﬂ CTarHanuu, JIMHEWHOE l'lpHGJ'IH)KCHHC

Puc. 5.1.2. Pactipesienienne yriia HakJIOHa BEKTOpPa CKOPOCTH OTHOCUTEIILHO OCH Y. benmbiMu

JIMHUSAAMU U PUMCKUMHA I_II/I(I)paMI/I OTMCYCHBI UBMCPUTCIIbHBIC o0JacTu.
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Kputepuii onpeneneHus EHTpa BUXPS 3aKIIOYAICS B aHAM3€ 3HAUYCHUs (PYHKIHOHATA
(U/,\Ux) B TOYKaX CTarHaiuu. B yciioBHO 0003HaYCHHOH JIEBOM YacTH BUXPS (MIPEUMYIIIECTBEHHO
obmacts I, puc. 5.1.2) 3nauenue yria ckopoctu 61u3ko k 0° mimu 360° B Toukax crarHanuu. B 1o
ke BpeMsi B ipaBoit yacTu Buxps (oosmacts 1, Puc. 5.1.2) B Toukax crarnanuu OyaeT 3Ha4YCHHE
yriaa Omuzkoe k 180°. Ilpoxomst yepe3 MacCMB TOYEK CTarHalldd IO HAIpaBJIECHUIO POCTa
KOOPJIMHATHI X JIETKO BBIJICIUTH MOMEHT CMEHBI yria. /[ 3TOro Touku cieBa u cripaBa OT IIEHTpa
BUXDsI 3aIIMCHIBAIOTCS B MacCHB KOOPAMHAT U IMOMETOK MPHUHAJJICKHOCTH K COOTBETCTBYIOIIEH
gactu Buxps. s uiapTpanuy mymMa yCTaHABIMBAJICS KPUTEPHH MOCTYIUPYIOUIUH, YTO Yy
«JIEBOI» TOYKM CTarHallil HE MOXET OBITh JIBYX <«IIpaBbIX» cocelell u HaoOopoT. 3areM
paccMaTpUBAaIOTCs KpailHHe [0 HAMpaBiICHHIO X JIEBble M MpaBble TOUKH MPOTUBOIOJIOKHBIX
BBIOOPOK M BBIYHCIISIETCS CpelHEe 3HAaYeHHEe UX KOOPJAMWHAT, YTO M CTAaHOBUTCS OILIEHKOU
MOJIO’KEHUS LIeHTpa BUXps, puc. 5.1.3. [IpeanokeHHbIil METO] SBISETCS YHUCTO T€OMETPUUECKUM
Y HE HCII0JIb3yeT HUKAKUX TPEIONI0KEHUH O IUPKYJIISAIUH U 3aBUXPEHHOCTH MOJIST CKOpPOCTH. Jliist
CTAIlMOHAPHOTO MOTOKA KOOPAMHATHI IIEHTPA BUX s, HAWIEHHBIE TAHHBIM CIIOCOOOM, TIOJTYUUITUCH

X,=394h,Y,=08h.

Uy, Uy),°
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Puc. 5.1.3. JlemoHcTpanus MeTosia 0OHapyKeHuUs LIeHTpa BUXpsl. JKeIThIM IBETOM — TOUKHU

CTarHaluM ciesa oT uenTpa Buxps, (U, Uy) = 0°|360°. CuHMM IIBETOM — TOYKHU CTarHalMH

cnpasa ot uenrpa Buxps, (Uy, Uy) =~ 180°. 3eneHbIM [BETOM — HaHICHHBIH LIEHTD.

B nynbcupyromeMm ke peXHME TEYEHMsI OIBITHl MPOBOAMWINCH TPAKTUYECKH IIPU
TIOCTOSHHOM, cpeaiHeM uncie Peitronbaca 4.3-10%, koTopoe onpenemsanocs o u3MepseMoMy TIpH
nomotu pacxomomepa «MMPBUC» cpemnemy pacxomy. Kak u B mpemsimymiei riaBe, pazopoc
yucia PelfHonbaca M cpelHero pacxo/ia Mpy pa3IUuHbIX YaCTOTaxX My/Ibcalluii He ObUT CBA3aH HU

¢ KakuM (uznyeckuM 3pGPEeKToM, a MOABISUICA M3-32 TOYHOCTHU HACTPOHKH pexxuMoB. Dopma
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BOJIHBI MyJbCallMid pacxojla TaK e, KaKk M B Clydae [IJaJKOr0 KaHalla, OIpeaelsiach
UHTETpUpOBaHUEM (Ha30yCPEAHCHHBIX NPOPMICH CKOPOCTU. BBUIM PaccCMOTPEHBI YacTOTHI
nynbcanuii 1, 3, 4, 5.8 I'u. Ha puc. 5.1.4 npencrapieHbl moiaydeHHbIe (GOPMBI BOJIH U 3HAYCHUE

CpEAHErO pacxoga B paCCMOTPECHHBIX PEXKUMaAX.

a) 0)
90 30

25

10

50

1 2 3 4 5 6 00 02 04 06 08 10
Yactora, I' vT

Puc. 5.1.4. Cpennee 3HaueHHe pacxo/ia B 3aBUCUMOCTH OT YacTOTHI (a). 3aBUCUMOCTD
CpeHepacXOJHOM CKOPOCTH OT BPEMEHHU B paMKax OJHOTO Ieprojaa KojaeOaHuii B

PacCMOTPEHHBIX pekuMax (0).

B kadectBe OCHOBHOM M3MepuUTeNnbHON o0nacTu Metona PIV B mynbcupytomeM pexxume
ObL1a BeIOpaHa obnacth |l (cM. puc. 5.1.1), HaxoxasIasCcs HEMOCPEACTBEHHO 3a peOpoM. Bribop
JTAHHOHM 00JacTH TO3BOJIMI NMPUMEHUTH pa3paOOTaHHBIA aJrOPUTM IOHMCKAa LIEHTpa BUXPS U
MIPOBECTH aHAJIU3 JIMHUN CTarHAI[MU B 3aBUCUMOCTHU OT (pa3bl Kosie0aHU OTOKA. Y CpeTHEHUE T10
daze moselr ckopoctu npoucxoawio mo 200 uamepeHusiMm ais kaxaou ¢asel. Ha puc. 5.1.5
NpPUBEJIEH NMPUMEP U3MEPEHHBIX IMOJIeH CKOPOCTH IpU yacTtoTe kKonebanuit 5.8 I'l B Maciirabe
CpeaHel 3a mepuo/ cpeiHepacxoaHoil ckopoctu (cMm. puc. 5.1.4 6). Kak Buano u3 pucynka 5.1.5,
CTPYKTypa T€UYeHMsI B pa3inuHble (a3pl KojsebdaHuil Obula 1MOJ00HA CTAllMOHAPHOMY Ciy4Yalo,
OJTHAKO B TO € BpeMsI HaOIII0JAJIOCh CYIIECTBEHHOE OTKIIOHEHHE IIEHTPA TIIABHOTO BUXPS OT €T0
MOJIOKEHUS B CTAI[MOHAPHOM pexumMe. [Ipu 3TOM s11po BUXPsI HECKOJIBKO U3MEHSIIO CBOIO (hopMmy,
MOTJIO CTaHOBHUTKCS OoJiee BHITSAHYTHIM (puc. 5.1.5 ¢asbl /2, 11 /6) mim Hao00pOT CIKUMATIOCH
(puc. 5.1.5 ¢a3er O, 1/6) oTHOCHUTENBHO CTaMOHAPHOTO cityyasi, puc. 5.1.3. Otmeuaercs, 4To
LEHTP BHUXps IJIABHBIM OOpa3oM HM3MEHsUI CBOE IOJOXEHHE IO OCH X, NMPH ITOM SIBHOU

3aBUCHUMOCTH OT (ha3bl KoieOaHuii 0OHApyKEHO HE OBLIO.
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Ux(©)/Uny,
| 5%
30
24
18
12
0.6
0.0
0.6

Puc. 5.1.5. Ilonst ckopocTy U IMHUM TOKA B MYJIbCUPYIOILIEM TEUEHUH 32 peOpoM Ha 4acToTe
5.8 I't. 3eneHbIM TOUKH — IIEHTPHI ITIaBHBIX BUXpeil. UepHble TMHNUHN — IMHUYU CTarHaluy B

Ka)KJI0M M3MEepeHHOH (haze KoseOaHmid.
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AHanoruvHas KapTHHa HaOI0anack U MpH JPYyTUX yacTorax konebanuit. Ha puc. 5.1.6
IIOKAa3aHbl IOJIOKEHMSI LIEHTPOB IVIABHBIX BUXpEW (a) M 3aBUCHMOCTb MX X KOOpAMHATBl OT
Bpemenu (0). Kak u B cinywae 5.8 [', B Apyrux pexxuMax HE BBISBICHO SIBHOM 3aBUCHMOCTH
KOOpJIMHAT LEHTPOB BUXps OT (a3bl kosebaHuil. Takum oOpazom ObLI cAelaH BBIBOJ, YTO
ONKCBHIBATh BIMSHME KOJNE€OaHUH IOTOKA B PACCMOTPEHHBIX PEXHMMax CJIEJ0BAJO B paMKax

BJIMSIHUS 9aCTOTHI KOJIeOaHUH Ha pa30poc MOTYYEHHBIX KOOPHHAT IEHTPOB X

a)
@ 10Im 0o 30Im @ 40Im @ 58Im
0)
5.0
454 .
A
= 404 _ -
\'-J
<
v
3.5
| v
3.0 H
4 @
7 ——
0.0 0.2 0.4 0.6 0.8 1.0
t/T
—8— | [u—e—3Tu—A—4Ty—v—58u~- - - CraunoHapHblii ciyyai

Puc. 5.1.6. KoopauHatel HEHTPOB BUXpEil B paCCMOTPEHHBIX pexuMax. PacnonoxeHue 1eHTpoB
B U3MEPUTEJIbHON TIIOCKOCTH — (), pa3InYHbIe TOUKU COOTBETCTBYIOT PA3JIMUHBIM (hazam,
JIMHUM TOKa B3STHI JAJIs1 AEMOHCTpaluu u3 pexkxuma 5.8 I'ii 1 @ = m. 3aBUCUMOCTh X KOOPAUHATHI

LIEHTPOB OT BpeMeHH — (0).
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[TockonbKy SIBHOHM 3aBUCHMOCTH KoopAMHAT X, OT (ha3bl KonebaHuii OOHapYyKeHO He ObLIO, K
MOJyYeHHM 3HAYCHHUAM ObLI NPUMEHEH IMOAXOJ JJIS UCCIICAOBAHUS CIy4alHBIX BEIWYHH. Bbut
MPOBEJICH PacyeT CPEAHUX 3a MEPUOJ 3HAYCHUN KOOpAUHAT X, M UX CTaHAAPTHBIX OTKJIOHECHUI

OT cpenHero mo Gopmymnam:

X, = %izo X, (%) (5.1.2)
5(X,) = %ZNO (xc (%) - xj)z , (5.13)

rje 3HaueHus X, Opanuch B usmepenusie (asnl nepuona t;/T.

Ha pucynke 5.1.7 mpencraBieHbl pe3ynbTaThl JaHHBIX BbhIYUCIEeHUN. Okazaiaoch, 4TO
CpeIHue 3HaUCHUs MOJOXKEeHHS X, HUKAK HE 3aBUCAT OT YacCTOTHI MyJbcaliii. IT0 00bsACHsAETCS
TE€M, YTO YCpeIHEHHas IO BpPEMEHU KapTHHA TEYCHHs OMpelesieTcsl MPEUMYIIECTBEHHO
MHTETPAIbHBIMU  XapaKTEPUCTUKAMU IIOTOKA, KOTOpPbIE CIa00 MEHSIOTCS B PACCMOTPEHHBIX
pexuMax. AHAJOTUYHOE IOBEIECHUE HAONIOJAeTCs W Uil KPUBOW CTarHaMM Ha JIMHEHHOM
y4dacTKe BOJIU3HU LIeHTpa BUXps. JINHUK cTarHalMy B pa3nudHble (pa3bl KoJaeOaHui UMEIOT CpeTHUN
HAKJIOH aHAJIOTHYHBIA CTAalMOHApHOMY ciiy4yaro. TakuMm o0pa3oM, KOCBEHHO MOXHO 3aKJIIOYHTH

4dTO CPEAHECC IMOJOKCHUC TOYKU NPHUCOCANHCHUA XR TaKKe HE 3aBHCHUT OT YaCTOTHI U OJIM3KO K

3HAUCHHUIO B CTAI[MOHAPHOM ciydae Xp =~ 9.3 h.

5.0 5

) = = - CrauuoHapHblii cityyaii
4.8
4.6 - \ - =

4.4

<X >/h
2
T

5.0x10™ 1.0x107? 1.5x107? 2.0x107 2.5x107
Sh (fh/U )

Puc. 5.1.7. Cpennue 3HaueHUs KOOPJUHAT LIEHTPA BUXPsI X, B 3aBUCUMOCTHU OT YaCTOTHI

nmynbcanuii. Pa30poc Ha pUCYHKE COOTBETCTBYET 3HAUCHUSM CTAaHAAPTHBIX OTKJIOHEHUH.
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B 10 ke Bpems pazOpoc MOJOKEHUH IIEHTPOB BUXPS B paszivyHble (ha3bl CYIIECTBEHHO
YBEJIMUUBAJICS ¢ POCTOM YacTOThI Myjbcaluii, puc. 5.1.8, 4To yka3bIBaeT Ha MPUHLUIINAIBHO
UHYIO IPUPOAY 3TOr0 3P deKTa: eciii CpeHee MOT0KEHHE OTPaXKaeT MEJICHHYIO, HHEPIIUOHHYIO
COCTaBISIIOLIYI0 JWHAMHUKU BUXpA, TO (ha30Bblii pa3dpoc UYBCTBUTEIEH K OBICTPHIM,

HECTAIMOHAPHBIM IpoIieccaM ero (POPMUPOBAHHS U IBOJIOIHH.

0454 o(X.)/h=120.5 Sh +0.165
0.40
T =

= 035
S 0
© 030

0.25 //

0.20 =

T T T T T T T .
5.0x107* 1.0x10° 1.5x10° 2.0x107 2.5x107
Sh (fh/U,)

Puc. 5.1.8. 3nauenus craHAapTHHIX OTKIOHEHHH 0 (X,.) B 3aBUCHMOCTH OT YaCTOTHI MyIbCALIUI

pacxopa.

K nonydennoit koppemnsiuu (5.1.4) cienyeT OTHOCHUTBCS KaK K IMPOMEKYTOYHOMY
pe3ynbTatry, MOCKOJIbKY CTaHJApPTHOE OTKJIOHEHHE ObUIO pacCUYMTaHO MO HEOOJBIIOMY YHCITY
Touek (13 m3MepeHHbIX a3 Ha PEKUM) U JJIsI MAJIOTO Yucia peKuMOB. KOHCTaHTBI 3aBUCUMOCTH
(5.1.4) nonyuens ¢ norpenrHocThio 29%.

o(X.)/h =120.5Sh + 0.165 (5.1.4)

B 10 e BpeMs osryuyeHHbIE JaHHBIE TOBOPAT 00 yBEIMUEHHH pa30poca MOI0KEHUS BUXPS
npubam3uTesbHO B 2 pasza (0.2 h — 0.45 h) nmpu noBbImIeHHH YacTOThI My bcaiuii B 5.8 pa3 (1 '
— 5.8 T'n), Takylo JMHAMHKY HEBO3MOXXHO CIHCaThb Ha HEOOJBIIONW pa3dpoc HMHTErpaibHBIX
XapaKTepUCTHK MIOTOKA B PACCMOTPEHHBIX PEKUMAX.

Tor xe mnoaxox ObUT MpUMEHEH W KOOpAMHATaM Y, HO MOJOOHOW 3aBHCHMOCTH
oOHapy>keHO He ObLI0, 3HAYeHHE CTaHAAPTHOIO OTKIOHEHHS Y, 0Ka3aJ0Ch Ha MOPAI0K MEHbIIIE U
CYIIECTBEHHO HE M3MEHSJIOCh C POCTOM YacTOThl KojeOaHHil. DTO TOBOPUT O TOM, YTO IPH

myjJbCallusaX IOTOKa TJIaBHBIM BUXPb 34 pe6p0M COBCpHIACT CMCUICHHUA B IICPBYHO OUCPCIAb IIO
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HAIpPaBJICHUIO TIOTOKA (BIOJb OCH X), TIPH 3TOM HHTCHCHBHOCTH 3THX CMEIICHHUI BO3pAcTaeT C
YBEJIMUYCHUEM YacTOThI KojebaHuii pacxoma. Hanumume HaHHBIX CMEIICHHH OOYCIOBIEHO
BBICOKOYACTOTHBIMU KOJIEOAHUSIMH BUXDSI, CBSI3aHHBIMH C OTPBIBOM IOTOKa OT KPOMKH pedpa 1
KoJieOaHuii BHEIIHEro orubaromero Buxph cios, «flapping motion» (cm. pasgen 1.3). [lannbie
coOCTBEHHbIE KOJICOaHUS BUXPS MPOMCXOAAT TpH yrciax CTpyxais Ha JBa MOPSIKa BBIIIE, 4EM
Py HAJOKEHHOM YacToTe IyJbCalliii B PacCMOTPEHHBIX pexkuMmax. OIHAaKo, gaxe B
KBa3HUCTAlMOHAPHOM WM  HHU3KOYACTOTHOM PEXHMME MYyJIbCAl[MM IIOTOKA OKa3bIBAIOT

CYIIECTBCHHOC BIIMAHUEC HAa BUXPEBYIO JUHAMUKY, IIOBBIIIAA aMIIUTYAY TaKHUX KOJIEOAHUH.
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5.2. lIpo¢pniu CKOPOCTH U MHTEHCUBHOCTH TYPOYJI€HTHOCTH B MyJIbCUPYIOLIIEM
MOTOKe 32 pedpoM.

Ha cnenyromem stane ObuTn Mccaea0BaHbl TPOGUIN MPOIOIBHON CKOPOCTH B IIMPOKOM
IUana3oHe KOOpIWHAT, MPOXOIAIIMX depe3 o0jacTb (GOpMHUpPOBAHUS M 3BOJIOLNUU BUXPS 3a
pebpom, a TaKKe B pa3IMYHbIe MOMEHTBI BPEMEHH, COOTBETCTBYIOIIHE TTOCIIEJOBATEILHBIM (pa3am
Kosiebanuii moroka, puc. 5.2.1. Takoil moaxox MO3BOJSAET MPOCIEAUTh, Kak (Gopma mpoduiis
CKOPOCTH MEHSIETCSI HE TOJIbKO B MPOCTPAHCTBE, HO U BO BPEMEHH, OTpaXkas IUHAMUKY T€UCHUS
Ha MPOTSHKEHUU BCEro IUKJIA MyJIbCallUi.

Kak BumHO u3 puc. 5.2.1 npodunn CKOpOCTH B pa3IUYHBIX (a3zax OKa3aauch MOJ00HBI U
CXOXXH C TEYCHHEM CTAllMOHApHOTO MOTOKa. [Ipu 3TOM BUAHO, 4TO cMeHa (a3bl KojeOaHM B
pPaBHOI CTENEHU OTpakaeTcs Ha MPSMOM M OOpaTHOM HampaBlIeHUH MOTOKa. Pazmmune Mexay
pa3HbIMH (pa3aMU U 4acTOTaMH KPOETCS B HECOBMAJCHUU TOUYEK HYJIEBOW CKOPOCTH, YTO OBLIO
JIeTaIbHO MOKa3aHo B pazzaene S.1.

Ecimu moctpouth mpodmiiM CKOPOCTH OTHOCHUTEIBHO HAHJICHHBIX paHEe IMOJIOKCHUN
[EHTpa BUXPS, pUC. 5.2.2, TO OKa3bIBACTCA, YTO HE CMOTPS Ha CMEIIIEHUE LIEHTPA INIABHOTO BUXPA,
npoUIM CKOPOCTH BO BCEX IMPOBEIEHHBIX OJKCIHEPUMEHTaX XOpomIo o0000marTcs mpu
UCIIOJIb30BaHUU B KauecTBE MacliTtada MakCUMalbHOW CKOPOCTH. DTO TOBOPUT O TOM, YTO
CTPYKTypa TE€YEHHsI HE MU3MEHSETCS] KaYeCTBEHHO Ha MPOTSKEHHM BCEro IMKJa KoyieOaHWM, HO
IIPYU ATOM NIPETEPIIEBAET IPOCTPAHCTBEHHBIN IEPEHOC BMECTE C SIAPOM BUXPSI, COXPAHSS IIPH ITOM
nogobue. CoxpaHeHHE CTPYKTYpPbl BUXpEW SBISETCS XapaKTEPHBIM Ul KBa3UCTALMOHAPHOIO
OTPBIBHOI'O TE€YEHMsI, OJIHAKO KaK ObUIO yKa3aHHO B pazfiese 5.1, B pa3iuuyHble KoneOaTelbHbIe
(a3bl BUXph U3MEHSET CBOW MPOJOIbHBINA pa3Mep, Xa0TUYHO CKUMASCh WM PaCTITUBAsCh.

O6o00611eHne npodusei CKOpoCTH TaKkKe TOBOPHUT O TOM, UTO MOTIEPEYHbIE pa3Mephl BUXPS
COXpaHSIOTCS B pa3iuuHble (a3bl KoneOaHWH MOTOKA, WM H3MEHSIOTCA ci1abo. MexaHu3m
dbopMupoBaHUs BUXPS 3a peOpPOM Ha TPOTSHKEHWH BCEro IMKJIA TMYJIbCAMK  OCTaéTCst
HEU3MEHHbIM. VIHBIMH cllOBaMH, B OCHOBE JIKHUT OJMH M TOT K€ MPOLECC OTPbIBA CABUTOBOTO
CJIOSl U €r0 CBOPAYMBaHUs, XapaKTePHBIN Ul OTPHIBHBIX TE€YEHUHU, a KoseOaHUsI Haberarouiero
MOTOKa MOJYJIUPYIOT JIUIIb WHTEHCUBHOCTh M T€OMETPUUYECKHI MacimTad 3TOoro mporiecca, He
U3MEHSSl €0 KaUECTBEHHYIO CTPYKTYDY.

OpHako MpH 3TOM, PacCMOTPEHHBbIE MPO(UIN CKOPOCTH HUMEIOT DPA3JINYHYIO CTENEHb
TypOyJEHTHOCTH, KaK U B clIy4dae MyJbCUPYIOILIETo MOTOKa B IJajJkoM kaHaine (paszaen 4.2). s
UCCIIEIOBaHHUsL CTENEHH TYpOYJIEHTHOCTH OBUIM PacCMOTPEHbI pacHpeieNeHHs Mynbcaluili B
pasnuuHble (a3l koneOanuii mortoka. Ha puc. 5.2.3 mpuBeneHsl MyNbCalldd IMPOIOIbHOM

CKOPOCTH B MacITade CpeTHePacX0JHON CKOPOCTH B KaxA0u (pa3e mpu gacToTe KoseOaHuit
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U (x/h=1) U (x/h =2), w/c U (x/h =3) U (x/h =4)
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U, (x/h=1), m/c U (x/h =2), m/c U, (x/h = 3), mic U (x/h=4), m/c
O w2 ——n CraunoHapHbIA ciyvai

Puc. 5.2.1. TIpodunu mpooasHOM CKOPOCTH B MYJILCUPYIOIIEM ITOTOKE 32 peOpOM B pa3IMIHBIX

ceueHMsIX U (azax KojedaHuil pacxo/ia, MPH Pa3IMIHBIX YaCTOTaX.
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CrauroHapHbIi ciyuait

max

Puc. 5.2.2. Ilpodunu npogonbpHOi CKOPOCTH B CEUSHUH LIEHTPa BUXPS X B pa3In4HbIe (ha3bl
KoJIe0aHUi ¥ P Pa3IMIHBIX YACTOTaX IyJIbCAIlUH pacXxo/a B MacmTabe MaKCHMAaIbHOM

CKOPOCTH IJI1 KaKA0I0 HpO(bI/IJ'ISI.

5.8 I'm. Kak u B cimyyae moToka B IIaJJKOM KaHalle HaOoJaeTcsl TypOynu3anus moToka B (a3l
TopMokeHus ( puc. 5.2.3 ¢a3wi Ont, 11/67) n namuHapu3anyu B Ga3ax pa3roHa v IpH JOCTHKCHAN
MAaKCHMaJIbHON CKOPOCTH.

Ha puc. 5.2.4 a mpuBeneHO COMOCTaBICHHE MyJIbCALUNA MPOAOIbHON KOMIOHEHTHI
CKOPOCTH JIJIsl pa3nuvHbIX (Da3 Konedanuit motoka. JJanuerit 23 exT ycunmBaics ¢ MoBBIIIICHUEM
94acTOTHl KOJIEOAHWH pacxoja, MPU STOM YCIWICHHUS IyJbCAlU{ IOTIEPEYHOW KOMITOHEHTHI
CKOpOCTH B pa3iMuHbIe (a3bl He Habnaanoch, puc.5.2.4 6. Takum o6pazom apdexrt TypOynuzanuu
[OTOKa MPH TOPMOXKEHWU HMMEET CXOXYI0 KapTHHY C TOBBIIIEHHEM pa3dpoca MOJOXKEHUS
TJIaBHOTO BUXPS 32 peOpOM.

OOHapyXeHHasi CBSI3b MEXAY YCHJIEHHEM MpPOAOIBHBIX MYIbCAUi W yBEITHYCHUEM
pa3bpoca mMONOXKEHHUs siapa BUXpA B (a3bl TOPMOXKEHMS IMOTOKA YKas3bIBaeT Ha OOIIYIO
¢bu3nueckyro Npupoay 3TUX 3PPEKTOB: HECTALMOHAPHOE TOPMOKEHHE MTOTOKA 1eCTA0MIN3UPYET
C/IBUTOBBII CIIOH, YTO MPOSBISETCS OJHOBPEMEHHO M B POCTE TYpOYJICHTHBIX MYJIbCalliil, U B

Xa0TUYHBIX CMCHICHUAX NCHTPA BUXPA. HpI/I 9TOM OTCYTCTBHUEC aHAJIOTUIHOT'O YCHIICHUA
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U’ (6)/Un (t)
0.96
0.84
0.72
0.60
0.48
0.36
0.24
0.12
0.00

Puc. 5.2.3. Creniens TypOyJICHTHOCTH TPOJOIHHON KOMIIOHEHTHI CKOPOCTH B ITYJIBCHPYIOIIEM
TEUEHUU 32 peOPOM TIpH YacToTe Kosedanuii 5.8 ['1y
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NyJIbCallMi TONEPEYHON KOMIIOHEHTBHI CKOPOCTH TOBOPHUT O TOM, 4TO JI€CTaOMIIM3aLus
IPOUCXOJUT IPEUMYILIECTBEHHO B IPOJOJILHOM HAIpaBIE€HUU U HE IMPUBOJUT K Pa3BUTHUIO
TpEXMEpHOU TypOYJIEHTHOCTH. DTO COTTIACYETCsl C COXpaHEHUEM MOA00HS Mpoduiiel CKOPOCTH U
nornepeyHoro macmraba Buxps. TypOynuzauus moToka B (a3e TOPMOXKEHHS YBEIHMUHBAET

CTaTUCTHUYECKHUI pa3dpoc mapaMeTpoB TEUEHUs], HO HE pa3pyIIaeT ero OCPEAHHYIO CTPYKTYPY.

0.20 4

0.15 T T T T T T 0.15 T T T T T T

0.0 0.2 04 . 06 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
t/T t/T

—+— | Ty—+—3Tu——4Tn——58Tu~- - - Craunonapublii cnyuaii
Puc. 5.2.4. CpenHue o u3MepUTENIbHOM 00J1acTH MyNbCallMK IPOJI0JILHOM CKOpOCTH (a) U
MOTNIEPEUHOM CKOPOCTH (0) OTHOCUTENHHO TEKYIIEH CPETHEPACKXOTHON CKOPOCTU B 3aBUCUMOCTHU

oT (a3sl KoneOaHuil.



129

3ak/IloYeHue K rijiase b.

B nanHON IIaBe NPENCTaBICHBI PE3YNbTAThl SKCIEPUMEHTAJIBHOIO HCCIEIOBAHUS
BUXPEBOW JMHAMUKM IIyJbCUPYIOIIEIO OTPBIBHOIO TEUEHHs 3a OAMHOYHBIM pedpoM B
KBa3HCTAI[IOHAPHOM DPEXHUME IMYyJIbCHPYIOWIET0 TYpOYJSHTHOrO Te4deHus. s aBTOMaTH3aIuu
OIIpeieNICHUs MT0JI0KEHUS LIEHTPa PELMPKYIISILIMOHHOM 30HbI pa3paboTaH T€OMETPUUECKUI METO/,
OCHOBaHHBIN Ha aHAJIN3€ PACIPEEICHNs YIJla HAKJIOHA BEKTOPAa CKOPOCTH B TOYKAaX CTarHaLUH.
B ortnuume ot crangapTHeIX Q ¥ A KpUTEpHEB, NPEIIOKEHHBIA MeTo ocTaércs 3 (HEeKTUBHBIM
npu OONBIIOM pa3Mepe BUXpS M OrPAaHMYCHHOM MPOCTPAHCTBEHHOM paspemieHnu PIV-
u3MepeHui. [Jyis cTanmoHapHOTo TEYCHHUS TOIYYeHbI KOOpAUHATHI ieHTpa Buxps X. = 3.94 h, Y,
= 0.8 h, a Touka mpucoeMHEHNUS OleHEeHa KaK Xp =~ 9.3 h, 4TO cormacyercs ¢ TUTepaTypHBIMA
JAHHBIMH 110 00TEKaHUIO pedpa TypOyIEHTHBIM ITOTOKOM.

ITo da3oycpeaHEHHBIM MOJSIM CKOPOCTH B PACCMOTPEHHBIX PEXUMax OBUIM OIMpeesICHBI
KOOPJIMHATHI MOJIOKEHUS LIEHTpa BUXPS B 3aBUCUMOCTH OT (ha3bl koneOanuii. [lokazaHo, uTo
SIBHOM 3aBUCHMOCTH KOOpPAMHAT LIEHTpa BUXPs OT (a3bl KojebaHuil pacxona He 0OHAPYKEHO HU
npy OJHOH W3 MccienoBaHHbIX 4acToT (1-5.8 '), B CBsI3M ¢ yeM BIUSHHE MyJIbcaluii OBLIO
OIMCAHO CTAaTUCTUYECKH — YEPE3 CPEHNUE 3HAYCHUS U CTAHAAPTHBIE OTKJIIOHEHUSI KOOPIAUHATHI X
3a NMEPHUOJ. YCTAHOBIIEHO, YTO CpPEIHEE ITOJIOKEHUE LEHTPA BUXPsS HE 3aBUCUT OT YacCTOTHI
nyJdbcalluii B PAacCMOTPEHHOM Juana3oHe pexumoB. Ilpu sTtom pa3dbpoc KoopAuHAThl X
CYLIECTBEHHO PACTET C YBEIWYEHHUEM 4YacTOThl MyJbcaluil. AHaloru4yHoro s¢¢exra ans
KOOpAMHATHI Y, HE BBIABIECHO, YTO YKAa3bIBAE€T HA INPEUMYLIECTBEHHO IPOJOJIBHBIN XapakTep
CMELIECHUN BUXPAL.

[Tpoduin npoaoabHON CKOPOCTH B Pa3NUYHBIX (pa3ax MmyiabcalMid OKa3aauch MOJOOHBI
CTallMOHapHOMY ciydaro. [Ipu nepecyére OTHOCUTENBHO TEKYIIETO MOJIOKEHHS LIEHTpa BUXPS U
B MaciTabe MaKCUMaJIbHOM CKOPOCTH TPOPHIIN XOPOIIO 0000IIAI0TCS HE3aBUCUMO OT YacCTOTHI
U (a3bl. ITO CBUAETEIBCTBYET O COXPAHEHUH CTPYKTYpPbl OTPHIBHOTO TE€UEHHUs Ha MPOTSIKEHUU
BCEro mnepuoja KojebaHuM pacxoja. AHAJIOTMYHO CIIy4ar TJAJKOro KaHaja, OOHapy:KEeHO
yCUJIEHUE MHTEHCHUBHOCTH TYpOYJEHTHOCTH B (pa3aX TOPMOXKEHHS MOTOKA, MPU 3TOM JIaHHBIH

b dexT ycunmBaiics ¢ pOCTOM YacTOTHI MyJIbCAIIH.



130

3akJIrouenue

1. Co3nan skciepUMEHTAIbHBINA CTEH/ 111 KOMILJIEKCHOT'O UCCIIE0BAHUS a3pOAMHAMUKH,
TypOyJEHTHOCTH M KacaTeNbHbIX HANpPSDKEHUH Ha CTEHKE B IMYJIbCUPYIOIIUX TYpOYJIEHTHBIX
TEUEHUSX, OCHAIIEHHBIN TEIIOBBIM JATYUKOM TpeHHS U MeTtogoM PIV ¢ npumenenuem dazosoit
cuHxpoHm3armu. st yCKopeHus Mmpoliecca aHaiu3a dKCIEPUMEHTOB ObLI pa3pa0doTaH HOBBIN
cnoco6 06paboTku PIV-nanHBIX ¢ TOMOIIBIO TpadUIeCKUX POIECCOPOB 3a CYET UCTIOIB30BaAHUS
BBICOKOYPOBHEBBIX MPEIKOMITMIMPOBAHHBIX OUOIMOTEK /1JIsl TEH30PHBIX BBIYUCICHUH.

2. BmnepBble NONy4eHBl J@HHBIE O T[IOBEIECHUHM HWHTEIPAIBHBIX XapaKTEPUCTHUK
MOTPAHUYHOTO CJIOS MYJILCUPYIONIETO TYpOYJICHTHOTO IMOTOKA B TJIAJKOM KaHaje. B pesynbrare
CUHXPOHHM30BAHHBIX IO (a3e M3MEPEHUN CKOPOCTH M MHTEHCUBHOCTU TYpPOYJICHTHOCTH OBLIO
YCTaHOBJIEHO, YTO MPO(UIN MPOAOIBHON CKOPOCTU B pa3nuyHble (a3bl KojaeOaHUN OcTaroTcs
MOJOOHBIMU MEXAY CcO0OW M HE OTIMYaIoTCA OT NpoQuUiei CTAlIOHAPHOTO TYpPOYIEHTHOTO
TEUEHUs. YCTAaHOBJICHO 4YTO B KBA3UCTAIIMOHAPHOM JIMAIla30HE YacTOT IyJIbCAllMi 3a CYeT
WHEPIHUH TIOTOKA MPOMCXOJUT JIAMUHAPH3AIUsA MOTOKa B (a3e YCKOPCHHSI W CYIICCTBEHHBIN
TUCTEpPE3UC UHTErPATbHBIX XapaKTEPUCTUK MOTPAHUYHOTO CJI0S (TOJIIMHBI BHITECHEHHUS, TIOTEPU
UMITyJIbCa, CTETIEHH TYpOYJIEHTHOCTH) MEXAY (azaMu pazroHa u TopmokeHus. OOHapyKeHHBIN
ad ekt rucrepesnca ocnabeBaet ¢ pocToM yrciia PefiHonbca.

3. IlpoBeneHO CHUCTEMATHYECKOE CpPaBHEHHE JBYX HE3aBHCHMBIX METOJIOB H3MEPCHHUS
KacaTeJIbHbIX HaIpsOKEHUH Ha CTEHKE — TEIUIOBOTO Jaryuka TpeHus u meroga Kiaysepa mo
dazoycpenHEHHBIM MPOPMISIM CKOPOCTH TYypOYJIEHTHOTO MyIbCHUPYIOLIETO MOTOKA B TIIAIKOM
kaHasie. B 00oux ciaydyasx M3MEHEHHE KacaTeJIbHBIX HAIPSHKEHUW CIE0BAIO TOW ke (opme
BOJIHBI, YTO M W3MEHEHHE pacxojia WIM OCEBOM CKOpOCTH B moToke. O0a MeTola Mokazaiu
XOpoIlee KauyeCTBEHHOE TMOa00KMe JaHHBIX, TOTJa KaK KOJMYECTBEHHOTO COBMAJCHHS HE
HabmoaeTcs. Ha ocHOBaHWM TMPOBENEHHBIX HKCIIEPHUMEHTOB BIEpPBbIE ObUT MOJY4YeH 3aKOH
TPEHUs JJIs MyJIbCUPYIOIIETO MOTOKA. BplIO yCTaHOBIEHO UYTO CONMPOTUBICHHUE MYJIbCUPYIOLIETO
MOTOKA B pa3iu4uHbIe (a3bl IEPHo/ia KOJIeOaHH 3aBUCUT UCKITFOYUTEIIBHO OT 3HAYCHHS CKOPOCTH
B JaHHOW (a3e, OgHAKO 3Ta 3aBUCHMOCTh B KBA3UCTAIIMOHAPHOM pEXUME CYIIECTBEHHO
OTJINYAETCS OT CTALIMOHAPHOM.

4. VI3amepeHus myJIbCallMiOHHON KOMIIOHEHTHI KacaTelIbHbBIX HAMPSKEHH MOKa3alH, 4TO UX
OTHOCHUTEJIFHOE 3HAYCHHE B PACCMOTPEHHBIX PEKUMax BO3paCTaeT MPU TOPMOXKEHHH IOTOKA
OTHOCHUTEIIHO CTAIlHOHAPHOTO pekuMa TedeHus. [Ipu 3TOM WHTEHCHBHOCTh MyJIbCAIIMA TPEHUS
Ha CTEHKE 10 Mepe pocTa unciia PeiiHonbica, Kak AJis MyIbCUPYIONIETO, TaK U ISl CTAMOHAPHOTO
PEKUMOB HE3HAYUTEILHO CHUIKACTCS. Y CTAHOBIICHO, YTO CHEKTPBI (DIYKTyaluid KacaTeNbHBIX

HaHpﬂ)KeHI/Iﬁ MYJIbCUPYIOIINX PEKUMOB TCUCHHA IMOBTOPAIOT CIEKTP CTAIUOHAPHOI'O TCUCHUA
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IpU OJUHAKOBOM CpefHeM umucie PelfHonbaca, 3a HCKIIOUEHUEM HAIMYUS MMUKOB HA YaCTOTax
IIyJIbCALIUM pacxona.

5. HccnenoBana a’dpoiMHAMKUKHU 30HBI PEIMPKYISIUKN MYJIbCUPYIONIETO TYpOYJISHTHOTO
TedeHus: 3a peOpoM. B KBasucranioHapHOM JHana3oHe YacTOT OOHapy)XEHO XaOTHYHOE
CMEIICHUE 30HbBI PEIUPKYISIUN B pa3audHbie (Pa3sl konebaHuii motoka. [lokazano, 4ro npoduim
IPOJIOJIBHOW CKOPOCTH B Pa3iUYHBIX (Da3ax mynbcanuil MogoOHBI CTAIIMOHAPHOMY CIy4ar U
000011at0TCsl HE3aBUCHMO OT YacTOTHI U ()a3bl B CEYCHUH TEKYIIETO TOJI0XKESHHS [IEHTPA BUXPSI U
MacmTaba MaKCUMaJIbHOM CKOPOCTH, YTO CBHIETEIILCTBYET O COXPAHEHHUU CTPYKTYPBI OTPHIBHOTO
TEYEHUs Ha MPOTSHKEHUU BCETO Mepuoja kKonebanuil pacxona. Kak u B ciaydae riiakoro KkaHania,
B (azax TOPMOKEHHs TIOTOKa HAOIIOZAeTCs YCWIEHHWE HMHTEHCHBHOCTH TYpOYJIEHTHOCTH,

BO3pacTaromee ¢ poCTOM 4aCTOThI nynbcaunﬁ.
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Cnucok ycJIOBHBIX 0003HAYEHUIA.

l; — nmaHAa CTOKCA, M;

L — XxapakTepHBbIi JINHEWHBIN pa3Mep, M;

COoNnst — KOHCTaHTAa;

D, R — nnametp u paguyc TpyOsl, M;

p — TIOTHOCTB, Kr/M3;

p, P — naBienue;

W — yTII0Basl 4acToTa, pajy/c,

f —wuacrora, 1/c, I';

V — KHHEMATHYECKast BA3KOCTb, M?/C;

U — TMHaAMUYECKas BI3KOCTh, [1a-c;

€ — TypOyneHTHas TuHaMu4eckas Bs3KOCTh, [la-c;
H — BbICcOTa KaHana, M, (hopM mapameTp;

h — monyBBICOTa KaHala, BEICOTA MPEMSATCTBUS, M;
Wo, a, 2 —uaucio Bomepcu;

Nu —uncno Hyccenbra;

Re —gyncno PeliHonwca;

n — HOMep 4JieHa pa3ioxeHus Oypbe;

t — Bpewms, C;

T —nepuon, c;

A, B — aMmuTya KOJIeOaHHIA;

u, U — mpo1oyibHAast CKOPOCTh, M/C;

v, V — nonepeuynasi CKOpocTb, M/C;

Cr — KOO(QHULIMEHT CONPOTUBIIEHUS TPEHHUS;

A — ko3 PUIIHEHT CONTPOTHUBIICHNS,

Ag —uucno Crokca;

¢ — (baza konebanuit, pan, °;
Sh, St —uucno Crpyxais;

T, — KpUTHYECKUH EPHO KOJIEOaHUH;

’I_"Bp — MepHOA TypOYJIEHTHBIX BCIUIECKOB MOIPAHUYHOTO CIIOS;
+ .

w™ — 6e3pazmepHas yactora CTOKCa;

8, — XapaKTepHas TOJIIIMHA BA3KOTO TIOJICIIOS, M;

0 — TOJIIMHA MMOTPAHUYIHOTO CJIOA, M;
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0" — TOJIILMHA BHITCCHEHMUS, M;

™" — ToNImMHA TOTEPH UMITYIICA, M;

Ug, U" — TMHAMHAYECKAs! CKOPOCTH (CKOPOCTh TPEHUS), M/C;
T,, — KacarenpHble HanpsokeHus, [1a;

Q, G — MaccoBbIll pacxo JKUJKOCTH, T/C;

a — K03 HUIMEHT TeMITepaTypOIPOBOIHOCTH, M%/C;

Xp — TOUKa MPUCOEANHEHUS OTPHIBHOTO TEUCHHUS, M;
X;, Y. — KoopauHaThl BUXPEBOTO LIEHTPA, M;

d — mYpuHa, TMaMeTp NpensaTCTBUS, M;

d' — nmornepeyvHas HIMPHHA CJIeaa 3a IPEISTCTBHEM, M;

0 — CTaHJIJaPTHOE OTKIIOHEHHUE;

 — YCPEIHEHHUE 110 BPEMEHH;

<> — yCcpeaHeHuE I10 a”HcaMOIIIo;

Nunexcor:

N — UHJIEKC YJieHa pa3nnoxenus Oypoe;

ta — cpegHee Mo BpEMEHH,

m — cpeaHee Mo MPOCTPAHCTBY (CEUCHUIO U 00BEMY);
C, — 3HaYEHHUE Ha OCH;

max — MakCUMaJbHOE;

min — MUHHAMAJIbHOE;

q — KBa3UCTAI[MOHAPHOE;

[ — HTHEPIIMOHHO-TOMUHUpYyeMoe (pasnen 1.2), Henblil MoNI0KUTETbHBIN MOPSIKOBBIM HHIEKC;
" — yJbCaMOHHAs KOMIIOHEHTA;

* — BBIPQKEHO B IEPEMEHHBIX CTEHKHU;

res — pe30HaHCHOE;

CT — CTallMOHAPHOE;

0 — Ha4aJIbHOC yCJIOBHUEC, MAKCUMAJIbHOC 3HAUCHUC.
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