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PHYSICS OF FLOW
STRUCTURES.
FLOW SEPARATION

V. V. KOZLOV

Flow separation, one of
fundamental phenomena
of fluid mechanics, is con-
sidered. Influence of
parameters modifying
physical nature of the
separation is described
and significance of flow
hydrodynamic instability
for formation of separa-
tion type is demonstrated.

PaccmoTpeHO o0Of[HO U3
¢pyHAaMeHTaslbHbIX siBJie-
HUA MeXaHUKN >XXuUgKoc-
TeW n rasa — siBjieHne oT-
pbiBa noroka. OnucaHo
BJIUSIHNE HEKOTOPbIX ¢haK-
TOPOB, U3MEHSIIOLNX hu-
3UYECKYI0 CTPYKTYpy OT-
pbiBa, U MokKa3aHa BaX-
HOCTb rugpoguHammyec-
KOM HeyCTOWYUBOCTH Te-
YyeHnss [gns chopmmupoBa-
HUSs1 BUAa OTpbiBa.

®U3UKA CTPYKTYPbI NOTOKOB.
OTPbIB NOTOKA

B. B. KO3/10B

HoBocubupcknit rocyfapCTBEHHbIN YHUBEPCUTET

BBEJEHUE

ABpoIMHAMUUYECKUE XapaKTepUCTUKY JIeTaTeIbHO-
ro U TUIaBaTeJIbHOTO allapaToB OMPEAENSIOTCS 0CO-
OCHHOCTSIMM UX 00TEKaHUSI — OTHOCUTEILHOT'O JBUKE-
HUSI OKpYyXarollei cpenbl (raza Wi XKUIAKOCTH). B nx
qucIie OAHO U3 GYyHAAMEHTATbHBIX SIBJICHUI MEXaHUKU
SKUAKOCTH U Ta3a — OTPbIB MoToka. OHO 3aKIl0YaeTcs B
TOM, YTO TIpU OMNpPEICICHHBIX YCJIOBUSIX (Harpumep,
HeOJIaronpusITHOM rpageHTe NaBJIeHUs) cpeaa BOJIU3U
00TeKaeMoro TeJia TepecTaeT IBUTaThCsl BIOJb €ro Mo-
BEPXHOCTU U OTXOIUT OT Hee. B pe3ynbrate oOpasyercs
00J1acTh OTOpBABIIETOCS TEUEHUs WM 30HA OTPHIBA,
TTOSIBIIEHHE KOTOPOU CKa3hbIBaeTCsl HAa MAaHEBPEHHOCTH,
VIPaBISIEeMOCTH 1 a3pOIMHAMUIecKoil 3(pheKTUBHOC-
TH TPAHCTIOPTHOTO CPECTBA.

OcoOblif HHTEpeC IMPeACTaBJIsIeT OTPBIBHOE 00TEKa-
HME HECYUIUX IMOBEPXHOCTEN — KPbLIbEB JeTaTeJIbHbIX
U TJIaBaTeIbHBIX armnapaToB. B 3aBucumMocTu ot ckopo-
CTU JBWXKEHUS, (DOPMBI Kpblla W YIjia, MO KOTOPBIM
OHO PAaCIIOJIOXKEHO OTHOCUTEIbHO BO3IYIIIHOTO MTOTOKA,
Ha3bIBAEMOTO YIJIOM aTaku Kpblia, MOBEIeHHE OTO-
pBaBiIerocs TedyeHus: pa3nndHo. [1pu oTpeiBe cTanuo-
HapHOTO MaJIOBO3MYIIEHHOTO, JIJAMMHAPHOTO, TeUCHUS
OTOPBABIIUICS MMOTOK MOXET BHOBb MPUCOETUHUTHCS
K MOBEPXHOCTHU Kpblia. [Ipy 3TOM BO3HMKAET MECTHasI
30Ha OTpPbIBa (OTPBIBHOI Iy3bIPb), KOTOPasi UMEET He-
GOJIBIIIME pa3MePHI IO CPABHEHUIO C pa3MepaMM CaMOTO
Kpbuia (puc. 1, a). B aToM ciiydae oTpbiBHas 00J1aCTh Ha
KpBbLIE CYIIECTBYET B BUJIE Y3KOI TMOJIOCHI, BBITSIHYTOM
BIOJIb €70 pa3Maxa.

ITonoxeHne OTPBIBHOTO My3bIPsT HA KPbLIIE 3aBUCUT
oT yrma araku. [lpu ero yBenmWdeHWM 30HA OTpHIBA
cABUTAeTCs OMKe K TepeaHell KpoOMKe Kpbljia, B 3a1-
Heil YacTU KOTOPOro BO3HUKAET ellle ONUH OTPhIB He-
CTallMOHAPHOTO BUXPEBOTO, TypOYJIEHTHOTO, TEUCHUS.
Ero cxema nmokazana Ha puc. 1, 6. [Ipu TypOyieHTHOM
OTpBIBE HE MPOUCXOIUT MOBTOPHOTO MPUCOECTUHEHUS
OTOpPBABIIETOCS MOTOKA K IMOBEPXHOCTU KpbLJla U 30HA
OTpBIBa BKJIIOUAET BCIO 00J1aCTh TEUYEHUS OT JIMHUM OT-
phIBa 70 3aHe KPOMKHM KpBUTA.

[lpu panbpHeiilieM yBeJIMYEHUM yIjia aTakKu U J10-
CTUXXEHUY UM KPUTUYECKOTO 3HAUeHUS] BOBHUKAET OT-
PBIB ITOTOKA C TepeaHE KPOMKHM, Ha3bIBAEMbI TaKKe
CPBIBOM, TJIOOAJBHBIM WJIW TMOJHBIM OTPBIBOM, CXeMa
KOTOpOTO NpuBeneHa Ha puc. 1, 6. CpbIB ITOTOKA COTPO-
BOXJAaeTCsl PE3KUM CHMXEHUEM TOIBEMHOMN CHUJIIBb
KpbLIa, yBEJIMYEHUEM €TI0 COMTPOTUBICHUS U IPUBOAUT
K HeOJaronpusTHBIM, BIUIOTh 1O KaTaCTPODUUYECKUX,
TIOCJIEICTBUSIM.
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MpucoenmHeHne

Puc. 1. CxeMbl OTPbIBHbIX TEYEHWNI Ha, BEPXHE NOBEPXHOCTLIO Kpblna: 1 — Nnepexof OT TaMUHAPHOIro TeYeHns K Typoy-
JIEHTHOMY, 2 — 30Ha NaMMHAPHOIo OTpPbIBa, 3 — 06nacTb OTPbIBA TYPOYNEHTHOrO TeveHusl, 4 — o6nacTb CpbiBa NOTOKA,

5 — BUXpKY NO KOHLAaM Kpblna

OTpBIBHOE 00TeKaHME KPBLIbEB M3y4aeTcs Ha IIpo-
TSIKEHUM MHOTHUX JIET C LIeJIbI0 COBEPLIEHCTBOBAHUS
METO/IOB MPOTHO3UPOBAHUS MOAOOHBIX TEUEHUI U pa3-
paboTKK CrocoOOB 1ieJIeHaNPaBIeHHOTO BO3AEHCTBUS
Ha HUX, TO €CTh yIpaBJIeHUs] OTPbIBOM rortoka. [Ipo-
creiimue ¢pu3nYecKre MOJEIN OTPhIBA MPEANnoaratoT
IIBYMEPHOCTb T€YEHUSI, TO €CTh €r0 HE3aBUCUMOCTb OT
ONHOM W3 MPOCTPAHCTBEHHbIX KOOPAUHAT (B JAHHOM
cJlyyae BIOJIb IepeqHelt KpOMKM Kpblia). B pesynbTrare
WCClIeJOBaHU, TIPOBENEHHBIX B TOC/IEIHEE BpeMms,
craja oueBMIHA OTPAHUYEHHOCTh TAKOM MIeanu3aluu:
Mpu TypOYJIEHTHOM OTPBIBE U CPbIBE MOTOKA C Mepe-
Heli KpOMKM B OTPBLIBHOI 30HE 00pa3yloTcsl KPYITHO-
MaciiTabHble BUXPH, PACIIOJIOXEHHBIE BIOJb pa3Maxa
KpbLJIa, C KOTOPBIMU CBSI3aHO MHTEHCUBHOE JBUKEHUE
rasa B Ioriepe4yHoM HarpasiaeHuu. CyliecTBOBaHUE Ta-
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KUX BUXpEl MPUHIUNHMAIBHO U3MEHsET (PU3NUECKYIO
KapTUHY TeUeHHUsI 110 CPaBHEHMIO C TOI, KOTopas pac-
CMaTpUBaeTCs B IBYMEPHBIX 3aJa4ax OTPhIBa IMOTOKA.

OcTaHOBUMCSI BHAYaJIe Ha CTPYKTYpe JIOKAJTN30BaH-
HBIX OTPBIBHBIX TY3BIPEii, TO €CTh Ha TIEPBOM ClTydJae.

CTPYKTYPA NNOKAJIbHbIX 30H OTPbIBA
(OTPbIBHbIX MY3bIPEWN)

Kak yxe ObLIO cKa3aHO BbIIIE€, B 3aBUCUMOCTH OT
CKOpPOCTH JABUXKEHUsI, DOPMBI KpbUIa U yIJia, Mo KOTO-
PBIM OHO PACITOJIOXEHO OTHOCUTEIBHO ITOTOKA, TTOBE/Ie-
HHUE OTOPBAaBILEroCd TeUEHUSI pa3IndHo. [1pu oTphIBEe
CTallMOHAPHOTO JJAMUHAPHOrO TeYeHUsI OTOPBABILIMIACS
IMIOTOK MOXET BHOBb ITPUCOEAMHUTHCS K ITOBEPXHOCTH
Kpbuta. I1lpy 3TOM BO3HMKaeT MECTHAasI 30HA OTPHIBA,
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WIA OTPBIBHOW My3bIph (cM. [2]), KOTOpass OOBIYHO
“MeeT HeOOoTbIIIME pa3Mephl IO CPaBHEHMIO C pa3Mepa-
MU caMmoro Kpbuia (cM. puc. 1, a). B aTom ciaydae oT-
pbIBHas1 00JIaCTh Ha KpbLJIE CYLIECTBYET B BUIE Y3KOU
TOJIOCHI, BBITSIHYTO# BIIOJIb €TO pa3Maxa. B To xe Bpems
B Hel SIpKO MposiBisieTcs GyHAaMeHTaTbHOE CBOMCTBO
OTPBIBHBIX TEUEHUI — eudpoouHamu1eckas HeycmouHu-
éocmy [1]. To ecTb HEYyCTOMYMBOCTh BO3MYILIEHUI Ma-
JIOW aMIUTUTY/IbI BBI3BIBAET TaMUHAPHO-TYpPOYICHTHBIM
Tepexo M KakK CJIEACTBUE — CWJIbHOE TIepeMellIiBaHNe
KUJKOCTH, MIPUBOASIINE K TPUCOEIMHEHUIO MTOTOKA K
TMOBEPXHOCTU. TakMM 00pa3oM, B JAHHOM CJIyyae OT-
pbIBHAs 30Ha (hOpMUPYETCS B TIEPEXOTHOM pEXUME, TO
€CTb MpHU Tiepexosie K TypOyJIeHTHOCTH B Tpezeiax 00-
JIaCTH OTphIBa WIM BOJU3M Hee. YIpPOIeHHas cxema
BKJTIOYAET B ce€0s1 OTPHIB JIJAMUHAPHOTO MOTPAaHUYHOTO
CJIosI, MOCJENyIOIUiA Tepexo] K TypOyJeHTHOCTH U
MpUCOeINHEHNE TYpOYJIM30BaHOTO ITOTOKA.

Kak usBecTHO, ¢ GU3NYECKOl TOUKU 3PEHUST TIPO-
1iecc nepexoaa JaMUHAPHOIO TeUEHUs B TYpOYJIEHTHOE
COCTOSIHME MPU MaJIO MHTEHCUBHOCTU BHEIIHUX BO3-
MYILEHUAN COCTOUT U3 TPEX YCIIOBHO pa3lesieMbIX 3Ta-
TOB: T€HEpallUM BOJIH CIBUTOBOTO CJIOSI, UX YCUJICHUS
10 3aKOHAaM JIMHEMHOM T€OpUU U HEJIMHEHHOTO pa3py-
LLIEHUS JJaMUHapHOTO pexxuMa TeuyeHus. Kaxmnomy ara-
1y B [IEPEYUCIEHHOM MTOCIEI0BATETbHOCTH COOTBETCT-
ByeT XapakTepHasi 00JacTb B MPOCTPAHCTBE MO Mepe
BO3paCcTaHUS PaCCTOSIHUS OT MepeaHeld KPOMKU Mojie-
au. OTMeTUM, YTO TIOCJEeNHsIsI, HeJluHeliHas 00JacTb
pa3BUTHS TIpoLecca TMEpPEXola OTHOCHUTEJIBHO MaJo-
MPOTSKEHHA U XapakTep €€ B 3HAYUTEJIbHOUW CTeTleHU
OIpeiesISieTCsl CBOMCTBAMU UCXOHOTO TEYEHMU S, BHEILI-
HUX BO3MYLLIEHUI U mpoLeccaMU, MPOUCXOAAIIMMU B
MPEBITYIINAX ABYX OOIACTSIX.

PaCCMOTpI/IM BHayaJie¢ HCYCTOI‘/JI‘-II/IBOCTB JIOKAJIbHBIX
OTPBIBHBIX 30H K BOSMYIICHUAM MaJIbIX aMILVIMTY/I.

JIuHeHas yCTONYUBOCTb OTPbIBHbIX T€YEHUMN

IIpexnae yeM oOpaTUTHCS K COOCTBEHHO XapaKTepu-
CTUKAaM YCTOMYMBOCTM TEYEHUIA, HEOOXOAMMO OTMe-
TUTb OCOOEHHOCTh JIOKAJIbHBIX 00JIaCTeil OTpbIBa, OT-
JIMYAIOILYIO UX OT APYTUX TEYEHUI TUTIA TOTPAHUYHOTO
CJIOSI B OTHOLLIEHUU IPUMEHUMOCTH JIMHEWHOMU TEOPUH.
B nepexogHoOM pexxrMe MoJjie CKOpOCTU BO Beeit obtac-
TH OTPBIBA, B TOM YUCJIE HA €€ JJAMMHAPHOM Yy4acTKe,
TIe Pa3BUBAIOTCSI BOJHBI HEYCTOMYNBOCTH, 3aBUCUT OT
BO3MYLLEHHOI'O TEYEHUSI HUXKE T10 TIOTOKY B 30HE TEpe-
XOJ1a U TPUCOEIMHEHUS OTOpBaBLerocs ciiosi. Benencr-
BHME 3TOTO BO30YXAECHME KOJIEOAHUI MaJIbIX aMILTUATYL,
COMPOBOXIAETCI U3MEHEHUEM CPETHUX XapPAKTEPUCTUK
TEYEHUSI, BEJIMYMHA KOTOPOTO 3aBUCUT OT aMIUIUTYIbI
konebaHuii. B utore Hapylilaercss ICXOQHOE MOJIOXe-
HUE JIMHEWHON TEOpUHU, B KOTOPOW UCCIENYIOTCA Xa-
PAKTEPUCTUKU BO3MYLIEHUI, HAJTOXKEHHBIX Ha 3a/1aH-
HOE CpEeIHEE BO BPEMEHU TEYEHUE.

DKCMeprUMEHTHI MTOKa3au, YTO, HECMOTPS Ha yKa-
3aHHOE OOCTOSITEIbCTBO, XapaKTePUCTUKU BOJH HEyC-
TOWYMBOCTH OKA3bIBAIOTCS HE 3aBUCSIIIMMU B TIpeesiax
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TOYHOCTH OITpeIe/ICHUS OT aMILIUTYIbI KOJeOaHW i Tpu
ee MaJIol BeIMYMHE U B 3TOM OTHOIIEHUY BO3MYIIIEHUS
pPa3BUBAIOTCST JTMHEWHO IO aMITIUTYIe. DTO MapamoK-
caJbHOE CBOMCTBO OOBSICHSIETCSI TEM, UTO B 30HE OTPhI-
Ba JTOMUHUPYET HEYCTOMYUBOCTH CJIOSI CMEIIEHMSI,
(bopMupylolerocss Ha rpaHulle 00JaCTH ITUPKYJISIIVH,
KOTOPBIII caM TI0 cebe KOHCEpBAaTUBEH, a MCKaXkeHUe
BO3MYILIEHUSIMU MaJIbIX aMIUTUTY] CPEIHEro TeueHUs
CBOJUTCS TIO CYHIECTBY K M3MEHEHUIO PACCTOSTHUSI OT
CJI0S1 CMEllIeHUs 10 00TeKaeMoil TOBEpXHOCTH, a (pop-
Ma MpoWIsi CKOPOCTU B OKPECTHOCTY TOUKH ITepernda
(yeM U ormpenesieTcsl HEeyCTOMYMBOCTH Tpoduist) y
TPaHULIbl OTPBIBHOTO Iy3bIPsI MPU BO30YXACHUM Teue-
HUSI IPAKTUUECKU HE UBMEHSIETCS, TO ECTh B HAUAJIbHOM
CTaguy YCWJICHUST KoJjieOaHUs BeayT ceOsl Kak JTMHEeH-
Hbl€ BOJIHbI. OCOOEHHOCTbIO TUCTIEPCUOHHBIX XapaKTe-
PUCTHK BOJH HEYCTOMYMBOCTH JUISI JAHHOTO TEYEeHUSI
SBJIsIeTCs caabas 3aBUCUMOCTb (pa30BOi CKOPOCTH pac-
MPOCTPaHEHMsI OT YacTOTHI ABYMEPHBIX KOJIeOaHUI U
MPOIOJILHOTO BOJIHOBOTO YMCJIa OT HampasieHus (a3o-
BOTO (PPOHTA IJIOCKUX TPEXMEPHBIX BOJTH.

Bo36yxaeHue konebaHuih manou amMnauTyAbl
BO3MYL|EeHUsIMN BHeLUHero noTtoka

B nmHeiiHO# Teopun yCTOMYMBOCTH, IMPUMEHEHME
KOTOPOH K JIOKaJIbHBIM 00J1aCTsSIM OTphIBa 00CYXI1aJI0Ch
B IIpeAbIAYLIEM pa3aesie, He pacCMaTpUBaeTCs BOIIPOC O
MIPOMCXOXACHNHY KOJIeOaHMIA MAJIBIX AMITJIUTY/I, TIPUBO-
ISIIMX K TypOyau3aluy TedeHus. Pazpurtre Bo3mylie-
HMIA Ha JIMHEHHON CTaauM CBSI3bIBAETCS C BHEILIHUMMU
OTHOCUTEJIBHO pacCMaTpUBAEMOTO TEUEHMS YCIOBMSI-
MM 3aJa4yeil 0 BO30YXKIEeHNM BOJIH HEYCTOMYMBOCTU. B
HCCJIeIOBAaHUSIX JIAMUHAPHO-TYpOYyJIEHTHOTO Iepexona
B OTKPBITHIX CUCTEMaX OHA (hOPMYJIMPYETCS B BUIE OT-
JIEJILHOTO BOIPOCA, KOTOPBIM Ha3bIBaeTCsl MpoOaeMOit
BOCIIpUMMYMBOCTH. B ee pamKkax m3yJaiorcss MeXaHu3-
MBI IIpeo0pa30BaHuUsI BO3MYIIIEHIN BHEIIHETO ITIOTOKA B
COOCTBEHHBIE KOJIeOaHMUSI CIBUTOBBLIX TEYEHUI C KO-
HEYHOM IIeJIbI0 ONpenesIeHUsT HadaJbHBIX aMIUIUTYI
BOJIH HEYCTOMYMBOCTH, YTO HEOOXOOMMO IJIsI Ooiiee
TOYHOTO IpeacKa3aHus mepexona K TypOyJIeHTHOCTU B
KaxXI0M KOHKPETHOM CJIydJae.

Broinenenue npoGieMbl BOCIPUUMUYMBOCTH B Kaye-
CTBE CaMOCTOSTEJNBHOM 3amadyd IPpU MCCIIENOBAHUNA
MpoLecca BO3HUKHOBEHHUSI TypOyJEHTHOCTU HMEET
CMBICHI B CJTy4ae KOHBEKTUBHOI (CHOCOBOI) HEYCTOMY M-
BOoCTU TeueHusl. [IprMeHeHre aHaIOTMYHOT0 MOAX0/a K
OTPBIBHBIM TEYEHMSIM MpEAINosaracT, TaKuM o0pa3oMm,
YTO M B 3TOM CJlyyae KOHBEKTHBHas HEYCTONYMBOCTb
SABJISETCS JOMMHUPYIOIIMM MEXaHU3MOM IIpolecca
TypOynuzauuu. Pe3yiabraTel, OJy4eHHbIE B SKCIEPU-
MEHTE, OIIPABIBIBAIOT 3TO MPEACTABIECHUE LI paccMar-
pUBAEMBIX B HACTOSALIEN CTAThe JJOKAJIBHBIX OTPBIBHBIX
30H, BO3HUKAIOLINX MPU HU3KUX JO3BYKOBBIX CKOPO-
CTSX ITOTOKA.

OCHOBHBIMM UCTOYHMKAMU COOCTBEHHBIX BO3MY-
LIEHWI CABUTOBOTO CJIOSI B TEYEHUIX HECKUMAEMOTO
rasa SIBJISIIOTCSI aKyCTUUIECKIE KOJIeOaHMsI, BO3MYIIICHUS
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3aBUXPECHHOCTHU Haberarolero MoToka u BI/I6paL[I/II/I 110~
BCPXHOCTHU.

DKCNEPpUMEHTHI 110 BO30YXXIEHUIO BOJH HEYCTOM-
YUBOCTHU B JIOKAJbHBIX 00JIACTSX OTPbIBA MOTPAHUYHO-
o CJ0S1 aKyCTUYECKMMM BO3MYIIEHUSIMU BHEIIHETO
MOTOKA MOKAa3bIBAIOT, UTO TeHEpaLKsl KOJIeOaHU MOXKET
WITA PA3TUYHBIMUA TYTSIMU B 3aBUCUMOCTU OT YCJIO-
BUI BOBHUKHOBEHMS OTpbiBa. CII0cOObI BO30YXKACHMUS
BKJIIOYAIOT FeHEepalio BO3MYIIEHUIA 3aBUXPEHHOCTU B
TMOTPAHWYHOM CJIO€ BBIIIIE MO MOTOKY TOYKU OTPhIBA C
MOoCIenyIolIei nX TpaHC(opMalreil B BOJTHBI HEYCTOM -
YUBOCTU OTPBIBHOTO TEYEHMSI U TTOPOXACHUE TOCTe/-
HUX B OKPECTHOCTM CaMOI TOYKM OTphIBA.

3anayva, B KOTOpPOI peain3yeTcs MepBblii MyTh BO3-
OyXIeHMSI, — OTPHIB MTOTPAHUYHOTO CJIOSI OT IIaKOM
TTOBEPXHOCTH Ha yJacCTKe pacpeneIeHHOTO IMOJOXM-
TeJLHOTO TPaAMeHTa JaBJIeHUs BO BHEIIIHEM IOTOKE.
B aTOM ciiyyae KosiebaHUSI MPOHUKAIOT B OTPBHIBHYIO
30HY U3 TMPEIOTPHIBHOTO MOTPAHUYHOIO CJIOSI, TOTAa
Kak reHepanusi BOJM31 caMoil TOUKU OTPhIBA HE PETH-
CTpUpYeETCSI.

B oTHomeHun cnocoGoB BO3OYXAEHUSI OTPHIB Ha
JIOKAJbHBIX T€OMETPUIECKUX HEOTHOPOTHOCTSX 00Te-
KaeMOli IIOBEPXHOCTH MPEACTABIISICT COO0I MHOM CIIy-
yaif, B KOTOPOM BO30YyXIeHHE KOJeOaHMUI MOXET OCy-
LLIECTBJIATHCS 110 TOMY U IPYTOMY ITyTH.

HenuHenHble adhhekTbl B 06/1aCTM OTPbIBa NOTOKA

JIuHeitHOe TIpUOIMXEeHNE, UCTIONB3yeMOe JJIsI OTI -
CaHUs HAYaJIbHOTO 3Tara Ipoliecca repexona K Typoy-
JIEHTHOCTH B YCJIOBUSIX HU3KOI BO3MYILLIEHHOCTU Ha0e-
ralouero NoTokKa, HeMPUMEHUMO C POCTOM aMILTUATYIbI
Kosie0aHuii B HaIpaBJIeHUN TeuyeHUs1. 3a 00JacThio UX
JIMHEWHOTO YCUJIEHUS CJIeNyeT HeJMHeWHas CTaaus,
rlle KOMIIOHEHTY BO3MYILEHUS JJAMUHAPHOIO TeUEeHUs
HeJib3s1 0oJiee paccMaTpyBaTh Kak CyMEpHo3ULUIO JU-
HeTHO-HEe3aBUCHMBbIX KOJIeOaHU U ee XapaKTepUCTUKK
OTIpeNessIIoTCs HeuHeHbIMU 3¢ deKTaMu — BOJHO-
BbIMM B3aMMOJACUCTBUSMU. B crieKTpaqbHOM MpeacTaB-
JIEHWU TMTPOLIECC NTepeXo/ia B 30HE OTPbIBA IOTPAHUYHOTO
CJIOS, €r0 HEJIMHEWHBIN 3Tar, HAYUMHAETCS C paspylle-
HUSI MaKeTa KoJebaHWii B YACTOTHOM CIIEKTpE ITyJibca-
1A, cpopMUPOBAHHOTIO B 00JIaCTH JUHEIHOM HEYCTOM -
yrBOCTH. Ha yyacTke MpoTssKeHHOCTBIO MOPSIIKA IJTUHbBI
BOJIHBI KoJieOaHUM, 00J1aJaloniX MakKCUMaJIbHbBIM WH-
KPEMEHTOM B JIMHEWHOI 00J1aCTH, TIPOUCXOIUT MEePEXO]]
OT BO3MYIIEHHOTI'O JAMUHAPHOTO TeYEHUSI K TypOYJIeHT-
HOMY, ¥ 3TO BBIVISIIAT KaK MpeBpallleHUe MaKeTa BOJIH
HEYCTOMYUBOCTU B LIIMPOKUIA CTIEKTP IyJIbCALIAM.

B 1iesioM 31ech MOXKHO BBIIEIUTH CIEMYIOIINE OC-
HOBHBIC SIBJICHWSI Ha HEJIMHEWHOW cTamuM Tpoliecca
nepexoja B JIOKAJIbHBIX 001aCTSIX OTPbIBa JAMUHAPHO-
ro TOTPAaHUYHOTO CJIOS: TYTH pa3pylleHUs JJaMUHap-
HOTO TE€YEeHMUSI, KaK U TIpY Mepexoie K TypOyJIeHTHOCTA
B JIPYTUX CJIOSIX CABUTA, BKJIIOYAIOT HAPSIAY C APYTUMU
BO3MOXXHBIMU MEXaHU3MaMM CTOXacTU3alluu pPe3o-
HaHCHO€ BO30yXIeHHWe CyOrapMOHUKU KoJieOaHUM,
YCWJIGHHBIX Ha TIPEIIIECTBYIOIIEM 3Tare TUHEHHOMN He-
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YCTOMYMBOCTU, U KOMOWHALIMOHHbBIE B3aMMOJICICTBYS
TrapMOHUK YaCTOTHOTO crieKTpa. Oco6eHHOCTh cyorap-
MOHHYECKOIO BO30YXIeHUsI, 00yCIOBICHHAs OUCIIEP-
CHOHHBIMU XapaKTePUCTUKAMU TeUEHUSI B 30HE OTPbIBA,
3aKJII0YaeTCsl B TOM, UTO MPU PE30HAHCE MPOUCXOIUT
yCUJIEHUE KOJieOaHUil B IIMPOKOM CIEKTPE YacTOT U
BOJTHOBBIX YMCEJI: KaK JABYMEPHOM KOMITOHEHTHI, TaK 1
TJIOCKUX TPEXMEPHBIX BOJIH.

XapakTep nepexofa K TypOYyJI€HTHOCTH 3aBUCUT OT
HavaJIbHBIX YCIOBUI — CIIEKTpa ITyJbcallnii, popMupy-
01LIeroCcsl B KOHIIE y4acTKa JTMHEHHOTO pa3BUTHS KoJie-
OaHMii. YKazaHHbIC BBIIIE CBOWCTBA TMPOSBISIOTCS B
rpoliecce TypOyau3aiuu, TpoTeKaplneM Ipu OTHOCHU -
TeJIbHO OOJHOPOOHOM (0€3 MHTEeHCUBHBIX TapMOHUYEC-
KUX KOMIIOHEHT) HauaJlbHOM CHEeKTpe Bo3MylIeHui. B
YCJIOBUSIX MOHOXPOMaTHYECKOTO BO30YXXKAEHUSI BOJH
HCYCTOMYMBOCTUA JTOCTATOYHO OOJBIIONH HaYaJIbHOU
aMIUIUTYIIBI MOXET peajii30BaThCsl APYroil pexXum Te-
YeHMs, B KOTOPOM HapyllaeTcsl COOTBETCTBUE MEXIY
Pa3IMYHBIMU KPUTEPUSIMU TIepexo/ia, TeHepaLus KOM-
IMOHEHT CIUIOUIHOTO CTEKTpa MONABISIETCS U TeYSHUE
CTaHOBUTCS 00Jiee PEryJIIPHbIM MO CPABHEHUIO CO CITy-
yaeM OJHOPOJHOTO HAaYaJIbHOTO CIMEKTPaJbHOIO pac-
npeneneHus. [Ipu aToM mpoliecc Iepexona Ha 3Tarie
pPa3BUTHS HEJIMHEMHOTO AETEPMUHUPOBAHHOTO BO3MY-
LIEHUsT 00 Hayajda YCWIeHHUs MyJbCallMOHHOTO (hoHa
MPOTEKAET B IBYMEPHOM TEUECHUU.

AdhekTbl 0O6paTHOMU CBSA3U
B ob6nacTAx oTpbiBa NOrpaHU4YHOro CJIoA

OOIIMM CBOIICTBOM TEPEXOMHBIX OTPHIBHBIX TeUe-
HU SIBJISIETCST 3aBUCHMOCTb T10JISI CKOPOCTH BO BCeii 30-
He OTpbIBa, BKJIIOYAs €€ JAMUHAPHbBIN y4acToK, OT me-
pexoma K TYpOYJIEHTHOCTH, KOTOPBIN IPOUCXOAUT B
rpezesax OTpbIBHOM 001acTH WK BOAU3M Hee. B yact-
HOCTH, BJIMSIHUE TIpoliecca Tepexoia BBepX IO MOTOKY
BbIpaXaeTcsl B UCKaXXeHUU Mpoduiell CKOPOCTH Cpel-
HEro TeYeHUs IIPU BO30YXICHUM BOJIH HEYCTOMYMBOC-
TH, O YeM TOBOPWJIOCH BBIIIIE, TO ECTh KOJIEOAHMST MAJTbIX
aMILTUTYH, BO3OYXIEHHBIE B 30HE OTpbIBA TeM WJIU
HMHBIM CIIOCOOOM, BO3/IEHCTBYIOT Ha MPOLIECC JaMUHAP-
HO-TYpOYJIEHTHOTO TTepexo/ia U TeueHue B paiioHe Tpu-
COEJIMHEeHUs OTOpBaBILErocs cyios. BeizBaHHOE 3TUM
BO3MYIIIEHME PACTIPOCTPAHSIETCS Ha BCIO OTPBIBHYIO 30-
Hy, UTO BeJIeT K UBMEHEHUIO pacnpeieeHusi CKOPOCTH
CpEIHEro TeYeHHUs, KOTOpPOe MOXKET Ha MOPsIIOK BeJIu-
YUHBI TIPEBBIIIATH JIOKAJbHBIN B TOM e CEUeHUU 0
MPOIOJIbHOM KOOPAMHATE MAKCUMYM aMIUTUTYIbl BO3-
Oy>KIEHHBIX KOJeOaHUI.

B mpocreiimieit mHTEpIpeTaliii TaHHBINA 3(PdeKT
paccMaTpuBaeTcs KaK pe3yibTaT 3aBUCHMOCTH TIOJIS
TEUYEeHUSI OT MOJIOKEHUS TIepexo/ia K TYpOYJIeHTHOCTH 32
TOYKO# OTpbIBa. BMecTe ¢ TeM npenacraBieHUe O TOUKE
repexoja SBIsIeTCs YIPOUIeHUEM, 11eJ1eCO00pa3HbIM B
TepBYIO o4Yepe/ib B TEXHUUECKUX TTPUIIOKEHUSX, TOTIA
KakK (pu3nyueckuii CMbICT MMeEeT Mpoliecc mepexona B
MPOTSIKEHHOM 00J1aCTU, KOTOPBIi (hOPMUPYET TeUeHUE
B OTPBIBHOI 30HE.
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PesynbraThl cciieqoBaHUi B 3TOI 00JIACTH IPUBO-
JAT K CJENyIOIIMM OCHOBHBIM 3aKJIIOUEHUSIM: MOJENb
00paTHOTO BIMSIHUSI BO3MYILIEHHOTO TEUYEeHUsl B Tepe-
XOIHOI 00JTaCTH OTPbIBA MOTPAHUYHOTO CJIOSI, TOpa3y-
MEBaoIas1 KOPPETSIUIO CPEAHUX BO BPEMEHM XapaKTe-
PUCTUK OTPBIBHOTO TEUEHUS C TTOJIOKEHUEM TIepexoia K
TypOYJE€HTHOCTH, MOXHO paclleHMBaThb KakK I€pBOE
npuoamkeHue K (U3MYECKOl KapThHe TedyeHMs. B
9KCIIEPUMEHTAX TMOJYy4eHO CBUAETEILCTBO TOTO, YTO
cpefHee TeueHue B 00JIaCTU OTpbIBA HE MUMEET OJHO-
3HAYHOM CBSI3M C KOOPAMHATOM TOUKM Mepexona, a 3a-
BUCHUT OT CAMOTO Tpoliecca rnepexoia K TypOyJIeHTHOC-
TH, COMIPOBOXAAIONIETO OTPBIB MOTPAHUYHOTO CJIOST.

3aBUCHUMOCTb CPETHETO TEYEHUS B JIOKAIbHBIX 00-
JIACTSIX OTPbIBA OT Pa3BMBAIOLIMXCS B HUX BO3MYIlIE-
HUIA, TIpUCYIIasl MEePEeXOAHbIM OTPBIBHBIM TEUEHMSIM,
MOXET UMETb MECTO M B YMCTO JJAMUHAPHBIX TCUEHUSIX,
TO ecThb 0e3 rnepexoja K TypOyJIeHTHOCTH B TIpe/ieax OT-
PBIBHOM 30HEI JIN0O BOIM3U Hee. B aTux ycnoBusx ag-
exT cBsizaH ¢ HapacTaHWEM BOJIHbI HEYCTOMYMBOCTH,
JIOCTUTAIOLIECH HEJIMHEMHON aMIUIUTY/Ibl B pailOHE MpyU-
coeIMHeHUs oTopBaBilerocs: ciosi. Mi3ameHeHue cpen-
Hero TeyeHusl B TaHHOM cJiy4yae, OYe€BUIHO, HE CTOJb
BEJIMKO, KaK B MIEPEXOJHBIX PEXMMaX, U HE BbI3bIBAET
3HAYMTEIBHBIX C TOYKM 3PEHUST MHKEHEPHBIX MPUIO-
JKEHU UBMEHEHU I MHTETpaTbHbIX a39POJAMHAMUYECKUX
XapaKTepUCTUK OO0TeKaeMoro Teja. leM He MeHee B
CBSI3U C pa3BUTHEM (yHIAMEHTAIbHBIX ITPENCTaBICHU
0 CBOIMCTBaxX OTPBIBHBIX TEYCHUI ITOT (DAKT 3aCTyKM-
BaeT BHUMaHMSI, TOCKOJIbKY O3HAYaeT, YTO XapaKTepu-
CTUKM JJAMUHAPHOTO U OTHOBPEMEHHO HEYCTOMUYMBOTO
TEYEHUSI B 30HE OTPbIBA HEOOS3aTEbHO WAECHTUYHBI
MpencKa3aHHBIM B paMKaX CTallMOHAPHBIX MOJIEJIEH OT-
pbIBa MOTOKA.

Hapsiny ¢ Bo3nmeiicTBueM KoyiebaHMit Ha pacIpene-
JIEHH€ CKOPOCTH CpelHero TeueHus1 3¢peKT o0paTHOro
BJIMSIHUSI €CTh TAK3KE 3aBUCHMOCTh YACTOTHOTO CITEKTpa
KosiebaHuii BOJIM3U TOYKU OTPhIBA OT BO3MYIIEHHOTO
TeYeHMsI HUXe 1Mo noToky. HapyieHue cyneprno3uuuu
BO30YyXIaeMOil BOJIHBI HEYCTOMUYMBOCTU CO CIIEKTPOM
(OHOBBIX MyJIbCallMil — 0OCOOEHHOCTD Ipoliecca rnepe-
XoJa K TypOYyJIEHTHOCTH B 00JIaCTSIX OTPhIBA MOTPaHUY-
HOTO CJI0sI, OTJIMYalonas ux OT APYTMX KOHBEKTUBHO
HEYCTOMYUBBIX CIBUTOBBIX TCUCHUI.

B 1ie1oM HE06X0MMMO OTMCTHUTD, YTO B OITMCAHHOM
BBIIIC CJTy4a€ 30HbI OTOPBABLICTOCA ITOTOKA IBYMECPHBI,
HO X TOIIOJIOTHUSI TJI00aJIbHO MEHSIETCS B ciydac 00JIb-
HIMX YIJIOB aTaKu.

NMPOCTPAHCTBEHHAA CTPYKTYPA
OTPbIBHbIX TEYHEHUUN HA KPblIbAX
MNPU BOJIbLWIKX YIJIAX ATAKU

Bonee necsitu JieT Ha3az ObLIO YyCTaHOBJIEHO [3], UTO
MPU OTPBIBE IMOTOKA Ha MPSIMOM Kpblie (MMeEloIeM
MPSIMOYTOJIBbHYIO (hOpMY B TUTaHE C TiepeaHei KpOMKOM,
pPacroIoXXeHHON MepreHaAKYISIPHO —HaMpaBIeHUIO
1MoTOKa) B 00JIaCTUM OTPhIBA BO3HMKAIOT rpuboobpa3-
HbIE CTPYKTYPHI, KaXk/1asi U3 KOTOPBIX MIPECTaBIISIET CO-
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0oi1 rapy KpyImHOMacIITaOHbIX BUXPEii, BpAIAlOIIUXCS
B IUIOCKOCTH KpbUIa B MPOTUBOMOJOXHbBIE CTOPOHBI.
TpexMepHas BUXpeBas CTPYKTypa TeUeHUS Hall TOBEPX-
HOCTBIO KpbUIa IMOKa3aHa Ha puC. 2, Tae MPUBEICHbBI
doTorpacduu BU3yaau3aldii 00TeKaHus IIPU ITOCIea0-
BaTeJIbHOM YBEJIMUEHUM YIJIa aTaKy 9KCIIepUMEHTAb-
HO MOZIeJIN; BO3/IYIIIHBIN MOTOK HAaIlpaBJieH Ha PUCYH-
Ke cBepxy BHU3. [Ipy MHUHUMaJIbHOM yIJIe aTakH,
paBHOM 9,1° (puc. 2, a), 0K0JIO MepeHet KPOMKU KpPbl-
Jla OTPBIBAETCS JIJAMUHAPHOE TeYeHHE M BO3ZHUKAET Y3-
Kasli (JlokanbHas) 00JacTb OTPbIBA, PACMOJOXEHHAs
BIOJIb pa3Maxa Mojeu. Huke 1o moToky TeuyeHue Typ-
OyJIEHTHO, €ro HOBBIil OTPBIB ITPOMCXOAUT BOJIU3Y 3al-
Helt KpOMKM KpbUIa U COMPOBOXKIaeTCsl 00pa3oBaHUEM
BUXpeil — Ha (poTorpaduu 3a¢UKCHUPOBAHBI ISTh XOPO-
10 Pa3IMYMMBIX BUXpeBbIX Mmap. C yBeJIMYeHUEM yIiia
araky MX YMCJIO YMEHBIIAETCS B Pe3yJbTaTe CIUSHUS
BUXpEU, a xapakTepHbIii MaciuTtad pacteT. [lpu yrie
araku 12,3° (puc. 2, 6) HaOIIOMAIOTCSI TPU BUXPEBBIC
mapsl, ipu 16,8° (puc. 2, ) — nBe, a ipu 18,4° (puc. 2,
2) — TOJIbKO ofHa. JlaibHelillee Bo3pacTaHue yria aTa-
KW TIPUBOAMUT K PAAUKaIbHON IepecTpoiike pekmma
00TeKaHUsl KpbLIa: BMECTO OTPBIBHOTO TTY3BIpS y TIe-
penHeil KpOMKHU M MOCeayIoIero TypOyJIeHTHOTO OT-
pBIBa BO3HUKAET CPHIB ITOTOKA (puc. 2, d). B atom pe-
XKUME TedyeHUsl (opMUpPOBAaHME OTPHIBHOW 30HBI
CBSI3aHO C Pa3BUTHEM B OTOPBABIIIEMCSI CJIOE Ta3a coo-
CTBEHHBIX KOJIeOaHUI, BBI3BIBAIOIIMX €TO TIEPEXol U3
JIAMWHAPHOTO COCTOSTHUSI B TypOYJIGHTHOE, O UeM IIljia
pedb B MEPBOIl YaCTU, U CPbIB MOTOKA OTJIMYAETCS 1O
CYIIECTBY IIPOUCXOMSIIMX IIPU 3TOM (PUBMUECKUX SIBIIE-
HUI OT OTpbIBa TypOYJIEHTHOTO TeueHus. Mexmy Tem
JIJISI TOTIOJIOTUM OTPBIBHOTO TEUEHUS TAKXKE XapaKTepHa
rapa BUXpel, BpalllalolIuXcs B TUIOCKOCTU Kpblia. [1o
CPaBHEHMIO CO cTydaeM TypOyJIeHTHOTO OTpbIBa X (o-
KYChI MEHSIIOT CBOE TIOJIOXKEHUE, CIBUTAsICh IIPOTUB Ha-
MpaBJieHus MOTOKa.

TakuM oOpa3zoM, pealbHOE TeUYeHHE B OTPBLIBHOM
00J1aCTH 1aXKe B TeX TeOMETPUYECKUX YCIIOBUSX, KOTO-
pble MOXXHO CYMTATh OJIU3KUMU K JIBYMEPHBIM, OKa3bl-
BaeTCsl TPEXMEPHBIM U UMEET CJIOXHYIO BHYTPEHHIOIO
MPOCTPAHCTBEHHYIO CTPYKTYpY. [TosydeHHBIE B 3KCTIe-
pYMEHTe OaHHble, aHaJOTMYHbIE TPUBEAEHHBIM Ha
puc. 2, TIO3BOJISIIOT YCTAHOBUTD €€ 3aBUCMMOCTD OT YyC-
JIOBUIA BOSHUKHOBEHMS OTpBIBa TIoTOKa. OIMH 13 BO3-
MOXHBIX MEXaHM3MOB 00pa30BaHUsI TPEXMEPHBIX BUX-
PEBBIX CTPYKTYD TIPU IBYMEPHOM OTPBIBE IMOTOKA ObLIT
TPeIJIoKeH HECKOJIBKO JIET Ha3a l U 3aKJTI09aeTCs B CIIe-
NYIOLLEM: TP CXOJIe MOTOKa C TiepeHel U 3aHeil Kpo-
MOK KpbLJla 00pa3yloTcsi BUXpM, OCU KOTOPBIX Mapai-
JIEJIBHEI eT0 pa3Maxy (puc. 3, a). Dta BUXpeBasi cucrema
HeycTolurBa (He MyTaTh ¢ TUAPOIMHAMUYECKON Heyc-
TORYMBOCTBIO NPOMUIISL CPEAHEN CKOPOCTH ), BUXPU L€~
dopmupytorcs (puc. 3, 6), IPOUCXOAUT UX IIepe3aMbl-
KaHWe, U B UTOTE TTOSIBIISTIOTCS TPEXMEPHBIE CTPYKTYPHI
(puc. 3, 8). Ux “oTneyarok” Ha MOBEPXHOCTU KpbLIa
uMmeeT rpuboobpasHyio popmy (puc. 3, e), HabIomae-
MYIO B 9KCIIEpUMEHTE.
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Yronatakn a

TypOyneHTHbIN
OTpbIB

JlaMnHapHbIn
OTpbIB

TypbOyneHTHbIn
OTpbIB

JNaMmnHapHbIn {
OTpbIB

TypOyneHTHbIN
OTpbIB

NamMnHapHbIn
OTpbIB

TypOyneHTHbIl
OTpbIB

CpbiB

a=9,1°

Puc. 2. BnavaHuve yrna ataku Ha CTPYKTYpY TedeHus B 061acT TypOyNeHTHOro oTpbiBa

CTpyKTypa Te4YeHUs B YCIOBUAX ynpaBrieHUs
CpblBOM MOTOKa

CMBICIT yIIpaBJICHUSI OTPHIBOM ITOTOKAa CBOIUTCS
(cnemys [4]) B OONBIIMHCTBE CTyyaeB K €ro MpeioTBpa-
LICHUIO JIM0O YMEHBIICHUIO Pa3MEPOB OTPHIBHOM 30-

KOS3NOB B.B. ®U3UKA CTPYKTYPbl MOTOKOB. OTPbIB NMOTOKA

HBI, JUISI 9eTO TIPUMEHSIOTCS METObI, OCHOBaHHBIE Ha
pa3NIUYHBIX (U3NYECKUX MpUHLUIAX. Tpedyemblii pe-
3yJIbTAT YIIPABJIEHUS MOXET ObITh MTOJIyUeH, B YaCTHOC-
TH, MCKYCCTBEHHBIM TepeMellIMBaHUEM Tra3a BOJIU3U
00TeKaeMoli MOBEPXHOCTU (MPU JaMUHAPHOM OTpPHIBE
MpUBeIEHUEM OTOPBABIIIETOCS TeUEHUSI B TypOyJIeHTHOE
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Puc. 3. Cxema BO3HNKHOBEHUS BUXPEBLIX CTPYKTYP B
obnacTn oTpbiBa: 1 — OCY BUXpEW, 2 — IMHUS OTPbIBA,
3 — NUHMA NpucoeanNHEeHNs

COCTOSTHUE), KOTOPOE YBEJTMIMBAET COMIPOTUBIISIEMOCTD
TeYeHUs1 MPUYMHAM, BbI3BIBAIOIIUM OTPHIB TOTOKA.
IIpu cpbiBe moToka ¢ TepeaHeld KPOMKU Kpbliaa st
3TOTO MCTOJB3YIOTCS pa3InYHbIe YyCTPONCTBA — TYpOYy-
JIN3aTOPbI, pa3MelllaeMble Ha TMOBEPXHOCTU KpbLia
BOJIM3M JIMHUU OTPHIBA, X BO30YyXIcHNE KOJIeOaHWIi B
MPUCTEHHOU 00jiacTu TeueHus. B uumcie BO3MOXHBIX

a le

N

aXa

T

MpoCTPaHCTBEHHO-0AHOPOAHOE
aKycTuyeckoe rose

CITOCO0OOB TeHepalliK KojeGaHWii — 00JIydeHre Kpbljia
aKyCTUYeCKUMU BoJTHaMU. Hike M3IT0XKeHBI pe3yibTa-
ThI, B KOTOPBIX MTOKa3aHO, KaKUM 00pa3oM IpUMeHe-
HME YKa3aHHbBIX BbIIIE CITOCOOOB YNPaBICHUsT CPHIBOM
TTOTOKA CKa3bIBAeTCsT Ha MPOCTPAHCTBEHHOM CTPYKTYpe
TEYCHUST.

Bo3pgencTBue akycTtMyeckux kKonebaHum
Ha OTpbiBHOE OobTekaHue Kpbiia

BriepBbie npenoTBpaliieH1e cpbiBa MTOTOKA C Mepe/I-
Heil KpOMKHU KpbLTa MPU BO3OYXKICHUM aKyCTUUECKUX
KoJIeOaHU T TPOBOJIWIOCH B MPENCTaBICHUU O TBYMEpP-
HOCTH T€UYEHMUSsI, ¥ ObUT YCTAaHOBJIEH (U3UYECKUil Mexa-
HU3M BO3IEHCTBUS KOJIeOAaHUI Ha OTPBIBHOE TEYCHUE
[5]. B pe3ynbrate maHHBIN CIIOCOO yIpaBiIeHUS OJOCTa-
TOYHO XOPOIIIO U3YYEH.

Ha puc. 4 n3o0paxkeHbl CXeMbl T€UYEHUS BOJIU3U T10-
BEPXHOCTH KpbUIA, TMOJyYeHHbIE B IMOCIEAHEE BPEMSI.
Bo30OyxneHue B MOTOKE IPOCTPaHCTBEHHO-OIHOPO/I-
HOTO aKyCTMYECKOTO TTOJIsl OT YAaJeHHOTO0 MCTOYHMKA
KOJIcOaHMI1 BBI3BIBAET MTPUCOCTMHEHNE OTOPBABIIETOCS
TedeHusl. B pe3ynabTare cphIB IOTOKA C TIEpeaHE KpoM--
KU CMEHSIETCSI OTPHIBOM TypOYJIEHTHOTO TeUESHUST HIKE
o notoky (puc. 4, a, 6). [1pn a3TOoM 00TEeKaHWE KpbLia
OCTaeTcsl CUMMETPUYHBIM OTHOCHUTEIBHO €ro IIeHT-
paJbHOTO CeYeHWsS] U BUXpEBask CTPYKTypa TeUeHUS
COOTBETCTBYET TOH, KOTOpasi GopMupyeTcsl pu Typ-
OyJIeHTHOM OTpbIBe (puc. 2, ¢). Jlpyrasi cutyauusi Bo3-
HMKaeT, KOTJIa KPBIJIO HaXOIUTCS He B OMHOPOIHOM, a B

CookycuposaHHoe
aKyCcTnyeckoe nosne

Puc. 4. CxeMbl Te4eHns Hag, BerHeI?I MOBEPXHOCTbLIO MOAeNn NpPAMOro Kpbisia npu pasiMyHbIX cnocobax aKyCTn4eckoro

BO3OENCTBUSA
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chOKyCMpOBaHHOM aKyCTHMYecKOM roJjie. B atom ciy-
yae pacrnoJjiokeHue BUXpeil B 30He OTPbIBA 3aBUCUT OT
TOT0, Kakast 00J1aCTh TeUEHMSI TIOJBEPraeTcsl BO3NENCT-
Buo. CUMMeETpUsI COXpaHsSIeTCsI, KOIrJa BO30yXIeHUe
MIPUJIOXKEHO K LIEHTPAJILHOM YacTu Kpbuia (puc. 4, 6).
Ecnu xe KonebaHUst cocpeqoTOYeHbI Ha Kpalo MOJIEIH,
OHU CKa3bIBAIOTCSI B 30HE NIEHCTBUSI OMHOTO U3 BUXPEN
M HEe OKa3bIBAIOT BJUSIHUS B OOJIACTU APYTOro BUXPS
(puc. 4, 2). DT JaHHBIE TPUBOASAT K BBIBOIY, UTO IIPO-
CTPaHCTBEHHAs CTPYKTYpa TeUCHMS ITPU aKyCTUISCKOM
BO3/ICVICTBUM 1 pe3yJIbTaT YIIpaBIeHUSI CPHIBOM ITOTOKA
HEMOCPeNCTBEHHO 3aBUCSIT OT IMepeHoca rasa B IMore-
pEeYHOM HampaBJIeHUU, HECMOTPSI Ha TO YTO aKyCTHYe-
CKOe BO30yXIeHHe KojieOaHMii OTOpPBaBILIETOCs CJIOS

OCYIIECTBIISIETCS] BOJIM3U TIepeiHell KpOMKHU Kphblia, a
KpyITHOMAacCIIITaOHOE BUXPEBOE ABMXKEHUE (POPMUPYET-
¢S HIKeE TI0 TIOTOKY. JlanbHelIee ncciaeqoBaHue 3Toro
SIBJICHUS TTPEJCTABIISIETCSI HEOOXOAMMBIM IS TOCTPOE-
HUSI €r0 TEOPETUYECKOM MOIETW W ONTHUMAaJbHOTO
MPaKTUYECKOTO MCIOIb30BAHUSI PACCMOTPEHHOTO Me-
TOJNA YIIPaBJIEHUS OTPLIBOM.

CTpyKTypa TeueHus npu rrnobanbHOM OTpbiBe
B NMPUCYTCTBMU UCTOYHUKOB CTalMOHapPHbIX
BO3MYLLEHUN

Torosnorust TeyeHUs1 MpU MIO0ATBHOM OTPHIBE T10-
TOKa Ha MPSIMOM KpPbLJIe CYIIIeCTBEHHO U3MEHSIETCS MpHU

&
6 o
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JINHEWNHBIN BLICTYN
A

B

JIHENHbIV BbICTYN
A

Puc. 5. BnusiHue BbICTYNOB Ha NepeaHelr KPOMKE Ha KapTUHY TEYEHNSI HA MOBEPXHOCTU MOLENN NPU CPbIBE: @ — MOAENb
6e3 BbICTYMNOB, 6 — MOAENb C TOYEYHbIM BbICTYNOM, B — MOAESIb C ABYMS AJIMHHBIMU BbICTYNaMM
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YCTaHOBKE BOJM3M €ro TepeaHeil KPOMKU 3JeMEHTOB
HEPOBHOCTH ITOBEPXHOCTH Pa3INIHOM (opMbl. Bius-
HME Ha OTPBIBHOE O0TEKaHUe KPhLIa TPOCTEMIINX B Fe0-
METPUYECKOM OTHOIIEHUU 3JIEMEHTOB — TOYEYHOTO U
JIMHEWHOTO, PACITOJIOKEHHOTO BIOJb TIepeTHEN KpoM-
KU, BBICTYIIOB ITIOBEPXHOCTH — ITOKA3aHO Ha (hoTorpa-
busx ¥ cxemax, MHTEPIIPETUPYIOLINX Pe3yIbTaThl Ha-
osoaeHuit (puc. S5).

KapTuHa Te4eHUs ¢ TOYEUHBIM BBICTYIIOM, TTOMeE-
IIEHHBIM B LIEHTPAJIBHOM CEYEHUU MOJIENIH, M300paKe-
Ha Ha puc. 5, 6. BuxpeBast cTpyKTypa 30HEI OTpbIBa 3a-
METHO YCJIOXHSIETCSI TI0 CPaBHEHMIO CO Ciydyaem
00TeKaHus TJIanKoro Kpblia (puc. 5, au 2, d). B cnene
3a TIPETSATCTBIEM 00pa3yloTCs 1Ba BUXPsI, U TeUEHUE Ha
MOJIEJIU JCJTUTCSI Ha JABE YacTU CIIpaBa M clieBa OT BbI-
cryna. B kaxmoii u3 Hux HabJ101aeTcs o rape BUXpeit,
OJIMH U3 KOTOPBIX MMeeT (POKYC y Kpast MOJIeJIU, a BTO-
poit — 0KOJI0 BBICTyTA. Pe3ynbTaT ycTaHOBKY Ha 00Te-
KaeMoil TOBEPXHOCTU JUHEWHBIX BBICTYIIOB TOKa3aH
Ha puc. 5, 6, BBICTYIIBI UMEJIM IJIMHY 1/3 pa3Maxa Mmoje-
JIM KaXIbId M pacroyiaraiuch Mo Kpasm Kpbuia. He
TPUBOJS B JAHHBIX YCJIOBUSIX K TTPETOTBPAIIIEHUIO CPbI-
Ba TOTOKA, OHW U3MEHSIOT TOIIOJIOTUIO TeYeHUS B OT-
puIBHOM o61actu. O6acTh OTphIBA AEJIMTCS Ha TPU Ya-
ctu. Ha kaxnmoit M3 HEpOBHOCTEN IMPOUCXOIUT CPBIB
MOTOKA, ¥ Ha KpasiX BEICTYIIOB 00pa3yloTcs 110 Tlape BU-
xpeit. Ha riragkom yJacTke MoBepXHOCTH KpPbLTa MEXITY
BBICTYIIAMU  COXPaHSIETCsl 4YacTb IepBOHAYaIbHOM
CPBIBHOI1 00J1aCTH, ¥ BOBHUKAET T1apa BUXPeil MEHbIIIe-
ro pazMepa ¢ (poKycamu BOJIM3U IepeTHe KPOMKH.

IMpuBeneHHBIE BBIIIE PE3yIbTAaThl MCCIECAOBAHUN
MOKa3bIBAIOT, YTO TOTOJIOTHUSI TPEXMEPHOTO TEUEHMS B
00J1aCTU TJI00AJILHOTO OTPbIBA MOTOKA MOXKET OBITH CY-
1IECTBEHHO U3MEHEHAa CTallMOHAPHBIMU BO3MYIIICHMSI-
MM — 3JIEMEHTaMU HEPOBHOCTU TOBEPXHOCTU MaJloit
BBICOTBI, KOTOPbIe MHAYLIMPYIOT B OTPLIBHOM 30HE 0-
MOJTHUTEJIbHbIE BUXPEBbIE 00pa3zoBaHusi. OCOOEHHOCTH
TPEXMEPHOI CTPYKTYpPHI TEUEHMSI, B CBOIO OYEpElb, OI-
penenstor 3GEKT, MoaydaeMblii TpHM  yIpaBIeHUN
CPBIBOM ITOTOKA. B yacTHOCTH, B 3KCNepUMEHTax ObUIO
YCTaHOBJIEHO, YTO MPU KOMOMHUPOBAHHOM MCMOJIb30-
BaHUM 3JIEMEHTOB HEPOBHOCTH TTOBEPXHOCTU — TypOy-
JIN3aTOPOB M aKyCTUIECKMUX KOJIEOaAHWI — MOXET TIPO-
HUCXOINTD He TIOJTHOE, TO €CTh 0 BCEMY pa3Maxy Kpbljia,
a yaCTMYHOE MPUCOEANHEHNE OTOPBABIIIETOCS TEUSHUS
Ha yJacTKaxX MOBEPXHOCTH KpblJa MEXAY OTAETbHBIMU
BBICTYTIAMU.

3AKITIOYEHUE

WccnenoBaHue OTPBIBHOIO OOTEKaHUSI KPbLIbEB
MpeACTaBsieT cO00I YaCTHYIO, XOTS U BeChMa BaXKHYIO

B MPaKTUYECKOM OTHOIIECHUM 3aJady a3pOAMHaAMUKU.
IIpoGiiema oTphIBa MOTOKA KaK TaKOBasl 3HAYUTEIIHHO
IIMpe U BKII0YaeT u3y4eHUe TeUYeHN, BOSHUKAIOIINX B
CaMbIX Pa3JIMYHBIX YCJIOBMSIX. YK€ MOJIy4€HBI CBUIE-
TEJIbCTBA TOTO, YTO CJIOXKHBIN MPOCTPAHCTBEHHBIN Xa-
paKTep TeUCHUs SIBIISICTCS HEOThEMIIEMBIM CBOICTBOM
obacTeli OTpbIBa, MOSIBJISIIOLINXCS U B IPYTUX OOCTOSI-
TEJIbCTBAX: 32 OCTPHIMM KPOMKaMU OO0TeKaeMBbIX Tell, B
OKPECTHOCTU YCTYIIOB M BBICTYIIOB IOBEPXHOCTU, Ha
TeJlax BpallleHus 1 T. 1. JlaapHelilnee n3y4eHue IIpocT-
PaHCTBEHHBIX XapaKTEPUCTUK OTPHIBHBIX TEUSHUIM, BUX-
PEBBIX CTPYKTYP, YyBCTBUTEIbHBIX K U3MEHEHUIO YCJIO-
BUI 0OOTEKaHUS 1 CJTA0OBIM BHEITHUM BO3IEHCTBUSIM, —
MEePCIIEKTUBHOE HAIIpaBJIeHUE MCCICHOBAaHUIA, ITO3BO-
JISTIOIIYX MOJIyIUTh 00Jiee TOYHBIE [0 CPAaBHEHMIO C Cy-
IIECTBYIOIIMMHU TMPeacTaBieHusI 0 (pyHIaMeHTaTbHbIX
CBOMCTBaX OTPbIBHBIX TCUEHUIA.
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BukTop Bnagummposuy Kosnos, goktop $Gusnko-
MaTeMaTnyeckmx Hayk, npodeccop kadeapbl aspo-
dU3KKN 1 ra3zoBon amHamMmmnkn HoBocmbUPCKOro rocy-
[apCTBEHHOr0 yHMBEPCUTETA, 3aB. nabopaTopueli as-
pPoOPU3nNYECKNX NCCNEeaoBaHNI O03BYKOBbIX TEYEHWUN
MHCTUTYTa TEOPETUYECKON N NPUKIAAHON MEXaHUKN
Cubupckoro otaenenusa PAH. HarpaxneH cepebps-
Hom mepganbto nm. H.E. XXykosckoro “3a nyywyto pa-
60Ty no Teopumn aBmaumm” 3a 1992 roa. O6nacTb Hayy-
HbIX WHTEPECOB — 3SKCMNEPUMEHTANIbHOE WN3y4YeHne
rmapoanHaMmnYyeckom YCTOMUYMBOCTU TEYEHW, BO3-
HUKHOBEHUS TYPOYNEHTHOCTUN, GU3UKN OTPLIBHbLIX TE-
YEHWI, KOrepPEHTHbIX CTPYKTYP B TYPOYNIEHTHbIX NOTO-
Kax. ABTop 6onee 200 Hay4HbIX pPaboT, B TOM 4ucne
0JHOW MOHOrpaduu.
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