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YJIK 532.526
I'. A. BOPOIIAEB, H. B. PO3YMHIOK

MOJAEJIUPOBAHUE HECTALIMOHAPHOI'O TIOI'PAHUYHOI'O CJIOSA HA
CTPYKTYPUPOBAHHOM MOBEPXHOCTH

ITpencTaBieHsl pe3ybTaThl YHCICHHOTO MOJCTMPOBAHISA TPEXMEPHOTO HECTALIOHAPHOTO TYPOYJIEHTHOTO TEYEHHS HaJ MOBEPXHOCTBIO C CHCTEMO

MapHBIX JyHOK B HIMPOKOM JyarasoHe uncen PeliHosbaca. Ha 0CHOBaHMM MOJYYEHHBIX YHMCIEHHBIX PE3YJIbTAaTOB OINPEACICHB! TPEOOBAHUS K JIYHOU-

HOMY pelnbedpy, FTeHEpHUpPYIOMEMY MapHbIe KBa3UyCTONUMBBIC MPOIOIBHBIE BUXPH B 33JaHHOM AHManasoHe umcen PeitHonbaca. OnpeneneHo BIUsHUE

reOMETPHYECKUX MapaMeTpoB JIYHOK M yncia PeiiHombpaca Ha AMHAMUYECKHE XapaKTePUCTUKN 00TeKaeMoii moBepXHOCTH. [loka3aHo cTabunmsupyo-

11ee BIMSHUE TPOJI0JIbHBIX BUXPEBBIX 00pa30BaHHil Ha XapaKTePHCTUKU TypOYJICHTHOTO MOrPaHMYHOTO CJIOS B CJIEJIE 32 CHCTEMOI JIYHOK.
KuroueBsie c10Ba: TypOy/NCHTHBII HOTPAHUYHBIH CIOH, MApHbIE TyHKHU, IPOAOIBHBIE BUXPH, THIPOIMHAMUYECKUCE TTOTEPH.

I'. 0. BOPOITAEB, H. B. PO3YMHIOK
MOJEJIOBAHHA HECTAIIOHAPHOI'O TOTPAHUYHOT'O LIAPY HA CTPYKTYPOBAHIM
IMOBEPXHI

[1pexncraBieHO pe3ynbTaTH YUCEIEHOrO MOJIEIIOBAHHS TPUBUMIPHOTO HECTAL[IOHAPHOTO TYPOYJIEHTHOrO NOTOKY HaJl IIOBEPXHEIO 3 CHCTEMOIO ITapHUX
JIYHOK B IIMPOKOMY Aiana3oHi uncen PeitHoibaca. Ha 0CHOBI ofepikaHuX YMCENbHUX PE3YJIbTaTiB BU3HAYEHO BUMOTH JIO JIYHOUHOTO penbedy, sKuii
reHepye MapHi KBa3iCTiliKi MO3I0BKHI BUXOPH B 3aIaHOMY Jiana3oHi umcen PeiiHonbaca. Bu3HaueHO BIIMB TeOMETPUYHHX MAPaMETPiB JTyHOK Ta YH-
ciia PeifHounb/ica Ha IMHAMIYHI XapaKTepUCTUKU 00TiuHOI noBepxHi. [TokasaHo cTabiizyrounii BIUIMB M03I0BXHIX BUXPOBUX YTBOPEHb Ha XapaKTepH-
CTHUKH TYpOYJICHTHOTO NPHMENKOBOTO MIapy B CIiJIi 32 CHCTEMOIO JTYHOK.

Kuio4uoBi c/10Ba: TypOyneHTHHIT MPUMENKOBHUIT AP, TAapHi JTYHKH, MO3/10BKHI BUXOPH, TiIpOANHAMIYHI BTPATH.

©T. A. Boponaes, H. B. Posymniok, 2019
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G. A. VOROPAIEV, N. V. ROZUMNYUK
MODELING OF NON-STATIONARY BOUNDARY LAYER OVER A STRUCTURED SURFACE

The results of numerical modeling of 3D unsteadiulent flow over a surface with a system of paidédples are presented in a range of Reynolds
numbers. On the basis of the numerical resultseteired parameters of dimples capable of generatiasi-steady longitudinal vortices in the given
Reynolds numbers range are determined. The effatitiples’ shape and Reynolds number on the dynahmcacteristics of the surface are identi-
fied. The stabilizing influence of longitudinal wal structures of the boundary layer in the wakeamwise is shown.

Key words: turbulent boundary layer, pairs of dimples, londihal vortices, hydrodynamic losses.

Beenenue. 3a1aun ynpasieHUs IOTOKAaMM AJI1 YMEHBIIEHUs CONPOTHUBIICHHUS, YBEJIMUESHUS MOIBEMHOI! CUJIbI, Tpe-
JIOTBpPAILeHUs] OTPbIBA MOTOKA OT MOBEPXHOCTH W T..I., KaK MPABHIJIO, CBA3aHbI C YMNPaBJIeHHEM XapaKTePUCTUKAMH MO-
TPaHUYHBIX CJI0€B, (GOPMUPYIOIIMXCA HA MOBEPXHOCTH TeJl, KOTOPOE MOXKET OCYLIECTBIATHCSA AKTUBHBIMU WM MacCUB-
HBIMH MeTonamH [1]. AKTHBHbBIC METOIbI YIPABICHUS MOAPAa3yMEBAOT AOTIOTHUTENbHbIE YHEPreTHIEeCKIEe 3aTpaThl AJIs
LieJIeHaIpaBJeHHOTO U3MEHEHH XapaKTepUCTHUK TeUeHHUs B TPOLIECCe IKCIUTyaTali 00TeKaeMoro o0beKTa.

Iaccusnvie memoowr, Takne xak LEBU, pubnemot, nynounvie penvegol, He TpeOYIOT NOMOTHATENBHBIX 3aTpaT, a
TpeOyeMble HM3MEHEHUs MapaMeTpoB OOTEKaHMs NOCTUraloTCA 3a CYET 3apaHee BHECEHHbIX Monudukaumii ¢op-
MBI/KOHCTPYKLAH TIOBEPXHOCTH.

XapakTepHble MacIiTa0bl BUXPEBBIX CTPYKTYpP, TeHEPUPOBAHHBIX 00TEKaeMON MOBEPXHOCTHIO, UX HHTEHCUBHOCTD
B 3HAYUTEJIbHOM CTENEHU OMPeeNaoT KOJIMYeCTBEHHbIE 3HAUEHHS BETMUMH a3POTUAPOIMHAMUYECKOTO CONPOTUBIIEHUS
IBWXyLIMXcsl Tell. Ha M3MeHeHHe 3THX XapaKTepUCTHK HalpaBlieHbl pa3inuHble MeTobl ynpasieHus [2, 3]. Tak, LEBU
paspyluaeT CTpYKTYpy KpYyMHbIX MOMEPeuHbIX BUXpe, KOTOpble (JOPMUPYIOTCS BO BHELIHEH 4acTH TypOyJeHTHOro Mo-
TPaHUYHOTO CJIOSA, a pHOJIETI, HA0OOPOT, BIMSIOT HA CTPYKTYPY MENKUX MPUCTEHHBIX MPOIOJBHBIX BUXPEH, MOBbIILAS
UX YCTOMYMBOCTh. B mpoTuBonosoxxHocTs uaeonorun LEBU, koraa B morpaHUyHOM Cll0€ pa3pyluaroTcst OOMbIINe BUX-
PH, CYILECTBYeT MIOCOJOTUS TeHepallui BUXpeH Ui M3MEHEHHs BUXPEBOI CTPYKTYpBl TYpOYJIEHTHOTO MOTPaHUYHOTO
CJI0A TPU MOMOLLM Pa3HOOOpa3HbIX TeHEPaTOPOB BUXPEH, CO3JAIOILNX B MPUCTEHHOM 001acT BUXPH pa3HON OpHeHTa-
LW ¥ MTHTEHCUBHOCTH.

VrpaBneHuto BUXpEeBOil CTPYKTYpoil IOTOKa BOMM3M MOBEPXHOCTU IJIsl YCUIIEHUS TEIJIo- U MaccooOMeHa 3a CueT
BUXPEBOTO MepeMeINBaHNs MOCBSIIEHO 0OJbIIOe KOJMIECTBO COBPEMEHHBIX HccienoBanmii. OHAKO yCHIEHNE TeTuIo-
o0OMeHa MPaKTUYECKH BCErja COMPOBOXKAAETCA YBEIMYEHHUEM COMPOTHUBJIEHUS, MOITOMY Ui TaKUX MPHUIOKEHUI Bak-
HOM 3a/1aueif BNsieTC MUHUMM3alKsl THIPOIMHAMUYECKUX W THAPABIMIECKUX MOTEPb.

AHaJIM3 MOCJEIHNX HccleqoBaHuii. B HacTosmiee BpeMsi yxe OOIlIeNpH3HAHO, YTO AETEPMUHUPOBAHHBIE IPO-
JOJIbHBIE BUXPEBbIE CTPYKTYPbI OTPENeNICHHBIX MaciTaboB COCOOHBI PErysIpU3NpOBaTh CTPYKTYPY TypOyJeHTHOCTH
MOTPAHUYHOTO CIIOS, aKKYMYJIUPYSI 9HEpeUulo mpaHc8epCalbHOll 3A6UXPEHHOCMU B NPOOOIbHYI0, N CHIKATh COTIPOTHB-
JIEeHWEe TPeHUsl, HO mpenoTepaias orpbiB. [To3ToMy 3amada reHepauuu yCTOWYMBBIX MPOJOJIBHBIX BUXPEBBIX CTPYKTYD
MacmTaboB, COrNIACOBAHHBIX C XapaKTEPUCTHKAaMH MOTPAHUYHOTO CJIOS, C MUHUMaJIbHBIMU 3aTpaTtami, nprodpeia ca-
MOCTOSATETIbHOE 3HAYEHMHE.

IMoaasnsromiee 6OIBUIMHCTBO PaboOT paccMaTPUBAIOT CUMMETpHUHBIe (Monychepuieckue, KamieoOpasHblie, U T.IT.)
OIWHOYHBIC JTYHKW W UX MACCHUBBI B PA3JINYHBIX KOMIIOHOBKAX, KOTOPBIC XaOTU3UPYIOT TECYCHUE U MPEAOTBPAIIAIOT 00-
paszoBaHKe KpYMHOMACIITaOHBIX KOrepeHTHBIX CTPYKTYp [4]. B momychepuueckux JyHKax BO3HUKAET PEXKHUM Hepery-
JSIPHOI TeHepaly 1 BEIOpoca BUXpel o MupHHe JTyHKH. BHecenne HecumMeTpun B (hopMy JIYHKH WM €€ Pacrojioxe-
HKE B TPAHCBEPCAJIBbHOM HAIPaBJICHUM MO3BOJISIET FTE€HEPUPOBATh OJMHOYHBIN MPOIONLHBIN BUXPh B ee ciene [5] ¢ on-
peneNeHHBIM HAaNpaBJIeHUEM BPALICHU. DTO JaeT BO3MOXKHOCTb CO3/1aBaTh PETYJISPHBIE MPOAOJIbHBIE BUXPEBBIE CTPYK-
TYpbl Ha CTPYKTYpUPOBAHHOM MOBEPXHOCTH, OCHOBHBIM 3JIEMEHTOM KOTOPOIi SIBIISIFOTCS Maphl yUIMHEHHBIX JTYHOK 00y-
CJIOBJICHHOM (DOPMBI U Pa3MEPOB, PACIOIOKEHHbIE MO OMPENEJeHHBIM YIJIOM APYT K Apyry [6, 7]. B atom ciyuae 3a
JYHKaMH BO3HUKAET Mapa YCTONYMBBIX MPOAOJBHBIX BUXPeil, BPAIIAIOIIUXCS B IPOTHBOMOIOKHBIX HAMPABICHHSAX.

B nanHO#1 paboTte nccienyeTcs BO3HNKHOBEHHE M Pa3BUTHE BUXPEBBIX CTPYKTYpP, T€HEPUPOBAHHBIX CHCTEMOM JIy-
HOK, ¥ UX BJIMsSIHUE Ha MapameTpbl TypOyJeHTHOTO MOTPaHUYHOTO CJIOS HA MIIOCKOM MOBEPXHOCTH B 3aBUCUMOCTHU OT OT-
HOCHUTEJIbHOH TITyOWHBI JIyHKH TIPH Pa3HBIX wuciax Peiinonvoca.

IocTraHoBka 3agaun. YnCIEHHO HMCCIeqyeTCs BS3KOE T€UeHHEe HEC)KMMAaeMOM JKUIKOCTH Ha MOBEPXHOCTH IJIO-
CKOW TITACTHMHBI € Mapamy JIyHOK, pacrojOKeHHBIX IMOJ YTJIOM K HampaBIeHWI0O OCHOBHOTO MOTOKa. Pemaercst ctaH-
JapTHas cucTeMa ypaBHEHUI Hepa3pblBHOCTH, ypaBHeHUH PeiiHonbca, ¢ MpUMEeHeHHeM MO NepeHoca HanpsKeHUi
IUTS MOJCTTUPOBaHUS TYPOYIECHTHOCTH, ucnonvzyemes nakem FLUENT.

PacueTnas obxacTb mpeacTasiseT coboil mapamienenunes, B OCHOBAaHUM KOTOPOTO JIEXKHT TUIACTHHA C JyHKAMU.
JlyHku oOpa3oBaHsl cieqyromum criocodom. Teno, cocTosimee U3 TMINHIPUIECKON CpeiHel acT U moycdep Takoro
Ke InaMeTpa Ha TOpLAx, BAABINBACTCS HA HY)KHYIO ITyOWHY B TNIOCKOCTb.

B obnactu cTponTcs opTOroHanbHash pacyeTHas CeTKa, KOTopas MMeeT CHIIbHOE CTYIIEHHE B BEPTHKAJILHOM Ha-
MpaBJeHNH BO3JIe IOBEPXHOCTH IUIACTHHBI, B TOPU30HTAIbHOM HanpaBieHUH — B OKPECTHOCTH JIYHOK M UX clieie, BHyT-
PM JYHOK ceTka KOH(OpPMHA ¢ UX MOBEPXHOCThIO. OO0Ilee KOIMYECTBO pacyeTHBIX y3JI0B BO Beei obnacTi nocturaio 8
MJIH., UX TPOCTPAHCTBEHHOE pa3MeEIleHNe BapbUPOBANOCH ISl JOCTIXKEHHUS YHOBJETBOPUTENBLHOTO CPaBHEHUS C W3-
BECTHBIMU TEOPETUUECKUMHU U IKCTIEPUMEHTATIbHBIMU JAHHBIMU [ OOTEKaHMS MIIACTHUHBI MPU COOTBETCTBYIOLIMX Ta-
paMeTpax ToToKa.

PacueTnas obnacts umeer minHy 1.5M, BeicoTy 0.2M, nmyHKM pacnonaratotcs Ha paccrosHun 0.5v oT BXOIHOM
TpaHUIBI 00TaCTH.

Ha Bxoze craBminch ycJjoBHS PaBHOMEPHOTO TMOTOKA, HA OOKOBBIX TPaHAX — YCJOBHS CHMMETPHM TMOTOKA, HA BEpXHEH
rpaHMLe — CKOJIb3AIlas CTeHKa.

Bicnux Hayionanvrnoeo mexwiunozeo ynisepcumemy «XI11». Cepia:. Mamemamuyne
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U ITpyu oOTeKaHWH IUIACTHHBI MOTOKOM BOJbI Ipu Temmepatype 300K
oo ~
\ co ckopocTbto 1 + 3m/c uncio PeitHonbaca 1o JUTHHE TIACTHHBI IO HAaYa-

Jla JIYHOK PaBHO 500 + 1.516, Teuenue cumraercs TypOyJICHTHBIM C
3aJaHHBIM ypOBHEM TypOyneHTHocTH 1 %.

B naHHo#1 paboTe NpelncTaBieHbl pe3yybTaThl pacueTa TeUeHUs pu
CeAYIOIUX napamerpax JyHok: miuHa L =49 mwm, mumpuna d =12 mwm,
MUHUMAJIbHOE PACCTOSIHUE MEX Iy JyHKamu 6mwm (puc. 1). JlyHku B mapax

pa3BepHYTHI B CTOPOHY HaTeKaromero noroka mox yraom o =30 . Pac-
CMaTPUBAIUCH IBA TUIA JIYHOK C Pa3HBIM OTHOIIEHHMEM IJTyOHHBI LIMITHH-
apudeckod vacth k mmpune: ayHka A (h/d=0.64) u nynka 5
(h/d=0.53). B paccMoTpeHHOM [Hiarna3one 4yuces PeiiHonbaca ToNmnHa
MOTPAHUYHOTO CJIOS Mepe JyHKaMH cocTasiisia ~10+12 MM, TO ecThb

L

Puc. 1 —Cxema pacnosioxeHus JIyHOK Ha
TUIOCKO# ITOBEPXHOCTH.

I‘J'[yGI/IHI:I JIYHOK COCTaBJIAJIM TPUMEPHO MOJIOBUHY TOJIIUHBI IOTPAHUYHOTO CJIOA.

Pe3yabTaTtel MoaesupoBaHusi. MoaennpoBaHue BBHITIONHAJIOCH B HECTAIMOHAPHOM PEXUME, aHAM3UPOBAINCH
rapaMeTpbl TeUYeHH T10CiIe YCTAaHOBJIEHUS KBa3UIEPHOIMYECKOTO PeXXUMa C MaJbIMH aMIUTUTyIaMH KoJleOaHMid B JTyH-
Kax M WX Clefie, 3aBUCALIMMHU OT TUTA JIyHKH W CKOPOCTH TMOTOKa. OCHOBHBIE CTPYKTYpPhI T€UEHHs B paiioHE JyHOK
MpeICTaBIIeHbl HA PUCYHKAX IJISI CKOPOCTH TOTOKA 3 M/C; MX MOXKHO OMHUCATh CICIYIOLINM 00pa3oM.

‘ | \_/ ‘\ " ( /_
-1600 -1120 -640 -160 320 800 1280 1600 -2000 -1505 -1010 -515 -20 475 970 1300
a 6
2500 1750 -1000 250 500 1250 2000 2500 200 140 -80 20 40 100 160 200
6 2

Puc. 2 —KoMIOHEHTHI 3aBUXPEHHOCTH B TIOTIEPEUHBIX CEUCHUSIX JIyHKH A g —TPOAOJIBHAS U 6 — TpaHCBepcansHas mpu X =1 cm;
6 —IPOJOJIbHAs IPH X = 3 CM; 2 —IIPOJI0JIbHAS B CJIE/IE 3a IYHKaMu, X =8 cM.

Harekaromuit Ha JTyHKHM MOTpaHWYHBIA €O OTPBIBAETCS C KPOMOK JIYHOK, 00pa3ysl CABWIOBBII CJIOH, KOTOPBIHA
XOpOLIO BUIHO MO 3HAYEHHUAM TPAHCBEPCAIBHON Y MPOLOIbHOM 3aBUXPEHHOCTHU B MOINEPEUHBIX CEYEHHAX JIyHOK, Npe.-
CTaBJIEHHBIX Ha puc.2,a,0 U puc. 3,a, 6. [log caBUroBEIM ciioeM Bo3Ne MepelHeil noiaycdepuyeckoil CTEHKH JyHKH
¢dopmupyetcsa BUXpb. Kak MOKHO BUIETb MO JMHUAM pacTeKaHUs Ha MOBEPXHOCTH JyHKHU Ha puc. 4, a U puc. 5, a, hokyc
BUXpsI Ha MOBEPXHOCTHU JIyHKH CMEILIEH K MOABETPEHHOI OOKOBOI CTOpOHE M BEpXHEIl KpOMKe JYHKH, Ile HOpMaib K
MOBEPXHOCTH JIyHKH MOYTH NMEPIIEHANKYJIAPHA HAMPABJIEHUIO BHELTHETO MIOTOKA.

o . 4 AN - -

-1600  -1120 -640 -160 320 800 1280 1600 -2000 -1505  -1010 -515 -20 475 970 1300

-2500 -1750  -1000 -250 500 1250 2000 2500 -200 -140 -80 -20 40 100 160 200
6 2

Puc. 3 —KoMIoHeHTbI 3aBUXPEHHOCTH B TIONEPEUHBIX CEUEHUSX JIYHKH b © a —IpojoJbHas U 6 —TpaHcBepcaibHas mpu X =1 cm;
6 —IIPOJI0JIbHAS IPY X = 3 CM; 2 —IIPOJI0JIbHAS B CJIC/E 3a JIYHKaMH, X =8 cM.
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TpaekTopur MeUeHbIX YaCTUL, BHITYLIEHHBIX B HOCOBOI 4acTH JIyHKH (puc. 4, 6, puc. 5, 6) NokasbIBaloT, 4TO najee
BUXPb OMyCKaeTcsl Ty0xke B JIyHKY U MOBTOpsieT popMy MOABETPEHHOW CTEHKH JIyHKH.

[o “30MHMAM JaBICHUS HA IOBEPXHOCTH JYHKH (puc. 6) BUIHO, UTO B €€ MepeaHel YacTu AaBlieHne TIOHWKAeT-
csl; POAOJIbHAS KOMIIOHEHTA TpeHHUs (puc. 7) CTAHOBUTCS OTPULIATENBLHOM Ha Beell mosycepuieckoil 4acTu, Tae Bo3-
HHMKaeT 30Ha BO3BPATHOTO TCUCHHUS.

7

a 6

Puc. 5 —a — JIuHuM pactekaHus 1o MOBEPXHOCTH; O — TPACKTOPHU MEUYEHBIX YACTHI B IyHKe 5 (TeueHHe clieBa HAIpago).

Ipu nepexofie oT mepenHeit chepuueckoi K IMINHAPUIECKON YaCTH JIyHKH, BUXPb M3rH0aeTCsl U BbICTpauBaeTCs
BIOJIb TTOJIBETPEHHOM cTeHKH. [lonepeuHblil pazmep BUXps onpeenseTcs riryOuHoi tyHku (puc. 2, a, puc. 3, a), B IyHKe
A (h/d=0.64) oH, cOOTBETCTBEHHO, 0OINBIIE, a MaKCHMajbHAs BEJWUYWHA 3aBUXPEHHOCTH BBINE B JIyHKE B
(h/d=0.53). B myake 4 0Ch BUXPS HAXOAUTCS TITyOKe.

a 6
Puc. 6 —/laBieHue Ha MOBEPXHOCTH B pallOHEe JIyHOK: @ —TyHKH A; 6 —yHku B (TedeHue ciieBa HAmpaBo).

a 6
Puc. 7 —IIpononbHoOe TpeHUE Ha IOBEPXHOCTH B paiiOHE JIYHOK: a@ —IyHKH A; 6 —IyHKkH b (TE€ueHHe cieBa Halpaso).

CHBUroBbIil ci0ii OTTecHAeTCA BBepX mepudepueil BUXpA U MEPEeHOCUTCS K HABETPEHHOM CTEHKE JIYHKH, Ile OH
B3aUMOJIEHCTBYET ¢ KPOMKOM JIyHKH, YacThb €ro 3aXBaTbIBAeTCSl BUXPEBBIM ABMWKEHHEM M YHOCHUTCS BHYTpPb JIYHKH, a
YacTb YXOAMT BHU3 MO T€YEHHUIO, GOPMUPYS MOTPAaHUUHBIN CiIol Ha MiacThHe. [103TOMy Ha MOIBETPEHHOH CTeHKe Tpe-
HHe MEHBIIIE, YeM Ha IUIAaCTUHE MepeN JIYHKOM, a Ha HaBeTPEeHHOM CTeHKe JIYHKH TpeHHe moBbimaetcs (puc. 7). JaBnenue
BO3JIE OCTPBIX KPOMOK JIYHOK BBIIIIE, YeM B IJTyOWHE JTyHKH, U Be3]Ie pPacTeT B HAIIPaBICHUN K KOPMOBOit acTu (pwc. 6).

TpaekTopun MeueHbIX YacTHL GOPMHUPYIOT CIIUpaH, UAYLIAE BAOJb OCH CUMMETpUM JIyHKH (puc. 4,6, puc. 5, 6).
[lepemeniascy BIONb JYHKH, PaARYyChl CTIMpasieil yMEHBIIAIOTCS, PACCTOSHIE MEXIY BUTKAMH M AWAMETP SApa YMEHb-
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LIaeTcs, a MaKCUMallbHasi 3aBUXPEHHOCTD yBenuuuBaetcs. ClioxkHas (opMa sapa BUXps, HabIroaemMas B iepeIHeit yac-
TH JIyHKH, TpeoOpasyeTcs B MPOIOJbHBINA IIMHIPUYECKU BUXPb C MaKCHMaJlbHOW 3aBUXPEHHOCTBIO B LICHTPE
(puc. 2,6, puc. 3,6). B nyHke A 3To NpoOMCXOOUT paHblIe, YeM B OoJiee MeJTKoi JTyHke b .

Bramke kK KOPMOBO# 4acTH Maphbl JIyHOK AABJICHUE HA MOABETPEHHBIX CTEHKAX JIYHOK CTAHOBUTCS BbILIE, YeM Ha Ha-
BETPEHHBIX CTEHKaX, M MOCTENEHHO OTTECHAET MPOJOJIbHbIE BUXPH OT BHYTPEHHHUX CTEHOK K BHELIHHM, YTO MOXKHO BH-
IeTh U M0 TPACKTOPHAM MeYeHbIX YacTul (puc. 4,6, puc.5,6), U N0 U30JIMHUAM MPOIOJBHON 3aBUXPEHHOCTU B TOTIE-
PeUHBIX ceueHusAX JyHOK (puc. 2,3). [lepen kopMoBoii momycheprnieckoil 4acThiO JIyHKH IaBJIeHHE BO3PACTaeT Ha IHE
nyHKH (puc. 6), MPOJOIbHBINA BUXPh BBITAIKUBASTCS BBEPX. TakiuM 00pa3oM, U3 JIYHOK BUXPH BHIXOASAT BO3JIC BHEIIHHUX
YYacTKOB KOPMOBOM CTEeHKU. Mex Iy HUMH 00pa3yroTCsl BTOPUYHBIC BUXPU TPOTUBOMOJIOKHBIX 3HAKOB 3aBUXPEHHOCTH,
KOTOpbIE OBICTPO 3aTyXalOT Ha HEOOJIBIIOM PACCTOSHUU BHU3 IO TIOTOKY.

3a KOPMOBBIMH KPOMKaMH MOKHO BHACTH 30HBI MUKPOOTPbIBA C OTPULATEILHBIM TPEHHEM TaM, TAe MPOJoJIbHbIC
BUXPH BBIXOIAT M3 JIyHOK (pwc. 7). Ciielibl 3THX BUXpeil B BHIE MOJOCOK YMEHBIIEHHOTO TPEHUs HAOIIOIAIOTCS M BHU3
M0 MOTOKY. MeX Iy 3TUMH MOJIOCKaMH Ha HeOOJbIIOM PAacCTOSHUY 3a JIyHKaMH, Iie B MOTOKe 00pa3yloTcs BTOPUUHbIE
BUXPU MEXIY OCHOBHBIMM BUXPSAMH, TPEHHUE MOBBILIAETCS A0 MecTa COMMKEHU OCHOBHBIX BUXPEil W CIUSHUA MX Clle-
JIOB B OJIUH Ha pacCTOSAHUHU, paBHOM JUIMHE JyHKU. CHopMUpoBaBILIAsACs mnapa MPOAOibHBIX BUXpel 3aHUMaeT BCIO TOJI-
LIMHY MOrPaHUYHOTO CJIOA M XOPOLIO Pa3inyiMa Ha PacCTOSHUU 10 NECATH JUIMH JIYHOK, XOTA MaKCHUMalbHas 3aBUX-
PEHHOCTb MaJaeT Ha JIBa MOPAAKA 10 CPABHEHUIO ¢ MAKCUMAaJIbHOM 3aBUXPEHHOCTBIO B JIYHKE.

MakciMalbHble BEIMYMHBI JABICHUS U TPEHHS TOCTUTAIOTCS HAa Y3KOM BEpXHEM ydacTKe HABETPEHHOM CTEHKHU BO-
371 KPOMKH (pHc. 7, d), Iie CTeHKa PacIoiokeHa BeTUKAIbHO. B riryOokoil TyHke A4 5TH 3HAYSHWS BBILIE, YEM B JIYHKE
b5, n xak cieicTBue, yMeHbIIEHUE MIyOMHBI JIyHKM b 3Ha4MTEJIbHO YMEHBIUMJIO TMAPOJMHAMUYECKUE MOTEePH, MpH
3TOM MaKCHUMallbHasi 3aBUXPEHHOCTH B LIEHTPAX MPOIOJbHBIX BUXPEH B ABYX JYHKaX MPAaKTHYECKH OJUHAKOBA M B KOP-
MOBBIX YaCTSIX JIYHOK, U B cliefie 32 HuMu (puc. 2, 2, puc. 3, 2).

Ha noBepxHOCTH IUTaCTHUHBI TIepea HOCUKaMH U BOKPYT MoTycepruyecKuX BXOTHBIX CTEHOK JIyHOK JaBliCHUE Tia-
IaeT, a BOKPYT LINTMHIPHIECKAX YacTell YBeIMIMBACTCs, 0COOCHHO Ha CYKalOIIeMCs yIacTKe MeXay JyHKamH (puc. 5).
3a KOpPMOBOI1 KPOMKOH JaBJieHHE PEe3KO MaJaeT W HIKe M0 TeYeHWIO HaOJIlofaeTcs MATHO MOHM)KEHHOTO AABJICHUS.
ITpoonbHasi KOMIOHEHTa TPeHUs (PHC. 7) YBEJINYUBACTCS Mepel HOCHKaMHM JTIyHOK, a TaKXKe 3a HAaBeTPEHHBIMU CTCHKA-
MU JIYHOK, Iie (opMHUpYyeTCs HOBbIil MOTPaHUYHBIM CIION, M MOHMAKASTCS MEXKIY JyHKaMU OJMKe K KOPMOBBIM 4acTaM,
rae NpUCYTCTBHE JIYHOK M F€HEpUPOBAHHBIX HUMM BUXPEil OTTECHSAET BHELIHUN MOTOK OT MOBEPXHOCTH JIyHOK, YMEHb-
11asi HOpMallbHBII rpagueHT ckopocTh. Takum o6pa3oM, riy6okue JTyHKH Oonblue AeOopMUPYIOT MOJe TeUeHUs Ha Iia-
CTUHE 110 CPABHEHHUIO C MEJIKOM JIyHKOM.

Takum o6pa3om, oba TUMA JIYHOK TeHEPUPYIOT NPAKTHYECKH OJMHAKOBBIE 110 pa3MepaM W MHTEHCHBHOCTH IPO-
JOJIbHBIC BUXPH B TIOTPaHUYHOM CJIO€ 32 HUMH, HO BO3ICWCTBUE Ha WHTETPAlIbHbIC XapaKTePUCTHKU 00TeKaeMoii mo-
BEPXHOCTH MPU HATMYMH TaKUX JIYHOK CYIECTBEHHO pa3Hoe. B Tabi. 1 mpuBeneHbI BeIMUMHBI KOMIIOHEHTOB COTIPOTHUB-
NeHus 3a cueT (opMbl (IaBJeHHs) U TPEHUs, U 00LIee COMPOTUBIICHUE OHOM JTyHKH. Kak MOXXHO BHIETh, COMPOTHBIIE-
HHE JaBJICHUS HAMHOTO BBILIE CONMPOTHBIICHUS TPEHUS, OCKOJIBKY 00a TUIA JIyHOK SBJISIOTCS OTHOCHTENBHO TTyOOKHU-
MU U yBEJIMYUBAIOT CONMPOTHUBIIEHHE 3TOr0 y4acTKa MO CPaBHEHHIO C AHAJOTMYHBIM YYacTKOM IUIOCKON MOBEPXHOCTH.
Ho 06e KOMIOHEHTbI CONPOTHBIICHUS 3HAYUTEIILHO MeHbIIe y Goyee MeNKoii TyHKH b , a ee o0liee CONpOTUBIICHUE B
1.6 pa3a MeHbLIe, YeM y JIyHKH A .

Ta6mmna 1 —ComnpotusieHue oaHoi tyHkH [N]

F1 (naBienue) F1 (rpenmue) F
Jlynka A 0.0833 0.0091 0.0924
Jlynka b 0.0502 0.0064 0.0566

BrnusiHe HecTauMOHAPHOCTH TIPOSIBIISIETCS B TOM, YTO B JIyHKaX MPOHUCXOIAT HEOONbIINE MEPUOIMIECKHE OTKIIO-
HEHMS pa3MeIleHNs] BUXPS B JIyHKE, KOTOPbIE TIPHBOAAT K MyJIbCHPOBAHUIO 30HBI MUKPOOTPBIBA HA KOPMOBBIX KPOMKaX
1 TIPOJIOJIHBIX BUXPEH HETIOCPEeNCTBEHHO 3a JiyHKaMH. B mcciieoBaHHOM apamna3oHe CKOpocTei 3TH KojeGaHus Mpak-
THYECKHM HEepasMunuMbl B JIyHKe A , rae Oojblnas riryOnHa ctabmnmnsmpyeT BUXpb. B Oonee menkoii qyHke b BUXpb
MeHee YCTOMYNB, OCLIMILTALIMHU siApa BUXPS 3aMETHBI He TOJIbKO B KOPMOBO# YacTH JIyHKH, HO U BbILIe. AMIUIUTY bl 3THX
OCLMJITALIMN YBEJIMYMBAIOTCSA NPH YBETMUEHNH CKOPOCTH MOTOKA.

IMepcnekTHBBI JaabHEAINX HcCAeJOBAHUI. ABTOpPBI CUMTAIOT MEPCHEKTHBHBIMM HCCJICIOBAHUS BIIMSHUS Ha
TUAPOJMHAMUYECKU T XapaKTePUCTHKH TMaphl JIyHOK, B3aUMOCBSI3U TITyOWHBI JIYHKH M YIJ1a €€ OTKJIOHEHHs OT HarpasJe-
HUS MOTOKA.

BeiBoabl. Ha ocHoBaHMM TPOBEACHHOTO HCCIE€A0BAHUA MOXHO YTBEPXKAAaTb, YTO B HMCCJIC€AOBAHHOM JOUAIlla30HE
yucen PeliHonbaca u reOMETPUUECKHUX MapaMeETPOB Mapbl JYHOK BO3MOXXHO ONTUMHU3UPOBATH FHY61/IHy JIYHKHU 41 CO3-
JaHWsA CUCTEMBI MPOAOJIbHBIX BHXpefI OMNPpEACTICHHbIX Ppa3ME€POB U MHTEHCUBHOCTH NPU MUHHUMAJIbBHOM MU3MEHEHUU TUa-
POAMHAMUYECKOTO CONMPOTUBJIEHUA o0TekaeMoii TIOBEPXHOCTH.
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MOJEJUPOBAHUE 'EHEPALIMUA BUXPEBBIX CTPYKTYP NAPOI OBAJIbHBIX JTYHOK

[TpuBeneHs! pe3ynbTaThl (U3HMUIECKOr0 MOJCINPOBAHUS T€HEPALINH YCTONYHMBBIX NPOTHBOIOJIOXKHO BPAIIAFOIINXCS BUXPEBBIX CTPYKTYP Mapoil HaKIIO-
HEHHBIX K HalpaBJICHUIO MOTOKA OBABHBIX JIyHOK. [IpoBeeHbI BU3yaibHbIC 1 HHCTPYMEHTATIBHBIC MCCIIEIOBAHNA, a TAK)KE CTATUCTHYECKHIT aHAI3
ToJieit mybcalyil 1aBjIeHNs BUXPEBOrO TeUEHUs!, 00pPa30BaHHOTO Mapoil OBAILHBIX JIYHOK Ha THIPABIMYECKH IIIAJKOMN IIIOCKO nosepxHocTu. Onpe-
JIETIEHBI OCOOEHHOCTH I'eHEPALMK TPOTHBOIIOIOKHO BPAIIAIOIIMXCS BUXPEBBIX CTPYKTYP JIYHKaMH M UX MHAPOANHAMUYECKHE XapaKTePUCTUKU. YCTa-
HOBJIEHBI MECTa 3apOXKACHHA, (POPMUPOBAHNS M PA3BUTHS BUXPEBBIX CTPYKTYP B 3aBUCUMOCTH OT PEXMUMOB TEUEHNs, a TaKKe 001acTh BEIOpOCca BUX-
peii B morpaHu4HbI cioif. [Tomy4eHsl MHTErpabHbIe M CHEKTPAIbHBIC XapaKTEPUCTUKU IMyJIbCalyii NPUCTEHOYHOIO NaBJICHUS Ha 00TEKaeMOi 110-
BEPXHOCTH JIYHOK U IIIaCTHHEL. OmpesieieHbl YacTOThI BPALICHNs BUXPEBBIX CTPYKTYP U UX BBIOPOCOB Hapy»Ky U3 HAKIIOHEHHBIX OBAJIBHBIX JIYHOK.
KuroueBsie cj10Ba: oBanbHas TyHKa, BUXpEBas CTPYKTYPa, BU3yaIn3alysl TEUCHNU, MyIbCALMA CKOPOCTH 1 JIABJICHUS, CTATUCTUYECKUH aHAIIH3.

B. A. BOCKOBIHHHK, 0. A. BOCKOFOHHHK, B. M. TYPHK, A. B. BOCKOBIHHHUK
MOJEJOBAHHSI TEHEPALIII BAXPOBUX CTPYKTYP IMAPOIO OBAJIbHUX JIYHOK

HagezneHo pe3ynbratil (pi3M4HOrO MOZIEITIOBAHHS I'eHEPaLlii CTIKNUX MPOTIIICKHO 00EPTOBUX BUXPOBUX CTPYKTYp HapO0 HAXMJICHHX JIO HANPSMKY Te-
4ii OBaJIbHUX JYHOK. [IpoBeneHo Bi3yasbHi i IHCTpYMEHTANbHI JTOCTIDKEHHS, @ TAKOK CTATUCTHYHHUI aHali3 MOJiB MyJbcalliii THCKY BUXPOBOI Tedii,
sika Oyna yTBOpEHa Mapol0 OBAIBHUX JIYHOK Ha TiIpaBIidHO IIaiKiil MIOCKiil moBepxHi. BusHaueHo 0coOIMBOCTI TeHepallii IPOTUIIEKHO 00EPTOBHX
BUXPOBUX CTPYKTYp JIYHKAMH Ta X TiIpOAMHAMIYHI XapaKTEPUCTHKH. Y CTAHOBJICHO MiCLis 3apOLKEHHS, (JOPMYBAHHS | PO3BUTKY BUXPOBUX CTPYKTYP
B 3QJIEKHOCTI BiJ PeKUMIB Tedii, a TAKOK 001acTi BUKHUIIB BUXOPiB y MPUMEKOBHI map. OTpUMaHO iHTErpaibHi Ta CHEKTPAIbHI XapaKTepUCTUKH
TMyJIbCALiif MPUCTIHHOTO TUCKY HA OOTiUYHiil MOBEPXHI JIYHOK i MIacTHHH. Bu3HaueHi 4acToT 00epTaHHs BUXPOBHX CTPYKTYp Ta iX BUKHAIB HAa30BHI 3
HaXUJIEHUX OBAJIBHUX JIYHOK.
Ki1040Bi c/10Ba: oBajbHA TyHKa, BUXPOBA CTPYKTYpA, Bizyasi3allis Tedii, myJbcallii MBUIKOCTI Ta TUCKY, CTATUCTUYHUIT aHAaTi3.
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