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AHAJIN3 SKCHEPUMEHTAJIBHBIX U YHACJIEHHBIX
NCCIEJOBAHNU BUXPEBBIX TEHEHUU B TPEXMEPHBIX
KABEPHAX

IIpoBeneHo aHadi3 ekCNePUMEHTAJBLHUX i YMCEJBLHUX AOCJHIAKeHb HECTHCIMBHUX Tedill B'sI3KOI
pPiAMHU B NPOCTOPOBUX KaBepHAaX pi3HUX KoHQirypauiii. Po3risiHyro oco0auBOCTI NpoBegeHHS
eKCIePUMEHTIB i 3acToCyBaHHA YHCeJIbHHX MeToliB. I[loka3aHo BIUIUB TOPUEBOro eeKTy i yTBOPEHHSs
cnenugivyHNX TPUBHMIPDHHX BUXOPOBHUX CTPYKTyp. IlpumBeneHo pe3yiabTaTH poO3paxyHKy MeTOA0M
CKiHYEHHHX eJIeMeHTIiB Teuii B'A3K0I HECTHUCJIUBOI PIAMHU MiK NMPU3MaMH HAJl €KPaHOM Yy BHIAJAKY
BiIKPMTOr0 MiKTOpPLIEBOr0 NMPOCTOPY i 32 HAABHOCTI NEPEMUYKH MikK TOPUSIMH, II0 MOIETIOIOTH Te4ilo
B Mi’KBaroHHOMY NPOMIKKY IPH pPyci IBUAKICHOT0 3a1i3HUYHOI0 CKJIAAY.

KurouoBi cioBa: TpuBMMipHa KaBepHa, B'si3Ka HECTHCIIMBA PilMHA, IIUPKYJILIHHA Tedis, eKCIEPUMEHT,
YHCENbHI METO/IM, TOPLEBHIT eheKT, MDKTOPLIEBHI ITPOCTIp (KaBepHa) HAJl EKPAHOM BIIKPUTHH i 3 EPEMUYKOIO.
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IIpoBenen anaaHu3 IKCIEPHMEHTATBHBIX H YHCJIEHHBIX MCCJIETO0BAHHN HeCKMMaeMBIX TeudeHHi
BSI3KOHi JKHIKOCTH B NPOCTPAHCTBEHHBLIX KaBepHaxX pa3jM4YHbIX KoH$urypanmii. PaccmoTrpens! oco-
OCHHOCTH NMPOBeJeHNs IKCIIePHMEHTOB H NPHMEHeHUsl YHCJIeHHbIX MeTo10B. Iloka3aHo BJIusIHHe TOp-
ueBoro 3¢pdexra u odpa3oBaHue cneuuPUUECKHX TPeXMEPHBIX BHUXpPEBBIX CTPYKTYp. IIpuBeneHbl
pe3yJbTaThl pacyeTa MeTOJ0M KOHEUHbIX 3JIeMEHTOB TeueHHs BSI3KOI Hec:KHMaeMoi “KHIKOCTH MeK-
Ay MPU3MAaMH HaJ JKPAHOM B CJy4Yae OTKPBITOr0 MeKTOPIEBOro NMPOCTPAHCTBA U NMPH HAJIMYMH Iepe-
MBIYKH MeKIy TOPIAMH, MOAEJHPYIOINX TedeHHe B Me:KBATOHHOM MPOMEKYTKe IPH ABH:KeHHH CKO-
POCTHOIO KeJIe3HOAOPOKHOTO COCTaBa.

KnroueBble cnoBa: TpexMepHas KaBepHa, Bs3Kas HEC)KMMaeMasi KHAKOCTh, IIMPKYJSIIUOHHOE Teue-
HHUE, DKCIICPUMEHT, YHCICHHBIE METOIBI, TOPLUEBOH 3(PQEKT, MEKTOPIEBOE MPOCTPAHCTBO (KaBepHA) Hal
9KPAaHOM OTKPBITOE U C TIEPEMBIUKOIL.

The analysis of experimental and numerical researches of viscous incompressible flows in three-
dimensional cavities of various configurations is carried out. The features of experimental researches
realization and use of numeral methods are considered. Influence of butt-end effect and formation of
specific three-dimensional vortical structures are established. There are calculation results by finite
elements method of a viscous incompressible liquid flow in open inter-end space and with the
crosspiece between the ends of prisms, which models the flow in an intercarload interval when the
high-speed train moving.

Key words: three-dimensional cavity, viscous incompressible liquid, circulation flow, experiment,
numeral methods, butt-end effect, inter-end space (cavity) above a screen is opened and with a crosspiece.

BBenenmne. 3amaua TedeHHS BS3KOM HEC)KHMMAaeMOW KHUAKOCTHU B KaBepHE
HCIIOJIB3YETCs UCCIICAOBATCISIMA, B OCHOBHOM, KaK TECTOBAs MPHU OTIAIKES YHUCICHHBIX
anroput™oB [2 — 3; 15 — 16; 21 — 22; 24 — 25; 41 — 44; 46; 48]. OmHako 0oHa MOXKET
MIPEJCTABIIAT, HHTEPEC W B Ka4eCTBE MPUKIAJHON 3a/ladu: Kak MO OOTEKaHWIO KaBEpH,
BBI3BAaHHBIX KOPPO3MOHHBIMH IIPOIIECCAMH Ha TIOBEPXHOCTAX AETajell M KOHCTPYKIIHIA,
TaK ¥ MO0 OCOOCHHOCTSIM TEOMETPHUH MX BHEIMHHUX 00BomoB [25 — 30]. Bo Bcex ciydasx
MIPEJICTABIIIET WHTEPEC METOIWKA pacueTa TeUeHHs] B KaBEpHAX, a TaKKe CTaHOBUTCS
aKTyaJbHBIM OIPEJEIICHNe BHUXPEBOW CTPYKTYpPhl TEUEHHS C IIeNbI0 HW3yYeHUs
0COOCHHOCTEH THAPOTUHAMHUKHI OOTEKaHHS, B YACTHOCTH, PaCIpeelIeHUs] HHTETPATbHBIX
XapaKTEPUCTUK Ha CTEHKaX KaBEPHBI.

CpaBHUTENBHBIA aHAU3 TEOPETUYECKUX W YHCICHHBIX JIByMEPHBIX MOJENen
TEUCHUS B KaBEpHaX C pa3IMYHONH reoMmerpueii npuBeicH B [24]. PaccMorpens
OCOOCHHOCTH TEYCHUN B KaBEpHAX C TOJHOCTHIO W YAaCTHUYHO IOJIBUXHOW KPBIIIKOH
(CMMMETPUYHO ¥ HECUMMETPUYHO PACIOJIOKEHHOW OTHOCHTEIBHO IICHTPAIbHOMN
BEPTUKAJIbHONW OCH KaBEpPHBI); B OTKPBITHIX KaBepHaX (C YYETOM TEUCHHUS CO CTOPOHBI
OTCYTCTBYIOIICH TIOABMIKHOW KPBIIIKK, a TaKXe OJHOBPEMEHHO CO CTOPOHBI
OTCYTCTBYIOIIUX KPBIIIKK U JHA KaBEPHbI C YYETOM OJIM3KO PACIONIOKEHHOW CTECHKH-
9KpaHa Co CTOPOHBI JTHA KaBEPHBI).

1. DxkcnepuMeHTaNILHBIE HccaenoBaHusi. [IpocTpaHcTBeHHBIE Y(PQEKTHI B psjie
CIIy4aeB MOTYT CYIIECTBEHHO BIHATh HA KapTHHY TEUCHHS HEC)KUMAEMOW >KHIKOCTH.
[loaTomy pemieHusi, TOMY4YEHHBIE MPH MCIOIB30BAHUHM JABYMEPHBIX TPHONMKSHUHN,
3HAYUTENPHO OTIUYAIOTCS OT OKCIIEPUMEHTAJIbHBIX JaHHBIX — OT WX TPEXMEPHBIX
aHayioroB. VckiroueHneM He SBISIETCS U TeUeHHe B KaBepHe. Hamnume TopIeBhIX CTEHOK
Y OTPaHUYEHHOCTH IIMPHHBI BRIEMKHU BBI3BIBAIOT 3HAUYUTEIEHYIO IIEPECTPONKY TEUCHUS B
CPaBHCHUU C TUIOCKUM CIy4yaeM, YTO MPHBOAUT K OOpPA30BAHHMIO COBEPIICHHO HOBBIX
CTpyKTyp (Buxpu Tuna Teinopa-I'eptnepa, Harpumep).

BoNBIIMHCTBO 3KCIIEPUMEHTAIBHBIX UCCIICOBAHUN, MOCBAIICHHBIX 33]a4e TCUCHUS
JKUJKOCTH B KaBEPHE C YYCTOM JIBH)KCHHUS BHEIIHETO TIOTOKA, XapaKTePU3YHOTCS
MPOCTHIMU HabIroneHusAMH [8; 46; 55 — 56].

Busyanuzanusi TedeHHs MyTeM BBEICHHUS KPACKH OCYIIECTBISIACh B padore [43],
[Je HUCCIEA0BaNacCh CTPYKTypa IOTOKA B TPAHIIESIX MPSIMOYTOJILHOTO CEUCHHS TIPH
M3MEHEHNH [TyOMHBI, ITUPYHBI U JIMHBI TPaHIIeH B IIUPOKKUX Mpeaenax. B padore
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oOpamaercsi BHUIMaHHAE Ha SYEHCTYIO CTPYKTYpPy IOTOKA, TPUYEM SYEHUCTHIH XapakTep
TEUEHUS CYUIECTBEHHO 3aBHCHUT OT IIIyOMHBI W JIMHBI TPaHIIEH W TPAKTUYECKH He
3aBHICHUT OT IIIMPHUHEI.

OpHOolt W3 TepBBIX pabOT, TOCBSIIEHHBIX KOJIUYECTBEHHOMY HCCIIEIOBAHUIO
JBIDKEHUS KUAKOCTU B 33/a4€ C PE3KO MEHAMIIEWcs reoMmerpuel, seisercs [32], roe
M3y4aJoch TeUEHUE BOJIBI Ha TOPU30HTAIEHOM JIOTKE ¢ TOpOToM. Pesymerarom namepeHuit
SIBUJICH PO MM CKOPOCTEH B 001aCTH PE3KOTO yBETHMUCHHUS TITy OUHEI.

Fox [36 — 37] uccnemyer BOIpochl yCTOMYNBOCTH TEYEHUS B TPAHIIIEAX.

ABtopamu paboTsl [40] Takke Oblia 3aMedyeHa sYEUCTas CTPYKTypa TEUEHHs Mpu
MIPOBEACHUN MHOTOYMCIEHHBIX M3MEpPEHHHM CTaTHYECKOro MaBIEHUS Ul Pa3IHMYHBIX
COOTHOIIICHUH TeOMETPUIECKUX pa3MepoB TpaHilen. B paboTe oTMedaercs, 4To B ciiydae
COIIPUKOCHOBEHHUS JBYX CMEKHBIX SYEEK IMPOUCXOIUT UX CIHUAHUE, 3aTEM OHH JBMXKYTCS
B CTOpOHY, IPOTHBOIOJOXHYIO OCHOBHOMY HaIpaBiIeHHMIO TMOTOKa. lccienoBaHue
B3aMIMONICHCTBHUS SUEEK MEXIy COOOW OCYIIECTBISUIACh BU3yadbHO TPHU TIOMOIIH
muddy3un qeiMa.

Pe3ynbTraThl S3KCIIEpUMEHTATBLHBIX MCCIIEIOBAHUN TE€UEHHUN B TPEXMEPHOUN KaBepHE C
MTONIBIDKHOM KpPBIMTKOW TpuBeAeHs! B [41 — 42], Tme OCHOBHOE€ BHHMAHHE YIEICHO
MeXaHu3My 00pa3oBaHUs CHENU(PUUECKUX TPEXMEPHBIX IUPKYISIHOHHBIX CHCTEM:
YIJIOBBIX BUXPEH BOIM3M TOPIIEBBIX CTEHOK KaBEPHBI, a TakKe BHXped Tuma Telsopa-
leptnepa, KonMM4ecTBO M HMHTEHCHBHOCTH KOTOPBIX BO3PACTalOT C POCTOM CKOPOCTH
JIBUKEHUS KPBILIKH.

Nmeromuecs konuyecTBeHHBIE NaHHBIE [44; 51 — 52], kak mpaBuiIo, OCHOBaHbI Ha
HCTIOJIb30BaHUU OOBIYHOTO TEPMOAHEMOMETPA, KOTOPBIH HE SBISETCS UyBCTBUTEIBHBIM K
M3MEHEHHWIO HamlpaBlIeHHs BeKTopa CKopocTH. [lockonbKy TedeHHWe B KaBepHE IpHU
Oonpmux ynciaax PeiiHonbpica xapakTepusyeTcs HaJIWYHEM B IIEHTPAJIbHOM ee 4acTH U
BONM3M yIIOB O0JIaCcTel ¢ MaJIbIMH 3HAYEHUSIMH OCPEIHEHHOW CKOPOCTH U OOJBIIMMHU
BEJTMYNHAMHU TypOyJIeHTHBIX MyJIbCalnH, TO WCIIOJIb30BaHNE OOBIYHOTO
TEpPMOAHEMOMETpA JJIsl H3MEPEHUH B TaKUX OONACTAX TEUCHUS MOXKET JaBaTh HEBEPHBIC
pe3yibTaThl, TaK KaK yKa3aHHbIE OCOOCHHOCTH TEUEHHUS TPHUBOIST B OTIEIbHBIC
(hMKCcUpOBaHHBIE MOMEHTHI BPEMEHH K W3MEHEHHIO HAlpPaBIIEHHS MTHOBEHHOTO BEKTOpa
CKOPOCTH Ha MPOTHUBOIIOIOKHOE.

VKkazaHHBII ~ HENOCTAaTOK  ycTpaHseTcss B pabore [9] mnpumMeHeHHEM
(dazomnBepTHpyromero tepmoanemomerpa [10 — 11]. ABropamu o0OHapyXeHO, YTO
MOBBIIIICHHE WHTEHCHUBHOCTH TYpPOYJICHTHOCTH BO BHEIIHEM TIOTOKE TMPHUBOIAUT K
YBEIMUEHUIO CKOPOCTH LUPKYJIAIMOHHOTO TEYEHHUS B TOJOCTH, a TaKXke BeAeT K
BO3PAaCTaHUIO TYPOYJICHTHBIX MyNbCaluid CKOpocTH. OTMEUEeHO TaKkkKe, YTO BEIHMYUHA
MPOIOIBHOTO UHTErpaIbHOTO MaciuTaba TypOyIeHTHOCTH BHYTPH MOJOCTH HE 3aBHCUT OT
WHTEHCHBHOCTH BHEIIHEH TypOyJE€HTHOCTH M COOTBETCTBYET 3HAYCHUIO Ha HIDKHEH
TpaHUIle CJIOS CMEIIEHUS TEYEeHUS B TOJOCTH C BHEIIHHMM TedeHHeM. He Biuser
WHTEHCHBHOCTH TYpOYJICHTHOCTH BHELIHETO MOTOKA W Ha IMPOIECCHl, MPOUCXOASIINE B
MOTPAaHMYHOM CJIO€ Ha JHE NONOCTH. Tak, MpoQHib OCPEAHEHHOH CKOPOCTH B
YIOOMSHYTOM TIOTPAaHHYHOM CJIO€ HE 3aBHCHUT OT YPOBHS TypOyJIH3allMU BHEIIHETO
TEUEHUS 1, HECMOTPS Ha BHICOKYIO MHTEHCHBHOCTH TYpOYJIEHTHOCTH BHEUTHETO TEUCHHUS,
YIIOBJIETBOPUTEIIBHO OIMMCHIBACTCS JaMUHAPHBIM TIpoduiieM brasnyca [34].

B [51] Obu1rt m3MEpeHBI KaK HHEPITMOHHBIC XapaKTEPUCTUKH — TOCTPOEHBI TIPOGUITH
IIPOIOTHPHOM M TIONEpEeYHON KOMITOHEHT CKOPOCTH B CPEIHUX CEUCHHSX KaBEpHBI, TaK U
JTMHAMUYECKUe — TPHUBEICHO pacIpeNieieHie aBIeHNsI Ha CTeHKaxX M JHe monocTd. Tani
[52] uccnemoBan TypOylleHTHOE TeUeHHE B KaBEpHE; pe3ylbTaToM SBHUJIMCH MHpO(HiIH
pacripefieNieHns: CpeiHel CKOPOCTH, HANPsHKEHHS TypOYJICHTHOTO TPEHHUS U MHTEHCUBHOCTH
TYpOYJIEHTHOCTH B BEPTUKAIBHBIX CEUEHMSX, MAPAIIIEIbHBIX OOKOBBIM CTEHKaM TpaHIIEH.
B pabore [44] npuBeneH pe3ynbraT U3MEPEHH CKOPOCTEH B IBYX CEUCHHUSIX TPAHIIICH.
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B oakcmepumentax pabor [12 — 13] ¢ momompio  Pa3zoMHBEPTHUPYIOIIETO
tepmoaneMomeTpa [10 — 11] wu3Mmepsanuch pacnpeneneHus CKOpPOCTH, CTENEeHH U
Maciitaba TypOyJEHTHOCTH B CJIO€ CMEIICHHUS U 10 BBICOTE BBIEMKH, a TaKKe MPOPUIN
MIPOAOJIBHOM OCPETHEHHOM U MyJIbCAlMOHHOM COCTABIAIOLINX CKOPOCTH B ITOTPaHUYHOM
CJIO€ Ha JTHE BBIEMKH.

Kpome pabothl [9] mccrnenoBaHUIo BIMSHHS CTENEHHW TYpOYJEHTHOCTH BHEIIHETO
TEUYECHHSI Ha MIPOIIECCHI B CTPYWHOM CJIO€ CMEIICHHSI TOCBSIIEeHEI padoThl [14; 47]. PaboTs!
[4, 33] kacaroTcs W3y4YCHHUS PACHPEICICHHUS] CKOPOCTEH W NaBICHHH B TMPHUCTEHHOM
MOTrPaHUYHOM CJIO€ TIPH Pa3InyHbIX ynciax PeliHonbaca.

B pabote [23] moguepkuBaeTcs, 4TO MEXaHU3M OOMEHA MacCOil M dHEprueil MexmIy
BUXPEBEIM ¥ OCHOBHBIM TE€UCHHMEM B KBaJpaTHOW TpaHIIee 3aKI0vaeTcs B
MIEPUOINIECKUX BBIOpOCAaX M3 BUXPS Macchl, 00IaaloNieid MajgbiM UMITYJIECOM, a TaKKe
IepeHoca Macchl, oOianaromieid OONBIIMM HWMMYIBCOM, W3 OCHOBHOTO IIOTOKa B
IUPKYJIMPYIONINHA B TPaHIIee BUXPh Yepe3 BEPXHIOKO €ro rPaHuIly.

DKCIIeprUMEHTaIbHOE BIHMSIHAE TOPIIEBBIX CTEHOK Ha BUXPEBOE TEUEHHUE B TpaHIIIEe
KBaJIpaTHOTO CEUEHUs MPOBOAMUIIOCH aBTopamu pabothl [5]. M3mepeHue monelr ckopocTu
BO BceM 00beMe TpaHLICH U 10 TOJIIMHE IOTPAHUYHOTO CJIOS Ha OOKOBBIX CTEHKAX W JTHE
TpaHIlIed MPOBOAUIOCH C IMOMOIIIBIO JIA3EPHOTO JOMNIIEPOBCKOIO U3MEPUTENS CKOPOCTH,
paspaborannoro B MAD CO AH CCCP. OGHapykeHHOE HECOOTBETCTBUE PACXOIOB BO
BXOJIAIIEM M UCXOASAIIEM B TPAHILIEIO MOTOKAaX, a TaKXKe OTIUNYME MpoduiIel CKOPOCTH B
00NacTh MPUCTEHHOH CTPYH IMO3BOJISAIOT TOBOPUTH O 3HAYUTEIHHOM BIHSIHUU IITUPUHBI
TpaHIlled Ha CTPYKTYPY T€UEHHS B TPaHIIIee.

OKCIepUMEHTANbHOE HCCIIeIOBaHHE TEUCHHs BI3KOW HEC)KUMAEMOW JKHUIKOCTH B
TpaHIIee KBaJpaTHOTO MOMIEPEIHOTO CEUSHHS MPH JJAMUHAPHOM U TYPOYJISHTHOM PEXHMaXxX
[6], Taxke TIPOBEAECHHOE C TIOMOIIBIO JIA3EPHOTO JOMIUIEPOBCKOTO M3MEPHUTENSI CKOPOCTH,
MTOATBEPKAAET KIIACCHYECKYIO CXeMy TEUeHHS B KaBepHE: B IEHTPAIbHON YacTH TPaHIIEH
O0HAapyX€HO S/IPO C TIOCTOSHHOM 3aBUXPEHHOCTBIO, BIONb CTEHOK TpaHIIEH
pactpocTpaHsieTcs IPUCTEHHAs CTPYs, a B YIIIaX TPaHIIEH CYIIeCTBYIOT BTOPHYHBIE BUXPH.

[lepeuncrneHnple BBIIE WCCICAOBAHUS OTPAHUYHBAIOTCS  3KCIEPUMEHTATBHBIM
OTIpEJIeNICHHEM JIUIIh CKOPOCTH W CTaTUYECKOTO JaBJIEHUS Ha CTEHKaX W BO BHYTPEHHEM
o0beMe KkaBepHbL. OmpeneNieHHI0 TPeHUS Ha CTEHKAaX TPAHIICH, KaK IMPH JIAMUHAPHOM
JBIDKCHUU JKHJKOCTH B KaHalle, TaK M MpH TypOYyJCHTHOM peXKUME, MOCBSIICHA
pabora [45].

N3mepeHne KkacaTenbHOTO HANPSKCHUS HA CTCHKAaX TPAHIICH IMPOBOAWIOCH U B
pabote [7] ¢ ucmonb30BaHKEM AIEKTPOAU((PY3MOHHOTO METOAA HA TUIAPOIUHAMHYECKON
yCTaHOBKe. M3ydueHne BUXPEBOIO JABWKEHHS COMPOBOXKIANOCH IIMPOKUM IHANA30HOM
M3MEHEeHHsT uucen PeiHonbAca W OTHOCHUTENBHOW BHICOTHI TpaHmmien. C I1eibio
HACKIIFOUEHUSI  TOPHEBBIX d(ddexToB TpaHmes Obbia o00pa3oBaHa  BHE3AIMHBIM
OCECHMMETPUYHBIM pacIIpeHreM TpyObl € TOCIHENyIOMHMM pPE3KUM YMEHBIIEHHEM
CEUeHU JI0 MIePBOHAYATIHLHON BEIMIUHEI.

NzydeHunto s4encThIX TPEXMEPHBIX CTPYKTYP IpHA 00TEKaHWH TPAHIIEH T03BYKOBBIM
IIOTOKOM TOCBsmeHbl padoTel [39; 53]. B [53] mokazaHo BIMSHUE T€OMETPHYECKHX
pasmepoB TpaHmien (BbicoThl D, mmupuast W u mmHbel L) Ha dopMupoBaHue sueek B
noroke. [lonyueno, uto npu TypOyneHTHOM obTexanuu ¢ Re = (2+8)-10" Tpammen mis
D/L = 0.66 xonuuecTBO 00pa3yIOIIMXCs Y€K 3aBUCUT OT COOTHOIICHHSI OTHOCHTEIbHOMN
el W/L Tpanmien. Tak, mpu 4eTHbIX 3Ha4eHUAX W/L =2, 4, 6 KOJIUYECTBO SUYCCK
TaKKe ABJIAETCS YETHBIM, U B TpaHILEe PeaTu3yeTcs CHMMEeTpUYHas KapTuHa TeueHus. B
MIPOTHUBHOM CIlyyae T€UEHHE SBISIIOCHh HECUMMETPUYHBIM, a B ITOTOKE, KpPOME OOBIYHOTO
psina siueex, OblIa 3aMedeHa OJlHa siueiika MEHBIIIETO pa3Mepa.

HHuTtepec mpexacrarmser pabdora [54], B KOTOpOHM HCCIEQyeTcs THAPOIUHAMHKA
TEUEHUA B TPEXMEPHOU MPAMOYTOJIHHOM KaBepHE, TpaHW KOTOPOH PaCIHOJIOKEHBI MO
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HEKOTOPHIM YIJIOM OTHOCHUTEIIPHO BEKTOpa CKOpPOCTH Haleraroiiero moroka. B pabGote
IIPUBEICHO PacIpe/eIeHUe NaBJIeHNs B KaBepHE C OTHOLICHHWEM JUIMHE K mupuHe 2:1 u
PA3IHYHBIX 3HAYCHHUAX BBICOTHI IPH OOTEKAHMH J03BYKOBBIM IOTOKOM ¢ Re = (2+5)-10°,

2. Yucaennble Metonbl. KaBepHa ¢ kppimkoii. M3sectHo [57], uto TeueHue B
TPEXMEPHOI KaBepHE HE TOJBKO KOJIMYECTBEHHO, HO M Ka4eCTBEHHO OTIMYACTCS OT €ro
IByMepHoro axanora. OnHako, uMmemoumecss paOoThl IO YHCIEHHOMY HCCIIEIOBAHHIO
TPEXMEPHBIX BA3KHUX HECKHMMAeMbIX TEYEHHMH B KaBepHaX IpEJCTaBIEHbl B
HE3HAUYUTEIFHOM KOJIMYECTBE U OTPaHMUYCHBI BO3MOXKHOCTSIMU BBIYHCIUTEIEHON TEXHUKH B
CBSI3M C PE3KO BO3PACTAOLUIMMHU B TAaKMX 3a/Jadax 3arpaTaMy MAIlMHHOIO BPEMEHH U
namsata DBM.

Memoo rkoneunwvix paznocmeii (MKP). B pabote [2], A€ pacCMOTPEHO TEUCHUE B
TpexmepHoi kaBepHe H:B:L (BpicoTa-mmpuHa-mmHa) mpu 1:1:1, 1:1:2, 1:1:3 (puc. 1)
MOJYEPKUBACTCSA CYIIECTBCHHOE BIUSHHE TMPOCTPAHCTBEHHBIX 3((eKkToB Ha KapTHHY
TEUEHHUS] HECKUMAEMOM XMIKOCTH. YKa3bIBa€TCs, YTO HAJIW4YME TOPLEBBIX CTEHOK U
OTPaHMYCHHOCTh IIMPHUHBI BBIEMKH BBI3BIBAIOT 3HAYUTENBHYIO IEPECTPONKY TEUEHHS B
CPAaBHEHHU C IUIOCKMM CJIy4aeM: Hapsily C OCHOBHBIM LEHTPAJbHBIM BHUXPEM U
BTOPUYHBIMU BUXpAMU 1, 3 1 4, CylIeCTBYIOIIMMY B KaBEPHE MIPU TJIOCKOM MOCTaHOBKE, B
TPEXMEPHOI KaBEpHE BO3HUKAIOT YIIIOBbIE BUXPH 2 U Buxpu Teitnopa-I'eptiepa.

Puc. 1. 'eoMeTpusi NpOCTPAHCTBEHHOM KaBePHbI C KPBIIIKOI
H cxeMa o0pa3oBaHus BuXxpeii [2]

B [3] mpuBomsiTCs pe3ynbTaThl pacueTOB HECTAI[MOHAPHOTO CIABHUTOBOTO TEYEHUS
BSI3KOM HECKUMAeMOW JKUAKOCTM B TIONOCTH C OJHOM M JABYMS ABMKYUIUMUCH
TOPU30HTANBHBIMU TPAHIMU JUISI PA3IMYHBIX reoMeTpuit U uucen Peitnonbaca mo 5000.
TpexmepHbie HecTaunoHapHble ypaBHeHUs1 HaBbe-CTokca pemanuch METOIOM KOHEUHBIX
pa3HOCTEeH TpU UCIOIB30BAHUM CXEMBI BTOPOTO IMOPSJIKA TOYHOCTH C Pa3HOCTIMH
«IPOTUB TOTOKa» JUIS alMpPOKCHMAIUM KOHBEKTHBHBIX WIEHOB. B paboTe omucaHbl
0COOCHHOCTH TIpeoOpa3oBaHUsl pPACYETHON OONACTH 3aJa4d W  BBIYHCIUTEIHLHOTO
aJTOPUTMA, CBS3aHHBIE C paclapajuieINBaHUEM PEIIeHUs Ha MHOTOIIPOIecCOpHOt DBM.

CpaBHeHHE pE3yABTaTOB PEIICHUS 33Jadd, TONYYCHHBIX JUIS IUIOCKOH U
MIPOCTPAHCTBEHHOM MOCTAHOBOK, MOKA3bIBAECT CHUYKEHUE CKOPOCTHBIX XapPaKTEPUCTHK IS
TPEXMEPHOH TMOJIOCTH, OOYCIOBIEHHOE SHEPTEeTHUYECKUMH 3aTpaTaMd Ha TPEOIOJICHHe
TPEeHHUs BOJIM3HM TOPILIEBBIX CTEHOK, OTCYTCTBYIOIIUX B JBYMEPHOM (DOPMYIHPOBKE 3aauu.
Hanuuue TOpIEBBIX CTEHOK MOJOCTH C ABIKYIICWCS BEPXHEH TPaHbIO MPUBOIUT K
(hOpMHPOBAaHWIO  YIIOBBIX  BHXpPEH, BBI3BIBAIONIMX  BpamlaTellbHOE  JBIDKEHHE,
PacIpOCTpPAHSIONIEECs] BITYOh MOJIOCTH. DTO SBJICHHE IMPUBOMUT K 00pa30BaHUIO BUXPEH
Teiinopa-I'eptiepa, 3ameuennbix npu Re = 3200 B HIKHEH 4yacTU MOMEPEYHOTO CEUCHUS
X=0.766 BOmmu3m 3amHeil cTeHKH monoctd 1x3x1 (puc.2). DT BuUXpH 00paszyroTCs
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mapamM, pOXIAIOTCS, HWCYE3al0T W DBONIONMOHUPYIOT C TEYEHHEM BpPEMEHHU
HETMIEPHOTUICCKUM 00pa3zom (puc. 3).

— —

0 1 2 3
Puc. 2. 3apoxnenue Buxpeii Teitnopa-I'eptiiepa
BOJIM3H 3a/IHell CTEHKH IO0JIOCTH ¢ MOABMKHOMN KPBIIKOii [3]

OtMmeuaeTcst, 4TO JUii KyOWdeckod monoctd Buxpu Teinopa-I'epmiepa cia6o
pa3ButThl. boyiee yCTOWYMBBIMU SIBISIOTCS aHAJIOTHYHBIC OOpa30BaHHS B IOJIOCTH C
pacmperreM 3:1 morepek moToka, B KOTOPOU 3aMEYeHO TMOSIBIICHHE HOBOM Taphl BUXPEH
HE TOJIBKO 3a CUCT BJIMAHUA TOPLECBBIX CTCHOK, HO U B PE3YJITATC ACJICHUA CTapOI>'I apbl
BHUXpEil Ha 1B U ABMKCHUS UX B CTOPOHY TOPLEBHIX CTEHOK.
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Puc. 3. Oposronus Buxpeii Teilsiopa-I'epTiiepa B mo10cTH ¢ NOABHKHOI KPBILIKOIi [3]

B monoctu (H/L=0.1) ¢ nBymMsi pa3HOHaNpaBlIeHO ABHXKYLIMMHUCS KpPBILIKAMH MPU
Re = 5000 3ameueno nosinenue Buxpei Teitnopa-I'epiepa kak BOIU3M MOABUKHOTO AHA
MTOJIOCTH, TaK ¥ B OKPECTHOCTH BepxXHEH KpbImku (puc. 4: a— Y =1/2; 6 - Y =1/16; B —
X=1/2;1-X=7/8; 1 — X =15/16).
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Puc. 4. Oopa3zoBanue Buxpeii Teiisiopa-I'eptiiepa
B MOJIOCTH € ABYMSI pa3HOHANIPABJIEHHbIMH KpbIIIKaMu [3]

PacnaparennBanue penieHus ¢ IeNbI0 CHUKEHUS BPEMEHHBIX 3aTpaT HCITONb3yeTCs
u B pabore [15] npu pemieHnu pa3HOCTHOTO aHAJIOTa CUCTEMBI KBa3UTHAPOJMHAMHYECKUX
ypaBHeHu#. [logpoOHO paccMmarpuBaeTcs MapajuleibHBIA BapUAHT PELICHUS YPaBHEHMS
Ilyaccona nns nasnenus. [IpuBeneHsl pe3ynsraTsl pacyeToB B KaBepHe g Re =100 u
1000 Ha mocIenoBaTeNbHOCTH CTYIIAIOIINXCS CETOK.

Pe3ynpraTsl aHanu3a JaMHUHAPHOTO IUPKYISALMOHHOTO TEYEHHUS B KBaJpaTHOW U
KyOudeckoll KaBepHaX C TMOABMXKHOM KPBIIIKOW/TPAaHbIO TP BBICOKMX YHCIAX
Peitnonsaca (mo 40 000) npuBoasTcs B pabotax Mcaea C.A. [16; 21 — 22]. 3nech xe
[TOKa3aHbl JTalbl COBEPIICHCTBOBAHMS METOMOB pPEIIEHUS Pa3sHOCTHBIX ypaBHEHUH W
aJTOPUTMOB PACUETHBIX CXEM Ha IIpUMepe 3amadd TedeHWs B KaBepHe. B [16] maHBI
pe3ynmbTaTel  TeCTHpOBaHWS  crneruanmsupoBanHoro (VP2/3) wm  yHHBepcaanHOTO
(FLUENT) nakeToB IpHUKIaIHBIX IPOTPaMM THAPOAMHAMHYECKOTO U TETUIO(U3HIECKOTO
podust.

Memod koneunvix Inemenmos (MK3). B pabore [48] pemieHa conpspKkeHHAs 3a/1ada
THUAPOAMHAMUKA W TEIUIOOOMEHA, WCCIEOBaHA CTPYKTypa KOHBEKTHBHBIX ITOTOKOB B
KaBepHE C KpBIIIKOM. Pe3ynbrarsl momydyeHsl € NPUMEHEHHEM MeEToJa KOHEUHBIX
3JIEMEHTOB JJIS 3a[a4H B TIOCKOM MOCTAHOBKE M 00OOILIEHBI JIT MHOTOMEPHBIX 3a1a4 ¢
MTOMOIIIBIO HJIEW METOAA PACIIEIUIEHHUS 110 IPOCTPAHCTBEHHBIM IIEPEMEHHBIM.

Memoowvt _wimpagnuvix _ynkuyuit _u__KoHeyHnvlx Inemenmos. B ominuue ot
MPUBEICHHBIX BHIIIE Pa0OT, IJe JMaBlIeHHE B PACUETHOW OONACTH OMNPEAeIsUIOCh MpH
WCIIOJIb30BAHUU YpaBHEHUS HEPa3phIBHOCTH WM W3 ypaBHeHUs Ilyaccona, B paborax
[35; 49] st 5TOM e MCIIONB3yeTCS METOA ITPadHBIX (PYHKIHMN, a YHCICHHBIN pacueT
OCYUIECTBIISETCS METOJJOM KOHEUHBIX 3JIEMEHTOB.

3. YUucaennnle Metonbl. OTKpbITass kKaBepHa. OTHUM W3 TEPBBIX YHUCICHHBIX
pEe3y/IbTaTOB PEIICHUS 3a7a4yd TEUCHMS BSI3KOM HECKMMAEMOM KUJIKOCTH B TPEXMEPHOM
KaBepHe sBisieTcs padora [38]. Ilpm momomy TPsSMOTO YHCICHHOTO MOICIHUPOBAHUS
OBUTIO TIPOBEICHO HCCIEOBAaHUE CTPYKTYPHl TEUEHUS B TPSMOYTOJNHHBIX KaBEpHaX C
OTHOIIIEHNEeM JIUHBI K BeicoTe L/D =1, 2,4 u otHOcuTenbHOU mupunoit W/D =3 mpu
00TeKkaHWH JaMHHApPHBIM MOTOKoM ¢ Re=10°+10". B pabore moKa3aHO BIMSHHE
TOJIIMHBI TOTPAHUYHOTO CJIOS BO BXOJHOM CEUCHHHM PAaCUYETHOM 007acTh, a Takke
Bo3zelicTBue oOpasyromuxcs Buxpei Teiinopa-Ieptiepa Ha (opMmMupoBaHHE BHXpPEBOU
CTPYKTYpBI TEUEHHUS B KaBEPHE.
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Memodom KoHeunblx pazHocmiell BuITIOTHEHBI uccienoBanus Mcaesa [1;17 — 20],
MTOCBSIIIICHHBIC N3YYCHUIO BA3KOTO HECKMMAEMOT0 JIAMHHAPHOTO U TypOYJIEHTHOTO TCUCHUS
npu OOTEKAaHWM CUMMETPUYHOH M HECUMMETPUYHON JIYHKH, paclOJIOKEHHOH Ha
IUIOCKOCTH, a TaK)Ke Ha CTEHKE IJIOCKOTO KaHaja MOCTOSHHOTO MPSMOYTOJIBHOTO CEYCHHUS.
JlyHka MOXeET paccMaTpUBATHCS KaK Pa3sHOBUIHOCTH OTKPBITOM KaBEPHBI CO CKPYIIIEHHBIMU
OoCTpbIMU KpoMmKaMu. [locTpoeHue pa3sHOCTHOrO aHaiora WCXOIHOM CHUCTEMbl YpaBHEHHI
OCYILECTBIISUIOCh  KOHEYHO-OOBEMHBIM ~ METOJIOM, a ypaBHeHHs PeitHombpaca st
TYpOYJIEHTHOTO T€UEHHSI 3aMBIKAJICh C MOMOIIBIO MOJICITH TypOYIEHTHOCTH MeHTepa.

B mensx yMmMeHbIIEHHS 3aTpaT MAaIIMHHOTO BpeMeHH U maMmsaTd OBM B pabote [31]
mperaraeTcs  aCHMITOTUYECKHI  METOA  pacdera, Oasupyrommiics Ha  waee
MOJIEITMPOBAHMUS TPEXMEPHOTO TEUCHHS B KaBEpPHE P ITOMOIIHN O0TEKaHUS TPEXMEPHBIM
ITIOTOKOM JBYMEPHOW O€cKOHeYHOH KaBepHBL. B paboTe mpencTaBiIeHBl pe3yiabTaThl
pacueTa TypOyJEHTHBIM MOTOKOM Tipu Re = 3.4-10° KaBepHbI ¢ OTHOmeHusMu L/D =2,
W/D = 6. JletanbHO W3y4YCHO IMOBEACHUE IMyIhCAIIMOHHOW COCTABJIAIONIEH CKOPOCTH B
MOTOKE, IIOKa3aHO JOCTaTOYHOE COIJIAaCOBAaHHE C MMEIONIUMUCS aHAJOTUYHBIMU
pesynbraramu B [50].

Memoo KoHeuHblx Inemenmog npuMeHsercs B padorax [24 — 30], rae mpuBOAUTCS
pelieHue 3a1adu 0 TypOyJIEeHTHOM TEUCHUH BA3KOUW HEC)KMMAEMOU KUIKOCTH B OTKPBITOM
W YaCTHUYHO TIEPEKPHITON KaBepHe O€3 JHAa HaJ SKPaHOM B TMPOCTPAHCTBESHHOMN
mocTaHoBKe (puc. 5, 9).
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KaBepHa mMonenupoBanach 0OTEKaHHEM MEXTOPLEBOIO MPOCTPAHCTBA ABYX IPU3M,
PaCTONOKEHHBIX TAaHAEMOM, C Y4YeTOM BIMSIHMA 3KpaHa. Jyns pacuera TypOyIEHTHOTO
IBIDKCHHSI CUCTEMa OCpPEIHEHHBIX ypaBHEHUH PeifHonbaca 3aMbikanachk ypaBHEHHAMH K-
€ Momenmu TypOYJICHTHOCTH C TIPUMEHCHHEM TIPUCTEHOYHBIX (QyHKIHHA BOIH3U
HETIOJIBM)KHBIX TPAHUI KaBEPHBI.

BnusiHMEe YaCTUYHOTO MEPEKPHITUS Ha U3MEHEHHE CTPYKTYpHl TEUEHHUS B KaBEpHE
0e3 mHa HaJ PKPAHOM B TPEXMEPHOM Ciydae pacdera MmpuBeneHo Ha puc. 6 — 8, 10 — 12.
Ha pucynkax 6ykBamMu 0003Ha4ueHBI BUAB! (OTHOCHTEIHLHO BXOIHOTO CEUCHHUA): a — COOKY,
0 — criepenu, B — CBEpXy, T — U30METPHSI.

AHanu3 CTPYKTYpbl TEUEHHS MEXIy NpuzMaMu Oe3 mepeKphITus (puc. S) mokaszai
CYIIECTBOBAaHHE CIIMPAICOOPa3HOr0 HUCXOAALIETO IIOTOKA C BEpXHEH I'paHU NepenHei
pu3Mbl (pHC. 6), ONMHCHIBAIOIIETO BUTOK B MEXTOPLIEBOM IPOCTPAHCTBE M YXOISIIETO
MO/l HIKHIOKO TPaHb 3aJHel MPU3MBIL; a TAKXKe HaJIU4Yhe BUXPEBOTO ABHKCHHUS B BEpXHEH
4acTH MEXTOPLEBOIO MPOCTPAHCTBA, YXOAALIETO Ha BEPXHIOI I'PaHb 3aHEH HPU3MBI
(puc. 7). TeyeHne u3 LEHTpPAIbHON 0OONMACTH BHUXpA B BEpPXHEH YaCTH MEXTOPIIEBOIO
MIpOCTpaHCTBa MIOKAa3aHO Ha puc. 8.

Hannune mepembluky Mexay Topuamu npusM (puc. 9) mepecTpaumBaeT CTPYKTYPY
TEUEHHUs B MEKXTOPLIEBOM IPOCTPAHCTBE, (POPMHUPYSI BOCXOAALIEE CIMPAIbHOE TEUECHHUE
(puc. 10), a Taxxe crivpaibHble CTPYKTYpBI HaJl BEpXHEH rpaHbpio nepeMbruku (puc. 11) u
O] HIDKHEH ee rpaHbio (puc. 12).
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Puc. 10. Bocxoasimee cnupajibHOe TedeHUe

Puc. 9. Cxema o0Tekanust
NPHU3M C MepeMBbIYKOii

B) r) B) r)
Puc. 11. CnupajbHasi CTPYKTypa Puc. 12. CnupanbsHasi CTPYKTypa
HaJI BEPXHeii IPaHbI0 NepeMbIYKH TO/i HHKHEli TPaHbI0 NepPeMbIYKH
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[lomydyeHo, 4TO HANWYUE TMEPEMBIYKH CHIKAeT KO3(PPHUIMEHT adpoaHHAMHU-UYECKOTO
COTIPOTHBIICHHST MEKTOPIIEBOTO TIpocTpaHcTBa B 1,7 pasa co 3HaueHus C, = 0.026 mus
OTKpBITOTO MeXTopueBoro mpoctpanctBa 10 Cy=0.015 pmns mpocTpaHcTBa ¢
IIEPEMBIUKOM.

Takum 00pa3zom, aHANK3 PE3YIBTATOB 3a7a9l OOTEKaHUs JBYyX MPH3M HaJ SKPaHOM
MOKa3aJl CYIIECTBOBAHUE CJIOXHOW MPOCTPAHCTBEHHON CHUCTEMBI BUXPEH M IOTOKOB B
MEXTOPILIEBOM TPOCTPAHCTBE, KOTOpas HE MOXKET OBITh MOJydYeHa NpPU PEHICHUU
AHAJOTMYHON ABYMEPHOM 3a/1auH.

BoiBoabl. [IpoBeneHHbIN aHaIM3 MCCIIENOBaHUI 3a7ad BHYTPEHHErO M BHEIIHETO
TEUYEeHUI HEC)KUMAEMOM KMIKOCTH B KaBEPHE MO3BOJIMII YCTAHOBUTD CIIEAYIOIIEE.

1. DKcrIeprMEHTaIbHBIMH HUCCIIEIOBAHUSAME BBISBICHO CYIIECTBOBAaHHE YIJIOBBIX
BUXpEH B HIDKHEH YacTH TOPIIEBBIX CTEHOK M Buxpel Teinopa-Ieptiepa BOMM3M nHA
KaBEpHbl — CHNEUU(UIECKUX TPEXMEPHBIX BHUXPEBBIX CTPYKTYp, OTCYTCTBYIOIIUX IIPU
pelIeHny 3a7a4 B TUI0CKOM MOCTaHOBKE.

2. YncneHHbIE METOIBl SIBISAIOTCS HamOoJiee YHUBEPCATbHBIM METOIOM PpEIIeHHUs
3a/ad THHAMHKH KUAKOCTH. BRIYUCINTENEHYI0 HEYCTOMYMBOCTD ITOPUTMA, CBA3aHHYIO
C pacyeToM TEUYCHH MpH OONBIIMX YUCIaX PelHONbIca, YMEHBIIAIOT MPUMEHEHUEM
HEPaBHOMEPHBIX CETOK CO CrylIeHHeM BOJM3M HETOIBUKHBIX CTEHOK, a TaKke
HCTIOJIF30BAHUEM CXEM ITOBBIIIEHHOTO MOPSAIKA TOYHOCTH.

3. CpaBHEHHE pE3yNIETaTOB PEIICHMs 3ajad TEUYCHUS B KaBEpHE MpPH IUIOCKOM H
MPOCTPAHCTBEHHOM IMOCTAHOBKAX IO3BOJIAET YTBEPXKIaTh, UYTO ABYMEPHOE YHUCICHHOE
MOJIETUPOBAaHNE JaeT MPOQHIN CpemHell CKOPOCTH, 3HAYUTENHHO OTIMYAIONINECS OT
HU3MEPCHHLIX B OKCIEPUMCEHTAX MW IMOJYUYCHHBIX YHUCJICHHO B IINIOCKOCTU CUMMETPUHU
MIPOCTPAHCTBEHHOW 3a/iaud. TpexMepHBI XapakTep Te4eHUs OOYCJIOBICH HaIHYUEM
TOPIEBBIX CTEHOK, KOTOPBIE MPHUBOMAAT K JOTIONHUTEIHLHOW TOTEPH SHEPTHUH Ha TPEHUE H,
TEM CaMbIM, K OCTa0IEeHUIO TEUSHHSI.
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