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Buvinonneno sxcnepumenmanvhoe u uucieHHoe Ucciedosamue CMpyKmypbl Ceepx-
38YK08020 MeueHUsl 8 NJIOCKOM KAHAe CILOMCHOU ceoMempuul, Mooenupyroujel 803-
O0YX03a00pHYI0 U NPOMOYHYIO HACMU 2UNEP38YKOB02O0 NPAMOMOUYHO20 B030VUIHO-
peakmusHozo osueamens. IIpusedeno noopodbHoe onucauue UCnoab3yemMoll IKCnepu-
MeHmManbHou ycmanosxu. Bozoywmnvie nomoxu ¢ uuciamu Maxa 7 u 4,5 uccrnedosanvi
€ UCNONL308AHUEM BbICOKOCKOPOCHHBIX YUDPOBLIX 8UOCOKaMmep 05l CIyuaes meyeHUs.
8 NJIOCKOM Kauaie, 00pa308aHHOM OCHPbIMU U 3aMYNIEHHbIMU KIUHbAMU. Brympen-
HA5L NOBEPXHOCMb NJIOCKO20 KAHALA 21A0KASA UNU UMeNd mpaneyuesuonvle Kagepibl,
umumupyrowue cmadouiuzamopsl NIAMeHU 68 Kamepe c2opanusi 2Unep3gyko8o2o npsi-
MOMOYHO20 8030VUIHO-PEAKMUBHO20 08ucamend. HYucieHnoe mModenuposanie uzyia-
eM020 meveHus ObLI0 GLINOIHEHO ¢ UCHONb30BAHUEM KOMNLIOMEPHOU NPOSPaMMbl
(ko0a), unmezpupyroweti cucmemy ypasnenuu Hasve — Cmoxca. Cpasuenue sxcnepu-
MEHMANbHLIX OAHHLIX C Pe3VIbMamamiyl 8bIMUCIEHU NOKA3bI8AeN, YO YUCTeHHOe
MoOdenuposanue no3gossaem adeK8amHo OnUcCamv CMPYKmMypy HOmoKa, Habnoode-
Mo20 8 3Kcnepumenme. Hucienuvie U IKCNePUMEHMANbHbIE Pe3YIbmanbl HA2AA0HO
O0eMOHCMPUPYIOm CMPYKMYPY N0 C8EPX38VKOB020 MedeHUs 8 KAHANAX CIONMCHOU
ceomempuu. Oonospemenroe npogedenue pacuemublx U IKCNEPUMEHMATbHBIX UC-
C1e008AHUL NO360IAEN NOBBICUNMB OOCHOBEPHOCTL NOYYUAEMBIX AIPOOUHAMUYECKUX
OGHHDIX.

Knrouesvle crosa: a3ponrHaMudeckast yaapHas TpyOa, IKCIIepUMEHTaIbHOE HCCIIEIO0-
BaHUC, FI/lHep3ByKOBI)Ie TCUCHHI, MATCMATHYCCKOC MO[leﬂl/lpOBaHl/Ie y[lapHO-BOJ'lHOBOFO
B3aUMOJICHCTBHS, YPABHEHUs I'a30BOM JMHAMUKH, C)KUMaeMmble ypaBHeHHs HaBbe —
Crokca, METOIl KOHTPOJIBLHOTO 00BbeMa.
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Experimental and numerical investigation was performed for supersonic flow

structure in a flat channel of complicated shape to simulate air-intake and flow
paths of hypersonic ramjet. Detailed description of used test bench is presented. Air
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flows with Mach numbers 7 and 4.5 were studied by means of high-speed
digital video cameras for the flow in flat channel formed by sharp and blunt-
nose wedges. Flat channel internal surface was smooth or had trapezoid cavities
simulating flame stabilizers in the ramjet engine combustion chamber. Numerical
modeling of the studied flow was executed with the aid of computer program
(code) integrating Navier — Stokes system of equations. Comparison of experimental
data with calculation results shows that numerical simulation allows to describe
sufficiently the flow structure observed in experiment. Numerical and experimental
results clearly demonstrate field structure of supersonic flow in the channels
of complicated geometry. Simultaneous calculation and experimental researches
enhance reliability of obtained aerodynamic properties.

Keywords: aerodynamic shock tube, experimental investigation, hypersonic airflows,
mathematical modeling of shockwave interaction, gas dynamics equations,
compressible Navier — Stokes equations, control volume method.

ITocTanoBka 3anaun. VHTEHCUBHOCTh (PM3UYECKUX MPOILIECCOB, MPO-
TEKaroIIUX BOJIM3HM IOBEPXHOCTH a3POKOCMHUYECKUX M THIIEP3BYKOBBIX Ji€-
TaTenbHbIX annapartoB ([JIA), mpuBoANT K HEOOXOIUMOCTH U3YyUYEHUS TeUe-
HUS ra3a ¢ OOJIBIIMMH CKOPOCTSIMH U BHICOKHMH TE€MIIepaTypamu, KOTOphIE,
KaK MPaBUIIO, COTPOBOXKAAIOTCS MHOYKECTBOM HEJIMHEHHO CBA3aHHBIX (Pu-
3UYECKUX MPOLECCOB, YTO OOYCIIOBIMBAET UCIOIb30BAHUE KOMILIEKCHOTO
MOJIX0/1a, KOTOPBIH, C OTHOW CTOPOHBI, ONUpPAETCs HAa (GU3NYECKUN HKCIIe-
PUMEHT, a C JPyroll — Ha COOTBETCTBYIOIINE BBIYUCIUTEIBHBIE MOJEIIH.

JUis nccnenoBaHUi TAkoro poja HEOOXOIMMBI JTaHHBIE, MOTYUYEHHbIE
B pe3y/bTaTe dKCIEPUMEHTAIbHOIO U3yueHUs] GU3NYECKUX MPOLIECCOB Ha
YMEHbILIEHHO! (TeOMeTpUUECKH MOI00HO0I) MOJIeNH JIeTaTeIbHOr0 anmnapa-
Ta, KOTOpas pa3MelleHa B TpakTe yaapHou TpyOsl [1]. Takue ycTaHOBKH
SBJISIFOTCS JOCTATOYHO YAOOHBIM SKCIIEPUMEHTAIBHBIM HHCTPYMEHTOM ISt
MCCIICIOBAHUS 3a/1a4 a9POJTUHAMUKN M (PU3UUECKON ra30JUHAMUKHU LITHPO-
KOTO KJIacca M MO3BOJISIOT BBINOJIHUTH BAJIMJALIMIO YHCIEHHBIX METOMOB.
BricTpOoTeYHOCTh Ta30AMHAMUYECKUX MPOLIECCOB B paboyeM TpakTe ynuap-
HOU TpyOBl, 3aTpyNHSAIONIAs W3MEPEHUs, KOMICHCUPYETCS MPUMEHEHUEM
MaJIOMHEPLIMOHHBIX JaTYMKOB, OECKOHTAKTHBIX CPEJCTB U3MEpPEHUs (TeHe-
BbIX, HHTEP(EPEHIIMOHHBIX) [2—4] ¢ MpUMEHEHHEM ONTHYECKHUX MPHOOPOB
Y MCTIOJIb30BAaHHEM BBICOKOCKOPOCTHOTO PErHCTPUPYIOIIETO 000pyI0BaHUS
HOBOTI'O ITOKOJIEHUS U CPEACTB 00pabOTKU SKCIEPUMEHTAIbHbBIX JIaHHBIX.

B Hacrosmell pabGoTe HmpuBEAEHBI PE3yJbTAThl SKCIEPUMEHTATBHOTO
U YMCJICHHOTO HCCIIEIOBAHUS YAApHO-BOJHOBBIX KOH(HTrypaunuid, BO3HH-
KalolUX IpPU TUIEP3BYKOBOM OOTEKaHMM 3JIEMEHTOB KOHCTpyKuuu [JIA.
HccnenoBanpl a’pouHaMUUECKHEe MOJAEIU IUIOCKOTro KaHasla, 00pa3oBaH-
HOTO:

— OCTpPBIMU KIIMHBSIMHU Pa3HOM TOJILIUHBI;

— OCTpPBIMHU KJIMHBSIMH OJIMHAKOBOM TOJIMHBI C BHYyTPEHHUMU Tpare-

LUEBUAHBIMU KaBEpHaAMU;
— 3aTyIUICHHBIMU KJIMHBSIMU PABHOMU TOJILMHBI C BHYTPEHHUMH Tparie-
LIMEBUAHBIMU KaBEpHAMH.
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CymiecTBylOT pa3iuuHble Kiaccupukauuu [5, 6] razonuHaMHuecKuX
YCTAHOBOK JJIs1 9KCIIEPUMEHTAJIBHBIX UCCIIEIOBAaHUM B IMANIa30HE OT TPaHC-
3BYKOBBIX JI0 THIIEP3BYKOBBIX CKOpocTel. [lockonbKy HaydHbIe pa3paboTKu
B ATOH 00J1aCTH BKIIIOYAIOT B ce0s (PyHIaMEHTaIbHbIE UCCIICAOBAHUS adPO-
TuHamMuueckux xapakrepuctuk [JIA (B Tom uncie, pabora cuiaoBoi ycra-
HOBKH TMIIEP3BYKOBOT'O MPSIMOTOYHOI'O BO31YILIHO-PEAKTUBHOIO JIBUTATEIIs
(I'TIBPA), To cnenyet yaensarb 0co00e BHUMaHUE NpodiieMaM TOYHOCTH U3-
MEpEHUI B OBICTPONPOTEKAIOUINX adPOIMHAMUYECKUX IKCIIEpUMEHTaxX [6].
B nannoii paboTe ais SKCIepUMEHTANbHBIX UCCIIeI0OBAaHUI MPUMEHSIIACh
TUIIEP3BYKOBas ynapHas a’poawHamuueckas Tpyoa (I'VAT) UIIMex PAH
[7-10], koTopast paboTaeT 1o NPUHIMITY a3POJINHAMUYECKOHN yIapHOH Tpy-
Obl [5] 1 MO3BOJISET BHIMOJHATH MCCIICTOBAHUS CBEPX3BYKOBOTO U THIIEP-
3BYKOBOTO OOTEKaHMS MOJIENEH JIeTaTeNbHBIX annapaToB U MX OTAEIbHBIX
KOHCTPYKTUBHBIX 3JIEMEHTOB [1].

Paccmotpennio ocobeHHOCTEN B3aUMOJCHCTBHS THMIIEP3BYKOBBIX KOH-
durypanmii B KaHajax pazIMyHON TeOMETPUH MPEIIIECTBYET aHaIU3 KC-
NEePUMEHTAJIbHBIX JaHHBIX 10 CTPYKTYpE€ YIapHO-BOJHOBOIO TEUYEHHS B
yaapHoii Tpyoe. Iloka3aHo, 4TO MHOTOKpPATHBIN MPOXOJ YIAPHBIX BOJIH IO
yAapHOii TpyOe mo3BoMsieT peann3oBarh B pecuBepe I YAT HeckonbKko KBa-
3MCTAallMOHAPHBIX MIIEP3BYKOBBIX PEKUMOB OOTEKAaHUS MCCIETYEMbIX MO-
Jenei.

Kongwurypamus yrapHO-BOJTHOBOTO B3aWMOICHUCTBUS HA HCCIIETYEMbIX
MOJIEJISIX BOCIIPOM3BE/ICHA B YUCIIEHHBIX SKCIIEPUMEHTAaX C UCIOJIb30BaHU-
€M aBTOPCKOTI'O KOMIIBIOTEPHOTO KOJa.

Onucanue s3xrcrepuMenTanbHoil yecranHoBku I'VAT HIIMex PAH.
l'unep3BykoBasi ynapHas a’poauHamMHuueckasi TpyOa Obliia CKOHCTPYHpOBa-
Ha JUIsl SKCHEPHUMEHTAJIbHBIX HCCIIEOBAaHUN CTPYKTYpbl a’poiMHaAMU4e-
CKOTO TOJISi TEUEHUS! OKOJIO T€OMETPUYECKUX MOJEJEH MpU CBEPX3BYKO-
BBIX M TUTIEP3BYKOBBIX CKOpPOCTsX [7—10]. YcTaHOBKAa MMEET OOIIYIO JUTHHY
14,5...22 M, KOTOpasi BapbUPYETCsl B 3aBUCUMOCTU OT KEJIAEMBIX Xapak-
TEpPUCTUK MOTOKa. OHA COCTOMUT U3 TPEeX—MATH cekuuidl. Kamepa BbICOKOTO
nasnenust (KB/]) caenana u3 KOppO3MOHHO-CTOMKOM CTalM, MMEET JIJIUHY
1,97 M u kpyriioe nomnepeyHoe CEYeHHe C BHYTPEHHUM TUAMETPOM 8§ CM.
Cexuust paboTaeT ¢ ra3aMM KOMHAaTHOM TeMIlepaTyphl NpHU JaBJICHUSAX 10
200 6ap. Kamepa nuskoro masnenust (KH/) umeer mmmny 7,35 M u Takoit
e BHyTpeHHui auametp. Marepuan KH/I — koppo3noHHO-CTOMKas cTalb,
cexuus oraensercs or KB/l nocpenctBom MeMOpaHHOro Oy0Ka. JTH CEk-
IIUU MOTYT OBbITh YAJIMHEHBI HAa 7,5 M JIOMOJTHUTEIbHBIMU CEKLIUAMHU.

B konne KH/I ycraHoBieH comioBoii 010K, Ha BXOZe B KOTOPBIH ycTa-
HOBJIEHA aJIIOMMHUEBas quadparma. Ota nuadparma paspblBaeTcs ¢ MpH-
ObITHEM MEPBUYHON yAAPHOU BOJIHBI, UTO MO3BOJIAET MMOTOKY PACIIUPSATHCS
Yyepe3 COIIo B CEKIMIO pecuBepa. VcnbIThiBaeMble MO yCTaHABIMBA-
IOTCSL B PECUBEPE U MOT'YT OBITh PACIIOJIOKEHBI HA BBIXOJE M3 COILIa WIN
Ha HEKOTOPOM PACCTOSHUM OT HETO.
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Puc. 1. CxemaTndeckoe H3o0pakeHne yCTAaHOBKH

Ha ycranoBke I'YAT pacnono)xeHbl Ib€3031EKTPUIECKUE JaTUYMKH, KO-
TOpPbIE MCHOJIb3YKOTCSA JJII PErHCTPAlMU YIapHO-BOJIHOBOIO B3aMMOEH-
CTBUS B T€UEHHE dKcrepuMeHTa. CxemaTnieckoe n300pakeHue YCTaHOBKU
npuBeneHo Ha puc. 1. Omun pgarumk (A) momemen B Hadano KB/, on
UCTIONIB3YeTCsl Al UIACHTU(DUKAIINN BOJH COKATHUS/PAa3peKESHUs], TIPUXO/IS-
MUX Ha CTeHKy cekmmu. [pyrue narumku (B, C) pacroiioXeHbl B cepe-
nuHe u B koHie KHJ/I m mcnonbs3yrorcst st 3alycka perucTpUupyroniero
000py/n0OBaHUs, U3MEPEHUSI CKOPOCTH YIapHOM BOJIHBI, OIIPEJEIICHUS UCTO-
pUU U3MEHEHHUs JIaBJICHUS U YIapHO-BOJHOBOTO MoOBeAeHUs. Bee garuuku
MOJICOETUHEHBI K MIEPCOHAILHOMY KOMITBIOTEPY 4epe3 aHalIoro-uudpoBoi
peoOpazoBaresb.

OnTHueckoe HCCIEeOBAaHUE IOTOKA OKOJIO HCIBITHIBAEMBIX MOjENe
BEJIETCS 4Yepe3 IJIOCKUE WIUTFOMMHATOphl AuamerpoM 260 mM. braromaps
HACTPOECHHOMY T€HEBOMY OOOpYIOBaHUIO (Ha YCTAaHOBKE HCIOIB30BAIHCH
npubopsl Ternepa MAB-451) MoxxHO monydaTh (OTO- M BHUIACOJAHHBIE O
MOBEJICHUH YIApHBIX BOJH W MOTPAHUYHBIX CJIOEB B HCCIENyeMOil oOna-
ctu. J{st perucTpanuu JaHHBIX TaKOTO pojia UCHOIh30BAIUCH U(POBHIE
BBICOKOCKOPOCTHbBIE BHUJIEOKAMEPhl C YACTOTON ChEMKU B HECKOJIBKO ThI-
cs14 KaApoB B ceKyHAay. i 3amycka 3TUX KaMep UCIIOJIb30BAINCH TATYMKU
JIaBIICHUS.

TpeOyeMblil ypoBeHb pa3pekKeHHs] B CEKLUAX YCTaHOBKU JJOCTUTAETCS
MIyTeM HKCIIOJIb30BaHUS JIByX TYpOOMOJIEKYJISAPHBIX O€3MaclIIHbIX BaKyyM-
HbIX HacocoB. Kamephl BBHICOKOIO M HHU3KOTO JIaBJIEHUsl Pa3lesieHbl MEM-
OpaHHBIM OJIOKOM ¢ MeHO# auadparmMoit. J[jis paBHOMEPHOTO U OBICTPOTO
packpeITHs AuadparMbl UCTOIB30Bajach cucteMa Hoxked. Kamepa Hu3Ko-
ro JaBJICHUS U PECUBEP pa3zesieHbl TOHKON aJIIOMHMHHMEBONM MEMOpaHOM,
KOTOpasi MOMeIaiach BO BXOJHOE OTBEPCTHE COILIOBOTO OJ0Ka.

VYeranoBka ['YAT no3BosileT MOMy4YUTh THIEP3BYKOBBIE TIOTOKU C YUC-
namu Maxa 7,0 B cexkuuu pecuBepa. bbuin mpoBeneHbl CepUM IKCIEPH-
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Puc. 3. Iloka3zaHusi 1aTYUKOB JaBJIEHNs], PACTIOJIO0KEHHBIX B YIapHOi Tpyoe

MEHTOB I10 MOJICIMPOBAHUIO MOTOKa B Bo3ayxo3abopuuke ['TIBP/I. I'eome-
TPUUECKHE MOJIEIU UMEIOT HOCUKU KIMHOOOpa3HOW (OpMBbI, a HEKOTOphIE
u3 HUX 3arymieHsl. CrenuanbHble KaBepHbl Ha MOBEPXHOCTAX MOJENEH
UMUTHPYIOT CTaOWIM3aTophl IulaMeHu B TpakTax peanbHblx [TIBP/] (Tak
HazbIBaeMbIit aneMeHT flameholder [11]).

Pe3yabraThl 3KciepuMeHTOB B ynapHoi Tpyde. Ha puc. 2, 3 npuse-
JICHbI TUIIMYHBIE NIOKa3aHUs 1aTYNKOB JIaBJICHUS, PETUCTPUPYEMBIE BO BpE-
Ms SKCIIEpUMEHTa. B paccMoTpeHHOM cilydae TOJNKaromMi ra3 — 3TO BO3-
nyx ¢ nasieHuem 20 0ap, paboumii ra3 — Bo3ayXx ¢ masieHueM 100 mOap.
N300pakeHHblEe OCHMIUIOIPAMMbI MOKA3bIBAIOT HUCTOPHUIO M3MEHEHHs Jaa-
BJIEHMs Ha paccrosHuu 10 cM 10 BXopHoro orsepctus comna (martuuk C,
cM. puc. 1). IlepBsoiif ckauok (/, cM. pHcC.2) CBUAETEILCTBYET O MPUXOJE
HayaJbHOM ynapHON BoaHbL. B Teuenue mpumepno 300 Mxc no0 npuxona
OTPaXEHHOW OT INPAaBOI0 TOPLA YIapHOW BOJIHBI (Y4acTOK /a Ha OCLMII-
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JorpamMMe, CM. PHC. 2) 4epe3 CeueHue, I1Ie pPacloiokeH JaTurK JaBICHUS,
MIPOXOUT Ta3, C(hOPMUPOBABIIUIICS 3a TOJIOBHOW yIapHOW BOJIHOW. YKa3aH-
Hast daza moApOOHO MCCIeOBaHA C UCIIONB30BAaHIUEM YUCIIEHHOTO MOJIEITH-
poBanus B pabote [10], rae m3yuyanach CTpyKTypa Te4eHHs 3a (GPOHTOM
OTpa’kKEHHOW yIAapHOW BOJIHBI B yClIOBUsAX dkcniepuMeHToB Ha I'YAT. Cie-
IYIOIIUI Pe3KUi pOoCT AaBieHHs (2, CM. PHC.2) U €ro TUIaBHOE CHUKCHUE
(3, cM. puc.2) mo koJeONIOIMUXCA 3HAUEHUN CBHUETENBCTBYIOT O MPOXO-
KJIEHUU OTPAKEHHOW OT TOpLA COIUIa yAAPHOW BOJHBI U IMOCIEIYIOIIEM
JTOCTIKEHUH KBa3UCTAIIMOHAPHBIX MapamMeTpoB TedeHus (okono 10mc) mo
MIPUXO0/Ia BOJIHBI Pa3pEKEHUS.

OcuuiorpaMMbl JaTYUKOB JaBJICHUS, PACIOJI0KEHHBIX B Pa3HbIX Me-
CTax ymapHoOW TpyObl, peacTaBieHbl Ha puc. 3. HayanbHble yCIOBHUS 9KC-
nepuMeHTa ObUIM TaKUMHU Ke, KaK U TMpHUBEACHHBbIE HA puc.2. BepxHue
MOKa3aHUsl COOTBETCTBYIOT AaBieHuto Topua KB/l (matunk 4 pacnonoxen
3anoanuio ¢ JeBbiM TopuoM KB/I). Cnycts HekoTopoe Bpems mocie pac-
KPBITHS TMarpaMMbl BUIHO TIaJICHHE JIABJICHUS, KOTOPOE OOBSICHSIETCS TIPH-
ObITHEM Beepa BOJIH pa3pexeHus. JlanpHeiine Ckauku CBUIETEIbCTBYIOT O
npuObITHH OTpaskeHHOro oT Topuia KH/I Bo3My1ieHus u ero nocienyromemM
orpaxkenuu ot Topua KB/I.

JIBe mocienyromux ocuuuiorpaMmsl (M. puc. 3, 6, 6, natauku B u C
Ha puc. 1) mokaspiBaroT n3meHnenue nasiaeHus B KH/ (B cepeaune u xoHie
cekuuu). BuaHo, 4yTo B ceperHe CEKIMH JaBICHHE PACTET, KOrJa Hauallb-
Has y/lapHasl BOJIHA IpoXoAuT depe3 Aaryuk B. [locne mpubiuzurenbHO
3,3MC peakiuio Ha 3TO BO3MYIIEHHE AeMOHCTpupyeT natyuk C (HUXK-
Hsig ocimiorpamma). [loBenenue nanpHEHIIUX MOKa3aHUN 3TOTO JaTYUKa
aHAJIOTUYHO OMHUCAaHHOMY paHee (cM. puc. 2). Crenyromuil ckadoK OCIIHII-
norpammel natauka B (cMm. puc. 1) cepenunst KH/I cooTBeTcTBYeT mpoxo-
KIEHUIO OTPaKEHHOM yIapHOW BOJIHBI.

JlaHHble, TpUBEICHHBIE HA pUC. 3, TOKA3bIBAIOT yAAPHO-BOJHOBOE B3a-
HMMOJICHCTBHE, BEI3BAHHOE MHOTOKPATHBIM MEPEOTPAKEHHUEM CKAYKOB CHKa-
TUsl B 00beMe yaapHoi TpyOsl. M3-3a Takoro moBeieHus MOKHO BBIJIEIUTH
HECKOJIbKO BPEMEHHBIX MHTEPBAJIOB, KOTJa MapamMeTpbl MOTOKA Y BXOJa B
COII0O MOTYT paccMaTpHUBaThCs Kak KBasucTalMoHapHble. HexoTopsie u3
STHX MHTEPBAJIOB, KOTOPBIE AJISATCS HECKOJIBKO MUJUTUCEKYH]I, MOTYT OBITh
WCITOJIB30BAHBI JUUISl H3MEPECHUM.

Pe3yabTaThl 3KCIEPUMEHTOB MO TUINEP3BYKOBOMY 00TEeKAHUIO MO-
aejieil B pecuBepe. B Xone skcrepuMeHTa PErMCTPUPOBAINUCH TEHEBBIE
KapTUHBI OOTEKaHUs Mojeliel pabodrM ra3oM BBICOKOCKOPOCTHBIMU BH-
JleoKaMepamMu M LUTMPEeH-oNTHYecKol cuctemoil. Ha puc. 4 mokaszan rumnep-
3BYKOBOM HOTOK OKoJIo KinHa 10° u monyknuua 5°. HauanbHble ycnoBus
cnenytonmue: padounit ra3 B KHJ[ — Bo3myx mox nasieHuem 1 moOap,
TONKAIOUINM Ta3 — BO3AyX mon naBieHueM 36 06ap B KB/, naBienue
B cekuuu pecuBepa coctasisio 4...10mb6ap. Kinun 10° pacnonoxen
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a 7]

Puc. 4. I'mnep3BykoBoii BO3AYLIHBIN OTOK (@) U ero nocjeayiouiee Bo3myuieHue (0).
Kaapsl u3 TeHeBOro Buaeopsaa 3KCepuMeHTa

TakuM 00pa3oM, 4TOOBI €ro IEeHTpasibHas MPOJOJIbHAs OCh U OChb CHM-
METPUHU COIUIOBOrO OJ0Ka coBMaganu. PaccTosHue MexIy MonensMu
15 MMm.

Bo3nymsbelii mOTOK ¢ MOCTOSIHHBIM unciioM Maxa (puc. 4, a), niauTcs
okoJo 15 mc. 3arem nmapameTpbl MOTOKA Ha BXOJIE€ B COILJIO MEHSIOTCSI, MEHS-
eTcsd M KapTHHA TedeHus (puc. 4, 6). Ilo sxciepuMeHTaIBHO MOTyYeHHOMY
YOIy OTKJIOHEHHUsI (PpOHTA yAapHOI BOJHBI OT IJIOCKOCTU KiIuHA (o = 13°,
B = 5° mnst HwkHero knuHa 10°) paccunThiBanoch yncino Maxa Haberaro-
IeTo MOTOoKa 1o dopmyie [5]

B ) ) ~1/2
M — sin2a—’y 1' sin asin .
2 cos(a—p)

Jlnst HvoxHero kiuHa 10° yueno Maxa cocrtasiser 7,09 (cm. puc. 4, a).
3HaYeHUs MapaMeTPOB MOTOKA JJIsl MONYKIMHA OLEHUBAIOTCS C MEHbIIEH
TOYHOCTBIO (MO>KHO 3aMETUTH OOJIBIINIA YTOJI OTKJIOHEHUS! PpOHTA yIapHOU
BOJIHBI OT €r0 BE€pXHEH MJIOCKOCTH), UTO SIBJISIETCS CIEICTBUEM OTJAJICHUS
MOJIEJIM OT OCH CUMMETPHUH COILIA.

[Ipu aHanOrMYHBIX HaYaJIbHBIX YCIOBUSAX HPOBEIEHBI 3KCIEPUMEHTHI
o 00TeKaHUI0 MOJeNel, CUMYTUPYIOIINX BO31yX03a00pHUK MEPCIEKTHUB-
Horo IJIA. DTu Mozmenu MpeAcCTaBIsUIM COOOW JBa 3aTYIUICHHBIX KIIMHA
10° ¢ pagnycom 3aryrieHus 1,5 mm u Tomuuuon 10 mm. g uzyuenus
YIapHO-BOJIHOBOTO B3aUMOCHCTBUS B KaHAJIE CJIOKHON F€OMETpUH, MOJIe-
JUPYIOIIETO B ra30JMHAMHYECKOM TpaKTe CTaOWUIIM3aTOphI IUIaMeHu (dJie-
MmeHT flameholder [11]), Ha Monensix ObLITH clIeTaHBI CHICIIUATBHBIC KABEPHBI
n1youHo# 3 MM. Monenu ObLIM pacroyioKeHbl CUMMETPUYHO OTHOCUTEIb-
HO OCH COIUIAa Ha PACCTOSHUU 2 CM JIpyr OT Apyra. JTO CHEJIaHO JJIs IO-
Jy4eHUs OJHOPOJHOTO MOJIsi MapaMeTpPOB TEUECHUsI Mexay Mmoxaensmu. Ha
pHC. 5 IpUBEIEHBI TEHEBBIE KaPbl SKCIICPUMEHTA.

[Ipouecc, nmokasaHHbll Ha pUC. 5, @, BBI3BaH MEPBBIM ATAlOM PACIIH-
peHust pabodero rasza yepes COIUIO Ha MOJIENb, YTO HAWJIy4IIuM oOpa3oM
MOJXOJUT AJIsl IPOBEJIEHUS BBICOKOCKOPOCTHOT'O AKCIIEPUMEHTA, TIOCKOJIBKY
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Puc. 5. YnapHo-Bo1HOBasi CTPYKTYpPa OKOJIO JIBYX 3aTyIJIEHHBIX KJIUHbEB; TEHEBbIE
Ka/IPbl IKCIIePUMEHTA

B ATO BpEeMs ITapaMeTphl MOTOKA U3 COIIIOBOTO OJIOKA OCTAIOTCS MPUOIH3H-
TEIHHO MOCTOSHHBIMU ¢ M = 7. Ha mosy4eHHOM TE€HEBOM BUIEOPSAJIE ITO
SKCIEpPUMEHTAIBHO HaOIonaeTcsl B TeueHue 15 mc.

[Tocne npubsiTus Kk npaBomy Topuy KH/I Beepa BonH paspexeHus u
KOHTaKTHOM MOBEPXHOCTH TOJIKAIOLIErO Tas3a JAaBJICHHE HAa BXOJE B COII-
JI0O yMEHBIIAeTCs W TMapaMeTphl MOTOKAa HAYMHAIOT CHIIBHO (DIyKTyHpo-
BaTh. Takoe BO3MYIIEHHE ITOTOKA [TOKa3aHO Ha pUC. 5, 6, OHO JUTUTCS OKOJIO
5...7wmc. Jlanee npolecc yaapHO-BOJHOBOIO B3aMMOACHCTBHS B yOapHOM
TpyOe ompenensieTcsi MHOTOKPaTHBIMU MTPOXOXKACHUSIMU U MePEOTPaKEeHH-
AMH yaapHbIx BoiH Mexay topuamu KHJI u KB/I. Tem He MeHee ynaercs
BBIJICJINTh BPEMEHHBIEC HHTEPBAJIbI, B TEUEHNE KOTOPBIX IapaMeTphl ra3a Ha
BXOZIE B COIUIO IPETEPIIEBAIOT HE3HAYUTENIbHbIE U3MEHEHMs. Takoro poxa
MEepPUOJbl MOKHO HEMOCPEACTBEHHO CBA3aThb U KOJIMYECTBEHHO OXapakTe-
pHU30BaTh JIAHHBIMH, MPUBEIACHHBIMH Ha OcUWLIOrpamme (CM. puc. 3, 8).
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B wactHOCTH, yyacTKy ocumiorpaMMbl C OTBEYaeT BTOPOM MEHEE CKo-
POCTHOM KBa3UCTALIMOHAPHBIN PeXUM OOTEKaHHUs MOJEIH, IOKa3aHHbII Ha
puc. 5, . [IpoioBKUTENBHOCTD 3TOTO Tiepuoa to ~ 30 Mmc, M=4.,5.

B BBINONHEHHBIX SKCHEPUMEHTAX BIOJIHE OTYETIIMBO MJCHTU(DUIMPO-
BaHa M TPEThs KBAa3UCTAMOHApHAsA (a3za oOTekaHust Moaenu ¢ M = 3, Ko-
TOpasi COOTBETCTBOBAJIA YUACTKY OCIMIIIIOrpaMMbl D Ha puc. 3.

Jliis ©oJiee TOUHOTO OIpENIEeHHs] CKOPOCTHBIX XapaKTEPUCTHK MOTOKA
U PEryIUpPOBKHU IIIUPEH-000pYI0BaHUS ObUIN MPOBEIEHBI IKCIIEPUMEHTHI
C MOJIEJISIMH OCTPBIX KIIMHBEB, pa3Mepbl KOTOPBIX aHAJOTMYHbI OITMCAHHBIM
panee. PacnonoxeHue mMozenei Takke ocTanoch 0e3 u3MeHeHui. Pesyb-
TaThl IPUBE/IEHBI Ha pHC. 6.

dotorpaduu npeacTaBiaeHbl B MOPAJIKE, aHAJOTMYHOM HOPSIIKY, Ipe-
CTaBlIeHHOMY Ha puc.S. IToTOK ¢ MOCTOSHHBIMM HapameTpamu Haberaet

Puc. 6. YnapHo-BoJIHOBasi CTPYKTypa NOTOKa, o0pasylolnasicsi NpH O00TeKAHHHU
MoJeJiel IBYX KJIHHbeB
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Ha Mojenb (puc. 6,a). 3aTeM OH CMEHSIETCsl BO3MYIIEHUsIMU (puc. 6, 6), 3a
KOTOPBIMHU CIIEAYEeT KBa3UCTAlMOHAPHBIN Mpoiiecc o0TekaHus (puc. 6, ).

CpaBHEHHE KapTHHBI YIapHO-BOJIHOBOI'O B3aMO/ICUCTBHS HA 3aTYILJICH-
HBIX U 320CTPEHHBIX KIIMHBSAX IO3BOJISIET SKCIEPUMEHTAIbHO HAOIIOAATh
MPUHIUIINATBLHOE U3MEHEHUE B CTPYKTYpe TEUEHHUs MpHU Mepexone OT 3a-
OCTPEHHBIX K 3aTyIUIEHHBIM KIMHbSIM. OTMeTuM Oojee ObICTpoe “3amod-
HEHME” Ta30IMHAMUYECKOTO TPAaKTa UCCIIeyeMO MOAETH 00IacThIO TeUe-
HUS C TOBBIIIEHHBIM JIaBJIEHUEM, TEHEPUPYEMBIM yAAPHBIMU BOJIHAMM, YTO
00yci10BI€HO (POPMUPOBAHUEM TOJIOBHBIX YAAPHBIX BOJH Ha JIMIUPYIOLINX
3aTyIJIEHHBIX KpoMKax. C 3TOM TOYKU 3pEeHMs], 3aTYIIJIEHHUs UIPAIOT HECO-
MHEHHO TIOJIOKUTEIbHYIO posib. Takke cielyeT UMETh B BUAY, YTO IPH
B3aMMO/IEUCTBUH yAApHOW BOJIHBI, 00pPa30BaHHOMN 3aTyIJIEHHOW KPOMKOH B
MECTE €€ B3aUMOAECHCTBUS C IOTPAHUYHBIM CIIOEM, Ha KOTOPBIM OHa Iaja-
eT, BOJIM3U MOBEPXHOCTH HaOIIOMaeTCsl yBeJIMYEHHE JIOKAIbHOIO Harpesa
[1, 12].

YucieHHOe MOEJIMPOBAHME TEUYCHHs B MOJEIH ra3ofMHAMMYe-
cKOro Tpakta. OCHOBHbIC YPaBHEeHUs. /{151 YMCIIEHHOTO MOJIEIMPOBAHHUS
ra30lMHAMHYECKUX MPOIIECCOB B TECTOBOM KaMepe yHapHOUl TpyObl, OmH-
CaHHOI paHee, MPEANOJI0KUM, YTO TEUEHHE OIMCHIBACTCS YPABHEHUSIMU
Hasbe — Ctokca— Dypbe 11 c:kMMaeMon Cpelibl, KOTOPbIE MPEACTABIISAIOT
c000i1 3aKOHBI COXPAaHEHUSI MAcCChl, UMITyJIbCA U SHEPTUU B BSI3KOM rase:

OU+V-FC—V.F'=8

IPU COOTBETCTBYIONIMX HAYAIBHBIX W TPAHMYHBIX YCIOBHSAX. B 3THX ypas-
Henusx Bekrop U = (p, pvy, pua, pus, E)" mpencrasisier coboit BEKTOp
KOHCEPBATUBHBIX MEPEMEHHBIX, [JI¢ p — IUIOTHOCTb, £ — MOJHAs SHEPrHs
v U = (v1,v9,v3) € R3 — BEKTOP CKOPOCTH B JIEKAPTOBOi CHCTEME KOOP-
munar; F¢(U) — 5T0 KOHBEKTHBHEIC OTOKH, V(L) — BSI3KHE TOTOKH H
S(U) — 0600111eHHbIN HCTOYHUKOBBIH UJICH:

PU; 0
pv;v1 + poi Til
Fi'c = | pvvy +pdp |, ﬁf = | Ti , 1=1,2,3,
pU;v3 + Pdss Ti3
v; (B +p) v;7;; + kO, T

IJie p — CTaTUUYeCKoe JaBieHue, 7 — temineparypa, 6;; — cumBoi Kponekepa
¥ TEH30D BS3KMX HAIPSHKCHHIT 3aIMChIBAaeTCA B BUAE T;; = (u(0;v; + O;v; —
—2/30;;V - ¥). OT™MeTHM, 4TO MHJEKCHI i, j 0003Ha4alT 3D nexapToBbl
KOOPMHATHI U IMOBTOPHBIE MHAEKCHI 0003HAYAIOT CYMMHpOBaHue. B Kaue-
CTBe paboueil Cpe/bl MCIONB3YEeTCs KaJIOPUYECKHI COBEPIICHHBIN Ta3, a
OTHOIICHUE TETUIOEMKOCTEH ~y Tpemnoaraetcs paBHbiM 1,4. JIis 3aMbika-
HUS CHCTEMBI YPaBHEHH HCIIOJIL3YETCS YpPaBHEHHUE COCTOSIHUS HCATLHOTO
raza. MoJieKyJIsipHasl BI3KOCTh [ ompesessieTcs mo ¢popmyine Careprenaa,
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a JUIs TEIJIONPOBOIHOCTH A MCIIOJIB3YETCS PEANOI0KEHNE O TOCTOSHHOM
yuciue [Ipanarns, pasaom 0,72.

Hcnonb3yeMblil YNCIEHHBIA METOA SIBISETCS BapUAHTOM METOJa KOH-
TPOJBHOTO 00bEMa U MOXKET paccMaTpPHUBATHCS KaK BapuaHT Mmerona lo-
nyHoBa. [pu nmpeanonaokeHnn o MOCTOSHHOM paclpezielIieHu apaMeTpoB
BHYTPHU siueeK (KOHTPOJIBHBIX 00bEMOB) METOJI IMEET TOJILKO MIEPBBIH MOPS-
JIOK TOYHOCTH IO MPOCTpaHCTBY. i1 AOCTHKEHUS BTOPOTO MOpsiAKa TOY-
HOCTH UCIIOJIB3YETCA KyCOUHO-TMHENHOE BoccTaHoBineHue [ 13]. Hampumep,
BEKTOPHI MIEPEMEHHBIX CJIEBA M CIpaBa OT IpaHU sSUYEHKU, KOTOpas pasfe-
JII€T COCEIHUE TYEHKN ¢ HOMEPAMM i U j, MOKHO ONPEIEIUTH CIECTYOLIUM
obpazom:

L = ¢ + Vg 7L,
4r = q; + Vq; - TR,

rJe g — HEeKOTopas CKajlspHas nepeMeHHasi; Vq — rpaJueHT JaHHOM mepe-
MEHHOW; 7" — BEKTOP, MPOXOAAIINN U3 EHTPA SYCUKU B LICHTP TPAHU.

HeBsi3krie mOTOKK MOTYT OBITH PACCUMTAHBI 110 PA3IMYHBIM BapHaHTaM
TOYHOTO WJIM MPHONMMKEHHOTO pelleHus 3aaaun Pumana. B ucnonbsye-
MOM TPOTPAMMHOM KOMIUIEKCE PEaTu30BaHO OONBIIMHCTBO MOMYISIPHBIX
pemareneii 3agaun. B Hacrosmeit padote mpumensuics AUSM (advective
upstream splitting method) [14]. DToT cmoco6 pacdera HEBI3KHX MOTOKOB
JIOCTATOYHO 3KOHOMMYEH M MPUTOJEH ISl pacueTa BA3KUX TEUECHUM.

I'pamuenTsl, HEOOXOAUMBIE ISl JIMHEHHOTO BOCCTAaHOBIEHHS, MOTYT
OBITH BBIYUCIICHBI OO 10 Teopeme [puna—Iaycca, mnbo meTonoM Hau-
MeHbIIMX KBaAparoB. Teopema ['puna—ITaycca [13] mo3BoisieT mOIy4YUTh
TOYHOE 3HAUCHHE TPAIUCHTA IMHEHHOU (DYHKIIUH TOJIBKO JJISl TETPadpaib-
HBIX SIY€EK U, CJe/I0BaTeIbHO, HE MOAXOAUT B Cllydae HECTPYKTYpPHpPOBaH-
HBIX CETOK C stueiikaMu Apyroit popmel. [losToMy Mo yMoTuaHUIO B HACTO-
AIel paboTe MCIOIb30BAJICS METO/ B3BEIICHHBIX HAMMEHBIINX KBAJIPATOB
JUTSL BOCCTAHOBJICHUS.

XOpOIIO U3BECTHO, UTO BOCCTAHOBIIEHUSI BTOPOTO MIJIM 00JIee BBICOKOTO
nopsiika TpeOyIOT MCIIOIb30BAHUS OIPAaHUYUTENCH Ul MOJABICHUS JIOXK-
HBIX OCHWUIAIMKA perieHus: B 001acTsx OOJIbIINX IpaaueHToB. B paccma-
TPUBAEMOM IPOrPaMMHOM KOMIUIEKCE peaji30BaHbl orpaHnyutenu Barth
u Jespersen [ 13], Venkatakrishnan’s [15], Michalak u Ollivier — Gooch [16].

I'pagreHTsl CKOPOCTH M TEMIIEPATYPhl Ha TPaHsX sS4eeK, HeOOXOAUMBIE
JUISL pacueTa BA3KUX IMOTOKOB, BBIYUCIIAIOTCS KaK CpeJHEee MO paccyuTaH-
HBIM B IIEHTpax sS4eeK rpagueHTam no reopeme [ puna —aycca ninm metomy
HAaUMEHBILNX KBaJIpaTOB, ONMCAHHBIM paHee:

|1 .
Va1t =5 (Vg + V) - .

Opnnako B [17] ObIIO MOKa3aHO, YTO TAKOW IMOIXOJ MOXET MPUBOIUTH
K PacCOrIaCOBaHUIO PEIIECHUsI Ha YETHIPEXYTOJbHBIX WM HIECTUTPAHHBIX
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cetkax. Cnenyromas Mmoauduimposannas gopmyna [ 18] npumensercs ams
YMEHBIIICHUS OIIHOKHU paCCOFJ'IaCOBaHI/ISI MeToAa:

q; — 4;
HT] — “ ai] (VQZ + vQJ) ( awg)
J

I7ie 77 — HOpMaJlb K TPaHU SYCHKHU; S — HOPMAJIM30BaHHBIN BEKTOP, COCIH-
HSIFOLMI LIGHTPBI ST4€eK; ||7; — 7|| — paccTosHUe MeX Ty LEHTPaMHU s4eeK i
U j; a;j — CKalISIpHOE MIPOM3BENeHHE ;; = 5 - 7i. HamoMHUM, 4TO rpagueHt
Vq; B aueiike i Bbruucisercs mudo mo teopeme ['puna-—Iaycca, mubo mo
METOJly HAUMEHBIIUX KBaJpaToB.

JUi IUCKpeTU3aluy 10 BpEMEHU BO3MOXKHO MCIIOJIb30BAHUE SIBHBIX Me-
to110B PyHre — KyTThl BrOporo mwiu Tperbero nopsjka tounoctu [19]. lar
110 BPEMEHU BBIUUCIISIETCS C YUETOM HEBSI3KOTO M BA3KOI'O OIpaHUYEHHUN Ha
pasMep miara.

Pe3ynbrarhl 4HCJIEHHOTO MOACTHMPOBAHMSA O0TEKAHUSI MOJEIH Ia-
30MHAMHUYeCKOro Tpakra. CpaBHeHue ¢ IKCIiepuMeHTOM. PacueTHbie
WCCJIEJIOBAHUS MIPOBEJCHBI MO pa3paboTaHHON paHee YHCIEHHOW MEeTOIM-
K€ U1 JBYX a’pOJMHAMMYECKUX MOJEJIEH, SKCIEPUMEHTAIBHO HCCIIEN0-
BaHHBIX B JIByXJHa(parMeHHON a’dpoaruHaMU4ecKon ymapHoit Tpyoe ['VAT
NIIMex PAH. ITpu uncieHHOM MOJIETMPOBAHUU pacCMaTPUBAIOCh TEUCHUE
B TECTOBOM KaMepe OTAENIbHO OT yAapHO-BOJIHOBOTO JBUKEHUS B yIapHOU
TpyOe, HauMHas ¢ HeOOJIBILIOTO PacCcTOsAHUSA OT coruia. [Ipennonaraercs, 4To
CTEHKU pecHBepa He BIMAIOT Ha TeueHHe BONM3M Monenu. B Hactosmei
paboTe Takke MpeAnoaraeTcs, YTo TEYEHUE 3a CPE30M COIlIa PABHOMEPHO
B [IOTIEPEYHOM HAMNpPaBICHUH (BOMPOCHI PABHOMEPHOCTH B MONIEPEYHOM Ha-
MpaBJICHUH HAOEraroIero Ha MoJeNb OTOKa OBLITH paccMOTpeHsl B [10]).
Yucno Maxa Haberarolero noToka onpeiesstoT M0 3KCIepUMEHTaIbHbIM
JAHHBIM, UCIIOJIB3YS YTOJI OTXO0AA YAAPHOM BOJIHBI OT KJIMHA Ha GoTorpadu-
SIX, COOTBETCTBYIOLIUX KBAa3UCTALIMOHAPHBIM pEeKUMaM TeueHHs. B pe3yib-
Tare BXOAHbIE NTApaMeTPbl, 33/]laBa€Mbl€ Ha BXOJHOW I'PAHULIE B YUCICHHOM
MOJENUPOBaHUH, cienyromue: M= 7,0 unu 4,5 (paccmMaTpuBaroTCs 1Ba KBa-
3UCTAIIMOHAPHBIX pekuma); Temrneparypa 100 K; 3nauenue koaddumenra
BSI3KOCTH PaBHO KOA(HUIMEHTY BA3KOCTU BO3/1yXa MPU BXOJHOM TeMIiepa-
Type.

JUis 1ByX MOJIEIbHBIX Ta30lMHAMUYECKUX TPAKTOB (C OCTPOM M 3aTyIl-
JICHHOM NepeJHUMMM KPOMKAaMM) MOCTPOEHBI JABE pa3INuHble CETKH. DTU
CETKH M0 IMOCTPOCHUIO SABIIAIOTCS TPEXMEPHBIMHM, OHH COAEPHKAT TOJIBKO
OJIMH CIJIOM siYe€eK B HANpaBJICHWH OCH Z, B JajbHEHIIeM OyneM paccma-
TPUBATh 3TU CETKH Kak JByMepHbIe. CeTKa JUIsl MOJEIH C OCTPON KPOMKOU
conepkuT 363 500 TpeyrojbHbIX WM YETHIPEXYTOJIbHBIX SYEEK C MUHU-
MalbHBIM pa3MepoM sueiiku 2 - 1074 M BOMM3M TBEPABIX MOBEPXHOCTENA.
Cerounsii reneparop Gmsh [20] OblT HCTIONB30BaH I CO3AHUSI CETKU.

OHTPONUIHBIE CIIOH, TEHEPUPYEMbIE B OKPECTHOCTU TOYKH TOPMOKeE-
HUS 3aTYIUIEHHOTO Teja, MOTYT OKa3bIBaTh CYLIECTBEHHOE BIMSHHUE Ha Te-
YeHUe BHYTpPH Bo3myxo3abopHuka ['TIBP/l, mosToMy 3TH CIIOM JOJIKHBI

Vg -1 =
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OBITH XOpOI1I0 pa3penieHbl. OcOOEHHO
XOpolllee pa3penieHue A0KHO ObITh
BONM3U TIEpeHEeN KPOMKH 3aTyTlICH-
Horo kiuHa. [loctpoeHHast st Mo-
JIeNA C 3aTyIUICHHOW KPOMKOW CeT-
ka comepxuT 1200000 sueexk c
MUHHUMAJIbHBIM CETOYHBIM pa3MepoOM
0,01 MM BOAM3U TBEPABIX CTEHOK.
Ha puc.7 nokaszaHbl JeTamu CETKH
JUUTSE MOJIEJTH € 3aTYIUIEHHOW KPOMKOU
BOJIM3M MepeHel KPOMKH KIIMHA.

Bce pacueTsl mpoBOIMIINCH B TIOJI-
HOW pacueTHOW oOmactu 0Oe3 mpen-
MOJIOKEHUH O CHUMMETPHUM TEUYCHHSI.
C omHOM CTOPOHBI, 3TO MCHOJIH30BAIOCH KaK JOMOJIHHUTEIbHAs MPOBEpKa
KayecTBa pEeUIeHUs, a C JPYrod CTOPOHBI, B JaJIbHEHIIEM MpearnoiaraeT-
cst uccnenoBath APGEKThl HEOTHOPOAHOCTH MPOPUIST BXOIHOTO TTOTOKA U
HEOOJBIIOTO yIvla aTakH.

Jlnst pacdeTta TpagueHTOB (PU3NUYECKUX MEPEMEHHBIX B IIEHTpax sde-
€K UCIOJIb30BAJICS METO/I HAaUMEHBIINX KBaapaToB [13] ¢ orpanuuynrenem
Michalak u Ollivier—Gooch [16]. PacueTsl npoBogmiucek metonom PyH-
re — KyTTsl BTOporo nopsiaka [19] ¢ uucnom Kypanra 0,5.

CpaBHEHHE pe3y/IbTaTOB PACYETOB C IKCIIEPUMEHTAIbHBIMHU JaHHBIMU
MpUBEACHO Ha puC. 8, 9. BepxHsis MoNOBUHA KaXKIOTO PUCYHKA COIEPIKUT
AKCIIEPUMEHTATIBLHYO TUTHPEH-(GOoTOrpaduro, a HUKHSISA YaCTh — U30JIMHUA
PACCUYUTAHHOTO MOIYJSI TPAJAMEHTa MJIOTHOCTH. [[st Jydinero cpaBHEHUs
MIpU MOCTPOCHUU M30JMHUN HCIOIb30BaJIach OOpaTHas MajJuTpa OTTEHKOB
CEeporo mBeTa

[TepBast kBazucranuoHapHasi (pa3a TEUCHHsI OKOJIIO MOJEIU C OCTPOH
KPOMKOW IOKa3aHa Ha puc. 8. UHCIIeHHOEe MOIEIUPOBAHHUE MPOBOJUIOCH
Ju1s yuciia M =7 Haberaromero nmotoka. B oonactu / (cM. puc. 8, a) BujeH
4eTKUH (PPOHT MPUCOETNHEHHOMN yIapHOW BOJIHBI, KOTOPBIH Takke HaOIIk0-
Jaetcs Ha nummpeH-gotorpadguu. B Mecre mepexona yrioBo# MIOCKOCTH
KJuHa (00sacTh 2, M. puc. 8, a) BUJIEH Beep BOJIH pa3peKeHUs, KOTOPbIN He
TaK SIBHO 3aMEeTeH Ha TeHeBOW (oTorpaduu, 94To MOXKET OBITH CIEICTBU-
€M BJIMSHUS TMOTPAHUYHOIO CJIOS U OTPBIBHBIX TEUEHWM B 3TOM oOiacTu
Ha (opmupoBaHUe TEeHEeBOW KapTuHBI. B obmactu 3 (cMm. puc. 8,a) BUI-
HO COBIaJIeHHE TepecedeHrs PPOHTOB MPHUCOCIMHEHHBIX YIapHBIX BOJH,
YTO MOXKET CBUIETENILCTBOBATH O JOCTATOYHO XOPOILIEM YPOBHE BaJIUAALNH
HaberarIIero Ha MojieNu MoToka. OKOJI0 HAYaIbHOTO YCTYTIa KaBEPHBI MO-
nenu (cM. puc. 8, a, o0nacte 4) BUJIHA CEpUs BOJIH Pa3peKeHUs], OUepTaHUs
KOTOPOM TaKKe MPOCMaTPUBAIOTCS B KCIIEPUMEHTE. B KoHIIe KaBepHBI (CM.
puc. 8, a, 06macTh 5) oOpa3yercs CloXKHasi CTPYKTypa BOJIH CXKaTHsl, HEKO-
TOPBIE COBITAJICHUS C KOTOPOI MOKHO HAOII0AaTh HA TeHEBOM (hoTorpaduu.

Puc. 7. Ilepenusia KpoMKa 3aTyNJIeHHO-
ro KJIMHA, 1eTaJH PacyeTHON CeTKH
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o

Puc. 8. CpaBHeHue 3xcniepuMenTa u pacuera as mojeau I'TIBP/I ¢ ocTpoii kpomxoii
npu M=7,0 () u M=4,5 (9)

CpaBHEHME IKCIEPUMEHTANIBHON ITUPEH-(OoTOrpapuu ¢ pe3yinbsraTaMu
YHUCJICHHOTO MOJIEJIMPOBaHUS BTOPOW KBa3UCTALMOHAPHOM (ha3bl TeUEHUs
OKOJIO MOJIETH C OCTPOM KPOMKOHM MPHUBEACHO Ha pUC. 8§, 6, U3 KOTOPOTO
CJIE/lyeT, YTO 30Hbl BBICOKMX I'paJHMEHTOB IUIOTHOCTU (0Omactu /-4, cM.
puc. 8, 6) XOpOoILIO COOTBETCTBYIOT APYT ApyTy. Takike 3aMETHO JIy4lle CTa-
JU pe3ysbTaThl CpaBHEHHUS B OOJIACTH TEUEHHUs 3a KaBepHOU (obmacth J,
CM. pHC. 8, 0), YTO MOXKET SBIATHCA CICICTBUEM MOJICIUPOBAHHS MEHBIIIE-
ro yuciaa Maxa HaOeraromiero rnoToka M, COOTBETCTBEHHO, 0oJjiee KPYThIX
(bpoHTOB HalII01aeMON BOJIHOBOI CTPYKTYpBHI.

DKCHepUMEHTaIbHAsT KapTHHKA NepBOM KBa3UCTAIllMOHAPHOM (a3bl Te-
YEeHUsI OKOJIO MOJIEJH C 3aTYIUIEHHBIMU KPOMKaMH CPaBHUBAETCS C PE3YIlb-
TaTaMU YHUCICHHOTO MOAEIMpoBaHUs Ha puc.9. KauecTBo sKcnepumeH-
TAJIbHOM KapTHHKU XY’KE€, YEM B CIIy4ae MOJEIN C OCTPOM KPOMKOH U3-3a
UCIIOJIb30BaHUs BUECOKAaMephl ¢ MEHBLIMM pa3pelieHueM. Taxke (QpoH-
THI OTOIIEAIIMX YIAPHBIX BOJH (00MacTh /, cM. pHC.9) M BOJH CKATHS
(obmactp 2, cMm. puc.9) B ciiydae OoOTeKaHUs 3aTYIUICHHOTO KJIIMHA HMMeE-
10T OoJiee pa3MbIThie IpaHulbl. OJHAKO CPAaBHEHHE CTPYKTYPHI TEUCHUS B
ATHX 00JaCTAX MOKA3bIBAET, YTO YUCICHHOE PELIEHUE YIOBIETBOPUTEIHHO
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Puc.9. CpaBHeHne 3xcnepuMenTta u pacdera misi mogean I'TIBP/L ¢ 3arynjieHHoii
Kpomkoii npu M=7,0

COOTBETCTBYET IKCIIEPUMEHTY. BOJIBIIMHCTBO 0COOEHHOCTEH 110JIs1 IVIOTHO-
CTH, BUJJUMBIX Ha HKCIIEPUMEHTAIBHOHN (oTorpaduu, MOKHO HAOIIOAATh U
Ha M30JIMHUAX PACCUUTAHHOIO rpajiueHTa IIoTHOCTU. ClieyeT OTMETUTD,
YTO U3 CPABHEHUS PUC. 8, @ U 9 MOXKHO clieTaTh BbIBOJ, YTO TEUEHUE OKOJIO
MOJIEJIM C 3aTYIJIEHHON KPOMKOI HECKOJBKO 0o0Jiee CIIOXKHOE, YEM OKOJIO
MOJIEJIH C OCTPOU KPOMKOIA.

BoiBoabl. CTpykTypa MOTOKa OKOJIO MOAENEH BO31yX03a00pHHKa U
nportouHoil yactu ['TIBP/] Obuta ucciienoBaHa 3KCIIEPUMEHTAIBHO U YH-
cnenHo B Jlaboparopuu pamuannoHHOM ra3oBoit nuHamuku MITMex PAH.
M3MeHeHue XOIOAHBIX BO3AYIIHBIX NOTOKOB ¢ M=7 u 4,5 okono moze-
7€l OCTPBIX M 3aTYIUICHHBIX KIMHBEB OBLIO 3a(MKCUPOBAHO BBICOKOCKO-
pOCTHBIMHU IIM(PPOBBIMH BHJCOKaMepaMu. [loyueHHbIe SKCIIEpUMEHTANb-
HBIE PEe3yJIbTaThl UCIIOJIB3YIOTCS JUIsl TECTUPOBAHUS BBIYMCIUTEIBHOTO MO-
JIENUPOBAHUS YIaPHO-BOJHOBBIX MPOIIECCOB U ra30JuHaMHuecKux dhdek-
TOB. Pa3pernieHne BIYUCINUTENBHBIX PE3YJIBTATOB 3HAYUTEIBHO BBIIIE, YTO
MO3BOJISIET U3y4aTh pacCMaTpUBAaEMBbIil IOTOK Oojiee AeTaIbHO.

Paboma  evinonmena 6 pamxax epauma  Ilpezudoenma  P®
No MK-5324.2014.1 ons eocyOapcmeenHol NOOOEPHCKU MON0ObIX POC-
CULICKUX YUEHbIX — KAHOUOAMO8 HAYK.
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