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BBenenune

[Iporuo3upoBaHue napaMeTpoB YIPaBIAEMOro IBUKEHHS CyJHa MOKHO OTHECTH K OJHOI U3 Haubosee
CJIOJKHBIX 3a/la4 KOpaOeabHO! THMIPOJUHAMUKH. DTO OOBSICHAECTCS, NPEXIE BCETO, CI0KHBIM TPEXMEPHBIM
XapaKTepoM BS3KUX TEUEHUH, BO3HUKAIOIUX IIPU KPUBOJIUHEHHOM JBIXEHUM CYIOB, KOP-IIyC KOTOPBIX
UMeeT B OOLIEM Cllydae CIIOKHYIO IPOCTPAHCTBEHHYIO N'€OMETPHUIO U Pa3BUTYIO CHCTEMY BBICTYNAIOIIUX
yacted. CyIlleCTBEHHBIM B JAHHOM CIIy4ae SBIISAETCS TaKXKe TO, YTO MAaHEBPUPOBAHNE MO- )KET BBIITOJIHATHCS
B YCJIOBMAX Pa3HOOOpA3HBIX BHEIIHMX BO3ACHCTBUM (Hampumep, TEUEHWH, MOPCKOTO BOJHEHMS, U Ip.)
HaJIMYKe I'PaHULl aKBaTOPUH (JHA aKBaTOPHUHU, CTCHOK KaHasla pa3InuHbIX KOH(uUrypa- 1uuii) u ap. Bee Bbiie
CKa3aHHOE IIPUBOAMT K CYIIECTBEHHOMY U3MEHEHHUIO CUJI U MOMEHTOB, IEHCTBYIO- IIIUX Ha KOPILYC CyJHa U
€ro 3JIEMEHTHl [0 CPAaBHEHHUIO C UX 3HAYECHUSIMH, OIpE/eICeHHbIMU 0e3 ydyeTa NpHUBEAEHHBIX (HaKTOPOB.
[ToMumMoO BHENIHHMX BO3JCHCTBUM, CBS3aHHBIX C IapaMeTpaMH II0OTOKAa M OCOO€H- HOCTSIMM 00JacTu
MaHEBPUPOBAHUS, OCOOEHHOE BIIMSHHE MOXKET OKa3bIBaTh NPHUCYTCTBUE APYIMX MOpP- CKHUX OOBEKTOB,
HaXOJAIIMXCS B IPOLECCE ABMKEHMs, NN 7K€ HETIOABUKHBIX.

C TOYKM 3peHHUs IPAKTUKU CYI0BOXKIECHUs, MAHEBPUPOBAHUE CY/HA B HEMOCPECTBEHHON OJIM30CTH OT
HETIOJBIDKHBIX MU IBIDKYLIUXCA 00BEKTOB, TAKMX KaK MOPCKHE COOPY)KE€HHS PA3IMYHOTO Ha3HAYCHUS WIN
JOpYyrux CcynoB, TpeOyeT HaJIW4Ms ONbITA M ONPEIENCHHOM KBAIM(UKAIMKU CYIOBOIUTENS, C LEIbIO
CBOEBPEMEHHOIO INPENYNPEKICHUS U MOCIEAYIOIEro n30exaHus CTONKHOBEHHs. ONacHOCTb CTOJIKHOBE-
HUS 3HAYUTENIBHO BO3PACTAET B ClIy4yae, KOIla BOSHUKAIOT JOIIOJIHUTENIBHBIE BHEIIHUE BO3ACUCTBUS B BU- JI€
HEOJIaronpuATHBIX TOTOAHBIX YCIOBUH. BimsiHMe OKpy»Karolei cpenbl, Takoe KaK BOJIHEHHME, BETPOBOE
BO3/ICICTBHE, NIOJBOJHBIC TCUECHUS IPOSBISIETCS B BUAC NONOJIHUTENBHBIX AMHAMUYECKUX HArpy3oK, KO-
TOPBIMU HEBO3MOKHO IPEHEOpeyb MPH aHAIN3€ MOPEXOAHBIX 1 MAaHEBPEHHBIX KauecTB cyaHa. B To xe Bpems
INPOMCXOJAUT 3aMETHOE YXYALIEHHE MAHEBPEHHbIX KauyeCTB CyJHAa B CBS3U C JOIOJIHUTEIIbHBIMU
TUAPOJMHAMUYECKMMH CHJIAMU U MOMEHTaMM, BOZHHKAIOLUIMMH Ha KOPILyCE B pe3ysbTaTe TMApPOJNHAMU-
YECKOr0 B3aMMOJCUCTBHUS, BO3HUKAIOIIECTO IIPU B3aUMOJEHCTBUU IOJIEH JABICHUSA B JKUIAKOCTH, CO3[aBa-
€MBIX KOpITycaMH CYyJIOB B NIPOIECCEe IBIDKEHUS YKa3aHHbIE (aKTOpbl (GOPMHUPYIOT MPAKTUYECKH OECKO-
HEYHOE YUCJIO BO3MOJKHBIX YCIOBHUH JJIsl BOBHUKHOBEHUS CIELU(PUUECKOrO B3aUMOAECHUCTBUS cynoB. [1].
CrnoxeHne HeraTUBHBIX (PAaKTOPOB, BIMSIONINX HA CYJHO B YKa3aHHBIX YCIOBHSAX, KaK IPAaBUJIO HOCHUT He-
IIPEJICKa3yeMBblid XapaKkTep M 3a/aya CyJI0BOJUTENS B JAHHOM CIy4ae HE MOYKET CUUTAThCSl TPUBHAIBHOM.

B cBs13u ¢ moBceMecTHBIM pacupeHreM (QIIOTOB U pacTyIIMMH TPeOOBAaHUSMHU K Cy/aM, BOIPOC pe-
T'YJIMPOBaHUs JBUKEHHsI CTAHOBUTCS TakK k€ 00Jiee OCTPBIM U aKTyalbHbIM. C LEJIbI0 CHUKEHUS SKCILTya-

TAaOUOHHBIX PACXOA0B U OIITUMH3AlINU pa60TBI CyaoB B 0COO0BIX YCIIOBHAX, BOIIPOC ONPEACICHUA T0IO0JI-
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HUTEJIbHBIX TUAPOJAMHAMUYECKUX CHJI 1 MOMEHTOB, BOSHUKAIOIIUX Ha KOPITyce CyJHA, CTAHOBUTCS KpaiiHe
BOXHOM 3aqaueil JUIsi COBPEMEHHBIX HCCIIEJOBAaHUM, TaK KaK OOOCHOBAaHHbBIC, KAUYECTBEHHBIC PE3YJIbTAThI
MO3BOJISAT ONITUMHU3HUPOBATH U BOBMOXKHO COKPATUTh KOJUYECTBO CYIIECTBYIOIIMX OTPAHUYCHUI, YUUTHIBAS
ycII0BHE COOIIOIeHNsI 0€30ITaCHOCTH IBUKEHUSI.

B TO e Bpewmsl, CTereHb H3y4eHHOCTH M KOMIUIEKCHOCTh MPOOJIEMbl THAPOINHAMUYECKOTO B3aUMO-
JIEUCTBUS CYIOB B LIeJIOM TpeOyeT co3/laHusl KauecTBEHHOW U d3()()EKTUBHONW METOHOJIOTHH OMpeesieHUs
napaMeTpoB, YIPaBISIOMUX B3aUMOJEHCTBUEM Kak TakoBbIM. C LeNbi0 MpEAOTBpAIlEHUS HETaTUBHBIX
3((}HEKTOB U CTOJKHOBEHHH CYIOB MOTYT OBITh 3(P(GEKTHBHBI KaK YTOYHEHHS K CYIICCTBYIOIIUM, TaK U
pa3paboTka COBEPIICHHO HOBBIX PEKOMEHJAIMA W TpeOOBaHUN MO YIPABICHUIO CYIHOM [2], B TOM uucie
PEKOMEHIAIIuN K MPOEKTUPOBAHUIO MOPTOB M CYJOXOIHBIX KaHajoB. [IpenBapurensHo, npodieMy ruapo-
JUHAMHYECKOTO BO3/ICHCTBHUS MOXHO YCJIOBHO Pa3JeiUuTh HAa HECKOJIBLKO OCHOBHBIX HAIPABICHMIA:

- B3aUMOJICWCTBHE Cy/IHa C TBEPAON rpaHUIIei;
- HEMOCPEJICTBEHHO B3aWMOJICHCTBUE CY/IOB;
- BIUsHME INIyOUHBI (hapBaTepa — MEJIKOBO/IbE.

[IpuBeneHHOE pa3eneHne OCHOBBIBAETCS Ha Pe3yJIbTaTax HAOI0ICHUH U aHAJIM3€E TIPOBEICHHBIX paHee
TEOpeTUYeCKUX uccienoBaHuid. CIOKXHOCTb, B JaHHOM Cliydae, 3aKIoyaeTcs B HEOOXOAMMOCTHU
MOJICTTMPOBAHMS PEAThHBIX 33/1a4 MOPCKOM MPAKTUKH, KOTOPBIE KaK MPaBUiI0, GOPMUPYIOTCS TPU HATUYUU
HECKOJIbKMX BIMSIOIIMX (akTopoB. Tak, Hampumep, 3ajada MOJAEIMPOBAHUS BXOJa CyAHa B IMOPT
MOJIpa3yMeBaeT HACKOJIBKO ATAIOB: MOICITUPOBAHUE B3aUMOICUCTBHUS Cy/THA C TPAHUIIAMHU TTOPTa UMEFOTIINX
CJIOXHYIO TIPOCTPAHCTBEHHYIO KOH(PHUTYpaInio; B3aUMOICHCTBUE Cy/IHA C TIOJIBKHBIMU M HETIOABW)KHBIMHU
CyJaMH B Mpejiesiax Mmopra npu NpoX0KIAEHUH K MECTY CTOSIHKH; BO3MOYKHOE BIMSIHHE MEJIKO- BOJbS B CBS3H
C U3MEHSIOIIEHCS TITyOMHOM TOPTOBOI 30HBI U, HAKOHEI], MAHEBPUPOBAaHUE BOIM3H TPAHHMII TIOPTA B ITPOIIECCE
HIBapTOBaHUS CYAHA. Y IPOIIAIOIINM YCIOBUEM 31€Ch MOXKET CTAaTh MPOTSKEHHOCTh MPOIIECCA BO BPEMEHH:
KOKIBIA M3 JTAllOB MAaHEBPUPOBAHMS HMEET CBOW BPEMEHHOM OTPE30K, MO3TOMY B JIAHHOM CIydae
JIOIYCTUMO MPEANOI0KEHHE O TOM, YTO MOJEIMPOBAHUE KAXKIOTO U3 ITAIIOB MOXKET MPOBOAUTHCS OTAEIBHO
C IIEJTBIO OIIEHKH CTETICHH BIHMSIHAS Ka)KI0TO HE3aBHUCHUMO M TIOCIIEIYIOIIETO CIIOKEHUS BPEMEHHBIX OTPE3KOB.

OKcmTyatanusi CyJ0B MOKa3bIBaeT, YTO Hanbosee HeOIaronpusTHbIE YCIOBHs BCIEICTBUE T'HMIIPOIU-
HAaMHUYECKOI0 B3aMMOJEHCTBHS yallle BCEro HAOJIOJAIOTCS MPU BCTPEUHOM PACXOKJIEHUHU JIBYX CYIOB B
KaHaJjax 3aKpbhITOTO U OTKPBITOTO mpoduieii. OOTOHHBIE NMBIKEHHSI Cy/IOB B KaHajlaX, KaKk MPaBHUJIO, BOBCE
3anpemaroTcs Wi He pekoMmeHnayioTcs [3]. B despane 1998 roma ArentctBo Mopckoii bezonacHoctr
(MSA), Beinyctiiio PykoBoactBo "OmacHOCTH B3auMOJEHCTBHsA", TpEAyNpexaas CyaOBIaaeibleB, Ka-

IIXUTAaHOB, JJOIIMAHOB M KaIlUTaHOB 6yKCI/IpHBIX Cya0B O HCO6XO,I[I/IMOCTI/I IPpUHATHA BO BHUMAHUC ,[[aHHOfI
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npoOsieMbl C LENbl0 U30ekKaTh HEOMAronpusTHHIX M KpuUTHUecKux cutyauui. [lomoOHbIil cBON mpaBui,
BKJTFOUAOIIMI PYKOBOJCTBA MPH PA3IMYHBIX YCIOBHUSIX B3aMMOICHCTBUS CYI0B BKIIOYEH B [2].

OCHOBHOH I1I€TBIO TPEACTABIEHHOTO HCCIEeI0BaHUs Oblila pa3padoTka MOAXoaa K MPOTrHO3UPOBAHHIO
MOBEJICHUSI CyJHA B YCJIOBHUSIX OOTOHHOTO IBM)KeHHUS. [l 3TOro OBIJIO MPOBENEHO HCCIelIOBaHHE Kaue-
CTBEHHOT'O U KOJIMYECTBEHHOI'O M3MEHEHHUS BO3HUKAIOIIMX HA KOPIyCe CyaHA TUAPOJAMHAMUYECKUX CHI U
MOMEHTOB, a TaK K€ pa3padoTaHa METOIOJIOTHS MPAKTHYECKOTO MPUMEHEHHS MOJYYCHHBIX Pe3yIbTaTOB B
pEeIIeHUH 3a7a4 yIpaBIsIeMOCTH CYy/I0B IIPU OOTOHE.

Jis mpakTUYEeCKOro pemeHus MpoOieMbl B3aUMOJCHCTBHUS CyH0B 3()()EKTUBHBIM MOXKET OBbITh
NpeaBapUTEIbHOE YHCICHHOE MOJCIMPOBAHUE JBIKCHUS CyIHA C LENbI0 ONpeAeNieHUs THIAPOAMHAMHUYE-
CKHUX CHJ M MOMEHTOB Ha KOpITyCE€ C Y4eTOM BO3HHKAIOIIEro B3auMOJEHCTBHUS. B mepByro ouepenb, 3TO
MO3BOJIMT 3HAYUTENILHO COKPAaTHTh BPEMEHHbIE U (PMHAHCOBBIE 3aTPaThl MIPU U3BECTHOI CTENICHU a/IeKBaT-
HOCTH TIOJTyYEHHBIX pe3ysibTaToB. Ha cerogusmHuii 1eHb, BO3MOKHOCTH BBIYMCIUTEILHON THAPOIMHAMUKI
(BI'1) umu Computational Fluid Dynamics (CFD) B MHOCTpaHHO# JUTEpaType, MOCTATOYHO IIHPO-KO
MPUMEHSIOTCS UHKEHEPAaMH U YUYEHBIMHU IS Pa3IMYHBIX TUIIOB HCCIIEAOBAaHUH B 3a1a4aX MPOEKTUPO- BAaHUS
Y TIPOTHO3UPOBAHUS TTOBEICHUS PA3IMYHBIX (PU3HUECKUX CPEI.

MeToabl YHCICHHOW TUAPOIUHAMUKH HCIIONB3YIOT MPEUMYIIECTBA MOCTOSIHHO YBEIWYMBAIOUICHCS
MOIIIHOCTH BBIYMCIIUTEIHHON TEXHUKH, U UX MPUMEHEHUE Ha CETOAHSAIIHUN JEeHb SIBISETCS Hanboee mep-
CHEKTHBHBIM HAlpaBJICHHUEM JJIsl yueTa HE MOJCIUPYEMBIX B (PH3MUECKOM JKCIIEPHUMEHTE SIBJICHUI, BO3-
HUKAIOIUX TP 00TEKaHWW KOPIyca CyIHA BSI3KOW KHUAKOCTHIO. PacueTHbIe METOMBI, BCIECICTBUE UX OT-
HOCUTENBHOM JICHICBU3HBI, HE 3aMEHssl TIOJTHOCTBIO MOJICIIBHBIA IKCIIEPUMEHT, CTaJIM TMPAKTUUECKU 00si3a-
TEJBHBIM JTaroM TPU OTpabOTKe 0OBOJOB KOPITyca, CYIIECTBEHHO CHH3MB HEOOXOAMMBIA 00OBEM JKCIie-
PUMEHTAIBHBIX HccaenoBaHui. OJHOBPEMEHHO pacueTHBbIE METOBI CTAM IIMPOKO HCIOIB30BATHCS IS
nepecyeTa MOJYYEeHHBIX B AKCIEPUMEHTE THAPOAMHAMHYECKUX XapaKTEPUCTHK Ha HAaTypHbIE uucna Peii-
HoJbZIca [4]. B cBs3M C BBINIECKAa3aHHBIM, YaCTh MCCIICAOBAHNN Oblja TIOCBSIIEHA aHAIN3Y BO3MOXKHOCTH
NPUMEHEHHUS YKa3aHHBIX METOJIOB B 33Ja4aX I'MIPOIMHAMUYECKOTO B3aUMOICHCTBUSI.

Hacrosimias nuccepranusi COCTOUT U3 BBEICHUS, ISATH TJ1aB, 3aKJIIOYSHHS U CIIUCKA JIUTEPATYPBhI.

B I'maBe 1 mpousBeneH aHaiu3 COBPEMEHHOTO COCTOSHHS MPOOJIEMBI, ONpeNeeHbl MyTH PeleHUs
POOJIEMBI IPOTHO3UPOBAHUSI TUAPOTMHAMUYECKOTO B3aUMOJICHCTBHS CY/IOB.

I'maBa 2 mocesiieHa aHaau3y COBPEMEHHBIX CPEICTB BRIYUCIUTEIHHON THAPOIMHAMUKH, 0030DY
HanboJiee TOMyJISIPHBIX MOJIENeH TypOyJIEHTHOCTH, HEKOTOPBIX HanboJiee MOMYIISIPHBIX YUCICHHBIX CXEM.

B I'maBe 3 Ha mpuMepe HACATM3UPOBAHHOTO Tela CO CXOAHBIMHU C KOPITyCOM CyIIHA MapameTpamMu

IMPOU3BOJUTCA OLICHKA B(I)Q)GKTI/IBHOCTI/I HCIIOJIb30BAHM TAaKUX HNPOTpaAMMHBIX CPCIACTB KaK Numeca



7
FINE™/Marine u CD Adapco STAR CCM+ s ompejeneHus THAPOJMHAMHYECKUX XapaKTEPHUCTHK
KOPITyCOB CY/IOB.

B I'maBe 4 paccMoTpeHO THIPOJMHAMHYECKOE B3aMMOJICHCTBHE JIBYX CYJIOB, MPOU3BEJEHBI CHUCTE-
MaTHYEeCKHE YHCIICHHBIE SKCIIEPUMEHTHI HA OCHOBE M30paHHBIX (PU3UUECKUX apaMeTPOB.

B I'maBe 5 npemstaraercs HoBast MaTeMaTH4YECKask MOJIENb THIPOANHAMUYECKOTO B3aNMOJCHUCTBUS IBYX

CyaoB, IpUMECHUMAA Ha paHHUX CTAAUAX IMPOCKTUPOBAHUA U B CUCTEMAaX UMUTAITUOHHOT'O MOJACIIMPOBAHUA.



I'nmaBa 1. AHaIM3 COBPEMEHHOT0 COCTOSIHME MPO0OJIEeMbITHIPOAUHAMUYECKOT0

B3auMOdeHCTBHUSA
1.1. IlpobjemMa ruAPOAMHAMHYECKOTO B3aMMOAeHCTBUS

W3 ombiTa MOpeIuIaBaHus M3BECTHO, YTO OJHOW M3 HamboJiee aBapUItHO OIACHBIX CHUTYalli SIBIIS-
eTCsl IBWKEHHE CYJOB Ha MaJbIX TPABEP3HBIX PACCTOSIHUSAXMEXKIY HUMH, B CBS3H C BO3HHUKAIOIIMM THI-
POOVHAMUYECKUM B3aHMMOJEHCTBHEM. B nmuTepaType MOXHO HANTH HEKOTOpPBIE MPUMEPHI aBapUNHBIX CH-
Tyalui, KOTOPhIE UMEITH MECTO MPHU ABMWKCHUU B Y3KOCTAX, KaHAIaX, U OTKPHITOM MOpE, KaK MPHU HEMo-
CPEICTBEHHON OJIM30CTH CYIIOB, TaK U HA OTHOCHTENBHOM yhaneHuu. Ciemyer OTMETUTh Haubolee oye-
BUJIHBIE IPUMEPBI CTOJKHOBEHHUI CYZ0B, B KOTOPBIX CHJIBI © MOMEHTBI THMIPOAMHAMUYECKOTO B3aUMOJIEH -
CTBUSI HMEJIM 3HAYUTEIBHYIO WITH JIaXKe PEIIatoIIyto poib [5]:

. cronkHoBeHue cynoB "Olympic" u "Hawke", 1891 r: 10 cTOJIKHOBEHUS Cy/1a HAXOAMIUCH HA
napajuleJIbHBIX Kypcax W ABUTaINCh B ogHOM HampasieHuH. CynaHo "Hawke" OTKIOHMIOCH OT 3alaHHOTO
Kypca B HampasieHuHu cyzaHa "Olympic", 4To mpuBeiO K CTOJIKHOBEHHIO. B pesynbpTare mociemyromero
aHaJIM3a MPOUCIIECTBUS ObUTH CIENaHbl MIPEANOI0KEHUS O BOZHUKIIEM B3aUMHOM BIIMSHUS CYAOB, TPaHUI]
aKBAaTOPHH, €JMHOBPEMEHHO C HETATHUBHBIM 3(P(PEKTOM OTHOCHTEIBHOW CKOPOCTH JIBUKECHHUS U CXOXKECTH
KypcoB. J[aHHBII MHIUICHT MOJIOXKIII HAYaJl0 U3y4eHHs TPOOJIEMbI TUAPOAMHAMUYECKOTO B3aUMOICHCTBHS
CYIOB KakK (hr3ndeckoro )eHOMEHa;

. omacHbI MHIMAEHT Mexay cynamu "Titanic" u "New York", 1912 r: mpu BbIxoae u3 mopra
CaytremnToH, cynHo "Titanic" cipoBOIMpOBaO OMACHYIO CUTYyalMio. B mporiecce MpoXokaeHus: B HETo-
CPEICTBEHHOM OJIN30CTH OT ABYX HEOOJBIIHNX MACCAKUPCKUX CYIOB, CTOSIBIINX Ha sIKOpe, 01HO 13 HuX ("New
York™), ocBoOOIMIIOCH OT SKOPHBIX CBSI3€H M HANPABWIOCh B CTOPOHY Maccakupckoro cymaxa “Titanic'.
HckmountensHo Onaromapss omepaTHBHOM paboTe TOPTOBOTO OyKcHpa  CTOJKHOBEHHE — OBLIO
NpPEeIO0TBPALICHO;

. rubens cynHa "Curacao" pu CTOIKHOBEHHH C TTACCAXUPCKUM cyaHoM "Queen Mary", 1942
r.: B Xoze Bropoit MupoBoii BoiiHbI, cyaHo "Queen Mary" croib30Basioch Uil IEPEBO3KU BOCHHBIX TPY30B
u conzar. /Jlo MOMEeHTa CTOJIKHOBEHHS, CyJa UMEH MPUOIU3UTEIHPHO PaBHBIE CKOPOCTH JIBIKEHUS, CYTHO
"Queen Mary" BBINOJNHSAJIO MaHEBP «3UI3ar» B YCIOBHUSX HEOrpaHW4YeHHOro ¢apsarepa. [Ipousomeniiee
CTOJIKHOBEHHE, B pe3yibTare KoToporo cyaHo "Queen Mary" nporapanuio "Curacao", mpuBeno K rudenu
nocneanrero. [locnemyroniee Bocipon3BeieHNE YCIOBUI KPYIICHUS TTOKa3ajl0, YTO BIUSHUE CYAHA OOIBIINX
pa3MepoB MPUBEJIO K CMEHe HamnpaBieHus ABkeHus "Queen Mary", yduTbIBasi HE3HAUUTEIbHOE PACCTOSHUE
MEXIy CyJAaMd B TNEPBOHAYaJIbHBIM MOMEHT MaHeBpa. JlanpHEWIIne WCCIEAOBaHUS TaK K€ BBISBHIN
BBICOKYIO CTEIICHb 3aBHCHMOCTH XapakTepa B3aHMMOJCHCTBHSA OT pa3MEpPOB M OTHOCHTENBHBIX CKOPOCTEH

JABWKCHUS BOBJICYCHHBIX CYJI0B;
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. cronkaoBenre "HMS Nelson” co creHKo# TI'MIPOTEXHHYECKOTO COOPYXKEHHS IOpTa T.
[ToptemyT, 1945 r: npu Beixome u3 mopta Iloptemyt, cynHo "HMS Nelson" OTKIOHWIOCH OT 3aJaHHOTO
Kypca B CTOPOHY IpaBoro Oopra M Ha MOJHOM XOJY CTOJKHYJOCH C IMOJBOIHON YacTbi0 COOPYKEHHS
“Xacnap”. [locnenyroniee MOAEIUPOBAHUE U AHAIN3 CTOJKHOBEHUS BBISIBUIIM HAIMYME CHJIBHOTO BIIHS- HUS
TpaHMIl AKBAaTOPUH Ha TuapoauHamMudeckue xapakrepuctuku (I'/1X) cynna, 1 03BOIHIN BIEPBBIE MTOTYYUTh
opUIMATBHO OMyOJIMKOBAHHBIE JAHHBIE O 3HAYMMOCTH BJIMSHHUS HAKJIOHHOW TPaHULBI HA Ma- HEBPEHHbIE
Ka4yecTBa Cy/Ha;

. karactpoga "Roystone Grange" u "Tien Chee", 2012 r.: Taukep "Tien Chee " B mojgHOM Ipy3y
JIBUTAJICS PAKTUIECKH 110 CpeHEH TMHNHN cypoxoaHoro kanana. CynHo "Roystone Grange " B To ke BpeMs
JIBUTAJIOCh HABCTpeuy Ha Oojee BbICOKOW ckopocTd. C 1enpio obecnedeHus: 0€30MacHOro pacXoKICHUs,

pyneBoii cyana "Roystone Grange " mepenoxun pynb Ha mpaBblii OopT. B pesynbrare ommbodHOTrO

CYKIEHHUS, a TaK )K€ B CBA3M CO 3HAYUTENBHBIM BIHMSHHEM TPaHUIBI OEperoBOd JUHUH, IMPOHU3OIILIO0

ctonkHoBeHHe. Cy/a 3aropesnch, 4To MPUBENO K YeloBedecknM xepTBaMm. [locienoBasiiee paccienoBanue

yKa3aJo Ha BaXHOCTh YydYeTa CTENCHM BIMSHHUSA CKOPOCTH JBW)KEHHS B JIOOOM W3 BapHaHTOB B3a-

MUMOJICHCTBUS CyJOB, OJTHOBPEMEHHO C HEOOXOIUMOCTBIO YUeTa BIMSHHS TPaHUIl 00nacTu ABMXKeHHs. bo-

Jiee TOro, MMEHHO 3Ta KaTacTpoda CIpoBOLUpOBaia 0ojee MHTEHCHBHOE BO30OHOBJICHUE HCCIICAOBAHUN U

pa3paboTok B 061acTH MpoOJIeMbl THAPOAUHAMUYECKOTO B3aUMOEHCTBHSI CYIOB.

W13 npuBeeHHBIX BBINIE TPUMEPOB MOYKHO CAEIaTh BBIBOJI O TOM, YTO Psi (haKTOPOB, U UX BO3MOXK-

HOE CJIOKEHHE, IPUBOJAT K MPAKTHUECKU HEIMPEICKa3yeMOMY MOBEIECHHUIO Cy/IHA B YCIOBHUSIX B3aUMOJEHi-

CTBHS, TaK KaK B 3aBUCHMOCTH OT KOHKPETHOTO CIIO)KEHHSI BIHSIONINX YCIOBHH, XapaKkTep B3anMOJCHCTBUS

MOXET OIpPEeAeNAThCS Pa3HbIMU JOMHUHAHTHBIMH THapameTrpaMmu. Tak, B Ipolecce OOTOHHOTO JBH)KEHUS

KPUTHYECKHIMHU MOTYT OBITh KaK COOTHOLICHUS] OCHOBHBIX Pa3MEpOB CY/IOB, CKOPOCTEH IBIKCHHS, TaK U

pacCTOsSHUS MEX]Ly HUMHU [6].

M3y4eHHbIe pe3yabTaThl OOMINX TEOPETUUYECKUX M SKCIICPUMEHTAIBHBIX UCCIICIOBAaHNMH, B TOM YHCIIe

JAHHBIX HEKOTOPBIX HATYPHBIX HAOJIIOICHHIA, TO3BOJISIOT MTPEABAPUTEIHLHO CYTUTh O CIEAYIOIIEM:

- ciy4ail OOTOHHOTO ABMXKEHUs SBIAETCS Oojiee OMAcHbIM, YeM BCTPEUHOE PACXOXKICHUE MPHU MPOUUX
PaBHBIX YCJIOBUSIX, TaK KaK THIPOJUHAMHYECKHE CHJIBI H MOMEHTHI, BO3HHKAIOIINE HA KOPITyce CyIHa
npu 00roHe, 3HaYNTEIbHEE 110 CBOUM a0COIIOTHBIM 3HAYCHUSIM;

- TpU NPaKTHYECKH PaBHBIX PACCTOSHUSAX MEXIy OOpTaMH CyIOB B ciydae OOTOHA W BCTPEYHOM pac-
XOXKJICHHH TIPU OJMHAKOBBIX 3HAYEHUSIX CKOPOCTEH JIBMKECHHUS, MAKCUMAJIbHbIC 3HAUCHHS BO3HHKAIO-

IIUX CHJI © MOMEHTOB, IIPU OOTOHE MPEBHINAIOT B 2-7/ pa3 3HAUEHHs NPU BCTPEYHOM pacxokaeHuu. B
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ciiydae 00roHa MakcuMasbHasl IOIepeyHas CHila CTPEMHUTCS COIM3UTH KOPITyca CyI0B, @ BOSHHKAIO- Ui
[PH TOM MOMEHT Pa3BOpayMBacT HOCOBYIO OKOHEYHOCTh OOTOHSIOIIETO CYIHA B CTOPOHY OOTOHIEMOT0
CyaHa;

- TIpH BCTPEYHOM PACXOXKICHUH MOMEPEUHBIC CHIIBI B OOJIBIIHHCTBE CIy4aeB MPUBOJIST K PACTAIKABAHHIO
CY/IOB U MaKCUMAJIbHBIN 110 a0COFOTHOM BETMYMHE MOMEHT, KaK MPABIJIO, IPUBOIUT K OTBOPAYHBAHHIO
CY/IOB;

- HATypHbIC UCIBITAHUS TOKA3ald, YTO B CIy4ae 0OroHa, OCOOCHHO Ha MajbIX MIyOHHAX, Cy/la HEOTHO-
KPaTHO HABAIMBAJIKCH APYT HAa Jpyra, HECMOTPSI Ha JCHCTBUS CYJIOBOAUTEINEH, Jake MPH JIOBOJIHHO
3HAYUTEBHBIX TPABEP3HBIX PACCTOSHUAX MEXKAY CydaMu (IIPU TPaBEeP3HBIX PACCTOSIHUSIX OT 2 10 5
[IMPUH MEHBIIETO CY/IHA);

- TP BCTPEYHBIX PACXOXKICHHUSX HA PA3UYHBIX TTyOHMHAX, C PA3HBIMH CKOPOCTSAMH IBIDKCHHS W TIPH
TpaBEep3HBIX paccTosHusX OT 0,75 10 OJHOM IUPHHBI MEHBIIETO Cy/HA HE HAOIIOJAINCH CITydau, KOT/Ia
THAPOMHAMUYIECKUE CHIIBI CTIOCOOCTBOBAITU CO3IaHUIO aBapUIHOM cuTyarmu. [IpakTiyecku, B mporecce
BCTPEUYHBIX PACXOKICHUI CHJIBI U MOMEHTBHI HE MPEIMSATCTBYIOT 0E30MaCHOMY PacXOKICHHIO CYIO0B B
OTJIMYKE OT ClTy4aeB 00rona. B nmomasisironiemM O0JIbIIMHCTBE CIy4aeB MOMEHT THIPOJMHAMUYECKUAX CHI,
BO3HUKAIOIINI TP OOTOHHOM JBMXKCHUH CY[HA, JTOCTHUTAaeT MAKCMMAJIbHOTO 3HAYCHUS, KOTIa MU
OOTOHSIFOIIETr0 CyJHa HAXOJMUTCS MPUMEPHO Ha TpaBep3e KOpPMbI 0OronsieMoro. Ilpu 3TOM MOMEHT
CTPEMHUTCSI Pa3BEPHYTh OOTOHSIONIEE CYIHO B CTOPOHY OOTOHSIEMOTO, a MOMECHT, JCHCTBYIOUIMI Ha
00TOHSIEMOE CY/THO, CTPEMHUTCS Pa3BEPHYTh €0 KOPMOBYIO OKOHEYHOCTh B CTOPOHY OOTOHSIFOIIIETO.

- TlpemmiecTByromime 3KCIIEPUMEHTAbHBIE TaHHBIE M PE3yJIbTAaThl PAaCueTOB IPYrHX aBTOPOB, MPOBO-
JIMBIIUX UCCIIEAOBAHMS TI0 paccMaTpuBaeMoil TeMatuke [7-27], moka3bIBaroT, YTO Kak MpPH 0OTOHE, TaK
U TP PACXOXKICHUH, HANOOJIBIIIEH OMACHOCTH TIOABEPTaeTCs CyTHO MEHBINUX pa3MepoB. Hanuuue yria
apeiida y B3auMOCHCTBYIONMX CYOB HE3HAYMTEIIHLHO BIMSACT HA BEJIUYUHY THIPOJAHAMHICCKUX CHIL,
B TO BpeMsi KAK MOMEHT 3HAYHMTEIILHO Bo3pactaeT. Hanboubliee 3HaUYCHHUE CHIIBI © MOMEHTOB OTMEYACTCS
OpH  JBIKCHHUM C NPUOJIM3UTENBHO PAaBHBIMH CKOPOCTSAMH, Haubojee 3aMETHOE YBEIHYCHHE
HaOmoaetcs mpu ooroue [7].

Bce BbllIenIepeunCICHHBIC SIBICHUS TPOSBISIOTCS B 0OJiee 3HAYUTEIBHOW CTEMEHH B YCIOBHUSIX
OrpaHWYEHHOTO (hapBaTepa WM Ha MEJIKOBOIbE. Bo3pacTaHne CHII 1 MOMEHTOB MPH T'HIPOJHHAMHYCCKOM
B3aUMOJICHCTBUH CYIOB Ha MAJbIX ITyOMHAX B MPAKTUYCCKHX PEKOMEHIAIMAX MPEIAracTcsi yIUThIBAThH
BBe/IcHHEM KOd(HIMECHTA, XapaKTEPU3YIOMIETO CTENCHD BIUSHUS MEIKOBO/IbsSI, YTO HECOMHEHHO SIBIICTCS
CIIOPHBIM B CBSI3M C BO3HUKAIONIMM B MPOIECCe OONBIINUM KOJIMIECTBOM HECTalMOHAPHBIX 3¢ dekroB. Ha

MCJIKOBOABE CYJHO IIJIOXO pCarupyeT Ha U3MCHCHHA YIJia IMOBOPOTA PYyJid, a CKOPOCTb ABHUKCHUA MO-
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JKET 3HAUUTENIbHO CHU3UTHCA. M3MeHeHue riryOuHbl (papBaTtepa NPUBOAMUT K CHIIBHOM PBHICKIMBOCTU CY/AHA,
a TP PE3KOM M3MEHEHHH TIYOWHBI CYJHO Ha4YWHAET PHICKATh HOCOM B CTOPOHY OoibIiei riryounsl. [Ipu
JIBWKEHUU CyJIHAa B OTpaHUYEHHOM (papBaTepe, BOZHUKAET SBJICHUE MPUCACHIBAHUS, BO3HUKAIOIIEE BCIIE-
CTBUE B3aMMOJCHCTBHS TUAPOIMHAMUYCCKUX IOJICH CYIOB, ABMIKYIIHUXCS B HEMOCPEICTBCHHON OJIM30CTH
JIpyr OT JIpyra, a Takke B pe3yJbTaTe BIMSHUS TEUYCHUH, IIMPHUHBI (apBaTepa U MEIKOBOIbs. SIBieHue
MpHUCAChIBaHHUsI OCOOCHHO MPOSBISETCS MPU OOTOHE OJHOTO CYAHA APYTUM, IPU MOAXOJAE CYAHA K MECTYy
CTOSIHKH JIPYTOr0 CyZIHA, TIPU MPOXOJE OMOp MOCTOB, Ha pekax c OoybmmM TeueHueM. [IpucaceiBanue,
SBJISFOLLEECS CIIEICTBUEM HEPAaBHOMEPHOTO MOJISI IaBJICHHSI BOKPYT KOpIyca CyJHA U BBI3bIBAEMOTO UM
BOJIHEHUSI, BO3PACTAET C POCTOM CKOPOCTHU U YMEHBIIIEHUEM PACCTOSHHS MEXKIY CYJaMHU.

[Tpr TPOXOKIEHUM Y3KOCTEH CKOPOCTh CymHa yMeHbImaetcs no0 25—30% oT mnepBOHAYaIbHOM,
CHIDKAETCSl TIOBOPOTIIMBOCTh M YBEJIIMYMBAETCS PHICKIMBOCTD. [locieHee NMpUBOAUT K MOTEPSM JKCIUTya-
TAIlMOHHOTO BpPeMEHH (YIJIMHCHHIO BpEMEHU Tepexoza) 10 5—6% npu JABWKEHUHM B CIIOKHBIX YCIOBHUAX
W 3aTpare AOMOJHUTEIILHOTO TOIUIMBA Ha TIEPEXO.

3HAYUMOCTh TaKOTO HETaTUBHOTO BIUSHUS TpeOyeT yYUTHIBATH BO3MOXHBIC (PQPEKTH B IpoIecce
MPOEKTUPOBAHHUS CyHA W OMpEeNICHUs] HKCIUTyaTallMOHHBIX XapaKTePUCTUK KaHAJIOB C IIeNIbI0 obecreye-
HUs1 0€30MaCHOCTH JBMKEHUS Cy10B. MccliemoBaHus TAKOTO BIMSIHUS YKe MPOBOAMIUCH paHee [28], HO, Kak
MpaBuiIo, JaHHBIC HWCCIIEAOBAHMS OrPAHMYMBAIMCH HM3YyUYEHHEM BEPTHUKAIBLHON CTEHKH, TEpeceKaroe
CBOOOHYIO TIOBEPXHOCTh, WM K€ ObUIM OTpaHWYEHBI B KOJMYECTBE BAPHUPOBABIIMXCS MApaMETPOB MO-
JIETTUPYEMOTO JIBUKEHUS.

DKCIepUMEHTAIBHBIC UCCIICIOBAHUS MPOBOAMINCH B OCHOBHOM C IEJIbI0 TIONYYEHHUS JOMOITHUTEIb-
HOW MH(pOpPMALIMK O BIUSHUYU TMAPAMETPOB CTCHKHU (HAKJIOH, CTETICHb MOTPY>KEHUS B BOJY, PACIOJIOKEHHUE
OTHOCHUTENILHO TPACKTOPHUH JABWXKEHUS CYyAHA), IPU U3MEHEHUU TaKWX OCHOBHBIX MapaMEeTpPOB Kak TIIyOH-
Ha OacceifHa, CKOpoCTh IBHKEeHHs, popMa Kopryca cyaHa. [lomydeHHble aBTOpamMu pe3yiabTaThl MOTYT OBITh
WCIIOJIB30BaHbl TIPU TMPOEKTUPOBAHUM MOPCKHX KaHAIIOB, WM K€ B KAaYECTBE HWCXOJHBIX JAHHBIX s
YHCIICHHOTO MOJICIIMPOBAHMS 3a/1a4 IBH)KEHUS CyiHA B orpaHndeHHOM (hapBatepe [28].

Hatypnbie HaOMt0€HUS TaK K€ MOKa3bIBAIOT, YTO MPU OOTOHE CYJ0B HA MaJIbIX ITyOMHAaX, B YCJIO-
BUSIX OTpaHUYEHHOTO (hapBaTepa Ha CKOPOCTSIX, OJU3KUX K KPUTUIECKUM, €CIIA PACCTOSTHUE MEXITy OOpTaMu
cynoB maino, (1,0 + 2,0B1) naxke OCTaHOBKA JIBUTaTeisi HE IO3BOJIUT M30€XaTh CTOJIKHOBEHHUSA. B 3ToM
ClIydae CyIIHO M ITOCIIe OCTAaHOBKH JIBUTATEINS OYIET IBUTATHCS C IPEKHEH CKOPOCTHIO, HAXOSCh 32 KOPMOit
00OroHsIEMOTro Cy/iHa Ha €ro KOpMoBOi BOJHE ('ITOT 3(h(PEKT CyT0BOIUTENN HA3bIBAIOT «CECTh HA BOJIHYY).
[ToaTomy B ycroBHsIX MEJIKOBO/IbSI O€30IIACHOE PACCTOSIHUE MEXY CYAaMHU JOJHKHO ObITh HE MeHee 7B1, rie
B1 — mmpuna MeHsbIero cyana. Ha riy6okoit Boje ruipoJuHaMu4ecKoe B3aUMOACHCTBIE TPAKTHUECKH HE

BJIMSIET Ha yNpaBJieHHE CyJaMu MpH paccTostHuM Oonee 4B1. I1ocKobKy B y3KOCTSIX cyna
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pacxoagATCs Ha MaJIbIX TPaBEP3HBIX paCCTOAHUAX, HE3AaBUCUMO OT TOIO, IIPHU 00rone unn IIPpH PaACXOXICHUU,
HEOOXOJIMMBIM YCIIOBHEM CUUTAETCSI COOJIOIEHNE PACCTOSHUS MEXIy CyJaMH He MEHee TpeX JJIUH Cy/AHa
(3B1) u camxenue ckopoctu [6]. OgHAKO HE BCera MoA00HbIe YCIOBUSI JOCTYITHBI ISl COOJTIOICHUSL.
Pexomenmganmn PIANC WG30, npuBeneHnsie B padote [29], HCIIONB3YIOTCS TS OLIEHKHA 0€30TacHBIX
paccTOosHUM JJIs OTIpeIeTICHHBIX TUANa30HOB CKOPOCTEH.

Ta6n1/1ua 1. I[OHOJ'IHI/ITGHBHOC pacCTosdHuEC AJid ABYCTOPOHHETO ABHKCHUS COIVIACHO PEKOMCEHAAIUAM PIANC

WG30 [29].

BrIxo M3 KaHaJIa B Mope | Kanaa
CKoOpoCTh IBHKEHHUS PaccTrosinne MexXIy cyaiamMu
>12y3 2.0B -
8-12 y3 1.6B 1.4B
5-8 y3 1.2B 1.0B
IInoTHOCTHL ABMIKEHMSI JonoJHUTEILHOE pacCTOsIHUE
0-1 cyano/gac 0.0B 0.0B
0-1 cyano/gac 0.2B 0.2B
0-1 cynno/gac 0.5B 0.4B

B ciyuae o6ronHoro ABnkeHus ykazaHHble B Tabi.1 3Hau€HUs clieyeT yBeJIHUHUTh B 2 pa3a co- I1acHO
TEM K€ PEKOMEHIALMAM.

[TpuBeneHHBIE MPUMEPHI MOKA3bIBAIOT HACKOJIBKO CXEMAaTH4YHA M YCJIOBHA IIPHUBEICHHAs KapTUHA
B3aUMO/JICHCTBHUS, YTO MO3BOJISIET TOBOPUTH O HamOoJiee BEPOSTHOM HE IOJHOM COOTBETCTBUU PEaTIbHBIX
YCIIOBHUi, C KOTOPBIMU CYJOBOJAUTENb CTAJIKHUBAETCS IIPHU YIIPABIECHUU CyIHOM. Tak e HEKOTOpbIE Mpel-
MOJIOXKEHUS, SBIAIONINECS 3aTPYAHUTEIILHBIMU U1l HATYPHBIX HAOIONEHHH, HE MOTYYHIM OAHO3HAUYHOTO
MOJATBEPKIAEHUS 110 PE3yJIbTaTaM DSKCIIEPUMEHTAIbHBIX HCCIECI0BAaHUM, TaK KakK CBA3aHbI C pEaKUUSAMU
MOJIBOJTHOM YacTH Cy/HA HAa U3MEHEHHUS OKPY)KAIOLIeH Cpeabl M BO3HUKAIOUIMMU MAcCIITaOHBIMHU 3 dek-

TaMH.
1.2. Cuabl 1 MOMEHTBI, IECTBYIOIIME HA CYHO MPHU €ro KPUBOJIUHEHHOM IBUKEHUHU

B mponecce n3yuenus npoGiiemMbl THAPOANHAMHYECKOTO B3aUMOJICHCTBUS CYJJOB OJHUM M3 OCHOBO-
MOJIATAIOIIUX JTAIOB SBJIAETCSA ONPENCICHUE CUI U MOMEHTOB, JEHCTBYIOIIUX HAa KOpPILyca Cy[IHA IPU €ro
nsiwxkeHun. Crenyromye naparpadsl copepkaT ONMCaHHE KIACCHUECKOTO MOAXOAA K Pa3[eNCHUI0 CUI U
MOMEHTOB Ha COCTaBJISIOIIUE B 3aBUCUMOCTH OT IPUPOJABI UX BO3HUKHOBEHMs U KPaTKUil 0030p MOIX0A0B
K UX omnpeneneHuo. C TaHHOW TOYKM 3pEHUs, THAPOAMHAMUYECKUE CUIIBI 1 MOMEHTHI BO3HUKAIOLIUE MPU

B3aMMO/JICHICTBUU MOTYT PacCMaTPUBATHCS KaK JOTOIHUTENbHASI COCTABISIONIAs OOIIe CHIbI 1 MOMEHTA.
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1.2.1. Knaccnpukanusi cu1 1 MOMEHTOB

Tpaguunonno [103-106] nnst BeIBOAA ypaBHEHUM JBHUKEHUS CyAHA MPUMEHSIETCS MOAXOJ, OCHOBaH-
HBIIf Ha WCTIOJIb30BaHUU ypaBHEHHH Jlarpanka, mpu Hada bHBIX YCIOBHUSIX HACATLHON KHUIKOCTH 0€3 yde-
Ta aegopmarmii cBoboaHo noBepxHocTH [107]. Kunetndyeckyro sHEpruto HUAKOCTH B ATOM Cllydae yna-
€TCS BBIPA3UTh TAKOH K€ KBaIpaTUIHON (OPMOI OT JIMHEHHBIX M YTJIOBBIX CKOPOCTEH MBUKCHHUS OOBEKTa,
KaK ¥ KHHETHYECKYIO SHEPIHI0O MacCc CaMoro o0bEKTa; a B COCTABE BHEUIHUX CHJI, YUYUTHIBAIOIIUX BIUSHUE
OKpYXKaroIIe KUAKOCTHU, PACCMATPUBAIOTCS TOJBKO CHJIBI HEWMHEPIUOHHOW mpuponbl. Takoil moaxosa B
UTOTe MPUBOJAUT K MOHSATHIO MPUCOEAMHEHHBIX Macc, (PU3NYECKUI CMBICT KOTOPBIX HE MPEICTaBISAETCS
COBEPUICHHO MTPO3pavyHbIM. BIosiHe BO3MOXKEH TaKk)Ke y4eT MHEPIHH KUIKOCTH B IIPABBIX YaCTAX YpPaBHEHUH,
T.K. CYJHO HaXOAWUTCA NOJ JAEHWCTBUEM AKTHUBHBIX CHUJ (HAmpuUMep, CUIbl OT JBHKUTEIBHO-PYJIEBOIO
KOMIUIEKCA) W PEAKTHBHBIX CHJI OKpYXKalolmled ero >KUAKOCTH (KaK TUAPOJAWHAMUYECKHX, TaK |
nHepunoHHbiX) [107, 108]. TlogoOHBIM MyTh BBIBOJA ypaBHEHHH HCIOJb30Bajics B dactHocth JI.B. Hu-
KYILEHKO [67] B pelieHny 3a/1a4 MOJECIUPOBAHNS JBMKEHUS [TOIBOAHBIX anmnaparoB. Takoil Moaxol MOKET
OBIThH TaK ’K€ MCIOJIL30BaH B PEUICHUH 3a/1a4 IBUKCHHS CY/IHA.

Jlia ompeneneHus CBOWCTB YHPaBIsEMOTrO JBIKEHUS Cy/lHA HEOOXOIUMO 3HAHHE CHJI U MOMEHTOB,
JEHCTBYIOLUX Ha KOPIYC CYyJHA IPH €ro JABMKEHHUH IO MPOU3BOJIBHONU KPUBOJUHEHHOHN TpaekTopuu. [Ipu
3TOM, JIBUJKEHUE CYJHA MOXKET OBbITh KaK YCTAaHOBUBIIUMCS, TaK U HEYCTaHOBUBIIMMCS.

VpaBHenus Jlarpan:ka nmo3BoJisiIOT ONKUCHIBATH JABMKEHUE JIIOO0H MeXaHn4ecKOW cuctemsl. Jlis aToro,
OJIHaKo, HeoOXxoauMo 3ananue GyHkuu Jlarpamka. B ciiydae nBwKeHHs CylHA €€ JTOCTaTOYHO TPYAHO
HaWTH, Tak Kak MckoMas (yHKiws Jlarpamka JOJDKHA y4YUTHIBATH B3aWMOJEHCTBHE MEXAY CYIHOM U
OKpyXaromei ero cpefoid. UtoOsl 000iiTH 3Ty MpodieMy TaHHOE B3aMMOICHCTBHE MPUHATO Pa3esiiaTh Ha
HECKOJIbKO Oosiee mpocThiX. [Ipy 3TOM B pacCMOTpEHHE BBOISTCS JIMIIb TE CHUIIBI 1 MOMEHTBI, 3aBUCSAIINE OT
KMHEMAaTUYEeCKUX NapaMeTpoOB JBW)KEHHUS, KOTOpble OOYCIOBJIEHBl COOCTBEHHOW WHepuMed CcylnHa u
WHepuuer KHUIKOCTH, BOBICYEHHON B JIBM)KCHUE B PE3yJIbTATe JACUCTBUS THAPOJMHAMHUYECKHUX IaBIICHUM,
WHAYLUUPOBAaHHBIX CyAHOM. Bce ocTanbHble CHIBI M1 MOMEHTBHI SIBISIIOTCS BHEUIHMMM NOTEHUIUAIbHBIMU
CHJIaMH, 00YCIIOBIIEHHBIMU HAJTMYUEM BSI3KOTO TPEHHSI MEKIY BOJOK M TIOBEPXHOCTHIO KOPITyCa, BIUSHHEM
CBOOOJHOM MOBEPXHOCTH, CUJIAMH U MOMEHTaMH, CO3AaBa€MbIMU JABMKUTEIbHO-PYJIEBBIM KOMILJIEKCOM U
WHBIX, BBOJMMBIX B CIIEITUAIBHBIX CITydasX.

Otcrona nony4aercs LeCTh YpaBHEHUH, XapaKTEPU3YIOUINX OalaHC CHJI U MOMEHTOB, JIEHCTBYIOIIUX
Ha paccMaTpUBaeMBbIif OOBEKT.

VpaBHenue Jlarpamwxka Ui najgbHEMIIEro NMEpenuchiBa€TCs B CBS3aHHOM cHCTEME KOOpJAUHAT, YTO

HOPUBOMUT K CIIEYIOIIEH cucTemMe B MHACKCHOU (opme 3amucu [30]:



d dT —  dT e

dt dv dv (1.1)
d dT — dT -+ dT ——t e
——twX =+vXx—==M¢
dt dw dio dv

31ech pasnoKeHHe Ui TOCTYMyTeIbHOMH CKOPOCTH U = @V 1o 6a3ucy é B CBA3aHHOM cHCTeME KOOP.IH-

.. -

Hart, 1,j=1,2,3 (0 mpaBuiIy CYMMHPOBAHHS 10 MOBTOPSIOMIEMYCS HHICKCY), (W = @wj YrIioBasi CKOPOCTb
BpaIlEHUs CyJIHA OTHOCUTEIILHO COOTBETCTBYIOIIEH OCH.

B sTux ypaBHEHUSX NMPOU3BEACHO pa3lEiCHHUE YCUJIMM, NEHCTBYIOIIUMX HA CYJHO: B JIEBBIX YaCTAX
HAXOSATCS T€ MX COCTABJISIONINE, KOTOPBIE COAEPKAT MPOU3BOIHBIE TI0 BPEMEHH U CKOPOCTSIM, MTPAaBbIE YaCTH
— 3TO TJIaBHBIA BEKTOP ¥ IVIABHBI MOMEHT CHJI HCMHEPIIMOHHOM MTPUPOJIbI, KOTOPBIC SBIISIOTCS (PYHKIIUSIMH,
IpexJie BCEro, yIioB aTaku U Jpeida, yrioBoi ckopoct, unucen Opyna u PeliHomnbaca.

[Tony4yeHHbie ypaBHEHHsI XapaKTEPU3YIOT JBHKEHHE HEYNPABISIEMOTO OOBEKTa, MOATOMY JOJKHBI
ObITh JONOJHEHBI 3aKOHOM YIIPaBJIECHHUs, HAllpUMeEp, 3aKOHOM IEpeKaJKu pyJeil Bo BpeMeHH & =0(2).
[TomuMo mepexnagku pyiael ynpapisiOIMUMHA BO3ACHCTBUSIMUA MOTYT TaKXe SIBISITHCS U3MEHEHHE YacTOTHI
BpaleHus: rpeOHbIX BUHTOB N(t) m mx maroBoro otHomieHus P/D(t), pexum paboThl HMOAPYIMBAIONIETO
YCTPOMCTBA.

Jlewie yactu ypaBHeHuil (1.1) Ha3BIBAIOT MHEPIIMOHHBIMU CHJIAMU U MOMEHTaMu. CHIIBI 1 MOMEHTBHI,

BXOJAIIIME B IIPaBbIC YaCTHU ypaBHCHHﬁ, IIPUHATO pa3AC/IsITb Ha MAaCCOBBIC, pCAKTUBHLIC U BA3KOCTHLIC!

R=R®+RP +RT,
i i i i (12)

M=MB+MP+MT,
rae Ri n Mi - IIPOCKIIUN Ha i'IO OCb CBSI3aHHOM CHUCTEMBI KOOpAWHAT CHUJI U MOMCHTOB BS3KOCTHOM Inpu-

POJIbl, MACCOBBIX U PEAKTUBHBIX.

PeakTuBHas cuna, pazBuBaeMas JBUKHMTEIIEM, SIBISIETCS OJHOM M3 OCHOBHBIX CHJI, JEHCTBYIOIIUX Ha
CyIHO TIpY ero IBmwkeHWH. Kpome Toro, BIHMsSHHE TBWKHUTENS Ha OOTEKaHHWE KOpITyca CyIHA MPUBOJIUT K
BO3HUKHOBEHUIO CHJIbI 3aCachlBaHUs, KOTOPasl YBEJIMYUBAET CUITy COIPOTUBIICHHS BOJIBI.

Cunbl ¥ MOMEHTBI BA3KOCTHOM MPHUPOJbI, JEHCTBYIOIIME HAa KOPIYC CyAHAa IpU KPUBOJUHEHHOM
JBUKEHUH, SBISIIOTCS (QYHKIUSAMU YIJIa aTaku U Apeiida, yriioBoil CKOPOCTH €ro BPALEHHUsS] OTHOCUTEIBHO
IIEHTPA TSHKECTH, yTIIa MePEKIIaKu pyiis, drciia PeliHombaca (XapaKTepu3yoIero peskuM TeUSHUS KUTKOCTH

BOIM3U cyaHA) U (hOpMBI Kopryca. B 001ieM ciiydae 3TH 3aBUCUMOCTH SIBJISIFOTCSI HETMHEHHBIMH.

[Ipu pemennn 3agauu 00 onpenenenuu I'JIX nmoaBonHOM yacTu Kopmyca CyAHa, MOCIEIHUE Mpea-
CTaBJSIIOT B BHJIE pa3jioxeHus B psaa Teinopa. B oOmiem cirydae criibl 1 MOMEHTHI 3aIICHIBAIOT B BHUJIC

cymm [31-33]:
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N R

[lepBbie cocTaBisAOLINE, KOTOPHIE HAa3bIBAIOTCS MO3UIIMOHHBIMHU, 3aBUCAT OT YIJIOB aTaku W Apeida,
BTOPBIE 3aBUCSAT OT YIJIOBOW CKOPOCTH 1 HA3bIBAIOTCS BpalllaTeIbHBIMU. BBOAS MOHATHE KOAPPUIIMEHTOB CHUIT
U MOMEHTOB, 3TH BBIPAXECHHUSA B NPOCKIMIAX HA OCH CBSI3aHHOM CHCTEMBI KOOPAWHAT MOYKHO 3aIlMCaTh

CIICAYIOIIUM o0pazoM:

R; “i
ci=pr-=cltefat Bt BBl +c o,

2

__M;
m; = Y]
=5t

=m{ + mfa+mfp+mPpIpI+m w, (1.3)

B >tux BeIpaskeHusx 0 u B - yrisl aTaku u gpeiid)a COOTBETCTBEHHO; (W - yIIIOBask CKOPOCTh BPALIEHUS CyIHA

BOKPYI' COOTBETCTBYIOIIEH OCH BparieHus; S,|- xapakrepHble 3HAYEHHS IUIOMAIN M JHHEHHOTO

pasMepa CyaHa; Ci0 u mi° - MPOEKLUH CHJI U MOMEHTOB IIPH HYJIEBOM 3HAUEHHH YTJa aTaku u Jpeida;

i _0C g Bw.S)i={y.y.2)
o =—:pu={a.p.o.6p i={x.y.z}.

cu

[To3UIMOHHBIE COCTABISIIONINE ONPEACISIOTCS MPH Pa3IMYHBIX 3HAUYEHUSX YIJIOB aTaku, JMOO B pe-
3yJlbTaTe UCHBITAHUN MOJENeld B a’dpOAMHAMHYECKHX TPyOax, JMOO pPaCCUUTHIBAIOTCS C MOMOIIBIO U3-
BECTHBIX METOJIOB JWHAMHUKHA HEBA3KOHM >KUIKOCTH, B YACTHOCTH, METOJOB IHUCKPETHBIX BUXPEBBIX OCO-
OeHHOCTEH (MaHeTbHBIX METO/IOB).

Teopernueckoe omnpeseneHHe BpaIIATENbHBIX COCTABISIIOIIUNX COINPSDKEHO CO  3HAYNUTENIbHBIMHU
TPYAHOCTSIMU M HE BCErJa JIaeT yJOBJIECTBOPUTEILHBIC PE3YJIbTAThl, TIO3TOMY OCHOBHBIM CIIOCOOOM HX TO-
JTy4YeHHsI Ha CETOMHSIIHUNA JEHb SBISETCS SKCIEPUMEHTAIBHBIA. JTO OCYIIECTBUMO C IMOMOIIBIO HUCIIBITA-
HUI UCKPUBIICHHBIX MOJIENICH, MPUMEHEHHS POTATUBHBIX YCTAHOBOK WJIM METOAOM MAJIbIX KOJICOaHHH.

OTiHums TOJIYYCHHBIX SKCIIEPUMEHTAIBHBIX TAHHBIX IS MOJENHA OT COOTBETCTBYIOIIUX HATYPHBIX
3HAYCHUH MOXET OBITh CBS3aHO C BIMSHUEM TI'PEOHBIX BUHTOB, BIMSHUEM MacIITaOHOTro 3(QexTa, BIuUs-
HHEM MOITyTHOTO MOTOKA.

Cuibl MHEPIIMOHHOW TPUPOABI 00YCIIOBICHBI MHEPITUEH MacChl KOpITyca CyJaHA U OKPY)KAIOIIeH ero
KHUIKOCTU. Il WX ONpe/eeHns] pacCUMTHIBAIOT KHHETHUECKYIO JHEPTHIO CyTHA, KOTOpas CKIIAaIbIBAETCs
U3 KMHETUYECKOW PHEpruM KOpIyca Kak TBEpPAOro Tejla U TOM ee JI0JIM, KOTopas TPaTUTCS CYJHOM Ha BO-
BJICUCHHE B JIBIDKEHHE OKPY’KAIOIIEH ero KUAKOCTH U OTIPeIeNIeTcs 10 cleAytomei Gpopmye:

T 1 2 2 : u
== | m; + 2 (D' oo, |+
;

=~ =1

R

6

6
DI IAY

k=1 I=1

2 | —
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rac Vi - IPOCKIUA CKOPOCTHU ABHMKXCHUA LECHTpA TAXKECTH CyJAHAa HAa OCHU CBSI3aHHOM CHCTEMBEI KOOpAWHAT,

|ij - MOMEHTHI MHEpIIMH Kopryca cynHa; |, | ={X, y,z} ;U=0 mpui= ju uy=Lluopuiz= j; Wj-

YIJIOBBIE CKOPOCTH €€ BPALICHUS; Akl - 0000IIEHHBIC TTPUCOCINHEHHBIE MAacChI; k,| Z{X, Y., XY, Z} ;

V, | - 0000IIEHHBIE CKOPOCTH JBUKEHHUS JKHUIAKOCTH.

IIpu npakTuyeckux pacdyerax TUHAMUKU CyJHA HMCIONb3YIOTCSA Oe3pa3MepHble 3HaueHHs NMPHCOEIU-
HEHHBIX Macc — KO3((UIMEHTH! NMPUCOETUHEHHBIX MaccC, OIpe/elsieMble, HalpuMep, CIeAyIoIuM o0pa-

3om [30, 31]:

k — Aii I .
ii = — - HMEHOT pa3MepHOCTh Maccrl i = j = 1,2,5:
m
Ay . .
kt- J T L HMET PasMepHOCTE cTaTHIeckoro MoMeHTa: i = 1,2,9; j = 4,5,6:
m
Ay ..
k;‘j =7 HMEEROT PasMepHOCTE MOMEHTA HHepHHI: | = J = 4,5,6.

i

[Tpu nBMXEHHU CylOB Ha OJM3KOM PACCTOSHUM JPYT OT Ipyra Hapsiiy ¢ MOSBICHUEM CHJI TMIAPOAU-
HAaMHUYECKOI'0 B3aUMOJEHCTBHS MPOMCXOIUT TaKkKe H3MEHEHHE IMPUCOEIUHEHHBIX MacC KOPIIyCOB I10
CPaBHEHMIO C JIBXKEHHEM B O€3rpaHHYHOI >KUIAKOCTH. VI3BECTHBIE METOJIbI, MTO3BOJISIOIINE yUECTh U3Me-
HEHHE TPUCOEJAMHEHHBIX MacC, OTHOCATCS K CIIydalo JBHMKCHUS DJUIMIICOM/A BOJIU3M TBEPAOH CTeHKH. Pe-
3yJIBTaThl TEOPETHUECKUX HCCIIEOBAHNIN TOKA3bIBAIOT, YTO MPUCOSANHEHHBI MOMEHT MHEPLMU U MPHUCO-
€IMHEHHbIE MAcChl BO3PACTalOT M0 CPABHEHUIO C JBM)KEHHEM B O€3rpaHMuYHON kuakoctu. Ilpu nBukeHun
JBYX CYZOB BEJIMYHMHBI IMPUCOEAMHEHHBIX MAacC ¥ MOMEHTa MHEPIMU OYAyT 3aBUCETh OT OTHOCHTEIBHOTO
MOJIOXKEHHUS B MPOJOIBHOM M IONEPEYHOM HANpaBJIEHUH, U B OTJIMYME OT CIydas JBMXKEHHs OJHOTO Cy.I-
Ha — OyAyT HOCUTb HECTALlMOHAPHBINA XapakTep. 3BeCTHO, UTO MPHU TPAaBEP3HOM PACCTOSHUU 1.5 MIMPHUHBI
(B) ogHoro u3 cyzmoB, oOliee M3MEHEHHE MHEPLUH KOPITyca ¢ y4eTOM Macchl cyiHa He mpesbimaer 10%.
B pacuerax 0OroHOB M BCTPEUHBIX PACXOXKICHHUN CyJOB TaKUM H3MEHEHHEM NPHUCOEAWHEHHBIX Macc H

MOMEHTa MOKHO TipeHebpeys [35].

1.2.2. Metoasb! onpeaeeHusi CMJ1 1 MOMEHTOB

TpagunonHslM W Hamboyiee HaAESKHBIM crocoboMm ompenenenus [JIX kopmyca cymaHa sBIisieTcs
AKCIIEPUMEHT, HO SKCIEPHUMEHTAJIbHbIE MCCIIEOBAHUS HE BCEr/a JAIOT MCUEPNbIBAIOLIYI0 HMH()OpMALHIO U

UMEIOT Pl 0COOCHHOCTEH.
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Teopernueckue MeToJIbl, U3-3a HEJOCTATOUHO PAa3BUTOTO0 MAaTEMAaTHYECKOIO alapara, TAKKe He BCerza
NpUEMIIEMBI, B TIOCJIEIHEE BPEMS B CHIIy TMHAMUYHOTO Pa3BUTHS BBIYHCIIH- TEILHON TEXHUKU BCE OOJBIIYIO
HOIYJISIPHOCTb IPUOOPETAIOT YMCICHHbIE MeTOIbl. VIX MOXKHO paccMmat- puBaTh, Kak HauboJjiee epCleKTUBHBIN
noaxon mis onpeaenenus I'JX.

['mapoa’poaHaMUYECKU 3KCIEPUMEHT IO3BOJISET pellaThb OYEHb HIMPOKHM KPYr BOIPOCOB, CBS-
3aHHBIX C B3aUMOJCICTBHEM TeJl C PAa3IMYHBIMU cpeAaMu. lIpu 3TOM B IIMPOKOM AMAIa30HE MOTYT Me-
HATbCS KaK MapaMeTpbl cpelibl, Tak M MapaMeTpbl ABMKeHUs Tena. OHaKo U3-3a HEBO3MOKHOCTH IIpOBe-
JICHUsI SKCIEPUMEHTA JUIsl OOJIbIINX OOBEKTOB, IPUXOAUTCS NMPOBOAUTH HCCIEOBAHUS HA F€OMETPUUECKU
noJ00HBIX MozeNsX. [Ipu TOM BO3HUKAIOT MOTPEUIHOCTH HPH MEepecyeTe pe3yabTaToB Ha HATYPHBIH 00b-
€KT, B CBSI3M C HEBO3MOKHOCTBIO BBIITOJHEHHUSI BCEX AMHAMHUECKUX KPUTEPUEB MOA00US.

J11s TeOpeTUYECKOro ONpeIesIeHUs THAPOANHAMUYECKIX CHJI BI3KOCTHOW TPHUPOJIBL, IEHCTBYIOIUX HA
KOPITYC KOpaOJisi pH ero 00TeKaHUH KUIKOCThIO o1 yriaamu aperida K.K. densesckwmii [33] u I'.B. Coboer
HPEVIOKIWIN TPOCTOM METOJl, OCHOBAaHHBIN Ha LUPKYJIALMOHHO-OTPBIBHOW Teopuu, pazpaboraHHOM I

AJJIeHOM JIJIs aHaM3a CUJI, ICHCTBYIOLIMX Ha Tela Bpamienus [35].

CyTb MeTOJIa 3aKJII0YAaeTCs B TOM, YTO MOIEpeyYHas TMApOJMHAMHUYECKasl Harpys3ka Ha Kopmyce Ko-
paliist mpeacTaBiseTcs: B BUIE ABYX COCTABIISIOUIHX:
1. cocpenoroueHHO#l Ccuibl y (OpPIITEBHs, OOYCIOBIEHHOW HAJIMYUEM HECYIIMX BHXpEW B HOCOBOM
OKOHEYHOCTH C BEPTUKATBHBIMU OCSAMH (IIUPKYIAIIMOHHON);
2. paBHOMEPHO pacIpeneIeHHON Harpy3Ku OT COMPOTUBIICHHS MOMEPEYHOMY OOTEKAHUIO B TUIOCKOCTSIX
HIMTAHTOYTOB, COMPOBOKIAEMBIM CXOJIOM BUXPEH C TOPU30HTAIBHBIMHI OCSIMH BPAIICHHS C BHYTPEHHETO
10 OTHOIICHHIO K Apeiidy O0opTy cyaHa (OTPHIBHOM).
s onpeneneHusi BeIMUMH KOA(D(PHUIIMEHTOB CHIIBI 1 MOMEHTA JUIsl TIEPBOM COCTABIISIONIEH TyOmu-
POBAaHHBIM KOpIYC CyJHA paccMaTpUBAETCsA KaK KpbUIO MPEAENIbHO Majoro yaiauHeHus. Torma neicTBy-
I01[asl Ha HETO Harpy3Kka MpH JBMKEHHUH C JOCTATOYHO YMEPEHHBIM YIJoM Jpeiida MeHseTcs NMpaKTHYECKU

JMHEWHO, ¥ MOXKET OBITH 3arrcaHa B CIEAYIONIEM BUJIC:

C,~ClB. m_=~mip (1.4)

S

BTOpaSI I'pynra COCTAaBIAOMUX HAIpPy3KH OGYCJ'IOBJ'ICHS. OTPBIBHBIM IOIICPEYHBIM o0TeKaHHEM ,Z[y6-

JIMPOBAHHOI'O KOpITyCa, U 11 HUX MOKHO 3aIIUCaTh:

|
c, =cFs|8| | (1.5)
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OueBuAHO, YTO KOAPPHUINEHT MOMEHTA IIPU STOM PABEH HYIIO.
[IpuHrMas BO BHUMaHUE TAK)K€ BpalllEHUE CyJHA, THIPOJUHAMHUYECKHE CUJIbI Ha €ro KOpIyce OIpe-

ACIAIOTCA CICAYIOIUMU BBIPAXKCHUAMMU:

C,=CiB+Cpl8l.

q _ (1.6)
m,=m. [ +m=@.

Koaddurmentsl npon3BoHBIX 3aIUCHIBAIOTCS CIEIYIOIUM 00pa3oM:

. (1.7)

80 1) wr=Lim.

rae K - sMnupudeckuii KO3QQUIHMEHT, YIUTHIBAIOMIN BIMSHAE KOPMOBBIX O0OBOJOB HAa BEIUYHHY BHXPE-
BhIX 0Opasopanmii; A = 2T |.|.— OTHOCHUTEJIBHOE YIIMHEHHE KOpITyca, KaK KpbUla Majloro yIUIMHEHHUS; ,Bi
- K09()QULUEHT MOJHOTHI IJIOIAAN MUJEIb — HINAHT0yTa; U - OTHOLIEHUE KoddduimenTa npucoem-

HEHHOH MHepLMK K 3HAYEHHI0 Jis SkBuBaeHTHOro smuncouna; ¢ =V / LBT - kospduiment nonHoTs

w,L
7 — 7
0o0beMHOr0 BoOJOM3MEIIeHus1 cynHa; W, —T - Oe3pa3mepHasi yrioBasi CKOPOCTh BpAIllEHUs KopITyca

CyJHa.

B cBeTe HHTEHCUBHOIO pa3BUTHUS BBIYUCIUTEIBHOM TEXHUKU BCE Yallle A1 MOJydyeHUs] HMHPOpMaIiu
00 uccneayeMbIx 00beKTax, Kak abTepHATHBA YKCIIEPUMEHTY, UCTIONIB3YIOTCS YHCICHHBIE METOIBI [36]. DTO
00YyCIJIOBJIEHO PSAJIOM MTPEUMYILECTB YUCIEHHBIX METO/IOB Ha/l SKCIIEPUMEHTAIbHBIMU, B YACTHOCTH:

1. Bpems mpeaBapUTENBbHON MOATOTOBKHU Ul IPOBEIACHHUS YHCICHHOTO SKCIIEPUMEHTA B PSAC CIIydacB
3HAYUTEIFHO MEHbBIIE BPEeMEHH, TPeOyemoro Juis TMPOBENEHHUS SKCIEPHUMEHTa B JIAOOPATOPHBIX
YCIIOBUSIX;

2. YHCJCHHBICE METO/BI MO3BOJISIOT MOAEIHPOBATH YCIOBUS TEUCHHMs, HE BOCIPOWU3BOAUMBIC MPU IKC-
MIEPUMEHTAIBHBIX UCTIBITAHUIX HA MOJIEIISX;

3. YHCIEHHBIE METOJIBI TIO3BOJISIOT MOMYYUTH O0JIee MMPOKYIO U MOIPOOHYI0 HH(POPMAITHIO;

4. croumocTHas 3PGEKTUBHOCTh JKCIIEPUMEHTOB Ha OCHOBE YHCIICHHBIX METOJOB IO CPAaBHEHUIO C
9KCIIEPUMEHTAIHLHBIMU METOZIAMH B JTAOOPATOPHUSX HETIPEPHIBHO IMOBBIMIACTCS,

UucneHHble METO/IBI MOKHO Pa3AeauTh Ha JBe rpynmnsl. [lepBas W3 HUX OCHOBaHa Ha TUIOTE3e 00

OTCYTCTBUH BA3KOCTU, MCTOIbI BTOpOfI T'pyHnIibl HE UCIIOJB3YIOT 3TY THIIOTC3Y.
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YucneHHbIe METO/IbI, OCHOBAHHBIC HA IOMYIIEHUN O HEBA3KOCTHU KUIKOCTH TAKKE MOXKHO pa3/IeInTh Ha
JIB€ TIOATPYMIIBI: TPSMOE pElIeHHe ypaBHEHUH Diiepa U METOIbl THIAPOAMHAMHYECKUX OCOOEHHOCTEH, K
KOTOPBIM, B YaCTHOCTH, MOHO OTHECTH METOJ IUCKPETHBIX BUXpel. MeTos pelieHust ypaBHeHU Ditnepa
HE HallleJI IUPOKOTo MPUMEHEHHs, TaK Kak 00JaaeT psiioM HeJoCTaTKoB. K HUM MOXHO OTHECTH TO, 4TO
3TOT METOJ HE UMEET BBIYMCIUTENIBHBIX IPEUMYILECTB Iepe]] pEIICeHUEM 3ajad B IIOJIHON [TOCTAaHOBKE.

Jna pemeHust 3a1ay BSI3KOM JKUAKOCTH PA3IMYalOT TPU OCHOBHBIX IMOAXO0JA: MPSIMOE YHUCIEHHOE
moaenupoBanre (DNS, Direct Numerical Simulation), merox kpymusix Buxpeit (LES, Large Eddy
Simulation) u perreHre ocpeHeHHBIX 10 BpemeHH ypaBHeHuit HaBbe-Crokca (RANS, Reynolds-averaged
Navier-Stokes). IlepBblit ocHOBaH Ha mpsiMOM pernieHuH ypaBHeHuit HaBbe-CTokca Ge3 mpuBlieueHHs J0-
NOJIHUTEJIBHBIX ypaBHEHUM M (QyHKuui. J[Ba npyrux ucmnoss3yroT npeoOpasoBanue ypaBHeHuil HaBbe-
Crokca, B pe3ylbTaTe KOTOPOTrO OTOPAChIBAIOTCS MEJIKOMACIITAOHbIE TYpOYICHTHBIE MyIbCALIUH.

Takxe CylmecTByeT psJ TMOPUAHBIX MOAXOA0B JJIs PEIIeHUs 3aa4 BA3KOM >kUAKOCTH. K HUM MOX-
HO OTHECTH TaKHe METO/IbI, Kak MeTo1 orcoeanneHubix Buxpeit (DES, Detached Eddy Simulation), URANS
(Unstedy Reynolds-averaged Navier-Stokes).
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1.3. OcHoBHBIE NOAXO0/JAbI K ONIPEACJICHUIO CHJI THAPOAUHAMMUYECCKOI0 B3aMMO/elHCTBHA

C TOUYKM 3peHUs MPAKTHUKW OOecCIeUeHMs] 0e30MacHOCTH JBMXKCHUS, BOIMPOC TUAPOIMHAMUYECKOTO
B3aUMO/JICUCTBUSA CY/IOB HA CETOJIHSIIHUN JI€Hb OCBEIECH JOCTATOYHO MOBEPXHOCTHO, W BBIBOJIBI, OCHO-
BaHHbBIE Ha pe3yJbTaTaxX JOCTYIMHBIX TEOPETHUUECKUX U IKCIEPUMEHTAIBHBIX UCCIIEIOBAHUN, IPUMEHHMBI,
KaK TpaBWIO, JJIsi OTPAaHMYCHHOTO 4mciia 3aj1ad. [locTaHoBKa MOACIBHOIO DKCIIEPUMEHTA, Kak Hanbosiee
HAJISKHOTO METOJa MoJydeHus HH(popMauu o cujiaX 1 MOMEHTaX Ha KOpITyce CyIHa, JUIs 3a7ad, Harpu-
Mep, BCTPEUHOTO PACXOXKICHUS WU OOTOHHOTO JBIKECHHUS IMPHU Pa3HOCTH B CKOPOCTSX, TpeOyeT CIIeIH-
ITBHOTO JOPOTOCTOSIIEr0 000PYIOBAHHUS JIJISl ONTBITOBBIX 0ACCEHHOB M Pa3paOOTKH CHEIIHATBLHBIX METO- UK
MO0 OIpPEACNICHUIO TUIPOJUHAMUYECKUX CHJI, JEHCTBYIOIIMX Ha MOJENH CYIOB IpPH HECTALMOHAPHOM
JIBIDKCHUU. ODTO SBJISETCS CIOKHOM CaMOCTOSATEILHON 3ajadeii. B cBS3M ¢ BhIIeCKa3aHHBIM, YHCJIO DKC-

HEePUMEHTAIBHBIX UCCIICIOBAHUN OrPAaHUYCHO KaK B OTEUYECTBEHHOM MPAKTHKe, TaK U 3a pybexom [21].

MareMaTHuecKkue MOAEIHN TMIPOAMHAMUYECKOTO B3aUMOAEHCTBHS CyI0B UMEIOT HECKOIBKO Pa3pO3HEHHBIN
XapakTep ¥ He MO3BOJIIIOT MOJEIMPOBATh CUIIbI U MOMEHTBI HA KOPIIyCE CyIHA C Y4€TOM BCEX 3HAUYMMBIX
napaMeTpoB. B cBs3u ¢ 3TUM o0mmue mpaBuia MO 00ECHEeUeHUI0 0e30MacHOCTH JIBW)KEHMS CYNOB, KakK U
yueOHas JIuTepaTypa AJs CyJ0OBOAUTENEH, HECYT IOCTaTOYHO PEKOMEHIAaTEeNIbHBIN XapaKTep, U UCHOJb3YIOT,
KaKk IPaBWJIO, YIPOLICHHBbIE SMIUPUYECKHE 3aBUCHUMOCTH, I HPUOIM3UTENBHON OLEHKH 3HAauYeHWIH
BO3HUKAIOIUX 3¢ dekToB. [Ipy 3TOM, B HEKOTOPHIX HUCTOYHHKAX T'MIPOJMHAMHYECKOE B3aHMOJCHCTBHE
Cy[IOB Ha3bIBACTCs ‘‘ABJIICHUEM B3aMMHOIO IPUTSDKEHUS WIM “OpHUCACBIBAHMEM , YTO HE SBISETCS
JOCTaTOYHBIM OIPEJEICHUEM, TaK KaK BOSHUKAIOLIME THAPOAMHAMUYECKUE CUIIBI U MOMEHTBI MEHSAIOT CBOU
3HAaK B IpOIECCE€ B3aMMOJEHCTBHSA, TO €CTh HAONIOJAeTCs HE TOJBKO ‘“‘B3aMMHOE NPUTSDKEHHE ,HO U
“pacTasikuBaHue” CyJI0B.

[Tpn MaTeMaTHUECKOM ONMMCAHMM JBMXKEHUS Cy/[HA B OOIIEM Clydae aBTOPbl HEM30EXKHO CTAJIKUBa-
I0TCSl ¢ JIByMs TJIaBHBIMHM ITPOOJIEMAMU: OIPaHUYEHHOCTBIO MH(OpMANMM O T€OMETPUYECKUX XapaKTepu-
CTHKaxX ¥ MAHEBPEHHBIX Ka4€CTBaxX CYZAOB, C OJHON CTOPOHBI, U OTCYTCTBHEM WJIM OTPAHUYEHHOCTBHIO WH-
dbopmanuu 0 THAPOJAMHAMUYECKHX CUJIaX M MOMEHTax ¢ Apyroi. Ecnu perienue nepBoil mpoOieMsl, XOTs
U COMNPSKEHO C ONPEACICHHBIMU TPYAHOCTSMH, HO NPUHLIMIIAAIBHO BO3MOXHO, TO JIaHHBIE O BEJIMYMHAX
U XapakTepe U3MEHEHUs THAPOAMHAMUYECKUX CHJI 1 MOMEHTOB MOT'YT IIPOCTO OTCYTCTBOBATh IO IPUYHHE
CJIO)KHOCTU M MaJIOM M3yuyeHHOCTH siBleHUs. C KOMIUIEKCOM NOJOOHBIX HpoOJeM, CTAIKHBAKOTCA U IpU
ONMCAaHUU JIBJKEHUS CyJHA B CTECHEHHOW aKBATOPHHU.

HecMoTpst Ha TO, 4TO pelIEHUEM OTIAENBHBIX 3aJad, ONPEIAEISAIOIINX IBUKCHHAE CYIHA B YCIOBHAX
CTECHEHHOH aKBATOPHH, 3aHMMAIOTCS JOCTATOYHO JUIMTEIbHBIN MEPHOJ BPEMEHHM HCCIEAOBATENH Pa3HbIX
CTpaH, NpobiiemMa 10 CUX MOp He MOTepsila aKTyaJIbHOCTH, TaK KAaK MPHUEMIIEMOI0 MaTeMaTHYeCKOIro OIu-
CaHMs MO-IIPEKHEMY HE CYIIECTBYET. DTO OOYCIIOBJIEHO CIOXHOCTBIO (DOPMBI CyJOBOTO KOpIyca U 0Ojb-

UM YUCJIOM KMHEMAaTUYCCKUX MTapaMCTPOB, ONIPEACTIAIOIINX 3HAUYCHUA CUJT 1 MOMCHTOB.
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B nocnennue ronsl 3a py0exoM CO31aHO HECKOJIBKO HOBBIX SKCIEPUMEHTAIBHBIX YCTAHOBOK M MPO-
BCIACHA aBTOMATHU3allUA OKCIICPUMCHTA C LECJIbIO OIMPCACIICHUA HOBBIX HAHHBIX, ITO3BOJIMBHIMX ITIOKA JIMIIb
pacIupuTh MPEJCTABICHUE O CBOMCTBAX THUAPOJUHAMUYECKMX CHJII M MOMEHTOB, BO3HHUKAIOMIUX MpPHU
JBIDKCHUH BOJIM3U CTEHOK KaHasa pa3inuyHoOro mpouiis, Ipu COBMECTHOM MaHEBPHPOBAHUH CYIOB U ap. [7].

N3HavanbHO, BO3HWKHOBEHHE B3aMMOJICHCTBHS CYJIOB Ha OCHOBE THIPOJUHAMHYECKUX 3(PdekToB
MOJKET OBITh CIIPOBOIIMPOBAHO MHOXXECTBOM (hakTopoB. CaMo TOHSATHE ‘‘HETIOCPEICTBEHHOW ONMM30CTH”,
4aCcTO BCTPEYAIOLIeecs B OIMCAHUM B3aUMOJICHCTBYIOIUX OOBEKTOB, TAK )K€ HE JOOIPEICIICHO U HYXK/1aeTCs
B 000CHOBaHMH, TaK KaKk HEOOXOIMMO BBEJICHHE OIPAaHMYCHHS MUHUMAJILHOTO PACCTOSIHUS B Pa3IUYHBIX

CUTyalusax B331/IMOIICI710TBHH, O6eCHqu/IBaI-OHIeFO 0e301macHOCTh JABWXCHUS CYJI0B.

3HauyMTeNbHOE HATypHOE HcciefoBaHue Obuto mpoBeneHo B 1965 r. KO.M. MactymkuabM. ABTOp ITpoBel
UCIIBITAHUS, B XOJIe KOTOPBIX HU3MEPsUIUCh CKOPOCTU CyIOB, riyOuHa dapsatepa (H), paccTosHus Mexmy
IramMeTpanbHeIME TutockocTsiMU () ¥ Muzensimu cyznos (M). Uucna dpyna BapbUpOBANUCH B JHMAIA30HE
Fr=0,1...0,37; otHomeHue TiayOWHBI K ocamke cynHa H/Tcp= 1,5...10,0. IlponoipHble W TMONEPEYHBIC
paccTosHMS AJIs Cilydass OOrOHa M3MEHSUIM B IIMPOKOM JHMama30He B 3aBUCHUMOCTH OT y4acTBOBAaBLIHX B
UCTIBITAHUSIX CYIOB-TIAPTHEPOB (OCHOBHOE CYAHO, CyIHO-LIedb). [logpoOHO pe3ynbTaThl YKa3aHHBIX
HaTypHBIX HaOmoneHui npusoasrcs B [n1aBe 4, U ciy’xaT OCHOBOHM JJIsi OLIEHKM Ka4eCTBEHHON KapTHHbI
HOJY4YEHHBIX PE3yIbTaTOB.

N3yuennas nureparypa B 00JaCTU TEOPETUYECKHUX UCCIIENOBAHUM, B LIEJIOM MOKET ObITh pa3/elieHa Ha
OCHOBHBIE I'PYIIIBI 10 XapaKTepy MpeUlaraéMbIX UCCIEI0BAHUM U UX COJAEPKAHUIO!

1. K mepBoil MO)KHO OTHECTH PE3yJIbTaThl CPABHUTEIBHOTO aHAIN3a HKCIEPUMEHTAIBHBIX HCCIIEOBAHUM
Y TEOPETUYECKUX MeT0J0B. OHH MO3BOJIAIOT COOpaTh JOCTATOUYHO TOYHbIEC JJAHHBIE O TOBEICHUH CyIHA
Y BO3HMKAIOIIMX CHJIAX M MOMEHTaX Ha KopImyce cynaHa. Pe3ynbraTsl JaHHOW IpyNIbl UCCIEIOBaHUN
MO3BOJIIIOT TIPOBOJUTH TECTUPOBAaHME M OOOCHOBAaHME pPE3YJIbTATOB IOCIEIYIOMINX YHUCICHHBIX
sKcnepuMeHToB. OJJHAKO, CYIIECTBEHHBIM OIPAaHHMUYCHHMEM 3]I€Ch SIBISETCS TpeOOBaHME IMOIHOLEHHOTO
MOJIEJIMPOBaHMs YCIIOBUM B3aUMOJIECHUCTBUS: NPAKTUYECKU OECKOHEUHOE YMCIO BO3MOXKHBIX CUTyaLUd
B3aUMOJICHCTBUS Cy/I0B B PEabHBIX YCIOBHAX JOJKHO ObITh BOCIIPOU3BEACHO B YCIIOBHSIX OIBITOBOIO
6acceitna. TakuM 00pa3oM 3TO MPUBOAMUT K OECUMCICHHOMY KOJHUYECTBY 3KCIIEPHUMEHTAIBHBIX 1TOCTa-
HOBOK WJIM K€ HEOOXOJUMOCTH SKCTPANOJISILMU MOJYYEHHBIX PE3YJIbTaTOB, YTO HE BCEr/a SIBIIAETCS
Ha/IeXKHBIM pemeHneM. [lomumo 3Toro, camo sKCIepHUMEHTAbHOE HCCieI0BaHne TpeOyeT 3HAUNUTellb-
HOT'O BPEMEHU U (DMHAHCOBBIX 3aTPAT HAa MOJATOTOBKY U IIPOBEJCHHUE.

2. Ko BTOpO#i OCHOBHOI IpyIne MOXHO OTHECTH Pe3yJbTaThbl, IOJYyYCHHBIE C IOMOIIBIO YUCICHHBIX Me-
TOJIOB HA OCHOBE TEOPETUYECKUX IMOAXOAOB. B 11e710M, naHHas rpymma NpeAcTaBiIseT pe3yabTaThl Ma-
TEMaTU4YECKOr0 MOJEIIMPOBAHUS C YUYE€TOM pa3IMYHBIX YNPOLICHUH, Yalle BCEro TaKUX KakK MOTEHIH-
aJIbHOCTb TEUEHHUS, IIPH OTCYTCTBHU BHUXPEOOpa30BaHUs, B YaCTHOCTH, METOJA AyOIMPOBAHHOIO KOp-

myca.
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[IpuBeneHHBIE TOAXOBI ABISAIOTCS HaOOJIEe UCCIIeJOBAaHHBIMU HA JJAHHBIM MOMEHT. Tak e 3a4acTyio
MaTepuasbl JaHHOU IPYTIIbI UCCIIEOBAHUNA BKIIFOUAIOT SMIIUPHUUECKHE 3aBUCUMOCTH, IOy YeHHBIE ITyTEM
TEOPETUYECKHUX M3BICKAHUN WIIM )K€ aHaJIN3a MPaKTHYECKUX HAOII0ICHHH.

UccnenoBanus Ha ocHoBe Mmojeneit u metooB BI'J (CFD) cnenyeT BbIACIUTS B OTACIBHYIO TPYIIIY.
Ha cerogusmHuii 1eHb OHM COCTABISAIOT HauOOJee MaJOYUCIEHHYIO, HO B TO K€ BpeMsl IEPCIEKTUBHYIO
rpynny. Crnenyer oTMeTUTh, 4To MeToabl BI'/l 06nanaroT psiioM NpeuMyIiecTB, KOTOPbIE MPU OTCYTCTBUU
JOCTOBEPHBIE TAHHBIX O THIPOAMHAMHUECKUX XapaKTEPUCTHKAX 00BEKTa MOTYT CTaTh 0OCOOEHHO aKTyallbHBI.
K 4unciy Takux npeuMyniecTB MOXHO OTHECTH [37]:

- BO3MOJKHOCTb OTIEPATUBHOTO MOJyYEHHUS PAKTHYECKU BCEH THAPOAUMHAMUYECKOW HH(POPMAITUH C

YUETOM BCEX OINPEIEIIONNX (GaKTOPOB O€3 MPHUBICUEHHS SKCIIEPUMEHTATIBHBIX JaHHBIX;

- BO3MOXXHOCTBH HCCIIEIOBAaHHS (PU3UUECKUX CBOWCTB M CTPYKTYpPhl TEUCHHH C MpEICKa3aHUEM TaKUX

SBJICHUH, KaK HelHHeiHbIe 3((eKThl, OTPHIB IOTOKA U JIp.;

- BO3MOKHOCTb MPOBEACHUSI CEPUNHBIX PACUETOB;

y4eT (PU3NUECKUX CBOMCTB 00BEKTa U THAPOPU3NUECKUX YCIOBHN IIaBAHUS;

- TEPCIEKTUBHOCTh, CBSI3aHHAs C IOCTOSHHBIM PAa3BUTUEM MaTEMaTHYECKHX MOJENel, YHCICHHBIX

METOAOB ¥ POCTOM MPOU3BOAUTEIBHOCTH BEIYUCIUTEEHOE TEXHUKH.

[MompobHoe omucanue HanboJiee IIUPOKO TPUMEHSEMBIX METOJO0B W MOJENEH BBIYUCIUTEIHHON
TUIPOIMHAMUKY TipuBeeHo B ['aBe 2.

Tak, ¢ TOUKH 3peHUs] HAY9HOTO MCCIIeJOBaHUS po0ieMa ruIpoAMHAMHYECKOTO B3aUMOIeHCTBHS Obliia
IIOCTaBJIEHA U OIPEJEICHA BIEPBBIE B XOJI€ OJHOIO U3 NEPBLIX ycNemHbIX dkcrnepumenToB P.H. Herorona
(R.N. Newton, 1860)[17], koTOpbIii BBIIBUI CaMO SIBIICHHE B3aMMOICHUCTBHs MPH OOTOHHOM JIBHMXXCHUHU B
npoliecce MPOBEICHHS MOJIEIBHBIX UCIIBITAHUN Ha TITyOOKOH BOJIE.

[TombITKM TPOBECTH JKCIIEPUMEHTAJIbHBIE MCCIEIOBAHUS BO3HHKAIOIIMX HAa KOPIyCE€ CyAHA CHI U
MOMEHTOB BO300HOBIISIIOTCS B paboTax yueHbIx U uccienonareneit 1900 rr. B. [lanx (W. Dand, 1981) [8]
NpoBeJl OOIIMPHOE HCCIIEAOBAHHE OCHOBHBIX MapaMEeTPOB B3aMMOJICHCTBHS B XOJ€ IKCIIEPHUMEHTAIBHBIX
WCCJICIOBAHU JIBIDKEHUS IBYX CYIOB Ha MapaUIeNIbHBIX KypcaxX NMpH BCTPEYHOM M OOTOHHOM JBMKCHHSX.
OcHOBHbIE pa3Mepbl CymoB uMenu cxondbie 3HaueHus (Li/L»=1.192; B1/B»=0.01; T/T»=0.128), uucno
®pyna o riryouHe npuHUMalo cieayromue 3Hauenus: Frhi=0.25, Frh,=0.41. PaccTosinue Mexay cyna- Mu
coctaysuio 1.6 mupunsl (B) Hanbonsmero. [Mo3auee, . B. Teitnopom (D. W. Taylor, 1909) [37] na ocHoBe
9KCIEPUMEHTAIBHBIX MCCIIEOBAaHUM OBLIO aHO oOIee OnpeseNeHne BOSHUKAIOIIEH Crile MPUCachIBaHMS,
NPOBOLUPYIONIEH W3MEHEHHE TEePBOHAYAIBHOTO HAIMPABICHHUS MABIKCHHS CyAHA M CIIOCOOCTBYIOIIEH
Pa3BOpPOTY CYJIOB MO HANIPABIIEHUIO APYT K Apyry. JlaHHOe uccaenoBaHue ObUIO HANIPABJICHO YXKE B CTOPOHY

IMOJIyUCHHUA KOJIMYECCTBECHHOM OLICHKU U OI'paHUYIMBAJIOCh paCCMOTPECHUEM JIBYX TUIIOB MOHGHCP'I.
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Crnenyronye CymecTBEHHbIC Pe3yIbTaThl ObUTH MOJYYCHBI YK€ BO BTOpOW mojoBumHe XX Beka. E.

Mromep (E. Muller, 1967) [16] uzydan B3auMoAcicTBHE B XO7¢ OOrOHA M PACXOXKIACHHUS CYJIOB B y3KOM
kanaie, J[.®.M. Pemepu (G.F.M. Remery, 1974) [18] ucciaenoBan BO3HHKAIOIINE CHJIbI HA KOPITyCE CYII-
Ha, CTOSIIETO Ha SKOpPE, MPH MPOX0KICHUU CY/IHA B HETIOCPEICTBEHHOM OJIM30CTH OT HETO.

Ha Puc. 1 npuBeneHa ynpoIiieHHas KapTHHA XapaKTepa U3MEHEHUS CHJI U MOMEHTOB THAPOIHHAMHU-
YEeCKOTr0 B3aMMOJICHCTBUS Uil ClTy4asi, KOT/Ia CY[HO MEHBIIMX pPa3MEepOB OOTOHSET CyIHO OOJBIIMX pa3-

MEpOB IMOJIyYCHHAsI B paMKax ucciieaoBanus [38].

Koaddmment nponomHoii cocTaemsmomei cimsl, CFx

0.20

0.10 4

(.20 J
OTHOCHTEILHOE NNpoOOoJIbHOE CMEILICHHE

Koadmment 6oxoroit cocTaemmomeii ciwml, CFy

OTHOCHTEIBHOE IpOoOOJIEHOE CMEILICHHE

KoaddmmenT epamaromiero momenta, CMz

OTHOCHTENBHOE MIpCeOoJIbHOE CMEILICHHE

Puc. 1. OGoO1ieHHas KapTHHA U3MEHEHUS THAPOJIUMHAMHYCCKUX CHJI I MOMEHTOB
IUTSE CiTydast 00roHa Cy/0B GIIM3KUX M0 3HAUCHHIO pa3MepoB 13 pabotsr [38].

B ykazanHOH paboTe, UCCIICOBAINCH CYJAHA PA3IUYHBIX, HO OJIM3KUX IO 3HAYCHHSM pPa3MEpOB:
L1/L>=1.3; B1/B>=1.465; T1/T>=1; Cg1/Cp>=0.86. CrutomHoi JHHUEH MpeacTaBIeHbl 3HAYCHUS JJIs1 00TO-
HSEMOTO CYJHA-IICJIM, TOYCUHOM JIMHUEH - OOTOHSIOIIEro OCHOBHOTO cyaHa. COIIaCHO yCTAHOBJICHHOW B
paboTe cucTeMe 3HaKOB, OTPHUIIATEIIbHBIC 3HAUCHHS KO3 HIIMeHTa MTPOAOIBHOM CHIIbI 03HAYAKOT POCT CHJIBI
COMPOTHBIICHUS; OTPULIATCIIBHBIC 3HAYCHHS OOKOBOH CHJIBI — CMEINECHUE CyJHA B HAIPABJICHUU CYy/HA-
napTHepa; OTpPHUIATEIbHbIC 3HAYECHUS MOMEHTA PBICKAHUS— IMOBOPOT HOCOBOW OKOHEUHOCTH CyJIHA B
HaNpaBJICHUH CyHa napTHepa. CorjaacHo MPUBEACHHBIM I'paduKaM MOYKHO CJICIaTh CJICIYIONUE OCHOB- HbIE

BBIBOJIbI O XapaKTCPE€ BOZHUKAIOIINX CHUII U MOMCHTOB!
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NpoOJbHAsl CHJla MMEET JBa OCHOBHBIX MAaKCHMyMa: OOTOHSEMOE CYAHO MCIIBITHIBAET CHUKECHHE
CKOPOCTH B CBSI3U C POCTOM COIPOTUBJICHUS Ha Kopiryce. MakcuManbHOE BIHMSHUE OOTOHSEMOE CYTHO
UCTIBITHIBAET B MOMEHT, KOTJIa HOC OOTOHSIOIIEro CyAHA JOCTHraeT €ro KOPMOBYIO OKOHEYHOCTh. B
MOMEHT, KOTJIa MHUJEJIEBbIC CEUEHUS CYJOB HAXOAATCS a OJHOM YpPOBHE, 3HAK JACWCTBYIOIIMX CHII
MEHSIETCS: CONPOTHBICHHE HA KOpIyce cyaHa cHmwkaercsa. OOroHsIoNIee CyIHO HCIBITHIBAET

aHAJIOTUYHBIN XapaKTEp BIUAHUSA, HO C IPOTUBOIIOJIOXKHBIMHA 3HAKAMU

M3MEHEHHUE XapaKTepa BO3HHUKAIOUIMX OOKOBBIX CHJI MMEET HECKOJbKO Ooyiee CIIOKHBIM XapakTep:
00roHsieMoe CyJHO MCHBITHIBAET TPHU MUKOBBIX 3HAYEHUS, B TO BpeMs Kak oOrossroiiee — asa. Bos-
HUKAIOIIKE Ha KOpIyce OOrOHsIeMOTro CyIHa CHIIBI CTPEMSITCS CMECTUTH €TI0 MIEPBOHAYAIBHO B CTOPOHY
CylIHa-IapTHepa, Jajee — OT HEro, M 3aTeM CHOBA B CTOPOHY CyAHa-mapTHepa. B To ke Bpems,
OOroHsIOIIEe CYIHO CTPEMUTCS B CTOPOHY OOroHsAE€MOro u jainee oT Hero. CieayeT OTMETHUTh, YTO
B3aMIMHOE BIIMSHUE Cy/a HAUMHAIOT UCIBITHIBATH MPUOIU3UTEIHLHO B OAMHAKOBBIII MOMEHT BPEMEHH,
OJTHAKO JJIsi OOTOHSIEMOTO CyIHA-CyAU 3TOT 3PQEKT coxpaHseTrcs Ooyiee UIMTENBHBIA MEPHOa Bpe-
MEHU;

COTJIACHO TMPOBEJAEHHBIM HCCIEAOBAHUSIM, XapakTep BIHMSHUS MOMEHTA PBICKAHUS HEBO3MOXKHO
0000IMIUTE TSI Pa3JIMYHBIX MapaMeTpoB. KonndecTBO BO3HUKAIOIIUX MAaKCUMYMOB 3aBHUCHUT OT YCJIO-
BUH B3aMMOJICHCTBHSI (COOTHOIIEHUE Pa3MEpPOB, CKOPOCTEH, PACCTOSTHHE MEXKIY CylaMh) U UX KOM-
OuHanmii. B mpuBeneHHOM ciydae, OOrOHSIEMOE CyIHO CTPEMHTCS Pa3BEPHYTHCS B HANPABICHUU
CyJHa-IapTHEPA, MO3/IHEE — OT HETO.

O0600m1ast pe3yabTaThl MPOBEICHHOTO aHAJIN3A, CIEAYET OTMETUTh, YTO OOTOHAEMOE CYIHO MapTHEp

HCIBITHIBAET 0OJiee 3HAYMTEIBLHOE BIIHSHUC BO3HUKAOMMUX CHUJI W MOMCHTOB BSaHMOHCﬁCTBHﬂ, HCXKCIIN

oOroHsIOMIee CYAHO-TIApTHED.

OOUMPHYIO CEpUI0 MCIIBITAHHUIA MOJIENICH Cy/I0B PaBHBIX JJIUH IPH COBEPILECHUH PA3TUYHBIX MAHEBPOB

BrepBbeie onucan M. Bantoppe (M. Vantorre, 2001) [24]. Ilpou3Boaunuchk u3MepeHHs B XOJ€ IKCIe-

PUMCHTAJIbHBIX HCCIIeIOBaHUN ABYX (1)I/IKCI/Ip0BaHHBIX MOHCH@ﬁ, ABWIKYIIHUXCA C OAUHAKOBBIMU CKOPOCTAMU

n CaMOXOIHBIX HCHBITAaHHH. OTMequO, YTO B XOA€ SKCIICPUMCHTAJIBHBIX I/ICCJIGI[OBaHI/Iﬁ CaMOXOIHBIX

MoJerell, moTpe0oBaIiCh NOCTOSHHBIC ASUCTBHS PYJIeM AJIs yAEpKaHHs MOJIENIN Ha 3alaHHOM Kyp- ce. Ha

Puc. 2 NpUBCACHBI CTaIUN 0OrOHHOI'O ABMOKCHHA C COOTBETCTBYIOIIMMHU HAIIPABJICHUAMU IIEPC- KIAAKU.

— Bl S e pemm—l NS

Puc. 2: XapakTepHble YIIbl EPeKIaKki pyiis B MpoLecce 00roHa, M0 JaHHBIM SKCIICPHMEHTATEHOTO
uccrenoBanus M. Bauntoppe u nip. [24].
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B cimyyae OOroHHOro JBMXKEHMS, HPHU JOCTHKEHHUM OTHOCHTEIBHOTO IPOJOJBHOIO PACCTOSHUSA
d = —0.45 + 0.47 — moyo>keHrne KopMa — HOC - YroJl MepeKIaJKi pyJe Havyaa pe3Ko BO3pacTaTh OT 3Ha-
genns -10° 1o +30° mpu oTHOCHTENBEHOM KO3((HIMEHTE MPOTOTBHOTO PACCTOSHHS MEKIY MHUIEIECBEIMH
cedeHusiMH cyJI0B § = —0.1 =+ 0, YTO COOTBETCTBYET MOJIOKEHHIO “‘MUACTb-MuACHs” . [Tocne mpoxoxaeHus
MUJIETIEBbIX CeUeHH HEOOXOAMMBINH Yrojl MEepeKiIagKd CHOBAa yMeHbIIajics. V3MepeHus mpou3BOIMINCEH
JUIE MOJeNH ¢ OOJbIIeil CKOPOCThIO ABWXKEHUS. Ha cerogHsmHuii JeHb TEeCTHPOBAHUE OOJIBIIMHCTBA
YUCJIEHHBIX MOJIeIel IPOU3BOJUTCS. HA OCHOBE Pe3yJIbTaTOB MMEHHO ITUX SKCIIEPUMEHTOB.

Cpenu mocaeIHUX SKCIIEPUMEHTAIbHBIX HCCIIC0BaHMid H3BecTHA paboTa D.Jlataupa u np. (E. Lataire
et. al, 2009) [39] B oGnacTi MOJeIUpPOBaHUS CIydast J03aIIPAaBKH CYI0B HAa OTKPHITOM BOJIE, [IPO- U3BEICHHAS
Ha Mozenu ciyxeonoro cyana (SS) AFRAMAX u tankepa KVLCC2 (STBL). Macmirab 1:75, momenu
JBIKUTEIBHO-pYEeBbIM KoMIuiekcoM (/IPK). B xone ucnbiTaHuil TECTUPOBATUCH CKOPOCTH 2, 4 1 6 y3710B
IOpy ydeTe BIMUAHUSA MeJKOBOIbs. Cepus TecToB Oblia MHpOBEICHA JUIsI (PUKCHPOBAHHOIO IOJIOXKEHUS
Mojiesiel, OTAesbHAs Cepysl BKIIFoYalia BapbUPOBaHKE YIJIOB IBMKSHHUS TOJIBKO JUIS Ciiy)keOHoro cyaHa (SS).
B xonme nuHaMMYeCKMX WCHBITAHUN TPOM3BOAMINCH M3MEPEHHsT OOKOBBIX CHJI U MOMEHTA PHICKaHHS C
Y4ETOM BIUSHHSA JACUCTBHS TpeOHOro BUHTAa M pyisa. Tak ke ObUTM IOJNy4YeHbl JaHHBIE O BIUSHHUU
BOJIHOOOPA30BaHUS.

B nocneanee Bpems, akIEHT TEOPETHMUYECKHX U SKCIIEPUMEHTAJIbHBIX MCCIIEIOBAHUM CMECTHIICS He-
CKOJIBKO B CTOPOHY M3y4Y€HHUsSI KOMIUIEKCHOM 3a/auil IBUKEHHSI CY/I0B B YCIOBUSIX OTPaHMYEHHOW aKBaTo-
puH. DTO CBSI3aHO B TIEPBYIO OYEPE.lb C HECKOJIBKUMHU KPYITHBIMH TPOSKTAMU PACIIMPEHUS CYIIECTBYIOIIUX
MOPTOB U IIIIO30B, TAKUX KaK AHTBEPIIEHCKUI, U CTPOUTEILCTBA HOBBIX. TaK e HOBOE pa3BUTHE MOTYYUIIO
pEIIeHus 3a/1a4 ONTUMH3AINH IBIKEHHS CYJJOB B YCIOBHSIX PEK M KaHAJOB. Tak, B paMKax HCCIIETOBAaHUN
nuist [TaHamckoro kanana Opita co3maana pabouas rpymma 155, C. Topenry (C. Thorenz, 2013) [41] ¢ uenbio
MIPOBEJICHHS SKCIIEPUMEHTAJIbHBIX MCCIEI0BAaHUI MOBEACHUS CyJHA HEMOCPEJCTBEH- HO BHYTPU LIUIIO3a U
Mpu BXxojze B Hero [42]. MoienbHbIe U HaTypHBIE UCTIBITAHUSL TakK K€ IPOBOMINCHAJIS 3alaJHOTO U032
Hunepnannos u onucansl [I. Bepeuwiuarenom u ap. (J. Verwilligen et al., 2012) [43]. [lonydeHHbie um
MO3/{HEE C TOMOIIBI0 MAaTEeMaTHUECKOTO0 MOAEIHPOBAHUS PE3yJIbTAThl JJs BBIXOJAW BXOJA CYJHA B ILTIO3
MO3BOJIMJIM TIPOBECTH IMPEABAPUTENIbHYIO OLIEHKY HAaBUTAIIMOHHOIO KadecTBa mpoekrta. K Gonee yacTHbIM
CIIyyasiM THIAPOAMHAMHYECKOTO B3aUMOJEHCTBHS CYZI0B MOKHO OTHECTH J[03aIlIPaBKy CYZOB Ha MpPEAEIbHO
MaJIbIX pacCTOSAHUAX. MacTaOHbIM 3KCIEPUMEHT C MocieRyomuM MoaenupoBanuem metogamu BI'J[ (CFD)
uisi mofo6HoW 3anmaum Obul mpoBeneH T. Apcimanom u ap. (T. Arslan et al., 2011) [44]. UccnenoBaincs
XapakTep TEUCHHS MEXIY Cy/laMU B 30HE MHUJIEJIEBBIX CEUCHUH C ITOMOIIBIO MeToja MedeHbIX yacTull (PIV),
pe3yapTaThl KOTOPOro ObUIM HMCHOJb30BaHbl IS MOCIEAYIOLEH BaluAallMd YHUCICHHBIX DPE3YyJIbTaTOB.
CpaBHUTEJIbHBIN aHATM3 MIOKA3aJl B IIEJIOM BBICOKYIO cTerneHb TouHocTH pemenus: BI'/] (CFD).

M. Cano u np. (M. Sano et al., 2013) [45] mpoBenu 3KCTIEpUMEHTAIIBHOE MCCIIET0BAaHUE ISl OTIpee-
JIeHUsI TPOAOJILHON, OOKOBOM CHMJI M MOMEHTA PhICKaHUS Ha KOpIyce B3auMoJeicTByrommx ten Buriu c

Y4eTOM JICHCTBUS PYJIs.
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[Tonmy4yeHnnsle pe3yabTaThl MO3BOJIIIN YTBEP)KIATh, YTO BO3HUKAIOIIUE B CBSI3U C B3aMMOJICHCTBHEM
HECTAIIMOHAPHBIX CHJI U MOMEHTOB OKa3bIBAIOT BIHMSIHHE HE TOJBKO HA OCHOBHOE CYJTHO, HO U CYAHO IIEJib.
Ha ocHOBe monmy4eHHBIX AAHHBIX TaK )K€ MPEUIOKEH MOAXOJ K PEIICHHIO 3a/1a4H OIPECIICHUS BIUSIHUSL
B3aUMOJICMICTBUS B pAMKax HEJIMHEWHON TEOPHUU.

Ko BTOpoIii rpynmne ucciaenoBaTesIbcKUX padoT paHee ObLIM OTHECEHBI Pe3yJIbTaThl, MOITYUYECHHBIE C
MOMOIIbIO YHCJICHHBIX METOJIOB Ha OCHOBE TEOPETHUECKHX MO0JaX0J0B. OCHOBHAsI TPYII TEOPETHUECKUX
METOAOB ONpeAETCHUs TUAPOJUHAMUYECKUX CHJI U MOMEHTOB OCHOBBIBAETCSl Ha IPEIINOJIOXKECHUHU, YTO
JKUJIKOCTb HEBSI3Kasl, HeC)KMUMaeMas. J[BrKeHHe )KUIKOCTH CUUTaeTCsi 0e3BUXPEBBIM, 3HaUeHus1 uncen Opyna
MaJIbIMH, a CBOOOJHAsI MMOBEPXHOCTh YCIIOBHO NPHHHUMAETCS B BUJAE TBEPAOH cTeHKH. Takum oOpa- 30M
WCKJTIOYAETCs BIMSHUS BOJTHOOOPa30BaHMs Ha XapaKTep THAPOJIUHAMHYECKOTO B3aMMOICHCTBHS.

Pa3paboTka TeOpeTHUECKUX METOAOB OMPECICHUs THIPOIMHAMUYECKAX CHJI M1 MOMEHTOB Hayaylach
OTHOCHTENIbHO paHo. OJIHU U MEPBbIX pe3yabTaToB ObuIH noxydeHbl yueHbiMu E.O. Tak u JI.H. Hetoman (E.O
Tuck & J.N Newman, 1974) [25], K. Kmwxuma (K. Kijima, 1987) [14], I1. Karutan u K. Cankapana- pasHan
(P. Kaplan & K. Sankaranarayanan, 1987) [13], uccnenoBarenu JI.JI. Xecc u A.M.O. Cmur (Hess, J.L., Smith,
AM.O., 1964) [66] npenIoKuiIn OCHOBHBIC YpaBHEHHUS JJI TPEXMEPHBIX TEl B MOTEHIMAIHLHOM TMOTOKE.
OnHako, C TOYKH 3pEHUS CO3/1aHus OO TEOPUH, MPUHATO CUNTATh, YTO Ha4aino paboT B 00JacTH SBICHUS
THIPOAMHAMHYECKOTO B3aUMOCHCTBUS CYOB OBLIO MOJOXKEHO C MOMOIIBIO MOTEHIUATFHONW TEOpUH Ha
npumepe mpoctbix Ten [21]. UccnenoBatensmu paccmaTpuBaiach yOpolIeHHas 3ajada, Korja sBJICHUE
B3aMMHOT'O IPUTSHKEHUS ABYX TEJ, TPH COBMECTHOM JBIKEHHH C OJIMHAKOBON CKOPOCTHIO MEPIIEHIUKYIISPHO
K JINHUY, COSUHSIIONICH X IIEHTPHI, ONMCHIBAETCS ypaBHEeHUsIMU bepHymm-Diinepa.

[Tonaranock, 4To B OE3rPaHUYHON WACATHHOMN JKUAKOCTH JIBHKYTCS IBAa KPYTOBBIX IIMJIMHIpA C He-
KOTOPOH CKOPOCTHIO MapajlIesIbHO, HAa PACCTOSTHUM MEXIYy MX TOBEPXHOCTSIMH. B oOpameHHOM JBIKEHUN
Ha TOBEPXHOCTH KaXIOTO LWIMHAPA CKOPOCTh JKUAKOCTH ONPEACISCTCS M3BECTHOW M3 THIPOMEXAHHKH
bopmyioii:

V,=2Vysind,
rae 0 < 0 < 180°- nmossipusiif yroa. COOTBETCTBEHHO IpH cOmmkeHnH AByX nmwinaapos (ho — 0) ckopoctu
Ha TIOBEPXHOCTH TeJI M B 3a30pe MeXAy HMMU OyIyT Bo3pacTarbh, T.e. V; > Vo. 3anucbiBas ypaBHEHUE
Bepuynnu 1151 1ByX TOYEK JIMHUM TOKA, MPOXOAIIEH MEXAY LIUJIMHAPAMU 0e3 yuyeTa MacCOBBIX CHJI:

ovE pve

o+ _—

Po +

-

I7le JieBas 4acTh PaBEHCTBA OTHOCHUTCS K TOYKE, HaXonsleicss Ha OECKOHEYHOM Y AJeHUU Mepe] LUIHH-
JpOM, TIpaBasi — K PacHOJIOKEHHOW B 3a30pe MEXIy IMIMHAPaMH (pPo, P;j— COOTBETCTBYIOIINE JaBICHHUS,

P - IIJIOTHOCTh )KI/I,Z[KOCTI/I).

ITockoneky Vi > Vo, pi < po, T.. 1aBI€HUE B NPOCTPAHCTBE MEKIY LIMIMHAPAMU MEHBIIE, YEM B
OKpY)KaloIlel MXHUAKOCTH, MOJYy4aeTcs YTO Ha LWIMHIAPBI OYAYyT AEMCTBOBATH MPUTSTUBAIOLIUE CHJIBI,

O6YCJ'IOBJ'IGHHBIC Pa3HOCTBIO ,ILaBJleHI/Iﬁ.
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Januplii moaxox ObUT C(OKYCHpOBaH Ha 3aJadye MOJAEIMPOBAHUS W3MEHSIOIIEHCS TPacKTOPHU
JBIDKEHHS TeJl U TMOJIyYWJ Pa3BUTHE B pabOTax MHOTHX aBTOPOB. OOYCIOBIEHHBIN MOAXO] K H3yYCHHUIO
(eHOMEHA T'MIPOANHAMUYECKOTO B3aUMOJEUCTBUS T€Jl B KUIKOCTH BO3MOXKEH, TaK Kak Ipeolajaroliee
BJIMSIHUE OKA3bIBAIOT CHIIBI 00YCIIOBJICHHBIC IaBJICHUEM, OTHAKO MTPEHEOPEKEHNE MACCOBBIMU CHIIAMU BEIET
K IIOTepe Ba)KHOM uyacTH MH(pOpMAIMMU O XapakTepe B3ammojeicrtBus. Takum oOpa3oM, Hanpumep, He
YUUTHIBACTCS BIMSAHUE CBOOOIHOM MOBEPXHOCTH U CHJI, 00YCIIOBJICHHBIX TPABUTAIMEH.

B 1879 r. b. M. Xukcom (Hicks B.M., 1879) [46] Obu1a pelieHa 3a1a4a O MPOU3BOJILHOM JIBHKCHUU
B HJCabHON Oe3rpaHnYHOM >KUIAKOCTH ABYX KPYIJIBIX IMJIMHIPOB OCCKOHEUHOW JUIMHBI, OCH KOTOPBIX
OCTalOTCA TMapajUIeIbHBIMU BO BpeMs IBMKEeHMA. [[oTeHIMan cKkopocTeil HaiiieH UM B KOHEYHOM BHJE H
BBIpayKaeTcs Yepe3 ILITUNTHISCKUE QYHKIUHM 0T OUnosisipHbIX KoopauHat. B 1880 r. b. M. Xukcom [47] O6bu10
HOJIY4E€HO TOYHOE PEIIeHHUEe 3a/1a41 O JBIKEHHU JBYX c(hep BAOJIb JIMHUM, COSIUHAONIEH nx neHTpsl. b. M.
XUKC peuni 3a1a4y METOAOM OTOOPaXKEHUH U MOIYydrI KOA(PUIHUEHTH! IPU CKOPOCTSIX B BBIPAKEHHUU IS
KHHETUYECCKOW SHEPTUU B BUe OCCKOHEYHBIX psIOB. B 310t ke padore b. M. Xukc nmpuOIMKEHHO PEIInI
3aJa4y O ABM)KEHUU JIBYX IIApPOB MEPICHANKYISPHO K TMHUU, COSIUHSIONINE UX LIEHTPHI.

Bomnpoc o nBumxenun nByx chep B Oe3rpaHMUHOM >KUAKOCTH B MOCIEAYIOIIUE rojja pacCMaTpUBAJIC
B pa3HOMW CTEIIEHW MHOTMMH aBTOpamu, TakuMu kak: I'. Jlam6 [48], M.JI. Munu-Tomcon [50], A.M. Boro-
ciosckuid U A.A. Koctiokos [51], @.®. Kapan u gp. [49].

CnenyeT OTMETHUTb, YTO OMbBIT THAPOMEXAHUKH, HAKOIUIEHHBIM MPHU pElIeHWH 3aJady O TMIpOAMHA-
MHUYECKOM B3aUMOJICHCTBUU TeJ MpocTeimen Gopmbl (1ap, KpyroBOU MIMHIP), TO3BOJIHI B JAJIbHEH - IIEM
NEPEeUTH K PACCMOTPEHMIO B3aUMOJEHUCTBUS Tes, OOBOABI KOTOPBIX OJIM3KM K CYIOBBIM, B YaCTHOCTH
TPeXOCHBIX uturiconioB (B pabortax B.C. Cabaneesa [52-54], paccMaTpuBaeTCst IBIKCHUE BOIU3H TUIOCKOM
cteHkn). [lonydeHHOe B pe3yabTaTe BhIpaKEHUE Ui MOTEHIHAda CKOPOCTEN CUCTEMBI T€l B KO- HEUHOM
UTOTE NO3BOJISIET ONPEACIIAT PAaCIPEACIICHUE AABJIEHUH 110 TOBEPXHOCTH JUIMIICOMIA, A ITOIE- PEYHYIO CHUILY
IpUCcachIBaHUA KaK (DYHKIIMIO PACCTOSIHUS MEX]y OOJbIIEH OChIO AJUIMIICOUAA U CTCHKOH.

Crnenyer oOpaTUTh OTAEITHFHOEC BHUMaHWE Ha pe3ynbTaThl, nmonxydeHHeie F0.M.DPangneesbm [55]: 3a- maua
OTIpeNieNIeHUs] TUAPOJMHAMUYECKHX CHJI M MOMEHTOB, JEHCTBYIOIIMX HA MIap, IUIOCKMHA OBaJ, Mpo-
CTPaHCTBEHHBIN OBaJI PEHKMHA, IPOCTPaHCTBEHHBIM HECUMMETPUYHBIN OBAJI ITPYU IBWKEHHUH BJIOJIb IUIOCKOU
CTEHKH C TIOCTOSTHHOI CKOPOCTBIO, C TOYKH 3PEHUS THIPOMEXAHUKH MPUHUMAIACh SKBUBAJICHTHON CIydyaro
JBIDKEHUSI IBYX OJIMHAKOBBIX TEJl B OJJHOM HAIpAaBJICHUH C OJMHAKOBOI CKOpOCTHIO. B mporecce pemenuns
UCTIOJIB30BAJICA TaK JK€ MPHUOIMKEHHBIM METOJl ONpeNeNeHUs] TMOTeHIHala CKOPOCTEH CHCTEMBI TeNl C

MMPUMEHCHHUEM ITPOCTPAHCTBECHHLIX UCTOYHUKOB U CTOKOB, IOMCIICHHLIX B Q)OKycax OoBaja.

Tax, ans- ko3 duurenta 60KOBOM CHIbI, JEHCTBYIOLIEH Ha MPOCTPAHCTBEHHBIH CUMMETPHYHBIH

OBaJl IIpHU ABUKC-HHUU €TI0 BAOJIb ILUIOCKOM CTCHKHM, OnL1a IMOJIyUCHa (bOpMy'J'IaZ

E; — 68Y _
Tyl Fr

rac 6- KOB(b(bHHHCHT 061116171 IIOJIHOTHI T€JIa, Y- nomnepcyHasa Cuja, ,ueﬁCTBy}omaﬂ Ha TCJIO B HAIIPpaBJICHUU



CTEHKH (CHJIbI TIPUCACHIBAHUA); Y- OOBEMHBIN BEC KUAKOCTH; V- 00beM Tena; Fr- uncno @pyna no niunHe
Tena.

0.1 ®anneeB oOpaTui BHUMaHUE HAa pe3KOe HM3MEHEHHE 3HaueHuil kod(duineHToB 60KOBON CHIIBIN
MOMEHTa B 3aBUCUMOCTU OT U3MEHEHHS] OTHOCUTENILHOTO PACCTOSHUSA A0 CTEHKH, U OTMETHJI HEJIMHEHHBIN
XapakTep 3TUX U3MEHEHUH. B To ke Bpems, monydeHHble 3HaueHUs K0d()(PUIMEHTOB MONepedHbIX CHIT AJIs
IUIOCKOTO CJydass 3HA4YUTeNbHO (B 3-5 pa3) mpeBblIANd 3HAYCHHS, NOJYYECHHBIE Ui CIydas Ipo-
CTPaHCTBEHHOr'O JBMKEHMs Ten BpawieHud. [lonyuennsie FO.M1 ®@anneeBbiM 3aBUCUMOCTH NPEICTABISIOT
UHTEpEC Il UCCIENOBAHUS THUAPOJMHAMUYECKOTO B3aMMOJCHCTBHSA B YaCTHOM cllydyae, Koria oba Tena
OJIMHAKOBBI, IBXKYTCSl B OJJMHAKOBOM HAIPABJIEHUU U C OAMHAKOBBIMU CKOPOCTSIMHU, & MUJIEJIEBbIE CEUCHMUSI
HaxoJATCs HAa OJIHOM ypoBHe. YacTHBIN XapaKTep pe3yJbTaToB HE JaeT BOBMOXHOCTH CYAUTh O PEallbHbIX
CUTyallUsX B3aUMOJACWCTBHS CYIOB, HO SIBISACTCS OJHUM W3 (PyHIaMEHTAJIbHBIX HCCIEIOBAHUN C TOYKU
3peHUs TUAPOANHAMUKH.

K onHoif M3 MOMBITOK pa3pabOTKU MOAX0/Aa K ONPENeTICHUIO THIPOJUHAMHYECKUX CHJI B3aUMOJICH-
CTBUSI MO’KHO OTHECTH HCclle[JoBaHue, mpoBeeHHoe A.M. BorocnoBckum u A.A. KoCTIOKOBBIM, UCHOJIb-
30BaBIIUX TyOJMPOBAHHBIE KOPITyca HAJBOJIHBIX CYJIOB JJIs ciiydasi Oe3rpaHu4HOl >kuakoctu [S51]. ABTO-
paMu paccMaTpUBajiach 3a7aya O BO3HUKAIOIIUX TMAPOJMHAMUYECKHX CHIIaX MPHU JABMKEHUH JIBYX MCTOY-
HUKOB Pa3HON MOIIHOCTH C OJJMHAKOBOW CKOPOCTHIO B OJHOM M TOM >K€ HaIPaBJICHUH, YTO MO MHEHHUIO
AaBTOPOB CXOJ/IHO CUTYaIlMH 0OTOHA OHOTO TeJIa JPYTUM Ha PaBHBIX CKOpOCTsAX. Bo3HMKaromias monepeyHas

CcuJia nprucaCblBaHus, HCﬁCTBymmaﬂ Ha UCTOYHHK, UMCCT CJICAYIOIICC BBIPAKCHUC!

s
16mh="

A€ P- MJIOTHOCTD XKUJAKOCTHU; Q- MOIITHOCTH MCTOYHHKA, h- PACCTOAHUC MCKAY UCTOYHHUKAMU.

YucneHHbIe PE3YJIbTAThI, NOJYYCHHBIC B INPUBCACHHLIX BBIIIC pa60Tax, JAar0T BO3MOXXHOCTb CHACJIATh PAJ
HHTCPCCHBIX KAaYCCTBCHHBIX BbHIBOIOB. O):[HaKO OTH PC3YJIbTAThl HC MPUMCHUMBI IJISI ITPAKTUYCCKUX ueneﬁ B
OCHOBHOM H3-3a MaJIoro 4uvcija IPOHU3BCACHHBIX pPACHCTOB, a TaK XXC B CBA3U C HCKOTOpOfI HCOO-
HO3HAYHOCTBIO HMCCJICIOBAHHBIX MCTOJ0B OJIA IUIOCKON M 00BEMHOI ITOCTaHOBKU 3ala4un: ruapoaruHaMu-
YCCKHEC CUJIbI OKa3bIBAIOTCsA BCCrJa BO MHOI'O pa3s 60.]15]].[6, 4CM IIpU ONPOCTPAHCTBCHHOM IABWIKCHHU TCII.
BrI3pIBaeT Tak xe COMHEHHUE TO, YTO HNOIICPEUYHBIC CHUJIBI U MOMCHTHI IIpH o0rone u BCTPCUYHOM PACXOKIC
HUU TIPpU OPOUYUX PABHBIX YCJIOBHUAX MMEIOT OJIMHAKOBBIN MOpAAOK, TaK KakK obronnoe JBWKCHHUE BCCria

ABJIsIeTCs OoJIee OMaCHBIM M3-3a OOJBIINX HONEPEYHON CHIIBI 1 MOMEHTA PHICKAHBSI.

W3 onmiTa MOpCKOﬁ IMPAaKTUKH CJIEAYET, YTO HanOosee BaKHBIMU TUAPOJUHAMUYCCKUMH XapaKTCpH-
CTUKaMH, OIPCACAIOIMMU BJIMAHUC KOpPITyCa OAHOI0 CyaHa Ha APYroe, ABJIAIOTCA IMOINCPCUHBIC CUJIBI U
MOMCHTHI, BOSHCﬁCTBy}OMHe Ha CyJIHO B FOpHSOHTaHBHOﬁ IIJIOCKOCTHU IO aHAJIOTHHU C PYJIEBBIMHU CUJIaMHU U
MOMEHTaMHU. DTO BBI3BAHO TEM, 4YTO IOMNCPCYHBIC CHUJIBI 1 MOMCHTHI, BOSﬂCﬁCTBYIOLHHe B IINIOCKOCTH Ba-

TEPJIMHUU HA CYAHO, OIPECACIAIOT CTCIICHD €TI0 IMMOBOPOTIMBOCTU U yCTOﬁ‘IHBOCTH Ha KypcCe, a yIpaBJIsicC-
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MOCTb, KaK U3BECTHO, OIpeesieT 0€30MacHOCTh ABMXKEHUS B IPOU3BOJIBHBIX ITYTEBBIX YCIOBUSAX.

Cpenu Hambosiee OOLIMPHBIX HCCIEAOBaHMM, BKIIOYAIOIUX SKCIEPUMEHTAIbHOE MCCIIEOBAaHUE U
TEOpEeTHUECKUE HM3bICKaHus, cieayeT otMeTuth Tpyn HO.M. Macrtymkuna [21]. [lomaras *ugakocTts ujae-
aJbHOM, HECKMMAaeMOM, O€3rpaHUYHOM, OH BBIPa3Wi MOTEHLIMAT CKOPOCTEH MPH JBUKEHUU CUCTEMBI JIBYX
TeJI, TOJI3YSICh METOIOM TIOCJIEZIOBATENIbHBIX TPUOIMKEHUI M IPUMEHIIT JAHHBIN TOAXO AJIsl YUCICHHO- TO

MOJIETTUPOBAHMS C TIOMOILBIO CIAEAYIOMIHMX (OPMYI U UX IPeoOpa3oBaHUil:

=—p ,U“ [lr" msﬁ1 + V. sm,l'?l - %- igradlr:h] cos(n,y,)dS (1.8)
M= f v ad V. si ap v 1 220 x| [ ) [ s
==p o I LCcosfT, ax, + Vysinfy dy, ot zgm J ¥ |xycosingy) =y cosingx,

CootBercTByiomiee AuQdepeHupoBaHie MOTEHIMAala M0 MPOCTPAHCTBEHHBIM KOOpPIAMHATAM M Bpe-
MEHU TO3BOJIMJIO TIOMYYUTh BhIpaskeHue 1y1si 0okoBoi cuibl (Y) 1 MomeHTa poickanust (M). s gactHOTO
Cllydasi pacCMaTpUBAEMOr0 IBM)KEHUS, HAPUMEP B cilydyae 0OroHa, MpU PaBHBIX CKOPOCTSIX M OTCYTCTBHH

yria z[peﬁ(ba COI'JIaCHO aBTOPY ABWIKCHUC SABJIACTCA CTALITMOHAPHBIM, IMO3TOMY NPHUBCACHHDBIC BbIPAKCHUA

(1.8) OGyayT uMeTh CIIeaYIOIINi BUI:
—pl; ff crjs[nl}rl] ds +—- 2 ff grad*®, c cos(n,y,) d5
51
a{IJU
M= —pl, J a_xllxlfﬂ—"'(ﬂl}ﬁ) — ¥y cos(nyy,) dS] (19)
51

il .
+ 7 grad*®, [x,cos(n,y,) — wcos(n_1y_1)]dS
51
Takum 00pa3oM MPOU3BOIUTCS MOJCIMPOBAHUE 3HAUCHH CHJI U MOMEHTA Uil KOHKPETHOTO MOJIO-

JKCHUA CyAOB OTHOCUTCIIBHO APYT Apyra, oe3 ydu€Ta OTHOCUTCIIbHOTO CMCIICHUA B TCUCHUC BPECMCHU.

Torma ¢ yuerom npeobpasoBanuii H.E. XXykosckoro [57] Beipaxkenus (1.9) npuobGperaror ciieayro-

ol
51

iy,
= —pV, ff :rl ms(ﬂ X)) — fﬂS(“lJ’l}IdS
1

LI BU:

g
) = Gacosyy)|ds

dx

OCHOBBIBasICh Ha MPEANOJIOKEHUN O TOM, YTO MPU COBMECTHOM JBMXKEHUHU JBYX CYIOB MOXKHO IO-
JYy4YUTh JTUHEAPU30BAHHBIC BBIPAKEHUS IS TIOMEPEYHON CHIIBI 1 MOMEHTA, Ha OCHOBE 3aKOHA KOJMYECTBA
JBIKEHHS, TI0 aHAJIOTUU C TEOPETHUECKON TMAPOMEXaHUKOM i cilydas JABMKEHHUS OIHOro Tejla B 0e3-
TPaHUYHON HICATBHOM >KMIKOCTH, a TaK € C y4eTOM CHMMETPHUYHOCTH MOTOKAa IMOJY4YWI CIEAYIOLIUE

BBIPAKCHUA!
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Y = p=-®cos(n, y,)dS (1.10)

d
M= pEﬂ- @|x, cos(n,y,) — v, cos(n, x,1]1dS + pV, J-J’ P cos(n,y,)dS
51 51

j:[anee YUUTBIBACTCA MU3MCHCHUC IMPOAOJIBHOIO PAaCCTOSAHHA MCEKAY MHUACICBBIMU CCUCHHUAMU CYOOB
(m) caemyromm 00pa3oMm:
nput = to, |Vi| # |V2|
my=my—Vit—W
nput =ty, V>V,
mz =mo— (V1 —V2)t
[IprMeHeH e JaHHBIX MEHEE TPOMO3IAKMX (HOPMYJI IS YMCIEHHBIX PACYETOB CTAHOBHMTCS Ooliee Iie-
71€CO00pa3HbIM, OJHAKO CONOCTABUTEIBHOE PasjielicHue 4ieHOB B BhipaxkeHusx (1.10) sBiusercs HexocTa-
TOYHO KOPPEKTHBIM. 10 pesyibTaTtaM YHCICHHOTO MOJECIMPOBAHUS 3aa4d, MOKHO CIeJIaTh BBIBOJ 00
OrPaHUYEHHOCTH HCIIOJIB30BAHUS NaHHLIX (GOPMYI Ul pacyera IMAPOAUHAMHYECKUX CHUII M MOMEHTOB.
CrietyeT OTMETUTD, YTO C MOMOIIBIO JAHHOTO MOJX0Ja MOJAEIUPYETCS 3a1ada OOrOHHOTO IBHMIKEHHS ISt
JIBYX DIUIUIICOUIOB B OE3rPaHMYHOMN KUAKOCTH. ABTOpP NPOBOAMT YUCIEHHBIE PACUYETHI TONEPEUHBIX CHI U
MOMEHTOB, T10JIaras BO3MOKHBIM IPUMEHATH OJyYE€HHbIE JaHHBIE JJIs BAPHAIIMK OCHOBHBLIX T€OMETpUYE-
CKHUX XapaKTepI/ICTI/IK KOpHyca U KHHEMATHUYCCKHUX HapaMeTpOB COBMCCTHOT'O IABHXKXCHHUA CyIIOB. TaKI/IM
00pa3oM aBTOP UCKIOYAET BO3MOXKHOCTH y4eTa BIUSAHUS (OPMBI KOPIyca HATYPHOIO CYAHA, M KaK OBLIO
OTMEYEHO paHee, BIMSHUE BOJIHOOOPA30BaHUS HA CBOOOIHON MOBEPXHOCTH NPH JBUKEHUHU CY/IHA B CBSI3H
C OrpaHUYEHHAMH MTOTEHIUATLHON TEOPHH.
[Tpumep momydeHHBIX Oe3pa3MepHbIX KOA(PPHUIMEHTOB IMOMEPEUHOW CHIBI U MOMEHTa DPHICKaHHS,
npuBOIATCS B TaOauuHoi (opme nanee (Tabn2, 3), U MO3BONAIOT CYIUTh O Pa3sMeEpPe M XapakTepe CHll,

YUUTbIBAaA 3HAKU:
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Tabnuma 2. U3MeHeHue KodQUIMEHTOB OOKOBOW CHITBI IIPH BCTPEYHOM PACXOXKICHHUU JIBYX OJJMHAKOBBIX CYJIOB

Ha PA3IMYHBIX OTHOCUTEIBHBIX CKOPOCTAX (YHCIEHHBIN sKcriepuMenT [21]).

m A C,- 103 y C,- 103 y C,- 103
2.0 05 - -1.0 0.1 ‘15 -0.09
0.015
16 -0.09 0.25 -0.101
12 -0.06 0.21 -0.06
08 0.01 0.24 0.16
0.4 0.14 0.401 0.25
0 0.19 0.49 0.38
0.4 0.14 0.401 0.25
08 0.01 0.24 0.16
12 -0.06 0.21 -0.06
16 -0.09 0.25 -0.101
2.0 - 0.1 -0.09
0.015

Tabmuma 3. M3menenne kodpPUIIMEHTOB MOMEHTa TIPH BCTPEYHOM PACXOKICHUN ABYX OIMHAKOBEIX CYyIOB

Ha Pa3IMYHBIX OTHOCHTEIBHBIX CKOPOCTSAX (YHCIIEHHBIN 3KkcrepuMent [21]).

m Y Cp - 103 Y Cpo - 103 Y Cpo - 103
‘16 05 0.01 -1.0 0.02 ‘15 0.015
12 0.025 0.049 0.018
0.8 0.029 0 -0.04
0.4 0.025 - -0.09

0.098

0 0 0 0

0.4 - 0- 0.09
0.025 0.098

0.8 - 0 0.04
0.029

12 - 0.049 -0.018
0.025

16 -0.01 0.02 -0.015

31ech, UCXOs U3 3aMEHBI MOJIBOJTHOW YaCTH CY/HA IMOBEPXHOCTHIO TPEXOCHOTO AIJLIMIICOMA C TOJTY-
ocsiMu @ > b > ¢ (ymHa, mmpuHa, ocaika COOTBETCTBEHHO), 00€3pa3MeprUBaHIe IPOU3BOIUTCS C IIOMOIIIBIO
JUIMHBL DJUIMIICOMIA, KBajapaTra W Ky0a BelMMYMHBI JJIsi OOKOBOH CHJIBI M OTBOPAYMBAIOLIETO MOMEHTA
COOTBETCTBEHHO.

Crnemyer OTMETUTh, YTO JAHHBIA MOJXOM K ONpPEICICHHI0 0e3pa3MEpHBIX KOI(PPHUIMEHTOB CHUIBI H
MOMEHTa HMCTOIb3yeTCs JOCTATOYHO YacTO B TMOJOOHBIX paboTax JAPYruX aBTOPOB, OJHAKO BHIOOp Tapa-
METPOB 00€3pa3MepUBaHus HE SIBISETCS OJHO3HAYHBIM B 3a/1a4€ B3aUMOJICHCTBYIOUINX OOBEKTOB, B OCO-
6ennocTH cynoB. [logpoOHo maHHEI Bompoc ocBeteH B [ 1ase 4.

Ha ceromusimiHuii JeHb, KaK MPaBHIO, MaTEeMaTHUECKash MOJCIb JBHKCHUS CyJHA COCTOMT U3 ypaB-

HEHHI JABW)KCHHA CyIdHa, a HH(bOpMaHI/IH 0 TUAPOAVMHAMHUYCCKUX CHJIaX WU MOMCHTaX IMNPCACTABIACTCA B
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BUJIE JAHHBIX, COOpPAHHBIX HA OCHOBE HKCIEPHUMEHTAJIbHBIX HCcleoBaHui. briarogaps 3HaUMTENIbHOMY U
HETIPEPHIBHOMY POCTY BBIYMCIHMTEIBHBIX MOILTHOCTEH, HJIEs O MOJEIUPOBAHUU CIOXHBIX (DPU3NYECKUX SIB-
neHuil ruapoauHamuku cyana B pamkax BI'JI (CFD) merogamu mpsMOro 4YHCIECHHOTO MOZETUPOBAHUS
CTAaHOBHUTCS B OIIPENEICHHON CTENEHM IOCTYIHOW, HO Ha CErOJHSAIIHUM JEHb IO-NPEXKHEMY HE OCy-
LIECTBJIEHHOW. B TO ke BpeMsl, IIMPOKUI CHEKTP HUCCIEHOBAaHUI MO-NPEKHEMY OCHOBBIBAETCS Ha JOIY-
IIEHNUH O MoTeHNnansHocTn Teuenus. Tak, J[. A. [Tunkcrep u K. bxascunka (J.A. Pinkster and K. Bhawsinka,
2013) [26] Havanu pa3pabOTKU B OOJIACTH BHEIPEHHS YKA3aHHBIX METOJIOB, B MPOIECC MMUTAIMOHHOTO
MOJICTIMPOBaHMUs MaHeBpHpoBaHHs cynHa. OCHOBHOW ujee MoJaxoJa aBTOPOB SBISIETCS MOJy4yeHUE
UH(OPMAIIUH O THIPOANHAMHYECKUX XapaKTePUCTHUKAX CY/IHA B PEKUME PEaIbHOTO BPEMEHH, M IPUMEHEHHUE
YHCIIEHHBIX JAaHHBIX JJI TOJNyYeHHUS TPAeKTOpUU IBWKCHHS CYAHA B YCJIOBHUAX THUIPOAMHAMHYECKOTO
B3aMMOJEHCTBHS CYIOB M CyJHA C MOPTOBBIMH COOpPYKEHHMAMU. B ykazaHHOU pabote, MoaenupoBaHUE
MOTEHIUAIBHOTO TEUYCHHUS U PEaKIUil HCCIeAYyeMOro CyHa MPOU3BOAUTCS TP BpeMeHHoM mmare ot 0.6 10
1.3 cexyHIbpl, B TO BpeMs KaK MOJEIMPOBAHHE HENOCPEACTBEHHO JBWKEHHUS CyJHA, C Y4YE€TOM
B3auMoeicTBU, pousBoauTcs npu mare 0.2 cekyHabl. K OCHOBHBIM 3aKJIIOYEHHUSM aBTOPOB OTHOCUTCS
uzest 0 TOM, YTO MOJIEIMpPOBaHNUEe B pexume peasnibHoro Bpemenu merogamu BI'J[ (CFD) na cerognsimHuit
JIeHb OCTAeTCS HEBO3MOXKHBIM IO MIPUYMHE OYSHb BHICOKMX TPEOOBAHHIA K BEIYUCIUTEIBLHBIM MOLTHOCTSM, B
TO BpeMs KaK MOJEIb MOTEHIIMAIFHOTO TEYCHHS MO3BOJIAET MOIYYaTh PE3yNIbTAaThl B Pe- KUME PEaTbHOTO
BPEMEHM TpU HU3KUX BBIYUCIUTENbHBIX TpeOoBaHusAX. OJHAKO, OCHOBBIBAsCh Ha pe3yJbTaTax,
MIPEJICTABICHHBIX B YKa3aHHOW paboTe M aHanmmu3e paboT apyrux aBTopoB [60-64, 97-101] cnemyer yka3aTh
CJIeIyIOIIEe OCOOEHHOCTH MPUBEACHHOMN IPYIIIbI YUCIEHHBIX METOOB:
1. Pe3ynbTaThl MOAETUPOBAHMS B 3HAUUTEIHHON CTETIEHU 3aBUCAT OT JUCKPETH3AIUN T€OMETPUUECKOM
MOBEPXHOCTHU KOPITyCa MOJIEIUPYEMBIX CY/IOB:
- KOJIMYECTBO IaHEJEeH KOpIIyca Cy/IHA OKa3bIBAET 3HAUUTEIIHOE BIUSHHE Ha JJIUTEIBHOCTh pacye-
TOB;
- M3MEHEHME MapaMeTPOB MOJIEIM B MAJION CTENEHU (UMCIIO MaHeNeH, ar no BpeMeHH U T.J1.) MOXKET
3HAYUTEILHO YBEIIMYUTH BPEMS MOJACITUPOBAHUS;
- OTCYTCTBHUE CTAaOMJILHOTO MOBEIEHUS MAaTEMaTU4YECKOW MOJEIH;
2. K OCHOBHBIM JTOCTOMHCTBaM MOJIEJIU CIIEIYeT OTHECTH BO3MOXKHOCTh MOJEIHPOBAHUS B PEXUME pe-
AITBHOTO BPEMEHH: 3JIECh IIar 10 BPEMEHN MOXKET ObITh paBeH 1 cexyHne (hU3mueckoro BpeMeHH.
CpaBHUTENbHBIM aHAJIN3 IMOJIYYEHHBIX B paMKax MOTEHIMAJbHBIX METOJOB 3HAYEHMH A1 CHII U
MOMEHTOB C y4ETOM THAPOJMHAMHYECKOTO B3aMMOACHCTBHS CYIOB M AKCIEPUMEHTAIBHBIX TaHHBIX TPH-
Bonutcst B Tabn. 4. 31eck MOAEIMpPOBAaHUE MPOM3BOAMIOCH ISl KOPITyca OCHOBHOTO CynHA; £- OTHOCH-

TCJIBbHOC NPOAO0JIbHOC CMEIICHUE CYI0B.
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Tabnuma 4. AHamu3 MOYYEHHBIX PE3yJIbTATOB: OCHOBHOE CYTHO OOTOHSET CYIHO —IIelb.

CoraacoBanue X': 6e3pazmep- Y': 6espasmepuasi | N': Ge3pasMepHbIi
pe3yJbTaToB Hasi NPOJOJIbHASL | MONEpPeYHasi CHJIa | MOMEHT PHICKAHHUS
cuaa
£=-1++41 X: Cyano npeozo- Pesynpratel mate- Xapakrtepuszyercs
OcHoBHble dTanbl | IIpuemiemas JeBaeT HeOOIb- MaTHYECKOTO MO- BO3HUKHOBEHHEM
MaHEBPHPOBAHMSA: | TOUHOCTh, XapaK- | IIYIO CHILy CO- JIEIMPOBAHKS YKa- | MOMEHTA CTpEeMsILIe-

1). monoxeHue
KOpMa - HOC B TIO-
JIOKEHUU 1IeITb-
OCHOBHOE CY/IHO
COOTBETCTBEHHO

2). monoXKeHue
HOC-KOpMa B TI0-
JIOKEHHUU TEITb-
OCHOBHOE CY/IHO
COOTBETCTBEHHO

Tep U3MEHEHHUS
CHJI MOJICITHPYET-
Csl COTJIACHO JKC-
HNEePUMCHTY;

Y

OTCYTCTBHE CO-
[JIaCOBAHMUSI,

N

1) cornacoBaHue

2) MaTeMaTH4e-
CKasi MOJIeJIb 3a-
BBIIIACT 3HAYEC-
Hus. [Ipnunna —
Haubosee Bepo-
STHO HAJIMYHE
MaciTabHOTro
a¢dekra okasbl-
BaeTcs Cyle-
CTBEHHOE BITHSI-
HUE.

MIPOTHUBIICHHUS,
najnee BO3HUKAET
JIOTIOJTHUTENbHAS
MIPOIyJIbCUBHAS
CHJIA: MaKCH-
MaJjbHOE 3Haye-
HUE OmpeenseT-
Csl B TMAmNia3oHe
—05<£>
—0.3. Makcumym
CMEHSETCS OBICT-
PBIM IaJIeHHEM
MPOMYJILCUBHOU
CHJIBL, UHOTJIA C
HEOOJIBIIINM KO-
nebaHueM 3Hayue-
HUil B paiione 0.
T.o. cynHo mpe-
0J10JIEBAET BO3-
HUKAIOIIYIO J10-
MOJIHUTEITbHYIO
CHIIY CONIPOTHB-
JICHMSL.

35IBAIOT HA 3HAYH-
TEBHYIO OTpHIIA-
TEILHYIO CHUITY
(cymHo cmeraercs
B CTOPOHY OOrOoHsI-
emoro). Tak xe
Ha0JIF01a€TCS CUM-
METPUYHOCTH pe-
3yJIbTaTOB OTHOCH-
TEJIHHO BEPTUKAIb-
Hoii ocu Y. Pe3ynb-
TaThl SKCIIEPUMEH-
Ta HEOJHOPOIHBI,
MUK MPHCACHIBAIO-
el cuibl HabIIro-
JlaeTcs B JUaIa3oHe
—-05< £ >-0.3,
pOCT pacTajKuBa-
IOIIEN CHUJIBI
HaOIr01aeTcs B
IHamna3oHe

05< £ >0.8.
MaxkcuManbHbIe
3HadeHud 1o abco-
JIFOTHOM BEJIMYHHE
MIPAKTUYECKH PaB-
HEIL

rocsl pa3BepHYTh HOC
CyJlHa B CTOPOHY 00-
TOHSIEMOTO U JIBYMSI
MMMKaMU 3HAYCHUH,
PUOTH3UTEILHO
pPaBHBIMU IO BEJIH-
YHHE.

B pabote [29] npuBeneHb! pe3yabTaThl CPaBHEHHUS! CYNIECTBYIOIIMX PEKOMEHIAIMA U 3HAYCHUH T0-
JYYEHHBIX C TIOMOIIBIO Pa3IMYHBIX YHCICHHBIX MOJXO0B, OCHOBAaHHBIX Ha MOTEHIMaIbHON Teopun. Cie-
AYCT OTMCTUTD, YTO Ha6moz[aeTc51 3aBUCUMOCTL PE3YJIbTAaTOB OT BBI6paHHOI>'I CKOpPOCTH IBHXCHUA U BPC-
MEHHOTO mara. Tak, Ui ciydasi ABHXKEHHsI CO CKOPOCTb B Ipeaenax 5-8 y3noB, npu BpeMeHHoM miare (.2
CeK TOJIyYeHHOE 3HA4YeHHE O€30MacHOTO paccTOSHUS Mexny cynamu cocraBiser 0.65B; mmsa 0.5 cex —
paccrosiaue 0.8B; ms 1 cex — 1.25B. MOXHO TPEINONOXKUTh, YTO MPH yBETUUYECHHH BPEMEHHOTO IIara
TOYHOCTh BO3PACTaeT, TaK KaK COTJIACHO CYIIECTBYIOIIMM PEKOMEHIALUsIM O€30IacHOe pPaccTOSHHE B
yKa3aHHOM ciy4ae cocTaBisier 1.6B, ogHako MOXXHO Tak ke cKa3aTh, YTO CTaOMIBHOCTH MaTeMaTHUECKOU

MOJICJIM B JaHHOM CJIy4ac€ OTCYTCTBYCT.
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B oOmem umciie paboT Tak ke CleayeT OTMETHTh T'PYIITY MOXya3MIupuieckux dopmyn [59], ¢ mo-
MOIIFI0 KOTOPBIX MPOBOJMUTCS aHAIM3 M OICHKAa W3MEHEHHS CHJI U MOMCHTOB B TCUCHHE BPEMEHH, KakK
MPaBUJIO B BUJIE 3aBUCHMOCTH OT CKOPOCTH, T€OMETPUU M BHEITHUX MapaMeTpoB. K kiaccudyeckum, 4acTo
UCTIOJIb3YEMBIM JIJIsl OIICHOYHBIX PACYCTOB, MOXKHO OTHECTH (hopMyIibl, paspadoTannsie 1. bpukcom (J. Brix,
1993) [11] nyst cmydass OOTOHHOTO ABMXKEHHUS. MakCHMallbHbIE 3HA4YCHHsI TIPOOJbHON, OOKOBOW CHUIH

MOMCHTA PBICKaHHA OMPEACIIAIOTCA C IOMOIIBIO CIICAYIOIINUX 3aBUCUMOCTEI:

1 .
Xmax = (0.014 + 0017)5 pVp LT

Vnax = (0.025 + 0.030)2 pV2L,, T,y (1.11)

IrIIIIIf'l"ln!!llf

1 v B o]
(0.004 + 0.007) 5 pVZ L2, Ty,

1 1 1
rae Ly =;(Lo + Ly )i T =E|:Ta + T¢); Vin =E|:Fo + Vi)
- OCPCAHCHHBIC 3HAUCHUA OJIMHBI, OCAAKHU U

CKOpPOCTH, BOBJICUEHHBIX BO B3aUMOJCHUCTBHE CYJOB; MHIEKCHl “0” M “T” 0003HAYaIOT “OCHOBHOE™ M “Ie-

nmeBoe” CYIHO. B nannom ClIy4ac, HAUMCHBIINEC 3HAUCHUSA U3 JUAIIA30HA SMITMPUUCCKUX KOS(b(i)I/ILII/ICHTOB

HNPUMEHSIOTCS TPH CIIEIYIOIEM COOTHOILEHUH JUIUH cyaoB: LT > 1.5,
Lo

IMpuBenénusie 3aBucumoctu (1.11), mpuMeHHMBI B Cily4asxX, KOrJa PacCTOSHHS MEXIY IUaMer-
paJbHBIM IUIOCKOCTSAMH JABMKYIIUXCS CYJJOB COOTBETCTBYET 3HAYEHUAM Ycco = 0.35Ln. Binsinue riryOu- Hbl
aKBaTOPHMHU B JJAHHOM II0/IXOZIE HE YYUTHIBAECTCS, @ COOTHOLLIEHHUE JUIMH KOPITYCOB OTPaHUYEHO.

BnusiHue paccTosiHUS B 00IIEM CIydae MOXKET YUUTHIBAThCS CIIEIYIOLIMM 00pa3oM:

Vee < 0.6Lm: a yz1
0.6L,, <y, <1.6Ly,:a y 2
Vee > 1.0L,: @ yed + yect

K. Bapasiau u ap. (K. Varyani et.al, 1999) [59] B cBoeit paboTe npeyioKuI ClIe yIonue 3aBUCUMOCTH
JUISL OTIPEICIICHHUS TOJIBKO MaKCUMAJIbHbBIX 3HaUeHUH 1pogoibHbIX ¢ (Vi) 1 MomeHToB (N;), BOSHUKAIOIINX
IpU BCTPEUHOM PACXO0XKJICHUH, JUIs CIEAYIOUIMX TUIIOB CYJ0B: OCTpble 00BOBI U IOJIHBIE 00BOJBI KOpITycCa.
C TOYKM 3peHHs MOCTAaHOBKU 3aJaul, ObUIM MCCIEJOBAHBI Cllydail KOrja JUIMHBI KOPITyCOB PacXOAALINXCS
CYZOB CPaBHUMBI, U KOTJa JUIMHA OJIHOTO U3 HUX 3HAUYUTEIILHO MEHbIIIE.

¥, =2V, VrBoTo¥™ (1422) " [(2) + rma] ™ (22)” [1 4 v (Y2te)).

T Vi
rac MHACKC | 03HA4YacT OTHOCHUTECJIIbHOC IMOJIOKCHHUE CYyAO0B: i=1: HOC-HOC, i=2: MHUACITBb-MUJCIID, i=3:

KOpMa-KopMma.

= sovsaonpe (1+39)" () e () - (2529

Ta Vo
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Jlia ompeneneHns OCHOBHBIX 3TAllOB BCTPEUHOTO PACXOXKACHUS OTHOCHUTEIBHO MOMEHTA PBICKAHUSA,
aBTOp MpeIaraeT 4eThlpe OCHOBHBIX 3Tama, B OTIMYHME OT Tpex A cui: i = 1: Hoc-HOC; 1 = 2: MOMEHT
HETIOCPEACTBEHHO Nepe] TOCTHKEHUEM TTOJIOKEHHSI MUJIENTb-MUEITb; | = 3: MOMEHT HETMOCPEACTBEHHO MOCe
MPOXOXKICHUS TIOJIOKEHUSI MUIENIb-MUIEINb; I = 4: KopMa-KopMa.

AHanm3 MOJyYeHHBIX Pe3yJlbTaTOB B CPAaBHEHHHU C SKCIIEPUMEHTAJIbHBIMH JaHHIMA M. Banrtoppe u
ap., 2001 (M. Vantorre et.al., 2001) [40] moka3an, uto meto, npepioxennsiii K. Bapasuu u np (K. Varyani
et.al, 1999) [59] mia ompeneneHUs MPOIOJIBHON COCTABIIAIONICH CHIIBI © MOMEHTA PBICKAHHUS TO3BOJISET
MOJIYYUTh PE3YJIbTAThl TOTO XK€ MOPSAJKA, YTO U IKCIEPUMEHTANIbHBIE MCCIEIOBAHUS Ui CYJOB MOJIHBIX
006Bon10B. OHaKO, HAOIIOAAETCS HEJOCTATOUYHOE MPEICKAa3aHIe H3MEHEHHsI OCaIKH OCHOBHOTO CY/HA, B TO
BpeMsl KaK 3aBBIIIAIOTCSA 3HAYCHMS U U3MEHEHHUS OCaJKU IIeJIEBOT0 CcyaHa. B To jke Bpems, Mpoa0JIbHbIE
CHJIBI, BOSHHKAIOIIME Ha KOpIyce cynHa ¢ Ooliee oCTphIMU 00BOIaMU B MPOIECCE PACXOXKACHUS C CYAHOM
Ooiee TMONHBIX OOBOJOB NPU OTHOCHTEIBHO PABHBIX JUIMHAX KOPIYCOB OJHO3HAYHO HEIOCTATOYHO
MpeCKa3bIBalOTCA MO (opmyse: TepBbI MaKCHMyM MOMEHTAa pBICKAHUS 3HAYUTENIbHO HEHTOOICHEH,
CJIEJIOBATENIFHO CIEAYIONIMEe MaKCHUMAalbHbIE 3HAUYEHHs MOTYT OBITh TaK >kK€ MNpeIcKa3aHbl HETOYHO.
CpaBHeHHE pPe3yJIbTaTOB IMOJIYYEHHBIX MO MeTony, mpemnoxkeHHomy . bpuxcom (J. Brix) [11], ¢ axc-
NEPUMCHTAIBHBIMU JaHHBIMH, TOJIy4eHHBIMH M. Banrtoppe u ap., 2001 (M. Vantorre et.al., 2001) [24],
,TaK K€ BBIABIISIET HEKOTOPOE 3aBBIIICHUE 3HAUYCHUI CHJI, BOZHUKAIOIIMX HA KOPITyce OOTOHSEMOTO Cy/IHA.
Heo0xoauMo Tak e OTMETHTh, YTO JaHHBIH METOJl MOXKET MCIOJIb30BATHCS TOJBKO JJIS CiIydasi rIyOOoKOM
BOJIBI.

B mpouecce MaHeBpupoOBaHHS, OCOOCHHO B CIOXHBIX YCJIOBHUSX, CYJHO HCHBITHIBAET AWHAMHYECKOE
M3MEHEHHUE TIOJIOKEHUS B CBSI3U C MEHSIOUIMMHUCS OKPYKAIOUIMMH YCIOBUSMU. B ciydae oOroHHOTO ABH-
KEHUS, TUHAMUYECKOe W3MEHEHHE TOJIOKEHHS CYIHAa MOXET OINpPEeIeNsiThbCd KaK COBMECTHOE U3MEHEHHE
ocanku U nuddepeHTa Npu JBIKESHUH, CBI3aHHBIX B OCHOBHOM CO CKOPOCTBIO camoro cyaHa. Mccinenosa-
tenb E.O. Tak onpenenui 3To sBIEHUE CIETYIOmUM 00pa3oM: "ITO HE TOIBKO M3MEHEHHE OCAJKH (...). ITO
oOuiee MorpykeHue CyJHa U U3MEHEHUE YPOBHS OKpYysKaroleh ero >kuakoctu. [loaromy 3ToT 3- ekt
NpPaKTUYEeCKH HE3aMETEeH Ha OTKPBITOHM BoOJE, rae Bce ke Takoi 3ddext BozHmkaer. OgHako, B OonbIiei
CTETMEeHN BO3HWKHOBEHHE JaHHOTO d(deKTa clieyeT OTHECTH K CIy4aro orpaHudeHHoro ¢apsa- Tepa (...)."
Onucansbiit 3QPeKT MOKET UMEET perraroiiee 3Ha4eHNe TPU TI0caIKe CyTHa Ha MeJb Ha MeJl- KOBOJIBE.

E.O. Tak, 1966-67 (E.O. Tuck, 1966) [60], u E.O. Tak u I1.]]. Teitnop, 1970 (E.O. Tuck & P. J. Taylor,
1970) [62], momyuwnnu BeIpaxeHue A1t onpenenenus namMenenus: ocanku (Cg) m muddepenra (C.) B pamkax

MMPUMEHCHUA TCOPHUU JII TOHKUX TEII. PaCCManI/IBaJ'II/ICB OAHOMCPHAdA, ABYXMCpPHAsd U TPEXMEP- HaA 3aaa4u:
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Co = 1002 = 100Ces—2r

Lep [1-Fri
\

C, = 100-2 = mm:.,.%
JFm
r7ie Smu t onpenensIoT cTeneHs NorpykeHus 1 quddepeHT Ha MUeIe COOTBETCTBEHHO; Fry - uncio ®pyna
no rinyoune; Cg u Cr - sMnupudeckre Kod(QQHUIMEHTH CHI U MOMEHTOB, 3aBUCSIIUE TaK XK€ IJIOIMIAIH
CMOYCHHOM MOBEPXHOCTHU KOpITyca CyaHa. AJbTEPHATUBHOE MPEICTABICHUE MAPAMETPOB Sy U t yUuTHIBAET
00BEMHOE BOJIOM3MEIICHNE CYIHA.

C moMOIIbIO TOMYIIEHNH 0JHOMEPHOM MOCTaHOBKHM 3a/1aun OblIa pelleHa IUIOocKas 3aj1ada, U paspa-
00TaH YNPOIIEHHBIH MOJIXO0J K YaCTHYHOMY OIIPEAETICHUIO MapaMeTpoB JIBIKEHHs cynaHa. [lomysmmupu-
Yyeckast TeOpHs JJIsl ONpEeJeNieHHsT CTENeHU MOTPYKeHHs W TuddepeHTa Kopryca CyaHa C JIOCTaTOYHOM
TOYHOCTBIO BHepBble Obuta mpencrasieHa M.B. Jlannom n A.M. ®eprioconom, 1973 (I.W. Dand & A.M.
Ferguson, 1973) [10]. Ins cyaHa mmpuno# B(X), mioriaasio monepeuroro ceueHus A(X), IBHKYIIETOCS CO
CKOpOCTBIO V B KaHalle ¢ BEPTHKAJIbHBIMU CTEHKAMH, IUIOLIA[bh MOMEPEYHOr0 CEYEHUs] KOTOPOro OIpe-
nensieTcs Kak Ach = W+h, coBMecTHOE pelieHre ypaBHeH!sI bepHyIui 1 ypaBHEHHUS! HEPAa3phIBHOCTH B CITydae

OTHOCHTEJIbHOM CKOPOCTH JIBU)KEHHS BOJIBI B KaHaue cedeHus: U'1(X), IpUBOAUT K ClIeYIONIEMY BBIPKEHHIO:

2Fr} (”f“ﬂf ~(1-m(x) +3Fr2) 12 4 1 =0,

u u
A(x)

Ach

rae m(x) = - MECTHBIN MONPaBOYHBIA KOA UIHEHT.

N3menenue ypoBHs xuakocTh ({(X)) HEMOCPEACTBEHHO BOJIM3K KOpITyca:
() 1, (U
PR AL ( 1] ) .

WHTerpupoBanue nepeMeHHbIX 3HAUEHUH YPOBHSI BOJBI BOKPYI CYAHA IO JJMHE CYAHA MPUBOIUT K

MOJIYUYCHUIO KOB(I)(I)I/IL[I/IGHTOB JJIA U3BMCHATOIUXCA OCaAKU U nn(b(bepeHTa:

Sm 100 [ {(x)B(x)dx
Lpp  Lpp [ B(x)dx
t 100 [ {(x)B(x)dx

Crl = 1001 = 1ﬂﬂm = L;.,.J‘B{x}ﬁdx

Ce, = 100

[TpuBeaeHHBIN TOAXO MOXKET OBITH MPUMEHEH B 3a/1a4axX JBI)KEHUS HA MEJIKOBO/IbE C Oe3rpaHMYHOMN
IMIMPUHOM KaHala B ciry4ae, korjaa 3¢ dexTuBHas mmpuHa kanaia onpenenexa. M.B. Jlann u A.M. ®@epriocon
[10] mpemnoxxkunu cuutath 3HaueHHeM 3¢ dexTuBHON mupuHbl kanaga W = 0.975Lpp, u ucnosnb3oBaTh

MONpaBOYHbIE KOA(DHULIUEHTHI.
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Cpenu HoCIeIHUX TEOPEeTHUYECKUX HCCIENO0BAaHUHM, MOCBSILEHHBIX BOIPOCY ONPEAENCHHUS CHIJI T'MI-
POIMHAMHUYECKOTO B3aMMOJICHCTBUS, CIEIyeT OTMETHTh IOIXOH, paspaboranubiii A. I'ponapuem (A.
Gronarz, 2009) [65], ocHoBanHbIi Ha 3akimroueHusax J. bpukca (J. Brix, 1993) [11] u yacTuuHO 3Kcmepu-
MEHTaJIbHBIX TaHHBIX M. Bantoppe (M. Vantorre, 2001) [24].

YucneHHast MOZETIb CO3JaBajlach C LIEIbI0 pa3pabOTKU SMIMPHUUECKOrO MOAXOAA, BKIIIOYAsS pacueThl
metogamu BI'Jl, s MopenupoBaHust IBMXKEHUS C 3alaHHBIM KypCOBBIM YIJIOM, OOTOHa M OOIOHHOTO
JBIDKEHHSI TIPY HAJIWYMK YTIoB japeiida. Pe3ynbraTsl Bitoyanu B ce0si 60a30BYI0 KPUBYIO, XapaKTepu3y-
IOLIYI0 U3MEHEHHE TUAPOJIUHAMUYECKUX CHJI 1 MOMEHTOB B T€UEHHE BPEMEHH, a TaK K€ OIpeJesieHHe oc-
HOBHBIX YIPABISIONIMX MapaMeTpoB OOTOHHOTO JIBWKEHHUS Kak: IyOMHa QapBaTepa, MpPOIOIbHOE pac-
CTOSIHME MEXJly KOPILyCaMH U OCHOBHBIE pa3MepeHHUs CyIHa.

MogenupoBaHue ruIpoANHAMUUYECKUX CHJI B3aUMOJEHCTBHSA, KaK (DYHKIUH 3aTyXaroImux KojaeOaHHi,
C HCIOJB30BaHHEM KOX(P(PHUIMEHTOB, YYHUTHIBAIOUIMX 3aBHCUMOCTh YCJIOBUH W TMapaMeTpoB Ipoliecca,
cuuTaeTcs Haubosee aJleKBaTHBIM B CIydae CpaBHUMBIX IO pa3MepaM U ckopocTel cynoB. Ho Bo MHOrux
Clly4yasix TakoH MOJX0/1 HEIPUMEHUM, TaK KaK, HallpuMep, B Cllyyae 3HaUUTEeJIbHON pa3HUILIbI JJIMH KOPITYCOB,
BO3HUKAIOIME CHJIBI HEBO3MOKHO OINMCATh B BUJAE TapMOHMYECKHX KoyieOaHWid. BapbupoBaHueM xe
CKOPOCTH OT MAaKCHUMAJIbHOTO 3HAYEHUS +Vmax 10 MUHUMAJIBHOTO -Vmax, BKIIIOYas HYJIEBOE 3HA4YECHHE,
OXBATBIBACTCS BECh CIIEKTP 3alJad OT Ciydass OOTOHAa JO0 PACXOXKIEHHS CYAOB, BIIPOYEM 3]I€Ch TaKKE
HEKOPPEKTHO MOJIEIMPOBATh BOZHUKAOLIHE 3(h(HEKThI C TOMOIIBIO0 TPUTOHOMETPUUECKUX (DYHKIIUH.

Taxum o6pazom B cBoeil padore A. I'ponapu (A. Gronarz, 2011) [64] npencraBuin 6osee KaueCTBEH-
HBII MOJIXO, TaK k€ OCHOBAHHBIM HA MCIIOJIb30BAHUN XapaKTEPUCTUUECKUX KPUBBIX Ul CUJI U MOMEHTOB,
HO YK€ JIOTIOJIHEHHbIN (yHKIMSAMHU MapaMeTpoB BO3AEHCTBHH C MEPEMEHHBIMHU IOKA3aTeIsIMU CTENEHU -
HKCIIOHEHTAMH, OCHOBAHHBIX HA HEJIIMHEHHOM PErpecCMOHHOM aHAJIU3€ IO pe3ysibTaTaM MOJENbHBIX UC-
nbiTaHud. Takum 06pa3oM, MOAX0/] UMEET OCHOBY KOMITJIEKCHOTO PETPECCHOHHOTO aHaJIM3a U MPE/ICTaBIIseT
co0oli yxe He onHy (GOopMylly, a alrOpUTM, COPMYJIUPOBAHHBIM B Buae mporpammsel. [is Oonee ka-
YEeCTBEHHOT'O MPUMEHEHHSI METO/Ia, €CTh BO3MOXKHOCTh CO3/[aHUsI CTPYKTYPBI C IIPOrpaMMO¥ IMOMCKA JaHHBIX
U CIIEHUAIbHO OPTaHU30BAHHBIX BXOAHBIX JAaHHBIX, C LEJIBIO ONPEIEIICHHs] CUI B3aUMOAEHCTBHS C BBICOKON
CTETICHBIO aJITATHBHOCTH B 3aBUCHUMOCTH OT HCTOYHHMKA NCXOIHBIX JJAHHBIX.

OpHako, MpU OTPAaHUYEHHOCTH MH(GOPMAIMU O CHIIOBBIX XapaKTEpUCTHKAX CyJIHA CO3JaTh MaTeMa-
TUYECKYI0 MOJIEJIb, aJEKBATHO OTPAXKAIOILYI0 (U3NYECKYI0 KapTHHY, JTOBOJBHO IpoOieMaThuHO. Tak ke
CIeyeT OTMETUTh, 4TO Xapakrep u3MmeHeHus ['JIX cynHa mpH B3anMOJECWCTBUH MOXKET B 3HAUYUTEINBHOU
CTENEHHU OTINYAThCS B 3aBUCHUMOCTU OT YCJIOBUH KaK Kau€CTBEHHO - 110 KOJIMYECTBY BO3HMKAIOLIUX MHKO-
BBbIX 3HAUEHMH, TaK U KOJIMYECTBEHHO - U3 pa3mMepoM. Cie0oBaTeNIbHO CO3/laHHE YHHUBEPCAIbHOM almpok-

CUMUPYIOIIEH QYHKIINN WK ke Habopa KO3 PHUIIMEHTOB TPEICTABIACTCS KpaliHe 3aTPyTHUTEILHBIM.
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OpHuM U3 MyTel pemieHus: IpoobieMbl HEOCTaTKa JaHHBIX MOXKET CTaTh IMPOTHO3MPOBAHUE 3HAUCHHUM CH-
JIOBBIX XapaKTEPUCTHK, OCHOBAHHOE HA KAYECTBEHHBIX PE3YJIbTaTaX UYMCICHHOTO MOJICITHMPOBAHHUS METO-
namu BI'J[. {anee B mpoliecce HaCTPOWKH MOJIEITH MOXET MPOU3BOAUTHCS KOPPEKTUPOBKA HA OCHOBE HUC-
XOJTHBIX JTAHHBIX O MAHEBPEHHBIX XapaKTePUCTHKAX MOJECIUPYEMOTO CyaHa. TOYHOCTh HACTPONKH MOJE-TTN
OyZeT HampsIMyIO 3aBHCETh OT 00beMa M KayecTBa UCXOAHOU MHpopManuu. TakuM o0Opa3oM OTKPHIBAETCS
BO3MOXKHOCTb MPOBEJCHHS CEPUMHBIX HCIBITAHUNA B paMKax YHCIEHHOTO MOJEIMPOBAHMS, YTO MO3BOJIUT
CYIIECTBEHHO COKPATHUTh BpeMsl U (PMHAHCOBBIC 3aTPATHI JIJIS MTOTydeHUsS pe3yabTaToB. OlleHKa TOYHOCTH U
MPUMEHUMOCTH CYHIECTBYIOIIUX MPOrPaMMHBIX KOMILJIEKCOB, OCHOBAaHHBIX Ha MeTojax u mozaensix B[, B
obnactu KopaOeabHON THAPOAMHAMUKH JIOCTATOYHO OOIIMPHO MPOU3BEICHA B paMKaX TEXHUYCCKOW CECCUH
['ere6oprekoit koHpepeHmu [65] 11t cepun CyIOBBIX KOPITYCOB B HATYPHOM M MOJEIFHOM MaciiTabax, u
AKTUBHO TMPOJOJDKACTCSA IO CETOAHSIIHUN JeHb. KpuTHUeckwid aHamu3 aJIeKBaTHOCTH NPHUBEICHHBIX
pe3yabTaTOB B CpPaBHEHHE C JAHHBIMH MOJEJIBbHBIX HCIBITAHUN MO3BOJIAET CYAUTH O BO3MOYKHOCTHU
JAJIBHEUIIIETO MMPUMEHEHUS HEKOTOPBIX MPOrPaMMHBIX KOMILICKCOB B 33Jla4aXx MOJCIMPOBAHUS MOBEICHUS
CyaHa.

O06001mas U3y4eHHbIE pe3yNIbTaThl SKCIIEPUMEHTAIBHBIX M YUCIEHHBIX MCCIIEIOBAHUMN, a TaK K€ y4u-
TBHIBas OIIBIT MOPCKOW MPaKTUKU U3BECTHBIN U3 JINTEPATYPhI, XapaKTep CHJI © MOMEHTOB, BOSHHKAIOIIHMX ITPH
B3aMMOJICHCTBHHU CYJIOB, UMEET CJICAYIOIINE KIIFOUEBbIe 0COOCHHOCTH:

PacxoxxaeHue CyJioB:

- B IPOJAOJIBHOM HaIlpaBJICHUH, B HaYaJe B3aUMOJCICTBUSA CONPOTHUBIICHUE HA KOPITyCE YMEHBIIAETCH,
IIOTOM — BO3PACTAET;

- OOKOBas cuiia UMEEeT MEPEMEHHBIN XapakTep: B Hayajle MaHEBpPa MPOUCXOIUT yBEJIMYECHUE BO3ZHHUKA-
IOIIEH CHJIBI — OTBOpAaYMBaHUE (B MOMEHT KOTI'JIa HOCHI CY/I0B HAXOJATCS MPUMEPHO Ha OJHOM
YPOBHE), 3aT€M MPOHCXOIUT CONMKEHHUE, ITOCIIE Yero CHOBAa OTBOpaunMBaHUe (KOpMa OCHOBHOTO U
LIEJIEBOTO CYJIOB HAXOJATCS IPUMEPHO HA OJTHOM YPOBHE);

- UI1 MOMEHTA PbICKAaHWA MOYKHO BBIIEIUTH YETHIPE OCHOBHBIX MEPHOJIa: OTBOPaYUBaHUE HOCA CYNIHA,
00paTHBIN TOBOPOT, CHOBA OTBOPAYMBAHNE HOCA Cy/IHA U BHOBb OOPATHBIN MTOBOPOT.

Takum 0Opa3oM JelCTBUE CHJI U MOMEHTOB, BO3HHMKAIONIMX Ha KOPITyCe, XapaKTepU3yeTcs He-
CKOJIBKUMH NHUKOBBIMH 3HaueHUsAMHU. CHiIbl JEHCTBYIOLIME B MIPOJOIBLHOM HAIpPAaBICHUH - ABYMs IH-
KaMU; TIOTIEPEYHOM - TPEMSI; J1JI1 MOMEHTOB XapaKTE€PHBI YEThIPE MUKOBBIX 3HAYEHUSL.

PacxoxaeHMe CYJIOB IPH OJMHAKOBEIX 3HAUCHMSIX CKOPOCTEH: (1)I/I3I/IIIGCKa$[ KapTHHa SBJISICTCA B OGHICM

cilydae oAHOOOpa3HOM ISl pa3HbIX 3HAYEHUH CKOPOCTEH, UCKIII0Yas CUTYallHi0, KOT/1a CKOPOCTh OJHOTO M3
cyznoB paBHa 0 (Hanpumep, 00X07 OCHOBHBIM CYIHOM 3asIKOPEHHOTO LIEJIEBOTO CY/IHA).

OOmiast KapTHHA B3aUMOJCHCTBUS XapaKTEPU3YeTCs CIeIyIONMMH 0COOCHHOCTAMMU:
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HaOJo1aeTcs 0osee 3HAYNTETbHBIH POCT OOIEro COMPOTHBIICHHUS 32 CUET POCTa CHJI B IIPOIOIHLHOM
HaITpaBJICHUH,
B MIOTNIEPEYHOM HAIPABJICHUH OTCYTCTBYET HAYJIbHBII IEPHOJI CMEIICHHS B MPOTUBOIOIOKHBIE CTO-
POHBI;
JUISi MOMEHTA PbICKAaHUA HEBO3MOXKHO BBISIBUTH OJJHO3HAYHYIO KapTHUHY U3MCHEHHS XapakKTepa.

OO0roH, 1eIeBoe CYAHO 0O0XOINUT OCHOBHOE CYIHO:

B IIPOJIOJILHOM HANPaBJI€HUH, B OTIIMUUE OT CIIydas pacXOXkIECHUS Cyl0B, IEPBOHAYAILHO BO3HUKAET
POCT CONPOTUBIIEHUS, @ BO BTOPOM NIEPHOJE — CHUKEHUE COIIPOTUBIICHHUS;

OOKOBast cujIa UMEET, KaK U B Cllyyae PacX0xKJICHMs CYIOB, CXOIHbIN MepeMEeHHBIN XapaKkTep;
MOMEHT PbICKaHMA XapaKTepU3yeTCs JIMIIb IBYMs MMKOBBIMHU 3HAYEHHUSIMU: OTBOpaYMBaHHUE (HOC
LIEJIEBOTO Cy/1a)- IPUTATMBaHUE (KOPMa LIEIEBOI0O CyIHA).

OOroH, BIUSIHKME CKOPOCTH IICIIEBOIO CYIHA:

NEPBOHAYAIILHOE CHIDKEHHE CONPOTUBIICHHUS HA KOPITYCE OCHOBHOT'O Cy/HA HE BO3HUKACT IPH CHU-
JKEHUH CKOPOCTH 11eeBoro cyaHa (Vr), 3HaueHHe KPUTUIECKOW CKOPOCTH 3aBUCHT OT COOTHOIICHHUS
CKOpOCTEN;

XapakTep BO3JCHCTBUS OOKOBOW CHIIBI HE MEHSIETCS C M3MEHEHHEM CKOPOCTH;

NepBOHAYAILHOE OTKIIOHEHHE HOCA LIEJIEBOTO CYAHA B CTOPOHY OCHOBHOTO CYJIHA MCYE3aeT IpHU
CHIDKEHHHU CKOPOCTH IIEJIEBOTO Cy/HA, TakuM obpaszom nipu V1=0 HaOI01aeTCs TOIBKO OTBOpAYH-

BaHUC B IIPOTUBOIIOJIOKHYIO CTOPOHY.
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2. MeToabl BBIYHMCJIUTENbHOH THAPOAMHAMUKH B PelIEHUM 3271a4 00TeKaHHA

TPeXMEPHBIX 00bEKTOB MOTOKOM BSA3KOW HECKUMAEMOM KUIKOCTH

OHuM W3 MyTed COBEPIICHCTBOBAHUS MATEMATHYECKOW MOJEIN JBMKCHHSI OOBEKTa SIBIISICTCS HC-
MOJIB30BaHNE MOJIENIEH BBHIUYMCIUTEIBHON TUAPOMEXAHUKH JJIS ONPENENICHUs] COCTABISIONINX MPABBIX Ya-
crell ypaBHeHUH nBrokeHUs [67]. Jlo HacCTOSIIEro BpeMeHH OCHOBHBIM CITOCOOOM KX OTNIPEACIICHUS SBJIS- €TCS
skcniepuMeHTanbHbIi. [Ilupokoe BHeIpeHWE BBIYUCIUTENBHBIX METOJIOB JJIS OMNpEAeNeHUs THAPOIH-
HAMHUYECKHX XapaKTEPUCTHK JBIKYIIUXCS OOBEKTOB IMO3BOJIUT YBEIHUUTH CKOPOCTH TOJIYYECHUS PE3YIIb-
TaTOB, TIOJHOTY IMOJIy4aeMOl WH(GOpPMAIMU U pa3HOOOpas3ue HMccleayeMblXx KoHpurypanuid. B Hacrosmen
IJIaBe paccMaTpUBAIOTCS METOJbl BBIYMCIUTEIBHON TMAPOMEXaHUKHA NMPUMEHUTEIBHO K 3aJade MpPOTHO3U-
pOBaHMsI TUAPOIUHAMUYCCKUX CHJI U MOMEHTOB, JCUCTBYIOIIMX HAa TPEXMEPHBbIC OOBEKTHI MPU MX IBHKE-

HUU IO KPUBOJIMHEWHOHN TPAEKTOPHUHU.
2.1. IlocTaHoBKA 3aJa4U 00TEKAHUSI CUCTEMBbI TeJl MOTOKOM HEBSI3KOM KHIKOCTH

B HacTosimiee Bpemst mpH pacuerax 00TeKaHusI TeJ TOTOKOM KHIKOCTH ISl OTIPE/IeTICHUS] HOPMaJlb- HOM
COCTaBJISIOLICH CWIIbI, JIEUCTBYIOIIEH HAa TEJIO CO CTOPOHBI >KUIKOCTH, U MPOJOJIBHOIO MOMEHTA YacTo
UCTIOJIb3YIOTCSI METO/Ibl Ha OCHOBE THAPOJMHAMUYECKUX OCOOEHHOCTEH. YKa3aHHbIE METOMbI MO3BOJSIOT
HaXOAMThb MHTETPaJIbHbIE XapaKTEPUCTUKN OOBEKTOB IPU UX OOTEKaHHM Teja MOJ yriaMH aTaku ¢ JA0CTa-
TOYHO XOpOIIEH TOYHOCTHIO, OAHAKO IPU ITOM HE JAIOT BO3MOXHOCTHU MPOU3BOJUTH KOPPEKTHOE OTMpee-
JICHHE pacTpeeTICHHBIX XapaKTePUCTUK. ITO TOATBEPKAAeTCs, Harpumep, B padore FO.B. I'ypreBa u U.B.
TkaueHnko [68], B KOTOpOW NpPOM3BENEH pacueT IUPWKaONsi «AKpPOH» Ha OCHOBE METOJla THUAPOIH-
HAMHMYECKHX OCOOEHHOCTEH C OIHOM CTOPOHBI, U PELICHHUS YPAaBHEHHH JBMKEHHs BA3KOH HEC)KMMaeMOM
JKUJIKOCTU METOZOM KOHEUHBIX 3JIEMEHTOB C Jpyroid. ABTOpamH 3TOW pabOThl ObLIO MOKAa3aHO, YTO 00a
MOJX0Ja KOPPEKTHO ONPEACISIOT HOPMAJIBHYIO CWIY M INPOJMOJIBHBIM T'MIPOJUHAMHYECKHNH MOMEHT C
NPAaKTUYECKA HPUEMIIEMON IOrPEIIHOCTBIO, MPUYEM METOJ T'MAPOJAMHAMMYECKHMX OCOOEHHOCTEH HMeEeT
00JIbIII0E MPEUMYIIECTBO TMEPE] BTOPHIM B CKOPOCTH PACYETOB M MEHBIIEH TPYIOEMKOCTH IMOJTOTOBKH
UCXOIHBIX JaHHbIX.

Pacuer cucremsl Ten Ha OCHOBE YMCIEHHOro MHTerpupoBaHus ypaBHeHu Hasbe-Crokca (PeitHonb-
Jica) HATAIKUBACTCS HA P/ MPAKTUIECKUX U TEOPETHUECKUX Mpobiem [69], oqHON U3 KOTOPBIX SBISETCS
TPYAHOCTD 3a1aHUS TPAHUYHBIX YCIIOBUH JJIs1 IOBEPXHOCTEN CI0KHON F€OMETPHH, IIPUYEM JUIs IIOCTPOE- HUS
CeTKH C MOTPEOHBIM KOJMYECTBOM 3JIEMEHTOB YacTO HEOOXOAMMBI 3HAYUTENbHBbIC BBIUYMCIUTEIbHbIC

MOIIHOCTH. KpOMe TOro, TCUHCHUA KUAKOCTH IIpU 00TeKaHNU PCajlbHbIX TCJ ABJIAIOTCA Typ6yJ'ICHTHI>IMI/I,
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OJIHAKO JI0 CETOIHALIHETO AHS TIOKa HE CO3/1aHO0 YHUBEPCAIBHON MOIeHN TYpOyJI€HTHOCTH, IPUMEHUMOM ISt
Bcex BUIOB TeueHuil [70]. Eme omHOM mpoOiieMoi SBISETCS TO, YTO HE BCETAa MOXKHO TapaHTHPOBATH
YCTOWYMBOCTh MPUMEHSIEMBIX aJTOPUTMOB, & 3HAYUT M JOBEpHE K MOJydyaeMbIM pesynbTaTam [71, 72].
[ToaTOMY JIOTMUHOM TPE/ICTABIAECTCS CO3/IaHNE CHCTEMBbI MOJICTUPOBAHUS JIJISl HHXKEHEPHBIX MPHIOKEHUN
Ha OCHOBE METOJIOB THUIPOAMHAMUYECKUX OCOOCHHOCTEH (Hampumep, MEeToJa AUCKPETHBIX BHXPEBBIX
0COOEHHOCTEI), T.€. UCIIOIB30BaHUU MPUOTMKEHHUS UICATbHON )KUIKOCTH.

N3BecTHO, YTO NABMKEHHE HEBS3KON HECKHUMAEMOU >KMJIKOCTH BOJM3M HEKOTOPOW CHCTEMBI TEI MO-

JKET OBITh OMUCAHO Ha OCHOBE YpPaBHEHMI Difyiepa ¢ y4eTOM ypaBHEHUS! HEPA3PhIBHOCTH:

v - =1
:T+[1~-‘F'|1':F——?p
1 ot e . [21)

V=0

rac V- CKOPOCTb TCUHCHMHA, F - THTEHCHBHOCTh MaCCOBBIX CUJI, p - INIOTHOCTb KHUAKOCTH, P - TUAPOJAMHA-

MHYECKOe JaBieHue, V - oneparop I'aMuibToHa (Ha61a).
['paHUYHBIMH YCIOBUSAMHU ISl cucTeMsl (2.1) sBisitoTCs:

- yCIIOBHE HEMPOTEKaHMs Ha MOBEPXHOCTAX Si T€J CUCTEMBI:
- -

V-n |Si =0, (2.2)
— YCIIOBUE 3aTyXaHHUsl BOSMYIICHUI Ha OOJBIIIOM yAaJe€HUH OT TEJl:
V=V UD = Do, (2.3)
e V. H p= — CKOPOCTh H JaBICHHE Ha GONBIIOM YIaNCHHH OT TelL

Jlns HecTaMOHApHBIX 33724 HEOOXOIMMO TaKKe 33/1aBaTh HA4aJIbHBIC YCIIOBHS.

HenocpencTBeHHOE NCTIONB30BaHUE JAHHOM CUCTEMBI YPaBHEHUH Ul peleHus 3a1a4i 00 00TeKaHUU
TeJ AUpHKaOenbHOM (OpMBI MPENIPUHUMAIIOCH PsAOM aBTOpoB (Hampumep [73, 74]), HoO, cyns MO Bcemy,
TaKOM MOAX0[, HE IPUHOCUT OOJIBIIOrO YIPOILEHHS 33a4y [0 CPAaBHEHUIO C HETIOCPEACTBEHHBIM PEILICHUEM
YPaBHEHUI TUHAMUKH BSI3KOM )KUAKOCTH B CBA3U CO 3HAUMTEIbHBIMU BBIYUCIIUTEIBHBIMU TPYAHOCTAMU [71].
Kpome Toro ciexyer oTMETUTD, YTO MOIBITKYA YCTAaHOBJICHUS TTT00AIBHON KOPPEKTHOCTH 3a1aun Komm ams
ypaBHEHHUs Dilsiepa B IPOCTPAHCTBEHHOM CIIy4dae Ha CErOAHSAILIHUN IeHb HE YBEHUAIUCh ycrexoM [75, 76].
Ha B3rmsan aBTopa [67] B HacTosimiee BpeMs B CBS3M C Pa3BUTHEM BBIYHCIUTENIBHBIX METO/I0OB JHHAMHUKHI
BSI3KOM JKUJIKOCTH C OZHOM CTOPOHBI, U CYILIECTBOBAHUEM HA/IEKHBIX METO/I0B pacueTa THAPOIUHAMUYECKUX
XapakTepUCTHK Ha OCHOBE METOJOB I'MIPOJAMHAMHYECKHUX OCOOCHHOCTEH C APYroil, pelieHue ypaBHEHHH

Sﬁﬂepa AJIs1 MOACTIMPOBAHHUA 00TeKaHMs KOpa6eHBHBIX 00BEKTOB CTAHOBHUTCS BCE MEHEE I_IeJ'ICCOO6pa3HBIM.
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Ha ceroansmnuii 1eHb OCHOBHBIM IMOAXO0JIOM K PacyeTy T'MAPOAMHAMUYECKUX XapaKTEPUCTHK Tel B
paMKax yKa3aHHOTO MPUOJIMKEHHUS SIBJSCTCS METOJ TMIPOJMHAMHYCCKHX OocoOeHHoctel [69, 77, 78-83].
JlaHHBIN TOIXOJ MMEET OrPOMHOE KOJIMYECTBO pealM3allfii, OTIMYAIOIIUXCS KaK COOCTBEHHO BHIOOPOM
CHUCTEMBI OCOOCHHOCTEH, TaK M TOYHOCTHIO TIPEICTABICHHS M CXeMaMu Tuckperusaryu [84-86].

Wnest o 3ameHe BO3IEWUCTBUS MOBEPXHOCTU TeJIa Ha OOTEKAIOIIUNA €ro MOTOK JKUIKOCTH BHUXPEBBIMU
0COOCHHOCTSIMU BO3HMKJIA B KoHIle XIX — Hawame XX Beka B TpyJax aHTIMKcKoro uccienoBatens . V.
Jlanyectepa [87], KOTOpBI BBEJ MOHATHE HPUCOEAMHEHHOTO BHUXPsS, M Jall KAUE€CTBEHHOE OOBSCHEHHE
NPUYUHBl BO3HUKHOBEHMS MOJbEeMHON cuiibl Kpbuia. HesaBucumo ot ®. Jlanuecrepa manHas uzaes Obuia
matemaTtnuecku obocnoBana H. E. XXykoBckum [58] anst KpbutbeB GECKOHEYHOTO pa3Maxa U IMOCTOSHHOTO
npoduis, B pe3yapTaTe UM MO37Hee Oblja co3aHa BUXpeBas Teopus rpedHoro BUHTA. BrocmenacTsum, Ha
ocHoBe mpencraBieauid @. Jlanyecrepa u H.E. Xykosckoro, JI. Tlpanarias pa3pabotan TEOpHIO Kpblia
KOHEYHOTo pa3maxa [88].

[ToMuMO BHUXpEBBIX OCOOCHHOCTEH JJIs1 MOAETHPOBAHUS OOTEKAHHUS TENl UCIIOJIB3YETCs TaKKe METOJ
UCTOYHUKOB U CTOKOB, BIEpPBbIE NMpeanokeHHbl Y./[k.M. PaHKMHBIM, U IPUMEHUTENBHO K pacueTy JIu-
prkabneit passutsiil T. pon Kapmanowm [89]. Meton BrosHe ycreHO IPUMEHSETCS U IOHBIHE (HaIpuMmep,
[69,90]).

[Tpumenenne Merona 0coOOEHHOCTEH K PEIICHUIO 3a/7ayd OOTEKaHWs TeN BpAIICHUsS pPa3BHBAIIOCH, B
gactHoCcTH, JI.J[. BosnkoBeiM, O.I1. Cumopossim [91], C.M. Benoriepkorckum [84, 97], UK. JIudanossim [94-

95], J.E. Kerwin [77, 96] u ap. Ha OCHOBE 3aMEHBI TIOBEPXHOCTH TeJIa MPOCTHIM MIIH JBOWHBIM CIIOCM.
2.2. MeTox TMCKPETHBIX BUXPEBBIX 0CO0OEHHOCTEl

CoBpeMeHHbIE METO/IbI AUCKPETHBIX BUXpEBBIX ocobenHocrel ([BO) 3aponunuck B 50-e roas! Tpy-
mamu C.M. BenonepkoBckoro, a Takke B.A. AnapunoBa, A.A. 3aiinieBa, A.B. [IBopaka, U.K. JIudanosa,
M.U. Humrra, H.H. TTonsxosa, B.K. Tpemkosa, [109, 110, 96, 111-117] 8 CCCP, a Taxxe F.S. Archibald,
H. Ashley, P.T. Fink, W. Kraus, A. Leonard, R.l. Lewis, P. Koumoutsakos, P.G. Saffman, T. Sarpkaya u
Jip. 3a pyoexom [77, 118, 86, 119-130]. [Ipu 3TOM METOABI BUXPEH MPOIIIU MYTh OT 3aMEHbI Tesa oaHuM [1-
obOpasueiM Buxpem [131, 132], mecymeii muann n moBepxHoctu [113-115, 133] mo coBpeMeHHBIX YHU-

BCpPCAJIbHBIX METOA0B, IIPUI'OJHBIX IJIA pacycTa JIFOOBIX 0OBEKTOB C 3apaHcC U3BCCTHBIMU JIMHUAMU OTPbIBA

[84, 85, 94].

Cpenn metonoB JIBO ymMecTHO BBIIENWTH METOIBI, OCHOBAHHBIE Ha 3aMeHE MOBepXxHOCTH Habopom II-
oOpa3ubix Buxpeil [131] u mMetoabl 3aMKHYTBIX BUXpeBbIX pamok [135]. [IpumeHnuTenbHO K pacyery 3a-
MKHYTBIX TeJ IMepBbIi MeToJ pa3pabateiBaics, B yactHocTH, B.K. Tpemkosbiv [134]. Tlpu Bcex cBomx
JIOCTOMHCTBAX OH UMEET Psii HEIOCTATKOB, OHUM M3 KOTOPBIX SBJISIOTCS OrpaHUYEHUS, HAKJIabIBa€MbIe Ha

dbopmy maHeeH.
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MeTo/1 3aMKHYTBIX BUXPEBBIX paMOK 3apoauiics B Tpyaax C.M. benoiiepkoBckoro u ero yueHUKoB [84,

85] mpuMeHHTENTBHO K 3ajadaM a’pOJWHAMUKH, MPOWIS TpPU ITOM OOJBIIOW MyTh OT JUHEWHBIX CTa-
umoHapHbIxX [113] u HecraunoHapHsbix [114] 3amau 1o 3amay pacyeTra MIOCKUX, OCECUMMETPUYHBIX U IPO-
CTPAHCTBEHHBIX OTPBIBHBIX HECTAI[HOHAPHBIX TCUCHHUI HEBSI3KOM HeCKMMaeMon xuakoctu [115, 135- 137].
OO6nacTp ero NpUMEHEHHUs! OKa3aJlach OYCHb BeJHMKa. B 4aCTHOCTH, OH MOXXET HCIIOJIB30BaThCS B 3aJadax
AIIEKTPOJAMHAMUKY (T/I€ TUCKPETHBIE BUXPU MOYKHO MHTEPHPETUPOBATH KaK TUCKPETHHIE TOKU) U TEOPUHU
YIPYTOCTH (CYUTASE X MOJEIBIO COCPEIOTOUEHHBIX CHII). JJIsl KPBIIIbEeB M KPBUILEBBIX CHCTEM TAaKOM MOIXO0.T
JlaeT Xopolllee CoOYeTaHHe CKOPOCTH U TOUHOCTH PAacyeTa, B 4eM MOXKHO BIIOJIHE YO IUThCSI, UCTIOJNIb3YsI OIBIT
pacyeToB aBUAIIMOHHBIX KOMIIOHOBOK (Hampumep, [138, 133, 139] u np.).

Bonee Toro, mpeanpuHIManuch HeOe3yCIEeNHbIE MOMBITKHA UCIIONB30BaTh TAHHBIM METOJ JUIs pacde- Ta
TypOYJICHTHBIX TEUEHUI, TIpeXkie Bcero — cTpyi u cinenos [ 140, 141-143]. B ocHOBE TakoTo UCIOJIB30- BaHUS
JSKUT TO COOOpaskeHHe, YTO C TOYKM 3peHus ypaBHeHMH HaBpe-CTokca TypOyJIEHTHOCTH SIBISIETCS
pe3yabTaTOM MOTEPHU YCTOMYUBOCTHU JIAMUHAPHOTO JIBIKEHHS, T.€. B IOTOKE HM3HAYAIBHO BUXpEH HET. A 3TO
JIOJKHO HAaKJIa/1bIBaTh OTPAHUYEHHUs HA KQ4eCTBO MPOTHO3MPOBAHUS IOTEPH YCTOWYMBOCTH TeueHus.B To
K€ BpeMsi METOJ IMCKPETHBIX BHXpPE OO0ECreuMBaeT MEpexo]l OT M3HAYaJbHO BUXPEBOTO IBMKECHHUS K
MEJIKOMAcCIITa0HbBIM BUXPEBBIM CTPYKTypaMm, uTo, o MHeHuto C. M. benouepkoBckoro u ero mnociueno-
BaTeneil, sapusercs Oonee ecrecTBeHHbIM [141]. I[puMEHHMOCTh TaKOro MOAXOJA €Ie HYKIAeTCs B Jallb-

HEHIINX UCCIICIOBAHUSAX, HO Pa0OTHI B 3TOM HAIpaBJiIeHUU BeAyTcs (Hampumep, [144-146]).
2.3. OcHOBHbIE YpaBHEHHUsI THHAMHKH BSI3KOil HEC)KUMAEMOW KUIKOCTH

['pymnmna moaxoa0oB, 00ObEAMHEHHBIX JIOMYIICHUEM 00 OTCYTCTBUHU BSI3KOCTH YKHJKOCTH, 00JIaaeT psi-
JIOM IIEHHBIX JIOCTOWHCTB, OCHOBHBIMU CPEIU KOTOPBIX SIBIISIOTCS BBICOKask CKOPOCTh CUe€Ta, MPOCTOTa
MOJITOTOBKM HCXOJHBIX JAHHBIX W aHaJIM3a TOJYYEHHBIX pe3yJbTaToB. BMmecTe ¢ Tem, Takue MOAXOIbI
MO3BOJISIFOT MOJIY4YaTh JIMIIb OrpaHUYEHHBIH 00beM HH(popMalmu o TeueHnd. Korna ke 1menpo MoJaenupo-
BaHUS SIBJISIETCS MOTYYCHHE MAaKCHUMaJbHO BO3MOXKHOTO 00bema mHpopmanuu 00 oObekTe (T.e. KaK MHTE-
TPaNbHBIX, TaK U PACHPEACTCHHBIX BEJINYHH), TO CIEIyeT MCIIOJIb30BaTh MOJIXO/bl, OCHOBAaHHbBIC HA arima-
pare MeXaHHKH BS3KOW JKUIKOCTH.

B OonbmmHCTBE ciy4aeB, MPU PEILICHUU 33]a4 KOPaOeNbHOW THIPOAMHAMHUKH TMPUHATO PacCMaTpH-
BaTh OOpAIllCHHOE IBW)KCHHE OOBEKTa, T.C. IOJIaraTh, YTO HETOJBM)KHBIH OOBEKT OOTEKAeTCS MOTOKOM
XKHUIKOCTH. Takol MOAX0. MPUHST B OCHOBHOM H B IaHHOHW padoTe.

W3BecTHO, YTO ABMKEHHE BSI3KOH HEC)KMMAEMOM JKUIKOCTH B TI0J€ MACCOBBIX CHJI OMHCHIBACTCS CH-
cTemoil ypaBHeHuii HaBbe-CTOKCa, OCHOBaHHBIX Ha TPEAIOJIOKEHUU O CIUIOIIHOCTH CPEbl, U BIIEPBbIC

nonyueHHsix C. HaBobe [147], a Heckonbko jeT ciycts k. Ctokcom [148].
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Jla 3aMblkaHus JTaHHOM CHCTEMBI €€ HEOOXOIMMO JIOTIONHUTH €lle OAHUM ypaBHEHUEM, B KaueCTBE
KOTOPOTO HCIIOJIB3YeTCs] ypaBHEHHE HEPa3phIBHOCTU. B BekTOpHOI Gopme cucTema ypaBHEHHH TBUKEHUS

BSI3KOM HEC)KUMAECMOU JKUIKOCTH MOXKET OBbITh 3amucaHa ciaeayroimum oopasom [149]:

p| == +V-(7®d) |=pf ~Vp+V-T

el 2

V-u=0

-

o

)]

+k

. - - | =
rae V — omepatop B. TaMHIETOHA, B AeKapTOBOH CHCTEME KOOPTHHAT V =& =1—+]
o ox cy

T

@ — CHMBOJI TEH30DHOTO NPOH3BEIEHHA, O - IVIOTHOCTh EHIKOCTH, i — CKOPOCTE NOTOKA B 3aJaHHOMH

Touke; f — BEKTOp HETEHCHBHOCTH MACCOBEIX CHT, p — THIPOJHHAMHTECKDE 1aBTeHHe, [ — TeH30p Ka-
CATENBHEIX HANPTHCHHE, 1T4 HBOTOHOECKOH RHIKOCTH [ =205, 4 - MOMEKyIApHAT BA3KOCTE.
S= %I:T:_.* +Vii" ) - Temop cropocTeit gepopMammiL. B TAKOM CTYIae ¢ YIeTOM YDABHEHHA HepazpEE-
mocte V- T = tAu

[TogobHAd dopMa 3AMHECH 9aCTO HAIEIEAeTCA AHEepreHTHOH [150]. 3meck yaTeHD, 9T0 419 HECEHEMA-

EMOH EHIKOCTH KOHBEKTHBHBRIH & IfH MoEeT OBITB OpEeaCTaBIcE B 2 CIEOVHOIDEM BHIE!

(ii-V)i=V- (i @ii).

31eck U J1ajee CKOPOCTh JABMKEHUS )KUIKOCTH OyIeT 0003Ha4aThCsl OYKBOH ¢, YTOOBI M30€KATh
CXOKECTH HAMMCaHUs C OOMENPUHATHIM 0003HaYEHUEM KMHEMATHIECKON BI3KOCTH V.

B koopauHaTHOM ¢opme (B J€KapTOBOW CHCTEME KOOpAWHAT) cucteMa ypaBHeHHid HaBbe-CTokca

3aMKChIBaCTCs Clieayronmm oopasom [107]:

= - -1
du. Cuu; 12 o U
- —=Ji—— TV—
dt ox, 0 e x dx.cx;
J = o I (24}
c u
i — ﬂ
d x,
rzae Ui — i-s KOMIIOHeHTa BEKTopa cKopocty, 1, = {X, Y, Z}, p — THAPOIUHAMUYECKOE TaBJICHHUE, V - KHHE-
MaTHYeCKasl BSI3KOCTh JKUIAKOCTH, Xj — - OCh JCKapTOBOI CUCTEMbI KOOPIUHAT, fi — I- KOMIIOHEHTa

BEKTOpa MHTCHCHUBHOCTH MAaCCOBBIX CHJI. 3]IECh UCIOJIb30BAaHO MPABHIO CYMMHUPOBAHHUS 110
HOBTOpSIOIIEMYyCsuHACKCY A. DitHireiina [149, 151].
J171s1 KOpPEKTHOI MOCTAHOBKH 33/1a4M CUCTEMY ypaBHEHHH (2.4) HE0OX0AUMO JOTIOTHUTH HaYallb-

HBIMU U I'PaHUYHBIMU YCIIOBUSAMMU.
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B kadecTBe HavabHBIX YCIOBHH MOXET OBITh BHIOPAHO COCTOSTHHE TOKOS paccMaTpUBAcMOW JIMHA-
MHUYECKOI CUCTEMBI:

u; (x,0)=0, p(x,0)=p (2.5)

i 0

WJIM K€ 00TE€KaHWE CUCTEMBI IIOTOKOM KUIKOCTHU CO CKOPOCTBIO Uo :

Uj(Xi,O):uo, p(Xi,O)=p0. (2.5a)

Ha TBep/bIX HOBEPXHOCTAX S IOMKHO BBIIOIHATLCS YCIOBUE IPUITHITAHUS:
Uj (Xi,t)‘S =0. (2.6)

Crnemyer OTMETHUTBH, UTO yciaoBue (2.6) sBIIseTCS JOMYyLIEHUEM, TOATBEPKACHHBIM MHOTOUHCIIEHHBIMU
U3MEPEHUSIMU CKOPOCTH IIOTOKA BOJIM3U CTEHOK, COIVIACHO KOTOPBIM CKOPOCTh JEHCTBUTENILHO CTPEMUTCS K
HYJIIO TIpU NOpUOIMDKEHUH K NMOBEPXHOCTH. KOCBEHHBIM MOATBEp:KICHUEM CIPABEAIUBOCTH YCiIOBUs (2.6)
ABJIETCS TO, YTO IIOJIyYEHHBIE HA €0 OCHOBE PE3YJIbTAThl MOACIUPOBAHUSA TEYEHUH XOPOILIO COOTBETCTBYIOT
DKCIEPUMEHTAIbHBIM MCCIEA0BaHUAM. BhINONHEHHE YCI0BHA NPWIUIIAHWA HE 3aBHCUT HU OT MaTepuala,
HU OT COCTOSIHHS IOBEPXHOCTH, HU OT XapaKTEPUCTUK CIUIOLIHOM cpefpbl. McKiroueHne MOryT COCTaBIsATh
JMIIb CUJIBHO Pa3peskeHHbIE razbl. OUeBUAHO, YTO B CIIyyae JBMKEHUS Tella B IIOKOSI- EHCs JKUAKOCTH ITO

ycoBHE Oy/eT 3alMChIBATHCS CIEAYIOIINM 00pa3oM:

o -
u; | X, r3|5 =U; + £, 0, (2.6a)

i

Ha 6onpmrom YAQJIICHHUU OT paCCManHBaeMOﬁ CUCTEMBbI OOJIDKHO BBITIOJHATHCA YCJIOBUC OTCYTCTBHA

BO3MYLLEHNiL:
ui(xj,t):O, D(X,-,t)= Po- (2.7)
st yenosust (2.5), wmm
b (%, t) =ty P(x;,t) = Po. (2.72)

Ju1st yenoBus (2.5a).

HemnocpenctBeHHOe MHTETpUpOBaHUE CUCTEMbI (2.4-2.7) HaTalKUBAeTCs HA Psili TPYJHOCTEH, Cpean

KOTOPBIX CICAYCT YIIOMAHYTH CJICOYIONIUC:

1. ypaBuenue (2.4) npencrasisier codoro HenmmHeHOE MU dhepeHIaTpHOe YpaBHEHHE BTOPOTO MOPSIKA
B YaCTHBIX MIPOM3BOJIHBIX, TO €CTh HE UMEET OOIIEro peneHus;

2. ypaBHeHHue (2.4) comepKUT MPOU3BOIHBIE KaK IO BPEMEHH, TaK M M0 MPOCTPAHCTBY;

3. ypaBHeHHe (2.4) HEBO3MOXHO OJHO3HAYHO OTHECTH K OJHOHN W3 KIACCHU(PHUKAIMOHHBIX TPYII IUQ-
(epeHINaIbHBIX YPaBHEHHUH, TO €CTh THUII UX MOXKET MEHAThCS MPSAMO B IPOLECCE pacyeTos, H, cie-

JIOBATEJIbHO, MOTYT HOTPEOOBATHCS PAa3IHMUHBIC TPOLEIYPHI PEIICHHS;
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4. Tpu pelIeHWH MHXKEHEPHBIX 3a7au TPaHUYHBIC YCIOBHUS (M T€OMETpUYECKHE U AMHAMUYECKUE) MO-

I'yT OBITH OYEHB CJIOKHBI.

B cuny ykazanHbIX TpyAHOCTEHW TOYHOE pelieHue ypaBHenunii HaBbe-CTokca BO3MOKHO JIMIIL B He-
0OJIBIIIOM KOJIMYECTBE YaCTHBIX CiTydaes [ 152], 1 HCKITIOUUTENILHO /IS JTAMHHAPHBIX TeUeHU. B TO ke Bpems,
MoJIaBJIsItoIIee OOIBIIMHCTBO TEUCHUH, BCTPEUAIOLINXCS Ha IPAKTHKE ABIISIOTCSA TYpOyIeHTHbIMU. [Ipu aTOM
TEOPEMBbI CYIIECTBOBAHUS M €IUHCTBEHHOCTH TIIO0AIBHOTO PEIIEHHS CUCTEMBI (2.4) TakxKe 1M0- JIydeHbI IS
orpaHM4YeHHOro koiuuectBa cimyyaeB [150, 152-156]. IloctaBnennas B monorpaduu O.A. JlagppkeHCKOM
[153] mpoGiemMa O eAWHCTBEHHOCTH cCiiaboro pemeHus Xomda (CyIecTBYOIero Ha Oec- KOHCYHOM
MIPOMEKYTKE BPEMEHH) 10 HACTOSIIETO BPEMEHHM OCTAaeTcs HepemeHHOW. To ecTh ocTraercsi He- SICHBIM,
HACKOJIbKO aJiekBaTHO ypaBHeHHsI HaBbe-CTokca ONUCHIBAIOT peajbHble TEYEHMs KUIKOCTH. bo- nee Toro,
HenaBHO DpaHITy3cKas akaJeMusi HayK 0ObsSBHIIA O IPEMHUH B MIJUTHOH JIOJUIAPOB TOMY, KTO CMOKET HalUTH

perierue 3Toit npodiemsr (http://claymath.org/). Tem campiM yTBepiKIeHHE MHOTHX aBTO- POB O TOM, YTO

npsiMoe perieHne ypaBHeHuii HaBbe-CTokca sBIsieTCS HamOoOJIee TOYHBIM CIIOCOOOM HC- CJICIOBAHUS
TEYCHUN KHUIKOCTH, MOKa HE TMOJy4aeT JOCTaTOYHOTO IMOATBEP)KIEHHUS, TaK KaK BONPOC O J0- BEPUH K
MOJIy4aeMbIM M3 3TUX YPaBHEHUH pe3ybTaTaM OCTACTCSI OTKPBITHIM.

N3BecTHBI TOMBITKH TOJNYYUTHh NPHOIUKEHHBIE ACUMIITOTHUYECKHE pelleHus ypaBHeHunii HaBbe-
Crokca, OJTHAKO K HACTOSIIEMY BPEMEHH OHM HE YBEHYAJUCh ycrexoM (Hampumep, [157-159]). ITostomy
OCHOBHBIM IyTeM perieHust 3amaun (2.4-2.7) Ha CErOAHSANIHUN JCHD SBIISIETCS UCIOJIb30BaHHE YHUCICHHO-
T0 MOJICTTUPOBAHUS.

[Momumo cucremsl (2.4) s MCCIeNOBaHUS JABMKCHHS SKHIKOCTH BITOJHE BO3MOXKHO HCIIOJIB30BaTh
u OoJiee OOMIUI MOAXO0/, OCHOBAaHHBIN Ha aHAM3€ UCXOMHBIX ypaBHeHHi bombimana [160, 161]. B naua-
ne XX Beka S. Chapman u D. Enskog Obl1 nmpeyioskeH acCUMITOTUYECKUIA METOJ X PELICHUs, KOTOPbIH B
JUHEHHOM TPHOIMKEHUU NPUBOIUT K cucteme (2.4) [162]. OmHako MOaXopl TAKOTO pojia B HACTOSIIEE
BpeMs HEJOCTATOYHO arpoOMPOBaHbI, a OMYOJIMKOBaHHBIE pe3ynbTaThl (Harmpumep, [163-166]) oTHOCATCS
WCKJTIOYUTENIFHO K JABMKEHHUIO Ta3000pa3HbIX cpen. [IpuMeHeHue ke MaHHBIX MOAXOMOB K aHAIU3Yy IBH-
JKEHUs KamnelbHBIX JKHJIKOCTEH B HACTOsIIEe BpeMsi TpeOyeT HEMOMEPHBIX MAIWHHBIX PECYPCOB, M HYX
JAETCSI B CHEIMAIBHBIX MCCIICOBAHUAX OCOOCHHO C TOYKH 3PEHHUS MOACITUPOBAHUS HECTAIIMOHAPHBIX TE-

YEHUH.


http://claymath.org/)
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2.4, OcHOBHBIE MOAXO/AbI K MOJAEJHUPOBAHUIO TYPOYJIEHTHBIX Te4YeHU

B nHacrosiiiee BpeMs MOKHO BBIJICIMTh TPU OCHOBHBIX MOJIXOJA K PEHICHUIO 3374 IUHAMUKU BSI3KOU
JKUJIKOCTHU: MPSIMOE YMCJIEHHOE MOJEIMPOBAHME, PEIICHUE OCPEIHEHHBIX 10 BpeMEeHH ypaBHeHHH HaBbe-
Crokca (ypaBHeHuil PeiiHonbica), 1 MeTOA KpYyMHbIX Buxped. [IoMHMMO HHX CYIIECTBYIOT M pa3iU4YHbIC
THOPUIHBIE TTOAXO/IbI, COepPIKAIE B ceOe OTACTbHbIE X YEPTHI.

ITepBbIit MOAXO0/ CBSA3aH C HEMTOCPEICTBEHHBIM PellIeHUEeM cUcTeMbl (2.4-2.7), ABa APYrux UCIOIL3YIOT
npeoOpa3zoBanue ypaBHeHHM Hapbe-CTokca, B pe3ysibTaTe KOTOPOTO OTOPACHIBAIOTCS MEJIKOMACIITAOHBIC
TypOyJIEeHTHBIE MTyJIbCAILINH.

B nocnegnee Bpemsi psiioM ucciedoBaresield MpeANpPUHUMAIOTCSl MONBITKU MPOBEIEHUS PacueToB
TypOyJIECHTHBIX TeUCHHH 0e3 MPHUBJICYCHUS KaKUX-TH00 Momenei TypOyiaentHoctd (no-model simulations
— “pacuersl 6e3 MoAenn”’ WIHM “HETNOJHOEe” MpsSIMOE YHMCIeHHOe MozenupoBanue). [logoOHbIe dnCIeHHbBIE
UCCIICIOBAaHUS B OT/AEJBHBIX CiIydasx (Kak A (GyHIaMEHTAJIbHBIX, TaK W psla NPUKIAIHBIX 33/a4) M03-
BOJIAIOT TIOJYYHTh MPHUEMIIEMbIE PE3yJIbTaThl NMPU YMEPEHHBIX BPEMEHHBIX 3arpaTax. OAHAKO MPUMEHU-
MOCTB MOJIOOHOTO METO/a UCCIIeIOBaHUs B OOIIEM cllydae HYXIAeTCsl B JOIOJIHUTENLHBIX UCCIIeIOBAHU-

six [167]. Huke m3nararotcst OCHOBHbIE OCOOCHHOCTH YKa3aHHBIX MOIXO/I0B.

241. MeTtoa npsiMOro YMCJIEHHOI0 MOIeJTUPOBAHUSA

MeToa npsAMOro YuciIeHHOro MoaenupoBanus TypOoynertHoctu (Direct Numerical Simulation, DNS)
NPE/ICTABSIETCS] HAauOoJiee JIOTMYHBIM — TIOJXO/I0M, MPEJOCTABIISIIONIMM BO3MOXHOCTh BCECTOPOHHETO
U3y4eHUs TYPOYJICHTHBIX SIBICHUH B CIIydasiX, KOrJIa YKCIIEPUMEHTAIBHbBIC HCCIICIOBAHMS 3aTPYAHCHbBI HITH
BOOOIIIe HEBO3MOXKHBI.

OT0T Moaxox 6a3upyeTcst Ha eIUHCTBEHHOM IPEIIIOIOKCHHH O TOM, 4To ypaBHeHusi HaBbe-CTOKCca
HPUTOIHBI [Tl OMMCAHMS JIFOOBIX IBM)KECHHHN CIUTONIHOM cpeibl. B mpuinoxkeHnn Kk paccMaTpuBaeMbIM BHIAM
tedernii Mmetog DNS mpeamonaraeT pemeHne JUCKpETHOTO aHAIoTa ypaBHeHHi (2.4-2.7) 6e3 nmpu- BiIedeHus

KaKux-11u00 JOINIOJTHHUTCIBHBIX ypaBHeHI/II\/JL

Js1 osTyueHus pelIeHus B paMKax Takoro Moxo0/1a BCe 3HAUMMbIE BDEMEHHBIE U IIPOCTPAHCTBEH- HbIE
MaclITaObl TEYEHUs MAOJDKHBI pPa3peliaThCsl MOJHOCThIO. OTHOIIEHHE HAauOOJIBLIIMX U HAUMEHBILIUX
IPOCTPAHCTBEHHBIX MACIITA0OB TEUYEHHUS ONpeAeseT 4YHUCIO CTemeHedl cBoOOAbl, HeoOXoammoe s
YHUCJIEHHOTO MPEJCTABICHUS MOJs TEUEHUs B JIr000M M3 Tpex m3mepeHui. Hanbonbimuit macmrad TypOy-

JICHTHBIX 00pa30BaHUI B OTpaHHYCHHOM 00JIACTH UMEET MOPSIIOK XapaKTepHOTo pasmepa 3Toi obmactu (L).
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B kadecTtBe HamMeHbIEro Mmaciitaba UIMHBI OOBIYHO BBIOMpAeTCS TUCCHITATHBHBIN MacmTaO,
BBeaeHHbIM A.H. Koamoroposbim:
(3 Y.
n=|—|
\ &)

3

Ve, Torma mis

rae € - CKOPOCTh AUCCHUIALIMKI SHEPTHU TYPOYJIEHTHBIX IyJIbCAIlUM, OLlEHUBAeMas KaK g —

OTHOIICHUS HauOOJIbILIEro MacITaba K HauMEHbIIEMY (OIPEeIISIOLIET0 YUCIIO CTeNeHEeH CBOOOIbI,

H606XOI[I/IMO I IpCACTABIICHUS I1OJIA Te'—IeHI/I}I) MOKHO IOJIYYUTD CICAYIOIYIO OLICHKY:

N = —Re.

N

B pa6ore 0.JI. KinumonrtoBuya [168] npuBoautcs Gosiee CKpoMHasi OIICHKA YMCIIa CTEIICHEH CBOOOIBI:

(Re \94‘

Re, )

rac Rer — KpUTHUYCCKOC YHCJIO Peitnonbaca.

KpOMC TOTO, YTOOBI PE3YJIbTATBL OBLIH OpUroAHbl JJIs1 ONPEACICHUA CPCAHUX BCIWMYUH PACUCThI

AOJDKHBI ITPOAOJIKATHCA L/U CCKYyHI, I'AC U- XapaKTEepHasi CKOpPOCTh, 4 IIar 10 BPEMCHU HE NOJDKCH IIPC-

BeIIIaTh BenmuuHy |/U, crnemoBaTenbHO, ISl OJHOTO PACYETHOTO CiIydash HEOOXOJMMO BBITOJIHUTH Re"

[IaroB 1O BpeMeHH. Torna cyMMapHOE YHCIIO MIaroB MO BPEMEHHU JOJKHO UMETh MOPSIO0K Re* > Re?.

[IpuHumasi BO BHUMaHUE 3TH COOTHOUIEHUS, U YUUTHIBAs MOPSAOK uucia PeliHobACca HATYPHBIX MOPCKHUX
00BEKTOB, a TAKKE MOIIHOCTh COBPEMEHHBIX BBIYMCIUTEIBHBIX MAIWH, MOXHO YTBEPKAaTh, UTO JJISl pe-
IIEHUS 337249 TMHAMUKHA MOPCKHX MOJBMKHBIX 00BeKTOB MeTo DNS B Oimmskaiiiie roibl BpsJl JIU MOy~ YAT

pacmpocTpaHeHue’.

Tem vE MCHEC, PE3YJIbTATHI MIPAMOI'0 YUCJICHHOI'O MOACIUPOBAHUA Typ6YJ'IeHTHOCTI/I JaXKe IMMpU CPaBHUTCIILHO
HCBBICOKHMX 3HA4YCHUAX 4YHC]IA PeﬁHOJ’IBI{C& SABJIAOTCA BECbMa BOCTpe6OBaHHBIMI/I. I[eTaHBHBIﬁ aHaJIn3
PE3YIbTATOB TaKUX pPACUCTOB MOXKCT Ccroco0CTBOBATH MIPOACHCHHUIO (1)I/I3I/I‘-ICCKI/IX MCXaHHU3MOB,
OIIpCACIAIOIINX CHCLII/I(l)I/IKy TEX HJIM HMHBIX Te‘IeHHfI, NOCIYXHUTh Ha,[[e)KHOﬁ OHOpOfI npu pa3pa60TKeH

TECTUPOBAHUHN MTOAXOO0B, ITO3BOJIAKOIIUX MOACIUPOBATh TCUCHUA IMPU PCAJIbHBIX YUCIIaAX PeﬁHOHL,Z[CEI.

! TIycts Re=10%, Torna norpebuoe xonuuectso y3a08 N=(108)%4=10%, a uucno maros no spemenn Ni=(108)°=10%, 1o ectsb
cymmapHoe aucio oneparmii 10'8-1024=10* — cronbko pas Hago pemmts cucteMy ypasHenuii HaBre-Ctokca. Takum 06paszom,
pellleHre CHCTEMBI Ha KIIACTEPE MPOM3BOMTENLHOCTEIO 2,5 T'®rorc 3aiimer He menbine 10% net. 31ech yMecTHO OTMETHTS,
4TO BO3pacT BeeseHHoi ouenusaercs B 10%° ner [169].
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[Ipsimoe ymClieHHOE MOJAETUPOBAHUE BIEPBbIE, MO-BUAMMOMY, ObLIO HCIOIb30BaHO B pabore S.A.
Orszag u G.S. Patterson [170]. B pa6ote Lllymana u ap. [171] npousBeaeHo NpsMOe YHUCICHHOE MOICIH-
pOBaHHE BTOPUYHBIX Te€YeHWH B KaHaje, a H.B. HUKWTHHBIM OBLI OCYIIECTBIICH pacdeT TypOyJICHTHOTO
TedeHHs B Kpyrioi Tpyoe [172]. O630psI pe3ynbTaToB, MOJYUYESHHBIX HAa 0a3e MPSMOT0 YHCICHHOTO MOJIe-
JTUpOBaHUS TYpOYJIEHTHOCTH MOKHO HaTh B pabotax [171, 173-175]. B menom MOXHO CKa3aTh, 4TO TIO-
JYYCHHBIC PEC3YJIbTAaThbl BIIOJIHE COOTBECTCTBYIOT JKCICPHUMCHTAJIBHBIM MHCCICAOBAHUAM I10 Ka4YC€CTBY, U
CHJIHO TPEBOCXOIAT €ro MO KOJMYECTBY MHoiydaeMod mHpopmanuu. OZHAKO ClIeQyeT YYHUTBHIBATh, YTO
CYHICCTBYIOIIME B HACTOALICC BPCMA BBIYUCIIMTCIBHBIC MOIIHOCTHU OIpaHUYHBAIOT IIPUMCHCHUC IIPSAMOIO
YHCJICHHOTO MOJEIUPOBAHUS JAMUHAPHBIMUA T€YEHUSIMU B MIPOCTBHIX T€OMETPUIECKUX KOH(DUTYpAIHSIX.

JluHamuKa pocTa MPOU3BOIUTEIHLHOCTH BBIYUCIUTEIBHBIX MAILIMH XOPOLIO MPOJIEMOHCTPUPOBAHA B
pabote J. Jimenez [176]. Ilo onenkam aBTOpa 3TOH pabOTHI pacyeT pa3BUTON TYpOYJIEHTHOCTH BOJIHM3H
peanbHBIX 00BEKTOB [T XOPOIIO pas/ieleHHbIX MHTEPBANOB SHEPrHH M auccumamuu Tpebyer 102 - 10%°
Touek. Takoe Yhco ToYek 1Mo MHeHHIo J. Jimenez MOXeT ObITh paCCUNTAHO JIUILB B OTAAJICHHOM OYyyIIEM.
HeiictBurensHo, B 1987 roxay Obu1o paccuntano TypOynentHoe Teuenue ¢ Re« = 180, B 1997 rongy ¢ Rex =
590, B 2003 roay ¢ Rex = 950, rue Rex = u«llv (30ech u* - TUHAMHYECKAs CKOPOCTh, § - TOJIIMHA BSI3KOTO
MOJICIOs, V - KO3(PPHUIMEHT KHHEMATHUYECKOH BI3KOCTH).

OpHako, Kak YINOMUHAJIOCh paHee, 10 HACTOSIEr0 MOMEHTa OTCYTCTBYET JOKa3aTelIbCTBO CyILEe-
CTBOBaHUS CWJILHOTO pemieHusi ypaBHeHHi HaBbe-CTOkca B TpPEXMEPHOM NPOCTPAHCTBE IMPH OOJBIIMX
yucinax PeliHonbACca M HA OONBIIMX MPOMEXKYTKAX BPEMEHU. DTO JENIaeT CIHOPHBIMHU JIIOOBIE BBIBOJIBI, ClIE-

JIaHHBIE HA OCHOBE PEILEHUS JAHHBIX YPaBHEHUIA.

24.2. MeTtoa pelnieHusi OcpeIHEHHBIX M0 BpeMeHnu ypaBHeHuii HaBre-CTokca

OpHUM M3 BapuaHTOB 00X0/a yKa3aHHBIX BBIIIE TPYJHOCTEH SBISETCS IyTh, MPEAJIOKESHHBIH COPOM
O. Peitnonbacom [177]. OH COCTOUT M3 CIEIYIOMINX IIATOB:
- BEJIMYMHBI, BXOAIINE B TIOJMHBIE ypaBHeHUs HaBbe-CToKca pasmensiroTcsi Ha OCpeIHEHHBIC W ITyJbCca-

r
IMOHHBIE: , @ = +(¢  JJIMHHAg YEPTa CBEPXy 0003HAYAET ONMEPANMIO OCPEIHEHHS Ha KOHEYHOM HH-

1z
TepBaje BpeMeHH T, Hanpumep & = F{ @dt -
0
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- YpaBHCHUA MOBHIKCHHA OCPCAHAIOTCA HAa KOHCYHOM HHTCpPBAJI€C BPEMCHH, IIPU 3TOM OYCBUIAHO, YTO

u=p=p = 0, Tme p — mynbcanus MIOTHOCTH.
[Tony4yeHHast cucteMa ypaBHEHUW Ha3bIBAE€TCS CUCTEMOW ypaBHEHHWI PeiiHonblca, U 175 HecKUMae-

MOM >KUKOCTH BBITIISIUT CIIEIYIONIM 00pa3oM:

%_I_ﬁ{ éiﬂ'; —pfi- tz‘}? o ou;, o’ cia.rl; _ 2.8)
ér T dx; dx; 0 x;0x; T @x;
Ui 0. 5% _,. 2.9)
E.TJ,' .;:‘x_r

CoOTBETCTBYOLIMM 00pa30M MEHSIIOTCS U KpaeBbie ycimoBus (2.5-2.7).
CpasuuBas (2.8) ¢ ucxomupiM ypaBHenneM HaBbe-Crokca (2.4) MOXKHO YBHICTh, YTO OHO COJEPIKUT

OJUH I[OHOJ'IHI/ITCJ'IBHI)II?I YJICH, a UMCHHO

Ha ocnose (3.18) ero MoxHO mepenucaTh CIeIyIOIINM 00pa3oM:

1 E 1 ] 1 ) L '
g - T8 T jj =—pu jui; HIL T =—pU ®u

’__.I'I'.J" = —pgﬁj
J
Taxum 006pazom, TOMOIHUTENbHBIN WieH ypaBHEHHUs (2.8) - 3TO JUBEPIeHT HEKOTOPBIX HANPSKEHUI,
SBJISIIOIINXCS PE3yIbTaTOM B3aMMOAEHCTBHNA MEXy (DIyKTyaluusiMu B IOJI€ TEUCHUS, U HOCSIINX Ha3BaHUE
TypOYJICHTHBIX HANpsOKEHUH WU HanpspkeHuin Pelinonbica. Hampsbkenust PeiiHombAca MOSIBISIFOTCS
BCJIC/ICTBUE PEAKLMU MOTOKA HA KOHBEKTHUBHBIN MEPEHOC KOJINYECTBA JBMKEHUS 4epe3 KUJKHUE IUIOIIAN-
KU BCJIEJICTBHE ITyJIbCALIUIl CKOPOCTH.

ypaBHCHI/Iﬂ 0. Peﬁﬂom,zlca JJIsA HEC)KUMaeMOou KHIKOCTH B BCKTOpHOﬁ (1)0pMe MOXHO 3anucaTtb

CIeyIomuM 00pa3om

du - -
— AV I (uBu) | =p0f-Vp+V-TL+V-R
P, ( )|=pf-Vp+V-I+V-R 2.83)
V.i=0
37€Ch YepTa HaJ OCPEJHEHHBIMH BEIMYMHAMM IS yI0OCTBa omymieHa, R :I' - TEH30p HaMpsKEHUIN

Petinomnnca.

OueBuaHO, uTo cuctema ypaBHenuit O. Peitnonbiaca (2.8-2.9) sBnsiercst He3aMKHYTO#, Tak Kak CO-
JIePKUT 3apaHee HEU3BECTHbIE KOMIIOHEHTHI TEH30pa TypOyJIEHTHBIX HanpspKeHu. s ee 3aMbIKaHus

HCIIOJIB3YIOTCA CIICHUAJIBHBIC PECOJIOTHYCCKUE COOTHOICHUA, HA3bIBACMbBIC MOACIISIMU Typ6y.]'leHTHOCTI/I.
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B nacTosmee Bpemsi Hanbojiee pacnpoCcTpaHEHHBIM MyTeM 3aMbIKaHUs ypaBHeHu# Pelinonbaca sB-
JseTcsl uerosib3oBanue runoTe3sl K. byccrmHecka 00 M30TpOIHONM TypOYJICHTHON (BHXPEBOW) BS3KOCTH.
CormacHo 3TOH rumorte3e sl TypOYJEHTHBIX HANPSOKCHUH MOYKHO BBECTH COOTHOIICHHE, aHAJIOTHYHOE

runotese . HeioToHa 1s BSI3KUX Hampspkenuit [178]:

, 7

roe iy — TYPOYIeHTHAT ES3K0CTE, Su - TEH30pP OCpeNHEeHEX ckopocTefi medopmamuii, k = 17.143-3;3- - KH-

HeTHICSCKAA 3HEPTHA TYPOVISHTHEN OVIkCcATHA. Bropol 41eE HeoOXOIHM C HOEeNBEK BEIIOIHEHHA VCIO0-

BHA H.IHI' = 21‘1’ BO BCEM IIOJIE TEYICHHA.

Takue mozaenu TypOyJIEHTHOCTH Ha3bIBAKOTCS JTUHEHHBIMU MOJEISMH TypOYJIEHTHOM BA3KOCTH.

Bennunna TypOyieHTHOM Bs3zkocTH Ut camuM JK. ByccrmHeckoM mpHHUMAaIach MOCTOSHHOW JIJISt BCCH
o0acTi TeueHHs, HO TakoW mojaxox ceOs He ompaBjaain. JlanpHeiiliee pa3BUTHE KOHLEMIMM BUXPEBOM
BSI3KOCTH OBLIO CBsI3aHO ¢ BBeieHHeM JI. [IpaHaTieM moHATHsS UIMHBI repememuBanus (cmernenus) [179].
Taxolt moaxo/ MO3BOJIMI MOJIYYUTh B 3aMKHYTOM (hopMe pelieHue i TypOyJIeHTHOIO TeUeHUs B MPSIMOM
TpyOe M KaHajax, MpOAEMOHCTPUPOBAB XOPOILIEe COTIACOBAHUE MEXKAY Teopuer u skcrepumenToM [180].
bonee moznuue nccnenoBanus T. ¢pon Kapmana mpuBenn K CO3AaHUIO PACUETHBIX METOJIOB OTPEACIICHUS
BEJIMYMHBI TYTH CMEIIEHUS, YTO TIO3BOJWIO TMOJYYHTh pACTpEAeNieHHEe BaXXHEUIINX XapaKTePUCTHK
TypOyJIEHTHOCTH JJIsl psiia TEUCHH B aHAJMUTUYECKOM BHJE, B YaCTHOCTH, JJIS IJIOCKOro TeueHus Kystra
MEKIy IBYMsI IUIOCKMMH CTCHKAMH, OJJHA M3 KOTOPBIX TEPEMENaeTcsi ¢ MOCTOSIHHON ckopocThio [181].
Opnako oOOHmIMM HEJOCTATKOM alreOpanyeckux MoJeled oKa3anach NpaKTUYeCKas HEBO3MOXKHOCTh
paclpoCTpaHUTh UX HAa TEUYECHHUS CO CIOXKHOW reomeTpueit [182], B pesynbraTe MOsSBUIACH MOTPEOHOCTH
co3aHus 00Jiee COBEPILIEHHBIX MOJEIIEH.

Hacrostiiuit npopeIB B MiccineaoBaHuu TypOyseHTHOCTH cBsizaH ¢ umeHeMm A.H. Konmoroposa, koto-
pOMY VyIAJOCh MOJYYUTh HECKOJBKO OCHOBOMOJIArarmomux pesyiabtatoB [183, 184]. Dtu pesynbraThl
ONpeAeWIN pPa3BUTHE TEOPUU TYpOYJEHTHOCTH Ha MHOTWE rojbl. /lanbHelue ycrnexu B HUCCIeIOBaHUU
TypOyneHTHOCTH cBsi3aHbl ¢ mMeHamu O.M. benonepkosckoro, B.E. 3axaposa, b.U. [laBeinosa, JI.O.
Koznoga, C.C. Kyrarenanze, }0.B. Jlanuna, JL.T'. Jlofinsguckoro, M.Jl. Munnunonmukosa, A.C. Monuna, B.B.
Hosoxwunosa, A.M. O6yxoBa, b.JI. PoxxnectBenckoro, A.H. Cexynaosa, M.X. Ctpenbiia, A.M. Srioma, B.S.
Baldwin, G.K. Batchelor, P. Bradshaw, J.0O. Hinze, E. Hopf, R.H. Kraichnan, B.E. Launder,

F.R. Menter, H.K. Moffatt, S.A. Orszag, P.G. Saffman, T.H. Shih, P.R. Spalart, D.B. Spalding, C.G. Speziale,
D.C. Wilcox, V. Yakhot, u MmHOTHX Opyrux.
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C nanpHEHIIMM pa3BUTHEM TEOPUU TYpOYIEHTHOCTH ObUIM BBIAEJICHBI Hauboiiee MepCleKTUBHbIE
MO/ICJIM BUXPEBOI BSI3KOCTH, OCHOBHBIMH M3 KOTODPBIX CTaJl TaK Ha3blBaeMas «CTaHmapTHas» K-& moxens
B.E. Launder u W.P. Jones [185], k- ® monens D.C. Wilcox [186], u rubpuanast SST k- o monens F. Menter
[187, 188].

[TosmoskeHHast B OCHOBY 3THX MOJIEJICH THIIOTe3a CKAIIPHON TYpOYJICHTHOU BS3KOCTH B IIEJIOM BBI3bI-
BAaeT CEphEe3HBIC COMHEHHUS M3-32 HECOBIAJICHHUS B OOIIEM CiIydae TJIaBHBIX OCEe TeH30pa HampsHKEHH
Peitnonpaca, u TeH3opa ckopocteit nedopmarmii [ 189, 190]. Oanako, st MHOTUX TE€UEHUI OHU TIO3BO- JISIFOT
MOJTy4aTh BIOJHE JOCTOBEPHBIC PE3YIIbTATHI.

JIByxmapaMmerpudeckas auccunaThuBHas Monenb («k-€ Mozens») oOnagaer onpeneleHHbIMU IIpe-
UMYIIECTBAMH TEpe] APYTMMHU NOJOOHBIMH MOJEISIMU U JI0 CHX TOP LIMPOKO HCHOJIB3YETCS B MPHIIOKE-
HUSX, XOTsI 00J1a/1a€T U PAIOM HEIOCTaTKOB (HAIIPUMeEP, TUI0X0 paboTaeT AJisl BpalaroIMXCsl TeUYEHUH BpoIe
KpyroBoro teuenusi Tainopa-Kystra). BbuiM mpeanpuHsITBI HOMBITKA BbIBECTH K-€ MOJenp Hero-
cpeAcTBeHHO U3 ypaBHeHuii HaBbe-CTokca MeTOAOM peHOpManu3aimoHHoW rpynmsl [191-194]. Oty pas-
HOBUIHOCTh Ha3biBalOT «RNG k- & Monenpio», OHa OTIMYaeTCs OT MCXOJHOW B YaCTHOCTU TEM, YTO KO-
3¢ GUIMEHT NPONOPLUOHATIBHOCTH MEXAY TYpOYJIEHTHOW BSI3KOCTBIO M BBIPa)KEHHEM OIIpEIeNsieTcs aHa-
mutrdecku. Onnako G.L. Eyink [195] yka3ai, 4To 0TOpOIICHHbIC B 3TOMH MOJEIN 4WICHbI YPABHEHHUI HMEIOT
TOT K€ MOPSIIOK YTO U OCTABIICHHBIE.

B nocnenHue rofpl ak THBHO pa3padaThIBAIOTCS OTHOMIApAMETPHUYECKHE MOIeNH TypOyneHTHOCTH [196-
198]. Ouensr wmHTEpecHa B 3TOM KOHTeKcTe pabora ®. Menrepa [197], B KOTOpoil 0OOCHOBBIBAETCS
coobpaxxeHre 00 N30BITOYHOCTH OTHOTO M3 ypaBHeHHH B K-¢ Momenu TypOynenTHoctr. K cxonHOMy MHe-
HUIO MpHILEN MyTeM JeTanbHoro aHanu3a 3to mogenu A.H. Cekynaos [196]. OnHoil u3 Haubonee pac-
NpPOCTPAHEHHBIX Mojesiel 3Tol rpynnsl sBisercss Monens P.G.Spalart u S.R. Allmaras [199], kanu6po-
BaHHAs JUIsI MOACTUPOBAHUS BHEIIHUX 3a1ad adpoauHamuku. B.A. ITaBnosckuii [178] mpennoxun oxHO-
napaMeTPHUECKyI0 MOJIeNb IIEpeHOca CKaSIPHOrO MapameTpa TypOyJeHTHOCTH B 3a/laHHOM TOUYKE IOTOKA.
BaxxHOolt 0COOEHHOCTBIO TOH MOJENN SBISETCS Haauuue Kod(P(UIMEHTa MOJIEKYJIIPHON BSI3KOCTH, YTO
MO3BOJISIET €€ HMCIIONIb30BaTh BO BCEW 00IaCTH MPUCTEHOYHOTO TYpOYJIEHTHOTO TeUeHHs (OT BS3KOTO IMOJ-
CJIOs 10 TiepeMexkaeMocTu TypOyneHTHocTH). JlanpHelnee pa3BUTHE 3Ta uies noiy4yuna B padorax B.B.
MMasnosckoro u JI.B. Hukymenko [200, 201].

Bonee cnoxHeli NMOAXOX K 3aMbIKaHHUIO ypaBHEHMI PeifHonbica Oaszupyercs Ha MCIOJIb30BAHUU
YpaBHEHHH, BBHIBOJUMBIX HETOCPEACTBEHHO JUIsI KOMIIOHEHT TE€H30pa TypOYJeHTHBIX HampsbkeHuit [202].
Hapsany ¢ nocienoBaTenbHbIM y4€TOM aHU30TPONUM TYpOYJIEHTHOCTH, MPEUMMYILECTBOM TaKOro MOAXOoJa
SBISIETCS  MOTEHIMAJIbHAs BO3MOXKHOCTb TOYHOTO YydYeTa JIUHAMUYECKH BaXXHBIX TypOYJIEHTHBIX

B3aMMOJEHCTBHIA, 3PPEKTOB BpallleHHs], IUIABYYECTH U T.II.
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JaHHblil KJlacc Mozened B CWIy LEJIOro psiia MPUYMH MOKAa HE IMOJYYMJI CTOJb K€ IIHMPOKOIo
pacnpocTpaHeHHsI, KaK MOJIeIH TypOYJISHTHON BSI3KOCTH,B YaCTHOCTH M3-3a BBICOKOH TpeOOBATEIBLHOCTH K
BBIUUCIUTEIbHBIM pecypcaM. Kpome Toro, st mosyuyeHusl 3aMKHYTOH CUCTeMbl TpeOyeTcsli BBEAEHUE
OO0JIBIIIOTO YKCIIa OTACIBHBIX WICHOB, BXOISIINX B YpaBHEHHS NepeHoca HanpspkeHuid PeitHonbaca. Onnako
ONHMCaHME HX BECbMA OCJIOXHEHO B CBSI3U C HEJOCTATOYHOCTHIO HEOOXOAMMOW [UIl MX HACTPOMKH
MH(pOpMaLUK (JaHHBIX SKCIEPUMEHTAJIBHBIX UCCIIEA0BAHUN WK IPSMOTO YHCIEHHOTO MOJICIINPOBAHMS).

OnHO U3 NEPCIIEKTUBHBIX HATIPABICHUI MOJICIMPOBAHHS TYPOYJICHTHOCTH CBSI3aHO C KAaCKaHBIMH HITH
obonoueunsiMu (shell) momensmu TypOynentHoctH. [Ipeamonaras, 4ro mporecc mepeaadyd SHEPrHuH B
cnekTpasibHoM (Dypbe) mpocTpaHCcTBE MPUOIM3UTENBHO JIOKaleH, ypaBHeHUs HaBbe-CTokca MOKHO Cy-
IIECTBEHHO YIIPOCTHUTH, TOT/1a IIyTE€M YHCICHHOTO UHTEIPUPOBAHUS MOKHO MCCIIEI0BATH JOCTATOUHO TOHKHUE
CBOIICTBA MOJyYEHHBIX YNPOILEHHBIX ypaBHeHUH. K coxaneHuto, coaepkaTesbHble pe3ybTaThl OTY4YEeHbI
JI0 CHX TIOp B OCHOBHOM JIMIIIb JJIsl U30TponHOoW TypOyneHtHocTH [203-205], u nuib B pabote
[203] uccnenyercss aHM30TpoOINHAsE TYpOYJIEHTHOCTh, OJHAKO IMOAXOJ M W3JI0KEHUE MPOOJIEMBbI MpeAcTaB-
JISIFOTCSI M3JIUILHE CII0KHBIMU.

Hapsiny ¢ paccMOTpeHHBIMU paHee (DEHOMEHOJOTMYECKHMMHU TEOPHSIMHU CYIIECTBYIOT TaK)Ke CTaTH-
CTHYECKHE TEOpUH TYpOYJICHTHOCTH, UCIIOJIB3YIOIINE Ui ONpPEACTICHNUsI CTATHYECKUX XapaKTepUCTHK I10-
TOKA amnmapar Teopuu BeposiTHOCTH [206]. O1HAKO, K COKAICHHUIO, 10 HACTOSIIET0 BPEMEHU TaKOM MOJ- X0
HE TI03BOJIMJI ITOKA MOJyYUTh PeagbHO pabOTAOIEeH METOJUKHU pacueTa KaKiX-Tu00 TeUeHUH.

Bce ckazaHHOe BblllIe TIO3BOJIIET KOHCTATHPOBATh, YTO HA JAHHBIH MOMEHT HE CYIIECTBYET YHHUBEp-
CaJIbHOM MoOJIeNH TYpOyJE€HTHOCTH, TPUTOIHON JUISI MOJEIMPOBAHMS IIMPOKOTO JHarna3oHa TedeHuid. Boi-
00p Mozenu TypOYJNEHTHOCTH JJIsi UCCIENOBaHUS KOHKPETHOIO TEUEHHs 3aBHCHT OT Xapakrepa TypOy-
JICHTHOTO TIOTOKa, TPeOyeMON TOYHOCTH, JOCTYIHBIX BBIYHUCIUTENIBHBIX PECYpCOB, U BPEMEHHBIX 3aTpaT
HEOOXOUMBIX Ha ITpoLecc MoienrpoBaHusl. [IpakTnyecku HEBO3MOXKHO J1aTh HAJIEKHYIO PEKOMEHIALIUIO 110

BBIOOPY MOZIEH TypOyJI€HTHOCTH NP PEIIEHUH WHKEHEPHBIX 3a/1a4.

24.3. MeToa KpymHBIX BUXpeii

Monenb kpymHbIX BuxpeBbix cTpykTyp (Large Eddy Simulation, LES) ucnons3yer anbrepHaTHBHBIN
HOJXO0JI, B KOTOPOM OOJIbIINE BUXPH PEIIEHbI B HECTALIMOHAPHOM TOCTAHOBKE C UCIIOJIb30BAHUEM CHCTEMBI,
TaK Ha3bIBAEMBIX, «(QUIBTPYIOMNX» ypaBHeHUH. Habop «hunbTpyromux» ypaBHEHHUH 10 CYIIECTBY CITYKUT
JUI UCKJTIOUeHHs U3 pacueTa nojaceTounslx (SubGrid Scale, SGS) Buxpei, T.e. BUXpeid, pa3Mep KOTOPBIX
MEHbIIE SUEeK pacueTHOM ceTku. Ilpm 3TOM Kak MpaBWIO MpEANojaraercs, 4TO JIMHEHHbIH MacmTad
pPacUeTHOM CETKM HE MPEBOCXOAUT MHTETPaJbHbIM MacmTad TypOyJIeHTHOCTH B JAHHOW OOJIACTH IMOTOKA.
Kak u B ciyuae nmpumeHeHus ocpelHeHus o PeliHombacy mpouecc ¢uibTpanuu TpeOyeT No0aBlIeHHs

CICIUATBHBIX YPaBHCHHH JIJIS 3aMbIKaHKs Beel cuctembl [207].
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CraTucTuyeckue BEIMYUHBI OCPEAHEHHOIO IOTOKA, KOTOPbIE B OCHOBHOM U MMEIOT IPaKTHUECKUil
UHTEpeC, MPEICTABISAIOTCA B 3aBUCUMOCTU OT BpeMmeHHU. [lpuBnekarenbHocts LES Monenu 3akntouaercs B
TOM, YTO OHA PACCUUTHIBAET MOTEPH, BEI3BAHHBIE CAMUM PEKUMOM TYpOYJIEHTHOTO TEYEHUs, B OTIMYHE OT
MojieJIed TypOYyJEHTHOCTH OTHOcsSImmMXcsa K kiaccy RANS. Bo3aMoxkHO, 3TO KauecTBO JeNaeT €€ «yHH-
BEpCALHOW» JIJIsl pacdyeTa TypOYJICHTHBIX TEYCHUH C TCHICHIIMEH MEIKOMACIITA0OHBIX BUXPEH, YTO UMEET
MECTO B SIPKO BBIPAQXKEHHBIX M30TPOINHBIX IOTOKAX, T.€. KOTJa MaKpOCKONHUYECKHE OCOOEHHOCTH IOTOKa
npeo0IagaroT HaJl KPYMHOMACIITa0OHBIMU BUXpSAMH. bonee Toro, ToT (akT, 4YTO B peKUMax pa3BUTOH Typ-
OYJICHTHOCTH 3aKOHOMEPHOCTH MEJIKOMACINTaOHOTO JBYIKEHUS OJNM3KM K YHUBEPCAIBHBIM (T.€. Ci1abo 3a-
BUCST OT TUIIA TEYEHUSI ¥ IPAHUYHBIX YCIIOBMI), CIIy’KUT 00OCHOBAHHEM €CTECTBEHHBIX OXKUIAHUM, UTO AJIs
OIMCaHMs HEepa3peIaeMoro IBIKeHHs B paMkax LES MoryT ObITh MCTIONB30BaHBI OTHOCHTEIBHO TPOCTHIE,
He Tpelyomue aeTalbHOW HAacTpoWku moaenu (cMm., Hampumep, [175, 208]). Hanaeiii momxon ObLI
ucnonb3oBad J.W. Deardorf [209] mis uccnenoBanus TeueHus B kpyrioid tpyoe. I[losanee A. Leonard
[210] moka3zanm, uyTO eciuM BHYTpU SYEHKHM H3MEHseTcs, TO Hpu (WIBTPALMM MOTYT BO3HHUKAaTh J0-
MIOJIHUTEJIbHBIE HanpshkeHus (HanpsbkeHus Jleonapaa). Xopommii ananu3 npo0iemM MeToja KpyIHbIX BUXpei
BoInosiHeH B 0030pe U. Piomelli u E. Balaras [211].

B mertone kpynHBIX BUXpell pacyeTHas 007acTh pa3zessieTcs Ha BHEUIHIOK 001acTh U BHYTPEHHIOH),
IPUMBIKAIOLIYIO0 K CTEHKE. B ciiydae mpocThIX reoMeTpUYeCKUX XapaKTepUCTHUK ITOTOKA T€YEHUE BO BHYT-
peHHel 001acTH OMMCHIBACTCS MPUCTEHOYHBIMU (QYHKIUSIMHU (Hanpumep, Jorapudmudyeckum npoduiem JI.
[Mpanaras u T. pon Kapmana), mubo ynpouieHHbIME YpaBHEHUSIMHU THIPOANHAMUKH. TedeHue BO BHEIIHEH
00J1aCTH pacCUUTHIBAETCS C UCIIOJIb30BaHUEM NapameTpu3anuu CMaropuHCKOro, WK XKe ¢ ITOMOIIBIO MHBIX
COOOpakeHHII O CBSI3U MOJCETOYHBIX HANPSHKEHWH C TEH30pOM TPaJMEHTa OCPEIHEHHOW CKOpPOCTH
(manpumep, [212]). Unorna ans mapaMeTpu3alii MOJACETOYHBIX 3(P(EKTOB HCHOIB3YIOT COOOpakeHHS
HoA00us, PCHOPMATIHM3ALMOHHON TIPYIbl WK ycloBHOro ocpeanenus [213]. TloBuaummomy, Hambosee
NEPCHEKTUBHBIM B 3TOM IIOAXOJE SBISETCSA MOMCK AHATUTHUYECKOW CTPYKTYPBI JUISI MEJIKOMAcIITaOHOMH
cocraisitoiel TypOyneHTHOCTH. HanbonmbInmii MHTEpeC B 5TOM CMBICIIE BBI3BIBAIOT MOJIXO/1, TPEIOKEHHBIH
B pabore [214], Buxps broprepca [215] u Buxpb Jlynrpena [216]. CneqyeT OTMETHUTH, YTO NMPH CTPEMIICHUT
BPEMEHU K OECKOHEUHOCTH OAMH BUXPb IEPEXOIUT B ApPYroil. PazBuTHe 3TOro HampaBiI€HUs OTPaXXeHO B
paborax. OnHa U3 TPYyAHOCTEH [AaHHOIO IOAXOJA COCTOMT B AHAJIUTHUECKOM OINMCAHUM BUXPS AN
NPOM3BOJIBHOTO BU/IA TEH30pa TPAIUEHTA CKOPOCTH. DTOT BOIPOC 0Ocyxaaics B paborax. OJHAKO HESACHO,

KaKOW UMEHHO BKJIaJ] 9TH BUXPHU JAIOT B IMOJACCTOYHBIC HAIIPSAXKCHUS.

Ha ceroansiminuit nenp ycneurHoe npuMmenenue mojenu LES nis pemenust MHXXEHEpHbIX 3a1a4  ObLIoO
OCYIIECTBIIEHO TOJBKO B JIOCTATOYHO MPOCTHIX T€OMETPUIECKUX 00acTsx [217], 4TO B OCHOBHOM CBSI3aHO C
BBICOKMMH TpEOOBAaHMSAMHU JAHHOW MOJENM K BBIYUCIUTENbHBIM pecypcaM. Mogens LES wucnonssyet
MPOCTPAHCTBEHHYIO JUCKPETU3AIMIO BBHICOKOTO MOPSAKA, YTO IMO3BOJIAET Pa3pelluTh OONbIIUN Hana3oH
MacmTaboB TypOYIEHTHOCTH, OTHAKO IIPH 3TOM HMEET MECTO YXYAILIICHHAS! TOUHOCTH PEIICHHUS OCPETHEHHBIX

napaM€TpoOB IIOTOKA B LES MOJECJIH, UYTO HC BCCT/Ja YKAa3bIBACTCA aBTOpaMHU.
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Takum oOpazom, ucrnosib3zoBanue LES mis mpakTH4eckux pacdyeToB B HACTOSIIEE BpeMs 3aTpPyIHU-
TEJIBHHO B CBS3H C OOJIBIIMMU TPeOOBAaHUAMU K BBIYMCIUTENBHBIM pecypcaM. TeM He MeHee, JaHHbIN MO~ X0/
NpPEACTaBISIETCS. BEChbMa IEPCIEKTUBHBIM, M IIOCTENCHHO BBIWAET Ha BEAYyIIHE IO3UIMH B O0JIACTH

MOJIEINPOBAHHS TypOyJICHTHBIX TEUCHUH.

3. O0masi XapakTepuCTHKA KOMMePYeCKHX PaCYeTHbIX KOMILIEKCOB

Ha ceroansimauii gens nporpammuoe obecnieuenue (I10), ucronb3yemoe ais pemeHus] TPUKIATHBIX
3aj7ja4 TUAPOJIMHAMUKH, MOXKET OBITh YCIIOBHO CBECHO B CIIEIYIOLIUE TPYIIIbL:

1. «Bepxnero ypoBHs». Takoe 110 npeaHa3HayeHO il PELICHUS HIMPOKOIO Kpyra MHXEHEPHBIX U
uccie0BaTenbckux mpobsem. [lakeTsl JaHHON KaTeropuu CO3Mal0Tcs KPYMHBIMU (B TOM YHCIIE TPaHCHA-
[IMOHAJIHBIMHU) KOPIIOpALUsAMH, COJIepXKaT OOJIbIIOE KOJIMYECTBO MAaTEeMaTHUYECKUX MOJENeH, YHCIeHHbIX
CXeM, pa3BUThIE CPEJCTBA IIpe- U MOCTHPOLECCHHTa (TO €CTh MOArOTOBKHM MCXOJHBIX JTaHHBIX U 00pabOTKU
HOJY4YEHHBIX pe3yibTaToB). OHU MMEIOT Pa3BUTYIO HOIJEPKKY, XOPOIIO OTIa)KEHbI U JOKYMEHTHPOBAHBI.
ITpn ucnons3osanuu I10 3TOrO KI1acca Bee 3a1a4M YCIOBHO pa3AeislOTCS Ha «TUIOBBIE» (HA KOTOPBIX MAKET
TECTUPOBAJICA U OTJIAXKHUBAJICA, HApPUMEP, MOJCIUPOBAHUE MPOTOYHBIX yYacTeil TypOOMaIluH) U
«HETHIIOBBIE». DTO CIEIyeT Y4YMThIBAaTh, pellas BOIPOC O MpuMeHeHuH Takoro IIO 1 pemieHus KoH-
KPETHOM 3a/auu. DTH NaKeThl OCHOBAHbI HAa KOJAAX, pa3paOOTaHHBIX B YHHBEPCHUTETAX MM HEOOJIBIINX
KOMIIaHUSX, U Pa3BUTHIE B JAAJIbHEHIIEM B 3aKOHUEHHbIE KOMMEpUYECKUE NPOAYKThl. Cpeln HUX B MEPBYIO
ouepens cieayet ynomsinyts Fluent, CFX, Star-CD/CCM, NUMECA;

2. «Hwxnero ypoBHs». D10 Takxke yHuBepcaibHoe [1O, mpeaHasHadeHHOE Ui PELIEHUs OTPaHU-
YEeHHOro Kpyra npoOsiem. OHO yalle BCEro MMEeT OrpaHHYEHHYIO 00JacTh NMPUMEHEHHS, M 10 MHOTMM
MO3ULMSAM YCTYyNaeT IaKeTaM «BepXHero» ypoBHs. Ilpumepammu Takux pa3pabOTOK MOTYT CIY>KHTb

FlowVision, SINF (B Poccun), AQUA, PowerFlow, FlowWorks (3a pybeskom), u apyrue;

«HccnenoBarenbckoe». IJTO aBTOpPCKoe, KoprnopaTuBHOe wunu yHuBepcuterckoe IIO, paspaboranHoe
HEeOOJIBIIMMHU aBTOPCKUMH KOJUIEKTUBAMH IS PEIICHNs] KOHKPETHOro Kiacca 3anad. Takoe 10 game Bcero
XPaHHUTCS B MCXOIHBIX KOJAX, INIOXO JOKYMEHTHPOBAHO M HEPEIKO MMEET TPYJHOCTH C MOJIEPHHU3AIUEH.
OHO He coAepkUT BOOOLIE WIM HMMEET HYXKHbIE HMHCTPYMEHTBl (HalmpuMep, CETOYHBIH TI'€HEepaTop)
OrpaHUYeHHOHN QyHKIMOHANbHOCTH. TeM He MeHee, mogobHoe [1O ObicTpee Bcero pearnpyer Ha MOSIBICHUE
HOBBIX MaTE€MaTHYECKHX MOJENIed M YHMCIEHHBIX CXEM, MOXET CIYXUThb CBOErO pPOJAA HCHBITATEIbHBIM
HOJMTOHOM JIJIsl TIOCTIEIYIONIeH OTIaJ KU alrOPUTMOB JJISl NTAKETOB MHBIX Ipynil. B 1emom oHo sBisercs

CAUMHCTBCHHBIM crmocobom PEIICHUA NPUHOUIIMAJIbHO HOBBIX HAYYHBIX HpO6JICM.
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3. O4eBHIHO, YTO MPOU3BOAUTH CpaBHEHHUE yKa3aHHOTO [1O ymMecTHO B TOM ciy4ae, eCiii OHO MPUHAI-
JSKUT K OAHOMY Kiaccy. [losTomy B nanmpHeiiieM OCHOBHOE BHUMaHHE OYAET YAEJICHO CPaBHEHHIO TaKUX
nakeroB kKak ANSYS Fluent®, ANSYS CFX®, Star-CD® u NUMECA FINE/Marine®, OCHOBHBIE HX

XapaKTePUCTHKH MPUBOIATCs B Tabmuie 5.

Ta6n1/1ua 5. HeKOTOpI)Ie 0COOCHHOCTH Hanboee TIOIMYJIAPHBIX B HACTOSAIICC BPEMS PACUCTHBIX KOMIIJIICKCOB

FLUENT®

CFX®

STAR-CD®

FINE/Marine®

OrpomMHoe KoJu-
YECTBO MojeNei
JUTSL pacyeToB Jia-
MUHapHBIX U TYyp-
OyJIeHTHBIX TeYe-
HUM, TOpEHUs,

bonwmioe koau-
YeCTBO MOJECIEH,

Bosbmnioe konu-

Cnenmanuzupo-
BaHHOE CPEJICTBO
JUIS MOJIETUPOBa-
HUS 3a7a4 Kopa-
OenbHOM TuaApo-
nuHaMuku. Ume-
€T pa3BHUTHIC
CpeICTBA 3alaHuUs
3aKOHOB JBUIKE-
HUs 00BEKTa B

MHOTO(a3HBIX SAS [218], mHOrO . | Gacceiine
. 4eCTBO MoOJIelIeH,
MareMaTHyecKie | cpell, paauaniu U | MOAU(DUKAIUI pCATHIOBAHA HE- (mammpumep,
MOJIeNN MHororo apyroro. | SST, Ho peanu3a- . HaJIM4ue pas3roH-
nuHeiHas K-g
BeicTpo pa3su- st RSM o0bek- MOICITH HOTO Y4acTKa),
Barommecs LES n | TuBHO Xyxe, uem JBUKEHUS HA PO-
DES mozenu, Bo FLUENT TaTUBHBIN ycTa-
CWJIBHO IIPEBOC- HOBKE, U T.II. Mo-
XOZSIIUe UX pea- JIeTUpOBaHUE pe-
JU3alHU y KOH- T'YJISpHO-
KYpPEHTOB TO/HEpEeTySPHOT
O BOJIHEHMS.
NmeeT HEnuHEN-
Hyto k-& mosens,
DES
4 Bupa pemare-
. 1 pemarens, ot1- 1 pematens, ot1- 1 pemarens, oT-
Jeit, peann3oBa-
JIeNIbHBIX pela- JIeNIbHBIX pela- JIeNbHBIX pela-
HBI OT/JICNIbHBIE . . .
Tesel IS IBY- Tesei IS 1BY- TeJIeH JUIs IBY-
peraTeny s
MEPHBIX M TPEX- MEPHBIX M TPEX- MEPHBIX H TPEX-
Pemrarens JIBYyMEPHBIX H

TPEXMEPHBIX 3a-
Jla4, alanTupo-
BAaHHBI BpEMEH-
HOW mar

MEpPHBIX 3aJ1a4
HET, aJanTHpo-
BaHHOTO BPEMEH-
HOTO II1ara HeT

MEpPHBIX 33]1a4
HET, aJAanTHpO-
BAaHHOTO BpEMEH-
HOTO II1ara HeT

MEPHBIX 33729
HET, €CTh JWHA-
MHUYECKas ajarl-
Tanus CETKU
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VYcToHUuBOCTE
YHCJIECHHBIX CXEM

Heckonwko ycry-
MaeT B yCTONYH-
BOCTH M CKOPOCTH
cuera (ua 3D 3a-
Jlagax) peaTento
CFX, no, BUIH-
Mo, Oojee Tou-
HbId. PeanuzoBa-
HO JIBE CXEMBI 3-
ro TopsiKa

KauecTBeHHEIN 1
OBICTpBIN pera-
TeJb, OCHOBAH-
HBIA HA METOJIC
KOHEYHOTro 00be-
Ma, HO'BI/IILI/IMOMy
C HEKOTOPBIMHU
QJICMCHTAMU
MKD

Ecte MARS

Hmeer npoTuBo-
MOTOYHBIE CXEMBbI
MEPBOTO U BTOPO-
ro MopsiIKa, CXeM
TPETHEro MopsiAKa
HeT. Pemarenp
JIOITyCKaeT 3Ha-
yeHus uncina Ky-
panta g0 150

[Monnepxka nu-

Junamuyeckue, HaMHUYECKHX Ce- Xopomas peanu-
PeanuzoBana pa- Xopomiass peanu-
aaJIalTUBHbIE U TOK €CTh, HO HE 3a1Ms alanTUB-
00Ta ¢ AMHAMHU- 3auus TUHaAMHU4e-
JBYOKYIIHECS peajin30BaHo Ie- HBIX U TIOJBWX-
YECKUMU CETKAMHU CKHX CETOK
CeTKHU pECTpOEHHUE CeT- HBIX CETOK
KU
B xommuiexr mo-
CTaBKH BXOJUT
HECTPYKTYpHUPO-
BaHHBIH CI',
CWJIBHO yCTyma-
0NN KOHKYpPEH-
TaM. N .
CobctBennsblit CI' | ABromaTudeckuit
OCHOBHBIM cpeI- o
B xommiexT no- pro-am, mo3Bo- CETOYHBIN TeHEe-
CTBOM IOCTpOe- N
CTaBKHU BXOJAT JSIOUINN CTPOUTH | PaTOp CTPYKTY-
. HUS CETOK J0J1-
aga CI' — TGrid u pa3InyHbIE CET- PYPOBaHHBIX
. JKE€H CIIY)KUTb HE-
Gambit. Bos- YU Ku, pabora ¢ reo- | (Hexpress) u He-
3aBucuMbIil CI' o
MO>KHOCTH UX MeTpHuei 00beKTa | CTPYKTYpHpPOBaH-
. ICEM (Taxxe
CerouHblii MO3BOJIIOT CTPO- . 6onee ynooOHa, Hbix (Hex-
BBIITYCKAaEeMBbIii :
TeHepaTop UTh CTPYKTYpH- Y . 4yeMm, Hanpumep, B | press/Hybrid),
KOMITaHUEH : N
POBAHHBIC U HE- A?’] aHme Gambit, Ho kave- | TO3BOJISIOIIHIA
CTPYKTypUpPOBaH- Suys)’ ABJIAIO CTBO MOCTPOEH- MOJTy4aTh CETKH
HbIC CETKH B Jito- | L icA OIg}HM M3 | HpIX ceToK Ha BBICOKOI'O Kaye-
OBIX TeoMeTpHye- ydmmx 1 Ha HAIll B3IJIA] ctBa. Imeer sKkc-
BIHKE U TIOCTaB-
CKHX 00JIaCTSIX. p . yCTynaeT IByM nopT B ANSys u
JLAFOIHMHCA 0T nepebiM nmakeram | Fluent
nenpHO. Hamo
J100aBHTh, YTO
ICEM mo3Bossier
CO3/1aBaTh CETKH
u qs Fluent, An-
SYS ¥ MHOTHX
JIpyruX Beei
Morussle cpen- MoruHsle cpea- Takxe umeer Copepxur cpen-
CTBa aHaJlu3a pe- | CTBa aHaJu3a pe- | pa3BUTHIE CPE.- CTBO JJIsl aHaJIM3a
IMocTmponeccunr | 3ynpratoB. B wa- | 3ympratoB. B wa- | cTBa mpejcTaBie- | pe3ylbTaToB
CTH MpEJICTaBle- | CTH MpeicTaBie- | Hus pe3ynbratoB. | CFView, Hu B

HUA NPAKTUYCCKU

HUS TPAKTUYCCKU

OpHako Tpebyer

4eM He yCTyTa-
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HE yCTyNaeT Cre- | He yCTyNaeT Clie- | OIbITa U HaBbI- IOL[ee OCTaTbHBIM
HUAIU3UPOBaH- UAIM3UPOBAH- koB. Ha B3risig PacCMOTPEHHBIM
HBIM CpeCTBaM HBIM CpE/ICTBaM aBTOpa OH B HUC- nakeram.
(Hampumep, (mampumep, MOJIb30BAHUU TO-
Tecplot) Tecplot). Ctpyk- | pa3mo MeHee yjo-

Typa nakera Ta- OeH, ueM JBa
KOBa, 4TO MOCT- MIEPBbIX.
MIPOLIECCOP BbIHE-
CEH B OTJIEIbHOE
MIPUIIOKEHHE.
CoOOTBETCTBEHHO
OJIHOBPEMEHHO
MCIIOJIb30BATh
pelarens u
MOCTIIPOLIECCOP
3aTPYAHUTEIHHO
JIJ1st "3BMeHeHust
HACTPOCK pella-
[IpakTnuecku pocK'p
TeJs peaan30BaH
JIr00as BeIMYrHa 9
CBO# cOOCTBEH-
(M ypaBHEHHE) . .
HBI CKPUTITOBBIN
B pelaTeie Mo-

PacmmmpsemocTtsb s3bIK. [Ipraem

KeT OBITH mepe-

porpaMMHupOBa-
MpOrpaMMHUpPOBa-

HUE pa3HbIX Ya-
Ha Ha si3bike C .

CTell Ko/a BeneT-
unu Fortran A1 BEI

Csl HA Pa3HbIX

TTUAIIEKTaX S3bIKa

Cpenu paspabarpiBaeMbix B Poccun makeToB HamOosiee pa3BUTHIM Ha B3IJISA aBTOpa SBISETCS
«FlowVision». OqHako Ha CErOTHSIIHUA JE€Hb OH OYEHb CYIIECTBEHHO YCTYMAeT MPOAYKTaM «BEPXHEIr0)»
ypoBHsl. Kak u B kommiekce NUMECA, B HeM peain30BaHO MOJTHOCTbIO aBTOMAaTUYECKOE MOCTPOCHUE CETOK,
OJTHAKO 3TU CETKHU UCKITIOUUTEIHHO OPTOTOHAIBHBIC, U B CPABHUTEIBHO CII0KHBIX TEOMETPHUYECKUX 00JIACTSIX
HU3KOTO KadecTBa. Cepbe3HbIM HEIOCTATKOM SBISIETCS OTCYTCTBHE TOTPAHUYHOTO COs (T.€. MPOIETYPHI
CTYIICHUSI CETKU BOJM3U TBEPIbIX MOBEpXHOCTEH). DTOT (PaKT OCOOEHHO HENPUATEH MpPH PELICHUU 3a/1ay
KopaOenbHON THAPOIMHAMUKH, TaK KaK JIOJI CHJI TPCHHs B CHJIOBOM OajnaHce y KopaOembHBIX O0OBEKTOB
OueHb BeNuKa, U Moxer jgocturatb 90% mnonHoro 3HaueHus. IloanepkKku ABWXKYIIUXCS U
nedopMupyronmxcs cetok HeT. CKOpOCTh cueTa HUKe, YeM Y TMAKEeTOB «BEPXHET0» YPOBHS, UYTO, TIO-

BUIMMOMY, OOYCIIOBIICHO OpTraHU3alKei MpoLeaypbl IOCTPOSHHSI KOHTPOJIBHBIX 00BEMOB.
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3.1 Ofmast cTpyKTypa mnpoiecca pelieHusi HHKEHEPHOii 32]]a4i HA 0CHOBE METO/0B BHIYHCIIH-

TeJbHOM THAPpOMEXaHUKHU

CxeMaTH4HO MPOIIECC PEHICHHs 3a1a9d MOXKHO MPECTaBHUTh clieayronmM odpazom (Puc. 3).

Ha nepBom stame (Pre-processing) mpou3BOAMTCS ONpEAeIeHHE Leleld W CPEACTB MOAEIMPOBAHUS,

OCYIIECTBIISIETCS TTOCTPOSCHUE TEOMETPUN 00BEKTA; JCKOMITO3UIINS pacueTHOU 00acTi (pa3OnBKa 00JIaCTH

Ha MoA00JIaCTH) U TOCTPOEHUE CETKH; MOCTAHOBKA IPAHUYHBIX YCIOBHIA.

Ha BTOpOM 3Tame mocTpoeHHas reoMeTpusl nepenaercst B pemiarens (solver), mocie 4ero mpousBo-
JUTCsl BBIOOp HACTpOEK pacdeTa (3aJaHue MapaMeTpOB pacyeTa, CBOICTB MaTepHanoB, BbIOOP HOIOJIHU-
TENIBHBIX MOJENEeH (A1 MOJESTUPOBaHUS TYpOYJIEHTHOCTH, TOPEHUs, paJlialluy U T.I1.)), 3aaeTcs Hadajb-
HO€ NpUOIMKEHNE, U TPOU3BOIUTCS COOCTBEHHO PELIeHHE TIOCTABICHHOM KpaeBol 3a1aui.

Ha tperpem stame (pOSt-processing) OCYIIECTBISICTCS aHAIU3 IMOJYYCHHBIX PE3yJbTAaTOB, a TAKKE

MMPUHHUMACTCA pCIICHUC 00 OKOHYAaHHWH, UK MMPOAOJIDKCHHUHU ITPOLCCCa PCIICHUA 3aJavu.

IloaroroBuTEILHAN Pemenune AHaan3

ITogroroska reo-

MeTpuu 00bEKTa U pac- YucneHHoe pelmeHne
4eTHOI obmacTu 0a30BbIX ypaBHEHUIl
AHanm3 nomy-
A
YEeHHBIX Pe3ylIbTAaTOB
ITocTpoenue pac-
. \ 4
YETHOI CeTKH
Viydmenue ceTku

A 4 U HacTpOEK pacueTa

ITocTanoBka rpa-

HUYHBIX ch'IOBI/Iﬁ

Puc. 3. O6mias cxema mporiecca perieHus 3alauu.

B mocraBky kommuiekca FLUENT® Bxomsat aBa mpemnporieccopa — TGrid u Gambit, ocHOBHBIM
Ha3HAYCHHEM KOTOPBIX SIBIISIETCS TIOCTPOEHHE ceTKH. Kpome Toro, Ha phIHKE TakKe MMEIOTCS IpyTHe Io-
no6usie poaykThl (ICEM®, Hexpress©, u T.1m.). KoHewHO, ¢ X MOMOIIBIO MOXKHO TMOCTPOUTH OTHOCH-
TEJIbHO HECJIOKHYIO T€OMETPUIO, U MPOU3BECTH JEKOMIIO3ULIMIO 00JACTH, OJTHAKO TaKUE ONEPALMHU JIydIle
MIPOU3BOJNTH TIPHU TIOMOIIH CHEIHATN3NPOBAHHBIX MPOTPAMMHBIX CPEJCTB TBEPAOTEIBHOTO MOACITUPOBA-
HUs, Takux Kak Catia®, Unigraphics®, ProEngineer® u T.11.

Cnenyer 1o0aBHTh, 9TO Ha B3MJIsi aBTopa [67] ocoOblii mHTEpec mpeacTaBisieT reHepartop Hexpress©,
peaIM3YIONINI aJITOPUTM TMOJHOCTHIO aBTOMAaTUYECKOTO TMOCTPOEHHUS] CETOK B N€OMETPUYECKH CIIOMKHBIX

pacueTHbIX obnacTsx. [Iporece mocTpoeHus CeTKM cXeMaTU4IHO MpuBeneH Ha Puc. 4.
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LWar 1. Mpy6as ceTka:

CO3/1aH1e MCXOLHO! MepBOHaYanb-

LLlar 2. AganTauus ceTku:

U3MENbYEHNE CETKM B HYXHBIX 30HaX LWar 5:

NOCTpOEeHue BA3KOro noa-

cnos. 3aBepLueHV|e

Lar 3. MpuBsa3ka k reomeTpuu:

MakcumanbHoe “nputarueaHmue”

LWar 4: 7]

yoaneHue oTpularesnbHblX A4eeK U NoBbl-

Puc. 4. Asromarndeckoe nocrpoenue cetku B HEXPRESS™.

MOKHO BHIETB, YTO CO3J[AHUE CETKH COCTOUT M3 MATH OCHOBHBIX miaros [219]:

1. Co3nanne HavyanbHOUM ceTkH (initial mesh) - Ha 3TOM mIare pacyeTHas 00JaCTh MOJTHOCTBIO 3aIOHS-
eTcs AJIEMEHTaMU;

2. Anantanus ceTKu: 00pe3aHne CEeTKH B 00JIaCTAX, IIe HAYadbHOE MPUOIMKESHUE BHIXOAMIIO 32 MPEIEIIbI
pacueTHOM oOsacTH, M CrylIeHHME €€ K 33JaHHbIM IIOBEpXHOCTSIM wiu pebOpaMm. I['eneparop
HEXPRESS™ umeer pa3suTsie, rubko HacTpauBaeMble CPECTBA H3MENbUEHHUS CETKH;

3. IlpuBs3pIBaHNE K F€OMETPHU: MOCIE aJANTALUM SYEHKH CETKH, BBIXOJAIINE 32 MpPEebl pacuyeTHON
obnacty, yaansrores. Oneparusi MPUBSI3KK K TEOMETPUU 00€CIIeUNBACT CHOC MPHUTPAHUYHBIX y3JI0B Ha
MIOBEPXHOCTh PAaCUeTHOM 00s1acTH, 00ecTiednBas TOUHOE BBIMIOJIHEHHE TPAHNYHBIX YCIOBH;

4. YydiieHue CeTKU: TOCHe BBIIOJHEHUS MPEAbIIyIIEero mara psija MPUrPaHUYHBIX SYEeK HCKakaeTcs,
4YTO MOXXET NPHBECTU K YXYJIICHUIO KadyecTBa CETKH. B Xoxme omepanuu yiaydiieHHs TeHepaTop
HEXPRESS™ npousBoauT aHamms XapakTepHCTUK sueek (TaKMX KaK yrioBas CKOIIEHHOCTb, HAIH-
YHe OTPUIATENBHBIX 00BEMOB, H .T.J1) U COOTBETCTBYIOIIEE MEPECTPOCHNE HIEMEHTOB CETKH;

5. IlocTpoeHne BA3KOro moAacios (IMOrpaHUYHOrO CJI0sA): OOEClEeYEeHUE 3aJaHHOIO CTYLIEHUs CeTKU K

TBEPAbIM CTCHKAaM U T.H.

Kaxnas u3 nepedncieHHbIX onepanuii sBiaseTcss TMOKO HacTpauBaeMOM, 4TO 00ECIIeYnBaeT BBICOKOE

Ka4€CTBO IOCTPOCHUA pvaeTHOﬁ CCTKH.
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Puc. 5. IIpumep cetku, nocrpoersoit B HEXPRESS™

3.2 OcHOBHasI cMcTeMa YpaBHEHUH

Kak YK€ YyIIOMHHAJIOCh, B OCHOBE BCEX O6Cy)KI[aCMbIX PAaCUYCTHBIX KOMIIJICKCOB JICXKUT CUCTEMA

ypasuenuii O. Peiinosbaca (2.8a), 3anucannasi B popme 00001eHHOr0 ypaBHeHus neperoca [220]:

—(po)+V (piip-T ,Vo)=5, | 29
a )
rae ¢ - ckanspHas gpynxims, 1 '¢ - kosddumment quddysun, U - BEKTOp CKOpOCTH, S¢ - UICTOYHUKOBBIH

YJleH, KOTOPBIA MOXKET COAEpIKaTh TaKKe T€ COCTaBIISAIOUINE NU(P(PY3MOHHOTO MEepeHOca, KOTOpbIe HE BO-
LM B KAHOHUYECKYIO (hopMy TU(PPY3MOHHOTO UJICHA.

B aTOM ciydae Jist IOTydeHHsT ypaBHEHHUsI HEPa3phIBHOCTH HEOOXOMMMO NPHHSTH § = 1, ypaBHEeHHI

Hagbe-Crokca (Peiinonbaca) - ¢ = { V, Wy 1V, }, sutanemmm — h, n T.1. Boas B paccmorpenue GyHKumo-

.
HAJIEHOE TIPOCTPAHCTBO ) = [u . P, K, 6] (A% [0, T]—) R", 0606LIEHHOE ypaBHEHHE TIEPEHOCA MOXK-
HO 3amucaTh B TakoM Buje [85]:

-

2430, D,0-YD,v,D,0=f. 0=0x[0.7].n=3
cr i=l

rae Di = /xi, f — 3agannas ¢pyHkuus Ha () x [O, T ] KpaeBbie ycrnoBusi mpuBeAeHBI BhIIIE.
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Hcnonp3oBanue 0000IEHHOTO YpaBHEHHS MEpPeHOca OOYCIIOBICHO C OJHOW CTOPOHBI TpeOOBaHHEM
KOHCEPBATUBHOCTH TIPY 3aIUCH ypaBHEHHM, a C IPYrod - COOOpakeHUSIMH YIO0OCTBa MPOrPaMMHOM pea-
JU3alUU BBIUMCIUTEIBHOTO ajaroputma. Takxke kak u ypaBHeHue Habbe-CTokca OHO oTpakaeT OasaHc
U3MEHEHHUH BEIMYHMHBI (), OOYCIOBIECHHBIX HECTAIMOHAPHBIMU d()(eKTaMu, KOHBEKTHBHBIM U JU(dy3u-
OHHBIM TIEPEHOCOM, U PSAJIOM HHBIX (PAKTOPOB, XapaKTEPHBIX UMEHHO JJIsi paccCMaTpUBAaEMOro Ipolecca,
YUUTHIBAEMBIX B ICTOUHUKOBOM YJICHE.

Jna pemenust ypaBHeHus (2.9) B pacueTHBIX KOMIUIEKCAX, KaK MPaBWIJIO, UCHOJIB3YETCS MpoLeaypa
MeToJ1a KoHedHOTro o0bema [ 150, 221], B pe3ynbrare mpuMeHEHHsI KOTOPOi CXoaHoe auddepeHInaib- Hoe
ypaBHEHHE CBOJIUTCS K cUCTeMe aireOpamyeckux ypaBHeHHH. C LENbl0 CO3JaHUS YHHBEPCAJIHHOTO
IropuTMa peuleHus 3a1a4 AMHAMUKH JKUIKOCTH BCE TOTOHUTENbHBIE ypaBHEHUS (Mozenel TypOyseHT-
HOCTH, SHEPTHUH, IBIKCHHS TUCKPETHBIX (a3 U MPOUYHUE) TaKKe MpeacTaBistoTes B popme (2.9) [220], mo-
STOMY JUJIsl pElICHUs BCEX YpaBHEHUH MOJENIM B KOHEYHOM HTOTE HCIIONB3YEeTCs eIuHas Mpoleaypa pe-

MICHHUA.

3.3 uckperusanusi ypaBHeHHI TBUKEHHUST BA3KOH KUAKOCTH

JU1s1 94UCIIeHHOTO pelIeHNs] yPaBHEHUH IMHAMHKH BSI3KOH KUAKOCTH Hanbouiee IMUpOKoe MPUMEHEHHE
MOJTYYHJIH MTOJIX0/IbI HA OCHOBE METO/a CETOK.

CyIHOCTh METOJa CETOK 3aKJIF0YAeTCsl B TOM, YTO MCKOMasi HeTpephIBHAS (DYHKIUS alllPOKCUMHUPY-
eTcst HabOpoM MNPHOIMKEHHBIX 3HAUEHHH B HEKOTOPOM MHOXECTBE TOYEK, Ha3blBaeMbIX y3namu. CoBo-
KYITHOCTb Y3JIOB, ONPEACICHHBIM 00pa30M MKy COOOH CBSI3aHHBIX, HA3bIBACTCSI CETKOM, KOTOpas, B CBOIO
ouepesib, CTAHOBUTCS JUCKPETHOM MO/IENbI0 00J1aCTH OIpeIesIeH!s] HCKOMOW (DyHKIINH.

O030p pa3iIMyHBIX METOJOB MOXKHO HAaiTW B jureparype (cMm, Hampumep, [71, 72]). Huxe Oymyt
pPaccMOTPEHbI OCHOBHBIE OCOOCHHOCTH HambOoJiee MOIMYJISPHBIX U3 CETOYHBIX METOJIOB, a MMEHHO METOoJa

KoHeuHbIX pasHocteit (MKP), merona koneunsix anementoB (MKDJ), u merona koneunoro oobvema (MKO).

3.3.1 MeToa KOHEYHBIX Pa3HOCTel

Meton xkoneunsix paszHocrerr (MKP) [71, 222] sBisercs caMbIM €CTECTBEHHBIM U CTapeHIIMM METO-
JIOM pelIeHHs KpaeBbIxX 3agad. OOILIHii anropuT™M MeTo/1a MOKHO ¢(hOpMYIIMPOBATH CIEAYIOMINM 00pa3oM:
1. Tloctpoenue ceTkd B 3ajaHHON oOaacTd. IIpuOIMKEHHbIE 3HAYCHUS @Pp HCKOMOM BETUYUHBI @

OTIPEIEISIFOTCS. MMEHHO B y3JIaX CETKH, COBOKYITHOCTh Y3JIOBBIX 3HAYCHHUH ()p HA3BIBAIOTCSI CETOYHOM

dynkume;
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2. TlocTpoeHne pa3HOCTHOTO aHalora IMyTeM 3aMeHbl Aud@epeHIanTpHOro oneparopa
HUCXOJHOM JH(PepeHINaIbHOM YpPaBHCHUH PAa3HOCTHBIM ONEpaTopoM Lp, mpu 3TOM HUCXOHAs

(GYHKIHsE AlIPOKCUMUPYETCS CETOYHON QYHKIMEH Pp;

3. PernreHne moxy4eHHOW CUCTEMBI JIMHEHHBIX aJlreOpandecKux ypaBHEHUI.

HecmoTpsi Ha BHEIIHIOI MPOCTOTY METO/A, €ro YHCIEHHAs peaau3alis MOXKET ObITh BEChMa CIIOXK-
HOU. IIpmueM ckazaHHOE KacaeTcsl BCEX BBIIEIEHHBIX 3TANoOB. B 4yacTHOCTH, NMPU NMOCTPOEHUU CETKU IS
MIPOU3BOJILHON 00JIaCTH CETKa B 00IIeM ciiydae OyeT HeperyisipHOM, pruieM 0OCOOCHHOCTH €€ T€OMETPUHU
OyIyT yUUTBIBATHCS TOJIBKO B IPUTPAHUYHBIX Y3J1aX.

CymectByeT MHOKeCTBO pazHoBHIHOCTe MKP, cpean KOTOphIX B MPUIIOKEHUH K PELICHUIO 3a7ad
JMHAMHKH JKHAAKOCTH CIIeAyeT 0co00 oTMeTuTh Merox vacTuil B stueiikax (PIC-meton), paspaboraHHBIi
®. Xapyoy B 1955 1., mu MeTox KpymHBIX 4acTull, paspadoranusii O.M. benonepkoBckum u F0.M. JlaBbI-
noBbIM [223].

PasnoctHbie cxeMmbl, npuMensieMble B MKP, criiegyer ncnonb30BaTh BeCbMa OCMOTPUTENBHO, TaK Kak
Jlaxke IS TPOCTBIX JIMHEWHBIX 3a]lay JIOTUYHAsl pa3HOCTHAs CXeMa MOXKET JaBaTh PELIEHUE, HE CXOAsllee-
¢ K TOYHOMY npu u3MesnbueHuu cetku [71]. Tloatomy npu npumenenun MKP s moctpoenust yHuBep-
CAJIHBIX PACYETHBIX CHCTEM HCIIOJB3YIOTCS CXEMBbI, XOPOIIO 3apEKOMEH/IOBaBINNE ceOsi MIMEHHO Ui TeX
3aJa4, Ul PEIICHUsI KOTOPBIX M CO3JAeTCs CHUCTEMA. B 3TOM CBSA3M MOJydMIIM PacpOCTPAaHEHHE METOJBI,
JIMILIEHHBIE YKAa3aHHBIX HEOCTATKOB.

Onnako MKP u B HacTosiIliee BpeMsi pa3BUBAIOTCS, YTO MOXHO BHJETh, HAIIPUMEp, 0 padoTam [224,
225]. Hanpumep, B pabote [224] npeanoXeH METOJl IMOTPYKEHHON I'paHHIbl C (PUKTUBHBIM Y3JIOM IS
pemenust ypaBHenuit Hasbe-Ctokca. [lokazano, yto ams 3TOoro HeoOxoauma sBHas opma ypaBHEHUNU
ypaBuenue Ilyaccona mist naBnenus. [IpucyTcTBre KpUBOJIMHEWHON TPAHUIIBI YIUTHIBAETCS 100ABICHUEM B
NPaBYIO0 YacTh ATHUX YpPaBHEHHUH HCTOYHUKOBOIO 4JIEHA, BBIPAXKEHUE ISl KOTOPOTO KOHCTPYHPYETCS Tak,
4yTOObl MPUHHUMATH DPA3NMYHBbIE 3HAYEHHS U1 Y3JIOB JEKapTOBOM CETKH, JEKallMX BHYTPU PaCUETHOM
o0nacTy W TPWIETAIONIMX K KPUBOJWMHEHHOW rpanuiie. [IpuMeHeHne MOMOOHBIX TMOAXOM0B 00JerdaeT
NPUMEHEHUE METOJa B T€OMETPUYECKH CIIOKHBIX 00JAaCTSIX, YTO CYHIECTBEHHO pacuIupser o0jacTb €ro

IIPUMCHCHUA.

3.3.2 Meroa KOHEYHBIX 3JIEMEHTOB

Meton koHewHbIX aneMeHToB (MKD) mepBoHadaibHO OBLT MpEmioKeH ISl PEIIeHUs 3a/1ad CTPOU-

TeNbHON MexaHuku [72, 222, 226], ogHako B JaipHEiIIeM 00JacTh MPUMEHEHHUs ero ObUIa CHIBHO pac-
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IIMPEHa, 10CJIe Yero OH ObICTPO 3aBOEBAJ MOMYJSPHOCTb, U B HACTOALIEE BPEMs IUPOKO UCIOIb3YyeTcs B
UHXEHEPHOU NeATEIbHOCTH.

OcHoBHBIME TIpenmyniecTBaMu MKD SBISIOTCS MPOCTOTA HCIOIB30BAHUS, TPUMEHUMOCTD JJIs1 00-
JacTed o CIOKHBIMM TrpaHuuamu. Cienyer TakKe OTMETUTh BBICOKYIO CTEIIEHb YHHUBEPCAIbHOCTH METO/A,
YTO I03BOJIAET MCIOJIb30BATH OJUH M TOT K€ AITOPUTM IPU PELICHUU PA3IMUYHBIX MHXKEHEPHbIX U HC-
CJIEZIOBAaTENIbCKUX 3aJlad, @ 3TO B CBOIO OYepedb CIIOCOOCTBYET CO3/IaHHIO YHUBEPCAIBHBIX MPOTPaMMHBIX
KOMILICKCOB HNPUMEHMMBIX Ul pPELIeHUs: OOJIBIIOr0 KOMIUIEKCA MpOo0JieM, CBSI3aHHBIX C MCCIELYEeMbIM
(TIPOEKTHPYEMBIM) OO BEKTOM.

B MKD uckomast HenpepbIBHasi (QYHKIUS apOKCUMHUPYETCs] KyCOUHO-HENPEPHIBHOM, ONPEeAeTICHHOM
Ha MHOXXECTBE KOHEYHbIX 3/1eMeHTOB. Kak MNpaBuio, B KauyecTBe alIpPOKCUMHUpPYIOIIEH (YHKIMU BbI-
OuparoTcs IOJIMHOMBI, IMOJOOpaHHBIE TakUM 00pa3oM, YTOObI OOECIEeYUTh HENPEPHIBHOCTb HCKOMOMU
(YHKLMY B y3/1aX HA TPAHUIIAX JIEMEHTOB.

O6muit anroputm MKD:

1. Pa36uBka obiacTu onpeesneHust ICKOMON (DYHKIIMHU C IIOMOIIBIO CETKU Ha 101007acTH — BbIAEICHHE
KOHEYHBIX 3JIEMEHTOB;

2. Ormpenenenue anmpoKCUMHUPYOMEH (YHKIUM A7 KaXKAOTO JJIEMEHTa. 3HAYeHHWE HENpepbhIBHON
(YHKIIHH B TIPOU3BOJILHOM TOUKE K — TO KOHEYHOTO 3JIEMEHTA 3alMCHIBACTCS B CICAYIONEM BHIC: @
=A% + A°R, tne 4 — kodddurments momuHOMa, R(X, Y, Z) — KoOpAMHATHAsS (YHKIHUS B PACCMATPHU-
BaeMoil Touke. TakuM oOpa3oM, HeoOXoMuMO HailTh BeKTOp A. [l 3TOTO €ro BBIpaXKalOT yepe3 BeK-
TOp y3IOBBIX 3HaueHuit @ n KoopmuHaTHI y37m0B, oTkyma ¢° = N @X | rxe N¥ — Tak HassiBacMble
¢GyHKIMN GOPMBI KOHEYHOTO 3JIEMEHTA, COMOCTABIISIONINE KOOPIMHATHI TOUYKH U y3JIOB;

3. OObenuHEeHHE KOHEYHBIX AJICMEHTOB B aHCAMOJIb - CTOUTCS CHCTEMa alreOpandeckuX ypaBHEHUH @
=N ®;

4. OmpeenieHre BEKTOpa y3I0BbIX 3HaueHuil Gpynkuuu P. Camas TpyaHas 3amaua B MKD.
dopMa KOHEUHBIX IEMEHTOB MOXKET ObITh pa3nuyHoil. [Ipocreiimyumu SBIAIOTCS TPEYrONbHbIE WK

YEeThIPEXYTOJbHBIE AJIEMEHTBI, CTOPOHBI KOTOPBIX - OTPE3KH MPSAMBIX. BO3MOXXHO Takke NpUMEHEHHUE
KPHBOJIMHEHHBIX 3JIEMEHTOB.

B kax0oM KOHEYHOM 3JIEMEHTE HEM3BECTHas (YHKLHUS aNIpOKCUMHPYETCSl MOJIMHOMOM, CTEIEHb
KOTOPOT'0 MEHSETCS B 3aBUCUMOCTH OT 3aJjaud, HO OCTaeTCsl 0ObIYHO HEBBICOKOM (0T 1 1o 6). [lnsa kaxno-
TO 3JIEMEHTa ANMPOKCUMUPYIOMIUN MTOJMHOM OIpenensieTcs: ero Ko3dduimenramu, KoTopsle MOTYT OBITh
OIpeJieNIeHbl 3HAaYEeHUSIMM (DYHKIMM B YAaCTHBIX TOYKAX Ha3bIBa€MbIX y3J1aMu 3jeMeHTa. Ecnu m3BecTHa

(GYHKIUS B KQXKJIOM y3JI€, TO IMEETCSI BO3MOXKHOCTh €€ almpOKCHMAaIlMN Ha BCeil 00acTH.
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A A,,..., A, ABISIONIAXCS HEU3-
MOo’KHO Tak)Ke CKa3aTh, YTO HeW3BeCTHas (QYHKIMSA A(X,),z) 3aBUCUT OT

M mapameTpoB

BECTHBIMH, KOTOpbIe (DYHKIMS MPUHUMAET B KaXKJOM y3JI€ Kax1o0ro syieMenTta. OnpeneneHue napameTpoB
SIBJISIETCSI TAlOM onpeneneHust A(x,y,z).

B cooTtBercTBHU C BapUallMOHHBIM IIPUHIOUIIOM HMCXOAHAas 3aJada MOXKCT OLITH 3alMcaHa CIeayro-
M 00pa3om:

m}ﬂ pld)= HJ[:LA P: L. S 2 :] dxdydz | :

TpoiiHoi UHTErpas 3aMeHsSeTCs CyMMOM HHTErpajioB B KaXkKJOM KOHEYHOM D3JIEMEHTEe 00J1acTu:

Ne
¢ ( A) = Z¢k ( A) , T1ie Ne - 9UCIIO AJIEMEHTOB pa3OueHus 1 ¢k - 4acTh ¢ Ha 3j7eMeHTe ¢ HomepoM K. Ha
k=1

KOKIOM OJJIEeMEHTE C HoMepoM € ¢QyHkuus A4 MoXeT ObITh 3aMEHeHa €€ aNMpOoKCUMAaIre

A= P(Ak,x, y,z), MHTETPUPOBAHKUE KOTOPOH naeTr ¢(A) B BuAe (YHKIMH OAHHUX TOJIKO MapaMeTpOB

3JICMCHTA €. ¢e (A) = ¢ (Ak ) ITocne CYMMUPOBAHUA MOJYHACTCA CICAYIOLICC:
1

¢(A)=kNZi:¢k(A)=¢(A1, Aoy AC).

Heo0xoaumo mpuHATE BO BHUIMAaHHUE TAaKXKE TOT (akT, YTO HEKOTOPHIE U3 y310B 1,2,.... M aBistoTcs

O6H_[I/IMI/I AJIs1 HECKOJIBKUX 3JICMCHTOB MU YTO BKJIaJ KaXXIOTr0 3JICMCHTA AHOJDKCH YUYHUTBIBATHCSA B BbIPAKC-

HUH T QYHKIIMA @ OTHOCHTENBHO BeuduH A, A,,..., A, HEU3BECTHO B 9THX y3J1ax.

B pe3ynbprare HEOOXOAMMO HAWUTH ONITUMYM BEIMYUHBI ¢ BO BCEH 0OJIACTH C yYETOM TOTO, UTO YacT-

dg

HbIE POM3BOHBIE ¢ OTHOCUTENBHO BenmuuH A, A ..., A 0IHOBpPEMEHHO O0pAIAIOTCS B HYJIb —— — () .
di,

B pe3yJibTaTe 3ajadya CBOAUTCS K PCIICHHUIO CUCTEMbI M3 M anre6panquKHX ypaBHeHPIfI Cc M Heus-

BCCTHBIMH, B PE3YJILTATC 4YE€ro ONPCACIIAIOTCA 3HAUYCHUA BCIMYHHDBI Al! A21""Am B y3JIaX CCTKH. HpaBBIC

YaCTH dTUX YPAaBHEHUH MOTYYarOTCS UCXOs U3 TOW YacTh (yHKITMOHAIA, KOTOpask COJIEPIKUT B ceOe uiie- Hbl,
XapakTepU3yIOIIUe NCTOYHUKH, MJIM Ha OCHOBE 3HAYCHHM 4, 3aJJaHHBIX HA TPaHUIle 00IaCTH.

OOmuM JOCTOMHCTBOM KOHEYHO-IJIEMEHTHBIX CHCTEM SIBIISIETCSI TO, YTO MX MaTpHUIla UMEET JICHTOY-
HBII XapakTep, T.€. COACPKUT MHOTO HYJIEBBIX AJIEMEHTOB. DTO OOCTOSTENBCTBO MO3BOJISAET YCICIIHO Pe-
IaTh CUCTEMBI OYCHb OOJBIINX TMOPSIAKOB (M3 HECKOJIBKUX COTSH WJIM THICSY ypaBHEeHMIA). J[ist aToM 1enn

OBLTU CO3/IaHbI CIICUATIbHBIC METO/IbI PEIICHUS CUCTEM anreOpandueckux ypaBHeHui [227-229].
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Hpyrum goctounctBoM MKD sBisieTcss BO3MOXKHOCTh €CTECTBEHHBIM OOpa3oM BBIMOJIHATH y4eT
TPaHUYHBIX YCIOBUH, U MOJIy4aTh 3HAYSHUsI UCKOMBIX (DYHKIMH cpa3y BO Bceil oOnactu tedeHus. OqHaKko
camoe BaxHoe To, yTo MKD - yHuBepcanbHbIi METOJA, KOTOPbI BO3MOKHO NPHUMEHSTh K PELICHUIO HE
TOJILKO 3aJa4 TEOPUU YIPYTOCTH, HO JUIS PEUICHUs CaMbIX Pa3HOOOPA3HBIX 3a/1a4 THIPOAMHAMHUKH, B TOM
YHCIIe KaK JJIs1 pacyeTOB BUXPEBBIX TEUEHUI UIEaTbHOM KUAKOCTH, TAK U TEUEHUHN BSI3KOM MKUIKOCTH, KaK

CTaI[MOHAP- HbBIX, TAK U HeCTAlMOHAPHBIX [72, 230-232].

3.3.3 MeTo KOHTPOJIbHBIX 00bEMOB

MeTtoa KOHTPOJIFHOTO 00BbeMa IMOJyYMT HIMPOKOE PACIPOCTPAHEHUE TOCIE MOSBICHHUS 3HAMEHUTOM
kuuru C. [Tarankapa [221].

Wnest MmeTosa 3aKiIr04aeTcsi B TOM, YTO MCXOAHASA pacdeTHas o0JIacTh MpeACTaBiseTcs B BUae Habopa
TUTIOBBIX JIEMEHTOB (TETPAaroHAJIbHBIX MU MPU3MATUYECKUX ), IPUYEM KaX/1asl y3JI0Basi TOUKA COIACPKHUTCS
B OJHOM KOHTPOJBHOM O0OBEME, IOCJIE YEero HHTErPUPOBAHHME BEAETCA IO KaXKIAOMY BBIIECICHHOMY
KOHEYHOMY 00beMy. {151 BBIUMCIICHHS MHTErPajioB HUCIOJB3YIOTCS KYCOUHBIE MPOQHIN, KOTOPHIE OMHCHI-
BAIOT M3MEHEHUE NCKOMOH (PYHKIIMH MEXIy Y3JIIOBBIMU TOUKaMH. B pe3ynbTare 3amuceiBaeTcs AUCKPETHBIN
aHAJIOT MCXOAHOTO IuddepeHInaT HOr0 ypaBHEHUS MEePeHOca, B KOTOPBIM BXOIAT 3HAUYEHUS HCKOMOM
(GYHKIMHM B HECKOJIBKUX CMEKHBIX Y3JIOBBIX TouKax. [lomydeHHbIi mog00HBIM 00pa30M TUCKPETHBIN aHaIor
o0JamaeT CBOWCTBOM KOHCEPBATUBHOCTH, T.€. BRIPAXKAET 3aKOHBI COXPAHEHHUS JJI1 KOHEYHOTO KOHTPOJIBHOTO
o0beMa, Takke Kak M HCXOoAHoe au((depeHIraIbHOe ypaBHEHUE BBIPAKACT 3aKOHBI COXPAHEHUS s
0OECKOHEYHO MaJjoro KOHTPOJIBHOIo o0bema. ITO, a TaKkKe MPOCTOTa MPOrpaMMHOM peann3aluy NPUBEIH K
tomy, uto MKO Ha ceroHAIIHUN JIeHb SIBISETCS BEIYIIUM METOJOM JAMCKPETU3ALUU MPU PELICHUU 3374
BBIYUCIIMTENLHON ruApoanHaMuki. B yactHocTH, pacueTHbIN KoMIuiekc FLUENT® ocHoBaH MMEHHO Ha HEM
[220]. To ectpb maxe Ha TPyOBIX pACUETHBIX CETKaX, MOXXHO OXHAATHb TMOJy4YeHHE (PUIUIECKU
NPaBIONOJ00HBIX PEIICHUH, YAOBIETBOPSIOUINX HHTETPaJIbHBIM OaaHCcaM.

O6muit anroputm MKO M0KHO npeacTaBUTh CIIEIYIOIUM 00pa3oMm:

1. Pa30uBka pacyeTHOIl 00JacTH HAa KOHEYHOE YHUCIIO HEMepeceKarouuxcs o0beMOB, MPU 3TOM Kaxjaas
y3J10Bast TOYKA COACPIKUTCS B OJTHOM KOHTPOILHOM 00BEME;

2. HuterpupoBaHue UCXOIHOTO TU(PPEPEHINATBHOTO yPaBHEHUSI 10 KaXIOMY KOHTPOJIBHOMY 00bEMY,
pUYeM JIJIs BBIYMCIICHUS HWHTETPAJIOB HWCIIONB3YIOTCS KYCOYHO-HETIPEPhIBHBIC aANpPOKCHMAITUH,
ONUCHIBAIOLINE U3MEHEHHE MCKOMOM (yHKIMH @ MEXIYy Y3JOBBIMH TOYKAMU WJIM B Mpelenax KOH-
TpodbHOTO 00BeMa. Takum 00pa3omM, 0OecTieunBaeTCsl KOHCEPBATUBHOCTH CXEMEI.

3. PemieHue momy4eHHOW CHCTEMBI TMHEWHBIX alreOpanvecKux ypaBHEHHM.

Ha ocHoBe 0006mieHHOr0 ypaBaeHus nepenoca (3.18) s mpou3BONEHOTO KOHTPOJIBHOTO 00bema V

MOKHO 3aIlMCaTh:
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3/1€Ch O - TUNIOTHOCTb KUAKOCTH, U - BEKTOp MOCTYINATEIbHON CKOPOCTH, A=An . BEKTOP, IEPIICHIN-

KyInspHbIi kK mnomanke 4, - BexTop BHemHelH HOpMay.

OTO ypaBHEHHME 3alMCBIBAETCS Ui KaKJOro KOHTPOJHHOrO oObeMa B pacueTHou oOiactu. B pe-
3yJbTaTe JUCKPETH3ALMU OIy4aeTcs Clelyoliee:

N N

1 oo FHAT T - . —- - - — -
I[' 00)™ ~ (o) ]w—zpﬁafuf-,af =ST,(Vé) -4, +S7
v 2 2.14(V9), _

rne  f— Tekymas rpanp sueiiku; Nf — KOJIHYECTBO rpaHell, OrpaHUYMBAIOIIUX SYCHKY; - MaCCOBBIN pac-
XOJ1 JKHIIKOCTH 4epe3 Trpaub f; ‘Af ‘ - wiomaapb rpadu f; (V(ﬁ) - IPOEKIIMS TPaJIUEHTa BEIMYUHBI ( HA

BHEIIHIOK HOpMasb K rpanu f; V — o0beM siueiiku. MICTOYHUKOBBIM YIICH 4acTO MPEICTABISICTCS B JIMHE-
apu3oBaHHO# Qopme S = Sc + Spr.

3HauyeHue NPHOIMKCHHOTO PEUICHHs /IS BEIUYHHBI ) OmpeessieTcss B IEHTPe KOHTPOJIBHOTO 00b-
emMa, CIIeIOBaTeIbHO, BeNMYMHA ¢, epeHOCHMasi KOHBEKIMel depe3 rpadpb f, HeoOxomumast Uisi pacuera
KOHBEKTHBHOT'O WICHA JOJDKHA OBITh MHTEPIIOJIIMPOBAHA HA TPaHb SUYCHKH, U YETrO MCIOJIB3YeTCs cXema
pasHoctelt mpotuB notoka (upwind scheme). B pe3ynbpTaTe ncnonab30BaHus JAHHON CXEMBI IUCKPETH3a- [N
MOYKHO ITOJTYYUTh 3aIMCh AUCKPETHOTO aHAJIOTa B SIBHOM WIIU HESIBHOM BUJIE.

ITockonpky B Metoge MKO nuCKpeTHBI aHAIOr BBIBOJUTHCS IIyTEM HHTETPUPOBAHUS MCXOIHOTO
TuQQepeHInanbHOr0 ypaBHEHUsI 110 KOHTPOJIBHOMY OOBEMY, TO MOYKHO TMpEAIoJiaraTh, YTO CBOMCTBA,
KOTOPBIMU 00J1aIa€T UCXOHOE ypaBHEHHUE, OyayT COOTIOAATHCA B IIEJIOM 110 KOHTPOJILHOMY 00BEeMy. DTO
03HayaeT, YTO MOXHO OXKHIATh, YTO JaKe Ha rpy0oii ceTke, perieHue OyaeT pU3HUECKH MPaBIONnoa00HO,
T.e. OyayT cOOMI0NAaThCS MHTETPATIbHBIE CBOWCTBA COXpaHEHUs. Takue CXeMbl Ha3bIBAIOTCS KOHCEPBATHB-

HBIMH.

3.4 CxeMbl annpoKcUMAIMU YPaBHEHUIl NepeHoca

OCHOBHOE MECTO Cpeay CXEM amnpoKCUMAllM{ YPaBHEHHH MEpeHOca 3aHMMAIOT CXEMbI MEPBOTO H
BTOpOro nopsiika. B uacTHocTn 1711 ypaBHEHUH NepeHoca KOJIMYEeCTBA JBMKEHUS U MapaMeTpoB TypOy-
JICHTHOCTH cXeMbl TpeTbero nopsaka, rakue kak QUICK n MUSCL, u cxema ctenenHoro 3akoHa («Power
Law»), nns pacuera masnenuit — PRESTO!, u np. OueBuaHO, 4TO OT HaJyIeXkallero BbIOOpa CXEMBbI JIUC-

KPETHU3allMi BO MHOTOM 3aBHCUT TOYHOCTh M CXOJAMMOCTH perieHus 3aaaun [233].
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CEeTHEH II0 22 3HAUCHHD B 0OHOM H3 COCedHHX. l = = 1 — HOMED V314, paccTod-
cx ) X —x Ax

uUn

HUEM MEXIy y3namu. Takas cxema Mo3BOJISET MOJy4yaTh Ka4eCTBEHHO NPaBIOMNOA00HBIE pPeIleHus, KOTO-
pble TOJBEPKEHO TaK Ha3bIBaeMOM «uucieHHol nuddysun» [234], noToMy peKOMEHIYeTCs sl BBITIOJ-
HEHHS HAYaJIbHBIX IPHOIKESHUH.

[Ipu MCTONB30BAaHUM CXEMBI BTOPOTO MOpPsSAKAa TOYHOCTH, 3HaYEHHE HCKOMON (DYHKIMU Ha TpaHu

SYEUKH PACYETHOM CETKH BBIYUCISETCS CIETYIOUIMM 00pa3oM:

Ot =O+VO-As,

rne ® n VO- 3nauenne Qynkumu B LEHTpe SUEHKH W €€ IPaJMEHT B sAUekiKe BBepX Mo motoky, AS -

BEKTOp CMEILEHHsI C TPaHH, PACIIONOKEHHOM BBIIIE TI0 MOTOKY. DTa (popMynupoBKa TpeOyeT onpeaeneHus

rpaguenta VD B kaxnoii sueiike. I'paguenT onpenenseTcss TakuM 00pasoM:

1 N

V7

3HaueHue (bYHKHHH Ha rpaHu STYCHKHU q)f PACCUUTHIBACTCA KaK CpEAHEC 3Ha4YCHUH Ha ABYX COCCOHHUX

IpaHsXx.

CxeMa CcO CTENEHHBIM 3aKOHOM (DaKTHUECKH SIBIISIETCS PA3HOBUIHOCTHIO CXEMBI IIEPBOTO MOPsIKa, U
MOXET C YCIEeXOM MPUMEHSATHCA Il OOJBIIMHCTBA 3a/1a4 KOHBEKIMH U AU (y3uH, OJJHAKO BCE K€ PEKO-
MEH/IyeTCs K MCIIOJIb30BaHUIO B KaueCcTBe rmepBoro nmpubmmkenus [220].

Cxema MUSCL (MonotonHas IlporuBonorounas Cxema ans 3akoHa CoxpaHeHus1) Oblia mpezyio-
keHa Bram van Leer [235], umeer TpeTuii mopsSAOK TOYHOCTH U OOECTIEUMBAET YMEHBIICHNE OCHMIUISAIINI
pemenus (TVD) mo cpaBHEHHIO ¢ JPYTUMH CXEMaMH TaKOTro poja. ITO 00ecreuynBaeT BHICOKYI0 TOYHOCTD
YHCICHHOTO pemeHus AuddepeHnanbHbIX ypaBHEHHH B YaCTHBIX MPOU3BOAHBIX C YYETOM BO3MOXKHBIX
pa3pbIBOB M OONBIINX rpaAueHTOB. OCHOBHAsS MJEs OXO0/1a 3aK/II0UaeTCs B 3aMEHE KYCOYHO- OCTOSHHOM
anmnpoKCUMalMM, ONpPENEICHHON Ha MHOXKECTBE KOHEUHBIX 3JEMEHTOB, OCPEJHEHHbIM 3HAYEHUEM Ha
MPEeABIIYIIEM BPEMEHHOM cioe. g KaKIou sS4YeHKHM BEJIMYMHA OTKJIOHCHUHM 3HA4YCHWM OTpaHMWYCHa, a
3HAYEHUs, IOJYUYESHHBIE B y3JI€ CIPaBa U CJIEBa UCIOIb3YIOTCS AJIs MOJIYUYEHHUs TIOTOKA Yepe3 IPAHULIbI STUeHKU

CCTKH.

Cxema Tpetnero nopsiaka QUICK meranpHO pazoOpana B pabote [150]. HecmoTps Ha TpymHOCTH CO
CXOIMMOCTBIO JaHHasg cxeMa O0ecredrnBaeT BBICOKOE KA4eCTBO pEHICHHS AaKe MPH MOACITUPOBAHUHN
CIOXHBIX TeueHU. Cepbe3HbIM ee OrpaHuyYeHHe SBIseTcs TpeOoBaHUE, YTOObI JIMHUU CETKU OBLIM COHAa-

IIPpaBJICHBI IMHUAM TOKaA.
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I[J'ISI YUCJICHHOTI'O pCHICHUSA ypaBHCHI/If/'I MEPEHOCA KOJMYICCTBA ABMIXKCHHS IOJIC TMAPOAMHAMHWYCCKHUX
JaBJICHUH JOJDKHO OBITh, 33/1aHO WIJIM KaKUM-TO 00pa3oM HaiaeHo. Eciu mpu perieHnu ncnoibp30BaTh He-
BEPHOE 110JI€ 1aBJICHUs], HAWJIEHHOE I0JIe CKOPOCTU He OyJeT yIOBJIETBOPATh YPABHEHHUIO HEPA3PHIBHOCTH.
[Tponienypa, pazpaboTanHas Uit KOPPEKIMH 1Mot TedeHust, moryania HazBanue SIMPLE (IToxyHe- sBHBII
Meron s CBszanubix YpaBHenwuii JlaBnenus) [221].

Ecnu nmpouHTerpupoBaTh ypaBHEHHE HEPa3pbIBHOCTHU MO HEKOTOPOMY KOHTPOJIBLHOMY OOBEMY BO-

Kpyr pacuetHoro y3ia P (Puc. 6), To B pe3yinbraTe MOIydaeTcs CIeAyIoIee ypaBHEHHUE:
0 A -
[ pp — Pp ) AXAVAZ
At
+[{ pw) —(pw }b]&r&y =0

+[(pu), ~(pu), Jaxaz +[(pv), ~(pv), | Azax +

Vo
-+
. JPTTLE
———9
—_—
uwl_ TJ
1ll’En'
P PA P
S

Puc. 6. [Ipumep nmocTpoeHus: KOHTPOIBHOTO 0OBEMa

[Tpu 3TOM TIpeanoNIaragoch, 4YT0 BO BCEM KOHTPOJIHLHOM 00BhEME IUIOTHOCTh MOCTOSTHHA U paBHa Pp,

3HAYCHHUE MacCCOBOM CKOPOCTHU Ha Bceit I'paHn KOHTPOJIbHOTO ob0BbeMa OonpeaAcsIeTCsA 3HAYCHHUEM COCTaB-

JIHIOHICfI CKOpOCTH Ue B Touke E. Onnpaacs Ha HCSBHOC IPCACTABJIICHUC ypaBHCHI/Iﬁ MOKHO 3aIucaTb

o n.
caeayrmee COOTHOMCHUE Il CCTOYHBIX 3HAUCHUN p .

a. P, =a. P
PPp=8ePe | o p, +aupy +asps +arp, +agp, +b,

rac

a; =p,d AvAz.  a, =p,d AvAz:  a, =pd AzAx:
a; = p.dAzAx.  ap=pdAxAyv:  ap = p,d,AxAy:

A, =0y +ay + 0, +a, +a, +ay;
S — pp | AxAYAZ . .
b=["LP Fil : +[[pu]_—[pu]]&yﬂ:+

+ [{ pn-‘* IJ _ { pn!* ]”] AZAX + [{ ,orw=t ]& - { ,orw=t lr ]ﬂx&}’
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Tak xak 3Ha4eHMs ILIOTHOCTH O OIpPEJeIeHbI, BOOOILE rOBOPs, B Y3JIOBBIX TOUKAaX OCHOBHOMH CETKH,

€€ 3HA4YCHHA Ha rpaHulax, TaKHMC, KakK pe, MOXHO pacCUUTaTb C MIOMOULIBIO HOI[XOI[)IIHGIZ HHTCPIIOJIAINHA.

HesaBucumo OT IPUMEHSAEMOro CIoco0a MHTEpHOAUY 3HaueHus O, AT JABYX KOHTPOJIBLHBIX 00BEMOB,

UMEIONINX OOIIY0 TpaHb, JOJDKHBI OBITH COTJIACOBAHBI MEKIY COOOiA.
MoOXHO BHIETh, YTO WieH D ypaBHEHUs Ui MONMpPaBKH JABJICHHS IO CYIIECTBY paBeH (CO 3HAKOM
MUHYC) JIEBOM YacTH IUCKPETHOTO aHajora ypaBHEHHUs HEpPa3phIBHOCTH, 3alMCAHHOTO Yepe3 3HaueHUs

COCTABJIAIOIINX CKOPOCTU C HHACKCOM *, PaBenctso b=0 0O3Ha4yacT, 4TO 3TH COCTaABJIAIOIIUEC BMECCTC C

0
umerolmmcs 3nadenueM (0° 5 0 ) yIOBIETBOPSAIOT YpaBHEHHIO HEPA3PHIBHOCTH M HE TpeOyeTcs HHKa-

KOI KOppeKIuH JaBieHust. TakuM o0pa3oM, 4ieH MpeAcTaBisieT co00i «MCTOYHHK MACChl», KOTOPBIN
JIOJDKEH OBITh CKOMIICHCUPOBAH MONPAaBKaMU JaBIeHUs (Yepe3 COOTBETCTBYIOIINE ONPABKH CKOPOCTH).
Texuuuecku npouenypa SIMPLE cocrout u3 cienyromux 3Tamnos:

3anmaeTcs HavYaIbHOE MPUOIMKEHUE JUTS TIOJIs JaBJeHus P* ;

[TpousBoauTcs pelieHre ypaBHEHUN ABMKEHMS, B pe3ysIbTaTe uyero onpenessores u* v w* ;
Brruucnsiercst monpaBka AaBJIeHUs p

Koppekrupyercs nosisi CKOpocTei U 1aBJICHUN;

A

BeimonHseTcs: pemeHne QUCKPETHRIX aHAJOroB Ui APYTMX MCKOMBIX BEIMYUH (TakuX, Kak TemIie-
paTypa, KOHIICHTPAIUs ¥ TapaMeTpbl TypOYJICHTHOCTH), €CJIM OHHM BJIMSIOT Ha TOJIC TCUCHHS 4Yepe3
¢bu3nyecKkue CBOMCTBA KUAKOCTH, HCTOYHUKOBBIC WICHBI U T. . (€CIIM KaKkoe-To omnpeneneHnoe @ He
BJIMSICT HA TI0JIE TEYCHUS, JIyUYIIe PACCUUTATh €ro MOCJe MOTydeHUS CXOIUMOCTH PEIICHUS TS OIS
TEeUeHUs).

6. IlpeacraBieHUEe CKOPPEKTUPOBAHHOTO JIABJCHHS P KaK HOBOTO P*, BO3BpAIICHHE K IMYyHKTY 2 M IIO-
BTOPEHUE BCEH MPOIICIyPHI 10 TEX TOP, MTOKa HE OYET MOJIYUYEeHO CXOIAIICecs PEIICHHUE.

[Ipouenypa SIMPLEC otmmuuaercs ot SIMPLE Tonmbko crocoOom BbIuMcIeHHs KO3((UIIUESHTOB

YpaBHCHUA [JIA MOMPAaBKH JABJICHUA.

B nmpouenype PISO nepsas vacte coBnanaer ¢ myHkramu 1-4 nponenypsl SIMPLE. Ilocne Bbimon-
HeHus 4-ro nmyHkTa npoueaypsl SIMPLE none ckopocTu MOXKET He yIOBJIETBOPSTh YPABHEHHIO KOJINYE- CTBA
nBwkeHus. [loaTomy npoBoauTes emie oaHa KOPPEKLUs Tak, YT00bI CKOPPEKTUPOBAHHBIE MOJISI CKO- POCTH U
JABJICHUS YAOBJICTBOPSUIA JMHEAPU30BAHHOMY YPAaBHCHHMIO KOJIMYECTBA JBIKEHUS U YPaBHCHHIO

HepaspsiBHOCTH [220].
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B rpynne metonos, k kotopoil otHocsitcst SIMPLE, SIMPLEC, PISO, naBienue paccuuThIBaeTcs B

pe3yJibTaTe TOCIeIOBATEIILHOCTH MOTPABOK OTHOCHUTEILHO HAYAIBHOTO TPUOJIMKCHHS, KOTOPHIC BBIYHC-
JISIFOTCS U3 YCIIOBUS BBIIIOJIHEHUS] YPABHEHUS HEPA3PBIBHOCTH.

[Ipu oTcyTCTBHYM YCIIOBUS BBIMIOJHEHUSI YPaBHEHUS HEPA3PBIBHOCTH ISl allPOKCUMAIMN YPaBHEHUM
MepeHoca BeIMIMHBI MOXKET ObITh McTofib3oBaHa MoAelb AVLSMART [236], ocHOBBIBaromascs Ha cxeme
Tpethero nopsiaka QUICK.

N3 ypaBHEeHUH ABMKEHUS] HEC)KUMAEMOU >KUIKOCTH CIIEIYET, YTO IO0JI€ JABJIEHUS HE UMEET Mpeibic-
TOPHUH U MTHOBEHHO pearupyeT Ha U3MEHEHHUE TMOJIel BEKTOpa CKOPOCTH U MACCOBOM CHIIBI.

Cretyer OTMETUTh, UYTO AJIsl CTAMOHAPHBIX 33/1a4 PELICHUs, MOJYYeHHbIE TI0 KaXIOMYy U3 pacCMOT-
PEHHBIX METOJIOB, MEXIy COOOH HMYEM HE OTIMYAIOTCS, IIOCKOJIbKY PEIIAOTCS OJHU M T )K€ Pa3HOCTHBIC
ypaBHeHUs. Pa3nuuusi mposBISIOTCA TOJIBKO B CKOPOCTH CXOAMMOCTH (KOJUYECTBO HUTEpaldii HEOOXOIu-
MBIX JUIsI IOCTMDKCHMS 3aJIaHHOW TOTPEIIHOCTH PEIIeHUs] TI0 OTHOIIEHUIO K PEIICHUIO, MOJTYyYeHHOMY Ha
MPEIBIIYIIEH UTepalii) U YCTOMYMBOCTH HMTEPAIMOHHOTO Tpoliecca (CIIOCOOHOCTh MOMyYaTh CXOISIIee-
Csl pelleHue NMpH MUHUMAJbHBIX 3HauYeHusX napamerpos penakcanuu). SIMPLEC u PISO, kak ymydmeH-

HbIe BapuaHThl iporieaypbl SIMPLE, o6nanaroT Gosiee BEICOKOH CKOPOCTHIO CXOMMOCTH.

3.5 MoaeanpoBaHue BJIUSIHUS CBOOOTHO! MOBEPXHOCTH KMIAKOCTH

B pemenun 3a1ad o JBMKEHUH O0BEKTOB MO CBOOOHOIN MOBEPXHOCTH KHUIKOCTH HEOOXOAUMO IPO-
U3BOJMTH yYET BIMSHHS TPAHHIBI pas3lenia cpell, TaKk Kak Takue (DU3NUecKHe SIBICHHS KaK ,HarpHuMep,
BOJIHOOOpa30BaHME IPU JBMKEHUH MOPCKUX OOBEKTOB, OKA3bIBAIOT 3HAUUTENbHOE BIMAHHE HA NEHCTBY-
IOIIME CHJIBI M1 MOMEHTHI, BO3HHKaomme Ha Tene. Cpeay MHOXKECTBa MOJENEH Ui MPOCTPAHCTBEHHOTO
OIMCaHUsI MHOTOKOMITOHEHTHBIX IOTOKOB Han00JIee BCEro MOAXOANT MOJIEIb )KUIKOCTH B stueiikax (Volume
Of Fluid). Drta Mopmens mnpenHa3HaueHa [JIsl pacyeTa B3aUMOACHCTBHS MHOTOKOMIIOHEHTHBIX He
HEePEMEIINBAIOIINXCS JKUIKOCTEH, M IO3BOJISIET OTCIECIUTh H3MEHEHHE MEK(a30BBIX T'PaHHIl MEXIY
dpakuamu cmecu. B ToM uncie naHHas MOJeNb IPUMEHUMA B ClIy4ae JIByX Cpef ¢ rpaHuteit pasnena. VOF
MOJIEJIb IPUMEHSIETCSI COBMECTHO C MOJEISIMU TypOyJIeHTHOCTH, OTIMCAHHBIMU paHee, U MCIIOIb3Y- €TCS LIS
HOJIyYeHHUS BHJa IPaHUIIBI pa3ziena cpel.

BaxxHpIM ycrioBueM paboThl JTaHHOW MOJIENH SABJISAETCS YeTKOCTh IPAaHMIIBI pa3/iena UCCIeLyeMbIX Cpef,
YTO O3HA4YaeT 3HAYMTENIbHYIO pasHHIly IoTHocTei. Takum obpazom, VOF mozxens orpaHuuyMBaeT Kpyr
pelIaeMbIX 3a7a4, HO OCTaeTCs aAeKBaTHOM JUIs 3aja4 ABM)KEHHS TEJI [0 CBOOOTHOM MOBEPXHOCTH KHIKOCTH.

B VOF-mozenu mis mpeacTaBieHUs KaXIOH (pakiuu BBOIAWTCS JIONOJHUTENbHAs IMEpeMEHHas,
o0o3Havaromas conepkanue naHHou (pakiuu (cpeapl) B pacueTHOU sueiike. CyMMa BceX TMEpEMEHHBIX B

npejesiax KOHEYHOro oObema paBHa 1.
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Tennoduzndeckne cBoOCTBA KUIKOCTH, UCTIONIB3YIOIIUECS B YPAaBHEHUAX HEPA3PHIBHOCTH U UMITYJIbCA,
OTIPECIISIIOTCA C y4eTOM BceX (pakuuil >KUIKOCTH, MPHUCYTCTBYIOIIMX B pacyeTHOM 3nemeHte. Onny
ra3oByr0 (ppakiyro pemareiab MPOrpaMMbl II03BOJSET HA3HAYUTH CXKUMAEMOH, T.e. €€ IUIOTHOCTh OyzaeT
3aBUCETh OT TEMIIEPATYpbl M JaBJiCHHs cpensl. YpaBHeHus HepaspeiBHOCTH B VOF-mogenu [237]
MIPUMEHSIOTCS IS KaXI0M 13 QPaKITHiA )KUIKOCTH.

PaccmoTpum cTpyKTYypy ypaBHEHHS Ha MpUMepe NBYX(a3zHOU CPeIbl.

VYpaBHeHHe Hepa3pbIBHOCTU AJisA (-(a3bl:

n
d(pg %4)
q %g N
0 T V(pg g ¥) = Su, + Z[mm — Mgp)
p=1
SIBHAs cxeMa AUCKPETHU3allU1 YPABHCHUA HCPA3PBIBHOCTU 110 BPEMCHU

(Pq 'xq)nvl — (pq 'xq)n 1 \
At + Z V(pg g ¥) = Se, + Z(mnq — Mgp)

nb p=1

O(g—MaccoBas 101 (-(pa3pl B PaCUETHOHN AUEHKe;
oq= 0 pacueTHas sueliKa He CONEPKHT (-(ha3sy;
0g=1 pacueTHas s4eiiKa MOJHOCTBIO 3aMOJHEHa (-(pa3oi;

0 <a,< 1 pacyeTHas sA4elKa COAEPIKHUT CMECH ABYX (has.

Hessnas cxema JAUCKPETU3allu YPaBHCHHA HEPA3PBIBHOCTU 110 BPEMCHU.

T
(pg % )" = (pg )" o+l
1 9 T 1 9 4 Z 'i*’(pq X, v) = 5% + Z(mpq — mwj
p=1

nb

n

VYpaBuenue ummnyinsca B VOF-Mozaeny npuMeHsieTcs 171t ONMcaHust Becex (Ppakimii >KUAKOCTH O/IHO-
BPEMEHHO, U TeIo(u3ndecKre CBOUCTBA, UCTIOJIb3YEMbIE B YPAaBHEHUH, ONPEIEISIOTCS aHAJIOTMYHO

BBIPAKEHUIO JJIS1 ONIPEIETICHUS MIJIOTHOCTU CPEJIbI.

BonbmmHCTBO CBOOOIHBIX TEYEHHH >KHIKOCTH SIBISIOTCS HEYCTaHOBHBIIMMHUCS, CJIEIOBATEIHLHO
BO3HUKAET 3aBUCUMOCTh OT BPEMEHHM M HEOOXOAMMO OIpPENEIUTh CXEMY AMCKPETHU3alUU MO0 BPEMEHH.
Br160p sIBHOI MM HESIBHOM CXEMBI OTIPEACIISeT MOAX0/ K TUCKPETU3AINN 110 BpEMEHH! YpaBHEHHUS Hepas-
PBIBHOCTH.

SIBHas cxema oOecrieunBaeT OTCYTCTBUE YMCICHHOM nuddysuu, HO TpebyeT 00ibIIOe KOIUYECTBO

1aroB MO0 BPEMEHH, KaK MPABUII0, UCIIOB3YETCS HA HECTPYKTYPHUPOBAHHBIX ceTkax. O00CHOBaHHBIM, MOYKHO
CUUTaTh MPUMEHEHUE JAaHHOW CXEMBI IIPU pacueTe 3a/1ay, I7Ie BaXKEH YUET CHUJI IOBEPXHOCTHOTO HATSKEHUS
Ha TpaHWIIE pa3jesia JBYX Cpell, TaK KaK YYWUTHIBACT 3HAYUTEIbHBIE W3MEHEHUS (GOpMBbI CBOOOIHOI
noBepxHocTu. OIHAKO, ABHASI CXeMa JUCKPETHU3allMi Ha CETKaX CPETHEro KauecTBa, a TaK ke MPHU YCIOBUU

CXKUMAaCMOCTH O,I[HOP'I H3 CpCa, SHAUYUTCIIbHO YBCININBACT BPpEMs pacuc€Ta U 3aMCJIACT CXOANUMOCTD.
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HesiBHast cxema MOKET UCIOIb30BaThCs Ha OOJBIINX IIArax 1o BpeMeHH (OTCYTCTBUE OrPaHUYECHUH TI0
yrcny Kypanra) u yaie Bcero npuMeHsieTcsl B cliyyae HM3KOTO KayecTBa CETKU U JIJISl CIIOKHBIX TeUEHUI
(cxumaembix cpen). K HemoctaTkam [aHHOM CXEeMbI CJeQyeT OTHECTH BO3HHKAIOUIYIO YHCICHHYIO
mudy3uto, KOTopasi yXyAIIaeT KauecTBO OMpEeNICHUs] CUJI MOBEPXHOCTHOTO HATSXKEHUS Ha CBOOOJHOM
MOBEPXHOCTH.

s ycrpanenus mpooiaemsl yrciaeHHo auddy3un, cxema anmnpoKCUMAIid ypaBHEHUsT TiepeHoca Juis
KoMyecTBa BeluduHbl ((ppakumu) moxer ObiTh BRICS, koTopas comepXuT anroputM oOmnpeaesieHus

3HAYEHHUS B PACYETHOM STYEHKE C MOMOIIBIO alMPOKCUMALNH 3HAYCHHUI COCEAHUX SUEEK.

3.8 AITOPUTM CKOJIB3SIIUX PACYETHBIX CETOK

Jns MoAenupoBaHUsl TEUSHHS BS3KOW JKUAKOCTH B YCIOBHSAX COBMECTHOTO IBIDKEHHS HECKOJIBKUX Tell
HE00XOIMMO UCTIOJIb30BaHIE HECKOIBKUX CETOYHBIX 00JIaCcTEH - TOMEHOB M MPUMEHEHHE JOTIOJIHUTEIBHOTO
anroputMa Jisi oOMeHa JaHHBIMH MEXAy TpaHuiamu obnactu. K TakuM moaxojaM OTHOCHTCS alTOPUTM
CKOJIB3SIIMX CeTOK. (st ciydass moCTpoeHus: HeCTPYKTYPHPOBAHHOM CETKHM BHYTPH JOMEHa mpobiema
nepesayd JaHHBIX 4Yepe3 HEeCOBMAAAIOIIME TPaHHUIBI TpeOyeT MHTEPHOJSIUN 3HAUeHUH 00jiee BBICOKOTO
nopsiaka Tounoctr. Ha npumMepe peammsamuy noaxozaa B pacuerHom kommiekce NUMECA FINE™/Marine,
QITOPUTM BMECTO SBHOM MHTEPIIONSIIMN, OTPEACISET Ha KaKJOM BPEMEHHOM IIIare siueidKd Ha TPaHMIIAX
JIOMEHOB M OCYIIECTBIICT MepeAady 3HA4eHHWH KOJNMYECTBA BEIMYMHBI MEXKAY CETOYHBIMH Y3J1aMU WU

IpaHUIIaMHU PacueTHOM sueiku ciexyroumm odpazom (Puc.7):

7.1 7.2 7.3
Puc. 7. MeToz CKOAB3SIMIMX CETOK: 3Talbl EPEAAYM JAHHBIX Yepe3 MOABHKHbIE IPAHUIIb] TUEEK
YHUCJIEHHOIO JOMEHA.

[Ipouenypa nmeer cneayrone OCHOBHBIE ATallbl, COTIIACHO PUCYHKY 7:
7.1: onpenenstorcs COCeNHHUE SYEHKM Ha IPAHMLIAX YUCIIEHHOIO JOMEHA U CETOYHbIE

y37bl: goMeH 1: L; nomen 2: R;

* B sfiUeiike JOMEHa 2 co3AaeTcs BpeMEHHbIM HOBBIN y3en (G) Kak HOpMajbHasi MPOEKIMs Yepe3 rpa-
HULy STYeWKu JoMeHa |. BpemeHHbIe y311bl HE MCMONb3YIOTCS B JAJBHEHIIEM U1 IPOLEAYPbl HHTEPIOI -

R85048 3Ha‘IeHPll>'I, OHHU HUCIIOJB3YIOTCA TOJBKO IJIsA FGOMeTqueCKOﬁ CBA3H AYCCK,
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* B KQKIOM JIOMEHE OMPECNISIOTCS TPAHUIBI CKONB3SIIMX SYeeK Kak Haubosee OJIM3KO PacIolio-
JKCHHBIC K BpeMeHHBIM y3iaMm (G);

7.2

* BBIYMCIICHHE 3HAYCHHE BEIWYMHBI Yyepe3 rpanuny sueiiku ()7.3:

* HoBOe 3HaueHue it y3na (R) C yuerom BiusHHS 3HaueHHs BeauuuHbl B y3ie (L) mpu mepemaue
JAHHBIX Yepe3 rpanuy ssueiku (f).

[Tpoueaypa moBTOps€TCS B ABYXCTOPOHHEM HOPSAKE JUIS SYEEK KaXI0TO TOMEHA.

WuTeprionsauus 3HaU€HUN MPOU3BOIUTCS C MOMOIIBIO SIBHOTO MeTona oOpaTHBIX B3BEIIEHHBIX pac-
crosuuii (IDW) [238]. IDW wucnosb3yeT HW3MEpEHHbIC 3HAYCHHsS BOKPYT HHTEPIIOJUPYEMOM TpaHUIBI.
Haubonee Onu3kue K MPOMHTEPIIOIMPOBAHHOMY MECTOIOJIOKEHUIO HM3MEpPEHHBbIC 3HAYEHUS OKa3bIBAIOT
Oosbliee BIMSHUE Ha MPOTHO3MPYEMOE 3HAYCHHE BEJIMYHMHBI, Y€M YIAJICHHBIE OT HEro Ha 3HAYUTEIbHOE
paccrosinue. IDW mpeanonaraer, yTo 3Ha4Y€HUE B KaXKIIOM Y3JI€ CETKHM OKa3blBAaeT JIOKAJbHOE BIIMSHUE,
KOTOPO€ YMEHBIIAETCS C YBEIMYEHHUEM PACCTOSHHUS. DTO MpHAAeT OONbIIMI BeC 3HAUYCHUSM BEIHYWHBI,
PacIOJIOKEHHBIM OJIIKE BCET0 K MHTEPIIONUPYEMOMY MECTOIOJIOKEHHI0. Bec TOUKM yMeHbIIaeTcs Kak
(GYHKIHUS OT pacCTOSHUS.

I'pannna pacuyeTHOW SYEHKM Kak WHTEpHoIHMpyemasi rpaHuiia ®(X) MpH BO3MOXKHBIX N PELICHUSX

V = {vy, ..., v,} Benmunnbl 3HaueHus U(X), 3aBUCAIICH OT pacCTOSHUS, Kak v, = U(X,):

Tpio(r
a)(X) — Zl 1(p( 1)’
Tvi(ry)
rJic B3BEIIECHHAs (YHKIMS
o) =r—c

3nechk r1 = ||X — X1|| = 0 sBrsteTcst pacCTOSTHEEM MEKIY COCEHUMH Y3JIaMH CETKH, C- CTEIICHHON
napamerp.
C TOUYKH 3peHHs] TOYHOCTH PEIIECHHs Ha TPAHUIAX PACUETHOM TUEHKH, HEOOXOAUMO YUUTHIBATH 0CO-

OEHHOCTH aNmpoKCUMAaINWK JJIsl ypaBHEeHUH nepenoca. [Ipeamnonoskenue, 4To BO BCeM KOHTPOJIBHOM 00B-

€M€ IUIOTHOCTh MOCTOSHHA U paBHA pP MOKET OBITh HE BEPHO. Torz[a JJIA TIOJTYUCHHA 3HAaUYCHUHU JIISA

MacCcOBOW CKOPOCTH T JIaBJICHUI Ha BCEil TpaHUIE KOHTPOJILHOIO 00BbeMa ONpenesieMoe 3HAYCHUEM B
pacu€THOM y3J1€, UCIOJb3YETCsl YACICHHBIN aIrOPUTM U CXeMa JUCKPETH3alUU NpeIoKeHHbIe B [239].
Cxema anmpokcumanuu JUist ypaBHeHu# neperoca B TakoM ciaydae AVLSMART [236], naromas 6osee
TOYHBIN PE3yNbTaT AJIS Cllydash HECTPYKTYPUPOBAHHBIX PACUETHBIX CETOK MPHU YCIOBUM INPUMEHEHMs

I'amma Pasznoctro#t Cxemsl (GDS) npuBenennotii B [240].
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