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OBIIAA XAPAKTEPUCTHUKA PABOTHBI

AKTYaJIbHOCTh TeMbI auccepranuu. biaromaps OypHOMY pa3BUTHIO
OBICTPOJICHCTBYIONINX BBIYUCIUTEIBHBIX KOMILJIEKCOB M METOJOB YHCJICHHOTO
peIIeHUsT ~ HEMWHEWHBIX  B3aUMOCBSI3aHHBIX  HMHTETPO-TudPepeHInaTbHBIX
YPAaBHEHHM, MATEMAaTHIECKOE MOJICIIMPOBAHUE B JJAHHOE BPEMsI SIBIISIETCS] OJTHUM U3
3¢ ()EKTUBHBIX METOJIOB MCCICOBAHUHN B Pa3IMUHBIX 00JIACTAX HAYKU M TEXHUKH.
Ilo oTOl mnNpUYMHE MAaTEMaTUYECKOE MOJACIMPOBAHUE CHIJIBHO JIOTIOJHSET
(bu3NYEeCcKuil SKCIEPUMEHT, AK€ B HEKOTOPBIX cllydasx nmoaMmeHnsier ero. [loatomy
METOBI MaTeMaTUYECKOTO MOJENUPOBAHUS SIBJISIFOTCS HauOoJsee
pPE3YJABTAaTUBHBIMM METOJAMH PELICHUSI CIIOXKHBIX B3aMMOCBA3aHHBIX CHUCTEM
HETMHEHHBIX AUuddepeHInaTIbHbIX YPaBHEHUH B YACTHBIX MPOU3BO/IHBIX.

JIOCTaTOYHO  IMIMPOKOE  KOJMYECTBO  MPOLECCOB, MPOTEKAKOIIHNX B
XUMUYECKUX M JPYTUX TEXHOJOTMUYECKHX Ipolieccax, OONBIIMHCTBO SIBJICHUM,
BCTPEUYAIOLINXCS B METEOPOJIOTUH, OKEAHOJIOTUH, TUAPOJIUHAMUKE U TUIPABIIMKE,
M3-32 MaJlbIX XapaKTEpPHBIX CKOPOCTEM TEYEHWM MOXKHO ONHMCaTh B paMKax
cucteMbl ypaBHeHu HaBbe-CTokca i HEC)KMMaeMo# BsI3KOW >KUAKOCTH. [lpu
MOJICJIMPOBAaHUM TaKOIO KJjlacca 3ajlad, BO3HUKAET LEJbId psi TpeOOBaHHM K
YUCIICHHBIM METOJIAM PELIEHUS, TAKUE KAK BBICOKHM MOPSAOK anmpOKCHMAaLHM
BPEMEHHOTO, Ju((Py3MOHHOTO, KOHBEKTHBHOTO M HCTOYHUKOBOTO YJICHOB,
MUHUMaJbHas cxeMHas Aupdy3usi, YCTOMYMBOCTH U MOHOTOHHOCTb.

B nanHoii pabore mnpeacTaBieHbl pe3yJbTaTbl TPEXMEPHOTO YHUCIEHHOTO
MOJICIMPOBaHUSl TYpPOYJEHTHOTO BHYTPEHHHUX M BHEIIHHMX (CO CBOOOJHBIMHU
IrpaHMIIAMH) OJHO — U JBYX(a3HbIX TEUEHUH >KUJIKOCTU HA OCHOBE METO0]a
KOHEYHBIX 00BbeMOB. B naHHOM MeToje 3aBHUCHMMBIC IMEPEMEHHBIC XPaHSTCS B
HEHTPAaX KOHTPOJbHBIX OOBEMOB, UTO MPUBOAUT K MEHBIIMM TPEOOBAHUIM K
NaMsSITH KOMIIBIOTEpA M OTHOCUTEIBHO MaJOMYy BpPEMEHHM BBIUYHCICHHUHN 110
CPaBHEHMIO C METOJIOM KOHEUHBIX JJIEMEHTOB.

Jlornyecku paHHas paboTa cocToMT w3 JnByX uyacTteil. [lepBas dacThb
MOCBSIIIICHA  MOJICIMPOBAHUS BHYTPEHHHX (OTPAaHMYEHHBIX) TYpPOYJIEHTHBIX
TeueHUuM. PaccMOTpeHbl 3a7auuM  MOJCIHMPOBAaHHUS B KaBEpHE, B KaHaje
OpSIMOYTOJIBHOTO CEUeHHs U B KaHaie ¢ Au(Qy30pHBIM BBIXOAOM. MHoOTHE
TECTOBBIE 3aJaud BBIOpAaHbl W3 KJIACCMYECKON ©0a3bl JaHHBIX EBponeickoro
coobmiecTBa uccienoBanuii TeueHuil, TypoynentHoctu u ropenuss ERCOFTAC.

MaremaTH4eckoe  MOJEJIUPOBAHME €  NPUMEHEHHEM  COBPEMEHHBIX
MPUKJIAJIHBIX [TAKETOB BHIYMCIUTEIBLHON TUIPOAMHAMUKY SIBIsICTCS (P PEKTUBHBIM
WHCTPYMEHTOM TMPOTHO3UPOBAHUSA PAa3JUYHBIX TEXHOTEHHBIX W MPUPOIAHBIX
aBiaeHuid. [lo 4ucay MOBTOPSEMOCTH, IUIOMIAAM PACHPOCTPAHEHUS H
©KEroJHOMY  MaTepHallbHOMYy  ylepOy cpead MPUPOJHBIX  CTUXHHHBIX
KAaTaKJIM3MOB 3aTOIJIEHUE BOJIOM MECTHOCTH M HACEJIECHHBIX MYHKTOB 3aHUMAET
nepBoe Mecro. JlaHHBIM KJJacC TEUYEHUM XapaKTEPU3YETCS HEIMHEWHOCTBIO
KpaeBOM 3aJaud U CIOKHOCTHIO ONpEENICHUs HEU3BECTHOM (hOpMBI CBOOOTHOM
rpaHunpl. B KadecTBe IPUMEPOB MOXKHO IIEPEUYUCIUTH TAaKHUE SBJICHUS, Kak
HECTAllMOHAPHOE TEUYEHHE JKUJIKOCTH B KaHAJE C HEPOBHBIM JHOM, BPEMEHHOE
U3MEHEHUE CBOOOJHON rpaHULbl B TI0JIE€ CUJIBI TSYKECTH, ABUKEHUE PA3ITUYHBIX TEll



B KUJKOCTH, B3aMMOJICICTBHUE TMOBEPXHOCTHBIX BOJH C  Pa3IUYHBIMHU

WHKCHEPHBIMA OEpPEro3alUTHBIMA COOPYKCHHUSIMH, TPENSATCTBUSAMH U T.II.

MareMatuyeckoe MOJEIUPOBAHUE TEYEHUM KHUJKOCTA M Tra3za SBISETCS

BAKHEUIIIMM DJIEMEHTOM PEIICHUS CIIOXKHBIX HHXKEHEPHBIX 3a1a4. OCHOBHBIM

WHCTPYMEHTOM MOJEIUPOBAHUS TAaKUX TEUYEHHUM SBISETCS BBIYUCIUTEIbHBIN

skcnepuMeHT. [lpu paccMOTpeHHHM pealbHbIX TEXHUYECKUX YCTPOMCTB, Kak

IPaBUIIO, TPUXOAUTCS pabOTaTh C OYEHb CIOKHOW T€OMETpPHUEH, UTO MPUBOIUT K

HE0OXOIMMOCTH UCIOJIb30BAHUS B paCUeTaX HECTPYKTYPUPOBAHHBIX CETOK.

CBs3b TeMbI JMCCEPTALMHM C HAYYHBIMH NMPOrPAMMaMH WJIH HAYYHO-
HCCiIeI0BATeIbCKUMH padoTaMu. PaGoTa BEITIOHEHA B COOTBETCTBHH C TUIAHOM
HUP  Keppui—Kulickoro  rymMaHuTapHOro  IE€Jaroruyeckoro  MHCTUTYTA
baTkeHCKOro rocy1apCTBEHHOI0 YHUBEPCUTETA.

Ieanb 4 3a1a4M UCCJIETOBAHUS.

IToctpoenne wmoaenmun u  A(PPEKTUBHOW  METOJOJIOTHH, CIOCOOHOM,
npencKa3aTb BHYTPEHHUE M BHEITHUE OJHO — W ABYX(a3HBIX TEYEHUH IBYX
HECMEIIMBAIOIINECS KUJIKOCTEH, pa3/IeIEHHBIX MEXKIy COOOM YETKO BbIJEIECHHON
Mex(pa3HOU FPAHULIEH.

J{nst TOCTHUKEHUS MOCTABJICHHOM LENN PEIIAIUCH CIAEAYIONIME 3a0aUu:

— TIPOBEJICHUE CUCTEMATHYECKUX PACUYETOB TYPOYJIEHTHBIX TEYEHUHN C MOMOIIBIO
MOJIYSMIIUPUYECKUX MOJEJIEM W UX CPAaBHEHUE C PA3IMYHBIMH JOCTATOYHO
HAZCKHBIMU W MHGOPMATHUBHBIMH  SKCIEPUMEHTAJIbHBIMU  JaHHBIMU
kinaccuueckoi 60a3sl qanHeiXx ERCOFTAC;

— OINKWCAaHWE METOJAWKM IMOJANOTOBKM PACUYETHOM CETKM C YYETOM CIIOKHOU
TOIIOJIOTUU PEATBHON MECTHOCTH;

— pacuer nporecca HaBOJHECHUS Ha peaIbHOM MECTHOCTH;

— Bepudukaus oTkpbiToro nakera OpenFOAM Ha 3a1ayax npopeiBa JaMOBbI.

Hay4yHasi HOBU3HA MOJyYEeHHBIX Pe3yJbTATOB PadoThl.

— Ppa3paboTaHa METOJIUKA YUCIECHHOI'O0 MOJICIIMPOBAHUS BHYTPEHHHUX TPEXMEPHBIX
OTPBIBHBIX 33Ja4 JAUHAMHUKH BS3KOW HEC)KHMMAEMON >KHUAKOCTHU METOJIOM
KOHTPOJIbHBIX 00HEMOB;

— pa3paboTaHa  METOJMKAa  YHCIEHHOTO  MOJCIHMPOBAHUS  TPEXMEPHBIX
HEJIMHEWHBIX 3aJay JWHAMUKU BS3KOW HECKMMAEMOM JKHMIKOCTH CO
CBOOOHBIMH T'PaHUIIAMHU METOIOM KOHTPOJBHBIX 00bEMOB;

— pazpaboTaHa METOJIMKA MOJIOTOBKH TPEXMEPHOW PACUETHON CETKU C YUYETOM
CJI0KHOM TOITOJIOTUM PEATBHOU MECTHOCTH;

— TIPOBEIECHBI B IOJHOW TPEXMEPHOM MOCTAHOBKE YMCIIEHHBIE PACYEThl 3a1ay
IpOpBIBa 1aMObl Pa3IMYHBIX 3HAUCHUAX BapbUPYEMBIX MapaMeTPOB.

IIyrem wncnonp30BaHMs MOJYYEHHBIX PE3YJbTAaTOB pacyeT Ipolecca
HABOJIHEHMS HA peayibHON MecTHOCTU BOJIK3M T. O11l MPOBEJICH BIEPBELIE.

IIpakTHyeckass 3HAYMMOCTh TOJY4YE€HHBIX pe3yabTaToB. OnpeacieHHas
4acTh MaT€pHUAJIOB, IPUBEACHHBIX B IMCCEPTALINH, SIBJISIETCS YACTHEO CEMECTPOBOIO
crietikypca «MeToJibl KOMIBIOTEPHOTO MOJCIUPOBAHUS (PU3NUECKUX MPOLIECCOBY,
yutaemMoro aBtopoM B KbeBbui—KulickoM ryMaHuUTapHO-IEAaroruueckoM
MHCTUTYTE€ bBaTKEHCKOro TOCYJapCTBEHHOTO YHUBEPCUTETAa I CTYACHTOB
cneruanbHocTel «Pusnkay u «lIpuknaanas MmatemMaTuka U ”HGOpPMaTHKAY.
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Kpome Toro, pesynabTaThl MaTEMaTHYECKOTO MOJIECIMPOBAHUSA 33qauH
IPOTrHO3UPOBAHMS MOCIEACTBUNA TEXHOT€HHBIX M MPUPOIHBIX SIBICHUI MOT'YT OBITh
MOJIE3HBIMU TPU COOPYKEHUHU PA3IUUYHBIX HHKEHEPHBIX W OEepero3almuTHBIX
COOPY>KE€HUM, MPeAHA3HAYEHHBIX JJI1 YMEHBIIEHUSI BO3MOXKHBIX SKOHOMUYECKUX U
JHOJCKUX YOBITKOB MTPH HABOJIHEHHUSIX.

OcHOBHBbIE N10JI0OKEHUS JUCCEPTALMHU, BBIHOCUMbIE HA 3ALUTY.

1. Pazpaborana MeToAMKa TIOCTPOCHUS TPEXMEPHOM paCUETHOM CETKU C
TOYHOCTHIO, HEOOXOJMMOW JIJIi IIMPOKOTO Kpyra 3ajJad MOJEIUPOBAHUSA
IPOLIECCOB 3aTOIJIEHUSI TEPPUTOPUI CO CIOKHBIM pebedoM.

2. Maremarndeckue MOJEIM HAa OCHOBE YHCIEHHOTO WHTETPUPOBAHMS IOJHBIX
TpexMepHbIX ypaBHeHUM HaBbe-CTOKCa, MO3BOJIAIOIIME AaJE€KBATHO OIHMCHIBATH
HECTAllMOHAPHYIO0 JIMHAMUKY BOJbl Ha CIOXHOM peinbede. KommprorepHoe
MOJICIMPOBAaHUE [JA€T BO3MOXXHOCTb B PEAJbHOM BpPEMEHH ONpPENEIAThH
TEPPUTOPUIO U BpeMs 3aTOIJICHHS, TIyOWHY BOABI Ha BCEH MECTHOCTH, IIOJIE
CKOPOCTEW U TMAPOJAMHAMUYECKUH y1ap OT BOJIHBI 3aTOIJICHUS.

3. PazpaGoTanHass TEXHOJOTUsA SBJISIETCS YHUBEPCAIBHOM U MOXET ObITh
UCIIOJIb30BaHa JUIsl pacyera JMHAMHUKU MMOBEPXHOCTHBIX BOJ JUIsl TPOU3BOJIBHOU
TeppuTOpur. MoJeaupoBaHue MPOBOAMUTCS Ha 3aJlaHHOM MECTHOCTH C Y4ETOM
peanbHoro penbeda. IlokazaHo, dYTO OCOOEHHOCTH penbeda  SABISIOTCS
onpenensonmuM (aktopom. PacdyeTsl JeMOHCTPUPYIOT HaJIU4HMe CYHIECTBEHHOMN
HEJIMHEHHOM CBSI3U MEXKIy TUHAMUKOW BOJIbI U XapaKTEPOM peibeda.

4. Meroguueckue pacyeTsl IyTEM MOCIEAOBATEIBHOIO W3MENIBUYECHUS PaCUETHON
CETKH IPU OTCJIEKMBAHUU BO3IYLIHBIX Kalellb MOKa3bIBAIOT, YTO IIPU YPE3MEPHOM
U3MEJbUYCHUN YXYIIIA€TCS CXOAWMOCTbh YHMCIEHHOTO pELIeHUus, U odliee BpeMms
pacueTra HEeONpaBJaHHO YBEJIMYMBAETCS; BHE 3aBUCUMOCTHU OT CIIOCO0a MOJIy4YeHHUs
MEJKOM CETKH, IOJY4YaroTcs HENpaBIONOJ0OHbIE 3HAYEHUS CKOPOCTU BO3JyXa
BOJIM3M CBOOOTHOM I'PaHUIIBI.

5. llpu MopenupoBaHuM TypOyJEHTHOIO TEUEHHA B KaHAJE MPSMOYTOJIbHOTO
CEYEHMs] C HAKJIIOHHBIM YCTYNOM IOKa3aHO BO3MOXHOCTb IOSIBJIEHUS BTOPUYHOMN
30HBI PELUPKYJISLUN OKOJIO BEpXHEH CTEHKH, pa3Mep KOTOPOW 3aBUCUT OT YMCIia
PeriHonbCA, pACCUUTAHHOTO MO BBICOTY YCTYIIA.

JlocTOBEpPHOCTh MOJIyYeHHBIX Ppe3yJbTATOB IIPOBEPEHA Ha MPUMEPE
KJIACCUYECKUX 3a/lad BBIYMCIUTEIBHON THAPOAMHAMHUKU IIyTEM CpPAaBHEHUS
YUCJIEHHBIX JAHHBIX C COOTBETCTBYIOIIMMH SKCIEPUMEHTAIBHBIMH JaHHBIMU U
pacdyeTamu IpyTux aBTOPOB.

JIMYHBIA BKJAA couckaredas. Jluccepramus SBISETCA PE3yJbTaTOM
CaMOCTOSITEJILHBIX UCCIENOBaHUM, BBIIIOJHEHHBIX aBTOPOM. JIMUHBIN BKJIaa aBTOpa
COCTOMT B TIOCTAaHOBKE M ONPEICIICHUU Ielu padoThl, BHIOOpPE METOIOB
JOCTH)KEHHSI MOCTaBJIEHHOM LENH, TMPOBEACHUU UCCIECIOBAHUN, aHaIu3e
MOJyYEHHBIX PE3YyJbTaTOB U (HOPMYIHPOBKE BBIBOJIOB, MyOiukamuu crateil. B
00CYX/IE€HUH PE3yJIbTATOB NPUHUMAIHN y4aCTHE HAyYHbI KOHCYJIbTaHT, aKaJIEMHK
HAH KP, n.¢p.—wm.H., npodeccop A. A. XKaitmakoB, n.p.—M.H., mpodeccop
M. M. Taitupos, a.¢p.—m.H., npodeccop A. C. Comyes.

AnpoOauusi pe3yabTAaTOB MCCJeI0BAHUA. Pe3ynapTaThl BBIITOJIHEHHBIX
UCCJIeIOBAHUI TOKJIAABIBAJIMCH HA CIEAYIOMUX KOH(PEPEHIUAX U CEeMUHApaX:
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e MexnayHapoaHas KoHpepeHuus «BbluuciauTenbHble U UHPOPMALMOHHBIE
TEXHOJIOTUM B HayKe, TeXHUKe U obpazoBanuu — 2013 (BUT-2013)». BoctouHno-
Kazaxcranckuii rocygapcTBeHHbIM TexHu4Yeckuid yHuBepcuteT um.J[. Cepukbaena
VYerp-Kamenoropek, Kazaxcran, 18-22 centsaops 2013 rona.

o Cemunap ¢akynprera reodusukd yHuBepcutera Wuamanel, bayMuHTTOH,
CIIA, 23 "os6ps 2010 roxa.

e Cemunap «Brruncnurensabie Bo3MokHOCTH Comsol Multiphysics 3.5a».
Yuusepcutet @ennkca, Muauanamnomnuc, CIIA, 10 mapt 2010 roxa.

e JlBaguaTh mnsATas €XerojgHas KOH(epeHLMs HMHCTUTYTa BbIYMCIUTEIHHOM
ruapoauHaMuky. YHupepcuteT Oxcdopna, Bemukobpuranus, 15-16 cenTaOps
2008 rona.

e PecnyOnukaHckasi HaydyHO-TIpakTH4ecKas KoHpepeHus «CrpaTerus pa3BUTUS
CUCTEMBI oO1ero CpeaHero o0pa3oBaHUs. VY30ekckuii Hay4YHO
VCCIIEOBATEIbCKUM MHCTUTYT neaarorndeckux Hayk uMm. Kapsr Husasu, Tamkenr,
V36ekucran, 20-21 oxtsa6ps 2006 rona.

e OpnuHHaguaTtass exeroaHas KoH@epenuus mno llenTpansHoit EBpasum.
Yuusepcurer Uunnansl, birymunrron, CIIA, 3 anpens 2003 roga.

IosiHoTa OTpakeHMsi Pe3yJbTATOB [JUCCEPTALMM B MNYOJUKANUAX.
OcHOBHBIE pe3yJIbTAThl UCCIAEAOBAaHUN OMyOIUMKOBaHBI B 36 Hay4YHBIX CTaThAX U
OJIHOM MOHOTpaduu.

CrpykTypa n 00bem auccepramum. Jluccepraius COCTOUT U3 BBEACHUS, 6
TJIaB, 3aKitoueHus, oubnuorpaduu u AByx mpuioxkeHuil. Pabora comepxur 206
CTpaHHIl TeKCcTa, 84 pucyHka, 4 TaOmuiel 1 178 OubInOrpaduIeCcKyro CChIIKY.

OCHOBHOE COJEPXAHUE PABOTbI

Bo BBegeHuum 000CHOBaHAa AaKTyaJlbHOCTh TEMbl, C(QOPMYIHPOBAHBI
NIOCTAHOBKA HCCIEAyeMOW TpoOieMbl, LeId ¢ 3aJayd  HCCIeJOBaHUS,
NPEICTAaBIICHbl HayyHas HOBU3HA W TPAKTUYECKas 3HAYUMOCTh pPalOTHI.
AHQIM3UPYIOTCS ~ COBPEMEHHBIE  IMOAXOABl B MOJEIMPOBAHUM  TECYEHHU
HEC)KMMAEMOM KUJIKOCTH, MX IPEUMYyINECTBAa M HepocTaTku. Kparko onmcansl
CTPYKTYypa U OCHOBHOE COJEPKAHKE TUCCEPTALUU 110 IJIaBaM.

B nepBoii rnaBe, KOTopass COCTOMT U3 YETHIPEX maparpaoB, paCCMOTPEHbI
COBPEMEHHBIE ~ METOJbl  BBIYMCIWTEIBHOM  IuapoAuHAMHUKU. [IprBeneHbl
npubmkenuss ypaBHeHuil Hasbe-CTokca 1uist pacuera TypOYJEHTHBIX OJHO- U
IByX(a3HbIX TEUYCHHM, C Yy4ETOM HMX BO3MOXHOCTEW U orpanuueHuid. OmucaHbl
HauOoJiee pPACHPOCTPAHEHHBIE MOJAEIU TYpOYJIEHTHOCTH, MCIOJIb3YEMBbIE IS
3aMBIKaHHs yCepIHEHHBIX IO PeliHonbpacy ypaBHenuin HaBpe-Crokca.

PaccMoTpeHHbIE fmanblie TEYeHUss CO CBOOOAHOW TpaHULEH SBISIOTCA
JOCTATOYHO CJIOKHBIM KJIACCOM TEYEHUS C IABMXKYIIMMCS rpanunamu. [lomoxenns
IPaHMI] U3BECTHBI B HAYAJIbHBII MOMEHT BPEMEHHU, UX IMOCIEAYIOLNE U3MEHEHUS
ONpENENIOTCA KaK 4acTh o0miero pemeHus. [IpuBeneHbl OCHOBHBIE CBEICHHS O
METOJaX ONPE/ECIICHNUS OJ0KEHUS CBOOOAHON TPaHUIIBL.



Jlenaercst BBIBOJ, UTO NMPHU HBIHEIIHEM YPOBHE PAa3BUTHS BBIYUCIUTEIBHBIX
CUCTEM, YHCIICHHOE MOJICIMPOBAHUE  TPEXMEPHBIX  HECTAIMOHAPHBIX
MHOTO(a3HBIX TECYCHUN C OpPUEHTALUEH MMOJTYUYCHHBIX PE3yJIbTATOB HA pEIICHUE
MHXCHEPHO-TEXHUYECKHUX 3a/1a4 OCHOBBIBAETCS B OCHOBHOM Ha YCPEIHEHHBIX IO
Peitnonbacy ypaBHenuii Habe-CTOokca ¢ MOJTySMIOMPUYECKUMH  MOAEISIMU
TypOyJIECHTHOCTH, a [UIsl OIpEACNICHUs TMOJIOKEHUSI CBOOOJHON TpaHUIlbI
MPUMEHSIETCS METO/1 00beMa JKHUJIKOCTH.

YpaBHEHUSI HEPA3PBIBHOCTU U IIEPEHOCA KOJIMYECTBA JBUKCHUSI BMECTE
00pa3yroT ycpenHEHHBIX o PeitHonbacy cucremy ypaBHenuit HaBbe-CTokca u
JUISL HECOKUMAEMOI'O TEYEHHUSI TP OTCYTCTBUU MACCOBBIX CHJI UMEOT BUL:

o — o6 — 8,6 — ——  odp Ot (1)
_(pui):();_(pui)+_(puiuj+pu;u’/ =__p+_z/
ox, ot ox; ‘ Ox; Ox,
rae u, — KOMIOHEHTHI CPEIHEH CKOPOCTH, p— IUIOTHOCTh, p— CpEIHee
—  (ou, ou, . .
JaBJICHUC, T, =H a—-l— P — TCH30pP BA3SKHX HAIPAXKCHHUH, CBA3AHHBIN C
. Ox
J 1
MOJICKYJIIPHOM BA3KOCTBIO 44, puu’, — Hampsbkenus PelHonbiaca, TpeOyromue

MoaenupoBaHus. [lpy HaIM4YMM BHEMIHUX CHJI 3TH YypaBHEHHS HEOOXOJIUMO
JIOTIOJTHUTh COOTBETCTBYIOIIMMU YJICHAMM.

VYyer TypOyneHTHBIX MyJbcalluii Ha TUAPOJUHAMUKY T€UEHUsI Oa3upoBascs
Ha JAByXMapaMeTPUYECKUX MOJIEISAX TYpOyJICHTHOCTH.

Oco0oe MecTo TpH MOJAETUPOBAHUU PACCMATPUBAEMOrO KJlacca TEYCHHM
3aHUMaeT METOJ OTpeACTICHHs TPAHUIIbI pa3/ieia MEXIy AByMs (azamu — BOAOW U
BO3yXoM. CorjmacHo OCHOBHOHM Hjee MeToJa O0beMa KUIKOCTH, JJISI KaKJAou
BBIYHCIINTEILHON STYCUKHA ONPEHENISACTCS HEKOTOpas CKajspHas BEJIWYWHA,
MIPEICTABIAIONIAsT COOOM CTENEeHb 3alOTHEHUS ATOW K€ SUEHKH OTHOM (a3oH,
HarpuMep BoAoW. Ecin B Kakoil-To sueiike 3Ta BennunHa paBHa 0, To OHa Iycras,
€clv paBHA |, TO OHA MOJIHOCTHIO 3amoiaHeHa. COOTBETCTBEHHO, €CIIA €€ 3HAUEHUE
aexuT mexay 0 u 1, To MOXHO cKaszaTh, UTO 9Ta sUehKa COJAEPKUT CBOOOJIHYIO
(Mexda3znyto) rpanuily. Jpyrumu cioBaMu, 00beMHast 107151 BOJBI 0. OTIPEIEISIETCS
KaK OTHOIIEHHE OOhEMa BOABI B SUEHKE HA IOJHBIA OOBEM IaHHON SYEHKH.
CootBeTcTBeHHO, 1 — @@ mpencTaBisier coboii 0OBEMHYIO JOJII0 BTOPOM (pa3bl —
BO3/yXa B IAHHOM A4eiike. B HauanbHBIA MOMEHT BPEMEHU JTACTCS PACIPENCIICHHE
MOJISL 3TOW BEJIMYMHBI M JaJbHENIIAsA €€ BPEMEHHAs ABOJIIOLHUS BBIUHUCISIETCS KaK
pEIICHUE CIAEIYIOMIEr0 TPAHCIIOPTHOTO YPABHEHHUS:

oa O(au, 2
) @

1

[TonoxeHnue CBOOOJHOM TpaHUIIBl ONPENETSAETCS YPaBHEHUEM: a(x,y,zt)=0.

[ToatoMy, (¢u3nuecKkue CBOMCTBA Ta30KUAKOCTHOM CMECH  OIpPEHEIISIIOTCS
OCpPEHEHHUEM C COOTBETCTBYIOLIUM BECOBBIM KOA(PPUIUEHTOM:

p=ap+(-a)p,, pu=ou+1-a)u,.

3nech UHAEKCH 1 U 2 COOTBETCTBYIOT YKUJIKOM U ra30Boil ¢ase.



Cytps MeTona oobema xuakoctu (Volume of Fluid), nmmiemenTupoBanHOTO B
pemarens interFoam mnakera OpenFOAM 3akitodaercs B TOM, 4YTO TpaHHUIIA
pasnena AByX (a3 He BBIUUCISAETCA SIBHO, HO JJO HEKOTOPOU CTETICHH OIPEAeIaeTCs
KaK CBOMCTBO MOJsi 00BEMHOM J107M BOJbI. Tak Kak 3HadeHUs OOBEMHOU J0JHU
3axiroueHsl Mexay 0 u 1, dazoBas rpaHuila He OmpenensieTcs TOYHO, OJIHAKO, OHA
3aHMMAET HEKOTOPYH OO0JacTh, TJi€ MOOJM30CTH JOKHA CYIIECTBOBATh pe3Kas
MexdaszHasi TpaHuLa.

Bo BTOpOIii riase, cocrosmas u3 Tpéx maparpadoB, MPUBEICHBI CIIOCOOBI
MPUMEHEHUS METOAa KOHTPOJBHBIX OOBEMOB ISl TUCKPETHU3AIUU 000OIIEHHOTO
ypaBHEHHUs TiepeHoca sl 0000IeHHON BeIMUMHbBI. [[aHHBIE METOJIBI MOTYT OBITh
MPUMEHEHBI K JIIOOOMY YpaBHEHHMIO, KOTOPOE OIHUCHIBAET IMEPEHOC CKAISIPHOU
BEJIMYMHBI, HAIpUMEp, KUHETUUECKas HSHEpPrusi TypOyJEHTHOCTH, TeMmIepaTypa,
KoHleHTpalusi, [lpomenypa AUCKpeTH3alMM KaXIAOro 4ieHa 000OIIEHHOTO
ypaBHEHUSI COXpAHEHHUs paccMaTpuBaeTcs Mo ouepeAu. llpuBeneHbl METObI
UCIOJIb30BAaHUSl PA3HOCTHBIX CXEM JJII KOHBEKTUBHO-AMG(Y3HMOHHOM 3ajaud, a
TaK)K€ PACCMOTPEHBI PAa3IMYHbIE METOJIbI HHTEPIIOJISIIIUN ISl pacueTa CKOPOCTH
Ha TPaHHU.

JIJis BBIYHMCIICHUSI WHTETPAJIOB MO KOHTPOJIBHOMY OOBEMY HCIOJIB30BAJICS
meton ["aycca, a COOTBETCTBYIOIIME 3HAYCHHS BEJIMYUH HA TPAHSIX KOHTPOJIBHOTO
o0beMa BBIUUCISIIUCh W3 3HAYEHUHW B IEHTPAX COCEIHUX SYEEK MyTeM
NPUMEHEHUSI T€X WIM WHBIX HWHTEPHOJAIMOHHBIX cxeM. CBemeHus 0 MeToaax
JTUCKPETU3AINH MMPUBEICHBI Ta0. 1.

Tabmuma 1. Cxembl TUCKpETHU3AIUU.

YpaBHEeHUE [IpousBoanass | KousektuBHbiii | Auddy3rnoHHbIH
110 BPEMEHH YJIeH YJIeH

MoMeHT ummnyJibca Euler Gauss linear Gauss linear

oOBbeMHas 07 Euler Gauss vanLeer Gauss linear

KUJIKOCTH, &

Kunernueckas s3Heprus Euler Gauss upwind Gauss linear

TypOyJIEHTHOCTH, k

CxopocTh Tuccunanuu Euler Gauss upwind Gauss linear

DHEPIHH, &

Tpetbst Ti1aBa W3 BocbMU maparpadoB MOCBSIIEHA CIOcO0aM peaau3aluu
OCHOBHBIX JTamoB pa3pa0OTKM YHCIEHHOIO0 METOoJa JJIsi BBIOpAaHHOTO Kiacca
3aJ1a4, B YACTHOCTU: OCOOEHHOCTSIM METOJOB PELICHMs 3a/1ay JUIsl HEC)KUMAEMOU
JKUJKOCTH B €CTECTBEHHBIX IIEPEMEHHBIX, METOJAM pPELICHUs Pe3yJbTUPYIOIIEH
CUCTEMBI JIMHEWHBIX alreOpanyecKnX ypaBHEHUH. YKa3aHbl MPEUMYIIECTBA U
HEJOCTaTKM  PACCMOTPEHHBIX METOAOB, OINPENEICHbl KOHKPETHBIE IIyTH
peanu3anuu NocTaBieHHOW 3amaur. (Oco0oe BHUMaHHUE YAECJIEHO METOAY
uHTepnoisauun Pail-Yoy, MNO3BOJAIONIYIO — HCKIOYUTh HM3BECTHYIO MpPOOJIEMY
NOJIYYEHHS] BOJIHOOOPA3HBIX UYMCIEHHBIX PEIICHUS IMOJIEM CKOPOCTH U JIaBJICHUS.
CBeneHust 0 METO/IaxX pellieHUs anreOpandecKux ypaBHEHH puBeIeHbI TabI. 2.



Tabmauua 2. Pemarenu ypaBHEHH 7151 OCHOBHBIX IEPEMEHHBIX.
YpaBHeHue Pemarenp To4HOCTB
Koppekuus naBieHuss | METOJ CONPSIKEHHBIX TPATUEHTOB C le-10
npenobycnanuBanuem, PCG

JlaBnenue METOJI CONPSDKEHHBIX TpagueHToB ¢ | le-7
npeaoOycnasnuanueM, PCG

CkopocTb METO]1 OMCOTIPSKEHHBIX TPAJUEeHTOB | le-6
¢ npenodycnaBnuBanuem, PBiCG

Kunernueckas METOJ1 OMCONPSKEHHBIX IpaueHToB | le-6

DHEPIUs ¢ npenodycnanuBanuem, PBiCG

TypOyJICHTHOCTH, k
CKOpOCTb TUCCHUMTALIMK | METO/ OMCONPSKEHHBIX TPAAUeHTOB | 1e-6
DHEPIUH, & ¢ npenodycnasnuBanueM, PBiCG

Jlns petieHus ypaBHEeHHs TiepeHoca (2) misi 00beMHOU O KUAKOCTH o
npuMensiercsi, co3nanHblid B Komnanuun OpenCFD  pemarens MULES,
VCIIOJIB3YIOIIMIT MHOTOMEDPHBI YHUBEPCAIBbHBIA OTPAaHUYMUTENb [UIsl SIBHOTO
pemieHuss W 00ECIEYMBAIOUINI OTrPaHUYEHHOCTh OOBEMHON J0IH dba3bl,
HE3aBUCHMOM OT NMPHUMEHAEMON OCHOBHOM YHCIIEHHOW CXEMBI, CTPYKTYpPBI CETKH U
T. [I.

JIs HecTalMoHapHOM 3a/laud HEOOXOJIUMO 3a/JlaHue HadyaJbHBIX 3HAYCHUU
BCEX 3aBHCHMBIX [IEPEMEHHBIX. 3HAYEHUSI BCEX KOMIIOHEHT CKOPOCTH PABHBI HYIIO,
TaK KaK IO YCIOBHUIO paccMaTpUBaeMOMl 3ajayd 10 MOMeHTa BpeMeHu ¢ = 0
JBUKEHUE OTCYTCTBYeT. JlaBiieHuWe Toke paBHO HyJt0. KuHeTnueckass sHeprus
TypOYJEHTHOCTH U CKOPOCTb €€ AMCCUIIALUU UMEIOT HEKOTOPOE Majible 3HAUECHUS,
4TO 00ECIIEYNBAET XOPOLIYIO CXOAUMOCTh YUCIIEHHOTO PELICHHS Ha MIEPBBIX Il1arax
UHTErpUpoBaHus. B 3amagax MoaenupoBaHUs BHEIIHUX TEUEHHM CO CBOOOIHOM
rpaHuliell HayalbHOE paclpeneiaeHre 00beMHON M0Mu « ObLIO HEOJHOPOJIHBIM,
IIOCKOJIBKY YacCTh PACUETHBIX SYEEK 3aII0JIHEHA BOJOM.

Ha HemonBmXKHBIX TBEpPABIX CTEHKAX PAacUETHOM 00JacTH 3aJlaHO YCJIOBUE
OPWINIAHUS, 4YTO OIpPEAENIAET PABEHCTBO HYJIO BCEX KOMIIOHEHTOB BEKTOpa
ckopoctd. Jlnsg paBieHHss W OOBEMHOM JOAM  BOJABI  3aJ@Hbl  YCIIOBUSA
HENIPOHHUIIAEMOCTH — HYJIEBOM TIpagUeHT [0 HOPMalu J3THX BEJIWYHUH; A
KMHETHMYECKOW HHEpruu TypOYyJIEHTHOCTH k U CKOpPOCTH €€ AUCCUNALUU &
I'pPaHUYHBIE YCIOBUS 33]aBAJIMCh MTPU MOMOUIM anmnapara MPUCTEHOYHbIX PYHKIUH.

YerBeprass rjaBa [OCBAIIEHA OCHOBHBIM  acleKTaM  YHUCJIEHHOTO
MOJICJIMPOBAHUs NPOCTPAHCTBEHHBIX 3aJlad B paMKaxX BbIOpaHHOIO IakKeTa: JlaH
KpaTKui 0030p CYLIECTBYIOIIMX MPOTrPAMMHBIX CPEJICTB, IPHUBEAECHBI OCHOBHbIE
KpUTepuu oTOOpa BbIOpaHHOro makera a1 MonenupoBaHuss OpenFOAM u
BU3yalIM3allMM pE3yJIbTaTOB UHUCIEHHBIX pacueToB Ha ParaView, BblieIeHBI
MPUHIMIIBI IOCTPOCHUA 3adad corjacHo uaeosorun mnakera OpenFOAM. [lns
WUIIOCTPAllMM BO3MOYKHOCTEH YMCIEHHOIO pacyeTa BHYTPEHHUX M BHEIIHHUX
3a/1a4, B Ka4eCTBE NPUMEPA PAaCCMOTPEHBI 3aa41 MOJIETUPOBAHMS KJIACCHYECKOTO
TE€YEeHUs B KBaJApaTHOM KaBepHe (cM. puc. 1) u Bogocause (cM. puc.2. u puc. 3).
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Puc.2. HagansHoe pacnpenenenre 00beMHOM TOJTH BOJIBI.

Boga BTekaeT B pacueTHyr0 00JacTh clieBa C IMOCTOSHHOM CKOpPOCTBIO, TOCIHE
3aII0JIHEHUS IIJIOTUHBI MIEPETEKAET Yyepe3 HEE U BBITEKAET Yepe3 NPABYIO IPAHULLY.
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Puc. 3. O6beMHas 10715 BOJBI IPH £ =12c¢ .

HpCI[JIO}KCHa OpuruHajibHad MCETOAWKA [JId OIPCACICHUA ITOJTOXKCHUSA

CBOOOJHOM TOBEPXHOCTH, TaK Kak

nporpaMma Busyaiauzauuu Paraview,

Bxoasmiass B coctaB OpenFOAM, He umeeT MOA0OHOW YTHIIMTHI, a CaM IaKeT
OpenFOAM He pemiaer ypaBHEHHE ISl ONpPEISICHUS ITOJOKECHHUS CBOOOHOM
MOBEPXHOCTH, a pelllaeT TOJIbKO YpaBHEHHE TIepeHoca I 00BEMHON JTOJIH BOJIBI.
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TaKHM 06pa30M BpEMCHHBIC  U3MCHCHHA  BBICOTEHI

HHO IIepe] U 3a IJIOTUHOM MPUBEICHBI Ha pUC. 4.
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Puc. 4. DBoiro1us BICOTEI BOJHOTO IIOTOKA.
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Janee, 1jist MOJeMpOBaHUs Mpoliecca HABOJIHEHUS Ha PeaIbHOM MECTHOCTHU
CO CIIO)KHOW TOTOJIOTHEH HEOOXOIMMO TPEXMEPHYIO IMOBEPXHOCTH MECTHOCTHU
umnoptupoBaTh B OpenFOAM. [Ins 3To# 1ienu npuBeaeHo noApoOHOE ONMUCaHuE
pa3pabOTaHHOrO MeToAa TMOJArOTOBKM TPEXMEPHOW pPACUETHOM CETKU JJIs
MOJIETMPOBAaHUS Mpoliecca HABOJHEHUS HA PEalbHOM MECTHOCTH CO CJIOKHBIMU
TONOrpa)uYecKMMU JTaHHBIMHU, TOCPEACTBOM yTWiuThl snappyHexMesh. [lns
ATOr0 HamucaHa crneruanbHas nporpamma snappyHexMeshDict, Teket koTopoi B
npwiokenuu 1. B pacduerax 1o MOCTpPOEHUIO TPEXMEPHOM CETKHM ObUIU
UCIIOb30BaHbl  Tomorpaduueckue nanHele Digital Terrain Elevation Data,
KOTOpbIE OBLIM B TIOCIIEAYIOIEM KOHBepTHpOoBaHbI B (hopmart stl. Jlanee cozmannas
yrmimtoi blockMesh rekcasapanbhHas (oHOBas CeTKa MpPU TMOMOITU YTHUIUTHI
snappyHexMesh  maketa OpenFOAM  mnpeoOpasyercs B  TpEeXMEPHYIO
NOBEPXHOCTh, KOTOPAsk UCIOJIb3YETCs 111 MOJICIIMPOBAHUS IPOLIECCa HABOHEHUS.

B nsToil ryaBe mpoBeneHa BepU(pUKALMSA BBIOPAHHOW MaTeMaTH4ECKOM
MOJEJIM pacCMaTPUBAEMbIX BHYTPEHHUX 3aJay IyTeM CpPaBHEHUS PE3yJbTaTOB
YUCJIEHHBIX  pacueToB TYypOYJEHTHOCTH TEYEHHUH ¢ COOTBETCTBYIOIIUMU
AOKCIEPUMEHTAJIbHBIMU  JaHHBIMH, YTO  HEOOXOJUMO Uil  BBISICHEHUS
3 PEKTUBHOCTH pPACUETHBIX MOJIETEH M MPOBEPKH JOCTOBEPHOCTH IMOTYyUYECHHBIX
pe3yabTaToB. bbII0 paccMOTpeHo 00bIIOe YHCIO TECTOBBIX 3a/1ad, OTPaKaroUUX
B TOM WJIM MHOM Mepe XapakTepHble 0COOEHHOCTH pacCMaTPUBAEMON MPOOIIEMBI.

Hekoropast 4acTh TECTOBBIX 3aJja4 B3AThbl M3 KJIACCUYECKOW 0a3bl JTaHHBIX
EBpormeiickoro cooOriecTBa ucciaeoBaHUN TEYSHUH, TYpOYJIECHTHOCTH M TOPEHUS
ERCOFTAC. TecroBble 3amauu ajisi CpaBHEHUN BBIOMPAIHUCH MO BO3MOXKHOCTH
B3aMMOCBSI3aHHBIE, C BO3PACTAIOLICH CIOKHOCTBIO M3 YHCIAa HMMEIIIHNXCS B
JOCTYITHOM HAay4HOW JUTEepaType W HHTEepHET coobmectBe. Kpome Toro, mis
Ka)KJIOT0 paccMaTprUBAEMOro Kjiacca T€YEHUH, IPOBOAWIACH POBEPKA PACUETHOM
CETKH Ha sIBJICHUE HacChIleHud. [[ns1 orpanndenust cxeMHou nuddy3un, CBI3aHHON
C NPEICTABICHUEM KOHBEKTHUBHBIX WJICHOB Pa3HOCTSIMHU MPOTUB MOTOKA, /€ 3TO
ObUI0O HEOOXOAUMO, HCHOJB30BAJCA METOJ HANpPABJICHHOIO HM3MEIbYEHUS
pacCYETHOU CETKH.

TypOyneHTHBIII TOTOK B KaHajie C BHE3alHBbIM PACIIUPEHUEM SIBIISCTCS
OJIHUM M3 KJIACCUYECKUX TECTOB JUJISl IPOBEPKHU MOJENH TypOyJeHTHOoCcTH. B aToM
TECTOBOM 3a7ade IMPOBEJACHO TPEXMEPHOE MOJEIUPOBAHUE  CTAIMOHAPHOIO
HEC)KMMAeMOTo TEYEeHHMs] B KaHajle C BHE3alMHbIM pacHIUpeHHeM. Yuer
TypOyJICHTHBIX MyJbCAIM Ha OCpeaHEeHHOe TedeHue OazupoBaics Ha RNG k-e—
MOJIENU TypOYJIEHTHOCTH.
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Puc.5. I'eomeTpus paccmatpuBaeMou 3a1a4u.
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[lenpto maHHOW 3amauu OBLIO W3YYCHHE UYYBCTBUTEIHHOCTH YHCICHHBIX
pe3yIbTaTOB K JJWHE TYpOYJEHTHOTO TEpEeMEIIUBaHMs, KOTopas Oblia paBHA
ONPEJETICHHON YacTH BBICOTHI ycTymna h=0.98cM. [IpoBeneHo nocienoBaTenbHOE
U3MEIbYCHUE CETKM C IIebI0 HAXOXJEHHUS HAUMEHBIIEro pa3perieHus,
HEOOXO0IUMOE JUIsl yueTa XapaKTepPHBIX OCOOCHHOCTEHW paccMaTpUBaeMOM 3aJadM.
[IpoBeieHO TpexXMEpHOE MOAENUPOBAHUE YCTymna IIpu uwuciie PeiiHomnbaca
Re=5000 C MOCIIETYIOIIUM CpaBHEHUEM C COOTBETCTBYIOIIUMHU
AKCIIEPUMEHTAILHBIMU TaHHBIMU paboTel Jovic S., Driver D., 1994.

Pacnpenenenre mnpogosibHOM CKOPOCTH — MPU  Pa3MYHBIX 3HAYEHUAX
napamMeTpa WHTEHCHBHOCTH TYpOYJEHTHOTO MepeMelMBanus len mokazaHo Ha
puc. 6.

Puc. 6. M3onunanu npoaoiapHON CKOPOCTH MPHU Pa3HbIX 3HaUEHUsX len.
a)len =3,5% 0)len=7% c)len=14% r) len =28%.

B oOnapyxeHo, 4YTO [JuMHA NPUCOCAUWHEHUS 3aBUCUT OT JIJIUHBI
nepemMemrBanus. Tak oHa B €IMHMIIAX BBICOTHI ycTyna Oblia paBHa L=5,16 nns
len = 7%. UHTEepecHO 3amMeTWTh, YTO MpPHU MeHbIIEM 3HadueHuu len = 3,5% ot
BBICOTHI YCTYIa, UMEEM MEHBIIYI0 TypOyJIEHTHYIO AMCCUMAIMIO, B pE3yJibTare
Yero ImosiydyaeM OOJbIIOE 3HAYEHWE JUIMHBI  IPUCOEIUHEHUS L. B
AKCIIEPUMEHTAJIbHOW paboTe OOHapy»XeHO, 4YTO O0OpaTHOE IPUCOSIUHEHUE
MPOUCXONUT Ha paccTosHuu mnpumepHo ot 6.0h m go 6.1h ot mockoctu
BHE3AITHOTO PACIIUPEHHUs, a MPsIMOE YHUCIEHHOE MOJEIMpOBaHHE pabOThl JaeT
3HaueHWe cpenHed UIMHbI npucoeauHeHus kak 6.28h. Ilpodwunu npomonbHON
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CKOPOCTH B PA3JIMYHBIX CEUYEHUSIX BHU3 IO IOTOKY MHPU PA3JIMYHBIX 3HAYECHUAX
JUIMHBI  TypOyJICHTHOTO TMepeMeIINBaHusl TpuBeAeHbl Ha puc. 7. CKOpoCTb
MPEICTABJIEHA B €AMHULIAX MAKCUMAIBbHOU BXOJIHON cKopocTh U.

3 *r . DHCAEpHMENT '
r [ —-———-- len = 3.5% I
B B len = 7% -
r [ len = 14% ﬂ !
F r s len = 28% q!
2 2+ -d !
L L of
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= | = | -
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1 1+ _»
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yih

Puc.7. Ilonepeunsie mpo@uiin Npoao0abLHON CKOPOCTH:
a) x/h=4 6) x/h=6 B) x/h=10 1) x/h=19

Pe3ynbTarsl Ha puc.7, MOIy4YEeHbI C UCIIOJIB30BAaHUEM MEIKOW CeTKH. MOXKHO
OTMETUTh, uTO IpH len = 3,5% oOT BBICOTHI yCTyna UMEET MecTo Ooyiee HU3Kas
aUccUnanus TypOYJEHTHOM SHEpPrud, UYTO B CBOIO OYEpeab MPUBOAUT K
3aBBIIICHHBIM YHCIICHHBIM 3HAYEHHUSIM NPOAOJBbHON cKopocTH. C yBelnYeHUuEM
JUIMHBI  TypOyJIGHTHOTO TIEpeMEIIMBaHMUsl 3HAYEHHs YHUCIEHHOM CKOpOCTH
OpUOIMKAIOTCA K SKCHEPUMEHTAbHBIM pe3ysibTataM. OHaKo, Kak MOKa3bIBalOT
METOIMYECKHE YHUCIICHHbIE pacyeTsl, pe3yibTaTsl len = 14% u len = 28% ouenn
OJMM3KU. DTO yKa3blBa€T HA TO, YTO CYIIECTBYET HEKOTOPOE 3HAUEHHUE JJIMHBI

TypOyJICHTHOTO ME€pEMEIINBAHUS leny, Oompmie KOTOpPOro JajibHEHIIEe
yBeJMUYeHHE len He BIMsAET HA YNCIICHHBIE PE3yIbTaThI.
Konurypanus TpeTben TECTOBOU 3a7a4u COOTBETCTBYET

skcnepuMeHTanbHo pabore Ruck B., Makiola B.,1993 u 06e3 coxpaHeHus

reOMETPUYECKON MPOIOPIIMH MPUBEJICHA HA PHC. 8.
25 x 250 YA 75 x 250

i Y

2250 1500
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Y

Puc.8. Kondurypamus paccmarpuBaemoii 3agaun. Bee pasmepsl ykazaHbl B MM.
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CrarnmoHapHslii TypOYyJICHTHBIM MOTOK HECKUMAEMOU >KUAKOCTH MOCTYHAeT
cleBa B NPSAMOYTOJBHYIO BXOJHYIO YacTh KaHaja C IONEPEYHBIM CEUYCHUEM
25x250mMm u gumHo# 2250mM. Beicota yctyna Obuta paBHa H =50MM, a cTeneHb
paciIupeHus kaHana Er =5. B pacderax HakioH ycryma msmensuics ot 15° 1o 90°.
B 1uensx »KOHOMHUM BBIYHCIHMTEIHHOTO BpPEMEHH, BCE pacueThl CHadala
POBOJMINCH Ha OTHOCUTEIBHO TpyOOl ceTke ¢ oOmuM uuciom 16875 sueek.
3aTeM mojiydeHHoOe moJje, npu nomoiu yTwimtel mapFields maketa OpenFOAM
HWHTEPIIOIUPOBAIOCH Ha OoJiee Menkyro ceTky u3 337500 sueek. [Ipu aTom oOriee
BpEMsl pacueTa OJHOTO BapHaHTa 3ajayu Ha KomibioTepe Pentium ® Dual-Core
CPU T4400 @2.20 GHz 2.87 Gb cocraBmio 1716c¢, a qyis mpssMoro pacdera 3TOTO
KEe BapraHTa 3a7]aui Ha MEIIKOU ceTke moTpedoBaioch 14748c.

Ha puc. 9 u puc. 10 mpencraBieHbl momnepeyHble TPO(UIN BEKTOpa
CKOPOCTU W TMPOAOJIBHON HMHTEHCUBHOCTU TYpOYJIEHTHOCTH [ =(u'/U,)*100% B

pPa3IMYHBIX CEYEHUAX BHU3 MO MOTOKY. CKOpPOCTh pa3liejiecHa Ha BEIUYUHY
U, =22.85M/c, a mpomoibHasi KOOpAWHATAa y TPEICTaBlieHA B CIWHUIAX H .

CryiomHas JIMHHUS COOTBETCTBYET YMCIEHHBIM pe3yJibTaTaM JaHHOM paboThl U
MapKep MPEACTaBISIIOT SKCIEPUMEHTAIIBHBIC TAHHBIC.

=0 mm ®=26 mm #*=h0 mm =100 mm =150 mm

IR

L

_______________

= =
Il RRRRETEEEES 0&F----4-----F----1  D&}---B-----F--- 0E--gfbeeeq DA
a : : a : : a : : ' :
06 0 05 1 05 0 058 A1 05 0 05 1 - - 0 05 1
Uilla Uilo Uillo Uilla Uilo
Puc. 9. 3meneHnue 0e3pa3MepHOii MPOAOJIbHOU CKOPOCTU B PA3TMUYHBIX CEUCHUSIX.
=0 mm ¥=25 mm ¥=50 mm ¥=100 mm ¥=150 mm
1.5 o @ 15 = 1.5 o 1.5 Y <
o 9 |
| &
1 hﬂg 1 1 - 1p----r- -§—
T | T I ’
(R FEEPCPPEESEERE 045 05F---- P REEE (R EEFRCE SEPERE
0 H H 0 H H i H H 0 H i h H
0 10 20 30 0 10 20 30 0 10 20 30 0 10 20 30 0 10 20

I, % I, % I, % I, % I, %

Puc. 10. U3sMeHeHrE MTHTEHCUBHOCTH TYPOYJIEHTHOCTH B PA3JIMYHBIX CEUCHUSX.
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B 1enoM cOOTBETCTBHME MEXKIY UYMCIECHHBIMH PE3yJIbTaTaMU U OIBITHBIMH
JaHHBIMU TI0 TIPO(UIISIM CpeHEe CKOPOCTH BIOJHE YJOBIIETBOpUTENbHOE. MMeeT
MECTO HE3HAUMTEJbHOE OTIMYHUE MEXAY HUMHU OKOJIO HUKHEH CTEHKH B CEUEHUAX
x=100MM ® x=150MM OT IUIOCKOCTH YCTyma. MakcuMyM HpOIOJIbHOMN
UHTEHCUBHOCTU  TypOYJIEHTHOCTH pacmoyio)KeH  BO  BHEIIHEM  CIIOE€
PELUUPKYJSIIUOHHONW 30HBI, HA PAacCTOSIHUM Topsaaka y/H ~1. Hmeromuecs
OTJINYUS MEXJy UYUCICHHBIM PacdyeToOM M 3KCHEPUMEHTOM IO pacHpeleieHUsIM
WHTEHCUBHOCTU TypOyneHTHoctu (cM. puc. 10, cedenne x=0MM) U BOIU3U
TBEPJAbIX CTEHOK BHU3 IO TMOTOKY MOKHO OOBSCHUTH HM3BECTHBIM HEOCTATKOM
NPUMEHEHHOU k — & MOJAENHU TYpOYJIEHTHOCTH.

Pacnipenenenne BeKTOpa CKOPOCTH ISl pa3JIMYHBIX 3HAYEHUH yIJla HAKJIOHA
ycTyna mpejacTtaBieHo Ha puc. 11. OTIUYUTEeNnbHOW YEepTOM TEUEHHs] MpH YIJie
HAKJIOHE ¢ =15° SIBJISETCS MOSBJICHUE BTOPOU 30HBI PEIUPKYIISIIUN OKOJIO BEPXHEH
CTEHKH KaHana. M3-3a o0pa3oBaHusi BTOPUYHON 30HBI OOPATHBIX TEUEHUH OKOJIO
BEPXHEH CTEHKH, CTPYKTypa TE€YCHHUS MpH « =15° OTIMYACTCS CYIIECTBEHHO OT
JOPYTUX 3HAYEHUH yIrja HAKJIOHA: MOTOK OTKJIOHAETCS B CTOPOHY HUYKHEU CTEHKH.
A 3TO B CBOIO ouepe/ib BJIUSET Ha JJIMHY OCHOBHOM 30HBI OOpPATHBIX TOKOB OKOJIO
HUKHEN cTeHku. Hanmuue 3Tol 30HBI OOpaTHBIX TOKOB OTYETJIMBO BHJA Ha PUC.
12, rie mpeacTaBlIeHbl JIMHUK TOKA MPU PA3IMYHbIX 3HAUCHUSIX « (BEPXHMI JIEBbII
PHUCYHOK).

o =15° o=60"

6

20 22.85

O 4 IIIIII? 12IIIIIII-I||6IIIIIIII

Puc. 11. M30moBepXHOCTh BEKTOpPa CKOPOCTH BOJM3H YCTyTa MPU PA3TUIHBIX
3HAYCHUSX « .

C pocTom yria HakJIOHa yCTyna JUIMHA PELUPKYJALMOHHON 30HBI OKOJO
HIDKHEH CTEHKU PacTeT M JOCTUTAeT MaKCHMaJIbHOTO 3HaueHus mpu « =90°. [Ipu
ATOM KOOpAMHATa TOYKU MTPUCOETUHEHHS COCTABIISAECT BEIMUMHY MOPSAKa7.3H .
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Puc. 12. JIuaum TOKa NpU pa3InyHbIX 3HAYEHUSIX « .

BrlnonHeHHble  METOAMYECKHME  pacueThbl  IOKa3bIBAIOT, UYTO  IIPH
paccMaTpuBaeMbIX 3Ha4YeHUsIX yuciia Re=73000 u creneHd paclIMpeHUs] KaHasa
Er =3, yMEHBIIICHHE yTja HAKJIOHA YCTyMa MPHUBOJUT K YMEHBIIECHHUIO pa3Mepa
30HBI OOPATHBIX TOKOB OKOJIO HIDKHEW CTEHKH. MI3MeHeHue yriia HaKiioHa MEeXIY
90° o 45° He HPHBOANT K CYIIECTBEHHOMY H3MEHEHHIO JUTHHBI IPUCOCIUHCHHSL.
DTO OTYETIMBO BUJHO W3 puc.l3, rae mnpencraBieHa 3aBUCUMOCThH JJIMHBI
MPUCOEANHEHUS OT yIJIa HakJIoHa ycTyna. [lomoOHoe moBeaeHne Halm0Aanoch U B

COOTBETCTBYIOIIEH IKCIIEPUMEHTAIBHON padoTe.
8 T T T T T T

HKriH

] . : : . . :
10 20 30 40 50 60 70 80 90
& rpapyc
Puc. 13. U3menenue 6e3pazMepHOi JUTMHBI MPUCOCIUHEHUS.

OpHoit u3 mpoOsieM TpH MOJAEIUPOBAHUU OTPHIBHBIX TEUYCHHM SIBIACTCS
CYIIECTBCHHBIM HAKIOH OO0JIACTH PEIUPKYJIAIMA K PACYCTHOW CETKe, YTO
NPUBOJUT K TIOSBICHUIO CHJIBHOW cxemMHOW muddysun. B pesynbrare npu
YUCIICHHOM MOJEIUPOBAHUN TPYAHO NPEACKA3aTh JJIMHY MPUCOCIUHEHUS C
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npueMieMod TOYHOCThIO. C yMEHBIIEHHWEM VIJIa HAKJIOHA YCTyla  YHUCIO
HEOPTOTOHAJLHBIX PACUETHBIX sTYeeK pacTeT. Tak, eclii Mpu yriie HaKJIoHa « = 30°
YHUCIIO0 TaKMX A4YeeK cocTaBisuio 50, To yxke npu a =15° 310 unciao pasHo 3910 u
BCE OTH SYCHKHM PACHOJIOKEHBI BOJIM3M HakJIOHHOTrO ycryma. [lo—Bumumomy, ¢
9TUM, B OOJBIIEH CTENEHHU, CBSA3AHO PACXOXKJICHHE MEXKJY YHUCICHHBIMH U

HKCIIEPUMEHTAJIbHBIMU JaHHBIMU TPU MaJlbIX YIJIAX HAKJIOHA — YHCJICHHbBIN
pe3yabTaT IPUMEPHO B JIBa pa3a MPEBBIIIAET IKCIEPUMEHTAIBHOE 3HAUCHHE (CM.
puc. 13).

B cnenyromeit TecToBoi 3ajadye paccMaTPUBAETCS METOZ MOAECIUPOBAHUS
TypOyJICHTHOTO Te4YeHusi B KaHaie ¢ Jud(Py30pHBIM BBIXOJAOM, T'€OMETPHS
KOTOPOTo MOKa3aHa Ha puc. 14.

Bxon: Ux = 10.0 m/c Bce pazmepobl B mm Boixog: p=01na

20.6 206.0
Puc. 14. 'eomeTpus pacueTHON 001aCcTH.

Lenbto 3amaun ObUIO M3yYEHUE BXOJHBIX I'PAaHUYHBIX YCJIOBHUH Ha CpeiHUE
XapaKTEpUCTHUKH TEYeHHM. DBXomHbple TIpaHWYHBIE YCIOBUA JJISI  OCEBOM
cocrapisitonieil ckopoctu U, 3amaBanuch IByMs criocobamu. B mepBom ciydae
CKOpOCTh ObUIa paBHAa MOCTOSIHHOMY 3HaueHuto 10M/c, a BO BTOpOM ciyyae OHa
onpeesiach Mo JorapuPpmMuyeckomy npoduiio.

Hanee, nHa puc. 15-18 mpencraBieHsl pe3yabTaTbl  YUCIEHHOIO
MOJICJIMPOBAHUSl BIMSAHHUS BXOJHBIX YCIOBUM Ha XapaKTEPUCTHUKU TEUYEHUS.
JleBble uwactu puc. 15-18 Kaxagoro pHCyHKa COOTBETCTBYIOT IIOCTOSHHOMY
3HaueHuto U, = 10 m/c, a mpaBble 4acTH JorapupMuyeckoMy npoduiro BXOJAHOU
0CEBOU CKOPOCTH COOTBETCTBEHHO.

BHuMarenbHOE€ CpaBHEHUE JIEBBIX M IIPaBbIX YacTEHd OTUX PHUCYHKOB
MOKa3bIBAET, YTO HAYAJIbHBIE BXOJAHBIE YCIOBHS UMEIOT 3HAUUTENIbHBIE BIUSIHUS Ha
oOlIyI0 KapTHUHY TEYEHHs, XOTs B OOOMX CJIydyasx pacxoJ]l BO3JyXa SBISETCS
OJIMHAKOBBIM. B ciyuyae ucnonb3oBaHus JorapupmMuueckoro npoduis cKopocTw,
MaKCHMaJIbHbIEC 3HAUEHUSI BEKTOpa CKOPOCTH, AABJIECHUS, KHHETHYECKOW SHEPIUU U
cKkopocTu €€ auccunanuu (mpaBble 4yacth puc. 15-18) mnpeBblmaroT
COOTBETCTBYIOIIME 3HAUEHUS ITUX JK€ BEJINYUH B CIy4ae UCIOIb30BAHMS HA BXOJIE
MOCTOSTHHOTO TIOMEPEYHOro MpOouMiIsi CKOPOCTH NMPUMEPHO B JBa pa3a (JIeBbIe
yactu puc. 15-18). Toxxke caMoe MOXHO CKa3aTh OTHOCHTEIbHO MHUHHMAIbHBIX
3HAYEHUW KMHETHMYECKOW HHEPruu TYpOYJEHTHOCTH U CKOPOCTU €€ NUCCHUIALUU.
Bosnee Toro, MuHMManbHOE 3HaUeHUE naBieHus p = - 21.2439 Ila Gosiee uem B 1Ba
pas3a MeHblIIe, YeM 3HaueHue naBieHud p = - 8.01548 [la B ciaydae mOCTOSAHHOTO
npoduiis ckopocTH (cM. puc. 16).

17



U Magnitude U Magnitude
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10181126 8] 14,33362

Puc. 15. ITosie BekKTOpa CKOPOCTH.

P
0 10

-20

20

-8.01548 14.48431 -21.2439 2229716

Puc. 16. [1one naBiaenusi.

k k

1 2 3 4 5 2 4 o] g
Hllllﬂllllllllﬂ Illlﬂlllllllﬂ

0.002576 2.270171 0.005580 2.744191

Puc. 17. Tlonie kuHeTUUECKOM YHEPTUH TYPOYJICHTHOCTH.

epsion epslion
#4@ T 5%% 0.617128 9242293

Puc. 18. I1ose ckopocTH TUCCUTIALIMM KUHETUYECKON SHEPTUHU TYPOYJIEHTHOCTH.

CkazaHHO€ OTYETJIIMBO BHUJHO Ha cieaywomux puc. 19-20, rae
MPeACTaBICHbl NPOGUIN BEIUMYUH BIIOJIb MOMNEPEYHOM JIMHUH, KOHIIBI KOTOPBIX
umeroT koopamHaTel  (0.1347; -0.0305, 0) u (0.1347; 0.0305, 0). B memom,
XapaKkTep U3MEHEHUW BCEX BEIMYMH OJMHAKOB JJII 00OMX BXOJHBIX T'PAaHUYHBIX
YCIOBUM, OJHAKO MAaKCHUMAJIbHbIE M MUHUMAJIbHBIE 3HAYEHUS 3aMETHO
OTJIMYAIOTCHL.

Ha cnemyromux puc. 21-22 npeacTaBieHbl MPOA0IbHBIE TPOGUIN BETUIUH
BJI0JIb JINHUH C KOHLAMH, KOOPAUHATHI KOTOPBIX UMErOT 3HaueHus  (-0.0517, 0.0,
0) u (0.3211, 0.0, 0). Kak BUAHO U3 PUCYHKOB, UMEIOTCS 3aMETHBIE OTINYUS, KaK B
XapakTepe moBeAcHUs npoduiiel, Tak U B 3HAUYCHHSAX JAaBieHus (puc. 21) u
CKOpOCTH auccunauuu (puc. 22).

Takum 00pa3oM, BXOAHOW TPOPHIb XapaKTEPUCTHUK TEUECHUS HMEET
CYLIECTBEHHOE BIJIMSIHME, YTO HEOOXOAMMO TPHUHATH BO BHUMAaHUE IIPHU
MozenupoBaHuu. [IpoBefeHHbIE CUCTEMAaTHYECKHME pACUYEThl MOKA3bIBAIOT, 4YTO
€CJIM UCIOJIb30BaTh MOCTOSIHHBIA MPO(UIb BXOAHOW CKOPOCTH, TO HEOOXOAMMO
YBEJIMYHUTh BXOJHYIO 4acTh KaHaya nmpumepHo Ha 1004, rae 7 — BricoTa ycTymna.
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Puc. 21. IlpononsHoe pacupenenenue Beaudu U, k u p.
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Puc. 22. IIpogonbsHOE pacnpenesieHne CKOPOCTH AUCCUTIALIAH.

YacruuHoe paspymieHue aamObl. Ha puc. 23. nokazana reoMmeTpus
paccMmarpuBaeMoM 3aaauu. PesepByap mnmHoM 1M, mupunon 2m u BeicoTOM 0.8M
3al0JIHEH BOJOM ¢ HadaibHOM BbIcOTOM 0.6M. Ileperoponka, paszmensromas BOAY
OT MPaBOM MYCTOM MJIOCKOM YaCTU C TPEMsI OTKPBITHIMU I'PaHUIAMU UMEET JAJIUHY
0.4M u pacrionoxxkeHa Mexay Toukamu ¢ koopaunatamu (1; 0.8;0) u (1; 1.2;0).
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Puc. 23. I'eomerpus paccMaTprBaeMoun 3aa4H.
B skcnepumente Fraccarollo L., Toro E. F, 1995 nns usmepeHus: BbICOTHI
BOJAHOTO IOTOKAa OBUIM HCIOJB30BaHbl IISITh JAaTYMKOB, KOOPAMHATHI MecTa

pPacnoJIOKEHHs] KOTOPBIX TPUBEAEHBI B Ta0. 3.

Tabnuua 3. KoopanHaThl M3MEPUTENbHBIX TATYMKOB.

JlaTunk -5A C 4 0 8A
X, M 0.18 0.48 1.0 1.0 1.722
y, M 1.0 0.4 1.16 1.0 1.0

Ha puc. 24 npuBeneHo TpexMepHOE pacrpeeieHrne 00bEMHOM JOTU BOJIBI B
pa3uyHble MOMEHTHI BpeMeHu. B momenTa Bpemenu ¢t = 0 ¢ meperopojka
yOupaeTcss MTHOBEHHO, M BOJA HM3—3a CHJIBl TSXKECTH YCTPEMIIIETCS B IIYCTYIO
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4yacTh pe3epByapa. [Ipumepno uepes ¢ = Ic BOaa JOCTUTaeT JANbHYIO OTKPBITYIO

TpaHUIly pacueTHOM 00JIaCTH U BHITEKAET U3 HEE.

t=0c¢ t=0.5c¢c t=1.0c¢C
t=1.5c¢ t=23c¢

N N N

alpha
0 O.|25 0.7

“I III._J.l.LJ:&?.IlI.IIIII|IIIIH-I

Puc. 23. Pacrnpenenenue o0beMHOM J0JIU BOJIBI.

Ha puc. 25 u puc. 26 npeacraBiieHbl YUCIEHHBIE PE3yJIbTaThl BPEMEHHOU
HBAIIIOIIMU BBICOTHl BOJHOIO MOTOKAa (CIUIOUIHASA JIMHUSI) U COOTBETCTBYIOLIUE

AKCHEPUMEHTAJIbHBIE JaHHBIE (MapKEPHI)

BoicoTa BoAbl B TOdKe -54 BhiCcoTa BOObl B TOUKe C
D.E‘ﬁ T T T T '
> 0.4 f--ee 1 R e
m i i : i M
I— 1 1 1 1 |—
5 R :
ED.E _______ [ |__\31<:%:|______ =]
m K K . H m :
i ' ' 41:}“‘*{%—c:- !
0 : i ! E :
0 2 4 5] 8 10 0 z 4 a g 10
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BolicoTa B0 B TOYKE 4 06 BblicoTa B0AbI B TOUKe 0
= % ! _______ ;; _______ .i _______ = 0.8 F---4-- . _;. ...... :n ....... .; .......
; ! - - Ll : : ! i
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Puc. 25. I3mMeHeHunst BO BpEMEHH BBICOTHI BOJIHOTO MTOTOKa B Toukax -5A, C, 4 u 0.
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. BBICOTBI BOJHOI'O IIOTOKAa B TOYKC
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CpaBHeHne pPE3yIBTAaTOB
COOTBETCTBYIOIIIMMHU JKCIEPUMEHTAIBHBIMA JTAHHBIMU IIOKA3bIBAECT JOCTATOYHO
XOpoloe corjacue Mexxay HuMu. HebGonbinoe kojebaHne YUCIEHHBIX JAaHHBIX B
HayaJbHbII MOMEHT BpeMeHM B TOoukax 4 um ( BEPOATHO CBS3aHO C BIIMSHUEM
IPAaHUYHBIX YCJIIOBUM Ha TBEPABIX CTEHKaX pe3epByapa U KOHEYHOM BEIUYMHOU
CKOpOCTU yOupaHus neperopojku. [Ipu dncieHHOM MOJETUPOBAHUM CUUTAETCH,
YTO MEeperopojakKa youpaercss MrHOBEHHO, T.€. CKOpOCTh OeckoHeuHas. Ha camom
JIEJI€ B B OKCIIEPUMEHTE 3Ta CKOPOCTh UMEET HEKOTOPOE KOHEUYHOE 3HAUYCHHUE.

OOpymenue cTo/i0a KUJAKOCTH K KaHaJle ¢ MJIOCKHUM JHOM. ['eomeTpus
paccMaTpuBaeMoOi MOJeIbHOM 3amauu aHanormdHa padote Buchner B., G. van
Ballegoyen, 1997 u npeacrasnena Ha puc. 27.

Y

Lo |

1

b B |

3.22

10

YHUCJICHHOT'O MOJICIIMPOBAHUA C

C:'-

Atmocdepa
2
4 &
it
(¥ ]
: g
P [Teperoponka =
' i =
: 3
5 Boamvx s
! =]
B [
o
=
Bona
L =]
= H h2 h 0.16
1,2 | )
HizxHAA cTeHKa
4
i B B | i -
;,.';3 ! ] N

2728

Puc. 27. I'eomeTpust 3a1a4u ¥ TPAaHUYHBIC YCIIOBUSI.

Mogens npeacTaBisieT co00il pe3epByap T'eKcadIpHOH (GopMbl, pazMepaMu
JUIMHOU 3.22M, BBICOTOM 2M W IIMpUHON 1M. B 1€BOM HMKHEM YTy pacloyioKeH
cton® Boabl BeicoToi H=0.6M, mmmuoW 1.2mM u  mmpuno Im. J{ns usmepeHus

CHIJIBI

JABIICHUS] TOTOKAa JKUAKOCTH Ha TMpPaByl0 CTEHKY pe3epByapa
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COOTBETCTBYIOIINI MU3MEPUTEIbHBIN JaTYUK JaBICHUS ObLI PACHOJIOKEH B Touke P
¢ koopauHataMu X = 3.22m u 'y = 0.160m. Kpome Toro, B AByX CEUEHUSAX IIPHU X|=
2.7725M u Xp= 2.228M ObLIM U3MEPEHBI YPOBHU CBOOOIHON MOBEPXHOCTH BOJBI h;
u h, . IlnotHocTh BOJBI ObLIa paBHA 998.2KF/M3, a BO3lyXa — 1.225kr/M’.
HecMmoTps Ha TO, YTO IKCIEPUMEHT SIBJISIETCS TPEXMEPHBIM, ITPOCTOTAa T€OMETPUU
MO3BOJISIET MOJIETIUPOBATH €T0 B IBYMEPHOM IPUOIMKEHUU.

[IpocToTa reomerpuu 3aJayd MO3BOJSET JIETKO pa3leiauTh €€ Ha
reKCadIpajbHyI0 CETKY C PpPAaBHOMEPHO pAacCIIOJIOKEHHBIMM suelkamu. Jlns
MPOBEPKH BIUSHUS CXeMHOU Au(dy3un ObUIN MPOBEACHBI TECTOBBIE PACUEThl MPHU
pPAa3IMYHBIX 3HAYCHUSAX PACUETHOM sSiuerku. [IpoBeieHHbIE METOAMYECKHE PACUYEThI
MOKa3bIBAIOT, YTO JIABJIEHUE MOTOKA HA IMPaBYK CTEHKY B TOouke P U ypoBeHb
CBOOOJTHOM TOBEPXHOCTH WJIM BBICOTA BOJHOTO CTOJN0Aa  CHUJIBHO 3aBHCHT OT
pa3mepoB sueek. Kpome TOro, mpomopuuOHAIBHOE YBEIMYEHHE YHCIA SYEEK
MPUBOJUT K CUJILHOMY YBEJIMYECHUIO BpeMEHU pacuera. Tak Jijisi pacu€THOM CeTKU
pazmepom 512x512x512 obmiee Bpemst pacdera Ha kKoMibioTepe Pentium ® Dual-
Core CPU T4400 @2.20 GHz 2.87 Gb coctaBnsier okoJio 15 yacoB, Tora Kak Jijis
ceTku 64x64x64 3T0 BpeMs paBHO IPUOIU3ZUTENBHO 55 C.

Ha puc. 6.11 npencraBiieHbl YUCIEHHBIE PE3yJIbTaThl 00BEMHOM 107U BOJbBI
JUISl pa3iIu4YHbIX MOMEHTOB BpemeHu. B MomeHT BpemenHu t=0 neperopozaka
yOupaeTrcs MrHOBEHHO W CTOJO BOJBI TOJA JIEWCTBHEM CHJIBl TSXKECTH
YCTpPEMIISIETCA B MPABYIO MYCTYI0 4YacThb pe3epByapa. B MOMEHT BpeMEHU OKOJO
t=0.65¢ Boma JocTUraeTcs MPaBOW CTEHKH W, ynapssch 00 Hee Mmoj JeHCTBHEM
CUJIbl HMHEpLMH, ycTpemisiercss BBepX. [lo Mepe ABMMXKEHHS BBEpX IO IpaBoOu
CTEHKE MOTOK yTOHYAETCS MU B MOMEHT BpeMeHu t = 1.3c, koraa cuia TSXKECTU
NPEBBIIAET HAJA CWIOW WHEPUUHU, MPOUCXOAUT BO3BPATHOE JBHXKEHUE BOJBI C

00pa30BaHUEM XapaKTEPHOTO KPIOYKA.
t=0,5c¢ t=15¢

t=1.0¢ t=18c¢
t=13¢ t=220¢

Puc.28. [IpuxeHnne cTonda BOJbI B pa3IMYHbIE MOMEHTHI BPEMEHH.
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CdopmupoBanHasi TakuMm oOpa3oM oOpaTHas BOJHA, JOCTUTAsh OCHOBHOM
NOTOK, yAapsAsich 00 Hero, o0pa3yeT BTOPHYHYIO BOJHY M T. O. (npu t=1.5¢ u
t=1.8c). Ilocine momeHTa BpemeHH t=2.2¢ HHEPLHUs BOJbI CUIBHO YMEHBIIAETCS U
JajgbHEeNIlee pacCCMOTPEHUE JIBHYKEHUS HE MPEJICTABIISIET TPAKTUUECKUI UHTEPEC.

N3BecTHO, UTO MOCIEI0BATEIbHOE U3MEIbYEHUE PACUETHOW CETKU JOJIKHO
o0OecrieunTh TMoOJy4dyeHue Ooyiee WIM MEHee TMPaBIONOJ00HOT0 MOJIOKEHUS
cB0OOHOM Tpanulbl. [IpoBefeHHbIE METOIUYECKHE PACUETHI CBUJETEIHCTBYIOT,
yTo OoJiee MeNKas pacueTHas ceTka d(PPEKTUBHO OTCICKUBAET BO3AYLIHBIEC KaIln
— my3bIpbkd B Boje. OJIHAKO MPU 3TOM UMEIOT MECTO JIBE MPOOJIeMbl, CBA3aHHBIE C
U3MEIbYEHUEM pacueTHOM CeTKU. Bo-nepBbiX, 4Ype3MEepHOE HU3MEIbUYEHUE
NPUBOJIUT K YXYJAIICHUID CXOJAMUMOCTH pelleHus. Bo-BTOpBIX, HE3aBUCHUMO OT
croco0a TMOTYYeHUsI MEJIKOW CETKH, MOJy4aloTCs HEMpaBAOINoA00HbIE 3HAYEHUS
CKOPOCTH BO31IyXa BOMM3M CBOOOIHON rpanunbl. bonee Toro, m3MmenbueHue
pacdeTHON ceTKu Oosiee OmpeeIEHHOTO Mpeesia He MPUBOIUT K CYIIECTBEHHOMY
YIYUYIIEHUIO pa3pelieHusi CBOOOAHON I'paHUIlbl, U KaK TOBOPWIOCH BHINIE, 00IIee
BpeMsI pacueTa HeONpPaBJIaHHO YBEJIMUUBACTCH.

Ha puc. 29 npencraBneHbl  YHWCIEHHBIE UM COOTBETCTBYIOIIWE
HKCTIEPUMEHTANIbHbIC JaHHbIE IO BBICOTE BOJHOTO CTOJ0A B CEUCHHUSIX C
KOOpAMHAaTaMu X; = 2.725M U X,=2.228M. CoBnajieHue MEXIy dTUMU JaHHBIMU
JIOCTaTOYHO YJOBJIETBOPUTEIBHOE J10 MOMEHTa BpeMeHUu okoio ¢t =l.5c. ansa
cedyeHus x; = 2.725m (puc. 29a).

0.6 a 0,6 b
= =
Er:g 0.4' E' 0.4' O m@
S S O
r-:—ﬂ 0.2 1 % 0,2 1
oo

0 0.5 1,0 1.5 t,c 0 0.5 1,0 1,5 t, ¢
Puc. 29. BeicoTa BogHOTO cT0s10a MPU PA3IMUHBIX CEUCHUSIX.

ITocne aToro BpemMeHU OOpaTHAas BOJIHA, JIBIDKYIIASCS MPOTHB OCHOBHOTO
MOTOKa, yJaapseTcs O CBOOOJHYIO TIOBEPXHOCTh M CO3MA€T OIPEICICHHBIC
HETOYHOCTH, KaK B YHCJICHHBIX, TaK MU B OJKCIEPUMEHTAIbHBIX JaHHBIX.
Pasnormacuss Takoro pona Takxke HaOmomanuch B pabore Abdolmaleki K.,
Thiagarajan K. P., Morris-Thomas M. T., 2004, B KOTOpo# IsI YUCIECHHOIO
MOJICJIMPOBAHUS HCIHOJIb30BAICA W3BECTHBIM KomMepueckuit maker FLUENT.
Pe3ynbTaThl 3THX aBTOPOB NpUBeAcHBI HA puc. 30.

hIH a hyH b

0'8'_ Lé >, 0.8:

0,6 bt 0.6 -

0.4 1 0.4 -

0.2- e 021
O DA

Puc. 30. BeicoTa BogHOTO cTOI0A pabOTHI IPYTUX aBTOPOB.
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31eck BBICOTA BOJHOTO CTOJI0A pasnerneHa Ha BennuuHy H, a Bpems mpencTaBieHo
B Gespasmepuoit hopme T = t(g/H)™’, rme g=9.81m/c’ — yckopeHue cBOGOIHOrO
nagenus, H=0.6M — mepBoHayanbHas BBICOTa BOJHOTO CTOJ0a. V3 3TUX pUCYHKOB
MO>KHO 3aKJIIOYHTh, YTO B JAaHHOU paboTe ypOBHU CBOOOHON MOBEPXHOCTHU B IBYX
pa3IMUYHBIX CEUCHUSAX MPECKA3aHbl TOYHEE.

[Ipu peureHMH HeCTAlIMOHAPHBIX 3a/ady CO CBOOOJHON TOBEPXHOCTHIO, B
YaCTHOCTH, TMIPU B3aUMOJIEUCTBHHM OOpa3yloOlIUXCs BOJH C  Pa3IMYHBIMHU
nperpajgamu, OYeHb BaXKHOM SIBIISIETCS 3a/iada ompejeseHus AaBieHus P Ha 3Ty
nperpaiuy.

Ha puc. 31 mpezacraBieHbl UUCIEHHBIE PE3YJIBTATHI JABICHUS KUJIKOCTA HA
MpaBylo CTEHKY B Touke P ¢ xoopauHatamu (x=3.2;y=0.16) u cOOTBETCTBYIOLINE
IKCIIEpUMEHTAaJIbHBIE JaHHBIe. TOUHOE 3HAUCHHE JaBlieHHus B Touke P He moxker
OBITh W3MEpPEHO, TaK KakK JAaTYMKH JaBICHUS MMEIOT KOHEYHBIM pa3Mep —Kpyr
IUaMETPOM O0KO0JI0 90 MM.

P,Ila a o P, Ila b o
4000 4000 A
O
Q:)OOOO o
2000 A O 2000 A
O O 1 1 ] 1 = W 1 I 1 1
0 0,5 1.0 1.5 20 tc 0 0.5 1.0 1.5 20 tc

Puc. 31. Usmenenue naBieHus B TOUKe P.

PacuerHoe naBieHue B LIEHTpe daTuMka JaBieHust (cMm. puc. 3la) ¢
TEYCHUEM BPEMEHHM MEIJICHHO BO3pAcTacT, OJIHAKO IOCJIE MOMEHTa BpPEMEHU
t=1.5¢ wim mocyie BTOporo MakCMMyMa, COBIAJIEHUE IKCIIEPUMEHTATbHBIX JaHHBIX
C YHCIICHHBIMH pe3yJIbTaTaMHu YJIydlIaeTcs. XapakTep H3MEHEHUS PacyeTHOTO
JABJICHWs] B HIDKHEH Touke nartymka (cM. puc. 310) D0CTAaTOYHO XOPOIIO
MOBTOPSET COOTBETCTBYIOIIMM  XapakTep H3MEHECHHS OSKCIEePUMCHTAIBHBIX
MaHHBIX, OJHAKO MaKCHUMAaJIbHbIE 3HAUEHUS HECKOJIBKO 3aHMKEHEI.

[TogoOHOEe TOBEEHUE pacyeTHOro JaBJiCHUS I[IOKa3aHO Ha puc. 32,
3auMcTBOoBaHHOrOo M3 PhD nuccepranmm Nielsen K. B., 2003. Ha puc. 32a
IIOKa3aHo JaBJICHHE B IICHTPE, a CIIpaBa B HIDKHEH TOUYKE JTaTYHKA.

a) S)
I I ] I T T T T

Pacuer —_— Pacust R —
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& 4000 E 4000

2000 2000

tv g e

Puc. 32. Pacuernrle nannbie Nielsen K. B., 2003.
Kak roBopuiioch BbIIIE, B IIEHTPE MaTYMKA JABJICHHE BO3pacTaeT MEJICHHO, a B
HWOKHEH Touke aaTdmka ObicTpee. OHAKo, B OTJIMYHME OT HACTOSIICH paboOTHI,
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MIOCJIC BTOPOTO MTUKA MPOSBISIOTCS HE OOHAPYKEHHBIE B SKCTICPUMEHTE KOJICOaHUS
YUCJIEHHOTO JIABJICHHUS.

[Ipy uKCIEHHOM MOJCIMPOBAHUM TIpEJJlaraeTcsi, 4YTO IEeperopojaka
yOupaeTcss MTHOBEHHO, T.€. €€ BEpPTUKAJIbHAs CKOPOCTh IMEPEropOKH
oeckoneuHas. C Apyroil CTOpOHBI, MOTYT ObITh U JApyrue (puznueckue ycioBUS,
KOTOpbIE TPYIHO YYECTh WM HE YYTEHbl B YHCICHHOM MOJIECIUPOBAHUMU.
JleTanpHbI aHAIU3 YCJIOBUM MPOBEICHUS DKCIEPUMEHTA IOKA3bIBAET, YTO 3Ta
CKOpPOCTh UMEET KOHEUHOE 3HaueHHE. [[poBepoUHbIEC SKCIIEpUMEHTAIBHBIE JAHHbBIE
IIpU OJIMHAKOBBIX YCJOBUSAX JAKOT pa3Hble, HE COBHAAAIOLIAE APYr C JIPYyroM
pesynbTaThl. (OO0 3TOM YacTUYHO CBHJETEIHCTBYIOT XAOTHUYECKHE KOJIeOaHUS
naBieHus B Touke P 10 MomenTa Bpemenu t=0.5¢ uiam 10 6e3pa3MepHOro MOMEHTa
Bpemern T = t(g/H)"” < 2 (cM. puc. 32). B 3TOT MOMEHT BpeMEHH BOJA CII¢ HE
JIolJIa 10 MpaBoil CTEHKU (CM. puc. 32), HO JAaTYUK PErUCTPUPYET KoJieOaHUs
JaBJIeHUs OJiarofapsi ABUKEHUIO TOTOKA BO3AyXa.

Kpome »53Toro, BbIICNIPUBENCHHBIE PACXOXKICHUS MEXKIYy pacyeToM U
SKCIIEPHMEHTOM I0CIIe MOMEHTa GespasmepHoro Bpemenu T = t(g/H)"™> 6 , kax
HaAM KaXeTCsl, MOXHO OOBSICHUTH JABYXMEPHOCTHIO MCIOJIB3YEMONH MOJIEIH.
Bo3M0XHO, B HEKOTOPBIX TOYKAX pPACUETHOM 0OJacTH TeYeHUEe MNpuoOpeTaeT
TPEXMEPHBIN XapaKTep.

CpaBHuBas maHHbIe 3TOW paboThl (cM. puc. 29) u pabor Abdolmaleki K.,
Thiagarajan K. P., Morris-Thomas M. T., 2004 (puc. 30) u Nielsen K. B.,
2003(cm. puc. 32), MOXKHO YTBEPXKIaTh, YTO YHUCJIEHHBIE PE3YJIbTAThI
MOJENUPOBAHUSI  paccMaTpUBAaeMOW  3aJayd, IMOJYYEHHbIE T[pU  T[OMOIIU
oecrmtatHoro nakera OpenFOAM 6oitee OIM3KH K DKCIICPUMEHTAIBHBIM JaHHBIM,
YeM PE3YJIbTAThI, MOJYYEHHBIE C TIOMOIBI0 KoMMepueckoro rmaketa FLUENT.

O0pymienue crojida KHAKOCTHM TPU HAJIWYUM  NPENATCTBHUS
NPSAMOYToJIbHOH (opMBbI. OKCIEPUMEHTAIIbHbIC JIAHHbIC U Ppe3yJbTaThl
YUCJIEHHOTO MOJIEJIMPOBAHMUS MPOCTOM MOJENU IUIOTHHBI, MPOBEJAEHHI B
HunepnanackoM HHCTUTYTE MOPCKUX uccaeaoBanuil. B sxcnepumente Kleefsman
K. M. T., Fekken G., Veldman A. E. P., Iwanowski B., Buchner B., 2005
WCIIOIB30BaH OTKPBITBIN pe3epByap MIMHOW 3.22M C IONEPEYHBIM CEYEHUEM
1x1m°. TlepBoHAYanBHO pe3epByap ObUT pasieleH Ha IBE HEpPaBHBIC HACTH
CTEHKOM, PACIOJIOKEHHON MPU X=2M. 3a 3TOM CTEHKON HaXOIUTCS BOJA BBICOTOM
0.55 M, a gpyras yacTh pe3epByapa Iycta. B 3Tol yacTu pe3epByapa pacnoyIOKeH
KOHTeHHep ITHHOM 40cM ¢ momepedHsIM cedenneM 16x16cm”. Koopauuara 1eBoit
rpaHu KoHTeiHepa paBHa Xx=0.67 M (cM. puc. 33).

" = a
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Puc. 33. PacrionoxeHue n3aMepUTENbHBIX TaTYUKOB.
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[Tpu mpoBeneHnM dKCNIeprUMEeHTa ObUTH U3MEPEHBI BHICOTA BOJSTHOTO CTOJI0A
W JaBJICHHE IKUJKOCTA Ha T[OBEPXHOCTh KOHTEWHepa. PacnomoxeHnue
U3MEPUTENBHBIX JTAaTYMKOB TMOKa3aHO Ha puc. 33. bbuiM HUCMONB30BaHBI YETHIPE
JaT4uKa JUISI U3MEPEHUsT BBICOTHI BOJsiHOrO ctoiida: oaun (H4) B 3amosHeHHOM
BOJIOM 4aCTH, a OCTAJIbHBIE B APYTOM IIyCTOM YacTH pe3epByapa. KoopauHaTel 3THX
TaT4YuKoB ObLIH paBHBI X = 0.5M, 1.0M, 1.5M 1 2.66M COOTBETCTBEHHO.

Konrelinep Obul CHa0GXXEH BOCHBMbBIO JaTYMKAMM JaBJICHUS, YEThIpe Ha
JIMILIEBOM TMOBEPXHOCTU B TOYKax ¢ koopauHatamu z = 0.025m, 0.063Mm, 0.099M u
0.136M, a ocTanpHBIC YETHIPE JAaTYMKA PACIOJOKEHBI Ha BEPXHEW CTOPOHE
KoHTeitHepa npu X = 0.806M, 0.769m, 0.733m u 0.696M. JlaTuuku Ha JULEBOM
MMOBEPXHOCTH PACIONOKEHbI Ha paccTostHUU 0.026M BJI€BO OT LIEHTPaIbHON JTUHUU
y = 0, a 7aTYMKU Ha BEpXHEW MOBEPXHOCTH pacnojiaraiuck Ha pacctosiHuu 0.026m
BIIPaBO OT IeHTpanbHOW yuHuu y = (. B skcnepuMente Taxxke Oblia u3MepeHa
CUJa, OKa3blBaeMasi Ha KOHTEHWHEp CO CTOpPOHBI TMOTOKa BOAbL. B memsax
OTpeNielICHNsT CKOPOCTH BXOJa BOABI B MYCTYyI0 dYacTh pe3epByapa, ObLI
HCIIOJB30BaH TOPU3OHTAIBHBIN TaTUUK HA OOKOBOM CTEHKE.

Jlo MoMeHTa BpeMeHH =0 BOJa HAXOJIWJIACh B CIIOKOMHOM COCTOSIHMU. B
MOMEHT BpeMeHu (=0 MrHOBEHHO yOupanach pazjeiauTeibHas CTEHKa U CTOJIO
BOJIbl, BCJIEJICTBUE CHJIA TSIKECTH YCTPEMIIAETCS B IYCTYIO 4acTh pe3epByapa, rae
HaXOJUTCS KOHTEWHep. bblna ucnosib3oBaHa pacueTHas cerka 180x60x80, a
MPOJOJDKUTEILHOCTh PACUETHOTO BPEMEHM cocTaBisiia 6¢. HawanpHblid mar mo
BpemeHu coctapisii 0.001c, manpiiie OH M3MEHSJICS B 3aBUCMMOCTH OT YHCIIA
KypanTa, kotopoe 6110 pasHo 0.85.

Z,M |
0.8
06 -
04 0.5
0.2 - i
0 I I I 1 1 I I I 1 1 '0}5

0 0.4 0.8 15 1,6 2.0
LM

Puc. 34. CpaBHEeHHE YUCIICHHBIX U SKCIIEPUMEHTAIBHBIX JTaHHBIX JJIsI MOMEHTA
Bpemenu t = 0.4c.
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Puc. 35. CpaBHeHME YHCICHHBIX U SKCIIEPUMEHTAIbHBIX JAHHBIX JJI1 MOMEHTa
BpeMeHHu t = 0.6¢.
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Ha puc. 34 wu 35 n[npencraBieHO CpPaBHEHUE  YMCICHHBIX U
DKCIEPUMEHTAJIBHBIX JAaHHBIX JUIsi MOMEHTOB BpeMeHu =0.4c un  1=0.6¢
cootBeTcTBeHHO. CrnpaBa mpeAcTaBiI€Hbl COOTBETCTBYIOIIME KaApbl (uiIbMa,
CHSITOTO BO BPEMS BBINOJHEHUS SKCHEpPUMEHTa. MOXXHO 3aMETHTh JOCTATOYHO
xopouiee BHU3yaJIbHOE COBITAJICHHE YUCJIEHHBIX pE3yNbTATOB C
AKCIEPUMEHTAIIbHBIMHA JaHHBIMU. Bpemsi 1OCTHX EHUsI OTOKA BOJbI KOHTEWHEDA,
KaK B OKCIIEPUMEHTE, TaK U MPU YUCICHHOM MOJEIMPOBAaHUU OANMHAKOBOe. Kpome
TOT0, (POPMBI CBOOOTHOM MOBEPXHOCTH, KOTOPbIE 00pa3yloTCs MOCe yiapa NoToKa
00 KOHTelHep, Toke coBnajatT. OJTHAKO MOXHO 3aMETUTh, YTO MPHU YUCICHHOM
MOJICIUPOBAHUH IPUCYTCTBYIOT HEKOTOPbIE HEPOBHOCTH CBOOOIHOM MOBEPXHOCTH
MEXIy BOJOM M OKpYXKAWIIeH Cpeaod — BO3AYXOM, KOTOpBbIE MOTYT OBITh
YCTPaHEHbl  IIyTEM  HMCHOJIb30BAaHUS  KYCOYHO-JIMHEHHOW  PEKOHCTPYKLUHU
CBOOO/IHOI TOBEPXHOCTH.

Ha puc. 36. npuBeneHa BbICOTa BOJHOIO MOTOKA B IBYX PA3JIWYHBIX TOUYKAX:
B pe3epByape U HEMOCPEACTBEHHON OMM30CTH KOHTeHHepa. COOTBETCTBHE MEXIY
HUMHU JIOCTATOYHO XOpOIlee, MOoKa BOJA HE BEPHETCS OT 3aJHEW CTEHKHU IOocie
okoiio 1.8c. [locne 3Toro HaOIOJAETCS HEKOTOPOE HECOOTBETCTBUE: UHCIIEHHbBIE
JAHHBIE HECKOJIbKO 3aBBIIIEHBI. B MOMEHT BpeMEHU OKOJIO 5¢, BTOpUYHAs BOJIHA
JOCTUTAeT OKpecTHOCTU natuynka H2. OnHako mpu YUCIEHHOM MOJIEIMPOBAHUU
3TO BpeMs paBHO mpumepHo 5.3c. Tem He MeHee, oOmMI XapakTep U3MEHEHUMN

YHUCJICHHBIX U SKCIICPUMCHTAJIbHBIX JAHHBIX COBIIAJACT.
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Puc. 36. BeicoTsl BogHOTO noToka B Toukax H2 (ciesa) u H4 (cnipaBa).

Kak Bumno u3 puc. 37, momeHT BpeMenu t=0.5c, Korga BOJIHA JOCTUTAET
KOHTEHHEpA, MPEACKA3aH C XOPOIIEH TOYHOCTHIO, OJHAKO BEIWYHMHA PACUYETHOIO
JABJICHUA II0 CPaBHEHUIO C OKCIEPUMEHTAJIbHBIM 3HAUYEHUEM HECKOJIbKO

3aBblIlIeHa (JIEBBIM PUCYHOK).
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Puc. 37. JlaBnenue B Toukax P2 (cneBa) u P7 (cripaBa).
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OnHako Mo CPaBHEHUIO C AKCIEPUMEHTOM, YKCIICHHbIC 3HAYEHUS BTOPOTO
MakcuMyMa JAaBiiecHuss B Touke P2 cmemiensl BrpaBo Ha (0.6c, a B Touke P7,
cMemieHnl BrpaBo Ha 0.3c. Kak mokaszan sKCEpMMEHT, MOMEHT BPEMEHH, KOrja
MOTOK 0OpaTHO JOCTUTaeT KOHTeHHepa (3T0 0kojio 4.7¢), XOpOoIlo BUJEH Ha 3TUX
pucynkax. Kpome s3Toro, mpu cpaBHEHHUH YHUCIEHHBIX M DKCIEPUMEHTATBHBIX
3HAYCHUN JaBlieHUss B Toukax P7 (mpaBblii PHUCYHOK), MOXKHO 3aMETUTh
HekoTopble pasznuuus. Ilocne 1.3c umeer mecto HeOOJbIIOE KOjJeOaHHE C
IPOJOJDKUTENBHOCTBIO 0KOJIO 0.2¢, KOTOpoe He HalIogaeTcs B akcnepumenre. 1o
ATOM TOYKHM BOJIa KAacaeTcs BEpXHEH 4acTu KOHTEWHepa, KOrjia BOJHA, UIyIIasl OT
3a/IHEN CTEHKH, BO3BPAILIAECTCS B 3Ty TOUKY.

O0Opymienue cT0/10a JKUAKOCTH B KaHAJIe ¢ BHE3ANIHbIM pacuIupeHueM.
Cnenyromnieid TeCTOBOM 3ajayeldl SBJISETCS TEUCHUE B KaHal€ C BHE3AIHBIM
pacuimpenueM. COOTBETCTBYIOUIMN SKCIIEPUMEHT IpoBefeH B www.uclouvain.be/
Civil engineering department of Universitecatholique de Louvain, Belgium.

Ha pwuc. 6.21 cxemarndyecku NPEACTABIEHBI T'E€OMETPUS U MecTa
PacCIoIOoKEeHUsI U3MEPUTENBHBIX JaTYMKOB. Bce pasmepnl yka3zanbl B MeTpax. B
skcnepuMenTe B Toukax S1, S2, S3, S4 u S5 6bu1a u3MepeHa riryOuHa BOJIbl.
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Puc. 38. 'eoMeTpus kaHana U pacnoyio)KeHHE U3MEPUTEIIbHBIX JaTYUKOB.

JleBas yacte kanana (puc. 38, 3akpailieHHass 001acTh) ObLIa 3amoJIHEHA
BOJIOM, pa3lEIICHHOW OT NpPaBOM CyXOM 4YacTH mneperopoakoil. IlepBonauanbHas
ryouHa Boabl Obuia paBHa 0.2m.  Ha puc. 39 mnpeacraBieHbl cpaBHEHUS
pacyeTHBIX U SKCIIEPUMEHTANIbHBIX JIAHHBIX 110 TJIyOMHE BOJIbI B TOUKax S2 uS3.
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Puc. 39. smenenue riyOuHbBI BOIBI BO BpeMEHH B Toukax S2 u S3.
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B nenom pacueTHble JaHHBIE JOCTATOUYHO YJOBIECTBOPUTEIBLHO COTIIACYIOTCS
C DKCHEPUMEHTAIbHBIMU JIaHHBIMM, €CJIM HE CUMTATh HEOOJIBIIYIO PA3HHUILY BO
BpeMeHH (~1.34c¢) mnosiBIeHUsS THUAPOAMHAMHUYECKOTO CKayka B TOuke S3: pacuer
naetT 0oJiee paHHEE MOSIBJICHUE OTPaKEHHON OT OOKOBOM CTEHKH BOJIHBI.

OOpymieHue cT0J10a SKHUAKOCTH B KaHajle ¢ TpaneuueBHIHBIM
npensirctBueM. Jlajee B KayecTBe MIECTOW MOJEIBHOM 3aJadyd pPacCMOTPEHO
TEYEHUE B KaHaJIe MPU HAJTUYUM NPEMSITCTBUS TpanenueBuaHoi dopmbl. Kanan
MPSMOYTOJIBHOTO ceYeHUs: umen JuHy 8.9M, mupuny 0.3 M u BeicoTy 0.34 M.
[Teperopojka, pa3aenstoias pe3epByap ¢ Bojoi riryounoi 0.25M oT cyxoit JeBoi
4acTU KaHaJla, pacrloioKeHa Ha paccTosiHUM 4.65M oT BXoJ1a B kaHai (puc.40).
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Puc. 40. I'eomerpus BTopol 3axaun. Bee pazmepsl B cM.

B MomeHT BpeMeHu neperopojka youpaercsi MrHOBEHHO U BOJIa U3-3a CHJIBI
TSOKECTU YCTPEMIISIETCS B MYCTYIO CYyXYIO 4acTh KaHana. Jloxons 0 MpensiTCTBuUA,
4acTh BOJABI OTPA)KaeTcs OT HEro W, o0paszys XapaKTEepPHBIM KPIOYOK, JBUTACTCS
BBEPX M0 MOTOKY, TOTJa KaK Apyras 4acTh BOJBI IPOXOJUT YEPE3 MPENATCTBUE U
UJET BHU3 10 KaHamy. Takum o0pa3oM, HMEET MECTO CMEIIAHHBIN THIT TEUEHUS.

CpaBHEHHE pPACCUMTAHHBIX U JKCIIEPUMEHTAIbHBIX JaHHbIX Kocaman S.
npoduielt cBOOOTHON MOBEPXHOCTH B Pa3HbIE MOMEHTHI BPEMEHU MPHUBEICHO Ha
puc. 41.

1£37 0.25 7
0.25 t=1.9¢ kg -ogens t=3.3c

v IKCMEDHMEHT
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t=2.8¢c t=3.68¢
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Puc. 41. Tlonoxenue cB0OOIHON TOBEPXHOCTH BOJIBI.

[Tonoxxenune cBOOOHOM MOBEPXHOCTH IIPH YHUCIACHHOM MOJICIIMPOBAHUH IS
MOMEHTOB BpeMeHHM t= 1.9¢ u t= 2.8¢ OJIM3KO K 3KCIIEpUMEHTAIBHBIM JJaHHBIM. B
MOMEHT BpeMeHH okoyio t = 3.3c oOpa3yercs oOpaTHas BOJHA W PE3yJbTaThl
YUCJIEHHOTO MOJCIHUPOBAHUSI HOpH X<1.5M MPEeBOCXOASAT COOTBETCTBYIOIIUE
JKCIIEpUMEHTaJbHbIE  AaHHble. M3-3a  mpensarctBus  popma  cBOOOAHOMU
MOBEPXHOCTU MEHSIETCS PE3KO, TOrJa Kak B HKCIEPUMEHTE OHA MEHseTcs Oolee
TI1asiko, 6e3 00pa3oBaHMs MHKA.

h, M

|

TP
: 0

h, r

<

B

0

30



MopaennpoBaHie TeYeHHs] HA pPeaJibHON MeCTHOCTH. i wurocTpauu
CrocOOOB  MPUMEHEHHUS YHCIEHHOTO MOJEIMPOBAHUS  KPYyMHOMACIITaOHBIX
TUAPOAMHAMUYECKUX  pPAacuyE€TOB  PAcCMOTPUM  3a/adyy  pacyera Impolecca
HABOJIHCHUS MECTHOCTeM BOJM3M IUIOTHH AHAWKaHckoro u Ilamanckoro
Bojoxpanunuill Bosm3u r. Omi, Keipreizctan (cMm. puc. 42). IIpu 3ToM HE00X01UMO
0Cc000 MOJYEPKHYTh, YTO 3/I€Ch HE MOJCIUPYETCS CUTyallUsl peaIbHOrO MPOphIBa
naMObl W HABOJIHEHHMS HIDKENEXKAaluX MECTHOCTEHW, a JIEeMOHCTPHUpPYETCs
OPUHIMIHAIbHAS BO3MOKHOCTh TMPUMEHEHHS ONUCHIBAEMON TEXHOJIOTHMH TMpHU
HaJIMYUU HEOOXOJIUMBIX TOMOrpapuUecKuX JaHHbIX. B pacuerax MCMoIb30BaIuCh
Tonorpauieckue JTAHHBIC Digital Terrain Elevation Data
http://data.geocomm.com/catalog/KG/group121.html, xkoTopbie B mocienyromemM
KOHBEepTUpOBaIMCh B (haiinm ¢ pacmmpenueM stl. Jlamee, co3manHas yTUIHTON
blockMesh rekcasapanbHas (oHOBas ceTka MNpU  TOMOIIM  yTHIUTHI
snappyHexMesh  makera OpenFOAM  mnpeoOpa3yercs B  TPEXMEPHYIO
MOBEPXHOCTh, KOTOpasi UCMOJIb3YETCs I MOJICIMPOBAHUS IPOLIECCa HABOJHEHUS
(puc. 43).

BOJOXpPaHWUJINII.

Puc.43. TpexmepHast TOBEPXHOCTh MECTHOCTEH AHIMKaHCKOTO (CJIeBa) U
[Tammanckoro (crpaBa) XpaHUJIUIII.

JUis  AHOMKAHCKOTO BOAOXPAHWJIMINA PACUETHOE IIOJIE HMMENIO pa3Mephl
6000x4000x1500 M, puszndeckoe BpeMs MojeiaupoBaHus s ceTku 120x120x80
COCTaBJISIO OKOJIO AeBATH 4acoB. Ha puc. 44, 45 noka3aHbl pa3jiMyHble CTENEHU
HABOJIHCHUSI B MECTHOCTSX C PEAIBHOU TOIOJIOrMen. KpacHbIi [IBET COOTBETCTBYET
YUCTOMY BOJHOMY TIOTOKY, @ CHHUI — BO3AYIIHOMY TMOTOKY (B CHHHX 00JIACTSX
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OTCYTCTBYET BOJAHBIN MOTOK). M3 puc. 44 BuaHO, 4TO mepenHuil GpoHT MOTOKA
BoAbl 3a 240 Cc MOXOOUT A0 HWXKHEH TIpaHULbl pacyeTHOW 0O0JACTH, MPOXOJs
paccrosiure  okojio 6000 M, mMOKphIBaE€T  OOJBIIYI0O  YacTh  IUIONIAJH,

PACIIOJIOKEHHON HUIKE 110 TEUEHUIO PEKU.
1=20c¢ t=80¢ t=120c

Puc. 44. Kaptuna TeueHnus ajisi AHAMKAHCKOTO BOAOXPAHUIUIIA.

Pacuetnoe mnone pana [lamanckoro BOAOXpaHWIMINA HWMEET pa3Mephl
5000%x5000%1300 M (cMm. puc. 45).

O6miee pacuetHoe BpeMs B ciydae ceTku S50%x60%30 cocTaBisieT OKoOJIo 5
gacoB. Kak BugHOo u3 puc. 45, mocie MoMeHTa BpemeHu ¢~ 200 ¢ oOpa3syercs
oOpatHoe TeueHue (puc. 45, 1, €) U mociae MOMEHTa BpeMeHu ¢t =260 c oHO
paszjensiercss Ha JIB€ YacTH — OJIHY B 30HE OOpAaTHBIX TOKOB, Jpyras
NPOJOJIKAET TEUCHUE B HM)KHEH yacTu pyciia peku. PacueTsl moKa3bIBatOT, 4TO
npuMepHo okoJio 60 % OT Bcero nepBoHAYAIBLHOTO 00BEMa BOJIBI OCTAETCS B 30HE
00OpaTHBIX TOKOB.

B Hacrosmen 3agaue HE YYMTHIBAETCS B3aMMOJCHCTBHE MOTOKA BOIBI C
PaCTUTENIBHOCTBIO pycia PEKU M PA3IUYHBIMU CTPOEHUSIMHU, KOTOPBIE 3aMETHO
M3MEHSIOT OOIIYI0 KApTUHY TCUCHHUS, TPUBOS K YBEITMUYCHHUIO 30HBI 3aTOTLICHUS.
HeobOxonumo 0co00 OTMETUTH, YTO H3-3a OTPAHUYEHHOCTH BBIYUCIUTEIBHBIX
BO3MOXKHOCTEM  KOMIIBIOTEpA, pa3Mep pacueTHOM CeTKU OblT  BBIOpaH
OTHOCUTENBHO O0JbiuM. [loaTOMY, MpUBEACHHBIE PE3YyJIbTATHl pacyeTa CIeAyeT
NpPU3HATH KaK OIEHOYHBIE, KOTOPhIE TPEeOYIOT BepudUKaluu Ha Oojiee MEIKOU

CCTKC.
a) 9) ) 1) €)

t=10¢ t=50c¢ t=130¢ t=200¢ t=260¢
Puc. 45. Kaptuna teuenns mia [lanaHckoro BogoXpaHWINIIA.
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3AK/IIOYEHUE

OcHOBHBIEC pe3yJIbTaThl M BBIBOJbBI JUCCEPTAIMOHHONW PabOThl COCTOAT B
CIEIYIOIINX MOMEHTAX:

1. TIIpoBeneno CHUCTEMATHYECKOE TECTUPOBAHUE HCTIOJIb30BAHHBIX
MOJAU(PUIIMPOBAHHBIX  BBIYHCIUTEIBHBIX METOJOB Ha Pa3HOOOpPAa3HBIX 3ajadyax
KJIACCUYECKON 0a3bl BBIYUCIUTENIBHOW THUIPOJUHAMUKH, OPUEHTUPOBAHHOE Ha
OLICHKY BJUSIHUSA CXEMHBIX (DaKTOPOB HA YHUCIIEHHOE pElICHUE 3a/iay, TOUHOCTHU
NOJIy4Ya€MbIX  pE3yJIbTaTOB HAa  OCHOBE  HCCIENOBAHUS  IPUEMIIEMOCTH
JBYXIApaMETPUIECKUX MOJIETU TYpOYJIEHTHOCTH, MCIOIb3YEeMON B COYETAHUH C
MPUCTECHOYHBIMH (PYHKITUSMHU.

2. Pazpaborana wmeToIMKa TOCTPOCHHSI TPEXMEPHOW HECTPYKTHPOBAHHOM
pacueTHOM CETKU C TOYHOCTHIO HEOOXOIMMOM ISl IIMPOKOro Kpyra 3aaad Jjis
MOJEIUPOBAHUS MTPOIECCOB 3aTOTICHUSI TEPPUTOPUIA CO CII0KHBIM pesibehoMm.

3. Pa3paboTke MaTeMaTHUYE€CKUX  MOJEISIX Ha  OCHOBE  YHCIECHHOTO
MHTETPUPOBAHUS MOJIHBIX TPEXMEPHBIX ypaBHEeHH HaBbe-CToKkca, MO3BOJISIIOIINX
aJIcKBaTHO OIKCHIBATh HECTAIIMOHAPHYIO AMHAMUKY BOJBI Ha CIIOKHOM pelibede
JIHE peyHoro pycna. KommbroTepHOE MOIEIMPOBAHUE JAE€T BO3MOXHOCTH B
peaibHOM BPEMEHH ONPEEsITh TEPPUTOPUIO U BpEMs 3aTOIICHHUS], TTyOUHY BOJIbI
Ha BCEH MECTHOCTH, IOJE CKOPOCTEd M THUAPOJUHAMHYECKHM yIap OT BOJIHBI
3aTOIICHHS.

4. PazpaboraHo yHHBepcalbHas TEXHOJIOTHS, KOTOpas MOXET OBbITh
UCIIOJIb30BaHa JUIsl pacyeTa JUHAMHUKH MOBEPXHOCTHBIX BOJ Ha MPOU3BOJBHOMU
TeppUTOpUU. MoaenupoBaHue NPOBOAUTCA HA 3aJaHHOM MECTHOCTH C Y4YE€TOM
peanpHOro penbeda. IlokazaHo, dYro o0coOeHHOCTH penbeda  SABISIOTCS
onpenensomuM (paktopoMm. Pacuersl JTEeMOHCTPUPYIOT HAJIMYME CYIIECTBEHHOU
HEJIMHEWHOW CBSI3U MEXKAY TMHAMUKOW BOJIBI U XapaKTEepOM pelibeda.

5. IlpoBeneHO  METOOWYECKHE  pPacyeTbl  IMYTEM  IOCIEIOBATEIBHOIO
M3MEIIbUCHUSI PACUETHOW CETKA TIPU OTCJIEKMBAHUM BO3QYIIHBIX Kallellb
MOKa3bIBAIOT, YTO MPU YPE3MEPHOM U3MEIBUYCHUU YXYJIIAETCS CXOAUMOCTD
YUCJIEHHOT'O PEIICHUs, U Oo0Iee BpeMsi pacueTra HEONpaBIaHHO YBEJIUYMBACTCS;
BHE 3aBUCHMOCTH OT ClOCO0a TIONYYEHHS] MEJIKOM CETKH, MOJIy4aroTCs
HEeMNpaBoMnoJ00HbIE 3HAYEHUsI CKOPOCTH BO3/1yXa BOJIU3U CBOOOHOM rpaHUIIbI.

6. Ilpu mMonmenupoBaHUM TYpOYJEHTHOTO TEUEHHUS B KaHaje MPSIMOYTOIBHOTO
CEUYEHHUs C HAKJIOHHBIM YCTYIOM MOKa3aHO BO3MOXHOCTb MOSIBIICHHUSI BTOPUYHOMN
30HBI PEUUPKYJSILIAA OKOJIO BEPXHEN CTEHKH, pa3Mep KOTOPOM 3aBUCUT OT YMCIa
PeitHonbACa, paCCUMTAHHOIO IO BBICOTY YCTyna. UMCIEHHOE 3HAYEHUE JUIUHBI
MPUCOCMHEHHS [T YIIoB HakioHa oT 30° M BBIIIE XOPOIIO COITIACYETCS C
ONBITHBIMHM JTaHHBIMH, OJHAKO, IMPU MAajbIX yIJIaX MMEET MECTO pa3jinuue. ITO
BEPOSATHO CBSI3aHO C TEM, YTO NPU YMEHBIICHWM YIJa HAKJIOHA YHUCIO
HEOPTOTOHAJIBHBIX PACUYETHBIX SYEEK PE3KO BO3PACTAET, U OH BCE PACIOJIOKECHBI
OKOJIO yCTyTa.

7. HW3ydyeHa  4YyBCTBUTEIBHOCTb  YHCIECHHBIX  PE3YyJbTAaTOB K  JJIMHE
TypOyJIEHTHOIO NMepeMEIINBaHUsI, BXOIHBIM IPaHUYHBIM yclioBUsM. [TokazaHo, 4To
NPaBUJILHBIN BHIOOP 3HAUEHUS JIIMHBI len OCHOBAHHOW Ha XapaKTePHOM BBICOTE
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YCTYIIa UMEET peliarolee 3Ha4YeHue JJIsl MOJAEIMPOBaHUs TypOYyJIEHTHOTO OTOKA.
bbut0 ycTaHOBIEHO, YTO CYIIECTBYET HEKOTOPOE MOPOTOBOE 3HAUEHHUE len, BbIIIE
KOTOPOTO JajbHeillee yBeIuueHe len He BIUsSeT Ha YUCIECHHBIE Pe3YJIbTaThI.
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Kypo6anaaueB Aoankepum blpbicoaeBuuTun 01.02.05 - CylOKTYKTYH, ra3ibIH
’KaHA MJIA3MaHbIH MEXaHMKACHI AAUCTUTH 00IHYA (PU3UKA-MATEMATHKA
WIMMAEPUHHUH JOKTOPY OKYMYIITYYJIYK JapaskacbiHa 33 00/1yy YuyH « Auku
’KaHa THIMIKBI OUP xkaHa kN (a3anyy TypOyJEeHTTHK arbIMAapaAbl
KOHTPOJAYK KOJIOM/I6P BIKMACHIHBIH KAPAAMbIH/Ia MATEMATUHKAJIBIK
MOJAEJICIUTHPYY» ATTYYy TeMaJarbl JAUCCePTANMAIBIK MIIMHUH
PE3IOMECH
O30KTYY cO3106p: TYpOYJEHTYYJYK, arbIMIbIH aXbIpallbl >kKaHa OWPUTHUILH,
PELUPKYJIALMUIBIK  30HAjap, Y4 ©TYOeMIYYJIYK, 3Ku (azanyyiyk, spkue Oer,

CYIOKTYKTYH KOJIOMY BIKMACHhI, cyy 0Oacyy, »kepaun tonorpadusce, OpenFOAM.
N3uaneenyH 00beKTHCH: YU 0T96MIYY TYPOYJICHTTYY PEIUPKYIISIIHS 30HATAPHI
Oap WYKM KaHa 2Ku (azallyy cTallMOHApABIK dMec 0ot 6eTu 6ap arbiMaap.
Makcathbl kaHa MaceJesnepu: MUku jxaHa THIIKBI OMp *aHa 3Ku (Qazyinyy Oupu
OupruHe CcUHOEUyYy, aublKk KOPYHI'6H Y€K apa MEHEH OeJyHYIl TypraH »3KH
CYIOKTYKTYH arbIMJIapblH ajlJblH aja aiiTa aja TypraH HaTbliKaldyy yCyJdy *aHa
MOZENIN TYy3YYy. Bynm makcarka >KeTyy YYYH TOMOHJIOry Macelejep Kapabl:
XKapbIM OMIIMPUKAIBIK MOJACIIAEPAN TMaijagaHyy MEHEH TypOyJIeHTTYYJIYK
areIMJAapJbl  CHCTEMAaTHUKAJIBIK  JCENTOOJIOPAY JKYPry3Yy JKaHa  anaplblH
KbIMBIHTBITBIH ERCOFTAC kiaccukanbik 0a3agarsl ap KaHjaal UIEHUMIYY KaHa
MaajabIMATTyy AKCIEPUMEHTANABIK OEpUIreHIep MEHEH CaJbIITBIPYY; TaTaal
TOMOJIOTUSATA 33 OOJIOH JKepJAUH OETHUH 3CKE allyy MEHEH 3CENTee CETKAChIH
JasipJI00 YCYIIYH TY3YY JKaHa YbIHBITHI XKEPJETH Cyy 0acyyHy KyOyJIyIIyH 3CEnTee.
DcenToo ycyayaTbl: Muku sxaHa THIIKEI OUp jkaHa 9ku (azanyy Oomr 6etu 0ap
TypOyJIEHTTYy  arbiMjiapra  apHairad  PeiHONBACTYH  BIKMAachl  MEHEH
opronomrtypysiran HaBbe—CTOKCTYH Y4 e©m4eMAYyy CTalMOHAPJbIK KaHa
CTAlMOHAPJBIK SMEC TEHAEMEEPUH CaHABIK HHTETPAI00.

AJIBIHTaH KbIABIHTBHIKTAP KAHA AJApPAbIH KAHBLIBITBL. KOHTpOJIyK
KOJIOMIOp  BIKMAachbl ~ MEHEH  KbICBUIOOOYY — WJICHIUMIYY  CYIOKTYKTYH
JUHAMHUKACBIHBIH Y4 OIYOMJlYY a@XbIpOoOdy MYKM MAaceJeNepUH CaHJbIK
MOJENACIITUPYY YCYIYSTBIH TY3YYJAY; KOHTPOJAYK KOJIOMIEepP BIKMAachbl MEHEH
KBICBUIOOOYY WJICIIMMIYY CYIOKTYKTYH JMHAMHUKAChIHBIH Oom Oetu Oap yu
OJIU6M/YY CBI3BIKTYY 5MEC MACEJIEJEpUH CaHIbIK MOIEHACIITUPYY YCYIYSThI
TY3YJIly; Taraajl TOIMOJOTUsAra 33 OOJTOH KEpIWH OCTHH 3CKEe allyy MEHEH Y4
OJIU6MIYY  OCENTee  CETKachlH  JaspAo0  yCyldy  Ty3yJay.  AJbIHraH
KBIMBIHTBIKTAPABl  KOJJOHYY MEHEH OupuHum okoimy: Ol miaapeIiHBIH
alllaHachIHIATBl aliMakTapelH Ccyy Oacyy KyOymymry scenTenuHan. JKaHTBIK
TEru3uK OOOHYA KEHEHYY4dy KaHaJJIbIH >KOTOPKY Y€K apachkiHaa PeiHoIbACTYH
YKOTOPKY CaHJIapbIHJIa PEIIUPKYIIAINS 30HACKIHBIH Maiiga 00JI0py KOpCOTYIAY.
Kougonyy o0Omaacrel: JKbIMBIHTBIKTApD CYIOKTYKTYH JKaHa Ta3/JblH HMYKH JKaHa
THIIIKBl ~ arbIMIApblH  CAaHJBIK MOJEIACIITUPYYA®; KypyJylirapra OOJroH
a’pOJMHAMUKANBIK  OachIMABl  3dcenTeene; kem  ¢azanyy  dedperaepayH
JUHAMUKACBIH CaHJIbIK MOJAENJCIITUPYYAO; TYPAYY TEXHOTCHAMK KaHa TaOUTui
KyOyJylITapAsl ajjbplH ajla alTyy aHa anapJblH 3bITHBIH 0aalioo; MaaHWIYY
yap0a KypyJylITapblH, HHKEHEPAUK-TEXHUKAJIBIK JKaHa 3J1 yKallaraH MyHKTTapibl

cyy 0acyy KapTachlH TY3YY/A6.
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PE3IOME
auccepranuu  KypOananmeBa AOauxkepuma blpbicOaeBHYa Ha Temy:
«MaremaTuyeckoe MoOJeJIMPOBAHME BHYTPEHHUMX M BHEIIHUX OJdHO- H
ABYX(a3HbIX TYpPOYJEHTHBIX Te4YeHHd Ha OCHOBE METOJa KOHTPOJbHBIX
00beMOB» HA COMCKAHHUE YYEHOH CTeNeHU JOKTOPa (PU3HKO-MATEeMATHYECKUX
Hayk 1no cnenuagabHocTu 01.02.05 - MmexaHuka KHIKOCTH, I'a3a M IJIa3Mbl.
Kiaiw4deBble cioBa: TypOyJE€HTHOCTb, OTPBIB TIOTOKA W MPUCOETUHEHHE,
PELUUPKYJISAIIMOHHBIE 30HBI, TPEXMEPHOCTh, HECTAIMOHAPHOCTH, ABYX(a3HOCTH,
CBOOOJIHASI TIOBEPXHOCTh, METOJ OO0BEMa >KUIKOCTH, HABOJHEHHWE, Tomorpadus
mectHocTH, OpenFOAM.
O0bexkT wuccaenoBanusi: I[IpocTpaHcTBeHHbIE TYpOYJEHTHbIE BHYTpPEHHUE
TEUEHHUSI C 30HAMHU PEIUPKYISAIMUA W BHEIIHHE JBYX(a3Hble HECTallMOHApHbBIC
TE€YEHHUS CO CBOOOHOM TpaHHIICH.
Hear wum 3amaum  wucciaenoBanusi: Iloctpoenune wmoxenu u  dddekTUBHON
METOJI0JIOTHUH, CIIOCOOHOM, MpeacKa3aTh BHYTPEHHHWE W BHEIIHHUE OJHO — U
IBYX(a3HBIX TEUCHU JIBYX HECMEIIMUBAIOIINECS KUIKOCTEH, pa3IeICHHBIX MEXKIY
co00l 4YeTKO BBIJICICHHOW MeXda3HoM rpanurei. J[Ji1 1oCcTHKEeHHs TOCTaBISHHON
LEIU pEelIajJuch CIEAYIOUME 3aJayd: MPOBEACHUE CUCTEMATHUYECKUX pPacueToOB
TypOYJEHTHBIX T€UEHHUM C MOMOIIbIO MOJYIMIMPUUECKUX MOJIeTIed U CpaBHEHUE
WX PEe3yJIbTATOB C PA3IMYHBIMHU JOCTATOYHO HAJACKHBIMA W WH()OPMATUBHBIMU
AKCTIICPUMEHTAIbHBIMA JTaHHBIMH  Kjlaccuueckoil 6a3bl  gaHHBIX ERCOFTAC;
ONMCAHUE METOAUKH MOJTOTOBKH PACUETHON CETKU C YYETOM CIIOKHOW TOMOJIOTUH
pEaIbHOM MECTHOCTH U PacUeT MPOLIECCa HABOJHECHUS HA pEAIbHOM MECTHOCTH;
MeToauka WHCCJIEJOBAHUS: YUCICHHOEC HWHTETPUPOBAHUE CTAUOHAPHBIX U
HECTAIIMOHAPHBIX OCPEAHECHHBIX PeuHONbACY TpEXMEpHBIX ypaBHeHUN Habe-
CTokca, ONUCHIBABIIMX BHYTPEHHHE M BHEIIHWE OJHO— H JABYX(a3HBIX
TypOyJICHTHBIX TEUYCHHA C CBOOOIHBIMH TPAHUIAMHA METOJOM KOHTPOJIBHBIX
00BEMOB.
IlonyueHHble pe3yjbTaThbl U UX HOBHM3HA: pa3paboTaHa METOJUKA YUCIECHHOTO
MOJEIUPOBAHUSI BHYTPEHHHUX TPEXMEPHBIX OTPBIBHBIX 3a7a4 JUHAMUKH BSI3KOU
HEC)KMMAEMOM  JKUJIKOCTH METOJIOM KOHTPOJBHBIX OOBEMOB; pa3paboTaHa
METOAMKA YHCICHHOTO MOJEIMPOBAaHUA TPEXMEPHBIX HEIMHEHWHBIX 3a/Jad
JUHAMUKH BSA3KOM HEC)KMMAEMOM KUIKOCTH CO CBOOOJIHBIMU IPAHUIIAMHU METOI0M
KOHTPOJIbHBIX O00BEMOB; pa3pa0oTaHa METOJMKA TIOJATOTOBKU TPEXMEPHOU
pPacCUETHOM CETKU C YyYETOM CJIO0KHOM TOIOJIOTMM PEAJbHOM MECTHOCTH; MYTEM
WCIIOJIb30BaHUA TOJYYEHHBIX PE3YJbTAaTOB BIEPBBIC: MPOBEACH pacyeT Impolecca
HAaBOJAHEHUS Ha MECTHOCTH BOnM3u T. Owm; mokazaHo oOpa3oBaHHE BTOPUYHOM
PEIUPKYJISIIIAOHHONW 30HBI OKOJIO BEpXHEH CTEHKM TMpPU OOJBIINX YHUCIaX
PeitHonbpCa B KaHAJIE B HAKJIIOHHBIM YCTYIIOM.
O0JsacTh NpUMEHeHMs:  pe3yJbTaThl  JUCCEPTALIMOHHOW  MOTYT  OBITh
WCIIOJIb30BAHBl JUIS YHUCICHHOTO MOJICJIMPOBAHUS BHYTPEHHUX W BHEIIHHUX
TEUEHUM JKUAKOCTH U Tra3za; BBIYUCICHUS a’3pOAMHAMUYECKUX HArpy30K Ha
COOPY>KEHHUS, YHUCICHHOTO MOJICTUPOBAHMS JUHAMUKA MHOTO(Aa3HbIX Cpe;
MPOTHO3UPOBAHUS PA3IMYHBIX TEXHOTEHHBIX U MPUPOJHBIX SBICHUN U OLIEHKHU
ymiepba OT 9THUX SBJIICHHWM; COCTABIICHHUS KAapT 3aTOIUICHHUS Ba)KHBIX HAPOJHO-
XO3SIUCTBEHHBIX ~ OOBEKTOB, HMH)KEHEPHO-TEXHUYECKUX  KOMMYHHUKAIMA U
HACEJIEHHBIX ITyHKTOB.
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SUMMARY
of the doctoral dissertation of Kurbanaliev Abdikerim Yrysbaevich on the
theme «Mathematical modeling of internal and external single-and two-phase
turbulent flows on the base control volumes method»
for the degree of the doctor of physical and mathematical sciences,
specialty 01.02.05 - Mechanics of liquid, gas and plasma.

Keywords: turbulence, flow separation and reattachment, the recirculation
zone, three-dimensionality, unsteady, two-phase, free-surface, volume of liquid
method, flooding, terrain topography, OpenFOAM.

The object of the research: three-dimensional turbulent internal flow with
recirculation zones and external two phase free surface.

The purpose and objectives of the dissertation: To construct the model
and effective methodology that can be able to predict the internal and the external
one - and two-phase flow of two immiscible fluids, separated by the well defined
interfacial boundary. For achieving of this purpose the following tasks were
solved: the systematic calculations of the turbulent flows by the using of semi-
empirical models and comparison of their results with the various sufficiently
robust and informative experimental data of the ERCOFTAC classical database;
description of the methodology for the preparation of the numerical grid, with the
taking into account of the complex topology of the real terrain and the numerical
modeling of flood on the real areas;

The method of the research: numerical integration of the steady and
unsteady Reynolds averaged three dimensional Navier—Stokes equations
describing the internal and external one— and two phase turbulent free surface
flows control volume method.

Results and novelty: the technique of the numerical simulation of the
internal three-dimensional separation problems of the incompressible viscous fluid
dynamics using control volume method; the technique of three-dimensional
numerical simulation of nonlinear problems of viscous incompressible fluid with
free boundaries using control volume method; a method of preparation of the
three-dimensional computational grid with the complex topology of the real
terrain; by using of the obtained results the modeling of the flooding in the real
terrain near Osh town were carried out first time. The formation of the secondary
separation zone near the top wall were reported first time.

Scope: results of the thesis can be used for the numerical simulation of the
internal and external flows; for the calculation of the aerodynamic loads on the
structures; for the numerical simulations of the dynamics of multiphase medium;
for the forecasting of the various man-made and natural phenomena and assess the
damage from these events; for mapping of flood of important national economic
constructions, technical engineering networks and communities.
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