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AnHoTanms. B paboTe mpencraBiieH aBTOPCKHI OIBIT HCIOJIB30BAaHUS TEXHOJIOTHYECKOH
miatdopmer UniHUB mpn umcineHHOM MOJEIMPOBAHMM M HPOBEICHUH PAcUCTOB TEUESHHH
HETIPEephIBHO CTPATH(HUIMPOBAHHON KHUAKOCTH C NPUMEHEHHEM CBOOOIHBIX MPUKIAIHBIX
BeMHUCIUTENBHBIX TakeToB OpenFOAM, Salome u ParaView. Brumanwe ynensiercs
BOINPOCAaM MOCTPOEHHs BBICOKOPA3PEIIAIONINX PACUETHBIX CETOK, MOCTAHOBKH CIIOXHBIX
TPAaHUYHBIX C TIOMOIUBIO BCTPOEHHBIX M paculIMpeHHBIX yTwiauT nakera OpenFOAM,
pa3paboTKi COOCTBEHHBIX pemaTesieid, 0OpabOTKH W BU3YalH3allid PACUYCTHBIX TaHHBIX, a
Taroke TPOBEJCHHS PACUCTOB B NApaUICIbBHOM PEXXMUME Ha BEIYHCIUTENEHOM Kiactepe MCI]
PAH. J[leMOHCTpUpYIOTCS HEKOTOpHIE pe3yJIbTaThl UHCICHHBIX pacdeToB — KapTHHBI
CTPaTU(UIMPOBAHHEIX TEUCHUH OKOJO HENPOHMIAEMBIX HAKIOHHOW ¥ TOPH30HTAJILHON
IUIACTUH, CHMMETPHYHOIO KIIMHA, TOPU30HTAIBLHOTO JWCKa M KPYroBOTO LWJIMHIPA.
[lpuBoxmsATCS CpaBHEHMS JAHHBIX aHAJUTHYECKOrO, YHCICHHOTO M J1abopaTOpHOro
MOZICIUPOBAHUS  CTPATU(UIMPOBAHHBIX TEYEHHWH OKOJO PA3NUYHBIX  IPEHATCTBHIA,
OTOBapHUBAIOTCS YCIIOBUSI COTJIACUSI M PACXOXKIEHUS PE3YNbTaTOB, 00CYKIAIOTCA MPOOIEMBI
NIepeHoca JAHHBIX MOIEIHPOBAHNS HA IPUPOJHBIE CUCTEMBL.

KiioueBble ¢JIOBa: YHCICHHOE MOJCIIMPOBAHUE; OTKPBITHIC BBIYHUCIUTEIIBHBIC IIAKCTHI,
CTpaTI/I(i)I/II_II/IpOBaHHLIe TCUCHUS; TOHKasA CTPYKTypa; BHYTPCHHHUC BOJIHBI; TCHEBas
BU3yaln3anus

1. BBegeHune

JanHasg paboTa TIOCBSIEHA OAHOMY U3 HauOoJee AaKTHBHO pa3BUBAEMBIX
HaIPaBJICHUN — IOCTPOCHHUIO M YHUCIIEHHOM pealu3allMyd aJeKBaTHBIX MOJENeH
NPUPOHBIX MPOIECCOB, MPOTEKAMNIUMX B arMmocdepe, rumpocdepe, reocdepe
3emau, W, B YAaCTHOCTH, MWCCIICJIOBAaHHIO BOJH U BHXpeH — OJHOMY W3
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TPaIUIMOHHBIX DPAa3/IeNOB KIACCHYECKOM MEXaHUKU >KUIAKOCTH, COXPAaHSIOMIEMY
CBOIO AKTYaJIbHOCTb HAa NPOTAKCHUU MMOCICIHUX CTOJICTHH.

HNHurepec kK TemMe NONNEPKUBAETCS JIOTMKOW pa3BUTHS HAay4HbBIX HMCCIENOBAHUN —
BOJIHOBasg TE€MaTHKa CIYKUT OJAHUM H3 CTUMYJIOB pPa3BUTHA q)yH[laMeHTaﬂbHOﬁ u
npumauﬂoﬁ MaTe€MaTuKu H OGLeKTOM HWHTCHCUBHBIM  3KCIICPUMEHTAJIbHBIX
uccienoBanuii. CTuUMynMpylOIUMH  (aKTOpaMH SIBISIFOTCS W IPaKTUYECKUe
MOTPEOHOCTH — pa3pylICHUs ¥ KaTtacTpo(pbl BOJNHOBOH NPUPOABI (IyHAMH,
HABOJHCHHS, BOJHBI 3KCTPEMAalbHON BBICOTBI) HAHOCAT HamOOJee OIIYTHMBII
SKOHOMHUYECKUH ymiepd ©  CONPOBOXKIAIOTCS  UYCIOBCUCCKUMH  JKEPTBaMHU.
[IpucranpHOE BHUMAaHHWE HA CETONHAIIHUA IEHb TaKKe YICISETCS PEIICHHIO
SKOJIOTHYECKAX  Tpo0dieM —  pa3BUTHIO TEXHOJNOTHH  MOHHUTOPHHTA |
MPOTHO3UPOBAHHUSA  COCTOSHHSI  OKpYXKAalOMIed Cpemsl, TMpeNoTBpalleHus |
JUKBUAAINN ee 3arps3HeHus. He TtepsieTr cBoel aKTyalbHOCTH M TpobiieMa
YIPaBICHUS] a’POAMHAMUYECKUM KAueCTBOM KPBUIOBBIX NPOGUICH HIM HHBIX
aIPOTMHAMUYECKHX KOMIIOHOBOK BBHJY BCEBO3PACTAIONIEH HEOOXOOMMOCTH
9KOHOMHUYHOT'O PacX00BaHUs SHEPTOPECYPCOB.

3aMeTHBIN TPOTpecc B PEUICHWH MEPEYHCICHHBIX MPOOJIeM B MOCIECTHHE TOIBI
00yCTIOBTICH pAa3BUTHEM KOMITBIOTEPHBIX TEXHOJIOTHH, KOTOPBIE II03BOJIMIN
peanu3oBath 00Jiee TOYHBIE METOIbI TIOCTPOCHUS PEIICHUI U BHICOKOPA3PEIIarONIUue
YHUCJICHHBIE MOJCIIU, B KOTOPBLIX BCEC 60.]'[])11166 BHUMAHUEC YJCIACTCA HU3YUCHUIO
BiusiHUA 3G (EeKToB HenMHeHHOcTH, crpaTudukanuu, BpaieHus, anddysuu,
TEIUIONPOBOAHOCTH, KAaK IO OTICIBHOCTH, TaK W B OOIIEH IMMOCTaHOBKE. YUeT
TOHKOCTPYKTYPHBIX 3()(}EeKTOB OOBIYHO BHOCHUT CPAaBHUTEIHFHO HEOOJBIIUC
MOTIPAaBKH B JIOKAJNbHBIE 3HAYCHHS JOWHAMHYECKHMX W  KHHEMATHYECKUX
XapaKTEePUCTHK TEUEHHH, OJHAKO B HMHTETPANBHBIX MacliTabax MOTYT [aBaTh
CyIIeCTBEHHBIE KOPPEKTUPOBKH B PE3yJbTATHl PacueTOB, IPOBEICHHBIX HA OCHOBE
6oree TpyOBIX TPHONMKESHUH.

Kak npaBuito, >KUAKOCTH U Ta3bl B IPUPOTHBIX CHCTEMaX HEOJTHOPOIHBI IO COCTABY
W KOHIICHTPAIMM PACTBOPCHHBIX BEIIECTB M B3BEIICHHBIX YaCTHUI], TEMIIEpaType,
JaBICHUIO, ¥, Kak CIEJACTBHE, IUIOTHOCTH. JIeWCTBHE MAacCOBBIX  CHII
(TpaBUTAIIMOHHBIX, IIEHTPOOEIKHBIX, DIEKTPUIECKUX) BEJAET K NEepepactpeIeICHUIO
BEIIECTB M (OPMHUPOBAHUIO CTPATU(UKAIINH — YBEIHYCHHUIO IUIOTHOCTH CPEIBl B
BBIICJICHHOM  HANpaBlicHUM.  YCTOWYMBas  cTparuuKaius  00eCreunuBacT
CYIIECTBOBAaHHUE TOHKOCTPYKTYPHBIX TECUCHHWH, WHIYLHPOBAaHHBIX Iuddysuerd Ha
HEPOBHOCTSIX penbeda [1-6, 12], BHyTpeHHUX BOJH [7, 8], BBICOKOIpaIMEHTHBIX
KBa3UCTAIMOHAPHBIX OOJIACTEH, pa3feisIIOIIUX pa3IMYHBIC BUABI BO3SMYIICHUI, B
YaCTHOCTH, BONH W BuXpeil. UM pacder, W W3MEpPeHUS BCEX MakKpo- U
MHUKPOKOMIIOHEHT TECUCHHI MPECTABISIOT CIOXKHEIC 3a]1a4H, BCE CIIe HE PEIICHHBIC
C TIPaKTHYECKH HEOOXOAMMON CTETIeHBI0 TOYHOCTH [4—6, §].

AJICKBaTHOE MaTEMaTHIECKOE MOICITHPOBAHUE TSUCHUH KUAKIX CPE/l HAKIabIBaCT
HEOOXOJAMMOCTh  HCIONB30BaHUSA  (PYHAaMEHTATBHOH  CHUCTEMBI  YpaBHEHUI
MEXaHUKHA HEOJHOPOIHBIX JKUAKOCTECH, YUIUTHIBAIOIICH BIUSHHUE CBOIMCTB CpeIbl U
TPaIEeHTOB TEPMOAMHAMHYCCKUX IIOTCHIMAJIOB Ha CTPYKTYPY H IHHAMHUKY
TE€4eHUI. AHanW3 CBOWCTB JIMHEAPU3OBAHHBIX (YHIAMEHTAIBHBIX YPABHEHUH H
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pe3yJIbTaThl MPELUU3HOHHOIO J1A00PaTOPHOTO MOJEIUPOBAHHS IIOKAa3bIBAIOT, UTO
INOJIHBIE PpCHICHUA COACPKAT KaK PEryjaapHbIC BO3MYUICHHBIC KOMIIOHCHTHI,
XapaKTEepU3yIOIIKE BOJHLI WM BHXPU, TaK W CHHIYJSPHBIC, OIHMCHIBAIOIINE
COIYTCTBYIOIIME TOHKOCTPYKTYPHBIE 3JIEMEHTHI TEUEHHUH, KOTOPBIE B IPUOIMKESHUH
OJHOPOJHOHM JKHUAKOCTH TEpSIOT HHAMBUAYaJbHbIE IPU3HAKM M CTAHOBATCA
TOXIECTBEHHBIMH, YTO OTPAaHUYMBACT BO3MOXKHOCTH pacuera TeueHui [9].

[Ipn mpoBeneHnn pacyeToB Ha OCHOBE (PyHIAaMEHTAIBHOW CHCTEMBI YPaBHEHUI
MEXaHWKH HEOJHOPOJHBIX >KMIKOCTEH MOJHBIA YYeT JUCCHIATHBHBIX (DaKTOPOB
3aTpyIHsIET pa3paboTKy M PealM3alrIo YUCICHHBIX CXEM M IPEIbsBISIET BHICOKHE
TpeOoBaHUs K OBICTPOICHCTBHIO W O0BEMY IaMATH KOMITBIOTEpA, BEIHYKIAsd
IporpaMMHCTa B psfe Ciay4aeB IpeHeOperats sddexramu MudPy3un HIH
3arpyOsIiTh MCXOAHYIO PAacyeTHYIO CETKYy, YTO YacTO IPUBOJUT K MOSBICHHIO
YUCJICHHBIX IMOTPENIHOCTEW B TeX 00JACTAX, Iie B JIAOOPATOPHBIX HAOIIOIEHUSIX
BBIPa)XEHBI TOHKOCTPYKTYpHBIE BUXpeBbIie TedeHus [6]. [Toatomy ams obecneueHus
JOCTaTOYHOH TOYHOCTH M BBICOKOTO NPOCTPAHCTBEHHOTO Pa3pEIICHUS YNUCICHHBIX
pacyeToB HEOOXOIUMO NpUOEraTh K HCIIOJIb30BAHUIO BBICOKOIPOU3BOAMTEIBHBIX
CYINICPKOMITBIOTCPHBIX CUCTEM C MMPUMEHCHUEM Ppas3IMIHbIX TEXHOJIOT UM
pacnapajutenuBanus anroputmoB. OnHO# 13 Hanbonee ynoOHbBIX, 9(Q(MEKTUBHBIX U
MEPCIEKTUBHBIX  BBIYMCIMTENBHBIX  IIAT(GOpM,  NpefHa3sHAYeHHBIX IS
MOJISTMPOBAaHMST M IIPOBEJCHUS pacyeToB 3aJad MEXaHUKW CIUIOIIHBIX Cpel,
SIBIISIETCS] BUPTyalbHast BeraucinTenbHas nadboparopust UniHUB, co3nannas na 6aze
BEIUKCIUTENRHOTO Kiaactepa MCI] PAH.

Lenpto naHHOM pabOTHI SIBISIETCS] pa3BUTHE METOANKH YUCIEHHOTO MOJEINPOBAHUS
Ha OCHOBE CHCTEMBl (hYHIAMCHTAJIbHBIX YPaBHEHHMH MEXaHUKH HEOTHOPOIHBIX
KHUJKOCTEH M BBHIMOJHEHHE pAcueTOB CTPAaTU(QHUIMPOBAHHBIX TEUCHHUH OKOJIO
MIPETATCTBUA  BBHIOpaHHOH QOpMBI B (U3WYECKH JOCTIDKAMOM  THAIra3oHe
IapaMeTpoB 33Jadd C Y4YeTOM IIEPEeHOCa BEIECTBA, KaK CTPaTH()UIMPYIOIIETo
KOMIIOHEHTa, TaK M BU3YyaJIM3UpYoLIel npuMecH. JIOCTOMHCTBO TaKOTro MOJIX0a —
BO3MOXKHOCTH IOJY4€HHs PE3yJIbTaTOB B €CTECTBEHHBIX (PU3NYECKHX IEPEMEHHBIX
663 MPUBJICUCHUA AOIMOJHUTCIBHBIX KOHCTAHT WA CBHSeﬁ, a TaKXX€ BO3MOXKHOCTb
OJTHOBPEMEHHOI'0 M3Y4€HHMsS KpYIHBIX W Haubollee TOHKHX CTPYKTYPHBIX
KOMITOHCHT B paMKax €JUHOI'0 OIMMCaHUA.

2. NocTtaHoBKa 3agauu

PaccmarpuBaeTcst cucreMa ypaBHEHUMH MEXaHUKM HECKUMAeMOW JIMHEWHO
CTpaTU(UIUPOBAHHON JKHIKOCTH, HEBO3MYIIEHHOE paclpeieieHle IUIOTHOCTH

KOTOPOH# P (Z) 3a/2eTCs IPOQHIEM CONEHOCTH S, (Z) (rnie ocy 0z nanpasnena

-1
BEpTHKAIBHO BBepX, A = (dln po/dz) — macmtab, N = 275/7; =w/g/A -
wacrota u 1, — mepuox IUIaByd4ecTH, g — YCKOpPEHHE CBOOOHOIO MajeHus),

BKJTFOYAFOIAS] YPABHEHHUS COCTOSHUS p(S (Z )) , Hepa3psiBHOCTH, HaBre-CTokca B
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npubmmxennn  byccunecka, mnd¢ysun crparudummpyomeil  KOMIIOHEHTH H
BU3YaJIU3UPYIOLIEH IPUMECHU:

p=py (exp(—z/A)+s+s,), divv=0,

@+(VV)VZ—LVP+VAV—(S+SO)g, 2.1)
ot Poo
os

V. Os
—+V-Vs=kAs+—=, —2+v-Vs, =K, As, .
ot A ot ‘
3meck S — BO3MYIICHHE COJIGHOCTH (CTPaTH(UIMPYIOMETO KOMIIOHEHTA),

BKJIOYaromee Ko3pQHUIUEHT CONEBOro CKaTHs, S, — KOHLEHTPAaLHs MacCHBHOM
TIPHUMECH, V=(Vx,Vy,VZ) — WHIYIHPOBaHHAs CKOpPOCTh, P — naBieHme 3a
BBIYCTOM TMAPOCTATHYECKOrO, V, Ky 1 Ky — KOO (PUIMEHTE KHHEMATHIECKO#

BA3KOCTH, JU(Py3UH COM M MACCUBHOM TIPMMECH, COOTBETCTBEHHO, [ — Bpems, V
u A — oneparopsl 'ammisrona u Jlamnaca.

®dusnueckn 000CHOBAaHHBLIE HAYallbHBIC YCJIOBHUSA W TpaHUYHBIC YCJIOBHA 3adavud
(HpI/IHI/IHaHI/Iﬂ JUIT CKOPOCTH U HEIPOTECKAHUSA IJIA BCH.ICCTBa) HUMCIOT BU]
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z

rae N — BHENIHSA HOpMallb K IOBEPXHOCTH IpenstcTBus X. Ha 6eckoHeuHOCTH BCe
BO3MYILCHHUS 3aTyXaroT.

Cucrema (2.1) ¢ HaYamBPHBIMH W TPAHUYHBIMH YCIOBUSMH (2.2) XapaKTepusyercs
OONBIIMM ~ YMCJIOM  COOCTBEHHBIX MacluTaboB: [UIMHBI  (m1aBydectd A,

v _
XapakTepHOro pasvepa mpemsrctBus L, ckopoctHoro Oy =+/V/N u
mddysuonnoro 83 = /K, / N mukpomacwrabos); ckopoctn (Uy =+VN

Ks — —
Uy =+XgN ) u Bpemenn f=17,. CymecrBeHHbIC Da3In4us B 3HAYCHUSX

MacITaboB JUIMHBI YKA3bIBAIOT HA CJI0XKHOCTh BHYTPEHHEH CTPYKTYPHBI AaXe TaKOTO
MEIUIEHHOTO TEYEHHUs,, KOTOpOE TIOPOXKIACTCS MAJBIMH CHJIAMH IIJIaBYy4YecCTH,
BO3HMKAIOIIUMH  BCJIEJICTBHE  HEOAHOPOIHOCTH  MOJEKYJSIPHOTO  TIOTOKa
CTpaTH(HUIMPYIONIET0 KOMIOHEHTA.

3. MeTop pewieHun

IlocTaBnennas 3aJa4ya peliacTcsa IMyTeM MNpsAMOTO YHUCJICHHOI'0 MOJACIUPOBAHUA C
HCII0JIb30BaAaHUEM CBO6OHHO pacrpocTpaHsicMoro HHCTPYMCHTapUs
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BBIYUCIUTENBHON THIpouHAMUKH OpenFOAM ¢ OTKPBITBIM HCXOIHBIM KomoM. Ha
OCHOBE CTaHJapTHOro pemiarens icoFoam, mnpenHasHa4eHHOro [Uis pacueTa
TEYCHUM BA3KOM HECIKUMAEMOM OJHOPOIHOM S>KHJIKOCTM METOJOM KOHEYHOI'O
o0bpema, ObuT pa3paboraH coOcTBeHHBIM conBep stratifiedFlow, mo3BomsroHiA
pacuuThIBaTh TEUYEHHMsS HENPEPHIBHO CTPAaTH(UIMPOBAHHBIX O KUAKOCTEH B
COOTBETCTBHH C cucteMoi nuddepennmansHbx ypaBaenuit (2.1). HoBblii pemaTens
pearn30BaH IMyTeM BBEACHUS JOTIOTHUTEIBHBIX IMEPEMEHHBIX U COOTBETCTBYIOIINX
ypaBHEHWH I WX pacdyeTa — TNEPEeMEHHOH IUIOTHOCTH, KOHIICHTPAIlUN
CTpaTH(QUIHPYIOMIET0 KOMIIOHEHTa U BU3YAIN3UPYIOIIEH MPAMECH, a TAK:Ke HOBBIX
rapamMeTpoB — 4acTOThI IUIABY4eCTH, Maciutada crparudpukanuu, KodGOuireHTos
muddy3nn, YCKOpPEeHHS CBOOOJHOTO TMAACHUS MW APYTHX BCIOMOTATEIBHBIX
rapamMeTpoB, YIPABISIONMX y4eToM (P (HEKTOB HEIMHEHHOCTH, CTpaTU(UKALUN U
muddysun. B ypaBaenne HaBbe-CTokca /1i1si BEpTUKAIBHON KOMIIOHEHTBI CKOPOCTH
BBEJ/ICH JOTOJIHUTENIHBIA YJIEeH, YYUTBHIBAIOIIMI BIMSHHUE CTpaTH(QUIMPYIOIIETo
KOMIIOHEHTa, a B ypaBHEHHE JUIsI BO3MYIUEHHUS COJEHOCTH — IONOJHHUTENIbHBIE
cilaraemele, ompeznesiioniie  (oHOBYIO  crpatudukanmio  u  guddysuro
pactBopeHHoro BemiectBa (cM. cuctemy (2.1)). C  y4eToM  BBEICHHBIX
Moau(pUKAIMA TakkKe ObUIH BHECCHBI HEOOXOAMMEBIC M3MEHEeHHs B anroputM PISO
JUTS pacueTa oIS JaBJICHUS U YIOBICTBOPEHHUS yCIOBUS HecknMaemocTr. Ha 6aze
OCHOBHBIX PACCUMTHIBAEMBIX IEPEMEHHBIX — KOMIIOHEHT CKOPOCTH, IaBIICHHS,
IUIOTHOCTH, COJICHOCTH, C WCIIONB30BaHHEM BCTpOeHHBIX yTwimT OpenFOAM
MIPOBOAMIIMCH PACUETHI IPYTUX HE MEHEe BXKHBIX (PU3NYECKUX BEIMYHH — MOJTHOM
IUIOTHOCTH, (QYHKOWM  TOKa, [JWHAMHYECKOW  3aBUXPEHHOCTH, CKOPOCTH
0apOKIMHHOM  TreHepaluM  3aBUXPEHHOCTH, KOMIIOHEHT TEH30pa  BSI3KHX
HaNpsDKeHUH, CKOPOCTH JAMCCHUIMALMM MEXAHWYECKOM OSHEepruM, pachpeneeHus
Pa3IMYHBIX AMHAMUYECKUX XapaKTePHCTHK, BO3JCHCTBYIOIUX Ha IPETSTCTBHUE.
IlocTpoeHne pacyeTHBIX CETOK OCYIIECTBISUIOCh KaK Ha OCHOBE CTaHJapTHBIX
yruut blockMesh, snappyHexMesh, Tak u ¢ HCHoJib30BaHHEM HE3aBHCUMOTO
ceroyHoro reneparopa Salome. [lpouenypa NOCTPOEHHSI CTPYKTYPUPOBAHHBIX
pacUeTHBIX CETOK ¢ moMoImipl yTumuTel blockMesh Obima aBTOMaTM3MpoBaHa
Onaronapsi IPUMEHEHHIO MakpoInpoleccopa m4, KOTOPBIA MO3BOJIMI JOCTATOYHO
ObICTPO TIEepecTpaMBaTh CETKY HpPHM H3MEHEHHH TI'E€OMETPHYECKHX IapaMeTpoB
pacdeTHOl 00JacTH W MPENSTCTBUS — IUIACTHHBL, IUCKA, KIUHA 00 mmuHapa. C
LeNbI0  aNleKBaTHOTO pa3perieHus Iu(Qy3nOHHBIX MHKPOMAcIITaboB BOIH3H
HENPOHHUIIAEMBIX TPAHUI[ MPEMATCTBHA W o00jacteldl, B KOTOPBIX BBIPAKECHBI
TOHKOCTPYKTYPHBIE ~ BHUXPEBBIE  KOMIIOHEHTHl  TEYEHHH,  JONOJIHHUTEIHHO
HCIIOJIb30BAJIMCH CTaHAAPTHBIE YTHIUTHI topoSet u refineMesh, mo3Bosstoiye Ha
OCHOBE TEOMETPHYECKHX JHOO TMapaMeTpUYeCKHX TPU3HAKOB  BBIACIATH
nogo0IacTH pacyeTHOW CETKH M W3MeJbyaTh MX B COOTBETCTBUU C 3aJaHHBIMH
MacutabamMu ¥ BEIOpaHHBIMU HAalPaBJICHUSMH.

Jois paccMaTpuBaeMoro Kjjacca  3amay MEXaHUKU HEOJHOPOIHBIX
MHOTOKOMITOHEHTHBIX JKUAKOCTEH Ba)XHBIM DJIEMEHTOM SBISIETCS OCTaHOBKA
IPaHUYHBIX YCJIOBHH, KOTOpbIE OKa3bIBAIOTCS 3aBHCAIIMMH KaK OT HarpaBiCHUs
JIOKQJIbHOW HOPMAaJM K TPaHMIE HPEMSTCTBHS, TaK W OT 3HAYCHUS IIOOAIBHBIX
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KOOpJWHAT 3JEMEHTa MOBEpXHOCTH. Jlnsi 3aiaHus HEOJHOPOJHBIX T'PAHUYHBIX
yCﬂOBI/lﬁ JJIs1 HOpMAJIBHOI'O Ir'paAuC€HTa BO3MYIICHHS COJICHOCTU Ha HerOHML{aeMOﬁ
MOBEPXHOCTH M HCTOYHHMKA BU3YAIM3UPYIOLIEH NMPUMECH, pa3MelaeMoro Jmbo B
TOJIE JKWUAKOCTH, JMOO0 Ha TpaHWIE MPENsITCTBHSA, OBUIM HCIIOJIb30BaHbI
CTaHAapTHBIE U pacmipeHHble yTHINTH nmaketa OpenFOAM, takue kak setFields,
topoSets (¢ JOMOJHHUTENBHBIM HCIIOJIb30BAHUEM DACIIMPEHHBIX OMOJIMOTEK
swakSourceFields u swakTopoSources), swak4Foam, groovyBC, funkySetFields,
funkySetBoundaryField, koTopbie MO3BOMNSIOT 33/1aBaTh AHATUTHIECKUE BHIPAKCHUS
JUISL Pa3IMYHBIX (PU3NYECKUX IEPEMEHHBIX C HCIOJb30BaHMeM mporpammel GNU
bison, mpegHa3HauYCHHOW I aBTOMATHYECKOTO CO3AAHHMS CHHTAKCHUECKHX
aHaJIM3aTOPOB 110 JAHHOMY ONHMCaHHIO TPAMMATHKH.

PacueTsl mpoBOAMINCE B MApaLIENbHOM PEXHMME C HCIOJIB30BAHUEM DPA3IMIHBIX
METOJIOB [ICKOMIIO3UIIMM PACUeTHOW 0O0NacTH Ha BBIYUCIUTEIBHOM CETMEHTE
kinactepa MCL[ PAH na 06a3e TtexHonormdeckor tuiardpopmer UniHUB [10].
Busyanuzanust pe3ynbTaToB BBINOJIHAJACHE C HCIOJIB30BAHMEM TI'padHuECKOTO
unrepgeiica ParaView, a Takxke makera nporpamMM Uil YUCICHHOTO aHalu3a M
HayuyHoH rpadukm  Origin, B  pamMKax KOTOpOro ObUI  peajH30BaH
BBICOKOpa3pEeIIAOIIUN METO, IOCTPOEHUS TIOJUXPOMHOM KapThl U30JIUHUM.

4. PeaynbTaTbl pacyeToB

B kadectBe WiUTFOCTpaIiiu pabOTOCIIOCOOHOCTH pa3paOOTaHHOTO perraTeNs MmaKeTa
OpenFOAM B paHHOM paboTe TNPHBOAATCA pPE3YyJIbTATHl pacyeTra TEUEHHH,
MHIYUMPOBaHHbIX au(Qy3ueil Ha HENpPOHHLIAEMOH IUIaCTHHE, CHUMMETPHYHOM
KIIMHC, TOPU3OHTAJIBHOM JUCKC W KPYIrOBOM HWIMHAPE. Takue TeueHus
hopmupyroTes B pe3yasTare NpEpPHIBaHUS MOJIEKYJISIPHOTO IOTOKA
CTpaTn(HUINPYIONIETO KOMIIOHEHTa Ha HETPOHHUIIAEMOW I'paHHMIIE U, KaK CIIe/ICTBHE,
00pazoBaHus nedummra (M30BITKA) IUIOTHOCTH HAA (NOA) HETIOABMXKHBIM
MIPEMNSTCTBUEM, IIOTPYKEHHBIM B HETIPEPHIBHO CTPATH(UINPOBAHHYIO KUIKOCTb.

BriepBbie Ha BO3MOXHOCTh ()OPMHUPOBAHHME TEUCHUSI Ha HEMOABM)KHOW HAaKJIOHHOM
MTOBEPXHOCTH B MOKOSIIIEHCS] YCTOMYMBO CTPaTU(QHUIIMPOBAHHOW BO3AYIIHOH cpelie
ykasain JI.IIpanaTinb npuMeHUTENbHO K 3a71a4e GOpMHUPOBaHUS TOPHBIX (OJIMHHBIX)
BeTpoB [l]. VYcTolumBEIi wWHTEepec K W3YYCHHIO HaHHOTO BHIA TEUCHHH
c(hopMHUpOBAJICS TOCIE TOSBICHUS PabOTHI [2], B KOTOPBIX HIEH pacdera ObLIH
MEepEeHECeHbl Ha CTPaTH(HUINPOBAHHBIC XUIKOCTH M JONOIHEHbI Ja0OpaTOPHBIMHU
omnbiTamu [12], mokazaBmumMu HaOII0a€MOCTh TOHKOTO Tpoliecca. B gampHelem
TEUeHHs, HHAYINPOBaHHbIE TU(Qy3uei Ha HEIPOHULAEMBIX ITOBEPXHOCTAX, ObLIH
IPOCIIEKEHBI 00Jiee AeTANBHO IPUMEHUTENIBEHO B K aTMoc(epe, Te OHU JJOCTUTAIOT
OoNIbIIMX 3HAYEHWH Ha CHAJAIOIIMX JIeJHUKaX, U K rugpocdepe [3—6]. Taxue
TeueHHus: (OPMHUPYIOT TOHKYIO CTPYKTYPY Cpelbl M CIyXaT IpOIYJIbCHBHBIMU
MCXaHHU3MaMH, OGeCHe’{I/IBaIOH_lI/IMI/I CaMOJBHXCHUC TCJI (Haan/IMep, KIIMHOBHUHOTI'O
Tella HEeWTpalbHOU IJIaBydyecTH B JiabopaTopHOM Oacceiine [3]), HENMpPOHHUIIAEMBIX
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YacTHIl B YCTOWYMBO CTPATH(PUIMPOBAHHOW IO COJEHOCTH MOPCKOW cpele U B
MIPECHOBOIHBIX BOJIOEMAX C TEMIEPATypHOil cTpaTnrKaluei.

4.1. Cmpykmypa cmpamupuyupoeaHHO20 Me4YeHUsl Ha
Hernodeu)xHOU niacmuHe

Kapruna TeueHusi, WHAyHMPOBaHHOTO IU(Qy3uell OKOIO TOPHU30HTAILHOMN
IIACTUHBI, MOAEIUPYIOIIEH LIEHTPAIbHOE CEUEHHE HEMPOHUIIAEMOTO MPEMATCTBU
MIPOU3BOJIEHON ()OPMBI, COCTOMT W3 BOCBMHYPOBHEBOH I10CIIEI0BATEIBHOCTH
CUMMETPHYHO PacIioiIOKEHHBIX TOPU30HTAIBHBIX BUXPEBBIX sueek (puc. 1, a) [5].

CKOpOCTh M 3aBUXPEHHOCTH TEYEHHS PE3KO yOBIBACT C yAJICHHEM OT TIOBEPXHOCTH
IUIACTHHBI. Jake Majoe OTKJIOHEHHE IUIACTHHBI OT FOPU30HTAIBHOTO IMOJIOKCHUS
OPUBOAUT K HApyLICHHIO CHMMETPHM TeYeHUs W (OPMUPOBAHUIO HOBBIX
LUPKYJISLAOHHBIX CHCTEM, BKIIOYAs BOCXOIMIIEE M HUCXOAAIIEEe CTpyHHBIE
TEUEeHHs BJIOJIb, COOTBETCTBEHHO, BEPXHEW U HIKHEH CTOPOH IIACTUHBI U CUCTEMY
KOMICHCAITMOHHBIX ~ IUPKYJSIUOHHBIX ~ sgeek (puc. 1,6). C  pampHEHmnM
yBEJIMYEHHEM yTjla HaKJIOHA JIMHUM TOKAa HEMOCPEICTBEHHO BOJIM3M IJIACTHHBI
pacroJaratoTcs napauiesbHO €€ IOBEpXHOCTH (puc. 1, ). OMHOPOIHOCTh KapTUHBI
JIMHUI TOKa CBUETEILCTBYET O HEM3MEHHOCTH MPOQHIISI CKOPOCTH BJIOJIb OOJIbLISH
YacTH JUIMHBI IUIACTUHBI 32 HCKIIIOYEHHEM Y3KHX IIEPEXOAHBIX objacTei B
OKpPECTHOCTH ee KpoMoK. [Ipu nanpHeleM yBelTUUeHNH yIila HaKJIOHA TIACTHHBL K
TOPU3OHTY TPOUCXOJUT 3apOXKJICHNE HOBBIX CIOXKHBIX BUXPEBBIX CHUCTEM BOJIM3U
BHYTPCHHHX KpaeB LUPKYJILHOHHBIX SYEeK, HEMOCPEACTBEHHO MPUMBIKAIOIIUX K
[JIaBHBIM CTPYWHBIM TedeHHsM (pHC. 1, o). BHelmHHe KOHTYpHI HPHMBIKAFOLINX

AYeeK MMEIOT MEePUOIMYHYIO CTPYKTYpY C JUIMHOH BONMHEI mopsaka 16 O N> UTO

HanOolee OTYETIMBO 3aMETHO IpH OOJBIIMX YIVIaX HAKJIOHA IUIACTHHBI K
TOPHU30HTY, KOTIa BEPTHKAIBHBIH MacIITad NPersTCTBUS MaKCUMAJICH.
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Puc. 1. Cmpykmypa meuenus, uHOYYUpoB8aHHO20 Ough@y3ueil Ha HAKIOHHOU NIACMUHe:
a)-p=0.,6-@p=1",8-p=10",1-9=30", N=126 ¢, L=5cm,
7=50.
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Bo Bcex ciydasix, ¥ Ipu TOPU3OHTAIBHOM, W HAKIOHHOM TIOJOXEHUH IUTACTHHEI,
HUPKYJISIUS B CONPHUKACAIONIUXCA sUeWKaxX HaJ W TMOJ IUIACTUHOW, KaK W B
COCCaHUX quﬁKaX Ha OJHOM FOpI/ISOHTe, HUMECT HpOTI/IBOHOJ'IO)KHbIe 3HaKHu, T.C.
CKOPOCTh ~ Ha  TIpaHMLAX  COCEOHUX  sUeeK  OJHOHampaBieHa.  Takue
MPOCTPAHCTBEHHO-NIEPUOIUYECKME  TEUEHUS] MOXHO  OTHECTH K  Kiaccy
JUCCUTIATHBHO-TPABUTAIIMOHHEIX BOJIH, B KOTOPBIX CKOPOCTh Ha TpaHHIAX
JIOCTUTaeT MaKCHMMAJIbHOTO 3HAYEHHs, B OTIIMYHE OT Y€K MHOTOKOMIIOHEHTHOM
KOHBEKITUH, TIC¢ CKOPOCTH PAa3HOHATIPABIICHBI W TPAHUIBI SUEEK OTMEUYCHBI CIIOEM
MOKOSIIENCS )KUIKOCTH.

PacdeTsl MONHBIX CHJI M MOMEHTOB, NEHCTBYIOIIMX Ha HAKJIOHHYIO IUIACTHHY B
TTOKOAMICHCS HENPEephIBHO CTPAaTU(PHUIIMPOBAHHON IKHUIKOCTH, IMOKA3BIBAIOT, HTO
(dopmupyromuecss CTpyHHBIE TEUSHHS JKUAKOCTH CO3JAI0T MOMEHT CHIIL,
CTPEMSIIUICS MOBEPHYTh HAKIOHHYIO IUIACTHHY B YCTOWYHBOE TOPU3OHTAIBHOE
noyioxkenue [5].

4.2. UHOyyupoesaHHoe dughghy3ueli meyeHue Ha K/ITUHe

Henponnniaemoe KIMHOBHAHOE NPEMATCTBHE, MOTPYKEHHOE B TOJILY HETIPEPHIBHO
CTpaTH(PUIHNPOBAHHOHN XUAKOCTH, OJOKHPYET (POHOBHIH TU(QPY3HMOHHBIH MEpEHOC
CTpaTHQUIUpPYIOMIEH KOMIIOHEHTH, B pe3yJibTaTe dYero BOIM3H ero OOKOBBIX
MTOBEPXHOCTEH (POPMHUPYETCS TOHKHUH 0N AeUITNTa COMICHOCTH HA BEPXHEU TpaHH
1 U30BITKA COIIEHOCTH Ha HIDKHEH (pHcC. 2, @). DTO IPUBOIUT K TOMY, YTO KHUAKOCTh
HAYMHAET OTTEKATh OT TOBEPXHOCTH KJIMHA B CIOSIX MOYTU OJHOPOIHOHN TONIIMHBI,
(GhopMHUpYsT BOCXOMSIIUE CTPYHHBIC TCUCHHS BJIOJIb HAKJIOHHBIX TPAHEH U CHCTEMY
MIPUMBIKAIOIIUX HPOTUBOTEYCHUH (puc. 2, 6). OTpBIBasCh OT NPEMSTCTBUS Y €ro
OCHOBAHUS, TJIaBHBIC CTPYH (OPMHPYIOT CIIOKHYIO CHCTEMY KOMIICHCAIIMOHHBIX
LUPKYJSIIAOHHBIX SY€eK, MHTEHCHBHOCTh KOTOPBIX PE3KO yOBIBACT C pacCTOSHHEM
or mpersTcTBUs. OKpysKaromias >KUAKOCTh IMOJATEKaeT K BEpUIMHE KIMHA BJOJb
LIEHTPAJIILHOW TOPU30HTATIBHOM CTPYH, KOTOPask yTOHYAETCS K MPEISATCTBUIO [4].

B nonHOI 0051aCTH KUIKOCTH 320JI0KHPOBaHA M YPE3BBIUAIHO MEIUIEHHO MOJITEKAET
K KJIMHY I10 BCEH BBICOTE OCHOBAHUS, IIPU 3TOM CKOPOCTH BO3PACTAET TOJBKO HPH
MOJX0J€ K BEpUIMHAM KJIHMHA. B MOJIsIX BCEX NMEpPEMEHHBIX BBIPAXKECHBI 3JIEMEHTEHI
CTPYKTYpPBI, JONOJHSIONINE TPENATCTBUE OO CHMMETPHYHOTO Tella — OT
TPEyroJbHUKA K IIPU3ME.
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a) 0)

Puc. 2. Kapmuna unoyyuposannozo ouggysueii mevenus Ha CUMMEMPUIHOM KIUHE:

noas @) — 8O3MYyUjeHUsl CoNeHoCmu, 0) — 20PU30HMATLHOL KOMNOHEHNbI CKOPOCHIU,
L. =10cm, T, =7.5¢, N=0.84c™, g =1.4-10" em’/c.

B kaptuHe mnons BO3MyIIEHMH JaBiieHHs o0ONacTb JeduuuTa pacnosiaraercs B
TOJICTOM CJIOE€ IIepe/ TEJIOM W B TOHKOW INPOCIIOWKE, MPUMBIKAIOMEH K OOKOBBIM
CTOpOHaM KJMHa. Pa3sHOCTH NaBieHWH — MOJNOp Y OCHOBaHMS M AEOUIMT Iepen
KIMHOM, a TaKKe B TOHKOM CIJIO€ BJOJb €ro OOKOBBIX CTOPOH H CO3/aeT
HWHTErPAIIbHYI0 CHJIY, TOJIKAIOIIYI) TOPH30HTAIBHBIA KIMH B HANPABICHHH €ro
BEPIIMHBI — MPOIYJIbCUBHYIO CUITy CAMOJBIIKCHHUSI CBOOOJHOTO Tela HEUTPaIbHON
wiaBydect [3, 4]. OCHOBHBIM sBNIsieTCS ACUINT NABICHUS, JOCTATOYHBIA I
onucaHusi HaOJII0JaeMOro MEePEMEIICHUs Tella CO CKOPOCTBIO MOPsAKa CAHTHUMETPa
B 4ac B YCJIOBHSX J1a00OPaTOPHOIO IKCIIEPHUMEHTA.

4.3. TeyeHue, uHOyyupoeaHHoe Ouggy3suel  Ha
20pPU30HMasIbHOM YUusluHOpe

Kaptuna TeueHHs, WHAYIHMPOBAHHOTO Juddy3ueii, OKOJIO HEMPOHHIIAEMOr0
OUIMHApPpAa Ka4YCCTBCHHO OTIMYACTCA OT CTPYKTYPBI Te‘[eHI/lﬁ OKOJIO HaKHOHHOﬁ
IJIaCTUHBI 1 TOPU30HTAJIBHOI'O KJIMHA. 9TO O6yCJIOBJIeHO 3aBUCHUMOCTBHO BCJIIMYUHBI
HOPMAJIFHOTO TPAJMCHTa BO3MYIICHHS COJICHOCTH OT 3HAYCHHS YyTIia MEXIy
BEPTHKAJIBHON OCHIO U BEKTOPOM HOPMAJIH K MTOBEPXHOCTH MPEIATCTBHA. TOJNIIMHA
dbopMupyromuxcs cioeB AeUINTa M TEPEeU30bITKA COJCHOCTH HIDKE W BBIIIC
TIPETIATCTBHUS OKAa3bIBACTCS CYMIECTBEHHO HEOTHOPOJHOW BIOJNHb MOBEPXHOCTH
mwmHApa (puc. 3, a), B OTIMYHE OT PACCMOTPEHHBIX HIDKE CIy4YaeB HAKIOHHOM
IDIACTUHBI W KJIMHA, TIe CYIICCTBEHHBIE WM3MEHEHHS TE€OMETPHH OCHOBHBIX
CTPYKTYPHBIX KOMIIOHEHT T€UCHHS HAOIIOAAIOTCS JIUIIb B OKPECTHOCTSIX OCTPBIX
KPOMOK  IpPEmSITCTBUHA. JIHTEHCUBHOCTb CKJIOHOBBIX CTPYMHBIX TEYEHMH,
(GOpMUPYIONIUXCSA HA MOBEPXHOCTH LHIUHIAPA JOCTUTAIOT MAaKCHMAaJbHBIX
3HAYCHUH B CEUCHHH, 0OpasyroiieM yroa 60° ¢ ToOpu3oHTAIBHOM OChbio (pHC. 3,
6), B OTJIMYHUE OT PE3yJIbTATOB pacueTa MapaMeTPOB TJIaBHBIX CTPYH Ha HAKIOHHOM
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INIACTUHE, KOTOPBIE MOKA3BIBAIOT IIPONOPIUOHAIBHOE YBEIMYEHHE UX CKOPOCTH U
TOJILIUHBI C YMEHBIIEHUEM YTJla HAKJIOHA TJIACTUHBI K TOPU3OHTY [5].

-10 -5 (o] 5 X
z
4 -
S———
2
0 =
-2 — —
mﬂ'::—r—w “““““ - ——
-4
10 -5 0 5 x
a) 0)

Puc.3. Kapruna nanynpoBanHoro audQysueii TeueHus: Ha TOPU30HTAIBHOM LWIHHAPE:

T10JI1 a) — BO3MYLICHUS COJICHOCTH, 6) — FOpHSOHTaJILHOﬁ KOMITOHEHTBI CKOPOCTH,
D=5cm, T,=75¢c, N=0.84c", 1g=1.4-10" cm’/c.

UYuceHHOE pEILIEHHE OMNMCBIBAET CTPYKTYpY OCHOBHBIX KOHBEKTHBHBIX SYEEK,
BKJIFOYAIOLME TOHKUE CTPYH BIOJIb MOBEPXHOCTH M pacTekaromyecs (akenbl oT
00JIaCTH KOHBEPIeHLMH TEYEHUS! HaJ BEPXHUM M HIDKHHMM IOJIIOCAMH LMJIMHIpA,
MIOCTENICHHO BO3BPAIIAOLINE YaCTUIBl KHUJIKOCTH HAa TOPU30HTHI HEHUTpPanbHOM
IaBydect [6]. DTO XapakTepHbIM 00pa3oM TMpOSIBICHO B KapTUHE MO
BO3MYILEHHSI JIaBJIEHWs, TJA€ TpeoOnagaloT o0JacTH C  OTPULATEIbHBIMHU
3HAQYEHWSIMH BEIWYMHBI, YTO OOYCJIOBJIIEHO KOMIIEHCALMOHHBIM HOATEKaHUEM
OKpYXaIoIIeH >XKUAKOCTH K TOBEPXHOCTH IMIMHIPA, 3a MCKIIOUCHHEM obiacTer
pacTeKaHus CTpyH BOJIM3H HOMIOCOB NPETSATCTBHS.

PacueTsl iMHAMHYECKHX XapaKTEPHCTHK IMJIMHAPA MOKa3bIBAIOT, YTO CyMMapHbIE
CHJIBl W MOMEHTHI, JCHCTBYIOIIME HA CHMMETPUYHBIE YaCTH IIOBEPXHOCTH
MIPENSITCTBHSA, B3aWMHO yPAaBHOBEUIMBAIOTCS, 4YTO IIOATBEP)KIAET OTCYTCTBHE
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CaMOIPOU3BOJIBHBIX JBMKEHUM IOTPY’KEHHOTO B IOKOSLIYIOCS HENPEPHIBHO
CTpaTU(GUINPOBAHHYIO JKUIKOCTh IIWJIMHIPA HEUTPATIbHOM MIaBY4YECTH.

4.4. OKpaHHbIl aghgpekm onsi nonocsbl e
cmpamudghuyuposaHHoOU XudKkocmu

Ha CeFO[lHHIHHI/lﬁ JCHb np06neMa yrapaBJ€HUA a’3pOAMHAMHUYCCKUM Kad€CTBOM
KPBUIOBBIX TpOGMIeH WM HMHBIX a3pOAMHAMHUYECKHX KOMIIOHOBOK SIBJISIETCS
HacymlHOH  BBUAY  BceBO3pacTamlomied  HEOOXOJMMOCTH  HKOHOMHYHOTO
HCIIOJIb30BaHUsI 3HepropecypcoB. OfHUM W3 pEIIEHWH TaHHOW 3afadd SBIISIETCS
CO3JJaHNE «3KPAHHOTO 3(P(heKTa», KOTOPBIH BO3HUKAET NPH ABHKCHUH JIETATEIbHBIX
anmapaToB BONM3M 3eMJIM WIIM MOBEPXHOCTH BoAbl. IIpm momere s3kpaHOmIaHa Ha
HEeOOJIBIIIOM PAcCTOSHUM OT TTOBEPXHOCTH BO3HUKAET JOTOJHHUTENbHAS TOABEMHAS
cuiia, HauboJIee MONHBIA YPPEKT KOTOPOH MPOSBISCTCS HPH BBICOTE IBHKCHHUS HE
NPEBOCXOIAIIEH UTMHY XOpabl Kpbuta. Haberaronuii NOTOK, OTpaxKasich, yCIeBaeT
JOWTH IO HOBEPXHOCTH U BEPHYTHCS OOPaTHO, TO €CThb KPBIJIO YIUIOTHSET IOJ
co0oii HaOeraromuii NOTOK, MpeBpallas €ro B JUHAMHYECKYIO BO3IYLIHYIO
noaymky [11].

YucaeHHOEe MOJICIUPOBAHNE OOTEKAaHUS TOPU3OHTAIBHOW IUIACTHHBI KOHEYHOM
TOJIILIMHBI — TPOCTEHIIed MOJENH MPENsATCTBUS BOJIM3U MOJCTUIIAIONIEH TBEPIOi
CTEHKH BBIIIOJIHEHO Ha OCHOBE (DyHJaMEHTAJILHON CHUCTEMbl YPaBHEHUI MEXaHHKH
HEOJ/IHOPOJHBIX JKHUAKOCTEH C MpPUMEHEHHEM MOCTPOSHHOrO pellareNs IaKkeTa
OpenFOAM. PaccunranHast KapTHHA CTPaTU(QHUIMPOBAHHOTO TEUCHHSI OKA3bIBACTCS
CYIIECTBEHHO aCHMMETPHYHOM OTHOCHTENIBHO IUIOCKOCTH IPEMSTCTBHUS AaXe INPH
€ro pACIOJIOKEHHH Ha CPABHUTENBHO OOJBIION BBICOTE OT IOJCTHIIAIOIICH
moBepxHocTH  (puc. 4, a). CTpyKTypa OONacCTH TEUCHUS, PACIIONOKEHHON HIKE
IDIOCKOCTH ITOJIOCHI, CYIIECTBEHHO 3aBUCHUT OT COOTHOIIEHUS BenwdauH h/A=h/UT, —
BBICOTBI PACIHOJNIOKEHHUS MPEISITCTBUA W JJIMHBI BHYTPEHHEH NPUCOCIUHEHHOM
BOJHBI. OTpaXGHHBIE OT JKECTKOH MOJCTHIAIOMIEH IOBEPXHOCTH BHYTPEHHUE
BOJIHBI MCKaXalOT HE TOJIBKO OOJAcTh TEUEHUS MO IOJIOCOH, HO M OKa3bIBAIOT
3aME€THOC BJIMSIHUC HA BOJTHOBYIO KapTHHY B BerHeﬁ TMOJIYTIJIOCKOCTH.
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Puc. 4. Kapmunwi 0anehezo noas ycmanoguguiecocs medenus npu 0omexanuu

20pu30Hm(1JZbHOZZ noJloCcbl NOMOKOM Henpepoble6HO cmpamudmuupoaaﬁuoﬁ HCUOKOCTIU:

U=1cm/c, N=0.83 ¢, L=10cm, =20, a)—h=20cMm, 6)—h=0.5cm.
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0)
Puc. 5. Kapmunel o6mexanus 2opu30HmManbHoOU NOA0CH. HOMOKOM CIpPAmu@uyuposantol

HCUOKOCTIU.
a)—U=4cMm/c, 6) — U =24 cm/c, N=0.83 ¢, L=10cm, h=1cm, t=20.

B nmnpenensHOM ciydae Majoro pacCTOSHUS MEXIYy IUIACTUHOM M JTOHHOM
MOBEPXHOCTBIO (pHc. 4,6) pacCUMTaHHbIE KapTUHBI TEYEHWS COTJIACYIOTCS C
pe3yibTaTaMy YUCICHHOW BU3yalM3allid TOYHOTO PEIICHUS 3aJadd T'eHepaluu
BHYTPEHHHUX BOJH TIIOJIOCOHM, HIBIXKYIIEHWCS Ha MOACTWIAONICH IIockocTh [8].
ComOoCTaBlIeHUs] PACCUMTAHHBIX KApTHH OOTEKaHWsS TOPH3OHTAIBHON IOJIOCHI
IIOTOKOM CTPAaTU(HUIIMPOBAHHON KHUAKOCTH C Pe3yIbTaTaMi TEHEBOH BH3yaln3aluy
B JnabopaTopHoM OaccefiHe AEMOHCTPUPYIOT HUX JOCTaTOYHO  XOPOULIYIO
COIJIACOBAHHOCTB IPH MAJIbIX U YMEPEHHBIX CKOPOCTSX JABUKEHHUS.

C yBelIMYeHHEM CKOPOCTH HaOeraoliero IO0TOKa 3a OO0TeKaeMOW IIaCTHHOH
HauMHaeT (OPMHUPOBATHCSA CIyTHBIH CIe[, CTPYKTypa KOTOPOTO CYILIECTBEHHO
3aBUCUT OT PAcCTOSHUA A0 IOACTWIAmoLIed Itockoctu (puc. 5, a). Hamnuue
OrpaHUYMBAOIIEH OBEPXHOCTH HapyIIAeT PEryIIpHOCTh Cllefla BHU3 MO MOTOKY,
HaOnroaeMyio B cllydae OOTEKaHMsl IUIACTHHBI B CBOOOJHOM IIPOCTPAaHCTBE.
JanpHeHmmii pocT CKOPOCTH XapaKTepu3yeTcs WHTEHCH(UKAUWEH BHXPEBOTrO
cllela W TOSIBJICHHE JIOTOJHHUTENBHBIX BUXPEBBIX CTPYKTYp, TI'€HEPHUPYEMBIX
MepeHUMH OCTPHIMM KPOMKaMH IUIACTHHBI C YacTOTOH NpONOPIHOHAIBLHOMN
CKOPOCTH OOTEeKaHUs IUIAacTUHBI (puc. 5, 6). PopMUpPOBaHNE BUXPEBBIX CTPYKTYD
BJOJb HWXXHEH CTOPOHBI IUIACTHHBI IOAABIAETCS MOACTHIAIONIEH MOBEPXHOCTEHIO,
YTO OKa3blBaeT CTAOWIM3MpPYIOLIee BIMSHHE Ha TEYEHHE B LEJIOM M XapakTep
pacripeielIeHus] JUHAMUIECKUX XapaKTePHCTHK BJOIb CTOPOH MPEISATCTBHS.
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5. TectnpoBaHue pe3ynbTaToB pacyeTa Ha NabopaTopHbIX
OaHHbIX

Paccuurtanuble 1moOJsS BO3MYLIEHMM IpagueHTa IJIOTHOCTH Vp IUIT  TCUYCHUH,

WHIyIUPOBAaHHBIX Jau(Qy3uedl Ha TOPH30HTAILHOW M HAKJIOHHOW IUIACTHHE,
TOPU30HTAILHOM  AMCKE U  IUWIHHApPE, B  KOTOPbIX HPOSBIAIOTCS U
KpyImHOMacIITaOHble KOMITOHEHTHI, pa3Mep KOTOPBIX 334aeTcsl AIMHON TIACTHHBL, U

TOHKHE IPOCJIOWKH C MacITabaMu SX, = «/V/ N u 8;5 = /Ky / N, na 6onpmmx

BpPEMEHAX COTJIaCyIOTCSl C KapTUHAMHU BU3yaJIHM3allK («LBETHOW TEHEBOH METOI» C
TOPU3OHTAIIBHOM ILENbI0 U PELIETKOW) paclpeeNieHnsl rpajiueHTa KodhpuunenTa
MIPEJIOMJICHUS] OKOJIO IUIACTUHBI B JlaboparopHoMm OacceiiHe (IUIOTHOCTH U
KO3(pUIMEHT TPEIOMIICHHUS BOJHBIX pACTBOPOB ITOBAPEHHON COJHU CBS3aHBI
JIUHEWHBIM COOTHOIIEHHEM) [12].

B paccumtaHHON W TEHEBOW KapThHAX (pHUC.6) BBIACIAIOTCS MPOTSHKCHHBIC
TOPU30OHTANIbHBIE TIOJIOCYAThIe CTPYKTYpPbI, MPHUMBIKAIOIIME HENOCPEACTBEHHO K
SKCTPEMAJIbHBIM TOYKaM MpPEMSITCTBUM, Pa3HECEHHBIM IO BEPTUKAIU, — OCTPHIM
KpOMKaM IIMCKa M TOJIOCaM MIIMHApA. J[TMHA MOJOCOK pacTeT ¢ IMOBBIIICHUEM
YYBCTBUTEIFHOCTH METOJA PETHCTPALUU: CTPYKTypa TEUEHHUS OKOJIO KPOMOK
HAKJIOHHOHW TUTACTHHBI BEIpakeHa 00Jiee OTYCTIIMBO MPHU HCIOIB30BAHUN IIBETHOTO
TEHEBOTO METOJa C TOPH3OHTAJIBHBIM IOJIOKEHHEM OCBETUTENFHONW MIeTH |
BU3yaJHM3UpYyIOIleil  pemeTku.  TedyeHus, HMHAMLIUPOBaHHbIE  IU(Py3uUeH,
CYIUIECTBYIOT B CTpaTH(UIMPOBAHHOW cpele NpU IPOHM3BOJILHONH T'€OMETPUH
MPENATCTBUS U €r0 OPHEHTAIlMH B MPOCTPAHCTBE, U OTCYTCTBYIOT B OJHOPOIHOM

JKUJKOCTH.
C HayaJoM JBIKEHHUS IUIACTHHBI CTPYKTypa CTPaTH()UIMPOBAHHOTO TEYCHHS
MEHSETCA KapIMHAJIBHO: BO3HUKAIOT onepexaromye BO3MYIICHHUS,

MIPUCOEIMHEHHbIE BHYTPEHHHE BOJHBI U CHOYTHBIA cien. ['opu3oHTaiIbHbIE
MIPOCJIONKH, CYLIECTBYIOIIME B TIOKOSALICHCS CTpaTH(OUIMPOBAHHOW Cpeie Ha .
HETO/BW)KHOM ~ NPEMATCTBHH, TPaHCQOPMHUPYIOTCS B  KBa3HCTallMOHApHbIE
BBICOKOTPaJMEHTHbIE O00JAaCTH, pa3/esiIoIne pasHble THIBI BO3MYIICHUH, B
YaCTHOCTH, CIIyTHBIA CIiel W BHYTPSHHHE BOJIHBL. PaccunTaHHBIEC IOJI TEYCHUS,
BO3HHUKAIOIIETO MPH IBIKEHUH TOPU3OHTAIBHON IUIACTUHBI B TOJNIIE HEMPEPHIBHO
CTpaTH(GUIHUPOBAHHON JKUOKOCTH, CpPaBHUBAIOTCI C KapTHHAMH TEHEBOW
BH3YaJIN3alliH, MOJYyYaeMbIMH B J1aOOpPATOPHBIX OMBITAX C MPUMEHEHHEM MeTona
“BepTUKaJbHAS LIENb — BepTUKAIBbHBI HOX Dyko” (Puc.7). UncnenHnoe pemeHue
COIEPKHUT BCE CTPYKTypHBIE KOMIIOHEHTHI MOJS BO3MYIIEHHH U JOCTaTOYHO
XOPOLLO COTacyeTcs ¢ HabIIOJEHUSIMH TI033/11 IIJIaCTHHBI [ §].

[ v
P!

6) 2)
Puc. 6. Paccuumannvie (a,8) u menesvie (6,2) kapmunsl Cmpamupuyupo8antbix meyeHul
OKOJIO HENPOHUYACMBIX NPENAMCMBUIL: a,0) — 20PU3OHMANLHO20 OUCKA U 8,2) — KPY208O2O

YunuHopa.
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a) 0)

Puc. 7. Paccuntannble nonsg BEPTUKAIBLHON KOMIIOHEHTHI CKOPOCTH (BEpXHSS MOJIOBUHA

H3OGpa)KeHPII>i) Hazx TCHEBOM KapTPIHOfI TCUCHUSI, BOSHHUKAIOUIETO IPU PaBHOMEPHOM

JABUXCHUUN I‘OpI/I30HTaH])HOI71 IJIaCTUHBI B HEIIPEPBIBHO CTpaTPI(bHHPIpOBaHHOﬁ KHUJAKOCTH!

a) —U=0.1 em/c, Tv=7.6 ¢, L,=7.5cm ; 6)—U=0.32 c™m/c, Tp=7.6 c,

L.=7.5 cm.
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5. 3akno4yeHue

Pazpabotan  coOcTBeHHBI  pemarens  OTKpbiToro  maketa  OpenFOAM,
TTO3BOJIFOIITHN paccYUTHIBATh OISt BCEX ¢uznIecKux BEITNYNH
CTpaTH(QHUINPOBAHHBIX TEUCHHUH HA OCHOBE (DYHIAMEHTAIBHOW CHCTEMBI YpaBHEHHA
MEXaHUKH HEOJHOPOIHBIX JKUAKOCTEH. PacueThl NpakTHYECKH LEHHBIX 3a1ad
npoBeAeHbI Ha 0aze TexHosoruueckoi miardpopmel UniHUB, mpenocraristormiei
BCE HEOOXOAWMBIE MHCTPYMEHTAPHUHU [UISI YHCICHHOTO MOJICITUPOBAHUSA C MPSIMBIM
JIOCTYIIOM Ha BBIUMCIUTENbHBIN cermenT kinactepa MCL] PAH.

IIpoBeneHHBIE pacdeThl O3BOJIMIN BBIABUTD CIOXKHYIO STYEUCTYIO CTPYKTYpY Hake
B CaMbIX MEIJICHHBIX T€UCHUSX, HHIYLIMPOBAHHBIX T (dy3uell Ha HeMPOHHLIAEMbIX
NPEeNSTCTBUSAX PA3NU4YHONW T'eOMETpUYecKOd (OPMBL. DTH CTPYKTYPBI TOJIBKO
YCIOXKHSIOTCSI M YTOHYAIOTCS C YBEIMYEHHEM XapaKTEepHBIX CKOPOCTEH,
TpaHcopMHPYSICh B KBa3UCTallMOHAPHBIE  BBICOKOTPAJMEHTHBIE  00JIACTH,
pa3fesnsIonye pa3Hble TUIBI BOZMYILCHHUH.

TectupoBaHue pe3ynbTaTOB pAacUYeTOB Ha JIaDOpPATOPHBIX JaHHBIX [OKA3aJIo
XOopollee  corjacueé  pacCUMTaHHBIX M TEHEBBIX  KapTUH  TEYeHH
CTpaTU(HULIMPOBAHHON  JKUAKOCTH  OKOJO  HEMOJABMKHBIX M JIBHXKYIIUXCS
npenarcTBUil. UuCIeHHbIE pacueThl aJeKBATHO OTPAXAOT OCHOBHBIE AJIEMEHTHI
CTPYKTYPBI CTPaTU(UIMPOBAHHBIX TEYEHHWH: BBICOKOTPAaJHEHTHbBIE IPOCIIONKH,
OIEpeKaloIIe BO3MYLICHUS, BHYTPEHHHE INPHCOEAUHEHHBIE BOJHBI M CITyTHBIH
cien.

BbnazodapHocmu

ABTOp BBIpaXaeT IIyOOKYI0 IPH3HATEIbHOCTh Pa3paOOTUYUKaM BBIYUCIUTEIHLHON
mwiatpopmel  UniHUB u  Web-naboparopun  UniCFD 3a mpemocraBiieHHYIO
BO3MOXKHOCTb yIOOHO M IIPOJYKTUBHO paboTaTh B BUPTYAJILHOH BBIYHCIMTEIHLHON
cpene, a takxke axkagemuky PAH B.II. VBaHHMKOBY 3a ILIEHHBIE COBETHI IIO
COBEpIICHCTBOBAHUIO METOAMK  BBICOKONPOM3BOIAMTEIBHBIX  BBIYMCICHUH W
mpogeccopy FO.Jl. YameukuHy 3a MHOTOJETHIOK MONAEPKKY YCHIHH 10
pa3paboTKe BBICOKOPA3PEIIAIONINX YHCIEHHBIX MOJENIEH TeUeHU HEOTHOPOIHBIX
JKUJIKOCTEM.
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Calculations of continuously stratified fluid
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Abstract. The paper presents the authors' experience in usage of the technological platform
UniHUB for numerical simulation and computations of continuously stratified fluid flows
based on the open source computational packages OpenFOAM, Salome and ParaView.
Special attention is paid to the problems of high-resolution computational grids construction,
complex boundary conditions setting using the standard and extended OpenFOAM utilities,
own solvers development, numerical data processing and visualization and running program
codes in parallel on the JSCC RAS Cluster, as well. Some physical results are demonstrated
on the stratified flows structure and dynamics around impermeable sloping plate, symmetrical
wedge, horizontal disc and circular cylinder. The obtained numerical results have direct
application to the natural systems since the Earth’s atmosphere and hydrosphere are mostly
stably stratified due to non-uniformity of distributions in space and time of dissolved or
suspended matters, gas bubbles, temperature, medium compressibility and effects of external
forces. The numerical study of diffusion-induced flows on an impermeable obstacle reveals a
system of jet-like flows formed along its sloping boundaries and a complicated structure of
circulation cells attached to the surface of the obstacle. The most intensive structures are
clearly registered experimentally by Schlieren techniques in form of horizontally extended
high gradient interfaces attached to extreme points of an obstacle, i.e. sharp edges of a plate,
poles of a cylinder, vertices of a wedge, etc. With increase of typical velocities these
structures do not disappear but are transformed into a complicated system of thin interfaces
separating different kinds of disturbances, e.g. internal waves and a vortex sheet. The
structural elements of extremely slow flows of non-homogeneous fluids form a flow fine
structure in rapidly changing environments. The analytical, numerical and laboratory data are
compared with each other, conditions of their agreement being discussed together with
possibility of their application to the natural systems.

Keywords: direct numerical simulation; open source computational packages; stratified
flows; flow fine structure; internal waves; Schlieren visualization.
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