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AnHoTtanus. IlpencraBieHsl pe3ynbTaTbl YHCICHHOIO MOAENIUPOBAHUSA TEUCHUH ycTOWYMBO
CTpaTH(UIMPOBAHHON >KUIKOCTH HA TpUMEpe 3aJadd OOTeKaHWs KINHA B JBYMEpHOU
HECTAI[OHAPHOI IOCTaHOBKE B INMPOKOM JHama3oHe ckopocteil. CTpartuduiupoBaHHbBIE
TEUCHUS] XapaKTepU3YIOTCS IIUPOKMM [AHANa30HOM 3HAYEHWH BHYTPEHHHMX MAacmTabos,
OTCYTCTBYIOIIMX B OJHOPOJHOHW JKHIKOCTH. Bce »meMeHTHl TeueHmil (BUXpH, BOJHBL,
TOHKOCTPYKTYpPHBIE IIPOCIOIKH) CYIECTBYIOT OJJHOBPEMEHHO U aKTMBHO B3aUMOJEHCTBYIOT
Mexy coboit. IIpennoxena cucrema OaJaHCHBIX YpaBHEHHH, KOTOpas JaeT BO3MOXKHOCTh
OJIHOBPEMEHHOI'0 H3y4YEHHUS BCEX JJIEMEHTOB TEUCHUH B paMKax €AMHOIO OIUCAaHUsS B
€CTECTBCHHBIX (M3NYECKUX IEPEMEHHBIX O3 NPHBIICYCHHUS ONOIHHUTEIBHBIX KOHCTAaHT U
ces3eit. [locraBneHHas 3aaua pemasach METOJOM KOHEUYHBIX 0OBEMOB B OTKPHITOM ITAaKeTe
OpenFOAM. Ocoboe BHUMaHKE YIETSIIOCH CO3aHII0 Ka4eCTBEHHOW BBICOKOpAa3peliatonei
pacdyeTHOH CeTKH, KOTOpas YYMTHIBaeT MHOTOMAacHITAaOHOCTh MOCTaBICHHOH 3ajadmd.
TecToBble  pacueTsl  MOATBEPAWIM  HEOOXOAMMOCTh  paspemieHHs  MHHAMAIbHBIX
1 dy3noHHBIX MUKpoMaciiTaboB. OOCYKIAOTCs BOIPOCHI HCIIOIB30BaHMUs CTAaHIAPTHBIX U
pacupenHblx yTWwiuT nakera OpenFOAM c menpio peanusalldy CIOXKHBIX TI'PaHUYHBIX
YCJIOBHMH M pa3pabOTKK COOCTBEHHBIX pelareneil. B kauecTBe HauambHBIX YCIOBHH 3a1a4u
oOTekaHus KJIMHA BHEUIHUM MOTOKOM CTPAaTH(HIUPOBAHHON CPEAbl MCHONB30BANINCH paHee
paccuMTaHHbIE MOJISI TEUECHHH, MHIYIMPOBAHHBIX NpepbIBaHUEeM (B (Y3HOHHOTO HepeHoca
HETIOJBIKHBIM KJIMHOM, KOTOpBIE KaueCTBEHHO COTJTACYIOTCS C JaHHBIMU Ja0OpaTOpPHBIX
OmbITOB. PacdeTs! MpoBOAWINCH B MapauIeIbHOM PEXHME C HCHONb30BAaHHEM CEPBHCOB
mwiatgopmer UniHUB. Exqunas cucrema ypaBHeHUH 1 00Kl anrOpuT™ OBLIH UCTIONE30BAHBI
BO BCEM /Hala30He IapaMeTpOB 3amadd. Pe3ynbTaTsl pacyeToB IOKAa3ald CIOXKHYIO
HECTAI[MOHAPHYIO CTPYKTYPY CTPaTU(QHIMPOBAHHBIX TEYEHHH OKOJIO KiMHA. OnpeneneHs!
MeXaHH3Mbl (OPMUpPOBAHMS BHUXpeil B 007acTAX OONBIIMX TPATUCHTOB BO3MYIICHHUS
COJICHOCTH B OKPECTHOCTM KpOMOK TpemarcTBui. Bo Bcex pexnmax TedeHue
XapaKTepU3yeTcsl CIOXKHOM BHYTpEHHEH CTpYKTypoH, B KOTOpOW BHaualle BBIPAXKEHBI
JMCCHIIATHBHO-TPABUTAIIMOHHBIE BOJIHBI, 3aTeM TpyINa NPHCOSAWHEHHBIX BOJH, KOTOPHIC
o0pa3yrorcsi B mpoTuBOdaze y KpOMOK KiHHaA. Jlamee OCHOBHBIM KOMIIOHEHTOM TEUCHUS
CTAQHOBSITCS BUXPH, KOTOpBIE HAYMHAIOT ()OPMHUPOBATHECS OKOJIO TIEepefHEed KPOMKH U
CTAQHOBSTCSl BBIpOXKEHHBIMH B ciefie. C yBenWYeHHEM CKOPOCTH BCS KapTHHA TEUCHHS
CTaHOBHTCS 00Jiee HECTAMOHAPHOI, TIO/IBI)KHBIC BUXPH 3aIONHSIOT BCE MOJe BONU3H Tena U
B CIIeZIe 3a HIM.
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1. BeedeHue

B macrosmelt paboTe n3ydaroTcsi MEXaHU3MBI ()OPMUPOBAHUS, PA3BUTH, pacmaja
BOJIHOBBIX M BHXPEBBIX KOMIIOHEHT TEUCHHMH B CTPaTH(HUIMPOBAHHOHN cpele, Tae
BOJIHBI ¥ BUXPH CYIIECTBYIOT OJHOBPEMEHHO M aKTUBHO B3aWMOACHCTBYIOT MEXIY
co0oil. CIOXHOCTh TO/AXO/Aa — BHYTPEHHSSI MHOTOMAacIiTaOHOCTh, OTpakaromias
MPUCYTCTBHE KPYIHBIX KOMIIOHEHT TeUeHUH (BUXPH, BHYTPEHHHE BOJHBI B TOJIIE
JKUJIKOCTH) U TOHKHX BBICOKOTPAJAMEHTHBIX MPOCIOCK, Pa3AeIOIUX CTPYKTYPHO
oTiHyaroIuecs obnactu teuenus [1].

I'paBuTanonHble (BHYTPEHHHE) BOJHBI ABILIIOTCA BAXKHBIM 3JIEMEHTOM JWHAMUKH
MOPCKOi1 cpezibl 1 aTMOC(hepbl, OHU MEPEHOCST Ha OOJBLINE PACCTOSHHS SHEPTHIO U
UMITYJIbC, MHTEHCH(UIMpPYIOT mepeHoc BemiectBa [2, 3]. Hayuwbiii uHTEpec K
JAaHHOW mpobiieMe OO0YCJIOBJIEH HEOOXOAMMOCTBIO M3YUEHHMs psia SIBICHHH B
OKpy’Karoliel cpene, TAKMX KaK WHTEHCUBHBIC IOJIMHHBIC WM TOPHBIE BETPHI B
aTMoc(epe 1 CKJIIOHOBBIE IOTOKHU B OKeaHe [4, 5], a TakKe caMOIBIDKEHNE 00BEKTOB
[6].

YuncneHHBIMH METOAAMH HcciienyeTcst popMUpOBaHUE TOHKON CTPYKTYpPHI TCUCHHH,
KOTOpast BIMSIET Ha NIEPEHOC BELIECTBA, MIPOLECCH pa3/ieieHUs] KOMIIOHEHT TeYEeHHS
¥ TIOBBIIICHHMS JIOKAJIbHOM KOHIEHTpanuK rnpumeceil. OTHOBpEMEHHBIH pacueT Beex
Makpo- W MHUKPOKOMIIOHEHT TEYEHUH B TOJHOM HEJMHEHMHONM NOCTaHOBKE
MPE/ICTABIsIET COOON CIOXKHYIO aKTyaJbHYIO 3a/ady, Ha CErOJAHSIIHWN JICHb He
PELICHHYI0 C NpPaKTHYeCKH HEOOXOJMMOW CTENEeHbIO TOYHOCTH. [lomydeHHbIe
Pe3yJIbTaThI MPEJCTABIISIOT BAXKHOCTD JUIs (QyHIAMEHTaJIbHOW M MPHKJIAaIHOM a’po-
U THAPOJMHAMUKHU IOCKOJbKY JaroT Oosiee Iiy0OKoe NMOHMMaHUe (QH3MYECKUX
MIPOIIECCOB B CTPAaTU(PHUIMPOBAHHBIX CpeAax Oiaronaps MPUMEHEHHUIO B YUCICHHOM
MO/JICTUPOBAaHUH (byHIaMeHTaIBHOM CHCTEMBI ypaBHEHHH MeXaHUKU
HEOJHOPOJHBIX >KMJIKOCTEH, YUUTHIBAIOLIEH BJIMSHUE PEalbHBIX CBOMCTB Cpelbl U
BHEIIHUX AMHAMHYECKUX (aKTOPOB.

Lemnpto paboThl sBIAETCS pa3BUTHE METOJUKH UYHCIEHHOTO MOJCITHUPOBAHHUS
TE€YEHUI HENpPEephIBHO CTPATU(HUIMPOBAHHBIX XHUIKOCTEH C Y4ETOM T'eOMETPHHU
HpensATCTBAH, 3¢ (hekToB BI3KocTH 1 Auddy3un.
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2. Mamemamuyeckasi ModeJsib

Pemraercss HecTalMoOHapHAs IUIOCKas 33qada OOTEKAHHUS TOPH30HTAIBHOIO KIIMHA
qumrHO# L = 10 cM u mupuHO# h = 2 ¢M MOTOKOM YCTOWYHBO CTPATH(QUIIMPOBAHHOM
JKUJKOCTH C IIEPHOJIOM IIaBydecTH T, = 6,28 C.

2.1 Cucrema ypaBHEeHUN

B kauecTBe MaTeMaTHICCKON MOMCIH H3y4aeMbIX (PU3MUIECKHX IIPOLECCOB BEIOpaHa
(byHnaMenTanpHas cuctemMa AudGepeHInaIbHbIX OATaHCHBIX YPABHEHUH MEXaHUKH
HEOJHOPOAHBIX MHOTOKOMITOHCHTHBIX JKHIKOCTEHl B mpuOmmkeHnn Byccunecka,
KOT[Ia MaJyible M3MEHEHHs NIOTHOCTH Ha MaciiTabax 3alaull YYUTBIBACTCS TOJBKO B
4IeHax ¢ cunoi Tsokect [1]:

@+(vv)v:—iVP+vAv—sg, Vv =0,
gt Poo (1)
S

v
E+V~VS :KSA5+XV, p=poo(eXp(— Y/A)+5)

3necs S =39 (y)+s — TIOJIHAS COJICHOCTh, S — e¢ BO3MYIICHHAs COCTABILIONIAS,

Py — TVIOTHOCTH Ha HYJEBOM YpPOBHE (IOPHM30HTE HEHTPAbHOM IUIABYYECTH),
p(y) — HEBO3MYILEHHOE paclpeie/IeHHe TUNIOTHOCTH, KOTOPOE 3aaeTCsl MPOpHIIeM

COJIGHOCTH So(y), rae och Y HampaBlieHa BEPTHKaJbHO BBEPX, V — BEKTOp

CKOPOCTH JKHAKOCTH, P — nmaBieHwe 3a BBIYETOM THAPOCTATHYECKOTO, V —
K03 HUIMEHT KMHEMATHYECKOH BA3KOCTH, K, — Ko3dpuuuent qudpdysnu comu, t
— BpeMsl, § — yCKOpeHHe CBOOOAHOTrO majgeHusd, V u A — omepaTtopsl I 'amMmuinpTOHa

u Jlamnaca, /\=(d|npg/dy)7l — mna mwiaydectn, N =,/g/A - wactora

IJIaBY4ECTH.

2.2 HayanbHble ¥ rpaHUYHbIe yCroBUA

B xadecTBe HAYaTBHOTO COCTOSIHUS CTPATH(OUIIMPOBAHHON CPEIIbl pacCMaTPUBACTCS
yCTaHOBMBIIEECS TEUYCHHE, WHAYIHPOBAHHOE TMpephIBaHUEM AH((HY3HOHHOTO
MepeHoca HEeMOABMKHBIM KITHHOM [7]. Takue TeUeHHs XapaKTEePU3YIOTCS CIIONKHON
STYEUCTOW  CTPYKTYpOM W HajJWYueM  BBICOKOTPAJMEHTHBIX  O0JIacTeH,
BH3YaJH3UPYEMBIX B BUC MPOTHKEHHBIX TOPU3OHTAIBHBIX MPociioek (puc.1).

Baxnyto pons urparot kpaeBble 3((EKTbl, TIe CXOXAEHHE C OCTPBIX KPOMOK
KITMHOBUIHOTO TeJla TOHKUX CTPYHHBIX TEUEHUH KHIKOCTH, (POPMHUPYIOUTUXCS
BIOJHh KaXIOH W3 €ro CTOPOH, IMOPOXJaeT BHyTpeHHHE BOMHBI [8]. OOBMHO
TOHKOCTPYKTYpHBIE J(PGEKTHl BHOCAT HEOOJNBIIME TIONPaBKA B  3HAYCHHS
XapaKTePUCTUK TEYCHHWH, HO HX JCWCTBHE YCHUJIMBAETCS OONBIION BEIMUUHON
TPaIMEHTOB COJIEHOCTH, TOJS KOTOPBIX OTPAXKAIOT CJOXKHYIO IMEPUOJUUYECKYIO
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CTPYKTYpPY TedeHHul, MHIynupoBaHHBIX auddysueit (puc. 1, a). [opusoHTambHBIE
HOJIOCYATBIE  CTPYKTYPHl KaueCTBEHHO COIJVIACYIOTCS C  OKCIICPHUMEHTAIbHBIM
KapTHHAM BH3yaln3alud (“IBETHOW TEHEBOH METOX” C TOPH30HTAIHHOHN INENBI0 H
pemeTKON)  pacmpeleneHus TpaaueHTa Kod(pQHUIMEeHTa MpPEJIOMIICHHS B
nabopatoprom Oacceitne UITMex PAH (puc. 1, 6).
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Puc. 1. Paccuumannas (a) u menesas (8) kapmunvl meyenus, UHOYYUPOBAHHO20 Oupghysueti

Ha KiuHe
Fig. 1. Calculated (a) and experimental (c) pattern of flows induced by diffusion on a wedge

Ousnueckn 00OCHOBaHHBIE TIpaHUYHBIC YCJIOBHS Ui  3aJadydl  OOTEKaHHs
TOPU30OHTAILHOM  IUIACTUHBI  MOTOKOM  HENPEPBIBHO  CTPAaTU(PHUIMPOBAHHOM
JKUJKOCTH UMEIOT CIEAYIOUINH BUA:

S| 1oy os
V=0, v| =U, v —0, s =0 B __1¥ B 4 (g
Xy Vlxyo Xy onl;,  Aon onjg
rme N — BHEHmIHAS HOPMajibh K IMOBEPXHOCTH mpemsaTcTBus 2 . Ha Gosbiiom

yAAJEeHUHU OT MPEIATCTBUA 3aJal0TCs YCIOBHS 3aTyXaHHs BcexX Bo3MmymieHuit, U —
CKOPOCTB BHEIIHETO 00TEKaHHs NPETIATCTBHUS.

AZeKBaTHOCTh ~ BBIOpDAaHHOH  MaTeMaTHYeCKOM  MOJENM  IOATBEpPXKIAETCS
COOTBETCTBHUEM OCHOBOIOJIATAIOIUM IPUHIMIIAM MEXAHUKU U COINIACOBAHHOCTBIO
HE3aBUCHMBIX AHAJINTHYECKUX, YUCICHHBIX M 3KCIIEPHMEHTAIBHBIX HCCIEI0BAHUN
CTpaTH(UIUPOBAHHBIX TSUCHUH OKOJIO MIACTHHBI M HOJIYIUIOCKOCTH [1, 2].

2.3 XapakTepHble MacLuTabbl

Bagaua xapakTepmsyercs HabOpoM pasMepHbIx mapamerpos: v=10"° wm%c,
k,=1.41-10" m/c, g = 9.8 m/c’, N=1 ¢’ Ouu dopmupyioT XapaKTepHbIE
MaciTaOsl: BpeMenn t =T, , ckopoct — Uy =+JVN | Uﬁs :«/KSN , U, a taxxe

JUMHBL.  bonbmme  nuHeWHBle  MacmTaObl  XapaKTEPH3YIOT — HCXOIHYIO
cTpatudukanyio (JUIMHY IUIaByd4ecTH A ) M TEOMETpUIO TeueHHs (pa3Mepsl
npensarcteus L um h). Cxopocts ucrounnka U 3anaer nimHy rpaBUTanMOHHBIX
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2
IIOBEPXHOCTHBIX A = 27U / g wu BHyrpeHHuX A; =UT, TIpaBUTaIMOHHEIX BOJH.
MukpomaciiTaGbl  JHCCHIATHBHOM — mpupombl  (Bsskuit Oy =+/V/N u

mubdysnonneit 8 =,[kg/N  MHKpoMacwTaGbl) OIPEAENSIOT  IHONEPEUHbIC

pasMepsl  TOHKOCTPYKTYPHBIX ~ KOMIIOHEHTOB.  KOMIIOHEHTBI ~ CTPYKTYp €
K,

macmtabamu Ipauamnsa 8 =v/U u 85 =« /U Bipaxkensi B cTpysx u cieaax.

Hlupokuit nnama3oH 3HAYEHWH MacIITa0OB JUIMHBI YyKas3blBaeT Ha CJI0XKHOCTb
BHYTPEHHEH CTPYKTYpbl CTPaTU(QHUIUPOBAHHOTO TEYCHUS, KOTOPYIO HEOOXOAMMO
YUYUTBIBATH IIPH Pa3pabOTKe YHCICHHOW MOIENH. AHAIU3 JIMHEAPH30BaHHBIX
(yHIAMEHTANBHBIX YpPaBHEHUH W pE3yJIbTaThl JIAOOPATOPHOTO MOJIETUPOBAHUS
NOKa3bIBAIOT, YTO KPYINHOMACIUTAOHBIE SJIEMEHTHl TEYEHHH (BOJIHBI U BHUXPH)
XapaKTepU3yIOT PEeryISIpHO BO3MYIICHHBIE KOMIOHEHTHI TOJHOTO perieHus [9].
OOwwmpHOE CEeMEHCTBO CHHTYJSIDHO BO3MYIICHHBIX KOMIIOHEHT —OIHCBHIBACT
TOHKOCTPYKTYPHBIC JIEMEHTBI TCUCHHUIT, KOTOPBIE MPOSBIISIOTCS BO BCEM THANa30HE
rnapaMeTpoB M3y4aeMbIX IpolieccoB. Bce KOMIMOHEHTHl aKTUBHO B3aUMOJEUCTBYIOT
MeXay co0ol, (OpMHUpYs SBOIIOLUOHHUPYIOIIYI0O TOHKYIO CTPYKTYpY, KOTOpas
BJIMSIET Ha TIEPEHOC BEILECTBA, POLIECCHI Pa3/ieIeHUsI KOMIIOHEHT TEYEHHH.
PaccMoTpeHHasi MOCTaHOBKA 3a/aud IO3BOJISIET OJHOBPEMEHHBIH pacyeT Bcex
3JIEMCHTOB TCUCHUM B paMKax €AWHOI0 OIMMCaHUuA B CCTCCTBECHHBLIX q)HSH‘{eCKI/IX
TMECPEMECHHBIX oe3 MPUBJICUCHUA JOIIOJTHUTCIIbHBIX KOHCTaHT u CBSI3EH.
MaxkpomacmtaObl XapakTepH3yIOT pa3Mep OO0JAacCTH pelIeHHs 3aJadd, KOTopas
JIOJDKHA COZIEPXKaTh BCE M3ydaeMble KOMIIOHEHTBHI TEUEHHs, a MUKPOMACIITA0bI —
NPOCTPAHCTBEHHOE PA3peILeHIE PACICTHON CETKH.

3. YucneHHass Mmodesnb

UYuciaeHHOE pelleHHe MOCTaBICHHOHM 3agaud OBLIO peaau30BaHO B CBOOOAHO
pacopoctpansieMoM nakete OpenFOAM, OTKpPBITOCTE UCXOJHOIO KOJIa KOTOPOTO
MO3BOJIMJIA  TIOCTPOUTH OPHTMHAJIBHBIM  pellarenb, pealn3ylomui CHUCTEMY
ypaBHeHwHi (1) MeToj0M KOHEYHBIX 00beMoB. J{11s yuera s pekToB crparudukamun
u quddysun cranmaptHelii pernatens nakera iICOFOAM Obul JOMOJNHEH HOBBIMH
MepeMEHHBIMU (P M S) M COOTBETCTBYIOIIMMH YPABHEHHSMH, a TAK)Ke€ HOBBIMH

BcroMorarenpHeIMU mapamerpamu (A, k., N, g wu gp.) [10]. 'panuunoe

YCIIOBHE BO3MYILIEHHUS COJCHOCTH S Ha ITOBEPXHOCTH KIMHA PEaH30BaHO C
ucnonb3oBanueM ytuiutel funkySetBoundaryField, xotopas mo3BosiseT 3amaBaTh
AQHATUTHYECKHE BBIPAXEHUS B BBIOPAHHBIX IOJO0NACTAX TPAHHUIBI PACUETHOTO
JIOMEHa.

Wurepromsinysi  KOHBEKTHBHBIX UICHOB TpoBoamnack mo TVD cxeme (Total
Variation Diminishing), koropasi BHOCHT MHHUMAJIbHYIO YHCIEHHYIO AUPGY3UI0 U
obecrieunBaeT OTCYTCTBHE ocuwmmuid pemenus [11]. s auckpernzanmu
MPOM3BOJHON MO0 BpEMEHH MPUOETaN K HESIBHON TPEXTOUCUYHOW HECUMMETPUIHON
cXeMe BTOPOTO Mopsiaka ¢ pasHocTssMu Hazaj (backward differencing).
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Jlnst pemeHuWs] TOMYyYEHHOW CHCTEMBI JIMHEHHBIX alreOpandecKuX YpaBHEHHH
NPUMEHSIINCh ~ UTEPALIMOHHBIE  METOJABI  CONPSDKEHHBIX  TPAIUEHTOB  C
npenobycnosnuBanueM PCG U1 CHMMETPHYIHBIX MAaTpHI, a U1 aCHMMETPHUIHBIX
MaTpHI] — MEeTOJ| OUCOTPSIKEHHBIX TPaneHTOB ¢ mpenobycmosmuBanneM PBiCG.
B kauectBe mpenoOycnoBiIMBaTENs A CUMMETPHYHBIX MaTpull Oblia BhIOpaHa
npouenypa DIC, 6a3upyromasicsi Ha yIpoILEeHHOW cxeMe HeNOoIHON (akTopusanuu
Xonenkoro. JIng acUMMETPUUYHBIX MAaTpHUI], COOTBETCTBEHHO, 3aIlyCKaics
npegodycnosmuBatens DILU. Jlnsg cBs3aHHOrO pacuera IOJNEH CKOPOCTH H
JIaBJICHUs] UCIONb30Bajlcid YCTOWYMBBIM, Xopomo cxonsdmuiics aaroput™m PISO,
KOTOPBIH [TOKa3aJ BBICOKYIO 3((EKTUBHOCTh B HECTAIIMOHAPHBIX 33/1a4aX.
Juckpernzanus pac4eTHOH 00JIaCTH OCYILECTBISIIACH C MCIOJIb30BAaHUEM YTHIIUT
blockMesh mnaketa OpenFOAM. T['eomerpusi H3y4aeMOro Teja MO3BOJMNIA
MOCTPOUTH OJIOYHO-CTPYKTYPHUPOBAHHYIO TEKCa3JpaJbHYI0 PACUYETHYIO CETKY C
COBMEIICHNEM JINHUH Ha TpaHuIax 0siokoB. O0acTs pemeHns 3a1aqu MpeIoKeHO
pa3zenuTh Ha ceMb OJIOKOB, KaK MOKa3aHo Ha pHc. 2.

»cM
! i 3
1_ 1 : 2 L,
0--mmmmmmmm - 4
-1 7 i T
i ‘ 3
0 10 X, e

Puc. 2. Cxema pazdbuenus pacuemnoti ooracmu Ha 610Ku
Fig. 2. Partition scheme of the computational domain

TecToBbIE pacdeThl ¢ Pa3IMYHBIM H3MEIbYEHUEM DPACUETHOM CETKH ITTOATBEPIUIA
HE0OX0JMMOCTh Pa3pelIeHns] HAaMMEHBIINX MHKPOMAcITaboB 3amaud §) H O

[12]. Ha pwuc.3 mnpuBeneHsl 3aBHCHMOCTH OT BpPEMEHM JaBICHUS BOJNU3H
SKCTpEMaTbHONW BEpIIMHBI KIWHA, TAe Haubojee OTYETIMBO MPOSBISIOTCS
TOHKOCTPYKTYpHbIE KOMIIOHEHTBI HHAYLIMPOBaHHBIX AU dy3neil TeueHun .
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Puc. 3. Deonroyus 60 epemenu 0agaenus 6 KOHMPONLHOU MOUKe ¢ KOOPOUHAMAMU
(0,101;0,011): 1 — cemra ¢ munumansubim pasmepom sueticu 0,5-10° m 6 oxpecmmocmu
. -4
KOHmMpobHOU moyku, 2 — 1,510 m

Fig. 3. Evolution of the pressure at the control point with coordinates (0,101;0,011): 1 — grid
with a minimum size of the cell 0,5-10™* m near the control point, 2 — 7,5-10*m

PemieHue sBIeTCS HEYCTOWYHMBBIM Ha TPyOOW ceTke 2 ¢ OOIIMM KOJHYSCTBOM
STYECK 0,5-106 s;YeeK MPH MHUHUMAIbHOM pa3Mepe B OKPECTHOCTH KOHTPOJIBHOM
TOYKH OKOJIO 1,5-10'4 M. Jlns cpaBHEHUS ceTka 1 ¢ MUHHMAJIbHBIM DPa3MEpOM
stueiiku 0,5+ 10™* m umeer 10° sueex.

Anroput™M pa3OucHHS pPAacYCTHOW OOJNACTH MpPEIIoiaracT CrylicHHE SYecK B
HaNpaBJICHUW TMPEMSTCTBUS TPU YCIOBUU COXPAHEHHUsS] COOTHOIICHUS DPa3MEpoOB
rpaHeil TekcadApoB He Oosiee 2, Kak MOKa3aHO Ha puc. 4,a. BOmm3u obTekaemoro
TeJa COOTHOIICHUE Pa3MEpPOB T'eKCadJpOB MPUOIU3UTEIHHO PABHSIOCH CIAMHUIIC,
YTO MOJOXHUTEIBHO BIMACT Ha CXOOUMOCTh pemreHus. OmHaKO B 3TOM cCiydae
HEOOXOAUMOCTh HU3MEIIBUECHHS CETKH B OIHOM MOJ00JAacCTH TEUYCHUS BIICUYET
W3JHIITHE MEJKYI0 CEeTKY B APYTHX OONACTsIX, IZIe 0c000i MOTPEeOHOCTH B MEIKOU
CETKE HEeT, YTO MPHBOAHUT K HEPAMOHATHHOMY HCIIONB30BAHHUIO BHIYHCIHTEIBHBIX

pecypcos.

Tt
T

i
=

a)

Puc. 4. Cxema pazbuenus pacuemHoti 001acmu ¢ IUHEHbIM ceyujeruem (a) u ¢
OONONHUMENbHBIM JOKATbHbIM pazouenuem (6)

Fig. 4. Partition scheme of the computational domain linear condensation (a) and additional
local partition (b)

C uenbro ynyullleHHss KauecTBa JMCKPETH3aLUM oOONacTH peIIeHHs 3ajadyu
JIOTIOJTHUTENBHO UCIIONBb30BAIMCH YTHIUTHI topoSet u refineMesh, nmo3sosstroniye Ha
OCHOBE T€OMETPUYECKMX JIMOO IapaMeTpH4YecKuX IPHU3HAKOB  BBHIJIEISATH
NnoA00IacTH pacyeTHOH CETKM M JIOKAJIbHO HM3MENbYaTh MX B COOTBETCTBHU C
3aJlaHHBIMM ~ MacmTabaMd ¥ BBIOPaHHBIMH  HampaBieHWsIMH  (puc. 4,0).
MuHyManbHBIH pasMmep sS4eHKH 0,2:10* M BGmI3M HEIIPOHULAEMBIX I'PaHULL

5 K,
YIOBJIETBOPUTENLHO — paspemaeT au(Qy3MOHHBIA MHKpoMacmTab §,°  HpH

OTHOCHUTEJILHO HEOOJBITIOM 00IIIEM KOJIMYeCTBE sTueeK CETKU, paBHOM 0,44 108
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BwMmecte ¢ TeM yMeHbIIEHHE ITPOCTPAHCTBEHHOTO Pa30OHMeHMs, Jake Ha HEOONBIIOM
y4acTKe pacdyeTHOH 001acTH, TpeOyeT COOTBETCTBEHHOTO YMEHBIICHHMS MIara Io
BPEMEHH, 4YTO YyBEIWYMBacT BpeMs pacdera. CyIIEeCTBEHHBIM HEJOCTATKOM
MOATAITHOTO DPa30MEHMsI CETKH SBIAETCA PE3KOE M3MEHEHHE pa3zMepa sSUCHKH Ha
rpaHHMLe 33aHHOI 00J1aCTH, YTO MOXKET OTPA3UTCS HA PE3yJIbTaTaX BBIYUCICHHUH.
BoruucneHust mpoBOAWINCH B MApaLIENbHOM PEXHME C NPHUBICICHHEM CEPBHCOB
mratpopmsl UniHUB. IlIpoBemeHme TECTOBBIX MAapaUICIbHBIX BBYUCICHHHA C
JIOCTaTOYHO BBICOKMM IIPOCTPAHCTBEHHBIM pa3pelIeHHEeM pacuyeTHOH o0sacTu
nokasanu 3 QeKTHBHOCTh pacnapayieMBaHus CUeTa JaXe B ABYMEPHOM CiIydae.
Tak, Ha 8 sapax pacdyeT OJHON MTEpaly 10 BPEMEHHU 3aHsUI Okono 37 cek, Ha 16
aapax — 7 cex, a Ha 24 — 3 cex. C jajpHeWIINM YyBeIMYEHHEM 4YHCIA
3aJICiICTBOBAHHBIX SIIEp CKOPOCTb BBIYMCICHHH NpPAKTHYECKH HE MEHseTcs,
MO3TOMY B JAaHHOM KOHKPETHOM CiIydae MpPOBEICHHE pacueToB Ha 24 sapax
KJIaCTEPHOM CHCTEMBI SIBIISIETCA HanOoee ONTHMAIbHBIM.

4. Pesynbmamsbi u ob6cyxo0eHue

B pamkax HacTosimei paboThl ObUIM TPOBEAEHBI pacdyeThl OOTEKaHWs KIWHA
TIOTOKOM CTpaTH(HUIMPOBAHHOM KUIKOCTH B JuanasoHe ckopocteii U =107 +10™
Mm/c.

CIIOXHYI0 ~MHOTOMACIITA0HYIO CTPYKTYPY CTPAaTH(HIUPOBAHHBIX TECUYCHHH
WUTIOCTPUPYET TOJIE TOPU3OHTAIBHOW KOMIIOHEHTBI TPaJHMeHTa BO3MYIICHHUSA
comeHoctd (puc. 5). B Tomme HempephlBHO CTpaTU(GUIMPOBAHHON IKHIKOCTH
(opMupyIOTCSL OTIepeKaloIIe BO3MYILICHUS, PO3ETKH HECTallMOHAPHBIX W MOJIA
NPUCOEIMHEHHBIX BHYTPEHHUX BOJH, a TakXke NpPOTHKEHHBIM ciex  3a
IKCTPEMAIbHBIMU TOUKAMH.

¥, cm ¥, cm

-5 0 5 10 15 X, cm 5 0 5 10 1S X,cm
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Puc. 5. I'opuzonmanvuas KoMnOHeHMa 2padueHma 603MyujeHUs: coieHocmu 0s/0x npu
obmexanuu knuna co ckopocmuio U = 107 w/c (a, 6), U = 10 m/c (8, 2), U = 10 w/c (0, €),
U =10 m/c (e, 3), U = 10" w/e (u, ). (L = 10 em, h = 2 em, Ty = 6.28 ¢, kpachwiii ysem —

NOA0JICUMENbHbLE SHAYCHUA, CUHULL — OMPUYAMETbHbLE)

Fig. 5. Horizontal component of salinity gradient perturbations 0s/Ox with increase of the
external flow velocity: U = 10° m/s (g, 6), U = 10 m/s (s, 2), U = 103 m/s (0, €), U = 102
m/s (orc, 3), U = 10 m/s (u, ). (L =10cm, h=2cm, T, =6.28 s, red - positive values, blue —

negative ones)

[puHIMIMaNEHOE pas3iM4ie KAapTHHBI OOTEKaHWs Tella CTpaTU(GUIMPOBaHHON
KUJIKOCTBIO OT O[[HOpO)IHOfI TMPOABIACTCA B6J'II/ISI/I OKCTPEMAJIBHBIX TOYECK
oOTtexaemoro Tena. Korma cKOpOCTh BHEIIHETO IOTOKAa CpaBHMMa IO MOPSAKY

BEJIMYHHBI C XapaKTEPHOM CKOPOCTHIO AU(D(DY3UH HHAYLMPOBAHHBIX MOTOKOB U,¢

B TEYEHHE JJINTEIBHOTO BPEMEHHM CTPYKTypa TEUYEHHS COXPAHSIET 3JIEMEHTHI
ucxonHoro moysa (puc. 5, a, 6). Bo3nme ocTphIX yIIOB NPOSBISIOTCS CHCTEMBI
MEPUOTUYECKUX CTPYKTYp, WIIIOCTPUPYIOIIHUE BHYTPEHHHE BOJIHBL VICTOUHHKOM
BHYTPEHHHUX BOJIH CIIY’KaT KpacBble CHHTYJSIPHOCTH, TeHEPUPYIOIIIEe HHTEHCUBHOE
BEPTHKAJIbHOE BBITECHEHHE OJKMIKOCTH, YTO TMPHBOJUT K OTKJIOHEHHIO OT
W3HAYaJbHOTO TIOJIOKEHUS HEHTpalnbHOW IJIaBydyecTH W, Kak CIEICTBHUE,
(hopMHpPOBaHUIO NEPUOINIECKNX 3aTYXAIOIMNX KOJIEOaHUH KHUIKOCTH.

YBenuueHne CKOPOCTH JIBMXKEHHS NMPUBOAMT K MPOMOPIHOHAILHOMY YBEINYEHHIO
JUIMHBl TIPUCOCIMHEHHOW BHYTPEHHEW BOJIHBI B COOTBETCTBHH C (hopmyroi
nuHelHoH Teopun A =UT,. ®a3oBble MOBEPXHOCTH, Pas3JENAIONIME BOJHOBHIE

BO3MYILCHUSI IIPOTHUBOIIOJIOXKHBIX 3HAKOB, 3arn0aloTCs B CTOPOHY JBHIKEHHS
mmacturel.  Ilpu  ckopoctsx meikenms U >102wM/c B creme 3a  KIHHOM
(dopMupyrOTCS BHXpEBbIE BO3MyIIeHHs (puc.5, k-k). Ha rpanmmax paszgena
BHYTPEHHHUX TIPHCOEIMHEHHBIX BOJH M BHXpPEBOro ciena (opmupyroTes
BBICOKOTPaJIMEHTHBIE 00J1acTH. PaccunTanHble KapTHHBI 0OTEKaHMS KIIMHA TI0 CBOEH
CTPYKTYpE COIJIacyIOTCSl C pe3ylJbTaTaMH SKCHEPHUMEHTAIBHBIX W YHUCIICHHBIX
UCCIIE/IOBaHUH OOTeKaHMsI Tel C APYIMMH T'e€OMETPUYECKUMH (OpMaMH MOTOKOM
cTpaTH(GUIUPOBAHHON KUIKOCTH [1].
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BrIsSBIEHBI CYIIECTBEHHBIC pPasiM4YUs BHYTPEHHEH CTPYKTYpPBHI MOJEH pa3IHIHBIX
(hM3MYIECKUX BEIUYMH, KOTOPBIE TOBOPAT O CIIOKHOCTH HM3Y9aeMOTO SBICHHSA WU
BBICOKOW Pa3sMEpPHOCTH TPOCTPAHCTBAa TMOCTaBIeHHON 3amaun. CTpyKTypHBIE
3JIEMEHTHI ToJeH (PU3MYeCKNX BENWYMH OTIMIAIOTCS APYT OT IpyTa pasMepamMu H
3aKOHAMHM HM3MEHEHHUS IO TMPOCTPAHCTBY M MO BpeMeHHu. llpudeM rpagueHTH!
¢usnyeckux BenWYMH, (HOPMHPYIOIIUECS HEOJHOPOJHOCTAMH MOJEKYISIPHOTO
MOTOKA CTpaTuUUUpYIOUIeld NpUMEcH, BeIyT ce0si HEMOHOTOHHO BOJHM3H
00TeKaeMoTo TeJla U IOCTUI'al0T BHICOKMX YUCIICHHBIX 3HAYSHUH.

6. 3aknro4yeHue

e Brruncnenus, nposeneHHble B OTKpbITOM nakere OpenFOAM mnokazanu
BO3MOXKHOCTb pacdyeTa MHOIOMAcCIITaOHBIX CTPYKTYPHUPOBAaHHBIX TEUEHMI
B IIMPOKOM JHarna3oHe NapaMeTpoB 3aJauu.

e [IpoaHanu3upoBaHbl HECTAIllMOHAPHBIE CTPATH(QUIMPOBAHHBIE TEYCHUS
okono kinuHa. OmnpeneneHbl MeXaHW3Mbl (OPMHPOBaHUS BUXpEH B
obnacTsx OONBLIMX TPAJUEHTOB IUIOTHOCTH B OKPECTHOCTH KPOMOK
HPENATCTBHSL.

e PesynpraThl  pacyeTOB  KAYSCTBEHHO  COMJIACYIOTCS C  JAHHBIMH
1a60PaTOPHBIX OMBITOB.

PaGora BhimonHEeHa C wucmodb3oBaHMeM cepBucoB miardopmel UniHUB —
http://www.unihub.ru
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The numerical solution of the problem of stratified fluid
flow around a wedge using OpenFOAM

N.F. Dimitrieva < dimitrieva@list.ru >
Institute of Hydromechanics of the National Academy of Sciences of Ukraine,
8/4 Zheliabova Street, Kiev, 03680, Ukraine

Abstract. Based on the open source software 2D numerical simulations of incompressible
stratified fluids flows have been performed. They are characterized by a wide range of values
of internal scales that are not in a homogeneous liquid. Mathematical model is based on the
fundamental set of differential equations of inhomogeneous multicomponent fluid mechanics.
The problem is solved using the finite volume method in an open source package
OpenFOAM. The method allows analyzing in a single formulation the dynamics and fine
structure of flow patterns past obstacles in a wide range of flow parameters. A particular
attention is focused at construction of a high quality computational grid which satisfies basic
requirements for resolution of all the microscales of the problem in high-gradient regions of
the flow. The calculations were performed in parallel regime on computational facilities of
the web-laboratory UniHUB (www.unihub.ru). The same system of equations and a general
numerical algorithm were used for the whole range of the parameters under consideration.
The calculation results are in a qualitative agreement with the data from laboratory
experiments. Transient flow patterns past obstacles are analyzed, and physical mechanisms
are determined, which are responsible for formation of vortices in regions with high density
gradients near the edges of an obstacle. For all the velocities of the body motion, the flow

18



Jumurpuesa H.®. YncnenHoe penieHue 3a1a4n 00TeKaH s KIHHA TOTOKOM CTPaTH(GUIIMPOBAHHOMN KHUIKOCTH C
ucnomnszoBanueM OpenFOAM. Tpyoer UCII PAH, Tom 29, Bem. 1, 2017, ctp. 7-20

field is characterized by a complicated internal structure. In the flow pattern around
motionless body dissipative gravity waves are manifested at the edges of the strip. Around the
slowly moving body a group of attached waves, are formed in opposite phases at the edges of
the wedge. Then, the main flow components become vortices, which are formed around the
edge of the wedge and manifested downstream in the wake. With further increase in velocity
of the body motion, the flow pattern becomes more non-stationary.
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