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Llenn n 3agaun paboTsi

@ B HNO-9 LLAT U Bepetcs paspaboTka cobcTBEHHOrO aapoakyCTNHECKOrO MakeTa
napassefbHblX MPOrpaMM, MO3BOJISIIOLLErO NCCIEA0BATh Pa3/iviyHble BUHTOBbIE
KOHPUIYpaLmUn € TOYKN 3PEHUSI KaK LIYMa Ha NPOWU3BOJIbHBIX PAaCHETHbIX CETKaXx.

@ Ha npeabipyuwieii koHdepeHunn 2016 roga nakeT nporpamm UCMoab30BaaCs ANs
peLUeHns ypaBHeHNA Dilfepa CKMMaAEMOro rasa.

@ B HacTosiweli paboTte obcyxpaaercs obobuyeHne nakera nporpamm ans
npoBefeHNs pac4yeToB Ha ocHoBe ypaeHeHuli HaBbe-CToKkca BA3KOro oxkumaemoro
rasa /11 MHOFO30HHbIX BPALLLAMOLLNXCS CETOK.

@ OCHOBHBLIMI HOBbIMUW 3/1IEMEHTAMII METOAA PeLUeHMUsl SABAAIOTCA anropuTMmbl
annpoOKCMMAaL MU KOHBEKTUBHBIX 1 BSI3KUX MOTOKOB HAa CTblKaxX BPaLLaroLLMXCst
obnacreli.

@ [pu 3TOM nporpaMmMHas peasn3aLusi METOAA CYLLECTBEHHO YCIOXHSETCs, TaK Kak
L1 pacyeTa NoTOKOB HEODXOAMMO CO3AaBaTb AOMONHUTENbHbIE CBA3SN MEXAY
obnacTsiMu, a Takke OOMEHNBATLCS 3HAYEHUSAIMU MAKPOCKOMMUYECKMX NEPEMEHHbIX
N NpaBbIX YacTeld cxembl.

@ [locTpoeHHbIli MeTOL PeLIeHNst MPUMEHUM K MOLEVPOBAHUIO BA3KOro obTekaHust
PasNNYHbIX BUHTOBLIX KOH(UIypaLui, TUNNYHBIX 4151 PErVOHANbHOro CaMosieTa.
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PacueTHble ypaBHeHVst B MOABUXXHOI 0bnacTy

@ llcnonbayetcs chopmynupoeka ALE (arbitrary Lagrangian — Eulerian)
[Gil et al., 2010, Sevilla et al., 2017], B KoTOpPOI1 ypaBHEHUS ABMKEHUS
NEPEnnCLIBAtOTCS C YYETOM [BMXKEHUS pacyeTHol 0bnacTu n y3nos.

@ B Hawem cnyvae ypaBHeHMs ynpoLLatoTCs, Tak Kak obnacTb N CeTKa BpaLiatoTes
BOKPYF OfHOUi U3 KOOPAWHATHbLIX OCell Kak TBepaoe Teno, bes aedopmauun.

@ [lmxeHne obnacTu TeHeHUst XapaKTEPU3YETCS BEKTOPOM YrOJIOBON CKOPOCTM
Q = (wx, wy,w;)"

@ B pasmepHoii BekTOpHOII hbopMe pacyeTHbIE YPaBHEHUSI C YHETOM [BUXKEHUS
obnactu umeroT BuA,

U+ —(FALE F))=0, FM'f=F—wU.

@ 3pecb U - BekTOp KOHCEpBaTMBHbIX nepeMeHHbix, F, F’ - obbiuHble TeH30pbI
KOHBEKTUBHbIX U BS3KMX NMOTOKOB MO KOOPAWMHATHBLIM HaNpaBiaeHUsIM:

p pUk 0
pur puiuy + 61kp Tik
U=| pw |, Fc=| puux+dup , Fi = Tok
pus pusuk + d3kp T3k
E (E + p)uk UaTak — Gk
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BespasmepHas dbopma ypasHeHuii

@ B panbHeiiwem uncnonbsyercs bespasmepHas dhopmMa 3anmncu pacHeTHbIX
YPaBHEHWIA, Nepexof K KOTOpbIM OMnpeAensieTcsi BbIGopoM macliTabos KoopamHaThl
L., paBnenusi p,, NAOTHOCTU pP«, CKOPOCTU Vi, TEeMNepPaTypbl 1., MOJSIPHOW MaccChbl
M. n BA3KOCTM iy

@ [Mo ymonyanuto macwtab ganHbl L, = 1 meTp, HO MOXET bbiTb 3agaH B
KOHpUrypaunoHHoM cpaiine nporpaMmmei.

@ Bo Bcex cnyyasx macwTab kosdbduLmeHTa TeNNONPOBOAHOCT A = fxV2/ Ti.
@ [1ns mMacwTaboB CKOpPOCTU 1 JaBaeHus npuHumMaetcs Vi = v RT., pe = Poo.
@ VpaBHeHMe COCTOSIHUS NpuHUMaeT Bug p = pT.
@ B 6e3spasmepHbIx nepemeHHbix ypaBHeHus (3) nepenucbiBatoTcst B BUAE

%u L V(FME - é—e*Fv) =0, Re, = 7’)*1‘:“.

@ 3peck uucno PeiiHonbaca Re, popmanbHo nosnyyaercs npu nepexoge K
6e3pa3MepHbIM NepPeMEHHBIM N MOXET HE COBMafAaTh C PeasibHbIM HYNCIOM
Peiinonbaca 3apgaun.
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BazoBbIi YnCneHHbIR MeTos,

@ [lycTb 3agava pelwaetcs 4As1 OLAMHOYHOV BpaLlatoLLeiics pacHeTHo obiacTu

@ O6o3Haumm n — HoMep wara no BpemMeHu ¢ uHtepsanom At. Beegem B
br3nYecKnx NepeMeHHbIX pacHeTHYLO CeTKy n3 siveek Vol c rpaHsimn Aj.
Ob6o3Ha4NM BepLUNHbI sHeeK CeTKN Yepes X;'.

@ MMyctb U — cpepHee 3HaveHne BEKTOpPa KOHCEPBATUBHbLIX MEPEMEHHbIX B sHeiike |
B MOMEHT BPEMEHU 1.

@ B Hawem nogxoge NCnonb3yeTcsi CUMMETPUYHAS AUCKPETU3aLNs, TaK YTO s
3HayeHN BEKTOPA KOHCEPBATMBHbLIX MEPEMEHHbIX HA BepxHeM cnoe n+1 nmeem

chopmyny
Xjn+1 = Xjn + TQAt,
urtt —ur 1 1
S = (L= @R(UT X + aR(U” X,
0 n 1 n ALE 1 v
R; , - = "Pi: &, = -(F — —F")dA
DT Y it e

Aji

@ Buibop o = 1/2 noseonsieT nony4nTb BTOPO Nopsafok; To — MaTpuua noBopoTa
BOKPYF 3aZjaHHOM OCU CUCTEMbI KOOPAWHAT, (Nx, Ny, N;)" - BHEWHSAS eanHUYHas
HOpMaJb K FpaHu.
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PacueT KOHBEKTUBHbIX 1 BA3KNX NOTOKOB

@ [Ins nonydeHnsi 2-ro n Bbile NOPsifKa annpoKCUMaLUK s KOHBEKTUBHOIO
NOTOKa WCMOJNBb3YETCS NMPOLEAYPa PEKOHCTPYKLMM HA OCHOBE METOAA HaUMEHbLUINX
KBaApaToB B JIOKALHON CUCTEME KOOPANHAT
[Dumbser and Kaser, 2007, Titarev et al., 2010]

@ [lnsa peweHns 3agaqn o pacnaje pa3pblBa UCMOb3YyeTCs MeTOoA
HLLC [Toro et al., 1994] c mogudunkaymein ans BpaLLalOLLERCs CUCTEMBI
koopguHat [van der Ven and van der Vegt, 2002]

@ ANnpoKCMMaLns BA3KUX YNCTEHHBIX MOTOKOB MPU PELUEHNN yPaBHEHNI
Haebe-CTokca TpebyeT HaxoXAeHUs NPON3BOAHbLIX HA FpaHsX siyeek ceTku. B
YMCNEHHOM METOAE UCMONb3YIOTCS 3HAYEHUS PELLEeHUst B LeHTPax NpuieraroLymnx
S4€eK 1 B BEPLUMHAX FPaHu, SBASIOLMECS
obobryervem [Mitchell, 1994, Frink, 1996].

@ [locne HaxoXXAeHUsI TPafNEeHTOB BCEX BENMYUH B LEHTPaAxX siHeek, BsA3Kas 4acTb
YUC/IEHHOTO MOTOKA HAXOAUTCS HEMOCPEACTBEHHLIM MOACTABAEHNEM BEJINHUH B
onpegenexne notoka. [pn 3Tom HeobxoanMble A4St BBIYUCAEHUS L N \ 3HAYEHNS
TemMnepaTypbl HAXOAATCA OCPefeHNeM BEANYWH, HalieHHbIX BO BPEMS MpoLenypbl
PEKOHCTPYKLUN.
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[MpoaBu>KeHE MO BpeMeHN

@ Beeaem cukTugHoe pems 0 < 7 < oo u nepemennyio V(7), lim Vi(1) = UMY,
T —> 00
u nepenuiem cxemy (5) B cregytoliem Buge:
d Vi(r) - U?

e Vi(r) + N = (1 - )Ri(V(7),x"") + aR(U", x")

o BBe,EI,eM ANCKPETN3aUunNto NO BPEMEHN C JIOKAJIbHbIM LLUAromMm AT,'Z

AV,-k ‘/,'k + Av,k - U,n k k n+1 n _n
An At = (1 - a)R(V* + AVF x") + aRi(U", x").

@ B guckpeTHOM BuAe MO aHaNOMMM CO CTAaLMOHAPHBLIM C/ly4aeM Mosyvaem
CneayloLLmMe YPaBHEHS OISl pacyeTa npupalleHust Benndunsl V< no spemenn:

Kk, 1-a 1 K B Kk _ntl vk
DAV + 2V Z (T,,- AF; — \/IiAva,(i)) lai] = (1 —a)R(V",x"") — Ar T4

n

1 U’
Di: e V: i ; zin: Ri n7 " .
<AT,+ +2|V|Z /a/> [a W, x") + 3

@ [Ins peweHus cuctembl ncnonbayercst HesiBHblii metog LU-SGS 6e3 sisHoro
Bbl4UCNeHnst MaTpuy, SAkobu (T.H. matrix-free metoa) [Yoon and Jameson, 1988,
Men’shov and Nakamura, 1995, Men'shov and Nakamura, 2000].
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Kputepuii cxogumocTu ntepaunii

@ Beenem BekTOp HeBA3Ku:

k

V.
-4 zl."

: _ _ X k n+ly
Residual = (1 — a)R:{(V", x") At

@ B passepHyTOM BUge

k n
Residual = W + Ui

At a1 RV X" + aR;(U", x").

@ KpuTepuii cxogumocTtu
[|[Residual|| < e

@ Bbin npoBeneHbl METOANHECKNE PACHETbI C PAa3HbIMN 3HAYEHUAMMN

@ £¢ =101 - cxema CN-1
@ ¢ =10"2- cxema CN-2
@ £ =103 - cxema CN-3
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|\/|o,£|,em/|pOBaH|/|e CNOXXKHbIX BUHTOBbLIX KOHdD

@ Twunuynas reoMeTpunsa 3afaqdn C HECKOJIbKMMU BpallatoWwnMuncs obnactam:

@ [epexon K MOAENMPOBAHMIO BA3KMX TE€YEHUA NoTpeboBan BHECEHUSI CeayoLnX
N3MeHeHn B 6a30BbINi YNCEHHbIT METOA;

@ HOBbIVi ANFOPUTM BbIYUCAEHNS KOHBEKTUBHbLIX MOTOKOB BOAN3M rpaHuLbl
BpaLLatoLMXCst 6/10KOB, OCHOBaHHbIN Ha UHTErpanbHbIX chopMynax.

@ HOBbIVi ANrOPUTM BbIYUCIEHNS BA3KNX MOTOKOB BOAU3M rpaHuLibl BPaLLatOLLNXCS
610KOB.
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PacyeT noToKoB Ha CTbiKe 30H

@ B HacTosiweli paboTe ncnonb3yeTcst YNCIEHHbIE METOA, KOTOPbI HE UCMOAb3yeT
NPeAnoIoXKeHNE O KOHPOPMHOCTU Y3/10B CETOK N3 Pas/inyHbIX 30H. [nsa kaxgoii
rpaHNYHON sivelikn ix 13 3agaHHol 30HbI K HaxoguTcs Haubonee b6nuskas K ee
rpaHu | rpaHuyHas syeiika jM(iK) 13 30Hbl M; paHHasi syeiika KacaeTcs rpaHuubl
rpaHblO C HOMEPOM f1. ANropnTM BbIYUC/IEHUS YNC/IEHHBIX MOTOKOB UCMONbL3YeT
nHbopMaumio o pelueHnn n3 siuelikn ix n jum (i) n ux cocepeii fnst BbIMUCNEHNS
3HaYeHu

<I""K = (I)IU'M

@ [Ins pekoHCTpyKuun B6IM3M rpaHuL, 30H NpumeHsieTcs Teopema laycca —
OcTporpafckoro ¢ MCNonb30BaHMEM 3HAYeHUsI U3 Haubosnee 6an3Kol siueliku
cocepHeii (rpaHunyaweii) 3oHbl ¢ HomepoM ju (7). B pesynbTaTte pacuer 3HaueHwnii
Ha FPpaHn NCNOJIb3YeT 3HAYE€HNA HEN3BECTHbIX B A4elikax n3 o6e|/|x rpaHn4awmnx
30H; cama chopmyna ANs rpafueHTa SIBNSETCA LEHTPUMPOBaHHON BOKPYr sivelikn V,
a He OfHOCTOPOHHEINA.

@ B copmyne pacueTa rpagneHToB pelueHMst Ha FpaHsX CETKU BMECTO
HECYLLIECTBYIOLLLErO 3HAYeHUs U3 sivelikn oy(i) ncnonb3yeTcst 3HadeHne u3
Hanbonee 6an3KoiIi suelikn coceareil 3oHbl. CnegyeT OTMETUTL, Y4TO M3-3a
BpaLUeHUs ceTKn BCe KoahcpuumenTsl B hopmyse AN rPagmeHToB HeobxoanmMo
nepecHYMTbIBaTb NOC/E KaXKAOro NOBOPOTa CETKMU.
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TecToBbIVi pacHeT TemMaTN4eCKOro BUHTA

@ "Teometpus LLlypa n Crpenbua” B3siTa 3 pabotsl [Spalart et al., 2010]

@ Paguyc BuHTa paBHsieTCst 2 MeTpaM, CKOpocTb BpaweHust = —1280 06/m
(npoTus 4acoBoii cTpesikm), ckopocTb Haberatowlero notoka — 83.7 m/c.

@ PacyeTbl NpoBOgUANCE KaK MO ypaBHeHUsIM Jiisiepa Ha ceTke 6e3 norpaHnYHoro
cnosi, Tak u no ypasHenusi Hasbe-CTokca Ha ceTke C rpybbiM NorpaHuyHbIM
cnoem. Hucno siveek 6 + 7 = 13 munnnoHos

@ Ha cucreme PCK TopHago, ycranosnennoili 8 CnBIY, nonyuena
yOoBNeTBOpUTEbHAs MacwTabupyemocts go 32 ysnos (896 sigep, 1792
runepnoToka)
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PacyeT HanpaBneHHOCTU

@ Pacuyer wyma B ganbHeM nosie npoBogmuTcs no merogy Pokca
Bunbsamca-XoykuHrca ¢ koHBekTuBHON dbyHkumeid [puHa
[Najafi-Yazdi et al., 2011].

@ Pacuetbl bbin BoinonHeHsl Mo kosineroii C.A. Yephbiwesbim (LATN) ¢
ncnosib30BaHmeM in-house koga Ha OCHOBE [aHHBIX HECTALMOHAPHbLIX PACHETOB.

@ [lpencTaBneHo cpaBHeHWIi pacyYeTOB HaMpaB/IEHHOCTU MO PasHbIM METOAAM:
120 —
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Pacuet cnektpa Ha 87 rpapgycax

@ CpaBHuBaeTcs JIIEPOBCKNIA pacHeT u pacyeT no ypasHeHusim Haebe-Crokca.
CN-2 u CN-3 npaktuyecku coBnagatot

@ BugHo, 4TO BSI3KMiIA pacyeT gaeT 3Ha4YUTENbHO Bonee HU3KME 3HaYeHus
LLUMPOKOMOJIOCHOTO LYMa, B TO BPEMSI KaK 3HAa4Y€HNSI NMUKOB TOHAJIbHOMO LUyMa
NOJIHOCTbIO COBMNAZAIOT.

120 —
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BbiBoabi

Q Vimetowniics HeBsizkuii kof, ANst pacdeTa obTEKaHNS CNOXKHBIX BUHTOBbIX
KoHMrypaumnii 0b6obuer Ha pewweHne ypasHeHunii Haebe-CTokca Bsiskoro rasa

@ Onucanbl 0cobeHHOCTN ANCKPETM3auMM MOTOKOB Ha rpaHunuax obnacTeit

© B kauecTse npumepa paccMoTpeHa 3afjayva pacyeTta wyma 8-10nacTHOro
TEMaTNHECKOrO BMHTA.

0 nOKa3aHO, 4TO NCNOJIb30OBaHNe ypaBHeHvu7| BA3KOro rasa npmeBognuT C 3aMe€THOMY
CHUXKEHUIO 3HAYeEHUA LLINPOKONONIOCHOr o WwymMma.

@ B panbHeiiwem naaHupyeTcs ynydlueHne NapannenbHol peannsaunmn pacyera

MOTOKOB Ha rpaHMuUax Bpallatowuxcst obnacTeid, a Takxe nepexog K cxemam 3 u
BblLLUe Nopsifka annpokcuMaumn.
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