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[lnaH goknapa

* 1. KpaTkoe npeagcraBrneHne mateMaTm4ecKkon mogenu

2. Mpumep MoaennpoBaHNA Ha HECTPYKTYPUPOBaAHHbIX
ceTKax

e 3. Peanu3auuns B Buoge coOCTBEeHHOro
uccrneaoBaTenbCKOro Koaa

* 4. Peannsauua B pamMKax OTKpbITOro nakeTra



§p+v i =0 KI'l ypaBHeHUs
%puwv (jpu’)+Vip=v I
%E+Vi(j:nH)+Viqi :Vi(H”uj)

=p(u' —w'), W :%(Vjpu‘uj +V‘p) mass flux

T =11, +rui,o(ukauj +(V, p)/p)
+76" (U, V¥p+ypV*u, ) shear-stress tensor
T, = ,u(V‘uj +Viu' —(2/3)Vkuk)+g5i"vkuk

' =0 —ruip(ujng+ pujVj(llp)) heat flux, gy, =—«V'T
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WckyccTBeHHasi guccunauums u napamMmeTpbl HACTPOMKM

[Ona mogenupoBaHns TeYEHU C yaapHbIMU BOSTHAMM U 60MbLLUNMMN
yucnamm PenHonbaca monekynapHon Bsskocty v KM anccunaymmn He
XBaTaeT ans obecnedyeHns MOHOTOHHOCTU CXEMbl B OKPECTHOCTU PE3KUX
rpagueHToB pelleHus (yaapHbix BorH). ns obecneyeHns atoun
MOHOTOHHOCTM YOOOHO BBECTU AOMONHUTESTbHY UCKYCCTBEHHYIO
avuccunauumio.

Bxogswwnn B KI'[] anropntm koadopuuneHT 7 cBsA3bIBAE€TCS C LLIArom
npocTpaHcTBEHHOM ceTKKN 1 1 B BespazmepHOM BMOE BbIHUCIIAETCH KaK

MaT® h
T= +o—
Re pSc ¢
CkopocTtb 3Byka C= ﬁ
_ Ma
KoadbdpuLmMeHT coBUroBon BA3KOCTU UL = —R T®
e

3 5 h
KoadpduumeHT 06beMHOI BA3KOCTU G = ,u(é —y)+0—p
C

KoadhcpuumenT TennonposoaHoc™ k= 11/(Pr(y —1))
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[NlocTaHOBKa 3apgaun moaenupoBaHUs
ob6TekaHna mogenu J1A (Houtman et al, 1995)

Mopaenb: odowmm Bua,

Uucno Maxa: Ma=3, Ma=4

Yucno PenHonbaca, BblMMCNEHHOE
no anuHe moaenu L=0.127 wm:

Re=6-10°, Re=7.6-10°

0 0
Yronarakm 10°, 20 PacyeTHas obnacTb




Peanusauua KI'l1 anroputma

- [NocTpoeHmne HeperynsapHon TeTpasgpanbHON CETKN C MOMOLLbIO
onbnmnotekn TetGen

- KoHe4HO-06beMHaa annpokcuMauma makpockonuyeckmnx Krai
YpaBHEHUN N NOCTPOEHMNE ABHOMN MO BPEMEHUN KOHEYHO-PA3HOCTHOWN
CXeMb

- 3a,£|,aH|/|e Ha4allbHbIX U NrPaHN4YHbIX yCJ'IOBI/II7I

- MNMpumeHeHne cpeacTs pacnapannenmBaHust BbIMUCNEHUN HA
ocHoBe ctaHgapTta MPI ¢ ncnonb3oBaHnem oubnuotekn METIS

- Pac4yeTt Ha mHoronpoueccopHoMm komnnekce K-100 ¢ BO3MOXXHOCTLHO
NPOAOIMKEHNS C KOHTPONBbHOW TOYKK

- NocTobpaboTka pe3ynsraTtoB BbIYUCTIEHUI



PacuyeTHaa cetka ana mogenu J1A,
NnocTpoeHHad ¢ NnoMoLbio NakeTa TetGen
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HauyanbHble ycrnosusi. Ha BxogHow rpaHuue 3agarTcs napamMmeTpbl HaberarLlero noToka.
BHyTpu pacdeTHOM 0bnacTn 3agatoTcs Takue XXe napameTpbl, KPOMe CKOPOCTU: ra3 B
Ha4arnbHbI MOMEHT HEMNOABWXEH.

[paHn4YHbIE yCroBus. Ha BxogHOM rpaHuue 3HavyeHns Haberarowero notoka nogaepKuBaroTcs
NOCTOSAHHbIMU. Ha BbIXOAHOW rpaHnue CTaBATCS YCNOBUA CHoca (PaBEHCTBO HYIHO
HOpMarbHbIX NPON3BOAHbLIX), NO3BONAOWME rady cBO6OAHO nokngatb obnacte. Ha TBepgomn
rpaHnue obTekaemMoro Tena CTaBsTCs YCNOBUSA HEMPOTEKAHNSA (BEKTOP CKOPOCTU paBEH HYIH0).
Ncnonb3yeTtca gononHutensHoe rpaHnyHoe ycrnosue Kl anropytma: HopmMarsibHble
NPON3BOAHbLIE AABIIEHUS U NSIOTHOCTU HA TBEPLOW CTEHKE paBHbl HYSTHO.

Ob6uwee Yncno y3noB HECTPYKTYPUPOBAHHOW pacyeTHom ceTkn 298 403, umcno
TeTpasapanbHbIX anemeHToB 1 574 869, yincno y3noB Ha noBepxHocTn mogenun 81 312. JT1a
ceTKa ncnosnb3oBanacbh Kak OCHOBHad. Hapsaay ¢ Heln, nNpu aHanuse cXogmMmMocTu
NpPUMEHsNacb ceTka ¢ COOTBETCTBYHOLLMMIN napameTpamm 137991-732815-26369. lNpwn
aHanmae HecTauMOHaAPHOro TedeHna ncnonb3oBanacbk cetka 508670-2967723-9455.

LLlar no BpemeHn BoluncnseTcs na ycrnosus Kypanra: At — ,Bc —
C

30ecb CKOpOCTb 3BYKa C=, /T Yncno KypaHTa /Bc

XapaKTepHblii MOKasbHbI pa3mep NPOCTPaHCTBEHHON ceTkn N

MawwmnHHoe BpemMa pacyeTta: okono 20 yacoB Ha 128 npoueccopHbIX y3nax komnnekca K-
100. bespasmepHoe BpeMs pacyeTa 2.12. CaenaHo 2 342127 ntepaunm siBHON CXEMBbI.



3HayeHns razogMHaMUYecKUx napameTpoB cregylome:
Fa3oBasi noctosHHas R=287  Ox/(xr-K),

MokasaTtens aguabatsl ¥ =7/5

Yucno Mpanatna Pr=14/19

MokasaTenb MEeXMOMeKynApHOro B3anmoaencTeng @ = 0.74
BenuunHa HacTpoedHoro napametpa KI'[l anroputma & =1
BennumnHa yucna Kypavta f. =0.1

BennunHa koadppuumeHTa, onpeaenstowero BesiMinHy perynspuanpyrowlen gobaskm B
0O6bEMHYI0 BA3KOCTb, CBA3aHa C Yyncnom Maxa KyCOYHO-NIMHENHOWN 3aBUCUMOCTbIO.

Mpn Ma <15 0=15 , py Ma > 2 0o=2
B npomexyTke Mexay ykaszaHHbIMU 3HadeHnamn ymncrna Maxa koapdpuumeHT o

NUHENHo Bo3pacTaeT ¢ yncrniom Maxa.

10



Pe3synbTathl MOogennpoBaHus Npu
Ma=3, Re=6-10°, yron atakm AoA=10°

KoHTypbl 6e3pa3mMepHbIX NAOTHOCTYU (CrieBa) u gasneHus (cnpasa)
B nyiockocTtu cummeTtpumn Z=0. JInHum TokKa.

0.075 0.075

005 0.05

0.025 0.025

-0.025 -0.025

-0.05 -0.05

-0.075 -0.075

-0.1

-0.1

0 0.05 0.1 0.15 0.2

11



Pe3synbTathl MOogennpoBaHus Npu
Ma=3, Re=6-10°, yron atakm AoA=10°

PacnpepnerneHue 6e3pasmepHOro gaBrieHUs
Nno nosepxHocTn moaenm J1A
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Pe3synbTathl MOogennpoBaHus Npu
Ma=3, Re=6-10°, yron atakm AoA=10°

PacnpeneneHue 6e3pa3mepHOro AaBneHnsa U BEKTOPbl CKOPOCTU Ha
nosepxHocTn mogenu J1A
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Pe3ynkraTbl MOOEeNnnpoBaHUA Npwu
Ma=3, Re=6-10°, yron ataku AoA=10°

PacnpeneneHne 6e3pa3amepHOro gaBsfieHUs U BEKTOPbI CKOPOCTU Ha
nosepxHocTn mogenu J1A B npoekumn XZ ¢ nogBeTpeHHOW CTOPOHbI
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Pe3ynkraTbl MOOEeNnnpoBaHUA Npwu
Ma=3, Re=6-10°, yron ataku AoA=10°

PacnpeneneHne gasneHus no nosepxHoctTn mogenu J1A B nnockoctn cummeTpun Z=0 (nuHun).
[To ocn opauHAaT OTMIOXKEHO OTHOLLEHME OAaBIIEHUSI HA MOBEPXHOCTU K HAYanNbHOMY AaBIIEHUIO.
KoopauHata X ykasaHa B MeTpax.

25—
I Model 3, Ma=3, AoA=10

20 B . Houtman at al. Exper. Windward CpaBHeHuWe C pesyrbTataMmu 3KCrepuMeHTa
. . Houtman at al. Exper. Leeward (Houtman at al, 1995, cumsonbil).

—  QGD. 298403 grid nodes
— — — — QGD. 137991 grid nodes
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NccnegoBaHne cxoguMoOCTU MO ceTke
(3eneHas NMMHUS NoKasblBaeT pesynbrarhl,
nosiydeHHble Ha bonee nogpobHom ceTke, a
KpacHasi Ha MeHee noapobHon).

Windward
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Pe3synbratbl MOgenupoBaHuUs Npu
Ma=3, Re=6-10°, yron atakm AoA=10°
NccnegoBaHme HecTauMoHapHOCTU TedeHnsi. KOHTYpbl 4aBneHnst B NIIOCKOCTU

cummeTpun Z=0 1 NMHUM ToKa ANsA pa3nn4HbIX MOMEHTOB 6e3pa3MepHOro BpeMeHu ¢
warom 0.4. Cetka 508670-2967723-9455
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Pe3ynkraTbl MOOEeNnnpoBaHUA Npwu
Ma=4, Re=7.6-10°, yron ataku AoA=200

KoHTypbl 6e3pa3mMepHbIX NIOTHOCTK (cnesa) u gasneHna (cnpasa)
B nsiockoctn cummeTtpumn Z=0. JInHnum Toka.
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PacnpeneneHne aaBneHus No NoBepxHocTn moaenu J1A B nnockocty cummetTpum Z=0 (NMUHun).

Pe3ynbratbl MOAeNnMpoOBaHUA Npwu
Ma=4, Re=7.6-10°, yron atakm AoA=20°

1o ocn opauHaT OTNOXEHO OTHOLWIEHME AaBIiEHUSI HAa MOBEPXHOCTU K HAYanNbHOMY AaBIIEHUIO.
KoopanHata X ykasaHa B MeTpax.
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Ma=4, AcA=20
QGD, upstream
QGD, downstream 'y
A Houtman at al. Exper. Windward
[ | Houtman at al. Exper. Leeward
" CpaBHeHUE C pesynbrataMn 3KCNnepuMeHTa
L oa (Houtman at al, 1995, cumBonbi).
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BknroueHue KI'] anropntma B OTKPbITLIN NPOrpaMMHbIA KOMMJEKC

OpenFOAM

Bopuc Hukonaesny HeTBepyLLKMH,
BukTop lNeTpoBuy MIBaHHMKOB,
ApyTioH VwxaHoBny ABeTUCSH

OpenFOAM - Open Source Field Operation And
Manipulation - puHaMU4YHO pa3BHBaOIIEecs OTKPHITOE
nporpamMmmMHoc odecmeueHmne AJIA MOACTIUPOBAHUA 3adav

MEXaHUKH CIUVIOIIHBIX Cpeld, B OCHOBE METOJ KOHEYHOIO
oobema FVM.

B orkpriTom nocTyne ¢ 2004 r. na ycaosusax GPL
JIMIEH3UM.

FOAM — npexqmecrBennuk OpenFOAM.

— o [ [y =

Paspaodoran B Imperial
College of Science. London.
UK. 1991-2003 (H. Weller
and H. Jasak)

OcHoBHas Bepcus
www.openfoam.org.

OpenVFOAM UniHUB 2.0: http://desktop.weblab.cloud.unihub.ru/login

Ml Paraview, NHCTUTYT CUCTEMHOrO NporpaMmmmpoBaHng
nm. B.l. NBaHHKKoBa PAH
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BkntoyeHune KI'] anroputma B nporpaMmmHbIin Komnsiekc OpenFOAM

HNepapxus pemareseid B OpenFOAM

Knaccbl Mpsimoe uncneHHoe
pema-reneﬁ MoaenupoBaHue
OpenFOAM MpocTenwmne ypaBHeHuUA

3apaum ropeHus

Cxunmaemble TeyeHUs
OuckpeTHble meToAbI
AneKkTpoMarHeTusm
OKOHOMMYECKUe 3aga4um
Tenno- n maccoobmeH
Hecxxumaemble TeyeHUs
TeyeHUs XMOKOCTU C y4ETOM
ABWIKCHIAR OTACHbHDbIX HacTii
MHorodasHble TeyeHUsA

3apayum npovyHOCTHU

HecTpykTypupoBaHHbie 3D noaBUMXHbIe CETKU

PacnapannenuBaHue anroputma
Mcnonb3oBaHne COBPEMEHHbIX MOLLHbIX
MHOronpoLecCOpPHbIX KOMMJEKCOB
MopknioyeHnsa moaenen TypoyneHTHOCTHU

FVM — meTOo4 KOHEYHOro oobema

S, A N

Teopema OcTporpaackoro-l'aycca

/ V-adV = j{ dS - a
v oV
<a>=£ja dv
Vi
1 1
(V-a) z(V-a>:\7JV-adV :\75\[/a-nd8 ~
1 1 1
~\72f:af ndS —sz:af 'Sf —\72@

da _a,—a,
on h
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BkntoyeHue KI'] anroputma B nporpaMmmHbIin Komnsiekc OpenFOAM
3anucb anropuTtMa B COOoTBeTCTBUU C TpeboBaHnamMM OpenFOAM

p=p" = SF (),

Ffo(po):pfuf S¢ 7 ((V(pu@u))f +(Vp)f).sf’

(pu) = (puf’ =G S F? (o0 )

Ffo((pu)o): |:f0 (po)uf +PS; =S 'ﬁ?GD’

lA_[?GD =T:Uy ®(:0fuf '(Vu)f +(Vp)f)+ffi(uf '(Vp)f 7Py (V°u)f)+
an(veu), +(vou) -2i(v-u), |

(PE) = (pE) — ZF?((oE)),

0 0 of .0 A 1
F ((pE) ): Fo(p°)H, —T19%° -u, S, —z,u,p, (Uf (Vu), + pu, -(V;] J-Sf-
f



B HacToswee Bpemsa coneep QGDFoam peann3oBaH Ha
3D HeCTpPYKTYpUpPOBaHHbLIX CeTKax,
pacnapanneneH,

BbII1IOXEH Ha github.
imeeTcsa Bepcus ana MoaennpoBaHns TEHEHNN BSA3KOU
Xunakoctu - coneep QHDFoam

MO)XHO Nofb30BaTbLCA.

OcHoBHble pa3paboTtunkmn — M.B. KpanowmnH ACI1T PAH u
M.A. Uctomuna ATTM PAH



3aknr4yeHue

[MpuBegeHHbIE B paboTe pe3ynbTaThl MOKa3biBaloT, YTO NPU ageKBaTHOM
HacTpouke KI'[] anropntm rno3BosigeT npoBoAuUTbL NPAMOE YNCNEHHOE
MOAENMPOBaHME CBEPX3BYKOBOIO 0DTEKaHUSI TPEXMEPHBIX Moaenen
pasnnMyHon popmMbl NpU peannucTUYHbIX 3Ha4YeHunsx Yncen Maxa u
PenHonbAaca.

OnbIT pacyeToB Takxe rnokasbiBatoT, 4To KI'[l anroputm no3sonseTt Habntoaatb
HecTauMoHapHoe NnoBeaeHne pacnpegeneHn NioTHOCTU U CKOPOCTHU, YTO
npucylle peanbHbIM TEYEHUSIM.

metroTca aBe Bepcum nporpammHon peanusauun KI' anroputma —
aBTOpCKaga Bepcus 1 coneep, AOCTYMHbIA B paMKax OTKPbITOW niatdopmsbl
OpenFOAM



Cnacubo 3a BHUMaHue



