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Komnnekc nporpamm NOISEtte ana CFD/CAA pacueTtoB

PeweHwne 3apay BbIYMCNINTENBLHOM a3pOANHAMUKN U a3POaKYCTUKN
Ha OCHOBe afNiropMTMOB MOBbILEHHON TOYHOCTH
Ha HEeCTPYKTYPUPOBAHHbIX CeTKax
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MaTtemaTuueckue mogenu

e basoBasa cuctema ypaBHeHU ANl CKMMaEeMoOro rasa

0Q  OFQ)  0GQ) A 0HQ 1 (UF;,(Q) +0GV(Q)+0HUEQ)>

ot o dy 0z  Re ox Jy d

Q — BEKTOP MOJTHbIX UIK NIMHEAPWN30BaHHbIX KOHCEPBATUBHBIX NEPEMEHHbIX,
F, G, H — BEKTOpa MOJHbIX NN NTIMHEeapN30BaHHbIX KOHCEPBATUBHbLIX MOTOKOB
F., G,, H, — AMccunatmeHbIX, Re — uncno PelHonbaca.

e Cemencreo moaeneun dunepa

« EE - nonHble ypaBHeHus Junepa

NSE - nonHble ypaBHeHUs HaBbe-CTokca

LEE - nuHeapusoBaHHble ypaBHEHNA Jdunepa

NLDE — ypaBHeHuUs1 Qnnepa, HefMHENHbIe 1151 BO3MYLLEHWI

e Mogenu TypOyrneHTHOCTHU

* RANS, URANS (SA, KE, KO, SST)

« LES (CmaropuHckui, S3PQ, S3QR, S3PR, WALE, Sigma, Vreman, Verstappen)
 DES, DDES, IDDES, PANS

e [MorpyxeHHble rpaHuyHble ycnosusa — IBC
e MeTop pacyeTa aKycTMKu B ganbHem none FW/H
e CTOXacTnyeckue MmetoAbl reHepaLun BXOAHOro CUrHasna v TypoysrieHTHbIX Noseu

« benbin Wwym, 3agaHHbIN CNEKTP
* SNGR mopenb
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EDaweekend: CED/CAA koa NOISEtte

YucneHHble MeTOoAbI

e HecTpykTyprpoBaHHbIe CeTKU
» TpeyronbHble/TeTpasgpanbHble CETKM
» [MBpuaHble ceTKn (anemMeHTbl 40 6 rpaHen)

e CxeMbl NOBbIWEHHON TOYHOCTU
* EBR cxembl ¢ KBa3MOQHOMEPHOW PEKOHCTPYKLUMEN
* [lonnHoMmnanbHasa KOHEYHO-0ObeMHas cxema

e PumaHoBckue conBepbl:
« [ogyHos, Poy, XyaHr

e ManomaxoBble Te4YeHUs
» lNpepobycnaenueatens Typkens

e Pa3pbiBHbIe pelueHUs
WENO-EBR cxembl
MUSCL-TVD EBR cxembl

UHTerpupoBaHue no BpemeHu

AsHas cxema (PyHre-KyTtTta 1 — 4-ro nopsigka) > :
HeaBHasa cxema 1-2 nopsigka ¢ nuHeapusaumen no HetoToHy LLIaBroHbI PEKOHCTPYKLUM
pa3HOCTHOM CUCTEMbI ypaBHEHUN

e PewatenrmCnay T
BICG-Stab ¢ nokanbHbIMK Br104HBIMK NpegobycnasnueaTenamm
MyneTMCUCTEMHBIW peXxum T

e [paHU4YHbIE ycnoBuA

» TBepable CTEHKU — OTpaXKeHue, npununadue

* HeotpaxatoLume rpaHnyHbIe yCrioBus

* [Nepuogunyeckne ycrnosus - ¢ TONONOrMYECKUM 3aMblKaHNEM

CeKkTop BbluucnutenbHon asapoakyctmku UMM nm. M. B. Kengbiia PAH http://caa.imamod.ru 4

MHTepnonauynoHHas
KOHCTPYKLUS




I'Iapannen bHbI€ TEXHOJTIOMNMA

e MHoroypoBHeBoe pacnapannenmsaHue MPI+OpenMP
AnAa cuctem ¢ Yucnom sagep 6onee 100000

e CyuwecTBeHHO-MHOronOTOYHOE pacnapansnenuBaHue
Cc ooLwen NnaMmATbLIO HA COTHU HUTEN

e [lonHasa aganTauua anropuTMa K NOTOKOBOM 06paboTke
COBMECTUMOCTb C MaCCUBHO-MapanfeflbHbIMA YCKOPUTENAMMWN.

e [eTeporeHHble BbIYUCNEHUS
Wcnonb3oBaHue yckoputernen Intel Xeon Phi B cummeTpuyHOM pexnme

e [MapannenbHas nHcpacTpykTypa npe- u nocrnpoueccopa
pacnpeaeneHHas obpaboTka gaHHbIX cBepXO6onbLOoro obbema,
HECTPYKTYPUPOBAaHHbIE CETKM C YACIIOM 3rIEMEHTOB Gonee munnuapaa.

e Bbicokas npon3BoaAuUTEeSIbHOCTb BbIYUCIIEHUN
saBHas cxema ~15-20% ot nuka CPU sagpa, pacxog namatn ~2 Kb Ha y3en;
HesBHada cxema ~10-15% (B Tectax Ha Intel Xeon X5670), 4 ~ 5 Kb yaen.

o BCTpOGHHbIe cpeacTBa.
WHCTPYMeEHTanbHoe NpounmpoBaHue, MeHeakep namMmsaT, KOHTPOSb CTeKa, CHYETYNK PaKTUYECKOM NPOU3BOANTENBHOCTH
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EDaweekend: CED/CAA koa NOISEtte

MapannenbHble TeXHONOrMU

Q=0.0005 isosurface
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AneMeHTHO-LUEeHTPUPOBaHHbIE CXeMbl

e Cxema BBR c onpepneneHuemM rnepeMeHHbIX Ha CeTOUYHbIX 3fIeMeHTaXx,
nocTpoeHHasa no aHanormm ¢ EBR-cxemamu

e 2-1 NOPSAAOK TOYHOCTU Ha HECTPYKTYPUPOBAHHOM ceTKe

e 3-1 NN 5-U NOPAAOK TOYHOCTU Ha AEeKaPTOBOW CeTKe

e MoHoToHuzauusa: TVD unu WENO noaxoabl

M.A. BaxsanoB. Cxema C KBa3nogHOMEPHOWN PEKOHCTPYKLUMEN NEPEMEHHbBIX HA CETKax 13 BbINYKIbIX MHOrOYrofibHUKOB A115 peLleHnst
3agad aspoakycTtuku, Marematnyeckoe mogenuposanue, Tom 25, Ne 9, (2013), ctp. 95-108
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CEDWeeKkena: CED/CAA koag NOISELte
MNMonynpo3payHble KOHTPOSIbHbIe 00BLEMbBI ANA rMMOPUAHBLIX CETOK

e Llenb: obecneyeHne TOMHOCTU Ha NMIMHENHOMN
byHKUMUN pebepHO-OPUEeHTUPOBAHHbLIX CXeM
C onpeaeneHueM rnepeMeHHbIX B y3nax
AN CEeTOK, COCTOALLMX U3 INIeMEHTOB
pa3nnyHbIX TUNOB

e Xapaktepuctunyeckasa yHKLUA SYENKU
AyaribHOM CETKU MOXeT MPUHUMaTb 3Ha4YeHus
He Tonbko 0 unu 1, HO N ANCKpPETHbLIN Habop
3Ha4vyeHun mexay 0 n 1.

e [loTOKM onpenensalTCA He TONbLKO B LIeHTpax
péodep, HO U B LEeHTpax AnaroHanemn.

e Jlerko peanusyetca kak B 2D, Tak u B 3D

OO6blIYHbIe A4YEeUKN NMonynpo3spayHble A4EeUKu

* llya Abalakin, Pavel Bakhvalov and Tatiana Kozubskaya. Edge-based reconstruction schemes
SCHRODINGER'S CAT “ for prediction of near field flow region in complex aeroacoustic problems, International Journal
L Ad_r’ of Aeroacoustics , Vol.13, N 3&4, 2014, p. 207-234
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MoaenupoBaHue TypOyneHTHOCTH

e LES mopgenu: S3PQ, S30QR, S3PR, WALE, Sigma, Vreman, Verstappen 1!
- aBTOMaTnyecKas agantaumsa K CTeHKam

e RANS moaenu c aByms ypaBHeHusimu: k-g, k-w (Wilcox), Menter SST

e N'M6punaHblie RANS-LES noaxoabl: Partially-Averaged Navier-Stokes (PANS) [Girimaji, 2006]

e PazBuTtne HesoHHoro metoaa (I)DDES: Accelerated DES 2
- YCKOPEHUEe «YMCNEHHOrO Nepexoaa» B CHOSAX CMELLEHUS
- HOBOe onpeaeneHune noaceTo4yHoro Mmacwraba: A=Ay, =A, - F, (< VTM>)
A,,- MaKCUManbHbI pa3mep S4eiiku B HanpaBneHun, NeprneHanKynsipHOM BEKTOPY 3aBUXPEHHOCTU
VTM - nHaukaTop KBa3uaByMepHbIX obnacTei notoka

1. FX. Trias, D. Folch, A. Gorobets, and A. Oliva. "Building proper invariants for eddy-viscosity subgrid-scale models”,
Physics of Fluids, 27:065103, 2015.

2. Shur M., Spalart P., Strelets M., Travin A. An Enhanced Version of DES with Rapid Transition form RANS to LES in Separated
Flows. // Flow, turbulence and combustion, Vol. 95, Issue 4, pp. 709-737 (2015)

CeKkTop BbluucnutenbHon asapoakyctmku UMM nm. M. B. Kengbiia PAH
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Immersed boundary conditions (IBC)

O6bekT, KoTopoMy TpebyeTcq BbICOKas TOYHOCTb — COrMacoBaHHadA C rpaHuLLEen ceTka
(morpaHcaonm T.0.)

,,,,,,,,,,,,,

[NoaBW»KHbIM 0BBLEKT,

e MeTtop NMOrpyeHHbIX rpPaHN4YHbIX yC.I'IOBMﬁ
TOYHOCTb HE KpUTUYHA

6Q 1 0 1 %5”30""3 "gsbfweﬂgoeo paspeweHus — mam,

GV oo ) g VR(Q,) TR
E,—Eq,

Q(x1=0)=04(3

Ob6bekT, KoTopomy TpebyeTcd BbICOKaa TOYHOCTL

[logBWKHbINA OOLEKT,
TOYHOCTb HE KPpUTUYHA

N.B. AbanakuH, H.C. XXgaHoBa, T.K. Kosybckas, [NpumeHeHne meToaga norpy>KeHHbIX rpaHny, 4ng MoAennpoBaHna 3agay BHELUHEN
aspOoAMHaMUKM C PasfUYHbIMU rpaHnYHbIMK yenosusamn // Jloknagbl akagemun Hayk, 01/2015; 461(4):379-382.

AbanakuH U.B., Nopobey A.B., XKgaHoea H.C., Ko3y6ckas T.K. lNMpumeHeHne metoga BprHkmaHa wrpadHbIX YHKUMIA NS YUCIIEHHOMO
MOZENUPOBaHNSA 00TEKaHMSA NPENATCTBUN BA3KUM CxuMaembim ra3om // MNpenpuntel UMM nm. M.B.Kengbiwa. 2014, Ne 11. 14 c.
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cEDWwWeekend: CED/CAA koa NOISELte

IBC: MogenupoBaHue obTtekaHua ccepbl

Re = 350 ] Cp =0.637 Y=Y, +%sin(2n fot)

M :O 2 V:TEfOCOS(Z’It fot)

INSPRON 1 11T il -

T ” MLl KL sh=02 | -
CD =0.637 0.630 - CD = 0.902
tU_/D c,

- N\ 0.9

MaTiowwuH I1.B. .

YncneHHoe MoenMpoBaHme NPoCTPaHCTBEHHbIX | h I u N N | v h k | | w U u /| b M h M U | ! | M U

OTPbIBHbIX T€YEHUN OAHOPOAHON HECKNUMAEMOWN BA3KOW 071

XKWMOKOCTM OKOSOo cdpepbl: AnC. KaHAa. d.-M. Hayk (2003) S
L Cp,=0.636 Sh=0.141 ) tu,/D
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EDaweekend: CED/CAA koa NOISEtte
IBC: UccnenoBaHune TypOyNeHTHOro Te4eHUA U aKyCTUYECKUX Harpy3ok

e MopenupoBaHue aecneKkTopoB B pa3nMyHbIX KOHcUrypaumax

1
—— Body fitted
—— IBC

—— Body fitted
—IBC E

CeKkTop BbluucnutenbHon asapoakyctmku UMM nm. M. B. Kengbiia PAH http://caa.imamod.ru



Ckonb3awmn nurepcgenc Scheiben

e AganTtauusa OG'béMHO-LIEHTpVIpOBaHHbIX cXxemMm C KBa3VIO,C|HOMepHOi7I peKOHCprKLlMeﬁ nepemMeHHbIX
Aans paC‘IéTOB Ha CKOJIb3ALWUNX CeTKax

e Popma BpawaroLWmnxca nogodnacren umnuHapuyeckas
e [lonyckaloTca BnoXeHHble noaobnacTu, Bpaljarowmecs BOKPYr pa3HbIX oceun
e Peanu3oBaHo ans ypaBHeHuUn dunepa u HaBbe-CToKkca ¢ coxpaHeHMeM 2-ro nopsaka TOHHOCTH

e KoppekTHas paboTta npu npumeHeHun numuTtepoB, TexHonoruss WENO He nogaepxuBaeTtca

S

/

!
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UccnepgoBaHne a3apoanHaMMKU M a3poaKyCTUKU BUHTA B KonbLue (Ka-62)

Cetkun 0o 6.4M ysnos / 21M anemeHTOB
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CEDWEEKENA: CED/CAA koa NOISETLte
UccnepnoBaHue asapoaunHamukm Hecyuwero BuHTa (MCB)

4-nonacTtHou BUHT, R = 1.95 M, xopaa 0.18m, BpaweHune 668 06/mMmuH, M=0.2

[ I E——— || .

Vorticity Magnitude: 5.0E+01 8.5E+01 14E+02 2.5E+02 4.2E+02 7.1E+02 1.2E+03 2.1E+03 3.5E+03 S5.9E+03 1.0E+04 1.7E+04 29E+04 S.0E+04 8.4E+04 14E+05 24E+05 4.2E+05 7.1E+05 1.2E+06

Yron
YCTaHOBKM 3neMeHTOoB
rionactu

100 2833910 | 12212904
4917 414 | 24 436612
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WccnepgoBaHue TypOyneHTHOro TeHeHUNA U aKyCTUYECKUX Harpy3ok

CoBmectHO ¢ LUHUNMaw ana OKB Cyxoro
e MopenbHble KOH(Urypaummn: KaBepHbl, OOpaTHble YCTYMNbl, KINMHOBUAHLIE Tena
o OTpaboTka MeTOaMK pacyeTa TPAHC3BYKOBbLIX TeHEHMN B OTCEKaxX Ha KpemcepCcKUx pexumax nonerta

HecTtaumoHapHoe TeyeHue B KaBepHe M219

MapameTpbl Te4YeHUs:
Re=13.47-106 M_=0.85
H=0.1016 [m] P.=6.21-10%[a]

B ' EE

~ dp'dt: -0.10 -0.05 0.01 0.06

Q=5 griterion

CeKkTop BbluucnutenbHon asapoakyctmku UMM nm. M. B. Kengbiia PAH
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3apayva o TeyeHUU B KaBepHe M219: cpaBHEeHME C IKCNEePUMEHTOM

170 . . . . 160 . ——— :
I ¥ ! ] - = BT
—O0— Experiment 3 3 3l 3 k21
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3agava 0 Te4eHUU B KaBepHe

© 150 152 154 156 158 160 162 164 166 168 170

Q=5 criterion

u/U:-04 02 0 02 04 06 08 1

—_
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o
T
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2 o
o o
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w

o
T

I T .
120 1F IQ' 005 010 0.20 040 0.79 1.58 3.15 6.29 12.56 25.06 50.00

110
0.01

° BbisiBneHbl 0cO6EHHOCTN U OCHOBHbIE MEXaHU3MbI 06p83088HM$I
NOBbILLIEHHbIX aKyCTU4YECKMNX Harpy3ok Ha CTEHKN KaBEPHbI

° npOBO,D,MTCFl mMogennpoBaHmne Ted4eHnA Bo3re KaBepHbl Mpu Hanmn4nnm p,eq)neKTopa Ha nepe,u,He|7| KPOMKe KaBepHbl, N3y4HaeTCAd
€ro BlindHne Ha akyCTu4eCKMe Harpy3skum
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CEDweekend: CED/CAA koa NOISELte

[lo3ByKoBas CTpyA

NMapameTpbl TeYeHUs: MapameTpbl pacyeTa:

Rep=1.1-10° e CeTkun o 8.8 MnH. y3nos

M;e=0.9 * OpgHoBpeMeHHO 3agencTBoBaHo 48-1024 aaep
* Cynepkomnetotep: K100, JlomoHocoB

Uenu:
e TecTupoBaHue HOBOM Bepcun Buxpepasperuatowero nogxoga DDES (ADES)
* [NopaboTka BblumcnntTensHoro anroputma B pamkax NOISEtte

Cetka 4.1 MINH: Cetka 8.8 MnH:

Cetkal1.5 MnH:

QU,/D=0.5 isosurface

u/UF,:r 0.10.2030405060.70809 1

] UMID=0A5 isosurface Q~U‘NID=0.5 isosurface
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[o3BykoBasa CTPysA: CpaBHEHME C IKCNEPUMEHTOM

0.16 .
107088080000 1 L e e Grid 1
0.14 S Gnd 2
0.20 n
012 —— Grid 3
0.8 : A Exp. (Lau)
. N 2'2‘0_10 - 0.15 < EXp (Bridges)-
=} ¢ Exp. (Bridges) ° = i oo
=° 081 - Grid 1 g 00 /a . 20000
_———- G E ----Grid 1 0.10 . Qo0
Grid 2 0.06 ° ! RSSS
~—— Grid 3 ’ =-=-=Grid 2 S
041 4 Exp. (Lau) 0.04 - S”d 3L 008
" Exp. (Araker) 0.02 a . Eig EA?:IZeri) -
e Exp. (Simonich er > :
o p. ( ) =g a0 o Exp. (Bridges)
s ' 0.00 ' ! 0.00 L L
5 10 20 10 15 5 10 15 20
x/D x/D x/D
T T T
1.0 el 1.0 1.0 x/D=12 1.0 =
- TN . xiD=12 _ xID=16
F i LY -
L e 7\ L |
0.8 0.8 N 08} 1 o8
s, 8 ( 3 s,
2—0.6 0.6 2—0.6 _%06
5 5 5 /\
[ .’.— ‘.\.
0.4 04 0.4 £ SN . .
¢ Exp. L /, =~
02t ',? <o-- Grid 1 02 02 32 \~\q
I Jp ==--Grid 2 b I
A — Grid 3
15 -10 -05 00 05 1.5 15 -1.0 0.0 10 15
y/D y/D
0.20 . . 0.20 0.20 0.20 an
x/D=16
0.15 0.15 0.15 015
2
! -
3 0 5 z 2 O X000 000> PNy,
2 g 2 2 2 %,
So10| i 1 So10 S o010 5010 ;_/./:}& ‘/C.\f?\
) ; T’r @ Tn— . '-\—"\~~"-I-~.—I-~ .
E 1 E E E
"
o
0.05 ,:_l 0.05 0.05 |- . 0.05
o
P/
{ 1 1
R 15 05 00 15 -10 -05 00 15 15 -10 0.0 10 15
15 10 -05 3]3 05 b yib b

CeKkTop BbluucnutenbHon asapoakyctmku UMM nm. M. B. Kengbiia PAH

http://caa.imamod.ru 21



HoBoe MHOronoro4yHoe pacnapannenusaHue ansa Intel Xeon Phi

Onepauus BHyTpeHHee
ycKopeHue
PekoHCTpyKLMA KOHBEKTUBHBLIX NOTOKOB 124
PacuyeTt guccunatmBHbIX MOTOKOB 74
PacuyeT y3noBbIX rpagneHToB 65 |
e K2 01 02 05 13 28 68 157 360 250
OBuwee 92 YctaHoBMBLUEECS TeYEeHUE B NSIOCKOM KaHarne
14 1,4
Impl U2
1,2 1,2
) - 1 -
0,8 0,8 -
0,6 - 0,6 -
0,4 - 0,4 -
0,2 - 0,2 -
0 L O I T
Expl NG Expl U2 Impl U2 Impl NG 8-core CPU Intel Xeon E5- Intel Xeon Phi SE10X
2690

CpaBHeHme OTHOCUTENBHOW npon3BoAUNTENIbHOCTA
OnaA ABHbIX N HEABHbBIX CXEM
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CEDWEEKENA: CED/CAA koa NOISETLte

Komnnekc nporpamm NOISEtte
ana CFD/CAA pacueTtoB

NOISEtte 2016...

KakKk Mbl JOBOAWUNM U OTNaXuBanu To, YTo noHagenanu B 2015 roay ?

Cnacubo 3a BHUMaHue!
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