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Komnnekc nporpamm NOISEtte ana CFD/CAA pacueToB
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UcTopua pa3sutua Koaa: oo H. 3.

CED/CAA kop NOISETTE

T

i NOISEtte 2D: 1 CPU, F77 I iNRIA

> :

MapannenbHbin NOISEtte 2D MPI ana He6onbLIMX KNacTepoB
L 2

NOISEtte 2D MPI+ ctoxacTtuka + UHhpacTpyKTypa

0

-

A 2

NOISEtte 3D — no6aBneHo 3-e uamepeHue

A 4

MPI+OpenMP gns cynepKkomMnbOTEe poOB

A 2

PedakTopuHr, amHammnyeckas namatb, OOI, FO0

A 2

HesBHasa cxema, uHcppacTpykrypa ans CJI1AY

A 4

MoaenunTtypobyneHtHocTn: RANS, LES, DES, DDES (SA)

A 2

HDanbHee none - FW/H

v

MonnHoMmmanbHbIe cxeMbl B 3D

NepexopHa C++

20015
20045
20055
20065
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CED/CAA kop NOISETTE

UcTopua pas3sutusa Koaga: H. 3.

2 3 .
ME. [ NoISEtte: 100k+CPU C++ | (@SR i

v
MoaenunTtypoyneHtHocTu: LES QR, IDDES (SA) 2012
v
Bpaluatowascs cuctema KoopavHar 2013 3
v
OKOHOMMYHbIE CXEMbl NOBbLILEHHOro NopsaKa
* .
MorpyXxeHHble rpaHnYHbIe ycnoBus - IBC 2014
v
FMbpuaHbIe HeCTPYKTY pUPOBaHHbIE CETKU
v
CyuecTBEHHO-MHOIONOTOYHOE pacnapannenuBaHue
v
BekTopusauusa
v
FeTeporeHHble BbluncneHus c Intel Xeon Phi
v v
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CED/CAA kop NOISETTE

MaTtemaTnueckue mopenu

o ba3zoBas cuctema ypaBHeHMM OIS CXKMMaeMoro rasa
0Q . IF(Q) . IG(Q) . JHQ) 1 (0F,(Q)  0G,(Q) 0JH.(Q)
ot ol hy iz I o hy 0z

Q — BEKTOP MOSHBLIX WM NIMHEAPU30BaHHbLIX KOHCEPBATUBHBLIX NEePEMEHHbIX,
F, G, H — BeKTopa nosHbIX W1 JinHeapu3oBaHHbIX KOHCEPBATUBHBLIX MOTOKOB
F,, G,, H,— anccunatmBHblX, Re —uucno PenHonbaca.

e CemencrtBo mogenen dunepa

« EE - nomHble ypaBHeHusa Jiinepa

* NSE - nomHble ypaBHeHusi HaBbe-CTokca

« LEE - rmHeapusoBaHHble ypaBHeHUs Jurepa

* NLDE - ypaBHeHus1 Jinepa, HenmMHeHble Ans BO3MYLLEHWN

e MogenuTypOyneHTHOCTH

« RANS, URANS (SA)

* LES (CwmaropuHckuin, Q-R)

+ DES, DDES, IDDES* (CmaropuHckui, SA)

e MorpyxeHHble rpaHuyHbIe ycnoBusi— IBC

e MeToa pacuyeta akycTuku B ganbHem nose FW/H

e CTOXacTnyeckume MeToAblreHepaunm BxogHorocurHanawu Typ6yneHTHbIX nonen
« Benbin wym, 3agaHHbLIN CEKTp
* SNGR mogernb

*Shur M.L., Spalart P.R., Strelets M.Kh., Travin A.K. A hybrid RANS-LES approach with delayed-DES and wall-modeled LES capabilities //
International Journal of Heat and Fluid Flow, 29(6), pp. 1638-1649 (2008).
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CED/CAA kop NOISETTE

MeToa nNOrpyXeHHbIX rPaHU4YHbIX YCNOBUWA

e MeToa BpuHkmaHa wrpadHbIX hyHKUUA

0
aQ 1 1
R o) R
Qn(x,t=0)=Q0(x)

17 <<1 — umpadHoi napametp

X — xapaktepuctudieckasi yHkums, X, =
pT
EQO =——, Uy
v—-1

0, xeQ,

— TonHasi 3Heprus U CKopoCTb
o6TekaeMoro NpensTCTBUS

e XapaKkTepucrmyeckmm metos WwrpadHbIX
¢yHKkuun (CBVP)

i oD 3 0D
p x [ op A
_(1-\9P
- _55“=(1—X)RHSU—_1i(u—uW) ®=(1-y) 7 +x®
op

20,

oT oT o =P
S =l)RHS, LT —q, | =G,

" CucTeMa ypaBHeHuit
CO WTpadHbIMN PYHKLNAMUA

HononHutensHoe ypaBHeHue
ans I'IpOI/I3BOD,HOl7I NJIOTHOCTHU

XapakTepHble 3agauuv ana npumeHeHus IBC

OBbekT, KOTOPOMY TPeByeTCs BbICOKAR TOYHOCTL — COTMAaCcOBaHHaR C rpaHuLel ceTka
(norpamcnonu T.n.)

{1, XxeQ, uoQ,

\\\\
H V

: O6pacmp MOSLNUSHHOS0 PAIPBWBHUSR — Mam.
20e moxem Gaime o6wexm

ObvexT, xmopouy TpebyeTcs BLICOKaA TONHOCTL

no.qammuﬂ obbekT,
rouﬂoc'rb He upwmqua

O
0// @

_ﬂ-"/

E. Brown-Dymkoski, N. Kasimov, O.V. Vasilyev, A Characteristic-Based volume penalization method for arbitrary mach flows
around solid obstacles, Journal of Computational Physics 262, 344-357
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CED/CAA kop NOISETTE

YucneHHble meToAabl

e HecTpyKTypupoOBaHHbIe CETKMU
» TpeyronbHble/TeTpasgparnbHblie CETKM
» [MbpuaHble ceTkn (anemeHTbl Ao 6 rpaHen)

e CxeMbl NOBbILWLEHHOW TOYHOCTHU C LLleHTpaMm B y3nax
+ EBR (Edge-Based Reconstruction) cxemsbl

C KBa3nogHOMepHON pebepHO-OpMEHTUPOBAHHOM PEKOHCTPYKUMEN NepeMEHHbIX
e [lNMormmHomMuanbHaa KOHe4YHO-OObeMHad cxema

e PumaHoBCKuMe conBepbl:
» [opgyHoB, Poy, ConomoH-Owep, XyaHr

e ManomaxoBble Te4eHus
» [lpepobycnasnmBatens Typkens

e Pa3pbiBHbIe pelueHus
* WENO-EBR cxembl
* MUSCL-TVD EBR cxembl

e MHTerpupoBaHuMe No BpeMeHun

» fBHaga cxema (PyHre-Kytta 1 — 4-ro nopsagka)

* HesBHas cxema 1-2 nopsigka ¢ nimHeapusauven rno HbroToHy
pa3HOCTHOM CUCTEMbI YpaBHEHWUN

e PewaTenu CJ1AY
« BICG-Stab ¢ nokanbHbIMy1 GroYHbIMM NpefobycraBrmBaTensMu
*  MynbTUCUCTEMHBIN PEXUM

° FpaHMqule ycnoBwus

» TBepable CTEHKN — OTpaXeHue, npumnaHve

* HeoTtpaxatowpe rpanundHble ycriosus K. Tama

* [paHnyHble ycroBusi ¢ paclenneHnem noTtokos (Cterepa — YopmuHra, Poy) !
* HeoTtpaxatowpe rpaHudHble ycriosusi J1. lopoaHuubiHa Mpymep wabroHa cxembl
* [lepuognyeckme ycroBus - € TOMONOrMYECKMM 3aMblKaHUEM

CeKTop BbluMcnuTenbHou a3apoakyctuku UMM um. M. B. Kenabiiua PAH
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EBR cxembl = KOHe4YHO-pa3HOCTHbIE CXeMbl ANIA HECTPYKTYPUPOBaAHHbIX CEeTOK

1. MeTtoa nuHuun onsa pewenna cuctem OLY

2. Onpep,eneHMe nepemMeHHbLIX B y3nax
Y3en i ABnsIETCS LEHTPOM SYENKN C 06beMOM V;

Bcs reomeTtpmdeckas paboTa (HaxoxkaeHue cocegen 1 m 2 ypoBHERN, MOCTPOEHME SiYEeEK, rpaHen, HopMarnen, a Takke
onpegerneHne LWabroHOB CxeMbl) BbIMOSHAETCS Ha CTagum npenpoleccopa

3. BbInonHeHue 3aKOHOB cOXpaHeHUs (KOHCEepPBaTUBHOCTDb)
crenyet u3 oben opMynMpoOBKN CXEMbI:

N(i) — MHOXeCTBO rpaHen ss4erkn BOKpYr y3na i oQ 1
(MMM MHOXecTBO pebep ceTky, Bbixoaaumx m3 yana i) || — | +— Z ]-—ijSij =0
F jj— NOTOK Yepes rpaHb AYenku ij ¢ nrowaabio S; ot |, Vi ieN (i)

(Npoekuuns Ha Hopmarb)

4, Pe6ep|-|a;| peanu3auus: ocHoBHOW LK uaeT no pedpam (BbluncrneHre F )
C HAKOMNMEHMEM HeOoOXOOMMbIX MHTErpasnbHbIX CyMM B y3rax

5. byaem onpeaensaTtb NOTOK Yepe3s KaXAayk rpaHb A4eNKu B OAHOU TOUYKe // i
B cepeauHe COOTBETCTBYOLLEro pebpa (T.e. pebpa, nepecekaemMoro JaHHOW rpaHbio) (/

6. OAHOMePHbIN LWAaBIOH PEKOHCTPYKLIMK >

7. KBa3anogHoOMe pHbIN LWABTOH PEKOHCTPYKLNK /
(BCs reomeTpuyeckast paboTta genaeTca OavH pas nepen Havarnom pacyera) —>

8. Ha 5-TtoyeyHOM LabrioHe MOXHO NOCTPOUTD: ‘ B
OAHY PEKOHCTPYKLUIO 4-ro nopsigka n Tou peKOHCTPYKLMUU 2-ro nopsaaKa B N

9. Ha ocHOBe 5-TO4EYHOW PEKOHCTPYKLUMM 4-ro nopsigka ctpoutca cxema EBRS

10. Ha ocHoBe B3BeLLEHHOM KOMOUHALMKN TpeX 3-TOYEYHbIX PEKOHCTPYKLMIA 2-r0 Nopsiaka,
C UcnoJib3o0BaHNeM MOHUTOPOB rnagkocTn ctpoutcd cxema WENO-EBR

CeKTop BbluMcnuTenbHou a3apoakyctuku UMM um. M. B. Kenabiiua PAH http://caa.imamod.ru (o]



OcoGeHHOCTU NporpaMmMmHon apxutekTypbl NOISEtte

e [lepeHocMmMOCTb
MoxeT paboTaTb Ha pa3nnyHbIX cUCTEMaX OT paboymx CTaHUMI OO CyrnepKOMMbIOTEPOB,
Windows, Linux,..., npamo/obpatHein nopsigok 6avrtos, MPI, OpenMP, MPI+OpenMP.

e ABTOHOMHOCTb
MoxeT paboTtaTtb 6e3 4ONONHUTENBHBLIX BMBNMOTEK

e BbicokasicTeneHb napannenun3ma
PaccuntaH Ha cuctembl C YMCIIOM dA0ep nopagka CoOTHU TbiCAY

e BbicokasinpousBoauUTeNbHOCTb BbIYUCIIEHUN
ABHaga cxema ~15-20% oT nukoBoun npoussogutenbHoct CPU sapa, HeaBHasa cxema ~10-15%

e CoBmelleHHoe aapoana 2D/3D pac4yeToB
e [lpeaHasHayeH ana pyHaaMeHTanbHbIX UCCeaoBaHNUN

PaccuutaH Ha ncnonb3oBaHue I'IO,EI,pO6HbIX CETOK C YNCIIoM TEeTpaagpoB boree Murmapaa,
nporpaMmmHasa pearmsaumna no3BOJIAET JIerko no6aBnaTb HOBbIE MOOEMM U YUCHEHHbIE METOAbI

® I'Ipep,l-lasl-laqu AnA NPOMbIWTIeHHbIX I1pVI.l10)KeHI/Il7I
HecTpykTypupoBaHHble CETKWN MO3BOSAOT paboTaTb CO CrOXHOW reoMeTpren

e OpueHTMpOBaH Ha 6onbluMe pacyeTbl HeCTaLMOHaPHbIX 3a4aY

CeKTop BbIMMCIIUTENIbHOW a3apoakyctuku UMM um. M. B. Kenabiiia PAH http://caa.imamod.ru 10



CED/CAA kop NOISETTE

Cpena pa3pabotku

e YnpaBneHue Bepcusasmm— Subversion

e Bbar-tpekkep, ynpaBrneHue 3agayamm— Redmine (B cBsiske ¢ SVN)
e IDE-MVS 2008,2012;

e CpepncTBa OTNnagKkn— BHYTPEHHUE CpeacTBa KOHTPONS U OTNaAaKu,
MVS, Intel Parallel Studio, Valgrind, gdb,

e Habop n3 gecATkoB “MUKpOTECTOB” OISl aBTOMAaTU3UPOBaHHOIO KOHTPOA KOPPEKTHOCTH
Ona Kaxgoro tecrta nogbeM C pectapTa, BbINOJIHEHME HECKOJIbKUX LWaroB, Bblaavya HOPMbI pacxoxgquMﬁ

e HaGop BepucmkaumoHHbIX TECTOB ANA 6onee NONHOU NPOBEPKU
PacyeTtbl BbINOMHAKTCA MOMHOCTbLIO ana npoBepKu NpaBUIIbHOCTU KOHEYHOIo pelleHnda

e MoAaynb TOYHbIX pelueHN - Habop aHaNMUTUYECKUX PEeLUEHU U pacyeT HOPM OLLUMOKKU

e BcTtpoeHHOe MHCTpyMeHTanbHoe npocunupoBaHue
BCTpoeHHaFI cucrtema TaIZMI/IpOBaHI/IFI C BbICOKUM pa3peleHnemMm armd MHOXeCTBEeHHbIX KaHalloB, I/I,EleHTI/I(*)I/ILlI/IpyeMbIX no
TEKCTOBbIM MeTKaM. [103BONSIET NPOBOANTDL M3MEPEHUS AN Kaxaoon HuTwnpouecca, cobupatb CTaTUCTUKY B
napasriefibHoOM pexvme 1, Takum 0b6pasom, nsMepsTb cOanaHCMPOBAHHOCTL 3arpysKku.

e CpepactBa Bu3yanusaumm— Tecplot, Origin

o BCTpoeHHblﬁ MeHeXep NaMATU, CHeTHUK CbaKTM‘leCKOﬁ npoun3BoaAUTESIbHOCTU

CeKTop BbIMMCIIUTENIbHOW a3apoakyctuku UMM um. M. B. Kenabiiia PAH http://caa.imamod.ru 11



NokymeHTauusa, nuHtepcgenc

e [lopbopkagoKyMeHTaUMM MO BCEeM cpeacTBam pa3paboTKu.
e [MloapoGHasa AOKYyMeHTauusa No MaTemaTmyeckonyactu (LaTex).

e [loKymeHTauusa ans paspaboTymkan nonb3oBaTens
B BUAe NONMHOLEHHOro AOKYMeHTa — OTCYTCTBYeT.

e NHdopmauunsa ansa paspaboTymka B KOMMEHTapPUAX MO UCXOQHOMY Koay
B coyeTaHuu co cpeacTteamm IDE.

e MopbopkalwabnoHOBNOCTaHOBOK 3a4a4 M TECTOBbIX NPUMEpPOB.

e OTKa3s OoT npMMeHeHUs CMCTeM aBTOMaTU4YeCKoM AoKyMeHTauum (Doxygen).
e OTKa3 oT Kakoro-nudo rpacunyeckoro nHtepcenca.

e Otka3 ot chopmata XML B hannax BXOAHbIX AAHHbIX.

CeKTop BbluMcnuTenbHou a3apoakyctuku UMM um. M. B. Kenabiiua PAH
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WH pacTpykTypa ANA NOAroToBKM CETOYHbLIX AaHHbIX

CobcTBEHHDbIM reHepaTop

BHewHKe reHepaTopbl CETOK

bnoyHana cLumBKa

MNpeobpasosaHune popmara

1

1
OrpybneHHas ceTka u ]

|
oneparop nepexopa :

Pa BHOMEPHOE N3MmeNb4EHNE

________________________________ i —» PacueT paccToAHMI A0 CTEeHOK I»
PacueTHasn ceTKa —

S Ba MNocTpoeHne ceveHnn I7

| [lpocTpaHCTBEHHOE OCpeaHeHne I7

MocTpoeHne KOHTPONbHbIX
nosepxHocreit FW/H

MocTpoeHue nepuoaunuecKoi
6ydepHOoit 30HDI

I'Iapanneanaﬂ AeKOMnNo3nymA

KOMMVH MKAUMOHHAaA CXemMa

A 4

BbluncnurenbHoe Aapo

CeKTop BbIMMCIIUTENIbHOW a3apoakyctuku UMM um. M. B. Kenabiiia PAH http://caa.imamod.ru 13



CED/CAA kop NOISETTE

Cxema paboTbl BblYUCNUTENLHOrO AApa

\ 4

[eHepauus HavasnbHbLIX Nosien

MHngmanmmsaumsa BblYUCTIEHUA

BoccTaHoBneHne ¢ 3anucu

I

\ 4

LIMKn vHTErpupoBaHus no BpemMeHu

PacueTt wara no spemenu

v

( O6HoBEHVE raro Ansg OCHOBHbIX Monew Pa

e

[ PacyeT NoToKoBbIX (OYHKLIMIA ]

k Pacuet Y3/i0BbIX rpagAneHToB ﬁ

( PacyeT notokos W [PaHNYHbIE YCrOBMA
______________________________________ = [ ToyeuHble 'Y ]
|
[MoTokoBble 'Y W
PSpiulytpiutpiniytpiptyipiutytpiutptaiulputytpiutytphutpipiippiytpins
1
—> [ PacyeT MCTOYHMKOB
e e U bd i iiiiiiii e i sl R A R ————....,
—’l 3anonHeHnve sikobraHa v NpaBoW YacTn

LInkn HBHOTOHOBCKMX UTepaLmin

______________________________________

Pewenne CI1AY (BiCGSTAB)

( OOHoBNEeHWEe raso )

- SpMv )
N !
[ CkarnapHoe npovssefeHve ]
(ILU/Jacobi/SAI/.. preconditioner)
[ axpy onepauum ]
N e e e ‘ __________________ /’

[ PacueTt HeBA3Ku }—

[ [Mepexon Ha cregyroumin BPEMEHHOW Criomn }<

O60o3HavyeHus: ( O6MeH gaHHbIMU )

[ [MpoBepKa KOPPEKTHOCTU ][ O6paboTka cTaTUCTUKK ] [ 3anvcb pesynbtaTta ][ [MeyaTb AvarHoOCTUKM ]

Onepauum no Habopy: | Y3r0B [ rpanen | k MHOIOrpaHHMKOB W
CeKTop BbluMcnuTenbHou a3apoakyctuku UMM um. M. B. Kenabiiua PAH
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CED/CAA kop NOISETTE

Cxema paboTbl cpeacTB 06paboTKM pe3ynLraTtoB

BbuucautenoHoe agpo

s  E—— [ o  S————— S boreenan e, ,
' o ! | » !
'—': 3anucuM MOMEHTAaNIbHbIX NONEen E : 3anucb BOCCTAHOB/IEHMA CYeTa i : 3anucb KOHTPO/IbHbIX NOBEPXHOCTEM :
B o s i e e s e i S e s S e - o o o e e S B e e e s 0 o o o i w2 G 5 A 0 i !

S ! e !

o~ 1

f‘L 3anucum ocpeAHEeHHbIX nonen : :L AHHaMquCKHe AdHHble :

CyMMUPOBaHUE UHTEPBANOB

PacuyeT craTMCTUKK

Cpeacrea ®ypbe aHanusa

CnexkTpanbHbie XapaKTepucTMKM, i
Auarpammbl HanpasneHHocTu, AYX, asonouma |
1

i

noAbe MHOM CUAbl, CONPOTUBNEHUA, U T, A.

/
e CpepcrTBa BU3yanusauum e ObpaboTKka n pacnpeneneHHoe XpaHeHue pe3ynbLTaToB
* Ha Bcew cetke u HeorpybneHHbIx nogobnacTsx * [OuHamnyeckme AaHHble B KOHTPOSIbHLIX TOYKax
* Ha orpybneHHbIx ceTkax (C onepatopamu nepexona) *  [OuHamnyeckme AaHHble Ha KOHTPOMbHbLIX MNOBEPXHOCTHAX
* Ha 3aQlaHHbIX MOBEPXHOCTAX U CeYeHUAx * ,D,I/IHaMVI‘-IeCKVIe KOHTPOJIbHbIE MapamMeTpbl
< ¢ CramcTtuka nepBoro nopdanka — ocpenHeHHble nona Te4eHud
PY KOHBepTepbl CeTOYHbIX d)OpMaTOB e  Cramctvka BTOPOro nopsaaka — TeH30p PenHOSIbCOBbLIX HamnpaXeHun, u T.4.
*  MoMeHTanbHble NoMnsA TeyYeHust
e [InaTtchopmMoHe3saBucumMan nogcmMcrtema BBoaa-BbiBoaa

~

CeKTop BbluMcnuTenbHou a3apoakyctuku UMM um. M. B. Kenabiiua PAH
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MapannenbHblie TeXHONOrMn

e [IByxypoBHeBoe pacnapannenusaHme MPl+OpenMP
Ana cucteMm c ymcnom sigep nopsaaka 100000.

CyuecTBeHHO-MHOronoToO4YHOE pacnapansnenueaHune
c obLen namMATbIO (Ha COTHU HUTEN).

e lMonHasa apganTauusa K NOoToKkoBomobpaboTtke
COBMECTUMOCTb C MaCCUBHO-MaparviesibHbIMU YCKOPUTENAMW.

e BekTopusauusn
(avpekTuBHBIMM cpeacTBamMu komnunaTopa Intel).

() FeTeporeHHble BblYUcCneHusA
Ncnonb3oBaHue yckoputernen Intel Xeon Phi B cummeTpuiHOM pexuve

e [MapannenbHasa uHd pacTpyKTypa npenpoueccopa
pacnpegeneHHas ob6paboTka CEeTOYHbIX AaHHbIX CBEpXOonbLWoro obbema.

e MapannenbHasa uH(pacTpyKTypa nocTnpoueccopa
pacnpeferneHHas obpaboTka pesyrnbTaToB pacyeTa CBepxbornbLIoro oobema.

CeKTop BbIMMCIIUTENIbHOW a3apoakyctuku UMM um. M. B. Kenabiiia PAH http://caa.imamod.ru 16



MapannenbHana reHepauua GONbLINX CETOK

C. A. CykoB - MeTOAMKA 1 NpOorpaMMHble cpeacTBa MapannenbHoe namenb4yeHue

1. NocnepoBatenbHbLIN reHepaTop [ekoMnosnums
Gambit, lcem CFD, ... -
2. I'Iapannenbl-loe nmernibdieHume

Nokanmsauua |

3. CrnaxuBaHue noBepxHOCTeN

4. OnepaTtopbl nepexoaa

HesaBucumoe namernbyerre

O6beanHeHme

N3menbyeHue TeTpaaapa .

CeKTop BbIMMCIIUTENIbHOW a3apoakyctuku UMM um. M. B. Kenabiiia PAH http://caa.imamod.ru 17
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I'Iapanneanaﬂ AdeKoMno3muuma OonbLINX CEeTOoK

Bubnuoteka GridSpiderPar - FonoB4eHko E. H., Ako6oBckun M. B.

e MapannenbHbIV anNnropuTMreoMeTPUYeCKon AeKOMMNO3MLMMU CETOK

pesyrnbTat e ~N
[locTonHCcTBA

° CceKylwRasl nrocKocTb (MeavaHa) paspesaeTcs Mo
HECKOJIbKMM KoOopauHaTam

° pasHuLa Yucria BEPLWMH B JOMEHaXx He
NPeBbILLAET eauHULLY

@ docTouHcTBa A
® OpPUEHTUPOBAH Ha POPMMPOBAHUE CBS3HbIX
OOMEHOB
* cbanaHcMpOBaHHOCTb Pa3bMEHU fyylle, YeM
pas3bveHuin, norydyaemMbix APYruMn MeTogamu
aekomnosvuum rpadoB (5% (60%) — 0.05%)
o . J/
I‘:l..u 'I',-’"‘i')‘n"»"
RaB
"onos4yeHko E.H. MapannensHbii naket aekomnosnumm 6onbwumnx cetok // Matematndeckoe mogenvpoBanme, T. 23, Ne10, 2011, c. 3—18.
CeKTop BbIMMCIIUTENIbHOW a3apoakyctuku UMM um. M. B. Kenabiiia PAH http://caa.imamod.ru 18




TecTMpoBaHue pacnapannenuBaHusi Ha cynepKkomnbioTepax

TecTHa ucyepnaHue napannenusma, cynepkomnbsrotep JlomoHocos
(ABHas cxema NoBbILLEHHOr0 NOPSAAKa)

Cxemac HeHTpaMu B y3nax

CeTtka 16 MWTTMOHOB Y3ri0B 20

XapakTepHoe BpeMsi BbIYUCIIEHUMN:
Ha 24000 sgpax yckopeHue ~16 n3 24
oTHocuternbHo 1024 agep

—y
tn

MuHnmManbHaa Harpy3ska nopsigka
500 yanoB Ha aapo

YckopeHue (HopMUpOBaHHOE)
=

1000 5000 10000 15000 20000 25000
Uucro CPU sagep

e lMapameTpbl 3agaun
Yncrno Maxa: M=0.206
Uncrno PenHonbaca: Re = 14000
Pa3wmep cetkn: go 16 mnH. yanos
KonmyectBo KOHTPOSbHbIX ToYek: 1400

CeKTop BbluMcnuTenbHou a3apoakyctuku UMM um. M. B. Kenabiiua PAH
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CED/CAA kop NOISETTE

TecTupoBaHue pacnapannenMBaHus Ha CynepKoMnboTepax

TecTbl Ha cynepkomnbilotepe MBC-1001

— T T ey

OPIC: aseer 27002 arte 10eoy a2ear

_—

I 5 o 5 33 @™

16
2000 p=—r
1 el Yenopenms ¢ OpenMP e Henpnas cxema, MUSCL A
wE— | 7 1800 = ... o sty : ‘_,,-'
1600 f~ - - 5 e
12 A | ’," e
1400 (- i A%
10 ! ;,.".' |- | “’,/ p
$ L~ J200 - : . ot
z I : .
a ~” g % | e e
Q8 L ¢1000 (- 1 S
3] [ = (P
> ",;"' | > "/. ’
o ‘ 800 |- - At
[T} —’—‘y' . - - - - 4 : : - ! "0"‘ |
< ‘ 600 |- e
’/' | | ’r‘- ’
4 L 1 . : i : : 4 : 3 : : 7~
0 { ‘ 400 = gl
ol ,/,4.'"’ T ] ) T W i P A o | 200 -7 »
| 1 1 i 1 | L |
8 12 16 500 1000 1500 2000
Yucno sgep Yucno sgep
YckopeHue OpenMP, YckopeHue B pabodem pexume “BCE BKIHOYEHO”
Cetka 1.3M yarios, 7.6M TeTpasapos Ha peanbHou 3ajadye, cetka 13M yaros

CeKTop BbIMMCIIUTENIbHOW a3apoakyctuku UMM um. M. B. Kenabiiia PAH http://caa.imamod.ru 20



HanpaBneHua ganbHeuwen paspaboTku

JNokanbHbIN War No BpeMeHu

MHoroceto4Hble yckoputenun cxoganmocTtu

YnydweHue pewaTtens CJIAY

OnTMMM3aumsa HeABHOIo MHTEerpupoBaHus no BpemMeHu

HesiBHast 6e3amaTpunyHas cxema ¢ (PMKTUBHbIM BpEeMEHEM

MoaBuXHbIe ceTKn, aapoynpyrocTb

Ckonb3swme CeTku

CoBeplLueHCTBOBaHME HEOTPaXakLWUX FPAHUYHbIX YCNOBUMX

leteporeHwmuHa: MPI+ OpenMP + OpenCL

HokymeHTauus

CeKTop BbIMMCIIUTENIbHOW a3apoakyctuku UMM um. M. B. Kenabiiia PAH http://caa.imamod.ru 21



Bepudukauyua (3D-LEE)

CEDICAA kop NOISETTE

PacnpocTtpaHeHue 3D NayccoBckoro umnyrsnbca

j— S
U=(0, 0, 0)
X

]

20

15

[

o |

g B m - L 20 :

Teopenreckadi nopaaok | [lopages cxomoeectt | | lopagos cooinoenn | LLopsior cooIumocT
Iapense TPEL £0aMkL (B HOopada ) (e Hopme L, ) (B Hopade L.}
[3
fe1/36=1 2 61 277 268
E=0 =0
7 |
poiest 3.35 3.18 323
- 6,2 =0
]
pe1as=t 3.32 3.68 3.54
5= 130,287 = -2515
&
pe1mas 5.15 3.60 412

:r —1r30, .\‘:

-2713

CeKTOp BblMMCNUTenbHou asapoakyctuku UMM um. M. B. Kengbiua PAH

MnoTHoCTE

0.0015

0.0010

0.0005

0.0000

-0.0005

-0.0010

5
2

=
;

MnoTHOCTL

o -+

ToyHoe pelleHne
B 3-1id Nopsaok
4-bl NOPAACK
5-bI nopagok
O G-oi nopAdoK

/ “,
-

. o,
e 00 OO0

25

MnoTHoCTL

-0.0030
-0.0035

-0.0040

-0.0045

Touroe pewenue
450 NOPAROK
5-0i NOPAAOK

TouHoe pelleHne
® 3-1id nopsgok
4-bii NOpRACK

5-bIit nOpRAoK
O 6-oi nopaaok

\,
\'\.:./'/
T T T T T 1
19 20 21 2 23 24 25
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Bepudukauua (3D-EE + FF)

MoHONONbHLIM UCTOYHUK B A03BYKOBOM noToke (M = 0.5)

D015 - 0003 4

2 T=625 : Py T=62.51
P U 1 I | Exact saluson »'gnnc: 1 Exact solution
00104 1 «  Numerical solu 0.004 4 = Numerical soluion
i “-

0006 + ' 0.002 - *4 l |

- ’. Q}'&l ’[t \/\/\ 0000 5 .v P‘ f'q‘ ﬁ i |
000 e f S vl 114

\ W v ‘“ ' / \ 'v q YV: I | +

2
1 _
1 |

aoe2 v 1{

1 o008 T T T T ! T T T T 0008 T T L T + ™ T T T 1
n 40 -8 -6 4 2 Q 2 4 =] 8 a0 @ ] 4 2 0 2 ] 8 [ 0
L, .,
PacueTHas ceTKa Np =1 388 000 Ne =8 248 000 Pacnpenenel-wle nynbcauuu aaBrneHusA (cneBa) U nx nponiBogHou nNo BpemeHu (cnpaBa)
1 1 1 1 L 3 L 1
Dyt g 110 — Analitycal Ly
04012 . ® FWH
08011 8
08008 v
02008
o 3007 =, 105 | L
0.6008 -
08004 =
0.0003 pas
09007 Ay
2001 ™

:uu 9‘ 100 - B
0.0002 n
28003 L
08084 S
9.2000 oy >
Q.0007 o 95 =
23008 A
a‘m e
2
asen ?:

A _L .°. 90 -

T T T v T v T T T

T T
190 160 140 120 100 80 60 40 20 0
0 .deg

YrnoBoe pacnpefeneHne MHTe HCMBHOCTU U3nyye HUs B AanbHeM none R, =100

MrHoBeHHOe nosie NPoM3BOAHOMN MO BpeMeHU
OT Nynbcauun gaBrneHusi
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CED/CAA kop NOISETTE

3apga4va A1: PacuyeT xapakTepucTuK TYypOyneHTHOro norpaHcnos Ha nrnacTuHe

UcxopHble AaHHbIe

e YucnoMaxaM=0.1
e YucnoPenHonbaca Re=2299790
(Ha eanHULY ANUHBLI)

e [MapameTpblYMcrieHHOro MeToAa:
nnacTtuHa

+ Cxema noBblLLEHHOIO nopsaaka ——— Uo

* HedABHbI METOA UHTEPUPOBAHMA MO BPEMEHM,
MMHeapusaums no HblOTOHY, 2-1 NOPSJ0K,
CFL =200

* Mogenb TypGyneHTHocT RANS SA

PacueTHas ceTka: TpexmepHasi, TeTpasgparbHasi, HeCTPYKTypMpOBaHHas,
206646 y3nos, 1020000 Tetpasgpos, 144800 rpaHnYHbIX rpaHemn.

CeKTop BbIMMCIIUTENIbHOW a3apoakyctuku UMM um. M. B. Kenabiiia PAH http://caa.imamod.ru 24



3apga4va A1: PacuyeT xapakTepucTuK TYypOyneHTHOro norpaHcnos Ha nrnacTuHe

28 -
e ABTOMOAENbHbIE NepeMEHHbIE: 26 1| — Reichardt law 3
2s 1| — SA(FLUENT)
U npopornbHas ckopocTb; e —— SA (NOISEtte) N
1 MornekynapHas AMHamunyeckas BA3KOCTb; 20 1 /7
18 7
U ou . 1] V7
u, = |—M— AVHaMun4eckasad CKOpPOCTb; 16 e
f 1] F
p ay CTCHKa + 14 /
3 2]
y = YUiP  GespasmepHoe paccTosiHe OT CTEHKY; o1l /
m 21 4
+ u 6 ! /
ut = . 6espasmepHas ckopoCTb. 4 » / _
f |
0 4 ——""’v// e
° 3aKOH Peﬁxapn,TaZ 0.1 1 10 y+ 100 1000 10000
NorapudMuieckmii 3aKoH, MOAMMULIMPOBaHHLIN PelixapaTom 5006 Mpochum ckopoct 8 cevermn X =0.8
AN NepexofHON 30Hbl OT MOJIEKYMSIPHOMO MOACHONA K pa3BUTOMY wonia | 3akoH PoKHEpa
TypbyneHtHomy [XuHue W.O. TypbyneHTHOCTb. Ee mexaHnam c —=— SA (FLUENT)
n Teopua. — M.: dusmatrus, 1963., c.547]. 100084 |—=—SA (NOISEtte)
1 _£ y+ _;
Ut ==In(l+xy")+7.8/1-e T - 2g 3 k=041
K 11
e CpaBHeHMe KoadppuLmeHTa TpeHUs
CpaBHeHVe KoadpduumeHTa TpeHusi ¢ 3akoHoM DokHepa
MMonuganckmm J1.I. MK — M.: [lpoda, 7-oe mn3g., 2003., ¢.667]:
1 1
7 7 0.003 SR S R PR R S . BT S A S
c, =0.0263x "Re 60 01 02 03 04 05 08 07 08
(M)

KoadhpuumeHT TpeHus Ha CTeHke

CeKTop BbluMcnuTenbHou a3apoakyctuku UMM um. M. B. Kenabiiua PAH
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3apaum no Bepudukauum moaenen TypoyneHTHOCTU

_____________________________________________________________________

/ YcTaHOBMBLLEECS TeYeHMe B NIOCKOM KaHane [ 3aTtyxaHue ogHOPOAHON U3OTPONHON TYPOYNeHTHOCTH
| 1
1 1
| Cetka 436595 yaros, 2188800 TeTpasapos cetkn 323, 643, Re=1620
. Re_tau=400 (Re_bulk=14000) /L\ 10" <
! 3 4
I i T E(k)} R Cetka 64
1 1 -
1 1 2
! ! 15
! ] 11
: : i
1 1 Y] (+}
: : os S ~ <
! ! 43 1073- - -Bakon "-5/3" Konmoroposa o Q
i i Oxcnepument: © T=087 © M
: : Pacier, —C,.=08 o
1 1
: 1 4 _cm 05 _Cl)ln=°'65 o
! E | : Wi 75 K B
\ X " 1
i K): 0r 02 045 33 28 58 ¥57 360 250 \
: 5 A
L (g =g g g g g g g g g g g g g g g gy =
- RS i TeuyeHue B KaHane ¢ o6paTHLIM YCTYNnoOM

ol:== ONE Moser ot o /_.-:' %0 \
e L ( ?'."i"--g..m...,. ! Cetka 1311690 y3ros, 7597800 TeTpasgpos, Re=28000.
: J /}:;.:_ - ";-m; \\ hee e :
o T :

& P . 1

: " ',o - ' _____ = -‘;—;.__::-‘__ :
! & e s I |
: B Y i
| k. ;
1 w “w * It 11} 1 ] " 20 ae 10 1
! y y/0.5H ! 0,004 -
1 1
i i 0.003 4
1 - DS Move ut @ 1 e IDOES {CAERVPORRIAI" NOVER)
: ——Faceer : s e IDOES2 (commnrasdt nagoa)
1 1
1 1
: | O 001
: :
: I 00004
1 1
1 1
: V0001
1 1
| L oo
1 1
\\ ) ‘\
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3apaum no Bepucdpukaumn WENO-EBR

3a.qa=|a (o) B3prBHOI7I BOJIHE TeTpasgpanbHasn
HeCTPYKTypMpOBaHHasA ceTka
T =
MNocTaHoBKa FS-WENO, Unstructured 3D
* YpaBHenus Juinepa (y = 7/5) = :’:;ggg
* HavanbHble ycrosus - h=1/1200
54| — exact solution
1000, x<0.1
p=1 u=0, p=1001, 0.1<x<0.9 &4
<
@
100, x>0.9 Q 34
+ Otpaxatowpe Y gns x=0 n x=1 h
Woodward P., Colella P., J. Comput. Phys., 54(1), 1984 14
0 T T T T v 1 . ] x 1
0.0 02 04 % 06 0.8 10
[ekapToBasi paBHOMepHasi ceTka [lekapToBas paBHOMepHas ceTka
i — ¥
|| GH-WENO, Cartesian grid || FS-WENO, Cartesian grid
. Exact solution s exac! solution
3 L
11 ¢ h= 1| = h=1/800
5 h=1/1200 5 h=1/1200
o 4 >4
= =
@ g
A 3 A3
24 24
1 ¥
0 - T - T T T 3 0 T T 1 v T T v 1
0.0 02 04 . 08 08 10 i o oA s e
CH-WENO-EBR cxema FS-WENO-EBR cxema

CeKTop BbluMcnuTenbHou a3apoakyctuku UMM um. M. B. Kenabiiua PAH
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3apada A2: PacuyeT xapakTepuCcTUK Te4eHUA rasa B NSIOCKOM KaHane ¢ KNMHOM npu M=2

UcxopHble AaHHbIe

PacueT asapoanMHaMnyeCKMX XapaKTte pUCTUK TeYeHUA HEBA3KOTO CXXMMaeMoro rasa
B NJIOCKOM KaHane ¢ KnuHom npu M=2

aY

aw1000{Mm] | b= 1000{Mmm] we1000]{mmM|

B823.67[Mm]

1=7000[Mm)

11=1000[mMm]

~
P =

eomeTpua pacyeTHon obracTu

e YncnoMaxaM=2.0

e MapameTpbl YNCNEHHOro MeToAA:
+ Cxema noBbILLEHHOrO nopsgka € LeHTpaMu B y3rax
* HesaABHbIN METOA MHTErpMPOBaHUS MO BPEMEHW,

MMHeapwusaumss no HboTOHY, 2-1 NOPAAOK TOYHOCTY,
CFL=10

PacueTHas ceTka: TeTpasgparnbHas, HECTPYKTYpMpOBaHHas,
116586 y3rnos, 570000 TeTpaagpos, 84600 rpaHNYHbIX rPaHeW.
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CEDICAA kop NOISETTE

3apava A2: PacueTt xapakTepuCcTUK Te4eHUA rasa B NJIOCKOM KaHarne ¢ KNMHOM npu M=2

CpaBHeHue nonenuyncna Maxa

Noisette (Poy)

| |

Mach Number. 126 13 135 1 145 15 19 16 165 17 175 18 1. 19 19 2 205 21

Fluent (Poy)

%z

mach number
1.20 1.40 1.60 1.80 2.00

Fluent (AUSM)

CeKTop BbIMMCIIUTENIbHOW a3apoakyctuku UMM um. M. B. Kenabiiia PAH http://caa.imamod.ru 20



CEDICAA kog NOISETTE

2D TeuyeHue c uucnom Maxa 3 B kaHane ¢ yctynom

NMocTaHOBKa 3apgaumn

* YpaBHeHusa Ounepa (y = 7/5)

» HavanbHble ycrnosus
p=14 p=1 u=3 v=0
y=14 T_ =4

Woodward P., Colella P. The numerical simulation of two-dimensional fluid flow with strong shocks //
Journal of Computational Physics. 1984. V.54, PP.115-173.

[ByxmepHas TpeyronbHasa ceTka,
Npou3BOAHAsA OT CTPYKTYPUPOBaHHON
[eKapToOBOW CETKU

TpexmepHas HeCTPYKTypupOBaHHas
TeTpasgpansHas cetka

Pacnpe,u,eneHme NJIOTHOCTU B LEHTPAJIbHOM CeYeHUn

CeKTOp BblMMCNUTenbHou asapoakyctuku UMM um. M. B. Kengbiua PAH
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CHDICAA koa NOISETTE

3apa4va A3: PacueT asapoamHamMmu4yeckux xapakrepuctuk npocpuna NACA 0012

McxoaHble AaHHbIe

BepxHas gywka HuxHAA OywkKa

e YucnoMaxaM=0.7 -4 JE“ / 3 -
= 0.02
e Yucno PeﬁHonbnca % ;EI 0 0.1 0.2 ol 0.4 0.5 0.6 u 0.7 __nfn-—""ér's'}1 )
Re= 16112112 Yo 6
(no xopae npoduns) b=1000{s]

F Y

YrnblaTtakn: 0,1.5,3,4,4.8

e [MapameTpbluncrieHHoromeToaa:
« Cxema noBblILLEHHOIO nopyaakKa € ueHTpamMm B y3rax

* HesiBHbIN METOA UHTErPUPOBAHUS MO BPEMEHM,
NMHeapusauus no HeHTOHY, 2-1 NOPALOK TOYHOCTH,
CFL =1000

* Mogenb TypbyneHTHocTn RANS SA

UTENIbHOU a3poaKyc

u UMM um. M. B. Kenabiwia PAH

eomeTpua pacyeTHon obriacTu

ubll
e

PacueTHas ceTka: AByXMepHasi, Tpeyrosnbasi, HeCTPYKTypUpOBaHHasi,

http://caa.imamod.ru

53249 yarnoB, 105276 TpeyrofbHUKOB, 1222 rpaHUyHbIX CErMEHTOB.
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3apava A3: Pacuet asapoaMHamu4veckux xapakrepuctuk npocpuna NACA 0012

CEDICAA kog NOISETTE

Mone paBneHua (GespasmepHOEe) U MMHUN ToKa
ana yrna ataku 0 (cBepxy) 1 1.5 (cHuay)

CeKTOp BblMMCNUTenbHou asapoakyctuku UMM um. M. B. Kengbiua PAH

C 104
P 4
054
0.0

054

NACAQ012 M=0.7 Re=1.6112:10" u=1.5°

®  3xcnepumenT (seepx)
O JKCNEPUMEHT (HK3)
—— NOISEtte (ssepx)
NOISEtte (ws13)
o FLUENT

T

03 0O

4

—T
05

X

08 07 08 08 10

CpaBHeHve npocurnen gaBrieHns Ha NnoBepxHoCcTu ana yrra atakm 1.5, M=0.7

038

07

06

[ —— | —

e il

05

]

—— Noisette,

—— 3KCEPUMEHT
= Fluent, dbns,SA

SA

3
5 04

03

02

01

0

0.000

0.005

0010 0015

0.020
Cxa

0.025

0.030

0.035

0.040

0.8

07 L

Y

0.5

—e— 3KCnepuMeHT
—=— Fluent, dbns, S-A|
—&— Noisette, SA

03

L1

wl

0.0 1.0 20 3.0 40
alpha

50

6.0
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3apa4va A4: PacuyeT asapoaMHaMu4ecKux xapakrepuctuk Kpbina ONERA M6

Obumn Bua pacyeTHon obrnacTu [MoBepxHOCTHas ceTka Ha Kpbife
UcxopaHble AaHHbIe

YucnoMaxa M=0.8395

e Yucno PenHonbaca
(no xoppae npocunsa)
Re=19024540

Yrnbl ataku: 3.06

MapameTpbl YNCNEHHOro meToaa:

Cp

« Cxema noBblILLEHHOIO nop4aaka C ueHtpamMum B y3nax A

* MUSCL annpokcumauus, numurepsl

* HedABHbIN MeTOA UHTErPUPOBAHUA MO BPEMEHMU,
MHeapusaumsa no HbOTOHY, 2-1 NOPSAOK TOYHOCTH,
CFL =5000

* Mogenb TypbyneHTHocTu RANS SA

0425

A.150

0725
PacueTHas ceTka: TpexmepHasi, TeTpasgparnbHas,

HeCTpyKTypupoBaHHasa, 1946085 yanos, 11393760
TeTpasgpos, 187392 rpaHnyHbIX rpaHemn.

Noisette (SA) Fluent (SA) Fluent (SST)

CpaBHeHve koaduumeHTa OaBfieHUs Ha BEPXHEN N HWKHEN MOBEPXHOCTAX Kpbifia
(cooTBETCTBEHHO reBas U npaBasi KOHCOMMN).
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CED/CAA kop NOISETTE

3apa4va A4: PacuyeT asapoaMHaMu4ecKux xapakrepuctuk Kpbina ONERA M6

CpaBHeHue npodunen koadpcdunumeHTa gaBneHNA Ha NOBEPXHOCTU

PP,
1me

Pacnpeperenne kosddmumenta aasnenns C, =

©
13~ 13~ 2 13 N a2
4 404 404
y c : * C,_ <10 4
" 2a Y " 04 \ N
% ' 4 oz '\:-,
06 e a6 "
. | . F .
044 944 1
N\ o ] Had
| 024 . 024 ==
E 3 0324 =
09 l 09 (‘//"‘ 20 .
4 024 024
N, oz \
8| AT 04 o 04 RO R -
061 ®  Gacoepewent 06 ®  Gacroepeuent 06 ®  Sacoepeuent 9 o Jenaement
e OIS (Betpn) ~ e NOISE (Betpn) e OIS (eepn) 08 e NOUS E 2w jumupe|
044 s NCASE N (ve3) 04 s NCASE NS (voe3) 044 s NCHSE NS (ro3) ——NOISERD e
——Fuem5A ——Fuem-5A —Fuen5A ce e Fhaard-SA
10 Sy v T yom—p—y T v T T 10y Yr——— T v T 1 10y T Yy T y T J T T T T T : g T ¥ —
%0 o 0z o @4 ©CH 06 07 08 09 AL ¢ 0t 0z o3 @4 65 06 07 08 o9 AL ¢0 0 0z o @4 ©H 06 07 08 09 AL [ A} 0z 03 o4 0% 0o OoTr 00 08 o
1 1 X x

3] 2] N il B Cya Cxa
C, 104 [\’*Im. C, 104 f 124 f \
Ty | ETS STRE

< Fluent

<‘.‘4-J :.«: ' JJU;T S-A 0.270 0.0175
C;E, 4*4\%&\ c;:'{‘ = . aa (\‘L‘.a«\-r::::‘:‘% Fluent

02 03 004 0266 0.0170
o4 04 — 02 SST
gl TS NG e | 4 o e Noisette
24 oo posmies | 01 e A 0.267 | 0.0168
104 T . T T : T 3 71— 104 T ¥ T T : T 3 1 1 084 ; T T T T y T T \

02 [ A} 0z 03 o4 uxb oc or o0 o8 0o o 0z 03 o4 Dxb o or an o8 o ¢0 0 0z o o4 0‘0 s o7y L ) AL

7=0.90 7=0.96 2=0.99 CpaBHeHMe CyMMapHbIX
a’poanHaMMyeCKuX
KoadpnumeHToB
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3apga4va A5: PacuyeTt asapoamMHamMu4yeckux xapakrepuctuk mogenmn DPW4

McxoaHble AaHHbIe

e YucnoMaxaM=0.8395

e YucnoPenHonbaca
Re=197000
(no xopae npocduns,
3ajaHHOM B Aronmax)

e YrnblaTakn:0,1,2,3,4

e [lapameTpblyncrieHHOromeToaa:
lMoBepxHoCTHas ceTka

» Cxema noBbILLIEHHOIO nop4daka C ueHtpamMum B y3nax

* MUSCL annpokcumauus, mmmurepsbl .‘\",

* HesiBHbIN METOL MHTEPUPOBAHMSA MO BPEMEHM,
nmHeapusaumnss no HelOTOHY, 2-1 NOPALOK TOYHOCTH 0

* Mogenb TypOyneHTHOCTM RANS SA

http://aaac.larc.nasa.gov/tsab/cfdlarc/aiaa- Obuwii BUA pacyeTHOM obracTu
dpw/Workshop4/test_cases_4.html

PacuyeTHas ceTKka: TpexmepHasi, TeTpasgpasrbHasa, HeCTPYKTYpUpOBaHHas,
10951602 y3noB, 64761354 TeTpasgpos, 630324 rpaHNYHbIX rpaHen.
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3apava A5: PacueTt asapoaMHaMMUYeCKUX XapaKTepuUCcTUK Moaenu DPW4

CpaBHeHue pacnpegeneHnsi NOBEPXHOCTHOrO AaBlIeHUSA
Noisette LOGOS

P
7.233

yron ataku 0

yronaraku 1 %

2097.902

p
7.039

yrosnartaku 2

2077.475
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CFDICAA kom NOISETTE
3apga4va A5: PacuyeTt asapoamMHamMu4yeckux xapakrepuctuk mogenmn DPW4

08 — KoathcpuumeHt nogLemMHon cunbl cos ;. KoadpuuueHt nobosoro conpotuenenus o
Ed
07 o %
0.04 75
°P 0,03 /
05 aid
3_4 —— Cxn
Y >X0.025 o
—L0GOS_SA
03 0.02 § -
e Cya — 0GOS _SST
02 | | 0.015 —
g —a—LOGOS_ = = = =0= = - Nojsette
0.1 SA -_— R i
- === == Nojsette 0.005
0 H ' ' !
0 N - - - - - - -
0 1 2 alp_ha 3 4 5 0 05 1 15 2alphaes 3 35 4 45
Cya Cxa
AOA 0 0.171 0.0203
AOA 1 0.315 0.0227
AOA 2 0.461 0.0273
AOA 3 0.609 0.0375
AOA 4 0.662 0.051

CeKTop BbluMcnuTenbHou a3apoakyctuku UMM um. M. B. Kenabiiua PAH
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CED/CAA kop NOISETTE

PacueTbl c IBC

B3anmogeucrteue yp,apl-loﬁ BOJIHbI N UINTTUHAPA

MopaenupoBaHue Te4eHUS BOKpYr
noaBuXHoro npenarcreua, M=0.5

Body-fit IBC

CBepx3ByKkoBoe o6TekaHue umnuugpa (M., = 2) 3D ob6TekaHue aecpnektopa (M=0.5)

Body-fit BC
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MpunoxeHus BbIYUCNIUTENBLHOW a3pPOaKyCTUKM

UccnepoBaHue HanpaBJieéHbl Ha N3y4yeHne akyCtun4eCKnx M"CtToO4HMKoB U
MeéXaHU3MOB CHNXeHUsA lyma camMosieToB

A3poanHaMMyYeCKUM LLIYM
OT 0OTekaHusa LLAaCcCH, MexaHn3aunn Kpblia

o LUym oT BeHTMRATOparasoTyp6uHHoroasuratens ® LLym oT peakTuBHOM CTpyM
OI'ITI/IMVI3aLI,I/IFI naHenen 31K OI‘ITVIMVI3aLI,VIFI CbOprI conra — WeBpOHHbIE corna,

OK30TU4ECKME MEeTOodbl TUMa MI/IKpOCprIZ N Na3mbl.
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CEDICAA koa NOISETTE
YucneHHble uccnegoBaHma 3sykonornowarwmx KoHctpykumn (3MNK) aBunagsurateneu

CoBmecTtHO ¢ OAO “ABnagBuratens”’, lepmb

MpuHuMn paboTbl 3K — Ha Npumepe pe3oHaTopa NenbMronsua

HepesoHaHcHas
YyacTtoTa

PesoHaHcHaga -
yacTtoTa

OKCnepMeHT B uMmnegaHcHon Tpybe

CeKTop BbluMcnuTenbHou a3apoakyctuku UMM um. M. B. Kenabiiua PAH http://caa.imamod.ru



CED/CAA kop NOISETTE

YucneHHble uccnegoBaHma 3sykonornowarwmx KoHctpykumn (3MNK) aBunagsurateneu

CoBmecTtHO ¢ OAO “ABnagsurarens”’, lepmb

Cxema pacuyeTHon obracTtu

w— | oy 150 0B
w1 holo 120 ¢8
=@~ 11 hotes 150 4B
=@~ 11 hokes 120 4B

Transmsson conflicent modote
o > o o .
e I B G+

lMpoxoxaeHue akycTU4ecKOM BOJSHbl B KaHarne ¢ sdenkon 3M1K

T T -
%0 1000 KO 2000 0 2000
Frequency (M2)

Onsa a4enkn ¢ 11 oTBepcTUAMU
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CFDICAA kom NOISETTE

YucneHHble nccnenoBaHus adpoanHamMun4yeCKkoro wyma

CoBmecTHO ¢ LIATU

UccnepoBaHue HanpasBJieHbl Ha U3y4yeHue
dKYCTU4eCKNXNCTOYHUKOB N MEXAHU3MOB
CHUXEeHuUA llyMa camMorieToB

MogemmpoBaHve MexaHM3MOB reHepauum
aspoavHaMmn4ecKoro wyma B TypOyrneHTHOM criege
npy obTekaHnM LWaccu camorneTa

N NOUCK NyTen BO3LEUCTBUSA Ha Hero.

MapameTpbl3agaumn
Uucro Maxa: M=0.206

Yucrno PenHonbaca: Re = 14000

Paswmep cetkn: go 16 mnH. y3nos, 100 MnH. TeTpasgpoB

Mepwvon nHTerpupoBanua no Bpemeru: 1700
Konm4ecTBO KOHTPOSbHbIX ToYek: 1400

3apevicTBoBaHo npoueccopos: Ao 12800

CeKTop BbluMcnuTenbHou a3apoakyctuku UMM um. M. B. Kenabiiua PAH

lMone MoZyss CKOPOCT U, BUA, CBepXy
.

‘*

UsonoBepxHocTM nonsa
NNoTHOCTU 4

TypOyneHTHbIN crea,
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YucneHHble nccnenoBaHus adpoaAnHaMU4eCKoro wyma

MexaHn3mMbl BO3HUKHO BEHUS wymMa rnpu 00TeKaHMN CTOEK LLaccu camorerta

YcranoBka B NLR

PabotaB pamkax eBponeuckoronpoektaFP7 VALIANT
JKcnepuMeHTanbHble uccnegosaHusa B NLR, NonnaHaus
Pacuyetbi: UM PAH, TUB (Fepmanusa), NUMECA (benbrus)

Yrnbl atakm 0°, 10°, 15°,

ceTkn go 15 mrH. y3nos / 80 MrH. TeTpasgpos,
no 2048 CPU.

Ux A
- 3 e s
22 = —
=_ r- | - =]
7 ‘ I B . 4
= z S
\ I\ o~ —
A i Ve N S
| AN =
v " V vl‘f« }'.V.
=N A AN A 1
vV \/—4:\'-
' ' ' Pacuet Skcnepumett (PIV)
CrleKprI Ha NnoBePXHOCTUN "

CpaBHeHve ¢ aKCNepUMeEHTOM

CeKTop BbluMcnuTenbHou a3apoakyctuku UMM um. M. B. Kenabiiua PAH
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YucneHHble nccnenoBaHus adpoaAnHaMU4eCKoro wyma

MexaHu3mMbl BO3HUKHOBEHUSA lwymMa OT 3a30pOB B KOHCTPYKUUU MJIaHepa

e UccnepoBaHus B paMKax eBponenckoronpoekta FP7 VALIANT

e JKcNepuMeHTanbHble nccrieqoBaHns BbinosnHeHbl B LA

e YucneHHble uccneposanusa: UMM PAH, TUB (FepmeHus)
BaanmogencTemne TypoyneHTHOCTH ] - o ——

C 3330pOM B KOHCTRYKUMK JIA 2 iron

. ADararny. A

UMM PAH um. M. B. Kengeiwa Cxema okerneprMenTa Ll'ArM reHepaLl,VIFI 3BYKOBbIX BOJHH
WMayyenna o
A300MH am

OGHapyeHa HeyCTOMYMBOCTb U pasfMyHble PEXVMbl TEYEHMS

MrHoBeHHas ka pTHa TEe4eHnda

MogernmpoBaHue TypOynmsaTopoB

BbluMCnUTenbHOM asapoakyctuku UMM um. M. B. Kenabiwua PAH
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UccnepnosaHue TypOyneHTHOro Te4eHUsi U aKyCTUYeCKUX Harpysok

CED/CAA kop NOISETTE

CoBmecTtHO ¢ UHUMMaw ansa OKb Cyxoro

e MopenbHble KOHPUrypaummn. KaBepHbl,
oOGpaTHbIle yCTynbl, KNMHOBUAHbLIE Tesa

o OTpaboTkaMeTOAMUK pacyeTa TPAHC3BYKOBbIX TEHEHUMN
B OTCeKax Ha KpeMcepcKux pexxmmax noserta
6oeBbIX caMoneToB

L :"plf!; B st e T e L ool ML

KapTMHa Te4eHNnA Ha OOo3BYyKe

1 12 14 5 10 2 22 2¢ 24 20 3

HecTaunoHapHoe TeyeHue 3a ycTyrnom (cBepx3Byk, Max 1.3)

PasnunyHble mMopenbHble KOHAwMrypauum

(8] R e

CeKTop BbluMcnuTenbHou a3apoakyctuku UMM um. M. B. Kenabiiua PAH
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UccnepnosaHue TypOyneHTHOro Te4eHUsi U aKyCTUYeCKUX Harpysok

C ' | SRR (A T 1 T 1
0.2 L Pacuét IDDES: = =rpybas cetka |
nogpobHas ceTka
Pacuét RANS
02k —0— —O— —A— 3kcnepumeHT |

1 A 1 n 1 " 1

0 2 - 6 8 10 12 14 16x/H

1

CornacoBaHue ¢ AKCNepnMeHTOM nNo Cp

CeKTop BbluMcnuTenbHou a3apoakyctuku UMM um. M. B. Kenabiiua PAH
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CEDICAA ko NOISETTE
WUccnegoBaHue TypOyneHTHOro Te4eHUA U aKyCTUYEeCKUX Harpy3ok

KnuHoBugHoe Teno c o6paTHbIM yCTYNOM
Re=7.2-10%,M=0.913

dkcnepumeHT B ULHAMMaw
Cetku go 26M y3noB, 149M TteTpasgpoB

Typ6yneHtHocTu - IDDES

Ucnonb3oBanucb CynepKoMnbOTEpbI
NomoHocoB 1 MBC10N
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CED/CAA kop NOISETTE

WUccnegoBaHue TypOyneHTHOro Te4eHUA U aKyCTUYEeCKUX Harpy3ok

48
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.
UccnepoBaHue aapoauHaMUKWU M a3poaKyCTUKM Hecyllero BUHTa BepToneTa

CoBmecTtHO ¢ OAO “KamoB”

e TypOyneHTHOe TeYeHUe U aKyCTUKa, yaAapHble BOSTHbI NPU TPAaHC3BYKOBOM OGTeKaHUn

AkycTvkafoT TypOyneHTHOCTU

2
Konrponsuan nosepxuocrs FWH

TypOyneHTHbIN crieq 3a fonacTtbio

y,qapHaﬂ BOJIHa OT JiloNnacTtn BepToeTa
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UccnepoBaHue aapoAMHaMUKKU U a3pOaKyCTUKU BUHTa B Konbue (Ka-62)

CoBmecTHO ¢ OAO “KamoB”

GCHSHEREEERY

160

170

% YO et POV Fost Bvovs ablokaibaad aid

- L fred. 1
180G 70 B0 50 40 A0 20 10 0 10 20 30 40 50 60 70 80 k5 70 60 50 40 30 20 10 0 10 20 30 40 50 60 70 &0
OASPL (O6) OASPL (06)

Avarpamma HanpaBfieHHOCTM aKyCTUYECKOrO U3IydeHus
ana yrnos 10° (crnesa) n 30° (crnpasa)

dparmeHT ceTku

CeKTop BbluMcnuTenbHou a3apoakyctuku UMM um. M. B. Kenabiiua PAH
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Pacuet 11-nonactHoro BuHTa B Konbue (OAO “KamoB”)

11-nonacTHOW BUHT B KOJibLe HaGeratoupit notok: V. = 0m/s |:> OceBasi cUMMETpUS

PagnycBuHta— 0.7 M
1. MopgernmpoBaHue OOVHOYHOWM Fionactu B cektope 32.72°

2. I'Iepmo,u,mqecme rPaHn4HbIE YCIIOBUA B a3MyTalibHOM HamnpasJieHAn

Yrnbl yctaHoBkunonactu: 10°,20°, 30°, 40°

1 BapuaHT 2 BapuaHT
YacToTa BpaLleHus f =46.6 Hz f ~40.926 Hz
Yrnosas 4actoTa »=292.80rad/s o=~ 257.14 rad/s
CKOpOCTb KOHLia nonacTu Vi ®205m/s V,, =180 m/s
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CED/CAA kop NOISETTE

Pacuet 11-nonactHoro BuHTa B Konbue (OAO “KamoB”)

MaTtemaTunyeckasa mogenb

YpaBHeHUs1 Drnepa BO BpaLLaoLENCA CO CKOPOCTbIO ®
cucTeme koopamHat

V=@xr

op .
—+d -V)=0
o n |Vp(u )

af?u+Din(u—V)®U+Vp:—p((y)xu)

%+div(u—V)E+divup=O

A

R
K,
»
<
|

CeTKa:

b AVAVAPS

2.3-2.7 MINH y310B,
13.6-15.2 MnH TeTpas[poBs.

AWYAVANYAYAY.
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CED/CAA kop NOISETTE

YucneHHble pe3ynbraTthbl

JlnHnm TOKa B OKpacke MoAayrsi CKOPOCTH,
cTaumoHapHoe TedeHue, ycTaHoBuBLleecs nocre 10 obopoToB

BbluucnutenbLHou asapoakyctukyu UMM vum. M. B. Kenabiwia PAH http://caa.imamod.ru 53



Pacuet 11-nonactHoro BuHTa B Konbue (OAO “KamoB”)

AspoanHaMmunyeckume CuUnbl

0.55 4 -0 Koadr cmlummlamrav =180 mlc . L -
- -o—Koaw‘ CHbE TR BUKTA V. = 205 Mic At - 0.14 4 —o—Koapd. kpyTawero mowenTa BHHTa V,, = 160 wic
0.50 + o ; N S0 _— 0.13 | ——Koadd. kpyTawero momenTa BuKTa V,_ = 205 sic
1 —e OB UL TN RO Vg, = ¥ B AT / : o —dr—Koagpth. kpyTRLLEro MOMeHTa konbua V= 180 wic - /
0.45 ! Koadd. cunbi Tamm konbua V= 205 mic O 0124 _ Kosbd RS V-B = 205
1| =o—Koad. cymmaproi am V,_ = 180 we L s // . ® | - KpyTRILer bua Vv, < o / ]
3 0.40 || —8—Kosa. cymmapHoit TAm V. = 205 wic e MM —————— e T e
) : o 0.10
E 0.35 . § 6t . ........... . - - // ..
3 0.30 o 0.08.' ‘ : - - — : / - :
£ 0.25 - g 0.07 4————— SR s
87 3 0.6 /

0.20 2 () I T
g é 0.0 e [ / ..............................
@ 0.15 o 3 | — ————T— S———rey
£ 010 g 0.03 4-- ‘ - ; ‘ -

G5+ S Es— —

0.00 0.00-:x/ < # *:

10 20 30 40
Yron yctaHoBKM NONacTy ¢ Yron ycraHoBKMU NonacTy ¢

KoacbdpumumeHTbl asapoanHaMmn4ecKoro KpyTaLero
MOMEHTa BUHTA, KOSbLia 1 CYMMapHOro
KpYTSLLEro MOMEHTa

KoadhduumeHTbl Curbl TArM BUHTaA, KOSbLa U
CYMMapHO1 Curbl
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PacueTt 11-nonactHoro BuHTa B Konbue (OAO “KamoB”)

I'Iynbcauvm AaBlieHunA B AanbHeMnorsne

[varpammbl HANPaBNEHHOCTM B 3aBMCUMOCTU OT BblOOpa KOHTPOIIbHOM MOBEPXHOCTU

30° 40°
y
[ il I
al f
'y
i M}
10°
v\ N
Y,
% \\
'/Um > TN
g \
YTy Y
LAY

O6buwin yposeHb 3BykoBoro gasrneHust (OASPL) Ha paccTtosaHun 150 m
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CEDICAA kog NOISETTE

Komnnekc nporpamm NOISEtte
ana CFD/CAA pacuyeTtoB

e Cxxnmaemble AO03BYKOBbI€ U CBEPX3BYKOBbIE TEYEHUA,
3aga"vin adpoaANHAMUKUN U a3 POAKYCTUKN.

e OKOHOMMYHbIN aANroOPUTM NOBbLILLEHHOW TOYHOCTH
Ha HECTPYKTY PUPOBAHHbIX TMOPUOHbIX CeTKax
(3a cueT OpUrMHanNbLHOro KBa3aMogHOMepPHOro noaxoaa)

e Bbicokas cTeneHb napannenunima

Cnacub6o 3a BHumMaHue!
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CEDICAA kog NOISETTE

PS: ...0 cepTuchukaumum Kkogos

HKBO CCCP

HKBI'1 PP

HapoaHbin Komuccapuar
BbluncnutenbsHou Nasosou IMHaMUKu
\§ J

Kaparowmn mey Banupaumm n Bepmudmkaumm

YronoBHbIN KOAEKC MaTeMaTU4YECKOro moaenumpoBaHus
e Ctatbu: 10 net, 20 net 6e3 npaBa nepenncku, BbIiCllas Mepa — paccTpen.
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CEDICAA kog NOISETTE

Komnnekc nporpamm NOISEtte
ana CFD/CAA pacuyeTtoB

e Cxxnmaemble AO03BYKOBbI€ U CBEPX3BYKOBbIE TEYEHUA,
3aga"vin adpoaANHAMUKUN U a3 POAKYCTUKN.

e OKOHOMMYHbIN aANroOPUTM NOBbLILLEHHOW TOYHOCTH
Ha HECTPYKTY PUPOBAHHbIX TMOPUOHbIX CeTKax
(3a cueT OpUrMHanNbLHOro KBa3aMogHOMepPHOro noaxoaa)

e Bbicokas cTeneHb napannenunima

Cnacub6o 3a BHumMaHue!
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