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CFS3D

L Komnnekc wccrnemoBaTenbckux mporpaMm, NpedHasHaueHHblid Ons peLueHus

3aau CBerSBYKOBOIZ adpoAnHaMUKn C TMOMOLLUBbKO COBPEMEHHbLIX CXEM
CKBO3HOIO CHETa

d Pa3paboTtuuku: A.H. Kydpsieuyee, [.B. XomsiHoeckuii, PJ]. Paxumos, /.b.
dnwmeuH, A.A. WepwHee (UTINIM CO PAH), D.M. Davidenko (ICARE,
Orléans)

] BHewHue nonb3osatenu: FO.M. I yHbkO, T.B. lNonnaeckas, I.B. LLloes, C.B.
Kupunnoeckuu, C.I1. bopucoe (UTIIM CO PAH), A.-S. Mouronval (INSA de
Rouen), J.-D. Parisse (IUSTI, Marseille)

] Pewaemsbie ypaBHEHUA: HecCTauuoHapHble YypaBHEeHUW Junepa wu HaBbe-
CToKca Onst MHEepPTHOW CMNOLWHOW cpedbl, CTauuoHapHble yYpaBHEHUSA Junepa,
YPaBHEHMA Junepa AOna XUMUYECKM pearnpyrollem cmecu, MoAesbHble
KWHEeTUYeCKne ypaBHeHNa ans yHKUNK pacnpegeneHud

) A3kik: Fortran 77/Fortran 90

] PacueTHbIe ceTku: CTPYKTYpUpOBaHHbIE MHOrOBIOYHbIE,
HECTPYKTYPMpPOBaHHbIE TPEYIONbHbIE U TeETPasaparbHble

u MNapannenusauunsa: reomeTpuyeckas gekomnosnuus, ononmorteka MPI




[lpocTpaHCTBeHHada annpoKcumMmauua Ha
CTPYKTYPUPOBAHHbLIX CeTKaX

(J MUSCL TVD cxemsl

> PEeKOHCTPYKUMA NPUMUTUBHLIX WUIN XapaKTEPUCTUYECKUX MNEPEMEHHbIX C
nomowbo dopmyn 2-ro/3-ro (van Leer) n 4-ro/5-ro (Yamamoto & Daiguiji)
nopsaaka ¢ pasnuyHbiMn orpaHndmnTenamu (minmod, van Leer, van Albada,
superbee, Koren);

» BbluncrieHne HEBSI3KMX MOTOKOB nyTemM NpuUBNMXeHHOro peLleHna 3agaydm o
pacnage paspbiBa, 60MbLLIOE KOMMYECTBO PasfnYHbIX CONBEPOB (MOYHbIU
2odyHosckuu, FDS Roe and Osher-Solomon, FVS van Leer and Steger-
Warming, hybrid AUSM/van Leer, Marquina, HLLE u e2o moougukauyuu —
HLLEM, HLLC, EFM u 0p.),

> LleHTpanbHble pa3HOCTU BTOPOro nopgaaka anga agudpdysmoHHbIX YreHoB
(] ENO/WENO cxembl

> KoneuHopasHocmHblie ENO cxembl 2-20 u 3-20 rnnopsioka, WENO cxembl 3-
20 u 5-20 nopsiokos, MP5, MPWENO u WENO-Z cxemsr,

» PasnuyHble cnocobbl pacLlenneHnsl NoTOKOB (Roe, local, stencil-based and
global Lax-Friedrichs splittings);

> Annpokcumauuna anddPy3noHHbIX YSIEHOB LeHTpanbHbIMU pa3HOCTAMU 4-T0
nopsigka Ha KOMMNakTHOM LuabnoHe



Opyrue ocodbeHHOCTH

(] WUHTerpupoBaHue no BpemeHu: SABHbIE CXEMbI (TVD cxembl PyHee-Kymmeil,
cxembl PyHze-Kymmebi-Tunna u PyHee-Kymmbi-[keumcoHa, 6-cmadutHas SSP
cxema 5-20 ropsioka)

d NMocTpoeHune pacyeTHbIX  CeTOoK: nwobon  OOCTYMHbIN reHeparop
CTPYKTYPUPOBAHHbLIX CETOK, COBCTBEHHbLIE BO3MOXHOCTN BECbMAa OrpaHU4YeHbl —
TPaHCPUHUTHAA UHTeprnondauuda, SNJIMNTUYECKUUM  reHepaTtop, reHepartop
OpTOroHarbHbIX ceTok no metoay Ryskin & Leal

JOns mopenupoBaHus TeueHWN pa3pexeHHbIX ra3oB pearnv3oBaHbl
rPaHM4YHbIE YCMNOBUSA C YaCTU4YHBLIM CKOMBXEHWEM M CKa4ykOM TemnepaTtypbl Ha

NMOBEPXHOCTHU

(] CneumanbHble yTunuTbl ans o6paboTku AaHHbIX pacyeTa M MOCTPOEHUS
YMCHEHHbIX LUNMPEH-BMU3Yyanu3aunn, nHTepdeporpamMmm 1 TEHEBbIX KAPTUHOK



Yero Het B CFS3D

(] HesiBHBIX cXeM UHTErpUpPoOBaHMA NO BPeMeH!
. Mogenei TYPOYNeHTHOCTHU
] Congepa ans HecxkmmaembIx TeueHUI

D BO3MOXHOCTU UCNOMb30BaTb FMGpM.ﬂHbIe CeTKHU



Oudpakuma yoapHou BOSMHbI Ha
TPpeyroribHOM Tene
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YpoapHas BOsfiHa B Kpyrrnou Tpybe




YpoapHas BOsiHa B Kpyrrnou tTpybe




PasnuyHble TeXHUKU BU3yanusauuu

Schlieren displaying dp /dy



Pa3nnyHble TeXHUKU BU3yanumsauum

Numerical schlieren visualization Numerical interferogram

Oudppakuma yogapHon BonHbel (M =2) Ha npaMmom yrne



[[ucrepesnc npu cmeHe TUNOB OTPAXeHUS

M =4
o = 38°
O = 33.4°
o= 39.2°

9

PerynspHoe oTpaxeHue MaxoBckoe oTpaxxeHue

YucneHHble UIMPEH-BU3Yyaar3aluu (11oje rpaJiieHTa IMI0THOCTH )
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TpexMmepHasa MaxoBcKasa KOHurypauus

M =4
b/w=3.75
g/w = 0.3
i o =37°

" z=138 mm - z=178 mm
5 ——



N3meHeHUe BbICOTbI HOXKU Maxa no pa3maxy
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Bricora HOXKKM Maxa B pa3jiMuHbIX
IPOJOJIbHBIX CEYCHUAX ObLIA
U3MEPEHA C MOMOIIBIO JIA3EPHOIO
HOXKA U CpaBHEHA C pe3yJibTaraMu
YUCJIEHHOTO MOJIETUPOBAHUSA



KoMOMHMpoBaHHOe oTpaXeHue

M=4
b/w =3.75
g/w=10.3
o= 35.5°

5 Ll

7Z = 158 mm 7z = 198 mm

g 7z = 0 mm



Bo3pencreue nasepHoro umnyribca Ha
perynspHoe oTpaXeHue

M=4, a=36", g/w = 0.43, b/w = 3.37. Dueprus 0.1 JIx

Time=10us Time =40 us Time =70 us




Bosgencrteue nasepHoro nmnyrnbca Ha
MaXxoOBCKOe OTpa)XxeHue

“I'py0Oast cerka”: 35 muH. siueek, Ay, . /w = 2x103
M =3.45,a=37.2", g/w=0.595, b/w = 2.198. Dueprus 0.215 Ix

Time=1 s Time =35 us Time = 60 us

Time =100 us Time = 255 us




Bosgencrteue nasepHoro nmnyrnbca Ha
MaXxoOBCKOe OTpa)XxeHue

“Menkas cetka’: 120 mutH. staeek, Ay, . /w = 1.3x1073
M =345, a=37.2°, g/'w=0.595, b/w = 2.198. Dueprus 0.215 JIx

Time=1us Time = 35 us Time = 60 us




NaMmeHeHue BbICOTbl HOXKMN Maxa no
BpeMeHu
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MapLweBbin Kog ONA YNCTO CBepPX3BYKOBbIX
Te4YeHUn

P /|
1695 b, ©  a=0° (experiment)
I 18.10 a.= 0°, (calculation)
12:%3 15 A o=5° (experiment)
— 1352 | - a=5°, (calculation)
— 12.66 A
— 11.50 l
= o b) Short-cheeked
— 9.2z 10 i
= 5% convergent inlet
— 750 "
— 664 \Aan
— 578 T~

a)Long-cheeked inlet, H_=4, «=0"
{pressure distribution)

Pacnpenenenue napieHus mo NOBEPXHOCTH KOHBEPreHTHOM MOBEPXHOCTH CxaTust npu M., = 4,
o = 0° (cneBa) 1 U3MEHEHUE JIaBJIICHUS BIOJb CPEIHEN JIMHUH MPU TOM e uuciie Maxa (cipasa).



PacuyeTbl Ha HECTPYKTYPUPOBAHHbIX CeTKax
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YpnapHana BosHa (M=1.4) B3aumopaencreyeT B3pbiBHaA BOJIHA NPOXOAUT Yepes
C CUCTEMOMN UMIMHAPOB B YyAapHOU Tpybe NopuCTbIN Bapbep



[TpoxoxaeHune YB yepes cucremy coep
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PacuerHas ceTka dopma ynapHOU BOJIHBI



MopenunpoBaHne XMMUYECKU pearupyroLmx
Te4YeHUun

J YpaBHeHUs dunepa ana MHOTOKOMMNOHEHTHON CMECU XUMUYECKU pearmpyroLLmnx
rasoB

L NonuHomuansHble annpokcnumMmaumm TepMOANHAMMNYECKNX CBOUCTB
nHansmnayarnbHbIX BewecTs (ba3a aaHHbIX A. Burcat)

d [Mpon3BoONbHbIN HABOP XUMUYECKUX peaKkuuin, 3agaHHbin B popmaTe CHEMKIN

J ApoutvBHas nonyHesiBHasi cxema PyHre-KyTTbl AnS MHTErpUpoBaHusi Mo
BPEMEHU (HesiBHbIM 06pa3om BepyTcsa XMMNYECKNE NCTOYHUKOBLIE YNEHbI)
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MHorocgppoHTOBas cTpykrtypa 1B

IIB B nynockom kaHase, cmech Hy/Oo,
xuMH4eckass Moresb ONERA (6 KOMIIOHEHT,

7 peakuuii)

Tpexmepuas 1B, mogesb ¢

OOHOU peakLUueu




dopmMupoBaHme MHOrothpoHTOBOU
CTPYKTYpbI

Q=50,E=125,1=1

500 1000 1500 2000
X/L

1/2

Q=50,E=125,f=1
Q=50,E=125,f=1




Y/L

JlamnHapHoe oTpbiIBHOE Te4YyeHue Hapg
NONbIM LUITUHAPOM C IOOKOU

X/L

LIBETHOW YNCNEHHbIN LWAKPEH U NTUHUN TOKa
M..=9091,Re; = 18916, T..=51K,T, =293 K, p..=6.3 Pa



UncneHHoe mogenupoBaHue akcnepumeHTa Hadda
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[Tone maBnenus (BBepXy) u mose uyncen Maxa (Bam3y). H = 28.575 mm, L = 7,5 M, p; = 66.66
Ha, p4/p1 — 100.

2k 0 Duffs experiments I
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| \\ P20 =50, AYR = 160 1o T 77 7 Gomuctdbeontly Maxa YB (cnesa),
[\ N [ CKopocTn YB un
KOHTaKTHOTO

pa3pbiBa (cnpasa)

1.2




[[MNnep3BYKOBOU BA3KUU yOaPHbLIN CITION

DKCIepUMEHTANIbHASA (poTOrpadus BI3KOTO YIAPHOIO CJIOSA HA TNIOCKOM IMJIaCTHHE
npu M., = 21 u Re; = 6- 10° (runepssykoBas a3otHas Tpyoa T-327A).



CpeaHuve u nynbCauNOHHbIe
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YnpaBneHue pa3BUuTueM BO3MYLLEHUN
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lMepexoa K TYPOYNEeHTHOCTHU
B NOrpaHN4YHOM CJioe Ha
nrockoun nnactuHe, M =2

3onoBepxHOCTU nynbcauunm
NpPO4ONbLHON CKOPOCTU
Res, = 500, y=55°, A=0.005




NMpodmnun cpegHen CKOpPoOCTH
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CpeaHekBagpaTUiHble NyribcauMu MaccoBOro
pacxopa B pacyeTe U 3KCrnepuMeHTe
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[Mepexoa K TYypOYyneHTHOCTU B CBEPX3BYKOBOM
norpaHU4YHOM crioe Ha nnockoun nnactuHe, M =6

Q kputepun. [BYMeEpPHbIE N TPEXMEPHLIE
BO3MYLLEHUSA 2-U MOAbI

35




B3aumopgencreue yaapHou BOJIHbI C
HEeYyCTOMYUBBLIM NOrpaHUYHbIM CJI0EM

B3aumogencteme ygapHOW BOSTHbI C NepexofHbIM NorpaHnUYHbIM
crnoem npn M=2. MrHoBeHHbl€ N30NOBEPXHOCTM NPOLOSIbHON CKOPOCTH



[Myonukauun

d Journal of Fluid Mechanics (2), Physics in Fluids, Progress in
Aerospace Science, AIAA Journal (4), Journal of Scientific
Computing, Microfluidics and Nanofluidics, Journal of Turbulence,
Journal of Spacecraft and Rockets, Shock Waves (6) etc — Bcero
= 45 cTateun B XypHanax

3aWwuTbl

J A.H. Kyopsisues, T.B. Nonnasckas (0OKTOPCKMe anccepTaumm)

JA.-S. Mouronval, P/[. Paxumos, [.B. XomsHosckul, [.b.

anwmeuH, A.A. UlepwHes, C.B. Kupunnoeckuu (kaHongatckue
aucceptauum n PhD)



HyCFS

J HoBass Bepcusi nporpammHOro  Komnnekca, npedHa3HayeHHas  Ans
NPpOBEAEHUss pacydeToB Ha  KOMMblTEpax rMOpMOHOM  apXUTEKTYpHI,
BKIOYAOLLNX rpadnyeckme yCKopuTenm

d Pa3paboTtumku: A.B. Kawkoeckuii, A.A. LLlepwHes
_] BHewHue nonb3oeartenu: E.FO. Kapyeea (UHUNMaw)
L cubase/7

:l [OanHble mexay GPU pacnpenenstoTcs nyTeM reoMeTpnyeckon 4eKoMnosnumnm
pac4yeTHoM obracTtu Ha 6rnoku

. Tpu ypoBHs napannenusaumu:
> BbluMCrEHMS B KaO0M BrIOKe BbINOMHSIOTCS NapannenbHO C NOMOLLbH

CUDA;

> O6MeH OAHHbIMW BHYTPW OOHOrO BbIYUCITUTENBHOMO y3ria OpraHnU30BaH C
nomouubto OpenMP;

» Onsi obmeHa Mexay yanamu ncnonbadyertca MPI

d TpeboBaHUs K NnaMmaTy NpuU NPOBEAEHUN BbIYUCIIEHUA C ABOMHOMN TOYHOCTLIO:
npumepHo 300 k6 Ha ogHY A4YENKY paCHETHOW CETKU



OpraHu3aums BbIYUCIIEHUN

Data input

‘ GPU memory |
_|__allocation | |

Arrays
initialization

MAIN LOOP

Writing data
to file

_“'GPU memory | |
|| de-allocation | |

P L T LT

Computation of

Write current flow data

_acceptable time step dt

Viscosity calculation

Viscous terms

computation

Inviscid terms

computation




[lepexon K TYpOYNeHTHOCTU B Cri0e CMeLUeHMUs

13onoBepxHOCTH

MOAYJ1A 3aBUXPEHHOCTH,
pacKkpalleHHbIE B
COOTBETCTBUU C 3HAYEHUEM
ymncna Maxa

M, =25 M,=1.5
6 GPU

/2 MITH. pacYeTHbIX A4eekK




YcKopeHue

GPU no cpaeuennio ¢ 1 GPU

Y ckopeHue nmpu pacyeTax Ha HECKOIBKHX

18,0

15,0

12,0
9,0 s

6,0 ¢

3,0 ¢

0,0
0 3 6 9 12

Komuuectro GPU

Yckopenue no cpaBueHuto ¢ 1 GPU

15

18

() PeKTUBHOCTE PACUETOB HA HECKOIBKHUX

GPU no cpasuennro ¢ 1 GPU
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0,40

PpdekTuBHOCTDL

0,20

2

0,00

2

0 3 6 9 12 15 18
Koauuectso GPU

BbluncneHme KOHBEKTUBHbLIX YNeHoB = 76%, BblducneHmne Ba3kux YyneHoBs = 10%,
obmeH mexay npoueccopamu = 10%




XapaKTepucTUKU cpeaHero Te4eHus

M =0,86 M =0,57
| |
0,8 0,8 )
0,6 0,6
| U*
0.4 0,4
0,2 0,2
0 0
-1 -0,5 0 0,5 | -1 -0,5 0 0,5 |
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O Z 1200 A Z 1800 O Z 2400 e==—(.5%(1+tanh(x*))

[Mpodomnn npogonbLHON CKOPOCTU




ORI
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TonwuHa cnosi cMeLleHus
B 3aBMCUMOCTM OT NMPOAONbLHOMN
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XapaKkTepucTuku cpegHero te4yeHus
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Barone M. F., Oberkampf
W. L., Blottner F. G.
Validation case study:
Prediction of compressible
turbulent mixing layer
growth rate // AIAA
Journal, vol. 44, No.7, pp.
1488-1497, 2006.

Lo
Present
computations

CKOpOCTb pacLUMpeHunsi, HopMUpoBaHHAaA
Ha CKOPOCTb pacCLLUMPEHNS HEC)KMMAEMOTO
CMNOSl CMeLLEHUS

do1/dz

" (dbo1/22);



Cnacubo 3a Bawue
BHUMaHue!




