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ɺʠʭʨʝʨʘʟʨʝʰʘʶʱʝʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ

ʈʘʩʯʝʪʳ ʘʵʨʦʜʠʥʘʤʠʢʠ ʠ ʘʵʨʦʘʢʫʩʪʠʢʠ ʉʇʉ(ʅʎʄʋ ñʉʚʝʨʭʟʚʫʢò)
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ʧʦʜʜʝʨʞʢʝ ʄʠʥʦʙʨʥʘʫʢʠ ʈʦʩʩʠʠ (ʉʦʛʣʘʰʝʥʠʝ ʦʪ 25.04.2022  ˉ_075-15-2022-330).
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ʅʫʞʥʳ ʪʦʯʥʳʝ ʨʝʟʫʣʴʪʘʪʳ, ʘ ʥʝ ʮʚʝʪʥʳʝ ʢʘʨʪʠʥʢʠ



ʄʘʪʝʤʘʪʠʯʝʩʢʠʝ ʤʦʜʝʣʠ ʠ ʯʠʩʣʝʥʥʳʝ ʤʝʪʦʜʳ

Bakhvalov P., Kozubskaya T. CAF 157, 312ï324, 2017. 

https://doi.org/10.1016/j.compfluid.2017.09.004

Bakhvalov P., Abalakin I., Kozubskaya T. IJNMF 81(6), 331ï356, 2016. 
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Bakhvalov P., Surnachev M.  JCP 450, 110819, 2022.  

https://doi.org/10.1016/j.jcp.2021.110819

ʂʦʥʚʝʢʮʠʷ: ʩʭʝʤʳ ʩʝʤʝʡʩʪʚʘ EBR(+TVD,WENO)

ǒʉʚʝʨʭʩʧʦʩʦʙʥʦʩʪʠ ʥʘ ʊʉ-ʩʝʪʢʘʭ

ǒʋʧʨʦʱʝʥʥʳʡ ʷʢʦʙʠʘʥ ʚ ʥʝʷʚʥʦʡ ʩʭʝʤʝ

ǒʕʢʦʥʦʤʠʯʥʦʩʪʴ ʧʦ ʧʘʤʷʪʠ, ʚʳʯʠʩʣʝʥʠʷʤ, ʦʙʤʝʥʘʤ

ɺʷʟʢʦʩʪʴ: ʤʝʪʦʜ ʣʦʢʘʣʴʥʳʭ ʨʘʟʙʠʝʥʠʡ AES
ǒʣʠʥʝʡʥʳʡ, ʩʦʚʧʘʜʘʝʪ ʩ P1 ɻʘʣʸʨʢʠʥʳʤ ʥʘ ʪʝʪʨʘʭ

ǒʥʘ ʜʝʢʘʨʪʦʚʳʭ ʩʝʪʢʘʭ ʜʣʷ ʣʘʧʣʘʩʠʘʥʘ 7-ʪʦʯʝʯʥʘʷ ʩʭʝʤʘ, 

    ʘ ʫ ɻʘʣʸʨʢʠʥʘ 27-ʪʦʯʝʯʥʳʡ ʰʘʙʣʦʥ

ǒʚʘʞʥʦ ʜʣʷ GPU - ʚ ʷʢʦʙʠʘʥʝ ʤʦʞʥʦ ʪʦʣʴʢʦ ʩʤʝʞʥʦʩʪʴ ʧʦ ʨʝʙʨʘʤ

ʋʨʘʚʥʝʥʠʷ ʅʘʚʴʝ ï ʉʪʦʢʩʘʜʣʷ ʚʷʟʢʦʛʦ ʩʞʠʤʘʝʤʦʛʦ ʛʘʟʘ

ɺʨʝʤʷ: ʥʝʷʚʥʳʝ ʩʭʝʤʳ BDF1, BDF2
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ʉʭʝʤʘ EBR5-WENO

ʉʭʝʤʘ EBR3-WENO

ɹʘʟʦʚʘʷ ʩʭʝʤʘ 1 ʧʦʨʷʜʢʘ

ʉʭʝʤʳ ʧʦʚʳʰʝʥʥʦʡ ʪʦʯʥʦʩʪʠ



ǒʇʨʷʤʦʝ ʯʠʩʣʝʥʥʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ DNS     

    ʩʪʦʠʤʦʩʪʴ

                  

ǒʄʦʜʝʣʠʨʦʚʘʥʠʝ ʢʨʫʧʥʳʭ ʚʠʭʨʝʡ LES  

    ʩʪʦʠʤʦʩʪʴ

ǒRANS ïʦʩʨʝʜʥʝʥʥʳʝ ʫʨʘʚʥʝʥʠʷ ʅ-ʉ

ʩʪʦʠʤʦʩʪʴ

ǒRANS-LES ʛʠʙʨʠʜʥʳʝ ʧʦʜʭʦʜʳ (DES)

ʩʪʦʠʤʦʩʪʴ

RANS

LES

ʂʘʩʢʘʜ ʚʠʭʨʝʡ

ʄʦʜʝʣʠʨʦʚʘʥʠʝ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ

ʕʥʝʨʛʝʪʠʯʝʩʢʠʡ ʩʧʝʢʪʨ ʠʟʦʪʨʦʧʥʦʡ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ



ʊʫʨʙʫʣʝʥʪʥʦʩʪʴ: ʛʠʙʨʠʜʥʳʝ RANS-LES ʤʝʪʦʜʳ ʩʝʤʝʡʩʪʚʘ DES ʩGAM ʩʚʦʡʩʪʚʘʤʠ

ǒDES, DDES, IDDES 

M. Shur, P. Spalart, M. Strelets, A. Travin. FTAC. 95 (2015) 709 ï737. https://doi.org/10.1007/s10494-015-9618-0

ǒLES ʤʦʜʝʣʠ ʩʝʤʝʡʩʪʚʘ S3
F. X. Trias, D. Folch, A. Gorobets, A. Oliva. Physics of Fluids 27 (2015) 065103. https://doi.org/10.1063/1.4921817

ǒʇʦʜʩʝʪʦʯʥʳʡ ʤʘʩʰʪʘʙ Delta-LSQ
F.X.Trias, A.Gorobets, et.al. Physics of Fluids. 29 (2017) 115109 https://doi.org/10.1063/1.5012546

ʉʭʝʤʘ EBR5ɹʘʟʦʚʘʷ ʩʭʝʤʘ 1 ʧʦʨʷʜʢʘñʆʙʳʯʥʘʷò ʩʭʝʤʘ 2 ʧʦʨʷʜʢʘ

ʇʨʦʢʘʯʘʥʥʳʡ DES ʩGAM ʆʙʳʯʥʳʡ DES

ʄʦʜʝʣʠʨʦʚʘʥʠʝ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ
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ʇʘʨʘʣʣʝʣʴʥʳʝ ʪʝʭʥʦʣʦʛʠʠ

DM MIMD

SM MIMD 

SIMD OpenCL

GPU accelerator

Stream multiprocessor

OpenMP, OpenCL, 

compiler directives, é
SIMD extension

OpenMP 
OpenCL

MPI

Manycore CPU

SMT core

MPI

Hybrid node

Supercomputer

Stream 

Processing



ʄʥʦʛʦʫʨʦʚʥʝʚʘʷ ʜʝʢʦʤʧʦʟʠʮʠʷ

ǒMPI: ʜʝʢʦʤʧʦʟʠʮʠʷ ʩʝʪʢʠ ʧʦ ʫʟʣʘʤ ʢʣʘʩʪʝʨʘ

ǒMPI: ʜʝʢʦʤʧʦʟʠʮʠʷ ʚʥʫʪʨʠ ʫʟʣʦʚ ï ʧʦ CPU ʠ GPU

ǒOpenMP: ʜʝʢʦʤʧʦʟʠʮʠʷ ʧʦ ʧʦʪʦʢʘʤ

-ʇʝʨʝʫʧʦʨʷʜʦʯʠʚʘʥʠʝ ʩʝʪʦʯʥʳʭ ʦʙʲʝʢʪʦʚ

- Affinity ʠ NUMA

ǒOpenCL: ʧʦʪʦʢʦʚʘʷ ʦʙʨʘʙʦʪʢʘ ʥʘ GPU

ǒɻʝʪʝʨʦʛʝʥʥʳʝ ʚʳʯʠʩʣʝʥʠʷ ʥʘ CPU ʠ GPU 

- ʉʦʢʨʳʪʠʝ ʦʙʤʝʥʦʚ ʟʘ ʚʳʯʠʩʣʝʥʠʷʤʠ

Andrey Gorobets, Pavel Bakhvalov. Computer Physics Communications. 

Vol 271. 2022. 108231. https://doi.org/10.1016/j.cpc.2021.108231 

Intel Xeon ʗʜʝʨ ʋʩʢʦʨʝʥʠʝ

2 ʭ Gold 5218 32 30

Phi 7250 68 92

EBR5, ʥʝʷʚʥʘʷBDF2, IDDES, ʩʝʪʢʘ>1M ʫʟʣʦʚ

https://doi.org/10.1016/j.cpc.2021.108231


EBR5, BDF2 (BiCGSTAB), IDDES, FP64/32, ʩʝʪʢʘ80ʄ 

CPU: 2ʭCPU 24C Intel Xeon 8160

K60-GPU: 

2 ʭ16C CPU 

Intel Xeon Gold 6142 (120 GB/s)

4 ʭ GPU 

NVIDIA V100 (32 GB, 900GB/s)

GPU vs 16-core CPU

ʇʘʨʘʣʣʝʣʴʥʘʷ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʠ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʴ



ɻʝʪʝʨʦʛʝʥʥʳʡ ʨʝʞʠʤCPU + GPU

ʏʠʩʣʝʥʥʘʷ ʢʦʥʬʠʛʫʨʘʮʠʷ: EBR5, BDF2, IDDES

ʇʘʨʘʣʣʝʣʴʥʘʷ ʢʦʥʬʠʛʫʨʘʮʠʷ: MPI+OpenMP+OpenCL, NT=14/4

ʉʝʪʢʘ: 12M ʫʟʣʦʚ (ʦʙʪʝʢʘʥʠʝ ʢʨʫʛʣʦʛʦ ʮʠʣʠʥʜʨʘ)

http://hpc.msu.ru/node/159

Lomonosov-2

14C Intel Xeon E5-2697v3 & NVIDIA K40

ʋʤʝʨʝʥʥʦʝ ʩʦʦʪʥʦʰʝʥʠʝGPU vs CPU 2:1

ʇʘʨʘʣʣʝʣʴʥʦʝ ʫʩʢʦʨʝʥʠʝʉʦʦʪʥʦʰʝʥʠʝ ʩ CPU

http://hpc.msu.ru/node/159
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Total pressure 
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ɺʳʩʦʢʦʪʦʯʥʦʝ ʚʠʭʨʝʨʘʟʨʝʰʘʶʱʝʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ


