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BeBegeHue

PaHee (cm. NnpeablayLWwmn AOKAa4) Ha OCHOBE PAacYeToB MOAENIbHOW KOHPUrypaLum

® peweTkn nonatok T106C

e nna noaxona LES, MK NOISEtte,

® 1 RANS (c ncnonb3oBaHuem moaenn namMmHapHo-TypbyneHTHoro nepexoaa (/1TM), RANS LT), MK Numeca

6blna pa3paboTaHa 3Ta/IOHHAA BbIYUCAUTEIbHAA MOCTAHOBKA

npep,CTaBIIEHbI pe3ynbratbl HNCNTEHHOIO UCCnedoBaHUA NO0MNAaTOYHbIX BEHL,OB Typ6VIHbI HU3KOIo AaBaeHunA,

paboTalolmx B YCA0OBMAX HU3KMX Yncen PemHonbAaca

O61beKT uccnepoBaHua — paboune nonatkum (7-1) ctyneHmn BblICOKOHArpy»xeHHom TH/,
aBnauunoHHoro 'MA. PaccmaTtpusatroTca:
® yrpoLWEHHAA NAOCKonapannenbHasa yctaHoBKa (PK7 MM)

® MN0/IHaA TPEXMepPHas NOCTAaHOBKA C BpaweHuem (7-8 ctynenun, PK7)
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DTansl nposeageHnAa pac4HeToB

~
1. PK7 MM

® pOpMUPOBAHUNE 3TA/IOHHbIX AAHHbIX

LES NOISEtte

5. CoBmecTHbIM pac4yeT 7-8 ctyneHen: MP, NLH

® YTOYHEHHDbIN pacyeT

RANS LT
MP, NLH

Numeca
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2. PR7 MM R N
® Bbibop onTumanbHon RANS LT mogenu
\ J
y . )
3. CoBmecTHbIN pacyeT /-8 ctyneHen: MP, NLH AR
® BbIOOp onTMManbHOM NocTaHOBKKM Ans RANS Numeca
MP, NLH
® popmunpoBaHue HecTaumoHapHbIx I'Y ans LES y
(- )
4. Pacyet PK7 ctynenn: WMLES
WMLES NOISEtte
® BbI6Op onTMManbHOM NOCTaHOBKM Ana RANS
g _/
4 )




P1

IBX

PK7 MMM: $n3nyeckaa NnocTaHOBKA 3a4a4u

39.66
0.763
0.889
39
30.5

B2
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SN nopamerp | Suaveume | Napamerp | 3uauenve
728 DT oesss
D o DN 103
ey 51 0.239
252 355.14
50826 3.22510%
BN 3.65
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PK7 I LES NOISEtte: sbluncamTenbHaa NnoCTaHOBKA

o5t om0
04:_ 1QI/Us:1 3 6 16 40 100 | ® SA IDDES
i ] ® rnbpuaHaa CD-Upw cxema
0.2 : . _ —_ 1 CeTka
i Apae s I I 1
Or AR g § . ® 81.1 mnH. y3n08, 520 Tbic. y3108B B 2D ceyeHunn
= I ' < ] e 150 cnoés no Z
;-0_2 T l’\?'\, t 3
i Ry 1 [ ] AZ = ALES == 10_ l
-04 ‘h % ]
06 _ ;;L _ NapannenbHaa koHpurypauusa: MPI+OpenMP+OpenCL
T "" 1 3 y3na: 2 16CPU Intel Xeon Gold 6142 (120 GB/s) (16CPU)
08L ) i 4 GPU NVIDIA V100 (32 GB, 900GB/s)
-1 N RS TS S S SRS S SRS SR
-0.5 0 0.5
7
i 6 e -
-0.05 Flood) ’ i B \\
— + 4 : “‘
301 < \
-0.15 4 : 3 I A;:L \ ]
of A N L
-0.2 ) L \\\\ I ”_____ ‘—r—.—\
-0.25 _ I V
0.9 SRS R 13 14 0

02 04 06 08 z/l, 1

o
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PK7 MM LES NOISEtte: pe3ynbTathl pacyeTos (1/2)

QU

150

63
'k
- 11

5
2

QU
150

63
'k
- 11

5
2

=10.44x10* \§

OcobeHHOCTU TeueHUun

T
\\ - ® JaMWHapPHbIN OTPbIB Be3 NpUcoeanHeHns n Typbyamnsaumm

® Typ6yn|/13au,14ﬂ B C/10e CmelleHNA — BHU3 MO NOTORY

[ CTa6W'IbH0e noseageHNA peweHnA
9 Regy, = 8 - 10
Reoy, = 10.44 - 10*
0 Reo, = 20 - 10*
0 0.2 0.4 0.6 0.8 x/lpy 1
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P/ Py

PK7 MM LES NOISEtte: pe3ynbTathl pacyeTos (2/2)

1.2 ———
1.1
Regy, = 10.44 - 10° ~ \
] — Regy, = 20 - 10 N
1 ] 1 . ] 1 .
0.5 0.6 0.7 0.8 09 x/l, 1
1.4 T T T
xr = 1.2l,
—— Reg, = 5+ 107
L3} Reg, = 8- 100 7
Regn = 10.44 - 10*
Reg, = 20 - 10
suction pressure
1.2 N R N R R N B
0 0.2 0.4 0.6 08 y/t 1
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Y 88
o — Cl?/lm =15
§ 4 035
|
3.5 ﬁ\
| \’2.82 _
2.5 . A .
5 10 15 Regy, - 107 20
1.4 , ,
x = 1.5,
Ay Regy, = 5 - 10*
51-3 Regy — 8- 10% -
Reog, = 10.44 - 101
Regy, = 20 - 104
suction pressure
12 L L L L L 1 L L 1 L L N L | L . L .
0.4 0.6 0.8 y/t 1
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PK7 I RANS LT Numeca: noctaHOBKa 3a4a4u

A
Ob6Lee KONNMYECTBO Y3108, LT 4.9 mnH
KonunuyectBo sveekK no BbICOTE, WT 77
Konnyectso y3nos B O-6110Ke, WT 37
MMWH. yron cCKoweHHOCTH 52.2°
Makc. KoadpPMuUMeHT pocTa 1.51

KoadduumeHT pocta B

1.0-1.2

NPUCTEHOYHOM 0bnacTm
MakKc. COOTHOLWEeHNe CTOPOH 755.17
Kon-Bo A4eeK B N1I0OCKOM cnoe

32 TbIC.
(6e3 BxoAHbIX U BbIXOAHbIX 6/10KOB), WT

T

|||||
xxxxxx

111111111

Mopenu

e v — Rey, SST 1 EARSM Kelterer

e v — Rey, SST m EARSM Langtry

® AGSSSTknw

e AGS SST Dhawan&Narasimha (DN)
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PK7 111 RANS LT Numeca: pe3ynbtaTtbl SST

1.30 C,
1.25 0.008
£1.20 0.006
S1.15 0.004
£1.10 0.002
1.05 0 : 0-SST
1.00 -0.002 1-v — Reg, SST Kelterer
0.60 0.70 X/IXO'SO 090 1.00 0.00 0.20 0.40 0.60 0.80 x/1,
Pu/Py Suction Pressure Pu/Py Suction Pressure SoAes STk w

4 — AGS SST Dhawan&Narasimha (DN)

1.35 1.35
1.30 1.30  — IDDES
0
t2s —2 N 125 | :
. 1.25 )
—3
x/1,=1.2 x/1,=1.5
1.20 X 120 T 4 *
0 02 04 06 08 yi 0 02 04 06 08 yhit
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PK7 111 RANS LT Numeca: pe3ynbtatbl EARSM

1.30 Ct
——IDDES ——— 1 0.008
0.006
0.004
0.002
0
‘ -0.002 0 — EARSM
0.60 070 080 050 1.00 0.00 020 040 060 0.80 %/l _
X/lx 1-v — Reg; EARSM Langtry
2 —v — Regy, SST Kelterer
P, /P . P, /P . ot
7% Suction Pressure 1k Quetion Pressure
1.35 1.35
1.30 1.30
—IDDES —{)DDES
1.25 0 1.25
1 —1
----- 2 x/1,=1.2 2 x/1.=1.5
1.20 1.20
0O 02 04 06 08 vk 0 02 04 06 08 yhi
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PK7 111 RANS LT Numeca: BbIBO/bl

Pacuer , %

IDDES 3.56
SST 3.96

BSL-EARSM 5.68

AGS SST k w 3.6

AGS SST k w DN 3.53

Y — RT%Gt SST Langtry 3.71

vy — Reg SST Kelterer 3.66

y — Reg¢ BSL-EARSM Langtry 5.33
v — Reg BSL-EARSM Kelterer 5.24

e Hanbonee 65m3Kan K LES mogens: v — Reg, SST Kelterer
® Hanbonee 6nnskaa ns AGS: AGS SST DN

® BSL-EARSM: 3aBbllleHMe NOTEPb BBUAY 3aBblLUEHUNA YPOBHA  TypOyNeHTHOCTU B AApe NOTOKa
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7-8 ctyneHn RANS (MP, NLH) Numeca: noctaHOBKa 3a4a4u
i ynpouweHuAa NnoCTaHOBKMU:
® 06e3 6aHAaXKHbIX NOJIOK U NABUPUHTHbBIX YNAOTHEHWU

0.8+

® B uenax skKoHOMUM BbIYUCAUTENBHbIX PECYPCOB A/1A NOC/eAyIOLLIEr0 BUXpepa3peLlatowero pacye

0.75+
o reomeTpua) 10NaToK 6blIM CKOPPEKTUPOBAHDLI: N0 140 Ha Ka*KAoM BeHLE

0.65+

0.6+

0.5+

0.75 0.8 0.85 0.9 0.95 1 1.05 z

MepuanoHanbHbIN BUA 7-8 CTyneHen

. R .'
annl p 3 [

lPaHnuHbIE YyCNoBUA: Mpy6blin ypOoBEHb CETKN: Kax[an 2a CeTOYHAA INHUA

® pasuanbHble NPodun Pig, Tior, k, w, @ M Ha Bxoge MapameTpbl OCHOBHOM CETKM:

® P Ha Bbixoze . Mapamerp | 7CA | 7PK | 8CA | 8PK |

e RPM=2173 Obuiee KONMYECTBO Y3108, WT 1.41mnH 196 MaH 1.59mMnH 2 maH

Konunyectso y3nos B O-610Ke, WIT 33 33 33 33

PacueTsl KonunyectBo s4eeK no BbiCcOTe, WT 890 89o 89 ) 89 ]
MWH. yron ckoweHHOCTH 34 31 43.3 30.6

® 2 CeTKU: ocHoBHas 1 bonee nogpobHasn Makc. KoapduumeHT pocTa 1.72 1.55 1.47 1.57

® pacyeTbl Ha UCXOAHOM N MaclITabupoBaHHOM reomeTpumn el e B eC ke ok =22 = 2 603

Kon-Bo siYeeK B nn1ockom cnoe (6e3 16 2 18 19
e SST RANS, RK4, CD cxema, mynbturpua BbIXO4HOro 6/10Ka y 8PK), wr TelC. ThIC. ThiC. ThiC
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7-8 ctyneHn RANS (MP, NLH) Numeca: pe3yabTraTbl pac4yeToB

Y~1  w, - paKTMYEeCKana CKOPOCTb Ha BbIXOAE,
o 2 Wy Y * Ppuix y
[MoTepu KMHETUYeCKoM aHeprmn: (=1 — @=, @ = Gt = 2 .HRTBX -(1-==")
. _

Ppy Ct - TeOpeTnyeckas
/ CeTOouyHanA cxoAMMOCTb: \ KonnuectBo rapmoHuK, UCXoAHaA vs maclutabuposaHHaa reomeTpusa:

C% 7PK O MUcxoaHas reometpus MacluTabupoBaHHas reomeTpus
4.60 O MP 3h 6h MP 3h 6h
4.40 PR 0.9887 0.9882 0.9883 0.9888 0.9871 0.9872
4.20 48.808 48.742 48.741 48.817 48.718 48.715
4.00 |—| |—| L% TPK
3.80 4.60

3h OCerkaNe ] DOCetka Ne 2 it 4.40

4.20
K ® ceTkM 1 AOCTATOHHO / 400 ]
3.80
MP

3h 6h
OHcxomHad reoMeTpus  OMacmrabHpoBaHHAT

BbiBOAbI:
e npu nepexoge ot MP K NLH pa3Huua B notepax 0.35-0.4%

e npu nepexoge ot MP kK NLH noTtepu pactyt
NLH c 3 rapmoHuKamm ® B UCXOAHOM reomeTpumn notepm 6onbwe Ha 0.2-0.9%, Hanbonee

® [0CTaTO4YHO NPOBOAUTbL pacyeTbl Ha 6a30BOM CeTKe,

® pacnpeseneHune napameTpos PK7 MOEHTUYHO KaK B 4yBCTBUTENbHAA — PK8

o o ® 119 MOAENNPOBAHUA AOCTAaTOYHO 3X rapmoHuK (NLH)
MCXOAHOM, TaK U B MacwTabupoBaHHOM reomeTpun

e chopmmMpoBaHbl HeCTauuoHapHble Y gna

BMUXpepaspellatowero pacyeta PK7
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PK7 WMLES NOISEtte: sbluncanTenbHaa NOCTaHOBKA

05+t 1
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S s :
RO A AN SORES ELer ORISR Qo0 b
RO ooy i :

Moybbit ypOBEHb CETKU: Kaxkaan 4a CETOUYHAA IMHUSA

CeTku

® rpyban cetka (1) — 9.2 mnH y3nos (npeasaputenbHble RANS pacyeThbi)
® BMXpepaspellaowmii pacyet: 72 MaH. y3nos (ceTka 2)

® nocneaHsa — B 4 pasa rpybee (No Kaxaomy HanpaBaeHUIo), Yyem

TpebyeTtca ana KoppeKTHoro LES
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PK7 WMLES NOISEtte: npouecc nposegeHnsa pacyeTos

05| =0.000e+00 sec BN EEE .| —4.733e-05 sec mmn mm  [paHudHble ycnosua u3s pacdyeta Numeca:

e (palid) =11 12 13 14 15 16

i

e npoduau (3D) Piot, Tior, k, w, @ M Ha Bxope

-0.5

e npodunnu (3D) P Ha Bbixoae

-19 -18 -7 il -16 -15 -14 -19 -18 -7 il -16 -15 -14

osl =9.664¢-05 sec B BN .| ~1.459¢-04 sec

/(a2 211 12 13 14 15 18

yi
i

05 -05

Ag A8 B— ol A Ay g | A B i T de T As T Ad
MrHoBeHHble 3Ha4YeHUA NOJIHOrO AasneHnA Ha Bxoae PK7 ns pacyetos Numeca
0 5 Number of periods 10

2.2F = i
1st order 2nd order
dTanbl NpoBeAEHUA PacyeToB

® SA n SST RANS Ha ceTke 1 &

2.1n

0)

® NMepenHTepPnoONALMA Ha CETKY 2 £
~ |
® BMXPpepaspeLlatolWmin pacyeT Ha ceTke 2 19
MapannenbHaa KoHUrypauma (BuxpepaspeLuatrowmii pacyer): 1.8
MPI+OpenMP 7l . . .
10 y3108: 2 14CPU Intel Xeon E5-2690 v4 (14CPU+HT) U 10 tho/l 20

MHTerpanbHble 3Ha4YeHMA Ha Bbixoge PK7 B 3aBUCMMOCTU OT BPpEMEHMU

(BbIXOA, HA CTaUMOHaApPHOE peLlleHne)
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PK7 WMLES NOISEtte: pe3ynbtaThl pacyetos (1/2)

W3onosepxHocTv Q-kpuTepua ® TypbOyNeHTHOCTb Nnepes NoNaTKoM He BOCMPOU3BOAMUTCS
O WU3-3a HEAOCTATOYHO CETOYHOIO pa3pelweHnA

o TpebyeTca ero agantauua K HeCTauMOHAaPHOMY BXOAHOMY MO0
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PK7 WMLES NOISEtte: pe3ynbTaTthl pacyeTos (2/2)

vAarT oo T T T
- 0.1 I 1.2
. “RelMach=: 0 02 04 06 “RelMach=: 0 02 =
£ e} 1 i
[®] |
g - 1
oF = : 07
§ rER Slice 10Y
o = o ()’
08
2 = — Slice 50%
o o2} = 0 ice 507
X = | o UL . " —
s _ = —— Slice 90%
S 041
8 0.4 -
0.6
s 0.2 i
T
0.8}
L1 1 1 1 1 ) 1 i q 0 - - -
192194 196 198 i 200 202 204 20 194 196 198 _ 20 202 204 20 194 196 198 _ 20 202 204 20 0 0.2 0.4 0.6 0.8 z/lz 1
< il il 1.3 : : : ‘
v v L

0.2 0.2
=
0 0 <
<,
1
~0.2 ~0.2 i)
B = =

I Slice 10%
Lr —— Slice 50%
I —— Slice 90%

U,g' . | . | . | . ! .
0.5 0.6 0.7 0.8 0.9 z/l. 1

MNonHoe aaBneHue (oTHoOCUT.)

19.2 19.4 19.6 19.8 20 20.2 204 20 19.2 19.4 19.6 19.8 20 202 204 20 19.2 19.4 19.6 19.8 20 20.2 204 20

ol i ol

Mpodnan Ma;s N0 NOBEPXHOCTU IONATKM

® 3HayeHuAa notepb: { = 4.38% (Numeca NLH: 4.6%)
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PK7 LES: o BblUMCAUTE/IBHOU CTOMMOCTU

CetKa 72 mnH. y3no08B (B 4 pa3a rpybee, uem Tpebyerca ana LES/DNS pa3spewieHus):

e war no Bpemenn At = 7.7 - 107*1/U,

® 6.27c npu 3agencteoBaHnm 20 npoueccopos Intel Xeon E5-2690 v4, 14 CPU + HT

e wutoro 20-14-6.27/60/60=0.4877 CPUh

® /15 NONYYEeHUs OCPeHEHHbIX XapaKTepuctuk ~5 nepmoaos 1/140 obopoTa + ~2 Ha BbIXOA, Ha

CTAaTUCTMYECKM YCTAHOBMBLUMIACA peXum, utoro 7 nepmnogos unm 1.686-1/U,=11.81/U,

® MWHUMA/NIbHAA BblYUCIUTENBbHAA cTonmocTb — 7474 CPU
Pacuet Ha ygoBneTsopsatoweit TpeboBaHnam LES ceTKe: RANS
e 72-43=4.6 MAPA, Yy310B 2 CTyneHun, 7 MH y3/108
e 7474-43=0.478 mnH. CPUA Intel Xeon Platinum 8268
® TOMbKO OZHa onaTKal e Mixing Plane y — Reg; SST ~ 15 muH Ha 47 aapax

o | ® NLH 6 h AGS SST ~ 24 4 Ha 14 agpax
® B YNpoLweHHOW nocTaHoBKe! —
e URANS Yy — Reg; SST (~ 500 mnH. y3nos),

® TO/IbKO B C/ly4ae O4MHAKOBOroO KOJMYecTBa IONATOK Ha

BeHuax!

1 o6opoT —~ 1 mecay, Ha 95 agpax

Ha AaHHbIM MOMEHT, 1 Ha (gocTaToyHo) gonrme roabl Bnepea, LES/DNS ana TH/ B peanbHOM NOCTaHOBKE HEBO3MOMKHO
«lMpoXKnraTtb» 3pAa pecypcbl — PacTo4YUTENbHO U HeuenecoobpasHo
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7-8 ctyneHn RANS LT Numeca: pe3ynbraThl pacyeTos

Mopaenu

® v — Rey, SST Kelterer (GR): MP

® AGS SST kn w (AGS): MP, NLH

e AGS SST DW (nnaBHoe nepkatoyeHue y): MP, NLH

Npodunn Ha PK7 (nosepxHocTb, cnea)

. Cf
PK7 50% —1 2
0015 | —3 —4

PK7 50%

0.010
0.005

0.000

-0.005

-0.010
0.5 0.6 0.7 0.8 09 7z 0.0 0.2 0.4 0.6 0.8 z/lz

PK7 50%

- — 1-MP 2-MP_GR 3-MP_AGS
s ——i 4-NLH 5--NLH_AGS 6--NLH_AGS_DW

0.0 0.2 04 0.6 0.8 theta

® pelleHmne CUIbHO 3aBUCUT OT Moaenm
® pe3synbraTtbl AGS B8 MP 1 NLH Ha noBepXHOCTU UAEHTUYHDI
® TeyeHue B [1C He 3aBucuT ot noaxoaa (MP mnan NLH)

/ NMotepu Ha PK7
C%

7PK
4.50

430

4.10

3.90

L [

3.50 Ll — Ll Ll Ll

MP MP_AGS MP_GR NLH NLH AGS NLH AGS DW

® NMoTePU CUNbHO 3aBUCAT OT Bbl6paHHOl>'I Moaenun

NONHOCTbIO TypbyneHTHoro noaxoaa Ha 0.5-1.1%
e TeHaeHUuun ana MP u NLH, B uenom, cxoxxkune
e MP_GR n NHL _AGSDW npeackasbiBaloT poCT nNoTep

e KMNJ (obwmin n no oTaeNbHOCTU) pacTeT OTHOCUTE/NIbHO

~

b Ha

/

BbiBOAbI:

e JITI BO3HMKAET BO BCEX BEHLAX

e B PK7 nogkntoueHne mogenu JITI npnsogmT K
YMEHbLLUEHUIO NOTEPDb

pe3ynbTaTbl CU/IbHO 3aBMCAT OT Bbibopa moaenu J1TT
MP nan NLH Bamnaet Ha cnhen, HO He HA TeYeHUe BO3Ne

NnoBEPXHOCTU
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3aKkayYeHue

Hanbonee apPeKTMBHbIM peleHneM, NOAPA3YMEBAIOLLMM UCNO/Ib30BaHME

BUXpepa3peLlatowero MogennpoBaHna ANA OLEHKM NOTEPb KUHETUYECKOM SHEPTUM HA BbiXoae

ctyneHu THL sugutca cnepyoulee

e PacyeTbl B NO/IHON NOCTAHOBKE C BpaLEHMUEM PALMOHA/IbHO NPOBOAUTL B PaMKax Noaxoaa
RANS c mogensto J1TM

® [puM 3TOM ero napameTpbl LesnecoobpasHo BbIOMPATb Ha OCHOBE AOMNOJ/IHUTE/IbHbIX PACYETOB
YNpPOLEHHOM 3a4a4u (N1ocKonapanaienbHON NOCTaHOBKK), AN KOTOPOro B KayecTBe
3Ta/IOHHbIX AAHHbIX MCNO/1b30BaTb Pe3yabTaTbl COOTBETCTBYHOLLEro BUXpepaspeLlatowero
pacyeTa,

® NpPOBEeAEHHOrO C Y4ETOM TPEOOBAHUM N peKoOMEHAAUMN ANA BbIYUCAUTENbHOM MOCTAHOBKM

® /1217 KOPPEKTHOIO MOAENNPOBAHUA NOJIHOM NOCTAaHOBKMU C BpalweHnem B pamkax LES
HeobxogmMma ceTKa nopsaka 5 mapa y3nos Ha O4HY 10NATKY

® Tpebyemomr TOYHOCTU MOXKHO A0CTUYb B pamKax RANS Ha Ccyw,ecTBeHHO MEHbLUNX N0 pasmepy

CeTKax U npwu 3ap,el;‘ICTBOBaHMM Pa3yMHbIX BblYUCUTEJ/IbHbBIX PpeCypCcoB
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