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YuciaeHHbIN MeTo. Hec:knmMaeMble TeUeHU A

MeToa KOHTPOJIBLHOI0 00beMAa 11 HECTPYKTYPUPOBAHHOM CETKHU

SIMPLE nonoOHbIM MeTOa JIs CBSI3M IOJICH JaBICHUS U CKOPOCTH;
COBMEIIICHHBIE CETKM ¢ MOHOTOHM3anuen Pxu—Yoy

HecrannoHnapHsie ciiaraéMbl€ — HEABHBIA TPEXCIOWHBIN METOT, METOJ
Kpanka—Hwukoncona

Arnmpoxkcumaiys KOHBeKTUBHBIX motokoB — CDS, High-order CDS,
QUICK, family of TVD schemes ...

Pellienre cucTemsl aaredpanyecKkux ypaBHEHUM:
CTaOMIM3HPOBAHHBIA METOI OMconpskEHHBIX TpanueHToB (BICGStab),

anreOpandeckuii MHOrocetounslii Metoy (amgcl, Aemumon J1.)

PacnapajuieaunBanue — pasoucuue Ha nomoonactu (MeTiS), MPI



SigmaFlow: moaeinpyemMmsbie nmpoiecchl

* CTAIHOHAPHBIC U HECTAIMOHAPHEIC TCUCHUS,

 typOyireHTHOCTE (RANS, RANS/LES, LES);

* HCHBIOTOHOBCKHE JKHIKOCTH;

* IIPOIECCHI CMEIICHUS B TH(P(Y3HUH HCOTHOPOIHBIX T'a30BBIX CMECEH;

* XUMHUYCCKHUC PCAKIINHN B IIOTOKC , TOPCHUC F33006p33HOI‘0, KHUIAKOI'O U TBEPIAOTO

TOILJIUBA,;

* KOHBEKTUBHBIM, paJuaIlMOHHBIN TEII000MEH, TEINIOMPOBOTHOCTD;

* IBIDKEHUE JUCIIEpCHOM (a3bl B moToke ra3a (Jlarpamxk, Diep);

* IpoLeCChl ¢ (Pa30BBIMU Mepexoaamu (KaBUTAIIUS, KpUCTAIU3aIs);
* TEUCHUSI CO CBOOOTHOM MOBEPXHOCTHIO;

®* TCUCHMUA I'a3d U ) KUAKOCTH C ITIOABUKHBIMU TBCPABIMH TCJIAMU

oFlow



Croenuaju3upoBaHHOe MPOrpaMMHoOe obecieveHue

/< SigmaFlow >
SigmaFlame —— \

MogemipoBaHHe TOIIOYHBIX
Kamep

MopgennpoBaHue TeueHIS SigmaFire
OYpOBOTO pacTBOpA B CKBAXKIIHE

MOJIGJII/IPOBaHHe ITOXapoB

MG

ocFlow



SigmaFlow 2016 @
e

UCIIO0JIb30BaHUE Niepeaaun reomerpuueckux ganubix u3 CAD cuctem u

ABTOMATHUYECKOE IIOCTPOECHUE ITPOCTPAHCTBEHHON PACUETHOU CETKU
MOJIeJIMpOBAaHME JABYX(Aa3HBIX JJAMUHAPHBIX U TYPOYJICHTHBIX TCUCHUIM
MOJAEIUPOBAHUE PAAUALMOHHOTO TEIIIOOOMEHA

rubpugHoe mogenupoBanue CFD-TtuapaBnnyeckue cetu

pa3paboTKa BEpCHU IIpOrpaMMBI IjIs pacueTra Ha Multi-gpu kinacTepHbIX

CHUCTCMAx

oFlow



SigmaFlow 2016 @

HCNOJb30BAHUE Mepeaaun reomeTpudeckux 1anubix u3 CAD cucrem n

AaBTOMATHYECKOEe NOCTPOCHNE MPOCTPAHCTBEHHOH PACYETHOM CETKH
MOJIeJIMpOBAaHME JABYX(Aa3HBIX JJAMUHAPHBIX U TYPOYJICHTHBIX TCUCHUIM
MOJAEIUPOBAHUE PAAUALMOHHOTO TEIIIOOOMEHA

rubpugHoe mogenupoBanue CFD-TtuapaBnnyeckue cetu

pa3paboTKa BEpCHU IIpOrpaMMBI IjIs pacueTra Ha Multi-gpu kinacTepHbIX

CHUCTCMAx

oFlow
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Ilepepaua reomerpuueckux naHHbix u3 CAD cucrem u
IOCTPOEHHE MPOCTPAHCTBEHHOM PACYETHOM CETKU

Mpouecc nepexona OoT reoMeTpuu K NOCTPOEHUIO PAaCHETHON CETKMU

MOCTPOEHME UTOrOBOU CETKU oFlow
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IIpuMep pacuyeTHOHN CETKU
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oFlow



MoaenrpoBanne XUMHY€CKOI0 peakTopa

850 000 630 000
PacuyeTHble CeTKM oFlow
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SigmaFlow

Ansys Fluent

Pe3ynbTaTbl pacueTa nonsa temnepartypsl, K

oFlow



OneHka ceTOYHOroO pa3pemeHus /1 IMOJIyYeHUA CETOUYHO-
He3aBucumoro (U)RANS pemeHus

Ha npakTuke K ceTke MPEeabsABISIOTCS 00NOIHUMENbHblE TPEOOBAHUS !

1. CeTka 0KHA OMMCHIBATh XapaKTEPHBbIE 0COOCHHOCTH UCXOAHON T€OMETPHH.

2. CeTka noipkHa OBITh SKOHOMHOM. OO0bEM JAaHHBIX HAa CETKE JOJKEH «ITOMEIIAThCS» B BBIJCICHHBIC HA
3aJ1a4y BBIYUCIIUTEIbHBIE PECYPChl. PACU€T HA CETKE TOJIKEH BBIMOJHATHCS 3a MPUEMIIEMOE BPEMS.

3. Ilpomecc mocTpoeHHMs CETKH TakkKe JOJDKEH OBITh «9KOHOMHBIM». IlOCTpOE€HHS CETKH HOJIKHO

BBITIOJIHATHCS 3 MPUEMIIEMOE BPEMHI.
4. CreneHp JeTAIM3alMU HE TOJKHA YXYAIATh UTEPAMOHHYIO CXOAUMOCTh PEIICHUS.

S. ...

[IpenmoxeH KpUTEprU OLICHKH 11ara CETKM A Ha OCHOBE allOCTEPUOPHOM OLIEHKH JIOKAJIbHOMU
OIIIMOKH MHTEPIIOIAIUU MOJISI KHHETUHYECKOM SHEPTUU TYpOyJIEHTHOCTU
(Xopoliasi ceTka - MaJible 3HaYEHUS OITMOKN MHTEPHOJISIIUHU MMOJIs TYpOYJISHTHOM SHEPTHH )

12
i 1 .|k 4 12
Q=4/L, <1 | L= (V+Vt)mln(@’-rtj Te=min) =6y~ §=(25,8;)

IPOCTPAHCTBEHHBIN MacIITA0 TypOy/IeHTHBII BpeMEHHOI MacmTab ~ CKOPOCTH epopManuu

TecTOoBbBIC 3a1a4H

CTaunoHapHoe TedeHue 3a yCTynom HecrarmonapHoe 00TeKaHNe TONyKpyTa



OneHka ceTOYHOroO pa3pemeHus /1 IMOJIyYeHUA CETOUYHO-
He3aBucuMoro U-RANS pemenusn
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Change the solution by detailing mesh along lines. k- SST (cc) model
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SigmaFlow 2016 @

UCII0JIb30BaHUE Tiepeaaun reomerpruueckux ganubix u3 CAD cuctem u

aBTOMAaTHUYECKOE IIOCTPOEHUE IPOCTPAHCTBEHHON PACUETHOU CETKU
MOJeJTUPOBAHME ABYX(PA3HBIX JJAMUHAPHBIX U TYPOYJCHTHBIX TCYCHU U
MOJECIMPOBAHUE PAAUANNOHHOTO TEIIOOOMEHA

ruopugHoe mogenupoBanue CFD-TtuapaBnnyueckue cetu

pa3paboTKa BEpCHU IPOrpaMMBI Ijis pacuera Ha Multi-gpu kinacTepHbIX

CHUCTCMaAx

oFlow



% JAucrnepcHsbie MOTOKU. JlarpaHkeB Moaxo/a

TpaeKTOpHOG MOACIIMPOBAHUC  JUHAMHNKH HGBS&HMOHCﬁCTBy}OHIHX qaCTul B
Typ6y.]'ICHTHOM ITOTOKC Ha OCHOBC CTOXACTHUYCCKOI'O YPABHCHHA THIIA JlanxeBeHa Ha
HOPMAJIN30BAHHYIO CKOPOCTb

JucnepcHoe Tedenue B rude Re=10000

Monens TypOysieHTHOCTH — TuddepeHIInanbHast MOACIb PEHHOIBICOBBIX HANIPSKEHUH €
NLIUNTHYCCKOM penakcaiueid (RSM EBM)

Cerku — 580 ThIC., 2 MITH. styeek, Y+(1)<1

KoHueHTpanuu 4yacTun B MOTOKE Koy puument 3¢ pekTHBHOCTH OCAKIEHUA B
3aBHCHMOCTH OT YMCJIa St yacTul
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% IL10OTHBIE JUCIIEPCHBIE IOTOKH. DIJIEPOB IOAXO0/I, = ¥
—

Mopenb cMecu B IPUOJIMKEHUN MaJIOCTH BPEMEHHM pEIaKcallid YacTHI]
(muddy3n0HHO-UHEPIIMOHHAS MOICIIb, 3aiunk JI.1.)

YPAaBHEHHUE IBUKEHHUSI CMECH + YPABHECHHUE MEPEHOCA P9

KOHLEHTPALMH YACTHI +V-(Upp¢)+v-((1—¢)urpp¢) =0
OTHOCHTE/ILHASL CKOPOCTh
4 du 1 1 v, V¢
U, —Ug =U, =—|(p,—p (g— A (Fue ~V-(M (u'v’ )} t
o pk P9 [P i f =TT
|
CHJIBI TUIABYYECTH M UHEPIIMU Typbodopes l

MECKYACTUYHbBIC BBaHMOHCﬁCTBHH

. TypOyJIeHTHasi JUCIIepCUs
noAbEMHAS CUJIA. . .

YacTUYHOE CKOJIBKEHUE CMECU HA CTEHKE
Y4€T CTECHEHHOCTHU YacTHUL] HAa BPEMsI peJlaKCalluu
CrerneHb BOBJICUEHHOCTH YaCTUI] TYPOYJIEHTHBIM MTOTOKOM

AN

BnusHue yacTtuil Ha TypOyJIEHTHOCTh HECYIIEH KUIKOCTH
AHM30TpONUA TEH30pa HANPSHKEHUN YaCTHIL

Typ6odopes

o000

HNHACKCHI fu P OTHOCATCS COOTBETCTBEHHO K Hecymeﬁ KHNIKOCTH K YaCTHUILIaM.
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JIaMnHaprle AUCIICPCHBbIC TCUCHUA
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> XvoOdco

s pexT MUrpanuu yacTuil B 0071aCTh MOHUKEHHOW CKOPOCTHU CIIBUTA

experiments — Phillips et al., 1992, Tetlow et al, 1998
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experiment — Gilles et al., 1999



TypOy/IeHTHbIE JUCIIEPCHbIE TEUYECHUS

YcranoBuBu1Ieecs TOPHU30HTAJIBHOC TCUCHUEC THAPOCMECHU
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18 (Gillies, 2004) ¢ (Roco and Shook, 1983)
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UCII0JIb30BaHUE Tiepeaaun reomerpuueckux aaHubix u3 CAD cuctem

Y aBTOMAaTUYECKOE IOCTPOCHUE NPOCTPAHCTBEHHOW PACYETHOM CETKHU
MOJIeIUpOBaHUE NBYX(ha3HbIX TAMUHAPHBIX U TYPOYJICHTHBIX TCUECHUM
MOJEJTUPOBAHME PAAUAIMOHHOIO TEIJIO00MEeHAa

ruopugHoe mogenupoBanue CFD-TtuapaBnnyueckue cetu

pa3paboTKa BepCUH MPOTrpaMMEI Jijis pacuera Ha multi-gpu

KJIACTCPHBIX CUCTEMAX

oFlow
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IlepeHoc usaydeHusa. MeToa KOHEYHbIX 00beMOB. -
——

NHTEeHCMBHOCTH U3JIyYeHUsl. YpaBHeHHe nepeHoca usiaydenus (YIIN) B npudan:xkeHnn «ceporoy» raza

di(,5) = —B(F)1(F,8) 4 (F)1, (F)+ o() [1(r.s)@(s.5)dey

ds Arr &
+ 7T
3aTyXaHHe p3IydeHHe ~ NEPEPACHPEICICHHE SHEPTHH M3y dEHHS
H3J1YYCHHUA \ Cpenbl IO YITIOBOMY IIPOCTPAHCTBY }

MeTton xoHeuHBIX 00beMoB 1 pemrenns YIIN (Raithby G.D., Chui E.H., 1990)

j j s dAdQ I j ,3|' +S! )dVdQ » Nurerpuposanue YIIM 1no

AQ! AV KOHTPOJIBbHBIM 00bEMY U YIITY

Z A j (§' 'ﬁnb)dQI :(—ﬂl' +S')AVAQ'

nb v Jluckperubli  a”amor YIIN
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IIepenoc usiyuyenusa. MeToa KOHEYHbIX
o0beMmoB. TecTupoBaHue.

Adiabatic 3
p =1000 kg/m
c,= 1.1030x10° J/kgK
o SO S |
A5y _
% ;‘fj:: 4145604 k=15.309 W,/ mK
+ s 3,795E-04 3
ﬁ M 3454E 04 N4 3 k=107 kg/ms
- NN 3.109E-04 = = 5
::f} Phoo 2.763E-04 = g rl\l, |3 =10 /K
-z 2 418E-04
o - 2072 04 " S g=-696x10° m/s
: el b0 1.727E-04 =
Tiiaaa et 1.382E 04 - P a=10,0251/m
A R 1.038E-04
ibbrErteee B.909E-05 y L=1m
R 3.454E-05
redoEEoe '
b o (0. 000E +010 Ra=5x 1[]5
s h Pr=071
- - Fl=0.02
L t=02,5
[Tose ckopoctu
5,0E-04
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k=5,01/m
3,0E-04
2. 000E+03
1.917E+03 2,0E-04 —+-DOM FLUENT
1.833E+03
1.750E+03 ——FVM SF|OW
1.BE7E+03 1,0E-04
1.583E+03
1.500E+03 =
1 417E 403 >’ 0,0E400
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1.083E+03
1.000E +03 -2,0E-04
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-4,0E-04
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IlepeHoc usayueHus. MeToJ KOHEYHbBIX 00 bEMOB.

z

BiCGSTAB u cxema Gerymiero cuera

CpaBHenue MeToa0B peuieHusi CJIAY 1/ HeCTPYKTYPUPOBAHHBIX CETOK: ‘

[ ekca suyenku
e 1=0,0,t=4.5
e 1=10,t=46
e 1=10,0,,t'=34

[’ exca+reTpa suenku
e 1=0,0,t=4.8

e 1=10,t=5

« 1=10,0,,t=3.9

Terpa suenku
« 1=0,0,t'=5.6

« 1=1,0,t'=55

« 1=10,0,,t=3.8

COBMECTHO pemianach
3a/1aya nepeHoca
U3JIy4YCHUS U
TETUIONPOBOTHOCTH.

OkoH4aHue pacyera —
JIOCTHIKCHHUE 3aJITaHHOU
CXOJIMMOCTH I10 MOJIIO
TEMIIEPATYP.

T — onNTHYECKad

TOJIINHA ITosie miIoTHOCTH
MOTOKA
= tpicsTAB H3JIy4YeHus,
t6erymﬂﬁ cuer Bt/m?




Ilepenoc usiryueHus.
Mogean ko3@PpuiueHTa nNorJioIeHu.

z

Weighted Sum of Gray Gases (WSGG)

B WSGG monenu criekrpaibHas 3aBUCUMOCTD KOd(phHIlMeHTa IOITIONICHHUS ra3a
MPEJICTABIISICTCS B BUJIE CYMMbI B3BEIIICHHBIX CEPBIX T'a30B.

Ilos10cHAst MoeJIb HA 0a3e JaAaHHBIX CIIEKTPAJbHbIX CBOMCTB Ira3oB
HITRAN (HIgh-resolution TRANsmission molecular absorption database)

ITonocHas mozaenb cTpouTcst Ha ocHoBaHUM 0a3bl JaHHBIX HITRAN 1o cBoiicTBam
W3JIy4YEHHUS Ta30B B JIMHUAX, HA OCHOBE KOTOPBIX PACCUMTHIBACTCA CIEKTPAJIbHBIN
KOA(PhUIMEHT MOMIOMICHHUS.

Monaenu «ceporo ra3a» (Ha ocaose WSGG)




IlepeHoc usayueHnua. Biansaamue MOaeaun.

(MoaesupoBaHue ra3oBoi TONKH)

25-Tn nonocHas

P1,«cepbin» raz  WSGG mMoaens,
MKO 8 Hanp.  Moaenb, MKO 8 Hanp.

2000 —

1600 —

g &
------ cepbin” ras, P1
Il "cepbin" raz,MKO 8 Hanp.
WSGG, MKO 32 Hanp.
WSGG, MKO 8 Hanp.

25Tn nonocHaa mogens, MKO 8 Hanp.

400 —

o T I 1 [ T I I I 1 ' 1 I
0 5 10 15 20 25 30
h,m
PacnpepeneHune temnepartypbl No
BbICOTE B LLleHTPAJIbHOW YaCTW TOMKMU
23
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UCII0JIb30BaHUE Tiepeaaun reomerpuueckux aaHubix u3 CAD cuctem

Y aBTOMATUYECKOE MOCTPOCHUE MPOCTPAHCTBEHHON PACUETHOU CETKHU
MOJIeIUpOBaHUE NBYX(ha3HbIX TAMUHAPHBIX U TYPOYJICHTHBIX TCUECHUM
MOJECIMPOBAHUE PAAUANNOHHOTO TEIIOOOMEHA

rudpuanoe moaeanposanue CFD-ruapasianyeckue cetu

pa3paboTKa BepCUH MPOTrpaMMEI Jijis pacuera Ha multi-gpu

KJIACTCPHBIX CUCTEMAX

oFlow



OcHOBHBIE YPABHEHUA CETEBOU UaCTHU 3a/a4Yn

|—MHOeKC y3na
| -nHpekcBeTBU

l,eciul € 0O;
Du = —1, ecaul € Ii
0, uHaue

YpaBHeHue COXpaHeHUs MaccCbl

ZDU'CIF Qi €N

leU;

YpaBHEeHMe KoJIMyecTBa ABMKEHUS

silailar = ZD” -p; +h,leU

IEN

oFlow



I'nOpuaHas Mo/ae/ b ra30X0AHOIO yyacTKa

1

4-5 Opurana (l)
0

" ofFlow
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Pes3ysibTaTsl pacuera ra3oxosa

Pacxoj, M™3/uac
(o))
]
]
|

Fa

]

=
|

200 -

1-s1 Opurana 2-4 Opuraga

@ DOxcnepumerTt @ Pacuér

3-s1 Opurama

B BoIpOBHEHHEIIH

4-4 Opuraga

ofFlow




Bzaumogericreue ceresou u CFD moaesien

KOHTPOJIEHBIN 00BemM(ctd)
(volume)

CTBIKOBOYHAsL [PAHb
(intrface)

CTBEIKOBOYHAaA BCTBb

p=p +p

V(tera VP ) =V (pv*) +Q

Z Djy (Tnet ‘ Z Dizp‘) = Z Dyq; +0Q

leu [EN leu

oFlow



@E@ MoaearpoBaHUE€ MUKPOKAHAJIBHOTO TEILIOOOMEHHUKA i@

8,0x10°

= 3D_Full
J===-- Hybrid
6.0x1 02 — 0 @ [ 3|<cnepv||vle|-|f
m . L]
C ,
o 4,0x10% —
p _
2,0x10% —
0,0 LU L I I
0 200 400 600 800
Re
40 —
] 3D_Full
30 — A A A Hybrid
! -
~ 20 —
< -
10 —
N L B L

Khandekar S., Agarwal G., Moharana M. K., Thermo-Hydrodynamics of Developing Flow in a 0 200 4R?0 600 800
Rectangular Mini-Channel Array // Proceedings of the 20th National and 9th International ISHMT- e
30 ASME Heat and Mass Transfer Conference (Bombay) pp. 1342-1349, 2010 of-low



MoaeJjb THOPU/IHOIO TEIJIOOOMEHHUKA

[IpocTpaHCTBEHHOE

NPEACTABIICHHE ['uOpuaHast MOACITB
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MoaenpoBaHHe€e TEIIOOOMEeHHUKA
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MoaesaupoBaHue TEIIOOOMEHA B pa3BETBJIE€HHOU
cucTreMe MUKPOKaHAJIOB
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FeoMeTpusa TensI006MeHHMKA
MbpuaHasa moaenb TenJIo06MeHHUKaA
(none ckopocren)

Wang X., Mujumdar A. S., Yap C., "Thermal characteristics of tree-shaped microchannel nets for cooling
of a rectangular heat sink," International Journal of Thermal Sciences, vol. 45, p. 1103-1112, 2006 O‘FlOW



MoaesaupoBaHue TEIIOOOMEHA B pa3BETBJIE€HHOU

CUCTCME€ MUKPOKAHAJIOB
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SigmaFlow 2016 @

UCII0JIb30BaHUE Tiepeaaun reomerpuueckux aaHubix u3 CAD cuctem

Y aBTOMAaTUYECKOE IOCTPOCHUE NPOCTPAHCTBEHHOW PACYETHOM CETKHU
MOJIeIUpOBaHUE NBYX(ha3HbIX TAMUHAPHBIX U TYPOYJICHTHBIX TCUECHUM
MOJECIMPOBAHUE PAAUANNOHHOTO TEIIOOOMEHA

ruopugHoe mogenupoBanue CFD-TtuapaBnnyueckue cetu

pa3padoTKa BepcHH MPOrpaMMbl JJIs1 pacdyeTa Ha multi-gpu

KJIACTEPHBLIX CUCTEMAX

oFlow



GPU-Bepcusa nporpammbl SigmaFlow (ttGlabs)

duzunvyeckue MoaeIun
* CrauvoHapHbBIC U HECTAIMOHAPHBIC TCYCHUS

e JlamunapHbie TeueHus ypaBHeHust HaBbe-CTokca

* TypOysneHTHbIE TeUEHUSI

- LESWALE
- RANS
K-g
MSST
k-g-C-f
NucrpymMenTapui
- CUDA

« Multi GPU - MPI

| —
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. S
LES pacuer TeueHHA B OTCACHhIBAIOIIEH TPpyOe ruApOoTYpONHDI
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GPU-Bepcua nporpammsbl SigmaFlow

XapaKTepI/ICTI/IKI/I BBIYUCIINTCIIBHBIX Y3JI0B
KJIaCTCpa «JIoMOHOCOB»
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A.B. Cenmsaooe, A.A. I'aspunoe, M.A. Kpueos, A.A. /lexkmepes, M.H. I[Ipumyna Ananuz npouzsooumenvhocmu 2uOpoOUHAMUYECKUX PACYEMO8 HA
GPU u CPU knacmepax. Boruucnumensnuvie memoowst u npozpammuposarnue. Hoewvle sviuuciumensmusie mexnonozuu. 2016, m.17, 329-338.



GPU-Bepcua nporpammsbl SigmaFlow

GeForce 580
(GF110, 2010)
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HanpagJjeHnusi pa3BUTHA MakeTa nporpamm SigmakFlow

Cneuuanu3upoBaHHasi BEPCHs IIPOrpaMMBbl IS pacueTa JUHAMUKH
pacnpocTpaHEHHUs IIpUMECH HaJ TopojioM (Ha rpuMmepe I. KpacHosipck)

Psan cnenmanu3npoBaHHBIX BEPCUN MPOTPAMMBI JJISI MOJICITUPOBAHHUS
MIPOLIECCOB B TEXHOJIOTMYECKUX aMIaparax

Pa3Butue Bepcuu nporpamMmsl s pacuera Ha GPU

CB00OHO pacnpocTpaHseMas Bepcus nporpaMmsl 11 BY30B

oFlow
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