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PA3ZEN 3.

[MTPUMEPbBI XAPAKTEPHDbIX

MEROUCLUNNNUHAPHBIX

ECTECTBEHHOHAYYHbIX A
TEXHUYECKUX 3AOAN, TPEBYIOLLINX

bOJibl

NX BbIYUCJTUTESIBHbIX
PECYPCOB



[Mpobnema TypbYyNEHTHOCTU U 3a434MU
MOAENNPOBAHNA TYPOYNEHTHbIX TEYEHUM

YpaBHeHUA HaBbe-CTOKCa

ou ou Uau+w8u: X—£@+VV2U

ot OX oY 0z P OX

8u+uﬁu+uau+w6_u: —E@H/VZ b

ot OX oy 0z Y p

ow Ow Ow  Ow 10p 2
+U—+0—+0—=F ———+Ww

ot OX oy 0z Y poz )

oV
B BeKTOopHON popme 5+

V=(U,V,&) — KOMNOHeHTbI BEKTOPa V CKOPOCTU KMUOKOCTH,

V-VW)= F—lgrad P+ WV,
o,

p — NIOTHOCTb, P — AaB/EHUE, F:(FX,Fy,FZ) — KOMMOHEeHTbI

BEKTOpPa MAcCOBbIX CU/ (B YAaCTHOCTU CUN TAXKECTH),

V — KMHEMATUYHECKAA BA3KOCTb



[Mpobnema TypbYyNEHTHOCTU U 3a434MU
MOAENNPOBAHNA TYPOYNEHTHbIX TEYEHUM

YpaBHeHnA HaBbe-CTOKCca — 3TO cucTema
HeNNHENHbIX AnddepeHuUmnanbHbIX YPaBHEHUN B
4YaCTHbIX Npon3BoaHbIX. Cny4yaes

MHTErPUPYEMOCTU 3TUX YPAaBHEHUN BECbMA
HEMHOTrO.

[MTpocTon npumep — moaennpoBaHue anpdpysnu
BUXPEN, OTBeYatoLlee « MeasieHHOMY» ABUXKEHUIO
BA3KOM XNAKOCTU (NaMMHapHOMY ABUKEHUIO)



MopagennpoBaHue andopy3nm BUXpeN

NmeeTca 6eCKOHEeYHO NPOoTAXKEHHAA BUXpPeBaa HUTb B 6e3rpaHUYHOM
TpexmepHou 0b6nacTu ¢ 3agaHHOM unpkrynaumen I

r=[v-.d
B C
\/ — BeKTop ckopocTth, C — Nnpon3BONbHbIN 3aMKHYTbIN KOHTYP,
BHYTPM KOTOPOro HaxoAUTCA BMXpeBaA HUTb. HayanbHoe none

ckopocTteit (t=0) onpeaensetcs no popmyne

vo I
27TY

Npu I—o0 BEeIMYMHA CKOPOCTM NaJaeT A0 HYNEeBbIX 3HAYEHUN Ha
H6eCKOHEeYHOM yaaneHUn OT BUXPEBOM HUTU



MopagennpoBaHue andopy3nm BUXpeN

Ecnv yaannutb UCTOYHUK 3aBUXPEHHOCTU, TO HAYMHAETCA
HecTauMoHapHbIN npoLecc.

I'Ipe,u,nonaraetv\, YTO UMeeTCA oCeBAA CUMMETPUA C
KpyroebiMn 1IMHUAMMU TOKA

PaccmaTpuBaemoe Te4eHme NAOCKOE C KPYroBbIMU TNHUAMM
TOKa, KOHBEKTUBHbIN YeH BbiNagaeT

- @)
Q = rotV %:VVZQ

B NONAPHbLIX KOOPANHATAX

Q vao, o 00 100

=——(r — + =29,
ot r&r( 8r) V(8r2 rar)




MopagennpoBaHue andopy3nm BUXpeN

YpaBHEHME NHTErpUpyeTca Npm HavyanbHbIx ycnosuax: Q=0

npu t=0 n r>0, n npn «npegenbHOM» FrPAHUYHOM YC/10BUMU
(Q—0 npn r-oo

C re
Q="exp(-——
t P( 4vt)

C — nocTtoAHHan, onpeaenaemasa U3 UHTEHCUBHOCTM
LMPKYNALMM BUXpEBOW TPYOKM AaHHOro paguyca I, Kotopas
pPaBHa UMPKYAALUUN CKopocTn VTl

r

\Y; < exp(—r* [/ 4vt) 2zrdr = &r‘/ (1—exp(—r?/ 4wt))

:27zl’;‘;t



MopagennpoBaHue andopy3nm BUXpeN

I
HauyanbHoe pacnpeaenexue ckopocteii vV gy

Npn t=0 C=I"/4nr
dopmynbl ANA pacnpeaeneHua BUXPA U CKOPOCTH

I’ I I’ r
Q=——exp(—), V=——/|_1-exp(——)).
At P 4vt) 47zvt( P At ))



TypbyneHTHOCTb Te4HEHUMN

- BONbWWHCTBO TEYEHUNI
XUOKOCTEN U ra30B.,
Habntoaaembix B npupoae
N B TEXHUYECKUX
YCTPOMCTBAX, ABNAKOTCA
TYPOYNEHTHbIMM

- TypbyneHTHOCTb — 3TO
XaoTUYecKme nyabcaumm
CKOPOCTM TEYEHUA U
NaBAeHnA




Yncno PenHonbAaca

AHrANNCKNMN mexaHuk O. PerHonbac (1842-1912)
YCTAHOBWJ/I, YTO €CNIN XapaKTepPHOe YMUCNOo

Re=V-L/v

ctaHoBUTCA 6onbwmm ~1000, TO TeYeHue us3
NTAMWUHAPHOro nepexoauT B TypbyneHTHoe

L — xapakTepHbIX pazmep obnactu TedyeHus, V —
ero CKOpoCTb, @ V — KWHEMATUYECKAA BA3KOCTb
XUOKOCTU



[Tpobnema TypbYyNEHTHOCTU

Mpobnema TypbyNEHTHOCTN — 0AHA U3 HEPELLUEHHbIX
npobnem XX BeKa

nOTpe6HOCTb U HeO6XO,£I,I/IMOCTb B Pa3BUTUN HNCNNEHHDbIX
MeToa0B ee UCCneagoBaHumA

YncneHHoe moaenmpoBaHme TypOyneHTHOCTU — OAHa U3
Hanbosee xapaKTepHbIX 33434 NPUMEHEHUA
CYNEPKOMMbIOTEPHbIX TEXHONOIUMN

TpyaHOCTU B pelleHnmn 3aaa4, CBA3aHHbIX C TYPOYNeHTHbIMM
TeyeHnAMMU nopoannmn bonbLloe YMCNO0 NOAX0A0B, KOTOPbIe
NPUHATO Ha3biBaTb NOAYIMNNPUYECKMMN MOAENAMMU
TYPOY/IEHTHOCTHU




Monaenb PenHonbaca

CKOpOCTH, Kak 1 aApyrue pusnyeckme BesmYmHbl TeYeHus,
NpeacTaBNATCA Cr/1aXKeHHbIMK (OcpeaHEHHbIMMK MO
BpeMeHMN) BEAMYMHAMU B IAHHOM TOYKE U UX
Ny1bCaLUMOHHbIMU COCTABAAIOLLMMMU

— 4 A 4 - w /
u=u+u,v=V+V, W=W+W
OcpefHeHHble BEUYMNHbI MOXHO BbIYMCAATb KakK
NHTEerpasbHoe cpefiHee 3a HEKOTOPbIN Nepunoa, BpemMeH !

t+T/2

u(x,y,zt)= j u(x,y,z,t)dt

t—T/2



Monaenb PenHonbaca

YpaBHeHuA HaBbe—CTOKCa B AUBEPreHTHOMN popme
(ypaBHEHMA B HAaNPAXKEHUAX)

p% _Div(P— W), div(V)=0

tensop-gnaga P(V')— nepenoc konnuectsa asmxeHuns
pV NOTOKOM CO CKOpOCTbto V

BTopoe ypaBHeHMe ecTb YpaBHEHME HEPA3PbIBHOCTH, A
TeH30p P nmeet Bupg,

P=—pE+2uS5
E — eAWHWYHDIN TEH30p, P — AaBAEHME, @ S — TeH30p
cKopocTen gedopmaunm



Monaenb PenHonbaca

Ncxoaa us BblpaxKeHUa ANA UCTUHHOW Be/IMYUHbI Yepes

CraXXEHHY0 M1 NYAbCAaLMOHHYIO, MONYYUM YPaBHEHUS
PenHonbaca

oV o

'OE =Div(P — oWV - pV V"), div(V)=0
NONONIHUTENbHbIN YNEeH YPAaBHEHUA — CUMMETPUYHbIN TEH30P
«PENHONbACOBbIX TYPOYNEHTHbIX HANPAKEHMNIN», KOTOPbIN

AB/IAETCA XapaKTePUCTUKOM NepeHoca NyabCalMOHHOIO
Konm4yecTsa ABUMKEHMSA NYNbCaLMOHHbIMM CKOPOCTAMM



Mopaenu TypbyneHTHOCTH

Monyamnupuyeckmne moaenmn TypbyneHTHOCTU —
MmaTemaTuyeckue mogenn ana onpeaeneHus
KOMMOHEHT TeH30pa 11

Moaenun AoNKHbl HOCUTb XapaKTep

CaMOCTOATENIbHbIX BCMOMOraTeNbHbIX TMNOTe3 U
AONYLLEHWNN, HE CBA3AHHbIX HWU C YPAaBHEHNAMM
Hasbe-CTOKCa, HU C ypaBHEHMAMU PenHonbAaca

MO,EI,EI'IM AO0/TKHbI ONMNPATbCA Ha 3KCMNEPUMEHT,
BK/1tOYaTb B cebs HeKOTOpble NoJsiydeHHbIE OMNbITHbIM
NyTEM KOHCTAHTbI




BoluncnmntenbHaa peannsaums
NONYIMMUPUYECKMX moaenen TypbyneHTHOCTH

Moaxoabl, basupytowmecs Ha ypaBHeHUAX HaBbe-
CToOKca:

Direct Numerical Simulation (DNS) — npamoe
4YMC/IEHHOE MOAEIMPOBAHMUE

Large Eddy Simulation (LES) — meToz,
MOJENNPOBAHNA KPYNHbIX BUXPEU

Detached-Eddy Simulation (DES) — meTop,
MOJEeNNPOBAHUNA OTCOEAUHEHHbIX BUXPEN



[MepcneKkTBbI MPAKTUYECKOTro NPUMEHEHUA PA3NNYHbIX
NoAxoA08B K MOAENNPOBAHUIO TYPOY/IEHTHbIX TeYEeHU I

RANS - Reynolds Averaged Navier-Stokes ypaBHeHuns HaBbe-CToKca, ocpeiHEHHbIe

no PenHonbacy

Meton Heodxoaumoe gucmo | Heodxoaumoe 94HCIO T'on
Y3J10B CETKH IIIaroB 10 BPEMEHH TOTOBHOCTH™
3D Steady RANS 107 103 1985
3D Unsteady RANS 107 10 3 1995
DES 108 10 ¢ 2000
LES** 10 113 10 67 2045
DNS 10%° 10 77 2080%**

*BO3MOKHOCTb pac4yeTa ogHOro BapmaHTa B TedeHne CytTok Ha CaMoM MOLLIHOM U3 AOCTYMNHbIX

KOMMNbHKOTEPOB

**LES c npucteHo4HbiM RANS mogenmpoBaHumem, B cnydae LES BnaoTb A0 TBEpAbIX CTEHOK,
3aTpaTbl OKA3bIBAOTCA CONOCTaBMUMbIMM C 3aTpaTamm DNS

***Ha komnbtoTepe ¢ npomsBoguTenbHOCTbIO 1 Tepadnon Bpemsa pacyeTta coctasaset 5000 net




MeTtoa DNS

YpaBHeHNA HaBbe-CTOKCa ageKBaTHO ONUCbLIBAOT

He TO/IbKO JlJaMUHapPHble, HO U TYPOYAEeHTHble
TeyeHUsn

[MpAamoe peleHne TpexmepHbIX HECTALMOHAPHbIX
ypaBHeHMM HaBbe-CTOKCa

Heobxoanmo AOCTaTOYHO TOYHOTO pa3peLwmnTb BCE
NPOCTPAHCTBEHHO-BPEMEHHbIE MACLUTabbl
TYpPOY/IEHTHOCTU



OcpeaHeHune no PenHonbacy

[MpocTpaHCTBEHHbIE MacTabbl — BECb CMEKTP XapaKTepHbIX
Pa3sMepoB BUXPEBbLIX CTPYKTYP

BpemeHHble MmacwTabbl — XapaKTepHble BpemeHa — oT
NnosABAEHUSA, PA3BUTUSA, 0 NCYE3HOBEHUA BUXPEBBIX CTPYKTYP

I

In(E)

K, Ky In(k) ——

3aBMCUMOCTb XapakTepHbIX MacLLITaboB cneKkTpa KNHETUYECKO SHEepPrum
TYpOYyNeHTHOCTM OT BONTHOBOIO Yncra (3HepreTUYecknini CNekTp
TYpOyneHTHOCTM) NPU A0CTAaTOYHO BbICOKMX Yncnax PenHonbaca



O6nacTn aHEepPreTUYEeCcKoro cnekTpa
TYPOYNEHTHOCTU

Obnactb | cOOTBETCTBYET KPYNMHOMACLUTAOHbIM
TYPOYNEHTHbIM BUXPAM C Hanbosbluen
KWHETUYECKOMN SHEPIrneun u c paamepamum nopaaKa
XapPaKTEPHOro JIMHenHoro macwTtaba TeyeHma L (um
oTBeyvaeT BosiHOBOe uncno k=2m/L)

B obnactu lll cnekTpa AOMUHUPYIOT MeNKne BUXpWU C
pasmepamm meHblue KoamoropoBcKoro maclutaba
n=(v3/e)Y* (¢ — ckopocTb AMccUNaLmm aHeprum
TypbyneHTHOCTU) 1 BoNHOBbIMU Yncnamm K>K=2m/n,
BA3KaA AMccMnaumAa KOTopbiX nepesoguT
KUHETUYECKYIO IHEPrmio TYPOYNEeHTHOCTHU B TENNO.



O6nacTn aHEepPreTUYEeCcKoro cnekTpa
TYPOYNEHTHOCTU

Obnactb I, nnan nuepumoHHaa obnactb CNeEKTpa,
nexauwan mexay obnactamu | u lll, cootsetcTeyeT
BUXPEBbIM CTPYKTYPaM C XapaKTEPHbIMWU Pa3MepPamm
|, nexawmnmm B «cpegHem» ananasoHe L<I<n.

Bananme BA3KOCTM B 3TOM 06/1aCTU HUKAK He
NPOABNAETCA, U SHEPTUA TYPOYNEHTHOCTU He
reHepupyeTca n He AUCCUNUPYET, a NLLb
nepeaaeTca oT 6bonee KPynHbIX BUXPEN K MEHee
KPYMHbIM (TaK Ha3blBaeMbI SHEPTrEeTUYECKUMA
Kackag).



POCT BpemeHHbIX 3aTpaT Npw
ncnonb3osaHun DNS

OTHOWeEHNEe MaKkcumasibHoro L n mmHMmanbsHoro 1
JIMHEeNHbIX MmacwTabos TypbyneHTHOCTHU
NPOMNopLMOHanbHO umcny PeiHonbaca L/im = Red4

[na scen TpexmepHon obnactmn pasmep
NPOCTPAaHCTBEHHOM CETKU, HeEOBXoAMMOWN AN
nposeaeHMA pacyetos ¢ nomolbto DNS, pacTeT ¢
yBenmyeHnem ymcaa PeitHonbaca kak Re¥4

C yueTom BpeMeHHbIX MacliTabos 3aTpaTbl Ha
nposeaeHune DNS pacTtyT kak Re¥4 + Rel/2 = Rell/4



LES (meToa mogenmnpoBaHMA KPYMHbIX BUXPEW)

Bbiaenenune (dbunbrpauma) Bo3myLLLEHUMN (BUXpei)
No nx pasmepam

OTpoeneHne «o4YeHb Menkmnx» (c AnnHamu BOJH
nopaaKa N MeHbLLEe pa3MepoB UCMOJIb3yeMOU
PACYETHOM CETKM) TYPOY/IEHTHbLIX BUXPEWN

KpynHbie BUXPU ONUCBIBAOTCA MOIY4EHHbIMMU
YPaBHEHUAMM, @ BANAHMNE MeSIKOMaCLLUTabHOM
«O0TPUNBTPOBAHHOM» (MOACETOYHOMN)
TYpOYNEHTHOCTU ONMUCBLIBAETCA C MOMOLLbIO
NONYIMMUPUYECKNX MOoaeNen



dunbrpayma soamyeHmnm B LES

12 = = = VICXOIHBIH CHTHAT
— OT1dHIBTPOBAHHBII cnma?a




dunbrpauma soamyweHmnim B LES

PeanbHble NepemeHHble ¢ B ypaBHeHMAX HaBbe-CToOKca
3aMEeHSII0TCA Ha CYMMY COOTBETCTBYHOLLIMX

«OTOUNBTPOBAHHbIX» @ W «NOACETOUYHbIX» @’ NepeMeHHbIX
P(%,Y,2,8) = [G(X=X,y -y, 2= 7, A)p(x, Y, 2,t)dxdy'dz
V

G n A — dyHKUMA M lWWIMPUHE PUNLTPA

_ 1/ A, r-ri<A/l2
G(r.r") :{ eciu o

0, eciau \r—=ri>A[I2




A3p0aKyCcTUYeCcKoe NpuaoxKeHue

DE
_ rubpuaHoro (DES) noaxona

ObTeKaHmne aBTomobunsa ®opa (pacyeT BbINONHEH C
NOMOLLbIO NporpammHoro Komnnekca STAR-CD)

couetic
Lou

W

MrHoBeHHaA U30MNOBEPXHOCTb MHTEHCMBHOCTU UCTOYHUKOB LLYMA Ha
noBepxHOCTM aBTOMObMANA Popa 13 pacyeta C NOMOLLbIO BapMaHTa MOAenm
Cnanapta-Annmapaca ana DES



TpexmepHble HecTauMoHapHble

TYPOYNEHTHbIE BUXPU

| | ,/_,4

i f,




HenoctaTkmn noayamnmpuyeckmnx
moaenen

Hapsay ¢ menkomaclutabHon TYypOyneHTHOCTbIO,
CYLLLeCTBEHHOE B/INAHUE HA NapamMeTpbl TYPOY/IEHTHbIX
NOTOKOB OKa3bIBAOT KPYNHOMACLITAOHbIE,
NPUHUNNMANbHO TPEXMEPHbIE HECTALLMOHAPHbIE
TYpPOyneHTHbIe BUXPU (KorepeHTHbIE CTPYKTYpPbI)

XapaKTEPUCTUKM TaKUX BUXPEBbLIX CTPYKTYP 3aBUCAT
rNaBHbIM 06Pa30OM OT KOHKPETHOM FreoMeTpuUU
paccMaTpUBaEMOro Te4eHMA U TPaHNYHbIX YCI0BUN W,
KaK cneacTBMe, He MOTyT ObITb ONKMCaHbl B paMKax
NONY3IMNUPUYECKUX MOAENEN, HE YUMUTbIBAIOLLIMX ITUX
BaXHbIX 06CTOATENLCTB




Moaenun TypbyneHTHOCTU ANnA
BHELUHUX TEYEHUNN

Moaenb Cnanapta n Annmapaca (SA mogenb) —
COAEPHKUT TONbKO OAHO AnpPepeHUnanbHoe
ypaBHeHMe nepeHoca (ana moamduumMpoBaHHOM
TYypOYyNeHTHOW BA3KOCTY )

Mogenb MeHTepa (k-w Shear Stress Transport
nnn SST mogenb) — cogepKUT ABa YPaBHEHNA —
ONA KNHETUYECKOM 3Heprum TypbyneHTHOCTM 1 AnA
yAENbHOM CKOPOCTU ee Anccmnaunu



[Mpumep: TpaHC3BYKOBOE 0bTEKaHUeE
as3poANHaAMUNYECKUX Npodunen

CpaBHeHMEe NPOoAONbHbIX pacnpeaeneHnn KosdppuumnmeHTos
nasneHna u TpeHuna no nosepxHoctn npoduns NASA RAE2822

C pe3ynbrataMn N3MepPEHNI

L L I L L L I L L L I L L L I L L L - L L L I L L L I L L L I L L L I L L L
] 0.2 0.4 0.6 0.8 1 0'0010 0.2 0.4 0.6 0.8 1

x/c x/c

RAE 2822, case 10: Re=6.2.10°%, Mach=0.75, a=3.19°



TeueHune B obn1actn c 06paTHbIM

CTVMOM — TecToBbIY Npume
%. .

yfH

Cf 1 T I T
e Exp.
0.004 | SA, RANS
—— SST, RANS

0.002 o ©

=]
-0.001 | @

-5 0 5 10 15 20 x/H

CpaBHeHuMe pacyeTHbIX pacnpegeneHnin TpeHma C; B KaHane c 0bpaTHbIM
YCTYNOM, NOSYYEHHbIX C Ucrnonb3oBaHuem SA n SST mogenewn ¢
3KCNEePUMEHTOM
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