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39. Turbulent separation over a rectangular block on ahead of the step is closed, whereas in the corresponding
a plate. The step height is large compared with the three-dimensional flow of figure 92 it is open and drains
thickness of the oncoming laminar boundary layer. The around the sides. ONERA photograph, Werlé 1974

flow is effectively plane, so that the recirculating region
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Unsteady, laminar, separated
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Steady, laminar, attached
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F/REREKEERE Kolmogorov time scale

= (4" 3)

€

» MRTERERIm, BEZIm/s, KNEEERBZL10m?/s, Balh
THHHRERE KT BRE A30um, FEREAIms

> HEITERENTEUHESEER THMAZEIRE, FtFEREmRREE

turbulence modeling

S18] R & Kolmogorov length scale



» ITHIATE: 2EN-SHFEMIELME TS
» maABEL. T, (BRMLSHFIEME T4 coherent structures
» BTFIELM, BMEVIGEREMARZEEREN, RN et RIERT
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BEE 5T energy cascade

K41 Theory (Kolmogorov 1941 Theory)
BEispectral energy E(k) = Ce?3k=°3 k= 2r/\, HekZHK B (wave number),
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- KRR (large eddies)— IR 2SI ST, FIEARR S LREEHRR,
Z B aia F EHaIRm

> INREZIR(small eddies) S #3158 F 1451 5375 (homogeneous) F1-& [a[E] 14 (isotropic)
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DNS

- MBEBRA (EERRA), B - >
SRR >
RANS
» ZHMEXRFGE: more modelling more simulation
« Direct Numerical Simulation (DNS) < >
BB E /\
+ Large Eddy Simulation (LES) 3
KimARTL &
+ Reynolds Averaged Navier-Stokes % | resolved in LES modeled SGS
Equations (RANS)Hi&F 512 g = > \m LES
> A EE A ARER WA R RO BB X >
large small wave
eddies eddies number g




> PIIREK B ~ (Re)9/4, H‘J‘IEﬂyk%;}Z At ~ (Re) 1/2

» BRI RSP REBIER R

» FEMAT—LJLAHEXE 2 BEA 5

» AT ERERBINERE, Uk—LEEERRIERHER

DNS of Open Channel Flow
(Re,=60.4, Re=171)

t=79
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» RAREREUR TSR
» BUNREIRZIA R mEBU

» INREREEDUE (isotropic) . 33514770 (homogenous)RY, BT LAEE 4745 HI)
(model)

» LESHYBAE: Sk## (resolve) KRE @, 1l (model) NRER



BIETHE
BB 9 #EReynolds decomposition:
» RE . EHEBE—LEHEERTEF D EKFIEBD (mean) FRENER
43 (fluctuating)

u=u-+u
p=p+7p
C=C+C'

» B ERFXTAN-SHE, HETARHN_MI (T, p, O)



T a1

1 to+T
to

Hrep 2 EENZ], TRIFHINMER, —RMSTFEEBK

>

”i(t)i




T a1

to+T
to

Hebr RIEBATL, TRIMTFHNMER, —BMSTBERBA
- EEAR w =

Hu Zu,BEEhER

ui(t) o







HHR:

frms = (f/)2

RESENGREALRENR, ATRREENFIVEREE
FIE A3 (v)2,(v)?,(w')?, SHimRmSENIEREL G X R
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TKE (turbulence kinetic energy):

i@ B (Turbulence intensity)T; R I IRIEE B FHERIUS EERE:

k) 1/2




N EIE BRI FE (moments)




A EIE hZE & HIE (moments)

> BERAR— L RIA IR EERHIE
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A EIE hZE & HIE (moments)

> BERAR— L RIA IR EERHIE
> IR g HEEMS. AETF, BAfd




A EIE hZE & HIE (moments)

> RE R BR—LE IR L ) B BT
» IR fFFgFBEII. AFEF, BAafgd =0

» BRI P BRI RIS R AR E R Z4EL T FHY(chaotic), 1BAIFZ
HEMIZAY, BEittuos vw's v NRFE(EIEVIR T Reynolds shear stress)




wWE, MTESEFEMHDKRIERTFRY:
1 to+T
skewness :  (f")? = T (f")dt (8)

g /IETSRE, ATEEREERE/ FEE:

(=}

to+T
kurtosis/peakedness : (/)4 = %/ (fHdt (9)
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[5]—{3 & 7E A 8] _EAY B 8 5K R 8 (autocorrelation):

- 1 to+T
Rop(n) =FOFGTT =1 [ FOre+ (10)

N [ELE BYHE K R 2] (correlation):

1 to+1T
Rop(© =FOFGA 60 =7 [ Fxofxesnd (1)
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[5]—{3 & 7E A 8] _EAY B 8 5K R 8 (autocorrelation):

- 1 to+T
Rop(n) =FOFGTT =1 [ FOre+ (10)

7R BB #0483 B i (correlation):

1 to+1T
Rop(© =FOFGA 60 =7 [ Fxofxesnd (1)

> fgl‘ﬁli’cfﬁfﬁﬁ%ﬁ@ﬁaﬁﬂi Rpp(0)RFFHE, EREKR, BASEHTE
H
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[5]—{3 & 7E A 8] _EAY B 8 5K R 8 (autocorrelation):

- 1 to+T
Rop(n) =FOFGTT =1 [ FOre+ (10)

7R BB #0483 B i (correlation):

1 to+1T
Rop(© =FOFGA 60 =7 [ Fxofxesnd (1)

> fgl‘ﬂji’tfﬁﬁﬁ%‘ﬁ@fﬁﬁﬂi Ryp(OVRFHE, EHRK, BASEERESE
B

> HEEIS =B EER T B, BIR. (1 — co)FRp(§ — o0), Kahi
STEHERMEF1 (de-correlated)
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[5]—{3 & 7E A 8] _EAY B 8 5K R 8 (autocorrelation):

- 1 to+T
Rop(n) =FOFGTT =1 [ FOre+ (10)

7R BB #0483 B i (correlation):

| [lo+T
Rop@) = FodFe i 60 =5 [ JGe0fGrena )
> fgl‘ﬂji’tETﬁﬁ%ﬁﬁf%%N, Ryp(0RFTFE, EmRX, BASEETE
H
- HifE s EEEEET ISR, BIRy (1 — co)MRsp (€ — oo), KINE
STEHERMEF1 (de-correlated)
r eSS, AT LARE X 3E X AB % (cross-correlation) Ry (7) AR 1y (€)
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Vou =20 =0 (15)
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FIETEHN-SHIE

u =10+ uMp =7+ P RAHNEFEFEEFIESIE
oa _ —— — _
ot V.(uu)+V:(uWu)-V-wVvu)=-Vp (16)

Hep, FR&eMtim; A @A

= — (77. N (77. I 7. a7 1= VA S
uity = (u; +uf) (U5 + ) =0t 4w, + uii; + ) = w; + w

» wu; AR A BIE R ST Reynolds stress term, X ZEIMII, HEHAITIR
1k, R REFETROXT RN
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S(uu)+ V- (W) - V- (wVa) =-Vp

ENE T, EHp, MEERHSE )
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a—?+V-(W)+V-(u’u’)—V~(vVﬁ) =—-Vp

BRIALNRNE CMRESE w, ENp, 6NEERNIDE —uju)
» BERRBANFE UNEEMRE, TMHERE), BRERETAS
HY(the system is not closed)




ou _
a—?+V-(ﬁ)+V-(u’u’)—V~(vVﬁ) =-Vp

BRIALNRNE CMRESE w, ENp, 6NEERNIDE —uju)
BREABMHERE ATEENRE, STHERR), BkRGEETAE
HY(the system is not closed)

» FRAHEIX — 2 o] 2 AL 8w TR BV ) & 8133 (closure problem of turbulence)
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ou _
a—?+V-(ﬁ)+V-(u’u’)—V~(vVﬁ) =-Vp

BRIALNRNE CMRESE w, ENp, 6NEERNIDE —uju)
BERRAMNFHRE (INMEEMRE, 38R, BkRGEETAE
HY(the system is not closed)

» FRAHEIX — 2 o] 2 AL 8w TR BV ) & 8133 (closure problem of turbulence)

» REHRRRENEE: BEENNSHRSERHEKSR

v




ou _
a—?+V-(ﬁ)+V-(u’u’)—V~(vVﬁ) =-Vp

BRIALNRNE CMRESE w, ENp, 6NEERNIDE —uju)
» BRABMMNFRE UMNEEMRE, 318X, BkRGEREFAE
HY(the system is not closed)
» FRAHEIX — 2 o] 2 AL 8w TR BV ) & 8133 (closure problem of turbulence)
» REHRRRENEE: BEENNSHRSERHEKSR
» —RRZEDHBMIGE:



%—?+V-(m)+V-(W)-V-(Wa):—Vp

BRI RMNE GMNEENE w, BN 7, AMEBENNDE —uu)
» BRABMMNFRE UMNEEMRE, 318X, BkRGEREFAE
HY(the system is not closed)
» FRAHEIX — 2 o] 2 AL 8w TR BV ) & 8133 (closure problem of turbulence)
» REHRRRENEE: BEENNSHRSERHEKSR
» —RRZEDHBMIGE:
1. m3EERRIENL (Boussinesq approximation): wju/ & IR EHE Vul i 2
2. BENTMEHE: HSH KB EIZHERE. BXMEERTSINT—L
SO, HSTFREERMBRAE FI
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» Algebraic models ({X#REY)

» Turbulence-energy equation models (Giii-FEE HFIEERY)

» Hb#EFAR, EEZADNS, LES, DES



Algebraic models ({X##EH)

BIENNBERRTARRMERE (turbulence viscosity/eddy viscosity) ﬂlzlzi’]r
25 # (mean strain rate) BUZEF] . XFFFIEFR A FEE R Rimim s R EEIN

(Boussinesq eddy-viscosity approximation) :

uu = yt% [Vu+ (Va)'] (18)

Hrey, 2imnthit 258, OpenFOAM® E Fnut R



Algebraic models ({XE#=HY)

BIEN NBERRA®RAMEZRE (turbulence viscosity /eddy viscosity) FIFEI4R
AT # (mean strain rate) ITFR . XTI EMR A FER mimma T RBUA

(Boussinesq eddy-viscosity approximation) :

uu = yt% [Vu + (Va)'] (18)

Hehy, BimnthtER#, OpenFOAM® i E AnutiRR
REHREY:
» e EBNER, —RBIUESIZER zero-equation models
> y—RREEHITIRN
» REIRER, REZFINGTERKEY, REEMRIITEFIHEEE
» A WTFERRIMSAEE, MATNEFICIZH
» OpenFOAM® & B HIEEY




» [E1#Et A 2l T Boussinesq approximation, Ei&{ty,
- VRETHIARE(kk = 0w

> PTmR-REE HIERE
« one-equation model: Prandtl’ s one-equation model, Spalart-Allmaras model &

« two-equation model: k — ¢, k — wH



One-equation model

> AMERFRFIERBM— LR, tHinRAFIieIcH
- BREERAEREERKB—NRRNEEE, —REmIEEL

ok _ ——0uw; 0 (lo—— — %k
FTl V- (Uk) = —uju 0% o (ﬁu;u;u; +p’u§) + T (19)
e l—— Ok
Swdl + p] ~ — 2t (20)
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OpenFOAM® mrfSpalart-Allmaras (SA) imimi=8 AITAEM 2 # Y (nuTilda) F
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% + uja_a:j = U_ut {V -7 +v)Vi]+ Cp IVi|? b+ Cp S — Cwlfwﬁy (22)

Heh

3

v _ X
X = V7 fvl 3 0317 f'u2

© L0+ Xfur

1
— (VU - VvU")

CQ) Q:‘\/§




Two-equation model

» Kitone-equation model, f5lanEERITETBR T




Two-equation model

» Kitone-equation model, f5lanEERITETBR T

> SIAFZ—NimREERBELERE




Two-equation model

Bl et B iE R
> SIAFZ—NimREERBELERE
» EERERNE ZmnEERENER, LRMBERML — 4RE

» BifHone-equation model,




Two-equation model

f5lanikE fe it B 2B R <1

> SIAFZ—NimREERBEZERE!

» EREINERRATERFENE, LRBEZERBNL — 4EE

» B—ANBEHREBw, MEFEBE specific dissipation rate, 2Rk — wiREY

» Kitone-equation model,



Two-equation model

Blanigt e it HasiE R~

SINE—NmREERAEZBRE

EERENNE R R TR E, LHEERMNL — 58
—NERRTEw, MEFEEER specific dissipation rate, 2Rk — wiEEY

eMw (BIEE) BVIEFHIZERTAMNSIZhHES K

» BifHone-equation model,
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Two-equation model

Blanigt e it HasiE R~

SINE—NmREERAEZBRE

EERENNE R R TR E, LHEERMNL — 58
—NERRTEw, MEFEEER specific dissipation rate, 2Rk — wiEEY

eMw (BIEE) BVIEFHIZERTAMNSIZhHES K

» BifHone-equation model,
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ot
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vy = (Ju? uw’ = v [Vu+ (Va)']fi G =21, V|ul
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- BERITEIME, FEEHINISIEEY), BEREBHITRSHE
- MREFEIFIIERENZ YR, TUAREITHIHE
-ﬁﬂ%ﬁﬁ$% BHERHLLS

> ﬁk lé‘\
BREEENNSEEHERX, MEREXETER (FTARANSEREHHIX MR
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> BHIRIE, k- RBERZ—PIEBZHEHARE, ETIAEEEER Z
HINH, BEERMEHBRAT (THE2EMRSED

» B LOHIRE
+ Realisable k-epsilon model
+ RNG k-epsilon model



The k — w Model (Wilcox, 1988):

= F (23)
Ok _
o TV (@) =V [(v+0"v) VA + P — 5 hw (24)
%L; +V - (tw) =V - [(v+on) Vo] + P, — fuw’ (25)

Pe=ulS|, P, = a%Pk



k—w SSTHA

» SST {X 3% shear stress transport model

» k — w SSTNIHR—Mtwo-equation eddy-viscosity model

» B35 T eddy-viscosity model FISSTH&EHY

o k —w FRRIAEMHLA R BRI B

- FEEER R, TRE - ATE, HIRERNE

« k—w SSTRAILARIFHIIRINR BE I E R 57 iR shiass
» k —w SSTFZE[O) /R :

- HIENTRARWM A FFERmRARBEET K, tbilstagnation regionsbA X MR E 3R
KHIRXE, Rk — exBHF—L



k—w SSTHA

(k) =V - [(v+ o) VK] + P, — T kw

— +V-(Ww) =V-[(v+o.,1) V] + P, — fw?

F} = tanh { {min } } (28)

Py = min (14|S],108*kw) , P, = a|S|?, CDyyp = (0wow™ ' VkVw,10717)

2
ark 2k 500v
vy = , Fy, =tanh | [max ,
* 2
m@?U(alw, ‘S|F2|) 50 . 6 WYy Yytw b i
TR 7 25 S @ E A AL MR 5 R A bs |= 4 7 25 5 WLl

f Dy i 14

1
+ 2(1 — Fl)O'wQ;Vkvw

<\/E 500y> Aok
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3
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FEEEBnut, k. epsilon. omegaHIBETH K
HERIR A

src/MomentumTransportModels/momentumTransportModels/
derivedFvPatchFields/wallFunctions
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» nut (FDigE)
nutkWallFunctionflnutUWallFunctionZE3, —R&REXKyT > 30
nutUSpaldingWallFunction, yti&MN ML

+ nutkRoughWallFunctionflnutURoughWallFunctionF3E & (HAMEIZRE)

» k

- kqRWallFunction, ¥[&]FzeroGradient

- kLowReWallFunction, REIEH, &y 8/
» epsilon

* epsilonWallFunction
» omega

+ omegaWallFunction
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