FEIRYAF RENRE RS TE R

20245 £ F ((tH a3 H FRAEER)

5.1 initiRE

1B
lycxu@cau.edu.cn

2024 &£ 4 B 18 H


mailto:ycxu@cau.edu.cn

105 days after release

surface concentration ratathe
o Initial walues off Japan

Moded simulalions on the long-term dispersal of Cs-137 released into the Pacific Ocean off Fukushima
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39. Turbulent separation over a rectangular block on al 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

thick e C 1g laminar boundary layer. The around the sides. ( RA photograph, Werlé 1974

flow is effectively plane, so that the recirculating region
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Unsteady, laminar, separated

\_/,_@_3//“;—10 Steady, laminar, separated

Steady, laminar, attached



BEREINRNRE: AREREXRT

3 1/4
0= (%) @)
F/REREKBETERE Kolmogorov time scale

= (4" 3)
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» MRTERERIm, BEZIm/s, KNEEERBZL10m?/s, Balh
THHHRERE KT BRE A30um, FEREAIms

> HEITERENTEUHESEER THMAZEIRE, FtFEREmRREE

turbulence modeling

S18] R & Kolmogorov length scale



» ITHIATE: 2EN-SHFEMIELMETE
» o aABEHL. T, BRASLSFIEMT454 coherent structures
» BTFIELM, BMEVIGEREMARZEEREN, RN et RIERT
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PR REETEEARE MRS
R PHEEEREEEREAREEH—R—RTRENRE (XiF
B81) (cascade)




imm PRI EEE MR E

PR EF BEEARE miRsH

imm P ERETFENREAREEWN—R—RTRENRE (T

B (cascade)

HIXBHE—H/IRE WREREXRE) B, EEBESEBKX, UET
FEHXEBUREEE NMNREN~E. ‘ﬁ‘ﬁgﬁﬁﬂlﬁ (energy dissipation rate)
exetg BT BT A TR = .

Large"(integr:al) scale



BEE T2 energy cascade

K41 Theory (Kolmogorov 1941 Theory)
BEispectral energy E(k) = Ce?3k=>3 k= 2r /), HebkZHK B (wave number),
MK K (wave length) B BimiREHRE

Injection 103 n

O O O o

Tf“ 105 .

~ QOOOCO j
Flux of ; 106 i

energy & =

e voe=vangas &
Bl 900000000000AN000000D000 107 e

T . N, Dissipation ' L

!
of energy € 10 100 1000 10000
Wave number (per m)

cver PRV




KNMRERBFTR

» KRER(large eddies)—fRZIEHT DA, REEAE S B EAEEHARE,
Z B[l A R F R

> INREZR(small eddies) S #2315 F 1451 7315 (homogeneous) F1-& [a[E] 14 (isotropic)




4R transition

R BIERENERIERmR
> BN, BIRTIREE

> FECFDRBE—REAZEER, BELRHST AERMmR
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DNS

- MBEEERA (FEHEX), Bl - >
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)H1&F 512 g = > \m LES 5
- HAEEBERIER A RE R EIZAE 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

» INRE R EZTE M (isotropic) %1537 (homogenous) By, Fr LA 4FHEHL
(model)

» LESHYBAE: Sk#R (resolve) KRE®m, #&EHL (model) NRER



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

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

» B ERFXFTAN-SHIE, HEFARHIN_MI (T, p, O
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HHR:

frms = (f/)2

RESENGREALRENR, ATRREENFIVEREE
HIE AR (v)2,(v)?, (w')?, SHimRASENIERE G X R




imENEETKE

TKE (turbulence kinetic energy):

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

k) 1/2




A EIE hZE & HIFE (moments)




A EIE hZE & HIFE (moments)

> BERAR— L RIA IR EERHIE

>




A EIE hZE & HIFE (moments)

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

>



A EIE hZE & HIFE (moments)

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

» BRI P BRI BRI S| R AR E R Z4EL T FHY(chaotic), 1BAIFZ
HEMIZA, Eitteos vu's v SRE(EEYIR T Reynolds shear stress)




wWE, MTESEFEMHDKRIERTFRY:
1 to+T
skewness :  (f")3 = T (f")dt (8)

g /IETS R, BATEEREE/ FEE:

(=}

1 to+T
kurtosis/peakedness : (f')* = ?/ (fHdt (9)
to



R G

[5]—{3 & 7E AT 8] _EAY B 48 5K R B (autocorrelation) :

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

AN [EML E HIHE 5% iR 3 (correlation):

1 to+1T
Rop(© =FROFGFE0 =7 [ Foftceend




R G

[5]—{3 & 7E AT 8] _EAY B 48 5K R B (autocorrelation) :

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

AN [EML E HIHE 5% iR 3 (correlation):

1 to+1T
Rop(© =FROFGFE0 =7 [ Foftceend

> fgl‘ﬁli’cfﬁfﬁﬁ%ﬁ@ﬁaﬁﬂi Rpp(0)RFFHE, EREKR, BASEHTE
H



R G

[5]—{3 & 7E AT 8] _EAY B 48 5K R B (autocorrelation) :

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

AN [EML E HIHE 5% iR 3 (correlation):

1 to+1T
Rop(© =FROFGFE0 =7 [ Foftceend

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

> HEEIS =B EER T B, BIR. (1 — co)FRp(§ — o0), Kahi
STEHERMEF (de-correlated)



R G

[5]—{3 & 7E AT 8] _EAY B 48 5K R B (autocorrelation) :

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

AN [EML E HIHE 5% iR 3 (correlation):

| [lo+T
Rop@ = FodFe i e =5 [ FeO/GrEDE ()
> fgl‘ﬂ%ETﬁ%1ﬁﬁ§%§H¢; Rpp(O)RFTHE, ERX, AASESTE
H
> HEEIS =B EER T B, BIR. (1 — co)FRp(§ — o0), Kahi
STFEHETFI (de-correlated)
o lb I, AT LAE X 32 R AE % (crossscorrelation) Ry (7) AR 1y (€)



Z;EEIIILWE,J sll‘ﬂij‘i*E:El

VB ) =tk o

RIFFIEDEAS o
/ uz’ _
V-u o 0 (15)

/&Eﬂﬁﬂﬁﬁﬁﬂﬁr‘lﬂ.ﬁz (dlvergence free)
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FIETEHIN-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, RFTRIEFRTRIRT RN



> ufu, —RREBFXFRMEsymmetrical, HETFRBALTE
OpenFOAM® —BARFREFIEN S, HPEEANTE

! ! !,/ !,/
—U U U Uy —UpUS
—_ ! ! !,/
= | TUUp TUQUy  —UQUZ (17)
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—Uuzuy
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S(uu)+ V- (W) - V- (wVa) =-Vp

£ W, ENp, eNBENNTE —uju))




ou —
a—?+V-(W)+V-(u’u’)—V~(vVﬁ) =—-Vp

HRIBLONKRHE GNMEESE w, EHp, 6MFENITE —W)
» BRABMMN AR UMNEEMRE, 3 shEX18), BkRGEREFAE
#J(the system is not closed)




ou _
a—?+V-(ﬁ)+V-(u’u’)—V~(vVﬁ) =-Vp

BRIBLI0NARME GMEENE w, EHp, 6MFENANE —uju)
BREABMMARE ATEENRE, STHERR), BkRGEETAE
HYJ(the system is not closed)

» FRAHEIX — 2o 2 AL 8m TR B9 ) & 8] &% (closure problem of turbulence)

v



ou _
a—?+V-(ﬁ)+V-(u’u’)—V~(vVﬁ) =-Vp

BRIALNRNE CMRESE w, ENp, 6NEERNITE —uju)
BERRAMNFHRE (INMEEMRE, 38R, BRGEETAE
HYJ(the system is not closed)

» FRAHEIX — 2o 2 AL 8m TR B9 ) & 8] &% (closure problem of turbulence)

» REHRRRENEE: BEENNSHRSERHEKSR

v




ou _
a—?+V-(ﬁ)+V-(u’u’)—V~(vVﬁ) =-Vp

BRIALNRNE CMRESE w, ENp, 6NEERNITE —uju)
» BRABMMN AR UMNEEMRE, 3 shEX18), BkRGEREFAE
HYJ(the system is not closed)
» FRAHEIX — 2o 2 AL 8m TR B9 ) & 8] &% (closure problem of turbulence)
» REHRRRENEE: BEENNSHRSERHEKSR
» —RRELDHFAMITE:



%—?+V-(m)+V-(W)-V-(Wa):—Vp

BRIAI0MRME GMNEENE w, BN 7, MEBENNDE —uu)
» BRABMMN AR UMNEEMRE, 3 shEX18), BkRGEREFAE
HYJ(the system is not closed)
» FRAHEIX — 2o 2 AL 8m TR B9 ) & 8] &% (closure problem of turbulence)
» REHRRRENEE: BEENNSHRSERHEKSR
» —RRZEDHBMIGE:
1. m3EERRIENL (Boussinesq approximation): wju/ & IR E VuliE %
2. BENITMEHE: HSH KB EIZHERE. BRXMEERTSINT L
SO, HSTFREERMBRAE FI




iﬁ?}lt*ﬁ@ﬂ"]ﬂ%

» Algebraic models (fX##EHY)

» Turbulence-energy equation models (Gii-FEE HFIzEHRY)

» HaiEFAR, ELAIDNS, LES, DES



Algebraic models (X ##=H!)

BIENNBERRTARRMIERE (turbulence viscosity/eddy viscosity) %Hzlzi’]r
25 (mean strain rate) BUZEF . X IEFR A FEE R RimiR s R EEIN

(Boussinesq eddy-viscosity approximation) :

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

Hrhy, 25 R, OpenFOAM® FE FnutR



Algebraic models ({X##EH)

BIEN NBERTA®RAMERE (turbulence viscosity /eddy viscosity) FIFEI4R
AT # (mean strain rate) ITFR . XTI EMR A FER mimmsa T RBUA

(Boussinesq eddy-viscosity approximation) :

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

Hrhy, 25 R, OpenFOAM® FE FnutR
REHREY:
» e EBNREE, —ARBIETESFZREER zero-equation models
> y—RREEHITIRN
» REIRER, REZFINGTERKEY, REEMRIITEFIHEEE
» A WTFERRIMSAEE, MATNEFICIZH
» OpenFOAM® & B HIERY




im - AL 2 77 2 AR A

» [E1#Et FH 2l T Boussinesq approximation, &Ly,
SLL — 2y 1_
» v RBTimEhEE (tke)k = éu’u’

> PTmR-RE B IEREY

« one-equation model: Prandtl’ s one-equation model, Spalart-Allmaras model &

. two-equation model: k — ¢, k — wSF



One-equation model

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

ok _ ——0u; 0 (l4—— — 0*k
o + V- (k) = —uju) o7 O (§u;u;u; +p’u§) + V@xﬁxi —e (19)
R l—— ok
QU + P~ = (20)
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SAIHEI)IL*ii

OpenFOAM® mrfSpalart-Allmaras (SA) imimi=8, HILAE M 2 ¥y (nuTilda) F
T; Vt—yfvlv mﬁ‘ﬁgﬂ:_x_/l\ IE—JRJ—‘—d %_E-—\ frif ﬂEEI%

ov ov _ N _ . v
% + 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")
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Two-equation model

» ifFone-equation model, fFlankEGi+E =SB R T




Two-equation model

» ifFone-equation model, fFlankEGi+E =SB R T

> SIAFZ—NimREERBELERE




Two-equation model

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

» itone-equation model,




Two-equation model

flanEt e it E | R

> SIANB—NiREREERBETERE

» ERELNEZRRTELENE, UMEZZNL — 4R8

» B—ANBEHREBw, MEFEBER specific dissipation rate, Rk — wiRE!

» Kitone-equation model,



Two-equation model

BlanikE s i+ Bz R

SINF—PNimnEERHETEIRE!

EERE NS SRR ERENE, hRERNL — AR5
—NERRTEBw, MEFEEER specific dissipation rate, 2Rk — wiEEY

eMw (BIEE) BVIEFHIZRTAMNSHIZhHES K

» itone-equation model,

v

v

v




Two-equation model

BlanikE s i+ Bz R

SINF—PNimnEERHETEIRE!

EERE NS SRR ERENE, hRERNL — AR5
—NERRTEBw, MEFEEER specific dissipation rate, 2Rk — wiEEY

eMw (BIEE) BVIEFHIZRTAMNSHIZhHES K

» itone-equation model,

v

v

v




%+V~(ﬁk)—V-<MVk> —G—e

2
% V. (@) -V (”effve) = O\Gs — s

ot

T

2
— 1
vy = (Ju? uw’ = v [Vu+ (Va)']fi G =21, V|ul

Cy =144, C,=1.92, C53=10.33, C,=0.09, o, =10, o, =13



> e
- BREEIT, EHELASY, UUERA—LXERER

- BEETERIYE, TEEZEHIMIRE Y, SEEERIHITIRASTE
- MRETEFEERBR YR, TUARBITHEHTTE
-ﬁﬁ%ﬁﬁX% EHESHHLS



- =
- BREE, BRELKFSYE, TUER-LERER
- BERITERIE, FEEHINIEIETEY), BEREBHITRSHE
- MREHEIFIIERENZ YR, TUAREITHIHE
-ﬁﬂ%ﬁﬁ$% BHERHLLS

> ﬁk lé‘\
BREEENNSEEHERX, MEREXETER (FTARANSEREHAIX MR
®)

- TEER LA E R SURS), LEAnPARRENTEEEE LR RSN

- A BRI IRTIZ



> 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 V.-(uk)=V-[(v+0"v) VK] + P, — " kw (24)
%L; +V - (tw) =V - [(v+on) Vo] + P, — fuw’ (25)

Pe=ulS|, P, = a%Pk



k—w SSTHIHY

» SST {X 3% shear stress transport model

» k —w SSTRIHR—"Mtwo-equation eddy-viscosity model

» B13E T eddy-viscosity model FISSTHEHY

o k—w FRRIAEMHLA R BRI B EH

- FEEERRET, TRE - ATE, HRERME

« k—w SSTAIAREFRVEINR [ JE Dk E R 9 SRS
» k —w SSTIZTEID)RA :

- EIERTRAM G FEmRBEIL KX, Ebilstagnation regionsA K IR E 45
KHIXI, Rk — caBiF—L



k—w SSTHIHY

=V -[(v+ ory) VE| + P, — B 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
Yy — ark B, — tanh 2k 500v
mazr(ayw, [S|Fy)" - | 5*wy y w N
"H AT 7] F Y AR 5E Bk by SRk @ FER K E 4 1= 4 A 18 H WalY

1
+ 2(1 — Fl)O'wQ;Vkvw

<\/E 500y> Aok
max

B*wy’ y2w | CDpyy?
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G—EBEEFEWEHE

MHFEE—TC, FERETE
C=C+C'

RAFIEMEHIERE
oC

E_'_v.(ﬁU)ZV'(VVU)‘FV'(u/_C”)

_ullCl
_u2lCl
_uglO/
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—uC =




v IRIBTERIL, €

B
= IEIA A R BRI
> —RFRECEMEmRY, BFNEFIREE (BFRFNT) 2



OpenFOAM® i1 5E [ R 3

FEEEnut, k. epsilon. omegalEEH K]
MRS TE

src/MomentumTransportModels/momentumTransportModels/
derivedFvPatchFields/wallFunctions




OpenFOAM® i1 5E [ R 3

» nut (1‘5'&"&%)
nutkWallFunctionfnutUWallFunctionZFE{, —R&REKyT > 30
nutUSpaldingWallFunction, y'i& R MHEI4F

- nutkRoughWallFunction#MnutURoughWallFunction®F3{E & (FAKETEE)

» k

« kqRWallFunction, %[E]FzeroGradient

- kLowReWallFunction, {KEHIEH, EFy H/
» epsilon

+ epsilonWallFunction
> omega

+ omegaWallFunction
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