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A First Course in Turbulence, H.Tennekes and J.L.Lumley
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Instantaneous view of vortices
(E. Garnier, ONERA)
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Turbulent water jet (Van Dyke, M.,1982)
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A First Course in Turbulence, H.Tennekes and J.L.Lumley
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Direct Numerical Simulation, DNS

Large Eddy Simulation, LES

SubGrid Scale

DNS

Reynolds-Averaged Navier-Stokes RANS
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Reynolds Averaged Navier-Stokes Equation, RANS)
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Prandtl (1925)
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Prandtl model

Spalart-Allmaras model

Baldwin-Barth model
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Spalart-Allmaras model
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20 CCFD 2006/6/24



K
e
W
W k-
€ k-¢€
6 T : U ® I | | |
X -
5-_ i 0.2 1 5 0.2+ ]
4_0.0' n
% I
3t (N 1 \o
_ .., ' o0al S Sty |
A ..‘o | "
1_ o.... * y
= '... i .‘.
f I | ® oo .....“°°.‘“°'I" \'.’Oonopoooooooog_o_o_o_o_p_q_q_o_
0

20 CCFD

2006/6/24

thtlab.t.u-tokyo.ac)

100

200

y

+

300

0

100

200

b/

+

.:l;.a \
rL

300



(y - 0)
UzA(X, Z,t)y+0(y2) kz%(A2+C2)y2+O(y3)
5 ; as y—0
v~ B(X zt)y +0(y’) ' gzv(A2+C2)+O(Y)
w=C(x, 21)y+0(y") —v~ ABY® +O(y")
f(y.R....)
R =k*/(ve)
R, = \/Ey/v {'
y" = yu, v "

20 CCFD 2006/6/24



k-€

u = pC,f K21 &

- U dU. \ou.
%—l_ui%:ﬂt aU' e ] aU' _pg+i ,Ll+ﬂ a_k
ot OX; oX; 0% ) OX OX, o,

0%

p— : [(au. U, \au. 52 :
PG L8t S| Do T T tp B D[ |
ot OX; k™[ ox;  ox )oX, K OX, o, ) OX

£
fl = 1 E = 80 + ;
2
f,=1.0-0.3exp (- R%) ; _ZV(a\/?J
. =
f,=exp [-25/(1.0+R,/50)] oy

20 CCFD 2006/6/24



20 CCFD

o0, = 0, ——\ 0 oC
“(pC)l+—(pU.C)=—"(k+k )=
—(» )+a)§(p €| x( +|<t)8)g
= au.’ac’kg
c?xj (’Bxj

2006/6/24




C 0801
k[ = ﬂt P . Prt =
Pr, 0.5 0.7

k=1 % =07

20 CCFD 2006/6/24



RANS

20 CCFD 2006/6/24



<
N
~
©
=
(o}
o
o
N

20 CCFD




 Subgrid Scale SGS
-0
-1
- Detached Eddy Simulation (DES)

2006/6/24



Large Eddy Simulation, LES DNS RANS

: Subgrid Scale (SGS)
- Grid Scale
RANS LES
RANS

o
The Righ

SGS
B T

20 CCFD 2006/6/24



Gaussian Filter

G (x)

\Ei
7w A

6x
%]

Sharp Cutoff Filter

Gi(x)—Zsmi;:}

G

Top Hat Filter

1 A A,
—, ——L<x <=
G(x,){Ai 2 2

0, otherwise

G

20 CCFD

2006/6/24




P04 %,%0) = [9(X % )G (% =X o b e
* G

11t i -

U =u+u’

P AN

Grid Scale Subgrid Scale
. (GS) (SGS)
_RIOENT
20 CCFD 2006/6/24



20 CCFD 2006/6/24



ap_l_@pai B
a  ox
_i _i_' p o5 _i
opu +apu u _ 6p+ T.,+ 0 ﬂau
ot g ax o
SGS (Subgrid Scale)
7, quuj — PUi U;
* GS RANS u,
. RANS

20 CCFD 2006/6/24



20 CCFD

SGS
1 _
T _éé‘ijrkk = _ZIUSQSSj’
SGS
P
+SGS GS
. SGS

2006/6/24

_ 2 oul 20
2\ OX;  OX
Y




Smagorinsky model

SGS
Hegs = :O(CSA)Z 23] SJ
A
CS
¢ LES
*

20 CCFD 2006/6/24



~

Germano L, =T, —7;

Lilly i
E,=L;-T;+7
JE.E.

)

20 CCFD 2006/6/24



SGS
SGS
:usgs = ka \/ ksgsA
SGS
aIOI'(szgs 4 an pksgs —7, ﬂ_ ng k;?g/s2 n a :usgs aIOI'(szgs
ot OX; OX; A 0X | o OX

20 CCFD 2006/6/24



s LES
- RANS

- Spalart-Allmaras 1

- RANS 0 LES

T _%é‘ijrkk = —2[(1—ﬁ(2)),usgs +IB(Z)'uranS]§”

20 CCFD 2006/6/24



LES

Subgrid Scale (SGS)
RANS DNS
SGS
DES

20 CCFD 2006/6/24






« FLUENTG6.2

. (RANS)
— 1 SA
— k-¢ 2 RNG Realizable
— k-w2 SST
— RSM
— v2-f
. (LES)
— Smagorinsky-Lilly
— WALE
— SGS

— Detached Eddy Simulation (DES)

20 CCFD 2006/6/24



S— FLUENT62

e Spalart-Allmaras e Kato-Launder

° k-¢ ()

e RNG k-¢ )

e Realizable k-¢ °

° k-¢

° k-

o SST k-w ® SWF

e RSM o NWF

o V2 -f ® (EWT)

o LES

e DES (UDF)
o

20 CCFD 2006/6/24



FLUENT
*

20 CCFD 2006/6/24



=l A[XI
hler e Model Castants
- Iveiseid £i = —
o Laminar [n:--:ts:i:- S - 2 Q”Q”
| Spabiert-Almaras (1 aqn]| Che
w kepsilen (2 eqn) [n_azz
~ h-oimega (2 egn) &
« Aeynodds Stress (7 eqn) [?_1
- Large Eddy Simulaticn =
8 padart-Alimaras Crphions [.;._3 _ .
""\'ﬂﬂﬂh}‘-ﬂm‘m Cwd ! S: ‘Qlj‘ + CprOd ml n(O, SIJ = Ql]‘)
- SteainiVoriicitye-Based Production | User-Defined Funetions

Turbulent Viscosity

| one 7]

oK Cameel | Help | —

o

20 CCFD 2006/6/24



FLUENT
2

20 CCFD 2006/6/24



¢ Kato Launder 1993 k

P k-€
¢ Kato - Launder (1993)
R = 1,SQ
1{o0. oU,
Q=/20.Q. , Q. == i j
[ | J] z[axj 8)(| ]

20 CCFD 2006/6/24



Grid [refine Sobee Adapt Swuriace Displyy Plot Beport  Paraliel

Copuright 2003 Fluemrt Irc
All Rights Rasared

“Auarslacal AFluent  InsSrelease s Fluents .l 221 IS Flpelm odig@ 117327

Kill scvlpt File is Snetsitazusdionesltazuskil 1-Fluent21122

¢ oha

Sdeflner no

Adeflresnadela? wis

Adeflhnesmidela wisoous> tur

Sdeflnesmaidelasvlacaua turbilence-expart? kata
Enshle Kato-Launder modification? [nol y

Fdefinesmodelsviscous/turbulence-expert kato
Enabla Kato-Laundar radification? [yea] yes

20 CCFD 2006/6/24



e RANS: RNG k-¢ )

. Renormalization Group Theory
2
L 2
*FLUENT
FLUENT
S Re

20 CCFD 2006/6/24



L 2
K .
Hy = lutof (O[S’Q’Ej Hyg -
N J
Y
2
3(1_ 2
= _C.rn (2 ’37/ o) & C, =009, 7,=438,
Lot £ B =0.012
SR
n="—
&
° €

20 CCFD 2006/6/24



Mo el Model Canstants
e I Cmu 'S Re

- Laminar | 0.022%

- Spala-Almaras (1 eqn] £1-Epslion ¢

# k-epsilon (2 eqn) [1-dz

TR E R cz-Epsilon

« Aeynodds Stress (7 eqn) [:I..EE-

- Larige Eddy Simulation = .
k-zpsilon hiodel [-:-.-:-r

.- Standard * 0.07
# ANG Usier-Diefind Fuivetinns

« Aealirable Turbsulent Viscosity
ANG Oyptiois o

_ Diflerential Viseosity Modal

[ Swirl Dominated Flow |
i/l Traatament

# Standard Wall Funetions

- Mon-Equillibrium Wall Functions

o Enlsanced Wl Treatmant

oK | cancel|  Help |

20 CCFD 2006/6/24



— RANS: Realizable k-8~ (@)

. Realizability

kou 1 - 2 50
O > ~37 —>» uzzgk—ZCﬂ k—Q<O

& OX 3Cﬂ 3 g OX
,
+Schwarz (uau,b’) < uguj

Realizable k-¢

*+ RNG

20 CCFD 2006/6/24



g ]
\ J
Y
€
€ ,OClsE, ClzmaX{OAS,L} nzg
n+9 g
82
: C,———, C,=19
TN A




¢ k-¢
L 2
*
*FLUENT

¢+ Abid

¢ Lam-Bremhorst

¢ Launder-Sharma

¢ Yang-Shih

¢+  Abe-Kondoh-Nagano
¢ Chang-Hsieh-Chen

.:g"
The

20 CCFD 2006/6/24



Re k-¢
k-€
/define/models/viscous/turbulence-expert > low-re-ke? yes
GUI Viscous Models Low-Re Model ON

/define/models/viscous/turbulence-expert/low-re-ke-index  0-5
Index Model
Abid P

Lam-Bremhorst T

Lrval§a comsang L[usll]

Launder-Sharma o

Liveml kel comaand [1us]

Yang_Shlh ‘riefinedmodelel vis

okl breSmade 1e/ viscous)d i

Abe_KOndOh_Nagano A chef :.l'\lE'-l'll'.l.'|E|!-"\-'I.ECEili"ELr".l|."“."'-E'\-I:E"|: 1= U]

Ersble the low-Fe k=speilon turbulerce rocel? [na] yes
. SoeFine models/ viscou s turbalence-aapartl I
Chang—HS|Eh—Chen Ersbife the low-Re k-eped -\.m .-rll:nllrr-'-e ok 1T [geal y

o el L Seode LS viiscou s LurBu ] @nc e - an per-t
L =g —l'? liokd-ra-kE-1noes Curb-nor—reston 1a 7

Eﬁilﬂﬂzh&lﬂilfhlt_hﬂwbﬂﬂwﬂfi‘n!d

o &~ w N - O

‘il e Smade ledviecoued turbu lenee-pupert ) lou-re-ke-1nees
Lowi-Fie ke-sfriilon rockel Erdes [0]

20 CCFD 2006/6/24



L g
*
* k-¢£
*
. W
FLUENT
L 2
L 2

20 CCFD 2006/6/24



kMaodel Maodel Constants
+ Inviseld Alpha”_inf -
w Laminar Ii
- Spalart-Allmaras {1 eqn) Alpha_int
- E-epsilon [2 eqn) ID.E-E
[+ komogs fzow) ||| pew ot
« Reynolds Stress (7 egn) I':"'E
+ Large Eddy Simulation Beta |
K-oinega Model |0.072
“ Standard A beta i
ar 33T User-Defined Functions
k a 3 Turbulent Wiscosity
_| Transitional Flows none i
[T Shear Flow Corrections Prandtl Humbers

TEE Prandil Mumber

oK |

Cancel|  Help |

20 CCFD

2006/6/24

u=f(Re)2X 0<f(Rg)s1
H_J H
Re, Syt
u
f(keo§Q)
kK




20 CCFD

............... RANS: SST k-t

*k-w k-€

. k-w

. k-w

k-0

FLUENT

*

2006/6/24

k-€




----------------------------- RANS: SST k-w

Model Model Constants
w bviseld Alpha®_inf
 Laminar E
- Spalart-Allmaras (1 ean) | | Alpha_inf #
-« E-epsilon (2 eqn) ||:l.52
“ k-omega (2 eqn) Beta®_ind
~ Reynolds Stress (7 eqn) ||:|-.|:|g
« Large Eddy Simulation A bats
k-omega Model E
~ Blandard Feta® i
User-Defined Functions
mlmms | Tlll'huhﬂ'““ﬂﬂlﬂ' k
_| Transitional Flows | none | 7]
oK | Cancel| Help |

2006/6/24

20 CCFD

- t(Re)2X  0<f(Re)<l
H_J H
Re, St
7
FLUENT6.2

—uu. % 1008 ko

J

o




B - RANS: RSM(1)  [IRESue s

FLUENT

20 CCFD 2006/6/24



L 2
k

(= - W —

Y 1008 Y —0247, ¥ _0655 - _0255

J K K K K
G| 7 1S

K8t 63xJ
u2 Vv W uv
T

20 CCFD 2006/6/24



e RANS: RSM(3)

2
Gibson-Launder model
Speziale, Sarkar, Gatski model
FLUENT EWT
L 4

Gibson-Launder model

20 CCFD 2006/6/24



Badel Model Constants
e Iviseld Cmu °
 Laminar |0.02
~ Spalart-Allmaras (1 eqn) C1-Epsilen P 02 W uv2
 k-epsilon (2 eqn) |1-44 —=1.098 —=0.247, —=0.655, ———=0.255
[* Reynuolds Stress (7 eqn)| [1.92
w Large Eddy Simulation C1-PS
Aeynolds-Stress Options 1.8 .
I Wall B.C. from k Equation ‘
| Quadratic Pressure-Strain Bodel
™ Wall Reflection Effects
HearYall Treatment .
& Srandurd Wall Functions
~ Mon-Equilibrium Wall Functions
~ Enhanced Wall Treatment
ok | Caneel|  Help |

20 CCFD 2006/6/24



.4 k-g 2

FLUENT
¢ CASCADE Technologies Inc.

USC:http://www.fluent.com/about/partners/softserve/cascade.htm

20 CCFD 2006/6/24



Define/Models/Viscous

v2f \

(allow-v2f-model)
v2f
v2f

Medal Carstants

=18 =]
Eiie el Dgline Dol Pdapd Suefacs Deplyd Bl Beport  Paallsl  Hele
05 mived wal |l faces, zope 3. =2
E':IU mized wall taces, zore 4.
L cr—
B0 mized welocitv-inlet fi
47595 mixed inderior faces, ;| Model
21450 quadri lateral cells, =00 e
Bui ldirg “ Laminar
grid, © Spalart=Almaras (1 eqn]
jk © k-apslon (2 el
matarials,
irterface, T k-omega (2 egnl
doma i res., " Reynolds Stress (5 agn)
IOM=S,
default-irtarior
welocitv_inlet. ] il M
prestre_ ot et 2
wall.d
wall.4 [}
sl I
=l =

fgfre Soles  diagt Tpfels

[nbye P

'" ]-l'l'nﬁﬂd Cmu

" Laminar (1 ean) |I'|,E:
™ Spalart-plmaras (]
o wﬂun EEam]l E_'l-Epdnn

i e repart s

b (@l |2 -mocka |

:chpt.-‘ Eric
digplaw paral le fis
det imey elat/
filed reporty |

y_—hp'r,-"

diep law ]
det iney’ elat/
filad repart) [

e i

Model

'.I"' TI'I'1'H|:'H:|

{ * Laminar

| T Spalart-Aimaras {1 eqnl
f‘t*auﬁi:n 12341;]!]

i""-"ﬂ’ 14 eqnl

1 Ell:l'l:l_

ok | [Cancel] He |

20 CCFD 2006/6/24




. RANS
L 2
. (Computational Aeroacoustics, CAA)

FLUENT 3 SGS
¢ Smagorinsky-Lilly

+ WALE

. SGS

20 CCFD 2006/6/24



¢ Smagorinsky-Lilly
>
>

Wiscous Hode

Madal

™ Irwvigcid

™ Laminar

T Spalart—almaras
" k=epslon (2 eqnl
© k-omega  [2 eqnl
" Regmolds Stress (7 eqnl
T Defached Eddy Simulaton
F Large Eddy Smulafion

Subgrid-Scals Modal

= Gmagorinsky - Lily

r WAlE

T Kinetic—Enargy Transport
Optiors

r Dymanic Mol

(1 an)

ok | Cancal|

Madal Constants

Cs =

Il].l I

.

Uzer=Defined Functions
Subgrid-Scale Turbulent Visoosity

e -

Help |

r WALE

Options

Viccous Madel
Madal Wseer = Curfingsd Funclions
I Irestzacid Subgrid- Scale Turbulent Yiscosty
" Laminar |nu:nnva j
r Spalart-Almaras (1 agn)
™ k=epslon (2 eqnl

 k-omsga  [2 eqnl
" Regmiolds Stress
" Dafachsd Eddy Simulabon
F Large Eddy Smulation
Subgrid—Fcalke Modal

= Smagorinsky - Lily

™ Kinetic—Enargy Trareport

{7 eqn)

 [Dymasic Madsl

20 CCFD

2006/6/24

ok | Cancel| Help |

\

L



Wizcnus Modsl
Modsl Modal Corstants
 Inviscid Cwale =
 Laminar n.ﬁﬁ
" Spalart=Almaraz (1 eqnl I l
~ k-apsilon (2 agn)
C k-omega (2 eon)
" Remols 3ress (7 eqnl
"~ Defached Eddy Simulation
& Large Eddy Simulation

Subgrid-Scale Maodel
™ Smagorinsky—Lily B
b ﬁ Isar—Defined Funclions
Subgrid-Scale Turbulent Viscosity

|n|:-ne j

OK | Cancel| Help |

" Kinetic~Energy Transport

20 CCFD 2006/6/24



- ' \.‘ L .:h;_‘*
. SGS
» SGS 1
— kSgs
>
Wizcoex Mndsl
Modsd Uzar-Defined Functions
 [nviscid Subgrid=Scale Turbulent Viscosify
T Laminar ||-||;||-,g. j

~ Spalart=Almaras {1 eqn)
~ k-apsilon (2 agn)
Ck-omega (2 en)

T Reynoks Sfress (7 eqn]
™ Defached Eddy Simulation
* Large Eddy Simulation

Subgrid-Scale Modsl

= Smagorinsky—Lily
CWALE
& Kinetic -Energy Trareport
Opfions

=

Ok | Cancel| Help |

20 CCFD 2006/6/24



TUI

2

GUI

|unumm-mhﬁ-mm&nmhﬂd

Fluent

2

(rpsetvar “les-2d? #t)

Heip

Fluemtb, L 2271107 luent oonp 11432 ¢

todel

—
biodel Constants.

Kill scrlpt file 1o /ety

‘ | rpeetvar ' lea-2d7 Et)
lam-2d?

umﬂ
o Lamimar
o Spalart-Adimaras (1 eqn)

Losding “susrs/local /Flusnt.Inc/relmsmes s

Darea -

Startimg =w=c fusrdlocal/Fluent, Inc/releses/ floents .1, 228 neSE 2d 7 F luent B, L. 22
eleom= to Flusnt &, et T
Copuright 2003 Flusn
ALl Rlghts R iz

Loading "Jusrslocals/Fluen

[are

||~ W-apailen (2 eqn)

(2 eqn)
- Aeynalis Stress (5 egqn)
[~ Large Eddy Simulation |

-

==

“ Smagorinky-Lilky
NG

Cs af

[0t

User-Defined Functions

mm‘ﬂﬂw |

o k|

20 CCFD

2006/6/24

L B

ex.




Spalart-Allmaras ( RANS)
LES SGS (SA )
RANS SA
Viscous Model | %]
Modsd Model Constants
r Inviscid Cdes -
" Laminar : ] IU.EE I
© Spalart-Almaras (1 eqn
~ k-apsilon (2 egn) Chi AL
T k-omega (2 egn) [0, 1355
© Reynolds Sfress (7 eqn)
SA = Ditashed Eddy Simiafion Che_ A\
* Large Eddy Simulation |0.622 ™ DES
\Epdar’r-.ﬁ.llma-ﬂ Dphiones il
* orficity~Based Production i o
 Strantorficitv—Bessd Praduction e o o R
Turbulent Viscosity
|n|:una j
OF | Cancel| Help |

20 CCFD 2006/6/24



heoded Muodil Canstants
| Cmu
- Laminar |0.0%
o Bpalari-Allmaras (1 agn) C1-Epsilon ¢
I-'l*h-q:llllun = ) I 4 _44
s ) LE,,._ ¢ Spalart-Allmaras
.- Reynolds Stress (7 eqn) [i_gz
- Large Eddy Simuation P * k-¢
k-epsilon hiodel [1 ~ k
“ Standard TOR Prandti Humber -0
~« AHG
.- Aealirabie /—%-hum * LES
Mesar-Aefall Treatment \l""""
< Standard Wall Functions “Prundil Humbers
- Mon-Equilibrium Wall Functions | | TRE Prandt Mumber UDF
- Enlvamead Wall Treatmant i
0K |  Cameel|  Help |

20 CCFD 2006/6/24



20 CCFD 2006/6/24



e RANS
« 180
e LES

20 CCFD 2006/6/24



Vogel and Eaton (1985)
k-€¢ RNG k-&¢ Realizable k-¢

Re,, = 28,000

mpf;.'all (insulated)
inflow
o> e

1 |5 recirculation zone

I dividing streamline
T {ﬁattachmem point
T BT
X heated wall (q" = const)

__KEUEN

20 CCFD 2006/6/24



20 CCFD 2006/6/24



20 CCFD

*

Eﬁm‘

xpar‘:mgm

ea]:zahle

Mu4.008+01

k-¢

RNG k-¢

2006/6/24

B.00a+01
7.00e+01
B.00e+01

5.00=+01 -

3.00a+01 -

e

- q

2.00er01
1.00e+01
0.00a+00
D2 1t 12 14 16 18 &l
¥

Realizable k-¢




20 CCFD

X-Velocity

Profile

Profile

2

Intensity
Hydraulic Diameter

3

Profile

k=1, & =1

Nu
* E:-:p _[i]rncm

—Profiles
—UDLE?JS[E=1.

1.00a+02

By a.00a+01

2006/6/24

H.00s+01

B.00=+01

F.0le+0l

B.00a+01 j’

4 00=+01

[
H:‘::"“M"‘"*--M

d.00=+01

-

2.00e+01
1.00s+01

Q.00s+00




20 CCFD 2006/6/24



Ured g niaent -
At Fave - — |

7.00a+r01

: ./f p
B.00e+01 /&'ﬁ' S
/.
{

+ §xﬂlélr1man1 Structured

5.00=+01

Sere—=== = Triwbl

Mu4.008+01 -

A.00a+01 -

2.00e+01
1.00e+01 ’/ Quad Pave

U.00a+00

20 CCFD 2006/6/24



*

|

Mu
xparimeani

a0g b

Mu4.008+01 -

20 CCFD

f.00a+01
7.00e+r01
B.00e+01 -

5.00=+01 -

3.00a+01 -

a.00e+ril

1.00=+01

0.00a+00 -

2006/6/24

L2

L4

16

Zl

40% _Growth -




Hu Waah
;Eﬁqarm‘ — Gute P
r 1.00a+02 — 1&0

—nu (rke o ]

9.006+01 =1 N /
] ] N 140

B.00e+01 3 /f"' \\ 7

7.00er01 / < 120 r/f

B.00a+01 A . ] ] v
1 1/ — -~ 180

Mu 5.00a+01 3 [r + ,"':-:._?T_‘ — /

4 00=+01 : F .I'i " lfWﬂ" B0 /

3.00e+01 ! + : a f-"""- :

2.00e+01 7 “ 1 \“\ ‘,..r-—-x_,/

1.00a+01 " '\I,"

0.00a+00 - 20
b2 4 B B 10 12 14 16 18 / J I

X o ek

] 2 o4 L] & 10 12 14 16 18 20
FPosition

Realizable k-¢

20 CCFD 2006/6/24



EX. 30 < y+ < 300

20 CCFD 2006/6/24



Realizable k-¢

(FLUENT
k=1 € =1 )

20 CCFD 2006/6/24



= Re,, = 20,000
= Buice & Eaton (1997)

= 8,000

= Realizable k-¢
SST k-w
v2-f

20 CCFD 2006/6/24



1 1wt

1
| Ml

|
EMient

D Q3 J3W 03d EFDM §d OOy Jd@d A0d DDe

-1 K+ - —_—— - - . -
QT DoEd 1M Ome  am oo e DiE o0 O J8d O DOiE [oda DENE 2308

k/U2 k/Uzref k/Uzref

ref

xperiments — Realizable k-¢ — SST k-w

2006/6/24



Realizable k-¢

SST k-w

v2-f

20 CCFD 2006/6/24



"Re, = 10°
=Monson et al. (1989)
: 38,000
- ; SA
k-€

20 CCFD 2006/6/24



1.0 o
N o b I} .'i'"n e - 0 oo ='-‘.=
08 - 1 -ié'n 0.8 H'E_
3 -3
r/h o -' B " 0 =90
a e
e .I:I r/h GE - h'ﬁ
05 .: _ sy T
0.4 "-__“' Bt q,n
-._ﬂ ! '-H'-
.3 A 02 - '?"n
0.2 3 0.2 - : %QBH
o1 - E o1
Y : . : E. i D L e KL P R ey . ¢ Eh
o Dz 04 DE 08 1 L2 1.4 0F D4 08 0B i 12 14 1B iR
U/Uref g U/Uref

= exp " p=180 |
-S_A r/h i

os +

—-std k-e os ;
--BNG 04 "'-'-a
—RSM 03 3

20 CCFD 2006/6/24



[ L
E‘!'.':.'. __.n_. -.-.
),
C a0 - -il - -,
P | )
05 - |
3
L]
i m
-1 ':l =1 :.
4
W = exp
¥ ey an
otd ke
T - ANG
20 g
oo — REZM
bt
25 : . | |
ai & " @ 24 28 a0

20 CCFD

2006/6/24

g

C 06 -

" |
||r -:1
0.4 . / §
qx = = ,T_--l"l ::;.:
02 - ::,-
i
4
0.0 < ,
=02 i A
=04
=06 .
18 18 20 22 R




Spalart-Allmaras

20 CCFD 2006/6/24



RSM
RNG k-¢

k-€
Spalart-Allmaras

20 CCFD 2006/6/24



H/D

Re T
Pr 0 IDI

hx)=0 /(T,-T,) &
Nu=h(x)L/I, 7

[ 177007777
T,or ¢

20 CCFD 2006/6/24



30% - 80%

1.10s-01

1.00s-01

NU*=Nu/Re07 %

S 00e -0

Exp: Baughn, Shimizu (1989)

H/D=2, Re=70000
7. 00e-12
£.00s-02
£.00s-02
4.00e-12
5 00e-12

.00 -0

1.00=02 -

20 CCFD 2006/6/24



Free jet

Stagnatlon zone

" / Boundary layer & transition

- |~ -.\_ -

20 CCFD 2006/6/24



H/D=2, Re=23,000 —

1.20e400 -

1.00e400 -

8.00e-01

i

g.00e—01

4.00e-01

2.00e-01

0.00e4+00 —1 T T T T T T T T T T ) T T =2 T T 1

20 CCFD 2006/6/24



1 A0l I, 00a-01 -
a00e-02 J
1 20a-0l i
& e-02 -
1.008-01 el
& 00e-02
8 0002
500802
B 00e- 0 400002
] uw_m !3 [H]l.'"—':m =]
200002 -
2.00e—i ]
i.D0p=02
nﬂ&“—m L] ¥ L L] L] . L) L] ] 1 lj m]!'"m - ] F E 1 1 L. L] L]
b i g 3 4 5 ] 7 & 9 o D i 7 a 4 5 B 7 & B i

20 CCFD 2006/6/24



H/D=2, Re=23,000

U 4de-01

20 CCFD

2006/6/24

A Me-02 -




(r<2D)

- H/D=2, Re=23000
k-€
- 80 %

- 25 %

20 CCFD 2006/6/24



20 CCFD 2006/6/24



LES

20 CCFD 2006/6/24



LES - f2) g RS SR

URANS (Unsteady RANS)

URANS

URANS SST k-w model LES

20 CCFD 2006/6/24



ey l"'l 'y
Soker Fearmulaticon
. hex mesh & Segregated  Implicit
"~ Coupled r
Space Time
. e ™ Steady
e & lUnstaady
i
# 39D Transient Controls
w [Won=[teratve Time Advancemsend
4 r
Velocity Formulation  Unsteady Formulafion
* LES * Absolute r
" Relafive & lgt=Order Implicit
~ Ind=Order Implhicit
7S (zradient Option Paraus Farmulaton
~ Call-Basad & Zuperficial Velociy
* Hode-Based ™ Physical Velocity
. NITA Ok | Cancel| Heb |

KON

20 CCFD 2006/6/24



1 LES e (2)

T — ' ' .
Eeuaﬁme l| ='| Under -Relzation Factors
. Fremrna'ﬁ —
Denethy ﬁ_
2 BCD Body Fur:aal]
* QUICK Momaritum Iﬁ J
Fressure—Yelociy Coupliing Dizcretization
[SIMPLEC <) [ rossire Gacond Order ] -
* SI MPLEC %‘-ﬂmaﬁ Correchion il HMBI'I'h.ITﬂlﬂnLnded Cantral Differen j
0.9 i -
¢ Subgrid-Scale -
) OK | Default| Cancel| Help |
. Smagorinsky _
model L - | =
Hn-d-al lser—Defied Functions
= Irweszid Subarid-Scala Turbylent Viscosmy
. DES " e T ———

 Spalart-blmaras (1 agnl
© epslon 1 en)
© k-omega (2 eanl

© Rewolkl Shess (7 eanld
" Detached Eddy Smulation
& Large Eddy Sumiilatan
Subgrid—Scae Model
= Smagonnsky- Lik
~WALE
™ HKinehic—Enargy Transpart
Dpficrs
® Dynamic Model

OF | Cancel| Help |

20 CCFD 2006/6/24



. RANS
TUI: solve/initialize/init-instantaneous-vel
* _,:m'__ﬂ
CFL Time
Time Step Size (2] |],:-5
. /
Numbar of Time 3+a|:3|[| il
Time Stepping Meathod
# Fined
~ Adapft
" r
Options
* ¥ Data sampling for Time Statistics
[feration
Max Herations per Time 2tep [50 =
. oo ST 3
Reporting Interval |1 il
UDF Frofile Update Interval |1 il
4
Merate| Apply | Close | Help |

-["UEN

20 CCFD 2006/6/24



http://www.uec.ac.|

http://www.uec.ac.jp/acc/map.htm

20 CCFD 2006/6/24



	乱流セミナー
	乱流現象の主な特徴(1)
	乱流現象の主な特徴(2)
	乱流の数値解析(1)
	乱流の数値解析(2)
	伝熱を伴う二次元バックステップ流れ
	乱流モデル以外の要素
	検証：乱流モデルの比較
	検証：境界条件(1)
	検証：境界条件(2)
	検証：格子依存性(1)
	検証：格子依存性(2)
	検証：格子依存性(3)
	検証：格子依存性(4)
	検証結果
	検証結果
	熱移動を伴う衝突噴流
	流れ場の特徴
	検証：乱流モデル比較(1)
	検証：乱流モデル比較(2)
	検証：乱流モデル比較(3)
	検証結果
	まとめ
	LES解析事例(1)
	LES解析事例(2)
	LESの解析指針(1)
	LESの解析指針(2)
	LESの解析指針(3)

