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Plan du cours

1. Equations de Reynolds (RANS)
1. Rappels cinématiques, équations fondamentales
2. Décomposition de Reynolds, tenseur de Reynolds
3. Limitations
2. Modélisation de turbulence
1. Modéles de “viscosité turbulente”
1. Définition, phénoménologie
2. Modeles a “0 équation” : Longueur de mélange
3. Modéles a “2 équations” : k-g, k-m
2. Modéles de contraintes de Reynolds (R;-¢)
3. Large eddy simulation (LES)
3. Turbulence homogene isotrope
1. Théorie de Kolmogorov
2. Description spectrale de la turbulence homogéene
3. Fonctions de structures, lois d’échelles
4. Intermittence ; développements récents
4. Codes industriels, LES [S. Deck, ONERA]



La turbulence “frotte plus”

Augmentation de la perte de charge due au melange de quantité de mouvement

Re < Re, Re > Re,




(Video CD-ROM MFM)
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La crise de trainée

Coefficient of Drag as a function of Reynolds Number
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Ecoulements de cisaillement
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Shear layer: Kelvin Helmholtz instability

Dense salt water
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Convection de Rayleigh-Bénard

TENPERATURS

cold
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https://www.google.fr/imgres?imgurl=https://www.mis.mpg.de/fileadmin/otto_img/hot-cold_5_.png&imgrefurl=https://www.mis.mpg.de/applan/research/rayleigh.html&docid=K2Er4YCy7I9tvM&tbnid=XdYBTCiGjcv41M:&vet=10ahUKEwiK9Om32JzbAhWiiqYKHTLqAnAQMwg3KAAwAA..i&w=1278&h=641&hl=fr&authuser=0&bih=1015&biw=2048&q=rayleigh%20benard&ved=0ahUKEwiK9Om32JzbAhWiiqYKHTLqAnAQMwg3KAAwAA&iact=mrc&uact=8

Convection de Rayleigh-Bénard

https://www.youtube.com/watch?v=M-yXOEsDivs
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Ecoulements quasi-paralléles u,(y)
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Shear layer: Kelvin Helmholtz instability

© 2004 Weinkauf (ZIB), Noack (TUB), Comte (ULP), Dillmann (DLR), Hege (ZIB)




Instabilites d'une couche de mélange

"vortex pairing" augmente
I'echelle des structures

etirement des
tourbillons augmentent
le melange

Couche de cisaillement

N
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Origins of thb\JIence in a shear flow
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Turbulent jet (experimental)







Turbulent jet (DNS)










Re =22 000
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Turbulent boundary layer (experiment)
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Turbulent boundary layer (DNS)
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Simulation: Approche Directe (DNS)

e DNS: Resolution directe des

équations de N-S

UXI uyl uZI p = f (Xil yi, Zil t) o ”.:
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* Nombre de ddIs necessaires:

0.8 09 1 11 12 13

— calcul 3D instationnaire
— AX~nl4, At~r1/4,
OOk

avec n=(v¥/c)" et t=(v/g)!2 S

- memoire: N3 ~ (L/AX)3 = 64Re%4 ’
o
=

- temps CPU ~ N3/At ~ Re'1/4
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La Loi de Moore
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Approche statistique

Décompositions :
-Moyenne [d’ensemble] + fluctuations (RANS)

-Grandes échelles + petites échelles (LES)

Instanan_eous Mean

&"’ B - \ ;

23



Approche statistique

DNS : Direct Numerical Simulation
3D, unsteady

RANS : Reynolds-Averaged Navier-Stokes
Steady / unsteady

LES : Large Eddy Simulation
3D, unsteady
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Marche descendante : moyenne d’ensemble

Reynolds number: 57100
Expansion ratio: 1.2
Grid: 768 x 192 x 64

Normalization based on
step height H and
free-stream velocity at inlet
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Structures cohérentes

Persistence de structures cohérentes :
- Vibrations, bruit aérodynamique

Probléme pour RANS

Solution : LES ou DNS

Couche de melange plane

a differents nombres de Reynolds
(a) haut Re

(e) bas Re




Codes CFD (computational fluid dynamics)

Codes industriels courants :
(Fluent, Gambit, CFX,...)
CD-adapco (Star-CD)

Ansys

FlowScience (Flow3D)

@D-adapco

FLOW/AScience

Improwing the world through accurate flow modeling

Viscous Model

Model

" Inwviscid
" Laminar

Spalart-Allmaras [1 eqn]

~
* k-epsilon [2 eqn]
" k-omega [2 eqn]
~

Reynolds Stress [5 eqn)

k-epsilon Model

f* Standard
" BNG
" Realizable

Mear-¥Wall Treatment

9

Standard Yall Functions

Model Constants

Cmu

|a.n-;~

C1-Epsilon

|1.uu

C2-Epsilon

|1.92

TKE Prandtl Number

|1

User-Defined Functions

Turbulent Yiscosity

X

*" Non-Equilibrium Yall Functions ||'||]|'|g
" Enhanced Wall Treatment
~

User-Defined Wall Functions

Options

[ ¥Viscous Heating

Prandtl Numbers

TKE Prandtl Numher

|HDHE

TDR Prandtl Number

|HDHE

Energy Prandtl Number

|HDHE

Help |

-

(Fluent)

27



Modeles hybrides RANS-LES

Ay

1) CITS simulation: PW6000 Engine

-?2"—:1- iy

Goal: Integrated flow and combustion simulation

Study combustion instabilities, blade vibration,...
. New paradigm for simulation-based design

st o

Compressor (RANS)
(not yet simulated)

I ‘E- ‘I J'E::ii'f I :
Combustor (LES) Turbine ( )
(RANS by NASA's NCC) am
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Jet turbulent : hypothese de similitude
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potential core

Turbulence - Master 2 DFE, 2020-2021



Jet turbulent : hypothese de similitude
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Jet turbulent : moyenne et contraintes de Reynolds
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x/D

Turbulence - Master 2 DFE, 2020-2021



Jet turbulent : Tenseur de Reynolds
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Ecoulement de canal
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Canal plan : Contraintes de Reynolds
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Contre-exemple : le jet pariétal
invalidité modeles de viscosité turbulente (mixing length, k-g)
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Jet plan pariétal, Re ~ 2 x 10* : profils de la vitesse moyenne U et de la
~ontrainte totale de cisaillement 7. = ud U /dxa — puj U en fonction de la dis-
-ance & la paroi, x;/x3, ou x5 est la distance a laquelle Uy = 0.5 X Uymax ; 7w est
a tension a la paroi. En s'écartant de la paroi, on trouve d'abord le point ou
r = 0, puis celui ol dU/dx, = 0. D'aprés MATHIEU J 481 485

Turbulence - Master 2 DFE, 2020-2021



Couche limite turbulente

Nominal Limit of

_h-uoo %’
Boundary Layer - —

Transition
Region (short)

— Turbulent

Laminar

Leading Edge
/. Viscous Buffer
Trggie;:ilon Sublayer  Zone

Graph of velocity u
against distance y from
surface at point x

Turbulence - Master 2 DFE, 2020-2021



Couche limite turbulente

T2 (insviscid flow outside _ -
U,y boundary layer) _-"
- - -
—— &(x1)
leading // // ;%\
edge
|
.171 =0 efcl
(@) (b) (¢ (d) (e) (f)

Fig. 1.6 Sketch of the transition of a laminar boundary layer developing over a flat plate with
zero pressure gradient. (@) Stable laminar flow, (b) appearance of Tollmien-Schlichting instability
waves, (¢) nonlinear effects and tridimensional evolution, (d) large scale structures such as hairpin
vortices, (¢) growth of bursts and (f) fully turbulent boundary layer for Rey, > 3 x 106

Turbulence - Master 2 DFE, 2020-2021



Turbulent boundary layer (experiment)

Turbulence - Master 2 DFE, 2020-2021







Turbulent boundary layer (DNS)

Turbulence E]







Couche limite turbulente
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Turbulence de grille (TD3)

D’aprés Corke & Nagib (Van Dyke)

Turbulence - Master 2 DFE, 2020-2021



Turbulence de grille

H contraction ¢ ~ 1.27
T
il A
M U E Ul:CUO
! d F=%F /
T 18M
107}
(G
Us .
0 (x/M) -1.3
1074}
10 500
e (Comte-Bellot & Corrsin, 1966)
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Jet turbulent : Bilan d’énergie cinétique turbulente k

0.02 —
Production
Mean-flow
g 0.01 convection
]
0.00
Turbulent
% ~0.01 transport
Dissipation
—0.02 | | 1 | 1
0.0 1.0 2.0

r/?i n

Fig. 5.16. 'ljhe: turbulent-kinetic-energy budget in the self-similar round jet. Quantities
are normalized by Uy and ry;. (From Panchapakesan and Lumley (1993a).)

Turbulence - Master 2 DFE, 2020-2021



Codes CFD (computational fluid dynamics)

Codes industriels courants :
(Fluent, Gambit, CFX,...)
CD-adapco (Star-CD)

Ansys

FlowScience (Flow3D)

@D-adapm

FLOW/AScience

Improwing the world through accurate flow modeling

Turbulence - Master 2 DFE, 2020-2021
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Sillage d’un cylindre : modele k-epsilon

Realizable k-Epsilon

=< Reynolds croissant =2

— —Théorique  ===-Realizable K-Epsilon fin  =+=.55T K-Omega fin
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Turbulence - Master 2 DFE, 2020-2021
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Données
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Ex: Marche descendante

Reynolds number: 57100
Expansion ratio: 1.2
Grid: 768 x 192 x 64

Normalization based on
step height H and
free-stream velocity at inlet

Turbulence - Master 2 DFE, 2020-2021



Ex: Marche descendante

INLET

OUTLET

V2F™ captures Non-Local Effects

M Structured Grid (10000 cells)
Turbulence - Master 2 DFE, 2020-2021 Reynolds Number 5100

Fully Developed Turbulent Flow at the Inlet



Modele V2F: Diffuseur asymmetrique

Structured Grid (10000 cells)
Reynolds Number 10000
Fully Developed Turbulent Flow at the Inlet

INLET

T

I
[T

OUTLET

V2F™ Responds to Mild Adverse Pressure
Gradients Generating Turbulence

Turbulence - Master 2 DFE, 2020-2021




K-omega SST
Check Valve Example

{\ AUTODESK.

Turbulence - Master 2 DFE, 2020-2021
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Turbulence - Master 2 DFE, 2020-2021




Jet impactant (impinging jet) -

modeéle V2F

Impinging jet on a flat plate

k—contours
k—e model V2F model
E 3 1 E 3 |
0.000 0.086 0.000 0.049

Wall heat transfer coefficient

\bp"" 400
350 x Baughn and Shimizu, 1989
0 Baughn ef ef, 1991
300 ® Yan, 1993
250 | V2F model
— k—£model
é 200 +
150 V2
.
100 Lettug
50
0 .
0 L 2 3 4 5
D

Impinging jet on a pedestal

k—contours VoF model

0.059

k—c model

-

on top of the : OMesbah e al, 1993
pedestal h —— VZ2F model
I
i — k—& model
300 - |
-]
& . downstream on
200 - the flat plate
G '
100 |
0 i
0 wED 2 3 4 5

Turbulence - Master 2 DFE, 2020-2021




Modele k-¢ “bas-Reynolds”

kK ou,

v,=c, f —, P=—u'u'
LR e L o,
D k= g vt 2 jik}rP—g
Dt ox;| Oy )OX,
D o v | 0 £ g’

&= v+—|—e¢|+—c, fiP—c,,f,—
Dt ox, ajaxj } g ol Cala
Exemple : Jones — Launder — Sharma :
£ =1, f, =1-0.3exp(-Re?), ., =exp( 54
b ' LI (1+Re,/50)’

Turbulence - Master 2 DFE, 2020-2021
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Turbulence isotrope
(V. Calo, Univ. Texas)

Couche limite turbulente
(DNS Sillero & Jimenez, 2011)



Earth Simulator : DNS 40963, R, =1130

Kaneda, Univ Nagoya, Japan



www.vapor.ucar.edu






Entry #: 84174

Vortices within vortices:
hierarchical nature of vortex tubes in turbulence

Kai Blirger!, Marc Treib?, Ridiger Westermann?,
Suzanne Werner?, Cristian C Lalescu?,
Alexander Szalay?, Charles Meneveau?, Gregory L Eyink%34

1 Informatik 15 (Computer Graphik & Visualisierung), Technische Universitat Minchen
Department of Physics & Astronomy, The Johns Hopkins University
Department of Applied Mathematics & Statistics, The Johns Hopkins University
4 Department of Mechanical Engineering, The Johns Hopkins University




© 2004 Weinkauf (ZIB), Noack (TUB), Comte (ULP), Dillmann (DLR), Hege (ZIB)







Turbulence de grille




Turbulence de grille

contraction ¢ ~ 1.27
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Mesures expérimentales des fluctuations turbulentes

Instantané en 1 point (HWA, LDV)
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Autocorrélation de vitesse longitudinale et transverse
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Fonction de structure d’ordre 2: D, (r) = < [u (x+r) — u (x)]? >
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Experience : turbulence dans I'hélium, T= 5 K



Spectre d’énergie 1D
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Spectre d’énergie 1D
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Spectre d’énergie 1D : compilation d’expériences
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Comparison of one-dimensional energy spectra. Symbols:
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Gotoh, Riken 2001



Fonction de structure d’ordre 3: Dy, (r) = < [u (x+r) — u (X)]® >
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Fonction de structure d’ordre 3 adimensionnée : - D, (r)/er
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Asymeétrie des distributions des gradients de vitesse du/dx

10° } _ Gaussian —— 1
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FIG. 6. Variation of the longitudinal velocity derivative PDF with the Rey-
nolds number.



Coefficient d’asymétrie (skewness) : S(r)=- <Au2>/< Au?2>32
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FIG. 11. Evolution of the skewness —S(r) and flatness F(r)
of the velocity increments, with the reduced scale r/%, for
R, =~1548; in this case, =~8.4 um and /,/n~=1. The broken
lines correspond to the values of —S and F which we have used
in Fig. 13.

Tabeling et al, PRE 1996



Intermittence de la dissipation ¢ = 15 v <(du/dx)>?
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Intermittence de la dissipation ¢:
tres grande inhomogénéité spatiale

Energie Dissipation

=

FIG. 13. Bird’s-eye view of the (du,/dx,)* field at the same
FIG. 11. Bird’s-eye view of the u? field at the x; =0 plane. plane as in Fig. 11.

Sanada, PRA 1991
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Lois d’échelles anormales :

Sp (1) = < (u(x+r) —u (x))P>~r P avec {(p) #p/3
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FIG. 32. Variation of the scaling exponents § and (;‘ when R,\ 460. Sym-
bols are the results of the present DNS star: (;’ , cncle §p SL., MF, AA.
and K62 are the curves by She and Léveque model (Ref. 70). Yakhot’s mean
Maurer et al, 1994 field theory (Ref. 72), Arimitsu and Arimitsu’s generalized entropy theory
with ©=0.25, and K62 with «=0.25, respectively.









Mélange d'une tache de colorant en turbulence 2D

Jullien et Tabeling (2001)



Mélange 2D

vorticité scalaire

www.ph.unito.it/~smusacch/tesi.pdf



Mélange turbulent : cas ou Sc >> 1

Villermaux



Spectre de température (scalaire passif ?)
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Turbulent convection at very high Rayleigh numbers

J. J. Niemela, L. Skrbek, K. R. Sreenivasan and R. J. Donnelly

Nature 404, 837-840 (2000)
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http://www.nature.com/nature/journal/v404/n6780/full/404837a0.html
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