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Turbulence	  is	  everywhere	  
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Astrophysical	  Objects	  
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∂tu + u •∇ u = −∇ p + ν Δ u + f

Main	  Equa<on	  known	  
But	  not	  understood	  
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Spectra	  and	  scales	  
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Turbulence	  phenomenology	  
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Turbulence	  
Organiza<on	  vs	  degrees	  of	  freedom	  
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N=3	  1020	  

Out-‐of-‐equilibrium	  sta<s<cal	  physics!	  	  
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N=	  1027	  

€ 

N = Re9/ 4



In	  Laboratory	  

Von Karman	

Taylor-Couette	


Turbulence behind	

 oscillatory grid	


Re =102 −108 Re =105 Re =103

We	  can	  approach	  geophysical	  or	  astrophysical	  flows	  by	  experiments	  



The	  von	  Karman	  flow	  























SetUp	   Fluid	   P(bars)	   T(K)	   Re	  

SHREK	   HeI	   1.1	   2.62	   108	  

SHREK	   HeII	   1.1	   1.63	   ?	  

SHREK	   N2	   3.73	   284	   105	  
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VKE	  

H2O	  
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The	  von	  Karman	  flow	  
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instantaneous flow                   mean flow 

Fully developped turbulence at Re > Re=10 000 

Flow	  at	  large	  Re	  



Different propellers at Re > Re=10 000 

Universality	  of	  mean	  flow	  
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Reynolds  number = 
Turbulence intensity	  

	  

Rotation number = 
System asymmetry 

2 control parameters 

The	  control	  parameters	  

























Universality	  of	  response	  to	  
asymetry	  
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Universality	  of	  response	  to	  
asymetry	  
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Universality	  of	  response	  to	  
asymetry	  
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Scaling	  laws	  with	  Reynolds	  number	  	  

Alpha<-‐53	  
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Scaling	  laws	  with	  Reynolds	  
number(II)	  

Alpha>-‐53	  
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Can	  we	  understand	  this	  with	  sta<s<cal	  
mechanics	  argument	  

Why	  Re=40000?	  



Axisymmetric	  turbulence	  

	  
Can	  be	  described	  by	  only	  two	  fields	  

Invariant	  by	  rota<on	  around	  ver<cal	  axis	  

€ 

σ (r,z) = ruθ
ξ(r,z) =ωθ /r

ξ = −Δ*ψ Stream	  func<on	  Useful	  quan<ty	  



Conserva<on	  laws	  
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E = E p + Et = ξψ d! x ∫ +
σ 2

r2∫ d! x 

Hn = ξσ n d! x ∫
In = σ n d! x ∫

Energy	  

Generalized	  Helicity	  

Casimir	  
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Xtot = ξd! x ∫ = ξ
x

I = σ d! x ∫ = σ x

Important	  ones	  

Circula<on	  

Angular	  momentum	  



From	  Axi-‐Euler	  to	  Ising	  
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E = ξΔ−1ξd! x ∫ +
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r2∫ d! x 
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Jxy ⇒ Δ−1 and 1/r2
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S x ⇒ (σ(x),ξ(x))
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2 Thalabard	  PhD:	  	  

Analogy	  

Long-‐range	  2	  component	  Ising	  



Sta<s<cal	  Mechanics	  ?	  

€ 

ρ σ( )
S = − ρ lnρ dx∫ Mixing	  

Entropy	  

	  Probability	  distribu<on	  
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Sta<s<cal	  Mechanics	  

€ 

ρ σ( )
S = − ρ lnρ dx∫ Mixing	  

Entropy	  

	  Probability	  distribu<on	  
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E =
1
2

ξψ dx∫ +
1
2

σ 2

r2∫ dx

I = σ∫ dx H = σξ∫ dxHelicity+Casimirs	  

Kine<c	  Energy	  
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Characteriza<on	  of	  mean	  states	  

€ 

uθ = Bψ + A
ωθ = Buθ +Dψ +Cr
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Characteriza<on	  of	  mean	  states	  

€ 

uθ = Bψ + A
ωθ = Buθ +Dψ +Cr
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Turbulence	  vs	  Ising	  :	  OK	  
Von Karman	


Disordered	  State	  

Ising	  
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Turbulence	  vs	  Ising	  :	  OK	  
Von Karman	


Transi<on	  from	  disordered	  state	  to	  ordered	  state	  

Ising	  

T<Tc	   	   	  Tc 	   	   	  T>Tc	  
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An	  Ising-‐turbulence	  

Thalabard	  PhD:	  showed	  that	  axisymmetric	  NSE	  equivalent	  to	  a	  two	  component	  spin	  model	  

(Mean	  Field	  because	  long-‐range)	  



Temperature	  in	  VK	  

The	  Reynolds	  Changes	  the	  temperature	   The	  angle	  alpha	  changes	  the	  
temperature	  
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Propeller’s	  influence	  
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The	  forcing	  polarizes	  the	  mean	  spin	  direc<on	   The	  angle	  alpha	  changes	  the	  
temperature	  
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Brisure de symetrie pour Ising 
Diu et al. - Physique Statistique - Hermann 

Systeme	  de	  spin	  

Champ	  h	  

Symetrie	  S-‐>-‐S	  

€ 

M = Si∑ = 0

€ 

M ≠ 0



Brisure de symetrie von Karman 
Cortet et al. –Physical	  Review	  Le5ers	  105	  214501	  (2010) 

Champ	  turbulent	  moyen	  

Rota<on	  θ	  

Symetrie	  ru-‐>-‐ru	  

€ 

I = r uθ∑ = 0

€ 

I = r uθ∑ ≠ 0



An	  Ising-‐turbulence	  

Thalabard	  PhD:	  showed	  that	  axisymmetric	  NSE	  equivalent	  to	  a	  two	  component	  spin	  model	  

(Mean	  Field	  because	  long-‐range)	  



Transition de phase  
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Phase	  transi<on	  (ii)	  

0 0.02 0.04
0

50

100

150

200

250

kT

χ
X

 

 

2

3

4

5

6

0 0.02 0.04
0

10

20

30

40

50

kT

χ
I

 

 

2

3

4

5

6

Diverging	  suscep<bili<es;	  exponent	  -‐1	  



Transition de phase (iii)  
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Transition de phase (ii)  
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Phase	  transi<on	  (iii)	  
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Mean	  Aimanta<on:	  sqrt(T-‐Tc)	   Coercivity:	  sqrt(T-‐Tc)	  



Goldstone	  Boson?	  
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Ferromagne<sm	  

Equilibria	  
Fluctua<ons/Dissipa<on	  

	  Transi<on	  

€ 

N =1023
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M = Si∑
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χM = Si −M( )∑
2
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FerroTurbulence	  

Sta<onary	  
States	  

Fluctua<ons	  	  

	  

F,	  Re	  
and	  
Diss	  

Von	  Karman	  Experiment	  

€ 

N = Re9/ 4

	  Symetry	  
Breaking	  

€ 

θ ⊂ −1,1[ ]



What	  about	  ultra-‐high	  Reynolds	  number	  turbulence?	  



SHREK	  
SUPERFLUIDE	  À	  HAUT	  REYNOLDS	  
EN	  ECOULEMENT	  DE	  VON	  KÁRMÁN	  
S	  
	  

ENSL,	  CEA/SBT,	  CEA/SPEC,	  I.	  NEEL,	  LEGI,	  Luth	  ET	  
SYSTÈMES	  COMPLEXES	  
	  



1.2 m 

SHREK	  	  
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SHREK	  	  	  	  	  	  	  	  	  	  	  	  vs	  	  	  	  	  	  	  	  	  	  	  	  	  VKE	  

0.3 m 
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De Exploring the issue through Helium 4 	  

→	  Helium	  4	  special	  proper<es	  are	  used	  
→	  Technological	  issues:	  cooling,	  measurements	  

SF	   NF	  

SHREK	  
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SHREK	  

80%	  superfluid	  



Fluid	  
dissipa<on=viscosity	  

Fluid	  vs	  superfluid	  dissipa<on	  	  

Superfluid	  	  
Dissipa<on=quan<zed	  vor<ces	  

reconnec<on	  
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The	  von	  Karman	  flow	  
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Same	  hysteresis	  cycle	  with	  Re	  dependent	  proper<es	  

€ 

Δθ r

€ 

ΔKp,0

|	  	  PAGE	  48	  

H2O	  
N2	  
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Possibility	  to	  define	  an	  
«	  effec<ve	  viscosity	  »	  for	  HeII	  

Effec<ve	  viscosity	  of	  the	  order	  of	  	  
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νeff =10−8m2s−1
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HeII	  

HeI	  

N2	  H2O	  



Ques<ons	  raised	  by	  our	  results	  



Connec<on	  between	  dissipa<on	  and	  sta<s<cal	  mecanics????	  
Temperature	  influence?	  
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Can	  we	  describe	  these	  structures	  
by	  sta<s<cal	  mechanics?	  

F	  
and	  
Diss	  

N=3	  1020	  

Out-‐of-‐equilibrium	  sta<s<cal	  physics!	  	  

N=3	  1020	  

N=	  1027	  

€ 

N = Re9/ 4



«	  Classical	  thermodynamics	  »:	  energy	  equipar<<on	  between	  modes	  

The	  UV	  catastrophy	  

  

€ 

E(k) =
! u (k)! u (−k)kd −1 ∝ kd −1

UV	  Catastophy!	  

Cichowlas	  et	  al,	  PRL,	  2005	  
€ 

k 2

E(k)	  

Can	  we	  prevent	  it?	  

€ 

k −5 / 3



In	  3D,	  vortex	  stretching	  

The	  UV	  catastrophy	  (ii)	  

  

€ 

Dt
! 
ω =
! u •∇ ! ω 

Enstrophy	  not	  bounded!	  

Cichowlas	  et	  al,	  PRL,	  2005	  
€ 

k 2

E(k)	  

€ 

k −5 / 3

Unsolved	  problem!!!!	  



The	  UV	  catastrophy	  (iii)	  

In	  2D:	  YES!	  We	  can	  

Conserva<on	  of	  addi<onal	  invariants	  

  

€ 

E =
! u • ! u d" x ∫

Ω = ω 2 d" x ∫

nC = ω n d" x ∫
Enstrophy	  

Casimirs	  

Bouchet	  and	  Sommeria,	  JFML,	  2002	  

Bonus:	  yes	  to	  Q2	  



The	  UV	  catastrophy	  (iv)	  

What	  about	  2D1/2=3D	  with	  symmetry?	  

If	  con<nuous	  symmetry:	  
Noether-‐>Conserva<on	  of	  addi<onal	  invariants	  

  

€ 

C = pnd! x ∫ p = r • u

C = σ n d! x ∫ σ = r × u

Casimirs	  

Exemple:	  

transla<on	  

rota<on	  

«	  Axisymmetric	  turbulence	  »	  


