
Numerical simulation
of fully-developed

turbulent flows

Marie Farge

LMD-IPSL-CNRS,
Ecole Normale Supérieure,

Paris

Forum ORAP,
CNRS, March 25th 2013



Collaborators

France:
Kai Schneider, 
CMI, Université d’Aix-Marseille, Marseille

Japan:
Yukio Kaneda, Takashi Ishihara,
Katsunori Yoshimatsu and Naoya Okamoto,
Computer Sciences, Nagoya University 

Germany:
Romain Nguyen van yen,
Freie Universität, Berlin

Canada:
Dmitry Kolomenskiy,
Mc Ghil University, Montreal

http://wavelets.ens.fr







What is turbulence?

   Hypotheses  :
-  The fluid is supposed to be a continuous medium since the scale at

which one observes it is much larger than the mean free path of molecules,
-  The fluid flow is supposed to be incompressible, i.e., non-divergent.

Turbulence is a state that fluid flows reaches
when they become unstable and highly fluctuating.

  Etymology of the word ‘turbulence’ :
turba-ae,  crowd, mob

turbo-inis,  vortex

    A turbulent flow mob of vortices interacting together
on a wide range of temporal and spatial scales.

Fluid flows reach the fully-developed regime
when they become highly mixing,

which corresponds to strong turbulence.



Governing equations

v velocity, P pressure, F external forces, ρ=1 density,
ν kinematic viscosity (zero for Euler equation),

plus initial conditions and boundary conditions.

                  The time evolution of an incompressible fluid flow
             is described by the Euler and Navier-Stokes equations :

The turbulent regime corresponds to the limit where
 nonlinear terms dominate linear terms, this ratio being the

Reynolds number >> 1. The flow is then highly chaotic.

with vorticity



How are the solutions in the inviscid limit?
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the Reynolds number  Re = ULν-1  appears when 
non dimensional quantities are introduced.

solution
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Navier-Stokes equations with no-slip boundary conditions:

Euler equations with slip boundary conditions: ?
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Do solutions exist and remain smooth?

http://www.claymath.org/millennium/index.php

‘The challenge is to make substantial progress 
toward a mathematical theory which will unlock

the secrets hidden in the Navier-Stokes equations.’ 

no yes

Are there finite time
singularities?



D’Alembert’s paradox, 1749



Laboratory experiments

Weak turbulence Strong turbulence
 (fully-developed)

Dissipation
rate

 Rλ = Re1/2

Sreenivasan, 1984

Re > 105



Numerical experiments
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3D homogeneous isotropic turbulence
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Total vorticity
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2.6 % N coefficients
80% enstrophy

99% energy

97.4 % N coefficients
20 % enstrophy

1% energy

Incoherent vorticityCoherent vorticity
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Extraction of coherent fluctuations 
using orthogonal wavelets
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|ω|=5/3σ 

with σ=(2Ζ)1/2 
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Phys. Fluids, 19, 1159
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2D turbulent wall-bounded flow
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Resolution
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Time evolution
of vorticity 
at the wall

computed on
IBM Blue-Gene,

IDRIS, 2010

2D turbulent wall-bounded flow



 Dipole impinging on a wall at Re= 1000



 Dipole impinging on a wall at Re= 2500

M. M. Koochesfahni & C. P. Gendrich
Michigan State University





Dipole-wall collision
Time evolution of energy

and of energy dissipation rate
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Time evolution of energy



Nguyen van yen, Farge
and Schneider,

PRL, 106(18), 6 May 2011

Dissipative structures

Detached vortex

Attached vorticity layer
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Flapping wings flight / Drones



Kolomenskiy, Moffatt, Farge, Schneider
J. Fluids Struct., 676, 2011

Kolomenskiy, Moffatt, Farge, Schneider
J. Fluid Mech., 27, 2011



705024 cores, 1.05 Pflop/s,12Mw
62 projects accepted out of 227, 486 researchers
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3D isotropic turbulence in Nagoya
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Yoshimatsu

and Okamoto,
2013

Re= 106



Turbulent boundary layer in Nagoya



Turbulent boundary layer in Nagoya
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‘As long as we are not able to
predict the drag on a sphere or
the pressure drop in a pipe from
continuous, incompressible and
Newtonian assumptions without
any other complications, namely
from first principles,
      we would not have made it!’

Turbulence Workshop,
UC Santa Barbara,

1997

Hans Liepmann
(1914-2009)

Open mathematical and physical problem
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