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To observe - To question - To imagine

Old man and vortices, Windsor Castle Collection

Leonardo da Vinci
(1452-1519)



Water strider (John Bush, MIT) Méditerranée (NASA)



Von Karman vortices
(Guadalupe Islands)

Trailing vortices
(NASA)



Dragon fly



To represent - To name

‘Dove la turbolenza dell’acqua si genera,
dove la turbolenza dell’acque si mantiene plugho,

Dove la turbolenza dell’acqua si posa.’

                                                      The deluge, Windsor Castle Collection



To set hypotheses - To Define

Hypotheses  :
-  The fluid is supposed to be a continuous medium if

 the scale L at which one observes it (~1 m) is much larger than the
mean free path λ of its molecules (~10-10 m), i.e., L/λ >> 1.

-   The fluid is supposed incompressible, i.e., non-divergent flow.

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

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

turbo-inis,  vortex

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

Fluid flow reaches the fully-developed regime
when they become highly mixing,

which corresponds to strong turbulence.



To model - To set into equations

v velocity, ω vorticity, F external forces, ν kinematic viscosity, ρ=1 density,
plus initial conditions and boundary conditions.

and

              Many mathematicians and ‘natural philosophers’, among them,
         Johan et Daniel Bernoulli (1742), Jean Le Rond d’Alembert (1752),
           Leonhard Euler (1757), Henri Navier (1822), George Stokes (1845),
                have designed the fundamental equations of fluid mechanics.

                    The flow evolution of any incompressible fluid flow
                       is described by the Navier-Stokes equations :

The turbulent regime corresponds to
the limit where the nonlinear terms dominate the linear terms.

The flow is then highly unstable.

with



Jean Le Rond d’Alembert
(1717-1783)

Leonhard Euler
(1707-1783)



Claude Marie Navier
(1785-1836)

George Stokes
(1819-1903)



Barré de Saint-Venant
(1797-1886)

Joseph Boussinesq
(1842-1929)



Theodore von Karman
(1881-1963)

Ludwig Prandtl
(1875-1953)



Laminar Transition

Weakly
turbulent

Strongly
turbulent

and ‘mixing’

Steady flow
Re ~ 1 to 100

Unsteady flow
Re > 100

To vary parameters

Re= VD/ν

D
>V



Pressure
drag

Skin
friction

To compare - To measure



To notice - To plot

Drag = 1/2 ρ V2 S CD

Reynolds = d V / ν

plate sphere

Drag crisis

Weak turbulence Strong turbulence              



Boundary layer theory

• Prandtl (1904) and later authors developed a theory based on
the following hypotheses :

    ‘The viscosity is supposed to be so small that it can be
disregarded wherever there are no great velocity
differences. […] The most important aspect of the problem is
the behavior of the fluid on the surface of the solid body. […]
In the thin transition layer, the great velocity differences will
[…] produce noticeable effects in spite of the small viscosity
constants.’ *

• When this applies, the question of the inviscid limit is solved
everywhere except inside the boundary layer :

    Inviscid limit = Euler eq. out B.L. + Prandtl eq. in B.L.

    ‘It is therefore possible to pass to the limit ν = 0 and still retain
the same flow figure.’ *

* Prandtl 1927, engl. trans. NACA TM-452 available online



Detached boundary layer

• Prandtl was aware that this approach was valid only if
the boundary layer remains attached to the wall, i.e.,
away from separation points,

• Separated flow regions, i.e., where the boundary layer
detaches, have to be included « by hand » since the
theory doesn’t predict their behavior.



              

              

For Re ~ 105,
the upwind boundary

layer becomes
unstable and detachs
from the body, which

produces mixing,
reduces the spread of

the wake and thus
resistance.

Drag crisis :

To conjecture



‘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

To question - To set research program

Hans Liepmann
(1914-2009)



To solve the equations

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?



To approximate the equations

We explore the problem
  by looking for approximate solutions

that we study using numerical experiment.

‘Although this may seem a paradox,
all exact science is dominated by

the idea of approximation. Every careful
measurement in science is always given
with the probable error. Every observer
admits that he is likely wrong, and knows

about how much wrong he is likely to be’.

   Bertrand Russell
 The scientific outlook, 1931

    (1872-1970)

  In the strong turbulence regime one does know yet 
if the solutions of Navier-Stokes equations still exist,
    if they remain unique and smooth for all time.



‘One cannot escape the feeling
that these mathematical formulas
have an independent existence
and an intelligence of their own,
that they are wiser than we are,
wiser than their discoverers.’

To experiment with equations 

⇒

Numerical
experimentation
with computers

Heinrich Hertz 
(1857-1894) 



Seymour Cray
(1925-1996)

Cray-1, 1976 Cray-2, 1986

Design and build computers 



   

Schneider & F.
Phys. Rev. Lett., 95,

244502 (2005)

2D turbulent confined flow

Random
initial

conditions

Pseudo-spectral
method with

volume penalization

DNS
Resolution
N=10242



4 tennis courts
5120 processors

NEC-SX6

Earth Simulator, 2002, Japan 41 Tflop/s
20 Tbytes

But the evolution
of algorithms
and software
is much more 
efficient than
the evolution
of hardware!



Energy Dissipation

Kaneda et al., 2003
Phys. Fluids, 12, 21-24

Dissipation

 Rλ

                    
20483 40963

1200

Dissipation independent of viscosity        turbulent dissipation
How turbulent dissipation differs from viscous dissipation?

! 

"

102435123

   Strong turbulence

Turbulent dissipation

Weak turbulence

Viscous dissipation



IBM Blue Gene/P, 2010, USA 

CNRS Computing Center,
IDRIS, Orsay (France)

41 000
processors
140 Tflop/s

20/800 Tbytes

300 000
processors
1 Pflop/s

144/6000 Tbytes

Forschungszentrum,
Jülich (Germany)



N=10242

Re=2.103

20482

7.103

40962

2.104

81922

105



Resolution
N=81922

Nguyen van yen,
F. and Schneider,
Physica D, 2010

Time evolution
of vorticity 
at the wall

computed on
IBM Blue-Gene,

IDRIS, 2010
(100 Tflops)

DNS of 2D confined flow



2D Navier-Stokes with wall
4 DNSs

from N=10242

to N=81022

Enstrophy fluctuates more when Re
increases since its production at the wall

become more intermittent

Enstrophy production
increases faster than

 enstrophy dissipation
when Re increases

Enstrophy
Production

Zp

Enstrophy
Dissipation

Zd

Time

Enstrophy

log Re
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Dipole-wall collision at Re=8000

Nguyen van yen, F. & Schneider
Phys. Rev. Lett., 106,

184502 (2011)



Time evolution of energy
from Re=1000 to 16000

Time evolution of energy

Energy dissipation rate

Time evolution of energy



Resolution
N=163842

Nguyen van yen, Farge
and Schneider,

PRL, 106(18), 6 May 2011

DNS of dipole crashing onto a wall

t=0.4t=0.3 t=0.5



Nguyen van yen, Farge
and Schneider,

PRL, 106(18), 6 May 2011

Dissipative structures

Detached vortex

Attached vorticity layer

Re=1000 Re=8000
Re-1

Re-1/2

    ε 
energy
dissipation
rate

   α 
energy
dissipation



Local dissipation rate

    We observe extreme
values of the energy
dissipation rate inside
the main vortex that
detached from the
boundary, much larger

    than dissipation at the
wall.

Local dissipation rate
for the dipole-wall collision 

at t= 0.5



Conclusion

• our method allows for a fine resolution everywhere in the
domain, in contrast to a Chebichev discretization,

• we have solved numerically the 2D Navier-Stokes
equations up to Re = 16 000 for a dipolar initial condition,
and for a random initial condition,

• the scaling of energy dissipation with Re was shown to be
inconsistent with the Prandtl scaling,

• we observe a Kato scaling, that is, energy dissipation
does not go to zero with Reynolds,

• we related this behavior to the presence in the vorticity
field of very localized coherent structures produced by the
wall.

Nguyen van yen, F. & Schneider
Phys. Rev. Lett., 106,

184502 (2011)




