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I am an old man now, and when I die and
go to Heaven there are two matters on
which I hope enlightenment. One is
quantum electro-dynamics and the other is
turbulence.

About the former, I am really rather

optimistic

Sir Horace Lamb (1932)
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What s “Jurbalence

@« Tarnbeolence was probably cnvented by the Devil an the seventt:
day of Creation when the Goad Lord wasn't losking » (P.
Bradstian, 1994)

6« wrbolence o the graveyarnd a{téemw » (#.NW. .Zcegémcm}

O« ... the absence of a sound theory o one of the most disturbing
aspects of the turbulence syndrome » (R, W. Stewart)

@«%444%%4%7,@»%@%% Wmeaémymtéemeﬁam
Spectrascaty but the diffccalt problem of tunbulence, cu the hope,
that & anybody, waewld solue this problem. Howevern, the froblem
& wntl noon wot solued. » (4. Sommenfeld, | F4E)




M100 galaxy 102 m

Eagle nebula 10®* m

Earth’'s atmosphere 10" m

Clouds 10° m

c Soap film 107t m
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Turbulent mixing layers
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Backward facing step

T Wainka

BR Noack. M Schlegel &

Sphere wake
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Turbulent jet

Isotropic turbulence
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Turbulent kinetic energy
dissipation
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Turbulent kinetic energy
dissipation
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Turbulent kinetic energy
dissipation
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Scalar dissipation, Sc =4
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Scalar dissipation, Sc = 4
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Scalar dissipation, Sc =4
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Scalar dissipation, Sc = 64
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Scalar dissipation, Sc = 64

mercredi 5 octobre 2016



Scalar dissipation, Sc = 64
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What is a turbulent flow ?
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Turbulence and
predictions

0.0 . ; 0.3
t(s)

Fig. 1.3. The time history of the axial component of velocity U,(t) on the centerline
of a turbulent jet. From the experiment of Tong and Warhaft (1995).
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Fig. 1.4. The mean axial velocity profile in a turbulent jet. The mean velocity ((],)
is normalized by its value on the centerline, (U;)o; and the cross-stream (radial)
coordinate x, is normalized by the distance from the nozzle x,. The Reynolds number

is 95,500. Adapted from Hussein, Capp, and George (1994).

mercredi 5 octobre 2016



mercredi 5 octobre 2016



mercredi 5 octobre 2016



mercredi 5 octobre 2016



mercredi 5 octobre 2016



Div * (U X w)

Diviu omega)
500

L Diviu omega)
500
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Methods of analysis

@ Probability
&Dimensional analysis
@ Asymptotic invariance

@Local invariance

& sStatistical mechanics
@ Geometry and Topology
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What is a turbulent flow ?

@No rigorous definition of IS available

@ Turbulent flows are flows which exhibit the
following features:

Three dimensionality
. Unsteadiness
. Chaotic
. Rotational
. Dissipative
. Highly diffusive (high mixing property)

N oo w -

. Multi-scale (Broadband energy spectrum)
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A survey of critical
experiments
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Re=1500 (Van Dyke, Album of fluid motion 1982)
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Kaneda & Ishihara Figure 3. Intense-vorticity isosurfaces showing the region where @ = (@) + 4o,,. R, = 732. (a) The size of the
JOT 2006 display domainis (59842 x 1496) i’ . periodic in the vertical and horizontal directions. (b) Close-up view of the central
region of (a) bounded by the white rectangular line; the size of display domain is (29922 x 1496) 5. (c) Close-up

view of the central region of (b); 14967 (d) Close-up view of the central region of (c): (7482 x 1496) »°.
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Wake-flow

P R
e el

Ll

/s

{ DY !
PE RN E L d Al X 7
mteae g P e
N p—a LaE -
.

mercredi 5 octobre 2016




Turbulent boundary layer

Re=3500 Intermittency
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Wall - bounded Ylows: the Z-scale problem

. Inner region Outer region
 Production * Dissipation -
* Dissipation * Stucture size ~ 0

e Structures: streaks
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Turbulent channel

discriminant velocity gradient tensor

del Alamo, Jimenez, Zandonade, Moser JFM
2006
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Drag Coefficient and dissipation

Plaque plane
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Figure 7.13 Log-log plot of drag coefficient Cp, as a function of Reynolds
Number Ae for spheres, transverse cylinders, and face-on discs. The broken
straight line represents Stokes’s law.
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Boundary layer

“‘diffusion”
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Figure 1.3. Length and velocity scales in a turbulent boundary layer. The time passed
since the fiuid at L passed the origin of the boundary fayer is of order L /U.
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Turbulent scales

Figure 1.6. Turbulent jets at different Reynolds numbers: (a) relatively low Reynolds
number, (b) relatively high Reynolds number (adapted from a film sequence by R. W.
Stewart, 1969). The shading pattern used closely resembles the small-scale structure of

turbulence seen in shadowgraph pictures,
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Zeroth law of Turbulence  Giraylor 1935

3.0

el,/u:‘ ~

5 10 50 100 500

Sreenivasan phys fluids 1984

FIG. 1. The quantity €L ./u’ for biplane square-mesh grids. All data except

+ are for the initial period of delay, and are explained in Table I. + indi-
cate typical data'’ in the final period of decay. — corresponds to Eq. (1).
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N Zeroth law of Turbulence

Phys. Fluids, Vol. 15, No. 2, February 2003
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FIG. 3. Normalized energy dissipation rate D versus R from Ref, 5 data
up to R 250), Ref. 3, , and the present DNS databases
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Zeroth law of Turbulence
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FIG. 1. Normalized dissipation rate for a number of shear flows. Details as
found in this work and Refs. 14-16, a C* Eq. 3 ; b C” Eq. 4 . ,
circular disk, 154 R 188; ,pipe,70 R 178, , normal plate, 79

R 335; ,NORMAN grid, 174 R 516; NORMAN grid slight mean
shear, dU/dy dUldy /2 ,607 R 1217, ,NORMAN grid zero mean
shear , 425 R 1120; , “active” gnid Refs. 14, 15, 100 R  731;
“active" grid, with L, estimated by Ref. 16. For Ref. 14 data, we estimate
L, 0.1 m and for Ref. 15 data we estimate L, 0.225 m.
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Bounded Flows

Cadot et al. PRE 1997

1 -
o]
B | e i 24O
%00 | o0
~ |
0.1 '—}‘ S—a XXROIRSOXA X85
' . ~ - - J |
0.01 - #ih —~—
W g ) P i
0.001 - r s ¥
0.0001 ‘[ Y PO S BT R T . el 4 a3
1000 10000 100000 1000000 1000000
Re

+ Q

| (b)

—

= Q2

FIG. 2. Experiment A: Logarithmic plots of the nondimensional
rate of energy injection 3; and dissipations Bp and B as a function
of the Reynolds number for the three variants of the experiment.
Black symbols: results obtained with smooth stirrers. Triangles (A},
rate of energy dissipation By ; circles (®), rate of energy injection
B, ; diamonds (4 ), estimate of the rate of energy B dissipated in
the bulk of the fluid as estimated from the pressure fluctuations. The
dashed line shows a power law dependence proportional to
Re . Open symbols: results obtained with the very rough (or
inertial) stirrers. Triangles (A), rate of energy dissipation Bp:
circles (O), rate of energy injection f;; diamonds (<), rate of
energy dissipation Bz . Results are obtained with the stirrers having
smaller platelets. X is the mean rate of the energy dissipation

Bo -
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Bounded Flows
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FIG. 3. Plot of the typical velocity U’ in the bulk of the flow as
deduced from the histograms of the pressure fluctuations [see Eq.
(7)]. The black triangles (A) are the data obtained with smooth

stirrers, and the open ones (4) correspond to the data obtained with
the rough ones.
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FIG. 5. Couette-Taylor experiments. Logarithmic plots of the
nondimensional rates of energy dissipation B as a function of the
Reynolds number. The black triangles (A) are the results obtained
with smooth cylinders, and the open ones (4) correspond to those
obtained with the ribbed ones. The crosses (X) show for compari-
son the rates of energy injection 8, deduced from the data obtained
with smooth cylinders by Lathrop, Finenberg, and Swinney [8].
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Present physical model

Incompressible flow
Single phase flow
Single species flow
Newtonian flow

passive scalar for temperature/pollutant modelling

no coupled dynamical field (magnetic field, density, ...)




Governing equation




Preliminary remarks

Poisson equation for pressure (elliptic equation)

Consequences:
physical inconsistency in the acoustic limit
pressure = enslaved Lagrangian, not independent physical
variable
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vortex stretching
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Equation simmetry

(a) Reference

-—w-——> )
(d) Change in orientation

J‘l

Vv

(e) Reflection
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