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X Introduction ¢

@ Textbooks

Batchelor, G.K., 1967, An introduction to uid dynamics, Cambridge University PressCambridge.
Bailly C. & Comte Bellot G., 2003 Turbulence, CNRS éditions Paris (out of print).

———, 2015, Turbulence(in english), Springer, Heidelberg.

(360 pages, 147 illustrations, Foreword by Charles Meneveau, 53 ¢, for ECL students)

Bailly C. & Comte Bellot G. , 2003, Turbulence(in french), CNRS éditions, Paris.
———, 2015, Turbulence(in english), Springer, Heidelberg.

e Springer, ISBN 978-3-319-16159-4,
gty 360 pages, 147 illustrations.
Turbulence (discount for students, 53 ¢,)

Turbulence

Candel S., 1995, Mécanique des uides, Dunod Université 2nd édition, Paris.
Cousteix, J., 1989, Turbulence et couche limite, Cépadues, Toulouse
Davidson P.A., 2004, Turbulence. An introduction for scientists and engineer®xford University Press, Oxford.

Davidson , P.A., Kaneda, Y., Mo att, H.K. & Sreenivasan, K.R., Edts, 2011, A voyage through Turbulence
Cambridge University Press, Cambridge.

Guyon E.,Hulin J.P. &Petit L., 2001, Physical hydrodynamics, EDP Sciences / Editions du CNR$®remiere édition
1991, Paris - Meudon.
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X Introduction ¢

@ Textbooks (cont.)

Hinze J.O., 1975, Turbulence, McGraw-Hill International Book Company, New York, 1 édition en 1959.

Landau L. & Lifchitz E., 1971, Mécanique des uides, Editions MIR, Moscou
Also Pergamon Pres22nd edition, 1987.

Lesieur M., 2008, Turbulence in uids : stochastic and numerical mod elling, Kluwer Academic Publishers, 4th
revised and enlarged edSpringer.

Pope S.B., 2000, Turbulent ows, Cambridge University Press
Tennekes H. & Lumley J.L., 1972, A rst course in turbulence, MIT Press Cambridge, Massachussetts.

Van Dyke M., 1982, An album of uid motion, The Parabolic PressStanford, California.
White F., 1991, Viscous ow, McGraw-Hill, Inc., New-York, rst edition 1974.
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Introduction

Atmospheric wind tunnel (LMFA)
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X Introduction ¢

@ Turbulent ows are part of everyday life!

e Geophysical ows
astrophysics, climate, wheather, environment, hydraulic s

e Transportation industry : space, aeronautics, marine & sub marine
and also sport applications

e Transport of uids (energy industry, chemistry), producti on of energy
e Biology (physiology, biomechanics, medicine)

e Complex ows (two-phase ows, including solid particles, . ..)

External aerodynamics « Noise of turbulent ows (aeroacous tics) * Sound propa-
gation (atmosphere, ocean) * Fluid-solid coupling and vibr oacoustics « Combus-
tion (reactive ows)

Fluid mechanics is involved in many societal challenges
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X Introduction ¢

@ Turbulent ows

- unsteady aperiodic motion
- unpredictable behaviour
- presence of a wide range of scales (eddies)

Turbulence appears when the source of the kinetic energy which drives th e uid
motion is able to overcome viscosity e ects
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X Introduction ¢

@ Simulation of the growth of cosmic structure (galaxiesandv  oids)

(cosmological hydrodynamics)

Simulation of the growth of cosmic structure

(galaxies and voids) when the Universe was 0.9
billion years old, then 3.2 billion and 13.7 billion
years old (today)

Volker Springel / Max Planck Institute for Astrophysics

https://news.cnrs.fr/articles/euclid-on-a-quest-to-understan
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d-dark-energy

Structure formation in an
expanding universe : N -body
simulation (red temperature) with
70 billions particles; 500 million
light-years long on each side &

Institut d'’Astrophysique de Paris (Pichon)
& CEA (Teyssier)

Stability and Turbulence


https://news.cnrs.fr/articles/euclid-on-a-quest-to-understand-dark-energy

X Introduction ¢

o Weather satellite images
www.meteofrance.com ¢ www.meteo-lyon.net
https://www.meteoblue.com/fr/meteo/semaine/lyon_fra nce_ 2996944

13/09/2004 14h00 lee

Intertropical convergence zone
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X Introduction ¢

@ Annual mean temperature in Lyon - Bron Airport - from 1921 to 2 018
(from Metéo France, Le Monde 08.01.2019)

1930 1940 1950 1960 1970 1980 1990 2000 2010

Evolution de la température par année depuis 1921 D
Lyon (69) : de 10 °C a 14,5 °C
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X Introduction ¢

@ Cyclone Katrina - Sept. 2005 - Category 5

‘Hurricane Katrina
'28 August 2005
1445 GMT
GOES-12 visibi

Wind gusts of 280 km/h (average during 1 minute in USA), 80% of New Orleans
was ooded, Dixon et al., 2006, Nature, 441, 586-587

(1464 people died in the hurricane and subsequent oods acco rding to the
Louisiana Department of Health)
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X Introduction ¢

o Earth's (land and marine) surface temperature from 1850to 2 020
expressed as ‘anomaly' from 1961-90 in dashed line
data from www.cru.uea.ac.uk

1.2

_08 | | | | | | | | | | | | | | | | |
1850 1880 1910 1940 1970 2000 2030
year
— annual — decadally smoothed
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X Introduction ¢

@ Near-surface wind speeds 10 meters above the Atlantic Ocean
Data collected by the SeaWinds scatterometer on-board NASAs QuikSCAT satel-
lite (NASA's Jet Propulsion Laboratory)

Wind Speed

Knots M/S
50

—_
(=]

o
o

00Z 08/01,/1999

13 Centrale Lyon | LMFA Stability and Turbulence



X Introduction ¢

@ Eruption of the subglacial Grimsvotn volcano, Iceland,on2 1 May 2011
An initial large plume of smoke and ash rose up to about 17 km he ight.
Courtesy of Thordis Hognadattir, Institute of Earth Sciences, University of Iceland
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Turbulent signals
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Reynolds decomposition

(see slides of UE FLE in rst year, revision of Chapter 5)
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Dynamics of vorticity
(see slides of UE FLE in rst year)
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Transport equation for the mean vorticity .= +1 0

@__i _.@__i:_@yi @ 0 o @ |

|
(a) (b)

(@) correlation term involving turbulence uctuations only,
must be closed to solve this equation

(b) viscous di usion

In practice, this equation is rarely (if ever!) solved to obt ain the mean ow eld :
turbulence models are based on the resolution of the mean velocity eld (RANS
Egs.). This equation is theoretically used to study enstrophy
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Enstrophy
Similar to the kinetic energy for velocity, that is

T O 0 2, @2, @
e B B i et 3 B

2 2

To quickly derive its transport equation, we assume that the re is no mean ow,
thatis U;, Oet ; O
1 | N
@M, @ J7° _ ,.00 erer, @7’

_u —

@ 2 @ ' 2 '“J@x @x@x @f 2

As usual, this Eq. can be greatly simpli ed for homogeneous turbulence,
In order to isolate basic physical mechanisms
| -
1 O O 19@10
@ S I . '. O@Hq @ @ (5)

t 2 !
@ ) ?@?
(a)
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Enstrophy (cont.)

The term (a) is linked to the stretching of vortices, and the t erm (b) to viscous
dissipation.

Historically, the term (a) was assumed to be zero by von Karman (1937), but Tay-
lor (1938) demonstrated later that this term is not zero and f urthermore, must
be positive. It expresses thattwo uid particles initially close one from the other
will be later separated by turbulence in average.

Singular behaviour of two-dimensional turbulent ow again
enstrophy can only decrease

@t 2 @x @x
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Enstrophy (cont.)

In order to solve Eq. (5), the nonlinear term can be modeled with an acceptable
dimensional expression. For instance,

Neglecting viscous e ects to simplify calculations, the integration leads to the
following time evolution.

A singularity is thus obtained for a nite time ... refer to Le ray (1934), Mo att
(2000) : artefact induced by the model itself and the incompr essibility condition.
Not so easy to derive an acceptable model for physics!
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Helicity
Quantity introduced by Mo  att (19692) In uid mechanics,

H u ! dx
V

This quantity is an invariant of the ow motion, thatis DH=Dt= 0, under the
same assumptions introduced for Kelvin's circulation theo rem

For a two-dimensional ow, H = 0. Helicity H and helicity density h=u ! are
pseudo-scalars, they change sign under inversion of the cooardinate system (left
as an exercise) h measures broken mirror symmetry in a turbulent ow, in par-
ticular in magnetohydrodynamics

Topological interpretation ?
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Helicity (cont.)

Sketch of two linked vortex tubes T, and T,

Centrale Lyon |

Consider the integral over the vortex T;

Z | 7
u! dx' 4 udl=, (r u)nds
Ty G S,
( 1 » If C and G are linked,
0 otherwise

H= 2n,, n linking number



Free shear ows
( ows In the absence of walls!)

Composite schlieren of the free shear layer, with the two str eams injected parallel to each other.
The upper stream is 100% N2 while the lower is a mixture of 1/3H e and 2/3 Ar, with M, =0:59
and M, =0:29 Hall, Dimotakis & Rosemann, 1993, AIAA J., 31(12), 2247-2254.

80 Centrale Lyon | LMFA Stability and Turbulence



Centrale Lyon | LMFA Stability and Turbulence .




Centrale Lyon | LMFA Stability and Turbulence .




u
1+'1 +r2U1

" @,

(Ug U@ _@

Iy
° @

Centrale Lyon | LMFA Stability and Turbulence .



_ Al 0,0 _
@ +U2@ —1U2 +r 2U2
@x% @x% @)

Centrale Lyon | LMFA Stability and Turbulence ]




Centrale Lyon | LMFA Stability and Turbulence .




m Centrale Lyon | LMFA Stability and Turbulence ]




Centrale Lyon | LMFA Stability and Turbulence .




Centrale Lyon | LMFA Stability and Turbulence .




m Centrale Lyon | LMFA Stability and Turbulence ]




m Centrale Lyon | LMFA Stability and Turbulence ]




Incursion into the eld of forced plumes!

Mount St. Helens Eruption on Eruption of the subglacial Grimsvétn volcano, Iceland, on 2 1 May 2011
16 May 1980 (Washington, An initial large plume of smoke and ash rose up to about 17 km he ight.

USA). Courtesy of Longview Courtesy of Thordis Hognadattir, Institute of Earth ScienseUniversity of Iceland
Daily News, Washington(Rodli, (Bailly & Comte-Bellot, 2015)
1982)
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Incursion into the eld of forced plumes (cont.)

Smoke plume in the presence of a near surface temperature
inversion, which hinders vertical turbulent motion and dri  ves the
plume horizontally. The Quays Shopping Centrenear to Tiur and
Cloghoge, taken by Eric Jones (Bailly & Comte-Bellot, 2015)
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Two examples of application

1. Forced plume in atmosphere. At
what altitude does the di erence
between the temperature of the
plume and the temperature of the
quiescent surroundings become less
than 1 deg.?

Data to solve the problem later
D=1m
Up=3m:s?
p=273 K
Tp=273K

Centrale Lyon |

2. Thermal pollution. At a river
mouth, fresh water is pumped out to
sea in a large round pipe and
released at the bottom. At what
depth must the fresh water be
released to avoid raising the
temperature in the rst 30 m below
the surface by more than 1 deg.?

Data to solve the problem later
Q,=10m?3s?

»=1:0 10°kg.m 3
T,=35 C

0=1:03 10°kg.m 3
To=5C
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Gouverning equations

Viscosity and conductivity are neglected (free jet ow, now all, Re and Pe 1).
The hydrostatic balance r py+ (g =0 is also substracted from the momentum

conservation, which leads to

@) 1 1
—+U rU= —r(p po) T_(T To)9
0 0

(@l
r =0

T T
@@m&+UrU To) =0

Reynolds decomposition

T Tp=T+ ©

p po=P+p°

u=U+u® (nowind, Uy=0)

" XX/ /AXXX/ CO

Boundary-layer approximation applied to free turbulent o  w : the divergence of
the thin shear layer is slow.
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Gouverning equations (cont.)
Reynolds-averaged Euler Egs. including the buoyancy force

1@I‘Jr) @J_z_

r @r * @Z_O 0
1@uuy), @uU) _ 1@uip T (8)
r @r @z r @r T,

1@rU_rT_)+@JzT_)_ 1@rWC) 9
r  @r @z r @r ®

Densimetric Froude number Fr
ambient uid: , T,
forced plume: D,Up, p, To=To+ p ( pTp= oTo)

. 1=2 )
= inertial forces _ Us=D _ Up

buoyancy forces g p=h HDg( o=p 1

(10)
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Froude number for forced plumes

Sketch of the mean velocity and tem-
perature elds in the region where
the ow has reached a self-similar
state (z=D 10)

Pure plume : Fr=0

Buoyant jet / forced plume :
O<Fr<il

Purejet:Fr=1

Centrale Lyon |

|

| edge of the

1/ turbulent jet

potential core
length z.

diameter D
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Froude number for forced plumes (cont.)
Visualization of starting plumes

Centrale Lyon |

Re =9000, Fr =585

D =3:2 mm
Up =3700 mm.s !
p: 0 = 1150

Re =4000, Fr=29:3

D =3:2 mm
Up =1850 mm.s !
p: 0 = 1150

Diez, Sangras & Faeth, 2003,
J. Heat Transfer 125
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Derivation of the self-similar solution

Only one length scale ( ;' ) is considered to nd the self-similar solution

8 _
%Uz: Un(2)T ()

U, = Un@a( )
_ ulul=U22)h( )
@ ) ()
T= n@F()

up °=Un(2) m(@H()

At rst, we are interested in the asymptotic behavior of the f unctions U,(z) (ve-
locity on the plume axis), (z) (temperature on the plume axis) and (z) (the

half-width of the plume), and not in the expression of the pro les f, g, h, F and
H.
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Self-similar solution (cont.)

Eq. (8) 9
Z ., —— Z. - Z . -
@,U - '@ T
rudud= 272t U 2r % r® —grdr®
r~"z 5 @Z Z @Z 0 Tog
ol Z ) o 2 ) i
= 2 2 f2 0 f = 2 0 2 J 0
@Zum : % U, @ZUm Ofod - _I_OOFOd
with the change of variable °=r% (2)
q /
:d_(Ur% ) f2 W%+
£ g 0 Z gz
f 2 f 0 29 0
Ude(Um)O d mTOOFOd
/ Z
d ~ "™ o) @I db da
by using — | (x;y)dy = —dy+1(X;:b(x))— (x;a(x))—
yusing - » (X;y)dy o ady ( ())dx ( a())dx
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Self-similar solution (cont.)

The Reynolds shear stress is nally recast as,

_ z i i
U py=Un D" jaqgo Un % ¢ ggo m 9 pgo
0 ()_ 2 2
| UI{]Z } Um 0 Um 0 UmTO 0

given by Eq. (11)

A self-similar solution can be obtained only if the red terms are constant terms,
and not terms functions of z, which leads to the following behaviours for a plume,

vi Um Zm - ZZm 1
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Self-similar solution (cont.)

Experimental data collected by Rodi (1986)
In the plume region,
for z=Z > 5:0 with z’=D=Fri? ( o= ()*

18 ' 13
Um-

—m: 35F B 2 2 M 9:35FrFS
Up 0 D P
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Two examples of application

1. Forced plume in atmosphere. At
what altitude does the di erence
between the temperature of the
plume and the temperature of the
quiescent surroundings become less
than 1 deg.?

Data to solve the problem
D=1m
Up=3m:s?
p=273K
To=273 K

Centrale Lyon |

Solution.

To=To+ p=2T, 3 p=3 o (constant
pressure in the plume, then using p= rT )

From its de nition ( 10),

32
Fr = ' 0:92 (plume
oL 1 092 (plume)
Numerically,
! 35 I 1=5
Z 1 1 m 0
D 9:35Fri= P
|
* 35

9:35 0.9212273
" 95 m

(we verify that the ambient temperature T,
is almost constant along this distance)
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Two examples of application

2. Thermal pollution. At a river
mouth, fresh water is pumped out to
sea in a large round pipe and
released at the bottom. At what
depth must the fresh water be
released to avoid raising the
temperature in the rst 30 m below
the surface by more than 1 deg.?

Data to solve the problem
Q,=10m3s?t

p=1:0 10%kg.m 3
Tp,=35C

0=1:03 10°kg.m 3
To=5C

Centrale Lyon |

Solution.

Two contribution for the buoyancy force :
temperature T, versus Ty, and also density
of fresh water (fw) versus salt water (sw)

Mixing of salt and fresh water by
entrainment inside the plume to reach
T =6 C; from the conservation of energy,

MiwCpTp + MgyCoTo = (Mg, + Mg, )Co T

Mg, Tp T 35 6 _

= = =29
My, T T, 6 5

In other words, 1 kg of fresh water has
entrained 29 kg of salt water in order to
reach T =6 C. For this temperature (and
this altitude), the plume density is then
estimated at

+29
= 30 W+ 1:029 10°kg.m B




Two examples of application

Solution (cont.)

For anideal gas,p= rT , and for p =cst, it yields by logarithmic di  erentiation

T

T

and for a liquid, the boyancy forceis g = ,, where takes into account temperature and

density e ects here. Hence, by analogy with the gas plume, we still use for the | iquid plume
l1 Z! 53

0 935F2 2 =

P O 0 D

Numerically, z' 70 m, and the required distance from the nozzle to the surface is thus 100 m.
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ldenti cation of vortical structures
(When is a region of vorticity a vortex?)

2-D 2-C PIV snapshot, u 0:85U; , colored by vorticity
magnitude ! ,, from Salze et al. (2015)
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Concluding remarks
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---n=1:2;3
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