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Large&range&of&temporal&scales&
oceans&
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Large&range&of&
temporal&scales&
&

3!NCTR!III!Les!Houches!2014!J.!Delville!

4!days!
4000km!

1!hour!
40km!

36!sec!
400km!
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Typical&Reynolds&number&&for&wall&flow&
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Facili%es!:!how!to!go!to!High!Re!?!
lc = Viscous Length Scale = ν / uτ = a / R+;

Independent of Fluid, Pressure, etc.

� ⌫
[µ
m
]

From%Sreenivasan%2007%%%%%%%Wallturb%workshop,%Viterbo%



J.!Delville! NCTR!III!Les!Houches!2014! 6!

SLTEST!–!Atmospheric!surface!layer!–!Utah!salt!flats!

Facili%es!:!how!to!go!to!High!Re!?!

Re⌧ ⇠ 0.66 106

� ⇠ 60m
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Facili%es!:!how!to!go!to!High!Re!?!

hbp://www.euhit.org/i@ciclope.html!
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High Re wind tunnel, University of Melbourne

High Re wind tunnel, University of Melbourne

ReT = 60,000 – 80,000

8 ft

Facili%es!:!how!to!go!to!High!Re!?!High!Re!wind!tunnel!University!of!Melbourne!
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Facili%es!:!how!to!go!to!High!Re!?!
High!Re!Boundary!Layer!Wind!Tunnel,!Lille!
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Reminders&on&Boundary&Layers&
!
•  Zero!pressure!gradient!
•  Flat!plate!(no!roughness)!



Dye%sheet%in%water,%Re%75,000%
[Werlé,%ONERA]%
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Boundary!layer!over!a!flat!plate:!a!global!wiew!!
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Laminar!
!
•  Only!molecular!viscosity!

Turbulent!
!
•  Addi%onal!turbulent!visosity!
•  Steeper!gradients!close!to!the!wall!
•  Intermibent!zone!!
!
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Boundary!layer!over!a!flat!plate:!a!global!wiew!!
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�(x) = y0.99 where U(x, y0.99) = 0.99⇥ U0(x)

�⇤(x) = �1(x) =

Z 1

0
(1� U(x, y)

U0(x)
) dy

✓(x) = �2(x) =

Z 1

0

U(x, y)

U0(x)
(1� U(x, y)

U0(x)
) dy

H = �⇤/✓

Integral!scale!units!

Wall!units!

U⌧ =
p

⌧w/⇢ ; U+ =
U

U⌧
; y+ =

yU⌧

⌫
; Re⌧ =

U⌧�

⌫

�⌫ = ⌫/U⌧



Fric%on!laws!from!integral!scales!

e.g.:!Von!Karman’s!Momentum!Integral!Equa%on!

Turbulent&case&&Laminar&case&&

⌧w = ⇢⌫

✓
@U

@y

◆

y=0
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d✓

dx
=

⌧w
⇢U2

0

� ✓

U0
(H + 2)

dU0

dx

w.o. longitudinal gradient: ⌧w = ⇢U2
0
d✓

dx

Or!other!integral!laws!!…!Coles!etc!



Very&close&to&the&wall&the&global&shear&stress&is&dominated&by&viscous&effects&

⌧0 = ⌧vis. + ⌧turb. = ⇢⌫
@U

@y
� ⇢ < u0v0 >

Data!from!Klebanov!(1954)!

Re� = 8.1 104 ; � = 7.6 cm ; U1 = 15.2 m/s
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Zones&of&the&TBL&



Reynolds&stresses&in&the&TBL&

Klebanov!(1955)!!! [H.%SchlichIng,%BoundaryMLayer%Theory,%sixth%ed.,%MacGrawMHill]%%
%

•  Strong!anisotropy!!
•  longitudinal!component!dominant!!
•  turbulence!maximum!in!the!buffer!layer!
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Y+!~!10!



The&relaJve&size&of&zones&is&Re&dependent&&
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TKE!Produc%on!!max!!@!Y+!!~!!12!
Peak!of!energy!moves!with!Re!!

Channel!flow!!
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Let’s!go!to!the!zoo!
!
!
!
!
Recents!review!:!

!
!
!
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•  !Inner!streaks!associated!with!the!near@wall!cycle!with!a!
spanwise!scale!of!O(100+)%%%

•  !hearpin,!horshoes!from!wall!region!into!overlap!region!

•  !LSMs!(Large!Scale!Mo%ons)!!of!scale!O(δ)!packets!of!hairpins!

•  VLSMs!(Adrian!and!co@!workers)!or!“superstructures”!(Marusic!
and!coworkers)!with!streamwise!length!scales!of!O(10!δ)!

!

4!types!of!organisa%on!
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Q1!Q2!

Q3!
Q4!

x!

y!

+U’!

+V’!

Outward!interac%ons!

Inward!interac%ons!

Bursts!

Sweeps!

u’v’!<!0!!TKE!produc%on!

4!QUADRANTS!!
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•  !Inner!streaks!associated!with!the!near@wall!cycle!with!a!
spanwise!scale!of!O(100+)!%

Spanwise!scale!increases!with!y!

Typical!sizes!!!!!!(in!wall!unit)!
!
Streamwise ! !>1000 !!O(15@20δ)!
Spanwise! ! !100!
Wall!normal ! !10!
!



J.!Delville! NCTR!III!Les!Houches!2014! 25!

Allen!1985!

Streak!burs%ng!cycle!
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Robinson!1991!
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•  !hearpin,!horshoes!from!wall!region!into!overlap!region!
!

Adrian,!Mehnardt,!Tomkins!2000!
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Autogenera%on!of!hairpin!packets!

Zou!et!al!1995!Low!reynolds!
Reτ=300!

CHANNEL!FLOW!



J.!Delville! NCTR!III!Les!Houches!2014! 29!

From!Adrian!AIAA!mee%ng!2007!!

δ@scale!mo%ons!
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Adrian!2005!
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Evidence&of&VLSM:&pipe&flow&spectra&
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Hutchins!Marusic!jfm!2007!
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TKE!produc%on!vs!Reynolds!Number!
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!(science!2010)!
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&
Coupling&experiments&and&unsteady&computaJons&&&

StochasJc&&approach&for&
&LowROrder&Dynamical&Systems&

&
&
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Why ? 

 

 

!  Reduction of computational 
cost … 

Domain size – 
Evacuation of 
initial conditions 

!  Take into account rare 
events:   

  Use the CFD to focus 
on selected events … 

!   Simulation of Controled 
Flows  
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Difficulties 
•  Impose!high!levels!of!turbulence!to!boundaries!of!a!CFD!

•  Generate!the!‘realis%c!dynamics’!!(temporal!evolu%on)!of!the!incoming!flow!or!boundary!
condi%ons…!

•  Take!into!account!the!organized!character!of!the!flow:!!coherent!structures!in!their!space!
and!%me!relevant!scales!

•  Provide!reliable!CFD!at!the!first!stages!of!the!computa%onal!domain!(for!flow!control,…)!!

!
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Implications for experiments:&

Spa%al!resolu%on!"!mapping!to!surfaces!and!volumes!!!

• !rakes,!brushes!of!sensors,!PIV,!…!!

Time!resolu%on!"!provide!condi%ons!at!each!%me!step!of!the!connected!computa%on!!

• !hot!wires,!!TR@PIV!(may!be!the!solu%on!…!!but!s%ll!limited!to!!low!velocity!flows)!

Relevant!informa%on!!

• !Mul%@components!of!velocity!(mul%@wire!probes,!stereo!PIV)!!

• !Pressure!(wall?),!density,!temperature!
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Whatever&the&soluJon&is:&

&We&need&for&MathemaJcal&&

&&&

TheoreJcal&(based&on&physics)&tools&
# &For&spaJal&interpolaJon&

# &For&spaJal&extrapolaJon&&

# &For&&Jme&predicJon!!

# &For&data&compression&&

# &For&combinaJon&of&different&flow&data!!

J.!Delville! 43!
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We&need&tools&for&
QualificaJon,&IdenJficaJon,&Modelling&of&LS&behaviour&
!
Es%ma%on!:!
•  LSE !!
•  LSE!+!%me!dependency!

Decomposi%on!
•  POD!!!!(Proper!Orthogonal!Decomposi%on)!
•  SVD!!!!!(Singular!Value!Decomposi%on)!
•  DMD!!!(dynamical!mode!decomposi%on)!
•  Stability!modes!!Linearised,!Parabolised,!non!linear,!...!
•  Complementary!techniques!!

Projec%on!(Galerkin)!may!require!closure!!
!
Iden%fica%on!techniques!
•  Least!mean!square!
•  Penalisa%on!
•  Op%cal!flows!
•  ARMAX!
•  4D!var!
•  …!
!
!
!
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The&tools&

Linear!Stochas%c!
Es%ma%on![Adrian]!

Proper!Orthogonal!
Decomposi%on!

[Lumley]!

Reduced!Order!Modelling:!
• !POD!Galerkin!
• !Dynamical!System!Iden%fica%on!

Complementary!
Technique![Bonnet!et%al]!

Actualisa%on!of!the!POD!
Basis!!

Dynamical!Reconstruc%on!

POD&

LSE&

ROM&
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L.S.E.!Linear!Stochas%c!!!!
!Es%ma%on!

!

!
&

%LSE%%depends%on%the%choice%of%parameters%

measured!es%mated!

Remarks:!
• !LSE!possible!only!if!a!correla%on!exists  
• !The!nature!of!parameters!and!es%mates!can!be!different!
• !Parameters!can!include!%me!delays!!
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velocity!$!velocity!

es%mated!

es%mé!

es%mé!

mesuré!

mesuré!

measured!

mesuré!

mesuré!

-t 

measured!

measured!

measured!

measured!

es%mated!

es%mated!

es%mated!
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Linear!Stochas%c!Es%ma%on!:!in!a!turbulent!plane!mixing!layer%%
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DNS!!2D!@!!plane!ML!
!

! !computa%on!

p(x)!

L.S.E!based!on!p(x)!
!

! !es%mated!velocity!
LSE!

p(x)!

pressure!$!velocity!
Arbitrary%Ime%sample%

LSE!of!velocity!from!pressure!in!a!plane!mixing!layer!(DNS)%
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