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Laminar/turbulent boundary layer

L. Prandtl, 1904, Heidelberg
No slip at the wall

Viscosity effect confined to a thin “transition layer” s
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REIMENS

- Turbulent flows are very different from their laminar counterpart:
Increased skin friction/pressure loss
Increased BL thickness
Increased heat/mass transfer properties
- technological importance!

- What are the associated physical mechanisms?

- Understanding is required to design/optimize systems and
control devices
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1. Introductory concepts: a glimpse at diffusi'_ (

- Growth of a flat plate boundary layer
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Global parameters (1/3)

Skin friction coefficient

I _ ./ 2772

Boundary layer thickness based Reynolds number

Res = 6Uso/v Rer = ‘”V‘T s

Displacement and Rotta-Clauser thicknesses

dy
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Ur 0
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Global parameters (2/3)

Momentum thickness

* {w)
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C¢/2 =db/dx
Shape factor

H=25/0

Turbulent: H=1.3-1.4

(u)
e

Laminar: H=2.59
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Global parameters (3/3)
Cy 0/ r di/T LVES
Laminaire, Blasius 0.664- Rez 7 | 0.664-Rez'® | 1721 Rez™? | 402. Rz
Turbulent, loi en 1/7 [49] | 0.0594 - Re; /° | 0.037 - Rez /" | 0.0477 - Re; /° | 0.38 - Rez /"
Turbulent, Michel [49] 0.0368 - Re; /0 | 0.0221 - Re; '7® | 0.0300 - Rey 7®
Cy 6/ o1/x é/x
Laminaire, Blasius 0441 - Reg! 0441 - Reg! 1.143 - Reg! 3.268 - Reg !

Turbulent, loi en 1/7 [49] | 0.026 - Re, /"

0.0163- Re, /"

0.0209 - Re, "

0.167- Re, /"

Turbulent, Michel [49] [ 0.0172. Re,'*

0.0103 - Re, *

0.0144 - Re,'*
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1.8 Ref Exp./DNS/Correlation  Symbol
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Osterlund et al. (2000) Eap. o
Fernholz & Finley (1996) Ezp. v
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—~ Nagib et al. (2007) Eap. L
£ Q Smith (1994) Eazp. x
£ = Erm & Joubert (1991) Eap. L]
g |18 Schlatter & Orlii (2010a) DNS °
g = Pirozzoli & Bernardini (2013) DNS A
. Sillero et al. (2011) DNS
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2 Michel et al. (1969) C;=00172Re, ®
- v T Spalart & Allmaras (1992) RANS =
< b present ZDES -——
13 1.0 T T T TaBLE 3. List of symbols utilised in figure 5 and 7
3 5000 10000 15000
o
G Rey
ONERA




Mean Velocity
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Reynolds stresses (1/3)

Oy A:\wv + (u) Op Agkv + (v) &y A:‘wv HmTvmzv + Diy+ Cy = Dew D

Qﬁ =2 A»G\\_B @RQ..V

Dey = 2w (9,,u' 0, u")

) A%V + (u) B, ?av + (1) 8, A%V — (As) +- Dt G — D

Dy = 8 (~ (v%) —24p/ [pv') + v, (12)
Co =2(p/pyv)
Dey = 2 (O 0" O 0)

A () + (u) 8, (w?) + (v) 8, () = Diny + Coy = Dewy

Q: + Qc + QE = Dn
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Diw = 8y (— (Vw) + v, (w))
Cw =2(p'/p0-u')
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Reynolds stresses (2/3)

Reynolds stresses

i
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DNS Schlatter et al. POF 2009 Reg = 2541
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Reynolds stresses (3/3)
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3. Statistical description in real space: Tu

Kinetic Energy (TKE) equation.

Setting i=j in the Reynolds stress equation yields:

EI'(I;)_ ——aoU;| oauif 10 [ ] ,ap’+ d [—]

ar pK| = puiu o T‘kaxk Tox puiLiuy L’i(?_)q I Uity
p.P:Transfert term I Turbulent diffusion T Viscous diffusion
(production) Rate of dissipation Pressure diffusion

— Note that the term which transfers energy from the mean flow to turbulence
appears in both mean and fluctuating KE equation but with an opposite sign
— This latter term represents now the rate at which energy enters the

s turbulence and passes through the cascade

Rate of dissipation of TKE

0u - — 1 [Jdu ()U} ’ ) _1
< > ~ “g 7
i =5t (()x, ox, ) >0 (€ ~m°.s7)

— The rate at which energy is dissipated in regions where the
instantaneous velocity gradients are Iarge e.g. in the smallest eddles
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3. Statistical description in real space: Turl

Kinetic Energy (TKE) equation (cont'd).

—— U,
. Interpretation of P = —PU,U, ax; ~ . This term vanishes in the
equation of the total (mean+fluctuat|ng) kinetic energy.

— exchange term of energy between the mean flow and
turbulence

- P= —pu;u; Si
—8&-

In most turbulent flows, P = —pu;u;

>0

Ox;

— production of turbulent energy by working of the mean flow
on the turbulent Reynolds stresses.
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3. The exchange of energy between the m

and turbulence (cont’d).

Mean field

Fluctuating field
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Turbulent Boundary Layer Structufé
Wall-bounded flows: the 2-scalg

Outer layer
« Dissipation
« Structure size 94y

 Production
« Dissipation
* Structures: streaks

- Near a (smooth) wall, viscous mechanisms give rise to a viscosity based
length scale (where u’ is a characteristic turbulent velocity scale) lv o V/I/t/
—The near wall dynamics (in the wall/inner layer ) must be dominated by
structures of this size

. The second « natural » (large) scale is the boundary layer thickness (or the
pipe radius) dgyq. Structures of this size should govern the dynamics far from
the wall (in the outer layer )

- one expects from the existence of two regions an asymptotically matching
in an intermediary inertial layer
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Turbulent Boundary Layer Structure
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g - The dynamics is associated with a very complex instantaneous flow organization
§ - Several types of flow structures are observed
% - Each layer exhibits different coherent events
a . . . . ..
¢ . ldentification of the exact role of each structure is still an open controversial issue
ONERA




Viscous and buffer layer

Q-criterion colored by
streamwise vorticity
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streamwise velocity

Region with low instantaneous (adapted from E.Garnler)

Viscous and buffer layer

- Low/high-speed Streamwise velocity streaks: sinuous arrays of
alternating streamwise jets superimposed on the mean shear (Kim &
al., 1971)

Average spanwise wavelength z+=50-100 (Smith & al., 1983)
Average streamwise length x+=1000

Wall shear is higher than the average at locations where the jets point
forward (resp. backward) for high speed (resp. low speed) streaks

. Quasi-streamwise vortices

Slightly tilted from the wall (9 degrees)
Stay in the near-wall region only for x+=200 (Jeong & al., 1997)
Have a diameter ranging from 10 to 40+

Several vortices are associated with each streak, with longitudinal spacing
x+=400

Some of them are connected to legs of hairpin vortices in the log layer, but
most merge in incoherent vorticity away from the wall

Are advected at speed c+=10
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Viscous and buffer layer. Spectral analysis ¢

production

Streamwise spectrum
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Log/wake region

Triggering of the outer cycle by
the inner one

Deck / Applied Aerodynamics Department

Re dependence of the hairpin B dynamics explained by hairpin

S.

- shapeRobinson 1991 iacketsAdrian JFM 2000
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1. Basic knowledge of boundary layers

2. Statistical quantities
3. Wall-bounded flows simulations

4. A glimpse at high-Reynolds number wall-bounded flows

5. Applications
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Computational cost
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Computational cost

» Direct Numerical Simulation (DNS) : prohibitive g s

» Wall-Resolved Large Eddy Simulation (WRLES): Qua3| DNS
(inner zone )

» Wall-Modelled LES (WMLES) : affordable at
high Reynolds numbers (modelled inner

Zzone ) Computational cost / Degrees of freedom
Resolved turbulence 100%
WRLES ~
NS WMLES  QqDNS DNS
r& { Iy/s yfs
Inner layer | modeled | modeled | mostly fully
(y/6<0.1) resolved | resolved
Outer layer | modeled | mostly mostly fully
resolved | resolved | resolved

10° 10° 105He'c 10° 107
FuTm| crvenwl 0 vl Ll Lovnl DNS

10° <™~ WRLES (tot.)

uh "
10 Al
210" 462\
>
Z 1011 S WMLES
109 /\rfi’ée\a.'\
107
10°

10° 10° 107 10°

Present ZDES Re€,
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» Average statistical description: RANS
. (! I {1l
(Reynolds-Averaged Navier-Stokes) , E; o e
» Turbulence-resolving : 77T <=
. . H
e Flow dominated by history of —
upstream boundary layer 5 5, 2o or Ty
o 2 2
* Appllcatlons (unSteady [1] Deck S., Recent improvements in the Zonal Detached
1 Eddy Simulation (ZDES) lation, The tical
loads , aeroacoustics ...) Computationsl Fuid bynanice, 2013, 25, 573.550.
g ! !
g ! ops0 !
LI :
O : ;
g 1 ;
3 ’—/ Winkler et al., Direct Numerical Simulation of the self-noise
0.8 x/c 1 radiated by an airfoil in a narrow stream, AIAA 2012-2059
QEHERA

=N ZDES Mode lII:
77y Wall-Modelled LES,
T Wall-Resolved LES capability ([3])
2

» Multi-resolution hybrid RANS/LES technique
» Ranging from RANS to WRLES, extensive validation basis

[1] Deck S., Recent improvements in the Zonal J T ' i i "
Detached Eddy Simulation (ZDES) formulation, , El Mode Q:RANS mode _ _
Tha)ra”:al Con‘putati Onal F|U|d Dynamcs, 2012’ 26, Mode 1: location of separation known in advance

[ Mode 2: location of separation unknown a priori
523-550. 0.2 |- I Mode 3: WMLES mode i
Deck S., Gand F., Brunet V. & Khelil S. B., High-fidelity simulationkunsteady
civil aircraft aerodynamics: stakes and perspectives. Aaptin of Zonal Y/¢
Detached Eddy Simulation (ZDESpPhilosophical Transactions of the Royal
Society A, 2014, 372:20130325. or 7
[3] Deck S., Renard N., Laraufie R. and Weiss P.-E., Large scaleilotion to
mean wall shear stress in high Reynolds number flat plate boundang lageto
Re;=13650 Journal of Fluid Mechanics, 2014, 743, 202-248 02+
[4] Deck S., Renard N., Laraufie R. and Sagaut P., Zonal Detached Eddy
Simulation of a spatially developing flat plate turbulent boundager over the 1 L 1 1 1 L
Reynolds number range 315(Re, < 14000,Physics of Fluids, 2014, 26, 025116 0 0.2 0.4 ; 0.6 0.8 1.0
x/c

Deck, S. & Laraufie, R., Numerical investigation of the flow dynamics

past a three-element aerofoil, Journal of Fluid Mechanics, 2013, 732,

401-
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GENCI: projet ZDESWALLTURE

PPeled/ AppidyhAeicsyDepaidsEdpartment

Re, = 5200

Wall-Resolved Large Eddy Simulatio

»  WRLES of a spatially developing zero-pressure-gradient flat-plate
turbulent boundary layer

> 3060 <Re,<13650, L, = 342 5, M= 0.21
>  ZDES mode Ill, Ax* = 50, Az* = 12, N, = 800.10°

»  2.10% CPU hours on 936 Nehalem processors of the CINES
superscalar computer Jade-SGl Altix Ice 8200, GENCI project
ZDESWALLTURB, 3 Terabytes of data

>  Low-dissipative AUSM+(P), FV, 2 order implicit time integration

6 87 88 89 EY 91
X/61 3000

0 0.5 1 [3] Deck S., Renard N., Laraufie R. and Weiss P.-E., Large scale contribution to
@ Exp. DeGraaff & Eaton 2000 y/8 mean wall shear stress in high Reynolds number flat plate boundary layers up to
O Marusic model (Marusic et al. 1997, Marusic & Kunkel 2003) Reg=13650, Journal of Fluid Mechanics, 2014, 743, 202-248
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Flow visualization

- Re,y=13000, u*=20
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» Power Spectral Density
estimation : Welch'’s
method
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» Time signal duration:
1155 §y/U.,

» Taylor’s hypothesis
2xf = -k U,

—_
o
w

UNLRRRRL

(U=<U>(y))

= Re,=3600, Re;=13000, present ZDES
_ _ .Re,=2800, Exp. Mathis et al. 2009
Re,=3900, Exp. Marusic et al. 2010
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Streamwise PSD of u’: Reynolds numbe-_ﬁ

superstructures
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y/d y/s
| kG uz?
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Reg=5200  (U.=U,o.(Y)) Re, = 13000
_ DnERA
Analysis of mean skin friction: FIK identi
U,
» Contribution of thesuperstructuresto C; ? y
P Cf L. &16
X

T’LU
mean skin friction coefficient ¢r = 777
o, =y 20, )
> FIK identity: [6] Fukagata, K., lwamoto, K. & Kasagi, N.7€abtrtion of
Reynolds stress distribution to the skin frictionwall-bounded flows
Physics of Fluids, 2002, 14, L73

« Mean streamwise momentum equation, zero pressure

gradient:
05? +T = % (UC)(?(Z) _ (“/1’/)) I, = %((uy) + %((u) <’U>) — ,,305;0 + %(<l1’2> )

» 3integrations by parts ovgiater...
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C=CrtCiatOn et [ W0y
* Reynolds shear stress distribuuor:
2 ONERA
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Grid requirements

region logarhmique,_|
Région interne (loi de paroi)

LOG u=tikiny+C

g
‘s sk (u-u'Wu=tikinyd+ B 3 (=
T 3
WEY L | gonoguitmique | rigondesige 4 =

BUFFER g | E

0k -1 | Région exteme (loi déficitaire)
i o TR ORI (Y O

RANS arid requirements: ’ A P

» y*<1: f(Re), typically Ay~~10-°-10-°m in aeronautical applications
« at least N,~30 points in &, dd/dx ~ 1cm/m

r 'yi+1/yi<1'l_’Ny

Ax* | Ayt | Az
LES |50 1 12

¢ [onsle  Jos e

1. Basic knowledge of boundary layers

2. Statistical quantities

3. Wall-bounded flows simulations

4. A glimpse at high-Reynolds number wall-bounded flows

5. Applications
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Separated flow over a S-shaped duct

DNS
Nyy~25.10
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(Courtesy of J.Dandois, ONERA)

ONERA
Towards Wall turbulence simulation at High'RE
number. (flows of category IlI)
Approximate grid points Description of the present LES:

i 5 - for the LES of the
1:0 1:0 1:0 Jjunction flow

107

*Re;=2100. Re,=3.10°5 M=0.15.

* Nxyz=65.108. At=0.5us

* 8 NEC-SX8 cores.

+20000h CPU—80ms

« Synthetic Eddy Method (SEM)
(Pamiés et al. Phys. of Fluids, 21,
2009, developed by ONERA)

104

+ Rey=2100 very far from technical configurations
¢ “standard” (Ax* =50- Az* =15-20) LES not
reachable in a near future at realistic Re

» broadening of the application area of ZDES

109 ¥ - by permitting the activation of LES inside the BL
Flight conditions
» ZDES acts as WMLES

(F.Gand, PhD, ONERA)
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(Courtesy of Jean-Paul Dussauge, IUSTI, Marseille)
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Interaction Onde de Choc-Couche Limite ,,__

Vaste Gamme d’échelles:

1. Epaisseur du choc: Achoc
2. Echelle de Kolmogorov: Nk
3. Taille de la maille de calcul: Ax

 Simulation directe: AX < Aghoc< Nk
 Simulation quasi-directe : Achoe SAX <Ny
* LES ou URANS: Achoc< Nk < AX

Co(t d’'une DNS

. - - r = 3 -
commputing time o i m_qz._\'u ~« O R 1, | (explicit schemes low CFL,..

C s the cost of the algorithm expressed in [s/grid poini/ steration]

* supersonic intake (unsteady
« low-frequency shock displacement unsteadinessrgelintegration time

2. CPU cost ?

1. Grid requirementg”

~

7
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