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Inhomogéneéité phenomenologle

u=(u)+ u': décomposition de Reynolds
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Simulation numérique des
ecoulements turbulents

goal= get a physically-sound numerical representation of the flow

-Direct Numerical Simulation (all scales of motion) is usually prohibitive

- alternatives = partial representation of the flow :
- Reynolds-Averaged Navier-Stokes : mean flow
- Large-Eddy Simulation : large-scale dynamics of the flow

—->Does it make sense (from a physical viewpoint) ?
- What are the governing equations?

é)tﬁgn’d = Ns(ﬁgrid) + le ‘L’subgrid

n~~/

Tsubgrid — tr(rsubgrid )I = _2V S

subgrid
SGS viscosity = property of the flow, not of the fluid... (very) bad news |
Vosoid (B U gy VU s €1C.)?

grid ® grid ?



Effet du cisaillement en equations

0 <u> .
~-x.: locally uniform shear
ox . /
J
- after some (exact) calculations from the Navier-Stokes equations...
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T,.() = 4;12 f(<\5u'(x, /)
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- In The context of LES :

—<ngs : §> = 2<ngs(A) - ‘ 5‘2> ~T,,,(A)/A with A = grid spacing

Su'(A) =| S’

A and  SUM)=[(S)| A = v, @A) =(C,A7-(|5]-[(5)])

Shear-Improved Smagorinsky Model
Lévéque et al., J. Fluid Mech. (2007)



v, (&) =(C,07(|5]-[(5)])

If ‘5’ >>‘<§>‘ : Smagorinsky model for HI furbulence (Cs =0.17)
ou'(A) ~,
ngs =~ ((jsA)2 ) A = (CSA)Z ) S
li ‘<§>‘ >> ‘5" : Shear-dominated SGS viscosity
5T
ngs =~ (CSA)Z ~
(5)
PLUS : MINUS :
— physically-sound, no ad-hoc parameter — requires estimation of mean-flow
— low computational cost as the simulation runs!

— easy to parallelize

, . signal processin
— convenient for boundary conditions g P g



Application o complex-geometry
unsteady turbulent flows (real-world flows)

Cahuzac et al., in press Phys. Fluids (2010)

How to extract (or reconstruct) the mean flow as the simulation runs ¢

- physically sound : smoothing in time
mean flow = low-frequency component of the flow

12 @

-manageable from computational viewpoint : recursive filter
-adaptive : Kalman filtering
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Exponentially-weighted moving average
exponential smoothing

(n+1) (n) "
<u> + =(1‘Cexp)'<u>n +Cexp‘u( Y at each grid point

-Cexp - STNOOTHING factor
- equivalent fp first-order low pass filter with cut-off frequency f. :

_2m f, At

¢ exp ’\/g

~3.628 f. At

PLUS : MINUS :
- conceptually simple - uniform physically-sound cut-off frequency ¢
- localin space - unavoidable phase delay : At /Cexp

- low memory storage



Low-pass Kalman filter

adaptive exponential smoothing

(n+1) (n) (n+1)
° <u> " = <u> " + 5<u> " - model
control increment = random noise with fixed variance

2m f. At o
c%<@ = \[§ u Wwhy ¢

o, <u>/o su = Cexp. fOT Stationary periods

(n+1)
u('m) = <u> + (5u(n+1) : observation
deviation from the estimated mean = random noise with variance
- <u>(n+1) —u""M, 0.1 u*z]

*

(n+1)
u

O;

= max [u
predict and update :
<u>(n+1) =(1-K"")- <u>(n) + KD gy

Kin+1) optimal Kalman gain (given by theory)



Practical evaluation of the method

Turb'Flow solver (Jérbme Boudet, LMFA):

- Finite volume

- Convective fluxes by centered schemes on four points
- Diffusive fluxes by centered scheme on two points
- SGS model = Shear-Improved Smagorinsky Model (SISM)

plane-channel Flow at Re,,, = 395

Outlet:
periodic

Lateral face:
periodic

y+=10 above
bottom wall

ul+

0.0 22,0

[ | I
resolution: 49x89x41
Ax+=52, Az+=31, Ay+=0.5...24

U =U, . friction velocity

flow past a circular cylinder af Rey = 47,000

3.10% mesh-points
Ar+=1, RA0+=20, Az+=25

St = f.-D/U.,} Strouhal number

=== ===

Cahuzac et al. Phys. Fluids (2010)



Velocity probes at y*=10 in the plane-channel flow (Rew=39%5)

... Spatial average (along x-z)

... exponential smoothing compared to
spatial average (along x)

... Kalman filtering




Lateral face:
periodic

Plane-channel flow

+=10 above

- comparisons with DNS data

220

2
| T —rTTTT T — T T 3

20 *x  DNS Moser et al.
LES SISM spatial average

~ == LES SISM exponential average
| "= = LES SISM Kalman filter

(a)

2 x  DNS Moser et al.
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streamwise velocity profile turbulent infensi’ry profiles

friction velocity: u™ =0.54 m.s™

w

u™ =0.59 m.s™ _ within the 10% level of accuracy
reviewed for standard SGS models



Outlet:
periodic

Lateral face:
periodic

plane-channel flow

y+=10 above
bottom wall

= Ccomparisons with DNS dato

1e+00 E T T T T T T ™ T T I T I T
==y 10 E A x  DNS Moser et al.
| oM LES SISM spatial average 7
b\ R + ——— LES SISM exponential average
le-0lE * = A -—+— LES SISM Kalman filter i
£ v =100 X ] A .
i )SS%( ] \ [y =100 ]
LT * b .
uu
le-02
le-03 E x  DNS Moser et al.
C LES SISM spatial average
[ |===— LES SISM exponential average
| |-—-— LES SISM Kalman filter
=()/ 1 1 1 1 ‘ 1 1 1 1
Le-04 10 100
K.0
spanwise spectra two-point velocity correlation

of streamwise velocity for spanwise separation



Outlet:

periodic
Lateral face:
periodic

plane-channel flow

y+=10 above
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two-point correlation functions... promising for aero-acoustics



flow past a circular cylinder

Friction and pressure coefficients
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flow past a circular cylinder 01019 052 086 12
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flow past a circular cylinder

"= comparisons with experimental data
spectra in frequency

vvvvv



« Adaptivity » of the Kalman filter

K_kalman/K_exp_equivalent
2 3

I
0.75

K_kalman/K_exp_equivalent

- .
2.8

St_fc/St_vortex_shedding

St_fc/St_vortex_shedding
2 1,6

08
I




1.2

0.9

0.8
0.76

K_kalman/K_exp_equivalent
24

St_fc/St_vortex_shedding
1.2 1,6 2

2.8

At/ K Kalman
O < KKalman < 1

... make Ky gimgn Maximum in
separation zone

évolution de I'angle de décollement, sur la zone supérieure du cylindre, en fonction du temps. Comparaison champ instantanné 7 champ filtré
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Conclusion

from a physical viewpoint :
- take into account mean-flow inhomogeneity + unsteadiness :
SISM (no ad-hoc parameter) + (adapftive) temporal smoothing

from a numerical viewpoint :
- inconditionnally stable
- low cost algorithms
- easy to parallelize + convenient for boundary conditions

To-Do list: <
- address realistic turbo-machinery flow / aero-acoustic featt
Flocon project (LMFA) : Adrien Cahuzac + Jérbme
- reduce phase delay :
- improve Kalman filter
- consider Lagrangian filtering (along fluid trajectory)




Plane channel flow (academic flow)

Lateral face:
periodic

root-mean-squared turbulent velocity profiles

Outlet:
periodic

+= 10 above
bottom wall

22.0

Rer=395 (64x65x64)

* u shear-improved Smagorinsky
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mean velocity profile U*(y")

Lévéque et al., J. Fluid Mech. (2007)
Boudet et al., J. of Therm. Science. (2008)
Cahuzac et al. Phys. Fluids (2010)

Fler=395 (64x65x64)

* shear-improved Smagorinsky’s model -7
= dynamic model (Piomelli, 1993)
——dns (Moser et al., 1999)

U'y)=25logy" +5

-1 0




flow past a circular cylinder

comparisons with experimental data

SISM-ES | SISM-AKF | data in literature

1.35 (Rep = 4.3 10%), ref.%®
{Cp): mean drag coefficient 1.34 1.23 [1.0,1.35] (Rep = 4.8 10%), ref.®
[1.0,1.3] (Rep = 4.8 10%), ref.?

[1.1, 1.3] (Rep € [10%,10°]), ref.?7

0.16 (Rep = 4.310%), ref.%
Cly: rms drag coefficient 0.09 0.065 [0.08,0.1] (Rep = 4.8 10%), ref.40

[0.05,0.1] (Rep € [10%,10%]), ref.®7

[0.45,0.55] (Rep = 4.3 10%), ref.?
Cp: rms lift coefficient 0.77 0.603 [0.4,0.8] (Rep = 4.8 10%), ref.4?

[0.6,0.82] (Rep € [10%,105]), ref.?7

St: Strouhal number 0.190 0.204 [0.18,0.2] (Rep = 4.8 10%), ref.®

[0.185,0.195] (Rep = 6.1 10%), ref.4!

flow characteristics



Mesh resolution
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