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Where is aeroacoustics?
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Where is aeroacoustics?

Accuracy of aeroacoustic calculations depends
how accurately the velocity field is predicted.

Most of the flows of interest are turbulent.

Modeling turbulence is the essential and often
most important part of an aeroacoustic calculation.
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Motivation

New paradigm of direct physics-based coupling of
adaptive numerical methods & turbulence models

Wavelets and their basic properties
Adaptive wavelet collocation method
Hierarchy of Turbulence Modeling
Wavelet-Based Direct Numerical Simulations (WDNS)

Coherent Vortex Simulation
Stochastic Coherent Adaptive Large Eddy Simulations
Low-Fidelity Approaches

Relationship of wavelet and other methods

Computational Complexity of Turbulent Flows
Examples

Conclusions and Perspectives
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Non-Wavelet-based Turbulent Modeling:

DNS — LES — RANS

At-a-Glance Comparison of DNS, LES, RANS

LES : principle

RANS
LES ) -
DNS LES : principle
4 Modeled in RANS
B < ] eled in RANY =
Time E(k) — Computed in DNS <

Computed in LES Modeled in LES
L]

Taken From — Prof. D. Veynante Lecture Note — (without permission)
ERCOFTAC SIG4 Summer School on “Turbulence and Mixing in Compressible Flows”, Strasbourg, France, 7-11 July 2005
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arge ddy Imulation

Use a low pass filter to separate the large scale eddies from
the small subgrid scales.

u(x,t) =u(x,t) +u'(x,1)

Simulate the evolution of the large scale vorticies, while
modeling the effect of the small subgrid scales.

(‘9@; | c‘ﬁzﬂj B aﬁ | 1 azﬂi | 87—ij
Ot Re Ox;0x; | 0x ;

(9373' 8:1:2
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Dependency Diagram —
LES

SGS

CFD - R

A (X)
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Defficiencies of Classical LES:

Does not take advantage of spatial/temporal
intermittency of turbulent flows

Inhomegeneous fidelity

a-priori large/small scale separation
under-resolves energetic structures
over-resolves in between them
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New direction/philosophy/paradigm:

Direct physics-based coupling of

adaptive high order numerical methods
&
turbulence models

that takes advantage of spatio-temporal intermittency
of turbulent flows
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What does direct coupling bring?

the active control of the fidelity/accuracy of the simulation
near optimal spatially adaptive computational mesh

the “desired” flow-physics is captured by considerably smaller number of spatial

modes
Re®, a < 9/4
considerably smaller Reynolds scaling exponent,

robust general mathematical framework for spatial/temporal model-refinement
(m-refinement) that can be extended to LES with AMR approach

new mathematical framework for epistemic uncertainty quantification
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Adaptive Wavelet Collocation Method
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Mole Fraction Density Vorticity Grid
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Benchmark: 2D Cylinder Flow, Re=185, Ma=0.2

Vorticity
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Benchmark: 2D Cylinder Flow, Re=185, Ma=0.2

Vorticity
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Vorticity
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Vorticity
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Shock Wave Propagation through the Cylinder Array

Schlieren Pressure (on grid)
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Hierarchical Variable Fidelity
Multiscale Turbulence Modeling
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Coherent Vortex Extraction*

= ker I=0 ke kd

|dic| = €eoptllwl] |dic| < €optllwll

optimal threshold from denoising theoryf: Copt = 0nV2In N

On 1S variance of incoherent vorticity

*Farge M, Schneider K, Kevliahan N. 1999. Phys. Fluids 11:2187-201
TDonoho DL, Johnstone IM. 1994. Biometrika 81:425-55
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Coherent Vortex Extraction*

Homogenous isotropic turbulent flow at Ry = 732 and
resolution N = 20483
subcubes of size N = 2563 are visualized

*Okamoto N,Yoshimatsu K, Schneider K, Farge M, KanedaY. 2007. Phys. Fluids 19:115109
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Coherent Vortex Extraction*

W = WcC Wr

Energy spectra PDF of velocity PDF of vorticity
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Homogenous isotropic turbulent flow at R\ = 732 and
resolution N = 20483

subcubes of size N = 2563 are visualized
*Okamoto N,Yoshimatsu K, Schneider K, Farge M, KanedaY. 2007. Phys. Fluids 19:115109
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Wavelet-based Turbulence Modeling Hierarchy

=7/
it

+oo 2" —1
ux) =) dNx)+) ) Y Y Al (x)
le L0 J=0 p=1 k € KJ

|dy | > €|l
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Wavelet-based Turbulence Modeling Hierarchy

~Z
7/
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+oo0 2" —1 | |
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|dy | > €|l
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Wavelet-based Turbulence Modeling Hierarchy

=7/
it

+oo 2" —1
ux) =) dNx)+) ) Y Y Al (x)
le L0 J=0 p=1 k € KJ

|dy | > €|l

u(x,t) =u “(x,t) + a=(x,1)
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Wavelet-based Turbulence Modeling Hierarchy

=7/
it

+oo 2" —1
ux) =) dNx)+) ) Y Y Al (x)
le L0 J=0 p=1 k € KJ

|dy | > €|l

Choice of e:
u(x,t) = a(x, 1) + T (x,1) WDNS - e <1
CVS* - €c = Eopt
SCALEST - € > €pt

*Coherent Vortex SImulation (CVS): Farge M, Schneider K, Kevliahan N. Phys. Fluids 11:2187-201, 1999.
fStochastic Coherent Adaptive Large Eddy Simulations (SCALES): Goldstein, D.E. and Vasilyev, O.V., Phys. Fluids 16: 2497-2513, 2004.
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Wavelet-based Turbulence Modeling Hierarchy

o o
/Navele hresholding filter:

+oo0 2" —1

(X)) =) AN +FY Y D AT (x)
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Laree LES Small DNS .
5 , . |di | > €|lul]
Eddies Eddies (_:

SCA LES

Coherent

Choice of e:
WDNS - ek
CVS' - ¢~ eop
SCALEST - € > €opt

CVS

::::}
‘:‘:‘
K
R
:‘:‘}
XX

::

::

9
N\

\/

O
:0

O
o
O
‘0

K
:0
X

O
X

-

28

&
5

%
%
5

)
o

R/
9
Yo%

WDNS, | ;

Increasing Wave #

\/

5
<
S
o
%
5
0%
&S

»
»

0.9
X
&)
oz‘
(4B
‘6

Incoherent

*Coherent Vortex SImulation (CVS): Farge M, Schneider K, Kevliahan N. Phys. Fluids 11:2187-201, 1999.
fStochastic Coherent Adaptive Large Eddy Simulations (SCALES): Goldstein, D.E. and Vasilyev, O.V., Phys. Fluids 16: 2497-2513, 2004.
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Wavelet-based Turbulence Modeling Hierarchy

=7/
it

+oo0 2" —1 | |
U(x) = A+ Yy > d Y (x)
le L0 J=0 p=1 k € KJ
d]| > e|ul

Simulate the evolution of the most energetic coherent
vortices (track them), while modeling the effect of the
subgrid scales.

€ F7>€a7>€ —>€ 2—->¢€
ou; ou; “u; op 1 0%u;

877;3-

ot  Ox; Or;  Re 0x;0x; Oz,
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avelet-based irect umerical imulation

Use wavelet thresholding filter to separate the numerically
significant flow structures from the insignificant ones.

u(x,t) =u " (x,t) +ua=“(x,1)

Wavelet threshold is set to sufficiently small value (¢ << 1), so
the ignored scales are insignificant and no model is

necessary.
ou;© Ou;u;t  9p7c 1 0%u; ¢ Ry
ot 0x  Ox; Re 0x;0x Iz
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oherent oriex iImulation

Use an “ideal” wavelet thresholding filter to separate the
energetic coherent vortices from the “incoherent Gaussian”
subgrid scales at each time step.

w(x,t) =w>(z,t) +w(z,t)

Simulate the evolution of the coherent vortices, (track them),
while modeling the effect of the “incoherent Gaussian” subgrid
scales.

Ow;> Ow;> _ Oui> 1 0w
e | Re 8:z;j8xj

o 8xj

- M,

*Farge M, Schneider K, Kevlahan N. 1999. Phys. Fluids 11:2187-201
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fochastic oherent daptive

arge ddy imulation

Use wavelet thresholding filter to separate the most
energetic coherent vortices from the subgrid scales.

u(x,t) =u " (x,t) +ua=“(x,1)

Simulate the evolution of the most energetic coherent
vortices (track them), while modeling the effect of the
subgrid scales.

€ 7> €7 >€ —>€ 2—->¢€
ou;© Ou;u;c  9gp7c 1 0%,

ot 0x  Ox; Re 0x;0x

877;:,-

(95133'
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LES Dissipation

SCA LES (21267 modes)

Mean/e = 0.552
o/e =4.700

Mean/c =0.188

SCALES
Coherent SGS (5%)

Mean/e = 0.549
o/e =4.709

Mean/c =0.117

SCA LES
Incoherent SGS (95%)

Mean/e = 0.00321
o/e =0.390

Mean/c = 0.00823

1o, M | -
~6000 —4000 2000 0 2000 4000 6000

€ = (2vSj; Sjj ) (mean viscous dissipation)
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LES Dissipation

LES (K. =16.0)
Mean/e =0.761
o/e = 2.457

Mean/oc =0.310

pdf . — TijSi'

SC LES
Coherent SGS (5%)

Mean/e =0.752
o/e = 2.481

Mean/o =0.303

107} ‘

107 | D

SC LES
107 G | Incoherent SGS (95%)

Mean/s = 0.00892
o/e =0.663

Mean/o =0.0135

0 - i
-3000 -2000 -1000 0 1000 2000 3000
e = (2vSj S ) (mean viscous dissipation)
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Dependency Diagram —
SCALES

K.E.

SGS

l
AWCM ﬁ R }—F
=
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Turbulence Resolution

. . kS S
Kinetic Energy Based: F = kresfksgs

SGS dissipation Based: F = - H+H
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Turbulence Resolution

. . kS S
Kinetic Energy Based: F = kresfksgs

SGS dissipation Based: F = - H+H

Fidelity of the simulation is a function of Turbulence
Resolution

Objective - control the level of fidelity
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Turbulence Resolution

. . kS S
Kinetic Energy Based: F = kresfksgs

SGS dissipation Based: F = - H+H
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Turbulence Resolution

. . kS S
Kinetic Energy Based: F = kresfksgs

SGS dissipation Based: F = - H+H

Homogeneous Turbulence:
LES with Fx g fixed complexity ~ Re’ =1

LESwith FD fixed complexity ~ Re%/4
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Spatial Variable Thresholding

Scales Dependency Goal: €] wherever  II > Ilgoal

€| == Buildup scales Eves |
ET ——> Losing some scales HT

In General: ut o~ e &

1

Wavelet-Threshold-Filtered Velocity

Depends on:
1) Threshold Level
2) Velocity Scale
Idea: Fully Adaptive Wavelet Thresholding Filter
Threshold is determined on-the-fly
By Tracking areas of Locally Significant: € = ¢(I0)

1) SGS Dissipation or
2) Any other Physical quantity
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Spatial Variable Thresholding

Lagrangian “Variable Thresholding” SCALES

Or€ + ﬂj?e(?x €= —forcingerm + Ve(")’gjmje

forcingierm = €14 (x — U °At, t) %6 (F—G)

o

F_€PGS+H
e —1

7e =|Sij |

ve (x,t) = O, A? (x,t) ]§>E]

iJ

2
numerical diffusion time-scale: Te > convective time-scale:%
C,. <1
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brid CVS & SCALES (Hierarchical Muttiscale Adaptive Variable Fidelity) —
Time Varying Goal Benchmark

0.45 T T T T T T 1 T T 1
al Oi€ + ﬂ;éé’x €= —forcingierm + l/eﬁijxje |
& [V (x, T+ At) — €4 (x — u"“At, )| = —forcingierm
0.35— _
0.3[= .
-
Eg 0.25 1 e ]
%)
LL
g 0.2(— v n
= <€ >
0.15 STeddy g € {0.2,0.25,0.3,0.2,0.3,0.25} ]
forcingierm = €24 (x — U “At, t) %6 (F—-0)
0.1 _
_ 1
F o €res‘|‘H
0.05— _ —>¢€ _ —>€ ]
o =(S;y ) —> 17 =[5
0 I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I

0] 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32
2 2
Teddy u’ s 1

Teddy = ) = 2QK — 3Q
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brid CVS & SCALES (Hierarchical Muttiscale Adaptive Variable Fidelity) —

Time Varying Goal Benchmark

15t & 3 Order Interpolation Approach

0.4 7‘6_1 = |§Z>j€‘ -

0.3H o 1%"’“ mee M" st W‘ |

()
8 025 ,-M“ WM \ g Pl —
%) ,* |
L F \
g 02 W .WW‘M’WV" “M e «, T -- . -- W . .- —
= <€ >
015 57'eddy g € {0.2,0.25,0.3,0.2,0.3,0.25} ]
0.1 ]
0.05 — |
1% order Interpolation

3"Order Interpolation
0 | | | | | | | | | | | | | | | | | | | | | | | | | I I I I I I
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brid CVS & SCALES (Hierarchical Muttiscale Adaptive Variable Fidelity) —

Time Varying Goal Benchmark

ve € {0.05,0.1,4,5} Solving Evolution Equation Directly

IJMWWV'%Jthﬂ‘*
|

\

|
u
L ‘} { y . . . |
4“”\‘,‘ 'v'f{‘ r"}“' Ty o ” Ih,“ Mxh
“

\ ‘
/ | A
J - e A ommAT A ]

W AN W nedind )
L v e

Total FSGSD

011 Evolution v =0.05|
EvoMﬁon\%=OJ
0.05~ Evolution v =4
EvoMﬁon\%=5
ol 11 L

o 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32
T
eddy
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- br i d WDN S/ C VS/ S CALE S {Hierarchical Multiscale Adaptive Variable Fidelily) —

m-SCALES

G (K.E., €(R,F))

G : € (R.F)
SGS |< an [m]

l

AWCM a { R >
t T -
[enum ]
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model refinement is not limited to SCALES —
m-LES

SGS

CFD - R

A (F (R))

El

F(R)
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=

Computational Complexity
or
Reynolds Number Scaling

EEEEEEEEEEE
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avelet based irect umerical Imulation
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Computational Complexity*

10°} 104 )
-1/
Re
=z o)
10°%} 172 10
Re

3 4
10 Lo ot ral Lo ot ral Lo ot aaal N EEET 10 L1 vl L1 vl Lo vl NIRRT

10 102 10° 10* 10° 10" 102 10° 10* 10°

Re Re

Studied: 3 x 10" < Re < 10°
Number of grid points (N') scales like Rel’2
At scales like Re-1/2

*Kevlahan NKR, Vasilyev OV. 2005. SIAM J. Sci. Comput. 26:1894-915
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Computational Complexity

—

o
-
N

Complexity
S

10 Lo vl o vl o vl BN
10 10° 10° 10* 10°

Re

Computational Complexity (N /Af) scales like Re.

Improvement on standard scaling estimate of Re%~.
(for 2D turbulence based on Kolmogorov scale)

*Kevlahan NKR,Vasilyev OV. 2005. SIAM |. Sci. Comput. 26:1894-915
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Re =5050

1 Y ¢ b t
j

"~ Re =40400

M
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Space-time Modes in 2D Turbulence*

Space only
(b)
10°
=

10%
4 3
10 ' 10 — —
10° 10°* 10° 10° 10° 10°

Re Re

2D decaying turbulence 1 260 < Re < 40 400.
The non-intermittent computational estimate: /N ~ Re 372

Mathematical upper bound: N ~ Re 2

*Kevlahan NKR, Alam |M,Vasilyev OV. 2007. |. Fluid Mech. 570:217-26
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Are similar trends observed for 3-D
turbulence?

EEEEEEEEEEE
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Time-Averaged Energy Spectra —

CVS and SCALES

Linear Forcing Coefficient: () = 6.6

Taylor micro-scale Reynolds number :  Re) = 70,120,190, 320 v =0.09,0.035,0.015,0.006
Adaptive Grid corresponds to 2563,5123,10243,20483 (at highest level of resolution) J,,.. =6,7,8,9 e=0.2,043
Rey =70

Rey = 320

W
900

Oo
o
(=]

o~
(]
o

400

TR 1

[ ]
(]
o
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Time-Averaged Energy Spectra —

CVS and SCALES

/ Linear Forcing Coefficient: () = 6.6
Taylor micro-scale Reynolds number :  Re) = 70,120,190, 320 v =0.09,0.035,0.015,0.006
Adaptive Grid corresponds to 2563,5123,10243,20483 (at highest level of resolution) J,,.. =6,7,8,9 e =10.2,0.43

104 I T I
©
= =
S 10° f = -
S _ k—5/3
@)p) . N \\
> 10° | RN :
O ~N N ~ N
— N N -
) AR N
C 107 | NN N .
LLI N ~ N

A \ N AN
L 3 \ N\ N
8 10—4 i 256° CVS Re=70 \ \ N |
~ A S
o2 - -~ 512° CVS  Re=120 VN
S ool -1024% CVS  Re=190 N\
Z —— 256° SCALES Re=70
© || 512° SCALES Re=120
E 1071l 1024° SCALES Re=190 1
| =——2048° SCALES Re=320
10 0 l l e 1 | | e 2
10 10 10
Wavenumber
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Computational Complexity —
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Computational Complexity —

10" . . . .
. —©— SCALES €=043
L —F— CVS €=0.2 Rei/2
10105— —A— DNS E

>
1

| Re2.75 .

Number of Points

70 150 190 320
Taylor Microscale Reynolds number
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Computational Complexity —

o SCALES € =0.43 5 Re3Pr/(Prth)
| —5— CVS €=0.2 Re)? Dp <3
10105— —A— DNS E
12
£ 10"}
o
o
Y 3
O 10° Re) ]
)
-CE) ] DFCVS S
7| 2.75 |
2 10 ~Re?
6 Dpyonres S 15 = 0.846153
10° | -
105 | | |
70 120 190 320 Drscarns <1

Taylor Microscale Reynolds number
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Computational Complexity —

—o— SCALES
0.75

0.7
0.651

0.6

0.55

Drawback: HT as ReT
Solution: Spatial Variable Thresholding

0.5

Total FSGSD

0.45
Fully Adaptive Wavelet Thresholding Filter

e = ¢€(I)

0.4

0.35

70 120 190 320
Taylor Microscale Reynolds number
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Fraction SGS Dissipation — SCALES

Linear Forcing Coefficient :

Q=6.6

Taylor micro-scale Reynolds number :

Adaptive Grid corresponds to

Rey = 70,120,190, 320 v = 0.09,0.035,0.015,0.006
95635123, 10243, 20483  (at highest level of resolution) J,... = 6,7,8,9

e =0.43

1IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
—— 256° Re=70
—— 5122 Re=120
10243 Re=190[1
——2048° Re=320
ol 0.74504 |
a)
o
0]
o
L 0.6 ... .. ... .. . N et
E 0.59473
(@)
|_
05—
""" 0.47587 %W et
041
ol 032318 T N
0_2IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
01 2 3 456 7 8 9101112131415161718 192021 222324 2526 27 28 29 30 31 32 33 34 3536 37 38 39 40 41 42 43 44 45 46 47 48 49 50 51 52

teddy
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Computational Complexity —

Different ¢

o
() = ey

O8—T—T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T 1T T T T T

Total FSGSD

10243 Re ,=190 5123 Re y=120 256° Re =70

Y N I Y ) A B N I e e A S S A N I S A )
0123456 78 345678 910111213140 1 2 9 1011121314 1516 17 18 19 20 21 22 23 24 25 26 27
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Computational Complexity —

Different ¢
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Is 7 reallya Physically Meaningful Measure !

Energy-Spectra of constant-€ CVS, constant-€ SCALES, constant- 7 SCALES
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Is 7 reallya Physically Meaningful Measure !

Energy-Spectra of constant-€ CVS, constant-€ SCALES, constant- 7 SCALES

—
o
o

Increase Goal

|
N

-
o
I

—_
oI
N
I

|
[e]

Time Averaged Energy Spectra

DO Ot

)
o
@
o>
!
™
n

S PN

Tooooo

@p)
@
>
r‘
=
w2
SN QQQQQ
N
OV

-10

10 R ]

Wavenumber

DEPARTMENT OF
MECHANICAL ENGINEERING

MULTE-SCALE MODELING Variable Fidelity Adaptive Large Eddy Simulation, September 26, 2014 54
SIMULATION LABORATORY




Computational Complexity —

Different ¢
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Computational Complexity —
Different ¢

- —0—SCALES G=0.2
o —=—SCALES G=0.25
10°F % SCALES ¢=0.32
. —>— SCALES G=0.4
o | —&—SCALES §G=0.5
= —A—DNS

R e9/2

Number of Points

4 _ | | | |
70 120 190 320

Taylor Microscale Reynolds number
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Computational Complexity —

Different ¢
10 ¢ | g
- —<—SCALES §G=0.2 o ]
o] —8—SCALES §G=0.25 Re)\ ]
10°F % SCALES G=0.32 -
- —>—SCALES G=0.4 f
) 109 | _G_SCALES Q= 05 )
+ = ——DNS \ §
e : Re .
2 \ :
HC_) il Dch SCALES 5 2 —%
O :
Lot e’ —;
S |
3 -
Z 10° L :
10° | i
10" _ | | | | j

70 120 190 320

Taylor Microscale Reynolds number
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(Why Dp =21) Iso-Dissipation Surfaces —
Sheet-Like Structures

Constant-Dissipation SCALES (cd-SCALES)
—

maintains dissipation () at a fixed level (G )

i.e., captures iso-surfaces of dissipation,

which are known to be sheet-like structure*,
—

cd-SCALES fills the space with D =2 .

* . Schumacher, H. Zilken, B. Eckhardt, and K.R. Sreenivasan,
Scalar dissipation fronts in high-Schmidt number mixing,
Chaos 15,041105 (2005). doi
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http://dx.doi.org/10.1063/1.2130687
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Ongoing Efforts:

Adaptive LES for Wall-bounded Flows

extending the wavelet-based eddy capturing approach (De Stefano & Vasilyev, JFM 2012)
typical multiscale problem (mixing layer, recirculating flow, separated boundary layer, ...)
unsteady 3-D flow at low Re (even for 2-D bodies)

wavelet multi-resolution analysis naturally able to identify/track dynamically dominant flow

structures
obstacle simply modeled through volume-penalization U Qf
. Q).

ouw; __ 0 ~ . . .

9z, U; penalized perturbation velocity u; +U; =0 on 0
ou; | ( N\ Ougy OP | 6277/73 Xs (7. :

ot ' (uj + UJ) ox,; ~  Ox; V@xjﬁxj n (UZ T UZ)
penalty error scales with 7%/2 Fi(t) = %/ (u; + U;)dx

Qs
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Ongoing Efforts:

Adaptive LES for Wall-bounded Flows

Isolated stationary cylinder with square cross-section
supercritical Reynolds-number Re=UL/v =2 x 10?

computational domain: 24L x 16L x 4L

penalty constant: nU/L =5x10"*

thresholding level: e = 0.05

levels of resolution: Jmax = 3

finest resolution: Ax/L =Ay/L =1/128 Az/L =1/64

SGS/resolved dissipation about 10%
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Mean velocity profiles

Mean = Time- and spanwise-averaged

U Streamwise and transverse components
 ——
Reference: non-adaptive numerical solution
(Brun et al., FTC 2008)
x=-0.3L x=0 x=03L

RN o

06

y-0.5

0.4F

y-0.5

08

0.2

0.8

0.4

y-0.5

0.8
06
0.4

02k
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Mean turbulent stresses

turbulent stress

y-0.5

08

08
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0.2
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- !\F
O L L L L L I L L L I | L L I | L L I L | L
O 0.2 0.4 06 0.8 1

turbulent stress
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y-0.5

0.4

Time- and spanwise-averaged stresses

Experimental peak along the centerline
captured (Lin et al., JFM 1995)

Separating shear layer becomes unstable and
transition to turbulence occurs

0.8
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Mean SGS energy profiles

0.008 0.8
x=-0.3
x=0
. x=03
0.006 - 06
A
7] 0
& 0.004 | . Q0.4
54 | = b
\" .’..
f W AR
B : %a | v
0.002 |- D 02 = . 'B i )
T | W il |l: * 1 e oy
02 0 8 10 OO 0.0056 0.01 0015 002
< ksgs >
spanwise- and time-averaged modeled SGS energy
Verified global results: Cp = 2.4 St =0.13 (Okajima, JFM 1982)
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Instantaneous vorticity field

Lewvsl

-

Scatter plot of the retained
collocation points at highest

Main vortical structures levels
identified by the Q-criterion

(Q=0.25) e .
Spatial distribution of wavelets follows the physics
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Time-dependent coupling

vortical structures

&

retained collocation points
scatter plot

Time= 4 Tme= 4
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Time-dependent coupling

vortical structures

&

retained collocation points
scatter plot

Time= 4 Tme= 4
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SGS energy field
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0

SGS energy vanishes inside
of the obstacle (penalization)
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SGS energy field
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Variable thresholding

WLT threshold
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Variable thresholding

WLT threshold Fraction of SGS dissipation
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Variable thresholding

Y
' : O
| | I I I I I | | I I | I I I | I I I I I I | I I I | I I

_3IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

-1 0 1 2 3 4
X

Modeled SGS dissipation

Mo

Resolved viscous dissipation
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Ongoing Efforts:
WDNS of Compressible Flow

Re =350, Q = 0./
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Ongoing Efforts:
WDNS of Compressible Flow

Re =350, Q = 0./
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Ongoing Efforts:
WDNS of Compressible Flow

Re = 500, Q = 0.5
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Ongoing Efforts:
WDNS of Compressible Flow

Re = 500, Q = 0.5
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Vorticity

5.000e+00
3.750e+00
2.500e+00
1.250e+00
0.000e+00
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Vorticity
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1.250e+00
0.000e+00

DEPARTMENT OF
MECHANICAL ENGINEERING

MULTE=SCALE MODELING
SIMULATION LABORATORY




Conclusions and Perspectives

Integrated framework for modeling and simulations of fluid flows:

highly adaptive numerical algorithm with robust physics-
based grid adaptation and active error control

tight integration of numerics, physics based modeling, and
uncertainty quantification

unified hierarchy of turbulence models of different fidelity
active control of turbulence resolution
spatially/temporarily varaible fidelity simulation

easy representation of flow geometry from auto CAD -
penalization/immersed boundary approach
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