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DNS of turbulence
e0

DNS of turbulent incompressible flows

Turbulent square duct at Re; = 1200 (172M grid points)

Air-filled differentially heated cavity at Ra = 10! (111M grid points)

Plane impingement jet at Re = 20000 (102M grid points)
Square cylinder at Re = 22000 (300M grid points)
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DNS of turbulence
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Scaling is possible!... but never enough

weeeee 256X 800x1600 (327.7M)
T [ weeesteee 256x1400x2800 (1003.5M)
Linear Speedup
70% efficiency

Normalized speedup
IS

1600 3200 6400 12800
Number of CPU cores

L A. Gorobets et al. “Hybrid MPI+OpenMP parallelization of an FFT-based 3D
Poisson solver with one periodic direction” Computers&Fluids, 49:101-109, 2011
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Building proper invariants for LES models

Many turbulence eddy-viscosity models for LES have been proposed
0u+C(u,u)=Du—Vp—-V-7(u); V-u=0
7 (0) = —2v:5(1)
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Building proper invariants for LES models

Many turbulence eddy-viscosity models for LES have been proposed
0u+C(u,u)=Du—Vp—-V-7(u); V-u=0
7 (0) = —2v:5(1)

. most of them rely on differential operators that are based on the
combination of invariants of a symmetric second-order tensor derived
from G = Vu.
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Building proper invariants for LES models

Many turbulence eddy-viscosity models for LES have been proposed
0u+C(u,u)=Du—Vp—-V-7(u); V-u=0
7 (0) = —2v:5(1)

. most of them rely on differential operators that are based on the
combination of invariants of a symmetric second-order tensor derived
from G = V4. It can be characterized by 5 basic invariants

{Qs, Rs, Qg, R, V21,

where Q4 = 1/2{tr?(A) — tr(A?)} and R4 = det(A) represent the second
and third invariants of the second-order tensor A, respectively. Moreover,
the first invariant of A will be denoted as P4 = tr(A).

V2 = tr(5%Q?), where S=1/2(G+ G'") and Q = 1/2(G — GT).
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A unified framework for eddy-viscosity models

Smagorinsky model 2™ = (Cs6)?|S(T)| = 2(Cs6)?(—Qs)?
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A unified framework for eddy-viscosity models

Smagorinsky model 2™ = (Cs6)?|S(T)| = 2(Cs6)?(—Qs)?
|Rs|

Rs-based model vk = (CR5)270,
—Ws
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A unified framework for eddy-viscosity models

Smagorinsky model 2% = (Cs6)?|S(u)| = 2(Cs6)*(—Qs)Y?
R
Rs-based model vk = (CR5)2M,
—Qs
(2/3Q% +Z2)3/2
(—2Qs)5/2 + (2/3Q% + Z2)5/4

WALE model  v¥¥ = (Cpwd)?

e
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A unified framework for eddy-viscosity models

Smagorinsky model 2™ = (Cs6)?|S(T)| = 2(Cs6)2(—Qs)*/?

R
Rs-based model vk = (CR5)2M,
—Qs
2/3Q% + Z2)3/2
WALE model W (Cd)? (2/3Q5 7
mode Ve ( w ) (_205)5/2+(2/3Q%+22)5/4
2 2\ 1/2
+4Z
V 's model Vi = (Co)? [ = ’
reman’s mode Ve (Cvr9) (2(QQ—QS)>
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A unified framework for eddy-viscosity models

Smagorinsky model 2™ = (Cs6)?|S(T)| = 2(Cs6)?(—Qs)?

R
Rs-based model vk = (CR5)2Q,
—Qs
2/3Q% + Z2)32
WALE model W = (Cwé)? (2/3Q¢
model Ve (Cwo) (—2Qs)5/2 + (2/3QZ + Z2)5/4’
) 5 \ 1/2
+4Z
Y 's model o= (Cwd) | 5 —as |
reman’s mode Vy (Cw9) (2(QQ—QS)>
. - 203(01 — 02)(02 — 03)
Sigma model vy =(C0) 2 ,

1

where o; are the three singular eigenvalues of G, i.e. o; = \/A; where ); is
an eigenvalue of GG', Z? = V? —2QsQq and Q¢ = Qs + Qq.
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Near-wall behavior

Invariants
Q¢ R¢ Qs Rs V2 Qo Z?
Wall-behavior | O(y*)  O(y®) O(°) O(y')) O(°) O(°) O(y?)
Units (T2 [T7%] [T [T [T [T [T
Models
Smagorinsky WALE Vreman's Rs-based o-model
Wall-behavior oy o3 ouhH O(yh) O(y?)
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Near-wall behavior

Invariants
Q¢ R¢ Qs Rs V2 Qo Z?
Wall-behavior | O(y*)  O(y®) O(°) O(y')) O(°) O(°) O(y?)
Units [T=2] (73] [772] [77°] [T7% [T7?] [T79]
Models
Smagorinsky WALE Vreman's Rs-based o-model
Wall-behavior oy o3 ouhH O(yh) O(y?)

Hence, new models can be derived by imposing restrictions on the
differential operators they are based on.
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Building proper invariants for LES models

For instance, let us consider models that are based on the invariants of the
tensor GGT

2 pp
Ve = (CM(s) PgGTQqGGT &GT’
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Building proper invariants for LES models

For instance, let us consider models that are based on the invariants of the
tensor GGT

2 pp
Ve = (CM(s) PgGTQqGGT &GT’

PGGT QGGT RGGT
Formula 20Qa—Qs) Qz+47Z> RZ
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Building proper invariants for LES models

For instance, let us consider models that are based on the invariants of the
tensor GGT

2 pp
Ve = (CM(s) PgGTQqGGT &GT’

Pger QeeT Reet

Formula 2(Qa — Qs) Q% +427° Ré
Wall-behavior O(y%) Oo(y?) 0Oy
Units [T—2] [T—4] [T7]
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Building proper invariants for LES models

For instance, let us consider models that are based on the invariants of the
tensor GGT

2 pp
Ve = (CM(s) PEGTQqGGT &GT’

PGGT QGGT RGGT
Formula 2(Qa—Qs) Qz+47Z> RZ
Wall-behavior  O(y°) 0(?)  0Oy°)
Units [T2] (T4 [T
—6r—4q—2p=—1; 6r+2q=s,

where s is the slope for the asymptotic near-wall behavior, i.e. O(y®).
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Building proper invariants for LES models

Solutions: q(p,s) =(1—s5s)/2—pand r(p,s) =(2s—1)/6+p/3

q.r
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Building proper invariants for LES models

Solutions: q(p,s) =(1—s5s)/2—pand r(p,s) =(2s—1)/6+p/3

1(p)

q.r

slope=3 ——
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Building proper invariants for LES models

Solutions: q(p,s) =(1—s5s)/2—pand r(p,s) =(2s—1)/6+p/3

: 0 1)
a1k
slope=3
27 S3QP model =
S3RP model ©
3t S3RQ model 4
-3 -2.5 -2 -1.5 -1 -0.5 0 0.5 1

P
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Building proper invariants for LES models

Solutions: q(p,s) =(1—s5s)/2—pand r(p,s) =(2s—1)/6+p/3

5 0
1T Vreman's model
slope=3
27 S3QP model =
S3RP model ©
3t S3RQ model 4
-3 -2.5 -2 -1.5 -1 -0.5 0 0.5 1

P
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Building proper models for LES

Hence, a family of new eddy-viscosity model for LES
ohu+C(u,u)=Du—-Vp—-V-7(u); V-u=0

7 (0) = —2v.5(7)
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Building proper models for LES

Hence, a family of new eddy-viscosity model for LES
ohu+C(u,u)=Du—-Vp—-V-7(u); V-u=0
7 (0) = —2v.5(1)

has been derived by imposing proper conditions on the invariant(s)

V3P = (Coqpd) P’ QU2

S3RP 2p—1 1/2
Ve = (Cs3rp5) PGGTRG/GT’

_ 5/6
VSRR = (Coargd)? QL RS
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Building proper models for LES

Hence, a family of new eddy-viscosity model for LES
ohu+C(u,u)=Du—-Vp—-V-7(u); V-u=0
7 (0) = —2v.5(1)

has been derived by imposing proper conditions on the invariant(s)

V3P = (Coqpd) Pl QU2

S3RP 2p—1 1/2
Ve = (Cs3rp5) PGGTRG/GT’

_ 5/6
VSRR — (Coarg0)? QL RS

And what about the model constants?
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Building proper models for LES

The model constants, Cs3xx, can be related with the Vreman's constant,
Cyy, with the following inequality
(CVr)2 VeS3xx

< ATV
0= (Cs3xx)2 Vé/r

1
< —.
-3
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Building proper models for LES

The model constants, Cs3xx, can be related with the Vreman's constant,
Cyy, with the following inequality

0< (CVr)2 VeS3xx <1
o (Cs3xx)2 Vé/r -3

Hence, imposing that Cs3qp = Cs3rp = Co3rg = V/3Cy, guarantees:

s3xx
Ve
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Building proper models for LES

The model constants, Cs3xx, can be related with the Vreman's constant,
Cyy, with the following inequality

0< (CVr)2 VeS3xx <1
o (Cs3xx)2 Vé/r -3

Hence, imposing that Cs3qp = Cs3rp = Co3rg = V/3Cy, guarantees:

0 gufxx

numerical stability
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Building proper models for LES

The model constants, Cs3xx, can be related with the Vreman's constant,
Cyy, with the following inequality

0< (CVr)2 VeS3xx <1
o (Cs3xx)2 Vé/r -3

Hence, imposing that Cs3qp = Cs3rp = Co3rg = V/3Cy, guarantees:

s3xx Vr
0 <p*™ <,

. - | | dissipation than
numerical stability \jss or e,qua (jjs|sl pation tha
reman’s model!
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Preliminary results

Turbulent channel flow
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Thank you for
your attention
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