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DNS of turbulence
[ eJe]e}

DNS of turbulent incompressible flows

Main features of the DNS code:

@ Structured staggered grids

@ High-order
symmetry-preserving schemes

@ Fully-explicit second-order
time-integration method

@ Poisson solver for 2.5D
problems: FFT + PCG Air-filled differentially heated cavity at Ra = 10'! (111M grid points), 2008

@ Hybrid MPI4+OpenMP
parallelization

@ OpenClL-based extension for
its use on GPGPU

Plane impingement jet at Re = 20000 (102M grid points), 2011
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DNS of turbulence
[e] le]e}

DNS of turbulent incompressible flows

Square duct at Re; = 1200 (172M grid points), 2013

Plane impingement jet at Re = 20000 (102M grid points), 2011

Square cylinder at Re = 22000 (324M grid points), 2014
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DNS of turbulence
[e]e] e}

DNS of turbulent incompressible flows

Rayleigh-Bénard convection at Ra = 1010 (607M grid points), 2015

Square cylinder at Re = 22000 (324M grid points), 2014
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DNS of turbulence
[e]e]e] ]

Scaling is possible!... but never enough

weeeteen 256x 8001600 (327.7M)

T [ e 256x1400x2800 (1003.5M) i
Linear Speedup

| 70% efficiency

Normalized speedup
~

1600 3200 6400 12800
Number of CPU cores

LA.Gorobets, F.X.Trias, A.Oliva. A parallel MPI+OpenMP+OpenCL algorithm for
hybrid supercomputations of incompressible flows, Computers&Fluids, 88:764-772, 2013
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Building proper invariants for LES models

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

Therefore, they can be characterized by 5 basic invariants

{Qs, Rs, Qg, Rg, V?}
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Building proper invariants for LES models

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

Therefore, they can be characterized by 5 basic invariants

{Qs, Rs, Qg, Rg, V?}

Notation: given a second-order tensor A

First invariant: Pa = tr(A)
Second invariant:  Qa = 1/2{tr?(A) — tr(A?)}
Third invariant: R = det(A)
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Building proper invariants for LES models

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

Therefore, they can be characterized by 5 basic invariants

{Qs, Rs, Qg, Rg, V?}

Notation:
V2 = 4(tr(5%Q%) — 2Qs Qq),

where S=1/2(G+ GT)and Q =1/2(G—-GT).
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A unified framework for eddy-viscosity models

{Qs, Rs, Qg, Rg, V?}
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A unified framework for eddy-viscosity models

{Qs, Rs, Qg, Rg, V?}

Smagorinsky model 3™ = (CsA)?|S(T)| = 2(Cs6)?(—Qs)V2,
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A unified framework for eddy-viscosity models

{Qs, Rs, Qg, Rg, V?}

Smagorinsky model 3™ = (CsA)?|S(T)| = 2(Cs6)?(—Qs)V2,
2 |Rs|
—Qs’

Verstappen's model ~ vY¢ (Cred)

e
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A unified framework for eddy-viscosity models

{Qs, Rs, Qg, Rg, V?}

Smagorinsky model 3™ = (CsA)?|S(T)| = 2(Cs6)?(—Qs)V2,
2 |Rs|
—Qs’
(V2/2+2Q%/3)3/2
(—2Qs)5/2 + (V2/2 +2Q%/3)5/4

Verstappen's model ~ vY¢ (Cred)

e

WALE model ~ v¥¥ = (CywA)?

e
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A unified framework for eddy-viscosity models

{Qs, Rs, Qg, Rg, V?}

Smagorinsky model 3™ = (CsA)?|S(T)| = 2(Cs6)?(—Qs)V2,

R
Verstappen's model ~ vYe = (CpeA)? | 5’
S
2 2 /213/2
W 2 (V</2+2Q5/3)
WALE model Ve = (CWA) _2QS 5/2+ V2 2—|—202 3)5/4°
G
Vi Q2 \Y?
V ’ d I Vr — C I‘A 2 76. ,
reman s mode Ve ( Vi ) <2(QQ _ QS)
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A unified framework for eddy-viscosity models

{Qs, Rs, Qg, Rg, V?}

Smagorinsky model 2™ = (CsA)?|S(m)| = 2(Cs8)?(—Qs)Y/?,
R
Verstappen's model ~ vYe = (CpeA)? | 5’
S
V2/2+2Q%/3)%/?
WALE model v/ = (CwA)? ( >
model e (Cwh) (—2Qs)5/2 + (V2/2 +2Q% /3)5/4
vi @z \"?
Vreman’s model o= (A ]
reman s mode Ve ( Vi ) <2(QQ _ QS)
. . 203(01 — 02)(02 — 03)
Sigma model vy = (GCA) 5 ;

01
where o; = \/\; and ); is an eigenvalue of GGT.
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Near-wall behavior

{Qs, Rs, Qg, Rg, V?}

Building proper invariants for Large-Eddy Simulation



Building proper invariants
00e00

Near-wall behavior

{Qs, Rs, Qg, Rg, V?}

Invariants
Q¢ Rc Qs Rs % Qa
Wall-behavior | O(y?) O(y*) O(°) O@') 0% 0@
Units [T72] [T [T72 [T [T [T
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Near-wall behavior

{Qs, Rs, Qg, Rg, V?}

Invariants
Q¢ Rc Qs Rs V2 Qo
Wall-behavior | O(y?) O(y®) O@(°) O(y!) 0O(°) 0O(°)

Units | [T [T (T2 [T [T [T
Models

Smagorinsky WALE Vreman's Verstappen's o-model

Wall-behavior oY) o ouhH o) o(y?)
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Near-wall behavior

{Qs, Rs, Qg, Rg, V?}

Invariants
Q¢ Rc Qs Rs V2 Qo
Wall-behavior | O(y?) O(y®) O@(°) O(y!) 0O(°) 0O(°)

Units | [T [T (T2 [T [T [T
Models

Smagorinsky WALE Vreman's Verstappen's o-model

Wall-behavior oY) o ouhH o) 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

Ve = (CM5)2PZGTQZGTR&GT,

2F.X.Trias, D.Folch, A.Gorobets, A.Oliva. Building proper invariants for
eddy-viscosity subgrid-scale models, Physics of Fluids, (accepted)

Building proper invariants for Large-Eddy Simulation



Building proper invariants
[e]e]e] o]

Building proper invariants for LES models?

For instance, let us consider models that are based on the invariants of the
tensor GGT
2
Ve = (CMé) PZGTQqGGT E;GT7

Pcer Qg Rger
Formula 2(Qa—Qs) V?+QZ RZ

2F.X.Trias, D.Folch, A.Gorobets, A.Oliva. Building proper invariants for
eddy-viscosity subgrid-scale models, Physics of Fluids, (accepted)
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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
Ve = (CMé) PZGTQqGGT E;GT7

Pggr Qoer  Rger

Formula 2(Qa — Qs) V2 + Q% R%
Wall-behavior %) oy?) 0O®u°
Units [T—2] [T—4] [T

2F.X.Trias, D.Folch, A.Gorobets, A.Oliva. Building proper invariants for
eddy-viscosity subgrid-scale models, Physics of Fluids, (accepted)
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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
Ve = (CMé) PZGTQqGGT E;GT7

Pcer Qg Rger
Formula 2(Qa—Qs) V2+QZ RZ
Wall-behavior — O(y°) o(y?) Oy
Units [T2] [T [T
—6r—4q —2p = —1; 6r+2q=s,

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

2F.X.Trias, D.Folch, A.Gorobets, A.Oliva. Building proper invariants for
eddy-viscosity subgrid-scale models, Physics of Fluids, (accepted)
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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

3
2
q(p)
1 .
ER 1)
a1k
slope=3 ——
2t
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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

3
2
qp)
1 .
: 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 ©
3+ ) S3Rleodel ) A : : .
-3 -2.5 -2 -1.5 -1 -0.5 0 0.5 1

P
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New eddy-viscosity models
[ eJe]e]

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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New eddy-viscosity models
[ eJe]e]

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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New eddy-viscosity models
[ eJe]e]

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

Finding model constants

The model constants, Cs3x, can be related with the Vreman's constant,
Cvy, with the following inequality
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New eddy-viscosity models
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Building proper models for LES

Finding model constants

The model constants, Cs3x, can be related with the Vreman's constant,
Cvy, with the following inequality

— < —.
o (Cs3xx)2 Vé/r -3

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

s3xx
Ve

Building proper invariants for Large-Eddy Simulation



New eddy-viscosity models
[e] Te]e]

Building proper models for LES

Finding model constants

The model constants, Cs3x, can be related with the Vreman's constant,
Cvy, with the following inequality

1
3
Hence, imposing that Cs3qp = Cs3rp = Co3rg = V/3Cy, guarantees:

O SVZ?’XX

numerical stability
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New eddy-viscosity models
[e] Te]e]

Building proper models for LES

Finding model constants

The model constants, Cs3x, can be related with the Vreman's constant,
Cvy, with the following inequality

— < —.
o (Cs3xx)2 Vé/r -3

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

s3xx Vr
0 <™ <,

numerical stability I\(;ss or e,qual (iljlslsllpatlon than
reman’s model!
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New eddy-viscosity models
[e]e] o]

Buiding proper models for LES

Decaying isotropic turbulence with Cs3pq = Cs3pr = Cs3gr = V3Cy,

Comparison with classical Comte-Bellot & Corrsin (CBC) experiment.

tUq IM = 42,
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New eddy-viscosity models
[e]e]e] )

Buiding proper models for LES

Decaying isotropic turbulence with Cs3pq = 0.572, Cs3pr = 0.709, Cs3qr = 0.762

Comparison with classical Comte-Bellot & Corrsin (CBC) experiment

101
10-2 L
3
w
103
tUg IM = 42,
| ]
10"
10 100
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Results for a channel flow
[ leJele]

Turbulent channel flow

Running on 4% _order FVM on a staggered Cartesian grid...

Building proper invariants for Large-Eddy Simulation



Results for a channel flow
[ leJele]

Turbulent channel flow

Running on 4% _order FVM on a staggered Cartesian grid...

Is the discretization important?
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Results for a channel flow
[e] lele]

Turbulent channel flow

...discretization of 2V - (1+S(u)): a new simple approach3

Oru+C(u,u) =Du—Vp , V-u=0
dus
Qs ; —i—C(us)us—DuS—i—l\/l Pe , Mus = 0,

3F.X.Trias, A.Gorobets, A.Oliva A simple approach to discretize the viscous term with
spatially varying (eddy-)viscosity Journal of Computational Physics, 253:405-417, 2013
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Results for a channel flow
[e] lele]

Turbulent channel flow

...discretization of 2V - (1+S(u)): a new simple approach3

Oru+C(u,u)=Du—Vp +2V-(v:S5(v)), V-u=0
dus
Qs CZ—{—C(US)US—DUS—H\A Pe , Mus = 0,

where 2V - (1:S(u)) = V- (v, Vu) + V- (v:VuT).

3F.X.Trias, A.Gorobets, A.Oliva A simple approach to discretize the viscous term with
spatially varying (eddy-)viscosity Journal of Computational Physics, 253:405-417, 2013
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Results for a channel flow
[e] lele]

Turbulent channel flow

...discretization of 2V - (1+S(u)): a new simple approach3

Oru+C(u,u)=Du—Vp +2V-(v:S5(v)), V-u=0
Q. (Zf + C(us)us = Dus+MTpc+ 722722 | Mus = 0,

where 2V - (1:S(u)) = V- (v, Vu) + V- (v:VuT).

3F.X.Trias, A.Gorobets, A.Oliva A simple approach to discretize the viscous term with
spatially varying (eddy-)viscosity Journal of Computational Physics, 253:405-417, 2013
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Results for a channel flow
[e] lele]

Turbulent channel flow

...discretization of 2V - (1+S(u)): a new simple approach3

Oru+C(u,u)=Du—Vp +2V-(v:S5(v)), V-u=0
Q. (Zf—i—(:(us)us—Dus—i—l\/l pc+ 77777 Mus = 0,
where 2V - (1:S(u)) = V- (v, Vu) + V- (v:VuT).
V- (VtVUT)

3F.X.Trias, A.Gorobets, A.Oliva A simple approach to discretize the viscous term with
spatially varying (eddy-)viscosity Journal of Computational Physics, 253:405-417, 2013
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Results for a channel flow
[e] lele]

Turbulent channel flow

...discretization of 2V - (1+S(u)): a new simple approach3

Oru+C(u,u)=Du—Vp +2V-(v:S5(v)), V-u=0
Q. (Zf + C(us)us = Dus+MTpc+ 722722 | Mus = 0,

where 2V - (1:S(u)) = V - (1sVu) + V - (1, VuT).
V-(:Vu") = V(V-(vew)) =V - (u® Vi)

3F.X.Trias, A.Gorobets, A.Oliva A simple approach to discretize the viscous term with
spatially varying (eddy-)viscosity Journal of Computational Physics, 253:405-417, 2013
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Results for a channel flow
[e] lele]

Turbulent channel flow

...discretization of 2V - (1+S(u)): a new simple approach3

Oru+C(u,u)=Du—Vp +2V-(v:S5(v)), V-u=0
Q. (Zf + C(us)us = Dus+MTpc+ 722722 | Mus = 0,

where 2V - (1:S(u)) = V- (v, Vu) + V- (v:VuT).
V-(:Vu") = V(V-(vew)) =V - (u® Vi)
V(V - (vew)) — C(u, Vie)

3F.X.Trias, A.Gorobets, A.Oliva A simple approach to discretize the viscous term with
spatially varying (eddy-)viscosity Journal of Computational Physics, 253:405-417, 2013
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Results for a channel flow
[e] lele]

Turbulent channel flow

...discretization of 2V - (1+S(u)): a new simple approach3

Oru+C(u,u)=Du—Vp +2V-(v:S5(v)), V-u=0
Q. (Zf + C(us)us = Dus+MTpc+ 722722 | Mus = 0,

where 2V - (1:S(u)) = V- (v, Vu) + V- (v:VuT).
V-(:Vu") = V(V-(vew)) =V - (u® Vi)
V(V - (vew)) — C(u, Vie)

MTQZ Mg — C (us)(—Q5*M Tt )

~V(V-(veu)) ~C(u, V)

where [ds]f = [ve,s]flus]f. Straightforward implementation!!!

3F.X.Trias, A.Gorobets, A.Oliva A simple approach to discretize the viscous term with
spatially varying (eddy-)viscosity Journal of Computational Physics, 253:405-417, 2013
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Results for a channel flow
[e]e] o]

Turbulent channel flow

Results

22

2 |
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Turbulent channel flow

Near-wall behavior

<Ve>/v

Building proper invariants for Large-Eddy Simulation
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Results for a channel flow
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Conclusions

@ Most of the existing eddy-viscosity models for LES can be represented
into this 5D phase space of invariants

{Qs, Rs, Q, Rg, V?}
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Conclusions

@ Most of the existing eddy-viscosity models for LES can be represented
into this 5D phase space of invariants

{Qs, Rs, Q, Rg, V?}

@ Based on this general framework, a family of new eddy-viscosity
type LES models has been derived by imposing proper restrictions.
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Conclusions

@ Most of the existing eddy-viscosity models for LES can be represented
into this 5D phase space of invariants

{Qs, Rs, Q, Rg, V?}

@ Based on this general framework, a family of new eddy-viscosity
type LES models has been derived by imposing proper restrictions.

@ A simple new approach to discretize the viscous term for
eddy-viscosity models has been proposed.
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Conclusions and Future Research

@ Most of the existing eddy-viscosity models for LES can be represented
into this 5D phase space of invariants

{Qs, Rs, Q, Rg, V?}

@ Based on this general framework, a family of new eddy-viscosity
type LES models has been derived by imposing proper restrictions.

@ A simple new approach to discretize the viscous term for
eddy-viscosity models has been proposed.

@ Test the performance of new eddy-viscosity type LES for different
configurations.
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Thank you for your attention
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Further reading

@ F.X.Trias, D.Folch, A.Gorobets, A.Oliva. Building proper invariants
for eddy-viscosity subgrid-scale models, Physics of Fluids, (accepted)

o F.X.Trias, A.Gorobets, A.Oliva A simple approach to discretize the
viscous term with spatially varying (eddy-)viscosity Journal of
Computational Physics, 253:405-417, 2013

Building proper invariants for Large-Eddy Simulation



	DNS of turbulence
	Building proper invariants
	New eddy-viscosity models
	Results for a channel flow
	Conclusions

