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Motivation

Research question:

Can we find a nonlinear SGS heat flux model with good physical and
numerical properties, such that we can obtain satisfactory
predictions for a turbulent Rayleigh-Bénard convection?

DNS of an air-filled Rayleigh-Bénard convection at Ra “ 1010

1F.Dabbagh, F.X.Trias, A.Gorobets, A.Oliva. On the evolution of flow topology in
turbulent Rayleigh-Bénard convection, Physics of Fluids, 28:115105, 2016.
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Motivation

And of course... saving the planet!
On a physically-consistent nonlinear subgrid-scale heat flux model for LES of buoyancy driven flows
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Eddy-viscosity models for LES

Btu ` pu ¨∇qu “ ∇2u ´∇p ´∇ ¨ τpuq ; ∇ ¨ u “ 0
eddy-viscosity ÝÑ τ puq “ ´2νtSpuq

νt “ pCmδq
2Dmpuq

Dmpuq ÝÑ Smagorinsky (1963), WALE (1999), Vreman (2004),
QR-model (2011), σ-model (2011), S3PQR2 (2015)...

Cm ÝÑ Germano’s dynamic model (1991), Lagrangian dynamic (1995),
Global dynamic approach (2006)

δ?

2F.X.Trias, D.Folch, A.Gorobets, A.Oliva. Building proper invariants for
eddy-viscosity subgrid-scale models, Physics of Fluids, 27: 065103, 2015.
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How to model the subgrid heat flux in LES?

Btu ` pu ¨∇qu “ ν∇2u ´∇p

` f

´∇ ¨ τpuq ; ∇ ¨ u “ 0
eddy-viscosity ÝÑ τ puq “ ´2νtSpuq

νt « pCmδq
2Dmpuq

BtT ` pu ¨∇qT “ α∇2T ´∇ ¨ q where q “ uT ´ uT
eddy-diffusivity ÝÑ q « ´αt∇T

αt “
νt
Prt

Prt?
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How to model the subgrid heat flux in LES?
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How to model the subgrid heat flux in LES?
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How to model the subgrid heat flux in LES?
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gradient model ÝÑ q « ´ δ
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12G∇T p” qnlq

G ” ∇u q “ ´ δ
2

12G∇T `Opδ4q
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A priori alignment trends4

eddy-diffusivity ÝÑ q « ´αt∇T p” qeddy q

gradient model ÝÑ q « ´ δ
2

12G∇T p” qnlq

qeddy H qnl

qeddy

qnl

qp

q

.

��

4F.Dabbagh, F.X.Trias, A.Gorobets, A.Oliva. A priori study of subgrid-scale features
in turbulent Rayleigh-Bénard convection, Physics of Fluids, 29:105103, 2017.
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How to model the subgrid heat flux in LES?
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Peng&Davidson5 ÝÑ q « ´ δ
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12S∇T p” qPDq

5S.Peng and L.Davidson. Int.J.Heat Mass Transfer, 45:1393-1405, 2002.
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A priori alignment trends
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How to model the subgrid heat flux in LES?

Btu ` pu ¨∇qu “ ν∇2u ´∇p ` f ´∇ ¨ τpuq ; ∇ ¨ u “ 0

eddy-viscosity ÝÑ τ puq “ ´2νtSpuq

νt « pCmδq
2Dmpuq

BtT ` pu ¨∇qT “ α∇2T ´∇ ¨ q where q “ uT ´ uT

mixed model ÝÑ q « qnl ` σqeddy p” qmix q

Daly&Harlow7 ÝÑ q « ´TSGS
δ2

12GGT ∇T p” qDHq

TSGS “ 1{|S|

7B.J.Daly and F.H.Harlow. Physics of Fluids, 13:2634, 1970.
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A priori alignment trends
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Near-wall scaling
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Near-wall scaling

qDH ” ´TSGS
δ2

12GGT ∇T ; TSGS “ 1{|S|

u “ ay `Opy2q; v “ by2 `Opy3q; w “ cy `Opy2q; T “ dy `Opy2q

G “

¨

˝

y 1 y
y2 y y2

y 1 y

˛

‚; ∇T “

¨

˝

y
1
y

˛

‚ ùñ GGT ∇T “

¨

˝

y
y2

y

˛

‚“ Opy1q

TSGS “ 1{|S| “ Opy0q

Idea: build a TSGS with the proper Opy2q scaling!!!
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Building proper models for the subgrid heat flux

Let us consider models that are based on the invariants of the tensor GGT

q « ´CM
`

Pp
GGT Qq

GGT R r
GGT

˘ δ2

12GGT ∇T p” qS2q

PGGT QGGT RGGT

Formula 2pQΩ ´QSq V 2 `Q2
G R2

G
Wall-behavior Opy0q Opy2q Opy6q

Units rT´2s rT´4s rT´6s

´6r ´ 4q ´ 2p “ 1 rT s; 6r ` 2q “ s,

where s is the slope for the asymptotic near-wall behavior, i.e. Opy sq.
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Solutions: qpp, sq “ ´p1` sq{2´ p and rpp, sq “ p2s ` 1q{6` p{3
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A priori alignment trends of S2QR

qnl ” ´
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A priori alignment trends of S2PQ
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A priori alignment trends of S2PR in the near-wall region
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A priori alignment trends of DH in the near-wall region

qnl ” ´
δ2

12G∇T qDH ” ´TSGS
δ2

12GGT ∇T ; TSGS “ 1{|S|
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A posteriori results?

Btu ` pu ¨∇qu “ ν∇2u ´∇p

` f

´∇ ¨ τpuq ; ∇ ¨ u “ 0
eddy-viscosity ÝÑ τ puq “ ´2νtSpuq

νt « pCmδq
2Dmpuq

BtT ` pu ¨∇qT “ α∇2T ´∇ ¨ q where q “ uT ´ uT

> But first we need to answer the following research question:
Are eddy-viscosity models for momentum able to provide
satisfactory results for turbulent Rayleigh-Bénard convection?

Idea: let’s do an LES for momentum and a DNS for temperature!
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DNS at very low Pr number

Why? scale separation scales with Pr0.5

(« 0.07 is our case)

DNS of a RB at Ra “ 7.14ˆ 106 and Pr “ 0.005 (liquid sodium)

On a physically-consistent nonlinear subgrid-scale heat flux model for LES of buoyancy driven flows



Motivation & background Modeling the subgrid heat flux Building proper models Results Conclusions

DNS at very low Pr number

Why? scale separation scales with Pr0.5 (« 0.07 is our case)

DNS of a RB at Ra “ 7.14ˆ 106 and Pr “ 0.005 (liquid sodium)

On a physically-consistent nonlinear subgrid-scale heat flux model for LES of buoyancy driven flows



Motivation & background Modeling the subgrid heat flux Building proper models Results Conclusions

LES8 results at very low Pr number
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LES results at very low Pr number
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LES results at very low Pr number
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Concluding remarks
A new tensor-diffusivity model has been proposed

qs2PR ” ´CMP´3{2
GGT R1{3

GGT
δ2

12GGT ∇T

Locally defined, unconditionally stable and vanishes for 2D flows X

Good a priori alignment trends X

Proper near-wall scaling X

Eddy-viscosity models work for RB X

Future:
A posteriori tests using qs2PR for Rayleigh-Bénard convection.
How δ should be defined for highly anisotropic grids?
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Thank you for your attention
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