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Research question #1:
@ Can we hit the ultimate regime of thermal turbulence with LES?
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( (int D
Rank #27 Rank #82 Rank #21 PRACE XEON’
5,632 nodes with: 3456 nodes with: 980 nodes with: PLATINUM

2AMD EPYC 7742 2xIntel Xeon 8160 2 IBM Power9 inside”
(64 cores each) 1x Intel Omni-Path 4 NVIDIA Volta V100
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Preserving symmetries at discrete level
@00

Numerical methods for DNS/LES

Research question #2:
@ Can we construct numerical discretizations of the Navier-Stokes
equations suitable for complex geometries, such that the symmetry
properties are exactly preserved?

1F X.Trias, A.Gorobets, A.Oliva. Turbulent flow around a square cylinder at Reynolds
number 22000: a DNS study, Computers&Fluids, 123:87-98, 2015.
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Preserving symmetries at discrete level
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Symmetry-preserving discretization on unstructured grids®

Continuous
gltl—i- C(u,u) =vV2u—"p
Vu=20

3F.X.Trias, O.Lehmkuhl, A.Oliva, C.D.Pérez-Segarra, R.W.C.P.Verstappen.
Symmetry-preserving discretization of Navier-Stokes equations on collocated
unstructured grids, Journal of Computational Physics, 258 (1): 246-267, 2014.



Preserving symmetries at discrete level
(o] T}

Symmetry-preserving discretization on unstructured grids®

Continuous Discrete
d
?;+C(u,u)—yv2u—Tp Q#—FC(uh)uthuh—Gph
Vu=0 Muh = Oh

3F.X.Trias, O.Lehmkuhl, A.Oliva, C.D.Pérez-Segarra, R.W.C.P.Verstappen.
Symmetry-preserving discretization of Navier-Stokes equations on collocated
unstructured grids, Journal of Computational Physics, 258 (1): 246-267, 2014.



Preserving symmetries at discrete level
(o] T}

Symmetry-preserving discretization on unstructured grids®

Continuous Discrete
d
?;+C(u,u)—yv2u—Tp Q#—FC(uh)uthuh—Gph
Vu=0 Muh = Oh
(a.b) = | abdg (an, by, — al by

3F.X.Trias, O.Lehmkuhl, A.Oliva, C.D.Pérez-Segarra, R.W.C.P.Verstappen.
Symmetry-preserving discretization of Navier-Stokes equations on collocated
unstructured grids, Journal of Computational Physics, 258 (1): 246-267, 2014.



Preserving symmetries at discrete level
(o] T}

Symmetry-preserving discretization on unstructured grids®

Continuous Discrete
d
?;+C(u,u)—yv2u—Tp Q#—FC(uh)uthuh—Gph
Vu=0 Muh = Oh
(a.b) = | abdg (an, by, — T Qby

<C(u7901)a902> = - <C(uv 902)a<)01> C(uh) = 7CT (uh)

3F.X.Trias, O.Lehmkuhl, A.Oliva, C.D.Pérez-Segarra, R.W.C.P.Verstappen.
Symmetry-preserving discretization of Navier-Stokes equations on collocated
unstructured grids, Journal of Computational Physics, 258 (1): 246-267, 2014.



Preserving symmetries at discrete level
(o] T}

Symmetry-preserving discretization on unstructured grids®

Continuous Discrete
d
?;+C(u,u)—yv2u—Tp Q#—FC(uh)uthuh—Gph
Vu=0 Muh = Oh
(a.b) = | abdg (an, by, — T Qby

<C(u7901)a902> == <C(uv 902)a<)01>
(V-a,p) = —(a, V) QG =-M"

3F.X.Trias, O.Lehmkuhl, A.Oliva, C.D.Pérez-Segarra, R.W.C.P.Verstappen.
Symmetry-preserving discretization of Navier-Stokes equations on collocated
unstructured grids, Journal of Computational Physics, 258 (1): 246-267, 2014.



Preserving symmetries at discrete level
(o] T}

Symmetry-preserving discretization on unstructured grids®

Continuous Discrete
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Why collocated arrangements are so popular?

STAR-CCM+  (L¥opaderce SIEMENS
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FLUENT
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In staggered meshes 4“
@ p-us coupling is naturally solved v M

C (us) and D difficult to discretize X
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Preserving symmetries at discrete level
ooe

Why collocated arrangements are so popular?

Everything is easy except the pressure-velocity (:oupling4*5

* STAR-CCM+ @:n.adapco SIEMENS

« ANSYS-FLUENT TALWNHES
FLUENT"

[ J
* Code-Saturne (";;\’PSRNE t‘-‘ QEDF E'PL

* OpenFOAM  OpenVFOAM®

du,
o Juinic
c dt

In collocated meshes AB
@ p-u. coupling is cumbersome X Av
AA'

+ C(us)uc =Du.—G.p.; Meue =0,

e C(us) and D easy to discretize v

@ Cheaper, less memory,... v

4J.A4Hopman, F.X.Trias, J.Rigola. On a conservative solution to checkerboarding: examining the discrete Laplacian kernel
using mesh connectivity On Friday at 10:05 in Sala Paolino d’'Aquileia

5D.Santos, F.X.Trias, G.Colomer, A.Oliva. An energy-preserving unconditionally stable fractional step method for
DNS/LES on collocated unstructured grids On Friday at 10:20 in Sala Paolino d’Aquileia 7/13
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Portability and beyond
[ ]

HPC on modern supercomputers

Research question #3:

@ How can we develop portable and efficient CFD codes for large-scale simulations
on modern supercomputers?

1995 2000 2005 2010 2015 2020

V4 4
> A 2
Technology Trends in HPC ARG "0y

single-core CPU clusters . multi-core CPU clusters . hybrid clusters >

0y S
(PSS
\»

CTTC resources and software  catabitityupto 100 cores
S - 7 PO
sequential structured parallel structured ermofluids heterogeneous ulgcbu>

deep source of applied and
fundamental research

6X.Alvarez, A.Gorobets, F.X.Trias. A hierarchical parallel implementation for heterogeneous computing. Application to
algebra-based CFD simulations on hybrid supercomputers. Computers & Fluids, 214:104768, 2021

A Alsalti, X.Alvarez, F.X.Trias, A.Oliva. Exploiting spatial symmetries for solving Poisson’s equation (submitted).
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HPC on modern supercomputers

Research question #3:
@ How can we develop portable and efficient CFD codes for large-scale simulations
on modern supercomputers?

1995 2000 2005 2010 2015 2020
Y,
. 4 > 4 A /"‘1)
Technology Trends in HPC 4 @ 2
single-core CPU clusters . multi-core CPU clusters . hybrid clusters >
\g
Y & \4\‘\““
CTTC resources and software  catabitityupto 100 cores
DPC STG ) 7 HPC
sequential structured parallel structured 3 termofluids heterogeneous ulgcbu>

f applied and
mental research

HPC2Z: portable, algebra-based framework for heterogeneous computing is being
developede. Traditional stencil-based data and sweeps are replaced by algebraic
structures (sparse matrices and vectors) and kernels. SpMM-based strategies to increase
the arithmetic intensity are under development” .

6X.Alvarez, A.Gorobets, F.X.Trias. A hierarchical parallel implementation for heterogeneous computing. Application to
algebra-based CFD simulations on hybrid supercomputers. Computers & Fluids, 214:104768, 2021

A.Alsalti, X.Alvarez, F.X.Trias, A.Oliva. Exploiting spatial symmetries for solving Poisson’s equation (submitted).
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LES of RBC
©000

Problems to model the SGS heat flux®

i+ (@-Va=vVa—-Vp —V-r(@); V-u=0

eddy-viscosity — 7 (U) = —2v:5(u)

Ve & (Cnd)?Dp(1) | — {WALE, Vreman, QR, Sigma, S3PQR,... }

8F.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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DNS vs LES results at very low Pr number®

RB at m and Pr = 0.005 (DNS — 488 x 488 x 1280 ~ 305M)

6.3

6.2 L

6.1

6 -

Nusselt

5.9 §

5.8 i

DNS W
5.7 :

10* 10° 10° 10’ 10® 10°
Number of grid points

9F.X.Trias, F.Dabbagh, A.Gorobets, C.Oliet. On a proper tensor-diffusivity model
for LES of buoyancy-driven turbulence, Flow Turbul Combust, 105:393-414, 2020.
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DNS vs LES results at very low Pr number®
and Pr = 0.005 (DNS — 488 x 488 x 1280 ~ 305M)
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DNS vs LES results at very low Pr number®
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DNS vs LES results at very low Pr number®
and Pr = 0.005 (DNS — 488 x 488 x 1280 ~ 305M)
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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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Conclusions
e0

Concluding remarks

@ Modeling the SGS heat flux, g, is the main
difficulty for LES of buoyancy-driven flows

e Eddy-viscosity models work for RBC (at least
for low-Pr) v

@ Ultimate regime of turbulence may be reached
with LES at low-Pr v

On-going research:

@ LES simulations at low-Pr and very large Ra

@ Re-thinking standard CFD operators (e.g flux
limiters?, boundary conditions, CFL,...) to
adapt them into an algebraic framework

aN.VaIIe, X.Alvarez, A.Gorobets, J.Castro, A.Oliva, F.X.Trias. On the implementation of flux limiters in
algebraic frameworks. Computer Physics Communications, 271:108230, 2022.
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