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Numerical methods for DNS/LES

Research question #1:
@ Can we construct numerical discretizations of the Navier-Stokes
equations suitable for complex geometries, such that the symmetry
properties are exactly preserved?

DNS! of the flow around a square cylinder at Re = 55000 (2.6B grid points)

1F.X.Trias, A.Alsalti, A.Oliva. On the Reynolds-number scaling of Poisson solver

complexity, arXiv: 2512.22644, December 2025.
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Motivation

Frequently used general purpose CFD codes:

+ STAR-CCM+ (Lo aaeo SIEMENS
o ANSYS-FLUENT TAWSHE

FLUENT

. =
. - % @ CODE Ll

Code-Saturne d:mme A eDF m
* OpenFOAM  OpenVFOAM® IGPL

Main common characteristics of LES in such codes:

@ Unstructured finite volume method, collocated grid
@ Second-order spatial and temporal discretisation

o Eddy-viscosity type LES models
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OpenVFOAM® LES3resuIts of a turbulent channel at ReT = 180
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3E.M.J.Komen, L.H.Camilo, A.Shams, B.J.Geurts, B.Koren. A quantification method
for numerical dissipation in quasi-DNS and under-resolved DNS, and effects of numerical
dissipation in quasi-DNS and under-resolved DNS of turbulent channel flows, Journal of

Computational Physics, 345, 565-595, 2017.
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@ Are LES results are merit of the SGS model?
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@ Are LES results are merit of the SGS model? Apparently NOT!!! X

3E.M.J.Komen, L.H.Camilo, A.Shams, B.J.Geurts, B.Koren. A quantification method
for numerical dissipation in quasi-DNS and under-resolved DNS, and effects of numerical

dissipation in quasi-DNS and under-resolved DNS of turbulent channel flows, Journal of
Computational Physics, 345, 565-595, 2017.
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OpenVFOAM® L ES*results of a turbulent channel at Re, = 180
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Why collocated arrangements are so popular?

STARCCM+ (L Repume SIEMENS
ANSYS-FLUENT TAWNES)

FLUENT' ‘ =
. - 3 € CODE L
Code-Saturne JMURNE 2~ EDF m
* OpenFOAM  OpenVFOAM® EF,,,’U

QS% + C(us) us = Dus — Gp_; Mus = 0, db

In staggered meshes m
@ p-us coupling is naturally solved v

e C(us) and D difficult to discretize X AA
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Why collocated arrangements are so popular?

Everything is easy except the pressure-velocity coupling...
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Pressure-velocity coupling on collocated grids

A vicious circle that cannot be broken...

In summary®:
e Mass: MI_,cue = MM ete — Ll MM cue ~ 00 X
@ Energy: p. (L-Lo) p.#0X

5F.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.
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Pressure-velocity coupling on collocated grids

. and make it unconditionally stable’ even on extremely bad meshes!

Contens s

Journal of Computational Physics

Journal hamepage: v

mocatafcn

On a symmetry-preserving unconditionally stable projection
method on collocated unstructured grids for incompressible flows
D. Santos", JA. Hopman, C.D. Pére Segarra, FX. Trias

s

ARTICLE INFO ABSTRACT

"D.Santos, J.A.Hopman, C.D.Pérez-Segarra, F.X.Trias. On a symmetry-preserving
unconditionally stable projection method on collocated unstructured grids for
incompressible flows, Journal of Computational Physics, 523:113631, 2025.
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. and minimize the checkerboard?® problem with a minimal artificial dissipation!

Contents st svslable t5c

Journal of Computational Physics

Joutnal hamepage: v

ercamocatsicn

o Taylor—Green vortex, inviscid gllslsa‘r:alfuy;:g the checkerboard problem to reduce numerical
m 6 JA. Hopman™, D, Santos", A. Alsalti Baldellou™", J. Rigola", X, Trias
A 6 Symmetry * Tuma o . S, 204, Breions, o -
o e Symmetry = e
B v
o ol cpeivronm
A
0.6
Cen [
v Y O ——
0.4
/ O
0.2
( N OpenVFOAM
Wl
0.000 0.025

Pressure diffusion

8J.A.Hopman, D.Santos, A.Alsalti, J.Rigola, F.X.Trias. Quantifying the checkerboard
problem to reduce numerical dissipation, Journal of Computational Physics,
521:113537, 2025. arXiv: 2408.06821

14/25


www.arxiv.org/abs/2408.06821

Preserving symmetries at discrete level
00000000080

Pressure-velocity coupling on collocated grids

. and minimize the checkerboard?® problem with a minimal artificial dissipation!

Contents st svslable t5c

Journal of Computational Physics

Joutnal hamepage: v

ercamocatsicn

—_— s ~n . )
o Taylor-Green vortex, inviscid uP=ut"—0,G, P! Si::ir;zg;:g the checkerboard problem to reduce numerical
m 6 ¥—0,=0 R 1A Hopman™", D. Santos", A. Alsalti-Baldellou ™", J. Rigola”, FX. Trias
_ ymmetry oo - 1, e,
o A :dy '_g”_?”” preserving e P
: v o=
. CpervFoAM ARTICLE INFO AssTRACT
A
0.6 |
Cav I
v Y
0.4
/ o)
0.2
( A OpenVFOAM
s
0.000 0.025

Pressure diffusion

8J.A.Hopman, D.Santos, A.Alsalti, J.Rigola, F.X.Trias. Quantifying the checkerboard
problem to reduce numerical dissipation, Journal of Computational Physics,
521:113537, 2025. arXiv: 2408.06821 14/25


www.arxiv.org/abs/2408.06821

Preserving symmetries at discrete level
00000000080

Pressure-velocity coupling on collocated grids

. and minimize the checkerboard?® problem with a minimal artificial dissipation!

Contents st svslable t5c

Journal of Computational Physics

Joutnal hamepage: v

ercamocatsicn

invicel oy o i )
Taylor-Green vortex, inviscid u'=u""—0,G, P Quantifying the checkerboard problem to reduce numerical
1.0 dissipation
m 6 #—0,=0 J.A. Hopman*", D. Santos", A. Alsalti-Baldellou ™", J. Rigola®, FX. Trias
_ Symmetry : Rigola’, X
4 By #—0,=0,, preserving o Car S o, B,
0.8 v 6 #—0,=1
. i GrerVFoAM Articis ineo Kestrace
A
0.6
Cen [
e DS O ——
0.4
/ o)
0.2
OpenVFOAM
o
0.000 0.025

Pressure diffusion

8J.A.Hopman, D.Santos, A.Alsalti, J.Rigola, F.X.Trias. Quantifying the checkerboard
problem to reduce numerical dissipation, Journal of Computational Physics,
521:113537, 2025. arXiv: 2408.06821 14/25


www.arxiv.org/abs/2408.06821

Preserving symmetries at discrete level
00000000080

Pressure-velocity coupling on collocated grids

. and minimize the checkerboard?® problem with a minimal artificial dissipation!

Contents st svslable t5c

Journal of Computational Physics

Joutnal hamepage: v

ercamocatsicn

invicel oy o i )
Lo Taylor-Green vortex, inviscid u'=u""—0,G, P Si::ir;zg;:g the checkerboard problem to reduce numerical
m 6 #—0,=0 J.A. Hopman*", D. Santos", A. Alsalti-Baldellou ™", J. Rigola®, FX. Trias
_ Symmetry : Rigola’, X
4 By #—0,=0,, preserving o Car S o, B,
0.8 v 6 #—0,=1
. i GrerVFoAM Articis ineo Kestrace
A
0.6
Cen [
v S O ——
0.4
/ o)
0.2 =
A OpenV/FOAM
00 u @
0.000 0.025

Pressure diffusion

8J.A.Hopman, D.Santos, A.Alsalti, J.Rigola, F.X.Trias. Quantifying the checkerboard
problem to reduce numerical dissipation, Journal of Computational Physics,
521:113537, 2025. arXiv: 2408.06821 14/25


www.arxiv.org/abs/2408.06821

Preserving symmetries at discrete level
00000000008

Pressure-velocity coupling on collocated grids

Summary

NN
OO

A robust and reliable symmetry-preserving L
K %exgg% O
collocated formulation... o

KRR
T eI AY
AV,v,y VAN
TvviaTaRy
R
R
S
AR
&

o Virtually artificial-dissipation-free

@ Suitable for unstructured grids

R
)
N
S,
2

15/25



Preserving symmetries at discrete level
00000000008

Pressure-velocity coupling on collocated grids

Summary

A robust and reliable symmetry-preserving
collocated formulation...

o Virtually artificial-dissipation-free

@ Suitable for unstructured grids
@ Unconditionally stable even on:
o Very low quality grids

15/25



Preserving symmetries at discrete level
00000000008

Pressure-velocity coupling on collocated grids

Summary

A robust and reliable symmetry-preserving
collocated formulation...

o Virtually artificial-dissipation-free

@ Suitable for unstructured grids
@ Unconditionally stable even on:

e Very low quality grids
e Very coarse grids

15/25



Preserving symmetries at discrete level
00000000008

Pressure-velocity coupling on collocated grids

Summary

A robust and reliable symmetry-preserving
collocated formulation...

o Virtually artificial-dissipation-free

@ Suitable for unstructured grids
@ Unconditionally stable even on:

e Very low quality grids
e Very coarse grids

@ Suitable for industrial applications

15/25



Preserving symmetries at discrete level
00000000008

Pressure-velocity coupling on collocated grids

Summary

A robust and reliable symmetry-preserving
collocated formulation...

o Virtually artificial-dissipation-free

@ Suitable for unstructured grids
@ Unconditionally stable even on:

e Very low quality grids
e Very coarse grids

@ Suitable for industrial applications
@ Also available in OpenFOAM

15/25



Preserving symmetries at discrete level
00000000008

Pressure-velocity coupling on collocated grids

Summary

A robust and reliable symmetry-preserving
collocated formulation...

o Virtually artificial-dissipation-free

@ Suitable for unstructured grids
@ Unconditionally stable even on:

e Very low quality grids
e Very coarse grids

@ Suitable for industrial applications
@ Also available in OpenFOAM

Research question #2:

@ What happens to the other forms of energy and their exchanges?
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Buoyancy-driven flows

Continuous formulation
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oT 2
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Buoyancy-driven flows

Continuous formulation
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Continuous formulation
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Buoyancy-driven flows

Discrete formulation on staggered grids: viscous dissipation9
du Boussmesq

”J
—_— — ]
ot PrRaV T+Ge Ra

NOTE: for many applications

Ra:gﬁegHa Gex1
pr—Y expect for:

@ - For large values of H
Ge= PgH e.g. Geophysical flows
/’ = - For large values of g

Gebhart number e.g. high rotational devides

9B.Sanderse, F.X.Trias. Energy-consistent discretization of viscous dissipation with
application to natural convection flow, Computers & Fluids, 286:106473, 2025. arXiv:
2307.10874
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Buoyancy-driven flows

Discrete formulation on staggered grids: buoyancy term

Boussinesq
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Buoyancy-driven flows

Discrete formulation on staggered grids: buoyancy term
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Buoyancy-driven flows

Discrete formulation on staggered grids: buoyancy term
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Buoyancy-driven flows

Discrete formulation on staggered grids: buoyancy term
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Buoyancy-driven flows

Discrete formulation on staggered grids: buoyancy term
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Buoyancy-driven flows

Discrete formulation on staggered grids
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Buoyancy-driven flows

Discrete formulation on collocated grids

F) Boussmesq
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Buoyancy-driven flows

Discrete formulation on collocated grids
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Buoyancy-driven flows

Discrete formulation on collocated grids
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Buoyancy-driven flows

Discrete formulation on collocated grids

Boussinesq
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Buoyancy-driven flows

Discrete formulation on collocated grids
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Multiphase flows: continuous formulation'®

(u-V)a=V-(2us(u))-Vp+yx-n  V-u=0

00 - _ essential idea of the Convervative Level Set (CLS)
+(“ V) 6=0 = proposed by Olsson and Kreiss (JCP'05)

Multiphase

k=—V-ii where ﬁ=|g—g

g Gas Boundary 7 -
(Zero Gradient) =45 interface o
i

Ex
2]
<

10N Valle, F.X.Trias, and J.Castro. An energy-preserving level set method for
multiphase flows. Journal of Computational Physics, 400(1):108991, 2020 2125
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Multiphase flows: continuous formulation'®

6’a+p(7j-V)_ﬁ=V-(2uS(ﬁ))—Vp+yK-fi V-u=0

P ot
00 ., (~ _ essential idea of the Convervative Level Set (CLS)
+ ( u- V) 6=0 proposed by Olsson and Kreiss (JCP'05)

Multiphase

k=—V-7i where A=i%—
Vel

""""" - 1 2 3 4 5
t/2my/2pR3/s(s? — 1)y

. Mechanical energy (kinetic+potential) is not preserved!
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Multiphase flows: conservative discrete formulation

Surface tension

o ou - T - -
i pﬁ+p(u.V)u:V-(2MS(u))—VpV.u:0
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Multiphase flows: conservative discrete formulation'®

Surface tension

028 (@ V)a=V-(2u s(a))—vp V-i=0

00 essential idea of the Convervative Level Set (CLS)
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. Mechanical energy (kinetic+potential) is preserved!
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Multiphase flows: conservative discrete formulation'®
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Non-symmetry-preserving! Symmetry-preserving!

10N .Valle, F.X.Trias, and J.Castro. An energy-preserving level set method for
multiphase flows. Journal of Computational Physics, 400(1):108991, 2020
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Magnetohydrodynamics

Journal of Computational Physics

A checkerboard-free, symmetry-preserving, conservative method %2

for magnetohydrodynamics

Insulated (Shercliff)
Conductive

llJ.A.Hopman, J.Rigola, F.X.Trias. A checkerboard-free, symmetry-preserving,
conservative method for magneto-hydrodynamics, Journal of Computational Physics,

545:114475, 2026.
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Magnetohydrodynamics
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Magnetohydrodynamics

Shear Stresses
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Take-away messages
°

Take-away messages

o Preserving symmetries is the key point for
reliable LES/DNS simulations for both academic
and industrial problems.

@ We usually focus on quadratic invariants (kinetic
energy or enstrophy) but energy exchanges are
also crucial for multiphysics.

@ Challeging numbers on very coarse and poor
quality meshes.

@ Open-source platforms helps to share and
disseminate ideas.
https://github.com/janneshopman/RKSymFoam

OpenVFOAM J
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