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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.AIsaIti-BaIdeIIou, A.Oliva. On the Reynolds-number scaling of Poisson

solver complexity, Physics of Fluids, 38 (4):045157, 2026.
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Why a collocated formulation?

STAR-CCM+ (L eoadawo SIEMENS
ANSYS-FLUENT FALWNHE)

FLUENT

. [ ]
Code-Saturne @\’PERNE e S EDF PL
OpenFOAM  OpenVFOAM® W

d
Qsi + C(us) us = Dus — Gp.; Mus =0,

: S
B

@ p-us coupling is naturally solved v
e C(us) and D difficult to discretize X
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Why a collocated formulation?

Everything is easy except the pressure-velocity coupling...

Conte
Journal of Computational Physics E
p— toico

Symmetry-preserving discretization of Navier-Stokes ®“ \\\\\\ N
equations on collocated unstructured grids

EX. Trias*, 0. Lehmkuhl <, A. Oliva®*', .. Pérez-Segarra’,
RW.CP. Verstappen

d
QC% + C(us)uc =Duc—G.p.; Meue =0,
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g ke 04208 St s

Contantslists available at Sciencel

Computers and Fluids
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A symmetry-preserving second-order time-accurate PISO-based
method
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EMJ. Komen®, JA. Hopman’, EMA. Frederix’, EX. Trias", RW.CP. Verstappen

ARTICLE INFO ABsTRACT
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Pressure-velocity coupling on collocated grids

A vicious circle that cannot be broken can almost be broken...

Ey(0/E(0)-1

0
\\ SymPres PressCorr
-0.02 4
\\ = SymPres TotPress
-0.04 N =——— OpenFOAM 7
-0.06 \\
-0.08
0.1 \\
\

-0.12 \
-0.14
-0.16

0 2 4 6 8 100 12 14 16 18 20
Time

Results for an inviscid Taylor-Green vortex3

3E.Komen, J.A.Hopman, E.M.A.Frederix, F.X.Trias, R.W.C.P.Verstappen. A
symmetry-preserving second-order time-accurate PISO-based method, Computers &

Fluids, 225:104979, 2021.
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Pressure-velocity coupling on collocated grids

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

Contents st st

Journal of Computational Physics

ioumal hamapage: wir.elsearcomocatarcn

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

CLE INFO

4D.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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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

5J.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 9/23


www.arxiv.org/abs/2408.06821

Preserving symmetries
O00000e

Pressure-velocity coupling on collocated grids

Summary

A OO ARR
AR RO000
SV AV
SRR
AV,

A robust and reliable symmetry-preserving L
. “::A'Av‘yﬂ¢:¢X¢1e'%vl v/
collocated formulation... s

W

EOARS

e Virtually artificial-dissipation-free S

@ Suitable for unstructured grids

10/23



Preserving symmetries
000000

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

10/23



Preserving symmetries
000000

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

10/23



Preserving symmetries
O00000e

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

10/23



Preserving symmetries
000000

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

10/23



Preserving symmetries
000000

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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Energy exchange in multiphysics
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Buoyancy-driven flows

Continuous formulation

Boussmesq
Tt (uV)u= 2o Viu—V phT e ) V-u=0

SV v
ot PrRavT

[T
}
v
e
[
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Energy exchange in multiphysics
[o] le]e}

Buoyancy-driven flows

Continuous formulation

F) Boussmesq
6—':+ u-V)u 1/ Vzu Vp V-u=0

@
ot PrRavT

dE, ) _ 1
dt =(y,V-(uT)) PrRa

(y,V?’T)

l \jPri{a (Nu—1)y.

[T
'}
v
e
[

(u:u) Is’szQ

[ [ 1
| ———(Nu,—1 | ———Ni
l \“PrRa( ,=1)y, T\‘PrRa U
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Buoyancy-driven flows

Continuous formulation

F) Boussmesq
St (u-Vu \/ —Vu-V pTe) V-u=0

ot
oT , e=[[VulPe,=[, @dQ
ot @ PrRa VT (v.T)=[ vTde
dE 1 2 dE Pr
2= (uT))— T —f=—
—2=(y, Vo(uT) =5 (0, V1) || Sh=— e a(v,T)
[ 1 |1
l VPrRa<Nu“_1)yC TVPrRaN
E, .. 1Ek | E,
—(y,T) 5(":") Is’szQ
l \‘;ﬁ(Nuh_l)Yh T’\;ﬁj\,uh
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Buoyancy-driven flows

Continuous formulation

F) Boussmesq
Tt (uV)u=y 1= Vu=V phTe ) V-u=0

ot f
oT _”Vu” gy= DdQ
== @ VZT (v.1)=f_vrdo
ot PrRa , o
dE 1 2 dE Pr
P — (uT))— T —k—_ T
g =V uT)) =5y, VT) = ra Eut(vsT)
| Vo e o™
[pr
E, .7, E, | =] E,
(y,V-r) | 1 .
—(y,T) g 5(":") Is’szQ
|1 [1
l \Prra (V=11 T\fera Ny
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Multiphase flows

Continuous formulation

H=45 Outlet
—

g Gas Boundary /
(Zero Gradient) interface
Inlet | N
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Energy exchange in multiphysics
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Multiphase flows

Conservative discrete formulation

Surface tension

p—?+p(ﬁ~V)ﬁ=V~(2u S(ﬁ))—Vp V. i=0

00

= 0

204G@V))

k=—V-n where ﬁ:%

T T Journalof Compurational Physics 400 (2020) 108991

Contents lists available at ScienceDirect

Journal of Computational Physics

0, 22} R wwwelsevier.comlocatelicp

An energy-preserving level set method for multiphase flows m
T T N. Valle, EX. Trias, ). Castro* :
Heatand s Transr 1, ESEART, Carer oo 11,
I I 08222 Tems Rl Span
ARTICLE INFO ABSTRACT
1 | 1 it oy The compuation of multiphase flows presents 3 subtle energetic equilibrium berween
L4 4\' Received 10 Apil 2019 ) potential {i., surface) and kinetic energies. The use of traditional interface-capturing
k1 R2 fecened nresed o 14 Augus 2019 Sehemes provides no control over such a dynamic balance, In the spirt of the well-known
Aeceped 23 Sptomber 2010 o symmetry-preserving and mimeti schemes, whose physics-compatible discretizations rely
— 1 Upon presering che underiying mathematical Scturs of the spce. we lgenty the
r— corresponding structure and propase a new discretization strategy for curvaure, The
I I Symmety-preservng emporal integration.Inviscid numerical simulations are performed o show the robustness
of such a method
Conseratv v et © 2019 ElsevierInc. Al ights eserved,

Energy-preserving
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Energy exchange in multiphysics
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Multiphase flows

Conservative discrete formulation

Surface tension

p20ep(3-V)a=V- (20 S(ﬁ))—Vp V-i=0
o006

1 2 3 4 5
t/2m/2pR3/s(s? — 1)y

Mechanical energy (kinetic+potential) is preserved!
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A framework for multiphysics
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A new general framework for multiphysics

Variational formulation

ou ) Associated force

N +(u-V)u=vVu-V p

o0 L,0570 Z,0=(u-V)¢ Scalar(0-forms)

ot u

Lie derivative L, 0= V'(u ¢) Density-like (3-forms)

<a,b>:=fQ abdQ (a,V¢)=—(V-a,)
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A new general framework for multiphysics

Application to buoyancy-driven flows

du _ 5 Associated force
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A new general framework for multiphysics

Buoyancy-driven flows on staggered grids

Ejlp.):=gp.Q.y.

> —> ug
(IV e T,
% Ve 1 o Yy,

Colu):=mU 1) 414

U =diaag(u Cell-to-face
§ g( S) interpolation

E’[pl=f_pgydeQ

o SE°[p.] o_SE°[p]
c SPC - c - (Sp _gy
(W, Z,p)=",V-(up))
=—(Vu",up)
=—(pVyy",u)
(a,,b).:=a,Q_b, M=—(Q.,G)" f’=—-pVp’=—pge,
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A framework for multiphysics
0000e

A new general framework for multiphysics

Summary
ou ) Associated force
N +(u-V)u=vViu— Vp
a9 L,0x0 Z,0=(u-V)¢ Scalar(0-forms)
ot u
Lie derivative L, 0= V'(u ¢) Density-like (3-forms)
E°[] Associated energy .
= f
L7 Lie derivative

Leitmotiv: transport equation and its associated force
cannot be discretized independently!!!
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Buoyancy-driven flows
Turbulent Rayleigh—Bénard convection at Ra = 108
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Buoyancy-driven flows®
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Multiphase flows®
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N.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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Take-away messages

o Preserving symmetries is the key point for reliable
LES/DNS simulations also for industrial problems.
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Take-away messages
°

Take-away messages

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

e We usually focus on quadratic invariants (kinetic
energy) but energy exchanges are also crucial.

@ Challeging methods on very coarse and poor
quality meshes.

@ Transport equations and their associated forces
cannot be discretized independently.

{E®[¢], La} = ¢

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

OpenVFOAM J
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