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This talk builds on joint work with...

HPC & solvers

A. Alsalti-Baldellou, X. Alvarez—Farré,
G. Colomer, A. Gorobets,
M. Mosqueda-Otero

Numerical methods

J.A. Hopman, M. Mosqueda—Otvero,
J. Plana-Riu, D. Santos, S.-M. Sehovi¢,
N. Valle

Turbulence modelling
F. Dabbagh, D. Folch, J. Ruano

A subset of the team at ECCOMAS 2026,
Munich
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The CTTC research group

Heat and Mass Transfer Technological Center (Catalan: Centre Tecnoldgic
de Transferéncia de Calor) has more than 30 years experience in CFD.

@ Research center at Universitat Politécnica de Catalunya (UPC)

e Staff:

4 full professors, 3 associate professors, 3 lecturers and 1 emeritus
e 7 senior researchers/postdocs

e 15 PhD students

o 3 technical and IT staff
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The CTTC research group

Heat and Mass Transfer Technological Center (Catalan: Centre Tecnoldgic
de Transferéncia de Calor) has more than 30 years experience in CFD.
o Fundamental research on numerical methods, fluid dynamics and
heat and mass transfer phenomena.
o Applied research on thermal and fluid dynamic optimization of
thermal system and equipment.
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CTTC's historical background in HPC

1995 2000 2005 2010 2015 2020
Vo M &
Technology Trends in HPC O"U /1710 qu
single-core CPU clusters . multi-core CPU clusters - hybrid clusters >
o
By > \\\&‘“
CTTC resources and software __scalability up to 100k cores

DPC STG
sequential structured parallel structured

. HPC*
termDﬂUlds heterogeneous algebrai>

deep source of applied and —
fundamental research
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single-core CPU clusters e multi-core CPU clusters . hybrid clusters >
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1995 2000 2005 2010 2015 2020

Impinging jet
Re=20000
(102Mm)

RB
Ra=10" (607M)
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DHC DHC
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PRACE

s

- o
DUCT Re_t=1200 (172M)  SqCyl Re=22000 (324M)
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General motivation: (very) large-scale DNS/LES

For canonical academic flows...

MareNostrum 5-ACC

(Barcelona)

Snellius TSUBAME4.0
(Amsterdam) (Tokyo)

PLATINUM
inside”
2x AMD EPYC 9654 96C 2x AMD EPYC 9654 96-Core
1x NVIDIA Hopper 64 GB HBM

1x Infiniband NDR200 4x NVIDIA H100 SXM5
D N S < 1x Infiniband NDR200 1x Infiniband NDR200

rank #8
1120 nodes with:
2x Intel Shappire Rapids 8460

rank #165

rank #31
714 nodes with:

240 nodes with:

HPC (High Performance Computing)
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General motivation: (very) large-scale DNS/LES

For canonical academic flows...

How to properly discretize NS?

p
[ Numerical Methods ]

DNS<
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General motivation: (very) large-scale DNS/LES

For canonical academic flows...

How to

properly
model SGS?

Numerical Methods }LES
DNSX

ﬁﬁPC (High Performance Computingﬂ
\
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Numerical Methods
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General motivation: (very) large-scale DNS/LES

...but also for industrial applications

Numerical Methods } LES

DNS<
HPC (High Performance Computing)
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ind Preserving symmetries L E in multiphysics

®000000

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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Symmetry-preserving discretization

Continuous
?;Jr C(u,u) =vV2u—"p
Vu=0
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Symmetry-preserving discretization

Continuous Discrete
0 d
a—ltl+C(u,u):VV2u—Tp Q#—FC(uh)uthuh—Gph
Vu=0 Muh = Oh
(a,b) = JQ abdQ (ap, by), = a] Qby,
T
(C(u,01),02) = = (C (u,02), 1) C(up) = —C" (up)
(V~a, 90> = - <av T90> QG = _MT

<V2a, b> = <a, V2b> D=D" def -

10/36



Preserving symmetries
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Why a collocated formulation?

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

FLUENT ‘ =
Code-Saturne @\%NE ~ S €DF
IGPL

OpenFOAM  OpenVFOAM®

QSF + C(us) us = Dus — Gp.; Mus =0, 4‘

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

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

FLUENT ‘ =
Code-Saturne @\%NE ~ S €DF
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OpenFOAM  OpenVFOAM®

d
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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,

In collocated meshes VAVA

@ p-u. coupling is cumbersome X '

@ C(us) and D easy to discretize v A‘
v

@ Cheaper, less memory,...
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Why a collocated formulation?

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

Contanta lists available at 5

Contants fsts avalable at Sc . —.
Journal of Computational Physics
p— wlen Journal homepage: winlsevier

Computers and Fluids

Symmetry-preserving discretization of Navier-Stokes ®mwk A symmetry-preserving second-order time-accurate PISO-based
equations on collocated unstructured grids method =
FX. Trias*", 0. Lehmkuhl *“, A. Oliva®*", C.D, Pérez-Segarra‘, EMJ. Komen®, JA. Hopman', EMA. Frederix’, EX. Trias", RW.CP. Verstappen

RW.CP. Verstappen

e

L. Mg o . 08204 S, i

ABsTRACT

d
QC% + C(us)uc =Duc—G.p.; Meue =0,

In collocated meshes VAVA
@ p-u. coupling is cumbersome X '
@ C(us) and D easy to discretize v A‘
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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.elseiarcomtocatarcn

On a symmetry-preserving unconditionally stable projection
method on collocated unstructured grids for incompressible flows
D. Santos", JA. Hopman, C.D. PéreSegarra, 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 make it unconditionally stable* even on extremely bad meshes!

Journal of Computational Physics

On a symmetry-preserving unconditionally stable projection
method on collacated unstructured grids for incompressible flows
D. Santos", J.A. Hopman, C.D. Pérez-Segarra, FX. Trias

“4D.Santos, J.A.Hopman, C.D.Pérez-Segarra, F.X.Trias. On a symmetry-preserving
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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

Journal 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’, FX.
4 By #—0,=0,, preserving o o eeyvp——
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 1436


www.arxiv.org/abs/2408.06821
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Pressure-velocity coupling on collocated grids

Summary

u\\ mmn NN
NIRRT
“-'M m‘"ﬂnﬂmﬁ""'ﬂﬂml
S

A robust and reliable symmetry-preserving |
. L g:ﬁ%{#}#‘gwl‘{%ﬂ y
collocated formulation... ey

é
O
%.4." RS
S )
SO, e‘\ﬂ

o Virtually artificial-dissipation-free
@ Suitable for unstructured grids
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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

Energy-exchanges
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Energy exchange in multiphysics
0O@0000000000

Buoyancy-driven flows

Continuous formulation

6—u+uV 1 Vzu Vp
ot

@

ot PrRavT

[T
}
v
e

Boussmesq

V-u=0
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Energy exchange in multiphysics
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Buoyancy-driven flows

Continuous formulation

U (u-V)u 1/ ViUV pT e
ot

SV v

ot PrRavT

dE 1

o=y, V- (uT)— 5 (7, V1)

l \jPri{a (Nu—1)y.

[T
'}
v
e

Boussmesq

V-u=0

J‘QTdQ

[ 1
| ———Ni
T\‘PrRa Un
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Buoyancy-driven flows

Continuous formulation

F) Boussmesq
St (u-Vu \/ —V'u-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 (v, V1) || Sh=— g 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
TtV )u=y 1= Vu—V phTe ) V-u=0

ot
oT ) D=V ull* e,= J' DPdQ
En (VD eraV r v, T)=f,vTde
dE 1 2 dE Pr
Y= . T))— T k22
g =V uT)) =5y, VT) = ra Eut(vsT)
[ 1 |1
l VPrRa<Nu“_1)yC TVPrRaN
[pr
E, L7, E, | & | E,
(y,Veur)) | 1 o
—(y,T) g 5(":") Is’szQ
l \‘;ﬁ(Nuh_l)Yh T’\;ﬁj\,uh
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Multiphase flows

Continuous formulation

Energy exchange in multiphysics

0O0@000000000

Gas Boundary /
(Zero Gradient)

H=45

/\m[e’r-f@/—\

Outlet
—
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Multiphase flows

Conservative discrete formulation

Surface tension

p—?+p(ﬁ~V)ﬁ=V~(2u S(ﬁ))—Vp V. u=0

00

= 0

204G@V))

k=—V-n where ﬁ:%

T T Journal of 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 Trnsr 1, ESEART, Carer olom 11,
I I 08222 Tems el Span
ARTICLE INFO ABSTRACT
1 | RN 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 nrevsed o 14 Augus 2019 Sehemes provides no control over such a dynamic balance, In the spirt of the well-known
Aeceped 23 Sptomber 2010 symmetry-preserving and mimetic 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 Symmetny-preservng emporal integration.Iniscid numerical simulations are performed o show the robustness
ofsuch a method
Conseratve v et © 2019 Elsevier Inc. Al ights eserved,

Energy-preserving
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Multiphase flows

Conservative discrete formulation

Surface tension

02 ep (V) u=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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Energy exchange in multiphysics
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A new general framework for multiphysics

Variational formulation

ou ) Associated force

N +(u-V)u=vViu— ‘7 p€Iii'r(/

o0 L,0570 Z,0=(u-V)¢p 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

Variational formulation

Associated force
U (Y Ju=v Viu=V plef
a9 L,0x0 Z,0=(u-V)¢ Scalar(0-forms)
ot u
L, 0=V-(udp) Density-like (3-forms)

Lie derivative

E® (o] Associated energy

¢
P¢: LH)] Variational derivative

5¢

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

Variational formulation

ou ) Associated force
N +(u-V)u=vViu— Vp
99 L,0=0 Z,0=(u-V)¢ Scalar(0-forms)
ot "
Lie derivative L, 0=V-(ud) Density-like (3-forms)
E°[] Associated energy
¢
¢:6E7H)] Variational derivative
5¢

dE® | 4 e
7—@1 :51¢>— (p ,$u¢>

(u,f)=(u®,%,0) Energy balance
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A new general framework for multiphysics

Application to buoyancy-driven flows

du _ 5 Associated force
6t+(u V)u=vV-<u Vp

ap @ 0 Z,6=(u-V)¢ Scalar (0-forms)

ot “

Z.p=V-(up) Density-like (3-forms)

Lie derivative

E® (o] Associated energy

¢
o M Variational derivative

8¢
dE® | 4 e
7—@1 :51¢>— (p ’$u¢>

(u,f)=(u®,%,0) Energy balance

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

Application to buoyancy-driven flows

Associated force

ou _ 2
6t+(u V)u=vV-u Vp
@0 L, 0=(u-V)¢ Scalar(0-forms)
ot “
Z,p=V-(up) Density-like (3-forms)

Lie derivative

E¢[¢] Associated energy Ep[p]:fg ngdQ
¢:w Variational derivative p:w:gy
50 8p
qu)_ ¢ _ o p _ /P
=—(Vp’,up)

ON— /0 ner alan
(u,f*)=(h*, £,0) Energy balance PV i)

(a,b):=[_abd@ <(a,Vo)=—(V-a,¢) [F=—pVu'==—pge,
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A new general framework for multiphysics

Buoyancy-driven flows on staggered grids

L+ a
dp -V --»cl—-» o y.
Q. Fe+Clu)p=0.  C.lu)=mUfl) +11
U =diag(u ) Cell-to-face
$ $’ interpolation
Ellp]:=gp. QY. E’[pl=f_pgydeQ
SE"[p,] »_SE"[p]
P — c-— = =
l‘lc_ SPC gyc |’l (Sp gy
(W, Z,p)=(n",V-(up))
=—(Vp",up)
:_<PVHP;U>
{a,,b)).:=a,Q_b, M=—(Q.,G)" f’=—-pVp°’=—pge,
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A new general framework for multiphysics

Buoyancy-driven flows on staggered grids

> ot —> U,

(.
% Ve 1 o Yy,

Q. Fe+Clu)p=0.  C.lu)=mUfl) +11

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

Ellp]:=gp. QY. E’[pl=f_pgydeQ
SE"[p.] o_SE’[p]

P— c-— = =

l‘lc_ SPC gyc “ (Sp gy

1 C.(u)p.=p-MU I p, W, Z,p)=",V-(up))
:_(GPE).QSUSHCSPC :_<V|Jp,up>
=—((1,p.)0(Gn))-Q,u, =—{(pVy',u)

{a,,b)).:=a,Q_b, M=—(Q.,G)" f’=—-pVp°’=—pge,

22/36



Energy exchange in multiphysics
[e]e]ele]ele] lelelelele)

A new general framework for multiphysics

Buoyancy-driven flows on staggered grids

> ot —> U,

(.
% Ve 1 o Yy,

Q. Fe+Clu)p=0.  C.lu)=mUfl) +11

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

Eilpi=gp-Q.y. E’[pl=f_pgydeQ
SE"[p.] o_SE’[p]
P— c-— = =
l‘lc_ SPC gyc “ (Sp gy
n-C (u)p,=p)-MU,II_p, (W, Z.p)=",V-(up))
:_(GPE)'QSUSHCSPC :_<VIJP,UP>
=—((I,p.)0(Gn}))-Qu, =—(pVy',u)

fP3—(,p.)o(Gul)=—(I,p.)gE, |[f’=—pViW=—pge,
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A new general framework for multiphysics

Buoyancy-driven flows on collocated grids

duC — g B t- u,
Q4 C(u,)u=Du~QG, p+df? ) ﬂE o

dp «»Q ‘(fl~ ° Yy
0.5 ulp=0. Cu)=mufi) oL <
. u=I"_u,
US:dlag(us) Cell-to-face
interpolation
Ejlp.]:=gp. Q.. E’lp]l=[_pgyde
SE"[p,] . S8E°[p]
P_—C = =
Hc Sp. gy H 8p gy
<pp’gup>:<pp’v-(up)>
:_<Vl—lp’up>
=—(pVy'u
M=-(Q,G)  TI.=Q'T.Q f’=—pVp’=—pge,

23/36



Energy exchange in multiphysics
0O000000e0000

A new general framework for multiphysics

Buoyancy-driven flows on collocated grids

duC — g B t- u,
Q4 C(u,)u=Du~QG, p+df? ) ﬂE o

To IRval i
Qc dtC+CC(us)pc:0c Cc(us)::MU@\ ? ? —
. --uS:I“uuc
US:dlag(us) Cell-to-face
interpolation
EflpJ:=gp. Q.. E'[p]=J,pgydQ
SE’[p.] o _SE"[p]
p_ cl— = =
l‘lc (Spc gyc p 6p gy
n!-C (u,)p,=p-MU,IIp, (W, Z,p)=(",V-(up))
=—(Gp?)QU,Ip, =—(Vp°,up)
:_((Hcspc)o(Gl’lE))ercsuc :_<pvup,u>
M=-(Q,G)  TI.=Q'T.Q f’=—pVp’=—pge,
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A new general framework for multiphysics

Buoyancy-driven flows on collocated grids

duC — g B t- u,
Q4 C(u,)u=Du~QG, p+df? ) ﬂE o

a IRvaiai
Q1 +C,(u,)p.=0, Cc(us)::MU@,\ i
. -uS:I“uuc

US:dlag(us) Cell-to-face

interpolation
Ejlp.):=gp.- Q.. E'lpl=[,pgydQ

SE"[p.] »_SE"[p]
pP__ el = =

l‘lc_ (Spc gyc p 6p gy
n!-C (u,)p,=p-MU,IIp, (W, Z,p)=(",V-(up))
=—(Gn))-Q,U,IIp. =—(Vu,up)
=—((TT.p.)0(Gn)) T, Qu, =—(pVy,u)

fox-T. (,p)o(Gpd))=—(r, O,p)gE, fF=—pVK'=—pge,
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A new general framework for multiphysics

Summary
ou ) Associated force
N +(u-V)u=vViu— ‘7 p€Iii'r(/
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®

st 400x208x208~17.3 M °f  50X26X26~0.034 M
$ §z At hih Mash sandfhdng Alansd
g g A AR A AR AR A AR h'.v:'\.'u'\,’k

¥iCs (V) Ty 6 ¥3Cr (V) Ty
o Vh (AT, tyg)
dEK/dt. 8
AEK/At+YdEL/dt+y;Cq (Vy) Ty,

dEk/dt
GEK/At+YdEL/dt+y;Cq (Vy) Ty

o -
B l {prra M1 T\WN
S e A ey I B ;
£l Ep 1) E, Yoee E. 5
u g [~ L] L '
o (v, V-(ur) | 1 :
; (y,T) S E(u:u) o TdQ '

T e | .
i Vorra (Ve 1) |NuC—Nuh—Pr£U| TVPrRa Nu,

6B.Sanderse, F.X.Trias. Energy-consistent discretization of viscous dissipation with
application to natural convection flow, Computers & Fluids, 286:106473, 2025. 26 /36
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Buoyancy-driven flows®

100 [ w—-—mr g

20 R “‘m-‘______o N
i Trogey/ (@) -og/agfe (v) ay 50 Lo,/ (0, -a/ayfey () ay G
Ra=10°% . Ra=10
10000 100000 Te+06 Tev07 Te+0s 1e+06 le+07 1e+08 1e+09
Number of grid points Number of grid points
i~ “ Nu,—1 [l N
& l \p Ra( u—1)y. T\‘PrRa ¢
e e E
R [Pr :
b"‘, o i (V s T) |5 ¢u '
Bl E, Loen FE || E, |
; (y,V-(uT)) '
—p , 1 :
; (y,T) 2(“:”) sszQ E
s 2

. ——————| B N
i Vorra (Ve 1) |NuC—Nuh—Pr£U| TVPrRa Nu,

6B.Sanderse, F.X.Trias. Energy-consistent discretization of viscous dissipation with
application to natural convection flow, Computers & Fluids, 286:106473, 2025. 26 /36
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Multiphase flows®

pressure
0.00066
00006

pressure
0.00066
0.0006

0.0005

0.0003

v

Non-symmetry-preserving! Symmetry-preserving!

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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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

i 4 On 7 & 7 &5
Technology Trends in HPC U @ i
single-core CPU clusters multi-core CPU clusters hybrid clusters >
& o
o <
CF

CTTC resources and software scalability up to 100k cores
HPC

ermofluids

sequential structured parallel structured algebraic

N/

deep source of applied and
fundamental research

7X.Alvarez, A.Gorobets, F.X.Trias, R.Borrell, and G.Oyarzun. HPC? - a fully portable algebra-dominant framework for
heterogeneous computing. Application to CFD. Computers & Fluids, 173:285-292, 2018

SA.AIsaIti-BaIdeIIou, X.Alvarez-Farré, F.X.Trias, A.Oliva. Exploiting spatial symmetries for solving Poisson'’s equation.
Journal of Computational Physics 486:112133, 2023.
9J.PIana—Riu, F.X.Trias, A Alsalti-Baldellou, X.Alvarez-Farré, G.Colomer, A.Oliva. Exploiting repeated matrix block
structures for more efficient CFD on modern supercomputers, Computer Physics Communications, 326:110232, 2026.
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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

1 .
Technology Trends in HPC 7 X 1 dup /”%4

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

¥
\\x@" &
CTTC resources and software scalabilty up o 100k cores
DPC STG 3 ; e
sequential structured parallel structured 3 termofluids algebn:i>

deep source of applied and
fundamental research

HPCZ: portable, algebra-based framework for heterogeneous computing is developed”
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 developeds’g.

7X.Alvarez, A.Gorobets, F.X.Trias, R.Borrell, and G.Oyarzun. HPC? - a fully portable algebra-dominant framework for
heterogeneous computing. Application to CFD. Computers & Fluids, 173:285-292, 2018

SA.AIsaIti-BaIdeIIou, X.Alvarez-Farré, F.X.Trias, A.Oliva. Exploiting spatial symmetries for solving Poisson'’s equation.
Journal of Computational Physics 486:112133, 2023.

9J.PIana—Riu, F.X.Trias, A Alsalti-Baldellou, X.Alvarez-Farré, G.Colomer, A.Oliva. Exploiting repeated matrix block
structures for more efficient CFD on modern supercomputers, Computer Physics Communications, 326:110232, 2026.
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Algebra-based approach naturally leads to portability, to

simple and analyzable formulations

Continuous Discrete
0 d
ait'wLC(u,u):VVzu—Tp Q#—I—C(uh)uh:Duh—Gph
Vu=0 Muh = Oh
<av b) = JQ abd(} <ah, bh>h = a,,TQbh
T
(C (1, 1), 2) = — (C (u,02), 1) C(up) =—C" (un)
(V-a,p) = —(a, V) QG =-M"
D=D" def—

<v2a, b> - <a, v2b>
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Algebra-based approach naturally leads to portability, to

simple and analyzable formulations

Continuous Discrete
0 d
a—:ntC(u,u):VVzu—Tp Q#—I—C(uh)uh:Duh—Gph
Vu=0 Muyp, = 04
(a, b) — J abdQ Minimal set of kernels:
Q

SpMV : y «— Ax

<C(u7301>7§02> == <C(u7 902)7§01> .
axpy: Zz <« ax-+ by

<v'a7 90> == <a7 TQD>

<V2a, b> _ <a, V2b> dot : r<—x-y
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Algebra-based approach naturally leads to portability, to

simple and analyzable formulations

SpMV : y «— Ax ’axpy: z<—ax+by‘ ‘dot: r—x-y

Peak Performance

Effective Performance Calculation
o P = min( PeakPerf , BW x AI )
\2
B
&
\s?' Performance ratio

Pratio = AT x BW / P
¥ Typical CFD Region ratio ( Alem ) perf
;

Performance (GFLOPs/s) [Hardware]

1
Algrp = 1/8

Arithmetic Intensity (Al) [Process]
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Algebra-based approach naturally leads to portability, to
simple and analyzable formulations and opens the door to
new strategies!®!'to improve its performance...

10A.Alsalti-BaIdeIIou, X.Alvarez-Farré, F.X.Trias, A.Oliva. Exploiting spatial symmetries for solving Poisson'’s equation.
Journal of Computational Physics 486:112133, 2023.
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Algebra-based approach naturally leads to portability, to

simple and analyzable formulations and opens the door to
new strategies!®!'to improve its performance...

L =SLS™ = 1®Lj,, + diag(d)

sasst

SpMM can be used = higher Al

10A.Alsalti-BaIdeIIou, X.Alvarez-Farré, F.X.Trias, A.Oliva. Exploiting spatial symmetries for solving Poisson'’s equation.
Journal of Computational Physics 486:112133, 2023.
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Algebra-based approach naturally leads to portability, to

simple and analyzable formulations and opens the door to
new strategies!®!'to improve its performance...

Benefits for Poisson solver are 3-fold: |
L =SLS ! = 1® Ly, + diag(d)

e Higher arithmetic intensity (Al) . z —
@ Reduction of memory footprint L

@ Reduction in the number of
iterations

10A.Alsalti-BaIdeIIou, X.Alvarez-Farré, F.X.Trias, A.Oliva. Exploiting spatial symmetries for solving Poisson'’s equation.
Journal of Computational Physics 486:112133, 2023.
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Algebra-based approach naturally leads to portability, to

simple and analyzable formulations and opens the door to
new strategies!®!'to improve its performance...

Benefits for Poisson solver are 3-fold: =
Journal of Computational Physics Ly

@ Higher arithmetic intensity (Al)

Exploiting spatial symmetries for solving Poisson’s equation

) Red uct | on Of mem Ory fo ot prl nt ﬁgseglné%sglr‘iv—:}flldellou b, Xavier Alvarez-Farré?, F. Xavier Trias ™,

CorerdeCalom 11,0822, Termsa

- de Mgt Coler 8, 08204, Sabadel (Barcelon). Spain

@ Reduction in the number of
iterations

ABSTRACT

This p

— Overall speed-up up to x2-x3 v
— Memory reduction of ~2

A

10A.Alsalti-BaIdeIIou, X.Alvarez-Farré, F.X.Trias, A.Oliva. Exploiting spatial symmetries for solving Poisson'’s equation.
Journal of Computational Physics 486:112133, 2023.
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Algebra-based approach naturally leads to portability, to

simple and analyzable formulations and opens the door to
new strategies!®!'to improve its performance...

o

Other SpMM-based strategies to
increase Al and reduce memory .-

Computer Physics Communications

journal homepage: v esevir comfocatelcpe

L)
. Exploiting repeated matrix block structures for more efficient CFD on =
footprint: moderm supercomputers
Josep Plana-Riu® ", F. Xavier Trias ®*, Adel Alsalti-Badellou ® **, Xavier Alvarez-Farré ® -,

Guillem Colomer &, Assensi Oliva @

e

@ Multiple transport equations

o Parametric studies

o Parallel-in-time simulations

@ Go to higher-order?

OA.AIsaIti-BaIdeIIou, X.Alvarez-Farré, F.X.Trias, A.Oliva. Exploiting spatial symmetries for solving Poisson'’s equation.
Journal of Computational Physics 486:112133, 2023.

1J.PIana—Riu, F.X.Trias, A Alsalti-Baldellou, X.Alvarez—Farré, G.Colomer, A.Oliva. Exploiting repeated matrix block
structures for more efficient CFD on modern supercomputers, Computer Physics Communications, 326:110232, 2026.
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Performance analysis

Roofline

Performance (P) [GFLOPs/s]

1044

103 4

102 4

10! 4

MareNostrum 5-GPP

@ 1-node: Algg=0.125: Peg=58.15

1072 107t 10° 10t 10? 10° 104
Arithmetic intensity (Al) [FLOPs/byte]

2% Intel Xeon Platinum 8480+ (Sapphire Rapids)
DP peak: 7.17 Tflop/s/node

Theoretical memory BW: 614 GB/s/node
Roofline ridge point: & 11.7 flop/byte

10°

104

10°

Performance (P) [GFLOP/s]

Portability and beyond
0000000

MareNostrum 5-ACC

e 1-node: Algg=0.125: Peu=193.30

1072 107t 10° 10t 102 10°
Arithmetic intensity (Al) [FLOPs/byte]

4x NVIDIA H100 64 GB per node
FP64 peak: ~ 27 Tflop/s/GPU

HBM bandwidth: ~ 2.02 TB/s/GPU
Roofline ridge point: & 13.4 flop/byte
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Performance analysis
Roofline: SpMV versus SpMM

Performance (P) [GFLOP/s]

ROOFLINE for Matrix L on MN5-GPP

104 4

103 4

102 4

10' 4

1072 107! 10° 10t 102 103
Arithmetic intensity (Al) [FLOPS/byte]

Framework
<& TFA

Matrix
L

Kernel
SpMV
SpMM 2
SpMM 3
SpMM 4

Y A<»>
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Performance analysis
Strong scaling

MareNostrum 5-GPP MareNostrum 5-ACC

128x 1 -~ |deal scalability o 64x1 —m— GPU_OpenCL
—=— MPI-Only ’ ——- Ideal scalability
64X _e— MPI+OpenMP ) 32x 50% - 70% Efficiency region
3 70% - 100% Efficiency region — B 70% - 100% Efficiency region
x 16x
S 16x- )
§ § 8x
& &9 &
4x4
4x
2x 2x
1x4 1x4
1 2 4 8 16 32 64 128 1 2 4 8 16 32 64
[112] [224] [448] [896] [1792] [3584] [7168] [14336] [41 (8 [16] [32] [64] [128]  [256]
Nodes Nodes
[CPU-cores] [GPU-cards]
@ 350 x 480 x 350 ~ 58.8M CVs @ 500 x 1000 x 340 ~ 170M CVs
@ 525k CVs (1 node) — 4100 CV (128 nodes) per core @ 42.5M CVs (1 node) — 664k (64 nodes) per GPU
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Performance analysis
Weak scaling

MareNostrum 5-GPP MareNostrum 5-ACC

I T

=3
N
o
=3
~
o

o
o
I
o

Efficiency
Efficiency

——- 100% Efficiency

0257 _a Weak scalability 0251 __. 100% Efficiency
85% - 90% Efficiency region —&— Weak scalability
B 90% - 100% Efficiency region 90% - 100% Efficiency region
1 2 4 8 16 32 64 128 1 2 4 8 16 32 64
[112] [224] [448] [896] [1792] [3584] [7168] [14336] 141 [8] [16] [32] [64] [128]  [256]
Nodes Nodes
[CPU-cores] [GPU-cards]
@ 350 x 480 x 350 ~ 58.8M CVs per node @ 500 x 1000 x 340 ~ 170M CVs per node
@ 58.8M CVs (1 node) — 7.528 CVs (128 nodes) @ 170M CVs (1 node) — 10.88B (64 nodes) per GPU
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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
[ 1]

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.

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

{E®[g], L} = 7

@ Algebra-based formulations naturally provide
portability and analyzability, and open the door to
new performance strategies.

@ Open-source platforms help to share and
disseminate ideas. Open\/FOAM 4
https://github.com/janneshopman/RKSymFoam
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