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Advantages

(0,m) @(I, J) X (n,’ m) I |

@ @ > @ ©

e High-Order Accuracy

o Smooth solutions

o  Superior precision per degree of freedom —o———0—=0
e Low Numerical Dispersion —o—o oo
o Highly effective for wave propagation problems | P P D | L J
. . (0, 0) (n, 0)
e  Curved physical boundaries
TN N

e Computational Efficiency

o  Gauss-Lobatto-Legendre (GLL) quadrature

Disadvantages

e Challenging Mesh Generation

° Hexahedral mesh

Fig. 1. Schematic detailing how a nodal shape function can be constructed by
combining the one-dimensional Lagrange polynomials.



Gasparino et al. (2024)
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Continuous Galerkin spectral-finite element method
Incompressible and compressible formulations
Advanced high-order low-dissipation schemes
Native Fortran accelerated with OpenACC/CUDA

Matrix-free formulation

'! SOD2D
https://gitlab.com/bsc_sod2d/sod2d_gitlab
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* High pass filter by 0.Lehmkuhl (2026) 1. 1D filter (M-orthonormal modal basis)
¢ Two point flux scheme by Ranocha (2018)

e Strong-Stability Preserving Runge-Kutta, explicit
temporal Scheme with W = dlag(l, ..., Lony)and wy = wy(N).

. 2. 3D extension (tensor product, element-wise)
¢ VVreman subgrid-scale model

A=L"™ML=cCcT, Q=LCT, F=uQWQ'M+ (1 -pu)l, H=I-F

e Equilibrium wall model by Reichardt (1951) ul = (F;®F, ®F;)u,
1 " A T 3. Local relaxation
u+=—ln(1+Ky+)+7.8-(1—e_y /11—)1)—1-e_0'33y 1
K U, = U, — ¢, Hip ue, be

T Cho+1
4. Modal sensor

i & 7 e
min(|o¢|, ||, |0
lnwff, =Ina —o-d(m -1), b = (o=l letlsja1)

Oref

where w¢ is the modal energy fraction in direction d.
5. CY reassembly (lumped mass)

new __ Ze ﬁe,a ngOIe,a

u
! Y. gpvol, ,

Applied to q = pu, p and E; the sensor is evaluated on the entropy variable 7.



Mesh Workflo

Full Hexa meshes
° ANSA

o Initial P2 tetra mesh
e Mesh Elevation SFC partitioning
Splitting to hexas and Improvement
o  SFC partitioning

o  Splitting to hexas

o P-elevation

Barcelona

Supercomputing

Center

Centro Nacional de Supercomputacion

e ]



https://docs.google.com/file/d/1JH5-Ih8rKZ2ic1MSDMgoQo6U0Fj1Lup3/preview
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- 144M nodes - 17M elems - P2
100 hours per time unit - 32 GPU’s


https://docs.google.com/file/d/1LMvuYFhn24_kxhgK9GM9CDlWvdtw4lC6/preview

_ Barcelona
BSC Supercomputing
Center

Centro Nacional de Supercomputacién,




Barcelona

Supercomputing

Center

Centro Nacional de Supercomputacion




Barcelona

Supercomputing

Center

Centro Nacional de Supercomputacion

What are
these
low-level
elements"?"?
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- 143M nodes - 16.8M elems - P2
32 hours per time unit - 32 GPU’s
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https://docs.google.com/file/d/1am5ySXq_Nn4Xg6FPqN_L4ZOk_vUH_qzh/preview
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Python module: Quick Visualization,
of Simulations
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- 210M nodes - 24.5M elems - P2
48 hours per time unit - 32 GPU’s


https://docs.google.com/file/d/11Ls7LB9OBdEma3Lkn7cgEERKqScy24qF/preview
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e Where are the turbulent structures?

Sod2d Alya (AutoCFD2)

— 6.0e+01
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- 210M nodes - 24.5M elems - P2 - 75M nodes - 320M elems - P1
48 hours per time unit - 32 GPU’s 100 hours per time unit - 2300 CPU’s
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VELOC Magnitude
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Eter) () | (Comp) (Compute) || (Compn| (Comput.) | (Compy)| (Comput) | (GO (Compute) [ (Comp) ||| (Compute) || (Compute Construct: mod e (EXIE Data - miod ave Enter

(caMeme..) cuMem.

Time Step

Cormpite ConstTuet modbe foulines 190,80 Cormpite Consiruct: lem_carvec 190854

T Accum

2,105 ms]

BCs

Conv.

| (Compute Construci ! Compute Construct - elem_convec 190894 | (Compute )(C2)

Start time-integration [53,262 s]

Diff.

Full diffusion [4,098 ms]

Compute Construct : elem_source.f90:51 |(Compute Construct : elem_so.

~ X4 Faster!!l!

TN AT W)

By @Jordi Muela
and @Oriol Lehmkuhl
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!$acc parallel loop gang private(ipoin,ul,tmpI,tmpd,tmpK,n,isoI,isoJ,isoK,m,inode,in_m,ii,s1,s2,s3)

do ielem = 1, nelem

!$acc loop vector
do inode = 1, nnode
ipoin(inode) = connec(ielem,inode)
!$acc loop seq
do idime = 1, ndime
| ul(inode,idime) = u(ipoin(inode),idime)
end do
end do

phi® = 1.0_rp/(19.6_rp*blend(ielem) + 1.0_rp)
phi = phie

if (filter_bnd_damp(ielem) < 1.6_rp) then
if (phie < @.e5_rp) then
| phi = filter_bnd_damp(ielem)*phie
end if

end if

n = porder + 1

Dumping mechanism in the first element touching a
boundary, removing the filtering if the Mossier sensor is
0.05 or less (above is consider to be a shock touching

the wall).

By @Oriol Lehmkuhl
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https://docs.google.com/file/d/16Yycvz5BzocjvQMc7O6rsSz9w_codm-e/preview
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Upperbody centerline
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~~ Initial Mesh 1
== P-order 2 SOD2d i
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P-order 3 SOD2d
Pininfarina Ref
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e Meshing remains challenging

O

O

O

O

ANSA + MESSI relaxes the meshing constraints
Minimal geometric modifications alleviate time-stepping restrictions
AMR is essential to properly distribute nodes in the relevant regions

Anisotropic layers could further reduce the number of nodes

e Complex geometries remain computationally expensive for LES + SEM

O

O

Affordable within a fortnight (depending on available resources)
Reasonable agreement of velocity profiles, pressure distributions, and flow fields
with experimental data

Accurate prediction of force coefficients
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