Barcelona
Supercomputing

Center
Centro Nacional de Supercomputacion

The Alya System: HPC simulations
for real world problems.

@

M. Avila, M. Vazquez, G. Houzeaux and CASE Department

Barcelona Supercomputing Center

Spain

INNNVAYRRRHR 7 L I.
L]

...........

vy, == ”
w3
L] fill:
Ml 34 il
"
I | : ""lill“‘\\
- g . '|Il““ A\
VY THIH 2 ' Nty N

HPC methods for Engineering Workshop - Milano, Italy, June 2015



G ERE Barcelona Supercomputing Center

|
4 e e ’~ ’
oA AT .
. -

: e -1 %
..L_I\
ol e P

e
"/f"

Background o
"' ‘5 ’.33*"‘

BSC-CNS is the Barcelona Supercomputing C‘é er - Centre

\
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Supercomputacion, the Spanish national supercomputmg' S,

It is a public center, co-financed by the Spanish Ministry of SC|ence the
regional government of Catalonia and the UPC (Technical University of
Catalonia)

Around 300 researchers from several disciplines

It hosts the MareNostrum, 3rd supercomputer in Europe in Nov 2007.
76th in Nov 2008.

Mare nostrum today: 49 000 cpu’s, 1PFlop. 19th in Europe and 57th in
the World.
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A cutting-edge ﬁ.rcl‘ly at the service of research,
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BSC Research Departments Supercomputing

Center
Centro Nacional de Supercomputacion

Computer Science

Tools, storage, cloud...

Computer architectures
Programming models

: Hardware and software technologies for
al C1€IICC S o ST

technologies

Climate

Air quality

Computer Applications

Life Science 1n Science and

Bioinformatics for Genomics Engineering

Computational Biochemistry CASE




CASE: The BSC'’s applications department




“Computers are not the thing, computers are
the thing that gets you to the thing.”

From AMC TV Show Halt and Catch Fire




Barcelona

Computer Applications in Science and Engineering (CASE) @ Supercomputing

Center

Centro Nacional de Supercomputacion

Computational Physics and Engineering

Interdisciplinary research unit of the BSC-CNS

Our mission:

'To develop computational tools to simulate highly complex problems

adapted to run onto high-end parallel supercomputers

More than 65 researchers:

Post-docs, students, programmers

Computer Science, Physicists, Mathematicians, Engineers




Physics

Research in Computational Physics and

Computer Science

En

gineerin,

)
O

Mathematics




Understand the

problem

DN
‘ Research in Computational Physics and

N/ o

)

gineering

Write a code

l Develop a simulation
f_l model




CASE Research lines C g ? ; E E

Physical and Numerical Modeling

Numerical Solution Algorithms: from stabilisation to solvers

Multi-physics and multi-scale coupling

High Performance Computing in CM (HPCM)

Parallelisation in Distributed and Shared memory machines

Mesh Generation

Scientific Visualisation & Big Data

Optimisation
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Meteorology

Energy

Trains and Automotive
Ship hydrodynamics
Oi1l and Gas Industry

Artificial Societies (Population

High Energy Physics

Materials Sciences

""""""



Application projects’ keywords:

Complex geometries

Complex, unconventional physical /
mathematical models

Complex pre-process (meshing) and

post-process (visualization and analysis)

Large-scale sitmulations

Multi-physics problems

Automatic optimization

Big data management and visualization

Efficient and accurate software for

supercomputers



The BSC'’s simulation software




CARSE simulation parallel software stack

Alya: non-structured meshes, coupled multi-physics, complex geometries.

Waris: cartesian (staggered) meshes, well-defined numerics, one code - one problem

UQ

- one physics.

Pandora: agent-based simulations.




Alya
Parallel multi-physics code developed at BSC

Coupled PDEs: loosely, strongly, both

Pressure [Pa]

Unstructured meshes

Explicit and implicit schemes

Finite Element Variational Multiscale Method
Modular: kernel, modules, services

Parallelization based on:

2500

2000
1500
1000

900

-500
-1000 |
-1500
-2000
-2500

experimental
original mesh
divided mesh

div. twice

MPI tasks and automatic mesh partition using METIS

OpenMP threads on loops
Both
Portability 1s a must

Porting to new architectures: Cells, GPUs




Alya
Parallel multi-physics code developed at BSC

Physics:
In / Compressible flow, Turbulence, Level Sets
Chemical reactions, Combustion
Heat transport
Non-linear solid mechanics, contact, N-bodies
BElectromagnetism
Excitable media
Acoustics
ALE for FSI
Adjoint-based optimisation

Particles (tracers) and Immersed bodies




Alya
Parallel multi-physics code developed at BSC

Meshing and preprocess:

Integrated meshing issues

Mesh multiplication
Implicit Chimera and overset meshes

Iris Mesh: octree mesh generator from

cloud points

Hybrid meshes

Time: 25.68300]



ALYA - Automatic DIVISOR Tazcy

Guillaume Houzeaux, Raul de la Cruz, Herbert Owen, and Mariano Vazquez. Parallel uniform
mesh multiplication applied to a Navier- Stokes solver. Computers and Fluids



Alya

Parallel multi-physics code developed at BSC

Code features:

Born 2004

4o
4o
4-
Centralized SVN repository

N1

One code, no multiple versions
Solvers in-house, no 3rd-party libraries (just METIS)

Main code architects: Guillaume Houzeaux and Mariano Vazquez

700K code lines
40 researchers

10 organisations

ghtly test suites

] FAME Mass fraction

0.75

0.5

0.25

e

Viscosity (Poise)

Temperature

400

375
‘ 350
325
300

0.0008

(K)




Lindgren (Sweden), Cray XE system at PDC, incompressible flow 12.288
CPU’s (collaboration with Jing Gong from PDC)

Huygens, (The Netherlands), IBM power 6, incompressible flow, 2.128
CPU's

Jugene BG (Germany): 16.384 CPU's, incompressible flow (Prace project

for Mesh multiplication) and, running first tests of F'SI in collaboration
with Paolo Crosetto (Julich)

Fermi BG (Italy): 16.384 CPU's, incompressible flow + species transport +
Lagrangian particles (Prace project for nose)

Curie Bullx (France): 22.528 CPU'’s, incompressible flow (collaboration with
Jing Gong - PDC)

Marenostrum: 5.000 CPU’s compressible flow, incompressible flow, thermal
flow (scalability test)

superMUC (Germany): 125.000 CPU'’s, incompressible flow & combustion

NCSA Blue Waters (USA): 100.000 CPU’s, incompressible flow &
combustion, electromechanics cardiac coupling

PRACE

Available online at www.prace-ri.eu

Partnership for Advanced Computing in Europe

Selection of a Unified European Application Benchmark Suite

J. Mark Bull**, Andrew Emerson®

final list of 12 codes to lorm the imual version of UEABS, w

*article Physics: QCD
“lassical MD:
Juantum MD:
_FD:

carth Sciences:
"lasma Physics:
\strophysics:

Alya 1s one of
the two CFD
codes of the

PRACHE
benchmark suite



Scalability

120,000

- Multi-physics cardiac

100,000
100,000

electromechanical model
orides 3.5B tetrahedra

=w=Sca DIV2 Ref 1K
=o=Sca DIV2 Ref 35K

oo et 5 BExplicit solvers

100K cores Blue Waters

Efficiency Mesh sizes: 427M (DIV2) and 3.416B (DIV3) elements
1.05 10,000,000
3,336,737
0.95
1.000.000 834,184
0.85 o 417,0 417,092
=)
- 208,546
2
v
2 0.75 ww=Eff DIV2 Ref 1K £ 104,2 104,273
2 g 100,000 W DIV2
S == ff DIV2 Ref 35K S 52,13 52,136
: | = 34,168 ®DIV3
“0.65 =@=Eff DIV3 Ref 35K = 26,06
Q
s 13,03
10,000 6,51
0.55 027
0.45
1,000
1,024 4,096 8,192 16,384 32,768 65,536 100,000
0.35 Cores

Collaboration project with Seid Koric NCSA




Scalability

Multi-physics simulation of a kiln

Cores

Combustion - low Mach Navier Stokes
g_ -é-ldeal Imp].iCt SO].VerS

‘)

e o ot 4.2B tetrahedra

100K cores Blue Waters

40,000

Efficiency Mesh sizes: 132M (DIV2) and 1.056B (DIV3) elements
1.05 10,000,000
1,031,250
1,000,000

o

§ 257,812

L

e 128,906 128,906
> R
e == ff DIV2 Ref 1K S
ks £ pons00 64,353 uDIV2
£ =o=Eff DIV2 Ref 35K T 32,227 32,226
£ E . , uDIV3

=i=Eff DIV3 Ref 35K & 16.113 16.113
S 10,560
10,000 8,057
4,028
. 2,014
J _i _. p—
1,000 —
036 1,024 4,096 8,192 16,384 32,768 65,536 100,000
' Cores Cores

Collaboration project with Seid Koric NCSA




Definin,

o parallel multi-physics couplin;

UuQ




Very generally speaking and to fix 1deas..

Contact domains:
F'luid-structure interaction
Contact and 1mpact problems
N-bodies collisions

Heat transfer

Meshes can/cannot coincide



Very generally speaking and to fix ideas...

DB: downsampledST1.ensi.case
Time:0.006407

Overlapping domains:

Overset meshes and Chimera
BElectromechanical cardiac model
RANS modelled turbulence
Multi-scale problems

Particles and immersed bodies

Meshes can/cannot coincide



Issues

Coupling connectivity among MPI
tasks

Numerically stable couplin,

09

algorithms

Preconditioners for the coupled
scheme

Time-scale disparity

Synchronous/Asynchronous schemes

Coupling different codes (multi-

codes)



Alya
Parallel multi-physics code developed at BSC

Parallel coupling strategies:

Code coupling

Several instances of Alya
Alya with other codes
Couplers

In-house, integrated in Alya

PLE (with EDF, France)
PreCICE (with TUM, Germany)
Adan (with LNCC, Brazil)




Simulations for Industry




Aerodynamics of vehicles




LES TURBULENCE MODELING
FOR RACE BOAT SAILS

PRESS
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-10
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0.00675



BASIC RUN DATA

| b [ &

TIME STEP SIZE = 0.005 sec.

" o —




RESULTS WITH HULL
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LES 50b

RANS 51c
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Forces on the sails
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Multi-physics:

Chemical reactions and Combustion




Motivation

- ‘;ll

Compressible flow B e e ]
! ' 4' ) “‘ '. S :\
| ¥4 “ //

\Turbine multiphysics

drbulence

Multi-species flow

Coupling Interface

Combustion

Combustor multiphysics

Heat transfer

Combusti‘on Mech‘anical vibration
Aeroelasticity Ll
Acoustics Heat transfer in solids




Modelling approach summary

B Low-Mach/compressible

B Finite-rate kinetics:

D ic Thick = Model U S6M-ReT G
- -Ref 1

ynamic Thickened Flame Mode 5ot R Bk o
100000 -  4.22B-Ref 32k

W Tabulated chemistry
- CFI combustion model (FGM-based)

Wanild ¢ (2,62, 7, 772, )

B Premixed/Non-premixed & 40000
partially premixed combustion

80000 r

60000

Speed-up

20000 [

B RANS/LES formulation

O 10000 20000 30000 40000 50000 60000 70000 80000 90000100000

B Conjugate-heat transfer (CHT) coupling Cores
(cooling, heat losses, thermal stresses) Blue Waters



VALIDATION OF 1D LAMINAR FLAME AGAINST OPENFOAM
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2D LAMINAR FLAME

2D bunsen flame: T=298K, ER=0.9, p=1bar, Le=1

-
—~
e
< _
‘Q 2.13e+03
x )
2
<
< o
>- )
298-
To
o ¥

||||||||||||||;m —

[TTTT

N
-
-
o

1600

1200

800

400



FLOX® combustor - DLR  Turbulent Flame

60 d

>40 d

<>
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NS

d

Laser Sheet
Section Plane

methane/air
d =0.71
1in =573 K
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1800
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1600
1500
1400
1300
1200
1100
1000
300

800

700

8600

O. Lammel et al., J. Eng. Gas Turbines Power, 2012



FLOX® combustor - DLR

-40-
T (K)

1.81e+03 21750
1500

1250

1000

750

Experiments 573-

Alya - LES-CFI Combustion Model




FLLOX® combustor - DLR
Validation LES
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Profiles of time-averaged axial and transversal velocity and temperature for the LES simulations

(dots: experiments, red: non-adiabatic, green: non-adiabatic with heat loss in chemistry).



Turbulent flames

Impinging flames with conjugate-
heat transfer



Configuration setup
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LES-CHT coupling for an impinging flame

Temperature (K)
400 800 1200 1600

|
300 2e+03

dTl/dx
le+05-
E8e+4
de+4

—-4e+4

-8e+4




(Ongoing work)

Turbulent flames

PREdiction and Control of Combustion INSTADIlities in Industrial Gas Turbines
(PRECCINSTA)

Collaboration with:

Simon Goévert and J.W.B. Kok, Department of Thermal Engineering, University of Twente
B. Cuenot and L.Y. Giquel, Combustion Group, CERFACS

@ ‘“i:’ UNIVERSITY OF TWENTE.




PRECCINSTA - DLR

-low configuration

j" Combustion
chamber




PRECCINSTA - DLR
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PRECCINSTA - DLR
Alya - LES




PRECCINSTA - DLR
Alya - LES

Temperature (K)
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114 mm

BRARER A

PRECCINSTA - DLR a e
Alya - LES vs Experiments .
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Simulations for Biomedical Research




y— 30.00

-7.500

-45.00

-82.50

—.120.0
Max: 23.81
Min; -89.47

Mesh
Var. mesh

R ™

Cardiac E

Effec

the cardiac pumping

ectromechanical

computational model

of infarction on

action

svero Ochoa .

Hixcellence Program






Pressure (mmHg)
120

110

100

Couplin,

Flow rate (cm/s)
20

-10

Cardiac Hlectromechanical

computational model

o with the arterial system (Alya + ADAN)

European FP7 Project “EUBrazil-CC”




Respiratory system

Drug delivery ang

particle tracking




Particle 3

Particle 2

A Particle 5

ReSpira‘tory System Particle

Drug delivery and massiv
particle tracking

Particle deposition

Particle 6 Particle /




Simulations for Energy

The wind and the environment




ATMORST Spanish project

Wind 1n urban environments
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Partnership: IBERDROLA — BSC - CENER

Barcelona | )

@ Supercomputing - gm@ﬁ d!:!;me m[:
center "oLC1O0N Le S1tuel
Centro Nacional de Supercomputacion I B E R D RO |_ A

Wind Energy Project objectives:

1.Phase 1: wind farm planning
» (Goal: to predict long-term wind farm production using CFD.
 Mast measurements during a number of years (wind statistics).
* Determine the optimal wind turbine positions to obtain the best
profitability.

2.Phase 2: wind farm exploitation |
» (Goal: to predict short-term wind farm production using CFD. e

Wl Velooty scale

» D Relative velecity
» 0O e

* Downscaling from mesoscale NWP models (model chain). T

Wiad drection - 135535 (deg)

sWad speed - 15585 Im/y)
STKE : 1.246 im2/s2)
*Speedup | 1L.OTO (4

» MO BAD)
*Wad Srection - 159.275 (deg)
*Wind speed - 15045 Im/y)
STKE : 1.297 im2/s2)
*Speedup : 1039 ()

» MO D3

*'Wiad Srection - 338671 (deg)

.
e Wiad wread - 14 148 Imin) v

{ £

< ©

» Capas Coleria de Carth 1y




CFDWind: high resolution wind modelling

Solution of the RANS equations coupled with a k-€ length-limited turbulence
model;

Horizontal mesh resolution ~10s of meters.
Coriolis, canopy, thermal coupling, actuator disc.
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PreProcess in Google Earth Before Meshing
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Optimization of the surface mesh
({ Topography mesh generation
procedure

1. Generate an initial surface mesh

2. Optimize mesh: find the location of the
nodes that improves the quality of the
elements

3. Smooth topography (if desired)

63



Optimization of the surface mesh

025 05 0'70 1 Mesh widdmhatdideddspography




Update 2: volume mesh generation algorithm

Mesh generation extruding
in vertical direction

Mesh generation using the
3d optimization approach

Barcelona

Supercomputing

Center

Centro Nacional de Supercomputacion



CFDWind: high resolution wind modelling

« Tailored post-process in Google Earth.

Wind tilt
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PostProcess in Google Earth
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Actuator Disc

Hybrid conformal mesh generation procedure




Examples: several discs
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WODS (just Iberdrola




WODS (complete
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