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Transportationand Energysectors OeC iman

V High fossil fuel dependency
V Pollutant emissions
V Noise

Responsible for
Climate Change

Urgent need of
decarbonization

Road transportation Industrial processes
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Strategiestor decarbonization (o] STefvinimuin

New combustion t i Use of synthetic

technologies (low-carbon) fuels

Combustionplaysa central role irenergy
conversionsystems



Combustionis a complexmultiphysicsproblem OecC i

SN Physics Multiscale,
V Fuelinjection multiphase&
V Atomization multiphysics
V Evaporation
V Ignition &
V Combustion
V Pollutants LES & DNwith HPC
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Sprayflame simulationof OMExat ECN Spray @onditions Mira et al., ICEF20A/745.

¢ Liquidfuel atomizationanddroplet formation occursat smallerscaleghan turbulence
¢ Fuelsensitivityand pollutantsrequire a high-level descriptionof chemistry

¢ SomepollutantsNOx,PAHsand soot evolvewith slow time scales

¢ Treatmentof turbulence/ chemistryinteractionsat conditionsof relevancefor engines

Z:> Combustiorsimulationswill stronglybenefit
from Exascalecomputers 5
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CoEdechnological pillars OEC Ftamsigissteree

Generation ofadvanced Exaenabling combustion RepresentativiEuropean
simulation methodologiedor simulationcodes developed Combustion Simulation
turbulent multiphase reacting from newalgorithmsand codeswith advanced

flows data processing and analysis users and industry
tools



romSectorsto Challengesind Demonstrators ‘gec cerersrexeencs

in Combustion
e

Particulate Matter: Formation, Ll ECD 1
growth, oxidation and transport Ecoz . .
of soot particles Large-Scale DNS calculation of formation, growth
ECD13
Ejrcr:c;rrz: Marine, automotive, power generation, aviation, industrial and transport of partlculates
Prediction of gas phase Ee03
pollutants: NOX and CO ECD4 ;__ 43 ‘gr\.‘
Sectors: Marine, automotive, power generation, aviation, industrial QOO0 72
burners ECDLS T\
Leading Collaborating Associated Software ECD type
Institution Institutions EACs involved
Fundamental
Hydrogen and hydrogen- s AUTH AUTH, RWTH, EAC1 CIAO, Nek5000 physics
enriched combustion and EcDs ETHZ
related thermo-diffusive oo
instabilities
Zectors‘ Marine, automotive, power generation, aviation, industrial ECD 5
o Detailed chemistry DNS calculation of turbulent
Fuel atomization and B -
evaporation hydrogen and hydrogen-blends combustion
Sectors: Marine, automotive, aviation, industrial burners
h EFE et @ {{\—
) i e < = | BEH B </7>
Thermo-acoustic instabilities % @ = =
Sectors: Power generation, aviation, industrial burners ECD6 - N
Leading Collaborating Associated Software ECD type
Institution Institutions EACs involved
Fundamental
RWTH RWTH, TUE, EAC3 and EAC5 CIAO, DISCO, physics
ETHZ, AUTH Nekso00
Ignition and plasma assisted D
combustion
Sectors: Marine, automotive, power generation, aviation, industrial ECD 7
burners
Fuel atomization and evaporation in practical
. _ applications
Combustion of metal particles Feuie

Sectors: Automotive, power generation, industrial burners

:va
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Flame-wall interactions and ey Leading Collaborating Associated Software ECD type
near-wall reacting flow EcDi2 Institution Institutions EACs involved -
modelllng Application
ECD13 CNRS BSC, CNRS, EAC4 Alya, CIAO,
Sectors: Automotive, industrial burners, and aviation UCAM, TU D YALESz, CL|O,
OpenFOAM

8 X EACSsS 13 X ECDs




Application-oriented codes OEC st excatnce

CoEQncludes the flagship codes
used by Industry and academia
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YALES?2
AVIP
JAGUAR
DISCO 11

Alya Flagship

AVER codes
PRECISE_UN

CIAO
Nek5000
CLIO
OpenFOAM
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CoE®roject structure O EC omatmsstionce

WP4. Simulation methodologies
I WP2. Services and
sustainability
WP6. Data processing| . > | WP7. Applications
and analysis '

WP3. Disseminatio
and communication.
WP5.Exascaleechnologies

11
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Combustionmethodologiesin CoEGWH4)
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Tasks 4.1: High-order methods

|. Dynamic grid refinement

2. Overlapping grid

3. Arbitrary Lagrangian-Eulerian framework

Tasks 4.3: Mechanism reduction

|. Error estimation

2. On-the-fly reduction

3. ODE solver

Tasks 4.4: Particle transport

O e Center of Excellence
in Combustion
4

EuroHPC: Driving EU HPC Progress

The central focus of advanced computing in Europe

#EuroHPC *

Joint Undertaking

Tasks 4.2: Adaptive mesh in EL

|. Dynamic grid refinement

2. Partitioning

3. Quality of the grid discretization

|. Coupling of Lagrangian and Eulerian solvers

2. Modeling of physics

3. Moment-based approach

12



Combustionmethodologiesin COEGWP4) OEC s catenc

4.1 Highorder methods Jaguar In-house solver developedby CERFACS
Nek5000NekRSr- and ONERA It Is based on the Spectral
adaptativityin Nek5000 and Difference Method with unstructured meshes
NekRSand highorder andh-p adaptation. It runson both CPU/GPU

spectral interpolation for
arbitrary Lagrangiarkulerian
mesh motion.

/BN ARISTOTLE ETH

“"f,\ UNIVERSITY Eidgendssische Technische Hochschule Ziirich
Mt OF THESSALONIKI Swiss Federal Institute of Technology Zurich

SodD: SpectralFinite Elements(SEM)with
entropy-stable stabilization model and
operator splitting to the convectiveterms
of the compressibldNavierStokessystem

®

Barcelona
Supercomputing

Center
Centro Nacional de Supercomputacion




Combustionmethodologiesin COEGQWP4) OEC cuma scatence

4.2 Error estimator for dynamic mesh adaption

Error on the laminar flame speed @ Meetricsand error estimatorsin a spray flame @
Gradient andhessiarerror estimators CRSBurnerwith YALESBeaturedetectionbasedon level
for meshparametrization set ofheatrelease
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Combustionmethodologiesin COEGQWP4) OEC st scatence
4.3 Adaptive chemistry and UQ of chemistry reduction

NekRK Fast kernels for chemistighermo and TRACTabulated reactions for Dynamic Adaptive
transport for CPU and GPU architectures. Chemistry for orthe-fly chemistry reduction.

Storage Barcelona
Supercomputing
Center

PFA + RFA Centro Nacional de Supercomputacion

Smaller registers compared to CPU

T[K]

JAi1le 2 0+ M <=> 02 + M G :)U
kf = NEKRK EXP (-1.0f%1nT+11.695247021764184€£) ;
Rf = CL[2]*Ci[]; =] |-2100
k rev = EXP(- *gibbs0 RT[ ]+gibbs0 RT[:]) * CO; -~ 1900
Br = k rev * Ci1[4]:; El
cR = kf * (Rf - Rr); ;| l 1204
rates[ ] += =-*cl; =| 1500
rates[/] += cRE; Yg YC R
;l i 1300

J/2: 0+ H+ M <=>0H + M El Yfl YCI Rl 1100
kf = NEERE EBEAP (=1 .0f*InT+15. 122563377404 5328E) ;2
Rf = Ci[/]1*Ci[71; = Yer [ Yoo | Ry oo
k rev = EXP(-gibbs0 RT[1l]-gibbs0 RT[Z2]1+gibbs0 RT[1]) * CO0O; E| Yf YC3 R3 700
Rr = k rev * Ci[]; 3

—= . 500
cR = kf * (Rf - Rr); i
rates[’] += -cR; Retrieval ~ 300
rates[ ] += -cR:
rates[2] += ci;
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Combustionmethodologiesin CoEGQWPF4) O C o
4.3 Adaptive chemistry and UQ of chemistry reduction

RWTH

Reducedorder modelling and clustering

!

V ROM fOr ChemiStry based on DMD Temperature

V Clustering through LPCA ]ljl‘!’ii
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4.4 EulerianrEulerian and Euleriashagrangiammethods for particle transport

Nek5000 Soot Plugimompatiblewith LAV
pluginfor Nek5000 -

Soot Source Terms of soot scalars

soot scalars

Soot Models Soot Plug-in - Helmholzintegr. =T~~~ ~~ -

(DSM/MOMIC)

Species / Energy . ;
Gas-phase Chemistry @i sooT N9k5000 To next timestep

Source Terms

_______

Energy species

CHEMKIN LAV Plug-in

‘ Wi rAv
— wj LAV+S00T .
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i E AR 3, r .
e uNTvERSITY vonE Slc;ot_sialars sol.ve Ifor Iclaj;w to f
~ == alleviate numerical problems o

ey OF THESSALONIKI Implicit Integration . P
of Energy / species wide value ranges

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich

DSMLIb DiscreteSectionaMethod Libraryfor
sootformationusingCPU/GPU.

Barcelona EINDHOVEN
Supercomputing I U e UNIVERSITY OF

101%% Center B TECHNOLOGY
Centro Nacional de Supercomputacion

dsm-lib &
Project ID: 31834007 [y Leave project

-0- 40 Commits ¥ 1Branch < 0Tags [ 1,020 KiB Project Storage

pipeline | passec

CIAQO Sootmomentslibrary MOMIC ~ **

and HMOMon C++ stanelone
library

RWTH

ITV Soot
(libsoot.a)

Closure
(libclosure.a
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ApplicationcasesCoEQWFP7) OEC cnssigsatens

Delft Adelaide
Flame |l ISF
workshop

CoriaRouenSpray
BurnerCRSEBCORIA)

High-pressureh2-enriched natural gas
(DLR)

100

Base Case Base Case

50

Tornado burner (2 kW) 100kW proof-of-concept

S0 0 50
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TUDarmstadt|G
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