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Transportation and Energy sectors

Shipping Aviation

Road transportation Industrial processes

✓ High fossil fuel dependency
✓ Pollutant emissions
✓ Noise
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Responsible for 
Climate Change

Urgent need of 
decarbonization



Strategies for decarbonization

Improving combustion 
technologies

Use of synthetic or 
e-fuels

3IC Engines Aeroengines Gas Turbine Hydrogen Ammonia SAF



Strategies for decarbonization

New combustion 
technologies

Use of synthetic 
(low-carbon) fuels

Combustion plays a central role in energy
conversion systems
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Combustion is a complex multiphysics problem

❑ Liquid fuel atomization and droplet formation occurs at smaller scales than turbulence

❑ Fuel sensitivity and pollutants require a high-level description of chemistry

❑ Some pollutants NOx, PAHs and soot evolve with slow time scales

❑ Treatment of turbulence / chemistry interactions at conditions of relevance for engines

Physics

✓ Fuel injection
✓ Atomization
✓ Evaporation
✓ Ignition
✓ Combustion
✓ Pollutants

Multiscale, 
multiphase & 
multiphysics

LES & DNS with HPC

Combustion simulations will strongly benefit
from Exascale computers

Spray flame simulation of OMEx at ECN Spray A conditions, Mira et al., ICEF2021-67745. 
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What is CoEC?

6

31/12/2023



CoEC consortium

❑ 3 supercomputing centers (BSC, JSC, NCSA)

11 partners from 5 EU member states 
(with Switzerland & UK)
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CoEC technological pillars

Combustion science

Generation of advanced 
simulation methodologies for 
turbulent multiphase reacting 

flows 

HPC algorithms for 
combustion

Exa-enabling combustion 
simulation codes developed 

from new algorithms and 
data processing and analysis 

tools

EU HPC 
combustion codes

Representative European 
Combustion Simulation 

codes with advanced 
users and industry
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From Sectors to Challenges and Demonstrators
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8 x EACs 13 x ECDs



Application-oriented codes

YALES2

AVIP

JAGUAR

DISCO

Alya

AVBP

PRECISE_UNS

CIAO

Nek5000

CLIO

OpenFOAM
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CoEC includes the flagship codes 
used by Industry and academia

11 
Flagship 

codes
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CoEC project structure

WP3. Dissemination 
and communication.

WP2. Services and 
sustainability

WP5. Exascale technologies

WP7. Applications

WP4. Simulation methodologies

WP6. Data processing 
and analysis
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Combustion methodologies in CoEC (WP4)
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Combustion methodologies in CoEC (WP4)

4.1 High-order methods 

Sod2D: Spectral Finite Elements (SEM) with

entropy-stable stabilization model and

operator splitting to the convective terms

of the compressible Navier-Stokes system.

Nek5000/NekRS: r-
adaptativity in Nek5000 and 
NekRS, and high-order 
spectral interpolation for 
arbitrary Lagrangian-Eulerian 
mesh motion..

Jaguar: In-house solver developed by CERFACS
and ONERA. It is based on the Spectral
Difference Method with unstructured meshes
and h-p adaptation. It runs on both CPU/GPU.



Combustion methodologies in CoEC (WP4)

4.2 Error estimator for dynamic mesh adaption

Params
Δ𝑥𝑚𝑖𝑛 = 10 𝜇𝑚, Δ𝑥𝑚𝑎𝑥 = 500 𝜇𝑚
ℎ𝑔𝑟𝑎𝑑 = 1, white iso-lines = constant number of cells

Error on the laminar flame speed

Gradient and hessian error estimators
for mesh parametrization

CRSB burner with YALES2 Feature detection based on level
set of heat release

Metric

Meetrics and error estimators in a spray flame



Combustion methodologies in CoEC (WP4)

4.3 Adaptive chemistry and UQ of chemistry reduction

NekRK: Fast kernels for chemistry, thermo and 
transport for CPU and GPU architectures. 

GPU

Reactions computed individually to avoid storing 
intermediate results and reduce register pressure 

Smaller registers compared to CPU

TRAC: Tabulated reactions for Dynamic Adaptive 
Chemistry for on-the-fly chemistry reduction. 



Combustion methodologies in CoEC (WP4)

4.3 Adaptive chemistry and UQ of chemistry reduction

Reduced-order modelling and clustering

DNS 143 modes
143 modes 
2 clusters

✓ ROM for chemistry based on DMD

✓ Clustering through LPCA

✓ PCA-based Cell Agglomeration – P(CA)2

DNS P(CA)2



Combustion methodologies in CoEC (WP4)

4.4 Eulerian-Eulerian and Eulerian-Lagrangian methods for particle transport

CIAO: Soot moments library MOMIC 

and HMOM on C++ stand-alone 

library
ITV Soot 

(libsoot.a)

Closure

(libclosure.a)

DSMLib: Discrete Sectional Method Library for

soot formation using CPU/GPU.

Nek5000: Soot Plugin compatible with LAV 

plugin for Nek5000 

CLIO: Preferential diffusion model for soot formation in CMC.

Le = 1

Le ≠ 1
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Coria Rouen Spray 
Burner CRSB (CORIA)

Application cases CoEC (WP7)

High-pressure h2-enriched natural gas 
(DLR)

TU Darmstadt IC-
engines (TUDa)

Metal particles
(TU/e)

H2-swirl stabilized flames
(TU Berlin)

Delft Adelaide 
Flame III ISF 
workshop

Cambridge RQL 
(UCAM) 
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Application cases CoEC (WP7)
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Machine Learning & Data Analytics

CIAO – SuperLES MLLib: fully parallel and GPU enabled library that
calculates the turbulent stress tensor in LES simulations using ML

approach (PIERSGAN). 20

Application cases CoEC (WP7)



Exa-enabling technologies (WP5)

✓ Unlock exascale computing for combustion simulations

✓ Develop advanced algorithms and software 

implementations for a heterogeneous landscape with

coexistence of various architectures

✓ Establish CoEC guidelines for Exascale methodologies in 

combustion

21
DISCO Alya

POP anlaysis on the
Flagship codes



Exa-enabling technologies (WP5)

5.2 Scalable algorithms

YALES2: Optimization of massively parallel dynamic mesh adaptation algorithms in YALES2

✓ pyJac-generated functions

✓ DLBFoam-load balancing

OpenFoam: Optimization of chemical integration

4.4x

3.3x

3.4x

CLIO: adapted for the commercial software CONVERGE 
CFD to use AMR capabilities in CMC space.



Exa-enabling technologies (WP5)

5.3 Exascale optimizations and performance portability

Nek5000: Performance analysis on LUMI-C  and LUMI-G

LUMI-C

LUMI-C

LUMI-G LUMI-G



Exa-enabling technologies (WP5)

5.3 Exascale optimizations and performance portability

AVBP: Performance of TUB case on 
MILAN(LUMI C) and GENOA (ADASTRA) 

AVBP: performance assessment TUB on AMD GPUs



Exa-enabling technologies (WP5)

5.3 Exascale optimizations and performance portability

Alya: combustion solver based on flamelets ported to GPUs

LEONARDO-Booster: 
NVIDIA A100 GPUs
(4 GPUs per node)

Alya: strong scaling in Hawk, LUMI-C, and VEGA



Data processing and analysis (WP6)
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Best Paper Award at ISAV 2023:  In Situ 
Infrastructures for Enabling Extreme-

scale Analysis and Visualization
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Training activities

Different events have been achieved:
✓ Organization of internal and external training

events.
✓ CoEC involved in HPC combustion workshops

(PATC, TNF, ISF, …).
✓ South-East Europe Combustion Autumn school

in 2022 and 2023.
✓ Successful ERCOFTAC course on H2 combustion

in 2022 and now we repeat in 2023.

Final training event: 
H2 combustion in December 
(ERCOFTAC)

16 training events
+700 participants

34 countries
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European aerospace and defence industries - Turnover and

Employment, 2019. (2020 Facts & Figures, ASD - Aeronautics, Space,

Defence)

19

CoEC ambition for aviation

28



29

Collaboration with industry

CoEC has a strong engagement with the European industry in the power and propulsion sectors

✓ CoEC flagship codes are currently used by 
industry and technology centers.

✓ 1st Industrial workshop on Aeronautics 
(Dec. 2021) with 92 total attendees from 
27 institutions. 

✓ 2nd Industrial workshop (Nov. 2023).

✓ ALL partners work industry:
• Projects with SMEs: > 4
• Projects with Large Industry: > 6 
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