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Edito
With the exponential expansion of data in all academic and industrial research fields, the role of digital 
as the driving force for scientific excellence and innovation is becoming ever more important. Researchers 
have to meet the constantly growing demand for computing time, at the same time as satisfying ever more 
specific demands in terms of precision, speed, safety and realism in their use of numerical simulation. The 
ability to combine high-speed processing and the analysis of numerical simulation data has hugely expanded 
the realm of the possible and greatly accelerated the realisation of their projects. This is a key scientific and 
economic competitiveness challenge at the heart of the missions of GENCI and for the teams of the Très 
Grand Centre de Calcul (TGCC) at the CEA.

On the road to Exascale, the purchase and making available to researchers of the AMD ROME Partition 
of the Joliot-Curie supercomputer marked a new stage in France’s commitment to digital sovereignty, at 
both the national and the European level. The commitment of the women and men who make up the high 
performance computing community is a critical factor in bringing this ambition to fruition. The proof of this 
can once again be seen in the results of these Grands Challenges.

The digital sovereignty choice for France
 
Based around the new ATOS XH2000 product range, the Joliot-Curie AMD ROME partition has 2,292 computing 
nodes, with each node having 2 AMD Epyc 7H12 (ROME) 64 core processors at 2.6 GHz and 256 Gb of DDR4 
memory. These computing nodes are grouped using a Mellanox Infiniband HDR 100 Gb/s rapid interconnection 
network and a Dragonfly+ topology. This partition, with almost 300,000 computing cores (currently the 
largest of GENCI’s computers) is supplemented by a hybrid 32 node pre/post processing partition (2 Intel 
CascadeLake 20 core processors coupled with 4 nVIDIA V100 16 Gb computing accelerators), an NVMe 
high-speed memory, allocatable on-the-fly (known as SBF for Smart Bunch of Flash) and a final computing 
partition delivered in mid-2021 and consisting of 80 Fujitsu PRIMEHPC FX700 computing nodes (each node 
is equipped with an ARM Fujitsu A64FX 48 core 1.8 GHz processor and 32 Gb of high-speed HBM2 memory).

This latest evolution of the Joliot-Curie computer at TGCC includes a very large number of innovations such 
as the availability of very dense manycore computing nodes (128 AMD ROME cores per node), thanks to 
the use of Direct Liquid Cooling (DLC) technology, the adaptive routing of messages in the interconnection 
network, cooling technologies and energy consumption monitoring tools and finally, the making available of a 
computing partition based on an ARM processor with high-speed memory and extended vector instructions. 
These Atos technologies were developed in the context of the co-design programme linking the company and 
CEA/DAM in response to its needs in its defence role and, more generally, those of all HPC user communities.

A European commitment
 
The making available of these new research resources also represents the French commitment to European 
digital sovereignty.

This investment was made as part of the European PPI4HPC (Public Procurement of Innovative solutions for 
High Performance Computing, H2020-754271) project. With its use for the first time here for High Performance 
Computing, this arrangement made it possible to purchase innovative computing and storage solutions, 
thanks to a joint procurement project coordinated by GENCI, for the main HPC centres CEA/GENCI, CINECA 
(Italy), JUELICH (Germany) and BSC (Spain). The European Commission made a significant contribution to 
the financing of this purchase.

Philippe Lavocat,
Chair and CEO of GENCI

Christine Ménaché,
Head of TGCC
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Each one of the innovative features offered by this acquisition is crucial for the validation, with the assistance 
of the user communities, of certain components that could be used on the EuroHPC Joint Undertaking 
Exascale computer. In this context, France’s submission, supported by GENCI together with CEA, covers the 
installation of an exaflop computer at TGCC by 2024.

In this context it is all the more important to be able to master the base software environment that constitutes 
the heart of a HPC centre and to offer new services that adapt to the increasingly rapid evolutions in computing 
needs. This is a constant preoccupation of the TGCC teams. Most notably, CEA has developed a comprehensive 
open-source software stack for managing the computing and storage clusters, known as “OCEAN”. This has 
been deployed at TGCC for managing this new partition.

Men and women at the service of science: The Grands Challenges
 
The installation and commissioning of the partition were carried out by teams from CEA, as part of its contract 
management role delegated by GENCI, and Atos. Work to define its computer architecture, its operation 
and the support provided for users was allocated to the teams from the CEA/DAM Île-de-France Centre in 
Bruyères-le-Châtel.

As with the Grands Challenges process launched with the commissioning of a new computer, a dedicated 
three and half month period for the start of production and debugging of the ROME partition, was offered 
and reserved to a limited number of users. These users were happy to accept this, subject to conditions of 
use for a computer in the “debugging” phase.

Molecular dynamics, water droplet interfaces, structuring of tropical clouds, rocket engine combustion, 
the use of artificial Intelligence for designing aeronautic engines, the evolution of cosmic structures: these 
were only a few of the wide range of research subjects of the 27 projects selected following appraisal by the 
Scientific Committees.

As well as delivering outstanding simulations, this new computer was also able to contribute responses to 
some of the most pressing challenges facing society today including health issues and more specifically the 
fight against the COVID-19 pandemic. As part of the PRACE1 Fast Track COVID-19 call and the GENCI national 
COVID-19 calls, 18 projects were able to use the computing resources of Joliot-Curie.

This allowed numerical simulations that not only pushed the very limits of the computer itself, but those of 
the simulation software and the computer environment for using these results. These are absolutely crucial 
in making the scale changes, both application and scientific, made possible by technological advances in 
the HPC field.

Advances of this nature were only made possible thanks to the commitment of all the teams involved: 
computing centre, scientists, GENCI and in general everyone working to place technological excellence at 
the service of spreading scientific knowledge in France and Europe.

The challenges for the coming years are manifold: taking part in the European HPCQS quantum simulation 
project, supporting Europe through the Exascale revolution by being a candidate for hosting and operating 
at TGCC in 2024 one of the two Exascale class computers on behalf of the European EuroHPC company.

1PRACE (Partnership for Advanced Computing in Europe) is a European research infrastructure that supplies computing hours for European academic and 
industrial researchers.
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JOLIOT-CURIE
and the AMD ROME Partition

The AMD ROME Partition
In a second phase, the Joliot-Curie AMD ROME partition was purchased and installed in 2019 in 
the context of the European PPI4HPC(1) project. This new partition was put into production at the 
beginning of 2020 and uses 5 Bull Sequana XH2000 cells.

Its technical characteristics are: 
• 2,292 computing nodes with, for each one, 2 AMD ROME (Epyc) 64 core processors at 2.6 GHz, 256 Gb of 
  DDR4 memory, with a total of 293,376 computing cores and a peak power of 11.75 PFlop/s,
• Infiniband HDR100 interconnection network using a DragonFly+ topology

Another partition was also installed during this second phase, Joliot-Curie 
V100, for data processing /IA with:
• 32 hybrid nodes with, for each one, 2 Intel CascadeLake 20 core processors at 2.1 GHz coupled with 
  4 NVIDIA V100 GPU, for a total of 128 GPU with a peak power of 1.13 PFlop/s.

The Joliot-Curie supercomputer

Installed at the end of 2017 within CEA’s Très Grand Centre de Calcul (TGCC), located in 
Bruyères-le-Châtel (France), following a procurement procedure managed by an integrated 
GENCI-CEA team. Responsibility for the commissioning and operation of Joliot-Curie at 
TGCC has been given to the operational teams at the Direction des Applications Militaires 
(DAM) at CEA. Ensuring its operation in a top level scientific and technical environment.

(1) The PP14HPC project was funded by the European Union’s Horizon 2020 research and innovation programme as part of Grant Agreement 754271.
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The first phase of the supercomputer consisted of Bull Sequana X1000 cells with 
a peak computing power of ~9 PFlop/s and consisting of the following computing 
partitions:
SKL Irene (Skylake):
• 1,656 computing nodes with, for each one, 2 Intel Skylake 24 core processors at 2.7 GHz, 192 Gb 
  of memory, for a total of 79,488 cores and a peak power of 6.9 PFlop/s.
KNL Irene (Knights Landing)
• 828 nodes with, for each one, an Intel Knights Landing (KNL) 64 core processor at 1.4 GHz, for a 
  total of 52,992 cores and a peak power of 2.0 PFlop/s.

As part of the European Fenix project, the following partitions can also be 
accessed:
• Irene V100L: 30 nodes with 2 Intel CascadeLake 18 core processors, at 2.6 GHz and 1  NVIDIAV100 GPU
• Irene V100L: 2 hybrid nodes with, for each one, 4 Intel CascadeLake 18 core processors, at 2.6 GHz, 
  3 Tb memory and 1 NVIDIA V100 GPU.

Other shared resources:
• Hybrid Irene: 20 visualisation nodes with NVIDIA P100 accelerators,
• xlarge Irene: 5 so-called “large-scale memory” nodes for the pre/post processing consisting of  
  3 Tb memory/node and a NVIDIA P100 accelerator,
• A local high-speed “Scratch” type storage, with 5 Pb useful with a bandwidth of 300 Gb/s 
  accessible via a Lustre type file system.

Exploratory - ARM partition: 
• Based on Fujitsu PRIMEHPC FX700 technology: 80 DDR-less mono-socket nodes with a Fujitsu A64FX 
   processor (https://www.genci.fr/fr/node/1076) 48 cores at 1.8 GHz, 32 Gb HBM2 high-speed memory 
   and a peak computing power of 0.245 PFlop/s.
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Impacts of fine-scale processes 
on the Atlantic Ocean circulation

Jonathan Gula [1]

Sébastien Theetten [2]

Gildas Cambon [3]

Guillaume Roullet [1]

Fine-scale oceanic processes typically 
correspond to horizontal spatial scales of the 
order of 1 - 10 km, and temporal scales of days 
to hours. These processes include internal 
waves and various sub-mesoscale processes 
that are visible as fronts and eddies. These 
fine scales are present in the surface layers 
of the ocean, where they play a major role in 
modulating the exchange between the ocean 
and the atmosphere and in controlling the 
vertical fluxes of tracers and energy, but also in 
the bottom layers, where they impact energy 
dissipation and ocean mixing.

Unfortunately, these processes are not 
resolved for ocean models and their absence 
leads to many biases in ocean and climate 
modelling. 

Realistic simulations, including tide and 
hourly atmospheric forcing, have been 
performed for the first time with 
sub-kilometre horizontal resolution on a 
grid covering the entire Atlantic Ocean 
(Fig.) with 10500 x 14000 x 100 grid 
points over a period of several years. 
More detailed information is available at 
https://doi.org/10.5281/zenodo.4948523

The data thus generated will make it 
possible to study the interactions between 

the different spatial and temporal scales of the 
dynamics and to quantify the impacts of each 
of the processes on the mixing and structure 
of the large-scale ocean circulation. These 
impacts can then be parameterised for climate 
models using machine learning methods.

The exploitation of these data is just beginning 
and is expected to continue for several years. 
Studies have already been published on: 

• the impact of storms on the increase of 
deep mixing along topographic slopes 
by trapping near-inertial waves (Qu et al, 
Geophys. Res. Lett., 2021)

• taking into account the vertical structure of 
the deep mixing layer on the estimation of 
frictional energy (Ruan et al, Geophys. Res. 
Lett., 2021)

• energy extraction from mesoscale eddies 
by internal waves (Barkan et al, Geophys. Res. 
Lett., 2021). 

• the impacts of seamounts on deep-ocean 
upwelling of deep ocean waters (Mashayek 
et al,  https://doi.org/10.21203/rs.3.rs-939198/v1). 

The data are also currently used in several 
other projects, such as JPI-Oceans eurec4a-oa, 
ANR DEEPER, NASA/CNES SWOT. They will 
be useful as well for many other applications 
in the framework of collaborations: dispersion 
of micro-plastics, physical carbon pump, etc.

[1] LOPS/UBO, [2] LOPS/Ifremer, [3] LOPS/IRD

Figure: relative surface 
vorticity (red = cyclones, 

blue = anticyclones) for an 
Atlantic simulation with 

a horizontal resolution of 1 km.

CT1  -  ENVIRONMENT
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The organization of tropical clouds 
in the face of global warming

Jean-Pierre Chaboureau
Juan Escobar
Philippe Wautelet

Laboratoire d’Aérologie 
(Université de Toulouse et CNRS)

Figure: thermal infrared view of 
the GigaLES-RCE by Meso-NH

Understanding how tropical cloud 
properties vary with warming is an open 
question in cl imate change.  In 
radiative-convective equilibrium (RCE), models 
show that convection aggregates into cloud 
clusters, making the atmosphere drier with 
fewer clouds. They diverge, however, in the 
aggregation response with warming. Our 
understanding of this response is limited in 
part by the ability to explicitly resolve both 
the convection as a whole and the details 
of its components. The giga-LES (giga for 
billion and LES for large-eddy simulation) 
is a revolutionary tool because it solves a 
wide range of scales, from large-scale air 
currents to the most energetic eddies. A three 
giga-LES set of the tropical atmosphere was 
run using the RCEMIP exercise protocol (Wing 
et al. 2018) with the community code Méso-NH 
(http://mesonh.aero.obs-mip.fr/) developed 
jointly by CNRS, Météo-France and Paul 
Sabatier University. Ported to all GENCI 
supercomputers, the Meso-NH code showed 
scalability up to 2,000,000 threads (Lac et al. 
2018). The communication time for input-output 
was improved by using the Global Array library 

 The chosen configuration is a 333 million point 
grid with a 200 m horizontal mesh. A total of 
110 days of simulation was performed with 
9216 cores, consuming 20 million hours of 
computation and generating 300 TB of data. 

The figure shows a moderate aggregation 
of convection in the present climate (300 K). 
This aggregation is not very sensitive to the 
sea surface temperature. Although this result 
needs to be confirmed with simulations to be 
performed on domains at least four times larger, 
it suggests no change in cloud organization 
with warming.

References

Lac, C., J.-P. Chaboureau, V. Masson, J.-P. Pinty, P. Tulet, J. Escobar, M. Leriche, C. Barthe, B. Aouizerats, C. Augros, P. Aumond, F. Auguste, 
P. Bechtold, S. Berthet, S. Bieilli, F. Bosseur, O. Caumont, J.-M. Cohard, J. Colin, F. Couvreux, J. Cuxart, G. Delautier, T. Dauhut, V. Ducrocq, 
J.-B. Filippi, D. Gazen, O. Geoffroy, F. Gheusi, R. Honnert, J.-P. Lafore, C. Lebeaupin Brossier, Q. Libois, T. Lunet, C. Mari, T. Maric, P. Mascart, 
M. Mogé, G. Molinié, O. Nuissier, F. Pantillon, P. Peyrillé, J. Pergaud, E. Perraud, J. Pianezze, J.-L. Redelsperger, D. Ricard, E. Richard, S. Riette, 
Q. Rodier, R. Schoetter, L. Seyfried, J. Stein, K. Suhre, O. Thouron, S. Turner, A. Verrelle, B. Vié, F. Visentin, V. Vionnet, and P. Wautelet, Overview 
of the Meso-NH model version 5.4 and its applications, Geosci. Model Dev., 11, 1929-1969, 2018. https://doi.org/10.5194/gmd-11-1929-2018 
Wing, A. A., C. L. Stauffer, T. Becker, K. A. Reed, M.-S. Ahn, N. P. Arnold, S. Bony, M. Branson, G. H. Bryan, J.-P. Chaboureau, S. R. de Roode, 
K. Gayatri, C. Hohenegger, I.-K. Hu, F. Jansson, T. R. Jones, M. Khairoutdinov, D. Kim, Z. K. Martin, S. Matsugishi, B. Medeiros, H. Miura, 
Y. Moon, S. K. Müller, T. Ohno, M. Popp, T. Prabhakaran, D. Randall, R. Rios-Berrios, N. Rochetin, R. Roehrig, D. M. Romps, J. H. Ruppert Jr., 
M. Satoh, L. G. Silvers, M. S. Singh, B. Stevens, L. Tomassini, C. C. van Heerwaarden, S. Wang, and M. Zhao, Clouds and convective self-ag-
gregation in a multi-model ensemble of radiative-convective equilibrium simulations, J. Adv. Model Earth Syst., 12, e2020MS002138, 2020. 
https://doi.org/10.1029/2020MS002138 

CT1  -  ENVIRONMENT
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Advanced petascale simulations 
for continuous material synthesis processes

S. Glockner
A.M.D. Jost
A. Erriguible,

In this challenge we proposed the use of 
a petaflop supercomputer to address the 
open problem of scaling-up for continuous 
material synthesis processes. Among the 
conventional approaches to nanoparticle 
precipitation, microfluidic CO2 (anti-solvent) 
processes under turbulent and supercritical 
conditions have been proven to be effective 
in controlling mixing and improving reactor 
performance. However, it should be noted 
that the mass flow rates used in microreactors 
are much lower than those used for larger 
batch reactors. As such, while the former offer 
excellent mixing performance, the latter have 
the big advantage of higher production rates. 
The question that justified this challenge is 
whether a continuous reactor can operate with 

the same flow rates as a batch reactor while 
maintaining excellent mixing performance. 

The scaling-up strategy is based on the 
conservation of the turbulent dissipation 
rate in the reactor, combined with advanced 
simulations at different scales and a 
thorough analysis of the effects of increasing the 
reactor’s dimensions on mixing performance. 
Direct numerical simulations from 55 million 
to 11 billion points (up to 131,072 processors) 
capturing Kolmogorov and Batchelor scales 
have been performed in micro/milli-reactors 
while maintaining the same accuracy in 
the description of the physical phenomena. 

They lead to a reliable qualitative estimation 
of the mixture performance for the different 
sizing scenarios. The Notus open-source code 
(https://notus-cfd.org) was used following the 
implementation strategy of explicit numerical 
schemes. This approach takes advantage 
of the favorable physical characteristics of 
the fluid that do not significantly reduce the 
Courant-Friedrichs-Lewy condition and thus 
maintain a reasonable total number of time 
iterations. The only linear system to be solved 
is the one associated with pressure for which 
the Hypre parallel solver library is used. In order 
to overcome the saturation of MPI message 
exchanges for a large number of processors, 
a paradigm shift of the parallel programming 
implemented in Notus was performed 
(switching to a hybrid OpenMP/MPI approach). 
A performance analysis showed that 403 cells 
per core yields a very good low scalability up 
to 131,072 cores (8 OpenMP threads per MPI 
process). 

Simulations have shown that it is possible 
to increase the volume of the continuous 
reactor - from lab/academic to production/
industrial scale - while maintaining excellent 
mixing quality, which is very favorable for the 
materials synthesis process. Production rates 
of up to two orders of magnitude higher have 
been verified. This work has shown that HPC 
is an emerging and effective tool for the 
analysis of different scale-up or reactor design 
scenarios in chemical engineering. 

Institut de Mécanique et d’Ingénierie de Bordeaux

Figure: synoptic 
of the micro/milli scale-up 

study of a continuous reactor.
Volume renderings of 

instantaneous concentration 
fields in micro/milli reactors

CT2A. ÉCOULEMENTS NON RÉACTIFS 
ET MULTIPHASIQUES
CT2A  -  NON REACTIVE AND 
MULTIPHASE FLOWS
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Direct Numerical Simulation of a dense gas 
flow in a periodic channel

A. Giauque,
Christophe Corre,
Paolo Errante

Ecole Centrale de Lyon / Laboratoire de Mécanique 
des Fluides et d’Acoustique (UMR 5509)

CT2B. ÉCOULEMENTS RÉACTIFS ET 
MULTIPHASIQUES

The EDGES Grand Challenge aims at studying 
the characteristics of turbulence for the 
supersonic flow through a periodic channel of 
a dense gas close to its critical point.

Two direct numerical simulations (DNS) have 
been performed using the flow solver AVBP. 
The first DNS corresponds to a Mach number 
equal to 3 while the second DNS corresponds 
to a hypersonic Mach number equal to 6.

The computed results have evidenced the 
need to model new subgrid-scale terms when 
performing large-eddy simulations of such 
compressible real gas flows.  

This set of numerical results enriches a 
database of turbulent dense gas flows which 
also includes THI and shear layer configurations.  

More than 30 billion samples are gathered 
in this database, which is currently used to 
build new turbulence models for the flow 
simulation of these complex fluids.  Machine 
Learning (artificial neural networks) is applied 
to build relevant subgrid scale models for 
large eddy simulation. The results obtained 
thanks to the present Grand Challenge have 
led to an article published in   Physics of 
Fluids (vol. 33(8), 2021) and devoted to the 
a priori analysis of subgrid scale terms for 
compressible transcritical flows of real gases.

Figure: iso-surfaces of Q crite-
rion coloured by the flow Mach 

number.

CT2A  -  NON REACTIVE AND 
MULTIPHASE FLOWS
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High-fidelity intensive computing 
in fluid mechanics: a decision support tool 
against the spread of the SARS-CoV-2 virus

Yves Dubief [1], Simon Mendez [2], Guillaume Balarac [3], Patrick Bégou [3], Pierre Benard [4], 
Ghislain Lartigue [4], Renaud Mercier [5] et Vincent Moureau [4].

CT2A  -  NON REACTIVE AND 
MULTIPHASE FLOWS

[1] Univ. of Vermont
[2] IMAG
[3] LEGI
[4] CORIA
[5] SAFRAN

Airborne transmission of the virus 
SARS-CoV-2 is the main vector of spread of 
COVID-19. Droplets and aerosols that may be 
carrier of the virus are exhaled during respiratory 
activities (cough, sneezing, speaking, and 
breathing) and may remain suspended in poorly 
ventilated rooms for very long time. The objective 
of this Grand Challenge was to evaluate the 
risks caused by airborne transmission, and the 
efficacy of protective measures via numerical 
simulations using YALES2. This simulation 
platform, already used in a variety of engineering 
and scientific fields (aeronautics, combustion, 
renewable energy, biomedical engineering, …) 
was rapidly deployed for COVID research, within 
a nationwide research effort, coordinated 
by Philippe CINQUIN (TIMC) aiming at the 
reusability of masks.

The simulations have allowed for the explicit 
resolution of the unsteady coherent structures 
responsible for the transport of aerosols and 
droplets. The governing equations account 

Figure: illustration of a cough 
simulation and histograms of 

inhaled droplets and aerosols. 

for the variable properties of air (humidity, 
viscosity) as function of the temperature, which 
affect the dynamics of aerosols and droplets 
(flow transport, gravity, evaporation, …). The 
coupling of the flow solver with the remeshing 
library MMG enabled meshing in YALES 2 and 
adaptive mesh refinement as the flow evolves, 
resulting a significant benefit for the simulation 
of complex geometry and the optimization of 
computational cost. This development led to a 
fully automated workflow from mesh generation 
to the evaluation of the distribution of inhaled 
aerosols and droplets.

This work has therefore demonstrated that 
high-fidelity simulations of fluid mechanics 
phenomena, leveraging the computational 
power of supercomputers, has the capabilities 
to be a decision tool to respond to this type 
of crisis.
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Massively parallel simulation of 
gas-particle flows in an industrial 
fluidized-bed reactor with a n-fluid Euler 
approach

Hervé Neau [1], Maxime Pigou [1], Pascal Fede [1], Renaud Ansart [2], Cyril Baudry [4], Nicolas 
Mérigoux [5], Jérome Laviéville [5], Yvan Fournier [5], Nicolas Renon [3], Olivier Simonin [1]

CT2B  -  REACTIVE AND 
MULTIPHASE FLOWS

[1] Institut de Mécanique des Fluides de Toulouse (IMFT), Université de Toulouse, CNRS, Toulouse, France
[2] Laboratoire de Génie Chimique, Université de Toulouse, CNRS, INPT, UPS, Toulouse, France
[3] UMS CALMIP 3667 Université de Toulouse, CNRS, INPT, INSA, ISAE, UPS, Toulouse, France
[4] Délégation technologies et systèmes d’information, EDF R&D, Palaiseau, France
[5] Fluid Mechanics, Energy and Environment Dpt., EDF R&D, Chatou, France

This Grand Challenge focuses on the 
execution of massively parallel simulation of 
a gas-particle industrial fluidized-bed reactor. 
In this industrial process, an ascending gas at the 
right velocity keeps a powder suspended that 
gives the gas-particle mixture key properties 
looked for in industrial applications: a good 
mixing quality, a high surface for gas-particle 
contact and a high thermal inertia. This process 
is thus used for many applications such as coal 
combustion (CO2 capture / chemical looping), 
catalytic polymerization, granulation process 
for pharmaceutical production, biomass 
combustion or solar energy production.

From a theoretical standpoint, these systems 
are quite complex due to being tri-dimensional, 
turbulent, non-stationary, multiphase, 
anisothermal, reactive and with strong 
multi-scale coupling. The need for 3D 
simulation software applied to these flows at industrial 
scale is compelling, but their development is 
still a challenge due to aforementioned flow 
complexities.

The goal of this Grand Challenge is to evaluate 
the performances of the massively parallel 
simulation software NEPTUNE_CFD, applied to 
the hydrodynamics and thermal transfers in an 
industrial fluidized-bed of 30m height and 5m in 
diameter, holding 100 tons of reactive particles 
emitting 20MW of thermal power. The mesh 
used counts up to 64 billion hexahedral cells of 
1.25mm. That level of mesh refinement is the 
highest ever achieved for such a simulation 
and explains the need we had in using the 
new Rome partition of Joliot-Curie.

This Grand Challenge –focused on 
performance analysis– led to a worldwide 

Figure: instantaneous field of 
particle volume fraction in an 
industrial scale 3D reactive 
fluidized bed reactor 
(successive zooms with mesh)

premiere with an industrial-scale simulation 
on the entirety of the Rome partition using 
a mesh of 64 billion cells. For such large 
simulations, the behavior of the IntelMPI library 
had to be fine-tuned along with the configuration 
of parallel read/write operations for large files 
(thus reducing the reading time of a single 
12TB file from 55 min down to only 4 min). 
This work led to a complete scale-up study of 
NEPTUNE_CFD from 30 nodes up to 2250 
nodes and to supplementary specific studies 
on CPU depopulation, parallel I/O and detailed 
code profiling up to 72 064 cores.

These extreme simulations with highly 
refined meshes are strongly demanding in 
terms of intensive computation resources 
but yield results with a yet unmatched 
accuracy. They push the simulation software, 
its dependencies (MPI, partitioning library …) 
and the supercomputers up to their 
respective limits (IO, bandwidth, memory …). 
These simulations help to improve greatly 
the modeling of industrial systems. Finally, 
this Grand Challenge along with previous 
ones allows a comparative study of recent 
supercomputers architectures. Some limits 
identified during this project were lifted and 
supplementary runs are being performed to 
assess an optimized version of IntelMPI for 
the Rome partition of Joliot-Curie.

Industrial-scale Polydispersed Reactive Fluidized Bed
3D simulation whith NEPTUNE_CFD on Rome partition of TGCC Joliot-Curie
Unstructured mesh: 64 150 749 784 hexaedral cells
3840 to 144 000 MPI process (2250 nodes).
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CT2B  -  REACTIVE AND 
MULTIPHASE FLOWS

High-Fidelity Simulation and 
Artificial Intelligence for the design of future 
aeronautical engines

Renaud Mercier, Augustin Parret-Freaud, Carlos Garcia-Guillamon, Mélody Cailler, 
Romain Pain, Sébastien Da Veiga, Xavier Roynard, Grégory Dergham, Fabien Casenave, 
Alexandros Markopoulos†

Safran Tech, Digital Sciences & Technologies 
Department, - Rue des Jeunes Bois, Châteaufort, 
78114 Magny-Les-Hameaux, France

Excellent results were obtained on the AMD 
partition of Joliot-Curie machine, in particular 
on the sub-projects dealing with the 
development and validation of the finite 
volume approach for the simulation of lubri-
cation and atomization in engine conditions 
as well as on the “IA for numerical simulation” 
sub-project.

Simulations of kerosene injection in a jet-in-
cross-flow type configuration, and in a pressure 
swirl atomizer have been successfully carried 
out on several thousand cores with dynamic 
mesh adaptation. 

This work was the subject of a scientific 
communication [Janodet et al. 2021].

 In the context of air-oil lubrication, this 
same methodology has been employed to 
configurations with filming and splashing type 
oil dynamics. 

In particular, significant improvements in the 
return time of these simulations have been 
obtained.

The «AI for Numerical Simulation» subproject 
has produced a database of 11,000 3D RANS 

simulations on the AMD CPU partition on the 
Rotor37 configuration with high-parameterized 
geometric variabilities.

The interest of this database is twofold: on the 
one hand, it will allow us in the future to develop 
and validate the different neural network 
architectures proposed in the literature to 
manage volume meshes. On the other hand, 
it will serve as an initialization for an adaptive 
refinement procedure, which will seek to 
perform additional simulations to improve the 
representativeness of the neural networks in 
the areas of space where they are not accurate.

The sub-projects dealing with the validation of 
the LBM approach for the aero-thermo-acoustic 
simulation of complex configurations as well as 
the model reduction for the prediction of the 
lifetime of critical mechanical parts could not be 
initiated due to the restrictions on the working 
time during the COVID crisis.

Figure: instantaneous 
snapshot of the fuel spray 

generated by a pressure swirl 
atomizer

Figure: instantaneous snapshot 
of an oil-jet impacting a rotating 

gear and vorticity field magnitude 
vorticité

Deformed Rotor37 blade, and the pressure field 
computed by stationary CFD RANS simulation
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Impact of mesh resolution on the 
prediction of the flow and pressure dynamics 
in a liquid rocket engine

Thomas Schmitt [1],
G. Staffelbach [2]

[1] Laboratoire EM2C, CNRS, CentraleSupélec, 
Université Paris-Saclay
[2] Centre Européen de Recherche et de Formation en 
Calcul Scientifique (CERFACS )

Figure: instantaneous 
longitudinal slice of 
temperature on the finest mesh 
for the simulation of the BKD 
test-bench from DLR  (Groening 
et al., 2016). 

The objective of the project is to assess the 
ability of high performance computing to predict 
the occurrence of combustion instabilities in a 
rocket engine through a change in operating 
conditions, an aspect of primary importance 
for the space industry.

In this great challenge, we focused on the 
influence of mesh resolution on the prediction 
of the flow and pressure dynamics in the 
chamber.

For this, an unstable calculation was carried 
out on 3 different grids, ranging from 80 million 
to 1 billion cells. In this first step, a homogeneous 
refinement is used.

The result of the simulation in terms of mean 
and fluctuating field is not very sensitive to the 
mesh resolution, even if a difference is noticed 

for the coarsest mesh compared to the two 
others. Likewise, the resonance frequencies 
are very similar between the meshes. Only a 
difference in terms of pressure drop between 
the oxygen dome and the combustion chamber 
is observed for the coarsest case compared to 
the other two meshes.

However, the impact of the grid on the pressure 
fluctuations in the chamber is significant: each 
case predicts a different unstable behavior.

Subsequently, an automatic mesh refinement 
strategy was implemented.

The first calculations were initiated in 
this great challenge and more detailed 
simulations were continued via a PRACE 
allocation.
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Direct Numerical Simulations to better 
understand bubble induced turbulence

Bubbly two-phase flows are of great interest 
to study and improve the capabilities of heat 
exchangers based on boiling phenomena.

They are generally studied using averaged 
two-fluid models (Reynolds Averaged 
Navier Stokes), which are the only practical 
models capable of dealing with industrial 
applications. However, these models rely 
on a characterisation of turbulence which is 
strongly affected by the presence of bubbles. 
The knowledge of the influence of bubbles on 
turbulence is an active topic of research and in 
strong evolution. Recent works demonstrated 
that liquid velocity fluctuations induced by the 
bubbles have several origins.

To understand their origins more finely, direct 
numerical simulations (DNS) are an excellent 
tool to access local fluctuations and interfacial 
transfers. In this work, DNS is used to simulate 
homogeneous bubble swarms with an explicit 
tracking of each individual interface, in order to 
produce statistical data to assess and develop 
new closure relations for RANS models.

This Great Challenge was an opportunity 
to deepen these up-scaling analyses by 
demonstrating our capacities to produce 
reference data on larger domains, including 
up to 20 000 bubbles, for higher void-fractions 
(up to 36% against 6% previously) and at 
relatively high bubble Reynolds numbers 
(ReB≈400), while precisely resolving all scales 
in the flow.

The originality of the case studied also relied 
on the large size of the simulated domain. 

To the best of our knowledge, no publication 
of interface-tracking DNS exists with a high 
void-fraction and on a large domain such as 
this (with more than 20 000 fully-resolved 
bubbles). 

The breakthrough in this Challenge was to 
deal with this large swarm which needs an 
increase in the mesh to exceed 500 million 
elements. This limit was related to computing 
limits that were addressed. In the code the 

Guillaume Bois,
Antoine du Cluzeau,
Alan Burlo,
Adrien Bruneton,
Anida Khizar.

CEA/DES/ISAS/DM2S/STMF

main ‘integer’ type has been switched from a 
32-bit to a 64-bit support, allowing the loading 
of meshes with more elements (and faces) and 
thus lifting the previous limit of 231 items.

Scaling analysis and preliminary profiling 
analyses also revealed strong bottleneck in 
specific parts of the algorithms, in particular 
in the part dealing with the lagrangian mesh 
description and evolution in time to describe 
bubbles. These difficulties are an important 
obstacle to collect the statistical data necessary 
to the physical analysis but their identification 
leads the way to future works. 

Lastly, this Challenge was also the 
opportunity to demonstrate the feasibility 
of new studies that are currently under way in 
an ongoing PhD work focused on the analysis 
of interactions of homogeneous isotropic 
turbulence with a bubble swarm.

Figure: Fully-resolved swarm of 
22 300 freely evolving bubbles by 

interface-Tracking DNS

at Reb= 400 et un taux de vide a = 36%
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High velocity impact 
of a liquid droplet

Edouard Audit [1], Julien Derouillat 

[1], Pierre Kestener [1], Samuel Kokh [2], 
Martial Mancip [1], Thomas Padioleau [1], 
Pascal Tremblin [1]

When the power of a nuclear reactor increases, 
it follows a pressure drop in the secondary 
circuit and a decrease of the vapor fraction. 
The latter can go down to 0.97 thus creating 
liquid droplets at high velocity. At a change 
of direction of a pipe, the droplets can impact 
the walls that can damage them and reduce 
the lifetime of the equipment.  The estimation 
of this lifetime reduction is thus of importance, 
in particular for embedded nuclear reactors.

The major interest of this Grand Challenge 
simulation is to study at high resolution 
the pressure field that is developing when 
the liquid water droplet impacts a rigid 
wall with small defects, modeling previous 
impacts. The water droplet is initially at a 
speed of 40 m.s-1 in a steam environment at 

[1] CEA/DRF/MDLS
[2] CEA/DES/ISAS/DM2S/STMF/LMEC

30 bars. The dynamical system is solved by 
a compressible two-phase flow model, the 
so-called Homogeneous Equilibrium Model, 
from a 5 equations model and an instantaneous 
relaxation to the thermodynamics equilibrium. 
The numerical scheme relies on an acoustic-
transport operator splitting. This numerical 
scheme is implemented in a two-phase flow 
version of the software ARK [2]. The parallelization 
is achieved from a hybrid programming model 
MPI+Kokkos allowing performance portability 
on major HPC architectures including the AMD 
Rome Epyc processors of the Joliot-Curie 
supercomputer.

Two simulations have been realized in this 
Grand Challenge at resolutions 1’0243 and 
2’0483 representing 1,07 and 8,58 billion cells 
respectively on 2292 nodes for a total of 13 
millions CPU hours.

The two simulations shed light on the 
formation of secondary pressure peaks after 
the initial impact.

The wall’s defects led to the focusing of the 
liquid droplet thus achieving pressures even 
larger than in the primary peak pressure.

Figure: Volume rendering of the liquid 
water droplet (red) after the impact on 
a wall with defects. Liquid jets form 
after the impact and are deflected by 
the wall’s defects.

[1] thomas.padioleau@cea.fr 
[2] https://gitlab.erc-atmo.eu/erc-atmo/ark
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Temperature, size and composition 
effects on salty aqueous droplets at the sub 
micron marine aerosols scale.

Valérie Vallet [1],
Michel Masella [2]

[1] Laboratoire PhLAM, Université de Lille, France 
[2] CEA Direction de la Recherche Fondamentale, 
Institut Joliot.

Salty aqueous droplets are known for the 
pivotal role that they play in environmental 
sciences, climate changing and up to the 
corrosion field. However investigating them 
experimentally, in particular when their size is 
at the sub micron range, it is still particularly 
challenging.

We recently proposed new physical models 
(termed as ‘force fields’) to accurately simulate 
at the microscopic scale NaX (X=F to I) salts 
dissolved in aqueous environments.

During our Grand Challenge we performed 
large scale simulations of NaX salty 
aqueous droplets at the sub micron scale 
for temperatures ranging from 260 to 320 
K, for weak and close to saturation salt 
concentrations. The largest droplets simulated 
comprise about 3 millions atoms and their 
radius is about 20 nm, a radius that correspond 
to the so called fine particle marine aerosols.

Our simulations show very large differences 
in ion behaviors within the droplet cores as 
well as at the droplet surface. Moreover 
these simulations allow us to investigate 
the convergence of a large set of physical 
properties as a function of the droplet 
size and to discuss the validity of the well 
known macroscopic Kelvin and Koehler 
equations, widely used to understand cloud 
condensation phenomena, for instance.

Besides the huge set of data generated 
during our Grand Challenge (that will be 
detailed in a series of manuscripts), the salty 
aqueous droplets investigated will be the 
starting points for a new set of simulations 
to investigate the behavior of organic 
compounds (like sugars and fatty acids) 
that have been experimentally evidenced 
to represent a sizeable part of sub micron 
marine aerosols, as well as of pollutants like 
the pyruvic acid in aqueous droplets.

Figure: a salty NaCl 
droplet comprising about 
1 million of water molecules 
and simulated at ambient 
conditions using the 
parallel simulation code 
POLARIS(MD) on 4096 
AMD-Rome cores. Green and 
red spheres correspond to 
ions and water molecules 
are shown in a transparency 
mode.
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Cardio100G

Mark Potse,
Emmanuelle Saillard,
Denis Barthou,
Yves Coudière

INRIA

[1] Mark Potse, Emmanuelle Saillard, Denis Barthou, and Yves Coudière: Feasibility of Whole-Heart Electrophysiological Models 
with Near-Cellular Resolution. In: Computing in Cardiology, September 2020. https://hal.archives-ouvertes.fr/hal-02943513
https://www.cinc.org/2020/Program/accepted/126_CinCFinalPDF.pdf
[2] https://microcard.eu

Cardiac arrhythmia are a frequent cause of 
death or chronic disease. Even young and 
apparently healthy people are sometimes victim 
of sudden cardiac arrest. Structural anomalies 
in the cardiac tissue contribute to the initiation 
and maintenance of arrhythmia. By disturbing 
the electrical communication between the 
muscle cells, these anomalies facilitate the 
appearance of reentrant activation in the heart 
muscle, provoking cardiac contractions that are 
too fast and ineffective.

In order to better understand the role of 
structural anomalies in cardiac arrhythmia, 
and to find better ways to diganose them, we 
need to refine our numerical heart models, 
currently composed of 10 to 100 million 
elements with about 30 variables per element.

The Cardio100G project therefore aimed 
to measure the performance of an existing 
cardiac simulation code on the entire AMD 
Rome partition.

These tests have been performed with 
model sizes upto 11 billion elements. This 
has in the first place allowed to identify 
bottlenecks, such as limitations in the thread-
level parallelism on the Rome architecture, and 
limits on the number of processes that can 
contribute efficiently to disk input and output 
and to the domain decomposition procedure.

After having modified the code to perform 
these tasks with a much smaller number of 
processes than the actual simulation, we have 
been able to demonstrate its efficiency on upto 
262,144 compute cores.

Figure: Code performance 
on a relatively small model 
of 168 million elements: 
comparison of different 
architectures.

Beyond ten thousand compute cores, the 
AMD Rome partition proved to be faster 
than the Skylake partition, even though the 
Skylake cores had a higher clock frequency.

The results of this project have been 
published [1] and the experience has helped us 
to formulate the EuroHPC project MICROCARD 

[2], which started on 1 April 2021, and aims to 
develop a code that can simulate heart models 
that are still 100 times larger, on future Exascale 
supercomputers.
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Radiotherapy dose computation 
with Monte-Carlo

Sonia Martinot [1, 2, 3], 
Norbert Bus [1], 
Nikos Paragios [1]

[1] Therapanacea 
[2] MICS, CentraleSupélec
[3] U1000, Institut Gustave Roussy.

BIOLOGY AND HEALTH

In photon radiation therapy, accurate 
dose modelling is crucial for the treatment 
planning process. Indeed, radiotherapy 
plans are designed and validated according 
to the corresponding dose simulation. For 
that purpose, Monte-Carlo methods remain 
unmatched by conventional algorithms. 
However, Monte-Carlo methods are still 
extremely computationally expensive which 
prevents their extensive clinical adoption. 

Therefore, the goal of this project is to 
investigate how deep learning, specifically 
recurrent long short-term memory (LSTMs)-
based neural networks can accelerate Monte-
Carlo enough to use it in clinic. 

In order to train these deep learning models, 
having a furnished training dataset is essential. 

On the TGCC supercomputer Joliot-Curie, 
we have simulated dose volumes for 50 real-
world patients according to their Volumetric 
Modulated Intensity Treatment plans.

The linear accelerator chosen to carry out 
the Monte-Carlo simulation was modelled 
using OpenGate. To achieve a converged 
simulation with maximum 3% of uncertainty 
on the deposited dose, 1e11 particles had to 
be simulated for each patient. To overcome the 
computation bottleneck, each simulation was 
distributed across 1000 CPUs as 1e7 particles 
sub-simulations.  

Hence, each complete simulation required 
over 4000 hours of computation on 4 cores, 
i.e. 16000 hours counted on Joliot-Curie. With 
the generated dataset, we were able to train 
LSTMs-based neural networks to speed up 
Monte-Carlo computations. 

Results of these experiments were published 
in several conferences: 

• Fast Monte-Carlo dose simulation with recurrent 
    deep learning, ESTRO 2021

• Weakly-supervised 3DConvLSTMs for 
    Monte-Carlo radiotherapy dose simulations, 
    MIDL 2021 

• High-particle simulation of Monte-Carlo dose 
    distribution with 3D ConvLSTMs, MICCAI 2021.

Figure: noisy initial dose Figure: dose noise reduced by the model Figure: reference simulation
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A high-resolution geodynamo 
simulation in near-Earth conditions

Julien Aubert, 
Thomas Gastine

Institut de Physique du Globe de Paris

Figure: planforms of a numerical solution snapshot, presenting the azimuthal velocity field (left), the density anomaly field (middle) and the 
radial magnetic field (right), in a weakly turbulent model (top) and the advanced model computed with the ‘Grand Challenge’ allocation (bottom).

Earth’s magnetic field is generated into its 
metallic fluid core through a self-sustained 
dynamo mechanism. The planetary cooling 
provides the energy source by sustaining 
an intensely turbulent level of convection in 
the core. The physical system governing the 
geodynamo therefore involves a large disparity 
in time and length scales, a classical challenge 
for any numerical simulation.

Over the past years, our group has developed 
a theoretical approach that connects the 
physical conditions of numerical models to 
those of Earth along a theoretical path in the 
physical parameter space of the system.

Along this path, the system preserves its 
large-scale spatial structure but the gradual 
increase of hydrodynamic turbulence enriches 
the solution content in small scales.

Previously (Aubert 2019), we have elaborated a 
theory that describes this length scale disparity, 

but due to numerical limitations we could not 
validate it in extreme conditions. 

The ‘Grand Challenge’ allocation enabled 
a numerical simulation at 36% of the above 
mentioned theoretical path, a characterisation 
of scale disparity in turbulence, and a validation 
of our theoretical approach. These results also 
open the way to an evaluation of the level of 
scale disparity present in Earth’s core, as well as 
of the details of the force balance that governs 
the geodynamo.

Along the theoretical path that connects 
the weakly turbulent and the advanced 
simulations, the hydrodynamic turbulence 
that affects the velocity and density anomaly 
fields strongly increases. This implies an 
enrichment of the solution in small spatial 
scales. The level of magnetic turbulence is 
however preserved, and this implies that 
the magnetic field stays at large scales and 
preserves its spatial structure.

Aubert, J.: approaching 
Earth’s core conditions in 
high resolution geodynamo 
simulations, Geophysical 
Journal International 219 
S1, S137-S151, 2019, doi: 
10.1093/gji/ggz232
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Understanding the dark Universe and 
the formation of primeval galaxies - Grand 
Challenge Extreme-Horizon

Eric Armengaud, Ricarda Beckmann, Frédéric Bournaud, Olivier Bressand, Solène 
Chabanier, Damien Chapon, Sandrine Codis, Julien Devriendt, Yohan Dubois, David 
Elbaz, Raphael Gavazzi, Katarina Kraljic, Taysun Kimm, Clotilde Laigle, Jean-Baptiste 
Lekien, Garreth Martin, Nathalie Palanque-Delabrouille, Sébastien Peirani, Christophe 
Pichon, Pierre-Franck Piserchia, Adrianne Slyz, Maxime Trebitsch, Christophe Yèche.

CEA, CNRS, Sorbonne Université and Université Paris-
Saclay collaboration

The Extreme-Horizon collaboration has 
produced an unprecedented simulation of 
the evolution of cosmic structures – galaxies, 
stars and supermassive black holes – that 
begins shortly after the Big Bang and continues 
until today. The intergalactic regions which 
represent 90% of the volume of the Universe are 
described with an unprecedented resolution.

This simulation, which leads to two 
surprising results on galactic and cosmological 
scales, was published on November 4th, 2020 
in Monthly Notices of the Royal Astronomical 
Society and Astronomy & Astrophysics Letters.

Figure:  view of the 
Extreme-Horizon 

simulation. 

Red is hot gas, usually 
expelled from galaxies by 

supermassive black holes.

Gray corresponds to the 
primordial, cold gas which 

feeds the galaxies along 
the cosmic filaments.

Green is gas enriched in 
heavy elements (metals) 

under the effect of 
explosions of massive stars 

(supernovae).

For more information:
https://www.cea.fr/presse/Pages/actualites-communiques/sciences-de-la-matiere/extreme-horizon-univers-noir.aspx

The first result of this simulation concerns 
the interpretation of large-scale structures in 
the distant Universe: intergalactic hydrogen 
«clouds». In addition, the high resolution of 
the Extreme-Horizon simulation in low density 
regions made it possible to describe the 
accretion of «cold» gas on galaxies and the 
formation of massive ultra-compact galaxies 
when the Universe only had 2 to 3 billion years.

This simulation consumed fifty million 
hours of computation and required the 
implementation of new techniques for reading 
and writing data in order to reduce the use of 
disk space and speed up access to data.
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Reducing the gap between numerics and 
experiment in free standing graphene
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CT5  -  THEORETICAL PHYSICS AND 
PLASMA PHYSICS

Since its experimental discovery in 2004, 
graphene has gained a lot of attention of the 
condensed matter and high-energy physics 
community. This is in part because its low 
energy electronic excitations can be described 
by a variant of quantum electrodynamics (QED).

In our recent preprint (https://arxiv.org/
pdf/2104.09655.pdf), we report on the results of 
large-scale Monte Carlo quantum simulations 
(QMC) of graphene. Thanks to cutting-edge 
algorithmic improvements, we are able to 
consider spatial volumes, corresponding to 
20,808 electrons, which allow us to access 
energy scales much more relevant for 
experiments. Using constrained random 
phase approximation (cRPA) estimates of short-
range interactions combined with a vacuum-
like Coulomb tail, we are able to successfully 
confront numerical and experimental estimates 
of Fermi velocity renormalization. These results 
and their comparison with perturbation theory 
not only show the non-Fermi liquid character 
of graphene, but also prove the importance 
of lattice-scale physics for the quantitative 
description of experimental data for the Fermi 
velocity renormalization. 

Figure: comparison of the 
experimental results for 
free-standing graphene 
using QMC data obtained 
with potential variants I 
and II. This latter relates to 
free-standing graphene, 
whilst the first has a reduced 
Coulomb tail.

We focus on the study of Fermi velocity whose 
renormalization in the infrared has already been 
observed in several experiments. Although a 
number of theoretical calculations have been 
performed using a perturbative approach, 
there is still no complete comparison with 
fully non-perturbative calculations. Since the 
renormalization of Fermi velocity is an infrared 
effect, QMC calculations over large lattices 
are needed to resolve this window of small 
momenta.

These calculation were made possible 
thanks to Irène Joliot-Curie and it is worth 
noting that this was the first ab-initio 
calculation on this scale in the field of 
condensed material physics using such large 
size systems.
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The continuum and leading twist 
limits of Parton Distribution functions from 
lattice quantum chromodynamic simulations
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Figure: the PDFs for the 
quarks (left) and the 

antiquarks (right) in our 
calculations with the 

relevant  phenomenological 
extractions

A key objective of the nuclear physics 
program is a first principles description 
of hadron structure from quantum 
chromodynamics (QCD), the theory of strong 
interactions. Our knowledge of the structure of 
hadrons is summarized in a variety of measures. 
Since the first observations of Bjorken scaling 
in deep inelastic scattering, a one-dimensional 
longitudinal description of the nucleon has 
been provided through unpolarized and 
polarized parton distribution functions (PDF). 
In order to decipher the information from the 
Large Hadron Collider (LHC) experiments, 
and in order to fully capitalize the potential 
of the future electron-ion collider (EIC), it is of 
vital importance to accurately determine the 
PDFs. The computation of the distribution of 
momentum that bound quarks and gluons 
carry in the proton is a non-perturbative 

problem which, due to the light cone nature 
of PDFs, was elusive for lattice QCD calculations 
until very recently. Lattice QCD allows for the 
calculation of the non-perturbative structure of 
the nucleon from first principles. However, the 
LQCD computation takes place in a discretized 
version of Euclidean space-time, and a key step 
in every such computation is what is called the 
continuum limit. In our recent article ( JHEP 11 
(2021) 024 ), we managed to achieve this for the 
first time for the pseudo-PDFs method and it is 
a very important step in our field. The resources 
of Irène Joliot-Curie as well as other resources 
in Germany and the United States made this 
possible.
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G-Proteins Coupled Receptors (GPCRs) 
together form a family of over 800 proteins in 
human and are the target of ~40% of marketed 
drugs. Since several years we are testing the 
use of Coarse-Grained (CG) models to predict 
the interaction of these membrane receptors 
with their extra-[1,2] or intra-cellular partners from 
a dynamical point of view. 

This « Grand-Challenge » phase on the AMD 
Rome partition of the JOLIOT-CURIE machine 
allowed us to improve our protocol and to 
optimize it so that it requires 5 times less 
computational resources than before. 

Many molecular dynamics simulations in the 
millisecond time-scale have been performed 
on different systems including several 
receptor:partner couples of proteins. These 

Predicting the dynamical interaction 
of G-Proteins Coupled Receptors with their 
intra-cellular partners

Maxime Louet, 
Antoniel Gomes, 
Nicolas Floquet

CT7  -  MOLECULAR MODELLING 
APPLIED TO BIOLOGY

Figure:

on the left: typical systems 

used for our molecular 

dynamics simulations 

(magenta: a receptor in the 

membrane (yellow), in blue/

red/grey: an heterotrimeric 

G-protein, in blue: beta-

arrestin).

On the right: comparison 

between models obtained in 

the simulations (in cyan) and 

the structures of the same 

complexes in the « Protein 

Data Bank » (PDB) (in pink).

Institut des Biomolécules Max Mousseron (IBMM), 
CNRS UMR5247, Université de Montpellier, ENSCM

simulations were performed using Gromacs 
and the MARTINI force-field [3]. 

Our calculations allowed us to validate our 
protocol, showing that such a CG model could 
be successful in predicting, without any applied 
inter-molecular restraint, the coupling of these 
key receptors to their two main families of 
intra-cellular partners: G-proteins and beta-
arrestin. Now we can plan to go further and 
try to predict/explain the selectivity of these 
interactions at the molecular scale, driving 
experiments realized in our lab.

References:
[1] B. Delort, P. Renault, L. Charlier, F. Raussin, J. Martinez, N. Floquet, Coarse-Grained Prediction of Peptide Binding to G-Protein Coupled 
Receptors, J Chem Inf Model. (2017). https://doi.org/10.1021/acs.jcim.6b00503.
[2] G. Ferré, M. Louet, O. Saurel, B. Delort, G. Czaplicki, C. M’Kadmi, M. Damian, P. Renault, S. Cantel, L. Gavara, P. Demange, J. Marie, J.-A. 
Fehrentz, N. Floquet, A. Milon, J.-L. Banères, Structure and dynamics of G protein-coupled receptor-bound ghrelin reveal the critical role of 
the octanoyl chain, Proc. Natl. Acad. Sci. U.S.A. 116 (2019) 17525–17530. https://doi.org/10.1073/pnas.1905105116.
[3] S.J. Marrink, H.J. Risselada, S. Yefimov, D.P. Tieleman, A.H. de Vries, The MARTINI force field: coarse grained model for biomolecular 
simulations, J Phys Chem B. 111 (2007) 7812–7824. https://doi.org/10.1021/jp071097f.
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We started from the hypothesis that the 
thermal death of a cell coincides with an overall 
structural transition of its proteome, ie the loss 
of the native structure of its proteins.

As part of this great challenge, we 
performed multiscale simulations to study 
this scenario and rationalize the results of 
neutron scattering experiments performed 
on cells.

The cell death and the proteome 
structural catastrophe

D. Di Bari [1],
S. Timr [2],
F. Sterpone [2]

Figure: representation of the 
cytoplasm model

[1] Institut Laue-Langevin Grenoble, France
[2] CNRS, Université de Paris, UPR 9080, Laboratoire 
de Biochimie Théorique, 13 rue Pierre et Marie Curie, 
F-75005, Paris, France

The main objective of these simulations was 
to characterize and follow the dynamics of 
proteins « in vivo » up to the temperature of 
the cell death.

We first performed a molecular dynamics 
simulation with hydrodynamics (lattice 
Boltzmann MD) of a model system of the 
cytoplasm of E. Coli consisting of around 200 
proteins of different sizes with a coarse-grained 
representation.

The massive simulation allowed us to 
understand the evolution of this large system 
on the microsecond time scale and to identify 
the representative states of the solution local 
structure.

In addition, we have extracted sub-parts of the 
system and we have reconstructed a model 
at all-atom resolution to perform standard 
molecular dynamics and with enhanced 
sampling.

The simulations gave both a global and 
molecular view of the protein dynamics at 
different time scales, for folded and unfolded 
states, close to in vivo conditions.

An article including the results obtained and 
their agreement with the neutron scattering 
experiments is in preparation.
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Predictive modeling of the electronic 
structure of actinide compounds (PRECISE)

Valérie VALLET [1], Johann POTOSCHNIG [2], Dmitry LYAKH [3], 
Hans Jorgen AAGAARD JENSEN [4], Lucas VISSCHER [2], 
André SEVERO PEREIRA GOMES [1]

[1]. Physique des Lasers, Atomes et Molécules, CNRS UMR8523, Université de Lille, France
[2]. Section Theoretical Chemistry, Faculty of Sciences, Vrije Universiteit Amsterdam, The Netherlands
[3]. Oak Ridge National Laboratory Leadership Computing Facility, USA
[4]. Department of Physics, Chemistry and Pharmacy, University of Southern Denmark, Denmark

Heavy elements play a major role in modern 
society due to their widespread use as 
components of devices present in every day life 
or in industry (« d » metals and lanthanides), and 
in the production of renewable (lanthanides) 
and nuclear energy (actinides). In each of 
these activities, it is crucial to understand the 
underlying phyisical and chemical processes, 
which in turn generally implies characterizing 
the behavior of matter at the molecular 
(microscopic) scale. For the actinides and other 
radioactive elements, the challenges linked to 
experimentally manipulating such molecules 
makes theoretical modeling an essential tool [1], 

Figure: complexes of the uranyl 
(UO22+) ion avec nitrate ions (left), 
and of Pu(IV) avec nitrate ions and 
N,N-dialkylamides (DBBA) (right), 
investigated with 4-component 
based relativistic electronic 
structure methods.

[1] R. Maurice, E. Acher, N. Galland, D. Guillaumont, F. Réal, E. Renault, J. Roqes, A.S.P. Gomes, B. Siberchicot, V. Vallet, L’Actualité Chimique, 2021
[2] T. Saue et al., “The DIRAC code for relativistic molecular calculations”, J. Chem. Phys. 152 (2020) 204104  https://diracprogram.org 
[3] J. V. Pototschnig, A. Papadopoulos, D. I. Lyakh, M. Repisky, L. Halbert, A. S. P. Gomes, H. J. Aa. Jensen, L. Visscher, “Implementation of relativis-
tic coupled cluster theory for massively parallel GPU-accelerated computing architectures” J. Chem. Theory Comput. 17 (2021) 5509 

provided the methods used are sufficiently 
accurate as to have predictive power.

In the PRECISE project, we have as goal 
to characterize the reliability of DFT-based 
approaches (widely used due to their modest 
computational cost) for the properties of 
actinide complexes of variying size (see 
examples in the figure below) via their 
comparison to high-accuracy methods 
such as coupled cluster (CC) – that in their 
relativistic variant [2] have recently been (re)
implemented for (pre-)Exascale architectures [3].

During the project, we have successfully 
treated a uranly complex (202 electrons and 
roughly 1000 virtual spinors) with the DFT 
and CC approaches [3], and significantly larger 
complexes containing plutonium and next-
generation separation ligands (up to 442 
electrons) with DFT. The comparison of DFT 
with CC approaches for the latter system will 
be possible once additional (currently ongoing) 
developments will be incorporated into the 
CC code [3]. 



30

CT8  -  QUANTUM CHEMISTRY AND 
MOLECULAR MODELLING

Figure: schematic 
representations of the various 

molecular subsets forming 
the QUEST database of 

vertical excitation energies.

Reference calculations 
for photochemistry

Anthony Scemama, 
Pierre-François Loos

Laboratoire de Chimie et Physique Quantiques 
- CNRS - Université Paul Sabatier, Toulouse

The interaction of light and matter plays a 
key role in the description of many physical, 
chemical and biological processes, such as 
photovoltaic devices, the photophysics of 
vision, and photochemistry in general. At the 
very heart of photochemistry is the subtle 
role played by the lowest-energy electronic 
states and their mutual interactions. In general, 
the correct description of these phenomena 
requires locating with sufficient precision the 
first few excited states of the system.

Quantum chemistry is still in great demand 
for reference data to compare computational 
methods or provide reference energies 

for experimentalists. However, defining an 
efficient method that reliably and accurately 
delivers energies and properties of excited 
states remains a major challenge in theoretical 
chemistry.

This great challenge has allowed us to push 
forward the current limits and to calculate 
with the Quantum Package code excitation 
energies of unequaled quality for twenty 
molecules [1].

[1] The results obtained supplemented our database called QUEST, which was recently made available to the community via a website 
(https://lcpq.github.io/QUESTDB_website). These data are used today to improve conventional electronic structure methods, or to 
propose new precise and effective methods.
[1] Mickaël Véril, Anthony Scemama, Michel Caffarel, Filippo Lipparini, Martial Boggio‐Pasqua, Denis Jacquemin, Pierre‐François Loos, 
«QUESTDB: A database of highly accurate excitation energies for the electronic structure community.» 
WIREs Comput Mol Sci. 2021;e1517. https://doi.org/10.1002/wcms.1517
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Structure and diffusion 
of a hydrated excess proton

Ari P. Seitsonen, 
Rodolphe Vuilleumier, 
Damien Laage

Laboratoire PASTEUR (ENS/PSL/SU/CNRS), Ecole 
Normale Supérieure, Paris

A great number of essential chemical 
processes ranging from cell respiration to 
energy production in full cells rely on the 
same molecular mechanism: the transport of 
protons in an aqueous environment. However, 
the molecular structure of an excess proton in 
liquid water still remains mysterious, despite 
several decades of studies.

A central question is to determine to what 
degree the proton is delocalized, i.e, whether 
it is carried by a single water molecule or rather 
shared between several molecules. While 
the excess proton structure was commonly 
considered to be localized, recent experimental 
works have suggested that an excess proton 
would in fact be delocalized on two water 
molecules. Because the interpretation of 
experimental results can be ambiguous, 
simulations are necessary to solve this question. 
However, in order to be predictive, the required 
calculations are extremely expensive. They 
demand both high-level quantum chemistry 
calculations and an explicit treatment of nuclear 

quantum effects due to the very light character 
of the proton.

The exceptional computational resources 
made available by the Great Challenge 
program have allowed us to perform a first 
simulation combining these high-level 
descriptions (B3LYP density functional theory 
and ring-polymer molecular dynamics).

Our results have shown that the excess proton 
is most frequently localized on a water molecule 
when in its vibrational ground state, but that it 
is delocalized when in the vibrationally excited 
state probed by the recent spectroscopy 
experiments.

This will provide a better understanding 
of the proton behavior in water. The high-
accuracy data acquired during this project will 
be instrumental to calibrate future simulation 
studies on the excess proton in a range of 
complex aqueous environments of relevance 
to practical applications.

Figure: excess proton in water 
described via molecular 

dynamics simulations 
combining electronic and 

nuclear quantum descriptions
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Structure of fatty alcohol lamellar gels
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Carlos Marques [1], Fabien Léonforte [2], 
Odile Aubrun [2], Aldo Pizzino [2], 
Bernard Querleux [2].

[1] - Institut Charles Sadron, CNRS et Université de 
Strasbourg, Strasbourg, France
[2] - L’Oréal Research and Innovation, France

Crucial in cosmetic formulations, fatty alcohol 
lamellar networks remain poorly understood 
at all scales. The bilayers composed of  fatty 
alcohols and surfactants are the elementary 
building blocks of the network,  building blocks 
whose physical properties such as elasticity, 
mobility, permeability or even phase behavior 
are poorly known, despite the key role such 
properties play in formulation. We used an all-
atom molecular dynamics model (GROMACS/ 
Charmm36) to study these properties for 
systems comprising 20%   surfactants. We 
first studied a system composed of a single 

Figure: evolution of a periodic 
system composed of 6 

membranes of a mixture of 
surfactants and fatty alcohol 
towards a bridged structure 

after 500 ns at 333K. The blue 
surfaces represent water in 

the system at a hydration 
level corresponding to 8 water 

molecules per alkyl chain. 
Alkyl chains are shown in grey, 

alcohol groups in red and 
ammonium groups in dark 

blue. The hydrogen atoms are 
masked.

membrane hydrated at rates of 10 to 20 
water molecules per chain. The membrane is 
composed of 5280 chains.

These systems representing periodic patches 
of about 30 nm x 30 nm allowed us to follow 
the evolution of their mechanical properties 
as a function of temperature, by analyzing 
the membrane fluctuations. We were able to 
detect a decrease of an order of magnitude in 
the flexural modulus when crossing the gel to 
fluid transition. 

This study also demonstrated the strong 
propensity of fatty alcohol molecules to perform 
intra-membrane orientation inversions. These 

poorly hydrated molecules allow the system 
to rearrange itself, a physical characteristic 
highlighted here for the first time. We studied 
these rearrangements using low hydrated 
systems (8 water molecules per chain) 
composed of 6 membranes (31680 chains) in 
a simulation box of 30 nm x 30 nm x 30 nm..

We were able to observe the formation of 
bridges between each of the lamellae initially 
present.

The labile character of the fatty alcohol 
molecules makes it possible to reduce the 

tensile stresses of the system by a structural 
transformation of the lamellar stack. This 
develops a significant curvature at the water-
surfactant fatty alcohol interface, leading to 
an unexpected structure that may well be 
representative of a new lyotropic phase.
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Impact of solid particle 
on a solid surface

L. Soulard [1] [2], 
O. Durand [1], 
Th. Carrard [1], 
L. Colombet [1]

Figure: Atoms ejection 
following the impact of a 
tin particle on a solid tin 
surface. The impact velocity 
is 3000 m/s.

[1] CEA, DAM, DIF, F-91297 Arpajon, France
[2] Université Paris Saclay, CEA, Laboratoire Matière en 
Conditions Extrêmes, Bruyères-le-Châtel 91680, France

The objective of this «Grand Challenge» was 
the simulation of the impact of tin particles 
on a tin surface, and the comparison with 
similar experiments. Indeed, the different 
phenomena occurring after the impact (shock 
waves, fragmentation, material ejection) are 
quite unknown but are of great importance for 
several industrial processes such as cold-spray 
or inkjet printing.

The method used is the classical molecular 
dynamics because it allows to describe all 
the processes following the impact, but at a 
smaller scale than the real situations. The first 
objective of this «Grand Challenge» was 
therefore to check the representativeness 
of these simulations by comparison with 
published experimental results [1]. This point 
being resolved, the second step of this work 
(in progress) is a detailed analysis of the 
fragmentation of the particles. 

The simulations were carried out with the 
ExaStamp code [2] developed at the CEA using 
the computing capacities of supercomputers 
such as Joliot-Curie. The interatomic potential 
(MEAM [3]) reproduces quite well the properties 
of tin in the thermodynamic field involved in the 
impact of the particle at high velocity. Seven 
impact velocities were considered, from 500 
to 5000 m/s. Each simulation required 16,000 
cores and about 3 million hours/CPU. 

Bibliography.
[1] M. Hassani-Gangaraj, D. Veysset, K. A. Nelson, et C. A. Schuh, Nat. Commun. 9, 5077 (2018).
[2]. R. Prat, T. Carrard, L. Soulard, O. Durand, R. Namyst et L. Colombet, Comput. Phys. Commun. 253, 107177 (2020).
[3]. R. Ravelo et M. Baskes, Phys. Rev. Lett. 79, 2482 (1997).
[4] L. Soulard, O. Durand, R. Prat et T. Carrard,. J. App. Phys., Journal of Applied Physics 129, 205104 (2021); https://doi.org/10.1063/5.0046250

The results confirm the theoretical work[4] 
and lead to simple scaling laws between 
experiments and simulations.

In accordance with the experimental 
observations, the impact can lead to a simple 
bonding of the particle on the surface for the 
lowest impact velocities, up to its complete 
breakdown into small droplets (figure on the 
right) for the highest impact velocities. This 
complex phenomenon is currently being 
analyzed.
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A thousand atom all-electron GW 
calculation!

Ivan Duchemin [1], 
Xavier Blasé [2]

[1] CEA
[2] CNRS, institut Neel

Theoretical description of material electronic 
properties is key to the comprehension and 
engineering of underlying processes governing 
the physics of devices such as organic 
photovoltaic cells of OLEDs. Be it for optical 
properties of these materials, or indirectly for 
transport properties through the description of 
doping mechanisms, the L Sim team develops 
since several years methodologies based on 
many-body perturbation theories. In the present 
case, it is the GW theory that gives access to 
ab initio properties for systems close to  the 
experimental conditions. 

The GW formalism describes accurately 
electronics excitation of molecules such as 
absorption spectra, fluorescence or photo-
emission. However, computing excitations 
for a molecule as large as a hundred atoms is 
already challenging and requires national-level 
super-calculators.    

Steming from a collaboration between 
researchers from NEEL institute (CNRS), 
theoretical innovations have lead to a reduction 

Figure: numerical cost of 
various GW methods as 

function of the number of 
atomic orbitals. Illustration of 

the real-space GW method: 
here the point cloud associated 

with the Tetrazine molecule.

of the computational complexity of the present 
formalism, until now routinely O(N4), to match 
the one of DFT O(N3), opening access to GW 
calculations on systems comprising thousand 
of atoms.

These developments, implemented in the 
massively parallel computational software 
beDeft, have been tested as a « Grand 
Challenge » on the AMD Rome extension of 
the TGCC center Joliot-Curie super-calculator 
at CEA Bruyères-le-Châtel, demonstrating the 
first GW all-electron calculation on a system 
comprising a thousand atoms.

This work stems from two fundamental 
innovations: i) a real-space based separable 
Resolution of the Identity (see figure below), 
and ii) the application of complex analysis 
techniques such as analytical continuation to 
the description of the screen Coulomb potential 
(W), a central quantity of the GW formalism.
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Quantum Phase diagram of high-pressure 
hydrogen

Michele Casula (PI of the Grand Challenge) in collaboration with 
Lorenzo Monacelli, 
Kosuke Nakano, 
Sandro Sorella, 
Francesco Mauri.
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The challenge we faced in this project has 
been the description and quantification of 
the interplay between electron correlation 
and nuclear quantum effects, in order to 
understand the phase diagram of elemental 
hydrogen. We computed the phase diagram of 
hydrogen and deuterium at low temperatures 
and high pressures (P > 300GPa) correctly 
accounting for accurate electronic correlations 
by quantum Monte Carlo, and for nuclear 
quantum effects and anharmonicity by the 
self-consistent harmonic approximation. We 
predict that phase III, insulating till 380 GPa, 
transits into a molecular metallic phase (VI) 
at 422 (+/- 40) GPa, then to the atomic phase 
at pressures as large as 577 (+/- 10) GPa. The 
transition pressures increase by 30 GPa and 
63 GPa, respectively, if hydrogen is replaced 
with deuterium. Our results strongly support 
the experimental claim of a phase transition 

occurring at about 425 GPa into a bad metal 
[P. Loubeyre, F. Occelli, P. Dumas, Nature 577, 
631 (2020)]. However, for the atomic phase 
that is expected to host room temperature 
superconductivity, our data suggest much 
larger transition pressures than those predicted 
theoretically or attained so far experimentally.

In order to achieve these predictions, we had 
to carry out quantum Monte Carlo simulations 
for the electronic part that required a very 
accurate extrapolation to the thermodynamic 
limit, particularly sensitive in the metallic 
phases. We therefore performed calculations 
of very large supercell, containing up to 1024 
atoms. The computational resources made 
available by the Grands Challenges 2020 call 
have been key to reach these system sizes and 
resolve the solid hydrogen phase diagram at 
high-pressure.
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Study of factors favoring 
SARS-CoV-2/inhibitor interaction
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The wavelet-based electronic structure code, 
BigDFT, allows calculations to vary linearly with 
the number of atoms, in contrast to usual codes 
that have a cubic behavior. 

Thanks to its unique features, the complete 
quantum mechanical description of (solvated) 
proteins is accessible up to systems of tens of 
thousands of atoms. 

Associated with a molecular dynamics 
c o d e ,  P o l a r i s , 
BigDFT has been 
successfully applied 
to molecular biology 
problems, notably 
in the context of the 
COVID pandemics, 
by enabling the 
identification of the 
active fragments of a 
protein in the presence 
of a target molecule 
and providing the key 

parameters for their modeling.

This method of investigation is completely 
general and offers a new approach for the study 
of biological systems.

Targeting specific monoclonal antibodies can 
be routinely performed, however increasing 
the affinity of the antigen as much as desired 
remains a challenging task. 

Most of the theoretical tools available in 
this field focus primarily on the study of local 
antibody/antigen (AA) regions in close contact 
and generally ignore the effect on affinity of 
more distant domains. 

Due to the size of AA assemblies, only 
standard pairwise molecular modeling force 
fields or empirical cost functions are used to 
quantify the strength of their interactions. 

However, these theoretical approaches are 
known to be based on coarse approximations 

preventing to reach a high enough level of 
accuracy.

Our project, awarded a 2020 SANOFI iTech 
Award, adds two new steps to the standard 
computational protocols used to model AA 
assemblies (such as the popular Rosetta 
program package-based protocol) to evaluate 
and refine their solutions. 

These two steps involve:

• Investigate the potential energy surface of 
   AAs from «Replica Exchange» molecular 
 dynamics simulations based on a 
    polarizable multiscale molecular modeling 
   approach;

• Refine the simulation results using the 
   BigDFT complexity reduction framework, 
 which allows the calculation of the 
   quantum interaction energy of complete 
   AA assemblies.

Figure: fragment analysis of 
a molecule with indication of 
activated fragments based on 
a python jupyter notebook for 
post-processing automation
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