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The CORIA lab 

! Joint lab from CNRS, INSA and 
University of Rouen 

! Located in Rouen (1h from Paris) 
! Key figures 

•  180 employees, 56 senior researchers 
! 3 departments 

•  Reactive flows 
•  Turbulence, atomization and sprays 
•  Optics and lasers 

! Combustion modeling team 
•  In the reactive flows department 
•  7 researchers 

-  Prof Luc Vervisch, Dr Pascale Domingo, 
Dr Vincent Moureau, Dr Guillaume Ribert, 
Dr Ghislain Lartigue, Dr Guido Lodato, 
Prof Yves D’Angelo,  

•  12 PhDs 
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Why trying to model turbulent combustion ? 

! 86% of the usable energy on earth is obtained through combustion 
! Combustion occurs in many applications 

•  Aeronautical engines, automotive industry, furnaces, … 
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The challenge 

! Many phenomena at very different scales 

Aeronautical burner 

Turbulence 

Atomization 

Spray 
transport 

Evaporation 

Combustion 

10 mm 
0.01mm 

0.1 mm 

10 µm 

10 µm 

0.1 mm 

3 to 4 orders of magnitude 
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2012 extreme calculation: LES of an ignition 
sequence in a 360° SNECMA combustor 

! 160M tets, 20h on 2048 cores of Airain (J. Leparoux and G. Godel) 
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Estimate of resources required for future large-
scale computations 

! Simulation time for an aeronautical combustor with a mesh of 10 
billion tets (2020 target) 

 

! Many issues have to be addressed 
•  Mesh management, solving of large linear systems, load balancing of 

chemistry integration, data-mining, … 

Server 
 6 years with  

256 cores 

2020 exascale system 
1 day with XX million 

cores 

PC : 530 years 
with 6 cores 

power 

2014 HPC system 
24 days with  
80,000 cores 
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The CFD driving mechanism 

! Moore’s law: the power of super-computers doubles every 18 months 

http://www.top500.org/ 
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The « big data » challenge 

! Large data sets are encountered in many fields 
•  Internet 
•  Finance 
•  Weather forecast 
•  Genomics 
•  Computational Fluid Dynamics (CFD) 
•  … 

! « Big data » denotes a set of techniques used 
for processing these large amounts of data 
•  Data partitioning 
•  Data ordering 
•  Filtering 
•  Parallel processing 
•  … 

MapReduce, Google 
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Outline 

! Context 

! The YALES2 code 
•  Presentation 
•  Specific features of the code 
•  Feedback on the development of HPC codes 
 

! Case studies 
•  Identification of coherent structures in semi-industrial swirl burners and their 

interactions with the spray 
•  Modeling of heat transfer on a low-Mach number turbine blade 
•  Prediction of pollutant emissions in a meso-scale combustion device 
•  Large-Eddy Simulation of innovative offshore wind turbines 
•  Parallel mesh adaptation and load balancing  

! Conclusions & Perspectives 
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The YALES2 code 
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www.coria-cfd.fr 

! YALES2 is an unstructured low-Mach number code for the 
DNS and LES of reacting two-phase flows in complex geometries. 

!  It solves the unsteady 3D Navier-Stokes equations on massively 
parallel machines 

!  It is used by more than 160 people in labs and in the industry 
•  SUCCESS scientific group (http://success.coria-cfd.fr): 

-  CORIA, I3M, LEGI, EM2C, IMFT, CERFACS, IFP-EN, LMA 
•  Other labs: ULB, LOMC, …  
•  Collaboration with INTEL/CEA/GENCI/UVSQ Exascale Lab 
•  Industry: SAFRAN, RHODIA (SOLVAY), AREVA, … 

! Awards 
•  2011 IBM faculty award 
•  3rd of the Bull-Joseph Fourier prize in 2009 
•  Principal investigator of 2 PRACE proposals 
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The YALES2 library (version 0.5.0) 

! 2 main maintainers 
•  V. Moureau 
•  G. Lartigue 
 

! 300 000 lines of object-
oriented f90 and f2003 

! Git version 
management 

! www.coria-cfd.fr 

! Portable on all the 
major platforms (even 
ARM or Xeon Phi proc.) 

 

Mesh 
Management 

•  1D, 2D, 3D 
•  Partitioning 

•  Load balancing 
•  Refinement 

Linear 
Solvers 

•  Deflated PCG 
•  BICGSTAB2 

•  Residual 
recycling 

 

Data 
analysis 
•  Probes 

•  Postproc. variables 
•  High-order filters 
•  FFT, POD, DMD 

•  Statistics 

IOs 

•  Gambit/Fluent 
•  Partitioned HDF5 

•  Ensight 
•  AVBP 

Numerics 

•  Particles 
•  Level sets 

•  4-th order FV 
schemes 

Complex 
Chemistry 

•  Tabulated chemistry  
•  Complex chemistry 

•  Stiff integrators 
•  Dynamic load 

balancing 

YALES2 
Solvers 
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The YALES2 solvers 

! Mature solvers 
•  Scalar solver (SCS) 
•  Level set solver (LSS) 
•  Lagrangian solver (LGS) 
•  Incompressible solver (ICS) 
•  Variable density solver (VDS) 
•  Spray solver (SPS) 
•  Magneto-Hydrodynamic solver (MHD) 
•  Heat transfer solver (HTS) 
•  Linear acoustics solver (ACS) 
•  Chemical reactor solver (CRS) 

! Work in progress 
•  Mesh movement solver (MMS) 
•  ALE solver (ALE) 
•  Radiative HT solver (RDS) 
•  Explicit compressible solver (ECS) 
•  Immersed boundary solver (IBS) 
•  Darcy solver (DCY) 

 

PRECCINSTA Burner 
2.6 billion cells, 16384 cores of BG/P 

More details: 
•  www.coria-cfd.fr 
•  www.youtube.com/user/CoriaCFD 
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Some studies with YALES2 
NOx prediction in jet flames (F. Pecquery, C&F 2014)  

 

LES-300M 

LES-300M 

Flame kernel expansion in 
stratified mixture 

(C. Gruselle, C&F, sub.) 

 

Investigation of partial premixing in a swirl burner 
12B tets, 16384 cores of Curie, MS-COMB PRACE project 

 

M
ixture fraction 
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Some studies with YALES2 
Primary atomization 

! 1.6 billion cells, Curie machine, TGCC, CEA 
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Some studies with 

! Project led by S. Mendez and F. Nicoud @ I3M, Montpellier 
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A few lesson learned during the development of 
HPC codes 

! Software engineering is very important when the number of lines 
and users increases 

! Some key ingredients 
•  Versioning system: git + SourceTree + gitorious.coria-cfd.fr 
•  Inline documentation: doxygen 
•  Automated building of the code on various architectures: Jenkins 
•  Automatic verification and validation tests 
•  Centralized documentation and bug tracking: yales2.coria-cfd.fr 

! When working with industrials, new constraints emerge 
•  Specific software environment (Windows…) 
•  Graphical User Interface !!! : OpenTea/C3SM GUI generation by CERFACS 



18 
CNRS – UNIVERSITE et INSA de Rouen 

V. Moureau, CORIA 

SourceTree 
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gitorious.coria-cfd.fr 
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www.coria-cfd.fr 
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www.coria-cfd.fr 
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Jenkins: automation of tasks based on scripts 



23 
CNRS – UNIVERSITE et INSA de Rouen 

V. Moureau, CORIA 

A few lesson learned during the development of 
HPC codes 

! A network of CFD, applied math, and HPC experts is required 
! 2 examples 

•  Optimization of the YALES2 code with the Exascale Lab, INTEL/CEA/GENCI/UVSQ 

•  Optimization of a dynamic load balancing algorithm on the Curie machine with the 
« Application support team » from TGCC 

0 
10 
20 
30 
40 
50 
60 
70 
80 

YALES2 0.4.2 YALES2 0.4.3 YALES2 0.5.0 

Reduced efficiency 

21/05/13 27/11/13 25/03/14 

-10.6% 

-38.0% 
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Specific features of the code 

Mesh management 

•  MOUREAU, V., DOMINGO, P. & VERVISCH, L. (2011) Design of a massively parallel CFDcode for complex 
geometries. Comptes Rendus Me ́canique 339 (2-3), 141–148.  
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Number 
of files 

Strategy: refinement and partitioning 

Automatic mesh refinement + partitioning 

2M Size 

1 
 
1 

878M 

1024 
 
 256 

110M 

128 
 
128 

14M 

16 
 
16 

Number 
of blocks 
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Mesh generation 

! Homogeneous mesh refinement allows to reach massive mesh 
sizes. The only constraint is that the geometry has to be well 
described by the first mesh. 

! For tets, mesh refinement is not obvious (Rivara 1984) 
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Mesh management on the processors 

! 1st solution: single-level domain decomposition 
! Several available libraries: Metis, Scotch, … 
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Mesh management on the processors 

! 2nd solution: two-level domain decomposition (Moureau et al 2011) 
which is cache aware 
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Specific features of the code 

High-performance linear solvers 

•  MALANDAIN, M., MAHEU, N. & MOUREAU, V. (2013) Optimization of the deflated conjugate gradient algorithm 
for the solving of elliptic equations on massively parallel machines. Journal of Computational Physics, 238, 32-47 
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Governing equations 

! For DNS of iso-thermal flows at low-Mach number 

! Velocity equation 

 

! Divergence-free constraint 

 

! Often solved with projection methods (Chorin 1968) 
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Multigrid methods for the Poisson equation solving 

! Formally, on a coarse grid 

 
 
! Some issues encountered with 

geometric and algebraic multigrids 
•  The coarse meshes must be compatible 

with the processor count 
•  On the coarse meshes : few work for 

many communications 
•  Unstructured meshes are still difficult to 

handle with algebraic multigrids 
•  Variable coefficients in the Laplacian 

operator may force to rebuild the grid 
hierarchy 

Fine grid 

Coarse grid 
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The Deflated Preconditioned Conjugate Gradient 
(Nicolaides 1987) 

! The principle is very close to the one of algebraic multi-grids 

! The PCG preconditioning is based on a projection operator 
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Implementation in YALES2 

! Deflation is quite easy to implement if a coarse mesh is available. 
Restriction and prolongation operators are well defined. 

!  In YALES2, the DPCG uses the two-level domain decomposition. 
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x x

0 4096 8192 12288 16384
Number of cores

0 0

4096 4096

8192 8192

12288 12288

16384 16384

Sp
ee

d-
up

Linear scaling
Yales2 with A-DEF2 solver
Yales2 with RA-DEF2(d) solver

34M 

270M 

2.2B 

Optimized deflated PCG 

! Combining improved residual recycling (Fischer 1998) and an 
optimal stopping criterion on the coarse grid allows to further 
reduce the communication cost 

Weak scaling for a low-Mach 
number turbine blade calculation on 

the Curie machine at TGCC, CEA 
 

PRACE project MS-COMB 
 

Malandain et al, JCP 2013 
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Specific features of the code 

Selective sampling 
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Principle 

! Selective sampling consists in identifying the important data 
! Often similar to the “where’s Waldo” game… 
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Selective sampling of iso-contours 

!  In the code or in the post-processing tools, only the cells crossing a 
certain iso-surface may be of interest 

! Sampling of these few cells still allows to rebuild the full iso-surface 
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Selective sampling of planes 

! Example with a mesh of 110 million tets on 1024 cores of Curie, CEA 
! Extraction of 300 planes at the center of the domain 
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Case studies 
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Identification of large-scale coherent 
structures in semi-industrial swirl burners and 

analysis of their interactions with the spray 
L. Guédot, G. Lartigue, V. Moureau, CORIA 
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Vortex identification 

! Some references 
•  Jeong J. and Hussain F., JFM 1995 
•  Dubief Y. and Delcayre F., JoT 2000 

! Starting from the Gauss vortex 
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Vortex identification 

! First idea: pressure iso-surface 

 
 
! Not perfect because pressure varies for many reasons (Bernoulli, …) 
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Vortex identification 

! Second idea: iso-surface of the second derivative of the pressure 

!  In incompressible flows, the pressure Laplacian is the Q-criterion 
(Hunt et al., CTR 1988) 
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Vortex identification in turbulent flows 

! Scaling of the two different methods 
•  Pressure iso-surface :                           Q-criterion : 

! Application to turbulent flows 

•  Pressure iso-surfaces => large scales 
•  Q-criterion => small scales 

(pressure) 

(Q-criterion) 

k = 2⇡/⌧
Large scales Small scales 
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Application: the PRECCINSTA burner 

45 

Inlet 

Swirler 
Combustion 
Chamber  

Exhaust 

!  Industrial lean air/methane burner investigated at DLR (Meier et al. 2007) 

! Aim: to help validating LES models for turbulent premixed flames 
! Operating conditions 

•  Partially premixed (often considered fully premixed) 
•  Phi = 0.75 to 0.83, power = 30 kW 
•  Reynolds number = 45,000 
•  Atmospheric 

 
! Related publications 

•  Roux et al., Combustion and Flame (2005) 
•  Moureau et al., Journal of Computational Physics (2007a, 2007b) 
•  Galpin et al., Combustion and Flame (2008) 
•  Moureau et al., Combustion and Flame (2011) 
•  Franzelli et al., Combustion and Flame (2012) 
•  Mercier et al., Int. Symp. Comb. (2014) 
•  … 
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PRECCINSTA: numerical set up 

! Meshes 

! Machine 
•  Babel, IDRIS, IBM Blue Gene/P 
•  Up to 16384 cores 

! Models 
•  Turbulence: localized dynamic Smagorinsky model 
•  Walls: no slip boundary condition 
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PRECCINSTA: coherent structures (1/2) 

! Q-criterion iso-surfaces 
3.5M tets 

110M tets 

14M tets 

878M tets 
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PRECCINSTA: coherent structures (2/2) 

2.6B tets 
16384 cores 
Babel, IDRIS 
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! Occurs if swirl number > 0.6 

M. Sanjose (2009), PhD thesis. 
N. Syred (2006), A review of oscillation mechanisms and the role of the precessing vortex core (PVC) in swirl combustion systems, Prog. 
Energy Combust. Sci., 32 93-161.  
 
 
 

S =

R R
0 u✓uzr2dr

R
R R
0 u2

zrdr

Pedot et al., courtesy TURBOMECA 
Syred 2006 

•  Interactions with spray [Sanjose 2009] 
•  Interactions with combustion [Syred 2006] 

The Precessing Vortex Core 
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Extraction of the PVC in PRECCINSTA 

! As expected, the PVC is completely masked by the small vortices 
on fine meshes. One solution = filtering ! 

3.5M tets 110M tets 
PVC 
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! High-order implicit filters (Raymond et al., Guédot et al.) 
! Designed for the filtering of weather data 

  

 

L. Guédot, G. Lartigue, V. Moureau, Design of high-order implicit filters on unstructured grids for 
the identification of large scale features in large-eddy simulations, DLES9, 2013 

W.H. Raymond, A review of recursive and implicit filters. Monthly Weather Review, 1991 

D = second order derivative operator

�x = homogeneous grid spacing

2p = filter order

kc =

2⇡

�

(cut-o↵ wave number)

� = filter width

�̄ + �

p
D

p
�̄ = � with � =

�x

2

�4 sin2(kc�x/2)

High-order filters for large-scale extraction 

�̄ + �

p
D

p
�̄ = � with � =

�x

2

�4 sin2(kc�x/2)
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! Selectivity increases with the order 
•  Large structures are less dissipated and small structures more dissipated 

L. Guédot, G. Lartigue, V. Moureau, Design of high-order implicit filters on unstructured grids for 
the identification of large scale features in large-eddy simulations, DLES9, 2013 

W.H. Raymond, A review of recursive and implicit filters. Monthly Weather Review, 1991 

High-order filters for large-scale extraction 

 0
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! Generalization to complex geometries / unstructured grids 
(Guedot et al., submitted) 

! Definition of a modified Lapacian operator 
•  Coefficient β in the Laplacian operator 
•  Symmetric tridiagonal operator 

 

! Linear system 

 
 

! Algorithms used to invert the system 
•  Factorization in first or second order matrix polynomials 
•  Real or complex preconditioned conjugate gradient 
 

�̄ + �pDp�̄ = � �̄ + (r.�r)p�̄ = �

(I + �0p)�̄ = �

High-order filters for large-scale extraction 
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Fi
lte
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d 
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  3M          14M       41M              110M 

The high-order filters successfully extract large-scale features on massive unstructured grids 

Large-scale feature extraction in the 
PRECCINSTA burner 
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! Only high-order filters are able to extract large scale features on 
highly resolved meshes with a large range of scales 

! The CPU cost of post-processing increases dramatically   

Gaussian filter High-order filter (8th order) 

Large-scale feature extraction in the 
PRECCINSTA burner 

878M tets 
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! With optimized filters, making a video of the PVC is feasible 

110M tets 

Large-scale feature extraction 
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Large-scale feature extraction!

! Combining high-order filters with level set and segmentation 
algorithms allows a better extraction of the PVC!

Q-criterion Filtered Q-criterion Segmentation  algorithm Precessing Vortex Core 

41M tets 
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Non reactive operating 
point 

Air mass flow rate 15 g/s 
Air temperature 463 K 
Fuel mass flow 
rate 2 g/s 

Plenum'Inlet'

Swirler'

Chamber'•  Operating conditions 

Numerical 
parameters 

CFD code YALES2 

Mesh 40M tetras 

Subgrid-scale model Dynamic 
Smagorinsky 

Method for dispersed phase Euler - Lagrange 

Particles diameter 
distribution Rosin-Rammler 

Particles size 4 – 100 µm 

 0

 5000
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 15000

 20000

 25000

 30000

 0  1e-05  2e-05  3e-05  4e-05  5e-05  6e-05  7e-05  8e-05  9e-05  0.0001  0.00011

PDF discrete - 50 classes de gouttes
Distribution de Rosin-Rammler

[Hannebique 2013] 

[Sanjose 2009] 

M. Sanjose (2009), PhD thesis. 
  
 
 
 

G. Hannebique (2013), PhD thesis. 
  
 
 
 

•  Numerical setup 

Spray/PVC interactions in the MERCATO burner 
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Plenum'Inlet'

Swirler'

Chamber'

Classical topology of 
swirling flows 

 
Oscillations close to 

the injector (f ≈ 800Hz) 
" PVC 

Spray/PVC interactions in the MERCATO burner 



60 
CNRS – UNIVERSITE et INSA de Rouen 

V. Moureau, CORIA 

! PVC identification 
•  1) Filtering of Q-criterion with a 

filter size Δ=8mm of order 12 

•  3) Downsampling of the isosurface 

•  4) Extraction of the PVC skeleton 
(performed with the open-source 
software PointCloud Processing, 
[Huang 2013] ) 

H. Huang, S. Wu, D. Cohen-Or, M Gong, H Zhang, G Li, and Chen B. L1 medial skeleton 
of point cloud. ACM Transactions on Graphics, 32 :65 :1–65 :8, 2013. 

•  2) Isolation of the PVC 

Influence of the PVC 

Q = 3.107

Spray/PVC interactions in the MERCATO burner 
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!   Reconstruction of the PVC velocity profile : 

 uPV C =(
uz

ur

u✓
( 1) Projection of uPVC on PVC coordinate system  

 2) Averaging over all PVC length 
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 3) Fitting with analytical Gaussian vortex velocity profile 

(U=17m/s, r=7.42mm) 

PVC caracteristic time scale:  
 
 ⌧

PV C

=
2⇡r

u
max

= 2.74ms

Spray/PVC interactions in the MERCATO burner 
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!   Interaction with fuel droplets 

 

 

PDF of the distance to the PVC for each diameter class  

 0

 2

 4

 6

 8

 10

 12

 14

 16

 0  0.005  0.01  0.015  0.02
Distance to PVC [ m ]

(a)
0-5 microns

5-15 microns
15-25 microns
25-35 microns
35-45 microns
45-55 microns
55-65 microns

65-100 microns

 0

 0.05

 0.1

 0.15

 0.2

 0.25

 0.3

 0.35

 0.4

 0.45

 0  0.005  0.01  0.015  0.02
Distance to PVC [ m ]

(b)
0-5 microns

5-15 microns
15-25 microns
25-35 microns
35-45 microns
45-55 microns
55-65 microns

65-100 microns
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!  Important segregation effect of the PVC 
 
 
 

Spray/PVC interactions in the MERCATO burner 
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!   Stokes number based on PVC time scale 
 

 

Inertial particles (St > Stc) are present 
in the PVC inner core 

Small particles (St << Stc) tend to 
accumulate at the periphery of the PVC 

1

2

3

4

Stokes number 

Diameter 

Critical Stokes 
number range 

Spray/PVC interactions in the MERCATO burner 
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Modeling of heat transfer on a low-Mach 
number turbine blade 

N. Maheu, V. Moureau, P. Domingo, CORIA 
G. Balarac, LEGI 

F. Duchaine, CERFACS 

•  MAHEU, N., MOUREAU, V., DOMINGO, P., DUCHAINE, F. & BALARAC, G. (2012) Large-eddy simulations of 
flow and heat transfer around a low-mach turbine blade. CTR Summer Program. Center for Turbulence Research, 
NASA Ames/Stanford Univ. 
•  MAHEU, N., MOUREAU, V. & DOMINGO, P. (2012) High fidelity simulation of heat transfer between a turbulent 
flow and a wall. ERCOFTAC ETMM9. Thessaloniki, Greece.  
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! T7.2 blade from AITEB2 project 
! Low-Mach number blade 
! Experiments from Karlsruhe 

University 

! Aim: to build a reference LES 
database for the derivation of heat 
transfer models 
Mesh Cell count Node count Min. cell size Max Δy+, Δx+, Δz+ Blade Flow-

Through time 
M0 1.2M 220K 90 µm 93.3 32.0 
M1 35M 5.8M 30 µm 30.4 33.9 
M2 280M 47M 15 µm 15.2 11.1 
M3 2.2B 367M 7.5 µm 7.6 4.5 
M4 17.9B 3.0B 3.75 µm 3.8 0.9 
M5 143B 23.8B 1.9 µm (2.0) (40 Δt) 

Study of heat exchanges on a turbine blade 

Rec=150000, Tu=5.6% 
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Flow topology – M2 (280M tets) 

! Velocity magnitude in the midplane 
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Flow topology – M2 (280M tets) 

! Temperature iso-surface colored by the velocity magnitude 
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Flow topology – M2 (280M tets) 

! Temperature iso-surface colored by the velocity magnitude 
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Flow topology – M4 (18B tets) 

! Velocity magnitude 
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Flow topology – M4 (18B tets) 

! Temperature 
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Smallest resolved vortices – M4 (18B tets) 

! Selective sampling of Q-criterion iso-surfaces 



72 
CNRS – UNIVERSITE et INSA de Rouen 

V. Moureau, CORIA 

Transition on the suction side – M4 (18B tets) 

U Mag (m/s) 

Nusselt number (-) 

T (K) 
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! Study of local heat transfer – M4 (18B tets) 
! Selective sampling of temperature iso-surfaces 

Effect of turbulent eddies on heat transfer 
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Effect of turbulent eddies on heat transfer 
Mesh resolution effect 

! Suction side (isoZ  = 0.5 
colored by velocity) 

! Pressure side (wall values) 

M1 

M2 

M3 

M4 

M1 

M2 

M3 

M4 
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Pressure distribution on the blade 
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Resolution at the surface of the blade 

Stagnation point 
Suction side Pressure side 

Assessment of mesh resolution at the wall 

Span (z-direction) of the 
computational domain:  
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! Resolved Nusselt number at the blade surface on each mesh, used 
as a heat transfer resolution indicator 

Heat transfer on the blade 

Nusselt number: 

with 
Transition 

Separation 
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! Thanks to the level set function, the streamwise 
velocity and the temperature in wall units may be 
plotted as functions of the wall distance 

Velocity and scalar profiles at the trailing edge 
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A finite-rate chemistry approach for  
Large Eddy Simulation of pollutant emissions 

in a meso-scale combustion device 

Pierre Bénard, Vincent Moureau, Ghislain Lartigue, 
Yves D’Angelo 
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! New applications 
•  Need of power supply (from 1 to 100 W) 

!  Interest for the centimeter scale combustion 
•  Fuel energy density benefits [1] 

Context 

Lightweight, robust, compact and instantly rechargeable 

MACRO !M I CRO ! MESO !

10μm%%%%%%%%100μm%%%%%%%%%mm%%%%%%%%%%%%cm%%%%%%%%%%%10cm%%%%%%%%%%%m%%%%%%%%%%%%10m%%%%%%%%%%100m%%%

[1] Maruta, Micro and mesoscale combustion, PCI, 2010 
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! Small scale combustion issues [2] 
•  High heat losses 
•  Low Reynolds number => poor mixing 
•  Short residence time  

 
 

! Goals of the study 
•  Predictive simulations of the reactive flow 

-  LES 3D with reduced chemistry approach 
-  Turbulence and heat losses consideration 

•  H2 enrichment influence 

Context 

             Complex combustion regime, incomplete combustion  

[2] Fernandez-Pello, Micropower generation using combustion: Issues ans approches, PCI, 2002 
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! Meso-combustor experiment [3]  
•  8x8x10mm = 0.640cm3 

•  2 inlets & 1 outlet 
•  whirl flow topology 

! Numerical methods 
•  Low-Mach number YALES2 solver [4] 
•  Finite-rate chemistry 
•  CH4/air Coffee chemical scheme  

-  14 species, 38 reactions 
•  34M elements mesh  

-  average cell size = 50 microns 

Set-up 

fuel%
air%

[3] S. Liu, B. Renou, Y. D’Angelo, 15th Int. Symp. on Applications 
of Laser Techniques to Fluid Mechanics, 2010 
[4] www.coria-cfd.fr 
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! Equations resolved with finite rate chemistry in  
•  Low Mach number approach, Hirschfelder-Curtiss approximation, … 

 
! Numerical methods 

•  Operator splitting approach 
•  Stiff integration with analytical Jacobian of the source terms with CVODE 
•  Dynamic load balancing of the species source term computation 

Chemistry modeling 

83 
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! CH4/air reduced chemistry 
•  Coffee [5] : 14 species, 38 reactions 

! Mesh 
•  34M of elements 
•  Uniform cell size of 50 µm 

-  enables to get the correct flame speed and 
mass fraction profiles 

 
! Turbulence model 

•  Dynamic Smagorinsky [6] 
•  Acts only in the air jet and  
at the wall impact 
•  µT/µ max = 5 

Modeling 

Operating conditions 
CH4 mass flow rate [x10-6 kg/s] 1.74 

Air mass flow rate [x10-6 kg/s] 29.0 
Equivalence ratio 1.03 
Injected power [W] 87.0 
Wall temperature[K] 417 

84 

[6] Lilly, 1992 [5] T. P. Coffee, 1984 
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Operating conditions 
Equivalence ratio 1.03 
Wall temperature [K] 417 
Flow through time [ms] 9.0 

Pure CH4/air reactive flow 

85 

•  Flame confined to the CRZ  
•  Globally lean flame 

#  25% unburnt CH4 at outlet 
•  Poor performances 

#  60% of the heat release lost at 
the walls 

#  Flame quenching and pollutant 
emissions (CO…) 
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Hydrogen enrichment 

86 

Cases! 100%CH4! 90%CH4!10%H2! 50%CH4!50%H2!

Mean%heat%release%[W]% 52.0% 61.2% 61.9%

Conversion%efficiency%[%]% 60.0% 73.4% 70.6%

•  Strong influence of H2 enrichment 
•  Small amount of H2 improves performances while keeping the flame 

topology 
•  Large amount of H2 changes front topology  
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Hydrogen enrichment 

! Comparison of the conversion efficiency with experimental data 

0.5 
0.55 

0.6 
0.65 

0.7 
0.75 

0.8 
0.85 

0.9 
0.95 

1 

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 

90W 
90W LES 
60W 
120W 
150W 

! LES enables predicting the conversion efficiency 
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The load balancing issue in the stiff integration 
of source terms 

! Operator splitting and stiff integration of the source terms 
! Chemical source terms are considered constant during the time 

step 

! The constant source terms are computed as 

! from the solving of a homogeneous reactor  
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The load balancing issue in the stiff integration 
of source terms 

! Calculation of a 2D bunsen burner 
•  Methane/air premixed burner 
•  14 species, 38 reactions (T.P. Coffee, 1983) integrated with CVODE 
•  Even for small mechanisms, a huge gain could be obtained with ideal load 

balancing 
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A load balancing algorithm for the source term 
stiff integration 

! An MPI dynamic scheduler has been implemented in YALES2 
 

! Principle 
•  A master is designated 
•  The master gives 

chunks of source term 
calculations to a 
number of slaves 

•  Available slaves 
designate a new master 

•  Repeat 

! Linear scaling is 
recovered up to 32k 
cores on Turing 
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Solution: dynamic scheduler 

! An MPI dynamic scheduler has been implemented in YALES2 
 ! Principle 
•  A master is designated 
•  The master gives chunks 
of source term calculations 
to a number of slaves 
•  Once finished, the master 
tells the other slaves it is 
done 
•  Available slaves 
designate a new master 
•  Repeat 
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Performances 

! The cost of the MPI communications scales as Ncores
2 

! Beyond 1000 cores, MPI sub-communicators must be introduced to 
reduce the MPI overhead 

 
! Steps 

•  Analysis of the cost of the chemistry source term on each core (it is assumed 
that the cost is the same from one fluid iteration to another) 

•  Sorting and grouping of the cores to create well balanced MPI sub-
communicators 

•  Dynamic scheduling on each MPI sub-communicator 
! Linear speed-up recovered up to 65,000 cores on a Blue Gene/Q 

machine and up to 8192 cores on the Curie machine (CEA, TGCC) 
 

One MPI comm. 

Multiple MPI comm. 
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! Strong scaling on a IBM Blue Gene/Q machine at IDRIS 
•  Scales up to 32k processors for the meso-scale burner 
•  Spends only 40% of the temporal loop time in source term integration 

Performances 

93 

512$

2048$

8192$

32768$

512$ 1024$ 2048$ 4096$ 8192$ 16384$ 32768$
Nproc&

Strong&scaling&/&512&to&32768&cores&/&comm&size&=&32&/&chunk&=&1&

Scale1up$Global$ST$



94 
CNRS – UNIVERSITE et INSA de Rouen 

V. Moureau, CORIA 

Large-Eddy Simulation of innovative offshore 
wind turbines 

V. Moureau, G. Lartigue, F. Barnaud, P. Deglaire 
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LES for wind turbines 

! Large-Eddy Simulation is a promising tool for the prediction of wind 
turbine performances as it gives access to unsteady flow features 

! Some challenges 
•  High Reynolds number flows with very thin boundary layers 
•  Low-Mach number 
•  Rotation of the blades (moving geometry) 
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The Nenuphar concept 

! The Nenuphar concept relies on a floating vertical axis wind turbine 
 
! Advantages 

•  Simple and robust 
•  Limited environment impact 
•  Ease of maintenance 

! Challenges for LES 
•  Novel concept: lack of experience 
•  Angle of attack of the blades changes 

continuously leading to dynamic stall 
•  Floating of the wind turbine induces a 

sensitivity to waves 
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The Nenuphar concept 

! First LES attempt with YALES2 

Triblade geometry Unstructured 3D mesh with 41 or 325 million cells 
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The Nenuphar concept 

! Q-criterion at Tip-Speed Ratio 3.5 after 4 full rotations (41M mesh) 
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The Nenuphar concept: Grand Challenge on the 
OCCIGEN machine at CINES 

! Q-criterion at Tip-Speed Ratio 3.5 on the M2 mesh (300 million tets) 
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Parallel mesh adaptation and load balancing 
with YALES2 

V. Moureau, G. Lartigue, P. Bénard 
C. Dobrzynski, G. Balarac 
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Mesh adaptation 

! Mesh adaptation consists in the use of numerical techniques to 
refine or unrefine the mesh locally 
•  Node insertion in Delaunay triangulations 
•  Edge or face swapping 
•  Element collapsing 

! Several sequential libraries exist 
•  MMG3D, C. Dobrzynski, http://www.math.u-bordeaux1.fr/~dobrzyns/logiciels/mmg3d.php  
•  MADLIB, http://sites.uclouvain.be/madlib/ 
•  NETGEN, http://www.hpfem.jku.at/netgen/  
•  TETGEN, http://wias-berlin.de/software/tetgen/  
•  CGAL, http://www.cgal.org/  
•  MeshAdapt, http://www.scorec.rpi.edu/~xli/MeshAdapt.html 

 
! Very few libraries are (massively) parallel 
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Strategy 

! Can we imagine a parallel algorithm based on sequential 
adaptation libraries like MMG3D (our preferred choice) ? 

!  If mesh adaptation is performed on each processor, problems will 
arise at the proc interface. The choice made in YALES2 is to leave 
the proc interface and the boundaries untouched 

Proc interface 
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Strategy 

! Then, mesh adaptation will be performed several times with a moving 
proc interface 
•  Requires parallel load balancing… 

! Parallel algorithm given the YALES2 double domain decomposition 
•  Merge the cell groups 
•  Adapt the mesh on each processor leaving the boundaries untouched 
•  Split the mesh into cell groups 
•  Balance the mesh with ParMETIS taking into account the non-adapted interface 
•  Start again 

! Key ingredients 
•  Parallel load balancing 
•  Merging/splitting of the mesh into cell groups on each processor 
•  Fast connectivity reconstruction 
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Parallel load balancing example 

! YALES2 is coupled to ParMetis 4.x and enables to load balance 
a calculation on-the-fly 

! 2D example 

Parallel partition with weights 
equal to the proc color 

Cell-group graph adaptation 
with ParMetis 4.x 

Migration of the cell groups to 
the other procs 
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3D example: refinement of a sphere on 4 procs 

! Step 1 to 4: same procedure based on MMG3D + load balancing 
! Step 5: optimization of the mesh for LES + better load balancing 
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3D example: dynamic mesh on 4 procs 

! 5 steps per adaptation 
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A real application: collapse of a flame ball with 
dynamic mesh adaptation 

! F-TACLES combustion model, refinement ratio = 6, 20 cores 
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Combination with mesh adaptation criteria 

Nelem = 273.7M  Nelem = 2.97M 

Nelem = 4.96M Nelem = 4.48M CPU = 1 

CPU = 358.5 CPU = 3.3 

CPU = 6.5 

!  Isothermal flow adaptation on 8 cores of the meso-scale burner 

BASELINE 

HOMOGENEOUS REFINEMENT 

TURBULENT KINETIC ENERGY ADAPTATION 

MEAN GRADIENT ADAPTATION 
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Conclusions & perspectives 
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Conclusions & Perspectives 

! With exascale computing, the size of the simulations will still 
increase and the post-processing cost will also increase… 

! Sequential and parallel performances will continue to be critical 
•  Memory contiguity, vectorization 
•  Work/communication overlapping 
•  Asynchronous communications 

! The pre- and post-processing of large-scale simulations are very 
challenging 
•  Handling of large amount of data 
•  Data-mining for large-scale feature extraction 
•  Need to combine many techniques using massively parallel machines 

! New solutions will need to be found 
•  Multi-grid techniques for solution visualization 
•  Highly selective filters to extract the features of interest 
•  Combination of all these techniques plus POD, DMD, Wavelets, … 
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Thank you ! 


