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PLAN 

Ø Intro générale / Challenge en CFD

Ø Revue des erreurs en CFD

Ø Haute précision et estimation d’erreur

Ø Propagation des incertitudes

Ø Synergie Expérience-Haute précision / Calcul RANS : Modélisation de la 
turbulence par méthode d’apprentissage
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Some aspects of ONERA CFD

q CFD considered mature technology for nominal flow configurations 
Ø Many CFD codes and assessed models are daily used in industry 
Ø Main CFD codes at ONERA :

- elsA for aerodynamics, aeroelasticity, aeroacoustics
- CEDRE for energetics, aeroacoustics, mutiphysics
- Used by industrial partners Airbus, Safran, EDF, CNES, EDF 

and ONERA CFD expertise used by Dassault
- Under development CODA (ONERA, DLR, Airbus), 

ORION/Mosaic (ONERA, Safran)

q But main key points have to be solved to put CFD a step further 
- Expertise of end-users still needed to provide « correct results »
- Error margins still not mastered 

Computational errors (Verification process)
Uncertainties : physical model & boundary/initial conditions

- Efficiency (cost) in particular for unsteady CFD dealing with 
scale-resolving problems for new computers architecture

- CFD used in a multiphysics environment 

q Automatization and Accuracy Control challenge :  
From End-users expertise to Expert CFD system 
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Code de calcul

Méthodes de calcul CFD 
avec approximation du 

modèle continue et 
complétude des conditions 
aux limites ou conditions 

initiales (par ex.)

Définition du cas de calcul
Modèle physique et 
données opérationnelles 
avec incertitudes
• Approche déterministe
• Approche stochastique

Analyse

Résultats de simulation 
avec propagation des 

incertitudes et des 
sensibilités numériques

Processus de simulation numérique en mécanique des fluides
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S6 Maîtrise des systèmes complexes / 
Multiphysique précise

S5 Optimisation robuste
avec incertitudes

S4 Optimisation de forme
Quantification des

incertitudes opérationnelles
Contrôle des écoulements

S3
Analyse de sensibilités

- Paramètres du modèle
- Paramètres opérationnels

Multiphysique
robuste

S2
Calcul direct (analyse) avec vérification et validation

- Solution analytique de (S1)
- Méthodes numériques standard pour approximation de (S1)
- Méthodes numériques de haute fidelité pour approximation de (S1) avec contrôle d’erreur

S1 Modèle physique / mathématique CFD
(Euler, Navier-Stokes et sous-modèles associés)

Modèles structure, thermique, 
…

Accroissement des capacités de simulation numérique
- Précision, efficacité et robustesse des algorithmes
- Optimisation méthodes de programmation / Architecture plateformes HPC 
- Production de données massives (1 calcul DNS, des milliers de calcul RANS)

CFD – Enjeux scientifiques et techniques
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Turbulence : Scales constraints

q Laminar flows / Turbulent flows

q DNS / LES / RANS

q DNS computations: 
q Kolmogorov scale = size of the smallest turbulent structure                      per direction
q With L integral scale representative of the larger turbulent structures 
q 1D computational domain with length N.h, N nomber of points, h mesh size, needs :

4
3-= LReLh

4
3

ReLLN

LNHN
h

LNh

=³Þ

³³
£
³

h

h
h

13
3

64
9

3 10310 .NRe,ReN DLLD »®==

!"#$%&'( $)*+", ∶ !". =
012
3



Mécanique déterministe ou incertitudes 21/02/2019 – V. Couaillier

Simulation of turbulence : DNS or turbulence modelling
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Turbulence modelling

SAS Menter Model
Comparison on tip-leakage vortex

ZDES k-ω model 

DNS

LES
Hybrid RANS/LES

----------------------------
URANS
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RANS : Reynolds Averaged Navier-Stokes system of equations
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The RANS equations for compressible flows are (averaging notations removed) 

It is necessary to model the following quantities in order to close the system

- Turbulent stress tensor (Reynolds tensor) : 

- Turbulent kinetic energy : 

- Turbulent enthalpy flux : 

( )[ ]¶r
¶

r µ s µ t b r w
k
t

Vk k V kt t+Ñ = Ñ + Ñ + Ñ -
! ! ! !
.( ) . :* *

( )[ ]¶rw
¶ r w µ sµ w a

w
t brwt V k Vt t+Ñ =Ñ + Ñ + Ñ -

! ! ! !
.( ) . : 2

E e V k= + +
!2

2

Turbulence model example : Wilcox K-w model 
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TC11 – URANS calculations 12 Deg

New extended mesh (50 chords) with refinement in the wake region to be 
consistent with the initial grid in the overlapping regions 50 chords 

Cz higher with the extended mesh computation

Unsteady turbulent computations in non-matching meshes 



TC11 – URANS calculations – 12 Deg

SST Komega model – Unsteady computation
(the computation was first performed in a steady mode and did not converge; then it was performed in 
an unsteady mode using DTS) 
K-Omega SST is in better agreement with the experiment than K-Omega Wilcox
Unsteady effects appear in the slat separation region
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Estimation d’erreur

- Estimation de l’erreur : Définition de la référence 
- Calcul / expérience : Barre d’erreur de mesure
- Calcul / solution convergée (en DOFs) – Niveau de discrétisation espace/temps
- Convergence itérative
- Précision machine
- Modélisation de la turbulence : LES (ref DNS filtrée ou DNS non filtrée) / filtrage explicite
- Prise en compte des incertitudes : méthodes NIPCM : comment définir les pdf d’entrée ?
- NIPCM et PCM : Approches non intrusives en modélisation

- PCM : intrusive dans le code CFD
- NIPCM : non intrusive

- Synergie calcul / expérience ou référence
- Fusion de données : non intrusif dans le code
- Assimilation de données : intrusif dans le code pour prise en compte de données
- IA pour modélisation de la turbulence 
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Ordre élevé / Gain en précision
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Définition de la référence pour un calcul d’erreur

Comparaison LES à la référence DNS
ou bien à la DNS filtrée ?

- Comparaison à des données expérimentales / comparaison à un solution idéale convergée (en 
raffinement espace/temps)

- Erreur liée au manque de résolution spatio-temporelle du calcul CFD

- Comparaison à des calculs/modèles de référence
- Marge d’erreur relatives aux données expérimentales 

- Conditions physiques de l’expérience : Incertitude / erreur de mesure

- Complétude des données pour les conditions
aux limites et les conditions initiales des calculs

- … 

Convergence spatiale d’un calcul subsonique stationnaire
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Aghora – Turbine transsonique VKI LS89
Calculs DG avec modèle RANS/SA et LES

ONERA 3D swept Bump (Exp. J. Délery)
Efficient implicit method for HO-DG

Laminar cylinder - Efficiency of 
local p-refinement  with
various error indicators 

Transonic VKI turbine  
at iso-Mesh : from p=0 to p=3

p=0

p=1

p=2

p=3

FD-09. CFD Solver Techniques
AIAA-2018-0368. 

Fabio Naddei et al.

ONERA/DAAA contribution

O. Labbé F. Renac
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NASA Rotor 37 : HO-DG 
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Error estimator and p-adaptation
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Convergence analysis for steady laminar flow

R. Gautier, D. Biau, E. Lamballais : A reference solution of 
the flow around a circular cylinder at Rey = 40
https://hal.archives-ouvertes.fr/hal-00876327

Same Cd with margin error of  10#$
obtained with DG code Aghora, FV codes elsA and 
CANARI with h and/or p refinement and artificial external
boundary extension 



P-adapted DNS of 2D hill flow at Reb=2800 



P-adapted DNS of 2D hill flow at Reb=2800 



Reb = 2800

Reb = 10,595

Reb = 19,000

Reb = 37,000

Reb = 2800

Reb = 10,595

Periodic hill – instantaneous field and mean flow

Ecoulements instantanés

M. De la Lllave Plata



Initial error distribution (p=3)

F. Naddei



Evolution of refinement levels : P3-P6
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Adaptive results at x=0.5 (near separation) 
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Propagation of uncertainties : Polynomial Chaos Methods 

x Input Random variable : Geometry, boundary conditions, initial conditions for unsteady problems
Scalar parameter in a RANS turbulence model 

Evaluation of the moments of an output fonction U defined in F
Ø Could be a space-time function as a velocity component of an unsteady CFD computation
Ø Practically in CFD U is often a scalar integral quantity : Drag or lift coefficient for aircraft flows, 

Pressure ratio for turbo-engines, …  
Ø The deterministic CFD computations are performed only for a finite number of  x values in G

leading to a discrete representation of (x ,U) in the space GÄF
Ø Need to use a surrogate model to reconstruct U on the full space

)(xx D® Probability Density Function in a set G known or defined a priori

A set of polynomial consistent with the pdf D in order to get an orthogonal basis 

Ø For intrusive Polynomial Chaos Methods the unknowns of the PDE in the CFD code are replaced 
by their expansion defined in (1)  
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NASA Rotor 37 : Propagation of uncertainties 

Ø NIPCM : Propagation of uncertainties for
the computation of the pressure ratio   

Ø x1 : outlet pressure
Ø x2 : Tip gap
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PDF : Symmetric beta distribution
Jacobi polynomials with compact support Deterministic computations with different turbulence models

Pressure ratio sensitivity versus uncertainties

M. Lazareff
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RAE2822 Airfoil : Surrogate models for 2 turbulence models

Airfoil RAE2822 : Surrogate models using Kw or Kw-SST turbulence model 

(Marc Lazareff)
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Turbulence model & Maching learning

Ø Improvement of RANS turbulence modeling to get as much as possible the 

quality of DNS/LES modelling 

o On mean flow quantities, integral/global quantities 

Ø Use of reference data

o Well-resolved DNS/LES computations of « simple flow configurations »

o Experimental data : at ONERA project on synergy CFD/Experiments

o Flight data

o …

Ø Based on Data Assimilation methods

Ø Based on Machine learning, …

Ø Apply Improved turbulence models on advanced / complex flow configurations
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Data-driven turbulence modeling applied to separated flows

Data-driven turbulence modeling applied to separated flows
Lucas Franceschini, Nicolo Fabbiane, Olivier Marquet, Benjamin Leclaire, Julien Dandois and Denis Sipp
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Data-driven turbulence modeling applied to separated flows
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Data-driven turbulence modeling applied to separated flows
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Data-driven turbulence modeling applied to separated flows
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Data-driven turbulence modeling applied to separated flows
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Data-driven turbulence modeling applied to separated flows



Mécanique déterministe ou incertitudes 21/02/2019 – V. Couaillier35

Data-driven turbulence modeling applied to separated flows
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Ø Data assimilation ∶ " # for a given geometrical and physical 
configuration  

Ø Machine learning using Neural network : Define "∗(&, (ϑ) to be used for 
various flow configurations

Ø "∗(&, (ϑ) define using *+ &, (ϑ = ln / , 0, 1& at the training points
Ø Minimize a norm of "∗({*+(&, (ϑ)}) − " # at the training points using 

back propagation
Ø Variables in blue (previous slide) are the quantities to quantities defined 

by the training process
Ø Activation fonction : Max (0, entry) 
Ø Back-facing step : 

o 30,000 points for RANS computation
o 7,500 for training with NN

Data-driven turbulence modeling applied to separated flows
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Data-driven turbulence modeling applied to separated flows
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Data-driven turbulence modeling applied to separated flows
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Data-driven turbulence modeling applied to separated flows
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Data-driven turbulence modeling applied to separated flows
Conclusion
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Ø Turbulence with DNS at high Reynolds numbers (Scale-Resolved simulation) needs
o Compute : More than exascale computing resources 
o Huge memory storage 
o Algorithms breakthrough (accuracy, efficiency)
o Can be mitigated by LES and hybrid RANS/LES

Ø Turbulence with RANS needs
o Major improvements in turbulence models
o Artificial Intelligence combined with increasing capacity of memory storage should 

allow to make significant  steps forward
o ONERA is developing stronger synergy between 

CFD, experiments & data

Ø European project HiFi-TURB on AI 
for turbulence modelling starting mid-2019

Turbulence model, HPC & Maching learning
Conclusion 


