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Stalled Airfoil ( ONERA, H. Werlé)

• Due to fluid viscosity

• Massive separation in the suction side of the profil

• Poor aerodynamic performances

• Crucial point for helicopter or windturbine blades design

Introduction



Introduction: Static stall classification

3 types of static stall at low speed:
• trailing edge (TE):

- separation at TE and travels upstream

- tickness > 0.15c

• leading edge (LE):

- sudden separation at LE and travels downstream

- 0.09c < tickness < 0.15c

• thin airfoil:

- Progressive separation at LE and travels downstream

- tickness < 0.09c

McCullough & Gault (1951)

TE or LE stall for helicopter or windturbine blade depending on:

• Re number

• geometry



Introduction: flow physics description of an airfoil near stall

McCroskey & Philippe (1974)
• Laminar separation and turbulent 

reattachment (LSB)

• Turbulent boundary layer with adverse 
pressure gradient

• Trailing edge separation

LSB study by Horton (1968)
• Laminar separation 

• Inflexion point, shear-layer (Kelvin-
Helmotholtz convective instability)

• Turbulent reattachment



Introduction: flow physics description of dynamic stall fo r moving airfoil

Doligalski T. et al. (1994)
• Formation and spillage of the leading 

edge vortex (LEV) : LSB bursting ?

• Dynamic stall : Lift overshoot is linked 
with the advection of the LEV

• Re number < 10000 : strong interaction 
of the LEV with the wall

Gaster (1966), Horton (1968), Owen & Klanfer (1953)
• Experimental investigation of LSB on flat

• Influence of Re number and pressure gradient on bubble size

• Short and long bubbles, bubble bursting



Introduction : Failure of RANS modelling for stall predicti on

Need to improve modelling:
• RANS model

• transition model: LSB and bursting of LSB

Poor prediction of dynamic stall

incidence delay of
static stall



Introduction : recent studies of LSB physics and modellin g

Stable LSB on a flate plate
• Transition process: TS, KH instabilities and very fast transition to 3D flow (Watmuff

JFM1999, Alam& Sandham JFM2000)

• Absolute/convective instability (Yang & Voke JFM2000, Marxen et al. JFM2004)

• upstream disturbance amplitude affects the size of LSB (Alam& Sandham JFM2000)

• LSB modelling for RANS (Spalart & Strelets JFM2000, Laurent et al., Comput. F luids2011)

Stable LSB on airfoil at incidence below the critical sta ll angle
• Absolute/convective instability ( Jones et al. JFM2008)

• Acoustic loop feedback between  LSB and TE ( Jones et al. JFM2010)

• LSB modelling for RANS (Richez et al., TCFD2008)

LSB bursting on a flate plate ( Marxen et al. JFM2011)

• Small amplitude convective disturbances change the size of a LSB

• switch between short and long LSB thanks to dynamic variation of the perturbation 
amplitude

LSB bursting on airfoil?



Attached TBL 
on suction side

Detached TBL 
on suction side

Objective: study the leading edge stall mechanism as a dynamical process thanks to small
incidence variation to improve understanding of this complex transient flow

High fidelity LES of LSB bursting on airfoil leading to st all

αc- ε αc αc+ ε

Stall critical angle
small incidence variation

Tools
• High fidelity LES of moving airfoil from 
• Realise an ensemble averaging of the transient process by repeating  the numerical experiment 

with different initial condition at 

αc- ε to αc+ ε

αc- ε
Flow configuration
• Naca-0012 at Re=105: LSB and TBL on suction side for affordable CPU cost 
• Critical incidence and variation determined by LES: αc= 10.675o and ε = 0.125o



α(t) = 10.55o , α(t) = 0 and α(t) = 0 if  t < To

α(t) = 10.55o + 0.25 ( (t-To)/T – sin(ω(t –To)) if To< t < To+T

α(t) = 10.80o , α(t) = 0 and α(t) = 0 if  t > To+T

Smooth ramp up motion from 10.55o to 10.80o

- begin of the motion at To

- Motion duration = T = 2.2 c/U

- 3 differents numerical experiment with To= 30, 30.13 and 30.26 c/U

LES of LSB bursting on airfoil: motion details

slow motion to reduce the flow perturbation:
- Leading edge velocity 3 times smaller than in 

usual dynamic stall study

- No angular velocity and angular acceleration at 
the beginning and end of the motion

α
α

(t – To) U/c



• Multibloc structured

- Parallelism based on hybrid MPI/OpenMP method

- Carefull memory design for cache access optim. (superscalar proc)

• 2nd order accurate finite volume method

- hybrid centered/upwind (AUSM+P) scheme based on sensor flow regularity

• Time Integration

- Implicit  method 2nd order accurate  (Gear + Newton +LU-SGS)

• Full Navier-Stokes compressible Eqs.

- no subgrid scale model (MILES)

• Arbitrary Lagrangian Eulerian (ALE) method for mesh motio n

LES of LSB bursting on airfoil: in-house FUNk solver det ails



• Multibloc mesh optimisation in function of flow phys ics

- 3D domains near wall (coloured blocks) and 2D blocks in potential flow

- Non conformal number of grid points in spanwise direction: 900, 300, 150 
to improve  the spatial homogeneity of resolution

- flow periodicity assumed in spanwize direction (Lz=c)

LES of LSB bursting on airfoil: Computational details

• Number of grid points: 160 million

• Number of Westmere core:480

• Performance: ≈≈≈≈ 0.8Tflops

• 5 c/U computed in 15hours



• Temporal resolution

- ∆t = 1.5 10-7s = 2.75 10- 4 c/ U

- 9 Newton subiterations: Loo norm of the residual  reduced by 1 order of magnitude

- CFL number < 17, “convective” CFL < 0.95

• Nearly spatial DNS resolution

- Resolution at the suction wall before the motion (most constraining configuration)

- Estimation of local ratio ∆∆∆∆l/ ηηηη (Kolmogorov scale) for the stalled flow config: α=10.8o

LES of LSB bursting on airfoil: Spatial and temporal res olution

7900spanwize

0.8351Wall normal

6634Streamwise

∆∆∆∆l+ at reattachementPointsDirection

* The ratio is less than 10 in all direction above the suction side

* The ratio increase to 30 one chord downstream of the trailing edge



Steady states around ααααc : High Reynolds number physics

Q criteria attached flow, αααα = 10.55 °°°°, Q = 500

Transition process : (Jones et al. JFM2008)

Large spanwise 2D vortices 

3D structures

- short LSB: 0.15c
- turbulent boundary layer
over 80% of the chord



Steady states around ααααc : fully stalled state

Q criteria attached flow, αααα = 10.8 °°°°, Q = 500

- Strong reverse flow
- Good spanwise extent of the domain



Beginning (at T*=T0*) and end of the motion

Initial solution dependency

Effects on lift and drag

Effect on dragEffect on lift

• Initial turbulent state before the motion deeply affects the delay of stall
• Influence on maximum and minimum of lift and drag

T*-T0* T*-T0*



Initial time lag effect:
low modification of the bubble size 

during the first 7 characteristic times

fast bursting process:
bubble size increases from 0.3c to c 

in 3 T*  (from T*-T0* = 7 to 10)

Stall development : Time evolution of the displacem ent thickness

Bubble bursting: Run 3 (T0=30.27)

Isoline= vanishing skin friction coefficient

LSB



Stall development : Time evolution of the displacem ent thickness

Bubble bursting: Run 3 (T0=30.27)

Isoline= vanishing skin friction coefficient

c1δ

LSB

c1δ Constant value (T*-T0*= 0 to 7)

c1δ The shear layer goes away from 
the wall (T*-T0*= 7 to 12)

c1δ
The shear layer moves closer to 
the wall to a constant distance 
(T*-T0*= 12 to 21)

≈ distance between the shear layer and the wall in the LSB



Max of Turbulent Kinetic Energy in the 
boundary layer

Stall development : Upstream motion of the point of transition

Isoline of vanishing Cf

LSB

Bubble bursting: Run 3 (T0=30.27)

Estimated location of transition



Stall development : initial turbulent state influen ce on 
transient flow

T0
*= 30 T0

*= 30.13 T0
*= 30.26



Summary and perspective

High fidelity numerical computation of the bubble bu rsting on a 
Naca-0012 airfoil

• Full airfoil configuration, more realistic interaction of the bubble with the
potential flow

• Limited effect of unresolved scales, no modeling

Transient flow

• Strong sensitivity of the transient process to initial turbulent state in the 
LSB
• Great importance of the transition mechanism during stall

Perspectives

• Repeat the simulation with different initial solutions so as to limit initial
solution dependency by ensemble averaging

• Investigate the 3d coherent structure during stall



Etape de mise en mouvement du maillage

• Formulation ALE (Arbitrary Lagrangian Eulerian) dans le cas particulier d’un 
maillage ne se déformant pas (d’après la thèse de Guillaume Thierry)

Domaine de contrôle animé d’une vitesse 
arbitraire  

Vecteur des variables 
conservatives 


