
Sillages des éoliennes et leurs interactions

Un problème de mécanique des fluides, mais pas que…

CFM 2022, 29 Août – 2 septembre 2022, Nantes.

Sandrine Aubrun
Professeure à Centrale Nantes

Laboratoire de Recherche en Hydrodynamique, 
Energétique et Environnement Atmosphérique

G. España, Y.A. Muller, S. Macri, A. Leroy…

B. Conan, G. Turpin, B. Schliffke, A. Hegazy, J. 
Alavez, L. Pardo, A. Hubert…

Horns Rev wind farm, Denmark



Outline

• Description of the wind turbine wake

• Wind turbine wake modelling for power production assessment

• Wakes and Wind Farm control

• Wake meandering

• Wake of a floating wind turbine

• Conclusion



Wind turbine = actuator disc
Momentum theory + Bernoulli eq. applied

Vitesse

pression

pression

Poussée (négative)

o Sudden pressure drop through the disc=> (negative) Thrust

o Progressive velocity decrease => global kinetic energy extraction

o Progressive enlargement of the stream tube

o Velocity deficit downstream of the disc => Wake
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Wind turbine = actuator disc
Momentum theory + Bernoulli eq. applied

Axial induction factor 𝑎

𝑈𝑑𝑖𝑠𝑐 = 1 − 𝑎 𝑈∞

𝑈𝑤𝑎𝑘𝑒 = 1 − 2𝑎 𝑈∞
 2

23

14

..
2

1
aa

RV

Puissance
CP 

 

 aa

RV

axialeForce
CT 



14

..
2

1 22 

Thrust coefficientPower coefficient

Vitesse

pression

pression

Poussée (négative)



Description of the wind turbine near-wake
Immersed in an atmospheric boundary layer

Neunaber, Ingrid (2019) Stochastic investigation of the evolution of small-scale turbulence in the 

wake of a wind turbine exposed to different inflow conditions. PhD, Universität Oldenburg. 



Description of the wind turbine far-wake
Immersed in an atmospheric boundary layer

Porté-Agel F., Bastankhah M. · Shamsoddin S.  (2020) Wind-Turbine and Wind-Farm Flows: A Review. 

Boundary-Layer Meteorology 174:1–59. https://doi.org/10.1007/s10546-019-00473-0



Rated power

𝑃𝑅 = 2.05MW

Constant rotation speed

Constant torque

variable blade pitch

Variable rotation speed

Variable torque

Fixed blade pitch (~0°)

𝐏𝐯𝐞𝐧𝐭

Senvion MM92 – 2.05MW

Description of the wind turbine operation



SWT-3.6-120

Description of the wind turbine operation

Intense wake

Assessment and optimisation of the power production of an offshore wind farm (2020) 

Alavez Góngora J.A. Master thesis
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 Power production loss
 Additional structural fatigue

Nayxa Energy Services 

Anholt wind farm, Denmark Horns Rev wind farm, Denmark

Wind farms => multi-wakes interactions

Length scales:
Blade chord : 0 -1.5m

Blade span : 55m

Rotor diameter : 120m

Interdistance : 1.3km

Farm size : 22km



Engineering wake modelling
Low-fidelity modelling

Bastankhah M, Porté-Agel F (2014) A new analytical model for wind-turbine wakes. 

Renewable Energy 70:116–123.

Top-hat shape

Velocity deficit

2D Gaussian

shape

Velocity deficit



Engineering wake modelling
Low-fidelity modelling

Wind turbine wake interactions and associated power production is computed

with FLORIS

Overall power loss => 2.2% => very well optimised layout

FLOw Redirection and Induction in Steady State (FLORIS) is an open-source wind plant 

optimization tool developed by National Renewable Energy Lab (US)

Wind
Wind

Wind
Wind



Engineering wake modelling
Low-fidelity modelling

Wind turbine wake interactions and associated power production is computed

with FLORIS

• Computational cost in adequation with the wind farm scale but…

• Several wake models, more or less physics-based, with parameter tuning needed

• Several superposition wake models

• Several added-turbulence models

• Several blockage effect models

• …..

• Thousands of possible combinations….

• Needs to be tuned and validated by comparison with

higher-fidelity* simulations and experimental (full scale

and lab scale) data

*higher-fidelity = more realistic wind turbine model + resolution

of the turbulent flow  (CFD)



Physical wake modelling
Wind turbine = actuator disc = porous disc

Disc A : 57% Uniform porosity

Ø 200mm

(designed and provided by ECN)

Disc B : Non-uniform porosity

Ø 120mm

(designed and provided by PSU)

Aubrun et al., Journal of Wind Eng. and Ind. Aerodyn. (2013)

120:1-8

Camp & Cal,  Phys. Rev. Fluids 1 (2016), 044404
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S. Aubrun et al 2019 J. Phys.: Conf. Ser. 1256 012004
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Wind farm control stategies

L. Vollmer’s PhD thesis (2019) Influence of atmospheric stability on wind farm control

Coordination of different wind turbines within a wind farm to 
better the overall farm power production, and to reduce the 

structural loading among wind turbines.

Standard control     Induction control    Yaw control
(greedy) (wake steering)



Coordination of different wind turbines within a wind farm to 
better the overall farm power production, and to reduce the 

structural loading among wind turbines.

Wind farm control stategies

Wim Munters and Johan Meyers 2018 J. Phys.: Conf. Ser. 1037 032015

greedy

Induction

control

Yaw

control

I+Y

control

Axial Velocity fieldAD model + LES



Wind farm control stategies

Wim Munters and Johan Meyers 2018 J. Phys.: Conf. Ser. 1037 032015

Aligned layout Staggered layout

6D between wind turbines

Clear power production increase by the use of wind farm control



Wind farm control challenges

- Clear production gain with simulations or lab-scale experiments

- But difficult to validate through field measurements with commercial 
wind turbines

- Most of the time, quasi-steady optimisation whereas this a dynamic
system
- Dynamic response of the wind turbine to environmental condition modifications

- Dynamic response of the wind turbine to control modifications

- Time delay before production increase of the downstream wind turbine

- …

- Recent development of dynamic wind farm control models
- FLORIDYN for instance

M Becker et al 2022 J. Phys.: Conf. Ser. 2265 032103
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o Wind turbine wakes: Velocity deficit, Increased turbulent intensity. Unsteady 
trajectory : wake meandering.

o Hypothesis (1): Wake is advected by large turbulent eddies (akin to a passive
tracer, unlike Von Kàrmàn instability)

o Can be reproduced in atmospheric wind tunnel (if large turbulent eddies)

23

Instantaneous velocity field 
downstream of a full-scale wind turbine

Scanning LiDAR

Instantaneous velocity field 
downstream of a porous disc in a ABL wind tunnel

PIV



o Wind turbine wakes: Velocity deficit, Increased turbulent intensity. Unsteady 
trajectory : wake meandering.

o Hypothesis (1): Wake is advected by large turbulent eddies (akin to a passive
tracer, unlike Von Kàrmàn instability)

➢ Smallest scale involved in meandering : 2D, Larsen et al (2008)

o Hypothesis (2): Taylor hypothesis (frozen turbulence) for large eddies

➢ Correlation between upstream turbulence and wake behaviour

Larsen, G.C., Madsen, H.Aa., Thomsen, K. and Larsen, T.J.. Wake meandering – a pragmatic approach. Wind Energy (2008) 11, 377-395 
J.J. Trujillo, M. Kühn, Adaptation of a Lagrangian Dispersion Model for Wind Turbine Wake Meandering, EWEC 2009 

24

J.J. Trujillo, M. Kühn (2009)

D
D

Lux >=2D Lux >=2D

4



✓ To model the atmospheric boundary layer

✓ To model the wind turbine

25

Froude Actuator Disc concept

- Large turbulent length scales

grandes échelles de > rotor 

diameter

(Hundreds of meters)

- anisotropy

vw 
3

2
 vu 

3

4




 
Return test section 

44m² 

Vmax = 12.5 m/s 

Main test section 
22 m2 

Vmax = 50 m/s 

Turbulence grid

Wind direction

geometric scale 1:400
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u*=0.29m.s-1

z0=0.02m

α=0.14

Hub height

Lux/D = 2.5

Yann-Aël Muller’s PhD work

Set-up in the Lucien Malavard wind tunnel 
(Université d’Orléans / PRISME) 



InstantaneousPIV snapshotof a porousdisk
wakeG. Espana et al. 2012

Wake meandering

o However ‘’Classical PIV’’ is slow : no time resolved wake tracking
ü Need of a different measurement system in order to assess a passive tracer behaviour

of the wind turbine wake

o With Particle Image Velocimetry (PIV) :
ü Wake trajectory is non stationary => 

meandering
ü standard deviation is higher on the 

transverse velocity component (as opposed 
to the vertical component)

G. Espana, S. Aubrun-Sanches, S. Loyer, P. Devinant, Wind tunnel study of the wake meandering downstream of a modeled wind turbine as 
an effect of large scale turbulent eddies, J. Wind Eng. Ind. Aerodyn. 101 (2012) 24–33

27

Yann-Aël Muller’s PhD work



Horizontal wake position : 
ywake

28

D = 100mm

Time resolved tracking of the wake transverse displacement at a fixed downstream distance 

(one dimension)

Yann-Aël Muller’s PhD work
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Du1=0

Velocity deficit distribution for hot wire data

o The function is empirical

ü Similar to a ‘’weighted 

average’’ of the probes 

positions

ü Weights defined as the 

exponential of the local 

velocity deficit

o Result: Wake position time 

series ‘’ywake‘’

ü Validated against PIV 

measurements with 85% 

agreement (see full 

paper) 
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Yann-Aël Muller’s PhD work



o Low frequency signal + high frequency ‘’noise’’

Sample of the wake position time series obtained by 

hot wire anemometry
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Yann-Aël Muller’s PhD work



Wake position : ywake

Upstream transverse 

velocity: vupstream

downstream transverse 

velocity: vdownstream

31

D = 100mm

Yann-Aël Muller’s PhD work



f.D/U∞≈0.55
Associated eddy scale ≈2D

Wake 
meandering

‘’Noise’’ from
flow 
turbulence

Power spectral density of the transverse velocity upstream and 
downstream of the wind turbine

-2/3 slope

Power spectral density of the wake position

32

Yann-Aël Muller’s PhD work



Coherence and phase diagram between 
vupstream and ywake

fD/U∞≈0.35

Phase :
o Linear, mark of a convective 

process

Coherence :
Distinct frequency ranges :
o Very strong coherence for low frequencies
o Uncorrelated range from fD/U∞ ≈0.35

33

Yann-Aël Muller’s PhD work



fD/U∞≈0.55

fD/U∞≈0.35

o The vdownstream and ywake coherence overlaps the ‘’uncorrelated range’’ of the vupstream and ywake cross-spectrum

o The cut-off frequency fD/U∞≈0.55 matches the cutoff frequency seen on the PSD for the meandering
ü Some of the scales involved in the meandering process are decorrelated from the upstream flow

Coherence diagram between vupstream, 

vdownstream and ywake

34

YA MULLER, S. AUBRUN, C. MASSON, Determination of real time predictors of the wind turbine wake meandering. Exp Fluids (2015) 56:53
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Description of the floating wind turbine near-wake

Neunaber, Ingrid (2019) Stochastic investigation of the evolution of small-scale turbulence in the 

wake of a wind turbine exposed to different inflow conditions. PhD, Universität Oldenburg. 



Experimental characterization of the wave impact on the unsteady
aerodynamical behavior of floating wind turbines

• 2017-2022

• Grant 164k€

• Funders / Supports

© Centrale Nantes



Scientific and technical challenges :
- Does the floater motion have an impact on the wind turbine wake development?

- Can the signature of the motion be found in the wake?

- Wind tunnel testing: Floater motion emulation at very reduced scale

- Sea testing: scanning LiDAR measurement on floating structures

- Multidisciplinary approach to study the wind – wave – structure coupling

- Experiments performed in controlled and real conditions (wind tunnel and sea test site, 

respectively)

© Ideol

Scanning 
Windcube 100S 

Soufflerie 
atmosphérique

Atmospheric wind tunnel



Set-up in the atmospheric wind tunnel (Centrale Nantes/LHEEA) 

Atmospheric wind tunnel
1DOF motion

(Surge)

Reduction scale 1:500
(No possible Reynolds similarity)

+
Far-wake

=
Actuator disc model (porous disc)

Ben Schliffke’s PhD work

Wind tunnel testing: Floater motion emulation at very reduced scale



Set-up in the atmospheric wind tunnel (Centrale Nantes/LHEEA) 

Atmospheric wind tunnel
3DOF motion

(Surge, Sway, Pitch)

Reduction scale 1:500
(No possible Reynolds similarity)

+
Far-wake

=
Actuator disc model (porous disc)

Ben Schliffke’s PhD work

Wind tunnel testing: Floater motion emulation at very reduced scale



Scaling driven by wind 

tunnel capacities

Scaling driven 

by disc aerodynamics

Floating Wind turbine 

scaling
Full 
scale

Wind
tunnel

Name

Rotor diameter 80 m 16 cm D

Nacelle height 60 m 12 cm h

Char. floater surge motion 10 m 2 cm L

Char. floater surge freq. 0.01 Hz 2 Hz fs

Scaling factor Value

Geometric LL = 500

Kinematic Lv = 2.5

Time Lt = 200

Frequency Lf = 0.005

Characteristic A = L = 0.125D

=> Characteristic fred=
f.D
Uref

= 0.1
fred=

f.D

Uref
=StD

Ben Schliffke’s PhD work

Surge specifications



Modelled atmospheric boundary layer



Modelled atmospheric boundary layer



Vertical profiles of the 
mean velocity not 

significantly changed by 
the imposed motion

Vertical profiles of the 
Mean normalised velocity

Vertical profiles of the 
normalised turbulent kinetic energy (TKE)

• the turbulent kinetic energy is
disturbed in the rotor-swept-
area

• Most of the frequencies of 
motion correspond to a loss of 
TKE when compared to the no 
motion reference case

4.6D downstream

Impact of platform motions on far-wake properties

Ben Schliffke’s PhD work

Imposed frequency-varying

Surge motion (fore-aft translation)



4.6D downstream, hub height

Spectra of the longitudinal velocity component u Spectra of the vertical velocity component w

Spectra show clear peak at 
the assigned imposed
motion frequency
Č The signature of the 
motion can be found in 
the wake

Ben Schliffke’s PhD work

Impact of platform motions on far-wake properties

Imposed frequency-varying

Surge motion (fore-aft translation)



4.6D downstream, hub height

Spectra of the longitudinal velocity component u Spectra of the vertical velocity component w

StD = 0.26

=> high wake sensitivity

Velocity fluctuation spectra

Ben Schliffke’s PhD work

Impact of platform motions on far-wake properties

Imposed frequency-varying

Surge motion (fore-aft translation)



4.6D downstream, hub height

Spectra of the longitudinal 
velocity component u

Spectra of the vertical 
velocity component w

Velocity fluctuation spectra

Ben Schliffke’s PhD work

Spectra of the vertical 
velocity component v

Impact of platform motions on far-wake properties

Imposed frequency-varying

Sway motion (side-to-side translation)
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- Wind turbine wakes and their interactions are a complex problem of 

fluid mechanics

- Multi-physic and multi-scale configuration that needs

multidisciplinary studies (control science, structural mechanics, 

aerodynamics, atmospheric science, hydrodynamics, etc)

- Complementarity of high-fidelity/low-fidelity numerical/physical

models, and full-scale measurements

- Hot topic in the community : 
Power production of the wind farm is directly impacted by wakes

Reduction of uncertainty on wind farm production

Reduction of the Levelised Cost of Energy of wind energy


