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Wind turbine = actuator disc
Momentum theory + Bernoulli eq. applied
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Sudden pressure drop through the disc=> (negative) Thrust
Progressive velocity decrease => global kinetic energy extraction
Progressive enlargement of the stream tube

Velocity deficit downstream of the disc => Wake
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Wind turbine = actuator disc
Momentum theory + Bernoulli eq. applied
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Sudden pressure drop through the disc=> (negative) Thrust
Progressive velocity decrease => global kinetic energy extraction
Progressive enlargement of the stream tube

Velocity deficit downstream of the disc => Wake



Wind turbine = actuator disc
Momentum theory + Bernoulli eq. applied
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Description of the wind turbine near-wake
Immersed in an atmospheric boundary layer
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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, Universitat Oldenburg.



Description of the wind turbine far-wake
Immersed in an atmospheric boundary layer
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Description pf the wind turbine operation
S¢nvion MM92 — 2.05MW

Power curve Electrical power (kW)
Rated power
7000 / T Pr = 2.05MW
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Description of the wind turbine operation

SWT-3.6-120
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@ Assessment and optimisation of the power production of an offshore wind farm (2020)
Alavez Gongora J.A. Master thesis
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Wind farms => multi-wakes interactions

— Power production loss
= Additional structural fatigue

Length:scales:

Blade ch@rd 0-1.5m
Blade span 55m

Rotordlameter 120m
Interd|stanoe «3:3km

Farm Size - 22km : |
/ . |
== 9
; \

“l 4 Horns Rev wind farm, Denmark

Anholt wind farm, Denmark



Top-hat shape
Velocity deficit
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Engineering wake modelling
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Low-fidelity modelling

Uy

2D Gaussian

shape

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

Renewable Energy 70:116-123.



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
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FLOw Redirection and Induction in Steady State (FLORIS) is an open-source wind plant
optimization tool developed by National Renewable Energy Lab (US)



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 tuningneeded
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
E%E'.*“FRE{‘E of the turbulent flow (CFD)

NANTES



Physical wake modelling
Wind turbine = actuator disc = porous disc

Disc A : 57% Uniform porosity Disc B : Non-uniform porosity
@ 200mm @ 120mm
(designed and provided by ECN) (designed and provided by PSU)
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Aubrun et al., Journal of Wind Eng. and Ind. Aerodyn. (2013) Camp & Cal, Phys. Rev. Fluids 1 (2016), 044404

120:1-8
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Results of a round-robin tests in 9 wind tunnel facilities
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intensity profiles
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S. Aubrun et al 2019 J. Phys.: Conf. Ser. 1256 012004
at x/D = 4 downstream of the disc

Time-average velocity profiles
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Wind farm control stategies

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)

LHEEI-\
CENTRALE
E L. Volimer’s PhD thesis (2019) Influence of atmospheric stability on wind farm control



Wind farm control stategies

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.

AD model + LES Axial Velocity field

Aligned layout (A) Two-row staggered layout (St2)
3.0 _ "
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Wim Munters and Johan Meyers 2018 J. Phys.: Conf. Ser. 1037 032015



Wind farm control stategies

Aligned layout Staggered layout
1.042 (d)Aw | 1.0 (e) St2w
|
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6D between wind turbines

Clear power production increase by the use of wind farm control

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



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

LHEEA
m RANTES & @ M Becker et al 2022 J. Phys.: Conf. Ser. 2265 032103



Outline

» Description of the wind turbine wake

« Wake physical modelling through a porous disc

« Wind turbine wake modelling for power production assessment
« Wakes and Wind Farm control

 Wake meandering

« Wake of a floating wind turbine

e Conclusion

| “ LHEEA @
CENTRALE
NANTES



Wake and meandering

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 Karman instability)

Instantaneous velocity field

Instantaneous Ye19c1ty field _ downstream of a full-scale wind turbine
downstream of a porous disc in a ABL wind tunnel T ——
15 — ‘ ' '

-2001

1 I 9
Z _ -400 ?
'(j > 600f d
§]
0.5 800} 5
4
-1000F 5
4200 Scannlng LIDAR Wind direction 210° 2
0 -2500 -2dOO -1 5|OO -1 OIOO -560
X [m]

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




Wake and meandering

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 Karman instability)

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

J.J. Truijillo, M. Kiihn (2009)
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. Kiihn, Adaptation of a Lagrangian Dispersion Model for Wind Turbine Wake Meandering, EWEC 2009




Wind tunnel modelling

v/ To model the atmospheric boundary layer

Geostrophic wind

0O e —
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Experimental modeling of the atmospheric boundary layer

Turbulence grid
oY

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

Return test section
4x4m=2
Vmax = 12.5 m/s

Main test section
2x2 m?
Vmax = 50 m/s

geometric scale 1:400
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Yann-Aél Muller’s PhD work



Earlier wake characterization : Particle Image Velocimetry

U/ Ugy

o  With Particle Image Velocimetry (PIV) :
U  Wake trajectory is non stationary =>
meandering
U standard deviation is higher on the
transverse velocity component (as opposed
to the vertical component)

/0 N Wake meandering
InstantaneousPIVsnapshotof a porousdisk

wake G. Espana et al. 2012

o However “Classical PIV" is slow : no time resolved wake tracking
U Need of a different measurement system in order to assess a passive tracer behaviour
of the wind turbine wake

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

Yann-Aél Muller’s PhD work




Experimental setup : wake tracking

Time resolved tracking of the wake transverse displacement at a fixed downstream distance
(one dimension)

Actuator disc model
/
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y Horizontal wake position : Hot wire rake : 5 hot wires
4x1 component

1x2 components (middle wire)
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D = 100mm

Yann-Aél Muller’s PhD work




Wake position processing

Velocity deficit distribution for hot wire data

o The function is empirical

: : : : U Similar to a "weighted

.. Umax ] average” of the probes
Du1=0 &— ; positions

e eHot wi_re rake

Du2 DS U Weights defined as the
[l exponential of the local
Pus | Du4 velocity deficit

uw (m/s)

H N W kR U N 0 W

: | o Result: Wake position time

g ceries ‘,yvyake‘, |
] 0 Validated against PIV

5 5 5 ¢ measurements with 85%

agreement (see full

paper)

10 —05 00 05 10 15
y/ D
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Yann-Aél Muller’s PhD work




Horizontal wake position time series

Sample of the wake position time series obtained by
hot wire anemometry

—— Wake centre from hot wire data
0.6/ L=_+Wake centre from PIV data

0.8

oatl b ok M
028 Lt

0.0_. !

Yu a.ke/ D

oal gyt

080 105 110 115 120 125 13.0
t(

o Low frequency signal + high frequency “noise”

Yann-Aél Muller’s PhD work




Experimental setup : velocity-based strategy

Upstream transverse g
Actuamr disc model ownstream transverse

velocity: Vupstream
b=10cm

u F_T/

{mean at hub '

velocity: Vdownstream

height = 5mi's) A |
a=0.4D
—p D=10cm o
|
/ |
/h:12_5c;rn . h=12.5cm N

2 component
hot wire (u,v)

1
IX/KXIZHZZHZZHIZHIZH E A A A F L A A A

Hot wire rake : 5 hot wires
4x1 component
Wake position : ywake 1x2 components (middle wire)

D = 100mm

Yann-Aél Muller’s PhD work




Power spectral density

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

10'—— g @
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upstream

...........................................
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Power spectral density of the wake p05|t|on “Noise”” from
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meandering fD/U,  £.D/U_=0.55 Yann-Aél Muller’s PhD work
Associated eddy scale =2D




Velocity-based prediction of the wake meandering

Coherence and phase diagram between

Vupstream and ywake

. Uupstret m Ywake

| | RITET
01 02 03 04 0.5

Phase (deq.)

0.2 0.3 0.4 0.5

fD/U
Coherence :
Distinct frequency ranges : Phasg ) .
o Very strong coherence for low frequencies o Linear, mark of a convective
process

o Uncorrelated range from fD/U., =0.35
Yann-Aél Muller’s PhD work




Phase (deg.)

Coherence diagram between v

Cross-spectral analysis

upstream,

Vdownstream d nd ywake

— U

Vdownstream Ywake

upstream Ywake

0.1

0.2

0.3

—200

0.1

0.2

03
fD/Us

o 124
O The Vyouwnstream @Nd Yy ake COhErence overlaps the “uncorrelated range” of the v cam aNd Y, e Cross-spectrum

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

i

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

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

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

Aerodynamic behavior under Wind resource and wake through
floater motion emulation LIiDAR measurements

E LHEEA @ Scanning
NANTES

Windcube 100S
#) LeosPHere

© Ideol FLOATGEN

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

| “ LHEEA @
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Experimental set-up

Wind tunnel testing: Floater motion emulation at very reduced scale

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

1DOF motion
(Surge)

Reduction scale 1:500

H . . . f \‘\~ :~ S W ~ R
(No possible Reynolds similarity)
+ Actuator disc
Far-wake model

= Perforated metal plates for

Actuator disc model (porous disc) slight groundeaiiohndsy

| LHEEA
CENTRAI.E
Ben Schliffke’s PhD work



Experimental set-up

Wind tunnel testing: Floater motion emulation at very reduced scale

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

3DOF motion
(Surge, Sway, Pitch)

Reduction scale 1:500

(No possible Reynolds similarity) 1 '
+ Actuator disc
Far-wake model

= Perforated metal plates for

Actuator disc model (porous disc) slight groundggiighnesy

| LHEEA
CENTRAI.E
Ben Schliffke’s PhD work



Experimental set-up

Scaling driven by wind Scaling driven Surge specifications
tunnel capacities by disc aerodynamics —
—Characteristic A=L =0.125D
D __
. ~ = = t

Geometric A =500 red”y ref D => Characteristic fredz_(j' D -o1
Kinematic A,=25 ref

Time A, =200

Frequency A;=0.005

Floating Wind turbine U

scaling Atmospheric fef#
IR
flow
Rotor diameter 80 m 16 cm D O
h

Nacelle height 60 m 12 cm
Char. floater surge motion 10 m 2cm L 0 _ \\
Char. floater surge fregq. 0.01Hz 2Hz f

R R R B B R RN
juswainseaw 3|ljo.id

s Porous disc model
6 N ~4.5 D

A A : imposed amplitude
f . imposed frequency

f L
[nsme @ ity D' disc diameter

Ben Schliffke’s PhD work S reference wind velocity



Modelled atmospheric boundary layer

3.0
turbine
2 54 % boundary layer
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Modelled atmospheric boundary layer

(z—h)-D7?

3.0 3.0
— VDI
turbine

2.5 2.5 % boundary layer
2.0 2.0
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Mean velocity profiles

Impact of platform motions on far-wake properties
Imposed frequency-varying

Surge motion (fore-aft translation)

Vertical profiles of the

Vertical profiles of the
P normalised turbulent kinetic energy (TKE)

Mean normalised velocity

® No Motion n -
B A =0125 feq=005 fmmm === mmmmmmm e mm e .
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rore . 1 .
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& A =0125fg=026 W / significantly changed by 1 »
1.0 : the imposed motion I |
"I‘ b E _____________ ] — 1.0
o a ne
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| : disturbed in the rotor-swept- : | B
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I I -
I« Most of the frequencies of i > o g $
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051 i TKE when compared to theno | 05 °
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Velocity fluctuation spectra

Impact of platform motions on far-wake properties
Imposed frequency-varying

Surge motion (fore-aft translation)

Spectra of the longitudinal velocity component u Spectra of the vertical velocityscomponent w
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Velocity fluctuation spectra

Impact of platform motions on far-wake properties
Imposed frequency-varying

Surge motion (fore-aft translation)

Spectra of the longitudinal velocity component u Spectra of the vertical velocityscomponent w
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Velocity fluctuation spectra

Impact of platform motions on far-wake properties
Imposed frequency-varying

Sway motion (side-to-side translation)
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Outline

» Description of the wind turbine wake

« Wake physical modelling through a porous disc

« Wind turbine wake modelling for power production assessment
« Wakes and Wind Farm control

« Wake meandering

« Wake of a floating wind turbine

« Conclusion
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Conclusion

- 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
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