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Production d’énergie, dimensionnement, fatigue structurelle 
(durée de vie) [1/3]
Des influences multi-physiques variées
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Puissance instantanée d’une éolienne : 

 

Influences multi-physiques : 

- Vent (évènements discrets, turbulence) 

- Aérodynamique (rotation, sillage, 
décrochage) 

- Structure (gravité/inertie, élasticité, 
fondations, ancrage) 

- Vagues (régulières, irrégulières) 

Objectifs : mieux comprendre 
comment l’écoulement est perturbé en 
amont d’une hydrolienne en 
fonctionnement

P(t) = P + P′ (t) <
1
2

ηBetzρAV3
vent

⇒



Production d’énergie, dimensionnement, fatigue structurelle 
(durée de vie) [2/3]
Similitude Eolienne / Hydrolienne
Puissance instantanée d’une éolienne : 

 

Influences multi-physiques : 

- Vent (évènements discrets, turbulence) 

- Aérodynamique (rotation, sillage, 
décrochage) 

- Structure (gravité/inertie, élasticité, 
fondations, ancrage) 

- Vagues (régulières, irrégulières) 

Objectifs : mieux comprendre 
comment l’écoulement est perturbé en 
amont d’une turbine en fonctionnement

P(t) = P + P′ (t) <
1
2

ηBetzρAV3
vent

⇒

3

2ème Rencontre de l’éolien en mer, Alliance Sorbonne Université, 29 mai 2024

Source : NREL



Production d’énergie, dimensionnement, fatigue structurelle 
(durée de vie) [3/3]
Influence des inhomogénéités / instationnarités sur le chargement dynamique

Objectifs à plus long terme : 
augmenter la durée de vie des turbines 
et leurs performances 

⇒
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! Turbulence (Iref ¼ 0.16) results in more than 65% of flapwise
LEFL and 14% of edgewise LEFL

! For Iref increasing from 0.00 to 0.16, the normalized flapwise
LEFL increases 66% as a result of turbulence.

The conclusions stated above imply that alleviation of
turbulence-induced local unsteadiness with active load control
systems can directly decrease the flapwise LEFL. Lower flapwise
LEFL may allow for designing lighter HAWT blades and could lead
to a decrease in the edgewsie LEFL as a result of decreasing the
blade mass.

4. Conclusion

This study investigated the effect of different sources of un-
steadiness (i.e. gravity, imbalances, tower shadow, wind shear, yaw
and turbulence) on loads and moments of HAWT blades, particu-
larly on the fluctuations of angle of attack and lift coefficient.
Quantification of these values can support the design of relevant
active load control mechanisms to alleviate unsteady loading.
Moreover, the corresponding lifetime equivalent fatigue loads were
compared. The systematic study is based on 34 aeroelastic simu-
lations of the DTU-10MW-RWT using DTU's HAWC2 software. The
main conclusions are:

! The standard deviation of a and CL are almost uniform along the
bladewith slightly higher values near the root in the presence of
turbulence.

! Turbulence dramatically increases the standard deviation of a
and CL. For Class-A wind turbine with reference turbulence in-
tensity of 0.16, standard deviations are 10# 14 times compared
to the case with no turbulence.

! Wind shear and yaw increase the standard deviation of a and CL
for 2# 4 times, respectively. Tower shadow has a negligible
effect.

! For a Class-A wind turbine, the standard deviation of CL are in
the range of DCL ¼ #0:25 to þ0:25. This finding supports the
design of active load control devices for wind turbines by clar-
ifying the dCL that needs to be delivered by an AFC system.

! Fluctuations were found to be mainly local due to turbulent
eddies, which indicates high effectiveness for active load control
systems distributed along the span.

! More than 65% of flapwise fatigue loads is caused by turbulence.
Gravity and wind shear are the second and third main contrib-
utors to flapwise fatigue loads.

! More than 80% of edgewise fatigue loads is caused by gravita-
tional loads. Turbulence and wind shear are the second and
third main contributors to edgewise fatigue loads.
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Objectif de l’expérience : reproduire des courants marins (cisaillement + turbulence) observés 
en Manche 

Mesures simultanées du champ de vitesse par PIV et de la poussée CT =
T ⋅ x

1/2ρπR2Uref

Caractérisation expérimentale
Bassin à recirculation de l’IFREMER

-  m.s-1 uniforme ; ;

 

- Hydrolienne à l’échelle 1:20 ;  ; 

TSR  

U∞ = 1 I∞ = 1.5 %
Reh =

U∞h
ν

≈ 2.5e5

Dhub

D
= 0.127

=
ΩD
2U∞

= {3,4,5}
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Fig. 1. Left: Schematic view of the experimental setup including the wall-mounted obstacle and the PIV measurement plane (orange) in front of the operating turbine located in
the position X

3
. Right: Illustration of an instantaneous velocity vector field, to which is superimposed the vertical line (red) where instantaneous velocity vectors are extracted.

The white dashed lines indicate the reduction of the measurement plane due to the triangular laser sheet and the shadow effect.

induction zone upstream, it was observed that the flow modifications
were more marked just in front of the hub compared to those in front
of the rotating blades [4]. Furthermore, based on PIV measurements
in front of an operating scaled HATT in uniform flow, [5] analyzed
the effect of the thrust coefficient (the rotational speed of the turbine)
on the induction effect of the turbine. They also investigated the mean
axial velocity deficit as a function of the thrust coefficient, allowing us
to check the validity of selected analytical induction models currently
used in the wind turbine context. The results showed that the reference
self-similar model [13] gave very good results upstream of the rotating
blades, but had limitations upstream of the hub. They have then
proposed to couple the current self-similar model to a model related
to hub induction [17], allowing to take into account the effects of both
the hub and the rotating blades, separately. This has been validated for
an incoming uniform flow [5].

To confirm those results, we propose in this work to examine
the induction effects for various sheared flows that impact a turbine
operating at several rotational speeds (several thrust coefficients). This
will enable us to extend the validity of the coupled induction model
by applying it to an incoming sheared flow. The remainder of the
paper is organized as follows. In Section 2, the experimental set-up and
measurements method are presented. Section 3 proposes to analyze the
TSR effect on the mean shear flow modifications in front of the turbine.
The comparison between experimental data and analytical models is
detailed in Section 4. In Section 5, a discussion is made to justify the
need to differentiate hub and rotating blade blockage in tidal turbines
by comparison with wind turbine applications.

2. Experimental set-up and measurements method

Details of the experiments including the experimental facility, the
measurement method, and associated errors were reported in Ikhen-
nicheu [18], Ikhennicheu et al. [19], Druault and Germain [4]. Here is
only a brief description.

Measurements are carried out in the IFREMER (French Institute for
the Exploitation of the Sea) wave and current circulation flume tank
(Fig. 1) whose dimensions are L

x
ùL

y
ùL

z
= 18m long ù 4m wide ù 2m

high where (x, y, z) represent the axial, spanwise and vertical directions,
respectively. The mean free stream velocity U

ÿ
= 1m s

*1 is uniform,
with a low turbulence intensity I

ÿ
= 1.5%. A hydrodynamically smooth

wall boundary layer [18,20] is developed over the wall.
A 1:20 scaled three-blade horizontal axis tidal turbine (HATT) [21–

23] with a diameter D = 2 ùR = 0.724m is centered mid-depth (z = 0)
and mid-span (y = 0) in the flume tank (see Fig. 1). The diameter of
the hub is D

h
= 2 ù R

h
= 0.092m therefore, the ratio of the hub to

the turbine diameters is D
h
_D = 0.127. The rotational speed of the

turbine is controlled, and the pitch of the blade does not change. Three

turbine operating configurations are considered, each with a different
turbine rotational speed related to Tip Speed Ratios (TSR = !R_U

ÿ
,

where ! is the angular rotational speed) of 3, 4, and 5. The nominal
operating point corresponds to TSR = 4 [24]. Note that an experiment
with a parked turbine (denoted TSR0) has also been carried out with a
blade aligned along the upper vertical z axis. Each root of the blade is
equipped to allow measurements of the thrust forces of the blade (T

b
).

The global thrust of the turbine T
t
applied on the main rotational axis

is also measured. These measurements, sampled at 120Hz, are obtained
simultaneously with Particle Image Velocimetry (PIV) measurements in
front of the turbine.

The turbine is longitudinally placed in the wake of a wall-mounted
square cylinder of height H = 0.25m and 6H long, which allows re-
producing in situ Alderney Race shear flow conditions at scale [18,25].
The obstacle is placed in the center of the test section, symmetrically
around the span-wise origin y = 0 and the origin of the x axis is set at
the center of the cylinder. The Reynolds number Re = U

ÿ
H_⌫ (with

⌫ the water kinematic viscosity) is around 2.5 ù 10
5, approaching the

conditions in situ [20]. Let us recall that in the Alderney Race potential
farm site, the axial mean velocity profile follows a power law:

U = U
ref

0

z

D
e

11_↵

(1)

with ↵ ranging from 4 to 14 [26], U
ref

a reference velocity, D
e
the

depth of water column, and z the distance from the bottom. In the
following, the determination of ↵ is done using the mean velocity at
the mean depth in the shear part of the flow as U

ref
and D

e
= 2m. The

turbine is successively placed at three different locations in the wall-
mounted cylinder wake: (X

1
, X

2
, X

3
) = (2.5, 4, 5.6)m, corresponding

to different shear velocity profiles that can be obtained at a specific
site [4,22]. Based on previous experiments [27], an illustration of the
mean axial velocity field deduced from the Reynolds decomposition is
provided in Fig. 2 (left-hand side). The three sections (X

1
, X

2
, X

3
) are

indicated with vertical lines.
For each streamwise position, planar Particle Image Velocimetry

(PIV) measurements are conducted upstream of the turbine, in a ver-
tical plane located at y = 0 (see Fig. 2). Due to the shadow effect [5],
the instantaneous axial u and vertical w velocity components extracted
along a vertical line at 0.07D = 0.05m upstream of the hub extremity are
only retained for analysis. The resulting velocity field is then sampled
with N

z
= 74 points that span a larger range than the diameter of the

turbine, *1.1 f z
< f 1.2 with z

<
= z_R. N

t
= 2700 instantaneous

vector fields sampled at dt = 0.067 s (the PIV sampling frequency is
15Hz) are obtained. PIV measurements are also carried out at the
same X

i
locations without the turbine to allow a comparison of the

modifications of the velocity field due to the presence of the rotating
turbine.

Dhub



Effet de l’induction sur le profil cisaillé
Influence de la vitesse de rotation

T S R ; F r e e : 

écoulement sans turbine 

‣ Blocage proportionnel à la vitesse 
de rotation mais, 

‣ Invariance des profils 

‣ Déficit le plus fort sur l’axe du 
hub 

‣ A s y m é t r i e e n p r é s e n c e d e 
cisaillement 

=
ΩD
2U∞

= {3,4,5}
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Modélisation de l’induction axiale
Modèle auto-similaire : comparaison avec les expériences

- Modèle auto-similaire(a) de blocage 
induit par le rotor : 

 

avec, 
 

- Ecarts les plus importants observés 
dans la région  

- Le déficit de vitesse est en revanche 
très bien capturé pour  

 Nécessité de modéliser le blocage du 
hub avec un terme additionnel 

U(x, r) = Ufree(x, r) −
⟨U⟩
U∞

Ub(x, r)

Ub(x, r) = 1 − a(0,x)f(ϵ), ϵ =
r

r1/2(x)

|z* | < Dhub/2

|z* | ≫ Dhub/2

⇒
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Modélisation de l’induction axiale
Modèle hybride : comparaison avec les expériences

- Couplage du modèle auto-
similaire(a) avec un modèle de 
blocage du hub(b) : 

 

avec, ,  
potentiel des vitesses 

- Erreurs 

 

- Ecarts liés à la prise en compte 
de coefficients de poussée  
globaux ?

U(x, r) = Ufree(x, r) −
⟨U⟩
U∞

Ub(x, r) − Uhub(x, r)

Uhub(x, r) = − ∇ϕ ϕ

U(x, r) − Umes

Umes
< 3 %

CT
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Conclusions // Perspectives
Analyse et modélisation des effets de l'induction d'une turbine

‣ Capable de déterminer les changements induits sur le 
champ de vitesse moyenne en fonction : (a) de la vitesse de 
rotation de la turbine, (b) de la nature du profil de vitesse 
axiale cisaillé 

‣ Pour des turbines à large  : prise en compte séparée 
du hub par un terme additionnel de déficit de vitesse 

// 

‣ Prise en compte de coefficients de poussée locaux ? 

Dhub

D
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Conclusions // Perspectives
Estimation des efforts locaux
BEM = conservation de la quantité de mouvement (MT  PFD) + théorie de la 
pale (BET) 

Hypothèses fortes : écoulement incompressible et axisymétrique, fluide 
homogène et non visqueux, charges axisymétriques sur un disque actionneur, etc. 

Sensibilité à la détermination de l’angle d’attaque  à la vitesse relative incidente

≡

≡
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APPENDIX C. THE BEM METHOD

First link - the energy equation or velocity triangle

The momentum theory with wake rotation, or simplified 2D momentum theory, establishes the
following energy equation

⁄
2
ra

Õ(1 + a
Õ) = a(1 ≠ a) (C.1)

which leads to1

÷ „̃ œ R /
(1 ≠ a)

(1 + aÕ)⁄r
= a

Õ
⁄r

a
= tan „̃ (C.2)

and hence, this relation can be interpreted as a velocity triangle. Clearly, this triangle defines the
flow angle, i.e. „̃ = „, and one can write:

„ = atan (1 ≠ a)U0
(1 + aÕ)�r

= atan (1 ≠ a)
(1 + aÕ)⁄r

(C.3)

The second part of Eq. (C.2) is interpreted as the orthogonality of the induced velocity with the
relative velocity. Figure C.1 explicits the components of the relative velocity Un and Ut that were
used in the blade element theory(see Fig. 1.12), and this allows the expression of U2 that is used
in the definition of aerodynamic forces:

U2 = U
2
0 (1 ≠ a)2 + �2

r
2(1 + a

Õ)2 (C.4)

To reduce expressions it will more convenient though to use expressions of U2 that uses the flow
angle and the induction factors:

U2 sin2
„ = U

2
0 (1 ≠ a)2 (C.5)

U2 cos „ sin „ = U0(1 ≠ a)�r(1 + a
Õ) (C.6)

Rotor plane
Ut = �r(1 + aÕ)

Un = U0(1 ≠ a)U
„

◊

–

„ L

D pt

pn pn = L cos „ + D sin „

pt = L sin „ ≠ D cos „

Chord axis

Figure C.1: Velocity triangle illustrating the link between the simplified 2D momentum theory and the Blade
Element Theory

Second link - Elementary Thrust and Torque

The aim is here to relate the thrust and torque from the momentum theory to the in-plane and
out-of-plane loads from the blade element theory. It should be remembered that the loads in the
momentum theory are defined over an annular cross section*(infinite number of blades) of area
dA = 2firdr whereas in the blade element theory the loads are defined for one blade element of
area dS = cdr. To link the two theories, it is thus assumed that if the rotor consists of B blades
then the total load from the B blade elements is the same that the one obtained by the momentum

1
Given the fact that the domain of tan is R
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9.3 General Momentum Theory 169
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Fig. 9.5 Notations for the general momentum theory of the actuator disk with wake rotation

radial velocity is: zero in the planes “0” and “w”, and Ur(r) in the rotor plane. The
tangential velocity is: zero upstream of the rotor, Uθ−(r) = ω(r)r straight after the
rotor, and Uθw(rw) = ωw(rw)rw in the far-wake. The rotational velocity of the flow
behind the rotor and in the far wake are noted ω and ωw. The result of this section will
be written in terms of Uθ to avoid confusion with the vorticity. The tangential velocity
at the rotor disk is taken as the mean of the upstream and downstream plane and is
thus Uθ = 1

2 Uθ− . The pressure in the different planes is written p0, p+, p−, pw. The
difference of pressure across the actuator disk is ∆p = p+ − p−. The analysis uses
control volumes that consist of elementary annular streamtubes at radial distance r
and of radial extent dr in the rotor plane. The control volumes used in the analyses
are presented in Fig. 9.6. They are similar to the ones presented in Fig. 9.4, except
that they are annular streamtubes.

The steps of derivation of the general momentum theory are found in chapter III
of the work of Glauert [5, p. 191–195]. The inclusion of the pressure term on the side
of the control volume is found in the book of Sørensen [11]. The derivations given
in the next section are based on these references.

9.3.2 Derivation

Continuity in ∆CV0 and ∆CV2: The mass conservation (Eq. 9.5) applied to the
annular streamtubes ∆CV0 and ∆CV2 delimited by the areas dA0 = 2πr0dr0, dA =
2πrdr and dAw = 2πrwdrw, gives:

U0 dA0 = Uz dA = Uzw dAw ⇔ U0r0 dr0 = Uzr dr = Uzw rw drw (9.41)

152 8 Kutta–Joukowski (KJ) Theorem Applied to a Rotor

Rotor
plane

Ut

UnU rel

L

eθ

ez

Ω r

U0

ΓB

er

Ω eθ
ez

er

Fig. 8.1 Sketch and notations for application of the Kutta–Joukowski theorem to a rotor with
straight blades. The direction of the lift force (and the profile shape) follows a wind turbine
convention

∥L(r)∥ = ρΓB(r)Urel(r) [ N/m ] (8.4)

The lift coefficient and the circulation at a given radial position r are thus related as
follows:

Cl(r)
△= ∥L(r)∥dr

1
2ρU 2

rel(r)c(r)dr
= 2ΓB(r)

c(r)Urel(r)
, ΓB(r) = 1

2
c(r)Urel(r)Cl(r) (8.5)

8.2 Rotor Performance Coefficients from the KJ Analyses

The following sections detail some applications of the Kutta–Joukowski theorem
where the reference velocity Urel is chosen as U0, which is typical for a wind turbine
convention.

8.2.1 Local Coefficients

The local thrust and torque contribution at a given radial position is obtained from
the superposition of the local contributions dFB of each of the B blades as given
in Eq. 8.3. Since the rotor and inflow are assumed to have rotational symmetry this
leads to:

dTKJ = B(dF B · ez) = BρΓBUt dr = 1
2
ρ(Bcdr)UrelUt Cl = dTBT,L (8.6)

dQKJ = B(rer × dF B = BρΓBUnrdr = 1
2
ρ(Bcdr)rUrelUnCl = dQBT,L (8.7)

152 8 Kutta–Joukowski (KJ) Theorem Applied to a Rotor

Rotor
plane

Ut

UnU rel

L

eθ

ez

Ω r

U0

ΓB

er

Ω eθ
ez

er

Fig. 8.1 Sketch and notations for application of the Kutta–Joukowski theorem to a rotor with
straight blades. The direction of the lift force (and the profile shape) follows a wind turbine
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∥L(r)∥ = ρΓB(r)Urel(r) [ N/m ] (8.4)

The lift coefficient and the circulation at a given radial position r are thus related as
follows:

Cl(r)
△= ∥L(r)∥dr

1
2ρU 2

rel(r)c(r)dr
= 2ΓB(r)

c(r)Urel(r)
, ΓB(r) = 1

2
c(r)Urel(r)Cl(r) (8.5)

8.2 Rotor Performance Coefficients from the KJ Analyses

The following sections detail some applications of the Kutta–Joukowski theorem
where the reference velocity Urel is chosen as U0, which is typical for a wind turbine
convention.

8.2.1 Local Coefficients

The local thrust and torque contribution at a given radial position is obtained from
the superposition of the local contributions dFB of each of the B blades as given
in Eq. 8.3. Since the rotor and inflow are assumed to have rotational symmetry this
leads to:

dTKJ = B(dF B · ez) = BρΓBUt dr = 1
2
ρ(Bcdr)UrelUt Cl = dTBT,L (8.6)

dQKJ = B(rer × dF B = BρΓBUnrdr = 1
2
ρ(Bcdr)rUrelUnCl = dQBT,L (8.7)

a : coefficient d’induction axiale  
a’ : coefficient d’induction azimutale
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