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Abstract: The aim of this work is to propose a new method for calculating the aerodynamic forces of wind turbine blades and
the power developed by them. To this end, the blade element momentum, prescribed wake and free wake methods were
compared for speed ranges from 5 to 20m/s. The two-bladed NREL PHASE IV wind turbine with profile S 809 was used as the
physical model, with the polars extrapolated to 90° using the Viterna method and then extended from -180 to 180° using flat
theory. The largest error in power output was 47% at 5 m/s using PVM, the second largest was 16% at 10 m/s using BEM, and the
third largest was 13% at 10 m/s using FVM. In or-der to reduce the percentage error of the PVM, the phenomen of vortex core
growth has been in-tegrated into this method. The error at Sm/s was reduced from 47% to 8.29%, and the maximum error of the
modified method was 9.19% observed at 18m/s. The new method was then compared to the Reynolds-averaged Navier-Stokes
equation from the literature for the same velocity range. The maximum error observed was 8% at 10m/s for the RANS and 9.19%
at 18 m/s for the new method.

Keywords: Aerodynamic Modeling, Horizontal Axis Wind Turbine, BEM, PVM, FVM

variation in the wake structure is accompanied by a variation
in the induced velocities, followed by a variation in the relative
velocity, the local angle of incidence and, consequently, the
aerodynamic load on the rotor [3]. Hence the importance of
taking the actual wake structure into ac-count.

Several aerodynamic modeling methods are available in the
literature. The Blade Element Method (BEM), widely used for
modeling the forces provided by a ro-tor [1, 4-6]. It has been
modified to take into account stall attack angles (the polars
have been extrapolated to 90° using Viterna's method), blade
root losses [7-10]. And the vertical wind gradient upstream of
the rotor [11]. Because it relies on several correc-tion factors,
BEM is not very accurate. In addition, it assumes that the wake
down-stream of the rotor is like a cylindrical tube. In fact, an
experiment conducted by the NREL laboratory on a wind

1. Introduction

Aerodynamic modelling techniques for wind turbines enable
us to take into ac-count the various stresses to which the
machine is subjected. They are also used in the design of the
machine. A numerical method is said to be efficient if it has a
low com-putation time and a low relative error compared with
the experimental method; it is therefore important to find a
compromise between simulation time and this error [1]. The
major challenge of aerodynamic modeling is to successfully
estimate the velocity fields and the angle of incidence. Indeed,
knowledge of the various aecrodynamic forces depends on these
two parameters, which in turn depend on the speeds induced
by the wake downstream of the wind turbine [2]. Each
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turbine equipped with a blade tip smoke generator shows that
the wake downstream of a rotor has a helical shape.

The prescribed wake method (PVM) used by Burton, D and
al. for wind turbines assumes that the wake is known on the
basis of approximate calculations [12]. The wake is modeled
by a set of concentric circles, helices or rigid vortex segments
[13-15]. Work carried out on a NACA 4412 blade profile
proposed two prescribed wake shapes [16]: the first, modeled
by helicoids, and the second by concentric circles: the
difference between numerical and experimental is greater (of
the order of 23%) for the first wake shape versus around 15%
for the second shape. The experiment conducted by the NREL
la-boratory shows that the wake radius increases towards
infinity downstream of the flow. In its basic formulation, PVM
does not take this phenomenon into account.

The free wake method (FVM), on the other hand, uses a
Lagrangian description of the flow by placing markers along
the helicoids [2, 17, 18]; the wake is built up over time by
vortex segments located between two markers. The velocities
induced at the rotor plane by each segment making up the
wake are determined by Biot and Savart's law [2]. This law
admits a singularity for vortex segments close to the control
point. To deal with the singularity, the B-Vatista method [19]
is recommended for n=2 and for parameter [ varying
between 1.47 and 1.72. In addition to a wake consisting of
vortex segments free to move, the literature proposes a wake
consisting of concentric circles free to move and deform
relative to each other [16, 20]. The work of Xu, B and al.
leads to the conclusion that, the results provided when the
wake is modeled by circles are as accurate as those thus the
wake is constituted progressively by vortex segments [20].
What's more, it saves computation time.

In this work, we propose a stationary aerodynamic method
based on the pre-scribed wake of concentric circles. Taking
into account the vortex at the blade root and the increase in
the vortex core. In order to validate the method, it is
compared with the aforementioned methods. Then compared
with the Reynolds averaging method using the Navier-Stokes
equations (RANS).

2. Material and Methods
2.1. Material

The rotor is a NREL Phase IV two-bladed rotor with the
S809 blade profile [21]. The table I shows the rotor's
geometric characteristics.

Table 1. Rotor's geometric characteristics.

o Rotor blade
Ta@) Tp(m) N O[] Qftr/mn]  Dpm] S
1,2573 4,903 2 3 71,63 10 S809 twisted

The chord has a value of 0.7366 m at the root and 0.38m at
the tip. The twist an-gle is 21.8° at root and -1.775° at blade

tip.
2.2. Aerodynamic Method

In analytical or semi-analytical aerodynamic methods, the
wind rotor is divided into several slices, denoted "dr", and the
study is carried out slice by slice. The slices are assumed to be
aerodynamically independent of each other [1, 12]. On a blade
element, the expressions for axial force and moment are given
by equations 1 and 2.

dT = pN(C, cos ¢ + Cp sin p)cdr VE(1 — a)?/(2 (sin ¢)?) (1)

dM = pVyQNc(1 — a)(1 + a')(C;, sin ¢ — Cp, cos ¢p)r2dr /(2 sin ¢ cosp) 2)

Where p is density; a is the axial induction coefficient; a’
the tangential induction coefficient; ¢; the elementary chord;
¢ the flow angle (rad); Cp the coefficient of drag; and C; the
coefficient of lift; V,, wind speed;

Relative velocity (W), flow angle (¢) and angle of attack («)
are given by Equations 3, 4 and 5 respectively. Equation 6
gives us the elementary power.

W= (1 -a)Vp)? - ((1+a)ar)? 3)
tan(p) = (1 -a)Vo/(1 +a")ar )
a=¢-f )

dP = (1/4)pc(C, sin¢ — Cp cos o) NW2Qrdr  (6)

According to Equations 1, 2, 3, 6, the estimation of the
velocity and elementary force fields depends directly on the
axial and tangential induction coefficients. Which, in turn,
depend on the shape of the wake downstream of the wind
turbine. For a fixed wing in a flow, the effects induced by the
wake fade rapidly after a few chords. For a rotating wind
turbine blade, on the other hand, this limited influence of the

wake is not observed. It is therefore important to take this
phenomenon into account in order to estimate the optimum
aerodynamic load. The wake downstream of a wind turbine
blade is dominated by two marginal vortices: one emanating
from the blade root, the other from the blade tip [2]. There are
several methods for determining induced velocities.

2.2.1. Glauert's Method

Known as the Blade-Element-Momentum method (BEM),
the rotor is treated here as an active disc that extracts the kinetic
energy available in the wind. This is equivalent to assuming an
infinite number of blades [1]. This assumption is corrected by
the Prandlt factor. The presence of the disc creates a pressure
discontinuity. By applying Bernouillie's theorem upstream and
downstream of the rotor, we obtain the expressions for axial
force and moment (Equations 7 and 8) [4].

dF, = 4ntrpV¢a(l — a)dr 7
dM = 4nr3pVyQ(1 — a)a'dr ®)

Equating Equations 1 and 7, and Equations 2 and 8, we
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deduce the expressions for the axial and tangential coefficients
given by Equations 9 and 10. Where F (Equation 11) is the
Prandlt factor.

a=1/(1+ (4Fsind?/yCy)) ©)
a' = (1/((4Fsingcosp/yCpy) — 1 (10)

With
F = (2/m)arcos[e NE-1/2rsin )] (11)

The expressions for elementary power and moment are
modified according to Equations 12 and 13 [12].

dP = (1/4)pc(C, sin ¢ — Cp cos ) FNW2V,.rdr (12)

dM =
(PVoQONF /2sinp)(1 —a)(1 + a")/cos¢)(Cy singp —
Cp cos p)cr?dr (13)

The wake downstream of the wind turbine in this method is
considered to be a cylindrical sheet of radius R (Figure 1). The
calculation flowchart is shown in Figure 2.

Figure 1. Wake shape downstream of the wind turbine for BEM [12].

| For a blade position r |

Initialize a et a’

[ Calculate of flow angle ¢ (4) J

!

| Calculate of angle of attack a (5) ‘

[ Determine the values of Cg4, C; for the }
values a

Calculate dP, dM (6,8)

Figure 2. BEM calculation algorithm [1, 4].

2.2.2. Prescribed Wake Method (PVM)

This method consists in considering the wake downstream
of the wind turbine, based on tests or available data (in our
case, we used data from the BEM). The wake is considered as
a set of concentric circles of radius R, with constant pitch P,

and vortici-ty dI' emanating from the blade tip; and swirl
segments emanating from the blade root (Figure 3) [1, 15, 16].

o
Vo

| .. ".‘."' ““ ‘.‘. ‘v/.‘
Rotor plane L—»‘
P

Figure 3. Wake shape downstream of the wind turbine for PVM [16].

dr = 4ra(l — Q)VZ/Q(1 + a') (14)
p=2n(1—a)V,/Q (15)
v=aVl, (16)

Induced velocities at the rotor plane are determined from
the first- and second-order elliptic integrals K and E according
to Equations 17 and 18 for concentric circles. For swirl
segment there are determined from the Biot and Savart law.

V.(r,z) =v = (—l"/Zrtw/z2 +(r+ R)Z) (K(s) +

(R?2—12—2z%/22 + (R—1))E(s)) (17)
V,(r,z) =u= (—r/zm/z2 Y0+ R)Z) (K(s) -
(R?+712+2%/22 + (R —1)DE(s)) (18)

Where s is the argument given by Equation 19, and the
relative speed in this case is given by Equation 20.

S=\/4T'R/(Z2+(T+1)2) (19)

(20)

W =V —v)2 — (Uy + u)?

| For a blade position r |

—_—

Calculate circulation, wake pitch and flow
angle (14,15)

Prescribe the wake (concentric circles,
swirl segments)

l

Calculates the speeds induced by
the various wake
components(17,18)

Convergence?

Yes

Calculate de dP,dM(6,8)

Figure 4. PVM calculation algorithm [1, 17].
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The shape of the wake is shown in Figure 4, and the
calculation flowchart is given in Figure 5.
The induced velocities are initialized using Glauert's

method, and the corresponding initial wake shape is generated.

Subsequently, the wake-induced velocities at the rotor plane
are calculated using the vortex method (Equations 17, 18).
These differ from the initialized speeds. An iterative

A

Yy

Lifting line

. Root vortex
Rotation axe

procedure is used until the induced velocity converges.

2.2.3. The Free Wake Method (VFM)

This method involves a Langrangian study of the flow.
Langrangian markers are placed along the helicoids making
up the wake (Figure 5) [2], The wake is thus made up of a set
of vortex segments located between two markers.

Tip vortex

NY

o
B
)

Figure 5. Progressive wake construction using FVM [2].

The blade is modeled as a lifting line at the origin of the lift
It is subdivided into several segments of vortex intensity [}
given by the Koutta-Joukowski law (Equation 21) [20]. The
velocity induced at point M of the rotor plane by each vortex

Vina = (C,Tp/41) X (IR + 17D Gy AR/ IR 7. (74 17] + 7. 72y)

Where

€ = WD = (D)’ /22 (2 + ((lih? - (. D)/i2) )

The C, term in Equation 22 removes the singularity
present in Biot and Savart's law for a vortex segment close to
the control point. Taking into account the radius of curvature
1. of the segment. In our study, we have taken n=2. The wake
is built up over time by solving the marker equation (Equation
24) [2]. The growth of the vortex core is taken into account by
Equation 25 as proposed by [22].

or
My

=

+ 2= /(T + 305 Fina 1)

24

.(Yy) = \/ro2 + 4a6,v, /Q

The parameter 8¢ quantifies the rate of diffusion of the
filament from the tip of the blade. It is a function of the
Reynolds number:

(25)

6 =1+ a,Re, (26)

With Re, = I'/v; &;is the oder of 10*.
The flow chart of the method is given in Figure 6.

segment constituting the wake is given by Biot and Savart's
formula (Equation 22) [17].

I = (1/2)c, W, 21)
(22)

1/n
(23)

| For a blade position r |

| Calculate relative speed W, circulation I3(20,21) I

Calculate blade-induced velocities at Lagrangian
markers (Biot-Savart law) (22)

Calculate the current wake position using the
"predictor-corrector” scheme (24)

alculate the velocity induced by the
wake on the blade element (Biot-
Savart law)(22)

| Calculate de dP,dM(6,8) I

Figure 6. FVM calculation algorithm [1, 17, 19].
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Tip vortex .
Rotor plane
\ R,
3 >-
Z
Root vortex

Figure 7. Wake shape downstream of the wind turbine.

BEM has the advantage of converging rapidly. However, it
is not a very accurate method. This is because it is based on a
set of corrective parameters. In addition, the wake
downstream of the wind turbine is considered to be an
infinitely long cylinder of radius R. VFM, on the other hand,
takes into account the actual wake structure downstream of the
wind turbine. However, it takes a sufficiently long time for the
system to stabilize. After that, the elementary power value
varies very little (of the order of 1/1000). PVM therefore
represents a good balance between computation time and
accuracy [20]. However, in its basic formulation, it has some
shortcomings: the phenomenon of vortex core growth is not
taken into account. The remainder of this article takes this
phenomenon into account (Figure 7): The notion of vortex
core evolution is of crucial importance for wind farms; in a
farm, several turbines may operate in the shadow of the
front-line turbines. As a result, the wind turbines inside the
farm receive wind that is not only reduced in speed, but also
turbulent. This greatly reduces the farm's efficiency. Several
models have been developed to consider this phenomenon.
However, Larsen's model (2009) [23] is the most widely used

and has proven its worth [24-26]. The expression of the
evolutionary radius is given by Equation 27.

R, (z) = (105C2/2m)"5(Cr0(z + 2))"°  (@7)
With

C1 = (kDy,/2)%%(105/2m) V2 (Cr0z,)5/® (28)

Where:  z, = 9,6D()/((2R9,6/kD0)3 - 1) ;o k=

Jm+1)/2; m=1//1—-Cr,and
Ro = a,e(@2Cf+asCras)(p [ 4 1)D,

Where I, is the turbulence intensity; values a,, a,, as,
a,, b, are contained in Table 2.

I For a blade position r |

Calculate circulation, wake pitch and flow ’
angle (14,15)

Prescribe the wake (concentric circles,
swirl segments)

Calculates the speeds induced by
the various wake
components(29,30)

Yes

Calculate de dP, dM(6,8)

Figure 8. Calculation algorithm.

Table 2. Coefficients of Larsen [23].

Coefficients a, a,

as a, by

Values 0.43544986 0.797853685

-0.124807893

0.136821858 15.6298

Equations 29 and 30 are the new expressions of the velocities induced by concentrics circles on the rotor plane.

V.(r,z) = v = (-T/2n\z% + (r + R,)?)(K(s) + (RZ — 12 — 22 /2% + (R,, — 1))E(s))
V(rz) =u=(-T/2n/z2 + (r + R)Z) (K(s) = (RZ + 72 + 22/2% + (R, — 1)E(s))

The calculation flowchart is shown in Figure 8.

The available polars were extrapolated to 90° using the
Viterna model [27]. These were then extended from -180° to
180° using flat theory. Induced velocities from BEM are used
to initialize PVM, FVM. The flow was simulated for a
velocity range from 5 to 20 m/s.

29

(30)

3. Results

Figure Figures 9 and 10 show the evolution of power and
power coefficient for different speeds.
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Lindenburg (2003)
BEM
PVM
FVM

P, Power (kW)

5 10 15 20
Speed (m/s)

Figure 9. Evolution of power for different speed.

At first glance, we can see that the power curves provided
by the different methods have the same appearance as those
obtained from the experiment. In more detail, the power
increases with a steep slope up to 10 m/s and then oscillates
between 8Kw and 10Kw. The fact that the power no longer
increases is due to aerodynamic braking [1].

0.4 T T

* Lindenburg (2003)
.................... BEM
PVM
FVM

0.35

¥
%

o

Power cofficient (-)

Q0.15

Cp

0.1

0.05

Speed (m/s)

Figure 10. Evolution of coefficient power for different speed.

The start-up speed of this wind turbine is around 4 m/s.
Between this speed and around 5 m/s, we are dealing with
natural convection, which would justify the huge error in the
PVM at 5 m/s. Between 5 and 10 m/s, which is the turbine's
rated speed, power increases and reaches its rated power of 10
kW. In fact, power increases with the cube of the speed. After

this speed, the braking devices are activated to keep the
turbine's rotation speed constant; this enables the rated power
(10 kW) to be maintained regardless of the incoming wind
speed. However, speed variation creates vortices in the flow
and causes power drops as seen at 15m/s, 18m/s and 20m/s.

Figure 11 shows in diagram form the relative errors of the
power supplied by the different methods compared with the
experimental one.

mBEM _error
20 B PVM_error
I I I I FVM_error
S0
= I I 7 LT ' I;I
2
b
@
@ -20
g
@
=4
-40
-60
Speed [m/s]
Figure 11. Relative error for different speed.
The PVM underestimates the natural convection

phenomenon expressed at 5 m/s with an error of 47%, while
for the increasing slope, between 7 and 10 m/s, it
overestimates with errors of 15.89 and 11.88% respectively.
This one (PVM) doesn't translate the power drops between 15
and 20m/s very well either. However, the smallest errors are
observed at 10 and 13m/s. And the method provides the best
estimate of rated power at 10m/s.

The FVM follows in the footsteps of the BEM, better
reflecting the natural convection phenomenon, but predicts the
nominal power value with an error of 13.069%. Power drops
at 15 and 20 m/s benefit from errors of -9.19% and -10.36%
respectively; these are the smallest errors recorded for these
speeds.

Of the three methods, we can conclude that:

1) BEM seems adequate for low wind speeds, with the
smallest errors recorded at 5 and 7 m/s and the largest at
15m/s, although 13m/s is the exception. The accuracy
of the BEM for low wind speeds and the divergence
around the nominal speed are also observed in the work
of [28], and those produced by the commercial software
XFOIL. However, for high velocities, [28] produce
results with better accuracy than the present work, due
to the fact that in their simulation, the polars were not
extrapolated from -180 to 180.

2) PVM seems more appropriate for medium wind speeds,
with the smallest error recorded at 13m/s and the two
largest at 7 and 18m/s. The work of [16] using the same
method leads to the same conclusion.

3) The FVM is suitable for high wind speeds; in fact, of
the three methods, it provides the lowest errors for
speeds of 13, 15, 18 and 20 m/s.

Generally speaking, PVM produces the greatest error of the
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three methods, 47% at 5 m/s, and FVM the smallest (4.85%) at
13 m/s. The phenomenon of vortex growth was integrating
into PVM in order to improve its accuracy and make it more
competitive. Indeed [12], in establishing Eq. 14, have
cancelled out vortex growth.

Figure 12 shows the power curve produced by the proposed
method (called NEW METHOD in the various figures)
compared with that produced by previous methods.

12 o T

#*  Lindenburg (2003)
== BEM

PVM

FVM

NEW METHOD

10

P, Power (kW)

5 10 15 20
Speed (m/s)

Figure 12. Evolution of power for different speed.
We can safely say that it is closer to the experimental curve

than PVM. Indeed, its shape is closer to the experimental one.
Figure 13 shows the power coefficient for all the methods used.

04

0.35

0.3F

[

p, Power coefficient (-)

0.15

o

0.1

0.05

T

*

Lindenburg (2003)

= BEM

PVM
FVM
NEW METHOD

1
10

Speed (m/s)

Figure 13. Evolution of coefficient power for different speed.

Figure 14 shows the relative errors between the different
methods and the experimental model.

EBEM_error
B PVM_error
20 FVM_error
— ENEW METHOD _error
g, I 1
e
£ I ii.r , KN IlsI III Ilol
= -20
=
@
27
-40
-60

Speed [m/s]

Figure 14. Relative error for different speed.

The proposed method better reflects the natural
convection phenomenon, with an error of -8.29% compared
with 47% produced by PVM. This error is smallest at Sm/s
for the different methods compared. At 10m/s, the present
work predicts a power of 10.91Kw, i.e. an error of 8.01%. It
overtakes PVM, which had the best prediction at this speed
let be 11.88% versus 16.63% and 13.06% for BEM and FVM
respectively. In terms of power loss, it has an error of -6.39
and -7.49% respectively for speeds of 15 and 20m/s,
compared with -9.18 and -14.02%, -10.31 and-14.63%,
-16.25 and 16.09% for FVM, PVM and BEM respectively.
The errors recorded at speed points 15 and 20m/s by the
present study are therefore the lowest errors recorded for
these two speeds.

The maximum relative error for the present study is 9%
observed at 18m/s. This is lower than the maximum relative
errors produced by the other methods, which are 47%,
observed at Sm/s by the PVM, the second is 16% observed at
10m/s by the BEM, and the third is 13% observed at 10m/s by
the FVM. Looking at the trend in errors produced by the
present study for each speed, it can be said that it is adequate
whatever the speed range (small, medium and large). In fact, it
has a low average error whatever the incoming wind speed.
Finally, by including the phenomenon of vortex accretion, the
maximum relative error of the PVM was reduced from 47% at
Sm/s to 9% at 18m/s.

For the sake of validation, we made a comparison with
the work of Derakhshan, S and al. [29] who worked on the
same rotor using Reynolds averaging by Navier-Stokes
equations (RANS) and Ansys-CFD as software. Figure 15
shows the evolution of the power supplied by both NEW
and the numerical method called NUM. The dark blue
asterisks represent the experimental data, the green solid
lines NEW and the magenta NUM. It can be seen that both
power curves have the same shape. The nominal power
supplied by NUM is 10.54 kW, compared with 10.91 kW
supplied by NEW, which is closer to the experimental value
of around 10 kW.
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% Lindenburg (2003)
NEW METHOD
s i ¥ NUM T

P, Power (kW)

5 10 15 20
Speed (m/s)

Figure 15. Evolution of power for different speed.

Figure 16 shows the relative error diagram of the power
supplied by the two methods compared with the experimental
one. The latter shows that NUM benefits from a minimum
error for velocities ranging from 5 to 10m/s, but for higher
velocities it provides higher errors; this shortcoming of NUM
has already been noted by Chechouri, A and al. [30]. For high
speeds, however, the proposed method can be relied on with
confidence. Indeed for the speed range from 13 to 20m/s this
method provides a relatively low error compared to NUM.
From this figure we can also see that the largest error provided
is 8.89% for NUM and 9.29% for NEW. The difference
between the two maximum errors is small (less than 1%),
which allows us to state that the proposed method is as
efficient as the Reynolds averaging method using the
Navier-Stokes equations (RANS).

ENEW METHOD _error

NUM _error

10

- 0

FF-HE] K
@

4

= -10

@

&

-20

Speed [m/s]
Figure 16. Evolution of relative error for different speed.

Figure 17 shows the torque of the aerodynamic forces
involved. Generally speaking, whatever the incoming wind
speed, it can be seen that the proposed method is closer to the
experimental one than the others. In fact, it better translates the

torque provided at 5 m/s, better captures the maximum
moment at 10m/s and at 18m/s it also has the best estimate.
This supports the conclusion that this method can be used
whatever the speed range.

1.8 T T

* Lindenburg (2003)
PVM

1.6 FVM -
=emrmemems NEW

M, Torque (kN/m)

0.6

0.4

L
5 10 15 20
Speed (m/s)

Figure 17. Evolution of torque for different speed.

For a speed of 10m/s, Figure 18 shows the evolution of R,,
with depth z over a distance of 4R. It can be seen that R,
reaches a value of around 5.5m at a depth of 10m and a value
of 5.7m at 20m. In more detail, it can be seen that R,
increases with depth z; between 0 and 2m, the growth slope is
steep, but decreases with depth.

6 T T T T
: BB REE NS * *
-
4F
7
Thalh 1
=4
2F 4
4} 4
.
-
e R RN S e
-6 1 1 1 1
0 5 10 15 20 25
Depth [m]

Figure 18. Evolution of R,, as a function of depth.

The influence of an increase in radius R,, on the power
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supplied was evaluated through two actions: an increase and a
decrease in R,:

1) Increasing R,, by 0.01 and 0.05m reduces power output
from 10.85 kW to 8.92 and 7.18 respectively.

2) Decreasing the radius by 0.01 and 0.05m increases the
power from 10.85 kW to 13.62 and 46.93kW
respectively.

A slight increase in R,, resulted in an underestimation of
power of the order of 17% and 33%. On the other hand, a
slight decrease, which in other words reduces or even cancels
its influence, causes an overestimation of the order of 25% and
over 100%. This would explain the tendency of the prescribed
wake method (PVM) to overestimate output power. Indeed, in
the relative error diagram (Figure 14), it is found three times
above zero, compared with once for the proposed method
(NEW). These two actions clearly demonstrate the importance
of taking into account core growth in the wake structure
downstream of the wind turbine. In concrete terms, failure to
take into account vortex buildup leads to an overestimation of
the turbine's power output, and could therefore distort the
expectations of a lambda customer, and create problems for
the promising wind energy sector.

The influence of depth z on power output was assessed by
limiting the wake length to 2R, 3R, 4R, 5R and 6R, and it was
found that power evolves with wake length. However, for a
value of z beyond 4R, the influence of the wake becomes less
pronounced. Indeed, for a depth of x=5R and x=6R the power
supplied is 10.87kW and 10.91kW. An increase of 0.007 and
0.06 respectively. These results are in line with the limit of the
influence of the 4R wake proposed by Vermeer.

4. Conclusion

In this study, a new aerodynamic method based on the
prescribed wake method has been proposed: blade tip vortices
are assimilated to concentric circles of evolving radius R,,;
blade root vortices, for their part, are considered as a set of
vortex segments. The proposed method was used to predict the
power developed by a two-bladed NREL PHASE IV wind
turbine for a speed range from 5 to 20m/s. The blade element
method (BEM), the prescribed wake method (PVM) and the
free wake method (FVM) were used on the same physical
model. A comparison was made between the proposed method,
BEM, PVM, FVM and RANS. The largest error observed is
around 8% for CFD at 15m/s and 9% for the proposed method.
This proposed model is as accurate as CFD and benefits from
low computation time.
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