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Abstract

It is well established that the power generated by a Horizontal-Axis Wind Turbine (HAWT) is a function
of the number of blades B, the tip speed ratio A (blade tip speed/wind free stream velocity) and the lift to
drag ratio (C, /Cp) of the airfoil sections of the blade. The airfoil sections used in HAWT are generally
thick airfoils such as the S, DU, FX, Flat-back and NACA 6-series of airfoils. These airfoils vary in (C;
/Cp) for a given B and A, and therefore the power generated by HAWT for different blade airfoil sections
will vary. The goal of this paper is to evaluate the effect of different airfoil sections on HAWT
performance using the Blade Element Momentum (BEM) theory. In this study, we employ DU 91-W2-
250, FX 66-S196-V1, NACA 64421, and Flat-back series of airfoils (FB-3500-0050, FB-3500-0875, and
FB-3500-1750) and compare their performance with S809 airfoil used in NREL Phase II and III wind
turbines; the lift and drag coefficient data for these airfoils sections are available. The output power of
the turbine is calculated using these airfoil section blades for a given B and A and is compared with the
original NREL Phase II and Phase III turbines using S809 airfoil section. It is shown that by a suitable
choice of airfoil section of HAWT blade, the power generated by the turbine can be significantly
increased. Parametric studies are also conducted by varying the turbine diameter.
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1. Introduction

Because of recent emphasis on carbon free renewable energy, there has been great deal of research
directed towards the design of aerodynamically efficient wind turbines. There are mainly two kinds of
wind turbines: Horizontal —Axis Wind Turbines (HAWT) and Vertical-Axis Wind Turbines (VAWT).
Between them, HAWTs are the most commercially deployed turbines all over the world since they are
able to generate more electricity at a given wind speed, especially in large wind farm applications when
the wind is intermittent [1]. This study focuses on improving the HAWT performance by changing the
blade airfoil sections while the chord length and the twist angle along the blade span are kept fixed.

In order to calculate the wind turbine power, a Java-based aerodynamic analysis tool using Blade
Element Momentum Theory has been developed based on Ceyhan’s method [2]. The BEM analysis tool
is validated against the field test data and Ceyhan's BEM results for two wind turbines: NREL (National
Renewable Energy Laboratory, USA) Phase II and III wind turbines. The NREL Phase II wind turbine
has an untwisted and un-tapered blade while the NREL Phase III wind turbine has a twisted and un-
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tapered blade. Validations are performed to show the capabilities of our BEM analysis tool. The
developed BEM tool is accurate and efficient in calculating the wind turbine performance based on
comparisons with the test data.

The airfoil sections used in this study are thick airfoils. They were used as the baseline airfoils for shape
optimization using genetic algorithms in previous studies [3, 4] by the authors because of their
aerodynamic and structural advantages [5]. In this study we employ FB series (FB-3500-0050, FB-3500-
0875, FB-3500-1750) [6], FX 66-S196-V1 [7], DU 91-W2-250 [8] and NACA 64421 [9] airfoils. Their
aerodynamic characteristics including C; and Cp are collected and expanded to a wider range of angles
of attack for BEM calculation. The wind power calculation results for blades with these airfoil sections
are compared with the NREL Phase II wind turbine. It is shown that thick airfoil sections can increase
the wind turbine power by as much as100 percent.

2. Brief overview of the blade element momentum (BEM) theory

This study employs Blade Element Momentum Theory for calculation of power output of a HAWT. The
BEM theory models the axial and tangential induction factors by equating the force and torque relations
for a small ring in the turbine plane (modeled as an actuator disk) derived from either the momentum
theory or the blade element theory [2].

2.1 Momentum theory

In the momentum theory, we consider the stream tube surrounding the wind turbine which is modeled as
an actuator disc as shown in Figure 1. Assuming steady, uniform, axisymmetric, incompressible, inviscid
flow with a nonrotating wake, the mass conservation in the stream tube gives the following relation:

pU A4, = pU, A4, = pU,A, (M

where A4, is area of the actuator disk.
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Figure 1. Actuator disk model of a wind turbine [2]

Since the actuator disc induces velocity in the stream tube, an axial induction factor a is defined as:

¢ =YY )
Ul

Thus, we have

U,=U,(1-a) 3)
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U,=U,(1-2a) @)

Applying the Bernoulli equations to point 1, 2 and 3, 4, we can derive the following expression for
pressure difference across the actuator disk:

1
Py~ Ps =EP(U12'U5) (5)
Thus, the net force normal to the plane on a ring of width dr in the actuator disk can be calculated as:

dN = (py — p3)dAy =4pUta(l-a)rrdr

(6)
Now, we consider the rotating annular stream tube shown in Figure 2.
__-Blades
il Side View
i - _
@ @® @
@ @ ® )
End on view
Figure 2. Rotating annular stream tube [10]
Define an angular induction factor a” as:
(4
a'=— (7
20

where w is the angular velocity of the blade wake and Q is the angular velocity of the blade. For a small
element dr, the corresponding torque is given by:

dQ = p2rxrdrU,or’ (8)
Together with (7), the torque is calculated as:
dQ =4a'(1-a)pU,Qr’rdr 9)

2.2 Blade element theory

In the blade element theory, the blade is assumed to be divided into N sections which are called the blade
elements. It is assumed that there is zero aerodynamic interaction between the blade elements and there is
negligible spanwise velocity component on the blade. The forces on the blade element are solely
determined by the lift and drag characteristics of 2D airfoils of the blade element; lift and drag
components are defined perpendicular and parallel to the relative wind speed direction. The total
tangential velocity experienced by the blade element is (1+ a”) ©Q r and the axial velocity is (1- a) U,.
The relative wind velocity at the blade is given by:
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W o= M (10)
sin ¢

The angle between the relative wind velocity and the plane of rotation is given by:

U,l-a) (-a)
Qr(l-a') (1-a"A,

tan ¢ = (11)

where 4, is the local tip speed ratio.

The net force normal to the plane of rotation for each blade element and the resulting torque on each
blade element can be written as:

dN =dLcos ¢+ dDsin ¢ (12)
dQ =r(dLsin¢g -dD cos ¢) (13)

where dL and dD are the lift and drag forces on the blade elements respectively. They are defined as:

dL =C, %szcdr (14)

dD =C, %szcdr (15)

For a multi-bladed wind turbine with B number of blades, one can write:

1

dN=BEpW2(CL cos@ + Cp sin @)cdr (16)
do = B%sz(CL sin g — C, cos ¢)crdr (17)
Defining the local solidity as Grzﬁand replacing W with equation (10), equations (16) and (17)
2zr
become:
2 2
1—
dN = G'ﬂpM(CL cos@ + Cp sin @)rdr (18)
)
sin” ¢
, Uz(-a) , >
dQ:O'ﬂ'p,—2¢(CL sing -C, cosg)r-dr (19)
sin

2.3 Tip loss correction and modified BEM theory

The original BEM theory does not include 3D characteristics of the flow and viscous losses due to
separation and turbulence. Some modification needs to be applied to the theory to take into account these
losses. The modified BEM theory includes the tip-loss and Glauert corrections [11]. The tip-loss model
serves to correct the induced velocity resulting from the vortices shed from the blade tips into the wake
on the induced velocity field while the hub-loss model corrects the induced velocity resulting from a
vortex being shed near the hub of the rotor [11]. These losses are calculated as:
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F, =5cos1(exp[—£ Ror D (20)
V4 2 rsing

F,,= 2 cos™ exp —EM 1)
T 2 r,,sing

The net tip loss is given by

F=F xF,, (22)

tip

The Glauert empirical relation with a modification for the tip loss factor is given as:

c, :§+(4F—49—0)a+(%—4F)a2 (23a)

_18F —20-3,/C7 (50 -36F) +12F (3F — 4)

23b
36F -50 (23b)

a

After considering tip loss and Glauert correction, we have four equations - (24) and (25) derived from the
momentum theory and (26) and (27) obtained from blade element theory:

dN=4F,0U12a(l—a)7rrdr 24)
dQ =4Fa'(l1-a)pU ,Qrzdr (25)
2 2
1—
dN = G'ﬁpM(CL cos ¢+ Cp sin @)rdr (26)
sin” ¢
’ Ui(l—a)z . 2
dQ:ovrp,—w(CL sing -C, cos@)r-dr (27)
sin

By equating the force relation (24) and (26) and torque relation (25) and (27), the axial induction factor a
and the angular induction factor a' can be calculated. The process to calculate the induction factors is an
iterative process shown in Figure 3. When the iteration converges, the induction factors can be
determined and are then used to calculate the angles of attacks and thrust for each blade element
separately for the wind turbine performance analysis. The total power from the rotor is given by:

P= j: dP = j: QdO (28)

3. Airfoil data preparation

As shown in the BEM iteration process in Figure 3 for induction factors calculation, aerodynamic
characteristics (C; and Cp) of airfoils are needed to determine the thrust coefficient Cr. This study
employs the airfoils shapes including S809 [12], FB series (FB-3500-0050, FB-3500-0875, FB-3500-
1750), FX 66-S196-V1, DU 91-W2-250 and NACA 64421 airfoils. Their experimental data are available
in the open literature for a range of angles-of-attack (usually from -5 to 15 degrees) and Reynolds
numbers [6, 9, 13]. However, in the actual operation of a wind turbine, the blades experience very high
angle-of-attack regimes. The currently available data needs to be expanded to cover high angles-of -
attack regimes. This study uses Viterna's method in AirfoilPrep v2.2 developed by NREL [14] as the
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extrapolation tool to construct the C; and Cp data between -180 and +180 degrees of angles of attack.

The Reynolds numbers are chosen as some appropriate fixed numbers. Figure 4 shows an example of
airfoil data extrapolation for DU 91-W2-250 airfoil.

Inputs:

£1: Rotational speed
U, - Wind velocity

£ Density

v Einematic viscosity
;. C, « Airfoil aero. data

Geometrical Inputs:

R : Blade radius

RR-, - Hub radius

B: MNumber of blades

r.e, 8.1AF : Radius, chord, twist
and airfoil info of blade

Initial estimates: @ =0,

Q= ;_[2 + m o= J4 -4xi.o'+ m&,ga'(&ﬂ' + Jm')]

Loop STARTS
Tolg = @

aold = a'

Airfoil data interpolation:

U, (1-a) || Inputs: « , idF, Re

a=¢- B and tan g=

r(l+a’) Cutputs: ¢ and
¥ ¥
o fl-af(Cycos g+ C; sin g) i B R-r
T= - F=—cos |exp| - ——
s ¢ 2 rsm g
] v
If Cr<0.96F IECr=0.96F
o 1 a_18F—20— 3,/C,(50-36F )+ 12F(3F - 4)
4Fsin’ ¢ B 36F- 50
il A
CIJC'N
ge—
| T T 4Fsingcosg 1
a'’ly
L ]
dif =a-ay,
Iftolerance < dif or - 0
tolerance < @if " dif ' = a' - a4
¥
Iftolerance > dif L]
and tolerance > dif END Loop

Figure 3. Iterative procedure for induction factors calculation
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Figure 4. Airfoil data extrapolation compared with the original experimental data
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4. Results and discussion

4.1 Validation of BEM analysis tool

Before calculating the wind turbine power using thick airfoils, BEM code validations are performed to
assess its accuracy and efficiency. Three different wind turbines are employed in the validation process.
The calculated results are compared with the experimental data in Reference [12] and the BEM results of
Ceyhan [2]. The first validation case is for the NREL untwisted and un-tapered blade wind turbine
known as the NREL Phase II wind turbine. The wind turbine employs S809 airfoil section along the
blade without any twist and taper. The operating conditions and geometrical properties are shown in
Table 1 and Figure 5. The second validation case is the NREL twisted and un-tapered wind turbine called
NREL Phase I1I wind turbine. It adds some twist to the turbine blade along the blade span. Table 2 and
Figure 6 show the operating conditions and geometrical properties. The third validation case is the Risoe
wind turbine. This wind turbine has both twist and taper in the blades. In Risoe wind turbine, NACA 63-
2xx series airfoils are used. Table 3 and Figure 7 show the operating conditions and geometrical
properties of Risoe wind turbine.

Table 1. NREL Phase II wind turbine general characteristics

Number of Blades 3
Turbine Diameter 10.06 m
Rotational Speed 71.3 rpm
Cut-in Wind Speed 6 m/s
Control Stall Control
Rated Power 19.8 kW
Root Extension 0.723 m
Blade Set Angle 12 degrees
Twist None
Chord 0.4572@all span location
Airfoil S809
05
E
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Figure 5. Geometric properties of NREL Phase II wind turbine

Table 2. NREL Phase III wind turbine general characteristics

Number of Blades 3

Turbine Diameter 10.06 m
Rotational Speed 71.3 rpm’

Cut-in Wind Speed 6 m/s

Control Stall Control
Rated Power 19.8 kW

Root Extension 0.723 m

Blade Set Angle 3 degrees

Twist 44 degrees (max.)
Chord 0.4572@all span location
Airfoil S809
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Figure 6. Geometric properties of NREL Phase III wind turbine

Table 3. Risoe wind turbine general characteristics

Number of Blades 3
Turbine Diameter 19.0 m
Rotational Speed 35.6 and 47.5 rpm’
Cut-in Wind Speed 4 m/s
Control Stall Control
Rated Power 100 kW
Root Extension 23 m
Blade Set Angle 1.8 degrees
Twist 15 degrees (max.)
Root Chord 1.09 m
Tip Chord 0.45m
Airfoil NACA 63-2xx series
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Figure 7. Geometric properties of Risoe wind turbine

Figures 8, 9 and 10 show the comparison of results among NREL Phase II, NREL Phase III and Risoe
wind turbines. These three figures show that the BEM analysis tool employed in this study performs
quite well in matching the experimental data for a wide range of wind speeds, especially at high wind
speeds (greater than 8 m/s). The improvement in comparisons between the test data and computations at
small wind speeds (lower than 8 m/s) requires more accurate C; and Cp data. Considering that most large
scale wind turbines operate at high wind speed, the validation results are acceptable and the BEM

analysis tool can be considered as a good code to estimate the power output from a wind turbine using
thick airfoils mentioned before.
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Figure 8. Comparison of BEM calculations with test data for NREL Phase II wind turbine
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Figure 9. Comparison of BEM calculations with test data for NREL Phase III wind turbine
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Figure 10. Comparison of BEM calculations with test data for Risoe wind turbine
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4.2 Results and discussion for turbines with thick airfoils

In this section, we analyze the performance of various wind turbines (NREL Phase II and Phase III, and
Risoe) using thick airfoil sections for their blades employing our BEM code. The power output of
turbines is computed with new airfoil sections for blades and is compared with original NREL Phase II
and Phase III, and Risoe turbines. Table 4 and Figure 11 show the operating conditions and geometrical
properties of the wind turbines with untwisted and un-tapered blades using a variety of thick airfoil
sections. Figure 12 shows the power output of the wind turbines using different airfoil sections in Table 4
and their comparison with the original NREL Phase II wind turbine with S809 airfoil section for its

blades.

Table 4. General characteristics of wind turbine using thick airfoil sections

Number of Blades 3

Turbine Diameter 10.06m

Rotational Speed 71.3rpm’

Cut-in Wind Speed 6 m/s

Control Stall Control

Rated Power 19.8kw

Root Extension 0.723m

Blade Set Angle 12 degrees

Twist None

Chord 0.4572@all span location

Airfoil Sections

FB series (FB-3500-0050, FB-3500-
0875, FB-3500-1750), FX 66-S196-
V1, DU 91-W2-250, NACA 64421

05
-
=0
()
05 |
1 5 4 5
Radius
0.5
-
2
20
[
D56+
1 3 4 L
Radius

Figure 11. Geometric properties of wind turbine using thick airfoil sections
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Figure 12. Comparison of power output of a wind turbine of Table 4 with different airfoil sections with
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the original NREL Phase II wind turbine with S809 airfoil section
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The comparison of results in Figure 12 shows that all the wind turbines in Table 4 which employ thick
airfoils sections have superior performance than the NREL Phase II wind turbine. Among them, wind
turbines with Flat-back airfoils generate greater power than those with other airfoil sections. In particular,
the turbine with FB 1750 airfoil section blades generates the largest power output at higher wind speed
(greater than 10 m/s). Its power output is almost double compared to that of the original NREL Phase 11
wind turbine. It can also be noted from Figure 12 that for wind speeds between 8 - 10 m/s, wind turbines
in Table 4 with thick airfoil sections generate consistently more power compared to the NREL Phase 11
turbine with S809 airfoil section for its blades. However at lower wind speeds below 8m/s, there is no
appreciable difference in the power generation with change in the blade airfoil section.

Table 5 and Figure 13 show the operating conditions and geometrical properties of the wind turbines
with twisted and un-tapered blades using a variety of thick airfoil sections. Figure 14 shows the power
output of the wind turbines using different airfoil sections in Table 5 and their comparison with the
original NREL Phase III wind turbine with S809 airfoil section for its blades.

Table 5. General characteristics of a wind turbine using thick airfoil sections

Number of Blades 3

Turbine Diameter 10.06m

Rotational Speed 71.3rpm’

Cut-in Wind Speed 6 m/s

Control Stall Control

Rated Power 19.8kw

Root Extension 0.723m

Blade Set Angle 3 degrees

Twist 44 degrees (max.)

Chord 0.4572@all span location
Airfoil Sections FB series (FB-3500-0050, FB-3500-

0875, FB-3500-1750), FX 66-S196-
V1, DU 91-W2-250, NACA 64421
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Figure 13. Geometric properties of wind turbine using thick airfoil sections

The comparison of results in Figure 14 shows that all the wind turbines in Table 5 which employ thick
airfoils sections have superior performance than the NREL Phase I1I wind turbine except for the turbines
with FB series airfoil blade sections, which only perform better at higher wind speeds (larger than
10m/s). However at wind speed larger than 10m/s, the performance of wind turbines with FB series blade
sections is superior. In particular, the turbine with FB 1750 airfoil section blades generates the largest
power output at higher wind speed (greater than 10 m/s). Its power output is almost two to three times
compared to that of the original NREL Phase I1I wind turbine. It can also be noted from Figure 14 that
for wind speeds between 8 - 10 m/s, wind turbines in Table 5 with thick airfoil sections generate
consistently more power compared to the NREL Phase III turbine with S809 airfoil section for its blades.
However at lower wind speeds below 8m/s, there is no appreciable difference in the power generation
with change in the blade airfoil section.
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Figure 14. Comparison of power output of a wind turbine of Table 5 with different airfoil sections with
the original NREL Phase III wind turbine with S809 airfoil section

Table 6 and Figure 15 show the operating conditions and geometrical properties of the wind turbines
with both twisted and tapered blades using a variety of thick airfoil sections. Figure 16 shows the power
output of the wind turbines using different airfoil sections in Table 6 and their comparison with the
original Risoe wind turbine with NACA 63-2xx series airfoil section for its blades.

The comparison of results in Figure 16 shows that all the wind turbines in Table 6 which employ thick
airfoils sections have slightly superior performance than the Risoe wind turbine only at higher wind
speeds (larger than 10m/s). However at wind speeds lower than 10m/s, there is no appreciable difference
in the performance.

Some parametric studies were also performed to determine the effect of change in turbine diameter and
the number of blades on turbine power output. For the study of the effect of change in turbine diameter
on power output, the NREL Phase II turbine was selected. Figure 17 shows the variation of power output
with wind speed for different turbine diameters. As expected, the wind turbines with larger turbine
diameter produce higher power. However it is important to note from Figure 17 that the combined effect
of higher wind speed and larger diameter can be very substantial (as well-known from simple analysis);
it is validated here by using the more complex BEM code.

For studying the effect of number of blades on the turbine power out, both NREL II and III wind turbines
were selected. FB1750 airfoil blade section was chosen because of its outstanding performance in power
production. The number of blades was changed from 1 to 5. Figure 18 shows the comparison of the
power output of NREL II configuration based wind turbine with different number of blades compared to
the original 3-bladed NREL II wind turbine (which uses the S809 airfoil section).

Table 6. Risoe wind turbine general characteristics

Number of Blades 3

Turbine Diameter 19.0 m

Rotational Speed 35.6 and 47.5 rpm’
Cut-in Wind Speed 4 m/s

Control Stall Control

Rated Power 100 kw

Root Extension 23 m

Blade Set Angle 1.8 degrees

Twist 15 degrees (max.)

Root Chord 1.09 m

Tip Chord 0.45m

Airfoil Sections FB series (FB-3500-0050, FB-3500-

0875, FB-3500-1750), FX 66-S196-
V1, DU 91-W2-250, NACA 64421
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Figure 15. Geometric properties of wind turbine using thick airfoil sections
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Figure 16. Comparison of power output of a wind turbine of Table 6 with different airfoil sections with
the original Risoe wind turbine with NACA 63-2xx airfoil section
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Figure 17. Variation of power output with wind speed for different diameters of NREL Phase II wind
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Figure 18. Comparison of power output from original 3-bladed NREL II configuration based wind
turbine (with S 809 blade sections) with NREL II wind turbine with 1 to 5 blades (with FB 1750 airfoil
section)

Figure 19 shows the comparison of the power output of NREL III - based wind turbine with various
numbers of blades with the original 3-bladed NREL III wind turbine (which uses S809 airfoil section). It
can be concluded from Figures 18 and 19 that more number of blades tends to increase the power output
at high wind speed (greater than 12 m/s) while maintaining or even decreasing the power output at lower
wind speeds. Furthermore, as expected, the power output from one-bladed wind turbine is smaller than
the original 3-bladed NREL II and III wind turbines even though it employs the FB1750 airfoil as blade
cross section. However, one can observe that the two-bladed wind turbines have started to show superior
performance at high wind speed. For NREL II configuration based wind turbine, all cases except that of
one-blade wind turbine have better power output than the original NREL II turbine for the entire wind
speed range, For NREL III configuration based wind turbines, the increase in power output happens only
at high wind speeds.
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Figure 19. Comparison of power output from original 3-bladed NREL III wind turbine (with S809 airfoil
section) with NREL III configuration based wind turbines for different number of blades (with FB1750
airfoil section)

5. Conclusions and future work

The primary focus of this study has been to investigate the effect of blade airfoil sections on power
output of a wind turbine. An improved Blade Element Momentum theory based code has been developed
for this purpose. The BEM code has been validated by comparing its results with experimental data
available for NREL Phase II and Phase III turbines and the Risoe turbine. It is shown that the wind
turbines with thick airfoil sections can generate greater power than the original NREL Phase 11, Phase 111
and Risoe wind turbines particularly at higher wind speeds (larger than 10 m/s). In the design of future
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more efficient wind turbines, this information can be useful. Some future work may include the
evaluation of both twisted and tapered wind turbine blades (used in Risoe wind turbine for example)
using other optimized (for C;/Cp) airfoil sections developed in References [3, 4].
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