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Abstract. The techniques used to the selection of wind turbines blades available in literature are, generally, applied to
environments with high wind speeds. Furthermore, it is usual that the geometry of the blade is a standardized profile
(usually a NACA profile). One alternative is the use of blades specially designed for low wind speeds. This condition is
typical of the North coastal region of Brazil, where the electricity supply is limited due to low population density and high
energy distribution cost. In order to minimize costs and increase performance of the blade, in this work multiple profiles
airfoils sections are applied, i.e., the blade will be have a profile across its section which maximizes the efficiency for
each specific radial position. In the numerical simulations applied here, high lift profiles Selig 1223 and FX 63137 will be
used. It should be noted that no information about the application of these profiles in the wind turbine design are reported.
A numerical study of these profiles will be done in this work, using a commercial Computational Fluid Dynamics code
and a open source code. The flow velocity and pressure fields around these profiles and the lift and drag coefficients,
will be obtained for various angles of attacks. The information obtained will be used in a simulation to evaluate some
aerodynamic parameters of a wind turbine blade.
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1. INTRODUCTION

The techniques used to wind turbines blades selection available in literature are, generally, applied to environments
with high wind speeds. Furthermore, it is usual that the geometry of the blade is a standardized profile (usually a NACA
profile). One alternative is the use of blades specially designed for low wind speeds. This condition is typical of the North
coastal region of Brazil, where the electricity supply is limited due to low population density and high energy distribution
cost. Low wind speeds are common, in the coastal regions of the Amazon (Frade and Pinho, 2002), so there is a great
interest in research of wind energy generation systems designed for this specific situation. The aerodynamic efficiency of
wind rotors deserves special attention, since changes in the blade shape can significantly improve the power coefficient of
a wind turbine in such a way to make the turbine more efficient, especially at low wind speeds (Vazet al., 2010a). In order
to minimize costs and increase performance of the wind turbine blades, in this work we present a mixed airfoil section,
designed for high lift at low Reynolds number. Before this design, some investigation regarding the quality of numerical
simulation software used to evaluate aerodynamic parameters of these profiles should be done. This will be done by an
investigation of the results of aerodynamic parameters obtained by a finite volume method (used in commercial application
ANSYS/FLUENT) and the method for viscous/inviscid coupling (XFRL5), when compared with experimental data. This
paper presents the results obtained from the study of Selig 1223 and FX 63137 profiles combined for use in a small wind
turbine. The option to develop studies on these airfoils is due to the fact that these profiles were designed to have high lift
at low Reynolds numbers, especially for application in model airplanes.

2. NUMERICAL ANALYSIS OF AERODYNAMIC PROFILE

The objective of this section is investigate the differences between software XFLR5 and ANSYS/FLUENT in predict-
ing aerodynamic lift and drag. The construction of the finite volume mesh, to be used in FLUENT, for this simulation was
developed in ANSYS/GAMBIT.

Figures 1 and 2 show the mesh developed for the Selig1223 profile. The mesh is unstructured in the vicinity of the
profile according to Fig. 2, and structured in the region far from the geometry, as shown in Fig. 1.

The mesh structure is convenient to maximize the ability of software by reducing the error in regions of large velocity
variations. Several choices of simulation parameters were made as the global number of volumes, turbulence model, size
distribution, ease of construction etc.. After several tests, a script for mesh construction was developed, which allowed the
fast and accurate construction of surfaces and mesh geometry in GAMBIT software. The mesh has another distribution
that would improve the accuracy of the results in the boundary layer region near the profile. After mesh construction
boundary conditions were applied as shown in Fig. 3. In the case of lower and upper edges considered with wall slip,
since otherwise the data generated are inconsistent due to viscous effects promoted by the wall, due to the separation of
the boundary layer.
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Figure 1. Finite volume mesh used in the simulation.

Figure 2. Mesh details around the profile.

The concept of boundary layer separation has a fundamental role in the computation of drag and lift coefficent of
airfoils. In this region, the pressure increases significantly, with the consequent decrease in speed, causing a loss in lift. In
Figure 4 is shown the velocity field with their magnitudes, as well as streamlines calculated using the software FLUENT.
The separation point is quite typical, because it is where the velocity field is detached from the profile. For small angles
of attack, this separation may not exist. In Figure 5, the variation of pressure at the trailing edge of the airfoil due to
separation is shown. This separation has a deleterious effect on the drag and lift the profile.

The profiles SELIG1223 and FX63−137 were simulated. The curvatures of the profiles, available in literature (Selig
et al., 1995), are shown in Figure 6.

Various FLUENT simulation parameters were adjusted to minimize the error in the computed values of drag and lift
coefficients when compared with the experimental data of these profiles.

Some tests were applied to determine more suitable turbulence model for flow over airfoil. The best results were
obtained with the Spalart-Almaras Turbulence model, so this model was applied in all the simulations in the present work
(Spalart and Almaras, 1992).

For the angles of attackα in the range of−5o to 16o, a simulation was done in FLUENT and XFLR5 and the computed
data for drag coefficientCd, lift coefficientCl and aerodynamic efficiency,Cl/Cd were evaluated. Experimental data for
these profiles were obtained from Seliget al. (1995). All the simulations developed for both Selig1223 and the FX
63− 137 were done to a Reynolds number, relative to airfoil chord, ofRe = 2× 105.

Figure 7 presents the results obtained from the simulation with the software FLUENT, XFLR5 and experimental data.
In case the lift coefficient using the simulation software FLUENT has a better agreement with experimental data when
compared with the XFLR5 software at all angles of attack used in the simulation. However, note that for smaller angles
of attack, XFLR5 presents a significant improvement. This effect occurs because of lack of separation of the boundary
layer at low angles of attack, since the viscous/inviscid coupling technique does not predicts, in a satisfactory way, the
occurrence of stall (separation of the boundary layer, with the consequent lift loss) and the Spalart-Almaras turbulent
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Figure 3. Boundary conditions.

Figure 4. Finite volume solution for velocity field and streamlines for Selig1223 airfoil and angle of attack 16o.

Figure 5. Finite volume solution for dynamic pressure for Selig1223 airfoil and angle of attack0o and16o.

Figure 6. simulated airfoils. Above: SELIG1223. Below: FX63-137..

model used in FLUENT has a good performance for flows over airfoils with boundary layer separation.
Figure 8 shows that the software XFLR5 presents better agreement in the computation the drag coefficient for various

angles of attack. The XFLR5 is a software developed in FORTRAN 77, with a fast calculation of velocity and reliable re-
sults. It is used to simulate flow over airfoils and works with iterative equations for fully implicit coupled viscous/inviscid.
The software uses the method of panels with linear distribution of vortices for the non-viscous region and two integral
boundary layer equations to represent the viscous layers. The system of equations, composed of boundary layer equa-
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Figure 7. Comparison between the results of lift coefficient for the Selig1223 (Left) and FX63− 137 (Right) profiles.

tions, transition and the potential flow, is solved by Newton’s method. The panels method presented (Drela, 1989) is
based on the stream function equation that takes into account viscous effects. The details of this approach can be seen in
the work of Sousa (2008) and Silvaet al. (2002). The software FLUENT, to the mesh geometry and boundary conditions
applied in this work does not produce good results for the drag coefficient. This fact shows the need for a deeper study
on the behavior of viscous effects in numerical solution of aerodynamic phenomena by the use of turbulence models that
satisfactorily takes into account this viscous interactions.

Figure 8. Comparison between the results of drag coefficient for the Selig1223 (Left) and FX63− 137 (Right) profiles.

In the aerodynamic efficiency computation of the profile FLUENT shows a significant error when compared to XFLR5
(Fig. 9). This shows that the software XFLR5 has good accuracy for the development of new airfoils, primarily for use in
small wind turbines.

3. WIND TURBINE DESIGN USING THE SELIG 1223 AND FX 63− 137

The mathematical model used in this study for the wind rotor design with multiple aerodynamic profiles is based
on the Blade Element Momentum (BEM), with corrections provided by Prandtl (as described in Hansen (2008)), which
considered a vortex system generated by a finite number of rotor blades, and Glauert (1935), which developed an empirical
relation to correct the axial induction factor when it reaches values larger than0.4, as BEM Method fails for larger values.
Thus, the wind turbines design with multiple profiles uses the model presented in the work of Vazet al. (2010a) and is
divided into two parts. The first one deals with the wind rotor geometry for computing the distributions of chord and
mounting angle, which can be found in detail in the work of Mesquitaet al. (1994). The second part presents the study of
the rotor efficiency, which is applied at each station of the blade for a given type of airfoil with the BEM Method.

Figure 10 shows the wind blade designed using two airfoils, in this case Selig1223 and FX 63 − 137, with the
respective distributions of chord and twist angle obtained from the model presented by Vazet al. (2010b).

The analysis of rotor efficiency with multiple profiles is done with the BEM method for each airfoil, with axial
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Figure 9. Comparison between the results of aerodynamic efficiency for the Selig1223 (Left) and FX63 − 137 (Right)
profiles.

Figure 10. Blade designed

and tangential induction factors computed along the blade. After the computation of the induction factors, the power
coefficient of the turbine is calculated. It is noteworthy that for the calculation of the high values of the axial induction
factor, the correction of Glauert (1935) is used and for finite number of blades correction Prandtl’s correction is used
(Hansen, 2008). Mathematical models applied in this procedure are described in detail in the work of Vazet al. (2010a).

With the geometric information of the rotor winding distribution, torsion angle and aerodynamic parameters, to im-
plement other sections in predetermined positions along the radius of the rotor.

The computation of the rotor efficiency with multiple profiles using the BEM method due to its simplicity and low
computational cost (Alves, 1997; Mesquita and Alves, 2000). In this case, Eq. (1) computes the angle of flowφ between
the plane and the relative speed of the rotor

φ = tan−1
(
1− a
1 + a′

V0

Ω r

)

(1)

The angle of attack is obtained from

α = φ− β (2)

Once the angle of attack is known,Cd andCl can be obtained from tabulated or numerical simulation data, andCN
andCT from equations:

CN = Cl cosφ+ Cd sinφ (3)

CT = Cl sinφ− Cd cosφ (4)

To calculate the axial induction factors in the rotor planea and on the wakea′, we have:

a =

(
4F sin2 φ

σCN
+ 1

)−1
(5)
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a′ =

(
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− 1

)−1
(6)

whereF is the Prandtl’s correction (Hansen, 2008)

F =
2

π
cos−1

(
e−t
)

(7)

and

f =
B

2

(R− r)
r sinφ

(8)

B is the number of blades,R is the radius of the rotor,r is the local radius.
The solidity of a sectionσ is defined as the annular area fraction in the control volume that is swept by the blades or

σ (r) =
c (r)B

2πr
(9)

For high values of the axial induction factor at the rotor plane, we use the correction given by Glauert (Hansen, 2008):
If a ≤ ac, thena if given by (5)
if a > ac

a =
1

2

[

2 +K (1− 2ac)−
√
(K (1− 2ac) + 2)

2
+ 4 (Ka2c − 1)

]

(10)

where

K =
4F sin2 φ

σCN
(11)

For the use of various airfoils sections in the blade, we apply the following:

Algorithm 1 Computation of induction factora

Require: r, c (r), β (r), Cl (αi), Cd(αi) eV0
Set initial values toa1 ea′1. In present worka1 = 0 anda′1 = 0.3
for i = 1 to nk do

if i ≤ n1 then
repeat

Computeφi using Eq. (1)
Compute local attack angleαi = φi − βi using Eq. (2).
Obtain data forCl(αi) andCd(αi) from experimental or numerical data
ComputeCiN eCiT from Eqs. (3) and (4).
Compute new values forai anda′i using Glauert’s method set with Eqs. (5), (6) and (10).

until ai ea′i changes less than specified tolerance
end if

end for
Compute rotor efficiency.

wheren1, n2, . . . , nk are the stations corresponding to each airfoil,nk is the number of stations along the blade, and
the indexk represents the number of profiles. With the geometric information of the rotor chordc(r) and the twisting
angleβ(r) and aerodynamic parameters, are used to implement other sections in predetermined positions along the rotor
radius (Fig. 10). Hence the need for a preliminary study of profiles suitable for a given wind condition.

Figure 11 shows the simulation results for the two airfoils studied. Note that the coefficient of the turbine power can
reach values around50% for low wind speeds, in this work2.4m/s. This result is the characteristic of high lift airfoils
used. This simulation was developed considering constant speed of100rpm.

Figures (12), (13) and (14) show the results of wind turbine design with multiple profiles using aerodynamic lift
and drag data generated numerically using FLUENT and XFLR5. In this case, it is observed that XFLR5 shows better
agreement when compared with the wind turbine Cp designed with the experimental data, mainly in the range of1.6 to
4.5m/s. The results obtained with FLUENT are less accurate than those obtained with XFLR5. In Figs. (12) and (13) are
numerical instabilities are observed. They occur due to the transition between the airfoils in the blade. To minimize this
effect is necessary to implement a transitional method of interpolation between the aerodynamic data of the two profiles
used in the numerical code presented in this paper.
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Figure 11. (A) Results for the power coefficient for axial velocity of the undisturbed incoming flow. (B) Results for the
power coefficient against tip-speed ratio.

Figure 12. Comparison between the coefficients of power with respect to speed axial flow.

Figure 13. Comparison between the coefficients of power in relation to TSR.

Figure (14) shows the power developed by turbine designed in this work with the different aerodynamic data. It is
observed that the power developed calculated with the data of both the XFLR5 and FLUENT are in good agreement
with the result obtained with the power turbine designed using experimental aerodynamic data. However, we highlight
the existence of numerical oscillations around3.7m/s in the case of FLUENT. This effect occurs due the propagation
of transition effects, since the induction factors in the Glauert (1935) method are obtained from an iterative process,
which allows that information calculated for the turbine blade in the transition between airfoils depends on the parameters
calculated in the previous iterations. Besides that, the Glauert method presents numerical instability when the Prandtl’s
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correction factor is less than 1, as discussed in the work of Lanzafame and Messina (2007). This fact occurs when there
are sharp fluctuations in the angle of flow with the possible increase of the angle of attack.

Figure 14. Comparison between the powers carried by the rotor with respect to speed axial flow.

As can be seen in Figs. 7-9 the results obtained here show good agreement with respect to the lift coefficient. However,
in determining the drag coefficient, the results obtained in XFLR5 were more plausible than the Fluent SA, which showed
an inaccuracy with the experimental. Due to the small numerical value of this variable, its precise determination of
turbulence equations is still problematic. As these results were verified in another simulation platform, the XFLR5 shows
greater accuracy in determining the influence of several factors involving the drag coefficient.

Apart from that, it should be noted that the parameters of greatest interest in evaluating airfoils is in fact the lift
coefficient, since it determines how much power can be extracted from the wind. For this parameter, the results obtained
by the software Fluent SA are satisfactory.

For the design of small wind turbines, the use of unconventional airfoils (such as nacas) is essential for the development
of rotors with high efficiency. Figure 11 confirms the high coefficient of power for low wind speed. This effect is due
to the use of high lift sections and low drag as Selig1223 and FX63137, which presents a good performance for low
Reynolds numbers.

4. CONCLUSION

In this paper, it was presented a strategy to evaluate the wind turbine blade section when multiple profiles are used.
Multiple profiles are especially useful when desining the small wind turbines, where blades are needed to support high
and low drag for low Reynolds numbers, in order to take advantage of small energy demands, such as those found in the
Amazon region, where the average annual speed is4m/s.

In order to calculate the aerodynamic data necessary to adequately choose the profiles that should be used in each
radial position the BEM method, along with correction of Prandtl and Glauert, was used. The performance of blade was
evaluated by Computational Fluid Dynamic codes. Among these software, it was found that XFLR5 gives good results
for the study of airfoils applied to the design of wind turbines. It is also noteworthy that the FLUENT software can also
produce good results, however it is necessary to develop more detailed studies about the turbulence models applied to
cases of aerodynamics. The simulation of airfoils show good results, but that can still be improved. A large improvement
is possible with the correct settings to optimize the mesh, turbulence model and others flow and numerical parameters.
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