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Abstract 
In this work we reviewed some aerodinamical concepts of 
Horizontal Axis Wind Turbines. We focused in power 
extraction and how it is related with the blade geometry. 
We designed a 3.5 meters two bladed rotor which 
maximizes the power coefficient when it is operating at 
variable speed. Once we got the blade geometric 
parameters we analyzed the performance of the rotor to 
know its behavior at different tip speed ratios. The airfoil 
used in the rotor blades is the NACA5317. 
 
Key Words:  aerodynamics, airfoil, power coefficient, 
Tip Speed Ratio. 
 
 
1. Introduction 
 

Mechanical wind power has been used at least since 
the early middle age and maybe already three millennia 
ago[1][2]. A wind turbine is a machine which converts the 
power of the wind into mechanical power [3]. Wind 
turbine power production depends on the interaction 
between the rotor and the wind.  

Wind turbine can be classified by its shaft orientation 
in vertical axis wind turbine (VAWT) and horizontal axis 
wind turbine (HAWT). In HAWT’s, the conversion 
process uses the aerodynamic force of lift to produce a net 
positive torque on a rotating shaft to produce mechanical 
power and then transform it into electricity in a generator. 
The aerodynamics of wind turbine has been developed 
since 1865, when W. J. M. Rankine described by the first 
time the momentum theory for an actuator disk [1], until 
our days and it continues under investigation in big 
experiments like the project MexNet [4].  

The principal subsystems of a typical horizontal axis 
wind turbine are the rotor (includes the blades and the 
supporting hub), the drive train (it usually consist of 
shafts, gearbox, coupling, a mechanical brake and the 
generator), the nacelle and main frame (including wind 
turbine housing, bedplate, and the yaw system), the tower 
and the foundation, the machine controls and the balance 
of the electrical system [3]. The main element in a HAWT 
is the rotor; its aerodynamics determines how much 
power can be extracted from the wind. We are focus in 
this subsystem. 

The HAWT power output changes with the wind 
speed. Each wind turbine has its own performance curve 
which relates the tip speed ratio (TSR) , with the power 
coefficient, . Figure 1 shows the power coefficients of 
some wind turbines. 

 

 
 
Figure 1. Power coefficients of different designs 
wind rotors [5]. 

2. Aerodynamics of HAWT 
 

In practical HAWT rotor design airfoils are used to 
transform the kinetic energy from the wind into useful 
kinetic energy. Momentum theory and blade element 
theory are combined into a strip theory that enables 
calculation of the performance characteristics of an 
annular section of the rotor. The characteristics for the 
entire rotor are gotten by integrating the values obtained 
from each annular section. 

The wind turbine is represented by a uniform actuator 
(Figure 2) disc which creates a discontinuity in the air 
pressure, where  is the wind velocity,  is the air 
pressure,  is the air density; the subscripts , , and  
denotes the positions at upstream, in the disc, and in the 
wake, respectively.  
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Figure 2. Energy extracting actuator disc and 
stream tube [2]. 

Momentum Theory 

The change of rate of momentum is denoted by 
, the force causing this change of 

momentum comes entirely from the pressure difference 
across the actuator disc which can be determined by 
applying the Bernoulli equation [6] 
  (1) 

where  is the axial flow inductor factor. The power 
obtained by this force in the actuator disc is . The 
power coefficient 

 
is defined as the ratio between the 

power extracted and the power available in the wind [7]. 

  (2) 

The maximum value for  is known as the Betz limit 
[8] and it occurs when , and then we have 

. The force in the actuator disc can be 
adimensionalized to obtain a thrust coefficient  [7] 

 4 (1 )TC a a= − .
 (3) 

The theory of momentum is not valid for  
anymore.  

Betz limit is reduced because of wake rotation, a finite 
number of blades, tip losses and drag coefficient  of 
airfoil. 
 
Blade element momentum theory, BEM. 

The flow field, characterized by axial and tangential 
induction factors that are in function with the rotor power 
extraction and thrust, will be used to define the airflow at 
the rotor airfoils. Momentum theory refers to a control 
volume analysis of the forces at the blade based on the 
conversion of linear and tangential (angular) momentum. 
Blade element theory refers to an analysis of forces at a 
section of the blade, as a function of the blade geometry. 
These analysis can be merged to create the blade element 
momentum theory. 

We consider annular rings of radio  and wide d , with 
annular area d ,  is the angular velocity 

imparted to the wake and  is the angular velocity of the 
rotor. The thrust in the annular element is [2] 

  (4) 

where  is the tangential flow induction factor, and 
 [2],  is defined by , 

and  is the normalized radio.  
The torque in each annular ring is the rate of change of 

angular momentum of the air crossing the ring [2] 

  (5) 

In blade element theory we assume that the forces in 
the blade element can be expressed as function of lift and 
drag coefficients of the airfoil (  and , respectively) 
and the attack angle . Figure 3 shows the velocities and 
forces present in an airfoil where  is the chord,  is the 
relative wind,  is the pitch angle and  is the flow angle. 
 

 
Figure 3. Geometry of the blade for the blade 
element analysis [3] 

From Figure 3 we can get the following relations 

  (6) 

  (7) 

   (8) 

  (9) 

  (10) 

where d d  and d d . 
If the rotor has  blades, the total normal force on the 

section at a distance , from the center is 

  (11) 

The differential torque due to the tangential force 
operating at a radio , is obtained by 
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We can express the power contribution an annular ring 
from equation (5) as 

 3 3
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thus, we can write the power coefficient as 
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From equation (11) a new expression for the thrust 
coefficient can be obtained as 
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3. Design of the Geometry of the Rotor  
Blades for variable speed operation 
 

We need to choose some parameters as number of 
blades, and size of the rotor, but the most important is the 
design tip speed ratio. A turbine operating at variable 
speed operation can maintain constant the TSR for the 
maximum power coefficient to be developed regardless of 
wind speed. We can consult the existing wind turbines 
performance and use the following expression to choose 
the design TSR [9]: 

 80
N

λ =  (16) 

We define the chord solidity  as the ratio of the total 
chord length and the circumference at a specific radio,  
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From equations (4) and (11) we can get the geometric 
parameters for an optimum operation, with  the 
normalized chord is given by [2] 
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we also can determine the variation of the flux angle for 
an optimum operation as [2] 
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In general, an optimum rotor blade has not an easy 
geometry to be manufactured, so we can make an 
approximation, we propose a conic planar shape as 
follows 

 offset
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u
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with  and . 

Equation (20) is the general equation of a line where 
 is the slope of the line. 

According to compensate this change in chord 
variation we need to modify the lift coefficient  
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by modifying the lift coefficient we can adjust the attack 
angle which used to be constant [6],  is the optimum 
attack angle in degrees. 

 
opt0.1

lCα α≈ −  (22) 

4. Analysis of per formance 
 

We can determine the performance of HAWT rotors 
by analyzing its geometry. We need to know the axial and 
tangential induction factors, once we get them we can 
obtain the power coefficient. To calculate  and  in each 
section blade (the blade is divided in  sections for its 
analysis) we need to use iterative methods and we have to 
consider additional factors as Prandtl tip losses and 
Glauert correction [10] for turbulent wake states. 

Prandtl tip losses factor is calculate by the following 
equation [3] 

 ( )( )
( )

1 / 2 12 cos exp
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N
F
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  (23) 

A turbulent wake state is considered when the thrust 
coefficient is above 0.96, or similarly when . 
Glauert correction is done with measured tests to 
complete the momentum theory. First,  is computed 
with equation (15), if  we need to write  
according to [3] 

 ( )1 0.143 0.0203 0.6427 0.889 Ta C
F
 = + − − 

 (24) 

From BEM theory we can deduce two equations to 
calculate  and . These equations are 

 

  (25) 
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 The values can be computed by the flux diagram in 
Figure 4. 

 
 

Figure 4. Flux diagram to determine the induction 
factors. 

In words, we guess the initial values of the induction 
factors and then we determine the angle of attack, read the 
values of  and  of the airfoil at that angle of attack, 
calculate  with equation (15) and use the Glauert 
correction when necessary. We need to compare the new 
values for the induction factors with the old ones, if the 
error is less than a tolerance we have the value of  and  
for the blade section under analysis. Once we have the 
induction factors for all blade sections we can compute 
the power coefficient for a specific tip speed ratio , by 
using the equation (14) . 
 
5. Results 
 

We select the TSR according with equation (16) and 
existing  wind turbine performance, choosing a TSR of 

7. The design TSR will determine the geometry of the 
blades. 

The most important for the blade design is to 
determine the airfoil to be used; according with Izli, 2007 
[11] we will use the NACA5317 airfoil which has the 
maximum  at 5° of attack angle, at that point 

 and . We will design the blades 
considering 10 sections  to form a rotor of 3.5 meters 
diameter. In resume, we have the following design 
specifications: 

Airfoil: NACA5317 
N=2 
R=1.75 m  
Design tip speed ratio= 7 
Design = 1.2 
Design =0.0225 
Sections=10  

Applying equation (18) we obtain the optimal variation 
of the chord for our blades; with this result we compute a 
new chord form from equation (20). In Figure 5 is shown 
the variation chord along the blade, the adjust to the lift 
coefficient obtained from equation (21) and the modified 
angles (attack, pitch and flux) determined by equations 
(22) and (7). Table 1 resumes these results; these are the 
geometric parameters for blade manufacture. 

 

 

Figure 5. Obtained geometric parameters of the 
blades 
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µ   /c R  β  
0.1  0.123 11.64 
0.2  0.115 7.66 
0.3  0.106 5.53 
0.4  0.098 4.23 
0.5  0.089 3.27 
0.6  0.081 2.43 
0.7  0.072 1.61 
0.8  0.064 0.72 
0.9  0.055 -0.32 
1  0.046 -1.66 

Table 1. Geometric parameters in function of 
normalized radio 

With these parameters we can determine the 
performance by following the flux diagram of Figure 4 
for tip speed ratios from 4 to 9. 

 

 
Figure 6. Variation of power coefficient for different 
values of tip speed ratio 
 
 
5. Conclusions 

 
We note that our rotor performance is in an acceptable 

range according to existing wind turbines, the maximum 
power coefficient is 0.5. The geometric parameters 
obtained from design are in a good range for 
manufacturing. The pitch angle has a net variation of 
13.3º, and it is almost linear. So, we are now in 
possibilities to manufacture our HAWT rotor, the next 
step is to characterize the rotor and design the pitch and 
yaw control. 
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