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1.0 Abstract 

 
From the beginning of this project it was collectively decided that the main aims were to gain an 
understanding into the scientific and mathematical elements of how a wind turbine works, the various 
characteristics that different aerofoil profiles have and various manufacturing processes that could be 
considered for blade manufacture. 
 
Firstly the testing environment was analysed to gain an insight into the equipment setup. 
Measurements of the rotor blade from the wind generator, the maximum blade span and the wind 
speed at various intervals across the span of the wind generator were recorded. Aerofoil profiles were 
critically compared to find an appropriate profile which could provide optimum lift. Calculations for the 
RPM, Tip and Base speed, angle of twist, blade length and chord lengths and stations were all 
undertaken to outline the design specification for the blades. Many processes were considered 
however laser cutting proved to be best suited, due to its time efficiency, allowance of easy iteration 
edits and accuracy of parts. For testing, the blades were attached to rotor brackets and placed 1.5m 
from the wind generator. An optimum wind angle was found by increasing the blade setting angle in 
5° increments and recording the voltage and amp readings to calculate the power output. Amp and 
voltage readers were then used to record values at increasing wind speeds and used to calculate the 
power output of the blade. Using a Laser Tachometer 5 readings of the rotation of the blade at the 
optimum seeing angle was taken and an average was recorded. 
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3.0 Introduction 

 
To research, design and manufacture an aerodynamic wind turbine blade in order to produce an 
optimum power output. Through researching and selecting a suitable aerofoil and tip speed we 
produced accurate calculations to design an aerodynamic wind turbine blade. We then evaluated and 
selected an appropriate manufacturing process and materials due to the restraints of the shape of the 
blade. 

4.0 Method  

4.1 Research & Initial Testing 
 
Initially we analysed the environment we would be testing in. The equipment consisted of a rotor 
which we attached the three blades to. This rotor had a maximum voltage of 6 volts and a power 
output of 3 Watts. Through power law we were able to identify that there was a restriction on the rotor.  
 
Power = Voltage x Current 
 
3 watts = 6 volts x Current 
 
Power / Voltage = Current 
 
3         /     6  = 0.5A 
 
Therefore a maximum of 0.5 amps could be produced through the testing equipment, a maximum 
voltage of 6 and a maximum power of 3 watts could be produced. 
 
The Royal Academy of Engineering (no date) states how Betz Law defines a theoretical maximum 
power efficiency of any turbine that will be no more than 59%, as no wind turbine can convert more 
than this percentage of kinetic energy into mechanical energy.  This means that each wind turbine 
has a unique power coefficient to represent the turbines efficiency to produce power, the maximum 
power coefficient being 0.59. Knowing this we used the following formulae to calculate our power 
coefficient as we knew that the maximum power of our turbine could possibly attain through the 
testing turbine was 3 watts:  
 
Power = ½ p A V³ Cp 
 
3 = ½ x 1.293 x 0.8 x 4.8³ x Cp 
 
Rearranges to give us:  
 
Cp = P/ 1/2 p A V³ 
 
Cp = 3 / ½ 1.293 0.8 x 4.8³ 
 
     =0.05 
 
To improve our power output we needed to ensure that we got the maximum rotations from our 
designed blade.  The only method of doing this was through defining an optimum aerodynamic wind 
turbine blade. 

 
 
 
 
 
 
 
 

The fixed set up for testing is 
illustrated in Fig 1. We then 
needed to take measurements of 
the wind speed at ascending 
points from the centre point of the 
rotor to calculate an average wind 
speed; the results were recorded 
in table 1.  
 

Figure 1 
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Table 1  
 

Distance from Centre Point  
of the Wind Generator (mm) 

Result  1 
(m/s) 

Result 2 
(m/s) 

Result 3 
(m/s) 

Result 4 
(m/s) 

Result 5 
(m/s) 

Centre 6.00 6.20 5.80 5.70 5.60 

100 8.00 8.60 8.70 8.9 8.9 

200 6.90 7.40 7.0 4.90 5.10 

300 2.80 3.50 2.10 3.10 3.20 

400 0.20 0 0.40 0.30 0.60 

   Average Wind Speed 4.7968 

 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

In Fig 2. we have illustrated our understanding of the relationship between Angle of Attack, Setting 
Angle and the Angle of Flow referred to by Piggott (1997a). This was important so we were able to 
prove the optimum Angle of Attack for our wind turbine as this angle will provide us with the highest 
Power Output. From this information we were able to state that through defining our optimum Setting 
Angle we will also be defining our optimum Angle of Attack due to the relationship they hold. 
 

 Setting Angle β = Flow Angle Ф – Angle of Attack α 

  

Figure 1 

Figure 2 
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4.2 Design Calculations 
 
To ensure the wind turbine is aerodynamic we needed to take into consideration the aerofoil selected, 
the tip speed ratio, and the angle of twist, the length of the blade and the surface area of the blade.  

4.2.1 Aerofoil Selection 
 

We chose three aerofoils to analyse that were obtained from the Airfoil Investigation Database 
(2009a), the FX 60 – 100, FX62-K-153/20 and GOE 531 based on them having three of the higher Lift 
to Drag ratios.  
 

 
Figure 3 
 
Fig 3. shows that the three aerofoils have the following properties at 100,000 Re:  
 

 
 FX 62-K-153/20 GOE 531 FX 60-100 

Thickness (%) 15.273 13.802 9.995 

Camber (%) 4.082 14.691 3.564 

Trailing Edge Angle (%) 7.35 14.114 3.293 

Lower Surface Flatness 37.219 12.714 68.837 

Leading Edge Radius (%) 1.407 4.977 1.213 

Maximum Lift (CL) 1.742 2.875 1.366 

Maximum Lift Angle-of-Attack (deg) 7 15 7.5 

Maximum Lift-to-drag (L/D) 147.802 274.068 279.703 

Lift at Maximum Lift-to-drag 1.742 1.939 1.179 

Angle-of-Attack for Maximum Lift-to-drag (L/D) 7 3 5.5 

 
 
In order to calculate the most efficient Angle of Attack and Lift Coefficient for our blade we had to 
define a fixed chord base length, we choose 150mm. This enabled us to calculate the appropriate 
Reynolds number for our blade by using the equation below. The Velocity used for this equation was 
the average wind speed taken from our initial research and stated in Fig 3.  
 
 
 
 
 
 
 

E = density kg/m^3 at STP 
V = Velocity m/s 
D = Base Chord Length 
u = Dynamic Viscosity 
v = Kinematic Viscosity 

Reynolds Number = Re  
 
Re = e V D / u  
Re = V x D / (v) 
 
Re = 4.8 x 1.293 / 1.511 x 10^-5 
 
Re = 47,647 
 

Table 2  



6 
 

We calculated a Reynolds number of 47,647 and information provided by the Airfoil Investigation 
Database (2009b) allow us to produce the following graphs in Qblade accurately in order to analyse 
the Lift to Drag Ratio’s and Lift to AOA of the three aerofoils. 
 

             
 

               
 
 

From Fig 4 we can see that aerofoil FX 60 -100 had the highest Lift to Drag, showing us a Lift 
Coefficient of 1.1 and a Drag Coefficient of 0.03. When the optimum Coefficient of Lift was plotted 
against the Angle of Attack, as shown in Fig 5 it showed us that the optimum AOA should be at 6 
degrees. The two other aerofoils both had inferior and erratic lift to drag ratios and smaller AOA 
ranges so we chose to go with profile FX 60 – 100. 

Figure 5 

Figure 4 
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4.2.2 RPM and Tip & Base Speed 
The optimum tip speed ratio according to table 3 referred to by Piggot (1997b) was between 5 and 8 
for the type of wind turbine blade we were developing.  We therefore selected a Tip Speed Ratio of 6 
when calculating our predicted rotations per minute, and to further calculate what speed the tip and 
base would be travelling at. 

 
 
Table 3 
 

Tip Speed 
Ratio 

No.of 
Blades Function  

1  6-20 Slow Pumps 

2  4-12 Faster Pumps 

3  3-6 Dutch 4-bladed 

4  2-4 Slow Generators 

5-8  2-3 Generators 

8-15  1-2 Fastest Possible 
 
 
 
 
 

4.2.3 Angle of Twist 
 
The angle of twist is distributed throughout the blade of the wind turbine. A twist was added to the 
blade as the closer to the tip the faster the blade is moving through the air and greater the wind angle 
is.   
 

Tip 
28.80 m/s    TanβT = O/A = 4.8 / 28.80 

 
4.8m/s      βT= 9.46  
 
 
 
 
 
Base 

7.20 m/s    TanβB = O/A = 4.8 /7.20 
      
4.8m/s      βB= 33.69  
 
 
 
 
Angle of Twist  =  33.69           

           
 =  24.23   

 

4.2.4 Blade Length 
 
 
 

βT 

βB 

Tip Speed Ratio = rpm x π D / 60 x V 
 
6 = rpm x π 0.8 / 60 x 4.8  
 
Rpm = 6 x 60 x 4.8 / π 0.8  
        

 = 687.55 rev/min 
 

 
Tip Speed = rpm x π D / 60 
 
Tip Speed = 687.55 x π x 0.8/ 60 
 
  = 28.80 m/s 
 
Base Speed = 687.55 x π x 0.2 /60 
         

= 7.20 m/s 
 

 
 
 

 

The length of the blade was chosen based on our initial research when we measured the wind speed at 
increasing increments of 100mm from our rotor hub. The data provided in table 1 showed us that the Wind 
speed went to almost 0 at 400mm and completely dropped off at 500mm.  
 
Based on this information we decided if the blade was any longer than 400mm it would be purely creating 
unnecessary drag and would not be beneficial to the generation of power for the wind turbine. So we 
restricted the length of our blade to the length of 400mm from the rotor hub.  
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4.2.5 Chord Length & Stations 
 

4.2.5  Chord Length and Stations 
 
The chord length of the tip defines the swept area of the blade to allow the lift forces to be balanced 
along the blade. This was calculated by rearranging the Lift formulae:  
 
 
Lift = ½ x p x  Atip x  Vtip² x Cltip = ½ x p x Abase x Vbase² x Cl base  
 
The majority of this cancels out to form:  
 
Chord tip x V² tip = Chord base x V² 
 
Chord tip = Chord base x V² base / V² tip 
   

  = 150 x  7.20²/ 28.80² 
  

  = 150 x  51.84/829.44 
  

   = 9.38mm 
 
Each station has a different rotational speed, different wind speed, therefore has a different relative 
wind speed, so each station requires different chord lengths and setting angles to maintain optimum 
lift. We chose 5 points at evenly spaced intervals starting at the base and ending at the tip to place 
our stations as shown in Fig 7. To be able to calculate the varying chord lengths we researched the 
following formulae from Bastianon (no date) illustrated in Fig 6:  
 
Chord Station = Chord base (R –r ) + Chord Tipp (r – rb) / rt 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Station 1 = 150mm (pre defined) 
 
 
Station 2 = 150 (400 – 175) + 9.38 (175-100) / 300 
   

  = 114.85mm 
 
Station 3 = 150 (400 – 250) + 9.38 (250 -100) /300 

   
  = 79.69mm 

 
Station 4 = 150 (400 – 325) + 9.38 (325-100) /300 

   
  = 44.54 mm 

 
Station 5 = 9.38 mm (Previously Calculated) 

rt  rb 

R 

Station 1  
 

2 3 4 5 

100mm 

175mm 

250mm 

325mm 

400mm 

Figure 6 

Figure 7 
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An initial attempt was made to create a blue foam blade in order to produce a mould for fibre glassing. 
A 3D CAD model was made in Autodesk Alias of the rotor blade and exported for CNC machining. 
The blade was machined in two halves from a billet of blue foam. Due to complications with aligning 
the two halves of the machined parts and loss in acute details of our model Fig 8, this method proved 
impractical. 

 
This failure could have been corrected, but with very little 
time reserved with the CNC machine, alternative 
manufacturing techniques were considered. Vacuum 
forming, 3D printing and manually sanding rotor blades 
from wood were considered too time consuming. From this 
point it was decided that laser cutting was the most 
appropriate method of manufacture as it was the most 
efficient way to make iterations of the blade and easily 
assembled. 
 
Initially the intention was to use a square rod, to key the 
twist of the blade with multiple profiles (ribs) going along   

                                                               the key rod. However since our profile tip would only be   
                                                                  9.38 mm wide the thickness of the profile would be too small    
                                                               to fit a key rod through.  
  
We then looked at laser cutting slats that could then be slotted together, using minimal amounts of 
glue, to form a ribbed blade. A skin would then be applied to the rib blade to ensure the wind would 
not pass through the blade and also to reduce the fragile state of the ribs at the top of the blade.  
 
To produce the drawing files required for laser cutting, the initial 3D Model from Alias Autodesk was 
imported into another CAD program, Autodesk 123D Make. An initial mock blade was manufactured 
without a base bracket to determine any manufacturing issues. The only issue that became apparent 
was that Autodesk 123D Make exported the drawing files in imperial units, that weren’t to scale. This 
was rectified in AutoCad. 
 
 
 
 
 
 
 
 
 
 
 

 
To counter the sagging further horizontal and 
vertical slats were added, Fig 10. Lack of 
definition along the leading edges was still a 
problem, which required addition material and 
time to rectify. In the interest of time, the group 
opted not to refine the leading edges, in favour of 
another manufacturing iteration. 
The number of horizontal and vertical slats was 
reduced and the 3D model was modified to 
incorporate calculated chord lengths at various 
stations along the rotor blade, to aim the design 
closer to an optimally performing rotor blade. 
 
The final blade design in Fig 11 was adjusted to 
have the optimal amount of slats that ensures the 
blade does not loose definition on the leading edges and that the applied 
skin of two layers of parcel tape has reduced sag between the slats. 

A full rotor blade was then manufacture by this 
method, which successfully formed most of the 
body of the model. However there was little to 
no definition on the leading edges, Fig 9. When 
a skin was applied to the blade it was fragile 
and the skin sagged between the slats.  

To ensure the blade could be successfully attached to the rotor bracket we 
added two areas of MDF with drilled holes in to allow the nuts, bolts and 
washer an area to secure to. These were glued onto the slatted base 
bracket of the blade. 
 

5.0 Manufacture 

 

Figure 11 

Figure 9 

Figure 10 

Figure 8 
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6.1  Results 
 
Initially we tested for our optimum Setting Angle to do this we adjusted the blade Setting Angle at 5° 
increments, with the wind generator set at the maximum wind speed of 18.2 m/s. The wind turbines 
motor was attached to a bulb which we could take voltage and amp readings from, in order to 
calculate which setting angle had the highest power output.  
 
Table 4.      

 
Setting Angle, Average Current and Voltage Readings with the Calculated Power Produced 

 

Setting 
Angle, β 

(deg) 
Measurement 

(V) (I) 1 2 3 4 5 

Average 
of 

Results 

Power 
(W) = 
I x V 

90 Voltage 0 0 0 0 0 0   

  Amp 0 0 0 0 0 0 0 

85 Voltage 0 0 0 0 0 0   

  Amp 0 0 0 0 0 0 0 

80 Voltage 0 0 0 0 0 0   

  Amp 0 0 0 0 0 0 0 

75 Voltage 0.606 0.411 0.362 0.414 0.605 0.4796   

  Amp 0.03 0.029 0.052 0.061 0.022 0.0388 0.019 

70 Voltage 1.332 1.214 0.588 0.622 0.761 0.9034   

  Amp 0.124 0.083 0.07 0.093 0.027 0.0794 0.072 

65 Voltage 1.577 1.512 1.533 1.014 0.936 1.3144   

  Amp 0.071 0.185 0.128 0.18 0.164 0.1456 0.191 

60 Voltage 1.702 1.435 1.9 1.732 1.694 1.6926   

  Amp 0.193 0.205 0.239 0.177 0.152 0.1932 0.327 

55 Voltage 1.675 1.733 1.802 1.506 1.85 1.7132   

  Amp 0.237 0.202 0.181 0.169 0.201 0.198 0.339 

50 Voltage 1.688 1.969 1.743 1.894 1.909 1.8406   

  Amp 0.235 0.222 0.207 0.256 0.265 0.237 0.436 

45 Voltage 1.321 1.755 1.622 1.702 1.588 1.5976   

  Amp 0.2 0.256 0.198 0.173 0.2 0.2054 0.328 

40 Voltage 1.85 1.214 1.697 1.364 1.5 1.525   

  Amp 0.17 0.159 0.204 0.125 0.211 0.1738 0.265 

35 Voltage 1.498 1.411 1.31 1.041 1.694 1.3908   

  Amp 0.171 0.125 0.167 0.188 0.19 0.1682 0.234 

30 Voltage 1.575 1.298 0.862 1.16 1.46 1.271   

  Amp 0.066 0.096 0.065 0.092 0.058 0.0754 0.096 

25 Voltage 0.795 0.16 0.209 0.235 0.404 0.3606   

  Amp 0.021 0.071 0.015 0.044 0.035 0.0372 0.013 

20 Voltage 0.106 0.072 0.17 0.164 0.046 0.1116   

  Amp 0.03 0.053 0.02 0.012 0.014 0.0258 0.003 

15 Voltage 0 0 0 0 0 0   

  Amp 0 0 0 0 0 0 0 

10 Voltage 0 0 0 0 0 0   

  Amp 0 0 0 0 0 0 0 

5 Voltage 0 0 0 0 0 0   

  Amp 0 0 0 0 0 0 0 

0 Voltage 0 0 0 0 0 0   

  Amp 0 0 0 0 0 0 0 
 

6.0 Testing  
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Table 5. 

Wind Speed, Average Current and Voltage, and the Calculated Power 
 

  
Test 

  Wind Speed 
(m/s) Measurement 1 2 3 4 5 Average 

Power 
= V x I 

2.5 Voltage 0 0 0 0 0 0   

  Amp 0 0 0 0 0 0 0 

3 Voltage 0 0 0 0 0 0   

  Amp 0 0 0 0 0 0 0 

3.5 Voltage 0 0 0 0 0 0   

  Amp 0 0 0 0 0 0 0 

4 Voltage 0 0 0 0 0 0   

  Amp 0 0 0 0 0 0 0 

4.5 Voltage 0 0 0 0 0 0   

  Amp 0 0 0 0 0 0 0 

5 Voltage 0.196 0.189 0.125 0.157 0.145 0.1624   

  Amp 0.017 0.025 0.028 0.053 0.026 0.0298 0.005 

5.3 Voltage 0.3 0.293 0.182 0.246 0.228 0.2498   

  Amp 0.056 0.04 0.071 0.041 0.035 0.0486 0.012 

5.7 Voltage 1.356 0.916 1.375 1.189 0.703 1.1078   

  Amp 0.087 0.062 0.111 0.109 0.092 0.0922 0.102 

6 Voltage 1.47 0.85 1.526 0.998 1.145 1.1978   

  Amp 0.098 0.126 0.146 0.072 0.097 0.1078 0.129 

6.3 Voltage 1.534 1.284 1.233 1.477 1.672 1.44   

  Amp 0.123 0.09 0.157 0.151 0.16 0.1362 0.196 

6.6 Voltage 1.51 1.41 1.537 1.212 1.259 1.3856   

  Amp 0.235 0.159 0.109 0.161 0.207 0.1742 0.241 

7 Voltage 1.688 1.969 1.743 1.894 1.909 1.8406   

  Amp 0.235 0.222 0.207 0.256 0.265 0.237 0.436 

Figure 12 

 
In order to calculate our 
optimum wind speed for our 
wind turbine we tested the 
turbine at our optimum 
setting angle, 50 ° (shown 
in Fig 12). Then linked the 
rotor hub to a circuit that 
included a bulb and 
recorded the Voltage and 
Amp values on the Voltage 
and Amp Readers. This 
allowed us to calculate the 
power output of the wind 
turbine. 
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The RPM reading was taken by setting the Wind Turbine Blades to their optimum setting angle and 
using a Laser Tachometer to count the number of rotations made of all 3 blades within a minute. We 
took 5 readings and divided each value by 3 to produce the RPM; an average was then taken from 
the 5 readings to give us an average RPM. 
  
 
 
 
 

 
 
 
 
 

6.2 Analysis 
 
Our graph in  figure 12. shows that power begins to transmit at setting angles greater than 25°. Power 
out increases with the setting angle, until it peaks at 50°. This proves the optimal setting angle as 
power decreases at setting angles greater than 50°. The turbine stalls at setting angles greater than 
80°.  
 
The test of the setting angle was accurate to within 5°, since the pitch on the rotor hub allowed 
incremental changes of 5°. Resolution of the test results could be increased with better test 
equipment, that would allow increments of 1° of the setting angle.  
 
 
With the optimum setting angle determined, the performance of the turbine was tested at varying wind 
speeds. To measure wind speed an anemometer was used, and positioned at the centre point of the 
wind turbine. 
 
The graph figure 13. shows that power mechanically transmitted by the turbine does not begin until 
5m/s wind speeds. It can be observed that power increases with wind speed. The maximum power 

0 
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Figure 13 

Table 6 
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mechanically transmitted to the generator from the turbine is 0.436 watts, when the wind generator is 
at 100% power setting producing a wind speed of 7 m/s. 
 
This was expected as we designed the blade to produce its optimum output when the wind generator 
was expelling the maximum amount of wind. As this produced an average wind speed of 4.8m/s 
across the whole blade.  
 
From this data we could calculate the actual Coefficient of Power for our wind turbine using the 
following formulae: 
 
Cp = P / ½ p x A x V³ 
 
                = 0.436 / ½ x 1.293 x 0.8 x 4.8³ 
 
                 = 0.007622 
 
Table 6 reflects the results taken when the wind turbine was set to both its optimum setting angle/ 
angle of attack and at the maximum wind speed of 7m/s recorded at the centre of the wind turbine. 
The RPM produced was 271.53 rotations per minute. 
 

 
 
 
 
Fig 14.shows our estimated theoretical available power in relation to wind speed. There’s a major 
difference between the theoretical power, and the amount of power that is actually mechanical 
transferred.  
 
 
 
 
 
 
 
 
 
 

Figure 14 
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7. Conclusion 
 
Our resulting power coefficient was of a low value in comparison to our theoretical maximum power 
coefficient this proves that the wind turbine we produced was not the most efficient blade as it could 
only transfer 0.007% of kinetic energy into rotational energy.  
 
This was further proved by measuring the Rotations Per Minute which equated to a third of the 
original predicted calculation. These results imply that there is a problem with the design specification 
and manufacture of the blade. 
 
Our initial calculations were based around the average wind speed of the length of the blade in order 
to calculate the RPM, Tip & Base Speeds which was then carried through to calculate the Angle of 
Twist and the Chord Tip length. If we used the maximum wind speed reading at 1.5m (7.2m/s) and 
the actual velocities at the Tip and Base of the blade for the Tip and Base Speed calculations, we 
would have had defined a  different design specification.  
 
To further improve our blade we would look at enlarging the surface area to capture the maximum 
amount of wind. With the blade ending at a narrow point, 400mm away from the centre we are losing 
potential wind that could create more lift, as at 400mm we still recorded a wind speed in our initial 
research. Therefore the blade would be more successful if it was made with a blade length of 500mm. 
 
The surface area could also be manipulated by changing the width of the chord stations and the width 
of base chord. 
 
Other improvements could be made to the manufacture of the leading edges by further defining the 
edges we could reduce the amount of turbulence causing additional drag. In addition to this we could 
also look at using a different material for the skin of the blade. The current skin forms dimples within 
the material that would also affect the airflow and create turbulence along the blade. This could be 
further tested by placing our blade in a smoke chamber and analysing the air flow.  
 
During testing we found that we recorded low power readings within the circuit of the wind turbine 
motor there is a resistor and a light bulb which forms the load in order to measure the voltage and 
current readings. This load was too great for our wind turbine and power was lost to the resistance 
caused by the motor which would have manipulated our results.  
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