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Abstract - This report investigates the optimum performance characteristics of a horizontal axis wind turbine. The report 
focuses on the 3-D model generated and flow analysis done on it. Mathematical modelling was also done to check the variation 
of co-efficient of power, power drawn with various parameters like wind velocity, tip speed ratio etc. for different pitch blade 
angles and the graphical plot was studied and analysed. A physical model was constructed and experiments were conducted on 
it in the wind tunnel laboratory to check the variation of power with the diameter of the blade, number of blades used, for 
different wind velocities. 
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I. INTRODUCTION 
 
 A wind turbine is a device that converts kinetic 
energy in the wind to electricity. The blades of a wind 
turbine turn between 13 to 20 revolutions per minute, 
depending on their technology, at a constant or 
variable velocity, where the velocity of the rotor varies 
in relation to the velocity of the wind to reach greater 
efficiency. Wind turbines have an average life of 25 
years. Rapid technology has led to an increase in the 
durability of the wind turbines. At present, the total 
share of electricity produced using wind energy is 
around 20%.Primary objective in wind turbine design 
is to maximize the aerodynamic efficiency, or power 
extracted from the wind. But this objective should be 
met by well satisfying mechanical strength criteria and 
economical aspects. 
  
II. TYPES OF WIND TURBINES 
 
A. Horizontal axis 
Horizontal axis wind turbines are the most common 
type used (see figure 1). All the components (blades, 
shaft, generator) are on top of a tall tower, and the 
blades face into the wind. The shaft is horizontal to the 
ground. The wind hits the blades of the turbine that are 
connected to a shaft causing rotation.  
The shaft has a gear on the end which turns a 
generator. The generator produces electricity and 
sends the electricity into the power grid. The wind 
turbine also has some key elements that adds to 
efficiency. Inside the Nacelle (or head) is an 
anemometer, wind vane, and controller that read the 
speed and direction of the wind. As the wind changes 
direction, a motor (yaw motor) turns the nacelle so the 
blades are always facing the wind. The power source 
also comes with a safety feature. In case of extreme 
winds the turbine has a break that can slow the shaft 
speed. This is to inhibit any damage to the turbine in 
extreme conditions. 

 
Figure 1: Parts of a horizontal wind turbine 

 
B. Vertical axis 
In vertical axis turbines, the shaft the blades are 
connected to is vertical to the ground (see figure 2). 
All the main components are close to the ground. Also, 
the wind turbine itself is near the ground, unlike 
horizontal where everything is on a tower. There are 
two types of vertical axis wind turbines; lift based and 
drag based. Lift based designs are generally much 
more efficient than drag, or ‘paddle’ designs. 

 
Figure 2: Example of vertical axis wind turbine 

 
III. WIND TURBINE DESIGN PARAMETERS 
 
A. Effect of Number of Blades 
As the number of blades in the wind turbine increases, 
aerodynamic efficiency increases, but in a diminishing 
manner. When we move from 2 blades to 3 blades 
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design efficiency gain is about 3%. But as we move 
from 3 blades to 4 blades design, efficiency gain is 
marginal. As we increase number of blades, cost of the 
system increases drastically. Along with that 
mechanical design of blades also becomes a difficult 
affair. With more number of blades, blades should be 
thinner to be aerodynamically efficient. But blades 
with thinner portion at the root may not withstand 
bending stress induced due to axial wind load. So 
generally, wind turbines with 3 blades which can 
accommodate a thicker root cross-section are used. 
 
B. Blade Length 
Next big factor affecting performance of wind turbine 
is length of the blade. As we discussed in first video 
lecture, power extracted by the wind turbine varies 
according to this equation. So it is clear that, a longer 
blade will favour the power extraction. But, with 
increase in blade length, deflection of blade tip due to 
axial wind force also increases. So, blind increase in 
length of the blade may lead to dangerous situation of 
collision of blade and tower. With increase in blade 
length tip velocity increases. Noise produced by the 
turbine is a strong function of tip velocity. So, it is not 
permissible to increase blade length after a limit. Other 
factor which goes against long blades is requirement 
of huge mechanical structures which leads to heavy 
investment. 
 
C. Determination of Tower Height 
Most critical factor of wind turbine design is 
determination of proper tower height. Power input 
available for wind turbine varies as cube of wind 
speed. So, a small change in wind speed will have 
huge effect on power production. A typical wind 
speed increase from ground level is shown in figure. 
So, from power extraction point of view, it is desired 
to have tower height as high as possible. But difficulty 
in road transportation and structural design problems 
put a limit on maximum tower height possible. 
 
D. Tip Speed Ratio 
It is the ratio of tangential speed of the tip of a blade 
and the actual speed of thewind. The tip speed ratio is 
related to efficiency, with the optimum varying with 
blade design. Higher tip speeds result in higher noise 
levels and require stronger blades due to large 
centrifugal forces. 
 
IV. WIND TURBINE MODELLING 
 
A. Solid Model 
The wind turbine solid model was done using 
Computer Aided Design Software, SOLIDWORKS 
and the final assembly is as shown in the figure below. 
Dimensions: 
Diameter of the circle swept by the blades = 360mm. 
Height of the tower = 366 mm 
Pitch blade angle = 20o  

 
Figure 3. Final Assembly of the Wind Turbine Model Showing 

Its Principal Parts 
 
B. Mathematical Model 
This report summarizes the results of the mathematical 
model constructed for the wind turbine using Python. 
Both the qualitative and quantitative results are 
presented in this section in the form of tables and 
graphs. 
The inputs here are the wind velocities, tip speed ratios 
and pitch blade angles. The outputs here are the 
co-efficient of power and power drawn. The tip speed 
ratio is an extremely important factor in wind turbine 
design, which is defined as the ratio of the tangential 
speed at the blade tip to the actual wind speed. 
The power coefficient depends on the design of the 
turbine and the wind speed. According to Betz law, 
this coefficient has a maximum value of 16/27. Thus 
the maximum mechanical energy that can be extracted 
from the wind is 16/27 times the energy in wind. 
Because many design variables of a turbine influence 
the power coefficient, it is very useful to make a quick 
approximation of the power coefficient with a 
particular turbine design. An empirical equation that 
gives an approximation is mentioned below 
 

 
 
A snippet of the code where the above formulae are 
used is attached below. This code was written in 
python and the values that were obtained were 
exported to Excel to plot the graphs that are attached 
further ahead in this report. 
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C. Physical Model 
 

 
Figure 4. Physical Model with all Accessories 

 
Dimensions of Physical Model: 
Height of Mast = 420mm 
Diameter of Tower = 25.4mm 
Diameter of Blade = 254mm 
 

 
Figure5. ModelUnder Test 

 
The physical model was tested with both 2 and 3 
blades. But we faced technical issues with the 3-blade 
design which prevented us from measuring the 
current. The voltage also exceeded that of the dynamo 
used. 
 
IV. RESULTS AND DISCUSSIONS 
 
A. Mathematical Modelling 

 

 
Table1:Table showing variation of Co-efficient of Power with 
Wind Velocity and Tip Speed Ratio for different pitch blade 

angles 

 
This table contains the values for power coefficient for 
different pitch angles. Using these values, graphs of 
power coefficient vs wind velocity and power 
coefficient vs tip speed ratio were plotted as shown 
below. 

 
Figure 6. Plot Showing Variation of Cp with Wind Velocity(Vw) 

for different pitch angles 

 
As we can observe from the graph, negative pitch 
angle of (5o) is suited for lowest wind speed regime. It 
enhances the capability of the wind turbines.  
Increasing pitch angle will lead to higher power at 
high wind speed. 
 

 
 
Increasing TSR (i.e. rotational speed or rotor 
diameter) changes the trend of the turbine 
performance. 
Negative pitch angle possesses high power coefficient 
at high wind speed. But having a negative pitch angle 
increases stall. A range of TSR of the order (0.6 – 11) 
may give best performance of wind turbine 
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Power Drawn vs Wind Velocity Curve 

 
This table contains the value of power drawn from the 
wind for different pitch angles at different wind 
speeds. 

 
 

Figure 8. Plot Showing Variation of Power Drawn with Wind 
Velocity for Various Pitch Angles 

 
Figure 8 shows a variation of force on the blade vs 
wind velocity. With increasing velocity the force on 
the blades increases almost linearly. Hence, the design 
of the blades must be such that they can withstand the 
force up to the cut off velocity. 
 
B. Flow Simulation 
 
Flow simulation was done on the model in 
SOLIDWORKS, and the velocity distribution was as 
shown in the figure below. 
 

 
Figure 9. Flow visualization 

 
Figure 10. Plot of Force on blades vs Velocity of Flow for 

the Wind Turbine Model 
 

The force on the blades proportionally increases with 
increases with increase in wind velocity. This is an 
important design consideration for wind turbine 
blades. The cut off velocity is decided based on the 
yield stress of the blade. As the velocity of flow 
increases, the force on the blade increases and once it 
reaches the yield stress of the blade, the turbine fails 
which is not desirable. This is the reason for deciding a 
cut off velocity for the operation of wind turbines. 
 
V. EXPERIMENTAL DATA 

 

 
Table 3: Table showing variation of Power Generated with 

Wind Velocity 

 
The table above was obtained through 
experimentation on the scaled down physical model. 
As mentioned earlier, the current values for the 
3-blade design were not obtained. Hence, only those 
for the 2-blade design were plotted 
  

 
Figure 11. Plot showing variation of Power drawn with Wind 

Velocity 
 

 
Figure 12. Plot showing the variation of power coefficient with 

wind velocity 
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Figure 11 shows the variation of power developed vs 
the wind velocity for the physical model obtained 
through experimentation. The cut in velocity is 3.2 m/s 
for a 2-blade wind turbine. The power generated 
decreases after 7m/s. This is the maximum power for 
this scaled down turbine model. The input power is 
calculated using the formula  
Pin = 0.5*ρ*a*v3 (W) 
Where     ρ - density of air (kgm-3) 
               a - area swept by the blade (m2) 
               v – wind velocity (ms-1) 
 The power co-efficient of the physical model from 
experiment is found to be in range with mathematical 
model. Hence, are comparable with each other.  
 
VI. CONCLUSION 
 
The mathematical analysis was performed based on a 
1:1 scale model. The 3D SOLIDWORKS model and 
the physical model are comparable in dimensions. So, 
it can be assumed that the forces acting on the 3D 

model can be assumed to be the same as on the 
physical model.  
 The power generated is directly proportional to the 
number of blades. The power generated for a given 
velocity for a 3-blade system is more when compared 
to 2 blade system. But, due to cost restrictions, using 
more than 3 blades is impractical. Balancing of blades 
is also taken into consideration while selecting 3 
blades over higher numbers.                                           
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