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ABSTRACT:-  

A small wind turbine blade was designed and optimized in this research paper. The blade plays an important role, because it is the 

most important part of the energy absorption system. Consequently, the blade has to be designed carefully to enable to absorb 

energy with its greatest efficiency. The main objective of this paper is to optimized blade number and selection of tip speed ratio 

corresponding to the solidity. The power performance of small horizontal axis wind turbines was simulated in detail using blade 

element momentum methods (BEM).In this paper for wind blade design various factors such as tip loss, hub loss, drag coefficient, 

and wake were considered. The design process includes the selection of the wind turbine type and the determination of the blade 

airfoil, twist angle distribution along the radius, and chord length distribution along the radius. A parametric study that will 

determine if the optimized values of blade twist angle and chord length create the most efficient blade geometry. The 3-bladed, 5-

bladed and 7-bladed rotor achieved maximum values of Cp 0.46, 0.5 and 0.48 at the tip speed ratio 7, 5 and 4 respectively. It was 

observed that using BEM theory, maximum Cp varied with strongly solidity and weakly with the blade number. The studies 

showed that the power coefficient increases upto blade number B=5, while the blade number if increased above 5 then the power 

coefficient decreases at operating pitch angle equal to 3
o
. Highest Cp would have solidity between 4% to 6% for number of blade 

3 and design point tip speed ratio of about “7”. Highest Cp would have solidity ranging from 5% to 10% for number of blade 5 

and 7 and design point tip speed ratio of about 5 and 4 respectively. 
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1 .INTRODUCTION 

Wind power, as an alternative to fossil fuels, is abundant, 

renewable, and extensively circulated, clean, produces no 

greenhouse gas emissions during operation and uses little land 

(Fthenakis, et al., 2002). If the efficiency of a wind turbine is 

increased, then more power can be generated thus decreasing 

the need for expensive power generation that causes pollution. 

Ever since the seventh century, people have been utilizing wind 

to make their lives easier (Satish et al., 2011). Renewable 

energy sources are those energy sources, which are not spoiled 

when their energy is harnessed. Human use of renewable 

energy requires technologies that harness natural phenomena, 

such as sunlight, wind, waves, water flow, and biological 

processes such as biological hydrogen production and 

geothermal heat. Amongst the above mentioned sources of 

energy there has been a lot of development in the technology 

for harnessing energy from the wind (Patnaik et al., 2009). The 

energy transferred to the rotor by the wind depends on the air 

density, the swept area of the rotor and wind speed. Blade is the 

key component to capture wind energy. It plays a vital role in 

the whole wind turbine. Turbine power production depends on 

the interaction between the rotor and the wind (Manwell, 

2002), 

 

2. PROBLEM DEFINITITION 

 

To develop blades for a small scale wind turbine so as to 

reduce the cut-in wind speed and maximize annual energy 

production. Simulation based design procedure selection for 

best airfoil, optimum pitch angle, blade geometry and also 

reduces rated wind speed by using longer blade length and 

optimizes blade number. 

 

3. NEED FOR SMALL WIND TURBINE 

 

Small wind turbines may be used for a variety of applications 

including on or off-grid residences, telecom towers, offshore 

platforms, rural schools and clinics, remote monitoring and 

other purposes that require energy where there is no electric 

grid, or where the grid is unstable. 

 

4. WIND TURBINE 

 

A wind turbine uses the aerodynamic force of the lift to rotate a 

shaft which in turn helps in the conversion of mechanical 

power to electricity by means of a generator. For this purpose 

there are mainly two types of wind turbine and these are given 

bellow 

 a) Horizontal axis wind turbine (HAWT) 
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 b) Vertical axis wind turbine (VAWT)   

 

5.  METHODLOGY AND DESIGN PROCEDURE 

 

The purpose of this project is to design a blade for a small wind 

turbine for operation in low wind speed régime. The first step 

to achieve a better power performance is the blade 

aerodynamic analysis. The main parameters governing the 

blade design of a wind 

Machine includes blade diameter, blade number, and blade 

geometry aerofoil type and blade pitch angle. Aerodynamic 

optimization of the blade is determined by the proper choice of 

number of blades, radial distribution of chord and twist, airfoil 

s, tip speed ratio and pitch angle. The blades are critical 

components of the rotor, and consist of the airfoils which 

interact with the wind and convert the power in the wind to 

mechanical power. The design tip speed ratio of a rotor is that 

tip speed ratio where the power coefficient is a maximum. 

Selection of this value will have a major impact on the design 

of the wind turbine. 

6.  BLADE DESIGN THEORY 

From analysis of blade design theory, it is possible to select 

best airfoil for blade, so that the blade can more efficient for 

performance. A wind turbine rotor consists of airfoils that 

generate lift by virtue of the pressure difference across the 

airfoil, producing the same step change in pressure seen in the 

actuator disc type of analysis. The analysis has been done by 

using momentum theory and blade element theory. Momentum 

theory refers to a control volume analysis of the forces at the 

blade based on the conservation of linear and angular 

momentum. Blade element theory refers to an analysis of 

forces at a section of the blade, as a function of blade geometry. 

The results of these approaches can be combined into what is 

known as strip theory or blade element momentum (BEM) 

theory. This theory can be used to relate blade shape to the 

rotor’s ability to extract power from the wind. 

 

The blade design analysis covers the following sections, 

(i) Momentum theory 

(ii) Blade element theory 

(iii) Blade-element momentum theory. 

 

6.1 BLADE MOMENTUM ANALYSIS 

 

The forces on a wind turbine blade and flow conditions at the 

blades can be derived by considering conservation of 

momentum since force is the rate of change of momentum.  

 

6.2   BLADE ELEMENT THEORY 

 

In this theory, the blade is considered to be divided into N 

sections or elements as shown in Figure 3.5. It is assumed that 

each element is independent of the others, with no aerodynamic 

interaction. Also, the forces on the blades are determined only 

by the lift and drag characteristic of the airfoil shape of the 

blade. Consider a blade element at a distance ‘r’ from the axis. 

The lift and drag forces acting at an element depends on the 

relative velocity of air at that element. 

 

6.3 BLADE-ELEMENT MOMENTUM THEORY. 

 

The momentum theory refers to a control volume analysis of 

the forces at the blade based on the conservation of linear and 

angular moment. While the blade element theory determines 

the forces on the blade due to the blade characteristics of lift 

and drag force. Both theories can be combined into what it is 

known as blade element momentum (BEM) theory. The BEM 

extends the theory of the actuator disc incorporating the 

influence of the rotor blades. The effect of each elemental ring 

is defined by analyzing the aerodynamic response of the blades 

to the flow in which they are immersed. The forces and 

moments derived from momentum theory and blade element 

theory must be equal. Equating these, one can derive the flow 

conditions for a turbine design which is known as blade 

element momentum/strip/modified blade element theory. 

 

7. DESIGN PROCEDURE OF WIND TURBINE BLADE 

 

 Having the guesses values for ia and 'ia  starts the iterative 

solution procedure 

 

1) Determine relative flow angle,   using following 

equation  
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Where ia and 'ia is axial and rotational induction factor, r is 

local tip speed ratio 

 )(
R

r
r                      -------- (ii) Where  is 

Tip speed ratio and 
R

r
is elemental section radius R=Rotor 

radius 

 

2) Calculate Prandtl’s tip loss (F)  

 

http://www.ijrmee.org/


International Journal on Recent Technologies in Mechanical and Electrical Engineering (IJRMEE)                                  ISSN: 2349-7947 
Volume: 2 Issue: 3                                                                                                                                                                            056 – 061 

______________________________________________________________________________________________ 

64 

IJRMEE | March 2015, Available @ http://www.ijrmee.org                                                                 

_______________________________________________________________________________________ 








 
  }

sin)/(

)]/(1)[2/(
{exp(cos)/2( 1




Rr

RrB
F ---- (iii)                              

Where, 

 B= Blade Number 

 

3) Determine lift coefficient and drag coefficient 

respectively, using following equation 

 

Cl =lift coefficient   

 Cl = (6 10
-5

) α
4
) - (0.002α

3
) + (0.023 α

2
) + (0.028 α) + 0.44                  

------------------------------------- (iv) 

 

Cd=drag coefficient               

CD= (-1 10
-5

 α
4
) B+ (0.0005 α

3
) - (0.007α

2
) + (0.033 α) 

+0.029                ------------------------------------- (v)            

Where =Angle of attack (in between 5
o
 to 10

o
) from figure 

3.14 & 3.15 

 

4) Thrust coefficient (Cn) can be calculated as, 

     

  Cn =  sincos dl CC           ------- (vi)                      

          5) Torque coefficient 

(Ct) can be calculated as, 

 

 Ct=  cossin DL CC         --------- (vii)  

     

6) Determine axial induction factor a and rotational 

induction factor 'a  using   following expression, 

 

a=Axial induction factor  

 

a
)]cos'/(sin41[

1
2  lCF

 

------- (viii)      

                        

 22 sin)sincos()1(' dlrT CCaC
r

     

               ------------     (ix) 

 

If a> 0.4, or 96.0TC then calculate axial induction factor 

by using this formula 

 

 TCFa  889.0(6427.00203.0143.0)/1(  

                                 -------------- (x) 

 

 

 

 

7) Rotational induction factor  'a  

 

]1))'/(cos4[(

1
'




lCF
a


   ---------------- (xi)                   

    

If the newest induction factors are within an acceptable 

tolerance of the previous guesses, values  then the other 

performance parameters can be calculated such as ,twist angle 

and chord length, if not then the procedure starts again equation 

(i) to (xi) 

 

8) Calculate twist angle ( ): 

 

p             ------------------- (xii) 

                    

 Where, 

  Relative flow angle and, 

 Angle of attack  

p =Pitch angle. 

9) Chord length, (c), can be calculated by following 

expression 

 

   Chord length,  

c=
)cossin()'1(

cossin8





dl CCBa

raF


---------- (xiii)                                         (xiii)      

Where,  

B=blade number 

a =axial induction factor 

a’ =rotational induction factor 

F=tip loss factor 

r = radius at that element 

)cossin(  CdCl  =Ct Torque Coefficient 

  Relative Flow Angle. 

 

8. AIRFOIL BEHAVIOUR 

 

Airfoils for horizontal axis wind turbines (HAWT) are 

designed to be used at low angle of attack, where the lift 

coefficient is high and drag coefficient are fairly low. Airfoil 

behavior in the air flow is divided into three phases: the 

attached flow phase, the high lift/stall development phase and 

the flat plate/fully stalled phase (Manwell, 2002). Figure 1 and 

2 shows that the lift coefficient and drag coefficient with angle 

of attack for SG 6043 airfoil, in this figure 1 maximum lift 

coefficient obtained at angle of attack in between 5
o
 to 

10
o
.Figure 2 indicates that the drag coefficient with angle of 

attack, in this figure minimum drag coefficient obtained at 

angle of attack in between 5
o
 to 10

o
.
 
The lift on an airfoil is 
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primarily the result of its angle of attack and shape. When 

oriented at a suitable angle, the airfoil deflects the oncoming 

air, resulting in a force on the airfoil in the direction opposite to 

the deflection. This force is known as aerodynamic force and 

can be resolved into two components: lift and drag.  

 

 

Figure 1 Lift coefficient versus angle of attack of a SG 6043 aerofoil 

 

Figure 2 Drag coefficients versus angle of attack of a SG 6043 aero 

foil 

 

 (iii) Creating airfoil 

Figure 3 indicates that different airfoil in Q-Blade software 

such as NACA 4410, and SG 6043. Above figure shows that 

maximum lift coefficient and less drag coefficient obtained for 

SG 6043 airfoil. Hence selected Airfoil is SG 6043 for blade 

design and simulation in Q- blade software. In the run-up to 

creating a rotor, all its airfoils and the corresponding polar data 

need to be defined. Airfoils can be created using splines, a SG 

6043 airfoil generator or via an import function in XFLR5. In 

this case, the SG 6043 is loaded. 

 

 

Figure 3 Airfoil Design Modules 

 

Figure 4 and 5 indicates that blade geometry for number of 

blade =7 without optimized. Figure 5 shows that maximum 

twist angle obtained approximate 60 degree it is very difficult 

for manufacturing that’s why to optimized twist angle for easy 

production and low cost. 

 
 

Figure 4 Chord distributions for SG 6043 airfoil 

 

 
 

Figure 5 Twist distributions for SG 6043 airfoil 
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9. OPTIMUM BLADE DESIGN RESULTS RADIAL 

VARIATION OF CHORD AND TWIST ANGLE FOR 

BLADE NUMBER =3, 5 AND 7 AT MAXIMUM CP 

POINT 

 

Figure 6 and 7 is showed that maximum chord and maximum 

twist at the blade root. It can be seen that blades designed for 

optimum power production have an increasingly large chord 

and twist angle as one gets closer to the blade root. One 

consideration in blade design is the cost and difficulty of 

fabricating the blade. An optimum blade would be very 

difficult to manufacture at a reasonable cost, but the design 

provides insight into the blade shape that might be desired for a 

wind turbine. It can be seen that in X-foil software that blades 

designed for optimum power production have an increasingly 

large chord and twist angle as one get closer to the blade root. 

Consideration of maximum twist angle and minimum chord 

length in blade design, cost and difficulty of fabricating the 

blade increases which affects rotor performance. Therefore the 

maximum twist angle is assumed to be 30
0
 and minimum chord 

length is assumed to be 0.02 m, so that an optimum blade 

would not be very difficult to manufacture at reasonable cost. 

The number of strips was varied from 10 to 20 strips and a 

large difference was seen in the results from 10 to 15 strips but 

very little difference from 15 to 20, a decision was made for 15 

strips (Duquette and Visser, 2003). The BEM-based optimum 

design Figure 5 and 6 indicated that optimum value of chord 

length and twist angle for number of blade=3, 5 and 7 

respectively with the elemental section radius. Blade divided 

into 15 elements. 

 

 

 

Figure 6 Twist distributions for three optimum rotors 

 

 
 

Figure 7 chord distributions for three optimum rotors. 

 

10. OPTIMUM BLADE DESIGN RESULTS 

 

A parametric numerical study was conducted. In order to 

determine the optimum distribution of chord and twist along 

the length of the blade, a Blade Element Momentum (BEM) 

based program was developed in MATLAB. The values of 

blade radii are taken to be 0.8 m, 0.9 m, 1 m and 1.1m. Airfoil 

SG6043 was used for all blade sections as it has a high CL /CD 

from Re 1,00,000 to Re 5, 00,000. As seen in Figure 8, the 

maximum value of Cp obtained is 0.52 for blade radius equal 

to1m. On increasing the radius to 1.1 m, Cpmax value obtained 

is 0.528. As there is an insignificant difference in the value of 

Cp for R=1m and R= 1.1 m, hence, blade radius =1m was taken 

for the design and simulation purpose. 

 
 

Figure 8 Variation of power coefficient with tip speed ratio for 

various blade length of 0.8 m, 0.9 m, 1m and 1.1m 

 

10.1 Effect of tip speed ratio on maximum power coefficient 

for different blade number 

 

The BEM-based design routine was applied for a set of tip 

speed ratios ranging from 3 to 8, and for blade numbers of 3, 5, 
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7, 9, 12, and 15. For a given blade number and tip speed ratio, a 

blade design is obtained by following the methodology given in 

chapter 3. The 

Blade pitch angle was kept zero for all the simulations. The Cp 

-λ curve for this design was obtained from Q-Blade module of 

X-foil. The point of maximum Cp from the Cp –λ curve of this 

design was plotted as Q-Blade software. This procedure was 

repeated for different values of tip speed ratios, keeping the 

blade number constant. Subsequently, simulations to obtain the 

Cpmax point for different blade numbers were performed and 

the results were plotted in Figure 9. It is seen that for all blade 

numbers, the Cpmax value initially increases, reaches a 

maximum and then decreases with increase in λ, Also, it is 

observed that Cpmax value occurs at different values of λ for 

different blade numbers i.e., for B=3, Cpmax is obtained 

corresponding to λ =6, whereas for B=5, Cpmax is obtained for 

λ =4.   

 
  

Figure 9 Comparison of maximum Power coefficient with tip speed 

ratio for various blade numbers. 

For B=3, Cpmax is 0.4, while for B=5 and B=7, Cpmax is 0.44 

and 0.46 respectively. On increasing the blade number to 12, 

Cpmax value obtained is 0.47. On further increasing the blade 

number to 15, it was found that the Cpmax value goes on 

decreasing for all values of λ. As there is an insignificant 

difference in the value of Cp for B=7 and B=12, further 

simulations were restricted up to B=7. Each point on the B=7 

curve is marked with the value of solidity for that particular 

design. Each point on the B=3 and B=5 lines have the same 

solidity as that corresponding point on the B=7 line. It is noted 

from the figure that as tip speed ratio increases for a given 

blade number, the solidity goes on decreasing making the blade 

more slender. The minimum solidity of 0.02 was obtained for 

λ=8, while the maximum solidity of 0.16 was obtained 

corresponding to λ=3 for all blade numbers. Figure 4.2 also 

suggests that the design yielding the highest maximum Cp 

would have a higher blade number such as 5 to 7, solidity about 

12% and a design point tip speed ratio of 4. This a noteworthy 

departure from regular three blade wind turbines with solidities 

of 4% to 9% and optimum tip speed ratios greater than 5.  

 

10.2 Effect of pitch angle on the power coefficient with tip 

speed ratio. 

 

For a given blade number, radius and pitch angle, a blade 

design is obtained from the procedure outlined in the previous 

chapter. The Cp -λ curve for this design was obtained from Q-

Blade module of X-foil. The point of maximum Cp from the 

Cp -λ curve of this design was noted as a function of blade 

pitch angle. All such values of maximum Cp are then plotted 

for blade numbers equal to 3, is shown in below, Figure 10.  

 

 
Figure 10 Comparison of power coefficient with tip speed ratio for 

number of blade=3, at different pitch angle 

 

For B=3, the highest value of power coefficient was obtained 

0.42 at operating pitch angle equal to 3 degree. Corresponding 

tip speed ratio = 6 to 7 while minimum value of power 

coefficient was obtained 0.1, at operating pitch angle= 5o 

corresponding tip speed ratio = 3.Figure 10, Figure 11 and 

Figure 12 shows the variation of rotor performance with 

different initial pitch settings respectively. It is noticed that 

from the figure 4.5, for B=5, if the design tip speed ratio is 

greater than 5, then value of power coefficient goes on 

decreasing at all operating pitch angle. 

 

 
Figure 11 Comparison of power coefficient with tip speed ratio for 

number of blade=5, at different pitch angle 

σ=0.16 
σ=0.12 σ=0.09 

 

σ=0.04 

σ=0.03 
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It is also observed that For B=5, the highest value of power 

coefficient was obtained 0.46, at operating pitch angle=3 

degree, corresponding to tip speed ratio = 4 while minimum 

value of power coefficient was obtained 0.05 & 0.02, at 

operating pitch angle= -3 degree and -5 degree respectively, 

corresponding to tip speed ratio = 8. Therefore maximum 

power coefficient is obtained at optimum pitch angle equal to 3 

degree, for blade number 3 and 5 respectively. If design tip 

speed ratio is 8 then the power coefficient decreases by 12% as 

compared to design tip speed ratio equal to 4 for blade pitch 

angle equal to 3 degree. Hence proper selection of blade pitch 

angle can improve machine performance. Figure 4.6 shows the 

variation of rotor performance with different initial pitch 

settings for B=7. It is noticed that from figure 12, the maximum 

power coefficient was obtained for operating pitch angle equal 

to 5 degree and the maximum power coefficient obtained is 0.5 

which corresponds to tip speed ratio= 4 to 5. 

 

 
 

Figure 12 Comparison of power coefficient with tip speed ratio for 

number of blade=7, at different pitch angle. 

While minimum value of power coefficient was obtained 0.02, 

at operating pitch angle ranging from -3 degree and -5 degree, 

corresponding tip speed ratio = 8. It is noted from Figure 12 

when pitch angle=3, value of power coefficient was obtained 

0.48, while pitch angle =-5 degree value of power coefficient 

was obtained only 0.3, therefore it justifies that the pitch angle 

strongly affects power coefficient. Hence, proper selection of 

pitch angle is very important as it can improve rotor design 

performance. 

 

10.3 Effect of pitch angle on the maximum power 

coefficient with solidity 

 

For B=5, the maximum power coefficient was obtained 0.5, at 

the solidity =0.05, corresponding to pitch angle equal to 3
o
 & 

5
o
, while maximum power coefficient was obtained 0.45 and 

0.42, at the solidity=0.05, corresponding pitch angle = -5
o
 and -

3
o
. Hence pitch angle is function of solidity and as well as 

blade number, for B=7, the maximum power coefficient was 

obtained 0.48, at the solidity = 0.1, corresponding to pitch 

angle ranging from 3
o
 to 5

o
, while maximum power coefficient 

was obtained 0.41 and 0.4, at the solidity = 0.02, corresponding 

pitch angle = -5
o
 and -3

o
. Figure 10,11,12 and Figure 13, 

clearly illustrates that the pitch angle directly affects the 

maximum power coefficient, were achieved at pitch angle 

equal to 3
o
, for blade number = 5 and 7, and maximum power 

coefficient was obtained between solidity 0.09 to 0.12 for blade 

number 7. Figure 13 it is observed that the maximum power 

coefficient corresponding to solidity 0.03 to 0.05 and pitch 

angle ranging from -3
0
 to 3

0
 the percentage of maximum power 

coefficient increases by 28% for B=3. Similarly, for B=5 and 

B=7, maximum power coefficient corresponding to solidity 

0.05 to 0.12 and pitch angle -30 to 30. The percentage of 

maximum power coefficient increases by 20% and 16% 

respectively. 

 

 
 

Figure 13 Comparison of maximum power coefficient with solidity 

for blade numbers = 3, 5 and 7, with blade pitch angle (β) as 

parameter 

For B=7 & B=5, the maximum power coefficient obtained 

between solidity range of 0.05 to 0.12. While for B=3 the 

maximum power coefficient obtained in the solidity range of 

0.03 to 0.05 at the operating pitch angel equal to 30. If solidity 

is increased from 3% to 7% the gain in the value of maximum 

power coefficient is 16 % for all cases. For B=3, the value of 

maximum power coefficient decreases as the solidity increases 

from 0.1 to 0.14. Maximum power coefficient is observed to be 

decreasing between the solidity ranging from 0.03 to 0.05. 

Beyond solidity of 0.06, Cpmax is insensitive to the pitch angle 

for blade number 5 and 7. 

 

10.4 Effect of solidity on tip speed ratio at maximum power 

coefficient. 

 

Figure 14 shows that the relationship between tip speed ratio at 

maximum Cp and solidity, at pitch angle = 3
0
. For 

β=3o 

 

β=3o 

 

β=3o 

 

β=3o 
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solidity=0.05, tip speed ratio at maximum Cp was between 5 

and 7 for B = 3 while, B = 5 and B = 7. As solidity increases, 

tip speed ratio at maximum Cp decreases in all cases at 

approximately the same rate. 

 

 
 

Figure 14 Comparison of tip speed ratio with solidity for various 

blade numbers@ pitch angle=3o 

 

Tip speed ratio at maximum Cp was a strong function of 

solidity but varied with blade number. From the analysis of 

variable-chord, twisted blade designs, it appeared that the 

design yielding the highest Cp would have solidity ranging 

from 0.03 to 0.06, and an optimum operating design tip speed 

ratio 6 to 7. 

 

10.5 Cp-λ for different blade number at a given value of 

solidity = 0.03 

 

Figure 15 shows that power coefficient versus tip speed ratio 

for variable chord and twisted blade, and the power curve was 

wide, showing a Cp of greater than 0.25 between tip speed ratio 

4 and tip speed ratio 8 for blade numbers 3, 5 and 7 

respectively. For B=3 & B=5, the maximum power coefficient 

obtained 0.4 and 0.48 corresponding to design tip speed ratio is 

equal to 6. For B=7, the maximum power coefficient obtained 

is 0.45 corresponding to design tip speed ratio which is 5 

beyond which the power coefficient goes on decreasing. 

 

 
 

Figure 15 Comparison of maximum power coefficient with tip speed 

ratio for optimized blade length, for various blade numbers at solidity 

= 0.03@ pitch angle=3o 

 

10.6 Cp-λ for different blade number at a given value of 

solidity = 0.05 

 

Figure 16 shows power coefficient versus tip speed ratio for a 

given value of solidity for the variable chord and twisted blade 

for different blade numbers. From figure 4.10 indicates that the 

maximum Cp achieved at solidity 0.05, operating pitch angle at 

30 for number of blade=5, therefore graph plotted for power 

coefficient versus tip speed ratio at solidity=0.05, 

corresponding pitch angle=30, for B=3, 5 and 7. 

 

 
 

Figure 16 Comparison of power coefficient with tip speed ratio 

for optimized blade length, for various blade numbers at 

solidity = 0.05 @ pitch angle=3
o 

 

The optimum tip speed ratio was between 4 to 7 of blade 

number 3, 5 and 7 respectively, at optimum point of solidity 

0.05, many of the theoretical aspects of BEM are based on 

B=7 

 

B=5 

B=3 

 

B=5 

 

B=7 

 

B=3 
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assumptions such as Prandtl’s tip loss and general momentum 

theory; it is useful to compare the results with other analysis 

methods to confirm the findings. Glauert showed that the tip 

loss assumptions made by Prandtl’s over predict power for low 

blade numbers and agree closely with exact solutions for higher 

blade numbers. This would suggest that the difference in Cp 

between B = 3 and B = 7 would increase. Figure 14 indicated 

that the power coefficient decreases when the design tip speed 

ratio is in between 5 to 8 for all cases. Hence, only selected 

designs chosen from BEM solutions were analyzed with 

Solidities of 3% to 10% were analyzed for blade numbers of 3, 

5 and 7 and the results are shown in Figure 1 to Figure 15. The 

optimum pitch angle was set according to values from the 

previous BEM analysis 

 

11. Power velocity curve for different number of blades 

 

 
 

Figure 17 Electrical power developed at different wind speed 

of optimum three rotors 

 

As seen in Figure 17, the maximum value of power obtained is 

422W for blade number equal to 5. On increasing the blade 

number power is also decreases. It is observed that the cut wind 

speed of optimum rotor is around 2.3 m/s and rated wind speed 

is equal to be 8 m/s also cut-off wind speed is equal to be 15 

m/s. 

 

11.1 Annual energy generation estimation 

Annual energy production an estimate of the total energy 

production of a wind turbine during a one year period as 

calculated by obtained power curve. 

 

11.2 Mathematical model for probability density of the 

wind speed 

 

Wind power developers measure actual wind resources, in part, 

to determine the distribution of wind speeds because of its 

considerable influence on wind potential. The Weibull wind 

speed distribution is a mathematical idealization of the 

distribution of wind speed over time. The function shows the 

probability of the wind speed being in a 1m/s interval centered 

on a particular wind speed (v), taking into account both 

seasonal and annual variations for the years covered by the 

statistics. The Weibull distribution function is given (Odo et 

al,2012) by: 

where F(v) is the fraction of time for which the hourly mean 

wind speed exceeds v. It is characterized by two parameters, a 

‘scale parameter’ c and  
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k is the dimensionless shape factor which describes the form 

and width of the distribution.  The Weibull distribution is 

therefore determined by the two parameters c and k. Although a 

Weibull distribution gives a good representation of the wind 

regime at many sites. 

 

i) Installed Wind Energy, IWE: 

 

The installed wind energy is the maximum possible energy that 

can be extracted in one year from the wind farm 

 IWE = Electrical rated power, Prated (kW) * 8760 

------------------- (xv) 

 

ii) Annual energy generation or expected Available Wind 

Energy, (AEP or EAWE):  

 

Energy expected to be generated by the wind farm in one year 

without considering wind-turbine failure 
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iii) Capacity factor (CF) 

 

Capacity factor is a measure of a wind turbines actual output, 

which varies with the wind speed, over a period of time. 

Capacity factor of the wind farm without considering wind-

turbine failure 

Capacity factor/ Plant load factor (CF or PLF) =  
IWE

AEP
     -                     

------------------ (xvii)   

 Where, 

IWE= Installed Wind Energy,  

Vrated 

 

Vcut-in 

 

Vcut-off 
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AEP = Annual energy generation. 

12. Optimized blade model developed for Blade number 

equal to 3, 5 & 7 respectively  

 

Figure 18, 19 and 20 shows that optimized for B=3, 5 and 7. 

 

 
 

Figure 18 Q-Blade 3-Bladed at TSR=7 

 

 
 

Figure 19 Q-Blade 5-Bladed at TSR=5 

 

 
 

Figure 20 Q-Blade 7-Bladed at TSR=4 

CONCLUSIONS 

This paper presents the design and optimization of the rotor 

blade performance for a 400W small wind turbine at the lower 

values of operating wind speed based on blade element 

momentum theory (BEM).The main focus is on the relationship 

between solidity, pitch angle, tip speed ratio, and maximum 

power coefficient. In this study, airfoil SG 6043 was selected 

and studies were conducted for variable chord and twisted 

blade, with solidities in the range of 2% to 30% and blade 

numbers 3, 5, 7, 12, and 15 and rotor diameter are taken 

2m.The pitch angle varied from -5
0
 to 5

0
.These values of blades 

geometry parameters generated in MATLAB are exported to 

Q-Blade software this gives results in terms of power 

coefficient curve (Cp- λ). Hence maximum power coefficient 

was obtained for the solidity in the range of 3% to 12% for 

number of blade is equal to be 3, 5 and 7. Also, it may be noted 

that, Optimum power coefficient depends upon the tip speed 

ratio and pitch angle. The Rotor performance is optimum if the 

pitch angle is in between 0
o
 to 3

0
 and tip speed ratio ranges 

From 4 to 7.When number of blades is increased from 3 to 7, 

values of power coefficient increases upto 10%.If blade 

number is changed from 3 to 5 then the annual energy 

production is increased to 8% but, blade number if changed 

from 5 to 7 then the annual energy production is reduced by 

4%. Electrical rated power produced by 5 bladed wind turbines 

is 10% and 8% more than 3 bladed and 7 bladed wind turbines 

respectively corresponding to rated wind speed of 8 m/s. From 

the above data we have selected optimum number of blades 

equal to 5. The 3-bladed rotor achieved value of CP 0.4 and 

0.46 at the pitch angle of 0
0
 and 3

0
 respectively whereas the 5-

bladed rotor achieved value of CP 0.44 and 0.5 at the pitch 

angle of 0
0
 and 3

0
 respectively. Also the 7-bladed rotor 

achieved value of CP 0.46, and 0.48 at the pitch angle of 0
0
 and 

3
0
 respectively. Annual energy production is maximum for 

blade number is equal to 5 as compare to the blade number = 3 

and 7, it observed that the approximate 8% maximum annual 

energy production was obtained for blade number is equal to 5 

as compared the blade number is equal to 3. While approximate 

4% maximum annual energy production was obtained for blade 

number is equal to 5 as compared the blade number is equal to 

7 respectively, also it has found that the maximum capacity 

factor is obtained optimum blade number is equal to 0.145, 

0.17 and 0.16  for B=3, B=5 and B=7. Hence optimum number 

of blade is equal to be 5. The maximum value of electrical 

power is obtained 388 W, 422 W and 405 W for blade number 

equal to 3, 5 and 7 respectively. On increasing the blade 

number more than 5, electrical power decreases. It is also 

observed that the cut wind speed of optimum rotor is 

approximate to 2.3 m/s and rated wind speed is equal to be 8 

m/s while cut-off wind speed is equal to be 15 m/s. 
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NOMENCLATURE 

 

a= Axial Interference Factor 

a, = Tangential Interference Factor 

A= Area, area swept by turbine blades 

B= Number of blades 

Cd= Coefficient of Drag 

Cl =Coefficient of Lift 

CP=Coefficient of Power 

Cy= Coefficient of axial forces 

Cx= Coefficient of tangential forces 

c=  Chord length 

P=   Power 

r= Radius to annular blade section 

Th = Axial Force on Rotor, Thrust 

T= Torque 

U= Tangential Force on Rotor 

u= Tangential Wind Speed in Rotor 

v=   Axial Wind Speed in Rotor Plane 

U1 = Wind Speed Upstream of Rotor U1 

U3 =Wind Speed Downstream of Rotors 

Vtip=Speed of Blade Tip 

Urel=. Relative Wind Speed 

λ =Tip Speed Ratio 

β = Pitch Angle of Blade to Rotor Plane  

α = Angle of Attack 

 σ = Solidity 

θ= Twist Angle. 

AEP= Annual energy production 

BEM= Blade element momentum 

BE= Blade element 
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