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 This paper presented a development focusing on VAWTs, Which the rotor axis is 

perpendicular to the direction of the wind. It is presented the performance of the model 
operating on the drag force having three frames/blades cavity shape with movable 

vanes, similarity to The performance of a similar prototype vertical axis wind turbines 

having a scale ratio of 1:10. The present model gives the maximum power coefficient 
of 0.32 at a wind speed of 8.2 m/s and tip speed ratio of 0.31. Discussed the 

development of the power coefficient of the wind turbine varying with the test results 

parameters such as, tip speed ratio, angular velocity and the power generated 
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INTRODUCTION 

 

Wind energy is one of the cheapest and cleanest of renewable energy technologies. It is very important to 

use this wind resource to generate electricity because wind power is clean, quiet, and efficient. Wind power is 

the conversion of wind kinetic energy into a useful form, such as mechanical or electrical energy that can be 

harnessed for practical use by using wind turbines.  

There are various types of wind turbines with different efficiencies. The efficiency is defined as the amount 

of wind kinetic captured by the wind turbines that can be successfully generated into electrical power. Power 

Coefficient (Cp) is a ratio of the power generated by the machine to the power available in the wind: 
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Where: Wgen is the power produced by the generator of turbine [W], ρ - Air density [kg/m3], A - Swept 

area of the turbine [m] and V- Wind speed [m/s]. 

Betz’ Law claims that the highest efficiency wind turbine cannot convert more than 59.3 % or 16/27 wind 

kinetic energy into mechanical energy (Mathew, 2006). The law states that it is the problem with nature of wind 

turbines, not the generator’s efficiencies. In vertical axis wind turbine propelled only by drag forces, the rotor 

cannot rotate with more than the wind velocity, and the power coefficient depends on the drag coefficient of the 

rotor frame. Thus, the maximum power coefficient is given by the following Equation (Kaltschmitt et al., 2007): 
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The potential of wind energy conversion is huge as there is a remarkable free energy in the wind. 

Utilization of wind machines to yield the energy of the wind is not a new concept and it can be tracked back as 

far as the Chinese in 2000 B.C. Early machines were utilized to pump water for irrigation purposes. After that, 

windmills were developed for grinding grain products. (Ibrahim, 2009) Nowadays, there are ever increasing 

intensive research and improvement that are done into the harness of wind energy for electricity generation. This 

is due to the rising demand or need for more efficient and capacity of wind turbines, which is one of the cleanest 

renewable energy resources.  
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Today, a number of different types of wind turbines exist. They can be categorized into two main types, 

those with rotor shaft rotate around a horizontal axis and those with rotor shaft rotate around vertical axis.  

Horizontal axis wind turbines (HAWT) have blades mounted radially from the rotor. The blades will rotate 

on axis parallel to the ground. This type of wind turbine is the most common and older than the Vertical Axis 

Wind Turbine. The modernized wind turbines usually have two or three blades and are mainly used for large 

scale grid connected electrical power generation.  

There are two main types of VAWTs, (Which the rotor axis is perpendicular to the direction of the wind) 

depending on the force which operates the turbine. The first type of VAWT is Darrieus wind turbine, which is 

patent at 1931, this type was operated by lift force; so, it has a high angular velocity and work with low starting 

torque. The second type of VAWT is Savonius wind turbine, which is patent at 1920, this type was operated by 

drag force; so, it has a low angular velocity and work with high starting torque. Savonius rotor is a unique fluid 

machine that has been studied by numerous investigators since 1920s. It can develop a relatively high torque at 

low rotational speeds and is cheap to build, but it harnesses only a small fraction of the wind energy incident 

upon it. It is simple to assemble but requires a lot of material in its construction (Reupke and Probert, 1991). 

Applications of Savonius rotor, in general, includes pumping water, driving an electrical generator, providing 

ventilation, and agitating water to keep stock ponds ice-free during the winter (Fernando and Modi, 1989). 

It appears from the literature review that there is a need to improve the performance of a vertical axis wind 

turbine by improving its power coefficient. An attempt has been made in this regard in the present paper by 

designing a new impeller type wind turbine and evaluating its performance by conducting experiments in a low 

speed wind tunnel. 

 

The Study Of Blade Ratio Effect (
radius

Cord ): 

Weight of the frame is one of the parameters affecting on the torque, the magnitudes of torque, tangential 

stresses depend on the radius of action, where the magnitude of the torque proportional with the external radius. 

However, the weight of components is proportional with solidity of radius. To decrease the weight without 

decrease of the magnitude of torque and stresses in engineering accepted design of the hollow shaft. The size of 

the hollow is subjected of optimization. For simplicity in industry that accepted 10% of the total torque can be 

neglected. The weight can be reduced by removing some of its area. An attempt is made to find out an 

equivalent area to be removed which will reduce roughly 10% of total generated torque after its removal.  The 

space to be removed is near the shaft for two reasons. First, the facts that this area generates less torque due the 

short arm frame the axis of rotation. Where grows the arm stay away from the axis of rotation and thus grow 

torque. And second, to allow the air pass from all sides of the vanes thus reducing the vortices behind the vane.   

Figure (1) shows the wind force developed on the length of the frame and torque diagram used to calculate 

the dimension ratio of frame to be removed mathematically 

Let “b” be the radius of the area “A1” to be removed and “C” is the cord of the frame. Taking the help of 

Figure (1), the wind force exerted on A1 the vane is giving by:  

 

bhPF                      (For A1) 

 

Which, h is the frame height and P is the wind pressure. 

 

 
Fig. 1: Force and torque diagram for frame  
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The resulting torque will be: 

T1 = P.h.b²/2              (3) 

T2 = P.h[(b+ C) )
2

(
Cb 

]      (where, rCb  )                 (4) 

The torque T1 acting on area A1 to be 10% of that acting on area A2 of the frame, than can be writing as: 

 

T1 = 0.1T2 

 

After simplification, we get: 

 

b = 0.3 r                               (5) 

C = 0.7 r                             (6) 

 

It means that removing decrease 30% from the projected area of the frame near the shaft, leads to decrease 

9% of the total torque generated by frame rotating in the direction of the wind.   

 

Experimental Results: 

The wind turbine testing used the three frame cavity vane model. The detailed design of the present impeller 

type vertical axis wind turbine can be found in Qasim et al.(2011). There are three necessary conditions for 

complete similarity between a model and prototype. The first condition is geometric similarity- the model must 

be the same shape as the prototype, but may be scaled by some constant scale factor. The second condition is 

kinematic similarity, which means that the velocity at any point in the model flow must be proportional (by a 

constant scale factor) to the velocity at the corresponding point in the prototype flow. The third and the most 

restrictive similarity condition is that of dynamic similarity. Dynamic similarity is achieved when all forces in 

the model flow scale by a constant factor to corresponding forces in the prototype flow (force scale 

equivalence). 

The scale of the model to the prototype is one-tenth. The model was tested in the wind tunnel with a 

maximum wind speed of Vm = 25 m/s. At this scale ratio the prototype will have the diameter of 2000 mm, with 

cord sizes 700 mm (width) and 1160 mm (height). The cord has three vanes of vertical location, and takes a 

scoop shape with a dimension of 290 mm (width) and 1160 mm (height). It is necessary to determine the speed 

and drag force of the wind in order to achieve similarity between the model at the maximum wind speed tested 

in wind tunnel and the prototype of the three frames.  The concept of similarity was utilized to determine the 

speed of the wind and drag force of the prototype. The air temperature of 25
o
C, density ρ = 1.2 kg/m

3
, and 

viscosity μ = 1.849*10
-5 

kg/m.s are the same for the prototype and for the model. For low wind speed, it is 

accepted that compressibility of the air is negligible, and the wind-tunnel walls do not interfere with the 

aerodynamic drag on the model of the wind turbine.    

From experimental results of the proposed propeller type wind turbine model, the tip speed ratio (λ) varies 

from 0.195 to 0.331. The power coefficient is equal to 0.188 at the lower value of λ. It increases to a maximum 

value of 0.32 at λ = 0.3 and thereafter it decreases with the increasing tip speed ratio (Qasim et al. 2011). It 

should be noted that the decrease in CP after its maximum value is mainly due to the increase in wind velocity 

because the tip speed ratio does not vary much after the maximum CP. increase in tip speed ratio after the 

maximum value of CP is very les but there is a drop in CP mainly due to the increase in wind velocity. The 

increase in λ refers to the increase in wind speed. Comparing the experimental results with results presented in 

the textbooks, (Erich, 2006) reported that the maximum power coefficient for VAWT Savonius type is lower 

than 20%. (Johnson, 2006) presented the maximum power coefficient for VAWT Savonius type after 

considering the improvements suggested in some key publication in recent years, to be round 30% this curves 

results have been used extensively in the results.   

For the model, the wind speed is fixed and the value of angular velocity of the rotor is calculated for the 

range of λ. This step is repeated for other wind speeds and the results are shown in Table (1). It is to be pointed 

out that range of wind speed selected here is between 3 m/s and 10 m/s mainly because the maximum power 

coefficient found out from the experiment is at a wind speed of 8 m/s. Table (1) also shows the values of the 

power coefficients at different tip speed ratios which are independent of the wind speeds. 
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Table 1: Calculation of angular velocities of rotor for different wind velocities (3-10 m/s) at different tip speed ratios 

λ 
        

Cp 

0.195 55.9 74.5 93.2 111.8 130.4 149.0 167.7 186.3 0.188 

0.207 59.3 79.1 98.9 118.7 138.4 158.2 178.0 197.8 0.212 

0.22 63.1 84.1 105.1 126.1 147.1 168.2 189.2 210.2 0.235 
0.23 65.9 87.9 109.9 131.8 153.8 175.8 197.8 219.7 0.252 

0.24 68.8 91.7 114.6 137.6 160.5 183.4 206.4 229.3 0.268 

0.25 71.7 95.5 119.4 143.3 167.2 191.1 215.0 238.9 0.28 
0.26 74.5 99.4 124.2 149.0 173.9 198.7 223.6 248.4 0.287 

0.27 77.4 103.2 129.0 154.8 180.6 206.4 232.2 258.0 0.296 

0.28 80.3 107.0 133.8 160.5 187.3 214.0 240.8 267.5 0.305 
0.29 83.1 110.8 138.5 166.2 193.9 221.7 249.4 277.1 0.311 

0.3 86.0 114.6 143.3 172.0 200.6 229.3 258.0 286.6 0.319 

0.31 88.9 118.5 148.1 177.7 207.3 236.9 266.6 296.2 0.314 
0.32 91.7 122.3 152.9 183.4 214.0 244.6 275.2 305.7 0.308 

0.33 94.6 126.1 157.6 189.2 220.7 252.2 283.8 315.3 0.29 

0.331 94.9 126.5 158.1 189.7 221.4 253.0 284.6 316.2 0.27 

  

The above results are plotted to show the variation of the angular velocity with the power coefficient for 

different wind velocities as shown in Figure 2. 

 

 
Fig. 2: power coefficient VS angular velocity for model at wind speed 3-10 m/s 

 

Similarity Of Model With Prototype: 

For "low speed" wind tunnel testing, below which the Mach number dependence can be neglected, the 

results will not be dependent on the Froude number and can be compared for similarity using only the Reynolds 

number (Barlow et al., 1999). In order to compare the results obtained from the wind tunnel with those from 

other scales, it is necessary to describe the operating conditions of each test setup in terms of the Reynolds 

number of the flow.Similarity equation is given by the equation of the Reynolds number in the following 

expression:  

p

pLpVp
p

m

mLmVm
m








 ReRe                             (7)                                                                  

Where indices m and p represent model and prototype, respectively, L is the size of the prototype or model, 

and the other parameters are as specified earlier. 

In addition: 

p

pLpU

p
m

mLmU
m


 ReRe  

Where: Um, Up are the circumferential speeds of the corresponding rotor's elements in model and prototype, 

respectively,   is the dynamic viscosity and D is the length parameter such as the diameter of the object (Laura 

et al., 2004). It is impossible to consider this condition for large industrial wind turbines because the model tests 

would be conducted in wind tunnels at atmospheric pressure and ambient temperature. It results that the 

viscosity: 
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pm    

And the preceding equations can be written as: 

 ppmm DVDV                                                                                                                                                                                   (8)  

And  

ppmm DUDU                                                                                                                                                                     (9)   

In addition, the circumferential speed U can be expressed in terms rotational speed N as:  
22 DNDRNDU                           (10) 

 

In a cylindrical vessel stirred by a central rotating paddle, turbine or propeller, the characteristic dimension 

is the diameter of the agitator D. The velocity is ND where N is the rotational speed (revolutions per min.) 

(Sarfaraz, 2011), Then the Reynolds number is: 



 2
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DN

  

 

This allows Eq. (7) to be written as: 
22

ppmm DNDN            
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                            (11) 

To find the angular velocities of prototype rotor scale ratio (1/10) at different tip speed ratios, applying the 

same steps of model on the prototype wind turbine for different wind velocities (3-10 m/s) the results shown in 

Figure (3) and Table (2) 

 
Table 2: Calculation of angular velocities of prototype rotor scale ratio (1/10) for different wind velocities (3-10 m/s) at different tip speed 

ratios 

λ 
        

Cp 

0.195 5.6 7.5 9.3 11.2 13.0 14.9 16.8 18.6 0.188 
0.207 5.9 7.9 9.9 11.9 13.8 15.8 17.8 19.8 0.212 

0.22 6.3 8.4 10.5 12.6 14.7 16.8 18.9 21.0 0.235 

0.23 6.6 8.8 11.0 13.2 15.4 17.6 19.8 22.0 0.252 

0.24 6.9 9.2 11.5 13.8 16.1 18.3 20.6 22.9 0.268 

0.25 7.2 9.6 11.9 14.3 16.7 19.1 21.5 23.9 0.28 

0.26 7.5 9.9 12.4 14.9 17.4 19.9 22.4 24.8 0.287 
0.27 7.7 10.3 12.9 15.5 18.1 20.6 23.2 25.8 0.296 

0.28 8.0 10.7 13.4 16.1 18.7 21.4 24.1 26.8 0.305 

0.29 8.3 11.1 13.9 16.6 19.4 22.2 24.9 27.7 0.311 
0.3 8.6 11.5 14.3 17.2 20.1 22.9 25.8 28.7 0.319 

0.31 8.9 11.8 14.8 17.8 20.7 23.7 26.7 29.6 0.314 

0.32 9.2 12.2 15.3 18.3 21.4 24.5 27.5 30.6 0.308 
0.33 9.5 12.6 15.8 18.9 22.1 25.2 28.4 31.5 0.29 

0.331 9.5 12.6 15.8 19.0 22.1 25.3 28.5 31.6 0.27 

 
Fig. 3: power coefficient VS angular velocity for prototype scale ratio (1/10) at wind speed 3-10 m/s 
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From figure (3) across the angular velocity with wind speed to get Cp. And to find the value of power we 

use Equation (9) or for similarity between model and prototype at the scale ratio (1/10) by using Eq. (10) to find 

the prototype power as shown in Table (3). 
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Table 3: Calculation of power of prototype rotor scale ratio (1/10) for different wind velocities (3-10 m/s) at different tip speed ratios 

λ power 3m/s power 4m/s power 5m/s power 6m/s power 7m/s power 8m/s 
power  
9m/s 

power  
10m/s 

0.195 7.07 16.75 32.71 56.53 89.76 133.99 190.78 261.70 

0.207 7.97 18.89 36.89 63.74 101.22 151.09 215.13 295.10 
0.22 8.83 20.94 40.89 70.66 112.20 167.49 238.47 327.12 

0.23 9.47 22.45 43.85 75.77 120.32 179.60 255.72 350.78 

0.24 10.07 23.88 46.63 80.58 127.96 191.00 271.96 373.06 
0.25 10.52 24.94 48.72 84.19 133.69 199.56 284.14 389.76 

0.26 10.79 25.57 49.94 86.29 137.03 204.55 291.24 399.50 

0.27 11.12 26.37 51.50 89.00 141.33 210.96 300.37 412.03 
0.28 11.46 27.17 53.07 91.70 145.62 217.37 309.50 424.56 

0.29 11.69 27.71 54.11 93.51 148.49 221.65 315.59 432.91 

0.3 11.99 28.42 55.51 95.91 152.31 227.35 323.71 444.05 
0.31 11.80 27.97 54.64 94.41 149.92 223.79 318.64 437.09 

0.32 11.58 27.44 53.59 92.61 147.06 219.51 312.55 428.74 

0.33 10.90 25.84 50.46 87.19 138.46 206.68 294.28 403.68 
0.331 10.15 24.05 46.98 81.18 128.91 192.43 273.99 375.84 

 

calculate the power for prototype wind turbine at a certain wind speed as a curved covers all range of tip 

speed ratio (λ) that the turbine work in the certain wind speed as shown in Figure (4), or by measure angular 

velocity (RPM) and across result with wind speed to find the power as shown in Figure (5).  

 
Fig. 4: power VS tip speed ratio for prototype scale ratio (1/10) at wind speed 3– 10 m/s 

 

 
Fig. 5: power VS angular velocity (RPM) for prototype scale ratio (1/10) at wind speed 3 – 10 m/s 
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To calculate the maximum power for prototype wind turbine at any wind speed, take the maximum power 

coefficient and use Eq. (12) at thus wind speed. Appling that at the propose model the maximum power 

coefficient is 0.32 to find the maximum power in all rang of wind speed. For the scale ratio (1/10), the A = 2.23 

m
2
, the W-V curve shown in Figure (6)  

 

 
Fig. 6: Maximum power VS wind speed for prototype scale ratio (1/10) 

 

The aerodynamic drag force on the wind turbine prototype is calculated by the similarity equations in the 

following expression.                                                    

2222
pLpVp
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                                                                                    (14)  

 

where, Fm, Fp is the drag force for the model and the prototype respectively. 
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