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ABSTRACT 
In this study, the effect of blade curve on the power 

coefficient of a Savonius rotor is investigated by means of 

numerical simulation and wind tunnel tests. The tests were 

conducted on six rotors with identical dimensions but different 

blade curves, and the influences of blade curve and Reynolds 

number were studied. Followed by a simulation of the flow field 

around rotors with identical semi-circular curves and different 

overlaps, torque was calculated using pressure distribution on 

the blade surface, and the effect of Reynolds number and blade 

curve were studied on torque as well. Results indicate that 

changing the blade curve affects the power coefficient and 

torque by causing different drag coefficients. Also the rotor that 

yields the highest power coefficient and torque in one 

revolution compared with other rotors is highlighted.  

INTRODUCTION 
The task of wind turbines is to convert the wind power into 

mechanical energy, as in windmills, or producing electricity. 

Wind turbines fall into two main categories: vertical-axis and 

horizontal-axis. Horizontal-axis turbines are generally 

economical only in places where the wind is permanent and has 

a high average speed [1]. These turbines have the 

characteristics of relatively low torque and high rotational 

speed and are mostly used to generate electricity. On the other 

hand, vertical-axis turbines are simple in construction and 

operate independently of the wind direction. Unlike the 

horizontal-axis turbines, these turbines have low rotational 

speed and high torque, and have typically been used for water 

pumping in agriculture and industry because of their low 

construction cost. In vertical-axis turbines, the axis of the rotor 

shaft is arranged vertically and perpendicular to the wind 

direction. As a result, after a half rotation, the area swept by the 

wind is forced to move against the wind direction thus reducing 

the power coefficient. Therefore, blade curve is of great 

importance [1, 2]. A commonly employed vertical-axis turbine 

design is the Savonius rotor which has two semi-cylindrical 

blades with a semi-circular cross-section (fig. 1). Its principle 

of operation is based on the difference in drag between the 

convex and concave parts of the semi-circle (the principle of 

drag difference). The principal parameters that define the blade 

curve of a Savonius rotor are shown in figure 2. 

 

 

 

 
 

Figure 1. SAVONIUS ROTOR Figure 2. THE GEOMETRICAL 
PARAMETERS OF SAVONIUS 

BLADE CURVE 

 

Numerous studies have been conducted on the blade curve 

of these rotors for the purpose of reducing drag coefficient 

while moving against the wind, and increasing it while moving 

in the wind direction. Savonius proposed a polynomial curve of 

order 4 [3].  
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On the way to increase the efficiency of these rotors, 

Burçin Deda Altan [4, 5] used a curtain, designed to prevent the 

torque that occurs on the convex blade of the rotor in the 

negative direction, this curtain has been placed in front of the 

rotor. They investigated the effect of the existence of this 

curtain experimentally and numerically and showed that long 

curtain dimension will cause an increase in the static torque 

values. Kunio Irabu [6] investigated a method to prevent 

Savonius rotor from strong wind disaster under various wind 

power using a guide-box tunnel. The twisted blades in a three-

bladed rotor system have been tested in a low speed wind 

tunnel, and its performance has been compared with 

conventional semicircular blades (with twist angle of 0) by 

U.K. Saha [7]. He [8] also conducted wind tunnel tests to assess 

the aerodynamic performance of single-, two- and three-stage 

Savonius rotor systems for both semicircular and twisted 

blades. In order to decrease the variation in coefficient of static 

torque which exists in conventional Savonius rotors, M.A. 

Kamojia [9] conducted performance tests on helical Savonius 

rotors with a twist of 90.  

In present study, the effect of blade curve and the rotors 

principal parameters on the power coefficient of a Savonious 

rotor is investigated both numerically and experimentally. The 

power coefficient is calculated for different values of Reynolds 

number and different angles of blades in one complete 

revolution of rotor, and then they are compared. 

  

EXPERIMENTAL DETAIL 
Tests were carried out on Savonius rotors with six different 

blade curves in a wind tunnel with a section of 0.5×0.5 m
2
 and 

length of 5 m. The rotor blades are placed 2.4 m away from the 

inlet to ensure that the flow is uniform. A schematic of the wind 

tunnel is shown in figure 3. The cross-section of rotors is 

depicted in figure 4. In rotors 1 through 5, each blade curve is a 

semi- circle with a diameter of 16 cm and their overlaps, S, are 

0, 3.2, 3.8, 6.4 and 7.2 cm respectively. Overlap causes the drag 

force to vary from the back to the front region of blade at 

different angles. Rotor 6 has a Savonius curve whose 

dimensions are similar to those of rotor 4. Rotor height, h , of 

all models is 30cm and blade thickness is 1mm.  

 
Figure 4. THE SCHEMATIC OF THE WIND TUNNEL  

(DIMENSIONS IN CM) 
The power coefficient for each rotor was calculated from 

the measured rotor rotational speed and output torque, which 

were measured by the two dynamometers attached to the tip of 

each blade. All the tests were conducted under identical 

conditions with a wind speed ranging from 8 to 14 m/s. In the 

first step, rotational speed and torque of each rotor were 

measured in one revolution of the rotor and results for different 

rotors were compared. Then, the same test was carried out on 

each blade with different Reynolds numbers, different wind 

speeds, and the influence of Reynolds number on power 

coefficient was investigated. Results for rotors 1 and 5 are 

presented here. Using the previous test results, the average 

power coefficient in one revolution of rotor at a particular speed 

can be computed for each blade curve and be compared. With 

this comparison, optimum performance of the rotor can be 

determined. 

 

 

Figure 5. TEST ROTORS BLADE CURVE 
 

  

ROTOR 1 ROTOR 2 

  
ROTOR 3 ROTOR 4 

  
ROTOR 5 ROTOR 6 

Figure 6. TEST ROTORS BLADES 
 

Parameters like tip speed ratio; power coefficient and 

Reynolds number are defined as follows: 
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Reynolds number Re
VD




 
(3) 

Where V is wind velocity, D is rotor diameter, h is rotor 

height, u is tip speed and   is rotor angular speed. 

 

NUMERICAL METHOD 
By simulating the wind flow through blades, torque and the 

effect of S/D, rotor overlap ratio, on the pressure exerted on the 

blades by wind are investigated. Hence, pressure distribution on 

blade surface is computed by solving the flow field, and torque 

is calculated by integrating pressure times the radial distance 

from the rotary axis. The principal equations in solving the flow 

field and computing pressure and velocity in different regions 

of rotor are continuity and momentum equations.  Using a 

steady state, constant velocity coordinate system gives:  
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Where 
iu  and 

iF  are wind velocity and body forces 

respectively. In the study of rotor with variable angular velocity 

in a transient flow, the acceleration of the fluid should be 

augmented by additional terms that appear in the momentum 

equation: 

( ) ( ) 2r r r rv v v v r r
t t

  
 

       
   

(7) 

To simplify the above equation, in numerical simulation of 

Savonius rotors, rotor angular velocity is considered to be 

constant [10, 11]. 

 

GOVERNING EQUATIONS 
In this study, k  turbulence model has been employed to 

model Reynolds stress terms in momentum equations. 

The turbulence kinetic energy and its rate of dissipation are 

obtained from the following transport equations [11]:  
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In these equations, kG  represents the generation of 

turbulence kinetic energy due to the mean velocity gradients 

and 
bG  is the generation of turbulence kinetic energy due to 

buoyancy, which is set equal to zero due to the absence of 

temperature gradients.  

j

k i j

i

u
G u v

x



  


 

(10) 

MY , which represents the contribution of the fluctuating 

dilatation in compressible flows with high Mach numbers, is 

also set equal to zero. 

The governing equations in gaseous phase should be 

converted to algebraic equations to be solved numerically. To 

do so, in this paper, finite volume method has been used and the 

obtained equations were solved using simple algorithm [10]. 

Discretization of governing equations can be obtained by 

considering the unsteady conservation equation for transport of 

scalar quantity   , written in integral form [12]:  

V

v dA dA S dV           
 

(11

) 

Where  V  is control volume, v  is velocity vector, and 
  

is diffusion coefficient for  . This equation is applied to each 

control volume, or cell, in the computational domain. For a 

two-dimensional cell, the equation is written as follows:  

( )
faces facesN N

f f f n f

f f
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(12) 

Where 
fv  is mass flux through the face, 

f  is value of 

convected through face f , 
fA  is area of face f , and V is cell 

volume. Diffusion and convection flux values must be 

computed at the cell center (to represent a cell-average value).  

Here, this is accomplished using power-law scheme, which is 

more accurate than other methods [10]. In this method, the face 

value of variable   is obtained using exact solution to the 

following one-dimensional convection-diffusion equation [12]:  
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where Pe  is the Peclet number. Now, the required 

discretized equations can be determined using simple algorithm 

and be solved by linear method which applies Gauss-Seidel 

method in conjunction with three-diameter matrix algorithm 

[13].  

RESULTS AND DISCUSSUIONS 
Figures 4 and 5 show the values of power coefficient of the 

test rotors as a function of tip speed ratio, at the Reynolds 

number of 
7Re 1.5*10 .  

As shown in these figures, each rotor has an optimum 

performance at some certain tip speed ratios compared to other 
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rotors. For example, rotors 4 and 5 have larger values of power 

coefficient at small and large tip speed ratios in comparison 

with rotor 1, whereas at average values, rotor 1 has a larger 

power coefficient. 

To compare the rotors and determine the best curve, values 

of average or overall power coefficient can be used. Values of 

overall power coefficient are reported in figure 6. Note that 

rotor 2 has the best performance at different tip speed ratios. 

Rotors 3 and 6 also have acceptable performances. Since the 

only difference among rotors 1 through 5 is their blade 

overlaps, comparison of power coefficients shows that 

increasing the overlap, S, from S=0 (rotor 1)  to S=3.2 cm 

(rotor 2) leads to a great increase in power coefficient and the 

forces resisting rotor motion decrease abruptly. 

 

 
Figure 4. POWER COEFFICIENT OF ROTORS 1 TO 3 AS A 

FUNCTION OF TIP SPEED RATIO 

 
Figure 5. POWER COEFFICIENT OF ROTORS 4 TO 6 AS A 

FUNCTION OF TIP SPEED RATIO 

 
Figure 6. OVERALL POWER COEFFICIENT OF DIFFERENT 

ROTORS (1-6) 
 

On the other hand, increasing S from 3.2cm (rotor 3) to 

7.2cm (rotor 5) reduces power coefficient. It can be concluded 

that the optimum range for S is from 0 to 3.2 cm. Influence of S 

on power coefficient can be investigated by determining 

velocity vectors around rotor blades which are obtained from 

numerical simulation [10, 11]. 

 

 

 
Figure 7. VELOCITY VECTORS AROUND ROTOR 1 

 

Figures 7 and 8 give a representation of velocity vectors 

obtained by numerical simulation of the flow field around 

rotors 1 and 5 at different rotor angles, which agree with 

previous studies [14]. Figures 9 and 10 show power coefficient 

of rotors 1 and 4 at different Reynolds numbers. Note that 

increasing Reynolds number, that is wind speed, increases 

power coefficient. The maximum value of power coefficient 

appears at the range of 0.8   to 1   (tip peripheral speeds 

close to wind speed), which agree with previous studies 

(Hayashi et al. 2005). Average power coefficients of rotors 1, 2 

and 4 are shown in figure 11. It can be noted that average 

power coefficient increases with increasing Reynolds number, 

but its rate decreases due to turbulence around the blades. 
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Figure 8. VELOCITY VECTORS AROUND ROTOR 5 

 

 
Figure 9. POWER COEFFICIENT OF ROTOR 4 AT 

DIFFERENT REYNOLDS NUMBERS 
 

 
Figure 10. POWER COEFFICIENT OF ROTOR 1 AT DIFFERENT 

REYNOLDS NUMBERS 

 

 
Figure 11. AVERAGE POWER COEFFICIENTS OF ROTORS 1, 2 

AND 4 AT DIFFERENT REYNOLDS NUMBERS 

 

Figures 12 to 15 show torque variations as a function of rotor 

angular position at different wind speeds, obtained by 

numerical simulation.  It can be noticed that torque increases 

with increasing wind speed and its maximum values appear 

near the angle of 60
and its minimum values appear near the 

angle of 120
 for all test rotors. For rotor 1, maximum values 

of torque occur at a wide range of angles, whereas the 

corresponding range is very small for other rotors.  

Figure 16 shows torque variations as a function of angular 

position at wind speed of 12 m/s. At angles of 0
 to 60

, rotor 

1 has the highest values of torque, but its torque decreases 

drastically at angles larger than 60  
 and this decrease 

continues up to 160  
. It can be noted that rotor 2 has the 

largest output torque on a whole revolution of the rotor. Figure 

17 indicates that output torque is a function of square root of 

wind speed, and power coefficient is a function of wind speed 

with a power of 3, which conforms to the numerical simulation 

results. Since this correlation applies to all rotors, in here, the 

result is only presented for rotor1. 

 
Figure 12. TORQUE OF ROTOR 1 AS A FUNCTION OF ANGULAR POSITION 

 AT DIFFERENT REYNOLDS NUMBERS 
 

0

0.1

0.2

0.3

0 0.3 0.6 0.9 1.2 1.5

C
p

u/V

7.30E+03

1.27E+05

1.41E+05

1.59E+05

0

0.05

0.1

0.15

0.2

0.25

0.3

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6

C
p

u/V

1.90E+05

1.60E+05

1.00E+05

0.2

0.24

0.28

0.32

1 1.2 1.4 1.6 1.8

C
p

(a
ve

ra
g
e)

Reynolds Number/100000

Rotor I

Rotor II

Rotor IV

-0.5

0

0.5

1

1.5

2

2.5

0 15 30 45 60 75 90 105 120 135 150 165 180

T(
N

.m
)

Angular position of rotor I 

12m/s

10m/s

8m/s

6m/s



 6 Copyright © 2010 by ASME 

 

 
Figure 13. TORQUE OF ROTOR 2 AS A FUNCTION OF ANGULAR 

POSITION AT DIFFERENT REYNOLDS NUMBERS 
 

 
Figure 14. Torque of rotor 4 as a function of angular position at different 

Reynolds numbers 

 
Figure 15. TORQUE OF ROTOR 5 AS A FUNCTION OF ANGULAR 

POSITION AT DIFFERENT REYNOLDS NUMBERS 

 

 

 
Figure 16. OUTPUT TORQUE OF TEST ROTORS AS A FUNCTION OF 

ANGULAR POSITION AT A WIND SPEED OF 12M/S 
 

  

 
 

Figure 17. RATIO OF TORQUE TO ROTOR SPEED RATIO AS A 
FUNCTION OF WIND SPEED 

 
 

CONCLUSION 
In this study, wind tunnel tests were conducted on six rotors 

with different blade curves and the flow field around rotors was 

simulated numerically. Results, obtained by experimental and 

numerical analysis, can be summarized as follows: 

 Rotors 2 through 5 have higher power coefficients due 

to their overlaps. On the other hand, increasing the 

overlap to a great extent decreases power coefficient. 

In this study, the optimum value was obtained to be 
𝑆

𝐷
= 

0.2.  

 Increasing the overlap, S, from S=0 (rotor 1) to S=3.2 
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cm (rotor 2) leads to a great increase in power 

coefficient and the forces resisting rotor motion 

decrease abruptly. On the other hand, increasing S 

from 3.2cm (rotor 3) to 7.2cm (rotor 5) reduces power 

coefficient. It can be concluded that the optimum 

range for S is from 0 to 3.2 cm. 

 Rotor 2 has the best blade curve.  

 By increasing wind speed, which corresponds to 

higher Reynolds number, power coefficient increases 

greatly. 

 The maximum value of power coefficient appears at 

the range of 0.8  to 1   (tip peripheral speeds 

close to wind speed) 

 Average power coefficient increases with increasing 

Reynolds number, but its rate decreases due to 

turbulence around the blades. 

 Torque increases with increasing wind speed and its 

maximum values appear near the angle of  60  and its 

minimum values appear near the angle of 120  for all 

test rotors. 

 At angles of 0  to 60 , rotor 1 has the highest values 

of torque, but its torque decreases drastically at angles 

larger than 60    and this decrease continues up to

160   . 

 Rotor 2 has the highest output torque on a whole 

revolution of the rotor. 
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