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Abstract: This study aims to investigate numerically the performance of a helical Savonius wind 

rotor with a twist angle of 45°. The twist is performed on a modified profile of the rotor blade. 

The power coefficient (Cp), the torque coefficient (CT), and the static torque coefficient (CTS) are 

computed under a constant aspect ratio of 1.0 and overlap ratio of 0.15. The numerical results 

presented in this paper are obtained using the three-dimensional incompressible unsteady 

Reynolds-Averaged Navier-Stokes equations along with the RNG k-ε turbulence model. A 

comparison between the present helical Savonius wind turbine of modified rotor and the helical 

Savonius wind turbine of conventional rotor shows better performance for the present 

modification. The maximum power coefficient and the maximum torque coefficient for the 

present helical modified rotor are 0.22 and 0.41, respectively. 

 

Keywords: Numerical study, modified rotor, modified helical rotor with twist, maximum 

power coefficient. 
 

 

1. Introduction 
In recent years, the growth in energy demand, depletion of fossil fuel sources and increase in 

environmental pollution caused by the fossil fuel burning lead to increasing the importance of 

using the renewable energy sources. Wind energy is one of the renewable energy sources for 

green economical energy generation. Wind turbines are broadly classified into two categories 

based on the axis of rotation: Horizontal Axis Wind Turbine (HAWT) and Vertical Axis 

Wind Turbine (VAWT). HAWTs have high efficiency compared to the VAWTs and are used 

for medium to large scale electricity generation. However, VAWTs have some advantages 

over the HAWTs such as simple construction, lower installation, and maintenance costs, low 

operating wind speed, relatively good self-starting ability, low noise level and less wear on 

moving parts. Also, it can accept the wind from any direction. Thus, VAWTs are useful for 

installation as a low-cost, small-scale decentralized energy generation device [1-3].The 

Savonius rotor is a VAWT developed by the Finnish engineer, Savonius, [4]. This rotor was 

formed by cutting a cylinder into two halves along the central plane to resemble the cross 

section of the letter „S‟. The Savonius rotor can be used for pumping water, driving an 

electrical generator and agitating the water to keep stock ponds ice-free during the winter. It 

can be used in buildings for heating, ventilation, and air-conditioning (HVAC) purposes, 

[5, 6]. 
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Numerous investigations have been performed on the Savonius rotor to study its performance 

characteristics. The effects of various design parameters of Savonius wind rotor have been 

studied experimentally and numerically such as aspect ratio, overlap ratio, blade profile, rotor 

angle, and the number of blades, the presence or absence of rotor end plates and the influence 

of Reynolds number, [7-11]. 

 

The influence of the overlap ratio of Savonius wind rotor was studied experimentally by 

Fujisawa, [12] and numerically by Akwa et al., [13]. The results showed that the maximum 

performance occurs at an overlap ratio of 0.15. Mohamed et al., [14] performed a numerical 

analysis on two and three bladed Savonius rotors. The results showed that the power 

coefficient of the two-bladed rotor is higher than the three-bladed rotor. It is observed that the 

performance of the rotor has been enhanced significantly by using end plates in the rotor 

design. The existence of end plates has been investigated and reported a high power 

coefficient, [8, 15, 16]. As a result of the previous investigations, the diameter of these end 

plates DO has to be taken as 1.1D (rotor diameter) for the rotor aspect ratio of 1.0, for 

improving the Savonius rotor performance, [17, 18]. Gad et al., [19] studied the effect of 

modifying the Savonius rotor blade using seven shapes of the blades in addition to the 

conventional Savonius rotor. The results showed that the performance of the rotor increased 

by using these modifications of the rotor blade. One of the new developed polynomial blade 

shapes has the highest values of average torque and average power coefficients compared to 

the other shapes. Kamoji et al., [18] tested a helical Savonius rotor with a twist of 90
o
 in an 

open jet wind tunnel. The results of this study were compared with the results of the 

conventional Savonius rotor and it was observed that the static torque coefficients at all the 

rotor angles for helical rotor are positive unlike for conventional Savonius rotor, there are 

several rotor angles at which static torque coefficient is negative. Damak et al., [20] 

experimentally investigated the performance of the helical Savonius rotor with a twist of 180
o
.  

The results showed that the helical geometry gives better performances than the conventional 

one. Lee et al., [21] performed an investigation on a helical rotor with twist angles of 0
o
, 45

o
, 

90
o
, and 135

o
. This investigation showed that the maximum Cp occurs at a twist angle of 45

o
. 

However, the value of the power coefficient Cp at twist angles of 90
o
 and 135

o 
was found to 

be lower than that at 0
o
 but the maximum Cp appeared to be similar. 

  

In the present work, a helical Savonius rotor with a twist angle of 45° is introduced. The twist 

is performed on a modified profile of the rotor blade. The comparison between the 

performance of this modified helical rotor with twist and other three rotors is numerically 

conducted. The three rotors are, conventional rotor, conventional helical rotor with twist, 

modified rotor and modified helical rotor with twist. This rotor could provide positive static 

torque coefficient at all rotor angles. 

 

 

2. Design Parameters and Tested Rotors 
Various parameters are used to design a helical Savonius wind turbine blade, as shown in 

Fig.1. The main design parameters include the aspect ratio (AR), overlap ratio (δ), rotor angle 

(θ), and twist angle (φ). 

The aspect ratio (AR) is defined as the rotor height (H) relative to the rotor diameter (D), 

which is given by 

 

AR = 
 

 
                                                                                                           (1) 
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Fig.1.   Isometric and top view of Savonius Rotors covered in this study:  

(a) Conventional rotor, (b)  conventional helical rotor with twist,  

(c) Modified rotor and (d) Modified helical rotor with twist 
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Overlap ratio (δ) is defined as the ratio of overlap distance between the two blades of the rotor 

(e) to the blade chord length (d) and is given by 

 

  
 

 
                                                                                                      (2) 

 

Rotor angle (θ) and twist angle (φ) are the angles of rotation of the rotor about its axis and the 

angle between the lower and upper ends of the rotor respectively, as shown in Fig.1. 

 

The present study is performed on four Savonius rotors: the conventional Savonius rotor 

(conventional rotor), the helical Savonius of conventional rotor with a twist angle of 45° 

(conventional helical rotor with twist), modified Savonius rotor (modified rotor) and helical 

Savonius of modified rotor with a twist angle of 45° (modified helical rotor with twist), as 

shown in Fig.1. The helical Savonius of conventional rotor and helical Savonius of modified 

rotor are 45° twist angle (φ). The blades of the modified rotor have polynomial profile instead 

of the semi-circular profile in the conventional ones, as shown in Fig.2. Equation representing 

the profile of the modified blades is   

 

                                                                                           (3) 

 

where   is measured from the center of the blade, [19]. 

 

Helix can be defined as a curve generated by a marker moving vertically at a constant velocity 

on a rotating cylinder (at a constant angular velocity). The blade retains its profile shape from 

the bottom (0
o
) to the top (45

o
). The four rotors have a diameter (D) of 40 cm and 40 cm 

height (H) with 0.15 overlap ratio (δ). The diameter of end plates (Do) is taken to be 1.1 of 

rotor diameter (D). 

 
 

Fig.2.  Blade profiles of conventional and modified 

rotors 

3. Numerical Analysis 
In the present study, ANSYS Fluent 15.0, industrial CFD code, has been used to compute the 

flow field around the wind turbine. It calculates the complicated flow structure based on the 

finite volume method (FVM) of the Navier - Stokes equations, for resolving the problems 

associated with the interaction between the complicated on-coming wind flow and the 

rotating blades. The Unsteady Reynolds Averaged Navier-Stokes equations are solved using 

the SIMPLE algorithm. The sliding mesh model, [22] is selected to represent the rotation of 

the turbine rotor. The turbulence is created by four turbulence models which are the standard 

k–ε, realizable k–ε, RNG k–ε and SST k–ω. The complete description of the turbulence 

models used is found in, [22].  
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For appropriate analysis, the overall domain is divided into two zones, the first one is the 

rotating zone and the second is the remaining zone of the studied domain, as shown in Fig.3. 

The two zones are separated by an interface and the rotating zone is allowed to rotate with 

different values of revolutions while the second zone is still fixed. The three-dimensional 

CAD model of the computational domain has been completed using SolidWorks program, 

and the ANSYS ICEM program has been utilized for generating the computational grids. The 

main grid shapes of the rotating rotor and surrounding outer domain are shown in Fig.4. The 

inlet boundary is fed with a uniform velocity of 6 m/s at 5D upstream of the rotor, and the 

outlet boundary is considered as an atmospheric pressure at the exit of the domain. The top 

and lateral sides of the domain are far from the center of the rotor of about 5D. Thus, both of 

them are sufficiently far from the wake core and, to be treated using “Neumann” boundary 

condition, in which the gradient of a variable normal to the boundary is set to zero ( 0




n

 , 

where φ is any variable and n is normal to the boundary). The “Wall” boundary condition is 

applied to the bottom boundary of the computational domain. A grid independent study has 

been performed utilizing unstructured mesh of suitable grid sizes with six different grid 

resolutions (0.4, 0.95, 1.4, 2, 3.75 and 4.8 million cells) in the simulations as shown in Fig.5. 

It is found that there is no variation in all parameters while increasing the grid over 2 million 

cells. Hence, the grid in the range of 2 million cells has been retained for all computations 

presented in this paper. For such a value of grid number, the non-dimensional near-wall grid 

distance (y+) is less than 5 over the rotor blades. 

 

Holding the solution of conservation equations and the chosen turbulence model, the rotor 

torque (T) can be calculated by integrating the forces resulting from the pressure (  
        

) 

and shear (  
     ) on the rotor multiplied by the local torque arm ( ) as given by the 

following equation, [13, 22] 
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                (4) 

 

where fP , refP  and f are the pressure, the reference pressure, and shear stress, respectively 

and fA  is the face area. 

 

Fig.3.  Schematic representation of the computational domain 
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(a)  

 

 

(b) 

Fig. 4.  Mesh of the computational domain (a) Horizontal center plane across the 

rotor (b) close-up of the rotor mesh  
 

The static torque, dynamic torque and power coefficients can be computed, respectively from 

the following equations: 

                  

CTS =  
    

         
                                              (5) 

 

CT =  
  

         
                                                      (6) 

  

CP = 
      

          
 

    

           
         

               
  CT λ                                                  (7) 

 

where TS and T are the static and dynamic torques generated by the rotor, respectively. 
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       is the mechanical power generated by the rotating rotor with rotation speed ω and 

           is the           power in the incoming wind.    is the density of the air and V is the 

incoming free stream wind speed. A is the rotor projected area defined as A=DH and λ is the 

tip speed ratio which defined as the ratio between rotor tip speed u and the free stream wind 

speed V, given by λ= 
 

 
  . 

 

 

4. Results and Discussion 
To validate the numerical results and select the suitable turbulence model predicting the 

performance of Savonius rotor, comparisons between results of the conducted turbulence 

models and experimental results of Fujisawa, [12] are presented in Fig. 6. The turbulence 

models performed are, the standard k–ε, the realizable k–ε, the RNG k–ε and the SST k–ω. 

The rotor tested by Fujisawa was 30 cm diameter with overlap ratio ( ) of 0.15 and aspect 

ratio (AR) of 1.0. The upstream wind speed was 6 m/s. It is observed from Fig. 6 that all the 

four turbulence models overestimate the CP for λ beyond 0.6, and underestimate the CP for λ 

of value high than 0.8. Although the realizable k–ε and RNG k–ε models seem to show better 

prediction, the assessment of the turbulence models from plots is difficult. In the present 

work, the   coefficient of correlation (R
2
) is used to determine which turbulence model is more 

accurate in comparison with experimental results of Fujisawa, [12]. The coefficient of 

correlation (R
2
) is computed using Eq. (9) as given by Maindonald and Braun, [23].  

 

 
 

Fig.5. Effect of grid resolution on torque coefficient over a complete revolution 

at tip speed ratio λ =0.8 for conventional rotor 
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where 

        
n

n

i


 1

Exp

Exp



                                                      (10) 

 

where n is the number of the experimental results. 

 

The values of the correlation coefficient for the conducted turbulence models are shown in 

Table 1.
 
The results obtained in Table1, indicate that the RNG k–ε turbulence model has the 

highest value of R
2
. Hence, the RNG k–ε turbulence model has more accurate results 

compared with the other studied models. This encourages the authors to extend the simulation 

using the RNG k–ε as a suitable turbulence model for all present simulations. 
 

 

 
Fig.6. Comparisons between results of the conducted turbulence models 

and experimental results published by Fujisawa, [12] 

 
 

 

 

 

 

 

 

 

Table 1. The correlation coefficient (R
2
) for the 

conducted turbulence models 

 

Turbulence model
  

R
2 

SST k–ω
 

0.457 

standard k–ε
 

0.723 

realizable k–ε
 

0.82 

RNG k–ε
 

0.961 
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In the present study, four Savonius wind rotors are tested which are, the conventional rotor, 

the conventional helical rotor with twist, the modified rotor and the modified helical rotor 

with twist. The geometry details for each rotor were discussed previously in section 2. Figs. 7 

and 8 show the variation of the average power and torque coefficients with tip speed ratios for 

all the rotors examined in this study. It is observed that the modified helical rotor with twist, 

introduced in this study, significantly enhanced the turbine performance and increased the 

output power gained from the turbine. It reaches its maximum Cp of about 0.22 at λ=0.8 and 

its maximum CT of about 0.41 at λ=0.4. The values of the maximum power and torque 

coefficients (Cp, max and CT, max) and the corresponding tip speed ratio are presented in Table 2. 
 

 

The variation of the torque coefficient during a complete cycle from θ= 0 to 360
o
 at λ=0.4 for 

the conventional and modified helical rotors with twist is shown in Fig. 9. It is observed that 

modified helical rotor with twist attains higher torque coefficient than conventional helical 

rotor with twist at all rotor angles except from θ= 55 to 105 
o
 and θ= 235 to 285

o
. 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 
Fig. 7. The variation of the average power coefficient with tip 

speed ratio for the rotors examined in this study 

 
Fig. 8. The variation of the average torque coefficient with tip 

speed ratio for the rotors examined in this study 
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Fig. 9. Torque coefficient versus angular position over one revolution  

 

 

Fig. 10 illustrates the contribution of the advancing and returning blades in the total torque 

coefficients for a complete cycle from θ= 0 to 360
o
 at λ= 0.2, 0.4, 0.6, 0.8, 1.0 for the 

modified helical rotor with twist. It is observed that the total CT values are positive at all rotor 

angles for λ= 0.2, 0.4, 0.6. Negative CT values occurred at λ > 0.6 at some rotor angles and 

increase with the increase of the value of λ. Table 3 shows the average CT values within 180
o
 

rotor angles for the advancing, returning and total rotor blades at different tip speed ratios for 

the modified twisted rotor. It can be noticed that the average CT values of the advancing blade 

decrease with the increase of λ (rotation speed). However, the average CT values of the 

returning blade are initially decreased from λ= 0.2 to 0.4, then increase at λ > 0.4. The 

average CT of the returning blade at λ=0.4 is positive unlike all the other values of λ and that 

might be the reason for the maximum CT occurs at this λ. 

 

 

Table 2.  The values of maximum power and torque coefficients and the 

corresponding tip speed ratio 

  

Rotor
 

Cp, max λ corresponding to 

Cp, max 

CT, max λ corresponding to 

CT, max 

Conventional rotor 0.174 0.8 0.298 0.4 

Conventional  twisted rotor 0.183 0.8 0.31 0.4 

Modified rotor 0.205 0.8 0.38 0.4 

Modified twisted rotor  0.22 0.8 0.41 0.4 
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Fig. 10. The contribution of the advancing and returning blades in the total 

torque coefficients over one revolution of modified helical rotor with twist 
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Fig. 11. The variation of static torque coefficient CTS versus 

rotor angles for all rotors examined in this study 

 

     

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 3. The average CT values within 180
o
 rotor angles for 

the advancing, returning and total rotor blades at different 

tip speed ratios for the modified helical rotor with twist 

 

λ Advancing 

blade 

Returning 

blade 

Total rotor 

blades 

0.2 0.779 -0.046 0.368 

0.4 0.41 0.0023 0.413 

0.6 0.39 -0.032 0.36 

0.8 0.346 -0.07 0.276 

1.0 0.302 -0.104 0.197 

Table 4.  The average static torque coefficient 

within 180
o
 rotor angles for the rotors 

examined in this study 

 

Rotor shape Average CTS 

Conventional rotor 0.185 

Conventional twisted rotor 0.274 

Modified rotor 0.21 

Modified twisted rotor 0.311 
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5. Conclusions 
The performance of a helical modified Savonius wind rotor with a twist angle of 45° is 
numerically investigated. The solution obtained using the RNG k–ε model is found to give 

more accurate results, as compared with published experimental measurements. The results of 

the present modified helical rotor with twist are compared with the conventional helical rotor 

with twist, the modified rotor without twisting and the conventional rotor. The rotors tested in 

the present study have an aspect ratio of 1.0 and overlap ratio of 0.15. The modified helical 

rotor with twist is found to attain the highest Cp of 0.22, as compared to 0.174 for the 

conventional rotor, with a performance gain of 26.4%. Furthermore, this positive effect of the 

introduced rotor is also observed for the torque coefficient. For the modified helical rotor with 

twist, the CT is always positive at all rotor angles except for a narrow range at λ > 0.6. It is 

found also that, there is no negative static torque coefficient CTS for the conventional and 

modified helical rotor with twist unlike the conventional and modified rotors without 

introducing twist. Furthermore, the modified helical rotor with twist shows a significant rise 

in the CTS at rotor angles of low CTS for other tested rotors. 

 

To conclude, there is a significant improvement in the rotor performance, including CP, CT and 

CTS, when using the present modified helical Savonius rotor with twist. 
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