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The fossil fuel resources and the environmental effect of their use necessitate a change to renewable 

energy sources in the near future which is pollution free, eco-friendly, low cost and ease of availability. 

However, among all the renewable energy, wind is easily available and eco-friendly. In the recent times, 

wind energy has become the world fastest increasing resource of renewable energy. Wind turbines are 

used to converts the kinetic energy of wind into the mechanical and electrical work. Historically, the 

earliest known wind turbines were found in Sistan, the eastern province of Iran during 9th century. 

These machines, then known as windmills, relied on drag forces for their operation and were primarily 

used for grain grinding or pumping water (Gupta, 2015). The engineering aspects of these Sistan 

machines are hardly documented and reported in literature. With some changes in the design, these 

machines were used in the production of electricity during late 19th century. A further design was 

evolved in 1925 when the Finnish engineer S. J. Savonius used two or more S shaped cups/buckets that 

rotated on a vertical axis where the wind is perpendicular to the buckets. This drag-based Savonius 

vertical-axis wind turbine (VAWT) has a lesser efficiency but it has the advantages of design simplicity, 

lower installation and maintenance cost, good self-starting capability (Owaga et al., 1989; Modi and 

Fernando, 1989; Plourde et al., 2012; Wong et al., 2017), insensitive to wind direction and absence of 

yaw mechanism. The efficiency of this turbine, known as power coefficient (Cp) has risen from 0.11 to 

0.33 depending upon the type of buckets/blades used.  The CP of the rotor further can be increased by 

incorporating augmentation techniques such as deflector plate, curtains, nozzle, wind shields, venting 

and others. Unlike the Savonius turbine, the Darrieus turbine is a lift-based machine. The other category 

of lift-based turbines that rotate on a horizontal-axis where the wind is parallel to the blades are known 

as horizontal-axis wind turbines (HAWTs). Although the lift-based HAWTs have higher efficiency but it 

has required tall and robust structure, yaw mechanism (Menter, 2004; Dossena et al., 2015). Hence, the 

manufacture cost is more in HAWTs. Based on aerodynamic forces, the VAWTs are categorized into the 

lift- and drag-based devices. The drag-based rotors are Savonius and Sistan rotors; whereas, the lift-
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based rotors include H- and Darrieus rotors. Although the drag-based rotors have better self-starting 

capabilities than the lift-based VAWTs, they have lesser CP. Savonius rotor operates mainly on drag 

force (Df), but it also experiences a lesser amount of lift force (DL). 
 

The basic parameters and forces of a two-bladed Savonius rotor are shown in Fig. 1. A wind turbine 

converts the kinetic energy of the wind into torque acting on the rotor blades. The amount of energy 

which the wind transfers to the rotor depends on the density of the air, the rotor area, and the wind 

speed. The performance of the Savonius rotor is usually estimated by the two performance parameters 

such as torque coefficient (CT) and power coefficient (CP) (Emmanuel and Jun, 2011) and can be 

expressed as 

 

 
Fig. 1: Illustration of basic parameters and forces of Savonius rotor 

 

After the open literature review, it is supposed that the Savonius rotor can be a viable option for off grid 

energy conversion in certain cases of confined space and low wind speed region, where other types of 

turbines cannot work efficiently. However, the existing design is yet a matter of research to make it 

more useful in particular situations. In view of this, the objective of the present investigation is to 

investigate the aerodynamic drag and lift characteristics of a newly developed elliptical-bladed Savonius 

rotor to improve its torque and power coefficient (CT and CP) by considering the various geometric and 

aerodynamic parameters. Though the Savonius rotor is a drag-based device, a minor amount of lift 

force also contributes to its CT and CP. The vent augmentation technique is also incorporated with the 

optimized Savonius rotor to improve its performance further. The following roadmap (Fig. 2) shows how 

the objective has been established and how the improvement of the turbine has been brought about 

through numerical simulations and wind tunnel experiments. 

 

Initially, 2D unsteady simulations are carried out using ANSYS Fluent for the elliptical profile with 

sectional cut angle (θ) = 47.5ᵒ, modified Bach, Benesh and semicircular profile to found the optimum 

blade profile for Savonius rotor. The rotor blades have been discretization with unstructured triangular 

grids in ANSYS meshing (Fig. 3). This is because unstructured mesh methods logically offer the possibility 

of incorporating adaptivity. Also, it offers flexibility in generating a mesh flow domain for a complex 

flow problem. The domain consists of two sections, viz., the outer rectangular stator and the inner 

circular rotor. The two sections are separated by a sliding interface. The details of the meshing and 

boundary conditions are in Fig. 4. After the grid and time independent test the grid with 169900 

elements and 1ᵒ/step is chosen to 2D simulations. Past studies conducted by several investigators 

reveal that the SST k-ω model has better prediction capabilities (Menter, 2004; Plourde, 2012). Hence, 

this model has been considered for all the simulations. 
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Fig.2: Roadmap of PhD research work 

 

  
Fig. 3: Mesh generation around the rotor Fig. 4: Boundary Conditions and Computational 

Domain. 
 

From the numerical analysis, the peak CP of 0.34 is obtained for the elliptical profile at TSR = 0.80; 

whereas at the same TSR, the peak CP is found to be 0.27, 0.29 and 0.30 for the semicircular, Benesh and 

modified Bach profiles, respectively (Fig. 5). Thus, there is an improvement of CP in the elliptical profile 

than the semicircular, Benesh and modified Bach profiles by 26%, 17% and 13%, respectively.  
 

From Fig.6, it has been predicted that a higher velocity magnitude and lesser tip losses in elliptical 

profile than the other profiles. Also, the improved over lapping flow is found in elliptical profile than the 

other profile. 
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Fig. 5: Performance coefficients obtained from 2D numerical simulation 

 

  
(a) Semicircular (b) Benesh 

  
(c) Modified Bach (d) Elliptical 

Fig. 6: Velocity magnitude (m/s) of various rotor profile at TSR = 0.80 

 
2D unsteady simulations are also carried out for the newly developed elliptical profile to found its 

optimum geometric parameters such as overlap ratio, number rotor blades and effect of shaft and 

Reynolds number. From the numerical results, it has been observed that the 2-bladed elliptical profile 

with overlap ratio (OR) = 0.15 has the maximum power coefficient at TSR = 0.80. The 2-bladed profile 

shows a peak CP of 0.34, whereas for the 3- and 4-bladed profiles, the peak CP is found to be 0.29 and 

0.24, respectively (Fig. 7). With the presence of shaft, the power coefficients of the 2-bladed system are 

reduced because of the reduction in overlapping flow. The peak CP is found to be 0.31 for the 2-bladed 

elliptical profile in the presence of the central shaft (Fig. 8).  
 

The rotor profiles have been tested numerically at various Reynolds number, Re =0.72 x105, 0.89 x 105 

and 1.01 x 105 corresponding to the wind speeds of 5 m/s, 6.2 m/s and 7 m/s. Usually, the CP of the rotor 

is increased with the increased in Re.  
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Fig. 7: CP vs TSR for 2-, 3- and 

4-bladed elliptical profile 
Fig. 8: CP vs TSR for the elliptical-bladed profile 

without and with shaft 
 
To arrive at a suitable design configuration, CL and CD has to be investigated, hence 2D unsteady 

simulations are conducted for the elliptical, modified Bach, Benesh and semicircular profiles. CL and CD 

are also investigated for the vented elliptical and semicircular profile. Initially, the present 2D unsteady 

results have been validated with of the unsteady results of Roy and Ducoin, (2016) at the identical 

conditions (Fig. 9).  
 

  

Fig. 9: Validation of present 2D CD with the available 
results. 

Fig.10: Variation of CD and CL for the elliptical 
and semicircular profiles at TSR = 0.6. 

 

From the 2D unsteady simulations, the CDmax for elliptical-profile is found to be 2.43 at α = 84○ and 266○ 

respectively; however, for the semicircular profile, CDmax is 2.07 corresponding α =91○ and 270○. Hence, 

there is an improvement in CDmax of 17.4% in elliptical profile than the semicircular profile (Fig. 10). The 

average CD for a complete rotation of elliptical and semicircular profile is found to be 1.43 and 1.35, 

respectively. Hence, there is higher average CD by 6% in the elliptical profile than the semicircular 

profile. The average CD of modified Bach and Benesh are found to be 1.41, 1.25, respectively. Hence, in 

modified Bach profile, there is an improvement of CD by 4.5% than the semicircular profiles. Also, the 

average CD for vented elliptical and semicircular profiles are found to be 1.45 and 1.39, respectively. 

Thus, there is an increase in average CD by 1.4% and 3% in the vented elliptical and semicircular profile 

than the non-vented elliptical and semicircular profile.  
 

The 3D unsteady simulations are carried out with the vented elliptical-bladed rotor, and results are 

compared with the non-vented elliptical-bladed rotor at V = 6.2 m/s. The performance coefficients are 

calculated at rotating conditions. The flow physics are also investigated around the vented and non-

vented elliptical bladed rotor at an aspect ratio (AR) = 0.70. The CL and CD of the vented and non-vented 

elliptical bladed rotor have been calculated to arrive at the optimum design configuration. The 3D 

unsteady results have been validated with that of the available results of Jaohindy et al., (2013) at the 

identical conditions. From the 3D unsteady simulation, the CD and CL are estimated for elliptical and 
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semicircular bladed rotors at TSR = 0.6 and AR = 1.09. The average CD for the elliptical-bladed rotor is 

1.31 and for the semicircular bladed rotor is 1.26. Thus, there is an improvement in average CD by 4% in 

elliptical bladed rotor than the semicircular bladed rotor. The maximum CD is found to be 2.18 and 2.19 

at α =70ᵒ and 249ᵒ, respectively for the elliptical bladed rotor, while, for the semicircular-bladed rotor, 

the maximum CD is found to be 1.83 and 1.85 at α = 64ᵒ and 244ᵒ (Fig. 11).  The velocity magnitude is 

found to be maximum in the advancing surface of the elliptical bladed rotor than the semicircular 

bladed rotor (Fig. 12). With the incorporation of vent-augmenter, there is a marginal improvement in 

average CD in elliptical bladed rotor. The average CD for the vented elliptical and semicircular bladed 

rotors is found to be 1.32 and 1.28, respectively.  The average CL for the vented elliptical bladed rotors is 

found to be 0.51. Thus, there is an increase of average CL by 6.3% in elliptical-bladed rotor with vents 

than the same rotor without vents. The average CL for the vented semicircular bladed rotors is found to 

be 0.53, respectively.  
 

 
Fig.11: Variation of the 3D CD and CL for the elliptical and semicircular-bladed rotors at TSR = 0.6. 

 

  

 
Fig.12: Velocity magnitude (m/s) contours of elliptical and semicircular bladed rotors at TSR = 0.6 

 
After the series of 2D and 3D unsteady simulations, the wind tunnel experiments are performed for the 

elliptical, modified Bach, Benesh rotor to validate the numerical results. The experiments are conducted 

for the semicircular bladed rotor at the identical conditions to have a direct comparison. Further, the 

experiments are also conducted for the vented elliptical bladed rotor to investigate its influence on the 

rotor performance. The schematic diagram of a wind tunnel is shown in Fig. 13.  The wind turbine 

blades for this experiment are manufactured using 0.5 mm thick GI (Galvanized Iron) sheets with an 

aspect ratio of 0.7 and 1.09. This material is strong enough to withstand the flow-field of the wind 
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ranging from 0 to more than 10 m/s.  The vented elliptical-bladed rotor is manufacture with AR = 0.7. 

The error analysis, uncertainty analysis and a suitable blockage correction factor also considered for all 

the experimental data. The experimental peak CP values for the elliptical-bladed and semicircular-bladed 

rotors are found to be 0.19 and 0.15 at TSR = 0.7 (Fig. 14); whereas the peak CP for Benesh and modified 

Bach rotors are found to be 0.16 at TSR = 0.6 and 0.8, respectively. Thus, the elliptical-bladed rotor 

shows an improvement of CP by 27% as compared to the semicircular-bladed rotor. With the inclusion of 

blockage correction, the Cpmax is found to be 0.185 for elliptical-bladed rotor at AR = 1.09, while for the 

semicircular bladed rotor is found to be 0.146 at the same AR. The blockage corrected Cpmax for the 

Benesh and modified Bach rotors are found to be 0.156 (Fig. 15).  
 

 
Fig. 13: Schematic diagram of a wind tunnel. 

 

  
Fig. 14: Performance coefficients obtained from 
wind tunnel experiments 

Fig. 15: Blocakge corrected performance 
coefficient. 

 

Finally, the genetic algorithm has been performed using ANSYS 17.1 direct optimization technique for 

the 2D geometric model of elliptical and semicircular profiles. Finally, multi-objective genetic algorithm 

(MOGA) has been carried out with the objective is to minimize the incoming velocity and to maximize 

the torque and lift coefficients of the elliptical and semicircular bladed profiles for the given incoming 

velocity of 6.2 m/s. From the MOGA, at TSR = 0.80, the elliptical bladed Savonius rotor shows that the CP 

= 0.35 at V = 5.91 m/s. For the semicircular bladed profile, the CP = 0.28 at V = 6.06 m/s. However, from 

the unsteady numerical simulation for the elliptical profile, the CP = 0.34 at V=6.2 m/s and for the 

semicircular profile CP = 0.27 at V=6.2 m/s. Thus, the newly developed elliptical bladed Savonius rotor is 

the better contender for small scale power generation in rural areas. 
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