
 
Journal of Applied Fluid Mechanics, Vol. 17, No. 4, pp. 828-843, 2024.  

Available online at www.jafmonline.net, ISSN 1735-3572, EISSN 1735-3645. 

https://doi.org/10.47176/jafm.17.4.2235 

 

 

 

Effect of Semi-elliptical Outer Blade-surface on the Savonius 

Hydrokinetic Turbine Performance: A Numerical Investigation  

G. V. Babu and D. K. Patel† 

School of Mechanical Engineering, Vellore Institute of Technology, Vellore – 632014, India  

†Corresponding Author Email: devendrakumar.patel@vit.ac.in  

 

ABSTRACT 

The Savonius hydrokinetic turbine (SHT) is widely used for generating 

electricity from running water. However, most optimization work has been 

carried out on conventional blades with similar concave and convex profiles. 

This study aims to enhance SHT performance by modifying the rotor blades' 

outer surface radius (0.079, 0.087 and 0.095 m) to create a semi-elliptical shape, 

thus reducing opposing forces. The tip speed ratio (TSR) varies from 0.5 to 1.3 

with an interval of 0.1. A constant channel velocity of 0.8 m/s at Re = 2.25 × 105 

is considered for the analysis. The flow field has been numerically investigated 

using the SST k - ω model. This study comprises the angular variation in the 

coefficients of power (Cp) and torque (Cm), performance curves of the rotor, and 

pressure distribution on the blade surface at different angular positions. It is 

observed that the rotor with a radius of 0.095 m has a maximum Cp value of 

0.142, which is 7.57% and 18.33% higher than the Cp values of rotors with radii 

of 0.079 m and 0.087 m, respectively. The maximum power output of the rotor 

with a radius of 0.095 m is 2.32 W, whereas the power outputs of the rotors with 

radii of 0.087 m and 0.079 m are 2.16 W and 1.96 W, respectively. An increase 

in the instantaneous values of Cm between rotation angles 0◦ to 115◦ is observed, 

during which the returning blades mainly interact with the incoming stream. The 

pressure decreases as the radius of the semi-elliptical outer surface increases at 

rotor positions ranging from 0◦ to 225◦, but it increases at rotor positions ranging 

from 270◦ to 315◦. 
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1. INTRODUCTION 

In remote locations, generating electricity from 

running water is an eco-friendly and cost-effective 

solution. A hydrokinetic turbine is generally suitable for 

these purposes due to its simple design and easy 

installation (Boccaletti et al., 2008). If the flowing 

medium is not considered, then it can be said that a 

hydrokinetic turbine works on the principles of wind 

turbine. Since water is denser than air, a hydrokinetic 

turbine can generate more power than a comparable wind 

turbine (Khan et al., 2009). Hydrokinetic turbines are 

classified into two types based on installation: axial-flow 

rotors and cross-flow rotors. Vertical-axis turbines, which 

are a type of cross-flow rotor, are more suitable for narrow 

channels or low-flow rivers. Savonius (Salleh et al., 2019) 

and Darrieus (Wong et al., 2017) are commonly referred 

to as vertical axis hydrokinetic turbines which are often 

used to be installed in channels. The Savonius is 

considered a superior because of its higher starting torque 

output than Darrieus (Kamal & Saini, 2022). The 

Savonius Hydrokinetic Turbine (SHT) is simple in design 

and produces low noise. It accepts fluid flow in any 

direction and has excellent starting characteristics at low 

speeds. 

A number of investigations have been carried out over 

the past few decades through experimental and analytical 

studies to improve the performance of SHT. However, 

traditional Savonius turbines have lower efficiency than 

most lift-type wind turbines, such as horizontal axis wind 

turbines and Darrieus wind turbines. The performance of 

Savonius turbines are influenced by the number of blades, 

blade shape, overlap ratio, gap ratio, stages, guide plates, 

end plates and other accessories. In the aspect of blade 

shape, Wahyudi et al. (2013) designed three new types of 

Tandem Blade Savonius (TBS) rotors that improve the 

drag force generation by enlarging the swept area. The 

first type has an overlapping blade arrangement, the 

second has a symmetrical blade arrangement, and the third  
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NOMENCLATURE 

A projected area of the rotor   

β1, 𝛾1 

σk1, and 

σω1 

standard k - ω turbulence model constant 

a1 a constant  

β2, 𝛾2 

σk2, and 

σω2 

standard k - ϵ turbulence model constant 

arg1 function defined by the Eq. (16)  λ2 lambda2 

arg2 function defined by the Eq. (20)  μ dynamic viscosity  

CDkω 
function related to the cross-diffusion 

term by Eq. (17) 
 μt eddy or turbulent viscosity  

Cm coefficient of torque  ν kinematic viscosity of water  

Cp coefficient of power  νt turbulent kinematic viscosity  

D rotor diameter   ω turbulent specific dissipation rate  

F1 and F2 blending functions  ωz vortex component in z-direction 

k turbulent kinetic energy   𝜙 SST k - ω turbulence model constant 

N rotor speed   𝜙1 k - ω turbulence model constant 

p pressure   𝜙2 k - ϵ turbulence model constant 

Pavailable power available in flow field   ρ water density  

Protor rotors power output   τij stress tensor 

R rotor radius   Ω rotational velocity  

r blade inner surface radius   Abbreviations 

rA, rB and 

rC 

blade outer surface semi-elliptical 

major radius  
 

k - ϵ 
turbulence kinetic energy - turbulent 

dissipation rate 
Rd radial distance from the rotor center  

T rotor torque output   k - ω 
turbulence kinetic energy - turbulent 

specific dissipation rate 

U velocity of the upstream flow   AMI Arbitrary Mesh Interface 

y+ y-plus value  AR Aspect Ratio 

Re Reynolds number   RANS Reynolds Averaged Navier-Stokes  

   SHT Savonius Hydrokinetic Turbine 

Greek Symbols  
SST k - 

ω 

Shear stress transport - Turbulence 

kinetic energy - turbulent specific 

dissipation rate 

β∗ SST k - ω turbulence model constant  TSR Tip Speed Ratio 

 

has a converging type of blade arrangement. Among the 

three designs, the converging type TBS showed best 

efficiency and provided maximum pressure difference 

between upstream and downstream. Tartuferi et al. (2015) 

developed two new rotor designs (SR3345 and SR5050) to 

improve the performance of the conventional Savonius 

wind turbine by implementing a significant increase in the 

mean camber line of the base airfoil shape. It was noticed 

that both of these rotor designs take advantage of low-

pressure regions behind the advancing blade, which can 

make a favorable contribution to rotor rotation and thus 

enhances the power output. The profiles of concave and 

convex surfaces were modified to better the performance 

of the Savonius wind rotor by Tian et al. (2017). It was 

found that the modified rotor performed 4.41% better than 

the conventional Savonius wind turbine. The modified 

rotor had stronger recovery flow and tip vortices. 

Kacprzak et al. (2013) analyzed three types of Savonius 

rotors: classical, Bach-type and elliptical. Based on the 

torque and power characteristics, reported that the Bach-

type rotor performs well in the range of TSR from 0.5 to 

1.1, and the elliptical rotor performs better in the TSR 

range of 0.2 to 0.4. Tian et al. (2015) developed a unique 

rotor shape based on Myring Equation. The study was 

conducted with a constant velocity of 7 m/s while altering 

the TSR range from 0.4 to 1.2. It was concluded that a 

10.98% improvement was achieved with the unique rotor 

compared to the conventional rotor. Kumar and Saini 

(2017) studied a modified SHT having twisted blades by 

altering the upstream velocities (0.5 to 2 m/s). It was stated 

that the performance of SHT improves with increase in 

upstream velocity. In addition, the optimum geometric 

parameter with blade arc angle of 150◦ and blade shape 

factor is found to be 0.6. In the other accessories aspect, 

Kailash et al. (2012) added a series of deflector plates to 

divert the upstream to the concave side of the forward 

blade and at the same time prevents the flow of the 

upstream to the convex side of the returning blade. As a 

result, at TSR 1.08, the value of Cp increases to 0.35. 

Talukdar et al. (2018) analyzed the flow characteristics of 

semicircular-shaped (two and three bladed) and elliptical-

shaped SHT at a uniform upstream velocity of 0.8 m/s. 

The highest values of Cp for semicircular- shaped SHT 

0.84 and 0.67 were obtained at TSR values of 0.28 and 

0.17 respectively. It is observed that semicircular-shaped 

SHT have better flow characteristics than elliptical-shaped 

SHT. Mohamed et al. (2010) conducted a numerical study 

on a three-blade Savonius turbine by varying the blade 

design, gap ratio, and overlap ratio. In addition, they have 

used end plate, number of blades, guide plates, and 

specific attachments in order to improve the performance 

of three-blade SHT. In this optimization procedure, it was 
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found the conventional three-blade SHT, especially at 

TSR = 0.7, leading to a relative increase in power output 

coefficient by 57%. Mahmoud et al. (2012) performed an 

experimental study on Savonius rotors (two, three and four 

bladed) and different aspect ratios (0.5, 1, 2, 4 and 5). The 

two-blade rotor was found more efficient among the other 

configurations and stated that Cp increases with increase 

in aspect ratio. Basumatary and Biswas (2016) studied the 

performance of a two bladed SHT at different upstream 

velocities (1.5, 1.1, 0.9, 0.65 and 0.3m/s) using a deflector, 

and optimized the position of the deflector through power 

curves. At a free stream velocity of 0.9 m/s, a maximum 

Cp value 0.54 was observed at TSR 0.578. The 

experimental analysis performed by Patel et al. (2016) 

reported that the optimal performance of SHT was 

achieved at overlap ratio = 0.11 and aspect ratio (AR) 

0.60. Whereas it a stable performance of SHT for lower 

AR ≤ 1.8 was observed. Yuwono et al. (2018) analyzed 

the influence of a single plate's width placed in front of the 

returning blade on the performance of SHT through an 

experimental and analytical studies. It was found that the 

performance of the rotor increases with wider plate at 

higher Reynolds numbers. Setiawan et al. (2019a,b) 

reported that the Cp of SHT can be increased by 17.3% 

over conventional SHT at TSR of 0.9 by keeping a circular 

cylinder in front of the advancing blade at certain angles. 

Anthony and Roy (2020) conducted a two dimensional 

(2D) numerical analysis on SHT by modifying the blade 

profile on different Reynolds number varying from 0.71 × 

105 to 1.88 × 105 and obtained higher values of Cp 

compared to conventional SHT. An experimental analysis 

by Salleh et al. (2020) considering a deflector in front of 

two and three bladed rotors was conducted in a closed 

wind tunnel with a wind speed of 10 m/s. It has been 

observed that the performance of the rotors is greatly 

improved when the deflector is used at an angle of 60◦. 

Alizadeh et al. (2020) performed three-dimensional 

numerical analysis on the SHT by placing a circular 

barrier in front of the returning blade. The analysis was 

performed by dividing the circular barrier into nine 

sectors, where a uniform free stream velocity of 7 m/s was 

considered. Compared to the conventional rotor, the Cm of 

the circular barrier rotor was found to increase by 19% at 

TSR 0.8. Chen et al. (2023) developed an efficient 

deflector system for a bidirectional cluster using a genetic 

algorithm and the kriging method, which produced a 

34.5% improvement in Cp over the cluster without 

deflectors. The study concluded that deflectors increased 

the magnitude and strength of the low pressure at the 

advancing blade while decreasing the pressure area at the 

returning blade. Abdelghafar et al. (2023) proposed a 

bionic blade shape to enhance the efficiency of a 

conventional Savonius wind rotor. These blade shapes are 

inspired by sandeels (fish) and optimized to maximize 

performance. It was reported to exhibit a significant 

improvement in rotor efficiency of 9.21% at a TSR of 0.8 

when compared to a rotor design with semi-circular 

blades. The pressure vibration and internal flow field of 

axial-flow pumps were quantitatively and qualitatively 

analyzed by Al-Obaidi (2018, 2019, 2023a,b); Al-Obaidi 

et al. (2023); Al-Obaidi et al. (2023a,b); Al-Obaidi and 

Qubian (2022) using experimental and CFD numerical 

methods. The study examined the influence of varying 

diffusers and impeller angles on the design and 

performance of flow fields in axial flow pumps during 

transient conditions. The k - ϵ turbulence model and 

sliding grid method are used in the investigations. The 

numerical results offer theoretical guidance for future 

research and the design of axial flow rotors. 

The literature review shows that an extensive analysis 

has been performed by researchers to optimize the 

Savonius Hydrokinetic Turbine (SHT). However, most of 

the optimization work has been carried out considering the 

'thin' blades, which have similar concave and convex 

profiles on both sides.  Some authors worked on the 

different thicknesses of the blades by modifying the 

concave side. During the forward motion of the blade, the 

upstream primarily affects the concave surface of the 

blade, while during the return motion, the convex surface 

plays an important role. An optimized convex surface 

design can reduce the opposing torque, ultimately 

improving the rotor’s performance. The present numerical 

analysis deals with optimizing the convex surface on the 

advancing and returning blades by using semi-elliptical 

outer surfaces. Three cases have been considered by 

modifying the semi-elliptical outer surfaces. For the 

analysis, a constant channel velocity of 0.8 m/s at Re = 

2.25 × 105 has been considered, and the tip speed ratio 

(TSR) ranges from 0.5 to 1.3 with an interval of 0.1. The 

incompressible flow field has been solved using the SST 

k - ω model in OpenFOAM (2017). An attempt has been 

made to understand the interaction of rotor blades with 

fluid flow by using various contour plots at different 

angular positions of the rotor. The flow patterns close to 

the rotors are described using the streamlines and velocity 

vectors over the pressure contours, while shearing-

swirling zones are identified using the λ2 criterion. The 

angular variations in the instantaneous coefficient of 

torque (Cm) of different rotors are compared using the 

polar plot. The pressure distribution on the concave and 

convex surfaces of the rotor blades has been studied at 

different rotation angles. Some significant conclusions 

have been drawn based on the performance of different 

cases. 

2. COMPUTATIONAL PROCEDURE 

2.1 Rotor Design and Computational Domain 

The schematic diagram of a rotor blade is illustrated 

in Fig. 1. In the present study, rotor blades are modified 

by changing the major radius (rA, rB and rC) of the semi-

elliptical outer surface to reduce the opposing forces on 

the returning blade. Whereas the inner surface radius (r) 

kept constant.  

The dimensions of the different geometrical 

parameter considered in the present design of the rotor 

blades are exhibited in Table 1. In the present study the 

rotor is operating in a water channel and assumed to be 

completely submerged in the water. The rotor blades are 

identical throughout the axis of the rotor which allows 

two-dimensional (2D) of the present problem. When a 

propeller aspect ratio (AR) is equal to or greater than one, 

2D analysis can accurately predict the flow dynamics 

(Anthony & Roy, 2020). Figure 2 depicts a schematic  
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Fig. 1 Schematic diagram of a rotor blade 

 

Table 1 Geometrical parameters of SHT 

Parameters Values (m) 

Rotor diameter (D) 0.25 

Blade diameter (d) 0.144 

Blade inner surface radius (r) 0.072 

Case-A blade outer surface radius (rA) 0.095 

Case-B blade outer surface radius (rB) 0.087 

Case-C blade outer surface radius (rC) 0.079 

Overlap distance (e) 0.037 

 

diagram of the 2D computational domain. A 

computational domain of size 12D × 6D is considered 

based on the previous studies. The rotor is placed 4D away 

from the inlet and has an equal distance from the left and 

right walls. The computational domain has been 

subdivided into stationary and rotating domains, which is 

separated by Arbitrary Mesh Interface (AMI) of a 

diameter 1.5D as depicted in Fig. 2. 

2.2 Performance Variables 

The conceptual background for hydrokinetic tur- 

bines is taken from traditional wind turbine research. The 

coefficient of torque (Cm), coefficient of power (Cp) and 

the tip-speed ratio (TSR) are commonly used to describe 

the performance of turbines. These performance variables 

are defined as follows: (Zhao et al., 2009; Talukdar et al., 

2018; Salleh et al., 2019) 

𝐶𝑝 =
𝑃𝑟𝑜𝑡𝑜𝑟

𝑃𝑎𝑣𝑎𝑖𝑙𝑎𝑏𝑙𝑒
 (1) 

𝑃𝑎𝑣𝑎𝑖𝑙𝑎𝑏𝑙𝑒 =
1

2
𝜌𝐴𝑈3 (2) 

𝑃𝑟𝑜𝑡𝑜𝑟 =
2𝜋𝑁𝑇

60
 (3) 

𝐶𝑚 =
𝑇

1
2

𝜌𝐴𝑈2𝑅
=

𝐶𝑝

𝑇𝑆𝑅
 (4) 

𝑇𝑆𝑅 =
𝛺𝑅

𝑈
 (5) 

where, ρ is water density (kg/ m3) , Protor is rotors power 

output (W), Pavailable is power available in flow field (W), 

U is the velocity of the upstream flow (m/s), A is the 

projected area of the rotor (m2), T is rotor torque output 

(N-m), N is rotor speed (rpm), Ω is rotational velocity 

(rad/s), D is rotor diameter (m) and R = D/2 is rotor radius 

(m). 

2.3 Mathematical Model 

The transient, two-dimensional, incompressible 

turbulent flow field considered in the present study is 

solved numerically using the SST k - ω RANS approach. 

A variety of turbulence models have been introduced in 

the literature (Sarma et al., 2014; Talukdar et al., 2018; 

Setiawan et al., 2019a; Alizadeh et al., 2020), based on the 

Reynolds number as well as turbine geometry. The SST k 

- ω turbulence model is a combination of k - ω and k - ϵ  

 

 
Fig. 2 Schematic diagram of the 2D computational domain 
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turbulence models so that the k - ω model is used in the 

viscous sub-layer where the high accuracy of the boundary 

layer is required and the k - ϵ model is used in the free 

shear flow outside the boundary layer. This SST k - ω 

turbulence model with two equations accurately predicts a 

wide range of flows, including rotational flow, flow over 

airfoils, low Reynolds number flow and flow with a 

negative pressure gradient (Menter, 1994; Roy & Ducoin, 

2016; Basumatary et al., 2018). 

The continuity and momentum equations used in 

RANS approach with Boussinesq approximation are 

presented in Eq. 6 and Eq. 7. (Menter, 1994; Roy & 

Ducoin, 2016) 

𝜕𝑢𝑖

𝜕𝑥𝑖

= 0 (6) 

𝜕𝑢𝑖

𝜕𝑡
+

𝜕𝑢𝑖𝑢𝑗

𝑥𝑗

= −
1

𝜌
[
(𝜕𝑝 + 𝜕

2
3

𝜌𝑘)

𝜕𝑥𝑖

]

+
𝜕

𝜕𝑥𝑗

[
1

𝜌
(𝜇 + 𝜇𝑡)

𝜕𝑈𝑖

𝜕𝑥𝑗

] 

(7) 

Original k - ω model (Wilcox k - ω model): (Menter, 1994; 

Roy & Ducoin, 2016) 

𝐷𝜌𝑘

𝐷𝑡
= 𝜏𝑖𝑗

𝜕𝑢𝑖

𝜕𝑥𝑗

− 𝛽∗𝜌𝜔𝑘

+
𝜕

𝜕𝑥𝑗

[(𝜇 + 𝜎𝑘1
𝜇𝑡)

𝜕𝑘

𝜕𝑥𝑗

] 

(8) 

𝐷𝜌𝜔

𝐷𝑡
=

𝛾1

𝑣𝑡

𝜏𝑖𝑗

𝜕𝑢𝑖

𝜕𝑥𝑗

− 𝛽1𝜌𝜔2

+
𝜕

𝜕𝑥𝑗

[(𝜇 + 𝜎𝜔1
𝜇𝑡)

𝜕𝜔

𝜕𝑥𝑗

] 

(9) 

Transformed k - ϵ model: (Menter, 1994; Roy & Ducoin, 

2016; Basumatary et al., 2018) 

𝐷𝜌𝑘

𝐷𝑡
= 𝜏𝑖𝑗

𝜕𝑢𝑖

𝜕𝑥𝑗

− 𝛽∗𝜌𝜔𝑘

+
𝜕

𝜕𝑥𝑗

[(𝜇 + 𝜎𝑘2
𝜇𝑡)

𝜕𝑘

𝜕𝑥𝑗

] 

(10) 

𝐷𝜌𝜔

𝐷𝑡
=

𝛾2

𝑣𝑡

𝜏𝑖𝑗

𝜕𝑢𝑖

𝜕𝑥𝑗

− 𝛽2𝜌𝜔2

+
𝜕

𝜕𝑥𝑗

[(𝜇 + 𝜎𝜔2
𝜇𝑡)

𝜕𝜔

𝜕𝑥𝑗

]

+ 2𝜌𝜎𝜔2

1

𝜔

𝜕𝑘

𝜕𝑥𝑗

𝜕𝜔

𝜕𝑥𝑗

 

(11) 

Original k - ω equations (8, 9) are multiplied by F1 

and transformed k - ϵ equations (10, 11) are multiplied by 

(1 − F1). The corresponding equations of each set are 

added together to give the SST k - ω model: (Menter, 

1994; Roy & Ducoin, 2016) 

𝐷𝜌𝑘

𝐷𝑡
= 𝜏𝑖𝑗

𝜕𝑢𝑖

𝜕𝑥𝑗

− 𝛽∗𝜌𝜔𝑘

+
𝜕

𝜕𝑥𝑗

[(𝜇 + 𝜎𝑘1
𝜇𝑡)

𝜕𝑘

𝜕𝑥𝑗

] 

(12) 

𝐷𝜌𝜔

𝐷𝑡
=

𝛾

𝑣𝑡

𝜏𝑖𝑗

𝜕𝑢𝑖

𝜕𝑥𝑗

− 𝛽𝜌𝜔2

+
𝜕

𝜕𝑥𝑗

[(𝜇 + 𝜎𝜔𝜇𝑡)
𝜕𝜔

𝜕𝑥𝑗

]

+ 2𝜌(1 − 𝐹1)𝜎𝜔2

1

𝜔

𝜕𝑘

𝜕𝑥𝑗

𝜕𝜔

𝜕𝑥𝑗

 

(13) 

Let 𝜙1 represent any constant in the original model 

original k - ω equations, 𝜙2  any constant in the 

transformed k - ϵ. So, the 𝜙 corresponding constant of the 

SST k - ω model, are related as follows: 

𝜙 = 𝜙1𝐹1 + 𝜙2(1 − 𝐹1) (14) 

Here the value of the function F1 is designed to be one 

in the near wall area (to activate the original model) and 

zero when away from the surface. This blending occurs in 

the wake region of the boundary layer. Where 

𝐹1 = tanh(𝑎𝑟𝑔1
4) (15) 

𝑎𝑟𝑔1 = min (max (
√𝑘

0.09𝜔𝑦
;
500𝑣

𝑦2𝜔
) ;

4𝜌𝜎𝜔2𝑘

𝐶𝐷𝑘𝜔𝑦2
 (16) 

𝐶𝐷𝑘𝜔 = max (2𝜌𝜎𝜔2

1

𝜔
)

𝜕𝑘

𝜕𝑥𝑗

𝜕𝜔

𝜕𝑥𝑗

, 10−20 (17) 

and the turbulent kinetic viscosity (𝜈𝑡) as: 

𝜈𝑡 =
𝑎1𝑘

max(𝑎1𝜔; 𝛺𝐹2)
 (18) 

Where, 𝑎𝑟𝑔1 and 𝑎𝑟𝑔2 are the functions defined by Eqs. 

16 and 20. The 𝐶𝐷𝑘𝜔 is the function related to the cross-

diffusion term of Eq. 17. The 𝐹1 and 𝐹2  are the blending 

functions 

𝐹2 = tanh(𝑎𝑟𝑔2
2) (19) 

𝑎𝑟𝑔2 = max (2
√𝑘

0.09𝜔𝑦
;
500𝜈

𝑦2𝜔
) (20) 

The set of constants which are used for the 

original k - ω and k - ϵ model are as follows 

Set (𝜙1) (Wilcox k - ω model): (Menter, 1994; Roy & 

Ducoin, 2016) 

𝛾1 =
𝛽1

𝛽∗
−

𝜎𝜔1
𝑘2

√𝛽∗
 

β∗ = 0.09, k = 0.41, β1 = 0.0750, σω1 = 0.5, σk1 = 0.5  

Set (𝜙2) (Transformed k - ϵ model): (Menter, 1994; Roy 

& Ducoin, 2016)  

𝛾2 =
𝛽2

𝛽∗
−

𝜎𝜔1
𝑘2

√𝛽∗
 

β∗ = 0.09, k = 0.41, β2 = 0.0828, σω2 = 0.856, σk2 = 1.0  

2.4 Numerical Schemes and Boundary Conditions 

The numerical investigations are performed using the 

SST k - ω model, where the finite volume approach is 

utilized to discretize governing equations (Patankar, 

1980). The second-order central difference scheme has 

been utilized to discretize the advective terms, whereas the 

second-order upwind scheme has been employed to 
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discretize the diffusive terms. The backward second-order 

implicit scheme has been implemented to discretize the 

transient terms. The velocity and the pressure in the 

governing equations are coupled using the PIMPLE 

scheme with two corrector loops. The symmetric Gauss-

Seidel solver with an error tolerance of 10−6 is used to 

solve the momentum equations, and the pressure 

correction equation is solved using the GAMG 

(Geometrically Agglomerated Algebraic Multi-Grid 

Solver), which has a convergence criteria of 10−7 in each 

time step. A variable time step is considered to maintain 

the courant number less than or equal to 0.5 throughout 

the simulation. The time step for each iteration is 

approximately 1×10−4 seconds. The open-source CFD 

package, OpenFOAM (2017), has been used to achieve the 

numerical simulations. 

The schematic diagram of present computational 

domain is illustrated in Fig. 2. At the inlet of the 

computational domain, a fully developed log velocity 

profile of magnitude U = 0.8 m/s has been considered. The 

turbulence intensity at the computational domain's inlet is 

assumed to be 2%, resulting in a more realistic flow. The 

viscosity of fluid is considered same as the viscosity of 

water (ν = 8.8 × 10−7 m2/s) and the flow is considered 

incompressible which yields the Reynolds number Re = 

UD/ν = 2.25 × 105. The inlet is treated with zero pressure 

gradient boundary condition. The left and right walls of 

the water channel have been considered as the top and 

bottom boundaries of the computational domain. These 

walls are treated with no slip boundary condition where 

the pressure is treated as zero gradient. The outlet of the 

computational domain kept at zero-gauge pressure and the 

velocity is treated as zero gradient boundary condition. To 

ensure the connection and flow field consistency between 

the stationary and rotating domains, an Arbitrary Mesh 

Interface (AMI) zone is considered, which effectively 

takes the transient effects and shows rotating parts in a 

realistic way. In the present computation the AMI 

boundary surface is treated with cyclic boundary 

condition. The rotor blades are treated with no slip 

boundary condition and zero gradient boundary condition 

for velocity and pressure respectively. The rotating 

domain that includes the rotor blades is assigned angular 

motion (clockwise) depending on the tip speed ratio (TSR)  

Table 2 Boundary conditions 

Inlet 

U = 0.8 m/s,  
𝜕𝑃

𝜕𝑥
=

𝜕𝑃

𝜕𝑦
= 0, 𝑘 =

1.5𝐼2; 𝐼 = 2%, 𝜔 =
𝑘0⋅5

𝐶𝜇
0.25𝐿

; 𝐿 =

0.07 ∗ 𝐷, 𝐶𝜇 = 0.09 

Outlet 
𝑃 = 0,  

𝜕𝜉

𝜕𝑥
=

𝜕𝜉

𝜕𝑦
= 0, where 𝜉 =

𝑈, 𝑘, 𝜔 

Left wall, 

right wall and 

rotor 

U = 0,  
𝜕𝑃

𝜕𝑥
=

𝜕𝑃

𝜕𝑦
= 0;  𝑘 𝑎𝑛𝑑 𝜔 are 

obtained from wall functions 

AMI 
𝜁 = 𝑐𝑦𝑐𝑙𝑖𝑐𝐴𝑀𝐼, where 𝜁 =

𝑈, 𝑃, 𝑘 𝑎𝑛𝑑 𝜔 

 

used in various cases. The values of TSR varied from 0.5 

to 1.3 at the interval of 0.1 for the each cases (A, B and C) 

considered in the present study. The boundary conditions 

that were applied at the computational domain boundaries 

are exhibited in Table 2. 

2.5 Domain Meshing and Grid Independence Test 

The mesh in the computational domain of the present 

study has been generated using structured hexahedral 

cells, as shown in Fig. 3. The developed mesh has a total 

grid points of 147756 which creates 71786 cells and 

289237 faces. Among the overall number of cells, 68856 

are of hexahedral type, 2130 are of polyhedral type and 

800 are of prisms type. In the transition zone of the mesh 

density, the polyhedral cells are appeared with various 

grid sizes as depicted in Fig. 3. The distribution of 

hexahedral (cubic) type cells is 95.92%, which reduces the 

time required for each iteration. Figure 4 illustrates a 

zoomed view of the present grid distribution near the rotor. 

The maximum and minimum sizes of the grid considered 

in the present mesh generation are 0.0384 m and 1.13 × 

10−6 m, respectively, which is achieved by refining the 

mesh in six steps. Close to the boundary of the 

computational domain, the mesh is largest (Fig. 3), while 

the minimum grid size is present at the blade surface (Fig. 

4b). The first grid point on the blade surface falls below in 

the laminar sublayer, with a value of y+ ≅ 0.9 close enough 

 

 
Fig. 3 Grid distribution in the computation domain 
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(a) Over the rotating domain.                                                  (b) Over the rotor blade. 

Fig. 4 A zoomed view of the computational mesh close to the rotor 
 

 

Fig. 5 Grid independence test 

 

to capture the boundary layer phenomena. To capture the 

flow structure in the downstream, an “area of interest” has 

been created where adequate mesh refinement has been 

adopted, as shown in Fig. 3. 

In the present analysis, all results are presented in the 

developed flow field, obtained by running the simulation 

for enough time (20 cycles) to remove initial transient 

flow from the computational domain. A grid independent 

test has been performed by collecting the torque 

coefficient (Cm) in one rotation of the rotor for different 

mesh sizes. The test is carried out primarily by changing 

the number of cells closer to the rotor and in the region of 

interest. Simultaneously, the case of the highest TSR = 1.3 

has been considered for the test so that the same grid can 

be used for all other cases. Figure 5 shows the grid 

independence test results of four different grid resolutions. 

It is observed that the variation in coefficient of torque 

(Cm) for mesh with 147756 grid points closely matches 

that of the mesh with the 104480 grid points. A mesh with 

147756 grid points has been considered for a reasonable 

numerical calculation in all other cases based on the grid 

independent test. 

2.6 Numerical Validation 

The numerical results obtained by Tian et al. (2017) 

using the SST k - ω turbulence model for the Savonius 

wind rotor are used to verify the accuracy of the present 

numerical simulation. They have presented the results of 

classical Savonius wind rotor working at the upstream 

velocity of 7 m/s. In the present work, the same 

configuration has been considered to verify the numerical 

procedure accuracy. Figure 6 shows the comparison of the 

variation of the torque coefficient (Cm) over one rotation 

of the rotor in the developed flow field with the results of 

Tian et al. (2017). Figure 6 indicates that the present result 

is in good agreement with the result of Tian et al. (2017). 

It confirms the accuracy of the numerical procedure  
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Fig. 6 Comparison of Cm with the results of Tian et al. 

(2017)  
 

followed in the present work. Further, the shape of the 

rotor blades and the flow medium are modified with a 

semi-elliptical outer surface and water respectively. The 

various results obtained are discussed in the following 

sections. 

3.  RESULTS AND DISCUSSION 

3.1 Coefficients of Power and Torque 

In general, the performance of the rotor is described 

using the Cp and Cm. The variations in the coefficient of 

torque (Cm) with the rotor position have been compared 

for three cases, as illustrated in Fig. 7. The trend of 

variation in Cm, in all three cases is found to be almost 

similar. A significant change in the values of Cm is 

observed over the period of rotor position from 0◦ to 115◦. 

During this period of the rotor, mainly the outer surface of 

the returning blade and the inner surface of the advancing 

blade interact with upstream. Here it is realized that the 

significant improvement in the values of Cm is mainly due 

to the shape of the outer surface of the rotor as there is no 

difference in the shape of the inner surface for different 

cases. It confirms that the elliptical outer surface of the 

rotor has improved performance compared to the normal 

circular surface. This confirms that as the degree of 

ellipticity of the outer surface increases, it improves the 

rotor performance. The average Cp values are evaluated 

using Eq. 4, have been presented in Fig. 7. Where it is 

observed that the Case-A provides the maximum value of 

Cp compare to other cases. 

The performance of the three rotors is analyzed by 

varying the TSR from 0.5 to 1.3 at an interval of 0.1, and 

the variations of averaged Cp and Cm as a function of TSR 

are depicted in Fig. 8. The Cp curves in the present study 

were compared with the experimental results of the 

conventional rotor (Hayashi et al., 2005; Patel et al., 2016; 

Nag & Sarkar, 2020), as depicted in Fig. 8a. It is observed 

that the trend of Cp for all three cases is similar to that of 

the experimental data provided (Hayashi et al., 2005; Patel 

et al., 2016; Nag & Sarkar, 2020). Here, the deviations in 

the results were observed due to the differences in the 

rotor's geometry and the flow medium. It is seen that the 

value of Cp increases with increase in TSR, attains a peak 

value, and then decreases as shown in Fig. 8a. Further 

increase in TSR will lead to a steady decrease in the values 

of Cp as expected by the literature (Basumatary et al., 

2018; Talukdar et al., 2018; Salleh et al., 2019; Yao et al., 

2019). In three cases, the highest value of Cp of 0.142 is 

obtained in Case-A which is 7.57% and 18.33% higher 

than Case-B and Case- C respectively. The peak Cp values 

obtained in the Case-B and Case-C rotors are 0.132 and 

0.120. The power output of the rotor is calculated by 

considering that the height of the rotor is equal to its 

diameter. The maximum power output of the Case-A rotor 

is 2.32 W, whereas the power outputs of the Case-B and 

Case-C rotors are 2.16 W and 1.96 W, respectively. The 

Cm curves in the present study were compared with the 

experimental results of the conventional rotor (Kamoji et 

al., 2008; Golecha et al., 2011; Patel et al., 2016), as 

depicted in Fig. 8b. It is observed that the trend of Cm for 

all three cases is similar to that of the experimental data 

provided (Kamoji et al., 2008; Golecha et al., 2011; Patel 

et al., 2016). Here, the deviations in the results were 

observed due to the differences in the rotor's geometry and 

the flow medium. In Fig.e 8b, it is observed that the value 

of Case-C is found to be lower for each TSR value than in 

Case-A and Case-B. Simultaneously, there has been a 

steady decrease in the values of the average Cm in each 

case as the value of TSR increases. 

 

 

 

Fig. 7 Instantaneous Cm of the rotors at TSR 1.0 
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(a) Average Cp vs TSR                                                      (b)Average Cm vs TSR. 

Fig. 8 Average Cp and Cm variations with respect to TSR for different cases 

 

 

Fig. 9 Schematic diagram of a single rotor blade 

surfaces (Case-A) at θ = 0◦ 

 
3.2 Pressure Distributions 

The schematic diagram of the rotor blade (Case-A) at 

θ = 0◦ is shown in Fig. 9. The rotor blade comprises two 

surfaces; the convex surface (blade outer surface) and the 

concave surface (blade inner surface). The location (Rd) 

over the blade surface (for both concave and convex), 

where the pressure values have been extracted, is 

measured from the rotor axis, as shown in Fig. 9. The 

comparison (among Case-A, Case-B and Case-C) of 

pressure distribution P/ρ m2/s2 on the surfaces of single 

rotor blades at different positions of the rotor is shown in 

Fig. 10. A complete one cycle of rotation is presented with 

an interval of 45◦. Observation of the pressure distribution 

shows that there is a significant difference on the variation 

of pressure over the convex surface at each position of 

rotation. While comparatively less variation has been 

found over the concave surface. 

At 0◦ (Fig. 10a), the pressure on the concave surface 

of Case-A is slightly higher than Case-B and Case-C. But, 

the convex surface of Case-A experiences less pressure 

compared to the other cases. The more pressure variation 

on the convex surface of the rotors are observed from Rd 

= 0.07 to 0.122. As the rotor reaches to 45◦ (Fig. 10b), the 

pressure on the concave surface of Case-A increases 

comparatively.  

At this position of the rotor, a slight positive pressure 

has been noted between Rd = 0.11 to 0.124. Whereas the 

pressure on the convex surface attains higher positive 

values of pressure compared to the concave surfaces. 

The surfaces of the rotor blade experiences the 

negative pressure as it reaches to 90◦ (Fig. 10c). The 

convex surface of the rotors experiencing the higher-

pressure values than the concave surface as it is becoming 

a returning blade. The convex surface (Case-A) from Rd = 

0.06 to 0.09 exhibits low pressure values, and from Rd = 

0.09 to 0.12 exhibited the higher pressure comparatively. 

The values of pressure were found to be almost same over 

the concave surfaces at a rotor angle of 135◦ (Fig. 10d), 

which shows that the influence of fluid coming from the 

convex surface of the opposite blade is less. On the convex 

surfaces, the pressure reaches positive values from Rd = 

0.05 to 0.11, whereas the surface (Case- A) in-between Rd 

= 0.05 to 0.075 shows a higher-pressure value 

comparatively. The Case-A shows the low-pressure values 

while the rotor moving from 135◦ to 225◦, which reduces 

the opposing forces on the convex surface comparatively 

and improves the performance of the rotor. When the rotor 

reaches 270◦ (Fig. 10g), the overall pressure on the convex 

surface shifts to negative values. The convex surface 

(Case-A) shows higher pressure values among the other 

cases. At position 315◦ (Fig. 10h), the pressure values on 

the convex surfaces attains negative values. It is found in 

the study that with an increase in the radius of the semi-

elliptical outer surface, the pressure values decrease 

between the rotor positions 0◦ − 225◦ (Fig. 10a-10f). 

Further, the rotor position 270◦ − 315◦, shows that the 

pressure values of the semi-elliptical outer surface 

increases with its radius. It shows semi-elliptical outer 

surface improves the performance of the rotor on returning 

positions, whereas it deteriorates the performance in 

advancing blade position (270◦ − 315◦). The concave 

surface is not modified in the present study, although it 

shows a slight variation of pressure over it. It is the 

influence of diverted fluid from the semi-elliptical outer 

surface of the opposite blade. 
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(a) At θ = 0o. (b) At θ = 45o. 

  
(c) At θ = 90o. (d) At θ = 135o. 

  
(e) At θ = 180o. (f) At θ = 225o. 

  
(g) At θ = 270o. (h) At θ = 315o. 

Fig. 10 Comparison of pressure distribution on surfaces of rotor blades for cases A, B and C at TSR = 1.0 

during one complete cycle of the rotor 
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The Flow Characteristics 

The flow pattern close to the rotor is presented on the 

contour plot of the pressure, using the velocity vector and 

streamline, as shown in Figs. 11 and 12, respectively. The 

flow field is presented at 30◦ intervals from 0◦ to 180◦ for 

the six stages of the rotor, covering half a cycle of rotation, 

since the next half cycle mimics the rotor’s half cycle of 

rotation. The blade whose concave surface faces upstream 

is known as the advancing blade, whereas the blade whose 

convex surface faces upstream is known as the returning 

blade. In the rotor's initial position (0◦ or 180◦), when the 

advancing blades face upstream from its concave surface 

(Figs. 11a and 12a), which is capable of collecting most of 

the kinetic energy of the incoming fluid, a high value of 

torque (clockwise) is generated. Simultaneously, the 

returning blade's convex surface faces upstream, which 

diverts the fluid to either side and creates a stagnation 

zone, experiencing less torque (anticlockwise). Finally, 

the resulting torque produces a clockwise rotation of the 

rotor. When the rotor rotates, the returning blade diverts 

more fluid towards the advancing blade, as observed in the 

Figs. 11b, 11c, 12b and 12c, which helps to produce 

additional torque by the advancing blade. 

This prompted the researcher to design an exquisitely 

convex surface for the returning blade. At the same time, 

a returning flow is created due to the rotor motion, which 

helps to move the returning blade in a clockwise direction, 

ultimately decreasing the negative torque that the 

returning blade generates. The fluid emerging from the 

concave surface of the advancing blade interacts with the 

mainstream and produces a tip vortex, as observed in Figs. 

11a and 12a. At the same instant, another tip vortex is 

produced closer to the tip of the returning blade by the 

interaction between the diverted fluid from the returning 

flow and the returning blade. Interestingly, the tip vortex, 

which is formed near the advancing blade, immediately 

leaves the blade and becomes involved in the mainstream. 

Furthermore, the other tip vortex, created near the 

returning blade, is interacted with by the advancing blade, 

is strengthened, and then is left for the mainstream (as 

shown in Figs. 12d, 12e, and 12f). The vortex between the 

rotor blades, which has been observed in all stages of 

rotation (as shown in Fig. 12), is a result of the absence of 

a rotor axle in the current design. This particular design of 

rotor blades without an axle allows the flow to be bypassed 

by another blade, which helps in reducing vacuum 

formation behind the returning blades. 

3.4 Shearing and Swirling Zones 

The vortex distribution or blade–wake interaction in 

the flow field is usually analyzed using vortex contours. 

However, these contours of the vortex component  

(𝜔𝑧 =
1

2
(

𝜕𝑢

𝜕𝑦
−

𝜕𝑣

𝜕𝑥
)) are not fully capable of 

distinguishing between shearing and swirling zones  

in the flow field (Jeong & Hussain, 1995). To show these  

   
(a) θ = 0o or 180 o. (b) θ = 30o. (c) θ = 60o. 

   
(d) θ = 90o. (e) θ = 120o. (f) θ = 150o. 

Fig. 11 Velocity vectors over the contours of pressure at TSR= 1.0 for the Case-A 
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shearing and swirling regions Jeong & Hussain (1995) 

proposed the λ2 criterion as follows 

𝜆2 = (
𝜕𝑈

𝜕𝑥
+

𝜕𝑣

𝜕𝑦
)

2

− 4 (
𝜕𝑢

𝜕𝑥

𝜕𝑣

𝜕𝑦
−

𝜕𝑢

𝜕𝑦

𝜕𝑣

𝜕𝑥
) (21) 

In this λ2 criterion, the negative and positive values of 

λ2 represent the pure swirling and shearing regions in the 

flow field. Whereas the negative and positive values of 𝜔𝑧 

are capable to show the direction of rotation in 

counterclockwise and clockwise. In the following 

discussion, the existence vortex and direction of rotation 

have been identified using the contours of λ2 and 𝜔𝑧. The 

evolution in wake structures around the rotor (case-C) at 

various angular positions are analyzed using the contours 

of λ2 and 𝜔𝑧 in Fig. 13.  

Since the rotor’s half cycle of rotation mimics the next 

half cycle, the flow field is presented at 45◦ intervals from 

0◦ to 180◦ for the four stages of the rotor, covering half a 

cycle of rotation. It is observed that the tip vortex of the 

advancing blade develops somewhere at the blade angle θ 

= 135◦ (Fig. 13d), which leaves the blade around θ = 45◦ 

(Fig. 13b) while continuously developing in size. These 

vortices rotate in clockwise direction, as seen from Figs 

13h, 13e and 13f. As the blade approaches angle θ = 0◦ 

(Fig. 13a), the tip vortex of the returning blade is 

developed, which leaves the blade around θ = 90◦ (Fig. 

13c) while continuously developing in size. These vortices 

rotate in counter- clockwise direction, as seen from Figs 

13e, 13f and 13g. A clockwise motion vortex is found in 

all positions of the overlap region of the rotor blades. 

Although vortex in the overlap region is found to be more 

affected by the diverted flow of the advancing blade (Fig. 

13a and 13d). Figure 13a, 13b and 13d shows a formation 

of vortices behind the advancing blade represents the 

small structure of fluid spin (clockwise) over the surface 

of advancing blade. The advantages of the λ2 plot over the 

𝜔𝑧 plot can be observed in Figs 13c and 13g. The λ2 plot 

(Fig. 13c) clearly shows the detachment of tip vortices 

from the returning blade, whereas the 𝜔𝑧 plot (Fig. 13g) is 

unable to predict the detachment of tip vortices from the 

returning blade correctly. 

3.5 Turbulent Kinetic Energy 

Figure 14 shows the instantaneous turbulent kinetic 

energy (𝑘 =
1

2
((𝑢′)2̅̅ ̅̅ ̅̅ ̅ + (𝑣′)2̅̅ ̅̅ ̅̅ ̅ + (𝑤′)2̅̅ ̅̅ ̅̅ ̅)) distribution of 

the rotor (Case-C) at different angular positions. Since the 

rotor’s half cycle of rotation mimics the next half cycle, 

the flow field is presented at 45◦ intervals from 0◦ to 180◦ 

for the four stages of the rotor, covering half a cycle of 

rotation. The values of k are developing in the flow field 

due to the interaction between the rotor blades and fluid. 

The high values of k are observed to develop near the  

   

(a) θ = 0o or 180◦. (b) θ = 30o. (c) θ = 60o. 

   

(d) θ = 90o. (e) θ = 120o. (f) θ = 150o. 

Fig. 12 Streamlines over the contours of pressure at TSR= 1.0 for the Case-A 
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(a)  λ2 at θ = 0o or 180◦. (b)  λ2 at θ = 45o. (c)  λ2 at θ = 90o. (d)  λ2 at θ = 135o. 

    
(e)  𝜔𝑧 at θ = 0o or 180◦. (f)  𝜔𝑧 at θ = 45o. (g)  𝜔𝑧 at θ = 90o. (h)  𝜔𝑧 at θ = 135o. 

Fig. 13 Contours of λ2 and 𝝎𝒛  for one rotation of rotor (case-C) at TSR = 1.0 
 

  
(a) θ = 0o or 180◦. (b) θ = 45o. 

  
(c) θ = 90o. (d) θ = 135o. 

Fig. 14 Contour of k for one rotation of the rotor (case-C) at TSR = 1.0 
 

advancing blade at blade angle θ = 135◦ (Fig. 14d). Mixing 

with the eddies formed near the advancing blade tip at an 

angle θ = 0◦ (Fig. 14a), results in extremely high values of 

k and these high values of k are observed leaving the 

advancing blade tip at θ = 45◦ (Fig. 14b). It is observed that 

the values of k generated near the overlap region and 

returning blade tip at all positions of the rotor are lower 

compared to the values of k near the advancing blade tip. 

It can be observed that the low values of k that were 

developed near the outer surface of the returning blade (as 

depicted in Fig. 14d) are moved towards the tip of the 

returning blade by the effect of the elliptic outer surface of 
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the blade. In all the positions of the rotor (Figures 14a, 

14b, 14c and 14d), high and low values of k are originating 

from the advancing blade tip and returning blade tip were 

observed moving downstream with shear between them 

and maintaining turbulent kinetic energy across the flow. 

4. CONCLUSION 

The present 2D numerical analysis has been 

performed to improve the coefficient of power (Cp) of the 

Savonius Hydrokinetic Turbine (SHT) by altering the 

outer surface of the rotor blades. Three different cases 

(Case-A, Case-B and Case-C) of rotor blades were 

achieved by changing the principal radius (rA, rB and rC) 

of the semi-elliptical outer surface to reduce opposing 

forces on the returning blades. The radius (r) of the inner 

circular surface of the rotor is kept constant. These cases 

were investigated by varying the values of TSR from 0.5 

to 1.3 while maintaining a constant channel inflow 

velocity of 0.8 m/s. The turbulent incompressible flow 

field has been solved using the SST k - ω model, and 

conclusions were drawn based on the qualitative and 

quantitative results obtained. 

• The developed semi-elliptical outer surface gives the 

rotor an aerodynamic shape that minimizes the effect 

of drag forces on the blades while returning, as well 

as helps to direct the flow towards the advancing 

blades at high speeds. As a result, an additional power 

output has been observed. 

• The developed semi-elliptical outer surface in- creases 

the instantaneous values of Cm between rotation 

angles of 0◦ and 115◦. During which the returning 

blades primarily interact with the in- coming flow. 

• The power output of the rotor is calculated by 

considering that the height of rotor is equal to its 

diameter. The maximum power output of the Case-A 

rotor is 2.32 W, whereas the power outputs of the 

Case-B and Case-C rotors are 2.16 W and 1.96 W, 

respectively. 

• The highest value of Cp of 0.142 is obtained in Case-A 

which is 7.57% and 18.33% higher than Case-B and 

Case-C respectively. 

• A precise identification of the shearing and swirling 

zone is presented using λ2 criterion since the 𝜔𝑧 

contours only shows the direction of rotation. 

• It is found in the study that with increase in the radius 

of semi-elliptical outer surface the pressure values 

decreases between the rotor positions 0◦ − 225◦. 

Further the rotor position 270◦ − 315◦, shows the 

pressure values of the semi-elliptical outer surface 

increases with its radius. 

In the present analysis, various cases has been tested 

at a particular channel velocity (Re = 2.25 × 105). The 

study can be extended to investigate rotor performance at 

different channel velocities. Further improvement in rotor 

performance can be studied by adding airfoil blades, 

guided vanes and deflector plates on the upstream side of 

the flow field. 
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