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Abstract. The growing global emphasis on sustainable development has increased demand for renewable 

energy sources. Hydrokinetic turbines have emerged as efficient and environmentally sustainable solutions 

for power generation in flowing water. The Savonius turbine is notable for its simple design, low 

maintenance requirements, and effective performance at low water velocities. This study examines the 

influence of Tip Speed Ratio (TSR) on the performance of a Savonius hydrokinetic turbine to identify 

optimal operating conditions. Numerical simulations were used to evaluate flow characteristics and 

performance metrics across a range of TSR values. The findings indicate that the power coefficient (Cp) 

attains its maximum at TSR = 1.0, corresponding to the highest energy conversion efficiency. Flow-contour 

analysis shows stable, symmetrical velocity and pressure distributions at this TSR, with well-formed vortices 

that produce maximum torque. The moment coefficient (Cm) decreases as TSR increases, reaching its 

highest value at low TSR (0.4–0.5). Therefore, TSR = 1.0 is determined to be the optimal operating point, 

balancing turbine efficiency and flow behavior, and offering practical guidance for the optimization of 

small-scale hydrokinetic energy systems.

1 Introduction 

Using innovative, renewable energy sources is a 

key component of the global effort to address 

climate change and global warming. Accessibility 

for all societal groups must be given top priority in 

this program, with an emphasis on increasing access 

in developing countries [1], [2], [3]. The 

hydrokinetic turbine, currently under development, 

is a fascinating field of study in renewable energy 

technology. This hydrokinetic turbine's ability to 

capture and harness water's kinetic energy shows 

great potential and ingenuity.  

This turbine has several advantages, including 

easy, affordable maintenance and the ability to be 

deployed across a range of water conditions. As 

previously said, the advantages make hydrokinetic 

turbines the best choice for producing 

environmentally friendly and sustainable energy 

[4], [5], [6], [7]. Large- and small-scale hydropower 

technologies are the two methods used to generate 

hydropower. By building dams or reservoirs, which 

alter hydraulic pressure, the potential energy of 

water is frequently captured for large-scale 

technology [8]. One characteristic of hydrokinetic 

technology is its small-scale approach. Through the 

motion of turbines, this technology captures the 

kinetic energy of the water and transforms it into 

mechanical work. The kinetic energy is then 
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converted into electrical energy and distributed to 

the community [9].  

From a physical standpoint, hydrokinetic 

turbines operate according to fluid-dynamic 

principles, in which the momentum of the flowing 

fluid exerts forces on the turbine blades. These 

forces generate torque and rotational motion, which 

can be characterized through parameters such as the 

Tip Speed Ratio (TSR), power coefficient (Cp), and 

moment coefficient (Cm). The TSR, defined as the 

ratio between the tangential blade tip speed and the 

incoming water velocity, directly influences the 

balance between drag and torque generation [10]. 

Determining the optimal TSR is essential to 

maximize power extraction efficiency [11]. 

Energy harvesting from low-rate water flow is 

most effectively achieved with Savonius-type 

turbines. These turbines have significant potential 

for development to enhance overall efficiency. 

Ongoing research efforts focus on innovation and 

advancement across design, optimization, and 

geometry. Numerous studies have been conducted 

on hydrokinetic turbines, including the work of 

Kumar et al. [12], who examined the blade design 

of the Savonius hydrokinetic turbine for sustainable 

energy applications. Rengma [13] assessed the 

turbine parameters influencing performance, while 

Doso and Gao [14] analyzed the Savonius rotor's 

power generation capabilities. In 2020, Nauman et 
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al. [15] focused on optimizing and applying 

Savonius turbines. More recently, Moniruzzaman et 

al. [16] explored the future of hydrokinetic 

technology in Bangladesh, and Muhyiddin et al. 

[17] conducted a 2024 review that employed a 

specialized vertical-axis computational fluid 

dynamics (CFD) approach to analyze hydrokinetic 

turbines. 

The Savonius turbine offers advantages such as 

self-starting ability and straightforward design. Its 

rotor is formed like an S and usually has concave 

and convex surfaces that overlap. The asymmetrical 

drag force acting on these surfaces drives the 

turbine's rotation. Two half-circles make up the 

simplest Savonius turbine blade profile. 

Nonetheless, several academics have suggested 

altered blade designs that improve the Savonius 

Hydrokinetic Turbine's (SHT) performance [18], 

[19], [20].   

Therefore, this study aims to evaluate the 

performance of a double-Savonius hydrokinetic 

turbine at varying TSR values through numerical 

simulation. The investigation focuses on the 

relationship between Cp, Cm, and flow contours to 

identify the optimal operating condition for 

maximum efficiency. The research contribution is 

the identification of the optimal TSR for a double-

Savonius hydrokinetic turbine, supported by CFD-

based analyses of power and moment coefficients 

and flow behavior, which provide new insights into 

the aerodynamic and hydrodynamic optimization of 

small-scale hydrokinetic systems. 

2 Research methods 

This research was conducted using a Computational 

Fluid Dynamics (CFD) approach using ANSYS 

Fluent 2023 software, which is widely used to solve 

various fluid problems, such as heat exchanger [21], 

[22], Combustion [23], [24], and other thermal and 

fluids problems [25], [26]. The simulation was run 

on a computer with an Intel Core i7 processor and 

32 GB of RAM. The simulation process began with 

creating a turbine blade model and a flow domain in 

SpaceClaim, which were then integrated with 

ANSYS Fluent. A drawing of the turbine blade is 

shown in Fig. 1, while the blade dimensions and 

simulation domain are presented in Table 1. 

 

 

Fig. 1. Blade dimension. 

Table 1. Blades parameter and value. 

Parameter Value 

Endplate Diameter (D0) 115 mm 

Blade Diameter (D) 60 mm 

Savonius Diameter (L) 110 mm 

Turbine Axis Diameter (b) 10 mm 

Domain Length 3400 mm 

Domain Width 500 mm 

 

After the design process is complete, the next 

step is meshing, which generates grids or 

discretized elements in the simulation domain. This 

process is critical because the quality of the mesh 

will affect the accuracy of the simulation results. 

Meshing was carried out using ANSYS Meshing, 

with a hexahedral mesh applied to the main area and 

a refinement around the turbine blades to capture 

velocity and pressure gradients more accurately. 

The mesh results from this study are shown in Fig. 

2. 

 

 

Fig. 2. Mesh for this simulation. 

Once the meshing is complete, the next step is 

to name each part of the domain, such as the inlet, 

outlet, turbine wall, and domain wall. Naming 

facilitates the determination of boundary conditions 

and the precise setting of simulation parameters for 

each relevant part. In the simulation, several 

model choices and boundary condition parameters 

were specified. To dynamically capture time 

changes, we employed a pressure-based solver with 

transient time conditions. The K-Omega SST 

model, which performs well in flows with strong 

pressure gradients, is used to model viscosity. The 

K-Omega SST model, which combines two 

previous turbulence models, the k-ω (k-omega) 

model and the k-ε (k-epsilon) model, was typically 

employed for turbulence flow [27]. To improve 

momentum precision, the second-order upwind 

approach is used. The selected solver algorithm is a 

Coupled Solver, renowned for its high stability and 

accuracy in enforcing momentum conservation. 

The boundary conditions used in this study are 

shown in Table 2. The determination of these 

boundary conditions is adjusted to the flow 

characteristics and configuration of the simulation 

domain. 
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Table 2. Boundary condition. 

Condition Value 

Velocity Inlet 0.2 m/s 

Turbulence Intensity 0.5% 

Turbulence Length Scale 0.028 

Backflow Pressure outlet 1 atm 

 
In this study, the Tip-Speed Ratio (TSR) value 

is entered for each turbine blade. TSR is an essential 

parameter in turbine performance analysis because 

it indicates the ratio of the blade tip speed to the 

fluid velocity that the blade experiences. The 

equation for calculating the Tip-Speed Ratio (TSR) 

for a turbine equipped with airfoil-shaped blades is 

as follows: 

 

𝑇𝑆𝑅 =
𝜔𝑅

𝑉
 (1) 

         

Where: 

ω = angular velocity (rad/s) 

R = Blade radius (m) 

V = Inlet velocity (m/s) 

 

In this study, we varied the TSR from 0.2 to 2.0 

in increments of 0.2. This variation was conducted 

to determine the effect of TSR changes on turbine 

performance, particularly on the resulting power 

coefficient and moment coefficient. The 

methodology flowchart is shown in Fig. 3. 

 

 

Fig. 3. Research flowchart. 

3 Results and discussion 

After conducting simulations for each Tip-Speed 

Ratio (TSR) value, the next step is to analyze the 

data by visualizing velocity contours. This 

visualization provides a deeper understanding of the 

fluid flow behavior around the turbine during 

operation. Velocity contours offer information on 

the direction and magnitude of fluid flow within the 

simulation domain. Through these contours, flow 

patterns around the turbine can be identified, 

including the emergence of critical phenomena such 

as recirculation zones, vortex formation, and flow 

separation from the blade surface. 

The presence of these phenomena significantly 

impacts turbine efficiency and performance. 

Therefore, analysis of velocity contours not only 

helps understand the interaction between the fluid 

and the structure but also provides a crucial basis 

for evaluating and optimizing turbine designs to 

achieve better performance. Fig. 4. shows the 

pressure contour for TSR 0.2. At this TSR, the 

turbine blades rotate at a speed lower than the fluid 

velocity, resulting in the formation of vortices and a 

large recirculation region behind the turbine. This 

condition leads to significant energy losses due to 

suboptimal interaction between the blades and the 

fluid. 

 

 

Fig. 4. Velocity contour for TSR 0.2. 

At TSR 1.0, as shown in Fig. 5, based on the 

velocity contour results, there is a balance between 

the blade velocity and the fluid velocity, making 

this condition optimal for a hydrokinetic Savonius 

turbine. The flow distribution behind the turbine 

appears more symmetrical, the vortices are more 

controlled, and the overall flow pattern indicates 

improved efficiency. 

 

 

Fig. 5. Velocity contour for TSR 1.0. 
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At TSR 2.0, as shown in Fig. 6, the turbine 

blades rotate too quickly relative to the fluid 

velocity. As a result, the interaction between the 

fluid and the blades becomes less effective. The 

resulting vortices appear irregular, with a chaotic 

flow pattern and frequent flow separations. The 

fluid tends not to follow the blade contours 

properly, leading to reduced lift and increased drag. 

 

 

Fig. 6. Velocity contour for TSR 2.0. 

After obtaining simulation results for each Tip-

Speed Ratio (TSR) value, the next step is to 

calculate the power coefficient (Cp). The power 

coefficient is a key parameter that indicates how 

efficiently the turbine converts the kinetic energy of 

the fluid into mechanical energy. The Cp value is 

calculated from torque and angular velocity data 

generated by the simulation, along with the fluid 

velocity and density flowing through the turbine's 

swept area. Determining the average power 

coefficient of flowing water involves the following 

calculation.  

 

𝐶𝑝 =
𝑃𝑚𝑒𝑐ℎ𝑎𝑛𝑖𝑐𝑎𝑙

𝑃𝑎𝑣𝑎𝑖𝑙𝑎𝑏𝑙𝑒
=

𝑇. 𝜔

0.5𝜌𝐴𝑓𝑈3 (2) 

 

Where the average torque of the enginer turbine is 

𝑇 (𝑁𝑚), the angle speed of the turbine is 

𝜔 (𝑟𝑎𝑑/𝑠), the water density is 𝜌 (𝑘𝑔/𝑚3), the 

rotary frontal area is 𝐴𝑓 (𝑚2), and the flow water 

speed is 𝑈 (𝑚/𝑠). where the speed at the rotor angle 

is 𝜔 (𝑟𝑎𝑑/𝑠), the rotor area is 𝑟 (𝑚), and the fluid 

flow speed is 𝑈 (𝑚/𝑠). These equations are 

fundamental to fluid flow and describe the water 

flow around the turbine. The continuity equation is 

a principle that ensures the mass of the fluid is 

conserved throughout the flow process.  

Based on the calculations, the power coefficient 

(Cp) increased from a TSR of 0.2 to a peak of 1.0. 

After that, the Cp value decreased relatively to a 

TSR of 2.0. This pattern indicates that a TSR of 1.0 

is the most efficient operating condition for the 

Savonius turbine in this study. This finding is in line 

with the results reported by Alizadeh et al. [19], 

which also showed that there is an optimum TSR 

value that produces maximum efficiency before 

decreasing at higher TSRs due to less effective 

fluid-blade interactions as shown in Fig 7. 

 

Fig. 7. Power coefficient. 

The torque coefficient 𝐶𝑡 Can be calculated 

using the following equation:  

 

𝐶𝑚 =
𝐶𝑝

𝑇𝑆𝑅
 (3) 

 

In this equation, Cm represents the torque 

coefficient, Cp is the power coefficient, and TSR 

denotes the tip-speed ratio. Both Cm and Cp are 

critical parameters for evaluating the performance 

and efficiency of turbine designs. While Cp reflects 

how effectively the turbine converts the kinetic 

energy of the fluid into mechanical power, Cm 

provides insight into the rotational force (torque) 

generated by the turbine relative to the available 

dynamic pressure and the turbine's swept area. 

Understanding the relationship between Cm and 

Cp across varying TSR values enables more 

accurate prediction of turbine behavior across a 

range of flow conditions. This is particularly 

important for optimizing blade geometry, rotational 

speed, and load matching in real-world 

applications, where both torque and power output 

are essential in determining the overall 

effectiveness of a hydrokinetic energy system. 

Fig. 8 shows the variation in the moment 

coefficient (Cm) as a function of the Tip Speed 

Ratio (TSR). Based on the graph, Cm reaches a 

maximum value at a TSR of around 0.5. This 

indicates that under these conditions, the turbine 

produces maximum torque relative to the dynamic 

pressure and blade swept area.  

After passing this peak, the Cm value tends to 

decrease as the TSR increases. This decrease 

indicates that the turbine produces less torque at 

high TSR, a common characteristic of drag-based 

turbines such as the Savonius. Excessively high 

rotational speeds decrease the pressure difference 

between the blades, increase flow separation, and 

promote wake interaction, thereby reducing torque 

generation efficiency. 

The decreasing trend in Cm at high TSR 

indicates that the turbine is becoming less efficient 

at generating torque, even though the power 

coefficient (Cp) may still be moderate. Therefore, it 

is essential to operate the turbine within the optimal 

TSR range, which is around 0.4 to 0.6, to ensure 

effective energy conversion, especially under low 

or unstable flow conditions. 
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Fig. 8. Moment coefficient. 

4 Conclusion 

Simulation and calculation results indicate that the 

Savonius hydrokinetic turbine achieves its 

maximum power coefficient (Cp) at a Tip Speed 

Ratio (TSR) of 1.0, corresponding to the highest 

energy conversion efficiency. Analyses of velocity 

and pressure contours show stable and symmetrical 

flow distribution around the turbine blades, with 

well-formed vortices that generate maximum 

torque. The moment coefficient (Cm) attains its 

highest value at low TSR (0.4–0.5) and decreases as 

TSR increases, reaching a minimum at TSR = 2.0. 

These results demonstrate that TSR = 1.0 is the 

optimal operating point, balancing flow pattern and 

torque generation to maximize turbine efficiency. 

This study advances the understanding of fluid–

structure interaction and flow dynamics in double-

Savonius hydrokinetic turbines.  

By integrating performance parameters (Cp and 

Cm) with contour-based flow visualization, it 

provides a comprehensive interpretation of the 

influence of TSR variations on turbine efficiency 

and flow stability. The integrated CFD-based 

framework strengthens the theoretical foundation 

for optimizing the performance of vertical-axis 

hydrokinetic turbines in low-velocity water flows. 

A primary limitation of this study is its reliance on 

a two-dimensional (2D) simulation approach, 

which does not fully capture three-dimensional 

flow phenomena such as tip vortices, secondary 

flows, and end-plate interactions.  

Future research should prioritize three-

dimensional CFD simulations and experimental 

validation to confirm and refine these numerical 

results. Further investigation into the effects of 

installing a barrier plate around the turbine may also 

yield valuable insights into flow-control strategies 

to improve power performance. In summary, this 

research offers practical and theoretical insights 

into the optimal operating characteristics of double-

Savonius hydrokinetic turbines. The findings 

identify TSR = 1.0 as the most efficient operating 

point and lay the foundation for future studies on 

geometric optimization and experimental 

implementation in real water-flow environments. 
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