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Abstract. Hydrokinetic pico hydro systems reflect an expectant route for 

exploiting renewable energy from lowly water flows. The Savonius water 

turbine, known for its self-starting power and modest construction which is 

particularly equal for such several applications in agricultural sectors for 

example irrigation pump, smart farming system, and post-harvest processing 

reduce operational costs and carbon emissions. This simulation study serves 

a Computational Fluid Dynamics (CFD) analysis on a four-bladed Savonius 

water turbine by utilizing Ansys Fluent 2024 RI Software. A three-

dimensional turbine model was developed and divided into more than 2.7 

million small parts to ensure accurate simulation results. Five types of inlet 

velocities—0.5 m/s, 0.75 m/s, 1.0 m/s, 1.25 m/s, and 1.5 m/s—were tested 

to see how they affect the flow shape, flow course, and turbulence level. The 

results show that the higher the inlet speed, the greater the speed change, the 

more complex the flow shape, and the higher the turbulence level, especially 

in the central area of the turbine. When the speed is low, the flow remains 

calm with a small flow separation, while high speed causes the flow to 

become unstable and a larger flow mixing occurs. 

1 Introduction 

The acceleration of the global transition to renewable energy has triggered an increase in 

research focused on significantly developing efficient technologies to sustainably utilize 

local resources [1]. In addition, this also minimizes the existing environmental impact. 

Picohydro hydrokinetic systems that generally operate with power capacities below 5 kW 

among various clean energy alternatives show great potential as innovative solutions for rural 

electrification [2] and environmentally friendly decentralized energy provision [3]. These 
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systems harness the kinetic energy of free-flowing water without the need for large-scale 

infrastructure such as dams, making them suitable for low-head rivers, irrigation canals, and 

tidal channels. 

In agriculture, water turbines can be applied in several practical and sustainable ways. 

One of the main applications is pico-hydropower generation. The turbines are installed in 

irrigation canals or small rivers produce electricity for lighting, water pumps, greenhouses, 

barns, and post-harvest facilities. This provides a reliable off-grid energy source for rural 

farming areas. Water turbines can also be used as mechanical or electrical drivers for 

irrigation pumps, enabling water distribution to higher or distant fields without relying on 

diesel fuel or grid electricity. This application is especially beneficial in remote agricultural 

regions with continuous water flow. In modern farming systems, small-scale water turbines 

support smart agriculture technologies by supplying power to soil moisture sensors, water 

level controllers, automatic gates, and IoT-based monitoring systems. Even low-power 

turbines are sufficient to operate these devices continuously. Additionally, turbine-generated 

energy can be utilized in post-harvest processing, such as rice milling, grain drying, feed 

chopping, and small agro-processing units, helping farmers reduce operational costs and 

carbon emissions. Water turbines may also support aquaculture systems by powering aerators 

and water circulation in fishponds. Overall, water turbines offer a renewable, low-emission, 

and cost-effective energy solution for agriculture, enhancing energy independence, 

productivity, and sustainability, particularly in areas with stable irrigation or natural water 

flows. 

 Savonius water turbines feature superior characteristics in the hydrokinetic category, 

which include self-start capabilities, omnidirectional operation, as well as simple 

constructions that can be made from locally sourced materials [4]. In addition to these 

advantages, Savonius turbines generally exhibit a lower power coefficient compared to lift-

based turbines. This condition then prompted various studies focusing on geometric 

modifications, flow control devices and hybridization strategies to improve aerodynamic 

performance and energy efficiency [5], [6]. Efforts to improve the performance of Savonius 

turbines have been the focus of several recent studies that integrate experimental approaches 

and numerical simulations. Sanjaya et al. [7] had reported which the installation of a type D 

cylinder with an angle of 53° on the upstream side was able to increase the maximum power 

coefficient by up to 24.56% with the results of Computational Fluid Dynamics (CFD) for 

showing predictions a good fit for the experimental data. Meanwhile, Cabalo and Marcelo 

[8] had optimized the Savonius hydrokinetic turbine for irrigation pipeline applications in the 

Philippines through CFD simulations and found that a three-blade configuration with an 

overlap ratio of 0.05 resulted in the highest torque and power coefficients among the tested 

variations. 

Muhyiddin et al. [3] had conducted a paper review of CFD simulations on the vertical 

axis hydrokinetic turbines (VAHKTs) by identifying performance assessment, numerical 

insights, and parameter optimization as the main research themes. In another similar study, 

Muhyiddin et al. [9] also highlights research topics focusing on blade profile geometry, 

overlap ratios, and rotor staging configurations in the development of Savonius hydrokinetic 

turbines (SHT). In addition, Zakaria and Ibrahim [10] through a study of the interaction of 

the build and the multi-rotor arrangement showed that the optimal placement of the turbine 

in an array can improve the performance of the system by up to 11%, due to the vortex 

interaction formed between the rotors. Then research from the material and structural side 

there was Zakaria A. et al.  who found that aluminum provides an optimal balance between 

mechanical strength, light mass, and corrosion resistance, so it is suitable for use as a material 

for Savonius turbine blades. Furthermore, another study [11] investigating the effect of blade 

count on VAHKT showed that increasing blade count can increase torque and output power, 

as a larger surface area allows for more efficient fluid momentum transfer against rotors. 
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 The comparative Computational Fluid Dynamics (CFD) approach has proven that three-

dimensional simulations are able to represent the characteristics and complexity of fluid flow 

more accurately than two-dimensional simulations, resulting in more reliable estimates of 

torque and power coefficients [12]. A hybrid configuration concept integrating the Savonius 

and Darrieus rotors has been developed and evaluated to improve self-start capabilities and 

maintain energy conversion efficiency under a wide range of flow speed conditions [6]. In 

the context of turbine design and optimization research, CFDs serve as an essential analytical 

instrument, as they allow in-depth observations of velocity distributions, turbulence patterns, 

and flow wake dynamics [8], [12]. Furthermore, CFD provides the ability to evaluate 

complex interactions between hard-to-reach flow structures through experimental 

approaches, as well as support systematic parametric studies in assessing the influence of 

blade geometry, overlap ratios, and variations in operating conditions [13], [14]. In addition, 

recent CFD research has confirmed the importance of the phenomena of vortex formation, 

flow separation, and turbulence intensity in determining the torque performance and power 

efficiency of turbines [8], [6]. 

This study aims to provide a high-resolution CFD simulation and analysis of a Savonius-

type water turbine to be applied to a pico-scale hydrokinetic power, by using Ansys Fluent 

2024 R1 software. The three-dimensional model of the turbine is mesh with more than 2.7 

million elements to ensure high numerical accuracy. The simulation was carried out in a 

transient condition with a realized k–ε turbulence model. Therefore, it was able to represent 

the characteristics of the flow more realistically. The focus of this investigation includes the 

contour analysis of velocity, flow smoothness, and turbulence intensity, which aims to 

provide an in-depth understanding of hydrodynamic behavior and support turbine design 

optimization for sustainable small-scale hydropower plants. This study uses the CFD method 

which provides important information to improve the performance of Savonius turbines in 

the use of small hydroelectric power plants, which supports the development of sustainable 

power generation technologies especially in rural area and agricultural sectors. 

2 Research Methods 

This study uses the CFD numerical simulation method to analyze the hydrodynamic 

performance of Savonius water turbines, designed for hydro-pico generation applications. 

The technique consists of three main stages: model development, numerical simulation setup, 

and analysis of simulation results and validation. 

2.1 Turbine Geometry and Model Development 

The three-dimensional model of the conventional four-blade Savonius, shown in Figure 1, 

was created using the SolidWorks CAD software platform. The turbine design is based on 

standard geometric parameters researched by other researchers in previous literature [8], 

including blade height, diameter, and overlap ratios, which are suitable for low-speed water 

flows but with different configurations and variations. The computational domain 

encompasses inlet, outlet, and side boundaries to represent a controlled waterway 

environment with sufficient clearance between turbines, as well as domain walls to minimize 

the effect of blockage. Additionally, we installed a pair of deflectors in front of it to enhance 

its efficiency, as previous research has shown that this has a positive effect [15].  
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Fig. 1. Geometry of Savonius water turbine 

2.2 Mesh Generation 

The turbine model was discretized using an unstructured hexahedral mesh with local 

refinement around the blade surfaces to accurately capture boundary layer behavior and flow 

separation phenomena. Additional mesh refinement was applied in the wake region to resolve 

vortex structures and turbulence effects. The final mesh contained more than 2.7 million 

elements, which was determined through a mesh independence study to ensure accuracy 

while maintaining computational efficiency (Figure 2). 

 

 

Fig. 2. Meshing details of computational domain with blade profile 

2.3 Governing Equations and Turbulence Model 

The simulations were conducted using Ansys Fluent 2024 R1, solving the three-dimensional, 

transient Reynolds-Averaged Navier–Stokes (RANS) equations for incompressible flow. The 

realizable k–ε turbulence model was selected for its proven capability in capturing rotational 

flows and predicting separation around bluff bodies [7], [5]. The governing equations were 

discretized using a second-order upwind scheme for momentum and turbulence quantities, 

and a first-order implicit time-stepping scheme for temporal discretization. 

2.4 Boundary Conditions 

A uniform velocity inlet was applied at the upstream boundary (Figure 3), with water velocity 

values representative of low-speed hydrokinetic sites (0.5–1.5 m/s). The outlet boundary was 

set to a constant static pressure of 0 Pa (gauge). The turbine shaft was modeled using a 

moving mesh approach with a specified rotational speed to replicate realistic turbine 
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operation. Blade surfaces were treated as no-slip walls, and the domain side walls were 

specified as symmetry boundaries to reduce artificial flow confinement. 

 

 

Fig. 3. Rotating region and domain 

2.5 Solution Strategy 

In the solution strategy, the research employs a transient simulation to capture the unsteady 

nature of the flow region, vortex, and wake interactions during turbine rotation, with an 

iteration per time step of 20 and a total of 300-time steps. 

2.6 Post-Processing and Data Analysis 

Post-processing of the data is carried out using Ansys CFD-Post to extract velocity contours, 

flow patterns, as well as the distribution of turbulence intensity at specific time intervals. 

These parameters are then analyzed to evaluate the hydrodynamic behavior, vortex formation 

process, and flow building characteristics, which play an important role in understanding the 

torque generation mechanism and efficiency of the Savonius turbine. In addition, the results 

of the transient flow simulation are also averaged in phases during the full rotation of the 

rotor, with the aim of identifying stable flow patterns as well as consistent performance 

characteristics. 

3 Results and Discussions 

The results of the CFD simulation show a clear correlation between the speed of incoming 

water and the hydrodynamic characteristics of the Savonius water turbine. As the flow speed 

increases, noticeable changes are observed in the speed contour, tilt pattern, and distribution 

of turbulence intensity around the rotor blades and in the downstream wake area. Transient 

CFD simulations of the Savonius water turbine revealed that the inlet velocity significantly 

affects the hydrodynamic characteristics, especially in terms of the velocity, flow, and 

turbulence intensity contours. There are five variations of inlet velocities which were 

investigated: 0.5 m/s, 0.75 m/s, 1.0 m/s, 1.25 m/s, and 1.5 m/s. 

3.1 Velocity Contours 

The results of the velocity contour are shown in Figure 4 below. At 0.5 m/s, the velocity 

contours indicate mild acceleration of the flow along the advancing blade and limited 
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recirculation on the returning side. The wake region is narrow, with minimal velocity loss 

downstream, suggesting lower energy extraction potential but stable flow. At 0.75 m/s, the 

high-velocity region near the advancing blade becomes more pronounced, and the wake 

widens slightly due to stronger vortex shedding. At 1.0 m/s, a sharper velocity gradient 

develops between the upstream and downstream sides, indicating increased torque 

generation. Flow separation is more apparent on the returning blade, leading to a more 

complex wake structure. At 1.25 m/s, the contours reveal high-speed zones extending further 

along the advancing blade, while the returning blade exhibits a larger low-speed recirculation 

zone. This condition enhances pressure differences but also increases turbulence in the wake. 

At 1.5 m/s, the high-velocity regions dominate the advancing side, with intense acceleration 

and more energetic vortex shedding. The wake becomes highly disturbed, showing 

significant kinetic energy dissipation downstream. 

 

 

 

 

 

 

Fig. 4. Water velocity contours at 0.5; 0.75; 1; 1.25; 1.5 m/s 

 

 At lower inlet velocities, the velocity contour plots indicate relatively smooth 

acceleration of the fluid along the concave blade surfaces, with a moderate velocity gradient 

between the advancing and returning blades. The wake region is relatively narrow, and vortex 

formation is limited, resulting in reduced energy dissipation. The streamlines at these 

conditions remain largely attached to the blade surfaces on the advancing side, while mild 

flow separation occurs near the returning blade due to adverse pressure gradients. Turbulence 

intensity in this regime is generally low, concentrated in small regions behind the blades 

where minor vortices are shed.  

 High-velocity zones form along the blades as they move forward, while the blades' return 

motion creates a broader area of recirculation. Therefore, the speed contours show an 

increasingly noticeable difference between the upstream and downstream sides of the rotor 

as the inflow speed increases. This indicates a stronger pressure gradient and the potential for 

increased torque generation. Moreover, the upstream area also appears to be increasingly 

wide, with more intense vortex shedding and complex flow structures. The flow streamlines 

plot shows a more obvious curvature and release of the flow from the blade surface in line 

with this phenomenon. It can indicate the increased flow instability and energy exchange 

within the rotor domain. 

0.5 m/s 0.75 m/s 

1 m/s 1.25 m/s 

1.5 m/s 
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3.2 Velocity Streamline 

The current line speed (Figure 5) provides an in-depth overview of the fluid flow 

characteristics and the interaction between the inlet water and the turbine blades at various 

inlet speeds. At low flow speeds, the current line appears to be approaching the blade moving 

forward with a gentle curvature, indicating the presence of a smooth acceleration of fluid 

along the concave surface of the blade. The fluid flow generally remains attached to the blade 

surface until it reaches the downstream side, with minor deviations produced by the release 

of small-scale vortex from the blade tip. The wake region looks narrow and extends 

downstream with a relatively stable flow pattern under these conditions, indicating a low rate 

of kinetic energy loss. The flow line still shows a smooth pattern and sticks firmly to the 

forward blade at a speed of 0.5 m/s, with only a small vortex forming around the end of the 

blade. Therefore, the flow wake remains stable and narrow. At 0.75 m/s, curvature of the 

streamlines around the advancing blade increases, and small separation bubbles appear on 

the returning side. At 1.0 m/s, streamlines exhibit clear detachment from the returning blade 

surface, forming distinct recirculation zones in the near wake. Vortex interaction between the 

blades becomes more visible. At 1.25 m/s, the flow pattern becomes increasingly asymmetric, 

with strong curvature and multiple vortex cores forming downstream. Streamline distortion 

indicates enhanced turbulence and mixing. At 1.5 m/s, streamlines are highly distorted and 

intertwined in the wake, with large-scale vortex shedding dominating the downstream flow 

field. This unsteady pattern indicates both increased torque potential and higher structural 

loading on the blades. 

 As the inlet velocity increases, the streamline patterns undergo significant changes. The 

streamlines on the advancing side bend more sharply toward the blade surface, illustrating a 

higher local acceleration and stronger pressure gradients. On the returning side, the adverse 

pressure conditions promote early flow separation, resulting in the formation of larger 

recirculation zones. This separation leads to a more complex wake structure with alternating 

vortical patterns that are shed downstream. 

 

 
0.5 m/s 0.75 m/s 
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Fig. 5. Velocity streamlines at 0.5; 0.75; 1; 1.25; 1.5 m/s 

 

 At the highest tested inlet velocities, the streamlines depict intensified turbulence in the 

wake, with highly distorted and intertwined flow paths extending farther downstream. The 

interaction between the shedding vortices from both blades creates regions of strong mixing, 

which are evident in the swirling streamline patterns. These unsteady flow features indicate 

higher energy extraction potential but also suggest increased unsteady loading on the rotor 

blades, which may have implications for structural integrity and fatigue life. 

 The evolution of the streamline patterns with inlet velocity highlights the balance 

between beneficial flow acceleration and detrimental flow separation in Savonius turbine 

operation. The higher inlet velocities also introduce more pronounced wake instabilities, 

while amplifying the kinetic energy available for conversion. This matter can influence the 

overall efficiency and mechanical stresses experienced by the turbine. 

3.3 Turbulence Intencity 

The turbulence intensity distribution follows a similar trend, with higher inlet velocities 

leading to a significant increase in turbulence levels, particularly in the blade tip regions and 

the wake (Figure 6). This elevated turbulence promotes greater mixing in the downstream 

flow, which, while beneficial for energy extraction in some configurations, may also 

contribute to increased energy dissipation and reduced downstream flow quality. The 

observed flow phenomena align with previous studies that highlight the influence of inlet 

velocity on the onset of large-scale vortex structures in Savonius-type turbines [8], [10]. 
 

1 m/s 1.25 m/s 

1.5 m/s 
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Fig. 6. Turbulence Intensity at velocity variations with 0.5; 0.75; 1; 1.25; 1.5 m/s 

  

 At a speed of 0.5 m/s, the turbulence intensity was still low and limited to a narrow region 

behind the blade that it prompts that the energy loss due to turbulent mixing is minimal. As 

the speed increases to 0.75 m/s, the turbulence began to increase gradually, specifically at the 

blade ends and downstream because of the appearance of stronger vortices. After that, at a 

speed of 1.0 m/s, the level of turbulence increases significantly, particularly in the rear blade 

and the area afterwards as vortex shedding becomes more active. Moreover, at a speed of 

1.25 m/s, a high-intensity turbulent zone extends in the downstream region. It made signal 

more intense fluid mixing and increased kinetic energy dissipation. Finally, at a speed of 1.5 

m/s, the turbulence intensity reached its peak which the turbulent region was extending far 

downstream and illustrating the strong flow instability and complex vortex interactions 

around the rotor. 

The results showed that increasing the inflow speed can increase the acceleration of the 

fluid along the front side of the blade, expand the flow making area, and increase the intensity 

0.5 m/s 0.75 m/s 

1 m/s 1.25 m/s 

1.5 m/s 
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of turbulence downstream. At low speeds (0.5–0.75 m/s), the flow pattern is still stable, with 

limited wake-up disturbances. Meanwhile, at moderate velocity (1.0 m/s), a stronger vortex 

release and moderate turbulence growth begin to be seen. As the speed increases to 1.25–1.5 

m/s, the flow wake pattern becomes more unstable, the flow line looks more distorted, and 

the intensity of turbulence increases sharply. This state was able to affect the downstream 

flow quality and reduce the turbine performance stability.  

These findings recommend that the inlet velocity has an important role in determining 

the flow pattern and wake behaviour around the Savonius water turbine. Therefore, the 

selection of the right operating speed on a hydrokinetic pico hydro system is important to 

increase the efficiency of energy harvesting with the stability of flow and environmental 

impact. 

3.4 Applications in Agriculture 

This study employs computational fluid dynamics (CFD) to obtain detailed insights into the 

flow behavior, pressure distribution, and torque generation of the Savonius water turbine, 

which are essential for improving its overall performance and operational efficiency. The 

CFD-based analysis enables systematic optimization of turbine geometry and operating 

conditions for application in small-scale hydropower systems, particularly those integrated 

into irrigation channels and low-head water resources commonly found in agricultural 

environments. 

The findings of this study demonstrate the potential of Savonius water turbines as a 

reliable and environmentally friendly energy solution for rural and agricultural sectors, where 

access to conventional electricity infrastructure is often limited. By harvesting low-velocity 

water flows without significantly disturbing irrigation functions, the proposed turbine 

supports energy self-sufficiency in farming activities, including irrigation pumping, post-

harvest processing, and smart agriculture systems. Therefore, the outcomes of this research 

contribute to the advancement of sustainable power generation technologies that align with 

the needs of modern agriculture and rural development. 

4 Conclusion 

CFD analysis of Savonius water turbines at inlet velocity variations between 0.5 m/s to 1.5 

m/s showed that flow velocity has a significant influence on the hydrodynamic characteristics 

of the turbine. At the lowest speed (0.5 m/s), the fluid flow appears smooth and stable, with 

a current line attached to the blade surface, a narrow flow build, and a low turbulence 

intensity. As the flow velocity increases to 0.75 m/s and 1.0 m/s, the velocity gradient 

becomes sharper, followed by the separation of light streams and the formation of small to 

medium-sized vortices in the wake region. At higher entry speeds (1.25 m/s and 1.5 m/s), the 

velocity contour shows a wide high-speed zone on the forward side of the blade, while the 

returning side of the blade shows a larger recirculation region. In addition, the intensity of 

turbulence shows a significant increase at such high speeds, with the high-energy turbulent 

zone extending further downstream of the rotor. Overall, the results of this analysis confirm 

that the increase in inflow speed not only accelerates flow dynamics and complicates the 

building structure but also increases the intensity of turbulence and magnifies the instability 

of the flow around the turbine. 

Further research can be focused on the analysis of the influence of material variations 

and blade counts on the performance efficiency of Savonius turbines. This study may include 

considerations of production costs, material resistance to corrosion and wear, and turbine 

performance at a wide range of low to medium flow speeds. Experimental testing plans may 

involve the use of composite materials to compare the energy efficiency generated as well as 
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their durability under different operational conditions. Moreover, further research can 

explore variations in configuration or blade count to optimize turbine performance in various 

water flow conditions. Thus, the results of this study are expected to be able to serve more 

efficient and durable solution for small-scale hydrokinetic applications, which is relevant for 

areas with low water discharge, so that it can minimize operational and maintenance costs. 
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