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ABSTRACT 

A high velocity is rarely accessible in water streams such as rivers, canals, and 

outlets of sewage and common effluent treatment plants. However, an average 

velocity of 0.5 - 1.0 m/s is reported to be available in many water streams most 

of the time. Hydrokinetic (HK) turbines can extract power from the flowing 

water in these streams. Considering the small quantum of power generated, the 

economic factor is more significant than efficiency. A Savonius-type HK turbine 

can generate energy from low-velocity magnitudes of around 0.5 m/s, although 

it remains a low-speed and low-efficiency turbine. In this study, an attempt has 

been made to computationally investigate the performance of the Savonius 

turbine in a water stream channel. It is observed that the performance of the 

Savonius turbine is not significant, and the generated power cannot be utilized 

constructively for different applications. Therefore, it is necessary to develop 

and investigate variant constructive systems to enhance turbine performance. 

This manuscript focuses on exploring these variant systems and understanding 

their performance characteristics. Four variant systems have been selected: (i) 

System-1: Solely Savonius turbine, (ii) System-2: Savonius turbine with a 

flume, (iii) System-3: Deflector section used before the flume, and (iv) System-

4: Deflector section used before the turbine. The investigation was carried out 

for these four variant systems using the Fluent commercial code. The results 

indicate that the Coefficient of performance (Cp) is low for System-1, solely 

Savonius turbine, with a value of 0.052. For the other variants, Cp values were 

found to be 0.357, 1.385, and 0.579 for the turbine with a flume, deflector before 

the flume, and deflector before the turbine respectively at the Tip Speed Ratio 

(TSR) is 1. Moreover, the study also extends to optimizing Cp under different 

TSR for the different variant systems. The intention is to use this study to install 

an HK turbine with an optimum constructive structure for maximizing and 

stabilizing the power that can be used for an isolated application. 
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1. INTRODUCTION 

Many countries worldwide are increasingly seeking small 

modular solutions to generate power from independent 

sources, aiming to reduce dependence on conventional 

fuels, costs, and emissions. There is a growing preference 

for renewable sources such as solar, wind, and water, 

despite various operational challenges. Water, 

particularly, stands out as a significant renewable energy 

source. Initial installation costs for hydro turbine units are 

higher compared to solar photovoltaic (PV) panels, but 

while PV panel costs rise with unit capacity, hydropower 

unit costs decrease. Moreover, the capacity factor of micro 

hydropower units exceeds that of solar PV units. 

According to the IRENA Renewable Cost Database 2019, 

the levelized cost of energy (LCOE) for solar PV plants 

averages around 0.069 USD/kWh, whereas small 

hydropower projects achieve a lower weighted-average 

LCOE of 0.041 USD/kWh (Riglin et al., 2015). 

Hydroelectric power also offers higher energy 

concentration than wind or solar power (Ponta & Dutt, 

2000). However, large-scale hydroelectric systems face 

challenges such as displacement of communities, land 

mitigation issues, and high construction costs, leading to 

significant environmental impacts (Ponta & Dutt, 2000; T. 

Asim et al., 2013; Wahyudi et al., 2013; Driss et al., 2013).  
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Table 1 Summary of the published work 

Sr. 

No. 
Turbine Methodology TSR 

Fluid Flow 

Velocity (m/s) 
Max. CP Max. CT References 

1 

Savonius 

Turbine 

CFD 0.4,0.8,1.2 0.48 0.29 -- (Alizadeh et al., 2020) 

2 CFD 0.5-1 0.2-1.6 0.5 -- (Thakur et al., 2019) 

3 CFD 0.8-1.2 -- 0.24 0.27 (Kerikous & Thévenin 2019) 

4 Experiment CFD 0.2-1 0.86 0.12 0.25 (Mosbahi et al., 2019a) 

5 Experiment 0.4-2 0.56 0.5 0.55 (Patel et al., 2019) 

6 Experiment 0.3-1.5 0.8 0.29 0.41 (Talukdar et al., 2018) 

7 CFD 0.6-1.8 -- 0.27 0.37 (Elbatran et al., 2017)  

8 CFD 0.5-1 0.5-2 0.38 -- (Kumar et al., 2017a) 

9 CFD 0.5-1 0.5-3 0.426 -- (Kumar et al., 2017b) 

10 Experiment 0.5 0.46 0.2 0.5 (Patel et al., 2017) 

11 Experiment 1.1 0.8 0.25 -- (Nakajima et al., 2008) 

12 Experiment 0.82 0.45 0.21 0.26 (Golecha et al., 2011) 

13 Experiment 1.1 0.45 0.35 0.32 (Golecha et al., 2012) 

14 Experiment CFD 0.77 0.3-0.9 0.39 -- (Sarma et al., 2014) 
 

Consequently, current research and technology are 

focusing on supporting small-scale hydro power systems, 

which are considered among the most cost-effective and 

environmentally friendly technologies for rural 

electrification.   

The utilization of hydrokinetic energy systems, which 

harness the power of flowing water in open channels, 

holds significant potential for meeting local electricity 

demands. This approach offers several advantages, 

including reduced reliance on extensive regulatory 

measures and substantial capital investments typically 

combined with conventional water impoundment 

methods. Furthermore, due to its high energy density, 

dependability, and low environmental impact, this 

technology is becoming increasingly appealing among 

renewable energy sources (Roy & Saha, 2013; Zhou & 

Rempfer, 2013; Mohamed et al., 2015). Many rural 

communities and farms are located near rivers with little 

or no elevation, making it difficult to employ traditional 

micro-hydro generation in such situations (Mohamed, 

2012; Johnson & Pride, 2010). This highlights the 

potential advantage of hydrokinetic technology, which 

may offer more viable sites compared to traditional 

hydropower generation (Kusakana & Vermaak, 2013; 

Mohamed, 2013).  

There is a need to gain a deeper understanding of the 

possibilities for hydrokinetic (HK) energy development in 

established canal systems that are already equipped with 

integrated hydropower plants. Exploring these 

opportunities can provide valuable insights into 

maximizing the utilization of these existing infrastructure 

assets for harnessing HK energy. Among many of the HK 

turbines, Savonius turbine works on the drag force 

produced by the blades. It has high starting torque with 

low speed and is economically very sound. However, its 

efficiency is low. On the other side Darrieus type is an 

efficient turbine; but requires high-velocity flow and is not 

self-starting. A positive aspect of the Savonius turbines is 

that it can extract power even from very low velocity, 

making it suitable for low power isolated applications like 

pumping water for irrigation purpose, night light vision 

and others.  Additionally, inconsistent flow of water 

during different seasons in canal or rivers is a confounding 

factor in this regard.  

Canals, in their existing forms, exhibit diverse courses 

and volumes designed to fulfill their primary functions of 

facilitating irrigation, navigation, and hydropower 

generation. Canals specifically intended for navigation 

purposes typically feature low velocities, often falling 

below the minimum speed required for turbine activation. 

Consequently, these canals generally offer limited 

potential for the development of hydrokinetic energy 

systems. Favourable characteristics for economically 

viable HK energy development can include high current 

speeds (>1.5 m/s) corresponding to good site access 

(Mohamed et al., 2010). However, such velocity is not 

available in the canal and river throughout the year. The 

average velocity available in such water streams could be 

around of 0.5 m/s with a range of 0.5 -1.0 m/s during most 

part of the year.  Such velocity range is favourable for 

installation of the Savonius turbine as reported earlier 

(Castelli et al., 2011; Mohamed et al., 2011; Mohamed et 

al., 2011). Much research has been done on specified 

hydrokinetic turbines, however most studies investigated 

on higher water current or velocity, with few studies using 

just numerical models (Kumar & Saini, 2017a, b). Table 1 

depicts a summary based on work done by researchers to 

improve the performance of the zero head turbine unit 

using experimental and numerical approaches. The 

Coefficient of performance (𝐶𝑃) & Coefficient of torque 

(𝐶𝑇) are presented using Eq. (1) and Eq. (2) respectively. 

𝐂𝐏 =
𝐏𝟎

𝐏𝐭𝐡

=

𝟐𝛑𝐍𝐓

𝟔𝟎

𝟏

𝟐
𝛒𝐀𝐕𝟑

                  (1) 

𝐶𝑇 =
4𝑇

𝜌𝑉2𝐷2𝐻
                                 (2) 

where, ρ is the water density (kg/m3), V is the flowing 

velocity of water (m/s), A is the turbine frontal area (m2), 

D is the turbine rotor diameter (m), H is the rotor height 

(m), N is the rotational speed (rpm), and T is torque(Nm). 

Furthermore, researchers have explored arranging 

hydrokinetic turbines in various arrays to enhance power 

generation (Nag & Sarkar, 2021; Chen et al., 2022). 

However, increasing the number of turbines raises costs  
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Fig. 1 Satellite picture utilized from Google map for selection of a site 

 
and maintenance requirements, while also introducing 

operational complexities. In open channels, the velocity 

profile varies along the channel height, with maximum 

velocity typically occurring near the top. In contrast, 

closed channels exhibit maximum velocity at the center, 

potentially resulting in a more uniform velocity profile 

across the turbine shaft and thereby promoting uniform 

torque generation. However, closed channels are 

disadvantaged by extended wake formation. Therefore, it 

is crucial to conduct studies to investigate closed 

structures, aiming to achieve uniform velocity distribution 

across the shaft and to understand the formation and 

impact of wakes at different distances. 

The initial stage in designing and building a 

hydrokinetic turbine involves determining the size of the 

turbine rotor. This process commences by estimating the 

power demand and gaining insight into the average 

velocity of the local water current. To fulfill the energy 

requirements for remote areas, there is a need to develop 

an appropriate, locally fabricated, cost effective and low 

maintenance system. Many studies have focused on 

optimizing the runner blade profile for efficiency, these 

designs frequently encounter fabrication difficulties, 

especially when trying to maintain complex design 

parameters. In this study, it is intended to address this by 

selecting an optimized profile that is not only efficient 

under low velocity conditions but also simpler to fabricate. 

Furthermore, we emphasize improving supplementary 

systems that enhance overall system efficiency, 

considering the fabrication constraints. With this 

adaptability, four systems were selected for investigation: 

(i) System-1: This system solely utilizes the optimally 

selected Savonius turbine, (ii) System-2: After conducting 

numerous simulations, a flume was developed to optimize 

water flow. Based on pressure and velocity contours and 

vector results, this system ensures smooth water flow 

through the channel with minimal turbulence, (iii) 

System-3: To accommodate a higher water flow using the 

deflector before the flume, the upper and lower spaces 

were opened in this system, and (iv) System-4: This 

system incorporates a deflector before the turbine to 

optimally pass the water over the runner blade. 

This study provides an overview of field test carried 

out for assessment of the available water velocity with due 

respect to select the optimum Savonius HK turbine and; 

based on its performance, to develop the different variant 

systems and investigate the performance parameters of the 

all variant systems. This study follows the problem 

formulation for any site in consideration of all site 

selection parameters and then carrying out measurements 

as per IEC 60041/IS 41 (1991). Based on the potential of 

velocity, the turbine is selected and investigated by 

numerical method. In order to find its results, the other 

three optimal variant systems are developed and 

investigated. Finally, the results are analysed and 

discussed for performance parameters, i.e. pressure, 

velocity, torque and coefficient of performance of all 

different systems. 

2. PROBLEM FORMULATION 

The study site under consideration is located in the 

Tapi basin in the western part of India. A pre-feasibility 

site investigation was conducted to assess various cross-

sections, including water velocity, location accessibility, 

the feasibility of installing the unit, and potential power 

production. Initially a few points were identified and 

considered based on the satellite image as illustrated  

in Fig. 1(Google map web). In the next stage, the site visit  
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Fig. 2 Picture of the final point selected for the 

velocity measurement 

 

 

Fig. 3 Photographs of field test of velocity 

measurement 

 
was completed and based on the possible access, a point 

was finalized for measurement of velocity (Fig. 2). 

In order to measure the velocity of water in the 

selected canal, a field test was performed to ensure 

availability of water in the canal.  On consultation with the 

relevant authorities, the water available in the canal at the 

time of this investigation was found to be average of that 

available throughout the year. During the peak supply, the 

water flow was observed to be approximately 25% higher 

than this average. Locations for velocity measurements 

were selected based on guidelines from IEC 60041/IS 41 

(1991), considering the dimensions of the canal.In-Situ 

Condition 

The Propeller Current Meter (PCM) used here (Make: 

The National Instrumentation Corporation, Roorkee) had 

an operating range of 0.1 - 3.5 m/s with an accuracy of 

>0.3 m/s; 0.5 % full scale. In order to hold the current 

meter as per specified location, a customized structure was 

developed. On field, the team successfully placed the 

mounting structure for measuring the velocity at the 

specific point as per IEC 60041/IS 41. 1991 at the site 

specified (see Fig. 3). The reading was recorded in the data 

logger for 30 sec time period as against IEC 60041/IS 41. 

1991, of 20 sec duration, and repeated twice. 

The compiled values of measured velocity at all 

allocated points displayed in the drawing of the canal (Fig. 

4) were used for calculating the discharge. 

Figure 4 illustrates the measured potential velocity 

within a specified area measuring 6.5 m in length and 1.8 

m in depth (box highlighted in black color). Using this 

data, velocity profile curves were generated at five key 

locations, representing significant velocity magnitudes, 

treated as planes or sections: X0 at the center, X1 at 1.625 

m to the right of center, X2 at 3.25 m to the right of center, 

X1' at 1.625 m to the left of center, and X2' at 3.25 m to 

the left of center (see Fig. 5).  

 

Fig. 5 Velocity profile against depth at five different 

locations 

 

 

Fig. 4 Velocity magnitude at respective allocated point 

 
 

X0 X1 X2 X1’ X2’ 
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Fig. 6 Velocity profile reported earlier (Loureiro 

& Silva Freire, 2005) 

 

Figure 5 clearly shows that the water velocity within 

a channel is not uniform throughout its depth. It gradually 

increases from zero at the bottom of the channel (invert) 

to its maximum value near the surface, following a 

logarithmic distribution pattern similar to that found in 

open channels (see Fig. 6). The maximum velocity, 0.61 

m/s, was observed at the water surface, with an average 

canal velocity of 0.51 m/s. This potential velocity is 

available in the canal year-round. During peak conditions, 

the velocity increases by approximately 25%, reaching 

0.64 m/s. As previously mentioned, a velocity of more 

than 0.5 m/s is often required for hydrokinetic turbines. An 

uncertainty study on the measurement of liquid flow in 

open channels using the velocity area method, as per ISO 

748: 1997(E), is provided in Appendix I.  

To ensure the high-efficiency functioning of a 

hydrokinetic (HK) turbine, and based on the in situ testing 

conditions data, it is necessary to understand the optimal 

Savonius-type HK turbine (details of the drawing is 

provided in Appendix II) and to study its various 

parameters and performance. 

Simulation results for System-1, along with previous 

studies, clearly demonstrate that a Savonius turbine alone 

cannot generate sufficient power for practical 

applications. Therefore, an augmentation arrangement 

with the Savonius turbine is required. It is also necessary 

to investigate all developed augmentation arrangements. 

The four stages of development, considered as different 

systems, are depicted below: 

3. METHODOLOGY  

In this section, System-1 is explained in detail 

corresponding to the modelling, meshing, pre-simulation 

and post simulation. Initially, SOLIDWORKS 2022 

student edition was used to create a geometrical model of 

a three-dimensional Savonius hydrokinetic turbine in an 

open test channel. For performing the numerical analysis, 

entire domain was submerged into open test channel as 

shown in Fig. 7. This domain was then divided in two 

zones i.e., stationary zone (i.e., channel) and rotating zone  

Table 2 Optimum Mesh Parameters of the System-1 

Parameters 
Stationary 

zone 

Rotating 

zone 

No. of Elements 3462283 1642097 

Skewness (avg.) 0.79 0.85 

Aspect ratio (avg.) 10 10 

Orthogonal quality 

(avg.) 
0.99 0.99 

 

(i.e., rotor). To construct the rotating zone, a cylindrical 

volume containing the Savonius HK was built around its 

vertical axis to allow the turbine to revolve at a given 

angular velocity during numerical analysis. To guarantee 

that the flow field remains uninterrupted, the 

circumference of the cylindrical volume was specified as 

an interface. 

The ANSYS meshing interface is employed in this 

study to generate the mesh for the entire computational 

domain. Each sub-domain is meshed using a non-

conformal unstructured grid comprising tetrahedral 

elements, illustrated in Fig. 8 for System-1. Particularly in 

the rotating section, a finer grid is implemented compared 

to the stationary zone. A mesh independence study (see 

Fig. 9) is conducted on System-1, varying mesh sizes and 

parameters across four configurations to determine the 

optimal mesh structure (details provided in Table 2). The 

final mesh is selected based on cells with quality greater 

than 0.6, skewness greater than 0.83, and aspect ratios less 

than 12. 

The quality mesh parameters were evaluated across 

all systems. The completed mesh geometry was imported 

into the Fluent commercial code for the pre-simulation 

process, where input boundary data under appropriate 

conditions were applied. Figure 7 depicts the computing 

domains of the model along with its boundary conditions. 

The diagram illustrates that the free stream velocity flows 

from the left side of the channel, corresponding to the inlet 

velocity, towards the outlet on the right. The outlet of the 

channel is configured as a pressure outlet, with 

atmospheric pressure as its reference value. The side and 

bottom faces of the domain are designated as walls with 

free-slip boundaries, while the top of the channel is 

designated as a symmetry surface. The Savonius turbine, 

located within the rotating zone, is assigned a rotating wall 

condition (no-slip wall). Similar methodologies and 

turbulence models have been adopted in several studies 

(Sarma et al. 2014; Kolekar & Banerjee, 2015; Kumar & 

Saini, 2017a, b). The selection of the turbulence model and 

its mathematical expression are presented in Appendix III. 

In addition, the rotating zone is subjected to Multiple 

Reference Frames (MRF), where equations are solved in a 

rotational reference frame. Consequently, the rotating 

zone is established by providing a rotational velocity in the 

absolute reference frame. The Savonius rotor's wall 

boundary condition then has zero relative speed with 

respect to adjacent cells. The details of the input 

parameters selected for the simulation are provided in 

Table 3. 
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(i) System-1: Solely Savonius turbine 

 
(ii) System -2: Savonius turbine is installed with a flume 

 
(iii) System-3: Deflector section of the flume 

 
(iv) System -4: Deflector section used before the turbine 
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Fig. 7 Computation domain of Savonius turbine with its boundary condition 

 

 

Fig. 8 Meshing view of channel along with dense mesh in rotating zone for the System-1 

 

Table 3 Details of input parameters considered for the simulation 

Sr.No. Parameters Description considered 

1 Components 

Stationary domain-I: Test Channel 

Stationary domain-II: Fume, and Deflector 

Rotating domain: Rotor 

2 Grid Type 
Unstructured mesh (Triangle, Tetrahedron, Hexahedron and 

Quadrilateral) 

3 Analysis type Steady state 

4 Fluid Water at 25°C 

5 Boundary Condition 

Inlet: Velocity (Applying Power law equation, using max. 

velocity of 0.61 m/s) 

Outlet: Static pressure: 1 atm 

Reference pressure: 0 Pa 

Test Channel: Top surface symmetry 

Turbine: Moving wall 

6 Turbulence Model realizable k-ε 

7 Convergence Criteria: RMS < 10E-5 
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Fig. 9: Grid independency test  

 

 

Fig. 10 Velocity contour under the present study for 

System- 1 

 

After performing the simulation, it was ensured that 

the converging parameters were solved steadily. The 

torque value was monitored at the axis of the rotor shaft. 

The same methodology and parameters were applied to the 

other three systems. Based on the observed simulation 

results, the pressure, velocity, coefficient of torque, and 

power parameters are presented and discussed 

4. VALIDATION OF THE SIMULATION RESULT 

To validate the performance of the Savonius turbine, 

simulation results were compared with those of identical 

turbines operating under similar conditions (Kumar & 

Saini, 2017a; Zhang et al., 2017). Based on the obtained 

results, the velocity contours in different regions around 

the blade were analyzed. Figure 10 shows the velocity 

pattern at the inlet, which was consistent with the given 

boundary conditions. The rotation of the turbine leads to 

the formation of distinct velocity zones. A high-speed 

zone is observed at the tip of the blade, while a low-speed 

wake zone forms behind the rotor blades due to the 

turbine's rotation. This wake zone causes significant 

reductions in flow velocity in the surrounding area. 

However, periodic increases in flow velocity occur on the 

upper and lower sides of the wake zone, forming what is 

known as the "periodic high-speed zone." This 

phenomenon results in periodic fluctuations in the velocity 

pattern, characterized by alternating areas of reduced and 

heightened flow velocity. 

 

Fig. 11 Pressure contour for System -1 under the 

present study 

 

A drop in the pressure contour was detected across the 

rotor from the upstream to the downstream side. Pressure 

is uniform at the channel's inlet, and higher pressure 

values are seen on the inlet side, i.e., the concave side of 

the advancing blade and the convex side of the returning 

blade. On the downstream side, a lower pressure area 

develops (the convex side of the advancing blade). As a 

result, two pressure areas, higher and lower, are observed 

near the blades within the flow domain, resulting in a 

pressure drop. This pressure drop across the rotor causes 

the turbine blades to initiate revolving, resulting in power 

extraction from the flowing water in the channel by the 

Savonius hydrokinetic turbine. In Fig. 11, the pressure 

contours obtained for a System -1. It is clearly seen that 

under present study, the pressure distribution patterns 

observed across the turbine rotor which is in good 

agreement with many studies (Zhao et al., 2009; Roy & 

Saha, 2013; Wahyudi et al., 2013; Shashikumar et al. 

2021a, b; Singh & Kumar, 2022).  

This finding supports the consistency and reliability 

of the reported results in relation to earlier research. It can 

see from the figure, it becomes apparent that the pressure 

reaches its maximum value on the upstream side of the 

flow near the blade's surface. Conversely, a lower pressure 

zone is observed on the downstream side of the flow. The 

disparity between these two pressure zones drives the 

rotation of the blade. 
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Fig. 12 comparison of results obtained from the 

present study and analytical model 

 

To verify the computational model quantitatively, the 

obtained simulation results were compared with the 

standard analytical model discussed by Patel et al. (2018). 

This comparison included the results for the coefficient of 

performance (Cp) and tip speed ratio (λ) from both the 

simulation and analytical models (see Fig. 12). As seen in 

the figure, the present study yields a comparable curve. 

The maximum Cp of 0.129 was obtained at a λ of 0.6 in 

the present study, which slightly differed from the 

analytical study where the maximum Cp of 0.15 was 

obtained at a λ of 0.4. The maximum variation in 

magnitude was observed at low λ values (0.2 and 0.4), 

while the minimum variation in magnitude was found for 

λ values between 0.6 and 1.2.  

5. RESULTS AND DISCUSSION 

After quantitative and qualitative validation, ensuring 

the computational results are in close agreement with 

previous studies, the same methodology was applied to the 

other three systems. The results of the computational 

process for all four systems (System-1, System-2, System-

3, and System-4) are analyzed in this section. The pressure 

and velocity distributions are displayed in contour form, 

along with their performance characteristics, including the 

coefficient of torque and power. 

5.1 Velocity Contours 

Figures 15 and 16 depict the velocity variations near 

the turbine blades in the longitudinal plane (i.e., at the 

mid-plane) using vectors and contour plots, respectively. 

The vectors provide insight into the direction of water 

flow. Analysis of wake generation over the turbine rotor 

reveals vortices visualized both ahead of the advancing 

blades and behind the returning blades across all four 

cases. In System-1, more reverse vectors (illustrated by the 

curve in Fig. 13) are predicted near the blades, diminishing 

along the channel distance.  

In other systems, the low or weak intense vectors 

leading to vortex or wake vortices are predicted near the 

blades. However these low vectors are present throughout 

the long distance of the channel. Comparing all systems, 

System-3 experienced low vortices near the blade. It was 

not exactly in front of the advancing blade. It was present 

at the trailing edge of the blade. In the System-4, an area 

with high-intensity vectors exhibiting significant 

magnitude was identified as a deflector zone. This 

particular vector pattern suggests a reduced level of 

momentum exchange between the water stream and the 

turbine rotor. The study conducted by Sarma et al. (2014) 

similarly highlighted a decline in performance attributed 

to sharp velocity vectors. The velocity along the upstream 

side of the rotor is limited by the applying same inlet 

boundary conditions.  

As clearly seen from the Fig. 16, the velocity range 

was observed in the range 0-1.379 m/s across the mid-

plane of the channel section for the System -1 while the 

water is flowing smoothly in the channel. The low velocity 

zone or rope predicted was about 1 -2dr (i.e., dr is the 

diameter of the turbine rotor). As for the velocity range in 

the same mid-plane contour, it was found to be 0-2.332 

m/s, 0-3.355 m/s, and 0-2.407 m/s for System-2, System-

3, and System-4, respectively. The low velocity zone or 

rope was found to be 1-10dr, 1-8dr, 1-12dr for the system-

2, 3 and 4 respectively. Evidently, in the System-1, the low 

velocity rope was short as compared to the other systems. 

However, performance of just the turbine is not 

significant. On comparing the other systems, System-3 

had the lowest velocity rope length than System-2 and 4. 

The velocity of the flow decreases as it approaches the 

ducted area; however, the velocity increases as it passes 

through the converging region. This is less evident in 

System-3, as velocity remains almost uniform at the 

enhanced region and improves as it reaches the rotating 

domain. Within the rotating zone, velocity remains weak 

on the convex side of the returning blade. All the 

observations show that vortices occur on the concave 

surface of both the advancing and returning blades. As a 

result of the drag force, a high-velocity zone emerges at 

the attack point of the advancing and returning blades. 

This drag force is increased for System-3 and is assigned 

the highest value. Furthermore, a very weak velocity zone 

is displayed across the concave side of the returning blade 

downstream of the rotor. This divergence is caused by the 

centrifugal force induced by the counter-clockwise 

rotation of the turbines and serves as an indicator of the 

wake phenomena. This wake zone propagates up to the 

augmented portion, where velocity increases as it moves 

away from the rotor. Comparing systems, System-3 

displays higher velocity magnitudes and consequently 

anticipates higher torque. 

5.2 Pressure Contours 

As discussed in the validation section, the pressure 

differential across the rotor facilitates blade rotation, 

enabling the turbine to generate power from flowing 

water. Figure 15 depicts the pressure contour for all four 

examples along the ZX plane, with a velocity of 0.588 m/s 

at a tip speed ratio (TSR) of 1. This diagram clearly 

illustrates uniform pressure along the rotor's upstream 

side, indicating a high-pressure zone. Conversely, 

pressure decreases, forming a low-pressure zone on the 

downstream side. In all scenarios examined, a depression 

zone is created behind the advancing blade and on the 

concave side of the returning blade. In all cases, the 

pressure on the convex side of the returning blade  

is significantly higher than that on the concave side of the  
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System-1 

 
System-2 

 
System-3 

 
System-4 

Fig. 13 Velocity vectors of all cases at TSR = 1 
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(a)System-1 

 
(b) System-2 

 
(c) System-3 

 
(d)System-4 

Fig. 14 Velocity contour of all cases 
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(a)System-1 

 
(b)System-2 

 
(c)System-3 

 
(d)System-4 

Fig. 15: Pressure distribution for all systems 



P. P. Gohil et al. /JAFM, Vol. 18, No. 3, pp. 769-786, 2025.  

 

781 

 

(a) Variation of torque with respect to TSR 

 

(b)Variation of power with respect to TSR 

Fig. 16(a) & (b) Performance characteristic curve 

 

advancing blade, and the pressure distribution differs 

between the rotor blades. 

In System-1, pressure is observed to be 162 Pa at the 

advancing blade's concave surface and negative 376 Pa at 

the blade's convex side. As a result, a pressure gradient of 

538 Pa is generated across the turbine blades. Similarly, 

pressure differences of 1815 Pa, 4883 Pa, and 1944 Pa are 

reported in Systems-2, 3 and 4 respectively. This pressure 

differential will produce drag force, and it will 

subsequently generate torque. Moreover, the outcomes of 

Systems-2, 3, and 4 are identical to the validated result of 

Case 1. As a consequence, System-3 with the maximum 

pressure differential (4883 Pa) may produce the higher 

drag which reflects the improvement in the performance. 

5.3 Performance Characteristic of Torque (CT) & 

Power (CP) 

The variation of the torque and power coefficients at 

various TSRs for the Savonius Hydrokinetic Turbine and 

its enhanced method is depicted in Fig. 16 (a). These 

findings indicate that the proposed arrangement of 

positioning the turbine within the ducted structure has an 

effect on the rotor torque coefficient. As the TSR or 

rotational speed was reduced, the coefficient of torque 

increased (RPM). The arrangement of System-3 increases 

the torque coefficient. Additionally, other two variant 

systems i.e., System-2 and System-4 had performed well 

than System -1 (solely Savonius turbine). The coefficient 

of performance increases with decreasing of TSR until it 

reaches the maximum value for each system.  

Figure 16(b) illustrates the coefficient of performance 

corresponding to TSR. System-3 consistently outperforms 

the other systems across all TSR values. Additionally, the 

maximum coefficients of performance for Systems 2, 3, 

and 4 were 0.357, 1.385, and 0.579 respectively, achieved 

at λ = 1, compared to System-1, which reached a 

maximum CP of 0.129 at λ = 0.6. 

6. CONCLUSIONS 

Computational analysis was conducted to assess the 

performance of various configurations of a Savonius 

turbine. The turbine was tested under site-specific 

conditions with an average water velocity of 0.58 m/s. 

Numerical investigations were performed using the 

commercial CFD software FLUENT. Flow visualization 

included consideration of factors such as pressure and 

velocity distributions. Additionally, the study evaluated 

the coefficients of torque and power. The principal 

findings of this investigation are summarized as follows: 

• The computationally observed results are found similar 

with findings from the previous studies qualitatively as 

well as quantitatively. 
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• Regarding velocity contours, a wake zone was observed 

behind the rotor and a pressure drop occurred across the 

rotor from the upstream to the downstream side. This 

pressure difference across the rotor causes the turbine 

rotation resulting in extraction of power from the 

flowing water in the channel or canal. 

• The suggested variant systems arrangement can 

enhance the pressure differential, allowing more flow to 

be sucked into the turbine resulting in all three variant 

systems performing better than solely Savonius turbine 

• The lowest CT & CP was found for the solely Savonius 

turbine considered in the canal.  The torque coefficient 

and power coefficient were 7.814 Nm and 1.385 

respectively for the System-3 i.e., deflector section 

provided before the flume, and was maximum amongst 

all other systems. This power value can be utilized for 

any small isolated systems. 

• The maximum CP is obtained at ʎ of 1 for three 

suggested variant systems. However, for the System-1 

i.e., solely Savonius turbine, the maximum CP is found 

at ʎ ratio of 0.6. 

The study concludes that deploying a standalone 

Savonius turbine directly in canals or water flow streams 

may not be optimal. Instead, employing a variant system 

with a flume and a deflector section at the inlet proves 

more effective. Such systems can generate sufficient 

power density for small isolated systems. Further 

verification of these findings is required through 

experimental methods. Additionally, investigating the 

performance impact while considering the blockage ratio 

parameter using both numerical and experimental 

approaches is recommended. 
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Appendix -I:  

Uncertainty study of measurement of liquid flow in 

open channels-Velocity area methods as per ISO 748: 

19979(E): 

Number of verticals: 11 

Average velocity in section: 0.51m/s 

Time of exposure: 2min 

Method: 5 point method 

Discharge (group rating): 35 m3/s 

(i) Uncertainty in width (X  b
′ ) 

The uncertainty in the measurement of the width should 

be not greater than 1%. The width of the canal is 18.5 mt. 

From Table E.1: X  b
′  = ± 0.3% 

(ii) Uncertainty in depth (X  d
′ ) 

For depths up to 0,300 m the uncertainty should not 

exceed ±3%, and for depth over 0,300 m the uncertainty 

should not exceed ±1%. The depth of the canal is 4 mt. 

From Table E.2: X  d
′  = ± 0.7% 

(iii) Method of uncertainty in time of exposure ( X  e
′ ) 

The values are given as uncertainties at the 95% level. We 

measure the velocity at point hold the instrument of 2 min. 

From Table E.3:  X  e
′  = ± 6% 

(iv) Method of uncertainty in the vertical (X  p
′ ) 

We used 5 points method. 

From Table E.4: X  p
′  = ± 5% 

(v) Method of uncertainty in rotating-element current – 

meter rating (Xc
′ ) 

The average velocity found to be 0.51 m/s. 

From Table E.5: X  c
′  = ± 2% 

(vi) Method of uncertainty for numbers of verticals ( Xm 
′  ) 

Percentage uncertainty in the measurement of mean 

velocity against the number of verticals. We considered 

the total 11 verticals. 

From Table E.5: X  m
′  = ± 8.4% 

Percentage systematic uncertainties are as follows. These 

values considered based the accuracy level of instrument,  

X  b
′′  = ± 0.5 % 

X  
d
′′ = ± 0.5 % 

X  c
′′  = ± 0.5 % 

Then.  

Method of calculating the Uncertainty by overall random 

uncertainty (XQ
′ ) 

XQ
′  = ± √[Xm

2 +  
1

m
 (X  b

′2 + X  d
′2  +  X  e

′2 + X  p
′2 +  X  c

′2)] 
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XQ
′ =  ± √[8.42 +  

(0.3 + 0.7 + 62 + 52 + 22)

15
 ] 

XQ
′  = ±√70.56 + 4.4 

XQ
′  = 8.667 

Method of calculating the Uncertainty by overall 

systematic uncertainty (X′Q
′ ) 

The above equation are satisfactory for estimating the 

precision of the measurement but do not take account of 

the possibility of systematic uncertainties systematic 

uncertainties which behaves as random uncertainties shall 

be estimated separately and may be combined as  

XQ
" =  √X  b

"2 +  X  d 
"2 +  X  c

"2  

XQ
" =  √(0.52 + 0.52 + 0.52  = 0.87 % 

Method of combining uncertainty (XQ): 

XQ = ±√8.6672 + 0.872 = 8.705% 

Remarks: 

The discharge = 35 m^3/s 

The random uncertainty = ± 8.667 (95% confidence level) 

Systematic uncertainty = ± 0.87 % 

APPENDIX -II  

Detail of the Savonius turbine: 

 
 

Parameter Value 

Rotor diameter (D) 376 mm 

Rotor height (H) 480 mm 

Aspect ratio (H/D) 1.28 

End plate diameter (De) 414 mm 

Blade diameter (d) 213 mm 

Blade thickness (tb) 3 mm 

No. of blades (Nb) 2 

Blade profile Semi-circle 

Overlap ratio (e/d) 0.26 

Overlap distance (e) 56 mm 

Shaft diameter (Ds) 20 mm 

APPENDIX-III 

Mathematical Formulation: 

The flow environment surrounding the Savonius 

turbine is complicated owing to flow separation and wake 

production. This sort of sophisticated unsteady flow 

physics is challenging to represent using typical 

technologies. At the moment, the most powerful 

instrument for this is fluid dynamics computation. 

Turbulence is a critical aspect in understanding the 

accurate modelling of the fluid domain around a Savonius 

turbine. There are several turbulence models available for 

modifying flow depending on rotor configuration and 

Reynolds number. The Spalart-Allmaras (SA) model, 

standard k-ε turbulence model, Realizable k-ε turbulence 

model, RNG k-ε turbulence model, Shear stress transport 

(SST) k-ω model, and standard k-ω model can be utilised 

for turbine-related simulations. The SST k-ω model (Ponta 

& Dutt, 2000; Asim et al., 2013; Riglin et al., 2015), the 

standard k-ε turbulence model (Driss et al., 2013; Roy & 

Saha, 2013; Wahyudi et al., 2013), the realizable k-ε 

turbulence model (Mohamed et al., 2010; Castelli et al., 

2011; Mohamed et al., 2011a, b; Mohamed, 2012, 2013; 

Zhou & Rempfer, 2013; Mohamed et al., 2015), and the 

RNG k-ε turbulence model (Roy & Saha, 2013) have all 

been examined, thus far. Previous research (Sarma, et al., 

2014; Kumar & Saini, 2017a, b; Mosbahi, et al., 2019a,b; 

Saini & Saini, 2018) revealed that the realisable k-ε 

turbulence model, the simplest complete turbulence model 

in which the solution of two separate transport equations 

allows the turbulent velocity and length scales to be 

determined independently, is best suited for hydrokinetic 

turbine computation simulation. As a consequence, in this 

work, the realisable k-ε was employed as a turbulence 

model to analyse the rotational behaviour of turbine 

blades.  

The fundamental assumption of the k-ε model is that 

the flow is entirely turbulent, neglecting the influence of 

molecular viscosity and thereby limiting its applicability 

to fully turbulent flows. However, a newer variant known 

as the realizable k-ε model deviates from the standard k-ε 

model in two significant aspects: (i) A new formulation 

for turbulent viscosity is included in the realizable k-ε 

model and (ii) A new transport equation for ε has been 

derived from an exact equation for the transport of the 

mean-square vorticity fluctuation. Additionally, in flows 

including rotation, boundary layers under significant 

unfavourable pressure gradients, recirculation and 

separation the Realizable k-ε model outperforms other 

models. In the Realizable k-ε model, the modelled 

transport equations for k and ε may be stated as follows: 

𝜕

𝜕𝑡
(𝜌𝑘) +  

𝜕

𝜕𝑥𝑗

(𝜌𝑘𝑢𝑗)

=  
𝜕

𝜕𝑥𝑗

[(𝜇 + 
𝜇𝑡

𝜎𝑘

)
𝜕𝑘

𝜕𝑥𝑗

] + 𝐺𝑘 +  𝐺𝑏

−  𝜌𝜀 −  𝑌𝑀 + 𝑆𝑘 
𝜕

𝜕𝑡
(𝜌𝜀) +  

𝜕

𝜕𝑥𝑗

(𝜌𝜀𝑢𝑗)

=  
𝜕

𝜕𝑥𝑗

[(𝜇 + 
𝜇𝑡

𝜎𝑘

)
𝜕𝜀

𝜕𝑥𝑗

] + 𝜌𝐶1𝑆𝜀

−  𝜌𝐶2

𝜀2

𝑘 +  √𝑣𝜀
+  𝐶1𝜀

𝜀

𝑘
𝐶3𝜀𝐺𝑏 + 𝑆𝜀 

Where: 
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𝐶1 = 𝑚𝑎𝑥[ 0.43,
𝜂

𝜂 + 5
] 

𝛈 = 𝐒
𝐤

𝛆
 

𝑆 = √2𝑆𝑖𝑗𝑆𝑖𝑗 

Gk = Generation of turbulent kinetic energy due to the 

mean velocity gradients 

Gb = Generation of turbulent kinetic energy due to 

buoyancy 

YM = Contribution of the fluctuating dilatation in 

compressible turbulence to the overall    dissipation rate 

C2 and C1ε= Constants 

σk and σε= turbulent Prandtl numbers for k and ε 

 


