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Hydrokinetic turbines use different rotors for 
technological and economic reasons. Even though 
it performs poorly, vertical-axis hydrokinetic tur-
bines use the Savonius rotor. The object of research 
is a Savonius rotor model with additional grooves. 
The study addresses the need to improve the effi-
ciency and overall performance of Savonius rotor 
models in hydrokinetic turbines, which are wide-
ly used for harnessing energy from flowing water 
currents. The problem involves understanding how 
different groove configurations affect the aerody-
namic behavior and energy extraction efficiency of 
the Savonius rotor in hydrokinetic turbine applica-
tions. The test results revealed that incorporating 
grooves led to notable improvements in efficiency ( )  
and coefficient of drag (CD). Grooved blades exhi
bited a maximum efficiency of 30.97 % and a maxi
mum drag coefficient of 2.71. Notably, blades with 
a groove width of 12.5 mm emerged as the optimal 
model, demonstrating an efficiency peak of 35.66 % 
and a drag coefficient 3.08. This indicates a sub-
stantial increase in efficiency by 4.69 % and a cor-
responding rise in the drag coefficient by 0.37 for 
grooved blades. The grooves on grooved blades 
increase friction, improving performance. Grooved 
rotor blades improve turbine performance signifi-
cantly. Savonius rotor models in hydrokinetic tur-
bines extract more energy by optimizing groove 
width and arrangement to maximize drag coefficient 
and efficiency. This research affects hydrokinetic 
turbine design and optimization for renewable ener-
gy generation. Engineers and designers can improve 
the performance and efficiency of the Savonius 
rotor model in hydrokinetic turbine applications by 
applying this study’s findings
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1. Introduction

Hydropower is a promising and environmentally friendly 
renewable energy source, offering a sustainable alternative to 
traditional fossil fuel and nuclear power plants [1–3]. One 
innovative method of converting water into energy is hy-
drokinetic energy technologies, most notably the installation 
of hydrokinetic turbines [4, 5]. These turbines, also called 
water current turbines, are sophisticated electromechanical 
devices designed to convert the kinetic energy in flowing 
water currents into electricity. One of the critical advantages 
of hydrokinetic turbines is their ability to generate electrici-
ty efficiently, even at low speeds and heads, showcasing their 
remarkable potential for electricity generation in diverse 
aquatic environments [5]. This capability makes them par-
ticularly suitable for locations where traditional hydropower 
technologies may not be feasible due to lower water veloci-
ties or limited hydraulic heads.

Hydrokinetic turbines are classified into two main catego-
ries based on the orientation of the rotor shaft relative to the 

flow direction: vertical and horizontal shaft hydrokinetic tur-
bines [5, 6]. Each category encompasses various turbine de-
signs with unique characteristics and suitability for different 
applications. Several notable types of vertical shaft hydroki-
netic turbines are commonly used, including the Savonius, 
Troposkein Darrieus, H-Darrieus, and Gorlov turbines [7, 8]. 
The Savonius turbine, in particular, is widely recognized 
for its simplicity in construction and cost-effectiveness in 
installation and maintenance, making it a preferred choice 
for small-scale power generation projects [4, 8, 9]. Despite 
its ease of installation and maintenance advantages, the 
Savonius turbine’s performance is typically lower than other 
types. However, its suitability for small-scale applications, 
relatively straightforward design, and cost-effectiveness make 
it a practical choice for specific hydrokinetic energy projects, 
especially in regions with limited resources and infrastructure 
for large-scale installations.

Over time, experts and practitioners have dedicated 
efforts to enhance the performance characteristics of the 
Savonius rotor through various design optimizations and ad-
justments to crucial parameters [6]. These refinements aim to 
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maximize rotor efficiency and energy output, thereby improv-
ing the overall effectiveness of Savonius turbines in harness-
ing hydrokinetic energy. Several parameters play crucial roles 
in shaping the performance of the Savonius rotor, including 
aspect ratio (AR), overlap ratio (OR), blade number and con-
figuration, levels and end plates, flow directors or deflectors, 
shaft design, blade models and shapes [10, 11].

The Savonius rotor uses the difference in drag forces en-
countered by its concave and convex surfaces as the blades 
revolve to generate rotational power. Optimizing rotor perfor-
mance requires understanding drag force characteristics. The 
blade surface drag force is caused by two main factors: fluid vis-
cosity and pressure distribution. The drag force along the blade 
is mainly affected by the geometry of the fluid-interacting 
surface, the distance from the axis of rotation, and the Reynolds 
number [12]. Reynolds number greatly impacts the flow regime 
around the blade and the pressure coefficient. The pressure 
coefficient, which describes pressure distribution along the 
blade surface, is vital to understanding the Savonius rotor’s 
aerodynamic performance. This coefficient depends on blade 
shape, angle of attack, and Reynolds number. By analyzing 
these aspects, researchers and engineers optimize the Savonius 
rotor design to maximize efficiency and power generation [13].

Savonius turbines are still studied for hydrokinetic energy 
generation. Savonius turbine performance is affected by many 
factors, including rotor grooves. Research is ongoing to thor-
oughly analyze the impact of extra grooves on hydrokinetic 
turbine Savonius motor performance, demonstrating their con-
tinued relevance. Enhancing turbine performance with grooves 
on the Savonius rotor surface is nuanced. These grooves alter 
airflow patterns, pressure differentials, and aerodynamic losses. 
Researchers hope grooves on the rotor will improve the tur-
bine’s aerodynamics and power generation. Therefore, research 
on the effect of additional grooves on the performance of hy-
drokinetic turbine Sarvonius motors is still relevant.

2. Literature review and problem statement

The Savonius-type hydrokinetic turbine has become a pro
mising solution for small-scale power generation, especially 
in river flows or artificial channels. It has shown significant 
potential for electricity production [4, 10]. The appeal of this 
option stems from various factors contributing to its popu-
larity among small-scale power plants. These factors include 
straightforward and cost-effective construction, ease of in-
stallation and maintenance, clean energy sources, predictable  
potential, and favorable initial characteristics [2, 14]. Com-
pared to other vertical axis hydrokinetic rotors, Savonius- 
type rotors excel at harnessing energy from low-speed water 
flows [5]. Their adaptability makes them great for use in en-
vironments with lower water velocities, such as rivers, canals, 
or tidal channels. This expands their usefulness for small-scale 
power generation projects.

The paper [6] carefully analyzes the performance of a single- 
stage modified Savonius hydrokinetic turbine with twisted 
blades. The study improved the understanding of turbine 
efficiency and functionality. The research shows that twisted 
blades boost Savonius turbine performance. Even while prog-
ress has been achieved, some turbine performance questions 
remain. Unresolved issues may arise from objective difficul-
ties related to the complexity of fluid dynamics involved 
in turbine operation, the impossibility of achieving optimal 
blade configurations due to design constraints, or the high 

cost of implementing certain turbine design modifications, 
making research efforts impractical. Similar studies or ap-
proaches in comparable domains may help solve these issues. 
For instance, it may help answer unanswered questions and 
improve performance analysis of modified Savonius hydroki-
netic turbines with twisted blades. However, it is crucial to 
recognize any limits or differences in existing methodologies 
and adapt them to the current study.

The study [10] on the design, testing, and numerical 
simulation of a low-speed horizontal axis hydrokinetic tur-
bine covers its development and performance evaluation. 
The study proves horizontal axis turbines can harness low-
speed water currents through practical testing and computer 
calculations. Additionally, the research illuminates turbine 
performance-affecting design and operational aspects. Even 
though this study progressed, the design and operation of 
low-speed horizontal axis hydrokinetic turbines remain un-
solved. Achieving good efficiency and power output at low 
water flow velocities is a significant problem. Minimal-speed 
water currents have minimal kinetic energy. Therefore, tur-
bine performance requires inventive design and operation. 
Optimizing low-speed horizontal axis turbine blade geo
metry and rotor arrangement is another unanswered subject. 
Designing blades that absorb energy from low-velocity flows 
while minimizing drag and structural loads is difficult. The 
turbine-environment interaction, including sediment move-
ment and biofouling, provides issues that need additional 
study. Traditional design and numerical modeling methods 
cannot accurately forecast low-speed hydrokinetic turbine 
performance, which is the main obstacle. Conventional ap-
proaches may not capture the complicated fluid dynamics 
and turbulent movement of low-speed water currents.

The paper [15] shows that the correct shape of thick 
blades for a hydraulic Savonius turbine affects turbine per-
formance. The study revealed how blade thickness affects 
power-generating efficiency and structural integrity. Despite 
the excellent insights provided, the best design parameters 
for thick blades in Savonius turbines remain unanswered. 
One cause for these unanswered questions may be the ob-
jective challenges of balancing blade thickness, structural 
strength, and aerodynamic performance. The complicated 
interaction of these factors makes it difficult to establish 
a blade design that maximizes power output and turbine 
durability under varied operating situations. The design 
process is further complicated by the inability to optimize 
numerous conflicting goals, such as lift and drag. The tur-
bine design may also use expensive components or materials, 
making research uneconomical. Researchers could use cre-
ative design methods and computational modeling to un-
derstand thick-bladed Savonius turbine performance better. 
Inspiration from related industries or advanced optimization 
algorithms like genetic algorithms or machine learning could 
assist in exploring a larger design space and finding blade 
forms that balance competing criteria.

The research [16] on axial rectangular grooves and tur-
bulent Taylor-Couette flow sheds light on how groove geo
metry affects flow and turbulence. Experimental evidence 
shows that axial rectangular grooves change flow dynamics, 
turbulence intensity, flow structure, and mixing efficiency. 
Despite this study’s advances, the optimal design and layout 
of axial rectangular grooves for turbulent Taylor-Couette 
flow remains unsolved. Controlling and altering flow proper-
ties through groove geometry is a significant task. Changing 
flow while minimizing energy losses and maintaining system 
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stability is challenging. The scalability and generalizability 
of experimental findings are another unanswered subject. 
Extrapolating the results to other flow regimes or configura-
tions may be difficult due to the study’s experimental settings 
and geometrical characteristics. The complexity of turbulent 
flows and the multiphysical phenomena of Taylor-Couette 
systems make it impossible. The relationship between fluid 
velocity, turbulence, and wall geometry is complex, making it 
challenging to create theoretical models or predictive frame-
works that capture all critical events.

The paper [17] examines how overlap and gap ratios affect 
hydraulic Savonius turbine efficiency and power production. 
Experimental testing and analysis show that optimizing flow 
patterns and decreasing energy losses by altering specific 
geometric characteristics can boost turbine performance. This  
study improved Savonius turbine configuration and opera-
tional parameters, although there are still questions. Effecti
vely forecasting the intricate aerodynamic interactions bet
ween the rotor blades, overlap, gap ratios, and fluid flow is 
a major task. Optimization of overlap and gap ratios while 
balancing drag reduction and power extraction is difficult. 
Another unanswered concern is experimental data scalability 
and generalizability. Extrapolating the results to different tur-
bine sizes or flow regimes may be difficult due to the study’s 
design and operating conditions. The main obstacles are the 
complexity of flow phenomena and multiphysical interactions 
in Savonius turbine operation. Fluid dynamics, rotor shape, 
and operational parameters are intricately coupled, making it 
difficult to create comprehensive theoretical models or pre-
dictive frameworks that capture all important events.

In reference [18], bowl-bladed hydrokinetic turbines with 
additional steering blade numerical modeling demonstrate 
how steering blades can improve performance and maneu-
verability. Numerical modeling shows that this design ad-
justment improves turbine efficiency and power extraction 
from flowing water currents. This work improved the prac-
ticality and scalability of bowl-bladed hydrokinetic turbines 
with additional steering blades, but many problems remain. 
Simulating the complex fluid-structure interactions and 
hydrodynamic forces experienced by turbine components un-
der different flow conditions effectively is a major problem. 
Creating a numerical model that effectively depicts the steer-
ing blades’ dynamic behavior and interaction with the main 
rotor blades is difficult. Another unanswered topic is how to 
design and operate bowl-bladed hydrokinetic turbines with 
steering blades to maximize performance. Numerical simula-
tions can provide flow dynamics and performance measures, 
but real-world validation is needed to prove the design’s 
efficacy and practicality. The intricacy of fluid-structure 
interaction problems and the computer resources required 
to accurately model bowl-bladed hydrokinetic turbines with 
guiding blades make it impossible. Developing a strong and 
trustworthy numerical model for the dynamic interplay 
between numerous blades, fluid flow, and complicated flow 
phenomena, including vortex shedding and blade cavitation, 
is computationally difficult.

Prior studies have examined different facets within hy-
drokinetic turbines, including the refinement of blade shape, 
the optimization of turbine geometry, and the utilization of 
CFD simulations for Savonius rotors. Nevertheless, there is 
a notable absence of thorough investigation in the current li
terature regarding incorporating grooves into Savonius rotors.  
Thus, the research involved varying the groove widths on the  
Savonius rotor to assess their impact. Examining the effect 

of grooves on blade performance is a suitable approach to 
enhance the efficiency of the Savonius rotor. This can be 
achieved by augmenting the drag disparity between the for-
ward and reverse blades. 

3. The aim and objectives of the study

The aim of the study is to enhance the performance of the 
Savonius rotor by increasing the difference in drag force that 
acts between the forward blades and the return blades.

To achieve this aim, the following objectives are accom-
plished:

– to obtain the efficiency value on the Savonius rotor 
blade in several groove widths;

– to increase the drag coefficient value on the Savonius 
rotor blade in several groove widths.

4. Materials and methods of experiment

4. 1. Object and hypothesis of the study
The object of research is a Savonius rotor model with 

additional grooves. The study’s main hypothesis is that in-
tegrating additional grooves on a Savonius turbine’s rotor 
blades will improve turbine performance metrics such as 
efficiency, drag coefficient, tip speed ratio (TSR), and energy 
extraction capabilities. Specifically, the hypothesis posits 
that introducing grooves on the rotor blades will enhance 
fluid flow dynamics, increasing drag forces and improving 
energy conversion efficiency. Additionally, it is hypothesized 
that the optimized blade design with grooves will lead to  
a higher TSR and overall better performance of the hydroki-
netic turbine, ultimately contributing to enhanced renewable 
energy generation capabilities. The study aims to validate 
this hypothesis through experimental testing and numerical 
simulations and provide empirical evidence supporting the 
effectiveness of integrating grooves on the Savonius rotor 
model to enhance hydrokinetic turbine performance.

The study assumes that the flow conditions during expe
rimental testing and numerical simulations remain constant 
throughout the investigation. This assumption simplifies the 
analysis by ignoring temporary flow phenomena. The experi-
ment considers that the fluid properties, such as density and 
viscosity, remain consistent throughout the testing period. 
This simplifying assumption allows for a more in-depth 
examination of the fluid-structure interaction and turbine 
performance, disregarding any changes in fluid properties. 
The study suggests an idealized rotor design with consistent 
blade geometry and material properties. Although this sim-
plification streamlines the analysis, it might not encompass 
all the intricacies of turbine designs in the real world.

4. 2. Materials
The test model consists of a grooveless and grooved two-

blade Savonius rotor made from PVC material. Its purpose is 
to evaluate the effect of grooves on turbine performance. The 
rotor’s dimensions are precisely specified, with a diameter 
of 180 mm and a height of 184 mm, resulting in an aspect 
ratio (AR) of 1.02. A 200 mm diameter end plate with a 2 mm 
thickness is included in the design to improve the structural 
integrity and optimize the flow patterns around the rotor. 
The shaft, which is essential for the rotation of the rotor, has 
a diameter of 8 mm and is meticulously designed to have no 
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overlap (OR = 0). Fig. 1 shows the isometry of the 8-groove 
blade model. This design choice enhances the simplicity and 
efficiency of the rotor configuration. The selection of PVC 
material provides a harmonious combination of long-last-
ing properties and simplicity in construction, rendering it 
well-suited for experimental testing and analysis. The careful 
consideration of dimensions, such as the aspect ratio and lack 
of overlap, is intended to attain peak performance and accu-
rately capture the intricacies of the Savonius rotor’s behavior.

Fig. 1. Isometry of the 8-groove blade model

The groove geometry consists of four square directions 
perpendicular to the groove width axis. These directions pro-
vide a variety of dimensions to investigate to find the most 
optimal configuration. The groove widths exhibit a system-
atic variation, encompassing 5 mm, 7.5 mm, 10 mm, 12.5 mm, 
15 mm, and 17.5 mm. This diverse range of parameters allows 
for an in-depth exploration of the impact of groove size on 
turbine performance. The depth of each groove on the con-
cave side is meticulously maintained at 4 mm, resulting in 
eight unique groove configurations.

This systematic approach to groove geometry enables  
a thorough investigation into how groove dimensions affect 
the performance of the Savonius rotor. Through the manipu
lation of groove width, researchers can evaluate the impact 
of various fluid dynamics and boundary layer interactions 
on drag force, efficiency, and the overall operation of the 
turbine. In addition, the grooves are consistently deep, which 
promotes uniformity across all configurations. This allows 
for accurate comparisons and reliable experimental results.  
By carefully designing and constructing the groove geometry, 
this study seeks to uncover the most effective groove config-
uration for improving the performance of the Savonius rotor. 
Researchers can systematically test various groove widths to 
determine the optimal design parameters to enhance energy 
extraction efficiency and turbine performance in hydrokine
tic applications.

4. 3. Experimental setup
The experimental test was carried out in an irrigation 

channel that measures 150 cm wide and 100 cm high. The 
testing environment is spacious, and the flow control is re-
liable, thanks to a well-designed gate. This setup guarantees 

a reliable and regulated flow environment for precise data 
collection and analysis. Detailed observations and measure-
ments were carefully conducted across various levels of loads, 
considering both independent and dependent variables. The 
loads varied from 0 kg to 2.5 kg, increasing by 0.5 kg. This 
systematic approach facilitated the achievement of multiple 
levels of consistent rotation, explicitly focusing on rotational 
speeds of 60 rpm. The rotational speeds were meticulously 
chosen to encompass a wide range of operational conditions 
and to offer a thorough comprehension of the turbine’s per-
formance under different load scenarios. 

Fig. 2 depicts a blade configuration with eight grooves. 
The widths of the grooves range from 0 mm to 17.5 mm, 
increasing in intervals of 2.5 mm. This visual representation 
accurately portrays the groove widths on the blade sur-
face, enabling a thorough comprehension of the variations 
in groove dimensions used in the experimental setup. The 
8-grooved blade design plays a crucial role in studying the 
impact of groove width on the performance of the Savonius 
rotor. Through a systematic alteration of the groove width, 
researchers can evaluate the impact of changes in groove 
dimensions on the aerodynamic characteristics, drag coeffi-
cient, and overall efficiency of the Savonius rotor.

 
Fig. 2. Eight-grooved blade – 0 mm to 17.5 mm wide

The desired loads were imposed by applying braking 
load variations using a string-pulling lever mounted on the 
support frame, as shown in Fig. 3. This configuration enabled 
accurate control and fine-tuning of the loads applied to the 
turbine, guaranteeing uniformity and consistency during the 
experimental testing. Researchers collected comprehensive 
data on the turbine’s performance across various operating 
conditions by systematically adjusting the loads and closely 
observing the resulting rotational speeds. In this study, the 
experimental setup and methodology allow for thorough 
testing and in-depth analysis of the performance of the Savo-
nius turbine when grooves are added. By carefully varying 
loads and rotational speeds, a comprehensive analysis of the 
turbine’s operational characteristics is conducted, yielding 
valuable insights into the impact of groove modifications on 
enhancing turbine performance.

The variety of groove widths used in the experimental 
analysis of the Savonius rotor is summarized in Table 1. 
A total of seven different configurations are available, each 
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with a different groove width variation, all to investigate 
how different groove diameters affect rotor performance.  
A rotor arrangement without grooves is used as a baseline to 
start the testing methodology. The next step is to gradually 
add grooves that are 2.5 mm wide and extend from 5 mm to 
17.5 mm in length (Fig. 2).

 
Fig. 3. Set up of the experimental model and instruments on 

the frame

Table 1

Groove width parameters on the Savonius rotor

No. Groove width (mm) Rotation speed (rpm)

1 0

60

2 5

3 7.5

4 10

5 12.5

6 15

7 17.5

A consistent rotational speed of 60 rpm was applied to 
each groove width configuration on the Savonius rotor. The 
standardized rotational speed was intentionally selected 
to ensure a uniform testing parameter for all groove width 
variations. The researchers experimented by maintaining 
a consistent rotational speed. This allowed them to focus 
solely on the impact of groove width variations on the drag 
coefficient and efficiency of the Savonius rotor. Consistently 
maintaining a fixed rotational speed of 60 rpm throughout 
the experimentation process allows for accurate analysis of 
the variations in groove width, as any observed differences 
in drag coefficient and efficiency can be directly attributed 
to this factor. In this controlled experimental setup, we can 
closely examine the impact of changes in groove width on 
the aerodynamic performance and overall efficiency of the 
Savonius rotor. The consistent operating conditions ensure 
accurate analysis of the results. 

4. 4. Methods and testing
Several experiments were carried out in a wind tunnel 

to obtain parameter values for the drag force (FD) and 
drag coefficient (CD) to validate and guarantee the rele-
vance of the model performance results (Fig. 4). As part of 
these experiments, the turbine was subjected to a series of 

incremental constant speeds ranging from 3 m/s to 9 m/s 
while altering the rotation angles of its blades at 0, 15, 30, 
and 45 degrees. These wind speeds and rotation angles were 
selected to replicate real-world operational circumstances. 
The aerodynamic behavior of the turbine blades can be 
better understood if researchers test it at various rotation 
angles and see how it performs relative to the incoming flow.

   
a b

Fig. 4. Savonius rotor blade testing: a – wind tunnel; 	
b – model position in the wind tunnel

Experiments were carried out to measure the drag force 
and drag coefficient produced by the model in a controlled 
wind tunnel setting (Fig. 4, a). To guarantee the accuracy 
and consistency of these observations across experiments 
using different working fluids, the concept of similarity, 
precisely the Reynolds number (Re), was used as a reference 
parameter [19]. The Reynolds number is a dimensionless 
quantity that helps determine the flow regime of a fluid.  
It considers factors like fluid density, viscosity, and velocity.  
By ensuring a consistent Reynolds number across experi-
ments conducted with different working fluids, researchers 
can guarantee similarity in flow characteristics and enable 
meaningful comparisons between results obtained in water 
and air environments.

The exact adjustment of the wind tunnel’s airspeed to 
match the Reynolds number measured while testing with 
irrigation canal water flow was necessary to accomplish 
this resemblance. This adjustment guarantees that the flow 
conditions within the wind tunnel closely resemble those 
observed in real-world water flow scenarios, allowing for 
precise comparisons of drag force and drag coefficient across 
various fluid environments (Fig. 4, b). After careful analysis, 
it was concluded that the ideal constant speed input level for 
the wind tunnel experiments falls between 3 m/s and 9 m/s. 
This range represents Reynolds numbers within the specified 
range of 0.34 × 105 to 1.01 × 105. This ensures that the flow 
conditions remain consistent and allows for meaningful com-
parisons between experimental results obtained using water 
and air as working fluids.

In addition, the range of constant speeds was carefully 
selected to match the Reynolds number (Re) values shown 
in the irrigation canal testing. For consistency and accurate 
data analysis, Reynolds numbers were carefully matched bet
ween wind tunnel testing and canal trials. The model perfor-
mance findings derived from the experimental testing carried 
out in the irrigation canals are validated by these wind tunnel 
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tests, an essential validation step. Researchers can make their 
findings more credible and applicable by conducting inde-
pendent testing in a controlled wind tunnel.

5. Results of the experiment of adding grooves  
to the Savonius rotor

5. 1. Results of the efficiency value on the Savonius 
rotor blade in several groove widths

The model characteristics are explained concerning three 
important parameters: flow rate (Q), tip speed ratio (TSR), 
and efficiency (η). Fig. 5 visually illustrates a comparative 
analysis of these characteristics, specifically examining the 
impact of flow rate on efficiency while maintaining a con-
stant rotational speed of 60 rpm. It is clear that the blade 
without grooves has a higher flow rate compared to other 
models, but it has lower efficiency. To achieve maximum effi-
ciency, the blade without grooves (0 grooves) requires a flow 
rate of 0.0181 m3/s. This results in an efficiency of 30.96 % 
at 60 rpm. On the other hand, the model that achieves  
a rotation of 60 rpm with the smallest flow rate has a groove 
width of 12.5 mm.
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Fig. 5. Graph of flow rate vs efficiency at several variations 
in blade width

This graphical representation provides valuable insights 
into the correlation between flow rate, rotational speed, and 
efficiency for various groove configurations. The text empha-
sizes the importance of considering trade-offs, as a higher flow 
rate does not always lead to improved efficiency, especially 
without groove modifications. In addition, the data highlights 
the potential to enhance efficiency by strategically modifying 
groove dimensions. This is demonstrated by the model that 
achieved a rotation speed of 60 rpm and the smallest flow rate 
requirement when the groove width was set at 12.5 mm.

Fig. 6 presents a graph that showcases the relationship 
between the Tip Speed Ratio (TSR) and the efficiency of 
the Savonius rotor. The highest TSR attained by a blade 
lacking grooves is documented as 1.18. TSR is a crucial factor 
that measures the relationship between the angular rotation 
speed (ω) and the flow speed (V), giving us valuable infor-
mation about the rotor’s efficiency in different operating con-
ditions. By carefully examining the consistent rotation (n) 
at various levels, it becomes clear that the flow velocity 
factor plays a crucial role in causing variations in TSR. More 
specifically, models with smaller TSR values achieve this 
by employing higher flow velocities. This relationship em-
phasizes the complex interaction between rotational speed, 

flow velocity, and TSR, stressing the need to optimize these 
parameters for optimal rotor efficiency.

The model with a groove width of 12.5 mm is remarkable, 
achieving an optimal TSR of 1.26 and an efficiency peak  
of 35.66 %. This observation highlights the importance of 
groove dimensions in determining the performance of the Savo-
nius rotor. Among the different models, the configuration with 
a groove width of 12.5 mm exhibits higher efficiency and TSR.
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Fig. 6. Graph of tip speed ratio vs efficiency at several 
variations in blade width

5. 2. Results of the drag coefficient value on the Savo-
nius rotor blade in several groove widths

Reynolds number and drag coefficient are compared 
across several Savonius rotor model rotation angles in Fig. 7. 
The impact of grooves on the blade’s surface and the rotor’s 
aerodynamic performance in different settings can be better 
understood by comparing and contrasting the two. Looking 
at Fig. 7, a, it’s clear that the grooved blade model always 
has a higher drag coefficient than the one without grooves, 
regardless of the turning angle at 90°. Generally, blades with 
grooves produce more significant drag coefficients, as this 
data shows that groove presence affects drag coefficient.

Among the configurations that generate the highest drag 
coefficients, the one with a width of 12.5 mm stands out with 
a value of 3.081. At the lowest Reynolds number (0.34 × 105), 
on the other hand, the blade devoid of grooves reaches its 
maximum drag coefficient of 2.71. The aerodynamic perfor-
mance of the Savonius rotor is greatly affected by the width 
and shape of its grooves, as these data demonstrate. Grooves 
on the blade’s surface increase the drag coefficient, which 
helps improve the efficiency of energy extraction. The trend 
also shows that the Reynolds number is a key factor in the 
drag coefficient and that changes in flow conditions impact 
the rotor’s aerodynamic behavior.

In addition, a turning angle of 75° (as shown in Fig. 7, b) 
reveals exciting findings about the drag coefficient. It is worth 
noting that a blade with a width of 15 mm demonstrates the 
highest drag coefficient, which reaches a value of 2.77. The ma
ximum drag coefficient is attained at the lowest recorded Reyn-
olds number value of 0.34 × 105. On the other hand, the blade 
without grooves shows the lowest drag coefficient, measuring at 
1.73, which happens at a Reynolds number of 0.79 × 105. In ad-
dition, it is worth mentioning that when the Reynolds numbers 
exceed 0.79 × 105, the variations in drag coefficient values ge
nerated by all models tend to decrease compared to the changes 
observed at lower Reynolds numbers. Based on this observa-
tion, the impact of Reynolds number on the drag coefficient 
diminishes as Reynolds numbers surpass a specific threshold.
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The correlation between the drag coefficient and the 
Reynolds number still yields intriguing findings at a 60° 
turning angle, as shown in Fig. 7, c. It is worth mentioning 
that the drag coefficient reaches its maximum of 2.71 at the 
lowest Reynolds number. With lower Reynolds numbers 
equating to higher drag coefficients, this data highlights the 
considerable importance of Reynolds numbers on drag coef-
ficients. Curiously, the drag coefficient is the smallest (1.5) 
at the highest Reynolds number reported in the dataset. 
Variations in fluid flow conditions can lead to unexpected 
outcomes in aerodynamic performance, as this discovery 
shows in the delicate link between flow dynamics, Reynolds 
number, and drag coefficient. According to the data, the 
blade with 15 mm groove width has the highest drag coeffi-
cient, while the one without grooves has the lowest. Because 
of the increased surface area and improved fluid interaction, 
drag coefficients tend to be greater for larger grooves, as this 
finding shows that the grooves’ width and arrangement affect 
the drag coefficient.

At a 45° turning angle, the pattern in the relationship 
between the drag coefficient and Reynolds number remains, 
as seen in Fig. 7, d. The maximum drag coefficient, like in the 
earlier examples, is 2.61 on a blade having a groove width  
of 12.5 mm. The opposite is true for blades without grooves, 
where the drag coefficient registers at its lowest, 1.4. Wider 
grooves typically lead to greater drag coefficients owing to 
increased surface area and enhanced fluid interaction; this 
is supported by the fact that the observed pattern remains 
consistent across varied turning degrees, further supporting 
the idea that groove width influences drag coefficient. Also, 
the Savonius rotor’s aerodynamic performance is highly 
dependent on flow dynamics, and the inverse relationship 

between the drag coefficient and Reynolds number is still 
clearly visible.

Fig. 8 provides a concise overview of the drag coeffi-
cient values at different turning angles, providing valuable 
insights into the aerodynamic performance of the Savonius 
rotor. The graphical representation helps to provide a clear 
understanding of the relationship between changes in turn-
ing angle and the drag coefficient, which is an important 
factor in evaluating rotor efficiency. When the turning angle 
is decreased, there is a corresponding decrease in the drag 
coefficient. The relationship between turning angle and 
drag coefficient becomes more apparent when the turning 
angle ranges from 90° to 45°. During this range of turning 
angles, there is a significant decrease of up to 15.3 % in the 
drag coefficient.
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The width of the grooves on the Savonius rotor has a no-
table impact on the drag coefficient, as wider grooves tend to 
lead to higher drag coefficients. The larger surface area and 
improved fluid interaction that comes with wider grooves 
can explain the relationship. With an increase in the width of 
the grooves, a larger amount of fluid is captured and redirec
ted, resulting in an amplified drag force on the rotor blades. 
It is worth mentioning that this relationship is not linear. 
Although wider grooves initially result in higher drag coef-
ficients, there comes a point where increasing groove width 
may no longer continue to increase the drag coefficient. It is 
worth noting that according to the data, there is a decline in 
the drag coefficient once the groove width exceeds a certain 
threshold, which is 15 mm in this particular case.

6. Discussion of the experiment of adding grooves  
to the Savonius rotor

The impact of the trade-off between efficiency and 
flow rate is one noteworthy finding from the investigation.  
A greater volume of fluid is moving through the rotor of the 
grooveless blade since its flow velocity is greater than that of 
the grooved versions. Nevertheless, the blade’s effectiveness 
devoid of grooves is poorer, even though the flow rate is higher.  
While a higher flow rate does increase fluid throughput, it 
does not guarantee that the turbine will be more efficient. 
This disparity highlights the intricate connection between 
flow dynamics and turbine performance.

Additionally, the investigation sheds light on how im-
portant groove design is for maximizing turbine efficiency. 
A groove width of 12.5 mm is featured in the model that 
achieves a rotation of 60 rpm with the least flow rate (Fig. 5). 
Based on these results, smaller groove widths may result 
in greater efficiencies, suggesting an ideal relationship bet
ween groove size and turbine performance. It is imperative 
to optimize the groove parameters for improved turbine 
performance due to the clear influence of groove design on 
fluid-structure interaction and flow patterns [20].

The effects of groove width on turbine performance, espe-
cially regarding efficiency and tip speed ratio (TSR), are il-
luminated by examining the Savonius rotor models. Notable 
for its outstanding performance, the model with a 12.5 mm 
groove width achieved an optimal TSR of 1.26 and a peak 
efficiency of 35.66 % (refer to Fig. 6). The importance of 
groove dimensions in determining the Savonius rotor’s per-
formance characteristics is highlighted by this observation. 
The model’s exceptional performance with a 12.5 mm groove 
width demonstrates the critical role of groove design para- 
meters in optimizing turbine efficiency and TSR. Optimizing 
energy conversion and overall turbine performance is pos
sible when designers meticulously choose the groove dimen-
sions to improve the interaction between the rotor blades 
and the fluid flow [21]. This model’s improved efficiency and 
TSR prove that groove width is a critical design element for 
improving turbine performance. In addition, while compar-
ing several models, the 12.5 mm groove width arrangement 
stands out as the most efficient and TSR-friendly. Based 
on these results, the 12.5 mm groove width model appears 
to be the best compromise between groove dimensions for 
maximizing turbine performance out of all the examined 
variants. This model’s improved efficiency and TSR show 
the importance of choosing the right groove width for tur-
bine performance [22].

Examining drag coefficients across different configu-
rations of the Savonius rotor provides insights into the 
notable impact of groove dimensions on aerodynamic per-
formance [23]. It is worth mentioning that the configuration 
with a groove width of 12.5 mm produces the highest drag 
coefficient, which reaches a value of 3.081. On the other 
hand, when the Reynolds number is at its lowest value of 
0.34 × 105, the blade without grooves reaches its highest drag 
coefficient of 2.71 (refer to Fig. 7). The findings highlight the 
importance of groove width in determining the aerodynamic 
characteristics of the Savonius rotor. The observed trend 
highlights the significance of groove dimensions in maximiz-
ing the aerodynamic efficiency of the Savonius rotor [24]. 
The presence of grooves on the blade’s surface has been found 
to enhance the drag coefficient, resulting in a notable im-
provement in energy extraction efficiency [23]. Well-planned 
grooves have the potential to optimize fluid-structure inter-
action, resulting in increased drag coefficients and ultimately 
enhancing turbine performance. The significant rise in drag 
coefficient when grooves are added emphasizes the effective-
ness of this design feature in optimizing energy extraction 
from the fluid flow [25].

The graph shows that the drag coefficient decreases as 
the turning angle decreases (Fig. 8 for the relevant data). The 
inverse relationship between rotation angle and aerodynamic 
drag highlights how these factors interact dynamically and 
significantly impact rotor efficiency. It should be noted that 
the correlation between turning angle and drag coefficient is 
strongest between 90 and 45 degrees of turn. A significant 
gain in aerodynamic efficiency is noticed as the turning angle 
decreases, as the drag coefficient drops by as much as 15.3 % 
within this range of turning degrees. These findings suggest 
optimizing turning angles is crucial for improving turbine 
performance [26]. Lower drag coefficients and higher energy 
conversion efficiency result from bigger turning angles.

There might be differences between laboratory results and 
the performance of turbines in real-world settings because 
the experimental setup doesn’t completely mimic real-world 
conditions. Inaccurate or irrelevant results could result from 
scale effects, boundary conditions, or environmental variables. 
The results may not apply to different turbine designs or 
operating situations because the study was conducted with  
a specific rotor design, groove configurations, and experimen-
tal equipment. Other results might be produced by varying 
the geometry of the blade, the fluid’s characteristics, and 
external variables. Fluid dynamics, structural mechanics, and 
electrical engineering principles all interact in a complicated 
way to affect the performance of hydrokinetic turbines. Be-
cause the research only looked at grooves in turbines, it might 
not have considered how those grooves interact with other 
parts of the system or other design factors.

The research may have overlooked other elements that 
affect the overall efficacy and efficiency of the turbine in fa-
vor of examining the effect of grooves on performance. More 
thorough approaches that consider a wider variety of design 
factors, operational situations, and performance indicators 
could be used in future studies to solve these drawbacks. Dis-
crepancies between laboratory results and real-world turbine 
performance could be caused by the study’s experimental 
setup, which may have been too simplistic and unrealistic. 
Experimental settings could be improved in future studies 
by using scaled-up models, more realistic flow conditions, 
and better measuring techniques. This would lead to more 
accurate and reliable results.
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The study may have relied on simplified experimental set-
tings like laboratory-scale models or controlled flow conditions, 
which might not have captured the complexities of real-world 
hydrokinetic turbine situations. This is one of the drawbacks 
of the study. The results may not apply to larger-scale turbine 
applications because of this. Blade material, curvature, and 
operating circumstances were not thoroughly investigated, 
and the study may have narrowed its focus to a small set of pa-
rameters, such as groove width and arrangement, which could 
impact turbine performance. Efficiency optimization may be 
missed due to a lack of thorough parameter investigation. The 
study may have ignored the actual variability of water cur-
rents in its results because it was conducted in a controlled en-
vironment with constant flow rates and velocities. There may 
be varying effects on turbine performance due to real-world 
factors such as turbulence and changing flow velocities.

In the future, there may be advancements in numeri
cal modeling techniques, like computational fluid dyna
mics (CFD), to better simulate the intricate fluid-structure 
interactions and flow dynamics around the grooved rotor 
blades. Accurately modeling turbulence, boundary layer ef-
fects, and unsteady flow phenomena can pose challenges that 
demand advanced computational resources and expertise. 
Potential future research could investigate the application 
of optimization algorithms to systematically enhance the 
performance of grooved Savonius rotor models by optimizing 
their design parameters. Developing efficient optimization 
algorithms that can handle the complexities of turbine design 
optimization can be challenging.

7. Conclusions

1. The Savonius rotor blade without grooves has an ideal 
drag coefficient of 2.71 and an efficiency peak of 30.97 %. 
Grooves increase drag coefficients significantly. Importantly, 
groove width affects the drag coefficient. As groove width 
rises, the drag coefficient increases. The drag coefficient 
increases with groove width from 5 mm to 12.5 mm groove 
width. When the groove width exceeds 12.5 mm, the drag 
coefficient decreases. This shows a critical threshold beyond 
which widening grooves does not proportionally increase the 
drag coefficient and may even diminish returns.

2. The best model is the 8-groove blade with a groove 
width of 12.5 mm, a drag coefficient of 3.08, and an efficiency 
peak of 35.26 %. This improves significantly over the baseline 
configuration. The drag coefficient rises by 0.37, and effi-
ciency increases by 4.29 %. These studies show that groove 
dimensions significantly affect Savonius rotor performance. 
Aerodynamically, the 8-groove layout with a 12.5 mm groove 
width has greater drag coefficients and efficiency than other 
variants. In hydrokinetic turbine applications, optimizing 
groove parameters in Savonius rotor design maximizes ener-
gy extraction efficiency and performance.
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