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Hydrokinetic turbines use differet rotors for
technological and economic reasons. Even though
it performs poorly, verfical-axis hydrokinetic tur-
bines use the Savomius rotor. The object of research
5 a Savonius rotor model with additional grooves.
The study addresses the need & improve the ejfft
ciency and overall performance of Savonius rotor
models in hydrokinetic turbines, which are wide-
Iy used for harnessing energy fiom flowing water
currents. The problem imvolves understanding how
di fferent groave configurations affect the aerody-
namic behavior and energy extraction e fficiency of
the Savonius rotor m hydrokinetic turbine applica-
tions. The test results revealed that incorporating
grooves led to notable improvements in e fficiency (y)
and coefficient of drag (CD). Grooved blades exhi-
bited a maximum e fficiency 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 e fficiency peak of 3366 %
and a drag coefficient 3.08. This indicates a sub-
stantial increase in e fficiency by 4.69 % and a cor-
responding rise i the drag coefficient by 0.37 for
grooved blades. The grooves on grooved blades
increase firiction, improving performance. Grooved
rotor blades improve turbine performance signfi-
cantly. Savonius rotor models in hydrokinetic tur-
bines extract more energy by optimizing groove
width and arrangement lo maximize drag coe fficient
and efficiency. Ths research affects hydrokinetic
turbine design and optimization for renewable ener-
gy generation. Engineers and designers can improve
the performance and efficdency of the Savonius
rofor model m hydrokinetic turbine applications by
applying this study s findings
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grooved blade, drag coefficient, tip speed ratio

= =

Revetvoed dote (1512.2023
Accepted date 12.02.2024

Published date 28022024 dot.ong /1015387 /1729-4061.202 4298915

1. Introduction

Hydropower & a pronising and environmentally friendly
renewable encrgy source, offiering a sustainable allernative to
traditional fossl fuel and nuelear power plants|i-3]. One
innovative method of converting water into energy & hy-
drokinetic energy technolegies, most notably the installation
of hydrokinetic turbines |4,5]. These turbines, also called
water current turbine s, are sophisticated electromechanical
devices designed 10 convert the kinetic encrgy in flowing
water corrents into electricity, One of the critical advantage s
of hydrokinetic turbines & their ability to generate cleetrici-
ty cfficiently, even at low speeds and heads, showcasing their
remarkable potential for clectricity 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,

llydrokinetic 1urbines are classified into two main calego-
rics based on the orientation of the rotor shaft relative 1o the
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Aow dire etion: vertical and horiz ontal shaft hydrokinetic tur-
bines |3, 6] lach calegory encompassses varous turbine de-
signs with unique characteristics and suitability for different
applications. Several nolable types of vertical shaft hydrok-
netic turbines are commaonly used, including the Savomus,
Troposkein Daerieus, H-Darneus, and Gotkw turbines |7, 8).
The Savonius Lurbine, in particular, § widely recognized
for ds simplicity in construction and cost-effe ctiveness in
installation and maintenance, making it a preferred choice
for small-scale power generation projecis |4, 8,4]. Despite
its ease of installation and maintenince advantages, the
Savonius turbine’s performance is Lypically lower than other
types. lowever, iLs suitabilivy for small-scale applications,
relatively straightforward design, and cost-effe cliveness make
it a practical choice for specific hydrokinetic energy projects,
espe cially in regions with linited resowrces and infristructure
for large-scale installations,

Over time, experts and practitioners have dedicated
dforts 1o enhance the peeformance characteristics of the
Savonius rolor through various design oplimiz ations and ad-
just ments to erucial parameters |6]. “These refinements ain 110

eso ik und the Craztise [ormmons CL BV kosnss



e

maximiz e rolor efficiency and energy output, Lhereby improv-
ing the overall efficctiveness 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 1o generate rotational power. Optimizing rotor perfior-
mance requires understanding drag force chamacteristics. The
blade surface drag force & caused by two main factors: fluid vis-
cosiLy and pressure distribution. The drag force along the blade
5 mainly affected by the geometry of the fluid-interacting
surf.ace, 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, & vital Lo understanding the Savonius rotor’s
acrodynamic 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 cfficiency and power generation [13].

Savonius turbines are suill studied for hydrokinetic energy
generation. Savonius turbine performance & affiected by many
factors, including rotor grooves. Rescarch s ongong o 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 & nuanced. These grooves alter
airflow patterns, pressure differentials, and aerodynamic losses.
Researchers hope grooves on the rotor will improve the tur-
bine’s aierodynamics and power generation. Therefore, research
on the offect of additional grooves on the performance of hy-
drokinetic wrbine Sarvonius motors & sull 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 electriony production |4, 10]. The appeal of this
oplion stems from various factors contributing W s popu-
larity among small-scale power plants. These factors include
steaightforward and cost-effective construction, ease of in-
stallation and mamtenance, clean energgy sources, predictable
potential, and favorable initial characteristices |2, 14]. Com-
pared to other vertical axis bydrokinetic rotors, Savonius-
Lype rotors excel a harnessing energy from low-speed water
flows |5]. Their adaptability makes them great for we i 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] carcfully analyzes the performance of a sngle -
stage modificd Savonius hydrokinetic turbine with twisted
blades, The study improved the understanding of turbine
officiency and functionality. The rescarch shows that twisted
blades boost Savonius wrbine performance, Even while prog-
ress has been achieved, some turbine performance questions
remain. Unresolved issues may arise from objective dif ficul-
ties related 1o the complexity of Muid dynamics involved
in turbine operation, the impossibilily of achieving optimal
blade configurations due to design constraints, or the high

cost of implementing cerlain turbine design modifications,
making research efforts impractical. Similar studies or ap-
proaches in comparable domains may help solve these issues.
Feer instance, it may help answer unanswered questions and
improve perfiormance analysis of modified Savonius hydroki-
nelic lurbines with iwisted blades. Ilowever, it 5 crucial lo
recognize any limits or differences in exisling 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 (urbines can harness low-
speed water currents Lhrough practical testing and computer
calculations. Additionally, the research illuminaies turbine
performance-affecling design and operational aspects. Even
though this study progressed, the design and operation of
low-speed horizontal axis hydrokinelic turbines remain un-
solved. Achieving good cfficiency and power output a low
water flow velocities is a significant problem. Minimal-specd
water currents have minimal kinetic energy. Thercfore, tur-
bine performance reguires inventive design and operation.
Optimizing low-spced horizontal axis Lurbine blade geo-
metry and rolor arrangement is another unanswered subject.
Designing bldes that absorb energy from low-velocity flows
while minimizing drag and structural loads 5 difficult. The
turbine-environment interaction, including secliment move-
ment and biofouling, provides issues that need additional
study. Traditional desgn and numerical modeling methods
cannol accurately forecast low-speed hydrokinetic turbine
performance, which s the main obstacle. Conventional ap-
proaches may not caplure the complicated fluid dynamics
and turbulent movement of kw-speed water currents.

The paper |[15] shows that the correct shape of thick
Hades for a hydraulic Savonius (urbine affzets turbine per-
formance. The study revealed how blade thickness affects
power-generating cfficiency and structural nte grity. 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
strenglh, and aerodyoamic performance. The complicated
interaction of these factors makes it difficult to establish
a blade design that maximizes power output and Lurbine
durability under varied operating situations. The design
process i further complicated by the inability o optimize
numerous conflicting goals, such as lift and drag, The tur-
bine design may also use expensive components o materials,
making research uneconomical. Researchers could we cre-
ative design methods and computational modeling to un-
derstand thick-bladed Savonius turbine performance better.
[nspiration from related industrie s or advanced oplimiz ation
algorithms like genetic algorithms or machine Jearning could
assst in exploring a larger design space and finding blade
forms that balance competing criteris,

The research [16] on axial rectungular grooves and tur-
bulent Taylor-Couette Mow sheds light on how groove geo
metry affeats flow and wocbulence, K xperimental evidence
shows that axial rectangular grooves change flow dynanics,
turbulence intensity, flow structure, and nixing 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 i a significant task. Changing
tlow while minimizing energy ksses and maintaining systeny



stability & challenging. The scalability and generalizabilit y
of experimental findings are another unanswered subject.
Extrapolating the results 1o other flow regimes or configura-
tions may be difficult due 1o the study’s experimental settings
and geometrical characteristics. The complexity of turbulent
flows and the multiphysical phenomena of Taylor-Couetie
systems make il impossible. The relationship between fluid
velodity, Lturbulence, and wall geometry is complex, making it
challenging to create theeretical models or predictive frame-
works that capture all critical events.

The paper |17] cxamines how overlap and gap ratios affect
hydraulic Savonius turbine efficiency and power production.
Iixperimental testing and analysis show that optimizing flow
patterns and decreasing energy losses by altering specific
geomelric 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 &
a major task. Optimization of overlap and gap ratios while
balancing drag reduction and power extraction i difficult.
Another unanswered concern B experimental data scalability
and generaliz ability, IZ xtrapolating the results to different tur-
bine sizes or flow regimes may be difficult duc to the study’s
design and operating conditions. The main obstacles are the
complexity of flow phenomena and mulliphysical interactions
in Savonius turbine operation. Fluid dynamics, rotor shape,
and operational parameters are intricately coupled, making it
dif ficult o create comprehensive theoretical moddls or pre-
dictive frameworks that capture all important cvents.

In reference 18], bowl-bladed hydrokinetic turbines with
additional steering blade numerical modeling demonstrate
how stecring bldes can improve performance and mancu-
verability. Numerical modeling shows that this design ad-
justment improves turbine cfficiency and power extraction
from flowing water currents. This work improved the prac-
Licality and scalabifity of bowl-bladed hydrokinetic wrbines
with additional steering blades, but many problems remain.
Simulating the complex fuid-structure interactions and
hydrodynamic forees experienced by turbine components un-
der different flow conditions effectively & a major problem.
Creating a numerical model that effiectively depicts the sicer-
ing blades” dynamic behavior and interaction with the main
rotor blades & difficult. Another unanswered topic & how to
design and operate bowl-bladed hydrokinetic turbines with
steering blades to maximiz e performance. Numerical simula-
tions can provide flow dynamics and performance measures,
but real-world validation & nceded w0 prove the design's
officacy and practicality. The intricacy of fluid-structure
nteraction problems and the computer resources required
o accurately model bowl-bladed hydrokinetic turbines with
guiding blades make t 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,
i computationally difficult.

Prior studies have examined dilferent facets within hy-
drokinetic turbines, including the refinement of blade shape,
the optinization of turbine geometry, and the wlilization of
CIT} simulations for Savonius rolors, Nevertheless, there
a notable absence of thorough investigation in the current. |-
Lerature regarding incorporating grooves into Savonius rotors.
Thus, the research involved varying the groove widths on the
Savonius rotor to ssess their impact. Examining the effiect

of grooves on blade performance s a suitable approach o
enhance the efficiency of the Savonius rolor. This can be
achieved by augmenting the drag disparity between the for-
ward and reversc blades.

q The aim and ohjectives of the study

The aim of the study s (o 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:

o obtain the cfficiency value on the Savonius rotor
blade in several groove widths;

o 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 & a Savonius rolor model with
additional grooves. The study’s main hypothe sis s that in-
teggrating additional grooves on a Savonius turbine's rotor
blades will improve turbine performance metrics such as
efficiency, drag coefficient, tip speed ratio (TSR), and cnergy
extraction capabiliies. Specifically, the hypothesis posits
that introducing grooves on the rotor blades will enhance
fluid flow dynamies, increasing drag forces and improving
energy conversion cfficiency. Additionally, it 5 hypothe sz ed
that the optimzed blade design with grooves will lead w
a higher TSR and overall better performance of the hydroki-
netic turbine, ultimat cly contributing o enhanced renewable
energy generation capabilities. The study aims to validate
this hypothesis Lthrough experiviental testing and numerical
simulations and provide empirical evidence supporting the
effectivencss of inle grating grooves on the Savonius rotor
model 0 enhance hydrokinetic turbine performance.

The study assumes that the flow conditions during expe-
rimental testng and numerical simulations remsain constant
throughout the inve stigation. This assumpuion simplifics 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 pericd.
This simplifying assumption allows for a more in-depth
examination of the fluid-structure interaction and turbine
performance, disregarding any changes in flud properties.
The study suggests an idealized cotor design with consistent
blade geometry and material propertics. Although this sim-
phfication streamlines the analysis, it might not encompass
all the intricacies of turbine designs in the real world,

4.2, Materials

The g model consists of a groovele ss and grooved two-
blacde Savonius rotor made from PYC material. s purpose is
1 evaluate the effed of grooves on turbine performance. The
rotor's dimensions are preciscly 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 42 mm
thickness & included i the design o improve the structural
integrity and optinize the flow patierns around the rotor,
The shafl, which B esssential for the rotation of the retor, has
a diameter of 8 mm and is meticulously designed 1 have no
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overlap (OR=0). [Fig. 1 shows the isometry o 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 hck
of overlap, s intended to attain peak performance and accu-
rately capture the intricacies of the Savonius rotor’s behavior.

0000\ e

22000
10.0
| BILD
2000
= 10.0
=
f'\--
[
e
= -
3 =) =
23
|
‘Unit: mm

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 variely of dimensions to investigate o find the most
optimal configuration. The groove widths exhibit a system-
atic variation, encomp:ssing 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 cach groove on the con-
cave side 5 meticulously maintained al 4 mm, resulting in
cight 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, rescarchers can evalvale the mpact
of variows 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 carcfully designing and constructing the groove geometry,
this study secks to uncover the most effective groove config-
uralion for improving the performance of the Savonius rotor,
Re searchers can systematically test varous groove widths to
determine the optimal design parameters (o enhance energy
extraction efficiency and turbine performance in hydrokine-
Lic applications.

4.3. Experimental setup

The experimental test was carried out in an irrigation
channel that measures 150 em wide and 100 em high. The
Lesling enviconment & spacious, and the flow control is re-
lisble, thanks 10 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 Okg 1o 2.5 kg, increasing by 0.5 kg. This
systematic approach facilitaled the achievement of multiple
levels of consistent rotation, explicitly fiocusing on rotational
speeds of 60 rpm. The rotalional speeds were meticulously
chosen 10 encompass a wide range of eperational conditions
and to offer a thorough comprehension of the turbine’s per-
formance under different load scenarios.

Iig. 2 depicts a blade configuration with eight grooves.
The widihs of the grooves range from O mm to 17.5 mm,
increasing in intervals of 25 mm. This visual representation
accurately portrays Lhe 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 evaluale the impact of changes in groove
dimensions on the aerodynamic characteristics, drag cocffi-
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 Draking
load variations using a string- pulling lever mounted on the
support frame, & shown in Fig.3, This configuration enabled
accurate control and fine-tuning of the loads applied to the
wrbine , guarante eing uniformity and consistency during the
experimental Lesting. Rescarchers collected comprehensive
data on the turbine’s performance wross various operating
conditions by systematically adjusting the loads and closcly
ohserving 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
kads and rovational spe eds, a comprehensive analysis of the
wrbine 's operational characteristics ¥ conducted, yiclding
valuable insights into the impact of groove modifications on
enhancing tuebine perfiormance,

The variety of groove widths used i the experimental
analysis of the Savopius rolor is summarized in lable 1,
Atowal of seven different configurations are available, each



with a different groove width variation, all to investigate
how different groove diameters affect rotor performance.
A rotor arrangement without grooves i used as a baseline to
start the testing methodology. The next step i Lo gradually
add grooves that are 25 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
2 3
3 75
4 10 60
a 12.5
6 15
7 17.5

A consistent rotational speed of 60 rpm was applied to
cach groove width configuration on the Savonius rotor, The
standardized rotational speed was intentionally sclected
to ensure a uniform testing paramcter for all groove width
varfations. The rescarchers experimented by maintaining
a comsistent rotational speed. This allowed them to focws
solely on the mpact of groove width vanations on the drayg
coefficient and cfficiency of the Savonius rotor. Consistently
maintaining a fixed rotational specd of 60 rpm throughout
the experimentation process allows for accurate analysis of
the variations in groove width, as any observed difference s
n drag coefficient and efficiency can be directly attributed
(o this factor. In this controlled experimental setup, we can
closely examine the impact of changes in groove width on
the acrodymamic performance and overall officiency of the
Savonius rotor. The consistent operating conditions ensure
accurate analysis of the results.

4. 4. Methods and testing

Several experiments were carried oul in i wind tupnel
o obtain parameter values for the drag force (1)) and
drag cocfficient (CI)} w validate and guarantee the rele-
vance of the model performance results (IFig, 4). As part of
these experiments, the turbine was subjecied to a scries of

incremental constant speeds ranging from 3m/s to 9 m/s
while altering the rotation angles of is 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 understond if rescarchers test it at various rotation
angles and sce how it performs relative to the incoming flow.

a b

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

Experiments were carried out 10 measure the drag force
and drag coefficient produced by the mode m a controlled
wind tunnel setting (FFig.4,2). To guarantee the accuracy
and consistency of Lhese observalions across experiments
using different working fluids, the concept of similarity,
precisely the Reynolds number (Re), was wed as a reference
parameter [19]. The Reynolds number & a dimensionle ss
quantity that helps determine the flow regime of a fluid.
It considers factors Iike fluid densily, viscosity, and velocity.
By cosuring a consistent Reynolds number across experi-
ments concducted with different working fluids, rescarchers
can guarantce similarity in flow characteristics and enable
meaningful comparisons between results obtained in water
and air covironments,

The exact adjustment of the wind tunnels airspred w
match the Reyoolds number measured while testing with
irrigation canal water flow was necessary o accomphsh
this resembbnce. This adjustment guarintees that the flow
conditions within the wind tunnel closely resemble those
observed i realworld water flow scenarios, allowing for
precise comparisons of drg force and dag coefficient across
various fluid environmeots (Vg 4, §). After careful analysis,
it was concluded thar the ideal constant speed inpul level for
the wind tunnel experiments falls between 3 n/s and 9 m/s,
Thes range represents Reynolds numbees within the specified
range of 0.34x 10F 10 1.01x10 . This cosures that the flow
conditions remain consistent and allows for meaningful com-
parisons between experimental eesulls oblained using water
and air as working fluids.

In addition, the range of constant speeds was carefully
selected 1o 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 tunncl testing and canal Lrials. The model perfor-
mance {indings derived froni the experimental testing carried
out in the ireigation canals are validaied by these wind tunnel



Lests, an essential validation step. Researchers can make their
findings more credible and applicable by conducting inde-
pendent testing in a controlled wind tunnel.

3. 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 (TS R),
and efficiency (n). I“ig 3 visually illustrales 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. I & clear that the blade
without grooves has a higher flow rale compared 1o other
models, but it has lower efficiency. To achieve maximum cffi-
ciency, the blade without grooves ({) grooves) requires a flow
rate of (.0181 m?/s This results in an efficiency of 3096 %
a 60rpm On the other hand, the model that achieves
a rotation of 60 rpm with the smallest flow rale has a groove
width of 12.5 mm.

V1= 0 mm
15 4 = 5mm 5
s 75mm ] TH ;
o 304 10mm it
g 12.5mm H t
B“ B9 15 mm * - }
E ;] * 175mm L
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2 §
= 154 it
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Flow rate, Q (m*/s)

Fig. 5. Graph of flow rate vs efficiency at several variations
n 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
rae does mot always lead W improved officiency, especially
without groove modifications, In addition, the data highlights
the potential 10 enhanee efficiency by strategically modifying
groove dimensions. This & demonstrated by the model that
achicved a rotation speed of 60 rpm and the smallest flow rate
requirement when the groove width was set a0 12.5 mm.

Iig, 6 presents a graph that showcases the relationship
between the Tip Speed Ratio (TSR) and the efficiency of
the Savemus rotor, The highest TSR attained by a blade
lacking grooves is documented as 118, TSR & a crucial factor
that measures the relationship between the angular rotation
speed (©) and the flow speed (V), giving us valuable infor-
mat ion about the rotor's efficicncy in different operating con-
ditions. By carefully exanining the consistent rotation (n)
M various levels, it becomes clear that the flow velocity
factor plays a crucial role in causing variations in TSR. More
specifically, models with smaller ISR values achieve this
by employing higher flow velocities. This relationship em-
phasizes the complex interaction belween rotational speed,

flow velocity, and TSR, siressing the nced to optimize these
parameters for oplimal rotor efficiency.

The model with a groove widith of 12.5 mm & remarkable,
achieving an optlimal TSR of 126 and an effidency pesk
of 3566 % This observation highlights the imporlance of
groove dimensions i det ermining the performance of the Savo-
nius rotor. Among Lhe diffizrent models, the configuration with
agroove width of 125 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 cocfficient are compared
across several Savonius rotor model rotation angles m Fig 7.
The impact of grooves on the blade’s surface and the rotor's
acrodynamic performance in different sellings can be better
understood by comparing and contrasting the two. Looking
& Fig 7, a iW's clear that the grooved blade model always
has o higher drag cocfficient than the one without grooves,
regarclless of the turning angle at 90°. Generally, blade s with
grooves produce more significant drag cocfficients, as this
data shows that groove presence dfects drag coefficient.

Among the configurations that gencrate the highest drag
coefficients, the one with a width of 12.5 mm stands oul with
avalue of 3.081. AL the lowest Reynolds numiber (0.34x 107),
on the other hand, the blade devoid of grooves reaches its
maximum drag coefficient of 2.71. The acradynamic perfor-
mance of the Savonus rotor & greatly affected by the width
and shape of its grooves, as these data demonstrate. Grooves
on the bade’s surface increase the driyg cocfficient, which
helps improve the efficiency of energy extraction. The trend
also shows that the Reynolds number & a key factor in the
drag cocfficient and that changes in flow conditions impact
the rotor's aerodynamic behavior,

I addition, a Luening angle of 75° (as shown in 19ig.7,h)
reveals exciting findings abouwt the drag coefficient. It & worth
noting that a blade with & width of 15 mm demonstrates the
highest drag cocfficient, which reaches a value of 277 The ma-
ximum drag coefficient i attained o the lowest recorded Reyn-
olds number value of 0.34x €%, On the other hand, the blade
withoul grooves shows Lthe lowest drag cocfficient, measuring at
17:3, which happens @ a Reynolds number of 0.79x 105, In ad-
dition, & & worth mentioning that when the Reynolds numbsers
exceed 0.79x 1P, the variations in drag cocfficient vales ge-
nerated Ty all models tend o deerease compared to the changies
observed o lower Reynolds numbers, Bassed on this observa-
tion, the impact of Reynolds number on the drag cocfficient
diniinishes 23 Reynokls numbers supisss a specific threshold.
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The correlation between the drag coefficient and the
Reynolds number still yields intriguing findings al a 60°
turning angle, = shown in Fig7.c. U B worth mentioning
that the drag cocfficient reaches s maximum of 2.71 a the
lwest Reynolds number. With lower Reynolds numbers
cquating to higher drag cocfficients, this data highlights the
considerable importance of Reynolds numbers on drag cocf-
ficients. Curiously, the drag cocfficient & the smallest (1.5)
w the highest Reynolds number reported in the dataset.
Variations in fluid flow conditions can lead to unexpected
outcomics in aerdynamic performance, as this discovery
shows in the debcate link between flow dynamies, Reynolds
number, and dag 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 Jowest. Because
of the increased surfoace arca and improved fuid interaction,
drag coefficients tend to be greater for larger grooves, as this
finding shows that the grooves” width and arrangement affiect
the drag coefficient,

AL a 45° turning angle, the pattern in the relationship
between the drag coefficient and Reynolds number remains,
w seen in Flig7, d The maximum drag cocficient, ke in the
carlier examples, s 260 on a blade having a groove width
of 12,5 mm. The opposite & true for blades without grooves,
where the drag coclficient registers at its Jowest, 1.4, Wider
grooves typically kead o grester drg coefficients owing to
increased surface area and conhanced flud interaction; this
B supported by the fact that the observed patiern remains
consistent across varied turning degrees, luether supporting
the idea that groove width infliences drag coefficient. Also,
the Savonius rotor's acrodynamic performance i highly
dependent on flow dynamies, and the inverse relationship

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

Iig. & provides a concise overview of the drag cocffi-
cient values at different turning angles, providing valuable
insights inte the acrodynamic performance of the Savonius
rotor. The graphical representation helps w provide a clear
understanding of the relationship between changes in turn-
ing angle and the drag cocfficient, which & an important
factor in evaluating rotor efficiency, When the turning angle
i decreaseq, there 5 a corresponding decrease in the drag
cocfficient, The relationship between turning angle and
drag coefficient becomes more apparent when the turning
angle ranges from 90 o 45° During this range of turning
angles, there i o significant decrcase of up w 15.3 % in the
drag cocfficient,

3.5

Drag eoefficient
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o
o
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Fig. 8. Drag coefficient value with several variations
in turning angle



The width of the grooves on the Savenius rotor has a no-
table impact on the drag coefficient, as wider grooves Lend 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 & captured and redirec-
ted, resulting in an amplified drag force on the rotor blades.
It s worth mentioning that this relationship & 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 &
worth noting that according to the data, there 5 a decline in
the drag coefficient once the groove width exceeds a certain
threshold, which i 15 mm m this particular case

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

The impact of the trade-off between cfficiency and
flow rate & onc noteworthy finding from the investigation.
A greater volume of fluid 5 moving through the rotor of the
grooveless blade sinee s flow velocity s greater than that of
the grooved versions. Nevertheless, the blade’s effectivencss
devoid of grooves & poorer, even though the flow rate is higher.
While a higher flow rate does increzise fluid throughput, it
does not guarantee that the turbine will be more cfficient.
This disparity highlights the intricate connection between
flow dynamics and wrbine performance.

Additionally, the investigation sheds light on how im-
portant groove design & for maximizing lurbine cfficiency.
A groove width of 125 mm & featured in the model that
achieve s a rotation of 60 rpm with the least flow rate (Fig. 5).
Based on these results, smaller groove widths may result
in greater cfficiencie s, suggesting an ideal relationship bet-
ween groove size and turbine performance. It & imperative
to opltimize the groove parameters for improved turbine
performance due to the clear influence of groove design on
{luid-structure interaction and fMlow patterns |20

The effzcts of groove width on turbine performance, espe-
cially re garding cfficiency and up speed ratio (TSR), are il
luminated by examming the Savonius rotor malels, Notable
for its outstanding perfisrmance, the model with a 12.5 mm
groove width achieved an optimal TSR of 1.26 and a peak
efficiency of 3566 % (refer to " 6). The importance of
groove dimensions n determining the Savonius rotor's per-
formance charactenstics s lighlighted by this observation,
The model’s exceptional performance with a 12.5 mm groove
width demaonstrates the critical role of groove design para-
meters in optimizing turbine efficiency and TSR, Optimizing
energy conversion and overall turbine performance & pos
sible when de signers 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 s a critical design element for
improving turbine performance, In addition, while compar-
ing several models, the 12.5 mm groove width arrangement
stands out w8 the most clficient and TSR-friendly Based
on these results, the 12,5 mni groove width model appears
o be the best compromise belween 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].

l:xamining drag coefficients across different configu-
rations of the Savonius rolor provides insights into the
notable impact of groove dimensions on acrodynamic per-
formance [23]. IL & worth mentioning that the configuration
with a groove width of 12.5 mm produces the highest drag
coefficient, which reaches a value of 3.08. On the other
hand, when the Reynolds number & al #s lowest value of
(.24x10°, the blade withoul grooves reaches its highest drag
coefficient of 2.71 (refer w Ifig. 7). The findings highlight the
importance of groove width in determining the aerodynamic
characteristics of the Savonius rolor. The observed trend
highlights the significance of groove dimensions in maximiz-
ing the acrodynamic cfficiency of the Savonius rotor |24].
The presence of grooves on Lhe blade’s surface has been found
o cnhance the drag cocfficient, resulting in a notable im-
provement in encrgy extraction cfficiency |23]. Well-planned
grooves have the potential lo oplimize fluid-structure inter-
action, resulting in increased drag cocfficients and ultimately
enhancing turbine performance. The significant rise in drag
cocfficient when grooves are added emphasiz es the effective-
ness of this design fealure in oplimizing energy extraction
from the fluid flow |25].

The graph shows that the drag cocfficient decrcases as
the turming 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 impacl rotor efficiency. It should be noted that
the correlation betwe en Lurning angle and drag coefficient s
strongest between 90 and 45 degrees of turn. A significant
gain in aerodynamic efficiency & noliced @s the turning angle
decreases, as the drag cocfficient drops by as much as 15.3%
within this range of turning degrees, These findings sugge st
oplimizing lurning angles & crucial for improving turbine
performance [26]. Lower drug coefficients and higher energy
conversion efficiency resull from bigger turning angle s.

There might be diffe rences between laboratory results and
the performance of turbines in real-world settings because
the experimental setup doesn’t completely mimic real-world
conditions, Inaccurale or irrelevant resulls could result from
scale dffedts, boundary conditions, or envirenmental variables,
The results may nol apply o different turbine designs or
operating situations because the study was conducted with
a specific rolor design, groove configurations, and experimen-
tal cqupment, Other resuls might be produced by varymg
the geomelry of the blude, the fluid's characteristics, and
external variables, 1'luid dynamics, steuctural mechanics, and
cleetrical engine ering principle s all interact in a complicated
way 10 affeet the performance of hydrokinetic turbines, Be-
cause the ressearch only looked o grooves in turbanes, it might
mol have considered bow those grooves interact with other
parts of the system or other design factors,

The research may have overlooked other elements that
affiect the overall efficacy and efficiency of the turbine in T
vor of examining the dfect of grooves on performance. More
thorough approaches that consider a wider variety of de ggn
factors, operational situattons, and performance indicators
could be used in fulure studies o solve these drawbacks, Dis-
crepancté s betwe en laboratory resulls and real-world tarbine
performance could be caused by the study's experimental
setup, which may have been Loo simplistic and unrealistic,
Experimental settings could be improved in fulure studies
by using scaled-up models, more realistic flow conditions,
and Detter measuring technigues. This would Jead 1o more
accurate and reliable results,



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 & 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 circumstlances were ol thoroughly investigated,
and the study may have narrowed #s focus to a small set of pa-
ramelers, such as groove width and arrangement, which could
impact turbine performance. Efficiency optimization may be
missed due 1o a lack of thorough parameter investigation. The
study may have ignored the actual variability of water cur-
rents in its results because 1 was conducted in a controlled en-
vironment with constant flow rates and velocities. There may
be varying cffeds on turbine performance due to real-world
factors such s turbulence and changing flow vclocities.

In the future, there may be advancements in numeri-
@l 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 expertisc.
Potential future research could investigate the application
of oplimization algorithms to systematically enhance the
performance of grooved Savonius rotor models by optimizing
their design parameters. Developing efficient optimiz ation
algorithms that can handle the complexities of turbine design
oplimiz ation can be challenging.

2 The best model & the 8-groove blade with a groove
widith of 12.5 mm, a drag coefficient of 3.08, and an efficiency
peak of 3526 %. This improves significantly over the baseline
configuration. The drag cocfficient rises by 0.37, and effi-
ciency increases by 429 %. These studies show that groove
dimensions significantlly affect Savonius rolor performance.
Aerodynamically, the 8-groove layout with a 12.5 mm groove
width has greater drag coefficients and efficiency than oiher
variants. [n hydrokinetic turbine applications, oplimizing
groove parameters in Savonius rolor design maximizes ener-
gy extraction cfficiency and performance.
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7. Conclusions

Use of artificial intelligence

1. The Savonius rotor blade without grooves has an ideal
drag coefficient of 2.71 and an cfficiency pedk of 30.97%.
Grooves increase drag cocfficients significantly. Importantly,
groove width affects the drag cocfficient. As groove width
nscs, the drag cocfficient imcreases. The drag coefficient
increases with groove width from 5 mm to 12.5 mm groove
width. When the groove width cxceeds 12.5 mm, the dhag
coefficient decreases. This shows a critical threshold beyond
which widening grooves does not proportionally increase the
drag cocfficient and may even dinunish returns,

The authors confirm that they did not we artificial intel-
ligence te chnologie s when ereating the current work.
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