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ABSTRACT

The current work's objective is to investigate how the Savonius rotor performs
in relation to the surface square collars and rectangular waves. The experimental
study was carried out for three different blade profiles: conventional
semicircular blade, semicircular blade with hollow collars, and semicircular
blade with closed collars. The results indicate that the rotor with hollow collars
outperforms the rotors other two blade profiles. The rotor’s highest coefficient
of power with hollow collars is 6.68 % and 13.80 % higher than the semicircular
bladed conventional rotor and the rotor with closed collars, respectively. This
optimized blade was further investigated for different rectangular waves
provided between two consecutive collars on the outer side and the inner side.
The investigation reveals that the rotor's highest coefficient of power with 0.11
depth to pitch ratio at the outer edge is 13.36 % and 6.28 % higher than the
conventional rotor and rotor with 0 depth to pitch ratio respectively, while the
highest coefficient of power achieved for the rotor with 0.22 depth to pitch ratio
at the inner edge is 14.98% and 7.78 % higher than the conventional rotor and
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rotor with 0 depth to pitch ratio, respectively.

1. INTRODUCTION

Energy consumption has increased due to various
causes, including an expanding global population,
industrialization, technological breakthroughs, the
popularity of electric cars, and smart city projects.
Electricity has mostly been produced using fossil fuels as
an energy source. Hydrokinetic turbines are excellent
alternative renewable energy sources to lower dependency
on fossil fuels, which release greenhouse gases, including
carbon monoxide, carbon dioxide, nitrous oxide, and
methane (Talukdar et al., 2018).

The hydrokinetic turbine makes it feasible and cost-
effective to extract the energy of moving water to produce
electricity, even in remote areas (Basumatary et al., 2018).
Hydrokinetic turbines can be classified into two groups
based on their axis orientation: horizontal-axis and
vertical-axis turbines (Hazar et al., 2025). The technical
difficulties of blade design, generator placement, and
cable connection make a vertical axis turbine more useful
in hydroelectric applications than a horizontal axis turbine
(Khan et al., 2009). Savonius turbines and Darrieus
turbines are two forms of vertical axis turbines. Because

of their favorable starting characteristics, ease of
manufacturing, setup, and maintenance, and low operating
costs, Savonius turbines are becoming more popular than
Darrieus turbines despite having a lower power generation
capacity and coefficient of power (Sharma & Sharma,
2017).

2. ADVANCEMENT IN SAVONIUS TURBINE

Through experiments, Patel et al. (2017) have
optimized the inner space between two blades as an
overlap ratio (OR) and the rotor height as an aspect ratio
(AR). According to the study's findings, in order to
maximize the energy harvested from the water flow, the
overlap ratio should be maintained between 0.1 and 0.15,
and the aspect ratio should be maintained at 1.8.

The impact of the tapered-bladed turbine was
numerically studied by Shashikumar et al. (2021) and
found that the conventional turbine outperformed the
taper-bladed turbine. The effect of two straight plate
deflectors was investigated by Salleh et al. (2022). The
study concluded that deflector configuration and position
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NOMENCLATURE

A projected area of turbine rotor
G coefficient of torque

Ctinax maximum coefficient of torque
G, coefficient of power

CPimasx maximum coefficient of power
r radius of the turbine shaft

D diameter of rotor

diameter of the end plate of the rotor

D

d, shaft diameter

F, Fraud number

h depth of the rectangular wave
N numbers of revolutions

P

pitch of the wave provided at the outer

edge of the blade

P maximum power output of the rotor

P;, input power to the turbine or power
available in flowing water

P .: mechanical power output from the turbine
rotor [W]

R radius of the turbine rotor

Re Reynolds number
S load cell reading
T torque available at the turbine rotor shaft
Tnax maximum torque output of the rotor
U tip speed of the turbine rotor
Vv free stream velocity of flowing water
/4 weight applied on weight pan
GREEK SYMBOLS
u dynamic viscosity of the water
p density of water
® angular velocity of turbine in
A wave length of the wave provided at the
outer edge of the blade
ABBREVIATIONS
OR Overlap Ratio
SIMPLE Semi-Implicit Method for Pressure Linked
Equations
SST Shear Stress Transport
TSR Tip Speed Ratio

significantly impact the performance. The impact of the
semicircular flow deflector placed at the upstream side of
the semicircular rotor is experimentally investigated by
Patel R. and Patel (2022). They changed the deflector's
position throughout the experiment to maximize the rotor's
power output. The position of the circular cylindrical
deflector was optimized by Yuwono et al. (2020). The
impact of a upstream side porous deflector was studied by
Eshagh et al. (2020). According to the study’s findings, a
rotor with a porous deflector performs better than a solid
deflector. Yahya et al. (2021) have studied the impact of
numbers of guide vanes of 4, 5, and 6 and their tilt angles
of 0° 20° 40° and 60° for the semicircular bladed
Savonius wind turbine. Optimum performance was
obtained for six-numbers guide vanes with a 60° tilt angle.

The shape of the blade has major effects on the rotor's
performance. The impact of arc angle of the blade was
illustrate by Driss et al. (2015). The impact of the duel
splitter was numerically examined by Patel et al. (2021a).
Because of the blade's symmetrical design, 2D transient
simulation is employed in the study, along with the SST
k-o model for turbulence and SIMPLE algorithm for
pressure velocity coupling. At the entrance, Velocity inlet
and at the exit pressure outlet with zero-gauge pressure
boundary condition is assign. From the study, they found
the optimum position of the top splitter of 105° while the
bottom splitter kept fixed. Two distinct blades, such as the
SR5050 and SS3345, were employed by Tartuferi et al.
(2015). The impact of the inner edge arc extension for
different lengths and angles was investigated by Abdelaziz
et al. (2022) and found the optimum configuration of the
rotor, whose C, is 13.6 % higher compared to the
conventional rotor. Kamoji et al. (2009) have
experimentally found that the batch-type rotor performs
optimally for O overlap ratio, 0.7 aspect ratio, 124° blade
arc angle, and 0.2 shape factor. Golecha et al. (2011) and
Kailash et al. (2012) further optimized this rotor by adding

two straight plate deflectors on the upstream side of the
rotor. From the study, they find the position of the
deflector for which turbine performs optimally. Patel et al.
(2023b) examined the effect of the length of the inner edge
extension. During the study, they found that a reduction in
extension length reduces the performance. Patel et al.
(2023c) performed a numerical evaluation of the effect of
the extension ratio for the modified Savonius rotor. From
the study, they concluded that the turbine performs
optimally for an extension ratio of 0.041. The performance
of the conventional rotor, batch-type rotor, and elliptical
bladed rotor was numerically analyzed by Kacprzak et al.
(2013). From the study, they found that the batch-type
rotor outperformed the other two. The shape of the blade
was optimized by Banh Duc et al. (2023) by providing
multiple curves on the blade. From the study, they obtain
wind the configuration of the rotor with a higher
coefficient of power and 20% higher rotational speed with
improved self-starting behavior.

The modified blade with aerodynamic front and was
proposed by Kerikous & Thévenin (2019). Patel and Patel
(2023) have found that the sharp edge of the blade should
be kept outside to obtain better performance. Patel et al.
(2021b) examined the impact of arc radius at the blade’s
inner edge and discovered an adverse impact on the rotor's
performance.

Zhang et al. (2021a) introduced the idea of waves on
the blade's leading edge for propeller and Darrieus
turbines. Patel and Patel (2023) used this idea to a
modified Savonius rotor on the blade's outside edge by
varying the pitch depth while maintaining a constant
wavelength.

According to Thiyagaraj et al. (2020) investigation on
the effect of blade count, two-blade turbines were the most
effective. Talukdar et al. (2018) observed that the two-
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bladed turbine outperformed three-bladed turbine. That’s
why a two-bladed rotor is considered in the present study.

Kamoji et al. (2009) have found that the provision of a
shaft between two blades reduced the performance of the
rotor. That’s why there is no shaft is placed between two
blades and the only shaft that consider in present
investigation is to measure torque output which is placed
on the support structure.

Patel et al. (2017) examined the consecuences of an
endplate and observed that the circular end plate positively
affects performance. The impact of end plate shape was
studied by Goodarzi & Salimi (2021) for conventional
turbines, while Jeon et al. (2015) investigated the helical
blade turbine with differently shaped end plates. Both of
them concluded that the Savonius turbine with circular end
plate performs superior. Hence, in the present
investigation, a circular endplate is used at both ends of
the blades.

One prominent conclusion drawn from the literature
survey is that the turbine's performance is greatly
impacted by the blade's shape. The two-blade rotor
operates optimally. The provision of a shaft between two
blades reduced the performance. The provision of the end
plate and its shape significantly affect the performance,
especially rotor with circular end plates perform
optimally.

Numerous research have been conducted on the shape
of the Savonius turbine's blade; however, the idea of a
collars on the blade's returning side has not yet been
explored. Also, the provision of rectangular waves on the
outer and inner edges of the blade is an area that requires
further investigation.

3. DATA REDUCTION

3.1. Input Torque

The hydrodynamic torque imparted by flowing water
on the turbine is termed input torque. It can be calculated
using Eq. (1) (Amiri et al., 2019).

T, = pAVR M

3.2. Output Torque

The actual mechanical torque available at the shaft of
the turbine is termed output torque. It can be measured by
the rope brake dynamometer. It can be calculated using

Eq. (2).
T, =E-F)r )

3.3. Coefficient of torque

The ratio of shaft output torque to input torque of the
water flow is termed as coefficient of torque. It can be
computed using Eq. (3) (Tata et al. 2024).

C = T

t

% PAV’R G)

3.4. Tip speed ratio (TSR)

The ratio of the rotor’s tangential velocity to the flow
velocity (U) is termed as tip speed ratio. It can be
computed by using Eq. (4) (Patel et al. 2018; 2023a).

U_Do

TSR=—= 4
Voo @)

3.5. Input Power

The energy imparted by the flowing water is termed as
Input power. Input power can be calculated using Eq. (5)
(Patel, V.& Patel, 2022).

1 )

P, =—pAV’
in 2p

3.6. Output Power

Output power is the actual power generated by the
turbine. It can be calculated using Eq. (6) (Ramarajan &
Jayavel, 2022).

P =Tw (6)

out

3.7. Coefficient of Power

The rotor's capacity to convert input power into shaft
power is indicated by the coefficient of power. It can be
computed using Eq.(7) (Kumar & Saini, 2017; John et al.,
2020).

c =fw_ 10 _repc
in 5 pAV? (7)

4. CONCEPTUAL DISCUSSION

The drag force on the upstream side of the returning
blade is decreased by the presence of surface square
collars. This enhances the turbine's performance and self-
starting capability while lowering the braking torque. The
hollow passages allow the water to flow through it. That
water flow will cause blade to experience drag force.
Which positively affects the rotor’s performance. That’s
why the rotor with hollow collars outperforms the rotor
with closed collars. The schematic diagram of the 3D flow
pattern for the rotor with the hollow collars is shown in
Fig. 1.

The provision of rectangular waves on the blade’s
outer edge causes delay in flow separation, while in the
peak plane, it takes place earlier and bleeding of water
through the slot from the high-pressure region to the low-
pressure region. Which decreases the drag force and
increases the lift force imparted by water on the blade
(Zhang et al. 2021a, b). This delay in flow separation
causes a decrease in breaking torque on the returning
blade, which improves the performance of the rotor (Patel
& Patel 2023). However, driving torque due to the
advancing blade also decreases because of the delay in
flow separation, which negatively affects the performance
of the rotor. This delay in flow separation depends on the
depth of the waves. The schematic diagram of the 3D flow
pattern for the rotor with the hollow collars and waves at
outer edge is shown in Fig. 2.
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Fig. 1 Schematic of 3D flow pattern for rotor with
hollow collars

Fig. 2 Schematic of 3D flow pattern for rotor with
hollow collars and waves at one edge

The provision of rectangular waves on the inner edge
of the blade causes large overlap region, as shown in Fig.
3(b). In the peak plane where the overlap ratio is optimum,
flow from the advancing blade strikes on the downstream
side of the returning blade, while in the waves region, a
larger overlap ratio causes diversion of the flow from the
advancing blade. This negatively affects the performance
of the rotor as in the waves region, the flow doesn’t strike
on the downstream side of the returning blade. Also, the
provision of the rectangular waves reduces drag force on
both blades of the Savonius rotor (Patel & Patel, 2023).
The schematic diagram of the 3D flow pattern for the rotor
with the hollow collars without waves, inner edge waves,
and outer edge waves as shown in Fig. 3.

Both blades feel the force as the flow of water hits the
rotor, as Fig. 3 illustrates. A "driving force" force strikes
the advancing blade, causing the rotor to rotate; the torque
that results is known as "driving torque." Since it prevents
the rotor from rotating, the force acting on the returning
blade is known as the "breaking force," the torque that
results is known as the "breaking torque." Due to their
opposing natures, the rotor's net torque production is the
difference between the driving and braking torques.

= ————Advancing
—;\F' Upstream > Blade

7
—

—— 1A
V&

C “ Downstream

N_‘; )RY —Returning
) Blade

(a) Rotor with hollow ) Rotor with hollow collars
collars and waves at Inner edge

T8

(c) Rotor with hollow collars and waves at Outer edge

Fig. 3 2D flow pattern

=6 mm=—

9 mm
l_ 2 mm

e
rJ

(a) Conventional

Rotor (b) Rotor with Closed Collars

5mm

(¢) Rotor with Hollow Collars
Fig. 4 Selected blade profile for investigation

5. PARAMETER INVESTIGATED

The goal of this study is to find out how surface
square collars impact the Savonius turbine's performance.
The study was conducted for three dissimilar blade
profiles: conventional semicircular blade, semicircular
blade with hollow collars, and semicircular blade with
closed collars as shown in Fig. 4.

The optimized blade profile is further optimized by
creating rectangular waves at the outer edge of the blade
with surface square collars on the returning side. The
present study is carried out for the different depth to pitch
ratios (h/P) of 0, 0.11, 0.22, 0.33, 0.44, and 0.55
corresponding to different depths of 0, 1, 2, 3, 4, and 5 mm
while the pitch of the waves kept constant as shown in
Fig. 5.
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(a) WP=0 (b) h/P=0.11 (¢) h/P=0.22
(d) WP=033 (e) P=044 (f) h/P=0.56
Fig. 5 Outer waves

Outer Edge
of Blade 1
Inner Edge
of Blade 2

(a) Nomenclature

111

(b) WP=0  (c) WP=0.11 (d)h/P=022
(e) WP=033 (f) h/P=044

Fig. 6 Inner waves

This work is further continued by creating rectangular
waves at the blade’s inner edge with surface square collars
on the returning side. The present investigation is
conducted for the different depth to pitch ratios (h/P)
of 0, 0.11, 0.22, 0.33, and 0.44 corresponding to different

(b) Laboratory canal

Fig. 7 Experimental canal

depths of 0, 1, 2, 3, and 4 mm while the pitch of the
waves kept constant as shown in Fig. 6.

6. EXPERIMENTAL TECHNIQUES

The present study, the experiments are conducted in a
canal with variable frequency drive available at the
AFMFP laboratory of S. V. National Institute of
Technology, Surat. The experimental procedure in detail
is discussed in steps as follows.

6.1. Detail of Experimental Test Facility

The canal is constructed as a continuous unit, which
consists of two semicircular sections joined by two
straight sections to create an oval shape, as shown in Fig.
7. The submersible pump of 10 Hp is positioned at the
center of one straight section whose width is 60 cm and
depth of 100 cm. This is followed by the semicircular
section equipped with the flow straightener. The purpose
of the flow straightener is to reduce the turbulence of the
flow so that the flow entering the test section should
possess the same characteristics as that of the real canal
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Table 1 Canal Dimensions with specifications

Parameters Value
Total Canal Length 4.8 m
Width of Flow Section 0.6 m
Total Width of Canal 1.8 m
Depth of Canal I m
Water Flow Depth 86 cm
Pump Capacity 10 Hp
Flow Velocity 0.374 m/s
Hook
_ Puley Balanee
Weighing
Pan
Rope
7Hcaring
* Housing

Shaft

Rotor

Fig. 9 Schematic diagram of rotor with support
structure

flow. The semicircular section with flow straightener is
followed by the straight section. The test section is
installed at the center of this straight section. The flow of
the water in the canal can be controlled by using the
variable frequency drive which can operate for the range
of 15 Hz to 50 Hz. The specifications of the test facility
are as shown in Table 1, while Fig. 8 shows the schematic
diagram of the canal.

6.2. Detail of Experimental Setup

The arrangement of the turbine rotor with support
structure is shown in Fig. 9. The shaft torque is measured
using a rope break type dynamometer. The rope is fastened
to the spring balance at one end, while the other end is
attached to the weighing pan. The slack side tension in the
rope is measured by a spring balance, and the tight side
tension is shown by the weighing pan. Bearing housing

| Support
’/; Structure

— Smm

I 1 mm

)
B

(b) Cross section of
collars
Fig. 10 Rotor used in present study

2 mm

(a) Rotor

Table 2 Specification of turbine geometry

Parameters Values
Diameter of Rotor (D) 0.102 m
Pitch (P) 0.009 m
Depth to Pitch Ratio 0,0.11,0.22, 0.33, 0.44
(h/P) at Outer Edge and 0.55
Depth to Pitch Ratio
(h})P) at Inner Edge 0,0.11, 0.22, 0.33 and 0.44
Height of Rotor (H) 0.2m
Aspect Ratio (AR) 1.96
Shaft Diameter (d) 0.01 m
End Plate Ratio (Dy/D) 1.27

and the acrylic plate are used to assemble the rotor on the
support structure. The support structure is made flexible
so that it can be easily mounted on the canal.

6.3. Turbine Design and Geometry

Table 2 displayed the specifications of the rotor
used in the current experimental investigation. Figure
10(a) displays the rotor used in the current study, while
Fig. 10(b) displays the cross-section of the collars with
dimensions. The blades have a 130 mm circular end plate
attached to both ends. The presence of the shaft adversely
affects the performance, so no shaft is used between two
blades.

6.4. Manufacturing of Rotor Blades and End Plates

The entire turbine setup is fabricated in four parts: two
end plates with holes and two blades. The end plate of the
rotor is made using a 3D printer of 200 mm x 200 mm bed
size, as shown in Fig. 11, while the blades are fabricated
from cutting PVC collars pipe. These four parts are
assembled with each through the bolts to form the entire
setup of the turbine. The blade is prepared by longitudinal
cutting of the outer collars-based PVC pipe while PLA
(Poly lactic acid) material whose melting point is 190° C
to 220° C is used for the fabrication of the end plate. For
the proper melting of the filament, the temperature of the
nozzle is set as 210 °C. The bed of the 3D printer was
heated to 60 °C to ensure proper steaking of the printed
object with the bed. The filament flow rate is set at 100 %.
The 3D printer is set in such a way that the outer edge of
the endplate is made with 100 % filling density and the
inner portion is made with 50 % filling density.
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Fig. 11 3D printer
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6.5. Experimental Procedure

First, the laboratory canal was filled with water up to
88 cm of flow depth, which is maintained constant
throughout all the experiments. Bolts are used to secure
the turbine rotor to the support structure, and the motor
frequency is maintained to 40 Hz using a variable
frequency drive. A current velocimeter is employed to
monitor the flow velocity ten minutes after the pump is
started in order to ensure steady-state conditions. The
spring balance measures the slack side reaction after
applying a known weight to the weight pan. The difference
between the spring balance and the weight pan reading
shows the effective load on the turbine. Power output is
determined using the rotor's torque and rotational velocity,
whereas torque is determined using the weight pan and
spring balance readings.

6.6. Validation

The present experimental results for the conventional
rotor are validated with experimentally obtained and
theoretically obtained results for the conventional
semicircular rotor, as shown in Fig. 12.

Patel et al. (2018) have prepared a theoretical model
for the conventional rotor to predict the coefficient of
power based on the principle of impulse-momentum and
stagnation pressure concept. Present experiments are
carried out for the rotor, whose blades are made out of
PVC pipe, and endplates are made in 3D printer using
PLA material. Also, the current experimental results are
verified with the published experimental findings of the
conventional rotor with 0.1 OR (Patel et al., 2018), the
conventional rotor with 0.089 OR, and 0.109 OR (Patel et
al., 2017) whose rotor is prepared with mounting on the
both end plates. Here the entire rotor is submerged in
water, and the provision of mounting on both end plates
eliminates the possibility of blade deformation. However,
in the present study, deformation of the blade is possible
specifically at the high load condition, but the close match
of the present experimental result and research paper
results validate the method used in the -current
investigation and also show that the effect of the
deformation of the blade is negligible.

7. RESULT AND DISCUSSION

The current work's objective is to experimentally
investigate how the Savonius rotor performs in relation to
the surface square collars and rectangular waves. The
experimental study was carried out for three different
blade profiles: conventional semicircular blade,
semicircular blade with hollow collars, and semicircular
blade with closed collars. This optimized blade is further
investigated by creating rectangular waves at the outer
edge of the blade, and the inner edge of the blade by
varying depth and keeping pitch constant. The optimum
depth to pitch ratio obtained for the inner edge waves and
outer edge waves is considered for the rotor with waves on
both edges of the blade.

7.1. Effect of Surface Square Collars

The output torque (shaft torque) is proportional to the
effective load (difference between a rope's tight and slack
side tensions) applied to it, Whereas the tip speed ratio is
proportional to the angular velocity. Initially, for no load
condition, the torque output is zero, and the angular
velocity is maximum. With an increase in load, torque
output increases, and the angular velocity decreases.
However, input torque to the rotor remains constant. For
this reason, with an increase in the tip speed ratio, the
coefficient of torque reduces. The power output of the
rotor depends on the shaft torque and the angular velocity.
The output torque of the rotor rises with decreases in
angular velocity. Initially, for the lower load condition,
the impact of an increase in the shaft torque is greater than
the decrease in angular velocity.

Consequently, the angular velocity causes the shaft
power to rise. After reaching the maximum value, the
effect of a drop in the angular velocity becomes apparent
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Fig. 13 Effect of Surface Square Collars

rather than the increase in torque. Therefore, when the
angular velocity increases, the shaft power decreases.
Because of this, when tip speed ratio increases, so does
shaft power. After reaching the maximum value, it
decreases as the tip speed ratio rises. However, power
input of the flowing water remains constant. As a result,
the trend of power variation with angular velocity and
coefficient of power variation with the tip speed ratio is
identical.
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The conventional rotor’s torque is higher than other
two configurations of the rotor for the angular velocity up
to 37 RPM, as shown in Fig. 13(a). However, after 37
RPM, the rotor with hollow collars exhibits higher torque
compared to the other two configurations of the rotor. This
is because the water flow through the collars imparts drag
force on the blade at higher RPM, but at lower RPM, it is
ineffective. As a result, the conventional rotor produces
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more torque at lower RPMs up to 37, whereas the rotor
with hollow collars produces more torque at higher RPMs.

As aresult, as seen in Fig. 13, the conventional rotor's
power output is higher than that of the rotor with hollow
collars up to 37 RPM and the rotor with hollow collars
produces more power than the conventional rotor after 37
RPM, as demonstrated in Fig. 13. Here, the rotor’s input
torque remains constant, and as a result, torque trend and
the coefficient of torque’s trends follow same pattern.
Because of that, the conventional rotor’s coefficient of
torque is higher than the other two configurations for the
tip speed ratio up to 0.55; after 0.55 tip speed ratio, the
rotor with hollow collars exhibits higher coefficient torque
compared to the other two configurations of the rotor as
shown in Fig. 13(b).

The result also demonstrates that the rotor with hollow
surface square collars provides a maximum power output
of 0.0635 W at 44 RPM and, subsequently a maximum
coefficient of power of 0.11892 at 0.653 TSR. Figure
13(e) indicates a relative comparison between three
different types of rotor blades. The result indicates that the
rotor with a hollow collar improves the maximum
coefficient of power by 6.68 % compared to a
conventional rotor.

7.2. Effect of Outer Waves

The rectangular waves on the blade’s outer edge delay
flow separation, while in the peak plane it takes place
earlier, and the bleeding of water through the slot
decreases the drag force and increases the lift force on the
blades. This reduces the breaking torque and improves
rotor’s performance. This delay in flow separation
depends on the depth of the waves. For a small depth to
pitch ratio, a delay in flow separation reduces the breaking
force on the returning blade; however, an excessive depth
to pitch ratio negatively affects the driving torque and
performance of the rotor. That’s why the torque output
initially increases and becomes maximum for 0.11 depth
to pitch ratio. After that, it decreases with further increase
in depth to pitch ratio, as shown in Fig. 14(a). However,
the hydrodynamic torque the flowing water impart does
not change. As a result, the coefficient of torque initially
increases and becomes maximum for 0.11 depth to pitch
ratio. After that, further increase in depth to pitch ratio
negatively affects the coefficient of torque, as shown in
Fig. 14(b). Initially, with rise in depth to pitch ratio, the
rotor’s angular velocity increases and becomes maximum
at 0.11. Further, increase in depth to pitch ratio negatively
affect the rotor’s power output. For this reason, the power
output rises with an increase in depth to pitch ratio and
becomes maximum at 0.11 depth to pitch ratio. Further
increase in depth to pitch ratio negatively affects the
rotor’s power output, as shown in Fig. 14(c). However,
input power to the rotor remains constant. For this reason,
the rotor's coefficient of power rises as the depth to pitch
ratio increases, reaching its maximum at 0.11. Further
increase in depth to pitch ratio of the waves negatively
affects the rotor’s performance, as shown in Fig. 14(d).
The comparison of the rotor's maximum performance
across all configurations is displayed in Fig. 14(e).
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7.3. Effect of Inner Waves

The provision of waves on the inner edge of the
blade creates large overlap region. In the peak plane
where the overlap ratio is optimum, flow from the
upstream side advancing blade strikes on the downstream
side of the returning blade, while in the wave region, a
larger overlap ratio restricts the flow to strike on the
advancing blade. Which reduced the performance of the
rotor. Also, the provision of waves on the inner edge of
the blade causes delay in flow separation which reduces
drag force on both blades. This delay in flow separation
is depends on the depth of the waves. For a small depth
to pitch ratio, delay in flow separation causes decline in
breaking force on the returning blade; however, an
excessive depth to pitch ratio negatively affects the
driving torque on the rotor. That’s why the torque output
of the rotor initially increases and becomes maximum for
0.22 depth to pitch ratio. After that, further increase in
depth to pitch ratio negatively affects the torque output
of the rotor, as shown in Fig. 15(a). However, input
torque remains constant. Because of that the coefficient
of torque output of the rotor initially increases and
becomes highest for 0.22 depth to pitch ratio. After that,
further increase in depth to pitch ratio negatively affects
the coefficient of torque, as shown in Fig. 15(b). Initially,
with an increase in depth to pitch ratio, the angular
velocity of the rotor increases and becomes maximum at
0.22. Further, increase in depth to pitch ratio adversely
affect the power output. That’s why the power output
increases with an increase in depth to pitch ratio and
becomes maximum at 0.22 depth to pitch ratio. Further
increase in depth to pitch ratio negatively affects the
power output, as shown in figure 15(c). However, input
power to the rotor remains constant. Because of that the
coefficient of power follows the same trend as that of the
power, as shown in Figure 15(d). Figure 15(e) shows the
maximum performance comparison of all configurations
of the rotor.

7.4. Effect of Inner Waves and Outer Wave

From the experimental study, the optimum depth to
pitch ratio for the rotor with only inner edge waves is 0.22,
and for the rotor with only outer edge waves is 0.11. This
optimum depth to pitch ratio is considered to form a rotor
with waves on both edges of the blade. An experiment is
conducted for this rotor arrangement, and its outcomes are
compared with the rotor without waves, the rotor with
inner waves only with 0.22 depth to pitch ratio, and the
rotor with outer waves only with 0.11 depth to pitch ratio
as shown in Figure 16. The Savonius rotor's both blades
experience less drag force due to the rectangular waves at
the blade's edge. Also, the provision of rectangular waves
on the inner edge of the blade causes large overlap region,
which breaks the overlap jet. As in the waves region, flow
does not strike on the downstream side of the returning
blade, which reduced the rotor's performance. Therefore,
having waves on both sides of the blade has a negative
impact on the rotor's performance. Figure 16(e) shows the
performance comparison for the four different
configurations of the rotor.
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Fig. 14 Effect of outer waves

8. CONCLUSION

The current experimental work's objective is to
investigate how the Savonius rotor performs in relation to
the surface square collars and rectangular waves at the
outer edge and inner edge of the blade.

Three different rotor’s configurations-conventional
semicircular rotor, semicircular rotor with hollow collars
and semicircular rotor with closed collars was used in

current investigations. This optimized rotor is further
optimized by providing waves of different depth to pitch
ratios (h/P) of 0, 0.11, 0.22, 0.33, 0.44, and 0.56 for the
outer edge of the blade and 0, 0.11, 0.22, 0.33, and 0.44
depth to pitch ratio (h/P) for the inner edge. The results of
the current investigations lead to the following
conclusions:

1. The rotor with hollow collars has maximum C, that is
6.68 % higher compare to the conventional rotor and
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13.80 % higher compare to the rotor with closed

collars.

2. The rotor with hollow collars' maximum power is 6.68
% higher compare to the conventional rotor and 16.01

Fig. 15 Effect of inner waves

% higher compare to the rotor with closed collars.

3. The rotor with hollow collars has a maximum angular
velocity that is 15.06 % higher compare to the

rotor with closed collars.

4,
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conventional rotor and 24.54 % higher compare to the

For rectangular waves at the outer edge, the
maximum C,, of the rotor with 0.11 depth to pitch
ratio is 0.1264, which is 13.36 % higher compare
to the conventional rotor and 6.28 % higher
compare to the rotor with 0 mm depth to pitch
ratio.
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5. For rectangular waves at the outer edge, the rotor’s
maximum power output with a 0.11 depth to pitch
ratio is 0.0674, which is 11.26 % higher compare to
the conventional semicircular rotor and 6.27 % higher
compare to the rotor with 0 mm depth to pitch ratio.

6. The maximum C, of the rotor with 0.22 depth to pitch
ratio at the inner edge is 0.1282, which is 14.98 %
higher compare to the conventional semicircular rotor
and 7.78 % higher compare to the rotor with 0 mm
depth to pitch ratio.

7. For rectangular waves at the inner edge, the rotor’s
maximum power output with 0.22 depth to pitch ratio
is 0.0684, which is 12.83 % higher compare to the

conventional semicircular rotor and 7.78 % higher
compare to the rotor with 0 mm depth to pitch ratio.

8. The provision of rectangular waves on both edges of

the blade

lowers the performance.
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humpback whale flippers. Chinese Journal of  ANNEXURE A: UNCERTAINTY ANALYSIS

Aeronautics, 34(5), 415-424.

https://doi.org/10.1016/.¢ja.2020.11.004 Uncertainty associated with present experimental
results of the conventional semi-circular blade rotor is
calculated by using following equation.

AR SR

Table A1 Uncertainty Analysis conventional semi-circular blade rotor

dr dC
Torque (Nm) ? o (rad/s) TSR (-) Cp ) C £

(%) P (%)
0.00265 1.5745 6.7634 0.9223 0.03357 1.6479
0.0053 0.7920 6.0415 0.8238 0.05998 0.9323
0.00471 0.8895 6.3708 0.8687 0.05622 1.0151
0.00765 0.5530 5.6389 0.7690 0.08086 0.7429
0.00689 0.6126 5.8612 0.7993 0.07564 0.7867
0.00942 0.4531 5.3202 0.7255 0.09390 0.6747
0.00883 0.4819 5.4236 0.7396 0.08974 0.6934
0.0116 0.3726 4.8745 0.6647 0.10593 0.6289
0.0106 0.4054 5.0006 0.6819 0.09928 0.6472
0.01289 0.3380 4.4856 0.6117 0.10836 0.6153
0.01536 0.2888 3.8719 0.5280 0.11147 0.6039

Table B2: Performance comparison for outer edge

Where dF =\|(dW)’ +(dS)’

wave

Standard weight us used on the tight side of the h/P Tinax Pnax Ctmax CPrmax
dynamometer with uncertainty of 0.5 gm, slack side 0 0.014715 | 0.063457 | 0.194599 | 0.118923
readings are measured with spring balance with 0.11 | 0.014833 | 0.067443 | 0.196156 | 0.126393
measurement uncertainty of 0.5 gm. Rotor dimeter, height, 0.22 | 0.014244 | 0.062994 | 0.188372 | 0.118056

shaft diameter measured with digital Vernier calliper with 0.33 | 0.013067 | 0.060996 | 0.172804 | 0.114312
least count of 0.01 mm and velocity current meter is used 044 | 0.012596 | 0.057377 | 0.166577 | 0.107529
to measure the free stream velocity of the flow with 0.56 | 0.012714 | 0.056398 | 0.168134 | 0.105693
uncertainty of 0.001 m/s. Table shows the value of the
uncertainty associated with torque coefficient of power

calculated by using above equations. Table B3 Performance comparison for inner edge
wave
ANNEXURE B: PERFORMANCE DATA
h/P T P Ct Cp
Table B1 Performance comparison of three different 0 0.014715 | 0.063457 | 0.194599 | 0.118923
rotors 0.11 | 0.014892 | 0.06681 | 0.196934 | 0.125206
0.22 | 0.014421 | 0.068394 | 0.190707 | 0.128175
Rotor Tinax Proax Chimax CPrmax 0.33 | 0.01395 | 0.061423 | 0.18448 0.11511
Conventional | 0.0154 0.0595 0.2111 0.1115 044 | 0.013126 | 0.060451 | 0.173582 | 0.11329
Rotorwith 1 155 1 00635 | 0.2008 | 0.1189
hollow collar
Rotor with

0.0135 | 0.0547 | 0.1861 | 0.1025

Closed collar
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