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Abstract

Conventional hydroelectric turbines use the potential energy of the water as a primary source of energy. However, the hydro-
kinetic turbines use the kinetic energy of the flowing water to generate power output. It is also one of the best clean energy
generation technologies. Out of many hydrokinetic turbines, the Savonius hydrokinetic turbine is very simple in design and
easy to manufacture. The ratio of the gap between the two vanes to the turbine diameter is known as the overlap ratio. The
effect of the positive overlap has been extensively investigated for the Savonius turbine. However, for the first time in the
present investigation, the effect of the negative overlap ratio on the hydrodynamic performance of the Savonius turbine is
investigated. The highest value of negative overlap ratios is obtained for two, three, and four numbers of blades of Savonius
hydrokinetic turbines. With the present investigation, the best-suited range of the negative overlap ratio is obtained for each
case. The present investigation also concludes that the Savonius turbine with three and four vanes, with a negative overlap
ratio, maintains its good performance for a wide variation in the turbine load. Also, the best-obtained design through numeri-
cal analysis was cross-verified by experiments.

Keywords Applied energy - Hydropower - Renewable energy - Savonius turbine - Negative overlap ratio - Hydraulic turbine

List of Symbols OR  Overlap ratio [e/D]
OR  Overlap ratio [L%] P, Power available in flowing water [% pAV3]
Cp  Coefficient of power <i°u§> P,, Power developed by turbine [TX o]
pAV? .
) c R Radius of Rotor [m]

G Coefficient of torque [ﬁ] r Instantaneous torque radius or instantaneous dis-
D Diameter of rotor [m] tance from the resultant force to the center of the
d Diameter of vane [m] rotor [m]
e Eccentric portion between vanes or gap between T Torque available at the turbine rotor shaft [Nm]

blades [m] Ty Wall shear stress [Pa]
Fy Drag force (N) Ug Friction velocity
F Lift force (N) \% Free stream velocity of flow [m/s]
FSI  Fluid-structure interaction Y Normal distance from the wall
H Height of vanes [m] p Density of fluid [kg/m?]
HKT Hydrokinetic turbine @ Specific dissipation rate
k Turbulent kinetic energy 0 Angle of rotation of vane [°]

SST  Shear stress transport
_ _ _ _ TSR  Tip speed ratio
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1 Introduction

The conventional power generation method is mainly
based on a non-renewable source of energy, which is
limited in the earth’s crust. Also, these sources contain
the most dangerous problem of pollution. To overcome
the problem of non-renewable sources of energy, the use
of renewable sources of energy is preferable nowadays.
Renewable forms of energy are available on the earth’s
surface in the form of solar energy, wind energy, ocean
wave energy, hydrokinetic energy, etc. [20, 24, 25]. Solar
energy has the disadvantage of seasonal availability, and
wind energy has a problem with regional availability. The
conventional hydropower plant harms the environment
because it uses a hydro turbine.

Similarly, to utilise ocean energy, setup, installation,
and power output fluctuation are the major challenges.
Comparatively, the utilisation of hydrokinetic energy
is feasible near the riverbank or canal region, even at a
remote location too [21, 24, 25]. The general installation
of the Savonius rotor for the hydrokinetic application is
shown in Fig. 1. Also, the availability of this energy source
is relatively more predictable. To extract the energy from
flowing water, different types of hydrokinetic turbines are
used. In the present work, the utilisation of canal-based
hydrokinetic energy was investigated using a Savonius
hydrokinetic turbine.

The use of the Savonius rotor was initiated for wind
power extraction [28]. The Savonius turbine is explored
experimentally by Santhakumar et al. [30] to generate
energy from road highways. The Savonius wind rotor’s

Fig. 1 General setup layout

power output is much less than the same size as the Savo-
nius hydrokinetic rotor. According to Betz, the maximum
possible extraction from the flowing fluid is 59.3% of
the supplied energy. The Savonius hydrokinetic turbine
is predominantly a drag-force-driven turbine. It is simple
in design, easy to manufacture, and has excellent start-
ing characteristics [22]. The coefficient of power of the
Savonius hydrokinetic turbine is comparatively less than
that of the lift-force-driven Darrieus turbine of axial flow
hydrokinetic turbines [3, 24-26]. Hence, there is a need to
improve the performance of the Savonius hydrokinetic tur-
bine. Many efforts are carried out to improve the Savonius
turbine’s performance by optimising the various design
and operating parameters.

In order to estimate the power development by the Savo-
nius rotor, a theoretical analysis was done by Patel et al. [24]
using the impulse-momentum principle by pressure rise due
to stagnation near the blades. The approach was compared
with different values of the positive overlap ratio. A ready-
to-use spreadsheet link is also given at the end of their arti-
cle so that researchers can use it for further investigation.
However, they have not investigated the negative values of
Overlap.

The actual Savonius turbine’s performance might not be
the same as estimated using a laboratory-scale experimen-
tal setup performed in the laboratory canal if appropriate
blockage correction is not considered during performance
estimation. Patel et al. [21] suggested a straightforward
and fundamental method for predicting an actual tur-
bine’s performance in a real canal. They suggested the
velocity correction method to predict actual field turbine
performance based on the laboratory experiments’ results

1. Canal, 2. Setup, 3. Water domain, 4. Extension shaft, 5. Frame plates,

6. Turbine Blades, 7. Framing rods, and 8. End plates
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Fig. 3 Variation of torque with negative overlap

obtained from the laboratory-scaled turbine. The velocity
correction methodology developed by them is specifically
derived for hydrokinetic turbines to be operated in shallow
water depths.

Patel et al. [22] investigated the effect of the endplate,
Aspect ratio, and overlap ratio on Savonius hydrokinetic
turbines. The results are explained with technical concepts
and a complete fundamental discussion. They found that
the presence of endplates enhances the rotor’s perfor-
mance; with an aspect ratio above 1.8, the Cp’s enhance-
ment becomes stagnant, and with a positive overlap ratio
of 0.11, the Cp value at its maximum.

The shape of the blade is a crucial parameter that deter-
mines the Savonius hydrokinetic turbine’s performance.
The 2D numerical simulations were done to find the drag
coefficient for Benesh and modified Bach-shaped Savo-
nius rotor by Alom et al. [2]. The experimental analysis
was done for a two elliptical-bladed Savonius hydrokinetic

rotor by Talukdar et al. [34]; however, the performance of
the conventional bladed rotor was observed superior.

In most of the analyses, two numbers of blades are
investigated for the Savonius turbine. However, the
experiment was carried out with two- and three-bladed
Savonius hydrokinetic turbines by Talukdar et al. [34].
They concluded that the Cp value for a two-bladed rotor is
higher than that of a three-bladed rotor. The numerical and
experimental investigation was carried out for the three-
bladed vertical axis Savonius rotor by Sarma et al. [31].
The effect of 6, 12, and 24 numbers of stator plates was
analysed by Alexander et al. [1]. In the present investiga-
tion, the negative OR effect is investigated for two, three,
and four blades. Fukutomi et al. show deflector superiority
as a casing for cross-flow turbines [8]. A novel air-foiled-
shaped deflector system was proposed to improve the
performance of a Savonius wind turbine by Keyhan et al.
[15]. They enhanced the static torque coefficient values up
to two times higher than those generated by conventional
Savonius turbines.

The investigation was also carried out for the multirotor
turbine unit. Golecha et al. [10] analysed the performance
of two turbines placed inline in the canal and found that
with a gap ratio of eight, the upstream turbine’s wake effect
becomes negligible on the turbine placed on the downstream
side. Rengma et al. [27] numerically and experimentally
investigated the twin Savonius water turbines in a cluster.
The minimum streamlines and spanwise distance required
for even the Darrieus type of hydrokinetic turbine are inves-
tigated by Patel et al. [23]. The use of flexible blades [4],
Nanoiber-based deflectors [7], porous deflector [33] are the
immerging concepts used for the performance enhancement
of Savonius turbine. Since major investigations were carried
out based on the power coefficient, it is also considered a
deciding parameter for investigation.
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Fig.4 Selected negative overlap ratios for the investigation

Table 1 Geometrical parameters

Parameters Values

Diameter of Vanes 0.15 m

No. of blades 2

0.3-0.4 m
(depend-
ent on
Overlap)

Diameter of rotor

Semi-
circular
Straight
bladed

Type of vanes

2 Concept discussion

The Savonius rotor’s construction consists of two blades:
One is the advancing blade, and the other is the retarding
blade. The gap between the two blades is indicated by ‘e’.
The flowing fluid strikes both the blades. The drag force
on the advancing blade is higher compared to the retard-
ing blade due to the concave shape of the second one.

@ Springer

(e) Gap = -40 mm
(OR=-0.12)

* —

(f) Gap = -20 mm
(OR =-0.06)

However, the torque generation depends on the magnitude
of the net force on the vanes and the distance between the
line of action of the net force and the centre of rotation (r).
This distance (r) is termed an instantaneous torque radius in
the manuscript. Mathematically, it is shown in Eq. (1). The
power generation from the turbine can be enhanced if the
torque development can be increased from the turbine rotor.
The power output from the turbine can be correlated with
the available torque on the shaft with Eq. (2).

T=rXxF, (1)

P=T-w 2)

One way to enhance the power output is to increase the
torque on the vane. The torque on the vane can be increased
by enhancing the net positive force’s magnitude on the vane
and enhancing the instantaneous torque radius (r). The radius
of the turbine increases when the overlap value is negative,
and this is what mainly enhances the torque value, resulting
in the turbine’s net performance in the present investigation.
The importance of keeping the gap between the two vanes
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is explained conceptually and in detail by Patel et al. [22].
In their investigation, the gap was provided inside the two
vanes in Fig. 2b. However, in the present investigation, the
gap is kept outside of the turbine rotor’s vanes, as shown in
Fig. 2c. So, two benefits can be achieved simultaneously;
i. benefit of torque enhancement by increasing the torque
radius () and ii. The benefit of torque enhancement by
breaking the low-pressure region behind the retarding vane
using the water bypass by providing a gap between them.
Generally, the ratio of a positive gap to the rotor diameter is
indicated as an overlap ratio. Hence, the provision of a nega-
tive gap is termed with a non-dimensional term as a negative
overlap ratio in the present investigation.

Three different cases of the OR are shown in Fig. 3. i.
Positive OR, ii. Zero OR and iii. Negative OR. In a positive
OR case, the water from the advancing blade bypasses the
vane’s gap and breaks the negative pressure region on the
retarding vane’s downstream side. Hence, net positive torque
is enhanced by reducing negative torque. However, in this
case, the torque radius (#') is subsequently falling. Hence,
the benefit of net force enhancement becomes limited. In
the case of zero OR, the torque radius (") is increased com-
pared to the positive OR case. Still, a strong negative force
generation behind the retarding vane limits the net positive
torque. However, in the case of negative OR, the benefit
of enhanced torque radius (r) and breaking of the negative
pressure region behind the retarding vane can be achieved.
Hence, it is expected to get high performance from the nega-
tive OR with the Savonius turbine vanes.

3 Study of negative overlap ratio
for two-bladed Savonius rotor

The optimum OR selection is critical because an excessively
higher overlap ratio decreases performance even with a zero
overlap ratio. Patel et al. [22] carried out an exhaustive study
regarding the effect of overlap ratios and various aspect
ratios, with a conceptual discussion behind the obtained
results. Gupta et al. investigated the broader range of posi-
tive overlap ratios for the Savonius hydrokinetic turbine.
Gupta et al. [11], Kamoji et al. [12], and Liang et al. [16].
They obtained an optimum overlap ratio of nearly 0.1 for a
Savonius turbine with the hydrokinetic application. How-
ever, the effect of the negative overlap ratio on the Savonius
turbine’s performance has not been investigated in depth in
the current literature. Hence, in the present investigation, it

Table 2 Grid size for all

selected overlap ratios Overlap ratio 0

Grid size 342,562

0.53
347,529

0.66
346,875

0.13
346,449

0.27
344,256

0.40
345,908
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Fig.7 Meshing used in the present investigation

is decided to investigate six different negative overlap ratios
to investigate the performance of the Savonius turbine. The
selected values of the overlap ratios, along with the sketch,
are shown in Fig. 4. The vane diameter is kept the same,
150 mm in all the cases, and the gap between the vanes is
varied, as shown in Fig. 4.

The overlap ratio is calculated using Eq. (3)

e
OR = —
D 3)
where e Gap between the blades, D Diameter of the rotor

In the present investigation, ANSYS (Fluent) is used for
the numerical. The simulation is carried out according to the
following sequence.

(1) Geometry and Domain selection

(2) Mesh selection (Grid independent and Time independ-
ent)

(3) Fluent Setup (Turbulence model selection)

(4) CFD Post (Results)

3.1 Geometry and domain selection

The conventional Savonius rotor has semi-circular, straight
blades. So, the cross-section of the rotor remains constant
in the third direction. For the three-dimensional numeri-
cal analysis, the time required for the simulation is rela-
tively high compared to the two-dimensional simulation.
Hence, for the present study, a two-dimensional analysis

@ Springer
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was performed for investigation. In the present study, six
different values of negative overlap ratios are selected, as
shown in Fig. 4. The obtained results are represented with
non-dimensional terms like coefficient of torque (C,), tip
speed ratio (TSR), and coefficient of power (Cp). The geo-
metric parameters considered for the present investigation
are shown in Table 1.

The computational domain size is selected considering
the investigation done by Saini et al. [29] which has domain
size of 1.7, 3.5 and 1.3D for front, back, and top—bottom,
respectively and Daskiran et al. [5] which have 12.38 and
15.14D domain size. The results obtained from the analysis
are independent of the domain size. The blockage value var-
ies from 7.5 to 10% for the domain’s selected size, which
is even less than the domain size selected by Saini et al.
[29]. The schematic of the domain and the selected boundary

Table 3 Time step size for each TSR and OR (Overlap ratio)

TSR 0.4 0.6 0.8 1.0 1.2

OR

0 0.03927  0.02618  0.01963  0.01571  0.01309
-0.06  0.04189  0.02792  0.02094  0.01675  0.01396
—0.12  0.04451  0.02967  0.02225  0.01780  0.01483
—-0.17  0.04712  0.03141  0.02356  0.01884  0.01570
-0.19  0.03209 0.02139  0.01604  0.01283  0.01069
-021  0.04974 0.03316  0.02487  0.01989  0.01658
—-025 0.05235 0.03490 0.02618  0.02094  0.01745
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Table 4 Reference values

Parameters Values
Area 0.30 to 0.40 m?
Density 998.2 kg/m’
Depth Im
Length 0.15t00.20 m
Pressure (Gauge Pressure) 0Pa
Velocity 0.5 m/s
Reference zone Rotor
I- 5 | U I U I U U I U U I U ]
~ [ Coeteor ]
=~ | Last Cycle for C, |
8 1E Calculation .
v B ]
= - ]
I~ ]
FS B ]
~ 0.5F -
IS :
~ B ]
N ]
S ]
5 :
é i ]
O-0.5F -
[ L1 L1 L1 L1 ]
0 5 10 15 20 25

Flow time (sec)

Fig. 8 Variation of Coefficient of torque with time

Fig.9 Variation of coefficient of torque with the rotational angle
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Fig. 10 Validation of Present work

conditions for the numerical analysis are shown in Fig. 5. To
have a continuous flow from the stationary domain to the
rotating domain, the same coinciding nodes are selected for
the rotating domain’s outer surface and the inner surface of
the stationary domain. The boundary condition considered
for the present numerical investigations is shown in Fig. 5.

3.2 Mesh selection

The complete two-dimensional model of the rotating domain
with a stationary domain was imported in the ‘MESH module’
of ANSYS. The unstructured mesh is generated in the mesh
module of ANSYS, and an automatic mesh generation is used.

l l l U U l U U U l
™ —e— OR=0 (¢ =0 mm) T
~ 0.2 | —&— OR=-0.06 (=20 mm) |
] Y _ _
D | —&G— OR=-0.12(c=40 mm) ]
~ B —B8— 0R=-0.17(e=60 mm)
~ B —P— or=-0.19(c=70mm) ]
V ; OR =-0.21 (e =80 mm) ;
§ 0.15 L —B— OR=-0.25 (¢ =100 mm) |
& | ]
S R i
o O0IF -
=
S | ]
o~ L ]
L oo f
0.05 =
QI) | ,
S [ ]
) i A ]
0 B R 1 R 7]

¥ B Y E— 1 1.2
Tip Speed Ratio (TSR)

Fig. 11 Coefficient of power for different values of Overlap ratio
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Pressure:

(d) 0 =135°

Fig. 12 Pressure Contours for different positions of blades

The results obtained from the numerical simulation are also
affected by the mesh size and quality [9, 18]. In this regard,
a grid-independent study is also carried out to determine the
optimum mesh size. The coefficient of torque is calculated
using different grid sizes for zero Overlap, keeping other
parameters the same. The obtained values of C, are presented
for different grid sizes, i.e., the number of elements, which is
shown in Fig. 6. From the result, it can be observed that the
variation in the obtained values of C, becomes negligible after

@ Springer

(b) 6=45°

-680 -600 -520 -440 -360 -280 -200 -120 -40 40 120 200

(c) 6 =90°

(e) 0= 180°

the number of volumes used exceeds 320,000. The slope of the
graph between the last two points becomes —0.2%. Hence, the
results obtained after 320,000 volumes can be considered grid-
independent results. The selected numbers of the elements for
investigation-specific overlap ratios are shown in Table 2.

As the variation of the velocity gradient near the wall is
stiffer, the mesh density near the wall must be high. The infla-
tion layers applied at the walls improve the mesh’s quality
and provide better boundary layer separation near the wall.
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(a) e=0 mm

Pressure
400
200

-200
-400
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(c) e=40 mm

(e) e =80 mm (f) e=100 mm

Fig. 13 Pressure Contours for different gaps between blades
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X Velocity: -0.55 -0.35 -0.15 0.05 0.25 0.45 0.65 0.85 1.05

e

(a) 0= 0° (b) 0 = 45° (c) 6=90°
o
o

(d) 0 =135° (e) 0= 180°

High region

Fig. 14 Velocity Contours for different positions of blades

The mesh’s quality near the wall surface is governed by wall . Puy

y + (dimensionless wall distance from the centroid of the first Y= T S
cell above the wall). The value of y +depends on the height .

of the first cell near the wall. The appropriate value of y+pre- ~ Where, u; = "

dicts the velocity profile near the real pattern. Thus, the value udu

of y+should be less than one [13, 17, 19, 29]. For the present T, = (d_>

case, the obtained minimum and maximum y + values are Y/ y=0

0.00103 and 0.13479, respectively.
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(a) e=0mm (b) e=20 mm

(e) e=80 mm () e=100 mm

Fig. 15 Velocity Contours for different gaps between blades
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For the selected grid size, the average values of orthogo-
nal quality, maximum skewness, and maximum aspect ratio
were observed as 0.98, 0.81, and 68.15, respectively. These
values indicate the outstanding quality of the mesh [14]. After
all considerations, triangular elements were selected with 20
inflation layers with a growth rate of 1.15. The obtained mesh
is shown in Fig. 7.

3.3 Fluent setup

After meshing, the stationary domain and the rotating domain
are imported to the setup module of ANSYS Fluent. The two-
dimensional, unsteady, incompressible Navier—Stokes equa-
tions were discretised using the finite volume method. A
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P
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N\, v N e
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(OR =0) (OR =-0.06)

Fig. 17 Negative Overlaps with three vanes for Savonius rotors
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second-order upwind scheme was used to solve the unsteady
part of the URANS equations. Suitable boundary conditions
were applied to the setup for unsteady Reynolds-Averaged
Navier—Stokes (URANS) equations to observe the flow pat-
tern. Boundary conditions used in numerical simulations are
shown in Fig. 5. As suggested by Fertahi et al. [6] the inlet
condition was selected as a velocity inlet (Dirichlet), as fluid
enters with a fixed value of velocity, and the outlet condition
was a pressure outlet (Dirichlet) [6]. The top and bottom edges
of the flow domain were kept as “wall” boundary conditions
[32]. To estimate the selected hydrokinetic turbine’s perfor-
mance, the water liquid was used as the working fluid by keep-
ing water properties as default in the software. Further, the
turbine blades were assigned as wall conditions (no-slip wall)
to both blades. For the interaction between the rotor and sta-
tionary domain, an interface boundary condition is assigned
at the outer surface of the rotating domain (int1) and the inner
surface of the stationary flow domain (int2).

3.3.1 Turbulence modelling

The flow visualisation can be carried out using a turbulence
model. The commercial code solves these equations for all
discretised finite volumes. The k- SST turbulence model is
the two-equation updated form of the baseline (BSL) model,
which smoothly bridges the k-w and k-e models. This model
facilitates visual flow behaviour near the wall using the k-0
definition, where the boundary layer predominates. The k-
description helps visualise flow behaviour away from the
wall, where the boundary layer effect is negligible and the
transformation from near the wall to away from the wall.
To determine precise results concerning time, a suffi-
ciently small time step would be selected. For each tip speed
ratio, a time step was defined for 3° rotation of the turbine. In
the present study, the diameters of seven selected geometries
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180

270

Fig. 18 Coefficient of torque for three-bladed rotor

are different; hence, the time step size for all geometries is
different and is presented in Table 3. Moreover, the simula-
tion was run for six complete rotations, with each revolution
completed in 120-time steps, and 200 iterations were given
for each time step to ensure a time-independent result. The
SIMPLE scheme estimated the pressure—velocity coupling,
and the equations for pressure, momentum, and turbulence
were discretised with a second-order system. The detailed
system used for simulation has seven numbers of logical
processor (Processor: i7, 3.5 GHz) with 8 GB RAM. The
approximate time taken for one simulation of five revolu-
tions is 11 h.

The results obtained by the numerical simulation are dis-
cussed in the result and discussion section.

3.4 Results and discussion

The obtained results are presented in the form of the non-
dimensional terms, coefficient of power (Cp), coefficient of
torque (C,), and TSR. For the valid output from the numeri-
cal simulation, the setup of reference values is essential. The
considered reference values for the present investigation are
shown in Table 4.

The obtained graph of the coefficient of torque with flow
time for 0.8 TSR is shown in Fig. 8. The diagram is shown
for the —0.17 overlap ratio. The chart indicates that the value
of C,is not constant for different angular positions of blades.
For the first 10 s of flow time, the fluctuation of C, is very
random, but after 10 s, the fluctuation pattern becomes con-
stant, which confirms the steady-state result.

Figure 9 indicates the variation of coefficient of torque
(C,) after reaching the steady-state condition. It is taken
from the last calculated cycle from Fig. 8. For determining
the coefficient of power, the average value of C, was taken
from Fig. 8. The obtained C,, for different five TSR values
is shown in Figs. 10 and 11. The obtained results are com-
pared with the results obtained by Patel et al. [22] derived
from the experimental study. The comparison of the results
is indicated in Fig. 10.

The close matching of the obtained results validates the
methodology used in the present investigation. The small
variation in the results might arise due to different overlap
ratios of the considered rotor and the uncertainty associ-
ated with the experimental results. However, the variation
of the co-efficiency of power with the tip speed ratio is quite
similar, confirming the present methodology’s validity. The
value of C,, increases with 7SR up to 0.8, then drastically
decreases from 0.8 to 1.2 TSR. The maximum value of the
C, is observed between 0.6 and 0.8 TSR for all selected
overlap ratios.

3.4.1 Pressure contours

To understand the flow behaviour near the turbine region and
behind the turbine vane, pressure and velocity contours are
presented and discussed. Figure 11 is plotted for the wide
range of the overlap ratio, including an extensive range of tip
speed ratios; however, the contours are presented for a TSR
value of 0.8 only where the power coefficient was found to
be highest. The entire numerical study was done for Reyn-
olds number ranging from 1.49x10° to 1.99x10°.

Figure 12 shows the different azimuth orientations of the
rotor vanes. The detailed observation is shown in Fig. 12e.
The red-coloured region in all figures shows a high-pressure
region as the fluid particles stagnate at these locations. The
reason can be justified as the intensity of the pressure is
even higher at the retarding vane due to the vane’s velocity
obstructing the fluid flow in the opposite direction. Similarly,
the low-pressure region forms on the downstream side of the
retarding vane. Also, to maintain the flow, a low-pressure
region forms near the outer end of the blades Fig. 13.

3.4.2 Velocity contours

The velocity contours are plotted at different vane azimuthal
orientations, as shown in Fig. 14. The detailed observation
is shown in Fig. 14e. The red-coloured region in all figures
indicates the high-speed regions. The high-speed region is also
observed between the two blades due to negative overlaps at
the vanes’ vertical orientation. This is due to the converging
section formation between the vanes. Also, the vortices were
formed behind the retarding blade due to the sudden expan-
sion of the water jet. The high-velocity region is also observed
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(a) Pressure e = 0 mm (b) Velocity e = 0 mm

(c) Pressure e = 20 mm (d) Velocity e = 20 mm
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(e) Pressure ¢ = 40 mm (f) Velocity e = 40 mm

(g) Pressure e = 60 mm (h) Velocity e = 60 mm

Fig. 19 Pressure and Velocity contours for three-bladed rotor
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above and below the rotor zone. This is due to the diversion of
the water stream due to the rotating vanes’ resistance.

Figure 15 indicates the velocity contours at the vanes’ ver-
tical orientation for different negative overlaps between the
vanes. It can be observed that for the gaps between the vanes of
0, —20, and —40 mm, the water velocity in between the vanes
is relatively lower compared to the gaps of —60 and — 80 mm.
It indicates that the kinetic energy of water striking the vanes
converts to pressure energy and subsequently produces the
vanes’ drag forces. However, the high-velocity region between

the vanes for the vane gap of —60 and — 80 mm indicates that
the stagnation pressure generated at the vane’s upstream side is
partially converted to gain kinetic energy. Hence, the fraction
of energy conversion to the mechanical energy of the rotor
can be reduced. Hence, when the gap between the vanes is too
low, the energy conversion might be adversely affected due
to excessive bypass of the water from the rotor region. On the
other hand, the excessive gap between the vanes also adversely
affects the energy convection from water flow by decreasing
the stagnation pressure at the vane’s upstream side, which may
arise due to an excessive gap between the vanes.

To conclude the investigated negative overlap ratio, the
maximum coefficient of power obtained from the entire
range of TSR of the different overlap ratio cases is selected.
The selected maximum coefficient of power is plotted
against appropriate cases of overlap ratios, as shown in
Fig. 16. The graph indicates the highest power coefficient,
approximately 0.19, with an overlap ratio of —0.17 (a gap
between the vanes of — 60 mm). Figure 16 shows that, ini-
tially, by increasing the gap between the vanes (moving right
to left), the performance enhancement is observed untill the
overlap ratio of —0.17 (gap — 60 mm). This might be due to
the efficient breaking of the negative pressure by the bypass
water flow from the gap and the torque enhancement due to
shifting the torque radius outward from the rotor’s centre.
However, by the gap enhancement beyond the overlap ratio
of —0.17, a sudden drop in power coefficient is observed.
This may be due to excessive water bypassing of the gap
between the vanes.

4 Study of negative overlap ratio
for three-bladed Savonius rotor

To investigate the vane’s number, considering the negative
overlap ratio, the investigation is extended for three and four
vanes of the Savonius turbine. The investigation is carried
out for three and four numbers of the vanes, considering
four values of the vanes’ gap. The schematic diagram of the
negative overlap considered for the investigation of three
blades is shown in Fig. 17.

Considering the same domain size, the rotating domain
was replaced by the three-bladed rotor. Again, simulations
are carried out, keeping all boundary conditions similar
to the validated two-bladed rotor analysis. The obtained
coefficient of moment for a three-bladed Savonius rotor
is shown in Fig. 18. The obtained pressure and velocity
contours are shown in Fig. 19, at the 90° orientation. The
contours indicated a similar pattern as in two-blade analy-
sis, i.e., for pressure contours, the front side of the blade
experienced high pressure. But due to the blade being ori-
ented at 120° from the vertical blade, some flow streams
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Fig.22 Negative overlap values for four-bladed Savonius rotor

Fig. 23 Coefficient of moment for four-bladed rotor

are getting diverted towards the retarding blade, which
causes the negative torque observed in Fig. 19.

In contrast, the backside of the blade indicates a low-
pressure region. From the velocity contours, it is observed
that the high-speed regions are observed nearly around the
edge of the front side blades, where boundary layer separa-
tion takes place. Further, at the turbine rotor’s downstream
side, vortices were observed due to periodic boundary layer
separation due to the blades’ rotations.

To get the best negative overlap ratio, the variation of
the maximum coefficient of power obtained with different
values of negative overlap is shown in Fig. 20. The results
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indicate a maximum co-efficiency of power of 0.169 with
a negative overlap ratio of —0.12, which is more than
the positive overlap ratio investigated by Talukdar et al.
[34]. Results indicate the maximum coefficient of power
between —0.12 and —0.15 for the three-bladed Savonius
rotor Fig. 21.

5 Study of negative overlap ratio
for four-bladed Savonius rotor

A similar study was also carried out for a four-bladed Savo-
nius rotor. The selected overlap values investigated in the
present investigation are shown in Fig. 22. The moment
coefficient is plotted for the investigated values of negative
overlap ratios, and the polar graph is shown in Fig. 23. The
graph shows four peaks as a four-bladed graph.

Figure 24 indicates pressure and velocity contours for
a four-bladed rotor. It is observed that the pressure on the
advancing blade decreases compared to two-bladed and
three-bladed rotors. The decrease in pressure over the
advancing blade is due to the additional blade compared
to two- and three-bladed turbines. Due to the same reason,
the stream is getting diverted towards the retarding blade,
which causes the development of negative torque, which is
observed in Fig. 24.

This is due to the additional blade placed between the
advancing and retarding blades, which may restrict the mass
flow rate of water striking the advancing vane and decrease
the stagnation pressure rise. Hence, the co-efficiency of
power’s peak value is also lower compared to two-bladed
and three-bladed rotors. Figure 25 indicates the variation of
the power coefficient for different tip speed ratios for differ-
ent negative overlaps of a four-bladed design. The maximum
value of the power coefficient for different overlap ratios is
plotted to get the negative overlap’s best value for the four



Journal of the Brazilian Society of Mechanical Sciences and Engineering (2023) 45:648 Page 170f22 648

(a) Pressure contour € = 40 mm (b) Velocity contour € =40 mm

(c) Pressure contoure = 60 mm (d) Velocity contoure = 60 mm

(e) Pressure contoure = 80 mm (f) Velocity contoure = 80 mm

(g) Pressure contoure = 100 mm (h) Velocity contoure = 100 mm

Fig. 24 Contours for all selected negative overlap
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turbine vane design, as shown in Fig. 26. The results indicate
the best value of the negative overlap ratio between —0.16
and —0.20 in the case of four vane turbine rotors.

To conclude the investigation, the best-performing results
of negative Overlaps from all three cases, i.e., two vanes,
three vanes, and four vanes of the turbine, are simultane-
ously marked on one chart for better comparison. The com-
passion of the results obtained from the present investiga-
tions is shown in Fig. 27.

The result indicates the highest value of the efficiency
of power 0.18 at a tip speed ratio of nearly 0.8 with a
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two-bladed turbine rotor. Still, the rate of rise and fall of
performance is also very steep for two-bladed turbine rotors,
near the power region’s maximum coefficient. Hence, in the
case of a minor change in the load on the turbine rotor (with
a minor change in the tip speed ratio) from the maximum
Cp location, the performance deteriorates very drastically.
Hence, two-bladed turbine rotors are suitable only for those
sites where the load on the turbine remains nearly constant,
keeping the operating speed nearly TSR of 0.8 at the high-
est Cp.

On the other hand, the maximum power coefficient
obtained with three-bladed turbines is less than that obtained
with the two vane turbines. However, it provides nearly con-
sistently good performance for a wide range of loads, i.e.,
tip speed ratio. A similar trend is also observed for the four-
bladed turbine rotor. Hence, a three-bladed turbine rotor is
a comparatively better option where load fluctuation on the
turbine is relatively high, despite its maximum coefficient of
power being less compared to the two-vanned turbine rotor.

The numerical analysis’s primary purpose is to find the
best performing design, and after obtaining it, the best-
obtained design should be tested experimentally.

6 Concluding experiments

The two-bladed Savonius hydrokinetic turbine performs bet-
ter on the power coefficient performance parameter; hence,
the two-bladed Savonius rotor was fabricated and examined.
The details of the experiments are mentioned in the follow-
ing subsections:
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Fig. 28 Experimental setup
with installation in channel

(b) Top view of setup inside channel

Table 5 Dimensions of rotor Reference dimensions Values

Number of blades 2

Diameter of rotor 0.12m
Diameter of blades 0.05 m
Gap between blades ~ 0.02 m
Thickness of blades 0.005 m

6.1 Experimental setup

The experiments were performed using the best configura-
tions obtained from CFD analysis. The setup was prepared
with four studs used as supporting frames. Two transpar-
ent acrylic sheets were provided to support the rotor’s ends.
The two metallic flanges were machined and attached to the
endplates of the rotor. The top flange provided a hole for the
turbine shaft. The PVC pipe was cut such that it generated
two C-shaped Savonius blades, as shown in Fig. 28a. The
selected dimensions of a rotor are mentioned in Table 5.

(c) Side view of setup inside channel

The prepared setup was then installed in an available arti-
ficial canal using two supporting rectangular cross-sectioned
rods, as shown in Fig. 28b and c. Also, the experimental
setup was mounted with a spring balance arrangement to
measure the torque generated by the rotor. The flow velocity
was measured using a cup-type water velocity current metre.

6.2 Experimental procedure

The setup was installed in the elliptical canal, as shown in
Fig. 29a and b. A trial was done with a negative overlap ratio
of —0.17, as the highest power coefficient was found for the
—0.17 overlap ratio. As the rotor gets steady-state rotation,
the readings were taken from no-load conditions to peak-
load conditions. The readings were taken in a set of three
trials each. By applying load, the time was noted for specific
numbers of rotations for all readings. The trial was run until
the rotor was stopped. The obtained results are discussed in
the following subsection.
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Fig.29 View of test rig (labora-
tory scale artificial canal)

(a) Channel view of test rig
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Fig.30 Variation of torque coefficient with TSR

6.3 Results and discussions

The primary task of experiments is to validate and check
the results obtained by numerical simulations. The two per-
formance parameters were compared with the experiments:
torque coefficient and power coefficient.

The obtained graph for the same is shown in Figs. 30
and 31. Figure 30 shows a good match with the numerically
obtained results. Although some uncertainties are always
present in both numerical and experimental analysis, the
power coefficient graph also shows a very similar trend, but
the power coefficient’s peak value was observed to be less
than that of the numerical results. The presence of friction
and experimental and numerical uncertainties are the major
factors responsible for these variations.
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7 Conclusion

In the present investigation, the performance of the Savo-
nius turbine was investigated considering the negative over-
lap ratio. The hydrodynamic performance of the Savonius
turbine investigated the negative overlap ratios with two
vanned, three vanned, and four vanned turbines. The flow
behaviour of water was analysed by plotting pressure and
velocity contours around the rotor. The validating experi-
ment was also conducted for obtained best design. With the
present investigation, following conclusions can be derived:

Using the validated numerical methodology, the maxi-
mum value of the co-efficiency of power is 0.18 for two-
bladed, 0.169 for three-bladed, and 0.15 for four-bladed
rotors, which can be obtained at a tip speed value of 0.6 to
0.8 for all selected cases.
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Moreover, the maximum power coefficient value is
achieved with the gap between the blades at — 60 mm
or an overlap ratio of —0.17 for two-bladed rotors, with
a —40 mm gap or —0.12 overlap ratio for three-bladed
rotors, and — 80 mm gap or — 0.20 overlap for four-bladed
rotors.

With the simulation of a three-bladed and four-bladed
turbine, it is observed that the value of the coefficient of
power at different vane overlaps is lower than that of the
two-bladed rotor analysis.

The steep rise and fall of the performance are observed
with the two-bladed turbine, near the heist performance
range. It falls drastically with even a minor change in load
or tip speed ratio. It indicates that the two-bladed turbine is
suitable where the load on the turbine remains constant. The
benefit of heist performance can be obtained by operating
the turbine at a constant speed nearer to the best obtained
tip speed ratio.

On the other hand, the maximum power coefficient
obtained with three-bladed turbines is less than that obtained
with two vane turbines. However, it provides nearly consist-
ently good performance for a wide range of loads, i.e., tip
speed ratio. A similar trend is also observed for the four-
bladed turbine rotor. Hence, despite its maximum power
coefficient being less than the two-vanned turbine rotors, the
three-bladed turbine rotor is a comparatively better option
where load fluctuation on the turbine is relatively high.

For single-speed energy-storing devices like a generator
and a battery, the two-bladed Savonius with the best design
performs better compared to the three- and four-bladed
rotors. Hence, a two-bladed Savonius rotor was experimen-
tally cross-verified and obtained a close match with numeri-
cal analysis, which validates the best obtained Overlap Ratio.
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