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a b s t r a c t

Computational fluid dynamic analysis was conducted with a new proposed Savonius hydrokinetic
turbine with a parabolic blade shape specifically geared toward a small-scale power extraction. This
parabolic blade geometry was developed by manipulating a couple of disparate kinds of blades in the
recent past i.e. semicircular and arc shaped followed by a straight arc. The developed hydrokinetic
turbine was tested numerically in a symmetric channel and its performance was evaluated concerning
the power, thrust and torque coefficients. Simulations were also implemented with two other
mentioned blades. The effects of Reynolds number at different tip speed ratios on the dynamic and
static performance of all three models were discussed as well. The present investigation demonstrated
a gain of 7.7% and 12% in maximum power coefficient with the new proposed Savonius hydrokinetic
turbine by parabolic blade shape than that of the arc shaped followed by a straight arc and semicircular,
respectively. Likewise, for this new proposed turbine, the maximum value of static torque coefficient
improved by 4% and 25.8% than that of the arc shaped followed by a straight arc and semicircular,
severally. For all three simulated blade profiles, the best performance was experienced at an optimum
value of tip speed ratio 0.98 and Reynolds number 2 × 105. However, the new proposed turbine at
all Reynolds numbers and tip speed ratios in the scope of this research showed a better performance
than the other simulated models.

© 2020 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The increase in the use of fossil fuels results in extreme CO2
mission (Han et al., 2018) with the consequences such as cli-
ate changes (Alipour et al., 2020), instabilities in the world
nergy price (Roy and Saha, 2013b) and also pollution (Ramar
t al., 2018). In this context, renewable energy systems are be-
oming remarkable important due to reliability (Mercier et al.,
020), efficiency (Mohamed et al., 2010), sustainability (Owusu
nd Asumadu-Sarkodie, 2016), application in hybrid and electric
ehicles to have means of storing energy and their potential
o decrease environmental problems (Chatzirodou et al., 2019).
owadays, several countries are investing in the potential of
enewable energy and related infrastructures all over the globe
ither as a pilot or industrial scales (Sawin et al., 2018). Since
he early 1970s, a broad range of advancements has been re-
orted in the case of diverse renewable energy resources such
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nc-nd/4.0/).
as solar, wave, wind, hydrokinetics (river streams, tidal currents),
etc. (Roy and Saha, 2013a). Among these methods and based on
turbine usage, wind and water are both abundant, clean, efficient
and promising energy resources for off-grid power generation
at zero fuel cost (Talukdar et al., 2018). Considering the perfor-
mance principles, hydrokinetic and wind turbines are generally
in common and can be categorized into two well-known classes,
i.e. horizontal and vertical axis turbines (Liu et al., 2017). The
horizontal axis turbine type rotates around a horizontal axis and
the rotor is placed parallel to the flow while the vertical axis
turbines generate power by rotating around the vertical axis
with an orthogonal shaft across the flow (Michelet et al., 2020).
Although horizontal turbines have more capability to extract
energy, however based on the material (Alipour and Nejad, 2016)
and their manufacturing method (Najarian et al., 2019) it is very
cost-effective to use the vertical axis turbine for small-scale and
shallow water sites (Khan et al., 2009a).

There are several fabricated vertical axis turbines (Khan et al.,
2009a) e.g. Darrius (Antheaume et al., 2008; Rossetti and Pavesi,
2013), Gorlov (Gorlov, 1998) and Savonius, etc. (Al-Dabbagh and
rticle under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
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Nomenclature

µ Dynamic viscosity of fluid
ρ Fluid density
ω Angular velocity
A Swept area of turbine
Ad Axial distance of the blades
CFD Computational fluid dynamic
Cp Power coefficient
CPmax Maximum Power coefficient
CT Torque coefficient
CTH Thrust coefficient
CTS Static Torque coefficient
D Turbine diameter
e Overlap distance of the blades
H Height of turbine
NCSHT New conventional Savonius hydroki-

netic Turbine
NPSHT New proposed Savonius hydrokinetic

turbine
PG Generative power of turbine
PH Hydraulic energy from water
R Radius of turbine
Re number Reynolds number
SHT Savonius hydrokinetic turbine
SSHT Savonius style hydrokinetic Turbine
SWT Savonius wind turbines
TSR Tip speed ratio
URANS Unsteady Reynolds Averaged Navier

Stokes
Vin Inlet velocity

Yuce, 2018). Savonius turbine is one of the most popular turbines
in both cases of hydrokinetic and wind applications due to the
cost-effectiveness, low noise (Afungchui et al., 2010) and envi-
ronmental side-effects, and ease of fabrication and installation in
comparison with the horizontal axis turbines (Kumar and Saini,
2016). Besides, they are simple to design so that their conven-
tional model is composed of a couple of semicircular blades (Fer-
rari et al., 2017). This type of turbine works based on the drag
force and its performance is independent of flow direction (Akwa
et al., 2012b). Nevertheless, Savonius turbines are somehow suf-
fering a lack of power generation (Menet, 2013) which makes
them needful to improve their performance through manipulat-
ing in geometrical design (Sivasegaram, 1978).

Early researches on Savonius wind turbines (SWTs) were fo-
used on obtaining the real value of maximum power coefficient
CPmax) that can be observed for instance in Fujisawa and Gotoh
1994). Also, investigation of the performance of SWT in dif-
erent blade numbers and configurations has been the area of
nterest for several researchers such as Mahmoud et al. (2012)
nd Wenehenubun et al. (2015). However, in recent years, many
esearchers have tried to enhance the efficiency of Savonius
ind and hydrokinetic turbines, by modifying the geometry of
he blades (Emmanuel and Jun, 2011), using deflector plates
nd ducts (Benesh, 1996). For example, Kamoji et al. (2009),
onducted experimental research on a single stage SWT by mod-
fying the baled geometry at different Reynolds numbers (Re)
nd showed the modified SWT has the best performance at Re
50,000. In similar researches, Alom et al. (2016) and Banerjee
t al. (2014) implemented a computational investigation on the
3052
operation of SWTs with different blade geometries and proved
that the performance of elliptical blade geometry is better than
the semicircular blades. Recently, it has been reported that us-
ing the spline blade geometry increases the obtained power
coefficient in compression with the conventional semicircular
blades (Mari et al., 2017).

Since the past decade, research on the Savonius hydrokinetic
turbine (SHT) has taken a notable leap. Some creative ideas such
as presented by Faizal et al. (2010) on the use of orbital motion
existed in hydro waves showed that the enhancement in height
and frequency of the waves can boost the angular velocity of
the SHT. Yaakob et al. (2012) and Sarma et al. (2014) studied
the performance of a 2-bladed and 3-bladed semicircular SHTs,
respectively and tried to find an optimal value for tip speed
ratio (TSR) in which the CPmax can be achieved. Besides, a part
of the researchers investigated distinctive performance improve-
ment methods e.g. employing multiple stages deflectors or blade
geometries. Golecha et al. (2011) and Kailash et al. (2012) carried
out a series of tests to enhance the performance of a modified 2-
bladed SHT using a deflector plate located at an optimum place.
Results showed using the deflector plate, not only a 50% increase
in CPmax can be achieved, but also this CPmax is obtained at a
higher value of TSR. In a different study, Nakajima et al. (2008)
experimentally demonstrated that the power coefficient (CP) for
a SHT is able to be improved using double stage configuration
of the blades. The conclusion of the recent paper was in good
agreement with Khan et al. (2009b) results. Another experimental
investigation was reported by Patel et al. (2017) in which, the
overlap ratio and aspect ratio effects on the performance of a SHT
was evaluated.

Although the above-mentioned researches on SHT are mostly
experimental based and valuable, however, the test plans with a
lot of designs and rectifications are costly and dangerous to some
extent. Thus, numerical approaches (Alipour, 2011; Alipour and
Najarian, 2011; Alipour et al., 2018, 2009) such as computational
fluid dynamic (CFD) has been taken for the analysis by several
researchers. Elbatran et al. (2017), numerically investigated using
a duct to modify the performance of a single stage SHT. To
enhance the performance, Kumar and Saini (2017) indicated that
by twisting the blades around 12.5◦, the CPmax of a SHT increases
considerably. Ferrari et al. (2017) showed that in a similar con-
dition, the CPmax obtained from a three-dimensional (3-D) CFD
analysis is lower than that of a two-dimensional (2-D) simulation.
In the case of 2-D simulations, Nasef et al. (2013) revealed that
among the different present turbulence models, the results of
CFD analysis employing the SST k-ω is more compatible with the
experimental outputs.

Although the Savonius turbine has been basically designed
for harnessing energy from wind, however as literature showed,
there is a big motivation for the researchers to employ it as a
hydrokinetic energy extractor device. The flow regimes around
the SHTs and SWTs quite dissimilar due to the distinctive nature
of the wind flow and the water flowed in an open channel.
While the wind flow is predominantly generated due to the
pressure difference, water flow is commonly governed due to
gravity (Patel et al., 2017). Likewise, the greater power density
of water makes the SHT as a spotlight for the researchers. The
subtle point is that, though there seems the performance of SHT
may be enhanced with the use of axillary equipment e.g. de-
flector (Golecha et al., 2011), ducts (Elbatran et al., 2017) etc.,
nonetheless, such additional devices lead to more complexity of
the turbine system especially in the phases of fabrication and
installation. Hence, the current study attempts to introduce a new
proposed conventional SHT with respect to change in the blade
design factors so that it has far more acceptable performance

than that of reported in the literature. In order to meet the
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Fig. 1. Schematic of a SHT.
Table 1
Design specifications of SHTs.
Turbine parameters Type of SHT

NCSHT
(Talukdar et al., 2018)

SSHT
(Roy and Ducoin, 2016;
Roy and Saha, 2015)

NPSHT

D (mm) 250.0 250.0 250.0
e (mm) 37.5 112.5 82.5
Ad (mm) 37.5 30.0 35.0
Height to diameter (AR) 1.0 1.0 1.0
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mentioned objective, initially, the performance of a semicircular
2-bladed SHT proposed by Talukdar et al. (2018) is simulated and
the torque, thrust coefficient (CTH) and CP as the performance
indicators at different Re are numerically computed. Secondly, a
similar scenario is conducted for a recently developed 2-bladed
SWT reported as high wind energy capturing capacity (Roy and
Ducoin, 2016; Roy and Saha, 2015), but immersed in the water
to explore its hydrodynamic performance. Finally, a new 2-bladed
SHT is proposed and its performance is investigated in terms of
the mentioned indicators with comparison to the initial and sec-
ond steps. The hydrodynamic performance of models is evaluated
via CFD simulations using ANSYS-FLUENT commercial software.
Results of simulations for all models are validated against the
experimental data presented in Talukdar et al. (2018).

2. Terminology of a 2-bladed Savonius turbine

A SHT consists of rotating parts e.g. blades and endplates,
which are assembled around a rotor in the center of the turbine.
If a 2-bladed SHT as shown in Fig. 1 is considered, the blades
are named as advancing and returning blades. In this type of
SHT, rotation mainly comes to pass by the drag force generated
between the concave and convex sides of the blades. Further, the
lift force as well plays a role to provide the net torque at different
rotational positions. It can be expressed that; the advancing blade
is subjected to greater drag force than that of the returning
blade and thus a positive torque can be obtained. However, it is
important to set the negative torque caused by the drag force on
the returning blade so that it always stays minimum.

3. Scope of the present research

As per mentioned in the literature, SHTs have several posi-
tive points e.g. better self-starting capability and flexible design
promises (Roy and Saha, 2014). However, the conventional type
of them is reported to have less efficiency than that of its counter-
part (Roy and Saha, 2013c). That is the motivation for the present
authors toward more improvements in the earlier designs. Among
several modified SHT models proposed in the literature, Talukdar
3053
et al. (2018) introduced a new conventional Savonius hydroki-
netic turbine (NCSHT) with a semicircular blade profile that had
higher CP as compared to the semi-elliptical model offered in
lom et al. (2016). Moreover, digging the literature unveils a new
avonius style wind turbine (Roy and Saha, 2015; Roy, 2014)
hich has been reported to have more performance as compared
o the Benesh type (Benesh, 1996), and modified Batch type (Roy
nd Saha, 2013a; Roy and Ducoin, 2016; Roy and Saha, 2013c).
he recent model with Arc shaped followed by a straight arc
lade profile was initially designed for operating in the wind;
owever, its performance has not ever been checked as a hy-
rokinetic turbine. Since the scope of this study is covered the
ydro performance of turbines, the authors are going to check
he performance of this wind turbine in the water area and
hus it is named the Savonius style hydrokinetic turbine (SSHT).
onsidering the mentioned reasons, these two models i.e. NCSHT
nd SSHT were selected and the performance of a new proposed
odel which is supposed to be presented in this research is
ompared to them. Dimensions and schematics of these selected
urbines are shown in Fig. 2.

According to the literature, it sounds that manipulating the
verlap distance (e) and axial distance (Ad) may serve as a useful
arameter to enhance the performance of a SHT (Roy and Saha,
013b,a; Benesh, 1996; Kamoji et al., 2009; Roy and Saha, 2013c).
n addition, several researches (Benesh, 1996; Kamoji et al., 2009;
lom et al., 2016; Banerjee et al., 2014; Roy and Saha, 2015) can
e found in which, a part of the blade trailing edge has been
esigned straight. Though it has not been expressed explicitly in
he reports, it seems to be an effective tool for increasing per-
ormance and torque extracted from a SHT. So, a new proposed
avonius hydrokinetic turbine (NPSHT) with a parabolic blade
rofile is presented in this study in which, all mentioned issues
.e. partial straightness of blade profile, e and Ad are considered.
hus, an attempt is conducted to improve the performance of
he SHTs. Dimensions and schematics of NPSHT are displayed in
ig. 3. The design parameters for all three models are tabulated in
able 1. In this study, the selection of turbine rotor dimension and
spect ratio (AR) has been adopted from Talukdar et al. (2018).
he aspect ratio (AR) mentioned in Table 1 was not used in any
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Fig. 2. Profile and dimensions of SHTs taken from the ligature.
Fig. 3. Profile and dimensions of NPSHT: parabolic shaped.
part of this 2D simulation. However, for those researchers who
are interested in fabrication NPSHT, it is useful to know that, an
AR < 1.5 is often suitable for Savonius turbines for achieving
structural stability (Roy and Saha, 2013a; Talukdar et al., 2018;
Abraham et al., 2011). A numerical investigation based on the CFD
then is carried out for all three models in which the values of C
P

3054
and torque coefficients are extracted at different Re numbers and
TSRs.

4. Computational procedure

Based on the proven capability of CFD method to analyze the
wide range of fluid flow problems, this method was used in the
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Fig. 4. Boundary condition on the computational domain.

resent study. Since, in this research, all SHT models are sym-
etrical along their vertical axis, the 2-D simulations have been
onducted to determine the performance of turbines. This strat-
gy has been reported to consume lower computational time with
cceptable accuracy (Tian et al., 2015; Rogowski and Maroński,
015; Altan and Atılgan, 2008). The finite volume method with
liding mesh technique in the bed of ANSYS-FLUENT software was
sed for the simulations. Among the large number of turbulence
odels applied for simulating this type of problem (Zhou and
empfer, 2013), the SST k-ω turbulence model was employed
ince it is appropriated to model the flow where a precise bound-
ry layer is needed. This turbulence model has been frequently
eported to capture a broad range of flows such as adverse pres-
ure gradients, flow around airfoils, rotating flows (Talukdar et al.,
018; Roy and Ducoin, 2016; Menter, 1994). Unsteady Reynolds
veraged Navier Stokes (URANS) equation using the Coupled
lgorithm (Saeed et al., 2019; Lanzafame et al., 2014) (pressure–
elocity) (Saeed et al., 2019; Lanzafame et al., 2014) was utilized
or computations. Second order upwind method (Mohamed et al.,
010; Elbatran et al., 2017; Saeed et al., 2019) was applied for
he discretization of convective equations. For the simulation of
SHT under unsteady flows, time step (∆t) is very important so
hat using the large time step causes unrealistic results (Kumar
nd Saini, 2017). It is suitable to set ∆t according to TSR val-
es (Ferrari et al., 2017). In this study, ∆t set as 1◦ rotation of
he turbine in the same way as other researchers (Elbatran et al.,
017; Lee et al., 2016). So, it is possible to extract torque in each
◦ of rotation and consequently the error is reduced. The number
evolutions of the turbine were between 10 and 12 to ensure that
onvergence is come to pass.

.1. Computational domain and boundary condition and grid gener-
tion

Fig. 4 displays the typical computational domain for the
PSHT. It includes two distinguished areas i.e. inner rotating area
onsists of SHT and the external rectangular stationary area. It is
ery important to have adequate interface diameter (inner area
iameter) from the blades for minimizing the numerical error
nd assuring pressure and velocity continuity (Roy and Ducoin,
016). Many diameters have been proposed in the literature from
.1D to 4D (Talukdar et al., 2018; Ferrari et al., 2017; Kumar and
aini, 2017; Roy and Ducoin, 2016; Saeed et al., 2019). In the
urrent study, the diameter of the inner region was considered
50 mm or 3D. The dimensions of the outer region were assigned
000 mm × 3000 mm or 20D × 12D. Moving wall condition
as applied for the blades. Uniform velocity was specified at
3055
Fig. 5. Close up view of mesh in different regions of the computational domain.

Fig. 6. Experimental measured CP from Talukdar et al. (2018) versus calculated
CP from the present CFD model based on different turbulence models for NCSHT.

Fig. 7. CP vs. the number of mesh for different time steps based on the degree
of turbine rotation.

the inlet, which value varies corresponds to the different Re
numbers used in the study (Elbatran et al., 2017; Marsh et al.,
2015). The boundary condition at the outlet was assigned as the
pressure outlet. The top and bottom edges of the computational
domain were considered as the symmetry boundary condition.
The mentioned boundary condition has been reported as the most
successful condition for predicting the performance of 2-D SHTs
in several researches (Roy and Saha, 2013a; Talukdar et al., 2018;
Ferrari et al., 2017; Menet, 2013; Roy and Ducoin, 2016; Tian
et al., 2015; Saeed et al., 2019; Akwa et al., 2012a).

4.2. Grid generation

In a finite volume problem, grid generation with acceptable
quality is essential to achieve high precision results. Accordingly,
the quality of the mesh was controlled by aspect ratio and mesh
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Fig. 8. Variations of CT and CP versus TSR at different Re numbers.
kewness. The boundary layer also plays a very important role
o simulate near-wall flow and appeared adverse pressure. The
oundary layer was attended by y+ and equaled less than 1 due
o the use of the SST K-ω model at different Re. The number of
he boundary layer was set as 20. The structured mesh was used
or the external area of the domain while for the inner rotating
rea triangle unstructured mesh was employed. Five different
omputational grids were checked to estimate the number of
lements by which an independent solution can be established
o obtain a converged response. This convergence study was
onducted based on the obtained value of the torque coefficient
CT) and CP versus the number of elements. After the convergence
tudy, the number of elements for reaching an accurate solution
as obtained around 783,000 for different models. A close-up
iew of mesh in different regions of the computational domain

s shown in Fig. 5. A
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5. Indicators to compute the SHTs performance

It was mentioned earlier, the main target of the present re-
search is to analyze the performance of the NPSHT to check the
efficiency enhancement as compared to its counterparts. This was
implemented through realizing some performance indicators of
the SHTs i.e. CP and torque coefficient (CT) at a different value of
TSR, as presented in Eqs. (1) and (4):

TSR =
ωR
Vin

(1)

CT =
T

0.5ρAV 2
inR

(2)

CP =
PG
PH

=
Tω

0.5ρAVin3 =
CTωR
Vin

= (CT )(TSR) (3)

= DH (4)
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where ω is the angular velocity (rad/s), R is the radius of a turbine
(m), Vin is the inlet velocity, PG is the generative power of the
turbine, PH is the hydraulic energy from water, ρ is the water
density, and T is the torque. A, D and H are the swept area of the
turbine, turbine diameter and height of the turbine, respectively.
Since in the present study, a 2-D simulation is in the process the
H value was set as 1 m (Menet, 2013). Hence, the value of Re
number at different flow condition can be calculated as (Talukdar
et al., 2018):

Re =
ρVinD

µ
(5)

where the µ is the dynamic viscosity of the fluid. In this inves-
tigation, water velocity was assumed between 0.48 and 1 m/s
and so the Re values were achieved between 1.2 × 105 and 2.5
× 105. The density of water was considered 998.2 kg/m3 and
ynamic viscosity is 0.001 kg/m s−1. For the validation process,
he results should be compared with experimental data. Since the
imension of the presented NPSHT is similar to NCSHT (Talukdar
t al., 2018), the operation condition of NCSHT (Re number = 2

× 105) was considered as a start point for the simulations. In the
next steps, the up and down range of the mentioned Re number
has been investigated to achieve the maximum power efficiency.
In fact, the SHTs on the presented scale are more fabricated for
use in the mentioned operation condition (Talukdar et al., 2018;
Kumar and Saini, 2017; Roy and Ducoin, 2016; Roy and Saha,
2015).
3057
6. Results and discussion

6.1. Validation of the developed model

The results of CP presented in the current research for NCSHT
ere validated against experimental work conducted by Talukdar
t al. (2018). Their experimental data on NCSHT were employed
o model and validate the CFD model, since they conducted
he experiments at Reynolds number equal to 2 × 105 (fall
ithin the scope of the present work), in which the power re-
ults was extracted completely clear. To ensure the accuracy of
he simulation results, different turbulence models have been
xamined and compared with the mentioned experimental out-
omes. These comparisons are shown in Fig. 6. Results show that
he SST-kω turbulence model acts nearly to the experiments as
reviously mentioned in Nasef et al. (2013). From Fig. 6, the
oot mean square error value (RMSE) between experimental and
umerical data relied on using SST-kω turbulence model was
round 0.026. The range of error agreed with those reported
y other researchers who employed URANSE for simulations of
HTs (Talukdar et al., 2018; Ferrari et al., 2017; Roy and Ducoin,
016; Lee et al., 2016; Dobrev and Massouh, 2011). Also, the
rend of error is similar to other researches mentioned in the
iterature (Ferrari et al., 2017; Dobrev and Massouh, 2011) for
-D simulation. The discrepancy of CP results, especially in the

freewheeling region, has been reported to occur due to a slight
difference between the experimental and numerical values of lift

and drag ratios (Ferrari et al., 2017). Thus, it can be expressed
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hat a good agreement between CFD and experimental results
as gained.
For the simulation of vertical axis turbines under unsteady

lows, the time step is very important. It is suitable to set it (∆t)
ccording to TSRs (Ferrari et al., 2017). Therefore, researchers
onsidered district time step based on a different angle of rotation
nd have described Using a large time step led to unrealistic
esults (Kumar and Saini, 2017). In this study, to avoid this
roblem, different time steps from 2.5 to 0.5-degree rotation
f the turbine were considered. It was found that there is no
ifference in outcome time steps between 1.5 and 0.5-degree
otation during meshes refinement. For each TSR, the time step
s set on 10 rotation of the turbine (Elbatran et al., 2017; Lee
t al., 2016). Therefore, it is possible to extract torque for every
0 rotations and reduce the computational error. (see Fig. 7).

.2. Dynamic performance

This section provided a comparative study to assess the perfor-
ance of all three models discussed in this research. Fig. 8 shows

hat for all models, the variations trend of CT versus TSR at all
alues of Re numbers in the range (1.2 × 105

≤ Re ≤ 2.5 × 105)
ere the same. A similar trend can be also observed for Cp. Thus,

t can be expressed that, the CT extracted from a SHT independent
orm its type, has a significant effect on the CP.

From Fig. 8, it can be revealed that for all models, the CT values
ecrease with the increase of TSR. Previous researchers (Roy and
aha, 2015) attribute this phenomenon to the gradual loads ex-
rted to the SHT rotor, which in turn, reduces the turbine angular
3058
elocity. On the other hand, the CP enhances with an increase of
SR up to a CPmax, then after, it declines at higher values of TSR.
lso, it is observed that the CT increases with an increase of Re
umber up to a certain maximum value i.e. 2 × 105 due to an
ncrease of generated momentum. Beyond such Re number, CT
ecreases because an increase in vortices comes in to play. So,
or all three models, the maximum amount of CT occurred at Re
umber 2 × 105 which is more than that of Re numbers 2.5 × 105,
.5 × 105, and 1.2 × 105, respectively. Thus, the Re number 2 ×

05 may be nominated as the optimal value for torque generation.
t is completely clear that, at all Re numbers, the CT of the NPSHT
s higher than that of SSHT and NCSHT, severally.

Similarly, Fig. 8 demonstrates that NPSHT shows an improve-
ent in CPmax as compared to other simulated turbines. The CPmax

or all SHTs occurred at Re = 2 × 105. This value was 0.25, 0.26,
.28 for NCSHT, SSHT, and NPSHT, respectively. In fact, the CPmax
ains of the NPSHT over SSHT and NCSHT was found to be 7.7%
nd 12%, severally. The recent trend was similar for all values of
e numbers. It is worth noting that NPSHT is located firmly in the
ighest amount of CPmax at different Re numbers. Also, it should
e noted that the CPmax for all cases and at all Re numbers has
een situated at TSR 0.98. Likewise, obtaining CPmax at different Re
umbers but the same value of TSR has been previously reported
y Kumar and Saini (2017) that was observed at TSR 0.9.

.3. Static performance

The average of static torque (CTs) for each revolution leads
o determine the overall C and subsequently computing Cp.
T
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t is worth mentioning that to demonstrate the performance
iscrepancy among all three models presented in this research,
6 simulations were needed to be run. Since presenting all the
esults in the paper was not possible, just a couple of TSRs
ere selected. Figs. 9 and 10 display the variation of CTs versus
otational angle at TSRs 0.71 and 0.98 for different Re numbers.
lso, Figs. 11 and 12 show the variation of CTH versus rotational
ngle at the same conditions. From Fig. 9, it is clear that for
e numbers between 1.2 × 105 and 2.5 × 105 at TSR = 0.71,
he SSHT obtains a lower CTS in the range of rotational angle
etween 150◦ to 185◦. At the same condition, NPSHT shows a
early similar performance to the NCSHT, but it gains more CTS. In
his situation, CTs is a function of CTH which can be considered as
significant parameter to increase or decrease CTS. On the other
and, from Figs. 9 and 11, considering rotational angle in the
ange of 80◦ to 105◦, it is realized that, NCSHT is suffering from
ow generated torque as compared to SSHT and NPSHT due to
ow CTH. In this angular position, SSHT and NPSHT perform closely
owever, NPSHT has again better efficacy as compared to SSHT.
From Figs. 10 and 12, it can be revealed that for Re numbers

.2 × 105 to 2.5 × 105 at TSR = 0.98 the maximum value of CTS
as been obtained in the range of rotational angle between 85◦

o 125◦ for all three models while the amount of CTH decreased.
his thrust drop is related to the reduction of the cross-sectional
rea of the turbine that is exposed to the flow at this rotational
ngle range. However, in this situation, more lift occurs and the
hrust acting on the returning blade decreases and consequently

he amount of CTS increases. Figs. 10 and 12 also show, under the

3059
ame condition, NCSHT has been still remained at the lowest CTS

hile SSHT & NPSHT have more capability to generate CTS. In fact,
or NCSHT, lower thrust is applied to advancing blade and lower
ift generates. In this case, better performance can be observed
or NPSHT as compared to SSHT. In general, the maximum CTS of
the NPSHT is 4% higher than that of the SSHT and 25.8% than that
of the NCSHT.

From Figs. 9 and 10, a fluctuation in the extracted torque can
be detected. This fluctuation may attribute to the torque changes
on the advancing and returning blades from positive to negative
and vice versa. Considering Fig. 9, the most fluctuation of the
torque is observed in the range of 50◦ to 150◦ for TSR = 0.71. This
fluctuation leads to hold NCSHT at its maximum torque extraction
for a longer period. Nonetheless, its CTS is lower than that of
SSHT and NPSHT and thus the NCSHT performance decreases.
From Fig. 10, for TSR = 0.98 the most fluctuation of the CTS

is observed in the range of 140◦ to 200◦. Under this situation,
the fluctuation of CTS for NCSHT is more than that of SSHT and
NPSHT however, it is oriented to avoid negative CTS and leads to
increase its performance in comparison with SSHT and NPSHT.
Similarly, the fluctuation of CTS for SSHT is more than that of
NPSHT nevertheless, it causes CTS is not fallen within the negative
area and as the result, its performance enhances.

Although the study of the dynamic and static performances
of SHTs are able to explain the relationship between the tur-
bine geometry and generated thrust, torque and power, however
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Fig. 12. Thrust coefficients at TSR = 0.98.
hey are not an appropriate criterion to interpret all parame-
ers contributing to the issue of performance in different situa-
ions. Therefore, further discussion through plotting pressure and
elocity contours need to be presented.

.4. Pressure contours

As per mentioned, SHTs operate based on the drag force so
hat the pressure drops between the concave side of the advanc-
ng blade and the convex side of the returning blade influences
he turbine rotation. So, it is necessary to analyze the pressure
ontours for obtaining an in-depth understanding of SHTs per-
ormance. Figs. 13 and 14 show the pressure contours for all
hree models presented in this study in the different operational
ituations. Form these figures, it can be realized, at the condition
ncluding Re number 1.2 × 105, TSR 0.71 and rotational angle
65◦, the effective area of pressure zone for the concave side of
he advancing blade in NCSHT and NPSHT is more than that of
SHT, but increasing in overlap ratio and torque arm from the
enter of rotation to center of pressure lead to generate more
orque in NPSHT. Similarly, it occurs for the other situations
.g. Re = 2 × 105 (TSR = 0.71, rotational angle = 165◦), Re =

.5 × 105 (TSR = 0.71, rotational angle = 180◦), and Re = 2.5 ×

05 (TSR = 0. 98, rotational angle = 90◦).
At Re = 1.2 × 105 (TSR = 0.98, rotational angle = 120◦) and

e = 1.5 × 105 (TSR = 0.71, rotational angle = 90◦), considering
he high pressure value on the concave side of advancing blades,

t is clear that pressure drag increases for SSHT and NPSHT. Also,

3060
the torque arm is observed to be higher for SSHT and NPSHT
than that of NCSHT and as the result, the torque increases. On
the other hand, observing the pressure contours in this situation
(Fig. 10), it can be considered that the maximum positive pressure
(red contours) disappears on the way of the convex side of the
returning blade for NPSHT as compared to SSHT, so the negative
torque reduces and performance increases. This phenomenon was
occurred at Re = 2 × 105 (TSR = 0.98, rotational angle = 105◦),
and Re = 2.5 × 105 (TSR = 0.98, rotational angle = 90◦). Likewise,
by observing the pressure contours, it is clear that the increase
of Re number leads to an increase in the pressure drop between
the concave side of the advancing blade and the convex side of
returning blades.

6.5. Velocity contours

In order to achieve the physical reasons behind the perfor-
mance improvement of the NPSHT over NCSHT and SSHT, the
flow velocity contours around all three models need to be plotted.
Figs. 15 and 16 show the velocity contours for the Re numbers in
the range of 1.2 × 105 to 2.5 × 105. From these figures, it can be
found the water velocity at the inlet is constant up to the inner
area including SHT. When SHTs rotate, two separate areas i.e. a
high velocity region near the tip of the blades and low velocity
or wake region at the downstream of the SHT appear. It has been
previously reported in Talukdar et al. (2018), Kumar and Saini
(2017) and Ostos et al. (2019). At TSR = 0.71 and for (Re = 1.2 ×

5 ◦ 5
10 , rotational angle = 165 ), (Re = 2 × 10 , rotational angle =
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65◦), and (Re = 2.5 × 105, rotational angle = 165◦), high speed
ortices are observed near the tip of advancing blade regions
hat causes to generate a low pressure zone in such regions.
his pattern leads the flow moves with high velocity and passes
rom the turbines so that far less exchange in the momentum
etween the flowstream and SHT occurs and consequently the
orque reduces. Also, it sounds that increasing the Re number is
ainly responsible for generation the high speed vortices around

he leading edge which causes to reduce the torque in such area.
At TSR 0.98 and (Re = 1.2 × 105, rotational angle = 120◦), (Re
1.5 × 105, rotational angle = 90◦), (Re = 2 × 105, rotational

ngle = 105◦) and (Re = 2.5 × 105, rotational angle = 90◦), it is
ealized that the advancing blade of NPSHT is subjected to higher
elocity gradient as compared to the SSHT and NCSHT. It may
ttribute to the parabolic blade shape of NPSHT that is capable
o create more surface area on the way of the flow. Therefore, an
ncrease in the velocity gradient results in more power output and
T. This change in geometry also leads to an increase in the torque

rm from the center of rotation to the center of lift which boosts

3061
he NPSHT performance. According to the mentioned, SSHT and
CSHT are placed in the next ranks, respectively. The same results
ut in the case of SWTs can be observed in Roy and Ducoin (2016).

.6. Performance comparison with counterparts

Some of the reported results in the case of 2-bladed SHT have
een tabulated in Table 2. It is worth mentioning that all of the re-
earches listed in this table are on the performance of SHTs in the
ater flow. As it can be observed, the computational evaluations

mplemented by Roy and Ducoin (2016), Roy and Saha (2015)
nd also the present study indicate that at the same condition,
he SHTs with arc shaped followed by a straight arc blade show
ore acceptable performance than the semicircular blade SHTs.
owever, the present study shows a parabolic blade SHT obtains
higher CPmax in comparison to semicircular (Talukdar et al.,
018) and arc shaped followed by a straight arc bladed SHT (Roy
nd Ducoin, 2016; Roy and Saha, 2015) at the analogous situ-
tion. Further, comparing the results presented in the Talukdar
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t

N

t al. (2018) with Elbatran et al. (2017) reveals that changing
he blade geometry from semicircular to the arc shaped followed
y a straight arc (partially straight blade) leads to achieve an
quivalent CPmax, but at lower TSR and Re number.
For better comparison and understanding, the computational

esults presented in Table 2 are shown in Fig. 17. By referring
o Table 2 and Fig. 16, concerning the CPmax, it is obvious that
PSHT is advantageous over the SSHT, NCSHT, S2, S3 and S4. It
an be attributed to its parabolic geometry in which, an increase
f overlap ratio and torque arm from the center of rotation to
he center of pressure lead to generate more torque as compared
o the other geometry. Moreover, this change in geometry and
ubsequently providing more surface area along the way of flow
auses the advancing blade of NPSHT is subjected to higher ve-
ocity gradient and lift increases so that more CP can be achieved.
ence, the CPmax of the NPSHT is 7.7%, 12%, 12%, 12% and 100%
igher than that of the SSHT, NCSHT, S2, S3 and S4, respectively.
3062
On the other hand, from Fig. 17 and Table 2, it can be observed
hat as a geometry of NPSHT changes to S1, its CPmax increases at
around 28%. This discrepancy between these two results may due
to the twisted blade shape of S1. Though this type of blade may
increase the CPmax however, its geometrical complexity makes the
manufacturing process costly, time-consuming and cumbersome
as compared to the NPSHT. From the other point of view, when
browsing Table 2, the S1 showing the CPmax at Re = 3.95 × 105.
evertheless, in our present study, the NPSHT obtained CPmax at

Re = 2 × 105 which is far less than that of S1. Identically, this
higher Re number has a significant effect on the extracted torque
and power of the turbine. Plus, a more complex and expensive
gearbox for controlling the rotational movement of S1 is required.
Therefore, a further extensive parametric study on these two
types of SHT in the same flow conditions has to be conducted.
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able 2
ome reported studies on SHTs.
Reference Code Blade shape D (mm) e (mm) Ad (mm) AR TSR Re CPmax

Kumar and Saini (2017) S1 Twisted blade 160 0 0 1.6 0.90 3.59 × 105 0.39
Present study NPSHT Parabolic 250 82.50 35.00 1.0 0.98 2 × 105 0.28
Roy and Ducoin (2016) and
Roy and Saha (2015)

SSHT Arc shaped followed by a straight arc 250 37.50 30.00 1.0 0.98 2 × 105 0.26

Talukdar et al. (2018) NCSHT Semicircular 250 112.50 37.50 1.0 0.98 2 × 105 0.25
Nakajima et al. (2008) S2 Semicircular 142 51.12 51.12 – 1.100 1.1 × 105 0.25
Elbatran et al. (2017) S3 Arc shaped followed by a straight arc 245 – – 0.7 0.73 1.32 × 105 0.25
Kailash et al. (2012) S4 Circular arc followed by a straight arc 245 – – 0.7 0.70 1.32 × 105 0.14
7. Conclusions

In this paper, the performance of a new proposed hydrokinetic
avonius turbine was investigated through a computational fluid
ynamic analysis and results were compared and discussed with
3063
Savonius style hydrokinetic turbine and new conventional Savo-
nius hydrokinetic turbine; both presented in the literature. The
main observations are summarized as follows

(a) With develop the new proposed hydrokinetic Savonius tur-
bine, a remarkable improvement in the C was obtained
Pmax
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Fig. 16. Velocity contours at Re numbers 2 × 105 and 2.5 × 105 .
Fig. 17. CPmax of NPSHT as compared to some SHTs reported in the literature.
3064
over other models presented previously. Performance gains
of 7.7% and 12% were achieved over Savonius style hydroki-
netic turbine and new conventional Savonius hydrokinetic
turbine, respectively.

(b) The new proposed hydrokinetic Savonius turbine can in-
crease the value of the CTS, so that the maximum value of
CTS of the new proposed hydrokinetic Savonius turbine is
higher by 4% and 25.8% than the Savonius style hydroki-
netic turbine and new conventional Savonius hydrokinetic
turbine, respectively.

(c) The new proposed hydrokinetic Savonius turbine not only
could reduce the positive pressure on the returning blade
at some district rotational angle, but also increased the lift
of the advancing blade to some extent due to switching the
blade geometry into the parabolic shape.

(d) With the increase of Reynolds number, the dynamic per-
formance indicators i.e. the CP and CT and the static perfor-
mance indicator i.e. CTS and CTH enhanced up to a certain
limit of Reynolds number = 2 × 105, beyond which it again
declined.

(e) For all three simulated blade profiles, the CPmax values were
experienced at an optimum value of tip speed ratio 0.98
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and Reynolds number 2 × 105. However, the new proposed
hydrokinetic Savonius turbine at all Reynolds numbers and
tip speed ratios in the scope of this research showed better
performance than the other simulated models.

(f) In general, the parabolic geometry was able to gain better
performance as compared to its counterparts. This was
mainly due to provide an effective area of high pressure
drag on the advancing blade assisting with an increase of
the torque arm from the center of rotation to both centers
of pressure and lift.

his study focused on the performance of small-scale NPSHT
here a single turbine is utilized. Investigation of the concept of
mploying vertical arrays of small-scale NPSHTs substituted for
single large NPSHT can further be implemented in the future
orks.
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