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modifying the configuration of the rotor may be an effective solution for providing
electricity to the communities with no access to the power grid. Thus, this investigation
aims to study numerically the effect of adding two inner blades on the performance of
the Savonius wind rotor at low tip speed ratios (TSRs). The simulations are carried out
using the two-dimensional simulation with the assist of ANSYS software. For
turbulence modelling, the K-g/realizable model was adopted in this study. Power
coefficient (Cp) and torque coefficient (C:) at various TSRs for the rotor are determined
under a constant external overlap of 0.018 m. Furthermore, the effect of space
between the inner blades was also investigated using three values of spacing. The
simulation results show that the rotor with two inner blades performs better than the
same rotor without inner blades at all tested TSRs expect at low considered values of
0.2 and 0.25. The heights Cp was 0.188 with 17.1% performance improvement at TSR
= 0.4. Furthermore, the numerical results show that C, values decrease with the
decrease of the space between the blades.
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1. Introduction

Utilizing renewable energy has become very significant to the industries and the governments
over the world as a result of the air pollution generated from burning conventional fossil fuels [1].
Wind energy is one of the most promising alternatives as it a clean source of energy and available in
wide ranges. Albeit the utilize of wind power technologies has prevailed developing very
expeditiously, the generated electricity from wind power still much less than the derived electricity
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from the fossil fuel based power plants [2]. However, Wind power has become a paramount segment
of the yearly energy consumption portfolios of many countries around the world [3].

Recently, the investigations on the Vertical Axis Wind Turbines (VAWTs) from researchers have
increased due to the unique features of VAWTSs such as simplicity, independent from wind direction
and lower in cost [4-8]. Whereas the Horizontal Axis Wind Turbines (HAWT) have gained the main
segment in the wind energy market, the VAWT technology is expected to play a key role in the near
decades [9].

Generally, the main drawback of the VAWT is the low efficiency compared to the HAWT, which
requires more research on its aerodynamics in order to improve its performance characteristics [10].
This type of wind machines can be categorized into two main configurations i.e. Savonius (S-rotor)
and Darrieus rotor [11]. The Darrieus type is a lift-based rotor which consists of multi-curved blades
whereas the Savonius type relies more on the drag force and it usually consists of two semi-cylindrical
blades. Although the Darrieus rotor has higher efficiency and can generate higher power, Savonius
rotors have better starting performance than the other VAWTSs [12]. Moreover, the Savonius rotor
offers significant features such as the self-starting ability, low maintenance costs, simple construction
and high starting torque [13]. Since the main design parameters of the Savonius rotor are the aspect
ratio, overlap ratio, number of stages, number of blades and blade's profile, numerous studies have
been conducted on those parameters in order to enhance the performance of the turbine.

Many experimental studies on the Savonius rotor are done. These studies also include modified
designed rotors. Mahmoud et al., [14] conducted parametric investigations on the influences of end
plates, aspect ratio, number of blades, number of stages, and overlap ratio. They concluded that end
plates and double stage rotor enhance the turbine efficiency, whereas the overlap and multi blades
decrease the turbine performance. Bhayo et al., [15] tested a modified conventional Savonius rotor
with two and three blades in an open wind tunnel simulator. The maximum power coefficient is
obtained to be about (C, = 26%). Roy and Saha [16] examined a newly developed Savonius rotor with
a different type of blades taking into consideration the effect of wind tunnel blockage. They achieved
a maximum C, of 34.8%. Kemoji et al., [17] proposed a helical Savonius rotor and they tested it in an
open jet wind tunnel. They reached a maximum coefficient of power of about 17.4%. Ricci et al., [18]
reached a maximum power coefficient of (25.1%) for the helical Savonius rotor by investigating the
effect of end plates and overlap. Mohamed et al., [19] investigated the obstacle shielding effect on
the performance of the Savonius rotor. The results showed that the highest increment in the output
power was 75.4%.

Coinciding with the development of the engineering software many studies were performed
using the computational investigations on the Savonius rotor. Gupta et al, [20] numerically
investigated the flow physics around the helical Savonius rotor. They found that the maximum power
can be extracted when the rotor is positioned at 45° & 90° with respect to the incoming flow. El-Baz
etal., [21] introduced a new arranged design using multi-Savonius turbines. They concluded the novel
triangular arrangement increased the power coefficient by about 44%. Ghatage and Joshi [22]
studied the effect of twist angle on the performance of the helical Savonius rotor. The optimal twist
angle was 30° and it can achieve a C, of 0.216. Mohammadi et al., [23] investigated the effect of the
nozzles on the performance of the Savonius rotor. They reported that the extracted power was three
times more than the rotor without a nozzle. Al-Ghriybah et al., [24] studied the effect of inner blade
position on the performance of the conventional rotor. They found that the maximum Cp can be
generated when the inner blade tip is parallel with rotor tip.

Numerous numerical methods can be used in the computational fluid dynamics (CFD) studies.
One of the most popular methods in analyzing the performance of the Savonius rotors is the finite
volume method (FVM) using the ANSYS-Fluent software. In order to study the turbulent flow around
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the Savonius rotor, there are different models to solve turbulent flow. However, research done by
Larin et al., [25] suggested that the realizable k-e model was the most accurate in determining the
performance of the Savonius rotor.

While there are various powerful techniques to harvest wind energy, many studies are
attempting to improve the performance of the Savonius wind rotor in terms of C, by optimizing the
shape of blades or adding power augmentations like windshields. The design of the Savonius wind
rotor needs to be the focus of development in order to improve the generated torque by the rotor.
Consequently, there should be a study on the Savonius rotor in relation to the addition of inner blades
in order to improve the performance of the rotor.

Most of the previous studies on the Savonius rotor were performed to enhance the performance
of the rotor using the main design parameter. In this paper, the performance of the Savonius rotor
with external overlap and two inner blades at a low tip speed ratio (TSR) will be investigated and
compared to the conventional rotor. Moreover, the spacing between the blades will be investigated
in order to determine the optimum value of the spacing. The addition of the inner blades on the main
blade is expected to enhance the power performance of the rotor. The study has been performed
with the assist of numerical simulations using the software (ANSYS fluent 19.2).

2. Design and Numerical Methods

Savonius rotor performance can be accurately predicted utilizing the 2-D simulation. Usually, the
flow in the vertical axis is neglected since the rotor configuration is symmetric along with the turbine
height. Thus, neglecting the axial vertical flow will be equivalent to the 3-D simulation of the rotor
with end plates [26].

2.1 Configuration Design

The new configuration of the Savonius rotor consists of two main blades with two inner blades
as shown in Figure 1. The dimensions of the blades are illustrated in Table 1, where O is the shaft
diameter, D1 is the main blade diameter, D2 and D3 are the diameters of the inner blades, el is the
distance between blade 1 and blade 2, and e2 is the distance between blade 2 and blade 3. Three
values of spacing were adopted between the blades (0.02, 0.01, and 0.005 m). The thickness of all
blades was 0.002 m, and the overlap between the main blade (blade 1) and the shaft was 0.018m.

Table 1

Dimensions of the new configuration

Parameter Value

e} 0.03m

D1 0.188 m

D2 0.144 m

D3 0.100 m

el 0.02 m, 0.01 m, 0.005 m
e2 0.02 m, 0.01 m, 0.005 m
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Fig. 1. New configuration of Savonius rotor with inner two
blades

2.2 Performance Coefficients

For performance comparison, coefficient of torque calculated from the aerodynamic forces
generated on both blades of the rotor was monitored in ANSYS-Fluent. Since the main objective of
this study was to determine the maximum generated power using the configuration of two inner
blades at specific TSR, the coefficient of power (Cp) and coefficient of torque (Ct) can be defined as:

C, = C; X TSR (1)
4T
t = i (2)

The total generated torque from the Savonius turbine (T) can be calculated using Eq. (3) by
integrating the total forces resulting from both pressure (F**""¢) and shear force (Ff"®") [23,27].

T — Zf(F;Jressure + nghear) . L

=X ([(Pf —Prop)Ar + (=t A = [(Pr = Preg )Ar + (=75 - 4f )]Com,ex) L (3)

Where Ps is the static pressure, Pref is the reference pressure, At is the projected area of the turbine,
and L is the torque arm length.

2.3 Numerical Method

Two-dimensional CFD simulation was adopted in this study using the ANSYS fluent 19.2 software.
The meshing was accomplished using ANSYS-meshing package. Models of the rotor were drawn using
AutoCAD 2016. The Navier-Stokes equations were used to describe the dynamics of the
incompressible Newtonian fluid flow. ANSYS Fluent is utilized in order to solve these equations with
a second-order numerical model. The K-g/realizable turbulence model was adopted depending on
the previous studies in the same area [24].

The computational domain was set according to the previous study [19] where the computational
domain is in a shape of square domain as shown in Figure 2. The domain has to be suitable in a way
that it does not affect the results, for that a domain with size (L x L) where L = 20 times the rotor
radius is suitable for the CFD simulation. The circular region in the domain (where the blades are
placed) is set to be a moving region, whereas the square region is set to be a fixed region where it
represents the wind tunnel. The inlet was defined as velocity inlet with wind velocity (U =9 m/s) and
the outlet was set as pressure outlet.
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A grid independence test has been conducted for the conventional rotor. Several grids were
adopted in the 2-D simulation with different qualities. Meshes composed of 32,000-150,000 cells
have been tested for the turbine. All used grids with more than 95,000 cells lead to a relative variation
of the output quantity below than 0.9%. Since the cost of the CFD evaluation clearly increases rapidly
with the number of cells in the mesh, the medium mesh with a cell ranges between 89,000 and
100,000 has been adopted for all further results shown in this paper.

The generated mesh in both computational zones (rectangular stationary zone and circular
moving zone) can be found in Figure 3. The minimum grid size utilized was 2.5 mm at the moving
zone, and the largest size was 107 mm at the stationary zone. Inflation was applied to the walls of
the rotor with 25 layers, 0.05 mm first layer high, and 1.1 growth rates.

A validation study was also conducted to the experimental study proposed by Driss et al., [28] in
order to validate the numerical simulation procedure.

No slip boundary
conditions on
blades

Moving mesh

region
Velocity inlet ue
................................ D 10D

Interface 2D

‘Fi:ed mesh region ‘
| Pressure ontlet-‘—/

- sD : sD -

Fig. 2. Computational domain

Stationary zone|

® oving zone

Fig. 3. Generated mesh in computational zones
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3. Results and Discussion

The 2-D simulation results showed a good agreement with the published experimental results by
Driess et al., [28]. Figure 4 shows the results in terms of Cp at three tested TSRs. It observed that the
maximum error was 8.6% between the simulation and experimental results which gives the reliability
for the 2-D simulation.

= = == Driss et al. experiment simulation
0.2
& 01 -
0 T T T
0.2 0.25 0.3 0.35

TSR
Fig. 4. Validation results

3.1 Conventional Rotor Vs. Two-inner Blade Rotor

The new configuration and the conventional Savonius rotor were simulated at low TSR values
(0.2, 0.25, 0.30, 0.35, and 0.40). Figure 5 shows a plot of C; vs. TSR for both rotors. In terms of C;, it
can be clearly noticed that the turbine’s static torque enhances with the increase of the TSR after
adding the two inner blades in a completely opposite way to the conventional rotor where the torque
coefficient decreases with the increment of the TSR values. C: values for the new configuration are
higher than the conventional rotor when the TSRs were 0.30, 0.35, and 0.40, whereas at TSR = 0.2
and 0.25 the conventional rotor performs better in terms of torque. Figure 6 demonstrates a plot
between C, and TSR values for the same two rotors. It is also can be observed that the new
configuration has a higher power performance than the conventional rotor expects at the lowest
considered TSRs of 0.20 and 0.25. At higher TSRs of 0.30, 0.35, and 0.40, performance improves by
3%, 10.3%, and 17.1%, respectively, when comparing to the conventional rotor. For the new
configuration, the maximum C, occurs at TSR = 0.4 with a value of 0.188 and the minimum is noted
at TSR = 0.2 with a value of 0.077. Figure 7 illustrates a plot of the instantaneous C: vs. azimuth
position of the blade (0) for the rotor with and without inner blades at TSR of 0.4 where the maximum
power occurred. From this plot, it can be observed that the peak value of C; is approximately doubled
when comparing the rotor with and without inner blades. An enhancement in the turbine's efficiency
is attributable to an increment in the values of the average C: over a complete rotation. Although the
conventional rotor has larger C: at rotor angles (0° — 60°) and (150° — 240°) than the new rotor
configuration, C: values of the new configuration is greater for all the other rotor angles, this can be
clearly noticed on the values of the average C: where it was 0.4 for the conventional rotor and 0.47
for the rotor with inner blades. Moreover, the maximum torque is generated when the blade was in
a position of 85° for the rotor without inner blades and 120° with inner blades. It is also worth to
mention that the values of the C; were positive for all the tested TSRs for both rotors.
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The difference in pressure between the concave and convex sides of the blades generates a
torque that forces the turbine to start the rotation. Thus, large pressure difference means larger
torque and hence, will increase the generated power. To more detailed reasons for the enhancement
of the rotor performance, a comparison in terms of pressure and velocity contours of the rotor with
and without inner blades at TSR of 0.4 and rotor position of 120° is illustrated in figure 8 and Figure
9. At this azimuth angle, the C: instantaneous values were 0.37 for the rotor without inner blades and
0.62 for the rotor with inner blades. It can be clearly seen from Figure 8 that the pressure on the
concave side increases after adding the inner blades. Although the negative torque on the convex
side also increases, the net pressure difference is much higher than the conventional rotor without
inner blades.

=#=—Conventional rotor  =fll=new configuration
0.5

0.475 -~

0.45 -

0.425 -

0.4 ~

0.375 T T T
0.1 0.2 0.3 0.4 0.5
TSR

Fig. 5. Variations of Torque Coefficient with Respect to TSR

=$=Conventional rotor  =fll=new configuration
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Q
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Fig. 6. Variations of Power Coefficient with Respect to TSR
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Fig. 7. C;vs.0at TSR=0.4
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Fig. 8. Pressure contours comparison for the (a) rotor without inner blades and (b) rotor with two
inner blades

In addition to the pressure contours which explained the increase in torque values, Figure 9
illustrates the velocity contours for the same configurations and at same TSR. In the case of using
inner blades, it is obvious that the flow around the rotor becomes a little bit complex. Generally, high
wind velocity means a low-pressure area. Higher wind speeds which generated on the tip of the
advancing blade will cause a pressure reduction on the convex side of the moving blade.

1.700e+01
1.530e+01
1.360e+01
1.190¢+01
1.0206+01
B.500e+00
6.800e+00
5.100e+00
3.4000+00

1.700e+00

0.000e+00
[m &*1]

alfator

the 1) Rotor
Fig. 9. Velocity contours comparison for the (a) rotor without inner blades and (b) rotor with
two inner blades

3.2 Effect of Inner Blades Spacing

Three values of spacing (0.02, 0.01, and 0.005 m) between the inner blades were simulated using
CFD ANSYS software. The main spacing was 0.02 m which used in section 3.1 where el = e2. As the
main configuration with the same boundary conditions five values of TSR were used to conduct the
simulation. Average C: for the three rotors is plotted and compared versus TSR as illustrated in Figure
10. It is clear that the rotor with more space between its inner blades generates more torque where
C: values decrease by reducing the spacing between the inner blades. Figure 11 shows the
performance of the rotors in terms of C, vs. TSR. It can be seen that the rotor with 0.02 m spacing
has the maximum Cp. On the other hand, reduction in C, can be noted when the space between the
blades increased. Moreover, the reduction in the performance wasn’t high where the reduction was
2.6% for the rotor with el = e2 = 0.005 m, and 4.2% for el = e2 = 0.01 m comparing with the main
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configuration with el = e2 = 0.02. The decrease in C, values is due to the reduction of the amounts
of trapped air between the inner blades which reduces the generated pressure on the rotor blades.

=f=p1=e2=0.005 =lll=el=e2=0.01 el=e2=0.02
0.5

0.475 -
0.45 -
£0.425 -
0.4 -

0.375 -

0.35 T T T T T

0.15 0.2 0.25 0.3 0.35 0.4 0.45
TSR

Fig. 10. Variations of Torque Coefficient with Respect to TSR with
different blade spacing
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Fig. 11. Variations of power Coefficient with Respect to TSR
with different blade spacing

4. Conclusions

Savonius rotor with and without inner blades was successfully simulated at five different values
of TSR. Additionally, the effect of space between the inner blades was investigated. The simulation
was in 2-D and it was done with the assist of ANSYS software 19.2. The key findings can be
summarized as follows:
i.  Savonius rotor with two inner blades generates more torque compared to the conventional
rotor expect at the lowest considered TSRs of 0.2 and 0.25.

ii.  The heights Cp improvement was for the rotor with two inner blades at TSR = 0.4 with a
percentage of 17.1% and a value of 0.188; this improvement was due to the high generated
pressure on the advancing blade.
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iv.

Addition of inner blades causes a shift in the azimuth position for the peak Ct value from 85°
to 120°.

A reduction in terms of power and torque was noticed when the space between the inner
blades decreased.

Different values of space between each blade and the effect of the inner blade's profile could be as
future work.
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