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Harnessing wind energy is one of the cleanest forms and abundantly available to generate
electricity. Wind turbines produce electricity from the wind power to drive the electric
generators. There are two types of Wind turbines depending on the axis of rotation with the
respect to the ground, Horizontal axis wind turbines (HAWT) and Vertical axis wind turbines
(VAWT). In urban areas, due to the space compatibility and skewed wind conditions, VAWT
are preferred. There are two types of VAWT, lift-type configuration like Darrieus wind
turbine and drag-type configuration like Savonius wind turbines. Due to factors like self-
starting capabilities and better performance even in low-speed winds, Savonius wind turbines
are preferred. The present paper, Effect of Overlap Ratio on the blade performance are
investigated and analysed. For this, the diameter of the rotor is maintained. Two dimensional
numerical simulations are performed using RANS equations and sliding-mesh method. The
turbulence model employed is SST k- ® model. Change in the RPM due to overlap distance at
various inlet wind speeds were analysed and compared. The performance of zero overlap ratio
and optimal mode at overall overlap ratios are compared.

Nomenclature

Cp Power coefficient
Diameter of the rotor
Diameter of the blade
overlap distance

Kinetic energy dissipation
Turbulence Kinetic Energy
Specific Dissipation rate
Inlet wind velocity
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I.Introduction

The increasing energy needs and the reduction in fossil fuel resources, as well as the environment and global
warming strict laws, attract more industries and government agencies towards renewable energy sources [1-3]. The
2015 reports on global energy say that the use of nuclear, fossil, and renewable sources is 2.3%, 78.4%, and 19.3%,
respectively [4]. Renewable energy includes wind, solar, geothermal, marine, biomass, and hydropower energy, which
seems to be the best alternative to humankind’s growing energy consumption and replacement of non-renewable
resources [5]. Among others, wind energy is considered the cheap source of available renewable energy and is
advancing quickly. The capacity to generate power from wind energy has significantly grown to be one of the foremost
renewable sources of energy since 1996. The giants of this route are developed countries such as China, the United
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States, and Germany. The total capacity of wind energy by the end of 2016 was about 487 GW and is expected to be
about 2000 gigawatts by 2030.

Wind turbines can be classified in a first approximation according to their rotor configuration of the axes and the type
of aerodynamic forces from which wind energy is taken. There are several other features such as rated power,
dimensions, number of blades, power management, etc., which can also be used to classify turbines into more specific
categories. The two main categories which are based on their axis along which the turbine rotates are HAWT
(Horizontal Axis Wind Turbines) and VAWT (Vertical Axis Wind Turbines). Generally, most wind turbines in the
market are the Horizontal axis turbines due to their high efficiency in wind power extraction (Figure 1)
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Fig 1. Curve of the rotor power coefficient (Cp) v/s Tip speed ratio (TSR) for different type of wind turbines
[6]

In some cases, we can find vertical axis turbines better over horizontal axis turbines like they work independent to
wind direction, less noisy which makes them socially acceptable, easy for maintenance, simple construction and
cheaper than horizontal axis turbines. Significant developments and benefits of VAWT have been presented by
manufacturers and researchers for VAWT [7]. They are suitable for small-scale applications with minimum electrical
load as they have better performance under disordered wind conditions due to obstacles like buildings, terrains etc.
VAWT tare of two types, lift type-turbines (Darrieus) and drag-type (Savonius). Lift-type turbines are high torque and
low-speed turbines which requires external or manual forces to start working. Drag-type are low torque and high-
speed turbines with self-start capabilities. In matters of cost efficient and reliability, the latter turbines are suited best
for turbulent conditions.

This present work conducts a numerical study of the drag-type conventional semi-circular savonius vertical axis wind
turbine. According to the required accuracy, various turbulence models such as RANS, LES, and DNS are used in the
simulations. The best accuracy is expected from DNS model but requires higher computational cost [8]. We have used
RANS for the present work. A turbulent and transient airflow nature is present around the turbines. Various studies
have been performed in recent years to improve their performance. In 2015, Frederikus et al. [9] studied the effect of
several blades on the efficiency of the savonius turbine using numerical method. It said that a three-blade wind turbine
produces higher rotational speed and tip speed ratio than the two and four blade models. Ebrahimpour et al [10] worked
on a numerical study to discern the effect of overlap parameters for two blades using URANS and realizable k-¢ model.
Improvement percentage of torque coefficient was by 11.5% for horizontal overlap and 16% for vertical overlap.
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Improvement percentage of power coefficient was by 3.7% in horizontal overlap and 7.5% in vertical overlap. Muller
et al [11] experimentally found that leaving a gap between blades is important and with minimum torque applied,
blade velocities can increase up to 2.5 times the wind speed. Roy and Saha et al [12] performed 2D simulations using
K-¢ under the influence of wall function to find overlap ratios for savonius wind turbines. They concluded that these
turbines have high efficiency at the overlap ratio of 0.2. Mohammed et al [13] compared different turbulence model
such as SST k- o, RSM, standard k-¢, and realizable k-¢ for a two-dimensional simulation to optimize the conventional
savonius turbines. It says that realizable k-e gave minimum errors compared to experimental data by Hayashi’s [14].
From the literature study, we can see that performance can change with geometry modifications like number of blades,
rotor height, rotor diameter, wind speed and many other factors. However, the effect of overlap ratios on both the
directions hasn’t come to knowledge for most of the authors. The difference in this study is negative and positive
overlapping will be studied on both the axes. Fujisawa et al [15] studies show better torque and rotor power at an
overlap ratio of 0.15 when performed on four rotors with overlap ratios between 0 to 0.5.

The present study explains about Overlap ratio in horizontal and vertical axes and analyse the change in performance
by RPM Output. For this, one of the blades will be placed geometrically as a reference. First, it will be displaced along
the X-axis to find an optimal point. From the X axis optimal point, the blade will be displaced along the Y axis to
reach the final optimal point. The change in RPM due to overlap distance will be evaluated for this study.

I1.Numerical Methodology

The savonius wind turbine works as a simple turbine because of the drag difference between rotors. The wind
filled in concave part absorbs the air and induces the blades to rotate, while the convex part counters the rotation.
When moving towards the wind, difference in drag force enables the blades to rotate as shown in Figure 2 [17]
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Fig 2. Two blade savonius wind turbine rotating due to the drag difference [18]

A. Note on Overlap Ratio

The region between two blades is called overlap distance. The difference in concave and convex sides in
pressure can be compensated. The definition and formula for overlap ratio has been explained differently in different
studies. Roy and Saha et al [16] explained the general overlap ratio to be:

Overlap ratio = e/d

Where, e is the overlap distance between the blades, d is the diameter of the blade and D is the diameter of the
turbine (Figure 3). In our study we are looking at overlap distances in both the X and Y direction. To do this for a
three-blade rotor, we must take one blade as a reference with the bottom tip as the reference point (RP). The position
of this RP will be changed in Y axis initially and then in X axis.
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Fig 3. Diagram of overlap ratio [16]

The process of getting an optimal overlap is follows: first the reference blade is translated along Y direction which
makes the RP coordinates to be (0, y) where (0, B) will be the optimal constant point. Now, RP will be translated in
X axis whose coordinates will be (x, B) where (A, B) will be the optimal point. Thus, best position of the blades can
be found if the sweep area is kept constant. So, from Ebrahimpour et al [10] defined overlap ratio as:

Horizontal overlap ratio (HOLR) =e;/d
Vertical overlap ratio (VOLR) = e, /d

Depending on the position of RP, the HOLR and VOLR can be positive and negative. HOLR values will be negative
if the HOLR is in the negative side of the X axis. For VOLR to be negative, the RP should be moving away from the
Y axis (Figure 4). If there is overlap, the ratios are positive; otherwise, they are negative.

Fig 4. Schematic diagram of overlap ratio separated defined for horizontal and vertical distance

Our study is based on a light weight VAWT which has dimensions and specifications as given in Table 1. The wind
speeds considered for the simulations are considered from the data from Global wind atlas in India [22]. For an average
altitude of 50m in 2022, Wind speeds between 4m/s to 9m/s are considered. In the present work, wind velocities of 5
m/s, 6 m/s and 7m/s are chosen.
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Table 1. Blade specifications of the VAWT used for the simulations

Blade diameter 0.4m

Blade thickness 0.005m

Blade height 1m

Blade material Fibre reinforced polymer
Density of the material 1522 Kg/m?®

Weight of the blades 9.683 Kg

Simulation was done initially for horizontal overlap ratios. The overlaps of 0, +0.05, +0.1, +0.15, +0.2, +0.25, -0.1, -
0.2 are investigated to find the best possible ratio (Figure 5) and hence calculate the RPM and TSR. Revolutions per
minute (RPM) which for a VAWT is expressed as:

60xV=+TSR

T *D

RPM =

Tip speed ratio (TSR) is the ratio of blade tip speed and inlet wind velocity as follows:

TSR = ) = Vrotor i} w*d
%4 14

Vrotor IS the rotor tip velocity (m/s); w is the rotational speed (rad/s)
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Fig 5. 2D drawings of rotors with horizontal overlap ratios
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B. Governing equations

For numerical analysis of present study, Reynolds-averaged Navier Stoker (RANS) equations are used. An outline
of the numerical solutions involved, and the mathematical models are as follows [23]:

Continuity of mass:

Equations of motion:

d d
—[py;] + =—[puu; + pé;; — ;] =0, i =123
at L ax] ] lj Ji

Conservation of energy:

d d
3¢ lPeol + o lpujeo + wip +q; —wiTy] =0
j

Here, t is the time, x; is the j"™ component of the position vector, u; is the j™" component of the velocity vector, p is the
pressure, p is the density, 6;; = 1 for i = j and zero. 7;; is the viscous shear stress, e, is the total energy, and g; is the
heat flux.

C. Computational Domain

The computational domain was divided into two domains as shown in Figure 6 so that the rotor can be rotated.
The best and smaller grid size is for the rotor components. The outer domain or stationary domain has lower resolution
of cells compared to the rotating domain. The whole computation domain has the dimensions 15 m x 8 m. The inlet
distance from the centre of the rotor is 3m. The diameter of the rotating zone is three times the diameter of the blade
which is 1.2 m. Eliminate the effect of the domain walls, the dimensions of the domain were made broad enough.

15

Fig 6. Computational Domain with Dimensions (in meters)

D. Mesh setup and Boundary Conditions

Sliding mesh is used to mesh the unstable flow area of the solution [21]. The relative motion between the stationary
and moving domain is measured using this method. Different cell dimensions are used to preserve mesh consistency
in the computational domain. Majority of the domain is implemented with triangular meshes. The wall of the blades
was refined using quadrilateral meshes to achieve better performance. Mesh quality smoothing is set to high. Around
the rotor, inflation mesh of 10 layers is implemented to consider the effects of the wall. The cell size implemented in
different areas and inflation is shown in Figure 7. Interface between the rotating and stationary domain was established.
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Fig 7. Triangular mesh with 10 layers of inflation for a rotor with HOLR = +0.1 and VOLR =0

Free stream uniform inlet was chosen on the left side of the computational domain. The gauge pressure is O Pa, the
turbulence strength is 5% and the viscosity ratio is 10. The pressure-outlet boundary is on the right side of the
computational domain with an absolute pressure of 0 Pa. Symmetry boundary conditions are extended on the top and
bottom. Adjoining rotary mesh is the interfaces present onto the stationary outer domain.

I111. Results and Discussion

E. Grid Independence

To investigate the mesh independence, the element size is changed from 45000 to 140000 (Figure 8). From the

study, the results show that as the number of cells increased from 50000, the steady state velocity curve relative to the
number of cells reaches approximately zero. Therefore, grid with 50000 cells was appropriate for the study.
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Fig 8. Mesh Independence study done from 45000 to 140000 cells

F. Effect of HOLR on RPM of the VAWT

Keeping the VOLR zero, The HOLR was analysed, the RPM curve relative to the HOLR was obtained for 5 m/s, 6
m/s and 7m/s as in Figure 10. At HOLR of +0.1, maximum RPM obtained with the value of 255 at 7 m/s, 220 at 6 m/s
and 184 at 5 m/s compared to HOLR of 0 which had values of 248 at 7 m/s, 214 at 6 m/s and 178 at 5 m/s.
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G. Effect of VOLR on RPM of the VAWT

After deciding the horizontal overlap ratio point, i.e., HOLR =+0.1, variations of the vertical overlap ratios are
studied as shown in Figure 10. For this, primarily the overlaps of -0.15, -0.1, -0.05, +0.05, +0.1, +0.15 are investigated
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Fig 10. 2D drawings of rotors with vertical overlap ratios
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Fig 11. RPM obtained at different Vertical Overlaps with HOLR = +0.1

Based on maintaining HOLR at an optimal level of +0.1, it can be observed from Figure 11 that when VOLR is set to
+0.05 at velocities of 5 m/s, 6 m/s, and 7 m/s, the resulting RPM values are 185, 221, and 258, respectively. While an
improvement in RPM can be noted at VOLR = +0.05 during optimization, the increase is comparatively lower than
that achieved through HOLR optimization. Table 2 shows the percentage change of RPM at HOLR = +0.1 with
reference to the value obtained at the origin and Overall Overlap ratio with reference to the origin. The average increase
about the HOLR optimization and Overall Overlap ratio comes out to be around 3% and 3.7% respectively.

Table 2. Comparison of the RPM value at zero overlap ratio and optimal Horizontal and Vertical overlap

ratio

% Increase about | % Increase about

. RPM RPM RPM RN NRNRE
ewn® | HOLR=0 | HOLR=s01 | HOLR=so1 | OPmEEtenor | Oimiaont
y VOLR =0 VOLR =0 VOLR=+0.05 . - p

Overlap ratio ratio

5 m/s 178 184 185 3.37 3.93

6 m/s 214 220 221 2.80 3.27

7 mls 248 255 258 2.82 4.03
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The basis of the change in performance is due to the presence of the overlap distance and the return flow from the
front concave blade to the convex blade at the back. This reduces the negative pressure created on the convex blade
due to the inlet wind. This is due to the tendency of the fluid to be attached on the convex surface on the concave
section of the blade i.e., Coanda flow. At negative overlap ratios, due to the absence of the return flow, lower values
of RPM are obtained. Figure 12 and Figure 13 shows the velocity contour of the VAWT at the optimal Horizonal and
Overall overlap ratio respectively.
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Fig 12. Velocity contour of the VAWT at HOLR= Fig 13. Velocity contour of the VAWT at HOLR=
+0.01 and VOLR =0 +0.1 and VOLR = + 0.05

1V. Conclusion

This research analyses the performance of a Savonius wind turbine by maintaining a constant blade diameter and
varying the overlap ratios in the horizontal and vertical directions. The study employs Computational Fluid Dynamics
(CFD) using RANS equations and the SST K-w turbulence model to conduct simulations. The findings indicate that
better performance is achieved at near zero and positive horizontal and vertical overlap ratios as compared to other
states. The rotor with HOLR = + 0.1 demonstrates a higher rpm at various inlet wind speeds, thus considered as the
optimal overlap in this study. Subsequently, the study examines the vertical overlaps at this optimal point. The results
suggest that VOLR = +0.05 produces better performance compared to other overlaps. Therefore, HOLR = +0.1 and
VOLR = +0.05 are considered as the optimal overall overlap ratio. When considering the same base state, the average
improvement percentage of horizontal overlap is around 3%, and the overall overlap is 3.7%
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