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considered in a single blade of the modified Savonius rotor. This means that each point
in the two-dimensional blade profile of the suggested blade design has a single value of
blade shape factor that is defined based on the dimensions of conventional semi-
circular blade. The computational results of the proposed blade shape design, having

Keywords: blade shape factor varying from infinity to zero, showed an improvement in Savonius
Wind energy; Savonius rotor; blade turbine performance as compared to conventional blade shape design. Moreover,
design; blade shape factor; CFD increasing the operating range of Savonius wind turbine is expected.

1. Introduction

The increasing consumption of non-renewable sources of energy as well as the environment
legislation rules have urged researchers to look for alternatives that are in less impact on
environment (environmentally friendly), cheaply available and satisfy the rising energy needs. Wind
energy is considered as one of the available alternatives that is pollution free as well as available all
hours of the day.

Power can be extracted from the wind with the use of wind turbines. According to the disposition
of axis of rotation, there are two main types of wind turbines: namely, Horizontal Axis Wind Turbine
(HAWT) and Vertical Axis Wind Turbine (VAWT). Beside the configuration, they vary in the way they
extract energy from the wind. HAWTSs entirely operate based on lift force, whereas VAWTs depend
either on drag force or lift force to produce power. Despite its low efficiency, the VAWT's essential
feature is that it captures wind from all directions and so there is no need to have yaw mechanism.
The two main designs of VAWTSs are Savonius and Darrieus rotors.
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Distinct features of Savonius rotors are simplicity in design, compactness, small noise levels, low
vibration levels, low construction cost and potential to operate at low wind speed with higher torque
[1]. A conventional Savonius rotor has two semi-circular blades attached to the opposite sides of a
vertical shaft. The amount of wind power that can be harvested primarily depends on the
configuration of rotor blades. The major problem associated with conventional Savonius rotor is the
comparatively poor performance and thus research is definitely demanded for further enhancement
[2].

Different attempts were made to investigate ways to enhance the power generated by Savonius
rotor and consequently improve its performance. This was achieved either by adjusting turbine blade
configurations such as twisting rotor blade and/or modifying blade profiles [3-12], by incorporating
fixed shielding plates or deflectors [13-20] in the upstream side of the turbine rotor, by providing
wind boosters or curtains to maximize wind strength around the entrance of the wind turbine [21-
24], or by altering the number of rotor blades, blade layers and/or the number of stages (multi-
stacking) [1, 25-30].

Among others, Saha and Rajkumar [11] studied the effect of twisting rotor blades of a three-
bladed Savonius rotor on turbine performance. Investigation was done in a low-speed wind tunnel.
The results showed the potential of twisted bladed rotor in terms of self-starting capability, increased
efficiency, and smooth running as compared to those of a conventional semi-circular bladed rotor.
Mohamed et al., [16] studied the effect of introducing an obstacle plate to partly shield the returning
blade of two and three bladed Savonius rotor. It was concluded that installation of an obstacle plate
improves self-starting capability and results in a considerable improvement in Savinous rotor
performance at any angle of adjustment. Altan et al., [21] performed various experimental studies to
investigate the effects of using curtains on the performance of Savonius wind turbine. In order to
avoid the negative torque impacting on the convex blade surface of the Savonius wind turbine, they
placed curtain arrangements in the front of the turbine rotor. They found that using curtains can
improve turbine power coefficient of up to 38% depending on curtain angle. Wenehenubun et al,,
[28] investigated the influence of number of blades on the performance of Saconius wind turbine.
Experiments compared the performance of two-, three- and four-blade Savonius wind turbines.
Results showed that the three-bladed Savonius rotor exhibits higher rotational speed and has the
best performance at high tip speed ratios. To investigate the effect of multi-stage on the performance
of a Savonius rotor, computational simulation and experimental validation were conducted by Frikha
et al., [25]. They tested five configurations differ in the number of stages. It was concluded that both
torque and power coefficients are modified by increasing the number of stages. Mahrous [31] carried
out a computational study to improve the performance of Savonius rotor by integrating both
Savonius and Darrieus rotors in a single wind turbine design. The suggested design would work either
as Savonius or Darrieus turbine depending on individual angles of rotor blades. The obtained
computational results revealed that the performance of the suggested design could be controlled as
well as optimized to cover the operating range of both designs of Savonius and Darrieus rotors.

In addition to twisting rotor blade, research was also done as an effort to improve Savonius wind
turbine performance through modifications/optimization of turbine rotor blade design. Studied
modifications include blade arc angle, blade shape factor and the entire blade geometry. Studies to
optimize blade shape for maximum performance parameters were performed through references [2,
32-35]. Blade shape factor is defined as the ratio of blade arm length (p) to the radius of circular arc
(9). Blade shape factor (p/q) and blade arc angle () are defined through Figure 1 [33], where D is the
rotor diameter and m is the overlapping distance.

In continuation on seeking for a new approach to improve its performance, this work aims to
investigate the performance of Savonius wind turbine with a modified rotor geometry. Modification
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made in the Savonius rotor is such that each point in the two-dimensional blade geometry is specified
with a unique value of blade shape factor. This means that the points forming the profile of the rotor
blade vary in coordinates according to the blade shape factor.

Fig. 1. Blade shape factor (p/q) and blade are angle
(y) of a modified Savonius rotor [33]

2. Blade Shape Design Using Universal Blade Shape Factor Concept

The proposed modified blade shape of Savonius wind turbine rotor is shown in Figure 2 along
with both the conventional blade and individual blades with a definite blade shape factor each. The
strategy used to get the set of points forming the blade shape of the proposed modified Savonius
blade is explained in the current section.

The following variables and their range of variation are used in the analysis, see Figure 2.

Rs = Radius of semi-circular blade of the conventional rotor
Q = Circular arc radius, where 0.0< q <R;
c(a,0) = Centre of circular arc, where Rs < a < 2Rsanda+q = 2R,

Keeping the coordinates of the two end points O and E of the conventional blade unchanged, the
coordinates of point of tangency b(x,y) is found according to the following mathematical formulation.
At the point of tangency b(x,y), where the tangent (i.e., the blade arm) touches the circular arc circle,

and therefore the equation of circle is satisfied.

Equation of circle forming the circular arc
(x—a)+y*= ¢’
Therefore

x?+ y? = q* —a® + 2ax (D

Also at the point of tangency b(x,y), since the blade arm is perpendicular to the radius of circular arc,
therefore

Slope of blade arm x Slope of circular arc radius = —1
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Thus

x?+ y? = ax (2)

Xx= —— 3)

and

y=ZG-D 4)

The set of all pairs (x,y) defined according to Eq. (3) and Eq. (4) identifies the shape of Savonius
modified Universal Blade (UB), see Figure 2.
The length of blade arm (p) is thus calculated from

p= x?+y? 5)
Local blade shape factor at the point of tangency is therefore defined as

Local blade shape factor (LBSF) = p/q (6)

Local blade arc angle (v) = 180 — tan"1(p/q) (7)

Conventional blade with radius Rs

Universal Blade
(UB)

Modified blades with
blade shape factor p/q

0 c(a,0) E X
Fig. 2. Proposed modified blade shape of Savonius wind turbine rotor

According to the mathematical formulation mentioned so far, the set of all pairs (x,y) can be found

according to the following sequence. First, a value for circular arc radius g is assumed according to
the inequality: 0.0 < g £ Rs. Then, the x-coordinate of the center of circular arc is determined from a
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= 2Rs - . After that, the x and y coordinates of the point of tangency b(x,y) are obtained according to
Eqg. (3) and Eq. (4) respectively.

At the blade mean radius, the relation that can define the blade shape with universal
consideration of blade shape factor (the UB blade) is obtained by fitting the set of points (x,y) and
written as:

y = —6.7466x° + 23.417%° — 32.45%* 4+ 22.911%3 — 9.4699x2 + 2.2832% + 0.0527 (8)

With root-mean-squared value R?> = 0.9995, where the dimensionless quantities X and y are
defined as

¢ 22X g o2 9

where D is the rotor diameter.
It has to be revealed that the blade shape factor (p/q) for the obtained blade shape (i.e., UB)
shown in Figure 2 varies from 0 to o, whereas it changes from o to 0 when laterally inverting the

geometry. The obtained universal blade shape factor (UB) blade geometry and the Laterally Inverted
Universal Blade (LIUB) geometry are shown in Figure 3.

Fig. 3. Blade geometry with blade shape factor varies from 0 to o« (UB) and
from oo to 0 (LIUB)

3. Rotor Configurations under Investigation According to Blade Shape Factor

The computationally investigated rotors according to blade shape factor are shown in Figure 4.
In all investigated rotor configurations, the rotor diameter (D) is kept unchanged. However, the blade
arc angle (y) varies from rotor to another. Rotor 1 is the conventional/baseline rotor whereas rotors
from Rotor 2 to Rotor 5 have a constant non-zero blade shape factor; blade shape factors respectively
are 0.8, 1.3, 1.9 and 2.8. Rotor 6 UB has the blade shape defined according to the coordinates of
point of tangency b(x,y) with blade shape factor varies from 0 to «. On the other hand, Rotor 6 LIUB
is the laterally inverted rotor of Rotor 6 UB, i.e., blade shape factor varies from o to 0. In the current
study, Rotor 6 LIUB has the target blade shape.
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Fig. 4. Computationally investigated Savonius rotors according to blade shape factor
4. Governing Equations, Computational Domain and Conditions

The finite volume Computational Fluids Dynamics (CFD) solver, ANSYS Fluent 15, was used to
study the performance of Savonius vertical axis wind turbine with different rotor designs. Mass and
momentum conservation equations are the main governing equations of the air fluid flow over the
turbine rotor. In the present study, the flow regime was turbulent, and the problem under
consideration was solved in two-dimensional. The Reynolds-Averaged Navier-Stokes (RANS)
equations are written in transient conditions as follows [31, 36].

Conservation of mass (Continuity equation)

dp 0
E"’a—x]_(l)uj) =0 (10)

Conservation of momentum (Momentum equations)

opP d

9 (o) + 2 (o) = + pg; + s M) a( ;) 11
ot V1) T o W) T T T PY T o |M\ o T 0 )| T o VMY an
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where p denotes the fluid density, t is the time, u; is the component of fluid velocity in the direction
j, Pis the pressure, g is the gravitational acceleration,  is the coefficient of viscosity and x; refers to
spatial coordinate.

The last term in the momentum equation (Eq. (11)) denotes Reynolds’s shear stress tensor and
has to be properly modelled. The shear stress tensor is written using the concept of turbulent
viscosity as

ou; 0u,
+— (12)

Ty, 1 —
—puUU; = Ut (ax,- 9%,

In Eq. (12), the turbulent viscosity p: is calculated using an appropriate turbulence model. In the
current study, the Transition Shear-Stress Transport TSST (4 equations) turbulence model, variant of
SST k- model, with default quantities was used to estimate the turbulent quantities. The SST k-
model variants showed their ability to give acceptable results close to experimental data [37-41]. The
TSST k- model is primary based on the SST model transport equations but coupled with two
additional transport equations, one for intermittency and the other for the momentum thickness
Reynolds number. The additional two transport equations can be found in reference [39].

The computational domain with the necessary boundary conditions is shown in Figure 5. Based
on available literature, the arbitrary selected dimensions of the turbine rotor are such that the
diameter of the Savonius rotor (D) is 321.5 mm. An upstream distance of 8D has been assigned before
the turbine rotor, while a downstream distance of 25D has been set behind the rotor. The upper and
lower planes were set at a distance of 8D each and are designated as symmetry boundary conditions.
The computational domain was decomposed into two different fluid zones separated by interface
boundaries: namely the rotating and stationary fluid zones. The rotating zone having a diameter of
2D has been set next to the rotor blades, while the remaining part of CFD domain was set as
stationary zone.

Symmetry

—_—
Rotating v

Zone

8D| —==

—_— ‘

Stationar
Velocity \ Interface v Pressure
— X Zone
Inlet Outlet

e @

—— Rotor blades
8D .

8D 25D
—— —t -

Symmetry

Fig. 5. 2-D Computational domain with various fluid zones and boundary
conditions

The principle of sliding mesh in Ansys Fluent [36] was used to model the wind turbine rotating
zone. Accordingly, the rotating zone (including turbine rotor) is able to rotate at various rotational
speeds, whereas the rest of computational domain was kept stationary. At the inlet boundary of the
computational domain, a uniform inlet fluid velocity of 8 m/sec (wind speed) was imposed with a 5
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percent turbulence intensity. Besides, a pressure outlet boundary condition of one standard
atmosphere was assigned at the outlet section.

The generation of the 2-D geometry wind turbine test models was done by using SolidWorks CAD
software. The geometry was then imported into ANSYS Meshing and discretized to get the
appropriate 2-D mesh. As an example of turbine rotor test model, Figure 6 shows the computational
grid for the laterally inverted universal blade (LIUB) Savonius wind turbine. The rotating zone was
discretized with triangular mesh, while a quad-tri hybrid mesh was chosen for the stationary zone.
The growth rate of the main grid was set as 1.150. Flow can hardly be affected by the wind turbine
rotor in the far field region and therefore a coarser mesh was applied.

Fig. 6. 2-D Computational grid for the laterally inverted
universal blade (LIUB) Savonius rotor

The rotor blades boundary mesh has to be fine enough to properly capture all physical effects
within the rotating zone; particularly the pressure and shear forces that affect the calculation of rotor
torque [37]. A closer view of the grid in the vicinity of the rotor blade is shown in Figure 7.
Corresponding to a total depth of 0.0125D, eight boundary mesh inflation layers were created around
rotor blades with a growth rate of 1.2. This helps in capturing the boundary layer region next to the
blade.

L L

Fig. 7. Grid structure in the vicinity of LIUB rotor blade

The SIMPLE algorithm (Semi-Implicit Method) was chosen during the simulations to provide a
better relationship between pressure and velocity. In this algorithm, a relationship between velocity
and pressure corrections is used to implement mass conservation and to obtain the pressure field
[36]. During the calculations and in conjunction with the double precision pressure-based algorithm,
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second order upwind spatial discretization in pressure, momentum and turbulence equations was
employed along with a Least Squares Cell Based algorithm for gradients. The time step of transient
calculations was set corresponding to a 1o of turbine rotor rotation at each turbine angular velocity
o (i.e., At = © /180 w) [31]. It was reported in reference [35] that this value of time step provides
an independent time step solution. With regards to solid walls, no-slip conditions for the velocity
components along with zero normal pressure gradients were set as the boundary conditions.
Additionally, smooth walls were designated for all solid walls. To judge for solution convergence, the
simulations were given a solution convergence tolerance of 10°®.

5. Performance Parameters of Wind Turbine

The key role of rotor blades of the wind turbine is to transform the kinetic energy available in the
wind stream into mechanical energy. The performance of the wind turbine is usually expressed in
terms of torque and power coefficients. The power coefficient (Cp) is defined as the ratio between
the output mechanical power produced by the turbine rotor and the theoretical power available in
the wind in the form of kinetic energy. This is written as

TPy pAV3 (13)

Cp

where Pgis the rotor generated power, Pw is theoretical wind power, o is the rotor angular velocity,
T is the torque produced by the turbine rotor, p is the air density, As is the rotor swept area of blades
and V is the free stream wind speed.

The torque coefficient (Cm) of wind turbine is calculated according to the following equation

co— AT 14
The tip speed ratio, A , of the wind turbine is defined as the ratio of the rotor blade tip speed
(o D/2) to the free stream wind speed (V). This is

oD

M=oy

(15)
6. Grid Independence Study of Laterally Inverted Universal Blade Turbine Rotor

In order to ensure that the computational results are grid independent, grid independence tests
were carried out for the laterally inverted universal blade shape factor (LIUB) wind turbine rotor.
Conducted tests were performed separately on both stationary and rotating zones.

The stationary zone test was conducted such that the grid size for the rotating zone was kept
unchanged while the gride size for the stationary zone was varied. Three different grides with
different stationary zone mesh sizes were computationally tested. The total cell number for each one
of the tested grids was 164835 (Grid 1s), 189186 (Grid 2s) and 289342 (Grid 3s), respectively. Figure
8 shows the spatial distribution of axial velocity and axial static pressure at rotor angle of 0.0 degrees.
Even though the change in stationary zone mesh size, distributions of axial static pressure and axial
velocity within the rotating zone area (-2 < normalized axial distance (x/D) < 2) are independent on
stationary zone mesh size (i.e., do not significantly change). Although there is a change in the axial
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velocity distribution in the downstream region of turbine rotor, the axial velocity and axial static
pressure within the rotating zone are not affected by this change. Besides, deviation in average value
of torque coefficient while changing stationary zone mesh size was found very small, about 0.48%
while changing stationary mesh size from Grid 1s to Grid 3s. Thus, the torque coefficient is believed
independent on tested stationary zone mesh size. The stationary zone mesh size for Grid 2s was
subsequently used in the current study from the accuracy of results as well as CPU time point of
views.
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0.4 = Grid 25

Grid 1s

e Grid 3s

0.2

Normalized Axial Velocity (-)
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!
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(b)
Fig. 8. Steady state spatial distribution of (a) axial velocity and (b)
axial static pressure. Rotating zone is within the range of normalized
axial distance from -2 to 2

Rotating zone grid independence tests were carried out by generating five different grids; differ
only on rotating grid mesh size while keeping stationary zone mesh size at the size previously chosen.
The total number of elements for each grid is 103370 (Grid 1), 146376 (Grid 2), 189186 (Grid 3),
232766 (Grid 4) and 267038 (Grid 5). Cyclic average power coefficient for the five different grids was
compared through Figure 9. Results were obtained after seven complete revolutions of turbine rotor
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with a time step size corresponds to A of 0.7 (0.000501 sec). As shown in Figure 9, the maximum
discrepancy in computational C, from Grid 1 to Grid 5 is about 1.47%. It is obvious from Figure 9 that
the rotating zone with a mesh size corresponds to Grid 4 (total number of elements in the CFD domain
= 232766; i.e., 125.18% increase in the number of elements with reference to Grid 1) gives a stable
solution and can be used to save CPU time. Accordingly, mesh size for stationary and rotating zones
of Grid 4 was employed in the current study.

0.277

)

~ 0276

0.275

0.274

0.273

. l IE
0.27 - T T T T

Grid 1 Grid 2 Grid 3 Grid 4 Grid 5
Fig. 9. Grid independence results at A = 0.7
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o
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~
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7. Results and Discussion

The computational cyclic average torque and power coefficients for different rotor shapes are
shown in Figure 10. The computational results were obtained after seven complete cycles of rotation
and presented as variations of torque and power coefficients with respect to tip speed ratio for
individual rotor design configurations. In the present research, the performance was assessed such
that the conventional Savonius wind turbine with semi-circular blades (Rotor 1) is considered as the
baseline model. As mentioned in Section 3, rotors being tested have blade shape factors (p/q) of 0.0
(baseline case; Rotor 1), 0.8 (Rotor 2), 1.3 (Rotor 3), 1.9 (Rotor 4), 2.8 (Rotor 5), Universal blade with
blade shape factor changes from 0 to oo (Rotor 6 UB) and laterally inverted universal blade with blade
shape factor changes from oo to 0 (Rotor 6 LIUB).

As illustrated in Figure 10, the cyclic average torque and power coefficients are considerably
affected by blade shape factor as compared to the baseline rotor design. As depicted, the UB rotor
exhibits the worst performance with the lowest toque and power coefficients. Because of its distinct
profile, the UB concave side holds its full capacity of air at shorter distances from the turbine centre
of rotation. This results in a resultant air force acting at shorter arm length and consequently lower
driving torque. On the other hand, the LIUB rotor shows a modified performance particularly at
higher values of tip speed ratio, particularly at A > 0.6. This can be attributed to the larger arm length
of the resultant drag force obtained when much air is held by the blade and the force is concentrated
close to the tip edge. Blade design with a constant blade shape factor (rotors Rotor 2 to Rotor 5)
commonly shows better performance than that for the conventional design. However, modifications
in turbine performance at higher blade shape factor are not significantly high, as illustrated for Rotor
4 and Rotor 5. Although increasing the blade shape factor tends to increase the arm distance of the
resulting air force, the amount of air held by the blade bucket is reduced due to the decrease in blade
arc radius. This makes the modification in turbine performance by further increasing the blade shape
factor not so substantial. Blade design with laterally inverted universal blade shape factor (LIUB), on
the other hand, has better performance with higher power coefficient than other blade shape
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factors. Unlike rotor performance with constant blade shape factor, the rotor design with laterally
inverted universal blade shape factor (LIUB) shows an increasing trend of power coefficient near the
end of the investigated range of tip speed ratio. This is expecting another peak on the C, performance
curve (Figure 10(b)) with a higher power coefficient than illustrated. Besides, the results of blade
design with universal consideration of blade shape factor (LIUB) expect running the turbine within a
wide range of tip speed ratios. Accordingly, turbine rotor with laterally inverted universal blade shape
factor is believed to have a potential to cover a wide range of performance parameters as well as to
modify the turbine output power.

As shown in Figure 10(a), the highest torque coefficient is increased by about 48% in case of
laterally inverted universal blade shape factor design LIUB as compared to the conventional rotor. In
addition, the power coefficient is modified by about 62% at A = 1.1 when employing the laterally
inverted universal blade shape factor design in relation to the conventional rotor. Furthermore, the
range (i.e., maximum — minimum) of data variation for torque coefficient in case of laterally inverted
universal blade shape factor (LIUB) is small as compared to corresponding variation of other designs
of constant blade shape factors.
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The temporal variations of torque coefficient for various rotor configurations are shown in Figure
11. Results are presented over one complete cycle of rotation at A = 1.1. It should be pointed out that
positive values of torque coefficient mean that torques are produced in counter clockwise direction.
Compared with the baseline rotor performance, a positive torque higher by 34% is produced by the
laterally inverted universal blade shape factor design (Case 6 LIUB) at an angle of about 24 deg. The
reason for such an increase may be attributed to the reduced drag force on the convex side of the
returning blade because of decreased surface area of the laterally inverted universal blade shape
factor design as compared to the conventional semi-circular blade. Accordingly, the rotor design with
laterally inverted universal blade shape factor LIUB is driven by higher positive torque during the
early angles of rotation than the conventional design. On the other hand, the laterally inverted
universal blade shape factor design exhibits a larger negative torque (clockwise torque), but with less
magnitude, at an angle of 113 deg. However, the resultant torque is positive and higher in case of
laterally inverted universal blade shape factor design when compared with that of the baseline case.
This demonstrates the reason for higher power coefficient in case of laterally inverted universal blade
shape factor at A of 1.1 as illustrated in Figure 10(b).
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Fig. 11. Instantaneous torque coefficient for various rotor blade
configurationsat A = 1.1

The contours of static pressure at A = 0.9 were compared through Figure 12 for both the
conventional blade and the laterally inverted universal blade shape factor (LIUB) designs. The
contours were temporally displayed within the area of rotating zone at rotor angles of 0.0, 45, 90 and
135 degrees. Highest pressure regions are coloured in red, while lowest pressure regions are coloured
in blue. For both cases and within the displayed angles of rotation, the maximum pressure generally
increases till rotor angle of 90 degrees and then decreases at the angle of 135 degrees. The laterally
inverted universal blade shape factor exhibits an increase in static pressure of about 45 Pa when the
angle of rotation reaches 90 degrees, as compared to 36 Pa in case of conventional rotor. It is clear
from Figure 12 that the area of high pressure at 45 degrees angle of rotation is larger in case of
laterally inverted universal blade shape factor than that in the case of conventional blade. The reason
for such behaviour may be attributed to the geometric profile of each rotor configuration and its
effect on variations of near wall local static pressure and velocity. Looking into the areas of low
pressure, the laterally inverted universal blade shape factor blade always shows lower values of static
pressure when compared to the conventional rotor case. A minimum value of -455 Pa is reached at
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rotor angle of 90 degrees with the use of laterally inverted universal blade shape factor, while a
minimum value of -394 Pa is observed in case of conventional rotor at the same angle of rotation.
The difference in static pressure in both sides of rotor blades, which is higher in case of laterally
inverted universal blade shape factor, would result in higher torque and power coefficients.

0.0°

45°

Angle of Rotation

90°

135°

Rotor 1 (Conventional Rotor) Rotor 6 LIUB
Fig. 12. Comparisons of static pressure distributions at A = 0.9
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Comparisons of velocity contours for both the conventional blade and laterally inverted universal
blade shape factor (LIB) are presented in Figure 13 at rotating angles of 0.0, 45, 90 and 135 degrees.
Results displayed through Figure 13 were computationally obtained at wind speed of 8 m/sec and a
tip speed ratio A of 0.9. Maximum values of velocity are coloured in red while minimum values are
coloured in blue. As illustrated, regions of low pressure exhibit higher velocity magnitudes.
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Fig. 13. Comparisons of velocity distributions at A = 0.9
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It is apparent that regions of higher velocity magnitudes are located adjacent to the convex
surface of the advancing blade (lower pressure regions). By increasing the degree of angle of rotation,
this region is being detached from the leading edge of the advancing blade and becomes large in size
particularly at rotational angle of 135 degrees. This demonstrates the unsteady characteristics of the
wake behind the turbine rotor. Increasing the angle of rotations, moreover, is observed to be
accompanied by an increase in the maximum value of velocity magnitudes till the angle of 90 degrees
and then a decrease in that value. It is clear from Figure 13 that, the laterally inverted universal blade
shape factor (LIUB) shows higher velocity magnitudes compared to the conventional blade
particularly at rotational angles of 45, 90 and 135 degrees.

7. Conclusions

The current research presents a computational fluid dynamics investigation into the performance
of Savonius vertical axis wind turbine having a modified blade shape. Modification made in Savonius
blade geometry was based on universal consideration of blade shape factor concept. The set of points
forming the blade geometry of the proposed modified Savonius blade was obtained according to the
equation of point of tangency of blade arm with blade circular arc at various degrees of blade shape
factor. Accordingly, each point in the proposed two-dimensional blade geometry was specified with
a single value of blade shape factor. A relation that may define the blade geometry according to
universal consideration of blade shape factor was suggested by fitting the set of points (x,y) forming
the blade profile.

The computational results of the modified blade (laterally inverted universal blade) revealed the
possibility of running the Savonius turbine at higher tip speed ratios and consequently an increase in
the turbine operating range is expected. Furthermore, results showed the potential of the modified
rotor to improve the turbine output power as compared to the conventional rotor. The highest
torque coefficient is increased by about 48% in case of laterally inverted universal blade shape factor
design (LIUB) as compared to the conventional rotor. Besides, the power coefficient is modified by
about 62% at a tip speed ratio of 1.1.
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