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To combine the advantages of performance of both Savonius and Darrieus wind
turbines, this paper aims to study computationally a novel design configuration of a
Vertical Axis Wind Turbine (VAWT). The new design would help cover a broad range of
performance parameters between both types of wind turbines as well as overcome
drawbacks of the Savonius type at higher rotational speed. The proposed design is to
integrate both of Savonius and straight blade Darrieus wind turbines in a single VAWT
design configuration. In this design, the turbine rotor consists of a number of similar
NACAOQ015 airfoil blades set in a particular arrangement. By regulating individual angles
of rotor blades, the turbine would work as either Savonius or H-Darrieus VAWT. The
turbine could also be set to work at different configurations between those for the
Savonius and H-Darrieus ones. The computational results revealed that the
performance of the proposed integrating wind turbine would be controlled and
optimized to cover the operating range of both of Savonius and Darrieus wind turbines.
Besides, the performance of Savonius VAWT would be modified when applying this
design. When the proposed design is practically implemented, characteristics of both
of Savonius and H-Darrieus based wind turbines would be found in a single design.

Copyright © 2020 PENERBIT AKADEMIA BARU - All rights reserved

1. Introduction

With the dramatic increase in global populations and limitations in natural resources of energy,
looking for alternative energy resources to compensate increasing demand of electricity becomes a
necessity. Renewable energy resources, such as wind, solar and hydro power, receive a great

attention as clean energy sources.

Wind turbines have been extensively used throughout the world to generate electricity from wind
power. There are two main types of wind turbines according to the disposition of turbine shaft. These
are the Horizontal Axis Wind Turbines (HAWT) and the Vertical Axis Wind Turbines (VAWT). In the
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HAWT, the blades rotating axis is parallel to the wind stream. The advantages of HAWT include high
turbine efficiency and high-power density. On the other hand, blades of the VAWT rotate with
respect to a vertical axis that is perpendicular to the ground level as well as wind stream. An
important feature of the VAWT is that it accepts wind from any direction (i.e. independence of wind
direction) and therefore no yaw mechanism is required. Savonius (drag type) and Darrieus (lift type)
wind turbines are the main types of VAWT.

The two types of VAWT are shown in Figure 1 [1]. The Savonius type VAWT, Figure 1(a), is a simple
machine having two (or more) half-cylindrical parts attached to opposite sides of a vertical shaft. It is
considered as a drag type wind turbine as the incoming wind stream drags/pushes the rotor blades
(or buckets) causing them to rotate around the vertical shaft. The drag force on the concave or
advancing bucket (blade moving in the direction of the wind) is higher than that on the convex or
returning bucket (blade moving against the wind) causing a net force that can drive the rotor. The
Darrieus type VAWT, Figure 1(b) and Figure 1(c), is provided with two or more airfoil-shaped blades
mounted on a vertical shaft. The rotor blades are either bent (egg bladder type) or straight (H-type).
The energy is extracted from the wind mainly through an aerodynamic lift force that is working in the
direction of rotation. The aerodynamic lift force is created when the wind is blowing over the airfoil
profile of the rotor blade and, thus, this type of VAWT is called lift driven VAWT. When compared
with drag force based VAWT, using lift force based VAWT results in production of much power as
well as turbine rotor can acquire higher rotational speed.

(a) (b) (c)
Fig. 1. Rotors of VAWT turbines: (a) Savonius; (b) Darrieus; (c) H-Darrieus [1]

Much research has been carried out so far in order to improve VAWT performance and to
maximize the energy generation from the available wind power. In the case of Savonius type VAWT,
this was done by considering alternate turbine designs such as twisting and/or modifying profiles of
rotor blades [2-7], adding a fixed shielding plates, wind boosters or curtains (or ducts) around the
entry of wind turbine to enhance wind power [8-10] as well as by increasing the number of rotor
blades [11-12] or number of stages (i.e. multi step rotors) [13-14]. In a wind farm of Savonius wind
turbines, managing the location of individual wind turbines can help optimizing the overall output
power. Proper location of downstream turbines can be estimated by using velocity pattern analysis
to identify zones of strongest vortices [15]. Augmentation of the power output of an H-Darrieus rotor
by using a flat plate deflector was investigated by Wong et al., [16]. The effect of number of blades
on the performance of VAWT was studied in references [11-12] and [17]. Furthermore, an attempt
was made to design a hybrid turbine of Darrieus and a double/multi step Savonius turbine coupled
on a single shaft and tested in different currents [14, 18-19]. However, applying either the Savonius
or the Darrieus based VAWT alone or in a hybrid configuration may not entirely satisfy the required
energy envelope.
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The theoretical power coefficient, C,, (as a measure of wind turbine efficiency) versus tip speed
ratio, A, for various configurations of common wind turbine designs is shown in the Figure 2 [20]. Tip
speed ratio is the ratio between rotor blades tip speed and wind speed. The theoretical maximum
efficiency of a wind turbine, given by the Betz Limit [21], is about 59 %. As can be seen, the HAWTs
are the most efficient with a power coefficient of about 0.49. However, HAWTs operate only at higher
values of tip speed ratio. Despite the lower power coefficient of VAWTSs (Savonius for example), they
can operate at lower values of tip speed ratio. Owing to lower power output, VAWT has currently
been paid a great attention in research. A maximum power coefficient of about 0.4 can be achieved
by the Darrieus type VAWT turbine with a tip speed ratio range approximately from 3.5 to 7.5. On
the other hand, Savonius design wind turbine can achieve a maximum power coefficient of about
0.14 with a tip speed ratio less than 1.5. Through the tip speed ratio operating range of VAWT (0.0:
7.5), Savonius VAWT is the most efficient at lower values of tip speed ratio while Darrieus VAWT
works more efficiently at higher values of tip speed ratio. In order to take the advantages of both
VAWTSs designs, and to cover the operating range of tip speed ratio between them, an integrating
design (not a hybrid or combination) of both of Savonius and Darrieus concepts is essential and
demanding. Rotors of the new design would have adjustable blades to cover the performance curves
from Savonius to Darrieus wind turbines and vice versa. This means switching between both designs
would be achieved by adjusting blade angles.

The main objective of the present work was to computationally study a novel design of VAWT
combines the features of both Savonius and Darrieus wind turbines in a single configuration. The
proposed design is an integrating design of both of Savonius and straight blade Darrieus (H- Darrieus)
wind turbines that, when developed, would operate in a wide range of tip speed ratio and with
optimum power output.
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Fig. 2. Power coefficient versus tip speed ratio for a variety of turbine configurations [20]
2. Proposed Design Configuration of Savonius-Darrieus Integrating Wind Turbine Rotor

Rotor blades of the proposed design, depicted in Figure 3, are of NACA0015 [22] straight airfoil.
NACA0015 airfoils are widely used as H-Darrieus airfoil blades [23]. The NACAOQ015 airfoil is
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symmetrical with no camber. The number 15 means that the airfoil has a 15% thickness to chord
length. The airfoil blades, with chord length of 148mm, are pivot on a half circular arc (blades’ circle)
at 1/4 of the chord distance from the leading edge, see Figure 4. The blades are positioned on the
semicircular arc such that the angle between the pivots of two consecutive blades, measured from
the center of the arc (blades’ circle), is 30°.

Resembling an S-shape, two half circular arcs with the arrangement of blades shown in Figure 4
are used to form the wind turbine rotor. By closing the flow passages between successive blades
through the rotation about pivots in anticlockwise direction, an approximate C-arc is formed resulting
in a Savonius type VAWT (State 1 in Figure 5(a)). On the other hand, a Darrieus type is formed with
the flow passages being fully open (State 5 in Figure 5(e)). Flow passage is considered fully open when
chords lines of action of rotor blades are parallel to each other.

Between the two states of rotor blades mentioned so far (i.e. State 1 and State 5 in Figure 5(a)
and Figure 5(e), respectively), the rotor blades can individually be adjusted at the required
adjustment angle in order to control the turbine output power. Blades are adjusted, for instance, in
such a way that they are set at 25%, 50% and 75% of their full range of adjustment between the two
main states of Savonius and Darrieus states, see Figure 5(b), 5(c), and 5(d). This can be practically
accomplished by using position control applied on an appropriate electric motor either stepper motor
or the well-known induction motor. The utilized motor has a small rating power and it is controlled
based on measured wind speed. The monitored wind speed is used as an input to the motor drive
and is categorized into several speed ranges that depend on the investigated states of rotor blades.

200 mm
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Fig. 3. NACA0015 blade configuration [22]
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Fig. 4. Arrangement of NACA0O015 airfoil blades on a part of the
proposed turbine rotor
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Accordingly, the investigated states of integrating wind turbine rotor blades are the 0%
(Savonius), 25%, 50%, 75% and 100% (Darrieus) of full blades' range of adjustment about their pivots
in clockwise direction. It should be noted that the angle of full range of adjustment between Savonius
and Darrieus states differs from one blade to another, see Table 1. To switch from Darrieus based
VAWT back to Savonius VAWT, rotor blades should be regulated about their pivots in
counterclockwise direction. A one more state configuration of rotor blades is also investigated (State
6 in Figure 5(f)) where blades’ chord lines are perpendicular to their corresponding radial arms drawn
to pivots. In all cases (or rotor blades configurations) under investigation, the rotor outermost blades
are kept fixed with respect to their pivots but rotates due to wind with other blades. The different
states of turbine rotor blades illustrated in Figure 5 are at zero-degree angle of rotation, i.e. 6 = 0.0.
Blowing the wind over the rotor blades will cause rotation of turbine rotor about its center in
anticlockwise direction. Direction of rotation is shown for State 1 of Figure 5(a).

Blades’ semicircle

(a) State 1: Flow passages between rotor blades are fully (b) State 2: Flow passages between rotor blades are
close, i.e. Savonius-like VAWT with 0% of blades’ full partially open with 25% of blades’ full range of

N )
N g — \7@
Y

=

(c) State 3: Flow passages between rotor blades are (d) State 4: Flow passages between rotor blades are
partially open with 50% of blades’ full range of partially open with 75% of blades’ full range of

adjustment adjustment
\

]

(e) State 5: Flow passages between rotor blades are fully (f) State 6: blades’ chord lines are perpendicular to radial
open with parallel blades’ chord lines, i.e. H-Darrieus-like arm drawn to pivots

VAWT with 100% of blades’ full range of adjustment

Fig. 5. Investigated states of rotor blades configuration for the proposed Savonius-Darrieus Integrating
Vertical Axis Wind Turbine. Percentage shown denotes how much the blade angle of regulation is with
regards to its full range of regulation
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Table 1

Range of angle of regulation for airfoil rotor blades between Savonius
and Darrieus states

Blade B1 B2 B3 B4 B5 B6 B7
Range of adjustment (deg) 0° 8.05° 35.5° 65.07° 95° 125° 155°

3. Governing Equations and Computational Method

The performance of Savonius-Darrieus integrating vertical axis wind turbine was computationally
calculated using a finite volume Computational Fluids Dynamics (CFD) solver, ANSYS Fluent 15. The
governing equations of the fluid flow (air) throughout the turbine rotor are the mass and momentum
conservation equations. The flow regime considered in the present study was turbulent and the
problem was solved as two-dimensional flow. The governing equations of mass and momentum
(Reynolds-Averaged Navier-Stokes (RANS) equations) are written in unsteady state condition as
follows [24]:

[7] [7]

30+ (ow) =0 &)
a 7] i) 0 ou; ou; 0 —

5 () + 5 (pway) = —a—fj+ pg; +6_xi[‘u (a—”j+a—“’)] + a—xi(—puiu,-) (2)

where p is the fluid density, t denotes the time, u; is the velocity component in the direction j, P is
the pressure, g is the acceleration due to gravity, W is the molecular viscosity coefficient and x; stands
for spatial coordinate.

The last term in the momentum equation (Eq. (2)) represents the Reynolds shear stress tensor
and it has to be modeled appropriately. Using the concept of turbulent viscosity, the Reynolds shear
stress in Eq. (2) may be written as:

=7 ou; | u;
—pujuj = (i+ﬁ> (3)

ax]’ axi

The turbulent viscosity u; in Eq. (3) is computed using an appropriate turbulence model. In the
present computational analysis, a two-equation turbulence model is used to determine the turbulent
viscosity. Among the two-equation turbulence models, the k-g turbulence model, proposed by
Launder and Spalding [25], is most often used for turbulence predictions.

The computational domain is shown in Figure 6 with the appropriate boundary conditions. The
arbitrary chosen dimensions of the turbine rotor, according to the literature available, are such that
the radius of Savonius central C-arc (blades’ semicircle radius) is of 200 mm while the rotor diameter
(D) has been set to 908 mm. The domain has an upstream distance of 8000 mm (i.e. 9D) and a
downstream distance of 25000 mm (i.e. 28D). Upper and lower symmetrical planes were set at 8000
mm each (i.e. 9D) from the turbine center. The computational domain is divided into two distinct
zones: the rotating and stationary zones. Rotating zone is of 1600 mm diameter (i.e. 1.8D) and it was
set around the turbine blades, while the stationary zone was assigned to the remaining part of the
CFD domain. Interfaces were set at the surfaces separating the rotating and stationary zones. Sliding
mesh concept [24] was applied to model rotating zone of the wind turbine. The rotating zone could
rotate at different rotational speeds while the other zone was kept stationary. A uniform inlet fluid
velocity profile of 10 m/sec and with a 5% turbulence intensity was imposed at the inlet boundary of
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the computational domain, while a pressure outlet boundary condition of 1 standard atmosphere
was assigned at the outlet section.

Symmetry
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aD
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Symmetry
Fig. 6. 2-D Computational domain with boundary conditions. Rotating zone has a diameter of 1.8D

SolidWorks CAD software was used for building and exporting the 2-D geometry of the wind
turbine test models. Having the geometry created in SolidWorks environment, it was imported into
ANSYS Meshing and then discretized to create a 2-D mesh. The mesh has to be fine close to and in
the vicinity of rotor blades. This helps in capturing all physical effects within the rotating zone and
also in getting proper values for turbine performance parameters. The grid growth rate was set as
1.15. For the far field, flow may hardly be influenced by the wind turbine and consequently a coarser
mesh was applied. Figure 7 shows the computational grid for the Darrieus-based integrating wind
turbine as an example of turbine rotor test models. Triangular mesh was assigned to the rotating
zone while a quad-tri hybrid mesh was chosen for the stationary zone.

To have a better relation between pressure and velocity, the SIMPLE algorithm (stands for Semi-
Implicit Method for Pressure-Linked Equation) was chosen during the simulations. The SIMPLE
algorithm uses a relationship between velocity and pressure corrections to enforce mass
conservation and to obtain the pressure field [24]. Second order upwind discretization in momentum
and time was applied throughout the calculations with double precision pressure-based algorithm.
The transient time step of the rotor corresponds to 1° of rotation for any turbine angular velocity
(At = © /180w, where o is the turbine angular velocity in rad/sec). This value of time step was
considered to give time step solution independent [7]. In addition to the CFD conditions mentioned
so far, no-slip conditions for the velocity components and zero normal pressure gradients were set
as the boundary conditions for solid walls. Besides, all walls in the domain were assigned as smooth
walls. The realizable k-¢ turbulence model [26] (variant of the standard k-€ model) was chosen to
model turbulence quantities. In comparison to other k- and Spalart-Allmaras turbulence models, the
realizable k- model was used in the simulations due to its stability during computations and accuracy
over a wide range of operating conditions [27-29]. Besides, the realizable k-€ model was found to
give a good agreement between computational and measured performance of VAWT [10, 30]. In
addition, it has been considered a proper choice when investigating boundary layer flows under
strong adverse pressure gradients or with separation [31]. The realizable k- model uses the same
turbulent kinetic energy equation, k, as the standard k-€ model [25], but it has a modified equation
for the energy dissipation rate, €. Moreover, the coefficient Cy (used in the calculation of turbulent
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viscosity) is no longer constant as compared to the standard k- model [32]. A solution convergence
tolerance of 10 was assighed to the simulations. For near wall modelling, the center of the near wall
cell (wall-adjacent cells) should be located out of the buffer zone.

Fig. 7. 2-D Mesh configuration for the H-Darrieus-based integrating wind turbine (State 5 of Figure 5) with
mesh details close to blades
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4. Wind Turbine Performance Parameters

The main role of the wind turbine rotor blades is to convert the kinetic energy available in the
wind stream into mechanical energy in the form of rotational motion of the turbine shaft. The
performance of the wind turbine is governed by a set of equations mentioned thereafter.

The theoretical power available in the wind (Pw) is given by the rate of change of wind kinetic
energy.

1

where p is the air density (1.225 kg/m3), As is the rotor swept area of blades and V is the wind speed.
The power extracted from the wind by the turbine (rotor power Pg) is given as:

where o is the turbine angular velocity and T is the torque produced by the turbine.
The torque and power coefficients (Cm and Cp) of the wind turbine are written respectively as:

4T
m — pAs V2D (6)

PR 20T
Cp = — = —
Py pAgV3

(7)

The tip speed ratio, A, of the wind turbine is a dimensionless parameter defined so far as the ratio
between the tip speed of the rotor blade (o R) and wind speed (V). It is obtained by the relation:

A=22 (8)

where R is the rotor radius (=D/2).
Using Eq. (6)-(8), the power coefficient (Cy) can then be rewritten as:

Cp,=ACyp 9)
5. Computational Results and Discussion

In this section, the CFD model will be verified in order to ensure the validity of CFD results.
Subsequently, the performance of the Savonius-Darrieus integrating wind turbine will be discussed.

5.1 Verification of CFD Model

A sensitive analysis of grid resolution was made in order to ensure grid independency of the
computational results. The grid independence analysis was performed with regards to different
configurations of rotor blades orientation shown in Figure 5. The analysis compared the
computational results of temporal torque coefficient of four different grid resolutions for each rotor
blades configuration. For the H-Darrieus blade configuration (State 5 of Figure 5), for example, the
computational domain has the following number of cells for each grid; 304,105 (Grid 1), 501,134 (Grid
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1), 747,334 (Grid lll) and 942,181 (Grid IV). The CFD time and computational resources are noticeably
increasing as the mesh density increases.

The CFD results for the four different grids presented in Figure 8 are for the H-Darrieus blade
configuration (State 5 of Figure 5) and they were obtained at a wind speed of 10 m/sec and A = 1.
The results represent a comparison of temporal variations over a complete rotational cycle of
Darrieus-based integrating wind turbine torque coefficient for different mesh resolutions. The CFD
results were revolution independence. Individually, as illustrated in Figure 8, the torque on the rotor
blades depends on the angular position of the blades from the center of rotation. The torque on the
rotor is positive when the lift force is dominating and becomes negative due to the drag force on the
blades. The resulting cyclic average computational torque coefficient for different grid resolutions
respectively are 1.312428, 1.204051, 1.0 and 0.838556 with reference to the one for Grid Ill. As
shown in Figure 8, there is a fairly good agreement between the computational results of mesh
resolutions for Grid Ill and Grid IV. Besides, the deviation in CFD results for different grids mainly
appears at the region next to the peak values of torque coefficient. With regards to CFD time, the
mesh resolution for Grid Il (grid with 747,334 elements) is believed adequate to give grid-
independence results.

05

04 f— 7™

Grid Il /
03 .

L | ——Grid I /
02 | = - -Grid IV |4

u N N

0 45 90 135 180 225 270 315 360
Angle of Rotation, 6

Torque Coefficient, Cm

Fig. 8. Grid-independence study results as temporal variation of torque
coefficient of different grid resolutions for the Darrieus-based integrating
wind turbine. Inlet wind speed = 10 m/sec and A= 1.0

5.2 Performance of Savonius-Darrieus Integrating Wind Turbine

Considering the aerodynamics of NACA0015 airfoil, the drag, lift and total forces varies according
to the angle of attack (o), see Figure 9 [33]. The drag force is the blade total force in the direction of
wind, while the lift force is the one in the perpendicular direction to the wind. At zero-degree angle
of attack (a=0.0), the upper and lower surfaces of NACA0015 exhibit the same pressure profile and
at this condition of the airfoil there is only a drag force. Increasing the angle of attack will modify the
pressure distribution on the upper surface. This continues till separation of flow occurs [34-35], which
is believed responsible for inducing noise emissions [36]. Uneven distribution of pressure on both
surfaces of the airfoil considerably modifies the drag, lift and moment coefficient of the airfoil.
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forces acting on blade element; « is the angle of
attack [33]

The computational performance of the integrating Savonius-Darrieus wind turbine in terms of
cyclic average torque and power coefficients against tip speed ratio is shown in Figure 10. According
to the orientation of rotor blades depicted in Figure 5, six rotor configurations (or states) were
computationally studied; 0% (State 1 or Savonius State), 25% (State 2), 50% (State 3), 75% (State 4),
100% (State 5 or H-Darrieus State) of blades' full range of regulation, as well as blade chord normal
to radial arm (State 6) rotor blade configurations.

As seen in Figure 10, the cyclic average torque and power coefficients are significantly affected
by the blade orientation. As illustrated, Savonius based integrating wind turbine (State 1) exhibits
lower power coefficient and operates at lower values of A, but with efficient operation at lower levels
of A as compared to other states. The maximum A is less than 1 which demonstrates that Savonius
cannot revolve faster than the wind as the returning blades (blades in opposition to the wind) cannot
travel faster than the wind. When closing flow passages between rotor blades, a Savonius like C-arc
blade configuration is formed. This would increase the direct impact of wind with turbine rotor blades
(i.e. drag force driven turbine) resulting in high torque coefficient at lower values of tip speed ratio,
A. Switching to the H-Darrieus based integrating wind turbine (State 5), by rotating the rotor blades
of State 1 clockwise about their pivots by the full range of blades’ angle of adjustment, modifies the
performance of the Savonius wind turbine. This increases the peak power coefficient and enables the
turbine to run at higher values of A and consequently at higher rotational speeds, which is considered
as a performance gain for Savonius VAWT. In this case the blade chords lines of action are parallel to
each other and perpendicular to blades’ semicircle diameter.

Regulating the blades’ angle between State 1 (Savonius) and State 5 (Darrieus) would generally
have a positive effect on turbine performance except for the case with the 25% of full range of
adjustment (State 2). Slightly opening the flow passage between rotor blades (State 2) results in a
reduction in turbine performance as compared to State 1 (Savonius State). This may be attributed to
the lower pressure created in front of blades. With a continuous increase in the degree of angle of
adjustment of rotor blades in clockwise direction, a significant modification in turbine performance
takes place. Among the investigated cases, the highest peak power coefficient with a wide range of
A was obtained through partial opening of flow passages between rotor blades with configuration
for State 4, see Figure 5(d). This can be accomplished by making the flow passage between rotor
blades of the H-Darrieus based integrating wind turbine 75% of full range of regulation, but with
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uneven orientation of individual blades. Tuning rotor blades orientation might not result in any
further improvements in turbine performance than the 75% case (State 4).

Thus, managing blades orientation or the flow passages between rotor blades could significantly
affect the resulting lift force and consequently the turbine output power. Controlling the flow gaps
between individual blades by regulating the rotor blades of State 1 around their pivots would vary
the resulting torque where the turbine is being driven by lift force (i.e. lift force driven). The produced
summing torque depends on the angle of attack of individual rotor blades, which in turn differs from
one blade to another as well as it is in continuous variation during rotation of turbine rotor. This
means that the resulting instantaneous torque may either be greater or smaller than the
corresponding one in the case where flow passages are fully close (i.e. Savonius like configuration).

Accordingly, managing the flow passages between rotor blades, by adjusting blade orientation,
would control the wind turbine performance. The wind turbine, therefore, would have potential to
work at high tip speed ratios with higher power coefficient. Optimum performance of the proposed
integrating turbine design is believed to be obtained within the region bounded by the performance
curves of State 1, State 5, State 3 and State 4 (best performance zone in Figure 10). It has to be
clarified that the size (or dimensions) of turbine rotor would considerably affect the degree of
interference of various performance curves and consequently the operating range of tip speed ratio
M. Besides, proper selection of rotor turbine dimensions as well as overlapping ratio of rotor blades
would help in magnification of turbine output power to match well with those shown in Figure 2.
Turbine dimensions may include blades' semicircle radius, size of airfoil blade and arrangement of
airfoils on blades' semicircle.

Figure 11 compares the time-based torque coefficient over a complete cycle of rotation for
various states of rotor blades at A = 0.7; where performance curves for all states under investigation
are within the operating range. In this figure, the rotor angle 0° corresponds to the positions of rotor
blades shown in Figure 5. As depicted, the angle at which the torque coefficient represents either a
peak or a trough value depends on rotor blades configuration. This means that there is a phase
difference between peaks and troughs of different configurations. Blades orientation for State 5
(Darrieus State) exhibits a torque coefficient curve with the highest peaks and lowest troughs and
with a steep gradient, which in turn reduces the cyclic average torque coefficient at this condition.
Curves with lower peaks (State 2 for instance) have lower values of average torque coefficient.
Uneven orientation of rotor blades results in multiple ripples on various curves as well as unequal
starting torques. Regardless the average value of cyclic torque coefficient, it is observed that State 1,
State 2 and State 5 are the only states at this value of A that produce negative torque.

Comparisons of pressure coefficient contours at A = 0.7 for different rotor blades configurations
are illustrated in Figure 12. The pressure coefficient is defined as the ratio between the local static
pressure and the dynamic pressure of the wind at the free upstream end. The contours are
temporally displayed within the zone surrounding the turbine rotor, i.e. the rotating zone, at rotor
angles of 0°, 45°,90° and 135°. Regions with high pressure coefficient are colored in red while regions
with low pressure coefficient are colored in blue. The behavior of pressure coefficient is that the
maximum value is generally increasing till rotor angle of 90° and then it decreases. The percentage
increase in the value of maximum pressure coefficient from 0° to 45° rotor angle is always less than
that from 45° to 90°. The Savonius rotor configuration (State 1) exhibits lower values of maximum
pressure coefficient as compared to other states. As depicted, managing gaps between rotor blades
may result in more negative pressure when compared to State 1.
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6. Conclusions

In this paper, a Computational Fluid Dynamics investigation of a novel design configuration of a
Vertical Axis Wind Turbine (VAWT) was carried out. The objective was to take the advantages of both
of Savonius and Darrieus types of VAWT in a single non-hybrid design. The proposed design is an
integrating design of both of Savonius and H-Darrieus wind turbines in a one configuration. In this
design, the turbine rotor consists of a few similar NACA0015 airfoil blades arranged particularly for
this purpose. By adjusting individual angles of rotor blades, the turbine would operate either as
Savonius or H-Darrieus VAWT. Some state configurations of rotor blades were suggested as test cases
for the computational study based on blades’ angle of regulation. Each rotor design was
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computationally investigated to determine its performance as well as the operating range of tip
speed ratio. The computational results showed that the performance parameters of the proposed
design are significantly affected by rotor blades orientation. Besides, CFD results suggest a
considerable improvement in the performance of Savonius VAWT when applying this design. The
new design would help switching between the two designs (Savonius and H-Darrieus) and thus covers
the operating range of performance parameters between both types of wind turbines. The
performance of the proposed wind turbine could be optimized and easily managed through the
adjustment of rotor blades. In a work to follow, this study will be to optimize the integrating turbine
performance in terms of turbine dimensions, airfoil blade shape and dimensions, number of airfoil
blades, and arrangement of airfoils on blades' semicircle.
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