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Abstract: Wind energy is gaining special interest worldwide due to the necessity of reducing pollutant
emissions and employ renewable resources. Traditionally, horizontal axis wind turbines have been
employed but certain situations require vertical axis wind turbines. With a view to improve the
efficiency of a vertical axis wind turbine Savonius type, the present work proposes a bioinspired
design blade profile relying on the Fibonacci spiral. This shape is repeatedly presented in nature and
thus it leads to a bio-inspired blade profile. A numerical model was carried out and it was found that
the Fibonacci shape improves the performance of the original Savonius shape, based on semicircular
blade profiles. Particularly, the Fibonacci blade profile increases around 14% the power in comparison
with the Savonius blade profile. Besides this comparison between Savonius and Fibonacci, a research
study was carried out to improve the efficiency of the Fibonacci turbine. To this end, the effect of
several parameters was analyzed: number of blades, aspect ratio, overlap, separation gap, and twist
angle. Improvements on the average power greater than 30% were obtained.

Keywords: wind turbine; VAWT; CFD; Savonius; Fibonacci

1. Introduction

The continuously growing energy demand constitutes an important issue for society.
The main fossil resources currently employed for power generation, such as natural gas,
coal, oil, etc., generate a significant level of pollutants; moreover, these fuels are non-
renewable resources. These facts have incremented the interest in renewable energies.
Among all types of renewable energies, wind energy has experienced a rapid growth over
the last years. It is expected that wind energy will account more than 40% of all renewable
energy by 2030 [1] and 20% of the worldwide energy demand [2].

According to the orientation of the rotating axis, two types of wind turbines can be
distinguished: Horizontal Axis Wind Turbines (HAWT) and Vertical Axis Wind Turbines
(VAWT). HAWTs have a rotating axis parallel to the wind direction. These are the most
common wind turbines, employed in high power farms, although can also be found in
small sizes for mini wind power applications. On the other hand, VAWT have a rotating
axis perpendicular to the wind direction. These wind turbines are less common but
nowadays are the focus of much research due to their low power applications. The growing
worldwide demand for wind energy leads to the necessity of obtaining a more efficient use
of wind that cannot be employed by large HAWTs. To this end, VAWTs are aimed at low
scale applications, especially urban environments with poor wind conditions [3-6]. The
exploitation of these winds together with the winds exploited by large wind turbines may
considerably increase the global wind energy production.
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Regarding VAWTs, two types can be found in the literature. The Darrieus turbine,
mainly based on lift, and the Savonius turbine, mainly based on drag. The main propulsor
effect in the Savonius turbines is the drag force acting on them, while the Darrieus rotating
principle is mainly based on the lift force actuating on the blades. The Savonius wind
turbine was initially proposed by Sigur Savonius [7] in the 1930s. This turbine is integrated
by two semi-circular sections vertically positioned along the rotation axis. The main
advantages are its simplicity, high start-up, low noise, and independence of the wind
direction [8]. In comparison with a Darrieus turbine, the Savonius is more recommended
for urban environments due to its lower starting torque, i.e., it needs lower wind velocities
for starting. In offshore applications, the Savonius turbine is appropriated as a hydrokinetic
turbine to generate energy from tidal currents [9-12]. Despite these advantages, the main
disadvantage of the Savonius turbine is its low efficiency [13,14]. For this reason, these
types of turbines have been scarcely employed until recent decades. Many modifications
have been proposed along the years in order to increment the efficiency of the Savonius
turbine. The most significant parameters analyzed in the scientific literature (number of
blades, aspect ratio, overlap, separation gap, and twist angle) are analyzed below, and a
schematic representation of them is shown in Figure 1.
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Figure 1. Savonius turbine; (a) 3D view; (b) lateral section. H: height, C: chord length, O: overlap, SG:
separation gap, D: rotor diameter, Dep: end plate diameter.

1.1. Aspect Ratio

The aspect ratio is the relation between the height and the rotor diameter, i.e., AR = H/D.
Important discrepancies can be found in the literature regarding the optimum value of this
parameter. While some researchers propose 2 as the optimum aspect ratio [12], other researches
established the optimum AR around 4 [15-17], and even higher values such as 6 [18].

1.2. Overlap

The overlap is the distance that an inside edge penetrates into another. This parameter
has been extensively studied due to its importance on power generation. As in the previous
case regarding the aspect ratio, different values were proposed as optimum and important
discrepancies can be found in the literature. One can refer to Sheldahl et al. [19], who
proposed 10-15% of the chord length as optimum overlap value; Fujisawa [20], who
proposed 15% of the chord length; Mojola [21] and Alexander and Holownia [13], who
proposed 20-30% of the chord length; and Menet and Bourabaa [22], who analyzed both
the aspect ratio and overlap and established an optimum overlap as 24.2% when AR = 2.
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1.3. Separation Gap

The separation gap is the width separating the inside edges of the blades. Several
studies analyzed the effect of the separation gap and most of them concluded that the
optimum value is zero [12] since increments in the separation gap reduce the power of the
wind turbine due to reductions in the quantity of air in the blade opposed to the movement.

1.4. Number of Blades

Many researchers concluded that the optimum number of blades is two [16,18] since
the power is reduced when the number of blades increases. Nevertheless, an advantage
of turbines with more than two blades is that the starting torque is lower [19]. This is
especially important under low velocity wind conditions, where turbines with more than
two blades are appropriate although they provide less efficiency.

1.5. Twist Angle

The twist angle is the angle between the upper and lower sections of the blades,
Figure 2. Lee et al. [23] analyzed 0°, 45°, 90°, and 135° twist angles and found that the
optimum value is 45°. Zhao et al. [18] analyzed 90°, 180°, 270°, and 360° and found that
the optimum value is 180°. Damak et al. [24,25] compared two Savonius turbines with 0°
and 180° twist angles and found that the latter provided higher power coefficients.

(b)
Figure 2. Twist angle; (a) 3D view; (b) upper view.

1.6. Blade Profile

One of the most significant improvements proposed in the literature consists of em-
ploying blade profiles different from the semicircular profile initially proposed by Sigur
Savonius [7]. Some examples are the models of Kumar et al. [26], Alom and Saha [27],
Kacprzak et al. [28], Benesh [29], Mohamed et al. [30], and Chan et al. [31], as illustrated in
Figure 3a,f, respectively.
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Figure 3. Some modified profiles proposed in the literature; (a) Kumar et al. [26]; (b) Alom and
Saha [27]; (c) Kacprzak et al. [28]; (d) Benesh [29]; (e) Mohamed et al. [30]; (f) Chan et al. [31].

The present work proposes an innovative nature-inspired blade profile based on the
Fibonacci sequence. Geometrically, this sequence constitutes a spiral that is presented in
many natural contexts such as vegetables, animals, and nature phenomena in general, as
shown in Figure 4. Since the Fibonacci spiral is highly presented in nature, and thus is
consequence of millions of years of evolution, it is appropriate to propose this geometry
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for VAWT wind turbines, obtaining a bio-inspired blade profile. In relation to this, some
authors of the present work have proposed a bio-inspired shape for a marine propulsor
elsewhere [32-35], improving the performance of the traditional propellers for certain
applications. These works demonstrate that sometimes nature can appropriately inspire
mechanical devices with surprising results.

(b)

Figure 4. Examples of the Fibonacci spiral in nature. (a) Snail shell; (b) Fran hurricane, September
1996 [36]; (c¢) Whirlpool Galaxy [37].

The Fibonacci blade profile proposed in the present work and its modifications to
improve the performance were analyzed numerically. In a previous work [38], the Fi-
bonacci shape was proposed to investigate the effect of number of blades, aspect ratio,
overlap, separation gap, and twist angle. The present work aims to analyze the effect of
these parameters. To this end, a numerical model was carried out based on CFD (Com-
putational Fluid Dynamics). This model was validated with experimental measurements
obtained elsewhere [20].

2. Materials and Methods
2.1. Numerical Model

As mentioned previously, a numerical model was developed to analyze several modi-
fications of a VAWT Savonius type. Numerical models present important advantages over
experimental setups. Contrary to the high cost and time necessaries to carry out experi-
mental measurements of different configurations, the CFD model developed constituted a
tool to fast and cheaply analyze different geometries performance parameters. Moreover,
numerical models provide interesting information regarding the velocity and pressure field
that are too complicated to measure experimentally.

The software OpenFOAM was employed. The main reason is that this is an open
source and thus it allows a total access to the code to understand and manipulate it. The
governing equations are the RANS (Reynolds-averaged Navier—Stokes). In particular,
the conservation of mass and momentum were implemented. As a turbulence model,
the SST k-w was employed since several studies revealed its estimation capabilities in
VAWTs [39-43]. In a previous work [44], several turbulence models were compared,
and it was concluded that the SST k-w is the most appropriate for these simulations
although the computational cost was higher than other turbulence models, such as the
commonly employed k-¢. The PIMPLE algorithm was employed for the pressure—velocity
coupling. The temporal treatment was realized through an implicit method, with a constant
time step corresponding to 1° of rotation. In order to reach a quasi-state state, several
revolutions must be analyzed. Particularly, the results shown in the present work refer to
the 6th rotation.

When modeling wind turbines, it is common to employ the non-dimensional parame-
ters shown in Equations (1)-(3).

TSR — blade tip t.an gential velocity _ WR )
wind speed \%

P P
P available 0.5 pSV3

Cp= @)
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T _ T
Tavailable 0.25 pSVZD

In the equations above, V is the undisturbed wind speed, w the rotational speed, P
the power, p the density of air, S the cross section area (S = DH), T the torque, Ct the
torque coefficient, and Cp the power coefficient. TSR is the ratio between the blade
tip tangential velocity and the wind speed. The power coefficient represents which
fraction of the power in the wind is being extracted by the turbine through the pro-
jected area of the rotor at the flow direction. The mass flow rate for an air stream
flowing through a surface S is pSV, and therefore the available power comes from its
kinetic energy, i.e., Payailable = 0.5 pVSV? = 0.5 pSV3. The power coefficient represents
the ratio of the power to the available power. The available torque for an air stream
is Tavailable = Pavailable/ w. Taking into account that V = wR, the latter expression yields that
Tavailable = Pavailable/ @ = 0.5 pSV3/(V/R) = 0.5 pVSV?2/(2 V/D) = 0.25 pSV2D. The torque
coefficient represents the ratio of the torque to the available torque, as shown in Equation (3).
Obviously, since the power is P = T-w, in non-dimensional form it holds that Cp = C1. TSR,
as can be seen in Equation (4).

Cr =

®)

P P Tw

C = = =
P Pavailable 0.5 pSV3 0.5 pSV3

= CrTSR @)

The domain and boundary conditions are shown in Figure 5. The dimensions are
23 x 8 x 8 m. It was verified that these dimensions are large enough to avoid any border
effect. This was checked repeating the simulation using domains 10 x 10 x 25 m and
12 x 12 x 30 m and obtaining the same results. The boundary conditions are also shown in
this figure. The upstream face was modeled as a velocity inlet, while the downstream face
was modeled as an outlet. The exterior faces were modeled as free slip in order to minimize
border effects. This boundary condition imposes a zero shear stress, i.e., the tangential
velocity derivative normal to the boundary is zero. The turbine blades were treated as
no-slip surfaces.

OUTLET

TURBINE

X

VELOCITY INLET

Figure 5. Boundary conditions.

The mesh is shown in Figure 6. This figure shows a tri-dimensional view and a detail
of the middle plane. The mesh consists of tetrahedral elements from 0.05 to 0.2 m size.
The size is finer around the turbine. Two zones were established: static and rotating. The
rotating domain is a cylinder around the turbine which rotates around the turbine axis. The
static domain is the remaining region, which remains fixed. A sliding interface connects
the static and rotating domains.
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Figure 6. 3D computational mesh and detail of the middle plane.

Several meshes with different elements were tested in order to verify that the results
are independent of the mesh size. Table 1 indicates the power coefficient obtained at
TSR =1 using four meshes. It can be seen that meshes 3 and 4 provide the same result.

According to this,

mesh 3 was selected.

Table 1. Computational meshes checked.

Mesh

Number of Elements

CpatTSR=1

Mesh 1

1.5 x 100

0.226

Mesh 2

2.9 x 10°

0.212

Mesh 3

3.8 x 10°

0.207

Mesh 4

45 % 10°

0.207

Regarding the near wall cells, a boundary layer with five layers was established,
providing a y* lower than 1.

2.2. Validation of the Results

In order to validate the model, the numerical results were compared to experimental
measurements of Sandia laboratories [20]. To this end, a turbine with the parameters
indicated in Figure 7 was analyzed. It can be seen that this turbine is composed of two
semi-circular blades and two support endplates. There is a consensus in the literature
regarding the optimal size of the endplates, around 1.1 times the rotor diameter. The reason
is that very high diameters increase rotor inertia [12].

Parameter Value
Diameter (m) 1
Height (m)
Number of blades
Overlap (m)

Separation gap (m)
Twist angle (°)

o o O M

Figure 7. Characteristics of the turbine used for the validation procedure.

The average power coefficient against the tip speed ratio obtained numerically and
experimentally are shown in Figure 8. It can be seen that a satisfactory concordance was
obtained. It is noteworthy that the average error between numerical and experimental
results is 5.8%. Both results show a similar trend, with increments of the average power
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coefficients and, after a certain value, decreases with the increase of the tip speed ratio. The
reason is that when the tip speed ratio increases, and thus the rotation velocity, the velocity
of the blade tips exceeds the air velocity and less power is transferred from the wind to
the turbine, reducing the net power. Several reasons may explain the small discrepancies
obtained between experimental and numerical results. On the one hand, CFD is not an exact
science and discretization is applied to the mesh and governing equations. On the other
hand, experimental methods have an inevitable tolerance. Moreover, another important
source of error is due to the blockage effect. The blockage effect is caused by employing
a wind tunnel with limited dimensions. The flow is restricted around the turbine and
cause a local acceleration of the wind velocity in the test section which increments the drag
and the measured power coefficient. Blackwell et al. [20] propose a blockage correction
factor, also called velocity increment factor, to correct the experimental measurements, but
they highlight that the validity of the factor employed is questionable and it is necessary
to deeply analyze corrections factors for Savonius turbines. More recently, Ross and
Altman [45] compared several blockage corrections for Savonius turbines and concluded
that the methodology employed by Blackwell et al. [20] is appropriate.

0.4
® Experimental
©  Numerical
0.3+
tesss
Lc; 0.2 . ; o © (o]
e} o e
]
g .
0.1+ o
8
0 L L L L
0 0.3 0.6 0.9 1.2 1.5

TSR

Figure 8. Cp against TSR experimentally and numerically obtained.

3. Results and Discussion

As the numerical model has been validated, a new blade profile based on a naturally-
inspired shape, the Fibonacci spiral, is proposed in Section 3.1. Subsequently, the effects of
several parameters on the Fibonacci blade profile are analyzed in Section 3.2. The objective
of Section 3.2 is to improve the performance of the Fibonacci blade profile.

3.1. Fibonacci Sequence

The Fibonacci numbers were first described in 200 BC by Indian mathematicians [46].
In the Middle Ages, they were analyzed by the Italian mathematician Leonardo of Pisa, who
was known as Fibonacci (Fillus Bonacci, i.e., the son of Bonacci). The Fibonacci sequence is
a recurrent succession given by Equations (5)—(7), where each term f depends on the two
predecessors,n — 1 and n — 2.

fo=0 ©)
fi=1,ifn=1 (6)
fo="fo o+ fa 1, ifn > 1 @)

The Fibonacci spiral is based on the Fibonacci sequence. The graphical representation
of the Fibonacci sequence consists of establishing squares with the size of the successive
terms, situated as shown in Figure 9. The Fibonacci spiral is also shown in this figure,
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which is formed by circumference arcs. Following the Fibonacci sequence, the side sizes of
these squares are 0, 1,1, 2, 3,5, 8,13, 21, 34, 55, 89, etc.

ap
\ [V

21

Figure 9. Fibonacci spiral obtained from the Fibonacci sequence.

The blade profile proposed in the present work is composed by two consecutive
sections of the Fibonacci spiral. Any consecutive terms high enough lead to the same rela-
tion, the so-called golden ratio or divine proportion [47], 1.61803398874986. The higher the
consecutive terms, the closer their relationship to the golden ratio, as shown in Equation (8).

fn

f = 1.618033988749864 . .. if n — oo, ifn > 1 (8)
n—1

According to this, each blade is composed by two curves whose ratios are related by
the golden ratio. Depending on the orientation, two possibilities can be applied (sequence
low-high-high-low or sequence high-low-low-high), shown in Figure 10a,b. For comparison
purposes, the semicircular Savonius blade profile is also illustrated in these figures though
dotted lines.

(a) (b)

Figure 10. Blade profiles analyzed; (a) Fibonacci I (black color dashed line), sequence low-high-high-
low, and comparison with Savonius (grey color dotted line); (b) Fibonacci II (black color dashed line),
sequence high-low-low-high, and comparison with Savonius (grey color dotted line).

Figure 11a illustrates the average power coefficient and Figure 11b the average thrust
coefficient against the tip speed ratio for both Fibonacci blade profiles proposed and the
Savonius blade profile. It can be seen that both the power and thrust coefficient increase
with the tip speed ratio up to a certain value after which it drops down. Fibonacci I
configuration provides a higher power and thrust coefficient than Savonius one. Partic-
ularly, a 14.1% improvement on the average power coefficient was obtained and a 13.5%
improvement on the average thrust coefficient. Nevertheless, Fibonacci II configuration
provides lower power and thrust coefficients. Due to this, the Fibonacci I blade profile will
be adopted in the remaining work. The reason of the results obtained in Figure 11 is the
principle of operation of a Savonius turbine. The power is mainly produced by drag, and
the Fibonacci I configuration increments the drag force of the advancing blade and reduces
the drag force of the returning blade, increasing the net driving force.
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Figure 11. (a) Cp against TSR for Savonius, Fibonacci I, and Fibonacci II blade profiles; (b) Ct against
TSR for Savonius, Fibonacci I, and Fibonacci II blade profiles.

Other improvements obtained by different authors are summarized in Table 2. It is
worth mentioning that Cp varies with the Reynolds number. For this reason, it is difficult
to compare which shape is the most appropriate using this table since all data should be
analyzed under the same Reynolds number.

Table 2. Results of blade shape modification of the Savonius turbine.

Blade Profile Cp Improvement (%) Reference
Batch 10.5 [48]
Elliptical 10.3 [28]
Airfoil 10 [49]
Elliptical 17.81 [50]
Elliptical 8.89 [51]
Elliptical 11.34 [52]

Another interest aspect is related to the turbine fatigue hazard. Many VAWTs fail due
to blending. The responsible stresses are cyclic and thus promote fatigue, and a dimensional
parameter related to the fatigue damage is Cr, Equation (9), where F represents the thrust
force. Since the torque is T = F-R, in non-dimensional form it holds that Ct = Cg.

F

_ 9
0.5 pSV?2 ©)

Cr

According to this, it is important to minimize both thickness and thrust loading. To this
end, the parameter SCpp,,x, Equation (10) [53], represents the superiority of the maximum Cp.

SCpmax = CPmax o (10)
Cr
In the equation above, %t represents the thickness of the blade as percentage of the
chord length. For instance, using a 5% thickness, the results corresponding to Savonius,
Fibonacci I, and Fibonacci II are shown in Table 3. It can be seen that the Fibonacci I blade
profile is the most suitable since it presents the highest SCppax.
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Table 3. SCpmax corresponding to Savonius, Fibonacci I, and Fibonacci II.

Blade Profile Cpmax Cr at P Max SCpmax
Savonius 0.217 0.2614 0.415
Fibonacci I 0.243 0.2886 0.421
Fibonacci II 0.205 0.2494 0.411

3.2. Design Aspects in the Fibonacci Blade Profile

Once the superiority of the Fibonacci blade profile over the Savonius one was demon-
strated, this section aims to optimize the Fibonacci blade profile. To this end, the effect of
several parameters is analyzed. These parameters are the number of blades, aspect ratio,
overlap, separation gap, and twist angle.

3.2.1. Effect of the Number of Blades

The effect of the number of blades is shown in Figure 12. It can be seen that the power
coefficients obtained with three blades are lower than those obtained with two blades.
Using four blades, the power coeftficients are even lower. The reason is that a blade deflects
the air flow that would focus on the next blade that, in turn, also deflects the air flow that
could focus on the next blade after it. Each blade affects the following one, and the result is
that less energy from the moving air is converted into mechanical energy.

0.4
X N=2
O N=3
A N=4
0.3} i
X XXX x
x X o
& 0.2f ¢ < i
gOooog
X O O O 0 X
0.1} 0 i
5z O A ADDANA A,
o A A p o
A A
0 1 1 1 1
0 0.3 0.6 0.9 1.2 1.5

TSR
Figure 12. Cp against TSR for 2, 3, and 4 blades. AR=1,0=0,5G =0, TA =0.

As mentioned above, an advantage of turbines with more than two blades is that
the starting torque is lower. This is especially important under low velocity wind condi-
tions, where turbines with more than two blades are appropriate although they provide
less efficiency.

3.2.2. Effect of the Aspect Ratio

The effect of the aspect ratio is shown in Figure 13. It can be seen that the power
coefficients increase with the aspect ratio until AR = 7. Nevertheless, above this value of the
aspect ratio the power coefficients decrease again. On the one hand, the power coefficients
increase with the aspect ratio due to a reduction of end blade losses. On the other hand,
the endplates increase the efficiency of the turbine due to the reduced escaping of air, but
this effect is reduced when the aspect ratio is increased. These opposed effects lead to an
optimum value of the aspect ratio. In particular, Figure 13 shows an increment of 31.2% of
the average power coefficient using AR =7.
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Figure 13. Cp against TSR for aspect ratios 1,4, 7,and 10. N=2,0=0,SG =0, TA = 0.

3.2.3. Effect of the Overlap

The effect of the overlap is shown in Figure 14. It is habitual to represent this parameter
as O/C, i.e., the relation between the overlap and chord length. It can be seen that the
most appropriate overlap value is 0.15. The overlap provides a spacing between the blades,
which allows the passage of air from the advancing to the returning blade. This air may
lead to increments of the power depending on the overlap value.
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0 0.3 0.6 0.9 1.2 1.5
TSR

Figure 14. Cp against TSR for overlap—chord length relation 0, 0.15, 0.3, and 0.5. N =2, AR =1,
SG=0,TA=0.

The phenomena caused by the overlap parameter is shown in Figure 15. It can be
seen that the overlap may increment the power coefficients because the air flows from the
advancing blade for the returning blade, increasing the pressure on the convex side. This
helps the convex side to produce power. Nevertheless, high overlaps lead to an excessive
reduction of air on the concave side of the blades, which reduces the power coefficients.
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Figure 15. Working principle of the Fibonacci turbine with overlap.

3.2.4. Effect of the Separation Gap

The effect of the separation gap is shown in Figure 16. As in the previous case, it is
habitual to represent this parameter as SG/C, i.e., the relation between the separation gap
and chord length. It can be seen that a zero separation gap provides the highest power
coefficients. The reason is that the separation inappropriately directs the air on the convex
side of the returning bucket, reducing the power coefficient.
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Figure 16. Cp against TSR for separation gap—chord length relation 0, 0.05, and 0.1. N =2, AR =1,
O0=0,TA=0.

The phenomena caused by the separation gap parameter is shown in Figure 17. It can
be seen that the separation gap could increment the power if the pressure created on the
convex side would acquire a value large enough to promote torque and thus power on this
convex side. Nevertheless, the flow path is not able to promote torque and thus power on
this side. The flow that passes from the concave to the convex blade is wasted and thus the
power is reduced as the separation gap is increased.
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3.2.5. Effect of the Twist Angle

The effect of the twist angle is shown in Figure 18. It can be seen that a certain value
of twist angle is positive since the power coefficients are increased. With 90° value the
power coefficients are higher than those corresponding to 0°. If the twist angle is increased
to 180° the power coefficients are higher. The geometry corresponding to 180° is shown
in the figure. On the other hand, excessive twist angles, in this case 270°, reduce the
power coefficient.
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Figure 18. Cp against TSR for twist angles 0°, 90°, 180°, and 270°. N =2, AR=1,0=0,5G = 0.

4. Conclusions

The present work proposes an improvement of the Savonius turbine. The Savonius
turbine is based on semi-circular blade profiles, while the present work proposes a nature-
inspired shape based on the Fibonacci spiral. This shape is presented repeatedly in nature.
A numerical model based on CFD was created to compare the Fibonacci and Savonius
blade profiles and obtained better results for the Fibonacci shape. An improvement of
14.1% on the average power coefficient and 13.5% on the average thrust coefficient were
obtained with the Fibonacci blade profile. After that, the effect of the number of blades,
separation gap, aspect ratio, overlap, and twist angle was investigated. The main findings
of the present work are:
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- The optimum number of blades are two;

- The optimum aspect ratio is seven.

- The optimum overlap/chord length relation is 0.15.
- The optimum separation gap is 0.

- The optimum twist angle is 180°.

The findings regarding the optimum number of blades and separation gap are in
line to the scientific literature about regular Savonius turbines. Nevertheless, regarding
optimum aspect ratio, overlap, and twist angle, there is no consensus in the literature.

For future works, an important aspect is to design a turbine with the most appropriate
combination of number of blades, aspect ratio, overlap, separation gap, and twist angle. To
this end, optimization models will be employed in future works, such as Multidisciplinary
Design Optimization (MDO) algorithms or Artificial Neural Networks (ANN). Another
future research will lay on further improve the performance of the Savonius turbine based
on the Fibonacci blade profile by means of improvements, such as V-shape deflectors,
deflecting plates, curtains, venting slots, guide vanes, several stages, and combinations of
Savonius-Darrieus turbines. Once the most appropriate VAWT design is obtained, another
necessary area of research will be the economic aspect. Feasibility analysis will be realized in
future works to compute the economic advantages of using VAWT in urban environments.
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