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Featured Application: This work analyzes the Savonius vertical axis wind turbine. A new geom-
etry inspired the Fibonacci’s spiral was analyzed, obtaining a considerable improvement by both
CFD and experimental tests.

Abstract: In order to improve the efficiency of the Savonius type vertical axis wind turbine, the
present work analyzes an improvement based on an innovative rotor geometry. The rotor blades
are inspired on an organic shape mathematically analyzed, the Fibonacci’s spiral, presented in
many nature systems as well as in art. This rotor was analyzed in a wind tunnel and through
a CFD model. The power coefficients at different tip speed ratios (TSR) were characterized and
compared for the Savonius turbine and two versions using the Fibonacci’s spiral. One of the proposed
geometries improves the performance of the Savonius type. Particularly, the optimal configuration
lead to an improvement in maximum power coefficient of 14.5% in the numerical model respect to a
conventional Savonius turbine and 17.6% in the experimental model.

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

1. Introduction

Nowadays, the energy framework is experiencing a significant and fast change pro-
moted by the awareness on climate change. In this framework, renewable energy plays an
important role. Wind-power generation is one of the fundamental sources of renewable
energy [1-4], which has become the major energy contributor to the renewable energy
sector [5]. It is estimated that by 2030, wind energy will provide about 20% of the world’s
electricity demand [6]. The main drawback, though, is that the wind resources are affected
by wind volatility and, furthermore, sudden wind speed variations lead to an unstable
operation of the wind turbine [7-9].

According to the orientation of the rotation axis, wind turbines are classified into
horizontal axis wind turbines (HAWTs) and vertical axis wind turbines (VAWTs). VAWT
are usually applied to small-scale, especially urban environments characterized by winds
not totally appropriate to this end [10-13]. In addition, the power is generated in the place
of consumption, reducing transportation losses [14]. In urban environments, the Savonius
turbine constitutes one of the most appropriate candidates due to their adequacy to low
wind velocities [13]. The Savonius wind turbine is a VAWT composed of two or three
arc-type blades which can generate power even under poor wind conditions [15,16] such
as bursts, fluctuating wind, and turbulence. In urban environments the Savonius VAWT
offers an appropriate alternative since these turbines can start at low wind speeds and in
highly turbulent flows. Other advantages are their simplicity, low cost, and independence
on wind direction. In addition, these turbines are more easily maintained due to their small
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size and the fact that the alternator and gearbox can be placed on the ground. On the other
hand, the main disadvantages of the Savonius turbines is the low power coefficient and
efficiency in comparison with other VAWTs or HAWTs. In order to increase their efficiency
and thus the power generation, these turbines have been studied for four decades. One
of the most significant improvements consists on blade profiles that are not semicircular,
initially proposed by Sigur Savonius [17]. In recent years, important investigations have
been carried out to improve the semicircular blade profile. Most of these studies have
proposed elliptical blade profiles as optimal geometries to increment the power produced
by the vertical axis Savonius turbines [18-24].

After analyzing several models and taking into account the tendency observed in
the literature, the present work proposes a nature-inspired blade profile, particularly a
blade profile inspired by the Fibonacci’s spiral, based in turn on Fibonacci’s mathematical
sequence. This is presented in many natural contexts such as the formation of some flowers
and fruits, hurricanes, and even the galaxies with their rotation movements. The geometry
proposed in the present work was analyzed both experimentally and numerically. The
experimental analysis were carried out in a wind tunnel. The numerical analysis were
developed by a 3D CFD (Computational Fluid Dynamics) model. Two different Fibonacci
inspired geometries were compared with the Savonius turbine. The objective of the present
work is to advance in the search for a more efficient blade geometry for a Savonius type
VAWT. To this end, a modified blade profile has been implemented. The improvement
in performance offered by the proposed geometry has been tested both numerically and
experimentally, taking as a reference the performance of the VAWT with a semicircular
profile. The numerical analysis was developed using a 3D CFD (Computational Fluid
Dynamics) model. The corresponding experimental verifications were carried out in
a wind tunnel, maintaining the premise of seeking clarity in the comparison despite
having to lose precision in the replica of the numerical model. Two different Fibonacci-
inspired geometries were compared with the Savonius turbine. In relation to biological
inspirations, it is worth mentioning that two of the authors of the present work investigated
an innovative propulsion for aquatic devices through biological inspiration in previous
works, obtaining successful results [25-27].

2. Materials and Methods
2.1. Blade Profile

The nature-inspired blade profile analyzed in the present work is constituted by two
consecutive sections of the Fibonacci’s spiral, obtained through Fibonacci’s mathematical
sequence. The Fibonacci sequence is recurrent, i.e., all previous terms are needed to
compute a specific term. Equations (1)—=(3) define the recurrence relation:

fo=0 1)
fi=1,ifn=1 @)
fo=foo+fy g, ifn > 1 3)

where f is the relative square size and n is the number of squares.

The procedure to establish the graphical representation is based on a set of squares
whose length is given by the successive terms of the Fibonacci’s sequence. These squares
must be placed as shown in Figure 1a, where the numbers represent the relative size of
each square side. According to Equations (1)—(3), the relative size of the sequence is 0, 1, 1,
2,3,5,8,12,21, etc. As can be seen in Figure 1a, the first square has been colored in red.
The second square is placed on the right of the previous one, the third square below the
second one, the fourth on the left of the third one, and so on. The next step consists on
drawing an arc as shown in Figure 1b.
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(a) (b)

Figure 1. Fibonacci’s spiral; (a) distribution of the squares; (b) spiral with rations.

This work proposes a 200 mm height rotor based on two Fibonacci spirals correspond-
ing to the consecutive terms 34 and 55 of the sequence. Two support endplates have been
incorporated. These dimensions have been chosen according to the size of the wind tunnel,
400 x 400 mm, used for the experimental setup. The goal was to obtain as much clarity as
possible in the comparison. The higher the rotors are, the clearer the contrast is, but the
accuracy is reduced due to the blockage effect [28]. The position of both these arcs relative
to the rotating axis leads to two different configurations, Figure 2a,b.

() (b)

Figure 2. Profiles analyzed; (a) Fibonacci I; (b) Fibonacci II.

Both profiles shown in Figure 2a,b, Fibonacci I and Fibonacci 11, respectively, have been
analyzed. The characteristics of these geometries are shown in Table 1. The parameters
shown in this table are illustrated in Figure 3. As can be seen, the configuration Fibonacci
I is obtained from Fibonacci I by simply inverting the order of the arcs, leading to a lower
rotor diameter.

4@ TURBINE
ROTATION

WIND
DIRECTION

1

e = blade thickness

H = height

SG = separation gap
OL = overlap

R = blade radius = ¢, /2

¢, = turbine diameter 0,000 0100 0.200 (m)

(a) (b)

Figure 3. (a) Constructive parameters; (b) 3D model.
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Table 1. Characteristics of the analyzed wind turbines.

Model ¢y (mm) R (mm) H (mm) ®endplate (mm)  OL (mm) SG (mm) e (mm)
Fibonacci I 194.55 97.27 200 214.0 0 0 3
Fibonacci I 191.66 95.83 200 210.8 0 0 3

2.2. Numerical Model

A CFD model was carried out to analyze the wind turbines. This model is based
on the RANS equations (Reynolds-averaged Navier—Stokes) of conservation of mass and
momentum. The turbulence was treated through the k-¢ turbulence model. The geometry
was realized using Siemens NX and the CFD computation using Ansys Fluent.

The SIMPLE algorithm was chosen for the pressure-velocity coupling and a second
order upwind scheme was employed to discretize the governing equations. The conver-
gence was determined by 0.001 residuals as convergence criterion. The maximum number
of iterations per time step was established as 20. The temporal treatment was resolved
through an implicit method with a constant time step corresponding to 1° of rotor rotation.
It was verified that this time step size is small enough to provide accurate results. In order
to reach a situation which periodically repeats, i.e., a quasi-steady state, it was necessary to
study a long enough interval of time. For the cases studied, it was verified that this state is
achieved after approximately twenty revolutions. For this reason, all the results carried out
in the present work correspond to the 20th revolution.

The computational mesh is shown in Figure 4a. It was realized using the mesh tool
in ANSYS and consists of around 5 x 10° tetrahedral elements. Several size meshes were
tested in order to verify its adequacy. The mesh size was refined near the turbine, Figure 4b,
and a boundary layer was set near the wall, in order to treat the boundary layer flow. Five
layers were set, with a layer growth rate of 1.2. The size of the first layer fulfills y* values
between 30 and 300, depending on the rotation velocity. This range of y* values is adequate
to use the standard wall functions, employed in the present work to account for turbulent
effects near the wall. Two zones were differenced, internal and external. The internal zone
is spherical, 1000 mm diameter, and rotates around the axis. The external zone is static.
It is a cube with side size 2000 mm. The inner boundaries of the static domain coincide
with the outer boundaries of the rotating domain. A sliding mesh technique was adopted
to interpolate the values at the boundary between the rotating and static domains. The
initialization is based on a rotating reference frame simulation.

(@) (b)

Figure 4. (a) Computational mesh; (b) boundary layer detail.

The boundary conditions are shown in Figure 5. The upstream surface was modelled
as a velocity inlet with 7 m/s velocity, 5% turbulent intensity, and 0.028 m length scale. The
downstream surface as pressure outlet, 0 Pa (gauge), 5% turbulent intensity, and 0.028 m
length scale. A no-slip condition was imposed at the surface of the blades. An interface
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was imposed at the overlap surface between the adjacent domains in order to allow the
transport of the flow properties. Finally, the external walls were modeled as no-slip.

Figure 5. Boundary conditions.

2.3. Experimental Setup

An experimental setup was carried out in the subsonic closed circuit wind tunnel
of the Nautical Sciences and Marine Engineering department of University of Coruiia,
Figure 6a. This tunnel has a 400 x 400 x 800 mm (height x width x length) test section
made of transparent glass, Figure 6b.

(a) (b)

Figure 6. (a) Wind tunnel used for the measurements; (b) turbine inside the test section.

A flow fan is controlled through a variable-frequency drive, which provides a maxi-
mum speed of 16 m/s. A DC generator was attached to the rotor axis. A 50 () and 50 W
rheostat was connected after the generator in order to regulate the braking torque in the
turbine axis and thus the RPM. The power was characterized through readings of both
intensity and voltage by means of a Keysight DSO306A oscilloscope. The readings of wind
velocity were obtained through a Pitot tube connected to a KIMO MP200 manometer.

3. Results and Discussion

The present work employs dimensionless parameters to analyze the results. Since
the turbines analyzed are scale models of real turbines, a dimensionless analysis allows a
comparison with turbines of different sizes and in different wind conditions. TSR is the
ratio between of the blade tip tangential velocity and the wind speed, calculated using
Equation (4):
blade tip tan gential velocity — wR

TSR = wind speed A%

(4)

where w is the rotational speed of the rotor, R is the rotor radius, and V is the wind speed.
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Cpn is the torque coefficient, defined as follows:

M

— N 5
T 0.25pSV2 g, ©)
where M is the torque, 0.5pV? the kinetic energy per unit volume of the incoming flow and
S the cross-section area, given by S = ¢ H.

Cp is the power coefficient. It expresses which fraction of the power in the wind is
being extracted by the turbine, as shown in Equation (6):

P

Cp=—— = CnTSR 6
P o5psvd T ©)

where P is the shaft power. This should be the power on the shaft, but since the objective
of this study is to compare the performance of the Fibonacci rotor against the Savonius
rotor, for this case P has been taken as output power (electrical power obtained), taking
into account that the losses by friction and electrical are practically the same in both cases

Figure 7 shows the average power coefficients against the TSR for the Fibonacci I,
Fibonacci II, and Savonius configurations. Both numerical and experimental results are
shown in this figure. Since the Fibonacci II configuration lead to lower TSR than Savonius, it
was not considered experimentally. The main difference between Fibonacci I and Fibonacci
I is that the former places the lower arc in the end of the blade, Figure 4a, as indicated by
the results obtained by other authors, Figure 1.

0.125

0.100} 4

0.075 J

o
)

0.050 1
—>¢—Fibonacci |, CFD @] %
—X—Fibonacci Il, CFD o

0.025 —O—Savonius, CFD 1
--3€--Fibonacci |, experimental
--O--Savonius, experimental

0.000 . : : : !

0.00 0.25 0.50 0.75 1.00 1.25 1.50

TSR

Figure 7. Power coefficients against TSR for Fibonacci I, Fibonacci II, and Savonius configurations.

As can be seen in Figure 7, there is a peak value for each curve and the power
coefficient increases with TSR up to a certain point after which it drops down as the TSR
further increases. Both the experimental and numerical results show the superiority of the
Fibonacci I turbine over the Savonius one. Particularly, the maximum power coefficients for
Fibonacci I and Savonius were 0.1129 and 0.0986, respectively, for the CFD analysis, which
means a 14.5% improvement of Fibonacci I over Savonius. Regarding the experimental
results, the maximum power coefficients for Fibonacci I and Savonius were 0.1106 and
0.0943, respectively, which means a 17.6% improvement of Fibonacci I over Savonius.

Several reasons are responsible for the discrepancies between the numerical and
experimental results shown in Figure 7. The mechanical losses in the generator, bearings,
transmission, electrical losses in the generator, and the blockage effect do not allow for the
experimental reproduction of the CFD data. Regarding CFD, the k-¢ turbulence model
does not provide accurate results near the wall [29]. DNS (Direct Numerical Simulation) or
LES (Large Eddy Simulation) would provide more accurate results but with a considerably
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higher computational cost. CFD is not an exact science, and the mesh generation and
discretization processes induce inevitable numerical errors. Another source of error in
the numerical model is the length of the domain. A larger length should provide a better
characterization of the wake behind the turbine.

Despite the discrepancies between numerical and experimental results, both proce-
dures demonstrate the superiority of Fibonacci over Savonius, which is the goal of the
present work.

Figure 8 shows the power coefficient as a function of the azimuth angle for several
TSR values. This figure was obtained through the CFD model. As can be seen, the torque
becomes positive as the azimuth angle increases above around 40 and 220° and reaches
maximum values around 110 and 290°. The torque becomes negative around 170 and 360°
and reaches minimum values around 20 and 200°.

0.50

TSR =0.208 (@ = 15 rads)
TSR = 0.306 (@ = 22 radls)

0.25 /\\ /\ ~TSR = 0.417 (e = 30 rad/s)
& /\\\ /\\ -TSR=0.514 (o = 37 rads)
0.00 ///\\\ /,//—\\ TSR = 0.583 (@ = 42 radls)

-0.25
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Angular position (deg)
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Figure 8. Power coefficient against the angular position; (a) Fibonacci I; (b) Fibonacci II; (¢) Savonius.

Figure 9 shows the velocity and pressure field for the Fibonacci I profile and Figure 10a—c
shows the velocity and pressure field in the middle plane for Fibonacci I at TSR = 0.514,
Savonius at TSR = 0.507, and Fibonacci II at TSR = 0.506, respectively. As can be seen, a
vortex that rotates counterclockwise can be observed. This vortex promotes the pressure
gradients that produces power. Another vortex can be seen near the center of the rotor.
Since this vortex is placed near the axis, it has little effect on the power generation. As
can be seen in Figure 10, the pressure exerted on the recoil blade (rear blade) is lower for
the Fibonacci profile, which favors the rotation of the turbine, being able to obtain higher
results in the Cp,. This effect can be observed in the illustrations facing the turbines with
both profiles in the rotation from 0° to 60°, in which it is observed that greater pressure is
exerted on the recoil blade for the Savonius profile than for the Fibonacci one, while the
opposite occurs in the advance blade or front blade, the pressure exerted on the Savonius
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profile is less than that exerted on the Fibonacci profile. In turn, the velocity vectors are
more uniformly distributed and have a greater incidence in the vicinity of the forward
blade in the case of the Fibonacci profile, as well as in the blade peak, whose concentration
is higher in the case of the Fibonacci rotor.

Figure 9. Velocity and pressure field for the Fibonacci I profile.

Fibonacci I Savonius Fibonacci II

0°

20°

40°

Figure 10. Cont.
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Figure 10. Velocity and pressure field for (a) Fibonacci I at TSR = 0.514 (w = 37 rad/s); (b) Savonius at TSR = 0.507
(w =35rad/s); (c) Fibonacci IT at TSR = 0.506 (w = 37 rad/s).

References

4. Conclusions

This paper proposes an improvement of the Savonius turbine which consists of im-
plementing an innovative rotor geometry based on the Fibonacci spiral. These geometries
were analyzed both experimentally and numerically. Two Fibonacci geometries were com-
pared with the Savonius turbine, and it was found that the most efficient geometry is the
one in which the lower radius arc is placed at the blade tip, Fibonacci I. This configuration
provided higher power coefficients than the Savonius one. On the other hand, the Fibonacci
II configuration lead to low power coefficients. This could be contradictory since, despite
the fact that the Fibonacci II configuration is the one present in nature, Fibonacci I provided
better results. This conclusion highlights the necessity of future works related to improving
the performance of geometries based on the Fibonacci’s spiral applied, for instance, to
centrifugal pumps or fans. Some parameters that need to be analyzed are the separation
gap (SG), overlap (OL), combination of SG and OL, and so on. It is worth mentioning that
this is a very small model with an even smaller wind speed.
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