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Abstract: Large cities have a significant area of buildings with roofs that are not used most of the
time. Vertical-axis wind turbines are suitable for this kind of on-site renewable energy generation.
Since wind speeds are not high in these cities, a suitable solution to improve energy generation is
to add a Wind Booster. This paper presents a methodology useful for selecting and optimizing the
main components of a Wind Booster. As a case of study, we present this methodology in a Wind
Booster for a Vertical Axis Wind Turbine (VAWT) that considers the wind flow’s specific behavior in a
particular city. The final Wind Booster design is state of the art and makes use of Computational Fluid
Dynamics (CFD) and Design of Experiments (DOE) techniques. We experimented with the conditions
of Mexico City, obtaining a 35.23% increase in torque with the optimized Wind Booster configuration.
The results obtained show the potential of this methodology to improve the performance of this
kind of system. Moreover, since wind behavior is very different in each city, our proposal could be
beneficial for researchers looking to implement the best possible wind turbine in their locality.

Keywords: green energy; Vertical Axis Wind Turbine (VAWT); omni-direction-guide-vane (ODGV)

1. Introduction

Renewable energy generation is becoming an issue of crucial importance, due to
the increase in pollution from the use of fossil fuels, stemming from the first industrial
revolution, causing an increase in the demand for renewable energy. Some examples of
this type of energy are solar, hydraulic, geothermal, and wind energy. Wind power is one
of the renewable energy sources with the most potential [1] due to its high profitability
and performance. The installed wind capacity worldwide is 650.8 gigawatts, representing
6% of the electricity generated, according to statistics published at the end of 2019 by the
World Wind Energy Association (WWEA) [2].

Several countries continue to satisfy their energy supply mainly with fossil fuels, gas
and oil being the most frequent sources. For example, in Mexico, the most recent energy
balance reports that hydrocarbons contributed to 70.5% of their primary energy production
in 2017. The use of renewable energy has made slow progress. In 2018, the implementation
of these energies increased by 14.1%; as a result, 29.5% of the total production of electrical
energy in Mexico was from renewable energy. With the recent changes made to the energy
reform by 2024, the percentage of this kind of energy is expected to rise to 35% [3].
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Among the different types of renewable energy, wind power has spread worldwide
since it is possible to obtain it in various latitudes of the planet, as shown by the extensive
wind farms located in the mountains or near the coast. However, urban areas are a place in
which this kind of energy is still not entirely exploited, although there exists the possibility
of capturing the surrounding air masses.

Extracting energy from renewable sources close to populated areas where power is
required is known as on-site renewable energy generation [4]. This approach has been studied
in several works [5-10]. In [11], the authors mention the following main advantages:
(1) exploitation of resources in areas not suitable for large centralized generation stations;
(2) significant decrease in losses associated with power transmission and distribution;
(3) economic viability [12]; and (4) lower vulnerability in the case of a natural disaster or a
terrorist attack. Notwithstanding these benefits, there are some challenges to overcome
such as (1) technical issues [13,14], (2) regulatory barriers [13], (3) added difficulties in
maintenance and operations due to an enormous number of stations, and (4) environmental
issues [13]. Another interesting work is [10], where the authors presented a novel tool for
assessing solar radiation (SOLIS).

According to their orientation and axis of rotation, the main types of wind turbines are
Horizontal Axis Wind Turbines (HAWTs) and Vertical Axis Wind Turbines (VAWTs) [15].
On the one hand, HAWT requires high wind speeds to start, depends on wind direction,
and needs laminar wind. On the other hand, VAWT starts at low wind speeds, it does
not depend on wind direction, it can work with the presence of turbulent wind, and the
construction is cheap. All these features make VAWT more suitable for use in large cities,
as in our case study.

HAWTs are the most common and efficient method since they exploit more wind
energy due to the design of their blades (from 1 to 3). However, they require high wind
speeds, a strong tower to support the weight of the gondola, and the installation cost is
higher, in addition to requiring orientation systems since the forces do not tend to guide
it naturally. Thus, they use orientation tails in the case of small turbines, and orientation
servomechanisms in the case of large ones. On the contrary [16], VAWTs have the advantage
of not needing orientation systems and having lower cost of construction, installation and
easier maintenance, low noise and angular velocity in operation, reduced wear on moving
parts, various rotor configuration options, and high static and dynamic moments.

1.1. Aim of the Study

This work focuses on finding a way to improve the green energy produced by a small
VAWT suitable for installing on the roofs of houses and buildings in Mexico City. To this
end, first, we selected a VAWT and then we reviewed the state of the art of Wind Boosters
(WBs) for the VAWT. Finally, we proposed our own WB, and we optimized its performance.

1.2. Savonius Wind Turbine

The Savonius wind turbine, invented by Finnish engineer Sigurd Johannes Savonius in
1922 [17], is one of the simplest turbines, as it is a drag force wind turbine consisting of two
or more blades attached to a central axis in opposite directions. The aerodynamic efficiency
of this rotor is lower than other types; however, it is robust, has an excellent starting torque
efficiency, and operates with less dependency on wind direction. Nowadays, small wind
energy is one of the most exciting alternatives for homeowners that are looking to reduce
their electricity bills and obtain self-produced energy. Accordingly, the Savonius rotor is
one of the most studied in order to enhance its performance.

A significant drawback of the Savonius rotor is that a negative torque appears during
the rotational cycle of the rotor, so the total positive torque decreases. One way to enhance
its performance is to test the design of various blade profiles. The most common are Semi-
circular [18], Twisted [19], Bach [20], Modified Bach [21], Elliptical [22], Roy profile [21],
and Spline [23]. Some interesting patents are [24,25].
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1.3. Wind Booster

Even though the Savonius has essential characteristics necessary for its use in cities
and low wind areas, it also has deficiencies, which make this type of wind turbine only
used to satisfy limited electricity consumption needs. On the path to achieving usage of
these kinds of generators as a real option for generating electricity, an affordable option
is the use of augmentation techniques. An augmenter aims to concentrate the wind flow
before it arrives at the rotor [26]; this is very helpful since the power produced by the
turbine is proportional to the cube of the incoming wind speed. So a mild increase in the
wind speed boosts the rotor efficiency. Furthermore, since the Betz limit is 59.3% [15,27],
an augmentation system can be used to surpass this value. The devices used for this task
can be a stator, diffuser, or guide vanes, among others.

1.3.1. Single Direction Flow Inlet

This kind of augmentation device consists of one or more stators placed on the upwind
side of the turbine. It can be a straight plate, curved plate, or any other shape. Mostly,
these plates help to reduce the negative torque generated on the VAWT to lead the flow to
a better angle of attack, or to concentrate the wind flow to raise its velocity. Some exciting
works in this area are Refs. [28-31].

1.3.2. Omni-Direction Flow Inlet

The augmentation systems of Section 1.3.1 are useful only for single direction wind
flow, so they need a yaw mechanism. Considering that wind flow comes from any direction
and changes all times, some researchers proposed omni-directional augmentation systems
to overcome this restriction, similar to [32], where Pope et al. presented a new drag-type
wind turbine called Zephyr VAWT, as shown in Figure 1la. With the stator vanes, the Cp of
the turbine alone (ratio between turbine’s generated power and available wind’s power)
increases from 0.098 to 0.12; nonetheless, it is still a low Cp value. Korprasertsak and
Leephakpreeda [33] analyzed the impact of a wind booster on a drag-type Savonius VAWT.
As shown in Figure 1b, the booster consists of upper and lower rings with stator vanes
equally placed around the Savonius; this allows it to capture wind flow from all directions.
With this device, the simulations showed a 50% increase in the rotational speed under a
no-load condition. In [34], Wong et al. presented an omni-direction-guide-vane (ODGV)
where each of the guide vanes was divided into two equal slices and bent at an angle of
10° as shown in Figure 1c. Simulations showed an enhancement of 31.65% concerning the
original ODGV. Nobile et al. [35] developed a similar design, where an ODVT was installed
around an H-rotor VAWT, as shown in Figure 1d. The stator has two conical surfaces and
eight straight vertical blades. The outer edges of the tapered surfaces promote turbulent
mixing above and below, reducing the backpressure inside the stator in such a way that it
increases the power output of the turbine. The simulations showed a rise near 30-35% in
Cp and the ratio between the turbine’s torque and the wind’s available torque (Cr). It is
important to note that these studies were performed using CFD simulations.
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2. Methodology

Rotor:

Guide vane

Figure 1. Different omni-directional wind boosters. (a) Geometrical variables of Zephyr VAWT. (b) Korprasertsak et al.
Savonius with wind booster. (¢) Wong et al. ODGV design. (d) Nobile et al. 3D stator.

The central idea of this work is the methodology shown in Figure 2. As an example,
we focus on the optimization of the Wind Booster. To our knowledge, this is the first time a
methodology for this purpose is proposed. Additionally, note that the same process could
optimize Savonius or other elements of this kind of system. In the next subsections, we

explain each step in detail.

DOE

Select a
Savonius

Select
Initial Wind
Boosters

Select the
best Wind

Select Wind
Booster
parameters

Establish a
range of these
parameters

Booster
configuration

Apply the
bisection
algorithm

Are the
Wind
Booster’s
optimized
criteria
achieved?

Figure 2. Proposed Methodology with Design of Experiments (DOE) on the right side.

2.1. Select Savonius

A common way to compare the performance of the Savonius rotors is by calculating
the torque coefficient (C¢) and power coefficient (Cp,) [36]. In [37], the authors presented a
comparison table of different blade profiles, each one with its corresponding Cp,,,. From
this table, the Elliptical [22] reports Cpy,,, = 0.33; therefore, since we only focus on Wind
Booster design in this work, an Elliptical Savonius is used. Table 1 and Figure 3 present the
final values and final design of our Savonius design. The selection of these dimensions has
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the purpose of installing the VAWT on the roof of the city buildings and produce a certain

amount of on-site renewable energy.

Table 1. Parameters of the selected Savonius.

Design Parameters Value
Cutting angle of ellipse 45.7°
Number of blades 2
Chord length of blade 335.50 mm
Overall rotor diameter 550 mm
End plate diameter 600 mm
Blade thickness 3 mm
Blade torsion 0°
Overlap distance 67.10 mm 20%
The largest radius of the blade ellipse 198 mm
The smallest radius of the blade ellipse 132 mm
Aspect ratio 0.7

$671.00 $610.00

45.7°

1 98.0{\1,:}2.00

Sec

cion A-A

SCALE1:7

©6.60

428.00 r"
A

B

Figure 3. Savonius final design.

In order to evaluate our design methodology, a case study is required. In order to
do so, the wind conditions of Mexico City were selected for analysis: the monitoring data
from 1 January 2014 to 18 July 2020 [38] were used to extract the following information
about the wind speed in Mexico City. The data were obtained from the 25 meteorological
stations that measure this variable 24/7. The aspects to study are the following:

¢  Periods of the day. There are three periods per day: morning (1:00 a.m. to 9:00 a.m.),
afternoon (9:00 a.m. to 4:00 p.m.) and night (4:00 p.m. to 12:00 p.m.). These are useful
to analyze the changes in wind speed throughout the day. Figure 4 illustrates the
behavior of the wind velocity (m/s) during the periods of the day. Note in Figure 4b
that during nights, the wind has a maximum speed of 3 m/s.
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(a) Wind velocity (m/s) in 2020. (b) Wind velocity (m/s) from 2014 to 2020.

Figure 4. Wind velocity (m/s) for the three periods of the day.
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Seasons of the year: spring (21 March to 20 June), summer (21 June to 20 September),
autumn (21 September to 20 December), winter (21 December to 20 March). These
are useful to observe how the climatic changes in each season affect the speed of this
phenomenon. Figure 5 shows the behavior of the wind velocity (m/s) during different
seasons. Figure 5a displays only that of spring and summer since it is currently
mid-2020.

Season 2020 Season Total

M spring M summer M Autumn [ Winter M spring [ summer M Autumn [ winter

224 T
214

& o
1.94 -

(a) Wind velocity (m/s) in 2020. (b) Wind velocity (m/s) from 2014 to 2020.

Figure 5. Wind velocity (m/s) for the seasons of the day.

Months of the year. To understand how wind speed varies during the 12 divisions
of a year, Figure 6 exhibits that the months with lower wind velocity are January,
February, July, August, September, November, and December. Contrastingly, March,
April, May, June, and October have more significant velocities. Figure 6a shows only
values from January to July since it is currently mid-2020.

Monthly 2020 Monthly Total

M January W February B March [ April Bl May B Jjune B July M anvary B February [ March April

I H May [ June W uly W August
o 25
23
X
+ 2.1
o o 19
I

M september [l October Ml November [l December
(a) Wind velocity (m/s) in 2020.

ﬂ-ﬁiii

(b) Wind velocity (m/s) from 2014 to 2020.

Figure 6. Wind velocity (m/s) for each month of the year.

Finally, averaging the values of all the stations during the indicated period, the average

is 2.04 m/s, so the Wind Booster’s design uses this value. The database and the rest of the
graphs are available in [39].

2.2. Select an Initial Wind Boosters and Choose the Best One

Based on the state of the art, this section proposes three different Wind Booster models.

SolidWorks®is used to generate the 3D model and fluid analysis. Following our case study;,
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the presented models are based on the previously calculated wind velocity of 2.04 m/s;
however, this methodology can be applied to any city for which the wind condition
measurements are available. For SolidWorks configuration, see Appendix A.

1.

Wind Booster with pairs of straight blades. The purpose of this design is to analyze
the behavior of the ODGV with these kinds of bends. Figure 7 shows an initial
configuration of this Wind Booster that has the following values: the number of
pairs of blades (Ny;) = 4, internal diameter (Djpterna) = 672 mm, external diameter
(Dexternal) = 1344 mm, distance between the blades (D) = 100 mm, angle of the
odd blade (9) = 75°, angle of the pair blade () = 79°. After some tests, for the fluid
analysis, values that are changed are, § = 74°, B = 50°, and Dy, = 150 mm. As seen
in the upper internal part in Figure 7b, the ODGV lets the maximum wind speed pass,
visualized in orange.

Dinternal

(a) First Wind Booster design.

(b) Fluid analysis of the configured first Wind Booster.

Figure 7. First Wind Booster design.

2.

Wind Booster with pairs of bent blades. This model incorporates an intermediate
angle in the blades. The idea is to manage the wind flow with more aerodynamicity.
Figure 8 shows the initial configuration of this Wind Booster that has the following
values: bent angle (a) = 10°, Ny = 6, Dipternar = 672 mm, Deyterng = 1344 mm,
Dy, = 100 mm, 6 = 100°, B = 50°. After some experiments, for the fluid analysis,
the values that are changed are « = 9.9°, Dy, = 175 mm, Np;, =5,0=280° 5 =53°.
Notice that in Figure 8b, the internal wind velocity is lower than in Figure 7b.
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(a) Second Wind Booster design.

(b) Fluid analysis of the configured second Wind Booster.

Figure 8. Second Wind Booster design.

3. Wind Booster with curved blades. The curved style uses the theory of fluid dynamics
that indicates that a curved profile is more efficient than a straight one. The concept
of pairs of blades is not necessary. Figure 9a shows the starting configuration of this
Wind Booster that has the next values, number of blades (N;) = 10, blade base width
(Bpyw) = 150 mm, blade tilt angle (By;) = 20°. After several experiments, for the fluid
analysis, the new values are N, = 5, By, = 180 mm, By, = 29.8°. Figure 9b shows an
increase in speed; however, the maximum wind speed is not found inside the wind
booster, showing that it does not help as much as desired.

From these three proposed designs, the first one produces a higher speed inside the
Wind Booster. Therefore, it is selected for the next part of the process. The variables to be
optimized are 6, B, and Dy,
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$1344.00

(a) Third Wind Booster design.

(b) Fluid analysis of the configured third Wind Booster.
Figure 9. Third Wind Booster design.

2.3. Design of Experiments

Design of experiments (DOE) is a systematical method to establish the connection
between factors affecting a process with the output of that process; this information is used
to handle process inputs to optimize the output [40]. Following this, we considered two
DOE methods in the literature: factorial of two levels [40] and bisection [41], of which the
latter yielded better results for this work in particular. This subsection includes all the steps
in the light red color in Figure 2. Bisection begins with the selection of the input variables
and the range of each one. For our case, these are as follows: 8,x = 80°, 0,,;, = 74°,
Bmax=60°, Byin = 50°, Dpp_uax = 200 mm, Dpp_ i, = 150 mm. Table 2 shows the values
used for each used Wind Booster configuration. Then, applying this method, Figure 10
shows the resulting experiments with maximum wind speed (WS,y) values. In these
Figures, we measure the wind velocity inside of the Wind Booster (W S,4x). The blue color
indicates low speeds and the red color high speeds. Notice that Figure 10h exhibits the best
results (big red zone), and the numerical values used in each configuration are shown in
Figure 11.



Sensors 2021, 21, 4775 10 of 21
Table 2. List of the values of the Wind Booster parameters used by the bisection algorithm.
Figure 0 B Dy, Figure 0 B Dy Figure 0 B Dy
Figure 10a 77° 55° 175 mm Figure 10f ~ 78.125° 56.875° 184.375 mm Figure 10j 78.40625° 57.34375° 186.71875 mm
Figure 10b 78.5° 57.5° 187 mm Figure10g ~ 77.375° 55.625° 178.125 mm Figure 10k~ 78.21875° 57.34375° 185.15625 mm
Figure10c  75.5° 52.5° 1625mm  Figure10h  78.3125° 57.1875°  1859375mm  Figure 101 74° 50° 150 mm
Figure10d ~ 79.25°  5875°  193.75mm  Figure 10i ~ 77.9375° 56.5625°  182.8125mm  Figure 10m 80° 60° 200 mm

Figure 10e 77.75°

56.25° 181.25 mm

(@) WSpax = 1.970 (b) WSpax = 2.031. (c) WSpax = 1.824.

(d) WSmux - 2.007. (e) WSmax - 2.004.

T

(f) WSmax = 2.016.

(8) WSpax = 1.990. (h) WSax = 2.060. (i) WSy = 1.995.

(k) WSmax - 2.039. (1) WSmax - 1.692.

(m) WS,ax = 1.979.

Figure 10. Results of flow simulations under bisection DOE.

Figure 11 presents how the Wind Booster configuration changes using the bisection
algorithm to obtain the maximum wind velocity inside the ODGV. The red line indicates
the best result, which corresponds to a value of § = 78.3125°, = 57.1875° and distance
between the blades Dy, = 185.9397 mm.
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Fig. 10i Fig. 10h
8 =77.9375° 6 = 78.3125°
f = 56.5625° f=57.1875"

Dy, = 182.8125 mm Dy, = 185.9375 mm

Fig. 10e

Fig. 101 Fig. 10c Fig. 10a A . Fig. 10d
o-74° 8=755° 8-77° Ziééii 6 =79.25°
B=50° B=525° B=55" D _’181'25 mm B=58.75°
Dy, = 150 mm Dy = 162.5 mm Dy=175mm ~® Dy, = 193.75 mm
‘ | Fig. 10b
8=785°
Minimum Middle B=575 Maximum
Dpp = 187.5 mm
Fig. 10m
Fig. 10g Fig. 10f 8-80°
6=77.375" 0=78.125° B=60°
B=55.625" B =56.875° Dyp = 200 mm
Dy, =178.125 mm Dy, = 184.375 mm
Fig. 10k Fig. 10j
6=78.21875° 8=78.40625°
B =57.34375° B=57.34375°

Dy = 185.15625 mm

Dy, = 186.71875 mm

Figure 11. Evolution of the Wind Booster configuration using the bisection algorithm.

2.4. Optimization Criteria

There are two finalization criteria to stop the optimization process in Figure 2, reach
a maximum of iterations, or notice a balanced improvement in wind behavior within the
Wind Booster, relating speed to the amount of wind. In the case study, we reached the
second criterion, as seen in Figure 10h.

3. Validation

As a final step, in this section, an analysis of the performance of the Wind Booster
optimized following the procedure detailed in Section 2.3 is presented. First, flow analysis
of the Savonius alone versus Savonius with the Wind Booster is compared. The results of
this analysis are shown in Figures 12 and 13; models and more figures are available in [39].
The left side of Figure 12 shows how the wind flow goes through the Savonius surfaces. On
the right side, the wind flow changes its behavior in two ways: (a) the turbulence generated
after the wind impacts the Savonius disappears, and (b) the wind velocity inside the Wind
Booster increases.

(a) Savonius alone at 0°. (b) Savonius with Wind Booster.

—

(d) Savonius with Wind Booster.

(c) Savonius alone at 40°.

Figure 12. Wind Flow behavior at 2.04 m/s.
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=
|
(a) Savonius alone at 80°. (b) Savonius with Wind Booster.
\[4
(c) Savonius alone at 120°. (d) Savonius with Wind Booster.

Figure 13. Wind Flow behavior at 2.04 m/s.

Second, using Ansys Comsol Multiphysics®, a torque analysis was carried out; see
configuration in Appendix B. Figure 14 illustrates the wind flow behavior, where the blue
color means 0 m/s and red color 2.04 m/s. On the left side, the simple Savonius is shown.
Observe that the returning blade is in contact with some wind flow, reducing the total
torque of the VAWT. On the right side, the Wind Boosters help increase the wind flow and
block the wind flow toward the returning blade. The total torque of the Savonius alone is
1.224 Nm and with the Wind Booster is 1.3828 Nm, resulting in a 35.23% increase in torque.
Configuration files and more figures from this analysis are available in [39].

e/

(a) Savonius alone at 15°. (b) Savonius with Wind Booster.
(c) Savonius alone at 165°. (d) Savonius with Wind Booster.

Figure 14. Wind flow behavior at 2.04 m/s.

Figure 15 presents a 3D view of the wind flow; notice that the Savonius with the Wind
Booster receives a faster wind flow in the advancing blade while avoiding flow in the
returning blade.
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|
(b) Savonius with Wind Booster.

d

(c) Savonius alone at 165°. (d) Savonius with Wind Booster.

Figure 15. Three-dimensional view of wind flow behavior at 2.04 m/s.

An analysis of the amount of pressure that wind produces on each blade is presented
in Figure 16. Images on the left show the Savonius alone at 15° and 165°, and those on the
right show it with the Wind Booster.

i

(b) At 15° with Wind Booster.

hhLONBO®

SIS

y 5
L v -6.81 N

4
&
@

(c) At 165°. (d) At 165° with Wind Booster.

Figure 16. Amount of pressure that wind produces on blades. Savonius alone (a,b), and with Wind
Booster (c,d).

A final validation of our design is presented in Figure 17, a contrast between the CP
values for different TSR values for the VAWT alone (blue line) against the VAWT with Wind
Booster. Notice the notable increment of CP values, which clearly indicates the relevance
of adding a Wind Booster for low-wind velocities with only using a small amount of space.
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CP

014 ' ' ' —e—Savonius VAWT alone ——Savonius VAWT with Wind Booster

01

0.08 -

0.06 -

0.04 - n

0.02 - N

0 I I I | | | | I I
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

TSR

Figure 17. Performance improvement of the VAWT with the designed Wind Booster.

Discussion

After completing the design stage, it is interesting to highlight the following points:

The study of the state of the art was highly helpful in choosing the Savonius and
the Wind Booster configuration, as it provided us with a starting point based on
past studies.

To further improve the wind turbine’s performance, it is possible to apply our method-
ology to the Savonius and maybe other components of the wind turbine.
Concerning the designed variables 6, B, and Dy, our final analysis is as follows:

¢  Since the purpose is to orient the wind to the forward blade of the Savonius, the
geometric limit for theta and beta is 90°.

* Regarding the diameter of the Savonius, the minimum value of §, 6,,;, has a
cosecant relationship.

*  Considering the internal diameter and external diameter of the Wind Booster,
we have the following relationship:

0, = 90° — sin~ (1637;1) ~ 60° (1)
As shown in Figure 18a, the blade corresponding to that angle is not centered.
Therefore, there is a correction factor of 8.4702°. Thus, 6,,,;,, > 68.4702°. Following
the same logic, we obtain S,,;, > 51.5298°. These calculations consider Dy, = 100;
any change in this variable influences each angle’s lower and upper limits.

e We continue with the premise of increasing the speed inside the wind booster; for this
reason, the objective is to increase speed with a decrease in the cross-sectional
area. This objective leads to geometric restrictions in the design of the Wind
Booster, as can be seen in Figure 18b: Xj, and X, must meet that X; > X5 in
order to enable a reduction in the cross-sectional area; therefore, the angle 6 > S.

Computational fluid dynamics software enables us to venture toward a challenging
design since it allows to test initial designs without wasting time and money.

The optimization process of the Wind Booster: There are only a very few works on
this matter in the literature. Natapol Korprasertsak presented different versions of
this idea [33,42,43]; Korprasertsak et al. [33] used an alternating direction technique
to change the angles of the blades. However, this procedure takes too long to establish
a good result and only uses one physical variable of the WB. Our proposal uses three
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different physical values of the WB for optimization and only requires a few steps to
achieve an improved result. The main limitation of our algorithm is establishing the
minimum and maximum values of the variables correctly. We solved this issue with a
geometrical analysis.

Dinternal
672.0

%€

(a) Initial conditions. (b) Geometrical conditions.

Figure 18. Parameter conditions.

4. Conclusions

This paper presented a Wind Booster selection and optimization method, consisting of
first performing an analysis of wind behavior in a certain region; then, given this behavior,
experimenting with different wind boosters. Once one of these is selected, using bisection
Design of Experiments, we find the set of optimal parameters that maximize wind speed
inside the ODGV. As a case study, Mexico City was selected. Wind behavior was measured
over a period of 6 years, and with this data, a Wind Booster with pairs of straight blades was
selected and optimized, finding the optimal design values of 8 = 78.3125°, § = 57.1875°
and distance between blades Dy, = 185.9397 mm. Using Ansys Comsol Multiphysics, a
torque analysis reported a 35.23% increase in torque, using this Wind Booster configuration.

In brief, a list of the contributions is as follows: (1) a new methodology, presented
in Figure 2, establishing a clear path to design an optimized wind turbine for diverse
scenarios; (2) in Section 2.1, a step-by-step procedure to select an elliptical Savonius, based
on the literature. Notice that the presented list of the design parameters is handy as a base
for another VAWT design; (3) a case study based on Mexico City, with some interesting
behaviors found. In Figure 4, notice that the high wind velocities appear at night. Figure 5
shows that spring is the season with more wind, and Figure 6 exhibits that April is the
month with the highest wind; (4) Section 2.2 is devoted to a selection of the Wind Booster,
starting with pairs of straight blades, then attempts with bent ones and, finally, attempts
with curved ones. The first one is the best option since it produces a higher speed inside
the Wind Booster and reduces the production costs; (5) the application of the bisection
algorithm for the parametric optimization of the WB proved to be an excellent way to
increase performance; and (6) a repository of all the designed models, analyses, and
collected data presented in this paper [39].

As future work, the physical construction of the designed Wind Booster with the
selected VAWT is planned, as well as experiments with an implementation to obtain
measurements under specific conditions.
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Appendix A. SolidWorks Simulations Configuration

In this appendix, we explain the main steps to reproduce the results reported in
Figures 7-10, 12 and 13. The files for the Savonius and Wind Booster models can be found in
the repository [39].

1. Load the file: Please select the desired model and load it in SolidWorks, as seen in
Figure Al.

2. Use the Wizard: Launch the flow simulation plugin in SolidWorks and run the
Wizard. Select the following options:

*  Give the project a name and leave a comment, click next.

®  Select the SI Unit system and click next.

®  Select external analysis and click next.

®  As the fluid, select air, and place in fluid type, laminar and turbulent. Do not
select humidity and the number of flows; click next.

¢ Use a roughness of 0 micrometers and thus represent a completely smooth
surface; click next.

* Now, assign values for pressure, temperature, wind direction, and wind speed.
In our case, we use 101700 PA, 294.15 K, x-axis, 2.04 m/s respectively. Click finish.

3. Computational domain: Before starting the simulation, it is necessary to assign
values to the computational domain’s three axes. Select each axis with the mouse to
set a value as seen in Figure A2. It is advisable not to use ample space; otherwise, the
simulation will take a long time.

Figure A1. Model loaded in SolidWorks.
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Figure A2. Configuration of the computational domain.

Appendix B. COMSOL Simulations Configuration

1. Computational Domain
Air: The study contemplates a computational domain to simulate a wind tunnel in
which is immersed the wind turbine. We divide this domain into two subdomains,
the first being larger and shaped like a rectangular prism, and the second with a
cylindrical shape called the rotational domain, whose center coincides with the center
of the geometry of the wind turbine; see Table Al.

Table A1. Dimensions of the wind computational domains.

Domain Size (mm) Position (mm)
Rectangular domain (9000 x 25,000 x 3000) (x,y,z) (0 x 5000 x 500) (x,y,z)
Rotational domain (1160,3000) (Radio,Altura) (0,0,—1000) (x,y,z)

Wind turbine: The rest of each study’s computational domains correspond to the
different pieces that make up the Savonius wind turbine assembly itself and the Wind
Booster. Their parameters and dimensions are detailed in the CAD files of each one.
They can be grouped into two sets of domains called the wind turbine domain and
the booster domain, respectively. The method to finalize the geometry is Form Union.

2. To repair the geometries, we use diverse virtual operations, such as deleting holes,
collapsing faces, and composing faces, among others. As a result, we obtain more
uniform and cleaner domains that simplify the meshing process.

3. Materials: We only consider two materials—air (we use the default settings) and for
the solids, we use PLA plastic defined in Table A2.

Table A2. Physical properties of PLA plastic.

Propierty Valor Unit

Density 1252 kg/m3
Poisson’s ratio 0.36 -
Young’s modulus 1.28 x 10° Pa

4. Physics: The physics contemplated in the study is fluid dynamics. In particular, we

simulate a single-phase and laminar fluid flow without considering any turbulence
model. This physical model only applies to computational wind domains, and we
use all initial properties and conditions default values.
Boundary conditions. (a) Input: We take the wind tunnel domain’s front face as the fluid
inlet with a constant speed. We highlight in green this face, as shown in Figure A3a; (b)
Output: As an output condition, we consider the face opposite the wind tunnel inlet
with a relative pressure of 0 Pa taken at the fluid outlet (see Figure A3b).
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(a) Input condition. (b) Output condition.

Figure A3. Boundary conditions.

Symmetry and wall: Finally, as symmetry conditions, the wind tunnel domain’s re-
maining faces are taken, and only the domains corresponding to the wind turbine
and the wind booster are considered wall conditions.

5. Mesh: We carry out the meshing process in separate parts: building the mesh for the
wind turbine domains and building the mesh for the wind domains.
Wind tunnel: We use a tetrahedral mesh as shown in Figure A4 with its corresponding
conditions in Table A3.

(a) Rotational domain. (b) Rectangular domain.

Figure A4. Wind Tunnel Mesh.

Table A3. Mesh parameters.

Figure Calibrated Preset Size Maximum Element Size Minimum Element Size
Figure Ada Fluid dynamics Extremely Fine 120 (mm) 1 (mm)
Figure A4b Fluid dynamics Extremely thick Predefined 120 (mm)

Wind turbine: We use a triangular mesh as shown in Figure A5 with its corresponding
conditions in Table A4.

Table A4. Mesh parameters.

Figure Calibrated Preset Size Maximum Element Size Minimum Element Size
Figure A5a General Physics Normal Predefined 25 (mm)
Figure A5b General Physics Extremely fine Predefined Predefined
Figure A5c General Physics Normal Predefined 25 (mm)
Figure A5d * General Physics Normal Predefined 165 (mm)
Figure A5f ** General Physics Normal Predefined 185 (mm)
Figure A5h *** General Physics Fine Predefined Predefined

* Additionally, an element distribution is configured with a finite number of elements adjacent to the selected
edge in Figure Abe, setting the number of elements to 50; ** Additionally, an element distribution is configured
with a finite number of elements adjacent to the selected edge in Figure A5g, setting the number of elements to 50;
** Additionally, an element distribution is configured with a finite number of elements adjacent to the selected
edge in Figure A5i,j, setting the number of elements to 10.
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