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Abstract

The parametric design of a low-power (<1 kW) H-type vertical-axis wind turbine tai-
lored to the wind conditions of the Yucatdn Peninsula is presented. Nine airfoils were
evaluated using the Double Multiple Streamtube method and Qblade Lifting-Line The-
ory numerical simulations, considering variations in solidity (o = 0.20-0.30), aspect ratio
(Ar = H/R = 2.6-3.0), number of blades (2-5), and a swept-area constraint of 4 m?. The
parametric study shows that fewer blades increase Cp, although a three-blade rotor im-
proves start-up torque, vibration mitigation, and load smoothing. The recommended
configuration—three blades, A, = 2.6, 0 = 0.30 and 51046 (or NACA 0018) operated near
A = 3.75—Dbalances efficiency and start-up performance. For the representative mean wind
velocity of 5 m/s, typical of the Yucatdn Peninsula, the VAWT achieves a maximum output
of 136 W at 220 rpm. Under higher-wind conditions observed in specific sites within the
region, the predicted maximum output increases to 932 W at 380 rpm.

Keywords: DMS; QLLT; Qblade; vertical axis wind turbine; VAWT design

1. Introduction

British Petroleum’s energy outlook for 2024 predicts that the current zero-emissions
capacity of solar and wind energy will grow approximately eight- and fourteen-fold,
respectively, by 2050. For this reason, the continued development of better technology for
harnessing these energies, in this case wind energy, is crucial. Vertical axis wind turbines
(VAWTs) have an advantage over horizontal axis wind turbines (HAWTSs) in that they
are omnidirectional without requiring a directional control system, are more aesthetically
pleasing, are more efficient in turbulent environments, and produce less noise. Furthermore,
they operate at much lower wind speeds than horizontal axis turbines. However, in most
cases, an initial drive system is required. Darrieus-type turbines are particularly popular
owing to their stable power coefficient, high reliability, and low noise emissions [1].

According to several authors [2-4] the main design parameters for a Darrieus-type
vertical axis wind turbine are (i) solidity (o); (ii) height/diameter ratio (¢ = H//D);
(iii) chord /diameter ratio (& = c/D); (iv) rotor swept area (A); (v) airfoil; and (vi) sup-
port structure dimensions. These parameters must be optimized to obtain the maximum
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amount of energy from the wind using a VAWT or HAWT. It is also necessary to choose
the appropriate airfoil for the blades based on the wind resources at the site where they
are to be installed. Several studies have carried out the optimization of airfoils [5-7], to
reduce self-starting torque. Wind turbine robustness is another important factor to con-
sider. Ref. [8] found that the optimal solidity can be determined through aerodynamic
analysis. The number of turbine blades depends on several important parameters, such
as the uniformity of power output, turbine loads and vibrations, and turbine cost and
performance. On the other hand, ref. [9] mentions that it is preferable to use high-solidity
variable-pitch blades when self-starting torque is required, as this type of blade is capable
of producing more torque at high solidity values. In addition, ¢ is closely related to the
number of rotor blades; the greater the number of blades, the greater the solidity. However,
ref. [10] mentions that there is a trade-off between the power coefficient (Cp) of a VAWT
and solidity, since (Cp) increases as ¢ decreases. Therefore, a wind turbine design that
minimizes the negative impact of the main design parameters on the wind turbine’s power
coefficient is extremely important.

In Mexico, great academic efforts have been made to develop technology for har-
nessing wind energy, mainly through graduate research. It is important to mention that
in Mexico there are no national developments regarding low-power vertical axis wind
turbines. Low-power wind turbines have been designed for specific regions, i.e., according
to the wind potential of the area where they are to be installed (average annual wind speed).
Low-power vertical- and horizontal-axis wind turbine designs have been proposed, such
as those developed by [11-14]. The novelty of this research lies in providing a methodology
based on parametric study for the aerodynamic design of low-power vertical-axis wind
turbines using an open-source tool. Although it focuses on wind resources in the Yucatan
Peninsula, its use can be extended to different locations.

This work aims to develop the aerodynamic design of a VAWT, which consists of a
parametric design of a low-power (<1 kW) H-type vertical axis wind turbine using free
available computational tools, such as QBlade (v0.96), which employs the DMS (Double
Multiple Stream model) and QLLT (QBlade Lifting Line Theory) methods instead of CFD
commercial software. The selection of the electric generator and the structural resistance
to wind loads are not considered. The parametric design considers the variation in blade
height (H), airfoil chord (c), radius (r), and rotor solidity (o), as well as the number of
blades (N) and the H/R ratio. Note that the methodology for designing the VAWT rotor
was validated with the experimental work done by [15] and reported in [16].

2. Framework
2.1. VAWT Aerodynamics

The theoretical formulation for analyzing VAWTs differs greatly from that of HAWTs
simply because of their orientation in relation to the wind. This difference makes analyzing
VAWTs a more complex task, despite the mathematical expressions used to describe them
being based on the same assumptions.

2.2. VAWT Velocities
Velocities

The study of the velocities acting on a VAWT requires analysis in two areas: when
the wind enters the rotor (upstream) and when it leaves it (downstream). These velocities
differ in magnitude. In the downstream area, the wind has already interacted with the
rotor blades, and its magnitude is reduced, converting part of the wind’s kinetic energy
into mechanical energy. The relative airflow velocity (W) with which lift and drag forces
are obtained is determined from the chord velocity (v.) and normal velocity (v,), which
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are shown in Figure 1. The chord velocity is the sum of the tangential velocity due to the
rotation of the rotor (R x w) and the component of the axial velocity (v;) in the tangential
direction, as expressed in Equation (2) [17].

W=,/V2+V2 )

For velocity analysis, a wind flow incident in an axial direction is considered. The
chord velocity V, can be expressed as follows:

Ve = Rw + V,cos6 (2)

where V,, is the axial velocity (induced velocity), w is the rotational speed, R is the rotor ra-
dius, and 6 is the azimuth angle. Similarly, the normal velocity V;, which is the component
of the axial velocity of the air flow in the normal direction (towards the center of the rotor),
is expressed as:

Vi = Vysin 3

The angle of attack is determined from (V) and (V},) as follows:

1( Vu
o = tan — 4)
Ve
5 < Fi Wind Velocity
/'/// ﬁ\ i
AN ‘ V. E,
/'/ : / N / 174
//' i / N\ E, | AN
/ S \ : ™~
| i ) » IV N

Figure 1. Flow velocities of straight-blades Darrieus-type VAWT.

2.3. Forces Acting on the VAWT

Figure 2 shows the drag, and lift forces an airfoil, and its tangential and normal
components are subject to. These forces are obtained by totaling the tangential and normal
components of the lift (L) and drag (D) forces and are expressed as [17]:

F; = L sina — D cosx (5)

F, = L cosa — D sina (6)

The tangential force provides torque for power generation in the VAWT, and the
normal force exerts structural load on the VAWT tower. Lift and drag forces are determined
as follows:

Fr = %chCsz 7)

Fp = %chCsz (8)

where the air density is p, C is the airfoil chord, and H is the wind turbine height.
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Figure 2. Free-body diagram of a wind turbine airfoil.

2.4. Torque

As mentioned above, the tangential force is what provides torque to the wind turbine
and is a function of the azimuth angle 6. Therefore, to determine the average tangential
force on the wind turbine, it must be evaluated throughout one revolution (271) according
to the following expression:

The torque generated by a VAWT is the product of the average tangential force (Fy;) of
each blade (N) times the rotor radius (R) and can be obtained from the following equation:

T = NF,,R )

Finally, the power of the wind turbine is defined as the product of the torque (T) times
its rotational speed (w), and is determined as follows:

P=Tw (10)

3. Development

This section presents the development of the DMS and QLLT models for rotor and
wind turbine design implemented in the QBlade software. It also describes the selection
and evaluation of the airfoils used, as well as that of the wind turbine topology and its
aerodynamic performance.

3.1. Airfoil Selection and Evaluation

Airfoil selection is a fundamental step in VAWT design. Airfoils were originally
designed for aeronautical applications [18], inspired by the shape of bird wings. Over time,
designs evolved into symmetrical profiles with a raindrop-like silhouette and asymmetrical
profiles optimized for aircraft flight conditions. Because of this, early VAWT designs
used these profiles. However, this had several disadvantages, as the optimal operating
conditions for which the first aerodynamic profiles were designed do not correspond to the
operating conditions of a low-power VAWT. Therefore, the use of these airfoils for VAWT
design does not ensure optimal efficiency under typical operating conditions. Efforts have
been made to design aerodynamic profiles specifically for optimal efficiency under wind
turbine operating conditions [19-21]. These profiles offer superior performance over a
wider range of attack angles, critical for wind turbine start-up, where the greatest variation
in angle of attack occurs.

Nine aerodynamic profiles were selected for the wind turbine design, three based on
their aerodynamic performance reported in the literature and six based on their similarity
to the first three (two for each airfoil). The airfoils were evaluated using the DMS method,
which is a low-fidelity, streamtube-based model that runs fast and suits early VAWT design.
This model is used to determine the most suitable configuration for the VAWT design, using
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the same low-power VAWT configuration as described in Table 1 and shown in Figure 3.
The parameters described were determined following the recommendations made in [21].

Table 1. Setting parameters for aerodynamic analysis of airfoils.

Parameter Value
Height (m) 2.6
Chord (m) 0.1
Radius (m) 1
Solidity (-) 0.3
Number of blades 3
H/R ratio 2.6
>\“M:::-}\° ///
s
Q
Top View

Isometric View

Figure 3. Different views of the vertical axis wind turbine (VAWT) used for airfoil evaluation.

The geometry of the six symmetrical (NACA 0021, 51046, Joukovsky 21, NACA 0018,
Trainer 60, and Eppler 479) and three asymmetrical (DU 06-W-200, NASA SC(s) 0518, and
NREL’s S833) airfoils is shown in Figure 4. Those shown in the first row were chosen based
on the performance reported in the literature by [19] (DU 06-W-200) and [21] (NACA 0021
y S51046). Airfoils like these three are shown in rows two and three.

DU 06-W-200 NACA0021 51046

NASA SC(2) 0518 Joukovsky 21 NACA0018
NREL’s S833 TRAINER 60 EPPLER 479

Figure 4. Airfoils selected for performance evaluation.

3.1.1. NACA 0021

The NACA 0021 is a symmetric airfoil that has been extensively studied for use in
VAWTs. An important reason behind this is that it forms part of the family of symmetric
4-digit NACA airfoils, which have been studied and characterized in various experimental
tests and CFD analyses, providing designers with greater certainty for sizing and predicting
their aerodynamic behavior. Using XFoil (v6.99) software, aerodynamic performance was
analyzed for four different Reynolds numbers (Re) (50 x 103, 100 x 103,200 x 10% and
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500 x 103). Figure 5 shows the lift coefficient as a function of the angle of attack («) for this
aerodynamic profile, in which linear behavior is observed for values between 0° and 8° for
Re values greater than 100 x 10°.

——50x10°Re | TTee iy
104 ——100x10°Re e RN
~+—200%10°Re ,/.5)\ \
500x10°Re, J #" #4f —
0.5 / / o ./\_ s
//.,,- o
&' 00+ F
: 4
—
05 N A S
¥/ o
|\
St
10447 Lo
185

-10 =5 0 5 10 15 20
AoA o (°)

Figure 5. Lift coefficient (Cp) vs. angle of attack («) for the NACA 0021 airfoil.

However, the curve for Re =50 x 103 shows a very abrupt drop in performance, and
therefore, it is essential to keep Re as high as possible when designing low-power VAWTs,
as low wind speeds cause Re to fall below 100 x 103 for small rotors, as mentioned by [2].
This condition is critical for the proper performance of an aerodynamic profile. Figure 6
shows the drag coefficient (Cp) vs. angle of attack («) for the same Re values. It can be
seen that the Cp remains unchanged from —5° to 7°, increasing abruptly from 7° for a Re
of 50 x 10%. The Joukovsky 21 and Trainer 60 airfoils share geometric similarities with the

NACA 0021.
0.30
——50x10°Re
025 —— 100x10°Re
——200x10°Re .
500%10°Re. V.

AOA o (°)

Figure 6. Drag coefficient (Cp) vs. angle of attack () for the NACA 0021 airfoil.

3.1.2. 51046

The 51046 is part of the family of airfoils designed by NREL for wind turbines. It
performed well in tests conducted by [21], where it obtained a power coefficient of 0.4051.
Figure 7 shows the lift coefficient behavior of this profile for different Re values. Linear
behavior is observed for values between 0° and 10° for Re greater than 100 x 10%. How-
ever, as with the NACA 0021 profile, the curve for Re = 50 x 10° shows a sharp drop in
performance. Airfoils like S1046 identified by airfoil tools are NACA 0018 and Eppler 479.
On the other hand, the Cp shows stable and reduced behavior from —4° to 4° for the four
Re values, increasing outside that range. Figure 8 shows the Cp vs. « for this airfoil.
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——50x10°Re
——100x10°Re
075 —— 200x10°Re
500%10°Re;

AoA a (%)

Figure 7. Lift coefficient (Cy) vs. angle of attack («) for the S1046 airfoil.

—=—50x10°Re

| ——100x10%Re

—— 200%10°Re!
500%10°Re

AoA o (°)

Figure 8. Drag Coefficient (Cp) vs. angle of attack («) for the S1046 airfoil.

3.1.3. DU 06-W-200

Various studies show that airfoils with reduced curvature improve the performance of
VAWTs in the windward section. However, they also have a negative impact on the leeward
or downwind section. Maximum power can be obtained with a curvature of approximately
3%. The DU 06-W-200 airfoil was created specifically for use in VAWTs [19], and one
inspiration for its development was the search for an airfoil with better aerodynamic and
structural characteristics than the NACA 0018. Figure 9 shows the behavior of Cy, vs. « for
different Re, and a linear behavior is observed for values between 0° and 12° with Re greater
than 100 x 103. However, as with the NACA 0021 profile, the curve for a Re =50 x 103
shows a sharp drop in aerodynamic performance at very low angles of attack. Figure 10
shows the Cp vs. a curves for this profile, where stable behavior is observed from —3° to 3°
for Re = 50 x 10, increasing abruptly from there. For Re values between 200 x 10° and
500 x 103, stability in Cp occurs at values from —5° to 10°.

1.75

150 [——Re50x10°

—— Re 100x10°
1259 |+ Re 200x10°
Re 500%10°

1.00 4
0.75

&' 050
0.25
0.00
-0.25

~0.50 ="

-0.75 T T T T T
-10 -5 0 5 10 15 20
AoA o (°)

Figure 9. Lift coefficient (Cp) vs. angle of attack («) for the DU 06-W-200 airfoil.
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02504 —=— Re 50x10°

1 ——Re100x10°
+— Re 200x10°
0.2004 Re 500x10°

Figure 10. Drag coefficient (Cp) vs. angle of attack («) for the DU 06-W-200 airfoil.

The behavior of the lift and drag coefficients has been shown for three profiles pro-
posed for study. The next step is to evaluate the power coefficient Cp of the nine proposed
airfoils shown in Figure 4.

3.2. Power Coefficient Evaluation

The power coefficient of nine airfoils was evaluated to select the most suitable for the
wind conditions of the Yucatdn Peninsula. Three tests were carried out at speeds of 4, 5,
and 6 m/s. Figure 11 shows the C, vs. TSR (Tip-Speed Ratio) curves corresponding to the
nine airfoils analyzed at a wind speed of 4 m/s. The 51046 airfoil achieved the highest
power coefficient (C, = 0.45) at a TSR of 3.2. The DU 06-W-20 airfoil shows a C,, greater
than 0.4 for a TSR of 2.8, the lowest of all the airfoils analyzed. However, its performance is
inferior to that of the 51046 airfoil. The NACA 0021 airfoil performs similarly to the DU
06-W-20, with a maximum TSR of 3.3.

050 [~~~ DU 06-W-200
EPPLER 479

0491 | Joukovsky 21

040 NACA 0018

—+— NACA 0021

035 NASA SC(2)-0518
+— NREL's $833

030+ | ——s1046

0.25 4

0.20 4

Vo = 4 M5

0.154
0.10 4
0.05
0.00 4
-0.05

05 10 15 20 25 30 35 40 45 50 55
TSR ()

Figure 11. Power coefficient (Cp) vs. TSR (A) for airfoils at 4 m/s.

Figure 12 shows the Cp, vs. TSR curves for the nine airfoils analyzed at a wind speed of
5 m/s. The airfoils with the best aerodynamic performance are EPPLER 479, NACA 0018,
and 51046, which have a maximum C, of 0.52 for a TSR of 3.3. The NASA SC(2)-0518,
meanwhile, shows the worst performance, with a maximum C, of less than 0.45 at a
TSR of 3.2.

0.55

—=—DU 06-W-200
0.50 | EPPLER 479

—=— Joukovsky 21
0.45 - NACA 0018

+— NACA 0021

0.40 NASA SC(2)-0518
+— NREL's $833
0.35 4 ——st046

0.30 4
O 0254
020

0.15 4
0.10 4
0.05 4
0.00 4=#=

-0.05

1.0 15 20 25 3.0 35 4.0 45 5.0
TSR (1)

Figure 12. Power coefficient (Cp) vs. TSR (A) for airfoils at 5 m/s.
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Figure 13 shows the C, vs. TSR curves for the nine airfoils analyzed at a wind
speed of 6 m/s. The airfoils with the best performance are the same as in the 5 m/s
test: EPPLER 479, NACA 0018, and 51046, which have a maximum C, of 0.56 at a TSR of
3.3. The NASA SC (2)-0518 profile has the worst performance, with a maximum C,, of 0.50
ata TSR of 2.8.

=—DU 06-W-200
05+ EPPLER 479
—e— Joukovsky 21

NACA 0018
044 [+ NACAO21
T NASA SC(2)-0518
+— NREL's $833
—— 51046
—e— TRAINERGO

" : v : ' : '
1.0 16 20 25 3.0 35 4.0 45 5.0
TSR ()

Figure 13. Power coefficient (Cp) vs. TSR (A) for airfoils at 6 m/s.

All the airfoils studied show similar performance for average wind speeds of 5 and
6 m/s. However, for a wind speed of 4 m/s, the 51046 airfoil exhibits a higher C, than
every other airfoil studied. In all tests performed, the 51046 profile showed superior design,
with the NACA 0018 showing similar performance, and was therefore chosen for use in the
VAWT design.

3.3. Wind Turbine Design Parameters

The design parameters for the proposed vertical axis wind turbine must take into
account low power generation in urban environments and low-wind-speed conditions
(4-5m/s). A cross-sectional area of 4 m? is therefore proposed, like those used in commer-
cial devices with the same characteristics. This input parameter, together with the solidity
(0) and aspect ratio of the rotor (A, = H/R), limits the dimensions of height (H), radius (R),
and chord length (C) for the designed device. Preliminary tests using the QLLT or “Vortex”
method indicate that the Re for a TSR of 3 and a wind speed of 4 m/s is in the range of
70 x 103, as shown in Figure 14. Therefore, the appropriate polars for the analysis are in
the range of 100 x 103 Re.

Reynolds Number (at section) Blade 1 [-]
1.50 105

1.40 105
1.30 105
1.20 105
1.10 105
1.00 105
0.90 105

0.80 105

0 2 4 Time [s]

Figure 14. Reynolds variation, Re vs. time.

3.3.1. Qblade Configuration

Wind turbine analysis using the DMS method was performed in QBlade, where
the polars had to be generated and the simulation parameters configured. The default
configuration was used, activating the Tip Loss checkbox, which allows the inclusion of
finite blade length in the calculations, as well as the Variable induction factors checkbox to
execute the DMS method iterations for each azimuth position.
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3.3.2. Rotor Aspect Analysis

A widely used parameter for VAWT design is the turbine aspect ratio (A;), which is
the ratio of blade height to rotor radius.

A== (11)
where H is the height of the blade and R is the rotor radius. The recommended values for
Ay are between 2.6 and 3 (The optimal value is higher if structural stresses are ignored,

i.e., if only the aerodynamic optimization of the blade is considered).
From the cross-sectional area of the rotor, the height H is defined as:

H=% (12)

Substituting H into A, yields an expression in terms of the rotor radius, R.

Ay = — (13)

2
R:,/A—r (14)

As previously mentioned, the recommended values for A, should be between 2 and 3.

This can be expressed as:

Therefore, the maximum and minimum dimensions of the rotor radius can be expressed as:

2
Ryin = \@ ~ 0.816 m

2
Ryin = \| 3¢ ~ 0.877m

3.4. Description of the Solidity Analysis

The solidity of a wind turbine is a parameter that quantifies the ratio of the area
occupied by the blades to the total cross-sectional area. It can be defined as:

NC
o= —

R (15)

where N represents the number of blades, C is the chord length, and R is the rotor radius.
Various authors indicate that the optimal solidity value for a VAWT lies between 0.2 and
0.3. From Equation (15), it is evident that varying the number of blades, chord length, or
rotor radius results in a change in solidity. These variables also affect other parameters and
have their own optimal value ranges. For example, the recommended number of blades is
between 2 and 5, where it has been observed that a lower number of blades generates a
higher power coefficient but has negative effects such as increased torque variation and
reduced starting capability.
Rearranging Equation (15) gives:

C="—o (16)
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This allows obtaining the chord length intervals for different numbers of blades. By
substituting Equation (14) into Equation (16), the blade chord length can be expressed as a
function of A,, ¢, and N as follows:

/2
=0
c= VA~ (17)

N
Table 2 shows the minimum and maximum chord values according to the number of
blades of the VAWT.

Table 2. Minimum and maximum chord values for different numbers of blades in the VAWT.

No. of Blades Conin Crax
2 Conin = SigZin. = %2*0'2 ~ 0.081 m Crax = Romglnax — \/%*0'3 ~0.131 m
3 Coin = Rouiglin. — @*0'2 ~ 0.054m Conax = Ruuanax — \/%*0'3 ~ 0.087 m
4 Copin = Runiguin. — ‘/%0'2 ~ 0.040 m Conaxe = Ruasfiax — \/%*0'3 ~ 0.065 m
5 Cpi = Buigfmin — @5*0'2 ~0.032 m R — V32 6059 m

Cinax = Pl = 5

These values will be used in the DMS simulation to determine the VAWT power
coefficient based on the TSR.

3.5. Solidity Analysis of the VAWT
3.5.1. First Stage Simulation

Table 3 shows the parameters for configuring the VAWT geometry for the DMS
simulations. There are eight simulations in total.

Table 3. Geometry settings for DMS simulation.

Number of Blades Radius (m)
R,y = 0.81 Ryax = 0.877
2 C=0.081m C=0.131m
3 C=0.054 m C=0.087 m
4 C=0.040m C=0.065m
5 C=0.032m C=0.052m

Figure 15 shows the power coefficient as a function of TSR (A), showing a clear upward
trend in the power coefficient as the number of blades decreases. 5-blade wind turbines
have the lowest performance, with the A, = 3 and ¢ = 0.2 configuration showing the worst
performance, as it does not generate any power for any TSR value. This is largely due to
the Reynolds at which it operates, since the chord of the blades is reduced with an increase
in the number of blades to maintain solidity within the recommended range of values.
Thus, when operating at lower Re (50,000 or less), the lift coefficient decreases considerably
compared to wind turbines of the same solidity but with fewer blades.
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Figure 15. Power coefficient C, vs. TSR (A) for VAWTs with 2, 3, 4 and 5 blades.

As for the top-performing wind turbine, the observed tendency is towards fewer
blades combined with greater solidity and low A, as the optimal combination for higher
Cp. The highest power coefficient obtained is approximately 0.47 for the wind turbine with
two blades, with a solidity of 0.3 and an A, of 2.6. The general trend observed in the aspect
ratio is an increase in the power coefficient as the aspect ratio decreases. However, because
this also coincides with the maximum solidity values, it is not entirely clear at this early
stage whether the observed behavior is related. Figure 16 shows the power coefficient as
a function of TSR(A) for the eight wind turbine configurations analyzed in the first stage.
The observed tendency confirms the inverse relationship between the number of blades
and the power coefficient. On the other hand, there is a clear difference between the two
configurations analyzed, with the combination of lower aspect ratio and higher solidity
generating higher maximum power coefficient values. The C;, results shown in Figure 15,
for N =2 and N =4, are like those reported by [22] for a VAWT with a NACA 0021 airfoil
forN=2(Cy=04andA=5)and N=4(C, =0.5and A = 3.5).

05
0.4
0.3

g
&£ 02

O

0.1

0.0

Blades

Figure 16. Maximum power coefficient C;,,,. as a function of the number of blades.

3.5.2. Second Stage Simulation

Previous results showed that wind turbines with fewer blades (2-3) perform better.
Therefore, for the second stage of analysis, new configurations are proposed that take the
following constraints into account:
>  Area=4m?

Blades = 2-3
Solidity ¢ = 0.200, 0.225, 0.25, 0.275 and 0.300
Blade aspect ratio AR =2.6,2.7,2.8,2.9 and 3.0

VY
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These parameters coincide with the values recommended in the literature [3], as well
as the configurations that have shown the best results (higher overall and maximum power
coefficient) in previous analyses.

3.5.3. Two Blade VAWT

Five solidity values and five A, values are proposed, resulting in 25 possible design
combinations, two of which have already been evaluated in the previous stage. Table 4
shows the configurations of the 2-blade VAWT geometry that will be analyzed. Airfoil
chord values were obtained using Equation (17).

Table 4. Chord values C (m) as a function of A, and o for a VAWT with N = 2.

Solidity
A 0.200 0.225 0.250 0.275 0.300
3 0.081 0.091 0.102 0.112 0.122
2.9 0.083 0.093 0.103 0.114 0.124
2.8 0.084 0.095 0.105 0.116 0.126
2.7 0.086 0.096 0.107 0.118 0.129
2.6 0.087 0.098 0.109 0.120 0.131

Figure 17 shows the C;, values as a function of A. The results are organized for different
A, values, with each sub-graph showing the curves for different ¢ values. For any A, value,
the trend for ¢ is directly proportional to Cp, such that for all curves, the higher C, values
belong to the wind turbines with greater solidity. The A values used to derive C, range
from 3 to 4.5, which is consistent with values obtained in similar designs [3].

2 blades - Aspect Ratio = 3

2 blades - Aspect Ratio = 2.9

Solidity (o)
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04 |—=—0.225
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[——0.275)
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T
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TSR (»)

2 blades - Aspect Ratio = 2.7
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Figure 17. Power coefficient Cp as a function of TSR (A) for a 2-blade VAWT.
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The results also show that, for 2-bladed wind turbines, A, has a minimal impact on
the maximum power coefficient (within the range studied), with maximum variations of
2%. On the other hand, the impact of solidity is more pronounced, as seen in Figure 18,
since increasing solidity drastically reduces the maximum power coefficient and shifts the
maximum A point to higher values.

CPnax

04774
04700
04627
04553

0.4479

AR

0.4405

04332

0.4258

0.4184
0.22 0.24 0.26 0.28 0.30
Solidity (o)

Figure 18. Maximum coefficient Cy,,, as a function of o and Ay for a 2-blade VAWT.

Solidity is directly related to airfoil chord length. Thus, higher solidity values corre-
spond to wind turbines with longer chord lengths, which generate higher Re values. Once
again, it appears that Re has the greatest impact on the performance of the devices studied,
which is common in small wind turbines.

Figure 18 shows the variation in the maximum power coefficient for the 25 three-bladed
devices analyzed, arranged in a matrix. The x-axis represents solidity and the y-axis rep-
resents A,. The lowest C;,,,, values are shown in red, while the highest are in yellow.
The maximum power coefficient values vary between approximately 0.33 and 0.45. The
general trend shows the best performing wind turbines to be those with greater solidity
and lower A,.

3.5.4. Three Blade VAWT

As in the previous section, five solidity values and five A, values are proposed for this
configuration, generating 25 combinations of proposed designs, two of which have already
been evaluated in the previous stage. Table 5 shows the configurations of the 3-blade VAWT
geometry to be analyzed.

Table 5. Chord values C (m) as a function of A, and ¢ for a VAWT with N = 3.

Solidity
A 0.200 0.225 0.250 0.275 0.300

3 0.054 0.061 0.068 0.074 0.081
29 0.055 0.062 0.069 0.076 0.083
2.8 0.056 0.063 0.070 0.077 0.084
27 0.057 0.064 0.071 0.078 0.086
2.6 0.058 0.065 0.073 0.080 0.087

Figure 19 presents the power coefficient values as a function of A. The results are again
organized for different A, values, where each sub-graph shows the curves for different
o values. For any A; value, the trend for solidity is again directly proportional to the power
coefficient. For all curves, the highest power coefficient values belong to wind turbines
with higher o. The values of A at which the maximum power coefficient is obtained vary
between 3.5 and 5, which coincides with values obtained in similar designs [3]. The results
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also show that, for 3-bladed wind turbines, the aspect ratio has an inversely proportional
relationship with the maximum power coefficient (within the range studied). On the other
hand, the impact of solidity is more pronounced, as seen in Figure 19, since increasing
solidity drastically reduces the maximum power coefficient and shifts the maximum A point
to higher values.
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Figure 19. Power coefficient Cp as a function of TSR (A) for a 3-blade VAWT.

In terms of solidity, the analysis carried out for 2-blade wind turbines appears to be
valid for 3-blade turbines. Figure 20 shows the variation in the maximum power coefficient
for the 25 three-bladed devices analyzed, arranged in a matrix. The x-axis represents
solidity and the y-axis represents A,. The lowest Cp,,, values are shown in red, while
the highest values are in yellow. The maximum power coefficient values vary between
approximately 0.33 and 0.45. The general trend shows that the best-performing wind
turbines are those with greater solidity and lower A,.
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Figure 20. Power coefficient Cp as a function of solidity (¢) and A, for a 3-blade VAWT.
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4. Analysis of Results and Discussion

This study evaluated nine aerodynamic profiles using DMS and QLLT models to
identify which would maximize the power coefficient (C,) of a low-power VAWT designed
for wind conditions on the Yucatdn Peninsula. The results using Qblade software showed
that the 51046 and NACA 0018 airfoils achieved C;, values greater than 0.45 in tests at 5m/s
and 6 m/s, with both being practically equivalent in aerodynamic performance, suggesting
that symmetrical airfoils perform better in VAWTs. This superiority is observed both in the
optimal TSR range (3-3.3) and in the stability of the lift and drag curves against Reynolds
variations in the range 100 x 10° to 200 x 10°.

Comparison of the DMS and QLLT models revealed that, although DMS overestimates
the optimal TSR (A = 4) relative to QLLT (A ~ 3.75), both methods agree on the general
trend of the C, vs. A curve, see Figure 21. The QLLT method provides a more conservative
and realistic prediction of the maximum C, (0.48), due to is a nonlinear lifting-line/free-
vortex-wake approach that resolves 3D bound vorticity and wake interactions, using more
computing resources. Therefore, the QLLT model could offer more reliable estimates of
actual performance.

o40] QLT / / R

030 //
o 025 /_/
© 020 ///

0.15 .//
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0.00 [Ee—

05 1.0 5 2.0 2.5 3.0 35 40 45 5.0 55
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Figure 21. Power coefficient C, vs. TSR (A) of the selected VAWT (¢ = 0.3, A, = 2.6 and N = 3).

Analysis of the rotor geometry showed that the configuration with fewer blades tends
to increase the maximum Cj,. In the first stage, two-bladed VAWTs showed a maximum
Cp of approximately 0.47, compared to 0.45 for three-bladed VAWTs, considering A, = 2.6
and o = 0.3. However, in the second stage of optimization, when varying A, (2.6-3.0) and ¢
(0.2-0.3), it was observed that the influence of solidity exceeds that of A;. An increase in ¢
improves C, to a certain extent, due to the associated increase in the Re, but it also shifts
the optimal TSR to higher values (4—4.5), which could limit operability in the lower winds
typical of urban areas.

On the other hand, the blade aspect ratio (A,) showed different behaviors depending
on the number of blades. For two-bladed VAWTs, the variation in A, in the range studied
had little effect on the maximum C, (+2%), suggesting that in dual-blade designs, the
priority lies in achieving a high Re rather than optimizing A,. In tri-blade designs, however,
a lower A, correlated with a significant increase in C, (up to 0.45), indicating that the
interaction between induction and edge losses is more sensitive to height in tri-blade
turbines. The final selection, A; = 2.6, and ¢ = 0.3 reflects a compromise between energy
performance, and torque produced at low TSRs. Although two-bladed VAWTs offer a
slight energy benefit, their start-up capacity is reduced and their behavior in turbulent
conditions is less predictable, which could lead to higher dynamic loads on the tower
(Figures 15 and 16). Likewise, the economic and manufacturing evaluation supports the
choice of three blades: the difference in materials (one additional blade) is offset by a
reduction in external start-up system requirements and maintenance costs, since a tri-blade
configuration better distributes cyclic loads and produces less vibration compared to a dual-
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blade design. To evaluate the self-starting between 2- and 3-blade VAWT’s simulation at
3 m/s wind velocity on DMS QBlade analysis module was conducted. Figure 22 shows that
although the 2-blade VAWT exhibits higher static torque peaks, the torque obtained during
one revolution is lower than in a 3-blade VAWT, which justifies its selection. Although
the static torque results are adequate for self-starting, there is a possibility that an external
starting system may be required, since QBlade does not consider rotor inertia in its torque
calculation. Similar torque values were reported by [23] for a VAWT with R = 0.175 m,
C=0071m,0=1.15,AR=1,and N = 3.
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Figure 22. Static torque vs. Azimuth for VAWT’s with 2 and 3 blades.

Results of the QLLT analysis with QBlade confirm the viability of using open-source
software for the parametric design of VAWTs, as it adequately reproduces the trends
observed in classic experimental studies [15] and coincides with recent findings in the
literature on the optimization of profiles and geometries for low power. This demonstrates
that open-source tools can meet the research and development needs of small-scale wind
devices, especially in academic or low-budget contexts.

The C, values with the selected wind turbine (51046, N = 3, ¢ = 0.3) agree with
those reported by [9], who developed a computational fluid dynamics numerical model to
evaluate the aerodynamic performance of a Darrieus-type VAWT with N =3, 0 = 0.2-0.8,
wind velocity =9 m/s, A = 0.5-3, and variable pitch. The C, values obtained ranged from
0.38 to 0.44 for solidities of 0.2 and 0.8, respectively. On the other hand, ref. [24] report an
experimental study on the effect of solidity on aerodynamic forces in a VAWT, depending
on the number of blades. They report maximum C, values ranging from 0.18 to 0.21, for
A =13 to 2.2. McNaugthon et al. [25] have investigated to model the turbulence in VAWTs
atlow Reynolds numbers. The method used by McNaugthon consisted of two-dimensional
computational fluid dynamics study using the SST turbulence model of a VAWT with
N =3, NACA 0018 airfoil profile, and C = 3.2 cm at a wind speed of 2.3 m/s. These results
showed a C,, greater than 0.5 for a A = 2 and an azimuth of 0 and 180°.

To provide a more comprehensive assessment of the wind turbine’s performance, a
multivariate analysis was conducted across a range of wind velocities. Figure 23 illustrates
the relationship between generated power and rotational speed for different mean wind
velocities. The operating points associated with maximum power output are highlighted,
and their estimated values are indicated in the figure. All results were obtained using
the DMS model. At the representative mean wind velocity estimated for the Yucatdn
Peninsula, the rotor achieves a maximum output of approximately 136 W at a rotational
speed of 220 rpm. Under higher-mean-wind conditions—characteristic of specific locations
within the region—the VAWT demonstrates a significantly enhanced power extraction
capability. For example, at a mean wind speed of 9 m/s, the predicted power output
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reaches approximately 932 W. Nevertheless, as such wind conditions are atypical for the
area, this result is reported exclusively for characterization purposes.
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Figure 23. Power variation as a function or rotational speed for different average wind velocities.

5. Conclusions

The aerodynamic and parametric analysis demonstrates that the 51046 and NACA
0018 airfoils are optimal for low-power VAWTs under the prevailing wind conditions of
the Yucatan Peninsula. Both airfoils achieve maximum power coefficients close to 0.51-0.52
at a wind speed of 6 m/s and an optimal tip-speed ratio (TSR) of around 3, while also
exhibiting stable performance over a wide Reynolds range (100 x 10° to 200 x 103). This
stability ensures that local wind variations, typical of urban and coastal environments, do
not significantly compromise the turbine’s energy performance.

The comparison between the wing design methods (DMS) and the quasi-linear shear
layer theory (QLLT) revealed that, while the DMS model tends to slightly overestimate
both the optimal TSR (placing it around 4) and the maximum power coefficient, the QLLT
offers more conservative predictions that are closer to actual behavior. In particular, QLLT
places the maximum C,, at approximately 0.48 at a TSR of 3.75, effectively incorporating the
structural losses associated with the support arms. Therefore, QLLT is recommended as
the primary method for the preliminary design of low-power VAWTs, complemented by
specific validations using DMS or open-source CFD tools.

As regards geometric rotor configuration, a three-bladed turbine with an aspect ratio
(A;) of 2.6 and a solidity (c) of 0.3 was found to be an optimal compromise between
aerodynamic efficiency, self-starting capacity, and structural stability. Although two-blade
designs have a slight advantage in terms of maximum power coefficient (up to 0.47), their
low starting torque make them less suitable for urban or residential applications where
winds are often intermittent and low in intensity.

Another relevant finding is that the aspect ratio has a different effect depending on
the number of blades; in dual-blade designs, varying the A, in the range studied barely
modifies the maximum C,, while in tri-blade structures, a lower A, slightly improves
aerodynamic interaction, increasing overall performance. However, solidity proved to be
the parameter with the greatest influence on performance, so its careful adjustment is more
critical than modifying the height of the blade.

Open-source tools like QBlade were successfully validated for parametric design
and aerodynamic optimization of low-power VAWTs. The results obtained with QBlade
satisfactorily reproduce the trends observed in historical experiments and contemporary
studies, demonstrating that open-source tools are sufficiently robust for academic and local
development projects with limited budgets, reducing computational costs in comparison
to computational fluid dynamics simulations during the design process. This enables
universities and research institutes to develop prototypes and conduct field tests without
relying on expensive commercial licenses.



Wind 2025, 5, 35

19 of 21

Finally, for the design and implementation of medium-scale wind turbines in the
Yucatdn Peninsula, manufacturing blades with an S1046 profile, a constant solidity of 0.3
and an A, of 2.6 is recommended, as well as operating the turbine at an approximate TSR
of 3.75. Field tests are also recommended to validate performance under real conditions,
as is a detailed structural analysis of the mounting arms to ensure durability under cyclic
loads. Future research could include multi-objective optimizations that integrate cost, life
cycle, and manufacturability criteria, as well as the exploration of advanced materials for
blades that reduce weight and increase corrosion resistance in marine environments. This
work thus lays the foundation for the development of efficient and economical low-power
VAWTs perfectly adapted to local wind resources.
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Abbreviations

The following abbreviations are used in this manuscript:

A Rotor swept area (m?)
AR Aspect ratio (H/R)

C Airfoil chord (m)

Cp Drag coefficient

CL Lift Coefficient

G Power coefficient

D Rotor diameter (m)
DMS Double Multiple Stream tube
Fp Drag force (N)

Fr. Lift force (N)

F, Normal force (N)

F; Tangential force (N)
H Rotor height (m)

N Number of blades

P VAWT Power

QLLT  Qblade Lifting Line Theory
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R Rotor radius (m)

T VAWT torque (N m)

Ve Chord velocity (m/s)

Uy Normal velocity (m/s)

Us Axial velocity (m/s)

1% Relative airflow velocity (m/s)
VAWT  Vertical Axis Wind Turbine
Greeks

o Angle of attack (°)

A Tip Speed Ratio (TSR)

o Solidity

0 Azimuth angle (°)

¢ Height/Diameter ratio (H/D)
w Rotational speed (rpm)
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