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Abstract: This study introduces a Vorticity Index (VI) and an Imminent Vortex Separation Condition
(IVSC), which are considered valuable indicators to quantify the vorticity impact on vertical axis
wind turbines (VAWTs) operation. The VI and IVSC are specifically applied to a H-Darrieus vertical
axis wind turbine (VAWT). Findings show that these two parameters display a direct relationship
with the aerodynamic forces that govern the performance of this type of VAWT. This analysis is
accomplished via 2D-CFD simulations of a H-Darrieus with a symmetrical NACA 0018, powered by
high winds (8 and 20 m/s), by using a Shear Stress Transport SST k-ω model. The 2D model used is
validated for Class II winds (8 m/s), for tip speed ratios (λ) ranging from 0.4 to 0.9. Power coefficients
(Cp) predictions are close to those obtained with both 3D simulations and with experimental data,
reported in the technical literature. It is found with the numerical simulations developed, that despite
the significant increase of the average rotor overall torque values, when the wind speed is augmented
from 8 m/s to 20 m/s, the energy extracted by the rotor seems to be moderately lessened by the
amplified turbulence and vorticity.

Keywords: H-Darrieus; high winds; vorticity index; vortex separation

1. Introduction

The continuous decrease of natural resources available for energy production and the
unwanted CO2 emissions produced from fossil fuels combustion, have generated great
interest in the development of alternative and renewable energies [1]. According to the
latest report from the global company BP, considering an accelerated scenario, by the year
2050 alternative and renewable energies might even become the largest source of energy in
the world, comprising approximately 60% of the global market [2]. These types of energies
consist of solar, biomass, geothermal, hydroelectric and wind [3]. Being wind energy a
favored option for planners and national governments [3–5]. Compared to conventional
energy sources, wind power is positioned as one of the most important sources of renewable
energy and the high potential of its use in electric power generation [5–7].

Furthermore, wind energy is considered to provide unique opportunities for the
implementation of small scale and decentralized hydrogen production technologies [8,9].
Wind energy contributes to the first step in an integrated process, where it can be converted
into electrical power. Electrical energy can be used later for the production of hydrogen via
photocatalysis or electrolysis [10].

Given these incentives, in the last decades, the extraction of energy from the wind
through wind turbines has seen an accelerated development. The growing investment in
researching these technologies has resulted in the development of increasingly powerful
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turbines designs at more affordable prices. These designs include both horizontal axis wind
turbines (HAWTs) as well as vertical axis wind turbines (VAWTs) [11].

In spite of most implemented wind turbines have been the HAWT designs, given
their greater efficiency while compared to VAWTs [12,13], the HAWTs still show certain
disadvantages such as (a) high maintenance costs, (b) location requirements [4,14] and
(c) wind direction dependence [15]. In this respect, VAWTs can be considered a better option
than HAWTs under certain operating conditions because of their: (i) variable wind direction
potential, (ii) adaptability for domestic installations, (iii) compactness, and (iv) capability
to operate under severe turbulent flow conditions [14,16], normally present under high
winds. The main differences between VAWT and HAWT configurations are summarized
in Table 1.

Table 1. Comparison of Parameters between VAWT and HAWT.

Vertical Axis Wind Turbine (VAWT) Horizontal Axis Wind Turbine (HAWT)

Efficiency Lower Higher
Space Efficiency a,b Higher Lower
Wind Direction a,b Independent Dependent
Yaw mechanism b No Yes

Self-Starting b No Yes
Height from ground b Small Large

Tower Sway b Small Large
Generator location b Ground Level Not Ground Level Required
Installation Cost a,b Lower Higher

Maintenance Cost a,b Lower Higher
Shadow Flickering b Less More

Noise a,b Low High
Bird/bat safety a,b High Low

a [17], b [18].

Given their reported advantages, VAWTs have become increasingly relevant in the
field of wind energy research, as can be seen in the increasing number of bibliographic
publications available for each of these configurations (Figure 1). In general, the research
areas of primary interest regarding VAWTs are concerned with improving turbine rotor
efficiency, through aerodynamic analysis and wind tunnel experimentation [17]. In this
regard, different designs have been evaluated to reduce the problems that affect their
performance. However, aerodynamics analysis and experiments in wind tunnels can be
costly and require significant research time [19].

Thus, computational models that allow establishing the behavior of VAWTs, have
become one of the preferred tools of both industry and researchers in this field [20,21].
These computational methods can be used to establish vorticity parameters, which can sig-
nificantly help to quantify the influence of vorticity on VAWT performance. To accomplish
this the main objectives of this work are the following:

• To implement a Vorticity Index (VI), defined as the ratio between the leading-edge
vorticity (LEV) and the trailing-edge vorticity (TEV), to quantify vorticity in the
VAWTs.

• To develop this study using a 2D model validated with experimental data reported in
the literature [22].

• To establish a relationship between the Vorticity Index (VI) and the Imminent Vortex
Separation Condition (IVSC) with the VAWT extracted energy, for a VAWT functioning
at 8 m/s and 20 m/s.
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Figure 1. Studies Concerning Wind Turbines in the 1970–2020 Period (2021 Scopus’s Database).

2. Numerical Simulation
2.1. Physical Model

One of the most studied VAWT designs is the Darrieus type H (H-Darrieus) wind
turbine. This design mainly consists of 3 aerodynamic profile blades attached to a vertical
rotating shaft, which are driven by the force of the wind that hits them [23]. In recent years,
different CFD simulations of H-Darrieus wind turbines have been carried out implementing
2D models [24–27] and 3D models [6,28,29]. In the case of most of these simulations, the
shaft is usually not included in the geometric model, as shown in Figure 2.
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As reported in Table 2, the design parameters and dimensions of the geometric model
implemented in this work corresponded to the dimensions of a H-Darrieus wind turbine
that was experimentally tested by Elkhoury et al. [22] using a NACA 0018 blade. This
specific blade configuration was selected given the abundant experimental and simulation
data for VAWTs with NACA 0018.

Table 2. Design Parameters of the H-Darrieus Wind Turbine [22].

Parameter Symbol Value

Rotor Diameter [m] D 0.8
Blade Airfoil - NACA 0018
Blade Shape - Straight

Chord Length [m] c 0.2
Rotor Height [m] H 0.8 m (1 m adopted for 2D simulation)
Blades Number N 3

Solidity σ 0.75

Note: Solidity, σ = N c
D .

2.2. Computational Domain

For H-Darrieus wind turbine CFD simulations, two domains of interest can normally
be considered: (i) a fixed domain which represents the control volume and (ii) a rotat-
ing domain inside of which, the rotor is accounted for. In this work, the fixed domain
corresponds to a rectangle of 20 m × 8 m, and the rotating domain involves a 1.6 m or a
2D diameter circle (Figure 3). It can be noticed that the center of the rotor was located at
10D from the inlet boundary and at 15D from the outlet boundary. This was determined
in order to ensure the correct development of the wake effect [6], which may lead to an
underestimation of the fluid velocity and an overestimation of the turbulence [30].
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The boundary conditions: inlet, outlet, lateral sides, blades, and contact region, for
rotating and fixed domains were set by using the velocity inlet, the pressure outlet, the
symmetry plane, non-slip walls, and sliding interface, respectively.

2.3. Setting Up

In this work, the commercial software ANSYS 19.1 Fluent was selected as the CFD
simulation package, to solve the flow equations. The continuity Equation (1) and the
momentum Equation (2) used to solve URANS simulations in the ANSYS Fluent software
are shown below [31,32]:

∂ui
∂xi

= 0 (1)

∂ui
∂t

+
∂

∂xj

(
uiuj

)
= −1

ρ

∂p
∂xi

+
∂

∂xj

(
v

∂ui
∂xj
− u′ iu′ j

)
(2)

where, ui and uj are the mean values of velocity in the axial system of coordinates, u′i
and u′j its fluctuating components, p is the mean pressure, v is the kinematic viscosity,
ρ is the density of the fluid and t is the time. It is important to point out that the term
u′ iu′ j, commonly represents the Reynolds stress tensor, which depends on the turbulence
model selected [32].

For URANS calculations, the pressure-based solver was utilized while the pressure-
velocity coupling was handled using coupled algorithm. The second-order upwind scheme
was used for the spatial discretization of the pressure, the turbulence model, and the
momentum equations. The main settings implemented for all the simulations are listed
in Table 3.

Table 3. Details of Numerical Set-Up.

Parameter Symbol Value

Viscous Model SST k-ω k-ω Shear Stress Transport
Air Density ρ 1.225 kg/m3

Air Viscosity µ 1.79 × 10−5 Pa s
Air Velocity U∞ 8 m/s, 20 m/s

Turbulent Intensity 1%
Tip Speed Ratio λ 0.5–1.5

Solver Type Pressure-Based
Calculation algorithm Coupled
Spatial Discretization 2nd

Time discretization According to λ, calculated to achieve
2◦ of rotation per time step

Residuals 1 × 10−4

Note: Tip Speed Ratio, λ = R ω
U∞

.

Turbulence Model

During RANS and URANS simulations, different numerical models can be employed
to determine the eddy viscosity turbulence [21,33]. These turbulence models used for CFD
simulation include: (a) a one-equation Spalart-Allmaras model, (b) two-equation models
such as k-ε (RNG), Realizable k-ε (RKE) and SST k-ω models, (c) three equations model
such SST k-ωwith intermittency (SSTI). Comparisons of their results with experimental
data have been reported by [17,34,35]. In agreement with the previous research [31,36],
the Shear Stress Transport (SST) based models have been demonstrated as being the most
accurate. Among them, the SST k-ω model was shown to be effective for VAWT CFD
simulations. This is mainly because the SST k-ωmodel performs well in the treatment of
the boundary layer over the blades and works well in the air free-flowing areas [16,37,38].
Therefore, the SST k-ωmodel was chosen for this study.
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2.4. Meshing

The computational mesh used in the present study was developed using the ANSYS
19.1 meshing tool. To determine the best mesh size in terms of computational cost and
accuracy, the influence of the computational grid on the main calculations was evaluated.
In this study, three different unstructured computational meshes were tested for a set wind
speed (U∞) of 8 m/s at a tip speed ratio (λ) of 1. Following this analysis, the medium
mesh was selected as the optimal one. This was determined after obtaining an average
power coefficient (Cp) value difference lower than 1.25% when testing the finest mesh. The
number of elements within the computational domains, for each mesh, and their respective
average Cp values, are reported in Table 4.

Table 4. Mesh Independence Test for λ = 1.

Mesh Set
Coarse Medium Fine

Face Sizing Fixed Domain Element Size [m] 0.120 0.080 0.060
Rotor Domain Element Size [m] 0.012 0.0073 0.0053

Edge Sizing Interface Element Size [m] 0.011 0.0069 0.0049
Number of Divisions around

Blades Surface 480 600 600

Elements
Number

Fixed Domain 29,008 75,226 143,289
Rotor Domain 62,416 125,564 216,843

Total 91,424 200,790 360,132
Power

Coefficient
Cp 0.196 0.200 0.202

%Difference of Cp with respect
to the Fine Mesh −3.06% −1.23% /

Similar approaches for grid dimensioning were used for the three meshes considered
in the present study, as follows: (a) First, the triangle method was applied for both domains,
(b) Then, the rotating domain was refined by using a face sizing, (c) Following this step,
the interface between the fixed domain and the rotating domain was refined by using an
edge sizing, (d) Finally, the blades’ surfaces were grid sized by increasing the number of
elements around them and by creating an adequate inflation number for each of them. This
was done to guarantee a y+ value < 1. This approach was considered to capture the viscous
sublayer, as suggested by [20,30]. It is important to mention that the selected medium mesh
size (Figure 4), complies with two conditions: (a) the 0.36 lowest orthogonal quality for the
whole mesh is larger than 0.1 and (b) the 0.79 maximum skewness for the whole mesh is
smaller than the 0.95 maximum advised [38].

2.5. Angular Marching Step

The timestep size is an important parameter when developing unsteady simulations,
since it has a great influence on the final values obtained [37]. In this regard, the simulation
for U∞ = 8 m/s at λ = 1 was considered as the base case, with three different time steps
being evaluated during ten consecutive H-Darrieus wind turbine rotor rotations. This
approach was judged to be reliable in order determine the adequate time step to generate
the most consistent Cp results, at the lowest computational cost. As a result, the three
timesteps evaluated for the base case were 0.003491 s, 0.001745 s and 0.000873 s, which
corresponded to angular marching steps (∆α) of 4◦, 2◦ and 1◦, respectively.

As shown in Figure 5, for each ∆α, the Cp value stabilization required a different
number of simulated rotations, being the case when ∆α = 4 the one that required the
smallest number of simulated rotations. On the other hand, although when ∆α = 2◦,
a higher number of simulated rotations was required to provide stabilized Cp values
than when using ∆α = 4◦, its final Cp value showed a 3% difference only versus the Cp
value calculated when ∆α = 1◦, as reported in Table 5. Thus, ∆α = 2◦ was considered
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a good compromise as an angular marching step, reducing computational cost without
considerably compromising the accuracy of the results.
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Table 5. Timestep Independence Test for λ = 1.

Time Step Angular Marching
Step (∆α) Cm Cp

%Difference of Cp with Respect
to Smallest Time Step

0.003491 s 4◦ 0.200 0.200 −12%
0.001745 s 2◦ 0.220 0.220 −3%
0.000873 s 1◦ 0.227 0.227 <0.1%

3. Results and Discussion

In this work, all calculations were performed using the MATLAB R2021a Software, based
on the values generated with the ANSYS 19.1 Fluent solver. The power coefficient (3) was
calculated using the torque results obtained via CFD simulations. A minimum of eight
rotor rotations were considered for all the simulations. This to guarantee the consistency of
numerical calculations between rotations, as recommended in the technical literature [20].
The average Cp values were then estimated and presented in this section, for U∞ = 8 m/s
and U∞ = 20 m/s, at various tip speed ratios (λ) of interest.

Cp =
Pturbine
Pwind

=
T ω

1
2 ρ U3

∞(2R H)
(3)

where T represents the mechanical torque, ω denotes the rotational speed of the rotor, U∞
stands for the free wind speed, ρ is the air density and, R and H are radius and height of
the rotor, respectively.

Considering the convergence of the results between rotations, the behavior of the
torque, the power coefficient, and the drag and lift forces were reported for the last simu-
lated H-Darrieus wind turbine rotation for both wind speeds, and this for two different
λ values of 0.5 and 0.9. This was done in order to analyze the influence of the wind speed
on the general aerodynamics of the proposed H-Darrieus wind turbine. Finally, graphical
contours were produced at various stages of the H-Darrieus wind turbine operation, to
illustrate the effects of vortex shedding on the performance of the wind turbine and to
relate them to the vorticity index proposed in this study.

3.1. Model Validation

To validate the 2D CFD simulations of the H-Darrieus wind turbine carried out in this
study, the first section of this article compares the calculated average Cp values with the
values reported by Ma et al. [37], at various tip speed ratios (λ). In their work, the authors
evaluated the same rotor configuration for a wind speed (U∞) of 8 m/s with runs developed
in a wind tunnel and by using 3D CFD simulations. Although 2D simulations can generate
certain discrepancies with respect to the experimental results, such simulations can provide
a reliable representation of the flow in the mid-plane of the turbine, at a considerably lower
computational cost than 3D simulations and even 2.5D simulations [17,27]. The differences
obtained in each type of CFD simulation with respect to the data obtained experimentally,
are reported in Table 6.

As shown in Figure 6, simulations predictions of average Cp values for a 2D model
were greater than those obtained in 3D simulation. While 2D simulations may provide
a somewhat limited description of the complex dynamics of the flow, around the wind
turbine [19,29,39], for tip speed ratios ranging from 0.4 to 0.9, the average relative error is
about +/−9.27%, with a maximum relative error value of 27.5%. Therefore, this approach
is acceptable for the validation of the vorticity index (VI) within the expected level of
confidence of the experimental data, when tip speed ratios are below 0.9 values. For λ
values larger than 0.9, observed 2D simulations results could not adequately represent the
experimental data, and therefore were not considered in the present analysis.
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Table 6. Power Coefficient Comparison of 2D SST k-ω Simulation with Experimental Data and 3D
SST k-ω Simulation Results.

Power Coefficient (Cp)

λ
Experimental

Results
[37]

2D
SST k-ω

(This Work)

Relative
Error

2D vs. Exp

3D
SST k-ω

[37]

Relative
Error

3D vs. Exp

0.4 0.028 0.030 5.9% 0.030 5.5%
0.5 0.040 0.036 −10.6% 0.048 19.6%
0.7 0.073 0.053 −27.5% 0.079 8.6%
0.8 0.101 0.108 7.2% 0.105 4.7%
0.9 0.128 0.157 22.9% 0.132 3.1%
1.0 0.167 0.220 31.5% 0.159 −4.7%
1.2 0.190 0.326 71.4% 0.184 −3.3%
1.3 0.195 0.355 81.9% 0.191 −2.0%
1.4 0.186 0.375 101.5% 0.191 2.5%
1.5 0.169 0.385 128.0% 0.180 6.0%
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3.2. Influence of High Winds
3.2.1. Wind Speed Effect on Overall Torque—Convergence Criteria

The stability criteria for the average rotor overall torque values, following two con-
secutive revolutions, was achieved for both low (8 m/s) and high (20 m/s) wind speeds.
As shown in Figure 7, a difference smaller than 1% in the average toque value between
two subsequent rotations was achieved for all the tip speed ratios evaluated, as suggested
by [40]. In this respect, a significant increase of about seven to eight times, in the average
rotor overall torque values was noticed when the wind speed increased from 8 m/s to
20 m/s. In the case of U∞ = 8 m/s simulations (Figure 7a), this value varied between 0.93 N
m (for λ = 0.4) and 2.2 N m (for λ = 0.9), while in the case of the U∞ = 20 m/s simulations
(Figure 7b), the average rotor overall torque varied between 7.2 N m (for λ = 0.4) and
16.7 N m (for λ = 0.9).
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Regarding VAWTs, the upcoming sections of the present article, reports the influences
of drag and lift forces on the performance of the H-Darrieus wind turbine’s rotor. This is
accomplished by considering that the overall torque of the turbine largely depends on the
positions of the blades and the dominant forces on the rotor during its rotations, with this
either being the lift force or the drag force [32,39].

3.2.2. Wind Speed Effect on Drag and Lift Forces

One of the main advantages of VAWTs is that they do not require a specific wind
orientation mechanism to operate (Table 1), which is of great importance in regions of
high rotating winds. It is, however, also well known that the aerodynamic forces during
VAWTs operation are cyclic and contribute to fatigue and low power coefficients (Cp) while
compared to the ones obtained in HAWTs.

In the case of an H-Darrieus wind turbine, the aerodynamic forces generated on
the sectional profile of the blades as consequence of airflow through the turbine rotor,
are significantly influenced by the azimuthal angle (θ) [27] and the angle of attack α of
the wind. These forces, generally referred to as the lift forces (FL) and drag forces (FD)
correspond to the force perpendicular to the flow and the force in the direction of the wind
relative flow velocity (W), respectively [41]. Thus, based on FL and FD, the accountable
forces of the torque such as normal forces and the tangential forces, can be established as
described in Figure 8.

Figures 9 and 10 report the drag and the lift forces on the 3 blades of the H-Darrieus wind
turbine for the same wind speed (U∞ = 8 m/s) at two different tip speed ratios: λ = 0.5 and
λ = 0.9. Furthermore, these figures show not only the displacements of the maximum
and minimum values of these aerodynamic forces but also the variations in their cyclical
behavior, both in terms of magnitude, and in terms of distribution over a rotational period.
Then, one can notice that in the case for the drag forces, the maximum and minimum values
on the main blade at λ = 0.5 (Figure 9a) are reached at θ = 60◦ and θ = 176◦, respectively. At
λ = 0.9 (Figure 9b), there is a peak displacement, and these values are reached at θ = 84◦ and
θ = 162◦, respectively. On the other hand, in the case for lift forces, the displacement effect
is small, and the maximum and minimum values on the main blade are reached at θ = 118◦

and θ = 50◦, respectively when λ = 0.5 (Figure 10a), and at θ = 114◦ and θ = 54◦, respectively
when λ = 0.9 (Figure 10b). Thus, it can be observed that at higher λ, the drag forces on the
blades increase significantly (Figure 9). Furthermore, in the case of the lift forces (Figure 10),
an effect of λ on the second negative peak of the distribution in the θ = 60◦–180◦ azimuthal
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range is evidenced. One can see that this second minimum (−20 N) is attained at an earlier
azimuthal angle, as compared to the angle reached when λ = 0.5 (−10 N).
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Figure 9. Drag Force for Blades 1, 2 and 3 at Various Azimuthal Angles, for U∞ = 8 m/s at
(a) λ = 0.5 and (b) λ = 0.9, Using the 2D Model of the Present Study.
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Figure 10. Lift Force for Blades 1, 2 and 3 at Various Azimuthal Angles, for U∞ = 8 m/s at
(a) λ = 0.5 and (b) λ = 0.9, Using the 2D Model of the Present Study.

On the other hand, when the behavior of the drag force (Figure 11) and the lift force
(Figure 12) on the main blade for both wind speeds are compared, they show practically
identical distributions, with the maximum and the minimum values of these two forces on
the main blade being reached approximately at the same azimuthal angles (θ).
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Processes 2023, 11, 644 13 of 28

Processes 2023, 11, x FOR PEER REVIEW  14  of  31 
 

 

Then, when the main blade (Blade 1) starts to turn counterclockwise from the θ = 0° 

angular position (Figure 8), a “dynamic stalling” effect seems to start to develop with lift 

forces decreasing and drag forces increasing progressively. One can observe that for Blade 

1, lift and drag force minimum and maximum values take place between θ = 50° and θ = 

64° with a lift force magnitude change from −30 N for 𝑈 = 8 m/s to −190 N for 𝑈 = 20 m/s 

(Figure 12a). There are no significant changes in this azimuthal angle, when  𝜆  increases 
from 0.5 to 0.9 (Figure 12b). In addition, and at the same conditions, drag forces on Blade 

1 show a peak increase from 38 N for 𝑈 = 8 m/s to 250 N for 𝑈   = 20 m/s (Figure 11a) 280 

N for 𝑈   = 20 m/s is even reached when  𝜆  increases from 0.5 to 0.9 (Figure 11b). 

 
   

Figure 11. Drag Force for Blade 1at Various Azimuthal Angles, for 𝑈   = 8 m/s and 𝑈   = 20 m/s at: 

(a)  𝜆  = 0.5 and (b)  𝜆  = 0.9, Using the 2D Model of the Present Study. 

   
   

Figure 12. Lift Forces for Blade 1at Various Azimuthal Angles, for 𝑈   = 8 m/s and 𝑈   = 20 m/s at: 

(a)  𝜆  = 0.5 and (b)  𝜆  = 0.9, Using the 2D Model of the Present Study. Note: The direction of the lift 

forces is established using as a reference the vertical “y” axis. 

A summary of both the maximum and the minimum drag and lift forces for Blade 1 

and their corresponding angles of attack, for both 𝑈 = 8 m/s and 𝑈 = 20 m/s at the two 

𝜆  of  interest,  is reported  in Table 7. One can observe, on  this basis,  that  the maximum 

Figure 12. Lift Forces for Blade 1at Various Azimuthal Angles, for U∞ = 8 m/s and U∞ = 20 m/s at:
(a) λ = 0.5 and (b) λ = 0.9, Using the 2D Model of the Present Study. Note: The direction of the lift
forces is established using as a reference the vertical “y” axis.

In the case of a fixed pitch blade, as the angle of attack increases, “static stall” con-
ditions are reached, with flow separation and draft forces being greater than lift forces.
However, due to the rotation of a VAWT, there is a pitching oscillation of the blades that
results in a “dynamic stall” condition. This condition is characterized by a vortex genera-
tion that starts at the leading edge of the blade and is shed later, with lift and drag forces
fluctuating [25] as the angle of attack rapidly changes. Thus, as the wind turbine rotate,
different azimuthal angles are reached and the angle of attack (α) on each blade influences
drag and lift forces. The influence of λ and the azimuthal position (θ) on the angle of attack
(α) can be described as proposed by Laneville & Vittecoq [42]:

tan (α) =
Sin (θ)

(Cos (θ) + λ)
(4)

Then, when the main blade (Blade 1) starts to turn counterclockwise from the θ = 0◦

angular position (Figure 8), a “dynamic stalling” effect seems to start to develop with lift
forces decreasing and drag forces increasing progressively. One can observe that for Blade 1,
lift and drag force minimum and maximum values take place between θ = 50◦ and θ = 64◦

with a lift force magnitude change from −30 N for U∞ = 8 m/s to −190 N for U∞ = 20 m/s
(Figure 12a). There are no significant changes in this azimuthal angle, when λ increases
from 0.5 to 0.9 (Figure 12b). In addition, and at the same conditions, drag forces on Blade
1 show a peak increase from 38 N for U∞ = 8 m/s to 250 N for U∞ = 20 m/s (Figure 11a)
280 N for U∞ = 20 m/s is even reached when λ increases from 0.5 to 0.9 (Figure 11b).

A summary of both the maximum and the minimum drag and lift forces for Blade
1 and their corresponding angles of attack, for both U∞ = 8 m/s and U∞ = 20 m/s at the
two λ of interest, is reported in Table 7. One can observe, on this basis, that the maximum
position of the drag forces for U∞ = 8 m/s shifts from θ = 60◦ to θ = 84◦ as the tip speed
ratio increases from 0.5 to 0.9. This change can also be seen when U∞ = 20 m/s is used,
with the maximum position of the drag force moving from θ = 64◦ to θ = 90◦. In the case
of the lift forces, the displacement effect is negligible. Maximum lift force peaks for Blade
1, for both wind speeds, are observed at λ = 0.5 and λ = 0.9, in the θ = 118◦–120◦ and
θ = 114◦–116◦ azimuthal range, respectively.
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Table 7. Summary of Maximum and Minimum Drag and Lift Forces on the Blade 1 for U∞ = 8 m/s
and U∞ = 20 m/s at both λ = 0.5 and λ = 0.9.

λ θ [Degrees] α [Degrees]

Figure 9
Drag Forces
U∞ = 8 m/s

0.5
60 40.9 Max. Drag
176 −8.0 Min. Drag

0.9
84 44.7 Max. Drag
162 −80.6 Min. Drag

Figure 10
Lift Forces

U∞ = 8 m/s

0.5
50 33.8 Min. Lift
118 88.0 Max. Lift

0.9
54 28.5 Min. Lift
114 61.6 Max. Lift

Figure 11
Drag Forces
U∞ = 20 m/s

0.5
64 43.8 Max. Drag
180 0.0 Min. Drag

0.9
90 48 Max. Drag
164 −77.5 Min. Drag

Figure 12
Lift Forces

U∞ = 20 m/s

0.5
50 33.8 Min. Lift
120 90 Max. Lift

0.9
54 28.5 Min. Lift
116 62.8 Max. Lift

3.2.3. Wind Speed Effect on Individual Torque

Regarding the torque values obtained on each of the H-Darrieus wind turbine blades,
for U∞ = 8 m/s one can observe that they present a cyclic pattern at both λ = 0.5 and
λ = 0.9 (Figure 13), with the torque being related to the position of the individual blades, at
different azimuthal angles. One can note that the peak torque values for each blade show
a close to 26◦ azimuthal angle difference, when λ increases from 0.5 to 0.9. This can be
assigned to the substantial change in the angle of incidence of each blade, according to the
rotor position.
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(b) λ = 0.9, Using the 2D Model of the Present Study.

On this basis, it is possible to envision how an increment in the rotor speed increases
the torque on the blades and shifts their peaks. Furthermore, when comparing the behavior
of the torque on Blade 1, for a complete rotation of the rotor, and using both U∞ = 8 m/s and
U∞ = 20 m/s (Figure 14), one can notice that the maximum and minimum torque values on
the main blade are reached at close θ values for both wind speeds. It can also be noticed
that torque values generated at U∞ = 20 m/s are ten times larger than those produced
at U∞ = 8 m/s. However, given that for both U∞ the peak and low torque distribution
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functions show a similar trend, one can conclude that both a substantial torque increase and
oscillations can be expected at higher wind velocities. On the other hand, for a U∞ = 20 m/s
at λ = 0.5 (Figure 14a), maximum and minimum torque values on Blade 1 are reached at
θ = 50◦ (α = 33.8◦) and θ = 100◦, respectively. While for U∞ = 20 m/s at λ = 0.9 (Figure 14b)
the maximum torque is reached at θ = 78◦ (α = 41.4◦) and the minimum torque shifts
to θ = 316◦.
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By relating the position of the peak drag force on Blade 1 (Figure 9) to the maximum
torque on it (Figure 13), one can conclude that the drag forces have a greater influence on
torque peak than lift forces, having Blade 1 under dynamic stall conditions in the θ = 0◦ to
θ = 60◦ azimuthal position range. This is also valid for U∞ = 20 m/s, with maximum torque
values being obtained when θ = 50◦ and θ = 78◦ (Figure 14). Likewise, as shown in Figure 8,
when Blade 1 is in the θ = 60◦ to θ = 120◦ azimuthal position range, it will experience lift
force vectors impacted by an asynchronous system of forces that affect both torque and
power. This effect has been anticipated for a H-Darrieus wind turbine, where mechanical
power is the result of the overall torque, mainly attributed to aerodynamic lift forces [43].

Additionally, from the torque patterns observed at different azimuthal positions, for
both wind speeds at λ = 0.5 and λ = 0.9 (Figure 14), it can be observed that a positive
torque value on the main blade is reached before θ = 90◦. However, beyond this point,
the torque is relatively small or negative. Similar torque patterns were recorded at both
λ, with torque magnitudes differences speeds between both wind speeds 30% larger for
λ = 0.9 than for λ = 0.5. Regarding the results obtained in this work, torque pulsation
reductions as a consequence of tip-speed-ratio increases can be explained by an increased
propensity of the flow to stay attached to the blade surface. This has been analyzed by
Ahmedov & Ebrahimi [25] through simulations of a 4 blade H-Darrieus wind turbine under
turbulent winds. This appears to be consistent with torque results presented in Figure 14
for both, low (8 m/s) and high (20 m/s) wind speeds.

3.2.4. Wind Speed Effect on the Power Coefficient

As previously mentioned, at high wind speeds, the torque on the three blades increases
considerably, with the average Cp values remaining at similar levels (Figure 6). Likewise,
the Cp changes during a complete rotor’s rotation are almost the same for both wind speeds,
either at λ = 0.5 or at λ = 0.9, with minimal differences in their magnitudes, as shown
in Figure 15.
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According to (3), it is apparent that the maximum value of Cp is obtained at a maximum
overall torque (T). This occurs at azimuthal angles (θ) that are close to those of the torque
peak values for each one of the blades. In the case of the main blade, when U∞ = 8 m/s,
the azimuthal angles for the maximum Cp were θ = 48◦ and θ = 74◦ at λ = 0.5 as at λ = 0.9.
Torque peak values were obtained at θ = 46◦ and θ = 72◦, respectively. Similar behavior
was observed for U∞ = 20 m/s.

3.3. Vorticity Index Results

Dynamic stall is a process that results in an increase of lift forces, due to rapid changes
of the angle of attack of the airfoil. This is normally characterized by a delayed flow separa-
tion over an aerodynamic airfoil, which is beyond the steady-state stall angle [44]. As shown
in Figure 12, it produces an increased lift that is also followed by a lift decay related to vortex
separation conditions, during rotor rotation. According to Ahmedov & Ebrahimi [25], the
occurrence and intensity of the dynamic stall effect can be related to the reduced frequency
(k*) parameter. In a VAWT, the k* represents the ratio between the time required for the
wind to pass over a blade and the time needed for the angle of attack to change from posi-
tive to negative, with this representing he degree of unsteadiness of the airfoil [45]. In order
to further address this issue, and as shown in Figure 16, for λ = 0.5, and in Appendix A
for λ = 0.9, the vorticity magnitude [46] and its changes over the blade surface, have to be
considered. It can be observed that vorticity magnitude reaches maximum values, either at
the blade leading edge (LE) or the blade trailing edge (TE), at different azimuthal angles.

When analyzing these vorticity magnitude values at the leading edge (LE) and the
trailing edge (TE) of Blade 1, for U∞ = 8 m/s and U∞ = 20 m/s, it was found that the
azimuthal angle of the maximum lift force and torque can be predicted. This is done by
relating the vorticity levels at both the LE and the TE of the blade. Therefore, a “Vorticity
Index (VI)” was defined as the ratio between the leading edge vorticity (LEV) and the
trailing edge vorticity (TEV), for different azimuthal positions:

Vorticity Index (VI) =
Leading Edge Vorticity (LEV)

Trailin Edge Vorticity (TEV)
(5)

It was found that maximum torque values shown in Figures 13 and 14 are related to
this definition. Vorticity Index results for U∞ = 8 m/s and U∞ = 20 m/s are available in the
Appendices B and C, respectively.
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As shown in Figure 17, by plotting vorticity values at the LE and the VI results with
the azimuthal position of Blade 1 at λ = 0.5 and λ = 0.9 for U∞ = 8 m/s, it is observed that
LEV increases until reaching a maximum value at θ = 40◦ and at θ = 70◦ for λ = 0.5 and
λ = 0.9, respectively. Concerning the vorticity index plot, a VI reduction is observed for
λ = 0.9, occurring from the θ = 0◦ to θ = 40◦ azimuthal position range. Afterwards, from
θ = 40◦ to θ = 70◦, VI values remain close to constant. For azimuthal angles larger than
θ = 70◦, VI starts decreasing rapidly until minimum values are reached. Similar results were
observed for λ = 0.5, with a smaller range of constant VI values from the θ = 25◦ to θ = 40◦

azimuthal angles. It was also found that maximum torque values shown in Figure 13, are
located at about the same azimuthal angles where the LEV for Blade 1 reaches a maximum
value and the VI starts to decrease. These critical azimuthal angles are associated with
an average VI ≈ 4.2 either at λ = 0.5 or λ = 0.9, for both U∞ = 8 m/s (Figure 17) and
U∞ = 20 m/s (Figure 18).

Then, considering Figure 19a,b, it can also be confirmed that a highest and consistent
4.2 VI value is reached at maximum torques. This is the case for U∞ = 8 m/s, with a
maximum torque being located at θ = 40◦ when λ = 0.5 and at θ = 70◦ when λ = 0.9.
Similarly, the maximum torque position for U∞ = 20 m/s is located at θ = 50◦ when λ = 0.5
and at θ = 80◦ when λ = 0.9. Thus, reported results show that maximum torque conditions
take place when VI close to 4, with the boundary layer starting to separate from the blade
LE surface without a vortex formation.

As previously shown in Figure 19, the vorticity index (VI) is a valuable indicator
to identify the azimuthal angle where a maximum torque is reached. Furthermore, an-
alyzing the variations of the vorticity as shown in Figures 17 and 18, it was found that
there is a relationship between the VI and maximum drag and lift forces as shown in
Figures 20 and 21. This condition can be used to identify a so-called “Imminent Vortex
Separation Condition (IVSC)”.
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It is noticed that VIs are related to the azimuthal angle position of the maximum
drag force, and this occurs when the vorticity magnitude at the leading edge reaches a
maximum values and starts decreasing once the dynamic stall vortex (DSV) detaches from
the blade. This condition designated as the Imminent Vortex Separation Condition (IVSC),
is determined by the magnitude of the VIs at the LE and TE changing from values greater
than 1 to values close to 1. This condition is consistently followed by another IVSC, with
VIs changing now, from the TE to the LE with VIs reaching 0.18 levels.
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U∞ = 20 m/s at: (a) λ = 0.5 and (b) λ = 0.9, Using the 2D Model of the Present Study.

As shown in Figure 20, it can be noticed that the azimuthal position of the maximum
drag force is independent of the wind speed and is only a function of the λ values. Never-
theless, when the wind speed increases from 8 to 20 m/s, it leads to a 30◦ difference in the
azimuthal angle of the maximum drag force and this for both λ values. Furthermore, when
λ equals 0.5 (Figure 20a), a maximum drag force is obtained at θ = 60◦ for both wind speed
velocities with VI being 1.73 on average. Likewise, when λ equals to 0.9 (Figure 20b), the
maximum drag force is obtained at θ = 90◦ for both wind speed velocities with VI being
1.8 on average. Under these conditions, it was identified that a VI change from a value
greater than 1 to a close to 1, and this is a typical example of the IVSC condition. This is
justifiable given VI is defined as the ratio between the vorticity at the LE and the TE. For
instance, a VI of 1 is obtained for Blade 1 for both U∞ = 8 m/s and U∞ = 20 m/s at θ = 70◦

when λ = 0.5 and at θ = 110◦ when λ = 0.9.
Regarding lift forces, it is claimed that the dynamic stall process and the formation of

a Dynamic Stall Vortex (DVS) with changes in the angle of attack, indicate that maximum
lift forces are exerted when the flow separation is completed [44]. This is followed by a
sudden decrease of lift forces. In agreement with this and as reported in Figure 21a, it can
be observed that at λ = 0.5, maximum lift forces, appear at vortex separation from the TE of
Blade 1, for both U∞ = 8 m/s and U∞ = 20 m/s, having VI values of close to 0.17, with this
providing another example of IVSC.
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Furthermore, Figure 21a, reports those findings, with a vortex separation moving from
the TE to LE for λ = 0.5. However, when the tip speed ratio increases to 0.9 (Figure 21b),
the maximum lift forces are reached at θ = 110◦ for both wind speeds, displaying VI close
to 1 related to a vortex separation from the LE of the blade. The reported data confirms
then, that maximum lift forces for Blade 1 are related to a VI of 1 and this when an IVSC
condition occurs.

Additionally, as shown in Figure 22a,b,e,f, it can be observed that an IVSC from the LE
of Blade 1 is reached when the VI value is equal to 1.0, with this being the case for both
wind speeds and at different tip speed ratios. Therefore, an IVSC from the LE to the TE of
Blade 1 can be expected when VI = 1. This means that following this event, there is vortex
separation on the suction side of the blade. Furthermore, and as shown in Figure 22c,d,
when λ = 0.5, there is a correspondence of an IVSC from the trailing edge of the blade at
θ = 110◦. This is coincident with the maximum lift values (Figure 21a), when the VI is in
the 0.15–0.19 range. These results indicate that any time the vorticity index is close to 1, the
vortex separation condition from the LE to the TE of the blade will take place and when
the VI is close to 0.18 value, the IVSC from the TE towards the LE of the blade will take
place. Therefore, according to the VI values, the points of maximum lift and maximum
torque can be related to the azimuthal position of each blade, and to the influence of the
dynamic stall effect. Under this condition, the vortex separation occurring from the LE
to the TE of the blade, and vice versa, is responsible for VAWT performance. Beyond the
azimuthal position of maximum torque, there is a marked reduction in the vorticity, which
is characterized by a drop in the VI from a constant ratio of about 4, to very low values
of about 0.15.

Thus, during the rotation of Blade 1, having a fixed angle of attack and varying
azimuthal angles, there are two conditions at which the VI approaches 1. One is when
the drag force reaches a maximum value, and a second is when the lift force displays a
maximum level, with this being true at any wind speed considered. Both conditions are
characterized by an IVSC starting at the LE and moving towards the TE of the Blade 1. The
IVSCs are determined by the angle of attack of the blade, a parameter that is a function of
the azimuthal blade position. It can be concluded that a maximum drag force occurs during
the first quarter and a maximum lift force at the second quarter of the blade circumferential
path. In addition, when the VI approaches a value of around 0.20, a reverse imminent
vortex separation condition from the TE to the LE is expected. Here, there is a very modest
influence of the maximum lift on the overall wind turbine torque. One should notice that
in the present study, this occurs at an azimuthal angle of 110 degrees.

Furthermore, by combining a visual interpretation of the air flow and vorticity patterns
through the CFD simulation analysis, one can conclude that the VI represents a significant
parameter that describes the vorticity and dynamic stall influence on lift forces and torque.
As a result, and to improve the performance of a VAWT, the turbulence and vorticity
have to be reduced through the development of innovative configurations and design
parameters, including blade geometry, pitching cycles or/and solidity ratios. Thus, it is
expected that in this respect, the vorticity index can provide a quantity that can be used
to characterize more objectively different VAWT configurations in board ranges of wind
speeds and dimensionless tip speed ratios and this in order to address different strategies
for improving them with more favorable better Cp coefficients.
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4. Conclusions

In this work, Unsteady Reynolds Averaged Navier-Stokes (URANS) simulations are
successfully developed using the ANSYS Fluent software to evaluate the performance
of a vertical H-Darrieus wind turbine configuration at wind conditions of 8 and 20 m/s.
The wind turbine was first simulated by means of a 2D CFD model. This 2D model was
then validated by comparing it with a 3D CFD model and experimental data, for a wind
speed (U∞) of 8 m/s. This evaluation showed that the 2D model was more precise in
determining tip speed ratios (λ) of up to 1. Additionally, the 2D model was able to predict
the vorticity distribution on each blade, at two different tip speed ratios: λ = 0.5 and λ = 0.9.
Furthermore, URANS simulations of the H-Darrieus wind turbine, showed the following:

• The average overall torque values for a complete rotor rotation period are found to
provide good numerical convergence criteria [20] for high (20 m/s) wind speeds.

• The maximum drag forces for 8 and 20 m/s wind speeds, are obtained for an azimuthal
angle (θ) range of 65◦ to 85◦. This corresponds to an angle of attack (α) close to 45◦.
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• The maximum torque on the main blade, for 8 and 20 m/s wind speeds is delivered at
the following azimuthal positions: between θ = 45◦ and θ = 50◦ (α = 31.1–33.8◦) for
λ = 0.5, and between θ = 72◦ and θ = 78◦ (α = 38.2–41.4◦) for λ = 0.9.

• Much higher torques are delivered at 20m/s, versus the ones produced at 8m/s.
Nonetheless, high wind speeds showed just a moderate influence on the final average
power coefficient value of a 3-bladed H-Darrieus VAWT. The overall gains are lessened
by the increased turbulence and vorticity, which reduce the energy extraction by the
rotor during the wind turbine operation, within the same range of tip speed ratios.
This matter may require further studies.

• The torque is significantly reduced for blade azimuthal angles θ > 90◦. This even
yielded negative torque values, which are attributed to flow separation and strong
vorticity interactions with the blades.

• The flow vorticity has a noticeable relation with the turbine performance. The leading
edge vorticity (LEV) increases until the blade rotation reaches the azimuthal angle of
maximum torque. The proposed vorticity index (VI) displays a constant value around
4 before reaching this maximum torque.

• The VI can be used to quantitatively assess vortex separation conditions. After the
maximum torque azimuthal position, VI starts decreasing rapidly until minimum
values reached because of vortex generation at the LE of the blade and vorticity accu-
mulation at its TE. Furthermore, when the VI attains a value of 1, the Imminent Vortex
Separation Condition (IVSC) takes place with the vortex formed by dynamic stall con-
dition almost detaching from the LE of the blade. This occurs at comparable azimuthal
angles for equal tip speed ratios, with this being independent of the wind speed.
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Notation
c Chord Length [m]
Cp Power Coefficient
D Rotor diameter [m]
FD Drag force [N]
FL Lift force [N]
H Blade span [m]
k∗ Reduced frequency
N Number of blades
P Power [W]
p Mean pressure [Pa]
q Dynamic pressure [Pa]
R Rotor Radius [m]
t Time [s]
T Torque [N m]
u Mean fluid velocity [m s−1]
u′ Fluctuating fluid velocity [m s−1]
U∞ Wind speed [m s−1]
Va Wind induced velocity [m s−1]
W Wind relative flow velocity [m s−1]
y+ Non-dimensional first cell wall distance
Greek Symbols
α Angle of attack [deg]
∆α Angular marching step [∆deg]
θ Azimuthal angle [deg]
λ Tip speed ratio = R ω

U∞
[-]

µ Fluid viscosity [Pa s]
v Kinematic viscosity [m2/s]
ρ Fluid density [kg m−3]
σ Solidity = N c

D [-]
ω Angular velocity [rad s−1]
Abbreviations
CFD Computational Fluid Dynamics
DVS Dynamic Stall Vortex
HAWT Horizontal Axis Wind Turbine
IVSC Imminent Vortex Separation Condition
LE Leading Edge
LEV Leading Edge Vorticity
RANS Reynolds Averaged Navier-Stokes method
SRS Scale Resolving Simulation
SST Shear Stress Transport
TE Trailing Edge
TEV Trailing Edge Vorticity
TSR Tip Speed Ratio
URANS Unsteady Reynolds Averaged Navier–Stokes
VAWT Vertical Axis Wind Turbine
VI Vorticity Index

Appendix A

This appendix reports the vorticity values at the leading edge (LE) and the trailing
edge (TE) of Blade 1, for U∞ = 8 m/s and U∞ = 20 m/s, at λ = 0.9 and for different
azimuthal positions.
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(b1–b5) U∞ = 20 m/s.



Processes 2023, 11, 644 26 of 28

Appendix B

This appendix documents all the vorticity values obtained from the 2D CFD model
simulations, for U∞ = 8 m/s, at both λ = 0.5 and λ = 0.9.

Table A1. Vorticity at the Leading Edge (LE) and Trailing Edge (TE) and VI for Blade 1 at Various
Azimuthal Angles for U∞ = 8 m/s.

λ = 0.5 λ = 0.9
θ

(Deg)
LEV
(1/s)

TEV
(1/s) VI LEV

(1/s)
TEV
(1/s) VI

0 109,113 14,749 7.40 177,441 17,382 10.21
30 356,125 74,080 4.81 254,667 52,409 4.86
40 447,702 97,372 4.60 351,808 85,683 4.11
50 425,774 119,716 3.56 435,962 106,290 4.10
60 198,316 118,434 1.67 510,197 122,400 4.17
70 153,440 152,854 1.00 547,857 134,543 4.07
80 104,366 214,936 0.49 388,710 144,981 2.68
90 66,788 260,797 0.26 227,554 136,518 1.67
100 48,225 229,827 0.21 160,139 114,489 1.40
110 37,120 197,066 0.19 108,520 107,670 1.01
120 31,700 159,208 0.20 67,643 93,420 0.72
130 47,272 131,531 0.36 36,521 62,172 0.59
150 61,833 112,285 0.55 5273 26,617 0.20
180 3525 109,692 0.03 95,543 186,638 0.51
210 25,936 305,729 0.08 139,748 132,173 1.06
240 34,814 199,575 0.17 125,114 30,306 4.13
260 62,373 8341 7.48 130,162 23,938 5.44
280 151,299 42,150 3.59 147,775 28,452 5.19
290 156,562 76,667 2.04 155,332 44,992 3.45
310 134,699 50,313 2.68 163,063 94,642 1.72
330 133,190 27,380 4.86 173,659 19,959 8.70
360 109,113 14,749 7.40 177,441 17,382 10.21

Appendix C

This appendix documents all the vorticity values obtained from the 2D CFD model
simulations, for U∞ = 20 m/s, at both λ = 0.5 and λ = 0.9.

Table A2. Vorticity at the Leading Edge (LE) and Trailing Edge (TE) and VI for Blade 1 at Various
Azimuthal Angles for U∞ = 20 m/s.

λ = 0.5 λ 0.9

θ
(Deg)

LEV
(1/s)

TEV
(1/s) VI LEV

(1/s)
TEV
(1/s) VI

0 374,621 50371 7.44 798,284 58,817 13.57
30 1,420,000 319,441 4.45 915,416 252,055 3.63
40 1,822,510 415,671 4.38 1,354,560 382,740 3.54
50 2,102,810 503,018 4.18 1,708,160 455,701 3.75
60 977,838 550,173 1.78 1,999,970 512,715 3.90
70 618,315 602,600 1.03 2,261,180 561,845 4.02
80 448,167 740,703 0.61 2,345,430 586,044 4.00
90 282,028 1,014,620 0.28 1,162,440 598,037 1.94
100 183,997 972,682 0.19 661,746 504,683 1.31
110 137,458 830,830 0.17 463,944 416,734 1.11
120 110,174 696,534 0.16 292,919 353,002 0.83
130 142,477 564,754 0.25 163,461 240,015 0.68
150 479,418 422,522 1.13 25,712 147,822 0.17
180 25,802 505,638 0.05 456,111 851,410 0.54
210 119,269 1,124,200 0.11 642,122 532,874 1.21
240 158,636 766,737 0.21 614,202 119,143 5.16
260 226,673 25,705 8.82 603,590 103,893 5.81
280 603,043 171,088 3.52 637,702 72,947 8.74
290 628,803 336,567 1.87 646,205 97,522 6.63
310 523,672 263,367 1.99 669,941 705,871 0.95
330 555,391 160,771 3.45 715,332 258,413 2.77
360 374,621 50,371 7.44 798,284 58,817 13.57
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