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ABSTRACT

The popularity of small wind turbines intended for domestic use has significantly increased during the
recent years, and it is reasonable to assume that this trend will continue given the present political and
economic environment. There is a greater need for clean, pollution-free energy due to worries about
climate change. In this study, a 1.5 KW vertical-axis Darrieus helix wind turbine for residential use was
designed and its performance was mathematically evaluated under typical wind speed circumstances of 12
m/s. The study is split into two sections: In the first, we examined a standard wind turbine design with
three identical blades, whereas in the second, the blades were different, each with a unique airfoil with a
varying chord, even though they shared the same rotor diameter. For each case, 5 CFD simulations were
performed in order to determine the power characteristics of the wind turbines. To correctly set up the
computational domain, the number of elements and the minimum element size were taken into account
whereas mesh dependency analysis was performed. In order to compare the results, the vorticity
magnitude was measured at 4 different blade locations in each boundary condition. The results showed
that when the power coefficient of the turbines is considered, such geometry adjustments are possible.
Furthermore, the evolution of the torque coefficient over a full 360-degree rotation was studied. A

summary of the improvements in performance resulting from the geometry adjustment is provided.
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I.  INTRODUCTION

The world's energy systems are radically changing to focus
on environmentally friendly and sustainable options [1]. At the
same time wind power is becoming a key component in this
search for renewable energy. In the current context of energy
crisis [2] and of a potential future crisis [3], European Union
regulations on nullifying combustion gas emissions by the year
2050 make the development of alternative energy sources like
wind turbines or solar power plants [4], one of the only viable
options to sustain a society that depends on electricity [5].
Energy availability over the past 30 years [6] shows how
difficult and slow it is to eliminate natural gas, solid fossil
fuels, and petroleum product exploitation as energy sources.
While renewable energy sources have steadily increased in
quantity, burning-dependent energy sources have declined at a

much slower pace. The current longevity of wind turbines has
only served to further slow down this process—after a mean
service life of about 20 years, the blades need to be replaced,
whereas the old parts are either recycled, burned, or end up in
landfills. This raises a number of environmental concerns about
these energy sources effects [7].

Wind energy, a promising and eco-friendly resource, has
shown remarkable growth over the past few decades [8].
Notable examples that have made substantial contributions to
wind energy expansion include countries such as Romania [9],
Switzerland [10], or China [11, 12]. Furthermore, the European
Union as a whole has experienced significant advancements in
wind energy utilization [13, 14]. Due to their advantages over
the Horizontal Axis Wind Turbines (HAWTSs) [15], in urban
and suburban locations [16], Vertical Axis Wind Turbines
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(VAWTs) have become a feasible alternative among all wind
turbine configurations for home usage. Owing to their
omnidirectional operation, smaller and more space-efficient
design, and quieter operation [17, 18] than those of an HAWT,
the VAWTSs are more suitable for domestic use. Wind turbines
categorization does not solely take axis orientation into
account. Wind turbines can be categorized by how the turbines
interact with the electrical grid (off-grid or on-grid) and how
they harvest the wind kinetic energy (with the help of the drag
force or the lift force). However, the same mathematical
formula [19] - which states that wind power is exactly
proportional to speed to the third power - is used to begin the
design process in all cases.

A wind turbine's operating environment [20], including its
intended power output, average wind speed in the region,
placement height, and terrain, must be taken under
consideration during the designing process. It is essential to
analyze the average wind speed [21] in the area. This analysis
is important in determining the turbine primary dimensions
(height and diameter) as well as the number of blades the
turbine should use. Odd numbers of blades are advised since
even numbers significantly reduce the tip speed ratio interval
across which the turbine can produce power [22]. The latter
also increase the possibility of aerodynamic equilibrium [23],
which might leave the turbine ineffective in the starting
process. Geometry adaptation is an essential way to improve
VAWT performance. Researchers are investigating ways to
optimize turbine height, support structures, blade positioning
[24], blade shape [25], number of blades [26], and the number
of rotors through iterative design modifications and
Computational Fluid Dynamics (CFD) - based analysis.
Authors in [27] examine a new VAWT with two counter-
rotating rotors. Furthermore, in order to achieve greater
efficiency and lower cut-in speeds, variables like material
choice, blade curvature, and aerodynamic characteristics are
crucial. As a result, VAWTSs are more suited for low-wind
speed areas frequently encountered in urban environments [28].

The simulation of CFD models use has become an
indispensable method in contemporary wind turbine design
when it comes to maximizing the power coefficient and the
overall efficiency while trying to minimize the cost. The
complex fluid flow phenomena surrounding VAWTs, which
are governed by the Navier-Stokes equations [29], may be
thoroughly examined using CFD models. Genetic algorithms
[30] are a class of optimization algorithms that may be used to
optimize the VAWT design [31]. They are inspired by the
principles of genetics and natural selection. The initial
population of possible VAWT designs is randomly generated at
the first stage, and each design is represented by a set of
parameters [32]. Subsequently, an assessment function will be
employed to assess the effectiveness of every design.
Afterwards, the genetic processes of selection, crossover, and
mutation are implemented, and a fitness function is utilized to
measure the performance of each design. Following that, the
population evolves over a number of generations [33]. The best
design of the final population is chosen when the algorithm
stops, either by obtaining an optimum design or when a stop
condition such as the maximum generations number is reached
[34].

This research proposes a novel, asymmetric profile
consisting of 3 distinct NACA airfoils with varied chord
lengths positioned on the same radius. This new design intends
to enhance the VAWT's overall performance and aerodynamic
efficiency, especially in low-wind speed areas that are common
in urban environments. The suggested adaptation of the
geometry has the potential to improve energy extraction while
preserving the small size and space-saving design of VAWTs.

II. GEOMETRY GENERATION

This study examined two geometric cases: the first has 3
identical NACA airfoils with the same chord length that are
symmetrically positioned with respect to the turbine vertical
axis of symmetry. The second involves 3 distinct NACA
airfoils with varying chord lengths. Five simulations were run
for each example in order to determine the relationship
between the power coefficient and the Tip Speed Ratio (TSR).
A 3D CAD model of the VAWTs under consideration is
displayed in Figure 2, along with a cross-section for each case.
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Fig. 1.

The Darrieus VAWT: (a) baseline, (b) new solution.

The parameters of both geometries taken into consideration
are listed in Table 1. The final value taken into account in the
final results is the chord's second value. In order to enhance the
performance of blades 1 and 3, which were determined to have
a lower power coefficient than the second blade following a
CFD simulation at the ideal TSR, the chord was increased.

TABLE L. GEOMETRY PARAMETERS
Parameter Value
Baseline case New case

Blade 1 airfoil NACA0012
Blade 2 airfoil NACA0020 NACAO0018
Blade 3 airfoil NACA0024
Blade 1 chord 0.33m
Blade 2 chord 0.3 m 0.3 m
Blade 3 chord 0.356 m
Blade diameter 2 m 2m

Blade height 3m 3m

Wind speed 12 m/s 12 m/s
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III. NUMERICAL SIMULATION

A three-dimensional simulation is perhaps the most
accurate way to simulate the flow around a wind turbine. This
research focuses on the airflow in a two-dimensional sector of
the turbine, since the primary drawback of the 3-D simulation
is the computational work and time required to complete the
simulation. Nevertheless, this will not allow the consideration
of the impact of the vortices that may be formed at the top or
the bottom of each blade. The two-dimensional geometries
under analysis were created using the Ansys Design Modeler @
and were then simulated with the Ansys Fluent. An interface
was formed between the rotor and stator regions of the
partitioned spatial domain. For mesh dependency analysis,
three distinct meshes were created for the basis geometry, as
indicated in Table II. The dimensions of the considered domain
used in the CFD simulations are displayed in Figure 2.

TABLE II BASELINE GEOMETRY MESHES

Mesh number Type Number of elements
1 Coarse ~150,000
2 Medium ~200,000
3 Fine ~250,000

(b)

10D @

5D 10D

Fig. 2. Dimensions of the domain: stator region with zoom on the rotor
region, where D is the turbine diameter and c is the baseline blade chord.

The disposition of the fine mesh elements can be observed ©
in Figure 3. The boundary conditions for each simulation were
defined as indicated in Figure 4. The intake condition specifies
the air inlet velocity, which is 12 m/s. The interface defines the
connection between the rotor and the stator and allows the air
to flow from one region to the other. The flow region area is
defined internally. The exit pressure of the air is defined as
101325 Pa, the standard pressure at mean sea level. Symmetry o=
is set between the two borders of the stator region (the highest =
and lowest frontiers), and Wall denotes the portion of the 1)~ Inlet

+
+
+
+
+

Fig. 3. Mesh: (a) baseline, (b) new solution, (c) zoom on the blade's
inflation.

Boundary Conditions

blades (the airfoil) that prevents air flow. i Interface
E internal
=" Outlet
58 Symmetry
— wall
Fig. 4. Boundary conditions in Ansys Fluent.

The SST k-o model, which solves a set of two partial
derivative differential equations for the turbulence kinetic
energy (k) and the particular dissipation rate (w) for each
element on the mesh, is the turbulence model utilized in this
study
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Five case studies were explored for each mesh type, each cm ~ Blade 1-NACA0020
corresponding to a different TSR value between 1 and 3. The | e
relation between the TSR and the rotational velocity () is: ‘
@D "
TSR=— (1) os |
v @
where V represents the wind speed and D is the turbine "1
diameter. The rotational velocity and time step size, which 01
represent one degree of angular movement during every { )
iteration, are computed for every case by (1). ’ = = e
01 - (]
The primary goal of the CFD simulations is to capture the L Bldel. NACAQOL2
fluctuation in the torque coefficient with the turbine's azimuth cm —— Blade 2 - NACA001S
angle (@) throughout 10 complete rotor revolutions. This 0s Blade 3 - NACA0024
information is then used to compute the mean value of the
torque coefficient during the last rotation: o
360 05
C, At b
i @ ©
m 360
D At
i=1 . N\ /
Equation (3) is used to calculate the power coefficient (C,) 2 e AR —
0,1 (i}

of the wind turbine based on the mean value of its torque
coefficient:

C,=TSR-C, ©)

IV. RESULTS

Following the simulations completion, the torque
coefficient (C,,) in the first scenario could be shown to repeat
itself during a full rotation. At 120 degrees of azimuth angle 6
the variation's maxima and minima are equally spaced,
suggesting that the geometry is made up of 3 identical blades.
After the mesh dependency study, where nominal TSR value
was used, we conducted the remaining simulation with the
medium mesh size. The torque coefficient quantifies the
effectiveness of a wind turbine in converting wind energy's
kinetic energy into mechanical torque, which can subsequently
produce electricity. The ratio between the actual mechanical
torque generated by the wind turbine rotor and the greatest
theoretical torque that might be generated with the same wind
speed and rotor area is known as the torque coefficient. Figure
6 illustrates the variation of the torque coefficient of each

blade.
240 300 360

Torque coefficient variation for mesh dependency.
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Fig. 5.

Fig. 6.
proposed.

Variation of torque coefficient, TSR = 2.5: (a) baseline, (b)

Visualizing the vorticity magnitude in CFD simulations is a
useful method for understanding and depicting flow
characteristics, such as the presence of swirl, rotational motion,
and vortices in fluid flows. High vorticity magnitude indicates
strong vortices, whereas low vorticity suggests more uniform
or irrotational flow. For each case, the vorticity of the speed
(velocity curl) shows the region where vertices are prone to
form in the rotor region. Vorticity magnitude contours for both
cases are displayed in Figure 7 at the nominal position when
TSR is 2.5. Power coefficient is an important indicator in the
wind energy sector because it helps measure how well a wind
turbine converts wind energy into usable electricity. One of the
main objectives in designing more environmentally friendly
and economically competitive wind energy systems is to use
VAWTs with greater C, values. C, is applied in CFD
simulations to evaluate a VAWT design's performance at
different wind speeds. A VAWT's operation and design may be
optimized to improve energy extraction and efficiency by
examining how C, varies with wind speed and condition. Upon
exploring the new geometry, it is possible to see that the
change in the total power coefficient indicates an improvement
over the base geometry brought in by the high TSR area.

V. CONCLUSIONS

The growing demand for energy can heavily diminish
power availability, and considering the objective to completely
eliminate burning fuels as an energy source, the only viable
means of generating electricity are renewable energy sources.
So, wind turbines emerge as a feasible alternative to tackle
climate change and develop a sustainable energy grid which
justifies why VAWTs (Darrieus-type) are becoming
increasingly popular.
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(d)

Fig. 7.
new geometry at 6 = 60°, (d) baseline at 8 = 90°, (b") new geometry at £ = 90°.

Unsteady Reynolds Averaged Navier-Stokes (URANS)
studies are successfully completed in this paper for the
comparison of two vertical axis wind turbine layouts under
wind conditions of 12 m/s using the CFD software ANSYS
Fluent. Each turbine has 3 blades positioned at the same radius,
with the exception of the second turbine, which has a distinct
airfoil shape for each blade. All simulations were performed in
2D, with 6 TSRs ranging from 1 to 3. As a consequence, for
every numerically examined example, the entire torque
coefficient values for full 360 degrees circle are displayed. The
vorticity magnitude distribution for each wind turbine design
was predicted by the simulations.

Vorticity Magnitude [s"-1]
o % G s 5

Vorticity magnitude (a) baseline at 6 = 0°, (a') new geometry at = 0°, (b) baseline at & = 30°, (b') new geometry at = 30°, (c) baseline at = 60°, (c")

Furthermore, the new geometry analyzed in this paper has a
better overall performance in high TSR regions than the base
geometry. The former reaches higher values of torque
coefficient and power coefficient, and results in a higher power
output for the same wind conditions as the base geometry
turbine. The wind kinetic energy resources found in the urban
areas, along with the small sizes of these devices and their
silent operation make these wind turbines a very attractive
choice for any household user. This is because they lead to a
certain degree of power independence and contribute to the
reduction of the greenhouse gases emissions.
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Fig. 8. C, variation.

By using a new turbine profile with varied chord lengths
and airfoils like the geometry studied in this paper, the
performance of future generations of small urban-sized
VAWTs will augment and make Darrieus-type VAWTSs an
even more attractive solution. In the future, an optimization
with genetic algorithms will be performed in order to design a
small prototype that can be tested under real-life settings in an
experimental testing facility near the Black Sea where the wind
speed is suitable for wind turbines.
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