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ABSTRACT

This research introduces a novel J-shaped aerofoil designed to enhance the performance of H-Darrieus
Vertical Axis Wind Turbines (VAWTs). A comprehensive comparison is conducted between the J-shaped
aerofoil and the standard NACA 0015 airfoil to assess their impact on turbine efficiency. The study
employs a two-dimensional, incompressible, transient, and turbulent flow model to capture airflow
around the turbine blades. Model verification and validation are carried out through systematic evaluation
of various parameters, including mesh sizes, time steps, turbulent models, and discretization techniques.

Computational Fluid Dynamics (CFD) simulations give useful insights into the aerodynamic features of H-
Darrieus VAWT blades, indicating greater performance of the J-shaped airfoil over conventional designs.
Results suggest that blades with the J-shaped aerofoil demonstrate increased overall performance and,
notably, a142% increase in beginning torque compared to the normal NACA 0015 type. This research not
only contributes a new and efficient aerofoil design for vertical axis wind turbines but also offers full
knowledge of its aerodynamic benefits via rigorous simulation and analysis.

Keywords: VAWT; J-blade; k- w SST; CFD; NACAOO15, J-blade, Aerodynamic enhancement.

Nomenclature

A tip speed ratio \Y curl
C, Coefficient of power G Gromeka acceleration vector (m/s?)
u  Wind speed (m/s) t Time Step (s)
L  chord length (m) & vorticity vector (1/s)
o angular velocity (rad/s) D Turbine diameter (m)

turbine's radius ~ (m)
C,, Moment coefficient
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Energy shortages and environmental deterioration drive renewable energy demand. Due to technical
advances, wind energy has alow environmental effect and low operational costs [1]. Wind turbines have
a either horizontal or vertical axis. Large onshore and offshore projects require HAWTs, whereas suburban
areas prefer VAWTs. Variable pitch control and blade airfoils are now suitable for large onshore and
offshore applications [2].

VAWTs are great for unstable misalignment fluxes because of their omnidirectional design, low noise, and
efficiency [3]. Savonius, Darrieus, and H-rotor Vertical Axis Wind Turbines (VAWTs) can be used in windy
and urban locations. Despite being inefficient at low torques, the Savonius rotor self-starts.

Despite its better efficiency, the Darrieus rotor has poorer self-starting [2, 26]. The inherent appeal of
H-rotors lies in their configuration featuring straight blades, facilitating wind capture from varied
directions. Despite exhibiting a superior power coefficient relative to conventional Savonius rotors, the
H-rotor's advancement has beenimpeded by its constrained self -starting capabilities. Studies have been
carried out to increase the H-type wind turbines' ability to start independently [4].

A J-shaped blade was made by cutting a notch on one side of the blade and opening the trailing edge
[5, 6]. Similar to conventional airfoils, this design delivers better overall efficiency after self-starting due
to Darrieus-type blades and higher beginning torque because of the 'cup' form of Savonius-type blades.
The design defines where the notch will go [5, 61.

Studies on J-shaped airfoils have shown that by creating a cut in the outer part of the blade, a notch on
the airfoil may increase the torque needed for starting and improve VAWTs' ability to start themselves.
[5]. But under usual operating settings, this can also result in a loss in turbine performance. Zamani et al.
[6, 7] examined a turbine with NACAOO15-based blades and DU 06-W-200 airfoils in 2D and 3D and
compared the outcomes with similar J-shaped-based turbines. Observing the spinning of 3D NACA -
based blades, it was discovered that they exhibited negative torque values, a behavior that might
potentially be ascribed to stall effects. The J-shaped airfoils generated an average greater torque with
no negative values, but the fatigue stress and vibrations on the blades were reduced to the ideal A value
of A =1.6.

According to a study on Darrieus-type (VAWTS), utilizing a blade design with a J shape does not increase
performance and is not suggested [8]. Contrary to the original circumstances employed in the articles,
the study focused on turbines operating in the high A zone with solidity values between 0.1 and 0.2. The
influence of A and solidity on the functioning of Darrieus VAWTs was investigated further. There are two
primary operational zones taken into consideration: low A (A = 1.5) and high A (A = 5 or 6) [9]. Narrower
operating zones and dynamic stall effects originate from a greater angle of attack on the airfoil when A is
in the low area. Thus, low A and high solidity (usually between 0.3 and 0.5) appear to be favorable for the
J-shaped form.

This research aims to create an optimized J-shaped blade to enhance the Darrieus turbine's performance
by encouraging resilient, sustainable infrastructure that is built and run to have the least negative effects
on the environment that maintains the Darrieus turbine's performance while improving starting torque,
utilizing aNACAQO15 airfoil as a model. The earlier research on J-shapes [5-7] and the more recent study
[10] concentrated on blades with a hollow and hair-like form; however, they did not investigate the inner
shape of the construction. Thus, this study evaluates the performance of J-shaped blades with an
interior-filled construction.
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This study leverages the Finite Volume Fluent Solver to meticulously investigate the impact of J-shaped
configurations on the aerodynamic performance of airfoils for vertical axis wind turbines, employing the
Unsteady Reynolds Averaged Navier Stokes (URANS) governing equations. The research endeavors to
contribute to the understanding of these configurations by presenting a comprehensive analysis through
a turbulent, incompressible, and two-dimensional flow model.

This section initially summarizes the technique used to calculate the coefficient of momentum (Cm) and
the Gromeka acceleration vector. It then compares the findings of the numerical model with those
acquired from wind tunnel testing. It was next, adopting a J-shape configuration.

H-Darrieus wind turbine geometry features

The setup was equivalent to that of [6,7,11,12,13,14,27,28]. The J-shaped airfoil's cavity size and
placement were determined based on very similar studies carried out in [6,24, 15]. Table 1 displays the
parameters of the model. The middle shaft has been skipped in the current work, as it was left out of
every study that had been released earlier on the same VAWT.

Currently, there is a wide range of Computational Fluid Dynamics (CFD) solvers, software for producing
meshes, and tools for visualizing data. There are two types of software available: commercial and
free/open source. Currently, ANSYS is the most widely used software for computational fluid dynamics
(CFD), with over 40% of the market share. ANSYS includes two primary codes: CFX, which was
purchased in 2003, and FLUENT, which was bought in 2006. Among open-source CFD tools,
OpenFOAM from the ESI Group is the most popular.

According to [11], Ansys was compared to various CFD solvers with different validation models. Ansys is
a perfect fit for experimental models.

Table 1. Main geometrical rotor characteristics

Characteristics Details

No. of blades 3

Rated power 3.5 kW
Chord length 0.4m
Turbine radius 1.25m
Blade profile NACAOO15
Solidity 0.48

Wind speed 10 m/s
Reynolds no. 416,254

Wind turbine governing parameters

The three blades' combined moment coefficients are utilized to estimate the overall moment coefficient
in the numerical model. To anticipate the global efficiency of the turbine, the values of the fluctuating
moment coefficient are averaged. Since it is a transitory condition, the solution is not yet stable; hence,
the transient effect cannot be considered during the first three cycles. The validity of the model in this
study has been examined by a comparison of the coefficient of power (C,) vs. tip speed ratio (1) curve
with findings reported in previous studies. The following formula is used to get the C,, from the moment
coefficient (C,, ) value that was previously computed:
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Gy =0Cn (wL)/u M

where, L, and w stand for the wind speed, reference length, and rotor angular velocity, respectively.
According to [14], the value of L equals the turbine's radius (R) in a two-dimensional turbine simulation.
By replacement, Equation (1) becomes

C, = Cp (WR)/u (2)
However, the formula for the tip speed ratio (1) is:
A= (wR)/u (3)

The last equation that was utilized to derive the (C,,) from the averaged (C,, ) determined value as follows,
which serves to validate the numerical results:
Cp=Cp (4)

The Gromeka acceleration vector patterns around and within the wake of the airfoil were examined to
understand how the J-blade affects aerodynamic performance. Accordingly, various aerodynamic
phenomena have been examined and studied. Gromeka acceleration vector (m/s?) is the rate of change
of angular momentum [16]. According to [17], The total external torque acting on a system of particles
equals the rate of change of the system's total angular momentum. The torque created on the turbine is
evaluated by measuring the Gromeka acceleration vector.

For a 2D flow, the velocity (u) may be defined as

u
U= (v) (5)
0

And we can determine vorticity using equation (6).
E=Vxi=|¢§ (6)

For a 2D flow, the vorticity vector is always normal to the flow field plane. So the sole remaining
component is the z component, defined as
0

EIVX‘H: 6v06u (7)

dx 0y

To extract the Gromeka acceleration vector from the vorticity and velocity numbers that were previously
calculated, the following equation is used:

G=Ex1 (8)
For a 2D flow, the Gromeka acceleration vector may be defined as

v ou

[ S
G=|-ug | = | @2 9
(5)- (V%

To determine the Gromeka acceleration vector magnitude, this equation is utilized.
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Numerical details and solver setup

The computational domain is shown in Figure 1 [11, 18]. The velocity inlet and pressure outlet boundary
conditions were taken into account for the inlet and outlet of the computational domain, and the top and
bottom limits were determined as symmetry. According to guidelines from the literature [19, 201, 10 m/s
of air was pumped into the system throughout each simulation, and the turbulence intensity and turbulent
viscosity ratio were kept at 0.1% and 10%, respectively, for all subsequent configurations. In wind
tunnels, such low intensities are not unusual. For instance, at 10 m/s, the TU Delft wind tunnel has an I=
0.015% [21].

Through "interfaces," the two domains, rotating and stationary are connected using a sliding mesh
approach. For the two side walls, two symmetric boundary conditions were used. Since they produced
good results throughout the model validation process, they were left unchanged in all runs.

In each case, the mesh quality was checked. The range of values for the dimensionless wall distance Y
plus (Y +) via the turbine blade airfoils was less than 1. Six pm was the initial grid height surrounding the
airfoil.

Six meshes comprising 100,000 to 2 million cells were numerically evaluated. Daréczy et al., [11] The
reference C, value was compared with the retrieved C, values at the turbine's claimed maximum
efficiency, A = 1.6. Figure 2 gives the C, values of the 2D VAWT models, simulated using all mesh
considerations for the NACAOO15 airfoils. Mesh 5 is sufficient to converge the Cp to the desired level;
an additional number of cells does not affect the result. Nevertheless, it is crucial to highlight a factual
disparity existing between mesh 4 and mesh 5. Hence, Mesh 4 for CFD work was considered for the rest
of the procedure to reduce the computation cost.
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Figure 1: Computational domain.
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The results shown in Figure 2 are compared with the simulation data in Darécy et al., [11]. The results

from Daroczy et al. [11] show about 1.2% of disparity with respect to the C, levels attained by means of

Mesh 4. This shows that Mesh 4 is easily deployable compared to mesh 5 and utilizes low processing

power.
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Figure 2: Mesh independence study.
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Figure 3: Grid distribution around NACA 0015.

The aerodynamic performance of the Darrieus VAWT was examined computationally at different angular
velocities at an unchanged wind speed of 10 m/s. The numerical model applied in this work, according to
Trivellato et al. [18], is based on a solution of the two-dimensional unsteady Reynolds Averaged Navier-
Stokes equations (U-RANS), and deals with the turbulent issue using the k-w SST model. The coupled
velocity-pressure scheme is solved via the SIMPLE algorithm [11]. Utilizing a second-order upwind
approach, the dissipation ratio, momentum, and turbulent kinetic energy are computed. The outlet
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boundary is represented as a pressure outlet, the surface of the airfoil is described as a non slip wall., and
the inlet boundary is represented as a velocity inlet.

Simulation assumptions, such as boundary conditions, are critical for CFD simulations because they
specify the situation at the computational domain's boundaries. Non-slip walls, pressure outlets, velocity
inlets, and interfaces are examples of these needs. The accuracy of the simulation results can be
significantly influenced by the precise specification of these boundary conditions. For example, an
incorrectly given input velocity might result in an inaccurate estimate of wind turbine performance.
Furthermore, the chosen boundary conditions may have an impact on the simulation's stability and
processing cost. This research makes use of boundary conditions from a variety of sources, including wall,
outlet, inlet, and symmetry. The value of that for each boundary condition was assigned as

Azimuthal increments served as the foundation for the transient simulation's time step. To replicate the
five A of interest, five unique rotating speeds w (rad/s) were considered: 0.2 (to examine the starting
torque), 1.25, 1.6, 2 and 2.5.

The CFL (Courante-Fried-richse-Lewy) number can be used to compute the time step size. CFL = 1is
often recommended in CFD for stability [18,23]. However, substantially higher values are allowed with an
implicit time integration technique. It has been established that meshes with variable-sized elements
likewise exhibit a linear relationship between CFL number and numerical error; for both 1D and 2D
difficulties, the numerical error points to a minimal value as the CFL number declines. Thus, the time step
in the present investigation was defined as

At = 2w A8/(360w ) (13)

Where At time is step size and A8 is azimuthal increment. (0.5 °) was utilized as the azimuthal increment
at each time step in agreement with comparable numerical work published in [11]. Equation (13) was used
to compute the appropriate time steps depending on the values of w and A6.

Table 2. w and At for different A.

A w(rad/s) Time step (s)
0.2 1.6 0.005454
1.25 10 0.0008727
1.6 12.8 0.0006817
2 16 0.0005454
2.5 20 0.0004363

Figure 4 presents the results of a study conducted on the VAWT regarding the effects of the number of
blade revolutions. It's evident that simulations with lower A values need fewer rotations to obtain the C,
value's convergence than simulations with larger A values. This supports findings from the literature, such
as those found in [22,25]. Five rotations were applied at A less than 1.25 and fifteen rotations at A more
than 1.25 in order to reduce computation time and take into consideration Figure 4.
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Figure 4: Number of revolutions until convergence of simulated Cp values at various A.

Figure 5 presents a comparison between the C, value results produced for the VAWT and Daréczy et al.'s
numerical work. [11]

0.45

e
S

o
Il

=]
W

o
I
el

=)
15}

—#—Darcozy etal.

Average Cp

]
B
]

=)
B

—#—Numerical results

0.05 using K-w S5T

0.8 1.25 16 2 2.5
A

Figure 5: Cr comparison between the present study and Daréczy et al. at different A.

The simulated results from this study and those from Daréczy et al. [11] closely resemble each other. It is
safe to rely on these results and proceed with applying the alteration, as there is an average error of
3.6%. When compared to experimental data from [23], authors in [6, 7] and [11] demonstrated that the
k-w SST model was accurate in producing good results. Therefore, the k-w SST turbulence model was
used.

It is crucial to maintain the Darrieus turbine's performance in urban areas while increasing starting torque
in order to improve the wind rotor's aerodynamic performance. A J-shaped design enhancement was
suggested, as shown in figure 6, with an inner cut applied to a NACAOO15 airfoil. To assess the design
under typical operating conditions, CFD simulations were run for the design for the A values that were
previously studied, namely A = 1.25, 1.6, and 2.5, and for A = 0.2 to investigate the starting torque.
Examining and adjusting the mesh near the airfoil was necessary since taking away a section of the inner
structure results in new places where the flow has to be processed. This was done to ensure that the k-
w SST turbulence model's requirements were still met and that a y+ value less than 1 was still obtained.
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(a)

(b)
Figure 6. (a) J-blade airfoil design and (b) the grid distribution.

RESULTS AND DISCUSSION

As stated previously, the starting torque was estimated with a very low A = 0.2. The value of this quantity
gives a transient simulation with very small time steps, which should be fairly comparable to that
undisturbed.

The simulated airfoil reveals that the J-blade airfoil has a 142 % increase in beginning torque compared to
the NACAOO15 airfoil, as shown in figure 7. This rise in initial torque originates from the airfoil's cut, which
causes additional drag going through the leeward zone. Therefore, this influence on gromeka acceleration
vector contours for the j-blade airfoil was examined.

In this innovative J-shaped blade design, a harmonious integration of lift and drag forces is achieved,
strategically maximizing the capture of wind energy. A cut in the design allows air to capture and
contribute to the lift generated by the laminar flow over the sleek surface of the blade. This intentional
synergy between aerodynamic features enhances the overall efficiency of the blade for optimal wind
energy utilization.

The J-blade consequently acts as a consequence of simultaneous lift and drag forces. In addition, the J-
blade's notch provides drag force that helps the blades rotate more swiftly. Conversely, it enhances
rotational efficiency by creating greater torque by harnessing the same wind more often.
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Figure 7. Averaged C,, for A=0.2 of NACAOOI15 (left) and J-blade (Right).

For a very low 2, the leeward zone torque generated by the J-shape is enhanced, as seen in Figures 8,
9a, and 9b. The outlines depict how a vortex forms inside the airfoil, altering the direction of the outer
flow and creating an increase in torque and angular momentum, which results in a drag boost. When the
gromeka vector's x and y components are solved, it can be noticed that an increase in both the positive
and negative components causes the resultant force to expand. The tangential component of this force
aligns with the rotational direction, attributed to the "cup" shape, resembling the effect of a Savonius
turbine. This configuration enhances the starting torque compared to the symmetrical NACAOOT15 air-foil.
However, the overall drag of the J-blade increases due to heightened profile drag resulting from the
transformation of the airfoil to the cup shape. This alteration induces boundary layer separation from the
surface, aligning with insights and observations from existing literature [5, 6,131.

Gromeka acceleration vector magnitude

Figure 8. Contours of the Gromeka acceleration vector in leeward region at A =0 .2 around the airfoil for
NACAOOI15 (left) and J-blade (right).
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Figure 9. (a) contours of velocity magnitude A =0.2 around turbine and blade for NACAOO15 and (b) contours
of velocity magnitude A =0.2 around turbine and blade for J-blade.
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The torque values of the J-blade airfoil and the NACAOO15 airfoil are comparable. For the majority of the
operating zone, the J-blade airfoil outperformed the NACAOO15 airfoil in terms of performance. The J-
blade airfoil generated torque equivalent to the NACAOO15 airfoil at A of 1.25 and 1.6, but it was more
uniform, which added benefits in terms of energy generation and mechanical stresses. Nevertheless, the
J-blade airfoil's performance began to lag behind that of the NACAOO15 airfoil at A of 2.5.

The gromeka acceleration vector contours were examined in the leeward zone in order to have a deeper
comprehension of the flow behavior surrounding the various airfoils. Examples of the findings for the
airfoils in the leeward zone at the A of their best performance (A = 1.6) are shown in Figures 11a, 11b.

On the pressure side, the J-blade airfoil displays vortexes, yet the flow characteristics are not
significantly affected by this cut. Figure 10b illustrates how the slight increase in drag causes just a slight
reduction in torque in that area.

With regard to the contours in the leeward zone, both airfoils exhibit significant flow separation. It is
noteworthy, however, that the J-blade design exhibits the lowest vortex production, as shown in Figures
1a, T1b.

A transitional separation bubble occurs when the boundary layer splits off the airfoil surface due to an
unfavorable pressure gradient, as per the study presented by [13]. Figs. 11a, 11b.depict the flow
separation phenomena that happened in the leeward zone with NACAOO15 and J-blade. For each
configuration, the highest power coefficient has been produced by using the ideal A value for these
Gromeka shapes. After the splitting of the laminar boundary layer, an extremely unstable unattached
shear film arises, and turbulent flow transitions inside it. Due to the enhanced momentum conveyance of
the turbulent flow, which promotes reattachment, a turbulent boundary layer forms downstream.

The boundary layer expands when a separation bubble forms, increasing the pressure drag of the airfoil.
When there isn't a separation bubble, the airfoil's drag can increase by a factor of many above its baseline
drag. A transitional separation bubble also affects lift, which may cause questions regarding the airfoil's
overall aerodynamic performance. A J-blade with a shorter flow separation bubble contributes more
flow particles to lift production, as the accompanying figures illustrate. Consequently, the
VAWT aerodynamic performance is improved.
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This is consistent with the earlier results shown in Figures 10a, 10b, and 10c, where NACA 0015 was
greater than the lowest torque value for the J-blade produced in the leeward zone.
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Figure 11. (a) Contours of velocity magnitude A =1.6 around turbine and blade for NACAOO15 and (b) Contours
of velocity magnitude A =1.6 around turbine and blade for J-blade.

Gromeka acceleration vector magnitude

Figure 12. Contours of Gromeka acceleration vector magnitude in leeward region At A =1.6 Around blade for
NACAOO15(left) and J-blade (right).

Thus, with A = 1.6, Figure 13 displays examples of the turbulence fields for this airfoil. The vortex shedding
in the leeward zone is a substantial influence detected in the velocity field. The Gromeka acceleration
vector contour charts given in Figure 12 indicate how the J-blade airfoil greatly lowers the creation of
vortices and shedding during passage in the leeward zone. In Figure 13, the contour plots of turbulence
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intensity are provided to offer a more complete study of the effect of this vortex production. Consistent
with past conversations, the NACAOO15 airfoil is more sensitive to turbulence intensity in the leeward
zone due of vortex formation and shedding.

As evidenced by the contours of turbulence intensity in Figure 13. There is less turbulence in the leeward
region of the airfoil and more in the downwind area when comparing the J-blade airfoil case to the
NACAOO15 airfoil. Thus, combining both factors results in a uniform wake behind the turbine for the J-
blade airfoil. Because turbulence from one turbine impacts the energy production of the next, we may
use this consistency by deploying more and more wind turbines in the same geographical location,
resulting in higher energy yields and cost savings. The instability in the wake raises the mechanical stresses
and lowers the turbine's energy production.

Figure 13. Contours of turbulence intensity A =1.6 around the turbine for NACAOO15 (upper) and J-blade
(down).

This research introduces and investigates the performance of an enhanced J-shaped blade for the
Darrieus turbine, specifically tailored to urban environments. Using the URANS governing equations, a
turbulent, incompressible, two-dimensional flow model was developed, focusing on both experimental
validation and numerical models. The study systematically compared the proposed J-shaped blade with
traditional NACAOO15 blades, reproducing the Darrieus turbine to validate the numerical model in the
range of low A (A = 1.5). The findings reveal that:

1. The J-shaped blade not only preserves power generation at the maximum efficiency point but
also enhances uniformity, offering advantages in terms of fatigue stresses. This characteristic
enables a more efficient placement of turbines in wind farms within the same land area.

2. Crucially, the J-shaped blade demonstrated a remarkable improvement in starting torque,
achieving a torque that is 142% larger than that of the NACAOO15 airfoil. This enhancement
positions the turbine as a more viable and efficient solution for urban settings, addressing the
challenges associated with initial rotation in low-wind conditions.

In summary, the integration of the proposed J-shaped blade not only maintains the overall performance
of the Darrius turbine but also brings substantial advancements in starting torque, making it a promising
innovation for urban wind energy applications. The research offers significant perspectives for the
development and enhancement of Vertical-axis wind turbines. Paving the way for more sustainable and
effective energy solutions in diverse environmental contexts.
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