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Abstract: The H-Darrieus wind turbine could be applied as an alternative electricity generation
source. However, their performance is still low, affecting less attention to being used as electricity
generation sources. Considering the current condition, the present study provides a numerical
simulation of a potential performance enhancement of the H-Darrieus wind turbine by adding a high-
efficiency vortex (HEV). HEV owns the ability to control the flow around the blade. HEV causes
turbulent flow around the turbine while increasing turbulent kinetic energy. Three different HEV
structures in rectangular, trapezoidal, and triangular shapes were attached to the blade to investigate
the wind turbine performance. Two-tab angles (f) of 30° and 45° were applied to each structure to
investigate the best position of HEV. The blade without HEV was considered as the baseline for the
performance evaluation. It is revealed that triangular HEV performed the best with § of 30°,
improving the power coefficient by 34% compared to the baseline when the tip speed ratio (TSR) is

more than 1.5.
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1. Introduction

The demand for electricity consumption per capita
increased yearly due to the rapid growth of the world
population affecting the increase in total energy
consumption. Current energy sources almost entirely
come from fossil fuels?), which contribute to the high
global warming potential. Therefore, the technological
development for harvesting renewable energy is now
gaining more attention as an alternative energy source to
fill the electricity shortage. Wind energy has become one
of the renewable energies that are abundantly and widely
used as voluntary energy sources by converting using
mechanical equipment to generate electrical energy®. The
wind turbine is known as the wind energy harvester when
enough wind power is available to rotate the blade. The
horizontal axis wind turbine (HAWT) type is the most
wind turbine construction as they provide the highest

performance among others>¥ in terms of power. But they
are more complex and less practical use. HWAT requires
a wider area due to its tower installation, which is most
probably around 30 — 100 m in heightY. HWAT also
generates high noise and requires a more complex
structure®”. On the other hand, the vertical axis wind
turbine (VAWT) type has lower performance, but it is
more applicable®”. The VAWT could capture the wind
from any direction, which would be useable even in a
complex environment.

The current study provides an investigation of VAWT
for the H-Darrieus type. Among vertical axis wind
turbines (VAWT), the H-Darrieus wind turbine exhibits
the highest performance. However, the H-Darrieus wind
turbine performs poorly when the incoming airflow is low.
The aerodynamic performance of the H-Darrieus wind
turbine depends on the flow characteristics around the
blade'?. High turbulence intensity of wind is preferable
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since it gives increased power to the blade. However,
strong turbulence intensity might affect the durability and
lifetime of the turbine due to the aerodynamic imbalances
of the rotor'". Not only able to capture the power, but the
wind turbine also generates wakes for the downstream'?),
which might be undesirable. Therefore, it is mandatory to
consider the flow control over the blades when designing
the wind turbine. Ashwindran et al.'¥ provide a study of
how the geometry of the blades affects the flow field when
they interact with the wind. They successfully developed
mathematical approaches to design a blade morphology
where the blade's geometry would affect the drag
generated by the turbine.

In the development of wind turbine blade technology, a
cross-section of modern blades is now equipped with an
airfoil shape that expects to have a maximum lift with low
drag'¥. A preferable airfoil must perform a larger lift-over-
drag ratio under the wind speed provided. Yossri et al.!>
numerically studied a small-scale wind turbine's airfoil
type and size. NACA 4412 type revealed the highest
performance with the minimum velocity and maximum
vorticity magnitude. At the same time, the turbine's high-
stress magnitude increases with the increase in the rotor's
size. Mohamed et al.'® conducted a CFD investigation by
comparing 25 types of airfoils and blade pitch angles. It
was stated that the LS(1)-0413 airfoil has the highest
power coefficient of 0.415, up 10% from NACA 0018.
Other parameter designs of airfoil shape affected the
performance are chord length!”, height chordwise'®), and
leading edge'®. Under the constraint of the recent study,
NACA 0015 airfoil was selected as the blade profile. The
airfoil selection was based on the desired pressure
distribution at a different angle of attack, which was
determined by the wind velocity. In addition, the
consideration of the Cz, Cp, and stall characteristics is also
included in the selection of the airfoil.

Apart from the airfoil selection, as mentioned above,
under the low speed of the wind, the performance of the
H-Darrieus still required more effort to improve the
performance. Since the performance is greatly influenced
by flow over the blade, attaching the vortex generator will
be the best option considering their ability to control the
flow over the blade. High-efficiency vortex (HEV) is a
type of vortex generator which generally applied to
enhance heat and mass transfer of internal flow. HEV
generates vortices creating shear layers in the front and
rear edges of HEV, leading to high shear layers,
represented by turbulent kinetic energy?”; thus, better
mixing is achieved. HEV is categorized as a motionless
mixer with minimum energy.

Considering the overall merit of HEV current study
employs three different structures of HEV (Rectangular,
Trapezoidal, and Triangular) into an H-Darrieus wind
turbine blade. To the best of our knowledge, the
application of HEV on H-Darrieus wind turbine blades is
still rarely found. Though existing literature provides an
enhancement of the aerodynamic performance of the H-

Darrieus wind turbine using vortex generator type, the
structure, and attachment of HEV differed. HEV in the
current study was installed along the wind turbine blade.
The HEV height is determined by the boundary layer
thickness of the airfoil?". The size is suggested to be 80-
100% of the airfoil boundary layer’”. Not only the
structure but the present study also compares the
performance of three structures of HEV under two
different tab angles (5 ) of 30° and 45°. The performance
will be evaluated by analyzing the power coefficient,
torque, and flow characteristics represented by turbulent
kinetic energy.

2. Materials and Methods

2.1 Wind Turbine Modeling

A NACA 0015 was chosen as an airfoil blade profile
that constructs the h-Darrieus wind turbine. The hub and
struts on the turbine were neglected to simplify the
simulation. The turbine geometry refers to previous
research conducted by Song et al. >». The rotor diameter
was 1650 mm, and the chord length was 375 mm—turbine
installation angle 0°. The blades were attached to the hub
or rotor arm at 30% of the chord length. Table 1. Shows
turbine parameters used in the current study.

Table 1. H-Darrieus wind turbine Parameter

Parameter Symbol Value
Wind (m/s) 14 8
Blade number N 3
Rotor diameter (mm) D 1,650
Rotor height (mm) H 1,000
Blade chord length (mm) c 375

Figure 1 depicts the 3D model of the H-Darrieus wind
turbine blade. It has three blades and rotates
counterclockwise.

Fig. 1: 3D Model of the H-Darrieus wind turbine blade.

The current study used the CFD formulation to solve
the simulation problem. A CFD formulation uses a set of
differential equations to define the physical phenomena of

fluid flow, momentum, and energy?®?.
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2.2 High Efficiency Vortex (HEV)

High-Efficiency Vortex (HEV) dimensions were l
adjusted to the parameters of the turbine blades. Their
structure was modified with three shapes; rectangular,
trapezoidal, and triangular. The aspect ratio, a ratio of the
bottom side (b) to the height (4) of three structures, was
kept constant; while the leading edge (a) of HEV was
adjusted to give a different shape. Figure 2 illustrates the
changes in HEV shapes by decreasing the leading edge
dimension from 5.8 to 4.2 for trapezoidal and O for

Fig. 4: HEV position on blade.

2.3 CFD modeling preparation and set up

triangular.
a The fluid flow through the wind tunnel is selected for
- s the simulation domain of the H-Darrieus wind turbine
1 simulation. The geometry and dimensions of the
h 1 simulation domain can be seen in Figure 5. The validation
s in this simulation refers to Song et al. 2. This study solves
v ! the simulation using ANSYS Fluent software. The
" b .| Blade surface simulation method used the Unsteady Reynolds Averaged
Navier-Stokes equation (URANS) under transient
conditions. The inlet wind speed is 8 m/s with free stream
and transient conditions, and the standard temperature and
pressure (STP) at 1 atm.
2 - 3
Symmefry
Fig. 2: HEV structures; (1) rectangular, (2) trapezoidal, (3)
triangular. Rotor (D) _
Rotor domain (15 0)
The detail dimension of the HEV is tabulated in Table 2. = Inlet @ Outlet
S
Table 2. HEV dimension.
Shape Structure | a(mm) | b(mm) | A(mm) Stationary region
Rectangular 5.8 5.8 32
Symmefry
Trapezoid 42 5.8 3.2
Triangular 0 5.8 3.2 50 100
(a)
The HEV thickness and position towards chord length
were constant by 1 mm and 0.25c, respectively. The
consideration of selecting the 0.25¢ position was due to
the position being close to the aerodynamics center
position, where the pitching moment coefficient does not
vary with the angle of attack. For each structure, two
different tab angles (f) of 30° and 45° were applied to
analyze their performance, as shown in Fig. 3. Figure 4
portrays the HEV installed into the blade. The red line
shows the HEV positions.
()]
|
(a) (b)

Fig. 3: Tab angle variation (a) 45° (b) 30°.
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(©
Fig. 5: (a) 2D view of the domain; (b) 3D view of the
meshed domain; (c) Rotor domain mesh.

The computational domain is divided into two parts,
namely the inner cylindrical rotating zone and the outer
cuboidal stationary zone, as shown in Figure 5. The
meshing method in this study is divided into a structure
grid for the stationary domain with hexahedron type and
an unstructured grid for the rotating domain with
tetrahedron type. The body sizing was applied in the
rotating zone to improve the accuracy with the element
size of 20 mm. In addition, the proximity and curvature
function was applied by limiting the local size and
proximity size to Imm. The mesh has been refined around
the blade wall.

The mesh fluid zone near the turbine rotates with an
angular velocity obtained from the following tip speed
ratio Equation (Eq. 1):

wR
Y= (M
Where y is the tip speed ratio (TSR), w is the angular
velocity, R is the radius of the turbine and u is the
velocity of the wind.
This simulation calculated the time step when the blade
takes an angle of 10°. The physical setup time is T/360,
where T is the rotation period of the rotor. Equation 2

calculates the time step used in the current study:

time step = m (2)

The turbulent study in this simulation used a Realizable
k-€ viscous model. The second-order spatial and temporal
discretization schemes are employed to solve pressure,
turbulent kinetic energy, and dissipation rate.

2.4 Model Validation

Validation is carried out by comparing the results of
power efficiency (Cp) with the existing literature.

The power coefficient, Cp, is given by Eq. 3 as follows:

Cp= CmxTSR 3)

where Cp is the power coefficient, Cm is the moment
coefficient, and TSR is the tip speed ratio.

The power coefficient, instantaneous torque
coefficients, and average torque coefficient of the turbine
at a Tip Speed Ratio (TSR) of 2.0 were compared to the
reference study Song et al.?¥, as shown in Figure 6. As
shown, the discrepancy between the current study and
reference?® falls under acceptable value, ensuring the
current simulation's reliability and validity.

Further, the simulation study reported by Song et al.?®
and the experimental study by Castelli*> have been chosen
to validate the modeling methodology. The average Cm
data for each TSR variation is from 0.5 to 2.5, with a 0.5
increment, comparison can be seen in Figure 7.

o [=) o o
N N} w N
1 1 1 ]

Instantaneous torque coefficient Cm
S
1

——Cm
Cm (ref)

o
N

T

T T T T T T
50 100 150 200 250 300 350
Azimuth angle (°)

o

Fig. 6: Comparison of torque coefficient at TSR 2.
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Fig. 7: Cp value comparison between current study and
references?*-??)

The agreement between this study and previous
research is quite good, with a maximum error of 5.04%
and an average disparity of 1.05%.
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3. Result and discussion

3.1 Moment coefficient

The simulation runs with six different types of HEV
variations. The moment coefficient evaluated in this study

is taken in the third rotation after the turbine rotates. It is
considered that after the third rotation, the turbine torque
begins to stabilize. The radar diagram in figure 8 shows a
constant change in the value of Cm during one rotor
rotation.

=== Clean airfoil

= «@= Trapezoid 45
== @= Rectangular 45
=@ =Triangular 45
==«®== Trapezoid 30
== @® == Rectangular 30
==«@== Triangular 30

Fig. 8: Moment coefficient (Cm) with respect to azimuth angle 6 during one rotational period

Figure 8 shows the curve of the turbine torque during
rotation for one revolution at TSR = 1.5. The value of the
coefficient of moment or torque repeats every 120° since
the H-Darrieus wind turbine used three blades. The
turbine without HEV has a lower moment coefficient
value than the turbine with HEV's addition. The highest
instantaneous moment coefficient values are achieved at
the azimuth angle 6 at positions 70°, 190°, and 310°.
Meanwhile, the lowest instantaneous moment coefficient
is experienced by the turbine when the azimuth angle 6 is
at 0°, 130°, and 250°.

3.2 Power coefficient

The power coefficient and TSR graphs are shown in
Figure 9. The TSR was analyzed in the range of 0.5 to 2.5.

0,50

—=— Clean airfoil
—e— Trapezoid 45
0,40 |—>— Rectangular 45
—v— Traingular 45

—— Trapezoid 30

0,304 |—<+— Rectangular 30
—— Triangular 30

0,45

0,35+

0,25

0,20 -
0,15

Power coefficient

0,10 -
0,05

0,00 . . ; ;
0,5 1,0 1,5 2,0 2,5

Tip speed ratio

Fig. 9: Power coefficient against tip speed ratio

Figure 9 shows that HEV's presence relatively increases
the power coefficient at TSR 1.5, 2.0, and 2.5. At TSR 0.5
and 1.0, there is no significant difference from the addition
of this HEV. The Cp differences were seen significantly at
TSR 1.5, 2.0, and 2.5. The HEV triangular variation
obtained the highest Cp with a tab angle of 30° at TSR =
2.5 with a Cp value of 0.43. The variation of triangular
HEYV tab angle 30° at low TSR has a relatively low power
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coefficient compared to other variations. While the blade
without HEV on TSR 2.5 experienced a decreasing trend
in power coefficient. It is due to flow separation leading
to a dynamic stall. In general, the addition of HEV would
delay the occurrence of flow separation, which will
enhance at high TSR. It is also revealed that in the
trapezoidal HEV shape with a tab angle of 30° and
rectangular shape with tab angle of 45°, starting with TSR
2.0, the power coefficient decreases. The use of HEVs will
lead to an increase in C; if the HEVs prevent flow
separation at the turbine blade surface. On the other hand,
the use of HEVs will also increase the Cp of the turbine
blade, which will result in a negative moment that
degrades the turbine’s performance. The increase in the
Cp value of the turbine depends on the proportion of the
increase in the C; and Cp values of the turbine due to the
addition of HEVs.

From Figure 9, it is also interesting that, in some cases,
the HEV addition has a lower performance than the wind
turbine with HEV. The performance improvement of the
wind turbine depends on the ratio of the lift coefficient
enhancement and drag coefficient increment. Therefore,
when the power coefficient of the wind turbine with HEV
is lower than without HEV, the increased drag coefficient
is more prominent than the lift coefficient resulting in a

power coefficient reduction.
3.3 Turbulent Kinetic Energy Contour Analysis

Analysis of turbulent kinetic energy in the simulated
flow was carried out for all HEV variations at TSR = 1.5.
Visualization was carried out at an azimuth angle of 0° and
is shown in Figure 10. The HEV attachment to the turbine
increased, the turbulent kinetic energy. Flow in the area
around the turbine marked with red indicates that
turbulent kinetic energy was higher.

The vortex generated by HEV consistently increases the
transfer of momentum from the outer area to the boundary
layer near the wall?®. It induces an increase in turbulent
kinetic energy in the area close to the wall. Dong and
Meng?” stated there is a relationship between the
characteristics of the flow through the micro tab and the
resulting turbulent kinetic energy. As can be seen from Fig.
10, as the tab angle increases the turbulent kinetic energy
was decreased. When the tab angle increases, the adverse
pressure gradient increases due to the suction peak
position moving closer to the leading edge of the airfoil
blades, and the boundary layer requires more energy to
overcome the adverse pressure?®. In consequence, it is
weakens the longitudinal vortex shed behind the VGs.

Clean airfoil

Cantour e f(netic Eneroy Rectangular HEV 5 30°

Rectangular HEV g 45°

Trapezoid HEV f 45° Triangular HEV f 45°

Trapezoid HEV £ 30° Triangular HEV g 30°

3.9182+000
3.673e+000
3.429¢+000
3.184e+000
2.939e+000
2 694e+000
2 449e+000
2.204+000
1.959e+000
1.714e+000
1.469e+000
1.2248+000
9.796e-001

7.347e-001

4.898e-001

2 449e-001

0.000e+000

[m*2 s*-2]

Fig. 10: Visualization of the turbulent kinetic energy of the fluid flow

4. Conclusion

The study of Performance Improvement of the H-
Darrieus Wind Turbine with High-Efficiency Vortex
Structure Attachment was done using computational fluid
dynamics. Results show increased performance by
attaching the HEV to the wind turbine blade. HEV
effectively enhanced the power coefficient of H-Darrieus

wind turbine. VAWT with HEV can delay the occurrence
of flow separation in the turbine. The delay of flow
separation causes the turbine to achieve a power
coefficient of 0.43 at TSR 2.5. It was achieved by the
triangular HEV f 30° variation. This value increased by
34% compared to the baseline blade. Additionally,
regarding flow characteristics, HEV increases turbulent
kinetic energy. In addition, the current results can be used
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to support experimental data on subsonic wind tunnels to
optimize design validation.
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