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ABSTRACT

The present study numerically examines the aerodynamic performance of an H-
type vertical axis wind turbine (VAWT) utilizing airfoils with blunt trailing
edges (BTE). A comprehensive series of numerical analysis was conducted to
assess the impact of BTE airfoil design variables, including trailing-edge
thickness and baseline configuration, on the power generation capabilities of the
H-type VAWT. The results indicate that an increase in trailing edge thickness
correlates with a higher power coefficient at low tip speed ratios (TSRs). When
the trailing edge thickness is 3% of the airfoil’s chord length, the power
coefficient of the vertical axis wind turbine (VAWT) at low tip speed ratios can
increase by up to 33.2% compared to the original wind turbine. Additionally, the
maximum power efficiency can be improved by 2.94%. Furthermore, the BTE
airfoil design, which is achieved by rotating the airfoil’s upper and lower
surfaces around the leading edge, can result in a more favorable BTE airfoil
configuration with respect to its aerodynamic characteristics. The current study
reveals that the BTE airfoils present significant potential for urban wind energy
utilization, as the reduced operational velocities of BTE airfoils lead to lower
noise emissions and heightened safety measures for VAWTS, rendering them an
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appropriate choice for integration into urban settings.

1. INTRODUCTION

Blunt trailing-edge (BTE) airfoils provide multiple
structural benefits, and the integration of BTE airfoils
allows blade designers to meet structural demands more
flexibly ~without compromising the aerodynamic
performance (Sayadi & Shateri, 2013). As VAWTS have
advanced, there has been a notable surge in research
dedicated to wind turbine airfoils. The primary
modification techniques include the direct truncation
method (Law, 1987), symmetric thickening method
(Standish & Dam, 2003), and the asymmetric thickening
and rigid rotation thickening methods (Zhang et al., 2009).
Baker et al. (2006) conducted wind tunnel experiments to
analyze the aerodynamic performance of symmetric
thickened airfoils. They study aimed to assess the
influence of varying trailing edge thicknesses on the
aerodynamic performance. Zhang and Wei (2013)
performed a parametric investigation on asymmetric BTE
airfoils and explored the impact of the trailing-edge
thickness and its distribution on the aerodynamic
performance of wind turbines. Their results revealed that
as the trailing-edge thickness increased, the modified
airfoil exhibited higher Cy values, and the C/Cqy ratio
initially increased before decreasing. Although a BTE

airfoil typically exhibits a higher lift-to-drag ratio
compared to a sharp trailing edge airfoil, it also generates
more noise. Additionally, the BTE can induce vortex
shedding at the trailing edge, which in turn increases drag
(Baker et al., 2006; Mayda et al., 2008). Chao and Dam
(2007) employed the compressible 3-D RANS method to
explore the influence on the aerodynamic performance of
modifying the inner section of an NREL Phase VI rotor
with a thickened BTE using the S809 airfoil. The results
suggest that blade designs incorporating thick and blunt
trailing edges could successfully balance structural
demands and aerodynamic efficiency in the design of wind
turbine rotors. Kumar et al. (2017) conducted both
experimental and numerical investigations on the impact
of BTE airfoils on VAWTSs. They utilized the direct
truncation method to increase the thickness of the blunt
trailing edge of the NACAOQ018 airfoils. Furthermore, they
explored the effectiveness of reducing wing drag by
introducing grooves at the thickened trailing edge of the
airfoil. Their study serves as an inspiration for this work,
leading to an in-depth analysis of the critical factors
associated with BTE airfoils and their influence on the
performance of VAWTS. Zhang et al. (2017) investigated
the effects of modifying the BTE airfoil on rough-surface
airfoils. The results indicated that thickening the BTE
modification can significantly reduce power losses.
Xu et al. (2017) introduced an active circulation control
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NOMENCLATURE

0 azimuth angle

) angular velocity of blade

At time step

N blade number

c blade chord length

D turbine rotor diameter

A (TSR) tip-speed ratio

BTE Blunt Trailing-Edge

CFD Computational Fluid Dynamics

C, power coefficient

Gy surface pressure coefficient

Cn torque coefficient

@ lift coefficient

(o drag coefficient

I ratio of thickness added to the trailing edge of
a single airfoil to ¢

I relative thickness

VAWT  Vertical Axis Wind Turbine

NACA National Advisory Committee for

Aeronautics

technique tailored for thick BTE wind turbine airfoils.
Their results demonstrated that employing circulation
control on BTE airfoils could yield a notable net energy
gain, with circulation control featuring larger groove
heights exhibiting superior control efficiency. A study
conducted by Zhang et al. (2020) explored the flow
characteristics and wind energy utilization of VAWT
blades, focusing on their trailing-edge modifications with
specific camber profiles. The results demonstrated that
increasing the relative camber reduced the areas of
positive and negative pressure regions, as well as the wake
length and distribution for both the NACA0021 and
NACAOQ0021S airfoils concurrently, an increase in wind
energy utilization was obtained. Despite the abundance of
research on blunt trailing edge (BTE) airfoils, the majority
of studies have concentrated on design approach that
increase the thickness at the airfoil’s trailing edge using
the truncation method and with a primary focus on their
implementation in horizontal-axis wind turbine blades.
Therefore, the integration of blunt trailing edge airfoils
into VAWTSs merits thorough investigation, given the
significant influence that complex dynamic stall
characteristics of such airfoil exerts on the overall
aerodynamic performance of the turbine (Kumar et al.,
2017). Furthermore, the correlation between the airfoil’s
relative thickness and the thickness of its trailing edge has
not been sufficiently explored in existing research.

2. OBJECTIVE OF THE PRESENT WORK

The primary aims of this study is to investigate the
aerodynamic performance of the H-Darrieus VAWT with
a BTE airfoil using CFD simulations. The effects of
critical factors such as the BTE thickness, design method,
and baseline configuration of the BTE airfoil are
systematically analyzed, these factors have not been fully
explored in previous studies. These findings could
contribute to a deeper understanding of the aerodynamic
properties of the VAWT with BTE airfoil, which holds the
potential to increase the generation of urban wind energy
through improving the environmental friendliness and
operational safety of the conventional VAWT

3.NUMERICAL METHODOLOGY AND
VALIDATION

3.1 Geometric Parameters of the Baseline H-Darrieus
VAWT

For ease of comparison with the experimental data, the
geometric parameters of the entire turbine model are
referenced from reference (Raciti Castelli et al., 2010),
and the airfoil profile of the VAWT is based on the
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NACAO0021 airfoi as summarized in Table 1. The specific
model is shown in Fig. 1 (a).

Table 1 The geometrical parameters of the
studied VAWT

Parameters Numerical value
Rotor diameter D 1.03m
Number of blades N 3
Airfoil NACA0021
Wind speed 9m/s
Solidity ratio 0.25
Blade chord length ¢ 0.0858m
Height of Blades H 1.456m
! L R=0515m ]
\ %eﬁb’.(,);;sm - /jﬁ
H=1.456m

(a)
40D 60D
Symmetric boundary NACAQ021
Velocity inlet |’
¢=0.0858m
V., =9m/s
— Pressure outlet ||
e D=1.03m O
Rotation zone y
Stationary zone [4. X
Symmetric boundary

(b)

Fig. 1 Structural models(a) and Schematic of the
computational domain for the baseline Darrieus-type
straight-bladed VAWT with NACAQ021 airfoil
blades(b)
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3.2 Computational Domain and Grid Generation

URANS models are used in the study, and the
governing equations for the conservation of mass and
momentum are given below. Here p is the density of the
fluid, u is the velocity vector field, and ¢ is the time, p is
the pressure, 7is the viscous stress tensor, and frepresents
any external body forces acting on the fluid.

P4 (pu)=0 W
@+V.(puu)=—Vp+VDr+pf (2)

The computation employs a two-dimensional model to
simplify the actual VAWT with counterclockwise rotation.
The topological structure of the entire computational
domain is shown in Fig. 1. The formulas for torque
coefficient (C,) and power coefficient (C,) are provided
below

M
c =112
g
C:qlea) =1MRa) _JiC. W

where M is the total torque, pis the flow density, Ve is the
flow velocity, 4 is the cross-sectional area R is the rotor
radius, and @ is the angular velocity.

The distribution of the computational domain and the
mesh on the airfoil surface are shown in Fig. 2. Structured
meshes are employed for the airfoil surface. The height of
the first layer near the surface is set to 3.0x10-m to ensure
a non-dimensional parameter y*~=1, and the growth rate
is 1.03. A total of 65 inflation layers are established,
thereby enhancing the ability of the model to capture of
the boundary layer flow on the airfoil surface. The
computational domain utilizes structured meshes and is
divided into two domains (a rotating and a stationary
zone) using a sliding interface. The moving zone consists
of the turbine rotor and its movement can be specified
through software settings or User-Defined Functions
(UDFs) to reproduce the turbine rotation.

3.3 Time-Step Size and Turbulence Model

Fluent 2020 R2 computational fluid dynamics
software is used to conduct simulations of the VAWT. The
uniform incoming flow velocity V~-=9 m/s. A sliding mesh
model is employed to model the turbine blade rotation,
and the turbine is rotated by 0.5° at each time step, thus
requiring 720 steps to complete one full revolution. Given
the relatively low incoming flow velocity with a Mach
number below 0.3, the flow can be treated as
incompressible flow (Larose & D’Auteuil, 2008). The
pressure-velocity coupling is solved using the SIMPLE
algorithm with the second order upwind method.

The formulas for calculating the tip speed ratio (TSR).
and time step are provided below, where @ represents the
rotational angular velocity, A denotes the TSR, R is the
rotor radius, At is the time step, and L corresponds to the
arc length associated with a rotation of 0.5°.
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Fig. 2 Details of mesh of arrangement. (a) Overall
mesh arrangement. (b) an enlarged view of the
rotating region enclosing the single rotor. (c) the
close-up views near the airfoil leading and trailing-
edge

6))

(6)

Bianchini, Guo and Kumar (Bianchini et al., 2016;
Guo et al., 2019; Kumar & Selvaraj, 2023) compared the
influence of different turbulence models on the
computation results and found that the SST k—w model
can better simulate flow phenomena induced by pressure
gradients, thus providing improved stability and accuracy
in numerical computations, particularly for simulations of
wind turbines. Hence, this study uses the SST ki—w
turbulence model

3.4 Mesh Independence Study and Model Validation

First, a mesh independence validation is conducted to
select an appropriate number of mesh points. Numerical
calculations are performed for different mesh densities
under the operating condition of 1 =2.64. The average Cy,
forces on the three blades are listed in Table 2. An
appropriate mesh size is chosen to maintain computational
accuracy while reducing the computational cost.
Therefore 3.4 X 10° mesh points are used for subsequent
computations.

Time step validation is conducted under the operating
condition of 4 = 2.64 with 3.4x10° mesh points, as
summarized in Table 3. The C, calculated in this study is
obtained by multiplying thet C,, by A. Therefore C, is
monitored and recorded. Convergence is achieved when
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Table 2 The variation of the average torque
coefficient with different mesh densities (1=2.64)

Number of mesh Average C,, of VAWT
elements
2.5E+05 0.138789232
3.4E+05 0.141115714
4.7E+05 0.142565358

Table 3 Results of time step sensitivity study

Time steps (size) Average C,, of VAWT
7/720 0.140306898
7/1440 0.140557469
7/2160 0.140798444
0.6
] ® [ ]
[ ]
Py *
* o
.
0.4 *
L A e v
Vg Ay Y
) * r -t u *
. ] [ ]
02}
¢ m  EXP.(Castelli et al. 2011)
A VB e CFD(Castelli etal. 2011)
a A CFD.(Present study)
I v CFD.(Huilan Huang et al. 2023)
00 . , * CFP.(SaheI Chegi‘m et al. 2023)
' 1.5 2.0 25 3.0 35
TSR

Fig. 3 model validation and comparison with previous
studies

the C,, curve shows periodic variations and the difference
in the time-averaged C, (over one turbine revolution)
between two successive revolutions is less than 1%.
Twenty cycles are computed in this study, and the average
C,, of the last three cycles is taken as the computed result.
In the Table 3, T represents the period.

Based on the validated mesh resolution, the reliability
of the numerical algorithm is verified by computing the
average C, at different TSRs. After observing stable cyclic
variations at the monitoring points, the computed results
are compared with experimental and simulated data from
Castelli et al. (Raciti Castelli et al., 2010), Sahel et al.
(Chegini et al., 2023), and Huang et al. (2023). The results
are shown in Fig. 3.

4. PERFORAMNCE INVESTIGATION OF
VAWT WITH BTE AIRFOIL

4.1 Impact of Airfoil Trailing-Edge Thickness

Rigid rotation thickening is a design method proposed
by Zhang et al. (2009) that achieves thickening of the
airfoil trailing edge by rotating the upper and lower curves
of the airfoil around its leading-edge point, as depicted in
Fig. 4. In this study, NACA0021 is used as the baseline
airfoil configuration. The BTE airfoil generated in this
manner is denoted as NACA0021-/,, where [ indicates the
ratio of the thickness of the BTE of the airfoil to the chord
length. This approach
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Fig. 4 Schematic representation of the strategy used
to increase thickness of airfoil trailing edge through
rotational thickening

—

Fig. 5 The BTE airfoil configuration designed with
the NACAO0021 baseline profile

simultaneously increases the maximum relative thickness
of the airfoil. Figure 5 illustrates the resulting BTE airfoil
used in the subsequent simulations, in which the rear
trailing edge is rounded.

Figures 6(a) illustrates the C, of the NACA0021 airfoil
after thickening by 2%c, 3%c, 5%c, 8%c, and 10%c using
the rigid rotation method (Zhang et al., 2009) at different
TSRs. The results show that as the thickness of the airfoil
trailing edge increases, the C, of the VAWT improves at
lower TSRs (4 = 1.8) and declines at higher TSRs (1 = 3).
With increasing thickness of the airfoil trailing edge, the
optimal TSR of the VAWT gradually decreases, whereas
the C, corresponding to the optimal TSR exhibits a trend
of initially increasing and then decreasing. At a trailing-
edge thickening of 3%c, the VAWT achieves its optimal
Cy, increasing by 2.94% compared with the original
airfoil, with a corresponding optimal TSR of 2.33. At this
trailing-edge thickness, the maximum enhancement in C,
reaches 33.2% at a TSR of 2.1. It is observed that at a TSR
of 1.8, the NACA0021-0.05c, NACA0021-0.08c, and
NACAO0021-0.10c  airfoils exhibit the  greatest
enhancements relative to the original airfoil, with
improvements of 47.2%, 99.4%, and 124.9%,
respectively.

Figure 6(b) and (c) show comparisons of the C,, of the
individual blades of the VAWTs with different trailing-
edge thicknesses at various TSRs. It is apparent that
within the range of phase angles from 90° to 150°, the C,,
of the blades increases with an increase in the airfoil
trailing-edge thickness. At lower TSRs (1 = 1.8), the
VAWT experiences significant flow separation in the
downstream region, and the C,, of the blades in this region
generally increases with increasing airfoil trailing-edge
thickness. As the TSR transitions to higher values (1=3),
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Fig. 6 Power coefficients of the VAWTSs using BTE airfoils with different trailing edge thicknesses(a) and
Comparisons of torque coefficient of a single blade with different trailing edge thickness at three TSRs(b),(c)
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Fig. 7 Pressure coefficient distributions around the airfoils with different trailing edge thicknesses at six different
azimuthal positions over the revolution (41=1.8)
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NACA0021

NACA0021-0.10¢

6=60°

Z Vorticity(s™)
Fig. 8 Vorticity contours around airfoils with different trailing edge thicknesses for six different azimuthal
positions in one revolution (1=1.8)

the extent of the flow separation diminishes. while there
is a noticeable decreasing trend in the C,, with increasing
blade trailing edge thickness in the downstream region.

To further elucidate the influence of the airfoil trailing-
edge thickness on VAWTs, the original airfoil is compared
with airfoils having trailing-edge thicknesses of 3%, 5%,
and 8%. Figures 7 and 8 show the pressure coefficient (C,)
curves and vorticity contours, respectively, of airfoils with
varying trailing edge thicknesses at a TSR of 1.8. As the
control of the trailing-edge thickness typically ranges
from 6 = 40° to 140° and 6 = 210° to 360°, phase angles
of 60°, 90°, 120°, 240°, 270°, and 330° are chosen for
investigation.

From Figs 7 and 8, show that at 6=60°, no flow
separation occurs on the airfoil, and there is no significant
variation in pressure on the airfoil suction surface.
However, the negative pressure peak on the suction
surface of the NACA0021-0.05¢ and NACA0021-0.08c
airfoils is reduced compared with that of the other two
airfoils. At 8 = 90°, no flow separation occurs on the
original airfoil, whereas with increasing trailing-edge
thickness, flow separation appears on the suction surface.
At 6=120°, the airfoil is in a stall condition, and the
original airfoil exhibits severe flow separation on its
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surface. However, with increasing trailing-edge thickness,
there is a substantial increase in the negative pressure peak
at the leading edge, suppressing the formation and
development of leading-edge vortices. The separation
point on the airfoil surface moves rearward, and the
separation vortices on the suction surface are concentrated
toward the mid-rear section of the blade, with a weakening
of their intensity. At this juncture, larger trailing-edge
thicknesses significantly improve the stall characteristics
of the wind turbine blade. At 6=270°, severe flow
separation is still observed on the surface of the original
airfoil, whereas the NACA0021-0.03¢ airfoil significantly
inhibits this flow separation phenomenon, resulting in a
minimal pressure difference compared with the other
airfoils within this phase angle range. As the thickness of
the trailing edge continues to increase, its inhibitory effect
on the separation vortices of the airfoil gradually
decreases, resulting in an increase in the pressure gradient
of the airfoil.

Overall, thicker trailing edges result in more
pronounced disturbances at the trailing edge of the airfoil.
An increase in the thickness of the trailing edge of the
airfoil has a positive effect on the VAWT using this airfoil
at this TSR.
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Fig. 9 Pressure coefficient distributions around the airfoils with different trailing edge thicknesses at six different
azimuthal positions over the revolution (41=3)

Figure 9 compares the aerodynamic pressure
coefficients for individual blades of wind turbines with
different trailing-edge thicknesses at 4 = 3. Figure 10
presents vorticity contour plots for airfoils with varying
trailing-edge thicknesses at different phase angles. As the
control of the trailing-edge thickness typically ranges
from 8 = 40° to 140° and 4 = 210° to 360°, phase angles
of 60°, 90°, 120°, 240°, 270°, and 330° are selected for
investigation.

Overall, Fig. 9 and 10 indicate that the peak negative
pressure on the airfoil suction surface decreases with
increasing trailing-edge thickness, leading to a reduction
in the pressure difference. At this TSR, flow separation
typically does not occur on the airfoil surface. However,
the NACAO0021-0.08c airfoil exhibits vortices at its
trailing edge for most phase angles, which is attributed to
the structure of its surface. Because of its relatively thick
trailing edge, the flow detaches from the airfoil surface at
the trailing edge, forming a vortex street. The vortices
shed from the airfoil in the upstream region affect the
downstream blades. Therefore, although increasing the
airfoil trailing-edge thickness enhances the C, of VAWTs
at lower TSRs, it has a pronounced negative effect at
higher TSRs.

In general, at this TSR, the C, of the VAWTs gradually
decreases with increasing trailing edge thickness.

Figure 11 compares the drag coefficient curves for
airfoils with different thicknesses at two distinct TSRs: 4
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= 1.8 and 1 = 3. Several observations can be made form
this figure. First, irrespective of the TSR, the drag
coefficient increases with an increase in the airfoil
thickness. Second, as the TSR increases, the airfoil's drag
coefficient also increases. Finally, at higher TSRs, the
drag coefficient curve of the NACA0021-0.08¢c airfoil
exhibits significant fluctuations, which are attributed to
the presence of a vortex street resulting from its thicker
trailing edge at this TSR.

4.2 Impact of Design Methods of BTE Airfoil

Existing thickening methods include rotational
thickening (Zhang et al., 2009) as well as symmetric
thickening (Standish & Dam, 2003), asymmetric
thickening, and direct truncation (Law, 1987). Owing to
the prevalence of symmetric thickening compared with
other methods, this study compares rotational thickening
with symmetric thickening to explore the impact of
different thickening methods on the aerodynamic
characteristics of airfoils. In this subsection, we primarily
adopt the method proposed by Standish et al. This method
ensures a symmetric increase in thickness after the
maximum thickness without changing the maximum
thickness or centerline distribution of the basic airfoil. The
increased thickness is distributed using a power function
to ensure smoothness of the modified shape. According to
Zhang et al. (2009) the modified coordinates can be
represented as follow:
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NACA0021
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\

6=90°

Z Vorticity(s™)
Fig. 10 Vorticity contours around airfoils with different trailing edge thicknesses for six different azimuthal
positions in one revolution (=3)
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Fig. 11 Comparison of drag coefficients for baseline airfoil and BTE airfoils with trailing edge thicknesses of
0.03c and 0.08c at two TSRs
x—x )" Where J represents the required increase in trailing
X =Xo, Y =Yo£0.56 ( j @) edge thickness, and ¢ denotes the geometric chord length
C—-C of the airfoil. in the table below, ¢ denotes the maximum
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Fig. 12 Plots of the geometric shapes of BTE airfoils designed by two different methods

thickness location, and » is the power-law exponent. As n
increases, the modified airfoil profile more closely
approaches the original profile. The suitable range for 7 is
typically from 1.8 to 2.5 (Deng et al., 2012), in this
subsection, 7 is set to 2. Symmetrically thickened airfoils
are also treated with rounded corners.

Figure 12 compares the geometric shapes of the airfoils
obtained using different thickening methods. It is evident
that as the thickness increases, the disparity in the
geometric profiles of the airfoils obtained by the
symmetric and rotational thickening methods gradually
increases. The primary reason for this is that the rotational
thickening method alters the maximum relative thickness
of the airfoil, which increases with the increase in the
trailing-edge thickness. When the trailing-edge thickening
reaches 10%c, the rotational thickening method yields a
maximum relative thickness of 28%c, which represents a
7%c increase compared with the original airfoil.

Figure 13 compares the influence of different
thickening methods on the energy efficiency of airfoils
utilized in VAWTs. The results show that the overall
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B NACA0021-0,02¢-Roiational thickening
—@— NACA0021-0.02¢c-Symmetric thickening
1 \ ® NACA0021-005¢-Rotational thickening
01k g ] NACA0021-0.(%(:-Symmemc thickening
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‘ . —8— NACAUC:Z l-U,lOc-Symmfuw thickening
15 20 25 3.0 35
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Fig. 13 Power coefficients of the turbines using BTE
airfoils obtained by two methods

energy-harvesting efficiency of the VAWTs thickened
using the two different methods differs only slightly when
the thickness is increased by 2%c. At a thickness of 5%c,
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Fig. 14 Comparisons of torque coefficient of a single BTE blade with different trailing edge thickness
obtained by two methods

a similar trend is observed, and there is a minimal
difference in the energy efficiency between the two
methods at low-to-moderate TSRs. However, as the TSR
increases, the VAWTs employing airfoils thickened using
symmetric thickening exhibit lower energy-harvesting
efficiencies than those utilizing airfoils thickened using
rotational thickening. This trend becomes more
pronounced when the airfoil thickness reaches 10%c. The
primary reason for this phenomenon is the alteration of the
geometric profile of the airfoil induced by the two
thickening methods. When the increase in thickness is
relatively small, the differences between the geometric
profiles of the airfoils obtained using the two methods are
negligible. However, as the thickness increase becomes
more substantial, the divergence in the geometric profiles
resulting from the two methods becomes increasingly
important. This result suggests that airfoils thickened via
the rotational thickening method are capable of producing
blunt trailing edge profiles with more advantageous
aerodynamic  properties than  those  thickened
symmetrically. Therefore, the rotational thickening
method is then adopted to generate the shape of the BTE
airfoil in the subsequent sections of this study, as it seems
to be more efficacious.

Figure 14 compares the variation in C,, of a single blade
with respect to the phase angle for different thickening
methods. Figure 14(a) shows that at 4= 1.8 and a thickness
increase of 2%c, the C,, variation curves of the airfoils
obtained by the two thickening methods exhibit a high
degree of overlap. However, at 4 = 1.8 and a thickness
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increase of 5%c, although the C,, variation curves of the
airfoils obtained by both thickening methods still exhibit
significant overlap, the differences between the airfoils
become increasingly evident compared with a thickness
increase of 2%c.

In Fig. 14(c), when 1 = 1.8 and the thickness increase is
10%_c, this difference becomes particularly pronounced. It
can be observed that for 8 ranging from 0° to 90°, the C,,
of the airfoils thickened by the rotational method are
significantly higher than those of the airfoils obtained
through symmetric thickening. Moreover, the C,, curve of
the airfoils thickened by the rotational method appears
much smoother than that of the airfoils obtained through
symmetric thickening. The C, curve of the airfoils
obtained through symmetric thickening exhibits
noticeable fluctuations when 8 ranges from 0° to 90°

Figure 15 compares the vorticity contours for the two
different thickening methods applied to airfoils with a
thickening of 10%c at A = 1.8 in VAWTs. Overall, the
generation of vortices at the tail of the symmetrically
thickened airfoil at this airfoil thickness and TSR is more
severe than that of the rotationally thickened airfoil. The
generation of these vortices is manifested in the C, as
violent fluctuations in the curve, as shown in Fig. 14(c).

Figure 16 compares the drag coefficients of airfoils
obtained through two different thickening methods at 4 =
1.8. The results show that the C, values of the
symmetrically thickened airfoils are significantly
higher than those of airfoils obtained through rotational
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Fig. 15 Vorticity contours around the airfoils with BTE thickness of 0.1c obtained by two methods for six
different azimuthal positions in one revolution (4=1.8)
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Fig. 16 Comparison of drag coefficients for BTE
airfoils with trailing edge thicknesses of 0.1c obtained
by two methods (41=1.8)

thickening, and both types of airfoils exhibit fluctuations
in C; owing to the vortex street generated at the trailing
edge of the airfoil. The fluctuations in the C; values of
symmetrically thickened airfoils are more pronounced
than those of airfoils obtained through rotational
thickening, mainly because the generation of vortex
streets in symmetrically thickened airfoils is more intense
than that in airfoils thickened by rotational means, as
evidenced by their vorticity contours.

Figure 17 compares the vorticity contours of airfoils
thickened to 5%c using two different methods at A = 3.
The symmetrically thickened airfoil exhibits pronounced
vortex shedding at the trailing edge, leading to
fluctuations in the airfoil C,,, as shown in Fig. 14(e). These
vortices increase the drag of the airfoil and also affect the
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downstream blades in the upwind region of the VAWT,
further increasing the drag. This ultimately reduces the
energy-harvesting efficiency of the VAWT.

Figure 18 compares the vorticity contours of airfoils
thickened to 10% using two different methods at A = 2.
Combined with Fig. 14(f), both thickening methods result
in vortex shedding at the trailing edge of the airfoil,
however, the vortex shedding from the symmetric
thickening method is notably more intense. Although
rotational thickening also induces vortex shedding at the
trailing edge of the airfoil, this phenomenon occurs with a
larger airfoil thickness than under symmetric thickening.
Additionally, under the same TSR, the vortex-shedding
phenomenon in airfoils thickened by the rotational
method is less severe compared with that in airfoils
thickened symmetrically.

The C,, curves obtained at greater thicknesses and the
energy-harvesting efficiency achieved by these airfoils in
the VAWT indicate that rotational thickening is superior
to symmetric thickening when the thickness is increased
significantly.

4.3 Impact of Initial Baseline Airfoil Geometry

Because the rotational thickening method not only
alters the trailing-edge thickness of the airfoil but also
affects its relative thickness, this subsection investigates
the impact of BTE thickening on airfoils with different
thicknesses. The study NACAO0012, NACAO001S5,
NACAO0018, and NACAO0021 airfoil profiles with a
thickness of 3%c are compared. Using the rotational
thickening method, the actual relative thickness of the
thickened airfoils increases by approximately 2%c.
Specifically, the actual relative thicknesses of NACA0012
NACAO0015 NACA0018 and NACA0021 become 14%c,
17%c, 20c%c, and 23%c, respectively.
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Fig. 17 Vorticity contours around the airfoils with BTE thickness of 0.05¢ obtained by two methods for six
different azimuthal positions in one revolution (1=3)
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Fig. 18 Vorticity contours around the airfoils with BTE thickness of 0.1c obtained by two methods for six
different azimuthal positions in one revolution (1=2)

NACA0015-0.03¢, NACA0018-0.03¢, and NACA0021-
0.03c¢. Figure 19 shows a schematic of the thickness and
relative thickness of the trailing edge. Because it is
necessary to investigate the relationship between the
relative thickness and airfoil trailing-edge thickness, the
ratio of /. to [ is defined as Rt (the relative trailing-edge

Fig. 19 The schematic of relative thicknesses of the thickness).
BTE airfoil Hence,
II’
) . . Rt=-=L 8)
Because this subsection focuses on the relative |

thickness parameter, the variation in the actual relative
thickness of the airfoil profiles does not have a substantive
impact on the conclusions. The naming convention for the S . . .
airfoils after trailing-edge thickening remains consistent airfoil is designed, and /, is the thickness added to the

with the relative thickness of the original airfoil plus the tra}iling edge of the a.irfoil. In terms of the actqal relative
trailing-edge  thickness, e.g, NACA0012-0.03c, thickness of the airfoil, the Rt values for four different

In the above equation, /- is the maximum relative
thickness of the original airfoil based on which the BTE
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Fig. 20 Plots of the BTE airfoils designed based on different baseline airfoil configurations for a given trailing
edge thickness of 3%c

relative thicknesses are as follows: Rinaca0012-0.03c=4.67,

RinACA0015-0.03¢=5.67, Rinaca0018-0.03c=0.67 and Rinacaoozi-
0‘03c=7.67.

Figure 20 compares the geometric shapes of airfoils
with different Rt values.

Figure 21(a) illustrates the C, of VAWTs with airfoil
Rt value at different TSRs. The results show that at a low
TSRs (4 = 1.8), the greater the Rf value of the airfoil, the
higher C, of the VAWT. However, at moderate (1=2.5) and
high (4=3) TSRs, the VAWT achieves optimal C, when the
Rt=5.67. As the airfoil Rf increases, the C, of the VAWT
gradually decreases.

Figure 21(b) and (c) presents a comparative graph of
the C,, of individual airfoils at different TSRs. From the
graph, it can be observed that at 1=1.8, within the range of
6=0°~120°, the C,, of the airfoil increases with increasing
Rt value of the airfoil. At A=3, within the range of
0=0°~120°, there is minimal difference in the C,, of the
four airfoils with different Rz, and the C, of the
NACAO0015-0.03¢ airfoil remains the highest. Under this
TSR, when the airfoil is in the downstream region of the
VAWT, the C,, curve of the NACA0012-0.03¢ airfoil
exhibits noticeable minor fluctuations. This is because as
the Rt value of the airfoil decreases, the thickness of the
airfoil's trailing edge becomes closer to the relative
thickness of the airfoil itself. At high aspect ratios, the
presence of a vortex street phenomenon becomes more
pronounced at the airfoil's trailing edge, resulting in such
fluctuations.
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Figure 22 illustrates the pressure coefficient curves
for airfoils with different Rt at A = 1.8. As the control of
trailing-edge thickness typically ranges from 6 =
60°~330°, phase angles of 60°, 90°, 120°, 240°, 270°, and
330° are selected for investigation. Siddhant et al. (Jain &
Saha, 2020) noted that, for Darrieus-type turbines with
thin airfoils, a smaller leading-edge radius is
disadvantageous for airflow passage, leading to the
formation of separation vortices at the leading-edge point,
thus resulting in leading-edge stall. For thicker airfoils, the
development process of the dynamic stall on the blades
changes, with flow separation on the blade surface starting
from the trailing edge and exhibiting trailing-edge stall
characteristics.

Figures 22 shows that at 6 = 60°, as the relative
thickness of the airfoil increases, the negative pressure
peak on the suction surface gradually decreases, and the
pressure gradient also decreases. At 6 = 90°, flow
separation occurs at the leading edge of the NACA0012-
0.03¢ airfoil, as the relative thickness of the airfoil
increases, the separation point on the surface moves
backward. Because the maximum relative thickness of the
NACAO0012-0.03c¢ airfoil is the smallest, the influence of
the trailing edge is greater under the same trailing-edge
thickness of 3%c, leading to a decrease in the negative
pressure peak on the suction surface. At 8 = 240°, all of
the airfoils are in the stall conditions. At 8 = 270°, the
NACAO0012-0.03¢ airfoil exhibits stranger vorticity on its
suction surface than the other airfoils, resulting in a larger
negative pressure peak and pressure gradient.
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Fig. 23 Comparison of lift and drag coefficients for

BTE airfoils with different relative thickness for a
given trailing edge thicknesses of 0.03c (1=3)

Figure 23 compares C; and Cy for airfoils with different
Rt at 1 =3. At A=3, both C; and C, decrease as the Rt value
of the airfoil increases. However, when Rt is extremely
small, vortex shedding occurs at the trailing edge of the
airfoil at high aspect ratios. Combining this observation
with Fig. 22(a), it can be inferred that at lower aspect
ratios, higher Rt values correspond to better C, for
VAWTs. Conversely, smaller Rt values at high aspect
ratios have a positive effect on the energy harvesting of
VAWTs. However, when Rt is excessively small, vortex
shedding occurs, which significantly reduces the energy
harvesting efficiency of VAWTs.

5. CONCLUSIONS

In this study, the aerodynamic characteristics of an H-
Darrieus VAWT with the a BTE airfoil are
comprehensively analyzed using CFD simulations. The
effects of several critical factors (including the BTE
thickness, design method of the BTE airfoil, and baseline
airfoil configuration) on the performance of the H-
Darrieus VAWT are then studied. Our results suggest that
the BTE airfoil can significantly improve the aerodynamic
performance of an H-Darrieus VAWT at low TSRs
Moreover, a the higher maximum Cp can also be achieved
at a smaller optimal TSR compared with the conventional
counterpart, indicating its promising application for wind
energy exploitation in dense urban areas owing to its
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advantages of a relatively low noise level and high
operational safety. The major results of this study can be
summarized as follows:

(1) For the three-bladed VAWT with NACA0021 BTE
airfoil, its power coefficient is notably higher at low TSRs
than conventional VAW Ts with sharp trailing edge airfoil.
However, the operating range of the VAWT with BTE
airfoil is narrower and becomes increasingly so with
greater BTE thickness.

(2) When the BTE airfoil’s trailing edge thickness is
3%, 5%, 8%, and 10% of its chord length, the maximum
increase in the wind turbine’s power coefficient can reach
33.2%, 47.2%, 99.4%, and 124.9%, respectively.

(3) When the trailing edge thickness is small, there’s
no notable difference in performance between VAWTs
with BTE airfoils made by rigid rotation or symmetric
thickening. However, with greater thickness, significant
performance variations occur, with the rigid rotation
method showing superior results.

(4) For airfoils with a 3%c trailing edge thickness,
thicker airfoils (NACA0015, NACA0018, NACA0021)
are more suitable than the thin airfoil (NACA0012) as a
baseline for BTE airfoils, offering better aerodynamic
performance on H-Darrieus VAWTs.

Further research needs to explore possible flow
control techniques like active blade pitch control to
increase power capture of the H-Darrieus VAWT with the
BTE airfoil at high TSRs. Moreover, the self-starting
aerodynamic characteristics of the VAWT with the BTE
airfoil are also worthy of additional investigations.
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