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ARTICLE INFO ABSTRACT

Keywords: Self-starting torque (Tseyf_stariing) Presents a significant challenge for Darrieus vertical axis wind turbines
Embossed-bladed (DVAWTS), often necessitating external assistance to initiate rotation. This study addresses the issue by opti-
Darrieus

. mizing airfoil design, employing embossed blades (EBs), and adjusting blade height (H) to reduce Tsejsstarting-
:Iz‘i’;ehrt coefficient From an analysis of 43 rotors at a chord-based Reynolds number (Re.) of 45,192, national advisory committee for
Smooth-bladed aeronautics (NACA) 0015, NACA4412, and NACA4415 rotors were selected for their superior power coefficients
(Cp). These rotors were optimized using double-multiple streamtube theory (DMST) and particle swarm opti-
mization (PSO), focusing on the thickness-to-chord ratio (TCR). Among them, the NACA0015-Opt rotor achieved
the highest C,, demonstrating its effectiveness in enhancing DVAWT efficiency. This study also investigates the
effect of H on the performance of EBs, comparing H of 35 cm and 75 cm. Experimental findings reveal that
combining airfoil optimization with EBs, along with an increased H, leads to a substantial decrease in Tse—sarting-
Specifically, higher H enhance the aerodynamic performance of EBs by improving airflow over the blade surface,
further reducing drag and contributing to a significant reduction in Tses_starting. At @ H of 75 cm, the embossed
blade Darrieus vertical axis wind turbine (EB-DVAWT) equipped with the optimized NACA0015-Opt rotor
required 15.92 %, 17.04 %, 18.12 %, 21.23 %, 52.06 %, 49.23 %, 51.25 %, 35.20 %, 14.12 %, and 9.09 % less
Tself—starting at wind velocities (Us,) of 1, 2, 3, 4, 5, 6, 7, 8, 9, and 9.5 m/s, respectively, compared to the baseline
smooth blade Darrieus vertical axis wind turbine (SB-DVAWT) with the original NACA0015 rotor.

from natural Procedures that are continuously recharged [16]. This in-
corporates solar-derived power [17-29], hydropower [30-34], biomass
[35-43], geothermal energy [44-48], and wind energy [49-63]. Unlike
fossil fuels, renewable energy sources are sustainable, providing a
continuous supply of energy with minimal environmental impact. They
reduce greenhouse gas emissions, produce little to no pollutants, and
contribute to improved air and water quality. Wind and solar energy,
both abundant and inexhaustible, enhance energy stability and reduce
dependence on non-renewable resources. Among renewable energy so-
lutions, wind power is particularly promising due to its high efficiency in
areas with consistent wind patterns and its lower land use compared to
solar farms, allowing for dual land use in agriculture [64-79].

Wind energy is captured through wind turbines (WTs), which are

1. Introduction

For over a century, carbon-based fuels have driven industrial
development, but their use has resulted in significant environmental and
social challenges. The combustion of fossil fuels releases pollutants like
CO3, NOy, and SO, contributing to global warming and climate change.
Extraction processes also cause environmental damage, including
habitat destruction and water contamination. Furthermore, dependence
on these fuels poses energy security risks due to price fluctuations and
geopolitical tensions, emphasizing the urgent need for a shift to
renewable energy sources [1-15].

Environmentally sustainable power is defined as energy extracted
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Nomenclature

A The swept area of the blade (m?)
C Chord length (m)

Cp Drag coefficient (—)

C Lift coefficient (—)

Gy Power coefficient (—)

Cr Torque coefficient (—)

D Rotor diameter (m)

Fp Drag force (N)

F Lift force (N)

Fy Normal force (N)

H Blade height (m)

I Moment of inertia of the rotor (Kg.m?)
C./Cp Lift-to-drag ratio (—)

m Mass of the rotor (Kg)

N Number of blades (—)

R Turbine rotor radius (m)

Re. Chord-based Reynolds number (—)
S Solidity of the rotor (-)

Ta Aerodynamic torque (Nm)

Tp Aerodynamic drag torque (Nm)
Ty Frictional torque (Nm)

T; Inertia torque (Nm)

TResist Resisting Torque (Nm)
Tsef—starting  Self-starting torque (Nm)

Uy Wind velocity (m/s)

a Angular acceleration (Deg)

B Angle of attack (Deg)

A Tip speed ratio (—)

U The coefficient of friction (—)
p Air density (Kg/m?®)

v Kinematic viscosity (m?/s)
Abbreviations

AR Aspect ratio

CAD Computer-aided design

CFD Computational fluid dynamics
DMST  Double-multiple stream tube

DVAWT Darrieus vertical axis wind turbine

EB Embossed blade

EB-DVAWT Embossed blade Darrieus vertical axis wind turbine
gbest Global best

HAWT  Horizontal axis wind turbine

LWV Low wind velocity

NACA  National advisory committee for aeronautics
pbest Personal best

PSO Particle swarm optimization

SB Smooth blade

SB-DVAWT Smooth blade Darrieus vertical axis wind turbine

SMAW  Shielded metal arc welding
SVAWT Savonius vertical axis wind turbine
TCR Thickness-to-chord ratio

VAWT  Vertical axis wind turbine

WT Wind turbine

mainly classified into horizontal axis wind turbines (HAWTSs) and ver-
tical axis wind turbines (VAWTs). HAWTs are highly efficient and
perform best in areas with consistent wind, but they require a minimum
U, and a yaw mechanism for wind alignment, which can reduce effi-
ciency in variable wind conditions. In contrast, VAWTSs can operate
across a wider range of U, do not require a yaw mechanism, and are
better suited for areas with fluctuating wind patterns. Additionally,
VAWTs offer advantages such as a lower profile, reduced risk to wildlife,
easier installation and maintenance, greater durability, and lower costs
compared to HAWTs [80-86].

VAWTs include the Savonius vertical axis wind turbine (SVAWT) and
the DVAWT. The SVAWT features a simple drag-based design that allows
it to start at low wind velocities (LWVs), but its efficiency is limited,
making it unsuitable for large-scale power generation. In contrast, the
DVAWT relies on aerodynamic lift, offering higher efficiency and energy
output across a wider range of U,,. However, a significant drawback of
the DVAWT is its inability to self-start, requiring an initial push or higher
U to begin operation, which limits its effectiveness in areas with low or
variable wind conditions. Despite this, the DVAWT’s superior efficiency
makes it ideal for large-scale energy generation in regions with consis-
tent wind patterns [87-93].

This study focuses on the DVAWT because of its high efficiency,
energy output potential, cost-effectiveness, and ease of construction, all
without the need for costly external devices. Although it has a self-
starting limitation, the research explores solutions to improve perfor-
mance in LWV conditions by examining various methods, designs, and
strategies to enhance self-starting capabilities and overall efficiency. The
goal is to develop more reliable, affordable, and efficient VAWTs for
wider applications.

A variable pitch system increased power and torque but also intro-
duced complexity and higher costs, limiting its use in small-scale ap-
plications [94,95]. Combining DVAWT with SVAWT boosted the C, by
26.91 % at low tip speed ratios (1), but performance declined at higher

ratios [96,97]. Increasing the blade chord length (C) enhanced self-
starting in Gorlov VAWTSs, though it was less effective with thinner
airfoils [98]. Helical blade designs improved efficiency but created
manufacturing and maintenance challenges, underscoring the trade-off
between efficiency and practicality.

Research indicates that flexible plates enhance torque generation in
DVAWTSs at LWVs [99], but their integration increases manufacturing
complexity and costs, limiting their suitability for large-scale applica-
tions. J-shaped blades are effective for self-starting in urban LWV con-
ditions [100], but their design and manufacturing complexity pose
significant challenges. V-shaped blades perform well under certain
conditions but lose efficiency at low A and are expensive to construct.
These issues highlight the need for simpler, more cost-effective designs
that maintain or enhance self-starting performance without the com-
plications of advanced systems [101].

The rough surface component, functioning as a passive control
method, improves the aerodynamic efficiency of VAWTSs by minimizing
airflow separation effects [102]. While existing studies on roughness
elements and other surface modifications have provided valuable in-
sights into passive control methods for VAWTs, they have limitations
that leave room for further exploration. Keskin et al.’s study [103] on
roughness elements applied to a DVAWT with NACA0018 blades relied
mainly on 2D simulations. While these simulations are useful for initial
optimization, they don’t account for the complexities of real-world
turbine conditions. Additionally, the study only examined roughness
at a few chordwise positions (5 %, 10 %, and 50 %) and didn’t consider
its effect across the full span of the blade, limiting our understanding of
how surface modifications impact aerodynamic efficiency and power
output in actual operational settings.

Taniiriin et al.’s [104] study investigated the impact of suction-side
roughness on the aerodynamic performance of the NACA0015 rotor in
a VAWT. However, it was limited to applying single- and double-layer
roughness only on one side of the blade, which improved the lift
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coefficient (Cy). The study did not explore how symmetrical roughness,
full-span treatments, or varying H might influence self-starting, stall
delay, or peak performance at different A values. Additionally, it did not
consider the potential advantages of alternative textures such as
embossed patterns.

Other studies, such as those examining sinusoidal leading-edge
protrusions, demonstrate that tubercle designs can delay stall and
enhance aerodynamic efficiency for specific airfoils. However, these
studies primarily focus on isolated airfoil sections in 2D simulations or
wind tunnel experiments, rather than full turbine systems [105].

Gongalves et al. [106] observed performance improvements with
leading-edge modifications at specific U, but these effects have not
been thoroughly tested in the dynamic rotational environment of a
DVAWT, where conditions vary throughout the rotation cycle.

Zamani et al. [107] explored the use of porous media elements in the
DU 06-W-200 airfoil, showing benefits in stall delay and improved flow
attachment. However, their study was limited to 2D simulations and did
not evaluate how these elements would perform on a complete VAWT in
fluctuating wind conditions. Additionally, the porous elements were
tested only on the pressure and suction sides, limiting understanding of
their effectiveness across the entire rotor blade or when combined with
other surface modifications like embossing.

The decision to investigate EB surfaces is based on their demon-
strated aerodynamic benefits for VAWTSs. Previous studies have shown
that roughened surfaces can enhance airflow attachment, delaying flow
separation and reducing drag at certain angles of attack ().

EB surfaces, a form of structured surface roughness, presents a
promising and innovative solution to enhance the aerodynamic perfor-
mance of DVAWTSs. By introducing textured patterns across the blade
surface, these designs improve self-starting capabilities by modifying
local airflow patterns, reducing boundary layer separation, and
increasing initial torque. These benefits are especially valuable in LWV
conditions, typical of urban environments where DVAWTs are
commonly deployed.

The adoption of EB surfaces is significant for their ability to balance
enhanced aerodynamic performance with manufacturing simplicity.
Unlike complex mechanisms such as variable pitch systems, embossed
surfaces provide a cost-effective, passive control method suitable for
small- and medium-sized VAWTs operating in variable U, conditions.
This aligns with recent research advocating passive solutions to optimize
blade performance while minimizing manufacturing and operational
complexity.

This study builds on these principles by proposing the application of
embossed patterns across the full H and surface of the DVAWT blade.
Departing from prior studies that restricted roughness modifications to
isolated blade sections or specific chordwise positions, this compre-
hensive approach aims to address both flow separation and self-starting
challenges with a uniformly textured surface.

This research investigates full-span embossed patterns to provide a
scalable and effective solution for improving aerodynamic efficiency,
stall delay, and self-starting performance in real-world conditions. This
holistic strategy addresses main gaps in the literature, offering a prac-
tical pathway for advancing DVAWT performance and viability in
diverse environments.

Building on previous research findings, which highlight the absence
of a definitive design condition for airfoil optimization in VAWTs due to
their operation across a wide range of positive and negative f [108], this
study investigates a diverse set of 43 airfoil designs. These airfoils,
drawn from the NACA 4-digit, NACA 5-digit, and Selig families, were
systematically analyzed to identify the most suitable candidates for
optimizing VAWT performance in this research.

Moreover, as highlighted in studies by Bachant and Wosnik [109]
and Miller et al. [110], the performance of DVAWTs is strongly influ-
enced by the Re.. Our investigation is conducted at a Re. of 45,192,
calculated based on a blade C of 0.071 m, to account for this critical
factor. This parameter was selected to reflect the operational conditions
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relevant to the design and performance evaluation in this study.

Research has demonstrated that incrementing the aspect ratio
(AR)—defined as the ratio of H to the diameter (D) of the
DVAWT—enhances the blade’s surface area exposed to airflow, thereby
improving the C, [111,112]. This effect is particularly pronounced in
SB-DVAWTSs, where higher AR values maximize air contact area and
directly improve aerodynamic efficiency. Building on this finding, this
study investigates AR as a critical factor influencing turbine perfor-
mance, with a specific focus on its impact on Tsef_saring. TO further
explore this relationship, we examine the effects of blade embossment in
combination with increased H. Unlike previous studies that primarily
focused on H in SB configurations, our approach includes a comparative
analysis of traditional SBs and EBs to assess their combined influence on
the self-starting performance of DVAWTSs.

For this study, we consider two AR values: 1 and 2.4, representing
key practical ranges for DVAWT applications. AR = 1 is commonly used
for compact, small-scale DVAWTS, particularly in urban environments
where space constraints prioritize efficiency over peak power output.
Conversely, AR = 2.4 is often selected in DVAWT research for its balance
between efficiency, structural feasibility, and operational stability, of-
fering increased rotor inertia and reduced tip flow effects [112,113].

Increasing the AR from 1 to 2.4 will enhance DVAWT performance
significantly. In the sub-8 AR range, tip flow effects are sensitive to
changes in AR. As noted by Tong et al. [114], increasing AR reduces tip
flow interference, which improves both aerodynamic efficiency and
overall performance. By raising the AR to 2.4, the DVAWT exposes a
larger blade area to the wind while maintaining manageable design
complexity and cost. This adjustment aligns with findings demonstrating
its potential to improve the C, and self-starting capabilities.

We carefully chose these AR values to encompass a range of opera-
tional scenarios commonly encountered in VAWT research. AR = 1
represents compact, urban-focused designs, while AR = 2.4 provides a
benchmark for enhanced efficiency in larger systems. By evaluating
these two AR values, this study seeks to address gaps in the literature by
exploring how blade embossment interacts with H to influence
Tself—starting- This area has received limited attention in previous research.
This comprehensive analysis aims to provide insights into optimizing
DVAWT performance through practical and innovative design
strategies.

Researchers have made various efforts to enhance the performance
and self-starting functions of DVAWTs, as extensively documented in the
literature. These initiatives seek to address the inherent challenges of
DVAWT design and improve overall performance. However, a notable
gap exists regarding the comparative analysis of EB designs and the
optimization of airfoil geometry, particularly concerning the TCR, for
enhancing Tsestarting-

Furthermore, researchers have not comprehensively studied the
combined influence of EB geometry, airfoil optimization, and H. This
study seeks to fill these gaps by investigating how variations in H, when
paired with EB designs and optimized airfoil geometry, affect the
Tseif—starting Of DVAWTSs. Moreover, this research aims to identify simple
and cost-effective methods to improve DVAWT self-starting capabilities
without relying on external devices or complex airfoil structures. By
focusing on practicality and affordability, the study emphasizes designs
that reduce construction complexity and manufacturing costs. This
approach is particularly valuable for developing DVAWT, where
simplicity in design can facilitate broader adoption, especially in small-
scale or urban applications.

Researchers have employed various experimental [115-117] and
computational models, including computational fluid dynamics (CFD)
[118-120] and momentum models like streamtube models, to assess
VAWT efficiency. The DMST model stands out for its speed and accu-
racy, consistently aligning with experimental data and CFD simulations
[121-125]. Its reliability has been validated through extensive testing,
and several refinements have enhanced its accuracy [126-128],
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particularly for low and moderate solidity (S) VAWTs and variable-pitch
designs [127-130].

For a high S turbine, Ghiasi et al. [131] conducted a validation
research using a developed DMST model, comparing its predictions with
experimental data provided by Elkhoury et al. [132]. The turbine
analyzed in their study was a micro-scale, H-type, three-bladed DVAWT
characterized by high S (S = 0.75), witha H = 0.8 m and a D of 0.8 m.
The turbine featured a symmetrical NACA0018 blade profile with a C of
0.2 m. The turbine’s performance was validated by assessing the C, over
a A range of 0-3. Their results demonstrated a strong correlation be-
tween the experimental C, at a U, of 8 m/s and the predictions
generated by the DMST model, confirming the model’s accuracy.
Assuming constant U, frontal area, and airflow density, the relation-
ship between C, and )\ remained consistent across experimental and
simulation datasets. The maximum observed discrepancy occurred at A
=1, with a deviation of 8 %. Building upon the established reliability of
advanced DMST codes, this study also employs a developed DMST code
for numerical simulations.

Also, researchers generally consider high-S turbines to have superior
self-starting capabilities compared to their low-S or moderate-S coun-
terparts. This advantage is primarily attributed to their higher average
static torque coefficient (Cr), which enhances the turbine’s ability to
initiate rotation under LWV conditions [133,134]. Additionally, high S
turbines demonstrate improved C, at lower A, enabling them to operate
efficiently at reduced rotational speeds. This characteristic not only
improves performance at lower U, but also minimizes the generation of
excessive centrifugal forces, thus reducing the structural strength re-
quirements for the turbines [135].

Considering that the primary objective of this study is to improve
self-starting capabilities, we have selected an S value of 0.608. This high
S configuration strikes an optimal balance between efficient self-starting
characteristics and operational efficiency at lower A. By choosing this S
value, we expect the turbine to exhibit enhanced static torque and
maintain performance at lower U, which aligns with the goals of
improving the self-starting behavior without introducing excessive
mechanical stresses [123]. This selection of S of 0.608, is consistent with
the findings of Ghiasi et al. [131], who validated high S turbines using
developed DMST models and confirmed their superior performance
under similar design configurations. Thus, the choice of S = 0.608 is
grounded in both theoretical advantages and empirical evidence,
demonstrating that the turbine operates with enhanced self-starting
capabilities. This choice minimizes structural challenges and maxi-
mizes efficiency at lower rotational speeds.

2. The DMST model

Paraschivoiu [136] developed the DMST model, which divides the
rotor area into upwind and downwind regions to simulate airflow
through actuator disks (Fig. 1) [137]. The model combines two key
theories: momentum theory, which analyzes aerodynamic forces using
momentum conservation, and blade element theory, which assesses the
forces on individual blade sections based on geometry and aero-
dynamics. This combined approach allows the DMST model to accu-
rately simulate turbine performance under various operational
conditions.

In the DMST methodology, instead of dividing the rotor blade into
fixed sections, the rotor’s perimeter is divided into a finite number of
stream tubes. This approach, explained by Islam et al. [138] and Para-
schivoiu [129], is illustrated in a new DMST code, as shown in the
flowchart (Fig. 2). The process begins with defining the geometric pa-
rameters of the DVAWT, such as C, D, and blade configuration. Next, the
rotor is divided into upwind and downwind areas.

To validate the effectiveness of the MATLAB code, we compared the
data with experimental data from Sheldahl et al. [139], obtained at the
Sandia Wind Tunnel Laboratories. The VAWT used in the experiments
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Fig. 2. Developed flowchart of DMST.

had a H of 5.10 m, a C of 0.1524 m, and we equipped it with a
NACAO0015 airfoil.

The Re. was 330,000, and the standard deviation S was 0.129.
Additionally, we compared the MATLAB code results with the model
presented by Paraschivoiu [129] for further validation. The comparison,
presented in Fig. 3, depicts a close correlation between the simulated
data and the wind tunnel data [129,139], thus confirming the validity of
the MATLAB code and its implementation. However, to more rigorously
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Fig. 3. Wind tunnel and DMST model data.

assess the accuracy of the predictions, we conducted an uncertainty
analysis by calculating the relative uncertainty between the predicted
and experimental C, values at each corresponding A.

The calculated relative uncertainties for all A—namely, 1.30, 1.85,
2.35, 2.56, 2.94, 3.12, 3.33, 3.53, 3.72, 4.06, 4.43, 4.83, 5.28, 5.86,
6.30, 6.81, 7.39, 7.92, 8.30, 8.81, 9.10, 9.47, 9.68, 9.75, and 10—are as
follows: 28 %, 25 %, 20 %, 17 %, 16 %, 12 %, 9.8 %, 8.55 %, 1.73 %,
1.47 %, 0.34 %, 0.95 %, 0.90 %, 1.16 %, 1.77 %, 2.5 %, 3.05 %, 3.89 %,
9.52 %, 16 %, 13.68 %, 28 %, 25 %, 23.91 %, and 6.25 %, respectively.
The mean relative uncertainty across all data points is 11.06 %, based on
experimental data from Paraschivoiu [129]. This suggests that while the
model generally shows minimal discrepancy, specific A values exhibit
higher uncertainty. Notably, the maximum deviations of 28 % occur at A
values of 1.30 and 9.47, while we observe the minimum deviation of
0.34 % at A = 4.43. The model performs more accurately at lower A
values, likely due to the more predictable flow conditions at these
operating points.

In contrast, we attribute the higher uncertainties observed at both
low (A = 1.30) and high (A = 9.47) A values to more complex flow
phenomena, such as flow detachment and increased vortex shedding,
which are difficult to model with high precision. The calculated relative
uncertainties for all A—namely, 1.7, 2.28, 2.73, 3.08, 3.48, 3.75, 4.11,
4.66, 5.20, 5.65, 6, 6.5, 6.94, 7.47, 7.92, 8.3, 8.61, and 9.21—are as
follows: 22.73 %, 16.67 %, 17.53 %, 8.28 %, 1.50 %, 2.46 %, 1.08 %,
0.99 %, 4.69 %, 3.32 %, 2.11 %, 0.31 %, 1.29 %, 4.14 %, 1.20 %, 2.34 %,
5.29 %, and 29.63 %, respectively. The mean relative uncertainty across
all data points is 6.97 %, based on experimental data from Sheldahl et al.
[139].

These results indicate that the discrepancy between the predicted
and experimental values is generally small, and the model performs
better at lower A values. Notably, the maximum deviation of 29.63 %
occurred at A = 9.21, while the minimum deviation of 0.31 % occurred
at A = 6.50. The model exhibits greater discrepancies at higher A values
and performs more accurately at lower A values, where the flow con-
ditions tend to be more stable.

The deviations observed between the MATLAB predictions and
experimental data result from a range of aerodynamic and computa-
tional factors. We commonly encounter these discrepancies in WT

simulations, and we can explain them as follows:
1. Aerodynamic phenomena at higher A

At higher 2, the flow around DVAWT blades becomes more complex
due to increased rotational speeds, leading to flow separation, tip losses,
and vortex shedding, which are challenging to model accurately with
simplified aerodynamic models. The DMST model, while efficient, relies
on several assumptions that may introduce errors in areas with more
complex flow. These assumptions include axisymmetric flow, which
overlooks yaw misalignment or blade pitch variations, and steady-state
flow, even though real-world conditions may involve instability, espe-
cially at higher A or in turbulent winds.

2. Wind tunnel testing and experimental limitations

The experimental data for validation were obtained in a wind tunnel,
but several limitations may cause discrepancies:

Scale effects: Wind tunnel tests often use scaled-down models, which
may not fully replicate the aerodynamic behavior of full-scale DVAWTS,
leading to differences due to Re, effects and scaling laws.

Environmental factors: Although wind tunnel conditions are
controlled, real-world factors like wind gusts, turbulence, and varying
U, can cause deviations between experimental and theoretical results.

3. Measurement accuracy and data uncertainty

Uncertainty in experimental measurements can also contribute to
discrepancies between the predicted and experimental data. The un-
certainty in the measurement of the C, and A may arise from the
following factors:

Instrument Precision: The accuracy of the sensors and data acquisi-
tion system used to measure parameters such as the C, and rotational
speed can introduce minor errors in the experimental data.

Data Processing: The methods employed to extract the C, from
experimental data may introduce minor inaccuracies, particularly dur-
ing post-processing, where researchers might use filtering or smoothing
techniques to address noise.
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4. Re. Effects

The Re, significantly influences the determination of the flow char-
acteristics over the VAWT blades. In the experimental setup, the Re, was
330,000, which may differ from the values encountered in full-scale
operations. Consequently, discrepancies between the MATLAB simula-
tion and the experimental results may arise due to Re. effects, as the
turbulence behavior changes with Re., especially at higher A values
where the flow is more sensitive to these changes.

3. Airfoil properties

In this study, we evaluated the maximum C, value of 43 DVAWT
rotors, which included symmetrical and unsymmetrical NACA 4-digit, 6-
digit, and Selig airfoils, at a Re, = 45,192 utilizing the DMST model
developed in this work. The selection of symmetrical and unsymmetrical
airfoils was motivated by the need to explore a broader range of aero-
dynamic characteristics and ensure a comprehensive assessment of their
performance at the specified Re, of 45,192. This approach aimed to
validate the behavior and efficiency of various airfoil types under
identical flow conditions, thereby enabling an accurate comparison and
understanding of their aerodynamic performance at this specific Re..
While the superior performance of symmetrical airfoils in VAWT ap-
plications is well-documented, including unsymmetrical airfoils pro-
vided an opportunity to investigate potential improvements in lift
generation and operational efficiency under these specific flow
conditions.

The density (p) and kinematic viscosity of the air (v) were 1.19 kg/m®
and 0.00001571 m?/s, respectively. The C was 0.071 m, and the inlet U,,
was set at 10 m/s. We calculated the Re. using Eq. (1). The selection of
the airfoils relied on a combination of aerodynamic efficiency, the
availability of reliable data, and their relevance to current VAWT de-
signs in the field. NACA 4-digit and 6-digit airfoils were chosen for their
well-documented aerodynamic properties. In contrast, we included Selig
airfoils to evaluate the performance of modern airfoils specifically
designed for LWV applications, such as those encountered in VAWTs.

U.,C
Re, = ——
v

(€))
Table 1 presents the peak C, values obtained for all turbines analyzed at
aRe. = 45,192. Among the 43 airfoils analyzed, the NACAO0015,
NACA4412, and NACA4415 exhibited the highest C, within the ) range
of 0 to 3. Specifically, the NACA0015 achieved a peakC, = 0.1550 ata A
= 2.50. The NACA4412 reached a peakC, = 0.1563, and the NACA4415
attained a maximumC, = 0.1605 at a A = 1.50. Due to their superior
performance within the tested A range, we selected these three airfoils
for further investigation and potential shape modification.

3.1. Optimization of the NACA0015, NACA4412, and NACA4415 rotors
for maximum C, using PSO algorithm

In this study, the key design variables selected for optimization were
the thickness and TCR at critical C locations (e.g., 10 %, 30 %, 50 %, and
80 % of the C). We meticulously adjusted these parameters to enhance
the aerodynamic performance of the NACA0015, NACA4412, and
NACA4415 rotors at a Re. of 45,192, to maximize the C, across various
A

The NACAOQ015 featured a maximum thickness of 15.00 % at 29.10
% of the C with zero camber. The NACA4412 airfoil had a maximum
thickness of 12.00 % at 29.10 % of the C and a maximum camber of 4.00
% at 39.50 %. Additionally, the NACA4415 airfoil has a maximum
thickness of 15.00 % at 29.10 % of the C, and a maximum camber of
4.00 % at 39.50 % of the C.

The optimization process was designed to refine these geometrical
parameters, with the goal of enhancing the aerodynamic efficiency of
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Table 1
The peak Cp values for all turbines at a Re = 45,192.

Airfoils A Maximum Cp
NACA0015 2 0.155
NACA0016 2 0.148
NACA0018 2 0.125
NACA0022 2 —0.010
NACA0025 2 0.139
NACA0030 2 —0.09
NACA0035 2 —0.15
NACA3519 2 0.014
NACA3521 2 0.029
NACA3522 2 0.0388
NACA3523 2 —0.083
NACA3524 2 —0.097
NACA4412 2.50 0.1563
NACA4415 1.50 0.1605
NACA6515 2 0.147
NACA6520 2 0.056
NACA6521 2 0.127
NACA6530 2 —0.112
NACA63(3)-618 2 —0.0319
NACA63(4)-221 2 —0.019
NACA63(4)-421 2.50 0.105
NACA64(1)-112 2 0.104
NACA64(2)-215 2 0.087
NACA64(3)-218 2 0.105
NACA64(4)-221 2.50 0.087
NACA64(4)-421 2.50 0.0865
NACA65(3)-218 2 0.037
NACA65(4)-221 2.5 0.0426
NACA65(4)-421 2.50 0.0262
NACA66(1)-212 2 0.098
NACA66(2)-215 2 0.0667
NACA66(2)-415 2 0.0663
NACA66(3)-218 2 0.0380
NACA66(4)-221 2 0.0120
S814 2.5 0.047
S815 2 —0.087
S818 2 —0.300
$821 2 0.0732
$823 2 0.007
$827 2 0.108
5828 2 0.124
$1020 2 0.105
S1046 2 0.089

the airfoils. The method for developing the optimized airfoils is depicted
in Fig. 4. As shown in Fig. 5, the shape of the NACA0015 airfoil was
modified to achieve a maximum thickness of 15.63 % at 28.60 % of the
C, and a thickness of 0.56 % at 13.50 % of the C, resulting in the
NACAO0015-Opt airfoil. The main distinctions between the airfoils of the
original NACA0015 and the optimized NACA0015-Opt lie in their
thickness distribution and the geometrical characteristics along the C.

Similarly, the shape of the NACA4412 airfoil was modified to attain a
maximum thickness of 11.86 % at 31.60 % of the C and a thickness of
4.81 % at 40.10 % of the C, resulting in the NACA4412-Opt airfoil.
Furthermore, the NACA4415 airfoil shape was modified to reach a
maximum thickness of 13.90 % at 27.80 % of the C and a thickness of
3.88 % at 36.40 % of the C, resulting in the NACA4415-Opt airfoil. These
modifications enhanced the airflow characteristics around the three
airfoils, improving aerodynamic efficiency under specific operational
conditions.

The aerodynamic performance of the modified airfoils, represented
by the C,, was analyzed at a Re. of 45,192. We conducted investigations
for viscous flow at this Re,, and for A values ranging from 0 to 3. Fig. 4
illustrates the algorithm used to develop the modified airfoils. The PSO
algorithm simulates the social behavior of particles (analogous to birds
flocking or fish schooling), where every particle corresponds to a po-
tential answer within the optimization space. In the context of airfoil
optimization, each particle corresponds to a specific configuration of the
airfoil geometry, characterized by the TCR. The algorithm operates as
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Selection of NACAO0015 airfoil

Analysis of optimized NACA0015 airfoil

Alter t/c Compute aerodynamic coefficients

No

Are this coefficient’s
better than those of
airfoil?

Save aerodynamic coefficients

New optimized airfoil

Fig. 4. Flowchart for developing novel airfoil.

follows:

1. Initialization: A swarm of particles is initialized, with each particle
assigned a random position and velocity within the parameter space
(i.e., the space of airfoil geometries). Each particle represents a
distinct airfoil configuration, with its position indicating specific
values of thickness and TCR at designated C positions

2. Evaluation: The position of each particle is evaluated based on a
predefined objective function that quantifies the aerodynamic per-
formance of the airfoil, such as maximizing the C, or minimizing
drag coefficient (Cp). In this study, the objective function was
designed to maximize aerodynamic efficiency, based on a Re. of
45,192.

3. Particle update: Each particle updates its position and velocity based
on two key factors

— Personal best (pbest): This represents the best airfoil geometry
encountered by the particle so far.

For each particle, pbest represents the thickness and TCR configu-
ration that resulted in the highest C, from previous evaluations.

This information guides the particle’s movement toward better
solutions.

— Global best (gbest): This refers to the best airfoil geometry

discovered by any particle in the swarm. The gbest corresponds to the
airfoil configuration that has produced the highest overall C, across all
particles in the optimization process. It serves as a benchmark for the
entire swarm, guiding particles toward the optimal solutions. Each
particle updates its position (airfoil geometry) and velocity (the rate of
change of design parameters, such as thickness and TCR) based on the
differences between its current position and pbest, as well as the optimal
position identified by the entire swarm (gbest).

This update mechanism enables the particles to analyze novel re-
gions of the design space while exploiting known reasonable solutions,
thus maintaining a balance between exploration and exploitation.
Mathematically, we express the velocity update as:

Vi(t+ 1) = w.v(t) + c1.1:.(pbest; — xi(t)) + c2.72.(gbest — x;(t)) 2)

Where v; (t + 1) represents the updated speed of particle i at iteration t +
1, v; (t) is the existing velocity of particle i, w is the inertia weight, which
governs the influence of the prior speed, c¢;, and c; are acceleration
coefficients, r, and r, are random values between 0 and 1, introducing
stochastic behavior. pbest; represents the personal best position of par-
ticle i, x; (t) represents the current position (geometry of the airfoil), and
gbest is the global best location identified by any particle.

The updated position x; (t + 1) represents the new airfoil geometry,
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Fig. 5. Airfoils geometry variation for the airfoils optimization.

adjusted according to the velocity update. This iterative process allows
the swarm to efficiently explore the parameter space (design space of
airfoil geometries), seeking the optimal configuration that maximizes
the C,.

4. Convergence: The swarm continues to iterate through the search
space until the PSO algorithm converges to an optimal solution. This
optimal solution corresponds to the airfoil geometry with the best
aerodynamic performance at the given Re, of 45,192

The objective function for this optimization was the maximization of
the C,, which serves as the primary indicator of aerodynamic perfor-
mance.

We calculated the C, for each airfoil configuration across the A range,
and the optimization process aimed to identify the airfoil geometry that
maximized this C,. Optimizing the TCR improved the flow characteris-
tics and increased the C, of the NACA0015, NACA4412, and NACA4415
airfoils compared to the original designs. This led to better aerodynamic
efficiency, especially at a Re. of 45,192, where the optimization was
performed.

The optimization results indicate a significant increase in the C,
across different A values, emphasizing the effectiveness of the PSO al-
gorithm in enhancing aerodynamic efficiency. By preserving the sym-
metrical characteristics of the NACA0015 airfoil and leaving the camber
unchanged, the design remained within the category of symmetrical
airfoils. The PSO algorithm successfully identified the optimal balance
of thickness and TCR to maximize power output. This study demon-
strates the capability of the PSO algorithm to optimize airfoil geometries
for specific operational conditions, such as those relevant to WT blades
or other high-efficiency aerodynamic applications.

3.2. Investigating the C, of three rotors

Fig. 6 illustrates the variation in the C, for several rotor airfoils,
including NACA0015, NACA0015-Opt, NACA4412, NACA4412-Opt,
NACA4415, and NACA4415-Opt, at a Re, of 45,192. The analysis was
performed across a A range of O to 3, using a step size of 0.5, revealing
distinct performance disparities between the optimized and non-
optimized airfoils. Specifically, the optimized rotors—NACA0015-Opt,
NACA4412-Opt, and NACA4415-Opt—consistently demonstrated su-
perior C, values compared to their non-optimized counterparts.

0.2 T : : ;

0.15

01
Cp ()
0.05

——NACA0015 airfoil
—HE—NACA0015-Opt airfoil
—+—NACA4412 airfoil

-0.05 - —¥—NACA4412-Opt airfoil
NACA4415 airfoil
——NACA4415-Opt airfoil
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Fig. 6. The C, variation with the A of DVAWT rotor efficiencies for rotors.
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Notably, the NACA0015-Opt rotor exhibited the highest peak C,
value of 0.1774, a significant 14.45 % improvement over the NACA0015
rotor, which attained a maximumcC, = 0.1550. Similarly, optimizing the
NACA4412 rotor resulted in a 7.63 % increment in its peak G,
improving from 0.1563 to 0.1682. The NACA4415 rotor also experi-
enced an 8.15 % improvement in its maximum C,, rising from 0.1605 to
0.1736 following optimization.

Given the substantial performance gains observed, particularly with
the NACA0015-Opt rotor, we selected it for further fabrication and
experimental studies. Existing research also supports this selection,
demonstrating that, among symmetrical airfoil profiles, the NACA0015
offers the most favorable characteristics, including a reduced rotor dead
zone at low A and superior C, distribution across the entire A range
[140,141].

The findings of this research highlight the substantial impact of
optimization on rotor performance. The NACA0015-Opt rotor achieved
a peak G, of 0.1774, marking a 14.45 % improvement over the tradi-
tional NACA0015 rotor, which had a maximum C, of 0.1550. Similarly,
optimization enhanced the NACA4412 rotor’s maximum C, by 7.63 %,
from 0.1563 to 0.1682, and the NACA4415 rotor’s C, by 8.15 %,
increasing it from 0.1605 to 0.1736.

This research highlights the significant impact of optimization on
rotor performance. The NACA0015-Opt rotor achieved a peak C, =
0.1774, reflecting a 14.45 % improvement over the traditional
NACAO0015 rotor, which had a maximum C, = 0.1550.

Similarly, optimization increased the maximum C, of the NACA4412
rotor by 7.63 %, from 0.1563 to 0.1682, while the NACA4415 rotor saw
an 8.15 % improvement, with its C, rising from 0.1605 to 0.1736.

In comparison to other studies, the improvements achieved here are
particularly notable. Zhang et al. [142] observed increases in C, ranging
from 3.42 % to 7.35 % for a bionic airfoil, significantly lower than the
14.45 % enhancement seen with the NACA0015-Opt rotor. Similarly,
Abul-Ela et al. [143] indicated a peak C, = 0.3263 for the NACA0021
rotor at a A = 2.63, without utilizing the optimization techniques applied
in the present work.

Other advancements, such as the airfoil developed with negative
camber that improved average torque by 8.8 % [144] or the circular
dimples that increased C, by 5.18 % [145], also lack the enhancements
seen in the NACA0015-Opt. Kord and Bazarghan [146] found that
optimizing the inboard configuration of J-shaped DVAWTs increased
power generation by 12.35 % at higher A. However, the NACA0015-Opt
rotor consistently outperforms it across various A, highlighting its su-
perior aerodynamic efficiency. Likewise, the 7 % boost in C, from
leading-edge serrations [147] and the 10.5 % gain from blade length
extensions [148] demonstrate the effectiveness of optimization in
achieving comparable or superior outcomes.

Studies show that auxiliary DVAWTSs can achieve 5 % higher C, than
traditional rotors [149], and blades with homogeneous surface irregu-
larity improve C;/Cp by approximately 12 % across all § [104]. Variable
swept area (A) blades enhance Cr, reaching aCr = 0.30 [150], while
porous deflectors increase C, by 10 % at A of 1 [151]. Semi-flexible
trailing edges broaden the operational range, improving performance
by 10 % [152], and gust inclusion boosts the C, of helical VAWTs by
1.97 % [153]. Despite these advances, the NACA0015-Opt rotor shows
superior and consistent gains across various A.

While vented airfoils resulted in a 20 % increase in torque at low A
[154], this was accompanied by reductions in C, at higher A, empha-
sizing the advantage of optimized airfoils like the NACA0015-Opt in
maintaining superior performance across different A ranges. Similarly,
design modifications such as long-wavelength bumps [155] and flexible
rotors [156] achieved increases in C, of 6.28 % and up to 9.6 %,
respectively—improvements still less pronounced than those achieved
in this study.

Guo et al. [157] studied a hybrid turbine that integrates a ®-shaped
rotor with a DVAWT, achieving a peak C, of 0.02531. Additionally,
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blades with slit Gurney flaps indicated an 8 % decrement in Cp at A =
2.64 but a 2 % decrement in C; in comparison with standard Gurney
flaps. This incremented lift-to-drag ratio (C;/Cp), increasing power
output by 6.5 % at A = 2.64 [158].

Overall, the findings of this study emphasize the effectiveness of
optimization in improving the aerodynamic efficiency of VAWTs. The
NACA0015-Opt rotor achieves improvements that surpass many previ-
ously reported methods, including the use of auxiliary rotors, porous
deflectors, blades with semi-flexible trailing edges, or advanced designs
like ®-shaped hybrid rotors and slit Gurney flap blades. In contrast to
approaches requiring complex configurations or external devices, the
NACAO0015-Opt rotor achieves efficiency solely through airfoil optimi-
zation, offering a simpler and more cost-effective solution. This ensures
superior and reliable performance across various circumstances, estab-
lishing it as a robust and efficient design for maximizing C, in VAWTSs.

4. Design and fabrication of the DVAWT prototype

Many researchers have examined the impact of SBs on the self-
starting efficiency of DVAWTS, including research by Peng et al.
[111], Guo et al. [159,160], Maeda et al. [135], Li et al. [161], Wang
et al. [162], and Xu et al. [163]. In this study, DVAWT blades were
fabricated with two types of surface finishes: smooth and embossed, the
latter created using embossed sheet material.

The objective was to compare the AR impact on the startup efficiency
of a DVAWT equipped with SBs versus one with EBs. Aerodynamic and
practical considerations drove the selection of an embossed aluminum
sheet to introduce roughness to the DVAWT blades. This material fea-
tures a textured surface resembling crocodile skin, which enhances
friction and prevents slippage, offering several advantages in terms of
aerodynamic performance and operational efficiency.

From an aerodynamic standpoint, the roughness introduced by the
embossed pattern promotes the development of a turbulent boundary
layer on the airfoil surface. This turbulence helps delay flow separation,
a critical factor for maintaining lift. By keeping the airflow attached to
the blade for a longer duration, the Cp;/Cp is optimized, thereby
improving the aerodynamic effectiveness of the DVAWT, notably at low
A and during startup. Consequently, the rougher surface texture facili-
tates the generation of higher lift forces (F1), essential for efficient power
generation and the self-starting behavior of the DVAWT.

The embossed surface not only enhances lift but also boosts torque
production, especially during startup, by improving the wind’s inter-
action with the rotor blades. The increased friction minimizes slippage,
ensuring a more consistent and efficient transfer of force from the wind
to the rotor. This is especially critical for self-starting capabilities, as the
torque generated at LWVs is essential for overcoming initial inertia and
initiating rotation without external assistance.

Moreover, the embossed sheet material helps minimize excessive
drag, a common concern with rough surfaces. By utilizing an embossed
pattern, the increase in drag is controlled and balanced, ensuring that
the benefits in lift generation outweigh any potential drag losses. This
careful management of drag is crucial for maintaining efficient opera-
tion across varying )\, preventing excessive torque losses that could
hinder DVAWT performance at higher rotational speeds.

An additional essential benefit is the enhancement of self-starting
capability. The textured surface reduces the likelihood of flow separa-
tion. It facilitates a better interaction between the blades and the wind,
improving the DVAWT’s ability to self-start, even in LWV conditions.
The embossed pattern helps “grip” the wind, increasing the likelihood of
the rotor blades initiating movement and reducing the risk of stalling
under challenging conditions.

The use of embossed aluminum directly enhances the aerodynamic
stability of the DVAWT. The induced turbulence contributes to more
stable airflow around the blades, ensuring smoother and more predict-
able performance. This stability is especially important for maintaining
consistent operation in variable wind conditions, ensuring that the
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DVAWT performs efficiently across various operational scenarios.

A computer-controlled laser cutter was used in the material-cutting
process to achieve precise and accurate blade shapes. This advanced
machining technique enabled high precision and consistency in fabri-
cating the DVAWT components. As depicted in Fig. 7, two variations of
aluminum blade materials, both with a thickness of 0.0003 m, were
utilized. These materials included both smooth and embossed surfaces,
chosen to cover specific sections of the blades. The embossed material,
in particular, was selected for its potential to enhance aerodynamic
performance, as it facilitates improved friction and flow interaction with
the wind, thus optimizing the DVAWT’s efficiency.

For the structural integrity of the VAWT, a circular-section
aluminum pole was opted. This pole served as the central structural
element, providing robust support to the system. To further reinforce the
stability of the VAWT, additional structural components were attached
to the pole at intervals of 8.75 cm, ensuring that the assembly remained
rigid and capable of withstanding operational stresses.

We made the central shaft of the DVAWT from a 0.020 m diameter
iron tube, selecting it for its durability and strength. Iron, being a sturdy
material, was ideal for supporting the rotational forces generated by the
WT during operation.

Six iron tubes, each with a radius (R) of 0.020 m, were used to
connect the VAWT blades to the central shaft. These tubes provided a
secure and stable connection between the blades and the shaft, ensuring
proper alignment and minimizing any potential mechanical failure
during the VAWT’s operation.

This approach, which combines advanced manufacturing techniques
with carefully selected materials, ensures both the aerodynamic per-
formance and framework stability of the DVAWT. Using a computer-
controlled laser cutter not only guarantees precision but also allows
for the efficient production of components that meet the rigorous design
requirements for optimal VAWT performance. Furthermore, the choice
of materials, including aluminum for the blades and iron for the shaft
and connecting tubes, was driven by their strength-to-weight ratio,
corrosion resistance, and suitability for the operational environment,
thus enhancing the overall sustainability and longevity of the VAWT.

Fig. 8 provides a three-dimensional representation of the Dual
VAWT, offering a detailed visualization of its structural configuration. In
conjunction with this, Table 2 outlines the key parameters associated
with the VAWT, presenting their respective values for reference.

Among these parameters, the AR is especially important, as it
significantly influences the aerodynamic performance and overall
effectiveness of the DVAWT. The AR is the ratio of the rotor’s H to its D,
as illustrated in Equation 2. This geometric parameter is essential for
understanding the VAWT’s performance, as it influences both the effi-
ciency of the energy capture and the mechanical stresses the system may
experience during operation. A higher AR typically results in a more
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efficient VAWT design, as it allows for better utilization of the wind
flow. In comparison, a lower AR may lead to reduced aerodynamic ef-
ficiency and higher turbulence around the blades.

The AR is a critical design factor because it affects several opera-
tional aspects of the WT. A VAWT with an appropriate AR can optimize
the distribution of forces across the rotor blades, improving power
generation while minimizing drag and other inefficiencies. The AR also
influences the VAWT’s stability and the dynamic behavior of the rotor in
varying wind conditions. Thus, careful consideration and optimization
of this parameter are essential for achieving the desired performance
characteristics of the DVAWT.

H

AR =—

D 3

We selected an initial AR of 1 for the DVAWT, a value that previous
studies [164] have shown corresponds to the highest A and optimal
aerodynamic efficiency for small-scale DVAWTs. This AR value repre-
sents a balanced design, where the H of the rotor is proportional to its D,
facilitating an efficient interaction between the rotor blades and the
wind flow. The choice of AR is critical as it directly influences the
VAWT’s performance by affecting the F; and drag force (Fp) acting on
the blades, the flow dynamics around the rotor, and ultimately, the
VAWT’s ability to generate power at various U,,. Thus, setting the AR to
1 aligns with established findings that maximize the VAWT’s opera-
tional efficiency, particularly for small-scale applications where
compactness and efficiency are crucial design objectives.

S is a key design parameter used to characterize the geometry of a
wind turbine, specifically its rotor. It defines the ratio of the area
covered by the turbine blades to the total area of the rotor. In simpler
terms, S shows the proportion of the rotor occupied by blades [140]. The
formula for calculating S is:

NG

S
D

4

The S of the VAWT, where N represents the number of blades, is
calculated to be 0.608 for a three-bladed VAWT design with a R of 0.175
m and a C of 0.071 m.

To improve the self-starting abilities of the DVAWT, increasing the
blade C was implemented as a strategic design modification. This
adjustment was explicitly aimed at improving the VAWT’s low starting
torque, a critical parameter for VAWTs. A higher starting torque ensures
a more favorable force-to-friction ratio, enabling quicker and more
reliable self-starting under varying U, conditions. This is particularly
important for DVAWTs, as efficient startup performance directly im-
pacts their overall operational efficiency and ability to harness wind
energy effectively.

(a) Smooth sheet

(b) Embossed sheet

Fig. 7. Blade material used: a) smooth sheet and b) embossed sheet.
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Fig. 8. Rotor shape (drawing computer-aided design (CAD)) with three views: (a) Top view, (b) Front view, and (c) Side view.

Table 2

Geometric characteristics of the DVAWT.
Parameters Value
R 0.175m
H 0.35m
Cc 0.071 m
S 0.608
AR 1
N 3
Shaft diameter 0.02m
Number of arms 6
Twist angle 0°

We assembled the VAWT with meticulous attention to structural
integrity and durability. The arms connecting the blades to the central
shaft used the shielded metal arc welding (SMAW) technique.

We chose this welding method for its ability to provide a high-quality
surface finish, strong adhesion between components, and cost-
efficiency, making it particularly suitable for small-scale WT construc-
tion [165]. SMAW ensured the robustness of the connections while
minimizing fabrication costs, a critical consideration in sustainable
VAWT design.

Fig. 9 provides a detailed view of the assembled DVAWT, showcasing
the integration of the enhanced C blades and welded components. This
assembly method enhances both the aerodynamic and mechanical sta-
bility of the VAWT, while also reflecting a design strategy that balances
cost-effective construction with optimized performance. These
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innovations helped refine the VAWT design, improving startup
behavior, durability, and energy capture efficiency.

In this study, fan blowers were used to simulate wind conditions
similar to those found in real-life environments. The experimental wind
source consisted of a 2x2 arrangement of four fan blowers (Fig. 10b).
The distance between the blower fans and the DVAWT shaft was set at 1
m to achieve stable and uniform airflow, by conditions used in previous
studies to ensure uniform U, [166-169].

Before each experiment, we turned on the fans and allowed a waiting
time of five minutes for the airflow to stabilize and become uniform.
This waiting time ensures that the wind has reached a steady state and
that no significant fluctuations in U, are present.

To control the U,,, a dimmer was installed between the blowers and
the power source, enabling the fan speed to be adjusted within a range of
0.5to 11 m/s.

In other words, a dimmer device controlled the U, regulating the
airflow between 0.5 m/s and 11 m/s. The U,, output from the blowers
was measured using an anemometer capable of measuring speeds with
an accuracy of + 0.5 m/s.

Furthermore, to ensure precise measurement of the U, the U, was
measured at 9 different points using a handheld anemometer. Data were
recorded five times at 30-second intervals to ensure measurement
accuracy.

In this study, we examined eight DVAWT models. We placed all the
DVAWTSs 1 m apart and used identical experimental conditions for each
model. To examine the performance of the three-blade DVAWTS, a force
meter with an accuracy of + 2 % was employed to measure the startup
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(a) Assembled CAD Model
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(c) Assembled EB -DVAWT

Fig. 9. Constructed (a) CAD Model, (b) SB-DVAWT, and (c) EB-DVAWT.

Wind Turbine

Tachometer

Force Meter

Computer

Motor

(a) Schematic VAWT

(b) Test VAWT

Fig. 10. Test configuration: (a) diagram and (b) the experimental VAWT.

torque. This device measures the forces applied to the turbine and is
directly attached to the central shaft of the to measure the force acting
on the shaft accurately. Subsequently, the measured force, combined
with the distance from the center of the shaft, was used to calculate the
torque.

The torque is determined by multiplying the measured force by the
distance from the axis of rotation.

To precisely measure the startup torque required for the DVAWTs,
data from the force meter were collected. We measured the force for
each experiment and repeated the process ten times for each variation in
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experimental conditions to ensure the dependability and repeatability of
the results. We recorded all results under identical conditions for each of
the eight DVAWT models, allowing for a precise comparison of the
torque produced by each.

Fig. 10a provides a schematic diagram of the experimental setup. To
examine the effect of the H of the embossed-bladed DVAWT on its self-
starting capabilities, eight different scenarios were studied, as outlined
in Table 3.

We meticulously fixed the central shaft of the DVAWT at two crucial
points using a precision-engineered bearing mechanism. We specifically
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Table 3
The eight scenarios examined in this study.
Scenario
1 NACAO0015 rotor for SB-DVAWT with a H of 35 cm (AR = 1)

NACAO0015 rotor for an EB-DVAWT with a H of 35 cm (AR = 1)
NACAO0015-Opt rotor for a SB-DVAWT with a H of 35 cm (AR = 1)
NACA0015-Opt rotor for an EB-DVAWT with a H of 35 cm (AR = 1)
NACAO0015 rotor for a SB-DVAWT with a H of 75 cm (AR = 2.14)
NACAO0015 rotor for an EB-DVAWT with a H of 75 cm (AR = 2.14)
NACAO0015-Opt rotor for a SB-DVAWT with a H of 75 cm (AR = 2.14)
NACAO0015-Opt rotor for an EB-DVAWT with a H of 75 cm (AR = 2.14)

ONOU A WN

designed this system to minimize mechanical vibrations and ensure
smooth rotational motion, which are essential for the VAWT’s opera-
tional efficiency and structural longevity. The reduction of vibrations
not only enhances the VAWT’s performance and minimizes wear and
tear on components, contributing to a more reliable and durable energy
generation system.

To improve the VAWT’s stability during operation, especially under
changing wind conditions, we implemented a strong counterweight
mechanism. Four iron plates, each weighing 25 kg, were strategically
positioned to provide the necessary balance and support.

The plates were strategically placed to correct any imbalances in the
rotor assembly and ensure the VAWT maintained a stable rotation axis.
Adding these weights was crucial in mitigating oscillations and reducing
stress on the bearings and shaft, which could otherwise compromise the
VAWT’s performance and structural integrity.

This combination of a vibration-dampening bearing system and
strategically placed counterweights underscores a comprehensive
approach to mechanical stabilization. By addressing dynamic and static
stability concerns, the design ensures optimal performance, reduced
maintenance requirements, and an extended operational lifespan for the
DVAWT. These measures highlight the integration of precision engi-
neering and practical solutions to establish a trustworthy and effective
wind power configuration.

5. Results and discussion
5.1. Experimental errors types

The specific sources of error encountered in this study are listed
below, reflecting potential limitations inherent to the experimental
procedures and equipment precision:

1. U, Measurement errors

During wind tunnel testing, an anemometer and a sensor measured
the blower speed. Despite employing these dual instruments for cross-
verification, measurement inaccuracies likely occurred. These discrep-
ancies may have arisen from calibration imperfections, instrument
sensitivity limitations, or environmental factors such as turbulence and
flow instability within the testing area.

2. Manual positioning of the DVAWT model

We used an indicator clock, a template, and a digital level to
manually align and position the DVAWT model for different test con-
figurations. While this approach allowed flexibility in the setup, it also
introduced potential human error. Factors such as inconsistencies in
visual alignment, minor deviations in tool application, and physical fa-
tigue during repetitive adjustments could have contributed to impreci-
sion in distance or angular positioning, ultimately affecting the
reproducibility of the results.

3. Manufacturing inaccuracies
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The fabrication process of the DVAWT model, which involved
intricate assembly and material handling, may have introduced minor
structural inaccuracies. These imperfections could have led to deviations
from the intended aerodynamic profile, thereby influencing the flow
behavior around the blades and affecting the performance metrics
captured during testing.

4. Measurement device limitations

Despite rigorous calibration protocols for instruments such as force
meters, tachometers, and anemometers, we cannot entirely rule out
errors in data recording. Each device is subject to inherent accuracy
limitations, with an error margin of + 0.2 % in this study. While mini-
mal, such precision constraints could compound when we integrated
multiple measurements to derive performance parameters, potentially
resulting in discrepancies in the final data analysis.

These identified sources of error highlight the challenges inherent in
experimental studies involving complex systems like DVAWTs.
Although we made every effort to reduce these limitations through
careful calibration, standardized procedures, and repeated trials, some
residual inaccuracies were inevitable.

Acknowledging these errors is critical for contextualizing the study’s
findings and guiding future work to enhance experimental precision.
Such improvements could include employing automated positioning
systems, adopting higher-precision manufacturing techniques, and
using advanced measurement instruments with reduced error margins.

5.2. Detailed calculations of resisting torques (Tresist) and their relation to
aerodynamic torque (T4)

The self-starting capability of DVAWTs is significantly affected by
resistive torques, including friction, inertia, and aerodynamic drag.
These opposing forces hinder the rotational motion of the VAWT,
particularly at LWVs, where external assistance is often necessary to
overcome the initial resistance. A comprehensive analysis of these
resistive torques and their interplay with the T, is essential for under-
standing and optimizing the self-starting performance of DVAWTs. The
subsequent sections detail the primary resistive torques acting on the
VAWT and their respective mathematical formulations.

5.2.1. Frictional torque (Ty)

Ty is generated by the interaction between the blade surface and the
surrounding air, along with internal friction within the rotating com-
ponents of the VAWT. At LWVs, this torque becomes a critical factor in
opposing the VAWT’s motion. The Ty can be determined using the
following equation:

Tj = uFyR 4
where y is the coefficient of friction, which depends on the material and
surface roughness of the blades, Fy is the normal force acting on the
blade, determined either experimentally or through simulations. This Ty
increases with the blade surface roughness and resistance to air move-
ment, which contribute to the torque required for self-starting.

5.2.2. Inertia torque (T7)

Inertial torque arises from the VAWT’s resistance to changes in its
rotational velocity, which resists acceleration or deceleration during
operation. This torque is particularly significant during the startup
phase, as the VAWT must overcome its inertia to initiate rotation. The
following equation defines the inertial torque:

T; = Ia 5)

Where I represent the rotor’s moment of inertia, which for a circular
rotor is calculated as:
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1
I =-mR?

3 (6)

with m is the mass of the rotor and « is the angular acceleration, which
denotes the rate of change in rotational velocity. Reducing the moment
of inertia or enhancing the efficiency of the initial startup phase can
mitigate the resistance caused by inertia, thereby improving the VAWT’s
self-starting performance.

5.2.3. Aerodynamic drag torque (Tp)

Tp results from the resistance exerted by the air against the rotating
blades. This force becomes particularly significant at high U,, and when
the blades rotate at considerable velocities. The Tp can be calculated
using the following equation:

1 2
Tp = 5CopAULR @)
Where A is computed as A = H. C. This Tp opposes the motion of the

blades and adds to the total Tgess; that the VAWT must overcome to
initiate rotation.

5.2.4. TheTA

T, is the torque produced by the aerodynamic forces acting on the
blades, which serves as the primary driving force for rotation in a VAWT.
This torque is responsible for overcoming the resistive forces and can be
calculated as follows:

1 2

TA = ECLpAUmR (8)
This Ty is responsible for initiating the VAWT’s rotation and overcoming
the resistive torques.

5.2.5. Mathematical relationship between resistive torques andT,

To quantify the effect of the Tresist(Tf, T, and Tp) on the Tses_sarsing, it
is crucial to examine how these forces relate to the total T4. At LWVs, the
Tresist dominates, and minimizing it is essential to enable effective self-
starting. The following equation represents the total Tgesist:

Tresist = Tf +Ti+Tp (C))
The Tsefstariing is the torque required to overcome the total Tgesise and
initiate the rotation of the VAWT. The T4, must exceed the Tgesis: for the
VAWT to begin rotating.

5.2.6. Impact of Uy onTseif—starting

Experimental results show that as U,, increases, both aerodynamic
and Tresise increase. However, T4 typically increases at a faster rate,
resulting in a reduction in the required Tsef_sqring- The relationship
between U, and Tsef_siqriing is expressed as follows:

TSelffstam'ng ( Us ) = Thresist ( Us ) —Ta ( U ) (10)

We can use this equation to compare the Tsef_saring at different Us,. By
analyzing this relationship, we can gain a deeper understanding of how
varying U, affects the self-starting capability and optimize the VAWT’s
design accordingly. Therefore, we can mathematically express the
variation in Tsef_sqring With increasing U, as follows:

The calculation of the resistive torques (Ty, T, and Tp) and their
relationship with the T4 provides a comprehensive understanding of the
forces that influence the self-starting capability of DVAWTs. By
addressing these resistive forces through design modifications—such as
optimizing the airfoil shape, employing EBs, and adjusting H—it is
possible to reduce the required Tsef_sqring and enhance the VAWT’s
overall performance. These calculations and their implications are
crucial for further advancing the design of DVAWTS, particularly in LWV
conditions, where self-starting poses a significant challenge.
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5.3. Testing study of the Ty starting demanded by the DVAWT

The initial torque needed to surpass inertia and initiate the rotation
of a DVAWT is essential for its operation, particularly at lower U,,. This
torque is required in order to overcome the VAWT’s resistance to mo-
tion, which includes both aerodynamic and mechanical resistances. At
LWVs, the initial torque required to start the VAWT is significantly
higher than the energy the VAWT can generate once it reaches its
operational speeds. Therefore, reducing this initial torque is crucial for
improving the overall efficiency of WTs, as it directly affects the energy
consumed during startup and, consequently, the energy available for
power generation.

5.3.1. Comparisons of the torque required to start a DVAWT at a H of 35
cm

Fig. 11 compares the required Tsef sigriing for the NACAOO15 and
NACA0015-Opt rotors, using both SB-DVAWT and EB-DVAWT at
various Uy, specifically at a H of 35 cm. Due to the inherently poor self-
starting characteristics of DVAWTs at LWVs, these DVAWTs require
significantly higher starting torque to initiate rotation at lower U,
compared to moderate or higher U,,. At LWVs, the aerodynamic forces
acting on the blades are insufficient to overcome resistance and initiate
rotation, necessitating a higher Ts._sarting-

Notably, in the absence of wind, neither DVAWT can overcome the
initial resistance, resulting in zero startup torque. This emphasizes the
importance of U, in providing the necessary aerodynamic forces to
overcome resistive torques, such as inertia and friction, and initiate
DVAWT rotation. In Fig. 11, it is evident that at a U, of 1 m/s, EB-
DVAWTs show a considerable decrease in the necessary Tseistarting
compared to those with SBs. Specifically, the NACA0015-Opt rotor with
EB-DVAWT achieves a Tsef_starring Of 0.1425 Nm, a notable improvement
over its SB counterpart.

At this LWV, the T4 generated by the airfoil design, especially in the
case of EB-DVAWTs, plays a crucial role. Typically, at lower Uy, Tx is
insufficient to easily overcome the Tgesis;, which includes Tj, Ty, and Tp.
The EBs design addresses this issue by reducing Tp through an enhanced
airflow pattern that smooths the flow over the blade surface, decreasing
resistance and thus lowering the Tsey_saring Tequirement.

Combining the NACA0015-Opt rotor with EBs optimizes the C;,/Cp of
the DVAWT. This modification increases lift while reducing drag at
LWVs, critical for self-starting in DVAWTs. By reducing drag, the total
resisting torques (T, T;, and Tp) are decreased, allowing the T, to
overcome these resistances more easily. This explains why, at 1 m/s, the
EB-DVAWT with NACA0015-Opt rotor requires less torque to initiate
rotation than the standard NACA0015 with SBs.

In the case of a U, of 2 m/s, the reduction in Tsef_saring Observed
across each DVAWT aligns with the increase in available T, as U, rises.
At this U, both the EBs and the optimized NACA0015 rotor showed a
clear advantage in reducing the torque required to overcome resisting
forces and initiate rotation. For EB-DVAWTs, the required Tseisstarting
decreased from 0.14 Nm to 0.126 Nm. This reduction results from the
improved aerodynamic profile provided by the EB surface, which
smooths the airflow and enhances lift characteristics, thereby reducing
aerodynamic Tp. Consequently, this leads to a lower total Tsef_starting, s
T4 becomes sufficient to counteract Tresss more effectively at 2 m/s.

Similarly, for SB-DVAWTSs using the optimized NACA0015 rotor, the
required Tse_saring decreased from 0.14 Nm to 0.13475 Nm. This
reduction reflects how adjustments to the airfoil’s C and TCR improve
the C;/Cp, enhancing the effectiveness of T, in initiating DVAWT
rotation. These changes in airfoil geometry also decrease Tp, the drag
component, enabling the SB-DVAWT to start rotating at a lower
threshold of Tseif—starting-

Overall, the experimental results at 2 m/s validate that modifications
to the blade embossing and airfoil design substantially benefit the
DVAWT’s self-starting capability. By optimizing Tp through reduced
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Fig. 11. Comparison of Tsej_saring Tequired at different U, at a H of 35 cm.

drag and improving lift, the T can more easily overcome T; and Ty,
allowing the DVAWT to self-start with less input from the wind.

Ata U, of 3m/s, the Tg_saring required for each DVAWT continued
to decrease compared to the lower U, of 2 m/s. The trend observed at 3
m/s mirrors the results at the lower U,, with the EB-DVAWT with
optimized NACA0O015 rotor requiring the least Tsey_garing. This further
emphasizes the positive impact of these modifications on DVAWT per-
formance, particularly in reducing the energy needed to overcome
initial resistance and initiate rotation.

The improved aerodynamic performance of the EBs and the opti-
mized NACAO0O015 rotor leads to a decrease in Tsef_sarting: AS U in-
creases, the T, becomes more significant, allowing it to effectively
counteract the Tress, including Ty, Tj, and Tp. The EBs, which reduce
drag and enhance lift, enable the DVAWT to overcome these resisting
forces with less effort.

At 3 m/s, the SB-DVAWT with the traditional NACA0015 rotor
needed the Greatest Tses_staring among all configurations. This matches
the findings at lower U, where the standard SB profile, combined with
the original airfoil geometry, creates more drag and less efficient lift. As
aresult, the SB-DVAWT has more difficulty overcoming Tresis: at this Uy,
leading to a higher Tsef_sqring requirement.

In summary, the results at 3 m/s further validate the effectiveness of
using EBs and optimized airfoils in reducing the T saring. These
modifications facilitate the conversion of wind energy into rotational
energy with greater efficiency, requiring less initial force to initiate the
DVAWT’s rotation, particularly as U, increases. The combined
Darrieus-Savonius turbine in the same study showed better perfor-
mance, self-starting at 2.81 m/s and outperforming the traditional
DVAWT design. In contrast, an effort on traditional symmetric rotor
DVAWTSs revealed that it struggled to produce significant power output
until the U, reached 3.65 m/s [170]. However, our results show that
EB-DVAWTs exceed the self-starting capabilities of both traditional
DVAWT and hybrid Darrieus-Savonius VAWT.

Ata U, of 4m/s, the Tsef_siariing for each DVAWT continued to follow
the pattern seen at lower U,,, showing a notable reduction in torque
requirements for configurations with EBs and optimized airfoils The SB-

15

DVAWT rotor with the original NACAO0OQ15 rotor served as the baseline,
requiring a Tsef_siariing Of 0.103 Nm. This value served as the reference
point for comparing all other configurations.

The EB rotor with the NACA0015 rotor demonstrated an 11.65 %
improvement, requiring only 0.091 Nm of Tsef_sqriing- This reduction
results from the aerodynamic advantages of the EBs, which decrease
drag, enhance lift, and lower overall resistance to initial motion. These
improvements make it easier for the DVAWT to overcome the Tresiss—T7,
T;, and Tp—and initiate rotation.

In comparison, the SB-DVAWT rotor with the NACA0015-Opt rotor
required a Tsef_siariing Of 0.09975 Nm, representing a 3.14 % improve-
ment over the SB-DVAWT rotor with the original NACA0015 rotor.
While this reduction reflects the positive impact of optimizing the airfoil
design, the improvement is less pronounced than that achieved with the
EBs. The NACA0015-Opt rotor modifications enhance the C;/Cp,
reducing drag and improving overall aerodynamic performance; how-
ever, the effect is more modest compared to the substantial benefits
provided by EBs.

Finally, the configuration with the EBs rotor and the NACA0015-Opt
rotor exhibited the lowest Tsey_gariing Of 0.0805 Nm, marking a 21.97 %
improvement over the SB-DVAWT with the NACA0O15 rotor. This
configuration delivered the best performance in T _garing, requiring
the least torque to initiate rotation. A rotor with triangular dimples
showed a 13.6 % performance improvement over the traditional
DVAWT at 4 m/s [171].

At Uy, = 5 m/s, the Tses_giariing for each DVAWT decreased compared
to lower U,,. The trend observed at 5 m/s is consistent with the results at
lower U,, with the DVAWT equipped with EBs and the optimized
NACAO0015-Opt rotor requiring the least Tsey_siqariing- This further high-
lights the positive influence of these alterations on DVAWT perfor-
mance, particularly in reducing the energy needed to overcome initial
resistance and initiate rotation.

The decrease in Tseir_garing can be due to the superior aerodynamic
performance of the EBs and the optimized NACAO0015 rotor. As U, in-
creases, the T4 becomes more dominant, enabling it to counteract the
Tresis—including Ty, T;, and Tp—more effectively. The EBs, which
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reduce drag and enhance lift, allow the DVAWT to overcome these
resisting forces with less effort.

At U, = 5 m/s, the SB-DVAWT utilizing the NACA0015 rotor
exhibited the highest Tsef_swaring among all configurations, consistent
with findings at lower U,. The SB profile, combined with the original
airfoil geometry, generates higher drag and less efficient lift, making it
more difficult for the DVAWT to overcome the Tgres: at this U.

In comparison, the SB-DVAWT utilizing the NACA0015-Opt rotor
required a Tseyfstarting = 0.084 Nm, reflecting an 18.45 % improvement
over the baseline SB-DVAWT with the NACA0015 rotor. This improve-
ment results from the optimized NACA0015 rotor design, which reduces
drag and enhances lift, enabling the DVAWT to overcome resisting
forces more efficiently.

The EB-DVAWT utilizing the NACA0O015 rotor required a Tseif—sarting
=0.091 Nm, representing an 11.65 % improvement compared to the SB-
DVAWT with the NACAO0O015 rotor. The EBs improve the C;/Cp, reduce
drag, and lower friction, thereby reducing the overall Tg.s and facili-
tating the start of rotation.

The most significant improvement was observed in EB-DVAWT uti-
lizing the NACA0015-Opt rotor, which needed a Tsef_siariing Of just
0.0595 Nm—a remarkable 42.72 % reduction compared to the SB-
DVAWT with NACAO0015 rotor.

Xu et al. [172] evaluated the NACA2418 rotor, which achieved a 20
% reduction in startup time at § = 10° at a U, of 5 m/s. Similarly,
Kavade et al. [173] found that a VAWT with a NACA0021 airfoil
struggled to start at lower U, (1-5 m/s) because of inadequate
TSelf—starting~

At a U, of 7 m/s, significant reductions in Tses_gqring are observed
across various DVAWT configurations compared to the baseline SB-
DVAWT rotor with the NACA0015 rotor, which requires 0.070 Nm of
Tself—starting- The EB rotor with the NACA0015 rotor demonstrates a
32.14 % reduction, requiring only 0.04725 Nm. This improvement un-
derscores the effectiveness of EBs in reducing resistance and facilitating
easier DVAWT startup.

In comparison, the SB-DVAWT rotor with the optimized NACA0015-
Opt requires 0.06125 Nm of torque, which is a 12.5 % reduction
compared to the baseline. Although the optimized airfoil improves the
C./Cp and enhances aerodynamic efficiency, its impact on reducing
Tself—starting 1S less pronounced than that of the EBs.

The EB rotor featuring the optimized NACA0015-Opt rotor achieves
the most significant improvement, requiring just 0.03675 Nm of
Tseif—starting—a remarkable 47.5 % reduction compared to the baseline.
This configuration combines the benefits of EBs and an optimized airfoil,
offering the highest efficiency in initiating rotation. It effectively
counters Tresist such as Ty, Tj, and aerodynamic Tp. A study on a 3-PB
VAWT configuration, which features three blades divided into equal-
height segments (H/3), tested with helix angles ranging from 60° to
120° at a U, of 7 m/s, revealed that modifying the helix angle signifi-
cantly improved performance. Compared to a standard 60° helix angle
design, the modified configuration reduced fluctuations in the Cr by 40
% at a lower A of 0.44, demonstrating enhanced aerodynamic stability
[174].

At U, of 7.5 and 8.5 m/s, a consistent reduction in Ty saring T€-
quirements was observed across all four DVAWT configurations,
continuing the trend of decreasing startup torque with increasing U,,.
Each DVAWT exhibited lower torque requirements to initiate rotation as
U, increased, highlighting the aerodynamic improvements that
enhance performance at higher U,,. The EB design notably reduced drag
and resistance, thereby enhancing lift and enabling the DVAWT to
overcome Tgessc more effectively. This was particularly evident in the
reductions observed in Tf, T;, and Tp, where the EB configuration
consistently outperformed the SB design.

Among the design modifications, the EBs had a more significant
impact on reducing startup torque than the modification of the
NACAO0015 rotor shape alone. However, when combined, the altered
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airfoil and EBs produced a synergistic effect, maximizing aerodynamic
efficiency. The optimized NACA0015 rotor enhanced the C./Cp,
reducing the initial torque required to initiate rotation by increasing T
while minimizing drag. This dual improvement from the airfoil modi-
fication and EB design allowed the DVAWTs to achieve smoother self-
starting capabilities, particularly at higher U,,.

At a U, of 9 m/s, all DVAWT configurations continued to exhibit a
decline in startup torque requirements, consistent with the trend
observed at lower U,. However, the differences in startup torque re-
ductions between configurations became less pronounced at this higher
U, as the T4 had reached a magnitude sufficient to overcome the Tresis;-

Switching from SBs to EBs reduced the startup torque from 0.021 Nm
to 0.01925 Nm. While this reduction reflects an improvement, it was
notably smaller than the reductions achieved at lower U, where the EBs
had a more significant impact. Similarly, replacing the standard
NACAO0015 rotor with the optimized version decreased the startup tor-
que from 0.021 Nm to 0.01925 Nm for the SB-DVAWT. This modest
reduction suggests that at higher U, the drag reduction effect becomes
less pronounced, as the substantial T4 already overcomes other resisting
forces with relative ease.

For the DVAWT featuring both EBs and the optimized NACA0015
rotor, the startup torque stabilized at 0.01925 Nm. This shows that at
this U,, the combination of EBs and the modified airfoil reached an
optimization point. The improvements in lift and drag reduction were
fully realized, and further changes had little effect on the startup torque
at this U.

At a U, of 9.50 m/s and a H of 35 cm, the DVAWT with EBs and the
optimized NACA0O015 rotor exhibit enhances in T _saring from 0.01225
Nm to 0.01925 Nm. This trend contrasts with the efficiency observed at
lower U,. It suggests that at higher U, the aerodynamic characteristics
of the optimized rotor and EBs may reach a threshold, where increased
drag starts to affect the startup torque, instead of continuing to reduce it.
This outcome could result from the heightened sensitivity to Fp at higher
velocities, which counteracts the lift benefits typically provided by the
embossed surface and optimized airfoil.

Similarly, at U, = 10 m/s, the startup torque increased from
0.00875 Nm to 0.0175 Nm when we used both the EBs and the opti-
mized NACAOO15 rotor. This trend indicates that, while the EB design is
generally effective in reducing the torque required to overcome static
friction—especially at lower U,,—it becomes less efficient at higher U,,.
This may be due to the embossed material’s tendency to enhance flow
adherence at low-to-moderate U, reducing static friction and aiding
self-starting, but creating excess drag at higher U,,.

As observed across Uy, from 1 to 9 m/s, the DVAWT with EBs typi-
cally requires less T _saring at a H of 35 cm. Unlike SB-DVAWTs, which
require additional torque to overcome static friction, the embossed
surface design facilitates rotation initiation by effectively managing
airflow adherence, making it a self-starting configuration capable of
initiating motion at lower U,,. These results suggest that, at this H, EB-
DVAWTs demonstrate superior ability to overcome Tgesist, enabling
effective self-starting even as conditions change.

Next, the performance is analyzed with an increased H of 75 cm to
evaluate how higher blade positioning influences torque and self-
starting efficiency at higher U,.

5.3.2. Comparing the torque required to start a DVAWT at a H of 75 cm

At a H of 75 cm, Fig. 12 shows the Tses garing trends for both
NACA0015 and NACA0015-Opt rotors with SB-DVAWT and EB-DVAWT
across various U,,. Compared to lower U,,, DVAWTs exhibit poorer self-
starting performance at minimal U, resulting in a higher need for
Tseif —starting- At low U, the Ty is too low to overcome the static resisting
torques (Ty, T;, and Tp). However, as U, increases, T4 also rises,
allowing the DVAWTs to overcome these resisting forces more effec-
tively. At a U, of 0 m/s, no startup torque applies because no aero-
dynamic force acts to initiate rotation in any DVAWT configuration. This
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Fig. 12. Comparison of required Tses_stareing at different U, at a H of 75 cm.

starting point underscores that the initial requirement for Tseir_starting
fundamentally depends on the presence of wind flow.

Ata U, of 1 m/s and a H of 75 cm, the Tses_garing requirements differ
significantly between EB-DVAWTs and those with SB-DVAWTs.
DVAWTs equipped with EBs require less T saring than their SB
counterparts, with the modified NACAO0O015 rotor further reducing the
required torque to 0.898 Nm. This configuration demonstrates superior
self-starting capability due to enhanced aerodynamic characteristics,
including increased lift and reduced drag.

The reduction in startup torque necessary for the EBs and modified
airfoil configuration arises from the interaction between T, and the
opposing forces of Ty, T;, and Tp. As U,, increases, T4 gains prominence,
enabling it to counteract Ty, T;, and Tp more efficiently. The EB design,
combined with the modified NACA0O015 rotor, enhances lift and reduces
drag, directly increasing T4. This improvement means the DVAWT re-
quires less force to overcome static friction and initiate rotation, thereby
reducing startup torque.

In SB-DVAWTSs, the modified NACA0O15 rotor also positively im-
pacts startup torque requirements, though to a lesser extent than with
EBs. This occurs because the optimized airfoil improves T4 by enhancing
lift and reducing drag, although it does not match the aerodynamic
adherence provided by the EBs. At a U, of 2 m/s and a H of 75 cm, the
Tself—starting Tequired for each DVAWT was lower than the U, of 1 m/s.

This trend shows that as U,, increases, T4 becomes more effective at
countering resistive forces like Ty, T;, and Tp, resulting in a lower overall
Tsef—starting- The EB-DVAWT combined with the optimized NACA0015
rotor demonstrated the lowest startup torque requirements, achieving
the best performance among all configurations. This improvement
resulted from the combined benefits of the EB design and the optimized
airfoil shape.

The EBs reduced drag and enhanced lift, leading to a higher T, that
more effectively overcame the resisting forces, making it easier for the
DVAWT to initiate rotation. Moreover, replacing SBs with EBs reduced
the required startup torque from 0.851 Nm (for the SB-DVAWT with
NACAO0015 configuration) to 0.725 Nm. This reduction stems from the
superior aerodynamic characteristics of EBs, which reduce resistance to
motion at low U,.

The modified NACA0015 rotor also helped lower the Tses_gqriing for
the SB-DVAWT, bringing the torque requirement down from 0.851 Nm
to 0.758 Nm. This improvement is due to the airfoil modification, which
optimizes the C;, /Cp, reducing drag and increasing lift. As a result, the Ty
increases, helping to overcome resistance and reducing the torque
needed to initiate rotation.

At a Uy, of 3 m/s, the Tses_siaring required for each DVAWT config-
uration continued to decrease than the torque requirements at 2 m/s and
1 m/s. This decrease with increasing U, highlights the positive effect of
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Ta, which becomes stronger as U, rises, allowing it to more effectively
counteract the Tresise: Ty, T, and Tp. Among the DVAWT configurations,
the EB-DVAWT utilizing the optimized NACAO0015 rotor required the
lowest Tsef_siarting, demonstrating the advantages of both the EB design
and the optimized airfoil shape. The EB texture helps reduce drag while
increasing lift, leading to a more effective transformation of wind energy
into rotational energy. This increased efficiency leads to a higher Ty,
facilitating the operation of the DVAWT to surpass the initial resistance
forces and initiate rotation.

In contrast, the SB-DVAWT utilizing the NACA0015 rotor indicated
the greatest Tsey_saring NECESSity at this U,. The SB surface combined
with the standard airfoil shape produces a less favorable C;, /Cp, meaning
more torque is needed to overcome the resisting forces. This configu-
ration, therefore, struggles more with self-starting compared to the EB-
DVAWT.

The improved performance of the optimized NACAQ015 rotor is also
evident here, as it enhances the lift characteristics while reducing drag,
further decreasing the required startup torque for both SB-DVAWT and
EB-DVAWT.

Ata Uy, of 4 m/s, the Tsessiariing required for each DVAWT continued
to follow the trend noticed at lower U,,, with overall reductions as U,
increased. The EB-DVAWT configuration, which uses the optimized
NACA0015-Opt rotor, showed the lowest Tgf_saring T€quirement of
0.448 Nm.

This result highlights the aerodynamic benefits of the EB texture and
the optimized airfoil shape, which enhance the C;/Cp, thereby reducing
the TSelf—stam‘ng~

The EBs are particularly effective at redistributing aerodynamic
forces along the blade surface, minimizing localized stress points, and
optimizing torque efficiency. This redistribution of forces also helps
counteract the primary Tgesist, including Ty, T, and Tp, enabling the
DVAWT to overcome static resistance with less initial torque. In
contrast, the SB-DVAWT, utilizing the NACA0015 rotor, required the
maximum self-starting torque of 0.569 Nm.

This configuration’s higher Tsey_gqring Tesults from the lack of opti-
mized Cp, properties and a higher Cp profile, which leads to inefficient
transformation of wind energy into rotational energy, thus requiring
more torque to initiate motion. The use of the optimized NACA0015-Opt
rotor further reduces the required Ts,y_sarsing in both SB and EB DVAWTSs
configurations by improving lift and keeping drag levels low. This
improvement in aerodynamic performance increases the T4, which more
effectively offsets the Tgesisr as U, rises, confirming the effectiveness of
the modified airfoil and EB design at this higher U,.

At a U, of 5 m/s, the Tsef_saring Tequirement continued to decrease
across all DVAWT configurations, consistent with the trend observed at
lower U,. The EB-DVAWT utilized the optimized NACA0015-Opt rotor
required the lowest Tses_saring, measured at 0.22 Nm, highlighting the
efficiency gains achieved by this combination.

The EB structure improves aerodynamic load distribution along the
blade, minimizing stress concentrations and enhancing torque effi-
ciency. This even load distribution reduces localized drag and more
effectively counteracts initial inertia and Ty, leading to a lower overall
Tself—starting T€Quirement. In contrast, the SB-DVAWT utilizing the
NACAO0015 rotor required the greatest Tsef_sariing, at 0.458 Nm. The SB
surface, combined with the original NACAO0015 rotor, is less effective at
generating F; and managing Fp, resulting in higher resistance to rota-
tion. This configuration, therefore, requires more torque to initiate
movement, especially at this higher U,,, where aerodynamic improve-
ments play a crucial role.

The modified NACAO0015-Opt rotor consistently reduces the
Tseif —starting across configurations by improving lift and minimizing drag.
This modification enhances the T4, which more effectively counterbal-
ances the Tgesig—including T; and Tp—as the U, increases.

Ata U, of 7m/s, a clear trend emerges in the Ts,j_sqring required by
different DVAWT configurations, with each modification contributing
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distinctly to performance improvements. The SB-DVAWT utilizing the
NACAO0015 rotor had the greatest Tses_siqriing T€qUirement, at 0.323 Nm.

Altering the NACA0O015 rotor alone reduced this requirement to
0.275 Nm, demonstrating that the optimized airfoil shape effectively
enhances lift and reduces drag, resulting in a modest reduction in
starting torque.

Switching from SBs to EBs further reduced the required Tses_sarting tO
0.212 Nm. This improvement reflects the impact of the EB surface,
which facilitates a more favorable distribution of aerodynamic loads
across the blade. The embossed surface reduces drag-related Tgesise (Tp),
allowing the T, generated by the wind to counteract T; and Ty more
effectively.

Combining EBs with the modified NACA0015-Opt rotor achieved the
most substantial reduction in Tses_gqring, lowering the required startup
torque to 0.164 Nm. This configuration improves aerodynamic effi-
ciency by increasing lift while reducing drag and overall resistance to
rotation. At 7 m/s, the combined effect of the EB structure and the
optimized airfoil shape results in superior self-starting performance,
allowing the DVAWT to initiate rotation with minimal resistance.

AtU, = 7.5 m/s and 8.5 m/s, the DVAWT configurations required
less startup torque as U, increased. Among all configurations, the
combination of EBs with the optimized NACA0015-Opt rotor demon-
strated the lowest Tses_gqring requirements across all Uy, values from 1
m/s to 8.5 m/s, highlighting the efficiency of these changes in enhancing
performance.

The EBs are especially effective in reducing startup torque, even
more so than the airfoil modification by itself. By distributing aero-
dynamic loads more effectively and enhancing lift, the EBs reduce the
torque needed to overcome resisting forces, including Tp and Ty, which
hinder the DVAWT’s initial rotation. Additionally, the altered
NACAO0015 rotor shape improves the C;/Cp, reducing the startup torque
for both SB-DVAWT and EB-DVAWT compared to the original airfoil
setup. When combined with EBs, the modified NACA0015 rotor en-
hances aerodynamic performance by improving lift characteristics and
reducing drag, which minimizes the T; required for rotation.

At a U, of 9 m/s, each DVAWT required less startup torque than at
the previous, lower Uy, indicating the continued influence of increased
U, in reducing initial resistance. Transitioning from SB-DVAWT to EB-
DVAWT reduced the startup torque from 0.085 Nm to 0.079 Nm.
Although this reduction was less substantial than that observed at lower
U, it suggests a diminishing effect of embossing as U, increases. This
more minor reduction may reflect the reduced incremental benefits of
EBs on torque efficiency as aerodynamic forces become more dominant
at higher U,,.

Utilizing the modified NACA0015 rotor with SB-DVAWT at this U,
further lowered the startup torque requirement from 0.085 Nm to 0.079
Nm, matching the effect of switching to EBs alone. However, the com-
bination of EBs with the altered NACAO0015 rotor resulted in a startup
torque of 0.073 Nm, which significantly improved over other configu-
rations. The efficiency of this combination can be due to the optimized
balance between C;, generation and Cp reduction, which allows the T4 to
effectively counteract resisting forces such as Ty, Tp, and Ty, particularly
during the initial moments of rotation.

At a U, of 9.50 m/s, each DVAWT configuration demonstrated a
decrease in Tsef_swring cOmpared to lower U, following the trend
observed in previous measurements. As U, increases, the T, becomes
more significant, counteracting the resisting forces contributing to the
required startup torque. In this case, T, effectively offsets Ty, T, and Tp,
resulting in a reduction in the overall startup torque.

Transitioning from SBs to EBs reduced the startup torque from 0.055
Nm to 0.053 Nm. Although the reduction was more minor compared to
lower U,,, it still reflects the impact of the EB design in decreasing drag
and enhancing lift. The EBs generate less resistance than SBs, thus
reducing the Ty and improving lift, which helps overcome T; more
effectively, particularly at higher U,.
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Similarly, the modified NACAOO15 rotor with SBs reduced the
startup torque from 0.055 Nm to 0.053 Nm. The modified airfoil im-
proves aerodynamic performance by optimizing the C;/Cp, which
lowers drag and reduces the Tgess- The reduction in Tp enables the
DVAWT to start more efficiently, particularly by decreasing resistance to
initial motion.

The most significant reduction in startup torque occurred when
combining the EBs with the modified NACAOO015 rotor, bringing the
torque requirement down to 0.050 Nm. This combination of design
features optimizes the aerodynamic efficiency of the rotor. The EBs help
reduce drag and improve lift, decreasing Tp and T;, while the modified
airfoil further enhances these effects by reducing drag and optimizing
lift characteristics.

Ata U, of 10 m/s, unlike the trend seen at lower U, switching from
SBs to EBs led to an increase in Tse_saring for the DVAWT, rising from
0.033 Nm to 0.037 Nm. This increase suggests that, at higher U, the
embossed design may introduce additional drag, thereby raising aero-
dynamic resistance and increasing the Tp, which counteracts the antic-
ipated improvement in the C;/Cp and reduces self-starting efficiency.

Similarly, modifying the NACAO015 rotor for SBs resulted in a
modest increase in the required starting torque, from 0.033 Nm to 0.034
Nm, indicating a noticeable, though slight, impact. This slight increase
suggests that, at higher U, the altered airfoil shape may create an
additional aerodynamic load, which translates into increased Tp and Tj,
which slightly elevate the torque needed to initiate motion.

For the EB-DVAWT, modifying the airfoil geometry did not result in a
substantial change in Tsef_siarring, @s it remained at 0.037 Nm. This
outcome suggests that the combined effect of the EBs and altered airfoil
shape may yield diminishing returns at higher U,,, where the drag
characteristics outweigh the lift benefits. As a result, startup perfor-
mance remained stable but did not improve, as the T, was balanced by
the Tp and T; at this U, preventing further reduction in Tsef_starting-

Su et al. [93] et al. studied an SB-DVAWT with three sets of blades
and found it outperformed a conventional H-type rotor in terms of C,
across Uy, from 4.54 m/s to 8.82 m/s.

Incrementing the H of the DVAWT from 35 c¢m to 75 cm resulted in a
reduction of Tsef_siaring requirements for the EB-DVAWT compared to
the SB-DVAWT, across U, ranging from 9 m/s to 9.5 m/s. This
enhancement allows the EB-DVAWT to achieve lower starting torque
even at higher U, up to 9.5 m/s, in contrast to the SB-DVAWT at 9 m/s.
Several factors contribute to the improvement, including the reduced
static friction during the initiation of rotation in the EBs.

The unique design of the EBs minimizes the resistance encountered
at the start of the rotation, enabling a more efficient application of
torque than SBs. In contrast, SBs experience higher static friction,
requiring additional torque to overcome this resistance. Additionally,
increasing the H also increases the surface area, which creates a larger
contact area with the air, improving aerodynamic performance.

This enables more efficient energy conversion, further decreasing the
Tself—starting T€quirement. The enhanced aerodynamic properties of the
EBs, combined with the increased H, facilitate better airflow attach-
ment, reducing drag and enhancing lift. These factors contribute to the
decreased Ty starting Tequirement for the EB-DVAWT, even at higher
U. Additionally, the decrease in Tsef_saring can be attributed to better
management of Tgesist, including Ty, Tr, and Tp.

The EBs reduce drag and increase lift, further aiding the DVAWT in
overcoming these resisting forces with less effort. EB-DVAWTSs are more
efficient at converting wind energy into rotational energy, even at
higher U,,, while SB-DVAWTSs need more torque to start rotating.

The higher H of 75 cm also allows for better distribution of aero-
dynamic forces along the blade, reducing localized stresses and
improving torque efficiency. This is important for ensuring that the
DVAWT operates efficiently at higher U,,, where T, plays a larger role in
overcoming resistance forces. The combined effect of increased H and
improved aerodynamic performance contributes to the lower starting
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torque requirement of the EB-DVAWT.
6. Conclusions and future work

This study focused on optimizing the aerodynamic performance of
three rotors—NACAO0015, NACA4412, and NACA4415—to improve the
C, of VAWTs at a Re. of 45,192. Among the optimized airfoils, we
selected NACAO0015 for its superior C,. Additionally, the research
examined the T _sqring performance of EB and SB at two H (35 cm and
75 cm) while optimizing the NACA0015 rotor. It further analyzed the
impact of H variations on torque performance for both blade types,
leading to the following results.

Modifying the NACAO0O15 rotor to the optimized NACA0015-Opt
design led to a significant 14.45 % increase in peak C, compared to
the original NACA0O015 rotor. This improvement illustrates the signifi-
cant influence of airfoil optimization on the rotor’s aerodynamic per-
formance, enhancing its efficiency in converting wind energy into
mechanical power.

The study also demonstrates that comparatively straightforward
design modifications, such as optimizing the airfoil and rotor configu-
rations, can lead to notable performance advancements, offering an
effective method for enhancing the performance of DVAWTs across
different U, scenarios.

At a H of 35 cm, experimental results showed that at U, of 1, 2, 3, 4,
5,6,7,8, and 9 m/s:

— The EB-DVAWT with the NACAO0015 rotor required 8.24 %, 10 %,
11.76 %, 11.65 %, 21.15 %, 32.5 %, 38.9 %, 30 %, and 8.33 % less
Tseif—starting» Tespectively, compared to the baseline SB-DVAWT with the
NACAO0015 rotor.

— The SB-DVAWT with the NACA0015-Opt rotor required 2.06 %,
3.75 %, 2.94 %, 3.16 %, 7.69 %, 12.5 %, 16.67 %, 10 %, and 8.33 % less
Tself—startings Tespectively, when compared to the baseline SB-DVAWT
with the NACAO0015 rotor.

— The EB-DVAWT with the NACA0015-Opt rotor required 14.43 %,
15 %, 16.17 %, 21.77 %, 34.06 %, 47.5 %, 50.01 %, 35.71 %, and 8.34 %
less Tsef—starting, T€Spectively, compared to the baseline SB-DVAWT with
the NACA0O015 rotor.

At a H of 75 cm, experimental results showed that at U, of 1, 2, 3, 4,
5,6,7,8,9, and 9.5 m/s:

— The EB-DVAWT utilizing the NACA0015 rotor required 7.77 %,
14.81 %, 13.33 %, 14.05 %, 20.74 %, 34.38 %, 39.64 %, 30.61 %, 9.41
%, and 7.27 % less Tsey_stariing, r€spectively, compared to the baseline SB-
DVAWT with the NACAO0015 rotor.

— The SB-DVAWT with the NACA0015-Opt rotor required 2.81 %,
10.93 %, 3.62 %, 11.06 %, 7.42 %, 14.85 %, 19.71 %, 11.56 %, 7.06 %,
and 3.64 % less Tsef_saring, respectively, compared to the baseline SB-
DVAWT with the NACAO0015 rotor.

— The EB-DVAWT with the NACA0015-Opt rotor required 15.92 %,
17.04 %, 18.12 %, 21.23 %, 52.06 %, 49.23 %, 51.25 %, 35.2 %, 14.12
%, and 9.09 % less Tsei_starting> r€spectively, compared to the baseline SB-
DVAWT with the NACAO0015 rotor.

At H of 35 cm and 75 cm, the optimized EB-DVAWT exhibited
significantly lower self-Tss_sqning than other configurations, particu-
larly at U, ranging from 1 to 9.5 m/s. The optimized airfoil improved
aerodynamic performance by reducing friction, inertia, and drag, while
increasing lift. Increasing the H to 75 cm further enhanced performance
by increasing the surface area exposed to the wind, which reduced drag
and distributed aerodynamic forces more evenly. Together, the
increased H and improved airfoil shape significantly reduced the
Tself—startings Mmaking the DVAWT more efficient across a wider range of
U.

For future research, we propose replacing the SBs in DVAWTs with
EBs, as the advancements discussed in this paper highlight the potential
of this design. Priority will be placed on real-world assessments of self-
starting performance for J-shaped VAWTs with EBs, as well as for hybrid
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Darrieus-Savonius VAWTs equipped with EBs. We will carry out these
investigations in collaboration with Solar Turbine Arta Energy in Iran
and ABSCUBE Engineering & Education in Australia. Furthermore, our
ongoing study on EBs aims to enhance the Tss_sarring Of Darrieus vertical
axis tidal turbines, underscoring the broader applicability of EB designs
across both wind and water energy systems.
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