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ARTICLE INFO ABSTRACT

Keywords: Wind energy, being renewable, cost-effective, and environmentally friendly, has attracted global attention.
Rotation However, due to suboptimal performance and limited research, vertical axis wind turbines (VAWTS) lag behind
DMST horizontal axis wind turbines (HAWTS) in commercial applications, particularly for large-scale installations. This
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Wind speed study aims to improve the self-starting capability of the Darrieus VAWT. While some parameters, such as the

number of blades (N) and solidity (), have been studied extensively, the airfoil shape has not received as much
attention. This study compares the performance of National Advisory Committee for Aeronautics (NACA) airfoils
and Selig airfoils at a Reynolds number (Re) of 40,673. The investigation revealed that the NACA0015 airfoil
exhibited the highest peak power coefficient (Cp). Further analysis utilizing an advanced double multiple stream
tube (DMST) code in MATLAB increased the peak C, by adjusting the thickness-to-camber ratio (t/c) of the
NACAO0015 airfoil, resulting in a 12.50 % increase in the maximum achievable C; at a Re of 40,673. This study
compared four modes of VAWT operation, utilizing the NACA0015 airfoil and a modified NACA0015 airfoil for
both straight-bladed and embossed-bladed VAWTs. The results showed that the modified NACA0015 airfoil for
embossed-bladed VAWTS exhibited the best self-starting capability and rotation at wind velocities of 1 to 9 m s™..
Additionally, the self-starting force required by embossed-bladed VAWTs was lower than that needed by straight-
bladed VAWTSs due to the ability of the embossed material to enhance airflow attachment to the VAWT and
suppress turbulence.

power, providing a clean and renewable energy source [26-28]. They
can be broadly classified into two types based on the orientation of their

1. Introduction

Although fossil fuels are still plentiful, their use results in substantial
carbon dioxide emissions and other harmful pollutants, contributing to
global warming and degrading air quality [1-7]. This underscores the
necessity for sustainable alternatives [8-10]. Renewable energy sources,
including solar, wind, and hydropower, provide viable solutions to these
environmental challenges [11-22].

Among these, wind energy stands out for its high efficiency and
minimal environmental impact [23-25]. This study focuses on wind
energy, specifically exploring the functionality and benefits of wind
turbines (WTs). WTs convert kinetic energy from the wind into electrical
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axes: HAWTs and VAWTSs [29-31].

HAWTs are the most common type, characterized by a rotor shaft
and electrical generator positioned at the top of a tower, with blades
rotating on a horizontal axis [32,33]. These turbines must be aligned
with the wind direction, which can be achieved through a small wind
vane or a more sophisticated sensor and servo motor system [34,35].
One of the main advantages of HAWTs is their higher efficiency
compared to VAWTSs, as they can harness more wind energy [36,37].
However, HAWTs also have disadvantages, including the need for a
mechanism to orient the blades into the wind, which adds complexity
and cost [38,39].
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Nomenclature

Acronym Full Form

AoA Angle of Attack (Deg)

AR Aspect Ratio (-)

C Chord length (cm)

Cp Drag coefficient (-)

Cy Lift coefficient (-)

Cn Normal coefficient (-)

G Power coefficient (-)

Cr Tangential coefficient (-)

CFD computational fluid dynamics
D Diameter of rotor (cm)

DMST  Double Multiple Stream Tube
GF Gurney Flap

H Height of rotor (cm)

HAWT  Horizontal Axis Wind Turbine
L/D Lift-to-drag ratio (-)

LWS Low Wind Speed

N Number of blades (-)

NACA  National Advisory Committee for Aeronautics
R The radius of the rotor (cm)

Re Reynolds number (-)

t/c Thickness-to-camber ratio (-)

TSR Tip Speed Ratio

Wind speed (m s

Vertical Axis Wind Turbine
Wind Turbine

Axial induction factor
Tangential induction factor
pitch angle (Deg)

Air density (Kg/m?)
Dynamic viscosity (Kg m~'s™1)
Kinematic viscosity (m2s~!)
Angular speed (rad sH

The azimuth angle

Solidity (-)
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Among the VAWTSs, the Darrieus and Savonius designs are the most
notable. These two types have distinct operational principles and per-
formance characteristics. The Savonius VAWT operates on the principle
of aerodynamic drag, generally consisting of two or more scoops that
catch the wind, causing the rotor to turn. Its simple and robust design
makes it effective at low wind speeds (LWSs). However, reliance on drag
results in lower efficiency compared to lift-based systems, as the wind’s
impact on the scoops produces less torque [40-43].

In contrast, the Darrieus VAWT operates based on the principle of
aerodynamic lift. The lift force on its blades creates rotational motion
that drives the VAWT. This design is known for its high efficiency, as it
can achieve greater rotational speeds and convert wind energy into
mechanical energy more effectively than drag-based systems [44,45].
One of the main disadvantages of the Darrieus VAWT is its characteristic
of being “non-self-starting.” To understand this limitation, it is essential
to define and explain the concept of self-starting in WTs. Self-starting
refers to a WT’s ability to rotate and generate power from a stationary
position without external assistance. For a VAWT to have self-starting
capability, it must capture enough wind force at low LWSs to over-
come inertia and start turning on its own. Darrieus VAWTs typically lack
this capability [46-48].

The theoretical maximum efficiency of Darrieus VAWTs is about 35
%, higher than the roughly 12-15 % efficiency of cross-flow wind tur-
bines but lower compared to HAWTs, which can achieve efficiencies of
up to 45 % [49]. Recent studies indicate that VAWTs may outperform
HAWTs in urban and semi-urban environments. Research highlights
several advantages of VAWTs in these areas, including lower costs,
reduced noise and vibration, resistance to changes in wind direction,
and minimal visual disruption. These attributes enhance public safety
and aesthetics, making VAWTs more appealing for installation in loca-
tions where conventional HAWTs may be less effective or appropriate
[49]. However, given the challenges of self-starting and the relatively
lower efficiency of VAWTSs compared to HAWTS, numerous studies have
been conducted to improve the efficiency and self-starting capabilities of
VAWTs.

In WTs, design and other factors are essential. Research by Sunny
et al. [50] focused on using curved blades to develop small-scale VAWTs.
Wind tunnel experiments were conducted, and the results were reported
for VAWTs with two-blade, three-blade, and four-blade configurations.
Their findings indicated that the curved blade WT with a three-blade
setup outperformed the other two configurations. A variable pitch sys-
tem can significantly enhance the efficiency of vertical axis turbines,
resulting in a 35 % increase in efficiency and reducing unsteady loads on

the VAWT [51]. However, implementing a variable pitch system also
introduces several disadvantages. The complexity and cost of the system
are significant drawbacks. Additionally, the increase in moving parts
necessitates frequent maintenance and inspections, leading to higher
operational costs and potential downtime [52].

A Darrieus VAWT with symmetric airfoils, as well as a Darrieus-
Savonius VAWT, was also examined. The Darrieus VAWT exhibited no
self-starting capabilities at wind speeds (V) below 3.65 m sl. In
contrast, a proposed hybrid Darrieus-Savonius WT had a self-starting
velocity down to 2.81 m s and achieved a power output of 1.522 kW
at a Vo, of 7.5 m st [53]. Overall, combining Darrieus and Savonius
VAWTSs enhances self-starting capabilities but reduces peak performance
[54]. Cheng and Yao [55] analyzed a novel U-type Darrieus VAWT.
Their results showed that the optimal U-type Darrieus VAWT can
operate successfully, with the C; increased by 14.74 % and by 54 % at
tip speed ratios (TSRs) of 4.0 and 4.5, respectively. Other research
indicated that the V-shaped blade efficiently mitigated flow separation
[56].

A significant drawback of U-type Darrieus and V-shaped VAWTs is
their complex design and manufacturing processes, which make them
expensive. While the J-shaped Darrieus VAWT showed better perfor-
mance than the V-shaped Darrieus VAWTs during self-starting condi-
tions and at low TSRs, the total torque decreased at TSRs above 2.25 due
to the lower lift coefficient (Cy) of the J-shaped blades [57]. In another
effort to enhance the efficiency of VAWTs, the Gurney flap (GF) signif-
icantly improved the aerodynamic performance of VAWTSs at reduced
rotational velocities. In the upstream area, the GF notably increased the
tangential force on the blades [58]. However, installing GFs added
complexity to the VAWT design, increasing manufacturing costs and
maintenance needs.

To enhance the self-starting capability of the Darrieus VAWT, a
conical wind collector was attached, resulting in a 25 % improvement in
its self-starting performance [59]. It should be noted that the installation
of the wind collector generally increased the radius (R) and height (H) of
the VAWT. The study conducted by Celik et al. [60] showed that
increasing the inertia of the VAWT did not significantly affect its
self-starting capacity. Sun et al. [61] demonstrated that turbulence in-
creases fatigue issues in helical VAWTSs and impacts their operational
mechanism, even though it improves their self-starting capability.

To lower the manufacturing and installation costs of the Darrieus
VAWT while maintaining balance, this study employed a three-blade
design [62,63]. Due to cyclical variations in the angle of attack (AoA)
and operation at different AoAs, the VAWT blades can experience
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dynamic stall at low TSRs [64-68]. This situation complicates the design
of an optimal airfoil [69]. Additionally, a significant challenge with
Darrieus VAWT rotors is the negative torque coefficient observed at low
TSRs. A flexible VAWT design enhances lift and torque, particularly in
downstream areas, by effectively managing blade-wake interactions and
optimizing the blade AoA, thereby improving overall VAWT perfor-
mance. However, the complexity of these mechanisms and the need for
structural stability present significant challenges to implementing this
approach [70].

Karmakar and Chattopadhyay [71] illustrated that integrating
enhancement devices such as deflectors, guide vanes, converging ducts,
diffusers, and stators with VAWTs created a venturi effect at the inlet.
This effect improved positive torque and boosted the self-starting ability
of VAWTs. However, these systems introduced certain drawbacks,
including increased complexity in design, higher manufacturing and
maintenance costs, and potential inefficiencies under specific opera-
tional conditions. Additionally, controlling the pitch angle (B) of the
entire blade required a complex four-bar linkage system, leading to
higher maintenance and operational costs [72].

Rajpar et al. [73] reviewed several studies and found that using wind
deflectors to enhance airflow not only reduced the negative torque
generated by the retreating blades but also increased the positive torque
by directing upstream wind toward the advancing blades during oper-
ation. However, wind deflectors also presented disadvantages, such as
potential increases in overall turbine weight, added complexity in sys-
tem design, and possible aerodynamic interference that could affect the
turbine’s performance under certain conditions.

Several computational models are used to assess the efficiency of
VAWTs. Wind tunnel studies [74-76] and numerical studies using the
computational fluid dynamics (CFD) approach [77,78] evaluate the
aerodynamic efficiency of turbines. Momentum models, such as stream
tube models, are effective tools for efficiency investigations. Results
obtained from these models align well with both wind tunnel results
[79] and CFD results [80]. The rapid prediction capability and perfor-
mance of the DMST model have demonstrated its reliability in deter-
mining the dynamics of VAWTs [81-84].

The selection of airfoils for VAWTs is a crucial factor influencing
energy costs and aerodynamic performance, representing a significant
opportunity for innovation in wind energy technology. Choosing the
right airfoil design is essential for maximizing aerodynamic efficiency
and maintaining the structural integrity of the blades. The dynamic
nature of VAWTS, characterized by continuous changes in AoA and
differential speeds, necessitates the use of specifically designed airfoils.
This is especially true when considering the influence of Re on the
aerodynamic behavior of small-scale WTs. The importance of Re cannot
be overstated; it serves as a fundamental parameter that dictates the
flow characteristics around the blades. For small-scale VAWTSs operating
at low Re, selecting an appropriate airfoil is paramount for achieving
reliable and accurate performance data. Emphasizing innovation in
airfoil selection for these turbines is crucial for enhancing their effec-
tiveness and reliability. This approach will ultimately contribute to the
development of more efficient wind energy systems, reinforcing the
significance of airfoil design in the quest for sustainable energy
solutions.

Moreover, the present study extends beyond the current state-of-the-
art in the field of VAWTs by introducing and experimentally investi-
gating a novel blade design—embossed-bladed Darrieus VAWTs. While
most recent studies have focused on conventional straight-bladed de-
signs or hybrid configurations, such as Darrieus-Savonius models, none
have considered the potential advantages of embossed blade geometries
in improving self-starting capabilities. The unique embossed design is
expected to alter the aerodynamic profile of the blades, enhancing the
lift-to-drag ratio (L/D) at low TSRs and facilitating a smoother and more
efficient self-starting mechanism, particularly in LWS conditions, which
is a significant drawback of traditional Darrieus VAWTs.

In addition to the embossed blades, this study further examines
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modified airfoils alongside the embossed blades. This experimental
comparison evaluates the performance of embossed-bladed VAWTSs
against straight-bladed VAWTs and baseline airfoils. Previous research
has primarily focused on numerical and wind tunnel studies, employing
conventional methods such as CFD and simplified stream tube models.
In contrast, this study utilizes an advanced and customized DMST model
to investigate the performance of the embossed-bladed VAWTs
compared to straight-bladed VAWTs and modified airfoils. This
approach allows the research to provide new insights into how geo-
metric modifications directly influence both the aerodynamic C, and
self-starting torque—areas that have not been comprehensively
addressed in the literature.

Thus, this study not only addresses a significant gap by exploring
embossed-bladed and modified airfoil VAWTSs but also advances the
state of the art by providing experimental data on self-starting perfor-
mance. This data can contribute to the design of more efficient and
reliable VAWTSs for practical applications, especially in regions with
LWSs. These innovations offer substantial improvements over tradi-
tional designs, effectively tackling longstanding challenges in the field.

2. DMST model

In the DMST model, the rotor area is divided into upstream and
downstream sections, as illustrated in Fig. 1, where air moves through
actuator disks within a tube.

The flow conditions for each stream tube are evaluated by combining
momentum theory with blade element theory. Momentum theory is
based on the conservation of angular and linear momentum, while blade
element theory analyzes the forces on the blades by dividing them into
finite elements based on their shapes. In the DMST model, instead of
segmenting the blade, the entire turbine circumference is divided into a
finite number of stream tubes. As shown in Fig. 1, V, V', and V,, denote
the local upwind speed (5F < © < %), downwind speed (§ <© < %”), and
V., respectively. These speeds can be calculated using the following
equations [86,87]:

V=aV, (@]
V.= (2a-1)V, @)
V=d2a-1)V, 3

where V. equals the speed in the joining area of both semi-tubes. The a’
and a represent the tangential induction and axial induction factors,
respectively. The local relative wind velocity encountered by the blade is
influenced by the local TSR, and the induced speed [86,87]:

w=1V, \/(TSR + asin(6))” + (acos(0))> 4)
where w represents the relative speed, © denotes the azimuth angle, and
TSR refers to the local TSR as obtained by Islam et al. [86]:

Rw
TSR = — 5
Vo (5)

where o represents the rotational speed. The tangential coefficient (Cr),
drag coefficient (Cp), and normal coefficient (Cy) can be computed
utilizing the following equations [86]:

Cy = Cicos(a) + Cpsin(a) (6)

Cr = Cisin(a) — Cpcos(a)
The AoA is also obtained [85].

acos(6) )

TSR + asin(0) 7

AoA = tan™! (

By integrating momentum with blade element theory for each stream
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Fig. 1. The DMST model diagram [85].

tube [86], the value of a is provided by Batista et al. [85] and Para-
schivoiu [87]:

a= Fyp+nm ®
where F,; is defined by Islam [86] and Paraschivoiu [87]:
o 7 w2 cos(0) sin(0)
fio = 2 / (%) = (orsenCreosn) ©
2
whereorepresents solidly.
o= % (10)

This relationship depends on the chord length (C) and the rotor
diameter (D). The C, for the upwind section is calculated according to
Batista et al. [85], as follows:

z
2

TSR x ¢ w2
CPup = ar /CT (V—) deo
b4

2

(€8]

The identical equations are applied for the downwind section using
(V) instead of (V), as specified in Eq. (3). The overall C, is computed for
one cycle as follows:

Cp = Cpyp + Cpaw 12)

A DMST code was developed in this study, and its methodology is
illustrated in the flowchart shown in Fig. 2.

Subsequently, as mentioned earlier, the VAWT area is divided into
two regions: the upwind and downwind regions. An initial value is
assumed for the g, and then Eqgs. (4) to (9) are iteratively solved to find a
new value for a. If the difference between the computed and assumed
values of a exceeds a specified threshold, the process continues until
convergence is achieved. This iterative process is then applied to the
downwind section, using the computed value of a as the initial amount
for a. After computing the amounts of a and a’, the C, of the WT is

Selection of airfoils

A

Coupling DMST as flow solver with PSO

l

Compute aerodynamic coefficients

l

‘Which airfoil has the
best aerodynamic
performance?

End

Fig. 2. Outline of the employed methodology.

computed utilizing Eqs. (11) and (12).

Additionally, other data from the literature were used to validate the
results of the DMST code in MATLAB. The experimental results from
Elkhoury et al.’s [88] study on a Darrieus VAWT and the DMST model
developed by Ghiasi et al. [87] were utilized for validation. They con-
ducted numerical and experimental investigations on the efficiency of a
VAWT with a length of 80 cm, and D = 80 cm. Their VAWTs featured a
symmetrical blade profile (NACA0018) with C = 20 cm. The validation
of our DMST code results was performed at TSR values ranging from 0 to
3, and these results were compared with the experimental data obtained
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by Elkhoury et al. [88].

Fig. 3 compares the DMST code developed in MATLAB in this work
with the experimental from [88] and simulation results of a DMST
model [87]. This comparison indicates a relatively good agreement
between the estimated and experimental results. Assuming constant
speed, frontal area, and air density (p), the relationship between the C,
and TSR remains consistent. The maximum difference between experi-
mental and DMST results occurred at a TSR of 1, with a difference of 4.2
%.

3. Airfoil properties

The maximum C; value for forty-four VAWT rotors, including sym-
metrical and unsymmetrical NACA 4-digit, 5-digit, 6-digit, and Selig
airfoils, was determined at a chord Re of 40,673 using the developed
DMST method. The p is approximately 1.184 kg m™'3, the C is 0.71 cm,
and the dynamic viscosity of air is 0.0000186 kg/(m-s). The inlet V, is
assumed to be 9 m s\, Additionally, the chord Re was calculated using
Eq. (13).

_pVC
"

Re, 13)

Table 1 shows the maximum C, values for all rotors tested at a chord
Re of 40,673 and a TSR of 2. The NACA0015 rotor airfoil achieved the
highest maximum C, value of 0.152, outperforming all 43 others. The
simulation was conducted at TSR values ranging from 0 to 3, in in-
crements of 0.50.

Other studies have shown that among symmetrical airfoil designs,
the NACA 0015 is especially advantageous for aerodynamic perfor-
mance. It minimizes the rotor’s inactive zone at very low TSR and
provides a higher average C, distribution across the full range of TSR
values [89,90].

3.1. Modified airfoil shape

The initial purpose of the optimization procedure was to alter the
airfoil’s geometry to enhance its aerodynamic performance. The method
for optimizing this airfoil is summarized in Fig. 4. As stated earlier, this
study yielded the highest C, with t/c at a Re of 40,673 due to the
optimization results for the NACA0015 airfoil. As shown graphically in
Fig. 5, the NACA0015 was optimized to have a peak thickness of 14.54 %
at C = 31.10 % and a peak camber of 1.13 % at C = 46.70 %. The
thickness and camber of the airfoils’ geometric features were the pri-
mary differences between the NACA0015 and the developed
NACA0015-Mod airfoils.

0.2

018 |

Cp ()
0.17 |

0.16 |

—%—Experimental result (Elkhoury et al., 2015)
0.15¢ —&—DMST result (Ghiasi et al., 2022) 1
——Present study data

1 1.2 1.4 1.6 1.8
TSR (-)

Fig. 3. Validation data of developed DMST code with experimental and
DMST data.
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Table 1
The maximum Cp values for selected rotors at a Re value of 40,673 with a TSR of
2.

Airfoil types TSR Maximum Cp
NACA0010 2 0.148
NACA0015 2 0.152
NACA0016 2 0.145
NACA0018 2 0.089
NACA0020 2 0.037
NACA0021 2 —0.003
NACA0022 2 —0.002
NACA0030 2 -0.18
NACA3515 2 —0.04
NACA3523 2 —0.087
NACA3525 2 —0.09
NACA3528 2 -0.13
NACA3535 2 -0.15
NACA6318 2 0.10
NACA6520 2 0.008
NACA6525 2 —0.144
NACA23010 2 0.142
NACA23030 2 —0.093
NACA24010 2 0.12
NACA63(3)-618 2 —0.002
NACA63(4)—221 2 0.048
NACA63(4)—421 2 —0.023
NACA64(1)-112 2 0.104
NACA64(2)—215 2 0.089
NACA64(4)—221 2 —0.054
NACA65(1)—-212 2 0.084
NACA65(2)—-215 2 0.072
NACA65(2)—415 2 0.077
NACA65(3)-218 2 0.006
NACA65(4)—221 2 —0.049
NACA65(4)—421 2 —0.043
NACA66(1)—212 2 0.078
NACA66(2)—215 2 0.049
NACA66(3)—218 2 0.027
NACA66(4)—221 2 0.006
S814 2 0.102
S815 2 0.056
S818 2 0.009
$821 2 0.009
$823 2 —0.054
S828 2 0.129
$835 2 —0.033
51020 2 0.021
S1046 2 0.084

4. Small vawt model design and fabrication

Smooth or solid blades, known as straight blades, have been exper-
imentally studied for decades [91-97] in investigations related to
self-starting VAWTSs. This research utilized an embossed-bladed VAWT
and compared its self-starting performance with that of straight-bladed
VAWTSs. An embossed sheet was applied to the VAWT blades to enhance
porosity. Diamond-embossed aluminum sheeting features a textured
surface resembling crocodile skin. This texture provides a regular
embossed pattern that increases friction and prevents sliding.

The sheets are made from lightweight metal stock, with a pattern of
raised diamonds or lines on one side. These aluminum sheets, charac-
terized by their diamond-embossed pattern, are homogeneous,
isotropic, and environmentally friendly, making them easily recyclable.
A computer numerical control laser cutting machine was used to ensure
precise shapes of the sheets. Fig. 6 depicts 0.03 cm-thick straight (a) and
embossed (b) aluminum blades that cover portions of the WT blades.

To ensure structural stability, an aluminum pole with a circular
cross-section was selected for the shaft, with each blade attached at a
distance of 8.75 cm. A central shaft made of a 2 cm-diameter iron tube
was used for the VAWT. Additionally, six iron tubes with a R = 2 cm
were chosen to attach each of the six blades to the shaft.

Fig. 7 and Table 2 illustrate the blade geometry and present a three-
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Fig. 4. Flowchart for developing an optimized airfoil.
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Fig. 5. Comparison between the NACA0015 airfoil and its optimized shape.

dimensional view of the VAWT. The aspect ratio (AR), a critical
parameter that significantly affects VAWT performance, was set to 1 for
this Darrieus VAWT. This AR is optimal as it provides the highest TSR
and maximizes performance for small VAWTs [98].

Increasing the blade chord is one of the simplest methods to enhance
low starting torque, which is crucial for micro VAWTS, as the force-to-
friction ratio is often insufficient for rapid self-starting. To achieve a
high o value, the C was set to 0.071 m [99]. The arms were attached to
the shaft using shielded metal arc welding, selected for its superior
surface finish, adhesion, and cost-effectiveness [100]. Fig. 8 illustrates
the VAWT assembly.

Next, the speed of the VAWT fans needs to be controlled and opti-
mized. A dimmer switch was installed between the power source and the
fans to adjust their speed. The range of V, was set between 0.5 and 11 m
s1. The VAWTSs were positioned close to the center of the experimental
setup to minimize boundary layer disturbances. An anemometer
measured the V,, produced by the blower, with a high-quality device
providing accurate readings within approximately +0.5 m s

A force gauge was used to measure the force required for self-
starting, with an accuracy of +2 %, while a tachometer monitored the
rotor’s rotation, offering typical measurement accuracy of +0.5 %.
Laboratory temperature was recorded using a digital thermometer with
a precision of 0.1 °C. The laboratory temperature was maintained at
21.4 °C by an air conditioner during testing, with fluctuations not
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(b) Embossed sheet

Fig. 6. Aluminum sheets: a) straight and b) embossed bladed.

exceeding 1.7 °C, making any temperature effects on measurement
variations negligible. The laboratory p was 1.20 kg m™3.

Finally, the schematic diagram of the experimental system is shown
in Fig. 9(a). For the VAWT tests, a blower with four fans was used to
simulate field conditions for V, as shown in Fig. 9(b). Four scenarios,
detailed in Table 3, were investigated to evaluate the planned VAWT
using the NACAO0015 airfoil.

The central shaft was secured at two points using a bearing system
designed to prevent vibration. During the revolutions of the VAWT, four
25-kg iron plates were employed to maintain stability.

5. Results and discussion
5.1. Aerodynamic efficiency of a VAWT

Fig. 10 displays the variation of C, with TSR for the NACA0015 and
NACAO0015-Mod rotors at a Re of 40,673. The simulation was conducted
over a TSR range of 0 to 2.5, with increments of 0.5. The results indicate
that the NACA0015-Mod rotor achieves a maximum C, value of 0.171,
surpassing the maximum C, value of 0.152 for the NACA0015 rotor,
representing an improvement of approximately 12.50 %. This substan-
tial enhancement underscores the effectiveness of the design modifica-
tions made in the NACA0015-Mod rotor.

In comparison, Zhang et al. [101] investigated the impact of a bionic
airfoil on the aerodynamic characteristics of a VAWT. They reported a
Cp increase of 7.02 % at TSR 1.38, 7.35 % at TSR 2.19, and 3.42 % at TSR
2.58. While these improvements are significant, they do not match the
performance gains achieved with the NACA 0015-Mod rotor, which
consistently outperforms these enhancements across a broader range of
TSR.
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Fig. 7. Blade geometry (CAD drawing) from three views: (a) top, (b) front, and
(c) side.

Moreover, Abul-Ela et al. [102] conducted a comprehensive study on
various low Re airfoils designed for small-scale Darrieus VAWTs. Their
analysis included airfoil models such as NACA0021, NACA6712, and
Eppler474, revealing a maximum C;, of approximately 0.3263 for the
NACAO0021 at a TSR of 2.63. However, the NACA0015-Mod rotor
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Table 2

Geometrical parameters of the VAWT scheme.
Parameter Value
R 17.50 cm
H 35 cm
C 7.10 cm
c 1.15
AR 1
N 3
Shaft diameter 20 cm
Number of arms 6
Twist angle 0°

demonstrates a more substantial improvement in C;, at lower TSRs,
indicating its suitability for a wider range of operational conditions.

Other studies have demonstrated the effectiveness of specific design
features in enhancing aerodynamic performance. For instance, research
indicated that blades equipped with negatively cambered airfoil designs
produced an average torque that was 8.8 % higher [103]. Additionally,
incorporating a circular dimple on the pressure surface of the blades
resulted in a 5.18 % increase in C, at a TSR of 2.7 compared to smooth
airfoils. While these modifications are effective, they do not reach the
performance levels of the NACA0015-Mod rotor [104].

Kord and Bazarghan [105] performed a numerical analysis of
J-shaped, straight-bladed Darrieus VAWTs, concluding that an optimal
inboard configuration enhanced power generation by 12.35 %
compared to previous configurations at elevated TSRs. While this is
impressive, the consistent performance improvements of the
NACA0015-Mod rotor design at various TSRs illustrate its superiority in
aerodynamic efficiency. Additionally, other notable findings include a 7
% increase in C;, attributed to the leading-edge serration method [106]
and a 10.5 % improvement in C;, from extending the blade lengths from
4.00 to 4.48 times the C [107]. Although these methods show promise,
the improvements of the NACA0015-Mod rotor are more significant
across the operational range, emphasizing the importance of innovative
design in maximizing rotor performance.

Research also indicates that the implementation of auxiliary Darrieus
VAWTs can achieve a maximum C, that is approximately 5 % greater
than that of traditional rotors [108]. Similarly, a study demonstrated
that blades with a single surface roughness had an average L/D thatis 11
% greater than that of smooth blades at all AoAs [109]. However, these
findings do not match the performance levels of the NACA0015-Mod
rotor.

The development of VAWTs with variable swept area blades has
demonstrated improved torque and power output, achieving a
maximum torque coefficient of 0.3 [110]. Nevertheless, the consistent
performance gains shown by the NACA0015-Mod rotor across multiple
TSRs indicate a clear advantage over these approaches. Moreover, the
introduction of a porous deflector resulted in an approximately 10 %
increase in maximum C, at a TSR of 1 [111].

Additionally, Somoano and Huera-Huarte [112] found that blades
with a semi-flexible trailing edge can broaden the rotor’s operating
range, resulting in an approximately 10 % performance improvement
for the VAWT. Inclusion of gusts during the steady-state period
enhanced the C, of the helical VAWT by 1.97 % compared to steady
conditions [113].

The development of a new vented airfoil was investigated with the
aim of improving the performance of lift-driven VAWTs at low TSRs
while maintaining efficiency at higher TSRs. Results indicated that this
configuration achieved a 20 % increase in torque generation at low
TSRs, resulting in only a slight decrease in C,—up to 9 % at a TSR of 2
and approximately 1 % at higher TSRs [114]. Furthermore, blades with
long-wavelength protuberances improved performance, achieving a
6.28 % increase in C, for blades with three continuous bumps [115].
The findings of MacPhee and Beyene [116] indicated that flexible rotors
are more efficient than standard rigid rotors, achieving efficiency



H. Seifi Davari et al.

?

(a) Assembled CAD model

(c) Assembled embossed-bladed VAWT

Fig. 8. Assembled: (a) CAD model, (b) straight-bladed VAWT, and (c)
embossed-bladed VAWT.

improvements of up to 9.6 % for the VAWT geometry studied. Guo et al.
[117] investigated a hybrid rotor that combines a ®-shaped rotor with a
straight-bladed Darrieus VAWT, achieving a peak C;, of 0.02531 for the
hybrid rotor.

Lastly, the simulations revealed an 8 % decrease in drag for blades
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Fig. 9. Experimental setup: (a) schematic and (b) the test turbine.

Table 3
The four scenarios examined in this study.
Scenario
1 The NACA0015 airfoil for straight-bladed VAWT
2 The NACA0015 airfoil for embossed-bladed VAWT
3 The NACA0015-Mod airfoil for straight-bladed VAWT
4 The NACA0015-Mod airfoil for embossed-bladed VAWT

equipped with slit GFs at a TSR of 2.64; however, these slit GFs also led
to a 2 % reduction in C;, compared to blades with standard GFs. This
resulted in improved L/D and moment coefficient values. Power output
also increased by 1.5 %, 6.5 %, and 11.3 % at TSRs of 1.44, 2.64, and 3.3,
respectively, for the examined slit GF blades [118].

Overall, the findings from this study demonstrate that the
NACAQ0015-Mod rotor significantly enhances aerodynamic perfor-
mance, outperforming various alternative designs and methodologies
found in recent studies. The consistent improvements in C, across
varying TSRs highlight the effectiveness of design modifications in
optimizing VAWT efficiency, representing a significant advancement in
rotor design methodologies.

5.2. Types of experimental errors

The following experimental errors were identified in this research:
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Fig. 10. The C, variation with TSR for the NACA0015 and NACA0015-Mod
rotors at a Re = 40,673.

1. During the wind tests, V, was calculated using an anemometer and
sensor; however, potential measurement errors may have occurred
due to calibration issues or environmental factors.

2. A manual process was employed to accurately position the VAWT
model for different test configurations, utilizing an indicator clock, a
template, and a digital level. However, there may have been errors in
adjusting distances due to human error and accuracy limitations.

3. The construction of the VAWT model could have introduced inac-
curacies, such as misalignment or structural inconsistencies, that
might affect the test results.

4. Although the measurement devices were well-calibrated, errors in
data recording may have arisen from the 0.2 % accuracy levels of the
force meter, tachometer, or anemometer.

5.3. Self-starting capability at LWS

The effectiveness of VAWTs is significantly influenced by their
ability to initiate rotation at specific LWSs [119]. For example, the
straight-bladed VAWT often lacks self-starting capability under these
conditions primarily due to its aerodynamic design, which can cause
flow separation and insufficient lift generation. At low V,, the rotor may
fail to produce enough aerodynamic forces to overcome static friction
and inertia, resulting in an inability to rotate [120].

In contrast, the aerodynamic design of embossed-bladed VAWTSs
enhances the self-starting capabilities. The embossed design modifies
the flow around the blade, creating vortices that facilitate lift and reduce
drag. This modification allows for improved performance at lower
speeds, as the airflow interacts more favorably with the blade surfaces,
generating the necessary torque to initiate rotation. Based on recom-
mendations by Dominy et al. [48], our study employed a three-bladed
rotor to enhance self-starting capabilities compared to a two-bladed
configuration. This design choice aligns with aerodynamic principles,
as having more blades can facilitate smoother airflow interaction,
thereby enhancing lift and reducing the risk of stall at lower speeds.

In our evaluation, we examined four distinct scenarios to assess the
performance of VAWTSs, as detailed in Table 3. The first two scenarios
used the NACAO0O015 airfoil for both straight-bladed and embossed-
bladed VAWTS, while the last two scenarios employed the NACA0015-
Mod airfoil for the same blade configurations. At V, of 1 m s and
1.5 m s}, neither type of VAWT demonstrated the ability to initiate self-
starting rotation. These findings highlight the limitations of both airfoil
designs under LWS conditions, emphasizing the importance of aero-
dynamic efficiency in achieving self-starting capabilities.

The inability of both airfoil designs to self-start at LWS conditions is
due to insufficient lift generation and excessive drag. Specifically, at 1 m
s and 1.5 m s, the flow dynamics around the blades fail to provide
sufficient force to overcome the rotor’s inertia, preventing the initiation
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of rotation. However, the NACA0015-Mod airfoil used in the embossed-
bladed VAWT showed promise, as it was able to begin rotation at a
V, of 2m s, reaching a rotational speed of 1 rpm (refer to Fig. 11). This
outcome suggests that the aerodynamic improvements offered by the
NACAO0015-Mod airfoil can significantly enhance the operational
threshold for self-starting. The design modifications improve the L/D,
making it easier for the rotor to overcome inertia and static friction at
lower V, [121].

The performance of embossed-bladed VAWTs utilizing the
NACA0015-Mod and NACAO0015 airfoils demonstrated effective self-
starting capabilities when the V., reached 2.5 m s. This ability re-
sults from the enhanced aerodynamic properties of the embossed blades,
which improve lift generation and reduce drag, enabling the rotor to
more effectively overcome inertia at lower V.. In contrast, straight-
bladed VAWTSs using the same airfoils were unable to self-start at this
V. The inability of the straight-bladed design to initiate rotation is due
to its less favorable aerodynamic characteristics at low V. The straight
blades often experience flow separation, leading to a significant reduc-
tion in lift and increased drag. As a result, these VAWTSs cannot generate
sufficient torque to initiate rotation, highlighting the importance of
blade design in optimizing performance.

At a Vo of 25 m s, the embossed-bladed VAWT with the
NACAO0015-Mod airfoil achieved a rotational speed of 3 rpm. This in-
dicates that modifications to the NACA0015-Mod airfoil enhanced
aerodynamic efficiency, resulting in better flow management around the
blades. Conversely, the same VAWT equipped with the NACA0015
airfoil only managed to achieve a rotational speed of 2 rpm, as shown in
Table 4. This difference in performance highlights the critical role of
airfoil design in enhancing the operational capabilities of VAWTs,
particularly in their ability to self-start and operate efficiently at varying
V.

The evaluation of VAWTSs with embossed blades revealed a distinct
advantage in rotational performance with increasing V. Specifically,
the embossed-bladed VAWTs showed significant improvements in
rotation rates, achieving 5 rpm for the NACA 0015-Mod airfoil and 4
rpm for the NACA 0015 airfoil at 3 m s, In contrast, straight-bladed
VAWTs exhibited limited performance, maintaining the same low
rotation rates at 3 m s as at 2.5 m s, This stagnation highlights the
inherent aerodynamic inefficiencies of the straight-bladed design, which
struggles to harness kinetic energy from the airflow due to flow

—7—Straight-bladed VAWT with NACA0015

70 —E—Embossed-bladed VAWT with NACA0015
—+—Straight-bladed VAWT with NACA0015-Mod
—¥—Embossed-bladed VAWT with NACA0015-Mod
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Fig. 11. Comparison of rotation speed at different wind speeds (rpm).
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Table 4
Comparison of rotation speeds (rpm) at different wind velocities.
Wind Straight- Embossed- Straight- Embossed-
velocity bladed with bladed with bladed with bladed with
(ms?) NACA0015 NACA0015 NACA0015- NACA0015-
Mod Mod
1 0 0 0 0
2 0 0 0 1
2.5 0 2 0 3
3 0 4 0 5
3.5 0 7 2 8
4 3 9 4 11
4.5 8 17 10 18
5 15 22 17 25
6 30 33 32 35
7 41 46 45 47
8 53 52 53 54
9 56 54 55 56
10 65 61 64 63

separation and increased drag at lower V.

As the V., increased to 3.5 m s, the NACA0015-Mod airfoil for
straight-bladed VAWTs achieved a rotation speed of 2 rpm. However,
the NACAQ0015 airfoil in the straight-bladed configuration failed to
demonstrate self-starting capability, highlighting its significant limita-
tions in effectively harnessing wind energy. Conversely, the embossed-
bladed VAWTs excelled, reaching rotational speeds of 8 rpm for the
NACA0015-Mod and 7 rpm for the NACA0015 airfoils. This performance
illustrates the superior aerodynamic characteristics of the embossed
design, which not only enhances lift generation but also minimizes stall
risk, facilitating efficient energy capture at varying V.

In comparison, findings from a separate study on a conventional
Darrieus VAWT with symmetric airfoils highlighted its inability to
produce meaningful output power until reaching a V, of 3.65 ms™*. This
underscores the critical limitations of traditional VAWT designs in
capturing kinetic energy for electrical power generation at lower V. In
stark contrast, the hybrid Darrieus-Savonius VAWT evaluated in the
same study demonstrated self-starting capabilities at a lower V,, of 2.81
m s}, demonstrating improved performance compared to conventional
designs [53]. However, our findings indicate that embossed-bladed
VAWTs outperform both the traditional Darrieus and hybrid
Darrieus-Savonius VAWTs, demonstrating effective self-starting and
higher rotational speeds at lower wind conditions. This performance
advantage can be attributed to the enhanced aerodynamic features of
the embossed blades, which optimize flow dynamics and energy con-
version efficiency.

AtaV, of 4m s'l, the NACAOQO15 airfoil used in the straight-bladed
VAWT achieved a rotational speed of 3 rpm. However, the embossed-
bladed VAWTs significantly outperformed this configuration, with the
NACA0015-Mod airfoil reaching an impressive maximum of 11 rpm and
the NACAO0O015 airfoil reaching 9 rpm. This stark contrast highlights the
embossed-bladed design’s superior aerodynamic efficiency, which al-
lows for more effective lift generation and reduced drag, facilitating
enhanced energy capture.

In this context, the straight-bladed VAWT with the NACA0015 airfoil
exhibited the lowest rotation speed among all tested VAWTs, high-
lighting its limitations in self-starting and overall performance.
Conversely, the embossed-bladed VAWT with the NACA0015-Mod
airfoil not only demonstrated superior self-starting capabilities but
also achieved the highest rotation rates in the study. This advantage can
be attributed to the optimized flow dynamics around the embossed
blades, which help maintain laminar flow and minimize stall risk, thus
enhancing overall efficiency at various V.

A triangular dimple rotor was evaluated, demonstrating a significant
peak performance improvement of approximately 13.6 % compared to a
dimple-free Darrieus VAWT at a V, of 4 m s’1 [122]. While this result
indicates improvements in other rotor designs, it is essential to note that
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the embossed-bladed VAWTs in our study consistently exhibited supe-
rior performance metrics, including higher rotation speeds and better
self-starting capabilities at lower V. This suggests that the embossed
blade design offers a more reliable and efficient solution for harnessing
wind energy compared to both traditional designs and other alternative
rotor configurations.

This trend of enhanced performance continued as V,, increased, as
illustrated in Table 4. At a V, of 4.5 m s}, the embossed-bladed VAWTs
utilizing the NACA0015-Mod airfoil achieved a peak rotational speed of
18 rpm. In stark contrast, the straight-bladed VAWTs using the
NACAO0015 airfoil exhibited the lowest rotational speed of 8 rpm.
Additionally, the straight-bladed VAWTs with the NACA0015-Mod
airfoil recorded a rotational speed of 10 rpm, while the embossed-
bladed VAWTs using the NACAO0O015 airfoil achieved a rotational
speed of 17 rpm. This data further reinforces the superior aerodynamic
efficiency of the embossed-bladed design, which effectively captures
wind energy and translates it into higher rotational speeds.

The marked performance differences among the various configura-
tions highlight the crucial role of airfoil design in optimizing VAWT
performance. The embossed blades’ ability to maintain laminar flow and
reduce drag contributes significantly to their higher rotational speeds,
even under varying wind conditions. Conversely, the straight-bladed
designs, particularly with the NACAO0015 airfoil, struggle to match
performance levels, underscoring their limitations in effectively
capturing kinetic energy.

In a related study on VAWT designs, Su et al. [123] explored a novel
straight-bladed VAWT featuring three pairs of blades, each consisting of
a fixed main blade and a rotatable auxiliary blade. Their findings indi-
cated that this innovative design outperformed a traditional three-blade
H-type rotor in terms of C; at V,, ranging from 4.54 m s1to8.82ms™.
While this new design represents an advancement in straight-bladed
VAWTs, it is essential to note that the embossed-bladed VAWTSs in our
study consistently demonstrated superior rotational speeds and overall
performance metrics, particularly at lower V. This suggests that the
embossed blade design remains a more effective solution for harnessing
wind energy in diverse conditions, thereby reinforcing its viability for
VAWT applications.

At a V,, of 5 m s, the embossed-bladed VAWTs utilizing the
NACA0015-Mod airfoil achieved the highest rotational speed of 25 rpm.
In contrast, the NACA 0015 airfoil in straight-bladed VAWTs recorded
the lowest rotational speed of 15 rpm. Additionally, the NACA 0015
airfoil for embossed-bladed VAWTs reached a rotational speed of 22
rpm, while the NACA 0015-Mod airfoil in straight-bladed VAWTs ach-
ieved a speed of 17 rpm. This trend underscores the superior aero-
dynamic efficiency and self-starting capabilities of the embossed-bladed
designs, which are better equipped to harness wind energy effectively at
increasing V.

The significant performance gap between various rotor configura-
tions highlights the impact of airfoil design on the efficiency and oper-
ational capabilities of VAWTSs. The NACA0015-Mod airfoil’s ability to
achieve higher rotational speeds reflects its optimized shape, which
enhances lift and reduces drag, thereby facilitating superior energy
conversion at a V,, of 5 m s. Conversely, straight-bladed configurations
struggle to match these performance levels, emphasizing their limita-
tions in effectively capturing kinetic energy.

In a related study, Kavade et al. [124] explored a vertical axis wind
turbine (VAWT) design based on the NACA 0021 airfoil, featuring a C =
9.50 cm, a H = 60 cm, and a D = 60 cm. Their experimental measure-
ments, conducted at V., ranging from 1 to 12 m s, revealed that the
fixed-pitch turbine could not initiate rotation at lower V,,, specifically
between 1 and 5m s, due to inadequate and even negative torque. This
finding underscores the challenges faced by certain VAWT designs in
effectively harnessing wind energy at lower operational thresholds.

Additionally, Xu et al. [125] conducted laboratory experiments to
evaluate the self-starting capabilities of VAWTs utilizing NACA0018,
NACA2418, and NACA4418 airfoils at f of 0°, 5°, and 10° Their
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experimental setup featured blades with a C of 13.33 cm, three blades
per rotor, a H of 40 cm, a D of 50 cm, and a ¢ of 0.80. Their results
indicated that at a V., of 5 m s, the VAWT with the NACA2418 airfoil
exhibited a 20 % decrease in self-starting time at a  of 10° and a 12 %
reduction at 5° compared to a f§ of 0° While these studies demonstrate
advancements in VAWT designs, it is essential to note that the
embossed-bladed VAWTs in our investigation consistently outperformed
traditional configurations. The enhanced rotational speeds and effective
self-starting capabilities of the embossed-bladed designs reaffirm their
superiority in harnessing wind energy efficiently, especially at varying
wind conditions.

The NACAO0015-Mod airfoil employed in embossed-bladed VAWTSs
consistently demonstrated superior self-starting capabilities compared
to other VAWT configurations. At a V,, of 6 m s'l, it achieved an
impressive rotational speed of 35 rpm, outpacing the NACA0015 airfoil
for the same type of VAWT, which recorded a lower V. In contrast, the
straight-bladed VAWTs utilizing the NACA0015-Mod and NACA0015
airfoils reached rotational speeds of 32 rpm and 30 rpm, respectively, at
the same V. Interestingly, the rotational speeds for these configura-
tions exhibited much smaller variation at this V, indicating a more
consistent performance among straight-bladed designs, albeit at lower
overall V. The findings highlight the improved aerodynamic efficiency
of the NACA 0015-Mod airfoil, which not only enables faster self-
starting but also optimizes lift generation, leading to higher rotational
speeds. The ability of the embossed-bladed VAWT to maintain elevated
performance levels at varying wind conditions reinforces its advantages
over traditional designs.

In a related study by Mazarbhuiya et al. [126], a 20 cm blade
attachment was added to a NACA63-415 blade of a VAWT operating at a
B of +5° Their results indicated that VAWT configurations featuring
attachments on both sides of the blade’s upper position achieved a
maximum C, of 0.13 at a TSR of 1.8 and a V,, of 6.0 m s™’. This per-
formance surpassed all other configurations tested and represented a
4.34 % increase in C, compared to the same blade without attachments.
Such enhancements highlight the potential for optimizing VAWT de-
signs through innovative modifications to blade profiles.

Moreover, it was observed that under turbulent conditions, signifi-
cant improvements in power performance occurred as V,, increased
from 5 m s to 10 m s}, with only slight additional gains noted at higher
Vo [127]. This finding emphasizes the importance of optimizing VAWT
configurations to harness wind energy effectively, particularly in vary-
ing and turbulent wind environments. The superior performance of the
embossed-bladed VAWTSs, especially at lower V., positions them as a
reliable and efficient option for wind energy capture, reinforcing their
viability for practical applications.

At the Vo, of 7 m s, the embossed-bladed VAWT utilizing the
NACA0015-Mod airfoil achieved an impressive rotational speed of 47
rpm, marking it the fastest option among the four configurations eval-
uated. This demonstrates the superior self-starting capability and aero-
dynamic efficiency of the NACA0015-Mod airfoil, which continues to
excel at higher V. Moreover, a Darrieus VAWT with a ¢ of 0.417 or
higher has been shown to self-start in less than 30 s at a V, of 7.9 m s
[128]. This rapid self-starting capability is crucial for maximizing en-
ergy capture in fluctuating wind conditions, highlighting the design
advantages that enhance operational effectiveness.

As the V, increased to 8 m s'l, the NACA0015-Mod airfoil for
embossed-bladed VAWTs achieved the highest rotational speed of 54
rpm among all configurations tested. Notably, the NACA0015 airfoil for
straight-bladed VAWTs and the NACA0015-Mod airfoil for straight-
bladed VAWTSs reached similar performance levels, reaching 53 rpm.
In contrast, the NACA0015 airfoil for embossed-bladed VAWTSs recorded
the lowest rotational speed at 52 rpm. Although these rotation values
were closely aligned, they reiterate the trend observed throughout the
study, where the NACAO0O015 airfoil for embossed-bladed VAWTSs
consistently exhibited lower rotational speeds than its NACA0015-Mod
counterpart. The findings highlight the continued dominance of the
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NACA0015-Mod airfoil in embossed-bladed VAWTs, showcasing its su-
perior performance in harnessing wind energy efficiently. The slight
variations in rotation speeds among the other configurations at this
V. further emphasize the reliability of the embossed-bladed design,
reinforcing its position as a top choice for effective wind energy
conversion.

At a V, of 9 m s, both the NACA0015-Mod airfoil for embossed-
bladed VAWTs and the NACAO0015 airfoil for straight-bladed VAWTs
achieved the highest rotational speed of 56 rpm. Following closely, the
NACA0015-Mod airfoil for straight-bladed VAWTs and the NACA0015
airfoil for embossed-bladed VAWTS reached rotational speeds of 55 rpm
and 54 rpm, respectively. This performance illustrates the competitive
edge of the NACAO0015 airfoil designs across both configurations at this
V.

As the V,, increased to 10 m s™, the NACA0015 airfoil for straight-
bladed VAWTs recorded the highest rotation speed of 65 rpm. In
contrast, the NACA0015 airfoil for embossed-bladed VAWTSs exhibited
the lowest rotation speed at this level, achieving 61 rpm. Meanwhile, the
NACA0015-Mod airfoil for straight-bladed VAWTSs and the NACA0015-
Mod airfoil for embossed-bladed VAWTs maintained impressive per-
formances with rotational speeds of 64 rpm and 63 rpm, respectively.

Overall, the NACA0015-Mod airfoil for embossed-bladed VAWTSs
demonstrated superior self-starting capabilities and rotational speeds
across the range of V., from 2 to 9 m s’. Notably, the NACA0015 airfoil
for embossed-bladed VAWTs outperformed the NACA0015 airfoil for
straight-bladed VAWTs regarding self-starting ability and rotational
speed up to a Vo, of 8 m s

The aerodynamic advantages of embossed-bladed VAWTs can be
attributed to their ability to inhibit the separation zone and weaken
vortices, allowing them to dissipate more rapidly. The design of the
embossed blades enhances flow attachment, resulting in reduced
vorticity sizes and a smaller wake region downstream of the rotor. This
contrasts with straight-bladed VAWTs, which tend to experience larger
vortices on their surfaces [129]. By stabilizing the flow and mitigating
vortex impacts, the embossed blade design decreases vibrations and
fatigue stresses on the rotor shaft, ultimately enhancing the rotor ve-
locity of the VAWT.

Fig. 12 and Table 5 illustrate the rotational speeds of the tested
VAWTs in radians per second (rad s), highlighting the distinct per-
formance characteristics of each design in response to varying wind
conditions.

—¥—Straight-bladed VAWT with NACA0015

700 |—=—Embossed-bladed VAWT with NACA0015

—+—Straight-bladed VAWT with NACA0015-Mod
—#%—Embossed-bladed VAWT with NACA0015-Mod

600

(S
(=1
o

Rotation speed (rad/s)

100

10
Wind velocity (m/s)

Fig. 12. Comparison of rotation speed at wind velocities of 1 to 10 m s,
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Table 5
Comparison of rotation speed at wind velocities of 1 to 10 m s%.
(m Straight- Embossed- Straight-bladed Embossed-
s bladed with bladed with with bladed with
NACA0015 NACA0015 NACA0015-Mod NACA0015-Mod
1 0 0 0 0
2 0 0 0 9.55
2.5 0 19.10 0 28.65
3 0 38.20 0 47.75
3.5 0 66.85 19.10 76.40
4 28.65 85.95 38.20 105.05
4.5 76.48 162.35 95.50 171.90
5 143.25 210.10 162.35 238.75
6 286.5 315.15 305.60 334.25
7 391.55 437 429.75 448.75
8 506.15 496.6 506.15 515.70
9 534.8 515.7 552.25 534.80
10 620.75 582.25 611.20 601.65

5.4. Experimental study of the self-starting force required for the Darrieus
VAWT

To initiate the rotation of a VAWT at different V., the force required
to overcome inertia and initiate motion must be generated. This
requirement can lead to increased energy consumption during startup,
which detracts from actual electricity generation. Fig. 13 and Table 6
compare the forces needed for self-starting the NACA0015 and
NACAO0015-Mod airfoils across both straight-bladed and embossed-
bladed VAWTs at varying V.

Darrieus VAWTs exhibit limited self-starting capabilities at LWS,
which necessitates a higher self-starting force at these speeds compared
to moderate and high V. At zero m s}, there is no wind, resulting in a
startup force of zero for all WT configurations. As V, increasesto 1 m s’
1 Darrieus VAWTSs with embossed blades demonstrate a lower self-
starting force requirement than their straight-bladed counterparts.
Notably, the embossed modified NACAO0015 airfoil required the lowest
self-starting force of just 0.83 N at 1 m s', underscoring its superior
efficiency. The modified shape of the NACAO0O015 airfoil in straight-
bladed VAWTs also required less startup force than the unmodified
NACAO0015 airfoil. This improvement can be attributed to the enhanced
lift characteristics and reduced drag of the modified airfoil design,
effectively lowering the force needed for self-starting.

Furthermore, Yang et al. [130] discovered that while increases in
turbulence intensity have a minor effect on the self-starting performance
of VAWTs, they significantly improve wind energy utilization within a
specific turbulence range, leading to an average power gain of 1.41 %.

At a Vo, of 2 m s, the Darrieus VAWTs demonstrated a notable
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Fig. 13. Comparison of required force self-starting at different wind speeds.
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Table 6
Comparison of required force self-starting at different wind speeds.
Wind Straight- Embossed- Straight- Embossed-
Speed bladed with bladed with bladed with bladed with
(ms?) NACA0015 NACA0015 NACA0015- NACA0015-
™) (N) Mod (N) Mod (N)
0 0 0 0 0
1 0.97 0.89 0.95 0.83
2 0.80 0.72 0.77 0.68
3 0.68 0.60 0.66 0.57
4 0.60 0.52 0.57 0.46
5 0.52 0.41 0.48 0.34
7 0.40 0.27 0.35 0.21
7.50 0.36 0.22 0.30 0.18
8.5 0.20 0.14 0.18 0.13
9 0.12 0.11 0.11 0.11
10 0.05 0.09 0.07 0.10

decrease in the self-starting force required compared to the 1 m s

condition. This improvement highlights the significant influence of
aerodynamic design on turbine performance. Investigations at this
V., revealed that combining embossed blades with modified NACA0015
airfoils resulted in a lower self-starting force requirement for this VAWT
configuration than for the other three Darrieus VAWTSs tested. Reducing
the self-starting force is critical, as it indicates a more efficient conver-
sion of wind energy into rotational energy. Specifically, using embossed
blades instead of straight blades reduced the required self-starting force
from 0.80 N to 0.72 N. This enhancement can be attributed to the
improved flow characteristics around the embossed blades, which
facilitate smoother and more stable airflow, thereby reducing drag and
allowing for quicker initiation of rotation. Moreover, modifying the
NACAO0015 airfoil shape further optimized the performance of straight-
bladed Darrieus VAWTs. The self-starting force for unmodified straight-
bladed VAWTs was recorded at 0.80 N, while the modified version
required only 0.77 N. This reduction underscores the role of airfoil
design in minimizing resistance and improving lift characteristics,
collectively enhancing the turbine’s ability to self-start under low wind
conditions.

AtaVy, of 3m s'l, the Darrieus VAWTs demonstrated a significant
reduction in the required self-starting force compared to the lower V,, of
2 and 1 m s, This trend highlights the positive effect of increasing Vi
on turbine performance, as higher V, enhances the lift generated by the
blades, making it easier to initiate rotation. Among the configurations
tested, the embossed blades equipped with the modified NACA0015
airfoil exhibited the lowest self-starting force, highlighting the aero-
dynamic advantages provided by this design. Conversely, the straight-
blade VAWT with the original NACAO0O015 airfoil consistently required
the highest self-starting force at this V. This observation indicates that
the traditional design struggles to overcome initial resistance due to less
efficient airflow characteristics. Straight blades are more prone to flow
separation, leading to increased drag and a higher torque requirement to
initiate movement.

In a comparative analysis, a standard Darrieus VAWT configuration
derived using the one-factor-at-a-time method was evaluated across
varying V. The findings revealed that the standard Darrieus configu-
ration was unable to generate power at V,, below 3.85 m s}, indicating
its limited capability under lower wind conditions. In contrast, the
optimized Darrieus VAWT showcased superior performance, demon-
strating the ability to self-start at a V,, as low as 3.22 m s™’. This
enhanced self-starting capability can be attributed to the aerodynamic
refinements incorporated into the design, allowing for better energy
conversion and utilization of the kinetic energy in the airflow [131].

AtaV, of 4ms", the embossed-bladed VAWT using the NACA0015-
Mod airfoil demonstrated the lowest self-starting force requirement at
0.46 N. This finding highlights the effectiveness of the modified airfoil
design in enhancing the turbine’s aerodynamic performance and effi-
ciency, allowing it to better harness the kinetic energy of the wind. In
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contrast, the straight-bladed VAWT equipped with the original
NACAO0015 airfoil required the highest self-starting force of 0.60 N
among the four configurations tested. This indicates that the straight-
bladed design suffers from greater aerodynamic drag and flow separa-
tion, necessitating a higher torque to initiate rotation.

Additionally, a study conducted by Khalid et al. [132] investigated
the advantages of dual-stage VAWTSs across varying V. Their findings
revealed that at a V, of 4 m s, implementing phase angles of 30° and
90° significantly reduced the starting time compared to a single-stage
VAWT. This improvement can be attributed to the enhanced aero-
dynamic interaction between the blades in the dual-stage configuration,
allowing for better lift generation and minimizing the impact of turbu-
lent wake regions on self-starting performance. Overall, the results at a
Vo of 4 m s underscore the critical role of aerodynamic design in
optimizing self-starting capabilities and performance in Darrieus
VAWTSs.

At a V,, of 5 m s, the embossed-bladed VAWT utilizing the
NACA0015-Mod airfoil demonstrated the lowest self-starting force
requirement of 0.34 N. This represents a significant reduction of
approximately 34.6 % compared to the straight-bladed VAWT equipped
with the original NACAO0015 airfoil, which required a self-starting force
of 0.52 N. This disparity highlights the adverse effects of increased drag
and flow separation associated with the straight-bladed design.

AtaV, of 7 m s, the straight-bladed Darrieus VAWT equipped with
the NACAO0015 airfoil exhibited the highest self-starting force require-
ment of 0.40 N. By employing the modified NACA 0015 airfoil, this force
requirement was reduced to 0.35 N, reflecting a 12.5 % decrease. More
significantly, the transition from straight blades to embossed blades
resulted in a substantial reduction of the startup force from 0.40 N to
0.27 N, indicating a remarkable 32.5 % improvement in startup per-
formance. This shows that the embossed blades have a more pronounced
effect on the self-starting capabilities at a Vo, of 7 m s™! compared to the
modifications made to the NACA0015 airfoil.

Furthermore, the combined use of embossed blades with the modi-
fied NACAO0O015 airfoil led to an even more impressive reduction in the
required startup force from 0.40 N to 0.21 N, showcasing a 47.5 %
enhancement in startup performance. In another study, the 3-PB VAWT
design, consisting of three blades divided into three segments of equal
height (H/3), was evaluated. The aerodynamic performance of their
design, with helix angles ranging from 60° to 120°, was thoroughly
analyzed using three-dimensional numerical simulations at a V, of 7 m
sL. Their results showed a significant reduction in the variation of the
VAWT’s torque coefficient from its average value, achieving a 40 %
decrease at a low TSR of 0.44 compared to a baseline 3-PB VAWT with a
60° helix angle [133].

Ata Vg, of 7.5 and 8.5 m s, the trend observed at lower V,, values
continued, with each of the four Darrieus VAWTS requiring less startup
force. Specifically, the combined use of the modified NACA0015 airfoil
and embossed blades resulted in the lowest startup force requirements
across the tested V,, range from 1 to 9 m s, Integrating embossed
blades with modified airfoil shapes, such as the NACA0015, significantly
enhances the aerodynamic performance of the VAWTSs. The modified
NACAO0015 airfoil shape not only improves lift characteristics but also
reduces drag, thereby complementing the benefits provided by the
embossed blades. This synergy between the modified airfoil and
embossed blades illustrates their crucial role in enhancing the overall
performance of Darrieus VAWTSs, particularly in reducing startup force
requirements. The reduction in startup force not only enhances energy
conversion efficiency but also improves the self-starting capabilities of
VAWTs under various wind conditions.

AtaV, of9ms7, as expected, each of the Darrieus VAWTSs required
a lower startup force compared to the previously examined V.. The
transition from straight blades to embossed blades resulted in a slight
reduction in startup force for the VAWT, decreasing from 0.12 N to 0.11
N. This reduction is considerably smaller than the decreases observed at
lower V,, indicating diminishing returns as V,, increases. Additionally,
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at the same V, of 9 m s'l, using the modified NACA0015 airfoil led to a
reduced startup force requirement for the straight-bladed Darrieus
VAWT, also decreasing from 0.12 N to 0.11 N. However, for the turbine
with embossed blades, changing the airfoil shape did not yield any
significant improvement in self-starting, as the required startup force
remained at 0.11 N. Results from Sun et al. [134] indicated that the
VAWT with a f§ of —4° exhibited a shorter self-starting time at the higher
Vs of 9 m s, highlighting the importance of optimizing both blade
design and operational parameters for enhanced performance.

AtaVg of 10ms™, an unexpected trend was observed: the combined
use of embossed blades and a modified NACA0015 airfoil led to an in-
crease in startup force from 0.05 N to 0.10 N. This observation contra-
dicts the performance characteristics noted at lower V,,, where such
configurations typically reduce startup force. Modifying the NACA0015
airfoil also resulted in a higher startup force requirement for VAWTSs
equipped with embossed blades, a phenomenon not observed at lower
speeds.

In summary, embossed-bladed VAWTs consistently require a lower
self-starting force than straight-bladed VAWTs across V, values from 1
to 9 m s, This advantage stems from the enhanced ability of embossed
blades to overcome static friction, effectively reducing the torque
needed to initiate rotation. Their aerodynamic design allows for better
management of resisting torque, enabling embossed-bladed VAWTs to
self-start at lower wind speeds. In contrast, straight-bladed VAWTSs often
lack this capability under similar conditions [129].

6. Conclusions

This research investigated the use of an embossed-bladed VAWT to
enhance the self-starting capabilities of the Darrieus H-rotor compared
to the commonly used straight solid blade. A total of forty-four rotors
were selected and tested at a Re of 40,673. The study yielded the
following results:

e The study demonstrated that the NACA0015-Mod rotor out-
performed the original NACAQO015 rotor, achieving a maximum C,, of
0.171, at a Re of 40,673. This represents approximately a 12.50
percent improvement over the unmodified version. This enhance-
ment underscores the significant impact of design modifications on
the aerodynamic efficiency of VAWTS, particularly at lower TSRs.

e In comparison, research on bionic airfoils indicated increases in the
C,, ranging from 3.42 % to 7.35 % at specific TSRs. While these
enhancements are practical, they do not match the greater and more
consistent improvements offered by the NACA0015-Mod rotor across
a broader operational range.
Studies focusing on low Re airfoils, such as NACA0021, revealed a
maximum C, of approximately 0.3263 at higher TSRs. Although this
value is higher than that of the NACAOO15 rotor, the significant
improvements of the NACA0015-Mod rotor at lower TSRs suggest it
is better suited for scenarios requiring efficiency across varying wind
conditions, making it more adaptable for small-scale applications.

e Other investigations into VAWT designs, such as J-shaped, straight-

bladed configurations, demonstrated improvements of approxi-

mately 12.35 % in power generation at elevated TSRs. While this
enhancement is significant, the consistent performance of the

NACA0015-Mod rotor across different TSRs highlights its broader

applicability. Additional modifications, including negatively

cambered airfoils and the addition of circular dimples on blade
surfaces, yielded increases in Cp, of 8.8 % and 5.18 %, respectively.

Although these results are beneficial, they fall short of the 12.50 %

gain achieved by the NACA0015-Mod rotor.

Other design strategies, such as using porous deflectors, leading-edge

serrations, and vented airfoil configurations, reported enhancements

in C, ranging from 7 % to 20 %. While these alternative approaches
offer potential improvements, the NACA0015-Mod rotor continues
to excel, primarily due to its ability to maintain performance benefits
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at both low and high TSRs, which is crucial for practical VAWT
applications.

The consistent efficiency gains of the NACA0015-Mod rotor, partic-
ularly in the lower TSR range, give it an advantage over alternative
rotor designs like blades with slit gust filters or semi-flexible trailing
edges, which tend to exhibit localized improvements. Despite the
adaptability of configurations such as hybrid rotors and variable
swept area designs, the simple modifications of the NACA0015-Mod
rotor offer a more practical approach to enhancing VAWT
performance.

Overall, the enhanced aerodynamic profile of the NACA0015-Mod
rotor leads to more efficient energy conversion, which provides
significant performance benefits over other modifications. This study
suggests that relatively simple design adjustments, such as airfoil
modifications and optimized blade geometries, can yield substantial
improvements in performance, making them a practical choice for
advancing the efficiency of small-scale VAWTs in varying wind
conditions.

This study investigated the performance of the NACA0015-Mod
airfoil for embossed-bladed VAWTs, demonstrating that it can ach-
ieve self-starting capability at a minimum V., of 2 m s, Addition-
ally, for embossed-bladed VAWTSs, the minimum self-starting
V. was reduced from 4 m s to 2.5m s with the NACA0015 airfoil.
Other studies have shown that conventional Darrieus VAWTSs with
symmetric airfoils face significant limitations at LWS, as they cannot
produce meaningful output power until reaching a V., of 3.65 m s,
Additionally, designs that integrate features from both Darrieus and
Savonius VAWTs demonstrate improved self-starting capabilities,
achieving rotation at a lower V,, of 2.81 m s, This comparison
highlights the advantages of hybrid and modified airfoil approaches,
such as the NACA0015-Mod airfoil on embossed blades, in over-
coming the challenges of self-starting and low-speed performance.
At a Voof 4 m s’l, the straight-bladed VAWT utilizing the
NACAO0015 airfoil achieved a rotational speed of 3 rpm. In stark
contrast, the embossed-bladed VAWTs demonstrated significantly
superior performance, with the NACA0015-Mod airfoil reaching an
impressive maximum rotational speed of 11 rpm, representing an
increase of approximately 267 % compared to the straight-bladed
configuration. The NACA0015 airfoil for embossed-bladed VAWTs
also performed admirably, achieving a rotational speed of 9 rpm,
corresponding to a 200 % increase over the straight-bladed design.
Additionally, other studies showed that a triangular dimple rotor
achieved a peak performance improvement of approximately 13.6 %
compared to a dimple-free Darrieus VAWT at the same V., of 4m s’
The embossed blade design not only provides significant improve-
ments in energy capture but also serves as a more reliable and effi-
cient solution for harnessing wind energy compared to traditional
designs and other alternative rotor configurations.

A novel straight-bladed VAWT demonstrated significant improve-
ments in the C, compared to a traditional three-blade H-type rotor,
particularly within the V, range of 4.54 ms™ to 8.82 ms™. However,
it is important to emphasize that the embossed-bladed VAWTs
examined in our study consistently outperformed both the novel
straight-bladed design and the H-type rotor, with superior perfor-
mance especially evident at lower V.

The NACA0015-Mod airfoil used in the embossed-bladed VAWTSs
achieved the highest rotational speeds across the operational range
of 2 to 9 m s!. This indicates that while the new straight-bladed
VAWT represents a promising advancement, the embossed-bladed
VAWTs provide a more effective solution for harnessing wind en-
ergy, showcasing enhanced efficiency and performance even at
lower V.

The NACAO0015 airfoil for embossed-bladed VAWTSs required the
lowest starting force at V, ranging from 1 to 9 m s}, compared to the
NACAO0015 airfoil for straight-bladed VAWTs. These enhancements
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are attributed to the embossed design’s ability to maintain attached
airflow to the blades, effectively suppressing flow separation.

e While existing research acknowledges the challenges fixed-pitch
turbines face at LWSs, our work emphasizes the need for design in-
novations to address these issues effectively. By exploring modifi-
cations seen in embossed-bladed VAWTs, we demonstrate that
alternative designs can effectively overcome the limitations of fixed-
pitch configurations, potentially enabling self-starting capabilities at
lower wind velocities.

For future work, research will focus on the embossed-bladed Dar-
rieus VAWT utilized in the present study, investigating the influence of
circular, square, and rectangular blades on self-starting capabilities in
collaboration with Solar Turbine Arta Energy (Iran) and ABSCUBE En-
gineering & Education (Australia). Additional airfoils will be studied to
enhance the aerodynamic efficiency of the VAWT, along with exploring
combinations with Savonius VAWTs. The effect of increasing starting
torque using a J-type embossed blade VAWT will also be investigated
and compared to the current starting torque.
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