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Abstract. In this study, the effect of various parameters on the power coefficient (Cp) performance of a vertical axis wind turbine
(VAWT) was optimized using the Taguchi method. The optimization was conducted with the Taguchi method, employing three
control factors: blade-spoke connection (BSC), turbine blade pitch angle (B) and turbine blade pitch direction (¢). Subsequently,
the Analysis of Variance (ANOVA) method was employed to determine the contribution ratio of each control factor. Regression
Analysis (RA) was applied to develop an empirical equation predicting the Cp of the VAWT, incorporating the control factors.
The results indicated an optimal parameter configuration of BSC=0.5c, =2°, and ¢= (-), which maximizes the system's
performance. The performance of the optimal model was observed to exceed that of the conventional VAWT (B1) by a 5.82%.
Using the ANOVA method, the contribution of parameters on the Cp performance of the VAWT was ranked as follows: ¢ >
BSC > B. The ¢ parameter has the most significant effect at 82.07%, whereas the B parameter with the least effect of 1.17%.
Moreover, the predictive accuracy of the developed regression model was validated, yielding R? values 0f 0.9221 for the training
data and 0.9908 for the test data.

Key words: analysis of variance (ANOVA); computational fluid dynamics (CFD); confirmation test; power coefficient (Cp);

wind energy.

1. INTRODUCTION

The increasing global energy demand has emphasized the
necessity of adopting sustainable and environmentally friendly
alternatives in energy production [1]. Fossil fuels, which have
long dominated the energy sector, are associated with various
adverse effects including greenhouse gas emissions, air
pollution, resource depletion, and environmental degradation
[2, 3]. These environmental and economic concerns have
accelerated the shift toward renewable energy technologies [4].
In this context, wind energy systems have emerged as a
prominent solution due to their massive electricity generation
and long-term availability [5, 6]. Wind turbines are classified
into two main types, horizontal axis wind turbines (HAWTs)
and vertical axis wind turbines (VAWTs), in accordance with
the orientation of their rotational axis [7, 8]. HAWTs have
traditionally dominated the wind energy market owing to their
high aerodynamic efficiency and mature technological
development [9, 10]. However, in complex terrains and urban
environments characterized by highly turbulent and
multidirectional wind flows, the performance of HAWTs can
be significantly limited [11]. VAWTSs, on the other hand, offer
key advantages such as omnidirectionality [12], producing

energy at low rotational speeds, and featuring compact
configurations [13]. The absence of yaw mechanisms simplifies
the mechanical design and potentially reduces maintenance
requirements. Owing to their low noise levels, compact
structure, ease of maintenance [14], and low center of gravity
[15], small-scale VAWTs can be effectively integrated into
buildings, particularly for rooftop applications, where their
structural stability and ability to operate under turbulent wind
conditions [16], make them ideal for urban micro-generation
[17]. In recent years, both academic and industrial interest in
VAWT systems has grown considerably, leading to a
substantial body of research focusing on the aerodynamic
performance of Darrieus wind turbines. In these studies, the
effects of various geometric and operational parameters, such
as the number of blades [18], blade pitch angle (B) [19],
Reynolds number [20], turbulence characteristics [21], blade
profile effect [22, 23], and solidity [24, 25] have been
investigated through numerical and experimental approaches,
with optimization studies conducted to maximize power output.
In the realm of VAWTS, various design elements significantly
contribute to overall performance. The blade—spoke connection
(BSC) is a critical element in the VAWT design, with a
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significant influence on power efficiency by altering the rotor's
aerodynamic properties and mechanical stability. A
strategically optimized connection position could significantly
enhance VAWT performance, extending operational longevity
and augmenting energy output. Alongside the BSC, another
important parameter is the B of the turbine blades. The B
determines how the blade interacts with the incoming wind and
directly influences the turbine’s power coefficient (Cp), which
reflects its efficiency in converting wind energy into
mechanical power.

TABLE 1 SYSTEMATIC LITERATURE REVIEW USING SELECTED KEYWORDS
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INSCOPUS
Number
Query  Details of the Search of
Studies
1 (TAK (vertical AND axis AND wind AND 67
turbine) AND TAK (blade AND spoke AND connection)
OR TAK (blade-spoke AND connection) OR TAK (strut)
2 (TAK (vertical AND axis AND wind AND 2
turbine) AND TAK (blade AND spoke AND connection)
OR TAK (blade-spoke AND connection)
OR TAK (strut) AND TAK (NACA 0021)
3 TAK (vertical AND axis AND wind AND N/A
turbine) AND TAK (blade AND spoke AND connection)
OR TAK (blade-spoke AND connection)
OR TAK (strut) AND TAK (NACA
0021) AND TAK (taguchi) OR TAK (ANOVA)
4 TAK (vertical AND axis AND wind AND 135
turbine) AND TAK (pitch AND angle)
5 TAK (vertical AND axis AND wind AND 5
turbine) AND TAK (pitch AND angle)
AND TAK (taguchi) OR TAK (ANOVA)
6 TAK (vertical AND axis AND wind AND N/A
turbine) AND TAK (pitch AND angle)
AND TAK (taguchi) OR TAK (ANOVA)
AND TAK (NACA 0021)
7 TAK (vertical AND axis AND wind AND N/A
turbine) AND TAK (pitch AND angle)
AND TAK (taguchi) OR TAK (ANOVA)
AND TAK (NACA 0021)
8 TAK (vertical AND axis AND wind AND N/A

turbine) AND TAK (pitch AND angle) AND TAK (blade
AND spoke AND connection) OR TAK (blade-spoke
AND connection) AND TITLE- AND TAK (taguchi)
OR TAK (ANOVA)

To conduct a comprehensive and systematic literature review
on the aerodynamic and structural effects of two key design
parameters, namely the B and the BSC, on VAWTs, this study
employed the Preferred Reporting Items for Systematic
Reviews and Meta-Analyses (PRISMA) framework. The
PRISMA process includes five main steps: setting inclusion
criteria, identifying relevant sources, conducting a literature
search, extracting necessary data, and selecting eligible studies.
Originally proposed by Moher et al. [26], PRISMA has found
widespread application in various fields such as health sciences
[27] and environmental sciences [28], and has recently gained
traction in wind energy research as well [7]. By applying this
systematic methodology, the literature review in this study was
conducted more comprehensively and objectively than
traditional approaches, thereby reinforcing the study’s
originality through quantitative evidence. As seen in Table 1, in
the first stage of the systematic literature review, a
comprehensive search was performed in the Scopus database
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using the combined keywords “vertical AND axis AND wind
AND turbine,” and “blade AND spoke AND connection,” or
“blade—spoke AND connection,” or “strut.” using the TITLE-
ABS-KEY format (referred to as TAK). This query yielded a
total of 67 studies, as shown in Query 1. While the majority of
studies retrieved using the keyword “strut” focused on load
force distribution and structural strength analysis, only a few
addressed aerodynamic performance. Specifically, only a
limited number of these studies addressed the aerodynamic
effects of strut and blade—spoke configurations in relation to
turbine efficiency.

To further refine the scope in line with the present study, the
keyword “NACA 00217, corresponding to the airfoil used in
this research, was added to the search. As illustrated in Query
2, this reduced the number of relevant publications to only 2.
Additionally, in Query 3, optimization-focused terms such as
“ANOVA” and “Taguchi” were included, and no relevant
studies were observed. In Query 4, the keywords “pitch angle”
and “vertical AND axis AND wind AND turbine” were added,
resulting in 135 studies. Subsequently, in Query 5, the addition
of “Taguchi” and “ANOVA?” further refined the results to only
5 relevant studies. In Query 6 and Query 7, “NACA 0021” and
“blade—spoke connection” were individually added to the
keywords of Query 5, but no studies were found. Consequently,
the PRISMA-based systematic review was concluded by
focusing on studies related to BSC, B, and Taguchi-based 3
optimization. After additional filtering based on language
(English only), access (open-access only), and application area
(excluding marine-related studies), a total of 8 studies were
identified as directly relevant to the BSC, strut and B
configuration in VAWTs.

The BSC is a vital component influencing both the
aerodynamic efficiency and mechanical integrity of VAWTs.
Optimizing its position can enhance performance and reduce
losses. Franchina et al. [29] and Keisar et al. [30] emphasized
the impact of blade—strut interactions and offset (xc/c) on torque
and dynamic stall. Hara et al. [31] and Jiang et al. [32] showed
that airfoil-shaped struts and tip-positioned supports improve
performance, achieving a 9.05% increase in power output.
Aihara et al. [33] noted up to 43% CP loss due to struts,
although the effect of the central tower was found to be
minimal. Santamaria et al. [34] and Aihara et al. [35] confirmed
parasitic drag effects using ADM and RANS/vortex models,
which resulted in approximately 24% efficiency reduction.
Miao et al. [36] reported that elliptical struts with optimized
geometry reduced drag by 25.8%. Similarly, B has a direct
effect on Cp by modifying blade—wind interactions. Ribeiro
[37] and Santamaria et al. [38] showed that  influences wake
steering, but its effect on pitching moments was found to be
negligible. Bianchini et al. [39] and Yang et al. [19] observed
pressure and torque improvements at specific B values. Xu et al.
[34] reported a 78.6% Cp gain with optimized f, while Elsakka
et al. [40] and Ardaneh et al. [41] found that sinusoidal and
negative fixed B reduced drag and stall. Hunt et al. [42] and Ma
et al. [43] highlighted toe-out and constant-AoA [ strategies,
achieving notable Cp increases.
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To evaluate the interplay between multiple parameters, the
Taguchi method has been effectively employed in several
studies. Taguchi-based studies further confirmed f's
importance. Peng et al. [44-45] found ~13% Cp gains at
optimal B in twin-VAWT configurations. Zhang et al. [46]
doubled output in hybrid systems via § tuning. Rasekh et al.
[47] identified B amplitude and shift as key factors, and Lu and
Xu [48] optimized B = —2.47° via a hybrid Taguchi—Kriging—
JADE approach, achieving 4.5% improvement.

As seen in the aforementioned studies, there have been many
recent investigations into the effect of both the BSC and the 3
on the Cp performance of VAWTs. While 8 has been frequently
studied as a parameter for aerodynamic control and efficiency
enhancement, the BSC has generally been addressed from a
structural integrity or drag-reduction perspective rather than
within a performance optimization context. Studies such as
Franchina et al. [29], Hara et al. [31], and Miao et al. [36],
focused on the aecrodynamic effects of different strut geometries
and connection strategies, revealing their influence on flow
structures, especially near the blade—strut junction, and
highlighting that inappropriate BSC configurations can lead to
significant performance losses. For instance, Miao et al. [36]
demonstrated that strut shape and placement can alter the flow
topology and reduce drag by up to 25.8% using a novel
elliptical profile.

On the other hand, several studies such as Yang et al. [19],
Ardaneh et al. [41], and Ma et al. [43] explored the role of § in
enhancing Cp by adjusting fixed or active P strategies. These
studies demonstrated that tuning the f can delay stall, smooth
out torque output, and optimize aerodynamic loading,
especially at lower tip speed ratios (TSRs or ). Notably, Ma et
al. [43] reported an average 13.46% increase in Cp by
implementing a constant AoA strategy using active [ control.
Although the Taguchi method, a widely accepted statistical
optimization approach, has been implemented in studies such
as Peng et al. [44] and Zhang et al. [46], these works primarily
focused on P, solidity, airfoil selection, and rotational
configuration. The BSC has not been incorporated as a design
parameter in any of these optimization frameworks.
Furthermore, among all these efforts, only Zhang et al. [46]
integrated variance analysis (ANOVA) into the optimization
pipeline to quantify the relative influence of each parameter.
This indicates that a comprehensive approach integrating both
BSC and B within an optimization algorithm, supported by
ANOVA and confirmation tests, has not yet been presented in
the literature. Therefore, the absence of a study that
simultaneously evaluates both BSC and B, especially under a
systematic and statistical optimization framework, represents a
significant gap in the VAWT literature, particularly in terms of
aerodynamic performance improvement.

In this study, the aerodynamic performance of a VAWT was
evaluated by examining the combined effects of BSC, 8, and ¢,
a combination that has not been previously investigated within
a unified optimization framework. The Taguchi method was
employed to systematically determine the most influential
parameter levels for maximizing the Cp. Unlike earlier works
that treated BSC and 8 independently, this study is the first to
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include both as simultaneous design variables in a statistical
design of experiments (DOE) setting. The significance of each
factor was assessed using ANOVA, while a regression model
was developed to predict Cp as a function of the selected
parameters. The reliability of the model and optimization
strategy was confirmed through verification tests. Finally, this
work not only introduces a novel combination of design
variables in VAWT optimization, but also offers a replicable
framework for future design improvements aimed at enhancing
turbine efficiency.

After presenting the background, motivation, and importance of
the study, the remaining parts are organized as follows: Section
2 introduces the materials and methods employed in this
research, including the physical model, numerical method,
independence analysis of turbine revolution and time step, and
verification process. Section 3 explains the Taguchi method
used for the optimization procedure. Section 4 presents the
results and discussion, detailing the factor and S/N effects of
VAWT, ANOVA, correlation and confirmation tests, and
acrodynamic examination. Finally, Section 5 provides the
conclusions, summarizing the key findings and highlighting the
main contributions of the study

2. MATERIAL AND METHOD

2.1. Physical model.

The aim of the study was to utilize the National Advisory
Committee for Aeronautics (NACA) 0021 blade model to
optimize the Cp performance of the VAWT. The NACA 0021
airfoil has demonstrated favorable lift characteristics and
stable torque output across a wide range of TSRs, resulting in
improved aerodynamic performance in both numerical and
experimental studies. Due to these advantages, it has been
widely adopted in the literature as a reference model for
VAWTs [49-51]. D and c used in the turbine model were set
at 1030 mm and 85.8 mm, respectively. An inner zone was
designed to simulate the movement of the vertical axis blades
during the turbine's rotation. Within this inner zone, three
distinct areas were created to enhance analysis of each blade:
control circlel (ccl), control circle2 (cc2), and control circle3
(cc3). Each of these zones were established to encapsulate
each blade separately. To prevent the computational domain
from impacting the performance of the flow, appropriate
dimensions were defined. According to existing research [52],
the distances from the turbine center to the inlet, outlet, and
lateral-top boundary conditions were set at 6D, 12D, and 5D,
respectively, as shown in Fig. 1.
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FI1G. 1. Schematic Representation of the computational domain
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The free stream velocity (Uop) of air at the inlet was set to
9 m/s for this study. The outlet condition was determined to
be atmospheric, while symmetry and no-slip conditions were
assigned to the lateral and top boundaries. Interfaces were
constructed between each zone to ensure continuity of flow
across the zones. The study was conducted with a turbulence
intensity (TI) of 1% and a fluid density (p) of 1.225 kg/m’.
The conventional VAWT parameters were taken from the
configuration validated by Castelli et al. [49], and were used
as the B1 in this study.

2.2. Numerical Method.

The SST (Shear Stress Transport) turbulence model is a widely
used turbulence model in the field of Computational Fluid
Dynamics (CFD), including applications related to wind
turbines [53]. The SST model provides improved accuracy
compared to simpler turbulence models, making it a valuable
tool in wind turbine design and optimization [52, 54, 55].
The efficiency of VAWTs is strongly influenced by their torque
and power generation characteristics, which depend on the
aerodynamics of the blades interacting with the incoming wind.
As can be seen in Egs. (1) and (2), these parameters can be
directly related to the size, shape, and rotational speed of the
turbine.
T=/[rdF. )
P = wT. 2)
where dF is the force vector from the axis of rotation to the point
of force application, ® is the angular velocity, and r is the
position vector.
The Cp shown in Eq. (3) is a measure of a wind turbine's
efficiency [56, 57]. It is the ratio of the power extracted by the
turbine to the total power available in the wind resource at a
given wind speed. Cp can be calculated using the following
formula:
P
Cp = (0.5p4U3,)" &)
where A is the swept area of the turbine blades, and Uy is the
wind speed at the turbine.
The TSR or A, defined in Eq. (4), is a crucial parameter in the
operation of VAWTs. It is the ratio of the tangential speed of
the blade tip to the free-stream wind speed. Optimal energy
capture is achieved when the TSR is within a specific range,

which depends on the specific design of the VAWT [55, 58].
TSR (1) = &R, &)
(Uso)
In this study, Fig. 2 presents the mesh grid distribution of the
VAWT used for validation. Within the flow domain, mesh sizes
progressively increase from the vicinity of the turbine blades
towards the inlets, outlets, and outer wall. This design meets the
requirement for a more detailed solution near the turbine.
Triangular grids were applied in the control areas ccl, cc2, and
cc3 using Ansys meshing, whereas tetrahedral grid methods
were used in the other regions of the computation area. The
variability of flow characteristics near the surface of the turbine
blades necessitates the use of a triangular structure to ensure the
attainment of an accurate solution, even though it extends the
solution time. Fig. 2 illustrates the mesh structure used in the
simulation, highlighting the mesh characteristics in different

regions of the computational domain, including the hub,
enclosure, around the blade, and the ccl control surface. To
accurately solve this flow phenomenon, grid boundary layers
were established on the blade surface. The first boundary layer,
known as y*, is used to monitor the transition quality of the
boundary layer and is generally intended to be less than 1 in
external flow applications, as noted in previous studies [59, 60].
In this study, to achieve a y* value of less than 1, twelve
boundary layers were created, a growth rate of 1.2. was used.

FIG. 2. a) Computational domain b) hub region c) control circle region
d) computational near turbine blade

2.3. Independence from the turbine's number of
revolutions and Time Step.

Accuracy in CFD studies necessitates testing factors like
time step, revolution number, and mesh size. Employing a
smaller time step, often represented as the blade azimuth
increment (AQ), results in an exponential rise in
computational cost. Thus, the identification of an optimal time
step is crucial [53]. The impact of Cp on a straight VAWT at
a TSR of 2.62 was evaluated for six distinct azimuth
increments, ranging from 0.5 to 8°, as depicted in Table 2. The
findings illustrate noticeable discrepancies in the Cp attained
at larger AQ values, such as 2°, 4°, and 8°. Nonetheless,
obtained the Cp error rate between 1° and 0.5° is
approximately 1%, all analyses in this study were fixed at 1°,
aligning with the existing literature.

TABLE 2 Sensitivity of Cp to azimuthal step size for straight-VAWT at
TSR=2.62 [11]

A Cp Error Rate (%)
8° 0.357368

4° 0.335444 6.535

2° 0.327875 2.308

1° 0.324132 1.154
0.5° 0.322010 0.659

Revolution independence in VAWTs is paramount in
maintaining consistency and stability during the turbine's
operation, a notion backed by various scientific studies. In this
study, the numerical analysis of 16 different models created
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using the Taguchi orthogonal design was performed. While
the values of rotational independence attained by each model
are similar, they are not identical. However, to guarantee
rotational independence, all models performed 15 rotations at
a 1° azimuth angle, a method widely accepted in the literature.
The Cwm graph for B1 over 15 revolutions is displayed in Fig.
3. The error rate between the last four rotations for all models
is less than 1%, which is very consistent with the literature.

1.2
1 straight VAWT
0.8 The —average C, was
calculated based on the
S 0.6 values obtained from the
O 04 last revolution \
0.2
0
02 0 02 04 06 08 1 12 14 16 18 2 22
-0.2

Time (s)

F1G. 3. Cy vs revolution time graph of conventional VAWT (B1)

Fig. 4 presents the alteration in Cp of the Bl across eight
different mesh counts, ranging from 50 to 310 x 10°.
Observations from Fig. 4 indicate that no significant
fluctuations were noticed in the Cp beyond the mesh count of
190 x 103, Thus, a mesh count of approximately 190 x 10° was
employed in all subsequent numerical analyses.

0.34

0.3 ¢ ¢
0.26 *

* o o

Cp

0.22 'S
0.18 ’

0.14
50 70 110 133 150 190
Mesh number
FIG. 4. Cp mesh independence study for the straight VAWT at TSR of
2.62[11]

250, (310

2.4. Verification.

The werification process in two-dimensional (2D)
numerical analysis is of importance for the accuracy and
reliability of the numerical work conducted. In this context,
the present 2D simulation was verified by comparing its
outcomes with both experimental and numerical results
available in the literature. In this study, the verification
process was carried out using Castelli et al's [49]
experimental and 2D numerical study, as well as the 2D
numerical studies by Ni et al. [61] and Hassanpour and
Azadani [62], as shown in Fig. 5. Upon examining the results,
it was observed that the Cp values at all TSRs obtained in this
study are consistent with Castelli et al.'s [49] experimental and
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Ni et al. [61] numerical work. Particularly, at a 2.62 TSR,
where the optimal value was achieved and which was used in
all models in this study, a flawless similarity was obtained
with the results of both Castelli et al. [49] and Ni et al. [61]
results. At TSR = 2.62, the percentage error was found to be
approximately 4.9%, while higher discrepancies of 6.0% and
15.0% were observed at TSR = 3.1 and TSR = 3.3,
respectively. These deviations are attributed to the increased
turbulence intensity and the presence of three-dimensional
(3D) vortex structures in experiments that cannot be fully
captured in a 2D simulation. Nevertheless, as shown in Fig. 5,
the overall trend exhibits strong consistency, and the average
percentage error remains within acceptable limits for 2D
analyses.

06 A Castelli et al. Simulation data (2D) A
# Castelli et al. Experimental data A A
0.5 | ®Ni etal. Simulation data (2D)
X Hassanpour and Azad%i CFD (2D)
04 | ® Present work
. %
© 03 o oA . 4
A ¢ N *
X
0.2
0.1
mx 3
¢
0 TSR
1 1.5 2 2.5 3 35

FiG. 5. Comparison of the Cp with both the numerical and
experimental study of Castelli et al. [49], the numerical studies of Ni
et al. [61] and Hassanpour and Azadani [62]

3. TAGUCHI METHOD

The Taguchi method is a valuable tool for the robust and
efficient optimization of VAWT design and operational
parameters. By using orthogonal arrays, it reduces the number
of required experiments, thereby simplifying the optimization
process and significantly lowering computational cost and time

[63].

2] (k) — minx} (k)
" Dk) = d L
A:g]ehdgl}i::chn‘hn M el )~ mine )
L (9}

E |

parameters
Fig. 6. Flow chart of Taguchi method
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-

Optimizing key parameters such as blade shape and orientation,
TSR, and other critical design factors with the Taguchi method
enhances turbine performance and efficiency. Additionally, it
enables the analysis of parameter interactions, facilitating the
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development of designs that are robust against signal-to-noise
(S/N) factors. In summary, applying the Taguchi method in
VAWT design optimization substantially contributes to
improving wind energy generation while maintaining
computational efficiency.

a

p=0%""
e

e “'"_’ti’?;’_’;’"‘ o s e —
BSC= L1 L BSC-0.3¢ L

4N an
BSC=0.5¢ " BSC=07¢ L

AN 4N

Fig. 8. Various BSC point’s schematic showing

In this study, the Taguchi method, as illustrated in the flow chart
in Fig. 6, was utilized to optimize the parameters of BSC and f3,
both of which influence the wind turbine's performance. This
study investigates the impact of parameters BSC and 3, which
have notable effects on blade performance as evidenced in the
literature. The influence of B in the NACA 0021 blade model,
denoted as (+), (-), and neutral, is depicted in Fig. 7. In Figure
7a, the model is on the tangent line. In Figure 7b, the leading
edge of the blade is directed towards the centre of the turbine,
defined as the (-) B direction. In Figure 7c, the trailing edge of
the blade, also represents as the (-) B direction, is directed
towards the turbine centre. Figure 8 illustrates the four different
BSC positions employed in this study. In the context of
VAWTs, the BSC refers to the location where the blades of the
turbine are attached to the central rotor, or 'spoke’.

Table 3 Specification of factors and their levels

Levels
Control Factor 1 2 3 4
A Blade-spoke connection (BSC) 0.1c 0.3¢c 0.5¢ 0.7¢
B Turbine blade pitch angle (B) 2° 4° 6° 8°
C Turbine blade pitch direction (9)  (+) -

The Taguchi method fundamentally comprises three main
elements: defining the objective function, identifying design
parameters, and utilizing the results of numerical trials (runs)
to derive the optimal design parameter, which is subject to S/N
ratio analyses. Table 3 details the factors determined using the
BSC, B, and ¢ (turbine blade pitch angle direction)
parameters, which constitute the objective function. This
study determined the factors of the BSC [35, 36] and P [20,
64, 65] parameters by taking into consideration the works in
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the literature. In the objective function, the factors BSC, B,
and ¢ are represented as A, B, and C, respectively. One of the
key steps in the Taguchi method is generating the orthogonal

array [66].

Table 4 Matrix experiment design using the Taguchi method

Run. Level
BSC B [0}

1 0.1 2 )
2 0.1 4 )
3 0.1 6 )
4 0.1 8 )
5 0.3 2 @)
6 0.3 4 )
7 0.3 6 )
8 0.3 8 )
9 0.5 2 )
10 0.5 4 )
11 0.5 6 )
12 0.5 8 )
13 0.7 2 )
14 0.7 4 )
15 0.7 6 )
16 0.7 8 )

By establishing an Ls orthogonal array in Table 4, using four
levels for the BSC and B factors, and two levels for the ¢ factor,
the study aims to determine both the optimal parameter
configuration and the effects of the parameters through 16
numerical trials. Parameters within the S/N objective function,
expressed by Eq. (5), are defined as indicators of quality
measurement. As the BSC and 3 factors of the VAWT with the
highest Cp are identified as the optimal parameters, the "larger-
the-better" module is applied for the S/N ratio in Eq. (5) [67].

s 1 1

~=—log (; 2 y—z) - (5)

where n represents the number of runs and y; denotes the Cp of
the VAWT.

4. RESULT and DISCUSSION

4.1. Factor and S/N effects of VAWT.

Based on the maximum Cp of the B1 at A = 2.62, 16 numerical
trials (referred to as 'runs') were conducted at this specific TSR,
with the corresponding Cp values, S/N ratios, and percentage-
based power increments for both B1 and the runs presented in
Table 5. The B1 obtained a Cp of 0.313. Given the "Larger is
better" selection for the S/N ratio type, it was observed that
models possessing higher S/N ratios also demonstrated elevated
Cp values. Specifically, run 3 and run 9, showed significant
enhancements in VAWT performance, with improvements of
4.92% and 5.82% respectively. In contrast, the remaining 11
models generated through the orthogonal array were revealed
to negatively influence theVAWTs performance, illustrating
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the critical role of these selected parameters in optimizing
turbine efficacy.

Table 5 Simulation result for the averaged Cp and S/N ratio

o BSC L;Vel [0} Cr.mn S/Nratio incrl&:zlv:z (%)
T 01 2 ) o13s2es 173763 678
0r 4 M 0173263 152259 44.64
01 6 O ozzs411 06717 492
4 01 8 O 03003  -10.1901 ny
> 032 M 0217345 132570 30.56
6 03 4 B oqeora3  -154041 4577
7* 03 6 O 31366 100708 091
8 03 8 O oasi019 120059 19.80
9 05 2 O 0331004 93976 5.82
10 05 4 O 0315007 -10.0336 0.64
11 05 6 4 0140080 177217 5208
12 05 8 ) o1eass 168240 4755
13 07 2 O 0316719 99865 119
1407 4 O 0262671 116117 -16.08
15 07 6 ) olos3ys 140529 36.64
16 07 8 ) o130y -17:5558 767
* Testing

To provide a clearer visualization of how different Blade-BSC
positions influence turbine performance, Table 6 summarizes
the average, maximum, and minimum Cp values at each BSC
level. This presentation allows a direct comparison of BSC
effects, independent of other design parameters.

Table 6 Effect of BSC position on average Cr (averaged over all runs
at each level)

BSC Level Cp, avg Cp, max Cp, min
0.1 0.23608 0.3284 0.1352
0.3 0.2374 0.3136 0.1697
0.5 0.2401 0.3312 0.1499
0.7 0.2270 0.3167 0.1324

As derived from Table 7 and illustrated in Fig. 9, the effect
levels of each of the three factors are expressed in terms of the
mean factor. A high mean value positively impacts the
performance of the VAWT. Therefore, the maximum mean
levels of each factor help in determining the optimal BSC and
[ parameters. In this context, as seen in Fig. 9, the highest level
values of the BSC, 3, and ¢ factors have been obtained as 0.5¢
(A3), 2° (B1), and (-) (C2) respectively.

Table 7 S/N ratio response table (n) for power density based on the
larger-is-better criterion.

WWWw .CA‘L{S(J])iblllﬂ.])illl.pl P N \-\‘\\;‘\'\'.j()Ul'll‘dl}-,l)ill’l,l)l

These optimal selections maintain strong agreement with
previous findings: for 3, Peng et al. [44] (-2.5°), Lu and Xu [48]
(-2.47°), and Ma et al. [43] (active B control with = 2°-3
reported significant Cp improvements; for ¢, Hunt et al. [42],
showed that toe-out angles between —4° and —10° were found
to enhance turbine efficiency. Furthermore, the optimal BSC
value aligns with Keisar et al. [30] who found that a mid-chord
connection (X/c =~ 0.5) maximized Cp and torque through
favorable dynamic stall behavior. The optimal parameters
identified in Fig. 9 correspond directly to the parameters used
in run 9 in Table 5, confirming that the A3B1C2 model
configuration in run 9 represents the optimum BSC and B
settings for this study. Therefore, it is unnecessary to conduct
additional numerical analysis beyond the 16 experiments
defined by the Lis array.

A B C

0,300
0,275
0,250

0,225 .—*“\’

0,200

Mean of Means

0,175

0,150 ! ' T ! . ' ! . I '
1 2 3 4 1 2 3 4 1 2

Fig. 9. Mean response plot for control factors

4.2. Analysis of variance.

ANOVA in scientific studies about VAWTs evaluates the
impact of multiple factors, such as design characteristics,
environmental conditions, or installation variables, on the
power output or efficiency of the turbines [68]. Until now, the
optimal performance of VAWTs has been achieved using the
Taguchi method, applying certain factors and levels. In the
ANOVA objective function, the set factors allow for
determining their respective contribution to the performance of
the VAWTs. The Percentage Contribution Ratio (PCR) is
calculated as shown in Eq. (6). Table 8 presents the contribution
amounts of the three factors on VAWTSs. The most significant
influence on VAWT performance comes from factor ¢,
contributing 82.07%, while the least influence is observed from
factor f3, contributing only 1.17%. The influence of factor BSC
is obtained at 3.99%. Additionally, the error was determined to
be 12.78%, which is relatively low and considered acceptable
within the academic literature [69].

Table 8 Results of ANOVA for power density.

Level A B C Source DoF SS MS F-test P PCR
(%)
1 0.2366 0.2501 0.1676 A 3 0.823 0.274 0.14 0.936 3.99
2 0.2379 0.2302 0.3035
B 3 4.526 1.509 0.75 0.554 117
3 0.2401 0.2476
4 0.2276 02143 C 1 109.612  109.612 5431 0 82.07
Delta 0.0125 0.0359 0.1359 Residual error 8 16.146 2.018 12.78
Rank 3 2 ! Total 15 131107 100
7
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(ssA—S(ve)(vA)) «100. )

%PCR =
T
4.3. Correlation and confirmation test.
Correlation and Regression Analysis (RA) aim to enhance the
Cp performance through the linear equation established based
on the BSC, B, and ¢ parameters in the objective function. Eq.
(7) illustrates the relationship between Cp and these factors in
the objective function. Eq. (8), representing the correlation
equation, enables the creation of analytical solutions for all
models using the specified factors and levels in the objective
function. The Cp values obtained in the confirmation test were
divided into two sets: training data and test data. Training for
the correlation equation in Eq. (8) was conducted without
including all models from the orthogonal design, as shown in
Table 5, to allow for a confirmation test. Twelve out of sixteen
numerical trials were selected as training data to form the
correlation equation. The remaining four models were chosen
as test data, and confirmation tests were performed using the
correlation equation in Eq. (8). Additionally, the numerical
results and Cp values obtained with RA models are plotted in
Figs. 10 and 11, comparing both training data and test data. The
results indicate that the training and test data obtained through

RA are quite similar.

BTesting RA ‘

o

4 Training RA

0.4
0.35

IS
[

0.25

.o
o

'S4

0.15

Predicted values of Cp

e
=

0.05
0

0.1 0.15 0.2 0.25 0.3 0.35 04
Actual values of C,

Fig. 10. Predicted and actual Cp profiles of training and testing data

MRA Training ARA testing

4 Numerical
0.40
0.35
®
0.30 a? 2 i & HNg
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(-9 ‘
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0.10
0.05
0.00
0 5 10 15 20

Trial Number

Fig. 11. Comparison of training and testing data obtained from RA with
numerical results

n, = Cp = f1(BSC, B, @)
The correlation for Cp
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()

Cp= 0.0659 + 0.00044 + (A) — 0.01304 * (B) +

0.1298 * (C). ®)
Table 9 Statistical results of RA.
RA
RMSE R?
Training 0.01178 0.922139
Testing 0.002482 0.990779

RA has been conducted in two stages: training data and test
data. To check the accuracy of the statistical analysis solution,
it is necessary to determine the error between the training data
and test data. Egs. (9) and (10) respectively define the
expressions of absolute percentage change (R?) and statistical
error amount (RMSE) [70]. An R? close to 1 and an RMSE
close to 0 indicate high reliability of the study. Table 9 presents
the statistical analysis of training data and test data derived from
RA. Upon examining the results, the R? values for the training
and test data were found to be 0.922139 and 0.990779,
respectively, while the RMSE values were 0.01178 and
0.002482 for the same datasets. These values confirm the

reliability of the study.

N .—0:)2
R =1 - (Bece). ©
Z?’:l(ti_oi)z %
RMSE = (0—) . (10)

4.4. Aerodynamic examination.

In this section, the run 9 (Optimal) VAWT model with A1B3C2
parameters has been compared aerodynamically with the B1
model. Figure 12 illustrates the torques produced by a single
blade of run 9 and B1 over one complete revolution at a 2.62 A.
For detailed analysis, one complete revolution in Fig. 12 has
been divided into four different azimuth angle () ranges:
upwind: 45° <0 < 135°; leeward: 135° <0 <225°; downwind:
225° <0 <315°% windward: 315° <0 <45°[71].

N

-
-
-
-
.
-
o
-
-
-
-
-
]

-
0.05 '.f-,
>
0 B
90 0 270

-0.05

0.25

02 + castelli et al.
= no9 (Optimal model)

0.15

qubedd

Jn

Cy
()

Azimuth angle

Fig. 12. Profiles of Cp with 8 azimuth angle within a rotation cycle for
one blade of optimal (Run 9) and conventional model

Upon examining in Fig. 12, it was observed that the B1 blade
produced higher torque than the run 9 up to 90° in the first half
of upwind. However, after 90°, it was noticed that run 9 has
higher performance at almost all azimuth angles. Notably, the
run 9 was seen to generate markedly higher torque than B1 from
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the leeward section (90° to 180°) and the beginning of the
downwind till the end of one complete revolution (360°). This
condition explains the 5.82% higher Cp performance of the run
9 shown in Table 5 compared to the BI.

To physically understand and aerodynamically verify that the
BSC and [ parameters improve VAWT performance,
instantaneous turbulence kinetic energy distribution values
were calculated. In Figure 13, the optimal VAWT's
instantaneous turbulence kinetic energy is shown with straight
turbine blades at the same azimuth angle for one complete
revolution. In the results, the vortices formed in the trailing edge
region of the traditional turbine's blade are relatively slightly

Bl
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more intense than the run 9 at 60 and 90° azimuth angles. Ata
150° azimuth angle, the vorticity intensity and width of the
optimal blade are notably greater than those of the conventional
blade. Between 180 and 210° azimuth angles, both models have
exhibited similar behaviors. However, between 240 and 330°
azimuth angles, despite the vortex widths of the conventional
blade and the optimal blade being similar due to the turbine
structure, the vortex intensity of the optimal blade is
considerably higher than the conventional blade at these angles.
In the majority of azimuth angles, the fact that the run 9
generates more intense vortices compared to the traditional
model is corroborated by Fig. 13.

Optimal (A2B1C3) VAWT

L D m m?
0, 24 @, To 65 2 9 B . T I . e < S?
o s Y Yo % o % N, B, B, B, By, B, 9,

Fig. 13 Turbulence kinetic energy graph of one blade of B1 and optimal model for one entire revolution
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5. CONCLUSION

This study presents a comprehensive investigation aimed
at enhancing the aerodynamic performance of VAWTs by
simultaneously optimizing three key parameters, BSC, 8, and
¢, using the Taguchi method. Unlike previous studies that
examined these parameters separately, this research integrates
them within a unified statistical optimization framework. The
aerodynamic effects of different configurations were
evaluated through Unsteady Reynolds-Averaged Navier—
Stokes (URANS) simulations conducted in ANSYS Fluent.
Flow behaviors were analyzed in detail, and performance was
quantitatively assessed based on Cp.

Key findings of this study can be summarized as follows:

e The Taguchi method proved to be a robust and
efficient optimization tool for reducing the number
of simulation trials while identifying the most
influential factor combinations in VAWT design.

e  The optimal parameter combination was achieved in
the A3B1C2 configuration, corresponding to BSC =
0.5¢, B = 2° and @ = (-). This setup resulted in a
5.82% increase in Cp compared to the BI,
demonstrating clear acrodynamic advantages.

e According to ANOVA results, ¢ had the most
dominant impact on turbine performance with a
contribution rate of 82.07%, while BSC and 8 had
smaller yet relevant effects at 3.99% and 1.17%,
respectively. These findings suggest that  direction
is a critical factor in flow interaction optimization.

e RA confirmed the validity and reliability of the
optimization results. The model exhibited excellent
predictive capability, with R? values of 0.9221
(training) and 0.9908 (testing), and low RMSE
values, reinforcing the model’s accuracy in Cp
estimation.

e Aerodynamic comparisons between the optimized
and Dbaseline configurations showed that the
optimized model generated higher torque, especially
in the leeward and downwind phases, which
contributed significantly to overall Cp improvement.

6. Future Research Directions

The current 2D analysis has effectively revealed the influence
of BSC positions and [ variations on the aerodynamic
performance of the VAWT blade. Building upon this
foundation, future studies will extend the scope to 3D
simulations to investigate the flow turbulence and vortex
structures in the junction region between the strut and blade.
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