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Abstract: This numerical study utilized the Taguchi method to systematically optimize the blade
geometry of a ducted micro horizontal-axis wind turbine (HAWT) for moving vehicles to enhance
the output power coefficient. Three geometric parameters of the rotor, namely, the number of blades,
rotor solidity, and blade pitch angle, were investigated. The optimum parameter design includes
eight blades, rotor solidity of 60%, and a pitch angle of 30°, where the blade pitch angle had the
most significant effect on the rotor performance. This result confirms that high rotor solidity is more
suitable for micro HAWT. The Cpp,x value achieved with the optimum geometry was 0.432, which
was 39.4% higher than that achieved with the worst blade geometry. The aerodynamic characteristics
of this wind turbine were also investigated. Compared with the worst blade geometry, the rotor
with the optimum blade geometry drew more airflow into the duct and exhibited a higher Cppax
due to a greater pressure difference between the windward and leeward sides of the blades. The
optimum blade geometry achieved a Ctmax of 0.43, which was 38.7% higher than the worst blade
geometry. The investigated untwisted blades exhibited low torque near their tips; therefore, the use
of twisted blades is recommended for further increasing the torque generated at the blade tip and
thus the turbine’s output power. This study facilitates insight into blade geometry effects on rotor
performance and helps improve wind energy efficiency, contributing to sustainable development
goals (SDGs) like SDG 7 (affordable and clean energy).

Keywords: micro horizontal-axis wind turbine; numerical simulation; optimization; rotor blade
geometry; Taguchi method

1. Introduction

To achieve sustainability and mitigate the effects of global warming, countries world-
wide are beginning to use green energy as a substitute for traditional fossil fuel energy.
Wind energy is a crucial source of green energy, because this energy is renewable and
inexhaustible. Horizontal-axis wind turbines (HAWTs) are frequently used to capture
wind energy and convert it into electricity. Numerous scholars have attempted to optimize
wind turbine design to improve the efficiency with which this conversion is achieved. The
performance of wind turbines can be improved through various methods, such as utilizing
efficient airfoils, optimizing blade design, incorporating ducted wind turbines, and so
on [1-3]. Using efficient airfoils and blade design optimization is a conventional technique
for improving wind turbine efficiency, because the blades are the most crucial parts of
a wind turbine. The aerodynamics of airfoils and blades, the rotor solidity and number
of blades, and the angle of attack and pitch angle of blades are crucial in wind turbine
performance. Much of the previous literature often analyzed the effects of parameters on
rotor performance using one-factor-at-a-time investigations. However, this approach may
introduce bias, as conclusions are drawn under specific experimental conditions, resulting
in varying conclusions drawn under different experimental conditions. The present study
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used the Taguchi method to systematically optimize the rotor blade geometry, including
the rotor solidity, number of blades, and blade pitch angle, of a ducted micro HAWT
to improve its rotor performance. In addition, the airflow aerodynamic characteristics
were investigated.

To obtain a better rotor performance, the airfoil of a turbine blade with a high lift-to-
drag ratio (LDR) should be chosen. Chaudhry and Prakash [4] proposed six novel airfoils
for the design of micro horizontal-axis wind turbines operating at low wind speeds. It was
seen that the aerodynamic performance of NAF-Series airfoils was better than SG6043 and
NACAA4415 airfoils at a low Reynolds number, and NAF 4923 airfoil was the best candidate
airfoil among others. Yossri et al. [5] numerically evaluated the aerodynamic performance
of NACA0012, NACA4412, NACAO0015, and NACA4415 airfoils with three rotor diameter
sizes. The findings showed that the NACA 4412 airfoil yields the highest LDR of 26.
The study conducted by Mostafa et al. [6] revealed that the SG6043 wind turbine blade
has better aerodynamic performance, producing 2.5% more power than the NACA4412
blade under the same operating conditions. Suresh et al. [7] evaluated the aerodynamic
performance of ten airfoils to examine the suitability of low-Reynolds-number airfoils
for the design of a small-scale wind turbine at low wind conditions. The result revealed
that the SG6043 airfoil had a maximum LDR of 56.40 at an eight-degree angle of attack.
However, among these airfoils, the SD7080 airfoil was selected for the design of a wind
turbine blade that can operate at low wind speed conditions. Abdelghany et al. [8] added a
winglet at the blade tip to improve the aerodynamic characteristics of wind turbines. The
results illustrate that the lift-to-drag ratio coefficient and power coefficient increase related
to the blade without winglet by about 11.6% and 6.9%, respectively, at optimum winglet
height lengths per blade radius of 0.042. Roy et al. [9] investigated the rotor performance
and observed the flow characteristics around the NACA 4415 airfoils with protrusions in
the leading edge on a horizontal-axis wind turbine. The results indicated that the best
flow-controlling measures were achieved by using the spherical leading-edge protrusion
(SLEP) model. The HAWT with SLEP exhibited an 8.2% greater power coefficient than that
without leading-edge protrusion.

In the studies of blade design optimization, Duquette and Visser [10] numerically
examined the effect of rotor solidity and the number of blades on the aerodynamic perfor-
mance of a small HAWT. Their results indicated that under fixed rotor solidity, an increase
in the number of blades leads to an increase in the maximum power coefficient of the rotor.
Moreover, they found that an increase in rotor solidity from 5-7% to 15-25% causes an
increase in Cpmax and a reduction in the tip speed ratio (TSR). The TSR corresponding to
Cpmax Varies considerably and marginally with a change in rotor solidity and the number
of blades, respectively. Duquette et al. [11] experimentally evaluated the effects of rotor
solidity and the number of blades on rotor performance. Their results indicated that Cp
increased when the rotor solidity was increased from 7% to 27%; however, an increase in the
number of blades did not result in a notable increase in Cp. For the optimum design of the
three-blade rotor, an increase in solidity resulted in an increase in Cppy,y but a decrease in
the TSR. At a fixed solidity of 10%, the aerodynamic efficiency and power sharply decreased
when the number of blades was increased to 12. Leung et al. [12] numerically evaluated
the performance of micro wind turbines with different design parameters. Their results
indicated that high-solidity wind rotors outperformed low-solidity ones. The micro wind
turbine with rotor solidity of more than 50% outperformed the other micro wind turbines.
A multi-blade system is preferable for a micro wind turbine. Bourhis et al. [13] investigated
the effect of blade solidity on micro-scale and low tip-speed ratio wind turbines. They
varied the solidity by varying the blade chord length rather than the number of blades.
To conclude, the best compromise between the maximum power coefficient, the cut-in
wind speed, the mass of filament, and the stability of the wake is achieved for the rotor
with a blade solidity of 1.25. Birajdar et al. [14] studied the effects of the TSR, angle of
attack, rotor solidity, and number of blades on the aerodynamic performance of a small
wind turbine. Their results indicated that Cppax was 0.5 at the optimum TSR and angle of
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attack of 7 and 4.5°, respectively. Moreover, the turbine with three blades had the optimal
rotor solidity. Sudarma et al. [15] experimentally and numerically investigated the effect of
the number of blades on the performance of a small HAWT with winglet blade tips. An
increase in the number of blades was found to cause increases in the torque and output
power. The presence of winglets increased the pressure on the blade surface and caused the
concentration of wind flow at the blade tips, which resulted in improved rotor performance.
Eltayesh et al. [16] investigated the effect of the number of blades on the performance of a
small HAWT. They found that compared with a five-blade configuration and a six-blade
configuration, a three-blade configuration resulted in 2% and 4% higher Cpyax values,
respectively. An increase in the number of blades caused an increase in the torque and
enabled the turbine to operate at a lower TSR. Zawadzki et al. [17] examined the effect
of rotor solidity on the performance of a small HAWT. An increase in rotor solidity was
discovered to lead to an increase in Cppyax but a slight decrease in the TSR. Chaudhary
and Prakash [18] explored the effects of rotor solidity (ranging from 0.055 to 0.207) and
the number of blades (ranging from 3 to 7) on rotor performance. They found that Cpmax
increased with the number of blades, and that favorable performance was achieved only
when rotor solidity was 0.055-0.085. Porto et al. [19] conducted experiments to investigate
the effect of the number of blades on the performance of a HAWT. Their results indicated
that a five-blade rotor outperformed a three-blade one; the five-blade rotor had higher static
torque, which resulted in a shorter starting time and a higher Cp value (39%). Chaudhary
and Roy [20] optimized the number of blades, rotor solidity, and TSR on the basis of blade
element momentum theory. They found that Cpp,y varied strongly with a change in the
rotor solidity but weakly with a change in the number of blades. They concluded that
a rotor with five blades and solidity of 5-10% would achieve Cp of 0.5 at a blade pitch
angle of 3°. Vashkevitch et al. [21] obtained experimental data on the performance of a
novel HAWT under various blade incidence angles. They found that the developed turbine
exhibited high efficiency at the optimum blade incidence angle of 7.5°, with Cppax being
0.538. Mayer et al. [22] investigated the starting performance of a HAWT under blade
pitch angles of 0°-35°. Their results revealed that (1) the turbine exhibited Cppax at a blade
pitch angle of 0°, (2) the starting process of the turbine was characterized by a long idling
period, and (3) the turbine’s startup was best for a blade pitch angle of 20°. Kriswanto
et al. [23] adopted the Taguchi method to optimize the performance of a HAWT. Their
analysis of variance (ANOVA) results indicated that of all the investigated parameters,
the airfoil had the strongest influence on the rotor power of the HAWT. The highest lift
coefficient and lift-to-drag ratio were achieved with the SD7080 airfoil under angles of
attack ranging from 0° to 20°. Although the blade pitch angle can affect the performance
of a HAWT, its effect may be weaker than those of the airfoil and angle of attack. Kaya
et al. [24] numerically studied the aerodynamic effects of the blade pitch angle on the
performance of small HAWTs at different TSRs. Their results indicated that at low TSRs, a
more downward blade pitch angle resulted in a higher Cp and a smaller thrust coefficient
(C1); however, at high TSRs, the effect of the blade pitch angle on Cp was the reverse. At
low TSRs, a higher blade pitch angle resulted in the flow separation location being closer to
the leading edge of the blade and the tip vortices being stronger.

The development of diffuser-augmented wind turbines (DAWTs) improving rotor
performance began in the 1950s and has been a hot research topic since the Wind Energy
Innovative Systems Conference of 1979. Many studies have indicated that DAWTs have
advantages over other types of augmented wind turbines [2]. A diffuser or duct can
generate separation regions behind it; thus, compared with a bare wind turbine, DAWTs
produce low-pressure regions that draw in more wind at higher speeds past the rotors.
Because wind’s power is proportional to the cube of its speed, a slight increase in wind
speed can considerably increase the power output of wind turbines. The performance of a
DAWT depends on several factors, such as the diffuser shape, diffuser geometry, and rotor
blade geometry. The diffuser can have different shapes, such as a nozzle or flange shape,
and the geometric parameters of a diffuser include the rotor diameter, nozzle length, nozzle
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angle, diffuser length, diffuser angle, and flange height. Rahmatian et al. [25,26] optimized
the design of converging-diverging ducts using the response surface method (RSM) and a
genetic algorithm (GA) and investigated the effect of the duct diffuser on the aerodynamic
performance of a micro HAWT. Their optimal duct design increased Cpmax by a factor
of 3.94 and reduced the noise level and dynamic forces behind the turbine. Wang and
Chen [27] numerically investigated the effect of the number of blades on the performance
of a converging-diverging ducted wind turbine. They found that a higher number of
blades results in higher torque and a larger blade area for capturing wind energy; however,
it also results in greater blockage and thus lower Cp. Therefore, using an appropriate
number of blades is essential for achieving high wind turbine performance and efficiency.
Asl et al. [28] studied the effects of the number of blades, blade geometry, and angle of
attack on the rotational speed of a converging-diverging ducted wind turbine. Their results
indicated that the rotational speed (1) decreased with an increase in the number of blades,
(2) decreased with an increase in the width of the top blades, and (3) increased with an
increase in the angle of attack.

Chen et al. [29] investigated the effect of a flanged diffuser on the rotor performance
of micro wind turbines under different rotor solidity values. This study is motivated by
micro-HAWTSs being suitable for moving vehicle applications, because high-speed and
stable wind is easily generated as the vehicle moves. The results showed that the use of a
flanged diffuser resulted in a substantial enhancement of rotor performance, which was
predominantly influenced by rotor solidity. Rotor solidities of 30% and 40% resulted in the
highest power outputs, whereas a rotor solidity of 60% resulted in the highest torque output.
The study mentioned above also revealed that the investigated wind turbine exhibited
low torque and high rotor rotational speed. Chen et al. [30] evaluated the aerodynamics
of a ducted micro wind turbine with large-tip untwisted blades. Their results suggested
that a rotor solidity of 60% resulted in high power and torque outputs at a relatively low
rotational speed; thus, this rotor solidity value is suitable for micro wind turbines.

As mentioned above, much of the previous literature examined parameter effects on
rotor performance by one-factor-at-a-time investigations, implying that the conclusions
were drawn under specific experiment conditions, resulting in bias. Consequently, the
conclusions could differ if the experiment conditions are different. For example, Duquette
et al. [11] found that an increase in the number of blades did not cause an improvement in
rotor performance; the aerodynamic efficiency and power even decreased when the number
of blades was increased to 12. However, Sudarma et al. [15] and Porto et al. [19] concluded
that an increase in the number of blades causes an increase in the power output of a wind
turbine. Similarly, scholars have obtained differing results regarding the effect of rotor
solidity on rotor performance. Considerable research has discovered that an increase in
rotor solidity causes a substantial improvement in rotor performance; however, Chaudhary
and Prakash [18] found that this effect was only observable under rotor solidity values
of 0.005 to 0.085, with a further increase in rotor solidity resulting in a decrease in rotor
performance. The differences in the conclusions of the aforementioned studies may have
been caused by differences in their experimental conditions with the one-factor-at-a-time
investigations. By contrast, the Taguchi method involves using an orthogonal array (OA) to
design experimental conditions that enable the simultaneous systematic assessment of the
effects of multiple relevant parameters on a certain quality [31]. In this method, the signal-
to-noise (S/N) ratio is employed to evaluate quality and to achieve optimum quality with
minimal variance [32]. Moreover, the Taguchi method is also known as robust parameter
design owing to the finding of the optimum parameters, considering that quality may be
affected by the design, the production, and environmental disturbance [31]. Additional
information on this method is provided in the papers of Roy [33] and Ross [34]. Some
studies have adopted the Taguchi method to optimize wind turbine design [23,35,36].

In previous studies of wind turbines installed on mobile vehicles, the rotor sizes
investigated were relatively large. As a result, they needed to be installed on the vehicle’s
roof or hood, causing additional resistance and fuel consumption concerns. A micro wind
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turbine can be installed in front of or inside the engine compartment of a car without
causing additional drag. The present study focused on optimizing the blade geometrical
parameters of a ducted micro HAWT based on an existing flanged duct investigated by
the corresponding author of this article. The results obtained can provide guidelines for
the development of a micro wind turbine suitable for installation in a mobile vehicle. In a
further study, the authors will use the obtained optimal rotor blade geometrical parameters
to examine the optimization of a flanged converging-diverging duct. The rest of this paper
is divided into four sections. Section 2 describes the parameter optimization process,
Section 3 details the numerical model of this study, and Section 4 presents the numerical
results. Finally, Section 5 provides the conclusions of this study and suggestions for the
design of a ducted micro HAWT.

2. Taguchi Optimization Process

In this study, the blade geometry of a ducted micro HAWT was optimized using the
Taguchi method. The control factors in this study were the number of blades n, rotor
solidity o, and blade pitch angle 8 (A, B, and C, respectively). Every control factor was set
to three-level values. Wind turbines installed on vehicles must have a small rotor diameter.
Therefore, a rotor diameter of 30 cm was selected in this study. Duquette and Visser [11]
and Chen et al. [35,36] have suggested that when the rotor diameter is small, higher rotor
solidity results in a higher Cpyax value. Of the rotors studied by Chen et al. [30], the rotor
with 60% solidity exhibited the highest power. In the present study, the rotor solidity
was set as 50%, 60%, and 70%. Chen et al. [30] also found that when the rotor diameter
is small, a higher number of blades results in the generation of more power. Therefore,
the number of blades was set as 8, 10, and 12 in this study. In addition, the blade pitch
angle was set as 25°, 30°, and 35°. The control factors and their corresponding levels are
summarized in Table 1. Given that a wind turbine may operate at various wind speeds,
wind speeds of 10 and 16 m/s were regarded as noise factors to achieve a robust quality
characteristic. The Cpmax value of the ducted micro HAWT was the objective quality to be
maximized in this study. After determining the investigated control factors and their level
numbers, the experimental conditions were arranged using an Log(3*) OA and carried out
by numerical simulation.

Table 1. Control factors and corresponding parameter values at each level.

Control Factor Description Level 1 Level 2 Level 3
A Blade number 8 10 12
B Rotor solidity 50% 60% 70%
C Blade pitch angle 250 300 350

The simulated wind turbine was similar to the wind turbine used in experiments
by Chen et al. [30]. Figure 1 displays the simulated micro HAWT with a flanged diffuser
system. The flanged diffuser had an inlet radius of 15 cm, a length of 10 cm, a diffusion
angle of 30°, and a flange height of 3 cm [Figure 1a]. The present study focused on the
effects of blade geometry on rotor performance; therefore, the design of the flanged diffuser
was not optimized. The cross-sectional profile of the rotor blade was an NACA 4415 airfoil.
The blades of the simulated turbine were untwisted blades with a length of 12 cm, and j
was varied from 25° to 35°; these blades were attached to a cone hub with a base diameter
of 8 cm and a length of 6 cm [Figure 1b], which resulted in a rotor diameter of 30 cm. The
assembled rotor was placed in the middle of the flanged diffuser [Figure 1c]. The required
rotor solidity was achieved by adjusting the chord lengths of the blade tip and root.
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(@)

(b) (©)

Figure 1. The dimensions of the flanged diffuser micro HAWT system: (a) flanged diffuser; (b) cone
hub and rotor blade; (c) assembled micro HAWT. (Unit: cm).

Table 2 presents the chord lengths of the blade tip and root [denoted as a and b in
Figure 1b, respectively] for different numbers of blades and rotor solidities. The blade
profiles of an eight-blade rotor with different solidities are displayed in Figure 2.

Table 2. The chord lengths of the blade tip and root for different blade numbers and rotor solidities.

Number of Blades Rotor Solidity Blade Tip (a) Blade Root (b)
50% 6.0 cm 1.8 cm
8 blades 60% 7.0 cm 2.1 cm
70% 8.0 cm 2.5 cm
50% 5.0 cm 1.2cm
10 blades 60% 5.5 cm 1.7 cm
70% 6.0 cm 2.0 cm
50% 4.0 cm 1.0 cm
12 blades 60% 4.3 cm 1.2cm
70% 5.0 cm 1.6 cm

o =50% o =60% o =70%
Figure 2. The blade profiles of the 8-blade rotor for various rotor solidities.
Several dimensionless parameters discussed in subsequent sections are defined as

follows. The power coefficient Cp and torque coefficient C7 of a wind turbine are expressed
as follows:

Tw

CP = W (1)
T

Cr = ()

IpAV2R
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where T is the torque generated by the rotor, w is the rotor’s angular speed, p is the wind
density, A is the rotor’s swept area, R is the radius of the rotor, and V is the free-stream
wind speed. In addition, the TSR is expressed as follows:

Rw
TSR = 2 3)

The expressions for these dimensionless parameters above can be referred to [25].

3. Numerical Model

In this study, the operation of a ducted micro HAWT in an open environment was
simulated using the commercial computational fluid dynamics software FlowVision 3.12.04.
The dimensions and boundary conditions of the three-dimensional computational domain
are shown in Figure 3. Wind entered from the inlet on the left side of this domain at a speed
of 10 or 16 m/s, encountered the wind turbine, and flowed out from the outlet on the right
side. The dimensions of the computational domain were 20R, 9R, and 9R in the streamwise
(x), transversal (y), and vertical (z) directions, respectively. The wind turbine was located
at the center of the longitudinal cross-section of the computational domain, namely, at a
distance 2.7R downstream of the inlet.

20R
symmetry

velocity inlet symmetry

mainstream /
/:5R

pressure outlet

symmetry

Figure 3. The dimensions of the computational domain and the boundary conditions set.

3.1. Governing Equations and Boundary Conditions

The governing equations for the operation of a wind turbine under incompressible tur-
bulent airflow are continuity and momentum equations, as well as a turbulent model. The
Reynolds-Averaged Navier-Stokes (RANS) method was implemented to model the flow.

With regard to the boundary conditions, the left inlet was set as the velocity inlet. The
right outlet was the pressure outlet with a static pressure of 101,325 Pa. The surfaces of the
wind turbine and the walls of the flanged diffuser were assumed to be nonslip adiabatic
walls. The perimeter boundaries of the computational domain were set to be symmetry
conditions to simulate an open environment. The boundary conditions are summarized
in Table 3.

Table 3. Boundary conditions of the numerical model.

Boundaries Boundary Condition Type and Specified Parameters

Velocity inlet condition

Left inlet . Velocity profile: the one-seventh power law
. Inlet temperature: 293 K

Pressure outlet condition
Right outlet . Static pressure: 101,325 Pa

Surfaces of the micro HAWT and flanged diffuser Non-slip adiabatic wall condition
Perimeter boundaries Symmetry condition
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3.2. Grid Generation

In FlowVision 3.13.04, a locally adaptive approach based on the Cartesian coordinate
system is used for computational grid generation, and the sub-grid geometry resolution
(SGGR) approach is employed to resolve computer-aided design (CAD) geometries. To
generate a grid mesh, an initial Cartesian grid (level of grid adaptation = 0) is created,
and this grid is then refined through subsequent adaptations [level of grid adaptation
(n) =1, 2,...]. The initial grid is established using a simple Cartesian rectangular grid,
which the program automatically splits into solid and fluid cells during the computation
process. Consequently, cells that contain data regarding the CAD geometries’ boundaries
are created. To eliminate noncomputed volumes, the program performs Boolean subtraction
on rectangular cells located near the computational domain’s border, which results in the
creation of polygonal cells with diverse shapes.

After the initial grid is generated, it can be refined for accurately capturing the geo-
metric details and flow near the boundaries. Grid refinement is a dynamic process that can
be triggered during simulation. In Flow Vision, the grid refinement feature enables the user
to refine the grid mesh on the basis of boundary surfaces, user-defined regions within the
computational domain, and parameters such as pressure gradients, velocity gradients, and
vorticity. The resultant grid accurately captures flow characteristics with optimal efficiency.
Grid refinement is performed by splitting every edge of each cell of the initial grid into
2" smaller equal edges so that each initial cell is divided into 2" x 2" x 2" cells, where
n represents the level of grid adaptation (Figure 4). Details on the SGGR approach and
grid refinement are provided in the study of Aksenov et al. [37] and the user guide of
FlowVision [38].

| — Level of grid adaptation =0

e

Level of grid adaptation =1 —

/

Level of grid adaptation =2\

/

Level of grid adaptation =3—_|

Figure 4. The levels of splitting the computational grids in FlowVision.

3.3. Validation of the Numerical Model

The grid independence, turbulence model, and accuracy of the developed numerical
model were validated by comparing the results obtained using this model with the exper-
imental results of Chen et al. [30]. A second-order upwind scheme was used for spatial
discretization, and the SIMPLEC algorithm was adopted for pressure-velocity coupling.
The iterative criterion was that the residuals for continuity, momentum, the turbulent ki-
netic energy (k), and the dissipation rate of k (¢) had to be smaller than 10~°. Because Chen
et al. [30] conducted their experiments in a wind tunnel, the original perimeter boundary
conditions of the computational domain were changed from symmetric boundaries to
nonslip adiabatic wall boundaries. In addition, the simulated wind turbine was moved
1 m downstream of the entrance to adhere completely to the configuration of the wind
tunnel experiments of Chen et al. [30]. In these experiments, the highest power output
was achieved with an eight-blade wind turbine having a blade pitch angle of 30° and
rotor solidity of 60% at a torque of 0.2 N-m applied on the turbine. Therefore, the afore-
mentioned configuration was adopted to compare the numerical calculations with the
experimental results.

To ensure that the computational results were unaffected by the number of grids, the
grid independence was investigated. In the simulations, the grids around the duct and rotor
were refined, whereas the initial grid mesh for the other areas was kept unchanged. The
grid distribution of the computational domain is shown in Figure 5. Figure 5a illustrates
the meshes of the entire computational domain in three dimensions, and Figure 5b,c
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displays enlarged meshes for the duct and rotor, respectively. The grid adaptation level
for the meshes surrounding the duct was 1. Its grid refinement divided the edges of
the initial grid cell by half [Figure 5b]. Furthermore, the grid adaptation level for the
meshes surrounding the rotor was 2, and the grid refinement divided the edges of the
cell of grid adaptation level 1 further by half [Figure 5c]. Subsequently, the simulated
wind turbine’s rotational speed was calculated using 0.66 million, 1.37 million, 1.50 million,
and 1.86 million grids under a torque of 0.2 N-m on the wind turbine and wind speed of
10 m/s. The standard k—¢ turbulence model (KES model) was used at this stage. Table 4
presents the simulated rotational speeds obtained with different numbers of grids and the
experimental rotation speed obtained by Chen et al. [30]. The experimental rotation speed
was 1194 RPM, and the simulated rotational speeds obtained with 0.66 million, 1.37 million,
1.50 million, and 1.86 million grids were 1050, 1098, 1136, and 1143 RPM, respectively;
thus, the corresponding errors were 12.1%, 8.0%, 4.8%, and 4.3%, respectively. The grid
independence evaluation revealed that a mesh with 1.50 million grids was sufficient for
accurately simulating the performance of the considered wind turbine. A further increase
in the number of meshes had a limited positive effect on the accuracy. Therefore, a mesh
with 1.50 million grids was used for the subsequent computations in this study.

(a) Entire computational domain (c) Enlarged view of the rotor

Figure 5. Grid distribution of the computational domain.

Table 4. Grid-independent validation.

RPM Related Error
Experiment 1194
0.66 x 10° grids 1050 12.1%
1.37 x 10° grids 1098 8.0%
1.50 x 10° grids 1136 4.8%
1.86 x 10° grids 1143 4.3%

To determine the most appropriate turbulence model for simulating wind turbine flow
fields, three turbulence models provided by FlowVision were evaluated: the KES model,
the Menter shear stress transport (SST) model, and the modified k—e model of Flow Vision
(KEFV model). The SST model is a combination of the k—¢ and k—w models. For simulations
conducted with the SST model, the equations of the k—~w model were applied in the wall
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regions, and the equations of the k—¢ model were applied in the regions far from the walls.
As detailed in Table 5, the simulated rotational speeds obtained with the KES, SST, and
KEFV models were 1136, 1126, and 1117 RPM, respectively. The rotational speeds obtained
with the three turbulence models were close; however, the speed obtained using the KES
model was closest to the experimental result. Therefore, this model was employed in the
subsequent numerical simulations.

Table 5. Turbulent model validation.

Turbulent Model RPM Related Error
Experiment 1194
KES 1136 4.8%
SST 1126 5.7%
KEFV 1117 6.4%

Subsequently, the rotor was subjected to various torques to replicate the loads of a
generator exerted on the wind turbine to determine the Cp—TSR relationship. Figure 6
illustrates the Cp—TSR relationship derived using 1.50 million grids and the KES model as
well as the corresponding experimental data. For TSR values below 1.6, the calculated Cp
values were slightly lower than the experimental values; however, the difference was not
major. When the TSR exceeded 1.6, the difference between the calculated and experimental
Cp values increased. Nevertheless, the trends in the simulated Cp closely mirrored those
of the experimental Cp, even at high TSR values. The simulated and experimental Cpmax
values were 0.569 and 0.597, respectively, with the error being 4.7%.

0.70
0.65 F
0.60 F
L]

0.50 F
045 F —*— Experiment

—=— Simulation
0.40

1.2 1.4 1.6 1.8 2 2.2

Figure 6. Comparison of the Cp—TSR relationship between the simulations and experiments.

In the KES model, the turbulent kinetic energy k and its dissipation rate € are expressed
as follows:

ok 0 ue\ ok
pulém_M{<y+@)M}+Gk+Gb+ps (4)
de. 0 M\ Oe € €2
Plig = M[(M*'%)axj + Gz (G + Gae) — Gaep - ()

Details on the derivations of Equations (6) and (7) can be obtained from the study of
Versteeg and Malalasekera [39].

4. Results and Discussion
4.1. Taguchi Analysis

According to the experimental conditions in the Lo(3%) OA, simulations were per-
formed at wind speeds of 10 and 16 m/s. The operation of the considered wind turbine was
simulated under various applied loads in every experimental trial to obtain the Cp—TSR
relationship (Figure 7). The numerals in the legends of Figure 7 indicate the number of
blades, rotor solidity, and blade pitch angle in sequence. Comparing Figure 7a,b, the results
show that the Cp—TSR trends at wind speeds of 10 m/s and 16 m/s were similar. The
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configurations with the highest Cp,x at these two wind speeds were eight blades, 60%
solidity, and a 30-degree pitch angle, and the Cpmax—TSR were 0.432-1.2 and 0.431-1.3 for
the wind speeds of 10 m/s and 16 m/s, respectively. On the basis of the results depicted in
Figure 7, the Cpmax values at wind speeds of 10 and 16 m/s were determined and averaged.
Subsequently, the standard deviations S and S/N ratios were calculated. The standard
deviation was defined as follows:

N 2
S = Ziil(}y\l] y) (6)

where y; is the ith measurement, ¥ is the mean, and N is the total number of measurements.
Because the goal of this study was to maximize the power coefficient of the wind turbine, the
quality characteristic of the “larger the better” was considered. For this quality characteristic,
the S/N ratio is obtained using the following equation [33]:

1 (&1
S/N = =10 x log Y. = @)
i=1Yi
0.50
045 F
040 F
035 F
030 F
U025 F
020 F
,* —— 8-50-25 - 8 =8-60-30
" G705 rirei06aE 015 F —— 8.50-25 -8 =86030
e 8-70-35 - & = 10-50-35
—#¥—10-60-25 = + =10-70-30 0.10 F 106025 - & = 107030
——12:50-30 = & =12-60-35 0.05 F —— 12-50-30 - © = 12-60-35
—p 12-70-25 —pe 12-70-25
. > » 0.00 - -
0.0 0.5 1.0 L5 2.0 25 0.0 0.5 1.0 1.5 2.0 2.5
TSR TSR
(@ V=10m/s (b) V=16 m/s

Figure 7. The Cp—TSR relationship for every experimental trial at wind speeds of 10 m/s and 16 m/s.

Table 6 presents the numerical results obtained for the experimental conditions in
the Lo(3*) OA. The numbers in the left half of this table indicate the factor level in the
experimental trial.

Table 6. Numerical results according to Lo (3%) OA.

Exp. A B C Ave. Cpmax S SIN
1 1 1 1 0.418 0.004 —7.587
2 1 2 2 0.432 0.001 ~7.300
3 1 3 3 0.404 0.001 —7.872
4 2 1 3 0.386 0.006 —8.281
5 2 2 1 0.343 0.002 —9.307
6 2 3 2 0.394 0.008 —8.093
7 3 1 2 0.412 0.001 —7.702
8 3 2 3 0.402 0.005 ~7.927
9 3 3 1 0.310 0.000 ~10.173

4.1.1. Effects of Individual Control Factors

Derived from the outcomes presented in Table 4, Figure 8 illustrates the effect of the
level of each control factor on the S/N ratio. In Figure 8, A; denotes level 1 of factor A,
and the other notation similarly corresponds to different levels of the various factors. The
results displayed in Figure 8 indicate that when the level of factor A (number of blades)
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was increased from 1 to 2, the S/N ratio notably decreased from —7.59 to —8.56. Moreover,
when the level of factor A was further increased to 3, the S/N ratio further decreased to
—8.60. One possible reason for the aforementioned results is that under high rotor solidity
(50%-70% in this study), an excessive number of blades obstruct the wind as it encounters
the wind turbine, thus reducing the airflow through the rotor blades and consequently
decreasing the captured wind energy. The effect of the level of factor B (rotor solidity) on
the S/N ratio closely resembled that of the level of factor A. When the level of factor B
was increased from 1 to 2 and 3, the S/N ratio decreased from —7.86 to —8.18 and —8.71,
respectively. The rotor solidity of a wind turbine is closely linked to the turbine’s power
output. A certain rotor solidity value optimizes the efficiency of wind energy extraction.
Excessively high rotor solidity may lead to blade blur, thereby reducing the airflow through
the blades and the captured wind energy [30]. When the level of factor C (blade pitch angle)
was increased from 1 to 2, the S/N ratio increased from —9.02 to —7.77; however, when the
level of factor C was changed to 3, the S/N ratio decreased to —8.03. These results were
obtained because increasing the blade pitch angle causes an increase in the lift force acting
on the blades and thus enhances the rotor performance; however, an excessive blade pitch
angle can cause the blade to stall, thereby decreasing the rotor performance. On the basis
of the results depicted in Figure 8, the preliminarily determined optimum control factor
configuration (that achieving the highest S/N ratio) was identified as A;B,C; (i.e., a rotor
with eight blades, solidity of 50%, and a blade pitch angle of 30°), and the worst control
factor configuration (lowest S/N ratio) was identified as A3B3C (i.e., a rotor with 12 blades,
solidity of 70%, and a blade pitch angle of 25°) as a benchmark for subsequent comparison.

-7.25

775 F -7.86

SIN

.75 F -8.56 -8.60

Al A2 A3 Bl B2 B3 Ccl c2 C3

Figure 8. Effect of factor level on S/N.

ANOVA was conducted to evaluate the contribution of each factor to Cpy,x. Table 7
presents the ANOVA results for the average Cpmax Values obtained at wind speeds of
10 and 16 m/s on the basis of the data presented in Table 4. In Table 7, SS indicates the
sum of squares, DOF represents the degrees of freedom, Var. represents the variance, F
represents the F value obtained in the F test, and SS’ is the pure sum of squares. The F test
was performed to determine whether a factor had a significant effect on Cpmax, with Fo s
representing the F value at a 95% confidence level. Student’s t-distribution was used to
calculate relevant confidence intervals [40]. The F values of all three factors were larger than
Fo.05, which indicated that these factors had significant effects on Cpmax. The contributions
of factors A, B, and C to Cppax were 29.3%, 14.2%, and 39.3%, respectively; thus, of these
factors, factor C had the strongest effect on Cp -

Table 7. ANOVA on CP, max.

Factor SS DOF Var. F Foos5 ss’ Contribution (%)
A 0.0075 2 0.0038 15.460 3.982 0.0071 29.3%
B 0.0039 2 0.0020 8.003 3.982 0.0034 14.2%
C 0.0100 2 0.0050 20.438 3.982 0.0095 39.3%

Error 0.0027 11 0.0002 S= 0.0156 17.2%

Total 0.0241 17 At least 95% confidence level 100.0%
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4.1.2. Interactions between Two Control Factors

The previous section discussed the effects of the levels of individual control factors
on the S/N ratio and concluded the preliminary optimum parameter design is A1B1C».
However, there may be interactions between factors that may alter the conclusion obtained
by only considering individual control factors. In practice, examining the interactions
between two factors is sufficient; interactions involving three or more factors can be
disregarded. The two-factor interactions between factors A, B, and C are displayed in
Figure 9. The interaction between factors A and B is illustrated in Figure 9a. A strong
interaction was discovered between these factors. When the number of blades was eight
(A1), the S/N ratio increased and then decreased as the rotor solidity increased from
50% to 60% and 70% (B; to B, and Bj, respectively), respectively. When the number of
blades was 12 (As3), the S/N ratio consistently decreased with an increase in the rotor
solidity. These results indicated that when the number of blades was relatively small (eight
blades), a moderate solidity (60%) could achieve a better rotor performance; higher (70%)
or lower (50%) rotor solidity resulted in lower rotor performance. However, when the
number of blades was large (12 blades), the optimal rotor performance was achieved with
the smallest rotor solidity of 50%. Figure 9a shows that when the interaction between
factors A and B was considered, the highest S/N ratio was achieved for the control factor
configuration A1B,.

Factor interaction between factors A and B 65 Factor interaction between factors Aand C 65 Factor interaction between factors Band C

7.30 -7.30

75 -7.59 -1.70 7.5 -7.69
770 287 7708 .
-7.93 . g .
7.93 509

< < -8.28
%8s oo o %8s
0s ——A1 c1 9.31
1
9.5 ——A2 9.5 ——C2
- —a—-C3
-10.17 -10.17 A3 -10.17
105 10.5
Al A3 c1 2 c3 BI B2 B3
(@) (b) (c)

Figure 9. The effects of two-factor interactions on S/N ratio.

The interaction between factors A and C is illustrated in Figure 9b. Regardless of the
number of blades (A1 to A3), the S/N ratio increased and then decreased as the blade pitch
angle was increased from 25° to 30° and 35° (C; to C; and Cj3, respectively), respectively.
As mentioned, increasing the blade pitch angle can increase the lift force on the blades,
thereby enhancing rotor performance; however, an excessive blade pitch angle can cause
the blade to stall, thereby decreasing rotor performance. When the interaction between
factors A and C was considered, the highest S/N ratio was achieved for the control factor
configuration A;C; [Figure 9b].

Figure 9c displays the interaction between factors B and C and indicates that strong
and complex interactions existed between these factors. Under low rotor solidity of 50%
(B1), an increase in the blade pitch angle (C; to C3) caused a decrease in the S/N ratio. By
contrast, under high rotor solidity of 70% (B3), an increase in the blade pitch angle caused
an increase in the S/N ratio. Thus, the blade pitch angle required to achieve optimal rotor
performance depended on the rotor solidity. This phenomenon is attributable to the mass
flow rate of the airflow through a wind turbine being dependent on the rotor solidity, which
affects the linear velocity of the airflow approaching the blades and the angle at which
the airflow meets the blades (i.e., the angle of attack). Figure 9c indicates that when the
interaction between factors B and C was considered, the highest S/N ratio was achieved
for the control factor configuration B,C,. Thus, the results obtained under a consideration
of interaction effects confirmed that the optimum control factor configuration included
A1B,C,, eight blades, 60% solidity, and a 30-degree pitch angle. The S/N ratio obtained
under this configuration was —7.3, with the corresponding Cppax values being 0.432 and
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0.431 under wind speeds of 10 and 16 m/s, respectively. The result of a high solidity of 60%
agrees with the conclusion drawn by Chen’s experimental results [30], e.g., a high rotor
solidity value is suitable for micro wind turbines.

4.2. Analysis of Flow Velocity Distribution

According to Figure 7b, Cp nearly reached its maximum value for both the optimum
and worst rotor geometries under a TSR of 1.265 and a wind speed of 16 m/s. Therefore,
the flow velocity distribution was investigated at this TSR and wind speed. Figure 10
displays the velocity distribution of the entire flow fields from the side view (x—y plane) for
the optimum and worst blade geometries. The results indicated that the flow field patterns
were similar for the two blade geometries. As the airflow approached the ducted wind
turbine, some of the airflow passed through the duct, whereas another part was diverted
around it. The turbine inside the duct obstructed the airflow, causing a reduction in wind
speed in front of the duct. However, the airflow that was diverted around the duct was
accelerated. Similar flow field patterns were observed from the top view (x—z plane), a
result not presented in this paper.

(a) Optimal blade geometry (b) Worst blade geometry

Figure 10. Velocity distributions in the x—y plane for the optimum and worst blade geometries.

Figure 11 represents the entire three-dimensional streamlines of the flow fields for
the optimum blade geometry, and Figure 12 displays its two-dimensional streamlines in
various x—z sections. After passing through the rotor, the airflow formed complex vortex
structures with ellipsoidal shapes because of the rotating blades. These structures expanded
downstream and widened because of the centrifugal force of the rotor. The width of the
vortex structures did not increase beyond a distance of 3R from the rotor. Moreover, these
structures became weak beyond a distance of 9R downstream from the rotor, and the
flow eventually combined with the incoming outer airflow. In addition, Figure 12a shows
that the vortex structures were apparent in the centerline section (z/R = 0). Moreover,
reverse flows occurred inside the vortices. At z/R = 0.4, the sizes of the vortices decreased.
One vortex exhibited shedding downstream, whereas the other vortex moved upstream,
as shown in Figure 12b. At z/R = 0.6, the vortex structure almost disappeared, and the
aforementioned vortices further developed upstream and downstream, respectively, as
depicted in Figure 12c.

Figure 11. The streamline of the airflow passing through the wind turbine.
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(a)z/R=0

(b) z/R=0.4

Figure 12. The vortex behind the rotor at various x—z sections.

The optimal design of the examined ducted micro HAWT comprised a rotor with eight
blades, a solidity of 60%, and a blade pitch angle of 30°. The blades of an eight-blade rotor
are spaced 45° apart; thus, the blades rotate 45° in one complete cycle. Figure 13 displays
the airflow velocity distribution in the x—y plane around the ducted wind turbine for the
optimum blade geometry under a TSR of 1.265, a wind speed of 16 m/s, and rotor rotation
angles of 0°, 15°, and 30°. The trends in the flow field at the different rotation angles were
approximately the same. As expected, flow separation occurred inside the diffuser and
behind the flange. Large airflow velocities appeared near the blade tips, where the velocity
distributions for the three rotation angles were only marginally different. The trends in
the airflow velocity distribution were similar for the worst blade geometry. However, as
illustrated in Figure 14, marginal variation in the airflow velocity magnitudes was found
between the optimum and worst blade geometries. Thus, the airflow approaching the
blades in these geometries had different linear velocities, which resulted in different angles
of attack. The differences in the angle of attack affected the blade pressure distribution,
as discussed in Section 4.3. When the airflow approached the duct inlet with a uniform
velocity of 16 m/s, the wind speed was reduced because of the obstruction caused by the
wind turbine inside the duct. The airflow velocities were nonuniformly distributed 5 cm
in front of the duct inlet. The velocities for the optimum blade geometry were between
12 and 13.5 m/s, with the average velocity being 12.7 m/s. In addition, for the worst blade
geometry, the velocities ranged between 11.3 and 12.5 m/s, with the average velocity being
12 m/s. When the airflow reached the duct inlet, the average velocities for the optimum and
worst blade geometries decreased from 12.7 to 12 m/s and from 12 to 10.7 m/s, respectively.
For the rotor with the optimum blade geometry, more air flowing into the duct should be
related to the rotor solidity, which is closely related to the rotor power output. This implies
that optimal rotor solidity exists such that more air particles pass through the blades,
and thus more wind energy is captured. If the solidity is too small or too large, fewer air
particles pass through the blades, and thus less wind energy is captured. Figure 14 indicates
that as the airflow reached the duct inlet, its center velocity was reduced considerably by
the rotor cone. The airflow was largely accelerated toward the duct wall, and its velocity
then suddenly decreased near the wall because of flow separation.

(a) 0 degrees (b) 15 degrees (c) 30 degrees

Figure 13. Velocity distributions in the vicinity of the ducted wind turbine at various rotation angles
for the optimum blade geometry.
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Figure 14. The velocity distributions near the duct inlet for the optimum and worst blade geometries.

Figure 15 depicts the axial velocity distribution in the y—z plane at the duct inlet and
outlet for the optimum blade geometry. The airflow exhibited approximately symmetric
movement at the duct inlet and outlet. Some of the kinetic energy of the airflow was
transferred to the wind turbine; thus, the axial velocity behind the wind turbine decreased.
Similar results were obtained for the worst blade geometry.

m/s
Ta]
TR
16
14
12 .
: \_'

(a) Duct inlet (b) Duct outlet
Figure 15. Velocity distributions in the y—z plane at duct inlet and outlet for the optimum blade geometry.

4.3. Analysis of Pressure Distribution

Figures 16 and 17 display the pressure distributions on the windward and leeward
sides, respectively, of the turbine blades for the optimum blade geometry at a TSR of
1.265, a wind speed of 16 m/s, and rotation angles of 0°, 15° and 30°. These figures reveal
comparable pressure distributions at the different rotation angles. Similar results were
obtained for the worst blade geometry; therefore, only the pressure distributions at a
rotation angle of 0° are presented in this paper (Figure 18). Figures 16 and 17 indicate
that the distribution of pressure on all blades was almost unaffected by the rotation angle.
As shown in Figures 16 and 18a, the pressure on the blades on the windward side was
positive in most regions, with negative pressure found near the tips and trailing edges of
these blades. In addition, these two figures indicate that the distribution and magnitude
of the pressures were not significantly different between the optimum and worst blade
geometries. However, Figures 17 and 18b indicate negative pressure on most regions of
the blades on the leeward side, with large negative pressure near the leading edge of
each blade. The pressures were less negative for the worst blade geometry than those for
the optimum blade geometry. Figures 16-18 also suggest that the pressure distribution
varied in the spanwise direction. This phenomenon occurred because the velocity of the
airflow approaching the blades varied with the blade spanwise location (Figure 14), which
led to variation in the angle of attack, and thus the pressure distribution, in the spanwise
direction. In addition, the pressure distribution varied in the chordwise direction because of
the different curvatures of the NACA4415 airfoil. Additional details regarding the pressure
distribution on the blades are provided in the following text.
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Figure 16. Pressure distribution on the windward side of turbine blades for the optimum blade geometry.
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Figure 17. Pressure distribution on the leeward side of turbine blades for the optimum blade geometry.
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Figure 18. Pressure distribution on turbine blades for the worst blade geometry (0 degrees).

4.3.1. Pressure Distribution on the Turbine Blades for the Optimum Blade Geometry

Figure 19 displays the pressure distribution in the chordwise direction of a blade in
different spanwise sections for the optimum blade geometry. The pressure distribution on
the windward sides of the blades is discussed first. Near the blade root (/R = 0.333), most
regions on the windward side of the airfoil experienced high positive pressure [Figure 19a],
where 7 is the distance from the cone hub in the radial direction. In the vicinity of the
leading edge of the blades, the pressure was high and positive and decreased toward
the trailing edge, where a small region of negative pressure occurred. Towards the blade
tip, for example, at /R = 0.8 [Figure 19b], the positive pressure was high only near the
leading edge, and the pressures on most of the windward side were lower than that at
r/R =0.333. At r/R = 0.933, the pressure was mostly negative except near the leading edge
[Figure 19c]. Negative pressure on the windward side of an airfoil hinders the generation
of lift force, which limits the power output because little torque is generated. It is crucial to
produce a large lift near the blade tip for a large power output, since it generates a large
amount of torque. However, the results shown in Figure 19 indicate that the airfoil pressure
distributions on the windward side became less positive and more negative closer to the
blade tip. Twisting blades can modify the angle of attack of the airflow approaching the
blades and thus enhance the lift force generated. Therefore, to increase a ducted micro
HAWT’s power output, twisted blades are suggested to further increase the torque output
at the blade tip.

The pressure distribution on the leeward side of the blades is described in the following
text. The pressure on the leeward sides was negative, and the distribution of this pressure
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was similar at different spanwise locations, as shown in Figures 17 and 19. The pressure
was negative and high on the forward region of the airfoil; the maximum negative pressure
occurred near the airfoil’s maximum thickness, and the pressure was less negative toward
the trailing edge.

N/m?

70

o

Windward side

(a) /R =0.333 (b) /R = 0.800 (c) r/R = 0.933

Figure 19. Pressure distributions along the airfoil at different blade spanwise sections for the optimum
blade geometry.

4.3.2. Pressure Distribution on the Turbine Blades for the Worst Blade Geometry

Figure 20 depicts the pressure distribution along the airfoil in different spanwise
sections of the blades for the worst blade geometry. A comparison of Figures 19 and 20
indicates that the pressure distribution on the windward side did not differ considerably
between the optimum and worst blade geometries. The reason for this result is that
although the flow velocities approaching the turbine blades [Figure 14] and the blade pitch
angles in the two geometries were different, the effect of the angle of attack on the pressure
distribution is small because of the small curvature of the airfoil on the windward side. As
a result, the pressures on the whole windward side of the blades between the optimum
and worst blade geometries did not differ very much, as also shown in Figures 16 and 18a.

The pressure on the leeward side of the turbine blades was negative, and the pressure
distribution was similar at different spanwise locations, as shown in Figures 18b and 20.
High negative pressure appeared in the forward region of the airfoil, and the pressure
became less negative toward the trailing edge. The curvature of the airfoil was relatively
high on the leeward side; thus, the effect of the angle of attack on pressure distribution
was strong on this side. Consequently, the pressure distribution on the leeward side of
the blades differed considerably between the worst and optimum blade geometries. In
addition, the pressure on the leeward side of the blades was more negative for the optimum
blade geometry than for the worst blade geometry.

(a) r/R =0.333 (b) /R = 0.800 (c) /R = 0.933

Figure 20. Pressure distributions along the airfoil at different blade spanwise sections for the worst
blade geometry.
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In summary, the pressure on the windward side of the blades was positive, whereas
that on the leeward side was negative. Thus, the windward side of the blades is the pressure
surface, whereas their leeward side is the suction surface. The pressure difference between
these two sides results in the generation of lift force and thus torque for driving the rotation
of the turbine blades. The rotor generated higher torque and thus higher power under
the optimum blade geometry than under the worst blade geometry, because the pressure
difference between the windward and leeward sides of the blades was greater under the
optimum blade geometry.

The Ct-TSR relationships for the optimum and worst blade geometries are presented
in Figure 21. The Cr is relative to the pressure difference between the windward and
leeward sides of turbine blades. This figure shows that at low STR, the difference between
the Cr of the optimum and worst geometries was not too much. The reason is that at low
rotation, the effect of pressure distribution was not significant, and therefore, the pressure
difference between these two blade geometries was not large. Up to a certain TSR, the
optimum blade geometry had significantly higher CT than the worst one. The Ctmax of
0.43 was achieved at a TSR of 1.2 for the optimum blade geometry, whereas the Ctmax
for the worst blade geometry was 0.31 at a TSR of 1.3. The Ctmnax for the optimum blade
geometry is 38.7% higher than that for the worst.
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Figure 21. The C7-TSR relationships for the optimum and worst blade geometries.

5. Conclusions

This numerical study optimized the blade geometry of a ducted micro HAWT through
the Taguchi method to improve the rotor performance. The investigated rotor blades
were untwisted with an NACA 4415 airfoil. Taguchi optimization can systematically and
comprehensively investigate the parameter effects and avoid the bias caused by one-factor-
at-a-time investigations. The numerical results were compared with the experimental
results of Chen et al. [30] to examine the reliability of the numerical model. The relative
error in Cpmax Was approximately 4.7%, indicating the developed model was reliable. The
blade geometrical parameters investigated included the number of blades, rotor solidity,
and blade pitch angle. The optimum parameter design included 8 blades, 60% solidity, and
a 30° pitch angle, and the achieved Cp ¢ was 0.432 at a TSR of 1.2, which was 39.4% higher
than that obtained with the worst blade geometry. The optimum result of a high solidity
of 60% confirmed the conclusion drawn from Chen’s experiments [30], e.g., a high rotor
solidity value is suitable for micro wind turbines. Of the three control factors, the blade pitch
angle was found to have the most significant effect on the rotor’s power output. In addition,
strong factorial interactions were observed, implying that individually investigating wind
turbine blade geometrical parameter effects potentially caused improper optimization.
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The airflow aerodynamic characteristics were also discussed. After passing this wind
turbine, airflow formed complex ellipsoidal vortex structures because of the rotor’s rotation.
Compared to the rotor with the worst blade geometry, the optimum rotor blade geometry
could draw more airflow into the duct, and its pressure difference between the windward
and leeward sides of the blades was greater, exhibiting higher Cpmax. In addition, the
optimum blade geometry achieved a Ctmax of 0.43 at a TSR of 1.2, which was 38.7% higher
than the worst one. However, the untwisted blades considered in this study exhibited low
torque near their tips; therefore, twisted blades should be used for further increasing the
torque generated at the blade tips to achieve higher power output for the rotor.

In pursuit of sustainability and the mitigation of global warming impacts, nations
across the globe are increasingly adopting green energy alternatives to conventional fossil
fuels. Wind energy stands out as a pivotal component of green energy solutions due
to its renewable and limitless nature. This study optimized the rotor blade geometry
and provided some insight into the influence of blade geometrical parameters on rotor
performance, thereby enhancing the efficiency of wind energy utilization and contributing
to sustainable development goals (SDGs) like SDG 7 (affordable and clean energy).
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