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ABSTRACT: Wind turbines play a vital role in renewable energy production. This review examines advancements in
wind turbine blade morphing technologies aimed at enhancing power coefficients, reducing vibrations, and minimizing
noise generation. Efficiency, vibration, and noise levels can be optimized through morphing techniques applied to the
blade’s shape, leading edge, trailing edge, and surface. Leading-edge morphing is particularly effective in improving
efficiency and reducing noise, as flow attachment and separation at the leading edge significantly influence lift and
vortex generation. Morphing technologies often draw inspiration from bionic designs based on natural phenomena,
highlighting the potential of biomimicry to improve aerodynamic performance and energy capture. Understanding
fluid-structure interactions is critical to ensuring the lifespan, performance, and safety of wind turbine blades, which
directly affect operational efficiency and noise levels. This review underscores the importance of comprehending the
interdependencies between aerodynamics, vibration, and noise to guide future research and policy in sustainable wind
energy development. By summarizing key advancements in the field, this paper serves as a valuable resource for
researchers, policymakers, and industry leaders involved in wind energy technologies.
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1 Introduction
Wind turbines convert kinetic energy from the wind into mechanical energy, which is then transformed

into electricity, playing a crucial role in renewable energy production. They can be summarized and named
based on different factors: rotation axis, torque produced, location, and power generation capacity (Fig. 1).
Depending on the rotation axis of blades, wind turbines are classified as vertical axis wind turbine (VAWT)
and horizontal axis wind turbine (HAWT), as illustrated in Fig. 1a. Particularly, conventional three-bladed
horizontal turbines are the most common type of HAWT, used for large-scale energy production [1,2]. They
have a higher power coefficient, large vibration, severe noise, and better performance in high-wind areas.
The Archimedes spiral turbine is another example of HAWT that rotates around its horizontal axis. On the
other hand, the VAWT has vertically arranged blades, low power coefficients, low vibrations, and low noises,
typically used for small-scale production.

Wind turbines can also be classified based on the fluid dynamics involved in generating driving torque
on the blades: specifically, ‘lift turbines’ and ‘drag turbines’ (Fig. 1b). In lift turbines, the driving force comes
from lift generated on the blades (e.g., traditional, Darrieus, and Archimedes spiral turbines), while drag
turbines rely on drag force to operate (e.g., Savonius turbine). The lift turbines can be both vertical axis
(Darrieus) and horizontal axis turbines (Archimedes spiral turbines) while the drag turbines are mostly
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vertical axis turbines (Fig. 1b). The lift and drag turbines are suitable for low- and high-wind speeds,
respectively. A hybrid of these two types is appropriate for intermediate wind speeds, known as a hybrid
Darrieus-Savonius turbine.

Figure 1: Classification of wind turbine based on (a) rotation axis, (b) torque produced, (c) location, and (d) power
generation capacity

Based on their location on the earth surface, wind turbines can be categorized as offshore (installed
over water) or onshore (installed on land) (Fig. 1c). Offshore turbines typically provide more consistent
large-scale power production but incur higher installation and maintenance costs. In contrast, although
onshore turbines are generally less expensive to install and maintain, they have greater variability in
power output. Additionally, wind turbines vary in their power production capacities. They can be classified
according to the scale of power generation as micro-scale (<1.4 kW), small-scale (1.4–100 kW), medium-scale
(100–1000 kW), and large-scale turbines (>100 kW) (Fig. 1d).



Fluid Dyn Mater Process. 2025;21(4) 659

Regardless of the turbine type, blades are the primary component responsible for capturing wind energy
and converting it into mechanical power, ultimately leading to electricity generation [3–5]. The blades play
a crucial role in the overall performance, reliability, and cost of a wind turbine system [6,7]. Longer blades
enhance energy yield by sweeping a larger area; however, they also become more flexible (with a longer
aspect ratio) and face significant challenges due to high-speed airflow and fluid-structure interactions. These
challenges can lead to reduced efficiency, violent vibrations, and excessive noise (Fig. 2a). Addressing these
issues requires not only the use of advanced materials but also a comprehensive understanding of how fluid
dynamics affects structural behavior and vice versa.

Researchers have employed various techniques to enhance the power coefficient (efficiency) of turbine
blades as well as to reduce vibration and noise generation [8]. Given that aquatic or avian animals are
generally faster than terrestrial animals, many researchers have exploited bionic morphing inspired by these
species (Fig. 2b). The blade morphing techniques derived from aquatic and avian animals can be catego-
rized into four: ‘shape morphing’ (Fig. 2c,d), ‘leading-edge morphing’ (Fig. 2e,f), ‘trailing-edge morphing’
(Fig. 2g–i), and ‘surface morphing’ (Fig. 2j–n). Blade shape morphing includes mimicking the structure of
pigeon wings or the seeds of Drybalanops aromatica (Fig. 2c,d). The leading edge is particularly influential
for power generation, as it affects primary flow separation, pressure on the suction side, and the formation of
separation bubbles [9–11]. Bionic adaptations on the leading edge of the wings of aquatic and avian animals
include features such as tubercles, alula, and serrations (Fig. 2e,f).

In contrast, the trailing edge plays a crucial role in managing secondary flow separation, pressure on the
pressure side, and the quality of flow leaving the wing. Examples of trailing edge morphing include bionic
flaps, Gurney flaps, and serrations (Fig. 2g–i). Finally, surface flow is controlled by mechanisms, such as
vortex generators, feathers, dimples, grooves, blowing, and suction (Fig. 2j–n) [12–17].

Wind energy technology is rapidly evolving. As the demand for renewable energy sources grows,
optimizing wind turbine performance is crucial to meet energy targets with minimal environmental impact.
Blade morphing has the potential to optimize aerodynamic performance under varying wind conditions.
Morphing technology presents challenges, including durability, control, and integration with existing turbine
designs. Wind turbine design involves complex trade-offs between materials, aerodynamics, and structural
integrity. A review paper is thus required, summarizing (i) the latest advancements in blade morphing
technologies, (ii) multidisciplinary approaches needed for successful blade morphing, and (iii) how these
adaptations can enhance energy capture, increase efficiency, and reduce noise. The topic of wind turbine
blade morphing intersects various fields such as aerodynamics, materials science, mechanical engineering,
and renewable energy policy. As such, the results published in the literature are not always cross-referenced.

This article aims to review the progress of research done on multiple interconnected aspects such as
aerodynamics influencing the power coefficient, aeroelasticity affecting the vibration, and aero-acoustics
addressing noise generation and its impact on both wildlife and human populations. Following the progress,
researchers can create more effective and sustainable wind energy solutions and advocate for a more holistic
approach to the design and development of wind turbine blades. By integrating these diverse aspects into
the research framework, future studies can provide a more comprehensive understanding of wind turbine
systems as a whole, paving the way for innovative designs and technologies that maximize the power
coefficient, minimize environmental impact, and optimize the lifespan and safety of wind turbines. This
review not only aims to direct upcoming research efforts but also serves as a guide for policymakers
and industry leaders seeking to implement effective wind energy solutions in the quest for sustainable
energy generation.
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Figure 2: Wind turbine blade morphing tree illustrating key factors (efficiency, vibration, and noise) and morphing
types (shape, leading edge, trailing edge, and surface morphing)
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2 Blade Power Coefficient
The efficiency of a turbine is defined by the power coefficient CP, which is the ratio of the power output

P to the kinetic energy of the air available on the blade swept area. This can be expressed mathematically as:

CP =
P

0.5ρAU 3 (1)

where A = πR2 is the blade swept area, R is the blade length (rotor radius), ρ is the air density, and U is the
approaching velocity of the air.

It is important to note that 100% extraction of energy from wind would result in a final velocity of zero,
creating a situation where no flow occurs. Consequently, it is impossible to convert all the kinetic energy of
air into electrical energy. Research has established that the efficiency of wind turbines cannot exceed 59.3%;
surpassing this threshold would lead to flow reversal. This maximum efficiency limit is known as Betz’s limit,
and it highlights the inherent constraints in harnessing wind energy effectively. A real-world wind turbine
may capture (CP=) 25%–45% of the total available incoming wind energy. If this energy is harnessed for
useful work, there may also be small additional losses for important power electronics, transformers, and
power transmission.

2.1 Blade Size
Minimizing electricity costs is crucial to enhance the competitiveness of wind energy in the market. One

effective approach is to continue the trend of developing larger wind turbines (Fig. 3). Due to factors such
as space availability, noise concerns, and efficiency, offshore wind turbines are experiencing rapid growth in
both size and power compared to their onshore counterparts. Offshore locations typically offer greater space
for larger installations, allowing for more extensive turbine designs that can capture higher wind speeds and
generate greater energy output. Additionally, since offshore wind projects are situated away from populated
areas, they mitigate noise pollution issues that can arise with onshore turbines. These advantages make
offshore wind energy increasingly attractive, driving significant advancements in turbine technology and
size. Research indicates that the cost per kilowatt decreases with increased rated power [18–20]. This happens
because the power generated by a wind turbine is theoretically proportional to the square of the blade length,
while the blade mass increases with the cube of the length [21,22]. This relationship, known as the square-cube
law, illustrates that blade mass grows more rapidly than energy output with increasing size, raising questions
about a potential size limit for wind turbines [23]. However, advancements in design methodologies have
shown that the mass of current turbine blades is increasing at an average exponent of 2.3, rather than the
anticipated 3 [24]. Despite this efficiency improvement, the loads imposed by self-weight in larger turbines
have become increasingly significant as the fundamental design has remained mostly unchanged.

Larger blades offer improved efficiency from both manufacturing and financial perspectives.
Lightweight designs contribute to an overall reduction in mass-induced loads on the entire wind turbine sys-
tem. While the rotor can account for about 20% of the total cost, minimizing its mass can significantly reduce
material requirements, ultimately lowering the expenses related to the nacelle, tower, and foundations [25].
Consequently, as blade size increases, enhancing structural efficiency becomes increasingly crucial. The
current blade design may have reached a point of maturity, and without substantial innovations, significant
reductions in weight and cost may be unattainable [26]. Focusing on enhancing the structural efficiency of
blades through innovative design concepts, it is possible to produce larger wind turbines that generate more
energy, thereby reducing the overall cost of electricity.
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Figure 3: Illustration of increasing turbine size and capacity for (a) onshore wind turbine, and (b) offshore wind turbine
(Adopted from [22])

The energy extraction efficiency of wind turbines is heavily influenced by rotation speed. If the speed
is too low, a large volume of wind passes through the gaps between the blades without interacting, resulting
in wasted energy. Conversely, when the rotation speed is excessively high, two issues arise: (i) the effective
blade area starts to behave like a large, flat rotating disk, and (ii) the relative wind velocity increases along
with the associated drag and lift forces [27]. To enhance wind turbine performance, optimizing the tip speed
ratio is essential, as it is influenced by factors such as blade shape, number of blades, and overall design.
Consequently, parameters like blade count, tip speed ratio, wind speed, and blade profile are critical in
determining the system’s efficiency and effectiveness [28–33]. Designers constantly refine these parameters to
achieve maximum power output at the minimal construction costs. These innovations lead to more compact,
quieter, and efficient wind turbine systems that generate greater power from less wind.
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2.2 Blade Tip Speed
The tip speed ratio (λ) is the ratio of the blade tip speed to the wind speed, and it plays a crucial

role in determining the efficiency. A direct and significant correlation exists between λ and the turbine
power coefficient. A higher tip speed enhances efficiency up to a certain point. However, beyond the optimal
λ, efficiency may decline. For a standard three-blade horizontal wind turbine, the optimal λ value is 7–8,
yielding a maximum CP = 0.45, which corresponds to rotational speeds of 10–20 rpm with a wind speed
range of 6–12 m/s (Fig. 4). Notably, the optimal rotational speed of a wind turbine increases with wind speed
but decreases with longer or more blades. On the other hand, a Darrieus lift turbine (a type of vertical axis
turbine) achieves its maximum CP = 0.40 at an optimal λ ≈ 4 (Fig. 4). It suggests that vertical axis wind
turbines have lower efficiency but perform better in lower wind speeds than horizontal axis wind turbines.
Drag-type turbines, such as the Savonius turbine, exhibit a much smaller maximum CP (= 0.15) at an even
smaller λ ≈ 1. Therefore, wind turbines in view of power coefficient can be sorted as drag-type vertical axis,
lift-type vertical axis, and lift-type horizontal axis turbines.

Figure 4: Comparison of power coefficient CP and tip speed ratio λ for different turbines

2.3 Blade Morphing
Turbine blade morphing refers to the blade structure change in response to operational demands,

optimizing the power coefficient, reducing vibrations or weakening noise levels, and enhancing the overall
viability of renewable energy sources. Major changes can occur through modifications to the blade shape,
leading edge, trailing edge, or surface.

2.3.1 Blade Shape Morphing
The morphed shape of a wind turbine blade is the intentional change in the blade geometry to enhance

aerodynamic performance and overall efficiency [34–36]. Innovations such as those by Gao et al. [37],
who developed bionic wind turbine blades inspired by the airfoil of owl wings and the herringbone groove
structure of owl feathers (Fig. 5a,b), illustrate how biomimicry can enhance the turbine power coeffi-
cient [38–41]. The unique features of owl wings, including a specially curved leading edge and herringbone
groove structures on the feathers, allow these bionic blades to optimize airflow. They found that the owl-
inspired bionic blades provide a higher CP, up to 10.53% higher than that of a traditional prototype blade
for λ = 6–10 (Fig. 5c). The larger leading-edge curvature and herringbone groove structures of bionic blades
lead to larger flow velocity and smaller pressure on the suction surface (Fig. 5d).
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Figure 5: (a) Prototype blade (NACA4412). (b) Bionic blade traced from owl wing including the herringbone grooves.
(c) Dependence of power coefficient CP on tip speed ratio λ for the prototype and bionic blades. (d) Streamlines and
velocity contours at 20% section for λ = 8. Adopted with permission from [37]. Copyright © 2021, AIP Publishing

Chu et al. [42] developed a blade shape mimicking the seeds of Dryobalanops aromatica, which
significantly differs from the traditional wind turbine blades (Fig. 6). They compared the performance of the
Dryobalanops-inspired turbine and a scaled version with the tapered- and twisted-S826 turbine by Krogstad
et al. [43]. Although the maximum CP of both Dryobalanops turbine and its scaled version is lower than that
of the S826 turbine, the corresponding λ value at the maximum CP decreases from 6 for the S826 turbine
to 3.5 for the scaled Dryobalanops turbine and then to 1.5 for the Dryobalanops turbine. This indicates that
the latter two designs are more suited for low-speed wind environments, functioning as low-speed turbines
without a significant drop in CP, particularly for the Dryobalanops turbine. This further implies that the
cut-in speed for the Dryobalanops turbine is small.
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Figure 6: Performance coefficient CP curves for Dryobalanops-inspired (bionic) turbine, scaled Dryobalanops turbine
and S826 airfoil turbine. Adopted with permission from [42]. Copyright © 2017, Elsevier

Ge et al. [39] developed a bionic airfoil inspired by the wing of the long-eared owl, which effectively
delayed stall angles and enhanced the maximum lift coefficient of wind turbine blades. Similarly, Xu et al. [33]
introduced a bionic groove structure into the blade tip design, inspired by the drag reduction characteristics
of mantis shrimp. Krishnan et al. [38], Tian et al. [44] and Wang et al. [45] focused on the bionic design of
small horizontal axis wind turbine blades using insights from biological airfoils, demonstrating that these
bionic blades outperformed standard blades in efficiency tests. Additionally, Zhang et al. [46] identified that
the three bionic airfoils derived from the long-eared owl achieved a high lift-to-drag ratio, corresponding to
the wing’s cross sections at 20%, 40%, and 60%. These studies highlight the potential of biomimetic designs
in enhancing wind turbine performance.

2.3.2 Leading-Edge Morphing
Controlling the flow over the leading edge of wind turbine blades presents an innovative approach to

enhancing the power coefficient of these systems [47]. A fascinating case study that exemplifies this technique
is the design of the pectoral flippers of the humpback whale, which exhibit a high aspect ratio planform that
gently curves toward the distal end (Fig. 2e). Unlike traditional aerodynamic designs that favor a smooth,
streamlined leading edge, the humpback whale’s flippers are characterized by the presence of large, rounded
bumps known as tubercles. These tubercles create a serrated edge that disrupts the airflow in a way that offers
several performance advantages. Butt et al. [48] conducted an experimental investigation on NACA0021 and
NACA4412 blades with and without tubercles on the leading edge. They found that the lift coefficient of the
NACA0021 with tubercles is higher at high angles of attack than that of the tubercle-free blade at Re = 1.2 ×
105 – 1.69 × 105. The benefit of tubercles nevertheless faints at high Reynolds numbers. Hrynuk et al. [49]
experimentally observed that the leading-edge tubercles on Humpback whale flippers act as control elements
that delay dynamic stall, contributing to improved aerodynamic performance at high angles of attack [50–52].

Varying the amplitude and wavelength of serration on the leading edge, Johari et al. [50] identified a
decrease in lift and an increase in drag for morphed blades with attack angles less than 20○ compared to
the plain blade (Fig. 7a). For angles greater than 20○, the lift of the morphed blades increases up to 50%
with little or no drag penalty (see also [53–55]). The morphed blade exhibits a softer stall than the plain
blade. Interestingly, the serration amplitude significantly influences the performance of the morphed blade,
whereas the wavelength effect is minimal. The associated fluid dynamics could be understood from the tuft
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flow visualization shown in Fig. 7b,c. For the plain blade at α = 12○ (before stall), the flow is attached along
the first three-quarters of the blade before separating toward the tail (Fig. 7(b1)). When the amplitude of the
serration increases to 0.12c, the separation shifts upstream, yet the flow remains attached for a longer distance
at the node (peak) section compared to the saddle (trough) section (Fig. 7(b2, b3)). At a high α = 24○, beyond
the stall condition, the flow on the plain blade separates from the leading edge, resulting in intense flow
reversal across most of the surface (Fig. 7(c1)). The introduction of serrations makes the reversal flow highly
three-dimensional (Fig. 7(c2)), leading to the generation of the streamwise vortices from the trough (see the
inset in Fig. 7a). With a greater amplitude of serration, the flow stays attached for an extended distance at the
node section (Fig. 7(c3)). This phenomenon explains why the lift coefficient of the serrated blade is greater
than that of the plain blade at α > 20○.

Figure 7: (a) Lift coefficient CL curves against angle of attack α for morphed blades with different amplitudes and
wavelengths of serration at the leading edge. (b, c) Near surface flow on the blade for α = 12○ and 24○. Leading-edge
morphing. Adopted with permission from [51]. Copyright © 2014, AIP Publishing
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Zhao et al. [56] utilized large-eddy simulations to analyze the performance of a blade with a wavy
leading edge, featuring a wave amplitude of 0.015c and wavelength of 0.11c. Their findings revealed that
the enhanced performance of this blade results from intense streamwise vortices generated by the leading-
edge protuberances, which ferry the fluid momentum from a saddle to the neighboring nodes (see the inset
in Fig. 7). Jones et al. [57] observed a sudden increase in lift at certain critical high angles of attack when
a rigid flap was attached to the leading edge of the airfoil. They found that the leading-edge flap effectively
trips the boundary layer to remain attached, preventing the formation of a laminar separation bubble. Wong
et al. [58] and Rinoie et al. [59] also employed a leading-edge flap on an airfoil, successfully suppressing the
bubble burst and increasing both stall angle and maximum lift.

2.3.3 Trailing-Edge Morphing
There are several methods of trailing edge morphing, including the use of flexible bionic flaps, Gurney

flaps, serrations, or blunt tails [60–64]. Liu et al. [64] made the blade trailing edge blunt, thickening the
trailing edge as h = 0.015c, 0.03c, 0.045c, and 0.06c on the upper side (δ = 0) only, lower side (δ = 1) only
and both sides (δ = 0.5), along with additional configurations at δ = 0.25 and 0.75. The δ ≠ 0.5 represents
asymmetric modifications (Fig. 8a). For a symmetric thickness δ = 0.5, the trailing edge thickens uniformly
on both sides with increasing h. Compared to the baseline case (original), both lift and drag coefficients of
the airfoil grow with increasing h and decreasing δ (<0.5). On the other hand, when δ > 0.5, the impact of
h prevails for large angles of attack (AOA) only, leading to an increased lift without appreciable changes in
drag. Consequently, the lift-to-drag ratio does not improve before the stall but does enhance after the stall.

Figure 8: (Continued)
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Figure 8: (a) Definition of on trailing-edge thickness h and asymmetry factor δ for S814 blade turbine. (b) Dependence
of lift and drag coefficients on trailing-edge thickness h and asymmetry factor δ. Trailing-edge morphing. Adopted with
permission from [64]. Copyright © 2020, Elsevier

A Gurney flap (GF) set on the lower side of the trailing edge can improve the performance of a
blade [65,66]. On the other hand, a bionic flap (BF) applied to the upper side of the trailing edge can delay
stall and enhance post-stall lift [67–70]. Wu et al. [71] examined the effects of using only the BF, only the GF,
and a combination of both on the trailing edge of a NACA2414 blade, as illustrated in Fig. 9. The BF primarily
increases the lift at the post-stall angles while the GF effectively boosts lift at pre-stall angles. In contrast, the
combined use of both bionic and Gurney flaps (BG & GF) enhances lift across all angles of attack. Akhter
et al. [72] conducted a three-dimensional simulation to investigate the effect of trailing-edge morphed blades
on a two-bladed, fixed-pitch, stall-regulated, horizontal-axis wind turbine. Using the baseline S809 airfoil,
they geometrically modified the aft 30% of the chord, implementing a smooth, seamless camber deflection.
The degree of morphing was quantified by the trailing-edge deflection angle, defined as the angle formed by
the intersection of the deflected chord line with the original chord at 70% of the total chord length from the
leading edge. The results showed a 40% reduction in cut-in speed, a 367% increase in thrust, and a 600%
increase in power.

Figure 9: (Continued)
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Figure 9: (a) Definition of bionic flap and Gurney flap. (b) Dependence of lift coefficient on angle of attack α for blades
with bionic flap (BF) only, Gurney flap (GF) only, and both BF and GF (BF & GF). Reproduced from Wu et al. [71].
Trailing-edge morphing. Adopted with permission from [71]. Copyright © 2022, AIP Publishing

2.3.4 Surface Morphing
Researchers altered wind blade surface by integrating dimples [13,14,73], grooves [15,16], vortex genera-

tors [35], texturing [74], jets [75,76], feathers [77], etc., into the blades. The primary goals of this technology
are to optimize aerodynamic characteristics, reduce noise, and improve energy capture across varying
wind conditions.

Dimples: Dimples on blade surfaces are small, spherical indentations or protrusions that are intention-
ally incorporated into the turbine blade profile. These features are inspired by biomimicry and properties
observed in nature, such as the design of golf balls and shark bodies [78–80]. Dimples not only enhance the
turbulence of flow on the surface but also improve the mechanical strength of the turbine blades. Sedighi
et al. [14] conducted a numerical study to assess the effects of surface dimples on the torque and power output
of V47-660 kW horizontal axis wind turbine (Fig. 10a). They incorporated three rows of spherical dimples
on the suction surface at positions 0.2c, 0.4c, and 0.6c from the leading edge, varying the dimple radius r and
pitch distance pd between the dimples (Fig. 10b). The findings revealed that a decrease in r from 70 mm to
25 mm leads to an increase in torque for pd ≤ 30. Yet, the produced torque with r = 70 mm and 50 mm is
lower than that of the original, no-dimple blades. Notably, the morphed blades provide greater torque than
the original blades when (r, pd) = (25 mm, 20 cm) and (15 mm, 30 cm). The former condition yields higher
torque than the latter and hence can be deemed optimal for rated wind speeds. For this optimal scenario, the
torque increases by 16.08% compared to the blades without dimples. The enhanced performance is attributed
to the ability of the surface dimples to delay the flow separation (Fig. 10(c1, c2, c4, c5)) or even eliminate the
flow separation (Fig. 10(c3, c6)). In other words, the flow remains attached on the blade surface for a longer
chord length for the dimpled cases.
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Figure 10: (a) Wind turbines and dimples on the suction surface of blades (V47-660 kW turbine). (b) Effects of dimple
radius r and pitch distance p on torque generated on the turbine. (c) Streamline traces on sections at different radius Rb
measured from the rotation axis: ((c1, c4)) α = 30.81○, Rb = 6.9 m (b) α = 27.02○, Rb = 7.5 m (c) α = 23.89○, Rb = 8.9 m for
wind speed of 14 m/s and blade pitch angle Pa = 5○. Surface morphing. Adopted with permission from [14]. Copyright
© 2020, Elsevier

Grooves: Grooves on the blade surface are indentations or channels that are designed into the
aerodynamic profiles of blades, such as those on shark skin [15,81]. Rui et al. [41] found that the grooves
and bulges on the surface of a pigeon wing are conducive to the increase in lift coefficient and the decrease
in drag coefficient at a high angle of attack. In the study by Liu et al. [15], the effects of groove design on
NACA4415 blades were investigated, utilizing both arc and rectangular grooves with varying dimensions and
positions. The parameters included the depth-to-boundary layer thickness ratio h/δ = 0.5–2.0 and the groove
depth-to-width ratio h/w = 0.10–0.15, with streamwise groove positions x/c = 0.10–0.22, where x is measured
from the leading edge of the airfoil to trailing edge of the groove (Fig. 11). They found that rectangular
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grooves outperform arc grooves, with the optimum size (h/δ = 1.2; h/w = 0.10) at x/c = 0.16. The streamline
patterns for groove types at this configuration revealed distinct behaviors in fluid flow (Fig. 11a–f). For h/δ
= 0.5 (Fig. 11a,b), the fluid within the groove displays a recirculation pattern, with the center of recirculation
located close to the downstream edge of the groove. When h/δ is increased to 1.2 (Fig. 11c,d), the recirculation
becomes more pronounced, fully occupying the groove and improving the control over the boundary layer.
For the large h/δ = 2.0 (Fig. 11e,f), a significant shift in the recirculation pattern is observed, moving upstream
to the groove’s front edge for rectangular grooves, alongside the development of a secondary recirculation
vortex near the downstream corners (Fig. 11f). The shift of primary recirculation center and the formation
secondary vortex negatively impact the airfoil performance, making the groove size best at h/δ = 1.2.

Figure 11: Streamlines over (a, c, e) arc grooves and (b, d, f) rectangular grooves with recess depths ratio h/δ = 0.5, 1.5
and 2.0 for groove aspect ratio h/w = 0.15, where δ is the baseline boundary layer thickness. (g) Dependence of power
coefficient CP of the turbine with and without surface grooves on blade tip speed ratio λ. Grove position x/c = 0.16 on
NACA4415 blade. Surface morphing. Adopted with permission from [15]. Copyright © 2020, Elsevier
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The power coefficient CP predicted for small wind turbine displays that the maximum CP occurs at
λ = 5.5 for both plain and grooved blades (Fig. 11g). The grooved blade turbine however demonstrates a more
than 2% increase in CP compared to the plain blade turbine when λ = 4–6. At either lower or higher λ, the
CP values for the grooved turbine closely align with those for the baseline. This suggests that grooves are
particularly effective within this intermediate range of λ, enhancing the aerodynamic performance of the
turbine in specific operating conditions.

Vortex generators: Vortex generators are aerodynamic devices installed on wind turbine blades to
enhance their performance. They typically consist of small, fin-like structures strategically located along the
blade’s surface [82,83]. These devices serve to delay or eliminate boundary layer separation, augment lift,
reduce aerodynamic buffets, and minimize the afterbody drag of aircraft fuselages [84–88]. This function is
particularly important at higher angles of attack, where the airflow can become turbulent and detach from
the blade surface.

By increasing the effective lift generated by the blades, vortex generators enable the turbine to extract
more energy from the wind, especially at low wind conditions. Their performance is optimized when their
height is proportionate to the boundary layer thickness at the installation location [89]. Lin [90,91] discussed
various types of vortex generators and their applications, noting their role in delaying boundary layer
separation (Fig. 12). They referred to low-profile vortex generators as counter-rotating and co-rotating vane-
type vortex generators as well as Wheeler’s doublet and wishbone vortex generators [92]. Lin [91] further
demonstrated that vortex generators generating streamwise vortices—such as low-profile vortex generators,
conventional vortex generators, and large longitudinal surface grooves—are the most effective. Research by
Gao et al. [35] on a DU97-W-300 flat trailing blade found that while vortex generators significantly enhance
lift, they may incur a drag penalty in the pre-stall region, which is mitigated in the post-stall region. Zhu
et al. [93] applied vortex generators to the S809 blade and found a delay in the onset of dynamic stall, resulting
in an approximate 40% increase in the maximum lift coefficient.

Figure 12: (a) Different types of vortex generators. (b) Relative effectiveness in flow separation delay for various vortex
generators. Surface morphing. Adopted with permission from [91]. Copyright © 2002, Elsevier
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Jets: Jets created through small slots or holes are used to blow or suck air on the turbine blade surface
to improve the power coefficient. Akhter et al. [94] demonstrated that these methods are among the most
popular active flow control methods for turbine blades. In addition to delaying transition and reducing drag,
jets effectively suppress flow separation and increase blade lift by altering the momentum balance of the
boundary layer. Cheeseman et al. [95] and McLachlan [96] investigated the effects of tangential blowing jets
on the suction surface of the blade, focusing on their impact on flow circulation and lift enhancement [97].
However, effective tangential blowing requires a blunt or rounded trailing edge [98]. Many experimental
and numerical studies used suction jets on airfoils. Karim et al. [99] and Alfrefai et al. [100] found that a
leading-edge suction jet on a pitching blade can effectively suppress flow separation, postpone dynamic stall,
and increase the lift-to-drag ratio [101]. Furthermore, combining blowing and suction is more effective than
using either method standalone [102,103]. These jets can utilize the same or different holes for airflow. For
example, Chng et al. [102] applied tangential blowing near the leading edge and suction near the trailing
edge. Zha et al. [104,105] demonstrated that this technique can increase peak lift by 113%–220% and 100%–
153%, respectively.

Wang et al. [76] examined the impact of blowing and suction on the lift-to-drag ratio, cut-in speed,
flow separation, and flow reattachment to identify optimal control conditions. They found that a blowing jet
positioned at 0.2c from the leading edge is the most effective in increasing the lift-to-drag ratio by 804% and
reducing the cut-in speed by 15.38% (Fig. 13a,b). The blowing enables the formation of a laminar separation
bubble even at α = 14○ which represents a post-stall condition for the baseline blade without blowing
(Fig. 13e,f). This results in not only enhanced lift but also reduced drag (Fig. 13a), explaining why the lift-to-
drag ratio is very high for this case. On the other hand, when both blowing and suction are applied (Fig. 13c),
the drag reduction is not as significant as that for single blowing, which restricts the enhancement of the
lift-to-drag ratio (Fig. 13d). In this scenario, two separation bubbles are formed: a laminar separation bubble,
and a turbulent separation bubble (Fig. 13g,h). The latter appears between the blowing and suction jets.

Feathers: The self-activating feathers on birds’ wings enhance flight efficiency, providing a high lift-to-
drag ratio and improving maneuverability for landing and prey capture. This natural mechanism has inspired
biomimetic control methods for airfoil flow management [106–109]. Mimicking feather movements to delay
stall and enhance lift by controlling flow separation and modifying vortices is gaining traction due to its
passive, self-adaptive nature. Schatz et al. [110] found that self-deploying flaps on the HQ17 airfoil increased
lift by over 10% at stall angles by blocking reverse flow and delaying separation. Bechert et al. [111] and Meyer
et al. [112] in wind tunnel experiments confirmed that adaptive flaps significantly improve aerodynamic
performance and prevent flow separation as the angle of attack increases. Schluter [113] demonstrated that
an adaptive flap on the SD8020 airfoil achieved about a 50% increase in lift at a post-stall angle of 15○ under
optimal conditions. Wang et al. [114] studied the use of real feather flaps on both the suction and pressure sides
of a NACA0012 airfoil and highlighted the significant impact of these flaps on the aerodynamic performance
(Fig. 14a,b). The flap on the suction side is beneficial only at large attack angles, particularly beyond the stall
(Fig. 14c). In contrast, when the same is added on the pressure side, the flap enhances lift by 186% and the lift-
to-drag ratio by 72% at small α = −4○ to 8○ (Fig. 14d). Time-averaged measurements revealed that vorticity
around the flapped airfoil weakened, streamwise velocity decreased, and lateral velocity increased compared
to the plain airfoil, which contributed to the improved lift-to-drag ratio.
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Figure 13: Dependence of lift CL, drag CD and CL/CD of airfoil on momentum coefficient Cμb of blowing jet at 0.2c (a,
b) with blowing jet only, and (c, d) with the suction jet Cμs = 0.007 at 0.6c. (e–h) Surface oil flow visualizations and flow
sketches on the suction surface of the airfoil at α = 14○: (e, f) with blowing jet only, and (g, h) with both blowing and
suction jets. Surface morphing. Adopted with permission from [76]. Copyright © 2022, Elsevier
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Figure 14: (a) Airfoil model NACA0012 (b) Single array of feather flaps made from Chinese spot pigeon with width
ratio w/c = 0.27. Dependence of CL/CD on flap width w and its position xin when the feather lap is on (c) suction surface,
and (d) pressure surface. Surface morphing. Adopted with permission from [114]. Copyright © 2019, IOP Publishing
Ltd.

3 Blade Vibration

3.1 Blade Elasticity and Fluid-Structure Interactions
A wind turbine blade features a complex aerodynamic profile, being wider at the base and thinner at

the tip, shaped like an airfoil to generate lift and counteract drag. The blade also has a twisted pitch, which
is angled 10○–15○ steeper at the base. As the size of wind turbine blades increases, their flexibility also rises.
Due to their longer aspect ratio, turbine blades are generally more elastic and can undergo vibrations arising
from fluid-structure interactions [115,116]. With blade lengths projected to reach 151 m in 2035 (Fig. 3b), their
elasticity will further increase. Currently, megawatt-class wind turbines dominate the wind power market,
with blades becoming longer and lighter (Fig. 15). As wind power generation rapidly evolves, ensuring
the wind turbines’ safe and reliable operation is paramount. The blades are critical components, and their
performance directly impacts the reliability of the entire generator system (Fig. 16). In the event of a blade
failure, even the breakage of a single blade can disrupt the balanced rotation of the three blades, leading to
violent vibrations and potential collapse of the turbine structure. Bladena’s online seminar, “CORTIR Blade
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Failure Seminar”, held on 26 November 2020, brought together representatives from 27 wind turbine owner
companies and CORTIR partners. The seminar highlighted a concerning trend: an increase in blade failures
with increasing blade size; the issue of blade failures is more critical than ever (Fig. 15).

Figure 15: Blade failure incidents and prediction. (a) The blades of an Enercon E-138 EP3 4.2 MW wind turbine in
Nattheim wind farm in Southern Germany were seriously damaged due to the storm (Foto: Stadtwerke Heidenheim).
(b) The blade of a wind turbine in Liaoning was broken when the wind speed was about 7 m/s (https://wind.in-en.
com/html/wind-2430552.shtml (accessed on 1 January 2025)). (c) Failure rate of blades against blade size (Bladena news
27/11/2021). Flow-induced vibrations

Figure 16: Failure rates of wind turbine components. Adopted with permission from [117]. Copyright © 2015, Elsevier

Fluid-structure interactions play the main role in violent vibrations, potentially leading to damage or
failure of wind turbine blades. Blade vibration is a critical factor that impacts wind turbine performance,
efficiency, and lifespan. Therefore, understanding and managing these vibrations is essential for optimizing

https://wind.in-en.com/html/wind-2430552.shtml
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turbine design, ensuring structural integrity, and improving energy production. Wind turbine blades exhibit
considerable randomness in their responses to wind-induced forces and moments [117,118]. Depending on
the wind speed and angle of attack, the wind flow over the blade may generate large-scale vortex structures,
causing significant unsteady flow separation. This flow separation results in dramatic fluctuations in the
blade’s pitching, heaving, and bending responses as well as affecting its frequency response [119]. Historically,
research has focused primarily on flow separation, wake structures, and the forces acting on a fixed airfoil.
However, there has been relatively little attention given to aerodynamic instabilities, especially regarding the
vibration and frequency response of cantilevered airfoil models that replicate turbine blades.

3.2 Flow-Induced Vibrations
Flow-induced vibration is a critical phenomenon not only in the wind turbine industry but also

across various engineering applications, including heat exchanger tubes, ocean risers, and aircraft wings.
For bluff bodies, this kind of vibration typically manifests in two primary forms: vortex-induced vibration
and galloping. Vortex-induced vibration occurs when the frequency of the vortex shedding from the bluff
body coincides with the natural frequency or oscillation frequency of the body. This resonance effect can
lead to significant oscillations over a specific range of reduced flow velocities, a phenomenon known as
‘lock-in’ [120–122]. During this state, the amplitude of the vibrations can become substantial, potentially
leading to structural concerns. In contrast, galloping is characterized by large-amplitude, low-frequency
self-excited oscillations that occur in non-circular structures or multiple structures when the flow speed
exceeds a critical reduced velocity [123–127]. Unlike vortex-induced vibration, galloping is associated with
aerodynamic instabilities that arise from the changes in the aerodynamic forces acting on the structure rather
than simply resonating with the shedding vortices [128–134].

However, flow-induced vibrations of streamlined structures, such as wind turbine blades, differ sig-
nificantly from those of bluff bodies. Wind turbine blades can exhibit three degrees of freedom (3-DOF)
in their structural responses: pitching (torsional vibration), heaving (transverse vibration), and bending
(streamwise vibration). The aerodynamic forces acting on a blade include lift, drag, and moment, all of
which are influenced by various factors, including the angle of attack, Reynolds number, reduced velocity,
mass ratio, rotational inertia, and pivot location. During the blade rotation, this large-diameter blade is
very susceptible to vibrations in the swing direction, in addition to bending and torsional deformations
due to wind-induced instability and inertial forces/moments of the blades. When the bending, heaving, and
pitching motions are coupled with each other, a very strong classical flutter is easily formed. Such flutter is
often rapid and destructive and must be avoided in the design and operation of wind turbines.

The interaction between a blade and wind flow creates a pressure fluctuation on the foil surfaces. During
the interaction, the surface pressure generates forces and drives the blade to vibrate. The vibration induces
vortices and creates a lock-in state. If the vortex shedding frequency is close to the natural frequency of
the blade, the vibration amplitude of the structure increases significantly and affects the vortex shedding
mode [120,135]. Kato et al. [136] observed a similar coupling or lock-in between the controlled pitching
frequency of a blade and the cavity breakdown frequency. Besem et al. [137] found that the blade vibration
amplitude in the case of lock-in was four times higher than that in the case of non-lock-in. Controlling the
wind-induced vibration is crucial to minimize the risks of a wind turbine blade failure, and one way to do so is
by predicting vibration frequency for lock-in, which is reliably obtained from a foil response analysis. Meskell
and Pellegrino [138] made a lock-in map for different angles of attack and frequency ratios, suggesting that
periodic vortex shedding appears at 35○ ≤ α ≤ 145○. For the vibration amplitude considered, the risk of vortex-
induced vibration is more significant at α ≈ 40○ and α ≈ 140○. Benner et al. [139] experimentally investigated
the vortex-induced vibration response of a blade vibrating in the crossflow direction only in the range of
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0○ < α < 180○, over a range of reduced velocities Ur = 0.6–13.0 and a range of Reynolds numbers Re = 600–
13,300 (Fig. 17a). Vibrations are observed for angles of attack in the range of α = 60○–130○ over a range of
reduced velocities for each angle of attack. The α = 90○ case exhibits the widest lock-in range (1.7 < Ur < 12)
and the largest peak amplitude (A* = 1.93 at Ur = 5.7). The lock-in is confirmed by airfoil oscillation frequency
f o measurements in Fig. 17b. The oscillation frequency ratio f * (=f o/f nw) remains approximately 1.0 for Ur
< 6 before gradually increasing with increasing Ur > 6. The increase is attributed to decreased flow-induced
added mass [122,140,141]. The natural frequency f nw in still water is itself dependent on α (Fig. 17c), reaching
a maximum at α = 90○ [142].

Figure 17: Variations with reduced velocity Ur and α (=55○–135○) of (a) vibration amplitude A*, and (b) vibration
frequency ratio f * (=f o/f nw). (c) Dependence of natural frequency (f nw) of the airfoil in still water on angle of attack (α)
in the range of 0○ ≤ α ≤ 180○. Flow-induced vibration. Adopted with permission from [139]. Copyright © 2021, Elsevier
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Shin et al. [143] for two-dimensional foil investigated the effects of bending stiffness of the foil on the
thrust acting on the heaving foil. The increased flexibility of the foil results in higher thrust and decreased
vertical force. Ducoin et al. [144] investigated the tip heaving and twisting deformations of a cantilevered
hydrofoil with a 2-DOF solver at Rec = 0.75 × 106 – 3 × 106 and α = 2○ – 8○. Ananth et al. [145] indicated
that with the increase of blade camber, the lift force experienced by the blade in the heaving direction
increases. This makes the blade more prone to bending flutter. When the ratio of the torsional and bending
frequencies approaches unity, the flutter velocity increases in the torsional mode, and coupled bending–
torsion flutter occurs. When a blade with a significant difference in bending and torsional stiffness is
employed for operation, torsional flutter occurs only at higher air velocities, and at lower air velocities, the
structure is prone to bending flutter.

Tang et al. [146] investigated theoretically and experimentally the limit-cycle oscillations of a high AR
wing and found that the effect of structural nonlinearity was determined by the ratio of the flap and chordwise
bending stiffnesses. Tang et al. [147] found that a gusty wind produced a significant effect on structural
responses. Meng et al.’s [148] experimental and theoretical analyses on the flutter boundary and gust response
of a flexible wing revealed that the chordwise bending mode coupled with the torsion mode could decrease
flutter speed greatly.

4 Aerodynamic Noise
Aerodynamic noise from wind turbine blades is the sound generated by the interaction of wind with

the blades during operation. This phenomenon plays a significant role in the overall noise profile of wind
turbines and can impact the operation and performance of the turbines as well as their acceptance by nearby
communities [149,150].

4.1 Impact of Blade Noise
Blade noise from wind turbines poses a significant issue for nearby aquatic animals (offshore turbines),

wildlife, and residents, especially pregnant women, babies in wombs, and newborns. Over time, children
living nearby may be at risk of hearing loss and diminished academic performance. Therefore, it is essential to
understand the mechanisms behind this noise generation and explore effective strategies for noise reduction.
Mitigating the noise issues associated with wind turbines remains a challenge. When operating at full
capacity, a wind turbine can produce noise levels of up to 95 dBA at its base, which is higher than that
generated by household appliances like blenders and vacuum cleaners (Fig. 18). This noise level poses a risk
of hearing damage, particularly at the turbine’s base (Table 1). As the distance from the turbine increases,
the noise level diminishes, reaching an acceptable level of 45 dBA at approximately 300 m. Consequently,
wind farms are typically located at least 300 m away from residential areas to minimize the impact on
nearby communities.

Wind turbine noise exhibits distinct characteristics—periodicity, amplitude modulation, and pro-
nounced low-frequency components—that make it uniquely annoying to listeners [151]. Pedersen and
Waye [152], in their study on noise perception and annoyance, demonstrated that wind turbine noise
tends to cause a higher proportion of annoyance among individuals compared to other community noise
sources at equivalent A-weighted sound pressure levels (Fig. 19). Notably, the proportion of individuals
reporting annoyance increased as a third-order polynomial function with rising sound pressure levels. While
transportation noise annoyance primarily stems from indoor sound exposure, where facade attenuation may
reduce actual noise levels, wind turbine annoyance is mainly experienced during outdoor activities, where the
noise has amplitude modulation and is not masked by ambient noise. This issue of annoyance is particularly
pronounced in rural landscapes, where the quiet surroundings amplify the perceptibility and impact of
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turbine noise. In contrast, urban environments, with their higher baseline noise levels, appear to mitigate the
relative impact of wind turbine noise. However, in rural areas, wind turbine noise has been associated with
significant adverse effects, including sleep disturbances and disruptions to psycho-physiological restoration,
further exacerbating its impact on well-being [153,154].

Figure 18: Wind turbine noise variation with distance and its comparison with other that from other appliances

Table 1: Sound intensity and its effect on hearing (from WHO training package)

Common example dBA Effect
Breathing 0–10 Hearing threshold

Conversation at home 50 Quiet
Microwave oven 55 Annoying

Refrigerator 60 Annoying, intrusive
Freeway traffic, vacuum cleaner 75 Annoying, intrusive, interference with phone use

Blender 90 Annoying, intrusive

Wind turbine 95 At hub height, possible hearing damage
45 At 300 m away, quiet

Factory, train 80 Possible hearing damage
Aircraft take-off (at 305 m) 100 Damage if over one minute
Aircraft take-off (at 25 m) 150 Eardrum rupture
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Figure 19: Comparison of annoyance by wind turbine noise and transportation noise. Reproduced from [152]. Adopted
with permission from [152]. Copyright © 2004, Acoustic Society of America

4.2 Sources of Blade Noise
The mechanisms of wind turbine blade noise primarily stem from the interaction of the blades with the

airflow [155]. This interaction generates noise through five main processes: leading-edge vortex interaction,
trailing-edge vortex, tip vortex, turbulence buffeting, and blade vibration (Fig. 20). Leading-edge noise
occurs when airflow interacts with the front edge of a blade, often involving the creation of separation bubbles
and vortices. When the airflow separates from the leading edge, it can generate large-scale vortices that
contribute significantly to the overall noise produced by the turbine. Trailing-edge noise is generated by
the interaction of the boundary layer turbulence with the trailing edge, which is the primary noise source
of turbine blades. In addition, as air flows over the blades, the trailing edge creates small- and large-scale
vortices in the wake, making the wake highly turbulent. These vortices and turbulence generate sound, often
described as a whooshing or rushing noise. Turbulence buffet noise arises from the interaction of wind
turbine blades with turbulent airflow. This interaction scatters vorticity once the flow impacts the leading
edge, producing sound and causing rapid pressure fluctuations. Tip vortex noise results from the vortices
generated by the tips of the blades. Blade vibration noise springs from the oscillations and vibrations of
wind turbine blades during operation, which significantly impact turbine performance and the acoustic
environment around wind farms.
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Figure 20: Blade noise tree: major classification of aerodynamic noise of wind turbine blade

4.3 Blade Noise Control
Over the last decade, modifications to the airfoil geometry have been made as a passive treatment to

reduce turbine noise. The results indicated that alterations to leading-edge geometries—including changes
in thickness, camber, or nose radius—do not significantly mitigate noise levels [156]. Karthikeyan et al. [157]
however showed that a thin, curved trailing edge may enhance efficiency and decrease noise level. Among
various noise-reduction techniques, incorporating serrations or undulations on the leading edge of the blade
shows considerable promise. Chaitanya [156] established that, for optimal effectiveness, the wavelength of
the serrations should be four times the turbulence integral length scale. The effectiveness of serrations in
attenuating noise is not only contingent on their geometric characteristics but also intricately linked to
the turbulent flow dynamics surrounding the airfoil. By adhering to the established wavelength criteria,
the potential for sound power reduction can be maximized, paving the way for more efficient and quieter
aerodynamic designs.

Most existing research on leading-edge serrations has primarily focused on sinusoidal and
sawtooth profiles, using theoretical analysis [158–160], numerical simulations [161–165], and experi-
ments [78,102,156,166]. Each approach has contributed to our understanding of how serrated edges can
influence noise generation, yet there remains a need for broader investigations that assess diverse profiles
and configurations to fully realize their acoustic benefits.

There are three main approaches to studying noise reduction (Fig. 21): (i) designing new low-noise
airfoils that maintain aerodynamic performance unchanged [167,168], (ii) applying flow control for both
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noise reduction and aerodynamic performance enhancement [169–171], and (iii) applying flow control for
noise reduction with some aerodynamic performance degradation [172,173].

Figure 21: Noise controls and their outcomes

Rodrigues et al. [169] reported that increasing the blade surface roughness improved output power by
8.7% and reduced aerodynamic noise by 3.5 dB. Similarly, Benim et al. [170] found that optimizing the shape
of the S822 airfoil increased power output by 8% and decreased noise levels by 6.6 dB. Sanaye et al. [171]
achieved a 26% increase in the lift-to-drag ratio of blades, along with a reduction in aerodynamic noise by
1.11 dB.

Ma et al. [174] examined the effectiveness of airfoil concavity on the suction surface to reduce noise
and found that power is increased by 3%–15% and noise drops by 9.6%–15.8%. There are some studies
on the multi-element coupling design, which combines two or more elements to alleviate noise. Chen
et al. [175] studied the sound suppression mechanism of the long-eared owl using a stereo microscope,
scanning electron microscopy, and laser scanning confocal microscope. The result shows that the leading-
edge serration, the trailing-edge fringe, and the multi-layer grid porous structure all affect sound absorption.
Wang et al. [176] designed a bionic coupling airfoil with wavy leading-edge, trailing-edge serrations, and
surface ridges to reduce the noise of an airfoil. Wang et al. [77] designed a bionic coupling airfoil with a
cross-section of the long-eared owl’s wing, wavy leading-edge, and serrated trailing edge. Compared with
the bionic airfoil, the average sound pressure level of the bionic coupling airfoil is reduced by 9.94 dB, and
the lift-to-drag drag ratio is increased.

4.4 Turbine Tower Noise and Control
The wind flow around the tower can create additional noise when the blades pass through the disturbed

air [177]. Turbine tower noise and its control represent significant aspects of wind turbine engineering and
environmental management. The noise primarily originates from blade-tower interactions, and mechanical
vibrations within the turbine system [178]. These vibrations can travel through the tower structure, with the
steel tower sometimes acting as an amplifier, creating both audible noise and low-frequency resonance. Yu
et al. [179] investigated how blade-tower interaction affects unsteady flow and noise generation in the near
wake of a wind turbine tower through wind tunnel experiments. Their findings showed that blade passing
creates irregular velocity patterns and affects vortex behavior in the tower’s near wake, with the most notable
impact seen in Reynolds shear stress variations. The study concluded that aerodynamic noise behind the
tower primarily results from increased momentum exchange caused by fluid ejection and bursting events,
which are driven by Reynolds shear stress. This momentum exchange leads to higher turbulent kinetic energy,
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resulting in fluctuations in fluid velocity and pressure that generate noise. The research suggests that reducing
fluid mixing and pressure fluctuations could effectively decrease tower-generated noise.

The control of tower noise involves multiple approaches. Structural modifications form the first
line of defense, incorporating vibration-damping materials and reinforcement elements to reduce noise
transmission. Isolation techniques, such as elastomeric bearings and spring isolators, help separate vibrating
components from the main structure. Advanced active control systems employ smart damping and real-
time monitoring to adaptively respond to changing noise conditions. The implementation of these control
strategies requires a comprehensive approach, combining multiple methods to achieve optimal results.
Regular monitoring and assessment help maintain system effectiveness, while documentation and periodic
evaluations ensure compliance with noise regulations and community standards. This systematic approach
to noise control helps maintain operational efficiency while minimizing environmental impact.

These measures are essential not only for meeting regulatory requirements but also for ensuring
long-term operational sustainability and community acceptance of wind turbine installations. Successful
noise control contributes to both the technical performance of the turbine and its social acceptance in
surrounding communities.

5 Integrated Wind Turbine Development
The successful development of modern wind turbine systems hinges on several key facts and crucial

analyses across various disciplines, relying on structural dynamics, aerodynamics, power conversion, grid
integration, blade design, material selection, blade durability, manufacturing process, and cost, environ-
mental impact, and economy and policy framework. The coordination and integration of these approaches
are presented in Fig. 22. Rašuo et al. [180] comprehensively reviewed the harmonization of the new wind
turbine rotor blades development process. Predicting blade fatigue life and mitigating vibrations requires
detailed analysis of wake dynamics, structural responses to various loading conditions (including wind
gusts and centrifugal forces), and aeroelastic interactions between the blade and airflow. This analysis
informs the optimization of material selection, blade geometry, and vibration control systems. Particularly,
analyzing the wake generated by the turbine blades is crucial for optimizing farm layouts and minimizing
power losses due to wake interference. This involves sophisticated numerical simulations and experimental
measurements to understand wake meandering and recovery. Analysis of airfoil performance across a wide
range of operating conditions (including yaw, shear, and turbulence) is crucial. The impact of leading-edge
erosion and surface roughness on performance also needs thorough investigation. Efficient power conversion
systems, incorporating advanced power electronics, are crucial for maximizing energy capture and ensuring
stable grid integration. This requires careful analysis of grid-forming and grid-following capabilities, as well
as robust fault-ride-through performance. Furthermore, the impact of variable renewable energy sources,
such as wind power, on overall grid stability must be thoroughly considered.
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Figure 22: Integrated approach to new wind turbine blade development

High-performance composites, with their high strength-to-weight ratio, excellent fatigue, and corrosion
resistance, are well-suited for wind energy. While their increasing use in critical wind energy structures offers
significant advantages, challenges remain. These include the need for entirely new design, fabrication, and
qualification processes; difficulties in analyzing internal stresses and demonstrating compliance to certifying
agencies; establishing appropriate test criteria; and accurately quantifying environmental degradation.
Material selection for blades, towers, and other components prioritizes fatigue and corrosion resistance
while maintaining cost-effectiveness to ensure long-term durability and minimize maintenance. Optimizing
manufacturing processes, including the exploration of advanced techniques like additive manufacturing
and composite material processing, is crucial for reducing production costs and enhancing quality control.
Finally, a thorough environmental impact assessment, encompassing noise pollution, avian and bat mortality,
and visual impacts, is essential, alongside the development and evaluation of effective mitigation strategies.
Comprehensive lifecycle cost analysis is necessary for evaluating the economic viability of wind energy
projects. Supportive policies and regulations are equally essential for stimulating investment and ensuring
the safe and efficient operation of wind farms.

Optimizing wind farm layout significantly impacts energy production and efficiency. Studies have
shown that careful placement of turbines can lead to substantial increases in overall power output, consid-
ering factors like wind resource characteristics, terrain, wind direction, energy distribution, turbine wake
interactions, and construction feasibility. Optimizing wind farm design presents a multidisciplinary engi-
neering challenge encompassing wind turbine selection, wind farm rating, layout determination, and energy
production analysis. While some researchers, such as Aytun Ozturk et al. [181], employed greedy heuristic
methods to maximize profit, others [182–184] utilized genetic algorithms to minimize the cost per unit
energy, adhering to constraints such as minimum turbine separation and farm boundaries. Donovan [185]
and Yeghikian et al. [186] focused on maximizing power output subject to constraints on turbine number,
proximity, and interference. These studies generally placed turbines at the center of grid cells, not optimizing
precise positioning. In contrast, Rasuo et al. [187] employed a real-coded genetic algorithm to optimize
turbine placement freely, thereby minimizing wake effects and achieving continuous position adjustment.
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Research consistently demonstrates that optimized wind farm layouts, achieved through advanced modeling
and simulation, offer significant improvements in energy yield and efficiency compared to simpler, less
sophisticated approaches.

6 Conclusions and Outlooks
This paper reviews the progress of research done on multiple interconnected aspects such as aerodynam-

ics influencing the power coefficient, aeroelasticity affecting vibration, and aero-acoustics addressing noise
generation, offering more effective and sustainable wind energy solutions and advocating for a more holistic
approach to the design and development of wind turbine blades. The exploration of various aerodynamic
designs, including the use of grooves and leading-edge serrations, demonstrates significant enhancements
in the performance of wind turbine blades. Studies indicate that specific design parameters, such as groove
size and shape, can improve lift-to-drag ratios and optimize airflow above the blades, ultimately leading to
increased power coefficients.

The incorporation of blade morphing techniques, inspired by biomimetic approaches, shows promise
in enhancing turbine efficiency. Innovations that reflect the geometry of natural systems, such as owl wings,
have been successful in improving power coefficients compared to traditional blade designs. This suggests
that further exploration of biomimetic designs could lead to substantial advancements in turbine efficiency
and performance.

With the rapid evolution of wind power generation, turbine blade sizes are rapidly increasing. The
blades are becoming more elastic and are thus more susceptible to violent vibrations caused by fluid-
structure interactions. Ensuring the safe and reliable functioning of wind turbines has become essential.
Understanding fluid-structure interactions is essential for the lifespan, performance, and safety of wind
turbine blades, which impacts both operational efficiency and the safety of nearby residents. The findings
emphasize the critical role of blade elasticity and fluid-structure interactions in the performance and
longevity of wind turbines. As turbine blades increase in size, their tendency to vibrate poses a significant risk
to operational stability. Understanding how to manage these vibrations is essential for optimizing turbine
performance and mitigating risks.

The interaction between blades and airflow generates noise through five main processes: leading-edge
vortex interaction, trailing-edge vortex, tip vortex, turbulence buffeting, and blade vibration. Aerodynamic
noise presents significant challenges for wind energy development, influencing public health, community
acceptance, and operational efficiency. To address these challenges and facilitate the successful implemen-
tation of wind energy solutions, it is crucial to engage in effective planning, foster community involvement,
and implement technological advancements aimed at noise reduction. The integration of design features
to reduce aerodynamic noise—such as surface modifications and the application of control objects—
can provide dual benefits by enhancing overall turbine efficiency while simultaneously addressing the
environmental impact associated with noise pollution from wind energy systems.

The insights gathered reflect a multi-faceted approach to improving wind turbine technology through
innovative design and understanding of aerodynamics. As the demand for renewable energy continues to
rise, these elements are crucial in optimizing the performance and sustainability of wind energy systems.
Further research is expected to build upon these foundational findings, promoting more efficient and reliable
wind energy solutions.
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