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Abstract: Infrasound, i.e., low‐frequency noise in the frequency range of 10–200 Hz, produced by
rotating wind turbine blades has become a matter of concern because it is harmful to human health.
Today, with the rapid increase of wind turbine size, this kind of noise is more worrying than ever.
Although much effort has been made to design quiet wind turbine blades, today there is still a lack
of effective techniques to reduce infrasound emissions from existing blades. To fill this gap in tech‐
nology, a biomimetic technique that can be readily applied to reduce infrasound emissions of exist‐
ing wind turbine blades is studied in this paper using both numerical simulation and experimental
testing approaches. The numerical study of the technique is based on the analysis of the sound field
distribution near the blade, which is derived by performing both aerodynamic and acoustic simu‐
lations of the blade. The experimental study of the technique is based on laboratory tests of two
scale models of the blade. Both numerical and experimental studies have shown that the shedding
vortices behind the blade can be successfully suppressed by semi‐cylindrical rings wrapped on the
blade. Consequently, both infrasound and the overall sound pressure level of the noise produced
by the blade are significantly reduced. Although the rings fail to show good performance in reduc‐
ing high‐frequency noise, it is not a problem for human health because high‐frequency noise is weak
and moreover it attenuates rapidly as distance increases. The research also showed that the pro‐
posed technique can, not only reduce the infrasound produced by the blade, but can also improve
the power coefficient of wind turbines.
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1. Introduction
In response to the Paris Agreement of 2018, which calls on all countries to take re‐
sponsibility for tackling climate change and keeping the global temperature rise below 1.5
degrees Celsius in this century, many countries have taken action to accelerate the devel‐
opment of wind power. For example, over 21 GW of wind capacity has been installed in
the UK as of 2018, which contributed 18% of the electricity generation of the UK in 2018.
In the same year, about 41% of Denmark’s electricity demand was supplied by wind
power [1]. Moreover, with advances in wind power technology, the size of a single wind
turbine is getting larger; however, with the continual growth of wind turbine size, the
further development of wind power is facing more challenging issues. These issues are
concerning the possible negative impacts of the rapidly growing wind industry on a va‐
riety of aspects [2–4]. One of the growing debates is about the potentially harmful effects
of wind turbine infrasound on human health.
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The noise emitted from a wind turbine is an aggregation of sounds produced by its
drive train components (e.g., main bearing, gearbox, generator, etc.) and the rotating
blades. The noise produced by the drive train components is usually at high frequencies.
They are probably annoying to people who work or live near wind farms, but are less
concerning; this is because their frequencies are much higher than the natural frequencies
of human organs, and their energy attenuates rapidly as distance increases. GE’s recent
report showed that the noise of a wind turbine will have a sound pressure level (SPL) of
43 dB at a distance of 300 m from the turbine, which is close to the SPL of the noise gener‐
ated by a refrigerator [5]. Thus, high‐frequency noises at such SPL levels are not a problem
for people who are beyond a distance of 300 m from the turbine. The worries are mainly
focused on the unclear influences of the infrasound produced by the rotating wind turbine
blades, which is tonal with a series of frequencies at the blade passing frequency (BPF)
and its harmonic frequencies. It was recently reported that the propagation of the sound
at the BPF from a 60 1.6 MW turbine wind farm was detected at a distance of 90 km [6].
To date, scientists have been working for years to reveal the potential influences of a
blade’s infrasound on human health [3–6]. Although there are still many arguments on
this topic today, it is wise to take steps to reduce these potential influences of infrasound
from rotating blades.
To date, many studies have been conducted to predict the noise of wind turbines. To
name a few, Tadamasa and Zangeneh [7] developed codes for calculating the noise radi‐
ation of a horizontal axis wind turbine, and their simulation results were verified in an
anechoic wind tunnel facility; Luo et al. [8] studied wind turbine aerodynamics and acous‐
tic features by performing numerical simulations and conducting laboratory tests in a
wind tunnel. From the research results, some new understandings about the generation
and propagation of wind turbine noise were obtained. In [7,8], wind tunnel tests were
conducted to verify the simulation results derived from the LES model and the FW‐H
equation. Ghasemian and Nejat [9] studied the acoustics of vertical‐axis wind turbines,
focusing on investigating broadband noise in the turbulent boundary layer and the tonal
noise at BPF. Although the noise generated by vertical‐axis wind turbines is different from
that produced by horizontal‐axis wind turbines, the methodology developed in the paper
is equally applicable to analyzing noises produced by horizontal‐axis wind turbines.
Apart from the effort to understand the noise emitted from the whole wind turbine sys‐
tem, Lyu et al. [10] proposed a method for reducing the noise emitted from the trailing
edge of a wind turbine blade. The experiment showed that an extra sawtooth‐edge design
was effective to reduce the noise in the vicinity of the trailing edge of the blade. The posi‐
tive contribution of the sawtooth‐edge design to noise reduction was also confirmed by
Chen et al. [11]. The sawtooth‐edge design changes the flow pattern and reduces the shed‐
ding of the airflow from the trailing edge of the blade, thereby reducing the aeroacoustic
noise generated by the airflow. In addition to this, an effort was also made to reduce blade
noise by optimizing the aerofoil and the structure design of the blade. For example, a
multi‐objective aerofoil optimization method was proposed by Sanaye [12] to reduce the
noise of the aerofoil with the aid of software NAFNoise and XFoil. However, XFoil is not
accurate enough when performing calculations that are characterized by a large Reynolds
number, thick aerofoil, and a large angle of attack. In addition, due to the noise prediction
by NAFNoise is based on the boundary parameter obtained from XFoil, a large noise pre‐
diction error is inevitable in the calculation results. For this reason, Wang et al. [13] pro‐
posed a new variable to measure the noise radiation of an aerofoil, which was proved to
be able to obtain a calculation result that can very well match the testing result. Moreover,
the optimized aerofoil obtained by using this method can lead to reduced noise in a spe‐
cific range of frequencies. In 2020, the author of this paper also carried out similar research
and developed an algorithm using SolidWorks, Ansys, and MATLAB in combination to
obtain an optimal design of a quieter but more reliable and efficient wind turbine blade
[14].
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All the aforementioned methods reduce noise by either modifying or optimising the
design of the blade and its aerofoils. They are useful for making new quiet blades, but are
not applicable to reduce the noise of those wind turbine blades that are already in opera‐
tion. However, hundreds of thousands of wind turbine blades have already been installed
and put into operation, and how to reduce the noise, especially infrasound, produced by
these existing blades is still an open issue. This motivates the research of this paper. The
objective of this study is to develop a feasible post‐processing technique that can be easily
applied to reduce the infrasound of existing wind turbine blades, while not affecting their
energy capture efficiency. Moreover, the proposed technique should not require any mod‐
ification to the aerofoils and the structure of the blades. The achievement of such a tech‐
nique will fill the present gap of knowledge in the field of wind power technology and
enable us to reduce the infrasound emissions from existing wind turbine blades by using
a cost‐effective post‐processing technique.
The remaining parts of the paper are organized as follows. In Section 2, a new tech‐
nique for reducing the noise of existing wind turbine blades is proposed. In Section 3, the
fundamental theory for noise calculation is briefly reviewed. In Section 4, the effects of the
proposed technique on suppressing shedding vortices are numerically and experimen‐
tally investigated. In Section 5, the effects of the proposed technique on blade noise and
wind turbine power coefficient are investigated. The paper is finally completed in Section
6 with key conclusions and a plan for future research.
2. A New Technique for Reducing Blade Noise
Wind turbines produce two kinds of noises in their operation. The first kind is me‐
chanical noise and the second is aeroacoustic noise. The former is made mainly by wind
turbine drive train components, such as gearbox, bearing, etc. It is also contributed by
holes, slits, and other structural elements of the turbine [15]. This kind of noise is usually
characterized by specific frequencies and therefore can be easily identified and reduced
using advanced manufacturing and assembly techniques. Aeroacoustic noise has a pre‐
dominant effect on the environment and human health. It is an aggregation of blade lead‐
ing‐edge noise, boundary layer noise, and blade trailing‐edge noise. The leading‐edge
noise is caused by the interaction of the blade with the stationary airflow in front of the
turbine; the boundary layer noise refers to the noise radiated during the transition of the
boundary layer near the trailing edge of the blade; the trailing‐edge noise is produced by
the shedding vortices in the wake area and the blunt trailing edge of the blade [16,17]. To
ease understanding, the key regions in a wind turbine blade are illustrated in Figure 1.

Figure 1. Key regions in a wind turbine blade.
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In theory, sound pressure 𝑝 of the aeroacoustics noise can be estimated by [18]
𝑝

∅

(1)

where 𝜌 is the air density; 𝑈 is the relative speed between airflow and the rotating
blade; 𝑏 refers to the span of the blade; 𝐶 is the lift coefficient that is significantly af‐
fected by the distribution of the vortices; 𝑆 is the Strouhal number; ∅ denotes a param‐
eter that depends on the distance and direction of noise source; and 𝑐 represents the
sound speed in the free air at infinity.
Since the distribution of the surrounding airflow can significantly affect the noise
radiation of a blade, attempts have been made by scholars to reduce noise by optimising
the geometries of the aerofoil to change the surrounding airflow. For example, Maruta et
al. [19] developed a low‐noise contractive nozzle for performing acoustic tests in a wind
tunnel. In their study, semi‐cones were installed around the nozzle to break up the vorti‐
ces, thereby reducing the vortex noise. The author of this paper tried to improve the en‐
ergy capture efficiency and reduce the noise of a blade by decorating the blade surface
using biomimetic features [20]. The research result showed that after applying the biomi‐
metic features to the surface of the blade, the lift‐to‐drag ratio of the blade was improved
while the SPL of the blade noise was reduced at the rated speed of the turbine. Both [19]
and [20] suggested that it is possible to reduce the noise and improve the energy capture
efficiency of a blade by controlling the surrounding airflow. Encouraged by this finding,
a new biomimetic technique is proposed in this paper to reduce the noise of existing wind
turbine blades. Considering that blade noise is produced mainly from the tip section of
the blade, in this paper, it is proposed to wrap the tip section of the blade using several
semi‐cylindrical rings (see Figure 2). The reason for only wrapping the tip section of the
blade will be further explained in Section 4. In theory, the proposed semi‐cylindrical rings
will constrain the motion of local airflow on blade surfaces, change the structure of flow
boundary, delay and suppress shedding of airflow, and consequently reduce blade noise.

Figure 2. Schematic diagram of the proposed biomimetic technique.

In essence, the proposed technique is a biomimetic technique that is inspired by the
leading‐edge tubercles on the fin of humpback whales, the trailing‐edge profile of the
wing of birds, and the strips on the body surface of beetles, as shown in Figure 3. It turns
out that they all help to reduce vortex shedding and resistance. In the proposed technique,
all these three features are emulated simultaneously using semi‐cylindrical rings wrapped
on the tip section of wind turbine blades. In other words, the rings wrapped on the blade
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surfaces can emulate all three kinds of biomimetic features, i.e., “leading edge tubercles”,
“body strips”, and “trailing edge profile”, at the same time. Herein, it is worth noting that
the three living creatures shown in Figure 3 are just three examples that explain the source
of inspiration for the proposed technique. They may not be the best examples to explain
the proposed technique, as similar biomimetic features can also be observed from many
other organisms. However, they did inspire the research reported in this paper.

(a)

(b)

(c)

Figure 3. Sources of inspiration for the proposed technique: (a) leading‐edge tubercles on the fin of humpback whale; (b)
trailing edge profile of bird wing; (c) strips on the body surface of beetles.

3. Fundamental Theory for Calculating Blade Noise
As done in [21,22], blade noise was predicted in this paper by performing finite ele‐
ment analysis and acoustic analogy calculations. The former was conducted in Ansys Flu‐
ent and the latter was implemented in Virtual Lab. Herein, it is worth noting that the large‐
eddy simulation (LES) model in Ansys Fluent has been widely used to calculate the pres‐
sure pulsation on structure surfaces; the aeroacoustics simulation method in Virtual Lab
has been popularly used to convert the pressure pulsation data to sound pressure, and
then derive sound field propagation from sound pressure. Both software tools have been
well proved and popularly used today.
3.1. The LES Algorithm
In this study, the LES algorithm was adopted to calculate the pressure pulsation on
blade surfaces. As compared to direct numerical simulation (DNS) and Reynolds average
Navier–Stokes (RANS) that are used to simulate turbulence in Ansys Fluent, the LES al‐
gorithm is more efficient in computation and is, therefore, more favored in practice [7–9].
In the LES algorithm, it is assumed that turbulent flow is composed of many vortices of
different scales. Among these vortices, large‐scale vortices have more influence on the av‐
erage flow, turbulent diffusion of various variables, and the exchange of heat, mass, and
energy. Moreover, the generation of Reynolds stress is mainly due to those large‐scale
eddies. By contrast, small‐scale vortices mainly affect dissipation. The large‐scale vortices
are calculated by solving the N‐S equation, and the small‐scale vortices are calculated
based on the sub‐grid scale model that describes the relationship between small‐scale and
large‐scale vortices. In the solution of the LES algorithm, the static pressure pulsation is
the noise of interest.
In Ansys Fluent, the sub‐grid scale turbulent stresses are calculated with the aid of
the sub‐grid scale turbulence model of the LES based on the Boussinesq hypothesis [23],
i.e.,
𝜏

2𝜇 𝑆

𝜏 𝛿

(2)

where 𝜇 is the sub‐grid scale turbulent viscosity. The isotropic part of the sub‐grid scale
is not modeled but added to the filtered static pressure term. For
stresses 𝜏

Energies 2021, 14, 4923

6 of 18

incompressible flows, this term can be neglected [24]. 𝑆
for the resolved scale. It is expressed as

refers to the rate of strain tensor

𝑆

(3)

The sub‐grid scale turbulent viscosity can be obtained from the Smagorinsky–Lilly
model, i.e.,
𝜇𝑡

𝜌𝐿 |𝑆|

(4)

|𝑆|

2𝑆 𝑆

(5)

where

and 𝐿 is the minimum length for sub‐grid scales. It is calculated in Ansys Fluent, i.e.,
𝐿

min 𝑘, 𝑑, 𝐶 , ∆

(6)

where 𝑘 is the von Kármán constant, 𝑑 is the distance to the closest wall, 𝐶 is the Sma‐
gorinsky constant, and ∆ is the local grid scale that can be computed according to the 1/3
volume of the computational cell.
3.2. Computation of Aeroacoustics
Aeroacoustics can be calculated using the following equation, which was proposed
in 1969 [25] based on the well‐known Lighthill Equation [26]
∇ 𝑝

𝜌 𝑣

𝜌 𝑢

𝑣

𝛿 𝑓

𝑃 𝑛

𝜌𝑢 𝑢

𝑣

𝛿 𝑓

𝑇 𝐻 𝑓

(7)

where 𝑎 indicates the sound speed in the far‐field; 𝑝 is sound pressure at target posi‐
tion; 𝑓 = 0 represents the surface of sound source obtained by integration; 𝑢 refers to the
velocity component in the direction of 𝑥 ; 𝑢 and 𝑣 , respectively, denote the vertical
and horizontal direction of speeds towards the surface 𝑓 0; 𝛿 𝑓 and 𝐻 𝑓 represent
Dirac function and Heaviside function, respectively; 𝑃 is stress tensor; and 𝑇 is
Lighthill tensor. The three terms on the right side of the equation are associated with the
monopole source of thickness noise, the dipole source of loading noise, and the quadru‐
pole source of the noise, respectively.
At present, three methods can be used for calculating aeroacoustics, i.e., computa‐
tional aeroacoustics (CAA), Lighthill’s acoustic analogy method, and a hybrid method
that uses the first two methods in combination. Due to the superiorities of the hybrid
method to the CAA and Lighthill’s acoustic analogy methods in terms of balancing the
efficiency and accuracy of noise prediction, it is adopted in this paper to calculate the
pressure pulsation in the time domain. Then, the obtained pressure pulsation will be con‐
verted to the equivalent sound sources, which are monopole, dipole, or quadrupole
sources, or a combinations of them depending on the scenario. Since the hybrid method
solves the sound source and sound field separately, it can improve computational effi‐
ciency while achieving a more reliable estimation of aeroacoustics.
4. Effect of the Proposed Technique on Suppressing Shedding Vortices
Following the brief review of noise calculation theory, the effect of the proposed tech‐
nique on suppressing the shedding vortices behind the blade will be investigated in this
section by both numerical simulation and experimental testing approaches.
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4.1. Numerical Simulation
The effect of the proposed technique in suppressing shedding vortices will be inves‐
tigated first using the numerical simulation method. In the calculation, a three‐bladed ro‐
tor wind turbine 90/2500 produced by FWT Trade GmbH was considered. The rated
power of the turbine is 2.5 MW and the diameter of its rotor is 90 m. To facilitate study, a
3D numerical model of the rotor is developed. It is shown in Figure 4a. In the numerical
calculation, the wind turbine rotor was placed in a rotating cylindrical computation do‐
main with a diameter of 200 m and a depth of 60 m, which was meshed by 8 million finite
elements. The 3D rotor model was meshed by 4 million finite elements and the meshing
results are shown in Figure 4b.

(a)

(b)

Figure 4. Numerical model of the wind turbine rotor: (a) 3D model of the rotor; (b) meshing results of the rotor.

Firstly, the LES algorithm is used to calculate the steady flow field when the rotor
speed is 13 rev/min (corresponding to a blade tip speed 61.2 m/s). The computational soft‐
ware is Ansys Fluent with Viscous Model Transition SST for 4 equations. The solver is
pressure‐based, the solution method scheme is coupled, and the numerical model is rigid.
Then, the pressure pulsation on the blade surfaces is extracted to identify the noise sources
of the blades. The pressure pulsation extraction results are shown in Figure 5.

Figure 5. Pressure pulsation on the surfaces of the blades (kPa).
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In Figure 5, ‘dpdt’ refers to an acoustic scale that represents relative noise intensity.
From Figure 5, it is found that the most potent zones are located in the tip section of the
blades. This calculation result is consistent with published results [27,28]. For this reason,
the proposed technique will be applied only to the tip section of the blade. Since the linear
velocities of the blade in this section are not very different, for the sake of simplicity, a
simplified numerical model with a constant aerofoil profile is adopted in the following
calculation. The chord length of the aerofoil is 1.5 m. In the calculations, it is assumed that
the blade section is wrapped with 17 semi‐cylindrical rings, see Figure 6. The diameter of
the cross‐section of the rings is 𝐷 and the clearance between adjacent rings is 𝐿.

(a)

(b)

Figure 6. Numerical models of the tip section of the blade: (a) without rings; (b) with rings.

Then, the transition SST model in Ansys Fluent is adopted to calculate the flow pat‐
tern of the airflow around the blade before and after the semi‐cylindrical rings are
wrapped on the blade. In the calculation, the simplified tip section of the blade was placed
in a rectangular computational domain with a length of 14 m, width of 12 m, and depth
of 6 m. The computational domain was meshed by 7.8 million finite elements. The inlet of
the computational domain is set as “Velocity 60 m/s”, the outlet of the domain is “Gauge
Pressure 0 Pa”. The operating pressure is 101,325 Pa. The 𝑦 value near domain walls is
about 300, and the number of iterations is 60,000. The calculation results, obtained when
𝐷 20 mm, 𝐿 50 mm are shown in Figure 7. Where Figure 7a,b shows the streamlines
of the airflow obtained before and after using the semi‐cylindrical rings, Figure 7c shows
a global view of the streamlines behind the whole blade model. To further show the effect
of the proposed technique in suppressing shedding vortices, in Figure 7c, only the middle
section of the blade is wrapped with the semi‐cylindrical rings, while the other two side
sections of the blade are not wrapped with the rings.
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(a)

(b)

(c)
Figure 7. The pattern of the airflow around the blade: (a) without rings; (b) with rings; (c) global view of the streamlines.

From Figure 7a, it is seen that before using the rings, a pair of anti‐rotation shedding
vortices are present behind the trailing edge of the blade. They are asymmetric, and sig‐
nificantly disturb the airflow behind the blade. From Figure 7b, it is interestingly found
that after the blade is wrapped with the rings, the shedding vortices that are observed
from Figure 7a are almost completely gone. This suggests that the rings have the potential
to suppress the shedding vortices. There is no doubt that the vanishing of the shedding
vortices is helpful to improve the efficiency and reduce the noise of the blade. The positive
effect of the rings on suppressing shedding vortices can also be observed in Figure 7c.
Where the effect of the rings on suppressing shedding vortices can be seen by simply
comparing the flow patterns behind the trailing edge of the three parts of the blade. From
the figure, it is seen that large shedding vortices are present behind the two side parts of
the blade where there are no rings, while the shedding vortices are almost absent behind
the trailing edge of the middle part of the blade where the blade is wrapped with rings.
Thus, it can be said that the rings wrapped on the blade do work in suppressing shedding
vortices.
4.2. Experimental Tests
To investigate the actual effect of the semi‐cylindrical rings on suppressing shedding
vortices in real life, experimental tests were conducted in a laboratory. The scale models
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used in the tests are shown in Figure 8. Both scale models, coated with tung oil, were made
of acrylonitrile butadiene styrene (ABS) and were produced using a 3D printer.

(a)

(b)

Figure 8. Scale models used in the tests: (a) without rings; (b) with rings.

The tests were conducted in a 0.55 m × 0.4 m wind tunnel, see Figure 9. In the tests,
the velocity of the airflow was 60 m/s, and the flow field was measured using high‐fre‐
quency particle image velocimetry (PIV). The PIV camera is FASTCAM SA‐Z, of which
the single exposure frequency is 2 kHz and the lens magnification is 3.427 pixel/mm (the
corresponding field of view resolution is 0.3 mm). The laser is an Nd:YLF with a single‐
cavity frequency of 1 kHz. The tracer particles are glycerin with a diameter of 1 μm, which
has very good followability at a wind speed of 60 m/s. The software used for camera data
processing is PIVtect Pivviewer2C, and the query window of the camera is 32 pixels × 32
pixels.
Then, the streamlines and velocity fields behind the scale models were measured af‐
ter the wind was applied. The measurement results are shown in Figure 10, where the
dark blue areas on the right side of the figures are the trailing edge of the models. Since
the laser illuminates from the bottom, the red areas in the figures are the shadow areas of
the light path, in which the flow field data are invalid.
From Figure 10, it is seen that shedding vortices appear behind the trailing edge of
the blade when the blade is not wrapped with the rings, while the shedding vortices al‐
most disappear when the blade is wrapped with the rings. Such testing results are con‐
sistent with the numerical calculation results shown in Figure 7. This fully proves the ac‐
tual positive contribution of the rings to suppressing the shedding vortices behind the
blade in real life. Since it is well known that shedding vortices are one of the major sources
of blade noise, it is reasonable to believe that these rings will be effective as well in reduc‐
ing blade noise. In the meantime, the consistency of the results in Figures 7 and 10 also
proves that the numerical models established in Section 4.1 are completely correct, so the
calculation results derived from these models are reliable.
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(a)

(b)

(c)

(d)

Figure 9. Experimental tests in wind tunnel: (a) scale model without rings; (b) scale model with rings; (c) test area under
laser irradiation; (d) PIV camera and laser.
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(a)

(b)

Figure 10. Velocity fields measured using PIV: (a) scale model without rings; (b) scale model with rings.

5. Effect of the Proposed Technique on Blade Noise and Wind Turbine Power Coeffi‐
cient
5.1. Effect on Blade Noise
Following investigating the effectiveness of the proposed technique in suppressing
shedding vortices, its effect on reducing the noise emission of the blade is investigated in
this section by the approach of acoustics simulation. In the investigation, the time step
used in the process of LES calculation is 0.5 ms, which corresponds to a sampling fre‐
quency of 2 kHz. According to the Nyquist sampling theorem, the frequency range of the
noise that can be well predicted in such a calculation will be 0–1000 Hz. To facilitate cal‐
culation, the midplane and the centroid‐passed horizontal plane of the blade are selected
as the acoustic field planes. The remaining boundaries are set as the far acoustic field.
Due to the large value of the Reynolds number in the present case, the turbulent
boundary layer will be present over most surfaces of the blade. The turbulent flow will
produce noise when it flows over the surface and the trailing edge of the blade. The down‐
stream of the airflow may be separated on the suction side of the aerofoil, thereby gener‐
ating noise. The vortex shedding noise is also produced by the flow in the shedding re‐
gion. As opposed to the currently available serrated trailing edge technique that reduces
noise by deferring the shedding of the airflow only at the trailing edge of the blade, the
proposed technique reduces noise by controlling the airflows not only in the shedding
region but also at the leading edge and on the surface of the blade. In other words, the
tubercles created by the semi‐cylindrical rings on the leading edge can help delay the sep‐
aration of the airflow from the blade surface. After wrapping 17 semi‐cylindrical rings in
the tip section of the blade, the radiation maps of noise at different frequencies on the two
acoustic field planes are calculated. Herein, it is worth noting that the acoustic calculations
in this section are based on the turbulent flow obtained in Section 4.1. In other words, the
results of turbulent flow obtained in Ansys Fluent, which are saved in files in the format
of “*.cgns”, need to be imported into Virtual Lab in advance before starting the acoustic
calculation. In the CAA calculation, the number of iterations is 60,000. The meshes at each
step, which are saved in files in the format of “*.bdf”, are imported from Ansys Fluent as
well. The two mutually perpendicular plane fields were meshed by 100 × 100 grids. The
FEM Standard finite element formulation and the direct solver are selected based on the
guideline described in the manual.
To facilitate analysis, when the velocity of the incoming airflow is 60 m/s, the radia‐
tion maps of noise at the frequency of 40 Hz and 80 Hz obtained before and after using
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the rings are shown in Figure 11. Where the intensity of the noise is indicated by greyscales
shown in colour bars. In the figures, the red colour represents a larger noise intensity,
while the blue colour indicates a smaller noise intensity.

(a)

(b)

(c)

(d)

Figure 11. Radiation maps of noise at different frequencies when flow speed is 60 m/s: (a) 𝑓
𝑓 40 Hz, with rings; (c) 𝑓 80 Hz, without rings; (d) 𝑓 80 Hz, with rings.

40 Hz, without rings; (b)

From Figure 11, it is seen that after wrapping 17 semi‐cylindrical rings on the blade,
the intensities of noise at both frequencies are significantly reduced. This suggests that the
rings do reduce the intensity of blade noise. However, the results in Figure 11 only demon‐
strate the capability of the rings in reducing the noise at frequencies of 40 Hz and 80 Hz.
To investigate the capability of the semi‐cylindrical rings in reducing noise in a wider
range of frequencies, the broadband noise at a far‐field point is calculated before and after
using the rings. The far‐field point is on the centroid‐passed horizontal plane and at a
distance of 20 times the chord length away from the blade. The calculation results of the
sound pressure at this point are shown in Figure 12. Where the raw sound pressure signals
are shown in Figure 12a,b the instantaneous sound pressure level (ISPL) data calculated
from the raw sound pressure signals are shown in Figure 12c,d. Herein, it is worth noting
that the ISPL 𝑖 1,2, ⋯ , 𝑛 in Figure 12c,d were calculated using
ISPL

20

log

𝑖

1,2, ⋯ 𝑛

(8)

where 𝑝 refers to the instantaneous sound pressure at the target point; 𝑛 2000 is the
total number of samples; 𝑝
2 10 𝑃𝑎 is the reference sound pressure.
In order to show the impact of the proposed technique on the blade noise at a wide
range of frequencies, the frequency spectra of the ISPL data are calculated and the calcu‐
lation results are shown in Figure 12e. Where, the frequency spectra of the ISPL data ob‐
tained before and after using the semi‐cylindrical rings are plotted together for facilitating
comparison.
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(a)

(b)

(c)

(d)

(e)
Figure 12. Broadband noise obtained: (a) sound pressure at the measurement point before using the rings; (b) sound
pressure at the measurement point after using the rings; (c) ISPL of the noise before using the rings; (d) ISPL of the noise
after using the rings; (e) frequency spectra of the ISPL data obtained in the two scenarios.

By comparing Figure 12a,b it is clearly seen that after using the rings, the sound pres‐
sure at the point of interest has been significantly reduced. This indicates the positive con‐
tribution of the rings to the reduction of blade noise. To further investigate the effect of
the proposed technique on infrasound, the ISPLs of the sound pressure signals in Figure
12a,b are calculated using (8). Through comparing Figure 12c,d it is found that before us‐
ing the semi‐cylindrical rings, the ISPL of the noise obtained at the measurement point is
higher than 60 dB, while it becomes less than 60 dB after the rings are used. This suggests
that the semi‐cylindrical rings are indeed helpful in reducing the noise of the blade. Since
the public’s concern is mainly focused on the infrasound, in the frequency range of 10–
200 Hz, generated by wind turbine blades, the frequency spectra of the noise are also in‐
vestigated in order to understand the capability of the proposed technique in reducing
the infrasound made by the blade. From Figure 12e, it is found that the proposed tech‐
nique is particularly effective in reducing the infrasound in the frequency range of 10~200
Hz. Since the noise in this frequency band is harmful to human health, it can be said that
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the proposed technique makes wind turbines more friendly to human health. Herein, it is
worth noting that although the proposed technique does not very well suppress the
blade’s high‐frequency noises (e.g., > 400 Hz), this is not a problem. That is because, on
the one hand, these high‐frequency noises are weak and on the other hand, they will at‐
tenuate rapidly as distance increases. So, they can cause little annoyance.
To evaluate the general effect of the proposed technique on noise reduction, the fre‐
quency domain overall sound pressure levels (OASPLs) of the sound pressure signals in
Figure 12 are evaluated using the following equation
OASPL

10

log

∑

10

(9)

where m is the total number of frequency components, ISPL indicates the instantaneous
sound pressure level of the i‐th frequency component of the noise.
With the aid of (9), it can be readily known that the frequency domain OASPL ob‐
tained before using the rings is 55.5 dB, while this value drops to 50.9 dB after using the
rings. In other words, the frequency domain OASPL of the noise is reduced by 8.3% (i.e.,
4.6 dB) by the rings.
5.2. Effect on Wind Turbine Power Coefficient
The effect of the proposed technique on the energy capture efficiency of the wind
turbine is further investigated in this section by calculating its power coefficient 𝐶 before
and after its blades are wrapped with semi‐cylindrical rings. Considering the rings are
wrapped only on the tip section of the blades where the noise radiation intensity is high,
only the aerodynamic performance of this part of the blade is investigated in the follow‐
ing. Due to the limited computing resource, only three rings are wrapped on the tip sec‐
tion of the blades in the calculation. The corresponding numerical model of the tip section
of the blade and its meshing results are shown in Figure 13. Herein, the tip section of the
blade refers to 44–48 m from the root of the blade, and the chord length of the aerofoil
changes from 1.5 m to 1.95 m.

Figure 13. Meshing result of the tip section of the blade.

It is well known that the power coefficient 𝐶 of the wind turbine is a function of the
tip speed ratio 𝑅 of the blade, which is the ratio between the tangential speed 𝑉 of the
blade tip and the speed 𝑣 of the incoming airflow. The power coefficient 𝐶 can be cal‐
culated by
𝐶

𝑅

𝑅

(10)
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where 𝑇 indicates the torque of the rotor, 𝜔
is the angular speed of the rotor, 𝑟 is
the radius of the rotor, 𝜌 represents the air density. A is the swept area of the rotor, 𝑅
is tip speed ratio of the blade, and 𝑞
𝜌𝑣 is the dynamic pressure of free airflow.
By using (10), the power coefficient 𝐶 is calculated when the tip speed ratio 𝑅
5, 8, 11, and 14.5, respectively. The corresponding calculation results obtained at these tip
speed ratios before and after using the rings are shown in Figure 14.

Figure 14. The 𝐶 obtained at different tip speed ratios.

From Figure 14, it is seen that after wrapping three rings on the tip section of the
blades, the power coefficient 𝐶 of the wind turbine increases at all tip speed ratios except
for 11. The reason why the power coefficient value becomes lower when the tip speed
ratio is 11 is currently unclear, because many factors can affect the numerical calculation
results. Herein, it is worth noting that large scale three‐bladed wind turbines usually op‐
erate at a tip speed ratio of 6 to 8, with 7 being the most widely reported value. Therefore,
the results in Figure 14 suggest that the proposed technique not only has a great potential
to reduce the infrasound emissions from the blades but also has the potential to improve
the energy capture efficiency of the wind turbine. Such a conclusion can also be inferred
from the results given in Section 5.1, in which it was reported that the frequency domain
OASPL of the noise is reduced by 8.3% after using the rings. According to the conservation
law of energy, that means after using the rings, less energy is converted to be noise and
more energy is captured by the blades. Therefore, the power coefficient of the wind tur‐
bine is improved accordingly.
6. Conclusions
With the increasing application of wind turbines, the infrasound produced by rotat‐
ing wind turbine blades has become a matter of concern because they are harmful to hu‐
man health. To achieve quiet wind turbine blades, a great deal of effort has been made.
However, all achieved techniques are designed for making new quiet blades, and none of
them can be used to reduce infrasound emissions from an existing blade. To fill this gap
in technology, a biomimetic technique is proposed in this paper. From the research re‐
ported above, it can be concluded that:


As opposed to the currently available techniques that reduce noise by optimising the
aerofoil or the structural design of wind turbine blades, the proposed technique is
easier to be used to reduce the infrasound produced by existing wind turbine blades
as it does not need to make any change to the aerofoils and blade structures;
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The proposed technique is cost‐effective and easy to use on existing wind turbine
blades as it only needs to wrap several semi‐cylindrical rings on the tip section of the
blades;
The proposed technique does have the potential to reduce the infrasound produced
by rotating wind turbine blades;
The proposed technique can, not only reduce infrasound, but can also improve the
power coefficient of the wind turbine. Since the tip speed ratio of most commercial
three‐bladed wind turbines is between 6 and 8, the proposed technique can fully meet
the needs of commercial wind turbines for post‐improvement in noise and efficiency.

Despite the encouraging results reported above, a more in‐depth study of the pro‐
posed technique, including the influences of ring material, the geometric shape, size, and
the number of rings, as well as the clearance between them on blade infrasound, will be
conducted in the future to further improve the effectiveness of the proposed technique. In
addition, it is worth noting that the noise inside the wind tunnel before and after using
the rings was not measured in the reported experiment. This is because the PIV camera
and laser device for measuring shedding vortices were installed in the wind tunnel in the
experiment. They occupied a large part of the space in the wind tunnel (see Figure 9d) and
may significantly affect the accuracy of noise measurement, thereby making it impossible
to use the measured noise to verify the actual effect of the proposed technique. When the
wind tunnel is available in the future, all equipment in the wind tunnel will be removed
and noise measurements will be conducted in the wind tunnel. The relevant research will
be reported in a separate paper.
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