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Abstract 
Aiming at the influence of blade pitch Angle on aerodynamic noise of wind 
turbines, the sound field and flow field distribution at 0˚, 5˚, 10˚ and 15˚ are 
calculated by numerical simulation. Then, through the distribution of pres-
sure field and velocity field calculated by flow field, the influence of different 
pitch angles on wind turbine blade aerodynamic noise and the reasons for its 
influence are analyzed. The results show that when the pitch Angle increases 
within 0˚ - 10˚, the aerodynamic noise pressure level of the blade decreases. 
However, the sound pressure level of aerodynamic noise increases in the 
range of 10˚ - 15˚. The changes of static pressure gradient and pressure pulsa-
tion on the blade surface make the aerodynamic noise change, and the changes 
of the two are positively correlated. At the same time, the fluid velocity and 
fluid motion state on the blade surface are closely related to the aerodynamic 
noise of the blade. The greater the fluid velocity, the more complex the fluid 
motion state and the greater the turbulent kinetic energy of the wind tur-
bine blade, and the aerodynamic noise of the wind turbine blade will also 
increase. 
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1. Introduction 

In the past decade, people have been developing and utilizing clean energy and 
renewable energy, such as wind, solar, hydrogen and so on. Among them, the 
development and utilization of wind energy has made great progress in all coun-
tries in the world, and the proportion of wind energy consumption is also in-
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creasing, which can fully reflect the development and utilization of wind energy 
is one of the key development areas today. With the large-scale design and de-
velopment of wind turbines, the impact of huge wind turbines on people’s living 
environment is also increasing, and the more prominent problem is the noise 
problem of wind turbines [1] [2].  

Researchers at home and abroad have done a lot of research on the factors af-
fecting the aerodynamic noise of wind turbines. Kevin Volkmer [3] et al. reduced 
aerodynamic noise by optimizing blade appearance, applying boundary layer 
tripping and increasing serrated blade trailing edge. The research shows that 
different blade types and thickens, tripping and serrated trailing edge can all re-
duce noise, but always reduce the output power of wind turbines. Weijie Wang 
[4] et al. respectively studied the variation rule of low-frequency noise of wind 
turbines with rated power ( wP ) of 1.5 MW and 4.5 MW during operation and 
shutdown. Compared with 1.5 MW wind turbines, 4.5 MW wind turbines have 
larger noise sound pressure level in low frequency band, especially in the 80 - 
300 Hz frequency band. The noise pressure level within 250 Hz changes ob-
viously with the wind speed. Christof Ocker [5] et al. conducted wind tunnel 
tests on different blade geometry (NACA 4412, Clark-Y and sickle shapes), five 
depression angles (β) between −2 and 8˚, and five wind speeds ( v∞ ) between 5 
and 13 m/s. The results showed that the distribution and intensity of sound sources 
were highly correlated with wind speed and blade geometry. Vinit V. Dighe [6] 
et al. studied the aeroacoustic performance of duct type wind turbine under yaw 
inflow conditions. The power spectrum analysis shows that the broadband noise 
contribution of DonQi D5 model is higher under both yaw inflow and non-yaw 
inflow conditions. The broadband noise is the trailing edge noise of turbulent 
boundary layer caused by turbulent flow structure on the pipeline surface. Sun 
Pingling [7] et al. conducted simulation and test analysis on aerodynamic noise 
of a wind turbine in a certain place in Shandong province, and studied the at-
tenuation characteristics of aerodynamic noise and its spectrum characteristics 
under different wind speeds. The results show that the aerodynamic noise acoustic 
power level (APL) increases with the increase of wind speed, and becomes stable 
when the rated wind speed is reached. Xing Jianfeng et al. [8] studied the influ-
ence of aero foil concave variation on wake noise under stable and unsteady in-
flow conditions, and pointed out that aero foil concave variation blades can ef-
fectively reduce noise, and the noise reduction effect under unsteady inflow 
conditions is better than that under stable inflow conditions. Wu Weimin [9] et 
al. analyzed the influence of different tip structures on flow field and noise field 
by changing the fold Angle (θ) of blade tip pairs. The results show that the fu-
sion tip structure can affect the generating position and intensity of tip vortices 
to a certain extent, thus reducing the aerodynamic noise of blades. Li Yixiao [10] 
et al., by reconstructing the trailing edge of wind power blades, analyzed that the 
asymmetric saw tooth trailing edge has a good noise reduction effect in the low 
and medium frequency bands, and pointed out that both the width (w) and 
spacing (d) of saw tooth can effectively reduce aerodynamic noise. 

https://doi.org/10.4236/ojapps.2024.145080


R. R. He et al. 
 

 

DOI: 10.4236/ojapps.2024.145080 1239 Open Journal of Applied Sciences 
 

Although a lot of research work has been carried out in the aerodynamic noise 
analysis of wind turbines, most of the research focuses on the analysis of aero-
dynamic noise and noise reduction effect by changing blade shape, blade trailing 
edge structure, blade tip shape, etc. However, there are few studies on the effect 
of blade pitch Angle on aerodynamic noise of wind turbines. The change of 
blade pitch Angle can make the velocity and pressure of the blade surface change, 
which leads to the change of aerodynamic noise of the blade. Therefore, this 
study employs numerical simulation to investigate the impact of varying blade 
pitch angles on aerodynamic noise generated by wind turbine blades, through 
analysis of pressure field distribution, velocity field distribution, and aerody-
namic noise field distribution on the surface of the blades. This study provides 
some reference value for the analysis of wind turbine blade aerodynamic noise 
reduction. 

2. Numerical Simulation Analysis Method 
2.1. FW-H acoustic Analogy Equation 

Ffowcs Williams and Hawkings based on Lighthill’s equation, by introducing the 
effect of solid boundary, so as to more accurately predict the sound generated by 
the fluid near the solid surface of the sound analogy equation, known as the 
FW-H equation. FW-H acoustic analogy equation is as follows [11]: 
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where 2
0ij i j ij ijT u u p cρ δ ρ= + − , ( )H f  is Heaviside’s generalized function, 

( )fδ  is a Dirac function, ijp  is the stress tensor of the surface, ijT  is Ligh-
thill’s stress tensor. 

The first term on the right of formula (1) is the surface sound source distri-
buted on the surface of the object; the second term is the surface sound source 
formed by the pressure pulsation caused by the change of static pressure gra-
dient and stress tensor of the surface of the object; the third term is the volume 
sound source caused by the fluid pulsation outside the surface of the object. 

2.2. Large Eddy Simulation (LES) Calculation Model 

The calculation method of large eddy simulation is to calculate the turbulence 
model after filtering. Its core processing method is to calculate the large vortex 
and the small vortex separately in the turbulent flow. The structure of large vor-
tices has a great influence on the flow field and plays a leading role in the turbu-
lent flow field. The small vortices are filtered and solved by additional equations. 

The incompressible N-S equation processed by the filter function is as follows 
[12]: 
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where ,u v  are the filtered velocity components in the direction i and j, respec-
tively; p  is the filtered pressure; ijτ  is the stress of the subgrid, it is defined as: 

 ij uv u vτ ρ ρ= − ⋅  (4) 

The filtered subgrid needs to be processed by SGS model, whose equation is as 
follows: 

 1 2
3ij kk ij t ijSτ τ δ µ= −  (5) 

where, tµ  is the subgrid turbulent viscosity coefficient, ijδ  is the stress tensor, 
and ijS  is the mesh mixing length. 

2.3. Influence of Pitch Angle on Aerodynamic Noise 

When the wind speed is lower than the rated wind speed, the pitch Angle is gen-
erally near β = 0, so that the wind energy utilization coefficient is stable and 
maximum to meet the requirements of grid-connected power generation. When 
the wind speed is higher than the rated wind speed, the speed of the impeller is 
controlled at the highest speed value, and the wind energy utilization coefficient 
is changed by changing the size of the pitch Angle, so as to ensure the stability of 
the output power of the system. 

According to literature [13], the fitting function of wind energy utilization 
coefficient in practical projects is as follows: 
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where λ is the tip ratio. It can be concluded from the above formula that the 
wind energy utilization coefficient pC  decreases with the increase of pitch An-
gle β. 

When pitch angle β was changed, tangential induction factor and axial induc-
tion factor on blade were also changed. When the pitch Angle is known to be β, 
the induction factor value can be calculated by iterative method [14]. The itera-
tive calculation flow chart is shown in Figure 1. After determining the axial in-
duction factor a  and tangential induction factor a′ , the relative synthesis ve-
locity lv  on the blade element can be calculated by combining the rotational 
speed Ω of the impeller and the inlet wind speed v∞  [14]: 

 ( ) ( )2 22 2 21 1lv v a l a∞ ′= − +Ω +  (7) 

According to Powell’s vortex sound theory equation [15]: 
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Figure 1. Induction factor iterative calculation flow chart. 

 
where, ∇  is the Hamiltonian operator, ρ  is the fluid density, t is the time, p 
is the fluid pressure, and ω  is the vorticity. The left differential of the equation 
is the wave equation of sound pressure, which represents the acoustic characte-
ristics of sound pressure propagation. On the right side of the equation is the 
sound source term, which represents the sound source of the sound wave radia-
tion. 

From the above equation, it can be seen that when blade pitch Angle β changes, 
axial induction factor and tangential induction factor change, and the relative 
synthesis speed of leaf elements also changes, which leads to the change of sound 
pressure. 

3. Numerical Model 
3.1. Numerical Geometry Model 

Taking XE122-2500 2.5 MW wind turbine blades as the research object, the 
blade model is shown in Figure 2. The blade length is 59.5 m, the rotating di-
ameter of the impeller is 122 m, the rated power is 2.5 MW, the rated speed is 
11.5 r/min, the maximum speed is 12.8 r/min, and the sweep area of the wind 
wheel is 11741.5 m2. 

In order to improve the convergence of numerical simulation calculation, this 
paper simplifies the model of wind turbine, ignoring the hub and tower, that is,  
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Figure 2. 3D model of wind turbine blade. 

 
the model is an impeller formed by three identical blades. On the basis of form-
ing the impeller, the pitch Angle of the impeller model is set to 0˚, 5˚, 10˚ and 
15˚ respectively, as shown in Figure 3. 

The model of the numerical simulation calculation area is designed in the 
form of a cuboid wind tunnel, as shown in Figure 4. The calculation region is 
divided into two parts: the near-field rotation region near the blade and the out-
er flow field region. The calculation area of the outer laminar flow field is de-
signed as a cuboid with a length of 8R along the X-axis and a square with a 
cross-section of 4R × 4R. The axial distance between the center of the impeller 
and the entrance section is 3R, and the axial distance between the impeller and 
the exit section is 5R. The rotation area of the near flow field is designed as a cy-
linder with a radius of 1.25R and an axial length of 0.5R. The distance between 
the front section and the center of the impeller is 0.2R, and the distance between 
the back section and the center of the impeller is 0.3R. 

3.2. Mesh Generation 

The mesh division of the numerical simulation area is segmented, including the 
volume grid of the outer laminar flow field, the volume grid of the near flow 
field rotation area and the surface grid of the blade surface. The model features 
of the outer fluid field region are relatively simple and the outline is relatively 
large. The hexahedral mesh is sufficient to reflect the features of the outer fluid 
field. However, the characteristics of the near-flow field rotation region are rela-
tively complex, between the outer fluid field region and the blade, and the out-
line is relatively sharp, requiring the use of unstructured tetrahedral mesh. Reg-
ular quadrilateral surface mesh is used on the blade surface to generate boundary 
layer mesh. The growth rate of the boundary layer is set to 1.15, the thickness of 
the first layer mesh of the boundary layer is calculated according to the y+ value 
[16], and the number of layers of the boundary layer is set to 20. 

In order to strike a balance between calculation accuracy and calculation effi-
ciency, three groups of grids were set up to calculate the lift coefficient to verify 
the quantitative independence of the meshes. The lift coefficients calculated by 
each grid group are shown in Table 1. The y+ value of the first mesh is 7, and 
the number of generated meshes is 5.42 million. The y+ value of the second 
mesh is 5, and the number of generated meshes is 8.25 million. The third set of 
meshes has a y+ value of 3, and the number of generated meshes is 10.67 million. 
After calculation, the relative error of lift coefficient of each group is less than  
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Figure 3. Model of blade pitch Angle at four different angles. 

 

 
Figure 4. Numerical simulation to calculate the three-dimensional model of the region. 

 
Table 1. Mesh number independence verification. 

Number Mesh quantity Lift coefficient 

1 5.42 × 106 0.213 

2 8.25 × 106 0.210 

3 1.06 × 107 0.211 

 
2%, and the error is relatively small. Therefore, in order to save calculation time, 
this paper uses a mesh number of 5.42 million for numerical simulation. 

3.3. Setting of Boundary Conditions 

Numerical simulation was performed using ANSYS Fluent finite element soft-
ware. k-epsilon model was used for steady state turbulence model, and large ed-
dy simulation (LES) turbulence model was used for transient calculation. The 
inlet boundary is set as the velocity inlet, and the flow rate is 12 m/s; The outlet 
boundary is set as the pressure outlet, and the pressure value is the standard at-
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mospheric pressure; The blade boundary is set to the wall surface, and the speed 
is set to 11.5 r/min, regardless of blade deformation. The rotation area of the 
near flow field rotates simultaneously with the blade, and the rotation mode 
adopts the motion reference frame MRF. The center of the impeller is the rota-
tion center, and the rotation direction is the positive direction of the X-axis. The 
calculated residual is set to 1 × 10−6. 

4. Analysis of Numerical Results 
4.1. Sound Source Distribution of Aerodynamic Noise at Different  

Pitch Angles 

Figure 5 shows the distribution cloud view of sound pressure level of pneumatic  
 

 
Figure 5. Cloud view of sound pressure level distribution of pneumatic noise under different pitch angles. 
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noise of wind turbine under different pitch angles obtained by numerical simu-
lation. It can be seen from the figure that the maximum sound pressure level of 
blade aerodynamic noise under four different pitch angles is distributed on about 
65% - 95% blade span segments, indicating that the sound sources of wind tur-
bine blade aerodynamic noise under different pitch angles are mainly distributed 
on 65% - 95% blade span segments. At the same time, it can be concluded from 
the maximum sound pressure level of aerodynamic noise that when the blade 
pitch Angle increases within 0˚ - 10˚, the aerodynamic noise sound pressure lev-
el decreases with the increase of the pitch Angle. For example, the maximum 
noise pressure level value when the pitch Angle is 0˚ is 84.5 dB, the maximum 
noise pressure level value when the pitch Angle is 5˚ is 82.9 dB, and the maxi-
mum noise pressure level value when the pitch Angle is 10˚ is 81.9 dB. However, 
when the blade pitch Angle increases within 10˚ - 15˚, the sound pressure level of 
aerodynamic noise increases with the increase of the pitch Angle. That is, when 
the pitch Angle is 15˚, the maximum noise pressure level value is 85.7 dB. 

4.2. Pressure Field Distribution at Different Pitch Angles 

Figure 6 shows the cloud view of static pressure distribution on the blade surface  
 

 
Figure 6. Static pressure distribution cloud image at different pitch angles (pa). 
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at different pitch angles. It can be seen from the cloud view that the maximum 
static pressure on the blade surface is mainly distributed near the tip of the 
blade, about 65% - 95% of the blade span. When the blade pitch Angle changes 
in the range of 0˚ - 10˚, the static pressure on the blade surface decreases with 
the increase of the pitch Angle, and the static pressure gradient and pressure 
pulsation also decrease with the increase of the pitch Angle; When the blade 
pitch Angle increases from 10˚ to 15˚, the static pressure on the blade surface 
increases, and the static pressure gradient and pressure pulsation also increase. 
For example, when the blade pitch Angle is 0˚, the static pressure gradient is 3.32 
× 103 pa. When the blade pitch Angle is 5˚, the static pressure gradient is 2.9 × 
103 pa. When the blade pitch Angle is 10˚, the static pressure gradient is 2.81 × 
103 pa. The blade pitch Angle is 15˚ and the static pressure gradient is 3.39 × 103 
pa. 

According to formula (1), static pressure gradient and pressure fluctuation are 
the main factors affecting aerodynamic noise. According to the analysis of Fig-
ure 5 and Figure 6, when the blade pitch Angle is less than 10˚, the static pres-
sure gradient and pressure pulsation on the blade surface decrease with the in-
crease of the blade pitch Angle, and the aerodynamic noise pressure level of the 
blade also decreases; When the blade pitch Angle is greater than 10˚, the static 
pressure gradient and pressure pulsation of the blade surface increase with the 
increase of the blade pitch Angle, and the aerodynamic noise pressure level of 
the blade also increases. 

4.3. Velocity Field Distribution at Different Pitch Angles 

Figure 7 is the vector diagram of blade surface velocity distribution under dif-
ferent pitch angles. As can be seen from the figure, the closer to the tip of the 
blade, the greater the fluid velocity on the blade surface, and the denser the ar-
rows on the vector diagram, which are distributed on 65% - 95% of the blade 
span segments. When the pitch Angle increases in the range of 0˚ - 10˚, the fluid 
velocity near the blade tip gradually decreases, and the arrows on the velocity 
vector diagram are gradually sparse, the state of fluid motion also become eases 
gradually. However, when the pitch Angle increases in the range of 10˚ - 15˚, the 
fluid speed suddenly increases, the arrows on the velocity vector diagram be-
come denser, and the fluid motion state becomes intense, which is due to the 
stalling separation flow phenomenon on the blade surface, making the flow state 
complicated. 

The fluid movement was further analyzed, and four monitoring cross sections 
were selected on the 65% - 95% span of the blade, which were located at the po-
sitions of 65%, 75%, 85% and 95% of the blade span, respectively. The distribu-
tion of turbulent kinetic energy on each monitoring section was shown in Figure 
8. It can be seen from the figure that when the pitch Angle increases in the range 
of 0˚ - 10˚, the size of turbulent kinetic energy on each span section decreases 
with the increase of pitch Angle, and the distribution range of turbulent kinetic  
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Figure 7. Vector diagram of blade surface velocity distribution under different pitch angles (m/s). 

 
energy increases with the increase of pitch Angle. When the pitch Angle in-
creases in the range of 10˚ - 15˚, although the distribution range of turbulent ki-
netic energy on each span section also increases with the increase of pitch Angle, 
the turbulent kinetic energy is significantly larger than that in the range of 0˚ - 
10˚. 

According to fluid mechanics [17], when the turbulent kinetic energy on each 
cross-section increases within the range of 0˚ - 10˚ pitch Angle, due to the dis-
sipative effect of vortices in turbulence, the large vortices are split into multiple 
small vortices, which reduces the intensity of vortices and expands the distribu-
tion range of vortices, thus leading to a decrease in the sound pressure level of 
the wind turbine aerodynamic noise sound source. However, when the pitch 
Angle increases within the range of 10˚ to 15˚, even if there is the dissipation ef-
fect of vortices in turbulence, the stalling separation phenomenon makes the 
fluid motion complicated, the turbulent kinetic energy becomes larger, and the 
intensity of vortices becomes larger, so that the sound pressure level of the wind 
turbine aerodynamic noise source also increases. 
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Figure 8. Turbulent kinetic energy distribution of each monitoring section at different pitch angles (kg·m2/s2). 

5. Conclusions 

In this paper, the finite element simulation software ANSYS Fluent was used to 
numerically simulate wind turbine blade aerodynamic noise under different 
blade pitch angles. By analyzing blade surface pressure distribution and blade 
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surface velocity distribution, the influence of different blade pitch angles on 
blade aerodynamic noise was studied. The conclusions are as follows: 

1) The aerodynamic noise of the blade is mainly distributed in 65% - 95% of 
the blade span segments, and the maximum sound pressure level of the aerody-
namic noise decreases when the pitch Angle increases in the range of 0˚ - 10˚. 
However, when the pitch Angle increases in the range of 10˚ - 15˚, the maxi-
mum sound pressure level of aerodynamic noise increases. 

2) Through the static pressure analysis of the blade surface, the static pressure 
gradient and pressure pulsation of the blade surface decrease, and the aerody-
namic noise of the blade decreases accordingly; The aerodynamic noise of the 
blade increases with the increase of static pressure gradient and pressure pulsa-
tion on the blade surface. 

3) The motion state of the fluid on the blade surface becomes moderate when 
the pitch Angle is 0˚ - 10˚, and the fluid movement becomes complicated when 
the pitch Angle is 10˚ - 15˚, which is due to the stall separation phenomenon on 
the blade surface. However, the stalling separation phenomenon increases the tur-
bulent kinetic energy and vortex intensity, which leads to the increase of aero-
dynamic noise pressure level. 
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