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Abstract. The aerodynamic noise of wind turbines mainly concentrate in low-frequency range, 
with small corresponding air absorption coefficient. The noise is mainly caused by the friction 
between the rotating wind turbine blades and the air, and is greatly related to the parameters such 
as the surface and angle of the wind turbine blades. In this paper, the flow field surrounding the 
symmetrical airfoils in Large Eddy Simulation (LES) model was computed by finite element 
method; the sound field of the aerodynamic noise was simulated by Lighthill acoustic analogy 
method; aerodynamic characteristics and sound pressure levels at the monitoring points were 
compared with the experiment results, which showed that they were almost identical. To eliminate 
the influences of boundary conditions, actual situations use High Reynolds number, low Mach 
number, frequency domain boundary stationary FW-H equation, and the influence of non-compact 
Green’s boundary was considered to compare the value results of sound pressure acquired from 
FFT conversion and the analytical results, which showed that the two results were identical. This 
research has special value and can provide references for designing the airfoil profiles of wind 
turbines in future. 
Keywords: aerodynamic noise, wind turbines, large eddy simulation, Lighthill acoustic analogy 
method, non-compact Green’s boundary. 

1. Introduction 

Wind power doesn’t need to burn any fuel or emit any harmful gas, so it is known as the 
cleanest and inexhaustible renewable energy. The noise from the wind turbine sets during their 
operation affects the residents in certain range. For this reason, aerodynamic noise from wind 
turbine has become a highlighted issue in environmental noise research and prevention analysis. 

Numerous scholars [1-3] have carried out abundant experiments and theoretical researches 
about aerodynamic noise. Lighthill [4, 5] proved that aerodynamic noise problem could be an 
analogy of acoustics, which formed famous Lighthill acoustic analogy theory. Curle [6] solved 
Aeolian noise of static objects in turbulent flow and the noise induced by eddy-shedding of flow 
around a circular cylinder etc. Ffowcs Williams and Hawings [7] derived famous FW-H equation. 
Rotor noise is generally calculated on the basis of FW-H equation. Han [8] carried out transonic 
speed two-dimensional experiment on airfoil profile in a wind tunnel, and obtained correct 
chord-wise pressure distribution for this airfoil profile; he also compared this with the experiment 
result in large wind tunnels, thus exploring the interference of tunnel wall on the flow 
characteristics of the airfoil profile and corrected it. 

The above-mentioned researches on the airfoil profile noise of wind turbines mainly focus on 
airfoils with symmetrical profiles such as NACA0012 and NACA0018 etc. The experiment 
conditions for the model include low Reynolds number, high Mach number and large stalling attack 
angle. However, the actual working conditions for wind turbine are high Reynolds number and low 
Mach number; therefore, it is necessary to research this. Considering non-compact Green’s boundary 
which is often ignored in wind turbine noise simulation, the airfoil profile of the wind turbine is 
further optimized and is compared with the experiment results. This research has special value and 
can provide references for designing the airfoil profile of wind turbines in future.  
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2. Theories 

Firstly, pulsating pressure around the airfoil profile was calculated by large eddy simulation; 
then the sound field around the airfoil profile was calculated by means of Lighthill acoustic 
analogy method. When the pressure field was stable, the sound field information, and sound 
pressure spectrogram at the monitoring points as well as the eddy fields at the front-stage and 
back-stage impellers were extracted to analyze the distribution and change of strength of the eddy 
fields on the impellers under different attack angles. To verify the reliability of this simulation 
method, the results were compared with the experiment values in Reference [9], which showed 
that they were identical. For non-compact structures, the aerodynamic noise excited by unsteady 
flow will reflect and scatter on the structure wall while radiating to the space, which will result in 
the situation that the actual sound field of the aerodynamic noise is obviously different from the 
radiated sound field under free space. Therefore, the influence of non-compact boundary [10-12] 
on aerodynamic noise should be considered in simulation calculation.  

2.1. Control equation of large eddy numerical simulation 

Large eddy simulation method can effectively observe the transient characteristics of the flow 
field. Its basic thought is to filter N-S equation in a physical space to directly calculate large-scale 
pulsation, to simulate small-scale turbulent motion by sub-grid scale model, and to simulate filter 
function by large eddy simulation to deal with N-S equation and continuity equation under 
transient state: ߲߲ݐ (ത௜ݑߩ) + ௜ݔ߲߲ ൫ݑߩ௜ݑ௝൯ = − ߲ ത߲ܲݔ௜ + ௜ݔ߲߲ ቆߤ ௝ቇݔത௜߲ݑ߲ + ߲߬௜௝߲ݔ௝ , ݐ߲ߩ߲(1) + ௝ݔ߲߲ (ത௝ݑߩ) = 0. (2)

Turbulent flow velocity is the sum of low-pass pulsation ݑ௜  and residual pulsation ݑ௜ᇳ . 
Similarly, the pressure is the sum of low-pass pressure ݌ and residual pressure ݌ᇳ. As the Mach 
number on the cross sections of airfoil profiles of the wind turbine blades is smaller than 0.3, 
therefore, the air can be considered as incompressible fluid. N-S equation can be filtered to acquire 
the following equation: ߲ݑത௜߲ݐ + ௝ݔത௝߲ݑത௜ݑ߲ = − ߩ1 ௜ݔ߲̅݌߲ + ߥ ߲ଶݑത௜߲ݔ௝߲ݔ௝ + ߲൫ݑത௜ݑത௝ − ௝ݔ௝൯߲ݑ௜ݑ ௝ݔത௜߲ݑ߲(3) , = 0, (4)߬̅௜௝ = ൫ݑത௜ݑത௝ − ௝൯ݑ௜ݑ = ଶܵ௜̅௝൫2ܵ௜̅௝ܵ௜̅௝൯1/2(∆ௌܥ)2 − 13 ߬̅௞௞ߜ௜௝. (5)

In the aforesaid equation, ݅, ݆ and ݇ are direction variables, and ߩ is fluid density, while ݑത௜ and ݑത௝ are the velocity components after filtering. In addition, ߥ is viscosity coefficient of the turbulent 
flow, and −߬ is referred to as sub-grid stress, and Δ is filter scale. This sub-grid stress model refers 
to as Smagorinsky mode.  

2.2. Lighthill acoustic analogy theory 

Lighthill proposed the basic theory of aero-acoustics as follows: 
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߲ଶ(ߩ − ଶݐ߲(଴ߩ − ௜ݔ߲߲ ቆܿ଴ଶ ߩ)߲ − ௜ݔ߲(଴ߩ ቇ = ߲ଶ ௜ܶ௝߲ݔ௜߲ݔ௝. (6)

In the equation: ߩ଴  is ambient density which is a constant. (ߩ − (଴ߩ  are the fluctuation 
variables of the fluid density. ܿ଴ is sound velocity. ௜ܶ௝ is Lighthill stress tensor. Eq. (6) can be 
derived by Green’s function to acquire the following fractions: 

଴ߩ-ߩ = ଴ଶܥ1 න න ߲ଶݕ߲ܩ௜ݕ௝జ(ఛ)
்

ି் ௜ܶ௝݀߬݀ݕ + ଴ଶܥ1 න න ௜௦(ఛ)ݕ߲ܩ߲
்

-் ௜݂݀(ݕ)ݏ          + ଴ଶܥ1 න න ߩ ௡ܸ ఛܦܩ଴ܦ ௦(ఛ)(ݕ)ݏ݀
்

ି் ݀߬. (7)

The first term on the right of the fraction represents the quadripoles (stress inside the fluid) of 
the fluid flowing, the second term represents the dipoles (dual pressures applied on the solid 
surface by the fluid) of the fluid flowing, the third term represents monopole of the volume 
displacement caused by the solid boundary.  

2.3. Non-compact Green’s function 

To simplify the analysis, FW-H equation of the frequency domain under the condition of high 
Reynolds number, low Mach number and static boundary taken into consideration in this paper: 

଴ଶܥ ௔ܲ(ݔ, ߱) = − න ௜ܶ௝߲ଶݔ)ܩ, ,ݕ ௝ݕ௜߲ݕ߲(߱ ݕ݀ − න ,ݔ)ܩ߲ܲ ,ݕ (ݕ)߲݊(߱ ௌఆ(ݕ)ݏ݀ . (8)

In the equation, ݔ  and ݕ  represent the observation points and point source positions 
respectively, Ω is sound source area, ܵ is boundary, ܲ indicates the force applied on the fluid by 
the solid surface in unit area, ௔ܲ  indicates acoustic density pulsation, ߱  indicates circular 
frequency.  ݔ)ܩ, ,ݕ ߱) is the Green’s function of the frequency domain. It meets the follows: 

ቆ߱ଶܥ଴ଶ + ∇௬ଶ ቇ ,ݔ)ܩ ,ݕ ߱) = ݔ)ߜ− − .(ݕ (9)

For non-compact structures with acoustic hard boundary, Green’s function ݔ)ܩ, ,ݕ ߱) should 
meet the follows: ߲ݔ)ܩ, ,ݕ (ݕ)߲݊(߱ = 0.  (10)

In Eq. (10), ݊ is the unit normal vector of boundary ܵ, its positive direction directs towards 
sound source area from the boundary. Therefore, Eq. (8) can be simplified as: 

଴ଶܥ ௔ܲ(ݔ, ߱) = − න ௜ܶ௝߲ଶݔ)ܩ, ,ݕ ௝ఆݕ௜߲ݕ߲(߱ .ݕ݀ (11)

3. Finite element numerical simulations 

3.1. Acoustic grid model and arrangement of monitoring point for airfoil 

Discrete noise of the wind turbine is caused by the interaction between the periodically rotating 
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impellers and the surrounding barriers. The flow and noise of the internal flow field of the 
two-stage impellers of the wind turbine are the most complicated. See Fig. 1 for the grid model of 
airfoil profile of the wind turbine. See Fig. 2 for the control for horizontal monitoring points. The 
main monitoring points were arranged at the positions near the inlet and outlet of the two-stage 
impellers and inside the two-stage impellers. Airfoil chord length ܿ = 60 mm, the computational 
domain was a circle with the diameter of 3 m. 

 
Fig. 1. Chart of airfoil profile grids 

 

 
Fig. 2. Arrangement of the boundary of sound  

field grids 
 

 
Fig. 3. Control or noise monitoring Fig. 4. Distribution of airfoil grids and boundary space 

 
Fig. 5. Lift coefficients under different attack angles 

The circle included two parts of internal domain and external domain. Structured grids were 
constructed in ICEM. The boundary layer thickness of the first layer outside the airfoil was 
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0.03 mm, and the total grid number was 1.5 million. The external boundary was set as the pressure 
far field, and the airfoil was set as a non-slipping wall. See Fig. 3 for the control for longitudinal 
monitoring along the airfoil. Fig. 4 indicates the relationship between the space grids of the airfoil 
profile of the wind turbine and the boundary. Fig. 5 provides the curve of lift coefficient change 
of the airfoil profile of the wind turbine under different attack angles. 

Fig. 5 indicates that under high Reynolds number condition, the airfoil profile of the wind 
turbine can obtain high lift coefficient and damping ratio. Further verification is required to see 
whether the sound field characteristics under low Reynolds number comply with this conclusion. 

3.2. Noise analysis of the airfoil 

To simulate the flow field and sound field around the symmetrical airfoil profile, the 
computation Reynolds number ܴ݁ = 1.6×105 and inflow velocity ߭ = 24 m/s were taken. When 
the pressure field was stable, the sound pressure level at monitoring point A was extracted, as 
shown in Fig. 6. It shows that the sound pressure level reduces as the frequency increases and the 
sound pressure level gradually increases as the attack angle increases. To verify the correctness of 
this numerical simulation, the test results at the monitoring point were extracted to compare with 
it. The sound pressure level spectrograms under the attack angles of ߙ ߙ ,0° = ߙ ,3° = = 6° and ߙ = 9° were extracted, as shown in Fig. 7.  

 
Fig. 6. Sound pressure spectrogram at monitoring points 

 
Fig. 7. Sound pressure spectrogram at monitoring points 

The numerical simulation results in Fig. 6 and the test results in Fig. 7 were compared, which 
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showed that they were identical. This verifies the effectiveness of this numerical simulation. When 
the attack angle is 9°, the difference between them is the maximum. This is because with the 
increase of the attack angle, serious separated flow occurs at the trailing edge of the impeller, 
which results in complicated flow field near the trailing edge of the airfoil, thus leading to the 
huge error between the numerical simulation and the test. However, its tendency shows that when 
the attack angle is 9°, the sound pressure level also tends to be stable. 

Fig. 8-Fig. 11 indicates the chart of the sound pressures around the airfoil under four attack 
angles when the frequency is 2000 Hz. When the attack angle is 0°, the chart of the sound pressures 
above and under the airfoil are symmetrical, and the main sound sources are located in the trailing 
edge and the wake flow. As the attack angles increases, the sound source area located at the trailing 
edge of the airfoil approaches towards the leading edge of the airfoil on the sucking surface. When 
the attack angle is 12°, the red sound source area basically covers the sucking surface of the airfoil. 
The reason for this is that with the increase of the attack angle, the position where the upper eddy 
shedding occurs on the airfoil suction surface moves towards the leading edge, thus making the 
position where the separated flow noise occur move towards the leading edge.  

Fig. 8. ߙ = 0° chart of the sound pressure 
 

Fig. 9. ߙ = 6° chart of the sound pressure 
 

Fig. 10. ߙ = 9° chart of the sound pressure 
 

Fig. 11. ߙ = 12° chart of the sound pressure 

3.3. Eddy field distribution of the airfoil  

Wu Yun [9] researched the flow characteristics of NACA0012 airfoil at ܴ݁ = 8200 by means 
of hydrogen bubble flow visualization in the sink and PIV velocity measurement test. The change 
of the incidence angle (0-16°) of the airfoil profile was realized by adjusting the angle location 
hole on the end plate. The hydrogen bubble flow coordinates were built by means of Cartesian left 
hand coordinate system to indicate ݕ-ݔ side-looking plane and ݖ-ݔ overlooking plane by hydrogen 
bubble flow visualization. Velocity field measurement was carried out for the ݕ-ݔ side-looking 
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plane by means of time-continuous two-dimensional PIV system, with the emphasis on the change 
the structure of flow around airfoil profile as the incidence angle changes. The flow conditions of 
NACA0012 airfoil under numerical simulation were divided into 3 ranges: small incidence angle 
(0-3°), medium incidence angle (6-8°) and large incidence angle (10-15°). This was compared 
with the experiment result from reference [9] in order to verify whether the simulation result was 
correct. As shown in Fig. 12, in the range of small incidence angle, the flow attaches to the airfoil 
surface, or forms small backflows near the trailing edge of the airfoil profile or near the wake area. 
At this time, the flow in most area of the airfoil profile is in attaching status, and the position 
turned up by the eddy is located at the rear of the airfoil profile and in the wake; moreover, with 
the increase of the incidence angle, the separation point gradually moves towards the front of the 
airfoil profile, which is consistent with the experiment results in Fig. 13. As shown in Fig. 14, in 
the range of medium incidence angle, as the adverse pressure gradient on the upper surface of the 
airfoil profile strengthens, the shear layer separation point moves towards the upstream to the front 
of the airfoil profile to make the upper surface of the airfoil profile form separation eddy, the eddy 
sheds from the separation shear layer, with its scale gradually increasing during the process of 
convection downstream. This is consistent with the experiment result in Fig. 15. As shown in 
Fig. 16, in the range of large incidence angle, the adverse pressure gradient on the upper surface 
further strengthens，the eddy on the upper surface of the airfoil profile has moved to the front of 
the airfoil profile, and the flow separates at the position near the front of the airfoil profile. At this 
time, forced by adverse pressure gradient, the fluid cannot attach to the surface. The separated free 
shear layer keeps away from the surface of the airfoil profile and develops towards the downstream 
direction and no longer attaches to the upper surface of the airfoil profile. This is consistent with 
the experiment result in Fig. 17. Comparison between experiment and numerical simulation 
indicates the follows: under low Reynolds number, local eddy pairing phenomenon can be 
observed in the structure of flow around NACA0012 airfoil profile and its evolution under small 
and medium incidence angle. In large incidence angle range, the time-averaged separation point 
moves to the front of the airfoil profile. At this time, the airfoil will be in stall conditions, which 
is identical with the actual working conditions of wind turbines. Meanwhile, it also verifies the 
reliability of numerical simulation.  

 
Fig. 12. ߙ = 0° chart of eddy field for simulation 

 
Fig. 13. ߙ = 0° chart of eddy field for experiment 

 

 
Fig. 14. ߙ = 8° chart of eddy field for simulation 

 
Fig. 15. ߙ = 8° chart of eddy field for experiment 

According to the aforesaid eddy diagrams, the eddy strength on the sucking surface of the 
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blades is larger than that under the pressure surface. The positions with the maximum eddy 
strengths centralize at the blade top, leading edge and trailing edge of each surface of the blades. 
In the middle of the blades, the eddy system gradually dissipates along the blade from top to down. 
The eddy strengths on the pressure surface and sucking surface of the blades of the back-stage 
impeller are obviously larger than that on the pressure surface and sucking surface of the blades 
of the front-stage impeller. This indicates that the airflow in the passage of the back-stage impeller 
is more turbulent than that in the passage of front-stage impeller, with comparatively large flow 
field pressure gradient. The airflow in the inter-stage flow field bears the combined actions of the 
two-stage impellers, which results in serious turbulent flow in the flow field, thus enlarging the 
eddy strength in the passage of the back-stage impeller. 

 
Fig. 16. ߙ = 15° chart of eddy field for simulation 

 
Fig. 17. ߙ = 15° chart of eddy field for experiment 

3.4. Influence of non-compact Green’s boundary 

To make the sound pressure results in the near field and far field of the monitoring points more 
visual, the directivity patterns are extracted, which are as shown in Fig. 18 and Fig. 19. Fig. 20 is 
the directivity pattern of the far-field sound pressure of the airfoil by considering non-compact 
Green’s boundary condition. Non-compact Green’s function is divided into two parts of scattering 
term and incidence term by numerical analysis method. Quantitative analysis can be carried out 
on the influence of wall scattering on the sound field. The calculation example results indicate that 
with the increase of wave numbers, the scattering influence of non-compact acoustic boundary 
becomes increasingly obvious. On the other hand, it shows that the numerical results are identical 
with the analysis results. 

Fig. 18. Directivity pattern of near-field sound 
pressure 

 
Fig. 19. Directivity pattern of far-field sound 

pressure 
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Fig. 20. Directivity pattern of far-field sound pressure under non-compact Green’s boundary condition 

4. Conclusions 

1) According to the distribution of sound power of aerodynamic noise, the area where the 
two-stage impellers of the wind turbine with comparatively where high wind turbine noise exists, 
so this area should be deemed as a key area for researching wind turbine noise. Several monitoring 
points are set at the internal flow field of the two-stage impellers of the wind turbine. Inter-stage 
flow field and the areas in front of and behind the impellers, so as to carry out researches on the 
inter-stage flow field from the perspectives of pressure and eddy distribution.  

2) The pressure gradients at the positions such ass boundary layer, blade surface and blade top 
etc. are large. Meanwhile, the eddy at these positions is also intense. The eddy strength value 
changes with the change of pressure gradient. The eddy strength value on the blade top is higher 
than that on the two sides of the blade, and the eddy strength value on the blade sucking surface 
is higher than that on the blade pressure surface. 

3) The eddy strength in the area surrounding the blades is comparatively large. In the flow 
field, the eddy at the positions without contacting the solid walls is small. This shows that the 
positions where eddy occurs are those surrounding the internal solid wall of the flow field, i.e., 
the eddy is caused by mutual effects between the air and the solid wall. In the same impeller, the 
eddy strength on the front detecting surface is the maximum. The eddy strength reduces as the 
airflow flows in both the front-stage and the back-stage impellers.  

4) Based on boundary element thought, the existence of non-compact Green’s boundary makes 
the values of Green’s function fluctuate in different directions. With the increase of the fluctuation, 
the scattering influence of non-compact boundary becomes larger and larger.  
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