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Abstract 

Noise pollution is known as the biggest environmental problem of the horizontal axis wind turbines. The 

main part of the noise is in the range of Low-Frequency Noise (LFN), since wind turbines rotate slowly. 

Several studies have shown that LFN could have adverse effects on the human health. In this work, LFN 

generated by the NREL VI wind turbine in wind speeds of 13 m/s is calculated using a hybrid approach. In 

this approach, the noise sources are defined on a data surface (DS), and then the noise propagating form DS 

is calculated. The results obtained show that a DS obtained by scaling the blade span with a size factor of 5 is 

appropriate for surrounding all the main sources in this problem. It means that in addition to the sources 

located on the blade surface, a significant part of the steady sources generating LFN is far from the blades. 

On the other hand, the results obtained show that the tip vortices have no significant effect on LFN. 
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1. Introduction 

The use of wind turbines has grown rapidly in the 

recent years in order to reduce the share of fossil 

fuels in global electricity production, and also to 

help provide energy security. According to the 

Renewables 2020 Global Status Report [1], the 

total capacity of wind power in the world has 

reached 743 GW in 2020 with 93 GW of new 

installations (more than 12.5% of the total 

capacity) that is a record-breaking. It is expected 

that this growth will continue in the future, and 

the use of wind turbines will become more 

widespread in the world. However, wind turbines 

have several environmental problems, and noise 

pollution, especially Low-Frequency Noise 

(LFN), is the most important of them. 

The range of human hearing is defined for the 

frequencies between 20 Hz and 20 kHz, and the 

frequencies below this range are called infra-

sound. Since the wind turbines usually rotate 

slowly, the main part of their noise is LFN, and is 

in the range of infra-sound. Several studies have 

introduced the LFN of wind turbines as a harmful 

factor on the human health that could lead to 

illnesses such as dizziness, vertigo, and tinnitus 

[2-7]. 

In the present work, LFN generated from the 

NREL VI tow-blade wind turbine with a 

rotational speed of 72 rpm and the wind speed of 

13 m/s is calculated by a hybrid approach. In this 

approach, which is widely used in the wind 

turbine problems [8-10], the flow is simulated 

with high accuracy in near-field using 

Computational Fluid Dynamics (CFD) in order to 

identify the LFN sources on a DS, and in next 

step, the Fowcs­Williams and Hawkings (FW-H) 

equation [11] is applied for calculating the LFN 

that propagates from DS. The flow simulation has 

been carried out by Bozorgi et al. [12], and the 

CFD results have been validated by an experiment 

[13]. Here, the CFD results are used for 

identifying the LFN sources. 

The position of DS has a significant effect on the 

noise calculation. If DS is defined near the blades, 

a part of noise sources is not surrounded by DS. 

On the other hand, by moving away from the 

blades, the increase in the mesh size reduces the 

accuracy of the CFD results, and consequently, 

reduces the accuracy of the noise source 

calculation. It should be noted that by moving 

away from the blades, the noise sources are 

weakened. Overall, a balance must be struck 

between the surrounding significant noise sources 

by a DS and the accuracy of noise source 

calculation. 

The aim of this work is to investigate which 

steady noise sources have a significant effect on 
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generating LFN in this problem, and also where 

DS should be defined in order to surround all the 

significant LFN sources. 

 

2. Noise source classification  

Based on the source of generation, the noise of the 

horizontal axis wind turbines is classified into the 

mechanical and aerodynamic noises. The 

mechanical noise can be effectively eliminated but 

the aerodynamic noise is still a main problem of 

these turbines. According to the Wagner 

classification [14], which is known as a routine 

classification for the noise of horizontal axis wind 

turbines, the aerodynamic noise is divided into 

three categories: LFN, inflow turbulence noise, 

and airfoil self-noise. In this classification, LFN is 

due to the steady thickness noise (STN) and 

steady loading noise (SLN), which are located on 

the blade surface, and also due to the unsteady 

loading noise generated from the interaction of 

flow and tower. The latter is only significant for 

the downwind configurations. Therefore, 

according to this classification, significant sources 

generating LFN are located on the blade surface 

for the horizontal axis wind turbines with an 

upwind configuration. However, the results 

obtained by Bozorgi and Ghorbaniasl [15] show 

that the steady sources located far from the blades 

also have a significant effect on the LFN 

generation. 

 

3. FW-H equation  

The FW-H equation [11], as a re-arrangement of 

the Navier­Stokes equations, is widely used for 

the prediction of the noise generated by the 

moving bodies. By considering the free stream 

velocity U∞, the generalized FW-H equation [16] 

is given by: 
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(3) 

 

In (1) to (3), c0 is the speed of sound, Q shows the 

monopole sources, the Li dipole sources, and the 

Tij quadruple sources. The monopole and dipole 

sources are calculated on a DS where f(x,t) = 0 

such that f < 0 is inside DS and f > 0 is outside 

DS (Figure 1). ρ is the density, and un and vn are 

the normal components of the flow velocity and 

DS velocity, respectively. Pij is the compressive 

stress tensor, and nj is the unit normal vector of 

DS. Mean quantities are represented by the 

subscript 0, while a prime denotes a perturbation 

from the mean. By defining a DS on the body 

surface, the Q and Li terms correspond to the 

thickness and loading sources, respectively. This 

DS is called the solid DS but DSs defined far from 

the body surface are called the permeable DSs. 

Ghorbaniasl and Lacor [16] have developed 

formulations that can be interpreted as the 

formulations 1 and 1A for the generalized FW-H 

equation. These formulations have the advantage 

of considering the effect of mean flow on the 

noise calculation. Here, the formulation 1A [16] is 

used for the LFN calculation. 
 

 
 

Figure 1. Description of DS position [16]. 

 

4. Results and discussion  

In order to calculate LFN in far-field, several DSs 

are defined around the blade by scaling the blade 

span (Table 1). 

According to the IEC 61400-11 standard, the 

microphone is located in the downstream at: 
 

 (4) 

 

where RH and Rv are the horizontal and vertical 

distances from the rotor center, respectively; D is 

the turbine diameter, and H is the hub height. 

Table 1. DS Properties. 

DS Span scale factor DS Type 

DS 1 1 Impermeable 

DS 1.2 1.2 Permeable 

DS 1.5 1.5 Permeable 

DS 2 2 Permeable 

DS 3 3 Permeable 

DS 4 4 Permeable 

DS 5 5 Permeable 

2;  H VR H D R H  
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Using (4), the microphone position is at R = 21 m 

and θ = –55o (R and θ are shown in figure 2) for 

the NREL VI turbine. Here, LFN is calculated in 

the microphone position and also in the other 

positions with R = 21 m and –75o ≤ θ ≤ + 75o. 

Outside of this θ range, LFN is very weak such 

that in the rotation axis (where θ = −90o and 

+90o), the Overall Sound Pressure Level (OASPL) 

goes to −∞ dB. It can be shown by the formulation 

1A [16] that LFN is generated by the steady noise 

source only when the distance between the source 

and the observer changes. However, on the 

rotation axis, this distance is unchanged when the 

blades rotate. Therefore, the LFN on the axis is 

zero (or −∞ in the logarithmic scale). 
 

 
 

Figure 2. Position of the observers [12]. 
 

Investigation of the OASPL calculated in all the 

observer positions (Figure 3) shows that the 

results of the solid and permeable DSs are close 

together in downstream (θ < 0) but there is a 

considerable difference between the results in the 

upstream (θ  >  0). For example, the OASPL 

difference at θ = 15o is about 5 dB.  

Here, the proper position of DS is defined where 

the difference between the LFN calculated from 

two consecutive DSs reaches less than 0.5 dB (as 

the convergence criterion) in all the observer 

positions. 

It is observed that the DS 5 satisfies the 

convergence criterion, which means that a wide 

domain around the blade must be simulated with a 

high accuracy to have an agreeable LFN 

calculation. Overall, it can be concluded that in 

addition to the STN and SLN sources defined on 

the blade surface, the flow around the blade has an 

important effect on the LFN generation. 

Moreover, it is observed that the maximum LFN 

is located in downstream at θ = –30o, which is far 

from the microphone position introduced by the 

IEC 61-400 standard (θ = –55o). In –45o ≤ θ ≤ 0o, 

LFN is more than LFN of the microphone 

position. 

As shown in table 1, only the span expansion is 

performed for defining DSs. For investigating the 

effect of tip vortices located out of the rotor 

diameter, DS 3 is radially expanded using several 

scale factors up to 1.05 (the blade radius is equal 

to 5.029 m that with the scale factor of 1.05 

reaches 5.55 m). The results obtained (figure 4) 

show that the effect of the tip vortices on LFN is 

ignorable. Therefore, it can be concluded that the 

tip vortices have no significant effect on LFN. 

In figure 5, the directivity pattern obtained from 

the Q and Li terms are shown for DS 1 (blade 

surface) and DS 5, satisfying the convergence 

criterion. The results obtained show that LFN of 

the Q and Li terms propagating form DS 5 is 

considerably higher than DS 1. The change in 

LFN generated by the Q term is more than 10 dB 

in some observer positions, while the change for 

the Li term is less than 3 dB in all the observer 

positions. It means that the flow domain has more 

effects on LFN of the Q term in comparison with 

the Li term. 
 

 
 

Figure 3. Effect of DS position on LFN. 

 

 
 

Figure 4. LFN calculated using radially expanded DS 3. 

 
 

Figure 5. Directivity for the Q (-----) and Li ( ) terms. 
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A more detailed investigation on the results 

obtained using DS 5 (Figure 5) shows that the 

numerical sum of LFN of the Q and Li terms in 

upstream (θ > 0) is more than the numerical sum 

in downstream (θ < 0). On the other hand, the 

results of Figure 3 show that LFN in upstream is 

less than it in downstream. This apparent 

mismatch is due to the phase difference that there 

is between LFN of the Q and Li terms. For 

example, the results of LFN calculated using DS 5 

are shown in Figure 6 for two observer positions. 

An observer is located in upstream (θ = +30o), and 

another in downstream (θ = –30o). It is observed 

that LFN of the Li term at θ = +30o is more than it 

at θ = –30o but since the Q and Li terms weaken 

each other at θ = +30o, LFN received to this 

observer position is lower than LFN received to 

another observer position with θ = –30o. 
 

 
 

Figure 6. Pressure fluctuations received to the observers. 

a) upstream θ = +30o.  b) downstream θ = –30o. 

Moreover, as shown in figure 6, LFN has a small 

deviation from a tonal noise with Blade Passing 

Frequency (BPF = 2.4 Hz). This small deviation is 

due to the deviation of the source­observer 

distance from a sinusoidal time function. 

For more investigation, the Fast Fourier 

Transform (FFT) is performed on a period of the 

LFN received by the observers located at θ = +30o 

and –30o, and the Sound Pressure Level (SPL) is 

calculated for the frequencies up to 50 Hz (Figure 

7). The results obtained show that SPL of BPF is 

considerably higher than SPL of the second BPF 

(more than 10 dB). Moreover, it is observed that 

SPL in higher frequencies is very low, and can 

practically be ignored in the both observer 

positions. 
 

 
 

Figure 7. SPL for θ = +30o and θ = –30o. 

 
5. Conclusions  

In the present work, LFN generated by the NREL 

VI wind turbine with a 72 rpm rotational speed 

and a 13 m/s wind speed was investigated by a 

hybrid approach. In this approach, the CFD results 

of flow simulation in near-field were used in order 

to calculate the LFN sources on a DS to calculate 

LFN in far-field. Here, the noise sources were 

defined on several DSs, and LFN was calculated 

in different observer positions. 

The results of the present work show that in 

addition to the STN and SLN sources, the steady 

sources located on flow field significantly 

participate in the LFN generation. The results 

obtained show that DS 5 surrounds all the 

important steady sources in this test case. 

Therefore, a permeable DS located far from the 

blade must be used for the LFN calculation. On 

the other hand, it was observed that the tip 

vortices had no considerable effect on LFN. 

Moreover, the maximum LFN is located in 

downstream since the monopole and dipole terms 

amplify each other in downstream, while they 

weaken each other in upstream. However, the 

position of the microphone obtained using the IEC 

61400-11 standard is far from the maximum LFN 

of this test case. 
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