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Abstract 

The noise generated by a blade is assumed as one of the most central acoustic generation sources in a 

turbine. The sound induced by the movement of turbulent fluid over the turbine blade and its interaction with 

the surrounding environment causes the presence of vortices of different sizes in the turbulent flow. These 

vortices are considered as the major sources of acoustic waves in a wide range of frequencies. In the present 

study, the acoustic field induced by turbine blades is simulated by the aid of numerical simulation. In this 

respect, the flow field around the blades is solved by using the flow governing equations and then the 

acoustic solution of flow is modeled by using the Ffowcs Williams-Hawkings acoustic model. The main 

objectives of the present study include investigations of sound propagation at different distances of turbine 

axis, the extent of sound propagation along the blade direction, and the effect of the cavity implemented over 

the blade on acoustic results. The obtained results reveal that the sound pressure level generally decreases as 

the observer’s distance increases. Furthermore, based on the obtained results, one can infer that the reduction 

in the sound pressure level is triggered by the presence of larger vortices with higher energy close to the 

blade (a larger sound pressure level) and smaller vortices at a further distance from the blade (a lower sound 

pressure level). Numerical simulations indicate that adding a cavity to the turbine blade does not reduce 

noise but instead increases the acoustic generation level. 

 

Keywords: Turbine Aeroacoustics, Numerical Simulation,Sound Pressure level - SPL,Turbulent Flow 

Vortices,Ffowcs Williams-Hawkings Model - FW-H. 

1. Introduction 

The sound emitted from a turbine can be due to 

mechanical or aerodynamic factors. Mechanical 

noises stem from mechanical components such as 

the engine and gearbox, while aerodynamic 

sounds are caused by the blades that are chiefly 

interacting with the turbulent flow [1]. Lift force 

generation systems in flying objects are among 

the key contributors to acoustic generation [2]. At 

high angles of attack, these lift generation systems 

involve large vortices that if become combined 

and paired, then they yield a significant increase 

in the acoustic generation level. 

Many numerical and experimental studies have 

been carried out to investigate the aero-acoustic 

phenomenon, namely the study conducted by 

Kuntz et al. [3]. Their results show that as the size 

of blades becomes smaller, the sound is decreased 

while the efficiency is reduced as a consequence. 

Hence, to compensate for this loss, they increased 

the rotational speed. Strawn and Biswas [4] 

investigated the acoustic signal of the helicopter 

blade in a rotating and forward flight. In this 

regard, they applied the finite volume method to 

solve the Euler equation and used the Kirchhoff’s 

integration to transmit the acoustic signal to the 

far-field flow. This study revealed that the 

acoustic fluctuations obtained at high speeds in 

the forward flight were in an acceptable 

agreement with experimental data. The 

examination performed by Lieser et al. [5] on the 

aero-acoustics of a six-blade propeller indicated 

that the acoustic generation as dramatically 

reduced by decreasing the propeller size at a 

constant rotational speed. Fehse and Neise [6] 

studied the sound generated by a low-speed 

centrifugal fan. Jones et al. [7] designed an airfoil 

with lower acoustic generation by utilizing 

numerical simulation. Although this study 

excluded the 3D analysis of rotor performance, 

the results showed that airfoils with unusual 

shapes offered proper aerodynamic and aero-

acoustic performances. Chapman [8] examined 



A. Khalegh* and H. Bayat / Renewable Energy Research and Applications, Vol. 6, No. 2, 2025, 251-258 

 

252 

 

analytically aero-acoustic phenomenon at high-

speed leading-edge noise. Kim et al. [9] studied 

the sound generated by the speed of the wind and 

its effects on the aerodynamic performance. The 

obtained results showed that the aerodynamic 

performance is enhanced by a reduction in the 

acoustic generation level. Coronado Domenge and 

Ilie [10] performed a numerical study on the 

helicopter blade using the flow theory where the 

effects of angle of attack, airfoil curvature, and 

size of vortices over the blade were addressed. 

Mohamed [11] studied the aerodynamic sound 

induced by the interaction of vortices at the 

trailing edge with the passing flow across the 

trailing edge, effects of speed, blade shape, and 

blade effects on the sound H-rotor Darrieus wind 

turbines. Moreover, in 2016, Mohamed 

investigated the sound generated by two different 

airfoils [12]. The conducted investigations were 

related to the distance between the two airfoils in 

each blade. The results demonstrated that once 

these two airfoils were mounted at a distance of 

0.6C from each other, the best configuration was 

reached in terms of sound reduction. At last, 

Giauque et al. [13] studied and analyzed the aero-

acoustic numerical simulation of the propeller. 

The study aims to evaluate the consequences of 

sound prediction and to reach an understanding of 

quadrupolar acoustic sources generated by flow 

like shock waves. The obtained results revealed 

that most quadrupolar sources are involved in the 

axial flow close to the propeller. 

 

2. Governing equations 

Consider incompressible Reynolds-averaged 

Navier-Stokes equations: 
 

𝜕𝑢𝑗

𝜕𝑥𝑗

= 0 (1) 

  

𝜌
𝜕𝑢𝑖

𝜕𝑡
+ 𝜌

𝜕𝑢𝑖𝑢𝑗

𝜕𝑥𝑗

+
𝜕𝑝

𝜕𝑥𝑗

+
𝜕

𝜕𝑥𝑗

𝜌(𝑢𝑖
′𝑢𝑗

′̅̅ ̅̅ ̅̅ ) 

−
𝜕

𝜕𝑥𝑗

(𝜇 (
𝜕𝑢𝑖

𝜕𝑥𝑗

+
𝜕𝑢𝑗

𝜕𝑥𝑖

)) = 0 

(2) 

 

where 𝜌, 𝑝, 𝑢 are density, pressure, and velocity, 

respectively, and 𝜇 stands for the molecular 

viscosity of fluid. term (𝑢𝑖
′𝑢𝑗

′̅̅ ̅̅ ̅̅ ) is called Reynolds 

stress tensor which is modeled, as follows: 
 

𝑢𝑖
′𝑢𝑗

′̅̅ ̅̅ ̅̅ =
2

3
𝑘𝛿𝑖𝑗 − 𝜇𝑡(

𝜕𝑢𝑖

𝜕𝑥𝑗

+
𝜕𝑢𝑗

𝜕𝑥𝑖

) (3) 

 

𝑘 Rransport equation in the k − ω SST model is 

written in the tensor form as follows: 
 

𝜌
𝜕𝑘

𝜕𝑡
+ 𝜌

𝜕

𝜕𝑥𝑖

(𝑢𝑖𝑘) = (4) 

𝜕

𝜕𝑥𝑖

[(𝜇 +
𝜇𝑡

𝜎𝑘

)
𝜕𝑘

𝜕𝑥𝑖

] + 𝑃𝑘 − 𝛽∗𝜌𝜔𝑘 
 

where, 𝜇𝑡 is eddy viscosity and 𝜇 is molecular 

viscosity of the fluid. Also, 𝑃𝑘 denotes the 

generation of turbulent kinetic energy caused by 

the interaction between the mean flow and 

turbulent flow field, given as follows: 
 

𝑃𝑘 = [𝜇𝑡 (
𝜕𝑢𝑖

𝜕𝑥𝑗

+
𝜕𝑢𝑗

𝜕𝑥𝑖

) −
2

3
𝜌𝑘𝛿𝑖𝑗]

𝜕𝑢𝑖

𝜕𝑥𝑗

 (5) 

 

Term 𝛽∗𝜌𝜔𝑘 in equation (4) presents the amount 

of turbulent kinetic energy dissipation. The 

transport equation for the second variable, i.e., 𝜔, 

in the tensor form is as follows: 
 

𝜕𝜔

𝜕𝑡
+  𝜌

𝜕

𝜕𝑥𝑖

(𝑢𝑖𝜔) =
𝜕

𝜕𝑥𝑖

[(𝜇 +
𝜇𝑡

𝜎𝜔

)
𝜕𝜔

𝜕𝑥𝑖

] 

+
𝜌𝛾

𝜇𝑡

𝜏𝑖𝑗

𝜕𝑢𝑖

𝜕𝑥𝑗

− 𝜌𝛽𝜔2 + 2(1 − 𝐹1)𝜎𝑤2

1

𝜔
 
𝜕𝑘

𝜕𝑥𝑗

 
𝜕𝜔

𝜕𝑥𝑗
 

(6) 

 

The available constant in these equations are 

calculated using the linear relation below: 
 

𝜙 = 𝜙1𝐹1 + 𝜙2(1 − 𝐹1) (7) 
 

where 𝜙1 and 𝜙1 stand for the following 

constants: 
 

 𝜎𝑘1 = 0.85 

 𝜎𝜔1 = 0.5  

 𝛽1 = 0.075 

 𝛽∗ = 0.09 

 𝛾1 = 5/4 

 𝜎𝑘2 = 1.0  

 𝜎𝜔2 = 0.856 

 𝛽2 = 0.0828 

 𝛾2 = 0.44 

(8) 

 

Replacing the blending functions 𝐹1 = 1 and 

𝐹1 = 0 in the equations, the equations will be in 

the standard form of 𝑘 − 𝜔 and 𝑘 − 𝜀, 

respectively. The blending function 𝐹1 is defined 

below  
 

𝐹1 = 𝑡𝑎𝑛ℎ {{min [max (
√𝑘

0.09𝜔𝑦
,
500𝜇

𝑦2𝜔𝜌
) ,

4𝜌𝜎𝑤2𝑘

𝐶𝐷𝑘𝜔𝑦2
]}

4

} (9) 

 

where y is the distance from the nearest wall and 

𝐶𝐷𝑘𝜔 is expressed as follows: 
 

𝐶𝐷𝑘𝜔 = MAX (2𝜌𝜎𝑤2

1

𝜔

𝜕𝑘

𝜕𝑥𝑗

𝜕𝜔

𝜕𝑥𝑗

, 10−20) (10) 
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After solving the transport equations, the eddy 

viscosity will be obtained by the following 

relation: 
 

𝜇𝑡 =
0.31 𝜌𝑘

MAX (0.31𝜔, 𝛺𝐹2) 
 (11) 

 

where 𝛺 is vorticity magnitude, which is defined 

below: 
 

𝛺 = √(
𝜕𝑢

𝜕𝑦
−

𝜕𝑣

𝜕𝑥
)

2

 (12) 

 

Moreover, 𝐹2 will be obtained as follows: 
 

𝐹2 = TANH ((MAX (
2√𝑘

0.09𝜔𝑦
,
500𝜇

𝑦2𝜔𝜌
))

2

) (13) 

 

To predict the far-field sound, the Ffowcs 

Williams-Hawkings acoustic model has been 

considered which is based on Lighthill acoustic 

analogy. In this method, some equations are 

required to predict sound, including RANS, DES, 

or LES equations. This acoustic model 

differentiates the noise propagation process with 

sound generation and also the flow solution 

process from the acoustic analysis. This method is 

also used in the simulation software FLUENT and 

is based on the Ffowcs Williams-Hawkings 

method and its integral solution. This method is 

capable of predicting generated sound, including 

monopolar, bipolar, and quadrupolar sounds. 

Moreover, it employs time-dependent integral 

equations and calculates all acoustic signals in one 

period where the observers are located. The exact 

solution time of flow variables, namely pressure, 

velocity, and density in the sound source, is 

applied for the integral solution of the next step. 

In other words, variations of unsteady flow have 

been obtained by numerical computations and 

used as the input in the Williams-Hawkings 

equations to estimate the blade sound intensity. 

The exact solution time is reached by 

implementing turbulent flow solution models for 

the unsteady state. 

The sound source in the Ffowcs Williams-

Hawkings model can be applied not only for 

impermeable walls but also for permeable walls. 

Furthermore, this method is capable of defining 

multiple sound receivers to assess the strength of 

the propagated sound in different places in the 

vicinity of sound source. Assuming that the sound 

source is defined in an enclosure surface, the 

Ffowcs Williams-Hawkings differential equations 

will be as follows: 
 

1

𝐶0
2

𝜕2𝑃

𝜕𝑡2
− ∇2𝑝′ =

𝜕2

𝜕𝑥𝑖𝜕𝑥𝑗
(𝑇𝑖𝑗𝐻(𝑓)) 

−
𝜕

𝜕𝑥𝑗

(𝑝𝑖𝑗𝑛𝑗 + 𝜌𝑢𝑖(𝑢𝑛 − 𝑣𝑛))𝛿(𝑓)) 

+
𝜕

𝜕𝑡
((𝜌0𝑣𝑛 + 𝜌(𝑢𝑛 − 𝑣𝑛))𝛿(𝑓)) 

(14) 

 

where is 𝑝′ the far-field sound pressure (𝑝′ = 𝑝 −
𝑝0) and 𝑢𝑖 is the velocity component in 𝑖 
direction. Moreover, 𝑢𝑛 and 𝑣𝑛 are the surface 

velocity components perpendicular to the plane. 

Generally, in this equation, the index 𝑖 represents 

the component of each variable in 𝑥𝑖 direction and 

the index 𝑛 stands for the component 

perpendicular to the noise generation plane. 𝛿(𝑓) 

is the Dirac Delta function and 𝐻(𝑓) is the Step 

function. Zero value of variable 𝑓 includes noise 

generation surface (here turbine blade) and its 

larger values involve wave propagation zone. 

Moreover, the variables defined in the free flow 

are designated by 0 index. In equation (14), 𝑇𝑖𝑗 is 

Lighthill stress tensor which is defined as: 
 

𝑇𝑖𝑗 = 𝜌𝑢𝑖𝑢𝑗 + 𝑝𝑖𝑗 − 𝐶0
2(𝜌 − 𝜌0)𝛿𝑖𝑗 (15) 

 

𝑝𝑖𝑗 is the compressive stress tensor, which is 

defined for s tokes fluid as given below: 
 

𝑝𝑖𝑗 = 𝑝𝛿𝑖𝑗 − 𝜇 [
𝜕𝑢𝑖

𝜕𝑥𝑗

+
𝜕𝑢𝑗

𝜕𝑥𝑖

−
2

3

𝜕𝑢𝑘

𝜕𝑥𝑘

𝛿𝑖𝑗] (16) 

 

Here, the employed equation is a wave equation. 

There are three terms on the right side of this 

equation showing three heterogeneous acoustic 

sources. These sources consist of monopolar, 

bipolar, and quadrupolar sources. Monopolar, 

bipolar, and quadrupolar sources present the 

generated sound by the fluctuation of fluid mass 

due to the motion of planes, the fluctuations of 

force on the object surface, the fluctuations of 

fluid stresses, respectively. The Ffowcs Williams-

Hawkings equation is solved with the aid of free-

space Green’s function (𝛿(𝑔)/4𝜋𝑟). The complete 

solution is comprised of surface and volume 

integrals. The surface integral shows the portion 

of monopolar and bipolar sound sources as well as 

a fraction of quadrupolar sources while the 

volume integral displays the portion of 

quadrupolar sound sources in the zones out of 

source planes. Once the flow is subsonic, the 

contribution of volume integral is reduced and 

therefore in FLUENT software it is not 

considered. 
 

𝑝′(𝑥⃗, 𝑡) = 𝑃𝑡
′(𝑥 ⃗⃗ ⃗, 𝑡) + 𝑃𝑙

′(𝑥 ⃗⃗ ⃗, 𝑡) (17) 
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4𝜋𝑝𝑙
′(𝑥⃗, 𝑡) = ∫ [

𝐿𝑟̇

𝑟(1 − 𝑀𝑟)2
] 𝑑𝑠 +

𝑓=0

 

∫ [
𝜌0𝑈𝑛(𝑟𝑀𝑟

̇ + 𝑎0(𝑀𝑟 − 𝑀2)

𝑟2(1 − 𝑀𝑟)3
] 𝑑𝑠

𝑓=0

 

(18) 

  

4𝜋𝑝𝑙
′(𝑥⃗, 𝑡) =

1

𝑎0

∫ [
𝐿𝑟̇

𝑟(1 − 𝑀𝑟)2
] 𝑑𝑠 +

𝑓=0

 

∫ [
𝐿𝑟̇

𝑟(1 − 𝑀𝑟)2
] 𝑑𝑠 +

𝑓=0

 

1

𝑎0

∫ [
𝐿𝑟(𝑟𝑀𝑟

̇ + 𝑎0(𝑀𝑟 − 𝑀2)

𝑟2(1 − 𝑀𝑟)3
] 𝑑𝑠

𝑓=0

 

(19) 

 

Also: 
 

𝑈𝑖 = 𝑣𝑖 +
𝜌

𝜌0

(𝑢𝑖 − 𝑣𝑖) (20) 
  

𝐿𝑖 = 𝑃𝑖𝑗𝑛̂𝑗 + 𝜌𝑢𝑖(𝑢𝑛 − 𝑣𝑛) (21) 
 

Moreover, the retarded time 𝜏 is defined as 

follows: 
 

𝜏 = 𝑡 −
𝑟

𝑎0

 (22) 

 

where 𝑡 is the given time of the observer and 𝑟 is 

the distance from the observer. 

 

3. Numerical results 

This section addresses how boundary conditions 

are applied and the computational domain is 

meshed, followed by an investigation into the 

validation and independency of numerical 

solution from the mesh. In follows, the 

propagation of turbine-induced sound is examined 

at various distances from the blade. Furthermore, 

there is a comparison made between acoustic 

diagrams on receivers’ sites at different distances 

from the turbine axis. The results obtained by the 

acoustic numerical simulation are presented for 

NACA0021. In addition, the sound pressure level-

frequency diagrams are provided for definite 

receivers and they are also comprehensively 

analyzed. 

 

3.1. Numerical simulation method 

In the present study, to separate rotating parts 

from non-rotating parts, the Multiple Reference 

Frame (MRF) is used. To simulate the blade by 

the sliding mesh method, rotation and non-

rotating parts were meshed separately. The 

unsteady flow around the turbine blade is 

simulated two-dimensionally by employing 

ANSYS software. To discretize and solve the 

fluid flow governing equations and couple the 

velocity and pressure equations, the PISO 

algorithm is implemented. To solve the turbulent 

problem, the two-equation model 𝑘 − 𝜔 𝑆𝑆𝑇 is 

applied. Furthermore, for the sake of a more 

accurate numerical solution, the fourth-order 

forward approximation and the fourth-order 

central difference approximation are used for the 

time derivative and local derivative, respectively. 

The computational domain is depicted in figure 1. 

 

3.2. Numerical simulation method 

The non-slip condition is used over the solid 

object (turbine blade) in the viscid flow and the 

pressure gradient is assumed to be zero on these 

surfaces. Uniform velocity is assumed for the 

inlet. Gradients of all variable (aside from 

pressure) are set zero at the outlet where the 

atmospheric pressure is incorporated. For the top 

and bottom boundary planes, the boundary 

condition of symmetry is applied in which the 

vertical gradient of velocity and, consequently, the 

shear stress on the boundary are perceived to be 

zero. 

The computational domain is divided into rotating 

and non-rotating zones. The blades in the rotating 

zone are mounted with an angle of 120° from one 

another. To mesh the non-rotating and rotating 

zones, the structured and unstructured grids are 

used, respectively (Figures. 1-a and 1-b). 

Moreover, the boundary layer mesh is employed 

around the airfoil surface (Figures. 1-c and 1-d). 

To generate the mesh, Gambit software is utilized. 
 

  
(a) (b) 

 

  
(c) (d) 

 

Figure 1. Computational domain, a) A full view of the 

computational domain, b) A close view of the rotating 

zone, c) The airfoil without cavity along with the 

boundary layer mesh, d) The airfoil with cavity along 

with the boundary layer mesh. 
 

3.3. Numerical solution independency from 

computational domain mesh  

To determine the sensitivity and independency 

to/from the computational mesh to solve the 
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problem, four different computational meshes are 

considered and their results are compared to one 

another. The specifications of the selected meshes 

are given in table 1. To evaluate the effect of 

mesh enhancement on the solution results, the 

number of cells around the airfoil is raised by a 

constant factor of 2. As can be observed in the 

table, variation percentage of turbine lift 

coefficient decreases by augmenting the number 

of cells around the airfoil. Furthermore, the values 

of lift coefficient are approximately the same for 

meshes No. 3 and 4. 
 

Table 1. Investigation into the grid independency and the 

specification of meshes used in the simulation of airfoil 

NACA0012 at the angle of attack of 𝟓. 𝟒° [14]. 
 

Error 
Experimental lift 

coefficient [14] 

Numerical lift 

coefficient 

Number 

of cells 
Grid 

37% 0.56 0.35 400532 Grid 1 

25% 0.56 0.42 418156 Grid 2 

5.5% 0.56 0.530 456357 Grid 3 

4% 0.56 0.538 505765 Grid 4 

 

3.4. Validation of numerical solution  

To validate the simulation, the obtained pressure 

coefficient is compared with the experimental data 

[15]. Figures. 2 through 4 compare the mean 

pressure coefficient data obtained from the 

𝑘 − 𝜔 𝑠𝑠𝑡 method with the experimental data 

provided by Gregory and O'reilly [15]. As can be 

seen in these figures, the obtained numerical 

results satisfactorily agree with the experimental 

data. 
 

 
 

Figure 2. Comparison of pressure coefficient at the 

Reynolds number of 𝐑𝐞 = 𝟐. 𝟖𝟖 × 𝟏𝟎𝟔 and 𝐀𝐎𝐀 = 𝟎 [15]. 
 

 
 

Figure 3. Comparison of pressure coefficient at the Reynolds 

number of 𝐑𝐞 = 𝟐. 𝟖𝟖 × 𝟏𝟎𝟔and 𝐀𝐎𝐀 = 𝟏𝟎. 𝟖 [15]. 

 

 
Figure 4. Comparison of pressure coefficient at the Reynolds 

number of 𝐑𝐞 = 𝟐. 𝟖𝟖 × 𝟏𝟎𝟔 and 𝐀𝐎𝐀 = 𝟏𝟒. 𝟒 [15]. 

 

3.5. Validation of acoustic results  

In this section, the accuracy of the predicted 

acoustic results are examined. The acoustic 

receiver in the laboratory, i.e., microphone, is 

located at the distance of 1.2 meter away from the 

trailing edge. The acoustic pressure is recorded at 

𝑡 = 1.5. The octave spectrum of data is compared 

with the experimental data presented by Wasala et 

al. [16], shown in figures 3 and 4. All numerical 

spectrums concur well with the experimental data. 

At AOA = 0, the maximum band frequencies have 

values below 2000 Hz. At larger angles of attack, 

the maximum band frequency does not occur. 

However, as the angle of attack is escalated, the 

rise in the sound pressure level (SPL) in the 

frequencies is lower than 2 kHz. As can be 

observed in these figures, the airfoil generates a 

high-frequency sound which is not largely 

dependent on angle of attack. 
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Figure 5. Diagram of acoustic validation at 𝐑𝐞 =

𝟐. 𝟖𝟖 × 𝟏𝟎𝟔 and 𝐀𝐎𝐀 = 𝟎 [16]. 
 

 
Figure 6. Diagram of acoustic validation at 𝐑𝐞 =

𝟐. 𝟖𝟖 × 𝟏𝟎𝟔 and 𝐀𝐎𝐀 = 𝟏𝟎 [16]. 
 

3.6. Evaluation of applying a cavity on turbine 

blade and its effects on acoustic results  

To investigate the propagated noise at different 

distances from a turbine blade, sound receivers are 

located at constant distances from the turbine, i.e., 

constant radial distances of R=20C, 40C, 60C, and 

80C. Figure 7 depicts the generated sound 

pressure level in terms of frequency on the 

receivers’ site at constant radial distances of 

R=20C, 40C, 60C, and 80C without the presence 

of a cavity. It is evident that the maximum noise 

generation occurs in the vicinity of the turbine 

axis which can be attributed to the high sound 

generated by large vortices. These vortices are 

created due to the substantial turbulence of the 

flow close to the blades. However, at further 

distances from the axis, smaller vortices are the 

main origin of sound generation, implying a 

reduction in the propagated noise from the turbine 

by an increase in the distance from the sound 

source. This is attributed to the dissipation of 

acoustic wave energy along the traveled path and 

its conversion to heat. 
 

 
Figure 7. Comparison of the calculated sound pressure 

levels at constant radial distances of R=20C, 40C, 60C, 

and 80C without cavity. 
 

To examine the effect of cavity formation on the 

obtained results of turbulent and acoustic fields, 

the simulation is carried out by creating a cavity at 

the distance of 0.25C in NACA0021 airfoil while 

assuming other geometric parameters to remain 

constant. The inlet fluid velocity and rotational 

speed of airfoil are set at 9 𝑚/𝑠 and 42 𝑟𝑎𝑑/𝑠, 

respectively. Figures 8 and 9 show the kinetic 

energy contour and diagrams of acoustic 

generation level for NACA0021 airfoil containing 

cavity at the pressure side, respectively. As can be 

observed in figure 9, the maximum sound pressure 

level is induced at frequencies lower than 100 Hz. 

Furthermore, by comparing the acoustic diagram 

at different distances from the axis, it can be 

concluded that the maximum propagated noise 

occurred at R=20C from the trailing edge across 

the airfoil axis direction. Generally, sound 

pressure level reached its maximum at the trailing 

edge of NACA0021 airfoil. After this point, the 

noise level was gradually reduced by getting away 

from the leading edge due to the dissipation of 

acoustic energy. 

As aforementioned, the acoustic simulation for the 

airfoil NACA0021 is conducted by applying the 

turbulence model 𝑘 − 𝜔 𝑆𝑆𝑇 and the Ffowcs 

Williams-Hawkings acoustic model where the 

standard environmental conditions are considered 

for the surrounding. As can be seen in figure 10, 

comparing the acoustic diagrams at different 

rotational speeds of the airfoil, it can be concluded 

that the SPL generation increases by a rise in the 

rotational speed. 
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Figure 8. Contour of turbulent kinetic energy for 

NACA0021 airfoil. 
 

 
 

Figure 9. Comparison of the calculated sound pressure 

levels at constant radial distances of R=20C, 40C, 60C, 

and 80C containing cavity at the pressure side at the 

distance of 0.25 C 
 

 
 

Figure 10. Comparison of the calculated sound pressure 

levels at different RPMs. 
 

An increase in the angle of attack causes a change 

in the flow stream on the airfoil which can lead to 

augmenting the mixing and enlarging the 

generation of turbulent vortices that are the key 

cause of noise generation. According to figure 11, 

by increasing the angle of attack, the sound 

pressure level augments, provided that increasing 

the angle of attack does not lead to separation. 

Moreover, the sound pressure levels are provided 

in terms of frequency at constant radial distance of 

R=20C for three different locations, i.e., applying 

cavity at 0.25C, 0.5C, 0.75C on the airfoil 

pressure side. According to figure 12, pressure 

oscillations are higher by creating cavity on the 

airfoil, implying that the presence of a cavity lead 

to vortex formation and increase sound pressure 

levels. 
 

 
Figure 11. Comparison of the calculated sound pressure 

levels at different angles of attack. 
 

 
Figure 12. Comparison of the calculated sound pressure 

levels at constant radial distance of R = 20C containing 

cavity at the pressure side at the distances of 0.25 C, 0.5 

C, and 0.75 C 
 

4. Conclusion 

In the present study, the effects of rotational speed 

and angle of attack of an airfoil on the pressure 

fluctuations are investigated. The sound pressure 

level vs. frequency diagrams with\without cavity 

are considered for different states (i.e., at different 

RPMs of 100, 400, 800, at different angles of 
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attack of 0°, 5°, 10°, and at constant radial 

distances of R=20C, 40C, 60C, 80C). The 

turbulent flow is used in which the sound and 

pressure fluctuations are mostly induced by 

vortices. The comparison of SPL diagrams for 

receivers revealed that pressure fluctuations 

increase at high rotational speed by raising the 

angle of attack of the airfoil NACA0021 to a 

certain value, while angles of attack larger than 

that cause a reduction in the SPL. This suggests 

that the rotational speed and increase in the angle 

of attack lead to the creation of vortices and sound 

increase, provided that they don’t yield separation. 

Furthermore, sound pressure levels and pressure 

oscillations are higher by applying cavity on the 

airfoil, implying that the presence of cavity lead to 

vortex formation and increase sound level from an 

acoustic standpoint. 
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