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Abstract—Noise disturbance is one of the major factors 
considered in the fast development of aircraft technology. This paper 
reviews the flow field, which is examined on the 2D NACA0015 and 
3D NACA0012 blade profile using SST k-ω turbulence model to 
compute the unsteady flow field. We inserted the time-dependent 
flow area variables in Ffowcs-Williams and Hawkings (FW-H) 
equations as an input and Sound Pressure Level (SPL) values will be 
computed for different angles of attack (AoA) from the microphone 
which is positioned in the computational domain to investigate effect 
of augmentation of unsteady 2D and 3D airfoil region noise level. 
The computed results will be compared with experimental data which 
are available in the open literature. As results; one of the calculated 
Cp is slightly lower than the experimental value. This difference 
could be due to the higher Reynolds number of the experimental data. 
The ANSYS Fluent software was used in this study. Fluent includes 
well-validated physical modeling capabilities to deliver fast, accurate 
results across the widest range of CFD and multiphysics applications. 
This paper includes a study which is on external flow over an airfoil. 
The case of 2D NACA0015 has approximately 7 million elements 
and solves compressible fluid flow with heat transfer using the SST 
turbulence model. The other case of 3D NACA0012 has 
approximately 3 million elements. 

 
Keywords—Aeroacoustics, Ffowcs-Williams and Hawkings 

equations, SST k-ω turbulence model, Noise Disturbance, 3D Blade 
Profile, 2D Blade Profile. 

I. INTRODUCTION 

ECENTLY, the rise in oil prices, the rapid depletion of 
fossil fuel reserves, and the negative effects of fossil fuels 

and energy production on the environment have led countries 
to turn to renewable energy sources. Renewable energy 
sources are clean energy sources that do not create 
environmental pollution and are unlimited. On the other hand, 
the use of these sources, which are available in most places 
and are completely free, reduces countries’ dependence on 
energy. 

Wind energy is the most common use of today's renewable 
energy resources. It is the most economical of the existing 
renewables. The use of wind energy in the production of 
electricity is constantly increasing in the world. World leader 
China has the power of 148 000 MW wind energy. Also, the 
USA has 74 347 MW, Germany has 45 192 MW, India has 24 
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759 MW, Spain has 22 987 MW and the United Kingdom has 
13 614 MW [1]. 

Wind turbines that are built to provide energy needs also 
have some negative aspects. One of them is having a high 
level of sound problem associated with the blades as they 
rotate. Because of this problem, wind turbine farms cannot be 
built in cities or close to residential areas. In addition to noise 
pollution disturb their living spaces, this negative phenomenon 
can damage the ecological balance by modifying the 
migratory route of seasonal birds and can be addressed by 
providing aeroacoustic solutions. 

In wind turbines, the sound is produced in two forms, these 
are: mechanical noise and aerodynamic noise. Mechanical 
noise is caused by the gearbox and moving parts in the 
generator. Noise can be reduced by using technologies such as 
acoustical isolation. However, aerodynamic noise sources are 
more complex and are not easy to control. 

Aeroacoustic sources classified as monopole, dipole, and 
quadrupole. Monopole and dipole resources; are welded near 
the surfaces and are strong emitters of acoustic energy. 
Quadrupole sources are welded away from the surfaces and 
are weak emitters. For example, a highly turbulent flow can be 
generated by the wind turbine. Aerodynamic noise caused by a 
wind turbine is due to the unstable flow at the surface of the 
turbine blade, which causes strong dipole sources.  

Brooks and Schlinker developed two main aeroacoustic 
noise mechanisms to facilitate understanding of complex 
sources and apply models to the semi-empirical noise 
estimation code. The first mechanism is the swallowing noise, 
which is a function of swirl turbulence. The acoustical noise 
has shown that the low-frequency powers in the spectrum are 
mainly turbulent input sources [2]. 

The second noise mechanism is the one that produces the 
aerofoil, which is a function of the parametric geometry. The 
sound that the aerofillers produce can be divided into different 
subtitles. These subtitles are the rear edge of the turbulent 
boundary layers that can be divided into the noises of the rear 
edge, the separation and the stop noise, the rear edge 
blindness, and the swirl swing noise and the tip swirl noise.  

As an alternative to empirical methods, Computational 
Flow Dynamics and Computational Aeroacoustic Methods are 
used. For accurate estimation of the formation of noise in a 
wind turbine, a well-solved transient flow field near the 
surface of the blade is required. Methods such as Direct 
Numerical Simulation (DNS) or Large Eddy Simulation (LES) 
can be used to calculate the irregular turbulence flow field. 
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These methods include the need of high quality mesh particles 
around the airfoil surface. In order to avoid numerical 
instability when the fine mesh is used, it also requires high 

simulation requirements in the simulation. The LES solution is 
cheaper than DNS and gives acceptable results in aeroacoustic 
analysis [3]. 

 

 

Fig. 1 Sound Generation in Wind Turbines 
 
Migliore has prepared a study for aeroacoustic tests on the 

wind tunnels. The purpose of these tests is boundary layer 
effect on acoustical emissions, the effect of end zone form and 
effect of back edge thickness. These tests were applied under 
realistic conditions with 170,000 to 397,000 Reynolds 
numbers. During the tests, six end shapes, three border layer 
height, two rear edge thickness and 72 speed/attack angle 
points were used. In experiments with low speeds (Reynolds 
Number: 170,000), a 3.8 dB difference in total SPL was 
observed when the parameters were changed. However, in 
high-speed experiments (Reynolds Number: 315,000) this 
difference has been reduced to 1.3 dB. Based on these results; 
it was concluded that the wind turbine is an important factor in 
reducing the noises of the tip-shaped rotation in its wings [4]. 

Ghasemian and Nejat, H-Darrieus numerically predicted the 
aerodynamic noise emitted from the vertical axis wind turbine 
using the FW-H simulation formulation. The simulations 
performed in this process were performed for five different 
end-to-speed ratios. First, the average torque coefficient is 
compared with the experimental data and a good fit is 
observed. Then, in the study, they focused on the broadband 
sounds of the turbulent border layers and the tonal voices 
connected to the wing transition frequency. As a result, it is 
clear that there is a direct relationship between the emitted 
noise and the speed of rotation.  

Also, the effect of receiver distance on the General SPL was 
investigated. They have seen a logarithmic change of the 
receiver distance with the General SPL [5]. 

Mohamed et al. studied low velocity wind speeds using 
Darrieus wind turbines and calculated the numerical model of 
rotor performance using ANSYS Workbench and tested 
different wing types to achieve the best performance. They 
found that the zero slope angle gives the best performance 
from the comparable wing angles. Also, they concluded that 

the analysis using SST k-ω is the most accurate [6]. 
In the study, symmetric NACA 0012 aerofoil was formed in 

the stationary domain. The appropriate mesh is prepared with 
the Pointwise program. It was simulated using ANSYS Fluent 

with the SST k-ω method. In total, eight microphones, four in 

the leading edge section and four in the trailing edge section, 
were placed on the airfoil. Numerical values of acoustic data 
were obtained from these microphones and acoustic analogy 
calculated using the simulation program, ANSYS Fluent. The 
values obtained from eight microphones were compared, and 
the results showed the regions where the highest levels of 
disturbance are found. 

II. NUMERICAL METHOD 

Numerical discretization of time-dependent constitutive 
equations for the flow field was performed with the ANSYS 
Fluent commercial computational fluid dynamics solver. In 
this study, closed-time schemes were used to facilitate the unit 
frequency step to be used in acoustical solutions, while the 
finite volume approach, which provides protection principles 
for the unit volume, is used in discretizing the variables in the 
flow field [7]. 

A second-order upwind scheme is used for both spatial and 
temporal discretization. Conservation equations for the flow 
field are given in (1) in the integral form [8]. 
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The flow solution vector W, the convective flux matrix F, 

and the viscous flux matrix G are expressed in Equation 2; 
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(2) 
 

where, ρ = density of fluid, v = ui + vj + wk velocity vector, V 
is the speed of contravariant definition, V = v.n and n surfaces 
are defined as normal. E is the total energy in mass, p is the 
pressure, 𝜏௜௝ is the viscous tension tensor, and 𝜏 is the heat 
flux. In the H source term, the volume effect forces (gravity, 
Cornelius acceleration, etc.) and qh term indicate the time 
dependent heat source produced in the volume. For low Mach 
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number flows, the difficulty in solving the momentum 
equation arises due to the fact that the time-dependent term in 
the continuity relation decreases as the density is constant. In 
the numerical form of Navier-Stokes equations, this problem 
is eliminated by preconditioning. The derivative term 
according to the time is multiplied by the preconditioning 
matrix. Thus, the constituent relations used for the solution in 
(3) are expressed in the most general way [9]. 
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The Q solution vector is rewritten according to the primary 

variables defined in (4) and is given in below 
 

𝑄 ൌ

⎩
⎨

⎧
𝑝
𝑢
𝑣
𝑤
𝑇⎭

⎬

⎫
,

డௐ

డொ
ൌ

⎣
⎢
⎢
⎢
⎢
⎡

𝜌௣ 0 0 0 𝜌்

𝜌௣𝑢 𝜌 0 0 𝜌்𝑢
𝜌௣𝑣
𝜌௣𝑤

𝜌௣𝐻 െ 𝛿

0
0

𝜌𝑢

𝜌 0 𝜌்𝑣
0 𝜌 𝜌்𝑤

𝜌𝑣 𝜌𝑤 𝜌்𝐻 ൅ 𝜌𝐶௣⎦
⎥
⎥
⎥
⎥
⎤

   (4) 

 
when 𝜌௣ ൌ 𝜕𝜌 𝜕𝑝⁄  , 𝜌் ൌ 𝜕𝜌 𝜕𝑇⁄  is defined, ρ = 0 is taken for 
incompressible flow. Thus, the decompression scheme used in 
the incompressible flow domain solutions is obtained [7]. In 
(1) and (2), according to the Boussinesq approach; 𝜏௜௝ is the 
Reynolds stress-strain, expressed as (5) below [9]. 
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where 𝑢ᇱ

௜ and 𝑢ᇱ
௝ are turbulence velocity fluctuations, μt is the 

turbulence viscosity, δij is the Kronecker Delta. Since the SST 
k–ω model provides high success in external flow 
calculations, this turbulence model was used in this study.  

A. FW-H Acoustic Analogy 

Ffowcs William and Hawkings utilized the generalized 
function theory to obtain the classic equation associated with 
their names. The FW-H equation can be written as the 
following nonuniform wave equation  
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where the three terms on the right-hand side are the monopole, 
dipole, and quadrupole sources, respectively (from left to 
right). 
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𝑇௜௝ ൌ 𝜌𝑢௜𝑢௝ ൅ ሾሺ𝑝 െ 𝑝଴ሻ െ 𝑐ଶሺ𝜌 െ 𝜌଴ሻሿ𝛿௜௝ െ 𝜏௜௝    (9) 
 

where 𝑝ᇱ is the far field pressure fluctuations, 𝑇௜௝ is the 
Lighthill stress tensor, 𝛿ሺ𝑓ሻ is the Dirac delta function, 𝜌଴ is 
the ambient density, 𝑝଴ is the ambient pressure, H is the 

Heaviside function, 𝑢 is the fluid velocity, 𝑣 is the body 
surface velocity, c is the velocity of sound, n is a normal 
vector that points into the fluid [10]. 

The far field solution of the FW-H equation can be written 
as: 
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where 𝑀 is the Mach number vector at a source point on the 
integration surface, dots on quantities denote time derivative 
with respect to the source time 𝜏, and the remaining terms are 
defined as  
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where 𝑇௥௥ ൌ 𝑇௜௝𝑟̂௜𝑟̂௝ is the double contraction of the Lighthill 
stress tensor 𝑇௜௝ , and the other terms are defined as: 
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where M is the Mach number vector of a volume source fixed 
in the body reference frame. Some comprehensive definition 
could be found [11].  

The SPL is calculated in decibels using the RMS 
magnitudes at the relevant time interval of the time-dependent 
pressure values. 
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B. SST k-ω Governing Equations 

The SST k-ω turbulence model is a two-equation eddy-
viscosity model which has become very popular. The shear 
stress transport (SST) formulation combines the best of two 
worlds. The use of a k-ω formulation in the internal parts of 
the boundary layer makes the model straight usable all the 
way down to the wall through the viscous sub-layer, hereby 
the SST k-ω model can be used as a Low-Re turbulence model 
without any additional damping functions [12]. 

The SST formulation further switches to a k-ε attitude in the 
free-stream and by that means avoids the widespread k-ω 
problem that the model is so sensitive to the inlet free-stream 
turbulence properties. Authors who use the SST k-ω model 
often merit it for its good behavior in adverse pressure 
gradients and separating flow.  

The SST k-ω model does produce a bit too large turbulence 
levels in regions with large normal strain, like stagnation 
regions and regions with strong speed-up. This propensity is 
many less marked than with a normal k-ε model though [13]. 

Turbulence Kinetic Energy is: 
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Specific Dissipation Rate calculated as: 
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Closure Coefficients and Auxiliary Relations 
𝐹ଶ (second blending function) is calculated as: 
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𝑃௞ (Production limiter) is defined:  
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Each of the constants is a blend of an inner (1) and outer (2) 

constant, blended via: 
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where ∅ଵ represents constant 1 and ∅ଶ represents constant 2.  
Additional functions are given by: 
𝐹ଵ (Blending Function) is calculated as: 
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Note: 𝐹ଵ=1 inside the boundary layer and 0 in the free 

stream., 
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And 𝜌 is the density, 𝑣௧ ൌ 𝜇௧ 𝜌ൗ  is the turbulent kinematic 

viscosity, 𝜇 is the molecular dynamic viscosity, and y is the 
distance from the field point to the nearest wall [14]. 

Kinematic eddy viscosity is defined as: 
 

𝑣் ൌ ఈభ௞

୫ୟ୶ ሺఈభఠ,ௌிమሻ
    (23) 

 
The boundary conditions recommended in the original 

reference are: 
 

௎ಮ

௅
൏ 𝜔௙௔௥ ௙௜௘௟ௗ ൏ 10

௎ಮ

௅
 .  (24) 

 
ଵ଴షఱ௎మ

ಮ

ோ೐ಽ
൏ 𝑘௙௔௥ ௙௜௘௟ௗ ൏

଴.ଵ௎మ
ಮ

ோ೐ಽ
 .  (25) 

 

𝜔௪௔௟௟ ൌ 10 ଺௩

ఉభሺ∆ௗభሻమ .   (26) 

𝑘௪௔௟௟ ൌ 0 
 

where L is the approximate length of the computational 
domain, and the combination of the two far-field values 
should yield a free stream turbulent viscosity between 10-5 and 
10-2 times free stream laminar viscosity. Thus, the far-field 
turbulence boundary conditions are somewhat open to 
interpretation. Note that the turbulence variables decay 
(sometimes dramatically) from their set values in the far-field 
for external aerodynamic problems. 

The constants are: 
 

𝛼ଵ ൌ ହ

ଽ
 , 𝛼ଶ ൌ 0.44  

𝛽ଵ ൌ ଷ

ସ଴
 , 𝛽ଶ ൌ 0.0828  

𝛽∗ ൌ ଽ

ଵ଴଴
  

𝜎௞ଵ ൌ 0.85 , 𝜎௞ଶ ൌ 1 
𝜎ఠଵ ൌ 0.5 , 𝜎ఠଶ ൌ 0.856 

III. AEROFOIL CONFIRMATION  

A. Mesh Generation 

The aeroacoustic simulation methodology was tested on 
NACA series aerofoils which were created using Pointwise. 
After the calculations are finished, the results of 3D 
NACA0012 are compared with data from Brooks et al. [15] 
and the results of 2D NACA0012 are compared with data 
from the work of Zhang et al. (2016) [18]. 

The NACA series are aerofoils developed by the National 
Advisory Committee for Aeronautics and have been 
extensively used in the aerospace industry for research owing 
to their simple geometric design.  

The mesh image of the airfoils studied is as shown in Fig. 2. 
Also, the 3D mesh domain prepared is shown in Fig. 3.  The 
NACA0015 chord length used in C=0.61 m and span of 1.8 m. 
This mesh has contained about 7 million cells. 
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Fig. 2 General view of meshes prepared using Pointwise 

 

 

Fig. 3 Zoom of different zones where the 3D NACA0012 mesh that 
simulating 

 
The NACA 0012 aerofoil chord length used in C=0.3048 m 

to equal the experimental data. The span used is 0.1143 m that 
are 1/4 of the experimental span (S) used by Brooks et al. [15]. 
The distance from the main inlet boundary to the leading edge 
of the blade is 6C and the distance from the leading edge to 
the main outlet boundary is 12C. This mesh has contained 
about 3 million cells. The geometry of the aerofoils and their 
mesh was created using Pointwise. The meshes are structured 
near the blade and unstructured in the far field. 

Velocity inlet and pressure outlet limits are used to simulate 
distance field locations. 

For inlet boundaries, it was selected that free stream 
velocity is 71.3 m/s and Reynolds. 

Number is 1.5x106 for NACA0012. Also, NACA0015 
aerofoil's free stream velocity is 30 m/s and Reynolds Number 
is 1.3x106. The velocity value changes according to the 
airfoil's AoA. This change is calculated according to the 
following formula where is 𝑢 ൌ 𝑈ஶ𝑐𝑜𝑠ሺ𝛼ሻ, 
𝑣 ൌ 𝑈ஶ𝑠𝑖𝑛ሺ𝛼ሻ 𝑎𝑛𝑑 𝑤 ൌ 0, and 𝑈ஶ is the free stream velocity 
and 𝛼 is the AoA.  

A steady-state RANS (Reynolds Averaged Navier Stokes) 
solution was developed to create a steady state before starting 

the SST k-ω solution. This process lasted 0.05 s. The 
convergence criterion is 10-6 for all residuals. The SIMPLE 
algorithm (Semi-Implicit Method for Pressure-Linked 

Equations) was used for the SST k-ω method solved using a 
second-order central differencing scheme. A time step size of 
10-5 sn was selected. The simulation stabilized in 0.3 s. It was 
stopped at 0.35 s and the results were checked. 

 

 

Fig. 4 Rectangular Domain for NACA 0012 for showing the 
boundary conditions 

C. CFD Results 

To confirm the simulations, the coefficients of pressure and 
lift were compared with experimental data. These comparisons 
are given in the graphs below. The lift coefficient value is 
calculated as: 

 

𝑐௅ ൌ ௅
భ
మ

ఘಮ௎ಮ
మௌ

 .   (27) 

 
In this equation, 𝐿 represents the total lift force and  𝜌ஶ  

represents the free stream fluid density.  
The pressure coefficients value is calculated as: 
 

𝑐௣ ൌ
௣ି௣ಮ

భ
మ

௣ಮ௎ಮ
మ .   (28) 

 
 𝑝ஶ  represents ambient pressure.  

For 3D NACA0012, two different AoA values as 0° and 
5.4° were used in this study. The time-averaged lift coefficient 
has been appraised for SST k-ω calculations at two different 
AoA and is shown in Fig. 5. When the experimental data of 
Abbott and Von-Doenhoff [17] are compared, similar results 
were obtained for the calculation made for 0°; numerical 
differences have been found in calculations made for 5.4°. 

 

 

Fig. 5 cL SST- kω method results of 3D NACA0012 aerofoil 
compared with experimental data of Abbott and Von-Doenhoff’s 

paper [17] 
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In Figs. 6 and 7, the time-averaged pressure coefficient data 
acquired using SST k-ω calculations compared with 
experimental data by Gregory and O'Reilly [16]. In the 
analyses made, the cp value obtained for 0° is close to the 
experimental data. But the cp value obtained from the 
calculations made for 5.4° is lower than the experimental data. 
This difference may be due to the lack of a more precise study 
using the LES method.  

 

 

Fig. 6 SST k-ω results of the pressure coefficient for the 3D 
NACA0012 at 0° 

 

 

Fig. 7 SST k-ω results of the pressure coefficient for the 3D 
NACA0012 at 5.4° 

 
In Figs. 8 and 9, the time-averaged pressure coefficient data 

acquired using SST k-ω calculations compared with 
experimental data from the work of Zhang et al. (2016). In the 
analyses made, the cp value obtained both 0° and 8° is close to 
the experimental data. 

D. Acoustic Results 

A total of eight receivers were used in the analysis for 3D 
NACA0012. Four of these acoustic receivers were placed in 
the front of the airfoil and the other four on the back. In the 
acoustic analysis for 2D NACA0015, only one receiver was 
used and placed on the back of the airfoil.  

The results obtained from the receivers returned online 

when the steady-state analysis is initiated are compared with 
the experimental data. The data from the recipients were based 
on those closest to the experimental results. Detailed 
numerical results can be seen in the following figures.  

 

 
Fig. 8 SST k-ω results of the pressure coefficient for the 2D 

NACA0015 at 0° 
 

 

Fig. 9 SST k-ω results of the pressure coefficient for the 2D 
NACA0015 at 8° 

 
In all of the analyses performed, the calculated SPL values 

were lower than the experimental data. This may be due to the 
fact that the turbulence zone has not been fully formed and 
that the calculations have not been done by the LES method.  

 

 

Fig. 10 Microphone positions on the prepared airfoils mesh 
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Fig. 11 Acoustic results for the 3D NACA0012 at 0° 
 

 

Fig. 12 Acoustic results for the 2D NACA0015 at 0° 
 

 

Fig. 13 Acoustic results for the 2D NACA0015 at 8° 

IV. CONCLUSIONS  

The forecast of the based on the wind noise is a significant 
and complicated problem in the fluid-dynamic acoustics area. 
Recently, some acoustic methods in CFD are developed for 
the acoustic area forecast. In the analysis, acoustic estimates 
were made using the SST k-ω model. When the studies in the 
literature are examined, it is seen that this method is widely 
used. However, in the analyzes made, the number of Reynolds 
is higher than the examined articles and the end result of the 
calculations of the turbulent zone accounts is not the desired 
result, although the cp diagrams were taken properly, errors 
were found in the SPL graphs. It is clear that this area needs 
more work. In the following periods, the flow-based sound can 
be completely estimated by the fact that the simulation 
programs continue to develop. In order to compare the 
numerical data to be obtained from the analyses to be made, it 
is necessary to develop it in experimental data. There are 
many other issues to work on in this field. 
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