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Abstract 
Wind tunnel testing and embedded large eddy simulations are employed to 
study the noise reduction of trailing-edge finlets on an airfoil. Trailing-edge 
finlets are shown to increase the distance between the highly energetic fluid par-
ticles and the sharp trailing edge. Experiments were conducted at different an-
gles of attack. Wind tunnel measurements confirm that finlets reduce the broad-
band noise radiated by the airfoil. Results also reveal that the noise reduction of 
finlets is dependent on the airfoil angle of attack, and that the highest noise re-
duction is obtained at the largest angle of attack tested. 
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1. Introduction 

With noise levels increasing at the community level, aerodynamic noise reduc-
tion has been gaining the attention of the research community. Over the past few 
decades, noise pollution has increased, disturbing the integrity of natural ecosys-
tems and putting these at risk [1]. Likewise, humans are affected by noise pollution 
as it impacts their quality of life and puts their mental and physical well-being at 
risk [2].  

In parallel, global warming has led to a universal push towards sustainability, 
promoting increased interest in renewable energy sources to replace coal and 
fossil fuels, and reduce greenhouse gas emissions. Harnessing the energy of wind 
through wind turbines is one of those sources. Despite their many advantages, 
the noise produced by such turbines is still of the most significant hindrance pre-
venting their widespread use, and the largest contributor to this noise pollution 
is that generated by the Trailing Edge (TE) of wind turbine blades [3]. For those 
reasons, TE noise reduction has become of crucial importance for many indus-
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trial sectors. 
Researchers and engineers turned to nature to investigate the possibility of hav-

ing low-noise airfoils. In 1934, R. R. Graham [4] was the first to recognize the po-
tential of using birds as the reference to render modern airplanes more efficient, 
and specifically identified owls as a biomimicry candidate to achieve silent flight. 
The wings of owls differ from those of all other groups of birds. Three main noise 
reduction peculiarities were observed in owl wings, which distinguish them from 
other birds:  

1) In front of every feather (leading-edge), a remarkably stiff comb-like fringe 
exists; 

2) Spanning along the trailing edge of the main wing, a fringe resembling that 
of a shawl exists; 

3) Parts of the upper surface of the wings are covered with fine short feath-
ers.  

Soon afterwards, more researchers followed the same path and were drawn to 
nature looking for inspiration. In 1998, Lilley [5] confirmed the three main noise 
suppression mechanisms in owl wings previously addressed by Graham [4]. Fol-
lowing the work of these authors, further work has been conducted using the owl 
as a biomimicry model. The proceeding step was to implement owl wing features 
in a practical way on solid airfoils to study their efficiency as noise suppressers 
and their effect on aerodynamic flow properties. Clark et al. [6] designed surface 
treatments that would replicate the surface-pressure attenuating effects of the 
downy upper surface of owl wings, in a form suitable for application on an ac-
tual airfoil. Afshari et al. [7] investigated the effect of different types of sur-
face treatments on surface pressure fluctuations, eddy convection velocity and 
spanwise length scale on a flat plate model, where the Boundary Layer (BL) was 
tripped. The experimental results revealed that having coarser finlet spacing re-
duces the surface pressure power spectral density at mid to high frequency and 
increases the spanwise length scale, while finer spacings effectively suppress 
higher frequency fluctuations with a penalty in the low- to mid-frequency range, 
and a reduction in the spanwise length scale.  

Numerical simulations have also been used to predict far-field noise radiation. 
In 2000, Manoha, Troff and Sagaut [8] successfully predicted the far-field noise 
generated by turbulence flowing over the blunt TE of a thick flat plate by coupl-
ing a Large Eddy Simulation (LES) with Curle’s solution to the Lighthill equation, 
then the Ffowcs-Williams and Hawkings (FW-H) analogy. Agrawal and Sharma [9] 
also assessed the effectiveness of biomimicry in reducing aerodynamic noise using 
LES. The interaction between the wake of a cylindrical rod and a downstream airfoil 
was simulated to investigate the effect of sinusoidal leading-edge serrations on ra-
diated noise. Tang et al. [10] performed simulations employing LES using the 
Lighthill-Curle method in an attempt to reveal the variation in the hydrodynam-
ic field and sound source associated with TE serrations on a NACA 0012 airfoil. 
Zilstra and Johnson [11] demonstrated the ability of LES, combined with the 
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FW-H acoustic analogy, to predict the flow field and acoustic results for an SD7037 
airfoil at a Re of 43,000 and different angles of attack. Bodling et al. [12] pre-
sented a numerical investigation of bio-inspired airfoils finlets. The used geome-
tries were characterized by an array of finlets applied near the TE and aligned with 
the flow. LES was carried out on a NACA0012 airfoil for two different fence heights. 
Overall, the method proved to be an effective airfoil self-noise prediction tool at 
static angles of attack. 

Despite the increase in computing power over the last two decades, Large Ed-
dy Simulations remain prohibitively expensive. Because of the impracticality of 
LES and the need for reliable short-response-time noise prediction methods for 
industrial design and optimization, some researchers resorted to statistical mod-
els based on steady RANS solutions in a sequential CFD/CAA approach. Markus 
[13] reviewed three different methods based on steady Reynolds-averaged Navier- 
Stokes (RANS) solutions to predict noise emitted from airfoils. Validation studies 
showed decent agreement between the considered methods and results from ex-
periments, a semi-empirical airfoil self-noise prediction code and LES. In another 
attempt to get accurate noise predictions at a reasonable computational cost, 
Quéméré and Sagaut [14] presented a novel zonal multi-domain RANS/LES method 
(also known as Embedded LES or ELES), where the full domain configuration 
was decomposed into several subdomains that can be treated with either RANS or 
LES. The same concept was later adopted by Teraccol [15], who investigated us-
ing ELES to represent aerodynamic noise sources. The method was applied to a 
flat plate with a blunt TE and a NACA0012 airfoil. In this approach, zonal LES is 
only performed close to the main elements responsible for sound generation, 
while the overall configuration is treated by RANS. The most critical point was 
the numerical treatment performed at the inlet of the LES domain. CPU time re-
ductions in the order of 40 were obtained and the method was found to be an at-
tractive compromise between accuracy and computational cost. In 2008, Fröhlich 
and von Terzi [16] presented a generic review of the various ELES approaches 
along with different interface treatment strategies. The review provided infor-
mation on how to distinguish between the different methods and advanced the 
understanding of their inherent limitations as well as the encountered difficulties. 
Successful simulation results demonstrated the high potential of the approach. 
Kim et al. [17] used a segregated ELES approach to predict the aeroacoustic and 
aerodynamic properties of several flatback airfoils at high Re and compared the 
results to semi-empirical and experimental data. Synthetic turbulence was gen-
erated at the RANS/LES interface using the vortex method and far-field acous-
tics were computed using the FW-H analogy. The obtained frequency spectra of 
surface pressure fluctuations obtained is in good agreement with experimental 
measurements at the same observer location and the hybrid RANS-LES method 
is found to be adequate for predicting aerodynamic noise generation by vortical 
flow in the vicinity of a blunt TE airfoil over a range of frequencies. Lane, Croaker 
and Ding [18] tested and implemented ELES for the prediction of TE noise due 
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to flow around a NACA 0012 airfoil. The obtained results were compared to a 
full LES simulation and to experimental data. Both simulations used the same 
mesh resolution and the same wall-modeled LES approach. For ELES, the mesh 
size was only about 13 million cells, compared to 40 million cells for the full LES. 
It was found that the results of both simulations were in good agreement. The 
ELES approach resulted in saving 55% of the computational cost of a full LES. Zuo 
et al. [19] performed flow simulations using ELES to analyze the aerodynamic 
and noise characteristics of a serrated-TE NACA0018 airfoil at a Re of 160,000 
and an Angle of Attack (AOA) of 6 degrees. Two airfoils having the same serra-
tion wavelength and different serration amplitudes were considered and compared 
to a straight TE case. Predictions based on the FW-H acoustic analogy showed that 
longer serrations are more effective in decreasing the overall sound pressure le-
vels. 

The main objective of the current study is to investigate the use of LES as a rela-
tively fast aeroacoustic and aerodynamic framework for the prediction of noise 
(i.e., as a tool that could be used in the preliminary stage of design), hence possi-
bly reducing the computational cost of such investigations at this phase of design. 
This study also aims at improving the overall knowledge on the working prin-
ciples of the effect of bio-inspired designs on flow and fair-field noise. The 
used ELES configuration, where the LES region only partially covers the airfoil 
chord- length, hasn’t been used to investigate bio-inspired finlets yet. ELES is 
adopted to study the flow field around a flat-TE NACA0012 airfoil and a finned-TE 
airfoil. The far-field noise is computed using the Ffowcs Williams-Hawkings 
(FW-H) model. The chord-based Reynold’s number, Rec, is approximately 
500,000. Experimental testing is then conducted to evaluate the effect of the airfoil 
AOA on the noise reduction by the finlets design.  

The paper is structured as follows: Section 2.1 presents the numerical metho-
dology with the governing LES equations, while Sections 2.2 and 2.3 describe the 
hybrid RANS/LES interface treatment and the FW-H aeroacoustic analogy, respec-
tively. Section 3 presents the flow configuration (Section 3.1), the computational 
mesh (Section 3.2), and the experimental setup (Section 3.3). Results are discussed 
in Section 4. 

2. Numerical Methods 
2.1. Governing Equations 

The governing equations used in the current study, termed the spatially-filtered 
Navier-Stokes equations, are obtained by applying a low pass filter on the time 
dependent Navier-Stokes equations in the physical space. The simulations were 
carried out using the commercial software ANSYS Fluent. The flow is assumed 
incompressible. In order to increase efficiency, the filter width is the same size as 
the mesh spacing used in the computational domain. The resulting equations de-
scribe the dynamics of large eddies [20] [21]. Field variables, such as pressure and 
velocity, are defined by their convolution with a filter function over the fluid do-
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main, as following: 

( ) ( ) ( )  , d
D

x x G x x xφ φ ′ ′ ′= ∫                       (1) 

where: D is the fluid domain and G is the filtering function. The overbar indi-
cates spatial filtering and not temporal averaging. After applying the filter to the 
mass and momentum conservation equations, the NS equations become: 
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                         (2) 
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In order to obtain a close system of equations, the unknown SGS stresses are 
modeled by applying the Boussinesq eddy viscosity hypothesis [22], thus compu-
ting the sub-grid-scale turbulent stresses from: 

1 2
3ij kk ij t ijSτ τ δ µ− = −                        (4) 

where: tµ  is the subgrid-scale turbulent viscosity and kkτ  is the isotropic part 
of the SGS. The latter part is not modeled as it is added to the filtered static pres-
sure term. ijS  is the strain-rate tensor of the resolved scale calculated from Equa-
tion (5) using the filtered velocity components. 
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Using the Wall Adapting Local Eddy Viscosity (WALE) model [23], tµ  is mod-
eled as: 
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where: sL  the mixing length of the sub-grid scale, and d
ijS , which is a function 

of the strain and rotation rate tensors, are defined in Equations (7) and (8) as: 
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where: d is the distance to the closest wall, V is the volume of the computational 
cell, κ = 0.41 is the von Kármán constant, and Cw = 0.325 is the WALE constant. 
Values of d and V are determined by the ANSYS Fluent code for each mesh ele-
ment. The von Kármán constant (defined as κ = y/l) is one of the few funda-
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mental constants in fluid mechanics governing turbulent flows, and represents 
the ratio between mixing length, l, and the vertical distance in the flow field, y. 
Using an energy argument and mathematical symmetry it is argued that the von 
Kármán’s constant is κ = 0.414 (with derivable corrections for specific applica-
tions) [24]. As shown in [25], the best estimate for the von Kármán constant is 
found to be 0.40 ± 0.02. In the present simulation, κ = 0.41 was used, as specified 
in the ANSYS Fluent manual for external flows [20]. The WALE constant is used 
to estimate the mixing length of the subgrid scale, which is necessary to evaluate 
the unresolved (subgrid) turbulence of the flow in LES. Intensive validation 
during a European Union research project [23] has shown consistently superior 
results using CW = 0.325 [26]. In addition, as described in the ANSYS Fluent manual 
[20], a value of the WALE constant of 0.325 has shown to yield satisfactory re-
sults for a wide range of flow; hence, this value was used in the current simula-
tion. 

2.2. RANS/LES Interface 

In the present study and approach used, the entire domain is decomposed into 
clearly identifiable regions for RANS and LES before the simulation is started. 
This is usually referred to as segregated modeling. The goal is to use each model 
where it is best suited. The flow is initialized using RANS equations, which pro-
vide stationary field statistics, and LES re-solves the unsteady high-resolution 
perturbations near the TE, where it is needed. The main difficulty is defining 
proper interface conditions, seeing that inappropriate coupling could lead to re-
sults’ contamination in the LES or RANS subdomains. At the inflow interface, mass, 
momentum and energy are convected into the LES subdomain from the RANS 
region. The latter provides mean values which are to be coupled with the LES data. 
To obtain correct LES results, fluctuations must be provided at the interface and 
added to the mean flow computed by RANS. These fluctuations can be real, pro-
vided by precursor simulations or databases of similar flows, or synthetic, pro-
vided by Fourier modes, digital filters, random vortices, etc. The goal is to make 
the imposed fluctuation as close as possible to those present in a real physical 
flow.  

The Vortex Method [27] was chosen as a means of adding artificial resolved 
turbulence at the RANS/LES interface. In this approach, a fluctuating vorticity 
field is added to the mean flow, consequently creating perturbations similar in 
behavior to realistic ones. The VM is based on the Biot-Savart law and the 2D 
evolution equation of vorticity. Vortex points, or particles, are distributed over the 
inlet interface perpendicular to the streamwise direction and are randomly convec- 
ted, carrying information about the vorticity field. The amount of vorticity car-
ried by a given particle “i” is represented by the circulation Γ according to Equa-
tion (11), and the assumed spatial distribution is given by Equation (12), such 
that: 

( ) ( ) ( )1, ,N
i i it t tω η
=

= Γ −∑x x x                     (10) 
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where: N is the number of vortex points, A is the inlet section area, k is the tur-
bulence kinetic energy and σ controls the size of the vortex particles. The result-
ing discretization for the velocity field is given by: 
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in which z  is a unit vector in the streamwise direction and ix  is the location 
of the i-th vortex particle. The value of σ is calculated from a known profile of mean 
turbulence kinetic energy and mean dissipation rate at the inlet, such that: 

3
2

 
2

ckσ =


                          (14) 

in which c = Cμ3/4 = 0.16, with Cμ = 0.09 as shown in [27]. Using the ANSYS 
Fluent code, the minimum value of σ is determined by the local mesh size to 
ensure that the vortices will always belong to the resolved scale. The sign of the 
circulation of each vortex is randomly changed every characteristic time scale, which 
is the time needed for a 2D vortex to travel n times its mean characteristic 2D size 
in the boundary normal direction, where n is set to equal 100 from numerical 
testing.  

2.3. FW-H Aeroacoustic Analogy 

In order to overcome the prohibitive cost of directly resolving the pressure fluc-
tuations responsible for noise in the far-field, a method based on Lighthill’s acous-
tic analogy [28] is used. In this approach, the nearfield flow is computed using the 
appropriate governing equations of ELES, and the far-field noise is predicted with 
the aid of an analytically de-rived integral solution to the wave equation. The acous-
tic analogy decouples sound generation from its propagation, thus allowing the 
separation of the flow solution from the acoustic analysis and the extraction of acou- 
stic sources from the CFD domain. 

The Ffowcs Williams and Hawkings (FW-H) formulation [29] adopts the 
most gen-eral form of Lighthill’s acoustic analogy. The FW-H equation [29] [30] 
is nothing but an in-homogeneous wave equation derived by manipulating the 
continuity and Navier-Stokes equation. The FW-H equation can be expressed as: 
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( )2  ij i j ij ijT u u P aρ ρ ρ δ∞ ∞= + − −                (16) 

where: p p p∞′ = −  is the sound pressure at the far-field, iu  is the fluid veloc-
ity component in the ix  direction, nu  is the velocity component normal to the 
surface f = 0, iv  is the surface velocity component in the ix  direction, nv  is 
the surface velocity component normal to the surface, ( )fδ  is the Dirac delta 
function and ( )H f  is the Heaviside function. The subscript “∞” denotes free- 
stream parameters. The f = 0 surface is a mathematical surface representing the 
source surface. in  is a unit vector normal pointing towards the exterior region of 
the source (f > 0), a∞  is the speed of the sound at the far field, ijT  is the 
Lighthill stress tensor defined in Equation (17), and ijP  is the compressive 
stress tensor. The first term on the right hand side of Equation (16) represents the 
monopole or thickness source, modeling the sound generated by the displace-
ment of a fluid as a body passes through it. The second term is the dipole or 
loading source, resulting from the unsteadiness of the forces acting on the body’s 
surface. The third term is the quadrupole source term, representing the non-linear 
fluctuations in the local sound speed and fluid velocity near the body surface. 
Monopole and dipole sources are dominant in low Mach number flows. By inte-
grating Equation (16) assuming free-space flow and no obstacles between the sound 
source and receiver, a full solution consisting of surface and volume integrals 
is obtained. In the present case, the volume integral is neglected as it is only signif-
icant in high Mach number flows. Thus, far-field sound pressure can be expressed 
as: 
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( ) i i i iU v u vρ
ρ∞
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( ) ̂i ij j i n nL P n u u vρ= + −                      (21) 

A dot over a variable indicates the source-time derivative of that variable, while 
the subscripts n, r and M denote the dot product with the unit normal vector, 
the unit radiation vector and surface velocity vector normalized by the speed of 
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sound, respectively. 

3. Flow Configuration, Computational and Experimental  
Setups 

3.1. Flow Configuration 

The airfoil selected for the present simulation is a NACA0012 symmetric airfoil, 
at zero angle of attack to isolate the effect of lift generation on the analysis. The 
chord length of the airfoils c is 0.3 m. The airfoil is placed in a square 10c × 10c 
domain, which was sufficient to provide convergence of results. The flow do-
main is divided into two regions as seen in Figure 1. RANS equations are em-
ployed in a coarse RANS domain, while LES equations are employed in a refined 
LES region near the TE. It’s important to note that only the noise radiated by the 
flow within the LES region is predicted in the numerical simulations. Since the 
presented work is focused on TE noise predictions, it is reasonable to neglect the 
noise generated by other airfoil sections, such as the leading edge. s is the span of 
the flow domain. Two embedded configurations were tested. For cases C1.1 and  

C1.2, the LES domains in the streamwise direction extend from 0.5x
c
=  and 

0.7x
c
= , respectively, to 1c downstream of the TE. The letter “C’ stands for  

computational. The origin is defined at the airfoil leading edge. In the transverse 
direction, the LES domain extends 0.25c above and below the airfoil. TE finlets 
are also tested. The thickness of the finlets, t, is 1 mm and the spacing between 
each two consecutive finlets, S, is 3.9 mm. The finlets do not extend past the airfoil  

TE, and their LE falls at 0.73x
c
= . The maximum height of the finlets (H), as 

measured from the airfoil surface, is 8 mm, and is reached at 0.975x
c
= . The  

design parameters are inspired by the work of Bodling et al. [12] and Shi et al. 
[31]. Figure 2 shows a general model of TE finlets. Table 1 summarizes the 
geometric parameters of the simulated cases. Computations are carried out at a 
free stream velocity  24 m su∞ =  and a free stream Mach number 0.071M∞ = ,  

resulting in a chord-based Reynolds number, c
DRe uρ
µ∞= , of approximately  

 

 
Figure 1. Schematic illustration of the segregated modeling domains. 
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Table 1. Geometric parameters of simulated airfoils. 

Case c (mm) s (mm) S t (mm) 

C1.1 (Flat TE) 300 18 - - 

C1.2 (Flat TE) 300 30 - - 

C2 (Finlets) 300 30 3.9 1 

 

 
Figure 2. General model of TE finlets, not to scale. (a) Top view; (b) Isometric view. 

 
500,000, where ρ is the fluid density, μ is the dynamic viscosity and D is the cha-
racteristic length, which is the airfoil chord in this case.  

3.2. Computational Mesh 

A predominantly hexahedral mesh is generated following the cartesian cut-cell 
method (Figure 3). This meshing technique, which has received a significant 
development in recent years [32], was found ideal for the current study seeing 
that it results in a smaller number of elements for the same resolution compared 
to other methods, thus significantly reducing the simulation time. In addition, 
the resulting elements are characterized by their high orthogonal quality and low 
skewness, which minimizes truncation errors [32] [33]. Element size is restricted 
to 25.6 mm in the coarse RANS zone, 0.8 mm in the refined LES zone, and 0.2 
mm on the airfoil surface in the vicinity of the TE. Elements in the airfoil wake 
of the RANS zone have a size of 5 mm. The grid resolution in terms of wall-normal  

units is defined by 
u x

x τ

ν
+ ∆

∆ = , 
u y

y τ

ν
+ ∆

∆ =  and 
u z

z τ

ν
+ ∆

∆ =  where uτ  is  

the frictional velocity and ν is the kinematic viscosity. 40 inflation layers (Figure 
3(c)) are generated around the airfoil with the thickness of the first layer set to 
7.6 × 10−3 mm and a growth factor of 1.08, thus ensuring 0.5y+ <  everywhere 
on the airfoil surface (Figure 4), at least three layers in the viscous sublayer and 
overall accurate boundary layer resolution. Table 2 lists mesh properties for all  
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(a)                           (b) 

 
(c) 

Figure 3. Computational mesh setup. (a) Mesh overview; (b) Mesh near airfoil surface; 
(c) Inflation layers around airfoil. 
 

 
Figure 4. Instantaneous y+ distribution. 
 
Table 2. Number of elements in each computational mesh. 

Case RANS LES Total 

C1.1 456,353 4,586,780 5,043,133 

C1.2 976,300 5,690,368 6,666,668 

C2 976,300 7,772,301 8,748,601 

 
simulated cases. The chosen computational grid has a maximum resolution 

maxΔ 20x+ ≤  and maxΔ 20z+ ≤  in the streamwise and spanwise directions, respec-
tively [34] [35]. For verification, a third case was is simulated using two different 
meshes to investigate the effect of the mesh on the predicted noise. A steady-state 
mesh convergence study was carried out by progressively refining the mesh, creat-
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ing three meshes having 6,666,668 elements, 7,606,083 elements and 9,011,531 
elements, respectively. The values of integrated output parameters, such as lift and 
drag coefficients, were compared and the maximum error is found to be less than 
0.4%, demonstrating mesh convergence. Furthermore, the first two meshes were 
carried over for a transient simulation analysis. The lift-history coefficients were 
evaluated for each mesh at every time step and their RMS values were computed. 
Both meshes yield the same lift-coefficient RMS value, 

RMS
0.0013Lc = . Con-

sistent results in terms of integrated flow parameters for both steady-state and 
transient simulations, are a strong indication of the convergence of the used com-
putational mesh, i.e., the mesh directly resolves enough flow structures for the re-
sults not to change with mesh refinement.  

The boundary conditions used are demonstrated in Figure 5. A velocity inlet 
boundary condition is specified at the domain entrance, where 24 m su∞ = . Pe-
riodic Boundary Conditions (PBCs) are applied on the right and left side walls of 
the domain in the spanwise direction to allow the flow to develop naturally. No-slip 
boundary conditions are applied on the airfoil surface and a zero gauge-pressure 
outlet boundary condition is used. The inlet turbulence is set to 0.3%. The SIM- 
PLE pressure-velocity coupling scheme is used. All results are second order ac-
curate in time and space. The flow is initialized using the k-ω SST model devel-
oped by Menter [36], as it gives accurate separation predictions for external flows. 
The VM is then used to inject turbulence at the RANS/LES interface and the 
simulation is run for 4TTF “Through-flow time” to obtain a fully developed  

flow, where CFD
TF

L
T

u∞

=  [37]. LCFD is the LES domain length in the streamwise 

direction.  
WALE Subgrid-Scale (SGS) modelling is employed in the LES region as it is 

designed to return correct asymptotic wall behavior for wall-bounded flows [20].  
 

 
Figure 5. Boundary conditions. 
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The time step 51.2 10dt −= ×  seconds. With these values, the Courant-Friedrichs- 
Lewy (CFL) number achieved is ≤1 everywhere in the domain, meaning the flow 
particles don’t travel more than the length of one mesh element every time step. 
Residuals are reduced by three orders of magnitude each time step. Lastly, acoustic 
data is gathered for 3TTF. All convergence residuals are set to 10−5. Pressure and 
velocity monitoring points were placed in the airfoil wake and statistical con-
vergence is achieved. Statistical convergence is also achieved for the coefficients 
of lift and drag. All simulations are carried out using the commercial CFD soft-
ware FLUENT 2019R3 and run on Intel Xeon L5410 2.33 GHz platform of 60 
cores. 

3.3. Experimental Setup 

Experiments were conducted in the medium-speed, subsonic, closed-loop wind 
tunnel at Carleton University (Figure 6). A series of turbulence grids precede a 
9:1 contraction, which reduces the turbulence intensity levels in the center of the 
test section to less than 0.27%. The tunnel has a removable, rectangular test sec-
tion along with the surrounding anechoic chambers was completed to be used 
for aeroacoustic testing. This test section is a 0.78 m × 0.51 m rectangular section, 
1.83 m long. The upper and lower walls of the test section are each composed of 
two aluminum sheet panels and contain hardware (circle aluminum material) 
for the vertical mounting of a two-dimensional airfoil in the midway, and 0.45 m 
from the upstream end of the test section [38] [39]. 

The airfoil wing is mounted vertically in the test section (Figure 7) with its 
leading edge (at zero AOA) 0.45 m downstream of the test section entrance. The 
airfoil under investigation is a NACA0012 airfoil with a finned TE serration, as 
shown in Figure 7. The chord length of the airfoil is 300 mm, and the width is  

510 mm. Between the leading-edge ( 0x
c
= ), and 0.73 mmx

c
= , the original  

 

 
Figure 6. Wind tunnel schematic. 

https://doi.org/10.4236/aast.2022.71001


Y. Salama, J. Rocha 
 

 

DOI: 10.4236/aast.2022.71001 14 Advances in Aerospace Science and Technology 
 

 
Figure 7. Test section setup and aifoil mounting (top) and finned-TE airfoil (bottom). 

 
NACA0012 airfoil profile is unmodified, where x is the streamwise direction. 

Further downstream, 0.73 1.0x
c

≤ ≤ , is a section that can be removed and replaced  

by either an unmodified or modified TE profile. Once attached, the TE section 
forms a continuous profile giving the appearance that the serrations are cut into 
the main body of the NACA0012 airfoil. Typical parameters including the finlets 
height, H, and spacing, S, are defined as specified in Figure 2. The letter “E” 
stands for experimental. Far-field noise measurements in the mid-span were 
performed by a Brüel & Kjær microphone, which is installed at a distance of 1.4 
m for an observer angle 90α = . The analysis was carried out between 100 Hz 
and 5 kHz. 

4. Results 
4.1. Surface Pressure 

The pressure coefficient distribution around the airfoil is an important parame-
ter since it influences the lift coefficient and the development of the boundary 
layer [40] [41]. In addition, the BL is responsible for the majority of the gener-
ated sound. Cp distributions for cases C1.1 and C1.2 are computed for valida-
tion and compared against experimental results obtained by Lee and Kang [42] 
for a NACA 0012 airfoil at a Re = 600,000, and full LES results published by 
Marsden, Bogey and Bailly [43] at 500000cRe =  (Figure 8). Excellent agreement 
is found between the computational and experimental surface pressure results. Of  
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Figure 8. Cp distribution on airfoil surface. 

 

importance is the fact that from 0.15x
c
=  down to the TE, the boundary layer  

is subject to an adverse pressure gradient. Both cases C1.1 and C1.2 are validated 
against existing literature. The LES domain in C1.1 is longer in the streamwise  

direction as it starts at a 0.5x
c
= , while it starts at 0.7x

c
=  in C1.2 (see Table 1  

and Table 2). Even though both configurations yield acceptable results, the con-
figuration of case C1.2 is chosen for the succeeding simulations as the LES do-
main covers a larger span. 

4.2. Wake Characteristcs 

By calculating the coefficient of lift, 20.5L
Lc

v Aρ
=

∗
, for every timestep of flow  

simulation, the lift-coefficient history can be plotted (Figure 9). L is defined as 
the lift force and A is the airfoil area. The lift-coefficient history is commonly 
used as an indicator of statistical convergence in transient simulations. Fur-
thermore, it’s a non-dimensional representation of the fluctuating forces acting 
normal to the airfoil surface due to the turbulence of air flow. All axes are kept 
constant and aligned for the sake of clarity and comparison. For case C1.2, the 
lift monitor is random and irregular, characterized by a relatively small ampli-
tude. The lift variation behavior in C2 is similar to C1.2. Figure 10 shows the in-
stantaneous flow fields in the airfoil wake in term of iso-surfaces of the Q-criterion, 
which is defined as the second invariant of the instantaneous velocity gradient 
tensor [44]. The iso-surfaces are used to identify and portray the turbulent coherent 
structures of the wake, which are inherently three-dimensional. The iso-surfaces 
are colored by the spanwise vorticity, zω , and demonstrate how the wake beha-
vior changes as standard serrations are introduced then their geometrical para-
meters modified. For the case of a flat TE (C1.2), the wake is non-uniform and 
has almost no observable coherent structures. For C2, the wake looks similar and  
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Figure 9. Lift coefficient history. 

 

 
(a) 

 
(b) 

Figure 10. Instantaneous Q-Criterion colored by zω . (a) C1.2; (b) C2. 

 
no vortex shedding is observed. The effect of finlets on the instantaneous Tur-
bulence Kinetic Energy (TKE) distribution is shown in Figure 11. Air is chan-
neled between the finlets; the initially undisturbed boundary layer is deformed 
and decorrelated, and the highly energetic fluid particles are kept away from the 
airfoil surface, thus decreasing the efficiency of acoustic scattering [45] [46]. 

4.3. Far-Field Noise 

The FW-H aeroacoustic analogy [29] is used to compute the radiated far-field 
noise for the computational cases C1.2 and C2. In order to keep the computa-
tional cost reasonable, the span of the simulation domains is kept smaller than 
that of the experimental testing. Acoustic data is sampled every two flow-timesteps 
and data sampling is performed for 3TTF after the flow is fully developed, result-
ing in a sampling frequency of 41.67 kHz and a frequency resolution of 28.4 Hz, 
where the frequency resolution is defined as the inverse of the sampling period. 
Pressure fluctuations are propagated to receivers placed midspan at a distance of  
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Figure 11. Instantaneous TKE distribution. (a) C1.2 at x/c = 0.9; (b) C1.2 at x/c = 1; (c) 
C2 at x/c = 0.73; (d) C2 at x/c = 0.9; (e) C2 at x/c = 1. 
 
1.5 meters directly above the airfoils’ TEs. Discrete FFT is performed on the re-
sulting time signals seen to compute the Sound Pressure Level (SPL) signal in the 
frequency domain, as shown in Figure 12. The Hanning window is applied to 
the time signal to reduce numerical leakages associated with the discrete FFT [47]. 
Both cases exhibit broadband behavior. No major discrepancies are seen in terms 
of general trend and no tonal peaks are present. A band-pass filter was applied 
obtained signals for C1.2 and C2 to calculate the overall sound pressure level 
(OASPL) for different frequency ranges, as defined in Equation (23). An OA- 
SPL reduction of 0.488 dB was predicted in the frequency range 1000 Hz to 
5000 Hz.  

As part of the current study, and in addition to the numerical predictions, 
wind tunnel testing has been performed to evaluate the noise of finlets at differ-
ent angles of attack. The airfoil has a chord length c of 300 mm, and the width is 
similar to the width of the nozzle exit at 510 mm. The airfoil AOA is set to 0, 5, 
−5, 10 and −10 degrees and fixed to the nozzle exit by two side plates. The mi-
crophone was fixed and placed at about 1.4 m from the TE at a polar angle of 90˚ 
for all tests. The free jet velocity was set to 24 m/s and the flow parameters and  
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Figure 12. Simulated frequency domain noise signal. 
 
chord length are similar to the computational cases, yielding a Rec of approx-
imately 500,000. The fluctuating pressure-time signals for the used microphone 
are recorded and then used to calculate the SPL spectrum. The data sampling 
frequency is set to 20 kHz and the data sampling period is 30 seconds, corres-
ponding to a frequency resolution of 0.033 Hz. The obtained signal is also 
passed through a time-domain filter to remove the low and high frequency con-
tamination, caused by the microphone’s low frequency roll off and high-frequency 
aliasing. The band-pass filter used is a Butterworth filter with the first and second  

stopband frequencies of 100 and 
2

sf  Hz respectively, where sf  is the sampling  

frequency. The sound pressure level, SPL, is computed using the root mean square 
(RMS) of filtered pressure signal as following: 

2

10 2SPL 10log RMS

ref

P
P

 
=   

 
                      (22) 

where: PRMS is the root mean square pressure, and Pref is the standard reference 
pressure in air, 20 μPa. 

In Figure 13 the obtained SPL levels are displayed for AOA = 0˚, 5˚, −5˚, 10˚ 
and −10˚. For all the presented cases, the introduction of finlets did not alter the 
general shape of the acoustic spectra. The acoustic spectra kept the same broad-
band behavior, with slight differences in SPL amplitudes. The difference in am-
plitude between the two configurations is sensitive to the AOA, and is most 
pronounced in AOA = ±10˚. Finlets did not affect the broadband behavior of the 
radiated noise and no tonal peaks are observed. The OASPL is calculated to bet-
ter quantify the effect of finlets on the radiated noise. Table 3 shows the ob-
tained noise reduction as a function of the airfoil AOAs, where: 

( ) ( )ΔOASPL OASPL_ finned TE OASPL_ straight TE= −       (23) 

It is shown that noise reduction increases as the AOA is increased, and that 
values are consistent for the same absolute angles (ΔOASPL−5˚ ≈ ΔOASPL5˚ and 
ΔOASPL−10˚ ≈ ΔOASPL10˚). Since noise reduction is a function of the AOA, and 
modifying the AOA changes the BL thickness, then the noise reduction efficien-
cy of finlets is dependent on the BL thickness. The observed trend agrees with  
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Table 3. Noise reduction as a function of the airfoil AOAs. 

AOA (˚) ΔOASPL (dB) 

−10 −0.761 

−5 −0.681 

0 −0.337 

5 −0.696 

10 −0.782 
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Figure 13. Experimentally obtained SPL levels for several AOAs: (a) 0˚; (b) 5˚; (c) −5˚; (d) 
10˚ and (e) −10˚. 
 
the findings of Gstrein et al. [48]. Experimental results confirm that finlets re-
duce the generated broadband noise. Even tough the overall noise reduction is 
not significant (as shown in Table 3), it is important to note that this solution 
can potentially become attractive to systems that contain several or extensive trailing 
edge structures or components, e.g., an aircraft wing or lifting surface, and a wind 
turbine. 

5. Conclusions 

Embedded large eddy simulations and experimental wind tunnel testing are car-
ried out on a NACA0012 airfoil having different TE configurations. TE finlets 
were investigated for a freestream flow velocity 24 m su∞ = , AOA = 0 and Rec 
of approximately 500,000. A mesh convergence study is performed and the ob-
tained pressure coefficient distribution is validated. The turbulent boundary layer 
was decorrelated in the spanwise direction and the size of the counter-rotating 
eddies near the TE was reduced. The lift force fluctuations history shows that C1.2 
and C2 are subject to random, broadband lift variations, contrary to what one 
observes in typical TE serrations, which usually exhibit sinusoidal fluctuations, hen- 
ce causing tonal noise. In terms of the general trend, no tonal peaks were ob-
served. An OASPL reduction of 0.488 dB was predicted in the frequency range 
from 1000 Hz to 5000 Hz.  

Wind tunnel tests showed the effect of the airfoil AOA on obtained sound re-
duction. For AOA = −10˚, −5˚, 0˚, 5˚ and 10˚, OASPL reductions of 0.761 dB, 
0.681 dB, 0.337 dB, 0.696 dB and 0.782 dB were obtained, respectively. ΔOASPL 
between a flat TE and a finned TE was shown to be sensitive to the AOA, and is 
the largest at AOA = ±10˚. The experimental results confirmed the dependence 
of finlet behavior on the thickness of the BL. The reductions were also consistent 
for the same absolute AOAs. Qualitative agreement between numerical and ex-
perimental results was achieved, in terms of spectral characteristics and broadband 
behavior. The effect of finlets deformed and decorrelated the large coherent struc-
tures of the TBL before they reached the airfoil TE, decreasing the velocity of the 
fluid particles around the sharp TE, thus reducing the efficiency of acoustic scat-
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tering and provoking a broadband noise reduction. 
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Nomenclature 

AOA: Angle of attack; 
BL: Boundary layer; 
CFD: Computational fluid dynamics; 
c: Airfoil chord length; 
Cp: Pressure coefficient; 
s: Finlet spacing; 
dt: Time step; 
t: Time; 
fs: Sampling frequency; 
f: frequency; 
u, v, w: Fluid velocity; 
P: Fluid pressure;  
M∞ : Mach number;  
Rec: Chord based Reynolds number;  
μ: Dynamic viscosity;  
ν: Kinematic viscosity;  
L: Length;  
Q: Second invariant of velocity gradient tensor; 
ρ: Density;  
SGS: Subgrid-scale;  
TE: Trailing-edge;  
TFT: Through-flow time;  
ω: Vorticity. 
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