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ABSTRACT

In this work, the interaction of grid-generated turbulence with airfoils of different thicknesses, namely, a National Advisory Committee for
Aeronautics (NACA) 0008 and a NACA 0018, is investigated, leading to a deeper understanding of the influence of the airfoil geometry on
the near-field flow and on the far-field pressure fluctuations. Experimentally validated lattice-Boltzmann simulations are used to analyze the
flow properties in the leading-edge (LE) vicinity. The analysis of the velocity fluctuations near the LE shows that momentum is transferred
from the streamwise to the transverse velocity for the NACA 0008 airfoil interacting with a large turbulence length scale. This mechanism
changes with the increase in the airfoil thickness because the inflow turbulence length scale becomes comparable to the airfoil thickness in
the LE region, resulting in a higher concentration of vortices near the LE oriented in the transverse direction, creating high-velocity fluctua-
tions in the spanwise direction. The near- and far-field pressure fluctuations are analyzed to understand the impact of the inflow turbulence
distortion on these parameters and the limitations of analytical methods for real airfoils. Results show that the wall-pressure fluctuations are
affected by the turbulence distortion in the LE region. Thick airfoils have noise directivity patterns significantly different compared to
the Amiet predictions for higher frequencies, radiating higher noise levels upstream of the LE than the thin airfoil. This is likely associated
with a drastic change in the pressure fluctuation distribution near the airfoil LE region, attributed to the change in the distortion of the vorti-
cal structures in the LE area.

VC 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0169000

NOMENCLATURE

CAA computational aeroacoustics
CFD computational fluid dynamics
Cp pressure coefficient
c airfoil chord

c1 speed of sound
~c particle velocity vector

DNS direct numerical simulation
DH wind tunnel hydraulic diameter
d airfoil span

FW–H Ffowcs Williams–Hawkings
f frequency

Gpp one-sided pressure power spectrum density at an observer
position

Gqq one-sided pressure power spectrum at airfoil surface
g airfoil response function

g� complex conjugate of airfoil response function
ILES implicit large eddy simulation
Kx specific streamwise wavenumber
Ky specific spanwise wavenumber
ke wavenumber scale of largest eddies
kx streamwise wavenumber
ky spanwise wavenumber
L aeroacoustic transfer function
L loading source term

LBM lattice-Boltzmann method
LE leading edge
LES large eddy simulation
M Mach number
N8 NACA 0008 airfoil
N18 NACA 0018 airfoil
NS Navier–Stokes

PSD power spectral density
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p pressure
q dynamic pressure

RDT rapid distortion theory
RMS root mean square

r radius
ref reference value taken at an arbitrary location
rms root mean square quantity
t time

tmax maximum airfoil thickness
u streamwise flow velocity
�u mean streamwise flow velocity

VLES very large eddy simulation
v spanwise flow velocity

vK von K�arm�an
WPF wall pressure fluctuations

w transverse flow velocity
x streamwise position
~x position vector
y spanwise position
z transverse position
Kf streamwise turbulence integral length scale
Dt time step duration
D�u difference between the streamwise mean velocity of a case

with and without an airfoil
DKf difference between streamwise turbulence integral length

scale of a case with and without an airfoil
Kf ;0 streamwise turbulence integral length scale at the position

of the airfoil leading edge, but in the empty wind tunnel
Kg transverse turbulence integral length scale
q fluid density
r2 x2o þ ð1�M2Þðy2o þ z2oÞ

Uuu streamwise turbulence spectrum
Uww transverse turbulence spectrum

u particle distribution function
o observer position

1 freestream quantity

I. INTRODUCTION

Flow-induced noise negatively impacts people and wildlife,1–4

being a relevant problem to the sustainable development of ships, air-
craft engines, and wind turbines. Leading-edge (LE) noise is an impor-
tant low-frequency sound production mechanism,5 occurring in
situations such as blade interaction with the wake generated by a ship
hull, a stator crossing the wake generated by a rotor, or the atmo-
spheric boundary layer impinging on a wind turbine blade. The phe-
nomenon is caused by fluctuations in the incoming flow impinging on
the LE of the blades, leading to wall-pressure fluctuations (WPF) and
hence noise radiation to the far field. LE noise is relevant for noncavi-
tating marine applications since low-frequency sound waves can prop-
agate over large distances due to higher sound speed in water
compared to air and low sound absorption,6,7 harming marine animals
that depend on sound for communication, mating, searching for prey,
and avoiding predators.3,4 Therefore, understanding the LE noise
mechanism is crucial to developing accurate noise prediction methods
and technologies to mitigate LE noise production. The typical nomen-
clature used for LE noise, which we use throughout this work, is shown

in Fig. 1, where the origin of the coordinate system is considered at the
airfoil LE at mid-span.

The blade geometry is a critical parameter for the LE noise gener-
ation.8–13 Among the airfoil geometrical parameters, the airfoil LE
region has the most significant influence on this noise source.12,14,15

The airfoil camber is reported to have a small effect on the radiated LE
noise.8,9,16 The angle of attack also has negligible influence in the LE
noise generation.8,9,16,17 Moreau et al.9 found that LE noise is insensi-
tive to changes in the angle of attack from zero to 15�. Gill et al.12 and
Hainaut et al.14 used computational aeroacoustics (CAA) to study the
main airfoil geometrical parameters influencing LE radiated noise. Gill
et al.12 considered single-frequency harmonic gusts interacting with
the LE of symmetric airfoils of different thicknesses and LE nose diam-
eters. Hainaut et al.14 considered two-component synthetic turbulence
and investigated the inflow turbulence interaction with the LE of sym-
metric airfoils of several LE nose diameters, chord lengths, thicknesses,
and maximum thickness locations. Gill et al.12 showed that the airfoil
maximum thickness and LE nose diameter affect the radiated noise,
resulting in lower sound power levels as these parameters increase,
mainly for high frequencies. Paruchuri16 came to the same conclusion
in an experimental study. Hainaut et al.14 observed the same trend for
an observer position normal to the airfoil. Hainaut et al.14 showed that
the location of maximum thickness also influences the LE noise, result-
ing in higher noise levels for high frequencies as the location of maxi-
mum thickness shifts downstream. They investigated the effect of the
chord length on LE noise by keeping the geometry upstream of the
maximum thickness the same and changing the geometry downstream
of this location. They reported that the chord length did not affect the
LE noise and concluded that the LE noise is only influenced by the
geometry forward of the position of the maximum thickness.

According to Gill et al.12 and Hainaut et al.,14 the mechanism
responsible for the effect of the airfoil geometry on the LE noise is the
distortion of the inflow turbulence as it approaches the LE. Gill et al.12

attributed this turbulence distortion to the velocity gradients in the LE
stagnation region, which resulted in a larger stagnation region for air-
foils with a larger thickness. However, the specific mechanism respon-
sible for the turbulence distortion near an airfoil LE has not been
extensively investigated yet.18,19 According to the rapid distortion the-
ory (RDT) developed by Hunt,20 the mechanism responsible for the
turbulence distortion in the stagnation region of a cylinder depends on
the ratio of the cylinder radius r to the turbulence integral length scale
Kf.

21 This dependence is assumed to also occur in the case of turbulen-
ce–airfoil interaction because, according to Mish and Devenport,22 the
inflow distortion produced by an airfoil in the region sufficiently close
to the stagnation point is similar to that produced by a cylinder with a
radius equal to the airfoil LE radius. According to the RDT, for
Kf � r, the governing physical mechanism of the turbulence

FIG. 1. Nomenclature used throughout the paper, where rLE is the leading-edge
radius and tmax is the airfoil maximum thickness.
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distortion is the flow blockage imposed by the cylinder.20,21 This yields
a momentum transfer between the streamwise and the upwash velocity
(z direction) as the flow approaches the cylinder LE along the stagna-
tion streamline. As a result, the root mean square (RMS) of the stream-
wise velocity fluctuations urms decreases, and the RMS of the
transverse velocity fluctuations wrms increases close to the body LE,
whereas the RMS of the spanwise velocity fluctuations vrms remains
constant. For Kf � r, the turbulence distortion is caused by the mean
velocity field, which stretches and rotates vortex lines, resulting in the
distortion of the vorticity field and consequent change of the turbulent
velocities.20,21 In that case, the opposite behavior is observed: the urms

and the wrms values increase and decrease, respectively, close to the
body LE.

Recent experimental studies23–26 have focused on LE noise and
turbulence distortion for airfoils. However, in experiments, measuring
the noise of an airfoil under homogeneous grid-generated turbulence
is challenging because the noise created by the grid is often comparable
to the LE noise. Also, measuring and analyzing the turbulence distor-
tion very close to the LE are difficult because not all flow properties
can be measured simultaneously at several locations. Furthermore, the
measurement itself may be intrusive and can modify the flow it aims
to measure. In this context, numerical studies can complement experi-
mental investigations because they result in the complete and simulta-
neous flow field, allowing a more in-depth analysis of the turbulence
distortion phenomenon.

Numerical simulations of freestream turbulence impinging on an
airfoil LE have historically been carried out assuming inviscid flow,
using vortex methods27,28 or Euler-based methods.29–31 Although LE
noise caused by interaction with blade wakes, e.g., a rotor–stator config-
uration, has been studied in depth with high-fidelity computational
fluid dynamics (CFD),32 LE noise due to interaction with a wind/water-
like turbulence spectrum, as experienced by wind turbines and ship
propellers, has rarely been directly simulated with such methods.33,34

These high-fidelity simulations allow the inclusion of potential bound-
ary layer effects on LE noise and any interaction with flow separations
and trailing-edge noise. For the specific case of the turbulence distortion
mechanism, this phenomenon has been investigated numerically by
Gill et al.12 and Hainaut et al.,14 where they investigated one- and two-
dimensional disturbances, respectively, interacting with airfoil geome-
tries. However, according to Gill et al.,12 studying the turbulence distor-
tion for a realistic turbulent inflow containing three-dimensional
disturbances is paramount because the turbulence may be deformed
differently than one-dimensional or two-dimensional disturbances.
Thus, high-fidelity simulations of realistic inflow turbulence interacting
with airfoils can yield valuable results to investigate the turbulence dis-
tortion phenomenon, complementing the experimental investigations.

The current study investigates the turbulence distortion for differ-
ent airfoil geometries numerically. The main objective is to deepen our
understanding of the inflow turbulence distortion mechanism near the
LE of airfoils. A secondary objective is to understand the effects of air-
foil thickness on the turbulence distortion phenomenon, including the
pressure fluctuations on the airfoil surface and in the far field. Both
objectives are achieved using a realistic turbulent inflow containing
three-dimensional, broadband disturbances. In this work, the lattice-
Boltzmann method (LBM) is used. The numerical methodology is
first validated by comparing the numerical results of grid-generated
turbulence with experimental data available in the literature.

Throughout this work, we use the word “grid” to refer to the turbu-
lence generation device in the wind tunnel and “mesh” as the set of ele-
ments that discretize the fluid domain in the simulation. We perform
simulations of the grid-generated turbulence interacting with a
National Advisory Committee for Aeronautics (NACA) 0008 airfoil to
validate the flow properties near the LE with experimental data. After
validating the simulation method, we investigate the turbulence distor-
tion mechanism for two airfoils, a NACA 0008 and a NACA 0018,
based on the flow field near the LE region. Subsequently, we analyze
the simulated spectrum of the WPF and far-field noise of the airfoils,
comparing these results with the predictions of semi-analytical models
and experimental data when available. Finally, we investigate the thick-
ness effects on the far-field noise directivity pattern for different
frequencies.

II. NUMERICAL METHODS

A brief summary of the numerical methods used in this work is
given in this section. Detailed information on the flow solver and noise
propagation approach is given in the references.

A. Fluid solver

In the last two decades, the LBM35 has become a viable alternative
to perform high-fidelity simulations. Unlike the classic simulations
based on Navier–Stokes (NS) equations, instead of using continuum
mechanics as the foundation to describe fluid flow, the LBM uses sta-
tistical mechanics, considering the fluid as particles that interact with
each other and the boundary conditions.

The method uses the particle distribution function uð~x;~c; tÞ,
which represents the probability that particles at position~x and time t
have velocity~c. Discretizing space into a numerical mesh, time into a
finite time step Dt, and the velocity space into a finite number of possi-
ble velocities (i.e., using a discrete velocity method36), the discrete
Boltzmann equation can be numerically solved,37 leading to the lattice-
Boltzmann equation. Eddy viscosity can be added to the fluid viscosity
in the particle collision model if turbulence modeling is used. With u
computed, fluid properties can be extracted from its moments, and
pressure is calculated based on the ideal gas law.

A key feature of the LBM is that fluid advection is achieved by
directly moving particle density functions from one cell to another
without using costly and dissipative interpolation functions. The colli-
sion step accounts for the interaction between particles with different
velocities in the same cell. This is usually computed with the
Bhatnagar–Gross–Krook (BGK)38 approximation, which only depends
on simple mathematics based on local quantities, making it computa-
tionally inexpensive and well-suited for parallelization, unlike the
derivatives in the NS equations.

The LBM computations are conducted with PowerFLOWVR , a
commercial CFD code, which is able to handle very complex geome-
tries39 by using a Cartesian mesh and the concept of surface elements,
or surfels.40 Due to the Cartesian mesh, a wall model is necessary,
which is done similarly to NS solvers by employing the log-law and
pressure gradient corrections.41 In addition, the solver is usually run
using very large-eddy simulations (VLES), which allow for a hybrid
approach of Reynolds-averaged Navier–Stokes (RANS) and large-eddy
simulations (LES).42 Here, we are interested in resolved turbulence,
mainly the free-stream turbulence; therefore, we avoid turbulence
modeling strategies away from the walls. Hence, the LBM simulations
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are conducted as coarse direct numerical simulations (DNS) or
implicit LES (ILES), meaning that the numerical dissipation of the
numerical method and mesh act as a sub-grid-scale model.43 This was
achieved by multiplying the eddy viscosity by zero in the simulations
included herein.

The LBM can formally reproduce the physics of the weakly com-
pressible NS equations,44 depending on the discretization of the veloc-
ity space,45 equilibrium distribution function,46 and collision model,38

while presenting potential advantages in terms of computational per-
formance and numerical dissipation. For aeroacoustics, in particular,
LBM exhibits low-dissipation characteristics equivalent to high-order
methods,47 while the explicit and simple mathematics of the algorithm
can make it substantially faster than NS methods48 when small time
steps are used. For aerodynamics, the performance advantage can be
reduced,49 especially as NS solvers can use larger time steps.50 Some
relevant applications of the LBM for this paper are simulations of the
wake of a cylinder impinging on another cylinder in an open jet wind
tunnel,51 unsteady airfoil aerodynamics,52 and applications to airfoil
trailing-edge noise using DNS,53 ILES,54 and VLES.55

B. Noise propagation

Numerical approaches can successfully compute pressure fluctua-
tions, i.e., noise, in arbitrary locations of the computational domain.
However, it is prohibitively expensive to represent the propagation of
the noise sources to the targets, i.e., microphones, with high resolution.
Therefore, acoustic analogies are powerful tools for predicting far-field
noise based on near-field pressure fluctuations. Therefore, this paper
adopts the Ffowcs Williams–Hawkings (FW–H) acoustic analogy cou-
pled to the LBM.56

The FW–H analogy57 considers a surface near the acoustic sour-
ces to propagate the aeroacoustic noise to arbitrary points in space.
The surfaces can coincide with solid walls or be placed arbitrary
around them, yielding approaches dubbed as solid or permeable,
respectively. The formulation is based on a rearrangement of the
Navier–Stokes equations and is often solved by neglecting viscous
terms and quadrupole sources outside the surface, using the Farassat
1A58,59 formulation, and an advanced time approach.60 For details on
the Farassat formulation 1A, see Farassat.61

Recent studies have shown that the solid formulation often shows
severe issues, particularly with complex flows and geometries, and
hence should be adopted with caution.62 However, the permeable for-
mulation is deemed particularly challenging for the objectives of this
study. This conclusion is based on the observation that the upstream
turbulence yields hydrodynamic fluctuations on the permeable data
surface that would be computed as acoustic noise in the far-field
microphones. Hence, we use the solid formulation, which has been
used successfully for airfoil trailing-edge noise in the past.53–55

III. AMIET THEORY FOR LEADING-EDGE NOISE

This section briefly describes the Amiet model for LE noise and
WPF because they are used to predict the WPF and far-field noise
spectra for the cases investigated in this study. The reader is referred to
Amiet63 and de Santana64 for a detailed derivation of the following
expressions.

A. Far-field noise model

Amiet63 proposed a semi-analytical model to predict the far-field
noise generated by the interaction of a turbulent uniform inflow. The
approach considers a flat plate of infinitely large span and negligible
thickness; therefore, neglecting important effects present in airfoils of
realistic geometry. The model assumes a stationary observer and fro-
zen turbulence and is formulated in the Fourier domain. The one-
sided power spectral density (PSD) of pressure fluctuations observed
in the far field at position (xo; yo; zo) for a flat plate of chord c and
span d as a function of frequency f is

Gppðxo; yo; zo; f Þ

¼ 4p2
2pfzoqðc=2Þ

c1r2

� �2

�u1
d
2

��L ðxo;Kx;KyÞ
��2UwwðKx;KyÞ; (1)

where r2 ¼ x2o þð1�M2Þðy2o þ z2oÞ; Kx ¼ 2pf =�u1, and Ky ¼ ð2pfyÞ=
ðc1rÞ. L is the aeroacoustic transfer function. Its formulation and
derivation are shown in pages 155, 166, and 168 of the work by de
Santana.64 The main input for the Amiet prediction model is the trans-
verse turbulence spectrum Uww, which is discussed in Sec. IIIC.

B. Wall-pressure fluctuation model

In the derivation of the far-field noise model, Amiet63 defines the
two-sided cross-PSD of the surface pressure jump. Paterson and
Amiet17 show that the cross-PSD of the WPF is derived from the sur-
face pressure jump, i.e., Eq. (18) in Paterson and Amiet.17 From this
equation, the one-sided auto-PSD at the chordwise position x as a
function of frequency f is computed as

Gqqðx; f Þ ¼ 8p�u1ðpqÞ2
ð1
0
UwwðKx; kyÞgðx;Kx; kyÞg�ðx;Kx; kyÞdky;

(2)

where ky is the spanwise wavenumber. The airfoil response function g
is determined from Mish and Devenport,65 and g� refers to the com-
plex conjugate of the function g.

C. Inflow turbulence spectrummodels

Different models exist to represent the inflow turbulence spec-
trum. Two formulations for Uww are used in this research: the tradi-
tional von K�arm�an turbulence spectrum and the RDT-based turbulence
spectrum. These two formulations are discussed in Secs. IIIC1 and
IIIC2. They are determined by integrating the energy spectrum func-
tion E(k). A detailed derivation of this formulation is given in Glegg and
Devenport66 for the von K�arm�an spectrum and in de Santana et al.25

and dos Santos et al.24 for the RDT-based spectrum.

1. von K�arm�an turbulence spectrum

The inflow turbulence spectrum of the z-direction velocity is usu-
ally assumed to be represented by the two-dimensional von K�arm�an
turbulence spectrum

UvK
wwðkx; kyÞ ¼

4
9p

u2rms

k2e

ðkx=keÞ2 þ ðky=keÞ2

1þ ðkx=keÞ2 þ ðky=keÞ2
h i7=3 ; (3)

where kx is the streamwise wavenumber and ke is the wavenumber
scale of the largest eddies66
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ke ¼
ffiffiffi
p

p
Kf

Cð5=6Þ
Cð1=3Þ : (4)

The von K�arm�an one-dimensional inflow turbulence spectrum
for the streamwise velocity UuuðkxÞ is useful as a reference to validate
the experimental and numerical spectra. This turbulence spectrum is
given as

UvK
uuðkxÞ ¼

2ffiffiffi
p

p Cð5=6Þ
Cð1=3Þ

u2rms

ke
1þ kx

ke

� �2
" #�5=6

: (5)

It is clear from this equation that the von K�arm�an spectrum follows a
�5/3 power law in kx at high frequencies.

2. RDT-based turbulence spectrum

To account for the turbulence distortion, de Santana et al.25 pro-
posed a modification to the turbulence energy spectrum based on the
asymptotic results of the RDT developed by Hunt20 for turbulent flow
around two-dimensional bluff bodies. In the proximity of an upstream
cylinder wall, the decay of the one-dimensional turbulence energy
spectrum UwwðkxÞ tends asymptotically to a �10/3 power law at high
frequencies. de Santana et al.25 proposed an energy spectrum formula-
tion that results in an expression for UwwðkxÞ that follows this �10/3
power law at high frequencies. The resulting turbulence spectrum is
given as25

URDT
ww ðkx; kyÞ ¼ 91

36p
u2rms

k2e

ðkx=keÞ2 þ ðky=keÞ2

1þ ðkx=keÞ2 þ ðky=keÞ2
h i19=6 : (6)

The one-dimensional inflow turbulence spectrum for the stream-
wise velocity is24

URDT
uu ðkxÞ ¼ 91

36
ffiffiffi
p

p Cð5=3Þ
Cð19=6Þ

u2rms

ke
1þ kx

ke

� �2
" #�5=3

: (7)

It is clear that the one-dimensional wavenumber for the streamwise
velocity UuuðkxÞ follows a �10/3 power law at high frequencies as
UwwðkxÞ shown by Hunt.20

In this study, Eqs. (3) and (6) are used as input in the Amiet mod-
els [Eqs. (1) and (2)]. Equation (5) is compared to the velocity spec-
trum obtained from the simulation results and is present as a function
of frequency f. Thus,

Uuuð f Þ ¼ ð2p=�u1ÞUuuðKxÞ: (8)

IV. SETUP DESCRIPTION
A. Wind tunnel reference case

The case studied in this work corresponds to an open-jet setup of
a turbulent inflow impinging on an airfoil LE. The setup corresponds
to the open test section of the Aeroacoustic Wind Tunnel of the
University of Twente, an open-jet, closed-circuit facility with contrac-
tion with a ratio of 10:1. After the contraction, the flow enters a closed
test section and subsequently an open test section. The generated uni-
form flow has turbulence intensity below 0.08%.67 An anechoic cham-
ber of 6� 6� 4 m3 encloses the test region. The test section
dimensions are 0.7� 0.9 m2 (height � width). The airfoil is mounted
vertically on the open test section, which consists of horizontal side
plates; see Fig. 2.

The turbulent inflow is generated by a mono-planar rectangular
grid placed in the closed test section at 1.39m upstream of the airfoil
LE; see Fig. 2. The bar width is 32mm, and the gaps are 109.5mm,
resulting in a porosity of 60%. The turbulent flow generated by the
grid was characterized experimentally using hot-wire anemometry by
dos Santos et al.23 The turbulence generated by the simulation is com-
pared with the experimental results in dos Santos et al.23 to validate
the simulation. To do so, a simulation with an empty test section, i.e.,
without the airfoil, was performed.

The grid-generated turbulent inflow at the stagnation line of a
NACA 0008 airfoil was evaluated by dos Santos et al.24 They mea-
sured the streamwise velocity at the stagnation streamline of the air-
foil using hot-wire anemometry for streamwise positions
x=rLE 2 ½�100;�1:8�, with x¼ 0 at the LE position. They also mea-
sured the WPF along the airfoil chord, with the first measurement at
x=c ¼ 0:0007. These experimental data sets are compared with the
simulation results for a Reynolds number based on the airfoil chord
of 500 000.

FIG. 2. Wind tunnel setup with the grid installed in the closed test section and the hot-wire probe used to characterize the turbulent flow generated by the grid.
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B. Numerical case setup

The airfoils NACA 0008 and NACA 0018 are used in this study
to investigate the influence of the airfoil geometry on the turbulence
distortion mechanism and radiated LE noise. Experimental data for
the NACA 0008 airfoil are available in the literature24 for validation.
Table I shows the airfoil main geometrical parameters, namely, chord
c, LE radius rLE, airfoil maximum thickness tmax, chordwise position of
the maximum thickness xtmax, and span d. As the thickness in the LE
region is the most critical parameter for the LE noise, two airfoils from
the same family but with relatively different thicknesses were chosen.

The open jet wind tunnel was reproduced in the simulations for
better comparisons with experimental data. The experimental anechoic
chamber was replaced with a large cubic domain of side 200c with
sponge zones, which are regions of high viscosity, to avoid reflections.
An inlet of uniform constant velocity of about 25m/s was placed
1.6DH upstream of the turbulence grid, where DH is the wind tunnel
hydraulic diameter. In the far field, atmospheric pressure is defined as
the boundary condition. Figure 3 shows the spanwise vorticity and the
open jet setup. Note that the computational mesh was coarsened out-
side the jet shear layer and downstream of the airfoil trailing-edge.
This can be noticed by the nonphysical turbulence dissipation down-
stream of the airfoil. The coordinate system is shown in Fig. 3, with the
streamwise component of the flow being parallel to the x-axis direc-
tion, the spanwise direction parallel to the y axis, and the transverse
component parallel to z axis. The origin of the coordinate system is
considered at the airfoil LE position at mid-span. Figure 3 also displays
the turbulence decay from the start of the open test section to the air-
foil LE.

The computational mesh was kept at a constant resolution, with
a cell size of 0.0373Kf ;LE, in most of the test section, from the near
wake of the turbulence grid to the airfoil. This was shown to preserve
the turbulence spectrum up to frequencies above 1 kHz, which is ade-
quate for the scales of interest in this study. The local time step in this
region was equivalent to 276kHz, far exceeding time resolution

requirements for the turbulence structures around 1 kHz. The mesh
was further refined near the grid to capture the relevant geometrical
features, with about 22 cells over the edge of the grid, transitioning to
about 60 cells over the grid bar width, doubling that cell size in the
near wake of the grid, and doubling the cell size again in the bulk of
the flow, between the grid and airfoil. The mesh and the instantaneous
spanwise vorticity field near the grid are shown in Fig. 4.

Near the airfoil LE, two levels of mesh refinement were added so
that the gradients in flow quantities, such as velocity and velocity fluc-
tuations, could be properly measured near the stagnation point. The
average yþ value on the surface of the airfoil was about 40, which is
compatible with the wall model used. The airfoil trailing-edge is
refined by three levels relative to the freestream mesh to resolve the
trailing-edge thickness with two elements. This is sufficient, based on
previous experience, due to the use of the wall model. The airfoil
boundary layer was refined by one level to capture the airfoil geometry
adequately. However, the boundary layer was not fully resolved in the
simulations. This decision is supported by the fact that the boundary
layer mainly affects trailing-edge noise, having a minor influence on
LE noise. The mesh and the instantaneous spanwise vorticity field near
the airfoil are shown in Fig. 5. On the right side of the image, coarsen-
ing of the mesh can be observed past the region of interest.

Three cases are shown throughout this work: one without an air-
foil, one with the NACA 0008, and one with the NACA 0018. The sim-
ulation without the airfoil was performed to mirror the experimental
approach, where the turbulence was characterized with an empty test
section23 before studying the effects of the presence of the airfoil.24 The
number of cells in the domain was 300 � 106. The simulations were
run for 2 s of physical time (over 160 flow passes, based on c), with the
first 0.2 s being dismissed as the initial transient. The flow coming
from the inlet takes about 0.07 s to reach the airfoil, meaning the flow
goes over the airfoil for about 0.13 s (11 flow passes) during the initial
transient. This initial transient was selected based on the convergence
of the mean velocity toward a constant value at the target airfoil LE
location by taking windows of 0.1 s. The simulation duration was cho-
sen based on the statistical convergence of the mean and root mean
square (RMS) of the velocity fluctuations, turbulence spectrum, turbu-
lence length scale, wall pressure spectrum on the airfoil LE region, and
far-field noise. Out of these quantities, the turbulence length scale
seems to be the most sensitive to the simulation duration. While other
quantities showed small variations by comparing the signal for 0:2–1:2
s to 0:2–2:0 s, the length scale for the empty tunnel case near the target

TABLE I. Geometric parameters of the airfoils used in this research.

Airfoil c (mm) rLE=c (-) tmax=c (-) xtmax=c (-) d/c (mm)

NACA 0008 300 0.007 0.08 0.3 2.3
NACA 0018 300 0.036 0.18 0.3 2.3

FIG. 3. Slice showing spanwise vorticity, along with the open test section. The side-
wall closer to the viewer’s side is hidden for clarity.

FIG. 4. Computational mesh near the turbulence grid. Every second mesh line is
shown for clarity.
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airfoil LE at various values of z had a scatter of over 14mm for the
shorter run time and 8mm for the longer run time, corresponding to
35% and 20% of the mean, respectively. This is associated with the
uncertainties in calculating the length scale, which will be covered in
Sec. VB. While a longer run time would further reduce this uncertainty,
we chose 2 s as the total run time because the far-field noise was unaf-
fected. Simulations took about 50 000 central processing unit (CPU) h
on 280 cores, which corresponds to about one week of wall-clock time.

C. Mesh resolution effects

A concise mesh resolution study is discussed in this section to
verify the consistency of the numerical results. This study is performed
by coarsening the mesh for the case with the NACA 0008 airfoil by a
linear factor of 1.25, meaning that number of cells is almost halved for

the coarse case, and verifying the comparability of the velocity and
WPF spectra for the cases of fine and coarse meshes.

The analysis starts by verifying whether the mesh affects the free-
stream turbulence, which is shown in Fig. 6. The power spectral den-
sity (PSD) of the streamwise and transverse velocity components at
x ¼ �30rLE, i.e., in the freestream, is measured for the coarse and fine
meshes. In this paper, the PSD of the velocity components (Uuu and
Uww), WPF (Gqq), and far-field pressure fluctuations (Gpp) are esti-
mated using Welch’s method.68 The spectral level is shown in decibels,
where the reference values were 1m/s for Uuu and Uww, and 20 mPa
for Gqq and Gpp. Hanning windows were used, with an overlap of 50%.
The results shown in Fig. 6 match well for f< 1000Hz, with the only
notable difference being the numerical cutoff of the coarse mesh
appearing earlier, as expected. In Sec. VA, it is shown that the cutoff
frequency for the simulation is at approximately 2 kHz.

FIG. 5. Computational mesh near the airfoil. Every second mesh line is shown for clarity.

FIG. 6. PSD of the streamwise (a) and transverse (b) velocities at x ¼ �30rLE for the case with the NACA 0008 airfoil for simulations with a fine and a coarse mesh (number
of cells almost halved).
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Next, the WPF spectra for the two meshes are compared, which
is an indicator of the sensitivity of the mesh near the airfoil. Results are
shown in Fig. 7. Some minor differences of up to 2� 3 dB are seen
around 70Hz for x=c ¼ 0:0035, which correspond to the small differ-
ences seen in Fig. 6 for the same frequency range. For the other fre-
quencies, the results overlap, which is not entirely expected. As the
coarse mesh has a noticeable earlier cutoff near 1500Hz, one could
expect the results above this frequency to be very different for the two
meshes and to decay quickly toward zero. However, the high frequen-
cies of the WPF spectrum do not seem to correspond directly to the
high frequencies of the velocity spectrum in the freestream spectrum
because the level of Uuu is effectively zero at 5000Hz [Fig. 6(a)]. This
will be discussed further in Sec. VF.

The differences shown in Figs. 6 and 7 are considered to be
acceptable. Thus, the results from this study are considered to be grid
converged up to nearly 2000Hz.

V. RESULTS
A. Validation of the freestream turbulence simulation
with no airfoil

This section compares the numerical results to the experimental
data available in the literature23 for the grid-generated turbulence with-
out the airfoil present in the test section.

The numerical and experimental spectra of the streamwise veloc-
ity u and the transverse velocity w are shown in Fig. 8. The von
K�arm�an turbulence spectrum is also included in these figures because
this formulation is often used as input for LE noise calculations and is
representative of isotropic turbulence. These spectra are determined at
x¼ 0, which is the location where the airfoil LE would be. The level
and frequency of the experimental spectrum are scaled to consider the
minor differences in mean velocity between the experimental and
numerical results. The frequency f is scaled as the Strouhal number
based on Kf and �u. The spectral level of Uuu (or Uww) is scaled by ana-
lyzing Eqs. (4), (5), and (8). The final scaling for the frequency and
level of the experimental spectrum is

fExp:;scaled ¼ fExp:
�uNum:

�u Exp:

Kf Exp:

KfNum:
; (9)

U Exp:;scaled ¼ UExp:
�u Exp:

�uNum:

KfNum:

Kf Exp:

u2rms;Num:

u2rms; Exp:
: (10)

The streamwise experimental spectrum (Uuu) matches the von
K�arm�an spectrum well in the entire frequency range, whereas the
streamwise numerical spectrum slightly overpredicts the energy levels
for 300 < f < 2000 Hz; see Fig. 8(a). For the transverse velocity spec-
trum (Uww), both experimental and numerical spectra have higher

FIG. 7. PSD of the WPF on the NACA 0008 surface at x=c ¼ 0:0035 (a) and x=c ¼ 0:1 (b) for simulations with a fine and a coarse mesh (number of cells almost halved).

FIG. 8. PSD of the streamwise (a) and transverse (b) velocities at x¼ 0 (target LE location) for the case without the airfoil. Num.—numerical results, Exp.—experimental
results,23 vK—von K�arm�an spectrum.
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spectral levels than predicted by the von K�arm�an turbulence spectrum;
see Fig. 8(b). The von K�arm�an model was developed for an isotropic
turbulent flow; thus, the difference between the experimental/numeri-
cal spectra with the von K�arm�an spectrum for the transverse velocity
indicates some level of anisotropy in the turbulence. As observed for
Uuu, the numerical spectrum Uww has higher energy levels than the
experimental one for 300 < f < 2000 Hz. The numerical spectra (Uuu

and Uww) decay rapidly for frequencies above 2 kHz, which is the
numerical cutoff of the simulations. In general, a reasonable agreement
between the numerical, experimental, and von K�arm�an spectra is
observed for frequencies up to 2 kHz.

Figure 9 compares the numerical and experimental results of the
RMS of the streamwise and transverse velocity fluctuations and the
longitudinal length scale along the streamwise direction at mid-span
and z¼ 0. These quantities are normalized by the values extracted at
the LE location without the airfoil, i.e., uRMS;LE; wRMS;LE, and Kf ;LE.
The numerical results for the RMS of the velocity fluctuations follow a
similar decay as the experimental results; see Figs. 9(a) and 9(b). The
numerical integral length scale has a similar tendency as the experi-
mental length scale for�100 < x < 0; see Fig. 9(c). However, a signif-
icant discrepancy is observed for �400 < x < �200 mm. Section VB
discusses the reason for this mismatch. We conclude from comparing
the numerical and experimental results that the numerical turbulence
presents similar trends as the experimental turbulence, except for the
integral length scale.

B. Integral length scale determination

The longitudinal integral length scale Kf is a statistical parameter
that quantifies the streamwise dimension of the largest turbulent struc-
tures present in the turbulent flow. This parameter is computed follow-
ing the method proposed by Hinze.69 This method was also used by
dos Santos et al.23 to compute the integral length scale from hot-wire
measurements, which are used to validate the numerical results. In this
method, the turbulence timescale is determined as the time when the
autocorrelation of the streamwise velocity reaches zero for the first
time. In light of Taylor’s frozen turbulence hypothesis,70 the longitudi-
nal integral length scale is computed considering that the turbulence is
convected with the mean flow velocity at the measurement location,

which, according to Pope,71 provides accurate results. According to
Lin,72 this hypothesis is valid when u2rms � �u2. For the results dis-
cussed in this paper, u2rms was two orders of magnitude smaller than
�u2, making this hypothesis valid.

In Fig. 9(c), the abrupt increase and decrease in the integral
length at x¼�258mm and x¼�418mm, respectively, are attributed
to the method used to determine the integral length scale. To clarify
this, the autocorrelation of the streamwise velocity is analyzed for the
locations x¼�498mm and x¼�418mm; see Fig. 10. The autocorre-
lation for x¼�418mm oscillates close to zero but does not cross zero
as quickly as the autocorrelation for x¼�498mm. Thus, the timescale
determined from the first-zero crossing for x¼�418mm is longer
than the timescale at x¼�498mm, resulting in a larger integral length
scale for x¼�418mm. The autocorrelations for the numerical data
for �100 < x < 0 mm and �600 < x < �498 mm present the oscil-
latory behavior close to zero to a much lesser extent than the data for
�418 < x < �258 mm, showing a better agreement with the experi-
ments; see Fig. 9(c). The experimental integral length scale in Fig. 9(c)
continuously increases with the streamwise position, indicating that

FIG. 9. RMS of the velocity fluctuations and longitudinal length scale at mid-span and z¼ 0 along the streamwise direction. Num.—numerical results, Exp.—experimental
results.23

FIG. 10. Autocorrelation of the numerical streamwise velocity fluctuations at two
streamwise positions at mid-span and z¼ 0.
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the numerical results are likely more susceptible to this effect because
the numerical data were obtained for a relatively shorter time (2 s sig-
nal length) than the experimental data (30 s signal length). Thus, the
numerical values forKf should be considered with a substantial margin
of uncertainty. There are other methods to determine the integral
length scale, e.g., by fitting an exponential curve to the autocorrelation
data, by considering the timescale as the time period needed for the
autocorrelation to decrease to 1=e,73 or by integrating the correlation
of streamwise velocity in the streamwise direction.71 These methods
were analyzed in this research. However, these approaches also did not
result in consistent values and tendencies of the longitudinal integral
length scale for all data points used. Thus, we decided to compute the
integral length scale based on the traditional calculation method pro-
posed by Hinze.69

Figure 11 shows the streamwise and transverse (Kg) integral
length scales for the simulations. The transverse integral length scale is
calculated by integrating the correlation of the transverse velocity in
the z-direction, as discussed by Pope.71 Experimental results for
the transverse integral length scale with the streamwise position are
not available. For isotropic turbulence, it is expected that Kf 	 Kg .

Figure 11 shows that the turbulence generated numerically results in
Kf 	 2Kg at the LE, indicating that the turbulence is not isotropic at
the LE, confirming what is discussed in relation to Figs. 8(a) and 8(b).
Petrikat et al.33 performed LES simulations of a grid-generating turbu-
lence. They observed that the grid-generated turbulence resulted in
Kf 	 2Kg , which agrees with the results of the current study at the LE
location.

C. Influence of airfoil on the inflow turbulence

This section investigates the turbulence distortion due to the pres-
ence of the airfoil. First, the numerical results are compared with the
available experimental data.24 Subsequently, the numerical results of
the turbulence in the vicinity of the airfoils are analyzed in detail.

Figure 12 shows the numerical and experimental results of mean
streamwise velocity �u, RMS of the streamwise velocity fluctuations
urms, and integral length scale Kf along the stagnation line of the
NACA 0008 airfoil. These values are normalized by their freestream
quantities, which are extracted at x=rLE ¼ �30, because the experi-
ments were conducted at a slightly different freestream velocity as the
velocity used in the simulation (26.5m/s in experiments and 25m/s in
simulations). The streamwise distance x is normalized with the LE
radius of the airfoil. Figure 12(a) shows the decay of �u as the stagnation
point is approached, resulting in a zero velocity at the stagnation point,
as expected. A good agreement between the simulation and the experi-
mental data is observed for the mean velocity. Figure 12(b) shows that
the experimental urms reasonably agrees with the simulation results.
The experimental urms values slightly increase for x=rLE > �1, which
likely occurs because the hot-wire probe used to perform the measure-
ments was not precisely at the stagnation line. Figure 12(c) shows a
good agreement between the numerical and experimental integral
length scales. It is important to mention that the behavior of the auto-
correlation discussed in Sec. VB is not observed for the results shown
in Fig. 12(c). This means that the autocorrelation for the streamwise
positions shown in Fig. 12(c) crossed zero quickly, resulting in a
smooth decay of the integral length scale as the LE position is
approached. The integral length scale was computed using different
methods, as discussed in Sec. VB, presenting the same trend observed
in Fig. 12(c). Therefore, the results in Fig. 12 indicate that the

FIG. 11. Streamwise and z-direction integral length scales. Numerical data.

FIG. 12. Flow quantities at the stagnation line of the NACA 0008 airfoil at mid-span. Average streamwise velocity (a), RMS of the streamwise velocity fluctuations (b), and longi-
tudinal integral length scale (c). Num.—numerical results, Exp.—experimental results.24
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simulated flow near the LE agrees with the experimental observations
well. As the experimental data are limited in proximity to the airfoil LE
due to the difficulty in performing these measurements, the numerical
data can give new insight into the turbulence distortion phenomenon
for airfoils.

Figure 13(a) shows the numerical results of RMS values of the
streamwise, spanwise, and transverse velocity components (u, v, and
w, respectively) at the NACA 0008 stagnation streamline. We observe
that urms tends to zero but does not reach it at the wall due to the sam-
pling being off-body, the coarse mesh on the boundary layer, and the
use of wall functions. The component associated with LE noise, wrms,
increases substantially near the LE. The spanwise component vrms is
less affected by the NACA 0008 airfoil. The changes in the RMS quan-
tities for Fig. 13(b) near x=rLE ¼ �5 and�2 are due to jumps in reso-
lution of the Cartesian grid, which allow for higher frequencies to be
resolved, particularly in an ILES scheme. They do not appear in
Fig. 13(a) because they are outside the range of the figure due to the
normalization of the x axis by the rLE.

We perform the same analysis for the NACA 0018 airfoil in
Fig. 13(b). Note that scaling the x axis with rLE does not lead to similar
curves for both airfoils, which fact we will address later in this work.
Although the trends of the streamwise velocity fluctuations for the
NACA 0018 are to a certain extent similar to the NACA 0008 results,
noticeable differences are seen for the vrms and wrms results. Contrary
to the results for the NACA 0008, the spanwise turbulence intensity
for the NACA 0018 increases near the LE more considerably than the
transverse velocity.

To understand the different trends in spanwise and transverse
velocities near the LE of the NACA 0008 and NACA 0018, the trans-
verse (z-direction) vorticity is analyzed. Figure 14 shows the transverse
vorticity in the range615�u1=c for the NACA 0008 and NACA 0018.
The thicker airfoil leads to vortical structures that wraparound the LE,
distorting the incoming turbulence and accumulating transverse vorti-
ces in front of the LE. In LE noise theory, the transverse flow fluctua-
tions associated with spanwise vortices are the main noise source for
LE noise.63 Figure 14 shows that for a thicker airfoil, spanwise flow
fluctuations associated with transverse vortices dominate the flow near
the LE and just upstream of it. This figure shows an arbitrary spanwise

location where the accumulation of transverse vortices happens for
both airfoils. However, the vortices upstream of the NACA 0018 LE
are larger and stronger. In addition, we observed that such behavior is
very common along the span of the NACA 0018 and is fairly rare
along the span of the NACA 0008.

The vortices in the transverse direction that impinge on the airfoil
LE and wraparound it are difficult to visualize in three dimensions in
the fluid due to the background turbulence. Typical isosurfaces that
are often used to visualize vortices of high-fidelity simulations74 do not
allow us to isolate vortices close to the surface easily and that bend,
changing from having transverse to streamwise vorticity. Hence, it is
more practical to visualize these vortices indirectly by analyzing their
footprint on the airfoil surface. This is done in Fig. 15, where the span-
wise surface skin friction is shown in the range 60:002q1, where q1
is the freestream dynamic pressure. The red and blue streaks corre-
spond to positive and negative forces, respectively. We can see stronger
spanwise forces acting on the LE region of the NACA 0018 airfoil
compared to the NACA 0008. The red and blue streaks running from
the LE up to about 30% of the chord are due to the vortices wrapping
around the NACA 0018 LE. This occurs with a lower intensity and on
a smaller extension of the chord length for the NACA 0008. This is
likely associated with the NACA 0008 sharper LE, which splits the
incoming vortices due to the smaller stagnation region.

According to the RDT for cylinders, the turbulence distortion
effects depend on the ratio Kf =r, where r is the cylinder radius.20,21

Considering the LE radius as characteristic length, this ratio is
Kf =rLE ¼ 27:2 for the NACA 0008 and Kf =rLE ¼ 5:3 for the NACA
0018, where the Kf is considered as the value at the LE without the air-
foil. The results in the stagnation line for the NACA 0008 [Fig. 13(a)]
are consistent with the RDT calculations for Kf � r:20,21 urms

decreases as the stagnation point is approached because of the blockage
imposed by the airfoil, whereas wrms increases due to the momentum
transfer. Meanwhile, vrms is not expected to change according to the
RDT. Even though this component remains mostly constant in the
stagnation line of the NACA 0008, it slightly increases close to the air-
foil LE. These results show that the turbulence distortion mechanism
observed for a cylinder for Kf � r is also observed for an airfoil when
this ratio is respected. For the NACA 0018, the trend expected from

FIG. 13. Numerical results of the turbu-
lence intensity of the three velocity com-
ponents at mid-span along the stagnation
streamline for the NACA 0008 (a) and
NACA 0018 (b) airfoils.
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the RDT asymptotic results is also observed but to a lesser degree: the
transverse velocity fluctuations increase as the LE is approached,
whereas the spanwise component increases comparatively more; see
Fig. 13(b). This change in trend occurs because the NACA 0018 LE
radius is more comparable to the integral length scale, where the RDT
asymptotic results for Kf � r start to be invalid. Thus, the turbulence
distortion mechanism observed for the NACA 0018 is different than
that for the NACA 0008.

Figure 16 shows the streamwise, transverse, and spanwise spectra
at streamwise positions along the stagnation line of the NACA 0008
airfoil. The spectral level of Uuu decreases as the stagnation point is
approached, whereas the level of Uww increases, especially for frequen-
cies below 200Hz. Higher frequencies seem less affected by the pres-
ence of the airfoil. The levels for Uvv show very little change, as
expected, since the main momentum transfer occurs between the

streamwise and transverse velocity components. The level decrease in
Uuu and the level increase in Uww confirm the momentum transfer
from the streamwise component to the transverse component, which
is responsible for the turbulence distortion, agreeing with the previous
discussion. These results also show that the momentum transfer is
concentrated in the large turbulence scales, i.e., low frequencies. The
medium-length scales, i.e., mid-frequency range, are mainly unaffected
by the turbulence distortion. According to the energy cascade theory
and the Kolmogorov hypotheses, the outer flow parameters, i.e., mean
flow field and pressure gradient, affect only the large scales and, as the
energy is transferred from the large to the small scales, all the informa-
tion about the geometry of the large scales, i.e., mean flow field and
boundary conditions, is lost.71 This observation suggests that the mean
flow does not affect the mid-frequency range. Additionally, Gill et al.12

attribute the turbulence distortion in the stagnation region of an airfoil

FIG. 15. Instantaneous spanwise skin friction for the NACA 0008 (a) and NACA 0018 (b). Numerical data.

FIG. 14. Slice in the x-z plane of the instantaneous transverse vorticity near the LE of the NACA 0008 (a) and NACA 0018 (b). Numerical data.
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to the velocity gradients present in this region. Thus, it is reasonable
that the mid-frequency range is not affected by the turbulence distor-
tion because the mean flow field does not impact this frequency range.
Furthermore, the effect of the turbulence distortion for frequencies
higher than 2 kHz cannot be analyzed because this is the cutoff fre-
quency of the simulation. Similar tendencies for the velocity spectra
are observed for the NACA 0018, which correspond to the tendencies
presented in Fig. 13(b). Hence, the corresponding graphs are omitted
here for brevity.

Next, the scaling of the main flow quantities in the stagnation line
with airfoil geometrical parameters is investigated. Figure 17(a) shows
the mean streamwise velocity at the stagnation line with the stream-
wise position scaled with the airfoil maximum thickness. D�u is the dif-
ference between the mean streamwise velocity for the cases with and
without the airfoils. We scaled the vertical axis to achieve values
between zero and unity. The best scaling of the mean velocity is
obtained when the horizontal axis is normalized by the airfoil maxi-
mum thickness tmax. According to Gill et al.,12 the turbulent inflow is
distorted due to a pressure gradient in the stagnation area, which
depends on the airfoil geometry in the LE region. As the airfoil maxi-
mum thickness is the largest dimension blocking the flow field, result-
ing in the stagnation region, it is reasonable that the velocity scales
with this dimension. The scaling of Kf is shown in Fig. 17(b), where
the curves for both airfoils overlap when the streamwise coordinate is

scaled by the airfoil LE radius rLE. The integral length scale curves are
smoothed to avoid the discontinuities in Kf for the case of the NACA
0018, as those seen in Fig. 11, which introduces a certain degree of
uncertainty regarding the scaling. The vertical axis is scaled to result in
values between zero and unity, which is done by using DKf , i.e., the
difference between Kf for the cases with and without the airfoils, add-
ing Kf ;0, which is Kf at x¼ 0 for the case without the airfoils, and
dividing each curve by a reference value taken arbitrary at
x=rLE ¼ �10. Figure 17(c) shows the urms values at the stagnation line
of the airfoils. Contrary to the mean velocity and length scale, the urms

curves do not require any scaling of the streamwise coordinate to col-
lapse. The vertical axis is scaled with the value of urms at the arbitrary
reference point of �6mm. Similar behavior is observed for wrms; see
Fig. 17(d). For this case, the vertical axis is scaled with the value of
wrms at the arbitrary reference point of x ¼ �10:5 mm and the maxi-
mum value of wrms since wrms;max changes considerably from one air-
foil to the other. Note that the location of maximum thickness for both
airfoils is at the same chordwise position; hence, it is possible that urms

scales with x=xtmax or x/c. Finally, Fig. 17(e) shows the vrms scaling,
which seems to scale with x=rLE. The reference location used to nor-
malize vrms is x=rLE ¼ �4, as this quantity seems to start changing
dramatically only very close to the LE. For the NACA 0008 airfoil,
more points are likely needed to capture the peak value of vrms, but
both airfoils show a strong growth in vrms around x=rLE ¼ �2 and,

FIG. 16. PSD of the numerical streamwise (a), transverse (b), and spanwise (c) velocity fluctuations along the stagnation line of the NACA 0008 at mid-span.
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initially, the growth rates seem comparable. Figure 17 shows that dif-
ferent flow quantities scale differently near the stagnation point, with
the results for urms and Kf being particularly important for noise pre-
dictions using the RDT-based turbulence spectrum since the main
inputs for this formulation are urms andKf near the LE.

D. Wall pressure spectra

We evaluate the behavior of the WPF near the NACA 0008 LE in
Fig. 18. Six curves are shown: the experimental measurements
(“Exp.”), the numerical results (“Num.”), the Amiet prediction using
the von K�arm�an spectrum with input �u; urms, and Kf from either the
experiments [“Amiet(vK)-Exp.”] or the simulations [“Amiet(vK)-
Num.”] extracted at the LE location without the airfoil, and the Amiet
prediction using the RDT spectrum with input the �u; urms, and Kf

from either the experiments [“Amiet(RDT)-Exp.”] or the simulations
[“Amiet(RDT)-Num.”] extracted at the LE location without the airfoil.
At x=c ¼ 0:0035, in Fig. 18(a), we observe a near constant shift of
about 10 dB between Amiet(vK)-Num. and the numerical spectrum
for frequencies below 30Hz, whereas the experimental data are close

to the numerical results. Between 300 and 1000Hz, the Amiet(vK) pre-
dicts WPF spectral levels between the numerical and experimental lev-
els. The experimental spectrum at x=c ¼ 0:0035 is less reliable than at
positions further downstream due to the difficulty of calibrating the
microphones because of the high curvature of the airfoil LE at this
position. Amiet(RDT) does not approximate the numerical and exper-
imental spectra. However, the decay observed for the numerical spec-
trum for f> 1 kHz is similar to that of the Amiet(RDT)-Num. This
frequency range is close to the simulation cutoff frequency; therefore,
these results may not be reliable. Similar results are observed for the
NACA 0018; hence, results for this geometry are omitted for brevity.
The WPFs at this chordwise position, i.e., x=c ¼ 0:0035, are due to the
direct impingement of the turbulent inflow on the surface because the
boundary layer is barely developed yet.

In Fig. 18(b), at x=c ¼ 0:10, the discrepancies between numerical,
experimental, and Amiet(vK) spectra are smaller than at
x=c ¼ 0:0035. We observe a near-constant shift between the numeri-
cal and experimental spectra, which is expected because of a slight
difference in freestream velocity for these cases. This shift is com-
parable to the corresponding differences between the Amiet curves

FIG. 17. Flow quantities at the stagnation line of the airfoils at mid-span normalized by different parameters. Average velocity (a), integral length scale (b), RMS of the stream-
wise (c), transverse (d), and spanwise (e) velocity fluctuations. Numerical data.
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Amiet(vK)-Exp. and Amiet(vK)-Num. The Amiet prediction Amiet
(vK) agrees with the experimental and numerical spectra reasonably
well up to 500Hz. For frequencies above approximately 500Hz, the
experimental spectrum changes slope, which is attributed to the
boundary layer influence on the WPF. The simulation does not cap-
ture this, as the coarsely resolved, wall-modeled flow does not
resolve the small fluctuations inside the boundary layer. According
to previous research,75,76 the freestream turbulence penetrates the
boundary layer when the turbulence length scale of the free stream is
significantly larger than the length scale in the boundary layer. This
phenomenon influences the length scales in the boundary layer dif-
ferently. Dogan et al.75 showed that the freestream turbulence pene-
trates the outer part of the boundary layer, and for sufficiently high
turbulence levels, it can penetrate up to locations very close to the
wall, i.e., up to the small scales, resulting in a modulation of these
scales. The results in Fig. 18(b) indicate that the freestream turbu-
lence penetrates the boundary layer and induces the pressure fluctu-
ations for f< 500Hz. This is stated for two reasons. First, the Amiet
theory only considers the impingement of the turbulent inflow on
the surface, not accounting for the boundary layer development, and
there is a good agreement between the Amiet prediction Amiet(vK)
and the numerical and experimental spectral curves for f< 500Hz.
Second, the spectral decay at x=c ¼ 0:10 in the range 100 < f < 500
Hz for both numerical and experimental spectra follows a similar
decay as that at x=c ¼ 0:0035 in the range 200 < f < 1000 Hz for
the numerical data and 200 < f < 3000 Hz for the experimental
data, which is due to the direct impingement of the turbulent inflow.
For f> 500Hz, the WPF spectral levels are associated with the
boundary layer because the penetration of the freestream turbulence
is more difficult to occur for the smaller length scales in the bound-
ary layer, and it only causes a modulation of these scales.75

Furthermore, the Amiet(vK) curves are much closer to the corre-
sponding experimental and numerical spectra than the Amiet(RDT)
data for f> 500Hz, indicating that the turbulence distortion effect
does not play a major role downstream from the LE, with the WPF
at this location being mostly affected by the freestream turbulence
and the boundary layer development. As we will see later in Sec. V E,
x=c ¼ 0:0035 is a region of very high gradients of the pressure fluc-
tuations, while x=c ¼ 0:10 has a less steep gradient. Hence, small

differences in probe placement or turbulence decay can lead to larger
errors closer to the LE. This justifies the larger discrepancies between
experimental and numerical spectra at x=c ¼ 0:0035.

Considering that the larger discrepancy between the Amiet(vK)
prediction and the simulation/experiment at x=c ¼ 0:0035 is related
to the turbulence distortion effects, which are mostly concentrated in
the LE region, the prediction of the WPF might be improved by using
the distorted turbulence parameters as input to the Amiet prediction.
As discussed in Sec. VC, the turbulence parameters used as input to
the Amiet model change considerably in the LE vicinity. Hence, we
verify the behavior of the WPF prediction considering as input the tur-
bulence parameters extracted close to the LE, i.e., the distorted turbu-
lence parameters. We extract the turbulence input parameters at the
stagnation line at x=rLE ¼ �2 for the NACA 0008 and at x=rLE ¼ �1
for the NACA 0018. Different locations were used so that Amiet’s pre-
diction presented the best agreement with the numerical results for fre-
quencies below 30Hz. It is important to highlight that Kf ;1 � rLE for
the NACA 0008 airfoil and Kf ;1 	 rLE for the NACA 0018 airfoil,
which might be the reason why different locations are needed to obtain
more accurate WPF predictions since the ratio Kf ;1=rLE dictates the
mechanism responsible for the turbulence distortion.20 The results are
shown in Figs. 19 and 20 for the NACA 0008 and the NACA 0018,
respectively. Figure 19 shows a better agreement of the Amiet(vK) pre-
diction with the numerical and experimental spectra, mainly for fre-
quencies below 30Hz. For both airfoils, the difference between Amiet
(vK)-Num. and numerical spectra was reduced from about 11 dB to
less than 1 dB at 10Hz when accounting for the turbulence distortion
in the input parameters for the model. For Amiet(RDT)-Num., the dif-
ferences were reduced from about 15 to 5 dB. For frequencies
f> 600Hz, a better agreement of the numerical spectra occurs with
the Amiet(RDT)-Num. These results indicate that the disagreement of
the Amiet prediction for positions close to the LE is most probably due
to the turbulence distortion effects since the WPF is affected by this
phenomenon. They also show that the turbulence parameters used as
input to the model have to be representative of the turbulent flow in
the region of interest. Thus, for a position close to the airfoil LE where
the turbulence distortion is relevant, the distorted turbulence parame-
ters near the position of interest should be used as input to the Amiet
model for the WPF. However, the freestream turbulence parameters

FIG. 18. PSD of the WPF on the NACA 0008 surface at x=c ¼ 0:0035 (a) and x=c ¼ 0:10 (b) at mid-span. Num.—numerical results, Exp.—experimental results,24 Amiet
prediction—Eq. (2).
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should be used as input for a position away from the LE where the tur-
bulence distortion is negligible. Furthermore, the spectral level and
main hump are sensitive to the turbulence input parameters, mainly
the integral length scale. For example, the level difference in prediction
of the Amiet(vK)-Num. for the cases where the inputs were the free-
stream values and the distorted values is around 10 dB for f¼ 30Hz.

E. Far-field noise

Figures 21 and 22 show the far-field noise from the simulations
and predicted using the Amiet model for different directivity angles.
The numerical far-field pressure fluctuations were calculated using the
FW–H method, considering probes located at different angles in an
arc with a radius of 1.5m centered at the airfoil mid-chord and mid-
span. An angle of 180� corresponds to an upstream position of the air-
foil LE, and an angle of 0� corresponds to a downstream position of
the airfoil trailing-edge. The Amiet model is calculated for two cases:
(1) using the von K�arm�an turbulence spectrum with input Kf and urms

extracted at x=rLE ¼ 0 without the airfoil, and (2) using the RDT-
based turbulence spectrum with input Kf and urms extracted at
x=rLE ¼ �2 with the airfoil. The position of x=rLE ¼ �2 is used
because dos Santos et al.24 showed that more accurate noise predic-
tions are obtained when the turbulence input parameters are extracted
at this position.

We can observe in Fig. 21 humps that begin around f 	 1 kHz.
These are due to the interference between the noise emitted at the LE
and the noise scattered over the trailing-edge. The CFD and von
K�arm�an Amiet results are very similar in the frequencies and ampli-
tudes of these humps, but some differences appear, as is evident at
h ¼ 30�. These differences are linked to the fact that Amiet theory
assumes a flat plate. The results for the NACA 0018 airfoil are consis-
tently further away from the Amiet results than the NACA 0008,
which is compatible with the explanation of the differences coming
mostly from the airfoil thickness. Analytical models tend to overpre-
dict these humps, as the interference patterns occur without any
dissipation or dispersion. Differences to Amiet results in the high-
frequency humps have also been observed in experiments.24

For low frequencies (f< 100Hz), the noise generated by both air-
foils is similar. Figure 22 shows that the directivity at f¼ 100Hz
roughly resembles the directivity of a dipole because the airfoil is a
compact noise source at this frequency, i.e., the acoustic wavelength is
much larger than the airfoil chord. All analytical noise predictions
(using Amiet’s theory) overestimate the noise for frequencies around
100Hz and underestimate the noise for lower frequencies (f< 30Hz).

For frequencies between 100Hz and around 1 kHz, the NACA
0018 radiates lower noise levels than the NACA 0008, as
expected.12,14,16 The directivity pattern for f¼ 500Hz (see Fig. 22)
shows that the NACA 0018 generates higher or at least comparable
noise levels to the NACA 0008 for upstream positions, i.e., observer
angles between 180� and 150�. However, as the observer angle
decreases, the NACA 0018 generates lower noise levels than the
NACA 0008, reaching a maximum difference of 10 dB at an angle of
30�. For this frequency (f¼ 500Hz), the directivity pattern starts to
deviate from a dipole because the airfoil is no longer a compact noise
source. Regarding the noise prediction in the frequency range between
100Hz and 1 kHz, it is clear that the prediction using the von K�arm�an
model considerably overpredicts the noise, mainly for the thicker air-
foil for observers localized at angles ranging from 30� to 120�; see Figs.
21 and 22. The noise prediction using the RDT-based spectrum also
overpredicts the noise; however, it is closer to the numerical noise lev-
els. Also, this noise prediction follows the trends of the numerical noise
level; i.e., it predicts a lower noise level as the airfoil thickens. However,
the RDT results do not predict the substantial change in the shape of
the directivity pattern for f¼ 500Hz for the NACA 0018 airfoil.

The noise radiated from both airfoils overlaps for higher frequen-
cies (f> 1 kHz). However, the simulation results are questionable for
f> 2 kHz. The directivity pattern at f¼ 1 kHz in Fig. 22 shows that the
NACA 0018 noise level is higher than the NACA 0008 for upstream
positions. However, this shifts for angles smaller than 150�, where the
NACA 0018 produces lower noise levels. For angles smaller than 90�,
the noise produced by both airfoils is comparable. Again, the Amiet
prediction using the von K�arm�an model overpredicts the noise for all
observer angles, whereas the prediction based on the RDT model
approximates the airfoil noise better. Note that the RDT-based spec-
trum only changes the noise levels and does not affect the directivity

FIG. 19. PSD of the WPF on the NACA 0008 surface at x=c ¼ 0:0035 and mid-span
using as input to the prediction the turbulence parameters extracted at x=rLE ¼ �2.
Num.—numerical results, Exp.—experimental results,24 Amiet prediction—Eq. (2).

FIG. 20. PSD of the WPF on the NACA 0018 surface at x=c ¼ 0:0035 and mid-
span using as input to the prediction the turbulence parameters extracted at
x=rLE ¼ �1. Num.—numerical results, Amiet prediction—Eq. (2).
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pattern. Hence, modifying the turbulence spectrum is insufficient to
account for the airfoil geometry effect on the directivity, requiring
modifications to the airfoil response function. The directivity pattern
for the thicker airfoil changes considerably compared with the predic-
tion, whereas the pattern for the NACA 0008 roughly follows the pre-
diction. Thus, the airfoil geometry in the LE region affects both the
noise level and the directivity pattern.

To understand the change in the directivity due to the airfoil
geometry, we now investigate the pressure fluctuations in the vicinity

of the airfoil LE. The pressure coefficient Cp ¼ ðp� p1Þ=q1 was
computed in the simulations, and its RMS Cprms is used as a way to
compare the integral of the noise spectra for the two airfoils. Results
are shown in Fig. 23, where we can observe that the pressure fluctua-
tions start at the same level at x=c ¼ 0 for both airfoils. However, the
NACA 0008 shows a rise in Cprms soon after the LE, followed by a
sharp decrease. In contrast, the NACA 0018 shows a decay in fluctua-
tions immediately, though at a lower rate. The off-body pressure fluc-
tuations can be seen in Fig. 24. The discontinuities observed in Cprms

FIG. 21. PSD of the far-field noise for the NACA 0008 and NACA 0018 airfoils from the Amiet model and from the numerical results for directivity angles of 30� (a), 60� (b),
90� (c), 120� (d), and 150� (e).
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near the wall, mainly observed for the NACA 0018, are visualization
artifacts and do not correspond to refinement interfaces. The NACA
0018 has pressure fluctuations mainly concentrated in front of its LE,
while the pressure fluctuations near the NACA 0008 LE have a cardi-
oid shape. This agrees with the far-field noise directivity patterns of the
two airfoils: while the thinner airfoil shape agrees with the Amiet the-
ory with noise levels at h ¼ 180� being very low, the thicker airfoil
radiates noise upstream. The difference in the pressure fluctuations
near the LE for these airfoils is likely associated with the higher con-
centration of transverse (z-direction) vortices that are observed just
upstream of the NACA 0018 airfoil (Fig. 14), creating large spanwise
velocity fluctuations.

F. Cutoff frequency discrepancies

The numerical mesh used in the freestream to resolve the incom-
ing flow turbulence was shown to resolve fluctuations up to about
2 kHz (e.g., Figs. 6 and 8). Even for the case without any airfoil, the
mesh is refined near the target airfoil LE position, but this was a small
refinement region (Fig. 5), and the turbulence measured in that area
had a similar cutoff as in the freestream (Fig. 8). Hence, at the LE loca-
tion, there should be effectively no turbulence for f > 2 Hz.

Despite this, throughout this work, the WPF (Figs. 7 and 18) and
far-field noise (Fig. 21) did not show a clear cutoff around 2 kHz.
Instead, the spectra for these quantities showed slopes between 2 and
5 kHz that followed similar trends to experiments and analytical meth-
ods (again, see Figs. 18 and 21). This is evidence that the WPF and
associated far-field noise above 2 kHz are not associated with the
incoming freestream turbulence at the same frequencies. A clear exam-
ple of this is comparing Figs. 6 and 7. At 5 kHz, the freestream turbu-
lence is effectively zero, while the WPF at that frequency follows the
expected slope.

A potential explanation for this is that the turbulence at f < 2
kHz creates smaller structures near the wall, hence far-field noise at
f ¼ 5 kHz. This goes against Amiet theory, where the noise is com-
puted per frequency, meaning that far-field noise at 5 kHz only
depends on the incoming turbulence spectrum at 5 kHz [see Eq. (1)].
This is surprising, and further research is needed to understand the
reasons for this phenomenon.

VI. CONCLUSIONS AND OUTLOOK

In this work, we conducted LBM numerical simulations of
grid-generated turbulence in a wind tunnel and analyzed the effect of
two airfoils on the turbulent inflow and the LE noise generated.

FIG. 22. Far-field noise directivity for the NACA 0008 and NACA 0018 airfoils from the Amiet model and from the numerical results for 100 Hz (a), 500 Hz (b), and 1000 Hz (c).

FIG. 23. RMS of the pressure coefficient at mid-span over the airfoil chord near the
LE for the NACA 0008 and NACA 0018 airfoils.
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The simulations match the experimental data available in the literature
and noise predictions based on the Amiet model reasonably well. The
detailed flow data obtained with the simulations give valuable insight
into the physics of LE noise generation for real airfoils.

The velocity fluctuations in the stagnation line of the thin airfoil
(Kf � rLE) follow the RDT trends for cylinders. In this case, momen-
tum is transferred from the streamwise velocity component to mainly
the transverse component as the LE is approached, resulting in a
decrease in the RMS of the streamwise velocity, an increase in the
transverse component, and the spanwise component remains mostly
constant. The momentum transfer between the streamwise and the
transverse velocity results in the increase in energy for the large scales
in the transverse direction. A different trend is observed when the tur-
bulence length scale is slightly larger than the airfoil LE radius, i.e.,
Kf > rLE. For this case, the spanwise velocity fluctuations also increase
as the LE is approached, whereas the transverse velocity fluctuations
increase to a lesser extent. These results indicate that a different mech-
anism occurs when the turbulence length scale starts to be comparable
to the airfoil LE radius. Furthermore, there are significant differences
between the aerodynamics of thin and thick airfoils. The flow around
the thick airfoil studied in this work has a concentration of vortices
near the LE oriented in the transverse direction, creating high-velocity
fluctuations in the spanwise direction. This phenomenon is not seen
for the thin airfoil, where the transverse velocity fluctuations dominate
near the LE. Regarding the scaling of the turbulence parameters at the
stagnation line, the mean streamwise velocity scales with the stream-
wise position normalized by the airfoil thickness. Normalizing the
streamwise position with the airfoil LE radius results in the scaling of
the turbulence length scale for positions close to the airfoil LE
(x=rLE > �10). However, the RMS streamwise velocity does not
require normalizing the streamwise position, indicating that urms does
not depend on the airfoil maximum thickness and LE radius. These
results show that different flow quantities scale differently near the
stagnation point.

The WPF close to the airfoil LE is mainly caused by the
impingement of the turbulent inflow on the surface because the
boundary layer is barely developed yet. However, at x=c ¼ 0:10,
the low-frequency spectral level is attributed to freestream turbu-
lence, whereas the higher frequencies are attributed to the WPF
induced by the boundary layer. The Amiet theory overpredicts the
WPF spectra for chordwise positions close to the LE (x=c ¼ 0:0035)
because the turbulence is distorted for these positions, which is not
considered in the model. By using the turbulence parameters near
the LE as input to the model, a good agreement between the pre-
dicted WPF spectrum and the numerical spectrum is observed for
low frequencies. For high frequencies, the numerical spectrum fol-
lows the decay predicted by the RDT for positions near the LE
(x=c ¼ 0:0035). At x=c ¼ 0:10, the turbulence distortion does not
affect the WPF spectrum significantly.

Regarding the far-field LE noise, the directivity pattern changes
as the airfoil thickness increase, mainly for mid and high frequencies.
Thicker airfoils radiate higher noise levels upstream of the LE than
thin airfoils due to the drastic change in the WPF distribution near
the LE. This considerable change is associated with the transverse
(z-direction) vortices that are observed for thick airfoils, creating large
spanwise velocity fluctuations. The difference between the numerical
and the Amiet predicted directivity patterns grows with airfoil thick-
ness and frequency. Moreover, using the RDT-based turbulence spec-
trum is expected to improve the Amiet prediction for far-field noise of
airfoils. However, this was not observed here. The prediction using the
RDT spectrum shows improved trends for the LE noise decreasing
with the airfoil thickness compared to the von K�arm�an spectrum.
However, using the RDT spectrum only scales the directivity noise lev-
els, preserving the incorrect directivity patterns. Thus, the change in
directivity patterns due to the airfoil thickness must be considered in
the airfoil response function. Another potential limitation of Amiet
models is that they assume noise at a certain frequency depends on the
incoming turbulence at the same frequency only. In our results, we

FIG. 24. Slice showing standard deviation
pressure on the central plane for the
NACA 0008 (a) and NACA 0018 (b)
airfoils.
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observe WPF and far-field noise at expected levels for frequencies
above what we resolve in the incoming turbulence. This should be a
topic for further investigation.

As limitations in the Amiet models were shown for thick airfoils,
numerical and experimental methods will continue to have value for
applications including thick airfoils (such as those found in wind tur-
bines) and less traditional applications, such as noise from complex LE
shapes, which the current method is able to simulate.77 This could be
the case for highly eroded blades or to design airfoils with LE tubercles,
which have been studied in various experiments due to their potential
aerodynamic78 and aeroacoustic79,80 advantages over traditional
shapes. In this work, we did not seek to isolate LE radius effects from
airfoil thickness effects, as done by other authors.12,14 Future studies
could perform similar analyses as we conducted here while separating
the effects of LE radius and airfoil thickness.
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