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An experimental investigation of the turbulence-interaction noise is pre-
sented on various bodies: a flat plate of 3% relative thickness, an industrial
cambered controlled diffusion airfoil of 4% relative thickness and a symmetric
NACA0012 airfoil. Each instrumented airfoil is embedded in an homogeneous
flow at low Mach number at the exit of the small ECL open jet anechoic wind
tunnel with a grid generating turbulence upstream of it. This grid produces
the same 5 % homogeneous turbulence intensity for all experimental cases.
Sound is measured in the far field at the same time as the inlet velocity fluc-
tuation statistics impinging the airfoil leading edge. Three different velocities
and four angles of attack have been tested for each profile. In the tested range,
the angle of attack plays no relevant role. However, an increasing airfoil thick-
ness is found to reduce the turbulence-interaction noise significantly. The far
field spectrum is related to a spectrum and a spanwise correlation length of the
incident velocity fluctuations and to the airfoil unsteady response function to
these incident gusts. The original statistical model proposed by Amiet, valid
for parallel gusts on flat plates, is extended to general three-dimensional super-
critical and subcritical gusts. It is shown to agree well with the experimental
data for the two thin bodies in the midspan plane. Semi-empirical corrections
are proposed to account for the geometrical effect of an airfoil camber and
thickness on the radiation response function and for the turbulence distortion
at the leading edge of such bluff bodies. These semi-empirical analytical cor-
rections reproduce the experimental trend well for the thick NACA0012 and
improve the comparison with both the measured radiation maps and narrow
bandwidth spectra at a given location. The three-dimensional subcritical gusts
are also found to be important out of the midspan plane.
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Nomenclature

b : airfoil half-chord length
c : airfoil chord length
c0 : speed of sound
d : airfoil half-span
e : airfoil leading edge characteristic thickness
f : frequency
g : normalized aerodynamic response function
k = ω/c0 : acoustic wavenumber

k1, k̂1 : streamwise aerodynamic wavenumber (normalized)
K1 = ω/U0 : radiating streamwise aerodynamic wavenumber
k2 : spanwise aerodynamic wavenumber
K2 = ω x2/c0S0 : radiating spanwise aerodynamic wavenumber
ly : a correlation length of the incident velocity fluctuations
L : airfoil span
L : aeroacoustic transfer function
L1,L2 : main leading edge and back-scattering trailing edge contribution
Lm

1 : modified leading edge contribution by camber or thickness effect
M0 = U0/c0 : Mach number

R = |~R| : source-to-observer distance
s∗ : local curvilinear abscissa normalized by the half chord length b
St : Strouhal number
S2

0 = x2
1 + β2 (x2

2 + x2
3) : far-field corrected distance

Spp : far-field acoustic pressure power spectral density
sinc(x) = sin(x)/x : sinecard function
U0 : nozzle exit-flow velocity
U : local mean flow velocity
x∗, y1 : local chordwise coordinate normalized by the half chord length b
y = η(x) : airfoil surface equation
w̄2 : velocity fluctuation normal to the airfoil surface
~x = (x1, x2, x3) : observer coordinates
(R, 0, θ) : cylindrical source coordinates
α1, α2 : constants in postulated crosswise one-dimensional velocity spectrum

β =
√

1 − M2
0 : compressibility parameter

∆ p = l : the pressure jump across the airfoil
γ : local slope angle
ζ : camber angle
Λ : turbulence integral energy scale
µ̄ = k b

β2 : reduced wavenumber

φww : power spectral density of the vertical velocity fluctuations
Φww : two-dimensional wavenumber turbulence spectrum
ρ0 : fluid density
τ : turbulence intensity

Θ22, Θ̂22 : crosswise one-dimensional velocity spectrum (normalized)
Θ∞11, Θ∞22 : upstream one-dimensional velocity spectra
ω : angular frequency
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I. Introduction

B
ROADBAND noise generation and radiation from rotating blades due to the ingestion of tur-
bulence is a topic of major interest for fan manufacturers, as it represents the fraction of the

total noise of the fan that is neither directly related to the mean flow conditions (pressure rise and
flow rate) or the fan aerodynamical efficiency, nor to the periodic interaction mechanisms. Broadband
noise is also generated by the unsteady tip-clearance flow (tip noise) or by the turbulent boundary
layers on the blades (trailing-edge noise). These contributions would remain in the absence of up-
stream turbulence, but would become secondary when the ingested turbulence is at least stronger
than 2 or 3 % of the relative mean flow on the blades. Roughly speaking, broadband noise contributes
to 50 % or more of the total noise, the remaining part coming from the rotational noise at the blade
passing frequency and harmonics, due to all periodic interaction mechanisms. This evaluation holds
for both the fans of modern turbofan engines, operating at high subsonic Mach numbers, and for the
low-Mach number cooling fans of automotive applications. A broadband noise prediction is therefore
a crucial step to include in the design cycles as early and accurately as possible. Within that context,
turbulence-ingestion noise is recognized as the major contributor, as soon as the flow is significantly
disturbed upstream, and at least in a relative low-to-middle frequency range. It is addressed as the
only relevant mechanism in the present paper.

A direct numerical simulation of the turbulence-ingestion noise of a rotor is not yet achievable in
the complicated three-dimensional geometry of a real fan, especially for the low Mach numbers highly
twisted and swept cooling fans, corresponding to very low sound level, typically between 40 and 70
decibels at a distance of 1 m. With this respect, higher-Mach number configurations could be more
tractable due to the relatively more intense sound radiation, and the usual scaling law of the acoustic
intensity with the sixth power of the flow speed. An alternative approach is to use Computational
Fluid Dynamics in a first step to simulate the flow ignoring the acoustic field, and then applying the
acoustic analogy of Lighthill-Ffowcs Williams & Hawkings1 to get the sound field from the simplified
flow description. More precisely, according to the acoustic analogy, for subsonic Mach numbers, the
equivalent sources of the noise are the distributed lift or wall-pressure fluctuations induced on the
moving blades or the stationary vanes by the turbulence, acting as acoustic dipoles. Now different
methods can be applied to reproduce these sources and the corresponding pressure field radiated at
large distances. Large Eddy Simulation should be the best suited for the intended application, since it
provides the required information by reproducing the large-scale motion in the turbulence, essentially
responsible for the significant broadband noise.2–4 However, it remains still too time-consuming and
limited to simple geometries for any practical industrial design. Furthermore, the accuracy of LES in
fully 3D configurations for acoustic purposes is still to be assessed. More tractable is the simulation of
the flow using steady or unsteady Reynolds-Averaged Navier-Stokes equations, but the turbulence is
only simulated through a limited set of statistical parameters. As a consequence, some statistics of the
velocity field is available, but the required information on the fluctuating wall-pressure for acoustic
calculations is not provided.

In that context, analytical methods remain very attractive as alternatives till the numerical
simulations can provide validated results at a reasonable cost. Most prediction methods for the
turbulence-interaction broadband noise of fan blades are based on the assumption of very small an-
gle of attack, thickness and camber of the blades. Analytical solutions of the linearized unsteady
aerodynamics equations can then be derived with these assumptions. The present formulation of the
resulting leading edge noise model is summarized in Section III and the corresponding appendix. The
present study is aimed at stating the accuracy and the limitations of such methods by comparing the
prediction sound spectra and directivity patterns to dedicated measurements performed in an anechoic
open-jet wind tunnel. Previous experiments and the present test set-up are described in Section II.
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Fig. 1 Leading edge noise experimental set-up
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Fig. 2 Normalized streamwise velocity PSD φuu.
All velocities U0 at 14.5 cm from the nozzle exit.

II. Experimental study

A. Experimental setup

The present experiments have been run in the ECL small anechoic open-jet wind tunnel. A
rectangular airfoil is held between two side-plates at the exit of a rectangular nozzle of 30 cm height
and 13 cm width and embedded in the potential core of the undisturbed jet.10, 11 This setup principle
is the same as in previously published investigations.5–9 The incoming turbulence is generated by a
grid put upstream of the airfoil in the nozzle. The grid is made of 1 cm wide struts and has a mesh
of 4 cm (36 cells). The solidity factor (ratio of the grid blocking surface over the original nozzle area)
is about 0.31 and ensures a 5 % turbulence intensity for all tests presented below, corresponding to a
convergent contraction ratio of 2/1.

The radiated noise is investigated only in the mid-span plane of the airfoil, at some far-field
distance (2 m), so that the effect of the side-plates is minimized. Due to the experimental set-up,
the sound measurements could be made with a B&K 1.27 cm (1/2’) Type-4133 microphone for angles
with respect to the nozzle axis ranging from -105◦ to +105◦ by angular steps of 5◦. The data are
collected with a sixteen channels HP3565 Paragon acquisition system between 0 and 12800 Hz with
a constant bandwidth of 4 Hz. However the sound is possibly scattered at the side-plate edges and
at the nozzle lips. The background noise sources induced by the wind-tunnel flow on the side-plates
(trailing-edge noise due to the scattering of boundary layer turbulence at the plate trailing edges) are
generally well below the turbulence-interaction noise of interest, making the measurements possible in
a wide frequency range. The main drawbacks inherent to such an experimental approach and setup
are discussed in a companion paper by Roger & Serafini,13 who propose an alternative approach using
a circular airfoil. Anyway reliable results have been obtained this way in the past,5–9 giving confidence
to their use as a validation basis for analytical models.

The advantage of the rectangular airfoil setup is that the effect of the angle of attack is easily
investigated by adjusting the discs included in the plates and fixed to the airfoil tips. Three different
airfoils are tested here: a symmetric NACA0012 profile, a flat plate with a 3 % relative thickness and
the Valeo Controlled Diffusion (CD) profile with a 4 % relative thickness and a 12◦ camber described
in Ref. 10. This leads to leading edge thicknesses e of about 12 mm for the NACA0012 profile , 3 mm
for the flat plate and 2.5 mm for the CD airfoil. The first two airfoils have a chord length c1 of 10 cm
and the last one has a chord length c2 of 13.6 cm. They all have a 30 cm span. The incident velocity
U0 measured at the nozzle exit ranges from 20 to 40 m/s, corresponding to Reynolds numbers based
on the chord length around 2 × 105 and Mach numbers around 0.1 typical of low speed fans. These
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values are therefore smaller than those used by Paterson & Amiet.7

B. Turbulence Measurements

As will be shown below in section III, the input data to the analytical model are the power spectral
density of the vertical velocity fluctuations (normal to the airfoil surface) φww and the corresponding
spanwise correlation length `y(ω). A two-step method is used to infer these data. The transverse
velocity fluctuations are not easily measured, whereas the streamwise velocity fluctuations are eas-
ily accessible with a single hot wire put in the flow of the facility with the airfoil removed. The
corresponding streamwise PSD φuu is then fit with a simple model of homogeneous and isotropic
turbulence. The model parameters, namely the integral energy scale Λ and the turbulence intensity
τ , fixed here to 5 %, are then used to deduce the PSD φww and the correlation length `y. In the
present set-up the isotropic turbulence assumption is partially justified by the grid design but could
be made questionable due to the contraction ratio of the nozzle, about 2/1 in the direction normal to
the airfoil span. It has been confirmed by the measurements.

For each incident velocity U0, three different spectra were taken 14.5 cm from the nozzle exit in
the nozzle symmetry plane (position of the leading edge of the 10 cm long airfoils), 10 cm from the
nozzle exit in the nozzle symmetry plane (position of the leading edge of the 13.6 cm long CD airfoil),
and 10 cm from the nozzle exit shitfed sideways from the nozzle symmetry plane. In all cases, these
three different spectra are almost identical stressing the streamwise and crosswise flow homogeneity
at the airfoil leading edges. The isotropic nature of the turbulence impinging the airfoils could also be
checked a posteriori by verifying that the turbulence intensity was constant at these three locations
for all speeds. The turbulence intensity is defined as:

τ2 = 2

∫ ∞

0

φuu (f)

U2
0

df =
2

Λ

∫ ∞

0

φuu (St)

U0
dSt

where the Strouhal number St = fΛ
U0

is based on the turbulence integral scale, Once plotted as a

function of St in Fig. 2, the quantity 10 log
(

φuu

U0

)
shows a good collapse at a constant turbulence

intensity of 5%.
The two currently used models of isotropic turbulence, the Liepmann and von Kármán models,

cover the inertial range of the turbulence. To improve the fit with the hot wire measurements, an
additional Gaussian damping has been applied to the model spectra. This accounts for the faster
decay to the Kolmogorov scale at the highest frequencies as shown in Fig. 3. The corresponding
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Fig. 5 Radiation map of the flat plate at 40 m/s. Fig. 6 Radiation map of the NACA0012 at 40 m/s.

expressions for φww et ly can be found in the appendix of Ref. 14. The additional Kolmogorov
Gaussian attenuation to the Liepmann and von Kármán models was only needed at the lowest speed
of 20 m/s as shown in Fig. 3. In all cases the best fits are obtained with the corrected von Kármán
model and a constant energy scale Λ = 0.009 m is found (Fig. 4 for 40 m/s).

C. Broadband Noise Measurements

Two types of post-processing of the far field acoustic pressure measurements have been made:
radiation maps that represent fringes of constant PSD Spp as a function of the observer angular
position with respect to the airfoil chord direction and frequency, and spectra of this PSD at a given
observer or microphone position as a function of frequency. The background noise has been removed
from these measurements assuming that these sources are not correlated with the leading edge noise
and following the procedure described in Ref. 10. The frequency range in the radiation maps has also
been reduced to 300 Hz-4000 Hz where the turbulence-interaction noise is at least 6 dB above the
background level. The zone between -20◦ and +20◦ has also been removed from the experimental
radiation maps because it is contaminated by the pseudo-sound pressure in the nozzle jet.

Fig. 5 and Fig. 6 represent the radiation maps at a freestream speed of 40 m/s and a 0◦ incidence
for the flat plate and the NACA0012 airfoil respectively. The observed inclined fringe pattern could be
attributed to spurious installations effects such as the scattering of the nozzle lips. The radiation map
of the CD airfoil is very similar to the flat plate one, except for the additional noise source shown in
Fig. 5 in all directions over a narrow frequency range centered around 2500 Hz. The CD airfoil maps
also exhibit a slight asymmetry between the suction side and the pressure side, that can be attributed
to the airfoil camber. The same radiation patterns for each profile are seen for all velocities tested.
As expected the noise levels increase with velocity and the narrow spectral hump of the flat plate
switch to a center frequency of about 1500 Hz at 20.5 m/s and 2000 Hz at 30 m/s. The corresponding
Strouhal number based on the freestream velocity and the flat plate thickness is about 0.2 for the three
tests, which suggests that the additional noise source is caused by a von Kármán vortex shedding.
The comparison of the high frequency range of Fig. 5 and Fig. 6 also shows that the sound levels are
lower for the NACA0012 airfoil. When varying the angle of attack for a given profile, no significant
change of pressure levels and radiation patterns is observed. Only the vortex shedding seen on the
flat plate disappears with increasing incidence. The effects of speed and angle of attack are quantified
next by focusing on the spectra measured at 70◦ above the airfoils.

In Fig. 7, the far field noise spectra are compared for the three airfoils, at the three velocities
(20, 30 and 40 m/s), and at a zero aerodynamic mean load. The power spectral densities, Spp,
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made non-dimensional by the fifth power of the flow velocity are plotted as a function of the above
Strouhal number based on the integral length scale, Λ, of the incoming turbulence. The residual vortex
shedding noise observed for the flat plate has been removed for the comparison. The data for the CD
airfoil have been rescaled to an equivalent chord length of 10 cm for proper comparison, by the factor

c2
1 |L (c1)|2

c2
2 |L (c2)|2

according to Amiet’s model described below. For each profile, the spectra corresponding

to all freestream velocities collapse nicely especially at high frequencies. This stresses the dipole
nature of the turbulence ingestion noise mechanism.6–9 Moreover the three profiles show significantly
different trends at high frequencies, a result comparable to what Olsen obtained in Fig. 2 b) of Ref. 8.
On the one hand, the thin CD airfoil and the flat plate have nearly the same response. On the other
hand, the thicker NACA0012 airfoil is about 10 dB quieter at high frequencies. Similar trends are
found at the other observer angular positions. Only at some angles (30◦ for instance), a 1 to 2 dB
difference is observed between the two thin airfoils. This noise reduction on the CD airfoil might be
attributed to its camber.

For all airfoils, the angle of attack has been significantly varied, typically from 0◦ to 15◦ (note that
this is the geometrical angle, not accounting for the flow deflection due to the airfoil mean load12).
No noticeable difference of noise level has been observed, as shown in Fig. 8 for the NACA0012. Only
the additional vortex noise mechanism on the flat plate is found to strongly depend on the angle of
attack: the larger the incidence is, the smaller the vortex shedding mechanism becomes, as observed
in the radiation maps. But this is not related to the incoming turbulence. Again the same conclusions
can be drawn in the other observer locations.

To summarize, the present measurements show that, at least in the range of parameters in-
vestigated, turbulence-interaction noise of an airfoil is almost independent of the angle of attack.
Furthermore, it weakly depends on the camber for a thin airfoil cross-section, provided that this cam-
ber remains moderate. Only the airfoil thickness has a significant impact on the leading edge noise
and some significant noise reduction, increasing with frequency, is obtained for a ratio e

Λ ≥ 1 (equality
meaning Λ of order e). Fig. 8 also stresses that the breakdown of the linearized theory is found for
f Λ
U0

' 1 or U0

f e ' 1, the threshold criterion found by Paterson & Amiet.15
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III. Broadband Noise Predictions
A. Basic Analytical Model

Major early studies on the turbulence-ingestion noise of an airfoil or a rotating blade were published
in the seventies.5, 7 Typically, a fan blade is split into segments, that are considered as rectangular flat
plates. This is mainly justified by the linearized aerodynamic theory the model relies on, which states
that the airfoil camber, thickness and angle of attack only determine the steady (average) blade loading
whereas the fluctuations around the average flow establish themself independently. The surface of each
flat plate acts as a random distribution of dipoles. Their strengths are the unsteady lift forces locally
induced by the incident velocity perturbations. Linearized theories of unsteady airfoil aerodynamics
provide expressions for a normalized lift fluctuation g due to a velocity upwash.16, 17 After decomposing
these lift forces into Fourier components and integrating the dipoles over all streamwise and spanwise
gust wavenumbers, the power spectral density (PSD) of the far field acoustic pressure Spp is related
to the incident two-wavenumber spectrum of the velocity component normal to the airfoil, Φww, as:

Spp(~x, ω) =

(
ρ0ω x3 b

c0S2
0

)2

(π d)2 U0

∫ ∞

−∞

Φww(K1, k2) |L(x1, K1, k2)|2 sinc2{d (K2 − k2)} dk2 (1)

with the aeroacoustic transfer function:

L(x1, K1, k2) =
1

b

∫ b

−b

g(y1, K1, k2)e
−i

k(x1−M0S0)

β2S0
y1

dy1 =

∫ 2

0

g(x∗, K1, k2)e
−iµ̄

(
x1
S0

−M0

)
(x∗−1)

dx∗ (2)

If the half span d becomes large, the sinecard function tends to a Dirac delta function and equa-
tion (1) can be be simplified into:

Spp(~x, ω) =

(
ρ0ω x3 c

2 c0S2
0

)2

π U0 d Φww(K1, K2) |L(x1, K1, K2)|2 (3)

Equation (3) emphasizes that in the case of an infinite airfoil span the leading edge noise is basically
produced by a single oblique compressible gust at the specific streamwise and spanwise wavenumbers
K1 and K2.

Therefore, the main idea of the analytical model is to assume that some statistics of the ingested
turbulence is known, essentially a two-wavenumber velocity spectrum Φww, and deduce the far-field
pressure PSD by an acoustic transfer function L derived analytically. A first expression was proposed
by Amiet to handle the problem of the noise in the midspan plane (x2 = 0) from two-dimensional
compressible gust impinging on an airfoil.5 The resulting far field sound PSD is given by:

Spp(~x, ω) =

(
ρ0ω x3 c M0

2 S2
0

)2

d |L(x1, K1, 0)|2 φww(ω) ly(ω) (4)

where φww is the PSD of the vertical velocity fluctuations and ly a correlation length of the velocity

fluctuations impinging on the airfoil defined by: Φww(K1, 0) =
U0

π
φww(ω) ly(ω).

A further simplification can be obtained by specifying equation (4) to low Mach number M0.
As shown by Moreau & Roger,14 the far field sound PSD then reads at a given observer position
~x = (R cosθ, 0, R sinθ):

Spp(~x, ω) =

(
ρ0U0 sinθ

2 R

)2

(k c)2
L

2
|L(x1, K1, 0)|2 φww(ω) ly(ω) (5)

Equation (5) clearly outlines the scaling factor used above to compare all airfoils at the same chord
length of 10 cm.
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The theoretical power spectral density presented in the midspan plane by Amiet5 has been extended
here to three-dimensional supercritical and subcritical gusts for application to arbitrary observer
location with respect to rotating blades. In all cases, the radiation integral L is then obtained by
the standard Schwarzschild’s solution to a wave diffraction problem first applied at the leading edge
for the main radiation term L1 and then at the trailing edge for a back-scattering correction L2.

18, 19

This is very similar to the expressions obtained by Roger & Moreau for the trailing edge noise.20 The
resulting expressions for turbulence-interaction noise are given in the Appendix. As pointed out by
Paterson & Amiet,5, 7 the three dimensional gust case can also be deduced from Graham’s similarity
rules.21 The equivalence of the present result for supercritical gusts with Graham’s rules has also
been successfully verified. Oblique gusts radiate preferentially at oblique directions from the mid-
span plane. However they contribute significantly to the radiation in the mid-span plane when the
large aspect-ratio assumption is removed.

The input velocity spectrum is not provided as such by the RANS computations, thus it is typically
assimilated to a model spectrum fitted to the local turbulent kinetic energy and dissipation as explained
in section II.B.

B. Empirical Corrections to the Noise Power Spectral Density

O 
x* 

O 
x* 

(a) (b)

Fig. 9 Airfoil geometry for correction calculations. (a) thin airfoil with
mean camber line assimilated to a circle arc. (b) NACA-0012 cross-
section.

The aforementioned measurements show that, at least in the range of parameters investigated,
turbulence-interaction noise of an airfoil is almost independent of the angle of attack. It seems to
slightly depend on the camber for a thin airfoil cross-section, provided that the camber remains mod-
erate. In contrast the airfoil thickness has a very significant effect, the NACA-0012 airfoil scattering
the incoming turbulence at much a lower level than the other two airfoils. Moreover, simple tests with
the NACA-0012 reversed in the nozzle jet flow (the thin airfoil trailing edge now facing the uniform
airflow) have shown clear evidence of a louder noise, with high-frequency amplification. This suggests
that the key point for noise radiation due to the impingement of turbulence is the front thickness or
the curvature radius, in other words the degree of geometrical singularity at the leading edge. Now
many applications involve slightly cambered airfoils or blades with a relative thickness of 12 % or more:
fan blades near the hub, wind turbine blades, high-lift flaps of wings, and so on. In all these cases,
the thickness effect must be accounted for to avoid the overestimate expected from the thin-airfoil
assumption made in the above linearized theories. The camber effect may be of secondary interest.

In principle, the unsteady lift induced around the trailing edge involves complicated mechanisms
related to the distortion of the incoming turbulence in the mean-flow distorted streamlines. Previous
investigators addressed the question of finite values of the parameters assumed small in the afore-
mentioned theories, based on von Kármán and Sears’ assumptions, such as the thickness, camber
and angle of attack. Some background can be found, amongst other, in the second-order theory of
Goldstein & Atassi23 or similar studies, or more recently in the works by Guidati et al24, 25 or Grace.26

These approaches have not been attempted here, essentially because of their numerical needs. Even
though tractable, the computations can be cumbersome for complex industrial design, when dealing
with the prediction of the broadband noise from a fan at the early stage of design for instance. This
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motivated seeking semi-empirical corrections that could be applied, independently of the mean load of
an airfoil, involving a minimum modification to the zero-thickness, zero camber and isotropic turbu-
lence theory, rather than developing a new approach. The main assumption is that the unsteady loads
on the cambered airfoil due to the impingement of turbulence are distributed according to Amiet’s
high-frequency theory.5 This is justified partially by the linearized theories of unsteady aerodynam-
ics, stating that vanishing camber, thickness and angle of attack only determine the mean load of an
airfoil, whereas the fluctuations around the mean establish as if the airfoil were a zero-thickness flat
plate. Now the question is to what extent this fundamental decoupling holds for finite parameters.
Larger values should depart from the fully decoupled framework due to non-linear effects. In that
sense, the present corrections can be understood as extensions of the linearized analysis. Thickness
and camber are introduced not in the unsteady aerodynamic mechanism but in the acoustic radiation.
They are investigated independently in the following subsections.

B.1 Camber Correction to the Radiation Integral

As a result of the aforementioned assumption, the streamwise lift distribution acting as equivalent
dipole sources is kept unchanged and the exact mean camber line equation is introduced only when
calculating the radiation integral from that sources. For the sake of simplicity, the camber line is
assimilated to a circle arc with ends exactly located at the leading and trailing edges of the zero-
thickness flat plate.

In a coordinate system centered at mid-chord and made non-dimensional by the half chord length,the
arc equation is:

y = η(x) =
√

R2
0 − x2 −

√
R2

0 − 1 R0 =
1

sin ζ/2

ζ being the camber angle and R0 the corresponding curvature radius. The local slope of the surface
at the point x is γ(x), with cos γ(x) =

√
1 − (x/R0)2. The displacement from the chord line to the

actual surface point y = η(x) is responsible for an additional phase delay between the local source
and the far-field observer, and for the inclination of the unsteady lift force at the local angle γ(x).
As a result, a different radiation efficiency between both sides of the airfoil are expected. Since the
main effects of thickness and camber are expected at relatively high frequencies, the back-scattering
correction plays no significant role (this is checked in the results a posteriori). The effect of camber
is assessed by multiplying the above normalized lift fluctuations g by cos γ and by introducing the
displacement y in the phase terms. The resulting modified radiation integral Lm

1 reads:

Lm
1 (x1, K1, 0) =

− ei π/4 e
i
[
µ̄ (1−M0)∓

kc
2

x3
S0

R0 cos(ζ/2)
]

π
√

π K1 (1 + M0)
· ··

· · ·
∫ 1

−1

√
1 − (x/R0)2

1 + x
e

i
[
µ̄
(
1−

x1
S0

)
x± kc

2

x3
S0

R0

√
1−(x/R0)2

]
dx

where the factor ± accounts for the differences between sound radiated into the upper (suction side)
and lower (pressure side) half-spaces, respectively. The integral cannot be solved analytically but is
easily evaluated numerically using standard quadrature. However, care must be taken at the apparent
leading-edge singularity: an asymptotic analytical expression is derived for the contribution to the
integral from a small segment starting at the edge, typically one integration step.

Results are reported in Fig. 10 for slight camber angles of 12◦ and 24◦ and two reduced frequencies
for which the airfoil chord is not compact. With respect to the zero camber reference case, the same
number of lobes is found in the directivity patterns. Furthermore, sound radiation is increasingly
enhanced in the half space facing the pressure side and attenuated in the opposite half space, as the
camber angle or the frequency increases. Similar results were found numerically by Oberai et al.27
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Fig. 10 Effect of the empirical camber correction on the radiation integral.
Zero-thickness assumption, mean camber line assimilated to a circle arc.
Camber angle 12

◦ (red) and 24
◦ (blue). (- - -): zero-camber reference

solution. Frequencies kc/β2
= 2 π (a) and kc/β2

= 6 π (b). U0 = 34 m/s,
c = 10 cm. Fluid flowing from the left to the right.

when computing the Green’s function of an Eppler airfoil for a trailing-edge noise application. Up
to that point, trailing-edge noise and turbulence-interaction noise exhibit the same basic radiating
properties. As shown in Fig. 5 of Ref. 14, the sound radiation is globally focused in the forward
quadrants instead of the aft quadrants, because of the inverted roles of the trailing and leading edges.
This suggests that the empirical correction properly accounts for the camber effect, at least for the
small amounts of camber investigated here, and that the correction could be introduced in a trailing-
edge noise model as well. Yet, assuming that the unsteady lift remains distributed according to
Amiet’s theory for highly cambered blades, such as turbine blades, would certainly be unrealistic.

For broadband noise studies of thin blades of fans or compressors, a moderate camber is believed
responsible for differences of about 1 or 2 dB between the sounds radiated on both sides of the airfoil,
and/or with respect to the zero-camber symmetrical radiation. This could therefore well account for
the slight differences observed between the CD airfoil and the flat plate in the present experiments.

B.2 Thickness Correction to the Radiation Integral

A correction valid for airfoils with rounded edges could be derived along the same line. Instead of
the pressure jump across a zero-thickness flat plate, ∆ p = `, the one-sided pressure disturbance `/2
is considered and displaced from the mean chord line y = 0 to the actual surface, whose equation is
y = η(x∗). The coordinate system is now placed at the airfoil leading and still made non-dimensional
by the half chord length. Once projected normal to the chord line, the two pressure contributions on
opposite surface elements give a new value of the local unsteady lift.Their sound radiation are phase-
delayed because the local thickness 2η triggers some cancellation compared to the zero-thickness case.
The streamwise projections on both sides act as equivalent dipoles which tend to cancel each other. As
such, they can be neglected for the correction. This is more crucial for points close to the leading edge,
where the normal projections go to zero. Therefore, a significant unsteady lift decrease is expected
due to the reduction of the singularity.

The local slope angle γ(x∗) involved in the projection and the local curvilinear abscissa s∗ made
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non dimensional by the half chord length b are defined respectively as:

cos γ(x∗) =

[
1 +

(
dη∗

dx∗

)2
]−1/2

and s∗(x∗) =

∫ x∗

0

√

1 +

(
dη∗

dx∗

)2

dx∗

The curved line on the surface from the leading edge to the trailing edge is now longer than the
straight chord line, and the differential elements are related by ds∗ = dx∗/ cos γ(x∗). This equivalent
dilatation balances the expected benefit from the inclination of the wall-pressure forces. It will not be
included in the correction, however, because the integration will still be performed on the chordwise
coordinate x∗. In the present correction, the unsteady pressure induced by incoming disturbances
on the airfoil surface at a curvilinear abscissa s is empirically assumed to be still defined by the
Amiet’s formula derived from the Schwarzschild technique.5 This artificially shifts the wall-pressure
distribution towards the leading edge, with respect to the zero-thickness airfoil. Though not supported
by theoretical considerations, this will make the calculations simply tractable and is understood as an
indicative development to be checked against experimental data. Furthermore, the correction should
be determinant only at relatively high frequencies, since no noticeable thickness effect was found at
low frequencies in the experimental results.
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Fig. 11 Empirical evaluation of the geometrical thickness correction on
the radiation integral. Zero-thickness assumption in red and present cor-
rection in blue. Frequencies 1 kHz (a) and 10 kHz (b) for a NACA-0012
airfoil of chord length c = 10 cm, U0 = 34 m/s.

The modified normalized radiation integral for one side only, to be compared with Amiet’s defini-
tion and to be used in the derivations, reads:

Lm±
1 (~x, ω) =

∫ 2

0

gm(s∗(x∗), ω)

2
e
−i µ̄

(
x1
S0

−M0

)
(x∗−1)

e
−i kb

[
±

x3
S0

η∗(x∗)
]
dx∗

with the ± signs holding for the two sides, respectively. The total resulting integral is written as:

Lm
1 (~x, ω) =

∫ 2

0

gm (s∗(x∗)) e
−i µ̄

(
x1
S0

−M0

)
(x∗−1)

cos

[
kb

x3

S0
η∗(x∗)

]
dx∗
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In the present paper, the correction is only assessed for the symmetric NACA-0012 airfoil. Typical
results are shown in Fig. 11. As expected, the reduction of the radiation efficiency is larger at higher
frequency. Though empirical, the proposed correction is therefore consistent with the experimental
evidence. However, it remains smaller than the drop observed in the present experimental data. The
missing amount of reduction is attributed to the rapid distortion of the turbulent eddies convected in
the potential field around the leading edge as addressed next.

B.3 Thickness Correction to the Incident Velocity Spectrum

The relative frequency kc is not the only parameter involved in the mechanism, since eddies of same
size convected at higher speeds induce higher frequencies. In the present study, the higher frequencies
for which the thickness effect is strong, correspond to eddies smaller than the airfoil thickness or
leading-edge radius. To account for the distortion of these eddies, we now resort to the generalization
of the rapid distortion theory developed by Hunt in the seventies for turbulent flows around two-
dimensional bluff bodies.28 He made detailed calculations of the flow around a circular cylinder with
particular emphasis on the turbulence very close to the body, which could then be compared with the
impinging turbulence several radii away from the body. The former is the proper velocity statistics
that will yield the acoustic sound diffracted at the leading edge, the latter correspond to the upstream
isotropic grid turbulence described in section II.B. and modeled by the von Kármán spectrum (Θ̂∞11

and Θ̂∞22 for the streamwise and crosswise one-dimensional velocity spectra respectively in Ref. 28).
He obtained closed-forms for the velocity spectra when the turbulence scale is much smaller or larger
than the size of the body, i.e. Λ � e or Λ � e. As suggested by Hunt, the qualitative behavior of
these spectra when Λ ≈ e (our present study) can then be interpolated between these two limiting
cases and if the frequency becomes large enough, the results for spectra tend to those of the limiting
situation where Λ � e. He also claimed that the results could be generalized to other cylindrical
bodies and should be representative of any bluff body such as the leading edge region of a thick airfoil.
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Fig. 12 Thickness Correction to the Incident Velocity Spectrum. Zero-
thickness assumption in red and present correction in blue. Frequencies
1 kHz (a) and 10 kHz (b) for a NACA-0012 airfoil of chord length c = 10 cm,
U0 = 34 m/s.
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These calculations showed that the crosswise one-dimensional velocity spectrum Θ̂22 varied sig-
nificantly from its upstream value and had a singular behavior at the stagnation point and this no
matter what value e

Λ may take. This variation is illustrated in Fig. 12 in Ref. 28. For the two angular
positions (different from the stagnation point), the slope of the spectrum at high frequencies increases

from -5/3 to -10/3 and the maximum value of Θ̂22 shifts to higher reduced streamwise wavenumbers

k̂1 = Λ k1. Fig. 14 in Ref. 28 also suggests that along the stagnation line this decay could be even
faster. This calculated singular exponential decay has not been retained and instead, the following
crosswise one-dimensional velocity spectrum has been postulated:

Θ̂22

(
k̂1

)
=

1

6 π

(
3 + α1 (Λ k1)

2
)

(1 + α2 (Λ k1)2)
16/6

(6)

When k̂1 → 0, Θ̂22 → 3
6 π = 0.16 which corresponds to a mean value found in Fig. 11, 12 and 14

in Ref. 28. When k̂1 → ∞, Θ̂22(k̂1) ∝ k̂
−10/3
1 (result p. 695 in Ref. 28). The constants α1 and α2

are chosen such that the crossing at k̂1 ' 5 is consistent with the rapid distortion calculations and,
such that the spectrum does not overshoot at lower reduced wavenumbers k̂1. The resulting PSD of
the vertical velocity fluctuations φww in equation (4) can be related to the modified one-dimensional

crosswise velocity spectra Θ̂22 as follows:

φww(ω) =
Θ22(K1)

U0
=

w̄2 Λ

U0
Θ̂22(K1)

We assume that the correlation length of the velocity fluctuations ly is not affected by the distortion
of the turbulence by the mean flow. Results are shown in Fig. 12 for the same frequencies as for
the geometrical modification above. A much faster reduction of the radiation efficiency is found
with increasing frequency (≈ −28 dB at 10 kHz). The proposed correction given by equation (6) is
therefore more consistent with the experimental data at high frequencies (> 1 kHz). Below 500 Hz, the
correction becomes ineffective as expected. A better agreement could be still achieved by optimizing
the crossing point at a reduced wavenumber k̂1 < 5, which could be expected in the present case
(finite value of e

Λ ) from Fig. 14 in Ref. 28. Yet, this would be an ad-hoc modification which could be
hardly generalized to any other thick airfoil and any other e

Λ ratio. A more reliable but much more
expensive way would be to directly simulate the distortion of the turbulence at the leading edge of
the actual geometry for the experimental upstream velocity statistics.

To illustrate this dependence on the thick airfoil geometry and the e
Λ ratio, a collection of previ-

ously reported results and the present ones are shown in Fig. 13. All experimental data have been
obtained using an upstream turbulence grid in the experimental setup. Oerlemans’ original data9 are
in third-octave bands whereas other results correspond to narrow-band analysis (PSD). This affects
the spectrum slope but does not affect the differences in terms of relative decibels. In Fig. 13 (a),
the results have been extrapolated quite arbitrarily to the zero-thickness case based on the perfect
agreement obtained by Paterson & Amiet7 at high speed. In other words, the analytical solution is
assumed perfect to that limit. A more relevant thickness of the wind-turbine airfoil cross-sections (FX
and SH-profiles) has also been taken in the first quarter chord, closer to the leading edge, instead of
the maximum thickness. The noise reduction appears as an increasing function of both frequency and
relative thickness. Despite possible uncertainty in the procedure, the present results with a NACA-
0012 airfoil show much smaller values. In Fig. 13 (b), the noise reduction observed in the present
paper is plotted as a function of frequency, for the flow speeds 20 m/s, 30 m/s and 40 m/s, together
with Paterson & Amiet’s results at 40 m/s. The zero-thickness case has been extrapolated to the
results with the flat plate or the CD airfoil plus a correction to account for the small residual value
expected for a 3 % thickness, or deduced from the perfect agreement at high speed in the reference
paper.7 The noise reduction increases with increasing frequency and decreasing velocity. Once again,
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Fig. 13 Turbulence-interaction noise reduction due to thickness. (a)
Oerlemans’ data9 for airfoils of increasing thickness, U0 ' 30 m/s. ECL
results superimposed. (b) Effect of frequency at different flow speed for
the same grid turbulence. Paterson & Amiet’s results7 at U0 = 40 m/s
superimposed.
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Fig. 14 Turbulence-interaction noise reduction due to thickness. (a)
Olsen’s data8 for airfoils of increasing thickness, at two speeds U0 = 57 m/s
(open symbols) and 92m/s (solid symbols). (b) Effect of frequency at
different flow speeds and airfoil thickness for the same jet turbulence.

the noise reduction is found smaller in the present study. However the same trend is observed. Overall,
noise reduction appears as an increasing function of both increasing frequency and relative thickness
and decreasing velocity, which compares favorably with the earlier higher speed data collected by
Olsen, by impingement of highly turbulent jets on different bodies with different leading edge thick-
nesses.8 The linear regressions shown in dashed lines in Fig. 13 also stress that it almost varies linearly
with both frequency and leading edge thickness, which is again consistent with Olsen’s data shown
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Fig. 15 Calculated Radiation Map for the thin bod-
ies at 40 m/s.

Fig. 16 Calculated Radiation Map with correction
on φww for the NACA0012 at 40 m/s.

in Fig. 14. The observed different slopes could be explained by the different e
Λ ratio chosen in the

various experiments.

C. Results and Discussion

The same type of representation of the far field acoustic pressure as in Section II.C is used here.
The radiation map calculated by the thin airfoil theory at 40 m/s is shown in Fig. 15. It compares
favorably with the measured data in Fig. 5, except for the missing vortex shedding band around
2500 Hz not accounted for in the present models. It also reproduces the experimental directivity of
the CD airfoil well. When applying the geometrical correction to the radiation integral, no significant
difference is found in the radiation map up to 4000 Hz as expected from Fig. 11. When applying the
correction to the incoming velocity statistics however, the noise levels are reduced at high frequencies
as predicted in Fig. 12. The corresponding radiation map is shown in Fig. 16, which reproduces the
experimental trend well (Fig. 6).

Comparisons of far field sound PSD at a given microphone position as a function of frequency are
considered next. Reliable results have been obtained in the past by Paterson & Amiet on a NACA0012
airfoil, by comparing the thin airfoil noise predictions given by equation (4) with dedicated experiments
made in an open-jet anechoic wind tunnel.7 For the five speeds considered in this experiment the thin
airfoil theory is compared to the experimental spectra in Fig. 17. Despite the good overall agreement,
the noise level remains overestimated at the lowest flow speeds investigated (typically 40 or 60 m/s)
and at higher frequencies. As quoted by Olsen,8 the wiggles seen at high frequency reproduced by the
analytical models are due to the Fresnel integrals in the compressible formulation. If the turbulence
generated by an upstream grid in an experimental setup such as used in Ref. 7 or in the present study
is assumed to keep nearly the same integral length scales as the flow speed is increased, the eddy sizes
are preserved and the relative frequency increases. Less geometrical thickness effect is expected from
the semi-empirical corrections of Fig. 11 and Fig. 12. Therefore the zero-thickness assumption should
provide a better agreement with the measurements at higher Mach numbers, for a fixed frequency.
This trend is verified in Fig. 17, and was later confirmed by the results of Olsen.8

Similar conclusions can be drawn from the present experimental study. In Fig. 18, the predictions
of the thin airfoil theory closely follow the measurements for both the flat plate and the thin CD
airfoil as expected. The overprediction for the NACA0012 airfoil (about two times smaller than the
one used by Paterson & Amiet) is again attributed to the thickness effect. It closely matches the
above discrepancies observed by Amiet in Fig. 17 or those recently reported by Moriarty et al25 in
a series of tests on various profiles meant for future generation of wind turbines. In fact, the largest
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Fig. 17 Turbulence-interaction noise spectra re-
ported by Paterson & Amiet7
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perimental spectra for the NACA0012 airfoil at 30◦
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Fig. 20 Comparison between all models and ex-
perimental spectra for the NACA0012 airfoil at 70◦

discrepancies between Amiet’s model and the measurements of Oerlemans & Migliore9 were found on
the FX and SH-profiles that have relative thickness of 16 and 18% respectively. Fig. 19 and Fig. 20 also
show that the overprediction of the noise level and the slower spectral decay at high frequencies of the
thin airfoil theory is found at all radiation angles. When adding the geometrical thickness correction
on the radiation integral, an improvement is achieved, but the spectral decay is still too slow and
undistinguishable below 4000 Hz. This is consistent with the directivity plots in Fig. 11 for the two
frequencies 1000 Hz and 10000 Hz. Only the correction on the power spectral density of the vertical
velocity fluctuations to account for the rapid distortion of turbulence at the leading edge yields the
proper slope and closely match the experimental spectra at both microphone positions. This is again
consistent with the directivity plot in Fig. 12 (a) at 1000 Hz, and the above radiation map in Fig. 16.

Finally, a preliminary assessment of the role of three-dimensional supercritical and subcritical
gusts is made in Fig. 21 and 22 in the midspan plane. The NACA0012 case is again considered for
the two microphone positions 30◦ (away from the normal direction to the airfoil) and 70◦ (close to
the normal direction). The aeroacoustic transfer function for the two types of gusts are obtained from
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Fig. 21 Contribution of subcritical and supercrit-
ical gusts for the NACA0012 airfoil at 30◦
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Fig. 22 Contribution of subcritical and supercrit-
ical gusts for the NACA0012 airfoil at 70◦

the equations shown in the appendix and the far field sound PSD is given by the full equation (1)
(without any large aspect-ratio assumption). In the direction close to 90◦, the supercritical gusts
are dominant and only at high frequencies (> 4 kHz), the subcritical gusts start contributing to the
physical oscillations. Away from the normal direction, the subcritical gusts contribute more and more
at low frequencies and are most likely responsible for the experimental oscillations found below 2 kHz
in Fig. 19. These are similar results as those presented in the companion paper by Roger & Serafini13

for the circular airfoil embedded in the nozzle shear layers.

D. Concluding Remarks

An experimental investigation of the turbulence-interaction noise has been conducted in the ECL
small anechoic open-jet wind tunnel on various bodies with chord lengths of about 10 cm: a flat plate
of 3% relative thickness, an industrial cambered controlled diffusion airfoil of 4% relative thickness and
a symmetric NACA0012 airfoil. All airfoils are embedded in the same homogeneous turbulent flow
with a constant 5 % turbulence intensity generated by an upstream grid. The test matrix involved
three different velocities 20.5, 30 and 40 m/s and five incidences from 0◦ to 15◦. The inlet velocity field
impinging the bodies is characterized along with the far field sound field in the midspan plane. No
significant influence of the angle of attack has been found on the turbulence-interaction noise in the
tested range for a small jet width of 13 cm. Similar noise levels are found for the two thin bodies, the
flat plate and the controlled diffusion airfoil at all microphone positions. A slight noise reduction and
radiation asymmetry is observed for the cambered controlled diffusion airfoil. However only the thicker
NACA0012 airfoil was shown to yield a significant turbulence-interaction noise reduction increasing
with frequency at all radiation angles.

The power spectral density of the far field acoustic pressure can be obtained from the random forces
acting on the airfoil, which are caused by the turbulent flow on the airfoil rigid surface. The original
statistical model proposed by Amiet to describe this process, valid for parallel gusts on flat plates in
the midspan plane, is extended to general three-dimensional supercritical and subcritical gusts. It is
shown to agree well with the present experimental data for the two thin bodies in the midspan plane
at all microphone positions. Yet for the NACA0012, the significant experimental noise reduction is not
reproduced by this extended model. As already found by Paterson & Amiet,15 the breakdown of the
thin airfoil theory occurs at a frequency of about U0

e or equivalently a Strouhal number based on the
incident integral turbulence scale of about one. Several semi-empirical corrections have been proposed
in the present study to account for the effect of camber and thickness of a slightly cambered thick
airfoil on the far field sound. Two are based on geometrical modifications of the radiation integral
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and one retains a major spectral result predicted by the rapid distortion theory around a bluff body.
Overall, the present experimental results validate the use of the extended Amiet’s theory. The

proposed corrections for thickness and camber also improve the comparison with the thick NACA0012
measurements significantly. Yet further experimental validations are required to verify the proper
behavior of these corrections on the unsteady wall pressure field. The three dimensional subcritical
gusts improve the agreement with the measurements in the midspan plane away from the 90◦ direction.
They are also found to be relevant away from the midpsan plane and as such should be related to
the oblique radiation and the helical gusts observed in the companion study on a cylindrical airfoil
embedded in a turbulent jet.

Appendix

The expressions used to calculate the aeroacoustic transfer function L are reproduced below from
the reference derivation.22 Different formulae are derived for supercritical and subcritical gusts, corre-
sponding to supersonic or subsonic relative phase speeds with respect to the moving fluid, respectively.
Supercritical gusts would be the only radiating patterns in the limit of arbitrarily large aspect ratio
(span-to chord length ratio for a rectangular airfoil). The subcritical gusts would not radiate in that
limit but they contribute in the case of a finite aspect ratio. They play a key role in the compan-
ion application to a circular geometry, even though their efficiency rapidly decreases with increasing
cylindrical mode n.13 For both gust types, the aeroacoutic transfer function can be split into two
contributions, L = L1 + L2, with L1 the main contribution from the leading edge scattering and L2

the first-order correction from the trailing edge back-scattering.
The solution for the supercritical regime reads:

L1 = − 1

π

√
2

(K∗
1 + β2 κ̄)Θ4

e−i Θ2 E [2 Θ4] , (7)

L2 =
e−i Θ2

π Θ4

√
2 π (K∗

1 + β2 κ̄)
· ·· (8)

{
i (1 − e2i Θ4) − (1 + i)

[
E(4 κ̄) − e2i Θ4

√
2 κ̄

κ̄ + µ̄x1/S0
E [2 (κ̄ + µ̄x1/S0)]

]}
,

with µ̄ = K∗
1M/β2, Θ4 = κ̄ − µ̄x1/S0, Θ2 = µ̄ (M0 − x1S0) − π/4 and κ̄ =

√
(µ̄2 − k̄2/β)2. E is

related to Fresnel integrals:

E(ξ) =

∫ ξ

0

ei t

√
2 π t

dt

In the case of the subcritical gusts, the solution for the aeroacoustic transfer function reads:

L1 = − 1

π

√
2

(K∗
1 + i β2 κ̄′) (i κ̄′ − µ̄ x1/S0)

e−i Θ2 E

[
2

(
i κ̄′ − µ̄

x1

S0

)]
, (9)

L2 =
e−i Θ2

π
√

2 π (K∗
1 + i β2 κ̄′) Θ3

· ·· (10)

{
1 − e−2Θ3 − erf(

√
4 κ̄′) + 2 e−2Θ3

√
κ̄′

i κ̄′ + µ̄x1/S0
E [2 (i κ̄′ + µ̄x1/S0)]

}
,

with Θ3 = κ̄′ + i µ̄x1/S0 and κ̄′ =
√

(k̄2/β)2 − µ̄2.
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