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The present work investigates the noise radiated by an airfoil over a large range of angles
of attack, for which the boundary layer can be attached or partially separated. We propose
a trailing edge noise model based on Amiet’s theory, where the spanwise coherence length
and the wall pressure spectrum are evaluated based on semi-empirical models. The model
predictions are compared to wall pressure and far-field acoustic measurements performed in
an anechoic wind tunnel on a NACA633418 airfoil. At low angles of attack, where the boundary
layer is attached, the best predictions are obtained with the Smol’yakov model for the spanwise
coherence length, and the Rozenberg-Lee model for the wall pressure spectrum in the presence
of an adverse pressure gradient. At higher angles of attack, where the boundary layer is
partially separated, Bertagnolio’s model predicts relatively well the wall pressure spectrum
when the separation point is estimated from the measured static pressure distribution, but
underestimates the spanwise coherence length.

I. Introduction

Wind turbine noise is characterized by amplitude modulations that are a potential cause of annoyance for wind farm
neighbors. One of the possible reasons for the occurrence of strong amplitude modulations at large distances is

dynamic stall noise, related to the periodic separation and reattachment of the boundary layer on the wind turbine blade
suction side during one rotation [1]. To be able to predict this dynamic stall noise, it is first necessary to develop a model
for a static airfoil that accurately captures the evolution of the acoustic pressure spectrum over a wide range of angles
of attack. As recently reviewed by Lee et al. [2], there exists many theoretical and numerical approaches to predict
the trailing edge noise associated with an attached turbulent boundary layer. One of the most popular approach is to
consider Amiet’s model [3] where the wall pressure spectrum close to the trailing edge is obtained from a semi-empirical
model [4–6]. However, when the boundary layer is partially or fully separated, only a few models have been proposed in
the literature. One semi-empirical model has been developed by Bertagnolio et al. [7], who have shown that Amiet’s
model still yield reasonable noise predictions at large angles of attack, provided suitable estimates of the wall pressure
spectrum Φpp , the spanwise correlation length ly and the convection velocity Uc can be obtained.

The objective of the present paper is to combine existing models based on Amiet’s theory in order to predict the
noise radiated by an airfoil over a large range of angles of attack, for which the boundary layer can be attached or
partially separated. Different models are tested to calculate the main inputs of this theory, namely the wall pressure
spectrum, the spanwise correlation length and the convection velocity, and the model predictions are compared to
measurements recently conducted in the anechoic wind tunnel of Ecole Centrale de Lyon (ECL) [8]. We focus our
analysis on a NACA633418 airfoil of chord c = 12 cm at an inflow velocity U∞ = 50m/s, corresponding to a Reynolds
number Rec = U∞c/ν = 4.1 × 105. Note that we exclude from the analysis cases with a fully separated boundary layer
at high angles of attack, characterized by a narrow-band peak at low frequency, as shown by Raus et al. [8]. For those
situations, it would be more appropriate to consider the highly-coherent low-frequency stall noise model proposed by
Moreau et al. [9].

II. Description of the experimental database
The experiments were conducted in the anechoic wind tunnel of Ecole Centrale de Lyon (ECL). This wind tunnel

consists of an open-jet with a rectangular 0.4 m ×0.3 m nozzle exit, followed by two horizontal end-plates guiding
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the incoming flow, as shown in Figure 1. The test section of the wind tunnel is enclosed in an anechoic chamber of
dimensions 8 m × 9 m × 10 m. A vertical NACA633418 airfoil of chord c = 0.12 m and of span s = 0.30 m was
installed between the two end-plates. As shown on Fig. 1, a tripping tape was placed near the leading edge of the airfoil
on the pressure side in order to avoid the generation of laminar boundary layer tonal noise [10].

Fig. 1 Picture of the nozzle exit and the end-plates, and position of the pressure taps on the NACA633418
airfoil. Red dots and blue dots show the positions where only the steady-state surface pressure is measured and
the positions where both the steady and fluctuating wall pressures are measured, respectively. Purple areas
show the position of the tripping tape.

In order to measure the steady and unsteady wall pressure on the sides of the airfoil, the airfoil was instrumented
with 19 steady pressure taps (sampling frequency fs = 100 Hz) and 12 remote-microphone probes ( fs = 51.2 kHz),
installed mid-span, along the chord of the airfoil (see Fig. 1). Additionally, 5 remote-microphone probes are placed
along the span at a distance varying between 3mm and 30mm from the mid-span. Far-field noise measurements were
performed with one microphone placed in the mid-span, 2 meters away from the airfoil center-chord, and oriented
perpendicular to the incoming flow. In order to characterize the background noise generated by the wind tunnel and the
end plates, far-field noise measurements are also performed without the airfoil in the test section.

As the measurements are performed in an open wind tunnel, the flow deviates from the nozzle axis due to the lift
forces and the effective angle of attack αe of the airfoil is smaller than the geometric value αg. In the following, the
incidence corrections of Brooks et al. [11] are used that yield αe ≈ αg/1.55.

III. Semi-empirical trailing edge noise model based on Amiet’s theory

A. Frequency-domain calculation of the far-field acoustic pressure using Amiet’s theory
The turbulent boundary layer fluctuations convected at the velocity Uc interact with the trailing edge of an airfoil to

generate trailing edge noise. For a fixed airfoil of span L and chord c, the original model proposed by Amiet [3] predicts
the noise generated by the trailing edge of a fixed airfoil assimilated to a thin plate interacting with turbulent gusts of
uniform velocity. The Power Spectral Density (PSD) of the acoustic pressure due to the TEN produced by an airfoil of
large aspect ratio (L > 3c) that is observed in the far field (xR, yR, zR) is given by [12]:

Spp(xR, yR, zR,ω) =

(
kczR
4πS2

0

)2

2L Φpp(ω) ly

(
ω,

kyR
S0

) ����LTE

(
xR,

ω

Uc
,

kyR
S0

)����2 , (1)

where ω is the angular frequency, k is the acoustic wavenumber, S0 is the modified distance between the source and the
observer, Φpp is the wall pressure fluctuation spectrum, ly is the spanwise coherence length, and LTE is the transfer
function for trailing edge noise.

The spanwise coherence length ly(ω,Ky) can be obtained experimentally by taking the Fourier transform of the
coherence function γ2

y(ω,η) between the pressure signals at two pressure taps whose separation is η along the spanwise
direction [7]:

ly(ω,Ky) =

∫ ∞

−∞

√
γ2
y(ω,η)e

−iKyηdη. (2)
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For a receiver in the mid-span (yR = 0), the relevant spanwise wavenumber is Ky = 0 from Equation (1) and the
spanwise coherence length is simply written ly(ω).

B. Modeling of the spanwise coherence lengths

1. For attached boundary layers
For an attached boundary layer, various models have been proposed in the literature for the spanwise coherence

length, as listed for instance in the article of Hu [13]. In the present study we compare Corcos model [14] and the
Smol’yakov and Tkachenko model [15]. In the Corcos model, the spanwise coherence length is written:

ly(ω) =
bcUc

ω
with Uc = χU∞. (3)

In the Smol’yakov and Tkachenko model, the basic form of Corcos model is used but a correction is made to account for
the finite size of the boundary layer:

ly(ω) =
bcUc

ω
A−1 with A =

√
1 −

βUc

ωδ∗
+

(
βUc

ωδ∗

)2
, (4)

where the convection velocity Uc is deduced from [16]:

Uc

U∞
=

1.6ωδ∗/U∞
1 + 16ωδ∗/U∞

+ 0.6, (5)

and with δ∗ the displacement thickness. In the present study, we use bc = 1.47 and χ = 0.7 for the Corcos model, and
bc = 1.25 and β = 0.25 for the Smol’yakov model.

2. For partially separated boundary layers
Bertagnolio et al. [7] propose a model for the spanwise coherence function based on the streamwise correlation

length Lx , that tends to increase when the separation point xsep moves away from the trailing edge. They show that
the correlation length increases roughly linearly as a function of the distance from the separation point x − xsep. For
Reynolds numbers lower than 1.6 × 106, they obtain the following scaling law:

Lx(x) ≈ 0.13(x − xsep)Re1/4
M , (6)

with ReM = Rec/106 the reduced Reynolds number.
The spanwise coherence length is finally written [7, 17]:

ly(ω) =
Lx

π
[
ay(StL − Sty)2 + by

] with StL =
f Lx

U∞
. (7)

Based on wall pressure measurements at x/c = 0.975 on a NACA64-618 airfoil, Bertagnolio et al. [7] obtain the
coefficients Sty = 0.103, ay = 70.1 and by = 0.350.

C. Wall pressure spectral models for attached and partially separated boundary layers

1. For attached boundary layers
When the boundary layer is attached, the wall pressure spectrum on the suction side depends on the strength of

the adverse pressure gradient, and can be calculated with Lee’s semi-empirical model [6], which is an extension of
Rozenberg’s model [5]. The input parameters of this model are the external velocity Ue, the displacement thickness
δ∗, the wall shear stress τw , and Clauser’s parameter βC = θ

τw

dp
dx , where θ is the momentum thickness and dp

dx is the
pressure gradient. These parameters can be estimated from an Xfoil calculation in order to predict the wall pressure
spectrum at the same chordwise position as in the experimental setup.

Rozenberg-Lee’s model has been validated for adverse pressure gradient until βC ≈ 30. When the pressure gradient
is favorable (βC < 0), this model cannot be used and Goody’s model [4] that has been developed for a zero pressure
gradient boundary layer is considered.
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2. For partially separated boundary layers
Bertagnolio et al. [7] propose a model for the wall pressure spectrum of a partially separated boundary layer, based

on the streamwise correlation length Lx already used in Section III.B.2. Different scaling laws are obtained depending
on the frequency range, based on the Strouhal numbers StL = f Lx/U∞ and StS = f (x − xsep)/U∞. Using Equation (6),
it can be noticed that these two Strouhal numbers are related by:

StL =
f Lx

U∞
≈ 0.13

f (x − xsep)

U∞
Re1/4

M = 0.13Re1/4
M StS, (8)

so StL ≈ 0.10StS for ReM = 0.41.
Focusing on Reynolds numbers lower than 1.6 × 106, Bertagnolio et al. obtain the following wall pressure

model [7, 17]:

φpp( f ) =


q2
∞Lx

U∞
cB
√

StL for StL < 0.02,
q2
∞Lx

U∞

5×10−7StL
3×10−6+St5

L

for StL > 0.02 and StS < 2,
q2
∞(x−xsep)

U∞
5×10−4

St2
c

for StS > 2,

(9)

with Stc = f c/U, q∞ = 0.5ρU2
∞, ρ the air density, and where cB is chosen so that the model is continuous at StL = 0.02:

cB
√

0.02 =
5 × 10−7 × 0.02
3 × 10−6 + 0.025 . (10)

IV. Results

A. Boundary layer characterization and angle of attack correction
The lift coefficient CL is estimated by integrating the steady surface pressure along the airfoil chord and is presented

in Figure 2(a). At high angles of attack, a plateau is present in the pressure coefficient on the suction side, as can be
seen in Figure 3(b-d), that corresponds to the separation of the boundary layer. The separation point xsep can thus be
estimated from the surface pressure measurements, as shown in Figure 2(b). As there is a finite number of pressure
taps on the suction side, there is an uncertainty associated with these estimates, plotted as solid lines in Figure 2(b).
According to these estimates, the boundary layer is partially separated for αg ∈ [15◦,24◦], and completely separated for
αg ≥ 25◦. As the two last pressure taps are located at x/c = 81% and 92%, it is not possible to estimate boundary layer
separation between x/c = 81% and the trailing edge using this method.
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Fig. 2 (a) Lift coefficient and (b) position of the separation point estimated from the measurements of the
pressure coefficient Cp or from the Xfoil calculation of the friction coefficient Cf .
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Fig. 3 Pressure coefficient distribution measured by Bertagnolio et al. [7] at Rec = 1.6 × 106, measured in the
ECL anechoic wind tunnel at Rec = 4 × 105, and calculated with Xfoil at Rec = 4 × 105.

The separation point xsep can also be estimated from an Xfoil calculation, by looking at the region where the friction
coefficient Cf is negative. First, the distribution of the pressure coefficient Cp calculated by Xfoil is compared to
measurements in Figure 3, in order to assess the validity of the angle of attack correction. It can be seen that the Xfoil
calculations are in excellent agreement with measurements at relatively low angles of attack (αe = 6◦ and 10◦). The
agreement is less good on the suction side at higher angles of attack, where it appears that the separation point is too
close to the trailing edge in the Xfoil calculation, as can be seen in Figure 2(b) too. This discrepancy can be due to the
inaccuracy of the angle of attack correction, but also to the fact that Xfoil is not accurate anymore in the presence of
massive boundary layer separation. Note that our measurements are relatively close to the measurements performed by
Bertagnolio et al. [7] at a higher Reynolds number (Rec = 1.6 × 106).

The main boundary layer parameters calculated by Xfoil are given in Table 1 for x/c = 92% and x/c = 99% on
the suction side. The position x/c = 92% corresponds to the pressure tap that is closest to the trailing edge, and
x/c = 99% is the position that will be used for the far-field acoustic pressure calculations, following Lee and Shum [18].
It appears that the boundary layer thickness increases with the angle of attack, as well as the shape factor H = δ∗/θ. The
friction coefficient Cf approaches zero when αg = 10◦, corresponding to high values of the Clauser’s parameter βC , for
which the Rozenberg-Lee’s model is not valid anymore. The same type of information is also given in Table 1 on the
pressure side, where the pressure tap at x/c = 88% is closest to the trailing edge. It appears that the pressure gradient is
slightly positive at x/c = 88%, which allows us to use the Rozenberg-Lee’s model, but is negative at x/c = 99%, which
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Table 1 Boundary layer parameters calculated by Xfoil on the suction side at x/c = 92% (black) and 99%
(blue), and on the pressure side at x/c = 88% (black) and 99% (blue)

suction side pressure side
δ∗ (mm) H = δ∗/θ Cf (×10−3) βC δ∗ (mm) H = δ∗/θ Cf (×10−3) βC

αg = 2◦ 0.78 1.74 1.96 3.39 0.55 1.60 2.25 1.82
αe = 1.3◦ 1.14 1.93 1.16 10.54 0.52 1.47 2.79 -3.75
αg = 4◦ 0.87 1.79 1.80 4.11 0.50 1.59 2.33 1.58
αe = 2.6◦ 1.27 1.99 1.02 11.99 0.47 1.45 3.00 -3.74
αg = 6◦ 0.99 1.85 1.56 5.26 0.46 1.57 2.42 1.37
αe = 3.9◦ 1.46 2.10 0.83 14.39 0.42 1.43 3.20 -3.61
αg = 8◦ 1.70 2.26 0.69 13.06 0.42 1.56 2.57 1.07
αe = 5.2◦ 2.41 2.65 0.29 27.50 0.36 1.40 3.69 -3.64
αg = 10◦ 2.90 3.11 0.098 51.48 0.38 1.54 2.80 0.77
αe = 6.5◦ 3.87 3.84 0 inf 0.29 1.36 4.42 -3.42

constrains us to consider Goody’s model.

B. Spanwise coherence length
When the boundary layer is attached, we compare in Figure 4(a-b) the spanwise coherence length calculated with

the models of Corcos or Smol’yakov to the one estimated from coherence measurements. In the experimental estimates,
we have discarded results when the coherence function is smaller than 0.1 at the smallest spanwise distance η = 3mm,
which explains that there are missing values. As expected, both models agree at high frequencies, and are in good
agreement with measurements above Stc = 4. Below this value, the Smol’yakov model that accounts for the finite size
of the boundary layer follows relatively well the measured values.

When the boundary layer is partially separated, the spanwise coherence increases significantly for Stc below 4,
and Corcos model cannot be used anymore, as can be seen in Figure 4(c-f). Bertagnolio’s model that depends on the
separation point xsep predicts relatively well the frequency at which ly is maximum, especially when xsep is estimated
from Cp measurements, but the value of ly is significantly underpredicted. In order to correct this behavior, we modified
the value of the coefficient by in Bertagnolio’s model. Indeed, it appears from Equation (7) that the maximum value
of ly is Lx/πby at StL = Sty . A better fit is obtained by replacing by = 0.350 by by = 0.08, as seen in Figure 4(c-f),
although the behavior at low frequencies (StL < Sty) is not satisfactory. More work is needed to understand if this
discrepancy compared to Bertagnolio’s results is due to a difference in the Reynolds number considered, and/or to the
difference in the airfoil shape.

C. Wall pressure spectra
Let us consider first the wall pressure PSD at low angles of attack, for which the boundary layer is attached. Figure 5

shows that the Rozenberg-Lee model underestimates the measured spectra, especially on the pressure side where the
difference is greater than 5 dB. On the suction side, the underprediction is less severe and the predicted values are 3 to
4 dB lower than the measurements for f c/U > 4.

When the boundary layer is partially separated, we consider Bertagnolio’s model with the separation point xsep
obtained either from the pressure coefficient measurements or from the friction coefficient calculated with Xfoil. Figure 6
shows that Bertagnolio’s model captures quite well the maximum of the wall pressure spectrum when xsep is estimated
from the measured Cp . Bertagnolio’s model predicts a spectral maximum at StL ≈ 0.06, which means that the associated
Strouhal number Stc = StL/(Lx/c) decreases as the angle of attack increases, as Lx is proportional to x − xsep. At
frequencies above the peak, however, the model tends to overestimate the measured spectrum. When the separation
point is estimated from the Xfoil calculation, the correlation length Lx is too small because the separated region is
underestimated, which explain why the spectral peak is shifted to higher frequencies.
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Fig. 4 Spanwise coherence length with respect to Stc = f c/U at various angles of attack. In subplots (c-
f), Bertagnolio’s model is plotted with a thick solid line when the separation point is estimated from the Cp

measurements, and with a thick dashed line when the separation point is estimated from the Xfoil calculation.
The thin solid lines correspond to the uncertainty on the value of the separation point estimated from the Cp

measurements.
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Fig. 5 Wall pressure PSD at x/c = 92% on the suction side, and at x/c = 88% on the pressure side.
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Fig. 6 Wall pressure PSD with respect to Stc = f c/U for Rec = 4.1 × 105. The red dashed lines correspond to
the uncertainty on the value of the separation point estimated from the Cp measurements.
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To obtain a synthetic comparison between model predictions and measurements, Figure 7 plots the wall pressure
spectrum as a function of the Strouhal number Stc = f c/U∞ and the effective angle of attack αe. Note that Lee’s
model cannot be calculated above αe = 6.5◦ as Xfoil predicts a negative value of the friction coefficient at x/c = 92%,
which corresponds to a separated boundary layer. As already seen in Figure 5, the Rozenberg-Lee’s underpredicts the
measured spectrum, but is in relatively good agreement for Stc > 4. When the separation point is estimated from the Cp

measurements, Bertagnolio’s model accurately predicts the spectral evolution at low frequencies (Stc < 3), but tends
to overestimate the spectral values at higher frequencies. Note that Bertagnolio’s model cannot be used below 9◦ at
x/c = 92% as the separation point location is too close to the trailing edge (x < xsep thus Lx < 0).

(a) (b)

Fig. 7 (a) Measured and (b) predicted wall pressure PSD in dB re. (20µPa)2/Hz at x/c = 92% on the suction
side with respect to Stc = f c/U∞ and to effective angles of attack αe between 0 and 15◦ at Rec = 4.1 × 105.

D. Far-field acoustic pressure
In this section, we compare the predictions for the PSD of acoustic pressure obtained from Amiet’s theory, as given

by Equation (1), to measurements in the mid-span, using different models for the spanwise coherence ly(ω) and the
wall pressure spectrum Φpp(ω), both calculated at x/c = 99%. As already shown in [8], the signal-to- noise ratio
is relatively small at low angles of attack, thus we choose here to plot the PSD of far-field acoustic pressure with
background noise substracted, and we discard the data if the total noise does not exceed the background noise by at
least 2 dB. First, for an attached boundary layer, predictions obtained with the models of Corcos or Smol’yakov for the
spanwise coherence length are compared to the measurements in Figure 8(a-b). The Rozenberg-Lee model is used on
the suction side, and Goody’s model is considered on the pressure side, as βC < 0 at x/c = 99%. The model predictions
are in good agreement with the measurements at high frequencies ( f c/U > 4), but underestimate the measurements at
lower frequencies, which can be attributed to the under-prediction of the wall pressure spectrum observed in Figure 5.
Smol’yakov model for the spanwise coherence length provides a slightly better agreement with measurements than
Corcos model, with a difference of 2 dB at f c/U ≈ 4.

Figure 8(c-f) shows the comparison between model predictions and measurements at higher angles of attack. As
seen before, the spectral peak is well predicted by Bertagnolio’s model when the separation point is estimated from the
Cp measurements. When the modified Bertagnolio’s model for the spanwise coherence length is used, the spectral
amplitudes at low frequencies are better predicted, except at αe = 14.2◦ where the wall pressure spectrum becomes less
peaky, as can be seen in Figure 6(d).

V. Conclusion
In this study, we have proposed a semi-empirical trailing edge noise model based on Amiet’s theory that can be

applied to both attached and partially separated boundary layers. We have not considered cases with fully separated
boundary layers that can occur at very large angles of attack. The model predictions are compared to experimental results
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Fig. 8 Acoustic pressure PSD with respect to Stc = f c/U obtained with different spanwise coherence length
models. In subplots (c-f), Bertagnolio’s model is plotted with a solid line when the separation point is estimated
from the Cp measurements, and with a dashed line when the separation point is estimated from the Xfoil
calculation.

10

D
ow

nl
oa

de
d 

by
 B

en
ja

m
in

 C
ot

te
 o

n 
Ju

ne
 1

4,
 2

02
2 

| h
ttp

://
ar

c.
ai

aa
.o

rg
 | 

D
O

I:
 1

0.
25

14
/6

.2
02

2-
31

03
 



acquired on a NACA633418 airfoil in the anechoic wind tunnel of the École Centrale de Lyon at a Reynolds number
based on the chord of 4.1 × 105. As the measurements are performed in an open wind tunnel, we have first validated
the angle of attack correction of Brooks by comparing the pressure coefficient distribution predicted by Xfoil with the
measured values. The agreement is excellent at low angles of attack, but Xfoil calculations tend to underestimate the
length of the separation region at higher angles of attack.

We have then considered the two main input parameters of Amiet’s theory, i.e. the spanwise coherence length and
the wall pressure spectrum. For an attached boundary layer, the Smol’yakov model can be used to estimate the spanwise
coherence length over a large frequency range. The Rozenberg-Lee model tends to underestimate the measured wall
pressure spectrum, but yields relatively good results on the suction side for Stc > 4. For a partially separated boundary
layer, Bertagnolio’s model predicts quite well the frequency at which the spanwise coherence length is maximum when
the separation point is estimated from the measured distribution of the pressure coefficient, but underestimates its
value. It also provides an accurate prediction of the wall pressure spectrum at Stc < 3. The far-field acoustic pressure
predictions are seen to follow the measurements in the frequency range of validity of the models for the spanwise
coherence length and for the wall pressure spectrum.

In order to obtain a prediction model that is accurate over a large range of angles of attack, it seems utterly important
to estimate reliably the separation point. As Xfoil seems to underestimate the length of the separated region, it might be
interesting in the future to use a RANS simulation to estimate the separation point. Also, some work is needed to predict
the evolution of the spanwise coherence length and of the wall pressure spectrum at intermediate angles of attack, where
none of the models are reliable.
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