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Abstract. Noise is an important design driver for onshore wind turbines. Therefore, there is
a need to include validated noise prediction models within wind turbine and wind plant design
procedures. However, the literature presents a multitude of different models and formulations,
combined with a severe lack of publicly available experimental data. The present work presents
a comparison between semi-empirical frequency-domain methods coupled to blade element
momentum (BEM) aerodynamics, which is the typical approach used for the transient aeroelastic
analysis of wind turbines. Among the various noise sources, only turbulent boundary layer –
trailing edge and turbulent inflow noise models have been considered in the present analysis.
The noise models are benchmarked in terms of emission spectra, highlighting differences and
discrepancies. A time-domain Ffowcs Williams-Hawkings formulation is also coupled to the
same BEM model, investigating its ability in predicting low frequency emissions. Thanks to
this study, a few inconsistencies among published noise models are identified and reported.

1. Introduction
Noise emitted by wind turbines is an important constraint to the penetration of onshore wind
in the energy mix. As a consequence, noise is gaining an increasing importance within the area
of wind turbine design [1]. To this end, there is a need for reliable and validated noise emission
models that can be adopted within integrated design procedures. Although high-fidelity first-
principle models are indispensable, the integration of noise within a design environment calls
for methods of moderate computational complexity.

While quite a few authors have dealt with the topic of wind turbine noise modeling, the
literature is characterized by different models and various formulations of each model, combined
with a severe lack of experiments where both noise and wind turbine data are fully publicly
available. These two aspects call for a consistent review of available models together with
their validation with respect to experimental data. The present paper is concerned with
the first of these two problems, offering a review and comparison of various formulations.
This is achieved by implementing different well known aeroacoustic models coupled to the
aeroservoelastic wind turbine solver Cp-Lambda [2]. Cp-Lambda implements a blade element
momentum (BEM) formulation, and it provides the aeroelastic simulation needs of the wind
turbine design framework Cp-Max [3].

Wind turbine noise models can be categorized into two families: frequency- and time-domain
methods. The models of the first group are usually coupled to BEM aerodynamics and are
summarized in Sect. 2. Here, a brief description of the noise sources included in the present
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analysis is also presented. Time-domain methods are based on acoustic analogies and within
this category the Ffowcs Williams-Hawkings [4] (FW-H) model is included in this work. In
wind energy applications, the FW-H formulation has so far been mostly used to calculate sound
propagation from near-field data computed through 3D CFD simulations. Since the use of CFD
within design optimization is hampered by its excessive computational cost, the present study
investigates the coupling of the FW-H formulation with the BEM-based Cp-Lambda model. This
coupling is presented in Sect. 3. The work is closed with a discussion on the results, which are
reported in Sect. 4, and by conclusions and an outlook on the next steps, which are given in
Sect. 5.

2. Frequency-domain methods
Frequency-domain methods are semi-empirical models that describe different noise mechanisms,
typically grouped into self-noise and turbulent inflow (TI) noise. Self-noise is generated from
the interaction of an airfoil with its boundary layer and near wake, being then “self-produced”.
This group of noise sources was first modeled in 1989 by Brooks, Pope and Marcolini [5], who
distinguished between turbulent boundary layer – trailing edge (TBL-TE), laminar boundary
layer – vortex shedding, trailing edge bluntness, separation-stall and tip noise. An extensive
experimental campaign was conducted on NACA0012 airfoils of different chords, operating at
different flow speeds and angles of attack. This activity lead to the definition of a semi-empirical
model, commonly named BPM. Thanks to its simplicity, the BPM model is still widely used
within the wind energy industry. Given however the empirical nature of the model, its main
drawback is its limited applicability to other airfoils and flow conditions.

Among the various noise sources, TBL-TE noise and TI noise are typically identified as
particularly relevant in modern pitch-regulated wind turbines [6]. These are therefore the
ones specifically considered in this work. Sections 2.1 and 2.2 discuss the various formulations
presented in the literature for these two noise generation mechanisms.

2.1. Turbulent boundary layer – trailing edge noise
TBL-TE noise arises from the interaction of eddies of various size with the trailing edge
of an airfoil, causing the generation of pressure fluctuations that propagate to the far field.
Considerable effort has been dedicated in the past decades to the development and validation
of TBL-TE noise prediction models, leading today to a good availability of experimental and
numerical results [7, 8].

As already stated above, the first method for estimating TBL-TE noise is the BPM model
that, thanks to its simplicity and to recent upgrades [9], is still routinely used in noise
assessments. Recently, a more physical model for TBL-TE noise has been developed by
Parchen [10] at the Dutch research institute TNO. This model, which is here labeled “TNO”,
combines theories for the computation of surface pressure fluctuations and far-field sound
spectrum prediction from Chandiramani [11], Chase [12] and Blake [13]. This model has been
studied and further improved by multiple authors [14, 15, 16], and it has also been extended by
different studies to take into account the anisotropy of the boundary layer in proximity of the
trailing edge [17, 18].

Both BPM and TNO models require the computation of boundary layer parameters on the
suction and pressure sides of the airfoil. This information can be estimated either from CFD
simulations or by boundary layer solvers. In the present work, the viscous-inviscid 2D panel code
XFOIL [19] is used, which includes the possibility of setting a forced or free transition (computed
through an eN transition criterion). Blade tripping may have a potential impact on trailing
edge noise [6, 20]. However, in the present study no trip of the blade was imposed, and the free
transition exponent was set to N = 9.
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Table 1: Comparison dataset for BPM
validation

Parameter Data

Airfoil NACA0012
Section span 0.45 m
Chord 0.30 m
Freestream velocity 71.3 m/s
Distance source-observer 1.22 m
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Figure 1: BPM Comparison

Outputs of the BPM model are calculated in terms of 1/3 octave band discretization sound
pressure level SPL1/3, obtained by the sum of three different terms

SPLTOT = 10 log(10SPLα/10 + 10SPLp/10 + 10SPLs/10), (1)

where the terms SPLp, SPLs, SPLα are, respectively, the contributions to the sound pressure
level given by the airfoil pressure side, suction side and by the angle of attack. These terms
respectively write

SPLp = 10 log

(
δ∗pM

5LDh

R2

)
+A

(
Stp
St1

)
+ (K1 − 3) + ∆K1, (2a)

SPLs = 10 log

(
δ∗sM

5LDh

R2

)
+A

(
Sts
St1

)
+ (K1 − 3), (2b)

SPLα = 10 log

(
δ∗sM

5LDh

R2

)
+B

(
Sts
St1

)
+K2, (2c)

with A and B functions of the Strouhal number, δ∗ the boundary layer displacement thickness,
M the incident Mach number, L the section span and R the distance between source and
observer. The directivity function Dh is discussed later and reported in Eq. 8. For brevity, the
details of the implementation are not given here, but interested readers can refer to [5].

The implementation of the BPM model is benchmarked against NREL’s aeroacoustic software
NAFNoise [21], which also includes the BPM model. The analysis is performed for the dataset
reported in Table 1 at various angles of attack, where the observer is placed vertically above the
trailing edge. Figure 1 shows the perfect agreement obtained between NAFNoise (dotted lines)
and Cp-Max (markers).

The computation of noise spectra in the TNO model follows a different approach. First,
surface pressure fluctuation spectra at the trailing edge are computed by the following equation

P (k1, k3, ω) = 4ρ20
k21

k21 + k23

∫ δ

0
2L2(x2)u22

(
∂U1

∂x2

)2

Φ22(k1, k3, ω)

× Φm(ω − Uc(x2)k1)e(−2|
~k|y2)dx2, (3)

where indices 1, 2, 3 correspond to the streamwise, normal to the airfoil plane and spanwise
directions, respectively. In Eq. 3, δ is the boundary layer thickness, L2 is the vertical integral
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length scale, u22 is the vertical velocity Reynolds stress component, U1 is the mean velocity in the
turbulent boundary layer, which has been approximated using Cole’s law of the wall as reported
in [15]. In addition, Φ22 is the vertical velocity fluctuation spectrum, Φm is the moving axis
spectrum —modeled here as a Dirac delta—, Uc is the convection velocity of eddies along the
trailing edge and finally ~k = (k1, k2, k3) identifies the wave-number vector. The computation of
the surface pressure spectrum follows the approach explained in [22], which includes different
vertical integral turbulent lengths and turbulence spectra taking into account the anisotropy of
the boundary layer derived in a previous work [17].

The far-field spectrum is computed from the surface pressure fluctuation spectrum according
to [23], i.e.

Spp(ω) =
2L

πR2
D

∫ +∞

−∞

ω

c0|~k · ~n|
P (k1, k3, ω)

(1−Mv,R)2(1−Mv,1 sinφ)
dk1, (4)

where Mv,R is the component of the eddy velocity Mach number in the observer direction and
Mv,1 the projection of the eddy convection Mach number along the chord. In the present work,
the eddy velocity Mach number Mv is computed as the wind speed at the outer edge of the
boundary layer. The relative position between source and observer is identified through the
angles φ and θ, shown in Fig. 2. Finally, the term D represents the directivity factor, defined
as

D =
sinφ sin2(θ/2)

(1 +M sinφ cos θ)2(1−MW sinφ cos θ)2
, (5)

where M is the incident Mach number on the airfoil and MW is the wake convection one, here
computed as

MW = M

∫ δ
0 U1(x2)dx2

U∞δ
, (6)

with U1(x2) defined as the chordwise component of the velocity in the boundary layer (as in
Eq. 4).

Alternatively, far-field computations can follow the approach taken by Bertagnolio et al. [22],
which adopts a different directivity factor. Here, the sound spectrum is calculated according to
Brooks and Hodgson [24], which is valid for low Mach numbers and writes

Spp(ω) =
DhL

4πR2

∫ +∞

−∞

ω

c0k1
P (k1, k3 = 0, ω)dk1, (7)

where Dh is now a different directivity factor, similar to the one employed in the BPM model
for high frequency noise

Dh =
2 sin2 φ sin2(θ/2)

(1 +M cos θ)3
. (8)

It must be noted that the two directivities shown in Eq. 5 and 8 are not based on the same
coordinate system, and the reference system for the latter can be found in the original BPM
publication [5]. For the remaining of the present paper, TNO-Howe refers to the former model,
while TNO-DTU to the latter.

The ability of the implemented tools to predict noise emissions is verified by comparing with
results reported by different researchers during the Third Workshop on Benchmark Problems
for Airframe Noise Computations BANC-III [8]. Numerical methods used by benchmark
participants range from very computationally intensive hybrid RANS/LES + FW-H far field
propagation (PoliTo) to TNO models coupled to RANS simulation (IAG and DTU). A
comprehensive description of numerical procedures and experimental settings can be found in
the original publication [8]. Sound pressure levels in 1/3 octave band discretization are compared
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and results are shown in Fig. 3 for a NACA0012 at U∞ = 56 m/s, Re = 1.50 × 106, α = 0,
M∞ = 0.1664 (case 1 of the original publication). Spectra computed by the implemented
TNO models seem to agree reasonably well with published results, correctly predicting the
peak frequency and the overall trend of the spectra. Differences are however present. These
are attributed to the assumptions made in the computation of the surface pressure fluctuation
spectra from the XFOIL boundary layer input [15].

Figure 2: Directivity angles
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Figure 3: BANC III SPL comparison

2.2. Turbulent inflow noise
The second dominating source of noise generated by wind turbines is TI noise, which is produced
by pressure oscillations following the unsteady loading generated on the blades due to the
incoming wind turbulence. This noise source was first characterized by Amiet [25] and Paterson
and Amiet [26], modeling the far field noise spectrum produced by a flat plate exposed to a
turbulent flow. Modified versions of the Amiet model have been later developed by Lowson [27]
and Moriarty et al. [16], among others. Corrections to take into account airfoil thickness have
been obtained by Guidati et al., [28] and Roger et al. [29]. Approximate formulas to compute
TI noise were also given by Amiet in his original work [25]. In the present work four different
implementations of TI noise are compared, chosen as the most popular options among the many
available ones.

In the first model, here labeled “TI Amiet-Paterson”, TI is predicted using the Amiet and
Paterson theory [26], which involves complex unsteady aerodynamics and computes the far-field
sound spectrum as

Spp(~r, ω) =

(
ωx3ρ0b

c0σ2

)
πU∞d|L(~r,K1,K3)|2Φ̃22(K1,K3), (9)

with b and d the semi-chord and semi-span of the airfoil, respectively, whereas L is the unsteady
lift response and Φ̃22 the spectrum of turbulent velocity fluctuations in the direction normal to
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the airfoil. The remaining terms are defined as

σ2 = x21 + β2(x22 + x23), (10a)

β2 = 1−M2, (10b)

K1 =
ω

U∞
, (10c)

K3 =
ωx3
c0σ

. (10d)

A detailed explanation of the physics and implementation of the model can be found in the
original publication. Appendix E of [26] reports approximate expressions for the computation
of the far-field SPL1/3 noise, discriminating between low and high frequency:

SPLLow,1/3 = 10 log

(
S2

(
Kx

β2

)
M6

β2
K

2
1

Ltd

x23
I2ρ20c

4
0

K̂3
1

(1 + K̂2
1 )7/3

)
+ 68.4, (11a)

SPLHigh,1/3 = 10 log10

(
Ltd

x23
M5I2

K̂3
1

(1 + K̂2
1 )7/3

ρ20c
4
0

)
+ 58.4, (11b)

where K1 = K1b, K̂1 = K1/ke, ke = 0.75Lt is the wavenumber of energy containing eddies,
while S approximates the Sears function

S2 ≈
(

2πKx

β2
+

(
1 + 2.4

Kx

β2

)−1)−1
. (12)

The remaining terms of Eq. 11a are the turbulent length Lt and the turbulence intensity I,
defined in the local frame. This model, which is just an approximation of the full Amiet-
Paterson model reported above, is here labeled “TI Amiet”. It must be noted that, according
to the original implementation, ρ0 and c0 are not defined in SI units, but respectively in g/cm3

and cm/s, and a redefinition of such quantities would require a change in the constants of both
equations.

The third model implemented in this work, here termed “TI Lowson”, is very similar to the
TI Amiet model reported in Eq. 11b, but it includes a different definition of K1 [27]:

SPLTot,1/3 = SPLHigh,1/3 + 10 log10

(
LFC

1 + LFC

)
, (13a)

SPLHigh,1/3 = 10 log10

(
Ltd

R2
M3u2rms

K3
1

(1 +K2
1 )7/3

ρ20c
2
0

)
+ 58.4, (13b)

LFC = 10S2M
K

2
1

β2
, (13c)

K1 = πfc/U∞, (13d)

where urms is the root mean square of the velocity fluctuations in the mean wind direction and
LFC defines the low-frequency correction. The Lowson model has been implemented in several
studies, although the original paper is not easily accessible in the public domain. Differences
between the Lowson and Amiet models reside on the adimensionalization of the wavenumber
(with respect to the mid-chord rather than the dimension of energy-containing eddies), a different
definition of the turbulence intensity and of the units of measure used. Nevertheless, the original
document does not highlight those differences nor does it report a derivation of the model from
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the Amiet one. This may have led to the appearance in the literature of incomplete or incorrect
formulations. For example, Zhu et al. [20] and Kim et al. [30] replace urms with I, while Botha
et al. [31] presents an erroneous declaration of the terms and units of measure.

The last model considered here is very similar to the TI Amiet one, and it was developed by
Moriarty [16] (here referred to as “TI Moriarty”). This model adopts the same high frequency
approximation reported in Eq. 11b, coupled to the low frequency approximation given by Lowson
in Eq. 13a, and it is implemented in the software NAFNoise.

All the turbulent inflow models rely on the definition of a turbulence intensity and integral
length scale. As prescribed in IEC 61400-1 [32], the integral length scale is set here to vary
linearly with height (Lt = 0.7z) up to 60 meters, above which it remains constant.

The aeroelastic code Cp-Lambda takes as input turbulent wind grids computed through the
NREL’s software TurbSim [33]. The computation of the turbulence intensity for the various
models follows different approaches: the TI Amiet, TI Amiet-Paterson and TI Moriarty models
calculate turbulence intensity locally on each span segment, extracting it from the time history
of the relative wind speed of each airstation. In the TI Lowson formulation, turbulence intensity
is instead computed directly from the wind grid input files. It should be here noted that wind
speed time histories used for turbulence intensity computation are generated by Cp-Lambda

and/or TurbSim at a fixed sampling frequency (typically set equal to 50 Hz). This means that
these signals do not have the same frequency content of the whole acoustic frequency range (up to
20 kHz). The computation of the turbulence intensity is then necessarily only an approximation
of the real one.

3. Time-domain method
Time-domain methods are based on acoustic analogies, which use manipulations of classical fluid
dynamic equations to calculate acoustic pressures. In this work, the FW-H [4] model based on
the Farassat 1A formulation [34] is implemented. This formulation requires the computation of
thickness and loading noise on a control surface, neglecting the contribution of the quadrupole
term of the original FW-H formulation. This way, the method can use as input the pressure
and velocity distributions measured directly on the blade surface. These can be obtained from
the combination of a BEM-based aeroelastic model such as Cp-Lambda and a boundary-layer
software such as XFOIL. The latter is used to reconstruct pressure distributions on the blades
from lift and drag coefficients. In this study, unsteady inflow effects are taken into account
through a Pitt-Peters model [35]. Models of unsteady aerodynamics, such as the Onera stall
model, are available, but have not been used in the present work.

It is clear that the frequency content of the computed acoustic pressure is directly linked
to the space-time discretization of the aeroelastic solver. Using a standard discretization for
wind grids, blade and time steps of the aeroelastic simulations, the FW-H method coupled to a
BEM model can in principle model the low frequency noise associated to relatively large eddies
of the flow. From a physical point of view, this corresponds to the low frequency spectrum of
the turbulent inflow noise. The developed time-domain model presents the advantage of a very
low computational effort, allowing the user to perform dozens of analysis in a matter of hours.
Thanks to this, it would be feasible to use this model for infrasound assessments and design
optimization studies.

It should be here however noted that several potentially important effects have so far been
neglected. First, propagation phenomena such as sound absorption through air, ground reflection
and modeling of wake effects are here not taken into account. Furthermore, as of now the
tool is able to predict only the low-frequency noise associated to the rotor surface, while the
effect of the tower on the flow is included in the current framework through a potential model.
Sound generated from an unsteady pressure distribution induced by the rotor along the tower
is therefore neglected.
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4. Workflow and comparisons
Within the current simulation framework, the computation of frequency-based noise spectra is
performed following several steps. First, boundary layer data at the trailing edge is computed
by using XFOIL. For the various airfoils adopted along the blade span, data is stored in the form
of three-dimensional lookup tables (including angle of attack, Reynolds and Mach). Aeroelastic
simulations are then performed running Cp-Lambda and the rotor blades are discretized in several
segments along the span. A sensitivity study shows that 12 segments equally spaced from 50%
(mid-span) to 98% (tip) are needed to achieve convergence. Next, the retarded configuration for
a set of observation times is calculated and boundary layer characteristics are retrieved through
a lookup table interrogation, enabling the computation of noise spectra with the various models
discussed in Sect. 2. Finally, noise spectra from the different instants of time are azimuthally
averaged following the approach of Amiet-Schlinker [36]. This allows one to take into account
the Doppler shifting of the noise sources.

For the FW-H model, the computation of acoustic pressure time histories follows a slightly
different approach. Here, blade configurations and their associated aerodynamic loading are
retrieved from the aeroelastic simulations. Then, blades are meshed using rectangular elements
(50 in the spanwise and 30 in the chordwise directions) and pressure distributions along
the blades are calculated with XFOIL. Lastly, the computation of the retarded configuration
is performed for each observation time: inputs required by the Farassat 1A formulation
are evaluated on the four-nodes Gauss points of each element, while integrals are evaluated
numerically using Gaussian quadrature.

A comparison of all models is conducted by simulating the noise emissions of the reference
3.35 MW onshore wind turbine developed within IEA Wind Task 37 [37]. Noise spectra are
computed at 7 and 11 m/s with a turbulence intensity of the wind grid equal to 10%. A time
window of 60 seconds is used for the measurements. A summary of the configurational data
of the wind turbine and details of the test cases are reported in Tables 2 and 3, respectively.
Comparisons in terms of non-weighted SPL results obtained with frequency-based models are
shown in Fig. 4. Here the observer is positioned as prescribed by IEC 61400-11 [38], namely
downwind on the ground at a distance of hub height plus rotor radius. Visibly, the BPM model
results differ considerably from the TNO ones. To investigate this phenomenon, a comparison on
the aeroacoustic emissions of single airfoil sections is performed. This returns a good agreement
between the two models when compared to the original BPM dataset. The match however
rapidly deteriorates outside of the BPM experimental fitting boundaries (e.g. at higher Reynolds
number or high incidence angles).

Regarding the turbulent inflow noise, the results from the TI Moriarty and TI Amiet models
match well except in the lower portion of the spectrum, where minor differences are observed.
These are due to the different low frequency approximations adopted by the two methods. Lastly,
a dominating trend of turbulent inflow noise at low frequencies is observed. It can be noted from
Fig. 4 that all the turbulent inflow model spectra present the same behavior in the higher part
of the spectrum. This is a limitation caused by the assumption of isotropic turbulence that
follows the use of the von Karman turbulence spectrum. Different results would be obtained by
adopting other models of turbulence [39].

Finally, Fig. 5 reports the fast Fourier transform and the pressure time history obtained from
the BEM + FW-H code described in Sect. 3, for the case of a wind speed of 11 m/s. Noise
analysis is performed on a one-minute simulation time window sampled at a frequency of 50 Hz.
Plots clearly show a main peak corresponding to the 3P frequency (∼ 0.6 Hz). This peak is
mainly caused by the influence of the tower on the loading noise, while thickness noise acts as a
minor contributor to the overall sound. This is expected to be due to the low rotational speed.
It can be also noted that loading noise has not a null mean, but it presents a constant offset.
This term, which is called DC shift in [34], is negative on the suction side of the rotor and
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Table 2: IEA Wind Task 37 characteristics

Data Value

Wind class IEC 3A
Control Collect. Pitch
Rated electrical power 3.35 MW
Hub height H 110.0 m
Rotor radius R 65.0 m
Rotor cone angle Ξ 3.0 deg
Nacelle uptilt angle Φ 5.0 deg
Max blade tip speed vtipmax

80.0 m/s

Blade mass 17,404 kg
Nominal AEP 13.95 GWh
CoE 46.87 $/MWh

Table 3: Test cases

Data @ 7 m/s Value

Rotor speed Ω 8.67 rpm
Pitch β 0.97 deg
Power coefficient CP 0.481
Computed OASPL 53.17 dB(A)

Data @ 11 m/s Value

Rotor speed Ω 11.75 rpm
Pitch β 6.98 deg
Power coefficient CP 0.333
Computed OASPL 56.36 dB(A)
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Figure 4: SPL spectra for the IEA Wind Task 37 computed at 7 m/s (left) and 11 m/s (right)
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positive on the pressure side. Effects of turbulence are evident in the spectra and are caused by
the changes in loading noise on the rotor. These effects disappear when a steady wind grid is
employed.

5. Conclusions
In the present work, models for noise emission of wind turbines are compared, highlighting some
major differences that exist among the various formulations presented in the literature. Several
models for turbulent boundary layer – trailing edge and turbulent inflow noise are implemented
within the same wind turbine design framework Cp-Max, which is based on a BEM aeroelastic
solver. Noise spectra for different wind speeds are computed for the reference onshore wind
turbine developed within IEA Wind Task 37. Discrepancies between the TNO and BPM models
for the trailing edge noise are highlighted. These are attributed to the empirical nature of the
BPM model, where typical wind turbine applications exceed the boundaries of applicability of
the model.

In addition, a time-domain Ffowcs Williams-Hawkings is coupled to the same BEM based
aeroelastic solver. The FW-H approach is well suited for the prediction of noise emissions in
the low frequency regime. Indeed, results for the infrasound spectrum appear to be promising,
correctly capturing the 3P harmonic.

The present work is so far only limited to the reporting and documenting of differences
existing among models and formulations. Within the German national project TremAc [40],
an experimental campaign is currently ongoing with the goal of assessing the emissions of an
E82 ENERCON wind turbine in the range 0.1–20 kHz. As soon as experimental data becomes
available, a validation of the models will be conducted. In addition, several limitations of
the models should be addressed. First, the effects of the boundary layer transition position
has not yet been investigated, while the free transition has so far only been set with the XFOIL

internal eN algorithm. Secondly, both frequency and time-domain methods make use of XFOIL to
reconstruct loading or boundary layer characteristics of 2d sections, neglecting three-dimensional
and unsteady effects. In addition, in the development of the FW-H model coupled to BEM
aerodynamics, important phenomena for low-frequency noise have so far been neglected, such
as sound absorption, ground reflection and wake flow field. All the above limitations should be
carefully studied and addressed by the development of suitable models.
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