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Abstract. This study examines the role of turbulence distortion in predicting inflow turbulence (IT) noise gen-
eration from large wind turbines via Amiet’s theory. Two subsequent distortion mechanisms are investigated:
(i) the streamtube expansion in the rotor induction zone and (ii) the interaction with the surface of thick-blade
profiles. Large-eddy simulations reveal that the turbulence spectra, which reflect distortion effects, remain largely
unaffected by rotor induction within the frequency range relevant for noise generation. As for the other mecha-
nism, the distortion of the turbulence approaching a blade leading edge is modeled with a simplified closed-form
solution of Goldstein’s rapid distortion theory. This model, based on vorticity deflection, is extended here beyond
the high-frequency approximation and integrated into an analytical Amiet-based IT noise tool. Applications to
representative test cases show that while distortion effects are minimal for current turbine sizes, they become
relevant for future configurations featuring larger rotor sizes and thicker airfoils. The developed model reveals
that IT noise levels do not necessarily scale with rotor size but are shaped by spectral changes induced by the
blade geometry, operational parameters, and inflow conditions. This model offers a physically consistent, com-

putationally efficient framework for the aeroacoustic assessment of next-generation wind turbine design.

1 Introduction

The recent increased demand for renewable energy has pro-
moted the deployment of new, larger wind turbines (WTs)
(Global Wind Energy Council, April 2024; Wind Europe,
February 2025). One of the major concerns for onshore WTs,
however, remains their noise emissions (Kirkegaard et al.,
2025), which restrict their placement close to residential ar-
eas due to national noise regulations (Davy et al., 2018).
In modern WTs, mechanical noise has been significantly
reduced thanks to advances in gearbox technology, mak-
ing aerodynamic noise the predominant source (Rogers and
Manwell, 2004; Oerlemans et al., 2007). Aerodynamic noise
can be classified mainly into blade self-noise and inflow tur-
bulence (IT) noise. Considering blade optimization and oper-

ational flow regimes, trailing-edge (TE) noise is a dominant
self-noise source, which inherently scatters in the mid- to
high-frequency range (Oerlemans et al., 2007). Meanwhile,
IT noise arises from the interaction between the incoming
turbulent flow and the blade leading edges (LEs), predom-
inantly emitting low-frequency noise (f < 200 Hz, corre-
sponding to acoustic wavelengths larger than blade chords
and comparable to large WT rotor scales) (Lowson, 1993;
Buck et al., 2016).

Recent developments, such as TE add-ons and active flow-
control mechanisms, have yielded notable reductions in TE
noise (Zhou et al., 2022; Lahoz et al., 2024). However, in-
creasing rotor sizes and hub heights of next-generation tur-
bines shift the noise spectrum to lower frequencies, thus
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amplifying the relevance of IT noise (Mgller and Peder-
sen, 2011). This shift is particularly important considering
that low-frequency sound waves propagate over longer dis-
tances and experience reduced air absorption and transmis-
sion losses by building materials. Therefore, they are more
perceptible indoors due to room resonances, which increase
their negative health impact (Blumendeller et al., 2020). Con-
sequently, the accurate prediction of IT noise has become as
critical as TE noise for the development of quieter WTs.

Several low-fidelity approaches for predicting IT and TE
noise in rotational motion (Moriarty and Migliore, 2003;
Sinayoko et al., 2013; Tian et al., 2013; Buck et al., 2016;
Botero-Bolivar et al., 2024) have been developed as exten-
sions of Amiet’s theory (Amiet, 1975), which was initially
proposed for rectilinear motion. These methods represent an
efficient approach in terms of cost and accuracy, particu-
larly for IT noise predictions, since the relevant flow region
just upstream of the blade LE is minimally affected by the
boundary layer development. Indeed, Amiet’s model, origi-
nally formulated for a flat plate with a relatively large span
immersed in a subsonic turbulent flow, relates the far-field
acoustic power spectral density to the incoming gust velocity
spectrum via a transfer function. This means that IT charac-
teristics are the only required inputs to obtain an estimate of
the acoustic performances.

A primary limitation of Amiet’s model lies, therefore, in
its dependence on the IT spectrum, which is inherently dif-
ficult to predict and measure. In practice, the inflow is as-
sumed to be isotropic and characterized by canonical spectra,
such as the von Kdrmén or Liepmann models, and parame-
terized by upstream turbulence intensity and integral length
scale. However, experimental and numerical/analytical stud-
ies have demonstrated that the upstream turbulence distorts
as it approaches the LEs of thick airfoil sections (Batchelor
and Proudman, 1954; Lighthill, 1956; Hunt, 1973; Paterson
and Amiet, 1976), resulting in an alteration of its velocity
spectrum. The key mechanism has been identified as the dis-
tortion of the vorticity field in the stagnation region, which
reduces the upwash velocity in the wavenumber range as-
sociated with turbulent scales smaller than the characteristic
length (e.g., LE radii, Mish and Devenport, 2006, or maxi-
mum thickness, Gill et al., 2013). This distortion leads to a
marked increase in the slope of the upwash velocity spec-
trum at high frequencies, resulting in a corresponding atten-
uation of noise emissions in the same range (Atassi et al.,
1990; Moreau and Roger, 2005; Mish and Devenport, 2006;
Christophe, 2011). On the one hand, this highlights the influ-
ence of airfoil thickness on sound generation; on the other, it
demonstrates that neglecting this effect can lead to discrep-
ancies between predicted and measured IT noise levels (De-
venport et al., 2010; Santana et al., 2016; Buck et al., 2018;
Zamponi et al., 2020; Piccolo et al., 2023). In particular, it is
important to use the velocity spectrum sampled or modeled
as close to the LE as possible, as input to Amiet’s model.
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To address this limitation, several enhancements have been
proposed to incorporate turbulence distortion and thickness
effects (Moreau and Roger, 2005; Santana et al., 2016; dos
Santos et al., 2023, 2024), also for WTs, considering their
relatively thick-blade profiles (Moriarty et al., 2005; Buck
et al., 2018; Faria et al., 2020; Botero-Bolivar et al., 2024).
These modifications typically adjust empirical parameters
within the canonical turbulence spectrum, particularly target-
ing its inertial subrange to better capture variations in spectral
slope and hence improve IT noise predictions. Some studies
have also explored these adaptations for rotational motion,
such as using one-dimensional turbulence spectra to integrate
single hot-wire measurements (Piccolo et al., 2025).

While these corrected models have shown better agree-
ment with experimental data in wind tunnel flows over mod-
erately thick airfoils, their applicability to full-scale WT
operations, where incoming turbulence has integral length
scales much larger than the airfoil chord, is questionable
(Faria et al., 2020; Botero-Bolivar et al., 2024). These mod-
els may underpredict IT noise under atmospheric turbulence
conditions, where canonical models sometimes perform bet-
ter (Botero-Bolivar et al., 2024).

Alternatively, the rapid distortion theory (RDT), which is
based on linearized vorticity equations, can represent a valid
approach to account for the distortion effects, as it allows
for a more generalized and realistic framework. In principle,
it models the distortion of weak turbulent perturbations un-
der mean flow convection conditions in cases where the co-
herence between eddies is unaltered. Originally developed
by Batchelor and Proudman (1954), and extended by Hunt
(1973), the RDT formulates distortion through a set of cou-
pled partial differential equations to describe the upstream
field of a two-dimensional bluff body by wavenumber analy-
sis. It distinguishes two mechanisms according to the relative
size of the eddies with respect to a characteristic geometric
dimension of the body. The first is the blockage due to the
body surface, and the second is the vorticity deflection due
to the deformation of the mean flow streamlines.

Although the asymptotic results of the RDT have already
been incorporated into Amiet’s model as corrections in the
mentioned studies, Zamponi et al. (2021) proposed a way to
implement the full solution of Hunt’s formulation. The re-
sulting estimation of distortion effects could support the de-
velopment of a tool for assessing the performance of noise-
reduction technologies. However, the considerable complex-
ity and high computational cost of the implementation re-
stricted the wavenumber range over which solutions could
be obtained, limiting the practicality of this methodology for
low-fidelity applications.

An alternative RDT approach, originally proposed by
Goldstein (1978), is based on a linearized Euler equation for
non-uniform homentropic mean flows. Solving these equa-
tions using a Lagrangian framework in drift coordinates al-
lows for the direct tracking of turbulent flow in the distorted
field. This method is especially suitable for low-speed flows,
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such as those typical for the upstream regions of the WT
blade profiles. For high-frequency gusts, a simplified ver-
sion of this model was later derived by Majumdar and Peake
(1998) to estimate fan inflow noise.

Turbulence distortion is not only related to the thickness
of the aerodynamic object in the convective direction. In
wind energy applications, the expansion of the streamtube in-
duced by the WT rotor also plays a role by creating a region
of flow deceleration. Unlike contracting flows in wind tun-
nels or propulsion systems, streamtube expansion is associ-
ated with non-uniform and inhomogeneous strain-rate fields
in the induction zone, violating key assumptions of consid-
ering distortion as rapid (Batchelor and Proudman, 1954).
As a result, the distortion of large energetic eddies, asso-
ciated with the low-frequency components, which are typi-
cally of the order of a rotor diameter, is not adequately cap-
tured by classical RDT approaches (Mann et al., 2018; Ghate
et al., 2018; Milne and Graham, 2019). Other theoretical
studies based on linearized or quasi-steady fluctuation mod-
els, which show qualitative agreement with high-fidelity sim-
ulations and measurements, found that low-frequency eddies
undergo significant distortion, whereas high-frequency ones
are largely unaffected (Graham, 2017; Mann et al., 2018;
Ghate et al., 2018; Milne and Graham, 2019). In terms of
noise emissions, it should be noted that the sound generated
by distorted large-scale turbulent structures in the inflow lies
in the very low-frequency range (below ~ 1 Hz) and is there-
fore outside the audible range (Buck et al., 2018). IT noise
for WTs, usually prevailing in the 1-200 Hz range of sound
waves, is instead generated by the interaction of small-scale
turbulent structures, i.e., those associated with mid to high
turbulence frequencies, with blades. Yet, it remains unclear
whether turbulence within the IT noise frequency band is ex-
posed to noticeable distortion due to streamtube expansion
and, if so, how to best model it. This highlights a key gap in
current understanding.

This study examines the impact of turbulence distortion on
IT noise in next-generation large-scale onshore WTs, consid-
ering the thickening blade profiles (Veers et al., 2019; Tim-
mer and Bak, 2013; Schaffarczyk et al., 2024; Global, 2024)
and intensifying inflow conditions that cannot be readily re-
produced in wind tunnel experiments (Saab et al., 2018).
This analysis is carried out using a developed Amiet’s model
framework. The distortion of turbulence is considered as two
subsequent mechanisms. First, the high-frequency distortion
due to streamtube expansion is evaluated using atmospheric
flow simulations performed with SOWFA (Simulator fOr
Wind Farm Applications) (Fleming et al., 2013). Then, the
distortion due to thick-blade profiles is computed through
a simplified closed-form solution of Goldstein’s RDT as-
sociated only with vorticity deflections, allowing Amiet’s
model to maintain its low computational cost while enhanc-
ing its accuracy. The paper is structured as follows: after an
overview of the Amiet-based IT noise tool and its adapta-
tion to rotating frames, the turbulence distortion mechanisms
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and their implementations are presented. Finally, using the
developed prediction model, the relevance of IT noise for fu-
ture onshore WTs is analyzed, taking into account the effects
of turbulence distortion.

2 IT noise prediction tool

The IT noise prediction tool used in this study is based on
Amiet’s model (Amiet, 1975), an analytical theory devel-
oped to estimate the far-field noise spectrum radiated from
an infinite-span flat plate subjected to a subsonic turbulent
gust. In the context of IT noise, the pressure jump across the
flat plate that is responsible for acoustic radiation is consid-
ered to arise from the interaction of the LE with the incoming
turbulence. The original configuration simply corresponds to
an isolated airfoil in an acoustic wind tunnel where the ob-
server and the airfoil are fixed relative to a reference frame,
as illustrated in Fig. 1. To extend this model to WT appli-
cations, the developed tool adapts Amiet’s formulation to a
WT rotating blade frame, by following well-established pro-
cedures for helicopters and rotors (Amiet, 1989; Sinayoko
et al., 2013). This adaptation ensures that the fundamental
assumptions of the model are still satisfied while account-
ing for the unsteady kinematics and spatial inhomogeneity
present in actual WT operations.

2.1 Adaptation of Amiet’s model to a WT reference
frame

Consider an observer positioned far away from a WT, as
shown in Fig. 2a, with the reference frame initially located
at the rotor hub. The adaptation procedure for this configura-
tion consists of the following steps: (i) blade segmentation,
(ii) reference frame transformation, (iii) Doppler shift effect,
(iv) application of Amiet’s model, and (v) azimuthal averag-
ing. The details of each step are provided in the following
subsections.

2.1.1 Blade segmentation

Each WT blade is discretized into multiple segments along
the span to capture the variations in inflow turbulence and
blade geometry (e.g., chord, twist, and airfoil profile). Each
segment is modeled as an independent IT noise source un-
der rectilinear motion, following the original Amiet’s config-
uration (Fig. 1). A representative segment is highlighted in
orange in Fig. 2a.

2.1.2 Reference frame transformation

In order to apply Amiet’s formulation, the observer distance
and the incoming Mach number are expressed in the local
frame of each segment. This new reference frame (xy, y,, za)
is centered at the midspan of a blade segment and oriented ac-
cording to Amiet’s coordinate system (see Fig. 2a). Follow-
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ya:l &/

Figure 1. Original Amiet’s coordinate system.

ing the procedures described by Amiet (1989) and Sinayoko
et al. (2013), the required coordinate transformation is car-
ried out in three steps:

— The hub-based reference frame (xp, yh,zn) is trans-
lated to the LE of the segment’s midspan, resulting in
(x1,y1,21)-

— A rotation is applied about the z; axis by the local az-
imuth angle y, aligning the translated frame with the
segment span, as shown in Fig. 2b.

— The resulting frame (x3, yz,z2) is rotated about the
y» axis by an angle 8, which is the local pitch angle
(sum of the blade pitch and local twist angles) to ensure
chord alignment, as shown in Fig. 2c.

This transformation yields the observer location x, rela-
tive to the local Amiet-aligned source frame (xg, ya, Za). The
final coordinates are calculated using the rotation matrices,
as follows:

X =Ry(B)R (/2 = y)(x0 — Xs)

cos(B) 0 sin(B)
= 0 1 0

—sin(B) 0 cos(B)

cos(m/2—y) —sin(w/2—y) O
sin(w/2—y) cos(m/2—y) O |(xo—x5), (D
0 0 1

where x,, and x¢ denote the observer and the present segmen-
t/source positions based on the hub, respectively. Using the
angles for the same segment demonstrated in Fig. 2, the in-
coming Mach number M, aligned with the x axis as in the
original configuration, is obtained by

M = M, cos(a). 2

Here, M, is the relative Mach number between the incoming
flow and the moving segment, and « is the local angle of
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attack, obtained as

Miel = |/ M2 + M2

= /(M + Mycos(yr + ) + M2 3)

o = tan~"! (%) 5 @)

In this context, M, and M, are the axial and transversal com-
ponents of the freestream Mach number, respectively, as seen
in Fig. 2a, while ¢ defines the orientation of M, relative to
the yy, axis. The azimuthal Mach number M is derived from
the vector sum of the rotational blade Mach My, = Qr/cx
and M;, where 2 is the blade angular velocity, r is the radial
location of the segment, and ¢, is the speed of sound.

Lastly, the present source position xg, at the moment the
emitted sound reaches the observer (i.e., the emission mo-
ment), is calculated by convecting the emission position for-
ward within the acoustic propagation time. The approach,
valid even under non-zero angle of attack conditions, follows
the method described by Sinayoko et al. (2013) as

X5 = re{— (Mpsin(y) + Mcos(y)sin(y + )i
+(Mpcos(y) — Mysin(y)sin(y +v)) j}. (5)

Here, r. denotes the distance between the observer and the
retarded source positions, which is computed by

M cos(©) + /1 — M2sin*(®)

1— M?

, (6)

re =g

where r, is the direct observer distance from the hub, while
M_ is the convection Mach number, which is simply equal to

,/Mzz + ME. The angle ® between M, and x,, is calculated
as

© = cos—! <Mt sin(y)sin(0) + M, cos(@))
= MC 9

@)
with 6 being the angle of r, relative to the zp axis.

2.1.3 Doppler shift effect

Fixing the reference frame to each segment makes the source
be positioned under rectilinear motion while the observer
moves relatively, necessitating a Doppler shift correction to
properly account for the circular motion in reality. Amiet’s
model is, thus, applied at the emission frequency we, whereas
the observer perceives the sound at the Doppler-shifted fre-
quency w. The spectral relationship at the observer position
X is given by

w,
Spp(, @, V) = —= S} (x, e, ¥), (8)
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(x,y,2) %

=)o

(a)

Y1
Y2
M,
i zZ9
T
L2
(b)

Figure 2. Sketches depicting the coordinate transformation for adapting Amiet’s model to WT rotating frames: (a) for coordinate transfor-
mation from hub to Amiet’s frame for a blade segment, and (b) and (c) for coordinate rotations about the z| and y, axes, respectively.

where SI/)p is the radiated power spectral density (PSD) from a
segment at the azimuthal angle of y. The Doppler shift factor
we/w is given as

we 1+(Mc—Myp)-3§

= . 9
w 1+M.-§ ©

Here, the convection and blade Mach numbers are expressed
in vector form as

M. = —M;sin(y)i — Micos(y) ] — M.k
My, = —Mysin(y)i + My cos(y)]. (10)

In addition, the unit direction vector from the retarded source
to the observer § is obtained as

§ = — (Mysin(y) + xo/re)i — (Mycos(¥) + Yo/re) J
— (M, + zo/re)k. (11)

2.1.4 Application of Amiet’s model

Amiet’s model is applied to each segment by taking into ac-
count the inverse strip theory (Santana et al., 2016), which
overcomes the infinite-span assumption of the model. This
theory basically applies Amiet’s formulation to two high-
aspect-ratio segments separated by the actual span length

https://doi.org/10.5194/wes-11-299-2026

of the corresponding segment and then subtracts the result-
ing spectra. This ensures that the upwash spectrum ¢, and
aeroacoustic transfer (airfoil response) function £ are nearly
independent of the spanwise wavenumber (Graham, 1970),
simplifying the spectral formulation (Eq. 20 in the work of
Amiet, 1975). Accordingly, for the computation of the in-
flow turbulence sound spectrum radiated from the midspan
of each segment, the following formulation is used:

PocwezcM

2
b
5o3 >5|£|2Szz<we)zy<we>, (12)

Spp(, e, ) = (
where po, denotes the freestream density, and ¢ and b are the
blade segment’s chord and span, respectively. The term o2 is
computed as or=x24+(1- M2)(y2 +72). The transfer func-
tion £ includes both LE scattering and TE back-scattering
components, following the formulations provided by Amiet
(1989) and Santana et al. (2016) (not given here for the sake
of brevity). The PSD of the upwash velocity fluctuations S>>
and the spanwise correlation length /, are revealed with the
infinite-span assumption, making the spanwise direction ho-
mogeneous. Hence, S»; is obtained from the 1-D turbulence
energy spectrum ¢y (ky) as

$22(kx)
.

X

S22(we) = 13)
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where U, is the incoming streamwise velocity (i.e., in the
X axis), whereas k is the chordwise wavenumber that equals
to ky = we/Uy. The spanwise correlation length [, is com-
puted as

15.02Lk>

Ly(we) = (14)

(3 + 8k2)\/1+ k2

with lzx = ky /ke, where ke = 0.7468/L and L is the incom-
ing turbulent length scale.

In cases of isotropic incoming turbulence (i.e., neglecting
distortion effects), ¢22(ky) can be modeled by a von Karman
(vK) 1-D spectrum as follows:

2 34 8k2
boo(ky) = 0079225 2
k .\ 11/6

(1+22)

X

s5)

where u, is the root mean square of fluctuating streamwise
velocity. For other cases, the calculation of the distorted spec-
tra is given in Sect. 4.1.

2.1.5 Azimuthal averaging

The segment-level noise predictions are azimuthally aver-
aged over a full blade revolution to obtain the time-averaged
spectrum. This introduces an additional Doppler factor we /w,
due to the rotational retarded time effect (Amiet, 1989;
Sinayoko et al., 2013) (i.e., the change of time increment
from source to observer). Eventually, the total IT noise ra-
diated by the WT is obtained by summing the contributions
from all segments of blades, as follows:

Nseg T

2
B we\2 ,
swr0r= 3230 [ () Spwonar. a9
0

]

where B is the number of blades and N is the number of
segments per blade.

2.2 \Verification of IT noise tool

The implementation of the IT noise prediction tool described
in Sect. 2.1 is verified using a benchmark case of an onshore
WT for which far-field noise measurements are openly avail-
able from the ZEPHYR EU-project (Christophe et al., 2022).
The corresponding WT is the SIEMENS SWT-2.3-92 model,
which features an 80 m high tower and a 92 m rotor diame-
ter. As reported by Leloudas (2006), measured sound pres-
sure levels at 100 m downstream of the turbine tower were
converted into sound power level spectra L,, by account-
ing for background noise effects and other relevant measure-
ment corrections. These spectra were provided for three op-
erational cases varying with average wind speed Ux, rota-
tional speed €2, and blade pitch angle By. The associated pa-
rameters are summarized in Table 1. The IT characteristics

Wind Energ. Sci., 11, 299-319, 2026

Table 1. Operational parameters of benchmark cases.

Caseno. Us [ms™!] € [rpm] By [°]
1 6 13 3

8 14 -2
3 9.5 17 5

evaluated at hub height, including the turbulent length scale
(L =312m) and turbulence intensity (TI=10.7 %), were
obtained from atmospheric boundary layer simulations based
on the Weather Research and Forecasting model coupled
with large-eddy simulation (WRF-LES) by Kale (2024), per-
formed as part of the ZEPHYR project. In particular, these
parameters were calculated for Case 2 and assumed to be un-
changed for the other cases, which is followed in this study
to ensure consistency in comparisons. In the present veri-
fication, turbulence distortion effects are not included; in-
stead, the upwash velocity spectrum is calculated using the
vK isotropic model (see Eq. 15).

The IT noise spectra are predicted for all three operating
conditions using the developed tool. Figure 3 shows a com-
parison between the predictions and the measured data. For
additional verification, results from another independently
developed Amiet-based IT noise tool (Botero-Bolivar, 2023;
Botero-Bolivar et al., 2024), obtained using the same IT char-
acteristics given above, are also included in the comparison.
Although this tool differs from the current implementation
in terms of vK spectrum formulation, coordinate transforma-
tion, and applied strip theory, the agreement between the two
prediction tools is nearly perfect across all frequencies and
cases. This close match serves as a verification of the imple-
mentation of the model. On the other hand, both prediction
tools demonstrate a fair agreement with the measured data,
particularly in the low-frequency range, as shown in Fig. 3d—
f, where IT noise is most pronounced. It is important to note
that the TE noise is not modeled in either of the Amiet-based
predictions, which explains the considerable underprediction
at higher frequencies.

3 Turbulence distortion due to streamtube
expansion

This section investigates whether the incoming turbulence
undergoes distortion during the streamtube expansion within
the rotor’s induction zone, with a particular focus on the fre-
quency range relevant for IT noise. To this end, atmospheric
flow simulations are performed around a large WT using the
SOWFA open-source tool (Fleming et al., 2013), which ba-
sically couples the solvers OpenFOAM and OpenFAST. In
this study, the flow field is simulated by large-eddy simula-
tion (LES) via OpenFOAM while modeling the rotor blade
forces by an actuator line model via OpenFAST and pro-
jecting them to the LES grid simultaneously. The coupled

https://doi.org/10.5194/wes-11-299-2026
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Figure 3. One-third octave sound power levels compared with results from another Amiet tool (Botero-Bolivar, 2023) and measured data
(Christophe et al., 2022). Panels (a), (b), and (¢) show A-weighting levels for Case 1, 2, and 3, respectively. Panels (d), (e), and (f) show the
levels without A-weighting for the same cases, respectively, particularly in the low-frequency range.

framework offers a cost-effective yet sufficiently accurate so-
lution, especially considering that the accurate resolution of
unsteady blade aerodynamics and wake structures is not a
primary concern here. All simulations are carried out at the
Delft High Performance Computing Centre (2024).

3.1 Simulation setup of SOWFA

The simulations are conducted using the National Renewable
Energy Laboratory (NREL) 5-MW reference WT, which is
widely studied in the literature and whose configuration files
are publicly available. Two different inflow wind speeds are
considered: a below-rated case at 8 ms~! and an above-rated
case at 14ms~!. These two regimes allow for an examina-
tion of the potential influence of the axial induction factor on
turbulence distortion.

Each case starts with a precursor simulation, in which the
atmospheric flow is simulated without any turbine. Here,
the goal is to establish a turbulent flow that has a neutral
atmospheric boundary layer with a desired wind speed at
the hub height of 90 m, where turbulence develops naturally
through shear and surface-roughness effects. The computa-
tional domain size is 3km x 3km x 1 km in the streamwise
(x), spanwise (y), and surface-normal (z) directions, respec-
tively. All horizontal boundary conditions are treated by peri-
odicity. The streamwise and spanwise grid resolution is 10 m,
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whereas the grid is clustered toward the surface. The time
step is chosen as 0.5 s. The precursor simulations are run for
20000 s to obtain statistically converged turbulence.

For the below-rated case, a streamwise velocity spectrum
of a random point at hub height is presented in Fig. 4. The
spectrum is compared with the vK spectrum, which is ob-
tained based on the sampled turbulence intensity (=0.1) and
length scale (= 150 m), where the latter is calculated from
the simulated streamwise velocity spectrum using its stan-
dard spectral definition. The results show that the flow at the
hub height exhibits an isotropic turbulence behavior as the
spectrum collapses onto the vK spectrum, up to a numerical
cut-off frequency (~ 0.1 Hz) imposed by the solver capabili-
ties with the current grid and time step.

3.2 Energy spectrum change in induction zone

The last 2000 s of the flow data from the precursor simula-
tion are stored and then used to initialize the main turbine-
included simulation, serving as the initial flow domain as
well as the inflow boundary condition. The grid is refined
around the turbine rotor in four levels, with the smallest cell
sizes becoming 0.625 m. Accordingly, the time step is also
reduced to 0.125s. The finest grid domain extends up to 3
rotor diameters (D = 126 m) upstream of the rotor plane in
order to analyze turbulence distortion in the induction zone
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Figure 4. Streamwise velocity spectrum of a random point at hub
height.

without grid effects. In addition, the streamwise periodic
boundaries are replaced by inflow and outflow conditions.

Each simulation with the modified setup and configuration
is continued for 2000 s. The turbine rotational speed is fixed
at 9 rpm for both wind speed cases. During the simulations,
the velocity time histories are sampled at various points in
the induction zone for a period of nearly 225 revolutions of
a blade at a sampling frequency of 80 Hz. The instantaneous
side and cross-sectional views of streamwise velocity con-
tours, along with the sampled data locations at hub height,
are shown in Fig. 5. The turbine and its wake within the at-
mospheric boundary layer are clearly visible.

The streamwise velocity component is selected for spec-
tral analysis, as it directly corresponds to the upwash velocity
with respect to the blade, which is the one responsible for in-
ducing the unsteady surface pressure fluctuations and hence
IT noise generation. The streamwise evolution of the mean
and fluctuating components of this velocity in the induction
zone is plotted in Fig. 6 for both inflow cases and three dif-
ferent spanwise locations. Theoretical data based on the ac-
tuator disk model and the quasi-steady formulations (Mann
et al., 2018) are also included for comparison. Accordingly,
the theoretical distortions of the mean (U) and fluctuating
(u) speed components as the flow approaches the rotor are
defined as

EAC N PO
Uoo x /1+€2
u(x) £

u%o =1—ax(1+—rg2><l

where ay is the axial induction factor and & =2x/D. The
induction factor and its derivative with respect to the inflow
speed are obtained from steady-state OpenFAST simulations
over a range of wind speeds. Figure 6 shows that the simu-

Us day
, 17
2 dUOO) a7
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lated mean velocities match the theoretical predictions rela-
tively well, while fluctuating components show only qualita-
tive agreement, consistent with observations in earlier studies
(Mann et al., 2018; Milne and Graham, 2019), which ques-
tions the validity of the linearized actuator disk theory close
to the rotor. This observed decrease of the streamwise tur-
bulence intensity in the below-rated case could be attributed
to a rotor-induced blockage effect, as explained by the phys-
ical findings of the RDT. In contrast, the above-rated case
shows an amplification, with the vortex line pile-up effect
likely becoming the dominant mechanism (Hunt, 1973). This
difference can be related to variations in the induction factor
and its gradient, both of which modulate turbulence distor-
tion via changes in aerodynamic loading. This is also con-
sistent with the observed reduction in distortion toward the
blade tip, where the loading is minimal.

These averaged quantities primarily reflect the dynamics
of large-scale eddies, the sizes of which are larger than the ro-
tor diameter in both wind speed cases. Such large-scale struc-
tures correspond to very low frequencies that contribute lit-
tle to audible noise radiation. Therefore, the analysis is con-
tinued by focusing on the streamwise velocity spectrum at
mid to high frequencies, evaluated at various upstream posi-
tions for the below-rated case. A representative comparison
at a spanwise location of 0.4 D, where the IT noise contri-
bution is expected to be strong, is depicted in Fig. 7. The
first observation is that the spectrum reveals the harmonics of
the blade passing frequency (0.45 Hz) near the rotor, super-
imposed on a broadband turbulence background. Addition-
ally, when compared to the vK model, each simulated spec-
trum exhibits a change in the inertial subrange slope (—5/3),
which becomes gradually steeper between the numerical cut-
off frequency of the coarse upstream mesh (~0.1 Hz) and
that of the refined near-rotor mesh (~ 1.6 Hz). The same be-
havior appears at all upstream locations, indicating that the
coarser upstream region limits the development of the corre-
sponding small turbulent scales before they reach the rotor
plane. This suggests that the observed change is numerical in
origin, rather than a rotor-induced distortion. The same con-
clusion is reached for the above-rated speed case (not shown
here). These results must be evaluated considering the ca-
pacity of the SOWFA tool, where the near field of the rotor is
modeled. Nevertheless, the findings are consistent with those
of linearized theory-based studies (Mann et al., 2018; Ghate
et al., 2018; Milne and Graham, 2019), where the distor-
tion of small-scale eddies was reported as negligible. Thus,
based on these investigations, turbulence distortion due to the
streamtube expansion is neglected in the remaining part of
this study for the frequency range of interest.

4 Turbulence distortion due to blade thickness

Following the streamtube expansion, inflow turbulence is ad-
ditionally affected by the blade thickness as it approaches
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Figure 5. Streamwise velocity contours from different views, together with some sampled data locations: (a) for side view (x—z plane) and

(b) for cross view (y—z plane).
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Figure 6. Change of mean (a) and fluctuating streamwise velocity (b) along the induction zone. Sampled data locations are shown in Fig. 5.
The symbols + and o denote the simulation data, whereas solid and dashed lines are generated by the theoretical formula for below- and
above-rated speeds, respectively. Black, blue, and red colors refer to the spanwise locations of yy, y, +0.25 D, and yp, +0.40 D, respectively.
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Figure 7. Change of streamwise energy spectrum along the up-
stream rotor axis (yp + 0.4 D, zp).

the blade LEs. In this section, this mechanism is examined
using the RDT of Goldstein (1978). A practical implemen-
tation of this approach for aeroacoustic applications has al-
ready been presented by Glegg and Devenport (2017), in-
cluding a systematic method to compute distorted spectra
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from undistorted ones. Their formulation relies on a distor-
tion tensor approximated for high-frequency gusts by Ma-
jumdar and Peake (1998). In this study, following the steps
of Glegg and Devenport (2017), a generalized version of
this approximated distortion tensor is derived, which remains
valid across all frequency ranges, not limited to the high-
frequency regime. The goal of this derivation is to increase
the accuracy in Amiet-based IT noise predictions for WT
blades with large distortion-inducing body thicknesses. The
following section presents how to obtain this tensor, starting
from the fundamental assumptions and initial steps of Gold-
stein’s RDT. In the end, its capability is discussed within the
concept of classical distortion mechanisms.

4.1 Goldstein’s RDT

The RDT framework assumes the following conditions:

— The incoming turbulence is weak: ux <K Uso.

— The distorted unsteady flow is isentropic and incom-
pressible.

Wind Energ. Sci., 11, 299-319, 2026
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— The mean flow is irrotational! and homentropic, imply-
ing that boundary layer effects and flow separation are
neglected.

— The distortion timescale is much shorter than the turbu-
lent timescale. This is the main principle of RDT, mean-
ing the disturbances are convected only by the mean
flow.

Goldstein’s RDT approach starts with decomposing the un-
steady velocity (v) as

v=U+Veo+u®, (18)

where U is the mean velocity, ¢ is the velocity potential term
related to pressure fluctuations, and u(® is the gust veloc-
ity including the remaining potential and rotational distur-
bances. At the upstream boundary, the unsteady flow is de-
termined by the gust velocity, with the velocity potential be-
ing zero. Under the above assumptions, the linearized Euler
equations reduce to the wave equation for the velocity poten-
tial as

I Die
c2, Di?
where Dy /Dt is the substantial derivative relative to the mean
flow. As the disturbances are convected by an irrotational
mean flow, the upstream gust velocity can be tracked by the
drift coordinates analytically, which also allows Eq. (19) to

be uncoupled. Drift coordinates (X1, X7, X3) were initially
introduced by Darwin (1953) and then Lighthill (1956) as

—V2p=V-u®, (19)

0. (20)

Here, the constant X identifies the surface representing the
fluid locations after the same particles are convected with the
mean flow velocity for a certain time (X1/Ux), whereas X»
and X3 are the stream surfaces orthogonal to each other (not
to X1). X is obtained via

d
X = Us / 2, @1

streamline

with o denoting the distance from the upstream boundary
along the streamline. After obtaining all drift coordinates and
their gradients (numerically or analytically), one can obtain
the gust velocity in regions where the RDT assumptions are
valid as follows:

u® = VX (X, Xa.1 = X1 /Uso), (22)
where ugoo) refers to the undistorted velocity fluctuation at
the upstream boundary. Given the upstream fluctuating ve-
locity as a summation of harmonic waves as

u(OO) — ZS{ (ﬁ(OO)e—iwt) — th (&eik-xe—iwt) , (23)
k k

IThe mean flow does not have to be strictly irrotational; it is the
irrotational component that primarily governs turbulence distortion.
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the distorted gust velocity can also be written in the
wavenumber domain as follows:

u'® — Zm (ﬁ(g)e—iwt) _ 29{ (ijajeik.xe—iwz) i (24)
k k

where a; is the complex amplitude of the gust velocity at
each wavenumber vector k; and w = k;U. Note that at the
upstream boundary, x and X are equal to each other.

The next step is to introduce the velocity potential ¢,
which represents the irrotational part of the disturbance field.
In practice, ¢ can be expressed in terms of harmonic compo-
nents, which allows the governing wave equation to be solved
for the particular solution associated with the gust velocity?.
Accordingly, if ¢ is defined as

o= Xk:m (g?)e_iwt> = Xk:% (Qeik'xe_iwt> , (25)

the substantial derivative term (D%(p / Dt2) vanishes, such that
the wave equation given in Eq. (19) becomes

Vg =-v.-a®, (26)

Here, the Laplace and the divergence operators can be found
as follows:

Vo =iVik-X)Qe*X
=ik;VX;Qe*X
=ik Qeik'X
V2 = (ik; VX ) +ikik) Qe * X

= (ik;V?Xj — k| Qe X
V-a® = (ik - VX + V2 Xp)are'* X, 27)
where Kk = VX k;, representing the distorted wavenumber
domain. Eventually, the magnitude of the velocity potential
term Q is obtained by solving Eq. (26) as

Vi =—v.a®

(ik; VX — k| Qe "X = —(ikc - VXi 4+ V2 Xp)are* X

(i - VXi+ VEX1)a

C= ik, vex,

(28)

Under the high-frequency gust assumption mentioned above,
the expression is simplified by neglecting high-order terms,
such that

i - VXyag
lie |2

O~ (29)

2In the present formulation, only this particular solution is re-
tained, while the homogeneous correction that satisfies the exact
surface boundary condition is not considered.
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Then, the amplitude of the distorted velocity can be found as

VX
— <—ICK PE k +vxk> Q) (30)
K

which can also be expressed in terms of a distortion tensor
Di j as

it (1) = Dy (k) 31
where
8Xj KiKk 3Xj
Pt At Sttt 32
Y0 |k)? dxk (32)

For use in spectral models, as in Amiet’s formulation, it
is better to compute the distorted energy spectrum directly,
which was provided by Glegg and Devenport (2017) through
the same distortion tensor as

¢ij(1c) = Dip Digp 5w k), 33)

where ¢;; represents the 3-D energy spectrum. Then, the 1-D
spectrum is obtained by integrating over k, and k3, to be used
in the current Amiet’s tool.

In this study, to remove the high-frequency assumption
and account for all eddy sizes, a more general form of the
distortion tensor is derived by directly substituting Eq. (28)
in Eq. (30) as follows:

a=vo+a®
ik -VX;+V2X .
= i:c—( ].(+ k)+VXk age'*X
|K|2—lij2Xj

—lie (e - VXi) = kjVEX 1k V2 Xy
+i (K2 V23X —kiV2X k(- VX )
_ (l I k J jk( k))—i-VXk &ke’k'X. (34)
lie|* + (k; V2 X j)?

Then, the new distortion tensor becomes

_ BX‘/' 1

YU ket + (e V2X)?
X 92X

. {|K|2KiKkal + ki VX i xzj

k

92X ; X ;

—i <|x|2/<,~ = —kaZXklciick—]> } (35)
dx; X

While more complex in form, this derived tensor remains
computationally efficient, as all required derivatives are pre-
computed.

It should be mentioned that, in the present form, Gold-
stein’s RDT does not incorporate the blockage mechanism.
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This limitation arises because only the scattering potential is
solved, and the exact surface boundary condition is not en-
forced. In this way, a practical closed-form solution of the
RDT is obtained. This omission mainly affects the lowest
frequencies, which are outside the range of interest for the
present WT applications. Indeed, the present form of Gold-
stein’s RDT includes the vorticity deflection mechanism of
the classical RDT approach. Here, the physical interpreta-
tion of the high-frequency approximation is that the size of
the disturbances is assumed to be smaller than the distor-
tion length scale lgis, which is on the order of the char-
acteristic length of the body. Mathematically, this implies
klgist > 1, where k is the corresponding gust wavenumber.
However, in WT applications, atmospheric eddies often have
length scales larger than blade chords, challenging the high-
frequency gust restriction. This motivates the use of the gen-
eralized version of the tensor (derived without any frequency
restriction) in Sect. 5, where IT noise generation from WTs
is predicted by Amiet’s model based on RDT. In view of the
above, given an upstream undistorted energy spectrum, the
distorted spectrum can be computed using Egs. (33) and (35),
within the region where the RDT assumptions are valid.

4.2 \Verification of the generalized distortion tensor

The derived distortion tensor is first verified in a wind tunnel
problem where the incoming incompressible flow is axisym-
metrically contracting or expanding. In this case, the gradient
tensor of the drift coordinates is known as

ax, (VAR 0 0
a_-j - o VvarR o |, (36)
i 0 0 AR

where AR is the area ratio between the inlet and the outlet.
Here, AR < 1 refers to contraction (mean flow acceleration),
whereas AR > 1 means expansion (mean flow deceleration).

The 1-D spectra of streamwise and normalwise velocity
fluctuations distorted in a wind tunnel are computed by the
RDT for both contraction and expansion cases, and they are
shown in Fig. 8. For comparison, the same spectra obtained
by using the high-frequency approximated distortion tensor
(hereafter called the high-freq RDT) by Glegg and Devenport
(2017) are included as well. The results match exactly, as ex-
pected, since all second derivatives of drift coordinates are
zero, confirming that both distortion tensors become identi-
cal to each other.

The derived distortion tensor is further tested in a problem
of a 2-D incompressible turbulent flow approaching a circu-
lar cylinder, where experimental data close to the cylinder
LE are available (Britter et al., 1979). This benchmark case
is particularly important because the distortion mechanism of
a WT blade section is modeled with a representative circular
cylinder in this study, which is described in Sect. 5.

The incoming flow has a turbulent intensity of approx-
imately 5%. The RDT computations are conducted at an
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Figure 8. 1-D energy spectra of turbulence distorted by axisymmetric wind tunnel contraction (AR = 0.5) and expansion (AR = 2): (a) for

streamwise and (b) for normalwise spectra.
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Figure 9. 1-D streamwise energy spectra of turbulence distorted by a circular cylinder, shown for different L/R: (a) for L/R = 9.09, (b) for
L/R =2.86, and (¢) for L/R = 1.56. Experimental data are obtained from Britter et al. (1979).

upstream location of x/R = —1.2 for three different turbu-
lent length scale (L) to cylinder radius (R) ratios (L/R =
[9.09, 2.86, 1.56]). The 3-D vK model is used to estimate the
undistorted energy spectra, which allow the computation of
the 1-D distorted ones via the RDT. Figure 9 compares mea-
sured and predicted streamwise spectra, along with results

Wind Energ. Sci., 11, 299-319, 2026

from the high-freq RDT. The experimental data available at
x/R = —4.0 and the 1-D vK isotropic spectra are also plot-
ted as references to the undistorted turbulence.

The results show that the vK model accurately matches the
undistorted flow at x/R = —4.0, providing that the flow is
out of distortion effects due to the presence of the cylinder at
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that position. At x/R = —1.2, both RDT formulations cap-
ture high-frequency distortion in small eddies (kj/ke > 1)
due to vorticity deflection, following the typical RDT mech-
anisms in the asymptotic limits. However, the RDT with
the generalized form of the high-frequency distortion tensor
(hereafter, simply denoted by RDT) shows better agreement
in the mid-frequency range (1 < k1 /ke < 10), particularly for
larger eddies. Notably, the high-freq RDT, in contrast to the
RDT, does not vary with L/ R and fails to capture the changes
through lower frequencies.

The superiority of the generalized version arises because
it depends explicitly on the magnitude of wavenumber in the
distortion tensor, making the turbulence—geometry interac-
tion sensitive to the turbulence length scale relative to the
body size. In this way, the distortion becomes sensitive to the
characteristic dimension of the eddies compared to the ob-
stacle radius. In contrast, the high-frequency approximation
treats all modes as short waves, thereby filtering out large ed-
dies (low wavenumbers). This suppresses any dependence on
L and leads to inaccurate mid-frequency predictions. In the
context of WTs, IT noise generally corresponds to a wider
frequency range (kj/ke > 1), justifying the use of the gener-
alized version in subsequent predictions.

5 Analysis of RDT-based IT noise predictions: an
evaluation of future WTs

The RDT is integrated into the Amiet-based IT noise pre-
diction tool (called Amiet-RDT hereafter) by replacing the
upwash energy spectrum in Eq. (12) with its distorted coun-
terpart. The RDT computations are performed at locations
near the stagnation point of each blade profile. The distor-
tion mechanism is applied by approximating the airfoil with
a representative circle whose radius is the distortion length
(Lgist) of the corresponding airfoil.

lgist can be defined as a derived geometric measure repre-
senting the arc distance between the stagnation point and the
point of maximum curvature. This definition follows the re-
cent findings of Piccolo et al. (2024, 2026), who showed that
thick airfoils distort turbulence in a manner similar to a cylin-
der with an equivalent radius determined from this geomet-
ric measure. This approach avoids the need to recompute the
drift coordinates for each airfoil profile, making the RDT im-
plementation computationally efficient. Another perspective
has been recently provided by Santos et al. (2024), who pro-
posed an alternative equivalent-cylinder definition based on
the average airfoil thickness between the LE and the location
of maximum thickness. They demonstrated experimentally
that this average thickness reproduces the flow kinematics in
the stagnation region more accurately than using either the
LE radius or the maximum thickness alone.

Both approaches yield distortion lengths of comparable or-
der and similar scaling with airfoil thickness. Following these
insights, and for practical implementation within Amiet-
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RDT, lgis is here approximated as a geometric scale lying
between the LE radius and half of the maximum thickness,
which provides a consistent estimate across blade sections.
Since the objective of the present study is to examine relative
trends in distortion as blade thickness increases, rather than
determine an exact cylinder equivalence for a specific airfoil,
the chosen approximation provides a consistent and robust
parameterization.

The developed Amiet-RDT tool is applied to the bench-
mark WT configuration used in Sect. 2.2 to assess how turbu-
lence distortion affects the IT noise spectrum. The distorted
spectra are computed at points located at x /lgjs = —1.05 up-
stream of each segment leading edge. Case 1 is used for this
analysis, and the results are compared with those obtained
by the Amiet tool, which is based on the vK isotropic model.
The upwash spectra at x /lgisc = —1.05 are shown in Fig. 10a
for different blade sections, the span location of which is
specified by z/R, with R being the rotor radius. The corre-
sponding distortion lengths are also given. From root to tip,
lgist decreases, as expected from typical blade profile thick-
nesses. The results indicate that, within the low-frequency
range of interest for IT noise, the distorted spectra are not sig-
nificantly different from the isotropic ones. This is because
the relevant frequencies fall within the transition region be-
tween the two RDT asymptotic limits. As a result, the sound
pressure level (SPL) contribution from each section remains
almost unchanged, as shown in Fig. 10b. An exception is
observed close to the blade root, which has a circular pro-
file and the largest lgis. A larger lgis; increases the range of
high-frequency eddies affected by distortion, leading to more
small-scale structures with reduced energy. However, these
inner blade regions contribute minimally to overall noise, so
the total generated IT noise (quantified in terms of sound
power level L,, in Fig. 10c) is predicted nearly identically
from both the Amiet and Amiet-RDT models. The typical
IT noise directivity pattern on the horizontal ground plane,
shown in Fig. 10d, where 0° corresponds to the observer lo-
cation, confirms this result as well.

To assess the potential impact of turbulence distortion in
next-generation larger WTs, the same analysis is repeated for
a conceptual WT scaled to reflect the anticipated growth in
onshore turbine sizes (Veers et al., 2019). In this configu-
ration, the rotor radius of the benchmark turbine is tripled,
and the blade chords are scaled linearly with the span. Al-
though industry practice suggests that chord growth tends to
be more than linear (i.e., growing faster than proportional to
the change in span size) near the root and less than linear near
the tip (Bortolotti et al., 2016, 2019), this parametric study
focuses on relative changes in turbulence distortion with in-
creasing thickness. Hence, a uniform geometric scaling of
the chord provides a plausible first-order assumption (Canet
et al., 2021).

For the blade thicknesses, however, a more than linear
scaling is applied. For very large turbines, designers tend to
increase relative thickness to maintain strength and stiffness
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Figure 10. Impact of RDT-based distortion on IT noise prediction for the benchmark WT configuration used in Sect. 2.2. Panels (a) and
(b) show upwash velocity and SPL spectra obtained at different blade sections. Panel (¢) compares WT sound power level spectra. Panel
(d) demonstrates SPL directivity at different frequencies. Solid lines refer to the calculations based on the vK model, whereas dashed lines

refer to the ones with RDT.

without excessively increasing the blade mass (Timmer and
Bak, 2013; Caboni et al., 2017). In the benchmark case, air-
foils at the mid to outer span have an LE radius of about 0.02¢
and a maximum thickness of about 0.18¢, where ¢ refers to
the chord. In the next-generation turbines, LE radii of ap-
proximately 0.05¢ and maximum thicknesses of 0.35-0.40¢
are expected, according to industry indications and literature
(Timmer and Bak, 2013; Schaffarczyk et al., 2024). Accord-
ingly, the ratio of distortion length to chord of each section,
except near the root where the circular profile exists, is dou-
bled in the conceptual configuration. Finally, the same flow
and operating conditions as Case 1 are retained, except that
the RPM is reduced by one-third to preserve comparable rel-
ative velocities with respect to the benchmark case.

Figure 11 demonstrates the influence of turbulence distor-
tion on noise predictions for this enlarged turbine, as previ-
ously. Corresponding increases in /g5 for the same sections
are shown in Fig. 11a. The main finding is that thicker blade
profiles, under the same inflow conditions, cause a significant
distortion of the turbulent velocity field, which is observed
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by the alteration of the corresponding spectrum within the
frequency range of interest (see Fig. 11a). Across all blade
sections, the distortion lies in the high-frequency regime of
RDT, where vorticity line deflections reduce the energy of
smaller eddies. As a result, thicker profiles yield reduced
IT noise, a trend clearly visible in both the overall sound
power levels and directivity patterns, as shown in Fig. 11c—
d. This reduction increases with frequency. When compared
with the benchmark configuration in Fig. 11c, the standard
Amiet model predicts a monotonic rise in noise with rotor
size, whereas the Amiet-RDT tool shows that spectral al-
terations mitigate this increase. At higher frequencies, the
larger turbine can even produce noise levels comparable to
the benchmark configuration.

It should be noted that the present analysis specifically ex-
amines IT noise in order to clarify the role of turbulence dis-
tortion near the blade surface. In real WT operations, how-
ever, IT noise coexists with other broadband mechanisms,
especially TE noise. When TE noise is included in the pre-
dictions, its contribution to the noise generation may par-
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Figure 11. Impact of RDT-based distortion on IT noise prediction for the conceptual WT configuration. Panels(a) and (b) show upwash
velocity and SPL spectra obtained at different blade sections. Panel (¢) compares the sound power level spectra for different WTs. Panel
(d) demonstrates SPL directivity at different frequencies. Solid lines refer to the calculations based on the vK model, whereas dashed lines

refer to the ones with RDT.

tially mask turbulence distortion effects on noise, particularly
at frequencies above approximately 100 Hz. As a result, the
impact of turbulence distortion identified in this study may
not be directly apparent in overall noise metrics unless noise
components are examined separately or frequency-resolved
analyses are performed. Nevertheless, the present results re-
main relevant for understanding how turbulence distortion
redistributes spectral energy, especially at low frequencies
where IT noise is the dominant contributor for large turbines
with thick blades.

The above analysis isolates thickness effects while keep-
ing the inflow and operating conditions the same. Fig-
ure 12a-b demonstrates the same analysis by varying the in-
coming turbulence length scale for the conceptual rotor. For
this case, the wind speed and the turbine rotational speed are
set to 6ms~! and 13 rpm, respectively. At higher frequen-
cies, corresponding to smaller eddies, noise levels scale in-
versely with the length scale since this quantity mainly re-
flects the energetic large eddies, as also reported by Botero-
Bolivar et al. (2024). Within this regime, the Amiet-RDT
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model consistently predicts lower noise than the baseline
Amiet approach. Changes in length scale also shift the spec-
tral shape, which is further influenced directly by turbulence
distortion. As a result, the Amiet-RDT model can even pre-
dict higher low-frequency noise, as observed for L = 10m.

Another scenario is studied by fixing the length scale to
L =10m and varying the rotational speed between 1 and
16 rpm. The results are shown in Fig. 12c—d. Within the IT
noise frequency range, the predicted noise levels increase
proportionally to the rotational speed, in contrast to the previ-
ous case. Again, due to the change in spectral shape induced
by the distortion effect, the differences between the Amiet
and Amiet-RDT predictions depend on both frequency and
speed. In particular, the distortion effect caused by the thicker
WT profiles is found to be more evident at lower rotational
speeds.

These results imply that IT noise levels do not nec-
essarily scale proportionally with rotor size once realistic
blade thickening is accounted for in future WTs. Turbu-
lence distortion changes the balance across frequencies, re-
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Figure 12. Assessment of IT noise predictions with and without RDT for different turbulent length scales (a-b) and different turbine
rotational speeds (c—d). Panels (a) and (c) show upwash velocity spectra at z/R = 0.8, while panels (b) and (d) show WT sound power level
spectra. Solid lines refer to the calculations based on the vK model, whereas dashed lines refer to the ones with RDT.

ducing high-frequency noise but sometimes amplifying low-
frequency contributions. Consequently, trends predicted with
the canonical spectra or the empirical models based on cer-
tain frequency ranges may not remain valid for future large-
scale designs.

6 Conclusions

This study investigates the relevance of IT noise for next-
generation large WTs by explicitly accounting for turbulence
distortion effects considering their growing rotor sizes, an as-
pect overlooked in existing low-fidelity approaches relying
on empirical corrections. In this sense, an accurate, computa-
tionally efficient, and physics-based IT noise prediction tool
based on Amiet’s analytical model is developed. Two main
mechanisms are examined: streamwise spectral changes in
the induction zone and distortion near thick-blade LEs.

The turbulence distortion due to streamtube expansion in
the induction zone is examined by LES coupled with model-
ing the blade forces via SOWFA. The spectral results reveal
that turbulence distortion in the induction region remains
negligible in the mid- to high-frequency range, which is rel-
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evant for acoustic scattering. This result suggests that the up-
stream turbulence spectra estimated by isotropic models can
be used for this region without reducing accuracy.

To address distortion due to blade thickness that appears
as the upstream turbulence approaches the blade surfaces, a
practical form of Goldstein’s RDT, which is associated with
vorticity deflections, is developed. Unlike earlier approaches,
this model does not rely on the high-frequency gust approx-
imation and remains valid across a broad frequency range
within its capabilities. It is implemented into an Amiet-based
IT noise tool through a distortion tensor formulation, which
directly modifies the upwash spectrum near the blade LEs.
The method is validated against canonical test cases, and its
accuracy in capturing the vorticity deflection effects of the
RDT mechanism is demonstrated.

Importantly, the developed Amiet-RDT tool modifies the
input turbulence spectrum based on geometry (via a repre-
sentative distortion length), operational conditions, and in-
flow properties. This eliminates the need for empirical coef-
ficients commonly used to adjust isotropic energy spectrum
models, which are not suitable for realistic scales of atmo-
spheric turbulence and WTs. This tool increases prediction
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accuracy without additional computational cost, making the
developed model practical for parametric noise assessments.
It is believed that this model will be especially beneficial in
the design and development of WT noise mitigation strate-
gies.

When applied to a conceptual onshore WT scaled through
an existing benchmark configuration, the developed tool re-
veals that turbulence distortion near blade surfaces becomes
increasingly influential for future turbines. This is particu-
larly the case as relative thicknesses are expected to scale
more than linearly — reaching around 0.4c from the cur-
rent ~ 0.2¢ — to maintain structural strength without ex-
cessive mass growth. The results show that IT noise lev-
els exhibit non-linear behavior with rotor size, contrary to
what is predicted by standard models. The distortion effects,
particularly the suppression of small-scale eddy energy by
vorticity deflection, can even reduce overall noise genera-
tion at certain frequencies for a larger rotor where higher
noise would normally be expected based on geometric scal-
ing alone. The results also indicate that turbulence distortion
interacts with the inflow length scale and rotational speed,
leading to frequency-dependent shifts in IT noise levels. This
reinforces the fact that scaling trends in the noise spectrum
cannot be generalized without accounting for both geomet-
ric and operational factors. It is also emphasized that, when
other mechanisms such as TE noise are included in the pre-
dictions, the relative impact of these turbulence distortion
effects on WT noise may be less apparent, particularly at
higher frequencies.

As a recommended next step, a high-fidelity simulation of
the entire WT flow field, including near-blade domain, can be
performed. This approach would allow a detailed investiga-
tion of near-blade turbulence distortion and provide valuable
insight regarding possible rotor-induced distortion effects at
wider frequency ranges. Such work could serve to further
validate the RDT-based predictions.
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Appendix A: Nomenclature

A1 Coordinates and frames

(xa, Ya,Za) Amiet-oriented reference frame

(Xh, Yh,zn) Hub-based reference frame

(x1,y1,z1) Translated reference frame

(x2,y2,2z2) Rotated reference frame

Xo Observer position in hub frame

x Observer position in Amiet frame

X Present source position in hub frame

r Radial location of a segment

Te Distance between the observer and the re-
tarded source position

o Direct observer distance from the hub

S Unit direction vector from the retarded
source to the observer

o Amplified distance

Ry Rotation matrix about y axis

R, Rotation matrix about z axis

& Dummy spatial coordinate

A2 Flow kinematics and Mach numbers

U Mean flow speed

u Turbulent velocity fluctuation

M Incoming Mach number along x,

M Relative Mach number between the incom-
ing flow and the moving segment

M,  Axial freestream Mach number

M Transversal freestream Mach number

M Azimuthal Mach number

My Rotational blade Mach number

M, Convection Mach number

Q Blade angular velocity

Coo Speed of sound

P Freestream density

A3 Angles

Local azimuth angle

Local pitch angle

Local angle of attack

Angle of M relative to yy axis
Angle between M. and x,
Angle of r, relative to zj axis
Bo Blade pitch angle

TPEeER ™S

Wind Energ. Sci., 11, 299-319, 2026




316 O. Yalgin et al.: Turbulence distortion in wind turbine inflow noise

A4 Rotor and geometry

c Chord of a segment

b Span of a segment

B Number of blades

Nseg  Number of segments per blade

D Rotor diameter
R Cylinder/rotor radius
ay Axial induction factor

AR  Arearatio

A5 Turbulence and aeroacoustics

f Frequency

k Wavenumber

L Incoming turbulent length scale
TI Turbulence intensity

We Emission frequency

1) Doppler-shifted frequency

@11 Streamwise energy spectrum

¢2»  Upwash energy spectrum

Slgp Radiated power spectral density at an az-
imuthal angle

S22 Power spectral density of upwash velocity

fluctuations
L Aeroacoustic transfer function
ly Correlation length

L,  Sound power level
SPL  Sound pressure level

A6 Rapid distortion theory

(X1, X7, X3) Drift coordinates

v Unsteady velocity

[0 Velocity potential term

u® Gust velocity

D/Dt Substantial derivative

Os Distance from upstream along the stream-
line

(o) Denotes undistorted variable

" Denotes complex amplitude

a Magnitude of the gust velocity

(0] Magnitude of the velocity potential

K Distorted wavenumber domain

D;; Distortion tensor

Ldist Distortion length scale

Code and data availability. The Amiet-RDT MATLAB
tool for wind turbine inflow turbulence noise predictions
presented in this study is openly available on Zenodo at
https://doi.org/10.5281/zenodo.18198345 (Yal¢cin and Piccolo,
2026). The repository includes the source code and example input
files required to reproduce some of the results shown in this paper.
All the remaining data that support the findings of this study
are available from the corresponding author, Ozgiir Yalgin, upon
reasonable request.
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