
Renewable Energy 255 (2025) 123842

Available online 27 June 2025
0960-1481/© 2025 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
nc-nd/4.0/).

Sound propagation analysis of a 10 MW wind turbine: Influence of the
tower, operational states, and atmospheric conditions

Zhenye Sun a,b , Weijun Zhu a, Eduardo Jané b, Xukun Wang b, Wen Zhong Shen a,
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A B S T R A C T

Accurate prediction of wind turbine noise propagation over long distances is critical to mitigate community
impact but remains challenging due to complex interactions between wake and atmospheric conditions. This
study investigates the sound propagation of a 10 MW wind turbine using a hybrid computational approach that
combines high-fidelity flow simulations and parabolic equation (PE) modeling. Large-eddy simulations with
actuator lines (for the rotating blade modeling) and immersed boundary methods (for the tower and nacelle
modeling) resolve the turbulent wind turbine wake structure, including rotor, tower, and nacelle effects, under
rated (11.4 m/s) and near cut-out (24 m/s) wind conditions, with constant inflow and neutral atmosphere
boundary layer (ABL) inflows. Noise propagation is analyzed using a wide-angle Parabolic Equation (PE) solver,
utilizing as base flow wake generated by the high fidelity large-eddy simulation solver. The methodology allows
the study of the acoustic refraction of wind turbine noise under a variety of conditions. We systematically study
the effects of the rotor (without tower or nacelle), the full turbine with constant inflow, and the full turbine with
a neutral ABL, for rated and cut-out operating conditions. The results demonstrate that wake-induced velocity
gradients significantly alter sound propagation paths, with the tower and nacelle introducing asymmetric
refraction effects that amplify near-ground noise levels. Atmospheric refraction profiles strongly modulate
propagation: upward refraction (e.g., nighttime conditions) create quiet zones, while downward refraction ex-
acerbates noise levels. Under rated condition, the ISO-9613-2 method and the solver PE without wake predict
lower sound pressure level (maximum 5 dB) than the PE considering wakes (both with constant inflow and
neutral ABL inflow) at critical residential ranges (500–1000 m downstream of the turbine), highlighting the need
for advanced models for regulatory compliance. The study underscores the importance of integrating wake and
atmospheric effects in noise assessments, providing a framework for optimizing wind farm layouts and mitigating
acoustic environmental impact.

1. Introduction

With the large-scale installation of wind turbines near residential
areas, addressing long-distance noise propagation has become a growing
challenge. Wind turbine noise often travels within the wake of the tur-
bine and when combined with varying meteorological conditions, the
propagation process becomes highly complex, making it difficult to
accurately model using simple analytical formulas. Consequently, a
detailed investigation of the phenomena of acoustic propagation is
required. Furthermore, a clear distinction of the effect on sound

refraction of the different phenomena altering wind turbine wakes (e.g.,
the presence of the tower and nacelle in the simulations of acoustics, the
atmospheric boundary layer) remains unexplored and is the subject of
this work.

Advanced numerical methods such as computational aeroacoustics
(CAA) can be used to investigate the mechanisms of flow-induced noise.
The most accurate CAA approach is direct numerical simulation (DNS)
[1,2], where both fluid flow and sound are calculated directly by solving
the compressible Navier-Stokes (NS) equation. However, proper reso-
lution of the entire range of spatial and temporal scales in complex flows
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using DNS requires a great deal of computational resources. Conse-
quently, conventional CAAmethods are neither efficient in modeling the
noise sources of wind turbines nor in predicting noise propagation in
large domains. To alleviate the computational burden of these types of
models, Hardin and Pope developed the flow/acoustic splitting method
in 1994 [3]. Shen and Sørensen [4–6] investigated a modified splitting
method for near-field acoustic simulations of flows past a cylinder and
an airfoil, encompassing both laminar and turbulent regimes. Employing
second-order finite volume/finite difference methods for fluid dynamics
and acoustic computations, their studies yielded promising results,
thereby confirming the efficacy and practicality of the splitting method
for low-Mach number acoustic simulations. Based on the work of Shen
and Sørensen, Zhu [7] incorporated high-order finite difference schemes
to solve the acoustic perturbation equation with 4th to 12th order ac-
curacy, while the flow field is resolved using a second-order finite vol-
ume incompressible solver. At each time step, the incompressible flow
variables serve as input to the inviscid acoustic equation. This method
has been successfully applied to simulate airfoil noise generation,
proving good agreement with the experimental noise spectra. Although
the above splitting method reduces the computational cost compared to
CAA/DNS, its cost is still unaffordable in most wind energy engineering
applications. Typically, noise generation and noise propagation are
computed separately to further reduce computational costs, following
acoustic analogies. Therefore, the level of sound pressure at a given
reception point is related to the sound power at the source and the
propagation losses of the noise through the complex wake field. To
obtain the sound power level of a wind turbine source, the engineering
model [8] can be used, which combines Blade Element Momentum
(BEM) calculations [9,10] and a semi-engineering BPM model [11].
Under this approach, the sound power level of a wind turbine depends
on the rotor shape and its operating conditions, such as its rotational
speed, the inflow wind speed profile, turbulence level, air density, and
viscosity, etc. This paper focuses on noise propagation.

There are several outdoor sound propagation modeling techniques,
as reviewed by Berengier et al. [12]. The propagation of sounds can be
investigated using analytical, numerical, and experimental methods.
Computationally, the ISO-9613-2 method is the cheapest, but shows
large deviations with respect to the measured noise levels of the wind
turbines [13]. Numerical techniques, including the Fast Field Program
(FFP) [14] and Boundary Element Methods (BEM) [15,16], have been
successfully validated for a variety of typical scenarios. The numerical
approaches described above may not be suitable when the propagation
medium is non-stationary, showing range-dependent velocity fluctua-
tions. For example, the FFP method is inherently limited to systems with
a layered atmosphere and a homogeneous ground surface. Therefore,
range-dependent sound speed profiles or ground impedances cannot be
accurately modelled by the FFP method, which means that the FFP
cannot consider the effects of wake on noise propagation.

Two years of continuous sound measurements [13] were conducted
at two wind turbine sites in Sweden to investigate the impact of varying
meteorological conditions. Vertical profiles of wind speed, direction,
temperature, and relative humidity were measured along with sound
levels, revealing substantial variations in wind turbine sound propaga-
tion due to atmospheric refraction. Indeed, meteorological effects on
sound propagation become increasingly significant with distance, being
most noticeable at distances ranging from 400 to 1000 m from the tur-
bines. Therefore, for far-field predictions under complex atmosphere
conditions, models such as the Parabolic equation (PE) method [17,18]
are usually selected, balancing numerical accuracy with computational
efficiency. According to an estimation of low frequency and infrasound
noise from wind turbines at 1238 residences within Canada, field mea-
surements detected spectral peaks extending up to 10 km from turbines,
covering frequencies from 0.5 to 70 Hz. These measurements, integrated
with meteorological data on site, aligned with the predictions of the PE
simulations [19]. The PE equation is simplified from the wave equation
which describes the behavior of sound waves. This involves

mathematical manipulations that exploit the assumption of predomi-
nantly forward propagation. The PE method is not limited to a layered
atmosphere and a homogeneous surface of the ground. There are
different versions of the PE method, like the Crank-Nicholson Parabolic
equation (CNPE, introduced by Gilbert and White in 1989) [20,21]
method, and the Green’s Function Parabolic equation (GFPE, developed
by Gilbert and Di [22]).

In this work, a 2D (two-dimensional) PE method of wide-angle CNPE
is used to simulate the phenomenon of noise propagation. The parabolic
equation is solved numerically using techniques like a finite difference
method, which involves dividing the propagation space into a grid and
iteratively calculating the sound pressure level at each grid point. Each
PE simulation yields a steady-state solution for a specific frequency. To
simulate sound propagation from wind turbines to receivers in an
inhomogeneous moving flow, the effective speed of sound approach is
adopted, which requires inputs of the flow field covering the source and
receivers. The flow field surrounding the wind turbines can be obtained
via wake models, wake measurements, or computational fluid dynamics
(CFD) simulations. There are some studies that use the wide-angle CNPE
to investigate the influences of atmospheric conditions on the propa-
gation of wind turbine noise, but do not consider the effects of wind
turbine wake [23–26]. In 2011, wind turbine wake effects on noise
propagation were first studied [27] by the team led by D. Heimann at
DLR in Germany, where a three-dimensional ray-based sound particle
model was used [28]. This method has been compared to other models
for wind turbine noise analysis and has been cost-effective compared to
3D (three-dimensional) models. Numerous works cover this topic. For
example, reference [29] focuses on the impact of diurnal variability on
the propagation of wind turbine noise. Barlas et al. used the wide-angle
CNPE method to study the effects of wake and atmospheric conditions
on wind turbine noise propagation [30–32], clearly showing their in-
fluence. More recently, Colas et al. conducted detailed work on wind
turbine noise propagation in the wake of rotors and hills [33,34]. They
developed a solver based on the linearized Euler equations (LEE), which
combines a flow model based on LES and an extended source model
based on Amiet’s theory. They compared the LEE method with the
state-of-the-art PE methods. Among the PEmethods, they considered the
wide-angle vector PE, which is limited to flat terrain (WAPEvec), as it can
consider all velocity components (but only uses the horizontal one). The
better option is the wide-angle PE with an effective sound speed
approximation and the ability to consider a 3D topography (WAPEtopo).
The LEE and WAPEvec methods perform almost identically in flat and
hilltop topographies. The WAPEtopo method introduces phase errors that
are attributed to the effective sound speed approach and the steep hill
slope. Nevertheless, its rotation-averaged SPL and amplitude modula-
tion (AM) are close to the LEE method. The main weakness of this LEE
method is the high computational cost. A recent study [35] using 3D PE
simulations to analyze low-frequency rotor wake effects demonstrates
that these three-dimensional wake phenomena markedly alter sound
propagation. Consequently, 2D PE models may underestimate the
resulting SPL. The above studies have made solid contributions to the
topic of wind turbine noise propagation, which sheds light on this study
on aspects such as how to deal with the noise source and how to choose
the correct method. In this work we will use a wide-angle PE solver.

In what follows, we address the gaps in knowledge regarding noise
propagation, specifically by studying and quantifying:

• Contributions of the rotor, nacelle and tower wake to the propaga-
tion of wind turbine noise.

• Impact of different atmospheric conditions on the propagation of
noise.

• Comparison of rated vs. cut-out conditions to assess their influence
on sound propagation.

This paper is organized as follows: In Section 2, the CFD solver
simulates flow fields and wakes and the noise propagation model are
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described. Then, Section 3 provides results for the flow field, noise
source, and detailed results of noise propagation under different wind
turbine wakes, atmosphere conditions, and operating conditions (rated
vs cut-out). Finally, the conclusions are presented in Section 4. Appen-
dices A and B provide details of the CFD simulations and ABL generation.

2. Numerical methodology

The proposed methodology considers flow fields obtained from CFD
simulations. These flow fields are then used to propagate the acoustic
sources of wind turbines over long distances using a propagation wave
equation solver.

2.1. Flow simulations

Flow simulations have been performed using Horses3D, a high-order
spectral element CFD solver [36], which is open source and available on
Github (https://github.com/loganoz/Horses3D). It is developed at
ETSIAE-UPM (the School of Aeronautics at the Polytechnic University of
Madrid). Horses3D is a 3D parallel code designed to simulate fluid flow
phenomena and employs a high-order discontinuous Galerkin spectral
element method (DGSEM) implemented in modern Fortran 2003. The
solver efficiently handles simulations governed by both compressible
and incompressible Navier-Stokes equations. Horses3D is equipped to
manage body-fitted, immersed boundaries (IB), and actuator lines. Here,
we select the actuator line method (ALM) to simulate the rotating blades
and resulting wakes. The ALM models the turbine blades as lines of
distributed forces, which are obtained from tabulated airfoil polars. The
resulting rotating lines mimic rotating blades and provide accurate flow
fields and wakes at a computationally affordable cost [37]. To include
the nacelle and the tower, we use the immersed boundarymethod (IBM),
which explicitly includes the three-dimensional shape of the object
[36–38].

The distributed forces of the ALM and the IBM forcings are inserted
into the NS momentum conservation equation as source terms:

Ut + ∇ • (Fiv – Fv + t) = S(U), (1)

where Ut is the state vector of conservative variables, Fiv is the inviscid
fluxes, Fv + t is the viscous and turbulent fluxes and S(U) is the source
term. However, the mass and energy conservation equations, on the
other hand, remain unchanged. The aerodynamic forces in the blades
are calculated using the blade element theory knowing the aerodynamic
properties of airfoils at each section of the discretized blade and the
characteristics of the resolved flow field. To avoid numerical instability,
the aerodynamic forces are smeared using 3D Gaussian regularization to
get the source term force to be exerted in each point of the high-order
computational mesh [37].

ηϵ(d)=
1

ϵ3π
3
2
e− (d/ϵ)2 , (2)

where d is the distance between an actuator point and an arbitrary node.
The aerodynamic forces are updated using the newly computed velocity

field after each iteration, and then the source term forces S(Ut) are
accordingly recomputed in the next iteration. This combined DGSEM
and ALM method provides a balance between computational efficiency
and accuracy, making it a powerful tool for simulating wind turbine
flows and obtaining input for sound propagation simulations, as
described below. In the simulations, the compressible NS equations
(with a low Mach number of 0.1) are solved using the large eddy
simulation (LES) model of Vreman [39]. To advance the solution in time,
an explicit Runge-Kutta 3-time marching scheme is used (with CFL<0.5
in all cases).

2.2. Noise propagation using parabolic equations

The sound propagation wave equation is solved in a spatial domain,
as shown in Fig. 1, for each frequency. For wind turbine fields, the flow
is treated as incompressible. The 3D Helmholtz equation can be reduced
to the 2D Helmholtz equation by the axisymmetric approximation in a
moving atmosphere [17].
[

∂2

∂X2 +
∂2

∂Z2 + k20(1+ ε)
]

Q2
c =0, (3)

where Qc = PcX1/2, Pc is the complex pressure amplitude, k0 is the
reference wave number, c0 is the reference sound speed 340 m/s, ε=(c0/
ceff)2 − 1, ceff is the effective sound speed. In the PE method the receiver
is located at X > 0, and we consider only waves traveling in the positive
X direction; back scattering is neglected. Eq. (3) reduces to the one-way
wave equation. If we express Qc by the envelope of the pressure

Qc(X, Z)=ϕ(X, Z)exp(ik0X), (4)

The one-way wave equation is obtained

∂ϕ
∂X= ik0(Q − 1)ϕ, (5)

here we use the Padé (1,1) approximant of the operator Q

Q=

1
2

(

ε + 1
k20

∂2ϕ
∂2Z

)

1+ 1
4

(

ε + 1
k20

∂2
∂2Z

) , (6)

These equations are solved via finite differences with a Crank-
Nicolson scheme. The resulting solver is usually called 2D PE solver of
wide-angle Crank-Nicholson type (WAPE). Detailed derivations of the
equations can be found in Ref. [29]. The WAPE method above will be
used in this study and propagation phenomena, such as refraction, will
be caused by the variation of ε. The flow velocity components, which
lead to the variation of ε, may come from field measurements, empirical
expressions, or numerical simulations (used in this paper). The effective
sound speed approximation is widely used in PE methods. Recently, an
extra-wide-angle parabolic equation (EWAPE) has been introduced that
does not rely on the effective sound speed approximation [40].

As mentioned above, here we use the WAPE method, which is based
on a one-way wave equation. The noise source is configured on the left
boundary (where X = 0) with a starting function ϕ(0, Z), which is a
classical approach required to represent a monopole source [17,18].
This starting function is then extrapolated stepwise towards the positive
X direction to obtain ϕ(0 + dX, Z). After iterating towards the right
boundary, the whole field of complex pressure amplitude ϕ(X, Z) is
computed. The horizontal simulation range is determined by the re-
ceiver’s location. However, the size of the vertical domain is flexible,
such that the height of the domain can vary with the simulated fre-
quency, because at least eight grid points are needed to represent a
sound wave. The boundary condition applied on the surface of the
ground is controlled by the impedance of the ground. In this study, the
empirical model for the normalized impedance Zm of absorbing

Fig. 1. Demonstration of the simulation domain for the parabolic equa-
tion solver.
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materials developed by Delany and Bazely [41] is used, which is only
related to two parameters. They are the flow resistivity σ and the fre-
quency. The boundary condition applied to the top surface is constant
Zm = 1, so that the vertical sound wave through the top surface vanishes
without reflection. However, other waves are partially reflected into the
simulation domain. To sufficiently eliminate wave reflections, an
absorbing layer with a height of 50 times the wavelength is defined
below the top surface, as shown in Fig. 1 by the gray region near the top
surface of domain. The height of the absorbing layer increases with
decreasing frequency. Detailed mathematical manipulations of the
equations can be found in Refs. [17,18].

Integration of the sound intensity over a closed surface surrounding
the wind turbine is called the sound power level SPWL(f), which is a
quantification of the noise source level of a wind turbine and is the
initial condition for calculating the propagation of long-path noise. The
SPL(f) sound pressure level at the receiver is

SPL(f) = SPWL (f) - 10log10(4πD2) - α(f)D + ΔL, (7)

The first term SPWL(f) on the right-hand side is the sound power
level, which can be obtained by using a combination of the BPM and
BEMmethods. This methodology considers the contribution from all the
blade elements and all the noise mechanisms, such as turbulent
boundary trailing edge noise, separation noise, trailing edge bluntness
noise, turbulent inflow noise, etc. For brevity, this model is not

described in detail, and the reader is referred to Ref. [8]. The second
term on the right-hand side of Eq. (7) accounts for the loss of sound
pressure due to the spherical spreading of sound waves from a point
source, which is normally called geometric attenuation. The third term
is called air absorption, which is the multiplication of the absorption
coefficient α(f) and the distance D between the source and the receiver.
The term α(f)D is negligible for the short distance D and cannot be
neglected when D is on the order of a hundred meters, especially at high
frequencies. The coefficient α(f) depends on sound frequency, air tem-
perature, pressure, and humidity. The fourth term ΔL (or RSPLD
henceforth) is key and accounts for the relative difference in sound
pressure level (abbreviated as RSPLD) caused by reflection and ab-
sorption on the ground, atmospheric refraction, wind and turbulence,
sound barriers, etc. It should be noted that the second and third terms
are only related to the absorption coefficient α(f) and the distance D.
However, the fourth term ΔL, which will be thoroughly studied in this
work, has a relationship with sound reflection and refraction, etc. As a
result, the fourth term ΔL is different in nature from the second and third
terms, and its variation along the propagation distance D does not follow
a simple linear or logarithmic pattern, which requires the use of nu-
merical methods for its solution and is the focus of this article.

3. Results and discussions

In what follows, we try to systematically separate various physical

Fig. 2. Horizontal velocity component downstream of the wind turbine from the CFD simulation, with constant inflow as the inlet boundary.

Z. Sun et al.
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phenomena affecting wake development and noise propagation.
Different CFD results are input to the PE solver. One situation is CFD
with constant inflow velocity such that the wake contains only turbu-
lence generated by the tower nacelle and rotor. Additionally, we include
CFD simulations of only the rotor (no tower or nacelle) to discern the
effect of the tower and nacelle on noise propagation. Finally, we include
a neutral ABL to understand the modification of atmospheric turbulence
in wake shaping and noise propagation. Details on the simulations for
ABLs can be found in Appendix A. The physics considered here and
influencing noise propagation are:

• Contributions of the rotor, nacelle, and tower.
• Impact of different atmospheric conditions.
• Comparison of wind conditions in rated versus cutout conditions.

3.1. Preliminaries: flow fields and sound sources

Throughout this work, the DTU 10-MW Reference Wind Turbine
(RWT) [42] is selected, as a representative large wind turbine for

onshore and offshore applications. This turbine has a rotor radius of R =

89.15 m and a hub height of Zhub = 119 m. Examples of the flow fields
used for noise propagation are depicted in Fig. 2. The rotor speed is 9.6
RPM in all cases.

Fig. 2(a) shows the averaged CFD flow field after the wind turbine
rotor (no tower or nacelle), when using a constant velocity profile Vin =

11.4 m/s (rated wind speed) as input for the inlet boundary. We name
this case ’Rotor-Rated’. Shown in Fig. 2(b) is also the averaged flow field
for the rated wind speed, but the difference from Fig. 2(a) is that the
whole wind turbine including the rotor, tower and nacelle is simulated
in CFD. We name this case as ‘Turbine-Rated’. Shown in Fig. 2(c) is the
case ‘Turbine-Cutout’, where CFD is run with constant inflow Vin = 24 m/
s (near cutout wind speed, with pitch angle increased to 22.27 deg).

The noise source spectrum SPWL(f) for the 10-MW DTU wind tur-
bine, obtained by the Brooks, Pope and Marcolini (BMP) method, is
shown in Fig. 3, for the rated and cut-out conditions. The distinct con-
tributions to SPWL(f) include turbulent boundary layer trailing edge
noise (TBLTE, including contributions from the pressure side and suc-
tion side of airfoil surfaces), separation noise, laminar boundary layer
vortex shedding noise (LBLVS), tip noise, trailing edge bluntness noise
(TEBLUNT), and inflow noise. There are notable differences in trailing
edge noise that affect the overall spectra. In the rated case, the maximum
SPWL can be found for a frequency of f = 315 Hz, while for cut-out
conditions, the maximum is found at lower frequencies near f = 30
Hz, which is related to the change in the angle of attachment along the
blades. The tow spectra will be used to feed the propagation solver, and
the resulting propagations will be analyzed later.

To capture thermal effects on wind-turbine noise, one can either
perform costly ABL-resolved CFD under neutral, stable or convective
stratification—and then compute acoustics in the resulting wakes—or
adopt a “decoupled” strategy, using a neutral-ABL flow field and
embedding temperature only via a height-dependent sound speed in a
parabolic-equation solver. Full stratified CFD is the most physically
complete, since it naturally includes buoyancy-driven changes in shear,
turbulence and wake recovery. However, numerous studies have shown
that the decoupled method delivers accurate, computationally efficient
predictions: Lee etc. [23] demonstrated that this decoupled method,
when supplied with a neutral wake profile and an effective sound speed,
can predict far-field noise levels within a few decibels of more
comprehensive models. Colas et al. [33] compared a linearized Euler
solver to several parabolic-equation formulations and found that PE
methods—with temperature entering solely via sound-speed gra-
dients—reproduce broadband noise predictions over both flat and

Fig. 3. The sound power level of the DTU-10-MW wind turbine.

Fig. 4. Initial effective sound speed c (m/s) profile vs height Z (m).

Z. Sun et al.
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Fig. 5. The contour of RSPLD calculated by PE simulations at f = 315 Hz.
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complex terrain almost identically to the Euler approach. Nyborg et al.
[43] further showed, through an inter-model comparison of PE tech-
niques, that wind and temperature effects can be efficiently captured by
simply adjusting the sound-speed profile, with inter-method

discrepancies generally under 2 dB. Meanwhile, Evans & Cooper [44]
highlighted how different meteorological conditions (neutral, stable,
convective) influence measured noise levels, underscoring that a
neutral-flow assumption may miss extreme refraction effects under
strong stratification. In practice, then, full stratified CFD is essential for
high-precision or extreme-case studies, while the decoupled
neutral-flow plus temperature-dependent sound speed approach offers a
fast, and qualitatively reliable approximation for most applications.

Under the above simplified assumptions, the possible upward and
downward refraction atmosphere is approximated by setting the vertical
distribution of the initial effective sound speed cini(z) using Eq. (8). The
reason why we use Eq. (8) is as follows. The difference between cini(z)
and the reference sound speed c0 (340 m/s in this paper) contains two
initial parts. The first part is caused by the variation of the horizontal
velocity v1(z) with height at the left boundary, which represents the

Fig. 5. (continued).

Table 1
Six different approximate atmospheric conditions for sound propagation.

Case Name Atmosphere Condition Considering Wake

CaseA Homogeneous, with b = 0 m/s No.
CaseB Homogeneous with b = 0 m/s wind turbine wake
CaseC Strong downward refraction, with b = 2 m/s wind turbine wake
CaseD Strong upward refraction, with b = − 2 m/s wind turbine wake
CaseE Weak Downward Refraction, with b = 1 m/s wind turbine wake
CaseF Weak upward refraction, with b = − 1 m/s wind turbine wake

Fig. 6. The distribution of RSPLD along a horizontal line Z = 2 m.

Z. Sun et al.
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CFD inlet boundary under the atmosphere boundary layer (ABL). As a
constant profile is used at the CFD inlet boundary, the proper vertical
distribution of v1(z) at the inlet is different from reality. The normal
distribution of the distribution of v1(z) under different ABL conditions
can be referred to work [45], which is approximated here by the term ln
(Z/Z0 + 1). Therefore, ln (Z/Z0 + 1) accounts for the effects of the ABL
inlet boundary on cini(z). The second part is caused by the vertical
temperature profile, which can also be treated as proportional to ln
(Z/Z0+ 1). As a result, both the ABL inlet boundary and the temperature
profile are considered in the initial effective sound speed following the
initiation of the acoustic force.

cini(z) = c0 + b ln (Z / Z0 + 1), (8)

In the rest of this paper, the reference sound speed c0 = 340 m/s, the
roughness height Z0 = 0.05 m and the shape factor of the sound speed
profile b = 0, 2, − 2, 1, − 1 m/s will be used. It should be mentioned that
the initial effective sound speed cini, is different with the effective sound
speed ceff that will be used in the whole PE domain. To obtain the
effective sound speed ceff distribution inside the 2D PE domain, the
horizontal velocity in the 2D CFD flow field will be added to cini. In other
words, within the computational domain, ceff is the summation of cini and
the flow speed from the CFD simulation. As shown in Fig. 4, the five

initial effective sound profiles represent a homogeneous atmosphere (b
= 0m/s), a heavy downward refraction atmosphere (b= 2 m/s), a heavy
upward refraction (b = − 2 m/s), a slight downward refraction atmo-
sphere (b = 1 m/s) and a slight upward refraction (b = − 1 m/s).). The
strong refraction atmosphere with b= 2m/s and b= − 2m/smay be rare
in the real world but are included to present a wider range of possible
sound propagation scenarios.

3.2. Wind turbine noise propagation at rated wind speed

As shown in Fig. 1, the noise sources are concentrated in a point
located on the left boundary X = 0 m, and at hub height Z = Zhub = 119
m. According to the noise source spectrum illustrated in Fig. 3, the
maximum sound power level for the rated winds occurs at around f =
315 Hz, which is chosen to show the results of the PE simulations. In
Fig. 5, the distributions of RSPLD under six different conditions are
depicted with the unit of color bar in dB. The six cases are different
combinations of atmosphere and wake condition, as listed in Table 1.
They all have flat ground treated as grasslands with flow resistivity σ =

200 kPa s m− 2.
It should be noted that the Rotor-rated wake (without tower or na-

celle), shown in Fig. 2(a), is the input for the PE simulations, in this

Fig. 7. Sound pressure level spectrum at four receivers at height Z = 2 m: (a) receiver at X = 225m; (b) X = 800m; (c) X = 1200m; (d) X = 1700m.
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Fig. 8. The contour of RSPLD calculated by PE simulations at f = 315 Hz.
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section. In the next sections, the Turbine-Rated wake (with tower and
nacelle), will be the input to the PE simulations. For CaseA in Fig. 5 (a),
the propagation of the noise is mainly controlled by the direct sound
wave and the reflected sound wave by the ground. For the other cases,
the wake velocity from Fig. 2(a) is considered as the effective sound
speed. As shown in Fig. 5(b–f), the RSPLD distribution is obviously more
intricate than that of CaseA, which shows the effects of wake flow. As
shown in Fig. 5 (b), the RSPLD contours of CaseB are almost symmetric
with respect to the horizontal line dividing the hub height. For CaseD in
Fig. 5(d), with a strong upward refraction b = − 2 m/s, a quieter zone (X
> 600 m) is observed near the ground. In the range of 1200 m < X <

1400 m, CaseF is obviously noisier than the other cases.
To investigate the impact of the propagated noise on humans, we

focus on RSPLD (or ΔL) at Z = 2 m for different conditions, as repre-
sented in Fig. 6(a) for a single frequency of f= 315Hz and in Fig. 6(b) for
multiple frequencies. If one wants to observe the total performance over
multi frequencies, the variable ΔLtot can be obtained through a loga-
rithmic average over all frequencies:

ΔLtot= 10 log

(
∑25

i=1

10ΔL(fci)/10

25

)

, (9)

here, we take all frequencies into account: a total of 25 center fre-
quencies from fc1 = 20 Hz to fc25 = 5000 Hz in the l/3-octave bands. As
seen in Fig. 6(b), there is no obvious deviation from CaseA (without
wake) and the other five cases in the range of X < 250 m. In the range
500 m < X < 800 m, where there might be residences, CaseA un-
derestimates ΔLtot than others except CaseC. The maximum underesti-
mate is 0–5 dB. Additionally, in the range of 1100 m < X < 1600 m,
CaseA predicts larger ΔLtot than other cases (except CaseF).

The sound pressure level spectra SPL(f) can be calculated using Eq.
(7) at four receivers, which are compared in Fig. 7 by a 1/3-octave band.
It should be noted that the third term of Eq. (7), the air absorption term
α(f)D, is calculated according to ISO 9613-1 [46], with a relative hu-
midity of 80 % and temperature of 10 ◦C. The fourth term ΔL is calcu-
lated by the PE simulation. As the air absorption term is much larger
than the other terms at f > 5000 Hz, the PE simulation is conducted at a
maximum frequency of 5000 Hz. The label ISO in Fig. 7 is calculated
according to the ISO-9613-2 standard [47] following

SPLISO(f) = SPWL (f) - 10log10(4πD2) - α(f)D - Agr(f). (10)

The first, second and third terms are the same as in Eq. (7) while the
last term accounts for the ground effect as detailed in the ISO-9613-2,

Fig. 9. The distribution of RSPLD along a horizontal line Z = 2 m.

Fig. 10. Horizontal velocity v1 along different vertical lines downstream.
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Fig. 11. The contour of RSPLD at f = 315 Hz, noise source at Zup.
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Fig. 12. The contour of RSPLD at f = 315 Hz, noise source at Zdown.
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which considers ground reflections as

Agr(f) = As(f) + Ar(f) + Am(f). (11)

Three attenuation factors can be defined: the source region attenu-
ation As(f) for the source region, the attenuation Ar(f) for the receiver
region, and the attenuation Am(f) for the middle region between the
source and the receiver. These three factors are frequency-dependent
and are calculated using the expressions provided in Ref. [47]. For the
sake of brevity, these equations are not repeated here. However, they
require the definition of ground factors as follows: Gs = 1 (to represent
porous ground near source region), the ground factor Gr = 0.6 (to
represent porous-hard mixed ground near receiver region) and the
ground factor Gm = 0.6 (to represent porous-hard mixed ground in the
middle region). First, the difference between the two black lines is
caused by the air absorption term α(f)D. It is obvious that this term is
negligible for small frequencies, but it cannot be neglected for far lo-
cations, especially at high frequencies. Second, the spectrum SPL(f) of
CaseA to CaseF are much more complicated than the ISO-9613-2
method, which is the easiest way to calculate the propagation of noise

in engineering usage. At receiver X= 225 m and receiver X= 800 m, the
lines of CaseA to CaseF show a similar variation. With the further in-
crease of the distance to X = 1200 m and X = 1700 m, the similarity
between lines disappears and the low-frequency part has a greater
contribution to the spectrum.

3.3. Wind turbine noise propagation at the rated wind speed: effect of the
tower and nacelle

In this section, we include the tower and nacelle. Different from
Section 3.2, the turbine-rated wake, shown in Fig. 2(b), is the input to
the PE simulations. CaseA is not shown in Fig. 8, as it is the same as
CaseA in Fig. 5. It is obvious that noisy red bands are seen in Fig. 8,
which emit from the noise source and strike the ground at around X =

800 m. For CaseD in Fig. 8(d), with a strong upward refraction b = − 2
m/s, a quieter zone (X > 600 m) is observed near the ground. The
downward bending of the noisy red band does not ‘touch’ the ground,
due to the strong upward refraction atmosphere. Weaker atmosphere
refraction is considered in CaseE and CaseF, compared with that in

Fig. 13. The distribution of RSPLD along a horizontal line Z = 2 m, noise source at Zup.

Fig. 14. The distribution of RSPLD along a horizontal line Z = 2 m, noise source at Zdown.
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CaseC and CaseD. Unexpectedly, upward-refracted CaseF generates a
longer noisy red band near the ground than its downward-refracted
counterpart CaseE. The noisy band coincidentally ’floats’ above the
ground in a larger region 800 m < X < 1200 m. If the upward refraction
is stronger, CaseF will perform like CaseD, where the noisy red band is
heavily curved upward so that it cannot even reach the ground. If the
upward refraction is weaker, CaseF will perform like CaseB. In short,
slightly upward refraction ’coincidentally’ leads to the longest noisy red
band near the ground.

The RSPLD at Z = 2 m are extracted from Fig. 8 and plotted in Fig. 9
for different cases. In the range X > 150 m of Fig. 9(a), the RSPLD of
different cases start to deviate from each other. When X > 700 m, the
RSPLD of CaseA starts to vary linearly with the propagation distance.
This is because CaseA does not consider the effect of wind turbine wake.
The other lines still have peaks and troughs, which are mainly due to the
refraction effect captured by this PE solver. If we compare CaseC and its
counterpart CaseD, the RSPLD of CaseD is generally lower than CaseC
when X> 500 m. This observation aligns with our intuition that upward
refraction results in lower noise levels at distant downstream positions.
Setting b = − 2 m/s in CaseD results in a lower effective sound speed at

higher altitudes, shown in Fig. 4, which leads to up-bending or up-
refracting of sound waves. Interestingly, this phenomenon is reversed
between CaseE and CaseF, where CaseF (under upward refraction) has a
higher noise level compared with its counterpart CaseE when X> 500m.
The higher noise level is in correspondence with Fig. 8(e) for its long-
noisy band near the ground, which has already been discussed in
detail above.

When considering all frequencies far downstream X> 500 m, all five
cases except CaseA start to increase, then reach their maximum at
different locations, and then start to decrease. Their differences increase
abruptly when X > 600 m. These phenomena align with the different
patterns of the noisy band in Fig. 8. The maxima location corresponds
well with the striking ground location of the strong noisy band. In
addition, CaseF obviously has a larger ΔLtot compared to CaseE, which
has been discussed above.

Until now, we have been trying to understand why there are noisy
bands in Fig. 8 that do not appear in Fig. 5. Our initial hypothesis is that
the difference arises from the distinct flow field inputs used in the
parabolic equation (PE) solver. In the previous section, the Rotor-Rated
wake was used as input to the PE solver. In contrast, the current section
uses the Turbine-Rated wake, shown in Fig. 2(b), as the input. To further
investigate this, we compare the two wakes by presenting the horizontal
velocity component v1 along several vertical lines downstream. In
Fig. 10(a), the vertical distribution of the wake deficit is asymmetric
with respect to the height of the hub Z = 119 m. In the height range 200
m < Z < 230 m, corresponding to the boundary layer between the rotor
wake and the free stream flow, the vertical gradient for the wake ve-
locity v1 is large, leading to a downward refraction of sound propaga-
tion. The height range 20 m < Z < 50 m in Fig. 10(a), corresponding to
the increased velocity region caused by the blocking effects of the rotor,
also generates a large vertical gradient for the wake velocity v1, which
leads to upward refraction effects. Similarly, around the height of the
hub Z = 119 m, there is also a vertical gradient of v1, which leads to
upward and downward refractions. These refractions split the contour in
Fig. 5(b–f) into two symmetric parts with respect to the hub height after
X = 200 m.

When considering the wind turbine wake with tower and nacelle
shown in Fig. 10(b), the horizontal velocity profile v1 is less symmetric
compared to that in Fig. 10(a). This loss of symmetry in the wake leads to
less symmetric RSPLD contour in Fig. 8, when compared to Fig. 5. Except
for the refraction effects discussed for the Rotor-Rated wake, the
Turbine-Rated wake has an additional large gradient of v1 caused by
tower wake at X < 50 m (right downstream of the tower). This

Fig. 15. The distribution of RSPLD along a horizontal line Z = 2 m, average
over three heights and multi frequencies.

Fig. 16. Sound pressure level spectrum at two receivers at height Z = 2 m.
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contributes to downward refraction and results in a strong downward
refraction after the tower, which makes Fig. 8 less symmetric compared
with Fig. 5. There are two obvious noisy bands in Fig. 8(b), which reach
the ground around X= 200 m and X= 700 m. The wake of the nacelle is
similar to the wake of the hub, which should be symmetric with respect
to the height line of the hub Z= 119 m. Therefore, the strong gradient of
v1 is mainly due to tower wake rather than nacelle wake. In other words,
the strong downward refraction is mainly caused by the tower wake.

Consequently, the point noise source at the hub will be over-
influenced by the strong gradient of v1 from tower wake. This may
lead to overpredicted downward refraction, because the noise source
concentrate near the blade tip (i.e., typically at 80 % radius [48]).
Therefore, in the next section, we investigate the propagation of sound
with a noise source placed at different heights.

3.4. Wind turbine noise propagation at rated wind speed: effect of the
noise source location

In the above two sections, the noise source is placed at the hub
height. Here, the cases, listed in Table 1, are simulated again with the
noise source placed at two other representative heights, Z = Zup and Z =

Zdown. We use Zup = Zhub + 0.8R and Zdown = Zhub - 0.8R, as the sound
power is concentrated near the tip of the blade [48]. Except for the
height of the noise source, the other parameters are the same as used in

Fig. 17. The RSPLD contour for CaseB (with wake, b = 0 m/s) at f = 315 Hz.

Fig. 18. The distribution of RSPLD along a horizontal line Z = 2 m.
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Section 3.3, where the turbine-rated wake is the input to the PE simu-
lation. The distributions of RSPLD are depicted in Figs. 11 and 12. Due to
limited space for discussion, cases with strong atmospheric refraction (i.
e., b = ±2 m/s) are not included in this section, as such conditions are
rare in real-world scenarios.

Fig. 11(b–d) show that when the noise source is at the top, obvious
noisy bands reach the ground around X = 1600 m. When the source
moves to the bottom, as shown in Fig. 12(b–d), the RSPLD is lower for X
> 600 m. It is found that the noise propagation patterns are different
from those reported in the last section. The two obvious noisy bands,
contacting the ground at around X= 200 m and X= 800 m, disappear in
Figs. 11 and 12. To investigate the influence on humans, we extract the
RSPLD (or ΔL) at Z = 2 m, which is plotted in Figs. 13 and 14. When the
noise source is at the top, as shown in Fig. 13(b), CaseA predicts larger
ΔLtot than other cases in the range 800 m < X < 1400 m. When X >

1400 m, CaseA predict lower ΔLtot. When the noise source is down, as
shown in Fig. 13(b), CaseA predicts a larger ΔLtot compared with other
cases (for the entire range).

To simplify further analyses, we use a logarithmic average, to obtain
a height-averaged ΔLtot, combing the three heights: Fig. 9(b), 13(b) and.

14(b). It should be stated that in Fig. 15, the label of ‘Avg’means that the
data are averaged over three heights of the noise source. CaseA (without
wake input in the PE simulation) is found to be nearly a straight line,
which gives a large underestimation in the range 700 m < X < 900 m
compared to other cases. In this range, Case A yields the lowest levels,
and the cases with wake effects predict higher levels. Furthermore,
CaseA tends to give an overprediction in the range of 1100 m < X <

1600 m. The maximum underestimation and overprediction of CaseA,
compared to other cases with wake, is around 5 dB, which is lower than
in Fig. 9(b) with the noise source in the hub. Since these height-averaged
results are only a simplification of the actual rotating noise source, they
provide only an approximation of the average transient sound pressure
level (SPL). As a result, key transient characteristics are lost, most
notably amplitude modulation (AM), which plays an important role in
human perception. AM originates from the periodic variation in the SPL
during one full rotor revolution, caused by both the cyclic fluctuation in
source strength and the rotating position of the noise source.

We choose two receivers from Fig. 15 to calculate the sound pressure
level spectra SPL(f), using Eq. (7). Additionally, the ISO-9613-2 results
by Eq. (10) is also plotted with noise source at hub height. One is located
at X= 800m, and the other is located at X= 1500m. In Fig. 16, the label
‘Avg’ represents the height-averaged results. And the results from CaseB
with rotor-only wake (not including tower and nacelle wake) is also
plotted for comparison. At the receiver location X = 800 m, most of the
deviation appears when f < 1000 Hz. The ISO-9613-2 method, Case A
and CaseB without tower/nacelle wake significantly underestimate SPLs
in the frequency range 200 Hz < f < 500 Hz, where Case B considering
whole wind turbine wake reaches approximately 40 dB—close to the
lower threshold for wind turbine noise regulations near residences in
many countries [49]. Such an underestimation could lead to an un-
suitable allocation of wind turbines. Thus, to avoid wrong installation of
wind turbines at 4.5 diameter upstream (800 m upstream) of the 10 MW
wind turbine, it is advised to perform PE simulation with the whole wind
turbine wake as input rather than only with the rotor wake. At X = 1500
m, the SPL drops below 30 dB, posing less concern, and the contribution
of low-frequency components becomes more dominant.

3.5. Wind turbine noise propagation at near cut-out wind speed

In this section, we study the wind turbine operating at a near cut-out
wind speed of 24 m/s, with Turbine-Cutout wake input into the PE
simulations. The wake velocity shown in Fig. 2(c) will be the input of the
PE simulations. When the noise source is at different heights, the RSPLD

Fig. 19. Sound pressure level spectrum at two receivers at height Z = 2 m.

Fig. 20. The distribution of RSPLD along a horizontal line Z = 2 m.
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contour of CaseB is shown in Fig. 17. When the noise source is at the top,
Fig. 17(a) shows large differences with CaseB in Fig. 11(b), which is the
rated wind speed and with noise source at the top. Fig. 17(a) resembles
CaseA (without wake). Observing the flow field in Fig. 2(c) for the near
cut-out condition, the velocity is nearly constant when Z > 150 m. This
explains why there is less refraction at Z > 150 m compared to the rated
condition. When the noise source is at the bottom, Fig. 17(c) does not
generate low RSPLD regions, as in Fig. 12(b) at X > 600 m.

Using again use a logarithmic average, to obtain a height-averaged
ΔLtot. Fig. 18 shows the noise at Z = 2 m, where the rated conditions
(from Section 3.4) are also shown for comparison. Let us note that only
the results are shown for b = 0 m/s are shown. We focus on the range
600 m < X < 1000 m, where the wind turbine wake introduces com-
plexities in the SPL. In this range, the SPL is around 40 dB (as in Fig. 19),
which is the lowest threshold of various noise regulations. Compared to
the rated condition, the near cut-out condition has a lower SPL when X
> 600 m.

For completeness, we again choose two receivers from Fig. 18 to
calculate the sound pressure level spectra SPL(f). Let us focus on the blue
lines for near cut-out conditions, as the red lines for rated conditions are
only for reference. The blue lines in Fig. 19 (a) have a similar trend to

those in Fig. 19(b). Most deviations between blue lines happen in the
low frequency range f < 100 Hz. This range contributes the most to the
total SPL. The PE results without wake predict the largest SPL reaching
40 dB, which is the lower threshold of noise regulations. The PE with
wake and ISO-9613-2 method predicts lower SPL. Compared to the rated
condition, the near cut-out condition has a lower SPL in the middle
frequency range around 300 Hz.

3.6. Wind turbine noise propagation under a neutral atmospheric
boundary layer

Finally, in this last section we include a Neutral Atmospheric
Boundary Layer (ABL), to assess the influence of incoming turbulence on
wake development. In Sections 3.2 to 3.5, a continuous inflow velocity
was used to isolate wake development from upstream disturbances. In
this section, the wake resulting from a wind turbine simulation with a
neutral ABL will be the input to the PE simulation. A detailed description
of the neutral ABL can be found in Appendix B, where the flow field can
also be found. We again study the logarithmic height-average ΔLtot.
Fig. 20 shows the sound at Z= 2 m above the ground. Note that only the
results under b = 0 m/s are shown. Comparing Fig. 20 with Fig. 18, they

Fig. 21. Sound pressure level spectrum at two receivers at height Z = 2 m.

Fig. 22. Horizontal velocity v1 along different vertical lines downstream.
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are similar on the trend that the rated condition normally gives a higher
SPL than the near-cut-out condition. The deviations between the red and
blue lines in Fig. 20 are smaller than those in Fig. 18, which shows the
effects of ABL.

We pay particular attention to the downstream distance of 600 m <

X < 800 m, where the wind turbine wake complicates the SPL. Case B,
which incorporates the ABL wake, consistently predicts the highest SPLs.
As shown in Fig. 21(a), the SPL at this location is around 40 dB, near the
lower threshold of some noise regulations. Under the rated condition,
simulations using PE without wake effects, or relying solely on the ISO-
9613-2 method, may underestimate SPL up to 5 dB and lead to inap-
propriate wind turbine sitting. When comparing Fig. 20 (using CFD with
ABL inflow) with Fig. 18 (using CFD with constant inflow), the overall
trends are similar, although the positions of peaks and valleys differ. The
maximum ΔLtot from the PE simulation with constant-inflow CFD is
comparable to that with neutral ABL CFD. As illustrated in Fig. 22(a), the
tower-induced downward refraction under ABL inflow is weaker than
with constant inflow, which is more appropriate for modeling a hub-
height point source. As discussed in Section 3.4 and illustrated in
Fig. 16, PE simulations should use the full turbine wake, including the
tower and nacelle, rather than the rotor wake alone. Feeding the CFD
flow field (with ABL inflow) into the PE model yields a more realistic
prediction of wind turbine noise propagation.

4. Conclusions

This study presents a comprehensive and systematic analysis of long-
range sound propagation from a 10-MW wind turbine, integrating high-
fidelity simulations with parabolic equation modeling to quantify the
influence of tower-nacelle interactions, turbine operating conditions
states, and atmospheric conditions. Key findings and implications are
summarized as follows.

Tower and Nacelle Effects: The inclusion of tower and nacelle ge-
ometries in CFD simulations revealed asymmetric wake structures that
significantly alter noise propagation paths. The downstream velocity
gradients induced by the tower wake amplify downward refraction,
increasing near-ground sound pressure levels (SPL) at 800 m compared
to simulations that neglect these components. The height location of the
source influences its propagation (for the same wake). While the pro-
posed height-averaged SPL offers a simple way to account for rotor
rotation, this simplification may limit the accuracy of the predicted
phenomena. These effects require more detailed analysis and should be
thoroughly investigated in future work.

Atmospheric conditions: Atmospheric conditions profoundly modu-
lated propagation, under weak upward refraction (b = − 1 m/s)
extended noisy regions due to subtle wake-refraction interplay, high-
lighting the sensitivity of SPL to meteorological variability. Simulations
using neutral ABL inflows emphasized the importance of realistic
meteorological data, as ABL turbulence enhanced wake mixing and
reduced refraction extremes from the tower wake.

Operational State Differences: The SPL difference between near cut-
out and rated operation becomes noticeable beyond 600 m. Although
the near cut-out condition produces lower SPL overall, it exhibits
significantly higher levels in the 20–100 Hz band. This is partly because
its noise-generation spectrum is dominated by low-frequency compo-
nents and partly because low-frequency sound experiences less atmo-
spheric attenuation.

Model Validation and Regulatory Implications: Under rated condi-
tion, simulations using PE without wake effects, or relying solely on the
ISO-9613-2 method, may underestimate SPL by up to 5 dB at critical
distances (around 500–1000 m) downstream, where residential areas
could possibly be located. This emphasizes the limitations of simplified
models. SPL underestimations could lead to unsuitable installation of
wind turbines and should be treated with care. The PE framework,
which can consider the whole wind turbine wakes and atmospheric
profiles, provided high accuracy in capturing refraction and ground

effects, advocating its adoption for regulatory compliance and wind
farm planning.

Although this study focused on 2D propagation, future work should
incorporate 3D PE models to resolve lateral wake dispersion and mod-
ulation effects of the amplitude. The point noise source omits directivity
patterns and amplitude modulation associated with blade rotation. This
approach may misrepresent the critical harmonic structures for annoy-
ance assessments. In the future, the 2D PE simulation domain should
follow blade rotation, or 3D PE should be used. The vertical temperature
variation is simplified as a parabolic curve, which can be changed into
real temperature profile test data. Experimental validation using field
measurements under varied meteorological conditions would further
refine the accuracy of the model. Low-frequency noise (<100 Hz)
dominates beyond 1000 m downstream and propagates further with
little air absorption. This phenomenon is beyond the scope of this article
and warrants future study. While the 10 MW wind turbine is chosen as
the object, the conclusion can be referenced for wind turbines of
different size if we scale the contours with respect to the ratio of rotor
size and tower height (e.g. downsize for 5 MW or upscale for 15 MW).
Simulations for different wind turbines can be conducted in the future.
Additionally, extending the framework to wind farm scales could opti-
mize layout designs to minimize cumulative acoustic impact. By
bridging high-order CFD and advanced acoustic propagation models,
this work provides a robust methodology for addressing the environ-
mental challenges of wind energy expansion, ensuring sustainable
integration with residential communities.
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Appendix A. Validation of Mean-Flow Simulations

Large eddy simulations are conducted using Horses3D with actuator line methods. These high-order h/p solvers offer two distinct approaches to
enhance numerical accuracy: h-refinement (increasing the number of mesh elements) and p-refinement (raising the polynomial order within each
element), while traditional low-order methods (like finite-volume methods) can only improve accuracy through h-refinement. The p-refinement
capability is particularly valuable, as higher-order polynomials achieve exponential error decay for smooth solutions, compared to the algebraic decay
achieved by h-refinement in low-order methods. This makes the p-refinement generally more efficient in terms of degree-of-freedom utilization. Note
that using a polynomial order P leads to a formal order of accuracy of P+1. That is, when we perform simulations with order 4, in fact, the order of
convergence is 5 (or comparable to a finite-volume solver of order 5). In this work, we use P4 and P6, which correspond to orders 5 and 7. The base
mesh used in all simulations has a total of 294492 hexahedral elements, and after automatic on-the-fly P-adaptation [50], results in a final number of
11339646, 10980780 and 7481019 degrees of freedom (DOFs) for the considered cases Vin = 10 m/s, 11.4 m/s and 24.0 m/s, respectively, with a
maximum allowed polynomial order of 4. The decrease in the number of DOFs responds to the contraction of the rotor wake as the inflow wind speed
increases, which is effectively detected by the P-adaptation algorithm in Horses3D. The additional validation case with Vin = 10 m/s and a maximum
allowed polynomial order of 6, on the other hand, results in a final number of 28032208 DOFs. Fig. A-1 shows the instantaneous magnitude of the
vorticity vector in the wake of the DTU 10-MW for the rated inflow wind speed Vin = 11.4 m/s and a maximum allowed polynomial order of 4,
depicting how the simulation setup used captures the downstream propagation of the tip vortex and its dissipation further away from the rotor plane.
The volumes in black represent the IBs of the nacelle and tower, downstream of which a shorter wake of higher vorticity magnitude can be observed.

Fig. A-1. The magnitude of the vorticity vector in the wake of the DTU 10-MW simulation at the rated wind inflow speed Vin = 11.4 m/s. Volumes in black represent
the nacelle and tower immersed boundaries.

The instantaneous LES wake velocity and the averaged flow fields are compared in Figs. A-2 and A-3. In Fig. A-2, the horizontal velocity is
normalized by the Vin free stream inflow velocity using 1+(v1 - Vin)/Vin. Note that the vertical and horizontal lines do not correspond to the mesh used
in the CFD but are only grid axes showing positions in the domain. In Fig. A-3, the horizontal velocity along different downstream vertical lines is
compared, where the wind turbine is sketched by a thick black line to show the correct rotor size. The tower position is shown to provide context (it is
not in the right position). A black center line is drawn to show the height of the hub. By comparing Figs. A-2(a) and (b), the average wake is much
smoother, not representing the smallest vortex structures. In Fig. A-3(a), the thick lines (averaged velocity) are close to their counterpart thin lines
(instantaneous velocity). Comparing Figs. A-2(c) and (d), we can see the influence of the maximum polynomial orders (that is, the effective number of
degrees of freedom per mesh element) on the averaged wake field under Vin= 10m/s. In Fig. A-3(b), the influence of the maximum polynomial orders
on wake along different vertical lines is compared. The differences between polynomial order 4 (P4, formal order 5) and 6 (P6, formal order 7) are
small in the wake, so the P4 simulations are retained in what follows. Some differences can be seen after the tower X = 50 m, which is related to the
IBM resolution used to include the shape of the tower, and far downstream (for X> 1200 m), which is related to the coarsening of the mesh in the CFD
simulation far from the turbine. Despite this difference, the overall wake structure is well captured and does not depend on the polynomial used,
showing mesh independence. A more detailed discussion of the choice of polynomial orders when using ALM in Horses3D can be found in Refs. [37,
51], where it has been shown that the use of high polynomials in coarse meshes is advantageous in terms of accuracy and relative cost. The current
assessment of the velocity distributions along these vertical lines can help us understand the noise propagation phenomena discussed in Section 3.

Z. Sun et al.

http://www.upm.es


Renewable Energy 255 (2025) 123842

20

Fig. A-2. Horizontal velocity component downstream of the wind turbine from the CFD simulation. The underlying grid does not represent the CFD mesh and is only
given for reference of the wake length.
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Fig. A-3. The horizontal velocity v1 along different downstream vertical lines: (a) comparing the instantaneous and averaged wake under Vin = 11.4 m/s, Ava means
averaged, Ins means Instantaneous; (b) averaged wake under Vin = 10 m/s wake, P4 and P6 mean the maximum polynomial orders 4 and 6. The tower position is not
correctly placed in the figure and is included to provide context.

Additionally, Fig. A-4 shows the distribution of axial and tangential forces along the blade span for the Vin= 10m/s case that results from the use of
actuator lines in Horses3D with maximum polynomial orders of P4 and P6, compared to those of the equivalent blade-resolved CFD simulation
presented in Ref. [42]. It can be noticed that, under these operating conditions, increasing the maximum allowed polynomial order only results in a
relatively small improvement of the resulting force distributions when compared to those of the blade-resolved simulation, where the small differences
observed near the tip and root of the blade can be attributed to the 3D flow effects that are not so accurately represented when using actuator lines.

Fig. A-4. Comparison between the axial and tangential distributed forces along the blade span for the Vin = 10 m/s case presented by Zahle etc. [42] and those
obtained from the actuator lines in the Horses3D simulations with a maximum allowed polynomial order of P4 (H3D-P4) and P6 (H3D-P6).

Appendix B. CFD Simulations with Neutral ABL and Precursor Simulations

The ABL inlet boundary conditions for wind speed, pressure, density, and temperature are mapped into the CFD solver at simulation runtime from
precursor LES simulations, which is carried out using the NREL SOWFA toolbox [52]. The parameters taken in precursor simulations are based on
those described in Ref. [45] for the neutral ABL case (LMO = ∞), considering an aerodynamic roughness of Z0 = 0.05 m, an approximate boundary
layer height of 500 m, a grid resolution Δx × Δy × Δz of 16 × 10 × 5 m and a domain size Lx × Ly × Lz of 3200 × 1600 × 1000 m. The potential
temperature is constant through the neutral ABL, and the target boundary layer height is obtained by setting the central height of the initial strong
capping layer at 550 m, with a width of 100 m and a potential temperature gradient of 0.003 K/m. The precursor simulation snapshots are obtained
from the center of the domain with time-steps of 0.25 s and 0.1 s for the u(zref) = 11.4 m/s and 24.0 m/s cases, both corresponding to CFLs of slightly
below 0.75. In this case, the reference height zref corresponds to the hub height of 119 m. Both precursor simulations have been run for 20000 s before
starting the generation of snapshots to ensure a fully developed turbulent ABL. Finally, Fig. B-1 depicts the resulting time-averaged horizontal
component of the velocity vector umean, and turbulent intensity TImean profiles with respect to height z for both ABLs. The dashed black lines represent
the minimum andmaximum rotor heights, and the dash-dot black lines represent the reference (hub) height. For completeness, we show in Fig. B-2 the
instantaneous streamwise velocity component in the wake of the turbine obtained for rated and cut-out conditions filed, when using a neutral ABL.
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Fig. B-1ABL mean velocity profiles and turbulent intensity obtained from a precursor simulation and input in Horses3D. Both ABLs for rated and cut-out conditions
are shown.

Fig. B-2. Time-averaged flow fields (over three complete rotor revolutions) of the wind turbine wake under a neutral ABL.
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