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ABSTRACT

This work explores the effect of spacing between co-axially positioned
Horizontal Axis Wind Turbines (HAWTS) on their aerodynamic behavior and
acoustic emissions under uniform inflow conditions. The aerodynamic
simulations employ the Actuator Disk Method (ADM) integrated within an
Unsteady Reynolds-Averaged Navier-Stokes (URANS) framework, utilizing
the standard k-¢ turbulence model to resolve near-wake turbulent structures. For
noise prediction, the Ffowcs Williams-Hawkings (FW-H) acoustic analogy is
applied using the Farassat-1A formulation on a permeable spherical surface
surrounding the rotor to estimate the generated acoustic pressures. These
pressure signals served as input sources for far-field noise computations based
on the Linearized Euler Equations (LEE). The findings demonstrate that wake
interactions significantly influence the downstream turbine's performance and
acoustic output in multiple-turbine arrangements. A multi-objective
optimization process was carried out to achieve a trade-off between energy
production and acoustic emissions, identifying an inter-turbine spacing of 6D as
an optimal configuration. The study also emphasizes the limitations of relying
solely on single-turbine aeroacoustic models for wind farm analysis,
underscoring the necessity of full-scale aeroacoustic evaluation when
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considering wake effects and acoustic interference among turbines.

INTRODUCTION

The growing interest in clean energy has led to a rapid
deployment of wind farms, driven by the pressing need to
mitigate climate change and reduce reliance on fossil
fuels. According to the Global Wind Energy Council
(2024), 2023 was a historic year for wind installation,
where the global wind energy sector achieved a
remarkable installation record, with 117 GW of new
capacity added worldwide. This represents a 50% increase
compared to 2022, highlighting significant growth across
continents, driven predominantly by China, which
accounted for 75 GW (i.e., approximately 65% of the
global additions). However, as wind farms increase, so do
concerns about the noise they produce. The distinctive
tonal and varying characteristics of wind turbine noise
have heightened community concerns, distinguishing it
from other environmental noise sources and bringing
attention to the importance of understanding and
managing its impact on nearby residents. Wind farm noise

remains a controversial subject, and its complexity
increases when coupled with the objective of optimizing
energy production in these installations (Shen et al., 2019).
According to the International Standard 1SO-1996-1
(2016), noise levels in residential areas remain between 35
and 45 dB(A), with higher limits of around 50 dB(A)
considered acceptable in industrial zones. These
guidelines are adaptable, allowing for adjustments to align
with local regulatory standards where applicable.

In wind farm design, optimizing turbine layout is
critical, as the arrangement and spacing of turbines
significantly influence power output, overall annual
energy production, and noise emissions. Turbine spacing
plays a pivotal role in managing wake effects that impact
downstream turbine performance and in controlling noise
emissions that affect surrounding communities. Achieving
an optimal layout requires balancing these competing
factors to enhance energy efficiency while maintaining
environmental compatibility. Much of the existing
research materials primarily focuses on the aerodynamic
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aspects of wind turbines, including detailed studies on
airfoil behavior, aerodynamic forces acting on turbine
blades, and the design of rotor blades for improved
efficiency (Hamlaoui et al., 2024a & b), while numerous
studies have also studied the wake interactions within
wind farms to optimize turbine positioning and
performance from an acrodynamic perspective (Zergane et
al., 2018; Grady et al., 2005; Mittal, 2010 & Rahmani et
al., 2010).

In contrast, the acoustic implications, particularly
wake-induced noise interactions between turbines, have
received less attention. Few studies have adequately
addressed these acoustic aspects, despite the importance
of noise generation in these configurations. Multi-
objective optimization studies that consider both energy
output and noise generation often rely on simplified
models for practical assessments. These models typically
combine aerodynamic wake models with sound
propagation models, such as the widely used ISO 9613-2
(1996) standard, which provides an engineering
framework for estimating sound attenuation during
outdoor propagation. For instance, Kwong et al. (2012)
and Sorkhabi et al. (2016) employ different version of
genetic algorithms to investigate the trade-off between
energy output and noise reduction under various
constraints. In contrast to earlier works that assumed
identical noise sources, later research integrated more
detailed noise generation models, such as Hubbard and
BPM, while some adopted advanced propagation
approaches like the Parabolic Equation (PE) model to
account for atmospheric and terrain effects beyond ISO’s
capabilities (Tingey & Ning, 2017; Cao et al., 2020;
Nyborg et al., 2023).

These study shows how various aerodynamic and
acoustic models significantly influence the accuracy of
wind farms layout optimization. Achieving precise
assessments and predictions of HAWT aerodynamic noise
is crucial aspects before any installation, yet estimating
such flow-induced noise remains a fundamental challenge,
particularly due to the substantial disparities in length and
time scales inherent in the unsteady aerodynamic flow
field and the unsteady acoustic radiation field in
aeroacoustics simulations (Wang et al., 2007). Simulating
such complex flows around wind turbines requires
advanced numerical methods. However, due to the high
computational costs associated with the direct simulations
and the large eddy simulations (LES) of the full rotor,
relying on these methods is typically impractical,
especially for large scale simulation, despite their
acknowledged accuracy. Therefore, HAWT aerodynamic
analysis are often carried out through three primary
models. This includes the standard actuator disk (AD-std)
model, a combination of the blade clement and the
actuator disk concept known as the actuator disk model
(ADM), lastly, the actuator line model (ALM), which
parametrizes the rotor-induced forces as line elements
distributed along each blade (Lin & Porté-Agel, 2022).

In this context, the work of Lin and Porté-Agel (2022)
investigated the application of LES to predict flow
patterns in wind turbine arrays under active yaw control.
Their findings demonstrated that the ADM strikes an

effective balance between computational efficiency and
precision, making it well-suited for simulating wind farm
flows under various conditions, such as partial wake and
active yaw control. Hamlaoui et al., (2021a; 2022)
proposed refined corrections for the stall delay effects to
better predict the performance and near-wake
characteristics of small HAWT operating at low Reynolds
numbers. Their approach involved the development of an
in-house subroutine ADM, referred to as "AD LGMD,"
implemented within the OpenFOAM framework to solve
the three-dimensional Navier-Stokes equations in
cylindrical coordinates. The simulated results aligned well
with experimental data, particularly in terms of wake
structure and the nacelle’s impact on flow characteristics.
Subsequent refinements to the Stall Delay Approach
(SDA) incorporated an empirical correlation to account
for radial variations in the 3D stall angle, derived from
observations of the NREL Phase VI dataset (Hamlaoui et
al., 2024a).

For most HAWT, the Mach number typically remains
well below the compressible threshold (M, < 0.3). This
characteristic allows decoupled modeling approaches,
wherein the assessment of noise sources and their
propagation are conducted independently. The process
involves the computation of local pressure fluctuations
near the blade through a flow solver confined to a limited
area around the rotor. Subsequently, these data serve as
input to a simplified wave propagation model, covering
large regions at less expensive computational cost
(Tadamasa & Zangeneh, 2011).

Kirchhoff approach or the acoustic analogies are an
effectives method for predicting far-field noise
propagation. However, these analytical approaches solve
scalar equations at discrete locations or directions
corresponding to the receivers' positions. Among them,
the Ffowcs Williams—Hawkings (FW-H) acoustic
analogy, which is particularly suitable for modeling noise
generated by HAWT (Farassat, 2007), as it extends
Lighthill’s analogy by accounting for moving boundaries
and incorporates three distinct acoustic sources terms,
allowing for more comprehensive noise prediction from
rotating blades. Additionally, this analogy offers
flexibility in practical applications through porous control
surfaces that allow the flow of mass, momentum, and
energy across boundaries (Luo & Lai, 2006). However,
its assumption of a homogeneous medium overlooks
important factors such as refraction effects and the impact
of mean flow on wave propagation, as its solution relies
on the Green's function of the wave equation in an
unbounded space. To address these limitations, the
Linearized Euler Equations (LEE) provide a more robust
alternative for modeling wave propagation, accounting for
mean flow effect and supporting the existence of obstacle
surfaces, making them a valuable tool for simulating
realistic noise propagation. Their development and
validation remain active areas addressed in numerous studies.

Hybrid computational methods that couple
aerodynamic and acoustic solvers have become
increasingly prominent in aeroacoustics research due to
their ability to compromise accuracy and computational
efficiency. Khelladi et al. (2011) investigated the use of
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the finite volume method with a flow reconstruction via
Moving Least Squares (MLS) approximation. Two
distinct approaches were evaluated: an explicit time
integration scheme for zero-mean reconstruction, and an
implicit time integration scheme for mass-matrix
formulation. The latter demonstrated fifth order accuracy
in predicting wave propagation based on the LEE. Their
tests demonstrated high accuracy and stability in
predicting wave behavior, even with complex geometries.

Kim et al. (2015) applied Dispersion-relation-
preserving finite-difference for solving the LEE,
investigating airfoil geometry’s effect on noise emissions
when subjected to homogeneous and isotropic turbulence.
Through numerical analysis of a symmetric airfoil, they
derived an algebraic expression for the acoustic power
spectrum, which aligned well with their numerical results.
Legendre et al. (2018) adopted a hybrid approach using
the Stochastic Noise Generation and Radiation (SNGR)
method, which synthesizes noise sources to be applied on
the right-hand side of the LEE. This method uses time-
averaged flow fields from RANS simulations to generate
aeroacoustic sources, significantly reducing
computational costs. Colas et al. (2023) Relied on Amiet’s
theory as source model for performing a comparison of
two propagated method, namely: the LEE and the
parabolic equation (PE), and exploring the effect of wind
farm flow on wind turbine noise propagation. Their
findings offer valuable insights into how different
propagation methods influence noise predictions and how
wind farm configurations affect noise levels perceived at
distant locations. Yang et al. (2022) assessed the impact of
non-uniform flow fields on the propagation of helicopter
rotor noise. Using a Hybrid CAA method, the study
couples Computational Fluid Dynamics (CFD)
simulations with Computational Aeroacoustics (CAA)
simulations using LEE. The coupling involves an acoustic
source extraction technique based on pressure and
pressure gradients data to transfer acoustic information
from the CFD domain to the CAA solver. Robin and
Legendre (2002) investigated the noise propagation from
wind turbines under complex environmental conditions.
The study employs the LEE solved using a high-order
adaptive Discontinuous Galerkin (DG) method in the time
domain. A simplified propeller noise model is used to
simulate thickness and loading noise sources, by using a
cloud of rotating point sources applied to the right-hand
side of the mass and momentum conservation equations.

In the light of above discussion, this study adopts a
novel hybrid methodology that integrates CFD and CAA
to accurately predict the HAWT noise generation and
propagation. Separating the aerodynamic computations
from acoustic propagation analysis, allows for the use of
the most appropriate modeling technique at each stage of
the process. This hybrid approach has been validated in
prior studies (Amoura et al., 2022 & 2025) using the
NREL phase VI (National Renewable Energy Laboratory)
HAWT under various operating conditions, establishing
its robustness and versatility. The numerical
computational is established through the integration of
three distinct models. First, the ADM, which integrates
actuator disk concept with blade elements theory, captures
the interaction between the flow and the wind turbine,
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allowing precise calculations of instantaneous turbulent
flow in near field. ADM is widely used in wind turbine
simulations due to its ability to provide an efficient yet
accurate representation of aerodynamic forces while
avoiding the computational expense of full rotor resolved
simulations. Second, the FW-H acoustic analogy is
employed to model the primary sources of aerodynamic
noise generated by the wind turbines. Unlike semi-
empirical models that classify noise sources into inflow
turbulence noise and airfoil self-noise, the permeable FW-
H formulation does not categorize sources in the same
separate manner. Instead, it captures all noise
contributions within the defined control surface, including
monopole, dipole, and even quadrupole sources. This
ensures that all relevant acoustic disturbances generated
by the actuator disk, including wake-induced fluctuations,
are accounted for, making the FW-H analogy a powerful
tool for wind turbine noise analysis. The influence of
different FW-H permeable surface shapes on acoustic
predictions has been further explored in a recent study on
UAV propellers, where various surface geometries were
tested. Broatch et al. (2024) found that cylindrical surfaces
led to higher SPL values at low frequencies due to vortical
structures passing through the bottom cap, while spherical
surfaces provided more consistent and reliable results.
Although FW-H is commonly employed for far-field noise
prediction, its assumptions of free-field propagation
without interaction with environmental factors limit its
applicability in realistic scenarios. So instead of directly
used this analogy for acoustic prediction, the goal was to
develop a method ultimately capable of performing 3D
calculations while accounting for terrain topology, urban
areas, interference phenomenon and mean wind flow
effects. In this context, integrating the FW-H acoustic
analogy as a transitional is particularly advantageous, as it
addresses a key challenge in fluid-acoustic coupling by
providing a practical and efficient means of modeling
acoustic pressure fluctuations. These fluctuations serve as
noise source terms in the LEE, which govern far-field
noise propagation while accommodating complex wave
interactions with mean flow effects and obstacles. By
integrating these models, the proposed approach provides
a novel and computationally efficient solution for wind
turbine noise prediction, offering a well-balanced
framework that maintains accuracy while significantly
reducing computational cost.

Leveraging the proposed hybrid approach, the present
study investigates the influence of separation distances
between multiple HAWT on their aerodynamic
performances and noise generation. The aim is to
determine optimal configurations for multi-turbine layouts
that maximize energy production while minimizing noise
emissions. Additionally, the study assesses the relevance
of modeling an entire wind farm based on a
comprehensive aeroacoustics analysis of an isolated
turbine, exploring how this approach can simplify
modeling without compromising accuracy, especially in
complex configurations where wake effects and wave
interference significantly impact noise propagation.

The present paper begins by describing the various
models employed in the proposed methodology (Sec. 2),
followed by the numerical setup and details of the
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investigation cases (Sec. 3), while Section 4 covers the
simulation results and the finding from the optimization
study. Finally, the conclusions are drawn in Section 5.

2  MATHEMATICAL MODEL

2.1 Aerodynamic Considerations:

The aerodynamic calculations have been carried out
using the ADM under uniform flow conditions; thus, the
axisymmetric formulation of the Navier-Stokes (NS)
equations remains sufficient for the flow field
reproduction around HAWTs rotor by assuming flow
symmetry relative to the rotational axis. This assumption
substantially reduces the computational resources required
while still capturing key flow characteristics around the
HAWT blades. The compressible axisymmetric NS
equations describing the turbulent flow around HAWT
have been expressed as follows:

ap a(pu;) _
act ax; 0 @
Apuy | opwiw)) _ _op 9 oy
ot ox, . ox + ox; (e + pe) ox, +oferi  (2)
aph) | opush) | oGk) | Apusk) _op _ _dai , O(uTiy) 3)
at an at an at aJCj an

In the above equations, u; represents the mean
velocity, and p denotes the pressure, where p and y,
correspond to the dynamic and eddy viscosity,
respectively. The term fp ; refers to the actuator disk body
force acting upon the flow field. The tensor 7;; accounts
for the viscous stresses, and q; denotes the heat flux. The
enthalpy h is defined as the sum of the internal energy and
the pressure-density ratio, expressed as h=e+p/p,
where (e =¢,T) represents the internal energy. For
compressible flows, the fluctuating density is extracted by
linking between the momentum and energy equation
throughout thermodynamic equation of state (p = pRT).

To incorporate the effect of wind turbine blades
within this framework without explicitly resolving their
geometry, the actuator disk method (ADM) is introduced.
In this approach, the rotor is modeled as a permeable
surface over the swept area of the turbine, where a
distributed body force fpr; is applied directly to the
momentum equations. This force represents the
aerodynamic loading exerted by the blades, inducing a
pressure jump across the disk and thereby modifying the
surrounding flow field. Geometrically, the actuator disk is
often represented as a conical surface, where the base
radius is defined by R cosy where R denoting the blades
length and y the conning angle, typically, ranging between
0° and 10° (Masson et al., 2001).

The actuator disk concept is often coupled to the blade
element theory, which estimates the aerodynamic
sectional forces exerted by the HAWT blades, assuming
that the rotor has no radial effect (dF,. = 0) on the flow
field. Consequently, at a given radial position, the
distributed surface forces associated with an infinitesimal
actuator disk element could be segregated into normal and
tangential (dF,, dFy) components. Typical HAWT rotors
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are usually characterized by rotational speed {1, B number
of blades, pitch angle 6,, and local twist and chord (8, ¢)
varying radially from the root to the tip of the rotor blade
respectively.

The aerodynamic forces exerted by the rotor,
expressed per unit blade length, are derived based on the
relative velocity W, defined at each radial station as the
combination of the incoming axial flow and the blade's
rotational motion. This relative velocity is decomposed
into axial and tangential components, from which the flow
angle ¢ is determined. The flow angle is then used to
compute the geometric angle of attack, which in turn
governs the evaluation of the lift and drag coefficients.
These aerodynamic force components are subsequently
projected onto the axial and tangential directions, resulting
in the volume force components (f,) and (fy), which
represent the rotor body forces applied to the flow field
and are directly incorporated into the momentum
equations.

dF, .

f,= div = anmngWZF(Cl cosp+Cysingd)c (4
dF 1 1 .

fg =T:=EZBPW2F(CZS”1¢+C(1 COS¢)C 5)

To address the ADM's assumption of an infinite
number of blades and to incorporate the effects of blade
tip vortices, three distinct Tip Loss Correction Factors
(TLCF) were considered: Glauert (1963), Shen et al.
(2005), and Wimshurst and Willden (2017). These models
are then compared in order to identify the appropriate
predictions. It should be noted that these TLCF share
common formulation with different considerations on the
blade root and tip effect implication. In this context, the

index k corresponds to the axial (Z) and tangential (6)
directions, respectively.

Glauert's approach incorporates both tip and hub
losses (F = Fro0t- Ftip), ensuring that the influence of the
blade root trailing vortices is considered alongside the loss
estimation. The use of the formulation proposed by
Glauert consists on setting the parameter g, to 1 in Eq.4.
Conversely, Wimshurst and Willden (2017), as well as
Shen et al. (2005), focus exclusively on the tip correction
factor, assuming no significant root effects, by setting a
constant root correction factor to F,.,,; = 1.

( F=Froot-Ftip
Fup = 2cos™ [exp (=g f(Rn;)] (6)

Froor = %COS_1 [exp (_gk B(Zi—s—iilu(;b))]

where: g, = exp(—a,(BA— b)) + 0.1

Notably, Shen et al. (2005) propose constant values
for the parameters a;, = 0.125 and b, = 21 for the TLCF,
in both axial and tangential directions, where Wimshurst
and Willden (2017) consider that the loss amount is more
significant in the tangential direction compared to the axial
one. Thus, their model adjusts distinct constants
depending on the assumed direction (a, = 0.1219, b, =
21.526; ag = 0.0984, by = 13.02).
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In addition to the tip loss phenomena, a stall delay
approach was incorporated to account for the 3D influence
of rotational flow. This model delays the onset of flow
separation by calibrating the 2D lift and drag coefficients,
improving the accuracy of aerodynamic performance
predictions, particularly under high wind conditions where
stall effects are predominant. While the turbines analyzed
in the main study do not operate in fully stalled conditions,
the stall delay model was incorporated as part of the
validation process, as detailed in (Amoura et al., 2025).
This validation was conducted on the well-documented
NREL Phase VI wind turbine, leveraging its extensive
experimental dataset across attached, separated, and
stalled flow regimes at wind speeds of 7 m/s, 9 m/s, and
15 m/s, and was compared to the work of Tadamasa &
Zangeneh (2011), using the resulting sound pressure level
spectrum as the primary comparison parameter to ensure
the robustness of the methodology. Among several
correction approaches presented in the literature, the
correction methodology adopted by Hamlaoui et al
(2021a; 2024a) has been chosen in this study due to its
effectiveness on the aerodynamic performance predictions
and flow field reproduction around HAWT rotor
compared to existing models.

G = 1+ fs)Cl,ZD (7)
Cq = ¢ +fd)Cd,2D (€))

where f; and f; are specific functions representing the
changes in the lift and drag coefficients. C;,p and Cy,p
represent the two-dimensional lift and drag coefficients.
The correction approach for these aerodynamic
coefficients, introduced by Hamlaoui et al. (2021a) has
been expressed as follows:

pmelo @) ==) o
fo=an () cos(® (10)

where a, a; and d are constants equal respectively to 1.8,
25 and 9.5, representing the amplitude, the 3D delayed
stall AoA and the controlling peak width. Additionally, the
proposed constants a;, h and n have been set to the values
of 1.2, 1 and 4 respectively.

Finally, the closure of the algebraic system is
accomplished using the two-equation k-¢ turbulence
model, represented by the following expressions:

a(pk) | d(pkuy) _ 3 He) Ok
0 4 2pk) _ 0. [(u L) ax,] + P+ P, + pe 1)

g  Aeewd _ 2 [(u +4) ﬁ] FGEPHGR) - Gps (12)

at ox; o ax;

where P, and P, are respectively, the turbulent kinetic
energy production rate due to the mean velocity shear and
the buoyancy. ¢ represents the turbulent kinetic energy

S k? . . .
dissipation rate, y, = p CH? is the eddy viscosity as
mentioned earlier, and C,, C, and C; are model
coefficients whose values are provided in Tablel. This

turbulence model is widely recognized for its efficiency in
capturing key turbulent flow characteristics in regions
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such as the turbine wake. Considering the aeroacoustics
methodology applied, it provides sufficient details without
overwhelming computational resources, making it
suitable for large-scale simulations involving multiple
wind turbines.

Table 1 k-¢ turbulence model closure coefficients

Model Oy Og Cl CZ C3
Launder & Sharma (1974) | 1.0 | 1.3 | 1.44 | 1.92 | 0.09

2.2 Aeroacoustics Considerations

This section focuses on the formulation of the
aeroacoustics model used to analyze wind turbine noise
generation and its propagation. To achieve this, a hybrid
aeroacoustics approach is adopted, combining the FW-H
acoustic analogy to model the acoustic pressure
fluctuations induced by the actuator disk and the unsteady
flow interactions. These are then used as source terms in
the Linearized Euler Equations (LEE), which simulate far-
field sound propagation in a non-uniform atmospheric
medium, including reflection, refraction, and diffraction
effects, particularly important in complex terrain or
varying atmospheric conditions. This hybrid methodology
ensures that both near-field and far-field acoustic
phenomena are accurately represented, offering a
comprehensive framework for assessing wind turbine
noise under different operating scenarios and spatial
configurations.

2.2.1 Ffowes Williams-Hawkings acoustic analogy

Acoustic analogies are used to describe the
relationship between fluid flow and the acoustic field. The
FW-H acoustic analogy, part of the density-based
category, is a widely used method for predicting noise
generated by turbulent flows, particularly in
aerodynamics. The FW-H acoustic analogy extends
Lighthill's theory by incorporating the influence of
moving surfaces on sound generation. This analogy
involves reformulating the continuity and momentum
equations by identifying pressure or density fluctuations
as the primary acoustic variables, yielding an
inhomogeneous wave equation whose source terms
encapsulate the physical origins of the sound generation.

S =70 = s llpova+ Pl = vI6(N} — - {[Pymi +
pu (it = v)|8(N} + 5 (T H(P) (13)

where p’ represents the sound pressure; p the static fluid
density, and p, the initial fluid density in the quiescent
medium. The implicit function f(x,t) = 0 describes the
boundary integral surface, satisfying Vf(x,t) =f in
which 71 denotes the unite normal vector points towards
the outside of the integral surface. The fluid velocity in the
direction normal to the control surface f = 0 is denoted
by u,,, while v,, denotes the control surface velocity in the
direction normal to the surface. The speed of sound in the
undisturbed medium is indicated by c,. The Heaviside and
the Dirac delta function represented by H(f) and 6(f),
respectively. T;; = p u; w; — oy + (p' — ¢ p') §;; is the
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Lighthill’s stress tensor, while the compressible stress
tensor P;; is represented by p’d;;.

The right-hand member of the FW-H equation can be
interpreted as the addition of three distinct acoustic
sources. The first term is a monopole source occurring on
the moving surface, often referred to as thickness noise
because it is associated with air displacement by the
blade's thickness, resulting in changes in pressure
distribution along the blade surface, which leads to
fluctuations in the boundary layer. The second term
related to an acoustic dipole source generated by
fluctuating forces acting on the blade surface, it is
produced by the interaction between the blades and the
surrounding airflow, particularly during changes in angle
of attack and blade rotation. The final FW-H term can be
interpreted as a quadrupole generated by fluctuating
Reynolds stresses within a volume around the body. This
last term is often neglected because its magnitude is
generally negligible compared to the contributions from
other sources.

In this study, it is important to note that the control
surface f(X,t) =0 is defined as fictitious permeable
spherical surface that encloses the entire wind turbine
along with all associated acoustic sources, capturing the
required flow field information as proposed by Ffowcs
Williams to account for the nonlinearities in the vicinity
of a moving surface, eliminating the need for volume
integration of quadrupoles beyond the data surface. The
resulting acoustic pressure from the permeable FW-H
formulation (Eq.11) is derived using the Green’s function
for the wave equation in an unbounded three-dimensional
domain.

0 ift>t
G(x, t;y, ‘L') = {5(r—t+r/c) if <t

4nr

(14)

where: g =1 —t+71/c, and r = |X — y| is the distance
between the noise source and the receiver. Here (x, t) and
(y, T) are the receiver and the source space-time variables,
respectively. Resulting in integral formulation of Farassat
1A.

amp' (e, 6) = f,_o [0 s 4

r(1-My)? ret
fao|

PolUn er+C(Mr M ))
fabid
f=01r2(1-m,)?2

] ds+2f [r(af}mz] ds +

ret
ds +-= ff 0[

r2(1-My)3
Ly (rity +c(M-M?))

2 — 3
ret r2(1-My)

] ds (15)
ret

where: Uiz(l—p—)v,+& L; = Pjn; + pu; (U, —

v,)and Ly = L;M;. The dot notation over a variable
implies its time derivative with respect to the source time,
which is expressed in term of the retarded time. Subscripts
"r" or "n" denote the dot product of the vector with either
the unit vector in the radiation direction or the unit vector
in the surface normal direction, respectively (Lin & Porté-
Agel, 2022; Brentner & Farassat, 1998). M, = M;7
represent the components of the source’s Mach number

vector in the direction of the observer, where M; = —=

In this study, the control surface is stationary within
the fluid domain, leading to v; = 0; v, = 0 and M,. = 0,
which simplifies the integral formulation.

2.2.2  Linearized Euler Equations

The propagation of wind turbine noise was assessed
through a hybrid acoustic methodology, integrating the
FW-H acoustic analogy with the LEE for enhanced far-
field prediction. This approach enables a clear distinction
between sound generation and propagation phases, where
the acoustic pressure estimated through FW-H analogy is
introduced as a source term within the LEE framework,

rather than the general source term S represented in Eq.14.
Such formulation transcends the assumption of a
homogeneous medium by incorporating all linear
interactions between the aerodynamic flow and the
acoustic field, effectively accounting for refraction effects
and reflections at solid boundaries, which are critical for
understanding noise behavior under varying atmospheric
conditions. Moreover, by considering the perturbation
flow variables to be significantly smaller than the mean
flow components, the nonlinear terms in the Euler
equations can be omitted, resulting in a simplified yet
robust formulation, that can be written as:

S+ P.E@) = S@) (16)

— t
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The vector i denotes the set of unknowns field
variables, specifically the acoustic pressure (p") and the
velocity perturbation components (u;,u;,,u;), while
physical flux F(u) discribe the coupling of these

variables, and the source term S (1) has been adjusted here
to incorporate the acoustic pressure determined by the
FW-H analogy.

3  NUMERICAL MODEL

In the study of noise generation and radiation from
wind turbines, a significant challenge arises due to the
substantial disparity in length scales between the unsteady
aerodynamic flow field and the unsteady radiation
acoustic field. This challenge is addressed using the
methodology presented earlier in Sec. 2 and Sec. 3. This
study examines three main scenarios defined as follows:

e Isolated HAWT: serving as baseline model for
the mesh sensitivity analysis in both CFD and
CAA, as well as for the noise source
parametrization.
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e Two co-axially aligned HAWTs: Employed to
identify the optimal spacing between the first and
the second HAWT arrays, aiming to maximize
power output while minimizing noise emissions.

e Three co-axially aligned HAWTs: Applied to
establish the optimal distance between the second
and third HAWT arrays, with the objective of
generalizing spacing results and assessing the
feasibility of using noise data from an isolated
rotor for aeroacoustics studies across an entire
wind farm.

It should be noted that all simulations were performed
under identical conditions to ensure comparability across
cases.

3.1 Aerodynamic Computations

The proposed methodology consists on ADM
simulations performed by solving the URANS equations,
coupled with the k — ¢ turbulence model. It consists of an
in-house subroutine, designated "AD-LGMD", developed
by Hamlaoui et al., (2021a & 2022), in OpenFOAM
computational framework as a user-defined shared object
library. It is based on Finite Volume (FV) discretization of
3D/axisymmetric Navier-Stokes equations in cylindrical
coordinates. The AD-LGMD subroutine has been
thoroughly validated in previous studies (Hamlaoui, et al.,
2021a; 2021b; 2022; 2024a; Amoura, et al., 2025),
demonstrating its robustness and accuracy in reproducing
the primary aerodynamic characteristics of rotor flows,
thereby confirming its suitability for wind turbine
performance prediction. The numerical simulations have
been conducted on the New Mexico three-bladed 4.5 m
diameter HAWT. The rotor blade is constituted of three
distinct airfoil profiles mounted along the blade span as
follows: The DU91-W2-250 airfoil is applied from 20% to
46% of the blade span, the RIS@-A1-21 airfoil is used
from 54% to 66% where the NACA 64-418 airfoil is
applied from 74% to 100% of the rotor blade span
(Schepers et al., 2012).

The computational domain, as depicted in Fig. 1, used
for the aerodynamic simulations is a wedge with radius of
10R, ensuring a low rotor blockage ratio. The inlet is
positioned at a distance of 9R upstream from the rotor
center where the outlet is located at a distance of 11R in
the downstream direction. Whereas, the addition of
multiple HAWT rotors consist on maintaining the same

wall
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Fig. 2 Aerodynamic computational domain, boundary
conditions, and acoustic pressure data acquisition
location

1

“\. Acoustic pressure sampling
\_points for the second HAWT

inlet and outlet distances from the first and the last rotors
and varying the separation distances between them
according to the simulation case. Moreover, it should be
noticed that the nacelle, with its real geometry, as specified
in Table 1 has been taken into consideration during the
ADM calculations. The computational domain has been
discretized using O-type mesh structure composed of
hexahedral cells over the entire domain and prismatic
elements concentrated near the rotational axis. In order to
ensure accurate predictions in areas with significant flow
gradient variations (in the vicinity of the rotor), refined
mesh regions of 2R, in both the axial and radial directions,
has been defined (see Fig. 2).

Although the Mach number for most HAWT blades
remains well below the compressibility threshold, the
rhoPimpleFoam solver for compressible flows was
employed to address the URANS equations in order to
derive the fluctuating parameters required for modeling
the FH-W term sources. The mesh sensitivity study, as
detailed in Appendix.1, revealed that an actuator elements
of 215 point along the rotor blade span, combined with a
D/64 resolution in both upstream and downstream regions
from the rotor, achieves an optimal balance between
accuracy and computational efficiency, delivering
accurate torque and velocity distribution while keeping
mesh requirements to a minimum (see Fig. 2).

3.2 Aeroacoustics Computations

The dynamic library [libAcoustics, originally
developed by Epikhin et al. (2015), has been integrated
into the OpenFOAM environment to extract acoustic
pressure data at specified observation points using the
integral formulation of the FW-H analogy. The library
functions in conjunction with the basic solvers allows the
estimation of the required flow features utilizing real-time
solution data (Epikhin, 2021). In order to capture
accurately the directional dependencies of sound radiation

[T ] | AL H‘Hi\ UL

i

(@)

(b)

Fig. 1 Mesh Distribution on the Cross-Section of: (a) the Computational Domain Near the HAWT
(b) the Wind Turbine
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fxH=0

Fig. 3 Acoustic Pressure Sampling Points and
Receiver Positions

Table 2 Nacelle and Nose Cone Geometry

Component Description

Nacelle Simplified as cylinder, 1/72 geometry
Length: 250 cm
Radius: 27.5 cm

Nose Cone Simplified as frustum and half sphere,

1/72 geometry
Frustum length: 40 cm
Half sphere radius: 15 cm

and maintain the multipolarity nature of noise sources,
pressure measurements must be acquired at various
locations surrounding the wind turbine, as shown in Fig.
3, which illustrates the placement of pressure sampling
points and receivers. These data points are treated as
discrete point sources serving as inputs to solve the LEE
for far field predictions.

The LEE are subsequently solved using the
Discontinuous Galerkin Finite Element Method, as
implemented in the high-order CAA solver developed by
Khelladi (2024), which supports advanced spatial
discretization schemes. This solver offers multiple
methods for time integration as: the forward Euler method
and the fourth-order Runge-Kutta method. It is also built
based on two types of boundary conditions: slip
boundaries, which prevent acoustic waves from
penetrating the wall, and absorbing boundaries which
prevent reflection by absorbing incident waves.

Furthermore, the solver efficiently handles multiple
acoustic sources simultaneously affecting significantly the

Input 1

¢+ Wind turbine geometry
Wind turbine aerodynamic properties (Cl, Cd)
Operationals Conditions

Input2

Acroacoustic Computational domain
*  Operationals Conditions

computational time. The schematic diagram illustrating
the computational methodology adopted for both
aerodynamic and aeroacoustics study is summarized in Fig,
4.

It should be noted that in order to conduct accurate
aeroacoustics analyses, particular attention must be
provided the aerodynamic noise sources modeling,
encompassing both tonal and broadband components.
generally, The Nyquist sampling theorem requires that the
sampling frequency must be at least twice the highest
frequency of interest to prevent aliasing effects and ensure
proper resolution. To this end, a sampling frequency of 4
kHz was chosen, which is sufficient to capture the most
significant noise components, as these typically occur
below this threshold. The blade passing frequency and its
harmonics, which dominate tonal noise, generally fall
within the range of 1-100 Hz. Additionally, broadband
noise, primarily generated by turbulence and flow
interactions around the rotor blades, spans a wider
frequency range but is most significant in the low to mid-
frequency range.

The CAA simulations have been carried out across
multiple scenarios. For the isolated HAWT case, the
computational domain has been modeled as a disk
concentric with the acoustic sources, while in other cases,
the noise sources have been adjusted to reflect specific
separation distances. The CAA mesh sensitivity study has
been conducted in a 2D free-field environment. The
computational domain has been divided into two regions:
the acoustic domain, representing the air surrounding the
HAWT where sound propagation occurs, and a buffer
zone designed to damp sound waves propagation out of
the physical domain. Surrounding the buffer zone, non-
reflecting boundary conditions were applied to allow the
transmission of outgoing waves without reflection.

A comprehensive mesh sensitivity analysis of the
aeroacoustics simulations was provided in details in the
second part of the Appendix.1 where the temporal term
was computed using the fourth-order Runge-Kutta method
for high fidelity time integration. The findings
demonstrate that an element size of 1 meter achieves a
satisfactory level of accuracy while maintaining
computational efficiency,

AD-LGMD-Openl’oam

libAcoustics-OpenFoam

CFD
Aerodynamic Solver

Output 1
Flow Field Data
Noise Source Noise Sources
Modeling

IFW-H acoustic analogy

|

CAA Qutput 2
Noise propagation Acoustic Filed
DGFEM-Acoustics Noise MAP

Fig. 4 Proposed scheme of the Aeroacoustics Prediction Methodology
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where the overall sound pressure level values exhibit
minimal variation among element sizes of 1.5, 1, and 0.5
meters, suggesting that additional refinement would not
produce substantial improvements.

4  RESULTS AND DISCUSSION

This research examines the impact of spacing
between co-axially aligned New-MEXICO HAWT,
subjected to uniform flow conditions, on their
aerodynamic performances, noise generation and
propagation, aiming to optimize the trade-off between
maximizing energy production and reducing noise
emissions. Simulations have been carried out under
identical operating conditions with an incoming wind
speed of Uy = Upesign = 15m/s, corresponding to the
MEXICO HAWT's optimal operating condition. For this
purpose, the research is structured as follows:

o Firstly, various TLCF have been analyzed to identify
the most appropriate model allowing better
reproduction of the blade loads as well as the flow field
around HAWT rotor. The aerodynamic results were
validated using extensive datasets from experimental
measurements reported in well documented studies
(Boorsma & Schepers, 2014; 2016). Additionally,
noise source parametrization has been performed to
determine the optimal noise sources number required
for accurate reproduction of the HAWT noise. Then,
validation of the aeroacoustics methodology adopted
has been thoroughly conducted on the NREL Phase VI
within prior studies, as detailed in prior research
(Amoura et al., 2025) for further reference.

e Secondly, aeroacoustics analysis of two co-axially
positioned HAWTs has been conducted to determine
the optimum spacing of the second HAWT array.

e A third rotor has been introduced to establish the
optimal spacing between the second and third HAWT
arrays, with the objective of generalizing spacing
recommendations.

o Finally, the study assessed whether noise data from an
isolated rotor could be effectively applied to
aeroacoustics modeling of an entire wind farm.

4.1 Isolated HAWT Case

To identify the appropriate tip loss correction factor
for accurately capturing the aerodynamic performance of
a HAWT, several simulations have been conducted on a
single HAWT using three distinct correction factors
namely: Glauert (1963), Shen et al (2005), and Wimshurst
and Willden (2017). TLCFs are crucial because they
address specific aerodynamic phenomena that occur at the
blade tips, such as the formation of tip vortices and the
resulting spanwise flow, which can alter the local pressure
distribution. Without these corrections, the predicted
forces (torque and thrust) may deviate significantly from
experimental measurements, especially at high tip speeds.

To test the performance of each TLCF, simulations
have been conducted across three different incident wind
speeds, of 10m/s, 15m/s and 24m/s corresponding to tip

speed ratios(1) of 10, 6.67, and 4.17, respectively. The
results, presented in Table 3, reveal distinct variations in
predicted torque and thrust values, which were compared
with experimental data to assess accuracy.

For the lowest wind speed (U, = 10 m/s), Shen’s
correction factor significantly over-predicted torque by
57%, while Glauert’s factor also produced a notable
overestimation (55%). In contrast, Wimshurst and
Willden’s correction factor demonstrated much closer
alignment with the experimental data, showing only a 36%
shift. Regarding thrust, all three factors produced
relatively small deviations, with Wimshurst and Willden’s
factor presenting almost no shift (0.2%), while Shen’s and
Glauert’s factors showed small but more pronounced
differences (1.0% and 12.3%, respectively). At U, =
15m/s, the performance of Shen’s and Glauert’s factors
remained similar, with Shen’s factor overestimating
torque by approximately 13% and Glauert’s by 15%.
However, Wimshurst and Willden’s factor was nearly in
perfect agreement with the experimental results, yielding
a torque shift of only 1.4%. The thrust values showed even
smaller discrepancies across all correction factors,
confirming the robustness of the thrust predictions in this
case. For the highest wind speed (U, = 24m/s), the
results diverged further, with Shen’s factor overestimating
torque by 11%, while Glauert’s prediction was within 2%
of the experimental value. Wimshurst and Willden’s factor
once again yielded the most accurate results, with only a
1.6% shift from the experimental torque value. However,
the thrust was overestimated by all correction factors, with
the largest shift observed for Shen’s factor (15.5%).

The analysis of both axial and tangential forces per
unit span distribution along the blade, depicted in Fig. 5,
further validates these findings. Wimshurst and Willden’s
factor consistently demonstrated superior accuracy across
various wind speeds, which can be attributed to its
enhanced recalibration of Shen’s tip loss correction model.
This approach allows for separate corrections of tangential
and axial forces, thereby improving the accuracy of both
torque and thrust predictions.

For the acoustic analysis, a comparative study has
been conducted to evaluate the convergence of the
proposed method and identify the optimal number of
sampling points required for accurately representing wind
turbine noise generation. This analysis examined the
sensitivity of the noise amplitude to the number of sources,
gathering fluctuating acoustic pressure data around the
wind turbine for five different configurations using the
Frassate 1A formulation. Aerodynamic simulations have
been performed with sets of 4, 8, 16, 48, and 80 sampling
points around an isolated New-MEXICO HAWT
subjected to a wind speed of 15 m/s. These points were
treated as discrete acoustic sources for resolving the LEE
as discussed in section 2.

Given the axisymmetric nature of the ADM, two-
dimensional acoustic simulations were conducted by
duplicating the number of extracted punctual sources, such
that each opposing source pair with respect to the axis of
rotation yields equivalent acoustic pressure responses.
Consequently, acoustic simulations have been carried out

3157



A. Amoura et al. / JAFM, Vol. 19, No. 1, pp. 3149-3169, 2026.

Table 3 Torque and thrust values: comparison of different tip loos correction factors

U=10 m/s; A=10 U=15 m/s; A=6.675 U=24 m/s; \=4.17
Q[Nm] T[N] Q[Nm] T[N] Q[Nm] T[N]
EXP 68 974 316 1663 715 2172
Shen 106.746 983.75 356.775 1659.413 793.264 2508.235
Glauert 105.378 1094.112 363.021 1680.847 730.152 2269.087
Wimshust 92.768 972.072 311.634 1661.652 703.362 2518.373
Shift (%) Shen 56.979 1.001 12.904 0.216 10.983 15.48
Shift (%) Glauert 54.967 12.332 14.8801 1.073 2.119 4.469
Shift (%) Wimshust 36.424 0.1979 1.381646 0.081 1.628 15.947
for various sets of point sources, including 8, 16, 32, 96, wr— T R—=—
and 160 distinct sources. Rt P, Glauort,
400 Shenf, = Wimshurst & Willden 1,
First of all, the Overall Sound Pressure Level (OSPL) 350 Shenf, —.—.-..Wimshurst & Wilden ,

has been evaluated by integrating the Sound Pressure
Level (SPL) over the frequency spectrum measured
downstream of the wind turbine at designated receiver
locations, as outlined in the IEC 61400-11 (2012)
(International standard IEC/TC 88.61400-11 Ed.2, 2012).
The reference distance for this measurement is defined as
the sum of the turbine's rotor radius and tower height, here
estimated as 7.25m. Table 4 presents the OSPL value
derived at this reference distance as a function of the
number of noise sources. Additionally, it includes the shift
value relative to the case whit the highest number of noise
sources (Eq. 20). Results indicate that using 32 noise
sources provides a balanced trade-off between
computational cost and accuracy, with minimal
improvements in accuracy observed beyond this number
of acoustic sources.

fsnipe (D =

OSPL(i)—0SPL(160)

OSPL(i) *100

17)

Table 4 Overall sound pressure level value derived
downstream a single HAWT at the reference distance

Sources number 8 16 32 96 160
OSPL [dB] 70.74 | 72.92 | 78.42 | 80.03 | 79.3
fsnife (%) 12.1 8.75 1.12 0.91 /

The Sound Power Level (SWL) has been estimated

based on OSPL measurements taken from various
equidistant positions surrounding the wind turbine,
according to the international standard ISO 3744
(International Standard ISO 3744, 2010). These positions
were selected sufficient distance from the wind turbine,
allowing the propagated wave to behave as a plane wave
and enabling the use of the following formulation:
SWL =10 log [% N 1001 OSPLi] — K, — K, +101log (i) (18)
where: N is the number of receptors, K; the background
noise correction and K, represent the test environment
correction, s, is a reference area taken as s, = 1 m?. In
this study, both K;and K, are set to zero as experimental
corrections are not applied in our case.
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Fig. 5 Axial and tangential forces per unit span
distribution for different tip speed ratios (a) 1 =10,
(b) 1=6.67,(c) 1=4.17

For further accuracy, the OSPL measurement
positions were consistently maintained at a distance of 50
meters relative to the domain’s geometric center for all
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configurations. Moreover, alongside with the Average
Sound Pressure Level (ASPL), Table 5 illustrates the SWL
estimated from OSPL measurements taken at this distance
around the wind turbine. The results revealed minimal
discrepancies across different configurations, suggesting
that increasing the number of sources had a limited impact
on overall noise levels. Therefore, the configuration with
32 sources has been selected as the optimal setup for
further simulations.

Table 5 ASPL and SWL of a Single HAWT as a
Function of Noise Source Number

Sources 8 16 32 96 160
number
ASPL [dB] | 70.44 | 70.11 | 72.88 | 74.45 | 73.94
SWL[dB] | 115.41 | 115.08 | 117.85 | 119.42 | 118.91

In addition to assessing these sound levels, it is critical
to evaluate the directional characteristics of the emitted
noise. Wind turbine noise is often exhibiting a non-
uniform diffusion pattern, strongly influenced by
directional proportionality, which impacts noise
perception at different positions around the wind turbine.
To capture this directional behavior, OSPL measurements
were taken at equidistant points surrounding the turbine,
at a distance twice the reference distance. This choice was
made to mitigate attenuation effects caused by geometric
divergence while ensuring sufficient wave propagation for
reliable assessment, providing a comprehensive view of
noise radiation across different directions. The results,
shown in Fig. 6, clearly illustrate the anisotropic
distribution of the overall sound pressure levels around the
HAWT. The polar plot reveals a distinct dipolar pattern,
characterized by two pronounced lobes of elevated noise
levels observed primarily in the upwind and downwind
directions, coinciding with the turbine's rotational axis.
Conversely, significantly lower noise levels are detected
in the perpendicular direction, reflecting the inherently
directional nature of wind turbine noise emissions. This
anisotropic distribution suggests that the noise intensity is
not only a function of the turbine's operational parameters,
such as rotational speed and blade design, but also heavily
dependent on the receiver's relative position with respect
to the turbine, revealing the importance of the directional
analysis for understanding the environmental impact of
wind turbine noise.
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Fig. 6 OSPL Directivity recorded at a spacing of twice
the reference distance from the wind turbine

4.2 Tow Co-axially Positioned HAWT Case

In order to investigate the effects of separation
distance on noise generation between two aligned HAWT,
a series of simulations have been conducted. These
simulations explored various turbine configurations,
focusing on how spacing influences aerodynamic
performances and noise generation. Noise sources were
modulated and analyzed around each turbine to evaluate
the specific contribution to the total noise emitted. Three
separate acoustic simulations were conducted for each
configuration, focusing on the propagation of wind turbine
noise. The first two scenarios simulate the noise generated
by the first and second HAWTs individually, while the
third scenario models the case where both turbines operate
simultaneously. To ensure consistency, the receiver
positions were kept the same across all scenarios, as
described in Section 4.1. Sound pressure levels were
measured at a distance of 50 meters from the origin of the
domain (Fig. 7), providing a standardized baseline for
comparison.

Receivers Positions

Upsiream Rotor

od- Spacing Distance I

Downstream Rotor |

60

Y

Z X
120 1
-120 -60 0 80 120

Fig. 7 Acoustics’s Computational Domain

Wind turbines naturally create wake regions of
turbulent airflow downstream of the rotor blades, which
contain vortices and turbulence that significantly impact
both the aecrodynamic and acoustic performance of nearby
turbines. For aligned turbines, the wake from an upstream
turbine disrupts the airflow around the downstream
turbine, reducing its aerodynamic power generation while
also altering its acoustic signature and impacting noise
emitted. Additionally, sound waves from multiple turbines
can overlap, resulting in either constructive or destructive
interference depending on their relative phases, which is
strongly influenced by the separation distance. When
turbines are closely spaced, their acoustic fields can either
reinforce or cancel each other, leading to variations in
noise levels. If the separation distance varies along a
straight line, the interference pattern often exhibits
periodicity. This periodic behavior means that certain
distances lead to amplified noise levels due to constructive
interference, while others result in reduced noise due to
destructive interference.
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In the present study, the aerodynamic and
aeroacoustics performances of both wind turbine rotors,
were assessed through the power output and the
corresponding SWL, which were analyzed across varying
separation distances. The results demonstrate a clear
correlation between spacing distance and both
aerodynamic efficiency and noise generation, particularly
for the downstream turbine.

The power loss, as defined in Eq. 22, decreased from
0.687 at a separation distance of 3D to 0.446 at 8D,
reflecting a considerable gain in energy captured by the
downstream rotor. Unfortunately, this improvement in
power output is accompanied by a notable increase in
noise generated by the downstream turbine, as indicated in
Table 6, where the SWL rose from 111.47 dB at 3D to
117.48 dB at 8D. This rise can be attributed to the
enhanced flow-rotor interaction in the wake recovery
zone, which amplifies noise levels as the flow velocity
increased, underscoring the direct relationship between
wake recovery and noise emission.

C _ ‘p upstreamRotor ~CP downstreamRotor

D loss
Cp upstreamRotor

(19)

Table 6 Power delivered and SWL for each HAWT as
a function of spacing distance

Upstream Rotor Downstream Rotor

. Power
Spacmg Power SWL Power SWL Loss
Distance | [W] [dB] [W] [dB] rate
3D 13306.6 | 124.03 | 4164.39 | 111.47 | 0.687
4D 13389.48 | 121.37 | 4989.22 | 109.43 | 0.627
5D 13746.74 | 122.71 | 5948.76 | 112.81 | 0.567
6D 13742.21 | 123.34 | 6537.65 | 115.78 | 0.524
7D 13737.17 | 121.84 | 6993.32 | 110.85 | 0.491
8D 13737.6 121.6 76104 | 117.48 | 0.446

The axial velocity distribution illustrated in Fig. 8,
further highlights the impact of wake recovery on
downstream performance. At shorter distances, such as 3D
and 4D, the downstream turbine operates in a highly
disrupted flow region, characterized by significant
velocity deficits that limit aerodynamic interactions,
reducing both power output and noise generation. As the
spacing increases to 6D or 7D, the wake recovery is more
complete, resulting in a smoother and higher incoming
flow velocity to the downstream turbine. This enhanced
inflow improves aerodynamic efficiency but also
amplifies noise due to stronger rotor-structure
interactions. This finding highlights the trade-off between
energy efficiency and noise emission, which is particularly
critical for wind farm design, where both performance and
environmental impact must be balanced. Theoretically,
achieving full recovery of the downstream turbine's power
output would require an infinite separation distance (Choi,
2013). However, in practical terms, industry standards
recommend a separation distance of approximately five
times the rotor diameter (5D), as it represents a point
where the wake's strong influence is largely diminished.
This standard is also influenced by the increased costs
associated with energy transition and the need to optimize
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Fig. 8 Axial velocity distribution as a function of
spacing distance obtained at a radial station of
r=1.5m

land use in wind farm layouts.

The noise generation of a downstream wind turbine in
an aligned configuration is also shaped by the turbulent
kinetic energy (TKE) retained in the upstream wake. As
the wake evolves, turbulent structures formed by tip
vortices and shear layers produce fluctuating aerodynamic
forces on the blades, leading to broadband noise through
rapid pressure variations. With increased spacing, this
turbulence progressively decays and becomes more
diffused (see Fig. 9), which can reduce the contribution of
turbulence-induced broadband noise. However, the
concurrent rise in mean inflow velocity continues to
intensify the aerodynamic loading and unsteady rotor—
flow interactions responsible for higher noise levels.
Accordingly, tonal noise components associated with
periodic blade-passing frequencies tend to remain
relatively unaffected by the decay of turbulence intensity.
Therefore, the overall noise at the downstream turbine
results from a complex interplay: while decreasing
turbulence intensity reduces unsteady loading noise, the
enhanced velocity and stronger rotor—flow interaction due
to wake recovery increase aerodynamic noise.

The upstream turbine demonstrated relatively stable
noise levels (SWL), ranging from 121.37 dB to 124.03 dB,
across different spacing distances. This variation suggests
minor interference effects, likely influenced by acoustic
wave interactions with the downstream turbine. The slight
fluctuations in SWL may result from constructive and
destructive interference patterns arising from overlapping
sound waves, though the upstream turbine's noise levels
appear less sensitive to spacing distance compared to the
downstream turbine.

By comparing the cumulative noise levels from the
first two scenarios and the third one, it is evident that the
combined noise levels from both turbines often deviate
from the logarithmic sum of the individual noise levels.
This discrepancy underscores the significant role of the
acoustic interference phenomena in shaping the overall
noise distribution during the wave’s propagation.

Furthermore, the accumulated SPL spectra for
different spacing cases, measured at the same downstream
location, exhibit a consistent spectral behavior across all
cases.
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Sound Pressure Level [dB]

Frequency [Hz]

Fig. 10 Comparison on SPL spectra for different
spacing cases

As depicted in Fig. 10, the tonal peak positions remain
unchanged, indicating that the dominant frequency
components of the noise remain unaffected by the spacing
distance. However, variations in SPL amplitude are
observed, influenced not only by wake recovery but also
by interference effects, which introduce a periodic pattern
in the overall noise levels. The total Sound Power Level
(SWL) values in Table 7 highlight this periodic behavior,
where the SPL does not increase monotonically with
spacing. For instance, while a larger separation generally
enhances wake recovery and increases power output, the
4D spacing case results in a higher SWL than the 5D case,
before rising again at 6D and beyond. This suggests that
constructive and destructive interference between noise
sources plays a crucial role, modulating the overall noise
emissions in a non-linear manner. These findings highlight
the complexity of noise prediction in multi-turbine
configuration, where spacing adjustments may not yield
straightforward noise mitigation. The periodic nature of

Table 7 Total power delivered and noise emitted as a
function of spacing distance

Spacing | a5 | 4y | sp | 6D | 7D | 8D
Distance
Total SWL | 120 | 123. | 123. | 122. | 123. | 124
[dB] 47 o8 | 72| 35 | 43 | 74
Total Power | 174 | 1837 | 196 | 2027 | 2102 | 213
OutpufW] | 71 | 869 | 955 | 9.85 | 1.88 | 48
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these interference effects suggests that wind farm
designers must carefully consider specific spacing
distances to effectively manage and control overall noise
emissions.

The main objective of this study was to reconcile
energy production and noise reduction, by identifying the
optimal operational margin for the system. To achieve
this, a multi-optimization study has been undertaken using
the Particle Swarm Optimization (PSO) algorithm to
determine this ideal separation distance. However, since
the problem involves two competing objectives (power
generation and noise reduction) but only single variable
(turbine separation distance), the outcome naturally forms
a Pareto front, where no single solution fully satisfies both
objectives. In such cases, enhancing one objective
typically leads to compromise the other, preventing a
unique, optimal solution from being identified. To
overcome this challenge, a scalarization approach has
been adopted, simplifying the multi-objective problem by
converting it into a single function. This was achieved by
combining the power coefficient and SWL into a weighted
sum, effectively addressing the trade-offs between
aerodynamic performance and noise generation. This
approach allowed for a more straightforward and practical
solution, eliminating the complexity of multi-objective
optimization while still providing a balanced outcome
between energy production and noise control.

Initially, both parameters were scaled to ensure
comparability, utilizing the standardization method
expressed as follows:

SWlorigineal—meanswir
Standard Derivationsyr,

SWlscaiea = 20)

Powergriginal—meanpower

tandard Derivationpower

Powerscqieq = (21)
Mathematical expressions for the cumulative power
output and total sound power level as functions of spacing
distance were derived from simulation data using
logarithmic and polynomial regressions, respectively:
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Poweryeqiea (%) = 3.9221n (%) - 6.9015 (22)

4 3
SWLgearea (3) = —0.3081 (%) +7.5359 (%) -
X 2 X
67.208 (%) + 258.54(%) - 361811 (23)
These equations have been used to construct the final
objective function, given by:

fubj (%) =w* Powerscaled (%) - (1 - w) * SWLscaled (g) (24‘)

where w is the weighting coefficient that determines the
relative  significance  assigned to  aerodynamic
performance (power output) and noise generation. The
choice of w directly influences the optimization results,
shaping the trade-off between maximizing energy capture
and minimizing acoustic emissions. Figure 11 illustrates
the variation of the objective function across different
turbine spacing distances x/D for different values of w.
The results reveal distinct trends based on the assigned
weighting:

x/D

Fig. 11 Objective function variation of two aligned
HAWTSs versus spacing distance

e For lower values of w (e.g., w = 0.1,0.3), where noise
reduction is prioritized, the objective function reaches
its peak near 6D before declining. This indicates that
beyond this spacing, the aerodynamic benefits of
wake recovery are outweighed by the increasing noise
penalty.

e For moderate values (w = 0.5), which assign equal
importance to power generation and noise mitigation,
the objective function attains its maximum at 6.5D.
However, the difference between 6D and 6.25D
remains minimal, with only a 0.82% drop in power
output and an almost negligible 0.02% increase in
noise levels. Given these minimal variations, 6D is
identified as the most practical choice, ensuring
efficient energy capture while maintaining acceptable
noise levels.

For higher values of w (e.g., w = 0.7,0.9), where
aerodynamic performance takes precedence, the
optimal spacing shifts toward 8D. This reflects the
greater importance assigned to power extraction, as
wider spacing allows for enhanced wake recovery.

However, this gain comes at the cost of increased noise
levels, which are deprioritized in these cases.

The choice of w significantly influences turbine
spacing optimization. While higher values favor
aerodynamic performance, pushing the optimal distance to
8D, an equal weighting (w = 0.5) balances power output
and noise constraints, making 6D the optimal
compromise. This selection ensures efficient energy
production while keeping noise levels within acceptable
limits, offering a practical guideline for wind farm design.

4.3 Three Co-axially Positioned HAWT Case

Having established an optimal separation distance of
6D between two co-axially aligned HAWTs that
effectively reconciles both aerodynamic performance and
noise generation, the next phase involves extending these
findings to a more complex and less favorable scenarios.
The objective is to identify an ideal separation distance for
a wind farm layout that encompasses multiple turbines,
focusing on maintaining both efficiency and minimal
noise impact. A crucial configuration for investigation is
the alignment of three HAWTs, as the additional turbine
introduces new interactions, particularly between the
second and third rotors. These interactions are likely to
influence the overall performance of the wind turbines
array. The aim is to assess whether the previously
determined 6D spacing between the first and second
turbines remains optimal with a third turbine, or if
adjustments are needed to maintain the balance between
power output and noise generation. To address this, a new
study has been conducted in which the 6D separation
distance between the first and second turbines was held
constant, while the distance between the second and third
turbines was varied to assess its impact.

Aerodynamic performance was assessed by
measuring the total power output from all three turbines,
while total noise emissions were quantified using the
cumulative SWL. This consistent approach, in line with
prior analyses, ensures that contributions to both power
and noise from all turbines are comprehensively
accounted for. The results indicate that varying the
spacing between the second and third turbines
significantly impacts the total noise generated, as shown
in Table 8. Both the ASPL and SWL values exhibit a
proportional relationship with the spacing distance. This
finding aligns with the trends seen in the two-turbines
configuration. Positioned furthest downstream, the third
turbine operates within a flow heavily influenced by the
wakes of the upstream turbines, resulting in a minimal
contribution to the total noise compared to the

Table 8 Power delivered and Noise Generated from
Three Aligned HAWT in function of the spacing

distance
Spacing Power ASPL SWL
Distance [W] [dB] [dB]
4D 23797.93 65.57 110.54
5D 24054.59 62.9 107.87
6D 25473.11 66.98 111.96
7D 25633.93 70.82 115.79
8D 25643.9 72.98 117.95
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first two turbines. Notably, the inclusion of the third
turbine led to a significant reduction in total noise
generation across all spacing distances. This reduction is
attributable to destructive interference phenomenon,
which predominantly impacts the noise generated by the
first turbine. However, as the spacing distance increases,
the influence of destructive interference diminishes.
Specifically, the noise level from the upstream turbine, the
primary contributor to overall noise, decreased from 117.8
dB in the single-turbine setup to 114 dB in the final three-
turbine arrangement. These findings indicate that
interference, particularly destructive interference, is the
primary factor influencing noise reduction from the first
turbine, thereby shaping the overall noise profile.

Figure 12, provides a visual comparison of acoustic
wave propagation in a three-turbine configuration under
two spacing scenarios. In the 5D spacing scenario,
destructive interference has more pronounced effect on
noise emission, as evidenced by the diminished amplitude
of acoustic waves propagating outward. In contrast, the
6D spacing scenario exhibits less pronounced destructive
interference, leading to relatively higher acoustic pressure.
In addition, the contours illustrate strong interference
patterns that effectively mitigate noise, particularly
downstream, where the overlap of sound waves
contributes to enhanced noise reduction. It is important to
note that the pressure values presented correspond to
instantaneous acoustic pressure perturbations relative to
the ambient mean pressure; therefore, both positive
(compressive) and negative (rarefactive) values naturally
occur as part of the oscillatory acoustic field.

10e01

|-

]

t

Fig. 12 Instantaneous acoustic pressure
propagation [Pa] of the time domain simulation
at t=2.5s, corresponding to a spacing distance of:

(a) 5D (b) 6D
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01
015
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20001
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Following the same methodology used in previous
configurations to  determine  optimal  spacing,
mathematical expressions for accumulated aerodynamic
power and total noise generation were derived using only
polynomial regression. The resulting equations are as
follows:

PoweTycatea (%) =0.1796 (g)4 — 4.4434 (g)3 +
40.246 (%)2 - 157.11(%) +221.55 (25)

SWeieatea (£) = —01941 (%) + 36795 () -

X

D D

21.901 (g) +40.503 (26)

The optimization results for three co-axially aligned
turbines confirm previous findings that a spacing distance
of 6D remains a robust choice when considering a
balanced trade-off between power generation and noise
mitigation (w = 0.5), as shown in Fig. 13. However, when
noise reduction is prioritized (w = 0.2), the optimal
spacing shifts to 5D, where the influence of wake
interactions helps in dampening acoustic emissions.
Conversely, when power output is the dominant factor
(w = 0.8), the optimal spacing increases to 7.5D - 8D,
where enhanced wake recovery maximizes energy capture
despite higher noise levels. These results indicate that
while 6D serves as a practical reference, the optimal
spacing distance is sensitive to the weighting of noise
versus power efficiency. This refined approach enables
more adaptable wind farm layouts tailored to specific
environmental and regulatory constraints.

05

-0.5

w=02 —=—=—-w=0.8

x/D

Fig. 13 Objective function of three HAWTs as a
function of spacing distance

4.4 Impact of Simplified Noise Modeling on Wind
Farm Acoustic Predictions

In multi-objective optimization of wind farm layouts,
noise sources are commonly modeled using standardized
values provided by the manufacturers, which are based on
a wind turbine's predefined operational conditions. These
studies frequently rely on the ISO 9613-2 (1996) sound
propagation model, an engineering approach for
calculating sound attenuation during outdoor propagation
to predict environmental noise levels at various distances
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from different sources (Kwong et al., 2012 & Nyborg et
al., 2023). This section investigates the feasibility of
modeling an entire wind farm based on the aeroacoustics
analysis of an isolated wind turbine. To explore this, a
comparison between two distinct configurations has been
performed, employing aeroacoustics simulations of
aligned turbines and exploring two approaches of
modeling the acoustic sources. In the first configuration,
acoustic sources were derived from an aerodynamic
simulation of multiple aligned turbines. In the second
configuration, acoustic sources were modeled based on an
aerodynamic simulation of a single isolated HAWT,
applying identical sources across all turbines to streamline
the wind farm modeling process while maintaining
accuracy. Sound pressure levels were averaged across a
set of surrounding sensors to assess the total noise
generated by each configuration. The results, presented in
Table 9, revealed notable differences in the SWL between
these two modeling approaches, especially in three-
turbine configuration. For the two-turbine configuration,
the SWL discrepancy attend the 2.82 dB, reflecting a
moderate yet non negligible difference. This variation
indicates the onset of wake effects influencing acoustic
behavior, though the simplified single-turbine approach
remains reasonably accurate for less complex
configurations. In contrast, when extending the study to a
more complex arrangement involving three aligned
turbines, a more pronounced difference emerged, reaching
16.11 dB. This substantial discrepancy suggests that the
cumulative effect of wake interactions and acoustic wave
interference plays a significant role in the noise profile of
the wind farm. This pronounced divergence underscores
the importance of accurately capturing these effects in
multi-turbine configurations, as simplified single-turbine
models become less reliable as the number of turbines
increases. These findings suggest that detailed simulations
accounting for wake interactions and acoustic wave
behavior are essential for accurate noise predictions in
larger wind farms. Failing to account for these factors may
lead to substantial overestimation of noise emissions, with
potential implications for environmental impact
assessments and compliance with noise regulations.

Table 9 Sound Levels of Multiple Aligned Wind

Turbine
Two Aligned WT Three Aligned WT
Identical Different Identical Different
Sources Sources Sources Sources
SWL 125.17 122.35 128.07 111.96
[dB] . . . .

Therefore, proposing a new aeroacoustics model
capable of precise noise predictions for complex wind
farm configurations becomes critical. For future work, we
aim to gain a deeper understanding of the various factors
influencing noise modeling, with the aim of developing a
simplified yet accurate approach. This approach will
incorporate correlations for the sound power level
predictions as a function of the spacing distance and array
size, accounting for wake effects and wave interference.
Unlike conventional approach that apply identical noise
levels across all turbines, often resulting in substantial

overestimation, this model is commonly used as it
represents the worst-case scenario for noise emissions.

5 CONCLUSION

This study provides significant insights into the
influence of separation distance between co-axially
aligned HAWTSs on their aerodynamic performances and
noise characteristics under uniform flow conditions,
focusing on configurations of two and three turbines, and
introducing a hybrid approach for predicting HAWTs
noise generation and propagation, based on the Linearized
Euler Equations. This approach integrates CFD and CAA
through three distinct models. ADM was applied within
the Unsteady Reynolds-Averaged Navier-Stokes
(URANS) framework for capturing the interactions
between the rotor and the turbulent flow field. The FW-H
analogy further facilitated the coupling of the
aerodynamic and aeroacoustics computations, addressing
key challenges in noise modeling, by employing the
Farassat 1A formulation to estimating the acoustic
pressures data, which are processed through the LEE for
far-field noise prediction. The validity of this approach
was confirmed through comparison with prior research,
demonstrating good agreement between the two sets of
measurements.

Mesh sensitivity analysis and optimization of acoustic
source number required for accurately representing
HAWT noise have been performed on an isolated HAWT,
reaffirming the dipolar nature of its noise emissions. The
study then explored the effect of spacing between two co-
axially aligned HAWTSs. Results highlighted the
substantial impact of wake effects on power output and
noise levels for downstream rotor, as well as the
occurrence of noise interference between both turbines. A
multi-objective optimization study identified a 6D spacing
as ideal for balancing energy efficiency and minimizing
noise emissions. Expanding the analysis to a three-turbine
configuration, while maintaining the optimal 6D spacing
between the first two turbines, revealed that varying the
distance between the second and third HAWT enhances
the destructive interference effect on received noise. These
findings further reinforce the designation of 6D as an
optimal spacing, as it consistently demonstrates its
effectiveness in minimizing noise levels while
maximizing aerodynamic performance in multi-turbine
arrangements. Finally, this research assessed the
feasibility of simplifying wind farm modeling through the
application of aeroacoustics analysis based on a single
isolated turbine. While this approach provides valuable
insights during the early stages of design and analysis,
findings highlight the necessity for more detailed
simulations in configurations with multiple turbines,
where significant wake interactions and acoustic
interference phenomenon necessitate a comprehensive
aeroacoustics assessment of the entire wind farm array to
ensure accurate noise predictions.

Future work will focus on developing a new simplified
noise modeling approach that accounts for variations in
sound power levels as a function of turbine spacing and
array size. This approach aims to enhance both the
accuracy and computational efficiency of noise
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predictions, offering a more comprehensive assessment of
wind farm noise impacts. Additionally, while this study
focused on a simplified case to establish the proposed
methodology, future investigations could incorporate
Atmospheric Boundary Layer (ABL) effects to refine
wake modeling accuracy. Although the influence of ABL
on wake recovery was beyond the scope of this study, its
integration into future models will provide a more realistic
representation of wind turbine interactions and their
acoustic implications.
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APPENDIX A (MESH SENSITIVITY ANALYSIS)

A mesh sensitivity analysis was conducted for a single
HAWT in a compressible steady-state simulations at an
incoming velocity of U, = 15m/s. In alignment with the
approach of Hamlaoui et al. (2021a), the study assessed
the predicted torque values relative to the number of
actuator disk points, and evaluated the accuracy of near-
wake predictions based on the mesh resolution near the
wind turbine. The analysis of the impact of varying
actuator point numbers employed a parameter (Qspire)
defined in Eq.27 as the shift percentage between the torque
achieved with a high number of actuator elements
(Q(N350)), and the torque values from several incremental
counts of actuator elements (Q (Ni)). Figure A. 1 indicates
that beyond 215 actuator points, further increases yield
minimally change in torque value. This suggests that 215
points is a critical threshold for capturing accurate torque
without unnecessary computational expense.

0 nife = 100 * Q(N270)—Q(N;)
shift —

27
Q(N270)

The accuracy of the axial and the radial velocity
components was further assessed at a distance of 0.13R
both upstream and downstream of the rotor, where R
represent the rotor radius. Figures A. 2 and A. 3reveal that
the discrepancies in the radial distribution of both velocity
components become insignificant with a mesh resolution
of D/64, with D is the rotor diameter. Additionally, the
axial distribution represented in Fig. A. 4, are consistent
with the radial profiles, confirming that the mesh
resolution of D/64 effectively captures the flow
characteristics across the rotor plane. It should be
mentioned that the pronounced increase in radial velocity
near the blade tip in the experimental data is primarily
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attributed to the formation and roll-up of intense tip
vortices, which induce localized radial flow acceleration.
In contrast, the actuator disk method employed in this
study imposes a distributed body forces across the rotor
disk and does not resolve individual blade geometries or
discrete vortex structures. Moreover, the inclusion of
TLCF further attenuates the force distribution near the
blade tips, resulting in a smoother radial velocity profile.
While this modeling approach effectively prevents the
overestimation of rotor thrust and power, it inherently
underestimates localized flow features, such as the sharp
peak in radial velocity seen in the experimental
measurements. These findings indicate that a mesh with
215 actuator points and a resolution of D/64 upstream and
downstream of the rotor optimally balances accuracy and

Q shift (%)
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| ; |
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Fig. A. 1 Mesh sensitivity analysis on the optimal grid
point number along the rotor blade


https://doi.org/10.1002/we.153
https://doi.org/https:/doi.org/10.1016/j.renene.2019.05.140
https://doi.org/https:/doi.org/10.1016/j.renene.2019.05.140
https://doi.org/10.1016/j.renene.2015.06.026
https://doi.org/https:/doi.org/10.1016/j.renene.2010.11.036
https://doi.org/https:/doi.org/10.1016/j.renene.2010.11.036
https://doi.org/10.1016/j.renene.2017.07.057
https://doi.org/10.1007/s00791-006-0039-4
https://doi.org/10.1002/we.2106
https://doi.org/10.1177/1475472X221136883
https://doi.org/10.1177/1475472X221136883

A. Amoura et al. / JAFM, Vol. 19, No. 1, pp. 3149-3169, 2026.

14 b4 06 08 12 14

/R /R

(a) (b)
Fig. A. 2 Radial distribution of the (a) axial and (b)
radial velocity components measured upstream of the
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Fig. A. 3 Radial distribution of the (a) axial and (b)
radial velocity components measured downstream of
the rotor at a distance of 0.13R
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Fig. A. 4 Axial distribution of the (a) axial and (b)
radial velocity components obtained at a radial

station of r=1.5m
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computational efficiency, providing precise velocity
distribution with minimal mesh requirements.

Furthermore, a mesh sensitivity study was conducted
to ensure accurate resolution of the aeroacoustics analysis.
The standard approach for meshing an acoustic model
involves selecting element sizes based on the highest
frequency considered, typically requiring the wavelength
to be 7 to 8 times the element size, significantly increasing
the cost of numerical simulations. In this study,
Simulations were performed with varying mesh element
sizes (2, 1.5, 1, and 0.5 meters) to evaluate the influence
of mesh refinement on predicting the OSPL derived
downstream the wind turbine at the reference distance,
alongside with the ASPL at the same distance. The
findings, presented in Table A. 1, indicate that an element
size of 1 meter achieves sufficient accuracy while
maintaining computational efficiency. The OSPL values
exhibit minimal differences between element sizes of 1.5,
1 and 0.5 meters, suggesting that further refinement would
not yield significant improvements.

Table A. 1 Impact of mesh refinement on noise levels
predictions at the reference distance

Elements 249 439 970 4187
number 06 24 03 17
. Eleme
Distan | el 2 | 1s | 1 | o5
ce
[m]
OSPL
[dB] 7.25m 80.4 | 79.9 | 78.4 83.5
ASPL 7.25m 83.5 | 83.6 | 83.5 83.4
[dB] 50m 794 | 779 | 77.7 76.6

APPENDIX B (VALIDATION OF THE HYBRID
PROPOSED APPROACH)

The validation of the proposed hybrid method used in
this study was carried out in prior investigation (Amoura
et al., 2025), focusing on the well-known NREL Phase VI
Horizontal Axis Wind Turbine (HAWT). Simulations
covered attached flow, onset of separation, and fully

800 1000 1200

Fig. B. 1 NREL Phase VI SPL Comparison for Various Configurations: (a) U0 = 7ms, (d) U0 =9m/s, (¢) U0 =
15ms
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stalled conditions, at wind speeds of 7 m/s, 9 m/s, and 15
m/s, respectively. Results were compared to published
data from (Tadamasa & Zangeneh, 2011), focusing on
Sound Pressure Level (SPL) spectra at a downstream
reference point in line with (International standard
IEC/TC 88.61400-11 Ed.2, 2012). The comparison
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demonstrated strong agreement across all operating
regimes. The simulations accurately captured broadband
and tonal noise, including dominant blade passing
frequency components. Minor discrepancies at high
frequencies under fully stalled conditions were likely
attributed to challenges in resolving fine-scale turbulence.



