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Noise levels and amplitude modulation for two interacting wind turbines

The influence of turbine—turbine interactions on sound propagation is investigated
using numerical simulations. Three configurations are examined: turbines aligned
downstream of each other, placed side by side, and arranged in a staggered pattern.
The simulation framework combines large-eddy simulations for aerodynamic interac-
tions, an aeroacoustic source model to simulate turbine sound emission, and parabolic
equation methods for sound propagation. When a second turbine is positioned di-
rectly downstream, wake-induced flow focusing enhances sound pressure levels (SPL)
and amplitude modulation (AM) by several decibels downwind. In side-by-side and
staggered configurations, SPL increases are limited (< 2 dBA), and AM is generally
reduced due to spatial averaging. Distinct AM patterns emerge in regions where
acoustic contributions from both turbines are comparable. For nearly identical rotor
speeds, AM is strongly affected by the angular offset between rotors. When rotor
speeds differ slightly, beating effects occur, resulting in intermittent AM. These find-
ings highlight the sensitivity of AM to rotor dynamics, a key factor influencing sound

perception, with implications for environmental impact and turbine siting.
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I. INTRODUCTION

Noise generated by wind turbines is a critical factor influencing public acceptance of wind
energy. It has also an economical cost, as curtailment plans for noise mitigation result in loss
of electrical production. However, predicting noise production and propagation from wind
turbines remains a challenge. It requires a detailed description of the flow around the tur-

bines, the noise sources themselves, and the propagation of sound through the atmosphere.

During the past decade, significant progress has been made in these various aspects. Flow
fields obtained from computational fluid dynamics simulations are now widely incorporated
into propagation simulations (Barlas et al., 2017a; Heimann et al., 2018), providing more re-
alistic representations than analytical profiles. Advanced source models, including extended
and moving sources, have also been developed (Bresciani et al., 2024; Shen et al., 2022; Tian
and Cotté, 2016). In parallel, several propagation models have been introduced. Wave-based
approaches, based on either the parabolic equation (Kayser et al., 2020; Lee et al., 2016; Ny-
borg et al., 2023a) or the linearized Euler equations (Colas et al., 2024) are the state of the
art for wind turbine noise studies. While they have been restricted to two-dimensional con-
figurations, first simulations using three-dimensional parabolic equations have been recently

reported (Bommidala et al., 2025), although limited to low frequencies.

Most applications in the literature have been devoted to an isolated wind turbine and
few studies have considered noise propagation from multiple turbines. So far, the effects of
successive turbine wakes for a row of aligned wind turbines have been examined by Sun et al.
(2018) using a single point source at the hub. Shen et al. (2019) have illustrated the overall
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sound pressure level for a wind farm of 25 turbines in real complex terrain. Optimization of a
wind farm layout including a noise criterion has been investigated by Nyborg et al. (2023b).
Despite these studies, sound propagation from multiple turbines has not been systematically

examined.

In this study, we address this gap by considering noise propagation from a pair of wind
turbines as a canonical case for multiple wind turbines. Four configurations are considered:
a single isolated turbine as a reference, and a pair of turbines arranged either side by side,

one behind the other, or in a staggered layout.

The paper is organized as follows. In Sec. II, the four configurations and the numerical
methods are introduced. Sec. III presents the mean flow, the source characteristics, and
the propagation effects. Sec. [V details the average sound pressure level and the amplitude

modulation around the wind turbine pair. Finally, concluding remarks are given in Sec. V.

II. SCENARIO AND METHODS

A. Configurations

Four configurations are considered, as illustrated in Fig. 1. First, a baseline case with a
single turbine is simulated (case B). It is then compared with three layouts of wind turbine
pairs: column (case C), line (case L) and staggered (case S) layouts. The turbines are spaced
out by four rotor diameters (480 m) in the x- and y-directions. In the following, index 1
refers to the upstream turbine and index 2 to the downstream turbine, as depicted in Fig. 1.
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FIG. 1. Sketch of the four configurations.

The turbines are all identical and have a hub height 2y, = 90 m. The geometry of the
blades is that proposed in Tian and Cotté (2016), except that the rotor diameter is scaled
up to D = 120 m so that the dimensions of the wind turbines correspond to those of the

5 MW NREL wind turbine (Jonkman et al., 2009).

A stable atmospheric boundary layer (ABL) is considered because it is generally con-
sidered the worst-case scenario for wind turbine sound propagation (Barlas et al., 2018;

Heimann and Englberger, 2018). The stable atmosphere is simulated with a cooling rate

equal to -0.2 K h™!, a roughness length equal to 0.1 m and a friction velocity of 0.6 m s*

to obtain a wind speed at hub height equal to 11.4 m s
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B. Methods

Wind turbine noise propagation requires three elements: a description of the atmospheric

flow, a model for the wind turbine source, and a model for sound propagation.

1. Atmospheric flow

The atmospheric flow is obtained using large-eddy simulations (LES) (Gadde et al., 2021;
Stevens et al., 2014). An actuator disk approach is used to model the wind turbine (Stevens
et al., 2018). The LES is run until a statistical stationary solution is obtained; the mean
flow fields are then determined by time averaging the instantaneous fields over four hours.
For simplicity, while the LES provide spatially-varying temperature fields, we use a constant

temperature and sound speed in the following.

2. Source model

The source model is that developed by Tian and Cotté (2016). Each blade is split into
segments with a sufficiently large span compared to its cord, along which the geometrical and
flow properties are assumed to be constant. Amiet’s theory is then applied to determine the
turbulent inflow noise (TIN) and the trailing edge noise (TEN) due to each segment. TIN
requires a model for the spectrum of the velocity fluctuations in the incoming flow for which
the Kolmogorov spectrum is used as in Mascarenhas et al. (2022). TEN necessitates a model
for the spectrum of wall pressure fluctuations for which the model proposed by Lee and Shum
(2019) is chosen, using the boundary layer properties at the trailing edge determined with
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XFOIL (Drela, 1989). In addition, the LES data in the rotor plane are used to specify the
mean flow velocity and the turbulent dissipation rate, which are required for TIN and TEN
computations. Finally, the source model provides the sound pressure level in the free field,
denoted SPLg(m, B, f), for each blade segment indexed by m as a function of the frequency
f and the rotor angle .

As the flow in the rotor plane is different for each turbine, it is also necessary to specify a
control law that relates the rotational speed of the rotor €2 to the impinging flow. For that,
we use the relation that gives ) from the wind speed at the hub wy,, for the NREL wind
turbine (see Fig. 9-1 in Jonkman et al. (2009)). The corresponding values in the cut-in,

rated and cut-out conditions are indicated in Table I.

TABLE I. Wind turbine control properties from Jonkman et al. (2009).

cut-in rated cut-out

wind speed at the hub 3 m s~ 11.4 ms~! 25 m s~!

rotor speed 6.9 rpm 12.1 rpm O rpm

3. Propagation model

Sound propagation in the atmosphere is determined by solving a parabolic equation (PE)
proposed in Ostashev et al. (2020) that accounts for a moving atmosphere without relying on
an effective sound speed approximation. The results in Colas et al. (2023) have shown that

this PE yields excellent agreement with numerical solutions of the linearized Euler equations
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for a wind turbine in flat terrain. Note that a modified PE that better handles the sound

speed gradients has also been proposed and analyzed in Ostashev et al. (2024).

The propagation simulation is carried out using the Nx2D-PE propagation method:
two-dimensional simulations are performed in vertical planes for several azimuthal angles 7
around each source. This approach provides three-dimensional acoustic fields but neglects
horizontal refraction. The PE is solved using the Crank-Nicolson method with a uniform grid
step set to a tenth of the wavelength. A perfectly matched layer is used as a non-reflecting
boundary condition at the top of the domain. At the ground, an impedance boundary
condition is implemented. The surface impedance is prescribed using the variable porosity
model (Attenborough et al., 2011) with a flow resistivity of 50 kN s m™ and a porosity

1

change rate of 100 m™, representing a grassy ground. In addition, the projection of the

horizontal mean flow velocity in the propagation plane is determined from the LES data.

The sound speed is constant and is set to ¢ = 340 m s7.

The rotor is discretized with an angular step A = 10° and each blade is divided into 8
segments. This yields a total of 288 source positions for each turbine. To reduce the number
of simulations and the computational cost, the approach proposed in Cotté (2019) and used
in Colas et al. (2023) is employed: propagation simulations are only performed for seven
fictive sources distributed at different heights along the rotor centreline. The sound pressure
level relative to the free-field level for each actual source position, denoted AL(m, 53, f), is

then determined from those of the fictive sources using interpolation.

The computational domain around each wind turbine extends 1 km upstream, 4 km

downwind and 3.44 km crosswind. An angular step of 2° is used to discretize the whole
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domain except in the downwind direction (—16° < 7 < 16°) where a 1° angular step is
used. This is done to better account for the wake effect in this direction. The results are
then interpolated onto a uniform Cartesian grid with a grid step of 10 m to facilitate post-
processing in configurations involving multiple wind turbines. The simulations are performed

for a set of frequencies between 50 Hz and 1080 Hz.

4. Chaining methodology

The chaining methodology detailed in Colas et al. (2023) is employed. The flow properties
are used to feed the source and propagation models. The sound pressure levels (SPL) from
the wind turbines are obtained by combining the free-field levels predicted by the source
model with the relative levels determined by the propagation model.

In more details, the SPL due to a given segment is computed with:

SPL(m, 8, f) = SPLg(m, 3, f) + AL(m, 8, f) — a(f) R (1)

with « the atmospheric absorption coefficient computed from SO 9613-1 (1993) and R
the source-receiver distance. To compute the SPL generated by two turbines operating at
different rotor speeds, it is more convenient to work with time-domain signals rather than
angular-domain signals. To do so, we express the SPL as a function of the receiver time,
as done in Mascarenhas et al. (2022). We first note that the time-domain signal is periodic
with period 27/(3€2). Considering a time step At, the SPL due to a blade located at t = 0

at § = 0° is written:
SPL(t, f) = 10log;, (Z 1OSPL(m,ﬁj7f)§m7j7k) 7 (2)
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with ¢, = kAt. The function d,, ; 5 is given by:

1, if TmJ‘ <t < Tm7j+1
Om, j,k = (3)

0, otherwise

where 75, ; is the arrival time at the receiver of the contribution from the segment m at rotor
angle §; = jAB. For simplicity, we assume that the propagation occurs along a straight line

with constant sound speed ¢, = ¢p, leading to:

where R,, ; is the distance from the blade segment to the receiver.

The SPL due to the wind turbine as a function of time is then obtained by logarithmically
summing the time signals of the three blades. The same methodology is applied to compute
the SPL due to two turbines. Finally, the OASPL is obtained by integrating the SPL over
the frequency band of interest. Two quantities of interest are derived from the OASPL:
the average OASPL, denoted OASPL, and the amplitude modulation (AM), defined as the

difference between the maximum and minimum values of the OASPL.

The time step At must be chosen smaller than the minimum value of AS/Q, which is
approximately 0.14 s. In the following, At is set to 0.1 s. We have checked that further
reduction of At yields negligible changes in the average OASPL and AM.
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FIG. 2. Magnitude of the mean flow streamwise velocity at hub height for the four cases: (a) B,

(b) C, (c) L, and (d) S. The rotors of the wind turbines are represented by a thick black line.

III. FLOW, SOURCE, AND PROPAGATION

A. Flow

The mean streamwise velocity wug is shown at hub height for the four configurations in
Fig. 2. For case B in Fig. 2 (a), we observe the wake behind the turbine, which extends
downstream up to several kilometers. For case C in Fig. 2 (b), we note the two wakes
superimposing on each other, creating a stronger velocity deficit behind the second turbine.
For cases L (Fig. 2 (c)) and S (Fig. 2 (d)), the wakes behind each turbine can be distinguished,

without any noticeable wake interaction.
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B. Source

The source model uses as input the profiles of the mean flow velocity and of the turbulent
dissipation rate in the rotor plane of the turbines. These profiles are all nearly identical,
except for turbine C2 which is positioned in the wake of turbine C1. The source model
provides as output the SPL in the free field for each blade segment at every angular position.
From this, we can determine the sound power level in the free field, denoted SWL, and the
overall sound power level integrated over the frequency band of interest, denoted OASWL.
As for the sound pressure level, averaged values of the power levels and associated AM can

then be computed.

Note that the sound powers presented below do not correspond to the actual ones, deter-
mined from the integration of the acoustic field over a surface enclosing the source. Instead,
they are effective powers obtained from a single receiver located downwind. In more detail,
the power levels are computed from the relation SWL = SPLg + 10 log,, (47 R?), where the
sound pressure level in the free field SPLg is evaluated at a downwind receiver sufficiently
far from the turbine and R is the source-receiver distance. This effective power is introduced

to compare sound production by the turbines in the downwind direction.

Figure 3 shows the profiles of the mean streamwise velocity and the turbulent dissipation
rate €y along the rotor centreline for both turbines in case C. The corresponding profiles of
the ABL flow are also plotted as reference. We note for C1 a reduction of the wind speed
at the rotor due to a blockage effect and the increase of the turbulence dissipation rate
at the outer part of the rotor. For C2, as it is positioned in the wake of C1, the profiles
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are significantly different. Along the rotor, the velocity decreases compared to that of C1.
Simultaneously, the turbulent dissipation rate strongly increases, especially at the top of the
rotor.

300

-- inflow — C1 —- C2

200

100

300

200 4

100

FIG. 3. Profile of (a) the streamwise velocity up and (b) the turbulent dissipation rate ¢y along
the rotor centreline for the two wind turbines in case C. The rotor edges are visualized with gray

dotted horizontal lines. The inflow profiles are also represented for reference.

The effects of the different flow profiles on the source model are illustrated in Fig. 4.
Fig. 4 (a) shows the spectrum of the average source power level in the free field SWL
for the wind turbines C1 and C2. The spectrum for C1 is composed of two humps of equal
amplitude, the low-frequency one corresponding to TIN and the high-frequency one to TEN.
The spectrum for C2 shows a global reduction in its amplitude because of the smaller wind
velocity in the rotor plane. The hump at low frequencies has a higher amplitude than that
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at high frequencies, because of the relative increase in TIN due to the increase in turbulent
dissipation rate. The spectrum of amplitude modulation due to the source AMgwr, is plotted
in Fig. 4 (b). It is small for both wind turbines, with values below 0.3 dBA. Note that the
large spatial variations in the profiles for C2 do not lead to a significant increase in AM
associated to the source. As a reminder, these source properties are calculated from a

receiver located downwind. In particular, amplitude modulation is expected to be stronger

in the crosswind direction.

75 - (a)
70 //j—/\

<
M
Z - -—
— /// T T T~
B 65,// \\
n ~
—Cl1—-C2 >~
\N
60 T T T ] T T ]
(b)
=2 04
S
-
g
n
=
<
0 [ —— T T
10? 10°
[ (Hz)

FIG. 4. Spectrum of (a) the average sound power level SWL and (b) the corresponding amplitude

modulation AMgwy, for the two turbines in case C.

For the four configurations, Table II gives the mean flow velocity and the turbulent
dissipation rate at the hub, denoted up,, and €n,,, as well as the rotational speed of the
rotor and the average OASWL of the turbines. These values are almost the same for all
turbines except for C2. Indeed, the mean flow velocity at the hub for C2 is significantly
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TABLE II. Source parameters computed for each wind turbine.

B ¢C1 €2 L1 L2 S1 82

Upup (M s71) 9.00 8.92 4.10 898 9.02 8.92 9.00
enap (M2 573)  0.012 0.012 0.024 0.012 0.012 0.012 0.012
Q (rpm) 10.24 10.15 7.15 10.22 10.26 10.14 10.24

OASWL (dBA) 103.3 103.1 96.0 103.2 103.4 103.0 103.4

smaller, resulting in a lower rotational speed. In addition, the sound power level of C2 is
reduced by more than 7 dBA. Also, the wind speed at the hub differs by less than 0.5 % for
L1 and L2, leading to nearly identical rotor speeds. For S1 and S2, the deviations in wind
speed at hub height are slightly larger, around 0.9 %. Although small, these differences in

rotor speed significantly affect the temporal signals, as discussed in Secs. [V B and [V C.

The mean flow at the hub can differ between the two turbines because of mutual aero-
dynamic interaction. Note also that the mean velocity is obtained by time-averaging the
instantaneous fields. Statistical convergence may have not been fully reached due to large-
scale structures in the ABL. This may also induce difference between the mean flow at the

hub for two turbines.

C. Propagation

This section presents the effect of the mean flow on sound propagation. For clarity, the

analysis is limited to a single source positioned at the turbine hubs.
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FIG. 5. Sound pressure level relative to the free-field level AL averaged over the third-octave band
centered at 1 kHz at z = 2 m for a source at the hub height for the wind turbines: (a) B, (b) C1,
(c) L1, and (d) S1. The black dashed lines correspond to ug(z = 90m) = 10 m s~! and aim at

highlighting the wake regions.

Fig. 5 shows the AL at 2 m height averaged over the third-octave band centered at 1 kHz
for a point source at the hub of turbines B, C1, L1, and S1. The contour lines of the mean

L are overlaid as black dashed lines to indicate the wake

flow streamwise velocity for 10 m s~
regions. Fig. 6 displays the same data in a 3D view to highlight the influence of multiple
wakes on noise amplification at the ground. For case B in Fig 5 (a) and Fig 6 (a) we note

several characteristics of sound propagation in the flow of an isolated wind turbine (Barlas

et al., 2017b; Colas et al., 2024; Heimann et al., 2018). Upwind, a shadow zone is generated
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for x < 800 m with high levels at its boundary. Downwind, an amplification of the sound
levels at the ground is seen in the flow direction (7 = 0°) at x = 3000 m due to wake focusing.
As the propagation angle increases, focusing at the ground moves away, resulting in a V-
shaped amplification zone. Finally, for sufficiently large propagation angles, sound waves
do not cross the wake. Focusing observed at x = 4700 m, independent of the y-direction, is

instead caused by the velocity gradient in the ABL.

The wake superposition in case C has a significant effect on sound propagation downwind,
see Fig. 5 (b). Focusing in the flow direction is stronger and closer to the turbine by 100 m
compared to the baseline case. This is induced by the second wake as shown in Fig 6 (b).
Two focusing zones appear just after the second turbine due to the large velocity gradients
at the top and bottom of the rotor that efficiently redirect sound waves toward the ground.
This is similar to what was shown in Sun et al. (2018). The V-shaped pattern in the AL
field after this initial focusing is still visible and does not seem to be strongly affected by

the second wake.

The second wake also has an effect for layouts L and S, but it is less pronounced. Figs. 5 (c)
and 5 (d) show an increase in AL downstream for propagation directions that intersect the
wake of the second turbine. This effect is more pronounced in case S than in case L. In fact,
the impact of the wake depends not only on the velocity deficit but also on the propagation
angle. Specifically, for a propagation angle 7, considering only the streamwise component of
the mean flow velocity, the wind speed projected onto the propagation direction is ug cos 7.
For a given velocity deficit, the influence of the second wake becomes more significant as 7
approaches zero. Consequently, in case S, as propagation angles intersecting the second wake
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FIG. 6. Sound pressure level relative to the free-field level AL averaged over the third-octave band
centered at 1 kHz for a horizontal plane at 2 m height and a vertical plane at (a, b) 7 = 0° and
(c, d) 7 = 35°. The source is located at the hub of the wind turbines: (a) B, (b) C1, (c¢) L1, and

(d) S1. The color range is the same as in Fig. 5.

are smaller, refraction is stronger. Conversely, in case L, the propagation angles intersecting
the second wake are larger, leading to small variations in the projected wind speed and,
therefore, to reduced refraction effects by the second wake. This is illustrated in Figs. 6 (c)

and 6 (d) where focusing induced by the second wake is more noticeable in case S than in
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case L for the same propagation angle (7 = 35°). In addition, focusing caused by the ABL
velocity gradient at « = 4700 m visible for cases B and C in Figs. 5 (a) and (b) is no longer
observed for y > 2500 m for cases L and S in Figs. 5 (c¢) and (d). Finally, a region of lower

AL is also present just after the second wake in Fig. 6 (d).

To help understand the refraction of sound waves by the flow, ray-tracing simulations
are carried out following Candel (1977) and Scott et al. (2017). The rays are presented in
Fig. 7 for side planes corresponding to those shown in Fig. 6. They are superimposed onto
the projection of the horizontal component of the flow velocity onto the considered plane.
In Fig. 7, r denotes the horizontal distance from the source. For the baseline case B in
Fig 7 (a), we observe focusing induced by the wake. This leads to a high density of rays
close to the ground for 1900 m< r < 2000 m, which corresponds to the increase in AL at
the ground in Fig. 5 (a). Moreover, a caustic starting at 7 = 2000 m and z = 50 m is also

observed and its position coincides with the rise in AL visible in Fig. 6 (a).

For turbine C1 (Fig. 7 (b)), the wake of turbine C2 acts as a converging lens that enhances
focusing. This leads to the formation of a caustic in the wake of C2, with a focal point at
r = 1340 m and z = 78 m, which impacts the ground around r = 1900 m. This explains the

large increase in AL observed at this position in Fig. 6 (b).

The difference between the refraction induced by the second wake for cases L and S is
illustrated in Figs. 7 (c¢) and (d) for 7 = 35°. Since the velocity deficit due to the wake in
the propagation plane is more pronounced in case S than in L, the refraction induced by the
second wake is stronger in the former case.
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FIG. 7. Ray tracing for turbine (a) B and (b) C1 for a propagation angle 7 = 0° and for turbine
(¢) L1 and (d) S1 for 7 = 35°. Rays are superimposed on the projected horizontal flow velocity
field in the propagation plane, while caustics are depicted as black dashed lines. The color range

for the velocity magnitude is the same as in Fig. 2.

The converging lens effect induced by the second wake is clearly visible in case S in

Fig. 7 (d). Bundles of rays passing through the second wake are refracted inward, resulting
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in amplified sound pressure levels. Thus, the rays launched downwards and then reflected
from the ground before crossing the second wake generate a caustic at » = 2150 m and
z =260 m in Fig. 7 (d). Similarly, the region of increased levels visible in Fig. 6 (d) that
intersects the ground at a large distance can be associated with a bundle of rays launched
upwards, then refracted downwards by the ABL velocity gradient, and finally focused due to
the crossing of the second wake. We also observe that the presence of the second wake tends
to shift the caustic associated with the ABL velocity gradient closer to the source: thus,
this caustic is located at the ground level 4.3 km from the source without a second wake,
but 2.9 km in case L and 2.3 km in case S. Finally, the coarser ray density after the second

wake for case S in Fig. 7 (d) is in agreement with the reduced value of AL in Fig. 6 (d).

IV. NOISE FROM THE WIND TURBINE PAIR

A. Statistical results

Using the methodology from Sec. II, the instantaneous OASPL fields are computed from
the results in Sec. III, accounting for the rotation of the wind turbine blades. From these,

the average OASPL and the AM fields are determined.

1. Average sound pressure levels

The OASPL fields at 2 m height are shown in Fig. 8 for the four cases. For the baseline
case B in Fig. 8 (a), we find several characteristics of the noise generated by an isolated

wind turbine, including a dipolar directivity with cross-wind extinction zone, a shadow zone
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FIG. 8. Average overall sound pressure levels OASPL at z = 2 m for the four cases: (a) B, (b) C,

(c) L, and (d) S.

upwind, for z < 400 m, and focusing patterns downwind due to the wake. Fig. 8 (b) shows
the OASPL field for case C with the contributions of the two wind turbines accounted for.
The downstream turbine (C2) contribution is smaller due to the modified inflow conditions
induced by the upstream turbine wake causing a reduction in sound power level (as described
in Sec. 111 B). The upwind shadow zone and crosswind extinction zones of the first turbine
closely resemble those of case B. The crosswind extinction zones of the second turbine are
barely visible due to the contribution of the first turbine that brings significant energy
in these zones. The downwind focusing pattern also shows some differences, with more

pronounced focusing in this case. The amplification at the ground is primarily due to the

22



Noise levels and amplitude modulation for two interacting wind turbines

@ — B,y=1720m
40 =
20
- I I I
(b) I\ A —C,y=1720m
40 N\
< 20 P
=
= ! i T I
g @ AN\ —L,y=1480 m
= 10 / L, y = 1960 m

— S, y=1480m
— S, y=1960 m
/\ N
A
A
* — T T T T
0 1000 2000 3000 4000 5000
z (m)

FIG. 9. Average overall sound pressure levels OASPL at z = 2 m along lines of receivers whose
y-coordinate corresponds to the turbine positions in the four cases: (a) B, (b) C, (c¢) L, and (d) S.
The gray dotted vertical lines correspond to the wind turbine positions. For comparison purposes,

the result for B in (a) is reproduced in (b-d).

first wind turbine emission, which is strongly refracted by the second turbine wake (as shown
in Sec. [I1C). In Figs. 8 (c¢) and (d), cases L and S display downwind focusing patterns that
appear very similar to those obtained from a single wind turbine, in accordance with the

limited interaction between the wakes observed for the mean velocity fields in Fig. 2.
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The OASPL for the different cases is plotted in Fig. 9 along lines of receivers whose y-
coordinate corresponds to the turbine positions at a height of 2 m. For case B in Fig. 9 (a),
we note the overall decrease of the OASPL with distance, with a sharp decrease upwind for
r < 400 m due to the shadow zone. Wake focusing causes bumps in OASPL downwind at

r = 2250 m and 3400 m, with a maximum increase of 3 dBA.

Cases C, L, and S in Figs. 9 (b), (c), and (d), respectively, show an overall increase down-
wind compared to the baseline case B due to the presence of two wind turbines instead of
one. In particular, for case C in Fig. 9 (b), the OASPL rises significantly around = = 1480 m
due the second wind turbine. Again for case C, focusing attributed to the superposition of
the two wakes is visible for 2000 m< x <3500 m with several narrow peaks. Additional sim-
ulations, not shown here for brevity, indicate that increasing the number of fictive sources
in the source model introduces more peaks in the OASPL and fills the gaps between those
in Fig. 9 (b). As a consequence, a continuous increase in OASPL between 4 and 5 dBA is

expected in this region.

For case L in Fig. 9 (c), the curves for y = 1480 m and y = 1960 m, which both correspond
to the location of the turbines, match almost perfectly. The OASPL increase induced by the
wake effect is similar to that of the baseline case. Overall, levels are higher (about 1 dBA)
downwind due to the contributions of both turbines. Finally, for case S in Fig. 9 (d), the
peaks due to the wake also coincide with those of case B but are shifted by 480 m for the
line at y = 1960 m (aligned with turbine S2) because of the turbine position offset. For the
line at y = 1480 m (aligned with S1), the OASPL shows for # > 1480 m an overall increase
by 3 dBA compared to case B, due to the contribution of S2. In particular, the presence of
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S2 mitigates the increase in OASPL due to wake focusing, causing a reduction in the peak

amplitude. Upwind, the shadow zone is consistent across all cases.
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FIG. 10. Difference between the actual OASPL and that obtained using AL of turbine B in the

plane z = 2 m for cases (a) L and (b) S.

To investigate the importance of the second wake on noise prediction, additional simula-
tions are performed for cases S and L using AL computed for turbine B instead of the actual
AL and keeping the same source properties. Fig. 10 shows the difference in OASPL between
those obtained for the actual cases and those for the artificial cases in a plane at 2 m height.
For case L (Fig. 10 (a)), there is an increase of 1-2 dBA induced by the second wake focusing
off the z-axis for £ > 2000 m and for y < 1200 m and y > 2200 m. In the downwind direc-
tion, SPL decreases by less than 1 dBA for 2000 m< z <3200 m. At z = 3200 m, the levels
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abruptly increase before decreasing. This is due to a shift in focusing position between the
reference case and the artificial one. This shift may come from the aerodynamic interactions
between the two turbines or from small differences in the simulated flows between cases B
and L.

In case S (Fig. 10 (b)) the difference induced by the second wake in the oblique direction
(x > 2000 m and y > 2200 m, and = > 3000 m and y < 1200 m) is of the same order
of magnitude, despite the stronger increase in AL described in Sec 111 C. In the downwind
direction, a reduction by less than 1 dBA is observed for x < 4500 m. Abrupt variations in

OASPL are also noticed due to a shift in the focusing patterns at the ground as for case L.

2. Amplitude modulation

The AM fields at 2 m height are plotted for the four cases in Fig. 11. For case L, since
the wind turbines operate at nearly identical rotational speeds, AM depends on the angular
offset between the two rotors. In this section, we assume no angular offset; its impact on
AM is discussed in Sec. IV B. Case B in Fig. 11 (a) shows cross-wind AM induced by the
blade rotation, upwind AM at the shadow zone boundary, and downwind AM due to wake
focusing for x > 2000 m. Similar AM patterns are observed for the other three cases. For
case C in Fig. 11 (b), the AM downwind is significantly enhanced, which is expected due
to the stronger focusing effect caused by the second wake. The downwind turbine C2 does
not generate crosswind AM, as its acoustic power is considerably smaller than that of the
upwind turbine C1. For cases L and S in Figs. 11 (c¢) and (d), both crosswind and downwind
AM are lower than that in the baseline case. This is due to the combined contributions
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FIG. 11. Amplitude modulation at z = 2 m for the four cases: (a) B, (b) C, (¢) L, and (d) S.

of the two turbines, which tend to reduce the difference between minimum and maximum

OASPL observed at a given receiver. For case S in Fig. 11 (d), downwind AM is stronger

at y = 1960 m than at y = 1480 m. Indeed, at y = 1960 m, the contribution of turbine S1

is small compared to that of S2 and hence the AM due to S2 is close to the one obtained

for the baseline case downwind. On the contrary at y = 1480 m, the contribution of S2 is

significant so that AM due to S1 is reduced compared to case B.

As in Sec. IVA 1, AM is plotted along lines of receivers whose y-coordinate corresponds

to the turbine positions at a height of 2 m for the different cases in Fig. 12. For case B

(Fig. 12 (a)), significant values of AM are obtained upwind (around 4 dBA) and downwind

(around 7 dBA). For case C in Fig. 12 (b), the downwind increase is more pronounced with
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FIG. 12. Amplitude modulation at z = 2 m along lines of receivers whose y-coordinate corresponds

to the turbine positions for the four cases: (a) B, (b) C, (¢) L, and (d) S.

AM reaching up to 10 dBA. It also appears more localized within the range 2100 m< z <
3500 m, corresponding to the zone of increased OASPL due to wake effects (see Fig. 9 (b)).
Cases L and S in Figs. 12 (¢) and (d) exhibit similar AM patterns to case B but the maximum

values are lower downwind (around 5 dBA).
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FIG. 13. Temporal signals of OASPL for case L at x = (3000, 1720,2) m for (a) Af;_2 = 0° and
(b) ABi—2 = 60°. The total signal is plotted in black and the contributions of each turbine are

plotted in blue and orange.

B. Synchronization effect

For case L, the two turbines operate under almost identical mean flow conditions and
rotate at nearly the same speed, as indicated in Tab. II. As a consequence, the sound field
depends on the relative angular position of the two turbine rotors. We denote by Af;_»
the offset between the angular position of the turbine rotors (see Fig. 1). Fig. 13 illustrates
this effect at a receiver located downwind in between the two turbines at a distance of
2 km. In Fig. 13 (a), the angular position of the rotor is the same for the two turbines
(AfB1_9 = 0°). The time-varying SPL due to each wind turbine are in phase, resulting in
AM of around 2 dBA. In Fig. 13 (b), the blades of the two turbines rotate with an angular
offset of AfF;_o = 60°. In this case, the SPL signals are out of phase leading to AM close
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to zero. Note that this effect is not due to constructive or destructive interference. The
SPL signals due to the two turbines are summed incoherently, meaning the average OASPL

remains the same in both cases, despite the difference in AM.
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FIG. 14. (top) AM in case L for several angular offsets (ASB;_2) between the turbine rotors. From
left to right, ABi—2 = 0, 30, 60, and 90°. (bottom) Difference between AM obtained with several
offsets and AM without offset (Af1_2 = 0°). Turbine positions are represented by the three blades

of the rotor to help visualize the angular offset.

We further illustrate this effect in Fig. 14. The AM fields at 2 m height are presented
for several offsets between the turbine rotors. The difference between the AM obtained for
a given value of AfB;_5 and that for AB;_5 = 0° is also depicted. The AM patterns remain
qualitatively similar for the different angular offsets, consistently exhibiting increased AM
in the crosswind, upwind, and downwind directions. However, AM magnitude depends on
ApBi_5. In the zone exactly between both turbines downwind (around z = 3500 m) and

upwind (around x = 500 m), AM decreases as AfS;_» increases and reaches almost 0 dBA
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for Af;_o = 60°, which corresponds to the turbines being in phase opposition. On the

contrary, the crosswind AM increases by up to 2 dBA when the turbines are out of phase.

Whether the signals from the two turbines are in or out of phase depends on several
factors, including the angular offset between the turbine rotors and the propagation time.
Finally, we remind the reader that if the rotational speeds of the turbines are different, the
statistical properties of the sound field do not depend on the relative angular position of the

turbine rotors.

C. Beating effect

In cases C and S, the turbine rotors do not rotate at the same speed. Consequently, the
temporal signal of OASPL due to each turbine has a different period. When the rotational
speeds are close, as in case S, a beating effect can be observed at positions where the
contributions of both turbines are of the same order of magnitude. In these locations, the
signal is modulated by an envelope with a frequency lower than the blade-passing frequency.
For case C, the rotational speeds of the two turbines are too different to observe this beating

effect.

As an example, the OASPL signals for case S at two receiver locations are plotted in
Fig. 15. Fig. 15 (a) is obtained for a receiver located crosswind and Fig. 15 (b) for a
downwind receiver located between the two turbines. The signals at both positions alternate
between discernible AM (2 dBA crosswind and 3 dBA downwind) and much smaller AM
(close to zero crosswind and 1 dBA downwind).
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FIG. 15. Temporal signals of OASPL for case S at (a) x = (1500,2500,2) m and (b) x =

(4400,1720,2) m.

The carrier frequency f. and envelope frequency f. of the OASPL signal can be derived

from trigonometric relations, yielding:

fi+ fa
2 J

_h— )
= 5 ,

Je

fc:

where f; and fy are the blade passing frequencies of each turbine (f = 3Q/(27)). Conse-
quently, the carrier and envelop frequencies are identical at different receiver positions. Con-
sidering the rotational speeds of the turbines S1 and S2 in Tab. II, we obtain f, = 0.0045 Hz
which corresponds to a period of 222 s. This value matches the period of the envelope
observed for the signals in Fig. 15. Moreover, Fig. 15 shows that the largest values of AM
occur at different times between crosswind and downwind receivers due to varying propaga-

tion times between the sources and the receiver.
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The beating effect was reported in field experiments for stable atmospheric conditions
in van den Berg (2005). This phenomenon introduces a second layer of variability with
intermittency in AM. From a perceptual point of view, this suggests that AM can be likely

imperceptible to occasionally perceptible (Nguyen et al., 2021).

V. CONCLUSION

A numerical study of noise propagation from a pair of wind turbines was presented,
focusing on how the wake of a second turbine modifies the acoustic field of the first. The
most significant effects occur when the turbines are aligned with the flow direction. For
the upstream turbine, the second wake enhances wake focusing leading to increased average
OASPL and AM downwind compared to an isolated wind turbine. The downstream turbine
exhibits a significant reduction in noise emission due to decreased inflow velocity at the rotor
plane, resulting from its position within the wake of the upstream turbine.

When the two turbines are side-by-side or staggered, propagation effects remain moderate.
An increase in the average OASPL by less than 2 dBA has been noticed in the oblique
direction downwind. Moreover, AM is reduced compared to that of an isolated wind turbine,
since the superposition of signals from both turbines tends to smooth out the noise level
fluctuations, which reduces the difference between maximum and minimum sound pressure
levels.

An important aspect of the analysis involves the temporal evolution of the OASPL at
a receiver. When turbines rotate at nearly identical speeds, the angular offset between

the rotors significantly impacts the temporal signal, leading to variations in AM. However,
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when rotor speeds differ slightly, the signal exhibits prominent beating effects, creating clear
intermittency in AM. This behavior is especially important because it highlights a strong
sensitivity of AM characteristics to small differences in rotor dynamics. Understanding this
sensitivity is crucial for accurately capturing noise variability and its perceptual effects.
Future work could include comparison with experiments and a relaxation of current mod-
eling assumptions, particularly by accounting for three-dimensional propagation and scat-
tering by turbulence. Effects of wind turbine interactions on noise propagation could also
be investigated at wind farm level for further understanding. Finally, integration of these

interaction effects into operational models could be studied.
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