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a b s t r a c t

Complaints concerning wind turbine noise have been more widespread in recent years. This is a
modeling paper on noise generated by a three blade wind turbine. A single blade is treated as a linear
source with the sound power growing from the hub to the tip. The main contribution of this study is the
idea of the partially ensonified zone (PEZ), which separates the fully ensonified zone (close to the
turbine) and the shadow zone (far away from the turbine). PEZ comes from a blade – a linear source and
the wind shear refraction. The commonly used methods provide the A-weighted time average, LAeqT,
inside the fully ensonified zone. The main finding is the method of LAeqT estimation within PEZ.

& 2014 Elsevier Ltd. All rights reserved.

1. Introduction

This is a modeling paper on the propagation of noise from a
three blade wind turbine (Fig. 1A).

In many countries this noise is assessed in terms of the
A-weighted time average sound level, LAeqT . The engineering
models of LAeqT prediction are based on point source sound diver-
gence over a flat ground surface and air absorption (e.g. EGS, 1994;
Forssen et al., 2010; Plovsing and Sondergaard 2011; TRS, 1998;
VROM, 1999).

LAeqT � LWA�10 log 2π
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; lo ¼ 1 m: ð1Þ

In this study (Section 3), the refraction correction to the
A-weighted sound power, ΔLWA, will be introduced. The rotor disc
can be treated as a point source (Fig. 1), when the distance
ρ exceeds the rotor diameter 2l (Makarewicz, 2011). The wind
speed dependence on the altitude, VðzÞ, causes refraction and
ultimately the shadow zone (Fig. 1B). According to the ray theory,
the shadow zone is a region where no sound can be heard. As a
matter of fact, the silence is not absolute because of scattering and
diffraction. With polar coordinates, the boundary between the
shadow zone and fully ensonified zone (Fig. 2) is determined by
the angle from the line of wind direction, α, and the distance from
the tower, ρ (Attenborough, 2007; Makarewicz, 1989)

ρðαÞ ¼ μ
hffiffiffiffiffiffiffiffiffiffiffiffiffiffi
cos α

p : ð2Þ

The parameter μ is discussed in Section 3.
Anyway, if the wind turbine is modeled by a point source

(Fig. 1), then LAeqT variations along the straight line (at the angle α
– Fig. 2) look similar to those in Fig. 3A at the distance ρðαÞ, where
the shadow zone begins, there is a sudden fall in LAeqT . However,
in practice this is not true. The plot in Fig. 3B is more feasible:
LAeqT declines smoothly between ρ1 and ρ2. In such a case, the
inequalities, 2loρoρ1 and ρ4ρ2, determine the borders of
the fully ensonified zone and the shadow zone, respectively. They
are separated by the partially ensonified zone (Makarewicz 2013).

Within the fully ensonified zone ρoρ1 (dashed xaxis on
Fig. 4B), all points of the rotor disc participate in noise emission
at the receiver. Only the points of the upper part of the rotor disc,
ẑozohþ l (Fig. 4A), participate in the sound reaching the par-
tially ensonified zone, ρ1oρoρ2 (solid x axis – Fig. 4B).

Instead of the point source at the hub (Fig. 1), in this study we
used a two dimensional rotor disc as a sound source. This results in
the partially ensonified zone, ρ1oρoρ2.

(Figs. 3 and 4), finally modifies Eq.(1) (see Section 3).

2. Noise generation

Several models of blade sound generation have been proposed
(Hayashi et al., 2012; Hubbard and Shepherd, 2004; Lee et al., 2013;
Leloudas et al., 2007; Moriarty and Migliore, 2003; Oerlemans and
Shepers, 2009; Tian et al., 2013; Wagner et al., 2003). The model
presented here requires a field measurement of the A-weighted
sound power, LWA (IEC, 2011), in the fully ensonified zone (Fig. 4). To
derive the final relationships, we consider the blade element of unit
length, lo ¼ 1 m, which is located at the distance, 0oςr l, from the
hub (Fig. 5).
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Due to inequality, jVðzÞ�VðhÞj⪡VðhÞ, we neglect the wind speed
differences along the rotor disc of diameter 2l. Thus, for the
altitude range, h� lozohþ l, we assume the same wind speed,
VðzÞ � V ðhÞ. With the rotation speed, N½rps�, the speed of the blade
element of unit length (lo ¼ 1 m) equals, vðςÞ ¼ 2πNς (Fig. 5), and
the inflow speed becomes

UðςÞ �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v2ðςÞþVðhÞ2

q
: ð3Þ

The blade tip speed, vðlÞ ¼ 2πNl, is much greater than the wind
speed at the hub height,

VðhÞ⪡vðlÞ: ð4Þ
The A-weighted power of sound emitted from the blade

element of unit length, lo ¼ 1 m, increases not only with the inflow
speed, UðςÞ (Eq. (3)), but also with the angle of attack for the blade
element at the distance, 0oςr l (Fig. 6)

γðςÞ � arctan
VðhÞ
2πNς

�θðςÞ ð5Þ

where θðςÞ denotes the pitch angle. A wind turbine operates most

efficiently when the angle of attack is constant along the blade
from the hub to the tip, i.e. when γ is independent of the distance,
0oςr l (Fig. 5). To secure the fixed value of γ ¼ γo along the
blade, the pitch of the blade element has to twist with the distance
ς (Eq.(5)):

θðςÞ ¼ arctan
VðhÞ
2πNς

�γo ð6Þ

Consequently, θ decreases from θð0Þ ¼ π=2�γo to θðlÞ ¼ arctan
½VðhÞ=2πNl��γo.

The energy of the sound from the blade element of unit length,
lo ¼ 1m, increases with the inflow speed U and the attack angle,

Fig. 1. Wind shear refraction with the wind speed, VðzÞ, and point source at the
height h.

Fig. 2. The boundary between the shadow- and fully ensonified zones, ρðαÞ (Eq.(2)).
The wind blows along the x-axis with the speed VðzÞ dependent on the height.

Fig. 3. The point source model gives unrealistic fall in LAeqT at the distance ρðαÞ (Eq.(2)), where the shadow zone begins (A). When the whole rotor disc is treated as a two
dimensional source, the value of LAeqT decreases smoothly (B).

Fig. 4. Only the upper part of the rotor disc, ẑozohþ l, participates in the sound
reaching the partially ensonified zone, ρ1oρoρ2 (solid part of the x axis).
(For interpretation of the references to color in this figure, the reader is referred
to the web version of this article.)

Fig. 5. The blade element of unit length, lo ¼ 1 m, at the distance ς from the hub
and at the height, z¼ hþς cos Φ, above the ground. With the rotation speed
N½rps�and the rotation period,τ½s�, the azimuth angle equals, Φ¼ 2πt=τ, and the
element speed is, vðςÞ ¼ 2πNς.
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