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Prediction of Broadband Noise from Horizontal Axis
Wind Turbines

Ferdinand W. Grosveld*
The Bionetics Corporation, Hampton, Virginia

A method is presented for predicting the broadband noise spectra of horizontal axis wind turbine generators.
It includes contributions from such noise sources as the inflow turbulence to the rotor, the interactions between
the turbulent boundary layers on the blade surfaces with their trailing edges, and the wake due to a blunt trailing
edge. The method is partly empirical and is based on acoustic measurements of large wind turbines and airfoil
models. The predicted frequency spectra are compared with measured data from several machines, including the
MOD-0A, MOD-2, WTS-4, and U.S. Windpower Inc. machine. The significance of the effects of machine size,
power output, trailing-edge bluntness, and distance to the receiver is illustrated. Good agreement is obtained be-

tween the predicted and measured far-field noise spectra.

Nomenclature

=number of blades

=chord

=speed of sound

=root chord

=tip chord

=lift coefficient

=blade diameter

= directivity

= frequency

=force

(k) = aerodynamic transfer function
=elevation above ground level

=v-1

= wavenumber (wc,/2V,,)

=scaling factor

= frequency dependent scaling factor, (j=1,3,4)
= spanwise length of blade segment
=lift force

= Mach number

= convection Mach number
=revolutions per second

= acoustic far-field pressure

= power

=rated power

=torque

=distance between source and receiver
= distance from local blade section to center of hub
=vector from source to receiver location
=rotor blade radius

= Reynolds number

= airfoil span

= Strouhal number

=one-third octave band sound pressure level
=time

= freestream velocity

= convection speed

= cut-in wind speed

=rated wind speed

=wind speed

=reference turbulence intensity
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w =square root of the mean square turbulence
intensity :

X =vertical coordinate

¥y =horizontal coordinate

z =downwind coordinate

o =angle of attack

B = geometric pitch angle

¥ =aerodynamic pitch angle

] =boundary-layer thickness

o* =boundary-layer displacement thickness

b =reduced frequency (wh/V,,)

0 =angle between source-receiver line (in vertical
plane) and its projection in the rotor plane

] =rotor rate

7 =kinematic viscosity

p =air density

¢ =angle between vector 7 and its projection in the
rotor plane ’

o, =longitudinal turbulence spectrum

¥ =angle between source-receiver line and the
horizontal in the rotor plane

w =rotational frequency

Introduction

O adequately assess the impact of the wind turbine noise

and to aid in the design and siting of machines that are ac-
ceptable to the community,’? a thorough understanding of
the underlying noise generation phenomena as well as predic-
tion techniques are necessary. Most available publications on
wind turbine noise deal with the impulsive ‘‘thumping’’ noise
caused by the rotor blades cutting the wake behind their sup-
porting tower, where the rotor is located downwind from the
tower.>® A prediction code for this type of low-frequency
noise is presented in Ref. 10. Other possible sources of wind
turbine broadband noise are discussed in Ref. 11 and some of
those noise mechanisms are considered in Refs. 12-16. Com-
parison of theory with experimental broadband noise data'>!?
as presented in Ref. 16 indicates that more accurate prediction
techniques are needed. The purpose of this research is to pre-
sent and discuss a method to predict the broadband noise from
horizontal axis wind turbines and to compare the results with
measured data from currently operating machines.

Broadband Noise Prediction

Extensive noise measurements on current horizontal axis
wind turbine generators!!"1317-1 indicate the presence of three
major aerodynamic source mechanisms of broadband noise:

1) Loading fluctuations due to the inflow turbulence in-
teracting with the rotating blades.
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Fig. 1 Components of wind turbine broadband noise.

2) The turbulent boundary-layer flow over the airfoil sur-
face interacting with the blade trailing edge.

3) Vortex shedding due to trailing-edge bluntness.

The components of wind turbine broadband noise are il-
lustrated in Fig. 1.

In contrast to the limited literature on wind turbine noise,
the list of publications dealing with helicopter rotor noise is
quite extensive.?223 Although the concept of extracting energy
from the flow by a wind turbine rotor is opposite that of a
helicopter rotor, which provides energy to the flow, the noise
generating mechanisms show many similarities and an analogy
between the two concepts is justified.

Inflow Turbulence

When the wind turbine rotor blades move through the tur-
bulent air, they encounter atmospheric inhomogeneities caus-
ing effective changes in the angle of attack that result in
unsteady airfoil loading. This fluctuating force mechanism is a
well-known source for airfoil and helicopter rotor noise. 6:22-37
To enable utilization of theoretical analyses from the literature
for turbulent inflow source mechanisms applicable to
helicopter rotors, the contrast with wind turbine rotor
mechanisms has to be discussed. When encountering inflow
turbulence, a helicopter rotor will ingest the turbulent eddy
with a convection speed V., while for a wind turbine the eddy
is blown into its rotor disk with a wind speed V,,. Downstream
of the rotor plane of the wind turbine, the flow is slowed and
the eddy compressed. The lifting rotor of a helicopter ac-
celerates the flow and the eddies are elongated. If the eddies
are compressed rather than elongated and if the blade passage
frequency is kept constant, the occurence of blade loading cor-
relation due to the chopping of a single eddy by more than one
blade is reduced.

Turbulence Characteristics

The length scale and the intensity of the inflow turbulence
are dependent on meteorological conditions and height above
the ground.’® A helicopter flying at different altitudes will
thus encounter different turbulence conditions, while for any
given wind turbine the distance above the ground is fixed. For
the wind turbines considered here, the turbulence might be
considered isotropic, which means that fluctuations are ap-
proximately the same in all directions.?* For horizontal axis
wind turbine generators, the longitudinal turbulence compo-
nent is by far the most important. This longitudinal compo-
nent is assumed to be a horizontal sinusoidal gust of the form

w= weiw(t—z/Vw) (1)

The wind structure is strongly dependent on the temperature
gradient and the turbulence is sensitive to the state of the at-
mosphere and general meteorological conditions. In this
study, neutral atmospheric stability conditions are assumed,
with a negative temperature gradient as a function of the
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height above the ground. The mean square turbulence intensity
at elevation & is given by*

= Stbzdw @

where &, is the average longitudinal turbulence spectrum and
is expressed in terms of a reference turbulence intensity* w,

¢, (n.Vy)= W2[

As used in the structural analysis of the MOD-2 machine, the
reference turbulence intensity is defined by*°

0.164n/7, ] @)

1+0.164(n/1,)>"

w, =0.2[2.18V,h~0-353 | 1/(1.185—0.193l0gh) )

‘Substitution of Eq. (3) in Eq. (2) yields, after integration, the

root mean square turbulence intensity as a function of only
wind speed and height above the ground,

w2 =w2{hw,/[V,R(w,—0.014w?)]} 23 )

The longitudinal turbulence spectrum &, has been integrated
between a minimum frequency chosen very close to zero and a
maximum frequency wg,, chosen such that high-frequency
(small extent) turbulence may be disregarded.*

Far-Field Noise Prediction

The induced fluctuating force dF/d¢ per unit span is related
to the horizontal gust by the aerodynamic transfer function
G(k),

2
(%) ___w2w2e2iw(t—z/Vw) |G(k) |2 (6)

where G (k) is based on Osborne’s asymptotic solution for
the compressible extension of the Sears function,?’-¥! which
for low-frequencies is approximated by

G (k) = wpUcdr/ (1 + 27k) 0
Lighthill*! has shown that the sound pressure due to a

ﬂuctuatmg force F; at a point with coordinates x; (i=1,2,3)
is given by the expression

x; [1 oF; (t— ro/co)

Loerveo]
4rry? Le, ot (t=ro/cy)

®

p(t)—p,=

If the source is considered to be a point dipole and the
wavelength of the radiated sound is much smaller than the
distance r, to the receiver, the expression for the acoustic
pressure in the far field formulated by Curle*? may be used,

(D) = sing S aF (¢ aro/co) ©)
t

where 7 is the vector from the source to the receiver location

and ¢ the angle between 7 and its projection in the rotor

plane. Substituting Eqs (6) and (7) into Eq. (9) yields, after

integration and squaring, the mean square sound pressure in

the far field

Ip?| =K, (f )Bsin? p? cRW U*/ (r2c2) (10)

To evaluate the scaling factor K; (f ), the wind turbine rotor
has been modeled as a dipole point source located at the hub
and Eq. (10) is compared with frequency spectra from the
MOD-2 machine for which the noise was largely due to tur-
bulent inflow.'>13 The location of the peak intensity in the
frequency domain is strongly dependent on blade velocity
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and longitudinal scale of turbulence:? The turbulence is
dependent on the height above the ground for nonvarying
meteorological conditions. To account for different hub
heights as well as different rotor diameters, the location of
the peak intensity in the frequency domain is given by

Foearc=SU/ (R —0.7R) 1488,

where S is the applicable Strouhal number obtained from the
measured MOD-2 noise spectra.

Power Output and Wind Speed

If the power generated by the wind turbine is known
Tather than the wind speed, which is needed as input for Egs.
(4) and (5), it is necessary to know their relationship to
enable noise predictions. The lift force L produced by an air-
foil section at angle of attack « can be expressed as

L= (p/2)U? (dC; /da)ac (12)

where the lift curve slope dC, /doa is approximately constant
throughout the range of « below the stall angle. The relation
between the angle of attack «, the aerodynamic pitch angle
v, and the geometric pitch angle 8 is defined by

a=y—8 (13)
For constant rotational speed, it is assumed that the increase
in torque dQ, due to an increasing wind speed between cut-in
and rated, is given by i

dQ=BALsinyr.dr, (14)

The increase in torque, which is not needed to maintain the
constant rotational speed, is used to generate electrical
power. The power extracted from the wind is then propor-
tional to

P=0d 15)
When the wind speed V,, exceeds the cut-in speed V,, the

aerodynamic pitch angle is increased. The increase in angle
of attack is then given by

Aa=Ay—B=(V,—~V,;)/U-p . (16)
Combining Egs. (12), (14), and (16) and integrating over the
blade yields the proportion of the total torque extracted

from the wind that is not needed to keep the wind turbine at
constant rotational speed,

Q=B(p/2)(V, -V, —BU)V,R*c amn

Substituting Eq. (17) into Eq. (15) yields for the extracted
power

P=(V,-V,;,—-BU)V, 18

and for the power ratio
P/P,=(V,=V;=BU)V,,/[(V,=V;=BU)V,] (19
Solving Eq. (19) for the wind speed V,, yields a function of
output power P and other constants that vary for each dif-

ferent wind turbine,

P
4

v, =0.5{VC,- +BU+ [( V.i+BU)? +

r

xnxm—nrﬁm]@ 0)
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Equation (20) shows that for rated power output the rated
wind speed is obtained, while for zero power output the
wind speed equals cut-in. ‘

Turbulent Boundary-Layer/Trailing-Edge Interaction

Noise is generated when the blade-attached turbulent
boundary layers convect into the wake at the trailing edge.
Theoretical models of this trailing-edge noise for helicopter
blades are presented in Refs. 22, 23, and 43-53. The ex-
perimental and theoretical study in Ref. 47 concludes that
the trailing-edge noise radiated from a local blade segment:
can be predicted by a first principles theory, which includes
local Mach number, boundary-layer thickness, length of the
blade segment, and observer position. A scaling law ap-
proach then was used for comparison with the noise radia-
tion data from a stationary two-dimensional isolated airfoil
segment. This theory will be utilized to predict the trailing-
edge noise generated by the blades of horizontal axis wind
turbine generators.

The scaling law prediction of Ref. 47 gives for the trailing-
edge noise spectrum of an isolated airfoil

_ bs S\
SPL,,; = 10log{ K,U° BD——

<[ (52)" +05] ] B

max

where K, equals 3.5 when SI units are used. Equation (21) is
essentially the trailing-edge noise prediction for a two-
dimensional lifting surface in a uniform inflow. To predict
the trailing-edge noise from a rotating blade, the blade is
divided into small blade segments of length ¢, each experienc-
ing a different local freestream velocity and each con-
tributing to the noise at the receiver location. Because of the:
rotor rotation, this noise spectrum then is averaged around
the azimuth. The local freestream velocity U, is given by

U,=2nr.n 22)
The thickness of the turbulent boundary layer at the trailing
edge of the airfoil may be approximated by the turbulent
boundary-layer thickness of a flat plate, which is given by
6,=0.37c./ (R Nx)” 23)
Assuming a linearly tapered rotor blade and neglecting twist,
the local chord ¢, can be expressed in terms of the root

chord c,, tip chord c,, radius r,, and blade diameter D,
c,=c;+(U—2r,/D)(c,—c¢;) (24)

The local Reynolds number is defined by

Ry, =Uc,/v @5)
The directivity pattern of the radiated trailing-edge noise for

a source and a receiver in the vertical on-axis plane is given
by dipole-like behavior from Ref. 47,

f)(@ _1r_)_ sin? (0/2)
*2 /7 (1+Mcos) [+ (M—M_)cosf]?

(26)

The convection Mach number of the turbulence (M,) is set
to an average value of 0.8 M as suggested in Ref. 47. To cor-
rect for the directivity of the source outside the vertical on-
axis plane, the source is assumed to be a dipole radiator in
those directions and the directivity function is the one pro-
posed by Fink,>

D(6,y) =sin?yD[8, (1/2)] @7n
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The Strouhal number in Eq. (21) is defined as
S=f6/U (28)

The peak Strouhal number S, associated with trailing-edge
noise equals 0.1.455 Although a different value is reported
in Ref. 40, in the present study a value S, =0.1 is adopted.

Trailing-Edge Bluntness Vortex Shedding Noise

Vortex shedding behind the trailing edges of thick struts
has been studied in Ref. 48. This phenomenon produces
noise as the coherent vortex shedding causes a fluctuating
surface pressure differential across the trailing edge. This
was established in Ref. 46 as being an important source of
self-noise for airfoils with blunt trailing edges. The- vortex
shedding frequencies observed in Ref. 48 had a peak
Strouhal number of about 0.25 when based on the trailing-
edge thickness and a velocity dependence of approximately
U®. This peak Strouhal number compares well with the ones
found by other researchers who studied the vortex shedding
behind wings, flat plates, and circular and noncircular
bodies.?43:46:4952 [p all cases, the turbulent boundary-layer
displacement thickness 6* is much smaller than the
characteristic dimension ¢ from which the vorticies are shed
(¢/6* >40). However, experimental results from noise
measurements on several trailing-edge configurations in the
NASA Langley Quiet-Flow Facility indicated that for a
trailing-edge bluntness of equal thickness or smaller than the
displacement _thickness of the boundary layer a Strouhal
number of 0.1 is applicable.*® It was shown that the overall
sound pressure level of the noise generated at the blunt trail-
ing edge follows a UP-? dependence. Using the directivity pat-
tern presented in Ref. 53, the following scaling laws are
derived for the one-third octave band sound pressure levels
in the acoustic far field.

For t/6* > 1.3:

K, (f )BUSts sinzosinztp]
SPL,,, =10l [ 3 29
3 =0 T (T Meost) @
and
0.25U
T =504 0

For ¢t/6%¥<1.3:

K, (f)BUPts sin? (0/2)sin’y ] an
(1+Mcos8)? [1+ (M—M,)cosf]%r2

SPL,,, = 10log [

and

S =0.1U/t (32)

The frequency dependent constant K, (f ) has been obtained
by comparing Eq. (31) with the blunt trailing-edge noise
measurements from Fig. 40 in Ref. 46, which were first con-
verted to one-third octave band data. The frequency depen-
dent constant K;(f) has been determined by equating Egs.
(29) and (31) for the case in which the trailing-edge bluntness is
1.3 times the displacement thickness of the turbulent bound-
ary layer. For most practical purposes, the displacement
thickness and the boundary-layér thickness are related by

0*=6/8 (33)

Equations (29-33) are used to predict noise from wind turbine
blades with blunt trailing edges using the same calculation pro-
cedure as for turbulent boundary-layer/trailing-edge interac-
tion noise. o

To assess the relative importance of all three major
aerodynamic noise sources (Fig: 1), predictions have been
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Fig. 2 On-axis broadband noise component predictions for the
MOD-2 machine (¥V,, =9.8 m/s, P=1500 kW, r, =100 m).

made for a MOD-2 machine at a distance of 100 m on-axis.
The noise contributions due to turbulent inflow, trailing-
edge bluntness, and turbulent boundary-layer/trailing-edge
interaction relative to the total noise is depicted in Fig. 2.
The turbulent inflow-related noise dominates the spectrum at
the low frequencies and is broad in character, while tur-
bulent boundary-layer/trailing-edge interaction noise
becomes relatively more and more important when moving
up the frequency scale. Noise due to trailing-edge bluntness
is confined to a more restricted frequency band, with its
center frequency related to the thickness of the trailing edge.
All predictions are limited to the acoustic far field, on-axis
and without distinction between upwind and downwind
directions as no propagation effects are incorporated.

Noise Measurements

Acoustic measurements are available for four different,
currently operating, horizontal axis wind turbine
generators,!1-131721 They consist of one upwind machine (the
MOD-2) on which the rotor is located upwind from the sup-
porting tower and three downwind machines (MOD-OA,
WTS-4, and U.S. Windpower Inc. machine) as depicted in
Fig. 3. The first three are government sponsored. All are
self-starting, have two or three blades, and normally operate
at wind speeds of 3-16 m/s. Some dimensions and. opera-
tional details are included in Table 1. Receiver locations
range from 18-800 m and are considered to be in the acoustic
far field. Measurements were made with a windscreen-
covered microphone, positioned close to the ground, to
minimize the adverse effects of the wind blowing over the
microphone.

Comparison between Predictions and Measurements

Predictions and measurements are compared for mean
acoustic emission levels on the basis of one-third octave
bands for the machinés shown in Fig. 1 and described in
Table 1. The frequency range of interest for wind turbine
broadband noise covers the 63-4000 Hz one-third octave
bands. A-weighted levels outside this range are of lesser im-
portance for community noise acceptance. To show that
reasonable agreement can be obtained between noise predic-
tion and far-field, downwind, noise measurements, com-
parisons have been made for the four machines under quite
different operating conditions and at different measurement
locations (Figs. 4-7). In general, predictions are within 4 dB
of the measurement data. This agreement is quite acceptable
considering the vastly different physical and geometric
characteristics of the wind turbines and the other parameters
involved. To investigate some of these parameters, com-
parisons have been made to establish the effects of upwind
and downwind receiver location, power output, distance
from the machine, and bluntness of the blade trailing edge.
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Fig. 3 Wind turbine generators for which predictions are compared with measurements.
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Fig. 4 Measured and predicted broadband noise spectra for the Fig. 5 Measured and predicted broadband noise spectra for the
MOD-2 machine (P=1000 kW, r, =150 m). MOD-OA machine (P=70 kW, r, =60 m).

Table 1 Wind turbine design specifications

U.S. Windpower

Designation MOD-OA MOD-2 WTS-4 (USWP)
Rated power, kW 200 2500 4000 50
Rotor location Downwind Upwind Downwind Downwind
Rotations/min 40.0 17,5 30.0 72.0
No. of blades 2 2 2 3
Tip speed, m/s 80.0 83.8 122.4 66.5
Rotor diameter, m 38.1 91.4 78.4 17.1
Hub height, m 30.5 61.0 80.0 18.3

Blade area, m? 28 236 195 15
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Fig. 6 Measured and predicted broadband noise spectra for the
WTS-4 machine (P=2500 kW, r, =200 m).
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Fig. 7 Measured and predicted broadband noise spectra for the
U. S. Windpower Inc. machine (P=25 kW, r, =91 m).
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Fig. 8 Predicted broadband noise spectrum compared with sound
pressure levels 100 m upwind and downwind from the WTS-4
machine (P=2500 kW).

Directivity )

The broadband noise predictions in this paper are limited
to on-axis receiver locations. Comparing upwind and down-
wind measured acoustic data at equal distances from the
machines, essentially no differences are observed in either
spectral shape or sound level (Fig. 8). The predictions are
thus valid for upwind or downwind receiver locations.
However, this is true only for close-in measurement locations
in the acoustic far field since no propagation effects are in-
cluded. The formation of a shadow zone upwind due to the
refraction effects of the mean wind speed gradient, propaga-
tion enhancement downwind, and atmospheric and ground

One-Third Octave Band Center Frequency, Hz

Fig. 9 Effect of output power (wind speed) on the measured and
predicted broadband noise spectra of the WIS-4 machine (r, =150
m). -
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Fig. 10 Effect of distance from the WTS-4 machine on the
measured and predicted broadband noise spectra (P=4000 kw).

absorption will affect. sound pressure levels at greater
distances from the machine.

Output Power

It was assumed in the theoretical analysis of the noise due
to inflow turbulence that the root mean square turbulence in-
tensity is a function of only wind speed and height above the
ground [Eq. (5)]. The sound power for this noise source
(Fig. 1) and the electrical power output are dependent on the
wind speed (between cut-in and rated). Figure 9 shows the
predicted and measured broadband noise spectra at 150 m
distance from the WTS-4 machine for two output power
conditions. In the case of constant-rotational machines,
noise source mechanisms other than inflow turbulence are in-
dependent of wind speed, as evidenced in Fig. 9.

Distance

The one-third octave band spectra of the WTS-4 and U.S.
Windpower Inc. wind turbines in Figs. 10 and 11 illustrate
the effects of distance from the machines. All measured and
predicted data points are for downwind on-axis locations.
Some differences between the measured and predicted sound
pressure levels for the 800 m receiver location in Fig. 10 are
due to propagation effects that are not included in the
prediction method.

In Fig. 11, the lower prediction curve and corresponding
measured data are adjusted to 50 kW output power from the
25 kW for which measurements were available. The distance
square relationship for all noise mechanisms [Egs. (10), (21),
and (31)] suggest a 14 dB decrease in sound pressure levels
when extending the receiver location from 18 to 91 m. The
observed decrease in measured sound pressure levels of 6-9
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Fig. 11 Effect of distance from the U.S. Windpower Inc. machine
on the measured and predicted broadband noise spectra (P=50
kW).
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Fig. 12 Measured and predicted broadband noise spectra for the
U.S. Windpower Inc. machine for blunt and sharp trailing edges
(P=50 kW).

dB is due to the dipolteike behavior of the noise source
mechanisms and is well approximated by the predictions.

Trailing-Edge Bluntness

The trailing-edge bluntness vortex shedding noise is a
source mechanism. not considered earlier as a major con-
tributor for helicopter or wind turbine noise. Experimental
data were available from measurements on isolated airfoils
and its effect is clearly illustrated in Fig. 12. Measurements
and predictions are shown for the U.S. Windpower Inc.
machine for which the blades have blunt trailing edges. The
peak in the measured noise spectrum around 2000 Hz is well
predicted. Also shown is the noise spectrum of the U.S.
Windpower Inc. machine with the blade trailing edges
sharpened, which results in elimination of the 2000 Hz peak.
Reasonable agreement between measurements and predic-
tions has been obtained.

Conclusions

A method has been presented for predicting the broad-
band noise spectra of horizontal axis, constant-rotational-
speed wind turbine generators. The analysis is based on the
contributions of such noise meéchanisms as inflow tur-
bulence, turbulent boundary-layer/trailing-edge interaction,
and noise due to a blunt trailing edge. Good agreement is
shown between predictions and far-field noise measurements
of four wind turbine generators under various operating con-
ditions. The prediction method includes the effects of
distance from the machine, output power (wind speed),
number of blades, and tower and blade geometry. Broad-
band noise is predicted-only on-axis and the method does not
distinguish between upwind and downwind. Propagation ef-
fects other than distance are not included in the present
prediction formulation.
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