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MEASUREMENT AND PREDICTION OF BROADBAND NOISE
FROM LARGE HORIZONTAL AXIS WIND
TURBINE GENERATORS

By

F. W. Grosveld & K. P. Shepherd, The Bionetics Corporation
and
H. H. Hubbard, VARC

The machines for which data are
presented here and in References 1 through 6
are shown in the photographs of Figure 1.
They consist of the MOD-2, the MOD-OA, the
WTS-4 and the U.S. Windpower machine. The
first three of these are government sponsored.
All are self starting, have 2 or 3 blades,
rotate in the range 17 to 72 rpm, and normal-
ly operate at wind speeds of 3 to 16 m/s.

ABSTRACT

A method is presented for predict-
ing the broadband noise spectra of large wind
turbine generators. It includes contribu-
tions 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 1is partly empirical and is based on
acoustic measurements of large wind turbines
and airfoil models. Spectra are predicted
for several large machines including the pro-
posed MOD-5B. Measured data are presented
for the MOD-2, the WTS-4, the MOD-OA, and the
U.S. Windpower Inc. machines. Good agree-
ment is shown between the predicted and mea-
sured far field noise spectra.

Some dimensions and operational de-
tails are included in the table of Figure 2.
MOD-2 is noted to be an upwind machine where-
as the others are downwind machines. Rotor
diameters range from 17.1 m to 91.4 m, rotor
tip speeds from 66.5 to 122.4 m/s, blade
areas from 15 to 236 m2, and rated power out-
puts from 50 to 4200 kW. Calculated values
are included for the proposed MOD-5B machine
for which data are listed at the bottom of
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Figure 2. - Dimensions and operating condi-
tions for several large machines.

NOISE MEASUREMENTS AND OBSERVATIONS

The machines described in Figures
1 and 2 represent wide ranges of size, output
power rating and configuration. Resulting
differences in their noise production are
presented in Figures 3 through 8. Compari-
sons are made on the basis of one-third oc-
tave band spectra, narrow band spectra, dB(A)
levels, and perception distances.

Effects of Size and
Configuration

The one-third octave band spectra
of Figure 3 were measured on axis and normal-
ized to a distance of 100 m from each machine,
Definite trends are observed. The spectra
exhibit their highest levels at the low fre-
Figure 1. - Photographs of wind turbine gen- quencies, with general reductions in level as

erators for which acoustic measurements are frequency increases. Further, the machines
presented. having the highest power output also have the
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highest noise levels. This latter trend is
particularly evident at the low frequencies.
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Figure 3. - Measured on-axis noise spectra at
approximately rated power for four machines.
(r = 100 m.)

A comparison of the narrow band
noise spectra for large upwind and downwind
machines is given in Figure 4. Data are nar-
row band (Af = 0.25 Hz) and are limited to
the frequency range below 100 Hz. The gener-
al reduction in level with frequency is seen
to be about the same for both machines. The
WTS-4 machine has a number of discrete peaks
in its spectrum, particularly below 50 Hz.
These are loading harmonics which occur at
integral multiples of the blade passage
frequency. Their amplitudes are enhanced
because of the tower wake-blade interference
encountered in this downwind configuration.
In the MOD-2 spectrum only a few discrete
peaks are evident and these are believed to
be of electromechanical origin. No loading
noise harmonics are apparent for this upwind
configuration. The relatively lower levels
of the MOD-2 spectrum are due in part to its
lower tip speed.
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Figure 4. - Comparison of narrow band (Af =

0.25 Hz) noise spectra at rated power, on
axis, for the MOD-2 and WTS-4 machines.
(r = 150 m.)
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Effects of Output Power

The one-third octave band spectra
of Figure 5 illustrate the differences in the
noise output for the WIS-4 machine at two
different power outputs. Data are for the
on-axis measuring points for power outputs of
1,000 and 4,000 kW respectively. Higher
levels are associated with the higher power
output and are seen to occur at frequencies
below about 1,000 Hz.
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Figure 5. - Effects of power output on noise
spectra measured on axis for the WTS-4
machine. (r = 150 m.)

Directivity Effects

Noise measurements for the ma-
chines of Figure 1 indicate that the noise
radiation patterns are not sharply direction-
al. At equal distances on-axis (upwind and
downwind) essentially no differences are
observed in either spectral shapes or sound
levels. There are, however, consistent dif-
ferences between measurements made on-axis
and in the plane of rotation. Figure 6 shows
one-third octave band spectra for the MOD-2
machine. Note that the in-plane data have
relatively lower levels at low frequencies
and higher levels at high frequencies than do
the on-axis data. The result is a cross-over
effect as seen in the figure.

Similar data are presented in Fig-
ure 7 to show a comparison between the MOD-2
and WTS-4 machines. The data points repre-
sent mean Ley (dB(A)) levels for a large num-
ber of measurements for both machines. The

noise radiation pattern curves in each case

are estimated. The MOD-2 machine radiates
essentially in a non-directional pattern.

The WTS-4 radiation pattern on the other hand
shows higher levels on-axis than in-plane.

As suggested in Figure 6 the low frequency
components are known to be relatively strong
on-axis. Thus the skewness of the radiation
pattern of the WTS-4 is due to the influence



of the low frequencies on the Leg values.
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Figure 6. - Comparison of on axis and in
plane noise spectra for MOD-2 machine.
(P = 2500 kW, r = 100 m.)
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Figure 7. - Comparison of a-weighted noise

radiation patterns for WTS-4 and MOD-2
machines. (Vw = 7.6-13.4 m/s, r = 150 m.)

Perception Distances

Observations of the radiated noise
from a number of different machines and for a
range of weather conditions have established
a wind related directionality which is illus-
trated in Figure 8. The data points for the
MOD-2 and the WTS-4 machines represent loca-
tions at which the noise during steady state
operations is observable intermittently.

Note that the noise is observed at a much
greater distance downwind than upwind, in
spite of the fact that the noise radiation
patterns of Figure 6 are nearly symmetrical.
This skewness is due to refraction effects of
the mean wind speed gradient, resulting in
the formation of shadow zones upwind and pro-
pagation enhancement downwind. The distance
from the machine to the shadow zone is depen-
dent upon the height of the noise source
above the ground surface and the wind speed
gradient.
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Figure 8. - Comparisons of perception dis-

tances for the WT5-4 and MOD-2 machines.
(Vw = 7.6-13.4 m/s.)

BROADBAND NOISE PREDICTION

To adeguately assess the impact of
the wind turbine noise and to aid in the de-
sign and siting of machines that are accep-
table to the community (Refs. 7 and 8), a
thorough understanding of the underlying
noise generation phenomena as well as predic-
tion techniques are highly desirable, Cur-
rent literature on wind turbine noise is
limited. Most publications deal with the
impulsive "thumping" noise caused by the
blade cutting the wake behind its supporting
tower, where the rotor is located downwind
from the tower (Refs. 9-15). A prediction
code for this type of noise is presented in
Reference 16. Other possible sources of wind
turbine noise are discussed in Reference 5
and some of these noise mechanisms are consi-
dered in References 1, 6, and 17-19. Refer-
ence 19 compares theory with experimental
broadband noise data (Refs. 1 and 2) but re-
sults indicate that better prediction techni-
gues are needed. In the next sections a
broadband noise prediction scheme for hori-
zontal axis wind turbine generators is pre-
sented.

Extensive noise measurements on
current, large, horizontal axis wind turbine
generators (Refs. 1-6) indicate the presence
of three major aerodynamic source mechanisms
of broadband noise (figure 9):

1. Loading fluctuations due to
inflow turbulence interacting with the rotat-
ing blades.
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2. The turbulent boundary layer
flow over the airfoil surface interacting
with the blade trailing edge.

3. Vortex shedding due to trail-
ing edge bluntness.
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Figure 9. - Components of wind turbine broad
band noise.

In contrast to the limited litera-
ture on wind turbine noise, the list of pub-
lications dealing with helicopter rotor noise
is quite extensive. Although the concept of
extracting energy from the flow by a wind
turbine rotor is opposite of that of a heli-
copter 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 turbulent air they encounter
atmospheric inhomogeneities causing effective
angle of attack changes which result in un-
steady airfoil loading. This fluctuating
force mechanism is a well known source for
airfoil and helicopter rotor noise as decrib-
ed in References 19 and 20-42. To enable
utilization of theoretical analyses from the
literature for turbulent inflow source mech-
anisms applicable to helicopter rotors the
contrast with wind turbine rotor mechanisms
has to be discussed. When encountéring in-
flow turbulence a helicopter rotor will in-
gest the turbulent eddy with a convection
speed Vg, while for a wind turbine the eddy
is blown into its rotor disc with a windspeed
Vy. Downstream of the rotor plane of the
wind turbine the flow is slowed down and the
eddy is compressed. The lifting rotor of a
helicopter accelerates the flow and the
eddies are elongated. If the eddies are com-
pressed rather than elongated and if the
blade passage frequency is kept constant, the
occurence of blade loading correlation due to
the chopping of a single eddy by more than
one blade is reduced.
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Turbulence Characteristics The length scale
and the intensity of the inflow turbulence
are dependent on meteorological conditions
and height above the ground (Ref. 43). A
helicopter flying at different altitudes will
thus encounter different turbulence condi-
tions, while for any given wind turbine the
distance above the ground is fixed. For the
wind turbines considered here the turbulence
might be considered isentropic which means
that fluctuations are approximately the same
in all directions (Ref. 44). For horizontal
axis wind turbine generators the longitudinal
turbulence component is by far most impor-
tant., This longitudinal component is assumed
to be a horizontal sinuscidal gust of the
form:

) X
w = w ele(t/VY)

(1)
where w is the sgquare root of the root mean
square turbulence intensity, w is the rota-
tional frequency, t is the time and x corres-
ponds to a chordwise distance. The wind
structure is strongly dependent on tempera-
ture gradient and turbulence ordinarily is
stronger in the daytime than at night when
the atmosphere is more stable, In this paper
a standard day is assumed with a negative
temperature gradient as a function of height
above the ground. The root mean square turbu-
lence intensity at elevation h is given by

(Ref. 45):
a2=f¢ do (2)
X

where ¢, is the longitudinal turbulence spec-
trum at that elevation and is expressed in
terms of a reference turbulence intensity wp
{Ref. 45):

w_ 2 164 "/n
$ (n, V. ) = e = 573 (3}
X w @ 1+.164 (“/no)

wh
where n is the reduced frequency Vy and n
has the value of .0144 for a longitudinal
gust. An expression for the reference turbu-
lence intensity w, as used in the structural
analysis of the MOD-2 machine can be obtained
from Reference 45: 1

w_ = .2 [2.18 v n =333
r w

Substitution of Equation (3) in (2) yields,
after integration, the root mean square tur-
bulence intensity as a function of only wind-
speed and height above the ground:

—2 2 2,,7-2/3
W= W [hwr/{vw R(w_-.014 w )}] (3)

where wy is given by Equation (4). The long-
itudinal turbulence spectrum ¢y has been in-
tegrated between a minimum freguency which
was choosen very close to zeroc and a maximum
frequency wpayx which was chosen such that
high frequency (small extent) turbulence may
be disregarded (Ref. 45).



Far-Field Noise Prediction - The induced

fluctuating force 3 F per unit span is rela-
at

ted to the horizontal gust by the aerodynamic

transfer function G(k):

IF
ot
where k (wcp/2Vy) and G(k) is based on

Osborne's asymptotic solution for the com-
pressible extension of the Sears function

2 . X
) = W22 2IET 5|2 (8

(Refs. 28 and 35), which for low fregquencies
is approximated by:
TpUcdr {(7)
G (k) T+27k

Lighthill has shown that the sound
pressure due to a fluctuating force F; at a
point with coordinates x; (i=1,2,3) is given

by the expression (Ref. 46):
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where c, is the speed of sound and ry is the
distance between the source and receiver. If
the source is considered to be a point dipole
and the wavelength of the radiated sound is
much smaller than the distance ry to the re-
ceiver the expression for the acoustic pres-
sure in the far field formulated by Curle
(Ref. 47) may be used:

where T is the vector from the origin to the
receiver location (in the y-z plane) and ¢ is
the angle between r,and the z-axis. Substi-
tuting Equations (6) and (7) into Equation (9)
yields after integration and squaring the
mean sguare sound pressure in the far field
as being proportional to:
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where B is the number of blades, R is the
radius of the rotor, and Kj(f) is a fregquency
dependent scaling factor. To evaluate this
scaling factor, the wind turbine rotor has
been modeled as a dipole point source located
at the hub and Equation (10) is compared with
frequency spectra from the MOD-2 machine for
which the noise was largely due to turbulent
inflow (Refs. 15 and 16). The location of
the peak intensity in the frequency domain is
strongly dependent on blade velocity and lon-
gitudinal scale of turbulence (Ref. 24). The
turbulence is dependent on height above the
ground for non-varying meteorological condi-
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tions. To account for different hub heights
as well as different rotor diameters the lo-
cation of the peak intensity in the frequency
domain is given by:

fpeak = S U /(h - .7R) (11)
where S is the applicable Strouhal number
which is obtained from comparison with the
measured MOD-2 noise spectra.

Power Output and Windspeed - If the power
generated by the wind turbine is known rather
than the wind speed, which is needed as input
for Equations (4) and (5), it is necessary to
know their relationship to enable noise pre-
dictions. Reference 48 suggests that for
constant rotational speed machines the output
power is linearly proportional to the wind-
speed velocity and pitch angle., Between the
cut-in speed and the rated wind speed the
power output will vary approximately linearly
with windspeed, which can be expressed by the
eguation:

P

r

+ vV

v )

(v__=V .
w r c

i (12)

a ci

where P, is rated power output at the corres-
ponding rated windspeed V,5 and Voj is the
cut-in windspeed at which no output power is
produced. Equations (4), (5), (10), (11) and
(12) are utilized to predict the noise spec-
tra due to inflow turbulence for other ma-
chines and operating conditions.

Turbulent Boundary Layer-Trailing Edge
Interaction

Noise is generated when the blade
attached turbulent boundary layer convects
into the wake at the trailing edge. Theoret-
ical models of this trailing edge noise for
helicopter blades are presented in References
20-22 and 48-60. The experimental and theor-
etical study in Reference 53 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 approach then was used for com-
parison with the noise radiation 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 large horizontal axis wind tur-
bine generators.

The scaling law prediction of Ref-
erence 53 gives for the trailing edge noise
spectrum for an isolated airfoil:

SPL3/3 = 10 log
K,0°BD &2 (=" [(Ss )13+ 0.5 '4$(13)
ro max max

where SPL],/3 is the one-third octave band
sound pressure level, U is the local free
stream velocity, B is the number of blades, §
is the local boundary layer thickness, s is
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the airfoil span, r, the distance to the re-
ceiver, D the directivity, S the Strouhal
number and Ky is a constant which equals 220
when SI units are used. Equation 13 is es-
sentially 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, with a
length s, each experiencing a different local
free stream velocity and each contributing to
the noise at the receiver location. Because
of the rotation this noise spectrum then is
averaged around the azimuth. The local free-
stream velocity Uy is given by:

U, =2m r.n (14)
where r, is the distance from the local blade
section to the center of the hub and n de-
notes revolutions per second. The thickness
of the turbulent boundary layer at the trail-
ing edge of the airfoil may be approximated
by the turbulent boundary layer thickness
of a flat plate which is given by (Ref. 62):

.2
§ = .37 Cy / (RNX) (15)

where cy is the chord at radius ry from the
hub and Ry, is the local Reynolds number.
Assuming a linearly tapered rotor blade and
neglecting twist, cy can be expressed in
terms of the root chord (cy), tipchord (ct),
radius (ry) and blade diameter (D):

2r (16)

A

X t
The local Reynolds number is defined by:
chx (17)
Ry, =

where v is the kinematic viscosity. The
directivity pattern of the radiated trailing
edge noise, for an observer in the vertical
(y=0) plane perpendicular to the rotor plane
is given by dipole like behavior from Refer-
ence 53:

sin2 8

(1+M cos §) 2 [1+(M-M_) cos 6 ]

D(e,2) = 5 (18)

where 0 is the angle between the source-ob-
server line and its projection in the ground
plane. The convection Mach number of the
turbulence, M., is set to an average value of
.8 M as suggested in Reference 53. To cor-
rect for the directivity of the source out-
side the y=0 plane, the source is assumed to
be a dipole radiator in those directions and
the directivity function is the one proposed
by Fink (Ref. 63}):

- . =, T
D (8,¥) = smzw D(8,3) (19)
where ¥ is the angle between the source-ob-

server line and its projection in the y=0
plane. The Strouhal number in Equation 13 is
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defined as the ratio of fregquency (f) times
the boundary layer thickness (§) and the un-
disturbed free stream velocity (Uyx):

g = £8 (20)
Yx
The peak Strouhal number, Spayx, associated
with trailing edge noise eguals .1 (Refs. 63-
65 and 53). Although a different value is
reported in Reference 52, in the present
study a value Spax=.1 is adopted.

Trailing Edge Bluntness Vortex
Shedding Noise

Vortex shedding behind the trail-
ing edges of thick struts has been studied in
References 54-56. This phenomenon produces
noise as the coherent vortex shedding causes
a fluctuating surface pressure differential
across the trailing edge. This was estab-
lished in Reference 52 as being an important
source of self-noise for airfoils with blunt
trailing edges. The vortex shedding freguen-
cies observed in References 54-56 had a peak
Strouhal number of about .24 when based on
the trailing edge thickness agd a velocity
dependence of approximately Uy. 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 (Refs. 23,
49, 52, and 57-60). In all cases, the turbu-
lent boundary layer displacement thickness
(6*) is much smaller than the characteristic
dimension (t) from which the vortices are
shed (t/6*>40). Experimental results from
noise measurements on several trailing edge
configurations in the NASA Langley Quiet-Flow
Facility, however, indicated that for a
trailing edge bluntness of equal thickness or
smaller than the displacement thickness of
the boundary layer a Strouhal number of .1 is
applicable (Ref. 52). It was shown that the
overall sound pressure level of the noise
gengrgted at the blunt trailing edge follows
a Uy*” dependence. Using the directivity
pattern presented in Reference 53, the fol-
lowing scaling laws are derived for the one-
third octave band sound pressure levels in
the acoustic far field:

for t/é* >1:

K,BU 6t s sin2 8 sin2 Y
SPL, ,, = ——X (21)
1/3 1l + M cos 6
and U
£ = .25 _Xs—_
max % (22)
=
4
for t/86* <1:
K4BU 5.3 t s sin2 6/2 sin2 Y
SPL. ,, = X (23)

/3 (14M coss)°> { 1+ (M-¥) cose}z

and



£ = .1 X (24)
max t
where K3 and K4 are scaling constants. The

constant K4 has been obtained by comparing
Equation (23) with the blunt trailing edge
noise measurements from Figure 40 in Refer-
ence 52, which were first converted to one-
third octave band data. The constant K3 has
been determined by equating Equation (21) and
(23) for the case that the trailing edge
bluntness is of the same thickness as the
displacement thickness of the turbulent boun-
dary layer. For most practical purposes the
displacement thickness and the boundary layer
thickness are related by:

§

§* =
Equations (21)
dict the noise
blunt trailing
tion procedure
layer trailing

through (25) are used to pre-
from wind turbine blades with
edges using the same calcula-
as for turbulent boundary
edge interaction noise.

To assess the relative importance
of all three major aerodynamic noise sources
(figure 9) predictions have been made for a
MOD-2 machine at a distance of 100 m on-axis.
The noise contributions due to turbulent in-
flow, trailing edge bluntness and turbulent
boundary layer trailing edge interaction rel-
ative to the total noise is depicted in Fig-
ure 10. The turbulent inflow related noise
dominates the spectrum at the low frequencies
and is broad in character while turbulent
boundary layer trailing edge interaction
noise becomes relatively more and more impor-
tant when moving up the frequency scale.
Noise due to trailing edge bluntness is con-
fined to a more restricted frequency band
with its center frequency related to the
thickness of the trailing edge. Aall predic-
tions are limited to the acoustic far field,
on-axis and without distinction between up-
wind and downwind directions as no propaga-
tion effects are incorporated.
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Figure 10. - On-axis broad band noise compo-
nent predictions for the MOD-2 machine.
(Vw 9.8 m/s, P = 1500 kW, r = 100 m.)
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COMPARISONS BETWEEN PREDICTIONS
AND MEASUREMENTS

To show that reasonable agreement
can be obtained between broadband noise pre-
dictions and far field noise measurements,
comparisons have been made for four horizon-
tal axis wind turbines with quite different
physical characteristics (Figures 1 and 2).
Also various distances, number of blades and
power outputs are shown to give a good com-
parison with actual measured data. Figure 11
shows predictions and measurements for two
downwind machines, MOD-OA and WTS-4, at di-
fferent distances and different power out-
puts. Only the noise due to turbulent inflow
is dependent on the actual power output (ac-
tually the turbulence intensity) as evidenced
by the results depicted in Figure 11. Other
noise source mechanisms are only dependent on
rotational speed. The effect of the trailing
edge bluntness of the three blades of the U.S.
Windpower machine is shown in Figure 12 where
the sharp peak around 2000 Hz in the noise
spectrum disappears after the trailing edges
have been sharpened.
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P=T70kwW
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SOUND
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Figure 1l. - Comparisons of measured and pre-
dicted on-axis broad band noise spectra for
two downwind machines.
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Figure 12. - Comparisons of measured and pre-

dicted broad band noise spectra for two dif-
ferent blade trailing edge configurations of
the U.8. windpower inc. machine.



The predicted nolse spectrum of a
MOD-2 upwind machine at rated power is depic-
ted in Figure 13 along with measured data
points showing good agreement. In the same
figure a broadband noise prediction is pre-
sented for a MOD-5B machine, at rated power,
on axis, 200 m away from the hub. The dif-
ference is shown for a machine with sharp
trailing edges and for the case that the
blade trailing edges have the same bluntness
as the MOD-2 machine. The noise signature
of the MOD-5B is predicted to be 2-3 dB high-
er than the MOD-2 over the whole frequency
range, both operating at rated power.

MOD-2, P = 2500 kW

MOD-5B, P =3200kW

\‘/—BLUNT T.E

~

SOUND
PRESSURE s5g

LEVEL, | SHARPT.E.
d8
ao —
3 I 1 9 i 1 J
63 250 1000 4000 63 &0 1000 4000
ONE-THIRD OCTAVE BAND CENTER FREQUENCY, Hz
Figure 13. ~ Predicted on-axis broad band
noise spectra for two upwind machines.
(r = 200 m.)

CONCLUDING REMARKS

Noise measurements and observa-
tions have been presented for four large hor-
izontal axis wind turbine generators with
guite diferent characteristics in size and
configuration. Effects of output power, di-
rectional radiation effects (up-, down-, and
cross wind} and noise perception distances
have been discussed based on field measure-
ments. A method has been presented for pre-
dicting the broadband noise spectra of hori-
zontal-axis, constant rotational speed ma-
chines, based on contributions from noise due
to inflow turbulence, turbulent boundary
layer-trailing edge interaction noise and
noise due to a blunt trailing edge. Good a-
greement is shown between predictions and far
field noise measurements of the four large
wind turbine generators for various operating
conditions. The prediction method includes
the effects of distance from the machine,
output power (windspeed), number of blades
and tower and blade geometry. Broadband
noise is predicted only on-axis and the
method does not distinguish between upwind
and downwind. Propagation effects other than
distance are not included in the present pre-
diction formulation.
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