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Dr ilichael $pence BA LLB Sydney DPhil PGDipTheol Oxf
Mce Chancellor and Principle
University of Sydney

Dear Dr Spence

I dm writing to enquire vdren I can expect a response to my letterdated 4 March
2414, which contained requests for:

. copV of prooedures to ensure integnty of engagement where researchers
have close involvement with industry

o an explanation of vrrhy the Human Resoures Ethics Committee decided
Professor Simon Chapman did not need ethics approvalto seek pensonal
information from people affected by Wnd Turbine noise emissions.

r whether the above decision was made before or after concems were raised
with the timing of his approach to these people

o whether it was ethicalfor him to demonize those who refused to co-operate
with him because of his bullying and intimidation tactics

o whether it was ethicalof him to attack and denigrate the characterc and
reputations of the people he is 'researching', but has never interuiewed

o whether ifs ethical or even legalfor him as a non-medical public health
academic to make assertions that these people have something called the
'nocebo'effectv'rhich is in conflictwith their ovun health practitioners
judgements afrer carefulconsideration of their symptoms

I would also like to inform you of another lapse in Professor Chapman's iudgement
and unacceptable behaviourtoward a highly experienred and professional expert in
the field of lnfrasound and Low Frequency noise from industrialturbines.

Professor Chapman's iniudicious analysis of Professor Mariana Alves-Pereira's
many yeac) of research in herfield of expertise was denigrated and ridiculed by him
in a paper published in the Austrulian and New Zealand Joumal of Public Health,



2013 vol. 37 No. 3 p 244-249. this can only be understood as a complete lack of
ethical and professionaljudgement on his part.

ProfessorAlve+Pereira has publically responded to the'attacks'on her ability and
professionalism by Professor Chapman with a letter published in the Australian and
New Zealand Joumal of Public Health, 2A14vol. 38 No 2 p 191-2.

Wth respect to Professor Chapman's attack on ProfessorAlves-Pereira I would like
to make some observations in relation to his paper.

ln the first paragiaph he states that'...unpublished case reports were being
circulated from around 2002...'but he neglects to mention that NASA between 1980
and 1990 conducted and published research into Wind Turbine noise emissions.

Below is a quotation from one of the papers:

'Many installation$ are in uninhabited areas far from established residences,
. and therefore there are no apparent environmental impacts in terms of noise.

There is, howevern the potentialfor situations in which the radiated noise can
be heard by residents of adjaent neighborhoods, particularly those
neighborhoods with lout ambient noise levels.

A widely publicized incident of this nature occured with the operation of the
experimentalMOD-1 2-lt,lvVwind turbine (described in detail in Kelley et al.

[19850. Significant factors relevant to the potential environmental impact of
wind turbine noise are listed in Figure 7-1.'

A copy of this report is attached for your reference.

As you can see concerns were abroad from 1980 a date which conesponds with
Professor Chapman's timing of the earliest years of the industrialisation of the wind
energy industry.

ln the paper he also lists a number of early proiects three (3) d which I comment on
below:

r The 10 Mile Lagoon in WA had g turbines with a total capacity of 2MW; one
turbine today has a greater capacity output than that.

r The Coober Pedy Wind Farm' consibts of 1, thafs right 1 turbine erected in
1991 alongside the diesel power plant. This one turbine is on a 30mt tower
and has an output of 200kW at the time equalling 4% of the towns energy
supply.

o Crookwell had I turbines with a capacity of 4.8MW on 45mt towers.

However he chose not to provide any detail of these early Australian installations,
instead he was content to give the impression they were as significant in size as
those being installed in more recenttimes.



The emphasis resulting from these omissions ensures those ignorant of the facts will
assume complaints made as turbines became larger and in greater numbers as well
as closer to homes were caused by something other than noise from the turbines,
which when considering the NASA research alone may not be the case.

Deliberate misreprcsentation by omission cannot be considered by anyone as
an ethical practice.

Professor Alves-Pereira is clearly able to defend herself against the insipid claims of
Professor Chapman by using her many years of experience, research and gained
knowledge to highlight his misrepresentations, therefore there is no need for me to
address his inadequate and false declarations, what I will do though is make the
following observations of his'research' methodology.

ln his conclusion he uses terms such as factoids, questionable and spurious to
describe the work undertaken in a very specific field by a researcher with many
years of experience, professionalism, knowledge and expertise. He concentrates on
the number of times Vibroacoustic disease (VAD) is mentioned on the internet.

However, he neglects to mention or consider this is a specialised field of research
and as such it's hardly surprising the work is regularly referred to by those interested
in such research.

As he has done previously he continues to rely on the internet to create lists which
are misleading and of no academic use because they are not scrupulously examined
for repetition and more importantly checked to ascertiain the purpose of the use of
the term. Such as whether the work was listed in a bibliography, discussed as a
theory; used in a catalogue of reference books; were there numerous uses of it
throughout individual papers, reports etc.

After all, not all references can be assigned to those quoting the work in reports or
submissions for enquiries or during consultation for projects.

He also fails to see the laughable and inevitable fact that his list will be added to by
his use of it in his paper which can be found on the internet. Relying on the internet
for information is something students are advised against, but here we have a
Professor doing just that.

Professor Ghapman's consistent rampant oration of his dislike of those who
have specialist knowledge even when they are doing nothing more than
reporting on their research findings cannot be considered by anyone as
ethical.

It seems Professor Chapman is incapable of accepting that evidence is being and
has been produced showing adverse health effects resulting from industrialwind
turbine noise emissions is possible, and most likely probable.

It's more than time Sydney University stopped their unreserved support of this
industry and Professor Chapman's unethical behaviour, and started to act to ensure



unbiased research is undertaken and supported to ascertain the nature of the noises
emitted and how this impacts on human health, and the environment.

ln addition to the above I request that anangements whetherfinancial, organisational
or relating to the direction research should take between private enterprise partners
and research bodies, or groups within the University are made public to ensure there
is no interferen@ with independent unbiased research and the reporting work of
U n iversity resea rchers.

I also ask again that issues of conflict of interest with respec't to Fellows of the
University $enate are seriously considered and that none are party to any decisions
where a conflict of interest exists.

Finally, all Universities have a duty to support aeademic and scientific freedom but it
should come with a proviso that this fredom is not used or abused by enoneously
questioning or denigrating the work and professionalism of otherc who have through
dedication and hard work achieved experience in their chosen field.

I await with interest your response.

Yours faithfutly

JA Rovensky (Mrs)

Attachments: Harvey H Hubbard and Kevon P Shephed, Wind Turbine Aooustice, 1990.

Australia and New Zealand Joumal of Putflic Hea]th, 'Ho,v the factoid of wlnd turbines causing
'vibloacoustic dieeasa' came to be'inefutably demonstrated', Simon Chapman, Alexis St
George, 2013 vol. 37 No. 3,p2*249-

Australia and New Zealand Jumal of Public Heal8r, 'Letterto the Editor re: 'Horrv the fadoid of
wind turbines causing Yibrcaoustic disease'came to be'ineftrtably dqnonstrated', Mariana
Alveg-Pereira, NunoAA Castelo Bran@,2014r,o1. 38 No. 2,p 191-2
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The text of this report is planned to appear as a chapter in a forthcoming book entitled

Wind Turbine Technology. This is a joint project of the U.S. Department of Energy and

the American Society of Mechanical Engineers, in which the NASA Lewis Research Center

is responsible for technical editing and management. Production of the final text is under

the sponsorship and direction of DOE's Solar Technical Information Programs Office.

Book publication will be by the ASME.



Wind Turbine Acoustics

Harvey H. Hubbard

NASA Langley Research Center

and Planning Research Corporation

Hampton, Virginia

and

Kevin P. Shepherd, Ph.D.

NASA Langley Research Center

Hampton, Virginia

Introduction

Wind turbine generators, ranging in size from a few kilowatts to several megawatts,
are producing electricity both singly and in wind power stations that encompass hundreds
of machines. Many installations are in uninhabited areas far from established residences,
and therefore there are no apparent environmental impacts in terms of noise. There is,
however, the potential for situations in which the radiated noise can be heard by residents
of adjacent neighborhoods, particularly those neighborhoods with low ambient noise lev-
els. A widely publicized incident of this nature occurred with the operation of the
experimental MOD-1 2-MW wind turbine (described in detail in Kelley et al. [1985]). Sig-
nificant factors relevant to the potential environmental impact of wind turbine noise are
listed in Figure 7-1.



Noise sources Propaqation p_qth_ Receivers
• Aerodynamic • Distance • Ambient noise
• Mechanical • Wind gradients • Indoor/outdoor exposure

• Absorption • Building vibrations
• Terrain

Figure 7-1. Factors contributing to wind turbine noise

The noise produced by wind turbines ranges in frequency from low values that am
sometimes inaudible to higher values in the normal audible range [Kelley et al. 1985].
Although increased distance is beneficial in reducing noise levels, the wind can enhance
noise propagation in certain directions and impede it in others. A unique feature of wind
turbine noise is that it can result from essentially continuous periods of daytime and night-
time operation. This is in contrast to the more common aircraft and road traffic noises that
vary markedly as a function of time of day.

This chapter summarizes available information on the physical characteristics of the
noise generated by wind turbines and includes example sound pressure time histories,
narrow-band and broadband frequency spectra, and noise radiation patterns. This chapter
also reviews noise measurement standards, analysis technology, and a method for charac-

terizing the noise from wind turbines. Prediction methods are summarized for both the
low-frequency rotational harmonics and the broadband noise components caused by
inflow turbulence, and also for turbulent boundary layers on the blades and wakes from the

blade trailing edge. Also included are atmospheric propagation data that illustrate the
effects of distance and the effects of refraction caused by a vertical gradient in mean wind
speed for both upwind and downwind directions.

Perception thresholds for humans are defined for both narrow-band and broadband
spectra from systematic tests in the laboratory and from observations in the field. Also
summarized are structural vibrations and interior sound pressure levels, which could result

from the low-frequency noise excitation of buildings.
A bibliography is available that lists technical papers on all aspects of wind turbine

acoustics [-Hubbard and Shepherd 1988].

Characteristics of Wind Turbine Noise

Noise from wind turbines may be categorized as aerodynamic or mechanical in origin.
Aerodynamic noise components are either narrow-band (containing discrete harmonics) or
broadband (random) and are related closely to the geometry of the rotor, its blades, and
their aerodynamic flow environments. The low-frequency, narrow-band rotational com-
ponents typically occur at the blade passage frequency (the rotational speed times the num-
ber of blades) and integer multiples of this frequency. Of lesser importance for most
configurations are mechanical noise components from the operating bearings, gears, and
accessories.



Anexampleofaspectrumof windturbinenoiseisshowninFigure7-2.Thesedata,
whichweremeasured36mdownwindofavertical-axiswindturbine(VAWT),showthe
decreaseof soundpressurelevelwithincreasingfrequency(ageneralcharacteristicof
windturbines).All soundpressurelevelspresentedin thischapterarebasedonroot-mean-
square(RMS)valuesofpressure;theyarereferencedto2x 10-3Paandareaveragedover
30to 180seconds,dependingonthefrequencybandwidth.Thespectrumgenerallycon-
tainsbroadbandrandomnoiseofaerodynamicorigin,althoughdiscretecomponentsidenti-
fiedasmechanicalnoisefromthegearboxarealsoevident.Thebladepassagefrequencyis
readilyapparentinthetimehistoryillustratedinFigure7-2,asistherandomnatureofthe
emittedsounds.
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Figure 7-2. Typical narrow-band noise spectrum of a wind turbine, measured 36 m
from a VAWr generating 185 kW at a wind speed of 16.5 m/s (bandwidth = 2.5 Hz)

The many analytical and experimental acoustical studies conducted on horizontal-axis
wind turbines (HAWTs) indicate that for given geometrical and operational characteristics
(such as power output, rotor area, and tip speed) HAWTs with downwind rotors will gen-
erate more noise than will those with upwind rotors. This is because an additional noise
source in downwind rotors is introduced when the rotating blades interact with the aerody-

namic wake of the supporting tower.
Because very little information on the acoustics of VAWTs is currently available, it is

difficult to directly compare the noise-generation characteristics of HAWTs and VAWTs.
Example VAWT spectra, levels, and directivity data are contained in Kelley, Hemphill,
and Sengupta [1981] and Wehrey et al. [1987]. The blades of a VAWT interact with the
aerodynamic wake of the rotor's central column in a manner similar to the way that a
downwind HAWT rotor interacts with its tower wake, but at a greater distance relative to

the column diameter. Thus, the magnitude of the noise from a VAWT caused by this inter-
action is expected to be less than that of an equivalent downwind HAWT rotor and greater
than that of an upwind HAWT rotor. There is currently no detailed information available
describing other aerodynamic noise sources associated with VAWTs. Thus, to gain an
understanding of the acoustics of this type of turbine, additional studies are needed.



Blade Impulsive Noise

Impulsive noise is often associated with downwind rotors on HAWTs; in many cases,
it is the dominant noise component for that configuration. Figures 7-3(a) and (b) show
example sound pressure time histories for two different HAWTs with downwind rotors
[Shepherd, Willshire, and Hubbard 1988; Hubbard and Shepherd 1982]. Figure 7-3(a)
relates to a large-scale turbine with a 78.2-m-diameter rotor supported downwind of a
twelve-sided shell tower. Strong impulses are superposed on less intense broadband com-
ponents. The impulse noise arises from the blade's interaction with the aerodynamic wake
of the tower. As each blade traverses the tower wake, it experiences short-duration load
fluctuations caused by the velocity deficiency in the wake. These load fluctuations lead
directly to the radiated acoustic pulses. The acoustic pulses are all of short duration and
vary in amplitude as a function of time, This variation in amplitude is believed to result
from variations in the blade loadings caused by detailed differences in the time-varying
structure of the aerodynamic wake [Kelley et al. 1985].

Wind i_ Blade passage plane
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from two downwind-rotor HAWTSFigure 7-3. Sound pressure time histories
[Shepherd, Willshire, and Hubbard 1988; Hubbard and Shepherd 1982]. (a) 78.2-m-
diameter rotor, 2 blades, 2050-kW output, 30-rpm rotor speed, 200-m distance. (b) 17.6-m-
diameter rotor, 3 blades, 5-kW output, 72-rpm rotor speed, 30.5-m distance.

The same phenomena, differing only in detail, are illustrated in Figure 7-3(b). These
data relate to a smaU-scale turbine with a 17.6-m-diameter rotor supported downwind of a
three-legged open truss tower [Hubbard and Shepherd 1982]. Each blade passage produces
a three-peaked pulse as the blade interacts with the wakes of the three tower legs.
Experimental studies by Hubbard and Shepherd [1982] and Greene [1981] showed that the
character of the wake of a tower element can be altered to various degrees by adding such
modifications as strakes, screens, and vanes. Because some velocity deficiency remains in
the lee of the tower, it is inevitable that such modifications can ameliorate but not elimi-
nate the impulsive noise components.

Figure 7-4 compares narrow-band spectra for upwind-rotor and downwind-rotor
HAWTs along with their associated sound pressure time histories. The upwind rotor is
91 m in diameter and operates at a speed of 17.5 rpm. The downwind rotor is 78.2 m in
diameter and rotates at 30 rpm. Note that the upwind-rotor spectrum shows an amplitude-
modulated time history but without the sharp pressure peaks that are evident for the
downwind rotor. Although the two spectra have essentially the same shapes, the
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Figure 7-4. Narrow-band noise spectra from large-scale HAWTS with upwind and
downwind rotors (bandwidth = 2.5 Hz)

downwind-rotor spectrum shows generally higher noise levels because of the downwind
rotor's higher blade tip speed.

The lower-frequency portions of the spectra (Figure 7-4) were analyzed with a nar-
rower effective bandwidth resolution, and an expanded frequency scale is shown in Fig-

ure 7-5. Impulsive noises such as those illustrated in Figures 7-3(a) and 7-4 can be
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Figure %5. Low-frequency, narrow-band noise spectra from large-scale HAWTs with
upwind and downwind rotors (bandwidth = 0.25 Hz, distance = 150 m)



resolvedintotheirFouriercomponents,whicharepuretonesatthebladepassagefre-
quencyandintegerharmonicsofthisfrequency.Thesecomponentsareevidentinthelow-
frequencyportionofthedownwind-rotorspectrumofFigure7-5,whichshowsidentifiable
rotationalcomponentsouttoabout30Hz.The spectrum indicates a peak near 5 Hz and
then a general decrease as the frequency increases [Shepherd and Hubbard 1983].

Figure 7-6 illustrates the nature of the noise radiation patterns for low-frequency rota-
tional noise components. Shown are the results of simultaneous measurements of sound
pressure levels at a frequency of 8 Hz; the measurements were taken at a distance of 200 m
around the turbine. Acoustic radiations upwind and downwind are about equal and are
greater than that in the crosswind direction. The two patterns in Figure 7-6 provide a direct
comparison of measurements made at the same nominal wind conditions for daytime and
nighttime operation. The nighttime levels are generally lower than the daytime levels, and
the resulting radiation pattern generally appears as an acoustic dipole. The lower levels are

believed to result from a different atmospheric turbulence slructure during the night.

90° Day
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Figure 7-6. Example radiation patterns for low-frequency rotational noise 200 m
from a large-scale HAWT (harmonic frequency = 8 Hz, wind speed = 7.2 m/s, power =
100 kW) [Shepherd, Willshire, and Hubbard 1988]

Kelley, Hemphill, and McKenna [1982] compare characteristic low-frequency noise
emissions from upwind-rotor HAWTs, downwind-rotor HAWTs, and a VAWT. These
comparisons are based on joint probability distributions of octave-band sound pressure
levels. The authors conclude that a downwind-rotor HAWT presents the highest probabil-
ity of emitting coherent low-frequency noise, although an upwind-rotor HAWT appears to
have the lowest probability of emitting such noise. The probability associated with a
VAWT providing coherent noise was found to be between the two HAWT probabilities.



Blade Broadband Noise

Broadband noise arises as the rotating blades interact with the wind inflow to the
rotor. It is a significant component for all configurations of rotors, regardless of whether
the low-frequency impulsive components are present. Broadband noise components ate
characterized by a continuous distribution of sound pressure with frequency and dominate
a typical wind turbine acoustic spectrum at frequencies above about 100 Hz.

Example broadband-noise radiation patterns for a large-scale HAWT are shown in
Figure 7-7. Data are included for one-third-octave bands with center frequencies of 100,
200, and 400 Hz. The band levels in the upwind and downwind directions are comparable

but generally higher than those in the crosswind direction. The general shapes of these pat-
terns are similar to those in Figure 7-6 for the low-frequency, rotational noise components

during the daytime.
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Figure 7-7. Example radiation patterns for broadband noise 200 m from a large-scale
HAWT (one-third-octave bands, wind speed = 12.1 m/s, power = 2050 kW) [Shepherd,

Willshire, and Hubbard 1988]

The one-third-octave band spectra of Figure 7-8 were obtained for wind speeds vary-

ing by a factor of two. At lower frequencies, dominated by the rotational harmonics, the
highest levels are shown to be associated with the highest wind speeds and the highest
power outputs. At higher frequencies, dominated by broadband components, there is no
clear trend in relation to wind speed. This result is in contrast to a scaling law given in

Sutherland, Mantey, and Brown [1987], in which the A-weighted sound pressure level
increases in proportion to the logarithm of the wind speed, and this is verified by data from
a group of several small wind turbines.

Figure 7-8 and the upper spectrum in Figure 7-4 both represent the acoustic output of
the same wind turbine. The higher sound pressure levels in Figure 7-8 are the typical result
of increasing the frequency bandwidth.
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Figure 7-8. Typical variation in noise spectra with power output and wind speed
200 m from a large-scale HAWT (78.2-m diameter, downwind rotor) [Shepherd,
Willshire, and Hubbard 1988]

Figures 7-9 and 7-10 contain measured data for several HAWTs of various sizes and

configurations [Shepherd, Willshire, and Hubbard 1988]. In Figure 7-9 [Hubbard and

Shepherd 1984], measured far-field data for several upwind-rotor turbines are adjusted to a
distance of 2.5 rotor diameters from the base of the tower and are plotted as one-third-
octave band spectra. The disk power densities (in W/m 2) and tip speeds for all of these
machines are comparable, and the spectra (adjusted for distance) are in general agreement
except at the lower frequencies. Comparable data are presented in Figure 7-10 for several
downwind rotors [Shepherd et al. 1988; Hubbard and Shepherd 1982; Shepherd and
Hubbard 1981; Lunggren 1984]; the results are similar. The variations in noise levels in

Figure 7-10 can be related to the variations in rotor tip speed, as noted in the legend. A ref-
erence line of -10 dB per decade is included to indicate roughly the rate at which the
broadband noise levels decrease as frequency increases.

Horizontal-axis turbines sometimes operate such that the wind direction is not aligned
with the rotor axis. The effects of nonalignment, or skew, on the generated noise have been
evaluated for a large-scale HAWT with a downwind rotor. Data are shown in Figure 7-11
for skew angles of 20* and 31 ° and are compared with sound pressure levels for 0* (no
skew). The band levels plotted are arithmetic averages of measured values in the upwind
and downwind quadrants. The obvious result is that sound pressure levels at low frequen-
cies are reduced as the skew angle increases. This would be expected because of the
reduced aerodynamic loading associated with an increased skew angle. At the higher fre-
quencies, there are some small increases in the sound pressure levels as the skew angle
increases. Such increases would be difficult to predict because the flow fields on the
blades are very complicated.

In some situations, small tabs or vortex generators were installed on the low-pressure
surfaces of both HAWT and VAWT blades to delay local stall and generally improve aero-
dynamic performance. Studies to evaluate the effects of vortex generators on noise radia-
tion show the effects to be insignificant [Hubbard and Shepherd 1984].
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Noise from Aileron Control Surfaces

Some experimental HAWT blades have contained ailerons for speed and power con-
trol. Data for two different aileron configurations are given in Shepherd and Hubbard
[1984]. The unusually high noise levels observed in these tests are believed to result from
the excitation of internal cavity resonances in the blades by the external flow. Well-
designed aileron systems would not have this problem.

Machinery Noises

Most of the acoustic noise associated with the large HAWTs studied to date has been
aerodynamic in origin. Potential sources of mechanical noise, such as gears, bearings, and
accessories, have not been important. However, for some of the smaller HAWTs and some
VAWTs, gear noise can be an important component. Some straightforward approaches to
controlling gear noise could be to include noise and vibration specifications in the design
and to apply noise insulation around the gear box.

Narrow-band analyses of noise from a large HAWT (Figure 7-5) show identif'mble
components at the shaft speed of the generator (30 Hz) and at harmonics of this speed.
Because these components radiate generally perpendicular to the axis of rotation and are
not normally heard, they are of only secondary importance. Similarly, the cooling fan
noise noted in Figure 7-4 is not significant.

Predicting Noise from A Single Wind Turbine

Extensive research studies have been conducted to predict noise from isolated airfoils,
propellers, helicopter rotors, and compressors. Many of those f'mdings have helped identify
the significant noise sources of wind turbines and have helped develop methods for noise
prediction. This section summarizes the technology available for predicting the known

10



sourcesofwindturbinenoise,particularlytheaerodynamicsources,whicharebelievedto
bethemostimportant.

Rotational Harmonics

The generation of impulsive noise by a wind turbine is analogous to that of a propel-
ler, compressor, or helicopter rotor. Impulse noises like those shown in Figures 7-3 and 7-4
can be resolved into their Fourier components (Figure 7-5), which are at the blade passage
frequency and its integer multiples. For the example data, the harmonics occur at 1-Hz
intervals--the blade passage frequency of this turbine. The acoustic pulses arise from rap-
idly changing aerodynamic loads on the blades as they traverse the wake of the support
tower. The blades encounter localized flow deficiencies, which result in momentary fluctu-

ations in lift and drag. Lift and drag coefficients can be transformed into thrust and torque
coefficients, respectively, and can be used to determine the unsteady forces associated with
periodic variations in the wind velocity. These variations may occur within the tower
wake, as indicated schematically in Figure 7-3, or through wind shear.

Variations in blade force can be represented by complex Fourier coefficients modified

by the Sears function to determine the effects of unsteady aerodynamics on the airfoil. The
Sears function represents aerodynamic loading on a rigid airfoil passing through a sinusoi-
dal gust [Sears 1941]. Following the method presented in Viterna [1981], a general expres-
sion for the RMS sound pressure level of the nth harmonic can be derived in a form that
reduces to the following:

Pn -- KnNf2 _ { eim[(_-(x/'2)] Jx (KnRe sin T)
4_1

x (aT cos _-_R_m aQm) }
where

Pn = RMS sound pressure for the nth harmonic (N/m 2)
n = sound pressure harmonic number (n = 1, 2 .... )

Kn = nB_ao (m-l)

B = number of blades

t2 = rotor speed (rad/s)
ao = speed of sound (m/s)
d = distance from the rotor (m)
m = blade loading harmonic index (m ..... -2, -1, 0, 1, 2 .... )
Jx = Bessel function of the first kind and of order x, in which x =nB - m
Re = effective blade radius (m)

T, _ = azimuth and altitude angles to the listener, referred to as the rotor
thrust vector (rad)

aT,a_h = complex Fourier coefficients for the thrust and torque forces (acting at R_),
respectively (N)

(7-1)

Note that each loading harmonic m on the blade, because of fluctuating air loads,

gives rise to more than one sound harmonic n in the radiation field.
For the special case in which the inflow to the rotor disk is uniform and the listener is

located in the plane of the axis, Eq. 7-1 reduces to
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T nBQ
Pn-4ridKn'_f_ ( cosy-_--_--)JnB (I_aRe sin y) (7-2)

where T and Q are the total thrust (in N) and torque (in N-m) of the rotor, respectively.

Example Rotational Noise Calculations

Examples of sound pressure levels calculated by means of Eq. 7-1 are presented in
Vitema [1981] and are included in Figures 7-12 and 7-13. The calculations relate to the
following operating conditions of the MOD-1 HAWT:

rotor speed = 34.6 rpm
power output = 1500 kW
wind speed = 13.4 m/s
rotor diameter -- 61 m

hub height = 46 m
listener distance = 79 m and 945 m downwind from

the rotor
number of blades = 2
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Figure 7-12. Measured and calculated rotational noise spectra 79 m downwind of the
MOD-1 HAWT (rotor diameter = 61 m, wind speed = 13.4 m/s, power output = 1500 kW)
[Vitema 1981]

The velocity deficiency behind the support tower was assumed to be 20% over a rotor
disk azimuth angle of 20*.

Figure 7-12 compares calculated and measured sound pressure levels of the first
50 rotational harmonics for the MOD-1 downwind rotor. The calculations predict the max-
imum levels quite well, as well as the general shape of the spectrum. Other calculations
[-Vitema 1981] suggest that the maximum levels of the rotational harmonics occur in the
upwind and downwind directions, while the minimum levels occur in the crosswind direc-
tions. Note that the calculation procedure presented in Eq. 7-1 has been validated for the
MOD-1 and WTS-4 machines. Alternative methods for predicting the magnitude of
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Figure 7-13. Calculated envelopes of rotational noise spectra for various wind inflow
conditions 945 m downwind of the MOD-I HAWT (rotor diameter = 61 m, wind speed

= 13.4 m/s, power output = 1500 kW) [Viterna 1981]

rotational harmonics are discussed, and pertinent results are presented in Kelley et al.
[1985]; Meijer and Lindblad [1983]; Greene and Hubbard [1980]; Martinez, Widnall, and

Harris [1982]; George [1978]; and Lowson [1970].
Calculations made with Eq. 7-2 were compared with those for a nonuniform wind

inflow, and the results are shown in Figure 7-13. For a uniform flow field, the fundamental
rotational harmonic is relatively strong but all higher harmonics are weak. A similar result
is obtained when the rotor operates in a shear flow that produces a once-per-revolution
variation of inflow velocity at each blade. When tower wake effects are added, however,
the levels of the higher frequencies are greatly enhanced.

These results suggest that both configuration and siting effects are significant in the
rotational noise generation of wind turbines. For example, the tower wake of both VAWTs
and downwind-rotor HAWTs can greatly enhance the strength of the rotational noise har-
monics. Other deviations in wind inflow from a uniform velocity over the disk may also

enhance the strength of the rotational harmonics for all rotor configurations. Flow devia-

tions may be caused by the vertical wind velocity gradient in the earth's boundary layer
and may be exaggerated by atmospheric turbulence or terrain features that can impose
additional velocity gradients on the inflow.

Broadband Noise Components

Extensive research on propellers, helicopter rotors, compressors, and isolated airfoils
has provided a wealth of background information and experience for predicting broadband
noise for wind turbine rotors. The main noise sources have been identified, prediction

techniques have been described, and comparisons have been made with available

experimental data [George and Chou 1984; Glegg, Baxter, and Glendinning 1987;
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Grosveld 1985]. Measurements to date indicate three main sources of broadband noise in
wind turbine rotors:

1. Aerodynamic loading fluctuations caused by inflow turbulence interacting with
the rotating blades

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

3. Vortex shedding caused by the bluntness of the trailing edge.

These sources of broadband noise are illustrated in Figure 7-14, along with their
sound power dependencies, def'mitions of critical dimensions, and flow velocities
[Grosveld 1985].

Sound power
Source Parameters dependence

Inflow V _'_5 V4 (_2,_ c
turbulence --_

a

Interaction
between turbulent V

boundary layer and
blade trailing edge

Bluntness of V
trailing edge

Vs 5.Z.

Vs-3t

= length of blade element

Figure 7-14. Sources of wind turbine broadband noise [Grosveld 1985]

Another possible source of broadband noise is that of tip vortex formation. Based on
the experimental data of isolated airfoils and rotors [George and Chou 1984; Brooks and

Marcolini 1986], this source is expected to be of secondary importance relative to the three
listed. However, unusual geometries, such as those associated with tip control surfaces,
could result in significantly more radiated noise.

Inflow Turbulence Noise

As the wind turbine blades move through the air, they encounter atmospheric turbu-
lence that causes variations in the local angle of attack, which in turn causes fluctuations in
the lift and drag forces. The length scales and intensities are a function of local atmo-

spheric and site conditions and are different at different heights above the ground [Kelley
et al. 1987]. The following expression for HAWT rotor noise induced by inflow turbu-
lence is based on the work presented in Grosveld [1985]:

and
SPL1/3 (f) = 10 loglo [B sin 2 Oi32 C0. 7 Ro2 Vo.74/(d2ao2)] + Ka (7-3)

fpeak = SV0.7/( h" 0.7R) (7-4)
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where

SPL1/3 = one-third-octave band sound pressure level (dB)
f = band center frequency (Hz)

t9 = angle between the rotor-hub-to-receiver line and its vertical projection in the
rotor plane (rad)

p = air density (kg/m 3)
c0.7 = rotor blade chord at 0.7 radius (m)

R = rotor radius (m)
02 = mean square of turbulence (m2/s 2)

V0.7 = blade forward speed at 0.7 radius, 0.7 R_ (m/s)
t2 = rotor speed

Ka = frequency-dependent scaling factor (dB, Figure 7-15)

freak = frequency at which Ka is maximum (I-Iz, Figure 7-15)
S = constant Strouhal number, 16.6

h = hub height

A peak in the frequency domain is obtained when f reaches fpeak, which corresponds
to the maximum value of Ks(f) in Figure 7-15. Inherent in the derivation of Eq. 7-3 are the
assumptions that the turbulence is isotropic and the atmosphere is neutrally stable within
the vertical layer occupied by the rotor. In addition, the source is considered to be a point
dipole at hub height, and the wavelength of the radiated sound is much shorter than the
distance to the receiver. The frequency-dependent scaling factor in Figure 7-15 has been
determined empirically from measured frequency spectra for a rotor from which the noise
is largely caused by inflow turbulence.
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Noise from the Interaction of the Turbulent Boundary Layer and the Blade Trailing
Edge

Noise is generated by the convection of the blade's attached turbulent boundary layer
into the wake of the airfoil. This is a major noise source for helicopter rotors, and the stud-
ies of Schlinker and Amiet [1981] have been adapted to wind turbine rotors. The resulting
expression [Grosveld 1985] for an airfoil section is as follows:

SPLlrz(f) = 10 log10 { VSrB D_2_I S_max)' [ S_ax)t's + 0.5]-4 } + Kbro (7-5)

where

V r = resultant velocity at blade element (m/s)

sin 2 (0/2)

D = directivity factor, (1 + M cos 0) [1 + (M - Me) cos 0]

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

M = airfoil Mach number, Vgao
M c = convection Mach number, 0.8 M

0.37 c

= boundary layer thickness, _ (m)

c = blade chord (m)

Rn = Reynolds number, Vrc
"o

v = kinematic viscosity (m2/s)
1 = length of the blade element (m)

ro = distance between the source and the receiver (m)

S = Strouhal number, f_
Vr

Sma x = 0.1
K b = constant scaling factor, 5.5 dB

Sound pressure levels are obtained by integrating contributions of all acoustic sources
over the length of the blade.

Noise from Vortex Shedding at the Trailing Edge

Another noise source at the trailing edge of the airfoil is associated with vortex shed-
ding caused by the bluntness of the trailing edge. This phenomenon is analogous to the
shedding noise from wings with blunt trailing edges, as well as isolated airfoils, flat plates,
and struts [Schlinker and Amiet 1981; Brooks and Hodgson 1980]. The expression derived
in Grosveld [1985] for the noise from a blunt trailing edge is as follows:
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B Vr5'3 tl sin 2 (0/2) sin 2 V "_SPLl/'3(f) = 10 logl0 (1 + M cos 0) 3 [1 + (M-Me) cos 0] 2 r2° / + Kc (7-6)

and

wh_e

t=

V =

0.1 Vr (7-7)
fpeak - t

trailing edge thickness (m)
angle between the source-to-receiver line and its horizontal projection in the
rotor plane (rad)

= frequency-dependent scaling factor (dB, Figure 7-15)

The corresponding Ke has its maximum value when f reaches freak (Figure 7-15).
Once again, sound pressure levels are obtained by integrating the contributions of all
acoustic sources over the length of the blade.

Example Calculations of Broadband Noise

Figure 7-16 illustrates the relative contributions of the broadband noise components
calculated by using the methods of Grosveld [1985] for a large-scale HAWT with an
upwind rotor. The calculations are in the form of one-third-octave band speclxa for each of
the broadband components identified. Also included is the summation of the components.
As shown in Figure 7-16, inflow turbulence contributes noise over the whole frequency
range and dominates the spectrum at frequencies below about 500 Hz. Effects of
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Figure 7-16. Relative contributions of broadband noise sources to the total noise spec-
trum calculated for a large-scale HAWT [Grosveld 1985]
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boundary-layerinteractionalsocontributenoiseover a wide frequency range but are most

significant at higher frequencies. On the other hand, the noise spectrum of the trailing edge
wake is sharply peaked; the maximum for the example turbine is near 1250 Hz.

Figure 7-17 presents sound pressure levels calculated by using the methods of
Grosveld and compares them with acoustic far-field measurements for a large, upwind-
rotor HAWT and two different downwind-rotor HAWTs. Good agreement is shown in all
cases. Note that the validation of Eqs. 7-3 to 7-7 has been limited to acoustic radiation in
the upwind and downwind directions only.
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Figure 7.17. Measured and calculated broadband noise spectra downwind of various
HAWTs [Grosveld 1985]

An alternative broadband-noise-prediction scheme is proposed in Glegg, Baxter, and

Glendinning [1987] and includes unsteady lift noise, unsteady thickness noise, trailing
edge noise, and noise from separated flows. Inflow turbulence at the rotor must be speci-
fied to predict unsteady lift and thickness noises. Using the turbulence data associated with
the atmospheric boundary layer as input yielded poor agreement between calculated and
measured noise levels. Thus, Glegg, Baxter, and Glendinning [1987] hypothesized that
there was an additional source of turbulence: that each blade ran into the tip vortex shed by
the preceding blade. Note that Grosveld [1985] also used atmospheric boundary layer tur-
bulence but found that better agreement with acoutic measurements required an empirical
turbulence model. The boundary layer and trailing edge noise formulations of Glegg,
Baxter, and Glendinning [1987] and Grosveld [1985] both share the same theoretical back-
ground and therefore should give the same results.

Noise Propagation

A knowledge of the manner in which sound propagates through the atmosphere is
basic to the process of predicting the noise fields of single and multiple machines.
Although much is known about sound propagation in the atmosphere, one of the least
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understoodfactorsis theeffectof thewind.Included here are brief discussions of the

effects of distance from various types of sources, the effects of such atmospheric factors as
absorption in air and refraction caused by sound speed gradients, and terrain effects.

Distance Effects

Point Sources

When there is a nondirectional point source as well as closely grouped, multiple point
sources, spherical spreading may be assumed in the far radiation field. Circular wave
fronts propagate in all directions from a point source, and the sound pressure levels decay
at the rate of-6 dB per doubling of distance in the absence of atmospheric effects. The lat-
ter decay rate is illustrated by the straight line in Figure 7-18. The dashed curves in the fig-
ure represent increased decay rates associated with atmospheric absorption at frequencies

significant for wind turbine noise.
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Figure 7-18. Decrease in sound pressure levels of pure tones as a function of distance

from a point source [ANSI 1978]

Line Sources

For an infinitely long line source, the decay rate is only -3 dB per doubling of dis-
tance, compared with the -6 dB per doubling of distance illustrated in Figure 7-18. Such a
reduced decay rate is sometimes observed for sources such as trains and lines of vehicles
on a busy road. Some arrays of multiple wind turbines in wind power stations may also
behave acoustically like line sources.
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Atmospheric Factors

Absorption in Air

As sound propagates through the atmosphere, its energy is gradually converted to heat
by a number of molecular processes such as shear viscosity, thermal conductivity, and
molecular relaxation, and thus atmospheric absorption occurs. The curves in Figure 7-19
were plotted from ANSI values [1978] and show changes in atmospheric abso_tion as a
function of frequency. In these examples, the ambient temperature varied from 0 to 20 C
and the relative humidity varied from 30% to 70%. The atmospheric absorption is
relatively low at low frequencies, increasing rapidly as a function of frequency.
Atmospheric absorption values for other conditions of ambient temperature and relative
humidity can be obtained from the ANSI tables; these values follow the general trend
shown in Figure 7-19.
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Figure 7-19. Standard rates of atmospheric absorption [ANSI 1978]
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Refraction Caused by Wind and Temperature Gradients

Refraction effects arising from the sound speed gradients caused by wind and temper-
ature can cause nonuniform propagation as a function of azimuth angle around a source.
Figure 7-20 is a simple illustration of the effects of atmospheric refraction, or bending of
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Wind

Ground surface __

Figure 7-20. Effects of wind-induced refraction on acoustic rays radiating from an
elevated point source [Shepherd and Hubbard 1985]

sound rays, caused by a vertical wind-shear gradient over flat, homogeneous terrain for an
elevated point source. Note that in the downwind direction the wind gradient causes the
sound rays to bend toward the ground, whereas in the upwind direction the rays curve
upward away from the ground. For high-frequency acoustic emissions, this causes greatly
increased attenuation in a shadow zone upwind of the source, but little effect downwind.
The attenuation of low-frequency noise, on the other hand, is reduced by refraction in the
downwind direction, with little effect upwind.

The distance from lhe source to the edge of the shadow zone is related to the wind-
speed gradient and the elevation of the source. In a 10- to 15-m/s wind, for a source height
from 40 to 120 m above flat, homogeneous terrain, the horizontal distance from the source
to the shadow zone was calculated to be approximately five times the height of the source
[Shepherd and Hubbard 1985].

Attenuation exceeding that predicted by spherical spreading and atmospheric absorp-
tion can be found in the shadow zone. This attenuation is frequency-dependent, and the
lowest frequencies are the least attenuated. Figure 7-21 presents an empirical scheme for
estimating attenuation in the shadow zone, based on information in Piercy, Embleton, and
Sutherland [1977]; SAE [1966]; and Daigle, Embleton, and Piercy [1986]. The estimated
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Figure 7-21. Empirical model for estimating the extra attenuation of noise in the
shadow zone upwind of an elevated point source (s = 5h, 40 _<h < 120 m, where h =

source elevation) [Shepherd and Hubbard 1985]
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extra attenuation (Ae in Figure 7-21) is assumed to take place over a distance equal to
twice that from the source to the edge of the shadow zone. The predicted decay in the
sound pressure level from the source to the edge of the shadow zone is caused by atmo-
spheric absorption [ANSI 1978] and spherical spreading. Within the shadow zone, extra
attenuation should be added as estimated according to Figure 7-2I.

Note that vertical temperature gradients, which are also effective sound speed gradi-
ents, will normally also be present. These will add to or subtract from the effects of wind

that are illustrated in Figure 7-21. Effects of wind gradient will generally dominate those
of temperature gradients in noise propagation from wind power stations.

Distributed Source Effects

Because of their large rotor diameters, some wind turbines exhibit distributed source
effects relatively close to the machines. Only when listeners are at distances from the tur-
bines that are large in relation to the rotor diameter does the rotor behave acoustically as a
point source. As indicated in Figure 7-22, distributed source effects are particularly impor-
tant in the upwind direction. In this figure, sound pressure levels in the 630-Hz, one-third-
octave band are presented as a function of distance in the downwind, upwind, and
crosswind directions. The measured data agree well with the solid curves, which represent
spherical spreading and atmospheric absorption in the downwind and crosswind directions.
In the upwind direction, however, the measured data fall below the solid curve; this
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Point source model (spherical spreading with
atmospheric absorption)
Distributed source model (plus extra attenuation
as in Figure 7-21)
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Figure 7-22. Measured and calculated sound pressure levels in three directions from a

large-scale HAWT (one-third-octave band = 630 Hz, rotor diameter = 78.2 m) [Shepherd
and Hubbard 1985]
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indicates the presence of a shadow zone. An improvement in predicting upwind sound
pressure levels is obtained when the noise source is modeled as being distributed over the
entire rotor disk. Each part of the disk is then considered to be a point source, and attenua-
tion is estimated by means of the empirical model shown in Figure 7-21. The resulting pre-
dictions are shown as the dashed curve of Figure 7-22 and are in good agreement with the

sound measurements upwind of the turbine. In the downwind and crosswind directions,
point-source and distributed-source models result in identical calculations of sound pres-
sure levels.

Channeling Effects at Low Frequencies

Figure 7-23 illustrates the special case of propagation of low-frequency rotational-
harmonics when the atmospheric absorption and extra attenuation in the shadow zone are
very small. Measured sound pressure levels are shown as a function of distance for both
the upwind and downwind directions. For comparison, the curves representing decay rates
of -6 dB and -3 dB per doubling of distance are also included. Note that in the upwind
case the sound pressure levels tend to foUow a decay rate of -6 dB per doubling of dis-
tance, which is equal to the rate for spherical spreading. No extra attenuation from a
shadow zone was measured.
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Figure 7-23. Measure effect of wind on the propagation of low-frequency rotational
harmonic noise from a large-scale HAWT (harmonics with frequencies from 8 to 16 Hz,
rotor diameter = 78.2 m) [Willshire and Zorumski 1987]

In the downwind direction, the sound pressure levels tend to follow a decay rate of

-3 dB per doubling of distance, similar to that for cylindrical spreading. This reduced
decay rate in the downwind direction at very low frequencies is believed to result from
atmospheric refraction, which introduces a channeling sound path in the lower portions of
the earth's boundary layer [Willshire and Zorumski 1987; Thomson 1982; Hawkins 1987].
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Terrain Effects

Terrain effects include ground absorption, reflection, and diffraction. Furthermore,
terrain features may cause complex wind gradients, which can dominate noise propagation
to large distances [Kelley et al. 1985; Thompson 1982]. Wind turbines are generally
located in areas devoid of trees and other large vegetation. Instead, ground cover usually
consists of grass, sagebrush, plants, and low shrubs, which are minor impediments to noise
propagation except at very high frequencies. At frequencies below about 1000 Hz, the
ground attenuation is essentially zero.

Methods are available for calculating the attenuations provided by natural barriers
such as rolling terrain, which may interrupt the line of sight between the source and the
receiver [Piercy and Embleton 1979]. However, very little definitive information is avail-
able regarding the effectiveness of natural barriers in the presence of strong, vertical wind
gradients. Piercy and Embleton [1979] postulate that the effectiveness of natural barriers in
attenuating noise is not reduced under conditions of upward-curving ray paths (as would
apply in the upwind direction) or under normal temperature-lapse conditions. However,
under conditions of downward-curving ray paths, as in downwind propagation or during
temperature inversions (which are common at night), the barrier attenuations may be
reduced significantly, particularly at large distances.

Predicting Noise from Multiple Wind Turbines

Methods are needed to predict noise from wind power stations made up of large num-
bers of machines, as well as for a variety of configurations and operating conditions. This
section reviews the physical factors involved in making such predictions and presents the
results of calculations that illustrate the sensitivity of radiated noise to various geometric
and propagation parameters. A number of valid, pertinent, simplifying assumptions are
presented. A logarithmic wind gradient is assumed, with a wind speed of 9 rn/s at hub
height. Flat, homogeneous terrain, devoid of large vegetation, is also assumed. Noises
from multiple wind turbines ate assumed to add together incoherently, that is, in random
phase.

Noise Sources and Propagation

Reference Spectrum for a Single Wind Turbine

The most basic information needed to predict noise from a wind power station is the
noise output of a single turbine. Its noise spectrum can be predicted from knowledge of the
geometry and operating conditions of the machine [Viterna 1981; Glegg, Baxter, and
Glendinning 1987; Grosveld 1985], or its spectrum can be measured at a reference dis-
tance. Figures 7-9 and 7-10 are examples of spectral data for HAWTs. Also shown in Fig-
ure 7-10 is a hypothetical spectrum used in subsequent example calculations to represent a
HAWT with a 15-m rotor diameter and a rated power of approximately 100 kW. The

example spectrum is the solid line with a decrease of 10 dB per decade in sound pressure
level with increasing frequency. This spectral shape is generally representative of the aero-
dynamic noise radiated by wind turbines. However, predictions for a specific wind power
station should be based, if possible, on data for the particular types of turbines in the
station.
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Directivlty of the Source

Measurements of aerodynamic noise for a number of large HAWTs (for example,
Kelley et al. [1985]; Hubbard and Shepherd [1982]; and others listed in the bibliography)
indicate that the source directivity depends on specific noise-generating mechanisms. For
broadband noise sources, such as inflow turbulence and interactions between the blade

boundary layer and the blade trailing edge, the sound pressure level contours at close dis-
tances are approximately circular. Lower-frequency, impulsive noise, which results when
the blades interact with the tower or central column wake, radiates most strongly in the
upwind and downwind directions.

Although there is one prevailing wind direction at most wind turbine sites, it is not
uncommon for the wind vector to vary 90* in azimuth angle during normal operations.
Therefore, one of the simplifying assumptions made in the calculations that follow is that
each individual machine behaves like an omnidirectional source.

Considerations for Frequency Weighting

A-weighted sound pressure levels, expressed in dB(A), are in widespread use in eval-
uating the effects of noise on communities [Pearsons and Bennett 1974]. Figure 7-24
shows the results of applying this descriptor. The assumed single-turbine reference spec-
u'um, at a distance of 30 m from the machine, is reproduced from Figure 7-10 as the solid
line. The equivalent A-weighted spectrum at the same distance is shown as the upper
dashed curve. This particular weighting emphasizes the higher frequencies and deem-
phasizes the lower frequencies according to the sensitivity of the human ear. As distances
increase, as illustrated in the other dashed curves, atmospheric absorption causes the levels
of the higher-frequency components to decay faster than those of the lower frequencies
(see Figure 7-19). The result is that the midrange frequencies (100 to 1000 Hz) tend to

dominate the A-weighted spectrum at large distances. Frequencies higher than 1000 Hz
will generally not be important considerations at large distances because of the effects of

atmospheric absorption. Frequency components below about 100 Hz may not be
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significantin termsofaudiblenoise, but they can be significant in terms of such indirect
effects as noise-induced building vibrations.

Arrangement of Wind Power Stations

A basic geometric arrangement of wind turbines was assumed to represent an example
wind power station (shown in Figure 7-25). The station consists of 31 turbines per row.
Each machine produces approximately 100 kW of power, and the rotor diameter is 15 m.
The spacing between turbines is 30 m, the row length is 900 m, and the spacing between
rows is 200 m. The basic four-row configuration in Figure 7-25 was perturbed to investi-

gate the effects of such variables as the number of rows, row and turbine spacing, row
length, and turbine power rating.
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Figure 7-25. Layout of wind turbines in the example wind power station [Shepherd
and Hubbard 1986]

Absorption and Refraction

These example calculations assumed an ambient temperature of 20°C and a relative

humidity of 70%. From the data in Figure 7-19, assumed values of atmospheric absorption
of 0, 0.10, 0.27, and 0.54 dB per 100 m correspond roughly to one-third-octave band cen-
ter frequencies of 50, 250, 500 and 1000 Hz, respectively, for these temperature and
humidity conditions. These frequencies were chosen because they encompass the range of
frequencies considered important in evaluating the perception of wind turbine noise in
adjacent communities [Shepherd and Hubbard 1986].

Calculation Methods

The method presented here for calculating the sound pressure level from incoherent
addition is a sum of the random-phase multiple noise sources at any arbitrary receiver
distance. This method assumes that each source radiates equally in all directions. Attenua-
tion caused by atmospheric absorption is included; propagation is over fiat, homogeneous
terrain; and there is a logarithmic wind-speed gradient. The method has no limitations on
the number of wind turbines or their geometric arrangements. The required input is a refer-
ence sound-pressure-level spectrum Lo(f), either narrow-band or one-third-octave band,
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for a single wind turbine. This spectrmn can be measured or predicted for a reference dis-
tance from the rotor hub of approximately 2.5 times the rotor diameter.

The sound pressure level received from an individual wind turbine in the array in a
given frequency band can be calculated with the following equation:

Ln(fi) = Lo(fi) - 20 logl0 (dn/do) - cz(dn - do)/100
(7-8)

where

Ln(f0
n
N
fi

Lo(f0

c_
do

= sound pressure level from the nth wind turbine (dB)
= wind turbine index (1, 2..... N)
= number of wind turbines in the array
= center frequency of the ith band (Hz)
= reference sound pressure level in the ith frequency band from a single wind

turbine at the reference distance (riB)
= distance from the nth turbine to the receiver (m)
= reference turbine-to-receiver distance (m)
= atmospheric absorption rate (dB per 100 m)

The total sound pressure level, from all wind turbines in the array in the ith frequency
band, is then calculated as follows:

SPLtot(fi) = 10 lOgl0 _ 10Ln(fi)¢l° (7-9)
n

This procedure can be repeated for all frequency bands to provide a predicted spec-
trum of sound pressure level at the receiver location. Noise measures such as the
A-weighted sound pressure level may also be calculated by adding the A-weighting cor-
rections at each frequency to the values of Ln(fi) or SPI-,tot(f'Oin Eqs. 7-8 and 7-9. If the
sources are arranged in rows, the required computations can be reduced by using the sim-
plified procedures of Shepherd and Hubbard [1986].

Examples of Calculated Noise for Wind Power Stations

A series of parametric calculations of unweighted sound pressure levels was per-
formed based on the array of Figure 7-25 and systematic variations of that array [Shepherd
and Hubbard 1986]. The receiver is assumed to be on a line of symmetry either in the
downwind, upwind, or crosswind direction.

Effect of Distance from a Single Row

Figure 7-26 shows calculated sound pressure levels for one row of the example wind
power station, as a function of downwind distance for various rates of atmospheric
absorption. Also shown are reference decay rates of -3 dB and -6 dB per doubling of
distance. For an atmospheric absorption rate of zero, the decay rate is always less than that
for a single point source (Figure 7-18). At intermediate distances, the row of turbines acts
as a line source, for which the theoretical decay rate is -3 dB per doubling of distance or
-10 dB per decade of distance. Only at distances greater than one row length (900 m) does
the decay rate approach the single-point-sottrc¢ value of -6 dB per doubling of distance
(-20 dB per decade). Decay rates increase as the absorption coefficient increases.
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Figure 7-26. Calculated noise propagation downwind of a single row of wind turbines
in the example array for four atmospheric absorption rates [Shepherd and Hubbard
1986]

Effect of Multiple Rows

Figure 7-27 presents the results of sound-pressure-level calculations that were made

for one, two, four, and eight rows of wind turbines; this illuslrates the effects of progres-
sively doubling the number of machines for a constant turbine spacing. At zero atmo-
spheric absorption, and at receiver distances that are large relative to the array dimensions,
a doubling of the number of rows results in an increase of 3 dB in the sound pressure level.
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Figure 7.27. Calculated noise propagation downwind of various numbers of rows of
wind turbines in the example array [Shepherd and Hubbard 1986]. (a) without atmo-
spheric absorption. Co) ¢x= 0.54 dB/100 m.
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Thissimplyreflectsa doublingof acousticpower. At shorter distances, the closest
machines dominate and the additional rows result in only small increments in the sound
pressure level.

For nonzero atmospheric absorption, the effect of additional rows is less significant at
all receiver distances. Doubling the number of rows results in an increase in the sound
pressure level of less than 3 dB.

Figure 7-28 shows similar data for two different row lengths. For these comparisons,
the turbine spacing is constant and the row lengths are doubled by doubling the number of
machines per row. When the receiver is at shorter distances, the predicted sound pressure
levels are equal because of the equal turbine spacing. At longer distances, the levels for the
double-length row are higher by 3 dB because the acoustic power per row is doubled.

Row Turbine Number
length spacing of

(m) (m) rows
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Figure 7-28. Calculated noise propagation downwind of wind turbines in rows of two
different lengths (_t = 0.54 dB/100 m) [Shepherd and Hubbard 1986]

Computations were also made [Shepherd and Hubbard 1986] for a configuration sim-
ilar to that of Figure 7-25, except that the row spacing was reduced from 200 m to 100 m.
At all distances to the receiver, the computed sound pressure levels were higher for this

more compact array.

Effect of Turbine Rated Power

Shepherd and Hubbard [1986] calculate the effect of the turbine's rated power on
noise emissions by increasing the power of each turbine and the total station power. The
turbine and row spacings were adjusted from those of Figure 7-25 to more appropriate val-
ues for larger machines (four times the rated power). Sound pressure levels from rows of
16 400-kW wind turbines were compared with levels from the same number of rows of

31 100-kW machines. This approximately doubled the rated power of the station. The ref-
erence spectrum for the larger turbines was assumed to have the same shape as that of the
smaller turbines (Figure 7-10), although the levels were all 6 dB higher. This implies four

times the acoustic power for four times the rated power. The computed sound pressure lev-
els are 3 dB higher for the array of larger turbines because the acoustic power is doubled
for each row of the array. Different results would be obtained if the reference spectra of
the two sizes of turbines had different shapes.

29



Directivity Considerations for a Wind Power Station

Although the individual turbines have been treated as if they radiate sound equally in
all directions, an array of such sources may not have uniform directivity characteristics.
Figure 7-29 compares the predicted sound pressure levels for two array configurations as
received from two different directions. Calculations are presented for a receiver located
downwind on the line of symmetry perpendicular to the rows and for a receiver located

crosswind on the line of symmetry parallel to the rows. For the case of one row of turbines,
the crosswind sound pressure level is predicted to be about 5 dB lower than the downwind

level near the turbines, and only about 2 dB lower in the far field. For an array with eight
rows, the crosswind sound pressure level is only 3 dB lower near the turbines, and there is
little directivity once the receiver distance exceeds 300 m. Downwind levels are higher
close to the eight-row array because the turbine spacing in the row is less than the row
spacing.
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I
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Figure 7-29. Calculated noise propagation downwind and crosswind of single and
multiple rows of wind turbines in the example array (_ = 0.54 dB/100 m) [Shepherd and
Hubbard 1986]

Complete contours of sound pressure level around a wind power station were
estimated (Figure 7-30). The array geometry was five rows of 31 machines each, spaced as
shown in Figure 7-25. This gives an approximately square army. Figure 7-30 shows pre-
dicted contours for sound pressure levels of 40, 50, and 60 dB for an atmospheric
absorption of 0.54 dB/100 m (which corresponds to a frequency of 1000 Hz at 20°C and
70% relative humidity). Assuming a hub-height wind speed of 9 m/s, the distances to con-
tours in the upwind direction are greatly reduced. These upwind contours are derived from
computed distances to the acoustic shadow zone and the extra attenuation that occurs

within this zone (see Figure 7-21). An acoustic shadow zone forming upwind of the array
results in greatly reduced distances to particular noise level contours for all frequencies
above about 60 Hz. The dashed curve in Figure 7-30 shows the location of the 40-dB con-
tour in the absence of a shadow zone.
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Figure 7-30. Calculated contours of sound pressure level around a five-row example
array for the one-third-octave band at 1000 Hz (a = 0.54 dB/100 m) [Shepherd and
Hubbard 1986]

A-Weighted Composite Spectra

The data of Figures 7-26 through 7-30 are derived for a few selected values of atmo-
spheric absorption; the figures show how the noises from individual turbines sum incoher-
ently for various arrays of machines. The particular absorption values used correspond to
conditions of 20°C ambient temperature and 70% relative humidity (see Figure 7-19). Fig-
ure 7-31 illustrates the effects of A-weighting the composite sound spectrum from the
example wind power station. Predicted sound spectra for the array are compared with
equivalent spectra for a single machine (Figure 7-24). At large distances, the midrange fre-
quencies dominate the A-weighted spectrum for both the single turbine and the array.

Receiver Response

Evaluating the effects of receivers" exposure to noise at various locations involves
determining people's responses to direct acoustic radiation as well as the acoustic and
vibrational environments inside buildings. The factors involved in such an evaluation are
shown in Figure 7-32 and are explained in detail in Stephens et al. [1982]. Noise radiated
by the wind turbine is propagated through the atmosphere to a receiver (a person or a
building). The characteristics of the receiver then determine the acoustic and the vibration

effects of the noise. The broadband and impulsive components of the acoustic response are
treated separately, and both may be significant. Background noise and building vibrations
must also be considered in evaluating people's responses to wind turbine noise.

If the wind turbine noise levels are below the corresponding background noise levels,
they will generally not be perceived; therefore, no adverse human response is expected.
When any noise level exceeds the threshold of perception, however, there is the potential
for community response, as indicated in Table 7-1 [ISO 1971]. The data in Table 7-1 were
derived from responses to noise sources other than wind turbines. Because there has been
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Figure 7-31. Reference and A-weighted noise spectra for the example wind power sta-
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littleexperiencetodatewithcommunities'responsestowindturbines,theapplicabilityof
Table 7-1 is tentative. The substantial variations in background noise in terms of time and

location are complicating factors.
Perception thresholds for acoustic noise and structural vibrations were derived sepa-

rately. There are no known threshold criteria for combined effects, except in terms of the
quality of the ride in transportation vehicles [Stephens 1979].

Table 7-1. Estimated Community Response to Noise (ISO 1971)

Amount by which
Rated Noise Exceeds

Threshold Level

(dB)

Estimated Community Response

Category Description

0 None
5 Little
10 Medium

15 SU'ong
20 Very Strong

No observed reaction

Sporadic complaints
Widespread complaints

Threats of community action
Vigorous community action

Perception of Noise Outside Buildings

Evaluating people's responses to wind turbine noise outside buildings involves the
physical characteristics of the noise of the machines, the pertinent atmospheric phenom-
ena, and the ambient or outdoor background noise at the receiver's location. Both broad-
band and narrow-band noise components must be considered if they are present in the

noise spectrum.
In Figure 7-33, a one-third-octave band spectrum of broadband wind turbine noise is

compared with a one-third-octave band spectrum of typical background noise in a residen-
tial neighborhood. In this case, the background noise is the result of noises from numerous
distant sources, with no dominant specific source. Wind effects are also absent. Note that
the turbine noise levels are generally lower than the background noise levels, except at
1000 Hz, where they are about equal. In the laboratory, humans can just perceive the wind
turbine noise when exposed to the spectra of Figure 7-33. High-frequency wind turbine
noise is generally not perceived in laboratory tests when the turbine's one-third-octave
band levels are below the corresponding levels of background noise (which, in this case,

had small temporal fluctuations).
The same general findings apply to the perception of low-frequency impulsive noise.

A series of laboratory tests [Stephens et al. 1982; Shepherd 1985] were conducted to deter-
mine the detection thresholds of impulsive wind turbine noises in the presence of ambient
noise with a spectral shape similar to that in Figure 7-33. In contrast to the relatively sim-
ple detection model for higher-frequency noises, understanding the perception of low-
frequency impulsive noise requires that full account be taken of the blade passage
frequency of the wind turbine, the ambient noise spectrum, and the absolute hearing
threshold (because the human ear is relatively insensitive to low frequencies).

In addition to laboratory tests with sample spectra, field tests can be used to determine
thresholds of perception around wind turbines, including direcfivity effects. For example,
aural (hearing) detectability contours were determined for two large-scale HAWTs sur-
rounded by flat terrain. The results are shown in Figure 7-34.

In Figure 7-34, each data point represents observations of one or two people and
defines the distance at which the wind turbine noise is heard intermittently. The two aural

curves in the figure are then estimated from these observations and from a limited number
of sound pressure measurements. Both curves are foreshortened in the upwind direction
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and elongated in the downwind direction. With one exception, broadband noise was the
dominant component perceived for both HAWTs. For the downwind-rotor machine, low-
frequency impulses are the dominant component in the downwind direction. This accounts
for its longer downwind detection distance as compared with that of the upwind-rotor
turbine.

Background Noise

Because background noise is an important factor in determining people's responses to
wind turbine noise, it must be carefully accounted for in site measurements. Sources of
background noise are the wind itself; its interaction with structures, trees, and vegetation;
human activities; and, to a lesser extent, birds and animals. Natural wind noises are partic-
ularly important because they can mask wind turbine noise (the broadband spectra of both
are similar). Measuring background noise, at the same locations and with the same tec-
niques used for measuring wind turbine noise, is an integral part of assessing receiver
response.

Noise Exposure Inside Buildings

People who are exposed to wind turbine noise inside buildings experience a much dif-
ferent acoustic environment than do those outside. The transmitted noise is affected by the
mass and stiffness characteristics of the structure, its dynamic responses, and the dimen-
sions and layouts of the rooms. They may actually be more disturbed by the noise inside
their homes than they would be outside [Kelley et al. 1985]. Indoor background noise is
also a significant factor.

Data showing the reduction in outdoor noise provided by typical houses are given in
Figure 7-35 as a function of frequency. The hatched area shows experimental results
obtained from a number of sources [Stephens et al. 1982]. The noise reduction values of
the ordinate are the differences between indoor and outdoor levels. The most obvious con-
clusion here is that noise reductions are larger at higher frequencies. This implies that a
spectrum measured inside a house will have relatively less high-frequency content than
that measured outside. These data are derived from octave-band measurements but are

generally not sensitive to frequency bandwidth.
Very few data are available on outdoor-to-indoor noise reduction at the lowest fre-

quencies (below 50 Hz). In this range, the wavelengths are comparable to the dimensions
of the rooms, and there is no longer a diffuse sound field on the inside of the building.
Other complicating factors are low-frequency building resonances and air leaks. The inside
distribution of sound pressure can be nonuniform because of structure-borne sound, stand-
ing wave patterns, and cavity resonances in rooms, closets, and hallways.

Data relating to the noise-induced vibration responses of houses are summarized in
Figure 7-36, in which RMS acceleration levels are plotted as a function of external sound
pressure level. The trend lines for windows, walls, and floors are averaged from a large
number of test measurements on aircraft and helicopter noises, sonic booms, and wind tur-
bine noise.

Gradients and Resonances for Indoor Sound Pressure Levels

Large spatial variations in sound pressure level may occur within a house for uniform
external noise excitation. People moving within the house could be sensitive to these varia-
tions. Figure 7-37 illustrates the sound-pressure-level gradients in a hallway with various
combinations of open and closed doors. Noise was produced by a loudspeaker at a discrete
frequency of 21 Hz. This frequency represents the low-frequency noise components from
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Figure 7-37. Sound-pressure-level gradients in a hallway excited by a pure-tone
(21 Hz), constant-power loudspeaker [Hubbard and Shepherd 1986]

wind turbines that would propagate efficiently through buildings. When doors to Rooms A
and B are both closed, there is a general decrease in sound pressure level with distance up
to the end of the hallway. When doors are open in various combinations, the hallway lev-
els are affected (in some cases, substantially). The changes in level that occur when doors
are opened are similar to what might occur for side-branch resonators in a duct.

Because of the way rooms are arranged in houses, it is possible that Helmholtz (cav-
ity) resonances may be excited at certain frequencies, depending on the volumes of the
rooms and whether doors are open or closed [Davis 1957; Ingard 1953]. Hubbard and
Shepherd [1986] present results of sound-pressure-level surveys conducted inside a room
during resonance. For this condition, the inside pressures were everywhere in phase and
tended to be a uniform level. This is in contrast to the large gradients observed in the
excitation of normal acoustic modes in a room [Knudsen and Harris 1978]. The latter
modes are excited at frequencies for which the acoustic half-wavelengths are comparable
to or less than the room dimensions, whereas Helmholtz resonance wavelengths are char-
acteristically large compared with the room dimensions. Rooms A and B both exhibit
Helmholtz resonance behavior at 21 Hz.

Coupling Noise Fields in Adjacent Rooms

As the sound-pressure-level gradients change in a hallway outside rooms according to
whether doors are open and closed (Figure 7-37), so also do the levels inside the rooms.

Figure 7-38 illus_ates the manner in which these changes occurred for the various test
conditions. Variations in sound pressure level are as high as 20 dB for a steady noise input,
both inside the rooms and in the hallway (Figure 7-37). This implies that a person might
experience a change in levels of this order of magnitude at a particular location, depending
on the doors, or as a function of location for a particular door arrangement. During the
tests, the highest sound pressure levels of Figure 7-38 could be readily heard; the lowest
levels were not audible.
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Figure 7-38. Effect of door positions on the maximum sound pressure levels in rooms
adjacent to a hallway excited by a loudspeaker (21 Hz) [Hubbard and Shepherd 1986]

Mechanical coupling between adjacent rooms may also excite acoustic resonances, as
indicated by data in Hubbard and Shepherd [1986]. One wall of a test room was mechani-
cally excited, and two response peaks were noted. One peak corresponded to the
Helmholtz mode of the room, and the other was the first structural mode of the wall. Mea-

sured sound-pressure-level gradients were small in both cases.

Perception of Building Vibrations

One of the common ways that a person might sense the noise-induced excitation of a
house is through slructural vibrations. This mode of observation is particularly significant
at low frequencies, below the threshold of normal hearing.

No standards are available for the threshold of perception of vibration by occupants of
buildings. Guidelines are available, however, that cover the frequency range from 0.063 to
80 Hz [Hubbard 1982; ISO 1987]. The appropriate perception data are reproduced in Fig-

ure 7-39. The hatched region in this figure shows the perception threshold data obtained in
a number of independent studies. Different investigators, using different measurement

techniques, subjects, and subject orientations, have obtained perception levels extending
over a range of about a factor of 10 in vibration amplitude. The composite guidelines of
Figure 7-39 are judged to be the best representation of the most sensitive cases from the
available data on whole-body vibration perception.

The two cross-hatched regions in Figure 7-39 are from the data of Kelley et al. [1985].
These are estimates of levels of vibration perceived in two different houses excited by
noise from the MOD-1 wind turbine. The latter data fit within the body of test data on
which the composite International Standards Organization guideline is based. Therefore,
they generally confirm the applicability of this guideline for structural vibrations induced
by wind turbine noise.

Note that, if measured vibration levels are not available, they can be estimated for typ-
ical house building elements from Figure 7-36, provided the external noise excitation lev-
els are known.
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Measuring Wind Turbine Noise

Wind turbine noise is measured to define source characteristics, to provide acoustic
information for environmental planning, and to validate compliance with existing ordi-
nances. It is important to use the appropriate equipment and measurement procedures and
acquire data under appropriate test conditions. Measuring noise from wind turbine genera-
tors is particularly difficult because of the adverse effects of the wind [Andersen and
Jakobsen 1983; Jakobsen and Andersen 1983]. As a result, a number of special considera-
tions are involved in selecting measurement locations and equipment and in recording and
analyzing data. This section presents some guidelines on each of these subjects.

To make meaningful comparisons of the noise outputs of different wind turbines and
evaluations of environmental noise control, it is necessary to have generally accepted stan-
dards of measurement. AWEA [1988] and IEA-WECS [1988] contain the results of early
work in the wind energy community to develop such standards. Both documents address
significant issues in the measurement of wind turbine noise.

To interpret acoustic measurements, it is usually necessary to simultaneously record
various nonacoustic quantities. Among these are wind speed and direction, ambient tem-
perature and relative humidity, rotor speed, power output, time of day and date, type of
vegetation and terrain, and cloud cover. Atmospheric turbulence (which is often difficult to
measure directly) may be inferred from this information.

Measuring Points

Most noise measurements other than those for research purposes are made to charac-
terize the radiated noise of a particular machine. This infers that all data should be
obtained far enough from the machine to be in the acoustic far field. For practical applica-
tions, the reference distance do should be approximately equal to the total height of a
HAWT or, in the case of a VAWT, the total height plus the rotor equatorial radius, as
illustrated in Figure 7-40 [IEA-WECS 1988]. The choice of a much greater distance for
measurement locations may not be acceptable because of the reduced signal-to-noise ratio
and because atmospheric attenuation and refraction effects can complicate the data
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turbines [IEA-WECS 1988]

interpretation. To ensure the best possible signal-to-noise ratio, the measurement points
should be as close to the source as possible without being in the acoustic near-field.

The number of measurement points needed can be determined by inspecting the polar
diagrams in Figures 7-6 and 7-7. The aerodynamic noise sources in wind turbines are not
highly directional, but the highest levels are usually in the upwind and downwind quad-
rants. A rather coarse azimuth spacing seems adequate to describe these aerodynamic radi-
ation patterns because they are generally symmetrical about the axis of rotation of the
machine. If a particular turbine produces significant mechanical noise, however, its radia-
tion pattern may be asymmetrical and highly directional.

Microphone Positions

An important consideration in laying out a measurement program is defining micro-
phone height above the ground. Placing the microphone at ear level is conceptually attrac-
tive because it should record what people hear. The disadvantage of this height is that the
data are more difficult to interpreL Figure 7-41 illustrates how the data for sound pressure
level may be affected by microphone height, and compares the data to results in free field
conditions (i.e. away from all reflecting surfaces). The solid curve represents a calculated
spectrum from a point source (such as a gear box) located 20 m above hard ground and
received at a microphone position 1.2 m above ground and 40 m from the source. These
maximum and minimum points represent interference patterns caused by differences in the
distances traveled by the direct sounds and those reflected from the ground surface. Under
ideal conditions (with no mean wind or turbulence and perfect ground reflection), the lev-
els vary alternately from 6 dB above free field values to very low values, For an assumed
incoherent ring source with a 20-m diameter (which represents the broadband aerodynamic
noises) the short-dash curve applies. For a microphone height of 1.2 m, the variation of
sound pressure level with frequency from a distributed source is less than that for a point

source but it is still significant.
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Figure 7-41. Calculated effect of microphone height on the measured noise spectra
for point and distributed sources

A measurement at the ground surface, however, gives a constant enhancement above
free field values that is 6 dB over the entire frequency range, as indicated by the line of
long dashes in Figure 7-41. Thus, it is common practice to place microphones at ground
level on a hard, reflecting surface (such as plywood) and then deduct 6 dB from all mea-
sured sound pressure levels. When there are very low-frequency components, calculations
suggest that microphone placement is not critical. The first dip in the spectra occurs at a

frequency well above that associated with low-frequency rotational harmonics, as shown
in Figure 7-5.

Acoustic Instrumentation

The requirements for acoustic instrumentation are derived from the type of measure-
ments to be performed and most directly from the frequency range of concern. For the fre-
quency range of 20 to 10,000 Hz, standardized equipment is available for detecting,
recording, and analyzing the acoustic signals. A number of different microphones with flat
frequency responses are available. Likewise, sound-level meters that meet existing acous-
tic standards are available for direct readout or for use as signal conditioners before tape
recording. Either frequency-modulated or direct-record tape systems may be used.

For cases where the frequency range of measurements must extend below 20 I-Iz,
some special items of equipment may be required. Although standard microphone systems
may be used, their frequency response is poor at the lowest frequencies. For increased
fidelity, special microphone systems may be required, along with special procedures to
minimize wind noise problems. A frequency-modulated tape recorder may also be

required, although some direct-record systems may be acceptable if the record speed is
slow and the playback speed is fast.

Because wind noise can fill much of the dynamic range of a tape recorder, it may be
expedient to use dual-channel recording. In this type of recording, a high-pass f'dter in one
of two tape recorder channels permits the simultaneous recording of low- and high-
frequency segments of the same noise signal. The improved signal-to-noise ratio of the
high-frequency segment enhances the signal processing.
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Windscreen Applications

Measured noise in the presence of wind is contaminated by various types of wind-
related noises. These include natural wind noise, or the noise of the wind originating from
atmospheric turbulence; microphone noise, caused by the aerodynamic wake of the micro-
phone or microphone windscreen; vegetation noise, caused by the interaction of the wind
with nearby vegetation such as trees, bushes, and ground cover; and noise from the aerody-
namic wakes of accessories such as a tripod or a nearby structure.

Because of the deleterious effects of the wind, windscreens are recommended to
reduce microphone noise for all measurements of wind turbine noise. Commercial wind-
screens of open-cell polyurethane foam are usually adequate for routine measurements at
or near ground level, where wind speeds are relatively low. For measurements above
ground, larger, customized windscreens may be necessary [Sutherland, Manfley, and
Brown 1987]. It is essential that the acoustic insertion loss of any windscreen be either
zero or known as a function of frequency, so that appropriate corrections may be made to
the measured data.

Wind noise is a particularly severe problem at the lowest frequencies. The ambient
(wind related) noise spectrum increases as frequency decreases, with the result that some
low-frequency wind turbine noise components may be submerged in the ambient noise at
the microphone location. In such situations, customized windscreens may help reduce the
low-frequency wind noise. Some special cross-correlation analysis techniques have also
been applied that use measurements from pairs of microphones [Bendat and Piersol 1980].

Little can be done to reduce noise from vegetation, other than to locate microphones
away from significant sources. Noise generated by the aerodynamic wakes of accessories
such as tripods may be reduced by streamlining these accessories.

Data Analyses

The data analyses required depend on the types of acoustic information required. If
A-weighted data are needed, they can be obtained directly from a sound-level meter or
from tape recordings and A-weighting filters. Statistical data can also be obtained directly
by means of a community noise analyzer or subsequently from tape recordings. Broadband
data are routinely produced from one-third-octave band analyses such as that illustrated in
Figure 7-8. Narrow-band analyses can be obtained with the aid of a wide range of fdter
bandwidths, the main requirement being that the bandwidth is small compared to fre-
quency intervals between discrete frequency components.
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Modern wind farms began to be 
constructed from the early 1980s,1 
yet opposition to them based 

on claims about putative adverse acute 
and chronic health impacts among those 
living nearby is relatively recent, with 
unpublished case reports being circulated 
from around 2002, more than 20 years later.2,3 
In Australia, for example, the Esperance 10 
Mile Lagoon wind farm (Western Australia) 
began operating in 1987; Coober Pedy (SA) 
in 1990; Crookwell (NSW) in 1998; and 
the Codrington (Victoria) farm in 2001, all 
years before the first claims surfaced. Given 
frequent claims that acute effects can manifest 
within even minutes of exposure (e.g. “two 
acousticians themselves became sick … where 
they were taking measurements, within 20 
minutes of being there”)4 gaps of many years 
between commencement of turbine operation 
and the f irst complaints are suggestive 
of psychogenic and sociogenic factors 
characteristic of “modern health worries”5,6 
being relevant. Modern health worries are 
often associated with new technology such as 
telephones, television, computers, microwave 
ovens, electric blankets, mobile phones and 
towers, wi-fi, smart electricity meters and, 
here, wind turbines.

In the years since these early case reports, 
a multitude of claims about the health effects 
of wind turbine infrasound on humans, 
mammals, birds and even earthworms have 
proliferated in cyberspace. An on-going 
collection of such complaints currently 
lists 216 symptoms, diseases and aberrant 

behaviours said to be caused by turbine 
exposure.7 Despite 17 reviews8-24 in a range 
of countries, including one from Australia’s 
National Health and Medical Research 
Council,15 agreeing that the evidence for 
harm is poor, concerns about health have 
been recently named by an Australian political 
party as part of its reasoning for mandating 
2 km minimum turbine set-back regulations 
from residences should it attain government.25 
The 2011 Australian Senate enquiry into 
the Social and Economic Impact of Rural 
Wind Farms and a NSW public enquiry into 
proposed 2 km setbacks (2012) received many 
submissions from those claiming to have 
symptoms and diseases caused or exacerbated 
by wind turbines.26,27 Health concerns 
have also been prominent in opposition to 
turbines in parts of Canada,16 the US8 and the 
UK,28 and among opposition groups across  
23 European nations.29

Vibroacoustic disease
‘Vibroacoustic disease’ (often abbreviated 

as VAD) is an outcome that many wind farm 
opponents attribute to turbine exposure. For 
example, in a recent submission to NSW 
Planning’s Wind Farm Draft Guidelines, the 
NSW Landscape Guardians, a lobby group 
opposed to wind farms, wrote:

“Another source of health concern in 
relation to wind turbine infrasound is the 
work of Alves-Pereira and Castelo Branco, 
the specialists in Vibro-acoustic disease. 
They have shown that infrasound levels from 
a wind farm at a residence were higher than 
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infrasound levels at a residence near a port grain terminal, known 
to be connected with cases of vibro-acoustic disease.”30

A group of Portuguese researchers began using the term 
vibroacoustic disease to describe a whole-body, multi-system 
pathology, said to be caused by chronic exposure to large pressure 
amplitude and low frequency noise with level greater than 90 dB 
SPL, frequency 0 to 500 Hz.31-37 The research group claims there are 
three stages in the progression of the disease which they hypothesise 
is caused by the chronic impact of vibrations from low frequency 
sound32,35 (see Table 1). These stages were developed from data on 
140 male aircraft technicians, with exposure time referring to the 
time it took for 50% of subjects to develop the corresponding sign 
or symptom.32

However, in 2010, the UK’s Health Protection Agency reviewed 
the evidence on infrasound and health, concluding: “there is no 
evidence that infrasound at levels normally encountered in the 
environment will lead to the development of vibroacoustic disease. 
Further, this disease itself has not gained clinical recognition. The 
available data do not suggest that exposure to infrasound below the 
hearing threshold levels is capable of causing adverse effects”.14

In this paper, we investigate the extent to which vibroacoustic 
disease and its alleged association with wind turbine exposure has 
received scientific attention, the quality of that association and how 
the alleged association gained traction among opponents of wind 
farms. It should be noted that this paper is not a review of the broad 
field of health effects of wind turbines, but is a close examination 
of a particular claim made by some scientists.

Methods
In August 2012, a search of Medline, Premedline, Scopus 

and Web of Science was undertaken using the following terms: 

‘vibroacoustic’ OR ‘vibro-acoustic’ AND ‘disease’ AND ‘wind’. 
Original and review articles were included if they included 
‘vibroacoustic disease’ in the title or abstract. An author self-citation 
analysis was then undertaken for all papers retrieved. Self-citation 
is defined as citations where the citing and the cited paper have at 
least one author in common.38

Synchronous self-citations are those contained in the reference 
list of a paper and diachronous self-citations are those included in 
the citations a paper receives.39 Synchronous self-citations can be 
calculated by viewing the references within a paper while citation 
databases are required to obtain diachronous self-citation rates. We 
used Scopus in this analysis, as it has previously been shown to have 
the greatest accuracy and retrieve the most citations.40

An advanced Google search using the string ‘vibroacoustic’ and 
‘disease’ and ‘wind’ was conducted on 10 different computers on 28 
August 2012 with the average number of hits calculated. Running 
the search across different computers owned by different people 
is important because Google search results can vary according 
one’s search history. The resulting Google returns were searched 
in an attempt to locate any ‘grey’ unpublished research about 
vibroacoustic disease and wind turbines.

Results
All 10 computers returned 24,700 webpages via the advanced 

Google search. The peer-reviewed journal search strategy for 
‘vibroacoustic disease’ retrieved 182 papers. Screening of titles and 
abstracts resulted in exclusion of 62 articles which used the term 
vibroacoustic in relation to either fetal ultrasound measurement 

Table 1: Stages of vibroacoustic disease.

Clinical Stage Exposure 
Time

Sign/Symptom

Stage I – Mild 2 years Slight mood swings, indigestion 
and heart burn, mouth/throat 
infections, bronchitis

Stage II – 
Moderate

2-10 years Chest pain, definite mood swings, 
back pain, fatigue, fungal, viral 
and parasitic skin infections, 
inflammation of stomach 
lining, pain and blood in urine, 
conjunctivitis, allergies

Stage III – 
Severe

>10 years Psychiatric disturbances, 
haemorrhates (sic) of nasal, 
digestive and conjunctive 
mucosa, varicose veins and 
haemorrhoids, duodenal ulcers, 
spastic colitis, decrease in visual 
acuity, headaches, severe joint 
pain, intense muscular pain, 
neurological disturbances

Source: Alves-Pereira, M. and N. A. A. Castelo Branco (2007). 
“Vibroacoustic disease: Biological effects of infrasound and low-
frequency noise explained by mechanotransduction cellular signalling.” 
Progress in Biophysics and Molecular Biology 93(1-3): 256-279.

4 
 

Figure 1 - Search Results for “Vibroacoustic Disease” and Wind Farms/Turbines  
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“vibroacoustic disease” in 
title or abstract (n=62)

Figure 1: Search results for ‘vibroacoustic disease’ and 
wind farms/turbines.
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or occupational measurement of noise (Figure 1). After removal 
of duplicates, a total of 35 papers were found on vibroacoustic 
disease (Figure 1). Of these, all but one had a first author from the 
same Portuguese research group. The 35 papers were published in 
journals with impact factors ranging from 0.36 to 3.96. (Table 2).

Together, the 35 papers had 550 citations, with 144 after removal 
of self-citations, giving a self-citation rate across all papers of 74%. 
The total reference count for the 35 papers was 1,223 with 650 (53%) 
of these being self-citations of papers by any of the authors. Table 3 
shows the diachronous author self-citation rates for the two leading 
authors in the group Castelo Branco (a surgical pathologist) (69%) 
and Alves-Pereira (an engineer) (36%).

Wind turbines and vibroacoustic disease
None of the papers contained any reference to wind turbines. 

The on-line grey literature Google search showed that the claim 
about wind turbines causing vibroacoustic disease was apparently 
first made on 31 May 2007 in a press release by the Lisbon group 
three months ahead of a paper they planned to deliver describing 
two case studies at the Istanbul Inter-noise 2007 conference in late 
August 200741 and again at a wind conference in Lyon, France in 
September 2007.42 The release stated “These results irrefutably 

demonstrate [our emphasis] that wind turbines in the proximity of 
residential areas produce acoustical environments that can lead to 
the development of VAD (vibroacoustic disease) in nearby home-
dwellers”.30

The conference paper43 compared infrasound measurements in the 
homes of two families: Family F who lived across a wide river from 
a deep water grain terminal; and Family R, who lived in a farmhouse 
near four wind turbines located at distances of between 322 and 643 

Table 2: Publications on vibroacoustic disease by year with author self-citation rates.
Year # Journal Journal 

Impact Factor
# Citations Excluding 

self-citation
Diachronous  
Self-citation 
Rate

Synchronous  
Self-citation 
Rate

1999 21 Aviation, Space and Environmental 
Medicine

0.99 497 121 77% 53%

2000 0 - - - - -

2001 1 Aviation, Space and Environmental 
Medicine

0.99 7 1 86% 55%

2002 1 European Journal of Anatomy - 9 1 89% 42%

2003 1 Revista Portuguesa de 
Pneumologia

0.36 4 0 100% 41%

2004 2 Noise and Health (1) 0.74 16 9 44% 63%

European Journal of Lymphology & 
Related Problems (1)a

- 0 - - 83%

2005 1 European Journal of Anatomy (1)a - 3 0 100% 68%

2006 6 Revista Portuguesa de 
Pneumologia* (5) 

0.36 1 1 0% 59%

Central European Journal of Public 
Health (1)

2.27 3 1 67% 65%

2007 2 Progress in Biophysics & Molecular 
Biology (1)

3.96 9 9 0% 70%

Revista Portuguesa de 
Pneumologia (1)

0.36 1 1 0% 70%

Total 35 550 144
a No journal impact factor available

Table 3: Self-citation rates and H-index for two 
vibroacoustic researchers.

Alves-
Pereira

Castelo 
Branco

# Articles on Vibroacoustic Disease 17 48

Total # citations for VAD Articles 116 679

Excluding self-citation (Author) 74 213

Self-citation rate 36% 69%

Excluding self-citation (any author on 
original article)

40 186

H-Index 5 9

H-Index (excluding self-citations) 4 8

metres. Two in Family F had various pathologies described by the 
authors as VAD and a 12-year-old boy in Family R had “memory and 
attention skill” problems in school and “tiredness” during physical 
education activities, both common problems in school children. The 
measured infrasound levels in Family R’s house were higher than 
those in Family F’s house. The noise measuring equipment used to 
measure infrasound in the two houses was different. The authors 
concluded unequivocally that Family R “will also develop VAD 
should they continue to remain in their home”.

This claimed association was repeated by Alves-Pereira in an 
invited video-linked presentation to an NHMRC Wind Farms and 
Human Health Scientific Forum held on June 7, 2011.44 In this 
presentation she focussed on the case study of Family R. Slide #2345 
shows an arrow indicating the house concerned. It can be seen that 
there are many other houses in the area adjacent to the turbines, but 
her research group conducted no investigations of residents in any 
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of these, as would be expected in any elementary epidemiological 
investigation. Again, Alves-Pereira asserted that wind turbine 
exposure was a plausible explanation for the boy’s school problems. 
No other possible explanations were considered in the presentation 
or apparently investigated.

Alves-Pereira also referred to problems of ‘boxy’ or ‘club’ foot found 
in four horses kept at the property (slide #28).45 This problem too, she 
suggested, might be connected with exposure to wind turbines. Of five 
horses examined, four had boxy foot. The one that did not was acquired 
rather than bred on the farm. One other acquired horse also had boxy 
foot. Boxy foot is a common problem in horses and has many causes46 
yet none of these were mentioned nor investigated.

Discussion
Across 35 papers, the Lisbon research group is almost entirely 

responsible for propagating the ‘disease’ entity of vibroacoustic 
disease, self-citing at a rate (74%) seldom seen in any research 
field. Average diachronous self-citation rates across disciplines have 
found rates of around 7-35%.38,40,47 Self-citation can be useful as it 
allows research groups to contextualise their earlier investigations 
and highlight previous findings.48 However, self-citation can also 
be used to artificially increase the apparent scientific impact of 
a researcher’s work and has been shown to increase an author’s 
H-index by 12-24%.48,49 With a hiatus now of five years since their 
last papers on vibroacoustic disease,33,35 there has been no further 
work published by other researchers, suggesting the disease was 
never taken seriously by others and has now ‘died’.

The subjects in these 35 papers were mostly aviation workers 
exposed to loud industrial aircraft noise, including sub-audible 
infrasound. Linking wind turbine exposure to VAD, a disease 
that virtually no one else in science even acknowledges, occurred 
through the two unpublished conference case studies described. 
These were of abject methodological quality, failing the most 
elementary tests of epidemiological investigation. The case studies:
•	 had n=2;
•	 used different instrumentation to record low frequency noise;
•	 had no control groups (i.e. failed to compare low frequency noise 

levels in the two case houses with that in other adjacent houses 
or houses away from the alleged infrasound sources). There are 
many natural and artificial sources of infrasound other than wind 
turbines. These include wind, storms, ocean waves, refrigerators, 
sub-woofers, pumps, compressors, low speed fans and trains50 
as well as respiration, heartbeat and coughing.

•	 used no random selection of subjects;
•	 had no researcher blindness integrity (i.e. those measuring the 

sound knew that health complaints had been made);
•	 failed to consider any possible other causes of the diseases and 

symptoms named;
•	 took no account of inattention and lack of energy in school 

children being common; and
•	 used cases who had requested investigation from a research group 

whose members had invested many years promoting and heavily 

self-citing a disease entity not recognised by other scientists.
Our findings raise questions about the judgement of the Australian 

NHMRC in inviting Alves-Pereira to speak at an official forum on 
wind turbines and health. The aim of the forum, as described by 
the NHMRC forum chair, was to focus on evidence and published 
science, and hear from international experts. The NHMRC 
chairperson declared that Alves-Pereira had been asked to present 
“to provide international scientific evidence relating to the possible 
health impacts of wind farms”.44 Her speaker’s biographical note 
stated: “Alves-Pereira, in discussion with physicians Amanda 
Harry in the UK and Nina Pierpont in the US, is now looking into 
the low-frequency noise and infrasound produced by industrial 
wind turbines, to determine whether they, too, can cause such 
vibroacoustic disease. Alves-Pereira’s initial assessment based 
on noise measurements taken inside and outside the homes of 
wind turbine neighbours is that turbines are indeed a likely cause 
of VAD.” 51 This language is some distance from that in her 2007 
“irrefutably demonstrated” press release.

Conclusion
‘Factoids’ are questionable or spurious statements presented 

as facts, but which have no veracity. With some 24,700 mentions 
in cyberspace, the connection between VAD and wind turbines 
has gone ‘viral’, is now commonly included in submissions to 
governments by anti-wind farms activists and is often mentioned 
in media interviews. The term ‘vibroacoustic disease’ resonates 
with a portentousness that may foment nocebo effects52 among 
those hearing about it and assuming it to be an established disease 
classif ication, acknowledged in medicine. The cyberspace-
megaphoned relationship between VAD and wind turbine exposure 
is a classic example of a contemporary health factoid, which 
was here unleashed by a press release containing the claim that 
on the basis of two uncontrolled case studies, the association 
was “irrefutably demonstrate[d]”. Vibroacoustic disease should 
be considered a candidate for the archives of “non-diseases”.53 
However, in this case, this factoid is contributing to a regulatory 
environment which is severely limiting the siting of wind turbines 
in Australia and thus lessening the contribution of wind energy to 
greenhouse gas reductions.

By naming and frequently publicising VAD and a plethora of other 
questionable ‘diseases’7 said to be caused by wind turbines, those 
concerned to oppose their proliferation have sought to pull what 
are often extremely common symptoms and diagnoses found in any 
community, such as fatigue, inattention, sleeping problems (some 
33% of Australians report insomnia),54 high blood pressure and 
mental health problems into memorable, quasi-scientific sounding 
entities. Wind turbines have the potential to make further major 
contributions to renewable energy generation, and thereby to reduce 
greenhouse gas emissions. Health concerns are being used by wind 
energy opponents to thwart new projects. Regulatory authorities 
should take care to critically examine the quality of evidence for 
claims that wind turbines harm health.
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Letter to the Editor re: 'How 
the factoid of wind turbines 
causing ‘vibroacoustic 
disease’ came to be 
‘irrefutably demonstrated’'
Mariana Alves-Pereira,1  
Nuno A. A. Castelo Branco2

1. School of Economic Sciences and Organizations, 
Universidade Lusófona, Portugal

2. Principal Investigator, VAD Project

As lead researchers in vibroacoustic 
disease (VAD), we have been made 
aware of the article by Chapman et al.1 

in which our work was greatly misrepresented 
and misunderstood. Correction and 
clarification are, therefore, required.

Chapman et al. reference a 2007 paper 
discussing Public health and the importance 
of low frequency noise (LFN), in which the 
LFN content of a 'Grain Terminal home' and a 
'Wind Turbine home' are discussed.2 The grain 
terminal (GT) case, originally presented in 
2004, was first-authored by our cardiologist,3 
and the Wind Turbine (WT) case was first 
presented in 2007,4 with a follow-up in 2010.5 
We stand behind the statements published in 
these papers.

Both families solicited our help. We did not 
select or procure either case, and we provided 
our services pro bono. Until then, our 
experience with LFN-induced pathology had 
been mostly within occupational exposures, 
not environmental or residential exposures. 

It is not our intention herein to replicate the 
results of the above-mentioned studies, but 
some data is required to clarify to the issues 
at hand.

Some acoustical considerations

The owner of the WT-home paid an 
independent accredited firm for the 
acoustical measurements, and provided our 
team with the numerical information for 
further analyses. No commercial, financial 
or professional agreements (contractual or 
otherwise) existed between this firm and the 
VAD research team. Figure 1 shows acoustical 
data compiled by VAD researchers.

As seen in Figure 1, levels of LFN are clearly 
increased in the bedroom when WT are in 
operation.

Chapman et al. claimed our work was “of 
abject methodological quality” (p.247) 

because “The noise measuring equipment 
used to measure infrasound in the two 
houses was different” (p.246). However, in 
that paper, Alves-Pereira et al.,2 being fully 
aware of that technical limitation, wrote: 
“In a perfect world, designed for the most 
efficient and accurate scientific studies, all 
noise assessments ought to be conducted 
with the same equipment and with the 
same procedures. This is not feasible. So, 
despite on-site and factory calibrations, a 
legitimate question will always remain: can 
the differences between the ILFN levels in the 
[GT and WT] homes (…) be due to differences 
in the noise measuring equipment and 
procedures alone? Despite this legitimate 
question, these data are sufficient to warrant 
precautionary measures”.2

Some clinical considerations

Another criticism emerged because we “took 
no account of inattention and lack of energy 
in school children being common” (p.247). 

Upon being contacted by these two families, 
VAD Team researchers provided non-invasive 
VAD screening tests. The rationale for these 
specific tests would require significant self-
citation.

The 10-year-old residing since gestation in 
the GT-home disclosed “the most severe 
cardiovascular condition”, scoring the highest 
values in mitral valve leaflet thickening and 
pericardial thickening.3 These echo-imaging 
findings had only previously been seen 
in older LFN-exposed workers,6 and were 
entirely unexpected in a 10-year-old child. 

Furthermore, this child had “suffered from 
asthma until the age of 1 year. At 5–8 months 
of age, he was medicated for reflux, and then 
again until he was 1 year old. At 8 months 

he suffered pneumonia. After the age of 1, 
he began to develop repeated ear infections 
that were not responsive to antibiotics. At 
age 3 he underwent ear surgery. At the age 
of 5, at school, he suddenly lost his vision, 
and was taken to the hospital where the EEG 
revealed a late onset epileptic seizure. Nose 
bleeds without an apparent cause used to be 
frequent, but have subsided with age. There 
is no history of rheumatic fever, radiation or 
asbestos exposure.” (In: Alves-Pereira et al.,2 
citing Araújo et al.2) 

In the WT-case, Evoked Potentials provided to 
the 12-year-old boy, disclosed “asymmetries 
in the right and left nerve conduction times, 
and the right I-V interlatency value was at 
the threshold of normal values (4.44ms). The 
endogenous evoked potential P300 recording 
occurred at 352ms (normal: 300ms)”.4 Taken 
alone, these values are not relevant, but 
after a two-month vacation away from the 
WT home, the child disclosed significant 
improvement: 322ms.

Neurophysiological tests were provided 
to this child because four months after WT 
began operation, the parents received a letter 
from the child’s teacher voicing “concern 
for the growing difficulties of an otherwise 
outstanding student, (…) it seems that [the 
child] has lost interest, makes a lesser effort, 
as if he were permanently tired. In Physical 
Education, an abnormal amount of tiredness 
is also observed. Is [the child] leading a 
healthy life? Does he sleep sufficient hours 
during the night?’”2 

These objective medical tests and clinical 
histories, disclosing morphological and brain 
potential changes, go well beyond the scope 
of “common” lack of energy in school children, 
as Chapman et al. suggest.
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Figure 1: Data collected by an independent accredited firm, inside the Master Bedroom of the WT-home. 
Comparison of values at the same wind speed.4
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Some biological considerations

The fundamental histological feature 
found both in LFN-exposed patients and 
LFN-exposed laboratory animals was also 
observed in the horses raised on the WT-
home property: thickening of vascular walls 
due to proliferation of extra-cellular matrices 
in the absence of an inflammatory process.5 
To fully comprehend the rationale and the 
highly significant implications of these results, 
a large amount of self-citation would now be 
required.

Understanding the pathophysiology of 
LFN-induced diseases requires knowledge 
on cellular tensegrity architecture7 that 
goes beyond the classical models of general 
physiopathology.8,9 Mechanotransduction 
cellular signaling,9 a relatively new concept, 
becomes of paramount importance because 
it is a major target of the LFN agent.10 In the 
absence of this new cellular model, the nature 
of the biological response prompted by LFN 
exposure cannot be fully understood.

Final remarks

Given the complexity of this subject, 
difficulty in recognising the significance of 
our scientific findings reported over the past 
three decades is entirely understandable.

Unfortunately, the vast majority of studies 
concerning health impacts of WT on 
neighbouring residents do not yet provide 
an adequate quantification of the physical 
agent of disease, and are based on highly 
subjective questionnaires lacking clinical 
corroboration on relevant endpoints. This is 
flagrantly perpetuated by the Wind Turbine 
Health Impact Study, as prepared for the 
State of Massachusetts.11 In our ongoing 
investigations, we have repeatedly pointed 
out the inadequacy of questionnaires as a 
valid measure of health effect,12 a position 
shared by the Strategic Health Impact 
Assessment on Wind Energy Development, as 
prepared for the State of Oregon.13 

We reiterate that LFN-contaminated homes 
are a significant public health concern, and 
substantial health deterioration can be 
observed in humans and animals dwelling 
without respite in LFN-rich environments. 
(Disclaimer: this statement cannot and should 
not be construed as an argument against the 
implementation of wind turbines.)

On 30 May 2013, the Supreme Court of 
Justice in Portugal decided upon the removal 
of the four WT, initially erected in 2006.14 
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