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1. INTRODUCTION

The operation of mechanical elements located within tha nacelle of a wind turbine can result in tonal
noise radiation to the environment. An audible tone in an otherwise broad band nolse spectrum will
cause that nolse to be scund more annaying than the broad band noise would on !te wn, even though
the tonaj conlribution may not significardly add to' the overall noise level. It js :nersfore commen
practice thal, when an anvironmentally radlaled noise contalns audible tores, a 5dB(A) penally is
addad to the overall nolse lavel 16 account for the Increased parception resulting from the tones. In
rural areas where wind tubines are often installed the background nolse level may be very low. This
fact makes the eliminalion of audible tones Irom wind turbines essentinl from Iwo polnts of view.
First, wind farm developmenis oflen have imposed on them very low nolse limits in recognition of the
law pre—axisting background noise levels, and therefore they can ill afford a SdB{A) panalty. Second,
the parception of tones haightans when the absolute lave! ol overall noise is very low. This paper

addresses the spacific problems of measuring, assessing and controlling tonal nolse radiation fram
wind turbines.

2. CHARACTERISTICS OF WIND TURBINE NOISE

Mosl| diseussions on wind lurbine noise differentlale batween tonal and broad band noise radiation. A
nolse specirum [rom a current wind turbine designed to limit tonal noise radiation is shown in Figure
1. Whilst Figure 1 clearly shows the presence of the wo Iypes of noise, with tones being evident at
505, 610, 900 and 1135Hz, these lones are of such a low level relative 1o the broad band masking
noise that they are inaudible and therefore insignificani.

The dominant source of broad band noise from wind turbines is the passage of the rotor blades through
the alr. Il is this broad band aerodynamic noise thal usually delermines the overall A-weighted sound

power oulput level of the wind trbine, with the fip speed being the dominant parameter contralling
the radiated noise level. :

The main source of lonal nolse is from mechanlcal slements within the nacelle, the most likely
contributars being, in descending order of imporiance, the gearbox, the generalor, the yawing
mechanism, the- florced cooling systam and the pilch control mechanism. Recent measurament
experiance has shown that tonal ncise radiation from current production wind lurbines usually
increases the overall radiated sound power by less than 14B{A). This fact is racognised in PPG22,
Planning Policy Guidance Note: Renewable Energy [1]. which states tha! “over the las! few years
there has been a significant raduction in the machanical noise gensraled by wind tumines, and it is
usually lass than, or of a similar level to, the asrodynamic noise”. This reduclion in machanical noise
has nol only been desirable but, for the U.K. markel, it has been an almost essential devalopment lor
the acceplance of wind technology. The reasons for this need 1o reduce lonal noise radiation will ba
addressed in the section 4 of this paper.
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FIGURE 1.
A typleal two minute averaged nolse spectrum Irom a current production wind turblna on which
mechanical tones have bean attenuated 16 a sufficient degree 1o rander them inaudible,

3. SUBJECTIVE PERCEPTION AND OBJECTIVE ASSESSMENT OF TONAL NOISE

The presence ol an audible tane in an otherwise broad band noisa specirum can significantly increase
the perception of the noise, even though the lone may not signilfcantly increase the overali lavel of
the noise. Robinson [2) describas the silvation clearly; it one adds a discrete lone to a broad band
noise three things happen. First, the sound pressure level is itsell raised; secondly the loudness also
increases (but not in general by as much as the sound pressure laval is raised); thirdly, the perceived
quality change in the signal engendars annoyance over and above that represented by the increment in
foudness”.

The fact thal tones lead 1o decreased acceptability of noise i acknowledged in BS4142 [3), the
slandard often refarred to as being mast relavant to wind farm developmant, which recommends that
a 5dB(A) penalty be added 10 the specific noise level ol a source if the specirum ol that source
contains an audible tone. In addition to BS4142, 857445 [4] also recommends an adjustment of 5 or
6dB it tonal components are ciearly audible and their prasenca can be delected by a 1/3 oclave
analysis”. BS7445 continues if the components are only just detectabls by the observer and
demonsirated by narrow band analysis, an adjustment of 2 lo 3dB may be appropriate”. However,
neithar BS4142 nor BS7445 present an objeclive method of determining whether or not a tone should
atiract a penalty.

The need for an objective assessment of tonal prominence has been racognised by the authorities
responsible-for setting noise measurement procedures for wind lurbines. These methods all focus on
classical critical band theory [5). [6] & (7). The application of this method requires thal a narrow
band noise spectrum is measured at a ralarence location downwind of the test turbine. This spactrum
is averaged using an averaging time of one of two minutes. The level of the prominent lone {or lones)
and the leval ol the masking noise is then calculated from the measured spactrum. The masking noise
level is established by placing a critical band such that it includes the largest possible number of the
most prominent tones. The critical band is 100Hz wide if the centre frequency of the band is betwseen

20Hz and S00Hz, and is 20% of the centre frequency of the critical band for [requencies above
500Hz. :
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The overall tone lavel, Ly, within the critical band I8 delermined by summing on an energy basis Ihe
tone lavals within the band. The sound pressure loval of the masking nolse , Lyp, is determined either
by energy summing all the analysis band values within tha critical band not dua to tones or by visually
averaging the broad band level across the critical band. The diflerence between the tone leve! and the
lovel of the masking nolse, ALyw=lor-Lpn. is then compared to a threshold curve. This Is actually two
separaie curves; he upper curve gives the tone level diffarence at which tones become “prominent®
or “clearly audible”, whilst the lower curve gives the tone leve! differenca at which tones becoms
*audibie”. The threshold curves are frequency dependent, but ac an example a tone of 1000Hz
becomes “audible” at a tone level diflerance of AL,,=—2.8dB, and the same lone becomes “prominen!”
at a tono level dilference of AL,=+3.6dB.

Whilst the critical band method described above takes into account the relative tevel of the (one and
masking noise along wilh the eflect of the frequency of the tona(s), it takes no account of he absclute
leval of the masking noise. The parception of tones, howaver, does depend on thg absclute lavel of the
masking nolse [2] because, for a given tone lavel dilference, tonal prominence increases wilh
decreasing overall noise leval. This may have somse significance with regard to wind farms which are
often located In areas of low background noise.

4. PRACTICAL EXPERIENCES OF TONAL NOISE AT LARGE DISTANCES FROM WIND TURBINES

As a result of measuremants undertaken both for the purpose ol establishing the noise outpul
characteristics of wind turbines in accordance with IEA recommendsd practices [5), and also for the
purpose of tracking down sources of lonal noise radiation, considerable experience has bean galned of

the potential problems ol analysing tonal noise radiation from wind turbines. Some of these Issues
are now discussed.
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FIGURE 2.
Noise spectrum measured in & cheheraed location approximately 400m from a wind turbine which
amils a noise signature containtng audible tones

Figure 2 shows a narrow band noise spectrum due to the operation of a wind farm measured at a
typical minimum separation dislance between a residence and a wind farm. The wind farm is localed
in an exposed hilllop localion, and the measurement point was in a sheltered position appreximately
400m from the nearesl turbine, some 60m betow turbine foundation level. Whilst the absolule ngise
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lovel at the measurament localion was desmed to be acceplable, the broad band noise exparienced at
the location was tainted by cloarly audible lones. Sirangely the tonas, which are clearly visible in
Figure 2, were not subjeclively so significant close o the wind turblne as they were at some dislance
from it. This was al odds with the general thinking on tonal nolsa at tha time of the investigation
which suggested that, whilst mechanical 1ones might be audible close 1o turbines, they would become
inaudible at distances In excess of around 200m,

The general concept of audible tenes becoming inaudible with distance had bean gained from experience
on the Conlinent, where wind turbines are often localed on flat terrain, In such arsas, where nearby
resldences are located at a similar level to the wind farm, the wind speeds at the residences will ba
closely correlated with the wind speeds at the wind farm. Therefore, close to the wind {urbine, bath
the bread band noise level and the lone level are dominaled by the wind turbine. As the distance from
the wind turbine increases the noise due 1o the wind Wrbine decreases and, at a caraln distance, the
broad band noise becomes dominated by the general wind noise. -Bayond this point the lave! of the
tones refative to the broad band noise dacreases, and therelore the perception of the tones also
decreases.

In exposed areas, such as on the flal terrain of many Conlinental wind farms, the poind al which this
changeover occurs will be around 200m from the wind farm. However, in the case of U.K. wind
farms which are olten located on hill tops, the background noise at residences lying in sheltered
hollows around the wind farm may remain low even when the wind speed ai the wind farm is high,
When these shellered residences have a direct fine of sight wilh the wind turbines then both the broad
band noise and the tonal noise may become dominaled by wind turbine noise. It therefore follows that,
if lones are audible close to the wind turbine, thay will also be audible at these shellered rasidencas.
11 is for this reason that tonal noise has had to be controlled to within acceplable limits for the UK.
market.

In some circumstances the situation with ragard 1o tones has been found to be worse than that
described above, and tones that are subjectively inaudible or only just audible a! the wind farm
become clearly audible at shelterad locations some distance {rom the wind famm, This occurs bacauss
tanes are often wind speed dependent, only becoming evident at higher wind spseds, At these higher
wind speeds the broad band noise crealed by wind around the ears of the listener standing amongst the
turbines can be higher than the noise due 10 tha wind turbines themselves, which s likely 10 be around
S5dB{A)} al 50m from a wrbine. This broad band noisa crealed by wind blowing around the ears can
mask tonal noise al the wind farm. Howevar, in a sheltered hollew the wind masking noise will not be
present and tenes may become audible. This is one of the reasons why the methed of noise
measurement using a ground plane microphone has been developed lor wind turbines, to minimise the
effects of wind induced noise on the microphone. The subjective character of noise radiated from a
wind lurbing can change totally from lislening through a triped mounted micraphone 1o listening
through a ground plane microphone.

5. PRACTICAL EXPERIENCES OF TONAL NOISE MEASUREMENTS CLOSE TO WIND TURBINES

The discussion ¢l the preceding section has demonsiraled tha increased potential for problems with
tonal noise radiation from wind turbines when these lurbines are located on hill 1ops. Examples are
now prasented of potential problems that may be experienced when undertaking diagnostic noise
measurements on wind turbines. Such neoisa measurements are usually undertaken felatively c¢lose
(approx. S0m) 1o the wind turbine in order lo exclude the effects of background noise from
exiranecus sources. The measuremenls are also underiaken using a ground plane microphone on a
reflacting board [5]. This is 1o minimise the eflects of wind induced naise on the microphone. Even
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the lowest wind speeds in which measurements are taken is around Sms™', and lor diagnostic
purpases it is somatimes desirable to measura in wind speeds as high as 20ms™.

Figura 2 has aiready shown a lypical nolse spectrum measured approximately 400m from a wind
turbine which radiated audible tones. The wind turbine in question was a single spaed, horizonlal axls
machine with a rated power culput of 400kW. This section presents an outline case study ol efforts
made 1o_raduce tonal noise radiation from this wrbine to within acceptable limits. In doing 30, the
problem will also be addressed of establishing whether or not the cbjective of reducing tonal noise has
actually been achieved.

Possible sources of mechanical noise have already been listed as gearbox, genarator, yawing
mechanism, forced cooling system and pitch control mechanism, The source of the lenal noise in Ihis
Instance was found by measurement to be associated with varous meshing orders of the gearbox
middle slage and high speed shaft. Howaver, whilsl the source of the lones was easlly identified, it
was nol 5o easy 1o establish the dominant lransmission path 1o atmosphers. Tonal noise from these
elements could be radiated 1o atmosphera by any combination of four transmission paths:

i) direct airborne noise radiation from the mechanical plant themselves

i) structureborna transmission inle and subsequent radiation from the nacelle bedplate
ifh) structureberne transmission into and subsequent radiation from the turbine lower
iv} siructureborne transmission inlp and subsequent radiation from the rotor bladesfhub

The simplest solution 1o reducing the lavel of tonzl noise would ba if the far fiald radiated noise was
due 1o direct airborne ncise radlation from the gearbox casing. This source of noise could be lrealed
by reducing the noise lavel within the nacelle, either by enclosing the gearbox or by installing
acoustic absorplion within the nacelle, or it could be treated by upgrading the sound insulation
properties of the nacelle itsell.

The reduction of structureborne noise radiation via the machinery bedplate/tower could ba effacted
by mounting all the major machanical elements in the nacelle on resiliant mounis or, more
realistically in an instalied turbine, by treatment of the tower and bedplale themselves by suilably
modifying their stiffness and damping. However, the reduction of structureborne noise radiation via
the rotor assembly would be virtvally impossible to control on a post production basis other than by
modilying tha gearbox itself to reduce the force input. This is because the low speed shalt forms an
integral parl of both the gearbox and the rotor hub.

At the simplest solulion was seen to be the reduction of direct airborne noise radiation this was
tackled firsl. Inilial measurements of noise leval within the nacelle revealed “reverberant® noise
fevels of around 98dB{A) at a wind speed of approximately 10ms''. In its supplied form the Interior
finish of the nacelle was bare GRP. Acoustic foam was therefore installed in the tesl turbine and the
measured internal noise level within the nacelle was reduced by approximately 4dB(A} to 94dB(A), as
had been calculated. Unfartunately this reduclion in noise level in the nacelle did not rasult in any
measurable affact on the level ol tonal noise radialted 10 the environmeni. Tha gearbox on the test
turbine was than temporarily encased with an acoustic barrier material which raduced the ncise lavel
in the nacelle by a furiher SdB(A) 1o’ approximately 85dB(A), bul again thera was no measurable
effect on tha level of tonal noise radiated 1o the anvironment. The lindings of the above tesls were
conlirmed by locating a loudspeaker sound source in tha nacelle of the non—operaling test turbine and
playing back turbine ncise recorded in the same nacele with the urbine operating. The rasulls of this
tes! showed that diracl airborne radiated noise was al teast 10dB(A) balow the tona levels baing
radiated o the environmeni by the operational wind lurbine.
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Attention thaerefore forussed on establishing the relative lavels of structureborne noise radiation
from the blades and tower. Simultanesus vibration measuremants on the rotor hubvblades and on the
tower with the turblne operating could have been used to delermine the relative vibration levels at
the problem frequencies, and from these vibration lavels the sound power radiated from each of the
elements could have been inferred. Howaver, this would have assumed prior knowladge of the
radialion characteristic of the various elements, and this was not the case. It was therefore dacided
lo establish whethar or not the blades and the tower are actually capable of noise radiation at the
fraquencies of Inferest. In order to achieve this objective wavenumber analysis |8) was employed.
The mathematical theory behind wavenumber analysis will not be considered here but a descriplive
ovarview is considered useful,

When any structure is exclted into motion vibrational waves may spread out from the point of
excitation 1o propagate through the structure. Depending on the fraquancy of axcilation, propagating
vibrational waves fravel through the struclure at a particular speed which is detarmined by "the
material properties and the geomelry ol the structure. Waves ol different frequencies generally
travel at different speeds. This is unlike acoustlic waves in air where all waves fravel at the same
speed of around 340ms™', regardless of their frequency. In the case of mechanical tanal noise
radiation from either the blades or the tower of a wind turbine, sound waves are generated by the
surface of the wind turbine structure vibrating and exciting the surrounding gir. However, il is a
fundamental property thal unlass the vibrational wave in the struciure is travelling taster than the
spead ol sound in air, then the acoustic wave il excites will nol propagate away from the structure.
Instead the prassure disturbance will remain close 1o the struciure as a reaclive acoustic near field,
Therefore even if a struclural element is vibraling with a high amplitude at any given fraquency,
there is no guarantee that It wili be contributing significantly 1o the far feld radiated sound.
Wavenumber analysis provides an expafimental means of detarmining the speed of vibrational wave
propagation at any given frequency by means of tests underiaken with the turbine not opearating. The
mathod tharelore aliows the determination of whether or not a given elament of a struclure is capable
of radiating 2 particular tone to the environment.

Wavenumber analysis was performed on the in-situ blades and the lower by tapping the structural
element under tes! along a linsar array of equally spaced locations with an instrumented lorce
hammer. The frequency response lunclions beiween the force inpul al each tapping point and the
acceleration responss at a lixed accelerometer location wers then determined. The frequency
response (unclions themselves were analysed to identify any struciural resonances around the tonal
lrequancies of interest, and no such resonances were identilied in either the blades or the tower.
Post processing of the lfequency response functions was then underiaken to establish the spoeds and
relative amplitudes ol the forward and backward Iravelling waves al each frequency. The wave
parameter usually plotted is not wave speed, bul wavenumber. The wavenumber, k (rad/m), is
defined as the frequency, w {rad/s) divided by the structural wave speed, ¢ (m/s), or X = w/c.
Provided the wavenumber of the vibrational wave in tha siruciure is lower than lhe wavenumber of
acoustic waves in air at the same lrequency, 1hen the siructura is capable of noise radiation at thal
fraquancy. :

Figure 3 shows a sample wavenumber spectrum measured along the blades [9]. Also shown on the
plot as sloping siraight lines are the acoustic wavenumbers., Provided Ihe vibrational waves lie
within these fines then the structure is capable of efficiem noise radiation. It had baen hoped that the
resulls of the wavenumber analysis would clearly show aither the blades or the tower as an
inefficient radiator of noise at the frequencies of interest, but this was not the case.

With. the failure of the wavenumber analysis to eliminate one of the siructural elements as a potential
radiator of 1onal noise a second series of tesls was undertaken. These tesis relied on the fravelling
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nature of the blades to result in different in—plane to out-of-plane radiated noise characteristics. The
tests were implemented by simultaneously recording the turbine noise at two microphones located in
the plane of the rotor either side of the turbine and at a third microphone located downwind of the
turbine out of the rotor plane. Synchronous data analysis was effected using a once per revolution
pulse from an optical tachometer located on the low speed shaft. Tonal noise radiation from the
blades would exhibit a significant frequency shift in the noise spectra measured in the plane of the

Frequency, kHz

t== Veloelty~force dD rei i8~-3m N

Wavenumber, rad/m

FIGURE 3.
Sample wavenumber spectrum measured along the rotor blades

rotor. The results of these tests successfully demonstrated that the tone levels radiated from the
blades at the frequencies of interest were well below the total radiated tone levels. It was therefore
concluded that the major radiator of tonal noise was the tower and all further tests concentrated on
this element of the turbine. This conclusion assumed that radiation from the rotor hub was not
significant. A further series of tests would have been desirable to positively eliminate the rotor hub
as the dominant source of tonal noise radiation by, for instance, encasing it in an acoustic barrier
material. Time and circumstances did not allow this further investigation to be undertaken.

Having concluded that the dominant source of tonal noise radiation was the excitation of the tower by
the gearbox, the reduction of this noise reduced to one of...
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i) modifying or replacing the gearbox to remove the high tonal force inputs at source
i) isolating the propagation path between the gearbox and the tower
iii) reducing the response of 1hq tower to the force input by altering its dynamic response.

In response to the need to reduce tonal noise radiation the manufacturer of the turbine designed and
installed a cylindrical sand filled damper to be fitted around the inside of the uppermost part of the
upper tower half. This sand damper comprised an inner skin of approximately 1mm thick steel which
extended downwards from a point some 2.5m below the top of the tower. The approximate 100mm
gap between the inner surface of the tower and the inner skin of the damper was filled with
approximately 1600kg of sand. The effect of this damping band on vibration propagation along the
tower was established by undertaking a series of frequency response function measurements at 0.5m
intervals down the tower. The results of the third octave frequency band measurements are shown in
Figure 4 which clearly shows the effectiveness of the damping band as providing a reduction in
vibration level across it of approximately 20dB. However, it is also interesting to note from Figure
4 that the bolted flange joining the two halves of the tower together at 14m down from the top also
provides approximately 10dB attenuation.
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FIGURE 4.
Vibration levels measured vertically down the turbine tower both before and after the sand
damper had been installed. The results are based on tapping tests undertaken with the trbine
nol operaling, with the 500Hz third octave band shown. The tapping location is shown arrowed.

In order to validate the expected 20dB loss in practice, a further series of measurements were
undertaken with the wind turbine operaling. These measurements involved the simultaneous
acquisition of 14 data channels: 4 accelerometers located above the damping band, 7 accelerometers
located below the damping band, a signal proportional to the total electrical power outpul of the
turbine, a tachometer signal from the low speed shaft and a microphone signal from a location 50m
downwind of the turbine. In order to make valid comparisons between the “"before” and “after”
measurements the turbine power was recorded lo enable vibration and noise data to be selected
corresponding to the same power output of the turbine. This was because, from the tonal noise
measurements that had been taken to this stage, it had become very appareni that the tone levels
were highly time variable and depended on the load transmitted through the gearbox.

The results of these "before and after” vibration tests indicated that, for the same turbine electrical
power output, the average of the 4 vibration levels measured above the damping band remained
virtually unchanged ({to within 3dB) over the entire frequency spectrum from 0 to 2000Hz. The
average of the 7 vibration levels measured below the damping band showed a reduction in vibration
leve! from arcund 100Hz, increasing aradually to approximately 10dB reduction for frequencies
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above 400Hz. The sand damper therefora offered a signilicant Insertion loss to slructural waves
propagating down the cylinder, but somewhat less than the 20d8 expected from the non—operalional
frequency response funciion tests. This poorer performance may be due 1o noise radiated into the
tower from the underside of the machinery badplale short circuiting the damping treatment alkhough
this eflect was not formally proved.

The comparison ol the "balore and after® acoustic lest resulls were lass conclusive than the
vibralion measuremenis. Uniike the vibralion levels, which correlated excellanlly from test to tost
provided the elactrical power oulput of the turbine was tha same over the typical 20 second
averaging limes used for the comparalive tasts, the acoustic dala did not follow this same wend. The
problem Is caused by the varlability of the sound propagation path from the turbine to the
measurement point, believed to be caused primarily by wind effacts. When cbsarving real time
narrow band specira measured S0m downwind of a turbine the tone levels can be seen to vary by
more than 10dB over periods of only a few seconds. Even taking two minute averages as
recommended in the IEA practlees for wind turbine testing [5] tone levels can vary by similar levals.

Due to the limitad tima available, which also coincided with a period of several weeks of low winds, it
was difficull 10 accurately assess the true effect of the sand damper. Initial indications were thal the
damper had been successful in attenualing the lones. However, when the wind speeds rose above
approximately 10 10 12ms'! the tonal nolse radiation again became subjectively apparent. This
linding reinforcad the problems meantioned previously that, firstly, wind turbine noise Is critically
dependent on wind speed so measuremenis must ba laken over the full range of operational wind
speeds and, secondly, the variability of radiated tone levels even for a constanl wind speed make il
difficult to establish the true plcilure from a limited numbes of noise specira.

1t was tharefore concluded that the assessmant of lonal noise radiation would have to be undsariaken
using a procedure similar 1o that recommended in the IEA Recommended Practices for overall noise
level. The IEA procedure requires that multiple measurements of the overall "A"—weighied ngise
level are measured downwind of the test turbine and plotted against the simultaneously averaged .wind
speed on a scalter ploi. The resultant data is analysed on a statistical basis lo establish the average
noise lavel and ils distribution, The same process was adopted lor tonal noise assessment by
developing a semi-automatic application of the objective tonal assessment procedure dascribad
parlter [6). The implementation allows a prominant lone or tones to be selecled. The lene level
difference over the relevant critical band is then calculated for multiple narrow band spectra
averaged lyplcally over 10 second periods. The results of this anzlysls allow a scaller plot to be
produced of mulliple measuraments of tone leval difference againsi wind speed. This level dillerence
is then used for the assessment of tonal prominence.

Balora looking al rasulls oblained using this analysis technique it-is worth .noling the specific
problems introducad by variable speed wind turbines with variable frequency tones. The automatic
method of tonal assessment describad above assumes lixed lraquency tones. Order analysis would
have to ba employed 1o cater for variable frequency lones, ahhough this would require the added
complaxily of accessing rotational speed information from the wind turbine under test.
Recommendations are made in the various maasuremeni procedures for handling non—stationary tones
which should be applicable both lo variable level and variable Irequency tones. These modified tone
assessment procadures require thal the broad band masking noise level should be established from
specira averaged ovar wo minutes, whilst the equivalent of a last responsa on a sound level mater
should be used 1o establish the highest tone lavels encountered during the iwo minute averaging
period. In practice this melhod has oftan been found to resull in radialed lones exceeding the
“prominant” rating on an objective basis, even though lhey may only just be subjeclively audible.
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Returning now to the case study, having baen anly partlally successful in reducing tonal nolse
radiation by treating the transmission paths, the source itself was tackled. This was done by re—
shaping the gear teeth on the high spead shaft 1o minimise dynamic transmission error at high loads
by modifylng local conlact dellection. Following several altempts it was found thal, whiist this
process could achieve good reduclions in tone levels at cerlain wind speeds, it would either be
inneflective or evan increase lone levels at other loads. This is a well known fealure of gear trains,
that gear prollles can enly te optimised to minimise dynamic transmisslon ‘error for cerain loads.
Figure 5§ cleardy demonsirales Ithis effect. It is unlikely that the strong dependance of tone leve! as a

function of wind speed shown in Figure 5 would have been so conclusively identified had the
measuremant procedure daescribed abova nol been adopted.
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FIGURE 5.
Tone levels measurad 50m downwind of The lest turbine assessed according 1o the Joinl Nordic
Mathod and ploited as a function of wind spead.

As a result of the exlensive tesis carried ocul on the case study wind turbine, of which enly a
relevant subset have been included in the foregoing discussion, it was finally concluded thai the entire
geariraln In (ha offending gearbox would need to be replaced, This was done by replacing the gearbox
as a whole unit, and the wind turblne now axhibils no tonal noise radiation problems al any wind

spoeds. The radiated noise spectrum already shown in Figure 1 is a sample result from tha modified
wind turhine.

6. CONCLUSIONS

The assessmenl of wind lurbine noise presents unique acoustical problems nol encounlared in other
fields ol acoustics.

Wind farm sites whers the turbines are located on hilllop locations are particularly sensitive o tonal

noise radiation. This is because nearby dwellings may lie in shelterad hollows protecied from general
wind noise but not shielded from Lhe naise radiated by the wind turbines.
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TONAL NOISE FROM WIND TURBINES

Tonal noise usually emanates from mechanical plant located in the wind turbine nacelle. Provided the
nacelle cover offers a reasonable degree of airborne sound insulation the gearbox is usually the
dominant source of tonal noise which escapes to the environment via a structure-borne transmission
path.

Tone levels are often strongly correlated with wind speed. Measurements undertaken to assess tone
levels should therefore be taken as a minimum over the cut-in 1o rated power wind speed range of the
turbine.

Tone levels in the radiated noise signatures of turbines vary by as much as 10dB over a few seconds,
even when measured just 50m from the turbine and even when the power of the turbine remains
relatively constant. This is believed to be due to changes in the noise propagation path from the
turbine to the measurement location.

Due to the scatter in tonal levels radiated from wind turbines, all evaluative measurements of tones
should be plotted as multiple samples of tone level difference against wind speed or turbine power
output in a similar manner to the recommended practices for evaluating overall sound powser outputs
of wind turbines. :

The methods for the objective assessment of non-stationary tones suggested in existing procedures
for wind turbine testing do not adequately address the problems. Using the recommended procedures
can result in a subjectively inaudible or only just audible tone being objectively assessed as
“prominent”.  Variable speed wind turbines introduce still further complexities in the objective
assessment of tone levels.
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