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1. INTRODUCTION

The operation at mechanical elements located within the necelle oi a wind turbine can result in tonal
noise radiation to the environment. An audible tone In an otherwise broad band noise spectrum will
cause that noise to be sound more annoying than the broad band noise would or: its own. even though
the tonal contribution may not significantly add to' the overall noise level. It is .neralore common
practice that. when an environmentally radiated noise contains audible tones, e 5dB(A) penalty is-
added to the overall noise level to account for the increased perception resulting trom the tones. In
rural areas where wind tubines are alien installed the background noise level may be very low. This
tact makes the elimination of audible tones lrom wind turbines essential lrom two points oi view.
First, wind term developments often have imposed on them very low noise limits in recognition oi the
law pro-existing background noise levels. and therefore they can ill aliord a 5dB(A) penalty. Second,
the perception oi tones heightens when the absolute level ol overall noise is very low. This paper
addresses the specific problems of measuring. assessing and controlling tonal noise radiation from
wind turbines.

2. CHARACTEFHSTICS 0F WIND TURBINE NOISE

Most discussions on wind turbine noise dillerentlate between tonal and broad band‘ noise radiation. A
noise spectrum irom a current wind turbine designed to limit tonal noise radiation is shown in Figure
I. Whilst Figure 1 clearly shows the presence ol the two types ot noise. with tones being evident at
505, 810. 900 and 1135Hl. these tones are at such a low level relative to the broad band masking
noise that they are inaudible and theretore insignificant.

The dominant source oi broad band noise lrom wind turbines is the passage oi the rotor blades through
the air. It is this broad band aerodynamic noise that usually determines the overall A—weighted sound
power output level oi the wind turbine, with the tip speed being the dominant parameter controlling
the radiated noise level.

The main source at tonal noise is lrorn mechanical elements within the nacelle. the most likely
contributors being. in descending order oi importance, the gearbox. the generator. the yawing
mechanism, the- lorced cooling system and the pitch control mechanism. Recent measurement
experience has shown that tonal noise radiation trom current production wind turbines usually
increases the overall radiated sound powerby less than toBtA). This tact is recognised in PP622,
Planning Policy Guidance Note: Renewable Energy [1]. which states that 'over Ihe last few years
there has been a signllicanl reduction in lhe mechanical noise generated by wind turbines, and it is
usually less than. or o! a similar level to, the aerodynamic noise". This reduction in mechanical noise
has not only been desirable but, tor the U.K. market. it has been an almost essential development lor
the acceptance at wind technology, The reasons lot this need to reduce tonal noise radiation will be
addressed in the section 4 at this paper.
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FIGURE 1.
A typical two minute averaged nolse spectrum irorn a wrrent production wlnd turbine on whlch

mechanical tones have been attenuated to a sulllcient degree to render them inaudlbIeV

3. SUBJECTIVE PERCEPTION AND OBJECTIVE ASSESSMENT OF TONAL NOISE

The presence oi an audible tone in an otherwise broad band noise spectrum can significantly Increase
the perception oi the noise. even though the tone may not signillcantly increase the overall level ol
the noise. Roblnson [2) describes the situation clearly; 'il one adds a discrete tone to a broad band
noise three things happen. First, the sound pressure level is itself raised; secondly the loudness also
increases (but not in general by as much as the sound pressure level is raised): thirdly, the perceived
quality change in the signal engenders annoyance over and above that represented by the increment in
loudness'.

 
The tact that tones lead to decreased acceptability ol noise is acknowledged in 354142 [a], the
standard otten referred to as being most relevant to wind larm development. which recommends that
a 5dB(A) penalty be added to the specilic noise level ol a source it the spectrum ol that source
contains an audible tone. In addition to BS4142, BS7445 [4] also recommends an adjustment ol 5 or
GdB 'il tonal components are clearly audible and their presence can be detected by a 1/3 octave
analysis‘t BS7445 continues 'il the components are only lust detectable by the observer and
demonstrated by narrow band analysis, an adjustment of 2 to 3dB may be appropriated However,
neither BS4142 nor BS7445 present an objective method oi determining whether or not a tone should
attract a penalty.

The need for an objective assessment of tonal prominence has been recognised by the authorities
responsible-tor setting noise measurement procedures tor wind Iurbinesi These methods all locus 0n
classical critical band theory [5]. [6] s [7], The application of this method requires that a narrow
band noise spectrum is measured at a tolerance location downwind of the test turbine. This spectrum
is' averaged using an averaging time at one or two minutes. The level of the prominent tone (or tones)
and the level ol the masking noise is then calculated lrem the measured spectrum. The masking noise
level is established by placing a critical band such that it includes the largest possible number 0! the
most prominent tones, The critical band is toOHz wide ii the centre lrequency ol the band is between
20H: and SOOHZ, and is 20% oi the centre lrequency ol the critical band lor trequencies above
SOOHz. -
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The overall tone level. L9,. within the critical band is determined by summing on an energy basis the

lone levels within the band. The sound pressure level at the masking noise . L”. la determined either
by energy aummlng all the analysis band values within the critical band not due to tones or by visually

averaging the broad band level across the critical band. The diIierenoe between the tone level and the

level at the masking noise. AL.,.-L,.—L,,.. is then compared to a threshold curve. This Is actually two

separate curves: the upper curve gives thetone level dltterenoe at which tones become 'premlnsnt'
or 'clearly eudlble'. whilst the lower curve gives the tone level ditierenoe at which tones become
'Iudlble'. The threshold curves are Irequancy dependent. but as an example a tone at “)0on
becomes 'eudlble' at a tone level dlilerenoe oi AL...-—2.BdB. and the same lone becomes 'promlnenr‘

at a lone level dilierence oi aL.,,=+3.6dB.

Whilst the critical band method described above lakes Into account the relative level oi the tone and
masking noise along with the etlect ol the irequency oi the ton-(s). it takes no account oi the absolute
level at the masking noise. The percean ot tones. however. does depend on the absolute Ievel'oi the
masking noise [2] because. tor a given tone lavel dilierence. tonal prominence increases with
decreasing overall noise level. Thle may have some significance with regard to wind terms which are
otten located In areas oi low background noise.

4. FRACTION. EXPERIENCES OF TONAL NOISE AT LARGE DISTANCES FROM WIND TUFIBiNES

As a result of measurements undertaken both tor the purpose at establishing the noise output
characteristics ol wind turbines in accordance with IEA recommended practices [5]. and also for the
purpose oi tracking down sources of tonal noise radiation. considerable experience has been gained oi
the potential problems at analysing tonal noise radiation Irom wind turbines. Some oi these Issues
are now discussed.

SPL. dam

 

Frequency. Hz

FIGURE 2.
Noise spectrum measured in a sheltered location approximately 400m irom a wind turbine which

emits a noise signature containing audible tones

Figure 2 shows a narrow band noise spectrum due to the operation ol a wind‘ larm measured at a
typical minimum separation distance between a residence and a wind term. The wind term is located
in an exposed hilltop location. and the measurement point was in a sheltered position approximater
400m trom the nearest turbine. some 60m below turbine inundation level. Whilst the absolute noise

Proc.l.0.A. Vol 16 Part 1 (1994) 25

  



  

Proceedings of the Institute of Acoustics

TONAL NOISE FROM WIND TUFIBINES

level at the measurement location was deemed to be acceptable, the broad band noise experienced at
the location was tainted by clearly audible tones. strangely the tones. which are clearly visible In
Figure 2. were not subjectively so signiiicant close to the wind turbine as they were at some distance ‘
truth it. This was at odds with the general thinking on tonal noise at the time at the investigation
which suggested that, whilst mechanical tones might be audible close to turbines. they would become
inaudible at distances In excess oi around 200m.

The general concept oi audible tones becoming inaudible with distance had been gained irom experience
on the Continent, where wind turbines are oitan located on flat terrain. In such areas, where nearby
residences are located at a similar level to the wind larm. the wind speeds at the residences will be
closely correlated with the wind speeds at the wind larm. Therefore. close to the wind turbine. both
the broad band noise level and the tone level are dominated by the wind turbine. As the distance irom
the wind turbine increases the noise due to the wind turbine decreases and. at a ceneln distance. the
broad band noise becomes dominated by the general wind noise. ‘Beyond this point the level at the
tones relative to the broad band noise decreases. and thereiore the perception oi the tones also
decreases.

In exposed areas, such as on the flat terrain oi many Continental wind terms. the point at which this
changeover occurs will be around 200m irom the wind larm. However, in the case oi U.K. wind
terms which are olten located on hill tops. the background noise at residences lying In sheltered
hollows around the wind iarm may remain low even when the wind speed at the wind larm is high.
When these sheltered residences have a direct line oi sight with the wind turbines then both the broad
band noise and the tonal noise may become dominated by wind turbine noise. It thereiore iollows that.
ii tones are audible close to the wind turbine, they will also be audible at these sheltered residences.
It is tor this reason that tonal noise has had to be controlled to within acceptable limits tor the U.K.
market.

In some circumstances the situation with regard to tones has been lound to be worse than that
described above. and tones that are subjectiver inaudible or only just audible at the wind larm
become clearly audible at sheltered locations some distance irom the wind term. This occurs because
tones are alien wind speed dependent. only becoming evident at higher wind speeds. At these higher
wind speeds the broad band noise created by wind around the ears oi the listener standing amongst the
turbines can be higher than the noise due to the wind turbines themselves. which is likely to be around
55dBlA) at 50m from a turbine. This broad band noise created by wind blowing around the ears can
mask tonal noise at the wind larm. However. in a sheltered hollow the wind masking noise will not be
present and tones may become audible. This is one oi the reasons why the method oi noise
measurement using a ground plane microphone has been developed lor wind turbines. to minimise the
eilects oi wind induced noise on the microphone. The subjective character oi noise radiated irom a
wind turbine can change totally lrom listening through a tripod mounted microphone to listening
through a ground plane microphone.

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

The discussion oi the preceding section has demonstrated the increased potential ior problems with
tonal noise radiation irom wind turbines when these turbines are located on hill tops. Examples are
now presented oi potential problems that may be experienced when undertaking diagnostic noise
measurements on wind turbines. Such noise measurements are usually undertaken relatively close
(approx. 50m) to the wind turbine in order to exclude the eilects oi background noise Irom
extraneous sources. The measurements are also undertaken using a ground plane microphone on a
reflecting board [5]. This is to minimise the eilects oi wind induced noise on the microphone. Even
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the lowest wind speeds In which measurements are taken is around Sms". and lor diagnostic

purposes it is sometimes desirable to measure in wind speeds as high as Zoms“.

Figure 2 has already shown a typical noise spectrum measured approximately 400m irom a wind

turbine which radiated audible tones. The wind turbine In question was a single speed. horizontal axis

machine with a rated power output oi nookw. This section presents an outline case study ol ellorts

made to‘reduce tonal noise radiation lrorn this turbine to within acceptable limits. In doing so. the

problem will also be addressed oi establishing whether or not the objective ol reducing tonal noise has

actually been achieved.

Possible sources oi mechanical noise have already been listed as gearbox. generator, yawlng

mechanism. iorced cooling system and pitch control mechanism. The source oi the tonal noise in this

instance was lound by measurement to be associated with various mashing orders at the gearbox

middle stage and high speed shalt. However, whilst the source oi the tones was easily Identified. it

was not so easy to establish the dominant transmission path to atmosphere. Tonal noise lrom these

elements could be radiated to atmosphere by any combination oi lour transmission paths:

I) direct airborne noise radiation from the mechanical plant themselves

ii) structureborne transmission into and subsequent radiation trom the nacelle bedplate

ill) slructureborne transmission into and subsequent radiation lrom the turbine tower

iv) structureborne transmission into and subsequent radiation from the rotor biadeslhub

The simplest solution to reducing the level at tonal noise would be it the tar field radiated noise was

due to direct airborne noise radiation lrom the gearbox casing. This source oi noise could be treated

by reducing the noise level within the nacelle. either by enclosing the gearbox or by installing

acoustic absorption within the nacelle. or it could be treated by upgrading the sound Insulation

properties ol the nacelle itseli.

The reduction oi structureborne noise radiation via the machinery bedplata/tower could be ellected

by mounting all the major mechanical elements in the nacelle on resilient mounts or. more

realistically in an installed turbine, by treatment at the tower and bedpiato themselves by suitably

modifying their stiilness and damping. However, the reduction oi structureborne noise radiation via

the rotor assemny would bevinuaily impossible to control on a post production basis other than by

modilylng the gearbox llsell to reduce the lorce input. This is because the low speed shalt iorms an

integral part oi both the gearbox and the rotor hub.

As the simplest solution was seen to be the reduction oi direct airborne noise radiation this was

tackled lirst. initial measurements ol noise level within the nacelle revealed 'reverberant' noise

levels at around 98dB(A) at a wind speed at approximately iOms“. In its supplied iorm the Interior

finish of tha nacelle was bare GRF. Acoustic loam was thereiore installed in the test turbine and the

measured internal noise level within the nacelle was reduced by approximately 4dB(A) to MdBM). as

had been calculated. Uniortunaleiy this reduction in noise level in the nacelle did not result in any

measurable ellect on the level oi tonal noise radiated to the environment. The gearbox on the test

turbine was then temporarily encased with an acoustic barrier material which reduced the noise level

in the nacelle by a Iurther 9dB(A) to' approximately 85dBlA), but again there was no measurable

ellect on the level ol tonal noise radiated to the environment. The iindings oi the above tests were

confirmed by locating a loudspeaker sound source in the nacelle oi the non-operating test turbine and

playing back turbine noise recorded in the same nacelle with the turbine operating. The results oi this

test showed that direct airborne radiated noise was at least tOdB(A) below the tone levels being

radiated to the environmeni by the operational wind turbine.
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Attention thereiore locusaed on establishing the relative levels oi structureborne noise radiation
trom the blades and tower. Simultaneous vibration measurements on the rotor hub/blades and on the
tower with the turbine operating could have been used to determine the relative vibration levels at
the problem lrequencles. and irom these vibration levels the sound power radiated irem each oi the
elements could have been interred. However, this would have assumed prior knowledge oi the
radiation characteristic ol the various elements. and this was not the case. It was thereiore decided
to establish whether or not the blades and the tower are actually capable oi noise radiation at the
irequencies oi Interest. In order to achieve this objective wavenumber analysis [8) was employed.
The mathematical theory behind wavenumber analysis will not be considered here but a descriptive
overview is considered useiul.

When any structure is excited into motion vibrational waves may spread out irom the polnt oi
excitation to propagate through the structure. Depending on the frequency of excitation, propagating
vibrational waves travel through the structure at a panlcular speed which is determined by'the
material properties and the geometry oi the structure. Waves oi diiierent ‘irequencies generally
travel at diiierent speeds. This is unlike acoustic waves in air where all waves travel at the same
speed oi around 340ms"{ regardless oi their lrequency. in the case oi mechanical tonal noise
radiation irom either the blades or the tower at a wind turbine. sound waves are generated by the
suriace oi the wind turbine structure vibrating and exciting the surrounding air. However. it is a
lundamental property that unless the vibrational wave in the structure is travelling taster than the
speed or sound in air. then the acoustic wave it excites will not propagate away irom the structure.
Instead the pressure disturbance will remain close to the structure as a reactive acoustic near field,
Therefore even it a structural element is vibrating with a high amplitude at any given lrequency.
there is no guarantee that it will be contributing signillcantly to the tar iield radiated sound.
Wavenumber analysis provides an experimental means at determining the speed oi vibrational wave
propagation at any given frequency by means at tests undertaken with the turbine not operating. The
method thereiore allows the determination oi whether or not a given element at a structure is capable
oi radiating a particular tone to the environment.

Wavenumber analysis was periormed on the in-situ blades _and the tower by lapping the structural
element under test along a linear array oi equally spaced locations with an instrumented iorce
hammer. The lrequency response lunclions between the iorce input at each tapping point and the
acceleration response at a tilted accelerometer location were then determined. The lrequency
response iunctions themselves were analysed to identity any structural resonances around the tonal
lrequencies oi interest. and no such resonances were identitied in either the blades or the tower.
Post processing at the lrequency response iunctions was then undertaken to establish the speeds and
relative amplitudes oi the forward and backward travelling waves at each irequency. The wave
parameter usually plotted is not wave speed. but wavenumber. The wavenumber. k (rad/m). is
deiined as the lrequency, m (rad/s) divided by the structural wave speed. c (nt/s), or k a mic.
Provided the wavenumbor oi the vibrational wave in the structure is lower than the wavenumber oi
acoustic waves in air at the same lrequency. 1hen the structure is capable oi noise radiation at that
lrequency.

Figure 3 shows a sample wavenumber spectrum measured along the blades [9]. Also shown on the
plot as sloping straight lines are the acoustic wavenumbers. Provided the vibrational waves lie
within these lines then the structure is capable ol elticient noise radiation. it had been hoped that the
results oi the wavenumber analysis would clearly show either the blades or the tower as an
ineilicient radiator oi noise at the lrequencies oi interest, but this was not the case.

With the lailure ol the wav'enumber analysis to eliminate one at the structural elements as a potential
radiator ol tonal noise a second series at tests was undertaken. These tests relied on the travelling
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nature at the blades to resutt li’i ditierent in—plane to out—ofuplana radiated noise characteristics. The

iaIiI were Implemented by simultaneously recording the turbine noise at two microphones located in

the plane of the rotor either side oi the lurbine and at a third microphone located downwind oi the

turbine out oi the rotor plane, Synchronous data analysis was Eiiected using a once per revolution

pulse irom an optical tachometer located on the low speed shalt. Tonal noise radiation irom the

blades would exhibit a significant frequency shill In the noise spectra measured In the plane of the
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FIGURE Ii.

Sample wavenumber spectrum measured along the tutor blades

rotor. The results at these tests successiuily demonstrated that the tone levels radiated item the

blades at the irequancies oi interest were well below the total radiated tone levels. It was thereioro

concluded that the major radiator oi tonal noise was the tower and all iurther tests concentrated Dn

this element of the turbine, This conclusion assumed that radiation from the rotor hub was not

significant. A further series at tests would have been osiraoie to positively eiiminate the rotor hub

as the dominant source oi tonal noise radiation by. lor lnslanca. encasing it in an acoustic barrier

material. Time and circumstances did not allow this iurther investigation to be undenaken.

Having concludd that the dominant source at tonal noise radiation was the excitation at the tower by

the gearbox. lite reduction of this notSe reduced to one at
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I) modifying or replacing the gearbox to remotre the high tonal iorce inputs at source
ii) isolating the propagation path between the gearbox and the tower
iii) reducing the response oi the tower to the iorce input by altering its dynamic response.

In response to the need to reduce tonal noise radiation the manulacturer oi the turbine designed and
Installed a cylindrical sand illled damper to be fitted around the inside oi the uppermost part of the
upper tower hall. This sand damper comprised err Inner skin at approximately 1mm thick steel which
extended downwards irom a point some 2.5m below the top oi the tower. The approximate 100mm
gap between the Inner surtace oi the tower and the inner skin of the damper wee illled with
approximately tsookg at sand. The eiiect oi this damping band on vibration propagation along the
tower was established by undertaking a series at irequency response iunction measurements at 0.5m
Intervals down the tower. The results oi the third octave irequency band measurements are shown in
Figure 4 which clearly shows the eiiectivenesa oi the damping band as providing a reduction in
vibration level across it of approximately 2DdB. However, it is also interesting to note irom Figure
4 that the bolted ilange joining the two halves oi the tower together at 14m down irom the top also
provides approximately 10:13 attenuation.
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FIGURE 4.
Vibration levels measured vertically down the turbine tower both nature and alter the sand

damper had been Installed. The results are based on tapping tests undertaken with the turbine
not operating, with the .50on third octave band shown. The tapping location is shown arrowed.

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

The results oi these 'beiore and alter“ vibration tests indicated that. lot the same turbine electrical
power output, the average oi the 4 vrbralion levels measured above the damping hand remained
virtually unchanged (to within SdElt over the entire irequency spectrum irom 0 to ZOOOHz. The
average of the 7 vibration levels measured below the damping band showed a reduction in vibration
level irom around iOUHZ. increasing gradually to approximately lOdB reduction ior frequencies
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above JOde. The sand damper thereiore oiiered 'a signiiicant Insertion lose to structural waves

propagating down the cylinder. but somewhat less than the zone expected tram the non-operational

trequancy response iuncllon tests. This poorer performance may be due to noise radiated into the

lower irom the underside ol the machinery bedplate short circuiting the damping treatment although
this eliect was not lormalty proved.

The comparison oi the 'beiore and alter” acoustic test results were less conclusive than the

vibration measurements. Unlike the vibration levels. which correlated excellently irom test to test

provided the electrical power output oi the turbine was the same over the typical 20 second

averaging times used lor the comparative tests. the acoustic data did not loliow this same trend. The
problem Is caused by the variability oi the sound propagation path irom the turbine to the

measurement point. believed to be caused primarily by wind eliects. When observing real time

narrow band spectra measured 50m downwind ol a turbine the tone levels can be seen to vary by

more than lodB over periods oi only a lew seconds. Even taking two‘minute averages as

recommended in the IEA practices ior wind turbine testing [5] tone levels can vary bysimilar levels.

Due to the limited time available. which also coincided with a period oi several weeks oi low winds. it

was dlilicull to accurately assess the true eiiecl oi the sand damper. initial indications were that the

damper had been successful in attenuating the tones. However. when the wind speeds rose above

approximately to to ths" the tonal noise radiation again became subjectively apparent. This

lindlng reiniorced the problems mentioned previously that. lirstly. wind turbine noise la critically

dependent on wind speed so measurements must be taken over the lull range oi operational wind

speeds and. secondly. the variability ol radiated tone levels even lor a constant wind speed make it

dilficult to establish the true picture item a limited number oi noise spectra.

it was thereiore concluded that the assessment oi tonal noise radiation would have to be undertaken
using a procedure similar to that recommended in the IEA Recommended Practices tor overall noise

level. The IEA procedure requires that multiple measurements oi the overall 'A'—weighted noise

level are measured downwind oi the test turbine and plotted against the simultaneously averaged .wind

speed on a scatter plot. Tito resultant data is analysed on a statistical basis to establish the average

noise level and its distribution. The same process was adopted ior tonal noise assessment by

developing a semi—automatic application oi the objective tonal assessment procedure described

earlier [6]. The implementation allows a prominent tone or tones to be selected. The tone level

diilerence over the relevant critical band is then calculated tor multiple narrow band spectre

averaged typically over to second periods. The results ol this analysis allow a scatter plot to be

produced oi multiple measurements oi tone level diiierence against wind speed. This level dillerence

is then used lor the assessment at tonal prominence.

Beiore looking at results obtained using this analysis technique it-is worth.noting the specilic

problems introduced by variable speed wind turbines with variable frequency tones. The automatic

method oi tonal assessment described above assumes tired lrequency tones. Order analysis would

have to be employed to cater lor variable lreouency tones. although this would require the added

complexity oi accessing rotational speed inlermation item the wind turbine under test.

Recommendations are made in the various measurement procedures ior handling non—stationary tones

which should be applicable both to variable level and variable lrequency tones. These modilied tone

assessment procedures require that the broad band masking noise level should be established irom

spectra averaged over two minutes. whilst the equivalent oi a last response on a sound level meter

should be used to establish the highest tone levels encountered during the two minute averaging

period. In practice this method has olten been iound to result in radiated tones exceeding the
'prominent' rating on an objective basis, even though they may only just be subjectively audible.
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Returning now to the case study. having been only partlally successiul in reducing tonal noise
radiation by treating the transmission paths. the source Itseli was tackled. This was done by re-
shaping the gear teeth on the high speed shalt to minimise dynamic transmission error at high loads
by modliying local contact deflection. Following several attempts It was iound that, whilst this
process could achieve good reductions in tone levels at certain wind speeds. it would either be
inneiiective or even Increase lone levels at other loads. This Is a well known ieaiure oi gear trains,
that gear proliies can only be optimised to minimise dynamic transmission'error 10! certain loads.
Figure 5 clearly demonstrates this eiiect, It is unlikely that the strong dependence oi tone level as a
lunctlon oi wind speed shown in Figure 5 would have been so conclusively ldentitled had the
measurement procedure described above not been adopted.

9'0

Tone level diiierence

(Al-In)r ‘15

 

i7 tse Jed ISU

Electrical power output. kW

FIGURE 5.
Tone levels measured 50m downwind oi the test turbine assessed according to the Joint Nordic

Method and plotted as a Iunaion oi wind speed.

As a result oi the extensive tests carried out on the case study wind turbine. oi which only a
relevant subset have been included in the Ioregoing discussion. It was finally concluded that the entire
geartraln in the oiiending gearbox would need to be replaced. This was done by replacing the gearbox
as a whole unit, and the wind turbine now exhibits no tonal noise radiation problems at any wind
speeds. The radiated noise spectrum already shown in Figure I is a sample result Irom the modiiied
wind turbine.

6. CONCLUSIONS

The assessment oi wind turbine noise presents unique acoustical problems not encountered in other
iields oi acoustics,

Wind iarm sites where the turbines are located on hilltop locations are particularly sensitive to tonal
noise radiation. This is because nearby dwellings may lie in sheltered hollows protected trom general
wind noise but not shielded item the noise radiated by the wind turbines.
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Tonal noise usually emanates irom mechanical plant located in the wind turbine nacelle. Provided the
nacelle cover oilers a reasonable degree oi airborne sound insulation the gearbox: is usually the
dominant source oi tonal noise which escapes to the environment via a structure—borne transmission
path.

Tone levels are oilen strongly correlated with wind speed. Measurements undertaken to assess tone

levels should thereiors be taken as a minimum over the cut-in to rated power wind speed range ol the
turbine.

Tone levels in the radiated noise signatures ei turbines vary by as much as thB over a low seconds.
even when measured just 50m irom the turbine and even when the power at 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 irorn wind turbines. ell evaluative measurements oi tones

should be plotted as multiple samples oi tone level diilerence against wind speed or turbine power

output In a similar manner to the recommended practices ior evaluating overall sound power outputs
oi wind turbines

The methods ior the objective assessment oi non-stationery tones suggested in existing procedures
ior wind turbine testing do not adequately address the problems. Using the recommended procedures
can result in a subjectively inaudible or only just audible lone being obiectively assessed as
'promlnont'. Variable speed wind turbines Introduce still lurther complexities in the objective

assessment oi tone levels.
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