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1. INTRODUCTION

This paper describes an assessment of the performance of various sound propagation models and
discussas the appropriateness of their application to potential wind farm sites. The study is based on data
obtained by field survey at the Carland Crass and Coal Clough wind farm sites, these data being recorded
whilst both were still in a ‘green field’ state [1).

It should be stressed that rather than an academic study of the physics ot sound propagation in complex
conditions, with the aim of developing a new propagation madel, the emphasis of this work has been to
ses how well currently available modals perform, when used by a reascnably experienced engineer. As a
result, the models have, as far as possible, been treated as 'black box” models {although such an approach
is nat always possible with moere complex modeis). :

2. BACKGROUND

Given a statement from a manufacturar spacifying 8 wind turbing’s sound power level, to predict the noise
levels resulting from a wind farm of such machines at nearby dwellings it is necassary to use a sound
propagation model. Given the locations and type of machines, these noise levals will clearly depend both
upon the site’s topography and the local mateorology. Whilst there are numesous sound propagation
models in existence, thara is, at present, no stangard, widely accepted tool available within the wind
energy community to do this.

The model most commonly used is that proposed by tha International Energy Agency’s (IEA] Expert Study
Group {2]. This simple propagation model takes account of sound attenuation due salely to geometrical
spraading and absorbtion by air: the effects of topography, ground cover and meteorplogy are notinctuded.
A better approach might ba the use of one of the mare sophisticated modaels, for example ENM
{(Environmental Noise Modell, a proprietary software suite developed by RTA Software of Australia. This
is a state-ol-the-art suite, specifically designed for the prediction of noise. levels resulting from multiple
noise Sources in a complex environment. It is much more detailed than the IEA recommended model and
takes account of all the factors mentioned above. The principle advantages in using this medel are that it
exists already, is flexible, reasonably easy to use, has a large user base, is widely used by noise
professionals internationally and should give more reliable predictions. Further, as well as the "standard’
sound propagation algofithms which the suite comas with, it is possible to incorporate a number of
different modules containing fully validated algorithms as specified by, for example, CONCAWE, BEN/EEI
and NORDFORSK. The main disadvantage is that it requires mora detailed input data, and the question is
whether the additional effort required is rapaid by an improvement in the quality of predictions.

Throughout this paper sound pressure levels are guoted in decibels referenced to a sound pressure of

20pPa and are weighted using the A-network, Sound power levels are in decibels referenced to a sound
pawer of 1pW,
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3. EXPERIMENTAL PROCEDURE

3.1 Overview i

To assess the madels, wind turbine-iike noise, with known sound powaer level, has been broadcast across
the two sites and noise leval measurements mada at a number of surrounding focations, in a range of
meteorological conditions. These data have then been compared with predictions from the IEA model and
ENM suite. By ramoving uncertainty about tha strength of the source, any differences between predictions
and measurements can be identified as due to propagation effects that the models fail to reproduce.

3.2 Methodology

The procedure adopted at both Carland Cross and Coal Clough is essentially identical. White noise from
a signal generator is fed into a power amplifier driving a matched loudspeaker. This dodecahedron
loudspeaker creates an almost spherical soundfield, up to a maximum sound power level of 117 dB. To
calibrate this, ie to determine its sound power fevel, L, the sound pressure level, L, a distance R away
is measured and a correction for the separation applied. The methodology used for this is that
recommended by the IEA Expert Group for measurements made In the near field of a source {2]:

L L, + 10log;ol4mR?) [

This clearty implies spherical sound propagation. The procedure was veritied in both anechoic and
reverberant chambers prior to commencing the study.

As the intention of the study was to broadcast noise with similar characteristics to a real wind turbine, and
given that the usual acoustic model for a wind turbine is a point source at hub height, the loudspeaker was
mounted on @ mobile radio mast and raised to around 30 m. This was then used to broadcast noise with
a sound power level of typically 110 - 115 dB. Whilst this Is rather louder than most wind turbines, it was
decided that by broadcasting the largest possible noise signal the best signal-to-noise {ie background naise)
ratio would be obtained. Fig 1 shows the arrangement.

At each site, the mast was located at a cantral focation. Sound level measurements were then rapeated
with the lcudspeaker turned on, and then off, over consecutive periods, at each surrounding location at
distances up to 1 km from the tower base. This enabled both the background noise level, Ly, and the
background plus broadcast noise level, Ly, to be determined,

Fig 2 indicates the positions at which noise level measurements wers made at Carland Cross overlaid on
a contour map of the site and Fig 3 the positions used at Coal Clough. {Note. Both figures have been
generated using the MAP module of the ENM software suite). To assist in their location these positions
were identified on-site by measurement or by the intersection of two or more stone walls/hedpes.
Comparison of the figures highlights the most significant difference between the sites: whereas Carland
Cross is a fairly smooth site with simple topographic features, Coal Clough is considerably more rugged,
and exhibits a highly complex topography. As a result, it presents a considerably more testing environment
tor modelling sound propagation than does Carland Cross.

Weather conditions during the field surveys, eg cloud caver, were noted. In addition, the loudspeaker mast
was carefully instrumentad so that ambient temperature, vertical temperature gradient and humidity could
be determined during data collection. Wind speed and direction data were obtained from data logging
equipment previously installed on the sites for the purposes of resource assessment. Such data are
important both because background noise is strongly correlated with wind speed, and because wind atfects
sound propagation. These data were collected as inputs to the more sophisticated propagation models.

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




Proceedings of the Institute of Acoustics

NOISE PROPAGATION AT WIND FARM SITES

3.2 Notse Leve! Predictions

Given the broadcast sound power Isve_l for each experiment, Ly, noise lavel predictions, L, are obtained
at each measurement position using gach sound propagation models, The total perceived noise level, Ly,
at each Iocation is then determined by adding the background noise level, L, to L, as follows:

L, = 10 log,, { 1050 + 10'B™} (2]

The predicted noise level, Ly, i5 then compared with the measured value, Ly, at each location. Predictions
ot L, have baen obtained from both the IEA model and the ENM software suite - see below.

3.2.1 The IEA Model. The IEA model is based on hamispharical noise propagation over a flat, reflective
surface and includes air absorbtion. The sound prassura level a distance A away from a source, L {R), with
sound power level, L, i5 defined as:

w - 1010g,ql 27R% - oR , (3)

LIR)

where ¢ is the sound absorbtion caefficient [2]. This mode! contains the implicit assumption thatin the "far’
field of a source, ie mora than 150-200m away, sound will propagate hemisphericafly. This is in contrast
to eqn 1, seen aarlier, which assumes that in the ‘near’ field of the source sound propagates spherically.

3.2.2 ENM. ENM is a suite of computer programs developed specifically for the prediction of noise in the
environment [3,4,5). Sound power leve) data can be input for up to 100 sources in 1/3 or 1/1 octave band
form. Terrain data can be input via digitised ground elevation data, either in contour form or as simple cross
sections. Ground type can be specified, along with meteorological data including temperature, humidity,
wind speed & direction and vartical temperature gradient. Noise level predictions can be calculated as
either single point calculations, or as contour plots. The authors ¢laim that ENM incorporates the results
of the latest research reported internationally and contains the most currently developed, accurate and
validated algorithms.

In addition to its native algorithms, extra modules can bs obtained for ENM containing other sound
propagation algorithms, and for these experiments the CONCAWE & NORDFORSK modules were selected.
It is assumed that these are strict implementations of the original. standards.

The CONCAWE model was developed by the Oil Companies International Study Group for tha Conservation
of Clean Alr and Water (6], The principa! difference between CONCAWE and the native ENM modula is that
atmospheric conditions adre expressed .differently: whereas ENM uses a vertical ternperate gradient,
CONCAWE usas a combination of the Pasquill Stability Category and a ‘sky code’. An impartant practical
difterence betwean ENM and CONCAWE is that where CONCAWE places great reliance on empirical data
and has been tha subject of an extensive validation exercise, ENM is based more on the iatest theoreticat
knowledge, and has not been as rigorously tested.

The NORDFORSK model is defined by the contents of Technical Report Number 32, published in 1982 by
the Lydteknisk Laboratorium and entitled 'Environmental Noise From Industrial Plants: General Prediction
Method". The research was sponsored jointly by Danish Environmentat Protection Agency, the Norwegian
Environmental Protection Agency and the Swedish Environmental Board. The principal difference between
NORDFORSK and the native ENM module is that it ignores the effects of both wind and vertical
temperature gradients. It does, however, take into account sound absorption through forestand tall grass.
Allowance is made to specify either a summer or wintsr season, to take into account the reduced
attenuation alforded by foliage during winter months.
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3.3 The Effect of Wind on Propagation

Usa of the IEA madel, ENM, CONCAWE & NORDFORSK gives four, distinct, prediction matheds. However,
as both ENM and CONCAWE, unlike the IEA model or NORDFORSK, can model wind speed and direction
etfects, and because initial sensitivity tests showed that their pradictions were much more sensitive to
these than other metearological conditions, eg temperature gradients, it was decided to make ENM and
CONCAWE predictions both with and without wind speed/diraction effacts included. An added benefit is
that the magnitude of such sffacts will be apparent. This gives an effective total of six prediction methods.

4. RESULTS

As might be expected, given the differing nature of the terrain of two sites, the results are rather different.
This was also influenced by the fact than generally stronger winds were experianced during the field survey
at Coal Clough than gduring that at Carland Cross.

Considering the Carland Cross experiments first, Fig 4 shows measured L,, noise levels as a function of
distance for a typical expariment at Carland Cross. As can be sean, the noise levels fall rapidly with
increasing distance from the source. The flgure also shows predictions from the IEA model, ENM &
CONCAWE {both with and without wind speed effactsl and NORDFORSK, Fig § shows thess data as
ditferences between the predictions and the measured valuss,

Saveral experimental runs were made and similar results obtained for each. Far each run the performance
of the models were quantified through the root mean square prediction error and greatest absclute
prediction error. Thase data wera then pooled and overall RMS errors calculated for each propagation
model - the results are shown in Fig 6. These errors are taken to be indicative of the overall performance
of the models and are used to rank them. Note that some points have been censored from the process
where the data suggests that they were contaminated by extraneous noise, eg from cars, aeroplanes stc.

The following observations/conclusions can be made:

il NORDFORSK performs best, with both minimum RMS arror and minimum greatest absolute error.
The results indicate that = 95 % of predictions are within = 3 dB of the true valua.

ii) the IEA model performs almast as wall as NORDFORSK, the results suggesting that = 95% of
predictions are within + 5 dB of the true value. In practice, tha 1EA model generally overpredicts,
probably because, unlike the others, it models neither ground effects nor barrier effects.

iif) CONCAWE, both with and without wind effects, performs better than ENM, but worse than
NORDFORSK or the IEA madel. The inclusion of wind effects marginally improves CONCAWE
predictions, but noticeably degrades ENM's performance - ENM is clearly more sensitive to wind
than CONCAWE. It is interesting to compare these errors with results from a previous assessment
of ENM [7]. This study found that 74% of ENM predictions were within + 3 dB of the 1rue value
and 94% were within + 4.9 dB. These resuits are significantly better than those achieved here.

vl The poor performance of ENM, together with its cost, cast doubt on its adoption as a standard
tool. At the distances of relevance for wind farm applications NORDFORSK, and even the IEA
model, perform signiticantly better. As thesa exist in the public domain and are freely available,
they are better choices. Tha IEA maodel, in particular, has the advantage of being easy to
implement, providing a low cost route to good predictions: this would likely result in predictions
rather better than those from ENM or CONCAWE. NQRDFORSX would, however, be preferred.

Fig 7 shows measured L,, noise levels as a function of distance for a typical experiment at Coal Clough.
Also shown are IEA, ENM & CONCAWE {(with & without wind effects) and NORDFORSK predictions. Fig
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8 shows thess data as predictions erfors and Fig 9 the overall RMS errors for sach model calculated from
the pooted data. As belore, these RMS errors are taken to be indicative of performance.

Ingpection of these figures shows that:

i) the mode! predictions are all significantly worse than those obtained at Carland Cross, typically
thres times worse, and lia in a ranga from around - 5 to + 15 dB about the true values. Unlike
previously, the predictions are positively skewed, ie they are biased above, rather than eithar side
of, the true values. The likety explanation is a combination of poor modelling of barriers - the
complex nature of Coal Clough’s topography is likely to play a signiticant part in sound attenuation
- and poor modelling of wind effects, particularly in high winds.

i} The performance ranking of the models is completely changed, with ENM {with wind eltects)
giving both minimurm RMS error and minimum greatest absolute error. The results suggests that
= 95 % of predictions should lis between + 12 dB, and comparing this with those suggested
above, it is clear the results are gven further outside the targets claimed [7).

i) ENM [no wind effects) and NORDFORSK perform aimost identically well, both being slightly worse
than ENM with wind effects. Given that NORDFORSK also performed best at Carland Cross, this
suggests that it might be the best modsl to use.

iv) the inclusion of wind effects markedly improves CONCAWE predictions. Unlike previpusly,
CONCAWE seems equally sensitive to the inclusion of wing effects as ENM, This probably reflects
the generally stronger winds experienced during this study than previously.

wi) the IEA model performs worst, giving RMS errors almost twice as great as ENM (with wind
etfects}, The predicted noise lavels all significantly overpradict the measured data, leading to
prediction errors of 10 dB and more. This highlights the limitations of a ‘non-modelling’ approach
10 sound propagation.

5, THE PROPAGATION & AUDIBILITY OF TONES

Manufacturers often claim that although wind farm noise may have an audible tonal content in the near
field, such tones will not be audibie in the far field, ie at the closest habitation. There ig little data available
to substantiate this claim, however, and as the two most relevant standards for the assessment of wind
farm noise, BS 4142 and the Danish Statutory Qrder, both include a 5 dB penalty for tones, it remains an
area of potential risk for the developer [8,9].

Using the equipment described above, but with the addition of signal generators and a mixer, noisa, with
a tonal content similar to that of a medern wind turbine, has been broadcast across both sites. By
measuring narrow band neise spectra at increasing distances from the source tha prominence of the
broadcast tones have been quantitatively assessed using the Joint Nordic method (10). This is an objective
method for assessing the human perception of tones and is based on the psycho-acoustic concept of
critical bands [11). In outline, the tone level is compared with that in a critical band about the tone, the
width of which is defined by the tonal fraquency. The difference is used 1o rate the tone’s audibility.

Fig 10 shows an example of typical results obtained from such an experiment at Ceal Clough. This clearly
shows that both tane and critical band levels attenuate at the same rate, the difference between them
remaining virtually constant, independent of distance. This implies that tones present in the emission of
a wind turbine will remain so into the far field, becoming inaudible only when masked by background noise,
Clearly the point where this occurs will be influenced by distance from the source and, in practice, is likely
to accur at distances exceeding 200 - 300m. This underlings the importance of background noise surveys,
to ensure that masking fevels are sufficient prior to the construction of wind farm developments. -
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6. DISCUSSION & CONCLUSIONS »

This study has shown that there is 3 marked divergance in the performance of tha sound propagation
models assessed in a low wind speed/simple terrain scenario and in a high wind speed/complex terrain
scenario. At Carland Cross, the best model (NORDFORSK) gave RMS errors of = 2 dB and the worst
{ENM +W] = & dB, whereas at Coal Clough the best modet (ENM+ W) pave errors of = 6 dB and the
worst {IEA) = 11 dB, three timas greater. The investment of effortrequired to obtain predictions from even
a simple model, like the IEA model, is considarable, and for the more complex models, particularly thase
run from within the ENM framewaork, the investment is even greater, especially if complex terrain data
reeds to be generated. Given the magnitude of both the RMS and greatest absclute errors obtained in this
carefully controlled experiment, it would appear that none of the models repay this investrment with more
reliable predictions. When the models get “stressed’ by conditions in which propagation is ditficult to
model, none are able to cope. This is unfortunate, as it is in just these conditions that wind farm
developers are interested.

Whilst none of the models perform well, it could be argued that other propagation models, eg Raynoise,
1SO 9613 etc, might perform better. This is unlikely, as thera are factors which mitigate against any
theoretical model performing well in such testing conditions. For example:

i although suites like ENM attempt to model the affect on prapagation af complex phenomena such
as wind speed and direction, temperature gradients, humidity, tempearaturs etc, with more of less
success, to do this correctly means that such conditions must be accurately known. On typical
wind larm sites, such conditions are unlikety to be known, nor are they likely to remain stable for
more than short pariods. Even if such models reproduced these real-world effect perfectly, the
complex and dynamic nature of these variables, on second by second timescales, would mean that
values chosen for use at one point might not be appropriate seconds later.
regardless of how predictions are obtained, thay must be added to either indicative, ar measured
background levals to arriva at the total perceived level. As developers are mostly interested in
noise immission lavels at nearby neighbours, and as these are usually saverat hundred metres away
from the nearest turbines, the predicted levels will usually be of similar magnitude ta the pre-
existing background at those locations. Even in faitly constant winds such background levels can
be highly variable, so that when the two are added (see eqn 3], detail in the prediction may be
swampsd, antirely negating the benefit of a sophisticated model. This effect can be seen at both
Carland Cross and Coal Claugh: as the broadcast noise levels fall to the existing background levels,
ie as tha distance increases from the source, the measured L, become ingreasingly affected by
elements of the background. The high degree of variability in both the broadcast and background
noise is evidenced by the large difference between the L, and Ly, noisa levels.

It could reasonably be argued that the experiments described in this study are unfair because the models
have been used in conditions where they couldn’t be expected to perform well, ie in complex terrain, gusty
winds and high and variable levels of background noise. If this is the case, and for wind farm sites
genarally it may well bs, then why use them? My simple minded conclusion from these results is that these
are entirely the wrong sort of models t0 use. As well as being expensive to purchase, and involve
considerable investment to use, they produce resuits which ara not really what the developer require.

To illustrate this, Fig 11 shows a scatter plat of Lagg 10 me NOISE imission data measured over a period of
about a week at a typical nearest neighbour location for a typical UK wind farm. Tha data are shown as
a function of wind spsed and ara broken down by direction. What developers really need is some idea of
the shape of the envelope surrounding such data before they build a wind farm. This could be characterised
by the mean value and spread of likely immission vatues, as functions of wind spead and direction,
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A more profitable approach to the modelling of noise immission might lie in the development of a simple
empirical model and plots such as Fig 11 suggest how such a model could be developed. As a result of
the large number of wind farms currently in operation in the UK, it would be possible to collect alarge body
of data similar to that shown and, with knowledge of the number, type and positioning of the wind turbines
on the site, use these data to develop an entirely empirical model. The development of such an empirical
model is likely to be a far more appropriate, engineering-criented approach to the problem of noise level
prediction than the use of any of the currently existing, more theoretical models. Such a model could be .
specifically tailored to the needs of developers, for examole, by providing the information required to
perform probabilistic, ie level crossing, analyses.

The mechanism by which tones become inaudible with increasing distance is simply masking by
background noise. Field results indicate that tones emitted by an operating wind turbine that are audible
in the near field, will remain audible in the far field until masked by background noise, regardless of
distances. In practice, for a ‘normal’ site this is likely to occur at distances in excess of 200 - 300 m.
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FIGURE 1 Loudspeaker Arrangement FIGURE 3
; 2 Coal Clough Site

FIGURE 2
Carland Cross Site
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