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INTRODUCTORY NOTE

NOISE GENERATING MECHANISMS OF WIND TURBINES

W. Stam
N. van der Borg



1 . I n t r o d u c t i o n

The acoustic noise emitted by wind turbines can be a serious obstacle
for the real isat ion of wind energy projects due to the annoyance

that might be experienced by persons who live in the neighbourhood of

these pro jects . This l imi ts the tota l area that can be used in the
s i te se lec t ion p rocedure o r i t m igh t lead to l im i ted opera t ion t ime

to for instance only the dai ly hours. To prevent these unwanted
situations knowledge is required on the noise generating mechanisms

of wind turbines with which new turbines can be designed, and exist

ing turbines can be modified in such a way, that the noise emission
is reduced to acceptable values. The required information must be

obta ined in th ree s teps . F i rs t the phys ica l descr ip t ion o f the no ise

generating mechanisms must be found, secondly this description must
be translated to mathematical models and finally these models must be

val idated and i f necessary adjusted by information obtained from mea
surements .

In this note the current knowledge on the noise generating mechanisms

is mentioned briefly in chapter 2. In chapter 3 the expected deve

lopment of the acoust ic noise from wind turbines is out l ined. The
avai lable measurement techniques that can be used for the verifica

tion of the models are mentioned in chapter 4.

2. Models

The acoustic noise of wind turbines can be spl i t up into two parts:
- aerodynamic no ise , o r ig ina t ing f rom the ro to r b lades ,

- mechan ica l no ise , o r ig ina t ing f rom the nace l le (gearbox , genera to r,

bear ings and other par ts) .

The aerodynamic noise is generated by three phenomena:
- t h e v a r i a t i o n s o f i n fl o w

- t r a i l i n g e d g e e f f e c t s
- t i p v o r t e x e f f e c t s

The mechanisms of aerodynamic noise have been described in mathema
tical models which have not yet been val idated properly by experi

ments. The aerodynamic noise mechanisms all have a certain directi-



vity. Apart from the directivity the path of the noise to the observer
is rather simple. The path of the mechanical noise to the observer,
however, is in most cases complicated: the noise can leave the nacelle
by ventilation holes or other gaps in the nacelle, by noise conduction
through the nacelle shell or, which is the most complicated part, as
contact noise via the nacelle shell and via the tower.
These sources of noise have only been described by simple semi empirical
models which have not been validated. It is felt that these models are
too simple to describe the mechanical noise completely.

3. Expected developments

In ref. [1] a semi empirical relation is given for the aerodynamic
noise of wind turbines in dependence of the diameter and the tip
speed. The relation is:

L = 10 * log D ♦ 50 * log V. - 4w . a ° t

with L =■ aerodynamic acoustic source power (in dB(A))w, a
D ■ rotordiamater ( in m)
V = t ip speed ( in m/s)

In ref. [2] the aerodynamic source power has been calculated with this
relation for 35 wind turbines ranging from 2 A m to 100 m rotor dia
meter. The calculated values of the aerodynamic noise have been

compared with the measured values of the total noise (see figure 1).
From this it can be seen that the high aerodynamic source power values
(corresponding with large rotor diameters) are about equal to the total
source power values. This indicates that for large wind turbines (>30 m)
the dominant noise is the aerodynamic noise. For the small wind turbines
the contribution of the mechanical noise is significant. Since the future
turbines will be larger than most turbines of today it can expected that
the aerodynamic noise will be the dominant noise in the future.
Furthermore it can be seen from the relation above that higher tip speed
values result in higher noise levels. Since the modern turbines are expec
ted to have higher tip speed values than the turbines of today, an extra



raise in the contribution of the aerodynamic noise is foreseen. This means
that for the existing turbines with diameters up to about 30 m it is re
quired to focus on both the mechanical noise and the aerodynamical noise
while for the development of new and large wind turbines the modelling of
aerodynamical noise is essential.

4. Measurement techniques

The total acoustic noise emitted by wind turbine is characterised by
the acoustic source power. In ref. [3] recommended practices are given
for the measurement of the sound pressure level at a reference distance
from a turbine. From this value the source power can be derived. Apart
from some discrepancies with other recommended practices (ref. [4]),
ref. [3] gives a rather straightforward procedure for the measurement.
However it gives no information on the contribution of the various mecha
nisms to the total source power. For this purpose special measurement
techniques have to be applied.
The techniques can be split up into three parts:

1. directional measurements at a distance,
2. non-directional measurements at a distance,
3. local measurements.

ad 1. Directional .Beasuresents at a distance

The aim of these measurements is to separate the contribution of sound
sources with different locations such as the nacelle and the blade tips.
This can be done using a synthetic acoustic antenne. In this technique
a row of microphones is used. Correlation of the microphone signals
gives the possibility to analyse the sound field as a function of the
angle of incidence. Another technique is the use of a parabola microphone
that can be directed to various parts of the turbine successively.

ad 2. Non-directional ■easurements at a distance

The aim of this measurement technique is to analyse the measured sound
pressure of a turbine in such a way that the contribution of various sound



sources can be deduced. Methods that can be used in this technique is the
recognition of mechanical frequencies (such as gearbox tooth frequencies)
in measured narrow band frequency spectra (see figure 2). Further informa
tion can be obtained by the possible occurrence of phenomena such as modu
lation (sound level fluctuations with the blade frequency) or Doppler
effect (periodical shift in frequncy values of possible sharp peaks in the
spectra). The experimental facilities needed for this approach and the
actual measurements are not very complicated. However, the present ex
perience with this analysis procedure is limited.

ad 3- Local Beasureaents

Acoustic noise is normally characterised by the sound pressure. The sound
pressure near a certain surface gives little or no information on the
sound power that is emitted by that surface. The reason of this is that
the sound pressure near the surface might be caused by incidenting and

reflecting background noise or by circulating source power. For the sepa
rate measurement of all noise emitting parts of the turbine the sound
intensity through the surface of these parts should be measured instead of
the sound pressure. The sound intensity can be seen as the net sound power
per unit area. The measurement of sound intensity requires special equip
ment that can be bought commercially. No experience is available yet with
intensity measurements on wind turbines.

5. Conclusion

A serious bottle neck for the implementation of wind ener.gy is the
acoustic noise production of the wind turbines. To diminish this problem
more .knowledge on the noise generating mechanisms is needed. At the moment
prediction models for aerodynamical noise are available. These models,
however, have not yet been validated sufficiently. The mechanisms that
generate mechanical noise are not hard to understand, but the path from
the source inside the nacelle to the observer outside the nacelle is com
plicated. This is the reason that no complete models for mechanical noise
exists. The measurement techniques that can be used for the validation of
prediction models all require special instruments to be used by experts on
acoustics.
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THEORETICAL MODELLING OF NOISE
GENERATED BY WIND TURBINES

J . A i n s l i e
J . Sco t t



INTRODUCTION
Theoretical models of the noise generation
mechanisms of wind turbines should provide
the designer with a means of assessing their
likely environmental impact. The development
of such models requires a thorough
understanding of the physical processes
responsible for aerodynamic sound
generation.
This paper is principally a review of the
most important generation mechanisms which
have been proposed. The current level of
development of predictive models is
indicated, and recommendations are made for
work which needs to be done to produce a
quantitative model having a sound physical
and mathematical basis.
The theory of sound generation by fluid
motion was first put on a quantitative basis
by L igh th i l l (1 ) . In th is theory the
equations of fluid mechanics werereformulated such that they appeared as the
usual equation describing sound (the wave
equation) with terms on the right hand side
which were interpreted as acoustic sources.
Solutions of the wave equation being
avai lable, in pr inc ip le, i t remained to
determine the source terms. This was and
remains a difficult theoretical task because
it would become necessary to solve the full
equations of fluid mechanics.
This is not to say that the acoustic
diffraction problems which result when the
sources are known are easy, indeed the
extensive subject of aeroacoustics is mostly
devoted to their solut ion. Nevertheless, the
main uncertainty in correctly formulated
predictive models is the description of the
fl o w.

In applying Lighthil l 's theory to any of the
large number of subsequent "acoustic
analogies" one may reason in a qualitative
manner using order of magnitude estimates of
the source terms. This is reasonable in many
cases because the qualitative properties of
the flow may be well understood.
Alternatively one can assume semi-empirical
forms for the sources based on experimental
data in order to obtain quantitat ive results.
However in situations where a complex
turbulent flow has not been adequately
characterised by experimental measurements,
quanti tat ive predict ions of sound radiat ionwill usually not be possible.

Certain general conclusions arise from the
Lighthi l l and simi lar theories. The sources
are acoustic quadrupoles and are relatively

weak. They can however be made more
efficient by the presence of nearby solid
bodies, of which wind turbine blades provide
an example.
A plane surface near a region of fluid in
which sound is generated does little more
than reflect the sound as was shown by
Powell (2). The same is also true of
surfaces which are sl ightly curved. If , on
the other hand, the curvature is on a scale
which is small compared to the acoustic
wavelength at the frequency of interest thenthe radiation efficiency of sources close to
the surface can be considerably increased.
The extreme example of this is a sharp edge
such as occurs at the trailing edge of a
blade.
Another general feature of aerodynamic noise
is that al l theoretical models predict that
it increases rapidly with flow speed. In the
case of turbine blades this speed is
essentially the blade speed and is
proportional to distance from the rotor
axis. Por this reason it is to be expected
that the main noise sources will be located
towards the ends of the blades. This should
not be taken to imply that one necessarily
needs to consider the tip region (i.e. within
a chord of the edge) with its complex three-
dimensional flow. Just as with the
calculations of lift on the blades, a two-
dimensional model of the blades is simpler,
more tractable and leads to results which are
reasonably accurate provided that the span to
chord ra t io is su ffic ient ly la rge.

Once sound is generated by the passage of an
eddy it propagates through the air to the
receiver. Because the blade is moving
relative to the observer there is a Doppler
shift in the frequency of the sound due to
the non-zero Mach number of the blade.
Other effects of non-zero Mach number are
associated (Crighton (3)) with the fact that
the blade moves between the emission of the
sound and its reception. This has the result
that the directivity of the source appears
different to the observer than it does to the
blade. Typically, this makes the noise
appear weaker when the blade is moving away
from the observer.

Other effects include ground reflection and
the refraction and attenuation in sound over
long distances. We shall not discuss such
propagation effects further, but a complete
predictive model should include them.



The two main source mechanisms for
aerodynamic no ise f rom an upwind , ho r i zon ta l
a x i s r o t o r a r e i n fl o w t u r b u l e n c e n o i s e a n d
t r a i l i n g e d g e n o i s e . T h e f o r m e r i s g e n e r a t e d
p r i m a r i l y b y t h e p a s s a g e o f t u r b u l e n c e i n t h e
approach flow over the lead ing edge o f the
a e r o f o i l . T h e t r a i l i n g e d g e n o i s e i s
genera ted by tu rbu lence in the b lade boundary
l a y e r p a s s i n g o v e r t h e t r a i l i n g e d g e o f t h e
a e r o f o i l .

A NOTE ON THE KUTTA CONDITION

I n c l a s s i c a l c a l c u l a t i o n s o f t h e s t e a d y fl o w
a r o u n d a l i f t i n g a e r o f o i l i t i s u s u a l l y
assumed tha t t he ve loc i t y a t t he sha rp
t r a i l i n g e d g e i s fi n i t e . T h e a s s u m p t i o n ,
known as the Kut ta cond i t ion , has no rea l
t h e o r e t i c a l b a s i s w h e n t h e b o u n d a r y l a y e r i s
t u r b u l e n t . I t i s n o n e t h e l e s s f o u n d t o g i v e
good ag reemen t w i t h obse rva t i ons . The
q u a l i t a t i v e r a t i o n a l e b e h i n d i t i s t h a t i f i t
w e r e v i o l a t e d , v o r t i c i t y w o u l d b e s h e d f r o m
t h e e d g e u n t i l i t i s s a t i s fi e d .

A s i m i l a r c o n d i t i o n c o u l d b e a p p l i e d t o
unsteady prob lems ar is ing f rom the passage o f
t u r b u l e n t e d d i e s o v e r t h e b l a d e . T h e r e w o u l d
t h e n b e v o r t i c i t y p r o d u c t i o n f r o m t h e
t r a i l i n g e d g e a t a r a t e n e c e s s a r y t o m a i n t a i n
fi n i t e v e l o c i t y t h e r e ; t h i s c o n d i t i o n m u s t
e v i d e n t l y h o l d i f t h e f r e q u e n c y o f e d d y
p a s s a g e i s s u f fi c i e n t l y l o w. O n t h e o t h e r
hand i t is observed (Brooks & Hodgson (4))
tha t the re i s much be t te r ag reement w i th
measurements o f boundary layer t ra i l i ng edge
n o i s e i f n o v o r t i c a l p r o d u c t i o n i s a s s u m e d .
The quest ion ar ises as to how low the
f r e q u e n c y ( o r e q u i v a l e n t l y h o w l a r g e t h e
eddy) needs to be before the Kut ta condi t ion .
shou ld be app l ied .

When t he Ku t t a cond i t i on i s app l i ed t o
uns teady p rob lems t he vo r t i c i t y wh i ch i s shed
f rom the t he t r a i l i ng edge i s mode l l ed as
f o r m i n g a n i n fi n i t e l y t h i n s h e e t . F o r t h i s
co be a reasonable model the boundary layer
must be th in compared wi th the eddy that is
c a u s i n g t h e d i s c u r b a n c e . I t i s p l a u s i b l e
t h e r e f o r e t o s u p p o s e t h a t t h e K u t t a c o n d i t i o n
shou ld be app l ied to edd ies fo r wh ich the
eddy is large compared wi th the boundary
l a y e r t h i c k n e s s h . T h i s i s t r u e f o r t h e
i n fl o w t u r b u l e n c e n o i s e b u t n o t f o r t h e
t r a i l i n g e d g e n o i s e ( a s e v i d e n c e d b y ( 4 ) ) .
The conc lus ion i s tha t we shou ld app ly the
K u c t a c o n d i c i o n t o c h e i n fl o w t u r b u l e n c e , b u t
n o c t o t h e t r a i l i n g e d g e s o u r c e . T h i s
p rocedu re i s p rov i s i ona l , bu t seems to be the
bes t one can adop t un t i l t he bas i s f o r t he
K u t t a c o n d i t i o n i s m o r e p r e c i s e l y
unders tood .

INFLOW TURBULENCE NOISE

One o f the impor tan t no ise sources fo r a
w i n d t u r b i n e r e s u l t s f r o m t h e r a p i d l y m o v i n g
b l a d e s c u t t i n g t h r o u g h g u s t s o f w i n d . T h e s e
g u s t s r e s u l t f r o m t u r b u l e n c e i n t h e b o u n d a r y
layer above the g round. A b lade mov ing
ac speed U, encounter ing a d is turbance of
wavenumber k , w i l l see a t empo ra l fluc tua t i on
a t angu la r f r equency w=Uk . I n r esponse ,
sound o f f requency w w i l l be rad ia ted ,
p r i n c i p a l l y f r o m c h e b l a d e e d g e s a s
discussed above.

I f w e c o n s i d e r a b l a d e t r a v e l l i n g a c ,
U = 50ms and a f requency range f rom
f = 50 Hz co f = 10kHz, che eddy sizes

say,

( L = U / f ) t h a t r e s u l t l i e b e t w e e n L = l m a t
the lower end and L = 5 mm at the upper end
o f t h e f r e q u e n c y r a n g e . A l t h o u g h t h e
a tmospher i c boundary layer con ta ins edd ies o f
a l l s i zes , t he dominan t ones a t he igh t H a re
found (H inze (5 ) ) to have sca les o f o rder H .
S ince w ind tu rb ines ope ra te a t seve ra l t ens
of met res f rom the ground, the edd ies which
r a d i a t e i n t h e a b o v e f r e q u e n c y r a n g e a r e
not among the dominant ones: they are
r e l a t i v e l y w e a k b y - p r o d u c t s o f t h e m a i n
t u r b u l e n t e d d i e s .

The above cons ide ra t i ons i nd i ca te t ha t a
t yp i ca l t u rb ine has b lades whose cho rd i s
comparable to the eddy s ize at the lower end
o f t h e f r e q u e n c y r a n g e o f i n t e r e s t . A c
h igher f requenc ies , where the edd ies a re
sma l l compared w i t h t he cho rd , i t i s
appropr ia te to regard the sound source as due
t o t h e e d d i e s i n t e r a c t i n g w i t h t h e e d g e s o f
t h e b l a d e .

Ano ther leng th sca le o f fundamenta l
s i g n i fi c a n c e i s t h e a c o u s t i c w a v e l e n g t h , X .
S ince \ = c / f (where c i s the speed o f
s o u n d ) , t h e r a t i o o f t h e r a d i a t i n g e d d y s i z e
to the acoust ic wavelength is M=U/c, the Mach
n u m b e r o f t h e b l a d e , w h i c h i s t y p i c a l l y o f
t h e o r d e r o f 0 . 2 . T h u s , t h e e d d i e s a r e s m a l l
compared to the acoust ic wavelength by a
factor of the b lade Mach number.

Taking the f requency range as before and
c = 300ms-1 we obtain wavelengths ranging
f rom 6m to 3cm. For b lades o f the order o f
lm in chord i t may be acceptable to regard
t h e b l a d e a s a c o u s t i c a l l y c o m p a c t ( i . e . s m a l l
compared wi th the wavelength) a t the lower
end o f the f requency range; however i t
c e r t a i n l y i s n o t a p p r o p r i a t e t o d o t h i s o v e r
m o s t o f t h e r a n g e . T h e r e a s o n f o r s t r e s s i n g
th i s po in t i s tha t many worke rs (e .g . George
and Kim (6), Grosveld (7)) have assumed that
the b lades cou ld be represented as acoust ic
l i n e d i p o l e s . T h i s i s i n c o r r e c t u n l e s s t h e
blades are compact . The reason why the
assumption has often been made, aside from
t h e s i m p l e r a n a l y s i s w h i c h r e s u l t s , a p p e a r s
t o b e t h a t i t w a s a d o p t e d u n c r i t i c a l l y f r o m
t h e t h e o r y o f r o t o r t o n e s ( a t m u l t i p l e s o f
t h e b l a d e p a s s i n g f r e q u e n c y ) f o r h e l i c o p t e r s .
For wind turbines, the Mach number and blade-
p a s s i n g f r e q u e n c y a r e l o w e r ( t h e l a t t e r i s
t yp i ca l l y a few Her t z ) and th i s makes the
r o t o r t o n e s l e s s s i g n i fi c a n t , p a r t i c u l a r l y i n
the aud ib le range .

The inflow turbulence source can be model led
b y r e g a r d i n g t h e b o u n d a r y l a y e r a s i n fi n i t e l y
t h i n . T h e K u t t a c o n d i t i o n s h o u l d b e a p p l i e d
a t c h e t r a i l i n g e d g e , a s n o t e d a b o v e . A
fu r the r app rox imac ion i s pe rm iss ib le because
the ve loc i t y, U , i s a lways much g rea te r t han
c h e w i n d g u s t v e l o c i t i e s . T h i s
a p p r o x i m a t i o n , o f t e n r e f e r r e d t o a s r a p i d
d i s c o r c i o n t h e o r y i n t u r b u l e n c e a n a l y s i s , i s
c h a t t h e v o r t i c i t y i n c h e g u s t s i s p a s s i v e l y
convecced by che flow that would be chere in
che absence o f che gusc . Th is flow can in
cu rn be ca lcu la ted , g i ven che th inness o f
che blade boundary layer, by sceady
i r r o c a c i o n a l a e r o f o i l c h e o r y. U s i n g c h i s
approx imac ion i t becomes mathemat ica l ly
f eas ib l e co ca l cu la te che deca i l ed sou rce
d i s c r i b u c i o n f o r n o i s e g e n e r a c i o n w i t h o u t
r e c o u r s e c o f u l l n u m e r i c a l fl u i d d y n a m i c s .

The inflow curbulence source was studied by
A m i e t ( 8 ) w i t h a fl a t s t r i p a s a m o d e l o f
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che aerofoil. He assumed that the flow was
p a r r a l l e l t o t h e s t r i p ( i . e . n o l i f t ) .
Detailed results were given for the case when
the observer is at right angles to the
s t r i p .

Glegg, Baxter and Glendinning (9) expressed
che sound field in terras of the pressure jump
across the strip using the Ffowcs Williams
and Hawking equation. They then used the
theory of Amiet (8) to determine the pressure
jump. Unfortunately they appear to havetaken Amiet's result for an observer at right
angles to the blade and incorrectly assumedi t app l i ed i n a l l d i rec t i ons . Th i s i s
certainly invalid unless the blade chord is
small compared with the acoustic wavelength.
One result is that the source directivity
given by Glegg et al is as if the blade were
modelled as a line dipole. As described
above, this is an assumption which can only
apply at the lowest frequencies in the range
o f i n t e r e s t .

Another aspect of the inflow turbulence
source considered by Glegg et al was the non
zero blade thickness. The model they use was
taken from an unpublished conference
presentation by Hawkings of which we have
only seen the abstract. For this reason it
is di fficult to evaluate the model, but i t
appears to be assumed that the slope of the
blade surface is small. This wil l not apply
near the nose of the blade, which is probably
the principal source of inflow turbulence
sound.

Returning to the discussion of the
quant i tat ive model l ing of inflow turbulence,we note that the eddy size is small compared
with the blade chord except at the bottom of
the frequency range. When this holds, the
sound will be generated near the blade edges.
The application of the Kutta condition at
the trailing edge makes scattering
inefficient there because it smoothes out the
singular nature of the field which causes
edge enhancement. We are therefore left with
the leading edge interacting with the inflow
turbulence. This is probably the main
source of inflow noise.
The fact that the nose is not sharp will
presumably manifest itself at frequenciessuch that the eddy size is comparable to the
nose radius of curvature. In this case, a
model including the convection and distortion
of the turbulence by the flow as well as the
acoustic scattering by a rounded nose will be
needed. A parabolic nose profile is the
simplest reasonable model for chis.
In summary, che inflow curbulence source can
be modelled by rapid discorcion cheory co
describe the way the turbulence convects
around the blade. An acoustic diffract ion
problem then needs to be solved to obtain the
sound generat ion. Addit ional
simplifications, such as a parabolic nose
profile may be necessary to make the analysis
craccable. Work along chese lines is now in
progress.
The acmospheric curbulence speccrum is needed
as an inpuc co che model. Since che eddies
of inceresc are small compared co che
dominanc eddy size, which scales wich heighc,
ic is reasonable co assume chac chey form
pare of che inercial subrange (5). I t is

believed that in this range the Kolmogorov
spectrum applies. This was confirmed by the
measurements of Boston and Burling (10) and
means that the only unknown is the local
energy dissipation rate of atmospheric
turbulence.

Glegg et al took the von Karman spectrum,
which reduces to the Kolmogorov spectrum in
the interesting range of small eddy scales
(i.e. high wavenumbers). They determine the
unknown constant in the von Karman speccrum
by reference to the rms fluctuating
velocities which are dominated by the low
wavenumber parts of the spectrum. More
accurate results are probably available
through direct application of the Kolmogorov
theory.
TRAILING EDGE NOISE

Trailing edge noise is the result of blade
boundary layer turbulence interacting wich
the trailing edge of the blade. The eddies
generate sound at a frequency dictated bytheir size and velocity of convection pasc
the edge. Because the fluid in the boundary
layer travels more slowly than that in the
free stream, the appropriate velocity is less
than U (a value of 0.6U is often quoted
(Bul l ( ID) . The typ ica l scale for eddies in
the blade boundary layer is h, the boundary
layer thickness. It .follows that we would
expect a frequency scale for this source of
order U/h.

The standard model of trailing edge noise is
as follows. The edge is taken to be a semi-
infini te r ig id p lane. I t is assumed that the
turbulent velocity field is the same as if
the r ig id p lane were infini te ( that is ,
continued past the edge). Chase (12) solved
this problem without the trailing edge Kutta
condition; Amiet (13) (as corrected in
(14)) also solved the problem, but with a
Kutta condition. As was mentioned above,
measurements show agreement with the Chase
version of the solution (che difference with
and without the Kutta condition is of the
order of lOdB). Unfortunately, most wind
turbine noise models appear to use Amiet's
results. This could be a significant source
o f e r r o r.

A further point concerns the behaviour
upstream and directly in line with the plane.
The theories referred to above predict that
the field on the two sides of the plane are
in an t i -phase. I t fo l lows tha t i f the
aerofoil were finite, but remained planar,
the field on the upstream continuation of the
strip would be zero. This is in contrast
with the result obtained by simply taking the
field from the semi-infinite problem in the
direct ion of the receiver. This is due to
interference of the sound waves from the
upper and lower sides of the strip. Itaffects the noise levels observed in a
relatively narrow range of angles about the
upstream continuation of the strip (for
instance those in the rotor plane). The
approximation of the leading edge as sharp
will, of course, break down at frequencies
such that the nose dimensions are comparable
or larger than the acoustic wavelength. In
any event further analysis is needed if it is
required to model angles accurately near the
rotor plane.
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The t ra i l i ng edge no i se sou rce mode l r equ i res
i n p u c f r o m a t u r b u l e n c e m o d e l . W h a t i s
requ i red i s t he specc rum o f su r face p ressu re
fl u c t u a t i o n s u n d e r a t u r b u l e n t b o u n d a r y
l a y e r . M a n y m o d e l s o f t h i s a r e a v a i l a b l e ,
b u t t h e y r e q u i r e t h e b o u n d a r y l a y e r t h i c k n e s s
a t t h e t r a i l i n g e d g e . T h i s p o i n t h a s b e e n
considered by Chou and George (15) who
p r o v i d e s e m i - e m p i r i c a l f o r m u l a e f o r b o u n d a r y
l a y e r c h i c k n e s s f o r a p a r t i c u l a r a e r o f o i l
s e c c i o n . B o u n d a r y l a y e r t h i c k n e s s b o t h
above and below the blade wi l l be needed.

W h e n t h e t r a i l i n g e d g e i s n o t s h a r p , t h e fl o w
can separa te genera t ing a wake wh ich i s le fc
beh ind in add i t ion co thac wh ich wou ld occur
s i m p l y f r o m t h e b l a d e b o u n d a r y l a y e r. T h e
s t a n d a r d m o d e l s o f t r a i l i n g e d g e n o i s e ( s e e
Howe (16)) assume thac the boundary layer
tu rbu lence is s imp ly convec ted unchanged pas t
che edge which allows one to use measuremencs
o f b o u n d a r y l a y e r s u r f a c e p r e s s u r e s p e c t r a t o
mode l che acous t i c sou rces . The p resence o f
a b l u n t e d g e w i l l o b v i o u s l y m o d i f y t h e s o u r c e
s t a t i s t i c s n e a r t h e t i p i n a w a y w h i c h t h e o r y
c a n n o t , a t t h e m o m e n t , p r e d i c t . C a l c u l a t i o n
o f t h e s o u n d fi e l d r e q u i r e s t h e s o u r c e
s t ruc tu re and th i s mus t be de te rm ined f rom
e x p e r i m e n t . A s f a r a s w e a r e a w a r e , t h e r e i s
n o d e t a i l e d d a t a o n t h e t u r b u l e n t s t a t i s t i c s
o f t r a i l i n g e d g e w a k e s w i t h b l u n t e d g e s .

Brooks and Hodgson (4) present che resul ts o f
measurements o f t ra i l i ng -edge no ise p roduced
b y a e r o f o i l s , b o t h w i t h s h a r p a n d b l u n t
e d g e s . T h e y c o m p a r e r e s u l t s w i t h p r e d i c t i o n s
b a s e d o n a s h a r p t r a i l i n g - e d g e p r e d i c t i v e
model and obtain reasonable agreement except
that the measurements with a blunt edge show
a hump in the frequency spectrum due to the
b l u n t n e s s . T h i s i s a s c r i b e d t o s e p a r a t i o n o f
t h e fl o w a n d a s s o c i a t e d q u a s i - p e r i o d i c v o r t e x
s h e d d i n g . N o p r e d i c t i v e m o d e l f o r c h e
spectra l hump was proposed by these authors.

Mode l s f o r b l un t t r a i l i ng edge no i se based on
s e m i - e m p i r i c a l fi t t i n g t o l i m i t e d a c o u s t i c
measurements have been described by
Grosveld (7) and Chou and George (17).
Grosve ld c la ims tha t the hump is cen t red a t a
f r e q u e n c y f = 0 . 2 5 U / ( t + 4 h * ) f o r t > 1 . 3 h * a n d
f = 0 . l U / t f o r t < 1 . 3 h * ( w h e r e t i s e d g e
chickness and h* is momentum th ickness) .
Taking, say U=50ms , t=0.01m, and h*=0.25mm,
g i v e s f = 6 0 0 H z . I f i t w e r e d e s i r e d t o
e l i m i n a t e t h e e f f e c t s o f t r a i l i n g e d g e
b lun tness , t he f requency o f t he peak cou ld be
inc reased t o l i e above t he aud ib l e r ange .
Se t t i ng f=10kHz y ie lds t=0 .5mm.

I n s i t u a t i o n s w h e r e t r a i l i n g e d g e b l u n t n e s s
i s impor tan t , more work w i l l be needed ,
b o t h t h e o r e t i c a l , t o d e t e r m i n e t h e d o m i n a n t
s o u r c e t y p e , a n d e x p e r i m e n t a l , t o d e t e r m i n e
t h e i r s t r e n g t h a s a f u n c t i o n o f f r e q u e n c y a n d
t r a i l i n g e d g e g e o m e t r y.

I c i s i n s c r u c c i v e t o c o m p a r e t h e c r a i l i n g
e d g e a n d i n fl o w t u r b u l e n c e s o u r c e s . T h e
f o r m e r i n v o l v e s r e l a c i v e l y i n c e n s e e d d i e s
w ich sma l l l eng th sca le h , che l acce r has
weaker acmospher i c edd ies ac a l l l eng th
sca les o f i n ce resc i n che g i ven f r equency
r a n g e . T h e r e s u l t i s c h a c a t t h e l o w e r
f requenc ies (we l l be low U/h ) sound due to
inflow tu rbu lence wou ld be expec ted to
dominate , wh i le by the t ime we get up to
f requenc ies o f o rder U/h , bo th mechan isms
con t r i bu te and the more i n tense edd ies i n t he
b o u n d a r y l a y e r c a u s e t h e t r a i l i n g e d g e

mechanism to be dominant. A consequence of
t h i s i s t h a t w e n e e d o n l y c o n s i d e r t h e i n fl o w
turbulence mechanism when the eddy s ize is
l a rge r t han t he bounda ry l aye r t h i ckness .
The boundary layer can then be regarded as
t h i n f o r t h e p u r p o s e o f t h e i n fl o w t u r b u l e n c e
c a l c u l a t i o n s .

DISCUSSION AND CONCLUSIONS

The two mechanisms described above form the
b a s i s f o r u n d e r s t a n d i n g t h e i m p o r t a n t n o i s e
sources. Clear ly more complex flow phenomena
can be i nvo l ved - f o r i ns tance c lose to a
b l a d e t i p , o r d u r i n g s t a l l - a n d t h e
d i f fi c u l t y o f o b t a i n i n g q u a n t i t a t i v e r e s u l t s
f o r t h e s e s i t u a t i o n s i s t h e r e b y i n c r e a s e d ,
b u t t h e s a m e b a s i c p r i n c i p l e s w i l l a p p l y.
A g a i n , f o r w i n d t u r b i n e s s i t e d w i t h i n a w i n d
f a r m , t h e a t m o s p h e r i c i n fl o w t u r b u l e n c e w i l l
be enhanced by turb ine wake effects , wi th a
consequen t i a l i n c rease i n no i se em iss i on .
However, s ince i t i s a l ready known tha t c lose
turbine spacings cannot be used on other
grounds, the enhancement in no ise generat ion
i s i n p r a c t i c e l i k e l y t o b e v e r y s m a l l .

I n t h e p r a c t i c a l c i r c u m s t a n c e s o f g r e a t e s t
relevance - which means at low windspeeds,
when masking noise is at a minimum - the
m o d e l l i n g o f i n fl o w t u r b u l e n c e a n d t r a i l i n g
edge noise as proposed in th is paper is
expec ted t o g i ve a sa t i s f ac to r y unde rs tand ing
o f r o t o r g e n e r a t e d n o i s e .

Work is now in progress (funded by the CEGB)
to produce a model of aerodynamic noise from
wind tu rb ines based on the p r inc ip les
o u t l i n e d i n t h i s p a p e r .
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NOISE SOURCES ON TYPICAL DANISH WIND TURBINES

B. Andersen
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1 . I n t r o d u c t i o n .

During the last approximately 5 years noise from wind tur
bines has been a sti l l more essential problem. Since noise
is the only env i ronmenta l problem to the ut i l izat ion of wind
power, i t i s normal ly the l imi t ing fac tor when wind turb ines
are to be erected. During these years Danish Boiler Owners'
Associat ion and the Danish Acoust ica l Inst i tu te have carr ied
out several research projects for Danish environmental and
techno log ica l au thor i t ies and fo r manufac turers and e lec t r ic
power uti l i t ies etc. Since 1983 we have performed several
measurements of noise emission from wind turbines using the
same measurement procedure - a procedure much similar to the
revised IEA recommendation from 1988 (ref. / I /). Consequent
ly we have quite a lot of comparable measurement results.

Figure 1 displays an updated summary of the A-weighted,
immission-relevant sound power level (L^a) emitted from a
lo t o f w ind tu rb ines - p lo t ted as a func t ion o f the i r ra ted
e l e c t r i c p o w e r.

Figure 1 shows that new wind turbines are approximately 5
dB more noiseless than older ones, but that the variance is
great. The A-weighted sound power level LWA is increased
approximately 3 dB per doubling of rated power.
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Figure 1. A-weighted immission-re levant sound power level
as a funct ion of rated electr ic power (windspeed
at 10 m height v10 = 8 m/s).
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2. Noise Sources.

For some typical small mass-produced wind turbines (50-75 kW)
the influence of some noise sources have been investigated
(ref. /2/). To illustrate this Figure 2 shows A-weighted
1/3-octaveband spectra of the total immission-relevant sound
power level as well as the contributions emitted from the
nacelle and the tower. The noise emitted from the nacelle
was determined as the sum of contributions from ventilation
openings, roof, walls and floor of the nacelle - see Figure
3.
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LWA pr. 1/3 oktav, dB re 1 pW

1 2 5 2 5 0 5 0 0 1 0 0 0 2 0 0 0 4 0 0 0
Centerfrekvens, Hz

Figure 2. A-weighted sound power level per 1/3 octave
tota l immiss ion-re levant sound power level
nace l l e
tower
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LWA pr. 1/3 oktav, dB re 1 pW
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Figure 3. A-weighted sound powerlevel per 1/3 octave for
noise sources on the nacelle.
. . . . v e n t i l a t i o n o p e n i n g s

nacel le wal ls and roof
—.—. nacel le f loor

t o t a l
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3. Rotor noise.

It is seen from Figure 2 that the noise contributed from the
machine components do not explain the total noise emission -
the residual noise must be due to the rotor. This way of de
termining the aerodynamic noise contribution is of course
rather uncertain, but often it seems to be the only possible
method. Figure 4 displays the results obtained in the above-
mentioned case.
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Figure 4 also displays a predicted noise spectrum. These
computations are based on a model set up by Grosveld (ref.
/3/) . By personal correspondance we obtained addit ional
information, and during 1985 the model was implemented on a
minicomputer. Since then we have gathered a lot of experien
ce f rom th is predic t ion model .

4 . G rosve ld ' s p red i c t i on mode l .

According to the prediction model the aerodynamic noise is
made up f rom three contr ibut ions as i l lustrated in Figure 5
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Fig.5 Components of wind turb ine broadband noise.

A ) Load ing fluc tua t i ons due to i nflow tu rbu lence
in te rac t i ng w i t h t he ro ta t i ng b lades .

B) The tu rbu len t boundary laye r flow over the a i r fo i l su r
face in te rac t ing w i th the b lade t ra i l i ng edge .

C) Vor tex shedding due to t ra i l ing edge b luntness.

For each of these sources a noise contribution is computed:

A: inflow turbulence - g iv ing a broadband spectrum wi th
maximum for the A-weighted octaveband level near 250 Hz

B: boundary layer - giving a broadband spectrum with maxi
mum near 1 kHz.
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C : t r a i l i n g e d g e b l u n t n e s s - g i v i n g a n a r r o w b a n d o f n o i s e

p e a k i n g a t 1 - 5 k H z d e p e n d i n g o n t h e t h i c k n e s s o f t h e
t r a i l i n g e d g e .

A n e x a m p l e o f c o m p u t e d r e s u l t s i s g i v e n i n F i g u r e 6 .

I L
mm
O
CU
CD<c
m•o

>»c

o**
OB
<D
10>
I

: inflow turb,
* boundary 1.
: t r a i l i n g e d

—+—' total

6 3 1 2 5 2 5 0 5 0 0 I k 2 k 4 k 6 k t
C e n t e r f r e k v e n s ( H z ) L A e q

F i g u r e 6 . C o n t r i b u t i o n s t o t h e A - w e i g h t e d a e r o d y n a m i c n o i s e

I t i s n o t i c e d t h a t G r o s v e l d ' s m o d e l d o e s n o t i n c l u d e a n y n o i s e
c o n t r i b u t i o n f r o m b l a d e - t i p s . S i n c e s o m e c o n s t a n t s o f t h e

p r e d i c t i o n s c h e m e a r e " e m p i r i c a l l y c a l i b r a t e d " , a l l m o d i fi c a
t i o n s o f t h e m o d e l s h o u l d b e t h o r o u g h l y c o n s i d e r e d .

O n e o f t h e m o s t i m p o r t a n t r e a s o n s f o r o u r i n t e r e s t i n t h e
mode l was the remarkab le ag reemen t be tween measu red and p re
d i c t e d n o i s e r e p o r t e d b y G r o s v e l d - s e e F i g u r e 7 .
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Unfortunately we have not been able to reproduce this agree
ment in our measurements. Figure 4 shows typical great dif
ferences between measured and predicted spectra. Our expe
rience with Grosveld*s model was: the level at low frequen
cies (<1 kHz) is overestimated by approximately 5 dB, while
the to ta l pred ic ted leve l agree reasonably wel l w i th our
measurement resul ts . I t is , however, bel ieved that the pre
d ic t ion of re la t ive changes is good.

During 1988 a master's thesis from the Danish Technical Uni
vers i ty led to fur ther cor respondance wi th Grosve ld . I t then
appeared that an error had occurred to our or ig inal infor
mat ion causing the inflow turbulence contr ibut ion* ' to be
overest imated. This may explain the low-frequency discre
pancy. We also received a beta-version of a revised program
for personal computers. Comparison with our original program
showed however, other differences as well. The revised
program seemed to be rather in-professional - so it may con
tain other errors. Figures 8 and 9 shows two examples of
measurement results compared to predicted results using the
or ig inal as wel l as the revised model .
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The measurement results are the total A-weighted sound power
level emitted from two wind turbines for which the mecha
n i ca l no i se i s j udged t o be i ns i gn i fican t .

5. Pi lot exper iment on aerodynamic noise.

A small pilot experiment was carried out on a Bonus 340 kw
protytype wind turbine. The design of the windturbine is
exceptional, and excessive means to prevent emission of me
chanical noise have been taken. Thus elast ic v ibrat ion Iso
lators are inserted between gear/generator and tower, machi
ne foundat ion, nacel le and rotor. The total A-weighted sound
power level at a windspeed in 10 m height of v10 = 8 m/s was
determined to LWA = 100 dB re 1 pW. I^A for the nacelle and
for the tower were determined to 81 dB and 82 dB re 1 pW
respect ively. The noise does not contain detectable pure
tone components. The rotor is a three bladed, upwind, stal l
regulated rotor with a diameter of 30 m, a rotational speed
of 36.9 rpm, the profile series is NACA 63-200 and the hub
height is 32 m. The noise was measured at a hard plate on
the ground ( l^ =0) in a hor izontal distance of 40 m from
the tower. The trail ing edge of the outer 10% of the blades
were modified such that i t at first was as th in as prac
t ica l ly poss ib le , i t was then cut to a normal th ickness o f
some mil l imeters but with sharp edges. Finally these edges
were rounded,and the t ra i l ing edge thus obta ined i t 's s tan
dard design.

Measurement results at v10 =7.5 m/s are shown in Figure 10.

This figure also shows a spectrum measured with the thin
t ra i l ing edge and wi th modified b lade t ips (a s t reaml ined
adaptor was fitted to each blade). The measurement results
have not been analyzed thoroughly but agreement with the
pr inc ip les in Grosve ld 's model is obv ious.
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Simultaneous measurements in the rotor plane showed the same
t rend . As expec ted no s ign ifican t d i rec t i v i t y i s seen . The
most "noiseless" blade design is however, even more "noise
less" in th i s d i rec t ion - see F igure 11 .

BONUS 300 ODDESUND
Aerodyn. stoj / rotorplan - -: tynd+tlp

—: tynd
: skarp
: normal

125 2 5 0 5 0 0 l k 2 k
Centerfrekvens (Hz)

4k 6k
•Aeq

F i g u r e 1 1 . M e a s u r e d A - w e i g h t e d s o u n d p r e s s u r e l e v e l i n t h e

rotor-plane of Bonus 340 kW wind turbine (d=40m).
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6 . F u t u r e p r o j e c t s .

The recent years Danish research project have primari ly
aimed at attenceating the mechanical noise from the machi
nery o f the wind turb ines, in add i t ion fundamenta l invest i
gations on noise emission and on the masking effect of wind-
noise on the noise from wind turbines have been carried out.
in the next 2 or 3 years a big col laborat ion project on
aerodynamic noise from wind turbines wi l l be carr ied out.
The project is financed by the Danish Ministry of Energy and
by EEC (Joule programme).

A fundamenta l theoret ica l invest igat ion of the noise genera
ting mechanisms will be supplemented by methodical empiri
ca l inves t iga t ion on the influence o f t ra i l i ng edge des ign ,
t ip design, t ip speed, surface roughness etc. Furthermore
the s t ructure-borne no ise emi t ted f rom the ro tor wi l l be
examined. The aim of the project is to establ ish design ru
les for low no ise wind turb ine ro tors .



31

7. References.

/I/ IEA-Recommended practices for windturbine testing,
4. Acoustics. Measurement of noise emission from wind
turbines, 2. edit ion, 1988.

/2/ B. .Andersen, J. Jakobsen and J.B. Kristensen:
"Noise from small windturbines. Determination of noise
sources and summary of noise measurements during
1982-1984". Report LI 109/87 from Danish Acoustical In
stitute or report L/7084782 from DK-TEKNIK, 1987
(in Danish).

/3/ Grosveld, F.W:
"Prediction of Broadband Noise from Large Horizontal
Axis Wind Turbine Generators". Journal of Propulsion
and Power, Vo. 1 (4), July 1985.



33

COMPUTATIONAL PROCEDURES FOR
ROTATING BLADE NOISE PREDICTION
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Summary

A computational method for the prediction of noise generated by open rotors
is proposed in this paper. The theoretical procedure leading to the solution of
the Ffowcs Williams-Hawkings equation is presented first. The a few results are
shown, which was obtained by coding the final expression of the formal solution:
it includes separate contributions from different sources of noise on the rotor blade
surface.

Introduction

Recent advances in the research area of rotor Aeroacoustics are mostly related to
Aeronautics. In fact current developments of propellers and helicopter rotors call
for a considerable effort in order to better understand high speed effects — up to
the transonic range — on the radiated noise. To face these problems a great deal
of theoretical studies has been carried out in the last few years, leading to reliable
computational procedures for the solution of inhomogeneous wave equation, both
in the time domain and frequency domain. The expertise provided by this work
allows achieving very high accuracy in the evaluation of the sound field generated
by low speed rotors. Furthermore, the inherent capability of dealing with unsteady
motions makes the time domain methods particularly suitable to handle such
problems as yawing motion and unsteady inflow, arising in operating conditions
of wind turbines. Some typical results and possible further developments are
presented to suggest the application of the above-mentioned numerical procedures
as a tool for predicting the main features of the sound generated by wind turbines.
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Mathematical model

Starting point of the analysis is the Ffowcs William^Hawkings (FW-H) equation
[1]:

- _ z \ P n " M f ) \ ( i )

+ jj^r [(/"*.«; + hi - c*M,)H'f))

This is in the line of the theory of the acoustic analogy proposed, in the early 50's,
by M.J. Lighthill [2] to study the problem of high speed jet noise.

The FW-H equation describes the sound generation by bodies immersed in a
fluid flow: it can be easily obtained by rearranging the conservation laws for mass
and momentum written in their complete form. In equation (1): p = p — po is the
density perturbation with respect to the undisturbed conditions po5 vn = v,nt- is
the normal velocity of a moving body whose surface is represented by the equation
f(xi,t) = 0, Vi being the local velocity of the surface and n» = df/dxi its unit
normal vector; uf- is the fluid velocity, with respect to a rest frame (where each point
in space is denoted by a coordinate £,); P,, represents the compressive gauge stress
tensor in the fluid: Py = pSy + 2pE^, with p = p — po the pressure perturbation
and Eij the strain tensor. The Dirac delta function 6(f) states that the first two
terms at the right-hand side of eq.(l) are nonzero only on the surface / = 0, while
the Heaviside function H(f) points out that the third term only exist for / > 0.
Overbar on the differential operators denotes generalized derivatives [3,4].

Equation (l) can be simplyfied if the following assumption are made:

i) the body is the only source of disturbance within the fluid, and the per
turbations generated are amall enough to allow neglecting terms that are
nonlinear functions of some flow variables

ii) effects of viscosity can be neglected both in the flow and at the body surface:
the fluid-body interaction can be described by the scalar field of surface
pressure

iii) the flow is isentropic; the pressure perturbation p = p — po is represented in
t*h«* far field Kv its linear a-nnriryimatinTi r?/».the far field by its linear approximation c\p
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In the above hypotheses the (volume) source term

8*
dxidx j

may be neglected, while the term:

[ f a * , + P i , - 4 P * i ) * ( f ) ] W

i ^ \ W U ) \ ( 3 )
may be written in the form:

^ ( M , V ( / ) ] = _ - . [ ? . « . * ( / ) ] ( 4 )
where: pe is the gauge pressure on the body surface.

The Ffowcs Williams-Hawkings equation can then be written in the form:

H2P = -jfilpOVnHf)]

- o k { f ' n i H f ) ] ( 5 )
where only surface source terms appear, containing linear functions of the flow
variables.

Using the free-space Green's function for the wave equation, the solution of
equation (5) can be written as

where xt- and yy represent observer and source positions respectively while t and
t are the corresponding time variables; besides: g = r — t + r/co, where r = |r,| =
\xi — y,-| is the distance between source and observer.

The delta functions in the integrals at the right hand side of the equation (5)
can be treated to transform the formula to a surface integral expression. If the
source surface is rigid then a surface-fixed frame of reference can be defined such
that each surface point is denoted by a time independent coordinate, say f?y. Using
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this representation equation (5) can be turned into the form [5]:

& rr i Povn
4*p(xM) = SJJs Ir 1 — mr\

. ff p'n*
i JJs [r|l — mr\

dSfa)

ds'm) (7)
f = T *

In the above equation r* is the emission (retarded) time, it is obtained — for each
*7y — from the solution of the equation

\xi-yi(rjjtT)\--co(t-T) («)

while mr = mpi where m,- = vt/co and f,- = u/r is the unit vector in the source-
observer direction.

Equation (7) describes two main effects in noise generation from subsonic ro
tor. The first term accounts for the effect of fluid displacement due to the body
motion (thickness noise): calculating this requires knowledge of the geometric and
kinematic feature of the source motion. The second term (loading noise) comes
from the pressure distribution on the boby surface: then the aerodynamic problem
is to be solved in order to provide data required by this noise prediction method.

Application of Farassat's formulation 1

Looking at equation (7) the derivatives appearing before the integrals is to be
treated numerically with cure. It is possible to have a simpler form in the applica
tion of these methods, leading to a different formulation of rotor noise; it is based
on the property of the fundamental solution of the wawe equation espressed by:

B
dx i r Cq dt

V(g) tiHg)
(9)

A trasformation of equation (7) can be carried out which leads to the following
expression for the sound field [6]:

1 B1 A f W P P

y .
PoCoVn + P**W

r l - m r dSfri)

PtttiU
r l - m , dSfri) (10)

J f = r *

A relevant feature of this expression is the splitting of the loading noise in
two contributions, showing the dipole nature of this source which gives rise to the
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appearance of a far field (represented by the terms involving 1/r) and a near field
(involving l/r2).

Finally some numerical results are showed: they have been obtained apply
ing equation (10) to a rotating blade resembling the geometric configuration and
kinematical features of a wind turbine.
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1 . I n t r o d u c t i o n

The acoust ic no ise or ig inat ing f rom wind turb ines causes res t r ic t ions
in the rea l isat ion o f w ind energy pro jects . For the Nether lands

l imits have .been defined for the sound pressure levels immit ted into

the bu i ld -up a rea by indus t r i a l ac t i v i t i es . The l im i t s a re dependen t
of the time of day and also of the type of noise. In case the noise

is aud ib le impuls ive and/or tona l , the l imi ts are 5 dB(A) lower

than in case no tonal i ty or impulsiv i ty can be heard.

Th is causes ex t ra res t r i c t ions in the rea l i sa t ion o f w ind energy

projects because the noise from wind turbines is very often tonal and
impuls ive. In th is paper var ious types of wind turb ine noise, as
measured by ECN, are described and the mechanisms that generate the
observed tonal i ty and impulsivi ty are discussed in chapter 2 and 3

r e s p e c t i v e l y.

2 . To n a l i t y

In the sound pressure spectrum, measured near a wind turbine,

in most cases sharp peaks can be seen with a significant contr ibution

to the total sound pressure which is an indicat ion that the sound is

tonal. The possible mechanisms that can cause tonali ty are:
- misal ignement ,
- tooth engagement of the gear wheels,

- aerodynamical whist le f rom the rotor b lades,

- e lect ro-magnet ic forces in the generator and

- resonances in the const ruct ion.

These possible mechanisms are discussed in the next paragraphs.

2 .1 . M isa l ignment

The drive train of a wind turbine is made of the rotor, the main

shaft, the gear box, the high speed shaft and the generator. In case
the dr ive t ra in i s no t p roper ly a l igned or a sha f t i s ben t ,

a per iod ica l fo rce is in t roduced which causes v ib ra t ions in the
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cons t ruc t ion . The cons t ruc t ion w i l l rad ia te acous t i c no ise w i th a

frequency equal to the rotat ion frequency of the concerned shaft
and possibly also higher harmonics. In figure 1 a sound spectrum

(in 1/24 octave bands) is given as measured near a wind turbine with
a badly al igned dr ive t ra in. In the spectrum the frequency of the

high speed shaft (25 Hz) is clearly visible and also many higher
harmonics (50, 75, 100, 125 Hz etc).

2.2. Tooth engagement of the gear wheels

In most cases a wind turbine has a gear box with (two or) three

stages. Each stage consists of gear wheels of which the teeth catch
each o ther w i th a cer ta in f requency. Th is resu l ts in a per iod ica l

vibrat ion which is far f rom sine-shaped. The concequence of this is
the generat ion of acoust ic noise with a frequency equal to the

tooth engage frequency and many higher harmonics. This effect is

observed in almost all measured spectra. Examples are given in

fi.gures 2 and 3. The calculated tooth engage frequencies of the
turb ines in these examples ( rotat ional f requencies of the gear shaf ts

mult ip l ied by the corresponding number of teeth) are indicated in the
figures. These frequencies and also the higher harmonics ( integer

mul t ip les o f the f requenc ies) are c lear ly present in the spect ra . The
tooth engage f requenc ies o f the firs t s tage are not v is ib le in the

spectra but the higher harmonics of these frequencies can be seen.
The tooth engage frequency of the third stage in the example of

figure 3 cannot be seen because i t co inc ides wi th a s ignificant
contr ibut ion of aerodynamical no ise to the to ta l no ise. However, the

highest peak in the spectrum has a frequency equal to three times the
tooth engage frequency of the third gear and is consequently caused

by the th i rd s tage .

2.3. Aerodynamical whist le f rom the rotor b lades

A rotat ing blade can cause a wisth l ing sound due to s l i ts or cavi t ies

in the b lade (e.g. f rom aerodynamical brakes or water-out let

openings) .
This source of acoust ic noise can easi ly be recognised by l is tening
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to the sound because of the Doppler-effect that is introduced by the

movement of the source. As an example of this the sound spectrum at a

fixed pos i t ion in the ro to r p lane o f a tu rb ine w i th one w is t l i ng
blade has been analysed for four di fferent . rotor posi t ions (45. 135*

225 and 315 degrees with res.pect to an arbitrary reference posit ion).
The part of the spectra (in 1/12 octave bands) around the frequency
of the observed wist le is g iven in figure 4 for the four ment ioned

rotor posi t ions. From the figure i t can be seen that the f requency

varies between 3070 Hz .and 3650 Hz. The tip speed of the turbine was
about 33 m/s which gives a calculated variat ion in the frequency of

about 22%, assuming that the sound source was located at the tip of

the wis t l ing b lade. This corresponds rather good wi th the var ia t ions
in the frequency (fig. 4) of about 19%-

Another aerodynamical mechanism that causes (rather broad) peaks in

the spectra is the noise due to the blunt t ra i l ing edge of the

blades. This effect, however, causes a peak that is not narrow enough
to call the noise tonal. As an example of this the sound spectrum of

a turb ine wi th a b lunt t ra i l ing edge is g iven in the figures 5 and

6. After the measurement of the spectrum of figure 5 the turbine

manufacturer made a spoiler near the trai l ing edge of each blade in
order to diminish the total noise. This changed the sound spectrum

into the spectrum of figure 6 from which can be concluded that the

broad peak that shifted from about 1.4 kHz to about 550 Hz was

cauded by the trai l ing edge of the blades.

2 .4 . E lec t ro-magnet ic fo rces in the genera tor

When the generator of the wind turbine is producing energy the
e lec t r i c cur ren t in the genera to r causes per iod ica l e lec t ro -magnet ic

forces that can int roduce v ibrat ions in the generator and thus

acoustic noise. The frequency of this noise can be the frequency of

the electric grid (in Europe 50 Hz) and the higher harmonics. An

extra contr ibut ion to the third higher harmonic can be expected

because the generators are in most cases three phase machines.

Furthermore the forces might tr igger mechanical resonances in the

generator. Noises due to e lectro-magnet ic forces wi th f requencies
of 50 or 150 Hz, however, have not (yet) been observed clearly by the
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authors. This does not necessarily mean that the phenonemum does not
exist because its possible contribution to the 50 Hz and 150 Hz in

the spectrum can not be distinguished from the harmonics of the high

speed shaft frequency (see paragraph 2.1). The possible resonances
due to electro-magnet ic forces are not expected to exist dur ing

id l ing o f the genera tor (e .g . dur ing the s tar t -up procedure or dur ing
low wind periods). The authors have not (yet) observed a peak in the

sound spectrum that rises suddenly at the moment of grid connection

which means that resonances in the generator due to electro-magnetic
forces have not (yet) been observed.

2.5. Resonances in the construct ion

A turbine construct ion can have vibrat ion modes with eigenfrequencies

that are in the audib le range (e.g. loca l deformat ions in the nacel le

or tower ) . I t i s poss ib le tha t a v ib ra t ion mode i s t r iggered by .

forces in such a way mechanical that resonances start in part(s) of

the const ruct ion. Th is resu l ts in acoust ic no ise wi th a f requency

equal to the eigenfrequency of the concerned vibration mode. Possible
peaks in the sound spectrum that are caused by this phenomenum can be
distinguished from gear box noise (see paragraph 2.2) by measuring a
ser ies of sound spectra dur ing the star t -up procedure of the turbine.

Peaks with frequencies that are independent on the rotat ional

frequency of the turbine are introduced by resonances in the
construct ion in contrast with gear box noise. The authors have not

(yet) observed significant peaks in the measured sound spectra that
are caused by resonances in the construction.



48

3. IMPULSIVITY

The total sound level or certain part(s) of the sound spectrum,

measured at a fixed position near a wind turbine can have values

that vary per iod ica l ly in t ime wi th a f requency equal to the

ro ta t i ona l f r equency o f t he tu rb ine ro to r o r i n tege r mu l t i p les o f
t h i s f r e q u e n c y. T h i s e f f e c t i s c a l l e d i m p u l s i v i t y. I m p u l s i v i t y i s

almost always observed in the acoustic noise from wind turbines. The

impulsivi ty of aerodynamical noise and of mechanical noise are
discussed in the paragraphs 3*1* and 3*2. respect ively.

3 .1 . Impu ls iv i ty o f aerodynamica l no ise

The contr ibut ion of aerodynamical noise to the total sound level can

be estimated by assuming that the broad frequency part of the sound

spectrum is caused by aerodynamical noise only. As an example of

impuls iv i ty of aerodynamical noise the total sound level has been
measured near a turbine that generated a sound spectrum with only

aerodynamical noise. The total sound level has been measured during
shor t in te rva ls (1 /8 o f the ro to r revo lu t ion t ime) . The sound

level as a funct ion of t ime is presented in figure 7 in which can
be seen clearly that the sound is impulsive. The modulat ion frequency

is equal to the ro tor revo lut ion f requency mul t ip l ied wi th the number

of rotor blades. This can be due to variat ions in the source power

level (wind shear, tower passage) or due to the d i rect iv i ty o f the

aerodynamical noise in combination with the rotat ing sound source.
These possible mechanisms could not be distinguished because no

simultaneous measurements at different posit ions have been performed.

3 .2 . Impu ls iv i ty o f mechan ica l no ise

The contr ibut ion of mechanical noise to the total sound level can be

recognized by sharp peaks in the sound spectrum (see chapter 2). As
an example of impulsiv i ty of mechanical noise the level of a tooth

engage peak in the sound spectrum near a wind turbine has been
measured during a series of short measurement intervals (1/8 of the
ro to r revo lu t ion t ime) . The sound leve l in th is d isc re te (1 /24 oc tave
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band) peak as a function of t ime is presented in figure 8 in which
can be seen clearly that the sound is impulsive. The modulation

frequency in th is example is equal to the rotor revolut ion f requency
mult ipl ied with the number of rotorblades but measurements near other
wind turbines have shown that modulation frequencies equal to the

revolut ion f requency can occur as wel l . The impuls iv i ty presented
in figure 8 has been observed at a up-wind posit ion of the turbine.

Under the same condit ions half an hour later impulsivity has been

observed in the rotor plane at the same distance from the same

turbine (see figure 9) . The modulat ion f requency is equal for both

posi t ions but the pattern is not. The exact reason of the observed

impuls iv i ty and the reason o f the d i f fe rent modula t ion pat terns a t
d i f fe rent pos i t ions is no t (ye t ) known. The reason o f th is

impulsivity could be that the blades act as a sound board that
rad ia te the mechan ica l no ise w i th a cer ta in d i rec t i v i t y o r tha t the
b lades sh ie ld the no ise rad ia ted by the nace l le per iod ica l l y

(var iat ions in the sound path). Another reason could be that the
source power var ies per iod ica l l y (va r ia t ions in the source) .
For checking this last possible effect an in-door experiment has been

per fo rmed us ing the ro to r sha f t d r i v ing fac i l i t y o f ECN (ca l led the

RMF) connected to the gear box of a wind turbine. The mechanical
vibrations at the surface of the gear box have been measured with a

piezo-accelerometer during short measurement periods. The level of
the peak in the spectrum of the surface velocity (obtained by

integrat ing the accelerometer s ignal) at a tooth engage frequency as
a funct ion o f t ime is presented in figure 10. In th is figure can be

seen tha t the v ib ra t ion leve l i s modu la ted w i th the revo lu t ion

f requency o f the pr imary shaf t . In th is exper iment the impu ls iv i ty
can only be caused by variations in the source. From this it can be

concluded that impuls iv i ty of the mechanical noise f rom wind turbines
can be caused by variations in the source. This conclusion does not

exc lude the poss ib i l i ty that a lso var ia t ions in the sound path causes

i m p u l s i v i t y .
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4. CONCLUSION

The phenomena tonality and impulsivity of wind turbine noise can form
serious restrictions in the .realisation of wind energy projects
because both phenomena are certainly no exception. In most cases

tonality originates from the tooth engagement of the gearbox.
Impulsivity is very often observed in both aerodynamical noise and
mechanical noise. In both cases the impulsivity can be caused by
periodical variating in the sound path and also by periodical
variations in the sound source power.
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Doppler—effect,
S o u n d - s p e c t r u m v. s . r o t o r - a n g l e

<D
- I

i
O

2 9 0 0 3 0 7 0 3 2 5 0 3 4 5 0 3 6 5 0 3 8 7 0 F r e q u e n c y ( H z )
Angle of rotor in degrees (see .below) :

4 5 ^ ^ M 1 3 5 \ & * ' £ A 2 2 5 I I 3 1 5

Fig. A. Measured sound spectra dur ing four d i f ferent rotor posi t ions showing
Dopp le r e f fec t .
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A COMPARISON DF MEASURED AND PREDICTED
BROADBAND NOISE FROM THE hi.E.G. 20 M WIND TURBINE

A. Glendinning
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SUMMARY

The resu l ts o f a no ise survey on the W.E.G. 20 m Wind Turb ine
LOCATED ON BURGAR HlLL, ORKNEY ARE PRESENTED. THEY ARE COMPARED
WITH THE OUTPUT OF A BROADBAND NOISE PREDICTION SCHEME, AND A

DISCUSSION IS INCLUDED OF THE SOURCE MECHANISMS THOUGHT TO BE

DOMINANT ON THIS TYPE OF ROTOR.

APPROACH

1. Noise Survey

measuring techniques

RESULTS

2. Production of Broadband Noise

source mechanisms

effects of source - receiver geometry

3. Comparison of Measured Noise Levels with Prediction
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GRID NORTH

!
IOOm radius 45 degrees

30m
meteorological
mast

Base of wind
turbine support
tower

Monitoring
cabin

Bracketed symbols indicate ground cover: HS
SG

H

hard shale
short grass
heather

Location of Measuring Positions
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DATA REQUIRED

1. "A" Weighted Sound Pressure Level.

2. Rotor Position.

3. Nacelle Azimuth Angle.

4. Blade Tip Angle.

5. Power Output (kW).

6. Teeter Angle.

7. Wind Speed.

8. Wind Direction.
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© Corrected measurements at 100m radius
X Measurements at 50m radius

Background noise level

UPWIND

Axis of rotor

Rotor
Plane

Directivity Plot of 200 Hz 1/3 Octave Band Sound Pressure Levels db <a>
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O Corrected measurements at 100m radius
X Measurements at 50m radius

Background noise level

Axis of rotor

Directivity Plot of 2 kHz 1/3 Octave Band Sound Pressure Levels db <a)
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SOURCE MECHANISMS

1. Noise from Inflow Turbulence.

unsteady lift

unsteady thickness

2. Noise from Trailing edge.

3. Noise from Bluff Bodies.

EFFECTS OF SOURCE - RECEIVER GEOMETRY

1. Blade Rotation.

2. Support Tower Scattering.

3. Atmospheric Absorption.

4. Ground Reflections.
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aerodynamic noise reduced design
of large advanced wind turbines

F. Hagg
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Int roduct ion/su imuary
Noise production must be distinguished both in the conceptual stage and

design s tage of a wind turb ine product . Th is is specifical ly t rue for aerodyna
mic noise. Once a wind turbine is produced, no insulat ion nor modification can

be appl ied wi thout expensive design modificat ions.
Stork Product Engineering is working on the design technology of cost

effect ive wind turbines in co-operat ion wi th the Nether lands Energy Foundat ion.

ECN in commission of the Netherlands Agency for Energy and the Environment,

NOVEM and the EEC.
These technology studies are meant for large wind turbines with high t ip

speed ra t i os , flex ib le s t ruc tu res , pass ive ly con t ro l l ed t i p p i t ch and so f t power
variable speed machines. One of the studies concerns the noise production of

such a machine, taking into account the noise problem of large machines with

h igh t ip speed rat ios, the s l i t o f the p i tch contro l mechanism in the t ip o f the
blades and the rotor speed excursions of the soft variable speed machine.

One of the features of variable speed machines is the control of the t ip

speed which is also the main parameter in aerodynamic noise producing mecha
nisms This feature is meant for product ion improvement and for rotor torque

reduct ion, but can be used otherwise for the control of noise in del icate

periods, such as at night. This so cal led night control appears to be an
important tool for noise reduct ion at minor costs. In the study the noise
influence of this parameter and others are empirically derived with the RHOAK

model of NLR 11 and some measurements at the ECN test field.
With this empiric relation and the cost optimization model OPTIHAT of SPE.

conceptual and parameter sensit ivi ty studies are performed to achieve at a cost
effective and noise reduced design. While studying the concept for a noise

reduced design a new concept was found, based on a shift of the constant A

operation to lower wind speeds. A surprising result was not only a reduction of
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- the determined machine is a large cost effective machine with flexible

structures, passive tip pitch control and a soft power variable speed
machine:
- below wM: constant-A operation, with speed excursions up to 30% for

energy improvement
- above vM: passive tip control with speed excursions up to 30% for soft

power control
The cost of noise reduction measures will be determined by the cost optimiza
tion model OPTIHAT of SPE.

- the wind turbine will be located at the NEWECS 45 site in Medemblik, a

representative location for wind turbines in The Netherlands.

New noise reduced design concept
Relations (1) and (2) require the following physical and technical modifications
to achieve at a noise reduced design:
- lower rotor speed, made possible by design rotor speed reduction which

results in a lower axial rotor force (if only round V_>. but with a higher
rotor torque, and also by a temporary speed reduction at night.

- small blade area, made possible by a slender blade and an increase of design

tip speed ratio X
- small axial force coefficient C, made possible by design speed reduction

round V„i and power flattening.
- large rotor diameter? with a question mark. Other empirical relations,

although stemming from helicopter theory 3], do not support this diameter
influence, which is also true for the other parameters and other relations 4]
(see table 1)

These modifications tend to a new concept; a shift of constant X operation to
lower wind speeds than v_. The consequences of this new concept are explained

by the diagrams 2a to 2e, in which the original concept in dotted lines is
compared with the new concept in solid lines. A blade area reduction is obtained
by lowering the blade chord, which leads to a higher design A. This can be seen
in the O-v diagram of figure 2a, which also shows the shift of the constant X
operation. This shift leads to a new constant speed control concept between the
constant X operation and W but with a decent reduction in rotor speed. For
better understanding a more detailed O-v diagram is shown in figure 3.

In figure 2b the Crv diagram shows the maximum power coefficient in the
constant-X operations, but also the worsening around V_. which is moderate.
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For this reason the power loss is also moderate, which is represented in the P-v

diagram of figure 2c. In this figure the power flattening is also represented
with a dot and dash line.

in the E-v diagram of figure 2d the energy production is shown with the

0TgureTeSsho„S the reduction in axial force, produced by the speed reductionj u .-. „™»r flatte-iine (dot and dash line). This
(dotted line) round v„„. and by tue power flattening (.
Xeads to an extra noise reduction as well as a cost reduction in the turbine
construction. Another important cost reduction is realized by the blade area
decrease, leading to an axial force reduction during parking conditions, mostly
the ultimate load for flexible systems.

The cost reduction in the structure exceeds the cost increase caused by

higher rotor torque (more expensive gearbox) and the small energy los*.Quan
titatively the new concept means a decrease of the kWh-price with 8.6. and of

. the noise with 2 dBa at V„, and 5 dBa at v_. with the parameters only op-
timised to the kwh-price.

• •„„ *« a design concept improvement for noise reasons
This result was surprising, as a design con«F v

leads also to an improvement in costs.
This result was not found earlier, because the new concept is a sophistication
on the global concept of rotor torque impact improvement by the soft power

system, which is only globally evaluated yet. The latter reduces th. taluen
of the gearbox on the kWh-price and the need for high rotor speeds (small rotor

torque) around *_. The axial force is now dominating in the costs of this w*
turbin . Thus there is a need for a smaller blade area (high tip speed rat X)
and a speed reduction to improve the axial force around Vrated, which is made
possible by the constant A operation shift.

T ^ - ^ d i f f e r e n t d e s i g n p a r a m e t e r s o n t h e n o i s e o f t h e m a c h i n e a n d
Th k^price is analyzed by a sensitivity study. In this study first the cos
oil alues of the important parameters are determined as a base point o the
s oy on the new turbine concept. The noise immission of the base poin o the
concept is at a distance of 2.5 rotor diameters 58 dBa. which is 18 dBa too

^rom this base point the value of the determined parameters is changed 10, in
the direction of noise reduction, not taking in account the eventual relations
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between the parameters. The result of this study is compiled in table 2 below.
The first column gives the parameter and the second the figure number of the
graphical reproduction of the analysis. The next columns show the parameter
value the modification for noise improvement, the kWh-price increase, the noise
improvement and the effect. The effect is defined as the ratio of the noise
improvement and the kWh-price increase, normalized with the effect of the best
parameter. For comparison reasons only, also the new design concept with respect
to the original design (not included in this sensitivity study) is shown.

As can be noted, the temporary speed reduction at night only causes little
loss of energy. On the other hand with the reduction of design speed the machine
design must be changed, which will imply extra costs (gearbox, modification of
eigenfrequencies and aerodynamic shape) and more energy loss.

The effects of the other parameters are small, as they are already used for
the new design concept. In particular the tower height is not important anymore,
since V,., lies in the constant speed operation of the machine.

Cost effective noise reduced design
Using the results of the sensitivity study the cost effective noise reduced
design is analyzed, now taking into account the relations between the different
parameters. It is cost effective in the sense that the kwh-price will increase
only by a few percents. This analysis results in a maximum possible (till 0.,„)
night speed reduction of 30%, a design speed reduction from 29 to 25 rpm, a
larger rotor diameter from 60 to 70 m and a higher tower from 60 to 70 m.
In the study for the determination of the noise immission a relative distance of
2.5 times the rotor diameter is used. At this distance the noise is 44 dBa at

night, being 4 dBa too much.
To get more noise improvement another parameter is needed; the distance of

the observer to the wind turbine. In figure 10a the influence cf this distance
is represented at different values of the rotor speed. In figure 10b the same is
done for different values of speed reduction at night in case of a design speed
of 25 rpm. In the latter the night limit of 40 dBa is reached at a maximum night

speed reduction of 30* and a distance of 4 D.
The cost consequences are presented in figure 11 as function of the main noise
reducing parameters; night speed reduction and design speed reduction. In the
function area, dotted lines are plotted, which indicate the equidistance to the
turbine with a noise immission level of 40 dBa at night. As noted earlier the

night speed reduction is most cost effective in noise reduction, which can be
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scope of the present study.
However an analysis of the environmental noise is an important topic for the

judgement of noise reducing measures in a design analysis.
We highly recommend further study on environment noise with regard to wind
tu rb ine no ise .
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L..s - C, log(A Vr„) + C2 log(N Ab/Ar) + C3 log (C_ ) + C4 log (D/a)
- Cs log (D) - C6

Constant RHOAK 1] Brochure 4] Johnson 3]

C 63.6 50 60

C7 11.5 - -10

C, 2.5 - 20

C* 20 20 20

C5 10 10 0

c6 27.5 15 44-48

table 1: Comparison of the used empirical relation with others
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parameter fi g u r e optimum
va lue

ad jus ted
v a l u e f o r

kWh-price
increase

no ise
decrease

e f f e c t
% o f

no ise % dBa best

n i g h t
c o r r e c t i o n 4 1 0,9 0,7 3 100

desin speed 5 33 opm 30 3,0 3 23,3

blade chord 6 0,1R 0,09 1.6 0,5 7,5

diameter 7 60 m 66 9,2 2,1 5,3

design A 8 11,8 10,6 2,8 0,5 3,8

hub height - 51 m 56 0,4 0,06 3,3

power - 871 kW 785 1,7 0 0

new concept yes no - 8 , 6 2

table 2: Cost and noise sensit iv i ty study on design parameters
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tlpspeed

Vwind

variable speed

tipspeed

Vwind

constant speed

environment noise turbine noise

figure 1: Height correct ion of noise immission re levant windspeed
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Original Concept

.__ Speed reduced concept, with constantXshift

A) tl-v

B) Cp-v

C) P-v

D) E-v

E) Ffl-v
.00 5.00 10.0 15.0 20.0 25.0

Windspeed (m/t)

figure 2: Comparison of original and new speed reduced concept
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MECHANICAL NOISE FROM LARGE MIND TURBINES

S. Ljunggren
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NASUDDEN

INTRODUCTION

SOUND PRESSURE LEVEL MEASURED ON THE GROUND AT THE

REFERENCE POINT (114 M DOWNSTREAM THE TOWER).

BANDWIDTH: 3.75 HZ.

WIND SPEED: 10-14 m/s. POWER OUTPUT: 2 MW.
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NASUDDEN

INTRODUCTION

A-WEIGHTED SOUND PRESSURE LEVEL MEASURED ON THE

GROUND AT THE REFERENCE POINT (114 M DOWNSTREAM THE

TOWER). BANDWIDTH: 3.75 HZ.

WIND SPEED: 10-14 m/s. POWER OUTPUT: 2 MW.
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NASUDDEN

IDENTIFICATION OF SOURCES - AN EXAMPLE.

SOUND PRESSURE LEVEL AT THE REFERENCE POINT DUE TO THE

PUMP FOR BLADE PITCH CONTROL (THE PUMP ALONE IS

WORKING).
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NASUDDEN

AIR-BORNE SOUND.

SOUND PRESSURE LEVEL IN THIRD-OCTAVE BANDS IN GENERATOR

ROOM. THE CORRESPONDING A-WEIGHTED LEVEL IS 93 dB(A).

WIND SPEED: 8-10 m/s. POWER OUTPUT: 2 MW.
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NASUDDEN

AIR-BORNE SOUND

REVERBERATION TIME IN MACHINE HOUSE
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NASUDDEN

AIR-BORNE SOUND

SOUND PRESSURE LEVEL IN MACHINE HOUSE DUE TO PUMP FOR

BLADE PITCH CONTROL (PUMP ONLY IS WORKING)

Sound pressure level (dB)
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NASUDDEN

AIR-BORNE SOUND

SOUND INTENSITY MEASURED OVER A SURFACE CLOSE TO THE

GENERATOR. BANDWIDTH: 3.75 Hz.

WIND SPEED: 10-14 m/s. POWER OUTPUT: 2 MW.
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NASUDDEN

AIR-BORNE SOUND

SOUND REDUCTION INDEX OF MACHINE HOUSE WALLS

SOLID LINE: MEASURED USING LOUDSPEAKER INSIDE AND

MICROPHONES INSIDE AND 3 M OUTSIDE THE WALLS, FLOOR AND

ROOF.

DOTTED LINE: CALCULATED ASSUMING MASS LAW.
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NASUDDEN

AIR-BORNE SOUND

CALCULATED LEVELS AT THE REFERENCE POINT ON THE GROUND.

THE CALCULATIONS ARE BASED ON MEASURED SOUND POWER

LEVELS IN THE MACHINE HOUSE AND ON THE MEASURED SOUND

REDUCTION INDEX OF THE MACHINE HOUSE WALLS.

N O I S E S O U R C E S O U N D L E V E L I N d B ( A )

G E N E R A T O R 3 5
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NASUDDEN

AIR-BORNE SOUND VS STRUCTURE-BORNE SOUND

THE TWO UPPER CURVES SHOW THE MACHINE ROOM LEVELS; THE

TWO LOWER CURVES SHOW THE LEVELS ON GROUND.

SOLID LINE: SOUND PRESSURE LEVEL RAISED 10 dB AT 425 Hz WITH

THE HELP OF A LOUDSPEAKER.

DOTTED LINE: MACHINERY NOISE ONLY.
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NASUDDEN

AIR-BORNE SOUND VS STRUCTURE-BORNE SOUND

THE TWO UPPER CURVES SHOW THE MACHINE ROOM LEVELS; THE

TWO LOWER CURVES SHOW THE LEVELS ON GROUND.

SOLID LINE: SOUND PRESSURE LEVEL RAISED 30 dB AT 212 Hz WITH

THE HELP OF A LOUDSPEAKER.

DOTTED LINE: MACHINERY NOISE ONLY.
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NASUDDEN

AIR-BORNE SOUND VS STRUCTURE-BORNE SOUND

THE TWO UPPER CURVES SHOW THE MACHINE ROOM LEVELS; THE

TWO LOWER CURVES SHOW THE LEVELS ON GROUND.

SOLID LINE: SOUND PRESSURE LEVEL RAISED 15 dB AT 955 Hz WITH

THE HELP OF A LOUDSPEAKER.

DOTTED LINE: MACHINERY NOISE ONLY.
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NASUDDEN

STRUCTURE-BORNE SOUND

VELOCITY LEVEL (IN dB RE 5*E-8 M/S, BANDWIDTH 3.75 Hz) OF

GEAR BOX FOUNDATION.

WIND SPEED: 10-14 m/s. POWER OUTPUT: 2 MW.
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NASUDDEN

STRUCTURE-BORNE SOUND

VELOCITY LEVEL OF LUBRICATING OIL PUMP. PUMP ONLY IS

WORKING (IDLING).
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NASUDDEN

STRUCTURE-BORNE SOUND

VELOCITY LEVEL ON MACHINE HOUSE WALL (MEAN VALUE OVER

ONE WALL).

WIND SPEED: 8-10 m/s. POWER OUTPUT: 2 MW.

100
^ m t ,
CO*̂ ^
F
00 90
UJ«
IO
CD 80
mm,

f fi•o*******" 70
CD>
CD
>» 60*-*
Oo
CD
> 50

40

30

t — I — r

20 i—l

T — i 1 1 — I 1 1 1 1 — i 1 — i 1 r
!

j i _ ' I ■ > » | | | | I I I L
0 1 0 0 2 0 0 3 0 0 4 0 0 5 0 0 6 0 0 7 0 0 8 0 0 9 0 0 1 0 0 0

Frequency (Hz)



112

NASUDDEN

STRUCTURE-BORNE SOUND

POINT MOBILITY (IN dB RE 1 m/Ns, 20 log-SCALE) OF MACHINE

HOUSE ROOF.
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NASUDDEN

STRUCTURE-BORNE SOUND

POINT MOBILITY (IN dB RE 1 m/Ns, 20log-SCALE) OF MACHINE

HOUSE WALL. THE HALF-POWER BANDWIDTH OF THE PEAK AT 481.8

Hz IS 8.59 Hz, WHICH GIVES A LOSS FACTOR OF 1.8%
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NASUDDEN

STRUCTURE-BORNE SOUND

POINT MOBILITY (IN dB RE 1 m/Ns, 20log-SCALE) OF MACHINE

HOUSE WALL. THE HALF-POWER BANDWIDTH OF THE PEAK AT 294.4

Hz IS 2.09 Hz, WHICH GIVES A LOSS FACTOR OF 0.7%
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NASUDDEN

STRUCTURE-BORNE SOUND

MEASURED VELOCITY LEVELS. TURBINE WORKING.

SOLID LINE: CONCRETE TOWER

DOTTED LINE: MACHINE HOUSE WALL
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NASUDDEN

STRUCTURE-BORNE SOUND

SHAKER EXCITATION OF GEAR BOX FOUNDATION TO EVALUATE

RADIATION FROM DIFFERENT PARTS.

Hydraulic
pump
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NASUDDEN

STRUCTURE-BORNE SOUND

RADIATION OF GEAR NOISE (CALCULATED FROM SHAKER

MEASUREMENTS)

RADIATING SURFACE SOUND LEVEL, dB(A)
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MAGLARP

STRUCTURE-BORNE SOUND

MEASURED VELOCITY LEVEL OF MACHINE HOUSE WALL.

TURBINE WORKING.
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MAGLARP

STRUCTURE-BORNE SOUND

MEASURED VELOCITY LEVEL OF STEEL TOWER.

TURBINE WORKING.
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MAGLARP

STRUCTURE-BORNE SOUND

MEASURED POINT MOBILITY OF MACHINE HOUSE WALL.

THE LOSS FACTOR AT THE PEAK AT 125.99 Hz IS 4.5%
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MAGLARP

STRUCTURE-BORNE SOUND

MEASURED POINT MOBILITY OF STEEL TOWER.

THE LOSS FACTOR AT THE PEAK AT 86.42 Hz IS 2.1%
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CONCLUSIONS

THE MEASUREMENTS SHOW THAT FOR THE TWO SWEDISH

PROTOTYPES

- STRUCTURE-BORNE SOUND IS MORE IMPORTANT THAN AIR

BORNE SOUND

- THE GEAR BOX IS THE PREDOMINANT NOISE SOURCE (SPUR

GEAR!)

- THE STRUCTURE-BORNE SOUND FROM THE GEAR BOX IS FED

INTO THE STRUCTURE BY MOTION IN THE HORIZONTAL

PLANE

- RADIATION FROM A STEEL TOWER MAY BE IMPORTANT.

- THE RADIATION FROM A CONCRETE TOWER IS NOT IMPORTANT

- RADIATION FROM HUB AND TURBINE BLADES IS SOMEWHAT

SMALLER THAN RADIATION FROM MACHINE HOUSE

- RADIATION FROM A MACHINE HOUSE MAY BE HEAVILY

INFLUENCED BY WIDELY SPACED RESONANCES
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- THE LOSS FACTOR OF THE MACHINE HOUSE IS IMPORTANT

- THE SOUND REDUCTION INDEX OF A MACHINE HOUSE MADE

FROM STEEL MAY BE FAIRLY LOW DUE TO RESONANT

TRANSMISSION CAUSED BY STIFFENERS

- SEPARATE FRAME FOR POWER LINE SEEMS TO BE

ADVANTAGEOUS COMPARED TO A MONOCOQUE DESIGN
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THE INFLUENCE OF A UIND TURBINE'S GEOMETRICAL
AND OPERATIONAL PARAMETERS ON AERODYNAMIC
NOISE GENERATION AND ON ENERGY PRODUCTION

S. Mei jer
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SUMMARY

A short description of a simple semiempirical method to estimate broadband wind
turbine noise due to aerodynamic noise sources is given in this paper.

Two alternative ways of scaling the noise due to inflow turbulence are discussed, using
measurements from the large wind turbine at Nasudden for comparisons with calcula
tions. During the measurements the rotational speed was varied between 25 rpm and
12.5 rpm. In one method the fluctuating velocity is considered to be proportional to
the wind speed and in the other method the fluctuating velocity is considered to be
proportional to the relative velocity between the blade and the air. It is concluded that
the first method seems to make it easier to explain the measurement results.

The effects on the noise generation and the energy production of choosing to optimize a
wind turbine at different tip speed ratios and for different number of blades are finally
discussed. It is concluded that choosing the design in such a way as to decrease the
noise has no negative effects on the production of energy.
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NOISE CALCULATION METHOD

The semiempirical method to estimate aerodynamic broadband noise described here is
implemented in a computer program at FFA. FFA also has computer programs for the
calculation of the low frequency noise due to the passage of a wind turbine blade close
to the wind turbine tower, but these will not be described here.

The variation of the sound level with parameters such as blade velocity, blade length
etc is given by theoretical considerations. Measurements of the noise from the big
prototypes at Nasudden .and Maglarp have been used together with experimental results
from [1] and [2] to get realistic noise levels.

In the noise measurements at the prototype sites the total noise was measured and
this means that it was not possible to discern the contributions from the trailing edge
bluntness. The level of the trailing edge bluntness noise is based wholly on the results
in [1] .

The noise sources that are considered are :

Turbulent boundary layer trailing edge noise (TBL-TE) with a sharp trailing edge.

Noise due to a blunt trailing edge (BE).

Noise due to inflow turbulence (TURB).

For the TBL-TE noise the overall sound pressure level, Ltbl-te, in a 1/3 octave band
from a blade element of length dl at the radial position / is is given by :

Ltbl-te = lO\oglQ(dlBr-26U5) - F0(Re) + J\(/)

where

B is the number of blades

r is the distance to the observer

6 = 2.569CCrf is the boundary layer thickness

C is the chord width of the blade element

Cd is the drag coefficient

U is the rotational speed of the blade element

R. is the Reynolds number b.ased on the blade speed and the chord

Fq is a function based on the results in [2]

Fi is a function based on a nondimensional spectrum given by Fink [3]
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/ is a nondimensional frequency.

For the BE noise the sound level in a 1/3 octave band is given by :

LBE = 101og10(<fZBr-2ttf5-3) + F2(f)

where

t is the blunt edge thickness

F2 is a function derived from the experiments in [1]

For the TURB noise the sound level in a 1/3 octave band is given by :

Lturb = 10\og1Q(dlBr-2CU4w2) + F3(f)

where

w is the turbulent velocity variation norm.al to the blade element

w/V is the turbulence intensity and

V is the wind speed.

Fz is a function derived from an analysis of a thin airfoil in a turbulent flow with an
idealized isotropic turbulence model [4]

The noise contributions from all blade elements are summed as if the noise sources are
uncorrelated.

It must be pointed out that although the method described above gives a reasonable
variation of the sound power level with parameters such as rotational speed and turbine
size, it is too blunt .an instrument to be used to answer questions about how the detailes
of the blade geometry influence the sound level.

ALTERNATIVE MODELS FOR THE TURBULENT INFLOW NOISE

As was pointed out in [5] models based on estimates of the turbulence level in the at
mospheric boundary layer, and which use these estimates to calculate the blade loading
and then the resulting noise, always give results of the wrong order of magnitude. A
model of this type at FFA [6] is for example of no practical use.

In the semiempirical formula given above, for the noise due to inflow turbulence, the
sound level was adjusted to give a reasonable result for a specified condition for the
Nasudden prototype. The question is now whether the formula gives reasonable results
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for different conditions. It was suggested in [5] that it might be more reasonable that
the turbulent velocity variation is proportional to the blade speed instead of being
proportional to the wind speed. In order to in a simple manner test this suggestion,
the velocity w in the formula above is expressed in two different ways :

w ~ V and w ~ U

When the conditions differ from the reference condition, the value of w will depend
on which of the expressions above that is used. The idea is now to compare noise
measurements, taken when the Nasudden turbine was run with a series of different
rotational speeds, with results calculated using the two expressions for w.

The results of the measurements are reported in [7] and an excerpt from this report is
shown in Fig 1. The wind was gusty during the measurements with a variation between
6.5 m/s and 12.5 m/s. The wind turbine was operated so as not to produce any net
power output during the experiments.

The calculations are performed for two different values of V, 7 m/s and 11 m/s, when
using the model where w ~ V. When using the model where w ~ U the calculations
are performed for just one wind speed as the influence of the wind speed in this case
is very small.

The results for the 1/3 octave band at 31.5 Hz are shown in Figures 2 and 3. For a few
of the measured results the sound levels actually increases when the rotational speed
decreases. This can be explained by the fact that the wind was gusty. In Fig 2 the
influence of a variation of the wind speed on the calculated results are shown for the
model w ~ V. The calculated results for w ~ U are shown in Fig 3. A variation in
wind speed does not result in different sound levels in this case.

It seems to be easier to explain the variation in the measurement results if one uses
the hypothesis that the turbulent velocity variation is proportional to the wind speed
and not to the blade speed.

The A-weighted overall sound pressure level as a function of rotational speed is shown
in Fig 4. One can hardly expect a better agreement.

In Figures 5 and 6 are examples of the whole sound spectrum shown for the case when
w ~ V is used. It is obvious from the overpredictions for frequencies around 100 Hz
that the simple model used for the turbulent inflow noise spectrum gives an incorrect
slope of the spectrum.
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EFFECTS ON ENERGY PRODUCTION OF DESIGNING A WIND TURBINE TO
MINIMIZE NOISE GENERATION

The consequences of selecting different tip speed ratios, (TSR), in horizontal axis wind
turbine blade design, were discussed in [8] . Some of the results from that study will
be discussed here.

For a given rotor diameter turbine blades were optimized, with respect to power pro
duction, for a number of different tip speed ratios. The resulting chord distributions for
a two-bladed turbine are shown in Fig 7. The power production was then calculated for
off-design tip speed ratios, using both fixed pitch and variable pitch regulation. These
results are shown in Figures 8 and 9. In Fig 9 it can be noted that the variation of
TSR only slowly affects the power coefficient for the blades designed for low TSR. The
blades designed for low TSR will thus produce energy at least as efficient as the blades
designed for higher TSR.

For a given vind velocity rotors running at a lower TSR will always generate less noise.
The variation in noise generation due to varying wind speeds is shown in Fig 10 for
the cases when the rotors are operated at their optimal TSR. The noise generation is
expressed in terms of a dimensionless distance. This distance shows how much further
away you must move from the turbine in order to experience the same overall noise
level when the rotor or the operational conditions are changed.
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Fig. 1 Measurem<2nt results from Nasudden.
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Fig. 2 Sound pressure level in the 1/3 octave band centered at 31.5 Hz
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Fig. 3 Sound pressure level in the 1/3 octave band centered at 31.5 Hz
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Fig. 4 A-weighted overall sound pressure level.
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Fig. 10 Noise generation as a function
of wind speed for a 2-bladed turbine

running with variable rpm.
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+ TSR=10
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ON THE PREDICTION OF AERODYNAMIC NOISE FROM WECS

H. Norstrud
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Introduction
Wind energy conversion systems (or WECS) axe increasingly being considered as
alternative energy sources in connection with the worlds major use of fosile fuel power
plants. The extraction of power from the wind represents an everlasting and seemingly
pollution free method to produce the increasing demand for electrical power in modern
society.

However, the unwanted production of noise from operating wind turbines (in sole or in
multiple operation such as in farms) is a point of concern for the turbine operator since it
affects the surrounding community. In order to asses the impact of the noise problem from
WECS, the present note attempts to give a simplified analysis for the prediction of
aerodynamic generated noise from such devices.

1. Analysis
Let us consider a horizontal axis propeller turbine (see figure 1) and apply the momentum
theorem (Betz analysis) to relate the wind velocity u to the velocity u through the turbine

plane, i.e.

» - k a )
The induced velocity behind the turbine plane can to some extend be compared to the
flowfield behind a subsonic jet (see figure 2) for which experimental data exists for the
radiated acoustic power, see figure 3. The empirical relation between the acoustic power

and the flow data reads as followsp[ W

P = 1 0 - < { 0 . 5 p a U 8 A / c 5 } ( 2 )

where p [kg/m3J - density of ambient air

lPa.per presented at the IEA expert meeting on noise generating mechanisms of wind turbines at Petten,
the Netherlands on November 27—28, 1989.
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U[ m/sj - jet velocity at outlet

A[m2J - jet crossection at outlet (=t D2/4)

c Im/sJ — speed of sound in ambient air.

Equation (2) is taken from reference [lj and can be transformed to the sound power level
Lp[dBj with reference to the power P = IO*12 W (or 1 picowatt) as

Lp = 10 log pô

= 1 0 l o g P + 1 2 0 ( 3 )

Furthermore, if we assume a free acoustic radiated field equation (3) can be expressed as a
sound pressure level L [dB]

L p = L p - 2 0 l o g r - 1 0 . 9 ( 4 )

where r[mj depicts the radial distance from the acoustic source to the field point for which
level L is valid. A combination of equations (3) and (4) will finally yield

L p = 1 0 l o g P - 2 0 l o g r + 1 0 9 . 1 ( 5 )

and this relation together with equation (2) will be utilized to predict the sound pressure
level at wind speed u^ = | u = | U, see equation (1).

2. Results
Norway is well suited for wind turbine applications (see figure 4) and has historically been
connected to the operation of such devices. Figure 5 shows an example of this in the polar
region where community noise definitely is no problem.

In order to assess the validation of equation (5) some preliminary acoustics measurements
were taken from the three-bladed, horizontal aris turbine at Titran, Norway (see figure 4
and 6). This 400 kW turbine will at a registered wind speed of u = U = 14 m/s
(corresponding to u a 21 m/s) yield the acoustic power of



144

PTitr» " L9128 • lV* W

or Lp = 72.817 dB. Here equation (2) has been utilized together with the sound speed

relation

CQ = (* RT0)V2

where the ratio of specific heat for air k = 1.4, the air gas constant R = 287 J kg'1 K"1 and
the measured ambient air temperature were T = 286 K (i.e. t » 13° C). The density of

air at sea level were set to p = 1.22 kg/m3.

Reference [3j has given the empirical relation

Lp [dB(A)] = 10 log D + 50 log Vt - 4

for the aerodynamic acoustic source power where V* Lm/sJ *8 *ne turbine tip speed. Since

the wind turbine at Titran operates at a constant rotational speed of n = 38.2 r/min the
above relation will in comparison yield the value Lp = 103.5 dB(A) where

Vt = n-rD/60 = 69.6 m/s.
Six measurements were taken with a Bruel & Kjaer sound pressure level (Type 2203) with
a windscreen (Type UA 0082) and the following results were obtained:

Measurement Radial distance
r i Measured level Predicts level

point r[m] Lp, dB(A) L ,dBp»
1 32.0 77 31.8
2 40.4 66 29.8
3 58.8 79 26.5
4 58.8 40 26.5
5 40.4 59 29.8
6 58.8 46 26.5

No adjustment with respect to the directivity (angle $ in figure 2) of the noise has at
present been inplemented in the prediction.
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The background noise at a different, but a similar place 2 km away from the wind turbine
site were measured to 40 dB(A).

3. Conclusions
Preliminary results from acoustic noise measurement from a WECS has been reported
together with a simple method of prediction of the sound pressure level. As the results
shows, the predicted aerodynamic noise level L [dB(A)J. A more detailed analysis and

improved measurements will be reported at a later time.
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FIGURE 2 - Subsonic jet in a uniform flowfield
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MODELLING WIND TURBINE NOISE

A . P f e i f f e r



154

INTRODUCTION

Noise generated by wind turbines is becoming more and
more a topic of importance. Especially in countries
like the Netherlands, where the available area for
solitary placed wind turbines and wind power plants
is limited. In order to make optimal use of the
available area the sound power level of wind turbines
rhould be as low as possible.

Ac the end of 1986 the Dutch government announced a
program which has the intention to realize 1000 MW
of wind turbine power in the Netherlands before the
year 2000. In order to make this possible the program
is supported by a research program. Within this
research program the research in the field of noise
reduction of wind turbines is an important item.

Research on wind turbine noise can be subdivided into
several parts, namely:

1. Fundamental research, noise models
2. Research in the field of permits
3. Measuring methods
6. Cooperation IEA expertgroup acoustics
5. Measuring sound power levels for certification
6. Development of designers tools.

The paper is mainly dealing with the work that has
been goi^S °n since 1987 in the field of developing
tools for the designers and manufacturers of
windturbines in order to accomplish a new generation
of low noise wind turbines.

DESIGX TOOLS

f-r-ja the beginning of the research in the field of
wind turbine noise it was clear that besides the
research it was very important to translate the
gained knowledge into information that can be simply
used by non acoustic experts. Only in this way the
noise problems can be tackled for a lot of wind
turbines. The translation concerns mainly the
simplification of models developed through
fundamental research in combination with the
development of common useable measures and evaluation
methods of both technical and economic nature.

One of the first reports in the Netherlands specially
written for the designers of wind turbines was the
"brochure wind turbine noise" (1). This brochure
•jives a review of the .knowledge in the field of wind
turbine noise. The brochure contains information
about aerodynamic- and mechanical noise (figure 1),
a model to predict the sound power level of a wind
turbine and recommendations in order to reduce the
generated noise.

The brochure was followed by other publications.
Figure 2 gives a review of them. At the moment the
"construction manual wind turbine noise" (2) together
with a computer code, called TURBN0ISE, are the stain
instruments meant for the designers of wind turbines
in order to develop, with rather simple and common
understandable tools, a silent wind turbine.

NOISE PREDICTION MODEL

With the noise prediction model the sound power level
of a wind turbine can be calculated by means of the
determination of the sub sources mentioned in figure
1. Before going into details a few definitions are
given:

Definit ions

Aerodynamic noise Noise generated by the rotor of
the wind turbine as a result of the interaction
between the air and the blade surface. Aerodynamic
noise is caused by several phenomena; atmospheric
turbulence, irregularities in the blade geometry and
turbulence caused by blade rotation. The latest can
be subdivided in turbulence in the boundary layer,
turbulence around the blade tip (tip-vortex noise)
and turbulence in the separated flow (trailing edge
noise). De Wolf (3) gives a detailed description of
aerodynamic noise.

Mechanical noise Noise generated by devices that are
situated in the nacelle cf a wind turbine, mainly the
gear box and generator.

Contact noise Noise resulting from the transport -of
energy by means of mechanical vibration. For example
a vibrating gear box induces vibrations in the
nacelle walls because the- are both attached to tiie
main frame in the nacelle. Due to the vibrations
present in the nacelle walls second order air noise
is generated.

Symbols

A
D
U.(tot)
LT,(C)
LT.(GB)
LT.(G.B+G)
LT-(l)
Ly(2)
LT.(3)

m
~8

R250
<;"A
S
S3
So

J-
a500
explanat

')s o u n d a b s o r p t i c n i n n a c e l l e l m
diameter wind turbine rotor
predicted s.p.l. wind turbine
s.p. l . genera::r
s.p.l. gear box
combined s.p.l. generator, gear box
s.p.l. air noise through openings
s.p.l. air noise nacelle walls
s.p.l. contact noise nacelle walls
s.p.l. contact noise by tower
s.p.l. aerodynamic noise
mass gear box
mass nacelle, including components
mass tower
air noise isolation factor at
250 Hz

: surface sound absorption .material
on nacelle walls

: surface gear box walls
: surface nacelle walls
: surface openings in nacelle walls
: surface tower vainimal 15 o')
: tip speed
: sound absorption coefficient at

5 0 0 H z l - J
ion: s.p.l. : sound power level

[mi
dB(A))
(dB(A)J
dB(A)J
vdB(A))
(dB(A))
[dB(A)J
(dB(A))
(dB(A)J
(dB(A)J
(kg}
kgl
(dB(A))

in )> \
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Model

The noise prediction model is neant for wind turbines
in the range from 50 to 500 kW. The formulas are
based on measurements (aerodynamic noise and contact
noise) in combination with descriptions given in
literature for other fields of technique. The aodel
consists of the follow-in* formulas:

Lyd) o ^(GB + G) + 10 log (S /(A + S )) ( I )

Sound power levels of gear box and generator can be
obta ined f rom graphs g iven in l i te ra tu re (A ,5 ) where
they are presented as funct ion of the nominal power
of the component or from component manufacturers.

A " a 5 0 0 ' S A + c l < S n " V < 2 >

For a i r no ise 500 Hz is the f requencie wi th the
biggest impact on the sound power leve l , therefore
the O-cqq value has to be taken.

L,,(2) - L,..(GB + G) + 10 log (S /(A + SJ)• * ■ • • » n o-*R250 (3)

By air noise through openings 250 Hz is the most
impor tan t f requenc ie , the re fo re the R-y. va lue has
to be taken.

U..(3) - L.(GB) + 10 log (o /aj ♦ 10 log (S /S )
- * c 2 B a n - ( 4 )

In case of contact noise only the sound power level
of the gear box is taken into account because
n o r m a l l y t h i s i s t h e b i g g e s t s o u r c e f o r v i b r a t i o n i n
the nacel le. Assumed is a relat ion between the sound
power leve l and the v ib ra t ion leve l . The behav iour
o f t h e c o n s t r u c t i o n i s t r a n s l a t e d i n a f a c t o r o f c „

L,,(4) « L.(GB) * 10 log (an/n>t) + 10 log (S£)
" c3 (5)

Th is fo rmula is der ived fo r tube towers . Normal ly the
whole surface of the tower is taken into account '
except when the tower is flanged, then only the upper
par t i s taken in to accoun t up to the h ighes t flange .

U . ( 5 ) - 5 0 loS (Vt) + 10 log (D) - c^. (6)

">e constants c. to c^ are dependent on the wind
turbine configuration. 3y means of a logaritcsic
addition the predicted sound power level of the wind
turbines can be derived.

Uv(tot) « 10 lo
VALIDATION

: [i io0-1*1*"*] ( 7 )

In order to test the behaviour of the model a
validation has been carried out (6). Therefore wind
turbine manufacturers in the Netherlands and. abroad
were asked to supply information of there design(s)
in combination with results of noise measurements.
In this way the model has been evaluated for in total
16 wind turbines ranging from 50 to 3000 kl.' installed
power. A detailed validation was not possible because
there were no measurements available that describe
the model completely. However a genera: impression,
presented in figure 3, can be given. The figure shows
that there is a reasonable correlation (correlation
coefficient 0,85) between the measured value L, and
the predicted value U, (tot). However deviations
exist from +7 dB(A) to -7 dB(A). Although the model
predicts that aerodynamic noise is in many cases (10
out of 16) the most important source, in practice
mechanical noise is also often a problem. This is,
amongst other things, stated by vibration
neosurements carried out in a few wind turbines
during the validation.

CONSTRUCTION MANUAL

An effective approach of wind turbine noise can only
be real ized when this matter is taken in:: account
during the design phase of a wind turbine. Then the
costs wi l l be re la t ive ly low and the e ffec t o f the
noise reduction can be relatively high c:-~ tared to
improvements real ized with exist ing wind turbines.
The tools that are needed for the design :f a si lent
wind turbine are:

1. Prediction model sound power level
2. Overview of measures
3. Information of costs of measurements

With these tools a design process can be executed
according to figure 4.

Measures noise reduction

In the design manual the measures are presented in
the form o:" graphs. Together with these graphs
information is presented about costs, obtainable
noise reduction and the feasibility of the measures,
see figure 5. In this way altogether 25 seasures are
presented, varying from the adaption of the tip speed
ratio to the realization of isolating vibration.

TUR3N0ISE

Together with the construction manual a ciaputer code
was developed in order to make a quick ar.: easy
opt imizat ion possible of a design for v i . - . : turbine
noise, With in the program th is sect ion f : r the
calculat ion of sound power levels is cozcmed with
a sect ion for the calculat ion of sound tv fssure
levels in the surroundings of wind power tlants and
wind tu rb ines . In figure 6 the resu l ts o f the la tes t
are presented. Background emission and scil
absorption can be taken into account.

FUTURE

It is expected that in the near future the winci
turbines in the Nether lands wi l l be more s i lent . This
is due to a growing experience amongst •«--: turbine
manu fac tu re rs , t he ava i l ab i l i t y o f spec ia l i zed
l i terature and the subsidy that for some t ime is
offered by the Dutch government for si le:. : - ind
turbines. The intension is to emphasize research in
the field of mechanical noise in order t: nake a aor.?
deta i led va l idat ion and descr ip t ion of the wind
turbine noise .model possible. There are plans to
erect a wind turbine, as a demonstration unit, where
special attention has been paid to wind turbine noise
in order to invest igate the economical an: technical
possibi l i t ies of noise reduct ion. By mear.s of these
efforts wind turbine noise is hopeful ly becoming a
topic of less importance in the near future.
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Figure 1 Or ig ine w ind tu rb ine no ise
• : no ise sources

mainly rotor, gear box and generator
1: a i r noise through openings
2: a i r no ise emi t ted by nace l le wa l ls
3: contact noise emit ted by nacel le wal ls
A: contact noise, emit ted by tower
5: aerodynamic noise
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1.1 Literature study
1.2 Development provisional

noise model

RESULTS

T~>
Brochure Wind Turbine
Noise
march 1988

1 I
2.1 Co l lec t ion o f de ta i led

noise measurements
2.2 Evaluation noise model

Va l ida t ion o f no ise
model
January 1989

3.1 Development of noise
prevention measures

3.2 Economic evaluation

1 I
3. Const ruct ion Manual

Wind Turbine Noise
march 1989

1
U. Computer code

TURBNOISE
march 1989

FUTURE a. Detai led val idat ion of noise model
b. Demonstrat ion pro ject s i lent wind

t u r b i n e
c. Dynamic analys is , spr ing construct ion

Figure 2 Development of design tools for the
reduction of wind turbine noise
explanation :|p|.lain tools for wind

turbine designers
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Cooling air supply

Reduction sound power level
maximum 10 dB(A) on Ly(D;
air noise through openings.

Costs approximately
dfl 500,— to dfl 1.500, — .

Description: By means of situating the in- and outlet of the cooling air on the
upper side of the nacelle instead of the bottom emission of noise
directly to the ground is prevented. It is preferred to attach
sound/absorption material on the in- and outlet. A good draining
system for rain-water is required.

Figure 5 Example of noise reduction measure

Figure 6 Sound pressure levels around a wind power
plant
Conditions: Measuring height 5 m. soft soil

Background noise : 20 dB(A)
Sound power level a.b: 90 dB(A)
Sound power level c : 95 dB(A)
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EXPERIENCES DEMONSTRATION PROJECT

In order to investigate the economical and technical
possibilities of noise reduction of wind turbines
in practice a project has recentely started with
the aim to build a silent wind turbine based on
the construction manual wind turbine noise. Starting
in the design stage of a wind turbine measure are
developed and incorporated based on common
technology. A 500 kW wind turbine, pitch regulated
and with a constant rotor speed is chosen as the
basis for the demonstration unit. In the Netherlands
wind turbines of 300 to 500 kW with a constant rotor
speed are becoming more and more common. At the
moment (december 1989) the wind turbine is being
erected. A measuring program is expected to be
executed in February 1990.

Aims

The demonstration project has the following aims:

1. Validation of mainly the empirical relations
for the prediction of the mechanical noise as
presented in the construction manual wind turbine
noise.

2. Examination of the impact of different measures
on the sound power level of the wind turbines.
Most of the measures can therefore be bridged
in the wind turbines.

3. Evaluation of the subsidy on silent wind turbine.
The cost and the effect of the different measures
will be evaluated. Questions as can measures
be easy combined with other requirements of the
design and on which sound power level in relation
to the rotor diameter should the subsidy be based
at the moment and in the future, are subject
of the evaluation.

4. Creation of an example of a large silent wind
turbine based on common technology.

Measures
As result of the constant rotor speed concept it
is expected that the aerodynamic noise will cause
the most hindrance. Therefore one of the main
measures was a rotor speed reduction from 42 rpm
to 38 rpm. This reduction will cause almost no loss
in energy production. On the other hand a bigger
gear box is required which causes an increase in
the price of the gear box of approximately 102.
In order to prevent the occurence of pure tones
and contact noise the following measures have been
taken:

1. Integrated drive train; generator and rotor are
attached to gear box. Only the gear box is
attached to the nacelle frame.

2. The gear box and thereby the whole drive train
is vibration isolated by means of a cork composite
from the nacelle.

3. The gear box is a high quality version (planetary,
welded round housing, stiffening ribs and fine
grinding of wheels).

Because of the great dimensions going with a 500
kW wind turbine is hardly possible to realize a
low eigen frequency vibration isolation by means
of rubber. Therefore the cork composite has been
choosen. After erection some other measures will
be taken:

.Expectations

The following value of the different sound power
levels are expected based on a wind speed of around
8 m/s:

item sound power level
dB(A)

wind turbine before measures 104
wind turbine after measures 101
gear box 93
generator 94
subsidy level 103

The greatest impact is expected from the rotor speed
reduction because the aerodynamic noise will be
probably the biggest sound source. Predictions are
however difficult to make. Not only because the
used models are empirical and simple but also because
it is uptil now impossible to predict the influence
of pure tones.

1. Sound silencers placed in the ventilation
openings.

2. Isolation of nacelle walls.
3. Closing of gaps and narrow openings.
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MEASURING SOUND PRESSURE LEVELS
IN A HARD PLATE ON THE GROUND

J. van der Toorn
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MICROPHONE IN A HARD SURFACE
IEA document 'Measurement of noise emission from vind turbines' [1]
recommends deriving acoustic source strengths of wind turbines from
sound pressure levels measured with a microphone in or on a hard surfa
ce on the ground.

The method is supposed to have advantages over measuring on a height
of 1,5 m or 5 m above the ground:
- The ground effect is normalized on 6 dB (the sound pressure levels on

an acoustically hard surface are 6 dB higher than in the free field
at the same distance).
When measurements are performed at a height of for example 1,5 m, the
effect of ground reflections is a function of frequency. It depends
on the heights of the wind turbine and the microphone, on the distance
between them and on the acoustical impedance of the ground [2].
The impedance of the ground varies with place and is hard to deter
mine.

- Vind induced noise on the microphone is minimal.
Because wind speed is minimal at ground level, less often special
techniques to suppress wind noise [3] are needed when the microphone
is placed at ground level and measurements are possible at higher
nominal wind speeds.
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- Measurements are less sensitive to ambient sound of low sound sources

such as road traffic. Damping due to the ground effect [2] for such
sources becomes more effective when the microphone height is decrea
sed.

Measuring with a microphone in a hard plate on the ground also has dis
advantages:
- A ground plate is not easy to handle.
- The measuring direction is sl ightly less relevant with respect to

remote observers. The severity of this drawback depends on the (un
known) directivity of the windturbine in the vertical plane and on
the distance between the relevant observation points and the wind
turbine.

Although the method is very promissing, only a few measurement results
were shown to support the method [1]. Reproducibility and repeatability
of measurements probably depend on the situation. Therefore we did some
additional measurements before bringing this method into use.

2 ADDITIONAL MEASUREMENTS

2.1 Sound source
Ve performed measurements using a loudspeaker as sound source. The
strength of the source was controlled by keeping the current through the
coil constant.
The source strength was determined by measuring the sound level Lj'4B
of the loudspeaker in an anechoic room on the axis of the loudspeaker,
at a distance of 4,4^2 m (= 6,2 m).
The room is virtually free of reflections for frequencies above 100 Hz.

2.2 Outdoor measurements with a flush mounted microphone in hard plates
The sound of the loudspeaker was also measured outdoors, with a micro
phone that was flush mounted near the centre of different rectangular,
acoustically hard plates, made of plasticized chipboard with a thick
ness of 18 mm. The other dimensions of the plates are listed in table 1.



162

The outdoor measurements were performed on flat, grass covered ground

(a sports field). The loudspeaker was l i f ted to 15 m above the ground
with a tower waggon and d i rected towards the microphone, which was

posi t ioned 15 m from the project ion of the loudspeaker on the ground
(the l ine 'source-microphone' made an. angle of 45° with the normal on
the upper surface of the plate; the distance between source and micro

phone was 15-J2 m). The measured sound level is denoted as Ii*5".
The longer s ides of the p la tes po in ted in to the d i rect ion of the pro jec
tion of the loudspeaker on the ground.

HYPOTHESIS
Ve tested the hypothesis

L i n p l a t e " L f r e e fi e l d = 6 d B < 1 >

o r

L 1 5 m _ L 4 , 4 n + 2 0 . l g ( 1 5 / 4 , 4 ) + C y v - 6 = 0 ( 2 )

where:

L ^ 5 " - s o u n d p r e s s u r e l e v e l m e a s u r e d i n t h e h a r d p l a t e i n t h e
outdoor experiment [dB re 20 MPa],

L j ' 4 n = s o u n d l e v e l m e a s u r e d i n t h e a n e c h o i c r o o m [ d B r e
20 yPaJ,

20.1g(15/4,4) = correct ion for the di fference in measurement d istances
indoors and outdoors [dB],

C f f = f r e e fi e l d c o r r e c t i o n f o r t h e m i c r o p h o n e u s e d i n t h e
anechoic room [dB] and

6 = t h e e x p e c t e d e n h a n c e m e n t o f t h e s o u n d p r e s s u r e l e v e l d u e
to pressure doubling on the the hard surface [dB].

RESULTS
For the plate of 2 m x 2 m deviations from the expected enhancement of
6 dB are less than 3 dB in all 1/3 octave bands (see tables 1 and 2).
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DISCUSSION
For a plate of 2 m x 2 m the results are similar to Andersen's results,

shown in appendix 2 of the recommendations for measurement of noise
emission f rom wind turb ines [1] .

Vhen measur ing w i th a microphone in a hard p la te o f su ffic ien t s ize ,
the inaccuracy o f the measured source s t rength o f a w ind tu rb ine is

expected to be smal ler than in ther case o f measurements per formed
above an absorbing ground for which 'standard' properties are assumed.

Our exper iment is not a complete val idat ion, because only the dimen
sions of the plate have been var ied. Effects of inaccuracy of the posi

t ion of the microphone or of a (narrow) s l i t around the microphone in
the plate have not been studied and we did the experiment on only one

ground locat ion (one impedance) . In prac t ice , on churned up grounds
for example, bigger impedance jumps can occur at the boundary of the

h a r d p l a t e , g i v i n g b i g g e r d i f f r a c t i o n e f f e c t s .

CONCLUSION
A big hard plate is uneasy to handle, but i ts use is worthwhile because
i t s i g n i fi c a n t l y i m p r o v e s t h e q u a l i t y o f t h e r e s u l t s . Va l i d a t i o n e x p e r i
ments on other locations and different types of ground are recommended.
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Table 1

Lengths and widths of the hard plates involved in the experiment;
the centre frequency [Hz] of the 1/3 octave band in which

the maximum value of AL = Lin lat- - Lfr## field " ^ appears and
the maximum value of AL for a 1/3 octave band, for each plate.

length x width centre frequency maximum
of the different 1/3 octave band of AL

PLATES [Hz] [dB]

0,5 m x 0,5 m 1000 3,6
1 m x 0,5 m 1000 5,5

1 m x 1 m 630
1000

3,0
3,0

1 m x 2 m 630 3,7
2 m x 2 m 1600 2,6
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Table 2
^ = L i n p l a t e ~ L f r e e f i e l d ~ 6 »

for a plate of 2 m x 2 m,
for 1/3 octave bands with centre frequency f

f AL
[Hz] [dB]

63 -0,9
80 1,3

100 -0,7
125 -1 ,2
160 0,1

200 0,0
250 -0 ,2
315 2,0

400 0,7
500 1,3
630 2,1

800 1,9
1000 0,5
1250 1,2
1600 2,6
2000 0,8
2500 2,1

3150 1,3
4000 1,8
5000 1,7

6300 1,7
8000 1,5

10000 1,3
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RESEARCH ON PREDICTION OF
WIND TURBINE ROTOR NOISE

-VIEUGRAPHS-

H. van den Ual
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i Predictor models for &ur bines ut'H
• horizontal aXttS
• upwind robcrr
• rotor blades not StL<i(leeC

1 NLR Model UtiOAk, Lsed on

GRoSMULDj \oitl nodi fret bo* S

3 V-\lidt\r:on snzazure**evi-£* by 7~pp ctnd
SPE or\ a is™ HAT

J-, NLK model HhoAK-Z, adlu&Ud {o

fit- tHe Zz m HAT ryieasurtjucn/s

5" FutW \fo,Ldotco* of 'RHobkjRyobkrl
ov\ vur~DCncs of- ^efferent rypes



169

SOURCE ntCHANISMS

1 Tut rlou lent Louno/Qrjj leuuer / rotor

blade trailinj edoc - inter ccctuon.

2 Vo r t t x shedd in f - f r o * * 4 Hun t

t rq i lm j cd j t .

3 Atmospher ic turbulence / rotor

b lade - in teract ion, resuu in j in :
3./ loodfaj Inoisc, due to f/ttctacici/jf

Li ft In J forces

3.2 thickness hofse, due to fluctuate*

resistance, forces

If Tip >/o rtex noise

5 Uther hieChanisntSj sue A as noise,

f r o m s l i t s , k o l t S , C ^ C .
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s o u r c e : s t r e n g t h
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SOUND TQWEft GOl/Eg^S 7ARAMETERS
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UMSC ALE I) SOUND POWER W.

V. - U*6- 4

W2 = (i" t -4 (for ^<rf/0

W, = U • V-4-C

K = 4 : trailing ec/jc / bonndcucy tajtr

k = 2 : U u n t t r q d i n < j c d g t

atmospheric pjrbuLtnCL
A s 3 ; U a d i n j n x o i ^ e

k m \ l + : c L t o k * e s s n o i s e .
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FREQUENCY DEPENDENT
SCALE FACTOR FL

Ij- UioFi/W + t>.sHio.fi/W J

Ft s 1 for f x.o.1- Uj t

F. y f - i H - o . j . R ) / ( J l ' 2

FH m. £ f- l>-k-f-c/v_mm <1
F5 + lo- loj y for L > 1



175

T t h l L l f O G £ J > G E N O i S E L

^pre t i c t ioa ; vs measuredFt fT
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T H A U I f l / C £ 7 > G E A / O / S E
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PREDICTION MODEL ADJUSTMENTS

I R E M O V E D :

i Vortex sltcde/i^y Fro** a klumt rrQiunj
edae ( -for tke ti**e laeinj) (k*Zj

2 Tkick oess hoise due bo qtmesfteric
turbulence '. included in LoctetCnj

n o i s e C k . ~ ^ )

3 T i p M o r t e x i r \ o i s e

L, l>irectiM\^le^ D, and T>3 seif fro 1

X UNC//A/VGED:
Unsealed Sound poatr% w.



PREDinm MODEL ADJUSTMENTS (cont'd)

M MODIfian QMS :

1 D i r e c t i v i t y - f o r o b s e r v e r p o t V > £ s * n
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Ic-t : 10. Ul f, = - l70.[lo}(l.sf'S/UJ]
t.-i: f3 = [f L«-*i*)/UT\]~l

3 C o n S f e . * ? ^ S e e t h e f a c t o r * K ;

adju-S+cd ro f*f t /ve w/ieaSaree(
data.



180

7 0 r
Uw= 7 m/s
N = 56 rpm

•eq

60

50 vtfEASuteD
dB
lin

40

30

20

T R fi i U M G /
EVGZ

> " \
y ATMOSPHERIC-^ .

T U R & U L E m c E . \

50 m
J L J L

1 0 0 2 0 0 5 0 0 1 k 2k 5kHz



70
eq

60

50

dB(A)

Uw = 7 m/s
N =56 rpm

40
TOTAL x
(KH04K2)

30

181

TOTAL CdMM)

2 0 -

J 1 I L
1 0 0 2 0 0 5 0 0 1 k 2 k 5 k H z

f



182

_u_________
"PA ft A METERS



183

Participants IEA Expert Meeting. November 27 and 28

J .F. A ins l i e

B. Andersen

A . A rsu ffi

S. De Bernardis

N. v.d. Borg

M. Fiorina

A. Glendenning

F. Hagg

G. Krishnappa

M. Lendi

S. Ljunggren

S. Mejer

Ole W. Nielsen

H. N0rstrud

B.M. Pedersen

A.E. Pfe i f fer

S. Powles

W. Stam

J.D. v.d. Toorn

H. v.d. Wal

J. Warren

National Power
London, United Kingdom

Danish Boiler Owners' Association
Sgborg, Denmark

ENEA Italian Nat. Com.
Casaccia* Italy

CIRA - Italian Aerospace
Napo l i , I ta ly

ECN, Petten

ENEL CR Automatica
Monzese (Mi), Italy

Marchwood Eng. Labs.
Southampton, United Kingdom

SPE Stork Prod. Eng.
Amsterdam

Nat. Res. Council
Ottawa, Canada

ECN, Petten

DNV Ingemansson AB
Stockholm, Sweden

FFA
Bromma, Sweden

Odegaard
Denmark

Div. of hydro- and gas dynamics
Trondheim, Norway

Techn.Univ. of Denmark
Lyngby, Denmark

Holland Windturbine
Utrecht

BWEA
United Kingdom

ECN, Petten

Techn.Fys. Dienst, TNO
D e l f t

N.L.R.
Emmeloord

Wind energy group
London, United Kingdom



185

IEA - Implementing Agreement LS WECS
Expert Meetings

1. Seminar on Structural Dynamics, Munich, October 12, 1978

2. Control of LS-WECS and Adaptation of Wind Electricity to the
. Network, Copenhagen, April 4, 1979

3. Oata Acquisition and Analysis for LS-WECS, 81owing Rock, North
Carolina, Sept. 26-27, 1979
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