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GENERAL ENVIRONMENTAL ASPECTS ON
.LARGE SCALE WIND ENERGY UTILIZATION
by

Staffan Engstrém

National Energy Administration
and .

Anders Gustafsson

Aeronautical Research Institute

1. Intfoduction

The number of megawatt-scale wind turbines in the world
is still around ten, with an accumulated operation ex-
perience of probably less than 10 000 hours. The best
performing units have passed 2 000 hours. This is to
compare with the situation with small wind turbines
between 20 and 100 kW, where many thousand of units are
installed and the accumulated experience accounts to
millions of hours. In the 100-1000 kW region the number
of machines is still in the region of some tens, but
the operation experience is longer than for the mega-
watt scale range, partly due to the US Mod OA program.



2. Safety issues

Obviously there is a possibility that objects such as
ice or fractured parts may leave the blades of a wind
turbine and that this could cause damage to humans and
property. Several examples of blades or parts of blades
leaving wind turbines have been told. It ought however
to be pointed out that the maximal consequences of such
an accident are rather limited. Nevertheless the problem
has to be properly considered.

Hence attempts have been made by different authors to
investigate maximum and probable area around a wind
turbine where hit is possible. Using throw dynamics,
aerodynamics and statistics the probability to be hit
by a thrown object can be determined. One important
question which has to be answered when defining a safety
distance is hence what level of risk to be hit that can
be accepted. Another basic question is if the probabil-
ity of throwing an object can be kept low enough by
technical devices, such as crack detection etc.

Throw_distance_calculations

Early calculations based on particle dynamics indicated
throw distances of less than 250 m. More recent calcula-
tions including blade aerodynamics (blade flying, thumb-
ling and wiggling) and skidding on the ground indicated
possible distances of up to 700 m. Due to the drag the
maximum distances for ice shedding is more limited.

Evaluating the probability to be hit in a certain point
in the surrounding of a turbine the following statistical
considerations have to be made:

- where does the break occur (radius, azimuth angle
pitch angle)

- wind direction and speed

- ground impact behavior (fragment size, angle at
impact, speed, friction)

Several of the basic assumptions in these calculations
need further scrutiny as many parameters have great un-
certainties. However different authors have independent-
ly arrived at similar results.

If the great possible throw distances indicated by cal-
culations are reliable this underlines the importance
of minimizing the blad failure probability.
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Make systematic analyses of known experiences of
thrown blades or parts of blades to verify throw
calculations.

Investigate and develop further different technical
means to minimize the risk of a blade failure such
as crack detection devices etc.

Are there any known cases of injuries or damage on
the ground due to thrown objects incl. ice?

Even if maximum throw distances may be great in same
cases, the probability of being hit is so low that
it does not seem to change the overall risk. Com-
pare with airplane crashes, where a very small pro-
portion of the casualties occur among those not
travelling in the plane. Is it worthwhile to further
develop and verify the analysis methods? Is safety

a limitation for siting of wind turbines?

Noise

Broad band audible noise

Consists of blade noise, blade wake noise and noise from
machinery i.e. gear box. The design of blade tips, brake
devices and surface joints is also of importance.

This type of noise is depending on design parameters
mainly rpm and produced power but also turbine diameter,
number of blades and blade chord.

Are the broad band noise levels from today”s machines

satisfactorily, or are measures required to decrease
the emission?

Should some designs be favoured because of broad-band
noise, e.g. three-bladed machines (lower rpm) or

variable speed machines (low rpm at low wind speeds,
when background noise is lowest)?



Low frequency noise/infrasound

The experiences of low frequency noise from the MOD 1
initiated extensive work on prediction methods and means
to minimize this type of noise. This also initiated

some scepticism about downwind machines.

The emission of low-frequency impulsive noise is depend-
ing on several design parameters like:

- wake velocity decrement behind the tower, which is
depending on distance from tower, tower size and form

- turbine rpm and diameter

- eventual vortex shedding from tower

A typical feature of the low-frequency noise is that it
propagates over far greater distances than the broad-
band noise. The propagation is also depending on weather
and terrain.

- 1Is the low-frequency problem for downwind machines
properly documented or is it still mostly specula-
tions?

- Are we within the wind energy community doing enough
work to investigate and solve this problem?

- Has the low-frequency problem been overemphasized?

Existing noise regulations for industrial installations
do not take background wind noise into account. The re-
gulations also do not deal with the low-frequency problem.
It is important to point out the special character of
wind turbine noise in comparison to other noise sources.
When there is no wind there is in principle no noise

from wind turbines. It should however also be pointed

out that due to atmospheric wind shear there may be very
little wind on the ground when a big machine is operating
and generating noise.

Regulating authorities have to be convinced that exist-

ing regulations must be supplemented for background wind
noise and for low frequencies to be applicable for wind

turbine installations.



- Initiate serious and extensive noise measurements
for different types of machines within the IEA com-
munity. Follow the IEA recommended practices for
WECS testing, the noise part of this is just
finished.

- Improve and develop measurement technique especially
for background wind noise.

- Validate theoretical prediction tools and hence de-
pendence on design parameters.

These steps could be stimulated through information ex-
change within IEA (i.e. expert meetings and task sharing
work) . The goal should be to show how WECS noise emission
can be minimized through technical development and hence
fulfill noise regulations at close enough distances.

4. TV-interference

The possibility that WECS can cause interference to
electromagnetic communications has been realised for

some years. Most attention has been paid to TV-inter-
ference but there is a potential to interfere with any
form of electromagnetic signal. Practical experiences

of the problem has now been made in some countries
although the circumstancies vary. The phenomena is similar
to what is experienced by other tall structures but

when the wind turbine operates the interference is fluct-
uating which can be particularly annoying.

It has been suggested that locations of WECS within
100 m - 1 km from the line of sight between microwave
communication links have to be avoided. Areas close to
transmitting stations require special care.

Important aspects are the possibility to predict the
effects of new installations. Measurements and documen-
tation of effects at existing machines is important

for this.

Despite the fact that the circumstancies vary from country
to country it should be of great importance that we share
our different experiences about importance, costs and

any legal aspects.

Prediction of effects of new installations

The prediction of TV-interference effects depend on a



number of more or less well known parameters such as:

size, design and material of the tower

- size, design and material of the blade

~ position of relevant transmitters

- strength, polarisation, coding, frequency of signals
- local topography

Only the first two parameters are dependent on the WECS

and all the others are site dependent. Hence measurements
at one site is not likely applicable to any other site.

TV-interference is most likely in areas where there is

a weak signal due to the distance from the transmitter,
where existing reception is poor because of surrounding
hills and where the WECS is exposed in a good position

to receive and scatter interfering signals.

Measurements of effects of existing machines

The measurement of effects of existing machines would
serve two possible purposes. First it would enable veri-
fication of theoretical estimates and hence increase
knowledge. Secondly it is necessary to determine whether
or not disturbance was being caused by the WECS. To be
able to really verify this measurements must be per-
formed even before installation of the WECS.

- Do we have indications enough to state that any part-
icular design or blade material causes less distur-
bances than others?

- 1Is cable-TV or a special local slave transmitter the
only solutions? Are the costs for this acceptable
for a wind farm installation?

- There is a trend towards future distribution of TV

via cable. Does it imply that TV I will be no problem
in the future?

5. Visual impact

Wind energy utilization may be very benign environment-
ally. However, wind turbines are large objects and the
visual impact will always exist. The "visual pollution”
has been raised as a major disadvantage in some cases,
even enough to ask for a ban in some areas. On the other



hand, so far nobody seems to have complained about the
appearance of e.g. the Swedish large WECS; in contrary
many have found them less disturbing than anticipated

and even said that they are beautiful.

The critics often attack the windfarm approach:

"a forest of windmills". And indeed the combination

of very close siting (down to a few diameters distance
from turbine to turbine) and small turbines tend to

give that impression, e.g. in some Californian wind-
farms. Large wind turbines may be more acceptable if

the group appears more like a number of individual units
than like a forest.

- The same energy output can be achieved with either
a large number of small units or a small number of
large ones. Is the latter alternative mor acceptable
from a visual viewpoint? What about the view of roads
and power lines as compared with the wind turbines?

- Should the turbines be arranged in a strict order

or is it preferable to put them "haphazardly", e.g.
where the conflict with farming is minimal.

6. Impact on farming etc.

A large WECS will need some land around the tower for
permanent use (parking etc). Something like 2000 m2 per
tower seems likely. A permanent fence is not necessary.
Some land will also be needed for roads and power lines.
Net land use per unit seems to amount to about 3000 m2
for a typical Swedish case. This does not raise a severe
conflict with farming interest even where the land is
very productive. However, there may be emotional problems
- "why should I sell this little piece of land, the
small money means nothing to me, I will only have dis-
advantages from it". There is also the problems with

the right of the wind, which at least in theory should
belong to the landowner according to Swedish law, but
the wind so far has been looked upon as something which
is free. When wind energy becomes profitable - i.e. when
a wind power installation gets a higher value than the
cost to install it - this may change. A key to future
installations may then be to get the landowner and
others in the community economically involved in the
project.

In order to minimize the conflict with farming, the units
should preferably be sited on spots of non-productive



land where such exist, close to existing roads and
power lines and in such a manner that they influence
as little as possible on the manner of farming.

- Are there any examples of farming interest making
it impossible to install large wind turbines?

7. Bird life

Very few examples are known of birds having hit the
wind turbine or its tower. There seems to be no differ-
ence between the danger of a wind turbine and any other
tall structure. In those cases where birds have crashed
into tall structures, common factors seem to have been
bad visibility, low cloud ceiling, bad light conditions
and a possibility of being misled by lights on the
structure.

Most birds have a very short life expectancy due to
natural causes. Normally a few extra casualties will not
influence the bird population. However, when it comes

to endangered species, even single deaths may not be
acceptable.

-—— — s - -

- Are there any new examples of bird deaths due to
wind turbines?

- 1Is possible bird kill a major problem even in areas
with high bird density?

- Migrating birds often have very distinct tracks.
A case is known when a new and very long bridge
changed the migration pattern. Is it possible that
a cluster of windmills can do the same, or are the
birds likely to travel between and above the wind-
mills?



CALCULATION OF TRAJECTORIES OF DETACHED
WIND TURBINE BLADES AND PREDICTION OF SITE
RISK LEVELS ASSOCIATED WITH FAILURES OF HAWT'S
by

Jens Ng@grkar Sgrensen
Department of Fluid Mechanics
Technical University of Denmark

0. ABSTRACT

For the prediction of trajectories of detached wind turbine
blades, the governing equations of the full motion, which
includes both translation and rotation of the blade, are derived.

The aerodynamic forces and moments, acting on the blade, are
determined by use of strip-theory and constructed airfoil data,
which take into account, that the blade can be exposed to all
possible angles of the relative free stream velocity.

A study of the sensitivity of trajectories and throw distances
to changes in the conditions, by which the blade is detached,
is carried out.

Finally a statistical model is presented, by which the damage
to people, under assumption of detachment of a blade/blade-
fragment, can be determined. The results are shown for a 2 MW,
60 m diameter HAWT.

1. INTRODUCTION

As part of the wind power program of the Ministry of Energy
and the Electric Utilities in Denmark, an investigation of the
risk of being hit by a blade or part of a blade, has been car-
ried out (Sgrensen [11]), [12] and [13]).

In the present paper the main results of this investigation
will be presented.

In previous investigations (Pedersen et.al. [ 8]) trajectories
and by this throw distances were calculated by use of a balli-
stic model, where the drag coefficient was kept constant and
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lift forces were ignored.

In the following a refined model, which take into account the
full 3-dimensional motion of a detached blade under influence
of gravity and aerodynamic forces, will be presented, and main
results of the calculated trajectories will be shown.

The calculated trajectories give the basis for calculations of

site risk levels.

For the prediction of site risk levels, a statistical model,
which gives the probability for a person being hit by a blade/
blade-fragment, will be presented.

Results will be shown for a blade of the so-called Project K

wind-turbine, which is presently under design.

2. CO-ORDINATE SYSTEMS AND TRANSFORMATIONS

To describe the rotation and translation of a body in space,
it is necessary to define an inertial co-ordinate system
and a body co-ordinate system, and a connection between the

two systems must be derived.

2.1 Co-ordinate systems

For the description of the spatial path of the detached wing

we define a global inertial co-ordinate system (0,x,y,2).

This system, shown on fig.1a, has its Origo on the ground and
its y-axis oriented in the wind direction, its Z2-axis oriented
in the direction of the tower axis and its x-axis perpendicular
to these latter. To the co-ordinate system is related the ortho-
normal basis (i,j,k).

On the wing is located a body axis system whose Origo is the
center of gravity G . The axis of the body system (x*,y*,z*)
are identical to the principal axis of the wing. All variables
given in this co-ordinate system are denoted with superscript
"*", To the body axis system is related the orthonormal basis
(bi,b2,b3) (fig.1b), which rotate and translate with the wing.
By choosing the body axis identical to the principal direc-
tions, it is possible to treat the translation and rotation of
the wing independent of each other.
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The components of the basis vectors Qi are given by the
following notation:

by = (b1, biz, bla)T
b, = (ba1, b2z, bza)T (2.1)
by = (ba, biz, bss) T

2.2 Co-ordinate transformation

The basis vectors of the body co-ordinate system are given in
the inertial co-ordinate system as follows:

by = |bu by, bys|fi i
by = |ba bz by |{ip = [Bl{] (2.2)
bj = |ba bi; by lk k

The matrix [B] determines the orientation of the wing, and

it gives the transformation from body co-ordinates to global
co-ordinates. Defining orientation by triads of vectors ensures
uniqueness for arbitrary rotation of the wing. This is in op-
position to the application of the 3 Euler angles, which are
not unique in all cases.

3. EQUATIONS OF MOTION

As mentioned above, the total motion is separated in two motions,
namely a translation caused by the influence of gravity and
aerodynamic forces, and a rotation caused by the aerodynamic
moments acting about the center of gravity.

3.1 Equations of translation

By use of Newton's 2. law, the equations of translation can

immediately be written as follows:

ko = Fx/m |

7 = 3.1
Ya Fy/m ( )
iG = Fz/m -g

where m denotes the mass of the wing, (xG,yG.zG) are the
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position vector of the center of gravity, Px'Fy and Fz are
the aerodynamic forces acting on the center of gravity, and
g denotes the acceleration of gravity.

3.2 Equations of rotation

The rotation of the wing is expressed by use of the Euler

equations of motion:

ok + 1 1 * *
I ux * Iy~ Ie, = M,
I b+ (I I)w, =M 3.2
w, o+ - w_ = .
Yy ¥y X z Y y ( )
o % * *
I w_ + (I, -I)w =M
z z x' "z 2z
* * * *
where w = (0, Wy s w,) is the vector of rotational velocity

around the center of gravity, Ix' Iy and Iz are the prin-
*

* %*
cipal mass moments of inertia and Mx' M and Mz are the

aerodynamic moments acting around the center of gravity.

It must be pointed out, that all the variables appearing in

eqg. (3.2) are given in body co-ordinates. By use of the trans-
formation matrix [B] , we obtain the following relation be-
tween the rotational velocity in body co-ordinates g* and the

rotational velocity in global co-ordinates w :

-l %*
w =[BT (3.3)

- : * (3 ()
or, using vector notation for [B] and dissolve w in its

components, we get:

w = w, by + Wy b, + w, bs . (3.4)
In general the relation between w , Qi and éi is given as:
b, = wxb , 1i=1,2,3 (3.5)

Inserting eq.(3.4) into eq.(3.5), we get the following

relation:
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- 3 _ % — \
by 0 w -my ( b,
. * * |
ba p o= l-wy 0w { b, | (3.6)
* * *
b - 0 [ b

L 2s ) L% "% 4=

Now, the complete motion of the wing is described by the equa-

tions (3.1), (3.2) and (3.6), where the aerodynamic forces and

moments are functions of the instantaneous values of the orien-
tation,'the rotational velocity and the velocity of the center

of gravity.

4. AERODYNAMICS

To solve the complete system of governing equations, it is
necessary to know the values of the aerodynamic forces and
moments at any given flight condition of the wing. For this
purpose we use a strip-theory, where the wing is divided into
a number of strips, on which the direction and magnitude of
the aefodynamic forces are calculated independently of each
other. By summing up the contributions of each strip, one gets
the tptal amount of aerodynamic forces acting on the wing.

4.1 Calculation of local relative wind-velocity

The velocity of the center of gravity of the wing is given by
the time derivative of the position vector:

z.) (4.1)

8g = (Xgr Ygr 25

=G
Denoting the position vector of a point P on the wing, given
*
in body co-ordinates, as Ep , the local relative wind-velocity
*

gp , as the point P sees it, is given by the expression:

*
u, = (Bl u jng ~9) — @ X I, (4.2)
where the wind vector u_._ . describes the wind field in iner-

tial co-ordinates. u is here given as the undisturbed

=wind
scalar wind-velocity u_ in the y-direction:

oing =0 Uy, 0) (4.3)
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4.2 Airfoil data

For the prediction of the aerodynamic forces acting on a
detached blade of a wind turbine, it is necessary to use air-
plane wing aerodynamics. Unfortunately there is only sparse
information in the literature concerning the problem of a wing
exposed to all combinations of the relative vector of wind-

velocity.

In Purser and Spearman [10] are shown the results of wind tun-
nel measurements of a yawed NACA 0012 wing having aspect ratio
A = 6 . These measurements were made by yaw angles 8 = 00, 150,
30°, 35°, 40°, 45°, 60°
ning from 0° to either maximum lift or o = 55° , which was

and 75° and angles of attack o run-

the highest. The angle of attack o is defined as the angle
between the chord of the considered strip and the local rela-
tive wind-velocity, and the yaw angle B is defined as the
angle between the length axis of the wing and the local rela-
tive wind-velocity (see fig.2a and 2b). By combining these
measurements with more qualitative information from the avail-
able literature (e.g. Hoerner [4], Hoerner [5] and Critzos [2],
airfoil data for all possible combinations of a and B8 for
a NACA 0012 wing were constructed in Sgrensen [12]. This idea
was based on Montgomerie [7] and G&ransson [3].

5. TRAJECTORIES FOR DETACHED BLADES OF THE PROJECT K WIND-
TURBINE

In the following some typical trajectories for detachment of

the so-called Project K turbine, which is presently under deve-

lopment, will be shown and explained, and a study of the sensi-

tivity of the trajectories to changes in the conditions, by

which the blade is detached, will be carried out.

The Project K turbine is characterised by the following proper-
ties:

Tower height: 60 m

Blade radius: 30 m

Neminel tipvelocity: 70 m/s

Generator size: 1.5 - 2,0 MW

Weight of a blade: ca. 8 tons
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In Sgrensen [12] it is shown that the maximum throw distance
for the K-turbine was obtained for detachment of the outer 1/3
of the blade. These calculations were carried out while the
rotor was running with 50% overspeed, corresponding to a tip-
TP - 100 m/s , and the blade was detached by an
azimuthal angle PHI = - 45° , where PHI is measured from

velocity V

topposition positive in the rotational direction of the rotor.

5.1 Description of the trajectories

To get an impression of the time/spatial motion of a detached
wing, the trajectory for a 1/3-K-blade is visualised on fig.3a
and 3b. The detached wing is projected on the x-z-plane and the
x-y-plane (see fig.1), and it is plotted every 0.2 sec. The
rotational velocity of the rotor and by this the initial rota-
tion of the detached wing is 0.53 revolutions pr. sec.

As seen from the figures, the rotation of the wing in the
initial state of the throw is relatively unaffected by the
aerodynamic forces, but when the wing approaches its maximal
height, the influence of the aerodynamic forces on the rota-
tion becomes more dominant, and in the final stage of the
throw the initial rotation is "eaten up" by the aerodynamic
forces, and the wing falls down with its heavy end directed
downwards.

In previous investigations (Pedersen et.al. [8]) trajectories
were calculated by use of a ballistic model, where the drag
coefficient was kept constant and the lift forces were ignered.
The problem of using this model was the lack of knowledge of
the mean drag coefficient and the consequence of ignoring the
1ift forces.

To get an impression of the magnitude of the mean drag coef-

ficient ¢ and the influence of the lift forces, the calcu-

D
lated trajectory of the 1/3-K wing is compared to the ballistic

calculated trajectories on fig.4a and 4b.

10 m/s,

- 0.0,

These calculations were made with a wind-velocity wu_ =
and comparisons were made for mean drag coefficients c
0.1, 0.2, 0.3 and 0.4.

D
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As seen by the trajectories, there is a relatively good agree-
ment between the two models when projected on the x-z-plane,
while the projection on the x-y-plane shows a bad agreement.
This latter is due to the fact, that the deviation in the wind
direction (y-direction) mainly is determined by lift forces,
which means that the ballistic model is insufficient in descri-
bing this motion.

Characteristic of the deviation in the wind direction is, that
it is determined in the initial stage of the throw. This indi-
cates, that the thrust and by this the initial angles of attack
are having a big influence on the predictlon of the final throw
distance. The mean drag coefficient was found to be approxi-
mately 0.25.

5.2 Sensitivity of trajectories and throw distances to changes
in the conditions, by which the blade is detached

When calculating risk level zones, it is important to determine
the parameters that significantly influence the prediction of
the throw distances. Obviously tipvelocity and azimuth position
of the blade plays the main role in the calculation of throw
distances. But other parameters may be of importance. In the
following the influence on the trajectories of the location of
the center line of gravity, the pitch angle and the wind-velo-
city will be investigated.

To investigate the influence of the location of the center line
of gravity, trajectories were calculated for a 1/3-K-wing
having different locations of the center line of gravity.

The outcome is shown on fig.5a and 5b. ¢ denotes the posi-

G
tion of the center line of gravity in percent of the chord

length, measured from the leading edge.

As seen on the figures, the location of the center line of
gravity are having a big influence on the trajectories and by
this on the prediction of the throw distances. It is charac-
teristic, that the closer the center line of gravity is located
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to the leading edge, the longer throw distances will be the
result.

The difference in the throw distances calculated with the
center line of gravity located on the middle chord (cG = 50%)
and with the center line of gravity located on the quarter
chord line (cG = 25%) is féund to be approximately 20%, while
the difference in the throw distances between the locations

Cg = 33% and Cg = 25% is negligible.

In general, the center line of gravity for blades of wind-
turbines is located between Cg ~© 25% and Cg = 35% , hence
a precise description of the location is not in general neces-

sary.

The pitch angle ep is defined as the angle between the tip
of a blade and the plane of the rotor. Gp is measured about

*
the z -axis (see fig.1), and it is positive counterclockwise.

As shown in chap.5.1, the dependency of the trajectories on
the thrust, at the time when the wing detaches, is relatively
big. This means, that the influence of the pitch angle on the
trajectories is also expected to be big.

on fig.6a and 6b trajectories for a 1/3-K wing, detached by
different pitch angles, are shown. The largest throw distance
is here obtained when Gp = - 10° , which is the pitch angle
where maximum thrust is obtained. When ep reaches a positive
value of a certain amount, the thrust changes sign, and the
blade detaches in the opposite direction of the wind direction.

This is seen on the figures for ep = 10° and ep = 20° .

In general, Gp is seen to have a big influence on the pre-

diction of throw distances.

on fig.7a and 7b trajectories for a 1/3-K wing, detached by
different wind-velocities, are shown. As seen on the figures,
the dependency of the throw distances on the wind-velocity is
far from negligible. Increasing wind-velocity results in
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increasing throw distances. This is due to the fact, that in-
creasing wind-velocity results in increasing thrust, at the
time when the wing detaches, and that the wind-velocity adds
an extra component to the relative velocity.

6. STATISTICAL MODELLING

In the following a statistical model, which gives the proba-
bility for a person being hit by a blade/blade-fragment, will
be described.

First we must determine under which circumstances a detach-
ment of a blade can take place. Here it is important to know
the wind-velocity, the wind direction, the azimuth position of
the blade, the pitch angle, the tip velocity and the position
of the break. This éombination gives an infinite amount of

possibilities.

To treat such a problem in a numerical/statistical way, we must
a priori freeze some of the parameters and let the others as-
sume a set of values, which must be weighted by their respec-
tive values of probability.

For every value of the parameters a throw distance is calcu-
lated. The throw distance is given as the distance between
the wind turbine and the point of impact, where the point of
impact is defined as the point where the center of gravity of
the wing hits the ground.

After hitting the ground the wreckages of the wing covers an
impact area about the point of impact. The impact area is de-
fined as the area where a person will be hit by the wreckages.

Totally, the calculated impact areas define a risk zone in
which the probability for a person being hit by the wreckages
is finite.

The outer limit of the risk zone is given as the maximum throw

distance of the detached wing plus the movement of the wreck-

ages.

The risk zone is divided into ring areas with an equal division.



19

For each throw a ratio is made between that part of the impact
area, which is covered be a certain ring, and the area of the

ring.

For a specific throw one gets the local probability for hit-
ting a person in a certain ring area, by multiplication of the
ratio by the probability values of the variable parameters

considered.

By summing up the local probability contributions for every
throw, one gets the risk for a person being hit by the wreck-
ages, as a function of that persons distance from the wind

turbine, provided that the probability of detachment is unity.

6.1 Prediction of risk levels

As m2ntioned above, many parameters have an influence on the
prediction of the risk level.

In the following, calculations will be made for a whole blade
and the outer one third blade part of a Project K wind turbine.

As we do not know at which tip velocity a break may occur,
calculations will be made for nominal tip velocity, appr. 50%
overspeed, 100% overspeed, and appr. 200% overspeed, correspon-
ding to 70 m/s, 100 m/s, 140 m/s and 200 m/s, respectively.

To limit the calculations we do not distinguish between diffe-
rent wind directions, and we specify a priori that the pitch
angle does not differ from that of normal operation, when the
blade breaks.

With these specifications, the calculations are made using the
wind-velocity and the azimuthal position of the blade as the
governing, variable parameters. Furthermore, we assume that the
possible operating conditions of the wind turbine is given by
the interval of wind-velocity: u_ € [7,5 m/s, 27,5 m/s], and
that it is sufficient to describe the influence of the wind
frequency distribution by considering 4 distinct wind-veloci-
ties, which all must be weighted by their relative probabili-
ties. By use of Windatlas for Denmark (Petersen et.al. [9])
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the relative probabilities a are determined as follows:

k
10 m/s v 039 = 0.74

(]
n

u = 15 m/s v ays = 0.21
u_ = 20 m/s n o0 = 0.03

u = 25 m/S'\l(Izs = 0.02

where each wind-velocity represents the interval:

u € [" 2-5 + um' uw + 2-5]

@

As the rotor turns, its azimuthal angle changes cyclically,
and we assume that equal probability will be obtained for a
break at all azimuthal angles. Now, we divide the plane of
the rotor into 16 sectors, where a single throw in a given
sector represents all possible throws at that specific sector.
The probability for detachment in a certain sector is then
1/16. By 4 different wind-velocities and 16 azimuthal posi-
tions, the probability distribution for a given detached
blade/blade-fragment, having a certain tip velocity, is repre-
sented by 64 throws.

In Sgrensen [13] it was shown that the impact area Ay v which
was approximated by a rectangel, could be expressed by the
following expression :

I 2 /s s 2
AN = 2(1.0 + Lmax) /sinv + 2(1.0 + Lmax)£'+2(1.0 +Lmax%6,1)

And the lenght of the impact area L,, could be expressed by :

N

. T
Ly = &+ §(1.0 + Ly )/sinv + 7(1.0 + Loax) (6.2)

Where Lmax is the distance from the center of gravity to

the farthest edge of the wing, v is the angle of impact and
2 is the displacement of the wreckages.

The displacement of the wreckages was estimated as follows :

2={ / (6.3)

25 m for R.>.75m
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R denotes the throw distance.

The expressions (6.1) and (6.2) was derived by assuming, that
the fall of the wing was connected by violent rotations, when
hitting the ground. As the actual rotation is limited, the as-
sumption is on the safe side.

On fig.8 the outer limit of the risk zones, as function of the
tip velocity, is shown for the whole blade and the one third
outer bladebpart of a Project K turbine. By interpolation be-
tween the two curves, the outer limit can be estimated for
detachment of any blade'fragment of the Project K turbine.

As seen on the figure, the maximum throw distance depend
highly on the tip velocity. If a whole blade detaches at Vorp
= 70 m/s, the outer limit of the risk zone is 120 m, and if

it detaches at Vorp = 200 m/s, the outer limit is 325 m. For
detachment of the one third outer blade part, the outer limit
of the r;sk zone is 360 m for Vorp © 70 m/s, and 780 m for

Vorp = 200 m/s. ‘

The probability distribution for detachment of the one third
blade fragment, as function of distance from the wind turbine,
is plotted for different tip velocities on fig.9. Similar
curves for detachment of a whole blade are shown on fig.10.
Close to the tower of the wind turbine the probability is rela-
tively high, and, as seen on the figures, the probabilities
exhibit both a local minimum and a local maximum.

To calculate the annual frequency of human damage, the results
shown on fig.9 and fig.10 must be multiplied by the annual fre-
quency of the considered event.

An evaluation of possible events of failures and a determina-
tion of the corresponding annual frequencies demands either an
analysis of the components of the wind turbine or an analysis
of experiences from actual failures. Such an evaluation was

outside the scope of the present work.
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First Observations of the
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Environmental impact at the GROWIAN site

At the GROWIAN site first investigations on environmental impact
by sound emission and TV interference were conducted. A short
glance on the wind generator's operation statistics shows that
only general observations were possible till now, because of
little operation time in real energy production conditions.

OPERATION STATISTICS 30.04.1984
Overall operation time (rotational) 70 h
at rated speed 60 h
connected to grid 14 h
Energy production 18000 kWh

1. Sound emission

In first observations of the subjective sound impression to the
human ear it was found that the noise from the rotor in idle
operation could be recognized 2008m in the downwind direction
and about 1000 m upwind. Infranoise was not observed. See
figure 1.

In partial power operation GROWIAN emits a noise frequency spec-
trum from 30 to 2000 Hz with a distinct peak at 200 Hz. This is
produced by the second stage of the three stage planetary gear

box. Full power noise tests were not conducted till now. Projections
however predict about 56 dBA at 3 MW power in a distance of 250 m

on the ground.

Data of structural noise in the steel nacelle provides figure 2.

O ————————
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2. TV Interference

In the field of electromagnetic interference first tests were
conducted by visual observation of a mobile TV set in the sur-
rounding of the WEC. The results were:

e 2 x vertical jump of picture per rotor rotation.

o Interference at vertical or horizontal rotorblade
position (depending on polarisation of the transmitter)

® Only shading effects, no reflection
e No interference on TV sound

o No ghosts or double images on TV screen

Figure 3 shows the areas with reception interference in the neigh-
bourhood of GROWIAN.

For the future intensive measurements of the field strengthof the
radio waves are planned.
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WIND TURBINE NOISE
Prediction Tools and Design Parameter Dependence
by

Staffan Meijer

ABSTRACT

A short description of some possible aerodynamic noise sources

is presented.

The influence of turbine design parameters (diameter, r.p.m.,
power etc.) on noise levels predicted by theoretical models
is discussed. One example is the possibility of running a
turbine with variable r.p.m., which will have great influence

on low as well as on high frequency noise emission.

Measurements of noise emission from the WECS at Maglarp Sweden

will be presented and compared to theoretical predictions.

Estimates of how the noise from this turbine can be lowered by

design parameter changes are presented.
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The Maglarp Wind Turbine

Number of Blades 2
Rotor Diameter 78 m
Tower Height 80 m
Rotational Speed €5 rpm
Rated Power 3 MW
Cut—in Wind Speed 5-7T m/s
Cut—out Wind Speed 21 m/s

Rated Wind Speed 14 m/s
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NOISE SOURCES

Low Frequency Noise Sources

Steady Blade Loading (Gutin Noise)
Incident Turbulence-Unsteady Loading Noise

Blade Tower Passage Noise

High Frequency Noise Sources

Turbulent Boundary Layer Trailing Edge Noise
Turbulent Wake Noise
Separated Flow Noise

Laminar Boundary Layer Self Noise

TBL-TE



dB REL,

Noise Measurements

42

1/3 Oclave Band Spectrum (Lin.)

Measurement point 120 m downwind

Wind velocity 7-8 m/s

THE MAGLARP

WIND TURBINE
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Background Noise Octave Band Spectrum

THE MAGLARP WIND TURBINE
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Pressure Signal

Measurement point 120 m downwind

Wind velocity 7-8 m/s
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Steady Blade Loading (Gutin Noise)

Computation of Gutin Noise

Simplifications

Blade forces projected to rotor plane

Blade thickness neglected

D« R

D Rotor diameter

R Distance to observer
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GUTIN NOISE FOR THE MAGLARP WIND TURBINE

Time signal at angle theta= B80.0 degrees where
the maximum sound pressure level is 69.4 dB

RPM = 25.0
Wind speed = 8.0 m/s
Distance = 0.1 km
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GUTIN NOISE FOR THE MAGLARP WIND TURBINE

Sound pressure level at angle theta= B0.0 degrees
for the Fourier components of the time signal

RPM = 25.0

Wind speed = 8.0 m/
Distance = 0.1 km
OASPL=0.663E+02 dB
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Incident Turbulence-Unsteady Loading Noise

Computation of Incident Turbulence Noise

Model of atmospheric turbulence

Linearized aerofoil response to a two—dimensional gust

Loading on different blade segments uncorrelated
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Sound pressure level in 1/3 octave band

RPM = 250
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OASPL~0B835E+02 dB
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Blade Tower Passage Noise
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Computation of Blade Tower Passage Noise

Description of tower wake

Calculation of unsteady blade loading

using linearized aerofoil theory

Far field sound calculation

Impulsive sound due to the pamsage of the
rolorblades through the tower wake

Towerradius = 18 m
Rotorradius = 390 m

Number of blades = 2

The blade force is calculated at 07T&xR
vwhere the chord s 200 m
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Tower—wake velocity deficit
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Time =ignal at a distance of 012 km from the rotar

RPM = £50
Wind speed = 75 m/s
Peak pressure = 0873E+02 dB
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Sound pressure level for the
Fourier components of the time =ignal

RPM = £60

Windspeed = 75 m/s
Distance to obsarver = 012 km
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Sound pressure level in 1/3 octave band

RPM = 250

Windspeed = 75 m/s
Distance to observer = 012 km

&5 60 89 128 39.%Y
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Parameter Influence on Noise Levels

Blade Tower Passage Noise

A Peak pressure=20%log((V—v)/(V—v)ref)+40xlog(N/Nref)+

+60xlog(D/Dref)+13xlog(C/Cref)—12xlog(l/1ref)

TBL—TE Noise

Peak frequency at : fxd/U=St=0.3

Flat plate boundary layer —* d=257*CxCbp

£=0.12%xU /(C*Cp)

A Lw=10xlog(n*C*DxCp )+50xlog(U)

B Q@ A = ¥ Q U 22 < <

2 <

Lw

Wind velocity

Tower wake welocity

"Rotational speed

Rotor diameter

Blade chord at 70% radius

Tower wake width

Frequency

Trailing edge boundary layer thickness
Blade drag coefficient

Number of blades

Blade velocity at 70% radius

Strouhal number

Overall sound power level
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Correction of dBA values for background noise.

Suggestion: A L=40xlog(V/5)

v Wind speed at height 10 m.
Measured sound levels at different wind speeds
dBA
100
90 |-
80
70
60 |
50
40 |¢
30 A_~ Height m
20 p4—t+—t—tr—1 4+ + 1 1.5
1 2 5 10
10
2 5 10 20
180
2 5 10 20

Wind speed m/s

A = Self noise in Briiel & Kjaer microphone plus wind screen
UA 0207. Height 1.5 m

B = Close to vegetation. Ref. [20]
C = Open terrain. Ref. [21]). Probably at 20 m height -
D = Mixed: open terrain and forest. Ref. [4])

E = Close to trees. Ref. [22]). Rustling of leaves
F = Open terrain. Ref. [23]

G = Possible choice for "Lowest Background Level"
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Running Maglarp With Variable RPM

V80> 11 m/s RPM=25

vVe80< 11 m/s Constant tipspeed ratio
V80  Wind speed at hé‘ight, 80 m

Increase in energy production 2 %
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—— Suggested correction to dBA value for background level
______ TBL-TE noise level .Variable RPM operation

— — - Blade tower passage noise level . Variable RPM operation
........... Constant RPM operation —°

B .
N
8
B .

5 7 8 1 13 15 1
V80 m/s
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Conclusions

1 Prediction tools for blade tower passage noise seems to

predict noise emission reasonably well

2. Prediction tools for high frequency noise are not sufficlent

3. Reliable noise measurements for different machines are needed

4. It is important to take background noise levels into account
when noise criteria are decided

5. Noise emission is highly dependent on rotational speed and
running a turbine with variable rpm will lower the noise

emission for low wind speeds
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Environmental aspects of large-scale
wind-power systems in the UK

A. Robson

Indexing terms:

Wind power, Noise and interference. Environmental aspects

Abstract: Environmental issues relating 1o the introduction of large, MW-scale wind turbines at land-based
sites in the UK are discussed. Areas of interest include noise. television interference, hazards to bird life and
visual effects. A number of areas of uncertainty are identified, but enough is known from experience elsewhere in
the world to enable the first UK machines to be introduced in a safe and environementally acceptable manner.
Research currently under way will serve to establish siting criteria more clearly, and could significantly increase
the potential wind-energy resource. Certain studies of the comparative risk of energy systems are shown to be

overpessimistic for UK wind turbines.

1 Introduction

Wind power is generally seen to be a clean and benign
source of energy conferring little risk and substantial bene-
fits, once installed, in the way of ‘frec’ fuel. There is some
awareness of possible problems following publicity over
noise from certain types of machine in the USA, but, in the
main, wind energy maintains the cosy image of the tradi-
tional Dutch-style windmill. Not so much a machine, as a
homely looking structure which supplies the very bread we
cat.

There is an enormous demand for electricity in an
industrialised country such as the UK, and it is impossible
to meet this without some environmental impact, whatever
form the fuel may take. Wind power, although potentially
a large energy resource, is a very dilute form of energy.
Thus, wind turbines for electricity generation will have to
be very big, and we will need many of them if they are
going to be exploited seriously for electricity generation.
*Big’ implies towers which are perhaps 200-260 ft overall
height, with moving blades up to 300 ft across. It would
need of the order of 650 such machines to supply elec-
tricity for | million people.

Given this scale of operation it is not surprising that
wind cnergy is being approached by electricity utilities in a
manner  just  as  rigorous, economically and
environmentally, as that applied to any large fossil or
nuclear power station. One big advantage of wind over
other fuels is that machines can be introduced one by one
in relatively small energy units, so there is scope for learn-
ing as the programme develops.

One method of diminishing the general obtrusiveness of
wind turbines it to locate machines in coastal waters and
bring the power back to land by cable. However, engi-
neering and maintenance difficulties add cost penalties to
this approach, and the prospects for land-based turbines
are well worth investigating. This paper will concentrate
on the environmental aspects of these machines. Long-
term prospects in the UK depend to a great extent on
public reaction to the large machines which are planned to
be installed in the next few years. The range of potential
effects on the physical senses and the environment are dis-
cussed, in turn, in the following Sections.

2 Electromagnetic interference

Interference with television and other electromagnetic
communication systems is a possibility with wind turbines,
as it is with other tall structures. Because of this, positions
within 100 m [1], and possibly as much as 1 km 2], of the
line of sight between microwave communication links wilt
have to be avoided as wind-turbine sites.

As far as the general public is concerned, it is impair-
ment of TV picture quality which would impinge most of
their awareness. Possible forward- and back-scatter tele-
vision interference has been discussed by Sengupta and
Senior [3]. The former produces varying brightness within
a narrow sector behind the wind turbine. The latter is
manifested over a wider angle, mainly to the side of the
turbine and back towards the transmitter. Ghost images
are produced, their intensity modulated by turbine blade
movement. Directional receiving aerials can be used to
reduce the possibility of scattered images, as discussed by
Cavcey and Lee [4].

TV interference is most likely in areas where there is a
weak signal because of the distance from the transmitter,
where existing reception is none too good because of sur-
rounding hills and where the wind turbine is exposed in a
good position to receive and scatter interfering signals.
Time lags between scattered and direct signals contribute
to the noticeability of scattered images.

Degree of impairment of a TV signal has been classified
on a five-grade scale by the Comité Consultative Interna-
tional des Radio-Communications (CCIR) [5]. Grades
range from imperceptible (grade 5) through perceptible but
not annoying (grade 4) to slightly annoying (grade 3),
annoying (grade 2) and very annoying (grade 1). Depen-
ding on time delays and existing reception conditions, a
wind-turbine-induced change in grade could lead to the
necessity for remedial measures. The CEGB seeks the
advice and co-operation of the British Broadcasting Cor-
poration in assessing such effects. Potential protective
measures, in addition to directional aerials, include relay
stations and wired systems.

The area around the Burgar Hill site for the MW-scale
wind turbine to be installed by the North of Scotland
Hydro-Electric Board has been identified as being suscep-
tible to interference, partly because of the borderline
quality of the existing reception [6]. Following tests
around the CEGB machine sites at Carmarthen Bay
(installed) and Richborough (planned), it is considered



unlikely that these installations will cause problems (Black
[7]). although TV reception tests will be carried out after
installation to confirm this conclusion. For planning pur-
poses, Eaton et al. [6] describe a method for estimating
interference when measurements are not available. It can
also be used for initial estimates of the effect of several
machines. .

Areas close to transmitting stations require special care.
Studies in the Netherlands [1] suggest that an area of
about 6 km radius around a broadcast transmitting
antenna should be kept free of large reflecting obstacles,
otherwise the antenna pattern is distorted.

3 Noise

3.1 Noise generation and progagation

Wind-turbine noise depends on machine power and size. It
falls into two distinct categories. Enough is known about
each category to be able to determine the minimum
separation distance between a turbine and nearby housing
necessary to avoid nuisance to the public. A margin is
incorporated into these calculations to cover areas of
uncertainty, such as the masking effect of local wind-
generated background noise. When the uncertainties have
been resolved, it may be possible to locate wind turbines
closer to houses than would be considered appropriate at
present.

The first noise category is mechanical noise from the
generating equipment, gear box and linkages, which is con-
siderable by conventional sound-proofing techniques.

The second type of noise is acrodynamic in nature,
produced by blade motion, and is less amenable to treat-
ment by conventional methods. One component of this is
broadband noise, which ranges up to several kilohertz and
produces a rhythmic ‘swishing’ sound. The other com-
ponent has led to public complaint in the USA and is very-
low-frequency noise and infrasound. The latter comprises
pressures changes which fall below the normal detection
limit for the human ear, at some 16-20 Hz, but, neverthe-
less, can induce adverse symptoms in susceptible individ-
uals and lead to complaints. These low-frequency (LF)
vibrations propagate particularly well through the atmos-
phere, and have been known to cause uncomfortable res-
onance effects in buildings several kilometres away.
‘Thumping’ noises are reported, particularly inside rooms
which have a window facing the turbine. The problem is
associated with the type of HAWT which has blades
mounted downwind of the tower, so that they periodically
chop through the tower wake. Kelley et al. [8] suggest that
community annoyance by LF vibration is unlikely to arise
if peak coherent radiation, at a distance of 1.5 rotor diam-
eters, is simultaneously at or below 55-65 and 45-55 dB
sound pressure levels in the 8 and 16 Hz octave bands, and
under 35-45 dB in the 31.5 and 63 Hz bands.

The majority of wind turbines are horizontal-axis
devices with upwind rotors. In this case the low-frequency
noise does not occur to the same extent, and the broad-
band noise is also of interest. A source of noise on rotors
with tip pitch control will be vortices shed at the junction
with the main blade. Noise levels observed around one of
these machines, the USA MOD-2 25 MW system,
amounted to about 65 dB(A) at 130 m [9] corresponding
to about 55 dB(A) at 400 m (wind speeds = 7.6-13.4 m/s).
Local factors which influence noise propagation are verti-
cal temperature and wind-speed gradients, diffraction by
obstacles and absorption at the ground. Wind speeds
increasing with height, as they normally do, tend to bend
the propagation path; upwards upwind and downwards
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downwind. Thomson [10] stresses the importance of
meteorological factors and the desirability of simultaneous
measurement of these in propagation experiments.
Meteorological changes in the first few kilometres of the
atmosphere have been found to produce noise shadow
zones or enhancements of sound pressure level at distances
of up to 15 km from the source. A useful general computer
program for predicting noise propagation is discussed by
Marsh [11].

3.2 Noise measurement, analysis and assessment

Wind turbines raise special problems for noise measure-
ment and nuisance assessment due to the special character
of the noise spectrum, the extra background noise pro-
duced by the wind and the problems of identifying a ran-
domly varying sound source, the turbine, against this
randomly varying background.

Traditionally, noise measurements for assessment of
public complaint involve recording of sound pressure
levels (SPLs) integrated across a standardised bandwidth,
such as the octave filter band and weighted (as with dB(A))
so that the parameter recorded will be indicative of human
response. Used in this way the measurement attempts to
incorporate two effects, i.e. the physical response of the ear
to pressure changes and the reaction of the individual to
these sensations. For wind turbines these standard weight-
ings may not be completely appropriate.

Impressed sounds are most noticeable when back-
ground noise is low, so potential community nuisance is
often assessed relative to some fairly low background level,
such as Lys, the noise level exceeded 95% of the time at
the location concerned. Such levels are likely to occur at
night, when noise generating activities are low and winds
tend to be light. Since wind turbines operate in relatively
strong winds, special evaluation problems are posed rela-
ting to the maskmg effects of background noise.

Wind-noise background SPLs and spectra are influ-
enced by local buildings and vegetation. Noise around
trees and bushes depends on the number and relative loca-
tion of specimens and varies seasonally with leaf cover.’
Sites close to the sea shore pick up wave noise, which is
very dependent on wind speed. Rainfall noise is inter-
mittent, depends on the nature of the local surface and will
be louder if the rain is wind driven. Soderquist [12]
reports differences of about 15 dB(A) between open sites
and positions close to trees (no rain). At all sites, noise
increased by about 12 dB(A) for every doubling of wind
speed above 5 m/s, and it was suggested that permissible
wind-turbine noise levels should be increased systemati-'
cally to allow for this effect. Miller [13] produced nomo-
grams for deriving ‘A’ weighted sound levels in the open,
or around trees during rainy, windy weather. Noise
increased by 22 dB(A) as rainfall changed from 0.02 to 3.2
c¢m/h and wind speed from 0 to 16 km/h.

Another problem in this type of study is noise induced
in the measuring system microphone. Standard “wind-
shields are supplied for fitting to microphones, but they
have limited value in high winds and additional measures
are under investigation. Possibilities include mounting
microphones closer to the ground, where wind speeds are:
lower, or above an artificially smooth surface. Advantages
of the order of 10 dB(A) seem possible [14]. Electronic
compensation (cross-correlation methods) using more than
one microphone are another possibility.

The best method of collecting data for a wide range of
wind speeds is to leave a recording system at a fixed site
for an appropriate length of time (days—months). If wind
direction is recorded, turbine noise directivity can also be



assessed, since the horizontal-axis turbine rotates to follow
the wind direction. A system of this type has becn devel-
oped by Nairne [14] for measurements of background and
machine noise at CEGB wind-turbine sites. This approach
contrasts with the usual method, i.e. making occasional
visits to a site to take a series of measurements, each a few
minutes long, at a number of points around the noise
source. The operational difficulties of covering a com-
prehensive range of wind speeds in this way are apparent,
though it has the advantage that mains power supplies are
not needed.

The CEGB system uses two commercially available
outdoor microphone units, one (2-50 Hz) for infrasonic
noise and the other for broadband noise (50-10000 Hz).
The use of two channels was found necessary to accommo-
date the large signal dynamic range (approximately 60 dB)
produced in this wide frequency band over the range of
wind speeds of interest.

In order to optimise data collection, the system employs
a microsampling technique controlled by a micro-
processor, which is capable of controlling sample rate
dependent upon other input parameters: in this case wind
speed. For wind-related background-noise measurements
it transpired that samples of 10 s duration at a rate of 1
per hour below 5 m/s wind speed and 6 per hour at higher
speeds produced a sufficient spread of data points to be
statistically significant. For each sample, analogue noise
recordings are obtained together with digital data of noise
(in dB(A) terms), wind speed and direction, machine yaw
angle (i.e. deviation from wind dircction), rotor speed and
electrical load, to investigate the noise emission character-
istics from the aerogenerator. Both analogue and digital
data are stored on magnetic tape for subsequent spectral
and statistical analyses.

So far, noise background data has been recorded at two
locations: one near a building and one over open grass-
land near the CEGB's experimental wind turbine at Car-
marthen Bay [15). Some very interesting results have been
obtained. Background varied by about 30 dB(A) over wind
speeds of 3—-15 m/s, which is the operating range of the
wind turbine. Human activity at this location appears to
dominate noise SPL below wind speeds of 6 m/s, but
winds control the background noise above that speed.
Both sonic and infrasonic records showed background
sound levels can vary significantly at, ostensibly, the same
wind speed. Standard deviations of 10 s samples ranged
from 8 dB(A) at low speeds (3.5 m/s) to dB(A) at high
speeds (11 m/s).

For siting calculations it is necessary to establish the
audibility of wind-turbine noise. Some noise sources have
particular tonal characteristics which make them especially
noticeable to thc human car, although there are differences
from person to person. It is possible that the rhythmic
variation of wind-turbine noise falls into this category.
Stephens et «al. [16] determined detection thresholds for
low-frequency impulsive noise and broadband noise, con-
firming that detectability could not be predicted on the
basis of overall measures such as dB(A). Because of ampli-
tude modulation, the broadband noise from the MOD-2
machine was identified by human observers in any one-
third octave band at a signal/noise ratio of 0 dB. Detection
thresholds were established, but the usefulness of the data
may be limited to situations where background noise
spectra are similar to the two used in the study. The role of
differential cognitive responses to noise has led Benton and
Leventhall [17] to question the traditional noise assess-
ment criteria. This is particularly relevant for low-intensity
noise sources.
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The degree of uncertainty in this and other arcas does
not mean that wind turbines cannot be located with a high
degree of confidence at present, since a safe margin can be
estimated from early machines. As the uncertainty is
removed, with more research, it should be possible to posi-
tion machines closer to residences than can be proved to
be acceptable at present. This could increase the available
wind resource significantly.

Another topic currently being debated concerns the best
way to categorise noise emission from wind turbulences.
Normally. the sound pressure level, or derived sound
power level, at a radius not too far from the source would
be reported. The variable character of wind-turbine and
wind-induced background noise, however, means that
averaged noise data may be of limited value for assessment
purposes. Nairne [15] suggests that wind-turbine noise
reports should include a measure of the noise variability as
well as average values at a given average wind speed.

4 Visual effects'

Megawatt generating wind turbines are large structures
which would be visible over a wide area in some locations.
Blade rotation will make them particularly noticeable. It is
generally accepted, e.g. Sorensen [18] and Taylor [19],
that machine design and the way they relate to their sur-
roundings are important factors with regard to their
acceptability as part of our environment.

The traditional Dutch style of windmill was favoured by
the public in an American study [20], but is not suitable
for efficient large-scale machines. In practice, these are
much more slender and ‘technological’ in appearance,
though this does not mean that they are necessarily inele-
gant or unappealing to the eye.

A variety of characteristics can be adjusted to modify
the visual effects of wind turbines including, and possibly
depending on, the landscape in which they are set. Design
or siting considerations relevant to individual machines
are scale, shape, colour pattern, rotation speed, reflectance
of blade materials and how close the observer stands.
Technical constraints will, of course, place a limit on how
much some of these can be modified, but current design
management, integrating the contribution of the individual
designer with the technical engineering development,
should result in a satisfactory aerodynamic design aes-
thetic. In an array of turbines the number of machines per
group can be varied as well as separation distances, indi-
vidually and between groups, and layout pattern. There
may also be scope for screening sensitive vantage points if
the local landscape does not contain enough screening ele-
ments.

Dearden [21] suggests that the general public can play
a useful role in judging the relative merits of different land-
scapes. A certain amount of assessment work along these
lines for landscapes with wind turbines has been carried
out in the USA and Scandinavia using simulation
methods. Turbine blade rotation needs to be taken into
account, and an effective, and relatively cheap, simulation
technique for close-up pictures, i.e. from a few hundred
metres, is to film a working model placed close to the
camera but against a real landscape [22]. To simulate
wind turbines as seen from greater distances, video record-
ings of models have been electronically mixed into video
films of different landscapes.

Swedish researchers [1] using simulation, together with
other methods, defined zones of decreasing visual effect at
increasing distances from a large wind turbine. Machines
were particularly intrusive at distances up to about three
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times their height. They also dominated a sector of the
field of vision at distances up to ten times their height. At
longer distances machines were noticeable but perceived as
belonging to the distant landscape. In theory, they are
visible at very long range, e.g. 40 km for a 100 m turbine,
but, in practice, visibility is frequently restricted by topog-
raphy, vegetation and weather. Techniques employing
digital computers and photogrammetric methods from
aerial photography [23] are available for delineating areas
from which a particular structure would be visible.

The experiments confirm that large wind turbines are
more acceptable in some landscapes than others. In the
USA wind energy was perceived by the general public as a
clean energy source which should be encouraged as a
matter of principle. Areas considered ‘scenic’ were there-
fore not necessarily excluded as turbine locations [20].
Open landscapes are more sensitive to visual intrusion
than more enclosed or obstructed areas, but the Scandina-
vian work suggests that a landscape where wind power
dominates without restriction may still be tolerated,
having been re-evaluated by observers as a ‘wind-power
landscape’ [1]. It is not clear how far these judgements
reflect national geographical and sociological character-
istics which limit their relevance in other countries. No
information is reported on attitudes to colour, pattern and
so forth for individual machines.

A case study for an array of 16 machines on the island
of Gotland [24] considered conflicts with various preser-
vation, residential and land-use interests, including visual
aspects, for nine candidate sites. A coastal location was
eventually favoured, machines being placed in two lines
along a strip of land 4 km long and running parallel to the
shore lines.

5 Bird life

All structures represent a potential collision hazard to bird
life. Accidents involving large numbers of birds arise
mainly in bad weather and around buildings or towers
which support searchlight beams, such as lighthouses or
airport ‘ceilometer’ towers. Strong lights appear to attract
and disorientate migrating birds, and the deaths of large
numbers have been reported [25]. There are several
reasons why wind turbines are unlikely to produce such
extreme effects, and experience to date supports this case.
Local birds quickly identify new obstacles in their terri-
tory, and migrating wildfowl normally fly much higher
than the tallest turbines envisaged. Migrating songbirds fly
at lower altitudes, though still above turbine height. The
risk of strikes is greatest when bad weather or low cloud
force birds to fly lower than normal, although birds will
usually choose good anticyclonic weather with clear skies
for crossing areas such as the English Channel or North
Sea [26]. There have been no recorded incidents of signifi-
cant bird deaths at any large wind turbine to date.

Avery [27] concluded that small, steady losses due to
collisions with ubiquitous objects are of far greater overall
magnitude than episodic losses of birds at tall structures.

To investigate wind-turbine effects in more detail,
American researchers [25] observed a small sample of
birds approaching a turbine some 50 m tall. Two-thirds of
these took avoiding action, the other one-third traversed
the swept area without harm. Sorensen [18] suggests that
blade movement will make turbines more noticeable than
similar large structures to birds, making it relatively easy
for them to take avoiding action.

The CEGB has adopted a policy of surveying early
wind-turbine sites to confirm that bird-strike effects are

indeed small. The site of the first operational machine, the
200 kW 24 m diameter blade machine at Carmarthen Bay,
is being surveyed regularly by a local ornithologist as
agreed with the Nature Conservancy Council. The bay
area is acknowledged as important because of its widely
dispersed population of seaducks and estuarine wildfowl,
waders and other birds [28]. No dead birds have been
reported to date, although the period when the blades have
been turning has been very limited because of operational
problems. Similar arrangements are being made, via the
Royal Society for Protection of Birds, for the machine of
up to 4 MW and up to 90 m diameter blades for which
statutory approval is being sought at Richborough in
Kent. The nearby Pegwell Bay and the Stour river valley
are seen as important landfall sites for migrating birds.
Surveys of this type have to account for scavenging effects,
since foxes and other scavengers soon discover new food
sources in their locality. After an initial learning period the
amount of scavenging can be related roughly to the time
interval between survey visits.

Apart from being bigger than the Carmarthen Bay
machine, the Richborough turbine will be located fairly
close to the river Stour, which may be used as a bird
migration route. Studies of bird collisions with overhead
power lines have shown that they increase close to out-
standing navigational features [27]. For this reason Rich-
borough is, potentially, a relatively sensitive site. Effects

Fig. 1
Richborough Power Station

Typical megawatt-scale wind turbine on the proposed site at

In this case, two additional masts are included to carry wind-measuring equipment
for research purposes.

are still expected to be small, but the position will not be
quantified until surveys have run for some time. A two-
year survey programme is planned which should also
provide data of value to future assessments.

6 Risk

Risks to people and property from projectiles and broken
blade fragments are discussed by Ainslie et al. [29]. The
wider issue of risks to workers and public due to provision,
operation and maintenance of wind turbines has been the
subject of a number of reports in the field of comparative
risk analysis. Space limits the amount of discussion pos-
sible here, but the technique has been widely promoted as
a process for making decision on safety matters in the
energy industries and elsewhere. A Royal Society Study
Group [30] has endorsed the basic approach, but pointed
out that risk estimation is an inexact process of prediction.
Risk analyses provide a useful input to the decision
making process, but there is still a considerable role for
political judgment that combines expedience with equity.
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Data quoted for developing technologies such as wind
power are likely 10 be particularly speculative. This can be
illustrated by considering the various estimates for wind
and other energy sources published by Inhaber [31-33],
which have been strongly criticised by Holdren et al. [34]
and others. Inhaber combines morbidity and mortality esti-
mates to yicld man days lost per megawatt year net output
of electricity for different modes of generation. The anal-
ysis for wind power incorporates the impact of producing
and transporting turbine materials. Estimated effects had
been falling steadily from a range of 900-220 man days
lost/MWy in November 1978 [31] to about 120-40 in
November 1979 [32] and 90-28 at a meeting in November
1980 [33], i.e. an order of magnitude decrease in 2 years.
As with risk estimates in other areas, it should be remem-
bered that the range of values are not error bars in an
empirical sense, but reflect a range of assumptions about
factors such as ‘how much concrete is needed? as well as
estimated health impacts (a controversial field) and indus-
trial and public accident statistics for the USA, not the
UK.

Morris [35] considers that the 1978 estimate of the
upper limit was high by a factor of 29 for worker days lost
and by a factor of 930 for public days lost. This implies
that November 1980 data are still too high. Consideration
of a few areas where UK data is available confirms that
this is certainly the case for UK wind turbines. For
example:

(a) the estimated annual load factor was increased from
14 [32] to 20% [33]. but this is still less than likely values
for UK lowland sites, i.c. 20-30% [36]

{h) machine lifetime is taken to be 20 ycars, whereas
CEGB [37] assume 25 years for MW-scale machines and
would aim to extend this period

{¢) a proportion of the risk is due to air pollution from
production of materials for the turbines or their associated
backup or storage systems and from traffic accidents
arising from movement of these materials. Inhaber’s values
for rail traffic are based on statistics for North America,
which give risks up to an order of magnitude higher than
the UK rail freight system. This is because of the better
safety record of the latter and the shorter journeys
involved on average in the UK. Estimates of air pollution
cffects vary widely. For example, values in the literature for
deaths/GWy due to coal-fired electricity gencrating plant
vary from 0 to 100 or more. UK reviewers Ferguson [38]
and Cohen [39] favour zero or near zero values, whereas
Inhaber [32] assumes 32 to 95 on the basis of American
epidemilogical work which does not allow for a health
damage threshold

{d) UK estimates of material requirements, 75 metric
tons/MW, are only 70% of these used by Inhaber [33]

(¢) backup system and storage account for about 62.5
and 3.5%. respectively, of the estimated wind-energy risk
[33]. The CEGB already operates a large fully interlinked
electricity network, which has a net capability of about
55000 MW and meets most of the clectricity demand for
England and Wales. Additional links are currently being
installed across to France. On such a system the addition
of a MW-size wind turbine is a marginal, in fact very mar-
ginal, activity and wind power is likely to remain marginal
in this sense for a considerable time. Storage needs are
considered negligible and backup plant to cover common
mode unavailability, due to light winds over a wide area,
exists already. Thus any additional risks on this account
can be ignored. reducing the lowest Inhaber estimate by a
further 65%.

The combined effect of these corrections, even ignoring

those under (¢) above, is to reduce the lowest Inhaber esti-
mate by almost an order of magnitude.

This illustrates the uncertainties in risk analyses and the
dangers of taking figures from one study out of context. A
much more promising technique than risk analysis is that
of decision analysis as recommended by Watson [40] in
the UK, building on the work of Howard [41] and others
[42] at Stanford Research Institute in the USA.

The problem structuring employed in this methodology
helps to clarify the issues involved, and it is possible to
consider subjective judgments of risk levels as well as
actual risk data. Cost-benefit elements are incorporated,
and concepts such as ‘opportunity costs’ can be applied in
both economic and safety spheres, i.e. how else would
capital be invested, or what other health risks would be
experienced by workers and public, if some alternative
developments were carried out instead of a wind-power
development?

The overall aim, whatever method is adopted, should be
an energy system which has an impact judged acceptably
low for that system, taking into account special features
such as long-term fuel costs or resource availability. The
Royal Socicty Study Group offer guidelines on risk accept-
ability, but stress that it is not possible to set universal
critcria. From the regulatory point of view, each case must
be regarded on its merits, and significantly different quan-
titative guidelines might well apply to different situations
[30].

7 Conclusions

Enough is known about large wind turbines for them to be
sited in a safe and environmentally acceptable manner on
a limited scale on land in the UK.

Various research and development studies currently
underway, plus experience with the first few machines, will
help to establish the size of the land-based wind resource
and for prospects for its wider utilisation by the electricity
supply industry. The CEGB will spend time and effort to
achieve an acceptably low environmental impact for wind
turbines, but some intrusion on human activities or eco-
logical conditions is to be expected, as it is with all types of
clectricity generation. At the end of the day it will be for
the statutory organisations, environmental interest groups,
the wider public and ultimately the Secretary of State for
Energy, to judge whether this degree of intrusion is accept-
able or not, hopefully bearing in mind the benefits of the
electricity supplied.
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CENTRAL ELECTRICITY GENERATING BOARD
SOUTH WESTERN REGION
SCIENTIFIC SERVICES DEPARTMENT

A PROGRAMMABLE AUTOMATIC NOISE DATA AND OTHER RELATED PARAMATER
AQQUISITION SYSTEM (PANDORA)

by P J Nairne and M R Burt
SUMMARY

The study of noise emissions fram Board installations often requires the
expenditure of considerable time and effort due to the vagaries of the weather,
operational uncertainties, interference fram cother sources and the need to
collect large quantities of data in order to describe noise enviromments in
statistical terms.

A microprocessor controlled sampling system has been developed and utilised

in field studies which permits the unattended collection of noise and other
related data, in digital and analogue formats, within programmable limits using
a range of control parameters. This report describes the capabilities of the
system with examples of its use and also indicates appropriate analysis
methods.

The major advantages of this system (PANDORA) over cammercial "environmental
analysers" are the availability of analogue noise signals for source
discrimination, synchronised measurement of several parameters to study
relationships and the concentration of data collection during appropriate
periods.
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INTRODUCTION

Many noise problems associated with the Board's Power Stations and
Transmission Systems require the collection of considerable quantities

of data to establish the statistical variation of noise emission levels.
Others require measurements to describe noise envirorments associated

with particular operations, the timing of which cannot be precisely
planned, or noise characteristics which are highly dependent upon climatic
conditions.

In the past, this has meant that staff using portable measuring and
recording equipment have spent long periods of time on sites awaiting
particular events or suitable weather conditions. Due to the perverse
nature of the British climate and the complexities of Board operations,
this often meant that much valuable time and effort were wasted. This,
together with the more stringent nature of noise legislation, led SWR-
SSD to consider more suitable, automated methods of gathering noise data,
see refs (1), (2), (3) and (4). Other organisations and instrument
manufacturers were also aware of this situation and over the past few
years a number of digital sound level measurement systems have become
available. However, most of these systems have been designed with
particular noise sources in mind (e.g traffic and aircraft noise) and tend
to provide aggregated statistical data in a block format at prescribed
times. Because, in most Board noise investigations it is necessary to
discriminate between the contribution from our own and other noise
sources, it was considered necessary to utilise analogue data, in addition
to digital data, to permit aural and/or spectral analysis of the noise
enviromment. In addition, "microsampling” techniques (i.e data only
collected for a fraction of the total time) were employed to minimise data
collection and consequent analysis effort.

The first generation of unattended noise measuring equipment were basic
"microsampling" systems where timing was controlled by synchronous clocks
which actuated tape and chart recorders via a series of relays. Later,
simple triggering circuits were added to provide a further control
parameter. With the advent of more powerful and cheaper microprocessor
technology, the logical development was to employ such techniques in a
noise measurement system which could be left unattended for long periods
and which could be programmed to collect relevant data for a wide variety
of noise envirorment investigations. The system which resulted from
several years of development and use in a number of field investigations
is described below. It has become known as PANDORA (Programmable
Automatic Noise Data and Other Related Paramater Acquisition system).

FUNCTIONAL CAPABILITY

In general terms, the function of the measurement system is the unattended
collection of noise level data (and other related parameters) in digital
and analogue form. Additionally, the system can be programmed to operate
during preferred times or when certain conditions prevail.

General views of the microprocessor console are shown in Fig.l and a
simplified schematic diagram of the system is shown in Figure 2. This
illustrates that upto eight analogue input signals can be accepted which,
after signal conditioning, are available for a<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>