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The objective of the present paper is to present an overview of LFN characteristics of modern MW turbines based on numerical
simulations. Typical sizes of modern turbines are from 1-3 MW nominal generator power and a rotor diameter ranging from 80-100 m
but larger prototypes up to 5 MW and with a rotor diameter of 126 m have now been installed. The numerical investigations comprise
the common upwind rotor concept but also the turbines with a downwind rotor are considered. The reason to include the downwind
rotor concept is that this turbine design has some advantages which could lead to future competitive designs compared with the upwind
threebladed rotor. The simulation package comprises an aeroelastic time simulation code HAWC2 and an acoustic low frequency noise
(LFN) prediction model. Computed time traces of rotor thrust and rotor torque from the aeroelastic model are input to the acoustic
model which computes the sound pressure level (SPL) at a specified distance from the turbine. The influences on LFN on a number of
turbine design parameters are investigated and the position of the rotor relative to the tower (upwind or downwind rotor) is found to
be the most important design parameter. For an upwind rotor the LFN levels are so low that it should not cause annoyance of
neighbouring people. Important turbine design parameters with strong influence on LFN are the blade tip speed and the distance

between rotor and tower.

1. INTRODUCTION

Today, thousands of wind turbines are installed per year worldwide. Typical sizes are
from 1-3 MW nominal generator power and a rotor diameter ranging from 80-100
m but larger prototypes up to S MW and with a rotor diameter of 126 m have now
been installed. One of the environmental issues is broadband noise from the rotors.
This is typically noise from turbulent inflow and from the turbulent boundary layer
at the trailing edge. However, recently there has been some concern on the level of
low frequency noise (LFN) generated from these big installations.

In the early stage (around 1980-1990) of development of modern wind turbines,
low frequency noise was experienced on the MOD-1 2 MW turbine! and other
downwind turbines in US? as well as on the 3 MW Maglarp turbine in Sweden>. On
all turbines the noise generation was linked to the blade passing the unsteady wake
behind the tower, Figure 1, which for the Swedish turbine was a tubular tower,
whereas the MOD-1 turbine had a lattice tower with four main poles.

A summary of the low frequency noise results from 8 different turbines in US
was presented by Sheperd and Hubbard?. They also present measurements of low
frequency noise from two turbines with an upwind rotor and with a diameter of 43
m and 95 m, respectively. The SPL level for the two turbines is considerably lower
than for the downwind rotors and is described has caused by irregularities in the
inflow to the turbines such as terrain effects.

The objective of the present paper is to present an overview of LFN
characteristics of modern MW turbines based on numerical simulations. The
investigations will comprise the common upwind rotor concept but also the
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Figure 1. The disturbed flow behind the tower results in highly unsteady
aerodynamic blade forces which in the final end is the main cause of
low fiequency noise (illustration from Wagner?).

turbines with a downwind rotor will be included although this concept, as
mentioned above, is known to generate LFN at a level that can cause annoyance to
people living in the neighbourhood of the turbines. The reason to include the
downwind rotor concept is that this turbine design has some advantages which
could lead to future competitive designs compared with the upwind, three-bladed
rotor. One of the main advantages of the downwind two-bladed rotor is that the use
of a teetering hinge between the blades and the rotor shaft can effectively reduce the
bending moments transferred to the shaft when compared with a rotor with a stiff
hub. Finally, a free yawing or high flexible yawing rotor concept is easier to obtain
on a downwind rotor due to the restoring yaw moment from the rotor thrust.

The organization of the paper is such that the model complex for simulations of
LFN is first described. Then follows a section with results illustrating the quite
different LFN characteristics of upwind and downwind rotors. More results
illustrating the influence of different design parameters on LFN for downwind
rotors are then presented and finally some conclusions are drawn.

2. THE SIMULATION MODEL COMPLEX
2.1 THE AEROACOUSTIC MODEL
The research in US on low frequency noise from wind turbines performed in the
period from the late seventies to the mid nineties led to the development of a model
for computation of low frequency noise, the NASA-LeRC wind turbine sound
prediction code by A. Viterna®. The model is based on established theories and
methods for computation of propeller and compressor noise. In a compressor the
rotating blades pass through the velocity deficits and disturbances of the stationary
blades and this creates unsteady aerodynamic forces on the blades. Lowson’ has
developed a general theory for such cases relating the sound pressure level (SPL) to
the Fourier coefficients for the unsteady aerodynamic forces on the blades.

A number of assumptions and simplifications have been made in the theory of
Lowson in order to end up with a relatively compact model. One of the assumptions
is to concentrate the unsteady aerodynamic forces on the blades at one radial station.
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However, for observation points not too close to the turbine this seems to be
reasonable.

The implementation of the model follows the description by Viterna® but is
briefly described below.

The RMS pressure variation of the n'® harmonic of the blade passage frequency
is given by the following equations:
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where ky = o @)
alz, a% are Fourier coefficients of rotor thrust and torque, respectively.
B number of blades
s distance to rotor in [m]
%D azimuth and altitude angle, respectively, as taken from the point of
observation to the rotor center, cf. Figure 2
T radius on blade, where thrust and torque is supposed to be concentrated
J standard Bessel function
N speed of sound
F5,08 steady thrust and steady torque, respectively.

The Fourier coefficients of rotor thrust a’; and rotor torque a% are defined as:
1 T ip-z—”r
F_ T
a, = TIO F(r)e T dr (3
and

0 1 T ipzT”r
a = F.[o O(r)e T dr (4

where F and Q are rotor thrust and torque, respectively, and T is the time for one
rotor rev. However, in the present implementation we use a Fast Fourier Transform
routine from the IMSL Math Library.

Finally, the sound pressure level SPL_ for each harmonic is computed as:

P? ~
SPLn = 1010g10 [;;—there Pef =210 S Pa. )

.
ref

The total sound pressure level SPL is computed by summing up the SPL_ from each
harmonic:
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Figure 2. Definition of azimuth and altitude angles used in the acoustic model.

2.2 COMPUTATION OF THE UNSTEADY AERODYNAMIC FORCES

To compute the unsteady aerodynamic forces the general aeroelastic code HAWC2
developed at Risoe DTU is used. The HAWC2 code is a general model for time
simulations of wind turbines and models the structural dynamics, the
aerodynamics, the electrical system and the control system. The modelling of the
tower disturbance on the flow is in particular important for the LFN computations.
For an upwind rotor the tower disturbance flow model in HAWC2 is based on the
potential flow model for a cylinder. For a downwind rotor the flow disturbance is
computed with a model that is a combination of a source model that computes the
initial velocity deficit from the tower based on the drag coefficient CD for the tower
and for the development of this deficit further downstream the model equations are
based on the boundary layer solution for a jet entering a stationary. More details on
the tower flow models in HAWC2 have been presented by Madsen3. Examples of
computed velocity deficits are shown in Figure 3 for an upwind and a downwind
rotor configuration. It is clearly seen that the deficit from the downwind rotor is
deeper and steeper than the deficit for the upstream rotor and it develops slower as
a function of increasing distance from the tower.
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Figure 3. An example of computed influence on the flow velocify in the rotor plane from the tower,
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using the flow models in HWC2 for an upwind rotor (left figure) and a downwind rotor
(right figure). The tower diameter is 5. 5 m. and the undisturbedflow velocity is 10 m/s.
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2.3 THE TURBINE MODELS
Two turbines, a three bladed turbine with a 127 m diameter upwind rotor and a two
blade turbine with a 127 m diameter downwind rotor, have been used in the present
work. The turbines do not represent directly industrial designs but are close to the
so called 5SM reference rotor’, which has been used in different international
research projects in the past.

Main turbine data:

. Blade length 63.5 m

. Tower height 100 m

. Tower diameter, 6m at bottom, 4m at top (diameter varied in simulations)
. No coning and no tilt

. Rotor speed 1.2 rad/s (parameter varied in simulations)

. Rated power 5 MW

. Stiff connection between shaft and rotor

The blades on the two-bladed rotor have a chord length that is 50 % bigger
relative to the three bladed rotor and the rotor then produces almost the same power
as the three bladed. It should finally be noted that the simulations in the present
case have been run for a structural stiff turbine model which means that the
aeroelastic effects on turbine dynamics have been limited.

2.4 THE SIMULATION PROCEDURE

First we run a time simulation with HAWC2 and compute time traces of rotor thrust
and rotor torque for a period of 20 sec., Figure 4. The Fourier Coeffficients aFP, aQP
are then computed using 8 segments of 1020 points and input to the aeroacoustic
model which finally computes the RMS pressure variation of the n® harmonic of
the blade passing frequency. Finally, the sound pressure level SPL is computed
using eq. 5. It has been chosen to present the SPL spectra without any weighting (A-
weighting or G weighting) as the focus in present paper is mainly on the LFN
generation mechanisms and not on the annoyance and hearing thresholds.

3. BROADBAND NOISE AND LOW FREQUENCY NOISE

The total noise from a wind turbine comprises broadband noise (BN) as well as low
frequency noise (LFN). Different noise sources contribute to the total BN noise but
the two most important are turbulent trailing edge noise and noise from turbulent
inflow. A common engineering model to compute BN for wind turbines is the model
of Brooks, Pope and Marcolini!® (the BPM model). The result of a BN computation
for the two-bladed turbine is shown in Figure 5 together with the results of
computations of LFN. The listener position is somewhat arbitrarily chosen to 400 m
downstream of the rotor and this corresponds to four times the tower height. It is
seen that just below 30 Hz, LFN is dominant but this of course depends on the
intensity of LFN and BN. It is standard today in industry to include broadband
noise computations in the design process of wind turbines whereas this is not the
case for LFN.

4. COMPARISON OF UPWIND AND DOWNWIND ROTOR CONCEPTS

The first major design parameter to investigate is the concept of having the rotor
upwind or downwind the tower. As was illustrated in Figure 3, the velocity deficits
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Figure 4. An example of computed time traces with the aeroelastic code HAWC2 of rotor thrust
and torque for the downwind rotor at a wind speed of 10 m/s.
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Figure 5. An illustration of the total noise picture from a turbine originating from a broadband

noise (BN) prediction model and the present low frequency noise (LFN) model.

from the tower are quite different and so are also the unsteady aerodynamic loads
causing the LFN.

4.1 INFLUENCE OF DISTANCE BETWEEN ROTOR AND TOWER

The difference between the concepts has been compared by computing LFN at a
common operational wind speed of 10 m/s and for different separations between
rotor and tower. For a typical industrial rotor the minimum rotor/tower separation
will probably not be less than 4-6 m but in the present case we have compared
distances in the range from 1-12m, Figure 6. It is clear from the figures that the
distance between the rotor and the tower is a very important parameter for the LFN
level and this is summarized in Figure 7, where the total SPL level in the frequency
range from 20-50 Hz is shown as function of rotor/tower distance for the two
concepts. From this figure it is clear that LFN in general should not be a problem
for turbines with upwind rotors. In the following section we will therefore only
show results of parameter variation for the downwind rotor concept.
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Figure 6. Comparison of SPL for an upwind and a downwind rotor, respectively, for different

distances between tower wall and rotor plane. Wind speed is 10 m/s and the listener

position is 400 m downstream the turbine.

5. INFLUENCE OF DIFFERENT OPERATIONAL PARAMETERS AND
DESIGN VARIABLES FOR THE DOWNWIND ROTOR CONCEPT
5.1 INFLUENCE OF DISTANCE TO LISTENER
First we investigate the influence of distance to the listener. SPL was computed for
four different distances, 200m, 400m, 800m and 1600 m and it is seen that the
spectra are almost identical but with decreasing level for increasing distance, left
figure in Figure 8. The total SPL level in the frequency range from 20-5S0Hz is
shown as function of distance to listener in the right part of Figure 8 and it is seen,
as expected, that SPL decreases with 6 dB for doubling the distance. However it
should be noted that propagation effects from e.g. wind shear, turbulence and
temperature gradients are not taken into account in the present modelling and this
can change the damping of the noise considerably.

In the next sections, SPL will only be shown for a distance of 400 m from rotor
centre to the listener.

5.2 INFLUENCE OF WIND SPEED ON SPL

Simulations have been run for wind speeds between 8 and 12 m/s to investigate the
influence of wind speed on LFN. From the results in Figure 9 it is clear that the
LFN level is only a weak function of wind speed, about 3-4 dB for the wind speed

INFLUENCE OF ROTOR/TOWER DISTANCE

0 DOWNWIND ROTOR - -@ -

60 b @ UPWIND ROTOR —&—
‘el

50 ®-... c

40 |My e,

oo\ T :
ol X
10 \
: AN

0 2 4 6 8 10 12
ROTOR/TOWER DISTANCE [m]

SPL -- freq. range [20-50 Hz]

Figure 7. Total SPL in the frequency range from 20-50 Hz for an upwind and a
downwind rotor based on the spectra shown in Figure 6.
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variation from 8 - 12 m/s. However, most wind turbines today run with a variable
rotor speed which is dependent on rotor power and thus in the final end of wind
speed. The influence of the rotor speed will be investigated below.

5.3 INFLUENCE OF BLADE TIP SPEED ON SPL

The rotor rotational speed for the simulations so far has been 1.2 rad/s giving a blade
tip speed just below 70 m/s and this is a typical value for industrial rotors. In the
parameter variation the blade tip speed has now been varied from 63 to 82 m/s and
as can be seen in Figure 10 this has a considerable influence of the LFN. Again, the
total SPL in the frequency range from 20 - 50 Hz has been derived and shown as
function of blade tip speed. From this correlation it can be found that the SPL level
is increased with around 0.8 dB for an increase of tip speed with 1 m/s. Rotor speed
is thus an important design parameter for control of LFN. This is also the case for
broadband noise where noise limitations have led to a typical tip speed around 70
m/s. If there were no noise restriction we would probably see somewhat higher tip
speeds on the turbines as this can lead to more slender blades and thus material
savings.

5.4 INFLUENCE OF TOWER DRAG COEFFIICIENT ON SPL

The drag coefficient CD for the tower is not really a free design parameter as most
turbine towers are cylindrical and the minimum drag coefficient is a function of
Reynolds number and of course of the smoothness of the tower surface. In the
simulations so far a drag coeffficient of 0.8 has been used and this is probably in the
high range for a cylinder with a Reynolds number of 5 mill. which is the value for
the present tower.
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Figure 9. The SPL as function of wind speed for a listener position 400 m downstream.
5 MW DOWNWIND
8 0 TURBINE INFLUENCE OF BLADE TIP SPEED
TIP SPEED 63.5 m/s 70 —
70 TIP SPEED 69.9 m/s ——~—- | oy
TIP SPEED 76.2m/s - - - - 3 6 ;
60 TIP SPEED 82.6 m/s -+ | f e
- ]
—~ 50 2 55 - _—
% « ] —
s S B e e S
@ 30 NN £ a5 " S —
ot ‘ g /
20 | S R E 4l ¥
"Nt £
10 Mt g 35
\\ N & :
0 : e - 30 : s —
0 10 20 30 40 50 62 64 66 68 70 72 74 76 78 80 82 84
FREQUENCY [Hz] BLADE TIP SPEED [m/s]
Figure 10.  The SPL as function of blade tip speed at a wind speed of 10 m/s andfor a listener position

400 m downstream.
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Figure 11.  The SPL as function of the tower drag coeffcient at a wind speed of 10 m/s and for a

listener position 400 m downstream.

In the parameter variation performed we have varied the drag coefficient
between 0.1 and 1.0 and from the LFN results in Figure 11 it is seen that within a
realistic range of CD from e.g. 0.6 to 0.9 the increase in LFN with CD is moderate,
about an increase of 0.9 dB for an increase in CD of 0.1.

5.5 INFLUENCE OF TOWER DIAMETER ON SPL

The final design parameter we have investigated is the tower diameter although this
again is not a free parameter due to constraints from stress limitations in the tower
walls. So far the tower diameters have been 6 m at the bottom and 4 m at the top. A
variation is now performed from 4-7 m at the bottom and 2-5 m at the top. The
influence on the LFN is somewhat surprising as the SPL level in most of the
considered frequency range decreases as function of increasing tower diameter as
can be seen in Figure 12. To investigate this, the velocity deficit from the smallest
and biggest diameters were plotted, Figure 13. Increasing the tower diameter the
deficit becomes deeper as the distance between rotor and tower centre is kept
constant. This should increase the LFN level but it is also clear that the gradients
of the lift on the blade as function of time shown in the right figure in Figure 13
decreases and this effect most be stronger so that overall the LFN decreases with
increasing tower diameter.

5.6 INFLUENCE OF OTHER PARAMETERS
In the present investigation the wake flow deficit has been computed with a steady
model but if no specific design considerations are taken to prevent vortex shedding
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Figure 12.  The SPL as function of the tower drag coefficient at a wind speed of 10 m/s and for a

listener position 400 m downstream.
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Figure 13.  The SPL as function of the tower drag coefficient at a wind speed of 10 m/s and for a

listener position 400 m downstream.

from the cylindrical tower, e.g. mounting a spiral surface, vortex shedding will
probably occur and the wake flow becomes highly unsteady. In a recent
investigation® it was shown that the vortex shedding as shown in Figure 14, can
increase the LFN SPL level with as much as 5-20 dB.

Another source of increase of LFN is shear in the inflow to the rotor.
Considerable shear is seen in inflow on MW rotors as their blades from top position
to bottom position span a considerable height. In the present case the blade tip in
top position is at a height of 163 m and in the bottom position is at a height of just
37 m. The inflow wind speed in these two heights can be quite different and this
leads to unsteady forces on the blades and thus a source for LFN. Even stronger
shear profiles and more unsteady aerodynamic forces occur when a turbine operates
in half wake of an upstream turbine and this will also be a source of increased LFN.

Finally, turbulence in the inflow to the rotor will contribute to the LFN level
but the noise from inflow turbulence is normally also modelled with the broadband
noise prediction models for wind turbines as the BPM model implemented by
Fuglsang and Madsen!! .

Figure 14.  CFD computation of the unsteady flow in the wake of a cylinder. Iso-
vorticity surfaces are shown and in the plane perpendicular to the
cylinder are shown pressure contours. From Madsen®.
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6. ANNOYANCE FROM LFN

We will not in this paper go into details of the subject of annoyance from LFN but
just present two figures on LFN hearing thresholds. The first one, Figure 15, is
from the work of Birgitta Berglund et. al.!?2 showing measured hearing thresholds
for LFN. Figure 16 is from a more recent report by Leventhal® who discusses the
hearing thresholds in detail. Besides measured thresholds, the ISO 389-7 threshold
standard is also shown in Figure 16. In general comparing the computed LFN levels
in the present paper with these threshold values, most of the investigated cases show
LFN levels considerably below the threshold values. On the other hand it has been
mentioned that the influence from unsteadiness of the flow behind the tower such
as vortex shedding may increase the levels with 5-20 dB and then the computed
levels certainly could be above the threshold levels.

Figure 15.  Measured hearing thresholds for LFN as function of frequency. From
paper of Birgitta Berglund et. al.”?.
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Figure 16.  Different LFN hearing tresholds. Figure from report of Leventhall>.
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7. CONCLUSIONS

The objective of the present paper has been to present an overview of LFN

characteristics of modern MW turbines based on numerical simulations. The

following main findings have been achieved:

. The design concept of having the rotor upstream or downstream the tower is
the most important parameter for the level of LFN. A downstream rotor has
LFN levels that are 20 dB or higher compared with upstream rotors

. Blade tip speed is a very important design parameter and we found an increase
in LFN level of 0.8 dB for an increase of tip speed of 1 m/s

. The distance between the rotor plane and the tower is important with a
correlation of 2.8 dB reduction of LFN for an increase of distance with 1 m

. LFN increases only slightly with tower drag coefficient

. It was found that LFN decreases slightly with increasing the tower diameter
and this seems to be due to two counteracting effects where the gradients of
the velocity deficit is more important than the depth of the deficit.
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NOT EVERYONE'S SOLD ON NOISE BARRIERS

Green Bay City aldermen have endorsed a Wisconsin state plan to erect noise barrier walls along U.S. 41 on
the city’s west side when the highway is expanded. The walls, some more than 20 feet tall, are designed to
protect surrounding neighborhoods from noise generated by passing highway traffic. But not all nearby
homeowners want the walls. Gary Van Calster, president of the MacArthur Heights Neighborhood Association,
said some residents oppose the walls because of concerns that traffic noise will reverberate farther. Residents
directly adjacent to U.S. 41 support the walls, but others fear that the barriers will deflect noise toward their
properties. The state Department of Transportation intends to erect the walls as part of a plan to widen and
rebuild U.S. 41 in Brown County. The project, which extends south to Milwaukee, is expected to continue for
several years and cost $1.5 billion.

TEACHERS: USE MICROPHONES TO BEAT NOISE

Microphones were suggested for teachers to make themselves heard over construction noise on Auckland'’s
$1.75 billion Waterview motorway project, says a spokesman for a local school. A Transport Agency assessment
of social impacts for a board of inquiry planning hearing starting next month claims there is a “high level of
misinformation” in the community about the project, citing a suggestion it would be “so loud it would require
teachers to wear microphones” and would take land from Waterview Primary School and an adjacent
kindergarten. But school board member Rob Black has, in evidence prepared for the board and the Education
Ministry, rejected the charge of misinformation and claimed the report underestimates the project’s impact on
people. “It states they will adapt,” said Mr Black, who has two children at the school, which will be near the
northern portals of twin motorway tunnels and almost under the shadow of a 25m vehicle emissions venting
tower. He said he had attended several meetings with Transport Agency staff at which they suggested
microphones might be an option to mitigate noise.
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RESIDENTS MUST BE COMPENSATED FOR MOTORWAY NOISE

The Budapest Government must pay compensation for noise pollution to residents living along Nagyk_rési ut,
a road located in the south-west part of the city. The Budapest Court has ruled that 36 locals are entitled to
compensation of €1,100, because the noise along the road leading to the M5 motorway is permanently higher
than permitted by health regulations.

WIND TURBINE NOISE UNACCEPTABLE FOR RESIDENTS WITHIN 1.5 KM

Officers at Stroud District Council have recommended that the application for four wind turbines between
Stinchcombe and the M5 be refused on the grounds of possible noise disturbance. Their report has taken into
account the fact that 25 residential properties are within 1.5km of the proposed turbines and as such are likely
to lead to an “unacceptable level of noise”.

NOISE FINE ‘HOMOPHOBIC’

Gay and lesbian organisations have accused Ana Botella, the environment councillor on Madrid City Council
of being homophobic for issuing the organisers of the city’s gay pride parade with a 35,000 e fine. A council
spokesperson said the fine was the result of complaints from local residents about the noise. Toni Poveda from
gay group FELGTB said they were ‘indignant’ and ‘desolate’ at the size of the fine, and that they have
requested an urgent meeting with Mayor, Alberto Ruiz-Gallardén. They claim that Ana Botella ‘has spent
years trying to ruin the pride fiestas'.

NOISE BARRIERS CONTAIN AIR POLLUTION AS WELL AS NOISE

Studies by the US Environmental Protection Agency show that under certain weather conditions noise barriers
actually hold air pollution near roadways. A 2008 study found the barriers are useful for eliminating noise and
pollution from neighborhoods. “You're sort of shielding people behind the barrier,” Duke Assistant Professor
of Environmental Engineering Dr. Andrey Khlystov said. Khlystov studied the barriers with the EPA and found
they can reduce air pollution in neighborhoods by up to 50 percent. The models showed on days with low
winds, the barriers can also keep air pollution near the roadways. “If you're driving with open windows, you'll
be more exposed,” Khlystov said. The state department of transportation is steadily building the barriers that
block neighborhoods from noise around the Triangle. “\We're seeing more and more noise barriers being built
because the new construction is going into areas that were basically suburban,” Traffic Noise and Air Quality
Supervisor Greg Smith said. A 15-foot high barrier costs roughly $2 million per mile.
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