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GUIDE. TO THE EVALUATION OF
HUMAN EXPOSURE TO NOISE FROM LARGE WIND TURBINES
1.0 ABSTRACT

This document {is iatended for use in designing and siting future larde wind
turbine systems as well as for assessing the nois¢ environmont of existing wind
turbine systems., Guidance for evaluating human exposure to wind turbine noise is
provided and includes consideration of the source charaéteristics, the propaga-
tion to the receiver location, and the exposure of the receivér._to the noise,
The criteria for evaluation of human exposure are baséd on comparisons of the noise
at the receiver location with the human perception thresholds for wind turbine
noise and noise-induced building vibrations in the présence of batkground noise,

2.0 INTRODUCTION

The development of wind turbines which are acoustically acceptable to the
community requires an understanding of the human perception of, and response
to, wind turbine noise and any noise induced building vibrations resulting from
their operation, The factors which are believed to be important in evaluating

human exposure to wind turbiné noise are shown schematically in figure 1,

L A e et SN S AL /",@iﬁa\,/,’/z/ AT Ay ar o avr v o arard
SOURCE PATH RECEIVERS CRITERIA
o IMPULSIVE * DISTANCE * BACKGROUND NOISE * PERCEPTION
¢ BROADBAND * WIND GRADIENT * INDOOR/OUTDOOR * ANNOYANCE
* VIBRATION

Figure 1,- Wind turbine noise factors.




As indicatod, the wind turbine generator may produce noise with both impulsive
("thumping") and broadband ("swishing") characteristics (ref, 1-8), These
noise components are modified by atmospheric propagation and terrain effects
before reoaching the receiver, The effects of wind turbine nofse on the
receiver may be modified by factors such as the background noise tevel,
location of the receiver (indoors/ outdoors), and the presence of any
perceptible house vibrations induced by the noise. To fully assess the impact
of the noise, the receiver's perceéption of, and response to, the acoustical
factors (noise level and frequency, for example) and nonacoustical factoss.
(time of day, for example) associated with the operation of the wind. turbine
should be considered,

This guide presents a procedure for evaluating wind turbine noise with
emphasis on the acoustical factors. The quide is based upon results of recent
laboratory studies of human response to.wind turbine noise as well as informa-
tion contained in the available literature on noise induced building vibra-
tions, noise propagation in the atmosphere and wind turbine source character-
istics. For compléeteness, the background information used in the development
of the guide is presented in Appendices A through E, and is based on experi-
once with horizontal axis machines. The guide is intended for use in the
design, siting and assessment of wind turbine systems for community acceépta-

bility.

3.0 SCOPE
The evaluation criteria are based upoh the noise and noise-induced vibra-
tions at a receiver location, Noise and vibration may be measured at a
receiver location {f possible or may be inferred frfom & knowledge of the noise
at the turbine site (source noise) along with an estimate of the propagation
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offects, The data herein are most directly applicable to sites in which the
intorvening terrain from the noise source fto a receiver s relatively flat and
treeless, and the receiver is in a rural or suburban ncighborhood, The scope of
this quide in terms of the source, path and recefver are as follows:
3.1 Source

The wind turbine noise may contain both impulsive characteristics due to
blade/tower-wake interactions and broadband noise due to unsteady flow over the
blades (Appendix A). A schématic representation of a spectrum containing both of
these components is presented in figure 2, Although the detatls for calculating
the source noise characteristics are not included in this document other than by
reference (ref. 3), both impulsive and broadband components are considered in the
evaluation process. Impulsive noise is an important consideration for thase
horizontal axis configurations with downwind rotors for which there is the
possibility of strong rotor blade/tower-wake interactions., B8roadband noise,

however, is of concern for all types of machines,

—~IMPULSIVE NOISE

SOUND
PRESSURE
LEVEL

10dB
- /-BROADBAND NOISE

100 00 10000
FREQUENCY, Hz

Figure 2,- Schematic diagram of noise spectrum from large wind turbine generator.
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1.2 Path

The madification of the sound in propagating €oon the turhine site to a
recofver location 18 considered to bo due to distance, wind, and absorption
effects (refs, 9 and 10),  These effocts are quantifiod based upon data available

in the VTiterature for use in cases where propagation data ace not available,
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Figure 3.~ Schematic illusteation of the offects of
distance and wind direction on the sound
from wind turbine gencrators,
The prediction of sound pressure levels downwind of a wind turbine is basod
upon spherical spreading and atmospheric absorption (fig. 3). In the upwind

direction an additional factor, shadow rone formation, is included ia the predic-

tion method.
3.3 Recetver

The recefver oxposure s ovaluated both outside and instde the house,
Dutside, the receiver is considered to oxpertience wind turbine nofse in the
presence of background notse,  Instde, the recetver oxpericnces noise moditiod
by the house structure amd may altso expertence noise-induced building vibration,
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In considering the human exposure to noise and vibration, the suggested evalua-
tion criteria are based updn the human barcoptton throsholds for both, The eval-
uation criteria for the noise are hased upon the results of laboratory simula-
tions of wifid turbine noise which were conducted in direct support of this effort
to develop wind turbine noise quidelines,- The—dotails of these tosts as well as
the results are given in Append:x B, The evaluation criterid for the building
vibration are based on building response data (primarily from aircraft flyover
tests) and the International Standards Organization guidelines for human response
t& vibration. The details for determining building vibrations—and associated
human effects are contained in Appendix C.

The recommended g6al for designing and siting future machines is that the
noise ahd vibration levels at the receiver location he beléw the respective per-
ception threshold values when considered along with the background noise.

4.0 EVALUATION PROCENURE

This section describes the recommehded procedures for acquiring, analyzing

and interpreting the data required in each of the steps of the evaluation proce-

dure which is {llustrated schematically in figure 4.

WIND TURBINE
NOISE
|
ATMOSPHERIC
PROPAGATION

]
BACKGROUND NOISE AT
NOISE RECEIVER
| ]
BROAD BAND IMPULSTVE BUILDING VIBRATION
NOISE NOISE RESPONSES
L
HUMAN RESPONSES HUMAN RESPONSES
TO NOISE TO VIBRATION
[THUMAN RESPONSES 10 |

NOISE AND VIBRATION

Figure 4,- Evaluation of human exposure to wind turbine notse,




4.1 Source Description

The source noise should be predicted or measured at a reference location
near the machdne, A distance of 200 meters downwind of the machine is recom-
mended and will be referred to as the “"reforence distance." The spectrum should
bo presented in terms of one-third octave bands covering a frequency range from
20 to at least 2000 Hertz. If the machine .has impulsive (thumping) character-
istics, a narrow band spectrum should be détermined in addition to the dne-third
octave band spectrum. The ndarrow band spectrum should have a bandwidth résolu-
tion narrower than the blade passage frequency and should cover a frequency range
from blade passage to at leéast 100 Hertz, Spectral components which occur below
3 Hertz may be difficult to measure without the aid of special low frequency
microphones. However, it is believed that thesc very low frequency blade passage
hafmonics will not be significant in most cases.

The noise spectra are dependent upon operating conditions at the site~Such_.___ —_—
as the velocity and direction of the wind, and hence are time dependent. It is
recommended that spectra be selected for evaluation which are representative of
those which would be experienced for sustained periods of time (greater than 30
minutes) during operations which produce the highest levels of noise.

4,1,1 Measurement Considerations.- The measuremént of wind turbine generator
noise may be difficult because of the adverse effects of the wind._ Background
noise levels due to wind blowing over the microphone tend to be highest at very
low frequencies, decrease rapidly as frequency increases, and at frequencies
above a few hundred Hertz cease to be a significant problem, Several procedures
are recommended for minimizing the wind noise effects such as: the use of a wind-
screen, location of the microphone near the ground surface where wind velocities
are relatively low, and the choice of a reference location close to the machine to
maximize the signal to background noise level, The use of low frequency filtering

can also be very useful as a means of minimizing the effects of wind noise,
6



4.2 Atmospheric Propagation

When available, propagation data acquired at the test site should be used
in estimating the noiso at tho receiver location, In the absence of such
data, procoduras are recommended (Appandix D) for estimating the noise upwind,
downwind and crosswind (90° to the wind direction) of the machine, The
measured or predicted sound prossure level spectrum should first he corrected

to the reference distance of 200 metors by the following:
\ r

SPLy = Sound prassure level at 200 meters

SPL] = Sound pressure level at r meters

r = Distance from maching at which measurement or
prédiction was made,

4,2.1 Downwind.- The attenuation downwind is estimated based only on spherical
spreading and atmospheric ahsorption, Figure 5 gives the sound pressure level
reduction as a tunction of frequency and distance from the wind turbine,
FREQUENCY, Hz

10000 t= 20
{ o

$000 1 RELATIVE HUMIDITY > 20%
6000 -
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) -
oamnucernom“mm
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60 | -

SOUND PRESSURE LEVEL REDUCTION, dB

Figure .- Sound pressure level reductions due to spherical spreading
and atmospheric absorption for various frequencies as a
function of distdnce from wind turbine,



4,2,2 Crosswind,- Attenuation crosswind_is estimated in the same manner as
downwind propagation using figure &,

4.2,3 Upwind.- Sound propagating upwind results in the formation of a shadow
zone in which rapid sound attenuation takes place. The distance from the
machine to the edge of the shadow—zoneds dependent on both the wind—spedd dand
the height of the noise source above tho ground, Figure 6 may be used to
determine this distance, It 1s suggested that the lowest operating wind speed
be used (low speed cut-out) and the source height be the top of the rotor disc

for broadband sound and the bottom of the rotor disc for impulsive sound,

3500 - WIND VELOCITY
AT HUB = Sm/sec
3000 |~
2500 -
DISTANCE 2000 -
T0 SHADOW
ZONE D, m 1500
1000 -
500 |-
1 1 |
0 %0 160 150
SOURCE HEIGHT h) OR hy, m

Figure 6.~ Distance to the edge of shadow zone ds a
function of source height and wind velocity.

Sound pressurc levels at distances between the machine and the edge of
the shadow zone may be estimated based on spherical spreading and atmospheric
absorption, Figure 5 specifies the reduction in noise level to be applied to
the reference sound pressure level (SPLy) as a function of frequency dnd
distance from the wind turbine,
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Figure 7.- Excess sound attenuation in the shadow
zone as a function of frequency and distance.

A rapid drop in sound pressure level, which is frequency dependent,
occurs during the first 400 m inside the shadow zone as given by figure 7,
This figure also displays the reduction in sound pressure level which occurs
at intermediate distdnces bhetween the edge of the Shadow zone and 400 m,
Sound pressure levels beyond this distance are again based on spherical
spreading and atmospheric absorption (fig. 5). A numerical example of this -
calculation procedure is presented in Appendix E, .
4.3 Receiver Exposure

As indicated by the flow chart of figure 4, the evaluatton of the noise
exposure at the recetiver location consists of th parts: an evaluation of the
nofse effects on the receiver and an evaluation of the noise-induced building
vibration effects on the receiver, It is recommended that the goal for design

and siting of machines be such that the levels of noise and vibration at the

receiver location be below the perception thresholds when considered along




with the background noise levels associated with the periads of high turbine
noise., The evaluation of the noise and the vihration are considered sepa-
rately as follows,

4.3,1 Outside Noise Evaluation.- Tha ovaluation of wind turbine generator
noise outside buildings involves the tomporal and spatial charactoristics of
the machine, tho portinent atmospheric propagation phonomena, and tho back«
ground noise at the roceiver location, Roth the broadband noisc components
and the narrow band impulsive nofse components should be considered,

4,3.1,1 Background Noisé.- The hearing perception thrashold data
contained herein wére determined for background noise spectra having shapes
similar to those of figure 8 which apply to rural/suburban settings, For
other situations suth as in urban or industrial settings background noise
spectra should be measured on a one-third octave band basis or estimated from
reference 11,

4,3.1,2 Broadband Nbise.- A one-third octave band spectrum of the
wind turbine noise should be compared to the one-third octave band spectrum of
the background noise, The procedure is illustrated in figure 8, as an
example, To be below the perception threshold, the noise level at a receiver
Tocation should be below the noise level of the background noise for all
one-third octave bands, No adverse human responsg is predicted for cases
where the levels of the turbine noise are equal to or below the background
levels, If the levels exceed the background noise, Table ! (modified from

ref. 12) indicates the potential human response,
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Figure 8.~ Example of broadband noise that would be just perceptible
in the presence of the assumed background notse,

TABLE 1.~ ESTIMATED COMMUNITY RESPONSE TO WIND TURBINE GCNERATOR NOISE

AMOUNT [N DECIBELS BY
WHICH THE RATED NOISE

ESTIMATED COMMUNITY RE:@ONSE

+ -nm——

EXCEEDS THRESHOLD LEVEL | CATEGORY DESCRIPTION
0 NONE NO OBSERVED REACTION
5 LITTLE SPORADIC COMPLAINTS
10 MEDIUM |  WIDESPREAD COMPLAINTS
15 STRONG |THREATS OF COMMUNITY ACTION
2 VERY STRONG| VIGOROUS COMMUNITY ACTION

11



4.3,1.3 Impulsive Noise,~ A narerow band spactrum aof the wind turbine
should be compared w:.u the curves of figure 9, which are for..a_machine having a
fundamental blade passage frequency of 1 Hz, Adjustments should he made for
othér frequencies dccording to:
ASPL = 10 log;o(blade passage frequency)
Thus, the curves for 0,5 Hz fundamental would he 3 dB lower. and the curves for a

2 Hz fundamental would be 3 dB higher than those presented in figure 9,

80
70 |-
ok
. sEOSUSNUDRE 50 - BACKGROUND
SR o - . 55 dB (A)
dB ol \\ 45 dB (A)
2 - \\\ 35 dB (A)
\\\\
10 r.. \\\\‘QUIET
ok )
qobe Ll L 4 4401} 1)

0 10 20 30 40 50 60 70 80 90 100 110
FREQUENCY, Hz

Figure 9.- Thresholds of perception for impulsive noise for
different background noise levels (1.0 Hz fundamental).

To be below the perception threshold, the sound pressure levels of turbine
noise spectra should be below the threshold curves throughout thé frequency
range presented. If the sound pressure levels exceed those of the curves, human
response as given in Table I may result,

One may interpolate between the curves of figure 9 {f the background noise
iovels are different than those presented., However, the uséfulness of figure 9
is linited to situations in which the shape of the background noise spectrum does
not differ sighificantly from those used in the <tudy of Appendix B,
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4.3,? Inside Noise Fvaluation,- The evaluation of inside noise involves
the additional factors of noise reduction Yoss from outside to inside, the dimen-
stons and layout of the rooms ard the inside background noise, For frequencies
ahove §0 Hz the house noise reduction data of figure 10 apply directly and pormit
the estimation of inside noise levels (Appendix C).

——: PROJECTED
40 N\\\! RANGE OF AVAILABLE MEASUREMENTS
i AN
NOISE 30 \ \
REDUCTION,
B 20~
AN
10 |- \\\
0 1 5 | 1 | |
1,0 10 100 1000 10000

FREQUENCY, Hz

Figure 10.- House noise reduction as a function of frequency
for the windows closed condition,

At frequencies below 50 Hz very few data are available to indicate how the inside
and outside acoustic fields are related and hence zero noise reduction is assumed,
Once the transmitted noise and house ambient noise are determined, the same evalua-
tion procedures are followed as for the outside noise situation,

4.3,3 Building Vibration Evaluation.- The evaluation of the response to noise-
induced building vibration is determined from figure 11, which uses an assumed
one-third octdve band wind turbine notse spectrum for {llustrative purposes, The
outside noise spectrum associated with the turbine operations can induce vibrations
of the windows, walls and floors (Appendix C and refs. 13 and 14) as illustrated,
The recommended design goal is that the response of the walls be below the human
perception threshold, or below the ambient perceptible vibration,

13
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Figure 11.- Sound pressure levels sufficient to cause pertentible
vibrations of house structure elements over a range of frequencies,

It is believed that in a residential environment human perception
(wholebody) of the floor vibration would be unacceptable. Although the
effects of noise on building response and building damage are discussed in

Appendix C, it is believed that the levels of turbine noise will generally be

well below those redquired for building damage.

4.3.4 Combined Noise and Vibration Evaluation,- Perception threshold
criteria for noise (4.3.1 and 4.3.2) and vibrations (4.3.3) are derived
scparately and there are no provisicns for combined environment effects. If
both noise and vibration thresholds are exceeded, it is recommended that a §
dB increment be added to the higher of the two levels for entry into the left

hand column of Te'le I to estimate the resulting reaction,

14



5.0 SUMMARY AND RECOMMENDATIONS

This quide has been preparad for use in the design, siting and_assessment
of wind turbine systems for community acceptability., The evaluation 1s hased
on the hoise at the receiver location which may be measured directly or infer-
red from a knowlcdge of the ﬁoise at the turbine site along with an estimate
of the atmospheric propagation effects, The evaluation criteria for human
exposuré involves a comparison of the notseé at a receiver location and any
noise-induced building vibration with the human perception thresholds for wind
turbine noise and building vibration, The effects of background noise are
included in the evaluation. The recommended design/siting goal is that the
levels of noise and vibration at the receiver location be below the perception

thresholds at the appropriate background noise conditions.,

15
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APPENDIX A

RADIATION OF AERODYNAMIC SOUND FROM LARGE WIND TURRINE GENFRATORS

To assess the acoustical impact of large wind turbine gonerators, which
may operate singly or in multiplo units, an understanding of the basic sound
generating mechanisms is required,  The purpose of this Appendix 1s to charac-
terize and assess tho importance of the sources of acrodynamic sound from
various types of wind turbine generators,

TYPES OF WIND TURRINE GENERATORS

Wind turbine generators, which cover a wide range of power ratings from
kilowatts to megawatts, can be categorized as vertical axis or horizontal axis
machines as indicated in figure A-1, Vertical axis machines include the
Parrieus and Gyromill types. They typically have 2 to 4 blades which rotate
about a vertical axis: .they are nondirectional with respect to the wind and

require power input for Starting,

WIND
—————
DARRIEUS GYROMILL DOWNWIND UPWIND
VERTICAL AXIS HORIZONTAL AXIS

Figure A-1.- Types of large wind turbine generators,
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Horizontal axis machines are self starting, have 1 or more blades, and
aperate in the range 17-40 rpm, Their design {rcoeporates automatic pitch con-
tral for constant rotational speed and aother control and safety systems directed
by micropracessor units, They are referred to as cither upwind or downwind
machines depending on tho location of the rotor with respect to the supporting

towar, They operate most efficiently when aligned with the wind vector,

| WIND _<
70 :‘~ FEIPY Y
= BOUNDARY LAYER-
TRAILING EDGE
60 b- > INTERACTIONS
SOUND \
PRESSURE . | /\
LEVEL, ‘
dB
LOADING A / \
a0 |- HARMONICS ’
INFLOW \ ‘\
TURBULENCE—"\, \ MECHANICAL
30 1 | | L
10 100 1000 10000 20000

ONE-THIRD-OCTAVE BAND CENTER FREQUENCY, Hz

Figure A-2.- Acoustic sources for a downwind horizontal
axis wind turbine generator

ACOUSTIC SOURCES

Acoustic sources associated with vertical axis and downwind horizontal axis
machines are illustrated in figure A-2 which contains an example frequency
spectrum of a downwind horizontal axis wind turbine., The spectrum can be
divided into discrete frequency harmonics and broadband components, Loading
harmonics associated with both steady and fluctuating blade loads are at
multiples of the blade passage frequency and hence occur at very low fre.
quencies., The discrete frequency components caused by steady acrodynamic
loading are dominated by the Yoading harmonics which arise from the interaction
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of the rotor with the turbulent wdke behind the towar, Niscrete tones areund
10,000 Hz are caused by a méchanical "squeak" which occurs once peﬁ revolution,
The sources of broadband sound, which are important for all wind turbine
generators, are spread over a very wide frequency rande from subaudible into the
normal range of hearing. At low frequencies (20-150 Hz) the mechanism for air-
foil generated sound 1s the phenomenon of fluctuating 11ft due to the inter-
actions of the inflow turbulence in the atmosphere with the blade leading edge.
The random vertical and horizontal velocity fluctuations cause effective angle of
attack changes which in turn result in unsteady airfoil loads and associated
sound rad.ation. Another meéchanism for generation of sound by an atirfoil in
motion is the convection of the turbulent boundary layer past the trafling edge
of the airfoil, It {§ best represqnted by an edge dipole which radiates mainly
forward and to the sides. The radiated sound can be characterized by a broad
spectral peak at frequencies between 800 and 2500 Hz, These broadband sounds are
clearly present in the frequency spectrum depicted in figure A-3 which was

obtained for an upwind horizontal axis machine, No intense discrete low-frequency
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Figure A-3.- Acoustic sources for an upwind horizontal axis wind turbine generator,
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components are present, Other broadband sources such as direct radiation from the
turbulent houndary layers and the adrodynamic wikes from the blades, vortéx
shodding, separated flows duo to localized stalling and the interacting of the
aeradynamic flow with surface roughness, proturbances, cavities and slots are found

not to ke important for the machinds discussed in -~eferénces 1 and 2,

NOISE PREDICTIONS
There are no known methods for noise prediction which are well established and
validated for large wind turbine generators. Data which relate to noise prediction
are intluded in references 1-8. References 2 and 3 contain procedures for predict-

ing someé features of the broadbiand noise, and reference 4 contains methodology for

predicting the narrow band (impulsive) noise,

CONCLUDING REMARKS — — —

Radiated aerodynamic sound from wind turbine generators consists of broadband
components for all machines while, in addition, rotors operating in the turbulent
wake of their supporting tower display intense low frequency harmonics, The impor-
tant broadband sources are due to turbulent inflow and interaction between the tur-

bulént boundary layers and the blade trailing edge.
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APPENDIX B
HUMAN PERCEPTION THRESHOLDS FOR WIND TURBINE NOISE

INTRODUCTION
The purpose of this appondix 1s to present the results of experiments conducted
to determine the perception thresholds for wind turbine spectra covering the range
of existing and future machine designs and oparating conditions, Thresholds of
detection for a range of impulsive stimuli associated with blade/tower-wake inter-
actions and for broadband sounds associated with trailing edge noise are presented

for différent levels of background (ambient) noise. These results have been pre-
sented previously (ref, 1).

APPARATUS AND PROCEDURES

Tests were conducted to determined the threshold of detection for the impulsive
"thumping" sounds which result from blade/tower-wake interactions, This stimulus
is believed to be the dominant source of annoyance in large downwind machines such
as the MOD-1 configuration, Although the thump resulting from a blade passing
through the wake of the tower is uniquely defined by the time history of the pres-
sure pulse, it is more common to define the noise by a frequency spectrum which,
with information on the phase relationshic between harmonic components, completely
describes the noise signature, Since phase information is not always available
from measurements or calculations, a preliminary study was conducted to examine the
importance of phase to the subjective detection of the noise. Four phase condi-
tions were examined; three having coherent phase relationships and one being
random, Fer the first three (nonrandom) conditions, the threshold of detection was
found to be independent of phase and lower in level (7-10 dB) than that found for
the random phase condition., For this reason, the impulsive sounds used in this

study had a coherent phase relationship between harmonic components,
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Wind turbine test stimuli were computer generated and consisted of a funda-
mental frequency (blada passage) and up to 260 harmonics for which amplitude and
phase were defined. A typical wind turbine sound spectrum and timoe history used
in tho test arc prosontod in fiqure B-1, Since tho sound amplification/reproduc-
tion system introduces phase and amplitude distortion, the transfer function
betweon the output from the eomputer and a microphene placod at the loeation of
the tost subjoct's ear wias calculated. This transfer function was incorporatoed
in the noise generation softwarc, enabling the desired spectra and time historics
to beé produced in the anechoic test facility (fig. B-2), This facility hav
dimensions of 4 m x 2,5 m x 2,5 m (cutoff frequency of 150 Hz) and 1s equipped

with two loudspeakers having a frequency response of & Hz to 20 kMHz.
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Figure B-1,- Schematic representations of wind turbine
impulsive noise spectrum and time history,
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Figure B-2,- Anechoic test facility.

As a result of measurements of the MOD-2 wird turbine (ref, 2) 1t was
detérmined that the subjectively dominant Sound was characterized by a broad

spectral peak occurring in the 800-1000 Hz range., This is associated with the

interaction between the blade boundary layer and its trailing edge and is pre-
dictable based upon blade geometry and tip $peed. It is bélieved that this may
be an important noise generation mechanism for both "upwind" and “"downwind"
machines, Ih order to encompass a range of present and future designs of large
wind turbines, broadband souhds having peak frequencies of 500, 1000, and 2000
Hz were synthesized by shaping white noise, These three sounds and a recording
of MOD-2 made 76 m (250 ft )} directly upwind were used in the laboratory to
determine thresholds of detection,

In order to examine the effect$ of background noise, tdpe recordings were
made at night in a suburhan/rural location for use in the laboratory. A short
section of tape, having a constant sound pressure level and no identifiable
events such as automobile passbys, was selected and a tapé loop constructed.
This background noise was played continuously during which time thresholds of

detection of wind turbine sounds were determined,
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In conducting a test, a single subject was seated in front of the loud-
speakers and 1nstruct§d to press a hand-held switch whan the wind turbine sound
was-heaed (fig, B-3), This switch activated a 1ight which was monitored—by the
test conductor, The sound pressure level of the sound was slowly reduced until
no longer detectable and then slowly raised until _detectable again. This
process was repeated until consistent ascending and descending thresholds were

achieved. The mean of thesé two values was considered to be the threshold of

detection,
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Figure B-3.- Stimuli presentation and subjective response system.

RESULTS AND DISCUSSION
Impulsive Sounds
The primary objective of this part of the study was the determination of
the threshold o% detection for i.pulsive turbine noise having a variety of
spectra in the frequency range from 20 to 110 Hz. Frequencies below 20 Hz, were
considered to be unimportant for listening tests due to the extreme insensi-

tivity of the ear to wind turbine noise levels in this low frequency region.
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These spectra wore synthesized based on measured data from the MOD-1 site as well
as calculations af the spectra rosulting from blade/tower.wake interactions
(refs. 3 and 4),

The spectra wore designed such that detection would be achioved over a narrow
frequency ranye, This was accomplished by comparing spectrum lovels with the IS0
pure tono threshold (or minimum audible field--MAF)} (ref. 5). For example, if the
level of the spectrum in figure B-1 is raised, the frequency components near 60 Wz
will be the first to intersect the MAF curve, and hence this frequency region is
considered dominant, A total of 10 spectra, having a fundamental "blade passage"
frequency of either 0.5 Hz or 1,0 Hz were designed to he dominated, subjectively,
by harmonics at different frequencie$ as showh in figure B-4, Those having a 1.0
Hz fundamental were dominated by components at 20, 40, 60, 80 and 100 Hz and those
having a 0.5 Hz fundamental were dominated by components at 30, 50, 70, 90 and 110
Hz. For the purpose of clarity figuere R-4 présents spectrdl “envelopes" rather
than showing the spectrum levels of the individual harmonics. Detection thres-
holds were determined for each of the 10 sounds u$ing nine test subjects, none of
whom had significant hearing loss, The standard deviations of the threshold meas-
urements weére found to be typically 2.5 dR, with a tendency for the spectra having
0.5 Hz fundamental to have the higher standard deviations.

The narrow band spectra as presented in figure B-4 are at the mean of the
threshold levels measured for each subject. Tangential curves were fitted to the
spectral peaks and are presented in fiqure B.5 for comparison, Due to the higher
harmonic density, the curve for the spectra having 0.5 Hz fundamental is lower
than the 1,0 Kz case, Also shown is the IS0 pure tone or minimum audible field
(MAF) threshold (ref. %) which has the same general shape. The difference in
level between the wind turbine curves and the MAF curve may be attributed to the
integration time and to the critical bandwidth of the human ear (ref, 6) which is

far greater than the bandwidth used in the spectral analysis,
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Detection thresholds were also determined for some of the wind turbine
sounds in the presence of background noise. A1l five sounds having a 1.0 Hz
fundamental and two having a 0.5 Hz fundamental were presented to efght test
subjects. Detection thresholds were determined in two levels..of-background

noise (3% and 45 dB(A)), having spectra as shown in figure B-6.
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Figure B-6,- Sackground noise spectra at 35 and 4% dB(A).
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Tangential curves were fitted to those spectra liaving a 1 Hz fundamental at
their mean threshold level, Thése curves are presented in figure R-7 and are
compared with the threshold measured in "quiet," Figure B-7 shows that an
fncrease in background noise of 10 dB rafses the detection threshold of the wind
turbine sounds 10 dB at the higher frequéencies but only 3 dB at the lower fre-
quencies, The fact that it is not 10 dB at all frequencies may be attributed to
the shape of the background noise spectrum, which masks the higher frequencies
muth more than the lower ones. The threshold change observed at the lower fre-
quencies 1s due to the—downward .spread of masking caused by the higher frequen-
cies present in the background noise rather than due to masking by the lower
frequencies in thé background noise. Consequently, thé usefulness of figure B-7
is limited to situations in which backgrourd noise spectra do not differ signif-
icantly from those used in this study (fig. R-6).
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Figure B-7.- Detection thresholds for different background
noise levels (1.0 Hz fundamental),
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Both detection oxperiments indicate that the frequency of the fundamental is
a significant variahle (fig, B-H), However, it is possible to use the 1,0 Hz
fundamental curves as a roference and make adjustments on a logarithmic (enerdy)
basis for the actual blade passage frequency., Thus, the curve for a 0,5 Hz funda-
mental would be 3 dB lower and the curve for 2,0 Hz would be 3 dB higher than the
1.0 Hz fuhdamental curve., Furthermore, the frrquency analysis bandwidth should be
less than the fundamental frequency. The use of one-third and octave band
analysis is not recommended due to the steep slope of the threshold curves,

Certain ‘limitations of the preceding results necd to be considered. Mean
threshold data have. been presented and consequently some péople will be able to
detect sound at lower lévels. Also, the spectra usod to generate the thrashold
curves were specifically designed such that detection was achieved over a narrow
frequency range. The threshold level of sound$ which have components at or near
the threshold curve over a wider frequency range is unknown at this time but may

be presumed to be somewhat lower than the values determined in the present study.

Broadband Sounds

Detection thresholds were determined using three synthesized sounds having
peak frequencies of 500, 1000 and 2000 Hz and a recording of MOD-2, Eight
subjects took part, none of whom had significant-hearing loss,

Figure B-8 displays the one-third octave band spectra of the sounds at the
mean threshold level and the IS0 pure tone threshold (ref, 5). The peak one-third
octave band sound pressure levels are in qood agreement with the pure tone thresh-
old at the same frequency, which is to be expected since the critical bandwidth of
the human car is approximately one-third of an octave in this frequency range
(ref. 6). It is noteworth& that the detection threshold of the MOD-2 recording is
indistinguishable from that of the synthesized sound having the same peak fro-

quency.
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Figure B-8.« Spectra at mean threshold level,

Attempts were made to determine thresholds in the presence of background
noise (fig. B-6). This proved to be possible for the MOD-2 recording which had
reriodic amplitude modulation, but impossible for the synthesized sounds which
displayed no such modulation, The spectra at mean threshold level in the

presenceé of background noise at 35 and 45 dB(A) are shown in figure B-9, It was
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Figure B-9,- Threshold levels for different background noise levels,
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concluded that a signal to noise ratio of 0 dB in any one-third octave band is
sufficient for detection, It should be noted that detection cannot be predicted

on the basis of overall measures such as dB(A).

CONCLUDING REMARKS
Thresholds of detection have been determined for two wind turbine noise
components, namely low frequency impulsive sound associated with
blade/tower-wake interactions and broadband sound associated with blade boundary
layer/trailing edge interactions. The thresholds weré measured in "quiet" and
in the presence of background (ambient) noise and will enable assessment of the

detection of a predicted or measured noise condition at a receiver lotation,
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APPENDIX C
RESPONSE OF BUTILDINGS TO NOISE EXCITATION

INTRODUCTION
One aspect of community response to noise involvés people inside houses,
Since house structures have many components which areé readily éxcited by noise
and which can be coupled, they respond as complex vibrating systems. These
dynamic responses are significant because they affect the envirofment of the
observers inside the house., The nature of this noise induced house excitation

problem is illustrated in figure C-1.

/—~NOI5E TRANSMISSION
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Figure C-1,- Nature of noise-induced house structure responses (ref. 3).

A person inside the house can sense the inpingement of noise on the exter-
nal surfaces of the house by means of the following phenomena: noise trans-
mitted through the structure from outside to inside (refs, 1-6); the vibrations
of the primary components of the building such as the floors, walls and windows

(refs, 2, 3, 7 and 8);: the rattling of objects such as dishes, ornaments and
34



shalves which are set in motfon by the vibration of the primary components (refs,
2, 3 and 9); and in the extreme cases damage to the secondary structure such as
plaster and tile and/or furnishings (refs, 7 and 10),

The purpose of this appendix is to summarize available data on house .respon-
ses to noise excitation and thus to define the role of house responses in the

problem of community reaction to environmental noise,

VIBRATIONS OF HOUSE MAIN STRUCTURE COMPONENTS

Data on the vibpration responses of houses is derived from several different
sources, Some measurements are available from buildings tnstrumented with accel-
erometers, deflection gauges and/or strain gauges on walls, floors, ceilings and
windows to record transient responses due to flyovers of subsonic jet and propel-
ler aircraft and helicepters; and the sonic booms of supersonic aircraft (refs, 2
and 11-16). In addition a number of experiments have been conducted in which
mechanical shakers have been used to excite and measure the responses of houses
and house components (refs, 2 and 8), Results of the flyover and mechanical
vibration tests are consistent and tend to characterize the manner in which house

structures respond to acoustic loadings,

Frequencies and Mode Shapes

Example mode shapes and frequencies for a one-story test house are given in
figures C-2 and C-3, The data of figure C-2 were obtained by means of a frequency
sweep for a constant input vibratory force and at a given point of excitation on
the wall of bedroom number 1 (see insert sketch)., The excited wall had a funda-
mental resonance at 16.6 Hz. The other wall of the room and {ts floor had reso-
nances at 21.4 and 26 Hz respectively, Data for a number of different house
structures indicate frequency values from about 12 to 30 Hz, The above results
are representative of typical house structure responses in the first resonance or
"o0i1 canning" modes of the type {llustrated in figure C-2. Note that there is
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evidenca of structural and/or air cavity coupling. It can be seen that preferred
phase relationships exist as a result of the manner in which the floor and wall

structures are drranged,

—BEDROOM
CEILING

FAMILY ROOM

~~—BEDROOM 1
WALL

f=16,6Mz
EXCITATION POINT

Figure C-2.- Example frequencies and mode shapes for a one-story house
excited by a mechanical shaker. Force input = 35.6 Newtons (ref., 2),

Higher order modes may in somé cases be excited for preferred loadings or
for more complex structural configurations., Examples of such higher 6rder modes
are shownh in figure C-3 which relates to one of the test structures of ref, 2.
Note that resonant frequencies up to 72 Hz and more complex mode shapes are
identified for a wall having window and door cutouts,

Building structures dre characterized by nonhomogénenus elements. Walls,
floors and ceilings re built up from an array of evenly spaced beams with
sheathing on one or both sides. The sheathing is typically attached to the beams
at discrete points by means of nails, The resulting structure of beams and
panels tends to respohd as dynamically coupled elements but this behavior is much
different at low frequencies than at high frequencies (ref, 8). At low
frequencies (below 100 Hz) the response is dominated by the behavior of the
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Figure C-3,- Example higher mode responses of a‘house wall
having door and window openings (ref, 2).

beams, as suggested by the mode shapes of figure C-2, and the sheathing panels
play only & minor role, On the other hand, higher order modal responses (above
300 Hz) tend to be dominated by the sheathing panels, At intermediate frequen-
cies (100 to 300 Hz) the panels behave as if they were simply supported while for
the higher frequencies the panels behave as though their adges were fixed.

Experience has shown that house Structures respond in a linear manner to
forced excitation (ref. 2). For cases where the accelerations have been measured
for a forced excitation at a given frequency, the acceleration amplitudes are a
direct linear function of the input force. Likewise, the measured accelerations
increase as a function of frequency for a given input force, and they generally
occur about a straight 1inhe having a positive slope of 6 dB per octave up to fre-
quencies of about 1000 Hz, the 1imit of measurements,

Windows vary in size from the plate glass type which can be several meters

in dimension to conventional double hung designs having much smaller sash ele-

ments, All windows are similar in that the major élement(s) is a relatively thin

glass plate simply supported along its edges. A plate glass test specimen of
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ref, B had natura)l resonances of 9, 18, 48, and 70 Hz for dimensions of 1,22 m
by 1.84 m, Smaller sash windows of conventional houses are noted to have reso-
nant. responses in the range of several hundred Hertz, Thus, the range of
ragponse frodquencies for window componants of houses 18 consistent with those
for other structural components, Evidence of window motion may bo obsarved by

siqght, by fealing, or by the rattling of loose elements,

Acceleration Levels

A Yarge number of measurements are available for the noise induced acceler-
ations and ¢tresses in house structures. These data have come from a wide range
of exposure conditions and rather detailed measurements were obtained for a
number of different house structures (refs. 11-15) and from unpublished data by
R. DelLoach, K. P, Shepherd, and E. F, Naniels, The above studies relaté to the
problem of community response to subsonic aircraft, supersonic aircraft and
helicopters; and spet¢ifically provide data relative to house vibrations and pos-
sible damage. Accelerations of the various building components such as windows,

walls and floors are available and éxample values are given in figures C-4, C-5
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Figure C-4.- Measured house wall acceleration responses due to noise excitation,
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and C-6, In each case the measured accelerations are plotted as a function of
the peak sound.pressure lavels measured outside of the house, Accelaration
lavels are defined as 20 Logyo(d/g0) where gq = 1.0 ug.

Pata for wall acceleration responses are presented in figure C-4 for
houses exposed to naise from commercial and military jet aircraft; helicopters
and propeller atrcraft; and sonic booms. The large amount of data for aircraft
and halicopter noise are encompassed by the Yower hatched arca and the available
sonic boom related data fit within the upper cross hatched area. These data
which are associated with a wide variety of input spectra seem to correlate
satisfactorily on the bass of peak sound pressure level, It can be seen that
the acceleration responses increase generally as cthe noise lavels increase and
seem to follow a straight line relationship hased on the assumption of 1innar
behavior of the structure,
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Figure C-5.- Measured house floor vertical acceleration responses
due to noise excitation,

Similar results are presented in figure C-5 for house floor vertical

acceleration responses, Note that a 1imited amount of wind turbine data are
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also included from (ref, 16). A1l of the other data shown are for the Same test
structures as in figure C.5, and apply directly to the ground floor only. Floor
accelarations seem to foll~w generally a Vinear. response rélationship as did the
wall response data, The scatter is, however, considerably greater than for the
wall data and the responses are about 10 dB 1owef in level for a givén noise
1ével input., For comparable inputs, the associated horizontal accelération
values are noted in refs, 12-14 to be about equal to or are slightly greater
than the vertical values given in the fiqure,

Measured acceleration responses for several conventional double hung
windows are shown in tigure C-6, Good correlation is seen for a range of widely
different aircraft, heli-opter and wind turbine-noise inputs, and the trend of
the data indicates linear -esponses (refs. 14-i6 and unpublished work of R,
DelLoach, K. P, Shepherd, and E, F, Nanfels). For a given input level the window
response$ are noted to be about 10 dB higher in leével than the associated wall

responses,
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Figure C-6,- Measured house window acceleration responses
due to notse excitation,
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Damage Experience

Very 1ittle 1f any damage to olements of the structure is expected except
at extreme values of the input noise lavel, Fxperiénce for blasting, explosions
and for sonic booms suggest that damage to houses may occur at peak acceleration
values between about 0.3 g and 3.0 g in the frequency range of 10 Hz to 100 Hz
respectively (ref, 17), It can be soen that the measured levels of wall, floor
and window accelerations which are cited for aircraft, helicopter, and wind
turbine noise are generdlly lower than 0.3 g and hence no damage is expected,
Sonic boom excitation which is associated with the extreme values of input
pressure has been blamed for someé insipient damage to light structural elements

such as windows, plaster and tile surfaces, etc., (refs. 7 and 10).

VIBRATIONS OF ACCESSORIES

Wall or floor vibrations of the types described abové can give riseé to the
vibration of wall or floor mounted objects such as pictures, mirrors, plaques,
lamps, etc. Such objects are usually in contact with the larger surface at one
or more discrete points or along a boundary line, and are put into motion
because of the vibratory motions of the surface, Such excitation of objects
results in high frequency impact sounds, high frequency vibrations or some
associated optical phenomena which serve to identify the event and by so doing
cause annoyance of nearby observers, This is an example of nonlinear vibration
responses, for which the subaudible frequency excitation of a wall for instance
can cause audible frequency range responses in a wall mounted object such as a
picture (refs. 2, 3 and 9). The rattling of such accessories can be a factor in
annoyance,

The data of figure C-7 are included to indicate the range of acceleration
responses expected from vibrating accessories. Two different criteria lines arc

included from ref, 9. RBoth are shown as being horizontal because no significant
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Figure C-7.- Criteria for the rattling of wall and floor mounted
objects due to vibratory excitation (ref. 9).

effects of frequency were identified in any of the experimental data. The top
line 1s drawn at 1.0 g and is the prediction for rattliny in the case of normal
contact as for an object resting on a horizontal vibrating surface such as the
floor. The hatched area represents the range of comparable experimental data
and suggests that in practicdl cases some rattling might occur at acceleration
levels less than 1.0 q.

For cases where objects are suspended in pendulum fashion from the wall the
lower criteria line might apply. It should apply theoretically to situations
where the hang angle (angle between wall and hanging flat object) is about 3v,
The cross hatching represents the range of data available for a number of
objects such as plaques, pictures and mirrors, from house situations and for a
stoel ball in laboratory tests, The scatter of measured results suggests that
small variations in the wall geometry or that of the suspended object can be
sfqnificant. By implication, objects that hang by smaller hang angles are

suscoptible to rattle at lower acceleration levels,
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VIBRATION PERCEPTION CRITERIA

One of the common ways by which a person may sense the noise induced exci-
tation of a house is through structural vibrations, This mode of observation is
particularly significant at frequencies below the threshold of normal hearing or
in the low freduency range where the ear is less Sensitive, ,

There are no standards available for the threstold of perception of vibra-
tion by occupants cf buildings. The IS0 Technical Committee 108 has, howéver,
published guidelines (refs. 18 and 19) for interim use. Together they cover the
frequency range .063 Hz to 80 Hz. The appropriate curves from eath of the above
documents are reproduced in figure C-8 and are repres. “ted by the composite
heavy line curve, This curve represents the combined responses of a person in
either the up and down, fore and aft, or sideways directions whichever is the
most sensitive. Jhis is believed appropriate for the house vibration case

because persons may be in various positions when experiencing vibrations. For

ACCELERATION

LEVEL, dB
REF. 1.0 Vg —— COMPOSITE 1SO GUIDELINES
0l ~ 100 (REF, 18 AND 19)
//// RANGE OF DATA (REF. 20-27)
SN WIND TURBINE OBSERVATIONS
ACCELERATION, .01 |- 80 (REF. 28)
Irms £
001 - 60 - &% S
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0001~ 40 |~
20 i { 1
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ONE-THIRD OCTAVE BAND CENTER FREQUENCY, Hz

Figure C-B,- Most sensitive threshold of perception
of vibratory motion by humans,
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the conditions of the above curve the huildings are assumed to be properly sealed
and acoustically insulated so that significant sounds are not transmitted to the
occupants and thus only vibrations are sensed,

The hatched—region of figure C-8 encompasses the pérception threshold data
obtained in a number of independent studies (refs. 20-25). Différent investi-
gators, using different measurément techniques have obtained values which extend
over a range of about a factor of 10 in vibration amplitude. Thé composite 1SO
guidelines curve of figure—C-8 13 judged to be the best representation of the
available whole body vibration perception data.

Note the two cross hatched redions on figure C-8 from the data of ref, 24,
These are estimated one-third octave band levels of vibratiorns which were judged
perceptible in two different house structures excited by wind turbine noise. Based
on the values of the IS0 guidelinus curve they would be judged marginally percep-
tible and thus seem to constitute a cood confirmation of the other perception
threshold data of figure C-8.

House building vibrations of walls and windows may also be observed by
means of tactile perception. The available tactile perception data in the fre-
quency range of interest is shown in figure C-9. The most extensive study is
reported in ref. 27 and is represented by the solid curvé. Résults of a series of
more abbreviated studies from ref, 28 are represented by the hatched area., It can
be seen that there is a trend toward lower sensitivity as the frequency increases.
The sernsitivity to tactile perception is about equal to that for whole body
perception (fig. C-8) in the range of frequencies neéar 100 Hz. Note that window
and wall vibrations may be observed by tactile perception at peak noise level

excitations of about 90 dB (fig. C-6) and 100 dB (fig. C-4) respectively.
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Figure C-9,- Thresholds of tactile perception.

HOUSE NOISE ATTENUATIONS

Another phenomeénon observed by the oc¢cupants of a house is the noise.
transmitted to the inside $paces from the outside., The inside noise exposures
are different from those on the outside because of the influence of the house
structure as the noise is transmitted through it. Under normal circumstances the
noise levels are reduced. Data showing example house noise reductions as a
function of frequency are given in figure C-10. The hatched area encompasses
results obtained in refs. 1-6. The noise reduction values of the ordinate are
the differences between inside and outside reddings. The most obvious result is
that the noise reductions are larger at the higher frequencies. This implies
that the measured spectra inside the house will have relatively less high
frequency contént than those on the outside.

There are very few data available at the low frequencies (below 50 Hz). 1In
this rahge the wavelengths are comparable to the dimensions of the rooms and
there is no longer a diffuse sound field onh the inside (ref., 29). Other

complicating factors are the role of stiffness at these lower frequencies and 25
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Figure C-10,- House noise reduction as a function of. frequency
for the windows closed condition.

the existence of pressure leaks. The inside distribution of pressure can be
non-uniform because of standing wave patterns, organ pipe modes and cavity
resonantes due to room, closet and hall way configurations. The anticipated
large variation of sound pressure levels from one location to another at very
low excitation frequencies has not beén documented for housés., Thus, it is
difficult to characterize the low frequency noise enviranment inside a house

structure based on a knowledge of the outside noise environment.,

LOW FREQUENCY NOISE PERCEPTION CRITERIA
There are fragmentary reports (ref. 5) that indicate some unusual reactions
to noise at very low frequencies, particularly when such noises are observed
inside a structure or a vehicle. The data of figure C-11 are representative of
some of the documented cases. A number of these are cited where low frequency
noise from industrial operations has propagated relatively long distarces into
residential areds and has resulted in complaints. The hatched area of figure

C-11 encompasses the ranges of frequency and notse level which are believed to
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which caused adverse reactions by occupants.

have caused the complaints, In all cases the levels of the higher frequency
noise portions of the spectra were judged to be well within known tolerable

1imits, The low frequency components (below 125 Hz) are thus believed to be
most significant,

It can‘be seen that many of the frequency-noise lével combinations are
below those of the hearing thresholds of references 30 and 31. Thus there is an
indication that there are significant extra-auditory effects such as noise
induced house vibration or that there are localized areas in the houses where

the inside noise levels are considerably higher than the 1imited data indicate.

CONCLUNING REMARKS
Buildings respond readily to noise excitations and their responses can play
an important role in community reactions to noise, Walls, floors, ceilings and
large windows respond mainly in the "oil canning" modes at frequencies below

100 Hz and their motions are controlled largely by the beam elements., At higher
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frequencies the sheathing panels play a greater role-and are the dominant elements
at frequencies ahbove about 300 Hz,—Measured accelerations for a numher of dif-
ferent types of noise inputs correlate genérally on the basis of peak noise level
and increase lihearly as the input level 1incredases. Wall and floor mounted objects
such as lamps, pictures, mirrors, etc,, may rattle by excitation of the main struc-
ture.

Criteria are intluded for perception of vibration, perception of low frequency
noise, the rattling of wall and floor mounted objects, and noise induced damage of

secondary structures and furnishings.

48



1,

2,

3.

4.

5.

6.

7.

8.

9.

10,

11,

REFERENCES

Anonymous: House Noise Reduction Measurements for Use in Studies of Aircraft
Flyovar Noise, SAE AIR 1081, 1971,

Carden, Huey N.; and Mayes, William H,: Measurad Vibration Response
Characteristics of Four Residential Structures Excited by Mechanical and
Acoustical Loadings. NASA TN D-5776, 1970,

Mayes, William H.; Findley, Donald S.: &nd Carden, Huey D.: House Vibrations
Significant for Indoor Subjective Response, NASA SP-189, 1969,

Young, J. R.: Attenuation of Afrcraft Noise by Wood-Sided and Brick-Veneered
Frame Housés. NASA CR-1637, August 1970,

Tempest, W. Infrasound and Low Frequéncy Vibration. Academic Press, London,
p. 9, 1976,

Bishop, Nwight E.: Reduction of Aircraft Noisé Measuread in Several Schools,
Motels, and Residential Homes. JASA, Vol. 39, No. 5, pp. 907-913, May 1966.

Clarkson, Brian L.; and Mayes, William H.: Sonic Boom Induced Building
Structure Responses Including Damage. JASA, Vol. 51, No. 2, Pt. 3, pp.
742-757, February 1972.

Carden, Huey D.: Vibration Characteristics of Walls and a Plate Glass
Window Representative of Those of a Wood-Frame House. NASA TP-1447, May
1979,

Clevenson, Sherman A.: Experimental Determination of the Rattle of Simple
Models., NASA TM 78756, July 1978,

Hubbard, Harvey H.; and Mayes, William H.: Sonic Boom Effects on People and
Structures, NASA SP-147, April 1967,

Stephens, D. G.; and Mayes, W. H.: Aircraft Noise-Induced Building
Vibrations, Community Noise. ASME Special Tethnical Publication 692,
pp. 183-194, 1979,

49



12,

13,

14,

15.

16,

17.

18.

19.

20,

21.

50

Findley, Donald S,; Huckel, Vera; and Hubbdrd, Harvey H.: Vibration
Responses of Test Structure No. 2 During the Edwards Air Force Base Phase
of the National Soriic Room Program. NASA LWP-259, August 1966.

Findley, Donald S.; Huckel, Vera; and Henderson, Herbert R,: Vibration
Responses of Test Structure No. 1 During the Edwdaras Air Forceé Base Phase
of the National Sonic Boom Program, NASA LWP-288, September 1966,

Staff-Langley Research Center: Concorde Noise-Induced Building Vibrations
John F, Kennedy International Airport. Report No. 3, April 1978, NASA
T™M-78727. |

Staff-Langley Reseéarch Cénter: Contorde Noise Induced Building Vibrations,
International Airport Dullés - Final Report. NASA TM 74083, September 1977,

Kelley, Neil D,: Ac¢oustic Noise Generation by the DOE/NASA MOD-1 Wind
Turbine. NASA CP-2185, February 1981.

Anonymous: Blasting Vibrations and Their Effects in Structures., Bureau of
Mines Bulletin 656, Washington, DC., 1971.

Guide to the Evaluation of Human Exposure to Vibration and Shock in
Buildings (1 Hz to 80 Hz). Amendment to IS0 Standard 2631-1974,
International Standard Organization, September 1977.

Guide to the Evaluation of the Response of Occupants of Fixed Structutes,
Especially Buildings and Off-Shore Structures, to Low Frequency Horizontal
Motion (0.063 Hz to 1 Hz), International Standard Organization, April
1979.

Blume, J. A.: Motion Perception in the Low Frequency Range. John A. Blume
and Assoc., Report JAB-69-47, July 1969,

Nelson, F, C,: Subject Rating of Building Floor Vibration., J. Sound
and Vibration, Vol. 8, No. 10, October 1974,



22, Allen, Ds L.; and Swallow, J,s C,: Annoying Floor Vibrations-Diagnosis and
Therapy. Sound and Vibration, Vol. 9, No. 3, March 19785,

23, Bronar, N.: The Effects of Low Frequancy Noise on People - A Review.
Journal of Sound and Vibration, Vol, 68, No. 4, pp. 483-500, June 1980,

24, Goldman, David E,; and Von Gierke, Henning E.: Effects of Shock-and..—

Vibration on Man. Shock and Vibration Handbook, Vol. 3, Ch, 44,

McGraw-Hi11 Book Co. Inc., New York, NY, 1951,

25, Cant, $. ht.; and Breysse, P. A.: Aircraft Noise Induced Vibration in
Fifteen Residences—_Near Seattle Tacoma Intérnational Airport. Amer,

Indus. Hygiene Assn, Jour., V61. 34, pp. 463-468, October 1973,

26, Kelley, N, D.: A Methodology for Assessment of Wind Turbine Noise
Generation, Présented at the 5th Biennial Wind Energy Conferente and
Workshop, Washington, DC., Oct. 5-7, 1981,

27. Goldman, David E.: Effects of Vibration on Man, Mand Book of Noisé Control.

Ed. by C. ®, Harris, McGraw Hill Book Co., Inc.., NY, NY, 1957,
28, verillo, R, T.: Investigation of Some Parameters of the Cutaneous Threshold
for Vibration., JASA, Vol. 34, No. 1I, November 1962.

29, Ver, Istvan L.; and Holmer, Curtis 1.: Interaction of Sound Waves with

Solid Structures. Noisé and Vibration Control. Ed. by Leo L, Beranek,

Chap. 11, pp. 270-357 McGraw-Hill Book Co., New York, NY, 1971,

30, Stephens, D. G.; Shepherd, K. P.; and Grosveld, F, W.: Wind Turbine
Acoustic Standards. NASA CP-Z185, 1981,

31. Yeowart, N. S.; and Evans, M, J.: Thresholds of Audibility for Very
Low-Frequency Pure Tones. Jour. Acous. Soc. of Amer,, Vol., 55, No. 4,

pp. 814-818, April 1974,

51



APPENDIX D
CONSINERATIONS FOR ATMOSPHERIC PROPAGATION OF_WIND TURBINE NOISE

INTRODUCTYON
The attenuation of sound as it propagatés from a Source to an obsearver is
influencéd by various phenomena, including geometric Spreading, air and ground
absorption, refraction, diffraction and scatterind, The relative importance of
these mechanisms will vary from one particular situation to another,
A brief description of each phenomenon will be given and prediction tech-

niques applicable to large wind turbine operations will be described.

SOUND PROPAGATION PHENOMENA
Ceometric Spreading
The propagation of sound from a point-Sourte in a-homogeneous, 10ss-léss
atmosphere, far from any boundaries will causé the sound pressure level to
decrease with intreasing distance due to the expansion of the acoustic wave
fronts. There is a constant decrease when the propagation distance is changed
by a fixed ratio. Thi$ may be expressed by:
SPL; - SPLp = 20 logyo (12 )
. P]_
where SPL; is the sound pressure level at a distance r; from the source., SPL,
is the sound pressure level at a reference distante r, from the source.
This phenomehon is often referred to as sphericdl spreading and may be
quantified as 6 dB per halving or doubling of distance. It is independent of

frequency, and is of major importance in all situations of sound propagation.
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Air Absorpt.ion
Atmospheric ahsaeption losses hava two basic forms:
(1) Classical losses associated with the—change of acoustical dnergy into
heat by fundamental gas transport propertios
(2) For polyatomic gases, ralaxation losses associated with tha change of
kinetic energy of the molecules into internal energy within the mole-
cules themselves (ref. 1).
The absorption due to both these effects is frequency dependent and 1s a func-
tion of the propagation path distance, the humidity content and the tempera-
ture, The effects of distance and humidity are well established (ref. 1).
Atmospheric absorption losses are generally expréssed in terms of a change
in sound pressure lavel per unit of distance. At low frequencies these losseés
are extremely small, increasing to a few decibels per 1000 ft at 2 kHz. Except
at very high frequencies, atmospheric absorption need only be considered. when
the propagation distances are long, Howevér, this effect may be important for
wind turbine applications, particularly for downwind propagation (see later
section - Refraction). The data of reference 1 for Standard atmospheric condi-
tions (20°C, 70 percent relative humidity) have been adapted for use in the
guides Changes in humidity are unimportant unless-below 20 percent, in which
case reference 1 should be consulted,
Figure D-1 11lustrates the combined effects of spherical spreading and
atmospheric absorption., Shown in this figure are sound pressure level reduc-
tions to be applied to a reference sound pressure level (measured or predicted

at 200 m) as a functicn of frequency and distance from the wind turbine,
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Figure D-1.- Noise level reductions due to spherical spreading and
atmospheric absorptioh for various frequencies as a
fuaction of distance from wind turbine,

Refraction

Vertical temperature and wind gradients are generally present close to a

ground surface due to heat exchange between the ground and the air and due to

friction between the moving air and the ground. Wind velocity adds to or sub-

tracts from the speed of sound depending on whether the propagation is downwind

or upwind, A verticai wind gradient thus results in an effective speed of sound

gradient. 1In the case of upwind propagation, the sound waves are bent upwards

resulting in the formation of a shadow zone, inside which rapid sound
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attenuation takes place, Ih the downwind direction sound waves are bent
downwards and mdy result in focusing, which causes an increase in sound level

over that which would normally be expected,

«———  UPWIND —-%—-— DOWNWIND ~ ~———

SOURCE

WIND

.~ GROUND SURFACL

SHADOW Z0NE —=7

In a normal adiabatic atmosphere, temperature decreases with height above
the ground. Since the speed of sound is proportional to the square root of
temperature, thé decreasing sound speed gradient causes sound waves to be bent
upwards as in upwind propagation, with the resulting formation of a shadow
zone, Under certain conditions temperature inversions occur, resulting in sound
waves being bent downwards.

Upwind Propagation

For flat terrain, the distance along the ground from the noise source to
the edge of the shadow zonc is given by (ref, 5):
/2 ¢,
D VAT W cosy ¢ Meters

source height, m

speed of sound, m/s

speed of sound gradient due to
temperature, sec”

wind velocity gradient, sec™!

angle between wind vector and

propagation direction

o B 4

uou

S = >0 T

K&



For wind turbine applications it may be assumed that the offects of temp-
erature gradients are small compared to those of wind gradients, Furthermore
if the sound is propagating upwind and the value of wind velocity gradiant is

chosen at a point h/2 it may be shown that, for qrass covered terrain,

—

D o hv/lco 1oag (N/0.08) y ind volacity at the source, m/s
v

It is apparent that the distance to the shadow zonc increases with
increasing source height and decreasing wind velocity., The guide, thereforo,
uses a conservative approach based upon the lowest operating wind speed,

Low-frequenty impulsive noise is caused by blade/tower-wake interactions,
It 1s recommended that for this type of noise the source height be the bottom of
the rotor disk (h, in fig. D-2), the distance at which the blade is closest to
the ground surface. For higher frequency (trailing edye) noise the source
height should be the top of the rotor disk (h,). Figure D-2 illustrates the

effects of sourte height and wind velocity on the distance to the shadow zone.
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Figure D-2.- Distance to the edge of shadow zone as a

function of source height and wind veltocity,
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The prediction of sound levels at. distances within the shadow zone 1s based
upon the mathod presented in reference 6, Figure D=3 {1lustrates the expected
attenuation as a function of trequency at various distances inte the shadow- zone
from the downwind edge. This excess attenuation is a strong function of
frequency, the largest attenuation being associated with the higher
frequencies. For instance, at a distance of 400 m into the shadow zone the
excess attenuation is 5 dBR at &0 Hz and 25 dB at 500 Hz,

The prediction of sound préssure levels at distances greater than 400 m is

based upon $pherical spreading and atmospheric¢ absorption (fig. DQI).
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Figure D-3.- Excess sound attenuation inside the shadow zone as
a function of frequency and distance.

Downwind Propagation

Empirical data have shown that focusing of sound rays downwind of a source
can result in enhanced far field noise levels of 25-30 dB (ref. 6). Geometric
ray theory has been shown to be useful for prediction purposes but requires, as

input, high resolution meteorological data, which is generally not available.
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Hence, precise estimates of the location and magnitude of enhanced sound levels fis
extremely difficult. The recommended procedure does not include the effects of
focusing.

Crosswind Propagation

A wind gradient will only minimally affect crosswind sound propagation.
Consequently the recommended procedure treats crosswind propagation the same as

dowhwind propagation,

Ground Absorption
Reflection of sound by a surface may affect observed sound pressure levels by
two processes. An acoustic wave reflected from the surface may interfere with the

direct wave.

SOURCE DIRECT RECEIVER
it
- - ’-ﬂ
v
GROUND SURFACE -
_—~" REFLECTED

In a still, homogeneous atmosphere the interferéence pattern may be predicted from
knowledge of the difference in path length between the direct and reflected ray and
from knowledge of any phase change introduced by reflection at the ground surface.
For frequencies at which the direct and reflected waves aré in phase at the
receiver, a pressure doubling will occ¢ur, yielding a 6 dB increase in sound pres-
sure level, If the direct and reflected waves are 180° out of phase, cancellation
will occur,

Sound levels are also affected by loss of energy upon reflectioh, This pro-
cess is referred to as surface absorption and is particularly important when both
source and receiver are close to the ground. Procedures based upon theoretical

and empirical results are available which predict sound pressure levels at
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receiver positions above uniform surfaces of known acoustical impedance in the
absence of strong wind and/or température gradients (refs, 2-4)., Predictions of
ground attenuation were made using the procedure of reference 3 for a flat
grass-covered surface and various source heights and receiver distances._The
receiver height was chosen to be close to the ground so that destructive inter-
ference only occurred at frequencies higher than those of interest. Summary
data are given in figure D-4, For large receiver distances and any reasonable
receiver height (less than 3m) reflection at the ground surface will result in
increased sound préssure levels at the lowest frequencies (1éss than 20 Hz), If
the recommended propagation procedure is applied to measured data this effect
will automatically be included. If based upon theoretical predictions a correc-
tion should be applied. This has not been included in the recommended procedure
due to the relative unimportance of frequéncies below 20 Hz,

The interference pattern at higher frequencies is very sensitive to the
source-receiver geometry and the choice of an appropriate receiver height is far
from obvious. A further complication concerns the effect of wind gradients on
the interference pattern., There are some indications (ref., 7) that sound propa-
gation above 500 Hz in the downwind direction shows no effect of ground absorp-
tion. At lower frequencies some absorption is obsefved but since the recom-
mended procedure does not account for focusing in the downwind direction, the
effects of the ground have beén omitted for reasons of conservatis$m and simpli-
city. The propagation distances in the upwind direction are relatively short,
and again due to uncertainties regarding the receiver height and effects of

refraction, ground absorption has been omitted.

Diffraction and Scattering
In a shielded region, for example behind a house or a hill, sound levels
may be limited by diffraction and scattering., These phenomena are so site-

specific that they have not been considered in the guide. -
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CONCLUDING REMARKS

The recommended.procedure, in essence, consists of two parts: upwind
propagation and downwind propagation, The decay of sound préssure level with
distance in the downwind direction is simply the summation of losses due to
atmospheric absorption, which is frequency dependent, and the reduction due to
spherical spreading, which is independent of frequency. The procedure for calcu-
lating sound pressure leveéls upwind of thé source is more complex and requires
the computation of the distance to the shadow zone, which i§ determined by the
source hdight above the ground surface and the wind velocity gradient, At loca-
tions between the source and the shadow zone, sound pressure levels are deter-
mined from spherical spreading and atmospheric absorption., Insidé the shadow
zone, there occurs a rapid reduction in sound pressure level, which is frequency
dependent.

As should be clear from the preceding discussions, various assumptions and
simplifications have been made in the development of the recommended-protedures,
It is believed that in the upwind direction the adopted approach is conservative
so that measured sound pressure levels will be less than those predicted., How-
éver, in the downwind direction this may not be the case. As mentioned previ-
ously, refractive focusing can produce greatly enhanced sound pressure levels,
but such effects dre unstable in terms of both timeé and loctation of occurrence.
An attempt has been made to compensate for such effects by neglecting ground
attenuation in the calculation procedure. This deficiency is a reflection of the

serfous lack of data available for downwind sound propagation,
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APPENDIX E
EXAMPLE CALCULATIONS

INTRODUCTION

In this appondix a step-by-step procedure 15 outlined to enable the user to
derive the theoretical sound pressure levels as a function of distance from the
wind turbine from measured or predicted data obtained at one (preferably
downwind) Yocation, Numerical information 1s used in an effort to simulate a
real-1ife situation, DNetection thresholds are determined to assess human
exposure to wind turbine noise. The oxample is graphically {11lustrated in figure
E-1.

An example two-bladed wind turbine, having a diameter of 80 m,operates
at 30 rpm in a 6 m/s wind, which was measured at the hub of the 60 m high sup-
porting tower., The background noise wis measured to be 35 dBA and was shaped
similarly to the one-third octave band—spectrum in figure B-6. The wind turbine
sound was analyzed oh a narrow band and a one-third octave band basis at a
distance of 160 m from the machine, AltHough the whole spéctrum should be
evaluated, three frequencies representing the limiting cases of detection are
chosen for use in this example:
(a) a 40 Hz impulsive sound with a narrow band sound pressure level of 72 dB;
(b) a 10 Hz impulsive sound with a one-third octave band sound pressure level of
80 dB and (c) a 1000 Hz broadband sound with a oné-third octave band scund

pressure level of 59 dB,

EVALUATION PROCEDURE
The impulsive sound (narrow band and one-third octave) and broadband sound
(one-third octave) will be evaluated individually for the upwind and downwind
cases, They will be weighted against the detection thresholds for impulsive
sound, building vibrations, and broadband sound.
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Impulsive Sound (Narrow band)
Step 1: Calculate the sound pressure level SPLa at the reference distance
(200 m), from the sound pressure level (SPLj) medsured at a
distance r (in meters) from the wind turbine using the relationship:

r
160 _
SPL2 e 72 + 20 log 0 70 d8

Step 2: Determine the distance to the edge of the Shadow zone (D) using
figure 6.
hy = 20 M
D=300m
wind velocity = 6 m/$
Step 3: Determine the sound pressure level reduction (Lp) over the
distance D using figure 5.
D= 300 m

Lp = 4 dB
f = 40 Mz

+ SPL3 = 70 - 4 = 66 dB at 300 m
Step 4: Determine the excess sound attenuation (Lg) in the shadow zone by
use of figure 7,

f =40 Hz2 Lg = 6 dB

Step 5: Determine the sound pressure level reduction at a distance D + 400m

from the wind turbine with the help of figure 5.

D+ 400 = 700 m

Ln+aop = 11 dB
f = 40 Hz



Step 6: Determine the sound pressure level—at the end of the shadow zone
(SPL4) by adding t.¢ ~umbers obtatned under Steps 4 and § and
subtracting the resulf from the number in Step 1.

SPLg » SPL2 - (Lg + Lp+aoo)

SPL4 = 63 dB at 700 m

Step 7: Calculate the sound pressure level at any distance from the wind
turbtne past the shadow zone by determining the sound pressure lovel
reduction found in figure 6 and correcting for the excess

attenuation in the shadow zone,
SPLy = SPLp - (Lg + Ly)

Downwind
Step 8: Calculate the sound- pressure level at any distance from the wind
turbine by determining the sound pressure level reduction from

_ figure 5.
SPLy = SPLp - Ly

Perception Threshold (Impulsive Sound)

Step 9: Determine the detection threshold for impulsive sound using figure 9

(narrow band)

30 rpm
2 blades

1 Hz fundamental

Ty = 45 dB
f = 40 Hz
background = 35 dBA
65



impulsive Sound (One-=Third Octave PRard)

Steps 1 through 8 are eepeated for the one-third octave band frequency
spactrum of the impulsive noise. Since the onae=third octave band sound pressure
lavel at a center frequeancy of 10 Hz 18 8 dB higher than the narrow hand level at
40 Hz,_all numbers cdalculated in the procedure above have to be increased by 8 dB
(figure E-1),

Perception Threshold (Building Vibration)

Step 9: Determiné the perception threshold for building vibration using
figure 11 (one-third octave tand)

40 Hz
Twa L 70 dB

walls

40 Hz ;
Tey = 80 d8

floor

Broadband Sound

The same procedure as for impulsive $ound is applicable to the broadband
sound, Tnis will rasult in the following:

Upwind

Step 1: SPLp = 59 + 20 log  4o0= 57 dB

Step 2: hp = 100 m
D=2200 m (fig. 6)
wind velocity = 6 m/s
Step 3: D = 2200 m
Lp = 28 dB (fig. 5)
f = 1000 Hz

SPL = 57 - 28 = 29 dB at 2200 m
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Step 4: f = 1000 Hz Lg = 30 dB (fig, 7)

This will bring the sound pressure lavel in the shadaw Zonn dawn to zera, and
obviously, holow the detoction threshald., This is {1lustratod in fidure E-1,
PDownwind
Stop 8: The sound prossure level at any distance from the wind turbine can
be calculated by detarmining the sound praéssure 1avel reduction from
figurae 5,
SPLy = SPLp = Ly
Perception Threshold (Broadband Sound)

Step 9: Netermine the detection threshold for the broadband sound by
comparing the one-third octave band sound pressure level of the wind
turbine to the level of the background roise at the same center

frequency,

figure B-6
Tp = 24 dB

f = 1000 Hz

CONCLUNING REMARKS
For the example problem cited herain, no adverse human response due to
building vibration is to be expected at locations ¢n excess of 340 m upwind and
in excess of 430 m downwind from the wind turbine generator (fig. E-1). Wind
turbine sound will be 1imited by a broadband sound detéction distance of 2250 m
upwind and an impulsive sound detection distance of 3300 m in a downwind
direction, Outside this region wind turbine sound is not detectable, while

within these limiting distances community response may be estimated from Table I.
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Figure E-1.- Sound pressure levels as a function of distance for

example problem of Appendix E.

human exposure to

68

(Results are used to assess
wind turbiné noise.)



