
'' '" 

• 

.. 

.. 

l 

' 
NASA Technical Memorandum 83288 

• ~~l~j~•'£i1 .. fLli.U•J, llU.I.!Jl: Jtl id: i!.VI\Lll.~dCh ~~~~· 
;1tl r.1.~ N !:. ,.. pu;.; i.Jil L Lu r~c.d, ;.; L ' bUl 1.. ;·\ hl; t w .. t'.t: 
'I'U.l\t.ll!H;~i (1~1\:•,~) /1 p li4 111;'+/'H 11\.JI ._:..:•'-1.. .~vii 

GUIDE TO tHE EVALUATION OF H.UMAN EXPOSURE 
TO NOISE FROM LARGE WIND TURBINES 

DAVID G, STEPHENS 
NASA LANGLEY ResEARCH CEwNu..T.-.ER~---

KEVIN P. SHEPHERD 
l~E BIONETICS CoRPORATION 

HAR,IEY H, HuBBARD 
THE CoLLEGE OF WILLIAM AND MARY (VARC) 

FERDINAND W, GROSVELD 
THE BIONETICS CORPORATION 

NI\S/\_ 
NatJJnt.tl Aeronautics and 
Srdce Admln~stratiol"' 

t.angley Reseatch Center 
Hampton, Virginia 23665 

iJ Ill; 1 <.1 ;,i 

tJ 1;1 'J .~ .-! 



TAHU nr CtlNTLNTS 

1 • n ARS TRAC r •••......•..•......•.....•....•..•.•....••....•...•.•...•. 1 
i-1 

;~. n 1 NTitOilliCT lllN - ••••••••••••••••••••••••••••••••• • • • • • • • • • • • • • • • • • 1 

:~.n SCOt'E ,, •• , •• , •••• , • , • , ••• , ••••••••• , ••••• , • , ••• , , • ,, ••••• •.• •••••,. 2 

:~. 1 Sou rt:t1 • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • ~~ 

:~.2 J'ttt.h ··················••t••··································· 4 
:~. ~ Rl~l~'~i vt'r •••• 'if. ................................................ ,,.... ~ 

4.0 FVALliATtON I'I~OCEI)URf' t t I t I t t t I I t t t I I t I I I I t I t t I t ... t t I t I I I t t I t t t t t I I t 

4.1 Sourct~ Onscriptior\ ••• • • • • • • • • • • • • • • •• • • • • • • • • • • • •• • • • • • • •• • • • • fi 

4.1.1 ft\~asur·emt:'nt Ctmsider,1t.ions ......... ~.................... ti 

4.2 ~mosph~ric Propagdtion ••••••••••••••••••••••••••••••••••••••• 7 

4 • .2 .. 1 Oownw t nd • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • 7 
4 • 2 • 2 C r o ssw 1 nd ••••••••• , • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • R 
4. ::'. :l liJ\\-li nd ....................................................... , • • • • • 'L 

4.3 Rl1t:eivrr Expo~ur<' ••• • • • • • • • •• • • • • • • • • ••• •• ••••••• •• •• • • • • • • • • • q 

4.3.~ 
4.3.~~ 
4.3.4 

4.3.1.1 
4.:1.1.~~ 
4.3.1.3 

.................................. 
l'arkqround Noi sc• ................................ . 
Bro,t~h,lrtd Noi~e •••••••••••••••'••••••••••••••••• 
lmpul.:; i Vl' No 1 Sl.) ••••••••••••••••••••••••••••••••• 

lnsid~ Noise Evaludtion ................................. . 
Auild1ng Vibration Evaluation ••••••••••••••••••••••••••• 
CombinN1 Nnisl' 11nd Vibration Ev,tlu\\tinn ••••••••••••••••• 

~.r SUMMARY ANn RECOMMENl'I\TWNS ••••••••••••••••••••••••••••••••••••••• 

•••••••••••••••••••••••••••••••••••••••••••••••••••••••• 

M'PENIHCES 
A. Ritd1,1t. inn M At'rodythlln1c Soun\t from 

10 

10 
10 
1? 

13 
13 
14 

15 

16 

L.,, r~w W1 ntt Tu rb t nl' l1t1nt' I'll t l'r s • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • 19 
n. lhuniln J't'rCt'Ptinn Thresht,lds for l~hhi Ttwh11ll' N('\ist~ .. •• •••• •• •• ::'3 
C. Rnsponsn of Au i1 di 1'\~ls tn Noi St' [xci tttt1 on • • • • • • • .. • • • • • • • • • • • • 34 
n. Constderattnn' for Atmospheric Prnpanattnn 

of Wfru1 Turbtnt' NoiSt' ••• • • • • • • • • • • • • • • •• • • •• • •• • • • •• • • • • • • ••• • 52 
r. Example C,llrttlittfons .......................................... 6:~ 

'I 



: 

GUIOF ... TO TUE F.VAl..liATION OF 
HUMAN EXPOSURE TO NOt SE FROM l.ARGF. WI NO TURIHNES 

1.0 ABSTRACT 

This document 1s L,tended for usc in designing and sit1n~ fut.uro largo wind 

turbine systems as well as for ttssessing the no1so environment of ox1st1n\1 wind 

turbine systems. Guidance for evaluating human exposuro to wind turbine noiso 1s 

provided and includes consideration of the source cbaracter1st1cs, the propaga­

tion to the receiver location, and the exrosure of the reeei~_to the noise. 

The criteria for evaluation of human exposure are based on comparisons of the nois~ 

at th~ receiver location with the human perc~ption thresholds for wind turbine 

noise and noise-induced building vibrations 1n the pr~sen~e Of background noise. 

2.0 INTROOUCtiON 

The development of wind turbines which are acoustically acceptable to the 

community requires an understanding of the human perception of. and response 

to, wind turhine noise and any noise induced building vibrations resulting from 

their operation. The factors which are hel ieved to be important in eval ua.t1ng 

human exposure to wind turbin~ noise are shown schematically 1n figure 1. 

SOURCE PATH RECEIVERS c~.~~~J~. 
• IMPULSIVE • DISTANCE • BACKGROUND NOISE • PERCEPT ION 
• BROADBAND • WINO GRADIENT • INDOOR/OUTDOOR • ANNOYANCE 

• VIBRATION 

Figure 1.- Wind turh1ne noise factors. 
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1\s indicatod, tho wind turbino gent'rator may produce noise with both impulsive 

("thumping") and broadband ( 11 sw1shinn") character1!jt1cs (t'af. 1-R), These 

noiso contponf'nts tlrt1 modified by atmospheric propag~tion and tArl"ain effects 

hoforo roaching tho receiver. Tha effects of wind turbine noise on tho 

receiver may be modified by factors such as the background no1so level, 

1oc.ation of the receiver (indoor.s/ outdoors), and the presence of any 

porc~pt1ble house vibrations induced by the noiso. To fully assess the 1mpac.t 

of the no1sa, the receiver's perc~ption of, and response to, the acoustical 

factors (noise level and frequency, for example) and nonacoust1cal factors 

(time of day, for example) associated with the operation of the wind. turbine 

should be considered. 

ihiS guide presents a procedure for evaluating wind turbine noise with 

(~tnph~lsiS on the acou.st.i.c.a.l factors. The guide is baSed upon results of reeent 

l.1boratory studies of human response to. wind turbine noise as well as informa­

tion contained in the available literature on no1se induced building vibra­

tions, noise propagation in the atmosphere and wind turbine source character­

istics. For compl~tencss, the background infortnation used in the development 

of the guide is presented in Appcndi ces A through E, and is based on expert­

once with horizontal axis machines. The guide is intended for use in the 

dosi~1n, siting dnd assessment of wind turbine systems for community acc~pta-

bil ity. 

3.0 SCOPE 

The evaluation criteria are based upon the noise and noise-induced vibra­

tions itt it receiver location. Nl.,tso ,1nd vibration may be measured at a 

rt~t~tlivl"r 1ocat1on if possiblr! or· may be inferrl"!d ft•om a knowledge of the noise 

(1t th(~ tu,.binc sib~ (source- noise) alonq with an estimate of the propagation 
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offects, Tho data heroin are most directly applicable to sftes trt which thn 

1ntorveninu torratn frlln tho no1sn sourco to a rneeher 1s ,.ahti~e1y flat llnd 

treeless, and th~ roco1vor is in a rural or suburban neighborhood. The scope of 

this guide in tPrms of thP sourco, path and roce1vor aro as follows: 

3.1 Source 

The wind turbtl1e noise may enntain both impulsive charact'er1sttcg du" t.o 

hlade/tower-wake interactions ~d broadband noise due to unsteady flow over tho 

blades (Appendix A). A schematic representation of a spP.ctrum contai:'ting both of 

these comflonents is presented.. in. figure ?.. Although the detatls for calculating 

the source noise characteristics are not included in this document other than by 

reference (ref. 3), both impulsive and hroadband components are considered in the 

evaluation process, Impulsive noise ts an important cOAsideration for those 

horizontal axis configurations with downwind rotors for which there is the 

possibility of strong rotor hlade/tower-wake interactions. Broadband noi~P., 

however, is of concern for all ~~pes of machines. 
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: :~ . ; ':.>. , ...... 
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10000 

fi9ure 2.- Schematic diagram of noise spectrum from large wind turbine generator. 
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fiqur~ 3.- Schenh'\tic. illust.Ntion of thl' t.'ffl~~.t~ of 
· distt'tnCt' ,md win,f dirt'Ction on t.ht1 sound 

from wind turbin~ g~nrrdtor~. 

lht' prcdicth,n of sound ~lrt'SSUt'<' l('v~ls dowm~ind of it \~ind turbinu is ba~('d 

uron sph~r1cal spreading and atmospharic absorption (fig. 3). In the upwind 

dirt~l:t.ion an t'H1dttion,ll f.1ctor, sh.-tdm~ :Me fnrmation. is included ir'l t.ht' prt'dh> 

t ion method. 

Thl" rt~l"t'ivl'r e)(posurt~ is tW,\luat..~d hllt.h ouhide and inshit~ the h~.,ust'. 

tlut.~1d~. the rt:H'.l1 ivnr is t~onsith~rt'd t.n t'~<perit:\nc~ wind turhinl' nofst~ in t.lw 



ln considering the human axpofiure to no1sa and vibration, tho suggested cvalua~ 

tion criteria are baned ltpon tho human porcoption thr~sho1ds for both, Tho oval .. 

uation criteria for tho noise arc htlsod unon tha rgtWlts of laboratory simula .. 

tions of w1nd turbine noho wh1.c.h wora conductnd ill direct support of this effort 

to dovolop wind turbino noise guidolinos,_ Thr-dotails of these tosts as well as 

the results are given in Appcnd!x A. Tho evaluation criteria for the building 

vihrat ion arc based on building res~lonse data (primarily from a1 rcraft f\yovcr 

tests) and the International Standards Organization guidelines for human response 

to vibration. The details for determining building vibrat1~nd associated 

~uman effects are co~ta1ned in Appendix c. 
The recommended goal for designing and siting future machin&s is that the 

noise ahd vibtation levels at the receiver location be below tha respective per­

ception threshold values when considered a1on~ with the backuround 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 illustrated $chemati~ally in figure 4. 

BACKGROUND 
NOISE 1--

HUMAN RESPONSES 
TO NO\SE. 

WIND TURaiNE 
NOISE 

ATMOSPIIER I C 
PROPAGATION 

NOISE AT 
RECEIVlR 

BUILDING VIBRATION 
RESPONSES 

Figure 4.- Evaluation of human exposure to wind turbine noise. 



4.1 source Oescr1pt1on 

The sou rca no he should hr. prrdfctod or mauurect 4t a ref a renee 1 ocation 

near tho mach1Qa. A o1stance of ~no motori downwind of the machine is recom­

manded ano W-411 be referred to as tho "rofarenrt' distance." l'ha spectrum sh~ul o 
bo presented in terms of ono=th1rd octavo· bands covering a frequency range from 

?.0 to at least 2000 Hertz ... If the machine .has impulsive (thumptng) chllracter-

1st1cs, a narr~w band spectrum should he dOtermin~d in addition to the one-third 

octavo band spectrum. The nc1rrow band spectrum should hnva a bandwidth rcsol u­

tion narrower than the blada passagP. frequ~ncy and should cover a frequency ran~~ 

from blade passag~ to at lP.ast 100 Hertz. Spectral components which occur below 

3 Hertz may be difficult to measure without the aid of special low fre~uency 

microphones. Howev~r. it is believed that these very low frequency blade passage 

harrnonics will not be significant in most ca.ses. 

the noise spectra are dependent upon operating conditions at the site suc.b-- -­

as the velocity and direction of the wind, and hence are time dependeht. 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 op~rations which produce the highest levels of noise. 

4.1.1 Measu~em~nt Considerations.- The measurement of wind turbine generator 

noise may be difficult because of the adverse effects of the wind- Backgrourtd 

noise level~ due to wind blowing over the microphone tend to be highest at very 

low frequencies, decrease rapidly as frequency increases, and at frequencies 

ahove a few hundred Hertz cease to be a significant prohlem. Several procedu~es 

are recommended for minimizing the wind noise effects such as: the use of a wind­

screen, location of the microphone ncar the ground surface where wind velocities 

ar~ 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 
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4.2 Atmospheric Propaoat1on 

Whon available, propagation d~ta ~cqu1r~~ at tho to~t ~ito ~hould be usod 

1n ostimat1ng tho no1Ho ~t tho recotvor location. fn tho abaonco of ~uch 

c1fltl1, pl'ocr•duro5 ~ro rocommendod (Appt.lndh n) for estimating tho noho upw1nrt, 

downwind and crosswind (qo~ to tho wind diroct1on) of tho machino. Tho 

moasurcd ~r prPd1ctod sound prossuro laval spectrum should first ho corrected 

to tht1 rofort~nco distance of 20n m~.~tors by tho following: 

SPL2 = Sound pr(!ssure level at 20ll meters 
SPL1 = Sound ~1re~sure lovel at r meters 
r c Distance from machtno at which measurement or 

pr~d1ct1o~ was made. 

4.2.1 Oownwind.- The attenuation downwind is esti1nated based only on spherical 

spreading and atmospheric absorption. Fi~W~ 5 gives the sound pressure level 

reduction as a tunct ion of frequency and distance from the wind turbine. 

6000 -

4000 . 

2000 -­
OISlANCE fROM 
WIN[J TURBIN(, 

m 

1 
i?O 

.. 1 - .. 
30 

l. 
40 

SOUND I'Rl~SURr UVH IUOliCliON, dB 

. ·---··· .I 
so 

Figure 5.- Sound pressure level reductions due to spherical spreading 
and atmospheric absorption for various frequencies as a 

function of dtstdnce from wind turbine. 

7 



4.~.2 Crosswind,~ Attenuation cros~w!Pd-1s e~t1matad 1n the same manner AS 

~ownw1nd propagation using f1guro 5, 

4,2,3 Upwind, .. Sound p!"opaoating upwind rasulttt 1n the formation of ~ shadow 

lono 1n w.b1ch rapid sound attenu4ttion takas placa. Thu distance from tho 

mac hi no to the edge of tho shadow ZOQQ h rlepondont on both the w:!-~ood itnd 

the height of tho no1so source l!bovo tho grnunrt. F1guro ti may be usod to 

rlet~rmino this d1stanco. It is suggested that tho lowest operating wind speed 

be used (low speed cut-out) and the sourc~ height be the to~ of the rotor d1sc 

for broadband sound and tho bOttom of the rotor disc for itnpuhive sound. 

3500 

3000 

2500 

DISTANCE 2000 
TO SHADOW 
ZONE 0, m lSOO 

1000 

0 

WIND VELOCITY 
AT HUB " S m/sec 

50 100 
SOURCE HEIGHT h1 OR h

2
, m 

150 

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

Sound pressure levels at distances between the machine and the edg~ of 

the shadow zone may be estimated based on spherical spreading and atmosphe·ric 

absorption. Figure 5 specifies the reduction in noise level to be applied to 

the reference sound pressure level (SPL2) as a function of frequency and 

distance from the wind turbine. 



40 

30 

SHADOW ZONE 
EXCf.SS 

ATtENUATION, 
20 

dB 

10 

DISTANCE FROM 
EOGE Of 

SHAllOW 7-0NE, 
m 

~--- 400 

100 

so 

o~~------~------~------~----~ 30 100 300 1000 
FREQUENCY, Hz 

F1gurQ 1,. Excess sound attenuation tn the shadow 
zone as a func!t ion of frequency and distance. 

3000 

A rapid drop in sound pressure l~vel. which is frequency dependent, 

otcurs during the f1 rst 400 m inside the shadow zone as given by f1 gure 7. 

This figure also displays the reduction in sound pressure level which occurs 

at intermediate distances between the edge of the ~hadow zone and 400 ~. 

Sound pressure levels heyond this distance are again based on spherical 

spreading and atmosph~ric 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 evaluation of the noise 

exposure at the receiver location consists of two parts: an evaluation of the 

noise effects on the receiver and an evaluation of the noise-induced building 

vibration effects on the receiver. It 1s 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 perc~ption thresholds when considered along 

9 



with the ha~kQrmmct noise levoh A~~ocintalt with the per1.octa of hiuh turbine 

noi~a. The evA1untion of the no1~e And tho v1hrat1~n are con~1deract aap~" 

rataly an follawn, 

4,3,1 Outfi1de Noho f.vct1unt1on • ., Th{l nvn1uat1on af wind turll1na l;)oneratar 

noha outs 1do bu11 dings involves tho tomporal ltnd spot tal c:haractol"ht icn of 

tho t'l1ach1no, tho tlort:1nont atmospheric propagation phonomoM. and tho back· 

~round noise at tne roeo1vor loent1on. Roth tho broadband noise eomponents 

and tho narrow band 1mpu~s1vc no1so components should be conS1dc~. 

4.3.1.1 Background Noise.- The h~ar1ng percoption threshold data 

contained hera1n w~re determined for background noisa spectra having shapP.S 

similar to those of f1gurt} 8 which apply to rural/suburban settings. For 

other situation~ suth as in urban or 1ndu~tr1al settings background noise 

spectra should be measured on a one-third octave band basis or estimated from 

reference 11. 

4.3.1.2 Broadband Noise •• A one-third octave ba~d spectrum of the 

wind turbine noise should be compared to the one-th1 rd octave band tpectrum of 

the background noise. The procedure is illustratad in figure 8, as an 

example. To be belO\~ the pereeption threshold, the noise level at a receiver 

location should be below the noise leval of the back~round noise for all 

one-third octave bands. No adverse human response i$ predicted for cases 

where the levels of the turbine noise are equal to or below the background 

levels. tf the levels exceed the background noi~e. Table 1 (modified from 

ref. 12) indicates the potential human response. 

10 
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Figure 8.- Example o1 broadband noise that would be just percept1blG 
in the presenc& of tha assumed baekground noise. 

TABLE 1.- ESTIMATED COMMUNITY RESPONSE TO WIND TURBINE GCH£RATOR NOI~~ 

.,_,...,.. ..-.- , ........... ------
AMOUNT IN DECIBELS BY ESTl MATED COMMUNITY RE:. ~O~SE 
WHICH .THE RATED NOt SE 
EXCEEDS THRESHOLD LEVEL CATEGORY DESCRIPTION 

• 
0 NONE NO OBSERVED REACTION 

5 LITTLE SPORADIC COMPLAINTS 

10 MEDIUM WIDESPREAD COMPLAINTS 

15 STRONG THREATS OF COMMUNITY ACTION 

20 VERY STRONG Vl GOROUS COMMUNITY ACTION 
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4.3.1.3 Impulsive Noise ... A narl'ow band spectrum of the wind tut•b1ne-­

should be c:ompared ~"! .. :, the curves of figure 9, which are for . ...lLllt.ach1ne having a 

fundamental blade passage frequency of 1 Hl. Adjustments should be made for 

other frequencies according t~: 

ASPL = 10 1og 1o(blade passage frequency) 

Thus, the curves for o.s Hz fundamantal would he 3 dB 1 ower-- and the curves for a 

2 Hz fundam~ntal would be 3 dR higher than those presented in figure 9. 
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Figure 9.- Thresholds o( perception for impulsive noise for 
different background ~oise 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 tM frequ~ncy 

rdnge presented. If the sound pressute levels exceed those of the curves, human 

response as given in Table I may result. 

One may interpolate between the curves of figure 9 if the background noise 

11.>vels are different than those presented. However, the usefulness of figure 9 

i~ 1inited to situations in which the shape of the background noise spectrum does 

not differ sighificantly from those used in the ~t.udy of Appendix 8. 
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4,3.? tnstda No1sf\ fVtlllHttton, ... Tho nvalunt1on of tnstdo noise involves 

tho additional factors of noHt.1 rnduct.1on loss from outside to inside, tho d1mon .. 

stons and layout of the rooms drd thH 1ns1dn hackgrnund notso. For froqunnct~s 

ahove fin Hz the house noise roduct1on flata of f1~url1 10 apply diroct.ly and pm•m1t 

tho osttmatton of inside noise lnvels (Appond1K C). 

-· PROJECTED 
40 \\\'RANGE OF AVAilA.BlE MEASUREMENTS 

NOISE 30 

REDUCTION, 
dB 20 

10 

0~'--~----~--~'------~'~------~'--------' 
1.0 10 100 1000 10000 

FREQUENCY, Hz 

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

At frequencies helow 5() Hz very few data art~ avaitah'le to indicate how the inside 

and outside acoustic fielrls are r~lated and hence zero noise reduction is assumed. 

Once the transmitted noise and house ambient noise are determined, th~ same evalua-

tion procedures are followed as for the outside noiSe situation. 

4.3.3 Building Vihrdtion Evaluation.- The evaluation of the response to noise­

induced building vibratilln is determined from figure 11, which uses an assumed 

one-third octdv~ band wind turhine noise spectrum for illustrative purposes. ThP 

outside noise spectrwn associated with the turbine operations can induce vibrations 

of the windows, walls and floors (Appendix C and refs. 13 and 14) dS illustrated. 

The recommended design goal is that the responst' of the walls be below the httml\n 

perception threshold, or below tht~ ambient perceptible vibration. 
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Figure 11.- Sound pressure levels suffici~nt to cause percentible 
vibrations of house structure elements over a range of frequ~ncies. 

It is believed that in a residential environm~nt 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 required fof' build1ng 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 detived 

separately and there are no provisions for combined environment effects. If 

both noise and vibration thresholds are exceeded, it is recommended that a 5 

d8 increment be added to the higher of the two levels for entry into the left 

hand column of T~'le t to estimate the resulting reaction, 
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5,0 SUMMARY ANO RECOMMENOA1IONS 

This guide has neon proparad for usa in the des1un, sit1n.g and assessment 

of wind turbine ~ystems for community accaptability. The 0valuation 1s base~ 

on the noise at tho rece1vPr location whir.h may he measured rlirectly or infer­

rod from a knowledge of the no1so at the turbine site along w1th an estimate 

of tho atmospheric propagation effects. The evaluation criteria for humaQ 

exposu.t.e. involves a comparison of the noise at a receiver location and any 

no1se-1nduced building vibration with the human pe~cept1on thresholds for wind 

turbine noise and building vibration. The effects of background noise are 

included in the evaluation. Th~ recommended des1gn/S1t1ng goal is that the 

levels of noise and vibration at the receiver location b~ below the perception 

thresholds at the appropriate background noise conditions. 
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APJ1ENO I X A 

RAOIATlON OF AEROOVNAMIC SOUNO FROM l.M•.1f. WINO TllllRlNE GENFR.~TORS 

To assess the acousttcn1 impact of ,,,rur w1nd turhiM! 9onorators, which 

ml1y opor4tto stn~ly ot' tn mult.tplo units, an undorst,lnd1ng of tho baste sound 

\10nHrat1ng mechanisms 1s required. Tht' purposo of this Appondh 1s to ch~'lr'H'­

tor1le and assess tho 1mportllncc llf tho sourcos of '1erodynamtc sound from 

various types of wind turbine gonerators. 

fYPES OF WINO TURRtNE GENERATORS 

Wind turbine ge~erators, which cover a wide range of power ratings from 

kilowatts to ~egawatts, can he catogoriz~d as vertical a~is or hor1z~ntal a~1s 

machines as indicated in figure Aul. Vertical axis machines include the 

Oarrieus \1nd Gyromill types. They typically have 2 to 4 blades which rotate 

about a vertical axis~ .. th(,.V c1rP nc:mdirectioMl with respect to the wind and 

require powor input for starting. 

WIND .. 
I I 

--1. 1: _] 

\ 

DARRIEUS GYROMILL DOWNWIND UPWIND 

VERTICAL AXIS HORIZONTAL AXtS 

Figure A-1.- Types of larne wind turl:1ine generators. 
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Horilontal a)(h machines ara salf start1no, havo 1 or moro blades, and 

operate in tho range 17"40 rpm. Thoir daston incorporates automatic pitch con" 

tro1 far constant rot at tonal spn~d and other control and !Htfoty systems d1 roc ted 

by mfcroprncossor un.tts. They M·o raforred to '"' oithor upwind or downwind 

mllch1nes dop~nd1ng on thO location of tht1 rotor with ro!lpm::t to tho sup,lortin\1 

tower. Th~y operate most officiontly when alfnnlld with the wind 11ector. 

60 

SOUND 
PRESSURE SO 

LEVEl, 
dB 

40 

WIND " 

.... '1Nl1'1 
BOUNDARY LAYER· 

'\ TRAILING EDGE 
\/ INTERACTIONS ,, \~ 
I ' 'x \ ,, 

LOADING \ \ 
HARMONICS_/ . \ 

INFLOW X 
TURBULENCE-·- \. 

30~--~----------~--------_. __________ ._~ 
10 100 1000 10 000 20 000 

ONE-THIRD-OCTAVE BAND CENTER FREQUENCY, .Hz 

Figu~e A-2.- Acoustic sources for a downwind hotitontal 
axis wind turbine generator 

ACOUSTtC SOURCES 

Acou~ttc sources associated \!lith vertical axis and downwind hol'hontal axis 

machines are illustrated in figure A-2 which contains an example froquency 

spectrum of a downwind horizontal axis wind turbine. The spectrum can be 

divided 1nto discrete frequency harmonics and broadband components. Loading 

hdrmonics associated with both steady and fluctuating blade loads are at 

multiples of the blade passdge frequP.nc.v and hence occur at very low fre­

quencies. The discrete frequency components caused by steady aerodynamic 

loading are dominated by the loading harmonics which arise from the interaction 
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of the rotor with the turbulent wake behind the tower. n1tcreto tones around 

10.000 Hz are cau~ed by a mechanical "taquf'llk" which occurs once par revolution. 

The sourcas of broadband sound. which are important for all wtnd turbine 

generators,are spread over a very wide frequency r~tn\'(e from subaudible into tho 

normal ranga of hearing. At low frequencies (20-150 Hz) the mechanism for air .. 

foil generated sound 1s the phonomonon of fluctuating lift due to the inter­

actions of the inflow turbulence in the atmosphere with tho blade leading edgo. 

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 mechanism for generation of sound by an airfoil in 

motion is the convection of the turbulent boundary layer past the trailing edge 

of the airfoil. It is best represented by an edge dipole which radiate~ mainly 
I 

forwa~d and to the sides. The radiated SOUDd can be character1ted by a broad 

spectral peak at frequencies between AOO and 2500 Hz. These broadband sounds are 

clearly present in the frequency spectrum depicted in figure A-3 wht.c.b... was 

obtai ned for an upwind horizontal axis machine. No 1 ntense discrete 1 ow-frequency 
v 
~ 

/~ 
INFLOW ~ 

TUR~ULENCE 

SPL, 
dS '...,. /BACKGROUND ""'''< WINO NOISE 

' '----"" .. 
'--- ---

~~------~----------~----------~ 100 1000 10000 
FREQUENCY, Hz 

Figure A-3.- Acoustic sources for an upwind horizontal axis w1nd turbine 9enerator. 
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componontu ara pre6nnt. Other hroarlhand ~ourca6 fiuch as direct rad1at1on from tho 

tut"bulont hounctary layers and tho aerodynamic Wt1kon from the blades, vorteK 

shodd1nu. Reparated flaws duo to 1oeqli1.ad sta11inn and the interacting of tho 

aerodynamic f1ow with surface roughness, proturbanccs, cavities and slots aro found 

not to bo important for the machines discussed in ~cferencos 1 and 2. 

NOISE PR£DICtlONS 

There are no known methods for noise ptediction which are well estab11shod and 

validated for large wind turbine generators. oata which relate to noise prediction 

are included 1n references 1-R. ~eierences 2 and 3 contain procedures for predict­

ing some features of the broadband noise, and reference 4 eontains 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, roto~s operating in the turbulent 

wake of their supporting tower display i~tense low frequency ha~monics. The impor­

tant broadband sources are due to turbulent inflow and interaction between the tur­

bult!nt boundary layers and the blade trailing edge. 
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APPENOtX a 

HUMAN PERCF.PTIIlN THRESHOWS FOR WINO TURRINF. NOISf: 

INTRODUCTION 

The purpose Of this appondix is to present t~o roQults of e~perimonts eonductoo 

to determine the perception thresholds for wind turbine spectra covering tho ranno 

of ox1sting and future machine designs and oporating conditions. Thrtasholds 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 diffarent 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 detect 1on for the 1mpu1S he 

"thumping .. sounds which result frortt 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 relationshi~. 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. For 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 foun~ for 

the random phase condition. For this reason, the impulsive sounds used 1n this 

study had a coherent phase relationship betweeh harmonic components. 
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N1nct turb1na ta~t at1tnu11 ware computer gonar11tod anct conahtect of a funcla ... 

montal frequency (blado p~stlago) and up to 250 hilrmonica for Which amp11tudo and 

rhiHW w~ro dof1nact, A t.vp1ca1 w1nd turb1no aounct llpoctrum nnf1 tfmo hhtory usod 

1n tho toHt aro prof\Ontocl 1n fif)uro R .. t, S1nco tho sound 11mp11f1cl1t1on/roprofluc" 

tion Hystom 1ntroducn!l ph~fin lind amp11tudo tf1Htort1on, tha t.rMnfcr funct.1nn 

twtwoon tho output from tho eomputor llnrl n m1crophnno pl~:~eod at tho locnt1on of 

tho test subjoc:t's ear wns Clllculntod, This t.rMsfQr function watl 1ncor~ortttrd 

1n tho noise generation softwara, enabling the des1rod spectra dnd time h1stor1ns 

to b~ producod in tho anechoic test fac111ty (fig, B-2). Th1s fac111ty ha~ 

dimensions of 4 m x 2.5 m x 2.5 m (cutoff frequency of 150 Hz) and is equipped 

with two loudspeakers having a fr~quoncy response of S Hz to 20 kHz. 
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Figure B-1.- Schematic representations of wind turbine 
impulsive noise spectrum and time history. 
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Figur~ a-2.- Anechoic test facility. 

As a result of measurem~nts of the M00-2 wind turbin~ (r~f. 2) it was 

detarmined that the subjectively dominant sour.d was character"ized IJy a broad 

spectral peak occurring in the 800-1000 Hz range, This is as~ociated with th.w.Q-----­

interaction between the blade boundary layer and its trailing edge and is pre-

dictable based upon blade geometry and tip Speed. It is b~11eved that this may 

be an important noise generation mechanism for both "upwind" and "downwind" 

machines. In order to encompass a range of present and future designs of large 

wind turbines. broadband sounds having peak frequencies of soo. 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 effects of background noise. tape record1ngs were 

made at night in a suburban/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 tape loop constructed. 

This background noise was played continuously during which time thresholds of 

detection of wind turbine sounds were determined. 
25 
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In conduct 1 nu a test. a s1 ngl a subject was sea tad in front of the loud .. 

spoak~rs and 1nstructed to pre~s a hand~held switch when the wind turbine sound 

was ueard (fig. 8"3). This switch activated a light Which was monitored-by the 

test cnnductor. 1he sound pressure level of the sound was slowly reduced until 

no longer detoctable and then slOwly raised until-detectable again. This 

process was repeated until cdnSi~tent ftscending and descending t~resholds were 

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

detection. 

cz::lLEVEL 
~~ORDE 

ANECHOIC ROOM 

N~~~~W ·t--..-----ii---__.. M ICROPHON£ 
SPECT~UM 
ANALVZER 

ll GHT SIGNAL 

AUDIO· 
ELECTRONICS 

HANOSWITCH 

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 of detection for bpulsive turbine .noise having a variety of 

spectra in the frequency range from 20 to 110 Ht. 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. 

26 
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ThesL• spectra wore synthes11ec1 based on lllO~,surod .1ata from tho MOil ... J s1to as wol1 

ns calculations of the spt'ctra rosult1ng from blade/tower-wake 1ntorac:tiuns 

(rr.fs. 3 and 4). 

The spectra wt~re designed !HIC.h that dotoct1on would be ~'lchtovod over a narrow 

froqu~ncy ranue. This was accomplished by (:ompat-1no Sflt'ctrum levels with thC\ ISO 

~Har'e tone threshold (or minimum ,1udiblo fiPld--MAF) (rt'f. 5). for l'xamplo, 1f the 

lovol of tho spectrum in figurt~ R-1 1s raised. the freqw:mcy components nl~ar ('10 117 

will be the first to intersect the MAF curve, and hence this frequency regtnn is 

considered dominant. A total of 10 spPctra, having a fundamental 11 blade passage" 

frequency of either n.s Hz or 1.0 Hz were designC!d to he dominat.ed, subjectively, 

by harmonics at different frequencies as shown in fi9ure B·4. Those having " 1.0 

Hz fundamental wete dominated by components at 20, 40, 60, 80 and 100 Hz and those 

having a 0.5 Hz fundamental were dtlminated by components at 30, SO, 70, 90 and 110 

Hz. For the purpose of clarity figul"c R-4 presents spectral "enve1o.pes 11 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 niDas­

urements w~rc found to be typically 2.5 dJ;, with a tendency for the spectra having 

n.s Hz fundamental to have the higher standard deviations. 

The narrow band spectra as presented in figure R-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 R-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 Hz Cdse. Also shown 1s the ISO pure tone or minimum audtbln field 

{MAf) threshold (ref. 5) which has the same general shape. The difference in 

1evc1 between the wind turbine cur·v~s and th(' MAF curve may be attributed to the 

integration time and to the critical bandwidth of the human ear (ref. 6) which is 

fc.tr grt"dter than the bdndwfdt.h used in the srectral aMlysh. 
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Figure S-5.- Detection thresholds. 

Detection thresholds wer~ also determin~d for some of the wind turbine 

sounds 1n the presence of backgtound noise. All five sounds having a 1.0 Hz 

fundamental and two havin~1 a 0.5 Hz fundamental were presented to eight test 

sub,1ects. Detection thresholds were determined in two hw.cl.s.-of-background 

noise (35 and 45 dB(A)). having sp~ctra as shown in figure 8~6. 
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Ftgure R-6.- ,ackground noise spectra at 35 and 45 dB(A). 
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Tangential curves were f1tted to those spectra li.w~:-:g a 1 li7. fundamental at 

their mean threshold level. Those curves a~e p~esented 1n figure R-7 And are 

compared w1th the threshold nlOiu;ured in "quiet." Figure B-7 shows that an 

increase 1n backgrou~d noise of 10 dR raises the detection threshold of the wind 

turbine sounds 10 dB at the highQr frequencies but only 3 dB at the lower fro" 

quencies. Tho fact that it is not 10 dB at all frequencies may h~ attributed to 

the shape of the background noiSe spectrum, which ntasks the higher frequencies 

much more than the lower ones. The threshold chan~e observed at the lower fre­

quencies 1s dua to the-downward .spread of masking caused by the hi.gher frequen­

cies present in the background no Be rather than due to masking by the: 1 owet" 

frequencie~ in the background noise. Consequently, the usefulness of figure B-7 

is limited to situations in which background noise spectra do not differ signif­

icantly from those used in this study (fig. B-6). 
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Figure B-7.- Oetection thresholds for different background 
noise levels (1.0 Hz fundamental). 



Roth d~tect1dn oxpr.r1mants ind1c~to that the frequency of tho fundamental is 

a s1gn1f1cdnt Vdr1able (fig, R-fi), However, 1t is possible to usA the 1.0 Hl 

fundnmontal curvos Mi a rt1foroncC' ,lnd mako adjustments on a logarithmic (energy) 

hash for tho actual bladt1 pMHlilflfl froquoncy, Thus, the cur•ve for a 0,5 Hl functa~ 

mental would be 3 dl\ lower and thC' curve for 2.0 Hz would be 3 dR h1ghor than tM 

1.0 Hz fuhrlantental curve. FurthMmore. the fr~'~uency analysis bandwidth should ho 

loss than tho fundJmnntal fr~quonty. The uso of on~-third and octa~e band 

analysis is not rf!COIIlltl(mded duo to tho stl'ep slope of the thresht)ld curves. 

Certain ·limitations of the preced1ng results ne~d to be cons1d"red. Me,ln 

threshold data have. been presented and consequently some p~ople will be able to 

detect sound at lower levels. Also. the spectra used to generate the t~reshold 

curves were specifically designed such that detection was achieved over a narrow 

frequency range. The t.hresho1d level of sounds which hav~ components at or near 

the thresho 1 d curve over a wider ft'equency range is unknown at this time but may 

be presumed to be somewhat 1 ower than the va 1 ues determined in the present study. 

Broadband Sounds 

Oetection thresholds were determined using three synthesized sounds having 

peak frequencies of 500, 1000 and 2'000 Hz tlnd a recording of MOll-2. Eight 

subjects took part. none of whom had significant·hearing loss. 

Figure R-R displays the one-third octave band spectra of the sounds at the 

mean threshold level and the ISO pure tone threshold (ref. 5). The peak one-third 

t.'lctave band sound pressure l~vels arl1 in goorl agreement with the pure tonP thresh­

old at the same frequency. which is to be expected since the critical bandwidth of 

the human ear is approximattJly one-third of an octave in tll1s frequency range 

(ref. 6). It is noteworthy that the detection threshold of the M00-2 recording is 

indistin~tuishable from that of th~3 synthesized sound having the same peak fre­

quenc.Y. 
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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 

~eriodic amplitude modulation, but impossible for the synthesized sounds which 

displayed no such modulation. The spectra at mean thresrrold level in the 

pr~sence of background noise at 35 and 45 dB(A) are shown in figure B-9. It was 
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concluded t~at a signal to noise ratio of 0 dB in any one-third octavP band is 

fiUff1c1ent for detection. It should be noted that detection cannot be predicted 

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

CONCLUOING REMARKS 

Thresholds of detection have been determined for two wind turhtnt.~ noise 

components, namely low frequency impulsive s~und associated with 

blade/tow~r~wake interactions and br~adband sound associated with blade bou~dary 

layer/trailing edge intel"a.ctions. The thresholds wera measured in "quiet" and 

in the presence of background (ambient) noise and will enable assessment of the 

detection of a predicted or measured nois~ ~ondition at a receiver lotation. 
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APPENfllX C 

RESPONSE OF BIJILOINGS TO NOISE EXCITAtiON 

JNTROOUCTION 

Ona aspect of COI1llttun1ty rasponsa to noise 1nvolv~s people 1ns1de houses. 

Since house structures have many components which are readily ~xc1ted by noise 

and which can be coupled, they respond as complex vibrating systems. Th~Se 

dynamic responses are significant because they affect tho environment of the 

observers inside the house. The nature of this noise induced house excitation 

probtem is illustrated in figure C-1. 

_FNOISE TRANSMISSION\_. 
OUTSIDE I .. INSIDE 
EXCITATION~ VIBRAT ON _jOBSERVATICNS 

0 NOISE INDUCED NOISE e NOISE 

e VIBRATION 

• DAMAGE 

Figure C-1.- Nature of noise-induced house structure responses (ref. 3). 

A person inside the house ccn sense the i~pingement of noise on the ~xter­

~al $Urfaces 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 R)i the rattling of objects such as dishes, ornaments and 
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she1ves which are set 1n motion by the vibration of the primary components (refs. 

2, 3 and 9); and 1n tha axtremo cases ctamaoo to tho ~econdary structure such as 

plaster and t11e and/or furnishings (refs. 7 and 10), 

The purpose of this appendix is to summarize nva1lah1e data on house .r.nspon­

ses to noise excitation anct thus to define tho rolo of house responses in tha 

problem of community reaction to environmental no1sQ, 

VlBRAil()NS OF HOUSE MAIN STRUCTURE COMPON£NTS 

Data on the vibtation responses of houses is derived from several different 

sources. Some measurements are available from buildings instrumanted with accel­

erometers, deflection gaug~s and/or ~train gauges on walls. floors, ceilings and 

windows to record transient responses due to flyovers of subsonic jet and propel­

ler aircraft ar'ld he11'-0ilters; and the sonic booms of supersonic aircraft (r~fS. 2 

and 11-15). In addition a number of experiments have been conducted i~ 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 1n which house 

structures respond to acoustic loadings. 

Frequencies and Mode Shapes 

Example mode shapes and frequencies for a one-story test house ate given 1n 

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 its floor had reso­

nances at 21.4 and 26 Hz respectively, nata 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 

"oil canning" modes of the type illustrated in figure C-2. Note that there is 
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evidence of structural and/or air cavity coupling. It can be seen that preferred 

phase relation$h1ps ex1st as ft result of tha manner in which ths floor and wa11 

structures are arranged. 

f ., 16.6 Hz 

BEDROOM 
CEI Ll NG 

EX CITATION POI.NT 

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

Higher order modes may in some cases be excited for preferred loadings or 

for more complex structural configurations. Examples of such h1ghet order modes 

are shown 1n figure C-3 which relates to one of the test sttuctures 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 are characterized by nonhomoganenus elements. Walls, 

floors and ceiling~ 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 respond as dynamically coupled elements but this behavior 1s 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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PlAQUEs 

-POOR 

Figure C-3.- Example higher mode respon~es of a house wall 
having door and window openings (r~f. 2). 

beams, as suggest~d by the mode shap~s of figure C-2, and the sheathing panels 

play only a minor role. on tha other hand, higher order modal responses (above 

300 Hz) tend to be dominated by the ~heath1ng panels. At intermediate frequen­

cies (100 to 300 Hz) the panels behave as if they were simply supported while for 

the higher fr~quenciea the panels behave as though their edges 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 ~t a given frequency, the acceleration amplitudes are a 

direct linaar function of the input force. Likewise, the measured accelerations 

increase as a function of frequency for a given input fo~ce, and they generally 

occur about a straight line having a pos1t1v~ slope of 6 dB per octave up to fre­

quencies of about 1000 Hz, the limit of measurements. 

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

in dime~sion to conventional double hung designs having much smaller sash ele­

ments. All windows are si~ilar 1n that the major element(s) is a relatively thin 

glass plate simply supported along its edges. A plate glass test spec1men of 
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ref, 8 hact natural rasona~ of 9, lB. 48, anct 70 H~ for aiman~1ons of 1.22 m 

by 1,84 m. Sma11er fiAnh windowa of conventional hou~as are noted to have rasoM 

nant ro~ponsa~ 1n the ranQa of novoral hunctrad Hartl, Thus, tho range of 

response froquone1os far w1ndow componontfl of houses 1s consistent with thosa 

for other structural eompanant~. Ev1dcnca of window motion may bo ohserved by 

sight, by feeling, or by tho ~attling of loose elements, 

Acceleration Levels 

A large number of measurements are a~ai1ab1e for the noise induced acceler­

ations and ~tresses in hou~ structuros. These datd have come from a wide range 

of exposure conditions and rather detailed measurements were obtained for a 

number of different house structures (r~fs. 11-15) and from unpublished data by 

R. Oeloach, K. P. Shepherd, and E. F. Oaniels. The above studies relat~ to the 

problem of community response to subsonic ai~craft, supersonic aircraft and 

helicopters; and specifically 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 ~xample values ar~ given 1n figures C-4, C-5 

• 

1.0 

0.1 
ACCELERATION, 

9rms 
.01 

.001 

ACCELERATION 
LEVEL, dB 

REF 10 1-\g 
' '-PROJECTED FOR LINEA~ RESPONSE 

120 ~<;.~~A I RCRAFT AND HELl COPTER NOISE tREF .12· 
~"-~ SONIC BOOMS tREF ,12 AND 131 

100 

80 

80 100 120 
PEAK SOUND PRESSURE LEVEL, dB 

140 

Figure C-4.- Measured house wa11 acceleration responses due to noise excitation. 
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an~ c~o. In aach case the measured accelerations are plotted as a funct1on of 

tho peak soun~ .prassura levels measure~ outside of the house. Accalarat1on 

lavals ara daf1nad as 20 Loglo(9/9o) whora g0 R 1.0 ~g. 

Oata for wall acceleration roapon~os aro prosentod in f1Qura C"4 for 

houses expo5ed to noise from eomma~e1a1 and m111tary jftt aircraft; ho11co~tors 

and propeller aircraft; and son1c booms. The largo amount of data for a1rr.raft 

ftnd ha11coptar noise are enr.ompass~d by tho lower hatched aree and tho ava1lahlo 

son1c boom related data f1t within the upper cross hatched area. These data 

which are associated with a wide variety of input spectra seem to correlate 

satisfactorily on the ba~.s of peak sound pressure lavel. It can be seen that 

the acceleration responses increase generally aa the noise l~vels increas~ and 

seem to follow a straight line relationship based on the assumption Of '11n~ar 

behavior of the structure. 
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0.1 
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9rms 
.01 

• 001 

.0001 

ACC£LERATION 
LEVEL, dB 

REF. 1.0 ~9 
120 -PROJECTED 

100 

80 

60 • 

40 

60 

0 AIRCRAFT NOISE IREF.l2·14l 
:::::_-~~SONIC BOOMS IREF.l2 AND 13) 

"WIND TURBINE (REF.l61 

0 

80 100 120 
PEAK SOUND PRE'lSURE LEVEL, dB 

140 

Figure C-5.- Measured house floor vertical acceleration responses 
due to noise excitation. 

Sim11u results are presented in figure C-5 for house floor vertical 

deceleration responses. Note that a limited amount of wind turbine data are 
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also included from (ref. 16). All of the other data shown are for the same test 

structures as in figure e.G, and apply directly to the ground floor only. Floor 

accelerations seem to fo11Aw generally a lt~ea~. response relationship as did the 

wall response data. The scatter is, however, considerably greater than for the 

wall data and the responses are about 10 dB lower 1n level for a given noise 

level input. For comparable inputs, the associated horizontal acceleration 

values are note,} 1r'l t-efs. 12-14 to be about equal to or are slightly greater 

than the vertical values given in the figure. 

Measured accellration responses for several conventional double hung 

windows are shown in tigu~ C-6. Good correlation is ~een for a range of widely 

different aircraft, heli~opter and wind turbine-noise inputs. and the trend of 

the data indicates linear ~e~ponse$ (refs. 14-16 and unpublished work of R. 

Deloach, K. P. Shepherd, and E. F. Oaniels). ror a given input level the window 

response~ are noted to be abou~ 10 dB higher in level than the associated wall 

responses. 
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F1gure C-6.- f.'easured house \'Iindow acceleration responses 
due to noise excitation. 

140 



Oamaga Experience 

Very little 1f any dtunage to elements of tho structure 1s exjlectod except 

at extreme values of tho 1nput noise level. F.xper1~nce for blasting, P.Xplosions 

and for sonic booms suggest that damage to houses may occur at peak ttccP-leration 

values between about 0.3 g and 3.0 g in the frequency range of 10 Hz to 100 Hl 

respectively (ref. 17). It can he soen that the measured levels of wall, floor 

and window acc~lerations which are cited for aircraft. helicopter, and wind 

turbine noise are generally lower than 0.3 g and hence no damage 1s expected. 

Sonic boom excitation which is associated with the extreme values of i~put 

pressure has been bl~med for som~ insipient damage to light structural ele~ents 

such ~s windows, plaster and tile surfaces, etc., (refs. 1 and 10). 

VIBRATIONS OF ACCESSORIES 

Wall or floor vibrations of the types described dbov~ can give ris~ 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 

ot more discrete points or along a houndary line, and are put into motion 

because of the vibratory motions of the surface. Such excitation of objects 

results in high freqlHmcy 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 rdnge responses in a wall mounted object such as a 

ricture (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 d'ifferent cr1te,.1a Hnes are 

included from ref. 9. Roth are shown a' being horizontal because no significant 
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ACCELERATIONS, 

9rms 0.1 

.01 

PREDICTION FOR 
WAll MOUNll:O 
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Figure C-7.- Criteria for the rattling of wall and floor mount~d 
objects due' to vibratory t~xcitatio" {rPf. q). 

effects of frequency were i dent Hh~ in any of the experimPntal data. The top 

line is drawn dt 1.0 g and is the prediction for rattlin~ in the case of normal 

contact as for an object resting on a horizontal vibrating surfate such as the 

floor. The hatched area represents the range of comparable experimental data 

and sug~1ests that in practical c,'lses some ratt.l in~1 mi9ht llccur at acc~leration 

levels less than 1.0 g. 

For cases where objects arl~ suspt~ndPd in P<'ndulum fashion fron1 the wall the 

lower criteria line might apply. It should apply theoretically to situations 

wht~re th~ h,1n9 an9le (an~1h~ between wall and han~1in9 flat t')b_iect.) is ahout 3')• 

Tht~ cross hate hi n~1 reprl'SHnts t.ht' ranqt" M data ilV\i i1 ah 1 c for a number of 

ohJt'cts such as pltlqlltlS, pic.t.ures ilnd mirrot·-;. from house situations and for a 

st.t~l'-'1 hall in labor,ltory tl'sts. ThP sc,ltter of measurl~d rl'sults sumwsts that 

small vdriations in the wall ~ll'O!IlPtry nr th,lt. of tht' suspendt~d oh,iPc.t c.an bp 

-;iqnH1cdnt. By impltc,lt.ion, t'hjt"cts thilt han~1 by smalh~r h,1ng anqh'S art> 

susc<'pttble to rattle at lower arrell'ratton lPvPls. 
•t? 
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VIRRATION PERCEPTION CRITERIA 

One of the common wa.;vs by which a person may sense tho noise· induced e)(ci .. 

tation of a house is ,through structural vibrations. This mode Of observation 1s 

particular.ly significant at. frequencies below tho threshold of normal h~ar1ng or 

1n the low fre~uency range where the car is less sensitive, 

There are no standards available for the thresl-:o1d of perception Of vibra­

tion by occupants cf buildings. The ISO T~chnical Committee lOR has, howaver, 

publish~d guidelines (refs. lR and 19) for interim use. Together they cover the 

frequency range .063 Hz to 80 Hz. The approp~iate turves from eaeh of the above 

doeuments are reproduced in figure C-8 and are repre~l ··~ed by the composite 

heavy line curve. This curve repres~nts the combined re~ponses Of a person in 

either the up and down, fore and aft, or sideways directions which~er is the 

most sensitive. Ibis is believed appropriate for the house vibration case 

because persons may be in various positions when experiencing vibrations. ~or 

ACCELERATION 
LEVEL, dB 
RE~. 1.0 !Jg 

0.1 100 
-COMPOSITE ISO GUIDELINES 

(REF. 18 AND 19) 

ACCELERATION, .01 80 

I I I I RANGE OF DATA (REF. 20-27) 
~WIND TURBINE OBSERVATIONS 

(REF. 28) 
9rms 

20--~---------~~--------~--------~ 
0.1 1.0 10 100 
ONE·THIRD OCTAVE BAND CENTER FREQUENCY, Hz 

Figure C-R.- Most sensitive threshold of perception 
of vibratory motion by humans, 
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the conditions of the above curve the bu11d!ags are assumed to be properly sea1ed 

a~d acoustically insulated so that significant sounds are not transmitted to the 

occupants and thus o"lY vibeations are sensed. 

The hatched-region of figure C-R encompasses the p~rception threshold data 

obtained in a number of independent studies (refs. 20-25). Differe~t investi­

gators, using different mea$ufement techniques have obtained valuas which extend 

over a ~ange of about a factor of 10 in vibration amplitude. The composite ISO 

guide~ines curve of figure-C-R is judged to be the be~t representation of the 

available whole body vibration perception data. 

Note the two cross hatched regions on figure C-8 from the data of ref. 26. 

Th~se are estimated one-third octave band levels Of vibrations which were judged 

perceptible in two different house structures excited by wind turbine noise. Based 

on the values of the ISO guidelin~3 curve they would be judged marginally percep­

tible and thus seem to constitute a ~ood 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 so11d curve. R~sults 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 se~sit1vity as the frequency increases. 

The ser.sitivity to tactile perception is about equal to that for whole body 

perception (fig. C-8} in the rahge of frequencies near 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 ATTENUAiiONS 

Another phenom~non observed ~ the occupants of a house is the noise 

transmitted to the inside spaces from the outside. The inside noise exposures 

a~e different from tho~e on the outside because of the influence of the house 

1000 

structu~e as the noise is transmitt~d through it. Under normal circumstances the 

noise levels are reduced. Oata showing example house noise red~ctions as a 

function of frequency are given in figure C-10. The hatched area encompasses 

results obtain~d in refs. 1-6. The noise reduction values of the ordinate are 

the differences between inside and outside readings. 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 content than those on the outside •. 

There are very few data available at the low frequencies (below 50 Hz). In 

this range the wavelengths are comparable to the dimensions of the rooms and 

there is no longer a diffuse sound field on the inside (ref. 29). Other 

complicating factors are the role of stiffness at these lower frequencies and 45 
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figure C-10.- House noise reduction as a function of frequency 
for the windows closed condition. 

1.0000 

the existence of p~essure leaks. The inside distribution of pressure can be 

non-uniform becduse 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 been documented for houses. Thus, it is 

difficult to characterize the low frequency noise en~iromn.ent ins·ide 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 distances into 

residential areas and has resulted in complaints. The hatched area of figure 

C-11 encompasses the ranges of frequency and noise level which are believed to 
46 
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Figure C-11.- Range of low frequency inside noise levels 
which caused adverse reactions by occupants. 

have caused the complaints. In all cales the levels of the higher frequency 

noise portions of the spectra were judged to be we11 within known tolerable 

limits. T~e low frequency components {below 125 Hz) are thu~ believed to be 

most significant. 

It can be seen that many of the frequency-noise level 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 ifiside noise levels ate considerably higher than the limited data indicate. 

CONCLUOING 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 f1·equencies below 

100 Hz and thetr motions are controlled largely by the beam elements. At higher 
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frequencies the sheathing panels play a greater rote-and are the dominant elements 

at frequencies above about 300 Hz~Measur~d accelerations fo~ a number of d1f" 

fet'ent types of nohe inputs correlate generally on the basis of P.eak noise l.evel 

and increase linearly as the 1nput level 1ncreas~s. Wall and floor mounted ohjects 

such as lamps, pictures, mirrors, etc., may rattle by excitation of the main struc= 

tute. 

Criteria are included for perception of vibration, perception of low frequency 

noise, the ~att~1ng of wal1 and floor mounted objects, and noise induced damage of 

secondary structures and furnishings. 
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APPENDIX 0 

CONSIOERATIONS fOR ATMOSPHERIC PROPAGATION OF-WINO TURRINE NOISE 

IN1~0DUC1lON 

The attenuation of sound as it propagatGs from a source to an observer is 

influenc~d by various phenomena, including geomstric spreading, air and ground 

absorption, refraction. diffraction and scattering. Th~ relativa importance of 

these mechanisms will vary from one particular situation to another. 

A br1ef description of each phenomenon will be given and prediction tech­

niques applicable to large wind turbine operations will be described. 

SOUND PROPAGATION PHENOMENA 

Geometric Spreading 

The propagation of sound from a point-source in a-homogeneo~s. loss-l~ss 

atmosphere, far from any boundaries will cause the sound pressure level to 

decrease with increasing 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. This may be expressed by: 

SPL1 - SPL2 = 20 log10 (~ ) 
rl 

whe~e SPL1 1s the sound pressure level at a distance r1 from the source. SPL2 
is the sound pressure level at a reference distance r2 from the source. 

This phenomenon is often referred to as spherical 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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A1r Absorption 

Atmospher1e ab~t1on 1o~~aa hava two baa1e forms: 

(1) Classical los~oa ns~ac1atad w1th tho-Cbanga of acoust1cal anergy into 

hoat by fundamental gas transport p~opert1os 

{2) For po1yatom1c gases, relaxation' losses associated with tho change of 

kinetic ena~gy of the molecules into internal energy w1th1n the ~nls­

cules themselves (ref. 1). 

The absorption due td both theso effects 1s 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 expressed in terms of ~t change 

in sound pressure l~el per unit of distance. At low frequ~ncies these losses 

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. Howev~r. 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 be~n adapted for use in the 

guide. Changes in humidity are unimportant unlesS-below 20 percent, in which 

case refer~nce 1 should be consulted. 

Fi~ure D-1 illustrates the combined effects of spherical spreading and 

atmospheric absorption. Shown fn this figure are sound pressure level reduc­

tion~ to be applied to a reference sound pressure level (measured or predicted 

at 200 m) as a functicn of frequel'lcy and distance from the wind turbine. 
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Figure D-1.- Noise level reductions due to spherical spreading and 
atmospheric absorption for various frequencies as a 

fu.1ct 1 on 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 vertical wind gradient thus results in an effective speed of sound 

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

resulting in the formation of a shadow zone, inside which rapid sound 
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attenuation takes place, lfl the downwind dirvct1on sound waves itre bent 

downw~rds and may result in focusing, which c~uses an 1ncroasc in sound lgvfll 

ovor that which would norm,llly ht" oxrloctod • 

.--- UI'WINll + Dm~NWI ND ---+ 

WIND 

In a normal adiabatic atmosphere, t~mper,1ture decreases with height ahovc 

the ground. Since tM .speed of sound is p;-oportional to the square root of 

temperature, the decreasing sound SJlN"cl gradient causes sound waves to be bent 

upwards as in upwind propagation. with the resulting formation of a shadow 

zone. Under certain conditions tamperature inversions occur, resulting in sound 

waves being bent downwards. 

llpwi nd Propagat i_C?_n_ 

For flat terrain, the distance along the ground from the noise source to 

the edge of the shadow zone is given by (ref. 5): 
F2 h c 

/ 0 o Vm coso • meters 
h ~ source height, m 

c0 ~ speed of sound, ~/s 
A c speed of sound gradiant due to 

temperature, sec· 1 

R =wind velocity gradient, ~Gc- 1 

o ~ angle between wind vector and 
propagation direction 



For wind tul'bil'le applications tt may be assumed that tho affects of temp­

erature gradients are small compared to thoso of wind gradients. furthormoro 

if tho sound is propagating upwind and tho valuP of wind vftlocity grdd1ant 1s 

cho~on at n point h/? 1t may be shown that, for qra~s covorod terrain, 

Vr·:wind voloc.ity at the sourc~. m/s 

It 1s apparMt that tho distance to the st111dow zont.1 increases with 

increasing source height and decreasing wind velocity. Tha guide, therefore, 

usds a conservative approach based upon the lowest operating wind speed. 

Low-frequ~nty impulsive noise is caused by blade/tower-wake interactions. 

It is recommdnded that for this type of noise the source height be the bottom of 

the r~tor disk (h 1 in fig. D-2), the distance at which the blade is closest to 

the ground surface. For higher frequency (trai 1 ing ~dge) no1se the source 

height should be the top of the rotor disk (h 2 ). Figure D-2 illustrates the 

effects of source height and \'lind velocity on the distance to tt.~ shadow zone. 
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Tha prea1ct1on of sound levels at. distances w1thin the shad~w lane 1s basad 

upon the method presented in reference 5, F1gu~o 0-3 illustrates the expected 

attenuation as a function of frequency at various distances into tho shado~ lone 

from the downwind edge. This oxcoss attenuation 1s a strong function of 

frequency, the largest attenuation being as~ociated with the higher 

froquencies. For instance, at a distance of 40n m into th~ shadow zonG th~ 

excess attenuation is S dR at 60 Hz and 25 dB at 500 Hz. 

The prediction of sound pr~ssurc levels at distances graater than 400 m is 

based upon Spherical spreading and atmosph~r1c ahsorption (fig. D-1). 
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Figure D~3.~ Excess sound attenuation inside the shadow zone as 
a function of frequency and distance. 

Downwind Pro~agation 

Emp l ri cal data have shown that focus 1 ng of sound rays downwind of a source 

can result in enhanced far field noise levels of 26~30 dB (ref. 6). Geometric 

ray theory has been shown to be useful for prPd1ction purposes but requires, as 

input. high resolution meteorological data, which is generally not available. 
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Hencv, precise estimates of tho location and magnitude of enhanced sound levels 1s 

extremely d1ff1cu1t. The recomm~hrled procedure does not 1nc1uda the effects of 

fo,;us1ng. 

Crosswind Propa9ation 

A wind gradient will only minimally affect crossw·iud sound propagation. 

Consequently the recommended procedure treats crosswind propagation the same as 

ctowhwind propagation. 

Ground Absorption 

Reflection of sound by a surface may affect obServad sound pressure levels by 

two processes. An. acoustic wave reflected from the surface may interfere with the 

cti rect wave. 

SOURCE DIRECT RECEIVER 

In a sti 11, homogeneous atmosphere the interfere:mce pattern may be predicted from 

knowledge of the difference in path length between the direct and reflected ray and 

from knowledge of any phase c.hange introduced by reflection at the ground surface. 

For frequencies at which the direct and reflected waves are in phase at the 

receiver, a pressure doubting will occur, yielding a 6 dB increase fn sound pres­

sure level. If the direct and reflected waves are 1R0° out of phase, cancellation 

will occur. 

Sound levels are also affected by loss of energy upon reflect1oh. 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 1n the 

absence of strong wind and/or temp~rature gradients (refs. 2-4). Predictions of 

ground attanuation were made using the procedure of reference 3 for a flat 

grass-covered surface and various source heights and rece1vet• .d.i stances --lhe 

receiver height was chosen to be close to the ground so that destructive inter­

ferMce only occurred at fl"equenci es higher than tho~e of interest. Summary 

data are given in figure 0-4. ~or large rec~iver distances and any reasonable 

receiver height (less than 3m) reflection at the ground surface will result in 

increased sound pressure lev~ls at the lowest frequencies (less than 20 Hz). If 

the recommended propagation procedure is applied to measured data this effect 

will automatically be included. If based upon theoretical predictio~s a correc­

tion should be applied. This has not been included in the recommended procedure 

due to the relative unimportance of frequencies 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 th~ downwind direction shows no effect of ground absorp­

tion. At lower frequencies some absorption is observed but since the recom­

mended procedure does not account for focusing in the downwind direction, the 

effects of the ground have been omitted for reasons of conservatism and simpli­

city. The propagation distances in the upwind direction are relatively sho~t, 

and again due to uncertainties regarding the receiver height and effects of 

refraction, ground absorption has been omitted. 

Offfraction and Scattering 

In a shielded region, for eKample behind a house or a hill, sound levels 

may be limited by diffraction and scattertn~. 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. fhe decay of sound pressure level w1th 

distance in the downwind direction is simply the summation of losses due to 

atmospheric absorption, which 1s frequency dependent, and the reduction due to 

spherical spreading, which is independent of frequency. The procedure for calcu­

lating sound pressure levels upwind of the source 1s more complex and ~equ1res 

the computation of the distance to the shadow zone, which 1s determined by the 

source hsight above the ground surface and the wind velocity gradient. At loca­

tions between the source and the shadow zone, sound pressure ~evels are deter­

mined from spherical spreading and atmospheric absorption. Inside 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_proeedures. 

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

ever, in the downwind direction this may not be the case. As mentioned ptevi­

ously, refractive focusing can produce greatly enhanced sound pressure levels, 

but such effects are unstable in terms of both time and location of occurtence. 

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 

serious lack of data available for downwind sound propagation. 
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APP~NOIX £ 

E~AMPLE CALCULATIONS 

INTRODUCTION 

In this appcnd1~ a step-by-$tap procedure 1s outl1nen to enable the user to 

derive the theoretical sound pressure levels as a function of distance from the 

wind turbine from m@asured or pred1ctoct nata obta1nad at one (preferably 

downw1nd) location. Numerica1 1nformat1on 1s u$ed in an effort to simulate a 

real-life situation. Oetect1on thresholds are determined to assess human 

exposure to w1nd turbine noise. The oxample is graphically illustrated 1n figure 

E-1. 

An examp1& two-bladed wind turbine, having a diameter of 80 m.operates 

at 30 rpm in a 6 m/s wind, which was me~surert at the hub of the 60 m hi~h su~­

porting tower. The backgtound noise was measured to be 35 dBA and was shaped 

similarly to the one-third octave hand-spectrum in figure B-6. The wind turbine 

sound was analyzed on a narrow band and a one-third octave band basis at a 

distance of 160m from the machine. Although the whole Spectrum should be 

evaluated, three frequencies representing the limiting cases of detection a~e 

chosen for use 1n this example: 

(a) a 40 Hz impulsive sound with a narrow band sound pressu~e level of 72 dB; 

(b) a 10 Hz impulsive sound with a one-third octave band sound pressure level of 

RO dB and (c) a 1000 Hz broadband sound with a ona-third octave band sound 

pressure level of 59 dB. 

EVALUATION PROCEDURE 

The 1mpu1sive sound (narrow band and one-third octave) and broadband sound 

(one-third octave) will be evaluate~ 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) 

Upwind 
• . . . _§_ 

Step 1: Calculate the sound pra~~ure laval SPL2 at tha reference distance 

(200m), from the sound pressure 1evo1 (SPLt) measured at a 

distance r {in meters) from the wJn~ turbine using the ro1~t1onship: 

SPL?. B sPt.1 • 20 1og 10 m 
SPL2 g 72 + ?.0 log ~ m 70 dB 

Step 2: Determ1 ne th.e.. distance to the ·edg~ of the shadow zone {D) us 1 ng 

figure 6. 

hl Cl 20 11'1 

wind Velocity a 6 m/S l D = 300 m 

Step 3: Oetermine the sound pr~ssure 1ave1 reduction {Lo) over the 

distance D using figure 5. 

o u: 300 m 

f=40Hz 

+ SPL3 = 70- 4,= 66 d~ at 300m 

Step 4: Determine the excess sound attenuation (LE) in the shadow zonQ by 

use of f1 gure 7. 

f = 40 Hz LE ~ 6 dB 

Step 5: Determine the sound pressure 1eve1 reduction at a distance 0 + 400m 

from the wind turbine with the help of figure 5. 

D + 400 = 700 m 

f = 40 Hz 
L0+400 = 11 dB 



Step 6: oatermine tha sound pre~sure 1avel-at the end of tha ~hadow ~one 

(SPl4) by adding t,.e 'Yml:leri ol:lta1.ru~ct under Stepa 4 ~tnd 6 and 

subtracting the result fram the number in Step 1. 

SPL4" SPL2 • (L£ + LD+400) ------------­

SPL4 a 53 dB at 700 m 

Step 1: Calculate tho sound pressure 1cve1 at any distance from the wind 

turbine past the shadow zone by detorm1ning the sound pressure 1ove1 

reduction found in figure 6 and correcting for the excess 

attenuation 1n the shadow zone. 

SPLx = SPL2 • (LE + Lx) 

DOwnwind -
Step 8: Calculata the sound-pressure level at any distance from the wind 

turbine by determining the sound pressur~ level reduction from 

tigure s. 

SPLx = SPL2 - Lx 

Perception Threshold {Impulsive Sound) 

Step 9: Determine the detection threshold for impulsive sound using fi~ure 9 

{narrow. band) 

30 rpm 

2 blades } 1 Hz fundamental 

f = 40 Hz 

background ~ 35 dBA 

Ti a 45 dB 
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Impu1s1va Sound (OnaeThird Octave Aand) 

Steps 1 through a are ~poat6d for the ono-th1rd oetava band frequency 

~paetrum of the 1mpu1$1Ve noise, S1n~e the one-third octave ba~d sound pre5sura 

level at a eenter frequency of 10 Hz 1s 8 dB h1gha~ than the narrow band level at 

40 Hz~ll numbers calculated 1n tho proeadure ahove have to ba increased by B dB 

(figure E·l). 

Porcapt1on Threshold (Bu11d1ng Vibration) 

Step 9: Determine the perception threshold for building vibration using 

f1gura 11 (one-third octave tand) 

40 Hz 

walls 

40 Hz 

floor 

} Twa • 70 dB 

I Tfl • 80 dS 

Broadband Sound 

The same procedure as for impulsive $Ound is applicable to the broadband 

sound. This will result 1n the following: 
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Upwind 

Step 1: SPL2 = 59 + 20 log ~~~= 57 dB 

step 2: h2 = 100 ~ 

wind velocity = 6 m/s 

Step 3t D = 2200 m 

f = 1000 Hz l 
l D = 2200 m 

Lo • 2a dB 

SPL = 57 • 28 = 29 dB at 2200 m 

. .. . ..... ~ .... .. . . 

{fig. 6) 

(fig. S) 



Stap 4: f q 1000 Hz L£ R 30 dB (f1g. 7) 

Thh will br1nu tha t;ound pra~1wra ·laval tn tha Bhadow tonrt down to lf3ro, ana 

obv1ous1y, bolow tho detoetion thraahola. ThiR 1~ illuatratod 1n ff~ura E~t. 

Downw1 nd 
w~•·•• 

Stop 8: The sound prossuro 1ovol at any diatanco fr'om tho wind turb1na ~nn 

be cal cuhtod by datarrn1 n1 no tho snund prtHlsul'o Javel reduct 1on from 

f1 gure s. 
SPLX o SPL2 • Lx 

perception Threahold (Broadband Sound) 

Step 9: Oetermine the det~ction threshold for the broadband sound by 

comparing the one-third octave band sou"d pressur·e laval of the wind 

turbine to the level of t~e background noise at the same c~nter 

frequency. 

figure B-6 

f = lMO Hz l 
CONCLUOING REMARKS 

For the example problem cited herein, no adverse hu~an response due to 

building vibration is to be expected at locations 1n excess of 340m upwind and 

in excess of 430 m downwind fro~ the wind turbine generator (fig. E-1). Wind 

turbine sound will be limited by a broadband sound det~ct1on distance of 2250 m 

upwind and an impulsive sound deteet1on distance of 3300 m in a downwind 

direction. Outside this region wind turbine sound is not detectable. while 

within these 11m1tlng distances community response may be estilflated from Table I. 
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Figure E-1~ Sound pressute levels as ~function of distance for 
example prob1em of Appendix E. (Results ar~ used to assess 

human exposure to wind turbine noise.) 


