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D The propagat ion of low-frequency n o i s e  outdoors  was s t u d i e d  us ing a s  t h e  
source  a l a r g e  ( 8 0 3  diameter)  4-megawatt h o r i z o n t a l  a x i s  wind turbrne.  

- w 
Acoustic measurements were made with low-frequency microphone systems placed 
on t h e  ground a t  f i v e  downwind sites ranging from 300 m t o  10,000 m (6.3 mi le )  
away from t h e  wind turbine.. The wind t u r b i n e  fundamental w a s  1 Hz and t h e  
wind speed w a s  g e n e r a l l y  12 - 15 m / s  a t  t h e  hub he igh t  (80 m). The harmonic 
l e v e l s ,  when p l o t t e d  versus  propagat ion d i s t a n c e ,  e x h i b i t  a 3 dB per doubling 
of d i s t a n c e  divergence. Two p l a u s i b l e  exp lana t ions  i d e n t i f  i e d  f o r  t h i s  cyl ind-  
r i c a l  spreading behavior were propagat ion of t h e  low frequency wind t u r b i n e  
no i se  v i a  a s u r f a c e  wave and downwind r e f r a c t i o n .  Surface  wave amplitude 
p r e d i c t i o n s  were found t o  be more than  20 dB smaller than t h e  measured l e v e l s .  
Kay-tracing r e s u l t s  were used t o  q u a l i t a t i v e l y  e x p l a i n  measured t rends ,  A 
normal mode approach was i d e n t i f i e d  as a candidate  method f o r  low-frequency 
a c o u s t i c  r e f r a c t i o n  p red ic t ion .  

INTRODUCT LON 

Some a c o u s t i c  propagation problems of i n t e r e s t  involve long propagat ion 
d i s t a n c e s  ( ref .  I ) .  As t h e  propagation d i s t a n c e s  i n c r e a s e ,  t h e  concern s h i f t s  
from t h e  higher f requenc ies  f o r  which atmospheric absorp t ion  is r e l a t i v e l y  
high t o  t h e  lower f requenc ies  f o r  which atmospheric absorp t ion  is r e l a t i v e l y  
low. In  t h i s  r e p o r t ,  lower f requenc ies  r e f e r  t o  f requenc ies  i n  t h e  range of 1 
t o  20 Hz. A problem i n  perforining exper imental  propagation resea rch  i n  t h i s  
frequency range is i n  f i n d i n g  a c o n t r o l l a b l e  source  t o  genera te  adequate low- 
frequency sound l e v e l s .  For t h e  p resen t  s tudy ,  use vas made of an e x i s t i n g  
l a r g e ,  hor izonta l -axis  wind t u r b i n e  as t h e  n o i s e  source.  

The purpose of t h i s  paper is  t o  document a c o u s t i c  propagation d a t a  col- 
l e c t e d  i n  t h e  f a l l  of 1984 a t  thc  Department of Energy test s i te  a t  Medicine 
Bow, Wyoming. Noise recordings  were obta ined dur ing  normal o p e r a t i o n a l  wind 
cond i t ions  f o r  a l a r g e  wind t u r b i n e  f o r  a range of propagation d i s tances .  The 
reason f o r  t ak ing  the  daEa was t 3  check t h e  s u i t a b i l i t y  of t h e  site f o r  a 
follow-on propagation experiment and t o  e v a l u a t e  t h e  o p e r a t i o n  of newly- 
acquired low-f requency microphones i n  t h e  high-wind environment found around 
opera t ing  wind turbines .  

EXPERIMENTAL SITE AND APPARATUS 

Wind Turbine 

The wind t u r b i n e  i n v e s t i g a t e d  a t  Medicine Bow was an 80-m-diameter, two- 
bladed h o r i z o n t a l  axis machine capable  of producing 4 Megawatts of e l e c t r i c a l  
power ( ref .  2 ; .  The turn-on wind speed f o r  t h e  t u r b i n e  is 7.1 m / s  at hub 
h e i g h t ,  80 m. F igure  1 is  a photograph of t h e  UTS-4 wind tu rb ine .  It is a 
downwind conf igura t ion ,  t h a t  is, t h e  t u r b i n e  blades r o t a t e  downwind of t h e  
t u r b i n e  support  tower and pass  through i ts  wake. The wake/5lade i n t e r a c t i o n  



produces a c h a r a c t e r i s t i c  p e r i o d i c  s igna l .  The wind t u r b i n e  is geared t o  t u r n  
at a cons tan t  30 KPM; t h e r e f o r e ,  t h e  fundamental of t h e  wakelblade i n t e r a c t i o n  
i s  1 ilz. The low-frequency source  region is near t h e  blade t i p  as t h e  blade 
t i p  passes  through t h e  wake. 

Acoust ic  Measurc.oents 

Acoustic measurements were made at downwind ranges varying from 30C t o  
10,000 m. The microphones were placed on t h e  ground and covered wi th  wind- 
screens.  The microphone l ayou t  is i l l u s t r a t e d  i n  f i g u r e  2 a long  wi th  a 
schemat ic  diagram of t h e  wind turbine .  E leva t ion  angle  is def ined i n  t h e  
f i g u r e  as t h e  ang le  between a h o r i z o n t a l  l i n e  and t h e  l l n e  from t h e  wind- 
t u r b i n e  hub t o  a p a r t i c u l a r  microphone p o s i t i o n  ( t h e  s l a n t  range). I n  t h e  
experiment,  e l e v a t i o n  a n g l e s  ranged from 8.0 t o  .2 degrees  and are l i s t e d  i n  
f i g u r e  2 along wi th  t h e  s l a n t  ranges f o r  each microphone posi t ion.  The 
recordings  were made with a s i n g l e  four-channel p o r t a b l e  FM recorder  which w a s  
moved t o  each of t h e  f i v e  measurement sites i d e n t i f i e d  i n  f i g u r e  L. Two 
channels  of t h e  recorder  were occupied wi th  l o w £  requency dcrophr ,nes .  

The low-frequency wind-turbine harmonic d a t a  t o  be presented were 
measured wi th  t h e  low-f requency microphones and were recorded i n  a 4-hour 
per iod i n  a s i n g l e  day. The l e n g t h  of t h e  recording a t  each s i t e  was 1 
minute, Except a t  s i t e  5 where a 15-minute recording was made. The conse- 
quences of time-varying source  c h a r a c t e r i s t i c s  on t h e  v a l i d i t y  of comparing 
d a t a  recorded a t  d i f f e r e n t  times w i l l  be addressed l a t e r .  

The low-frequency microphone systems were employed because of t h e i r  good 
low-frequency response and s e n s i t i v i t y .  Figure  3 is a photograph of one of 
t h e  low-frequency systems. The frequency response and s e n s i t i v i t y  of t h e  
s y s t e m  vary from u n i t  t o  u n i t ,  but each u n i t  is stable. A c a l i b r a t i o n  
procedure and hardware were developed f o r  t h e  systems. The low-frequency 
response of each u n i t  was a d j u s t e d  t o  make t h e  3 dB down point  a t  1 Hz. The 
high-frequency response 3 dB down point  is nominally 500 Hz. The l a r g e  horse- 
h a i r  wind sc reen  seen i n  f i g u r e  3 was used wi th  each microphone. When t e s t e d  
a g a i n s t  va r ious  o t h e r  wind noise  reducing techniques ,  inc lud ing  burying t h e  
microphones i n  t h e  ground and wrapping them i n  foam and f i b e r g l a s s ,  t h e  horse- 
h a i r  wind sc reens  worked as w e l l  and were more convenient. 

DATA REDUCTION 

The a c o u s t i c  d a t a  were reduced t o  produce l-minute average narrow band 
s p e c t r a  wi th  a commercialy a v a i l a b l e  s p e c t r a l  analyzer.  The bandwidth of t h e  
a n a l y s i s  was .05 Hz. Recorded pistonphone c a l i b r a t i o n s  were incorpora ted  i n  
t h e  data-reduction process t o  produce a b s o l u t e  l eve l s .  An except ion was t h e  
s i te  5 d a t a  which were averaged f o r  30 seconds. The s h o r t e r  averaging t ime 
was necessary  f o r  s i t e  5 because of high i n t e r m i t t e n t  backgound noise  l e v e l s  
a s s o c i a t e d  wi th  a nearby highway and railwav. Even thotlgh 15 minutes of d a t a  
were recorded a t  s i t e  5, it was d i f f  icc i l t  t o  f i n d  30 seconds of d a t a  f r e e  of 
road and r a i l  no i se  i n  the  recording.  



Two s p e c t r a  are i l l u s t r a t e d  i n  f i g u r e  4 f o r  t h e  c l o s e s t  and f a r t h e s t  
mlcrophone p o s i t i o n s .  I n  t h e  p l o t s  t h e  v e r t i c a l  a x e s  are i n  u n i t s  of sound 
p r e s s u r e  l e v e l  (SPL) and t h e  h o r i z o n t a l  axes  are i n  u n i t s  of blade passage  
f requency (BPF) number which, i n  t h i s  case, is e q u i v a l e n t  t o  freqt iency i n  Hz. 
The 303 m spec t rum is  r i c h  i n  harmonics o u t  to  18 Hz. I n  t h e  long-dis tance  
spec t rum (10,147 m) i d e n t i f i a b l e  harmonics can  be s e e n  i n  t h e  r ange  of 6 t o  12 
Hz. The wind-turbine harmonLc l e v e l s  used i n  t h e  d a t a  a n a l y s i s  r e s u l t s  which 
f o l l o w  are l i s t e d  i n  t a b l e  I f o r  a l l  n i n e  mlcrophone p o s i t i o n s .  Only harmonic 
l e v e l s  which are 3 dB o r  more above t h e  su r round ing  background n o i s e  l e v e l s  
are l i s t e d  and p r e s e n t e d  i n  t h e  d a t a  a n a l y s i s  r e s u l t s .  

Because t h e  d a t a  were n o t  r eco rded  s i m u l t a n e o u s l y ,  t h e  q u e s t i o n  of s o u r c e  
v a r i a b i l i t y  is of concern. I n  f i g u r e  5 a v e r a g e  s t a n d a r d  d e v i a t i o n s  are g iven  
as a f u n c t i o n  of frequency.  The r e s u l t s  were computed from 10 comparable d a t a  
sets, reduced as d e s c r i b e d  above, f o r  t h e  c l o s e s t  t h r e e  microphones. The d a t a  
vere c o l l e c t e d  o v e r  a 2-day p e r i o d ,  i n c l u d i n g  t h e  4-hour p e r i o d  d u r i n g  which 
t h e  d a t a  p r e s e n t e d  e l sewhere  i n  t he  pape r  were taken. During t h e  2 days  t h e  
wind speed  a t  t h e  hub h e i g h t  w a s  between 12.8 and 15.3 m / s  from roughly  t h e  
same d i r e c t i o n .  The r e s u l t s  g i v e n  i n  f i g u r e  5 i n d i c a t e  t h a t  f o r  t h e  t e s t i n g  
p e r i o d ,  t h e  s o u r c e  l e v e l  w a s  q u i t e  s t a b l e ,  p a r t i c u l a r l y  f o r  t h e  harmonics 
between 6 and 12 Hz. I n  t h i s  f requency range, v a r i a t i o n s  i n  t h e  d a t a  g r e a t e r  
t h a n  1 dB are no t  a t t r i b u t a b l e  t o  s o u r c e  l e v e l  v a r i a t i o n s .  The h i g h e r  harrnon- 
ics s h w  more v a r i a b i l i t y ,  as would be expec ted ,  due t o  t h e  e f f e c t s  of i n f l o w  
d i s t o r t i o n s  ( r e f .  3). The lower  f r e q u e n c i e s  due t o  poore r  s igna l - to -no i se  
r a t i o s  e x h i  b i t  more v a r i a b i l i t y  t han  t h e  middle harmonics. 

RESULTS ANL) DISCUSSIONS 

I n  f i g u r e s  6, 7, and 8, sound-pressure  l e v e l  is p l o t t e d  f o r  t h e  6, 8, and  
11 Hz harmonics, r e s p e c t i v e l y ,  as a f u n c t i o n  of  s l a n t  range. These frequen- 
c i e s  were chosen because of t h e i r  low s o u r c e  v a r i a b i l i t y .  I n  t h e  f i g u r e s  t h e  
symbols are t h e  measured da ta .  The t o p  lice i n  each  f i g u r e  is a 3 dB p e r  
d o u b l i n g  of d i s t a n c e  l i n e ,  r e f e r e n c e d  t o  t h e  measured 300 m l e v e l .  Three  dB 
p e r  doub l ing  of  d i s t a n c e  is c h a r a c t e r i s t i c  of c y l i n d r i c a l  sp read ing ,  where t h e  
a c o u s t i c  p r e s s u r e  v a r i e s  i n v e r s e l y  w i t h  t h e  s q u a r e  r o o t  of d i s t a n c e .  The 
lower  l i n e  i n  each  f i g u r e  is a 6 dB p e r  doub l ing  of d i s t a n c e  l i n e ,  r e f e r e n c e d  
a g a i n  t o  t h e  300 m l e v e l .  S i x  dB p e r  doub l ing  of d i s t a n c e  is c h a r a c t e r i s t i c  
of s p h e r i c a l  s p r e a d i n g ,  where t h e  a c o u s t i c  p r e s s u r e  v a r i e s  i n v e r s e l y  w i t h  d i s -  
tance.  I n  a l l  t h r e e  f i g u r e s  t h e  450 m d a t a  p o i n t  f a l l s  n e a r l y  on t h e  6 
dB/doubling l i n e ,  wh i l e  t h e  remaining d a t a  f a l l  roughly on t h e  3 d l l d o u b l i n g  
l i n e .  

The d a t a  i l l u s t r a t e d  i n  f i g u r e s  6 th rough  8 c l e a r l y  e x h i b i t  3 dB f o r  
d o u b l i n g  of  p ropaga t ion  d i s t a n c e .  Ope e x p l a n a t i o n  i n v e s t i g a t e d  f o r  t h i s  
behavior  was p ropaga t ion  of t h e  low-frequency wind t u r b i n e  n o i s e  v i a  a s u r f a c e  
wave. Surf ace waves are known t o  p ropaga te  h o r i z o n t a l l y  w i t h  a combination of 
c y l i n d r i c a l  s p r e a d i n g  and e x p o n e n t i a l  decay w i t h  d i s t a n c e  ( r e f  4). 



In  f i gu re  9, t h e  8 Hz da ta  of f i g u r e  7 are compared with sur face  wave 
predict ions.  The model f o r  t he  sur face  wave pred ic t ions  is due t o  Donato ( r e f .  
5 ) .  The equation f o r  the  amplitude of t he  sur face  wave f o r  t he  rece iver  on 
the  ground is  

with 

where 

Ps surf  ace wave acous t i c  pressure 

P f r e e  f i e l d  acous t ic  pressure 

k wave number, 2nf/co 

f frequency 

CO ambient speed of sound 
d hor izonta l  d i s tance  between source and rece iver  

H height of source 

z normalized acous t ic  impedance of sur face ,  z = R+XI 

I n  f i g u r e  9 pred ic t ions  of t h e  logarithm of t h e  r a t i o  of t h e  amplitude of 
t h e  sur face  wave t o  the amplitude of the  f ree- f ie ld  wave a r e  shown f o r  hard 
ground. To put t he  measured r e s u l t s  i n  t h i s  form, t h e  300 m measured l e v e l  
was taken a s  the f ree- f ie ld  l e v e l  minus 6 dB f o r  the  pressure doubling assoc- 
i a t e d  with a ground-mounted microphone. Spherical  spreading co r r ec t i ons  were 
made t o  t he  f ree- f ie ld  l e v e l  f o r  a p a r t i c u l a r  s l a n t  range t o  form the  r a t i o  of 
t he  measured l e v e l  a t  t h a t  s l a n t  range t o  t he  f ree- f ie ld  level .  I n  t h i s  
format, a hor izonta l  l i n e  represents  sphe r i ca l  spreading. The test site 
ground was d i r t  with lgttle vegetation. Donato's model f o r  sur face  waves 
requires  aa input  the  acous t ic  impedance of the ground surface.  The empir ical  
model of Delaney and Brazey (ref .  6 )  w a s  used with a value of 1000 cgs u n i t s  
f o r  t h e  ground flow ree is tance  t o  pred ic t  the  value of ground impedance t o  
input i n t o  t h e  Donato model. The r e s u l t i n g  surface-wave pred ic ted  l e v e l s  a r e  
i n  excess of 20 dB below the  measured r e s u l t s  i n  f i gu re  9. The c y l i n d r i c a l  
spreading of t he  sur face  wave is seen as an enhancement over s p h e r i c a l  
spreading (pos i t i ve  slope) f o r  propagation d is tances  t o  1000 m, but the expo- 
n e n t i a l  decay of sur face  waves becomes domlnant f o r  longer dis tances .  For t h e  
eurface wave t o  be a primary cause of the  3 dB f o r  doubling of propagation 
d is tance ,  t h e  e f f e c t s  of r e f r ac t i on  due t o  t h e  downwind propagation would have 
t o  be equal o r  l e e s  than the e f f e c t s  of t he  sur face  wave propagation. The 
cooparison of t h e  surface-wave pred ic t ions  with the  measured r e s u l t s  does n o t  
support the possi  ble  surf  ace-wave explanat ion of the  observed 3 dbldoubling i n  
t he  measured r e su l t s .  



Another p o s s i b l e  exp lana t ion  i n v e s t i g a t e d  f o r  t h e  3 dB/doubling behavior 
is downwind r e f r a c t i o n .  While t h e  low-frequency wind t u r b i n e  d a t a  presented 
here  were k i n g  ateasured, independent measurements were being made of t h e  wind 
t u r b i n e  n o i s e  f o r  h igher  f requenc ies  us ing  s tandard  l a b o r a t o r y  q u a l i t y  micro- 
phone systems ( re f .  7). I n  f i g u r e  10, wind t u r b i n e  n o i s e  one-third-octave 
band l e v e l s  from re fe rence  7 f o r  t h e  63, 250, and 1000 Hz bands a r e  p l o t t e d  
versus  s l a n t  range. The source  of t h i s  middle-frequency wind-turbine no i se  is 
pr imar i ly  boundary-layer t r a i l ing-edge  noise. This  broadband n o i s e  is emi t t ed  
throughout t h e  blades '  r o t a t i o n ,  but is a maximum, due t o  t h e  wind v e l o c i t y  
p r o f i l e ,  when a blade is a t  t h e  t o p  of t h e  r o t a t i o n  disk .  The primary source  
height  f o r  t h i s  no i se  is thus  between 80 t o  120 m. The d a t a  shown i n  t h i s  
f i g u r e  cor rec ted  f o r  atmospheric absorption e x h i b i t  s p h e r i c a l  spreading.  
Atmospheric absorp t ion  is n e g l i g i b l e  f o r  t h e  low-frequency wind-turbine 
harmonic r e s u l t s  ( f requenc ies  l e s s  than 20 Hz) f o r  t h e  propagat ion d i s t a n c e s  
measured. Shepherd and Hubbard's low-f requency wind t u r b i n e  harmonic r e s u l t s ,  
not  shown here ,  e x h i b i t  3 d ~ l d o u b l i n g  as t h e  earlier presented low-frequency 
r e s u l t s  did. Why t h e  d i f f e r e n c e  i n  low- and middle-frequency r e s u l t s ?  A r e  
t h e  law f requenc ies  inf luenced more than t h e  middle f requenc ies  by ref  rac- 
t i o n ?  With t h e  a i d  of a ray- t racing diagram, a q u a l i t a t i v e  argument can be 
made t o  e x p l a i n  t h e  observed d i f f e r e n c e  i n  behavior i n  t h e  propagation of t h e  
low- and middle-frequency wind-turbine no i se  which is c o n s i s t e n t  wi th  t h e  
refraction hypothesis. 

I n  f i g u r e  11 a ray- t racing r e s u l t  is given f o r  downwind propagation f o r  
two source  heights :  40 m, t h e  approximate source  height  of t h e  wind t u r b i n e  
low-frequency harmonic d a t a ,  and 100 m, t h e  average source  he igh t  f o r  t h e  
mlddle-frequency broadband noise. I n  t h e  ray- t racing example t h e  wind 
v e l o c i t y  a t  hub height  was 12.8 m / s .  Note t h e  v a s t l y  d i f f e r e n t  scale f a c t o r s  
of the  two-distance axes i n  t h e  f igure .  The f i r s t  ray t o  r e f l e c t  from t h e  
ground a second t ime is t h e  90-degree i n i t i a l  ray. The h o r i z o n t a i  d i s t a n c e  
from t h e  source  t o  t h e  second r e f l e c t i o n  po in t  i s  t h e  second r e f l e c t i o n  
d i s t a n c e ;  t h e r e f o r e ,  t h e  s h o r t e s t  second r e f l e c t i o n  d i s t a n c e  is t h e  one corre-  
sponding t o  t h e  90-degree i n i t i a l  ray. For d i s t a n c e s  less than t h e  s h o r t e s t  
second r e f l e c t i o n  d i s t a n c e ,  only  a s i n g l e  ray is received f o r  a po in t  on t h e  
ground. For d i s t a n c e s  g r e a t e r  than t h e  s h o r t e s t  second r e f l e c t i o n  d i s t a n c e  
m t i p l e  rays  a r e  received.  For d i s t a n c e s  less than  t h e  s h o r t e s t  second 
r e f l e c t i o n  d i s t a n c e  behavior c l o s e  t o  s p h e r i c a l  sp read ing  would be expected,  
because even though t h e  ray pa ths  a r e  curved, a s i n g l e  ray is received and t h e  
d i s t a n c e  t r a v e l e d  is not  d ramat ica l ly  longer  than f o r  s t r a i g h t - l i n e  propaga- 
t ion .  When t h e  source  height  is inc reased ,  t h e  ray- t racing p a t t e r n  is  
magnified and t h e  c l o s e s t  second r e f l e c t i o n  d i s t a n c e  is increased.  Sound from 
a higher  source  height  would be expected t o  e x h i b i t  s p h e r i c a l  sp read ing  f o r  
l a r g e r  d i s t a n c e s  than from a lower source  height.  The middle-f requency d a t a  
by t h i s  argument should e x h i b i t  s p h e r i c a l  spreading behavior f o r  g r e a t e r  
propagat ion d i s t a n c e s  than t h e  low frequency harmonic data. The middle- 
frequency d a t a  do not  d e v i a t e  from s p h e r i c a l  sp read ing  i n  t h e  measured 1000 
meters, while t h e  low-f requency d a t a  d e v i a t e  f tom s p h e r i c a l  spreading between 
450 and 1000 m. The d i f f e r e n c e  i n  t h e  measured middle- and low-frequency 
propagation r e s u l t s  is c o n s i s t e n t  wi th  t h i s  q u a l i t a t i v e  ref r a c t i o n  argument. 
A s i m i l a r  argument i s  found i n  r e f e r e n c e  7. 



Kay t r a c i n g  i s  a high-frequency approximat ion  and is no t  cons ide red  
a p p l i c a b l e  t o  f r e q u e n c i e s  as low as 20 Hz. At l a u  f r e q u e n c i e s  a normal mode 
approach is va l id .  A low-frequency normal mode r e f r a c t i o n  model was r e c e n t l y  , 
p u b l i s h e d  i n  a n  ar t icle  e n t i t l e d  " F i e l d  of a Low-Frequency P o i n t  Source  i n  a n  

. 
Atmosphere w i t h  a Nonuniform Wind-Height D i s t r i b u t i o n "  by I. P. Chunchuzov 
( r e f .  8). H i s  f o r m u l a t i o n  a p p e a r s  t o  be v a i l d  f o r  comparison t o  t h e  wind t u r -  

f 

b i n e  problem f o r  f r e q u e n c i e s  g r e a t e r  t h a n  2 Hz and s l a n t  ranges  less t h a n  
40,000 m. The f a r - f i e l d  approximate  s o l u t i o n  e x h i b i t s  c y l i n d r i c a l  sp read ing .  
A normal-mode model is c u r r e n t l y  being developed f o r  comparison w i t h  t h e  
measured r e s u l t s .  T h i s  work is  no t  comple te  a t  t h i s  t i m e . a n d  no r e s u l t s  are 
a v a i  la ble. 

CONCLUSIONS 

P e r i o d i c  n o i s e  s i g n a l s  from a l a r g e  wind t u r b i n e  were measured i n  t h e  
f r equency  range  of 2 t o  20 Hz w i t h  new low-frequency . ~ t c r o p h o n e s  i n  t h e  h igh  
wind environment found around o p e r a t i n g  wind t u r b i n e s .  Measurements were made 
a t  n i n e  downwind l o c a t i o n s  w i t h  p r o p a g a t i o n  d i s t a n c e s  r ang ing  from 300 t o  
10,000 m. Ana lys i s  of t h e  l o r f  requency wind t u r b i n e  a c o u s t i c  d a t a  r e v e a l e d  
a n  i n t e r e s t i n g  c y l i n d r i c a l  dependence on p ropaga t ion  d i s t a n c e .  Two c a u s e s  of  
t h e  measured 3 dB p e r  doub l ing  of p ropaga t ion  d i s t a n c e  were i n v e s t i g a t e d :  
p ropaga t ion  v i a  a s u r f a c e  wave and downwind r e f r a c t i  ,n. S u r f a c e  wave ampli-  
t ude  p r e d i c t i o n s  were more t h a n  20 dB below t h e  measured r e s u l t s .  As a r e s u l t  
downwind r e f r a c t i o n  is cons ide red  t h e  most p robab le  cause.  A normal-mode 
r e f r a c t i o n  model was sugges t ed  f o r  comparison w i t h  t h e  l o r f r e q u e n c y  measured 
r e s u l t s .  
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Table I. Wind Turbine Harmonic Level Ilata 
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Frequency, Hz 
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Figure 4 .  Typical spectra. 
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Figure 5. Source level variability. 



13 6 Hz Data 
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Figure 6 .  Sound pressure l eve l  versus s l a n t  range, 6 Hz results. 
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Figure 7 .  Sound pressure leve l  versus s lant  range, 8 Hz r e s u l t s .  
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Figure 8 .  Sound pressure l e v e l  versus s l a n t  range, 1 1  Hz r e s u l t s .  
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igure 9 .  Comparison of 8 Hz data with surface wave predictions 
versus s lant  range. 
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Figure 10. Middle  freq-lrncy band data versus slant range 
from reference 7 .  
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Figure 1 1 .  Downwind ray tracing diagram for two source h e i g h t s .  
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