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1. INTRODUCTION 

The propagat ion of no ise  between a source and r ece ive r  c l o s e  t o  the  ground 

is a f f ec t ed  by a number of phenomena. 

important i n  the  eva lua t ion  of a i r c r a f t  engine noise  i n  two areas: f i r s t ,  i n  

eva lua t ing  the  change i n  acous t ic  c h a r a c t e r i s t i c s  produced by a source config- 

u r a t i o n  change, and second, i n  ex t r apo la t ing  measured da ta  t o  d i s t ances  remote 

from t h e  o r i g i n a l  measurement po in t .  

These propagation e f f e c t s  are extremely 

An extens ive  body of l i t e r a t u r e  has r e s u l t e d  from inves t iga t ions  of no i se  

propagation phenomena. The Bibliography i n  Sect ion 9 conta ins  many of t hese  

r e p o r t s ,  p a r t i c u l a r l y  those r e l a t e d  t o  ground plane in t e r f e rence .  These prop- 

aga t ion  e f f e c t s  include atmospheric a t t e n t u a t i o n  of sound, s c a t t e r i n g  of no i se  

i n  a tu rbu len t  atmosphere, r e f r a c t i o n  of no ise  due t o  wind and temperature 

g rad ien t s ,  s c a t t e r i n g  by t h e  ground plane su r face ,  and r e f l ec t ion /abso rp t ion  

by the  ground. This l a t t e r  phenomenon i s  the  sub jec t  of t h i s  AIR.  The bas i c  

ana lys i s  is  s t ra ight forward  f o r  t h e  i d e a l  case of an i n f i n i t e l y  hard su r face ,  a 

poin t  source of broadband noise ,  and a s t a b l e  homogeneous medium. 

The purposes of t h i s  A I R  are t o  provide t echn ica l  background assoc ia ted  

with t h e  problem of co r rec t ing  measured noise  s p e c t r a  t o  t h e  " f r e e  f i e l d "  

wherein the  measurements are taken i n  the  proximity of a ground plane;  t o  

provide p r a c t i c a l  examples of co r rec t ion  methods; and t o  present  some techniques 

f o r  minimizing the  e r r o r s  assoc ia ted  with the  measurement of no ise  i n  t h e  

presence of ground planes.  The a p p l i c a t i o n  of t h i s  A I R  should assist t h e  

acous t i c i an  i n  understanding the  s p e c t r a l  e f f e c t s  of t he  r e f l e c t i o n  phenomena 

and suggests  some methods f o r  ob ta in ing  more accu ra t e  " f ree  f i e l d "  a c o u s t i c  

d a t a ;  however, t he  A I R  does not  purport  t o  provide unique, exact  so lu t ions  t o  

a l l  measurement problems, f o r  each measurement s i t u t a t i o n  is  unique i n  i t s e l f .  

Of paramount importance t o  t h e  co r rec t ion  procedures is a good knowledge of 

t h e  acous t i c  impedance of t h e  ground p lane  and the  geometry assoc ia ted  wi th  t h e  

measurement se tup .  A method of measuring these  ground plane c h a r a c t e r i s t i c s  is  

descr ibed i n  Sect ion 4 . 2 . 2 .  

Sect ion  5.2 p re sen t s  a b r i e f  d i scuss ion  of r e f l e c t i o n  e f f e c t s  i n  f l i g h t  

no ise  measurement, and provides some recommendations f o r  ground test  techniques 

aimed toward improving t h e  a b i l i t y  t o  p r e d i c t  i n f l i g h t  no ise .  

-< 

<-- -A- 
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Sect ion  6 of t h i s  A I R  provides an i n s i g h t  i n t o  t h e  l i m i t a t i o n s  of t he  

c u r r e n t  s ta te -of - the-ar t  of measurements and c o r r e c t i o n s  as they p e r t a i n  t o  

t h i s  AIR,  and i n  a d d i t i o n  provides  recommendations as t o  a d d i t i o n a l  work t h a t  

might be c a r r i e d  ou t  t o  f u r t h e r  improve t h e  methods ou t l ined  i n  t h i s  AIR.  
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2. TKEORETICAL ANALYSIS (POINT SOURCE) 

2 .1  MODEL 

The following t h e o r e t i c a l  bases are taken from analyses  made by var ious  

au thors  (References 1 ,2 ,3) .  

The s e t t i n g  up of fundamental r e l a t i o n s  is  based on t h e  fol lowing gene ra l  

assumptions: 

- The source of sound is assumed t o  be a po in t  source which produces a 
s t a t i o n a r y  and random noise ,  cons i s t en t  with t h e  ergodic  assumption. 

- The microphone l ies  i n  the  f a r  f i e l d  of t h e  source  f o r  a l l  f requencies .  

- I n  t h e  ana lyses ,  atmospheric absorp t ion  is ignored s i n c e  t h e  d i f f e r e n c e  
between d i r e c t  and r e f l e c t e d  sound pa th  lengths  is  gene ra l ly  small 
compared t o  t h e  t o t a l  l engths .  This means t h a t  i t  can be  assumed t h a t  
sound pressure  l e v e l  obeys the  inverse  square  l a w  of decay. 

- The atmosphere is assumed t o  be s t i l l ,  i so thermal  and homogeneous. 

- Ground su r face  i r r e g u l a r i t i e s  are assumed t o  be s m a l l  when compared 
wi th  t h e  wavelength of t h e  sound i n  the  frequency range of i n t e r e s t ,  
such t h a t  specular  r e f l e c t i o n  can be assumed and t h a t  t h e  concept of 
an  image source can be adopted. 

I n  the  presence of a su r face ,  t h e  recorded no i se  s p e c t r a  of a source  w i l l  

be modified by in t e r f e rences  between t h e  d i r e c t  and r e f l e c t e d  sound waves. 

The problem is  geometr ical ly  out l ined  on Figure (2-1). 

2.2 ANALYSIS FOR A POINT SOURCE OVER A HARD REFLECTING SURFACE 

I f  t h e  ground is  a p e r f e c t  r e f l e c t o r ,  t h e  r a t i o  of t h e  r e s u l t i n g  mean 

square pressure  t o  t h e  mean square pressure  which would have been measured i n  

t h e  f r e e  f i e l d  is given by (Reference 1 , 3 ) :  

2 + - C T  
Z R = 1 + -  2 

2 

where : 

r '  z =  - 
r : geometr ical  parameter (2.2) 

3 
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r : LENGTH OF THE DIRBCT SOUND RAY 

r' : LENGTH OF THE REFLECTED SOUND RAY 

rl : PRûJK!TION OF THE DIRIET RAY ON TIE GROUND 

h : HEXGRP OF SOURCE ABOVE THE GROUND 

h '  : HEIGHT OF THE MICROPHONE ABOVE THE GROUND 

: GEOMEIRiCAL PARAMETER r' 
Z', 

Ar 3 r' - r : DIFFERENCE BEWEEN I D  AND DIRECT PATH LENGTHS 

SOURCE 

MICROPHONE 

SOURCE IMAGE 

FIGURE (2-1) GEOMEZRY OF SOURCE AND RECEIVER WITH RESPECT TO 
GROUND SURFACE 

4 
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and 

T 
C ( 2 . 3 )  

C i s  t h e  au tocor re l a t ion  c o e f f i c i e n t  of t h e  noise  s i g n a l  i n  the  frequency 
T 

band ( f a ,  f ) varying with t h e  s p e c t r a l  d e n s i t y  w(f) of t h e  d i r e c t  s i g n a l  and 

with t h e  t i m e  l a g  T = - = - r e s u l t i n g  from t h e  pa th  length  d i f f e r e n c e  between 

t h e  d i r e c t  wave and t h e  r e f l e c t e d  wave (c is  t h e  ambient speed of sound). 

b Ar r'-r 
C C 

The pa th  l eng th  d i f f e r e n c e ,  A r ,  is expressed by: 

2 2 r + (h + h ' I 2  A r  = ' - 'ri + (h - h ' )  1 

For h and h' small as compared with rl: 

2 h h '  A r "  
rl 

I n  t h e  p a r t i c u l a r  case of a white  noise:  

w ( f )  = cons tan t  = w 
O 

and 

IT' ( fb  - f a )  COS IT T (fb + f ) c =  
T 71 T (fb- a 

(2.5) 

f 

frequency band. 

and f a b being t h e  lower and upper cu tof f  f requencies  a s soc ia t ed  wi th  t h e  

The r e f l e c t i o n  index assoc ia ted  wi th  t h i s  frequency band is  expressed i n  

dB, and r ep resen t s  t h e  d i f f e r e n c e  between t h e  t o t a l  sound level ( d i r e c t  + 
r e f l e c t e d )  and t h e  d i r e c t  s i g n a l  alone: 

AN = 10 loglo R (2.7) 

5 
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2.2.1 E f f e c t  of Bandwidth ( i d e a l  f i l t e r i n g )  

Pure Tones 

I n  t h e  case of a pure tone,  f = f,, = f and express ion  (2.6) becomes a 

(2.8) 
A r  c = cos  21T Tf = cos  21T - 

T A 

so t h a t  

1 2  A r  
AN 10 Loglo J, 1 + - + - Z COS 2~ -J A 

z2 
( 2 . 9 )  

Figure (2-2) shows these  r e f l e c t i o n  ind ices ,  as a func t ion  of A r / A ,  f o r  

d i f f e r e n t  va lues  of t h e  geometr ical  parameter Z = r ' / r .  

Constant Bandwidth Analysis  (white no ise)  

Expression (2.6) becomes in t h i s  case: 

wi th  

a f A f  = f b  - f 

f b  f a  = - C ifi = 2 Ai 

(2.10) 

(2.11) 

so t h a t  

Ar 
IT - A f  A r  1 Sin ( cos  (277 -)] (2.12) AN = 10 Loglo 11 +-2  + - 

Ar li (IT y A f )  
Z Z 
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Constant-Percentage Bandwidth Analysis (white no i se )  

I n  t h i s  case, express ion  (2.6) y i e l d s  

(2.13) 

“i 

wi th  

ß = 2 r  41 + (-) Af 2 c fi  

(2.14) 

f being t h e  geometric mean frequency of f i l t e r  (f = mfb) and X i  = c / f i  i i a 

For 1 / 3  octave band a n a l y s i s :  - = 0.231 and f o r  octave band ana lys i s :  
A f  f i  - r: = 0.707. 
Li 

The r e f l e c t i o n  index is:  

Figures  (2-3) and (2-4) r e p r e s e n t  t h i s  expression, as a func t ion  of A r / X i ,  

r e s p e c t i v e l y  f o r  1/3 octave and oc tave  a n a l y s i s .  

2.2.2 E f f e c t  of Source and Receiver Height Var i a t ions  

Var i a t ions  i n  he igh t  are completely descr ibed  by t h e  va lue  of t h e  geometr ical  

parameter Z which is a measure of t h e  a t t e n u a t i o n  of t h e  r e f l e c t e d  wave, as com- 

pared t o  t h e  d i r e c t  wave, i n  accordance wi th  t h e  inverse-square l a w  of decay. 

For most p r a c t i c a l  cases of f a r  f i e l d  measurements o r  p r e d i c t i o n s ,  Z ,  which 

is expressed by 

A r  z =  I + -  r 
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can be assumed t o  be c lose  t o  un i ty  because i n  t h e s e  cases, A r ,  which is of t h e  

order  of magnitude of t h e  wavelengths of i n t e r e s t ,  is genera l ly  small compared 

t o  r. 

For high values of Z ( t h a t  means f o r  example high values of h and h '  com- 

pared with r )  t h e  i n t e r f e r e n c e  p a t t e r n s  become n e g l i g i b l e .  

r e f l e c t i o n  ind ices  are smaller than 1 dB (LtNZ11[) i f  228. 

high values of Z ,  which can be  reached on model test  f a c i l i t i e s ,  are unfeas ib l e  

on engine test r i g s  o r  f o r  i n f l i g h t  measurements because they would need i.m 
p r a c t i c a l  nùcrophone he igh t  s. 

For i n s t a n c e ,  t h e  

Unfortunately, such 

I f  h o r  h '  i s  zero  ( the  receiver o r  t h e  source are f l u s h  wi th  t h e  ground 

s u r f a c e ) ,  w e  have a l i m i t i n g  case of n e a r l y  t o t a l l y  cons t ruc t ive  i n t e r f e r e n c e ,  

and p res su re  doubling r e s u l t s  a t  a l l  frequencies,  g iv ing  a r e f l e c t i o n  index  of 

+6 dB. 

2.2.3 Effec t s  of Spectrum Density Slope 

A sys temat ic  study of t h e  in f luence  of t h e  spectrum dens i ty  s l o p e  has  

shown (Reference 4) t h a t  i f ,  i n  t h e  frequency band under cons idera t ion ,  t h e  

spectrum dens i ty  w(f) can be  w r i t t e n :  

w(f) = k f n  

and i f  In1 5 2 (as  i n  the case of pink no i se ,  where n = -l), d a t a  given f o r  

white no i se  i n  Section 2.2.1. can be appl ied  without  e r r o r  t o  1/3 octave band 

ana lys i s  and wi th  n e g l i g i b l e  e r r o r  t o  octave band ana lys i s  of t hese  spectra. 

I n  f a c t ,  t h e  same d a t a  remain v a l i d  f o r  s lopes  of In1 

imat ion ( e r ro r  smaller than  0.5 dB f o r . 1 / 3  octave a n a l y s i s  and smaller than  

1 dB f o r  octave ana lys i s ) .  

3 with a f a i r  approx- 

2.3 ANALYSIS FOR A POINT SOURCE OVER A FINITE IMPEDANCE SURFACE 

I f  t h e  ground is p a r t i a l l y  absorbing, t h e  su r face  is assumed t o  b e  l o c a l l y  

its normal acous t i c  impedance Z, is independent of t h e  config- r eac t ing ,  i.e.: 

u ra t ion  of t h e  i n c i d e n t  wave. 

I n  order  t o  s impl i fy  t h e  ana lys i s ,  w e  will assume t h a t  t h e  sound wave, i n  

the  v i c i n i t y  of t h e  t h e o r e t i c a l  r e f l e c t i o n  po in t ,  can be  considered a p lane  

wave because i ts  rad ius  of curva ture  is of t h e  order  of magnitude of t h e  source- 

receiver d i s  tance. 

11 
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For a given ang le  of incidence 8 ,  t h e  complex plane wave r e f l e c t i o n  

c o e f f i c i e n t  f o r  amplitude w i l l  vary  with frequency and is expressed by: 

z cos e - p c  
n = lQ1e3' 

Q = zn cos e + pc (2.16) 

p c  being t h e  c h a r a c t e r i s t i c  acous t i c  impedance of t h e  a i r ,  IQl t h e  magnitude of 

t h e  r e f l e c t i o n  c o e f f i c i e n t  and ô its phase. 

The sound f i e l d  a t  any po in t  of t h e  ha l f  space above t h e  ground su r face  i s  

then obtained by adding t h e  d i r e c t  wave from t h e  source t o  t h e  corresponding 

wave from t h e  image source,  t h e  la t ter  being mul t ip l i ed  by the  r e f l e c t i o n  

c o e f f i c i e n t .  

There are l i m i t a t i o n s  t o  t h e  a p p l i c a b i l i t y  of t h i s  simple approach t o  t h e  

problem because p r a c t i c a l l y  one never has plane waves and t h e  d e f i n i t i o n  of 

t h e  r e f l e c t i o n  c o e f f i c i e n t  no longer  holds  near  grazing incidence (e = 90"). 

Nevertheless ,  f o r  many p r a c t i c a l  cases, t h e r e  is a reasonable  agreement 

between t h e  proposed t h e o r e t i c a l  approach and d a t a  measured over ground such 

as grass land .  

To s impl i fy  t h e  problem, t h e  r e f l e c t i o n  c o e f f i c i e n t  Q w i l l  be assumed t o  

be cons t an t  i n  each of t he  frequency bands (fa ,  f ) corresponding t o  the  

s e l e c t e d  type of a n a l y s i s  and w i l l  be given by a va lue  corresponding t o  t h e  

bandwidth cen te r  frequency f i :  

b 

Qi = ej'i (2.17) 

For a given incidence,  i .e.: f o r  a given geometry of t h e  problem, Qi va lues  

are usua l ly  ca l cu la t ed  from va lues  of t h e  normal s p e c i f i c  impedance r a t i o  of t h e  

su r f  ace : 

.( 2.18) 

where R / p c  and X,/pc are t h e  acous t i c  resistance and reac tance  r a t i o s .  A 

12 COPYRIGHT SAE International (Society of Automotive Engineers, Inc)
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It fol lows from expressions (2.17) and (2.18) t h a t  IQ,I and ôi can  be 

wr i t t en :  

xA 2 COS e 

(2.19) 

(2.20) 

X and R being taken f o r  t he  center  frequency of t h e  frequency band under 

cons idera t ion .  
A A 

I n  t h e  case of a po in t  source de l ive r ing  a pure tone t h e  r e f l e c t i o n  index 

is  given by (References 2 ,  4 )  : 

AN = 10 Loglo A r  (2.21) 

I n  t h e  case of a whi te  no ise  and f o r  an i d e a l  constant-percentage band- 

width ana lys i s  ( A f / f i  = cons tan t ) ,  w e  w i l l  have: 

(2.22) 
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It is worthwhile mentioning an  a l t e r n a t i v e  t o  t h e  plane wave a n a l y s i s  

given above. 

i n  the-Bib l iography.  More complicated than t h a t  of t h e  present  approach, 

t h i s  s p h e r i c a l  wave a n a l y s i s  does not f a i l  a t  grazing incidence and t h e  

d i f f e r e n c e s  between t h e  two are i n s i g n i f i c a n t  a t  angles  above grazing. 

Because of i ts  h igher  s o p h i s t i c a t i o n ,  t h e  a p p l i c a b i l i t y  of t h i s  method i s  

p resen t ly  l imi t ed  t o  pure tones. 

Such an  a n a l y s i s  can be found, f o r  example, i n  I t e m  (35) 

I n  t h e  presence of an absorbing ground su r face ,  i t  is obvious t h a t  

r ep resen ta t ions  of t h e  r e f l e c t i o n  process,  having t h e  same degree of s i m p l i c i t y  

as those  descr ibed i n  Sec t ion  2.2 cannot be e s t ab l i shed .  Each case becomes 

a s p e c i f i c  one, depending not  only on path l eng th  d i f f e r e n c e ,  but a l s o  on 

incidence angle  and i n  p a r t i c u l a r ,  on t h e  normal a c o u s t i c  impedance of t he  

ground sur face .  Therefore,  t h e  maïn problem c o n s i s t s  i n  knowing t h e  acous t i c  

r e s i s t a n c e  and reac tance  of t h e  ground s u r f a c e  above which measurements are 

made o r  f o r  which n o i s e  p red ic t ions  have t o  be worked ou t .  

I f  those  c h a r a c t e r i s t i c s  cannot be measured, i t  is  poss ib l e  t o  use  

va lues  of Figure (2-5) taken from t h e  few experimental d a t a  published 

t o  d a t e  (Reference 5). 

t h e  r e f l e c t i o n  c o e f f i c i e n t s  of a given ground sur face .  

descr ibed b r i e f l y  i n  Sec t ion  4.2.2. 

Experimental technique might a l s o  be employed t o  ob ta in  

Such a technique is 
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F'ICURE (2-5) SOME MEASURED VALUES OF NORMAL IMPEDANCE 
OF DIFFERENT GROUND SURFACES 
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3.  

3.1 ANALYSIS 

APPLICATION TO BROADBAND NOISE SPECTRA FROM JET ENGINES (Extended Sources) 

To a f i r s t  approximation, t h e  no i se  source c o n s t i t u t e d  by an exhaust 

j e t  can be considered as a c y l i n d r i c a l  source,  defined by t h e  nozzle 

contour and having a l eng th  of up t o  10 t o  15 nozzle diameters,  depending 

on j e t  exhaust condi t ions .  It is obvious t h a t  f o r  an a i r c r a f t  i n  f l i g h t ,  

t h e  source-receiver  d i s t a n c e s  are always l a r g e  compared t o  these  source 

dimensions and i n  p r a c t i c e ,  t h e  source  can t h e r e f o r e  be considered as a 

po in t  source. 

around a s ta t ic  engine on t h e  ground. L e t  us  assume f i r s t  t h a t  t h e  j e t ,  

which is gene ra l ly  p a r a l l e l  t o  t h e  ground su r face ,  can be considered as 

a l i n e  source  ( i . e . ,  a l l  t he  no i se  sources of t h e  jet  are concentrated on 

t h e  j e t  a x i s ) .  The pa th  l eng th  d i f f e r e n c e  A r L  f o r  a source loca ted  a t  an 

axial d i s t a n c e  L from t h e  nozzle  c e n t e r  can then  be wr i t t en :  

The s i t u a t i o n  is not so simple f o r  no i se  measurements 

2 2 2 2 =/I, + r12 - 2Lrl Cos û + (h+h') - L +r12 - 2Lrl Cos û + (h-h') ArL 

(3.1) 

where rl is  t h e  p r o j e c t i o n  on t h e  ground p lane  of t h e  l i n e  jo in ing  t h e  nozzle 

c e n t e r  and t h e  microphone, û t h e  angle  between t h e  p ro jec t ion  on t h e  ground 

of t h e  j e t  axis and r h and h '  r e spec t ive ly  t h e  source and r ece ive r  

he ights .  
1' 

Because noise  measurements are gene ra l ly  performed i n  t h e  f a r  f i e l d ,  i .e . ,  

a t  d i s t ances  r which are a t  least 50 t o  100 nozzle  diameters (and consequently 

several wavelengths corresponding t o  t h e  lowest f requencies  of i n t e r e s t )  from 

t h e  nozzle exit ,  r 

h' 

1 

is l a r g e  compared t o  t h e  source dimension L and t o  h and 1 

I n  t h i s  case, t h e  relative e r r o r  made by assuming a l l  sources concentrated 

a t  t h e  nozz le  c e n t e r  is the re fo re ,  taking account of r e l a t i o n  (2.4): 

16 COPYRIGHT SAE International (Society of Automotive Engineers, Inc)
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L/D = i o  
L/D = 5 

This e r r o r  is smallest around û = 90" and h ighes t  i n  the  v i c i n i t y  of û = O" 

and û = 180°, The h ighes t  e r r o r s  are obtained f o r  t he  l a r g e s t  va lues  of L. 

A s  an example, l e t  u s  take  a t y p i c a l  va lue  of r ( i .e .  r = 75D) and c a l c u l a t e  f o r  

s eve ra l  va lues  of L/D, t h e  e r r o r  E f o r  d i f f e r e n t  va lues  of 8 .  The r e s u l t s  

are summarized i n  the  t a b l e  below: 

1 1 

E = 14% - 1% - 12% 

6.5% - 2% - 6% 

1 1 1 1 

1 I I l 1 

I f  t he  a c t u a l  source d i s t r i b u t i o n  of a j e t  w e r e  known (f  versus  L ) ,  

i t  would be poss ib l e  t o  avoid any e r r o r  and t o  c a l c u l a t e  t h e  e s t ab l i shed  

path l eng th  d i f f e rences  corresponding t o  each source of frequency f (or  

wavelength A )  and t o  e s t a b l i s h  the  corresponding r e f l e c t i o n  ind ices .  But 

t h i s  d i s t r i b u t i o n  has s t i l l  t o  be es tab l i shed .  

For tuna te ly ,  t h e  longes t  wavelengths are emit ted f a r  downstream of t h e  

nozzle  e x i t  and the  s h o r t e s t  c l o s e  t o  the  nozzle and i t  is easy t o  show t h a t  

f o r  cu r ren t  engine no i se  test beds, t hese  e r r o r s  have no d i r e c t  consequence 

on t h e  co r rec t ion  procedure, since f o r  t h e  l a r g e  L/D source posi t ior i ,  c u r r e n t  

A r / A  are on the  l e f t  hand s i d e  f l a t  p a r t  of t h e  r e f l e c t i o n  index curves.  

For p r a c t i c a l  purposes,  t h i s  a x i a l  source d i s t r i b u t i o n  can the re fo re  be 

neglected and the  whole j e t  can be considered as a c i r c u l a r  d i s t r i b u t i o n  of 

no ise  around the  nozzle l i p .  

Furthermore, the  s lopes  of t h e  sound pressure  s p e c t r a l  d e n s i t y  i n  t h e  

no i se  f i e l d  of a j e t  are seldom higher  than 13 I (see Sect ion 2.2.3) .and conse- 

quent ly ,  a white no ise  can be assumed f o r  t h e  a n a l y s i s  of j e t  noise  r e f l e c t i o n  

phenomena. i n  add i t ion ,  i t  w i l l  be assumed, as i n  2.1, t h a t  jet no i se  is a 

s t a t i o n a r y  random no i se ,  meeting t h e  ergodic  assumption. 
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3.1.1 Jet a t  a High Elevation,Above t h e  Ground Surface  

I f  t h e  j e t  is a t  a high a l t i t u d e  above t h e  ground (say h > 10 D ) ,  i t  can 

the re fo re  be considered t h a t  t h i s  circular d i s t r i b u t i o n  is equiva len t  t o  a 

po in t  source loca ted  a t  t h e  nozzle  c e n t e r  (D is t h e  nozzle  diameter f o r  c i r c u l a r  

nozzles o r  t h e  equiva len t  diameter based on area f o r  non-circular  nozz les ) .  

This is t h e  case f o r  a f l y i n g  a i r c r a f t  and f o r  engine no i se  test f a c i l i t i e s  i n  

which t h e  engine can be i n s t a l l e d  at a high e l e v a t i o n  (more than  10  nozzle 

d iameters ) .  

. Then, r e l a t i o n s  drawn under 2..2 and 2.3 can be d i r e c t l y  appl ied  t o  t h e  

calcul&on of r e f l e c t i o n  ind ices .  

3.1.2 Jet Near t h e  Ground Surface  ' 

When t h e  j e t ,  which is assumed t o  be ho r i zon ta l ,  is near  t h e  ground, i t  

c , ~  be shown t h a t  t h e  vertical  d i s t r i b u t i o n  of elementary sources,  which are 

assumed t o  be loca ted  around t h e  nozz le  l i p ,  p l ays  a very  Important r o l e .  

d i s t r i b u t i o n  l e a d s  t o  a p a r t i a l  damping of peaks and d i p s  of t h e  r e f l e c t i o n  

index curves.  

' ? -  . 
This 

. It is assumed t h a t  t h e  no i se  source c o n s i s t s  of n independent or incoherent 

elementary sources.  "€his assumption is v a l i d  for a j e t  i n  which t h e  d i s t a n c e  

between elementary sources is h igher  than  t h e  pe r iphe ra l  c o r r e l a t i o n  length .  

The' fo l lowing  independence c r i t e r i o n  can be adopted (Reference 4) : 

where U is t h e  j e t  v e l o c i t y  and R t h e  d i s t a n c e  between two consecut ive sources 

of frequency f .  

3.1.2.1 P e r f e c t  Re f l ec t ing  Surface 

For these  n independent sources ,  t h e  r a t i o  of t h e  r e s u l t i n g  mean square 

p re s su re  t o  the f r e e  f i e l d  mean square  p re s su re  is expressed as follows 

(Reference 4): 
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K = n  

m K = l  
+ -  

k 

1 

m 

R 1 +-  2 n Z  z 
(3 4) 

This formulat ion leads, i n  t he  case of a whi te  no i se  and f o r  an i d e a l  constant-  

percentage bandwidth ana lys i s  (- = Constant) ,  t o  t h e  r e f l e c t i o n  index: Af 
fi 

Sin  (cc y) 
cos  (ß - AN = 10 Loglo p + 2 1 + nZ 

K=I (a Z m 

hi m 

where Z is  the  geometr ical  parameter corresponding t o  t h e  nozzle cen te r  o r ,  

f o r  more p r e c i s e  c a l c u l a t i o n s  (Sect ion 3 .1) ,  t o  a po in t  loca ted  on the  j e t  

axis a t  a d i s t a n c e  L from t h e  nozzle  cen te r .  

m 

P r a c t i c a l l y ,  t h e  j e t  w i l l  be considered as a v e r t i c a l  d i s t r i b u t i o n  of 

n elementary sources ,  separated from each o the r  by a d i s t ance  d such t h a t  d/hm -. . 

< 0.10 (Reference 4 ) .  

Symbols are given by the  following f igu re :  

I 
I 

For an elementary source loca ted  a t  a d i s t a n c e  d from t he  nozzle center-  

l i n e  ( taken as the  center  of the  v e r t i c a l  d i s t r i b u t i o n  of n sou rces ) ,  t he  

pa th  length  d i f f e rence  is: 

k 
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d k  
A r  

h li xi m 
(I+--) k "rn -3 - 

(3.6) 

where A r m  is  t h e  pa th  l eng th  d i f f e r e n c e  corresponding t o  t h e  nozzle cen te r  o r  

t o  a ' p o i n t  l oca t ed  on t h e  j e t  axis a t  a d i s t a n c e  L from t h e  nozzle c e n t e r .  

As a n  example of a p p l i c a t i o n  of t h e s e  r e s u l t s ,  F igures  (3-1) and (3-2) 
show r e s p e c t i v e l y  f o r  1/3 oc tave  and octave band a n a l y s i s ,  t h e  r e f l e c t i o n  

index va lues  f o r  a vertical d i s t r i b u t i o n  of t h r e e  sources a t  t h r e e  d i f f e r e n t  

va lues  of t h e  parameter D/hm. 

Note: 

t h a t  t h e  jet  engine he igh t  be  l a r g e  enough to avoid asymmetric j e t  mixing, 

caused by ground proximity, and, as a consequence, asymmetric d i r e c t i v i t y  

c h a r a c t e r i s t i c s  of t h e  jet  no i se .  

These curves can apply t o  most p r a c t i c a l  cases. 

Independently from t h e s e  source d i s t r i b u t i o n  e f f e c t s ,  i t  is important 

3.1.2.2 F i n i t e  Impedance Surface 

I n  t h e  case of a jet  near a f i n i t e  impedance su r face ,  assuming t h a t  

l Q i l  and 61 are t h e  eame f o r  t h e  n elementary sources  (neg l ig ib l e  v a r i a t i o n s  

of t h e  inc idence  angle) ,  t h e  r e f l e c t i o n  index is given by: 

AN = 10 Logl0 

But i n  t h i s  case, no simple genera l ized  curves,  l i k e  those  of F igures  (3-1) and 

(3-2) can be proposed. For each given problem, t h e  r e f l e c t i o n  ind ices  have t o  

b e  ca l cu la t ed ,  us ing  r e l a t i o n  (3.7) toge ther  wi th  r e l a t i o n s  (2.19), (2.20) and 

(3.6), i f  t h e  a c o u s t i c  c h a r a c t e r i s t i c s  of t h e  ground are known. I f  not ,  t y p i c a l  

impedance v a l u e s  of F igure  (2-5) might b e  used f o r  c a l c u l a t i n g  t h e  complex r e f l e c -  

t i o n  c o e f f i c i e n t ,  o r  t h e  experimental technique descr ibed  i n  Sec t ion  4.2.2 might 

be used t o  measure t h e  a c t u a l  ground impedance of t h e  test area. 

20 

Licensed by Information Handling Services

SAENORM.C
OM : C

lick
 to

 vi
ew

 th
e f

ull
 PDF of

 ai
r13

27

https://saenorm.com/api/?name=a93a381898fe6d04cd4c150f1d51f56f


I I I !  
I I I  

m 

...- +-- 
: I : : :.; 
. . . . *  + y :  8 6 .  

. . . . .  . , . . . .  

a 

ri . 

õ 

rl 
O 

SAENORM.C
OM : C

lick
 to

 vi
ew

 th
e f

ull
 PDF of

 ai
r13

27

https://saenorm.com/api/?name=a93a381898fe6d04cd4c150f1d51f56f


SAE AIR* l1327 76 83573LlO 0004398  7 -,  

. . . . . . . . .  . . .  . . . . . . . . . . .  . .  . I  I . I  

. i  

! 

’ <  

: -  
. _  
. . .  

. . .  

. -  

. . -  

. . -  
. ! .  - I.... . .  .i . . . . . . .  

. - .*  

. . * .~ 

.. 

. . . .  

4 

Ln 

n 

o Y 
U 

22 

Licensed by Information Handling Services

SAENORM.C
OM : C

lick
 to

 vi
ew

 th
e f

ull
 PDF of

 ai
r13

27

https://saenorm.com/api/?name=a93a381898fe6d04cd4c150f1d51f56f


3.2 COMPARISONS WITH EXPERIMENTAL DATA 

I n  order  t o  support  t h e  previous t h e o r e t i c a l  ana lys i s ,  some comparisons 

between measured and cor rec ted  d a t a  are presented.  

3.2.1 Scale  Model Jets 

I n  Figures ( 3 3 )  and (3-4) t h e o r e t i c a l  and measured r e f l e c t i o n  i n d i c e s  are 

compared. 

chamber, by comparing measured free f i e l d  j e t  n o i s e  s p e c t r a  w i t h  t h e  correspond- 

ing s p e c t r a  as measured above a f u l l y  r e f l e c t i n g  sur face .  

conf igura t ions  were used, a l l  corresponding t o  D/hm 2 0.10. 
octave and octave ana lys i s ,  a s a t i s f a c t o r y  agreement between measured and calcu- 
l a t e d  da t a  can be  noted. 

The measured va lues  were obtained with model jets,  i n  an anechoic 

Various experimental 

For both 1/3 

Figures  ( 3 5 )  and (3 -6 )  show some model j e t  n o i s e  s p e c t r a  which have been 

measured i n  f r e e  f i e l d  condi t ions (anechoic chamber) and a l s o  over  a f u l l y  

r e f l e c t i n g  sur face .  

compared with the  f r e e  f i e l d  s p e c t r a  obtained by applying the  t h e o r e t i c a l  reflec- 

t i o n  ind ices  of Figure (31) f o r  D/h, = 0.2, o r  r e l a t i o n  (3.5), t o  t h e  s p e c t r a  

which w e r e  measured over t h e  r e f l e c t i n g  sur face .  

I n  both f igu res ,  t h e  measured free f i e l d  s p e c t r a  have been 

3.2.2 F u l l  Sca le  Jets 

The last two f i g u r e s  i l lus t ra te  comparisons of engine j e t  n o i s e  s p e c t r a  

measured above a f u l l y  r e f l e c t i n g  su r face  (concrete) and above grass land ,  

toge ther  with the  corresponding ca l cu la t ed  f r e e  f i e l d  spec t r a ,  obtained by 

applying t h e  t h e o r e t i c a l  cor rec t ions  discussed i n  t h e  former s e c t i o n s .  

Figure ( 3 7 )  shows a j e t  n o i s e  spectrum measured above a f u l l y  r e f l e c t i n g  

su r face  (concrete) and t h e  corresponding ca l cu la t ed  f r e e  f i e l d  spectrum 

obtained by applying co r rec t ions  ca l cu la t ed  wi th  r e l a t i o n  (3.5) f o r  a t h r e e  

source d i s t r i b u t i o n  o r  by us ing  Figure (3-1) (D/hm 0.2).  

Figure ( 3 8 )  compares a j e t  n o i s e  spectrum measured above g r a s s  and t h e  

f r e e  f i e l d  spectrum obtained by applying cor rec t ions  given by r e l a t i o n  (2.22), 

using r e l a t i o n s  (2.16) t o  (2.20), and ex t r apo la t ed  d a t a  f o r  grassy su r faces  

derived- from Figure (2-5). 
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3.3 EXPERIMENTAL METHOD FOR OBTAINING APPROXIMATE CORRECTION 

TO JET NOISE DATA 

This s e c t i o n  presents  an experimental  method f o r  ob ta in ing  an approximate 

ground r e f l e c t i o n  co r rec t ion  t o  no i se  measurements of a broadband source of j e t  

noise.  

of a jet  no i se  source by suspending a microphone from a bal loon d i r e c t l y  above 

the  source,  simultaneously wi th  t h e  tak ing  of measurements in t he  r e f l e c t e d  

sound f i e l d .  

exhaust would minimize sound r e f l e c t e d  from the  ground due t o  s c a t t e r i n g  by 

the  jet  i t s e l f  and t h i s  source of e r r o r  is  neglected.  When the  bal loon micro- 

phone d a t a  and the  ground microphone da ta  are adjus ted  t o  t h e  same d i s t ance  from 

the  source (accounting f o r  square law divergence and atmospheric absorpt ion 

over any d i f f e rence  i n  the  acous t i c  path l eng ths ) ,  it is poss ib l e  t o  d i r e c t l y  

determine the  r e f l e c t i o n  e f f e c t s ,  and thus the  r e f l e c t i o n  index curve. 

The method c o n s i s t s  of tak ing  a s e r i e s  of " f r e e  f i e l d "  measurements 

It is  assumed t h a t  t he  microphone pos i t i on  d i r e c t l y  above t h e  j e t  

The r e f l e c t i o n  index curve obtained i n  t h i s  way w i l l  apply t o  a unique 

source - ground microphone geometry (path length d i f f e rence  and r e f l e c t e d  ray 

incidence angle)  and su r face  condition. 

d i f f e r e n t  geometry, o r  sur face ,  it would be necessary t o  repea t  t he  bal loon 

microphone measurement t o  ob ta in  a new r e f l e c t i o n  index curve. 

2s necessary u n t i l  more r e l i a b l e  methods of es t imat ing  su r face  impedance are 

developed. 

If an experiment were run with a 

This l i m i t a t i o n  

Ground microphone da ta  for a je t  engine source are normally taken at  

var ious angles t o  t h e  i n l e t  axis. 
appreciably with angle  from the  axis, t h e  balloon d a t a  can r igorous ly  b e  

compared only wi th  t h e  ground da ta  taken a t  a microphone angle  which is t h e  same 

as t he  angle  of t h e  bal loon microphone. 

measurements is approximately t h e  same. 

Since the  sound spectrum f o r  an engine changes 

Then t h e  spectral content  of t h e  two 

I f  the  above condi t ions are m e t ,  t h e  r e f l e c t i o n  index curve obtained f o r  

a jet  noise  source f o r  a given geometry and sur face  should be  app l i cab le  t o  

sources of d i f f e r e n t  no i se  l e v e l  o r  s p e c t r a l  d i s t r i b u t i o n  with t h e  same geometry 

and surface.  

p ressure  at a given frequency should remain constant  no matter what t h e  level 

of t he  source. The r e f l e c t i o n  index curve is a measure of t h i s  r a t i o  i n  

logar i thmic  form. 

This is because t h e  r a t i o  of f r e e  f i e l d  pressure  t o  ground-measured 
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S A E  

A number of balloon-microphone experiments were performed wi th  a j e t  

noise  source,  keeping t h e  ground measurement geometry and ground su r face  

condi t ions cons t an t ,  but varying the  s t r eng th  of t h e  source.  The measurement 

geometry i s  diagrammed i n  Figure (3-9). The su r face  i n  t h i s  case  is crushed 

rock with a c h a r a c t e r i s t i c  dimension of about one inch. 

This procedure gave a series of curves comparing the  f r e e  f i e l d  pressure  

level t o  t h e  r e f l e c t e d  l e v e l ,  of which Figure (3-10) is  a t y p i c a l  example. 

Data were analyzed i n  113 octave bandwidths. 

The r e f l e c t i o n  index curves f o r  a l l  runs were p l o t t e d  and, s i n c e ,  

t h e o r e t i c a l l y ,  a l l  curves should be i d e n t i c a l ,  t he  v a r i a t i o n  a t  a given 

frequency g ives  an ind ica t ion  of t he  scat ter  i n  the  da t a  caused p a r t i a l l y  by 

v a r i a t i o n s  i n  t h e  sur face .  Figure (3-11) shows the  r e s u l t i n g  r e f l e c t i o n  index 

curve.  This curve g ives  an approximate co r rec t ion  t o  j e t  noise  d a t a  taken 

under equiva len t  geometric and sur face  condi t ions.  A d i f f e r e n t  geometry o r  

su r face  would, of course,  g ive  a d i f f e r e n t  r e f l e c t i o n  index curve.  
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FIGURE (3-9) JET NOISE MEASUREMENT TEST GEOBEL'RY 
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4. APPLICATION TO COMPLEX SPECTRA FROM TURBOFAN ENGINES 

4 .1  INTRODUCTION 

The co r rec t ion  (due t o  a r e f l e c t i n g  surface)  of sound pressure  l e v e l  

spec t r a  from turbofan engines is  complicated by the  presence of d i s c r e t e  f r e -  

quency pure tones which may protrude above the  continuous spectrum of broadband 

noise .  A s  with pure broadband no i se ,  t he  propagation of sound between a turbo- 

fan  source and a r ece ive r  loca ted  c lose  t o  t h e  ground is a f f e c t e d  by wind and 

temperature g rad ien t s ,  ground r e f l e c t i o n  and absorp t ion ,  air  absorp t ion ,  and 

ground s c a t t e r i n g  e f f e c t s ,  among o thers .  These phenomena occur i n  add i t ion  t o  

the  normal inverse  square l a w  decay of s p h e r i c a l  waves and e x i s t  i n  combinations 

which make i d e n t i f i c a t i o n  and co r rec t ion  very d i f f i c u l t .  Figure (4-1) shows 

schematic representa t ions  of two t y p i c a l  spectra of a f an  engine on the  ground, 

one spectrum assumed t o  be measured a t  a d i s t a n t  r ad ius  by microphones near t h e  

ground and t h e  o the r  assumed t o  represent  the  f r e e  f i e l d  spectrum. 

The ground r e f l e c t i o n  e f f e c t s  produce a series of m a x i m a  and minima i n  t h e  

ground spectrum which have t h e  following Charac te r i s t i c s :  

(i) 
waves are always i n  phase because of t h e  long wavelengths involved. 

c r ease  over the  f r e e  f i e l d  SPL can be as high as 6 dB, depending on t h e  s t r e n g t h  

of t he  wave r e f l e c t e d  from t h e  ground plane.  

A t  low frequencies  the  SPL's are increased,  s ince  the  r e f l e c t e d  and d i r e c t  

This in- 

(2) 

height  ana sound wavelength r a t i o )  is charac te r ized  by a series of maxima and 

minima which a r e  the  r e s u l t  of the  d i r e c t  and r e f l e c t e d  wave being i n  and out  of 

phase. 

t h e  e f f e c t  of increas ing  bandwidth. 

r e f l e c t i o n  n u l l  has reduced t h i s  one-third octave band t o  the  broadband no i se  

level. 

t he  n u l l  is l imi ted  only by t h e  s t r eng th  of t h e  r e f l e c t e d  wave and t h e  sound 

l e v e l  of t he  broadband noise .  

The mid-frequency range ( these  ranges are a c t u a l l y  i n  terms of the  rece iver  

The n u l l s  are reduced i n  s e v e r i t y  as the  frequency is increased due t o  

However, a t  t h e  b lade  passing frequency the  

When pure tones are present ,  regard less  of t he  frequency, t he  "depth" of 

(3) 
r e l a t i v e  t o  the  f r e e  space spectrum by a roughly constant  amount, aga in  f ixed  

by the  absorpt ion c h a r a c t e r i s t i c s  of t he  ground plane.  

t h i s  d i f f e rence  is + 3 dB. 

F ina l ly ,  a t  high frequencies  the  spectrum near t h e  ground is  increased 

For a p e r f e c t  r e f l e c t o r  

- 35 
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A v a r i a t i o n  of t h e  r e f l e c t i o n  e f f ec t  occurs f o r  ground s u r f a c e s  wliicli cire 

no t  p e r f e c t  a c o u s t i c  r e f l e c t o r s ,  and thus  absorb a c e r t a i n  percentage of sound 

energy w h i c h , s t r i k e s  t h e  su r face .  The r e s u l t s  i n  t h i s  case are s t rong ly  de- 

pendent on t h e  va lue  of t h e  su r face  r e f l e c t i o n  c o e f f i c i e n t ,  Q,  which is  

determined by t h e  acous t i c  impedance of t he  su r face  and wave incidence angle .  

Generally, however, i t  can be s t a t e d  t h a t  t h e  ground absorp t ion  tends  t o  s h i f t  

t he  f requencies  of corresponding peaks and n u l l s  t o  lower va lues  than those  f o r  

a p e r f e c t  r e f l e c t o r ,  and causes  a l a r g e  l o s s  i n  t h e  spectrum f o r  a range of 

f requencies  about t h e  f i r s t  n u l l .  

Surface winds not  only produce ground turbulence,  which r e s u l t s  i n  s c a t t e r i n g s  

and t i m e  uns teadiness  of t h e  acous t i c  wave, but  a l s o  a f f e c t  t h e  ground r e f l e c t i o n  

p.henomena i n  a r a t h e r  complicated manner. 

have been found i n  t h e  engine . t e s t  s t a d  Lr- : i J : : t i c  d a t a  taken t o  d a t e .  

e f f e c t s  produce problems i n  two major areas. 

i s  caused by some of t h e  propagation e f f e c t s ,  i t  i s  d i f f i c u l t  t o  determine s m a l l  

Some evidence of t h e s e  complex phenomena 

These ground 

F i r s t ,  s i n c e  poor d a t a  r e p e a t a b i l i t y  

d i f f e r e n c e s  i n  no i se  produced by conf igu ra t ion  changes. 

are ignored i t  i s  impossible t o  e x t r a p o l a t e  d a t a  taken a t  one measuring r a d i u s  t o  

a d i s t a n c e  f a r  from t h e  source  wi th  any accuracy. 

Second, when t h e s e  e f f e c t s  

4.2 ANALYSIS APPROACH 

This s e c t i o n  p resen t s  two poss ib l e  methods f o r  making ground r e f l e c t i o n  

co r rec t ions  t o  turbofan  no i se  s p e c t r a .  

method which would be more d i f f i c u l t  i n  app l i ca t ion ,  as i t  r e q u i r e s  a determin- 

a t i o n  of r e f . l ec t ion  index curves  f o r  both broadband and pure tone s p e c t r a  f o r  a 

given su r face  and geometry. This i s  a n  i d e a l  method which would be  u s e f u l  only 

i f  some method i s  a v a i l a b l e  t o  o b t a i n  r e p r e s e n t a t i v e  r e f l e c t i o n  index curves.  

The second method i s  a n  approximate method, t h e  assumptions of which may g ive  

adequate r e s u l t s  under c e r t a i n  p r a c t i c a l  condi t ions .  

The f i r s t  i s  an  o u t l i n e  of a r igo rous  

Descr ip t ions  of f u r t h e r  work on methods of r e f l e c t i o n  c o r r e l a t i o n  f o r  

complex s p e c t r a  conta in ing  tones,  covering both t h e o r e t i c a l  and experimental 

r e s u l t s ,  are found i n  References 7 ,  8 and 9 .  These s t u d i e s  d e a l  p r imar i ly  with 

su r faces  t h a t  are e s s e n t i a l l y  p e r f e c t  r e f l e c t o r s ,  and p resen t  some comparisons 

of experimental d a t a  with the  developed t h e o r e t i c a l  p red ic t ions .  A s  noted i n  

Sec t ion  6 of t h i s  r e p o r t ,  t h e  f a c t o r s  introduced by p a r t i a l l y  absorbent  

s u r f a c e s  are  no t  yet. f u l l y  understood or p r e d i c t a b l e ,  and many of t h e  recom- 

mendations f o r  f u t u r e  r e sea rch  i n  Section 6.2 deal. w i th  t h i s  pliase of t h e  

ground r e f l e c t i o n  problem. 
37 
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1 
4.2.1 Out l ine  of Methods f o r  Correct ing Complex Spec t ra  t o  Free F ie ld  

Since the  broadband spectrum is  continuous wi th  frequency, i t s  c o r r e c t i o n  

f o r  r e f l e c t i o n  p r e s e n t s  no s p e c i a l  problems, as long as t h e  correct r e f l e c t i o n  

index curve f o r  t h e  broadband n o i s e  is a v a i l a b l e .  The pure  tones ,  however, are 
a series of peaks a t  c e r t a i n  d i s c r e t e  f requencies ,  so t h a t  t h e i r  co r rec t ion  

presupposes an advanced knowledge of the  pure tone genera t ion  frequencies .  

To apply t h i s  method, i t  is necessary t o  have the  d a t a  i n  t h e  form of a 

narrow band spectrum, say a 50 Hz constant  bandwidth. 

tone peaks w i l l  protrude not iceably  above t h e  broadband l e v e l  of the  narrow 

band d a t a  ( t h e  peaks may not be as obvious f o r  1/3 octave da ta ,  depending on 

the  p r o p e r t i e s  of t h e  source) .  

level of the  pure tone peak t o  such an extent t h a t  i t  is  being masked by the  

broadband l e v e l ,  and t h i s  is t h e  reason why i t  is important t o  determine t h e  

expected pure tone frequencies  and t h e i r  harmonics using engine rpm and blade 

number. 

For most cases  the  pure 

Ref l ec t ion  e f fec ts / ,  however, may lower t h e  

I f ,  a t  a c e r t a i n  frequency, a pure tone peak d id  not protrude not iceably  

above t h e  broadband l e v e l ,  t he  p o s s i b i l i t y  exists t h a t  r e f l e c t i o n  e f f e c t s  have 

reduced t h e  pure tone l e v e l  below t h e  broadband, i n  which case  i t  is  impossible 

t o  ob ta in  the  a c t u a l  pure tone level from t h i s  set of da t a .  One remedy t o  t h i s  

s i t u a t i o n  would be t o  r e run  t h e  case  with a d i f f e r e n t  microphone loca t ion ,  g iv ing  

a new r e f l e c t i o n  geometry (path length  d i f f e rence )  such t h a t  t he re  would be less 

cance l l a t ion  a t  t h i s  frequency, and t h e  pure tone peak would become evident .  

One p o s s i b i l i t y  would be t o  l o c a t e  seve ra l  microphones a t  each measuring angle ,  

each a t  a d i f f e r e n t  height  from the  ground. 

would show r e f l e c t i o n  n u l l s  a t  d i f f e r e n t  f requencies  i n  the  spectrum. Super- 

pos i t i on  of t he  s p e c t r a  measured a t  the  d i f f e r e n t  he ights  w i l l  o f t e n  permit the  

r e f l e c t i o n  e f f e c t s  t o  be  recognized. 

Recorded simultaneously,  they 

I f  t he  above condi t ions  are m e t ,  a t y p i c a l  turbofan spectrum such as t h a t  

shown i n  Figure (4 -2)  could be cor rec ted  by the  procedure out l ined  below: 

F i r s t ,  i t  is necessary t o  have a measurement of broadband spec t r a  wi th  a l l  

pure tones e l e c t r o n i c a l l y  f i l t e r e d  ou t  (note t h a t  t h i s  again would r equ i r e  

knowledge of pure tone f requencies ) .  

no ise  levels,  and could be cor rec ted  by t h e  broadband r e f l e c t i o n  index curve,  as 

This curve would conta in  only t he  broadband 

.shown i n  Figure (4-3). 

Second, t he  pure tone levels are cor rec ted  independently,  using t h e  pure tone 

r e f l e c t i o n  index curve. The cor rec ted  pure tone levels  could then be super- 

imposed upon t h e  corrected broadband l e v e l s  t o  g ive  t h e  o v e r a l l  corrected turbo- 

f a n  spectrum, as i l l u s t r a t e d  i n  Figure (4-4). 

COPYRIGHT SAE International (Society of Automotive Engineers, Inc)
Licensed by Information Handling Services

SAENORM.C
OM : C

lick
 to

 vi
ew

 th
e f

ull
 PDF of

 ai
r13

27

https://saenorm.com/api/?name=a93a381898fe6d04cd4c150f1d51f56f


~~ ~ 

S A E  A I R x L 3 2 7  7b  8 3 5 7 3 9 0  O O O L i 2 1 5  3 

8 

n 

I 8 
Y 

39 - -  - -  

COPYRIGHT SAE International (Society of Automotive Engineers, Inc)
Licensed by Information Handling Services

SAENORM.C
OM : C

lick
 to

 vi
ew

 th
e f

ull
 PDF of

 ai
r13

27

https://saenorm.com/api/?name=a93a381898fe6d04cd4c150f1d51f56f


S A E  AIR*:L327 76 W 8357390  000Lt2Lb 5 

n 

b I V 

Y 

____I_ ____ 
PROBLEM HARD C O P Y  COPYRIGHT SAE International (Society of Automotive Engineers, Inc)

Licensed by Information Handling Services

SAENORM.C
OM : C

lick
 to

 vi
ew

 th
e f

ull
 PDF of

 ai
r13

27

https://saenorm.com/api/?name=a93a381898fe6d04cd4c150f1d51f56f


SAE AIR*L327 76 8357340 0 0 0 4 2 3 7  7 

8 
v\ 

8 
(u 

8 
rl 

PROBLEM H A R D  C O P Y ;  COPYRIGHT SAE International (Society of Automotive Engineers, Inc)
Licensed by Information Handling Services

SAENORM.C
OM : C

lick
 to

 vi
ew

 th
e f

ull
 PDF of

 ai
r13

27

https://saenorm.com/api/?name=a93a381898fe6d04cd4c150f1d51f56f


. ~ _ _ -  
SAE AIR*L327  76 M 8357390 OOOr'218 9 W 

4 . 2 . 2  Approximate Method f o r  Correc t ing  Turbofan Spectra 

I f  an accura te -exper imenta l ly  determined r e f l e c t i o n  index curve is not 

a v a i l a b l e  for a p a r t i c u l a r  su r f ace  o r  source-microphone geometry, i t  is poss ib l e  

t o  make an approximate c o r r e c t i o n  t o  r e f l e c t i o n  d a t a  wi th  a minimum amount of 

assumptions using t h e  method ou t l ined  below. 

r equ i r e s  t h e  a b i l i t y  t o  de te rmine- the  following two p ieces  of information: 

The u t i l i z a t i o n  of the method 

(1) 
f e w  f requencies  of t h e  r e f l e c t i o n  peaks and n u l l s .  

( 2 )  
sur face .  

An es t imat ion  from t h e  measured p res su re  r e f l e c t i o n  p a t t e r n  of t h e  f i r s t  

An es t ima t ion  of t h e  magnitude of t h e  r e f l e c t i o n  c o e f f i c i e n t  /Q/, of t h e  

The reason f o r  r equ i r ing  t h e  above information is t o  f a c i l i t a t e  c a l c u l a t i n g  

the  r e f l e c t i o n  index curve from an  approximate curve of t he  complex r e f l e c t i o n  

c o e f f i c i e n t ,  Q. Poss ib l e  methods of obta in ing  these  curves w i l l  be considered 

later. 

From the  peak and n u l l  r e f l e c t i o n  f requencies  t h e  argument of t h e  

r e f l e c t i o n  c o e f f i c i e n t ,  ô, is obtained. A d i f f e r e n t  va lue  of ô w i l l  be obtained 

a t  each frequency, and t h i s  w i l l  g i v e  an  approximation of t h e  v a r i a t i o n  of ô 

with frequency. 

venien t  t o  in t roduce  an in te rmedia te  v a r i a b l e ,  $, which w i l l  be c a l l e d  t h e  phase 

f a c t o r .  

f l e c t e d  ray,  T. 

d i f f e r e n c e ,  A r ' ,  by t h e  r e l a t i o n  

Ins tead  of c a l c u l a t i n g  8 d i r e c t l y ,  i t  has been found more con- 

The phase f a c t o r  4 is r e l a t e d  t o  ô through t h e  time l a g  of t h e  re- 
The e f f e c t i v e  t i m e  l a g  is r e l a t e d  t o  an e f f e c t i v e  pa th  l eng th  

A r  t 3- 
C (4 1)  

where A r '  inc ludes  not only the  a c t u a l  geometric pa th  l eng th  d i f f e r e n c e  but a l s o  

e f f e c t i v e  changes i n  t h i s  length  a r i s i n g  from phase s h i f t  e f f e c t s  upon r e f l e c t i o n  

from a f i n i t e  impedance s u r f a c e  o r  curva ture  of t h e  pa th  due t o  atmospheric 

inhomogenieties. 

t he  e f f e c t i v e  pa th  l eng th ,  

4 is then defined as t h e  r a t i o  of t h e  geometric pa th  l eng th  t o  

A r  0.. - 
A r  

I f  $ = 1, t h e  su r face  is a p e r f e c t  r e f l e c t o r  and t h e  atmosphere is homogeneous. 

The condi t ion  f o r  t h e  occurrence of a r e f l e c t i o n  n u l l  a t  a wavelength X is 

42 
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n A r '  = A? , (n -. odd) 

o r ,  i n  terms of 6 

A r  
A 6 -  2lT- = n r  , (n - odd) 

Thus, w e  can write 

o r  

So t h a t  

where, aga in ,  Ar is  t h e  a c t u a l  geometric pa th  l eng th  d i f f e r e n c e  and 

A is the  wavelength a t  which the  n u l l  experimentally occurs ( i t  can be 

shown t h a t  Eq. (4.7) a l s o  app l i e s  t o  r e f l e c t i o n  peaks). Combining Eq. 

(4.2) and Eq. (4.3), w e  g e t  t h e  simple expression f o r  4 ,  

, (n - odd) 2Ar 4 =  - 
nX 

f o r  r e f l e c t i o n  n u l l s ,  o r  w e  would f ind  

(4 3) 

4.4) 

f o r  r e f l e c t i o n  peaks. 

When t h e  f requencies  of peaks and n u l l s  are determined from the experimental 

da t a ,  Equation ( 4 . 8 )  or  (4.9) can be used t o  f i n d  4 ,  which can then be p l o t t e d  

as a func t ion  of frequency. This p l o t  can be used, then ,  t o  f i n d  the approxi- 

mation t o  6 a t  any frequency. (Note: It has been found more advisable  t o  

p l o t  

func t ion  of frequency, and could be represented a n a l y t i c a l l y  by s t r a i g h t  l i n e  

segments f o r  purposes of c a l c u l a t i o n ) .  

r a t h e r  than 6 because Cp w a s  more gene ra l ly  a monotonically varying 
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A simpler assumption f o r  4 might have been t o  l e t  4 equal some cons t an t  

This is a reasonable  assumption f o r  average va lue  over t h e  frequency range. 

h igher  frequency ranges (>2000 Hz), bu t  tends t o  in t roduce  l a r g e  e r r o r s  i n  

lower ranges where r e f l e c t i o n  e f f e c t s  are s t r o n g e s t  i n  t y p i c a l  turbofan cases, 

and t h e  l o c a t i o n  of t h e  s t r o n g  peaks and n u l l s  are very s e n s i t i v e  t o  changes 

i n  I$ i n  this region. 

C a l i b r a t i n g  t h e  s i te  by determining t h e  magnitude of t h e  r e f l e c t i o n  coef f i -  
c i e n t  /Q/ is, i n  genera l ,  a more d i f f i c u l t  problem. Since it is  assumed t h a t  
t h e  a c t u a l  impedance of t h e  s u r f a c e  is  n o t  ob ta inable ,  /QI m u s t  b e  found from 
c o r r e l a t i o n s  wi th  earlier d a t a  taken wi th  t h e  same s u r f a c e  and (preferably) 
equ iva len t  geometry. 

One p o s s i b i l i t y  would b e  t o  u s e  a loudspeaker as a sound source  and 

simultaneously record t h e  r e f l e c t i o n  p a t t e r n  a t  two geometries, one i n  t h e  

f a r f i e l d  with the  same geometry (radius ,  angle,  and he ight )  as t h a t  used i n  

engine tests, and a second microphone at  t h e  same angle  b u t  a t  a r ad ius  much 

c l o s e r  t o  t h e  source and loca ted  at a he igh t  such t h a t  i t  f a l l s  on t h e  l i n e  

d i r e c t l y  between t h e  c e n t e r  of t h e  source  and t h e  f a r f i e l d  microphone. The 

nea r  microphone would have a much l a r g e r  pa th  length  d i f f e r e n c e  than t h e  f a r -  

f i e l d  microphone, which has  two e f f e c t s .  F i x s t ,  t h e  predominant r e f l e c t i o n  

e f f e c t s  at t h e  nea r  microphone would be  forced  i n t o  a lower frequency range, 

poss ib ly  below t h a t  of i n t e r e s t .  Second, t h e  r e f l e c t e d  s i g n a l  w i l l  b e  w e l l  
below t h e  d i r e c t  s i g n a l  i f  t h e  r e f l e c t e d  d i s t a n c e  i s  much g r e a t e r  than t h e  

d i r e c t  d i s tance .  Thus, across  t h e  major p a r t  of t h e  range of f requencies ,  t h e  

gene ra l  a d d i t i v e  term from t h e  r e f l e c t e d  s i g n a l  is very low with r e spec t  t o  

t h e  d i r e c t  level, and f o r  t h e  purposes of t h e  fol lowing approximate procedure, 
can be neglected.  
bo th  t h e  source and microphone a t  12 f o o t  he igh t s  would have only about one dB 
added t o  t h e  d i r e c t  level above t h e  f i r s t  few nul l / re inforcements . )  

(For example a near  microphone at  10 f e e t  d i s t a n c e  w i t h  

When t h e  near  microphone levels are ex t r apo la t ed  out  t o  t h e  rad ius  of t h e  
r e f l e c t i o n  measurement, an approximate r e f l e c t i o n  index  curve can b e  obta ined  
d i r e c t l y .  

r e f l e c t i o n  index  curve, Eq. (2.7). 
of a cons tan t  va lue  of /Q/ throughout t h e  frequency range d i d  n o t  l ead  t o  

excessive e r r o r s .  It should a l s o  b e  remembered t h a t  t h e  r e f l e c t i o n  index  curve 

is l i k e l y  t o  be  q u i t e  s e n s i t i v e  t o  t h e  angle  t h e  r e f l e c t e d  wave makes wi th  t h e  
ground, p a r t i c u l a r l y  near  graz ing  incidence,  so t h a t  values of /Q/ found a t  
c e r t a i n  angles of inc idence  may not  apply t o  appreciably d i f f e r e n t  angles.  

Values of /Q/ can then b e  found from t h e  a n a l y t i c a l  express ion  f o r  t h e  

It was found t h a t  i n  gene ra l  t h e  assumption 
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After  the  approximate va lues  of /Q/ and 6 are determined, a r e f l e c t i o n  

This  index curve can be ca lcu la ted  from the  appropr ia te  form of Eq. (2.7).  

co r rec t ion  can then be appl ied t o  the  sound pressure  l e v e l  r e f l e c t i o n  p a t t e r n  

t o  g ive  an approximation t o  the  pressure  spec t r a  which would be measured a t  

. a given r ad ius  with no r e f l e c t i o n  e f f e c t s  ( f r e e  f i e l d ) .  

4.2.3 Applicat ion of Approximate Method 

The following example i l l u s t r a t e s  the  above procedure f o r  a turbofan loca ted  

a t  a he ight  of 12 f e e t  above a measuring plane of crushed rock and serves t o  

g ive  an ind ica t ion  of the  v a l i d i t y  of t he  procedure. The r e f l e c t i o n  p a t t e r n s  

were measured simultaneously a t  two d i f f e r e n t  r a d i i ,  150 f e e t  and 250 f e e t ,  wi th  

both microphone he igh t s  a t  12 f e e t .  

d i f f e r e n t  a t  each microphone loca t ion ,  so  t h a t  a d i f f e r e n t  r e f l e c t i o n  co r rec t ion  

appl ied  i n  each case. The ob jec t ive  w a s  t o  remove the  r e f l e c t i o n  e f f e c t s  from 

each spectrum, and then a d j u s t  t he  250 foo t  d a t a  back t o  150 f e e t  f o r  comparison 

t o  the  150 foo t  cor rec ted  d a t a .  Any l a r g e  d i f f e rences  i n  the  comparison can be 

a t t r i b u t e d  t o  e r r o r s  i n  the  r e f l e c t i o n  co r rec t ion  introduced by the  assumptions 

used t o  ob ta in  the  r e f l e c t i o n  index curve. 

The pa th  length  d i f f e rence ,  then, w a s  

Figure (4-8) shows the  pressure  spec t r a  of t he  150 foo t  and 250 f o o t  

measurements, where ne i the r  have been cor rec ted  f o r  r e f l e c t i o n  e f f e c t s  bu t  t he  

250 foo t  d a t a  has been adjusted back t o  150 f e e t  by co r rec t ing  f o r  sphe r i ca l  

divergence and a i r  a t t e n u a t i o n  (note t h a t  i t  is immaterial whether these  

co r rec t ions  or  t he  r e f l e c t i o n  cor rec t ions  are made f i r s t ,  s i n c e  a l l  co r rec t ions  

are a d d i t i v e  terms. Close examination of Figure (4-8) allows one t o  make 

reasonably good guesses as t o  the  approximate frequency of t h e  r e f l e c t i o n  peaks 

and n u l l s .  These were chosen as: 

1st Null ,  -200 Hz 
1st Peak, -450 Hz 
2nd Null ,  -800 Hz 
2nd Peak, '1000 Hz 

150 Feet 
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1st Null ,  “250  Hz 

1st Peak, “630 Hz 
2nd Null ,  -1000 Hz 

2nd Peak, “1600 Hz 

250 Fee t  

These va lues  lead t o  t h e  approximate 4 - curves shown i n  Figure ( 4 - 5 ) .  

Extensive t e s t i n g  over t he  crushed rock su r face ,  inc luding  a number of 

c o r r e l a t i o n s  w i t h  j e t  noise  bal loon data and loudspeaker experiments, have 

pointed t o  an approximate average va lue  of t h e  magnitude of t he  r e f l e c t i o n  

c o e f f i c i e n t  of /Q/ = .5. When t h i s  is  used wi th  t h e  4 - curves of Figure ( 4 - 5 ) ,  

t h e  r e f l e c t i o n  index curves of Figures (4-6) and (4-7) are obtained. The 

c a l c u l a t i o n  is based on t h e  r e f l e c t i o n  index expression f o r  1 / 3  oc tave  broadband 

no i se ,  Eq. (2.15). 

The use  of t h i s  equat ion i n s e r t s  an  a d d i t i o n a l  assumption, t h a t  t he  complex 

spectrum from turbofan  no i se  measurements can, t o  an i n i t i a l  approximation, be 

cor rec ted  as if i t  were broadband. This c o r r e c t i o n  w i l l  be the least accu ra t e  

i n  t h e  t h i r d  octave which con ta ins  t h e  pure tone fundamental (4000 Hz i n  t h i s  

case) .  However, s ince  most of t he  s t rong  r e f l e c t i o n  e f f e c t s  have leve led  of f  

b e f o r e l h e  pure tone fundamental is  reached, t h e  e r r o r s  introduced should be 

r e l a t i v e l y  small. 

The cor rec ted  s p e c t r a  are shown i n  Figure (4-9). The co l l apse  of t h e s e  

curves is gene ra l ly  good, with the  d i f f e r e n c e  being g r e a t e r  than 1.5 dB a t  only 

5 of t h e  1 / 3  octave  central  f requencies ,  compared wi th  11 p o i n t s  of t h e  un- 

cor rec ted  d a t a .  

t ak ing  t h e  square roo t  of t h e  sum of t h e  squares of t h e  d i f f e r e n c e s  i n  dB at  

each 1/3 oc tave  cen te r  frequency, was 2.3 dB, while t h a t  f o r  the cor rec ted  

d a t a  w a s  1 .6  dB. 

The s tandard  d e v i a t i o n  of t h e  uncorrected d a t a ,  found by 

The method f o r  improving t h e  d a t a  co l l apse ,  of course,  is t o  ob ta in  a more 

accu ra t e  r e p r e s e n t a t i o n  of t h e  complex r e f l e c t i o n  c o e f f i c i e n t  as a func t ion  of 

frequency €o r  t h e  case being considered, lead ing  t o  a b e t t e r  r e f l e c t i o n  index 

curve. 
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5. METILODS TO M I N I M I Z E  GROUND REFLECTION EFFECTS 

5.1 EXPERIENCE WITH HIGH RECEIVER WIGHTS 

When t h e  d i f f e r e n c e  i n  path length  between the  d i r e c t  and t h e  r e f l e c t e d  ray  

is l a r g e  wi th  r e spec t  t o  the  wavelength of t h e  p a r t i c u l a r  s i g n a l s  of i n t e r e s t ,  

several b e n e f i c i a l  e f f e c t s  r e s u l t  t h a t  may be used t o  minimize t h e  problems of 

ground r e f l e c t i o n  e f f e c t s  on da ta .  

s h i f t s  t h e  major n u l l  p a t t e r n s  ( f i r s t  through t h i r d )  t o  lower f requencies ,  and 

i n  t h e  t e s t i n g  of scale models, t h i s  s h i f t  may be s e l e c t e d  so t h a t  these  n u l l  

p a t t e r n s  are below t h e  frequency range of i n t e r e s t ,  Figure (5-1) i l l u s t r a t e s  

t h i s  type of s h i f t  f o r  an 8:l scale model jet  noise  test. S ince  a t  t h i s  l a r g e  

scale f a c t o r ,  50 Hz f u l l  scale is represented  by 400 Hz i n m o d e l  s i z e ,  t h e  s h i f t  

of the n u l l  p a t t e r n s  shown between curve (a)  and curve (b) of F igure  (5-1) 

provides t h a t  e s s e n t i a l l y  t h e  f u l l  spectrum of i n t e r e s t  l ies  i n  t h e  energy- 

re inforced  upper frequency zone where s u f f i c i e n t  n u l l s  and reinforcements  l i e  

i n  a given 1/3 octave t o  provide a s t a t i s t i c a l l y  averaged inc rease  i n  t h e  

measured no i se  s i g n a l  ( t h i s  i nc rease  is +3 dB f o r  a p e r f e c t  r e f l e c t o r  on hard 

su r face ,  and ranges around 1.5 t o  2 dB fors 'gravel o r  t y p i c a l  ground su r faces .  

This e f f e c t  is s t r i c t l y  t r u e  only f o r  broadband noise .  

F i r s t ,  an inc rease  i n  pa th  l eng th  d i f f e r e n c e  

A second e f f e c t  noted wi th  t h e  use  of l a r g e  pa th  l eng th  d i f f e r e n c e s  is  
involved with t h e  t ime-variat ion of acous t i c  r a y  pa ths  wi th  wind, g u s t s ,  eddies ,  

etc. i n  t h e  ambient airmass. Over a r e l a t i v e l y  long (30 seconds) averaging time 

f o r  d a t a  a c q u i s i t i o n  t h e  pa th  length  d i f f e r e n c e  w i l l  vary  i n  some propor t ion  

t o  i ts  magnitude. When t h e v a r i a t i o n  approaches t h e  order  of s i z e  of t h e  

wavelength of a pure tone element, a time-averaging e f f e c t  w i l l  produce a 

random s h i f t  of t h e  tone through both c a n c e l l a t i o n s  and reinforcements,  and 

thus  the  averaged s i g n a l  f o r  t h e  pure tone w i l l  approach t h e  random-reinforce- 

ment l e v e l  noted above f o r  broadband noise .  F igures  (5-2) and (5-3) show 

t h e  trace ve r sus  frequency of a slowly-swept pure tone,  recorded by a microphone 

having a pa th  l eng th  d i f f e r e n c e  of 5.46 f t . ,  a t  a d i s t a n c e  of 50 f e e t  from a 

speaker source.  

ment is d i s t i n c t  up t o  approximately 1500 Bz, but  above t h a t  frequency, t h e  

time-variance of t h e  path length  d i f f e r e n c e  produces a random p a t t e r n  of noise  

level v a r i a t i o n  wi th  t h e  sweeping frequency. These d a t a  are f o r  a rough g r a v e l  

su r f ace ;  f o r  a hard su r face  such as concre te ,  t h e  breakdown frequency is higher 

It is noted t h a t  t he  r e p e t i t i v e  p a t t e r n  of n u l l  and r e in fo rce -  
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as shown i n  Figure ( 5 - 4 ) .  Fur ther  s t u d i e s  are d iscussed  i n  Reference 6. This 

e f f e c t  of breakdown of t h e  r e f l e c t i o n  p a t t e r n  can b e  u t i l i z e d  t o  ob ta in  more 

s t a t i s t i c a l l y  r epea tab le  d a t a  f o r  sources which have both broadband and pure tone 

elements. 

A t h i r d  advantage of t h e  use of high r e c e i v e r  he igh t s  ( inc reas ing  pa th  length  

d i f f e r e n c e s )  is  t h e  designed placement of t h e  major n u l l  p a t t e r n s  a t  s e l e c t e d  

f requencies  f o r  d i r e c t  comparison wi th  o t h e r  data.  The most s i g n i f i c a n t  use of 

this advantage lies i n  t h e  r e a l m  of p r e d i c t i n g  f lyove r  n o i s e  levels from ground 

s ta t ic  engine n o i s e  data. 

s ec t ion .  

comparison of d a t a  from one s i te  to another. Often, d i f f e rences  i n  t h e  frequency 

l o c a t i o n  of n u l l  p a t t e r n s  make d i r e c t  comparison extremely d i f f i c u l t ;  c a l c u l a t i o n  

of t h e  expected n u l l  p a t t e r n s  of a site, based on t h e o r e t i c a l  geometric con- 

s i d e r a t i o n s  and experience-derived phase f a c t o r  estimates permit one t o  design 

t h e  proper  l o c a t i o n  f o r  placement of microphones t o  y i e l d  a s i m i l a r  re inforce-  

ment n u l l  p a t t e r n  t o  a p r i o r  set of d a t a  t o  which comparison is des i red .  

Usually, source  he ight  is less e a s i l y  ad jus t ed ,  and t h e  measurement arc rad ius  

is based on o t h e r  cons idera t ions ,  l eav ing  microphone he igh t  as t h e  most e f f e c t i v e  

means of ad jus t ing  t h e  n u l l  p a t t e r n  f requencies .  

This is covered i n  some d e t a i l  i n  t h e  fol lowing 

Another p o t e n t i a l  use f o r  d e l i b e r a t e  pa th  length  design involves  

5.2 RECOMMENDATIONS FOR INFLIGHT NOISE PREDICTION 

F l i g h t  d a t a  provides an extremely complex p a t t e r n  of r e f l e c t i o n  e f f e c t s  

from t h e  ground p lane ,  s i n c e  t h e  geometry of t h e  d i r e c t  and r e f l e c t e d  pa ths  

are con t inua l ly  changing wi th  time. 
and f o r  a f l i g h t  pa th  d i r e c t l y  over t h e  microphone, t h e  pa th  l eng th  d i f f e r e n c e  

w i l l  vary from a l o w  q u a n t i t y  t o  a maximum va lue  of 8 f e e t  a t  overhead, t hen  

reduce again t o  a low va lue  as t h e  a i r c r a f t  recedes.  

Figure (5-5), a ske tch  of t h e  geometric cons idera t ions  wi th  a t a b l e  of pa th  

l eng th  d i f f e r e n c e  versus angle  of t h e  a r r i v i n g  a c o ~ t i c  ray  t o  the ground. 

For a four-foot microphone he ight ,  

This is shown i n  

. Figures (5-6)  and (5-7) show 1/3 octave SPL s p e c t r a  f o r  a series of times 

be fo re  (Figure (5-6)) and a f t e r  (Figure (5-7)) t h e  t i m e  of maximum o v e r a l l  

sound p res su re  level. 
n u l l s  is q u i t e  n o t i c e a b l e  i n  these  data.  

from l i s t e n i n g  t o  f lyove r  recordings,  t h e  movement of t h e  reinforcement  between 

first and second n u l l  can b e  heard as a change i n  t h e  frequency of a s i g n i f i c a n t  

The s h i f t i n g  frequency of t h e  f i r s t  and second 

Both from d i r e c t  l i s t e n i n g  o r  

56 
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