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INTRODUCTION 

This paper is  a review of c e r t a i n  t h e o r e t i c a l  ideas  about t h e  radi-  
a t i o n  of sound and shows how these  ideas  have been implemented i n  s t r a t e g i e s  
f o r  explaining o r  measuring t h e  sound produced by p r a c t i c a l  s t ruc tu res .  
s h a l l  be e spec ia l ly  i n t e r e s t e d  i n  those aspects of t h e  sub jec t  t h a t  relate 
t o  the  determination of t h e  relative amounts of sound generated by various 
p a r t s  of a machine o r  s t r u c t u r e ,  which can be very use fu l  information f o r  
no i se  reduction e f f o r t s .  
unce r t a in t i e s  o r  questions remain i n  t h e  t h e o r e t i c a l  and experimental a spec t s  
of t he  subjec t .  

W e  

W e  w i l l  a l s o  poirst o u t  areas i n  which s i g n i f i c a n t  

I n r e n s i t y  and Energy Density 

Since the  acous t i ca l  equations are f i r s t - o r d e r  per turba t ions  of t he  
underlying fluid,dynamical,and s ta te  equations, i t  i s  not  obvious t h a t  
acous t i ca l  i n t e n s i t y ,  which i s  a second-order quant i ty ,  can be determined from 
the  f i r s t - o r d e r  q u a n t i t i e s  only. It i s  shown i n  advanced t e x t s ,  however, t h a t  
i n  a nonmoving i d e a l  f l u i d ,  an energy conservation statement can be w r i t t e n  
i n  the  form 

a& 3 -+  V*I = 0 ,  a t  

-t -f + &p2/poc2 is  t h e  acous t i ca l  energy dens i ty ,  I = pu i s  t h e  where E = 3pou. 
i n t e n s i t y ,  p and u are t h e  f i r s t -o rde r  "acoustic" pressure  and particle veloc- 
i t y  respec t ive ly .  This  formulation, while i n t e r n a l l y  cons i s t en t ,  does leave 
c e r t a i n  second-order t e r m s  ou t  of t he  i n t e n s i t y  and energy dens i ty  which cor- 
respond t o  the  t r anspor t  of i n t e r n a l  energy of t h e  f l u i d  by streaming flows, 
These terms are usua l ly  of l i t t l e  p r a c t i c a l  importance. 

j. 

+ 
From eq. (l), it is  clear that t h e  add i t ion  t o  I of any salen-oiilal 

vec tor  f i e l d  w i l l  leave t h e  conservation r e l a t i o n  unchanged, bu t  can g r e a t l y  
al ter the  i n t e n s i t y  vec tor  a t  any p o s i t i o n  (and time). Such so lenoida l  in- 
t e n s i t y  f i e l d s  do exist i n  reverberant f i e l d s  (even when t i m e  averaged) and 
represent one way t h a t  reverberant sound can contaminate a measurement of 
sound i n t e n s i t y .  
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Simple Radiators 

A simple r a d i a t o r  i s  a r i g i d  plane sur face ,  v i b r a t i n g  wi th  a v e l o c i t y  

When a l l  dimensions of t h i s  v i b r a t o r  are l a r g e  compared t o  a wavelength, 
u 
plane. 
then t h e  magnitude of t h e  i n t e n s i t y  is I = u2poc. 
c u l a r  p i s ton  of rad ius  a, then the t o t a l  time-averaged radiated-sound power is 

i n  a d i r e c t i o n  perpendicular t o  i t s  own sur face ,  set i n  an i n f i n i t e  r i g i d  

Zf the  v i b r a t o r  is a cir- 

where 
shown graphed i n  f i g .  1. 

S is t h e  area of t h e  p i s ton  and urad i s  t h e  r a d i a t i o n  e f f i c i ency ,  

The i n t e r e s t i n g  f e a t u r e  of f ig .  1 i s  t h a t ,  as expected, Orad approaches 
un i ty  a t  frequencies such t h a t  t he  wavelength i s  s m a l l  compared t o  p i s ton  
diameter, bu t  a l s o ,  t h i s  l i m i t  i s  e s s e n t i a l l y  reached when the p i s ton  diameter 
i s  only about one-third of t h e  wavelength of t h e  sound wave. This geometric 
e f f e c t  i s  very important i n  sound r ad ia t ion  by machines s ince  many machines 
have s i z e s  comparable t o  t h e  wavelength of sound a t  frequencies of i n t e r e s t .  

The r a d i a t i o n  of sound by waves on a plane can be p ic tured  as shown 
i n  f i g .  2. Above t h e  c r i t i ca l  frequency, t h e  f l e x u r a l  waves become super- 
son ic  ( acous t i ca l ly  fas t ) ,  and the re  i s  h ighly  d i r ec t ed  sound rad ia t ion .  Be- 
low th i s ' f r equency ,  t h e  f l e x u r a l  wave is  subsonic (acous t ica l ly  slow), and t h e r e  
is no sound r a d i a t i o n  from an i n f i n i t e  p l a t e .  The cr i t ical  frequency i s  deter- 
mined by elastic p rope r t i e s  of t h e  p l a t e  -- a simple formula f o r  steel, 
aluminum, o r  g l a s s  is: 

f = 500/h ( in )  
C 

where t h e  thickness h is  expressed i n  inches. This e f f e c t  of bending wave- 
speed on r ad ia t ion  e f f i c i ency  is very important f o r  l a r g e  f l a t  s t r u c t u r e s ,  
bu t  less so f o r  highly curved, segmented,or s t i f f e n e d  s t ruc tu res .  

generally has a l a r g e  effect on t h e  amplitude of v i b r a t i o n  (determines 
P l a t e  damp- 

>),but has l i t t l e  p r a c t i c a l  e f f e c t  on t h e  r ad ia t ion  e f f ic iency .  . 

Above t'he c r i t i ca l  frequency, t he  t h e o r e t i c a l  sound i n t e n s i t y  i s  
uniform over the surface.  
p l a t e s ,  as shown i n  f i g .  3. With a s i n g l e  mode of v ib ra t ion ,  t h e r e  are nodal 
l i n e s  i n  t h e  i n t e n s i t y  t h a t  correspond t o  zero ve loc i ty  node lines on the  
p l a t e .  
uniform. 

This is  a l s o  t h e  case f o r  l a r g e  f i n i t e  supported 

When t h e  v i b r a t i o n  i s  multimodal, t h e  i n t e n s i t y  p a t t e r n  becomes more 
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Below t h e  c r i t i ca l  frequency, any i n t e r r u p t i o n  o r  d i scon t inu i ty  
i n  t h e  p rope r t i e s  of an i n f i n i t e  p l a t e  (such as the  l i n e  of support shown i n  
f i g .  4 )  w i l l  r e s u l t  i n  r a d i a t i o n  of sound a t  frequencies less than t h e  
c r i t i c a l  frequency. 
t o  f l e x u r a l w a v e s  r e f l e c t i n g  from it a t  normal incidence i s  shown i n  f i g .  4 .  
Note t h e  a l t e r n a t i n g  regions of p o s i t i v e  and negative i n t e n s i t y ,  with the  
region next t o  the  support l i n e  being pos i t ive .  The n e t  r a d i a t i o n  due t o  the  
l i n e  support is ,  of course,  pos i t i ve ,  bu t  var ious  regions of t h e  p l a t e  are 
emitt ing and absorbing sound over an extended area. 

The normal component of i n t e n s i t y  f o r  such a support due 

When the  p l a t e  i s  f i n i t e ,  i t  has been shown t h a t  below the  c r i t i ca l  
frequency, t he  r a d i a t i o n  e f f i c i ency  i s  proportional t o  t h e  perimeter of t h e  
p l a t e .  
p l i c a t i o n  t h a t  t h e  sound i s  r ad ia t ed  from the  edges of t h e  p l a t e .  The average 
r a d i a t i o n  e f f i c i ency  f o r  a supported p l a t e  i s  shown i n  f i g .  5. A d i r e c t  cal- 
cu la t ion  of t h e  sound i n t e n s i t y  f o r  a supported rec tangular  p l a t e  shows t h a t  
t he  region very c lose  t o  the  edge i s  nea r ly  always r a d i a t i n g ,  p a r t i c u l a r l y  f o r  
t he  edge modes t h a t  have t r a c e  wavelengths g rea t e r  than t h e  wavelength of 
sound. 
supported p l a t e  f o r  a s i n g l e  mode of v i b r a t i o n  mode (17, l), which c l e a r l y  
shows t h i s  edge r a d i a t i o n  e f f e c t .  I n  f i g .  7, t he  case of multimodal r a d i a t i o n  
is shown. Thus, although t h e  t o t a l  rad ia ted  sound power from t h e  p l a t e  is  
propor t iona l  t o  i t s  edge length,  t h e  pattern of i n t e n s i t y  i s  more l ike t h a t  of 
a set  o f  su r face  r a d i a t o r s  and absorbers wi th  a l i n e  of r a d i a t i o n  along the  
edge. 

This has l ed  t o  the  concept of "edge radiation",  with t h e  s t rong  im-  

I n  f i g .  6 ,  w e  show a scan of i n t e n s i t y  across  a sec t ion  of a simply 

I n  addi t ion  t o  r a d i a t o r  s i z e ,  p l a t e  th ickness ,  and framing o r  sup- 

Curved su r faces  are s t i f f e r  than  f l a t  s t r u c t u r e s  and may 
p o r t  s t r u c t u r e  e f f e c t s ,  curvature e f f e c t s  can a l so  p l ay  an important r o l e  i n  
r ad ia t ion  e f f i c i ency .  
v i b r a t e  less, bu t  t h e i r  r a d i a t i o n  e f f i c i e n c i e s  are genera l ly  h igher ,  I n  f i g .  
5 ,  w e  show t h e  e f f e c t  of curva ture  by comparing t h e  r a d i a t i o n  e f f i c i ency  of a 
f l a t  supported p l a t e  with t h a t  of a cy l inder  formed by r o l l i n g  the  plate. 

EXPERIMENTAL METHODS 

A number of experimental techniques are ava i l ab le  f o r  determining 
the  amount of sound power rad ia ted  by a s t r u c t u r e  (o r  machine). Some methods 
simply g ive  the  t o t a l  r ad ia t ed  power 
allow one t o  measure, o r  i n f e r ,  t h e  amount of sound produced by var ious  p a r t s  
of t he  s t r u c t u r e .  Present concerns about machinery noise  and no i se  reduction 
by design create special i n t e r e s t  i n  techniques t h a t  allow one t o  scan t h e  near 
f i e l d  of t h e  machine and determine no i se  rad ia ted  by var ious  el'ements o r  sur- 
f aces. 

and possibly the  d i r e c t i v i t y .  Others 

The most commonly used technique i s  t h e  reverberd t ion  method, i n  
In such a which the  machine is placed i n  a room of f a i r l y  low absorption. 

room, the  reverberant mean square pressure  <p& i s  r e l a t e d  t o  the  rad ia ted  
power II rad 
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<pp = 4nradP o 
R (3) 

- 
where R = Sz/(l-z) 
t h e  room,and S i s  i t s  i n t e r i o r  area. The measurement of <pg> can only be  done 
r e l i a b l y  when t h e  wavelength of sound i s  less than h a l f  of a t y p i c a l  room 
dimension and i f  t he  source does not conta in  dominating pure tone compohents. 

i s  the  "room constant", a is  t h e  absorption c o e f f i c i e n t  i n  

Another w e l l  known procedure 
room t o  measure the  d i r e c t  f i e l d  <p& 
the  rad ia ted  power by 

employs a"ef1ection f ree ,or  anechoic, 
from the  r a d i a t o r ,  which i s  r e l a t e d  t o  

where Q i s  the  d i r e c t i v i t y  function and r i s  t h e  d is tance  from the  
acous t i c  center" of t h e  source. Since one does not know where t h e  acous t ic  I 1  

center  of a source is, 
don't m a t t e r .  Typically,  r must be  g rea t e r  than t h e  l a r g e s t  dimension of 
t he  source f o r  t he  measurement t o  be i n  the  " fa r  f i e l d "  o r  Frauenhofer zone of 
t he  r ad ia to r .  
r e c t i v i t y  function Q and the  t o t a l  power by an i n t e g r a t i o n  over s o l i d  angle. 

r mugt be l a r g e  enough so  t h a t  such unce r t a in t i e s  

This measurement technique allows one t o  determine t h e  di- 

A v a r i a t i o n  of t h e  methods i n  t h e  two preceding paragraphs is  t h e  
window" technique i n  which t h e  machine i s  wrapped and then various pos i t i ons  I 1  

of the  machine are exposed. 
power (and d i r e c t i v i t y )  can be determined, i f  w e  assume t h a t  t h e  process of 
wrapping does not  d i s tu rb  the  relative r o l e s  of var ious  elements i n  sound 
rad ia t ion .  
is  shown i n  f i g .  8. This procedure is  conceptually simple, bu t  t he  process of 
wrapping and unwrapping and t h e  r e p e t i t i o n  of t h e  sound measurements f o r  each 
case can ge t  q u i t e  t i m e  consuming and cumbersome. 

In  t h i s  way, t he  cont r ibu t ions  t o  t h e  t o t a l  no ise  

A sketch of a machine with i t s  wrappings undergoing t h i s  process 

The d i r e c t , o r  f r e e  field,method is e s s e n t i a l l y  a measurement of sound 
i n t e n s i t y  with a microphone. 
su r f ace  requi res  both a ve loc i ty  and pressure  measurement. 
measurement may be done using e i t h e r  a pressure grad ien t  microphone o r  an 
accelerometer mounted t o  the  sur face  of t he  s t r u c t u r e ,  as shown i n  f i g .  9. The 
required f i l t e r i n g ,  mu l t ip l i ca t ion ,  and t i m e  averaging can be done by e i t h e r  
analog o r  d i g i t a l  methods. 
phase v a r i a t i o n s  i n  t h e  pressure  and ve loc i ty  channels are kept t o  a minimum. 

An i n t e n s i t y  measurement c lose  t o  t h e  machine 
The ve loc i ty  

The p r i n c i p a l  challenge i s  making s u r e  t h a t  r e l a t i v e  

Measurements of t h e  i n t e n s i t y  near t h e  su r face  of a supported p l a t e  
using a microphone-accelerometer scheme are shown i n  f i g s .  6 and 7. These 
measurements are i n  good agreement wi th  t h e  t h e o r e t i c a l  p red ic t ions  shown i n  
these ' f i gu res ,  but t hese  examples demonstrate one of t h e  d i f f i c u l t i e s  of apply- 
i ng  t h i s  method. 
sound absorption, a c o r r e c t  assessment of tota1,radiated-sound power requi res  

Since the re  are some areas of sound generation and o the r s  of 
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a very c a r e f u l  and accura te  scan of t h e  surface.  
two, phase-matched, measurement channels adds t o  the complication. 
p r a c t i c a l  u t i l i t y  i n  measuring machine component no i se  is l i k e l y  t o  be f a i r l y  
l imi ted .  

Also, t h e  requirement f o r  
Thus, its 

Since measurements a t  the  sur face  of a s t r u c t u r e  t o  de t e  
r e l a t i v e  sound generation of i t s  var ious  p a r t s  are s o  des i r ab le ,  schemes have 
been developed which, although they lack a strict t h e o r e t i c a l  basis, are used 
because they s e e m  t o  g ive  use fu l  answers, are very easy t o  implement, and t h e  
r e s u l t s  are easy t o  i n t e r p r e t .  The methods are t h e  near  f i e l d  pressure  scan 
and the  acce le ra t ion ,o r  r ad ia t ion , e f f i c i ency  method. 

The nea r - f i e ld  pressure scan t akes  note  of t h e  f a c t  t h a t  t h e  inten- 
s i t y  of sound i n  a p lane  wave is  Sp2>/poc and i n  a d i€ fuse  f i e l d  (over 
s o l i d  angle 21r) i s  <p2>/2poc t o  assert t h a t  near a machine su r face  t h e  in- 
t e n s i t y  is  <p2>/6poc, where 6 i s  t o  be determined. Each p a r t  of t h e  
machine has an area S i  and, consequently, t he  t o t a l  power i s  

I f  nFad i s  known from a reverberant measurement, 8 i s  determined. 
s tud ie s  suggest a value of 4 f o r  6 .  In f i g .  10,  w e  show t h e  tota1,sound-power 
output measured f o r  a consumer sewing machine and t h e  relative cont r ibu t ion  t o  
the  t o t a l  r ad ia t ed  power from i ts  var ious  sur faces  as determined by t h i s  
method. Also shown are t h e  iso-pressure contours on t h i s  machine f o r  t h e  500- 
Hz octave band. 

Most 

The r a d i a t i o n  e f f i c i ency  method assumes t h a t  t h e  sound r a d i a t i o n  is 
dominated by v i b r a t i n g  s t ruc tu re .  
determined f o r  var ious  p a r t s  of t he  s t ruc ture ,and  t h e  rad ia ted  power i s  deter- 
mined by a v a r i a n t  of eq. (2), 

Mean square acce le ra t ion  values <a$> are 

<a?> s i i  
'rad = i .2 '0' 'rad,i 

One can assume t h a t  Orad i is the  same f o r  a l l  su r f aces  and determine i t s  value 
by a measurement of t o t a l  rad ia ted  power. Then, t h e  relative sound produced by 
each p a r t  of t he  machine is  propor t iona l  t o  i t s  cont r ibu t ion  <a$>%. This has  
been done f o r  t he  sewing machine,and t h e  r e s u l t  i s  shown i n  f i g .  If. 
viously,  t h i s  technique does not  rank t h e  sound output of t h e  var ious  elements 
i n  t h e  same way t h a t  t h e  pressure  method does. 

Ob- 

Of course, t h i s  last  method can be improved by using t h e  ideas  pre- 
sented i n  the  sec t ion  on "Simple Radiators" t o  make b e t t e r  estimates of 
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arad,if 
compared t o  the pressure method. 
acceleration f i e l d  than i n  the pressure f i e l d  so tha  
f i c u l t  t o  determine. 
method (6) compared t o  several (Orad,%) i n  the acceleration method. 
acceleration method requires tha t  s t ruc tu ra l  vibrat ion dominate the sound 
generation process, while no such assumption is made i n  the pressure method. 

Clearly, more research and applications s tudies  are required t o  de- 

However, on balance, t h i s  vibrat ion technique has several  drawbacks 
There is generally more va r i ab i l i t y  t o  the  

average is more dif-  
There is only a single,unknown parameter i n  the  pressure 

Also, the  

f i n e  the basis  f o r  and l imitat ions of these simplified methods fo r  determining 
the sound produced by various p a r t s  of a machine o r  structure.  
there  is good reason t o  carry out these s tudies  because of the importance of 
Such measurements i n  developing noise reduction treatments f o r  machines, par- 
t i cu l a r ly  i n  the important area of redesign for  reduced noise emission. 

Moreover, 
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Figure.1.- Sketch of vibrating piston and theoretical radiation efficiency. 
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Figure 2.-  Sketch of radiation of sound by vibrating plate, associated a i r  
motion, and resulting radiation efficiency. 
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Figure 3 . -  Normal component of i n t e n s i t y  vec tor  a t  sur face  of v ibra t ing ,  
simply-supported p l a t e  above i t s  c r i t i c a l  frequency. (a) Single mode, 
(b) multi-modal. 
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Figure 4 . -  I n t e n s i t y  near a l i n e  of support on an i n f i n i t e  p l a t e  showing 
regions of p o s i t i v e  and negative i n t e n s i t y .  
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Figure 5.- Radiat ion e f f i c i ency  of f i n i t e  supported p l a t e  and cy l inde r  of 
s a m e  area. 

Figure 6 . -  I n t e n s i t y  scan ac ross  mid-section of rec tangular  supported 
p l a t e  showing region of sound absor-ption near  the edge. 
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Figure 7.- Measured i n t e n s i t y  along mid-section of simply-supported 
p l a t e  below the c r i t i ca l  frequency. 

i 

Figure 8.- I n  t h e  window method, var ious  p a r t s  of a wrapped machine 
are exposed f o r  measurements of no i se  using e i t h e r  reverberant  
o r  anechoic m e t  hods. 
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MICROPHONE ACCELER- PRESSURE-PRES- ','\ 
OMETER METHOD SURE GRADIENT METHOD 

Figure 9.- Two methods f o r  measuring t h e  l o c a l  sound i n t e n s i t y  
a t  t h e  su r face  of a s t ruc tu re .  

SYMBOLS 
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AWM(FR0NT) 
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2% sbo lK 2K 4 K  
FREQUENCY- Hz 

Figure 10.- Tota l  and relative cont r ibu t ions  of var ious  machine 
sur faces  t o  sound power rad ia ted  by a sewing machine as 
determined by t h e  near f i e l d  pressure method. 
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Figure 11.- Tota l  and r e l a t i v e  cont r ibu t ions  t o  sound power rad ia ted  
by sewing machine as determined by t h e  acce le ra t ion  method, assuming 
a uniform r a d i a t i o n  e f f i c i ency  for all surfaces.  


