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SUMMARY zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
An  analysis  is  made  of  noise  reduction  of  small  enclosures in the 

low-frequency  range  where  both  panel  and  volume  are  stiffness  controlled. 

The  strong  dependence  on  geometry  of  the  compliance  of  flexible  panels  is 

illustrated.  Shape  factors  for  low-frequency  noise  reduction  are  established 

through  expressions  for  the  acoustic  compliance  of  enclosures  and  the 

compliances  of  rectangular,  circular,  cylindrical,  and  spherical  panels. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
A comparison  is  made of the  noise  reduction zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof enclosures  involving  these 

elements  and  having  equal  volume,  panel  thickness,  and  exposed  surface 

area. It is  observed  that  the  stiffer,  membrane-controlled  spherical  and 

cylindrical  enclosures  have  greater  noise  reduction  than  enclosures  having 

flexure-controlled  flat  panels. A companion  experimental  investigation  is 

described  and  the  results  are  discussed  and  compared  w'ith  the  theory. 

vi i 



INTRODUCTION 

The study  of  low-frequency  noise  reduction  has become increasingly 

important  with  the  advent of large  energy  conversion  units  such  as  the 

rocket  engine  which  produces  high  levels of  low-frequency  sound. This 

increased  in terest  is due to  concern  for  the  physiological and  psycho- 

log ica l   e f fec ts  of  low-frequency  sound on man and the   des i re   t o   i so la te  

small  assemblies from acoust ic  exci tat ion.  

Noise  reduction, which i s  essent ia l l y  a measure  of the sound- 

insulat ion  ef fect iveness of an  enclosure, is dependent upon acoust ic 

proper t ies of the  enclosure  as w e l l  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAas transmission  propert ies of the 

enclosure  walls.  Classical  noise  reduction  theory  as  presented  in  the 

l i t e r a t u r e  (Beranek,  1960)  has many appl icat ions  in   arch i tecture.  How- 

ever,   c lassical   analysis  appl ies  only  for   panels whose dimensions  are 

longer  than a few acoustic  wavelengths. Hence, c lass ica l   ana lys is  is 

i nva l id   fo r  many s t ruc tu res   in   the  low-frequency  range  where  the  acous- 

t i c  wavelengths  are of the same order  as  the  panel  dimensions. 

A general method for  calculating  low-frequency  noise  reduction  has 

bee.n presented   in   the   l i te ra tu re  (Lyon, 1963). Accordingly, when an 

external  sound pressure P i s  applied t o  an  enclosure,   the  in i t ia l  volume 

V w i l l  decrease by an amount X. The resu l t ing   in te rna l  sound pressure 

w i l l  be given by 

b 

'b zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= '/'b I (1) 

where C is the  acoustic  compliance of the  enclosure  defined as b 



Vb zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= free  volume  of  enclosure, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
p = density  of  air, 

Ca = speed  of  sound  in  air. 

The  volume  displacement  may  also  be  written  as 

x =  

where  C  is  the  compliance  of  the  enclosure  walls.  Noise  reduction  can 

thus  be  defined  as  a  function  of  panel  and  volume  compliances  by  the 

equation 

P 

Since  panel  compliance  is  a  strong  function zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof geometry,  the  shape 

of a flexible  panel  exposed  to  a  sound  field can  have  a  very  significant 

effect on noise  reduction.  Thus,  the  purpose of this  paper  is  to  de- 

termine  shape  factors in low-frequency  noise  reduction.  These  shape 

factors  are  established  through  expressions  for  the  compliances  of 

rectangular,  circular,  cylindrical,  and  spherical  panels  and  by  com- 

parison  of  the  noise  reduction  of  enclosures  involving  these  elements 

and  having  equal  volume,  panel  thickness,  and  exposed  surface  area. It 

is  expected  that  the  stiffer,  membrane-controlled  spherical  2nd  cylin- 

drical  enclosures will  have  greater  noise  reduction  than  enclosures 

having  flat,  flexure-controlled  panels. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA companion  experimental  in- 

vestigation  is  described  and  the  results  are  discussed  and  compared 

with the  theory. 
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REVIEW OF LITERATURE 

The problem of determining  the  noise  reduction of an  enclosure  has 

been  handled i n   t he   pas t  by a c lass ica l   ana lys is  which is usual ly de- 

f i ned   i n  terms of an  arrangement l i k e   t h a t  shown in   F igure  l. It con- 

sists of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAtwo adjoining compartments o r  rooms separated by a panel of 

which noise  reduct ion  character ist ics  are  in  quest ion.  

The noise  reduction of the  separating  panel  has been  defined 

(Beranek, 1960; Lyon zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- et  ", a1 1966) as zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
2 

NR = 10 log , 

where P1 is the sound pressure  leve l  produced by a source  in room 1 

and P2 is the  resul t ing sound pressure   leve l   in  room 2. Noise  reduc- 

t i on  by th is   def in i t ion  obv ious ly  depends  on the  absorpt ion  propert ies 

of the  receiving room as w e l l  as  the  transmission  propert ies of the 

separating  panel. 

Noise reduction  has  also  been  defined  (Beranek, 1960; Lyon e t   a l . ,  
" 

1966) as  the  reduct ion  in sound pressure  leve l   resul t ing from the  in-  

s e r t i o n  of the  panel between the  previously  unseparated rooms. The 

noise  reduction  contr ibuted by the  panel is usually  defined  as  the 

transmission  loss, 

where II is the  acoust ic power incident on the  panel from the  source 

room s i d e  and rc is the power rad iated  in to   the  receiv ing room. 

inc  

t rans zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
3 
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P zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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F I G U R E  1 ,  ARRANGEMENT F O R  M E A S U R I N G  N R  
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The behavior of  a panel  has  been  separated  into  three  frequency 

regions (Beranek, 1960, p. 287) as shown i n  Figure 2. I n  Region I, 

below the  lowest  resonance  frequency, mass  and  damping are  unimportant 

as  st i f fness  a lone  controls  the  behavior of the  panel. Above t h e   f i r s t  

few resonances i n  Region I1 the mass  becomes  most important.  This 

mass-controlled  region may extend from zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAtwo or   three times the  lowest 

resonance  frequency up t o   t h e   c r i t i c a l  frequency  where  the  bending 

wavelength in  the  panel   equals  the  acoust ic  wavelength  in  the  surround- 

ing medium. 

Classical  noise-reduction  theory  has many appl icat ions  in   arch i -  

tecture.  However, c lassical   noise  reduct ion  analysis  appl ies  only  for  

panels whose dimensions  are  longer  than a f e w  acoustic  wavelengths. 

Hence, these  calculat ions  are  inval id  for  many s t ruc tu res   i n   t he  low- 

frequency  range  where  the  acoustic  wavelengths  are of the same order  as 

the  panel  dimensions. 

Lyon (1963) computed the  theoret ical   noise  reduct ion  of  a r i g i d  

rectangular  enclosure  with one f lex ib le   wal l .  He considered  noise 

reduction  in  three  frequency  ranges: (1) "low" frequencies  where  both 

panel and volume are   s t i f fness   con t ro l led ,  (2) "intermediate"  frequen- 

c i e s  where the  panel i s  resonant and the volume s t i f f ,  and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( 3 )  "high" 

frequencies  where  both  panel and  volume are  resonant. Lyon a lso  sug- 

gested  that   noise  reduct ion of enclosures  having more than  one  f lexible 

panel   can  be  calculated  wi thout  d i f f icul ty  i f   the  mot ions  of   the  var i -  

ous panels  are  properly  correlated.  For example, pane ls   in   the  low- 

frequency would probably move i n  phase. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
5 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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Eichler (1965) presented a thermal  circuit   approach  for  calculat- 

ing  the  noise  reduct ion of  a rectangular zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAbox. Assuming that  the  panels 

are  a t tached  to  a r i g i d  frame  and  hence  mechanically  isolated,  he  gave 

the  following  equation  for  the  low-frequency  noise  reduction  of  the 

box, 

where the C zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA' s  are  the  compliances of the  panels  defined  as volume 

displacements  divided by pressure  differences.  This  equation and the 

assumption  of  panel  isolat ion  are  veri f ied by experimental  results 

which  agree  well  with  the  theory. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
j 

Eichler  a lso gave  an  expression  for  the  noise  reduction  of a spher- 

ica l   enc losure  as 
I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

I ,  

NR zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 10 log (1 + 2h Cw pw / 3C pR) , 2 2 2  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
( 8 )  

where h = panel  thickness, 

R = radius, 

PW 
= panel  density, 

p = densi ty of a i r ,  

cw 
= speed of sound i n  panel, 

C = speed of sound i n   a i r .  

An examination of equations (7) and (8) would ind icate  that   the  no ise 

reduction of a rectangular box is much less than  that  of  a spher ica l  

enclosure  having  the same material, weight, and enclosed volume. 

7 



White and  Powell (1966) invest igated sound  transmission  through a 

rectangular  double  wall  from  a s t a t i s t i c a l  viewpoint.  White (1966) 

also  s tud ied sound transmission  through a f in i te ,   c losed,   cy l indr ica l  

she l l .  However, he  did  not  consider  the  low-frequency  region. 

Perhaps  the  most  signif icant  recent  study of low-frequency  noise 

reduction is that   presented  in  a repor t  by  Lyon (1966) i n  which appl i -  

cat ions  in   spacecraf t   s t ructures  are  cons idered.   In   th is   repor t ,  a re- 

view i s  made of the  c lass ica l   theory and  a discussion i s  given of the 

inadequacies of this  theory  in  the  very  low-frequency  range and of the 

modif icat ions  that  must  be  imposed in  order  to  adequately  express low- 

f requency  noise  reduct ion  in  analyt ical  form. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

8 



THEORETICAL DEVELOPMENT 

In  this  section  expressions  are  developed  for  the  compliance  of 

rectangular ,   c i rcu lar ,   cy l indr ica l  and spherical  panels.  Equation (4) 

is  then  used  to  calculate  the  noise  reduction of enclosures  having 

these  elements. The results  are  presented  as  design  char.ts. 

Rectanmlar  Panel 

The compliance of  a rectangular  panel  can  be  calculated by con- 

s ider ing  the  uni formly  loaded  f lat   p late shown i n  Figure 3. The de- 

f lect ions  for  simply-supported and  clamped edges are  given by Love 

(1944) as 

and 

where P =  pressure 

t zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= thickness 

2a = width 

2b = length zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
u = P,oisson's  rat io 

E t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 
D =  

12 (1 - u2) 

9 



FIGURE 3. UNIFORMLY LOADED RECTANGULAR  FLAT  PLATE 

FIGURE 4 .  UNIFORMLY  LOADED  CIRCULAR  FLAT  PLATE zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
10 



In general,  the  volume  displacement  is  found  by  integrating  over 

the  area, 

By integration  and  substitution,  the  compliances  can  be  written 

2 

1 - a  
9a5b zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA+ 10a3b3 + gab5 - zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAE (a3b + ab zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 ) 

c =  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
ps 1080 D 

and 

32 c =  
pc 675 D (a4 + zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAb4) 

Circular  Panel 

The  deflections of the  circular  plate  shown  in  Figure 4 for  simply- 

supported  and  clamped  edges  are  given  by  Timoshenko  (1959)  as 

and 

Volume  displacement  is  again  obtained  by  integrating  over  the 

area, 

a 
x = 2~ W(r) r  dr . zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
11 



Integration  and  substitution  yield  the  following  expressions  for  the 

compliances zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof simply-supported  and  clamped  circular  plates 

and 

Cylindrical  Shell zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Now consider  the  cylinder  shown in  Figure 5. The  radial  deflec- 

tion  of  a  cylinder  of  radius  a  and  thickness t subjected  to  internal 

pressure P is  given  by  Timoshenko  (1959)  as 

Pa 
Et 2 (19) 

2 
W(x) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= - - K1  sin zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAf3x Sinh @x - K  cos f3x Cosh f3x, 

where 

For  simply-supported  ends  the  boundary  conditions  are 

w(1/2) = 0 

and 

d2W - (1/2) = 0 . zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
dx2 
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These  give zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
" 

- Pa' 2 s i n  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa Sinh a 
K1 - zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAEt cos 2a + Cosh 2a ' 

and 

- Pa2 2 COS zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBACY. Cosh 
K2 - Et cos 2a + Cosh 2a ' 

where 

For f ixed ends the boundary condi t ions  are 

w(1/2) = - (-) = 0 > 
dW zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI 
d x 2  

which y ie ld  

- Pa2 2 ( s i n  a: Cosh a: - cos a Sinh a)  
K1 - zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAEt: s i n  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2a + Sinh 2a 

and 

- pa2  2 ( s i n  Cosh a + zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAcos a Sinh a) 
K2 - Et s i n  2a + Sinh 2a 

The volume displacement is given by 

f / 2  

- 1/2 
X = 2 r c a  J w ( x )  dx. 

13 



Integration  gives 

Pa2P zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAK1 
X = 2 n a [ - - -  Et zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAB sin zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa: Cosh a: zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAcos a: Sinh zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

K2 
" 

B 
sin a: Cosh a: + COS a: Sinh aJ . (24) 

By substitution of equations (16), (I"), (18) and (19) into  equa- 

tion (20) it  can  be shown that  the  compliance of simply-supported  and 

clamped  cylindrical  enclosures  will  be 

and 

2xa zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 c =-  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2 (Cosh D l  - cos D l )  3 

PC Et - D l  (Sinh D l  + sin f31) 1 

If @1 > 3, as  pointed out in the  literature  (Lyon et a l . ,  1966), 
" 

equations (25) and (26) reduce to 

and 
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Spherical   Shel l  

Consider  the  spherical segment  of  radius r and height h  shown i n  

Figure 6. I f   t h e   s h e l l  is subjected  to  uni form  pressure P the   resu l t -  

ing   de f lec t ion  w i l l  be (Timoshenko, 1959) 

Pr (1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa) 
2 E t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2 

w =  

Volume displacement  can  be  obtained by mult ip ly ing by the  sur face area. 

n P r  L (1 - a) 
E t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

X = W A =  

Thus the  panel  compliance may be  wr i t ten 

nr h (1 - a) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 
c =  

P E t  

Noise  Reduction  Design  Charts 

Expressions  have  been  derived  for  the  compliance of rectangular, 

c i rcu la r ,   cy l indr ica l ,  and spher ical   panels.   Design  charts  for   the 

noise  reduct ion of enclosures  having  these  elements  can now be  pre- 

sented by subst i tu t ing  in to   Equat ion (4). 

The noiss  reduct ion of rectangular  enclosures  with a s ing le   f l ex i -  

b le   panel  i s  plot ted  against   the  th ickness  ra t io   for   three  depth  to  

w id th   ra t i os   i n   F igu res  7 through 14. 

Figures 7 and 8 give  the  noise  reduct ion  wi th a square steel  panel 

having  simply-supported  and clamped  edges. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAs can  be  seen  in   these 

f igures,  boundary condit ions do not  appreciably  affect  the  noise  reduc- 

t ion.  
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W zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

FIGURE zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5. C Y L I N D R I C A L  S H E L L  

FIGURE 6. S P H E R I C A L  SHELL 

16 





" ~~ ~ ~~ ~~ 

~~ zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0 5 0  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA100 150 

a / t  

F I G U R E  8. NOISE R E D U C T I O N  W I T H  ONE  CLAMPED  STEEL  PANEL 
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FIGURE 9. NOISE  REDUCTION WITH ONE  SUPPORTED  STEEL  PANEL 
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FIGURE 10. N O I S E  REDUCTION  WITH  ONE  CLAMPED  STEEL  PANEL 



1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

I O 0  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

N R  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
5 0  \ \ zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA7 c / a  = 2.0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

/r c / a  = 1.0 

FIGURE zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI I .  NOISE  REDUCTION  WITH ONE SUPPORTED  ALUMINUM PANEL 
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F I G U R E  12. N O I S E   R E D U C T I O N  WITH ONE CLAMPED  ALUMINUM  PANEL 
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FIGURE 13. NOISE  REDUCTION  WITH  ONE  SUPPORTED  ALUMINUM PANEL 
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The noise  reduction  of  enclosures  with a s ing le  rectangular  steel 

panel  (b/a zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 2) having  simply-supported and  clamped  edges i s  shown i n  

Figures 9 and 10, respec t ive ly .   In   th is  case, clamped  edges give 

approximately 10 dB greater  reduction  than  supported  edges  for a l l  

depth  ra t ios.  

Figures 11 and 12 give  the  noise  reduct ion of enclosures  with a 

s ing le  square aluminum panel  having  simply-supported  and clamped edges. 

It can  be  noted  that clamped edges  resul t   in  approximately zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5 dB grea ter  

noise  reduction. Also,  comparison with  Figures 7 and 8 show t h a t  s tee l  

panels  have  approximately 10 dB greater  noise  reduct ion  than aluminum 

panels   for  a l l  cases. 

The noise  reduction of enclosures  with a s ingle  rectangular  (b/a 

= 2) aluminum panel  having  simply-supported and  clamped edges i s  shown 

in   F igu res  13 and 14, respect ively.  Clamped edges  yield  approximately 

13 dB greater  noise  reduction  than  supported  edges and  comparison with 

Figures 9 and 10 shows tha t  steel  panels  have from 5 t o  10 dB grea ter  

noise  reduct ion  than aluminum panels. 

Figures 17 thro-ugh 18 give  the  noise  reduct ion  of   enclosures  wi th 

s tee l  and aluminum circ-crlar  panels  having  simply-supported and  clamped 

edges. It can  be  seen  that  panels  with clamped edges  have  approximate- 

l y  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA15 dB more noise  reduction  than  those  with  supported  edges and s tee l  

panels  have  approximately 10 dB greater  noise  reduct ion  than aluminum 

panels. Also, increasing  the volume by 5X increases  noise  reduct ion by 

about zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA13 d B  i n  a l l  cases. 
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FIGURE 15. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBANOISE REDUCTION zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAWITH ONE SUPPORTED CIRCULAR  STEEL  PANEL 
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FIGURE 10. NOISE  REDUCTION  WITH  ONE  CLAMPED  CIRCULAR  ALUMINUM PANEL 



The noise  reduction of cyl indr ical   enclosures  wi th BL zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA> 20 is  

shown in   F igure  19. Steel panels  again  have  about  10 dB greater   no ise 

reduction  than aluminum panels and the  s lope of both  curves is seen  to  

be  essent ia l ly   constant   for  r/t > 100. 

Figure 20 gives  the  noise  reduct ion  of  steel and spher ica l  en- 

closures. These  curves  are  similar  to  those of Figures 19 i n   t h a t  

s tee l   pane ls  have  approximately 10 dB greater  noise  reduct ion  than 

aluminum panels and the  s lope of the  curves i s  essent ia l ly   constant  

fo r  r/t > 100. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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FI-GURE 19. NOISE  REDUCTION  WITH  CYLINDRICAL P A N E L S  
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EXPERIMENTAL INVESTIGATION 

In th is  sect ion,   the  exper imental   invest igat ion is  described and 

the  resul ts   are  d iscussed and  compared with  the  theory. The object ive 

of th is   s tudy was to  measure  the  noise  reduction  of  enclosures  having 

f la t ,   cy l indr ica l ,  and spher ical   wal ls.  

The arrangement  of  the  instrumentation  used  in  this  study is shown 

in   F igure  21. It consis ts  of an  osc i l la tor   wi th  a continuous sweep 

range of twenty t o  twenty  thousand Hz. The s igna l  from the   osc i l la to r  

was fed t o  a power ampl i f ier  and then t o  a loud  speaker which was 

mounted  on  a plywood t e s t  chamber. The sound  model with a pick-up 

microphone  insid.e was suspended i n   t h e   t e s t  chamber and the  output of 

t h i s  microphone was fed  through a s ignal   ampl i f ier   to  a graphic  level 

recorder. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA compressor  microphone was a lso  suspended i n   t h e   t e s t  

chamber  and i ts  signal  fed  back  through  an  ampli f ier  to  the  osci l lator. 

In  t h i s  way the sound pressure  level   inside  the test chamber was kept 

constant  over  the  desired  frequency  range. A photograph  of  the  in- 

strumentation is  shown in   F igure  22. 

A water  bath was used t o  test for   smal l   a i r   leaks,  and wax was 

used  to   seal   the microphone in   p lace.  The microphones were cal ibrated 

with a B r u e l  and Kjaer  pistonphone. Also, both  microphones were placed 

i n   t h e  sound  enclosure  without  the model  and the   d i f fe rence  in   the  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAtwo 

recorded  levels was set to  zero.  This was repeated  for  each test. 

A photograph of t he   f i r s t   enc losu re  is shown in   F igure  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA23. It 

consists  of a rectangular  enclosure 14 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- in. x 14 in. x 2 in.  with 

the  back  and s ides  made of - in. thickness aluminum. A test panel of 

1 1 
2 

1 
2 
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FIGURE 2 2 .  ARRANGEMENT zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAOF INSTRUMENTATION 
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FIGURE zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA23. SOUND MODEL zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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FIGURE 2 4 .  EXPERIMENTAL NOISE REDUCTION 
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.005 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAin.  thickness aluminum w a s  epoxyed over   th is   enc losure and the  

noise  reduct ion of the  enclosure w a s  measured with  the  experimental 

setup  of  Figure 21.  The r e s u l t s   a r e  shown i n   F i g u r e  24 with  the 

theoret ica l   no ise  reduct ion which  can  be  calculated from the  given 

equat ions  to  be less than 1 dB. Thus,  good agreement  with  theory i s  

obtained. 

Figure  25 shows the  noise  reduct ion of the same basic  box with a zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
.081 in.  thickness test  panel.  Theoretical  noise  reduction  can be 

ca lcu lated  to   be 9.6 and 12 dB for  supported and  clamped  edges, 

respect ively.  The f i rs t   resonance of the test  panel i s  approximately zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
55 Hz i f   t h e  edges are assumed to  be  f ree and approximately 138 Hz i f  

clamped  edges are assumed.  These resonances  are  evident  in  the  exper i -  

mental  results  which show a marked decrease  in   no ise   reduc t ion   a t  48 Hz 

and  an  actual  ampli f icat ion  of sound pressure a t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 3  Hz. 

A cy l indr ica l   enc losure i s  shown in   F igu re  26. The end p la tes  are 

1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA7 in .   in   d iameter  and are made of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- in.   th ickness aluminum. The 
1 
2 

8 - in .   cy l indr ica l  test panel i s  of .OO5 in.  thickness aluminum with a 

1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 

2 

in. overlap epoxyed jo in t .  The edges are a l s o  epoxyed t o   t h e  end 

plates.  Experimental  noise  reduction i s  shown wi th   the   theore t ica l   in  

Figure 27. Since @1 i s  greater  than 20, the  theoret ica l   no ise  reduct ion 

of  approximately 55 dB can  be  determined from the  curve shown in   F igure  

19. Experimental  noise  reduction i s  seen  to   increase from 46 t o  62 dB 

as the  frequency  changes from 20 t o  200 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAHz. However, t hese   resu l t s  

agree  wi th  the  theory as w e l l  as  can be  expected  since  the  theoretical 

curve i s  independent  of  boundary  conditions  and  does  not  consider  the 

jo in t .  
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FIGURE 26 .  SOUND MODEL zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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FIGURE 27. EXPERIMEWTAL NOISE REDUCTION 
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A zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA9 in. steel sphere  with 1/64 in.   wal l   th ickness is shown i n  

Figure 28. Experimental and theoret ical   noise  reduct ion  are shown i n  

Figure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA29. The theoretical  noise  reduction  can  be  determined from 

Figure 20 to  be  approximately zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA65  dB. The experimental  noise  reduction 

increases from 68 t o  73 dB as  the  frequency sweeps from 25 t o  200 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAHz so  

t ha t  good agreement  with  theory i s  again  obtained. 
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SUMMARY AND  CONCLUSIONS zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
It has  been shown that  the  geometric  shape  of a f lex ib le   panel  

exposed t o  a sound f ie ld  can  have a ve ry   s ign i f i can t   e f fec t  on the 

panel 's  noise  reduction.  Rectangular and c i r cu la r   f l a t   pane ls  which 

have  compliances  that  are  f lexure-control led are seen  to  be much less 

r e s i s t a n t   t o  volume displacements  than  membrane-controlled  cylindrical 

and spher ical   pacels.   This  indicates  that   structures  designed  for  

low-frequency  noise  reduction  should  avoid  large, f l a t  panels. 

In  general,  i t  can  be  concluded t h a t  low-frequency  noise  reduc- 

t i on  i s  independent of frequency. The compliance  analysis  presented 

i n   t h i s   p a p e r  is very   s im i la r   to   tha t   requ i red   fo r   p ressure   vesse l  

design. However, acoust ic  and structural   resonances must  be  considered 

in   no ise  reduct ion  analys is .  

The design  charts shown in   F igures  7 through 20 can  be  used  to 

predict  the  low-frequency  noise  reduction  of  structures. However, 

these  curves are appl icable  on ly   for   panels  whose dimensions  are  of  the 

same order as the  acoustic  wavelength  in  the  surrounding medium. Also, 

the   s t ruc tu res  must  be below t h e   f i r s t   a c o u s t i c  and s t ructura l   reso-  

nances. 

In   the  exper imenta l   invest igat ion,   the  f i rs t   rectangular   enc losure 

and the  cyl indr ical   enclosure  have  equal  volumes, f l ex ib le  area, and 

panel  thickness. However, the  cy l indr ica l   enc losure is seen  to  have 

approximately dB greater   no ise  reduct ion  than  the  rectangular  en- 

c losure .   I f  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA.OO5 in.  thickness end panels  are  used,  the  noise  reduc- 

t i o n  of the   cy l indr ica l  would drop  to  approximately zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA40 dB. A spher ica l  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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enclosure with  the  same  volume and wall thickness can be shown to have 

approximately zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAp dB noise reduction.  This demonstrates  well  the con- 

clusion that  stiffer, membrane-controlled  cylindrical and spherical en- 

closures  have much greater  noise  reduction  than  enclosures  having 

flexure-controlled flat  panels. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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APPENDIX. LIST zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAOF SYMBOLS zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
a 

2a 

2b 

C 

cW 

'b 

C 
P 

D 

E 

f 

h zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
I 

NR 

P 

'b 

r 

t 

W 

X zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

- cylinder  radius 

- rectangular  panel  width 

- rectangular  panel  length 

- speed zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof sound  in  air 

- speed of sound  in  panel 

- acoustic  compliance 

- panel  compliance 

- flexural  rigidity - Et3/12( 1-0- ) 

- Young's  modulus 

- frequency 

- wall  thickness 

- cylinder  length 

- noise  reduction 

- external  sound  pressure 

-internal  sound  pressure 

- radius 

- panel  thickness 

- normal  deflection 

- volume  displacement 

- B1/2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

2 

Et 

-a 
- density of air 

- acoustic  power 

- Poisson's  ratio 
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