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WINDOW ACOUSTIC STUDY F@R 
ADVANCED TURBOPROP AIRCRAFT 

R. A. Prydz  and F. J .  Balena 

SUMMARY 

A t h e o r e t i c a l  p a r a m e t r i c  s tudy  was performed t o  e s t a b l i s h  a c o u s t i c  window 
d e s i g n s  f o r  advanced turboprop  powered a i r c r a f t .  The b a s i c  approach of t h e  
Cockburn and J o l l y  sound t r a n s m i s s i o n  method w a s  used t o  ana lyze  mul t ipane  
window c o n f i g u r a t i o n s .  The r e s u l t s  of t he  a n a l y s i s  showed t h a t  a t r i p l e - p a n e ,  
h igh-sur face-dens i ty  window would m e e t  both t h e  a c o u s t i c  and s i d e w a l l  space  
r equ i r emen t s .  S idewa l l  dep ths  of 7.62 cm ( 3  inch)  and 15.24 c m  (6 inch)  w e r e  
assumed f o r  t h e  a n a l y s i s  and t h e  window t r ansmiss ion  l o s s  requi rements  were 
based on i n t e r i o r  n o i s e  levels of 80 and 75 dBA f o r  e s t i m a t e d  peak e x t e r n a l  
s u r f a c e  levels  of 140 and 150 dB. I t  was e s t i m a t e d  t h a t  t r a n s m i s s i o n  l o s s  
v a l u e s  of 54 dB and 69 dB a t  a b l a d e  passage f requency  of 164 Hz w e r e  r e q u i r e d  
t o  a c h i e v e  t h e  g o a l s  of  80 and 75 dBA r e s p e c t i v e l y .  

Two window c o n f i g u r a t i o n s  were designed and f a b r i c a t e d ,  each  c o n s i s t i n g  
of two g l a s s  o u t e r  panes ,  a t h i r d  i n n e r  pane made of l u c i t e  and a l i g h t w e i g h t  
l u c i t e  s c r a t c h  s h i e l d .  The two window des igns  are i d e n t i c a l  excep t  f o r  t h e  
t h i c k n e s s e s  of t h e  i n n e r  g l a s s  pane and of t h e  a i r  space  between t h e  second 
and t h i r d  panes.  I n  a d d i t i o n ,  recommendations are made f o r  a l a b o r a t o r y  t e s t  
program t o  e v a l u a t e  the window test articles and v e r i f y  t h e  p r e d i c t e d  TL. 

INTRODUCTION 

Recent  a n a l y t i c a l  and expe r imen ta l  s t u d i e s  ( r e f e r e n c e s  1, 2 ,  3 ,  and 4) 
have shown t h a t  a c c e p t a b l e  c a b i n  n o i s e  l e v e l s  f o r  advanced turboprop powered 
a i r c r a f t  can  be  achieved  by u s i n g  a p p r o p r i a t e  f u s e l a g e  s i d e w a l l  d e s i g n s .  The 
s t u d i e s  show t h a t  an  i n t e r i o r  n o i s e  l e v e l  of 80 dBA w i t h  an  assumed e x t e r i o r  
level  of 140 d B  could  be achieved  w i t h  1 t o  2 p e r c e n t  of t akeof f  g r o s s  weight  
p e n a l t y  u s i n g  double  w a l l  s i d e w a l l  des igns .  These f i n d i n g s  a r e  based on cer- 
t a i n  s i m p l i f y i n g  assumpt ions ,  one of which i s  t h e  e x c l u s i o n  of  window e f f e c t s  
from t h e  a n a l y s i s .  C l e a r l y ,  i f  t h e  t ransmiss ion  through t h e  windows is  n o t  
a d e q u a t e l y  c o n t r o l l e d  t h e  double  w a l l  s i dewa l l  d e s i g n  can be compromised. 
An e f f i c i e n t  s i d e w a l l  d e s i g n  r e q u i r e s  t h a t  t h e  window and sur rounding  w a l l  
area have approximate ly  t h e  same t r ansmiss ion  c h a r a c t e r i s t i c s  a t  t h e  c r i t i c a l  
tu rboprop  f r equenc ie s .  For a n  80 dBA i n t e r i o r  n o i s e  l e v e l  and 140 dB e x t e r i o r  
l eve l ,  t h e  t r a n s m i s s i o n  l o s s  (TL) of the window would have t o  be about  54 dB 
a t  t h e  e s t i m a t e d  f u l l - s c a l e  b l a d e  passage f requency  of  164 Hz. More r e c e n t  
s t u d i e s  i n d i c a t e  t h a t  t h e  e x t e r i o r  l e v e l  f o r  an  advanced turboprop  may be  as 
h i g h  as 150 dB and t h e  i n t e r i o r  l eve l  may need t o  be as low as 75 dBA t o  be  
s u b j e c t i v e l y  comparable t o  modern turbofan  a i r c r a f t .  
about  69dB of TL a t  the b l a d e  passage  frequency f o r  t h e  combined window and 

T h i s  would r e q u i r e  
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s i d e w a l l .  These t r ansmiss ion  l o s s  estimates were made wi thou t  t a k i n g  account  
of t h e  f l i g h t  e f f e c t s  which would tend  t o  make t h e  v a l u e s  c o n s e r v a t i v e  
( r e f e r e n c e  3 ) .  

I n  t h e  p r e s e n t  s t u d y ,  t h e  b a s i c  approach of t h e  Cockburn and J o l l y  method 
( r e f e r e n c e  5) h a s  been used t o  ana lyze  mul t ipane  window c o n f i g u r a t i o n s  and 
e s t a b l i s h  window d e s i g n s  which would s a t i s f y  t h e  s p e c i f i e d  n o i s e  c r i t e r i a .  
Pa rame t r i c  s t u d i e s  have been performed a t  normal inc idence  c o n d i t i o n s  f o r  
s i n g l e  and mi l t i pane  window c o n f i g u r a t i o n s .  
i nc luded  the  t h i c k n e s s  of window panes  and s c r a t c h  s h i e l d s ,  t h e  spac ing  between 
them and the  window material ( l u c i t e  and g l a s s ) .  The b a s i c  window s i z e  
(21.6 c m  by 29 .2  cm) which i s  about  t h e  same as t h a t  of an  L-1011 window was 
n o t  v a r i e d  for  t h e  a n a l y s i s .  These r e s u l t s  showed t h a t  t h e  a c o u s t i c  and space  
requi rements  could  be  m e t  i f  g l a s s  window panes  are used.  F i n a l  d e s i g n s  which 
have been s e l e c t e d  f o r  f a b r i c a t i o n  c o n s i s t  o f  two g l a s s  o u t e r  panes s e p a r a t e d  
by a s m a l l  a i r  space ,  a t h i r d  f a i l - s a f e  i n n e r  pane made of l u c i t e ,  and a l u c i t e  
s c r a t c h  sh ie ld .  It w a s  found t h a t  t h e  more s t r i n g e n t  n o i s e  c r i t e r i a  could  be  
s a t i s f i e d  by s imply i n c r e a s i n g  t h e  t h i c k n e s s  of t h e  i n n e r  g l a s s  pane by about  
40 p e r c e n t .  Two window test ar t ic les  were f a b r i c a t e d  f o r  l a b o r a t o r y  e v a l u a t i o n  
and v e r i f i c a t i o n  of t h e  p r e d i c t e d  TL. Recommendations f o r  a l a b o r a t o r y  tes t  
program are a l s o  p r e s e n t e d  i n  t h i s  r e p o r t .  

Pa rame te r s  . t h a t  were v a r i e d  
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ORIGINAL PAGE 13 
OF POOR QUALITY 

1.1 Background 

1. ANALYSIS 

During an ear l ie r  a n a l y t i c a l  s tudy of i n t e r i o r  n o i s e  f o r  advanced 
turboprop a i r c r a f t  ( r e f e r e n c e  1) t h e  f u s e l a g e  s t r u c t u r e  and i n t e r i o r  t r i m  
were eva lua ted .  As a r e s u l t  of t h i s  e f f o r t  an opt imized narrow-body f u s e l a g e  
c o n f i g u r a t i o n  w a s  i d e n t i f i e d  and r e f e r r e d  t o  a s  Design No. 8 (page 49, t a b l e  8 ,  
r e f e r e n c e  1).  T h i s  c o n f i g u r a t i o n  w a s  designed t o  p rov ide  an i n t e r i o r  n o i s e  
l e v e l  of 80 dBA when s u b j e c t e d  t o  a peak f r e e - f i e l d  l e v e l  of 134 dB. An 
impor t an t  f e a t u r e  of rea l  a i r c r a f t ,  pas senge r  c a b i n  windows, w a s  n o t  c o n s i d e r e d  
i n  the a n a l y t i c  s tudy .  
t r o l  t h e  noise  l e v e l s  f o r  pas senge r s  s e a t e d  n e x t  t o  t h e  window and may w e l l  
i m p a c t  t h e  no i se  l e v e l s  throughout  t h e  pas senge r  c a b i n .  

Window t r a n s m i s s i o n  l o s s  o r  n o i s e  r e d u c t i o n  w i l l  con- 

The design of passenger  c a b i n  windows f o r  an advanced turboprop a i r c r a f t  
w i l l  b e  an  important p a r t  of t h e  f u s e l a g e  s i d e w a l l  des ign .  Although windows 
may comprise only 5 t o  10 p e r c e n t  of t h e  s i d e w a l l  area they can n e v e r t h e l e s s  
have a s i g n i f i c a n t  impact on i n t e r i o r  n o i s e  l e v e l s .  An a n a l y s i s  of t h e  e f f e c t  
of window t r ansmiss ion  l o s s  (TL) on t o t a l  s i d e w a l l  TL i s  p r e s e n t e d  i n  f i g u r e  1.  
Using t h e s e  r e s u l t s  i t  i s  l o g i c a l  t o  conclude t h a t  t h e  window and t h e  s i d e w a l l  
should have approximately t h e  same TL. T h i s  i s  n o t  an unexpected r e s u l t  
s i n c e  a c o u s t i c  t r e a t m e n t s  would be r e q u i r e d  o v e r  a l a r g e  s u r f a c e  area t o  
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compensate f o r  excessive n o i s e  t r ansmiss ion  through t h e  windows. 
passengers  s e a t e d  nex t  t o  t h e  windows would be exposed t o  h ighe r  n o i s e  l e v e l s  
no matter how much t r ea tmen t  w a s  appl ied  t o  t h e  s i d e w a l l .  

I n  a d d i t i o n ,  

\ 

The b a s i c  approach t o  the s e l e c t i o n  of a passenger  cab in  window conf igu ra -  
t i o n  w a s  guided by t h e  des ign  philosophy used i n  t h e  des ign  of t h e  L-1011 win- 
dows. The L-1011 window assembly c o n s i s t s  of l u c i t e  double panes  s e p a r a t e d  by 
an  a i r s p a c e  and an  i n t e r i o r  s c r a t c h  s h i e l d  t o  p r o t e c t  t h e  inne r  window s u r f a c e .  
The inboard pane p rov ides  p r o t e c t i o n  from f l y i n g  g l a s s  i n  the  even t  t h a t  t h e  
o u t e r  pane i s  broken. It  i s  des igned  t o  t a k e  t h e  p r e s s u r e  load  i f  t h e  o u t e r  
pane f a i l s  b u t  t h e  inne r  pane must be  made from l u c i t e  o r  a l amina te  of l u c i t e  
and g l a s s  f o r  s a f e t y  r e a s o n s .  A single-pane window and s c r a t c h  s h i e l d  were 
a l s o  s t u d i e d  t o  determine i f  a s i m p l e r  less s o p h i s t i c a t e d  des ign  would s a t i s f y  
t h e  n o i s e  r e d u c t i o n  o b j e c t i v e s  of t h i s  program. 

1.2 Theory 

The a n a l y t i c a l  approach t h a t  w a s  used f o r  t h e  small p a n e l  a n a l y s e s  of 
r e f e r e n c e  1 is  a p p r o p r i a t e  f o r  t h i s  window s tudy .  Windows w i l l  b e  t r e a t e d  as  
simply suppor ted  f l a t  p a n e l s  wi thout  inplane stresses, and t h e  a i r s p a c e s  
between window panes w i l l  d e f i n e  mul t i l aye red  c o n f i g u r a t i o n s .  Septa  and f i b e r -  
b l a s s  b l a n k e t s  are inc luded  in the theory f o r  completeness  b u t  are n o t  used.  
The e q u a t i o n s  used t o  d e f i n e  t h e  impedance of and p r e s s u r e  r a t i o  a c r o s s  i n d i -  
v i d u a l  l a y e r  t ypes  w i l l  be  desc r ibed  below. For t h e  fo l lowing  d i s c u s s i o n ,  
0 denotes  t h e  c lass ical  inc idence  a n g l e  measured wi th  r e f e r e n c e  t o  an  a x i s  
normal t o  the s u r f a c e  and p o s i t i v e  in  t h e  downstream d i r e c t i o n .  It should  be 
no ted  t h a t  t h e  a n a l y s i s  w a s  performed for  a normal inc idence  p l a n e  wave and no 
forward v e l o c i t y  (M = 0 ) .  T h i s  w a s  done t o  s imula t e  t h e  l a b o r a t o r y  c o n d i t i o n s  
f o r  which t h e  s e l e c t e d  window c o n f i g u r a t i o n s  w i l l  be  t e s t e d .  

1 .2 .1  Pane l  characterist ics.-  For a p a n e l  sub jec t ed  t o  an o b l i q u e l y  i n c i d e n t  
sound wave w i t h  an e x t e r n a l  a i r f l o w ,  the p r e s s u r e  r a t i o  is  ob ta ined  from 

where 

PI = i n c i d e n t  p r e s s u r e  

PT = t r a n s m i t t e d  p r e s s u r e  

Z = c h a r a c t e r i s t i c  impedance of s k i n  pane l  
P 

5 



ORIGINAL PAGE [is 
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The c h a r a c t e r i s t i c  impedance of a f l a t  p a n e l  bounded by s t i f f e n e r s  and  
wi th  inp lane  stresses t o  s i m u l a t e  p r e s s u r i z a t i o n  i s  d e f i n e d  by 

4 2 
o m w 0 3 ~  s i n  e w 

urn---- 
.d 4 (1+M s i n  e)  w 4 (1+M s i n  0 )  

c1 

3 
2 

mr] + - z = -  iil DT] s i n 4  8 I <I 
0 

c1 
P 

where 

i ~ i  = fundamental  f requency of s k i n  p a n e l  
0 

Tr 
w = - 

0 
(3)  

The cor responding  p r e s s u r e  r a t i o  e q u a t i o n  from r e f e r e n c e  3 i s  (eq.  6 . 4 )  

1 z cos e P .  + P  _ -  p1 - 1 

p2  Pt z2 
= [ l +  

The d i f f e r e n c e  between t h e  two e x p r e s s i o n s  r e s u l t  from t h e  d e f i n i t i o n  of 
i n c i d e n t  p r e s s u r e .  
r e f l e c t e d  p r e s s u r e ,  whi le  i n  r e f e r e n c e  5 t h e  i n c i d e n t  p r e s s u r e  was d e f i n e d  as  
t h e  sum of t h e  i n c i d e n t  and r e f l e c t e d  p r e s s u r e s .  When f r e e - f i e l d  sound p res -  
s u r e  l e v e l s  a r e  measured o r  c a l c u l a t e d ,  e q u a t i o n  (1) should  be  used t o  c a l c u l a t e  
t h e  p r e s s u r e  r a t i o  a c r o s s  t h e  s k i n .  
r e f e r e n c e  5 is (eq.  6 . 5 ) .  

For t h i s  s tudy  t h e  i n c i d e n t  p r e s s u r e  d i d  n o t  i nc lude  t h e  

The c h a r a c t e r i s t i c  impedance e q u a t i o n  from 

2 w 
Z = P 0 

The d i f f e r e n c e  i n  t h e  f i r s t  t e r m  of t h e  e q u a t i o n  i s  probably  due t o  a typo- 
g r a p h i c a l  e r r o r  i n  r e f e r e n c e  5 and t h e  denominator of t h e  l a s t  t e r m  of equa- 
t i o n  (1) i nc ludes  a f l o w  e f f e c t .  The i n c l u s i o n  of t h e  f low e f f e c t  i n  equa- 
t i o n s  (1 and 2 )  w a s  c o n s i s t e n t  w i t h  t h e  f l o w  e f f e c t  d e s c r i b e d  i n  Kova l ' s  c y l i n -  
d r i c a l  s h e l l  theory ( r e f e r e n c e  6 ) .  
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When a n  i n t e r n a l  l a y e r  is e i t h e r  a pane l  o r  a septum t h e  fo l lowing  expres-  
s i o n  is used  t o  de te rmine  t h e  p r e s s u r e  rat io  a c r o s s  t h e  l a y e r .  

2 z cos 0 
- 1 + p  - -  

pT z 2  

where 

Z = c h a r a c t e r i s t i c  impedance of l a y e r  

Z = j w m  f o r  a septum 

Z = equa t ion  2 (wi th  M = 0) f o r  a p a n e l  

Z2  = t e rmina t ion  impedance 

P 

P 

P 

Equat ion ( 4 )  i s  i d e n t i c a l  t o  e q u a t i o n  ( 6 . 4 )  of r e f e r e n c e  5. 

1 . 2 . 2  A i r spaces  and porous  b l anke t s . -  The p r e s s u r e  r a t i o  a c r o s s  an  a i r s p a c e  
o r  a s o f t  porous  b l a n k e t  s u b j e c t e d  t o  an o b l i q u e l y  i n c i d e n t  wave i s  given by 

bd c o s  @ + c o t h  

z cos  @ 
- - -  

pT cash [coth-’(  zg )] ( 5 )  

where 

b = complex p ropaga t ion  c o n s t a n t  ( r e f e r e n c e  5 )  

1 

I,! 

C 
= J - f o r  a i r s p a c e s  

Z = t e rmina t ion  impedance 

KB f o r  b l a n k e t s  ZB - - j  - 
, ,,y 

- 

= !;C f o r  a i r s p a c e s  zB 
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The corresponding equa t ion  f rom r e f e r e n c e  5 i s  (eq.  6 .11)  

cosh  [L + c o t h - ' L ]  Z 

zB c o s  ($ 

Z 
cosh  F o t h  - 1  7-1 2 

The input impedance of p a n e l  o r  septum l a y e r s  is  simply t h e  sum of t h e  
l a y e r  c h a r a c t e r i s t i c  impedance and i t s  t e r m i n a t i o n  impedance. T h i s  s imple  
r e l a t i o n s h i p  does n o t  ho ld  f o r  b l a n k e t s  and a i r s p a c e s  and t h e i r  i n p u t  imped- 
ance  is  

bd c o s  (I + c o t h  (7) 
- zB - -  

I N  c o s  ($ 

T h i s  express ion  is a m o d i f i c a t i o n  of e q u a t i o n s  6 . 1 2  and 6 . 1 4  of r e f e r e n c e  5 .  

1 . 2 . 3  Mult iple  l a y e r e d  c o n f i g u r a t i o n s . -  The procedure  t h a t  is used t o  cal-  
c u l a t e  t h e  p re s su re  r a t i o  a c r o s s  a m u l t i l a y e r e d  c o n f i g u r a t i o n  w i l l  now be  
d e s c r i b e d .  The p r e s s u r e  r a t i o  a c r o s s  a s i n g l e  l a y e r  of a c o n f i g u r a t i o n  can 
be c a l c u l a t e d  i f  bo th  t h e  c h a r a c t e r i s t i c  and t e r m i n a t i o n  impedances of t h e  
l a y e r  are known by e q u a t i o n s  (1, 4 ,  and 5 ) .  

The i n p u t  impedance of each  l a y e r  i s  c a l c u l a t e d  by s t a r t i n g  a t  t h e  inne r -  
most l a y e r  and working outward ( f i g u r e  2 ) .  Thus, the  i n p u t  impedance of t h e  
s c r a t c h  s h i e l d  i s  equa l  t o  t h e  sum of  i t s  c h a r a c t e r i s t i c  impedance and i t s  
t e r m i n a t i o n  impedance. 

= Zp (eq.  2)  + (pc) c a b i n  zss 

The input impedance of t h e  s c r a t c h  s h i e l d  i s  a l s o  t h e  t e r m i n a t i o n  imped- 
ance  of the  a i rgap  and t h e  inpu t  impedance of t h e  a i r g a p  i s  then 

Z .  r 
z.- = c o t h  bd c o s  Q + co th - l  1 H = -  

Ati c o s  Q 

F i n a l l y ,  t h e  i n p u t  impedance of t h e  o u t e r  pane i s  d e f i n e d  as  

Z = Zp (eq.  2)  + ZAG 
O P  
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Figure  2 .  - Typica l  a i r c r a f t  window i n s t a l l a t i o n .  

With t h e  c h a r a c t e r i s t i c  and t e rmina t ion  impedance d e f i n e d  f o r  each  l a y e r  
of t h e  c o n f i g u r a t i o n ,  t h e  p r e s s u r e  r a t i o  a c r o s s  each  l a y e r  can now be ca l cu -  
l a t e d  u s i n g  e q u a t i o n s  (1, 4 ,  and 5). The p r e s s u r e  r a t i o  a c r o s s  a m u l t i l a y e r e d  
c o n f i g u r a t i o n  can be  expres sed  i n  terms of t h e  p r e s s u r e  r a t i o  a c r o s s  the  
i n d i v i d u a l  l a y e r s .  

2 
-.-. p 2  - p 3  ...... - pn ]2 [$] = [ :; P 3  P4 pT 

T h e r e f o r e ,  t h e  p r e s s u r e  r a t i o  across an e n t i r e  c o n f i g u r a t i o n  of n l a y e r s  
is  e q u a l  t o  t h e  r a t i o  of t h e  p r e s s u r e  t r a n s m i t t e d  by t h e  innermost l ayer  t o  
t h e  p r e s s u r e  i n c i d e n t  on t h e  outermost  l a y e r .  

Transmiss ion  is c a l c u l a t e d  from 
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Laboratory v e r i f i c a t i o n  tests a re  of t e n  performed i n  a f r ee - f  i e l d  
(anechoic)  environment or  a random inc idence  environment.  The e q u a t i o n s  
p r e s e n t e d  e a r l i e r  a r e  s u i t a b l e  f o r  f r e e - f  i e l d  p l a n e  waves a t  s p e c i f i c  a n g l e s  
of i nc idence .  I n  o rde r  t o  s imula t e  t h e  e f f e c t  of random inc idence  or  r e v e r -  
b e r a n t  environment, the  p r e s s u r e  r a t i o  can  be  i n t e g r a t e d  over  a range  of 
i nc idence  angles  and averaged ( r e f e r e n c e  ) .  

Where 7 i s  t h e  r e v e r b e r a n t  f i e l d  t r a n s m i s s i o n  c o e f f i c i e n t  o b t a i n e d  by 
a v e r a g i n g  t ( 6 ' ) .  The 8 '  is  t h e  l i m i t i n g  v a l u e  of t h e  inc idence  a n g l e  8. A 
v a l u e  of 1.48 r a d  (87.5 deg) w a s  s e l e c t e d  f o r  8 '  and t h e  i n t e g r a t i o n  w a s  
approximated us ing  Simpson's r u l e  w i t h  a 5-degree s t e p  o r  increment .  
denominator (1 - c o s  28 ' )  is  approximate ly  e q u a l  t o  2.0 (e '  = 0.46 r a d  
(87.5 deg ) )  and t h e  above e x p r e s s i o n  f o r  t h e  averaged t r a n s m i s s i o n  c o e f f i c i e n t  
i s  reduced t o  

The 

1 .2 .4  
i n v e s t i g a t i o n  of window t r ansmiss ion  l o s s .  However, a tes t  case w a s  found 
i n  t h e  l i t e r a t u r e  ( r e f e r e n c e  7) t o  e x e r c i s e  t h e  methodology used f o r  t h e  
c u r r e n t  study. F igu res  3 and 4 show t h e  measured and c a l c u l a t e d  t r a n s m i s s i o n  
l o s s  v a l u e s  from r e f e r e n c e  7 and t h e  Lockheed p r e d i c t i o n s .  F igu re  3 shows 
e x c e l l e n t  agreement f o r  t h e  s ing le-pane  g l a s s  window. It  should  be no ted  t h a t  
t h e  window dimensions w e r e  2.74 m (9 f t )  by 2.13 m (7 f t )  by 0.97 c m  (0.38 i n . )  
t h i c k ,  and the d a t a  shown are w e l l  above t h e  fundamental  p l a t e  r e sonance .  The 
t r a n s m i s s i o n  l o s s  d i p  between 1 and 2 kHZ i s  t h e  g r a z i n g  inc idence  c o i c i d e n c e  
f r equency .  Thus t h e  comparisons are ext remely  good up t o  t h e  co inc idence  
f requency  f o r  bo th  t h e  d i s c r e t e  and random i n c i d e n c e  cases .  F i g u r e  4 compares 
t h e  measured and c a l c u l a t e d  t r a n s m i s s i o n  l o s s  f o r  a double-pane window. The 
dimensions f o r  t h i s  c o n f i g u r a t i o n  are 2.74 m (9  f t )  by 2.13.m (7 f t )  w i t h  
0.97 cm (0.38 i n . )  and 0.79 cm (0.31 i n . )  t h i c k  panes which are s e p a r a t e d  by 
a 20.32 c m  (8 i n . )  a i r s p a c e .  Agreement between theo ry  and experiment is  
v e r y  good f o r  t h e  d i s c r e t e  a n g l e s  and f a i r  f o r  t h e  random i n c i d e n c e  case. 
T h i s  window s i z e  is not r e p r e s e n t a t i v e  of t h e  a i r c r a f t  window c o n f i g u r a t i o n s  
of i n t e r e s t  b u t  does  p rov ide  a p a r t i a l  v a l i d a t i o n  of t h e  p r e d i c t i o n  methodology. 

Theory v e r s u s  exper iments . -  T h i s  e f f o r t  w a s  con f ined  t o  an a n a l y t i c a l  
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F i g u r e  3-a). - Frequency dependence of t h e  t r a n s m i s s i o n  l o s s  of a 
s ingle-pane window f o r  d i f f e r e n t  a n g l e s  of i nc idence  
from 0' t o  80°, with 5 0 i n t e r v a l .  

b ) .  - Frequency dependence of t h e  corresponding random 
i n c i d e n c e  average t r a n s m i s s i o n  l o s s ,  - - - Calcu la t ed  
( r e f e r e n c e  7 ) ;  0 Measured ( r e f e r e n c e  7 )  
e Lockheed p red ic t ed  r e s u l t s  
Glass t h i c k n e s s  = 0.97 c m  (0.3t? i n . ) ;  l o s s  f a c t o r  
= 0.05; mass = 2 .1  g / c d  
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Figure  4-a).  - Frequency dependence of t h e  t r a n s m i s s i o n  l o s s  of a double-pane 

window f o r  d i f f e r e n t  a n g l e s  of i n c i d e n c e  from Oo t o  85' 
w i t h  5' i n t e r v a l .  

b ) .  - Frequency dependence of t h e  co r re spond ing  random i n c i d e n c e  
average t r a n s m i s s i o n  l o s s ,  - - - C a l c u l a t e d  ( r e f e r e n c e  7 ) ;  
0 Measured ( r e f e r e n c e  7) 

Lockheed p r e d i c t e d  r e s u l t s  
Glass t h i c k n e s s  = 0 .79  c m  (0.31 i n . ) ,  0 .97  c m  (0.38 i n . ) ;  
S e p a r a t i o n :  20.3 c m  (8 i n . ) .  S i z e  of Window: 2.74 m x 2.13 m 
( 9  x 7 f t . ) .  
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2. WINDOW PARAMETER STUDY 

2 .1  Study Guide l ines  

The window des ign  is  based  on t h e  fo l lowing  two n o i s e  c r i t e r i a  s p e c i f i e d  
by NASA: 

( 1 )  80 dBA i n t e r i o r  n o i s e  l e v e l  f o r  an e s t i m a t e d  o v e r a l l  e x t e r i o r  
l e v e l  of 140 dB 

( 2 )  7 5  dBA i n t e r i o r  n o i s e  l e v e l  f o r  an e s t i m a t e d  o v e r a l l  e x t e r i o r  
l e v e l  of 150 dB 

Narrowbody Design No. 8 of r e f e r e n c e  1 i s  t h e  c o n f i g u r a t i o n  f o r  which 
t h i s  window des ign  s tudy i s  b e i n g  erformed. T h i s  c o n f i g u r a t i o n  had an o u t e r -  
w a l l  s u r f a c e  d e n s i t y  of 19.52 kg/m (4 .0 p s f )  and an i n n e r  w a l l  d e n s i t y  of 
13.42 kg/m2 ( 2 . 7 5  p s f ) .  These s u r f a c e  d e n s i t i e s  would cor respond t o  a 1 .63  c m  
( 0 . 6 4  i n . ) t h i c k  o u t e r  pane and a 1.12 cm ( 0 . 4 4  i n . )  s c r a t c h  s h i e l d  i f  L u c i t e  
windows are used, and approximate ly  half t h e s e  v a l u e s  i f  the  h e a v i e r  g l a s s  i s  
used.  Narrow body Design No. 8 h a s  a 15.24 c m  ( 6  i n . )  w a l l  t h i c k n e s s  and i f  
necessa ry  t h e  f u l l  dep th  cou ld  be used. 

9 

The t a r g e t  i n t e r i o r  n o i s e  l e v e l  i s  80 dBA and t h e  amount of n o i s e  reduc- 
I t i o n  r e q u i r e d  w i l l  be  a f u n c t i o n  of t h e  propfan  b l a d e  passage  f requency .  A t  

164 Hz t h e  A-weighting r e d u c e s  t h e  sound p r e s s u r e  level by abou t  13 dB. I f  
t h e  e x t e r i o r  o v e r a l l  sound p r e s s u r e  l e v e l  i s  140 dB, then a n o i s e  r e d u c t i o n  
of 47 dB would be r e q u i r e d  t o  a c h i e v e  an 80 dBA i n t e r i o r  l e v e l .  I f  t h e  
e x t e r i o r  o v e r a l l  l e v e l  were 150 dB and the d e s i r e d  i n t e r i o r  level  were 7 5  dBA, 
then a n o i s e  r e d u c t i o n  of 6 2  dB would be r e q u i r e d .  Conver t ing  n o i s e  r e d u c t i o n  
t o  t r ansmiss ion  l o s s  would r e q u i r e  a knowledge of t h e  a b s o r p t i o n  p r e s e n t  i n  
t h e  a i r c r a f t  a t  t h e  f r e q u e n c i e s  of i n t e r e s t .  For an average  a b s o r p t i o n  c o e f f i -  
c i e n t  of 20 p e r c e n t  a t  t h e  b l a d e  passage f requency  t h e  d i f f e r e n c e  between n o i s e  
r e d u c t i o n  and t r ansmiss ion  l o s s  i s  approximately 7 dB. The re fo re  a window 
t r a n s m i s s i o n  l o s s  of 54 dB is r e q u i r e d  to  o b t a i n  a n o i s e  r e d u c t i o n  of 47 dB 
a t  164 Hz. A t r ansmiss ion  l o s s  of 6 9  dB i s  r e q u i r e d  t o  a c h i e v e  a n o i s e  reduc- 
t i o n  of 6 2  dB a t  164 Hz f o r  an e x t e r i o r  o v e r a l l  l e v e l  of 150 dB and an i n t e r i o r  
l e v e l  of 7 5  dBA a t  164 Hz. The r e l a t i o n s h i p  between n o i s e  r e d u c t i o n  and t r a n s -  
mis s ion  c o e f f i c i e n t  T i s  g iven  below. 

NR = 10 l o g l o  [1 + +] 

Two b a s i c  window d e s i g n s  were s tud ied  f o r  t h e i r  a b i l i t y  t o  a t t e n u a t e  low 
f requency  n o i s e .  The s imple r  s i n g l e  pane and s c r a t c h  s h i e l d  w a s  i n v e s t i g a t e d  
as  a minimum c o s t  c o n f i g u r a t i o n .  The multiple-pane c o n f i g u r a t i o n  is  t h e  most 
l i k e l y  commercial a i r c ra f t  window design and i t  h a s  t h e  p o t e n t i a l  f o r  much 
l a r g e r  n o i s e  a t t e n u a t i o n s .  A t o t a l  of 72 c o n f i g u r a t i o n s  were ana lyzed  f o r  t h e  
s ing le -pane  des ign  and ove r  200 f o r  the  mul t ip le -pane  des ign  a s  summarized i n  
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t a b l e  1. For a l l  of t h e  a n a l y s e s  t h e  Mach number w a s  ze ro  and i n t e r n a l  
p r e s s u r i z a t i o n  w a s  s t anda rd  sea l e v e l .  
p ropfan  i n t e r i o r  n o i s e  s tudy  of r e f e r e n c e  1 is h igh ly  d i r e c t i o n a l ,  e s p e c i a l l y  
f o r  t he  two-engine c o n f i g u r a t i o n  ( f i g u r e  5 ) .  The h i g h e s t  s u r f a c e  sound p r e s -  
s u r e  l e v e l s  a r e  produced i n  o r  nea r  t h e  p l a n e  of t h e  p r o p e l l e r  - nea r  normal 
inc idence .  The sharp  r o l l - o f f  i n  t h e  a x i a l  d i r e c t i o n  of t h e  propfan n o i s e  
s i g n a t u r e  more than compensates f o r  t h e  r e d u c t i o n  i n  t r ansmiss ion  l o s s  a t  
l a r g e r  angles  of i nc idence .  Normal inc idence  w a s  found t o  provide  t h e  most 
demanding requirement f o r  t he  a c o u s t i c  performance of t h e  window. Theref o r e  
a normal incidence a n a l y s i s  w a s  used f o r  t h e  parameter  s t u d i e s .  
used i n  the  window a n a l y s e s  are summarized i n  t a b l e  2 below. 

The source  d i r e c t i v i t y  used f o r  t h e  

The materials 

TABLE 1. - WINDOW PARAMETER STUDY 

I - Single Outer Pane With Scratch Shield 

A. Outer pane thickness, cm (in.) 

B. Scratch shield thickness, cm (in.) 

0.51 (0.2). 1.02 (0.41, 1.52 (0.6) 

0.25 (0.1),0.51 (0.2),0.76 (0.3). 1.02 (0.4) 

C. Airspace Thickness, cm (in.) 

0. Window material 

Total configurations = 72 

II - Double Outer Pane With Scratch Shield 

A. Outer pane thickness, cm (in.) 

B. Pane spacing, cm (in.) 

C. Inner pane thickness, cm (in.) 

0. Airspace thickness, cm (in.) 

E. Scratch shield thickness, cm (in.) 

F Window material 

2.54 (1.01, 7.62 (3.0). 12.7 (5.0) 

Glass, lucite 

0.51 (0.21, 1.02 (0.4) 

0.64 (0.251, 1.27 (0.50) 

0.51 (0.21, 1.02 (0.4) 

2.54 (1.01, 7.62 (3.01, 12.7 (5.0) 

0.25 (O.l), 0.51 (0.2),0.76 (0.31, 
Glass, lucite 

02 (0:4) 

Total configurations = 192 

Ill - Selected Additional Configurations 

A L-1011 window design 

B Modified L-1011 window design (triple-pane windows) 
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TABLE 2. - MATERIAL PRO PERT I E  S FOR GLASS AND LUC I T E  

I 
Property 

3 3  Density - kg/m (Ib/in 1 

Youngs modulus - N/m (Ib/in 

Poisson's ratio 

Loss factor 

2 2  

I 

2.2 

Glass 

2353.1 (0.085) 

68.9 (lo7) 

0.28 

0.01 

S ingle-Pane Designs 

Lucite 

1190.3 (0.043) 

4.13 (6 x lo5) 

0.40 

0.0 1 

The range  and number of parameters  s t u d i e d  f o r  t h e  s i n g l e  pane and s c r a t c h  
s h i e l d  are shown i n  t a b l e  1.  For a s e l e c t e d  window material and t h i c k n e s s  and 
an  a i r s p a c e  t h i c k n e s s ,  t h e  s c r a t c h  s h i e l d  t h i c k n e s s  w a s  v a r i e d  from 0.254 c m  
(0 .1  i n . )  t o  1 .02 c m  ( 0 . 4  i n . ) .  I n i t i a l l y ,  the same material w a s  used f o r  b o t h  
t h e  window and t h e  s c r a t c h  s h i e l d .  Combinations of g l a s s  and l u c i t e  were n o t  
i n v e s t i g a t e d  u n t i l  la ter  i n  t h e  s tudy .  P r e d i c t e d  t r ansmiss ion  l o s s  v a l u e s  are  
shown f o r  t h e  1.52  c m  (0.6 i n . )  o u t e r  window pane f o r  2.54 (1 i n . ) ,  7.62 (3 i n . )  
and 12.7 ( 5  i n . )  c e n t i m e t e r  a i r s p a c e s  in f i g u r e s  6 ,  7 ,  and 8. For each  com- 
b i n a t i o n  of o u t e r  window t h i c k n e s s  and a i r s p a c e  t h i c k n e s s  t h e  va ry ing  parameter  
was s c r a t c h  s h i e l d  t h i c k n e s s .  Acoust ic  performance improves w i t h  l a r g e r  a i r -  
spaces b u t  t h e  a b s o l u t e  v a l u e s  are  f a r  less than  is  needed t o  meet t h e  propfan  
i n t e r i o r  n o i s e  requi rement .  The mechanisms which cause  t h e  v a r i a t i o n s  i n  t h e  
window performance are:  

( a )  Outer  window p l a t e  resonance  

(b) S c r a t c h  s h i e l d  p l a t e  resonance 

( c )  Double w a l l  resonance  

These resonance f r e q u e n c i e s  were c a l c u l a t e d  f o r  each  c o n f i g u r a t i o n  and 
a r e  g iven  i n  t a b l e s  3 and 4 .  Figure  6 through 8 i n d i c a t e  a no tch  i n  t h e  t r a n s -  
mission (TL) spectrum a t  1200 Hz f o r  d i f f e r e n t  a i r s p a c e s  and s c r a t c h  s h i e l d  
t h i c k n e s s e s .  Table  3 i d e n t i f i e s  t he  p l a t e  resonance  f o r  a 1.52  c m  (0 .6  i n . )  
t h i c k  l u c i t e  pane a s  1161 Hz. 
o u t e r  pane ,  a i r s p a c e  and s c r a t c h  s h i e l d .  I t  i s  much more compl ica ted  wi th  
two o r  more panes p l u s  s c r a t c h  s h i e l d .  F igure  8 g i v e s  t h e  h i g h e s t  t r ansmiss ion  
l o s s  v a l u e s  ob ta ined  f o r  a s i n g l e  g l a s s  pane window w i t h  a g l a s s  s c r a t c h  s h i e l d .  
While t h e s e  t r ansmiss ion  l o s s e s  are high enough t o  meet t h e  i n t e r i o r  n o i s e  
c r i t e r i a  f o r  t h e  p ropfan ,  t h e  g l a s s  window assembly is  ext remely  heavy and t h e  
s c r a t c h  s h i e l d  i s  t h i c k  enough t o  be an inne r  pane f o r  a double  pane conf igu-  
a t i o n .  I n  f i g u r e  9 t h e  maximum TL va lues  f o r  t h e  l u c i t e  c o n f i g u r a t i o n s  are 
seen t o  b e  much lower than r e q u i r e d .  

A complicated p i c t u r e  emerges f o r  a s i n g l e  
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Figure 5. - Two engine  a i r c r a f t  e x t e r i o r  n o i s e  s i g n a t u r e  
( d i r e c t i v i t y  p a t t e r n  symmetrical  about  
p r o p e l l e r  c e n t e r l i n e  f o r  M = 0) 

100 

90 

m 
EO 

d 
10 0 A 

70 
N 

U 
z 10 z 
0 

b: 60 
L 

50 

40 
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L.0- 1.02 CW (0.4 IN. )  SCRATCH SHIELD 23.91 (4.g 1 
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F i g u r e  6 .  - Single-pane g l a s s  window wi th  s c r a t c h  s h i e l d  - 
2 . 5 4  c m  (1.0 i n . )  a i r s p a c e .  
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F i g u r e  7.  - Single-pane g l a s s  window w i t h  s c r a t c h  s h i e l d  - 

7.62 c m  (3.0 i n . )  a i r s p a c e .  
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F i g u r e  8. - Single-pane g l a s s  window w i t h  s c r a t c h  s h i e l d  - 
12.70 c m  (5.0 i n . )  a i r s p a c e .  
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TABLE 3 .  - PANE FUNDAMENTAL RESONANCES 

cm (in.) Glass (Hz) 

0.25 (0.1 1 194 

0.51 (0.2) 38 7 
0 76 (0.3) 58 1 

1.02 (0.4) 775 

1.27 (0.51 969 

1.52 (0.6) 1161 

I I 

Lucite (Hz) 

70 

140 

210 

280 
350 

420 

2 . 3  Double-Pane Designs 

When two or more window panes  are combined, t h e  number of p o s s i b l e  con- 
f i g u r a t i o n s  i n c r e a s e s  s i g n i f i c a n t l y  . A t o t a l  of 192 double-pane c o n f i g u r a t i o n s  
were ana lyzed  as i t emized  i n  t a b l e  1. From t h e s e  a n a l y t i c a l  r e s u l t s  s e v e r a l  
c a n d i d a t e  designs w e r e  s t u d i e d  which were s u i t a b l e  f o r  commercial a i r c r a f t .  
The r e s u l t s  of t h e  parameter s tudy showed t h a t  t h e  TL r equ i r emen t s  cou ld  be 
m e t  u s i n g  g l a s s  panes  and s c r a t c h  s h i e l d s  of r e a s o n a b l e  t h i c k n e s s e s .  T h i s  
w a s ,  however, n o t  t h e  case f o r  an a l l  l u c i t e  window which would r e q u i r e  
ex t r eme ly  t h i c k  window panes t o  m e e t  t h e  r equ i r emen t s .  F igu re  10 compares 
t h e  r e s u l t s  of double-pane g l a s s  window c o n f i g u r a t i o n s  w i t h  a double-pane 
window made of l u c i t e .  It  is seen that below 400 Hz t h e  TL of t h e  l u c i t e  win- 
dow hav ing  1.02 c m  (0.4 i n . )  t h i c k  panes  i s  n e a r l y  20 dB lower than a g l a s s  
window w i t h  one h a l f  t h e  pane t h i c k n e s s .  I n  t h e  v i c i n i t y  of t h e  e s t i m a t e d  
propfan  blade passage  f requency  (154 Yz) t h e  TL of t h e  g l a s s  windows i s  con- 
s i d e r a b l e .  For t h e  1.02 c m  t h i c k  g l a s s  window panes  t h e  TI; i s  abou t  88 dB a t  
160 Hz. Figure 11 shows t h e  e f f e c t  of t h e  s c r a t c h  s h i e l d  t h i c k n e s s  on t h e  TL 
of a double-pane g l a s s  window. By doub l ing  t h e  s c r a t c h  s h i e l d  t h i c k n e s s ,  t h e  
TL i n c r e a s e s  by about  15 dB i n  t h e  r e g i o n  below 300 Hz. ( I t  i s  no ted  t h a t  
u se  of g l a s s  s c r a t c h  s h i e l d s  may be p rec luded  f o r  s a f e t y  r e a s o n s . )  

F igu res  12 and 13 compare t h e  TL d a t a  between s i n g l e -  and double-pane g l a s s  
windows w i t h  t h e  same t o t a l  s u r f a c e  weight  d e n s i t y .  These r e s u l t s  are b e t t e r  
unders tood  by r e f e r r i n g  t o  t a b l e s  3 and 4 .  The e s t i m a t e d  p l a t e  resonance  f o r  
a 1.02 c m  (0.4 i n . )  t h i c k  g l a s s  pane i s  775 Hz and it d e c r e a s e s  t o . 3 8 7  Hz f o r  
a 0.51 cm (0.2 i n . )  t h i c k  pane. The h i g h e r  resonance  frequency f o r  t h e  s i n g l e  
pane i s  advantageous f o r  low f requency  t r a n s m i s s i o n  l o s s .  I n  a d d i t i o n ,  t h e  
double-wall  resonance frequency f o r  t h e  s i n g l e  1.02 cm g l a s s  pane wi th  a 
0.25 cm (0.1 i n . )  t h i c k  s c r a t c h  s h i e l d  is 1 7 2  Hz and t h e  p l a t e  resonance  f o r  
a 0.25 cm (0 .1  i n . )  s c r a t c h  s h i e l d  i s  194 Hz.  The s i m p l i f i e d  method f o r  
e s t i m a t i n g  the double-wall  resonance  f r e q u e n c i e s  of t a b l e  4 does n o t  i n c l u d e  
p l a t e  s t i f f n e s s  c o n s i d e r a t i o n s  and i t  i s  n o t  a c c u r a t e  when t h e  p l a t e  resonance  
occur s  a t  a h igher  frequency than t h e  double-wall  resonance .  I n  t h i s  i n s t a n c e  
the  e s t ima ted  p l a t e  resonance  f r e q u e n c i e s  f o r  0 .51 c m  (0 .2  i n . )  and 1.02 c m  
(0 .4 i n . )  g l a s s  panes are 387 Hz and 775 Hz. Both of t h e s e  f r e q u e n c i e s  are 
much h i g h e r  than t h e  a s s o c i a t e d  double-wal l  r e s o n a n t  f requency  estimates of 
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TABLE 4 .  - DOUBLE-PANE, DOUBLE-WALL RESONANCES 

Material Thi 
Pane #I 

0.5 

0.5 

0.51 (0.2) 

1.02 (0.4) 

1.02 (0.4) 

1.02 (0.4) 

1.52 (0.6) 

1.52 (0.6) 

1.52 (0.6) 

ness, cm (in.) 
Pane #2 

0.25 (0.1) 
0.51 (0.2) 

0.76 (0.3) 
1.02 (0.4) 

0.25 (0.1) 

0.51 (0.2) 
0.76 (0.3) 
1.02 (0.4) 

0.25 (0.1) 

0.51 (0.2) 
0.76 (0.3) 

1.02 (0.4) 

0.25 (0.1) 
0.51 (0.2) 

0.76 (0.3) 
1.02 (0.4) 

0.25 (0.1) 

0.51 (0.2) 
0.76 (0.31 
1.02 (0.4) 

0.25 (0.1) 
0.51 (0.2) 
0.76 (0.3) 
1.02 (0.4) 

0.25 (0.1) 
0.51 (0.2) 
0.76 (0.3) 
1.02 (0.4) 

0.25 (0.1) 
0.51 (0.2) 

0.76 (0.3) 

1.02 (0.4) 

0.25 (0.1) 

0.51 (0.2) 

0.76 (0.3) 

1.02 (0.4) 

Airspace, crn (in.) 

2.54 (1.0) 

7.62 (3.0) 

12.7 (5.0) 

2.54 (1.0) 

7.62 (3.0) 

12.7 (5.0) 

2.54 (1.0) 

7.62 (3.0) 

12.7 (5.0) 

Resonant F r 
Glass 

1 aa 
154 
140 
133 

109 

89 
a i  

a4 

77 

69 

63 
59 

172 
133 

117 
109 

99 
77 
68 
63 

77 
59 
52 
49 

166 
125 

109 
99 

96 
72 

63 
57 

74 

56 

49 
44 

uencv (Hz) 
Lucite 

264 
215 
197 
186 

153 
124 
114 

i oa 
i i a  

aa 
a3 

1 a6 

96 

24 1 

165 

152 

139 
1 oa 

aa 
1 oa 
a3 

95 

74 
68 

233 
176 
152 

139 

135 

102 

aa 
a0 

104 
79 

68 

62 
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12.70  (5.0 i n . )  a i r s p a c e .  
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Figure 10. - Comparison of p r e d i c t e d  TL f o r  double-pane 

g l a s s  and L u c i t e  windows. 
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Figure  11. - E f f e c t  of s c r a t c h  s h i e l d  t h i c k n e s s  on t h e  p r e d i c t e d  
TL of a double-pane glass window. 
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windows wi th  t h e  same t o t a l  s u r f a c e  d e n s i t y  of 
26.9 kg/m2 (5.5 p s f ) .  
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about  200 Hz. 
i s  t h e  double-wall f requency wi th  p l a t e  s t i f f n e s s  e f f e c t s  which are n o t  
inc luded  i n  t h e  approximate c a l c u l a t i o n s  f o r  table  4.  A s  expec ted ,  g r e a t e r  
complex i t i e s  are  in t roduced  f o r  m u l t i  degree-of-freedom sys tems which i n c l u d e  
coup l e d  s truc t u r a  1 lac ous  t i c  r e sonances  . 

The p r e d i c t e d  t r ansmiss ion  loss minimum a t  250 Hz i n  f i g u r e  12 

2.4 Conf igu ra t ion  S e l e c t i o n  

From t h e  r e s u l t s  of t h e  pa rame t r i c  s tudy  i t  became c l e a r  t h a t  t h e  propfan  
i n t e r i o r  no ise  r equ i r emen t s  cou ld  be m e t  w i t h  a des ign  s i m i l a r  t o  t h a t  of a n  
L-1011 window by s imply r e p l a c i n g  t h e  l u c i t e  panes  w i t h  t h e  h e a v i e r  g l a s s  and 
r e t a i n i n g  t h e  l u c i t e  s c r a t c h  s h i e l d .  Consequent ly  , a d d i t i o n a l  t r ansmiss ion  
l o s s  computations w e r e  performed whose r e s u l t s  are p r e s e n t e d  i n  f i g u r e s  14 and 
15. F igu re  14 shows t h e  r e s u l t s  f o r  t h e  L-1011 window des ign  w i t h  t h e  l u c i t e  
s c r a t c h  s h i e l d  t h i c k n e s s  a s  t h e  va ry ing  pa rame te r .  I t  is  observed t h a t  f o r  
s c r a t c h  s h i e l d  t h i c k n e s s e s  of 0.76 c m  (0 .3  in.) and 1.02 c m  (0.4 i n . )  t h e  
a c o u s t i c  performance of t h e  g l a s s  window is  w e l l  w i t h i n  the r e q u i r e d  TL range .  
In  f i g u r e  15 the e f f e c t  of t h e  i n n e r  g l a s s  pane t h i c k n e s s  on t h e  TL i s  shown. 
These d a t a  i n d i c a t e  t h a t  t h e  minimum n o i s e  c r i t e r i o n  (54 dB of TL a t  164 Hz) 
cou ld  be m e t  w i t h  t h e  b a s i c  L-1011 window d e s i g n ,  and by making t h e  i n n e r  
pane t h e  same t h i c k n e s s  a s  t h e  o u t e r  pane ,  i . e . ,  0.94 cm (0.37 i n . ) ,  t h e  more 
s t r i n g e n t  requirement  (69 dB of TL) would b e  m e t .  

Although such d e s i g n s  are shown by a n a l y s i s  t o  have t h e  r e q u i r e d  a c o u s t i c a l  
c h a r a c t e r i s t i c s  they are n o t  a c c e p t a b l e  f rom a s a f e t y  s t a n d p o i n t  because  t h e  
inne r  pane is made of g l a s s .  T h i s  a d d i t i o n a l  requi rement  l e d  t o  a f i n a l  des ign  
from which the window test  a r t i c l e s  w e r e  f a b r i c a t e d .  I t  c o n s i s t s  of two g l a s s  
o u t e r  panes  s e p a r a t e d  by a n  a i r  space  and a t h i r d  i n n e r  pane made of l u c i t e .  
The r e s u l t s  of t h e  t r i p l e  pane window s tudy  are shown i n  f i g u r e s  16,  17, and 
18. F igu re  16 compares TL p r e d i c t i o n s  f o r  the two window d e s i g n s  wi thou t  the 
presence  of  a s c r a t c h  s h i e l d ,  and ? i g u r e s  17 and 18 c o n t a i n  d a t a  w i t h  t h e  
s c r a t c h  s h i e l d  inc luded  f o r  t o t a l  window d e p t h s  of 7.62 cm ( 3  i n . )  and 15.24 c m  
(6 i n . )  r e s p e c t i v e l y .  The p resence  of a s c r a t c h  s h i e l d  h a s  an  a d v e r s e  e f f e c t  
on t h e  window a c o u s t i c  performance below 200 Hz and i n  t h e  r eg ion  n e a r  t h e  
second propfan harmonic.  However, above 400 Hz the c o n t r i b u t i o n  of t h e  s c r a t c h  
s h i e l d  t o  the window TL is s i g n i f i c a n t .  It is  n o t e d  t h a t  t h e  p r e d i c t e d  t r a n s -  
miss ion  l o s s e s  f o r  t h e  two h igh-sur face-dens i ty  d e s i g n s  are v e r y  l a r g e  over  a 
wide frequency range .  The c o n f i g u r a t i o n  r e p r e s e n t e d  by t h e  s o l i d  cu rve  con- 
sists of two g l a s s  panes  of e q u a l  t h i c k n e s s  (0.94 cm) and a 0.64 c m  t h i c k  
l u c i t e  p a x .  The c o n f i g u r a t i o n  r e p r e s e n t e d  by t h e  d o t t e d  l i n e  d i f f e r s  on ly  
i n  t h e  th i ckness  of t h e  i n n e r  g l a s s  pane which i s  0.64 c m  compared t o  0.94 c m .  

3 .  TEST ARTICLES 

Sketches of  t h e  two window assembl i e s  are shown i n  f i g u r e  19 and a photo- 
graph of  t h e  a c t u a l  test  a r t i c l e s  i s  shown i n  f i g u r e  20. 
drawings a r e  g iven  i n  t h e  Appendix. The o v e r a l l  dimensions (wid th ,  h e i g h t ,  
and depth)  of the two window a s s e m b l i e s  a re  i d e n t i c a l .  What d i f f e r s  between 
them i s  the t h i c k n e s s  of t h e  i n n e r  g l a s s  pane and t h e  t h i c k n e s s  of t h e  a i r  

The enq inee r inE  
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F i g u r e  13. - Comparison of p r e d i c t e d  TL f o r  s i n g l e -  and double-pane 
g l a s s  windows w i t h  the same t o t a l  s u r f a c e  weight  d e n s i t y  
of 38.9 kg/m2 (8  p s f ) .  

TJiICKNESS I N  CEN TIWETERS U N C H W  I SURFACE 
DEN SI TY OUTER LUCITE 

BLISS A I R  BLISS A I R  SCRATCH 
PANE SPrCE PANE SP+ SH!ELD k 9 h 2  (p8f) 

t t t t t  i 
0.94 10.74) 0.57 (2.54) 0.25 

D---O 0.94 10.74) 0.57 (2.54) 0 .51  
b-d 0.94 10.741 0.57 12.54) 0.76 
>t--.K 0.94  10.741 0.57 (2.54) 1.02 

36.117 17.92) 
41.71 (6 .55)  
44.76 -(9.17) 
47.60 19.79) 

OF WINDOW; 2 2 . 6 6 ~ ~  X 3 0 . 4 1 1 ~ ~  (9x12 INCHES) 100 

P 0 

110 
ca' 
La 
0 -I 

BO 
n 
La La n 

I La 
2 40 e I- 

20 

F i g u r e  14 .  - 

1 I I I I 1 I I I 

100 200 300 400 500 1100 700 600 900 1000 
FREOUENCV. HZ 
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Figure  15. - E f f e c t  of i nne r  pane window t h i c k n e s s  on the p r e d i c t e d  TL 
of a double-pane g l a s s  window w i t h  a L u c i t e  s c r a t c h  s h i e l d .  
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F i g u r e  18. - P r e d i c t e d  TL r e s u l t s  f o r  t r i p l e -pane  window d e s i g n s  
w i t h  a s c r a t c h  s h i e l d  - 15.25 c m  (6 i n . )  t h i c k  window. 
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space between t h e  second and t h i r d  window panes .  The window w i t h  t h e  t h i c k e r  
pane h a s  a s u r f a c e  d e n s i t y  of 51.7 kg/m2 (10.6 p s f )  as compared t o  44.9 kg/m2 
(9.2 p s f )  f o r  t h e  one w i t h  t h e  t h i n n e r  pane. The aluminum window frames have 
o v e r a l l  dimensions of 31.8 c m  by 39.4 cm (12.5 x 15.5 i n c h e s )  and t h e  window 
s i z e  i s  21.6 c m  by 29.6 cm (8 .5  x 11.5 inches)  which i s  abou t  t h e  same as t h a t  
of an L-1011 window. The dimensions of t h e  window panes  are 25.4 cm by 33 c m  

I (10 x 13 i n c h e s ) .  

The t r i p l e  panes  w e r e  p o t t e d  i n t o  a 6 . 4  cm (2 .5  inch )  deep aluminum frame 
w i t h  s i l i c o n  rubber  (RTV). S t r i p s  of e l a s tomers  w e r e  used t o  suppor t  t h e  win- 

A c o n t a c t  cement w a s  used t o  ho ld  t h e  e las tomer  i n  place.  
I dow panes  i n  t h e  frame and t o  p rov ide  t h e  r e q u i r e d  a i r  gap between t h e  panes .  

I F i g u r e  2 1  shows a s k e t c h  of t h e  window assembly i n s t a l l e d  i n  a double- 
w a l l  f l a t  s t r u c t u r e .  The s t r u c t u r e  i s  r e p r e s e n t a t i v e  of s i d e w a l l  des ign  No. 8 
of CR 159222 ( r e f e r e n c e  1)  which has  about t h e  same t r ansmiss ion  l o s s  (TL) as  
t h e  window des ign  w i t h  t h e  lower surface d e n s i t y .  The 0.25 c m  (0.1 inch)  t h i c k  
s c r a t c h  s h i e l d  which i s  mounted on t h e  t r i m  p a n e l  is  decoupled from t h e  window 
assembly. Th i s  i s  t o  p reven t  s t r u c t u r e b o r n e  sound t r a n s m i s s i o n  and minimize 
t h e  e f f e c t  of double-wall  resonances  on t h e  TL. The v i s u a l  s h i e l d  which i s  
mounted around t h e  c a v i t y  formed by the s c r a t c h  s h i e l d  and i n n e r  window pane 
is  p r i m a r i l y  f o r  a e s t h e t i c  purposes .  I n t e r i o r  n o i s e  r e d u c t i o n  programs on 
t h e  L-1011 have r e v e a l e d  t h a t  lower a c o u s t i c  window r a d i a t i o n  i s  achieved  
when t h e r e  i s  no mechanical connec t ion  between t h e  s c r a t c h  s h i e l d  and t h e  
window assembly. 

I 

1 

4 .  RECOMMENDATION FOR LABORATORY TEST PROGRAM TO EVALUATE WINDOW DESIGNS 

In  t h i s  s e c t i o n ,  recommendations a r e  made f o r  t h e  expe r imen ta l  e v a l u a t i o n  
of two window c o n f i g u r a t i o n s  des igned  by a n a l y s i s  as d e s c r i b e d  p r e v i o u s l y .  
Test and a n a l y s i s  r equ i r emen t s  are d iscussed  t o  de te rmine  t h e  a c o u s t i c  cha rac -  
t e r i s t i c s  of t h e  windows and v e r i f y  the accuracy  of t h e  a n a l y t i c a l  model f o r  
p r e d i c t i n g  t h e  t r ansmiss ion  l o s s  (TL) of mul t ipane  window d e s i g n s .  Measure- 
ments are proposed which would d e f i n e  t h e  s t r u c t u r a l  f requency  r e sponse ,  
a c o u s t i c  t r a n s m i s s i o n ,  and r a d i a t i o n  p r o p e r t i e s  of the  tes t  a r t i c l e s .  

4.1 T e s t  F a c i l i t y  

The conven t iona l  approach f o r  de te rmining  t h e  sound t r ansmiss ion  p r o p e r t i e s  
of a f l a t  o r  curved s t r u c t u r e  is t o  mount t h e  tes t  a r t i c l e  between two test 
chambers, i n t r o d u c e  sound i n  one of them and then  measure t h e  sound p r e s s u r e /  
power i n  each  chamber. Although the  t r a d i t i o n a l  sound t r ansmiss ion  l o s s  method 
i n v o l v e s  two r e v e r b e r a t i o n  chambers, approaches invo lv ing  e i t h e r  one o r  two 
anechoic  chambers are o f t e n  used t o  determine t h e  t r ansmiss ion  p r o p e r t i e s  of a 
s t r u c t u r e .  Gene ra l ly ,  t h e  type of method t h a t  one selects is  dependent on t h e  
test  o b j e c t i v e s .  For t h e  window s tudy ,  t h e  anechoic-to-anechoic method is  
p r e f e r r e d  because  i t  a l l o w s  a c l o s e r  s imula t ion  of the  ang le  of i nc idence  and 
t h e  d e t e r m i n a t i o n  of t h e  sound r a d i a t i o n  p r o p e r t i e s  of t h e  window. When e v a l -  
u a t i n g  a h igh- t ransmiss ion  l o s s  s t r u c t u r e  a t  low f r e q u e n c i e s ,  f l a n k i n g  
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Figure 20.  - Window tes t  a r t i c l e s  - f r o n t  and r e a r  v iews .  
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21. - Sketch  of window i n s t a l l a t i o n  i n  a double-wal l  s t r u c t u r e .  



t r a n s m i s s i o n  i s  o f t e n  d i f f i c u l t  t o  c o n t r o l .  I n  t h i s  s tudy  t h e  windows have 
been des igned  f o r  ve ry  l a r g e  t ransmiss ion  l o s s e s  (55 t o  7c) dB),  exceeding  t h e  
TL c a p a b i l i t i e s  of most e x i s t i n g  a c o u s t i c  f a c i l i t i e s .  For example, a 30.5 cm 
( 1 2  i n . )  t h i c k  conc re t e  w a l l  p rov ides  only about  60 dB of TL a t  200 Hz and 
every  a d d i t i o n a l  5 dB i n c r e a s e  of TL r equ i r e s  doubl ing  of t h e  mass. The 
f l a n k i n g  t r ansmiss ion  problem, however, can be minimized t o  a l a rge  e x t e n t  by 
making sound i n t e n s i t y  r a t h e r  t han  t h e  convent iona l  sound p r e s s u r e  measurements. 
I n  a d d i t i o n  t o  the  lower s e n s i t i v i t y  t o  f l a n k i n g ,  t he  two-microphone a c o u s t i c  
i n t e n s i t y  method i s  less  a f f e c t e d  by the room c h a r a c t e r i s t i c s  than  t h e  conven- 
t i o n a l  methods.  Moreover, t he  newer method can d i s c r i m i n a t e  between a r e a s  of 
h igh  and low sound r a d i a t i o n  which i s  important f o r  a window e v a l u a t i o n .  The 
d i sadvan tages  of t h e  i n t e n s i t y  method cen te r  on t h e  need f o r  a f a i r l y  h igh  
s igna l - to -no i se  r a t i o  and t h e  i n h e r e n t  phase i n a c c u r a c i e s  a t  low f r e q u e n c i e s .  
An adequate  s igna l - to -no i se  r a t i o  can usua l ly  be achieved by i n c r e a s i n g  t h e  
e x c i t a t i o n  l e v e l  by an a p p r o p r i a t e  amount. For ve ry  h igh  t r a n s m i s s i o n  l o s s  
s t r u c t u r e s ,  however, c a r e  must be taken no t  t o  exceed t b e  1.iqear r e g i o n  of t h e  
s t r u c t u r a l  response  of t h e  t e s t  a r t i c l e .  The phase problem i s  most ly  of con- 
c e r n  below 100 Hz which is  o u t s i d e  t h e  frequency range of i n t e r e s t .  A phase- 
matched two microphone system should give a c c u r a t e  r e s u l t s  a t  and above t h e  
e s t ima ted  propfan  b l ade  passage frequency of 164 Hz. 

T h e r e f o r e ,  t h e  expe r imen ta l  i n v e s t i g a t i o n  should  r e l y  heav i ly  on t h e  
sound i n t e n s i t y  measurement method t o  e v a l u a t e  t h e  two window des igns .  It  
w i l l  p r o v i d e  a b e t t e r  unders tanding  of t h e  sound t r ansmiss ion  mechanism as  
w e l l  as more a c c u r a t e  r e s u l t s .  

4 . 2  Basic T e s t  Conf igu ra t ion  

There  are a number of tes t  c o n f i g u r a t i o n s  t h a t  cou ld  be  used t o  per form 
t h e  expe r imen ta l  window e v a l u a t i o n  i n  the l a b o r a t o r y .  One approach would be 
t o  test the window a s s e m b l i e s ,  shown in  f i g u r e  20, as  s e p a r a t e  s t r u c t u r e s  i n  
an  opening  of a t h i c k  c o n c r e t e  w a l l  s e p a r a t i n g  t h e  two tes t  chambers. For t h e  
purpose  of merely v e r i f y i n g  t h e  p r e d i c t e d  TL of t h e  h i g h  s u r f a c e  d e n s i t y  win- 
dows t h i s  would probably  be t h e  b e s t  method t o  u s e .  A more r e p r e s e n t a t i v e  
approach  would be  t o  i n c o r p o r a t e  t h e  window i n  a n  a p p r o p r i a t e  f u s e l a g e  s ide -  
w a l l  s t r u c t u r e  w i t h  t r i m  p a n e l s  and a s c r a t c h  s h i e l d .  S ince  one of t h e  des ign  
o b j e c t i v e s  w a s  t o  ach ieve  a window t ransmiss ion  l o s s  a t  l ea s t  e q u i v a l e n t  t o  
t h a t  of s i d e w a l l  des ign  No. 8 of NASA CR 159222 ( r e f e r e n c e  1) i t  would be 
d e s i r a b l e  t o  tes t  t h e  windows i n  a f l a t  p a n e l  c o n f i g u r a t i o n  which i s  r ep re -  
s e n t a t i v e  of t h i s  des ign .  F igu re  2 1  and drawing No. X17003-5 i n  t he  Appendix 
show a s i n g l e  window i n s t a l l a t i o n  i n  a double-wal l  tes t  p a n e l  which i s  r ep re -  
s e n t a t i v e  of des ign  No. 8. 

4 . 3  Measurement Program 

The main r e s u l t  t h a t  t h e  measurement program should provide  i s  t h e  
v a r i a t i o n  of t h e  window sound t ransmiss ion  l o s s  w i t h  narrowband f r e q u e n c i e s  
over  t h e  range  of about  100 t o  1000 Hz. Based on t h e  a n a l y s i s ,  s i g n i f i c a n t  
f l u c t u a t i o n s  i n  t h e  spectrum levels  a r e  expec ted .  Major changes i n  t h e  
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t ransmiss ion  l o s s  curve  should  be w e l l  d e f i n e d  and unders tood  i f  optimum 
window designs a r e  t o  be achieved  f o r  advanced turboprop powered a i r c r a f t .  
The re fo re  two sets of measurements should  be performed,  one set  t h a t  i s  
d i a g n o s t i c ,  t he  o t h e r  s e t  t h a t  d e f i n e s  t h e  b a s i c  sound t r ansmiss ion  p r o p e r t i e s  
of t h e  two window c o n f i g u r a t i o n s .  

The d i agnos t i c  measurements would inc lude  a modal a n a l y s i s  t o  i d e n t i f y  
t h e  major resonance f r e q u e n c i e s  of t h e  window frame and inne r  and o u t e r  window 
panes ,  and determine t h e  a s s o c i a t e d  mode shapes  and damping over  t h e  frequency 
range  of about 100 t o  600 Hz. The impact method i s  a qu ick  and a c c u r a t e  method 
f o r  d e f i n i n g  t h e  s t r u c t u r a l  pa rame te r s .  The technique  i s  w e l l  documented i n  
t h e  l i t e ra ture  ( r e f e r e n c e  8 ) .  B r i e f l y ,  it c o n s i s t s  of a p p l y i n g  a t r a n s i e n t  
f o r c e  a t  a g r i d  p o i n t  and measuring t h e  r e sponse  a t  a f i x e d  r e f e r e n c e  l o c a t i o n .  
T h i s  procedure i s  then r e p e a t e d  f o r  each of t h e  s e l e c t e d  g r i d  p o i n t s .  To 
p rov ide  q u a l i t y  d a t a ,  a number of impacts ,  a t  l e a s t  f i v e ,  should  be averaged .  
S ince  t h e  input  energy spectrum of a hammer i m p a c t  depends on i t s  mass, head 
s t i f f n e s s ,  and l o c a l  s t r u c t u r a l  s t i f f n e s s  a t  t h e  impact p o i n t ,  c a r e  should  be 
taken  t o  ensure  t h a t  t h e  impacts  w i l l  p rov ide  energy adequate  t o  cover  t h e  
d e s i r e d  frequency range .  However, one needs  t o  proceed w i t h  c a u t i o n  when 
a p p l y i n g  the i n p u t  f o r c e  t o  t h e  o u t e r  g l a s s  pane.  A f a i r l y  s o f t  hammer t i p  
made of rubber o r  p l a s t i c  i s  recommended. P r i o r  t o  t h e  i n v e s t i g a t i o n ,  p r e -  
l imina ry  checks should  be  made u s i n g  d i f f e r e n t  hammer c o n f i g u r a t i o n s  so t h a t  
a s u i t a b l e  s e l e c t i o n  can be  made. 

Mult iwal l  s t r u c t u r e s  such as a i r c r a f t  windows have been found d e f i c i e n t  
( s ee  Sec t ion  1 on Ana lys i s )  because of r e sonances  invo lv ing  t h e  w a l l  masses 
coupled by the a i r  space s p r i n g .  These double-wal l  r e sonances  and t h e i r  
e f f e c t  on the sound r a d i a t i o n  should  be  i n v e s t i g a t e d  and compared w i t h  theo ry .  
Using acous t i c  e x c i t a t i o n  a t  normal inc idence  t h e  s t r u c t u r a l  and a c o u s t i c  win- 
dow response  should  b e  measured. Acous t ic  measurements would be  made i n  t h e  a i r  
s p a c e s  between t h e  window panes  and between t h e  i n n e r  window pane and s c r a t c h  
s h i e l d .  The d a t a  would then  be c o r r e l a t e d  w i t h  v i b r a t i o n  measurements and t h e  
r a d i a t e d  sound. Data would be  taken w i t h  t h e  window assembly s e a l e d  and ven ted .  
The test a r t i c l e  can be e a s i l y  modif ied t o  a vented  c o n f i g u r a t i o n  by d r i l l i n g  
h o l e s  through and around t h e  frame a t  l o c a t i o n s  c o i n c i d i n g  w i t h  t h e  two a i r  
s p a c e s  of the t r i p l e - p a n e  window. T h i s  would a l l o w  t h e  a i r  s p r i n g  s t i f f n e s s  
e f f e c t  t o  be determined.  I t  i s  sugges ted  t h a t  when t h e  a i r  i s  al lowed t o  move 
f r e e l y  i n t o  t h e  a d j a c e n t  f i b e r g l a s s  a s  t h e  panes  are  v i b r a t i n g ,  t e n d s  t o  
minimize the double-wall  resonance  e f f e c t .  When t h e  a i r  is  t r apped  i n  t h e  
c a v i t y  between t h e  window panes ,  a more e f f i c i e n t  coupled  system i s  ob ta ined  
r e s u l t i n g  i n  more i n t e n s e  sound r a d i a t i o n .  These measurements should  be per -  
formed i n  a two-room, p r e f e r a b l y  anecho ic ,  t r a n s m i s s i o n  l o s s  f a c i l i t y  where 
t h e  b a s i c  sound t r ansmiss ion  i n v e s t i g a t i o n s  would a l s o  be c a r r i e d  o u t .  

A number of t es t  c o n f i g r a t i o n s ,  shown i n  t a b l e  5 are recommended f o r  t h e  
sound t ransmiss ion  s tudy .  These c o n f i g u r a t i o n s  are s e l e c t e d  t o  p rov ide  a d i r e c t  
comparison between t h e  t r ansmiss ion  p r o p e r t i e s  of t h e  b a s i c  s i d e w a l l  s t r u c t u r e  
and  t h e  test windows, and t o  de te rmine  t h e  e f f e c t s  of t h e  window on t h e  a c o u s t i c  
performance of t h e  s i d e w a l l .  Acoust ic  e x c i t a t i o n  would be provided  a t  normal 
inc idence  by a low-frequency loudspeaker  and t h e  t r ansmiss ion  p r o p e r t i e s  of 
each  conf igu ra t ion  would be determined from sound p r e s s u r e  and i n t e n s i t y  
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TABLE 5 .  - PROPOSED TEST CONFIGURATIONS FOR SOUND TRANSMISSION TESTS 

Configuration 
No. 

1 

2 

3 

4 

5,6 

7 , lO 

Test Panel Description 

Sidewall design #8* 

Sidew.alI design #8 with cutout 
for window installation covered 
lead vinyl and fiberglass 

Sidewall design #8 with single 
window installation 

Sidewall design #8 with increased 
surface density walls (window 
installed) 

Same as 3 and 4 with window II 

Sidewall design #8 with reduced 
wall spacing (repeat 1 - 4) 

*Design I 8  (C R 159222, Table 8, Page 49) 

1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 

Frame Spacing 
Stringer Spacing 
Wall Spacing 
Fiberglass Thickness 
Airgap Thickness 
Skin Thickness 
Surface Density of  Outer Wall Structure 
Surface Density of Add-on Material 
Surface Density of Trim Panel 

Wall 
Spacing 
cm (in.) 

15.2 (6) 

15.2 (6) 

15.2 (6) 

15.2 (6) 

15.2 (6) 

7.6 (3) 

Window 
Assembly 

48.3 cm (19 in.) 
15.2 cm ( 6 in.) 
15.2 cm ( 6 in.) 
7.62 cm (3 in.) 
6.65 cm (2.62 in.) 
0.1 14 cm (0.045 in.) 
6.25 kg/m2 (1.28 psf) 

13.3 kg/m2 (2.72 psf) 
13.4 kg/m2 (2.75 psf) 

Objective 

Measure TL  of basic sidewall 
design 

Measure TL  of modified 
sidewall structure 

Measure combined TL  of 
sidewall and window 

Measure TL  of window 

Same as 3 and 4 above 

Measure T L  of modified 
design #8 configuration 

measurements. Measurements a t  d i s c r e t e  f r e q u e n c i e s  co r re spond ing  t o  t h e  c r i t i c a l  
f u l l - s c a l e  propfan  f r e q u e n c i e s  should  be made, and over  a broadband frequency 
range  of abou t  100 t o  1000 Hz us ing  random n o i s e  e x c i t a t i o n .  A summary of t h e  
proposed expe r imen ta l  program is  ou t l ined  i n  t a b l e  6 .  Three major t a s k s  are 
proposed:  (1) modal a n a l y s i s  t o  de f ine  t h e  s t r u c t u r a l  r e sonances ,  mode shapes  
and damping of t h e  window frame and inner and o u t e r  panes ,  ( 2 )  mul t ipane  window 
resonance  s tudy  t o  assess t h e  e f f e c t  of coupled sys tem re sonances  on t h e  r a d i a -  
t i o n  p r o p e r t i e s  and (3 )  sound t ransmiss ion  tests t o  e v a l u a t e  v a r i o u s  pane l -  
window c o n f i g u r a t i o n s .  
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TABLE 6 .  - EXPERIMENTAL PROGRAM OUTLINE FOR WINDOW EVALUATION 

I MajorTasks 

Modal analysis 

Window acoustic 
resonance study 

Sound transmission 

Test Objectives 

Determine structural 
frequency response of 
window assemblies in 
the 100 to 600 Hz 
frequency range 

Identify double-wall 
window resonance and 
determine effect on 
window transmission 

Determine sound 
transmission loss and 
radiation properties 
of various panel-window 
configurations 

Test Configurations 

0 Window assembly I 
0 Window assembly I1 

0 Config. 4 and 6 in 
table 

0 Sealed and vented air 
gaps between window 
panes 

Test configurations as in 
table 5 

Excitation 

Impact 

Normal incidence 
acoustic excitation 
a t  discrete 
frequencies 

Discrete and broad- 
band random 
acoustic excitation 
a t  normal incidence 

Data 

0 Acceleration 
0 Force 

0 Sound pressure 
e Acceleration 

Sound intensity 

0 Sound pressure 
0 Acceleration 
0 Sound intensity 

4.4 I n  s t r umen t a t ion  R e  qu ir emen t s 

From the p rev ious  d i s c u s s i o n s  two s e p a r a t e  t y p e s  of i n s t r u m e n t a t i o n  
requi rements  can  be  d e f i n e d ,  one which is  a s s o c i a t e d  w i t h  modal a n a l y s i s ,  t h e  
o t h e r  w i th  sound t r a n s m i s s i o n  t e s t i n g  and  a n a l y s i s .  F igu re  22 shows a sche- 
matic diagram of a t y p i c a l  modal a n a l y s i s  sys tem u s i n g  t h e  impact method. 
The f o r c e  pu l se  is gene ra t ed  by a hammer, weighing abou t  100 grams, t h a t  i s  
instrumented wi th  a f o r c e  gage. The r e sponse  of t h e  window panes  is  measured 
a t  a f i x e d  r e f e r e n c e  l o c a t i o n  u s i n g  a m i n i a t u r e  acce le romete r .  An aczelerom- 
e t e r  having i n t e g r a l  e l e c t r o n i c s  i s  p r e f e r r e d  because  of i t s  h igh  s e n s i t i v i t y  
r e l a t i v e  t o  i t s  s i z e .  
a F o u r i e r  a n a l y s i s  system w i t h  modal c a p a b i l i t y  t o  form t h e  f o r c e / a c c e l e r a t i o n  
t r a n s f e r  func t ions  from which t h e  r e s o n a n t  f r e q u e n c i e s ,  mode shapes  and damp- 
i n g  of t h e  v a r i o u s  window components are d e f i n e d .  A measurement g r i d  of a t  
l e a s t  n i n e  p o i n t s ,  as shown i n  f i g u r e  2 2 ,  i s  r e q u i r e d  t o  de te rmine  t h e  s t r u c -  
t u r a l  frequency response  of t h e  window panes .  For  t h e s e  tes ts  t h e  window 
assembly need no t  be mounted i n t o  t h e  test  p a n e l .  

The impact and r e sponse  s i g n a l s  a r e  then  p rocessed  i n  

The s i g n a l  g e n e r a t i o n ,  d a t a  a c q u i s i t i o n ,  and a n a l y s i s  systems f o r  t h e  
a c o u s t i c  t e s t s  are shown d iagrammat ica l ly  i n  f i g u r e  2 3 .  A n  o s c i l l a t o r  and a 
random no i se  g e n e r a t o r  would be  used t o  p r o v i d e  t h e  d i s c r e t e  f requency  and 
broadband random s i g n a l s  t o  t h e  loudspeaker .  A spec t rum shaper  would be used 
f o r  t h e  broadband s i g n a l  t o  opt imize  t h e  spec t rum f o r  maximum s igna l - to -no i se  
r a t i o  over  t he  frequency range  of i n t e r e s t  (100 - 1000 Hz) .  The d i s c r e t e  
f requency  e x c i t a t i o n  would be l i m i t e d  t o  f r e q u e n c i e s  a t  and n e a r  t h e  e s t i m a t e d  
f u l l - s c a l e  b lade  passage  f requency  and lower o r d e r  harmonics ,  and t o  f r e q u e n c i e s  
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Figure  2 2 .  - Schematic diagram of s t r u c t u r a l  f requency response system. 

r e l a t e d  t o  t h e  coupled system resonances.  During each  tes t  c o n d i t i o n  a 
r e f e r e n c e  microphone l o c a t e d  c l o s e  t o  the n o i s e  s o u r c e  would be used t o  moni- 
t o r  t h e  e x c i t a t i o n  l e v e l .  Also,  t he  input  v o l t a g e  t o  t h e  speaker  should be  
monitored on a d i g i t a l  vo l tme te r  and recorded on magnetic t a p e  t o  e n s u r e  t h a t  
t h e  same sound l e v e l  i s  o b t a i n e d  from t e s t  t o  t e s t .  The i n c i d e n t  power would 
be  determined from an a r r a y  of microphones l o c a t e d  i n  t h e  f r e e  f i e l d  (empty 
chamber) a t  t h e  same d i s t a n c e  from the n o i s e  source a s  when t h e  p a n e l  i s  i n  
p l a c e  d u r i n g  t h e  t r ansmiss ion  tests.  The microphone would be a r r anged  i n  a 
uniform g r i d  s l i g h t l y  l e s s  t h e  s i z e  of the  tes t  p a n e l .  The r a d i a t e d  power 
would be measured w i t h  a two-microphone i n t e n s i t y  probe by scanning t h e  probe 
over  t h e  window and p a n e l  s t r u c t u r e .  The window should be instrumented w i t h  
s u f f i c i e n t  microphones and acce le romete r s  t o  d e f i n e  the s t r u c t u r a l - a c o u s t i c  
r e sponse  ( s e e  f i g u r e  2 3 ) .  A l l  a c o u s t i c  and v i b r a t i o n  d a t a  should be r eco rded  
on magnet ic  t a p e  f o r  subsequent  a n a l y s i s .  

5.0 CONCLUSIONS 

An a c o u s t i c  a n a l y s i s  h a s  been performed t o  e s t a b l i s h  a c o u s t i c  window 
d e s i g n s  f o r  advanced turboprop powered a i r c r a f t .  A f a i r l y  e x t e n s i v e  p a r a m e t r i c  
s tudy  r e v e a l e d  t h a t  t h e  mater ia l  of t he  window panes i s  one of t h e  most import- 
a n t  pa rame te r s  a f f e c t i n g  t h e  t r ansmiss ion  l o s s .  For  an  L-1011 s i z e  window, v e r y  
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l a r g e  t r ansmiss ion  l o s s e s  can be achieved a t  low f r e q u e n c i e s  when g l a s s  is  
used f o r  t h e  window panes .  It  is  shown t h a t  p r a c t i c a l  windows can be designed 
which would n o t  compromise t h e  a c o u s t i c  performance of h i g h  t r ansmiss ion  l o s s  
s i d e w a l l s  des igns .  

The windows t h a t  have been i d e n t i f i e d  are h igh-sur face-dens i ty  d e s i g n s ,  
c o n s i s t i n g  of two g l a s s  o u t e r  panes ,  separa ted  by a small a i r  gap, a t h i r d  
f a i l  s a f e  inne r  pane made of l u c i t e  and a l i g h t  weight  s c r a t c h  s h i e l d .  It  is  
noted  t h a t  a weight -opt imiza t ion  s tudy  was n o t  performed.  Some r e d u c t i o n  i n  
weight may be achieved  by e l i m i n a t i n g  the t h i r d  pane and making t h e  inne r  
g l a s s  pane f a i l  s a f e  u s i n g  a l amina te  of l u c i t e  and g l a s s .  

Experimental  e v a l u a t i o n  of t h e  window test a r t i c l e s  and v e r i f i c a t i o n  of 
I t h e  p r e d i c t e d  t r ansmiss ion  l o s s e s  i s  an important  p a r t  of the development of 

a window des ign  f o r  advanced turboprop a i r c r a f t .  Procedures  f o r  per forming  
l a b o r a t o r y  tests are p r e s e n t e d  i n  t h i s  r e p o r t .  

I APPENDIX 

ENGINEERING DRAWINGS OF WINDOW TEST ARTICLES 

DRAWING NO. 

X 17003-1 

X 17003-2 

X 17003-3 

X 17003-4 

X 17003-5 

TITLE 

Window Assembly 

Window Frame Detail 

Window Pane D e t a i l  

Window Elastomer 

Window I n s t a l l a t i o n  i n  Double-Wall S t r u c t u r e  
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