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Abstract 

Advanced turboprop  technology a l lows  
p r o p e l l e r  a i r c r a f t  t o  reach  c r u i s e  speeds compar- 
ab le  t o  c u r r e n t  j e t  a i r c r a f t  y e t  w i th  cons ide rab le  
f u e l  sav ings .  nue t o  t he  h ighe r  b lade  loading  and 
h igher  t i p  speed of t h e s e  propellers, noise l e v e l s  
of  up t o  150 dR are expected on the o u t s i d e  of the 
f u s e l a g e  i n  t he  p r o p e l l e r  plane.  I n  t h i s  stitdy 
t h e  t r a n s m i s s i b i l i t y  of  t r i p l e  pane windows, 
designed t o  provide  69 dR noise t r ansmiss ion  loss 
a t  the b lade  p r o p e l l e r  f requency  of 164 Hz, was 
expe r imen ta l ly  i n v e s t i g a t e d  us ing  i n s e r t i o n  l o s s  
and three-dimensional i n t e n s i t y  techniques .  A 
modal a n a l y s i s  on t he  ou te r  window panes was con- 
duc ted  t o  de te rmine  pane modal f r equenc ie s .  
Coherence and phase r e l a t i o n  of o u t e r  panes and 
window frame were e s t a b l i s h e d  t o  ob ta in  double/  
t r i p l e  w a l l  and lump mass resonance f r equenc ie s .  
n o u b l e l t r i p l e  wall resonances were found t o  
degrade the t r ansmiss ion  l o s s  of the two w l i i d o w s .  
I t  was shown t h a t ,  a t  t he  b lade  passage frequency 
and t he  f i r s t  two ove r tones ,  t he  comblnattons of 
window p l u s  s c r a t c h  s h i e l d  provide  less t r ans -  
miss ion  l o s s  than the  average t r ansmiss ion  IOES of 
t h e  t r e a t e d  f u s e l a g e .  Strong disagreement  wa+ 
obta tned  between the  exper imenta l  t r ansmiss ton  
loss of t h i s  i n v e s t i g a t i o n  and the  t h e o r e t i c a l  
p r e d t c t i o n s  from another  s tudy .  

I n t r o d u c t i o n  

Advanced t echno log ie s  i n  the areas of 
aerodynamics,  p ropu l s ion ,  s t r u c t u r e s ,  and prochic- 
t i o n  methods are i nco rpora t ed  i n  the  des ign  of t h e  
Advanced Turboprop (ATP) a i r c r a f t .  Forward speed  
is designed t o  be comparable wi th  j e t  a i r c r a f t ,  
y e t  up t o  30 percen t  i n  f u e l  s av ings  can be 
r e a l i z e d .  The propeller des ign  t y p i c a l l y  C O I I S ~ S ~ S  

o f  8 t o  12 h igh ly  loaded ,  swept b l ades  i n  sini: le 
or coun te r - ro t a t ing  c o n f i g u r a t i o n  and is expected 
t o  gene ra t e  h ighe r  e x t e r i o r  noise l eve ls  than  the 
p r o p e l l e r  des ign  on currynt,  a i r c r a f t .  A n a l y t i c a l  
and exper imenta l  s t u d i e s  9 have shown t h a t  
a c c e p t a b l e  cabin  no i se  l e v c l s  f o r  these  advnncpd 
turboprop  a i r c r a f t  can be achieved by using ~ p p r o -  
p r i a t e  fuse l age  s i d e w a l l  des igns .  For an 
e f f i c i e n t  s i d e w a l l  design, the window and suppor t -  
i ng  wal l  would need t o  have the  same a c o u s t i c  
t r ansmiss ion  c h a r a c t e r i s t i c s  a t  t he  c r i t i c a l  
tu rboprop  f requencies .An a n a l y t i c a l  and parameter 
des ign  s tudy  was performed i n  r e f .  3 r e s u l t i q :  i n  
two t r i p l e  pane window c o n f i g u r a t i o n s  t h a t  would 
provide 69 dB noise t r ansmiss ion  loss a t  an e s t i -  
mated f u l l - s c a l e  b l ade  passage f requency  of 164 
Hz. This would reduce peak e x t e r n a l  s u r f a c e  sound 
p r e s s u r e  level  of 150 dB t o  an accep tab le  7 5  dRA 
i n s i d e  the cabin .  Acous t ic  t r a n s m i s s i b i l i t y  of  
a i r c r a f t  type WlndowS,lI~s been addressed  in 
s e v e r a l  p u b l i c a t i o n s ,  but no exper imenta l  
d a t a  are a v a i l a b l e  f o r  the t r i p l e  pane window 
des igns  of r e f .  3. The purpose of t h i s  paper i s  
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t o  r e p o r t  on a l a b o r a t o r y  i n v e s t i g a t i o n  of t h e  
t r a n s m i s s i b i l i t y  of the two window c o n f i g u r a t i o n s  
as s p e c i f i e d  i n  ref. 3 and compare the  experimen- 
t a l  results wi th  the t r ansmiss ion  l o s s  p r e d i c t i o n s  
made i n  t h a t  r e fe rence .  The primary f requency  
range of i n t e r e s t  covers t he  one- th i rd  oc t ave  
bands 125 HZ - 630 Hz which i n c l u d e  the  b lade  
passage frequency and t h r e e  harmonics.  The 
expe r imen ta l  t r ansmiss ion  l o s s  is obta ined  us ing  
i n s e r t i o n  loss and three-d imens iona l  i n t e n s i t y  
techniques .  

Window Designs 

The aluminum frames of t he  window des igns  
measisre 31.8 cm by 39.4 cm by 5.6 cm and con ta in  
t h r e e  25.4 m by 33 cm window panes wi th  a t r ans -  
pareli t  area of 21.6 crn by 29.2 cm. A p i c t u r e  of 
one of t he  windows is shown i n  f i g .  1. The 
h e a v i e s t  of t h e  two windows is des tgna ted  Window I 
and has a t o t a l  s u r f a c e  d e n s i t y  of 51.7 kg/m2. 
Two o f  the t h r e e  panes are made of 0.94 cm th i ck  
glass  and sepa ra t ed  by an a i r s p a c e  of 0.79 cm. 
The t h i r d  pane ,  made of a c r y l i c  f o r  S a f e t y  
c o n s i d e r a t i o n s ,  is 0.64 cm t h i ck  and is s e p a r a t e d  
from one of the  glass panes by a 2.54 cm airspace. 
When the window is i n s t a l l e d ,  the a c r y l t c  pane 
f a c e s  the i n s i d e  of t he  f u s e l a g e  cabin.* Window 
11, with  a s u r f a c e  d e n s i t y  of 44.9 kglm , has t h e  
same c o n f i g u r a t i o n  as Window I ,  except  t h a t  the 
g l a s s  pane in t he  middle is rep laced  by a 0.64 cm 
t h i c k  pane whi le  p re se rv ing  the  spac ing  wi th  the  
o the r  glass pane. The panes are suppor ted  by 
s t r i p s  of e l a s tomer  kept  i n  p l ace  wi th  a c o n t a c t  
cement. S i l i c o n  rubber is used t o  secu re  the 
windows i n  a 6.4 cm deep a lumtnim frame. A s k e t c h  
o f  the Window I c o n f i g u r a t i o n  is shown i n  f i g .  2. 

v 

Window Resonance Frequencies 

System resonance f r equenc ie s  can adve r se ly  
a f f e c t  the t r ansmiss ion  l o s s  c h a r a c t e r i s t i c s  of 
the t r i p l e  pane window. For window des igns  l i k e  
the  ones i n  t he  Curren t  i n v e s t i g a t i o n  f i v e  t y p e s  

~ e s n n a n c e s  are expected t o  occur 

Lamp mass resonances. The bulk of t he  window, 
i n c l u d i n g  the frame, is r e sona t ing .  The 
boundary c o n d i t i o n s ,  the way i n  which t h e  
window is suppor t ed ,  de te rmine  the s t i f f n e s s  
and the  damping of the system. 

S ing le  pane modal resonances. The v i b r a t i o n a l  
response  of t he  pane is decomposed i n  mode 
shapes wi th  c h a r a c t e r i s t i c  modal damping and 
modal f r equenc ie s .  

Double and t r i p l e  wa l l  resonances. The f l u i d  
i n  between the  panes a c t s  as a s p r i n g  and the  
v t b r a t i o n  of two opposing panes are out of 
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4 )  Coincidence f r e q u e n c i e s .  The t r a c e  wavelength 
of a f o r c i n g  a c o u s t i c  wave matches the  f r e e  
f l e x u r a l  wavelength in the  pane. 

~, 5 )  c a v i t y  resonances. Half the  a c o u s t t c  
Wavelength matches the  i n t e r p a n e  spac ing .  

Simple c a l c u l a t i o n s  showed t h a t  the  l a t t e r  two 
types  a r e  w e l l  above t h e  f requency  range of  
i n t e r e s t .  To de termine  s i n g l e  pane modal 
resonances ,  a modal a n a l y s t s  was performed by 
o b t a i n i n g  t r a n s f e r  f u n c t i o n s  between impulse 
e x c i t a t i o n  by a force-gauge-equipped hammer and 
the  a c c e l e r a t i o n  response of t h e  pane a t  S e v e r a l  
l o c a t i o n s  on the  pane s u r f a c e .  The windows, 
dur ing  t h e s e  exper iments ,  were suppor ted  by rubber  
s t r i p s  undernea th  t h e  aluminum frame. 

I t  was assumed t h a t  a t  f r e q u e n c i e s  close t o  
the  n a t u r a l  f r e q u e n c i e s  of the  pane, the  i n e r t a n c e  
can be approximated t o  t h a t  of a s i n g l e  degree-of- 
freedom (SDOF) System p l u s  a c o n s t a n t  o f f - s e t  
term. For l i g h t l y  damped s t r u c t u r e s  the  peak 
response w i l l  occur very  c l o s e  t o  i ts  n a t u r a l  
f requency.  
p o l a r  p l a t  (Nyquist  p l o t )  of the  f requency  
response  f u n c t l o n  of a SDOF system allows e x t r a c -  
t i o n  of the  modal parameters  by curve f i t t i n g  a 
c i r c l e  through a few d a t a  p o i n t s .  These SDOF 
curve f i t s  provide  enough accuracy  €or well 
s e p a r a t e d  modes. The r e s u l t t n g  modal f r e q u e n c i e s  
and damping in the  f requency range of i n t e r e s t  are 
t a b u l a t e d  in Table I f o r  the  ou ter  panes of 
Windows I and 11. 

The circular n a t u r e  of a moduluslphase 

The modal f r e q u e n c i e s  of t h e  t h r e e  d i f f e r e n t  
window panes were c a l c u l f t e d  f o r  s imply suppor ted  

. _  boundary c o n d i t i o n s  w i t h  

where t is the  t h i c k n e s s ,  m is the  surface d e n s i t y  
and a and e are the  wid th  and the  l e n g t h  of the  
window panes (Table  I). The Young‘s modulus E and 
Poisson‘s raF&o U $or t h e  a c r y l i c  pane were taken  
as 0.31 * 10 N / m  and 0.4, r e s p e c t i v e l y .  For 
the  g lasgopaneq ,  t h e s e  m a t e r i a l  p r o p e r t i e s  were 
6.2 * 10 N I m  and 0 .24 ,  r e s p e c t i v e l y .  
Reasonable  agreement is obta ined  between ca lcu-  
l a t e d  and exper imenta l  v a l u e s  of t h e  1 , 2  and 2 , l  
modes of t h e  a c r y l i c  pane and t h e  fundamental mode 
of the  o u t e r  glass pane. This  s u g g e s t s  t h a t  t h e  
boundary c o n d i t i o n s ,  where the  panes are suppor ted  
as shown in f i g .  2 ,  a r e  closely approximated by 
s imply suppor ted .  The inner g l a s s  pane was not  
a c c e s s i b l e  f o r  a n a l y s i s .  The 1.1 mode and 1 , 3  
mode of t h e  a c r y l i c  pane could not  be obta ined  as 
t h e i r  response was obscured by o t h e r  resonance 
behavior  which will be d i s c u s s e d  next .  

To o b t a i n  lump mass and d o u b l e l t r i p l e  wall 
resonances ,  t r a n s f e r  f u n c t i o n s  i n  the  form of Bode 
diagrams were obta ined  between normal a c c e l e r a t i o n  
responses  of the  two o u t e r  panes and the  window 
frame. Fa r  t h a t  purpose acce lerometers  were 
a t t a c h e d  to  t h e  c e n t e r s  of the  a c r y l i c  pane and 
t h e  g l a s s  pane and t o  one of the  corners of t h e  
aluminum frame. 
magnitude of a t r a n s f e r  f u n c t i o n  between the  

Fig.  3 shows t h e  r e l a t i v e  - 

response of an a c c e l e r o m e t e r  in the  c e n t e r  of the 
a c r y l i c  pane of Window I and t h e  input  of an 
lmpact hammer r i g h t  next  t o  i t .  This  t r a n s f e r  
f u n c t l o n  e x h i b i t s  dominant responses  a t  196 11z and 
516 Hz. S i m i l a r l y ,  dominant r e l a t t v e  magnitudes 
were found a t  183 Hz and 472 HZ f o r  Window 11. 
These resonances  and t h e i r  damping f a c t o r s  a re  
t a b u l a t e d  in Table I. A l s o  in t h i s  t a b l e  t s  t h e  
range of c a l c u l a t e d  double  wall f r e q u e n c t e s  f o r  
combinat ions of two panes w i t h  the t h i r d  pane 
omit ted.  The response of t h e s e  resonances was the  
cause of not being a b l e  to  e x t r a c t  the  modal para- 
meters  of the  1 , l  and 1 ,3  modes of the  acryllc 
pane. To f u r t h e r  i n v e s t i g a t e  tf these  resonance5 
a r e  of the  d o u b l e l t r i p l e  wall type the  coherence 
between the a c c e l e r a t i o n  s i g n a l s  was measured t o  
o b t a i n  a measure of t h e i r  l i n e a r  c a u s a l i t y .  Tahle  
I1 shows t h a t  a t  196 He (Window I) the  coherence 
between a l l  combinat ions of t h e  o u t e r  panes and 
the frame was e x a c t l y  one. S i m i l a r l y ,  very h i g h  
coherence was found f o r  t h e s e  combinat ions a t  516 
Hz. The coherence a t  these  f r e q u e n c i e s  was a 
l o c a l  maximum in a l l  cases. Examination of t h e  
phase r e l a t i o n  between the a c c e l e r a t i o n  of t h e  
o u t e r  panes showed t h a t  a t  196 HZ (Window I) the  
a c r y l i c  pane and the  o u t e r  g l a s s  pane move o u t  of  
phase ,  t y p i c a l  f o r  a double  wall type behavior .  
A t  516 Hz (Window I) the  a c r y l i c  and t h e  o u t e r  
pane move in phase. A t  bo th  f r e q u e n c i e s  the  frame 
moves out  of phase wi th  the  a c r y l i c  pane. To 
ensure t h a t  t h e s e  resonances were not caused by a 
v i b r a t i o n  of the  e n t i r e  window, since t h e r e  is a 
h igh  coherence between cornbinations of the  o u t e r  
pane and the frame,  the  rubber  s t r i p s  s u p p o r t i n g  
t h e  window were removed. The changed boundary 
c o n d i t i o n s  did not  change any of the  s i n g l e  pane 
nor  d o u b l e l t r i p l e  wall f r e q u e n c i e s .  However, t h e  
change i n  w p p o ~ f  for the  wlndow d i d  change t h e  
p r e v i o u s l y  found resonance a t  65 HZ and s h i f t e d  i t  
t o  103 Hz. This  s u g g e s t s  a lump mass resonance a t  
t h a t  f requency.  Table  I1 shows h igh  coherence 
between all combinat ions of o u t e r  panes and t h e  
frame. It also shows t h a t  the  frame and g l a s s  
move e x a c t l y  in phase wi th  a coherence of a lmost  
one. The a c r y l i c  pane, however, shows local 
minima in coherence wi th  the  g l a s s  pane and t h e  
frame and has  no s p e c i f i c  phase r e l a t i o n  (0, -180 
or 180 degrees)  w i t h  e i t h e r  one. This  can e a s i l y  
be expla ined  by the  f a c t  t h a t  the  c a l c u l a t e d  
resonance f requency (126  Hz) of the  a c r y l i c  pane 
is r e l a t i v e l y  c l o s e  t o  t h e  103 Hz lump mass 
resonance.  The a c y r l i c  pane a p p a r e n t l y  is 
p a r t i a l l y  v i b r a t i n g  a t  i t s  own resonance whi le  the  
o u t e r  g l a s s  pane and the  frame r e s o n a t e  as a lump 
mass. 

F i n a l l y ,  i t  is i n t e r e s t i n g  t o  compare t h e  
lump mass and d o u b l e l t r i p l e  w a l l  behavior  wi th  a 
s i n g l e  pane modal response.  The 2 , l  mode of the  
a c r y l i c  pane of Window I (384 Hz) shows almost  
zero coherence wi th  t h e  g l a s s  pane, bu t  very h i g h  
coherence wi th  the  frame (Table  11). The frame,  
w i t h  much lower resonance f requency ,  is mare 
easily e x c i t e d  (lower t r a n s m i s s i b i l i t y )  than  the 
o u t e r  g l a s s  pane which has  a measured fundamental 
resonance f requency of 557 Hz (Window I). The 
a c r y l i c  pane and the  frame move i n  phase whi le  no 
s p e c i f i c  phase r e l a t i o n  is observed between the  
movement of t h e  a c r y l i c  pane and t h e  o u t e r  g l a s s  
pane. 
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Window Transmiss ion  Loss 

P r e d i c t i o n s  

A t h e o r e t i c a l  parameter s tudy  was performed i n  
r e f .  3 t o  e s t a b l i s h  s p e c i f i c a t i o n s  f o r  aco i i s t l r  
window des igns  f o r  advanced turboprop  powered 
a i r c r a f t .  The s tudy  was based on t he  approach 
taken in r e f .  13. The t r ansmiss ion  loss was 
c a l c u l a t e d  from the p re s su re  r a t i o  across  t he  
mul t i - layered  c o n f i g u r a t i o n  whl.ch can be expressed  
i n  terms of the  pressure r a t l o  across t he  Lndivi- 
dua l  l aye r s .  This  pressure r a t t o  can be 
c a l c u l a t e d  if both the  c h a r a c t e r i s t t e  and termina- 
t i o n  impedances of t he  l a y e r s  are known. The 
pa rame t r i c  s t u d i e s  were performed f o r  normal s o u n d  
inc idence  cond i t ions .  Over  200 c o n f i g u r a t i o n s  f o r  
a m u l t i p l e  pane des ign  were ana lysed  and the 
des igns  of Window I and Window I1 w e r e  s e l e c t e d .  
The p r e d i c t e d  t r ansmiss ion  losses of these  window 
des igns  wi th  and wi thout  a s c r a t c h  s h i e l d  
i n s t a l l e d  a r e  g r a p h i c a l l y  dep ic t ed  i n  f ig .  4. 
Ind ica t ed  i n  t h i s  f i g u r e  are the fundamental  h lade  
frequency (164 Hz) and the second (328 11.) and 
t h i r d  harmonic (492 HE). The f o u r t h  harmonic ( 6 5 6  
Hz), a l though not l n d i c a t e d  i n  the f i g u r e ,  is 
wi th in  the frequency region of i n t e r e s t .  These 
harmonics appear  i n  the I 6 0  Hz, 315 Hz, 500 117 and 
610 i{z one- th i rd  oc t ave  bands,  r e s p e c t i v e l y .  

I n s e r t i o n  Loss 

T e s t  F a c i l i t y . -  Measurements were c a r r i e d  out 
i n  the  NASA La" le Research Center  Transmiss ion  
Loss Appnratus.' $he wal l  t h a t  s e p a r a t e s  t he  
r e c e i v i n g  and source rooms was modi f ted  throiigh 
the  a d d i t i o n  of l e a d ,  conc re t e  and o t h e r  mass 
t r ea tmen t  t o  provide  an es t ima ted  57 dR t r ans -  
miss ion  loss a t  160 Hz, which is the  e q u i v a l e n t  of 
a 50 cm t h i c k  conc re t e  wall. To i n c r e a s e  t r a n -  
miss ion  loss a t  h ighe r  f r equenc ie s  one- foot - lh ick  
foam blocks  were i n s e r t e d  f i l l i n g  the  space 
between the walls of r ece iv ing  and source rooms. 
The background no i se  i n  the  r e c e i v i n g  room was 
measured t o  be less than 35 dR in each one - th i rd  
oc t ave  band in t he  f requency  range of 125 Hz - 
1000 Hz. I n  the  opening between the two rooms a 
8.9 cm t h i ck  p a r t i c l e  board panel (1.22 m by 1.52 
m) was i n s t a l l e d  t o  suppor t  e i t h e r  one of the  
window des igns .  The p a r t i c l e  board i n 3 e r t  was of 
much h ighe r  s u r f a c e  d e n s i t y  (82.9 kglm ) than the  
window des igns  e x h i b i t i n g  an i n h e r e n t l y  h igher  
t r ansmiss ion  l o s s .  Due t o  t he  size of the window 
des igns .  t he  lay-out and size of the  source and 
recetv ing  rooms, t he  f requency  range of i n t e r e s t  
and the  expected h igh  t r ansmiss ion  loss of the  
windows i t  was not p o s s i b l e  t o  t e s t  t hese  windows 
accord ing  t o  the s t a n d a r d  of he American Soc ie ty  
of Tes t ing  M a t e r i a l s  (ASTM)." TO minimize any 
e f f e c t  of f l ank ing  pa ths  throltgh the  p a r t i c l e  
board Support  panel the t r ansmiss ion  l o s s  was 
determined  by i n s e r t i o n  loss measurements and the  
h ighes t  i n c i d e n t  sound pressure levels were 
concen t r a t ed  a t  t he  windows s u r f a c e .  For t h a t  
purpose a pneumatic horn was used wi th  a sound 
p r e s s u r e  leve l  d i s t r i b u t i o n  on the  source s i d e  as 
dep ic t ed  in f i g .  5. The use of the  horn provides  
a way t o  s imula t e  c l o s e  t o  normal sound inc idence  
on the  windows s i n c e  the  t r ansmiss ion  loss  predic-  
t i o n s  i n  r e f .  3 were made f o r  t hose  cond i t ions .  
The exponen t i a l  horn is 2.13 m long wi th  a mouth 
d i ame te r  of 0.61 m and a f l a r e  c o n s t a n t  of 2 . 6 U  
m-I. The horn is d r i v e n  by low-pressure a i r  (40 

p s i )  i n  combination wi th  a whi te  n o i s e  g e n e r a t o r .  
I t s  cut-off f requency  is c a l c u l a t e d  t o  he a t  71 
Hz. The test  set-up is dep ic t ed  i n  f i g .  6. The 
mouth of t he  horn is l o c a t e d  0.5 cm from t h e  
window s u r f a c e .  L, 

Insertion Loss Measurements.- I n s e r t i o n  loss 
o f  the  window is def ined  as t h e  d i f f e r e n c e  between 
the sound p res su re  l e v e l  in t he  recetving room due 
t o  a no i se  source i n  the source roo," without  and 
wi th  the window i n s t a l l e d .  The sound pressure 
l e v e l  i n  t he  r e c e i v i n g  room was measured by a 
oppos i t e  from the window. A t  t h a t  l o c a t i o n  a l l  
room modes will have t h e i r  h ighes t  sound p res su re  
amplitude.  The sound pressure l e v e l  a t  t h e  
r e c e i v e r  microphone, measured wi thou t  t he  panel 
i n s t a l l e d ,  i nc ludes  any f l a n k i n g  through t h e  
p a r t i c l e  board s t r u c t u r e ,  room modes and absorb- 
t i o n  in the r e c e i v e r  room and d i r e c t i v i t y  of t h e  
no i se  source. When t he  pane l  is i n s t a l l e d  the  
sound pressure l e v e l  a t  the  r e c e i v e r  microphone 
inc ludes  a l l  t hese  e f f e c t s  p l u s  t he  e f f e c t  of 
sound blocked by the  window. The i n s e r t i o n  loss 
is thus  a measure of how much sound is t r ansmi t t ed  
through the  window. A measure of the sound inci- 
den t  on  the  window was r ep resen ted  by the  sound 
pressure  level a t  t he  l o c a t i o n  of t he  window, 
wi thout  the window i n s t a l l e d .  The r a t i o  of t h i s  
" inc idence"  sound p res su re  l e v e l  and the i n s e r t i o n  
loss is then  an approximat ion  of  t he  r a t i o  of 
i n c i d e n t  and t r ansmi t t ed  power, which t s  t he  
d e f i n i t t o n  of t r ansmiss ion  106s.  To v e r i f y  t h e  
v a l i d i t y  of t hese  assumpt ions ,  a t h i n  a c r p l i c  
p a n e l  w i th  a s u r f a c e  d e n s i t y  of 3.78 kglm 
i n s t a l l e d  onto  the suppor t  p a n e l  and sepa ra t ed  by 
a t h i n  l a y e r  of silicone rubber  t o  s imula t e  simply 
suppor ted  boundary cond i t ions .  Transmtss ion  lass 
ob ta ined  from the  measured i n s e r t i o n  l o s s  and the  
" inc iden t "  p re s su re  of t h i s  panel is compared wi th  
c a l c u l a t e d  t r ansmiss ion  loss f o r  normal sound 
inc idence .  I n  t he  h ighe r  f requency  r eg ion ,  where 
i t s  behavior  is governed by it~,,mass m t h i s  t rnns-  
miss ion  l o s s  is r ep resen ted  by 

was 

A s  s h o w  i n  f i g .  7 ,  above t h e  200 Hz one- th i rd  
oc t ave  band the measured t r ansmiss ion  loss f a l l s  
in between the  c a l c u l a t e d  t r ansmiss ion  loss f o r  
normal and f i e l d  inc idence  of t he  incoming sound. 
For values over 12 dB. the  normal inc idence  mass 
law is 5 dB h ighe r  than the  f i e l d  inc idence  mass 
l aw .  This  sugges t s  t h a t  the t r ansmiss ion  l o s s ,  
approximated by measured i n s e r t i o n  l o s s  and 
" inc iden t "  p re s su re  is comparable wi th  t h e  
expec ted  t h e o r e t i c a l  t r ansmiss ion  loss. Using 
t h i s  procedure the  t r ansmiss ion  loss of the  two 
window des igns  was determined and compared wi th  
t h e i r  r e s p e c t i v e  normal i n c i d e n t  mass l a w  in 
f i g .  7.  A t  t he  one- th i rd  oc tave  band c e n t e r  
f r equenc ie s  of 200 Hz and 500 Hz the t r ansmiss ion  
loss is cons ide rab ly  lower than expected from mass 
law behavior .  
s e c t i o n  d o u b l e l t r i p l e  wa l l  resonances degrade the  
t r ansmiss ion  loss p r o p e r t i e s  of the two windows a t  
196 Hz and 516 Hz. Other resonances  occur ing  in 
the frequency range of i n t e r e s t  do not s t r o n g l y  
a f f e c t  t he  t r ansmiss ion  loss. As shown i n  Table  
3 for the  b lade  passage f requency  and t h r e e  
ove r tones ,  t hese  measured t r ansmiss ion  loss va lues  
do not compare very well with  p r e d i c t e d  values 
from ref .  3. 

A s  d i scussed  in the prev ious  

-' 
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T e s t  F a c i l i t y  and Qui-t.- For the  
i n t e n s i t y  measurements each  of t h e  windows was 
i n s t a l l e d  in a 1.22 m by 1.52 m f u s e l a g e  s i d e w a l l  

'J panel .  A mounting was designed and i n s t a l l e d  i n  
t h e  f u s e l a g e  panel  t o  accommodate each of t h e  
windows. The s i d e w a l l  pane l  c o n s i s t s  of a 0.114 
cm t h i c k  a luminm s k i n  r e i n f o r c e d  by four  15.2 cm 
high  frames v t t h  a spac ing  of 48.3 cm and e i g h t  
3.42 an high s t r i n g e r s  wi th  a spac ing  of 15.2 em. 
These s t i f f e n e r s  d i v i d e  t h e  f u s e l a g e  panel  i n t o  
twenty-one equal  bay a reas .  The f u s e l a g e  panel  
was t e s t e d  w i t h  and without  a t r i m  t rea tment  
i n s t a l l e d .  The t rea tment  c o n s i s t s  of a 0.93 cm 
t h i c k  v i s c o - e l a s t i c  l a y e r  a t t a c h e d  t o  t h e  s k i n  and 
a 7.62 m t h i c k  l a y e r  of f i b e r g l a s s  suppor ted  by a 
t r i m  pane l ,  s e p a r a t e d  by a n  a i r  gap of 6.65 cm 
( f i g .  8). 
mass of 13.1 kg/m and c o n s i s t s  of a 0.29 do t h i c k  
loaded ure thane  e l a s t o m e r  bonded to 0.64 cm t h i c k  
rubber .  The t r i m  pane l  is a e m b i n a t i o n  of a 0.64 
an t h i c k  p l e x i g l a s s  panel  adhered t o  a high  
s t r e n g t h - t o - w e i g h t  sandwich panel  wi th  laminated 
f i b e r g l a s s  f a c i n g s  and a core of blended p l a s t i c  
resins. In t h i s  c o n f i g u r a t i o n  t h e  t rea tment  
behind t h e  window has been removed and rep laced  by 
a t r a n s p a r e n t  0.25 cm t h i c k  a c r y l i c  s c r a t c h  s h i e l d  
a t t a c h e d  to t h e  t r i m  pane l  l e a v i n g  a spac ing  of 
9.47 cm. The t r i m  pane l  is deeoupled from t h e  
window and s i d e w a l l  t o  prevent  s t r u c t u r a l  f l a n k i n g  
paths .  

The v i q c o - e l a s t i c  l a y e r  has a s u r f a c e  

The i n t e n s i t y  measurements were accomplished 
wi th  a s p e c i a l l y  c o n s t r u c t e d  four-microphane probe 
t o  o b t a i n  t h e  i n t e n s i t y  v e c t o r  i n  three-dimen- 
s i o n a l  space.  The d i s t a n c e  between t h e  microphone 
c e n t e r s  was 50 cm, which was choosen t o  minimize 
e r r o r s  t h a t  are due to r e s i d u a l  phase and cross- 
channel  phase d i f f e r e n c e s  i n  t h e  frequency range 
of i n t e r e s t .  The probe and its o r i e n t a t i o n  wi th  
r e s p e c t  to t h e  pane l  is d e p i c t e d  in f i g .  9, where 
t h e  p o s i t i v e  x-axis is p e r p e n d i c u l a r  t o  t h e  back 
of the f u s e l a g e  panel .  The p o s i t i v e  y-axis is 
p o i n t i n g  up whi le  t h e  z-axis  is in h o r i z o n t a l  
d i r e c t i o n  and both  the y-axis and z-axis a r e  i n  
t h e  p lane  of the f u s e l a g e  s k i n  pane l .  

'& 

I n t e n s i t y  &asur-mts-- The sound i n t e n s i t y  
is a v e c t o r  q u a n t i t y  which d e s c r i b e s  t h e  amount 
and d f r e e t i o n  of n e t  f l w  of a c o u s t i c  energy a t  a 
g iven  p o s i t i o n .  In a medium wi thout  mean f low,  
t h e  i n t e n s i t y  v e c t o r  e q u a l s  t h e  t i m e  averaged 

of t h e  i n s t a n t a n e o u s  p r e s s u r e  and t h e  
co r re spond ing  i n s t a n t a n e o u s  p a r t i c l e  v e l o c i t y  a t  
t h e  same p o s i t i o n  

* * 
I p ( t )  * U ( t )  (3 )  

If t h e  s e p a r a t i o n  d i s t a n c e ,  A r,  is ? T a l l  compared 
wi th  t h e  wavelength,  i t  can be shown that the 
i n t e n s i t y  v e c t o r  component in t h e  d i r e c t i o n  r can 
be c a l c u l a t e d  from 

1 Ir = - (P, + P,) f (P, - PA) d t  (4 )  
p r  

need ing  o n l y  sound p r e s s u r e  l e v e l  measurements 
from tvo microphones. This q u a n t i t y  I is 
r e f e r e n c e d  t o  an i n t e n s i t y  of 1 pIi/m2.' The 
measured i n t e n s i t y  is c o r r e c t e d  by a phase compen- 
s a t i o n  f u n c t i o n  f o r  t h e  cross-channel  phase 

.- 

d i f f e r e n c e  t h a t  is observed i n  t h e  system when the 
same s i g n a l  is input  i n t o  both channels  of a 
p a i r .  Computation of t h i s  phase compensation 
f u n c t i o n  is based on the p r i n c € p l e  t h a t  t w o  
i d e n t i c a l  s i g n a l s  should produce i n t e n s i t y  
f u n c t i o n s  with zero r e l a t i v e  phase dirference. 
For t h i s  purpose t h e  f o u r  microphones of t h e  
i n t e n s i t y  probe were mounted i n t o  p r e - d r i l l e d  
h o l e s  i n  the pneumatic horn a t  equal  d i s t a n c e  from 
the source and as close t o g e t h e r  as p o s s i b l e  
without  touching.  Phase eompensation f u n c t i o n s  
f o r  each channel p a i r  were c a l c u l a t e d  from t h e  
imaginary and r e a l  p a r t  of the cross spectrum 

Im G~~ 

Re G~~ 
A 4  = arc tan  __ 

NO changes were made in the  system a f t e r  t h i s  
c a l i b r a t i o n  procedure.  The accuracy of the 
computed i n t e n s i t y  is a f f e c t e d  by a r e s i d u a l  phase 
error a t  0 Hz, whi le  low and high frequency 
l i m i t a t i o n s  ace r e l a t e d  t o  the 50 cm i n t e r -  
microphone-spacing of the probe. I n  the f requency  
range of i n t e r e s t  t h e  e s t i m a t e d  error is less than 
1 dB. To a i d  in d a t a  a c q u i s i t i o n ,  da ta  p r o c e s s i n g  
and d a t a  management a Computer Aided Tes t  (CAT) 
system was used. I n t e n s i t y  measurements were con- 
ducted  on both s i d e s  of t h e  f u s e l a g e  panel  a t  the 
c e n t e r  of each of the 21 bay a r e a s  confined by 
b o r d e r i n g  s t i f f e n e r s .  A t  t h e  window l o c a t i o n  an 
a d d i t i o n a l  four measurements were taken near t h e  
corners of  t h e  window t o  provide  more accuracy and 
d e t a i l  in t h a t  area. On t h e  source s i d e  of t h e  
f u s e l a g e  panel  measurements were conducted 2.54 m 
frcm the s k i n  s u r f a c e .  A t  t h e  r e c e i v i n g  s i d e  
measurements took p l a c e  i n  B p l a n e  a t  0.5 cm from 
t h e  back pane of t h e  window and, when the t r i m  was 
i n s t a l l e d ,  in a p l a n e  0.5 em away from the 
t r a n s p a r e n t  a c r y l i c  s c r a t c h  panel .  I n t e n s i t y  
v e c t o r s  a t  some measurement l o c a t i o n s  on the  
r e c e i v i n g  s i d e  of t h e  f u s e l a g e  panel ,  wi th  Window 
I i n s t a l l e d ,  are g r a p h i c a l l y  shown i n  f i g .  IO. 

The R e a c t i v i t y  Index12 is a measurement of 
the normalized r a n d m  error i n  the measurements 
and is def ined  as t h e  d i f f e r e n c e  in i n t e n s i t y  
l e v e l  LI and sound p r e s s u r e  l e v e l  Lp. 
r e l a t e d  to  the  wave number k,  the a c t u a l  phase 4 
and the  microphone s p a c i n g  Ar by 

It is 

The R e a c t i v i t y  Index has been measured a t  the 2 5  
measuring l o c a t i o n s  and is d i s t r i b u t e d  over  t h e  
f u s e l a g e  panel  as depic ted  i n  f i g .  11. The d a t a  
w i t h i n  the o u t e r  measurement l o c a t i o n s  is i n t e r -  
po la ted  and no d a t a  is a v a i l a b l e  o u t s i d e  t h i s  
area. me box around t h e  d a t a  in Eig. 11 r e p r e -  
s e n t s  the o u t e r  dimensions of t h e  f u s e l a g e  panel .  
H ighes t  R e a c t i v i t y  Index is a l i t t l e  over  -7 dB. 
This  means that t h e  normalized r a n d m  error in 
each  one-third oc tave  band between 160 Az and 1250 
Az (68 percent  conf idence  i n t e r v a l )  is l e s s  than  1 
dB f o r  a phase m i s m  c h  of 0.3 degrees  and a 50 m 
microphone spac ing .  ?I 

To v a l i d a t e  the three-dimensional  i n t e n s i t y  
v e c t o r  method t h e  expe r imen ta l  t n m s m i s s i o n  l a s s  
of a t h i n  a c r y l i c  panel  w i t h  a s u r f a c e  d e n s i t y  of 
3.78 kg/mz is again  compared w i t h  its f i e l d  
i n c i d e n t  t h e o r e t i c a l  mass law in f i g .  12. Except 
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erence was g i v e n  

of t he  l n t e n s i t y ,  
beciuib d f '  t h e ' d t ~ ~ ~ t i b n a l i t ~ '  of t6e source a n d  
the c o m p l % f t ~ ' d f  the window des igns  and the  
t r ea tP 'd ' s id&wal l .  
the impedance change does not s u b s t a n t i a l l y  a f f e c t  
the d i r e c t i v i t y  of  t he  sound. The i n c i d e n t  
i n t e n s i t y  vec to r  and the t r ansmi t t ed  vec to r  have  
t he  same d i r e c t i o n  and t h e i r  r a t i o  is t he  same, as 
t h e  ratio of t h e i r  normal components. For the  
t r i p l e  pane window the  angle  of t he  t ransmi t t r ,d  
vec to r  i s  d i f f e r e n t  doe  t o  impedance changes 

I n  a t h i n  homogeneous m a t e r i a l  

t he  t r e a t e d  

showing aga in  the  ef fects of d o u b l e / t r i p l e  w a l  i 
resonances in t he  200 Hz and 500 Hz one-third 
oc tave  bands 'measuring only c o n t r i b u t i o n s  perpen- 
d t c u l a r  t o  the window. As o t h e r  sources  
c o n t r i b u t e  ( r e f l e c t i o n s  o f f  the i n s i d e  o i  t he  

loss method. Reasonable agreement is obta ined  
( w i t l i i n  '4'dR) foe  ' the . f r rquen?y  ;&io" 'of i n t . ' r e s t  
(125 Ile - 610 Hz).' t a l l a t i o <  of the  t r i m  

s;ted"for the window 
des igns"1  and I1 'wt icFa'tch s h i e l d  i n  
place-on the trim p a n e l  ( f i g .  1 5 ) .  This  d a t a  is  
compared wi th  the ajera'ge t i ansmiss ion  l o s s  of t h e  
t r e a t e d  s idewa l l .  Table  IV shows t h a t  t he  wlnrlriw 
p l u s  the s c r a t c h  s h i e l d  e x h i b i t s  up t o  18-19 dll 
more t r ansmiss ion  loss a t  the h igher  f r equenc lns  . This  inc rease  is not only due t o  the  

than the ' avbrage  of the t t e a t e d  s i $ ~ w a l l .  
f i g s .  16 alid 17 the  tra"sm'Cssi& loss of the  fuse- 
lage 'panel L ' d e p  d a t  t he  b lade  passage  
f requency  and. t h r  

In 

vetton"b wi th  fespectively 

t iee t ' ed  'fusi.'lag8. Fine1 - cause an.ac?"g t i c  leak. 
F i n a l l y ,  t h e  measured t ransmiss to"  loss ' f o r  
Windows I and 11, using t he  vec to r  i n t e n s i t y  
method, is cbmpai'ed wi th  the p t e d i c t e d  d a t a  from 
ref. 3 i n " f i i s . '  18:?nd:l9.  " A t  t h e  6 lade  passage 
frequency ( 1 6 4  &) meaiu red"d i t i ' 2 r e  Some 50 d R  

Lower than p red ic t ed .  Comparison of t he  d a t a  f o r  
t he  window wi th  the trim p i n i l  (scra 
I n s t a l l e d  is of s i m i l a r  d i sagreement  

W 
, .  . . ,  

. ,  Conclusions . , .  , 

, ,  

Expertmental  t r ansmiss ion  l o s s  was oht i in 'ed  
f o r  t he  window d e s t g n s  for  r e f .  1, w i t h  and with- 
ou t  a s c r a t c h  s h i e l d ,  us ing  vec to r  i n t e n s i t y  and 
i n s e r t i o n  loss  techniques .  When'compared, t he  two 
exper imenta l  methods showed reasonab le  agreement. 
Both methods agreed  f avorab ly  w i t h  t h e o r e t i c a l  
p red icc ions  f o r  a t h i n  a c r y l i c  panel ,  t h a t  i s  
b r l i e v c d  t o  behave accord ing  t o  mass law in t he  
freqncncy r eg ion  of i n t e r e s t .  It was shown t h a t  
t he  window des igns  p l u s  t he  s c r a t c h  s h i e l d s  p m -  
v i d e  less t r ansmiss ion  loss t han  the  average  
t r ansmiss ion  loss of t he  t r e a t e d  fuse l age  a t  t he  
b lade  passage f requency  and the f i r s t  two 
over tones .  D o u b l e l t r i p l e  wa l l  resonances were 
shown to  degrade the  t r ansmis t son  loss c h a r a c t e r -  
i s t i c s  of t he  two windows in t he  200 Hz and 500 Hz 
one-third oc tave  bands. With the t r ea tmen t '  and 
s c r a t c h  s h i e l d  i n s t a l l e d  the  deg rada t ion  i n  t r ans -  
miss ion  loss a t  t h e s e  f r equenc ie s  was p a r t i a l l y  ' '' 

r e l i e v e d .  S t rong  d isagreement  was obta ined  
between exper imenta l  t r ansmiss ion  loss of the two 
window d e s i g n s ,  w i t h  and wi thout  s c r a t c h  s h i e l d  

t h e o r p i i c a l  p r e d i c t i o n s  m d e  i n  r e f .  1. 
and fuse l age  t r ea tmen t ,  when compared wi th  . ,  
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TABLE I. CALCULATED AND UEASURED WINWU RESONANCE FREQUENCIES 

Calcu la t ed  Exper imenta l  ___ 
(Simply Suppor ted)  Window I Window I1 

Resonance SyStem Thickness Mode F r e q w n c y  Frequency Damping Frequency Damping 
Icml [11z 1 [Hzl F a c t o r  [HZI F a c t o r  

-__ _-- ___  _ _ _  S i n g l e  a c r y l i c  0.64 I , ]  126 
Pane I ,2 266 283 0.0243 261 0.0154 

2 ,L  363 384 0.0149 379 0.0129 
1.3 500 -__ _-- _ _ _  ___  

glass 0.94 1,1 558 557 0.0275 585 0.0154 
0.64 ] , I  380 

'.J Double/ a c r y l i c /  
t r i p l e  glass /  
wall g l a s s  

128-226* 196 0.0252 183 0.0238 
516 0.0160 47% 0.0309 

LLump mass g l a s d f r a m e  65 0.0604 69 0.1129 
(103) 

__- 
* Range of f r e q u e n c i e s  f o r  double wa l l  resonances 

TABLE 11. CORERENCE AND PHASE RELATION BElVEEN RESONANCE ACCELERATION OUTPUT 
FROM 'IllE OUTER PANES AND 'IllE FRAlE OF WINDOV 1. 

Coherence Phase  Difference (De& 
._  .. . . ~ ,  .. , .  

, , .. . , , ... 
Frequency ( 1 1 ~ )  Frequency (Sz) 

103 I96 384 516 103 196 384 516 

A c r y l i c  - Glass 0.87 (-) 1.00 (+) 0.03 (-) 0.98 (+) -180 0 

Frame - Glass 0.98 (+) 1.00 (+) 0.03 (-) 0.98 (+) 0 0 -180 

F~~~ - A c r y l i c  0.80 (-1 1.00 (+) 0.97 (+) 0.95"(+) 180 0 180 

(+) deno tes  maximum 
(-) deno tes  minimum 
- o t h e r  than  0 ,  -180 or 180 degrees  



Structure One-Third Octave Band Center Frequency (Hr) 

160 315 500 630 

Utndow I Measured 28.2 38.7 35.0 43.7 
Predteted 83 80 79 6 8  
(ret- 3) 

Window I1 Measured 
Predicted 

( re f .  3) 

26.3 39.6 33.9 38.4 
73 71 63 67 

UBLB IV. OOlIDASISON OF TRANSMISSION UJSS U U A  (dB) AI BLADE 
P A S W  €TWQU!JNCY AND TlUlE!3 opBBToI(ES 

S true tule One-Third Octave Band Center Frequency (Hz) 

160 31 5 500 630  

Treated Panel 34.2 51.8 60.8 58.3 
(averaged) 

Windov I 26.7 34.2 39.6 43.4 

Window I1 23.8 32.9 36.2 43.6 

31.6 49.8 57.2 61.9 
Scratch 
Sh ie ld  Window I1 28.7 48.4 53.8 62.1 With t "'"" 

Fig .  1. Window design f o r  the Advanced 
Turboprop a i r c r a f t .  
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Fig. 2 .  Lengthwise cross-section of  Window I. Fig. 3 .  Relative magnitude of transfer function 
between hammer impulse excitation and 
accelerometer response in center of 
Window I acrylic outer pane. 

J 

Fig. 4 .  Transmission loss predicted for triple- Fig. 5. Sound pressure level distribution on 
pane window designs ( r e f .  1) source side of fuselage panel. 

H 
1 meter 125 250 500 1000 

O L ,  j ' I I > I I ,  I 

It3 OCtOve Dan0 Center  frequency l u l  

~ i g .  6 .  Test configuration in the NASA Langley Fig. 7. Measured and predicted transmission 
Research Center Transmission Loss 
Apparatus. single acrylic pane. 

loss for the two window designs and a 

8 



Fig. 9. Four microphone intensity probe with 
related Cartesian co-ordinate system, 

Fig. 8. Cross-section of fuselage sidewall 
construction with acoustic treatment 
installed. 

Z Lx 
Fig. 10. Intensity Vectors at some measurement 

locations on the back of the horn-excited 
bare fuselage panel. (Window I 
installed) 
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~ i g .  12. Measured transmission loss for the two 
window designs and the fuselage skin 
using three-dimensional intensity 
vector method. 

Fig. 11. Reactivity index distribution for bare 
fuselage panel. 

2o 10 t o----O vector l n t e n s l t y  
A-----A Normol commnent l n t e n s i t y  

125 250 500 1000 
0 

113 octove Dun0 center frequency IHZI 

~ i g .  13. Transmission loss of Window I using d 
three-dimensional intensity vectors or 
their components normal to the panel. 
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- Intensi ty  metnod 
&---A Insertion IOSS method 
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Fig. 14. Transmission loss of Window I using the 
insertion loss o r  intensity method. 
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Third harmonic ( 4 9 2  Hz) 

0- 
125 250 500 1000 

l o t  

113 m o v e  m a  center frequency iiii! 

Fig. 15. Transmission loss (Intensity method) of 
the treated sidewall and the window 
designs with a scratch shield installed. 

Second harmonic (328 1 1 ~ )  

E;-- 
52 ' 54 ' 56-56 6 0  62 ( d 8 )  

Fourth harmonic (656 Hz) 

Fig. 16. Transmission loss distribution on treated fuselage panel with Window I installed. 
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Blade passage frequency (164 Hz) 
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Fig. 17. Transmission loss distribution on treated fuselage panel with Window I1 installed 

-Prealctea ( r e f  31 
0 - 0 M e o s u r e a  I l n t e n s l t y  metnodl 

mealc teo  1 
-Measurea SCrotCn 

120 

125 250 500 1000 
113 octave Pond center frequency IHZI 

Fig. 18. Predicted ( r e f .  1) and measured 
transmission loss (Intensity method) 
of Window I with and without a scratch 
shield installed. 

- Prealcted l i e f  31 - Measurea ( i n t e n s i t y  method) 
---- Predicted 

125 250 500 1000 
O L I ' ~ I , ~ ~ ~ , l  

113 octove m a  center frequency lHzl 

Fig. 19.  Predicted (ref. 1) and measured 
transmission loss (Intensity method) d 
of Window I1 with and without a scratch 
shield installed. 
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