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Abecract 

An a c o u s t i c  modal a n a l y s i s  has been performed 
in the c a v i t y  of  a composite c y l i n d e r  model of an 
a i r c r a f t  f u s e l a g e .  The f i lament  wound, composite 
s h e l l  is 12 f e e t  long and 5.5 f e e t  i n  diameter .  A 
one-half- inch t h i c k  plywood f l o o r  is a t t a c h e d  t o  
the s h e l l  69 degrees  from the  v e r t i c a l  c e n t e r l i n e  
through the bottom of tk s h e l l .  The a c o u s t i c  
modal f r e q u e n c i e s  =re obta ined  from a sound 
pressure l e v e l  and phase survey eandocted 
throughout  t he  i n t e r i o r  volume bounded hy the  
f l o o r ,  endcaps and s t i f f e n e d  shell, while being 
e x c i t e d  by white n o i s e  from a loudspeaker  source. 
The measured a c o u s t i c  resonance f r e q u e n c i e s  and 
mode shapes compare well with a n a l y t i c a l  
p r e d i c t i o n s  from the  P r o p e l l e r  A i r c r a f t  I n t e r i o r  
Noise (PAIN) model. 
d e r i v a t i o n  of the a c o u s t i c  c h a r a c t e r i s t i c s  have 
been inc luded .  Reverbera t ion  time measurements, 
using the i n t e g r a t e d  i m p u l s e  technique ,  have been 
performed t o  determine a c o u s t l c  loss f a c t o r s .  
These meaeured 108s f a c t o r s  have been input  t o  the  
PAIN program i n  o r d e r  t o  more a c c u r a t e l y  p r e d i c t  
the s p a c e a v e r a g e d  i n t e r i o r  noise of the composite 
c y l i n d e r .  
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Introduction 

Passenger acceptance of new propeller 
a i r c r a f t ,  such as the  advanced turboprop  a i r c r a f t ,  
is highly  dependent on the c o n t r o l  of i n t e r i o r  

m a t e r i a l s  t o  primary and secondary s t r w t u r e s ,  
combined with the  h igh  noise levels genera ted  hy 
advanced turboprops ,  have f o s t e r e d  tk need for  
comprehensive t h e o r e t i c a l  and exper imenta l  
a c o u s t i c  research to f u l l y  examtne and d e s c r i b e  
the  acoi ie t lc  behavior  of t h i s  type of a i r c r a f t .  
one p r e d i c t i o n  method, the P p p e l l e r  A i r c r a f t  
I n t e r i o r  Noise (PAIN) model. has  r e c e n t l y  been 
modified t o  permit the p r e d i c t i o n  of the space- 
averaged sound pressure  l e v e l s  i n s i d e  f u s e l a g e s  
c o n s t r u c t e d  of laminated composi tes .  As par t  o f  
the  Advanced Composites S t r u c t u r e s  Technology 
(ACST) program, a COmpoSite f u s e l a g e  model has 
been designed and f a b r i c a t e d  which w i l l  meet the  
design requi rements  of a 1990 large t r a n s p o r t  
a i r c r a f t  q t l p u t  s u b s t a n t i a l  welght and cos t  
p e n a l t i e s .  , some s t r u c t u r a l  and a c o u s t i c  
c h a r a c t e r t s t i c s  of t h i s  l a h o r n t o r y  model can be 
found i n  r e f e r e n c e  4. The purpose of  the p r e s e n t  
i n v e s t i g a t i o n  is t o  determine e x p e r i m e n t a l l y  the  
a c o u s t i c  modal f requencies  and loss f a c t o r s  of t h e  
composite c y l i n d e r  w i t h  f l o o r  and compare them 
with values from the  PAIN p r e d i c t i o n  model. A 
Computer Aided Test  (CAT) system vas used t o  

noise l eve l s .  The a p p l i c a t i o n  of  COmpOSite 
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conduct a sound p res su re  level and phase survey  of 
the enc losed  volume while being sub jec t ed  to 
random noise. This survey  m s  used t o  de te rmine  
the  most dominant low-frequency (below 500 Hz) 
a c o u s t i c  modes i n  the c a v i t y ,  f o r  comparison wi th  
those  p red ic t ed  by the PAIN program. The a c o u s t i c  
loss f a c t o r s  e r e  determined us ing  the i n t e g r a t e d  
impulse method. 

Propeller Aircraft Interior Noise node1 

A computer program, e n t i t l e d  PAIN ( P r o p e l l e r  
A i r c r a f t  I n t e r i o r  Noise) ,  has  k e n  developed f o r  
p r e d i c t i n g  tk sound pressye  l e v e l s  i n s i d e  
p rope l l e r -d r iven  a i r c r a f t .  The development, 
v e r i f i c a t i o n  and a p p l i c a t i o n  of t h i s  model can be 
found i n  r e f e r e n c e s  5-13. The program c a l c u l a t e s  
tk space-averaged sound p res su re  l e v e l s  i n s i d e  
the  cabin space of an i d e a l i z e d  fuse l age  a t  the  
p r o p e l l e r  hlade passage f requency  and i n t e g r a l  
m u l t i p l e s  of  t h a t  frequency. The fuse l age  model 
c o n s i s t s  of a cy l inde r  s t i f f e n e d  by ring frames 
and s t r i n g e r s  and a s t r u c t u r a l l y  i n t e g r a l  f loor .  
I n  the most r ecen t  version, tk skin  can be of a 
convent iona l  homogeneous wa te r i s1  ( e . g .  aluminum) 
or a l amina ted  composite m a t e r i a l .  The i n t e r i o r  
surface of t h e  cahin nay be t r e a t e d  wi th  a t r i m  
i n s u l a t i o n  and lining. The primary e lements  of 
the  PAIN model are i l l u s t r a t e d  in N m r e  1. 

The PAIN model addres ses  the major f a c t o r s  
t h a t  i n f l u e n e  the sound f i e l d  i n s i d e  the cabin .  
The flow c h a r t  In  N g u r e  2 o u t l i n e s  the h a s i c  
sequence of tk master PAIN program. The a n a l y s i s  
requlres a prec i se  d e s c r i p t i o n  of the e x t e r i o r  
no i se  f i e l d  (p re s su re  amplitude and phase) which 
is def ined  over a g r i d  t h a t  l ies on the fuse l age  
sk in .  This  i npu t  d a t a  can he measured or 
p r e d i c t e d .  ?or example. p r o p e l l e r  da t a  can he 
genera ted  using B noise p r e d i c t i m  program such a s  
ANOPP ( A i r c r a f t  Noise P r e d i c t i o n  Program) .I4 
S t r u c t u r a l  modal p r o p e r t i e s  (resonance f r equenc ie s  
and made shapes) are c a l c u l a t e d  by the a u x i l i a r y  
programs MRP and MRPMOD. These programs r e q u i r e  
inpu t  d a t a  such a s  the c y l i n d e r  geometry, the  
s t i f f e n e r  geometry and bending r i g i d i t i e s ,  the  
c y l i n d e r  and f l o o r  masses per m i t  area and the 
loca t ion  of the f l o o r .  T k  resonance f r equenc ie s  
and mode shapes f o r  B two-dimensional cross- 
Sect ion  of tk a c o u s t i c  space a.ce c a l c u l a t e d  by 
t h e  program CYL2D. The angle  a t  which the  f l o o r  
is loca ted  must be input  t o  t h i s  program. The 
ou tpu t  from these  programs must be combined wi th  
a d d i t i o n a l  i npu t  d a t a  r e l a t e d  to  the s p e c i f f c  test  
specimen ( s t r u c t u r a l  and acoustic l o s s  f a c t o r s ,  
s idewa l l  t r i m  c h a r a c t e r i s t i c s ,  e t c . )  before  a 
space-averaged sound pressure l e v e l  i n s i d e  the 
c y l i n d e r  can be computed. I f  these  c h a r a c t e r i s -  
t tcs  are determined expe r imen ta l ly ,  the  p red ic t ion  
model will more a c c u r a t e l y  d e s c r i k  the  
expe r fmen t l l  s i t u a t i o n .  

M a l  Properties of the Cabin Space 

For a c y l i n d r i c a l  c a v i t y ,  tk a c o u s t i c  modal 
c h a r a c t e r i s t i c s  (resonance f r e q u e n c i e s ,  mode 
shapes ,  e t c . )  can be determined in c losed  form by 
an a n a l y t i c a l  s o l u t i o n  of the  wave equation, sub- 
ject  to  a p p r o p r i a t e  haundary cond i t ions .  This is 
p o s s i b l e  because the wave equat ion  is sepa rab le  i n  
c y l i n d r i c a l  coord ina te s  and the  houndary condi- 
t i o n s  can be expressed  i n  these  coord ina te s .  

However, f o r  the  p re sen t  case of  a cy l inde r  wi th  a 
f l o o r  p a r t i t i o n  (Figure I ) ,  the mode shapes cannot 
be de r ived  in c losed  form because the boundary 
cond i t ion  a long  tk f l o o r  is d i f f i c u l t  to e x ~ r e s s  
in c y l i n d r i c a l  coord ina te s .  Thus, a numerical 
method, e i t h e r  f i n i t e  e lements  or f i n i t e  
d i f f e r e n c e s .  must be used t o  solve t h i s  problem. 
Since the  endcap boundar ies  are p a r a l l e l ,  the 
modal c h a r a c t e r i s t i c s  i n  the a x i a l  d i r e c t i o n  can 
k e a s i l y  determined, and the problem can be 
reduced t o  a c ross - sec t iona l  one. me f i n i t e  
d i f f e r e n c e  technique  i s  the s impler  of tk two 
numerical  methods, and i s  used f o r  the p resen t  
case. 

Finite Differeneea io Iwo Di-sims 

Ins ide  the  c y l i n d e r ,  the  volume bounded by 
t h e  f l o o r ,  endcaps and s t i f f e n e d  s h e l l  8 8 t i s f i e s  
the  Helmholtz equa t ion .  Thus, fo r  the present  
c ros s - sec t iona l  problem 

v2$ + k2@ = 0 ( 1 )  

2 a2  a 2  where '7 = - + - f o r  r e c t a n g u l a r  coord ina te s .  

POT tk uniform g r i d  s h o w  i n  F igure  3 .  the  
c e n t r a l  d i f f e r e n c e  formula y i e l d s  

a x 2  a y 2  

where $m = P,,* = P(xm,y,) i s  the pressure 
and h i s  the g r i d  spacing. h l l y  ha l f  of the 
cy l inde r  cross s e c t i o n  is cons idered ,  s ince  i t  i s  
symmetric ahout n=O ( t h e  v e r t i c a l  through the  
bottom of the  c y l i n d e r ) .  S u b s t i t u t i o n  of t h e s e  
d i f f e r e n c e  equa t tons  i n t o  equat ion  ( I )  gives the  
Helmholtz equat ion  i n  t e r m  of f i n i t e  d i f f e r e n c e s .  

where = k2h2. Thls  e q u a t i m  is  v a l i d  fo r  all 
p o i n t s  def lned  as i n t e r i o r  ( I )  or boundary ( 8 )  
po in t s .  Note t h a t  houndary po in t s  may l i e  i n s i d e  
or o u t s i d e  the cylinder, depending on which poin t  
of the  g r i d  l i e s  c l o s e s t  t o  the  cy l inde r  (F igu re  
3) .  For each boundary po in t .  e x t e r i o r  (E) p i n t s  
are r equ i r ed  to  solve tk f i n i t e  d i f f e r e n c e  
equa t ion .  The number of boundary cond i t ione  is 
equal t o  the number necessa ry  to e l imina te  a l l  o f  
the  e x t e r i o r  po in t s .  

The haundary cond i t ion  r e q u i r e s  t h a t  the 
outvard normal g r a d i e n t  ( v e l o c i t y )  is zero. This  
cond i t ion  assumes t h a t  the wall admi t tance  is 

2 



4 

s u f f i c i e n t l y  m a l l  tha t  i t  m y  be neglec ted .  
Thus, the  s h e l l  boundary cond i t ion  above the  f l o o r  
i s ,  

( 7 )  

Far tk geometry dep ic t ed  in Figure  4 

2 = - cose (9) 

Applying the  cha in  ru l e  t o  equat ion  (7) y i e l d s  

(10) a+ a+ ax a4  a 
a F a ; ' ~ F + ' d ; j & ' O  

S u b s t i t u t i o n  of e q u a t i o n s  (8) and (9) and t h e  
d i f f e r e n c e  e q u a t i o n s  ( 2 )  and ( 3 )  i n t o  equa t ion  
(10) y i e l d s  the  boundary cond i t ion  fo r  the  r eg ion  
8 , , < 0 < n  

( ~ ~ c i , ~  - Pm-1.n) sin 0, = 

(Pm,n+l P m , n - ~ )  cos 0, (11) 

The boundary cond i t ion  along the  floor, 
0 < E < E, can be ob ta ined  from equa t ion  (11 )  by 

y i e l d s  
s e t t i n g  e, = 0 whenever e, < eo. This 

P m , n + ~  = Pm,n-1 (12) 

Th? gene ra l  s o l u t i o n  can he r ep resen ted  in 
mat r ix  n o t a t i o n  as 

[ A I  [P11 = ,I (PI\ (13) 

where [PI) is the  column v e c t o r  con ta in ing  the 
pressure a t  i n t e r i o r  and boundary p o i n t s .  The 
ma t r ix  [A] is cons t ruc t ed  such t h a t  the Helmholtz 
d i f f e r e n c e  equa t ion  ( 6 )  and the boundary condi- 
t i o n s  ( equa t ions  11 and 12) w i l l  be s a t i s f i e d .  
The e igenva lues  and e i g e n v e c t o r s  are c a l c u l a t e d  
for symmetric and m t i s y m m e t r i c  modes s e p a r a t e l y ,  
and ranked i n  ascending  order  of frequency. The 
e igenvalue  A i  corresponds  t o  the mode shape 
+ i ( x , y ) ,  where i is the  two-dimensional mode 
coun te r .  The resonance f r equenc ie s  output  by the  
program CYCZll are 

where the  r ad ius  a is normalized to  one meter.  
The resonance f r equenc ie s  fo r  the th ree -  
dimensional space ace given hy 

The a c o u s t i c  mode shapes  f o r  the 
three-dimensional space ace given by t h e  
e t g e n v e c t a r s  

where 4 f ( x , y )  = mf(j) is the  two-dimensional 
mode c a l c u l a t e d  by the  f i n i t e  d i f f e r e n c e  
technique. The maximm value fo r  any g r i d  
l o c a t i o n  is normalized t o  l m i t y  and the  o t h e r  
values ate sca l ed  in orde r  to  main ta in  the 
o r i g i n a l  computed r a t i o s .  The a c o u s t i c  nede 
n o r m a l i z a t i m  f a c t o r  is 

(17)  

The denominator of t h i s  expression can he expanded 
as 

where 3 counts  over a l l  i n t e r i o r  l o c a t i o n s .  The 
parameter C ( j )  e q u a l s  1 f o r  bolmdary p o i n t s  and 
c e n t e r l i n e  (x=O) l o c a t i o n s ,  while c ( 3 )  equa l s  2 
for i n t e r i o r  po in t s .  
E q  = I f o r  q > 0. 
i f o r  a cy l inde r  wi th  unit  r a d i u s .  as outpa t  from 
the f i n i t e  d i f f e r e n c e s  program, is 

Also. E4 = 2 f o r  q = 0 and 
The gene ra l i zed  mass fo r  mode 

" 

Composite Cylinder T e s t  Article 

T k  fuse l age  model used i n  the  cu r ren t  s tudy  
is a filament-wound s t i f f e n e d  cy l inde r  5.5 f e e t  in 
diameter and 12 f e e t  in l eng th .  The composite 
m a t e r i a l  for the shell of the  cyltnder c o n d s t 9  of 
carbon f i b e r s  embedded in an epoxy resin.  The 
ply-sequence o f  the  c y l i n d e r ' s  sk in  is 
f45, 232.  90, 732, 745 for a t o t a l  t h i ckness  of  
0.067 inch .  The b a s i c  des ign  o f  the s t i f f e n e d  
cy l inde r  i nc ludes  10 J -sec t ion  ring frames and 2 2  
even ly  spaced ha t -sec t ion  s t r i n g e r s .  A one-half-  
inch  t h i c k  plywood f l o o r ,  s t i f f e n e d  wi th  aluminum 
I-beams, is i n s t a l l e d  2 1 . 4  i nches  above the  bottom 
of the  c y l i n d e r .  A l l  e lements  of the  c y l i n d e r  are 
rivet-bonded t o g e t h e r .  F igure  4 shows a c r m s  
s e c t i o n  of the  floor-equipped cy l inde r  wi th  d e t a i l  
o f  the  s t r inger - f rame enforcement.  

Impact t e s t i n g  y d i  performed to de termine  
impor tan t  modal p r o p e r t i e s  (resonance f r e q u e n c i e s ,  
mode shapes ,  e t< . )  o f  the  t t r u c t u r e  f o r  comparison 
wi th  tk a n a l y t i c a l  model. Special  endcaps were 
cons t ruc t ed  from th ree  l a y e r s  o f  1.25-inch t h i c k  
p a r t i c l e  hoard wi th  a 0.125-inch wide groove 
rou ted  out  to suppor t  the c y l i n d e r .  me endcaps 
are s u f f i c i e n t l y  massive so t h a t  any a i r b o r n e  
sound t ransmiss ion  through them dur ing  a c o u s t i c  
t e s t i n g  is n e g l i g i b l e  compared to  the sound 
t r ansmiss ion  through the  c y l i n d e r  -11. The 
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e n t i r e  s t r u c t u r e  is held  toge the r  by four  
0.50-inch d iameter  t ens ion  rods  whose v i b r a t i o n  
resonances are e f f e c t i v e l y  damped by s p e c i a l l y  
designed wooden clamping devices .  The spaces 
above and below the  f l o o r  are a c o u s t i c a l l y  
i s o l a t e d  by rubber gaske t s  and s i l i c o n  rubber  
s e a l a n t .  Access t o  the i n t e r i o r  of  the  cy l inde r  
is f a c i l i t a t e d  by a two-foot by two-foot hinged 
door.  Acous t i ca l ly  sea l ed  boxes, i n s t a l l e d  on the  
i n s i d e  and o u t s i d e  of the  f r o n t  b a f f l e ,  provide 
connec t ions  for  microphones and e l e c t r o n i c  
equipment. 

Experilental Acoustic Analysis 

I n  order  t o  determine the impor tan t  modal 
c h a r a c t e r i s t i c s  a s s o c i a t e d  wi th  t h e  c y l i n d e r ' s  
i n t e r i o r  a c o u s t i c  space,  somd pressure level and 
phase measurements have been conducted throughout 
the i n t e r i o r  w l u w  bounded by the f l o o r ,  endcaps 
and s t i f f e n e d  s h e l l .  An I-beam loca ted  a long  the 
a x i s  of the  cy l inde r  suppor t s  a boom on which s i x  
one-half-inch condenser microphones are m u n t e d .  
A photograph of the  microphone boom i n s i d e  the 
c y l i n d e r  i s  shorn i n  F igure  5. The microphones 
are loca ted  a t  i n t e g r a l  m u l t i p l e s  of f i ve  inches  
from the  c e n t e r l i n e .  b e  of the  s i x  microphones 
is pos i t i oned  between the  cen te r  beam and t h e  
floor. The microphone boom can he t r a n s l a t e d  
a long  the I-beam over the e n t i r e  l eng th  of t h e  
c y l i n d e r  and r o t a t e d  through 220 degrees .  In t h i s  
manner, a c o u s t i c  measurements can he obta ined  a t  
d i f f e r e n t  r a d i a l  p o s i t i o n s  f o r  any des i r ed  cross 
Sect ion. 

Modal Frequencies 

The i n t e r i o r  of the cy l inde r  wae sub jec t ed  t o  
whi te  noise from a loudspeaker source l oca t ed  in B 

corner where the f l o o r  meets the f r o n t  endcap and 
the  c y l i n d r i c a l  s h e l l .  Frequency s p e c t r a ,  over 
the  range  0 - 500 Hz (1Hz bandwidth),  *ere 
ob ta ined  fo r  each of the  s i x  microphones a t  11 
evenly  spaced l o c a t i o n s  a long  the c y l i n d e r ' s  
l eng th  wi th  the boom o r i e n t e d  in the v e r t l c a l  
plane.  Addi t iona l  s p e c t r a  were obta ined  f o r  15  
r a d i a l  l o c a t i o n s  wi th  the  boom pos i t i oned  1 1  f e e t  
from the  c y l i n d e r ' s  f r o n t  endcap. Modal 
f r e q u e n c i e s  and mode shapes  were i d e n t i f i e d  from 
peak sound pressure levels  i n  the freqtrency 
s p e c t r a  and equal  sound pressure  l e v e l  contour 
p l o t s .  Sow of these  measured mode shapes a re  
shown i n  Figure 6. Adjacent contour lines repre- 
sen t  a 3 dR change i n  root-mean-square sound 
pressure level .  The heavy s o l i d  lines i n d i c a t e  
the nodal l i n e s  of  the measured a c o u s t i c  mode 
shapes ,  where the  roo t  man square  pressure  is a 
minimum and p res su res  on e i t h e r  s ide  are out  of  
phase. 

TO compare wi th  the c a l c u l a t e d  modal 
f r equenc ie s  equa t ion  14 is Subs t i t u t ed  i n t o  
equa t lon  15 

f r e q u e n c i e s  as evidenced by t h e  r e s u l t s  in Table 
I. The c a l c u l a t e d  a c o u s t i c  mode shapes are 
p ro jec t ed  onto the  equal  contour p l o t s  i n  Figure 6 
(dashed l i n e s )  and compare well with  the measured 
mode shapes.  The lowest two modes (47 Hz and 94 
Hz) are one-dimensional modes a long  t h e  
l o n g i t u d i n a l  dimension of the  c y l i n d e r .  having one 
and tw nodal l i n e s  r e s p e c t i v e l y .  The sound 
p res su re  l e v e l  f o r  these  modes does n o t  vary  
s i g n i f i c a n t l y  over the  cross sec t ion .  k the 
f requency  increases  the  mode shapes  become h igher  
ordered  and are more d i f f f c d t  t o  e x t r a c t  from the  
sound pressure level  contour p l o t s .  An example i s  
provided by the  (4.0.1) mode 8t 249 Hz (F igu re  
8). Here the component of t h e  mode in the  cross 
s e c t i o n  dominates tte long i tud ina l  component of 
t h e  mode, which appea r s  t o  be i n  t r a n s i t i o n  
hetween a mode wi th  folp nodal lines and one wi th  
f i v e  nodal  lines. The p r o j e c t i o n  of the  
c a l c u l a t e d  mode onto  the sound pressure level 
contour  p l o t  he lps  resolve the mdde. 

u 

The exper imenta l  se tq  d id  not  allow fo r  
adequate measurement of a c o u s t i c  modes which have 
a pressure minimum a t  or near the  wasurement  
l o c a t i o n s .  Due t o  weak modal response a t  t h e s e  
l o c a t i o n s ,  t hese  modes were not  very  (411 def ined  
and have t h e r e f o r e  not  been inc luded  in Table I. 
Addi t tona l  measurements, for other cross s e c t i o n s  
of the i n t e r i o r ,  are r equ i r ed  t o  improve the 
r e s o l u t i o n  of t hese  modes. 

Acoustic loss F a c t o r s  

An impor tan t  input  parameter to the PAIN 
program is the  band averaged a c n u s t t c  loss 
f a c t o r s .  The a c o u s t i c  l o s s  f a c t o r  of an enclosure 
can he c a l c u l a t e d  as a func t ion  of  frequency and 
r eve rbe ra t ion  t i m e  

W' 

where the  r eve rhe ra t ion  t ime, TI(. is def ined  as 
t h e  time for  the sound p res su re  l eve l  i n  an 
enclosure t o  decay through 60 dB. The u s u a l  
method to mawre the r eve rbe ra t ion  time is the 
i n t e r r u p t e d  n o i s e  method where tk sound decay in 
the  enclosure is recorded a f t e r  f i l t e r e d  white 
noise I s  a b r u p t l y  switched o f f .  Since the  n o i s e  
source is random in n a t u r e ,  the  no i se  a t  the 
i n s t a n t  of t n t e r r u p t i m  is s t s t i s t i c a l l y  
u n c e r t a i n ,  r e s u l t i n g  in wor r e p e a t a b i l i t y  o f  the 
decay curves.  It is imposs ib le  t o  make d e t a i l e d  
i n v e s t i g a t i o n s  of the decay curves a s  irregulari- 
ties are masked by random f l u c t u a t i o n s .  To o b t a i n  
r e p r e s e n t a t i v e  r e s u l t s ,  averaKinl: of m n y  wa'3Ure- 
ments and the assurance of a wide dynamic range 
(35 dB) are necessa ry .  

For the cu r ran t  s tudy .  the r eve rbe ra t ion  times 
O F  the enclosure were determined using tk 
i n t e g r a t e d  impulse nethod. This technique does 
not r e q u i r e  measurements over such a wide dynamic 
range and o f t e n  a i d s  in the d e t e c t i o n  of non- 

and i n t e g r a t e s  the response of an enclosure to  a 
s i n g l e  impulse e x c i t a t i o n ,  thereby  oh ta in ing  a 

( 2 D )  exponen t i a l  decays. Basically, the method squares 112 

smooth decay curve which r e p r e s e n t s  the ensernhle 
average of the decay curves obta ined  using the 
s tandard  r eve rbe ra t ion  technique .  Addi t iona l  

where q is the  l o n g i t u d i n a l  mode counter  and f i  
1 s  the  c r o s s - s e c t i o n a l  mode output  from CYL2D. 

exper imenta l  and c a l c u l a t e d  a c o u s t i c  modal 
Coal agreement has been obta ined  hetween W 
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i n fo rma t ion  and d i s c u s s i o n  of  the  i n t e g r a t e d  
impulse method can be found in r e f e r e n c e s  15 and 
16. 

The r e v e r b e r a t i o n  t imes  f o r  one-third octave 
bands up to and i nc lud ing  t h e  500 Hz c e n t e r  
f requency  %re r easu red  us ing  a r e v e r b e r a t i o n  
pcocessor based on tk i n t e g r a t e d  impulse method. 
The mlcrophone boom 149 pos i t i oned  i n  a Cross 
s e c t i o n  11 f e e t  from the  f r o n t  endcap and measure- 
ments =re ob ta ined  a t  s i x  v e r t t c a l  and s i x  hori-  
zon ta l  microphone l o c a t i o n s .  The r e v e r b e r a t i o n  
t imes  =re conver ted  to a c o u s t i c  loss f a c t o r s  
using equa t ion  21 and are t abu la t ed  in Tablc 11. 
A ~ S O  inc luded  i n  t h i s  t a b l e  i s  the  average  
a c o u s t i c  loss f a c t o r  over a l l  the  microphones for  
each  a p p r o p r i a t e  frequency band. In the low-fre- 
quency r eg ion  tk a c o u s t i c  loss f a c t o r s  are depen- 
den t  on the  presence of r e w n a n t  modes within a 
frequency band. Those bands wi thout  resonant  
modes =re found t o  have h ighe r  loss f a c t o r s  than 
those with only  a few resonant  modes. A t  h ighe r  
f r equenc ie s .  the  modal d e n s i t y  increases i n  
9uccessive frequency bands,  and the a c o u s t i c  loss 
f a c t o r s  dec rease .  The average  a c o u s t i c  loss 
f a c t o r s  are g r a p h i c a l l y  dep ic t ed  in Figure  7 .  

Interior N o l e e  Prediction 

Ongoing r e s e a r c h  is focused on t h e  
measurement and p r e d i c t l o n  of the  noise r educ t ion  
of the composite cy l inde r .  TO determine the  noise 
r e d u c t i o n ,  the  PAIN program r e q u i r e s  in format ion  
about the modal response of tk s t r u c t u r e  and t h e  
a c o m t l c  space and the e x t e r i o r  noise source. The 
s t r u c t u r a l  modal f r equenc ie s  and mode shapes for 
the  composite c y l i n d e r  have been c a l c u l a t e d  
p rev ious ly  and compare r eesanab ly  well with  t h e  
measured c h a r a c t e r i s t i c s .  Good agreement has 
been obta ined  f o r  the measured and c a l c u l a t e d  
a c o u s t i c  modal f r equenc ie s  and mode shapes.  
S t r u c t u r a l  damping and a c o u s t i c  loss f a c t o r s  have 
been determtned expe r imen ta l ly  and have been 
en te red  i n t o  the PAIN program. An'exponential  
horn IRS used as an e x t e r i o r  noise source,  loca ted  
th ree  f e e t  from t k  f r o n t  endcap and one inch  from 
t h e  cy l inde r  s h e l l  (Figure 8). The horn mas 
dr tven  a t  183.5 Hz w i t h  an overtone at 167.0 Hz.  
The sound pressure l eve l  ineasured by the  e x t e r i o r  
microphone a t  these  f r equenc ie s  was 132.7 dR and 
104.7 d8. The i n t e r i o r  sound p res su re  level  14s 
measured by a mlcrophone loca ted  in the  corner 
where the f l o o r  w e t s  the  f r o n t  endcap and the 
c y l i n d r i c a l  s h e l l  (F igu re  8 ) .  The measured noise 
r educ t ion  was 29.6 dR a t  183.5 Hz and 20.9 dB a t  
367.0 Hz. the  n o i s e  r educ t ions  c a l c u l a t e d  us ing  
t h e  PAIN program e r e  21.3 dB and 10.5 dR. 
Severa l  reasons may c o n t r i b u t e  t o  the  d l s c r e -  
p a n c i e s  hetween reasurement and p r e d i c t i o n .  The 
i n t e r i o r  sound pressure  level was measured by o n l y  
one microphone and does  n o t  r e p r e s e n t  n space- 
averaged l e v e l .  Small inaccuracies in the  
p r e d i c t i o n s  of the  s t r u c t u r ' s l  and a c o u s t i c  modes 
w t l l  change t h e i r  coupl lng  and a f f e c t  the  
c a l c u l a t e d  i n t e r i o r  noise l eve l s .  F i n a l l y ,  the  
noise  r educ t ion  is dependent on tk loca t ion  of  
the  e x t e r i o r  noise source  and the  d i s t r i b u t i o n  of 
tk n o i s e  f i e l d  over the  c y l i n d e r ' s  e x t e r i o r .  
Research Is cont inuing  t o  v e r i f y  noise r educ t too  
p r e d i c t i o n s  by tk PAIN program fo r  t h i s  composite 
c y l i n d e r .  

Concluding Remarks 

An a c o u s t i c  modal a n a l y s i s  has been performed 
In the c a v i t y  of  a composite cy l inde r .  The 
measured resonance f r equenc ie s  and mode shapes  
have k e n  compared wi th  p r e d i c t i o n s  from the  
P r o p e l l e r  A i r c r a f t  I n t e r i o r  Noise model. The 
resonance f r equenc ie s  t h a t  =re e x t r a c t e d  from the 
measurements agree  t o  wi th in  a few Her tz  of tk 
pred ic t ed  f r equenc ie s .  The node shapes  m t c h  
r easonab ly  well except  for those where the  micro- 
phones ?+ere pos i t i oned  close t o  a nodal  l i n e .  
Addi t iona l  measurements us ing  d i f f e r e n t  p o s t t i o n s  
o f  t h e  microphone boom should a i d  in i d e n t i f y i n g  
a l l  remaining mode shapes.  Acous t ic  loss f a c t o r s  
were ob ta ined  from r e v e r b e r a t i o n  t i m e  measurements 
in the  c a v i t y  us ing  the i n t e g r a t e d  impulse 
technique .  Frequency bands wi th  few or no 
resonant  modes had h igher  a c o u s t i c  loss f a c t o r s  
than frequency bands wi th  h ighe r  modal d e n s i t i e s .  
An average a c o u s t i c  loss f a c t o r  over a l l  t h e  
microphone p o s i t i o n s  was computed which has been 
e n t e r e d  i n t o  the  PAIN program to  malte i n t e r i o r  
noise p r e d i c t i o n s  f o r  t h i s  fu se l age  model. 
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TABLE 1. ElEAsllRBD AAD CALCIXATED ACOIISTIC 
NODAL PnegwNClES 

Ld 
Mode Shape Measured C a l c u l a t e d  

l . h , v  lHz1 [Hzl 

1.0.0 47 
2.0.0 94 

4 8  
% .. 

1;1;0 121 125  
3,o.o 143 143 
2,I.O 150 150 
0,0,1 171 160 
3.1.0 183 184 
4,o.o 191 191 

216 215 
230 228 
239 234 

249 
266 265 
287 287 
295 294 

F 2 7  
3 ,3 ,0  350 348 
5,2.1 363 1363 

1 - l o n g i t u d i n a l ,  h - h o r i z o n t a l ,  " - v e r t i c a l  

TABLE 11. ACOllSTIC UJSS FACTORS 

me-Th i rd  Microphone P o s i t i o n  Along t h e  Microphone P o s i t i o n  Along the Average 
Octave Band ver ti ca1 cen t e r 1 i n e  H o r i z o n t a l  C e n t e r l i n e  Over A l l  

Frequency 1 2 3 4 5 6 Density 1 2 3 4 5 6 P o s i t i o n s  
Ce" ter Modal Microphone 

IHzl 

40 
50 
6 3  
80 
100 
125 
I60 
200 

. I42 

.035 

.08l 

.OR4 

.028 

.n54 

.141 

.035 

.078 

.089 

.027 

.055 

.141 

.036 

. l o o  

.027 

.062 

.074 

.141 

.035 

.066 

.096 

.02a 

.Oh4 

.141 

.066 

. I37 

.044 

.Oh4 

.n46 
.116 
.042 

.149 

.045 

.059 

.om 
0 
I 
0 
n 
2 
1 
4 

.n36 

.n77 

.073 

.022 

.035 

.020 .n21 

.036 

.071 

.029 

.n77 

.n21 

.036 

.073 

.021 

.026 

.n79 

.n28 

.n37 

.mi 

. o n  

.021 

.025 

.037 .061 

.044 

.073 

.092 

.042 

. n 4 ~  

.n43 

.080 

.149 

.044 

.048 

.058 

.137 

.n3a 

.n75 

.099 

.031 

.030 

.n47 

7 .n14 .n14 .015 .o i5  .023 .022 .017 
250 .014 .o14 .n ib  .o14 .OIO .no9 I 1  . o i l  .oo9 .no8 .no9 .no9 .oo9 .009 
315 .no8 .oio . O O ~  .oo8 .o16 .a17 20 .OO8 .007 .OOR .006 .010 .010 .017 
400 .008 .006 .007 .006 .009 .010 2R . o i 3  .on9 .nio . o i l  .oo7 .oo9 .010 
500 .OO8 .007 .OO8 .009 .OO8 .007 53 .007 .006 .006 .007 .007 .007 .n07 
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Fig. 1.- Elements of the Propeller Aircraft 
Interior Noise model. 

(ANOPP) of slltfened Of CBVltY I cylindrical shell I I cros8 secilon I 

Propeller Alrcrsft 
Dlmenstonr tnterlor Noise 

Loas factors 
I 

Space-averaged 
sound pressure 

Fig. 2.-  Flow chart of Propeller Aircraft 
Interior Noise computer program. 

4Y 

Fig. 4.- Cross section of composite stiffened 
cylinder with floor. 

Fig. 5.- Microphone boom showing microphones 
used for interior noise survey. 

(in. n)=(x,. Y,) 

Fig. 3 . -  Geometry and nomenclature for 
finite differences scheme. 
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13.1.0) 183 Hz (4.0.0) 191 Hz 

239 Hz 4.0.1 249 Hz 

(4.2.0) 295 Hz 

(6.0.0) 287 Hz 

{ 
Fig. 6 . -  Measured (solid l i  es)  and calculated (dashed lines) mode shapes and modal 

frequenciee for cylinder cavity. 
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Fig. 7.- Average acoustic loss factor as 
function of one-third octave band 
center frequency. 
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Fig. 8 . -  Experimental setup to measure 
noise reduction. 
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