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ACOUSTIC WAVE PROPAGATION I N  HETEROGENEOUS STRUCTURES INCLUDING EXPERIMENTAL VALIDATION 

Kenneth J .  Baumeis te r  and Mi lo D .  Dah1 
N a t i o n a l  Ae ronau t i cs  and Space A d m l n i s t r a t i o n  

Lewls Research Center 
C leve land ,  Oh io  44135  

A b s t r a c t  

A f i n i t e  e lement  model was deve loped t o  s o l v e  
for t h e  a c o u s t i c  p ressu re  and energy  f i e l d s  i n  a 
heterogeneous suppressor .  The d e r i v a t i o n s  f r o m  t h e  
gove rn ing  equa t ions  assumed t h a t  t h e  m a t e r i a l  
p r o p e r t i e s  c o u l d  v a r y  w i t h  p o s i t i o n  r e s u l t i n g  i n  a 
heterogeneous v a r i a b l e  p r o p e r t y  two-dimensional  
wave e q u a t i o n .  T h i s  e l i m i n a t e d  t h e  n e c e s s i t y  o f  
f i n d i n g  the  boundary c o n d i t i o n s  between d i f f e r e n t  
m a t e r i a l s .  For a two media r e g i o n  c o n s i s t i n g  o f  
p a r t  a i r  and p a r t  b u l k  abso rbe r ,  a model was used 
t o  d e s c r i b e  t h e  b u l k  absorber  p r o p e r t i e s  i n  two 
d i r e c t i o n s .  Complex m e t a l l i c  s t r u c t u r e s  i n s i d e  t h e  

N a i r  d u c t  a r e  s i m u l a t e d  by s imp ly  chang ing  element 
N W p r o p e r t i e s  f rom a i r  t o  the  s t r u c t u r a l  m a t e r i a l  i n  a 
e p a t t e r n  t o  d e s c r i b e  t h e  d e s i r e d  shapes. To v e r i f y  
w t h e  numer ica l  t h e o r y ,  exper iments  were conducted 

w i t h o u t  f l o w  i n  a r e c t a n g u l a r  duc t  w i t h  a s i n g l e  
f o l d e d  c a v i t y  mounted above the  d u c t  and abso rb ing  
m a t e r i a l  mounted i n s i d e  a c a v i t y .  Changes i n  a 
n e a r l y  p lane  wave sound f i e l d  were measured on t h e  
w a l l  o p p o s i t e  the  abso rb ing  c a v i t y .  F a i r l y  good 
agreement was found  i n  t h e  s t a n d i n g  wave p a t t e r n  
ups t ream o f  t he  absorber  and i n  t h e  decay o f  
p r e s s u r e  l e v e l  o p p o s i t e  t h e  abso rbe r ,  as a f u n c t i o n  
of d i s t a n c e  a l o n g  t h e  d u c t .  The f i n i t e  e lement  
model p r o v i d e s  a conven ien t  method for e v a l u a t i n g  
the  a c o u s t i c  p r o p e r t i e s  o f  b u l k  abso rbe rs .  

I 

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

The He lmho l t z  r e s o n a t o r  c a v i t y ,  w a l l  mounted 
b u l k  f i b r o u s  abso rbe r  and f o l d e d  c a v i t i e s  a r e  some 
o f  t h e  most common means used t o  a t t e n u a t e  sound. 
T y p i c a l  l i n i n g  m a t e r i a l s  and c o n s t r u c t i o n  
techn iques  a r e  shown i n  F i g .  1 .  The c h i e f  
d i f f e r e n c e  between t h e  l o c a l l y  r e a c t i n g  l i n e r  and 
the  ex tended r e a c t i n g  l i n e r s  o f  F i g .  1 i s  
i l l u s t r a t e d  i n  F i g .  2 .  I n  t h e  l o c a l l y  r e a c t i n g  
l i n e r ,  such as t h e  He lmho l t z  r e s o n a t o r  shown i n  
F i g .  .? (a) .  t h e  energy  moves normal t o  t h e  l i n e r  and 
depends o n l y  on t h e  l o c a l  va lue  of a c o u s t i c  
p ressu re  i n  t h e  a d j a c e n t  a c o u s t i c  f i e l d .  I n  
c o n t r a s t .  t h e  b u l k  extended r e a c t i o n  l i n e r  or t h e  
f o l d e d  c a v i t y ,  p e r m i t s  wave p r o p a g a t i o n  i n  the  
a x i a l  d i r e c t i o n ,  as shown i n  F i g .  2 (b )  and i t s  
a t t e n u a t i o n  c h a r a c t e r i s t i c s  can depend on t h e  
e n t i r e  a c o u s t i c  f i e l d .  

Numer ica l  t echn iques  have been commonly 
employed i n  t h e  s tudy  o f  m u f f l e r s  and a i r c r a f t  
suppresso rs .  $ 2  I n  g e n e r a l ,  t h e  abso rb ing  
c h a r a c t e r i s t i c s  of t h e  d u c t  w a l l s  w e r e  modeled by 
a p p l y i n g  t h e  c l a s s i c a l  admi t tance  boundary 
c o n d i t i o n s  a t  t h e  d u c t  w a l l s .  Consequent ly ,  wave 
p r o p a g a t i o n  i n  t h e  a x i a l  d i r e c t i o n  w i t h i n  t h e  l i n e r  
was g e n e r a l l y  n o t  cons ide red .  I n  R e f .  3 ,  a f i n i t e  
e lement  t h e o r y  was deve loped t o  model wave 
p r o p a g a t i o n  i n  b u l k  m a t e r i a l s  as w e l l  as i n  any 
heterogeneous medium. The abso rb ing  c h a r a c t e r i s t i c s  
o f  t h e  b u l k  m a t e r i a l  used i n  R e f .  3 r e l i e d  on t h e  
t h e o r e t i c a l  development p resen ted  by Hersh i n  
R e f .  4 .  

1 

The p r e s e n t  i n v e s t i g a t i o n  w i l l  ex tend  t h e  work 
o f  Re f .  3 t o  account  f o r  t e r m i n a t i o n  r e f l e c t i o n s  
t h a t  occu r  from the  e x i t  i n  t y p i c a l  exper iments  and 
t o  de te rm ine  t h e  energy  d i s t r i b u t i o n  around b u l k  
absorber  so t h a t  i t s  e f f e c t i v e n e s s  can be more 
a c c u r a t e l y  e v a l u a t e d .  The new exper imen ta l  aspec ts  
o f  t h i s  paper w i l l  i n c l u d e  more complex geomet r ies  
for t h e  code v a l i d a t i o n .  I n  p a r t i c u l a r ,  advanced 
subson ic  a i r c r a f t  p r o p u l s i o n   system^,^ such as t h e  
duc ted  p r o p e l l e r  shown i n  F i g .  3 ,  employ t h i n  cowls  
wh ich  may r e q u i r e  t h e  use of  nove l  suppress ion  
techn iques ,  such as f o l d e d  c a v i t i e s ,  t o  o b t a i n  low 
frequency sound suppress ion .  A s  p o i n t e d  o u t  by 
Beckemeyer and Sawdy,6 sound t r a n s m i s s i o n  
c h a r a c t e r i s t i c s  can n o t  be a c c u r a t e l y  p r e d i c t e d  
when l o c a l  r e a c t i v e  impedance models a r e  used. A 
f o l d e d  c a v i t y  exper imen t  i s  i n c l u d e d  as p a r t  o f  t h e  
new and more e x t e n s i v e  v a l i d a t i o n  o f  t h e  
heterogeneous f i n i t e  element t h e o r y .  

model and t h e  a p p r o p r i a t e  gove rn ing  equa t ions  and 
boundary c o n d i t i o n s  w i l l  be p resen ted .  Nex t ,  t h e  
f i n i t e  e lement  p rocedure  f o r  mode l ing  and s o l v i n g  
complex prob lems w i l l  be d i scussed .  Then a 
numer i ca l  s o l u t i o n  and an a n a l y t i c a l  s o l u t i o n  t o  a 
t e s t  p rob lem w i l l  be compared. F i n a l l y ,  t he  
r e s u l t s  o f  t h r e e  v a l i d a t i o n  exper iments  w i l l  be 
d i scussed  and compared t o  t h e o r y .  New emphasis 
w i l l  be p l a c e d  on f o l l o w i n g  t h e  energy  p r o p a g a t i o n  
th roughou t  t h e  a c o u s t i c  f i e l d .  

I n  t h e  p r e s e n t  paper ,  first t h e  geomet r i c  

A 

A; 

A, 

6; 

b '  

ba 

bb 

C 

'e 

cO 

C' 
0 

Nomenclature 

amol i tude  

a m p l i t u d e  o f  + go ing  n en t rance  mode 

a m p l i t u d e  o f  r e f l e c t e d  - g o i n g  n en t rance  
mode 

a m p l i t u d e  of + g o i n g  n e x i t  mode 

a m p l i t u d e  o f  r e f l e c t e d  - g o i n g  n e x i t  mode 

c h a r a c t e r i s t i c  d u c t  h e i g h t  

d imens ion less  en t rance  h e i g h t  b;/b' 

d imens ion less  e x i t  h e i g h t  b;/b' 

d imens ion less  l o c a l  speed o f  sound, c ' /c;  

d imens ion less  e f f e c t i v e  speed o f  sound, 
Eq. ( 2 ) .  c;/c; 

d imens ion less  speed o f  sound ( i d e n t i c a l  t o  
u n i t y )  

r e f e r e n c e  a d i a b a t i c  speed o f  sound 
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P r o p e r t y  t e n s o r ,  Eq. (IO) 

f requency  

P 
d imens ion less  h e a t  t r a n s f e r  parameter ,  Eq. ( 2 )  

wave number, Eq. (15) 

a x i a l  modal wave number, Eqs. ( 1 3  

d imens ion less  l e n g t h ,  L ' I b '  

p o s i t i o n  o f  e x i t  r e f l e c t i o n  c o e f f  
mea s uremen t 

number o f  modes i n  expans ion ,  Eqs 
(16 )  

mode number, Eq. (12)  or (16 )  

u n i t  ou tward  no rma l ,  Eq. (28 )  

and (14 )  

c i e n t  

(12 )  and 

2 d imens ion less  p ressu re ,  P ' (x .y , t ) /pAc;  

i w t  d imens ion less  p ressu re ,  P ( x , y , t ) l e  

e x i t  r e f l e c t i o n  c o e f f i c i e n t ,  Eq. (19 )  

t i m e  

d imens ion less  a x i a l  a c o u s t i c  v e l o c i t y ,  u ' / c A a  

d imens ion less  a x i a l  d i s t a n c e  c o o r d i n a t e ,  x ' / b '  

d imens ion less  t r a n s v e r s e  d i s t a n c e  c o o r d i n a t e ,  
y ' l b '  

e x i t  impedance, Eq. (18 )  

e x i t  r e f l e c t i o n  g r a d i e n t  c o r r e c t  

e x i t  r e f l e c t i o n  p r e s s u r e  c o r r e c t  

s o e c i f i c  h e a t  r a t i o  

on, Eq. (24 )  

on, Eq. (22)  

p r o p e r t y  c o n s t a n t ,  Eqs. (5) and ( 6 )  

poros  i t y  

p r o p e r t y  c o n s t a n t ,  Eq. ( 7 )  

d imens ion less  d e n s i t y ,  p ' l p ;  

d imens ion less  v i s c o u s  loss c o e f f i c i e n t  

d imens ion less  a n g u l a r  v e l o c i t y ,  w'b;/c; 

angu la r  v e l o c i t y  

S u b s c r i p t s :  

1 r e g i o n  1 

2 r e g i o n  2 

a en t rance  d u c t  

b e x i t  d u c t  

i nodal  p o i n t  

0 i n c i d e n t  wave or ambient  c o n d i t i o n  I 

~ 

~ 

2 

x d i r e c t i o n  component 

y d i r e c t i o n  component 

S u p e r s c r i p t s :  

' d imens iona l  q u a n t i t y  

- approx imate  f i n i t e  element p r e d i c t i o n  

Geometr ic Model 

Cons ider  the  i d e a l i z e d  a c o u s t i c  d u c t  shown i n  
F i g .  4 wh ich  c o u l d  be used t o  s i m u l a t e  a c o u s t i c  
wave p r o p a g a t i o n  i n  a genera l  d u c t  i n  t h e  absence 
o f  f low. The i n t e r i o r  passage o f  t h e  d u c t  i s  
assumed t o  c o n t a i n  a i r  w h i l e  a f i b r o u s  absorber  i s  
mounted i n  t h e  c a v i t y  above the  d u c t  i n  t h e  c e n t r a l  
p o r t i o n .  The lower w a l l  i s  assumed ha rd  or can be 
taken as a l i n e  o f  symmetry. 

assumed t o  genera te  a harmonic p ressu re  f i e l d  a t  
minus i n f i n i t y  i n  t h e  en t rance  d u c t .  T h i s  f i e l d  
w i l l  p ropagate  down t h e  d u c t  and a c t  as t h e  i n p u t  
d r i v i n g  boundary c o n d i t i o n  f o r  t he  prob lem.  A 
p o s i t i v e  g o i n g  a c o u s t i c  wave o f  known magn i tude i s  
assumed a t  t h e  en t rance  ( x  = 0 .0 )  of the  f i n i t e  
e lement  p o r t i o n  o f  t h e  d u c t .  
be p lane  or have s i g n i f i c a n t  t r a n s v e r s e  
p ressu re  v a r i a t i o n s .  The p resen t  paper w i l l  f ocus  
on t h e  i n t e r a c t i o n  ( a b s o r p t i o n )  o f  these 
p r o p a g a t i n g  a c o u s t i c  waves w i t h  t h e  f i b r o u s  b u l k  
abso rb ing  m a t e r i a l .  

e x i t  s e c t i o n  r e g i o n s  w i t h  p e r f e c t l y  ha rd  w a l l s ,  t h e  
e x a c t  s o l u t i o n  o f  t h e  gove rn ing  d i f f e r e n t i a l  
equa t ions  can be e a s i l y  w r i t t e n  i n  t e r m s  o f  t h e  
d u c t  modes; t h u s ,  s imp le  a n a l y t i c a l  exp ress ions  can 
be employed t o  d e s c r i b e  t h e  p ressu re  f i e l d  i n  these  
r e g i o n s .  I n  t h e  c e n t r a l  r e g i o n  wh ich  i n c l u d e s  b o t h  
the  d u c t  and t h e  f i b r o u s  abso rb ing  r e g i o n ,  t h e  
f i n i t e  e lement  a n a l y s i s  i s  employed t o  de te rm ine  
t h e  p r e s s u r e  f i e l d .  

The assumed known p ressu re  waves p r o p a g a t i n g  
down t h e  h a r d  en t rance  d u c t  a r e  e i t h e r  r e f l e c t e d ,  
t r a n s m i t t e d  or absorbed by t h e  nonun i fo rm segment 
o f  t h e  d u c t  c o n t a i n i n g  t h e  b u l k  abso rbe r .  P ressu re  
mode r e f l e c t i o n  a t  t h e  i n l e t  t o  t h e  a b s o r b i n g  
r e g i o n  and t r a n s m i s s i o n  a t  t h e  o u t l e t  o f  t h e  
abso rb ing  r e g i o n ,  a r e  de termined by ma tch ing  t h e  
f i n i t e  e lement  s o l u t i o n  i n  t h e  i n t e r i o r  o f  t h e  
c e n t r a l  r e g i o n  t o  the  known a n a l y t i c a l  e i g e n  
f u n c t i o n  expans ions  i n  t h e  u n i f o r m  i n l e t  and o u t l e t  
d u c t s .  T h i s  p e r m i t s  a mu l t imoda l  r e p r e s e n t a t i o n  
a c c o u n t i n g  fo r  r e f l e c t i o n  and mode convers ion  by 
t h e  nonun i fo rm absorb ing  s e c t i o n .  Th is  approach 
has been found  t o  a c c u r a t e l y  model r e f l e c t i o n  and 
t r a n s m i s s i o n  c o e f f i  c i e n t s . 7  

Some s o r t  o f  a c o u s t i c  p ressu re  d i s t u r b a n c e  i s  

The p ressu re  wave may 
y 

I n  t h e  u n i f o r m ,  i n f i n i t e l y  l o n g  e n t r a n c e  and 

Govern ing  Equat ions  

The g o v e r n i n g  equa t ions  a r e  t h e  s t a t e ,  
c o n t i n u i t y ,  and momentum l i n e a r i z e d  gas dynamics 
equa t ions  i n  t h e  absence o f  mean flow. I n  t h e  
f i b r o u s  m a t e r i a l ,  t h e  Hersh form o f  the  gove rn ing  
equa t ions4  w i l l  be employed. By t r e a t i n g  t h e  b u l k  
m a t e r i a l  as a momentum and thermal  s i n k ,  Hersh 
m o d i f i e d  t h e  c o n v e n t i o n a l  l i n e a r i z e d  gas equa t ions  
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such t h a t  new complex p r o p a g a t i o n  cons tan ts  c o u l d  
account  f o r  a c o u s t i c  energy  a b s o r p t i o n  i n  t h e  
m a t e r i a l .  The development was semi -emp i r i ca l  Since 
a d j u s t a b l e  c o n s t a n t s  were employed; however, t h e  
d imens iona l  parameters  deve loped appear t o  
a c c u r a t e l y  follow t h e  exper imen ta l  t r e n d s .  
D i f f e r e n t  se ts  o f  c o n s t a n t s  were de termined f o r  t he  
f i b e r s  o r i e n t e d  p e r p e n d i c u l a r  t o ,  o r  p a r a l l e l  to,  
t h e  d i r e c t i o n  o f  p r o p a g a t i o n .  Consequent ly ,  some 
p r o p e r t i e s  i n  t h e  f o l l o w i n g  equa t ions  w i l l  be 
s u b s c r i p t e d  w i t h  e i t h e r  x or y t o  i n d i c a t e  
a n i s o t r o p i c  b e h a v i o r .  

A s  shown i n  R e f .  3,  t h e  equa t ions  o f  s t a t e ,  
c o n t i n u i t y ,  and momentum were combined t o  y i e l d  t h e  
f o l l o w i n g  wave e q u a t i o n  i n  d imens ion less  form: 

The usua l  symbols for a c o u s t i c  p r o p a g a t i o n  a r e  
employed and a l l  a r e  e x p l i c i t l y  d e f i n e d  i n  t h e  
Nomenclature.  Some new t e r m s  t h a t  a r e  n o t  found i n  
t h e  c o n v e n t i o n a l  wave e q u a t i o n  i n  a i r  a r e  t h e  
p o r o s i t y  < ,  v i s c o u s  l o s s  c o e f f i c i e n t  u ,  and 
e f f e c t i v e  speed o f  sound C e .  The e f f e c t i v e  speed 
o f  sound i s  d e f i n e d  as 

where K r e p r e s e n t s  a d imens ion less  h e a t  t r a n s f e r  
parameter  d e f i n e d  i n  Re f .  3 or 4 i n  r e l a t i o n  t o  t h e  
p h y s i c a l  p r o p e r t i e s  o f  t h e  b u l k  abso rbe r .  For h i g h  
f r e q u e n c i e s ,  Klpw < <  1 ,  t h e  usua l  a d i a b a t i c  
r e l a t i o n s h i p  fo r  t h e  speed o f  sound i s  recove red .  

Assuminq t h e  p r e s s u r e  p e r t u r b a t i o n  P t o  be 
harmonic i n  f i m e ,  

P ( x , y . t )  = p ( x , y ) e i u t  

Eq. ( 1 )  becomes 

For s i m p l i c i t y ,  l e t  

t + p = o  

PoCe 

r = +  
Poc e 

(6) 

( 7 )  

Thus. t h e  wave equa t ion  becomes 

Equa t ion  (8) r e p r e s e n t s  t h e  gove rn ing  wave e q u a t i o n  
t o  be s o l v e d  by f i n i t e  e lement  t h e o r y .  

t h e o r y ,  i t  i s  conven ien t  t o  express  Eq. (8) i n  
v e c t o r  f o rm,  

For l a t e r  use i n  a p p l y i n g  t h e  f i n i t e  element 

- 
( 9 )  2 V * ( E  Vp) + pu p = 0 

where t h e  p r o p e r t y  tenso r  E i s  r ep resen ted  by  

and t h e  v e c t o r  p r o d u c t  o f  t h e  tenso r  E and a 
v e c t o r  Vp follows t h e  common d e f i n i t i o n  
(Eqs. (A.4-19).  Re f .  8). 

U n i f o r m  Duct  A n a l y t i c a l  S o l u t i o n  

The p roper  t e r m i n a t i o n  boundary c o n d i t i o n  of 
t h e  f i n i t e  e lement  r e g i o n  r e q u i r e s  t h a t  a c o u s t i c  
waves a r e  n o t  a r t i f i c i a l l y  r e f l e c t e d  by t h e  
numer i ca l  d i f f e r e n c e  equa t ions  employed a t  t h e  
f i r s t  or l a s t  column o f  noda l  p o i n t s .  Cons ide rab le  
research  has been expended i n  t h e  a c o u s t i c  and 
e l e c t r o m a g n e t i c  f i e l d s  t o  o b t a i n  a good numer i ca l  
app rox ima t ion  f o r  t h i s  c o n d i t i o n .  Us ing  t h l s  
research  base, t he  a n a l y t i c a l  s o l u t i o n  of Eq. (8) 
for  a c o u s t i c  wave p r o p a g a t i o n  i n  a u n i f o r m  h a r d  
w a l l  d u c t  w i l l  be employed t o  g i v e  t h e  t e r m i n a t i o n  
boundary c o n d i t i o n  f o r  t h e  f i n i t e  element r e g i o n .  

The a n a l y t i c a l  s o l u t i o n  f o r  p ressu re  waves 
t r a v e l i n g  between p a r a l l e l  h a r d  p l a t e s  where t h e  
boundary c o n d i t i o n  i s  

i s  g i v e n  as (see f o r  example R e f .  9 ,  p .  504) 

For t h e  e i w t  t ime  dependence used he re ,  t h e  

t e r m  r e p r e s e n t s  a wave p r o p a g a t i n g  i n  kxnx  
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i kxnX 
the  p o s i t i v e  x d i r e c t i o n  w h i l e  t h e  A i e  

t e r m  rep resen ts  a wave moving i n  t h e  n e g a t i v e  x 
d i r e c t i o n .  

The a x i a l  wave number k x n  i n  Eq. (12 )  i s  

(14)  

(15 )  k = u G = -  0 

cO 

The modal e x p r e s s i o n  rep resen ted  by Eq. (12)  
has been t r u n c a t e d  t o  a t o t a l  o f  Nm modes o f  t he  
i n f i n i t e  number p o s s i b l e .  Thus, a t o t a l  of  Nm 
unknown modal amp l i t udes  A i ,  A;, -- A &  have been 
i n t r o d u c e d .  The A +  terms w i l l  be assumed as 
known. N, c o n s t r a i n t  equa t ions  w i l l  be r e q u i r e d  
t o  de te rm ine  each o f  these unknown r e f l e c t i o n  
c o e f f i c i e n t ; .  The equa t ions  used t o  d e f i n e  these 
c o e f f i c i e n t s  w i l l  be i n t r o d u c e d  i n  t h e  f o l l o w i n g  
s e c t i o n  on boundary c o n d i t i o n s .  

o n l y  p o s i t i v e  g o i n g  waves a r e  cons ide red  
A s i m i l a r  s o l u t i o n  e x i s t s  a t  t he  e x i t .  excep t  

where k x n  i n  Eq. (16 )  i s  based on c h a r a c t e r i s t i c  
d u c t  h e i g h t  o f  e x i t  bb .  

appara tus ,  r e f l e c t i o n s  o c c u r  a t  t h e  t e r m i n a t i o n  o f  
t h e  d u c t .  I n  many cases, a b s o r p t i v e  m a t e r i a l  i s  
i n c l u d e d  i n  the  t e r m i n a t i o n  t o  reduce t h i s  
r e f l e c t i o n .  The r e f l e c t i o n s  a r e  observed i n  t h e  
exper imen ta l  d a t a  by  t h e  appearance o f  smal l  
s t a n d i n g  wave p a t t e r n s  a t  t h e  d u c t  e x i t .  From 
these s t a n d i n g  wave p a t t e r n s  or o t h e r  meanslo t h e  
impedance or e x i t  r e f l e c t i o n  c o e f f i c i e n t  can be 
measured. For p l a n e  wave p r o p a g a t i o n ,  Eq. (16)  can 
be m o d i f i e d  t o  account  f o r  e x i t  r e f l e c t i o n .  S ince  
o n l y  a s i n g l e  p lane  wave approx ima t ion  t o  Eq. (16 )  
w i l l  be cons ide red ,  t h e  f i n i t e  element g r i d  must be 
ex tended s u f f i c i e n t l y  f a r  from t h e  e x i t  so t h a t  a l l  
h i g h e r  o r d e r  modes decay. T h i s  i s  e a s i l y  checked 
by examin ing  con tou r  p r e s s u r e  p l o t s  o f  t he  a c o u s t i c  
f i e l d .  

For  a s i n g l e  p l a n e  wave p r o p a g a t i n g  i n  t h e  

U n f o r t u n a t e l y ,  i n  a r e a l  w o r l d  exper iment  d u c t  

e x i t  d u c t ,  Eq. (16 )  can be r e w r i t t e n  as 

( 1 7 )  

I n  t h i s  case, t he  r e f l e c t e d  wave rep resen ted  by  
the  6- t e rm has been i n c l u d e d  i n  t h e  p r o p a g a t i o n  
e q u a t i o n .  The impedance a t  any x va lue  i s  
de f i ned  as 

i 2 k x  1 + - e  

or 

If t h e  measured va lue  o f  t h e  e x  
r e f l e c t i o n  c o e f f i c i e n t  i s  t aken  
f o l l o w s  t h a t  

e -i2kx = c o n s t a n t  

(19 )  

t impedance or 
a t  p o s i t i o n  LT i t  

S u b s t i t u t i n g  Eq. (20 )  back i n t o  Eq. (17)  
y i e l d s  the  new p ressu re  requ i remen t  a t  t h e  e x i t  

p ( x )  = rB le  (21)  + - i kX  

where 

- i 2 k ( L T - x )  
r = 1 + Rr(LT)e (22)  

I n  a s i m i l a r  manner, t h e  new c o n d i t i o n  f o r  t he  
p r e s s u r e  g r a d i e n t  a t  t h e  e x i t ,  which i s  used i n  t h e  
f i n i t e  e lement  f o r m u l a t i o n ,  can be w r i t t e n  as 

3 = - ikaB le  + - jkx  (23)  a x  

where 

- i 2 k ( L T - x )  
a = 1 - R ( L  )e  (24)  r T  

Boundary C o n d i t i o n s  

A v a r i e t y  o f  boundary c o n d i t i o n s  w i l l  be used 
i n  t h e  f i n i t e  element s o l u t i o n  o f  Eq. ( 1 )  for  the  
model p rob lem wh ich  i s  d i s p l a y e d  i n  F i g .  4 .  Each 
of t h e  c o n d i t i o n s  w i l l  now be b r i e f l y  d i scussed .  

I n p u t  C o n d i t i o n s  

The a n a l y s i s  assumes a g i v e n  number+of Nm 
p o s i t i v e  g o i n g  waves whose amp l i t udes  An a r e  
known. These modes e f f e c t i v e l y  s e t  t h e  l e v e l  o f  
t h e  s c a l a r  p ressu re  f i e l d  i n  t h e  f i n i t e  element 
r e g i o n  and can be viewed as t h e  e q u i v a l e n t  
D i r i c h l e t  boundary c o n d i t i o n s  r e q u i r e d  f o r  t h e  
e l l i p t i c  boundary va lue  p rob lem d e f i n e d  by Eq. ( 1 ) .  
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I n  a l l  
s e c t  i o n  
assumed 
r e s t  o f  
z e r o .  

he s o l u t i o n s  t o  be p resen ted  i n  the  r e s u l t s  
o f  t h i s  r e p y t .  a p lane  wave i n p u t  i s  

t h a t  i s ,  A 1  i s  taken as u n i t y  and the  
the  h i g h e r  modal amp l i t udes  a r e  assumed 

Pressure  C o n t i n u i t y  

I n  g e n e r a l ,  t h e  s c a l a r  p ressu re  f i e l d  i s  
con t i nuous  across  an i n t e r f a c e  except  where sources 
a r e  p r e s e n t .  Thus, t h e  boundary c o n d i t i o n  a t  t he  
i n t e r f a c e  between t h e  en t rance  d u c t  and the  f i n i t e  
e lement  r e g i o n  r e q u i r e s  

Pa = ( X  = 0; 0 < y < ba) (25 )  

where pa i s  t h e  modal r e p r e s e n t a t i o n  o f  t h e  s c a l a r  
p r e s s u r e  f i e l d  i n  t h e  a n a l y t i c a l  i n l e t  r e g i o n  g i v e n  
by Eq. ( 1 2 )  and E i m p l i e s  an approx imate  f i n i t e  
e lement  numer i ca l  s o l u t i o n  t o  the  t r u e  s o l u t i o n .  
A p p l y i n g  Eq. (25 )  i s  n o t  q u i t e  as easy as i t  l o o k s .  
A we igh ted  r e s i d u a l  approach i s  used w i t h  t h e  
w e i g h t i n g  f u n c t i o n  equa l  t o  t h e  e igen  f u n c t i o n  of  
t h e  a n a l y t i c a l  s o l u t i o n  rep resen ted  by t h e  cos ine  
t e r m s  i n  Eq. ( 1 2 ) .  N, separa te  equa t ions  a r e  
genera ted ;  one for  each o f  t h e  unknown r e f l e c t i o n  
c o e f f i c i e n t s .  A f u l l  d i s c u s s i o n  can be found i n  
R e f .  10,  Eqs. (43 )  t o  ( 5 2 ) .  S i m i l a r  equa t ions  a r e  
used a t  t he  e x i t .  

V e l o c i t y  C o n t i n u i t y  

I n  a d d i t i o n  t o  t h e  p ressu re  c o n t i n u i t y ,  t h e  
a x i a l  a c o u s t i c  v e l o c i t y  must a l s o  be con t inuous  
ac ross  t h e  i n t e r f a c e  t o  t h e  f i n i t e  e lement  r e g i o n .  

Ua G ( X  = 0; 0 < y < ba)  (26 )  

Aga in ,  Ua i s  t h e  modal r e p r e s e n t a t i o n  o f  t h e  a x i a l  
v e l o c i t y  f i e l d  i n  t h e  a n a l y t i c a l  s o l u t i o n  and 
r e p r e s e n t s  t h e  approx ima te  f i n i t e  e lement  s o l u t i o n .  
Us ing  t h e  momentum equa t ions  (Ref.  3 ,  Eq. ( 2 1 ) )  t o  
express  t h e  a x i a l  v e l o c i t y  i n  t e r m s  of  t h e  p ressu re  
f i e l d  y i e l d s  

Aga in ,  a s i m i l a r  e q u a t i o n  a p p l i e s  a t  t h e  e x i t .  

Hard Wal l  Boundary C o n d i t i o n  

(27 )  

A t  t h e  h a r d  w a l l s  shown i n  F i g .  4 ,  t h e  
t r a n s v e r s e  a c o u s t i c  v e l o c i t y  i s  ze ro .  Aga in ,  u s i  
t h e  momentum e q u a t i o n s  t o  r e l a t e  t h e  a c o u s t i c  
v e l o c i t y  t o  t h e  p r e s s u r e  f i e l d s  r e q u i r e s  

- 
V p . n = O  ( 2 8 )  

F i n i t e  Element Theory 

The f i n i t e  e lement  f o r m u l a t i o n  o f  t h e  
heterogeneous wave e q u a t i o n  i s  now genera ted  by 
u s i n g  t h e  we igh ted  r e s i d u a l  approach w i t h  t h e  
C a l e r k i n  a p p r o x i m a t i o n  t o  o b t a i n  an i n t e g r a l  f o r m  
o f  t h e  v a r i a b l e  p r o p e r t y  wave e q u a t i o n  ove r  t h e  
whole ( g l o b a l )  domain. 

The con t inuous  domain D i s  f i r s t  d i v i d e d  i n t o  
a number of d i s c r e t e  a reas  as shown i n  F i g .  4 .  The 
p a r t i c u l a r  p a t t e r n  chosen has been found  t o  g i v e  
accu ra te  r e s u l t s  for  a minimum number o f  e lements .12  

I n  the  c l a s s i c a l  we igh ted  r e s i d u a l  manner, t he  
p ressu re  f i e l d  i s  c u r v e - f i t t e d  i n  terms of a l l  t h e  
unknown noda l  va lues  p i ( x 1 , y i ) .  The f i n i t e  
e lement  aspec ts  o f  c o n v e r t i n g  Eq. ( 1 )  and the  
boundary c o n d i t i o n s  i n t o  an a p p r o p r i a t e  s e t  o f  
g l o b a l  d i f f e r e n c e  equa t ions  can be found i n  t e x t  
books l3  as w e l l  as i n  Re f .  1 1  and fo r  conc iseness  
w i l l  n o t  be p resen ted  h e r e i n .  I n  Ref .  1 1 ,  an exac t  
f i n i t e  element ana log  o f  Eq. ( 1 )  f o r  e l e c t r o m a g n e t i c  
p r o p a g a t i o n  has been so l ved  by the  G a l e r k i n  f l n i t e  
element t h e o r y  w i t h  l i n e a r  e lements .  

Exper imenta l  Appara tus  and Procedure  

A t e s t  appara tus  was c o n s t r u c t e d  t o  v e r i f y  t h e  
numer i ca l  method f o r  a d u c t  h a v i n g  a f i b r o u s  
abso rb ing  w a l l  and no  mean f l ow .  The genera l  
a c o u s t i c  d u c t  system d e s c r i b e d  i n  Re f .  3 was 
employed. The s imp le  no- f low appara tus  i s  shown 
s c h e m a t i c a l l y  i n  F i g .  5 w h i l e  an a c t u a l  photograph 
o f  t h e  t e s t  s e c t i o n  and i n s t r u m e n t a t i o n  i s  shown i n  
F i g .  6 .  The exper imen ta l  system was des igned t o  
s i m u l a t e  p lane  wave p r o p a g a t i o n  i n  an i n f i n i t e  d u c t .  

source ,  t e s t  s e c t i o n ,  f i b r o u s  absorber  t e s t  sample, 
microphone i n s t a l l a t i o n ,  and measurement accu racy .  
The p a r t i c u l a r  c o n f i g u r a t i o n  used i n  t h e  t e s t s  w i l l  
be d e s c r i b e d  i n  t h e  D i s c u s s i o n  o f  R e s u l t s  s e c t i o n  
which now f o l l o w s .  

Reference 3 d e s c r i b e s  i n  d e t a i l  t h e  a c o u s t i c  

D i s c u s s i o n  o f  R e s u l t s  

For t h e o r y  and code v a l i d a t i o n ,  t h e  f i n i t e  
element s o l u t i o n  i s  f i rst a p p l i e d  t o  a t h e o r e t i c a l  
case where an exac t  a n a l y t i c a l  s o l u t i o n  e x i s t s .  
Nex t ,  t h e  exper imen ta l  r e s u l t s  a r e  compared t o  
f i n i t e  e lement  p r e d i c t i o n s .  

Normal I n c i d e n c e  

The f i rst  case c o n s i d e r s  a s t e p  change i n  
m a t e r i a l  d e n s i t y  f r o m  a nond lmens iona l  v a l u e  .of 1 
t o  a v a l u e  of 4 a t  an a x i a l  p o s i t i o n  o f  x equa ls  
0.25 i n s i d e  t h e  f i n i t e  e lement  g r i d ,  as seen i n  t h e  
upper p o r t i o n  o f  F i g .  7 .  I n  t h i s  case t h e  p o r o s i t y  
i s  u n i t y ,  and t h e  v i scous  l o s s  c o e f f i c i e n t s  ox 
and u a r e  assumed to  be z e r o  so t h a t  e x  and 

: z s p e c t i v e l y .  The p parameter  was assumed to  be 
1 and t h e  d imens ion less  i n c i d e n t  f requency  was 
assumed t o  be 2n. 

t d e  on t he  rea l  va lues  o f  1 and 4 ,  

A s  shown i n  F i g .  7 .  t h e  f i n i t e  e lement  and 
exac t  a n a l y t i c a l  t h e o r i e s  ( R e f .  14 ,  p .  83) a r e  i n  
e x c e l l e n t  agreement for t h e  r m s  p r e s s u r e .  The 
r e f l e c t i o n s  from t h e  i n t e r f a c e  between t h e  two 
d e n s i t y  changes a r e  c l e a r l y  r e p r e s e n t e d  by  t h e  
s t a n d i n g  wave p a t t e r n  ahead o f  t h e  i n t e r f a c e .  
Observe t h a t  t h e  magnitude o f  t h e  p r e s s u r e  
i nc reases  i n s i d e  the  m a t e r i a l .  

The key  f a c e t  o f  t h i s  example i l l u s t r a t e s  t h a t  
I t  i s  n o t  necessary  t o  employ any i n t e r f a c i a l  
boundary c o n d i t i o n s .  The change i n  p r o p e r t i e s  a t  
t h e  i n t e r f a c e  i s  a u t o m a t i c a l l y  hand led  by  t h e  
heterogeneous form o f  t h e  d i f f e r e n t i a l  e q u a t i o n .  
A s  seen i n  F i g .  7 ,  t h e  change i n  m a t e r i a l  a t '  x o f  
0 .25  i n s i d e  t h e  f i n i t e  e lement  g r i d  a u t o m a t i c a l l y  
produces t h e  r e f l e c t e d  s t a n d i n g  wave c h a r a c t e r i s t i c  
o f  an impedance change. 
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Wall  Absorber 

F i g u r e  8 shows a comparison o f  exper iment  t o  
t h e o r y  f o r  t he  open b u l k  absorber  case shown by t h e  
upper schematic i n  F i g .  8 and by the  a c t u a l  
hardware i n  F i g .  6.  I n  the  t h e o r e t i c a l  
p r e d i c t i o n s ,  t h e  m a t e r i a l  p r o p e r t i e s  were e v a l u a t e d  
u s i n g  H e r s h ' s  c ~ r r e l a t i o n s . ~  However, a p a r a m e t r i c  
e v a l u a t i o n  o f  H e r s h ' s  v i scous  l o s s  c o e f f i c i e n t  
i n d i c a t e d  t h a t  i n c r e a s i n g  t h e  v i scous  l o s s  
parameter  would improve the  c o r r e l a t i o n  o f  t h e  
exper imen ta l  r e s u l t s .  Consequent ly ,  Hersh ' s  
p r e d i c t i o n  f o r  t h e  v i s c o u s  l o s s  c o e f f i c i e n t  was 
inc reased  f r o m  0 .1133 to  0 .4133.  Other  
exper imen ta l  o b s e r v a t i o n s  a l s o  suggested t h a t  
H e r s h ' s  e m p i r i c a l  c o e f f i c i e n t  u c o u l d  be 
u n d e r e s t i m a t i n g  v i s c o u s  e f f e c t s .  Us ing  an 
impedance tube ,  Dah1 and R i c e l o  r e p o r t e d  l a r g e r  
measured a b s o r p t i o n  t h a n  p r e d i c t e d  w i t h  t h e  Hersh 
model i n  the  1500 Hi! f r equency  range a s s o c i a t e d  
w i t h  t h e  p r e s e n t  exper imen t .  
p r o p e r t i e s  were used i n  t h e  exper imen ta l  d a t a  
c o r r e l a t i o n :  

The f o l l o w i n g  

y = 1 .4  d '  = 1 . 2 5 4 ~ 1 0 - ~  m vp = 1 .0  

Vn = 0 .44  Tn = 1.0 5 = 0.9945 

(29) 

and 

E X  = c y  = 1.0055 - i 0 .4133  (30 )  

p = 1 .0000 - i0 .04805 (31 )  

The e x i t  t e r m i n a t i o n  r e f l e c t i o n  c o e f f i c i e n t  
Rr (LT)  used i n  Eq. (20) was measured. Us ing  t h i s  
measured va lue  o f  Rr (LT) ,  r and a i n  Eqs. ( 2 2 )  
and ( 2 4 )  were c a l c u l a t e d  as f o l l o w s :  

r ( L T )  = 0 .9176 + i0 .0977  (32 )  

a (LT)  = 1.0824 - i0 .0977 (33 )  

A s  seen i n  F i g .  8,  t h e  t h e o r y  and exper iment  
a r e  i n  good agreement.  I n  p a r t i c u l a r ,  t h e  
magn i tude and wave l e n g t h  o f  t he  en t rance  s t a n d i n g  
wave due t o  t h e  b u l k  abso rbe r  c a v i t y  i s  i n  c l o s e  
agreement w i t h  t h e o r y  a l t h o u g h  a s l i g h t  s h i f t  i n  
t h e  p a t t e r n  (phase) i s  seen. The f a l l  o f f  o f  
p ressu re  i n  t h e  c e n t r a l  p o r t i o n  o f  t h e  d u c t  i s  a l s o  
p r e d i c t e d  v e r y  w e l l .  I n  t h e  a x i a l  r e g i o n  from x 
equa ls  8 t o  12 as shown i n  F i g .  8, t h e  s t a n d i n g  
wave p a t t e r n  r e s u l t s  from r e f l e c t i o n s  o f f  the  
abso rb ing  wedge i n  t h e  e x i t  h o r n  (see F i g .  5 ) .  
t h e o r y  v e r y  a c c u r a t e l y  p r e d i c t s  these s t a n d i n g  
waves. 

p a t t e r n s  i n  t h e  e x i t  assumed a s i n g l e  dominant 
p lane  wave. 
p r o p a g a t i n g  a t  a f requency  o f  1701 Hz i n  t h e  
exper imen ta l  appara tus  o f  F i g .  6,  t h e  cho ice  o f  
1560 Hi! f o r  t h e  d a t a  f requency  guarantees  t h a t  o n l y  
p lane  waves w i l l  p ropaga te  i n  t h e  s t r a l g h t  p o r t i o n  
o f  t he  d u c t  f a r  from t h e  f i b r o u s  a b s o r p t i o n  a rea .  
Th is  i s  c l e a r l y  shown by  t h e  t h e o r e t i c a l  con tou r  
p l o t s  shown i n  F i g .  9 .  I n  t h e  v i c i n i t y  o f  t h e  
f i b r o u s  b u l k  abso rbe r  en t rance  and e x i t  r e g i o n ,  
h i g h e r  o r d e r  a c o u s t i c  modes a r e  p r e s e n t  as 

The 

The t h e o r y  used t o  p r e d i c t  t h e  s t a n d i n g  wave 

S ince  t h e  f i r s t  nonplane mode beg ins  

6 

i n d i c a t e d  by t h e  nonp lanar  p ressu re  p r o f i l e s .  
However, f a r  f r o m  t h e  b u l k  absorber  r e g i o n  a t  t h e  
a x i a l  p o s i t i o n  o f  x equa ls  13, where t h e  
a n a l y t i c a l  r e g i o n  coup les  t o  the  f i n i t e  e lement  
r e g i o n ,  t he  p ressu re  wave p r o f i l e  i s  e s s e n t i a l l y  
p l a n e .  Thus the  p lane  wave r e f l e c t i o n  c o e f f i c i e n t  
t h e o r y  o f  Eq. (17 )  i s  v a l i d .  

F i n a l l y ,  t he  t h e o r y  can be used t o  e v a l u a t e  
the  l o c a l  e f f e c t i v e n e s s  o f  a b u l k  absorber  by 
d e t e r m i n i n g  the  a x i a l  a c o u s t i c  energy c o n t e n t  of  
t he  d u c t .  The energy a t  any a x i a l  p o s i t i o n  i s  t h e  
t r a n s v e r s e  summation o f  t h e  l o c a l  a c o u s t i c  
i n t e n s i t y  ( p r o d u c t  o f  p ressu re  p and con juga te  
a c o u s t i c  v e l o c i t y  u )  ac ross  t h e  d u c t .  F i g u r e  10 
d i s p l a y s  t h e  a x i a l  energy  as a f u n c t i o n  o f  a x i a l  
p o s i t i o n  f o r  t h i s  exper imen ta l  case. The incoming 
wave energy has been no rma l i zed  t o  a va lue  o f  1 .  
Thus, t he  d i p  i n  incoming energy  below 1 i n  t h e  
en t rance  p o r t i o n  o f  t h e  d u c t  rep resen ts  t h e  
r e f l e c t e d  component o f  energy .  S u r p r i s i n g l y ,  a t  
t h e  a x i a l  p o s i t i o n  o f  7 t o  8 .  t h e  n e t  energy  i n  t h e  
d u c t  i s  r i s i n g .  
p o r t i o n  o f  t h e  b u l k  absorber  i s  t r a n s p o r t e d  th rough  
t h e  absorber  t o  t h e  e x i t  p o r t i o n  o f  t h e  d u c t .  
Thus, t he  second h a l f  o f  t h e  b u l k  absorber  i s  v e r y  
i n e f f e c t i v e  i n  r e d u c i n g  t h e  t r a n s m i t t e d  energy .  

Fo lded Cavi t y  

i n  t h e  r e d u c t i o n  o f  low frequents sound i n  c o n f i n e d  
spaces such as t u r b o f a n  n a c e l l e s  
cowl o f  t he  h i g h  speed duc ted  p r o p e l l e r s  shown i n  
F i g .  3. Low f requency  n o i s e  suppress ion  i n  these 
a i r c r a f t  cowls  can be ach ieved  w i t h o u t  excess i ve  
a c o u s t i c  l i n e r  back ing  dep th  i f  t h e  back ing  volume 
i s  formed as a l o n g  sha l l ow  c a v i t y  f o l d e d  t o  l i e  
a l o n g  the  l e n g t h  o f  t h e  cowl .  

The second exper iment  and t h e o r y  comparison 
w i l l  i l l u s t r a t e  how e a s i l y  t h e  f i n i t e  e lement  
t h e o r y  can be m o d i f i e d  t o  account  for  complex 
abso rb ing  c a v i t i e s  i n  t h e  w a l l .  
f o l d e d  c a v i t y  was c o n s t r u c t e d  by " t a p i n g  o v e r "  a 
p o r t i o n  o f  t h e  b u l k  abso rbe r  i n t e r f a c e  thus  
c r e a t i n g  a f o l d e d  c a v i t y  (see  t h e  upper p o r t i o n  o f  
F i g .  1 1 ) .  

e lement g r i d  i s  employed i n  t h e  s o l u t i o n  as was 
used i n  F i g .  8.  However, i n  t h i s  case, t h e  
m a t e r i a l  p r o p e r t i e s  r e p r e s e n t i n g  t h e  meta l  t ape  
were s i m u l a t e d  by s i m p l y  chang ing  t h e  r e a l  p a r t  o f  
E t o  a l a r g e  number (1x109) .  I n  e f f e c t  a l a r g e  
impedance mismatch i s  genera ted  a t  t he  i n t e r f a c e  so 
t h a t  these e lements  now r e p r e s e n t  t h e  s o l i d  
m e t a l l i c  s u r f a c e  o f  t h e  tape .  

Energy e n t e r i n g  the  b e g i n n i n g  

Folded c a v i t i e s  have been found  t o  be u s e f u l  

o r  i n  t h e  t h i n  

I n  p a r t i c u l a r ,  a 

To model t h i s  f o l d e d  c a v i t y ,  t h e  same f i n i t e  

A s  seen i n  F i g .  1 1 ,  t h e  t h e o r y  and exper iment  
a r e  s t i l l  i n  good agreement.  The magnitude o f  t he  
s t a n d i n g  wave i n  t h e  en t rance  d u c t  i s  somewhat 
l a r g e r  than  t h e  p r e v i o u s  case b u t  s t i l l  i n  
reasonab le  agreement w i t h  t h e  t h e o r y .  
o f  p ressu re  i n  t h e  c e n t r a l  p o r t i o n  of t h e  d u c t  i s  
s t i l l  o r e d i c t e d  a u i t e  a c c u r a t e l y .  A second 

The f a l l  o f f  

t s  shown 
t s .  I n  
t o  the  
d l i n e  

a n a l y s i s  was a1 so  per fo rmed wi th t h e  e l  eme 
I n s e r t  A o f  F i g .  1 1  w i t h  i d e n t i c a l  r e s u  
s case, t h e  element t h i c k n e s s  was equal  
ckness o f  t h e  tape and appears as a s o l  
i n s e r t  A .  

i n  
t h  
t h  
i n  

ORIGINAL PAGE IS 
OF POOR QUALITY 



ORIGINAL PAGE IS 
OF POOR QUALITY 

F i n a l l y ,  t he  energy  l e v e l  i n  the  f o l d e d  c a v i t y  
exper iment  was found  t o  decrease th roughou t  the  
d u c t  as shown i n  F i g .  12 .  I n  t h i s  case t h e  f i n a l  
energy  l e v e l  a t  t h e  e x i t  t e r m i n a t i o n  was s l i g h t l y  
l e s s  than the  p r e v i o u s  example shown i n  F i g .  10.  
P a r t  o f  t h i s  decrease i s  due t o  i nc reased  r e f l e c t e d  
energy  a t  t he  en t rance  of the  f o l d e d  c a v i t y .  

S t r u c t u r a l  Blockaqe 

To s i m u l a t e  b lockage  i n  a d u c t  or t unne l  w i t h  
s p l i t t e r s  or i n s t r u m e n t a t i o n  suppor t ,  two m e t a l l i c  
spacers were i n s e r t e d  i n t o  t h e  t e s t  d u c t  as shown 
by t h e  upper schemat ic  o f  F i g .  13. Aga in ,  t h i s  
s t r u c t u r e  was s i m u l a t e d  mere l y  by chang ing  t h e  
p r o p e r t i e s  o f  t h e  e lements  i n  t h e  d u c t  as was done 
w i t h  t h e  f o l d e d  c a v i t y .  Thus, t h e  same f i n i t e  
e lement  g r i d  was employed i n  t h e  s o l u t i o n .  A s  w i t h  
t h e  p r e v i o u s  two cases ,  good agreement between t h e  
t h e o r y  and exper imen t  i s  seen i n  F i g .  13.  

Conc lud ing  Remarks 

A f i n i t e  e lement  model was deve loped t o  s o l v e  
for t h e  a c o u s t i c  p r e s s u r e  f i e l d  i n  a r e g i o n  t h a t  
was he terogeneous.  The d e r i v a t i o n  from the  
g o v e r n i n g  equa t ions  assumed no mean f l o w  and t h a t  
t h e  m a t e r i a l  p r o p e r t i e s  c o u l d  v a r y  w i t h  p o s i t i o n  
r e s u l t i n g  i n  a he terogeneous v a r i a b l e  p r o p e r t y  
two-d imens iona l  wave e q u a t i o n .  Th is  e l i m i n a t e d  t h e  
n e c e s s i t y  o f  f i n d i n g  t h e  boundary c o n d i t i o n s  
between t h e  d i f f e r e n t  m a t e r i a l s .  Consequent ly ,  
complex s t r u c t u r e s  can be e a s i l y  modeled s i m p l y  by  
chang ing  t h e  p r o p e r t i e s  o f  e lements  i n  t h e  
c a l c u l a t i o n a l  domain.  

For a two media r e g i o n  c o n s i s t i n g  of p a r t  a i r  
and p a r t  b u l k  a b s o r b e r ,  a model was used t o  
d e s c r i b e  t h e  b u l k  abso rbe r  p r o p e r t i e s  i n  two 
d i r e c t i o n s .  Exper iments  t o  v e r i f y  t h e  numer ica l  
t h e o r y  were conducted  i n  a r e c t a n g u l a r  d u c t  w i t h  no 
mean flow, a b s o r b i n g  m a t e r i a l  mounted on one w a l l ,  
and v a r i o u s  fo rms o f  s t r u c t u r e  i n t r o d u c e d  i n t o  t h e  
d u c t .  Changes i n  t h e  sound f i e l d ,  c o n s i s t i n g  o f  
p l a n a r  waves, were measured on t h e  w a l l  o p p o s i t e  
t h e  a b s o r b i n g  m a t e r i a l .  A s  a f u n c t i o n  o f  d i s t a n c e  
a l o n g  t h e  d u c t ,  f a i r l y  good agreement was found i n  
t h e  s t a n d i n g  wave p a t t e r n  ups t ream o f  t h e  absorber  
and i n  t h e  decay o f  p r e s s u r e  l e v e l  o p p o s i t e  t h e  
abso rbe r .  

The numer i ca l  f o r m u l a t i o n  i s  r e l a t i v e l y  s imp le  
t o  use and appears t o  g i v e  accu ra te  mode l i ng  o f  t h e  
exper imen ta l  d a t a .  The t h e o r y  may be a u s e f u l  t o o l  
i n  t h e  e v a l u a t i o n  of v i s c o u s  l o s s  c o e f f i c i e n t s  i n  
b u l k  m a t e r i a l s .  

References  

L i n e a r  Duct  A c o u s t i c s  - A S t a t u s  Repor t , "  
1 .  Baumeis te r ,  K .J . ,  "Numer ica l  Techniques i n  

2 .  

3.  

4 .  

5 .  

6. 

7 .  

8 .  

9 .  

10. 

1 1 .  

12. 

13. 

14. 

Jou rna l  o f  E n q i n e e r i n q  for  I n d u s t r y ,  Vol. 103, 
NO, 3 ,  AUg. 1981, pp. 270-281. 

Baume is te r ,  K . J . ,  "Numerical  Techniques i n  
L i n e a r  Duct  A c o u s t i c s  - 1980-81 Update . "  NASA 

Baumeis te r .  K . J .  and Dah l ,  M.D., "A  F i n i t e  
Element Model for  Wave Propaga t ion  i n  an 
Inhomogeneous M a t e r i a l  I n c l u d i n g  Exper imen ta l  
V a l i d a t i o n . "  A I A A  Paper 87-2741, O c t .  1987 
( a l s o ,  NASA TM-100149). 

Hersh, A . S .  and Walker,  B., " A c o u s t i c  Behav io r  
o f  F i b r o u s  B u l k  M a t e r i a l s , "  A I A A  Paper 80-0986, 
June 1980. 

TM-82730, 1981. 

Groeneweq, J.F. and Bober, J .L . ,  "Advanced 
Prope 1 1 e; Research, " Aeropopul  s i o n  87, Sess ion  
5: Subsonic P r o p u l s i o n  Technology,"  NASA 
CP-10003, 1987. pp. 5-123 t o  5-15?,. 

Beckemeyer, R.J. and Sawdy. D.T.,  " A n a l y t  
and Exper imen ta l  S t u d i e s  of Fo lded C a v i t y  
A c o u s t i c  L i n e r s , "  Paper p resen ted  a t  92nd 
Mee t ing  o f  the  A c o u s t i c a l  S o c i e t y  o f  Amer 
San D iego,  C A ,  Nov. 16-19, 1976. 

c a l  
Duct 

ca.  

Baummeister,  K . J . ,  Eversman, W . ,  A s t l e y ,  R.J . ,  
and Whi te ,  J.W., " A c o u s t i c s  i n  V a r i a b l e  Area 
Duc t :  F i n i t e  Element and F i n i t e  D i f f e r e n c e  
Comparisons t o  Exper iment . "  A I A A  J o u r n a l ,  
Vol. 21, No. 2.  Feb. 1983, pp. 193-199. 

B i r d ,  R.B.. S tewar t ,  W.E., and L i g h t f o o t .  E . N . ,  
T r a n s p o r t  Phenomena, John Wi ley  and Sons, New 
York. 1960. 

Morse, P . M .  and I n g a r d ,  K.U., T h e o r e t i c a l  
A c o u s t i c s ,  McGraw-Hi l l ,  New York. 1968. 

Dah l ,  M.D. and R ice ,  E.J. .  "Measured A c o u s t i c  
P r o p e r t i e s  o f  V a r i a b l e  and Low D e n s i t y  B u l k  
Absorbers . "  ASME Paper 85-WAINCA-6, Nov. 1985 
( a l s o .  NASA TM-87065). 

Baume is te r ,  K.J.,  " F i n i t e  Element A n a l y s i s  o f  
E l e c t r o m a g n e t i c  P ropaga t ion  i n  an Absorb ing  
Wave Gu ide , "  NASA TM-88866, 1986 .  

Baume is te r ,  K . J . ,  " E f f e c t  of T r i a n g u l a r  
Element O r i e n t a t i o n  on F i n i t e  Element 
S o l u t i o n s  o f  t h e  He lmho l t z  Equat ion , "  NASA 

S e r g e r l i n d ,  L . J . ,  A p p l i e d  F i n i t e  Element 
A n a l y s i s ,  John Wi ley  & Sons, New York, 1976. 

Temkins. S . ,  Elements of A c o u s t i c s ,  John Wi ley  
and Sons, 1981. 

TM-87351 , 1986. 

7 
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(a )  LOCAL REACTION LINERS. 

BULK ABSORBER FOLDED CAVITY 

(b )  EXTENDED REACTION LINERS. 

FIGURE 1. - L I N I N G  MATERIALS AND CONSTRUCTION. 
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(a ) LOCALLY REACTING ABSORBING ADMITTANCE BOUNDARY 
CONDITION. 
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(b )  EXTENDED REACTING INHOMOGENEOUS ABSORBING BOUNDARY 

FIGURE 2. - BOUNDARY CONDITIONS EMPLOYED TO SIMULATED 
ABSORBING WALL. 
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FIGURE 3 ,  - HIGH-SPEED DUCTED PROPELLER ACOUSTICS , 

- FIBROUS ABSORBING - HARD NONABSORBING 
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FIGURE 4. - TWO DIMENSIONAL DUCT F I N I T E  ELEMENT MODEL. 
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FIGURE 5 .  - NO-FLOW ACOUSTIC DUCT TEST SECTION AND INSTRUMENTATION. 
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FIGURE 6 .  - MICROPHONE TEST PLATE AND MOUNTED FIBROUS ABSORBER. 
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FIGURE 7.  - COMPARISON OF THE MAGNITUDE OF THE AXIAL 
RMS PRESSURE VARIATION ALONG THE LOWER WALL I N  A 
UNIFORM DUCT WITH HARD WALLS AND A CHANGE I N  PROPER- 

AS OBTAINED BY USING AN EXACT SOLUTION AND A F I N I T E  
SOLUTION FOR A PLANE WAVE (MODE-ONE) INCIDENT AT 
X = 0 WITH W = 2 ~ .  
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FIGURE 8. - EXPERIMENTAL AND THEORETICAL AXIAL 
PRESSURE PROFILE ALONG LOWER WALL FOR OPEN 
BULK C A V I T Y .  
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FIGURE 9. - CONTOUR PLOTS OF RMS PRESSURE AMPLITUDE 
FOR OPEN BULK CAVITY. 
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FIGURE IO. - A X I A L  ACOUSTIC ENERGY I N  THE A I R  DUCT 
AS A FUNCTION OF AXIAL POSITION FOR OPEN BULK 
CAVITY . 
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FIGURE 11. - EXPERIMENTAL AND THEORETICAL AXIAL 
PRESSURE PROFILE FOR FOLDED CAVITY BULK ABSORBER 
AS MEASURED ALONG THE LOWER WALL. 
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FIGURE 12. - AXIAL ACOUSTIC ENERGY IN THE AIR DUCT 
AS A FUNCTION OF AXIAL POSITION FOR THE FOLDED 
CAVITY BULK ABSORBER. 
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FIGURE 13. - EXPERIMENTAL AND THEORETICAL AXIAL 
PRESSURE PROFILES ALONG THE LOWER WALL FOR STRUCT- 
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