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SUMMARY 

Two m u f f l e r  c o n f i g u r a t i o n s  have been developed  on t h e  basis  of  
a n a l y s e s ,  l a b o r a t o r y  e x p e r i m e n t a t i o n ,  and e x t e n s i v e  NASA Ames 
Research  Cen te r  wind t u n n e l  tes ts .  One c o n f i g u r a t i o n  I s  a 
h i g h l y  op t imized  f i b e r g l a s s - f i l l e d  d e s i g n ,  and t h e  o t h e r  i s  a 
n o v e l  perforated p l a t e  no-fuzz d e s i g n ,  s i n i l a r  t o  t h o s e  used  
i n  a i r c r a f t  e n g i n e  I n l e t s .  The a c o u s t i c  per formances  of  b o t h  
d e s i g n s ,  and p a r t i c u l a r l y ,  t h e  perforated p l a t e  c o n f i g u r a t i o n ,  
a re  s t r c n g l y  i n f l u e n c e d  by t h e  Fmpedance of  t h e  a c o u s t i c  
materials and by t h e  c o n f i g u r a t i o n  d e t a i l s  of t h e  b u i l t - u p  
systens.  

To s u p p o r t  t h e  d e s i g n  o f  these m u f f l e r s ,  t e c h n i q u e s  f o r  measur ing  
t h e  impedance o f  t h e  c o n r l e t e  c o n f i g u r a t i o n s  and of  porous  p l a t e s  
w i t h  grazing flow are h e r e i n  i n v e s t i g a t e d  and u t i l i z e d ,  and 
changes i n  t h e  c o n f i g u r a t i o n  p a r a m e t e r s  t o  enhance  a c o u s t i c  p e r -  
formance are exp lo red .  ?he f e a s i b i l i t y  o f  a p u l s e  r e f l e c t i o n  
t e c h n i q u e  f o r  n e a s u r i n g  t h e  impedance o f  b u i l t - u p  s t r u c t u r e s  
in s i t u  i s  demons t r a t ed ,  b u t  t h e  t e c h n i q u e  i s  c u r r e n t l y  n o t  
s u f f i c i e n t l y  a c c u r a t e  t o  p r o v i d e  q u a n t i t a t i v e  d e s i g n  d a t a .  
Therefore, a second t e c h n i q u e  i n v o l v i n g  t h e  u s e  of a n  open-end 
impedance t u b e  w i t h  gra2ir.g f low i s  used  t o  o b t a i n  d e t a i l e d  
d e s i g n  da ta  f o r  t h e  p e r f o r a t e d  p l a t e  c o n f i g u r a t i o n .  Acous t i c  
bene f i t , s  a s s o c i a t e i  ' k i th  c o n f i g u r a t i o n  changes  such  as  c u r v i n g  
t h e  b a f f l e s ,  spa2 ing  and s t a g g e r i n g  b a f f l e  p a r t i t i o n s ,  and 
t e c h n i q u e s  f o r  a l l e v i a t i n g  b a f f l e  s e l f - g e n e r a t e d  n o i s e  a r e  
d e s c r i b e d .  

V 
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1 .0 PULSE REFLECTION IMPEDANCE MEASUREMENT TECHNIQUE 

Exper iments  were conducted  t c  d e t e r m i n e  t h e  a p p l i c a b i l i t y  of 
a p u l s e  r e f l e c t i o n  t e c h n i q u e  f o r  measu r ing  t h e  impedance of 
materials and m u f f l e r  c o n f i g u r a t i o n s  f o r  t h e  80  x 120 f o o t  
wind t u n n e l .  The t e c h n i q u e  u t l l i z e s  a n  i m p u l s i v e  s o u r c e ,  a 
microphone t o  measure  t h e  d i r e c t  p u l s e  from t h e  s o u r c e ,  a 
second microphone t o  measure t h e  p u l s e  r e f l e c t e d  from t h e  
specimen,  and a two-channel f a s t  F o u r i e r  t r a n s f o r m  (FFT) 
a n a l y z e r  t o  d e t e r m i n e  t h e  magni tude  and p h a s e  of' t h e  r e f l e c t i o n  
c o e f f i c i e n t - - f r o m  which t h e  impedance i s  r e a d i l y  c a l c u l a t e d .  

T h i s  t e c h n i q u e  o f f e r s  t h e  p o t e n t i a l  advan tage  t h a t  i t  may be  

used  i n  s i t u  w l t h  l a rge  b u i l t - u p  spec imens  where o t h e r  impe- 
dance  r e a s u r e n e n t  t e c h n i q u e s  a re  n o t  z p p r o y r i a t e .  H e r e i n  w e  
d e s c r i b e  t h e  expe r imen t  d e s i g n ,  c h a r a c t e r i s t i c s  of th ree  can- 
d i d a t e  s o u r c e s ,  and d a t a  okta i r ,ed  f o r  a 4-inch l a y e r  of f i b e r -  
glass an3 f o r  an a s r h a l t  s u r f a c e .  The r e s u l t s  o b t a i n e d  w i t h  

t h i s  t e c h n i q u e  are  i n  q u a l i t a t i v e  agreement  w i t h  o t h e r  a v a i l -  
a b l e  d a t a ,  b u t  we s e l e c t e d  an  a1terna: ive open-end Impedance 
t u b e  x e t h o d  d i s c u s s e d  i n  S e c t i o n  2 .0  f o r  q u a n t i f i c a t i o n  of t h e  
a c c . l s t i c z l  p r o p e r t i e s  of  c a n d i d a t e  m a t e r i a l s  f o r  t h e  80  x 120 
f c o t  wir- , r i  t u n n e l .  

1 . 1  Exper iment  Design 

The t e s t  s e t  u; f o r  t h e  p u l s e  r e f l e c t i o n  impedance measurement 
exFerlr,-.-lnt i s  shown iri Fig,. 1. Two miCrOFhOneS and an b p u l -  
sivo scan.? s o u r c e  a re  Kolinted ori a s t a n d  a t  h e i g h t s  of  181 i n c h e s ?  
57 i n c h e s -  and 117 i n c h e s ,  r c s r e c ' l v e l y .  The d i s t a n c e s  c f  t h e  
nicroph:r,c+s and s o u r c e  above  t h e  r e f l ec t ink :  r rnund  p l a n e  a r e  
s e l e c t e d  s o  t h a t  t h e  r e - f l e c t e d  p u l s e  a r r i v i n g  a t  Microphone 8, 

-1- 
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which t r a v e l s  t h e  p a t h  PBR,  a r r i v e s  a t  t h e  same I n s t a n t  as t h e  
d i r e c t  p u l s e  a r r i v e s  a t  Mlcrophcne A ,  h a v i n g  t r a v e l e d  t h e  p a t h  

As 1ndlca:ed in FIg. 1 b o t h  Microphone A and 3 are  also s u b j e c t e d  
t o  a number of unwanted p u l s e s  i n v o l v i n g  d i r e c t ,  r e f l e c t e d ,  o r  
s c a t t e r e d  p a t h s .  The d e s i g n  of  t h e  expe r imen t  i n v o l v e s  t h e  

s e l e c t i c r ,  o f  t h e  i a p u l s l v e  s o u r c e  and t h e  s o u r c e  and microphone  
s p a c i n g s  s o  a:. t o  o b t a i n  maximum s i g n a l  s t r e n g t h  i n  t h e  f re-  
quenc:: r a n g e  of i n t e r e s t ,  and t o  f a c i l i t a t e  t h e  d e l e t i o n  of t h e  
e x t r a n e o u s  unwanted s l g n s l s .  

T:JFical time t r a c e s  for F?icrophcnes A and I! as c a p t u r e d  t y  t h e  

two-channel FFT m a l y z e r  a r e  i l l u s t r E t e d  i n  F i r .  2 .  For  con- 
venier ,ce ,  we w i l l  2ssuTne t h a t  t h e  t r a c e s  s t a r t  when t h e  i m -  
p u l s i v e  s o u r c e  f i r e s .  However, i n  p r a c t i c e  e i t h e r  t h e  Micro- 
pnone F! c r  A s i c n e l  I s  used  t o  t r i g g e r  t h e  a n a l y z e r  and t h e  

m o u n t  c f  d a t a  :lisylayed befcre :he t r l p r e r  p u l s e  i s  dependent  
on t h e  s ~ e ? l f i :  FFT a n a l y z e r  u s e d .  We , ; s e d  t h e  S p e c t r a l  
Liynamics !.:del 360 which r e t a i n s  l / l O t h  of  sample l e n g t h  p r i o r  
t c  t h e  : r igger i r .c  F u l s e .  

The l l l u s t r a t , e - i  tir;e h i s t o r y  f o r  ; 4 i C r G r h O r ? e  E shows t h r e e  cap- 
t u r e d  s i g n a l s :  a d i r e c t  p u l s e ,  a r e f l e c t e d  p u l s e ,  and a sca t -  
' e red  p . ~ l c e .  S'nce we desire t h a t  C h m n e l  B o f  t h e  a n a l y z e r  
r e t a i n  or , ly  :no r e f l e c t e d  y u l s e  d a t a  i n  t h e  m i d d l e  of t h e  t r a c e ,  
i;? r u s t  r,ave t h e  cspab1l i t : r  t o  de l e t e  t h e  d a t a  c u t s i d e  t h e  
d e s i r e ?  d a t a  windcw. The 2 - e c t r a l  Dynamics Model 360 h a s  a 
:~cr.ver~ler.+, J o y - s : h ~ :  c ~ ~ r r - ~ l  f o r  +,!?is ed1:Ing. C t h e r  a n a l y z e r s  
c f f e r  cor,:,r;arable neans  o f  settine d a t a  o u t s i d ?  t h i s  window t o  
z e r o .  
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S i m i l a r l y ,  we des i r e  t o  r e t a i n  o n l y  t h e  d i r e c t  p u l s e  d a t a  
a r r i v i n g  a t  Microphone A which r e q u i r e s  d e l e t i o n  of t h e  r e f l e c -  
t i o n  f r o r  t h e  ground p l a n e  and any o t h e r  r e f l e c t i o n s  from nea rby  
o b j e c t s  ( n o t  shown). With t h e  r e f l e c t e d  p u l s e  s t o r e d  I n  Channel 
B of t h e  a n a l y z e r  and t h e  d i r e c t  p u l s e  s tored  s i m u l t a n e o u s l y  i n  
Channel A ,  t h e  a n a l y z e r  can on command c a l c u l a t e  and d i s p l a y  t h e  

srectrurn o f  each F u l s e  and t h e  magni tude  and p h a s e  of  t h e  des i red  

r e f l e c t i o r i  c o e f f i c i e n t .  

I s o l a t i o n  o f  t h e  d e s i r e d  d i r e c t  and r e f l e c t e d  s i g n a l s  I n v o l v e s  a 
number o f  d e s i g n  c o n s i d e r a t i o n s .  F i r s t ,  t h e  sound s o u r c e  must 
p r o v i d e  a p u l s e  w i t h  s u f f i c i e n t  a m p l i t u d e  and f r equency  c o n t e n t  
t o  y i e l d  good s i g n a l  t o  n o i s e  i n  t h e  f r equency  r a n g e  o f  I n t e r e s t ,  
I n  g e n e r a l  terms, t h e  low f r equency  l i n i t  of t h e  data I s  i n v e r s e -  
l y  p r o p o r t l c n a l  t o  t h e  w i d t h  of  t h e  p u l s e ,  and t h e  h i g h  f r equency  
l i m i t  t o  t h e  r i s e  time o f  t h e  p u l s e .  We r e q u i r e  da t a  a t  fre- 
q u e n c i e s  below 1000 Hz, t h u s  we need a p u i s e  w i d t h  Ereriter t h a n  
cfne n i l l i s e c o n d .  

R e f e r r i n g  t o  t h e  t i r e  h i s t o r y  f o r  Microphone B 2nd Fig. 1, t h e  

t h e  between t h e  d i r e c t  an3 r e f l e c t e d  p u l s c  a r r i v a l  a t  Micro- 
pk.one E i s  equal t o  t w i c e  t h e  s o u r c e  h e i g h t  d i v i d e d  by t h e  speed  
of sound.  The sDurce h e i g h t  of a p p r o x h a t e l y  47  Inches  was 
chosen :c eqable  i e l e t i o n  of  t h e  d i r e c t  p u l s e  from t h e  Micro- 
Lhone E s l c n a l .  The d i s t a n c e  o f  Mic ro rhore  B above t h e  s o u r c e  
is l l m l t e d  by t h e  s t r e n g t h  o f  t h e  d i r e c t  p u l s e  t h a t  can b e  

2clerate.j a t  .h:icrophone B w i t h o u t  o v e r l o a d i n g  t h e  microphone and 
a rL!p l l f l e r s  so  t h a t  Channel B can  p r o p e r l y  r e c o r d  t h e  subsequen t  
d e s i r e d  r e f l e c t e d  p u l s e .  I n  oLr c a s e ,  Microphone B was l o c a t e d  
4 C  i n c h e s  skcve  t h e  s o u r c e ,  and this prcved j u s t  m a r g i n a l .  I n  
many c a s e s  Microphone B d i d  o v e r l o a d ,  and we had  t o  r e j e c t  d a t a  
f r o m  t!-;at e x p e r i n e n t .  Snce t h e  h e i g h t  of  t h e  s o u r c e  and Micro- 

- 5- 
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chsne  B are s e l e c t e d ,  t h e  i n t e r v a l  between t h e  r e f l e c t e d  p u l s e  
and t h e  s c a t t e r e d  p u l s e  a t  Microphone B deper.ds o n l y  on t h e  
w i d t h  o f  t h e  impedance spec inen .  It i s  n e c e s s a r y  t o  have  a large 
enough sample so t h a t  r e f l e c t i o n s  from t h e  d i s c o n t i n u i t i e s  a t  t h e  
edge of t h e  sample do n o t  compromise t h e  re f lec ted  p u l s e  a t  
YIc?cphone E. I n  t h e  f i b e r r l a s s  exper iment  a sample w i d t h  o f  
LCk i n c h e s  w 8 s  user! tc? separate t h e  r e f l e c t e d  and scat tered 
~ x l s e  z r r i v a l  times %t YicroFhone 3 by  a r p r o x l m a t e l y  8 m i l l i -  
seconds .  Once tile h e i g h t  o f  t h e  sou? -e and Microphone R have  
t c e n  deterniced,  the h e i g h t  o f  Microphone A i s  deterrnined by t h e  
requiremen: t h a t  t h e  d i r e c t  s i c n a l  a r r i v e s  s i m u l t a n e o u s l y  w i t h  

the scjurce 2nd r i c r o y h o n e s  so a r r a n c c d ,  t h e  t?rr,e between t h e  
d i r e c t  ana  r e f l e c t e d  s i g n a l s  a t  !4icrophcne A rt.111 b e  i d e n t i c a l  
t c  $hst f c r  Yic ro rhcne  9, and t h e r r f o r e  a c c e r t a k l e .  

With t h e  r e f l e c t e d  s i p a i  a t  Microphone F, i . e . ,  X A  - - X B  + 2xs. 

;.s o u r  t e s t  sot-up I l l u s t r a t e s ,  ? F r l l c a t i o n  of t h i s  t e c h n i q u e  a t  
r e l s ' ; i v e i y  low f r e q u e n c i e s  r e q u i r e s  r e l a t i v e l y  larce s o u r c e  and 
mf2r.cy;?;one z y - a c f n ~ s  x h l c h  c m  c a u s e  a number of r r o b l e n s .  F i r s t ,  
cze must  take care ',!?at o t h e r  r e f l e c t i n g  s u r f a c e s  are  f a r  enough 
rerr.=ved sc 9s n c t  t c  i n t e r f e r e  t ; i t h  t h e  data .  r e c c n d ,  i n  o r d e r  
zr, Y i i n t a i n  t h e  ? r a r e r  phase  r e l a t i c n s h i p s  be tween t h e  d i r e c t  
and r e f l e c t e d  p u l s e ,  t h e  s o u r c e  zsst b e  compact and t h e  h e i g h t  
of t h e  s o u r c e  an4 microphones  nust b e  known a c c u r a t e l y  witi i ln 
2 s-211 frzction of t h e  a c o u s t i c  wave l e n g t h .  The u n c e r t a i n t y  
i r ,  Fk.ase r , n ~ i e  A i  Cue t o  an ut?ce?:air.t:i i n  t h e  p a t h  d i f f e r e n c e  hx 

f o r  rf;o r e f i e c t e d  m * J o  a t  Xicrophone E and t h e  d i r e c t  wave a t  
\nicrcKhcr.e A i s  

~6 = 360' 
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where X is a c o u s t i c  wave length.  I n  o u r  case, for an estimated 
u n c e r t a i n t y  i n  p a t h  length or 210 millimeters, w e  a n t i c i p a t e  a n  
u n c e r f s i n t y  i n  phase  angle of 21' a t  100 Hz, ?lo' a t  l@OO Hz, 
and 530' a t  3000 Hz. 

A number of v a r i a t i o n s  on t h e  s e t - u p  used here are possible.  
Qne v a r i a t i o n  I n v o l v e s  l o c a t i n g  Microphone B below t h e  s o u r c e .  
I n  t h i s  case, referring t o  Fig. 2,  t h e  t i m e  i n t e r v a l  between 
t h e  d i r e c t  and ref lected p u l s e  a t  Microphone B I s  decreased t o  
2 x g / c o ,  wnich can  make r e j e c t i o n  of t h e  d i r e c t  pilse mwe d;f- 
f i c u l t .  Another v a r i a t i o n  which has been used  s u c c e s s f u l l y  tr) 
n e a s u r e  ',he a b s o r r t i o n  c c e f f i c l e n t  i n v o l v e s  u s i n g  a s t e a d y - s t a t e  
broadkand n o i s e  source, f o r  e x a q p l e ,  a loudspeaker.  This tech- 

n ique  bears i n v e s t i g a t i o n  f o r  i n r e d a n c e  measurement;  however, 
p rob lcnz  nay r,rise i f  t h e  sreaker is  n c t  compact,  i.e., i f  i t  
i s  small compared t o  an a c m s t i c  wavelength  a t  t h e  measurement 
f r eqae r i c l e s  cf i n t e r e s t .  

.701r.e J u i g c o n t ,  i s  r e q u i r e d  i n  ee l t l rg  to c o n s t r u c t  t h e  data 
windox L t .  Too m a l l  a window r e d u c e s  t h e  low f r e q u e n c y  s i g n a l  
an9 a l s c  g e n e r a t e s  s p u r i o u s  high f r equency  n o i s e  a s s o c i a t e d  w i t h  

:he coc-rolut iGn cf ;he s t e p  fur ,c t lor ,  window w i t h  t h e  p u l s e  t a l l .  
Ze lec t lor .  ~ f '  the x.tr.dow w i d t h  s h c u l d  b e  gu ided  by t h e o r e t i c a l  
c o n s ? d e r a t l c n s ,  such  as those set f o r t h  i n  Re fe rence  1, and by 
t r i a l  2r.d e r x r  t c  d e t e r n i n e  t h a t  She f i n a l  resu l t  I s  :lot s e n s i -  
; i v e  :; ma:-; vs?:hticr,s i n  t h e  window w i d t h .  

1 . 2  Candidate Impulsive Sources 

*fne :?.e n i s t o r i o :  a n i  srectrs of  s e v e r a l  s o u r c e s  i n c l u d i n g  a 
s p a r k  d i r ; c h o : g ~ ,  2 s t a r t e r  c l s t c l ,  zr.3 a red b a l l o o n  were 
measured . i s ing  t h e  i n s t r u m e n t a t i o n  shcwn i n  Fig. 3. F i g u r e  4 
shcws :?le : IT.E h::tor:: and t h e  s r e c t r a  f o r  two r e p e a t e d  f i r i n g s  

-7- 
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of the  spark  s o u r c e  w i t h  t he  microphone l o c a t e d  5 feet  t o  the 
side of the s o u r c e  as i l l u s t r a t e d  i n  Fig.  3. The spectra of the 
two firings shown i n  Fig. 4 ,  and many o t h e r  firings conducted 

ex t r eme ly  repeatable, which is a n  advan tage  if one desires t o  
ave rage  t o g e t h e r  t h e  r e s u l t s  of many e x p e r i m e n t s  i n  order t o  
n i n i n i z e  e r r o r s  i n  d i g i t a l  computa t ion  and e d i t i n g .  The r o l l -  
off In t h e  spectra shown i n  F ig .  4 a t  8000 Hz is due t o  t he  a n t i -  
zlfasing f i l t e r  and n o t  t o  t h e  s p e c t r a l  ene rgy  c o n t e n t  as shown 
b;? the ex5ended f r equency  spec t rum i n  Fig. 5. The s p a r k  p u l s e  
~..,,th is a r p r o x i n a t e l y  0.15 m i l l i s e c o n d s ,  and t h e  peak I n  t h e  
enerEy spectrum o c c u r s  at  f = 1 i -15 ms = 7000 Hz. The spectrum 
:3 10 dB down a t  1003 and l r J , O O @  Uz and 20 dB down a t  300 and 
27,900 Hz. Thus t h e  s p a r k  s o u r c e  h a s  c o n s i d e r a b l e  energy  I n  the  
high f requency  regir?e b u t  I s  somewha: weak i n  t h e  f requency  
r ange  below 1000 Hz, which is o f  i n t e r e s t  I n  t h e  80 x 120 foot 
wind t u n n e l  . 

t h i s  series cf tests, i n d i c a t e  t h a t  t h e  spark  s o u r c e  I s  

. .> 6 

F i g u r e  6 st;ows t h e  d i r e c t i v i t y  of t h e  s r a r k  s o u r c e  o v e r  t h e  
f requency  r znge  from 0 t o  10,009 Hz for the f i v e  measurement 
z n ~ l o s  def:ned ?n ?le.  3. .?me o f  t h e  d i r e c t i v i t y  e f f e c t s  
showr. i n  F iE.  6 w e  due t c  the  r e f l e c t i v e  and s c a t t e r i n g  e f f e c t s  
qf t h o  a lminl t l ;  back p l a t e  an3  wire-mesh g r i d  used  t o  mount t h e  
spark u n i t .  

- r : g u r ~  7 shcws f o r  :he s t a r + , e r  c i s t o 1  t h e  tlme h i s t o r y  from 0 t o  
50 n l l l i s e n o n d s  and t h e  s p e c t r a  from 0 l o  10,000 Fz. For these 
z e s s u r e m e n t s ,  t h o  p i s t c l  was h e l d  i n  a h o r i z o n t a l  p o s i t i o n  and 
*,he n e a s u r m e n t s  weFe cor,duc%d 5 Eeot d i r e c t l y  t o  t h e  s i d e  o f  
t t ,e charnter. The d a t a  shown In F i c .  7 i n d i c a t e s  t h a t  t h e  s t a r t e r  
r , i s t o l  I s  net, a3 r e r e a t a b l e  f r o n  s h o t  t o  s h o t  as  t h e  s p a r k  
s o u r c e ,  b u t  t h o  s t a r t e r  p i s t o l  has  c o n s i d e r a b l y  more low f r equency  

-10- 
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energy .  The starter p i s t o l  p u l s e  d u r a t i o n  i s  approx ima te ly  
0 . 8  m i l l i s e c o n d s ,  and t h e  spec t rum p e a k s  a t  s p p r o x i m a t e l y  
1230 Hz. The spec t rum i s  1 0  dB down a t  100 and 4000 Hz and 
20 d 3  down a t  50 and 7500 r i z .  

Figure  8 shoxs  t h e  time h i s t o r y  and two repeated s p e c t r a  for a 
r e d  b a l l o Q n  a p p r o x i c a t e l y  6 i n c h e s  i n  diameter. The p r imary  
p u l s e  w i d t h  is approx ima te ly  2 m i l l i s e c o n d s ,  and  t h e  spec t rum 
peaks a t  approx ima te ly  400 Hz. The p u l s e  and s p e c t r u m  l e v e l s  
v a r y  w i d e l y  f ro?  p o p  t o  pop w i t h  t h e  r e d  b a l l o o n .  

The s$ar ter  p i s t o l  was se lec ted  f o r  these e x p e r i m e n t s  b e c a u s e  it 
r e p r e s e n t e d  t h e  best  compromise between t h e  s p a r k  s o u r c e  and t h e  
r e d  b a l l o o n .  The s p a r k  s o u r c e  had i n s u f f i c i e n t  energy  a t  t h e  low 
f r e q u e n c i e s ,  and t h e  red b a l l o o n  p u l s e  c o n t i n u e d  t o  r i n g  f o r  
st;ch a long p e r i o d  t h a t  i t  was no t  p o s s i b l e  t o  e d i t  o u t  t h e  
pr imary  pa lse  from t h e  unwanted microphone s i g n a l s .  The barrel  
3? t h e  p i s t o l  was h e 1 3  horizontal, b u t  t h e  g r i p  was ro t a t ed  
5;' t o  t h e  s i d e  s o  t h a t  t h e  d i r e c t i v i t y  was nomina l ly  e q u a l  i n  
t h o  upwsrd an3 downward d i r e c t i o n s .  A l o n g  s t r i n g ,  t i e d  t o  t h e  
t r i g g e r ,  was u s e d  5 5  rire t h e  p i s t o l .  

1 . 3  Impedance Measurements  

?..ax d a t a  Q b t a i n e i  u s i n g  t h e  t e c h n i q u e  t o  mezsure t h e  Impedance 
a b-ir,ch l s y e r  o f  T y p e  701 F i b e r e l a s  p l aced  on t o p  o f  a 

L a r E n  asr,i;.il: s3rfa:e is c o n t a i n e d  i n  F i g s .  9 ,  1 0 ,  and 11. 
F:aire ? shovs  t h e  e d i t e d  r e f l e c t e d  p u l s e  measured w i t h  M c r o -  
~ ~ 5 - 5  ... 1 .. 5 and sc,qre3 i n  ? h a m e l  2 of' t h e  a n a l y z e r ,  and t h e  d i r e c t  
;i:So ~ e a s ; i r e 3  w i t h  :<icrQ?hsne A and r e c c r d e d  i n  Channel A o f  
:he a n a l y z e r .  Fi,-Lire 13 sh7ws t h e  c o r r e s p o n d i n g  coKputed s p e c t r a  
o f  t h e  pu l ses .  

- 1 4 -  
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The measured maEnltude and phase  of' t h e  r e f l e c t i o n  c o e f f i c i e n t  
f r o n  t h e  4-inch l a y e r  of f i b e r g l a s s  are  shown i n  Fig. 11. Un- 
f o r t u n a t e l y ,  t h e  r a n g e  of t h e  p l o t  I s  such  as t o  i n d i c a t e  phase 
a n g l e s  o n l y  t e t w e e n  -135' and +looo. However, a t  phase angles 
o u t s i d e  t h i s  r ange  t h e  phase seems t o  be f l i p - f l o p p i n g  r a p i d l y ,  
s u g g e s t i n g  t h a t  t h e  phase  i s  ?180°, a v a l u e  which w i l l  b e  used  
i n  comLutat lons xhen t h e  Fhase  I s  o u t s i d e  t h e  r ange  i n  Fig. 11. 
The impedance of t h e  f iberg lass  l a y e r  Is computed from t h e  re- 
f1ect : rn  c o e f f l c j e n t  u s i n g  Eq. 2 

i A  r 5 l r l e  

where t h e  t s i*r?d q u a n t i t i e s  inAIca%e -he s?mple i!?!pec?ance q u a n t i -  
ties normal ized  by t h e  a c o u s t i c  impedance pc,  and Irl and A a r e  
the magnitude and phase  a n g l e  of t h e  r e f l e c t i o n  c o e f f i c i e n t ,  re- 
s ; ? c t i v e l y .  Squat ion  2 i s  compatible w i t h  t h e  n o t a t i o n  t h a t  t h e  

and p s l t i v e  r e a c t a n c e  I s  a mass, where- tine derendence  i s  e 
as a negt i t ive  r e a c t m c e  I s  a s t i f f n e s s .  Alternately, t h e  normal- 
i z e d  i q e d a n c e  can Le c a l c u l a t e d  from c h a r t s  such  as t h o s e  given 
iri Re fe rence  2 .  

- 1 w t  

The magni tude  and phase  a n g l e  measu recen t s  shown i n  Fig. 11 a r e  
t a b u l a t e d  i n  Table  i. Because t h o  4-inch l a y e r  of f i b e r g l a s s  
x h s  1 ~ ~ 2 C , e a  a k c - : ~  The grQdna F l a n e  which x a s  used as a r e f e r e n c e  
:r. 1cca::ng '-.he s;*Jrce and t h e  n i c r o p h c n e s ,  I t  is n e c e s s a r y  to 
correzI ;  t h e  xnr-asurod phase  a n g l e  of  t h e  r e f l e c t l c n  c o e f f i c i e n t  
ir! or5ePr t', 2a?cii l l&te t h o  Lnpedance r e f e r e n c e d  t:: t h e  !'ibcrRlass 
JTper  ; l ane .  -ne Fiizse sr.zle m i i s t  be 2 o r r e c t c 3  b y  t h e  m o u n t  of  
chase  change a s s o c i a t e d  w i t h  t h e  w9ve t r a v e l i w  t w i c e  t h e  t h i c k -  
ness ti o f  t h e  f i b e r g l a s s  l a y e r  as  I n  57.  3 :  

e. 
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To deduce the s i g n  of t h e  phase  c o r r e c t i o n ,  assume tha t  w e  had 
o r i e n t e d  Nicrophone A ,  shown i n  Fig.  1, 8 i n c k s  c l o s e r  t o  the  
ground p l a n e  so t h a t  t he  d i r e c t  p a t h  would e q u a l  that of a re- 
f l e c t i o n  off t h e  f iberglass upper  s u r f a c e .  A t  thrr I n s t a n t  t h e  
r e f l e c t e d  p u l s e  a r r i v e d  a t  Microphone B, t h e  lowered Yicrophone 
A wouid ha-Je a phase angle i n c r e a s e d  by t h e  amount g i v e n  i n  
Sq. 3 Cver t h a t  a c t u a l l y  r eco rded  a t  Microphonc A .  Thus w e  
nust add t h e  phase-angle  c o r r e c t i o n  t o  Microphone A o r ,  s i n c e  t h e  
c o e f f i c i e n t  is t h e  r a t i o  of B t o  A ,  s u b t r a c t  t h e  c o r r e c t i o n  
g i v e n  i n  Eq. 3 and t a b u l a t e d  i n  Table 1 from t h e  raw data pre-  
s e n t e d  i n  the table .  F i n a l i y ,  t h e  impedance v a l u e s  c a l c u l a t e d  
from E a .  f o r  t h e  r e f e r e n c e d  char ts  u s i n g  tt-e r e f l e c t i o n  coef -  
f i c i e n t  n&.gnltude and c o r r e c t e d  phase  da ta  shown i n  T a b l e  1 
a r e  Frcsenfed  i n  t h e  l a s t  two columns of  t h e  table. 

These measure:! v a l u e s  are a l s o  compared i n  t h e  t ab le  w i t h  t h e  
v a l u e s  computed f c r  tne 4-inch f i b e r g l z s s  l a y e r  u s i n g  Eqs. 4 
and 5 .  

I C = - -  2 r h  ( 5 )  

The measured arL3 n a l c u l a t e d  i n r e d a n c e  va lues  shown i n  Tab le  1 
a r e  i n  q u a l i t a t i v e  agreement ,  bu t  there  some n o t i c e a b l e  d l s c r e p -  
kr.cles. The z.pzsu?ed r e s i s t a n c e  v a l u e s  are low a t  low f r e q u e n c i e s  
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and high at high frequencies compared to the Eq. 3 calculation 
which assumes that one-third of the total resistance is ef- 
fective at all frequencies. A more detailed calculation of the 
effective resistance is the value of v 2 =  sin (X /A)  averaged 
over the layer depth. This simple calculatioc yields effective 
resistance values of 0.5 at 250 Hz and 1.2 at frequencies of 
530 Hz and above. Thus there is considerable uncertainty con- 
cerning the appropriate resistance calculation. 

2 

The dlscrepance between measured and calculated reactance at 
250 and 500 Hz can be explained as follows. At low frequencies, 
the acoustic cmpresslons in a fiber-filled layer aye Isothermal 
VZtkci- tnan adiabatic, because of heat transfer to the fibers. 
The effective stiffness is therefore reduced by the factor 

250 f-'z and -0.8 at 500 Hz. 
= 1.2 which yields calculated stiffness values of -1.75 at 

The pulse reflection technique was also used to measure the lm- 
pedance of the bare asphalt ground plane, and the raw reflection 
coefficient data are shown on Fig. 12. At a frequency of 3000 Hz, 
the mzgnitude and phase of the reflection coefficient shown in 
Fig. 12 are 0.67 and - 2 0 ° ,  respectively, which translate to an 
impedance of = 3 - 2.51. Limited available information on the 
Impedance of asphalt ground surfaces sumeats that at a fre- 
quency of 30'30 Hz the normalized impedance might be = 5 - 21, 
which translates back to a reflection coefficient magnitude and 
phase angle of 0.7 and -loo, respectively. 

It is informative to explore the errors in the calculated a- 
pedance due to uncertaintles in the reflection coefficient phase 
angle caused In turn by uncertainties in the source and micro- 
phone positions described by Eq. 1. Figure 13 shows the impedance 
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u n c e r t a i n t y  r e s u l t i n g  from a 51 c e n t i m e t e r  d i s t a n c e  U n c e r t a i n t y  
at 3000 Hz, which r e s u l t s  i n  a phase angle U n c e r t a i n t y  of 2 3 0 ° .  

F i g u r e  l 3 ( a )  i n d i c a t e s  t h a t ,  for a h i c h  impedance s u r f a c e  such  
as the asphal t  ground p l a n e ,  a +30° u n c e r t a i n t y  i n  t h e  r e f l e c -  
t i o n  c o e f f i c i e n t  phase angle for  t h e  czI.se of 0.7 magni tude  yields 
a r a n g e  of  r e s i s t a n c e s  2 < R 6 and r e a c t a n c e s  -3 < X < + 3. 
A l t e r n a t e l y ,  Fig. 13(b) i n d i c a t e s  t ha t  f o r  a low Impedance sample, 
an  u n c e r t a i n t y  i n  t he  r e f l e c t i o n  c o e f f i c i e n t  phase a n g l e  of k3Oo 

fo r  a 0.7 magnitude y i e lds  a r a n g e  i n  r e s i s t a n c e s  of  0.17 < R 0.19 
and of r e a c t a n c e s  o f  -0.3 < X < +0.3. 

Measurements of  t h e  magnitude of  the r e f l e c t i o n  c o e f f i c i e n t  are 
s u b j e c t  t o  less e r r o r s  t h a n  the  phase. A r e c e n t  r e p o r t  d e s c r i b e 8  
a similar measurement t e c h n i q u e  which u s e s  a single microphone 
and a broadband random n o i s e  s o u r c e ,  f o r  measur ing  o n l y  the 
a b s o r p t i o n  (Refe rence  3 1 ,  and which y i e l d s  r e f l e c t i o n  c o e f f i c i e n t s  
w i t h i n  210%. P o s s i b l e  s o u r c e s  of  e r r o r  i n  measu r ing  the magni- 
t u d e  of  t h e  r e f l e c t i o n  c o e f f i c i e n t  i n c l u d e  s i g n a l - t o - n o i s e  prob- 
lems f o r  ve ry  a b s o r p t i v e  samples where t h e  r e f l e c t e d  wave is 
very small compared to t he  d i r e c t  wave; and t h e  a fo remen t ioned  
e r r o r $  due t c  e d i t i n g  which can delete  s i g n i f i c a n t  p o r t i o n s  o f  
t h e  pulse e n e r s y ,  p a r t i c u l a r l y  in t h e  low f requency  regime where 
s i g n i f i c a n t  information is c o n t a i n e d  i n  t h e  t a i l s  of t h e  p u l s e .  

These expe r imen t s  conf i rm t h e  f e a s i b i l i t y  of t h e  p u l s e  r e f l e c t i o n  
Impedance measurenent  t e c h n i q u e ,  bu t  a d d i t i o n a l  e x p e r i m e n t a t i o n  
I s  r e q u i r e d  i n  o r d e r  t o  q u a n t i f y  t h e  bias  and random e r r o r s  and 
t o  f u r t h e r  r e f i n e  t h e  t e c h n i q u e .  
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2.0 IMPEDANCE TUBE TESTS 

An impedance t u b e  was used t o  q u a n t i f y  t h e  a c o u s t i c a l  p r o p e r t i e s  
o f  a number of c a n d i d a t e  materials f o r  t h e  80 x 120 foot wind 
t u n n e l  m u f f l e r s .  A c o n v e n t i o n a l  B r u e l  and  KJaer 4-inch diameter 
impedance t u b e  was used t o  measure t h e  propert ies  of t h e  cand i -  
date fiberglass c o n f i g u r a t i o n ,  and  a s p e c i a l i z e d  s e t u p  u s i n g  
the same a p p a r a t u s  w i t h  a n  open-end exposed t o  g r a z i n g  flow 
was used  fo r  c a n d i d a t e  perforated plate muffler materials. 
H e r e i n  t h e  s p e c i a l i z e d  measurement and a n a l y s i s  t e c h n i q u e s  
u t i l i z e d  i n  the  expe r imen t s  are d e s c r i b e d ,  and t h e n  t h e  imped- 
dance  data are p r e s e n t e d  and compared wi th  t h e  a v a i l a b l e  t h e o r y .  

2.1 Measurement and A n a l y s i s  Techniques 

2.1.1 D a t a  A n a l y s i s  

F i g u r e  1 4  i l l u s t r a t e s  t h e  basic impedance t u b e  i n s t r u m e n t a t i o n  
and  measurements used i n  these expe r imen t s .  The B&K s t a n d i n g  
wave a p p a r a t u s  Type 4002 was used i n  c o n J u n c t i o n  wi th  a s i n e -  
wavc g e n e r a t o r  and  power amplifier for e x c i t a t i o n ,  and a sound 
level  meter and SD 360 narrow-band a n a l y z e r  for a n a l y s i s .  The 
FFT narrow-band a n a l y z e r  greatly simplifies t h e  u s e  of t h e  
impedance t u b e  s?-nce, used  I n  t h e  s i n g l e  channe l  c o n f l w r a t i o n ,  
t h e  a n a l y z e r  p r o v i d e s  1024  narrow-band f i l ters  which may b e  
spread a c r o s s  t h e  f requency  r a n g e  o f  i n t e r e s t - - i n  our c a s e  
0 t o  2000 Hz. The 60 dB of r e s o l u t i o n  p rov ided  by each of 
these f i l t e r s  f i l ters  e l i m i n a t e s  some of t h e  c o n v e n t i o n a l  
impedance t u b e  measurement problems such as harmonic s p e a k e r  
and probe  d i s t o r z i o n s .  

F i g u r e  1 4 ( b )  i s  a schemat ic  of an i n c i d e n t  and r e f l e c t e d  wave 
impinging  upon t h e  sarnrl? end o f  t h e  t u b e .  The f o u r  q u a n t i t i e s  
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a c t u a l l y  measured I n  each  o f  t h e  impedance t u b e  tests are 
i l l u s t r a t e d  i n  F i g u r e  1 4 ( c ) :  t h e  d i s t a n c e  from t h e  sample  
end  of t h e  t u b e  t o  t h e  f i rs t  minimum, dmin; t h e  sound p r e s s u r e  
a t  t h e  first minimurn, pmin, - t h e  sound p r e s s u r e  a t  t h e  first 
maximum, pmx;  and t he  ha l f  wavelength  of t h e  s t a n d i n g  wave 
measured between two s u c c e s s i v e  s t a n d i n g  rclnima. 

We i n v e s t i g a t e d  two methods of c a l c u l a t i n g  t h e  impedance from 
these measured q u a n t i t i e s .  The first method employs t h e  
t e c h n i q u e  set f o r t h  in t h e  B&K I n s t r u c t i o n  manual by which 
these measured p a r a m e t e r s  are used  t o  c a l c u l a t e  t h e  magni tude  
Irl and p h a s e  a n g l e  A of  t h e  r e f l e c t e d  wave, Fig. 1 4 ( b ) ,  
a c c o r d i n g  t o  t h e  f o r m i l a :  

Pmax’Pmin - 1  
Irl = Pmax’Pmin + 1  

where the r a t io  pmX/pmln u s u a l l y  e x p r e s s e d  i n  dec ibe ls  is 
c a l l e d  t h e  s t a n d i n g  wave r a t i o .  Two c h a r t s  are a v a i l a b l e  I n  
t h e  B&K manual f o r  c a l c u l a t i n g  t h e  real  and imaginary  par t s  
of t h e  sample  impedance from t h e  r e f l e c t i o n  c o e f f i c i e n t  
magni tude and phase  a n g l e  (one  of these t y p e s  of c h a r t s  is 
shown i n  Fig 1 3 ) .  

I n  t h i s  s t u d y ,  for more accuracy  w e  used a n  a l t e r n a t i v e  
t e c h n i q u e  based on the  analysis p r e s e n t e d  i n  Refe rence  4 .  
Thereby t h e  sample Impedance is e x p r e s s e d  in tern.; o f  the wave 
p r o p a g a t i o n  pa rame te r s  a and 8 d e s c r i b e d  by t h e  e q u a t i o n  i n  
Fig. 1 4 ( b ) ,  which is c o n v e n i e n t l y  evaluated by means of 
p l a t e  1 of Refe rence  4. These wave p r o p a g a t i o n  p a r a m e t e r s  
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Run No. 

A i n .  H2C) 
v nominal [ f t / s e c ]  
V ave rage  [ f t / s e c ]  

Bo1 t Beranek and Newman I n c .  

1 2 3 4 5 6 7 8 9 

. O O  .04 . 2 4  .69 1.38  2.3 3.29 4 . 4 8  5.85 
0 11 33 55 77 99 120 140 160 
0 8 24 40 55 71 86 i o 1  115 

are related t o  t h e  measurement p r o p e r t i e s  shown I n  F i g .  1 4 ( c )  
by t h e  f o l l o w i n g  r e l a t i o n s :  

dmin 
x f 3 - 1 -  

Plate 1 o f  Reference  4 is a l s o  used t o  e v a l u a t e  a g i v e n  
by Eq. 8. 

2 . 1 . 2  G r a z i n g  Flow T e s t  C o n f i g u r a t i o n  

The t e s t  s e t u p  f o r  measur ing  t h e  impedance of  p e r f o r a t e d  
plates wi th  g r a z i n g  flow is shown i n  Fig. 15. The sample 
was mounted i n  t h e  open end of  t h e  4-inch diameter t u b e  and 
a 6:1 a s p e c t  r a t i o  n o z z l e  was p o s i t i o n e d  a d J a c e n t  t o  a ha l f -  
i n c h  t h i c k  plywood c o l l a r  a t  t h e  end of t he  t u b e .  Air was 
s u p p l i e d  I n  a blow-down mode from large t a n k s  with two q u i e t  
v a l v e s  used t o  r e g u l a t e  the  ups t ream to t a l  p r e s s u r e  po t o  
c o n t r o l  t h e  e x i t  v e l o c i t y  V. The t es t s  were r u n  w i t h  n i n e  
d i f f e r e n t  v e l o c i t i e s  i n v o l v i n g  n o z z l e  t o t a l  p r e s s u r e s  r a n g i n g  
from 0 t o  5.85 i n c h e s  o f  water and nominal e x i t  v e l o c l t l e s  
from 0 t o  160 f t / s e c  as i n d i c a t e d  i n  T a b l e  2 .  

TABLE 2 
G R A Z I N G  FLOW V E L O C I T I E S  



Upstream Blowdawn Tanks 

I 

6: 1 Aspect 
Rat13 Nozzle 

Inpe&nce Tube I 

J 

(a) Set-up of Open End Tube WIth Tronsvuse Flow 

~ 

23 29 21 
23 27 27 23 21 
23 25 25 23 21 
21 23 23 21 21 

23 21 19 

I 

7 Ap = 0.691n. H20 

45 44 41 
40 44 45 41 38 
4 3 4 4 4 4 4 0 3 7  
41 42 42 38 37 

40 39 35 

= IOft./Sec. v aver. .- 24ft./sec. 
V over. 

(b) Masured Veloclty Profll- on Plate Surface 

FIGURE 15. F L O W  CONFIGURATION FOR PERFORATED P L A T E  
I M P E D A  N C  E M €AS UR EM E N T  - 30- 



Teport 3553 B o l t  Beranek and Newman I n c .  

F i g u r e  1 5 ( b )  shows v e l o c i t y  p r o f i l e s  measured on t h e  p e r f o r a t e d  
p l a t e  face f o r  t h e  two c o n d i t i o n s  of V nominal e q u a l  3 3  and 
55 ft /sec.  The calculated a v e r a g e  v e l o c i t i e s  on t h e  p l a t e  fo r  
t h e s e  two c o n d i t i o n s  were 24 and 40 f t / s ec ,  r e s p e c t i v e l y .  On 
t h e  basis of  these data,  t h e  nominal  v e l o c i t i e s  in T a b l e  2 
were d i s c o u n t e d  by t h e  fac tor  0.72 t o  y i e l d  t h e  average v e l o -  
c i t i e s  used i n  p r e s e n t i n g  t h e  impedance data.  

2 . 1 . 3  Combined Impedance Analysis 

?:;a impedance and therefore t h e  a c o u s t i c a l  per formance  of a 
b u i l t - u p  m u f f l e r  Is t h e  n e t  e f fec t  of s e v e r a l  c o n s t i t u e n t  p a r t s  
o f  t h e  c o n f i g u r a t i o n .  S i m i l a r l y ,  i n  a n  impedance tube  t h e  
e f f e c t i v e  impedance a t  t h e  end  of t h e  t u b e  may b e  due t o  
s e v e r a l  components.  The diagram i n  F ig .  1 6 ( a )  describes t h i s  
s i t u a t i o n  for  t h e  c a s e  of a 5 i n c h  s l u g  of f iberglass  mounted 
a t  t h e  end of  a closed impedance t u b e .  Here t h e  p r imary  two 
e lemen t s  i n  t h e  f r equency  r a n g e  from 0 t o  2000 Hz are the  
r e s i s t a n c e  of t h e  f iberglass  and t h e  s t i l ’ f n e s s  of t h e  5- inch  
a i r  column. I n  t h i s  c o n f i g u r a t i o n ,  as i n  t h e  c a n d i d a t e  
f i b e r g l a s s  m u f f l e r  c o n f i g u r a t i o n  w i t h o u t  a f a c i n g  material, 
t h e  e f f e c t i v e  impedance is s imply  t h e  sum of t h e  f i b e r g l a s s  
r e s i s t a n c e  and t h e  a i r  column s t i f f n e s s  r e a c t a n c e .  

The s i t u a t i o n  I n  t h e  impedance t u b e  measurement of t h e  pe r -  
f o r a t e d  p l a t e  wf th  g r a z i n g  flow, i l l u s t r a t e d  i n  F i g .  1 6 ( b ) ,  
is somewhat p e c u l i a r ,  i n  comparison t o  t h e  c a n d i d a t e  p e r f o r a t e d  
p la te  m u f f l e r  c o n f i g u r a t i o n ,  I n  t h e  impedance t u b e  expe r imen t  
t h e  measured n e t  impedance Z is  t h e  sum of t h e  p e r f o r a t e d  p l a t e  
impedance 2 
t h e  t u b e .  Both t h e  p l a t e  impedance and t h e  r a d i a t i o n  impedance 
have r e s i s t i v e  and mass r e a c t i v e  components.  On t h e  basis of 
t h e  a n a l y s i s  i n  F ig .  1 6 ( b ) ,  d e m o n s t r a t i n g  t h a t  t h e  impedances 

and t h e  r a d i a t i o n  impedance Zrad f o r  t h e  end o f  P 
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are s imply  a d d i t i v e ,  t h e  p la te  impedance is c a l c u l a t e d  by 
s u b t r z c t i n g  t h e  a d i a t l o n  Impedance measured with t h e  p l a t e  
removed from t h e  n e t  impedance measured w i t h  t h e  p la te  i n  
p o s i t i o n .  The measured r a d i a t i o n  impedances are  compared IP 

T a b l e  3 w i t h  t h e o r e t i c a l  v a l u e s  f o r  a b a f f l e d  and u n b a f f l e d  
p i s t o n  t a k e n  from Refe rence  5. The measured r e a c t a n c e s  are 
I n  good agreemen$ w i t h  t h e  t h e o r e t i c a l  v a l u e s  for a b a f f l e d  
p i s t o n ,  as are t h e  measured r e s l s t a n c e s  a t  500 and 1000 Hz. 
A t  125  and 250 Hz t h e  measured r e s i s t a n c e s  are more comparable  
t o  the  u n b a f f l e d  t h e o r y .  I n  a l l  c a s e s  t h e  measured r e s i s t a n c e  
and r c z c t a n c e  v a l u e s  were used t o  c o r r e c t  t h e  measured n e t  
ir?.pedance. 

TABLE 3 
RADIATION I M P E D A N C E S  

Ye as u r e d 
R x 

.003 .10 

. a 6  .20 

. o e  .50 
* 35 .70 

2 . 2  R e s u l t s  

2 . 2 . 1  T h e o r e t l c a l  Values 

T h e o r e t i c a l  Theoretir-a1 
Baffled I Unbaff led  

I -1 r- 

.61 . 2 1  

X 

.06 

.1 
34 
.46 

m -he  ar,al:tser f D r  :he r e s i s t ance  on? s t i f f n e s s  of  t h e  P i b e r -  
5:aas c9nfigurs::m a r?  d e s c r i b e d  b y  E?. 4 a n d  5 and t h e  
e r s u i n g  3:s.zussion i n  Sec .  1. 
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For  t h e  p e r f o r a t e <  p l a t e ,  t h e  r e s i s t a n c e  must be s t u d i e d  I n  two 
regimes: a l i n e a r  regiilie where r e s i s t a n c e  depends o n l y  an t h e  
p l a t e  p r o p e r t i e s ,  and a 3onl inea; l  reglme where t h e  r e s i s t a n c e  
i s  l i n e a r l y  p r o p o r t i o n a l  t o  t h e  g r a z i n g  flow v e l o c i t y .  I n  t h e  
l inear  regime t h e  porous  perforated p l a t e  r e s i s t a n c e  i s  g i v e n  
(Refe rencc  5) by E';. 1 0 :  

where u I s  t h e  f l u i d  v i s c o s i t y ,  p t h e  d e n s i t y ,  f t h e  f r equency ,  
t. t h e  p l a t e  t h i c k n e s s ,  d t h e  h o l e  diameter, and F t h e  perfor- 
a tzd p l a t e  f ract lo: :  oper.. Equa t ion  1 0  a p p l i e s  f o r  a s i n g l e  
h o l e  when ? i s  t a k e n  e q u a l  t o  u n i t y .  

I n  t h e  n o n l i n e a r  regixe % h e  pe r fo ra t ed  p l a t e  r e s i s t a n c e  I s  

g i v e n  by t h e  very  s i m p l e  r e l i t i o n :  

R = -  0 . 6 7  ,J 

F (11) 

where V i s  t h e  g r a z i n g  flow v e l o c i t y .  It is  I n t e r e s t i n g  t o  
no?e t h a t  i n  t h e  n o n l i n e a r  regime t h e  flow r e s i s t a n c e  depends 
o n l y  on t h e  f r a c t i o n  open o f  t h e  p l a t e  and no t  on t h e  h o l e  
diameter o r  p l a t e  f h i s k n e s s .  I t  has  Seen known for some 
time t h a t  I n  t h e  n o n l i n e a r  regime t h e  r e s i s t a n c e  i s  equal t o  
t h e  producf of  t h e  d e n s i t y  and t h e  v e l c c i t y  t h r o u g h  t h e  h o l e  
(Reference 61, ' c u r  : he  ir,iortkr:(*e c ?  rr3:int: flaw nr,j  t h e  
c o n s t a n t  o f  p r o p o r t i o n a l i t y  i n  Eq. 11 have o n l y  r e c e n t l y  
been r e c o q n l z e d ,  Re fe rence  7 .  The c o n s t a n t  of p r o p o r t i o n -  
a l i t y  I n  Z q .  11 was c?e:er.r...ined here  (c?udely) by a v e r a c i n g  
t h e  const%ir, ts  o f  p:i't.c.r:lona: l t y  fcr p l u s  and minus a c o u s t i c  
h a l f  c y c l e s  i n v o l v i n g  a l t 3 r n a t e l y  In f low and outflow t h rough  
t h e  h o l e  ua lng  t h e  P e s u l t s  fi-om Refe rence  7. 
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The mass r e a c t a n c e  of a p e r f o r a t e d  p la te  w i t h  no flow i s  given 
by : 

( t +o .85d ) - PC 2n 
F I- ( 1 2 )  

where X i s  the  a c o u s t i c  wavelength  Refe rence  8.  T h e  e f f e c t  
of g r a z i n g  flow v e l o c i t y  on t h e  r e a c t a n c e  is riot w e l l  under- 
s t o o d  b u t  Reference  9 I n d i c a t e s  t h r t  the  r e a c t a n c e  v a l u e  with 
high g r a z i n g  flow is one -ha l f  t h e  l i n e a r  v a l u e  g i v e n  in Eq. 12. 
These t h e o r e t i c a l  v a l u e s  are compared wi th  measured data fo r  
t h e  3% open perforated p la te  c o n f i g u r a t i o n  i n  F i g u r e s  20 and  
21. 

2 . 2 . 2  F i b e r g l a s s  B a s e l i n e  

F i g u r e  1 7  shows the  c a l c u l a t e d  and measured impedance of a 
f i v e - i n c h  s l u g  of Type 701 fiberglass i n  t h e  closed end  of 
t h e  impedance t u b e .  The c a l c u l a t e d  r e s i s t a n c e  and s t i f f n e s s  
v a l u e s  are t a k e n  from Eqs. 4 and 5, r e s p e c t i v e l y .  The 
measured s t i f f n e s s  v a l u e s  agree c l o s e l y  wi th  t h e  c a l c u l a t e d  
e t l f f n e s s e s  and do n o t  show t h e  isothermal e f f e c t  d i s c u s s e d  
i n  S e c t i o n  1. The measured r e s i s t a n c e s ,  however,  do n o t  
agree well w i t h  t h e  v a l u e  c a l c u l a t e d  from t h e  steadystate 
flow r e s l s t a n c e  b u t  ra ther  i n c r e a s e  wi th  f r equency  o v e r  t h e  
r a n g e  from 1 2 5  t o  1000 Yz. (The data p o i n t  a t  2000 Hz i s  
somewhat s u s p e c t  because  a t  t h i s  p o i n t  t h e  fou r - inch  d ia -  
neter impedance t u b e  has s e v e r a l  c r o s s  modes.) The measured 
i n c r e a s e  i n  r e s i s t a n c e  w i t h  f requency  i s  s imi la r  t o  t h a t  
observed  w i t h  t h e  p u l s e  r e f l e c t i o n  measurement o f  t h e  f iber -  

glass b l a c k e t  d e s c r i b e d  i n  S e c t i o n  1. 

The measured r e s l s t a n c e  and r e a c t a n c e  o f  t he  f i v e - i n c h  s l u g  
of Type 701  FiSerr lzs  - is I n  c l 3 s e  zcroomen? a t  a f requency  
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F?GURE 17. IMPEDANCE OF 5 I N C H  SLUG OF TYPE 701 
F I B E R G L A S  I N  CLOSED END TUBE 
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of approx ima te ly  500 Hz with  the  theoret ical  optimum impedance 
f o r  maximum soulid a b s o r p t i o n  ( Reference  10)  : 

= (0.92 - 0 - ? 7 i )  2h 
'optimum 

where h is t h e  h a l f  duc t  w id th  e q u a l  t o  o n e  foot i n  t h e  case 
of t h e  b a s e l i n e  80 x 120 f o o t  wind t u n n e l  m u f f l e r  design. 
I n  a d d i t i o n  t h e  r e s i s t a n c e  i n c r e a s e s  w i t h  f r equency ,  as 
desired, b u t  is n o t  p r o p o r t i o n a l  t o  f r equency  as I s  r e q u i r e d  
by El. 1 3 .  In  p r a c t i c e  it I s  good t o  d e s i g n  for  resistance 
v a l u e s  somewhat higher t h a n  t h e  optimum v a l u e  which y i e l d s  
a phenomenal a t t e n u a t i o n  of  19 dB p e r  h a l f  d u c t  width,  I n  
order t o  o b t a i n  broader band performance.  U n f o r t u n a t e l y ,  
as w i t h  a l l  m u f f l e r  c o n f i g u r a t i o n s  i n v o l v i n g  a tuned c a v i t y ,  
t h e  st i f f n e s s  d e c r e a s e s  w i t h  f requency  ra ther  t h a n  i n c r e a s e s  
w i t h  f requency  as r e q u i r e d  by Eq. 13  

2 . 2 . 3  F i b e r g l a s s  C l o t h  

Because f i b e r g l a s s  c l o t h  is o f t e n  used as f a c i n g  t o  protect  
f iberg lass  m u f f l e r s  a g a i n s t  low v e l o c i t y  f lows, w e  have  
measured and p r e s e n t e d  I n  F i g s .  18 and 19 t h e  r e s i s t a n c e  and 
r e a c t a n c e ,  r e s p e c t i v e l y ,  of a commonly used  fiberglass c l o t h ,  
S t y l e  126 ,  for v a r i o u s  g r a z i n g  flow v e l o c i t i e s ,  u s i n g  t h e  

open end Impedacce t u b e  c o n f i g u r a t i o n  shown I n  F i g .  l S ( b ) .  
30 th  t h e  r e s i s t a n c e s  and t h e  r e a c t a n c e s  of t h e  f i b e r g l a s s  
c l o t h  f o r  t h e  r a n g e  of flow v e l o c i t i e s  tested a re  approx ima te ly  
10% o f  t h e  v a l u e s  for t h e  f i v e - i n c h  f iberglass s l u g  p r e s e n t e d  
I n  Fig. 17.  The c l o t h  r e s i s t a n c e s  w i l l  add t o  those of t h e  
f iberclass s l u g ,  b u t  t h e  r e a c t a n c e s  w i l l  s u b t r a c t ,  s i n c e  t h e  
c l o t h  r e a c t a n c e s  are mass and t h o s e  of t h e  s l u g  are s t i f f n e s s .  
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FIGUPE IS. R E S t S T A N C E  OF F I 8 E R G L A S  CLOTH S T Y L E  126 

,’ 

- 76- 



- 

0 /- 
A/ 

100 - I 

- 

0 /- 
A/ 

100 - I 

r / -  I 

t- 

1 

, 

FlGURE 19. R E A C T A N C E  O f  FIBERGLAS CLOTH STYLE 126 
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2 .2 .4  T h r e e - P e r c e n t  Open P e r f o r a t e d  P l a t e  

F i g u r e s  20 and 2 1  show the  measured v a l u e s  o f  r e s i s t a n c e  and 
r e a c t a n c e  o f  the  3% open p e r f o r a t e d  plate recommended f o r  t h e  
b a s e l i n e  d e s i g n  f o r  t h e  80 x 120 f o o t  wind t u n n e l  i n l e t  and 
exhaus t  s i l e n c e r s .  Also shown are t h e  theoretical  impedance 
v a l u e s  g i v e n  by Eqs. 10 th rough  1 2 ,  R e s i s t a n c e  v a l u e s  shown 
i n  F ig .  20 agree well wi th  t h e  t h e o r e t i c a l  p r e d i c t i o n s  except 
t h a t  the  n o n l i n e a r  v a l u e s  are approx ima te ly  1 0  t o  20 p e r c e n t  
lower  t h a n  t h e o r y  depend ing  on the v e l o c i t y  r a n g e .  This may 

be due t o  u n c e r t a i n t y  i n  t h e  p r o p o r t i o n a l i t y  f a c t o r  o f  Eq. 11 
or perhaps may be a s s o c i a t e d  with t he  vena c o n t r a c t a  effect 
r e d u c i n g  t h e  e f f e c t i v e  hole s i z e  and therefore t h e  f r a c t l o n  
open of t h e  p la te .  

The r e s i s t a n c e  v a l u e s  a t  f r e q u e n c i e s  of 125 t o  1000 Hz and a t  
t h e  v e l o c i t i e s  appropriate t o  maximum f a n  speed i n  t h e  i n l e t ,  
87 f t /sec.  and i n  t h e  e x h a u s t ,  120 f t / s e c ,  are approx ima te ly  
500 t o  800 mks rayls .  
comparable  t o  t h o s e  f o r  the  6 i n c h  l a y e r  o f  fiberglass con- 
figurat i o n .  A t  l ower  v e l o c i t i e s  t h a n  maximum, p a r t i c u l a r l y  
a t  z e r o  f low v e l o c i t y ,  the r e s i s t a n c e s  are c o n s i d e r a b l y  lower 
t h a n  what we desire for optimum per formance .  This is of 
concern  wi th  respect t o  s i l e n c i n g  t e s t - s e c t i o n  model n o i s e  
s i n c e  t h e  f a n  n o i s e  i tself  fa l ls  o f f  as 50 l o g  o f  the  wind 
t u n n e l  v e l o c i t y .  

Theee r e s i s t a n c e  v a l u e s  are ve ry  

The measured r e a c t a n c e  v a l u e s  o f  the  3% open p e r f o r a t e d  p l a t e  
are a g a i n  In c l o s e  agreement with t h e o r y  as shown i n  Fig. 21 
for v e l o c i t i e s  below 40 ft/sec. A t  v e l o c i t i e s  between 55 
and 71 f t / s e c  t h e  r e a c t a n c e  v a l u e s  show a s u r p r i s i n g  d i p ,  
the  e x p l a n a t i o n  f o r  which is n o t  a v a i l a b l e .  This phenomenon 
s h o u l d  b e  i n v e s t i g a t e d  f u r t h e r  because  It m i g h t  be  advan tageous  
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FIGURE 20. R E S I S T A N C E  OF 3% OPEN PERFORATED PLATE 
(0.025 In.  thlctnoss ond 0.0625 In .  ha lo  dtom.) 
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I 3 6 IO 30 
Flow Veloc;?y ( fthec) 

FIGURE 2 1 .  R E A C T A N C E  OF 3% OPEN PERFORATED P L A T E  
(0 .025 In. thfckness o n d  0.0625 I n .  hole d t a m . )  
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i f  t h e  d i p  could be  moved t o  t h e  t u n n e l  mcximum v e l o c i t y .  
U n f o r t u n a t e l y  a t  t h e  maximum v e l o c i t i e s  of i n t e r e s t  between 
86 and 115 f t / sec ,  t h e  r e a c t a n c e  values, shown i n  Fig. 21, 
i n c r e a s e  t o  a p p r o x i m a t e l y  200 t o  300 mks r a y l s .  Not shown 
i n  Fig. 2 1  is t h e  s t i f f n e s s  r e a c t a n c e  which w i l l  r e s u l t  when 
t h e  p e r f o r a t e d  p l a t e  i s  mounted i n  t h e  wind t u n n e l  m u f f l e r  
c o n f i g u r a t i o n  w i t h  a 6 i n c h  c a v i t y  b a c k i n g .  I n  t h i s  b u i l t - u p  
c o n f i g u r a t i o n ,  t h e  s t i f f n e s s  r e a c t a n c e  w i l l  be  l i k e  t h a t  shown 
i n  Fig. 1 7  and w i l l  t h u s  mask o r  c a n c e l  t h e  p e r f o r a t e d  p l a t e  
mass r e a c t a n c e  a t  f r e q u e n c i e s  below 500 t o  1000 Hz. Thus 
t h e  r e s i s t a n c e  of  t h e  b u i l t - u p  p e r F o r a t e d  p l a t e  m u f f l e r  1s 
p r e d i c t e d  t o  b e  p r i m a r i l y  r e s i s t i v e  a t  f r e q u e n c i e s  below 
1000 Hz. w i t h  s i g n i f i c a n t  t u n n e l  v e l o c i t y .  

2 . 2 . 5  One-Percent  Open P e r f o r a t e d  P l a t e  

Tests o f  a 15 open p e r f o r a t e d  p l a t e  o b t a i n e d  by  c o v e r i n g  w i t h  
tape 2 o f  3 h o l e s  o f  t h e  3% pla te  was tested i n  order t o  
i n v e s t i g a t e  t h e  s e n s i t i v i t y  of r e s i s t a n c e  and r e a c t a n c e  t o  
t he  f r a c t i o n a l  open area of t h e  p l a t e  i n d i c a t e d  by Eqs. 10 - 12. 
As p r e d i c t e d  t h e  resul ts  shown i n  F i g s .  22 and 2 3  show t h a t  
bo th  t h e  r e s i s t a n c e s  and r e a c t a n c e s  for  v e l o c i t y  r a n g e s  of 
i n t e r e s t  i n c r e a s e  by a p p r o x i m a t e l y  a f a c t o r  o f  three f o r  t h e  
1% open p la te .  

2 . 2 . 6  T h r e e - P e r c e n t  Open P e r f o r a t e  W i t h  Screen 

F i g u r e s  24  and 25 p r e s e n t  t h e  impedance of t h e  3% open p l a t e  
p l u s  a 36% open fine brass s c r e e n .  These measured Impedance 
v a l u e s  a r e  very  s imilar  t o  t h o s e  o b t a i n e d  w i t h  t h e  3% open 
pe r !3 r&ted  p i a t e  a l o n e  shown i n  F i g s .  2 1  and 22. 
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FIGURE 22.  R E S I S T A N C E  OF 1% OPEN PERFORATED P L A T E  
(0.025 tn . th tckner r  a n d  0.0625 I n .  h o l e  d I o m . )  
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FIGURE 2 3 ,  REACTANCE OF 1 %  PERFORATED P L A T E  
(0.025 I n .  ~ h t c k n e r r  a n d  0.0625 In .  hole  d t a m . )  
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FIGURE 24. R E S t S T A N C E  t?F 3% O P E N  PLATE PLUS 36% OPEN B R A S S  
SCR EE N 



FIGURE 25, REACTANCE CP 3% OPEN PLATE PLUS 36% OPEN 
B R A S S  SCREEN 
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3.0 MUFFLER CONFIGURATION EFFECTS 

The a c o u s t i c  performance o f  t h e  80 x 12G f o o t  wind t u n n e l  muf- 
f l e r  w i l l  depend n o t  o n l y  on  t h e  a c o u s t i c  impedance of t h e  
m u f f l e r  l i n e r ,  b u t  t o  a l s rge  e x t e n t  on c o n f i g u r a t i o n  de ta i l s  
and wind e f f ec t s .  I n  o r d e r  t o  e x p l o r e  v a r i o u s  c o n f i g u r a t i o n  
e f f e c t s  and o b t a i n  d e s i g n  da ta  f o r  a v a r i e t y  o f  f u l l - s c a l e  con- 
f i g u r a t i o n s ,  Y A S A  Ames Research  C e n t e r  personfie1 have con- 
d u c t e d  an  e x t e n s i v e  ser ies  of tests i n  t h e  7 x 10 f o o t  wind 
t u n n e l  . 
These tests have p r o v i d e d  i n v a l u a b l e  d a t a  f o r  t h e  b a s e l i n e  
i'iberglass and p e r f o r a t e d  p i a t e  c o n f i g g r a z i o n s ,  have  p r o v i d e d  
I n s i g h t  i n t c ,  v a r i o u s  m o d i f i c a t i o n s  o f  these b a s e l i n e  d e s i g n s ,  
2nd ' lave s e r v e d  t o  uncover  v a r i o u s  p o t e n t i a l  per formance  prob- 
lems. I n  t h i s  s e c t i o n  t h e  b a s e l i n e  c o n f i g u r a t i o n  per formances  
de te rmined  f r o n  t h e  wind t u n n e l  t es t s  are  compared w i t h  t h e  
d e s i g n  g o a l ,  arid t h e  d e f i c i e n c i e s  q u a n t i f i e d  f o r  v a r i o u s  uper- 
a t l n g  c c n , 2 i t i o n s .  : o n f i g u r a t i o n  changes o f  th ree  t y p e s  f o r  
proviAing h d d l t  i o n a l  acoilst l c  a t t e n u a t i o n  t o  a l l e v i a t e  t h e  
p r e d i c t e d  d i s c r e p a n c i e s  and t o  p r o v i d e  a d d l t i c n a l  conservatism 

i n  t h e  d e s i g n  a re  t h e n  descr ibed .  

3 .1  a a s e l i n e  Desigris and Performance 

F i g u r e  2 6 ( a )  i s  a p l a n  view o f  t h e  three f u l l - s c a l e  baff les  
mourLted I n  t h e  7 x 10 f o o t  w i n d  t u n n e l  a t  N A S A  Ames Research 
Cen te r .  T h >  s t r e a m l i n e d  two-way noise  ScQrcc  h l t h  broadband 

c a p a b i l i t y  ca,i be mounted a l t e r n a t e l y  upstream o f  t h e  m u f f l e r  
f o r  exhagst muffle.. t e s t i n g  o r  downstream o f  t h e  m u f f l e r  f o r  
i n l e t  t e s t i n g .  The f o u r  n i c r o p h o n e s  t r a v e r s i n g  t h e  c e n t e r  d u c t  
i n  F i g .  2 6 ( a )  a re  u s e d  t o  d e t e n i r i e  m u f f l e r  performance p e r  
u n i t  l e n g f 5 .  The b a s e l i n e  f i b e r g l a s s  c o n f i g u r a t i o n  shown I n  
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F i g .  26(b)  u t i l i z e s  a 6-foot  s e c t i o n  o f  Type 701 Fiberglas 
p a r t i o n e d  w i t h  a l eng thwise  c e n t e r  imperv ious  p l a t e  and w i t h  
three e q u a l l y  spaced  t r a n s v e r s e  plates.  The fiberglass was 
covered  w i t h  a 3 3 %  open p e r f o r a t e d  p la te .  

The b a s e l i n e  3% open perfora:cd p la te  c o n f i g u r a t i o n  I s  shown i n  
F i g .  2 6 ( c ) .  The test r e s u l t s  r e r o r t e d  were g e n e r a t e d  wi th  a 
b a f f l e  c o n t a i n i n g  a & f o o t  l ong  a b s o r b i n &  s e c t i o n ,  and t h o s e  
r e s u l t s  were e x t r a p o l a t e d  t o  t h e  10-foot  l o n g  s e c t i o n  shown I n  
Fig. 2 6 ( c ) ,  u s i n g  t h e  i n d u c t  microphone data .  I n  t h e  p e r f o r a t e d  
p la te  m u f f l e r  t es t s ,  t h e  6-foot s e c t i o n  was a g a i n  segmented by 

three e q u a l l y  spaced  t r a n s v e r s e  p a r t i t i o n s ,  bu t  t he  l e n g t h w i s e  
p a r t i t i o n  s l a n t e d  from one side of t h e  ba f f l e  a t  t h e  l e a d i n e  
edge t o  the c p p o s i t e  s ide  a t  t h e  t r a i l i n g  edge  of t h e  treated 
s e c t i o n .  
d i c a t e  t h a t  t h e  10-foot  long  p e r f o r a t e d  p l a t e  s e c t i o n  m u f f l e r  
w i l l  cost  a p p r o x b a t e l y  t h e  sane as the  b a s e l i n e  fiberglass- 
f i l l e d  muffler -tilth 6 f e e t  of'  a c o u s t i c  t r e a t m e n t .  

Pi-el iminary c ? s t  a n a l y s e s  b'y N A S A  Ames p e r s o n n e l  i n -  

The r e s u l t s  o f  t h e  Mind tunr ie l  tests and a n a l y s e s  conducted  by 
tUSA iunes Research Eeriter p e r s o n n e l  on t h e  a c o u s t i c  performance 
of t h e s e  two b a s e l i n e  n u f f l e r  c c n f i p r a t i o n s  f o r  t h e  I n l e t  and 
exhaus t  c a s e s  are shown in Figs. 27 and 28 ,  r e s p e c t i v e l y .  I f  
t h e  z e r o  and maxirnum v e i o c i t y  i n l e t  m d  exhaus t  c o n f i g u r a t i o n  
r i u f f l e r  Ferformances p r e s e n t e d  i n  Figs .  27 and 2e are t a k e n  i n  
a g g r e g a t e ,  ',he f:berglass and y e r f o r a t e d  p l a t e  c o n f i g u r a t i o n s  
have comrarable  F e ; ' f o n a n c e .  I n  g e n e r a l ,  t h e  performance o f  
t h e  f i b e r g l a s s  d e s i g n  can be improved by l e n g t h i n g  t h e  treated 
tes: s e c t i o n .  An e x c e p t i o n  t o  t h i s  is t h e  i n l e t  m u f f l e r  con- 
f I g u r a t i 3 n  i n  t h e  h i c h  f r e q u e n c y  r e e k e  where t h e  sound beams 
down t h e  c e n t e r  of t h e  channe l s  l i m i t i n g  t h e  i n s e r t i o n  loss t o  
approximate ly  1 0  dB. 
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I n  a d d i t i o n  t o  f u r t h e r  i n c r e a s i n g  t h e  l e n g t h  of t h e  perforated 
p la t e  d e s i g n ,  a number o f  o t h e r  a c o u s t i c  per formance  enhancement 
t e c h n i q u e s  are a v a i l a b l e  and w i l l  be d e s c r i b e d  i n  subsequen t  
p a r t s  of t h i s  s e c t i o n .  For r e f e r e n c e ,  t h e  d e f i c i e n c i e s  between 
t h e  U-foot  p e r f o r a t e d  p la te  m u f f l e r  per formance  and t h e  design 
goals are t a b u l a t e d  from Figs. 27 and 28 I n  T a b l e  4. I n  
g e n e r a l  terms, there is a 2 t o  3 dB a v e r a g e  d e f i c i e n c y  a t  
f r e q u e n c i e s  below 200 Iiz and above 2,000 Hz. 

TABLE 4 
D E S I G N  D E F I C I E N C I E S  OF 14 F T .  PERFORATED 

P L A T E  MUFFLER ( d B )  

INLET 

v = o  

v = 56 f t / s e c  

EXHAUST 

3 

2 4  

2 3  1 1 2 2  
6 1  1 

3 1 1  5 4  
2 3 2  2 4 3  

3 3  
3 2  

3 . 2  C u r v e d  B a f f l e s  

From a n  a c o u s t i c s  p o i n t  o f  v iew,  c u r v i n g  t h e  baf f les  t o  b l o c k  
t h e  l i n e  o f  s i g h t  i s  t h e  most powerfu l  t e c h n i q u e  f o r  o b t a i n i n g  
greater performance than  t h e  b a s e l i n e  d e s i g n  c o n f i g u r a t i o n s ,  
which are  a l r e a d y  h i g h l y  op t imized .  A s u g g e s t e d  cu rved  baffle 
c o n f i g u r a t i o n  des igned  t o  b l o c k  t h e  l i n e  o f  sight and minimize 
e f f e c t s  on flow is shown i n  F i g .  2 9 ( a ) .  This design i s  a c h i e v e d  
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by t r a n s l a t i n g  t h e  t a i l  s e c t i o n  of each  b a f f l e  2 feet  t o  t h e  
s ide  and c o n n e c t i n g  t h e  nose  and t a i l  w i t h  a 7- foot  S-shaped 
p e r f o r a t e d  s e c t i o n  io l lowed  by  a 3-fOOt s t r a i g h t  p e r f o r a t e d  
s e c t i o n  b e f o r e  t h e  t a i l .  The a d d i t i o n a l  a c o u s t i c  a t t e a u a t i o n  
provided  by t h e  curved  ba f f l e s  r e l a t i v e  t o  t h e  s t r a igh t  b a f f l e  
c o n f i g u r a t i o n  I s  estimated i n  Fig. 2 9 ( b ) .  T h i s  estimate, 
which is 5 dB o f  a d d i t i o n a l  l o s s  i n  t h e  low f requency  reg ime 
and 1 0  dB a d d i t i o n a l  loss i n  t he  h igh  f requency  reg ime,  was 
s c a l e d  from measured data f o r  t h e  Sound-Stream m u f f l e r  con- 
f i g u r a t i o n  d e s c r i b e d  i n  Refe rence  11. N A S A  A m e s  p e r s o n n e l  
are i n  a b e t t e r  p o s i t i o n  t h a n  t h e  a u t h o r s  t o  d e t e r n i n e  t h e  

f e a s i b i l i t y  o f  s u c h  a curved  b a f f l e  d e s i g n  f o r  u s e  as t h e  i n l e t  
o r  exhaus t  m u f f l e r  and t o  g e n e r a t e  a l t e r n a t e  cu rved  d e s i g n s  
and estimates o f  t h e  e f f e c t  on wind  t u n n e l  f low c o n d i t i o n s .  

3 . 3  Partition Design 

A number of  v a r i a t i o n s  o f  t h e  l eng th -wise  and t r a n s v e r s e  
s i l e n c e r  p a r t i t i o n s  have b e e n  i n v e s t i g a t e d  b y  RBN and N A S A  
Ames w i t h  a view toward o p t i m i z i n g  m u f f l e r  per formance .  For  
example, t h e  d i a g o n a l  l e n g t h w i s e  p a r t i t i o n  o f  t h e  t y p e  shown 
i n  Fig. 2 6 ( c )  was used i n  t h e  N A S A  Ames wind t u n n e l  t e s t  
i n  o r d e r  t o  e l i m i n a t e  whist les  caused by  c a v i t y  r e sonances  
(see nex t  s e c t i o n ) .  

The perf5rmance of  3 p e r f o r a t e d  p l a t e  m u f f l e r  c o n f i g u r a t i o n  
w i t h  no fuzz  1s g e n e r a l l y  enhanced a t  f r e q u e n c i e s  a s s o c i a t e d  
w i t h  half-wave r e sonances  between t h e  t r a n s v e r s e  p a r t i t i o n s .  
Thus t h e  performance of t h e  b a s e l i n e  d e s i g n  wi:h approx ima te ly  
20 - inch  p a r t i t i o n  s e p a r a t i o n  i s  q u i t e  good i n  t h e  v i c i n i t y  
o f  359 Hz. Changing t h e  t r a n s v e r s e  p a r t i t l o r  s p a c i n g  from 
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20 i n c h e s  t o  40 i n c h e s  i n  t h e  10-foot l e n g t h  s e c t i o n  s h o u l d  f u r t h e r  
enhance  t h e  m u f f l e r  per formance  i n  t h e  lower  f r equency  regime. 

P rev ious  work, i n  p a r t i c u l a r  t h e  Refe rence  1 2  p a t e n t ,  shows 
enhanced d u c t  l i n e r  a t t e n u a t i o n  when t h e  d e p t h  of t h e  l i n e r  
is v a r i e d  i n  s teps  a l o n g  t h e  m u f f l e r  l e n g t h .  I n  o r d e r  t o  
invest igate  a p p l i c a b i l i t y  of  t h i s  concept  t h e  80 x 120 f o o t  
wirid t u n n e l  m u f f l e r ,  a number of  t e s t s  were conduc ted  a t  BBN 
u s i n g  a f i b e r g l a s s - l i n e d  c o n f i g u r a t i o n .  R e s u l t s  are shown 
i n  F i g .  30. Four c o n f i g u r a t i o n s  were tested: A b a s e l i n e  
c e n t e r  p a r t i t i o n ,  a ramp s u c h  as was used  i n  t h e  NASA Ames 
tes t  w i t h  t h e  3% p e r f o r a t e d  p l a t e  c o n f i g u r a t i o n ,  a sawtooth 
c o n f i g u r a t i o n ,  and a sawtoo th  w i t h  a 0 .3% p e r f o r a t e d  p a r t i t i o n .  

The ramp and sawtoo th  c o n f i g u r a t i o n s  gave p o o r e r  per formance  
t h a n  t h e  b a s e l i n e ;  b u t  t h e  p e r f o r a t e d  s a w t o o t h  gave improved 
per formance ,  part  i c u l a r l y  i n  t h e  low f requency  regime from 
160 t o  250 Hz. Because of t h e  d i f f e r e n c e  i n  a b s o r p t i o n  
rcechanisrns i n  t h e  f i be rg la s s  and p e r f o r a t e d  p l a t e  d e s i g n s ,  
these t y p e s  of tes ts  need t o  b e  r e p e a t e d  for a p e r f o r a t e d  
p l a t e  m u f f l e r  exposed t o  g r a z i n g  flow. It might b e  i n f e r r e d  
from t h e  BBri tes ts  t h a t  t h e  ramp used  t o  c o n t r o l  w h i s t l e s  
In t h e  NASA Ames p e r f o r a t e d  p l a t e  m u f f l e r  s l i g h t l y  degraded 
per formance  o v e r  t h a t  would b e  o b t a i n e d  w i t h  a n o n - w h i s t l i n g  
c e n t e r  p a r t i t i o n  i n  t h e  f requency  r a n g e  from 250 t o  500 Hz. 

The i n c r e a s e d  per formance  of t h e  p e r f o r a t e d  p a r t i t i o n  d e s i g n  
i n  F ig .  30 a l s o  might merit a d d i t i o n a l  i n v e s t i g a t i o n  f o r  t h e  
p e r f o r a t e d  p l a t e  m u f f l e r .  The m o t i v a t i o n  fo r  u s i n g  a s l i g h t l y  
p e r f o r a t e d  p a r t i t i o n  i s  t o  p r o v i d e  enough r e a c t a n c e  so t h a t  
t h e  two sides o f  :he m u f f l e r  are  e s s e n t i a l l y  a c o u s t i c a l l y  
independen t ,  and t h e  h igh  a c o u s t i c  v e l o c i t i e s  a re  s t i l l  o b t a i n e d  
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a t  t h e  m u f f l e r  f a c e  f o r  t h e  500 Hz d e s i g n  f r equency .  However, 
t he  slight p e r f o r a t i o n  p r o v i d e s  some flow r e s i s t a n c e  and  
t h e r e f o r e  a d d i t i o n a l  loss a t  t h e  p a r t i t i o n  where t h e  p r e s s u r e  
g r a d i e n t s  are very  high.  

The performance c h a r a c t e r i s t i c s  f o r  a 1% Jpen p e r f o r a t e  w i t h  
ze?o f low can  be t aken  from F igs .  22 and 23. The f i g u r e s  show 
tha t  t h e  mass r e a c t a n c e  v a r i e s  from approx ima te ly  300 t o  1500 
mks r a y l s  f o r  f r e q u e n c i e s  between 250 and 1000 Hz, and t h e  
r e s i s t a n c e  v a r i e s  from approximately 100  t o  250 mks ray ls  
o v e r  t h e  same f requency  r ange .  I n  view of  t h e  measured factor  
o f  three i n c r e a s e  i n  impedance when t h e  p e r c e n t a g e  open area 
was changed i rom 3% t o  I%, one m i g h t  e x p e c t  these v a l u e s  t o  
i n c r e a s e  by a n c r h e r  f a c t o r  o f  three f o r  0.3% open p l a t e .  T e s t s  
m i g h t  b e  conducted wi th  b o t h  1% and 0.3% p e r f o r a t e d  p a r t i t i o n s  
t o  de t e rmine  t h e  optimum. 

3 . 4  W h i s t l e s  and  Wind N o i s e  

E a r l y  tests conducted w i t h  t h e  3% p e r f o r a t e d  p la te  m u f f l e r  
c o n f i g u r a t i o n  w i t h  a c e n t r a l  l eng thwide  p a r t i t i o n  were p lagued  
wi th  ve ry  l o u d  graz ing- f low-genera ted  whistles. This pheno- 
menon was i n v e s t i g a t e d  a n a l y t i c a l l y  and e x p e r i m e n t a l l y  i n  
Reference  13 .  The f requency  o f  t h e  whistles i n  t h e  NASA 
Ames t e s t s  c o r r e l a t e d  ve ry  c l o s e l y  w i t h  t he  g raz ing - f low 
v e l o c i t y  and h o l e  diameter when a S t r o u h a l  number of 0 . 2  was 
used .  When t h e  f low v e l o c i t y  was i n c r e a s e d ,  e i t h e r  by  i n c r e a s -  
i n g  t u n n e l  speed o r  by b l o c k i n g  par t  of  t he  c h a n n e l s ,  t h e  
w h i s t l e  f r e q u e n c i e s  i n  t h e  N A S A  Ames tests would jump pro- 
g r e s s i v e l y  through t h o s e  f r e q u e n c i e s  c h a r a c t e r i s t i c  of hal f -  
wave reczlrances i n  t h e  c a v i t y  d e p t h .  

F igu re  3 l ( a )  I l l u s t r a t e s  a number o f  c a n d i d a t e  t e c h n i q u e s  
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fo r  e l i m i n a t i n g  w h i s t l e s  I n  a p e r f o r a t e d  p l a t e  m u f f l e r  conf igu -  
r a t i o n .  The t e c h n i q u e s  i l l u s t r a t e d  on t h e  l e f t  hand s ide  of 
F i g .  3 l ( a ) ,  namely, u s i n g  a t h i n  a b s o r b i n g  layer  in t h e  
c a v i t i e s  and s l a n t i n g  t h e  c e n t e r  p a r t i t i o n ,  were used e f f e c -  
t i v e l y  i n  subsequent  N A S A  Ames tes ts  w i t h  t h e  3% open m u f f l e r  
c o n f i g u r a t i o n .  The t e c h n i q u e s  on t h e  r igh t -hand  s i d e  of 
F ig .  31 (a )  are suggested on t h e  b a s i s  o f  p r e v i o u s  BBN exper -  
i e n c e .  By making t h e  p e r f o r a t i o n  h o l e s  diamond-shaped ra ther  
t h a n  c i r c u l a r ,  t h e  s l n g u l a y  h o l e  diameter d imens ion  which 
de te rmines  t h e  f requency  o f  t h e  w h i s t l e  i s  e l i m i n a t e d .  The 
second concept  i n v o l v e s  punching  t h e  p e r f o r a t e d  h o l e s  s o  as 
t o  e l e v a t e  t h e  h o l e  l e a d i n g  edges  and d e p r e s s  t h e  t r a i l i n g  
edges  so  t h a t  t h e  free shear l a y e r  does n o t  o s c i l l a t e  a t  t h e  
h o l e  t r a i l i n g  edge. 

NASA Ames wind-tunnel  tes ts  o f  t h e  3% open p e r f o r a t e d  p l a t e  
m u f f l e r  w i t h  g r a z i n g  f low v e l o c i t i e s  of 120 feet/sec i n d i c a :  ;U 
t h a t  t h e  p e r f o r a t e d  p l a t e s  g e n e r a t e d  wind n o i s e  which limits 
t h e  n o i s e  r e d u c t i o n  p rov ided  by  t h e  m u f f l e r  i n  t h e  h i g h  fre- 
quency regime around 4000 Hz. 
e l i m i n a t e  self  n o i s e  g e n e r a t e d  by p e r f o r a t e d  p la tes  exposed 
t o  g r a z i n F  f low,  s e v e r a l  c a n d i d a t e  t e c h n i q u e s  a r e  a v a i l a b l e  
f o r  minimiz ing  t h i s  s e l f  n o i s e .  The muff ler  c o n f i g u r a t i o n s  
tes ted i n  t h e  7 x 1 0  f o o t  wind t u n n e l  u t i l i z e d  a p e r f o r a t e d  
t a l l  s e c t i o n  f o r  p o s s i b l e  enhanced a c o u s t i c  per formance .  
This r a y  have con:ribu?ed t c  flow i n s t a b i l i t y  j u s t  downstream 
of  t h e  s ta r t  of  t h e  d i f f u s e r  t a i l  s e c t i o n .  If t h i s  mechanism 
proves  impor t an t  f o r  s e l f  n o i s e  g e n e r a t i o n ,  i t  might b e  

eased b y  ellmirating t h e  p e r f o r a t i o n s  on t h e  t a i l  and even 
f o r  a s h o r t  d i s t z r , c e  u p s t r e a m  as  i l l u s t r a t e d  on t h e  l e f t  i n  
Fig. 3 1 ( b ) .  

Although no t e c h n i q u e  w i l l  
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A second c a n d i d a t e  t e c h n i q u e  f o r  mlnlmiz ing  wind n o i s e  would 
be  t o  manufacture  t h e  p e r f o r a t e d  p l a t e s  s o  t h a t  t h e  h o l e  l i p s  
a re  s l i g h t l y  i n d e n t e d  i n t o  t h e  p l a t e  t h u s  removing t h e  edges 

somewhat from t h e  shear l a y e r .  A t h l r d  c a n d i d a t e  t e c h n i q u e  
f o r  x i n l m i z i n g  flow n o i s e  due t o  t h e  g r a z i n g  f low i s  t o  e l o n g a t e  
t h e  h o l e s  a l o n g  t h e  d i r e c t i o n  of' f low s o  t h a t  t h e  h o l e  edge 
l e n g t h  p e r p e n d i c u l a r  t o  t he  flow v e l o c i t y  I s  small .  These 
l a t t e r  two t e c h n i q u e s  must b e  viewed as s p e c u l a t i v e  and s u b j e c t  
t o  e x p e r i m e n t a l  v e r i f i c a t i o n ,  bCCa'JSf? t h e  flow p a t t e r n  i n  t h e  
v i c l n i t y  of t h e  hole  i n v o l v e s  L\ c o m p l i c a t e d  i n t e r a c t i o n  o f  t h e  

grazing and a c o u s t i c  flow v e l o c i t i e s  a s  d e s c r i b e d  i n  R e f e r e n c e  7. 
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