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ABSTRACT 

This paeer represents the i n i t i a l  q u a n t i t a t i v e  comparison o f  i n l e t  suppres- 
o r  f c r - f i z l d  d i r e c t i v i t y  suppression w i t h  tha t  p red ic ted  us ing an approximate 
l i n c r  d e s i i n  and eva lua t ion  method based upon mode c u t o f f  r a t i o .  The experimental 
data was obta ined us ing a ser ies  o f  c y l i n d r f c a l  po in t - r :??c t in?  i n l e t  l i n e r s  on an 
Avco-Lyccn?!nr) YF102 englne. The t l i eo re t l ca l  p r e d i c t i o n  program i s  hssed upon sim- 
p l  i f I ed sound propagation concepts der ived from exact ca l cu la t i ons .  These i nd i ca te  
t h a t  a l l  o f  the c o n t r o l l i n g  phenomenon can be approximately co r re la ted  w i t h  mode 
c u t o f f  r a t i o  which i t s e l f  i s  i n t i m a t e l y  r e l a t e d  t o  the  angles o f  p r o p a ~ a t l o n  w i t h i n  
the  duct. The o b j c c t f v e  o f  the theory-data comparisons i s  t o  p o i n t  ou t  poss ib le  de- 
f i c i enc ies  tn rhe approximate t h r a r y  which niay be corrected.  A f t e r  a l  1 theoret  i c a l  

-3 r e f  inernen t s  liavc I~een made, then empi r i c a l  co r rec t  ions can be appl ied. in 
PI 

I 
LL' l NTRODUCT l ON 

There i s  a need f o r  an accurate bu t  s i m p l i f i e d  method f o r  designing and evalu- 
a t i n g  supnressors w i thout  s p l i t t e r s  f o r  a i r c r a f t  engine i n l e t s .  Methods have been 
pub1 ished1 p 2  which can be used t o  est  imate acoust ic  power reduct ion i n  exhaust ducts 
o r  i n  i n l e t s  w i t h  s p l i t t e r  r ings .  However, what i s  r e a l l y  ~ e e d e d  i s  a comprehensive, 
nenera l l y  ava i lab le ,  design o r  eva lua t ion  program which provides acoust ic  suppres- 
s ion  in format ion i n  the f a r - f i e l d .  

Conipl-aiicns i ve  suppressor eva lua t ion  i s  a very colnplex problem invo l v ing  source 
acoust ic  aswcr descr ip t ion ,  suppressor e f fec t iveness ,  modal sca t te r i ng  a t  several 
places i n  the  propagation path and, f i n a l l y ,  r a d i a t i o n  t o  the f a r - f i e l d .  The com- 
p l e t e  coupled system may never be amenable t o  ana lys is ,  except perhaps by some as 
y e t  undeveloped nclmerical ana lys is  program. The method used i n  t h i s  paper represents 
a f i r s t  o rder ,  uncoupled, a n a l y t i c a l  approach t o  each element o f  the propagation and 
r a d i a t i o n  problem. Each clement was found t o  be dependent upon the mode c u t o f f  r a t i t ; ,  
wblch provides a great  s i m p l i f i c a t i o n  t o  the e n r i r e  problem. Thiq dependence upon 

4 cu to f  l' r a t i o  has been r e r ~ o r t e d  f o r  maximum poss ib le  a t tenuat  ion3, optimum impedance , 
duct  ter i n a t i o n  r e f l e c t i o n 5 ,  f a r - f i e l d  rr.diatioi7 d i r e c t i v i  t y 5  and modal dens i ty  3: f unc t i on  . 

The pur?ose o f  t h i s  paper i s  t o  compare ca lcu la ted  no ise  suppression r e s u l t s  
us ing  the s i m p l i f i e d  ana lys is ,  i n  i t s  present s t a t e  o f  development, w i t h  experimental 
i n l e t  suppressor dzta repor ted i n  reference 7. The comparison w i l l  be made on the 
bas i s  o f  f a r - f i e l d  a t tenuat ion  d i r e c t i v i t y .  This  comparison, made on an angle-by- 
angle basis, i s  ext ref ie ly  demanding s ince  i t  encompasses a l l  elements o f  the  problem 
s t a r t i n g  w i t h  the d e s c r i > t i o n  of  the no ise  source and then proceeding w i t h  the sup- 
pressor performance and, F i n a l l y ,  the sound r a d i a t i o n  from the duct i n l e t .  The fa r -  
f i e l d  a t tenuat ion  d i r e c t i v i t y  i s ,  however, the essent ia l  in format ion needed f o r  sup- 
pressor pcrforniance. 
.b ,.. 
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The fu tu re  work concerning t h i s  s imp l i f i ed  l i n e r  eva luat ion  approach 
w i l l  proceed i n  two d l  rec t lons .  The theory-data comparisons w i  l I be 
used t o  po in t  o u t  where f u r t h e r  a n a l y t i c a l  e f f o r t  i s  required t o  encom- 
pass more o f  t he  essent ia l  physics i n t o  the program. Also, an e f f o r t  
w i l l  be made t o  account fo r  missing phenomena by empirical cor rec t ions  
t o  the  theory. 

SYMBOLS 

B1, 82, 83 th ree i n l e t  l i n e r  construct ions (Table i) 

BPF blade passage frequency, Hz 

b l i n e r  backing depth, m 

c speed o f  sound, m/sec 

I@ modal dens i ty  func t ion ,  see equation (7) 

D c i r c u l a r  duct diameter, m 

do o r i f i c e  diameter i n  per forated p la te ,  m 

AdB sound at tenuat ion,  decibels 

AdBm maximum pcss ib le  sound power at tenuat ion,  decibels 

AdB3 sound a t tenuat ion  using l i n e r  83 on ly ,  decibels 

AdB32 sound a t tenuat ion  using both l i n e r s  83 and 82, decibels 

AdB32 1 sound a t tenuat ion  uslng l i n e r s  83, 82 and B I ,  decibels 

F q u a n t i t y  i n  c i r c u l a r  contour co r re la t i on ,  see equation (AS) 

f frequency, Hz 

I acoust ic  i n t e n s i t y  inc ident  upon duct terminat ion,  N/MS 
I NC 

I T 
acoust ic  i n t e n s i t y  t ransmit ted out  from terminat ion, N l M S  

L length  o f  acoust ic  treatment, m 

M~ 
a x i a l  steady f l ow  Mach number, free-stream uni form value 



spinnlng mode lobe number (c  i rcumferent i a l  o rder )  

number o f  modes 

exponent i n  c u t o f f  r a t i o  b las lng  func t ion ,  see e~quations 
( 6 )  and (8) 

f a r - f i e l d  acoust ic  pressure amplitude, N / M ~  

f a r - f i e l d  acoust ic  pressure ampli tude due t o  m u l t i p l e  modes, 
N / M ~  

eigenvalue f o r  c i r c u l a r  hardwal led duct o r  absolute value o f  
complex eigenvalue f o r  s o f t w a l l  duct 

rad ius  i n  c i r c u l a r  damping contour co r re la t i on ,  see equation 
( ~ 4  

c i r c u l a r  duct radius, m 

per fo ra ted  p l a t e  thickness, m 

i n l e t  1 i n e r   a able I )  

r a d i a l  eigenvalue 

cu to f f  r a t i o  b ias ing  func t ion ,  see equat ion (8) 

Ad Bm/Ad B 

1/7th power boundary layer  thickness, m 

displacement boundary layer  thickness, rn 

6/ro 

frequency parameter, q = f D / C  

s p e c i f i c  acoust ic  res is tance 

res is tance coordinate f o r  center  o f  damping contour 

optimum s p e c i f i c  acoust ic  res is tance 

optimum s p e c i f i c  acoust ic  res is tance w i thout  boundary layer  
( s l i p  f low) 



rdd  i a 1 mode order  index 

mode c u t o f f  r a t i o  

l i n e r  open area r a t t o  

phase o f  complex elgenvalue, degrees 

s p e c i f i c  acoust ic  reactance 

reactance cool rlilliltc f o r  center o f  dampi rg contour 

optimum s p e c i f i c  acoust ic  reactance 

f a r - f i e l d  angle measured from i n l e t  duct  ax i s ,  degrees 

$ a t  peak o f  p r i n c i p a l  lobe o f  r a d i a t i o n  

d i r e c t i v i t y  angle w i thout  f low,  degrees 

S l MPLI F l ED APPSOX l MATE SUPPRESSOR THEORY 

I n  t h i s  sec t i on  the  elements o f  the s i m p l i f i e d  suppressor theory w i l l  
be ou t l i ned .  Since t h t s  paper represents an i n i t i a l  theory-data compari- 
son and not a f i n a l  recommended procedure, many o f  the c o r r e l a t i o n s  used 
w i l l  be only  referenced. Only the  recent changes i n  the procedure and ex- 
pressions which a re  usefu l  i n  l a t e r  discussions w i l l  be l i s t e d  e x p l i c i t l y .  
The subjects covered inc lude suppressor performance, f a r - f i e l d  r a d i a t i o n  
and duc t  te rminat ion  e f f e c t s ,  source power d i s t r i b u t i o n  and assumptions 
i m p l i c i t  I n  us ing  the abetse as uncoupled elements i n  a system which i s  ac- 
t u a l l y  coupled, 

Suppressor Performance 

The sound a t tenua t i on  obtained i n  a c y l  indr  i c a l  suppressor i s  obta ined 
by us ing  c o r r e l a t i o n s  o f  the optimum impedance and maximum poss ib le  a t ten -  
uat ion.  These feed i n t o  a c i r c u l a r  approximation c o r r e l a t i o n  o f  the actual  
damping contours which are  used t o  est imate off-optimum suppressor pe r fo r -  
mance. 

The concepts o f  optimum impedance and maximum poss ib le  a t tenua t i on  are  
i 1 1  us t ra ted  i n Figure 1 . Equa 1 damping con tours  represent ing exact c a l  cu- 
l a t i o n s  f o r  a p a r t i c u l a r  mode (m = 7, p = 1) are represented by the so l  i d  
l ines .  As damping i s  increased, the contours sh r ink  i n  s i ze  and the l i m i t  
i s  represented by the optimum impedance. The damping a t  t h i s  l i m i t i n g  



impedance i s  ca l  l e d  the niaximum poss ib le  a t  tenuat Ion f o r  t h i s  mode. 
Pushfng t o  h igher  attenuations would r e s u l t  i n  a contour which can be 
re la ted  t o  the next h igher  r a d i a l  mode (p = 2 I n  t h i s  case). I n  r e f -  
erence 8 i t  was discovered tha t  modes w i th  s i m i l a r  c u t o f f  r a t i o s  had 
s ln i i l a r  optimum impedances. This  Idea was pursued i n  reference 4, i n  
which a wide range o f  paranietr ic study o f  optimum impedance was made, 
The mode c u t o f f  r a t i o  def ined i n  the suppressor sec t ion  as, 

6 = 
Tri 

R \/(I-MB) cos 2pl 

was found t o  c o r r e l a t e  the optimum Impedance q u i t e  accurate ly .  The 
on ly  modal in:ormation requi red i s ,  thus, the c u t o f f  r a t i o .  The op- 
timum impedance components a re  found using the procedure repor ted i n  
reference 4 and a r e  a Funct ion o f  the frequency parameter (n) , bound- 
a ry  layer  thickness, steady Flow Mach number and, o f  course, c u t o f f  
r a t  lo. 

The niaxlmum poss ib le  attenua ion  was a l so  shown t d  be approximately 5 co r re la ted  by c u t o f f  r a t i o  alone . The expression used here i s ,  

/ , l / 2  

Equation ( 2 )  shows tha t  maxinium poss ib la  a t tenuat ion  i s  a func t i on  on l y  
o f  c u t o f f  r a t i o ,  Mach number and duct L/D. Although o timum lmpedance 

4 8 can be a st rong func t i on  o f  boundary layer  thickness t , i t  was shown 
i n  reference 9 t h a t  the niaximum damping i s  i n s e n s i t i v e  t o  boundary layer  
thickness. 

Off-optimum suppressor perforniance i s  evaluated by an approximate 
c i r c u l a r  damping contour c o r r e l a t i o n  s i m i l a r  t o  t ha t  developed i n  r e f -  
erence 10. This  approximate c o r r e l a t i o n  i s  compared to  exact ca lcu la -  
t ions  i n  F igure  1 f o r  a w e l l  propagating mode ( l a rge  5) .  The co r re la -  
t i o n  o f  reference 10 was semi-empirical and was based upon ca l cu la t i ons  
made f o r  we l l  propagating modes. When theory-data comparisons o f  f a r -  
f i e l d  r a d i a t i o n  a t tenuat ion  were made, i t  became obvious t h a t  the c i r -  
cu la r  contours were no t  s u f f i c i e n t l y  broad f o r  c u t o f f  r a t i o s  near u n i t y .  
An eva lua t ion  o f  the exact equal damping contours near c u t o f f  was made 
and the c o r r e l a t i o n  was a l t e r e d  t o  r e f l e c t  t h i s  near c u t o f f  broadening. 
The new c o r r e l a t i o n  i s  presented i n  the Appendix. An add i t i ona l  change 
from the c o r r e l a t i o n  o f  reference 10 i s  a l so  found i n  the Appendix. 
When optimum res is tance i s  reduced due t o  boundary layer  r e f r a c t i o n ,  
the e n t i r e  fam i l y  of  contours i s  a l so  compressed. The new c o r r e l a t i o n  
i s  compared t o  exact a t tenuat ion  contours f o r  a near c u t o f f  mode i n  
F igure 2. Not ice  tha t  f o r  low a t tenuat ion  ( la rger  contours) the con- 
tours do n o t  c lose  as they d i d  i n  F igure 1 f o r  h igh  c u t o f f  r a t i o .  



FariFIeld Radiat ion 

The bas ls  o f  the f a r - f i e l d  r a d i a t i o n  expresslon used Far the ca lcu la -  
t i o n  reported here is5,  

which has the  p r l n c l p l e  lobe peak located approximately a t  thc angle 
g i ven  by,  

where the mode c u t o f f  r a t i o  (5) i s  def ined by, 

Equation (3) represents an approximation t o  the xac t  equat ion f o r  a 
f langed duct w i th  equal acoust ic  power per modelP. The mod i f i ca t i on  t o  
the  exact expression t o  y i e l d  equat ion (3) was made main ly  t o  a l l o w  the 
expression t o  be o n l y  a func t i on  o f  c u t o f f  r a t i o  ( 6 )  by the suppression 
o f  modal in fo rmat ion  (m, a). The approximations i nvo l ve  using the  s inu-  
so ida l  approximation t o  the Bessel f unc t i on  and assuming t h a t  m/a << 1 .  
Equation (3) represents an adequate approximat ion  t o  the exact f langed 
duc t  expression except f o r  the lower r a d i a l s  of  the h igh  lobed ( l a r g e r  m) 
modes where some e r r o r  occurs12. 

The f a r - f  i e l d  r a d i a t l o a  pa t te rn  fo r  mu1 timodal r a d i a t i o n  can be ap- 
proximated by, 

p 2 * 2  sos IJJ s inn  IJJ m (6) 
. < 

which was der ived i n  reference 5 by cons idera t ion  o f  the ampli tude and 
l o c a t  ion o f  the r i n c l p a l  lobe o f  equat ion (3) and us lng the modal 
dens l t y  f unc t i on  E 



7 
5 and thr c u r o f f  r s t t o  b ias ing  Functfon , 

Equation ( 6 )  expresses the e f f e c t  o f  the summation of  a l l  o f  the p r i n c i -  
pa l  lobes o f  r d d i a t i o n  f o r  the  propagatlng modes, Equation (7) a l lows 
the es t imat ion  o f  the r e l a t i v e  number o f  modes w i t h i n  a desi red cu to f f  
r a t i o  range, and equat ion (8) al lows the b ias ing  of  the source d i s t r i b u -  
t i o n  towards cutaFf away from equal acoust ic  power per mode. Note t h a t  
when n = 0 equal acoust ic  power per nrade i s  used and equat ion ( 6 )  re-  
duces t o  the simple expression 2 cos $. Exact summations, us ing the 
flanged duc t  r a d i a t i o n  equat ion, o f  a1 1 the propagatfng modes were made 
f o r  n = 0, 1 ,  2 and 3 i n  reference 12, Equatton (6) was shown t o  be 
an extremely good approxiniatlon. 

I n  a s t a t i c  t e s t  case f e r  an engine i n l e t ,  where there  i s  no flow 
i n  the f a r - f i e l d ,  I t  was found tha t  the  f a r - f i e l d  r a d l a t i o n  I s  s h i f t e d  
toward t h e  i n l e t  ax i s ,  The pos f t t on  o f  the peak of the p r i n c i p a l  lobe 
o f  r a d i a t i o n  was found t o  be given by13, 

where now the c u t o f f  r a t i o  must be def ined by, 

This  r a d i a t i o n  d i r e c t i o n  s h i f t  i s  caused by the change i n  a x i a l  ropaga- e t i o n  angle f o r  a duct mode due t o  the convect ive v e l o c i t y  e f f e c t  3 ,  An 
example o f  t h i s  g f f e c t  i s  chat a t  MD = -0.4, a mode near c u t o f f  ( 5 ~  1) 
propagates a t  66 from the i n l e t  ax is ,  A t  MD = 0, a near c u t o f f  mode 
has i t s  peak propagation a t  goo, This  idea was f u r t h e r  general ized i n  
reference 14 t o  inc lude the e n t i r e  r a d i a t i o n  pa t te rn .  The corrected 
r a d i a t i o n  d i r e c t i v i t y  inc lud ing  the convectfve e f f e c t  can be expressed as, 

2 2 
-MD + [ / I  - ( I - M ~  ) s i n  $o 

cos * = 



where I s  the d i r e c t f v l t y  angle w i thou t  f low,  Thts d i r e c t i v i t y  s h i f t  
toward t8e l n l e t  a x l s  was found t o  be essent la1  t o  exp le ln  the exper l -  
mental a t tenuat lon  data, Unfortunately,  t h l s  s h i f t  was made o n l y  In the 
f l n a l  a t tenuat fon  calculat!ons and has n o t  y e t  been in tegra ted  i n t o  the 
compu t e r  program. For example, equat Don ( 6 )  must be a1 te red  by the conc 
v e c t f v e  s h l f t  t o  accommodate the  p r i n c i p l e  lobes o f  rad ia t i on ,  and the 
shf f t  must be appl fed a l s o  t o  the  s lde  lobes o f  equatton (3) (see r e f -  
erence 5 f o r  cu r ren t  hand1 ing  o f  s fde lobes), I t  i s  expected t h a t  the 
i n t e g r a t f o n  o f  the canvect lve d T r e c t t v i t y  s h l f t  w i l l  no t  g r e a t l y  a l t e r  
the  r e s u l t s  presented I n  t h l s  papar; however, t h i s  has n o t  been checked, 

One problem occurs when the convectfve r a d i a t i o n  s h l f t  I s  appl ied, 
Sfnce the f langed duct r a d i a t i o n  theory appl tes o n l y  t o  90' f o r  a no-flow 
s f t u a t l o n ,  a f t e r  the s h l f t  toward the I n l e t  ax!s i s  made the theory w i l l  
o n l y  extend t o  about 66O (see example above). Thus, an un f  langed rad ia-  
t40n d i r e c t t v r t y  expression i s  neede f o r  t h i s  program, These r e s u l t s  
a re  a v a l  lab le  i n  the 1 i terature15p 17, however, they are  too unwieldy 
f o r  r o u t i n e  use i n  a mu1 timodal rad ia t ton  c a l c u l a t i o n .  More s i g n i f i c a n t l y ,  
these equations have no t  ye t  been reduced t o  a form containing modal tn- 
format ion  on ly  I n  the form o f  c u t o f f  r a t i o  so t h a t  they can be in tegra ted  
I n t o  the  cur ren t  program. E f f o r t  i s  underway t o  o b t a i n  a simple, adequate 
apprsxlmation for t h i s  purpose, 

A duct  te rminat ion  loss  i s  a l s o  used i n  t h i s  program. This termfna- 
t i o n  e f f e c t  was der ived i n  reference 5 and i s  given by, 

Equation (12) conta ins  o n l y  the mode c u t o f f  r a t i o .  I t  i s  known t o  the 
author t h a t  a b e t t e r  expression conta in ing  a l s o  the frequency parameter 
(n) should be used, but I s  has no t  been contpleted a t  t h i s  t ime. 

Source Power D l s t r l b u t i o n  

I t  I s  known t h a t  the sound power a t tenua t i on  provided by an acoust i  C I8 l i n e r  I s  s t rong ly  dependent upon the acoust ic  mode present i n  the l i n e r  , . 
Lfkewise, w l t h  a multOtuds o f  modes present, the a t tenuat ion  should be a 
func t i on  o f  the distribution o f  acnust lc  power among the modes. The method 
presented tn  t h l s  paper does not  use modes d i r e c t l y ,  b u t  instead bases a l  l 
o f  the elements o f  the program upon mode c u t o f f  r a t i o .  Thus, modal power 
d i s t r i b u t i o n  1s replaced by c u t o f f  r a t t o  power d i s t r i b u t i o n .  Th is  i s  an 
important s i m p l i f i c a t i o n  s ince al though many modes may be present w i t h i n  
a small increment o f  c u t o f f  r a t i o ,  i t  i s  no t  necessary t o  know the power 
O F  the i nd i v fdua l  modes but  on ly  the t o t a l  pdwer of  a l l  o f  these modes. 



This s i m p l i f i c a t i o n  a l so  has p r a c t i c a l  s ign i f tcance,  Although e ~ p e r l -  
men ta  1 measurement of  moda 1 amp1 i tude and ph sc has been a t  tempted f o r  f q u i t e  simple modal s t ruc tures  i n  rectangular  9 and annular20 ducts,  i t  
appears t h a t  i f  a l a rge  number of  modes i s  poss lb le  then d i r e c t  modal 
measurement w i l l  be extremely d i f f f c ~ l t 2 ~ ,  i f  no t  Impossible, 

The on l y  a v a i l a b l e  method t o  est imate an acoust ic  power d i s t s i b u t i o n  
f s  t o  observe the f a r - f i e l d  d i r e c t i v i t y  p a t t e r n  and t o  I n f e r  the source 
d f s t r l b u t l o n  which could have caused t h i s  r a d l a t  ion p a t t e r n  as i n  r e f -  
erences 5 and 1 1 ,  This  i n d i r e c t  method f s  usable f o r  z s i n g l e  mode o r  
f o r  mu1 t imodal propagat ion  where the modes a r e  uncorrelated, I t would 
be d i f f  i c u l  t t o  assess the r a d i a t i o n  p a t t e r n  o f  a f e v  co r re la ted  modes 
but  then, o f  course, d l r e c t  modal measurement i n  the duct would be feas- 
i b le .  Equation (6) car, be used f o r  a comparison w i t h  the f a r - f l e l d  ex- 
perimental  d l  r e c t i v i  t y  data and the exponent n can then be estimated. 
Equation (8) w i  I1 then show the b ias ing  away from equal energy per  mods, 
This was done i n  reference 7 f o r  the fan b lade passage tone considered 
I n  t h i s  paper w i t h  the r e s u l t  t h a t  n 0. Another method tha t  could 
be used when the p r i n c i p a l  lobes o f  r a d i a t i o n  dominabe the e n t l r e  d l r e c -  
t f v i t y  p a t t e r n  i s  t o  compare directivity data a t  each angle t o  equat ion 
( O ) ,  Slnee the f a r - f i e i d  d l r e c t f v i t y  would be dominated by r a d i a t i o n  
from modes o f  a p a r t i c u l a r  c u t o f f  r a t i o  range, then several d i s c r e t e  
cor rec t ions  (away from equal power per mode) a t  several c u t o f f  r a t i o s  
could be obtained. This  refinement was not  attempted here due t o  the 
prev ious ly  mentioned cor rec t ions  which have y e t  t o  be develcped f o r  
equation (6) t o  account f o r  duct f low convect ive d i r e c t i v i t y  s h i f t ,  

, Thus, as a f i r s t  approximation, equal acoust ic  power per  mode (n 0) 
w i l l  be used f o r  a l l  o f  the ca l cu la t i ons  presented i n  t h i s  paper, 

Inherent Assumptions o f  Present Program 

Several i n t r i n s i c  assumptions are embodied i n  the methods as pres- 
e n t l y  reported. F i r s t ,  i t  i s  assumed when many modes are present and 
tha t  they are  i tncorre lated so the squares o f  the pressures (as i n  eq. 
(3 ) )  can be summed ( the squares o f  the sum o f  pressures must be used 
f o r  co r re la ted  modes). This  i s  probably val  i d  f o r  randomly generated 
noise such as broadband noise o r  even tones generated by i n f l ow  turbu- 
1 ence, 

Second, i t  i s  assumed t h a t  f o r  a mu l t i t ude  o f  modes a t  a l l  poss ib le  
c u t o f f  r a t i o s ,  modal s c a t t e r i n g  has no net  e f f e c t .  For a s i n g l e  mode, 
the sca t te r i ng  occu r r i ng  between a hard-walled and t rea ted  sec t ion  could 
c e r t a i n l y  a f f e c t  the ca lcu la ted  suppression. D i f f e r e n t  r a d i a l  boundary 
cond i t ions  are  present between the hard- and so f t -wa l led  sect ions.  Thus, 
d i f f e r i n g  a x i a l  and r a d i a l  propagation angles w i l l  occur between the  two 



sec t ions  (sea reference 21 f o r  dOscusslon o f  prnpagat ton angles I n  1 tnad 
ducts).  Therefore, a l  thaugh there Is no c f  rcumferont t a l  sca t ta r l ng ,  due 
t o  c t  rcumferent ia l  symmetry, thera w l l l ,  i n  general,  be r a d t n l  mode scat- 
t e r f n g  occurr  lng, Thr s r a d i a l  s c a t t e r i n g  is probably a f unc t i on  o f  cut-  
o f f  r a t  fo, f sequency parameter, Mach number and wal l Impedance, A1 though 
sce t te r?ng  Fs known t o  occur, t o  slmpl 1Fy the problem t t Is assumed t h a t  
t he  s c a t t e r i n g  w f l l  balance out.  For example, a q?ven acous t l c  power 
versus c u t o f f  r a t i o  d l s t r f b u t i o n  may e x r s t  tn the hard duct. For each 
group o f  modes near a given cu to f f  r a t i o  there w i l l  be s c a t t e r l n g  t o  bath 
h'lgher and lower c u t o f f  r a t i o s ,  I t  Is assumad t h a t  as much power 1s re- 
calved from o ther  c u t o f f  r a t i o  modes as Is l o s t  t o  them, Thus, the power 
d t s t r i b u t l o n  I n  the s o f t  duct (based upon c u t o f f  r a t t o )  I s  the same as 
t h a t  On the preceding hard duct,  A study o f  t h i s  phenomena must y e t  be 
made, and I t  1s possi 'ble tha t  some o f  the d f  screpancles between theory 
and data, which are  discussed i n  a l a t e r  sec t ion ,  are due t o  neglect  o f  
t h  i s phenomenon. 

Re f l ec t  ions a t  impedance and area d iscontTnui  t l es  a re  ignored except 
For the crude duct te rmlnat lvn  e f f e c t  g iven by equat ion (12). This  equa- 
t r o n  l s  an approximation f~iu the r e f l e c t i o n  o f  a g lven mode w i t h  the  same 
mode tncfdent,  Ac tua l l y ,  therc! wOll be some r a d i a l  mode s c a t t e r i n g  and 
r e f l e c t i o n  ( s l m l l a r  t o  t h a t  dfscussed above i n  connection w i t h  the hard- 
s o f t  wa l l  i n te r face ) ,  Subt le radiation p a t t e r n  changes may occur which 
would lead t o  d i  sagrecvfent between theory and data, However, t h i s  e f f e c t  
i s  judged t o  be o f  'exes importance than t h a t  a t  the hard-so f t  in te r face .  

I t  i s  a l s o  assumed tha t  the i n l e t  I l p  shape has no e f f e c t  upon the 
f a r - f l e l d  r a d l a t l o r ~  pa t te rn .  Thfs e f f e c t  f s  probably small f o r  i n l e t s  
w i t h  f e l r l y  abrupt l i p s  and w i t h  hFgh Mach number. The h igh  Mach number 
causes the odal wave f r o n t s  t o  propagate a t  small t o  moderate angles T t o  the a x i s  3 (only up t o  66O f o r  MD = -0.4) and, pu t  very  simply, the 
emergfng wave does n o t  see an abrupt change I n  the  l i p .  A gradual area 
change i s  q u i t e  another case; the decreastng Mach number and Tncreasing 
rad ius  can a f f e c t  the propagation angles and, thus, the radPat4on angle, 
These e f f e c t s  are c u r r e n t l y  being studfed and w l l l  be incorporated l n t ~  
the program when ava i l able. 

PROCEDURE FOR CALCULATING THEORETICAL ATTENUATION 

The procedure f o r  combining the t h e o r e t i c a l  elements discussed i n  
the  previous sec t ions  w511 now be ou t l l ned .  FCgure 3 w i l l  be used t o  
he lp  i l l u s t r a t e  the c a l c u l a t i o n  s f  the f a r - f l e l d  directivity attenua- 
t i o n ,  The calculat9ons are made f o r  a p a r t i c u l a r  frequency, duct Mach 
number, boundary l aye r  thfckness and duct geometry, The optimunl i m -  
pedance locus ( the sol  i d  curve) Is f f r s t  generated by e i t h e r  exact 



nodal C P ~ E U ~ ~ I ~ !  '-s o r  more convsnfent ly  us ing the c o r r a l a t t o n  cquat lons I n  
terms nf c u t o f f  r a t  Ea from reference 4 ,  The loco t tons  o f  the centers o f  
equal mode numbsr i n t c r v a l  s a re  found3 us ing  the modal dens l t y  funct  Ion, 
equa t l a t~  (7). Ftvc  o f  those loca t io r , t  a r e  shown f o r  illustration in  Flg-  
u re  3 b u t  many m r e  a re  us+d i n  the c a l c u l a t i o n s  shown l a t e r  I n  thts paper, 
Notc t h a t  each o f  these potn ts  has a c u t o f f  r a t t o  assocloted with i t  and a 
pre fe r red  r a d i a t i o n  d i r e c t i o n  I s  noted f o r  each as ca l cu la ted  from equation 
4 )  P l o t s  o f  the axper tmenral hard-wa 1 1  f a r - f  lcld d I r e c t i v i  t y  sre compared 
t o  equat ion (6) t o  get an e s ~ i m a t e  o f  the acoust lc  power distribution, N o ~ e  
tha t  unless a b i a s  (eq. (8)) i s  appl ied, a l l  p o i n t s  on the locus o f  F igure 
3 w i l l  con ta in  equal acoust ic  power s ince they contarn an equal number o f  
modes, 

Each o f  the tnsdal groups i s  used t o  form a hard-wal 1 f a r - F i e l d  rad ia -  
t i o n  p a t t e r n  ustng the flanged duct equations o f  reference (5), This rep- 
resents a s i m p l i f i e d  i n teg ra t i un  process over a l l  modes whose principle 
lobes o f  rad ta t i an  can contribute to  a p a r t i c u l a r  f a r - f i e l d  angle, The 
procedure i s  the same as tha t  used to  de r t ve  equatfon (6). Sfdelobes a r e  
a l so  considered, The sidelobes o f  modes a t  a l l  c u t o f f  r a t l o s  can poss ib ly  
c s n t r t b u t c  t o  the r a d i a t i o n  a t  any g iven angle i n  the f a r - f i e l d ,  An i n t e -  
g r a t i o n  procedure i s  a l so  used f o r  the sidelobes as presented I n  reference 
5. The hard-wal l  f a r - f i e l d  r a d i a t i o n  p a t t a r n  Isi thusi estak!Ished at  the 
Five angles represented i n  F igure 3. 

For the 1 ined duct configuration, a wa l l  impedance o f  i n t e r e s t  (or  an 
actual  w a l l  Impedance f o r  a p a r t i c u l a r  I l n e r )  i s  chosen as I n  F igure 3. 
The damping o f  each o f  the Five modal groups must then be calculated,  The 
maximum poss ib le  a t tenuat ion  i s  ca lcu la ted  us ing equat ion (2) and, o f  course, 
the optimum impedance i s  a1 ready known ( the  p o i n t  on the locus),  Off- 
optimum a t tenua t i on  ( the  c i r c l e s  and the rectangular  p o i n t  i n  Figure 3 do 
no t  general l y  coincfde) i s  then ca lcu la ted  us ing the equations i n  the Ap- 
pendix ( i l l u s t r a t e d  i n  Figures 1 and 2) d e f l n i n g  the  approximate c i r c u l a r  
damping contours. The o r i g l n a l  acoust lc  power a t  each c u t o f f  r a t i o  i s ,  
thus, reduced by a c e r t a i n  amount by the l i n e r  and t h i s  reduced acoust lc  
power i s  rad ia ted  t o  the f a r - f  i e l d  as i n  the hard-wal l  case. The d l  f fe rence 
between the hard-wal l and sof t-wal 1 f a r - f  i e l d  d i  r e c t  i v i  t i e s  thus represents 
the  f a r - f i e l d  d i r e c t i v i t y  at tenuat ion,  Equation (11) i s  then used t o  s h i f t  
the d i r e c t i v i t y  at tenuat ions from the o r i g i n a l  angles $o t o  corrected 
angles $. This accounts f o r  the convect ive e f f e c t  present w l  ti1 f low In 
the i n l e t  duct and no f low i n  the f a r - f i e l d  ( f ee , ,  the s t a t i c  t e s t  case), 

The above d iscussion using f i v e  mode groups and, thus, F ive f a r - f i e l d  
angles was used f o r  i 1 l u s t r a t i o n  only.  The actual  program uses 40 d i f f e r -  
en t  c u t o f f  r a t i o s  t o  e s t a b l i s h  the func t i on  o f  suppression versus c u t o f f  
r a t i o ,  I n t e r p o l a t i o n  i s  thon used as needed, F a r - f i e l d  r a d i a t i o n  pa t te rns  
are  ca 1 c u l a  ted every 5 degrees from 5 degrees t o  85 degrees, The convec- 
t i v e  c o r r e c t i o n  (equation (11)) must be app l ied  t o  each o f  these angles. 



DATA-THEORY COMPAR l SONS 

The data rcpnrtad hare were obtained using s i x  i n l e t  suppressors used 
srngly and together on an Avco-Lycomlng YF102 engine, The snglne was run 
wtth a large a f t  muff ler whlch removed 91 1 a f t  Fan, core, and Je t  nolse 
and assured tha t  only Ynlet nolse was belng studieu, Each l i n e r  sect ion 
had a length t o  diameter r a t l o  o f  onc-half, The data reported here was 
f o r  the fan blada passage f raquency, AddP tfona: data! 1 s concerning the 
tests end the 1 iner construct ion can be found i n  reference 7, which a lso 
contai'ns a Parge amount o f  addi t fonal  data, The parameters f o r  the l i n e r s  
f o r  which data i s  reported here ara found On Table I, The rasfstance and 
reactance wars ca 1 cul a ted us !ng7 

The loc t  o f  optlmum Impedance f o r  the hlghest speed engine condit ions 
for three boundary layer thicknesses, as wel l  as the impedances of the 
slx I lners, are shown f n FOgure 4. These calculat ions, as we1 1 as a l l  
that  f o l  low, are f o r  the blade passage frequency o f  4734 Hz. Three bound- 
ary layer  thicknesses were considered On f l gu re  4 t o  represent an average 
value f o r  each of the l i n e r  locat ionss Liner 81, being located nearest 
ths i n l e t  l i p ,  i s  associated w i th  the thinnest boundary layer whi le l i n e r  
83, nearest the fan, i s  located i n  the thtckest  boundary layer region. A l l  * 

possPble propagatfng modes were considered i n  generating the optimum imped- 
ance l o c i *  Mafnly ax la l  o r  wel l  propagating modes w i t h  h igh cu to f f  r a t i o  
are located on the l e f t  end o f  the l o c i  whi le near' cutoff  ( 5 -  1) o r  mainly 
transverse propagatlng modes are located a t  the bottom r i gh t ,  As can be 
seen, l l n e r  83 was desPgned for  near c u t o f f  modes, 82 f o r  intermediate cut- 
o f f *  rat ' jos, and 01 for  wk! 1 propagating modes, A1 1 o f  the 1 lners  were tn- 
tended t o  f a l l  on the loc i ,  but  due t o  a deffciency fn the e a r l i e r  impedance 
model used a t  the time o f  the design, the l i n e r s  are a l l  under-damped as 
compared t o  the target  values, ThOs w i l l  not  a f f ec t  the comparisons shown 
here, L lne r  83 was ant lcfpated t o  provfde the highest attenuation, located 
mostly t o  the s lde l  One due t o  the dampfng and radta t ion propert ies o f  near 
c u t o f f  modes. L ine r  82 should provide more modest at tenuat ion somewhat 
nearer t o  the i n l e t  center l ine-  L iner  81 should have lower attenuation 
located even more toward the center 1 tne, The above t s based upon s i ng 1 e 
mode reasontng, W! t h  a mu1 t f tude o f  modes theFe i s  a compl icated superposi - 
t i o n  of rad ia t l sn  patterns, and modes a t  d i f f e r e n t  cuto f f  r a t i o s  w i l l  a l l  be 



attenuated d i f f e r e n t l y .  Hence, the rea l  s i t u a t i o n  w i l l  be much more com- 
p l i c a t e d  than described above, However, i f  the  data I s  p roper ly  taken 
and In te rpre ted ,  the  above qua1 i t a t l v e  1 i n e r  behavior can be seen. 

L i n e r s  84 and 85 were included t o  p rov ide  underdamped and overdamped 
versions o f  l l n e r  8 3 .  The v a r i a t i o n  o f  f a r - f i e l d  d i r e c t i v i t y  a t tenua t i on  
w i t h  l i n e r  res is tance can be studied us ing these three 1 tners. Two scc- 
t ions o f  l i n e r  U1 were b u i l t  t o  represent somewhat o f  a basel ine, s ince 
t h i s  l i n e r  represented our  best est imate o f  a good uni form l i n e r  a t  the 
time the  l i n e r s  were designed. 

F igure  5 shows the experimental r e s u l t s  and the theo re t i ca l  comparl- 
sons f o r  a progressive untaping o f  the B I ,  82, 83 l i n e r s ,  A t  f i r s t ,  a l l  
o f  the l i n e r s  a re  taped t o  e s t a b l i s h  a hard-wal l  base l ine  and t o  est imate 
the acoust ic  power versus c u t o f f  r a t i o  d i s t r  tbu t  ion as disc~!sned i n  the 
previous sect ion. When 1 i n e r  83 i s  untaped ( located nearest the  fan), 
the d i r e c t i v i t y  a t tenuat ion  shown by the  c i r c l e  symbols i s  obtained, The 
peak a t tenuat ion  occurs somewhat less  than I) = 70 degrees and i s  q u i t e  
large (about 9 d8). The angle s h i f t  due t o  convect ive e f f e c t s  i n  the duc t  
i n l e t ,  as represented by equat ion ( l l ) ,  i s  seen t o  be essen t i a l  t o  ob ta in  
even q u a l l t a t l v e  agreement between theory and data. Without t h i s  s h i f t ,  
the theo re t i ca l  curve fo r  l i n e r  83 would have peaked a t  I) = 90 degrees. 
This  would occur s ince there are many modes near c u t o f f  which a re  e a s i l y  
damped, and according to  the zero Mach number f langed duct  theory, these 
would r a d i a t e  near 90 degrees from the i n l e t  ax i s .  

With t h i s  convect ive co r rec t i on  as app l ied  i n  F igure 5 the theo re t i ca l  
a t t enua t i on  d i r e c t i v i t y  agrees q u i t e  w e l l  w i t h  the data, There i s  an over-  
p r e d i c t i o n  o f  about 35 percent a t  the peaks, which i s  q u i t e  good f o r  t h i s  
i n i t i a l  comparison. The second set o f  data, labeled B - 83, i s  obtained 
by s u b t r a c t i r g  the a t tenua t i on  o f  l i n e r  83 o n l y  from t 2 a t  when both 83 and 
82 are untaped. Thus, l i n e r  82 i s  working on the modes emerging from 
l i n e r  83, which should be d e f i c i e n t  i n  modes near c u t o f f .  Again, the agree- 
ment w i t h  the theory i s  q u i t e  good. The f i n a l  se t  o f  data, labeled 8321 - 
832, i s  again an incremental a t tenuat ion  due t o  l i n e r  B 1  operat ing on the 
modes remaining a f t e r  a t tenuat ion  by l i n e r s  B3 and 82. Near c u t o f f  and 
moderately c u t o f f  modes should be d e f i c i e n t ,  leav ing o n l y  a x i a l l y  o r  we l l  
propagating modes, The remaining a t tenuat ion  i s  q u i t e  small and i s  seen 
t o  be accura te ly  p red ic ted  by the theory. The abrupt te rminat ion  i n  the 
theo re t i ca l  curves a t  about 62 degrees i s  due t o  the use o f  the f langed 
duct r a d i a t i o n  model. This model i s  v a l i d  o n l y  t o  90 degrees f o r  zero 
Mach number and t h i s  po in t  i s  s h i f t e d  down t o  near 60 degrees due t o  the  
convect ive co r rec t i on  discussed above. Use o f  an unflanged r a d i a t i o n  model 
w i l l  a l l e v i a t e  t h i s  problem. 



Although the p red i c t t ons  a rn  a 1 D t t l e  la rger  than the data i n  F igure  
5 ,  t h e  qua1 f t a t i v a  d e s c r i p t i o n  Ys excel lent., I t should be noted tha t  no 
c o r r s c t  Sons have y e t  baen appl ied  f o r  'inact dve 1 i ne r  area due t o  fastentng 
o f  tha I ? n o r  p e r f o r a t e  to  the spool p Y ~ c e  flangas,, A f t e r  t h i s  has been ac- 
counted for', a srmple empirical co r rec t i on  could be app l ied  t o  prov ide ex- 
cat l e n t  agreement near t he  peak, Th ls  has n o t  y e t  been dona s lnce  there 
are f f r s t  order  changes which must y a t  be mada t o  tho approximate theory, 
ThFs w i l l  become more apparent Yn the  l a t e r  d'fscussions, No explanat ion 
can be made at; t h i s  t ime as t o  why the theory Fs l ncons fs ton t  a t  small 
angles, 

In Figure 5 lYner  R 3  was tested i n  PsalatPon b u t  l i n e r s  82 and B l  were 
tested w i t h  a somewhat condi t ioned power Input  d t s t r f b u t ~ o n ,  That Is,  
o ther  1 'iners had operated upon the power d f s t r l b u t i o n  before i t  entered 82 
o r  BI, Data Fronl t e s t s  of: l i n e r s  82 and 81 by themselves a r e  shown tn F ig -  
ure 6 ,  The d i r t e c t i v l t y  a t tenuat ions  a re  qu'ite d i f f e r e n t  than f o r  the t e s t s  
shown Fn Fi'gure 5 ,  Thrs I s  t rue  i n  p a r t i c u l a r  f o r  l l n e r  B1 shown I n  F igure 
6 (compare t o  lowest data p o i n t s  i n  FFgure! 5) Under' the t e s t  cond l t tons  
shown i n  F igure 5, 1 i ne r  81 had o n l y  the we1 1 propagating modes t o  operate 
upon, b u t  when tes ted  Yn Y s o l a t i o n  the F u l l  range o f  power f o r  a l l  c u t o f f  
r a t i o s  was a v a i l a b l e p  The a t tenuat ion  is  much larger Sn Figure  6 and 1s 
biased toward l a r g e r  angles, ThFs i s  due t o  the presence o f  near c u t o f f  
modes, 

N o t l c a  tha t  the theo re t i ca l  curves For 82 and 83 both overpred lc t  t he  
data Tn Figure 6, w h i l e  f o r  01 the theory underpredic ts  the data, I t  i s  
t h i s  81 l i n e r  r e s u l t  whtch i n i t i a t e d  the near c u t o f f  contour broadening 
study repor ted i n  the  Appendix, Bef G t h i s  rnodSFlcatFon the theory under- 
pred'icted the data cons\derably nmre than i'n FPgure 6., The equations tn 
the Appendfx represent  a l l  o f  the contour broadentng which can be theoret-  
l c a l  l y  ~ u s t i ' f  fed, Addl t i o n a l  broadcnlng could be enipfr ical  l y  'inserted, bu t  
t h l s  does not  seen1 t o  be Jus t r f i ' ed  a t  t h i s  p o i n t  Fn time, Other theoret-  
i c a l  l y  t r e a t a b l e  e f f e c t s  such as modal sca t te r  lng  should be studied f i r s t .  

The v a r l a t % o n  o f  a t tenua t i on  d i ' r ec t i i v f t y  with l i n e r  r,es'istance I s  shown 
I n  F l g u r e  7 ,  The agreenient between theory and data Ps qua1 P t a t f v e l y  co r rec t  
but  a g rea te r  s e n s l t t v i i t y  t o  resfstance 1s exhfb'u'ted by the theory than by 
the data,  The agreement f o r  the two higher resPstanee 1 Pners (83 and 05) 
could be iniproved by us ing an emp'is'ical multPplYer but  then the lower re-  
s is tance data ivould be somewhat underpredt cted. 

The a t tenuat ion  d i r e c c l v i t y  obtatned from the progressive untaping of 
I ' iner U1 Fs shown i n  F igure  8., For the  f i r s t  LPD = 914 the l i 'ner  i s  seen 
t o  be q u i t e  e f f e c t i v e  w i t h  the theory somewhat underpredfct ing the  peak. 
The theory  shows ve ry  l F t t l e  change f o r  the second l./D = 1/4 whP l e  the 
data shows a consldarable drop l n  l l n e r  effcct i 'veness, The f i n a l  L/D = 1/2 



o f  l i n e r  i s p  tng st~o\\ts a comparison batwasn theory and data nlora l lka the 
h ighar a t tenua t l on  curvas o f  prav lous f igures,  t ~ i t h  the thaory somewhat 
ove rp rad l c t l ng  tire data, 

An at tampt kas a l so  niade t o  p r e d i c t  the a t tanuat fon  d l r e c t l v i  t y  o f  
n i u l t l p l u  puro tonrss a t  t akeo f f  angine speed. Problcris artr Inmediately 
apparent, as i l l u s t r a t a d  I n  the narrow-band Far-FTald d t r e c t l v l  t y  i n  F ig -  
u r s  3 Por t l ia  twal ftli s h a f t  harmonic. The o n l y  siniplo assumption t o  make 
as t o  tho tilsdal contant: o f  t h l s  notso Is t h a t  It e x i s t s  as a 12-lobe pat-  
t e r n  (ni @ 12) ,  The theorrstlcat d i r e c t i v i t y  o f  the 12-lobe mode, f t r s t  
r a d i a l ,  I s  shorvn on tho f l g u r a  and the agreement looks p l a u s i b l e  f o r  h igh  
angles, Howevar, tho notse ev ldant  between 10 and 40 degraes Ind ica tes  
the  prwence o f  ono o r  nlore o ther  nwdes whtch a rc  no t  so easi l y  deduced, 
The sound a t  tenuat lan obtainad expsrimental l y  w i  t h  a I ine r  designed t o  
ranlove mu1 tiplea puro tones ( r e f ,  7) roached ahaut I8 dec ibe ls  f o r  a 1 i n e r  
langt t i  o f  L = I Ho\~evar, the  theo ra t i ca l  a t tenuat ion  us ing equal 
acoust lc  uQwar pol. nioda (\vhtch 1s n e t  considered a good assui~lption f o r  
MPTs) rcachod o n l y  about 5 doctbels.  With thc assun~ption tha t  on ly  the 
n\ 1 12 nlodo i s  present, tho theo re t l ca l  a t tenuat lon  i s  a l s o  on l y  about 
5 doctbals,  I t  i s  obvious t h a t  I n  i t s  present Farm, t h i s  niathod cannot 
ba used For itlul r i p l  o puro tones where on ly  onc or  a Few modes 51.5 daminant. 
I t  I s  e lea r  eiiat: itredat sca t te r i ng  p lays an t~npar tan t  r o l e  here, end the 
f o l l o \ ~ l n g  cxaniplc omplioslzas t h i s  po in t .  Tha 12-lobe p a t t a r n  has E; = 
1.042 i n  the hard-rml l duct. A t  tha  l l ne r  optinium illlpedance f o r  t h i s  moda, 
the  lowest r a d i a l  order  has C - 0.807 w i t h  an o t tenuat ton  o f  2 , 2  t imes 
t h a t  p red ic tad  by equat ion (2 ) .  Tha h igher  r a d i a l  n~odas, w h i l e  no t  i n v e s t l -  
gatad,  lnay have avcn hfgtler a t tenuat lon .  Thus, I t  i s  seen t h a t  n~odal scat- 
t e r i n g  must ba Incorporated I n t o  t h i s  prograni i f  i t  1 s t o  be used For niul t i -  
pla pure tonas, OF eourso, exact propagat {an ann lys i  s can a l s o  be used f n 
t h i s  cnsc Invo l v ing  on ly  a few inc ldant  niodos, 

CONCLUD l NG REMARKS 

TI1 i s papcr has proson ted the I n  i t i a l colllpar f son between exper [mental 
suppression d l  roect t v i  t y  data and the thoo re t i ca l  predictionv, using the 
s i ~ i ~ p l t  Ftcd 1 l ne r  ovnlurrt ian program based upon niodc c u t o f f  r a t  lo ,  I t  
should again be pointed out  t ha t  the p r a d l c t l o n  o f  a t tenuat ion  d i r a c t l v l t y  
i s  an ex t ren~e ly  den\tlnding ob jec t i ve .  Th is  p r c d i c t l o n  invo lves  noise source 
considerat iens,  duct propagation, and f a r - f i e l d  r a d i a t i o n  From the duct 
tormina t lon.  I n  sp i  t o  o f  t h i s  coniplexi t y ,  the theora t  leal rilodel prov'i ded 
reasonable q u a n t i t a t i v e  and axca l l en t  q u a l i t a t i v e  agreeclient w i t h  tho exper- 
inrental data. The rcsu l  t s  of  the theory presented here d i d  no t  have any 
cnrp l r lcn l  co r rec t i ans  applfad. Empir ica l  c o r r e c t i o n  i s  a pa th  tha t  w i l l  be 
pursfcd. There a ra  Inany a l e ~ ~ i e n t s  I n  t h l s  prograin which niay be l n d ~ v l d u e l l y  



corrected and tested as experi'mental evidence po in ts  t o  the need. The 
theoret lca l  model can a lso be improved. lnc lus lon o f  modal scat ter ing 
a t  the l t n e r  lnput  may ba o f  benefl t ,  ThTs has been shown t o  be essen- 
tOal fo r  possVble s lng ic  made propagatfon such as mu l t l p l e  pure tones. 
The addl t ron a f  an unf langed duct radYatYon modcl wf 1 1  also provide an 
Improvement, Also, the potantla1 change., t r a  ;he rsd ia t lon  pat tern  due 
to  modal scat tz r fng through duct area ctr,?rrgr;f: such as tl c: 2hroat and the 
i n l e t  1 Tp must be Investigated, Several rt" the above suggested addi t ions 
to  the theory, US wel l  as a morie carefu l  evaluation o f  the souwe power 
d is t r ibu t ion ,  may provide a be t te r  agreement between theoret ica l  and ex- 
pertmental f a r - f l e l d  d f r e c t i v i t y  attenuatlon, 





I8 

The radius o f  the  c i r c u l a r  contour Is, 

where 

AdBm 

and 

AdBm 
Y " m  

which i s  the r a t i o  o f  maximum poss ib le  a t tenuat ion  t o  the ac tua l  attenua- 
t i o n  on the contour. 

The q u a n t i t y  Bm/Bmo represents the e f f e c t  o f  cantour compression due 
t o  boundary l aye r  re f rac t i on .  The optimum res is tance w i t h  a boundary layer  
(8,) , w l  thout  a boundary layer  (em,) and the optimum reactance ( x , , )  are  a1 1 
found using the correlations o f  reference 4. Equation (2) i n  the I;st pro- 
v l  des the va 1 ue o f  AdB,,,/L/D. 

Equations (A2), (A3), and (Ah) can be used t o  cons t ruc t  the c l  r c u l b r  
contour system as i l l u s t r a t e d  i n  F igure 2 .  I n  the actual  a t tenua t i on  pro- 
gram used I n  t h i s  paper, equation (A l )  , uslng equations (AS), (A4), and 
(AS) ,  was solved by i t e r a t t o n  t o  f i n d  the a t tenuat ion  a t  arly a r b i t r a r y  i m -  
pedance. A l l  q u a n t i t i e s  On the equations are  known except AdB i n  equa- 
t i o n  ( ~ 6 )  f o r  y. To s t a r t  "he i t e r a t f o n  y i s  se t  equal t o  one and then 
Increased u n t i  1 equat ton (A l )  I s  s a t i s f i e d ,  W t  t h  y thus determined, the 
desi red a t tenuat ion  (~d t3)  a t  the a r b i t r a r y  impedance i s  found from equation 
(A61 * 
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2 1 

Tab le  I, - Design Parameters f o r  Acous t fc  L i n e r  Panels 

Facing sheet th ickness t, 0,051 cm (0,020 
i n )  t h i c k  

O r i f i c e  diameter do, 0.140 cm (0.055 in)  
diameter 

A1 1 sec t ions  L/D = 1/2 

L i ne r  

B 1 

B 2 

83 

B4 

B 5 

U 1 

Open area 
r a t i o  

0, percent  

5.3 

3 8 

5.3 

11.2 

3.8 

5.3 

Backing depth, b 
cm (inches) 

0.193 (0.076) 

0.328 (0.129) 

0.531 (0,209) 

0,688 (0,271) 

0.475 (0.180) 

0.363 (0.14'3) 



2 5- 
MB/L/D * 3.5 - EXACT CALCULAnONS ---- CIRCL'UR CONTOUR 

APPROXIMATION 

A-----JTs.=- - 1 ----a -J 
(-7,5 0 - 5  1.0 1.5 c.'=?nita 

REACTANCE, X/q  

Figure 1, - Comparlson of enc t  and approximate equal damp- 
Ing cont~urs tor a well prqugatlng nlodo (ref. 10). rn s 7, 
1 1, t l s  10, MD = -0.4, 6 * 4 W 2  

I I 1 I 
-, 4 -. 2 0 . 2  . 4  

REACTANCE, X / V  
Figure 2. - Comparlson of exact and approximato equal damping con- 

tours for a near cutoff mode. m = 29, p - 3, 5 s 1.0626, y & 14.2, 
MD - 4 . 3 8 ,  t=O.Wl. 



FAR FIELD RADlAllON ANGLE, 

FUR CALCULATION--"' 

r .. 
Figure 3, - Optimum Impedance locus wilh equal mode numbor Intervals. 

CALCULATED OPTIMA 
bo,1n, ci 

D CALCUv\TEO LINER IMPEDANCES 

Flgure 4. - Calculated opllmum impedance b l a n d  wall Impedances for three suppressors, 
Im4734Hz, t l=14.2, MD=-0.38,  D a 4 0 . 3 i n .  



D N A  THEORY CWICURATlr7N 
Q - 

& 

0 -I---, M8j2 MB3 a &dB3 
A --- bdS321 * bdB32 

10 - 3a "I- f 

Figure 5. - lncrcnlent~l cxpcrimenl~l and Iltwrelicsl JlrKlivily allenu- 
ations lor  liners 81, 82, and 83, 8 a 14 2 !.$ -0.38, f * 4734 Hz 

DATA THEORY CONFIG~JRAT~ON 
0 - 
A ----- 83 
0 --- B 2 

Bl 
12 - 

= -  1 Am,, 
0 M rY1 60--- SO 

ANGLE FROM INLET AXIS, $, dcq 

Figure 6. - Atlonuallon diroclivlly for isolalod losts of liners 81, 02, 
and 83. tt = 14.2, Mg -0.38, 1 4734 1-12 



DATA TiiEOltY CONFIGURATION 
0 - 
A -m--- 

83 
0 -.- 84 

05 

ANGLE FROM I N ~ T  AXIS, i , - d q  
Figure 7. - Atlenuallon dlreclivily lor  l iners with varying reslslance, 

9 * 14.2, M D  4 3 8 ,  f * 4734 HZ 

DATA THEORY CONFlGllRATiON 
0 - 
0 ----- "dB114 

A --- M E 1 1 2  ' M E 1 1 4  
M B l  " a 0 1 1 2  

(Subscript relers to l iner 
LID1 

,/-\ 

a a 60 
ANGLE FROM INLET AXIS, 

Figure 8, - Incremental experimental and Iheorellcal directivity al lenu- 
alions for uniform l iner U1. ?? 14.2, MD * 4.38, f * 4734 Hz 



84 

Figure99 NarrW farslit* dirct~vlty for tlla lwelftli harmonic of sllaft rotational fro- 
qmncy. f 1420 HZ, M~ * ~0.38, 
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