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"m, n 
hardwall eiqenvalues associated with [m,nl mode 

P dens i ty  of acous t i c  medium, kg-n~'~  

%, n hardwall propagation constant for  [m, nl mode 

w radian frequency , 2d, sec" 

Subscripts: 

I l ined  s e c t i o n  

mf n circumferential  and radial  mode order, respect ive ly  



SUMMARY 

An experiment was conducted t o  i n v e s t i g a t e  mode r e d i s t r i b u t i o n  i n  l i n e d  c i r c u l a r  
d u c t s  with c i r c u m f e r e n t i a l  impedance nonuniformi ties. Mode i n s e r t i o n  l o s s e s  were 
measured f o r  six-segment, two-segment, and uniform l i n e r s  i n  a spinning mode synthe- 
s i z e r  (SMS) i n  t h e  q u i e t  flow f a c i l i t y  i n  t h e  Langlsy A i r c r a f t  Noise Reduction Labo- 
r a t o r y  and c o r r e l a t e d  with p red ic ted  t ransmiss ion losses .  

Both experiment and theory showed t h a t  c i r c u m f e r e n t i a l l y  segmented duc t  l i n e r s  
do s c a t t e r  energy i n t o  c i rcumferen t ia l  modes of d i f f e r e n t  o rders .  Good agreement 
between measured and c a l c u l a t e d  a t t e n u a t i o n s  was obta ined f o r  c i r c u m f e r e n t i a l  mode 
numbers pa i red  with zero  o rder  r a d i a l  mode numbers. When higher  o rder  r a d i a l  modes 
a s s o c i a t e d  with a given c i r c u m f e r e n t i a l  mode number were c u t  on, t h e  agreement was 
n o t  as gf)od. 

INTRODUCTION 

There is a cont inuing need f o r  more e f f i c i e n t  d u c t - l i n e r  t rea tments  f o r  t h e  sup- 
p ress ion  of turbomachinery noise  r a d i a t e d  from a i r c r a f t  engines. In convent ional  
l i n e r  des ign p r a c t i c e ,  it is g e n e r a l l y  assumed t h a t  e q u i p a r t i t i o n  of energy e x i s t s  
among t h e  propagating hardwall  duc t  modes. A uniform admittance l i n e r  is then 
designed t o  a t t e n u a t e  these  modes on t h e  b a s i s  of a measured frequency spectrum of 
t h e  r a d i a t e d  sound. A t  l e a s t  two p o s s i b i l i t i e s  e x i s t  f o r  improving l i n e r  performance 
both of which involve a determinat ion of t h e  source  modal spectrum. One p o s s i b i l i t y  
i s  t o  optimize a uniform l i n e r  t o  a t t e n u a t e  dominant modes. me second p o s s i b i l i t y  
is  t o  r e d i s t r i b u t e  the  power i n  t h e  dominant source  modes i n  such a manner t h a t  i t  

1 can be more e f f i c i e n t l y  a t t enua ted .  

Severa l  i n v e s t i g a t o r s  ( r e f s .  1 t o  5) have i n v e s t i g a t e d  t h e  p o s s i b i l i t y  of 
improved l i n e r  performance by means of modal r e d i s t r i b u t i o n  by incorpora t ing  circum- 
f e r e n t i a l  impedance nonuniformit ies  i n t o  t h e  l i n e r .  A b e n e f i c i a l  e f f e c t  of circum- 
f e r e n t i a l  l i n e r  nonuniformit ies  o r  segmentation was f i r s t  r epor ted  by Mani ( r e f .  1 ) . 
Mani simply blocked o f f  segments of a uniform l i n e r  wi th  s t r i p s  of t ape  and observed 
improved performance which he asc r ibed  t o  mode s c a t t e r i n g .  Presumably t h e  modal 
s c a t t e r i n g  t r a n s f e r r e d  energy i n t o  higher  o rder  modes which were more r a p i d l y  a t t e n -  
uated. If  i n  f a c t  such a mechanism is opera t ive ,  then e x p l o i t a t i o n  of t h e  concept 
f o r  p r a c t i c a l  l i n e r  design w i l l  r e q u i r e  much g r e a t e r  d e t a i l e d  knowledge of the  source  
s t r u c t u r e  than has he re to fore  been a v a i l a b l e .  Although a n a l y t i c a l  s t u d i e s  have pre-  
d i c t e d  t h e  ex i s tence  of modal r e d i s t r i b u t i o n  ( r e f s .  2 and 5 ) ,  t h e r e  is some d i f f e r -  
ence of opinion regarding t h e  usefulness  of c i r c u m f e r e n t i a l  segmentation t o  achieve 
l i n e r  e f f i c i e n c i e s  super io r  t o  t h e  best uniform l i n e r .  Watson ( r e f .  5) i n  a param- 
etric s tudy  showed t h a t  f o r  h igher  o rder  c i r c u m f e r e n t i a l  modes, a c i r c u m f e r e n t i a l l y  
segmented l i n e r  g i v e s  b e t t e r  performance than an  optimized uniform l i n e r  a t  t h e  
optimal design frequency and even b e t t e r  performance a t  o t h e r  f requencies .  

I n  view of p o t e n t i a l  s i g n i f i c a n t  improvements i n  l i n e r  des ign technology t h a t  
could ensue from the  segmented l i n e r  concept,  an a n a l y t i c a l  and exper imental  program 
was i n i t i a t e d  a t  t h e  Langley Research Center. The purpose of t h i s  paper is t o  r e p o r t  
on t h e  i n i t i a l  phase of t h e  program which was to demonstrate c i r c u m f e r e n t i a l  modal 
r e d i s t r i b u t i o n  under con t ro l l ed  l abora to ry  cond i t ions  and t o  compare t h e  r e s u l t s  wi th  



a n a l y t i c a l  p red ic t ions .  A follow-on experiment w i l l  a t t empt  t o  control. mode . r ed i s -  
t r i b u t i o n  i n  a s p e c i f i e d  manner by c a r e f u l  c o n t r o l  of t h e  wa l l  admittance.  

This paper d e s c r i b e s  an experiment designed t o  measure modal s c a t t e r i n g  f o r  
c i r c u m f e r e n t i a l l y  segmented t e s t  l i n e r s  c o n s i s t i n g  of two and s i x  segments. Basel ine  
d a t a  f o r  a uniform impedance test l i n e r  are a l s o  presented.  Resul ts  f o r  measured and 
p red ic ted  modal a t t e n u a t i o n s  f o r  i n c i d e n t ,  s t and ing  c i r c u m f e r e n t i a l  modes of o r d e r s  1 
and 3 a r e  presented.  

The t h e o r e t i c a l  r e s u l t s  presented i n  t h i s  paper a r e  based on a lengthy a n a l y s i s  
which is developed i n  d e t a i l  elsewhere ( r e f .  5) . In t h i s  s e c t i o n  only t h e  underlying 
assumptions and an  o u t l i n e  of t h e  a n a l y s i s  a r e  given. 

Fiqure 1 shows a schematic o f  t h e  d u c t  l i n e r  conf igura t ion  under considerat ion.  
An i n c i d e n t  sound f i e l d  on the  source  s i d e  of the  l i n e r  can he descr ibed a s  a super-  
p o s i t i o n  of hardwall  modes as follows a t  t h e  l i n e r f i a r d w a l l  i n t e r f a c e :  

I 
p ( r ,  8 ,z i  = 2 2 hiIn cos m e  + \ ,n s i n  e 

m=O n=O 

where 

2n Ro 2 
, = 

1  IT^( A ~ ,  nr cor  me r d r  d e  

and 

h hardwal l  eigenva lues  
m, n 

Q a x i a l  propagation cons tan t  f o r  hardwall  d u c t  
m, n I 

I I i n c i d e n t  mode c o e f f i c i e n t s  
*m,n'*m,n 

3 
2, 0,r  a x i a l ,  c i rcumferen t ia l ,  and duc t  r a d i a l  coordinate ,  r e s p e c t i v e l y  

J (  ) mth order  Bessel  func t ion  m 

S imi la r ly ,  t h e  t r ansmi t t ed  sound on t h e  terminat ion s i d e  of t h e  l i n e r  is expressed as 
a superpos i t ion  of hardwal l  modes: 

t r , ,  = , 0 s  0 + B s i n  e ( 3  

i r O  n-0 

2 

- - - -  - 



t where A,,,n and are t ransmiss ion m o d e  coeff  i c i e n t s r  t h e  sound f i e l d  i n  t h e  
c i r c u m f e r e n t i a l l y  segmented l i n e r  is expressed i n  terms of t h e  c h a r a c t e r i s t i c  func- 
t i o n s  p A ( r ,  8) f o r  t h e  segmented l i n e r :  

where 

A ' mode c o e f f i c i e n t s  A ,B 

K~ 
propagation cons tan t  

L l eng th  of l i n e d  d u c t  

p l ( r ,  8) eigenmode f o r  circumf e r e n t i a l l y  segmented l i n e r  

As shawn i n  re fe rence  5, the hardwall  duc t  modes can be used a s  b a s i s  func t ions  f o r  
expanding the  c h a r a c t e r i s t i c  func t ions  f o r  the segmented l i n e r :  

(I) (I) 

pl ( r ,8 )  = (*in cos m e +  B' s i n  me A r )  
m=O n=O m, n ) m,n 

where dtn and Gtn  a r e  mode c o e f f i c i e n t s .  G a l e r k i n t s  method is employed t o  
o b t a i n  the  c o e f f i c i e n t s  i n  equittio. ( 5 )  as w e l l  a s  t h e  a x i a l  propagation c o n s t a n t  KA 
f o r  t h e  segmented l i n e r .  This modal expansion (eq. ( 4 ) )  i s  then matched t o  the  hard- 
wa l l  modes a t  t h e  appropr ia te  i n t e r f a c e  t o  determine t h e  r e f l e c t e d  sound pt on t h e  
source  s i d e  of t h e  l i n e r  a s  wel.! a s  t h e  hardwall  c o e f f i c i e n t s  A: and dVn on 
t h e  terminat ion s i d e  of the  l i n e r .  The i n s e r t i o n  l o s s e s  f o r  t h e  tm,nl mode are 

TL = 10 l o g  
mf n 10 

In t h i s  paper, p red ic ted  and exper imental ly  determined values  of a r e  
compared t o  determine i f  both t h e  experiment and theory show c i r c u m f e r e n t i a l  m o d e  
s c a t t e r i n g .  Such a comparison is a l s o  employed to determine t h e  v a l i d i t y  of t h e  
theory. 

EXPERIMENTAL TEST SETUP 

The experimental  s e t u p  f o r  performing t h i s  experiment is dep ic ted  schemat ica l ly  
i n  f i g u r e  2. The spinning mode s y n t h e s i z e r  (SMS) i n  t h e  q u i e t  flow f a c i l i t y  i n  t h e  



Langley A i r c r a f t  Noise Ideduction Iahora to ry  c o n s i s t s  o f  24 compression d r i v e r s  
equa l ly  spnced around  the^ circumference of t h e  hardwal l  source  s e c t i o n  a s  shown. By 
a d j u s t i n g  amplitude and phase f o r  each d r i v e r  a d e s i r e d  mode can be generated with a n  
i s o l a t i o n  of about 20 dB. Desired test modes were s e t  up and optimized by means of 
e x i s t i n g  computer codes on t h e  b a s i s  of phase and amplitude information sensed a t  
t h e  48 microphones located a t  equa l  c i rcumferen t ia l  i n t e r v a l s  a t  t h e  source  plane a s  
i l l u s t r a t e d  i n  the  f igure .  'Ihe opt imizing procedure involved comparing t h e  d e s i r e d  
and a c t u a l  p ressure  d i s t r i b u t i o n  a t  t h e  source plane and making sys temat ic  a d j u s t -  
ments t o  the  d r i v e r  i n p u t s  t o  minimize an opt imizat ion parameter i n  a ml t id imen-  
s i o n a l  space. Fur ther  d e t a i l s  of t h e  SMS opera t ion  a r e  desc r ibed  i n  re fe rence  6. 
The synthesized sound f i e l d  is propagated through t h e  test l i n e r  i n t o  another  hzrd- 
w a l l  s e c t i o n  and f i n a l l y  terminated by an open-celled foam wedge to minimize r e f l e c -  
t ions .  me i n s i d e  diameter of the  duc t  system was 0.30 m (11.79 in . j  throughout. 

The modal con ten t  of t h e  i n c i d e n t  and t ransmi t t ed  sound f i e l d  was i n f e r r e d  by 
a p ressure - f i e ld  mapping r i g  loca ted  between t h e  test s e c t i o n  and t h e  nonre f lec t ing  
termination a s  depic ted i n  f i g u r e  2. 'Ihe mapping r i g  c o n s i s t e d  of two r a d i a l l y  
t r a v e r s i n g  microphones spaced 0.0635 m (2.5 in.) a p a r t  i n s t a l l e d  on a r o t a t i n g  sec- 
t i o n  of the  duct .  The mechanical p o s i t i o n i n g  and d a t a  a c q u i s i t i o n  were implemented 
under computer con t ro l .  

The modes i n c i d e n t  on t h e  l i n e d  test s e c t i o n  were i n f e r r e d  from measurements 
with the  l ined  t e s t  s e c t i o n  replaced by a hardwall  duct .  Tb v a l i d a t e  t h e  assumption 
t h a t  t h e  source ou tpu t  remained i n v a r i a n t  with modest changes i n  source  loading,  t h e  
termination was modified t o  produce s i g n i f i c a n t  r e f l e c t i o n 8  over  t h e  frequency range 
of i n t e r e s t .  No  s i g n i f i c a n t  change i n  t h e  dominant mode con ten t  of t h e  source  was 
observed f o r  t h i s  change. It was t h e r e f o r e  assumed t h a t  t h e  l i n e d  test s e c t i o n  would 
cause no s i g n i f i c a n t  change i n  t h e  source output.  On t h i s  bas i s ,  measured modal 
i n s e r t i o n  l o s s e s  f o r  the l i n e d  test s e c t i o n  were equated t o  t h e  modal t r ansmiss ion  
losses .  

INSTRUMENTATION 

k block diagram of t h e  automated ins t rumentat ion system used f o r  d a t a  a c q u i s i -  
t i o n  is shawn i n  f i g u r e  3. A complete d e s c r i p t i o n  of t h i s  system and i ts performance 
is given i n  re fe rence  6. A b r i e f  d e s c r i p t i o n  of t h e  sys te?  is given here .  

The t r a v e r s i n g  microphone probes a r e  i n s t a l l e d  i n  a r o t a t a b l e  s e c t i o n  of t h e  
hardwall duc t  a s  i l l u s t r a t e d  i n  f i g u r e  2. The r a d i a l  coord ina tes  and number of 
equa l ly  spaced azimuthal p o s i t i o n s  of the  probes a r e  i n p u t  a t  t h e  computer t e rmina l  
a s  part of t h e  test plan.  Ihe presc r ibed  f i e l d  pos.Ltions f o r  t h e  probes a r e  then 
loca ted  au tomat ica l ly  by means o f  a sequence of conwands from t h e  computer to s tep-  
ping motors t h a t  c o n t r o l  probe r a d i a l  and azimuthal p o s i t i o n s .  'Ihe e x i s t i n g  a c o u s t i c  
f i e l d  is  sampled and the r e s u l t i n g  d a t a  a r e  multiplexed i n t o  t h e  computer with appro- 
p r i a t e  s i g n a l  condi t ioning.  The d a t a  a r e  then s c a l e d  by using s t o r e d  phase and 
amplitude c a l i b r a t i o n  information and presented g r a p h i c a l l y  on a cathode ray  tube a t  
the  computer terminal  and a l s o  s t o r e d  on d i s k  f i l e  f o r  f u r t h e r  ana lys i s .  Temperature 
was continuously monitored i n  t h e  test d u c t  and i n p u t  to t h e  d a t a  f i l e  a t  t h e  start 
of a d a t a  a q u i e i t i o n  sequence. 



DATA ANALYSIS 

The pressure-f ie ld  mapping data described previously were processed t o  y i e ld  t h e  
modal composition of the sound f i e l d  i n  the hardwall duct  aectione. The mathemati- 
cal procedure f o r  t h i s  modal decomposition procedure is described i n  d e t a i l  i n  r e f e r -  
ence 6 and is out l ined  here. The pressure a t  any loca t ion  i n  t h s  duct  can be 
described a s  follows: 

The ind ices  m and n represent  t he  azimuthal wave number and r a d i a l  mode number, 
respectively; the superscr ip t s  (+ and - 1  on the mode amplitude coe f f i c i en t s  i n d i c a t e  
t he  d i r ec t i on  of t r a v e l  f o r  ax i a l l y  propagating waves; Jm is  the  Bessel funct ion of 
t h e  f i r s t  kind and order  m; and represents  hardwall eigenvalues . 'Ihe a x i a l  

\ 
propagation constant  is  given by 

where k = (S/C is the  free-space wave number. 'Ihe mode amplitude coe f f i c i en t s  

and a r e  t o  be determined. 

I 

The modal decomposition is  obtained by performing a Fourier decomposition i n  the 
coordinate t) and a Bessel decomposition i n  the coordinate  r on each of two s e t s  
of pressure-f ie ld  data.  For example, the  f i e l d  da t a  a t  a x i a l  locat ion z 1  would be 
transformed as follows: 

With the  othogonality proper t ies  of the complex exponent ia l  and Ekssel funct ions,  
a set of a lgebra ic  equations can be wr i t ten  i n  terms of t he  transformed da ta  a s  
follows: 

' I  -- m I*.. 



Resolution of t h e  p ressure  f i e l d  i n t o  m azimuthal wave numbers r e q u i r e s  2m equi-  
spaced azimuthal pressure  measurements a t  each r a d i a l  p o s i t i o n .  'IS> include up t o  
n 9 r a d i a l  modes i n  t h e  a n a l y s i s ,  10 r a d i a l  p ressure  measurements were taken and 
f i t t e d  with a cubic  s p l i n e  rou t ine .  Generally,  enough azimuthal l a c a t i o n s  were used 
t o  insure  t h a t  a l l  propagating modes were incorporated i n t o  t h e  ana lys i s .  

The t h e o r e t i c a l  a n a l y s i s  was based upon t h e  s t and ing  mode represen ta t ion  given 
by equat ions  ( 1 1  and ( 3 ) .  I t  was necessary t o  transform t h e  measured spinning mode 
c o e f f i c i e n t s  Am and A- t o  t h e  appropr ia te  s t and ing  mode c o e f f i c i e n t s  Am,n m, n 
and B, i n  o rher  t o  compare experimental  and t h e o r e t i c a l  r e s u l t s .  This t r a n s f o r -  
mation 1s given by 

Since only posit ive-going modes were of i n t e r e s t  i n  t h i s  experiment, the  above equa- 
t ions  reduce t o  

Note t h a t  the  p o s i t i v e  and negat ive  spinning modes a r e  i n d i c a t e d  e x p l i c i t l y .  

TEST LINER CONFIGURATIONS 

T e s t  l ~ n e r  conf igura t ions  were obta ined by a r rang ing  s i x  l i n e r  elements,  each of 
which occupied 60° of duc t  circumference, i n  a t e s t  duc t  cas ing  as shown i n  f i g u r e  4. 
The a x i a l  length  of each l i n e r  element was Q.222 m (8.75 in . )  and cons i s ted  of perfo- 
ra ted face  s h e e t  bonded t o  phenolic honeycomb of th ickness  0.0254 m ( 1.0 i n .  ) . Two 
d i f f e r e n t  face-sheet  p o r o s i t i e s  were used t o  achieve t h e  nonuniformity i n  circumfer- 
e n t i a l  impedance. A complete test con2igurat ion c o n s i s t e d  of tim cas ings  joined such 
t h a t  a x i a l l y  ad jacen t  l i n e r  elements were a l igned  with respect t o  t h e i r  impedance 
p roper t i e s .  In  t h i s  manner, a c i r c u m f e r e n t i a l l y  segmented test l i n e r  conf igura t ion  
was b u i l t  with an a c t i v e  a x i a l  length  of 0.444 m (1 7.5 in .  and an  i n s i d e  diameter of 
0.30 m (11.79 in . ) .  A uniform impedance l i n e r  test c o n f i g u r a t i o n  with t h e  same geom- 
e t r y  a s  t h e  nonuniform impedance l i n e r  was a l s o  f a b r i c a t e d  f o r  base l ine  comparisons. 
'Ihe impedance f o r  t h i s  l i n e r  was chosen equal  t o  the  g r e a t e r  of the  two impedances 



used  f o r  the nonuniform l i n e r .  A t h i r d  impedance tes t  l i n e r  c o n f i g u r a t i o n  was 
achieved by b lock ing  a 180Q c i r c u m f e r e n t i a l  segment o f  t h e  uniform l i n e r  w i t h  t a p e .  

TEST LINER IMPEDANCES 

Targe t  impedances f o r  t h e  test  l i n e r  e lements  were c o n s t r a i n e d  by e x i s t  : ~ g  h a r a  
ware geometry, a v a i l a b l e  f ace - shee t  m a t e r i a l s  w i t h  p r e d i c t a b l e  a c o u s t i c  pror.ertie-5, 
and d e s i r e d  impedance behavior  o v e r  t h e  f requency range  o f  i n t e r e s t .  Three o t h e r  
c o n s i d e r a t i o n s  i n f l u e n c e d  t h e  c h o i c e  of  l i n e r  impedances, F i r s t l y ,  it was thought  
d e s i r a b l e  t o  have t h e  impedance d i s c o n t i n u i t y  between l i n e r  e l emen t s  i n v a r i a n t  w i t k  
f requency because  i t  was n o t  known a p r i o r i  a t  which f r e q u e n c i e s  s i g n i f i c a n t  modal 
r e d i s t r i b u t i o n  could  be observed.  Secondly, it was d e s i r a b l e  t o  s t a y  w e l l  away from 
optimum modal impedances t o  avoid  wiping o u t  r e d i s t r i b u t e d  modes. T h i r d l y ,  s i n c e  
impedances i n  t h e  neighborhood o f  10pc o r  g r e a t e r  r e f l e c t  better than  98 p e r c e n t  o f  
t h e  i n c i d e n t  energy ,  i t  would be j u s t  as a p p r o p r i a t e  t o  u se  a ha rdwa l l  t o  implement 
t a r g e t  impedances of  this magnitude. In view o f  t h e s e  c o n s i d e r a t i o n s ,  s e v e r a l  l i n e r  
e lement  samples were f a b r i c a t e d  f o r  impedance measurements i n  a s t a n d i n g  wave imped- 
ance  tube .  

Impedance measurements f o r  t h e  two l i n e r  e l emen t s  s e l e c t e d  f o r  t h e  c i rcumferen-  
t i a l l y  segmented l i n e r  f a b r i c a t i o n  a r e  shown i n  f i g u r e  5. Two sets of measurements 
a r e  shown i n  t h i s  f i g u r e .  The open  symbol^ r e p r e s e n t  t h e  measured impedances f o r  
t h e  two selected l i n e s  e lements  f o r  a c o n s t a n t  sound p r e s s u r e  l e v e l  (SPL) of  100 dB 
a t  t h e  sample face .  The s o l i d  symbols a r e  t h e  measured impedances f o r  an  SPL of 
125 d B  a t  t h e  sample f a c e .  As can be observed,  t h e  r e s i s t a n c e  r a t i o  d i f f e r e n c e  i s  
r e l a t i v e l y  c o n s t a n t  over  t h e  e n t i r e  f requency range  even though t h e  l i n e r  e lements  
e x h i b i t  s i g n i f i c a n t  n o n l i n e a r i t y  w i t h  i n c r e a s i n g  SPL. S ince  t h e  i n c i d e n t  dominant  
mode ampl i tude  l e v e l s  i n  t h e  SMS were t y p i c a l l y  125 to 130 dB, t h e  impedance va lues  
cor responding  t o  t h e  h ighe r  l e v e l s  were used i n  t h e  t h e o r e t i c a l  c a l c u l a t i o n s .  The 
backing d e p t h s  f o r  t h e  test l i n e r  e l emen t s  were chosen t o  be 0.0127 m (0.5 i n . ) .  
I n  combinat ion wi th  t h e  p e r f o r a t e d  f a c e  s h e e t s ,  t h i s  backing  dep th  produced measured 
r e a c t a n c e s  shown i n  f i g u r e  5 ( b ) .  C l e a r l y ,  n o n l i n e a r  e f f e c t s  are no t  n e a r l y  s o  pro- 
nounced f o r  t h e  r e a c t a n c e s  a s  f o r  r e s i s t a n c e s .  me t u n i n g  f requency ( z e r o  r e a c t a n c e )  
is seen  t o  be a b o u t  1.2 kHz f o r  both  test l i n e r  elements .  

SELECTION OF SOURCE MODES 

P r i o r  t o  i n s t a l l a t i o n  of  t h e  test l i n e r  c o n f i g u r a t i o n s  i n  t h e  test s e t u p ,  a 
series of ha rdwa l l  test  modes were s e l e c t e d  and opt imized  f o r  maximum i s o l a t i o n  from 
con tamina t ing  modes on SMS. me d r i v e r  ampl i tude  and phase  s e t t i n g s  were then  s t o r e d  
i n  a d a t a  f i l e  f o r  l a t e r  recall. The ranges  of  r e l e v a n t  test modes and d r i v i n g  f r e -  
quenc ie s  were j o i n t l y  de termined by t h e  l i m i t a t i o n s  of  t h e  SMS f a c i l i t y  and t h e o r e t -  
ical guidance i n  r ega rd  t o  expected  modal r e d i s t r i b u t i o n  f o r  a g iven  mode i n c i d e n t  
upon t h e  test u u c t  c o n f i g u r a t i o n .  Far  t h e  test d u c t  c o n f i g u r a t i o n s  f a b r i c a t e d  f o r  
t h i s  exper iment ,  az imuthal  mode numbers o f  0, 1 ,  3, and 4 were selected. Attempts 
were made t o  op t imize  t h e s e  modes a t  several d i f f e r e n t  f r equenc ie s .  S ince  SMS does 
n o t  c o n t r o l  t h e  r a d i a l  mode c o n t e n t ,  i n c r e a s i n g  t h e  d r i v i n g  f requency i n c o r p o r a t e s  
a n  i n c r e a s i n g  nunber o f  h i g h e r  o r d e r  r a d i a l  modes i n t o  t h e  test mode s e t u p  c o r r e -  
sponding t o  a g iven  az imuthal  mode c o n t e n t .  F igure  6 shows a n  eigenmode parametric 
p l o t  f o r  t h e  ha rdwa l l  d u c t  system used i n  t h i s  experiment .  me p l o t  e h w s  az imutha l  
mode n m b e r  m p l o t t e d  a g a i n s t  nondimeneional cu t -on  f r equency  kRo wi th  t h e  r a d i a l  
mode number n as a parameter .  "he v e r t i c a l  l i n e s  on t h e  p l o t  i n d i c a t e  t h e  selected 
f r e q u e n c i e s  a t  which az imutha l  numbers 1 and 3 were opt imized .  Note t h a t  f o r  a 



given azimuthal mode number, more r a d i a l  mode o r d e r s  become c u t  on a s  t h e  d r i v i n g  
frequency is increased.  The r e s u l t s  achieved with azimuthal mode numbers 1 and 3 f o r  
d r i v i n g  kRo values  of 4.5, 5.5, and 7.8 a r e  discussed i n  t h e  s e c t i o n  "Resulte and 
Discussionn a s  t y p i c a l  of the many t e s t  modes i n v e s t i g a t e d .  

ANALYSIS OF SOURCE MODES 

The a v a i l a b i l i t y  of only one r e l i a b l e  mode decomposition s t a t i o n  i n  t h e  d u c t  
test s e t u p  a s  shown i n  f i g u r e  2 mandated t h a t  comparisons of t h e o r e t i c a l  and measured 
r e s u l t s  be accomplished by c o r r e l a t i n g  measured mode i n s e r t i o n  l o s s e s  with calcu-  
l a t e d  mode transmission losses  f o r  the  test duc t  conf igura t ions .  I f ,  i n  f a c t ,  t h e  
modal s t r u c t u r e  of the  source ou tpu t  ( i .e., pos i t ive -qo ing  modes from ;he source  
i n c i d e n t  upon t h e  test duc t  s e c t i o n )  does not  change with changes i n  source loading 
(e.g., changes i n  the  t e s t  duct  c o n f i g u r a t i o n ) ,  then mode t ransmiss ion l o s s e s  and 
mode i n s e r t i o n  losses  can be equated. To check t h e  v a l i d i t y  of t h i s  assumption f o r  
t h i s  experiment, t h e  terminat ion was modified t o  produce significant r e f l e c t i o n s  
(most l i k e l y  more than would be produced by changing t h e  d u c t  t e s t  s e c t i o n )  . The 
r e s u l t s  of t ' h i s  check suggested t h a t  t h e  dominant mode was e s s e n t i a l l y  i n v a r i a n t  wi th  
s i g n i f i c a n t  changes i n  t h e  r e f l e c t i v i t y  of the  terminat ion.  However, s i g n i f i c a n t  
changes i n  the  r e l a t i v e  phases of the  subdominant modes were observed. This behavior  
was not  deemed t o  be of g r e a t  ir-portance because mode r e d i s t r i b u t i o n  was expected t o  
be c o n t r o l l e d  by the  dominant i n c i d e n t  mode which g e n e r a l l y  c a r r i e d  i n  excess of 
95 percent  of t h e  t o t a l  energy. 

RESULTS AND D I S C U S S  ION 

lb provide perspect ive ,  the  r e s u l t s  of t h i s  experiment a r e  presented i n  t w  
d i f f e r e n t  formats. The f i r s t  format w i l l  show a comparison of i n c i d e n t  and tzar 
mitted spinning mode p ressure  amplitudes a s  obtained d i r e c t l y  from the  data an,h 1 

program. The d a t a  a r e  presented f o r  a l l  t h r e e  test duc t  conf igura t ions  ( i .e . ,  uili- 
foran, six-segment, and two-segment l i n e r s )  f o r  t h r e e  d i f f e r e n t  dominant i n c i d e n t  
modes. No comparison with t h e o r e t i c a l  p r e d i c t i o n  is presented i n  t h i s  format. The 
second format shows a comparison between theory and experiment i n  term of modal 
power transmission losses  through the  t e s t  duc t  conf iqura t ion .  In t h e  t h e o r e t i c a l  
c a l c u l a t i o n s ,  however, only the  dominant mode is allowed a s  i n p u t  t o  the  test duct .  
Power r e d i s t r i b u t e d  i n t o  o ther  spinning modes is then expressed as follows: 

Here, W ( 0 )  represen t s  the  i n c i d e n t  p w e r  i n  t h e  dominant mode mo and Wm(I,) 
mo 

represen t s  the  t ransmit ted power i n  t h e  mth mode. Thus, TLm represen t s  the  amount 
o f  i n c i d e n t  powrer t h a t  is r e d i s t r i b u t e d  and then absorbed from c i r c u m f e r e n t i a l  made 
mo to c i rcumferen t ia l  mode m and then t ransmi t t ed  through t h e  duct.  

Figure  7 represen t s  t y p i c a l  measured i n c i d e n t  and t ranamit ted modal p ressure  
amplitude l e v e l s  f a r  the  th ree  t e s t  l i n e r  conf igura t ions  i n v e s t i g a t e d  i n  t h i s  exper i -  
ment. 'Ihe mode l e v e l s  a r e  p l o t t e d  over a range of 40 dB wi th  t h e  0-dB l e v e l  a r b i -  
t r a r i l y  referenced t o  that of t h e  dominant i n c i d e n t  made l e v e l  snown i n  parentheses .  



The test l i n e r s  aye  r e p r e s e n t e d  by the reg ion  bounded by vertical l i n e s  w i t h  i d e n t i -  
f y i n g  labels. The i n c i d e n t  and t r a n s m i t t e d  m d e s  are r e p r e s e n t e d  as p r o p a g a t i n g  from 
l e f t  to r i g h t  and are indexed a p p r o p r i a t e l y ,  S i n c e  a l l  mode l e v e l s  were r e f e r e n c e d  
to t h a t  of  the dominant mode, t h e  t r a n s m i t t e d  mode l e v e l s  can  be cons ide red  as modal 
t r a n s m i s s i o n  l o o s e s  under  t h e  assumpt ion  d i s c u s s e d  i n  t h e  s e c t i o n  "Analys is  o f  Source  
Modes." I s o l a t i o n s  o f  t h e  dominant, i n c i d e n t  modes a r e  shown i n  f i g u r e  7 t o  r ange  
from 15 t o  22 dB. This  l e v e l  o f  i s o l a t i o n  i m p l i e s  t h a t  t h e  dominant mode c a r r i e d  
g r e a t e r  t han  95 p e r c e n t  o f  t h e  i n c i d e n t  power and was judged adequate  f o r  o b s e r v i n g  
s i g n i f i c a n t  modal s c a t t e r i n g .  'Che upper l i m i t  on modal i s o l a t i o n s  achieved i n  t h i s  
exper iment  is  a k ind  o f  system dynamic range  de termined j o i n t l y  by SMS and t h e  d a t a  
a c q u i s i t i o n  system. Typ ica l  c o n t r i b u t o r s  to t h e  mode i s o l a t i o n  n o i s e  f l o o r  a r e  ran-  
dom c a l i b r a t i o n  e r r o r s ,  random probe p o s i t i r  , inq e r r o r s ,  and e l e c t r o n i c  n o i s e .  
The re fo re  i n  view o f  ;he fo rego ing  remarks, an ly  d a t a  from 0 t d  -20 dB i n  f i g u r e  7 
are taken  a s  q u a n t i t a t i v e l y  meaningful .  However, mode l e v e l s  from -20 t o  -40 dB are 
shown i n  t h e  b e l i e f  t h a t  c o l l e c t i v e  t r e n d s  may be meaningful  i n  a qua l i t . a t j . ve  sense .  

The d a t a  p r e s e n t e d  i n  f i g u r e  7 ( a )  r e p r e s e n t  a mode, [ I  ,01, d r i v e n  w e l l  above i t s  
cut -on  f requency (see f i g .  6) ; f i g u r e  7 ( b )  r e p r e s e n t s  a h i g h e r  o r d e r  r a d i a l  mode, 
[ I  , I l l  d r i v e n  j u s t  above its cu t -on  f requency;  f i g u r e  7 ( c )  r e p r e s e n t s  a mods, [3,01, 
d r i v e n  w e l l  above i ts  cut-on frequency.  For a l l  c a s e s ,  t h e  only  measurable,  s i g n i f i -  
c a n t  mode r e d i s t r i b u t i o n  o c c u r s  f o r  t h e  two-seqment test l i n e r .  There i s  a h i n t  t h a t  
some s c a t t e r i n g  may be o c c u r r i n g  f o r  t h e  [2,01 mode f o r  t h e  s ix-segment l i n e r  d r i v e n  
by t h e  [ 1 , O I  mode a t  kRo = 4.5 and f o r  t he  mode [5,01 and [ 1,0]  when d r i v e n  by t h e  
dominant  mode [3,01 a t  kRo = 7.8; however, t h e s e  l e v e l s  a r e  on t h e  t h r e s h o l d  om 
v i o l a t i n g  t h e  s i g n a l / n o i s e  r a t i o  c r i t e r i o n  d i s c u s s e d  p r e v i o u s l y ,  For t h e  two-segment 
test l i n e r ,  s i g n i f i c a n t  modal r e d i s t r i b u t i o n s  a r e  s een  t o  occu r  i n t o  t h e  [2,01 mode 
when d r i v e n  by dominant mode [1 ,0]  a t  kRo = 4.5 and i n t o  t h e  [ 1 , 0 ] ,  [ 2 , 0 ] ,  and 
[4,01 modes when d r i v e n  by dominant mode [3,01 a t  kRo = 7.8. This case o f f e r s  reli- 
a b l e  ev idence  f o r  mode s c a t t e r i n g  s i n c e  a l l  che s i g n i f i c a n t l y  s c a t t e r e d  modes a r e  
w i t h i n  17 dB of t h e  t r a n s m i t t e d  dominant mode. Note however t h a t  f o r  t h e  two-segment 
l i n e r  d r i v e n  by dominant mode [ I , ' ]  a t  kRo = 5.5 t h e r e  was no measurable 
s c a t t e r i n g .  

A comparison o f  measured and c a l c u l a t e d  s p i n n i n g  mode a t t e n u a t i o n s  f o r  t h e  uni-  
form and two-segment test l i n e r  c o n f i g u r a t i o n s  is shown i n  f i g u r e  8. R e s u l t s  arc 
s h w n  f o r  s ach  o f  t h e  two t e s r  l i n e r  c o n f i g u r a t i o n s  f o r  t h r e e  d i f f e r e n t  i n c i d e n t  
modes. The .m,nl v a l u e s  f o r  t h e  i n c i d e n t  modes are [1,01, [ I ,  11,  and 13,OI d r i v e n  a t  
t h e  r e s p e c t i v e  kRo v a l u e s  o f  4.5, 5.5, and 7.8. As i n  f i g u r e  7, a l l  t r a n s m i t t e d  
mode l e v e l s  are r e fe renced  t o  t h e  i n c i d e n t  mode l e v e l  s o  t h a t  t h e  f i g u r e s  p r e s e n t  
comparisons o f  measured and c a l c u l a t e d  mode t r a n s m i s s i o n  l o s s e s  d i r e c t l y .  A compar- 
i s o n  o f  measured and c a l c u l a t e d  t r ansmis s ion  l o s s e s  f o r  t h e  uniform l i n e r  test con- 
f i g u r a t i o n  is s h c m  i n  f i g u r e  8 ( a ) .  For t h i s  t e s t  c o n f i g u r a t i o n  e x c e l l e n t  agreement 
is ob ta ined  between exper iment  and theo ry  when a l l  h i g h e r  o r d e r  r a d i a l  modes are 
inc luded i n  t h e  comparison f o r  a g iven  c i r c u m f e r e n t i a l  m-number, This  test  p rov ided  
a b a s e l i n e  comparison f o r  t h e  expe r imen ta l  test p rocedure  and t h e o r e t i c a l .  2 r e d i c t i o n  
scheme. The e x c e l l e n t  agreement between theo ry  and exper iment  f o r  t h i s  c a s e  s u g g e s t s  
t h a t  t h e  expe r imen ta l  and computa t iona l  procedures  are fundamenta l ly  sound. Note 
a l s o  t h a t  t h e r e  is no ev idence  o f  ene rgy  r e d i s t r i b u t i o n  , n to  o t h e r  c i r c u m f e r e n t i a l  
modes on t h e  t r ansmis s ion  s i d e  o f  t h e  d u c t  a s  would be expec ted  f o r  a uniform l i n e r .  

i 
Shown i n  f i g u r e  8 ( b )  are comparisons of measured Und c a l c u l a t e d  i n d i v i d u a l  [rn,nl I 

modal a t t e n u a t i o n s  r e l a t i v e  to  t h e  i n c i d e n t  mode l e v e l  f o r  t h e  two-segment test  l i n e r  
c o n f i g u r a t i o n .  Both exper iment  and theo ry  show s i g n i f i c a n t  c i r c u m f e r e n t i a l  mode 
r e d i s t r i h t i o n  f o r  kRo = 4.5 and kRo = 7.8 whereas no c i g n i f i c a n t  r e d i s t r i b u t i o n  

I 

I o c c u r s  f o r  kRo = 5.5. Such c o n s i s t e n c y  of  t r e n d s  is very  encouraging.  For the test 



case  corresponding t o  a kRo value  of 5.5, t h e  measured mode l e v e l s  were more than 
20 dB d w n  from t h e  i n c i d e n t  made l e v e l  which exceeds t h e  dynamic range c r i t e r i o n  f o r  
the measurement/analysis procedure a s  d iscussed previously .  For the  two test cases 
i n  which mode r e d i s t r i b u t i o n  is evident ,  t h e  measured and c a l c u l a t e d  mode l e v e l s  a r e  
i n  good agreement provided tha:: no higher  o rder  r a d i a l  modes are c u t  on. I f ,  how- 
ever, higher order  r a d i a l  modes a r e  c u t  on f o r  a g iven c i r c u m f e r e n t i a l  m-number, then 
discrepancies  a r e  observed. In p a r t i c u l a r ,  f o r  t h e  t e s t  case  corresponding t o  a 

kRo value  of 4.5. h e r e  is a discrepancy between t h e  measured and c a l c u l a t e d  mode 
l e v e l s  f o r  t h e  [0,01 mode i n  which case  t h e  [0,1 I mode is c u t  on a t  the  kR, value  
of 3.8. (See f i g .  6 . )  For t h e  test case  corresponding t o  t h e  kRo value of 7.8, 
t h e r e  is a s i g n i f i c a n t  discrepancy between measured and c a l c u l a t e d  mode l e v e l s  f o r  
the [ 1,0] mode i n  which case  t h e  [ 1 ,1] mode is c u t  on a t  a kRo value of 5.3. Also 
t h e  discrepancy between measured and c a l c u l a t e d  mode l e v e l s  f o r  t h e  [2,0l modes cor-  
r e l a t e s  with the  observat ion t h a t  the  [2,1 I mode becomes c u t  G., a t  a kRo value  
of 6.7. me c o n s i s t e ~ c y  of these  r e s u l t s  suggest  t h a t  the d e t a i l s  of mode r e d i s t r i -  
butions may be highly  s e n s i t i v e  t o  series t runca t ion  (eqs.  ( 3 )  t o  ( 5 )  which can 
change t h e  mode amplitude c o e f f i c i e n t s  t h a t  r epresen t  t h e  p ressure  d i s t r i b u t i o n s  i n  
the  hard and s o f t  wall  sec t ions .  In  add i t ion ,  from t h e  experimental  a tandpoint ,  
l i n e r  inhomogeneities and n o n l i n e a r i t i e s  a s  w e l l  a s  i n c i d e n t  modal phasing r e l a t i v e  
t o  the c i rcumferen t ia l  l i n e r  segment o r i e n t a t i o n  may have a g r e a t e r  e f f e c t  when 
higher order  r a d i a l  modes a r e  propagating. 

CONCLUSIONS 

The r e s u l t s  of t h i s  research support  t h e  following conclusions:  

( 1  Both the  experimental d a t a  and a n a l y t i c a l  model show t h a t  c i r c u m f e r e n t i a l l y  
segmented duct  l i n e r s  do r e d i s t r i b u t e  a c o u s t i c  energy i n t o  c i r c u m f e r e n t i a l  
modes of d i f f e r e n t  orders .  

( 2 )  m e  measured and ca lcu la ted  a t t e n u a t i o n s  f o r  i n d i v i d u a l  [m,nl modes a r e  i n  
e x c e l l e n t  agreement when no higher  order  r a d i a l  modes a r e  c u t  on f o r  a 
given c i rcumferen t ia l  m-number. 

( 3 )  Ins tances  of d i sc repanc ies  between measured and c a l c u l a t e d  mode a t t e n u a t i o n s  
f o r  a given [n,n] mods a r e  observed t o  c o r r e l a t e  with the  c u t  on s t a t e  of 
h igher  o rder  r a d i a l  modes f o r  a p a r t i c u l a r  c i rcumferen t ia l  m-number. 

In  general  the  r e s u l t s  of t h i s  e f f o r t  a r e  very encouraging. Confidence i n  t h e  
analvti .ca1 model has been e s t a b l i s h e d  which can be used t o  f u r t h e r  e v a l u a t e  mode 
r e d i s t r i b u t i o n s  a s  a means of des igning super io r  sound absorbing duc t  l i n e r s .  

Langley Research Center 
National Aeronautics and Space ,Wmir is t ra t ion 
Hampton, VA 23665 
February 11, 1983 
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Figure 5.- Measured impedance of t e s t  l iner  elements. 
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