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SUMMARY 

Upper s u r f a c e  blown (USB) system c o n f i g u r a t i o n  parameters  
a r e  chosen wi th  both  t akeof f  and c r u i s e  perfcrmance i n  mind. In- 
d i c a t i o n s  a r e  t h a t  c o n f i g u r a t i o n  requi rements  f o r  c r u i s e  may com- 
promise t h e  a b i l i t y  t o  d e r i v e  low t a k e o f f  and l and ing  n o i s e  from 
USB des igns  by s e l e c t i o n  of n o z z l e / f l a p  l o c a t i o n s  and des igns  
which a r e  i n h e r e n t l y  q u i e t .  Thus, additional n o i s e  r e d u c t i o n  a t  
t h e  source  w i l l  be r equ i red .  

This  paper  reviews t h e  development of concepts  f o r  reducing  
USB f l a p  n o i s e  a t  t h e  source  through f l a p  modi f i ca t ions  a2d spe- 
c i a l  nozz;es. I n  p a r t i c u l a r ,  r e c e n t  r e s u l t s  ob ta ined  an t h e  aero-  
dynamic and a c o u s t i c  performance of f l a p s  w i t h  porous s u ~ f a c e s  
rzar t h e  t r a i l i n g  edge and so -ca l l ed  m u l t i - s l o t t e d  nozz les  a r e  
reviewed. Considerable  r e d u c t i o n  (6-10 dB) ~f t h e  c h a r a c t e r i s t i c  
low frequency peak has  been shown. The aerodynamic performance 
i s  compared wi th  convent ional  sys tems,  and p r o s p e c t s  f o r  f u t u r e  
improvements a r e  d i scussed .  

INTRODUCTION 

Upper s u r f a c e  blown powered l i f t  a i r c r a f t  appear  t o  be 
a t t r a c t i v e  from an aerodynamic p o i n t  - view. However, t h e s e  
a i r c r a f t  i n c u r  no i se  problems a s s o c i a t e d  wi th  t h e  b a s i c  p h y s i c a l  
phenomena re spons ib le  f o r  t h e  powered l i f t  a t tachment  of t h e  
engine exhaust  flow t o  a  s i n g l e  f l a p ,  o r  s e r i e s  of f l a p s .  Because 
of t h e  s t r i n g e n t  community n o i s e  g o a l s  s e t  f o r  p ropu l s ive  l i f t  
a i r c r a f t ,  much a t t e n t i o n  is  be ing  focussed on t h e  f l a p  n o i s e  
problem i n  t h e  a i r c r a f t  concept d~>velopment  s t a g e .  The problem 
p e c u l i a r  t o  USB a i r c r a f t  i s  a  pronounced low frequency peak i n  
t h e  r a d i a t e d  n o i s e  spectrum. This  peak c o n t r i b u t e s  t o ,  b u t  does 

I not  dominate t h e  commonly accepted  m e ~ s u r e  o f  community n o i s e  6 ,  , . . 



fr?m a i r c r a f t  - t h e  p e r c e i v e d  n o i s e  l e v e l  (PNL o r  PNdB). 
However, t h e  low f requency  peak i s  expec t ed  t o  produce a  community 
:~a.!:ie impact due 50 secondary  e f f e c t s  such  a s  t r a n s m i s s i o n  i n t o  
a?*: c x c i t a t i o n  o f  b u i l d i n g  s t r u c t u r e s .  Thus, s i g n i f i c a n t  reduc-  
:;:.$I: o f  t h e  low f r e q u e r . 2 ~  peak i s  d e s i r e d .  The h i g h  f requency  
,a ,-)Cry d l e v e l s  produced by t y p i c a l  USB sys tems  appea r  t o  be  w i t h i n  
.I. I'etc dB o f  t h e  d e s i r e d  g o a l  and,  t h ~ l s ,  w i l l  r e q u i r e  a  lesser 
degyee o f  r e d u c t i o n .  

Cabin i n t e r i o r  n o i s e  i s  an impor t an t  a r e a  f o r  b o t h  c o m e r -  
e l&:  and m i l i t a r y  a i r c r a l l  a p p l i c a t i o n s .  The USB powered l i f t  
sys tem produces  : . g n i f i c a r i t l y  h i g h e r  s o u r c e  l e v e l s  o f  low f requency  
n o i s e  t h a n  c o n v e n t i o n a l  j e t  a i r : - a f t ,  w i t h  a r e s u l t a n t  i n c r e a s e  
i n  n o i s e  l e v e l s  i n s i d e  t h e  cab in .  Thus,  due t o  t h e  r e l a t i v e l y  
poor n o i s e - a t t e n u a t i n g  c a p a b i l i t i e s  o f  c o n v e n t i o n a l  a i r f r a m e  
s t r u c t u r e s  a t  low f r e q u e n c i e s ,  c o n s i d e r a b l e  a t t e n t i o n  must be  
g i v e n  t o  r e d u c i n g  t h e  l e v e l s  o f  t h e  s o u r c e  i n  t h e  low f requency  
range .  

TYPICAL NOISE CHARACTERISTICS 

F i g u r e  1 i l l u s t r a t e s  t y p i c a l  f l y o v e r  n o i s e  s p e c t r a  f o r  a 
USB sys tem under  s t a t i c  c o n d i t i o n s .  The l e v e l s  and f r e q u e n c i e s  
a r e  s c a l e d  from model d a t a  (Ref.  1 )  t o  a " f u l l  s c a l e "  (26,800 N 
(6000 l b )  t h r u s t )  e n g i n e / f l a p  c o n f i g u r z t i o n  a t  a  152 m (500 f t )  
f l y o v e r  d i s t a n c e .  The n o z z l e  p r e s s u r e  r a t i o  (1 .38)  i s  r e p r e s e n t a -  
t i v e  o f  t h e  upper  p a r t  cf t h e  range  c u r r e n t l y  b e i n g  c o n s i d e r e d  
f o r  powered l i f t  a i r c r a f t .  The s i n g l e  26,800 N (6000 l b )  eng ine /  
f l a p  n c i s e  l e v e l s  s c a l e  t o  about  95 PNdB a t  t h e  152 m (500 f t )  
d i s t a n c e .  Four  such  e n g i n e s  and f l a p s  would add 6  dB t o  thl?se 
l e v e l s .  [Note t h a t  a  s i n g l e  88,960 N (20,000 l b )  t h r u s t  e n g i n e ,  
i d e n t i c a l l y  mounted on a f l a p  sys tem whose dimensions  were 
s c a l e d  t o  t h e  n o z z l e  d i a m e t e r ,  would produce a n o i s e  spec t rum 
5  dB h i g h e r  i n  l e v e l ,  and one o c t a v e  lower  i n  f requency  t h a n  
t h e  s i n g l e  26,800 N (6000 l b )  eng ine . ]  

The pronounced low f requency  peak i s  e v i d e n t  i n  F i g .  1. 
Leve l s  i n  bo th  t h e  low and h i g h  f r equency  r ange  a r e  t y p i c a l l y  
w i t h i n  a 5  dB 2ange a t  a l l  az imuths  i n  t h e  f l y o v e r  p l a n e ,  e x c e p t  
i n  t h e  immediate a r e a  o f  t h e  d e f l e c t e d  e x h a u s t .  Nozzle and f l a p  
d e t a i l s  w i l l  a f f e c t  t h e  d e t a i l s  o f  t h e  far  f i e l d  sound s p e c t r a ,  
s o  t h e  d a t a  i n  F i g .  1 shou ld  o n l y  be r e g a r d e d  a s  t y p i c a l  examples.  

F i g u r e  2  compares p r e d i c t e d  c a b i n  i n t e r n a l  n o i s e  l e v e i s  
w i t h  t h o s e  a c t u a l l y  measured on a isange o f  CTOL j e t  a i r c r a f t  
( i n c l u d i n g  a l l  p o s i t i o n s  i n  t h e  a i r c r a f t ) .  The e s t i m a t e s  f o r  



t h e  USB system were made from f u s e l a g e  s i d e w a l l  f l u c t u a t i n g  p'essure 
d a t a  measured on an a c t u a l  USB c o n f i g u r a t i o n  (Ref.  1) combined w i t h  
a n a l y t i c a l  and e m p i r i c a l  e s t i m a t e s  f o r  a c o u s t i c  and aerodynamic 
t r a n s m i s s i o n  l o s s  o f  a c t u a l  a i r c r a f t  f u s e l a g e  s t r u c t u r e s  (Ref .  2 ) .  

F o r  t h e  USB model t e s t e d ,  t h e  j e t  exhaus t  n o i s e  a l o n e  ( a s  
measured w i t h  f l a p s  removed) shows a  s i g n i f i c a n t l y  lower  l e v e l  
and compares f a v o r a b l y  w i t h  l e v e l s  i n s i d e  c u r r e n t  CTOL pas senge r  
j e t s ,  From t h e s e  comparisons ,  i t  i s  c l e a r l y  e v i d e n t  th t : t  b o t h  
f l a p  s o u r c e  n o i s e  r e d u c t i o n s  a t  low f r e q u e n c i e s  and f u s e l a g e  
s t r u c t u r a l  d e s i g n  changes  w i l l  be  needed t o  r educe  USB c a b i n  n o i s e  
l e v e l s  t o  a n  a c c e p t a b l e  r a n g e .  

F i g u r e  3 shows measured c o n t i n u o u s - t r a v e r s e  d i r e c t i v i t y  o f  an  
unmodified USB f l a p  system (60° f l a p  s e t t i n g !  in t h e  f l y o v e r  p l a n e .  
The ev idence  i s  t h a t  t h e  f l a p  s o u r c e s  a r e  n o t  s t r o n g l y  d i r e c t i o n a l .  
Other  measurements have shown t h s t  t h e  d i r e c t i v i t y  i s  even  weaker 
( i . e , ,  more u n i f o r m ) ,  excep t  a t  t h o s e  az imuths  i n  t h e  v i c i n L t y  of  
t h e  d e f l e c t e d  f low a x i s .  The d i r e c t i v i t y  p a t t e r n  h a s  been observed  
t o  r o t a t e  w i t h  t h e  f l a p  d e f l e c t i o n  which c l e a r l y  i m p l i c a t e s  t h e  
f l a p s  a s  a major s o u r c e  o f  n o i s e .  From t h e s e  and e x t e n s i v e  s i m i l a r  
d a t a ,  It i s  concluded t h a t  one cannot  r e l y  on u t i l i z i n g  d i r e c t i v i t y  
e f f e c t s  in deve lop ing  low n o i s e  d e s i g n  s t r a t e g i e s .  

NOISE REDUCTION AT THE SOURCE 

I d e n t i f i c a t i o n  o f  P h y s i c a l  Pa rame te r s  

Noise r e d u c t i o n  of  f l a p  s o u r c e s  i n v o l v e s  first i d e n t i f y i n g  
t h e  p h y s i c a l  parameter ;  r e s p o n s i b l e  f o r  sound g e n e r a t i o n  and t h e n  
deve lop ing  concep t s  which modify t h e  most impor t an t  p a r a m e t e r s .  
F i g u r e  4 shows s c h e m a t i c a l l y  how USB f l u i d  mechanica l  pars mete?^ 
combine t o  r a d i a t e  sound. The problem can  be summarized b y  s t a t i n g  
t h a t  t h e  f a r  f i e l d  sound i n t e n s i t y  [ I ( r , 0 ) ]  i s  r e l a t e d  t o  t h e  span-  
wise sum o f  i n d i v i d u a l  sou rce  i n t e c s i t i e s  whose s t r e n g t h  i s  a  
funce ion  of  t h e  f l u c t u a t i n g  f l u i d  f o r c e s  F ,  f r equency  w o f  t h e  
f l u c t u a t i n g  f o r c e s ,  and t h e  d i r e c t i v i t y  D(0)  o f  t h e  l o c a l  s o u r c e .  

Examination of  each  e lement  o f  F i g .  4 w i l l  l e a d  t o  i d e n t i f i c a -  
t i o n  of t h e  p h y s i c a l  pa rame te r s  wh:ch can  be modi f ied  by n o z z l e  
and f l a p  d e s i g n  changes .  The f l u c t u a t i n g  f o r c e s  c a n  be viewed a s  



1 
f a  produc t  01' f l u c t u a t i n g  p r e s s u r e s  and t h e  r e s p e c t i v e  c o r r e l a -  $ ~ n  

a r e a  of  v a r i o u s  p r e s s u r e s .  The f l u c t u a t i n g  p r e s s u r e s  on a  USL 
f l a p  are i n t e n s e ,  o f t e n  b e i n g  as h i g h  a s  .03 - .1 o f  t h e  l o c a l  
dynamic p r e s s u r e  qo, and may v a r y  s i g n i f i c a n t l y  w i t h  l o c a t i o n  on 
the f l a p .  The c h a r a c t e r i s t i c  s i d e  s h e a r  l a y e r s  of s USE f l a p  sys -  
tem produce i n t e n s e  low f r equency  pl s s u r e s ,  w h i l e  t h e  a t t a c h e d  
f low a l o n g  t h e  n o z z l e  c e n t e r l i n e  h a s  g r e a t e r  h i g h  f requency  c o n t e n t .  
The f r equency  w of t h e  f l u c t u a t i n g  f o r c e s  w i t h  r e s p e c t  t o  a s t a t i o n a r y  
o b s e r v a t i o n  p o i n t  on t h e  f l a p  i s  a  r a t i o  o f  t h e  l o c a l  convec t ion  

I ~ I  v e l o c i t y  o f  t u r b u l e n t  e d d i e s  U c ,  t o  t h a  eddy l e n g t h  s c a l e  i n  t h e  
s t reamwise  d i r e c t i o n  a x  ( i . e . ,  w a Uc/Lx). The c o r r e l a t i o n  a r e a s  
a r e  s imply  t h e  p roduc t  o f  t h e  l o c a l  s t reamwise  and  spanwise  l e n g t h  
s c a l e s ,  which are i n  t u r n  p r o p o r t i o n a l  t o  t h e  l o c a l  s h e a r  l a y e r  
t h i c k n e s s ,  6 .  Both t h e  f l u c t u a t i n g  p r e s s u r e s  and c o r r e l a t i o n  a r e a s  
can be reduced  5 y  f l a p  and nozz l e  m o d i f i c a t i o n s .  D i a g n o s t i c  c r o s s -  
c o r r e l a t i o n  s t u d i e s  have sh-wn t h a t  t h e  a c o u s t i c a l l y  impor t an t  f l a p  
p r e s s u r e s  on a USB sys tem o c z u r  between t h e  knee of  t h e  f l a p  and t h e  
t r a i l i n g  edge ,  w i t h  t h e  h i g h  f requency  components b e i n g  c o n c e n t r a t e d  
a t  t h e  t r a i l i n g  edge.  

The f l u c t u a t i n g  hydrodynamic f o r c e s  must a c c e i e r a t e  t h e  a c o u s t i c  
medium t o  cause  f a r  f i e l d  sound. The e f f i c i e n c y  o f  conve r s ion  o f  
f l u c t u a t i n g  hydrodynamic f o r c e s  t o  f a r  f i e l d  sound i n c r e a s e s  w i t h  
f r equency ,  u s u a l l y  as t h e  s q u a r e  o f  t h e  f r equency ,  excep t  a t  v a l u e s  
g r e a t e r  t h a n  u n i t y  o f  t h e  r a t i o  o f  f l a p  o r  wing chord  ( C )  t o  a c o u s t i c  
wavelength X ( X  = co/w). T h i s  a c o u s t i c  " t r a n s f e r  f u n c t i o n "  can  
be i n f l u e n c e d  by f l a p  m o d i f i c a t i o n s  t h rough  vary:ng t h e  r a t e  of 
change of  s u r f a c e  flow r e s i s t a n c e  i n  t h e  v i c i n i t y  o f  t h e  t r a i l i n g  

, edge  o r  by p roduc ing  a r e a c t i v e  component o f  u n s t e a d  s u r f a c e  p re s -  
' s u r e  i n  t h e  n o i s e  produc ing  r e g i o n s  n e a r  t h e  t r a i l h e ,  edge.  

The d i r e , c t i v i t y  o f  t h e  f l a p  s o u r c e s  ( ~ i g .  4 )  i s  maximum a', a  
d i r e c t i o n  -9O0 f rom t h e  p l a n e  o f  t h e  f l a p  s u r f a c e  n e a r  t h e  t r a i l i z g  
edge a ~ d  minimal i n  t h e  downstream d i r e c t i o n  a l i g n e d  w i t h  t h e  f l a p  - , c  j 

c, 1 

s u r f a c e .  I n  t h e  ups t ream d i r e c t i o n ,  t h e  p r e s s u r e  of  t h e  wing s u r -  _. -. + 

f a c e  l e a d s  t o  s i g n i f i c a n t  sound r a d i a t e d  forward .  L i t t l e  can  be +,2,k 

done t o  a f f e c t  t h e  b a s i c  d i r t  s t i v i t y  c h a r a c t e r i s t i c s  of' t h e  f l a p  -. 
sou rces .  Hcwever, t h e  f l a p  aqd  wing may be used e f f e c t i v e l y  t o  4 , . 
s h i e l d  sou?d from s o u r c e s  l o c a t e d  above t h e  f l a p  s u r f a c e ,  a s  Is I ! . .';:I 

I. 

a l s o  shown i n  F i g .  4 .  Such s o u r c e s  i n c l u d e  t h e  f r e e  s h e a r  l a y e r  ... 4 : : , I  n e a r  t h e  nozz l e ,  t h e  nozz l e  l i p  and d e f l e c , t o r ,  blowing s l o t s ,  and , . 
engine  i n t e r n a l  n o i s e .  1 

To a r r l v c  a t  t h e  t o t a l  f a r  f i e l d  n o i s e  spec t rum,  one must add 1 : h j  
up t h e  c o n t r i b u t i o n  of a l l  i n d i v i d u z l  s o u r c e s ,  i n c l u d i n g  s o u r c e  I .  

. . , _ I  

s t r e n g t h ,  r a d i a t i o n  e f f i c i e n c y ,  d i r e c t i v i t y ,  and s h i e l d i n g .  The 
e f f e c t i v e  number of  source; ,  m ,  on a  USB sys tem i n c r e a s e s  w i t h  fre-- . . , . 
quency, approximate ly  1in:rly. I n  deve lop ing  n o i s e  r e d u c t i o n  , ., .. .. 
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concep t s ,  it must be  k e p t  i n  mind t h a t  d e v i c e s  f o r  r z d u c i n g  s o u r c e  
s t r e n g t h  at  a  g i v e n  f requency  may l e a d  t o  i n c r e a s i n g  t h e  number of 
s o u r c e s  c o n t r i b u t i n g  t o  t h e  fa r  f i e l d ,  t h u s  l e a d i n k  t o  a  l e s s e r  
amount o f  n o i s e  r e d u c t i o n  t h z n  expec t ed  from s o u r c e  s t r e n g t h  
r e d u c t i o n .  

Source  Noise  Reduc t ion  S t r a t e g y  

The above d i s c u s s i o n  may be  summarized i n  t h e  form o f  a 
" s t r a t e g y "  f o r  de-re loping n o i s e  r e d u c t i o n  t e c h n i q u e s  as f o l l o w s :  

Reduce f o r c i n g  f u n c t i o n  - f l u c t u a t i n g  p r e s s u r e s  - t u r S u l e n c e  l e n g t h  s c a l e s  
Reduce t r a n s f e r  f u n c t i o n  between hydrodynamic f o r c e s  and 
r a d i a t e d  sound - make s u r f a c e  d i ~ c o n t l n u i t y  more g r a d u a l  a t  t r a i l i n g  edge - add r e a c t i v e  i n t e r f e r e n c e  w i t h  s o u r c e s  

Take advantage  o f  s h i e l d i n g  b e n e f i t s  
- move s o u r c e s  away from t r a i l i n g  edge o r  s u b s t i t u t e  

h i g h  f r equency  s o u r c e s  away from edge f r  * low f r e -  
quency s o u r c e s  

The l a t t e r  p c i n t  may be implemented w i t h  a  p e n a l t y  i n  t h e  
number of e f f e c t i v e  s o u r c e s  c o n t r i b u t i n g  t o  t h e  f a r  f i e l d .  

NOISE REDUCTION CONCEPTS 

S e v e r a l  n o i s e  r e d u c t i o n  concep t s  have been developed from t h e  
above-descr ibed sou rce  r e d u c t i o n  s t r a t e g y .  I n  t h i s  s e c t i o n ,  t h e  
z p p l i c a t i o n s  of f l a p  s u r f a c e  m o d i f i c a t i o n s  and  n o z z l e  m o d i f i c a t i o n s  
t o  USB s o u r c e  r e d u c t i o n  a r c  d i s . + u s s e d .  

Porous F l a p  S u r f a c e  Concept 

The b a s i c  i d e a  of  t h e  poroxs s u r f a c e  ( o r  v a r i a b l e  impedance 
s u r f a c e )  concept  i s  t o  r e p l a c e  t h e  a c o u s t i c a l l y  r i g i d  f l a p  s u r f a c e  
w i t h  a  porous s u r f a c e  w i t h  a p p r o p r i a t e  back ing  a i r  c a v i t i e s ,  o v e r  
at2 a r e a s  of s - g n i f i c a n t  sound g e n e r a t i o n  on t h e  f l a p .  F i g u r e  5 
i l l u s t r a t e s  t h e  application 02 t h i s  concept  t o  a  s i m p l i f i e d  USB 

The e f f e c t s  o f  a porous s u r f a c e  a r e  bo th  hydrodynamic ( s o u r c e  
r e d u c t i o n )  and a c o u s t i c  ( m o d i f i c a t i o n  a f  t r a n s f e r  f u n c t i o  ) ,  a l t h o u g h  
t h e  r e l a t i v e  e f f e c t s  o f  each  have n o t  been c o n c l u s i v e l y  de te rmined .  



7 . 1 ~ r i a t i o r ? s  on t h e  b a s i c  porous  edge d e s i g n  a r e  a l s o  shcs  
i n  F i g .  5. These a r e :  

, - 

(1) F u l l y  porous t a p e r e d  edge w i t h  a c o n s t a n t  f low r e s i s t a n c e  
p e r  u n i t  t h i c k n e s s ;  t h e  t a p e r i n g  g i v e s  a  d e c r e a s i n g  f iow 
r e s i s t a n c e  +.award t h e  t r a i l i n g  edge 

, (2) Cons tan t  impedance porous s u r f a ~  . s  o n l y ,  on upper  and , . 

I lower f l a p  s u ~ . f a c e s  ! 

( 3 )  Porous up2er  s u r f a c e  w i t h  a  s imp le  c a v i t y  formed by t h e  1 & .  
r i g i d  lower  s u r f a c e  ! 

( 4 )  Porous upper  s u r f a c e  w i t h  i n d i v i d u a l  compartments f .I. med i 
i 

by f l a p  lower  s u r f a c e  and f l a p  i n t e r n a l  s t i u c t u r e ;  , 

such  compartments can be t a i l o r e d  t o  a c o u s t i c  and ae ro -  i dynamic d e t a i l s ,  i f  t h e y  a r e  known f o r  a g iven  con f ig -  1 

u r a t  i o n  I i 
I i 

Noise r e d u c t i o n  has  been ac ' l i eved  on a  wide Pange of' c o r f i g u r a -  I 1 t i o n s  r a n g k g  from a  s lmp le  a i r f 1 ) i l  :o  a n  aerodynamica l ly  optimized 1 .  

USB f l a p  a t  h i g h  turning a n g l e  s s ? t t i n g  ( ~ i g .  6 ) .  F i g u r e  7 sum- 
mazBizes t h e s e  r e s u l t s .  The ~ i r f j i l  shown was o p e r a t e d  i n  t h e  cone 
of a  f r e e  j e t  and had a s imp le  " l p e r e d  porous  edge.  Noise reduc-  
t i o n  of t h e  low f requency  n o i s e  a r i s i n g  from f r e e  j e t  s h e a r  l a y e r  
i n t e r a c t i o n  w i t h   he t r a i l i n g  edge and o f  t h e  a i r f o i l ' s  d i s c r e t e  , 1 .  I ) .  
f requency wake n o i s e  was ach i e . ed ,  A s imp le  wall j e t  h a s  been ! 

t e s t e d  by b o t h  BBN and Bohn o f  Boeing (Fief. 3 ) .  The n o i s e  re- i : 
d u c t i o n  shown is a t y p i c a l  r e d u c t l o n  which was maximum a t  t h e  i 

S t rou i i a l  peak and l e s s  a t  h i g h  f r e q u e n c i e s .  Peak r e d u c t i o n s  of I i ; .  
i 

a t  l e a s t  1 0  dB were commonly ach i eved .  E a r l y  t e s t s  on t h e  p o t e n t i a l  ; I 

a p p l i c a b i l i ,  o f  porous edges  t o  USB sys tems  were conducted b y  ! .  

BEN (Re f .  4 )  on a  s m a l l  s c a l e  (.1/20) IlSH t u r n i n g  f l a p  w i t h  a  
10:l AR nozz l e  k icked  down at, about  15'. A s  s!-c)wn i n  Pik:-,- 7 ,  t h e  
f l y o v e r  n o i s e  r e d u c t j o n  a t  t h e  S t r o u h a l  peak was s u b s t a n t i a l  f o r  , . 

bo th  a  s imp le  porous  edge and one w l t h  a s imp le  c a v i t y  b a c k i ~ s .  1 , I. 

However, t h e  c a v i t y  rqcduced t h e  f i y o v e r  n o i s e  l e v e l s  i n  t h o  h i ~ h  I :  

f r equency  regime and was q u a l i t a t i v e l y  round t o  improve t u r n t n g .  
1 : 
: Recent ly-completed e x p l a r a t o r y  t e s t s  011 a n  aerodynamica l ly  

op t imized  VSR c o n f i g u r a t i o n  ( F i g .  6 )  were conducted by BEN under  1 
. , 

, . 
N A S A  Langley c o n t r a c t  (Ref .  1) .  The o b j e c t i v e  o f  t h e  s tudy  was t o  I , , 
show t h a t  s i p n i f i c a n ?  n o i s e  r e d ; l c t i o n  c o u l d  be  ach i eved  wi thou t  

h 

Impairing t h e  a e r o d y n a ~ t c  performance o f  t h e  "SB system.  It was ! 
a l s o  d e s i r e d  t o  deve lop  a  d a t a  Sase  t o  improve t h e  u n d e r s t a n d i n g  

I '  , o f  t h e  impor t an t  pa rame te r s  i n f ! aenc ing  n o i s e  rbeduc t l -n .  
1 i i  

, . 
A s a m p l i ~ ~ g  of  key r e s u l t s  from t h e  Aero Commander US3 t e s t s  I I .:. 

are shown i r  F i g .  7 .  ! ,oise r e d u c t i o n  was ach i eved  over  a wide r a g e  I , - 
of f r equenc i l t s  st a l l .  o b s e r v a t j r  p o i n t s  under  t h e  wing and a l o n g  
tile s ideL1ne.  Curves a r e  shown f o r  a  s imple  porous  f l a p  w i t h  t h e  



e n t i r e  f l a p  s u r f a c e  t r e a t e d  wi th  a 0.9 pc f low res i s t ance"mate r l a1 ,  
t h e  same s u r f a c e  t rea tment  wi th  a s o l i d  lower f l a p  s u r f a c e  i n  
p lace ,  and a cavity-hacked c o n f i g u r a t i o n  where only  t h e  last  20% 
o f  t h e  f l a p  chord was t r e a t e d .  The la t ter  c o n f i g u r a t i o n  had s u p e r i o r  
aerodynamic performance as i s  d i scussed  below. The peak n o i s e  r e -  
duct ion  was about t h e  same f o r  a l l  f l a p  c o n f i g u r a t i o n s ,  while  h igh  -s frequency no i se  r educ t ion  was b e t t e r  f c r  t h e  f u l l y  porous t r e a t -  
ments than  f o r  t h o s e  wi th  t h e  last  20% only  t r e a t e d .  I n  c a s e s  
where a l a r g e  a r e a  was t r e a t e d ,  t h e  f low f a i l e d  t o  s t a y  a t t a c h e d  
at h igh exhaust velocities. This  l e d  t o  an apparent  i n c r e a s e  i n  
high frequency no i se ,  such a s  i s  shown a t  t h e  110° p o s i t i o n .  I n  
f a c t ,  t h e  h igh  frequency no i se  was merely t h e  f r e e  jet from t h e  
nozzle,  being almost i d e n t i c a l  i n  l e v e l  and frequency t o  t h e  
s p e c t r a  wi th  the f l a p s  removed. 

From t h e s e  tests, it mag be concluded t h a t  porous s u r f a c e  
t reatment  may be s u c c e s s f u l l y  a p p l i e d  t o  an  aerodynamically 
s a t i s f a c t o r y  USB c o n f i g u r a t i o n  t o  ach ieve  around 6 dB of r e d u c t i o n  
of  t h e  low frequency peak and 3-6 dB reduct icr?  of  h igh  frbequency 
l e v e l s .  F u r t h e r  op t imiza t ion  s t u d i e s  could improve t h e  n o i s e  
r educ t ion  through s p a t i a l  v a r i a t i o n  i n  s u r f a c e  impedance and 
b e t t e r  matching of c a v i t y  geometry t o  l o c a l  p r e s s u r e  f i e l d  d e t a i l s .  - 

-= 
USB NOZZLE MODIFICATIONS 

. Y The d e t a i l e d  flow parameters  p rev ious ly  shown t o  i n f l u e n c e  
f l ap - rad ia ted  no i se  a r e  a  func t ion  of t h e  USB c o n f i g u r a t i o n  d e t a i l s ,  
namely : 

Nozzle shape, aspect  r a t i o ,  kickr2own ang le  

Nozzle a x i a l  l o c a t i o n  

a Flap r a d i u s  and l eng th .  

These d e t a i l s  a f f e c t  t h e  i n t e n s i t y  of t u r b u l e n t  p r e s s u r e  f l u c t u a -  
t i o n s  and t h e  s c a l e  a t  t h e  t r a i l i n g  edge. The s i d e  chear  l a y e r s  
a r e  p r imar i ly  r e spons ib le  f o r  t h e  c h a r a c t e r i s t i c  low frequency 
peak i n  both community no i se  and i n t e r i o r  no i se .  Thus, i f  t h e  
I n t e n s i t y  and s c a l e  of  turbulence  can be reduced, t h e  source  
s t r e n g t h  w i l l  be reduced, and t h e  c h a r a c t e r i s t i c  frequency w i l l  
i n c r e a s e ,  t h u s  t a k i n g  advantage of s h i e l d i n g  b e n e f i t s  f o r  community 

i 

*pc = dens i ty  x sound speed of ambient medium 
I = a c o u s t i c  impedance of  a i r  



S e v e r a l  b a s e l i n e  v a r i a t i o n s  on USB nozzles  (such a s  d e f l e c t o r s )  
can produce up t o  5 dB reduc t ion  of t h e  low frequency peak, but  
cause a comparable i n c r e a s e  i n  h igh  frequency l e v e l s  (Ref. 1). 
This  s e c t i o n  d e s c r i b e s  a  c l a s s  o f  multi-segmznt nozzles  which wken 
i n t e g r a t e d  with t u r n i n g  f l a p s  have shown cons ide rab le  p o t e n t i a l .  
F igure  8 shows t h e  3 a s i c  concept whi2h combines i d e a s  de r ived  
from concen t r i c  c y l i n d e r  low n o i s e  f r e e  jet  nozz les  (Ref. 51, and 
f l a p  t r a i l i n g  edge blowing {Ref. 6 ) .  

The expected b e n e f i t s  o f  mult i -segment ,  o r  m u l t i - s l o t  nozz les ,  
a r e  both  hydrodynamic ( reduce  j n t e n s i t y  and s c a l e  o f  t u r b u l e n c e )  
and a c o u s t i c  ( r e p l a c e  low f requenc jes  wi th  high frequ5ncy sources  
above t h e  wing t o  t a k e  advantage of s h i e l d i n g ) .  Aerodynamically, 
nigh t u r n i n g  a c g l e s  can be achieved wi th  a s h o r t  f l a p  chord. A l l  
c o n f i g u r a t i o n s  involve  us ing  a smal l  f l a p  wi th  t h r 5 e  o r  moye 
t a n g e n t i a l  blowing slcts a t  tP.2 knee and t r a i l i n g  edge blowing 
s l o t s .  The f i x e d  nozzle  is e i t h e r  a s i n g l e  low aspec t  r a t i o  
nozzle  wi th  d e f l e c t o r  ( " s p l i t  flow".) o r  a s e r i e s  o f  f i x e d  s l o t s  
deployed dur ing  t h e  powere4 l i f t  mode of f l i g h t  ("7-slot"  nozzle  
o r  "14-slot" n o z z l e ) .  The p r i n c i p a l  o b j e c t i v e s  3f t h e s e  i n t e -  
g r a t e d  nozz le / f l ap  des igns  were t o  reduce t h e  low frequency n o i s e  
peak and achieve  h igh t u r n i n g  ang les  wi th  a  s h o r t  f l a p .  The r e -  
s u l t s  of s e v e r a l  t e s t  programs (Refs.  7-9) a r e  summarized below. 

A l l  t h r e e  multi-segment n o z ~ l e s  were compared wi th  a  6 : l  AR 
Coanda nozzle  and f l a p .  The b a s e l i n e  nozz le / f l ap  system had a  
l o 0  kickdown bu t  no d e f l e c t o r  a11d t h u s  cannot be considered t h e  
most advanced des ign .  Figure 9 shows t y p i c a l  r e d u c t i o n s  o f  com- 
munity no i se  wi th  va r ious  inu l t i - s lo t  nozzles .  The low frequency 
peak was reduced by 10 - 15 dB, while  h igh  frequency l e v e l ?  in-  
crea3e4 by up t o  5 dB i n  t h e  importi.nt frequency range.  Above 
t h e  wing, hign frequency l e v e l s  inc reased  by  up t o  15 dB, but  
sound r a d i a t i o n  t o  t h e  hemisphere above t h e  wing i s  inconsequen- 
t i a l .  The seven s l o t  nozzle was t n e  q u i e t e s t  o v e r a l l  a t  t he  
s i d e l i n e  p o s i t i o n .  Also shown i n  F i g .  9 i s  a  si~;nif ' icant reduc- 
t i o n  of cabi.7 no i se  i n  t h e  low frequency regime. The i n t e r i o r  
no i se  curves  were based upon a n a l y t i c a l  e s t i m a t e s  of t h e  sound i n  
t h e  n e a r f i e l d  of t h e  nozzles  and not  upon a c t u a l  s idewal l  pres-  
s u r e  measurements a s  was t h e  case  f o r  t h e  curves  p resen ted  i n  F i g .  
2 .  Due t o  s h i e l d i n g  e f f e c t s  of t h e  f low, t h e  a c t u a l  high f r e -  
quency l e v e l s  might be lower than  shown i n  Fig .  3.  

From t h e  t e s t s  summarized above, i t  i s  concluded t h a t  t h e  
i n t e g r a t e d  multi-segment n o z z l e / s l o t t e d  f l a p  system o f f e r s  



potential noise reduution of over 10 dB for both low frequency 
uommunity r:.)ise al-.d Interior noise. Since the noise reduction 
with the 14-slot noezle was not significantly greater than the 
slmpler split flow nozzle, it mag be concluded that the tangential 
multi-slot blowing at tne high curvature region of the flap is 
the most important aspect of the noise reduction concept. It is 
also noted that porous edge treatment described earlier would pro- 
vide additive ncise reduction of edge sources producing the high 
frequency noise. 

The practlcal feasibility of flap and noezle m~difications 
proposed for noise ccntrol purposes depends upon the ability of 
the system to produce acceptable aerodynamic performance without 
excessive weight penalties. The porous flap and multi-slot nozzle 
concepts have been studied with aerodynamic performance and noise 
reduction treated simultaneously. In both cases, the aerodynamic 
performance of many configurations is comparable with baseline 
USB systems. A sample of the findlngs is given below. 

Porous Flaps 

The porous flap configurations were tested for aerodynamic 
performance by measuring axial (A) and normal (N) forces as a 
function of nozzle pressure ratio. The baseline solid flap pro- 
duce a linear variation of bcth axial and normal force coinponents 
as a function of nozzle pressure ratio. A11 porous flap config- 
urations follawed the linear variation of A and N forces with 
pressure ratic st low pressure ratios, and many were linear 
through the later~l range of nozzle pressure ratio. However, 
come of the highly porous canfigurations underwent flap separation 
prematurely; an example of the raw data curves obtained in Ref. 1 
is shown in Fig. 10. For those configurations for which flow 
separated, noise was evaluated at pressure ratios on both sides 
of the stall polnt. Those configurations treated on the last 20% 
of the flap did not stall and, as described above, produced 4 - 
8 dB cf noise reduction over n wide frequency range. 

The static turning of porous flap configuraticns tested is 
summarized in Fig. 11. It can be seen that the turning efficiency 
and turning angle performance are acceptable for most conf+igurations 
except the simple porous flap wjth no backing. No forwasd speed 
tests have been conducted to date. 



Mult i -S lo t  Nozzles 

The i n t e g r a t e d  m u l t i - s l o t  n o z z l e / f l a p  c o n f i g u r a t i o n s  were 
g e n e r a l l y  c h a r a c t e r i z e d  by e x c e l l e n t  t u r n i n g  performance a t  a l l  
f l a p  s e t t i n g s ,  i n c l u d i n g  90°, f o r  bo th  s t a t i c  and forward  speed 
tests.  T e s t s  were conducted by t h e  i o s  Angeles A i r c r a f t  D i v i s i o n  
(LAAD) ~f Rockwell I n t e r n a t - i o n a l  Corp. (Ref. 9) on t h e  same models 
tested a c o u s t i c a l l y  by BBN in t h e  low n o i s e  a c o u s t i c  wjnd t u n n e l .  

Yhe s t a t i c  t u r n i n g  c h a r a c t e r i s t i c s  o f  t h e  t h r e e  n o z z l e / f l a p  
c o n f i g u r a t i o n s  d e s c r i b e d  e a r l i e r  a r e  shown i n  F i g .  12 .  The s p l ' t  
f low n o z z l e  w i t h  s l o t t e d  t u r n i n g  f l a p  performed t h e  b e s t  a t  h igh  
f l a p  s e t t i n g s .  

F i g u r e  13 summarizes some o f  t h e  forward speed  performance o f  
t h e  m u l t i - s l o t  n o z z l e s  on a low a s p e c t  r a t i o  swept wing. Aga:n, 
t h e  s p l i t  f low n o z z l e  a p p e a r s  t o  have e x c e l l e n t  performance.  
Comparable d a t a  f o r  t h e  s i m p l e  Coanda f l a p  ace n o t  a v a i l a b l e ,  but 
t h e s e  d a t a  may s e r v e  a s  a u s e f u l  b a s e l i n e  f o r  c o m p a ~ i s o n  w i t h  
o t h e r  f l a p  sys tems .  

Canc lus ions  

The l i m i t e d  aerodynamic s t u d i e s  conducted t o  d a t e  on t h e  
porotis f l a p  and m u l t i - s l o t  n o z z l e  have shown t h a t  t h e s e  n o i s e  

CONCLUDING REMARKS 

T h i s  pape r  ha s  p r e s e n t e d  d a t a  which show t h a t  s i g n i f i c a n t  
n o i s e  r e d u c t i o n  o f  LISB f l a p  s o u r c e s  can  b e  ach ieved  w i t h  f l a p  and 
n o z z l e  m o d i f i c a t i o n s ,  w i thou t  s e r i o u s  compromise of  aerodynamic 
performance.  The porous f l a p  concept  can  be used t o  lleduce n o i s e  
from any b a s e l l n e  1 , -ve l  ach i eved  th rough  pr imary  c o n f i g u r a t i o n  
v a r i a b l e s .  The porous  f l a p  and mul t i - segnent  n o z z l ? s  can  un- 
doub ted ly  be ~ p t i m i z e d  f u r t h e r  t o  improve b c t h  n o i s e  r e d u c t i o n  
and aerodynamic performance.  



APPENDIX 

SYMBOLS AND ABBREVIATIONS 

a r e a  

a s p e c t  r a t i o  

a i r c r a f t  

Bol t  Beranek and Newmzn 

f l a p  o r  wing chord 

d rag  c o e f f i c i e n t  

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

maximum l i f t  c o e f f i c i e n t  

l i f t  c o e f f i c i e n t  a t  a = 0 

t h r u s t  c o e f f i c i e n t  

suund speed of ambient medium 

speed of sound 

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

frequency 

i n L  - ; r ~ s i t y  

eddy l e n g t h  s c a l e  i n  streamwise d i r e c t i o n  

e f f e c t i v e  number o f  sources  

normal and a x i a l  f o r c e ,  r e s p e c t i v e l y  

1 4 - % s l o t  nozz le  

7 - s lo t  nozz le  

s p l i t  f low p a r t i a l l y  s l o t t e d  nozzle  



Qmax 

90 

r 

T 

USB 

U 

dynamic p r e s s u r e  

maximin dynamic p r e s s u r e  

l o c a l  dynamic p r e s s u r e  

r a d i a l  d i s t a n c e  

t h r u s t  

upper  s u r f a c e  blown 

v e l o c i t y  

l o c a l  convect ion  v e l o c i t y  of  t u r b u l e n t  e d d i e s  

e x i t  v e l o c i t y  

span  

a n g l e  of  a t t t x k  

l o c a l  sh?ar  l a y e r  t h i c k n e s s  

outboard f l a p  ang le  

t u r n i n g  f l a p  ang le  

a n g l e  between flow d i r e c t i o n  and o b s e r v e r  d i r e c t i o n  I .  . 
I I .  , ," . . 
f.., 5. a c o u s t i c  wavelength 

d e n s i t y  o f  ambient medium 

a c o u s t i c  lr.;)edance of' a i r  
! 

frequency of f l u c t u a t i n g  f o r c e s  

, . 

, , .  
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Figure 1.- Typical farfield USB sound spectra. 
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Figure 2. - Typical cabin noise levels ,  
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I Figure 5 . -  Noise reduction concepts. 



Figure 6.- Aero  Commander USB model. 
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Figure 8.- Nozzle modificatiane. 
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Figure 10,- Velocity dependence on porous flap forces. 
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Figure 12.- Static turning of multi-segment nozzles on USB 
configuration. 
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