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STRUCTUREBORNE N O I S E  CONTROL I N  ADVANCED TURBOPROP AIRCRAFT 

b y  

I r v i n  $1. L o e f f l e r  
N a t i o n a l  Ae ronau t i cs  and Space A d m i n i s t r a t i o n  

Lewis  Research Center  
Cleveland, Oh io  44135 

A b s t r a c t  

S t r u c t u r e b o r n e  n o i s e  i s  d i scussed  as a con- 
t r i b u t o r  t o  p r o p e l l e r  a i r c r a f t  i n t e r i o r  n o i s e  
l e v e l s  t h a t  a r e  nonrespons ive  t o  t h e  a p p l i c a t i o n  
o f  generous amounts o f  c a b i n  s i d e w a l l  a c o u s t i c  
t rea tmen t .  H igh  s t r u c t u r e b o r n e  n o i s e  l e v e l s  may 
j e o p a r d i z e  passenger acceptance o f  t h e  f u e l -  
e f f i c i e n t  h igh-speed p r o p e l l e r  t r a n s p o r t  a i r c r a f t  
des igned f o r  c r u i s e  a t  Mach 0.65 t o  0.85. 
s i n g l e - r o t a t i o n  t r a c t o r  and c o u n t e r - r o t a t i o n  t r a c -  
t o r  and pusher  p r o p u l s i o n  systems w i l l  consume 15 
t o  30  p e r c e n t  l e s s  f u e l  t h a n  advanced t u r b o f a n  
systems. 

These 

S t r u c t u r e b o r n e  n o i s e  d e t e c t i o n  methodo log ies  
and t h e  impor tance o f  development o f  a s t r u c t u r e -  
bo rne  n o i s e  sensor  a r e  d iscussed.  A s t r u c t u r e b o r n e  
n o i s e  g e n e r a t i o n  mechanism i s  d e s c r i b e d  i n  wh ich  
t h e  p e r i o d i c  components o f  p r o p e l l e r  s w i r l  produce 
p e r i o d i c  t o r q u e s  and f o r c e s  on downstream wings  
and a i r f o i l s  t h a t  a r e  p ropagated  t o  t h e  c a b i n  
i n t e r i o r  as no ise .  Three concep ts  f o r  c o n t r o l l i n g  
s t r u c t u r e b o r n e  n o i s e  a r e  presented :  (1) a s t a t o r  
row s w i r l  remover, ( 2 )  s e l e c t i o n  o f  a p roper  com- 
b i n a t i o n  o f  b l a d e  numbers i n  t h e  r o t o r / s t a t o r  sys- 
tem o f  a s i n g l e - r o t a t i o n  p r o p e l l e r ,  and t h e  
r o t o r / r o t o r  system o f  a c o u n t e r - r o t a t i o n  p rope l -  
l e r ,  and ( 3 )  a tuned  mechan ica l  absorber.  

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

P r o p e l l e r - d r i v e n  a i r c r a f t  a r e  c h a r a c t e r i z e d  
b y  n o i s e  and v i b r a t i o n  l e v e l s  wh ich  i n  many cases 
a d v e r s e l y  a f f e c t  t h e  comfo r t  o f  passenqers and 
crew. Generous amounts o f  a c o u s t i c  t r e a t m e n t  
a p p l i e d  t o  t h e  f u s e l a q e  s i d e w a l l s  have o f t e n  been 
i n e f f e c t i v e  i n  r e d u c i n g  t h e  i n t e r i o r  n o i s e  t o  
d e s i r e d  l e v e l s ,  i n d i c a t i n g  a p r o b a b l e  n o i s e  f l o o r  
due t o  an a l t e r n a t e  p ropaqa t ion  pa th .  As i n d i -  
c a t e d  i n  F i g .  1, e x t e r n a l l y  genera ted  n o i s e  f rom 
t h e  p r o p e l l e r  and eng ine  propagates  t h r o u g h  t h e  
a i r  and e x c i t e s  t h e  c a b i n  s i d e w a l l s ,  wh ich  t h e n  
r a d i a t e  n o i s e  t o  t h e  c a b i n  i n t e r i o r .  However, 
v i b r a t i o n s  f r o m  t h e  p r o p e l l e r ,  enqine, gearbox, 
and p r o p e l l e r  wake propagate  th rouqh  t h e  w ing  
s t r u c t u r e  and t h e  consequent e x c i t a t i o n  o f  t h e  
c a b i n  s i d e w a l l s  causes them t o  r a d i a t e  n o i s e  t o  
t n e  c a b i n  i n t e r i o r .  Thi5 " b t r  u i t u i e b o r n e  no ise "  
(SBN) appears t o  be  a p r ime  c o n t r i b u t o r  t o  i n t e -  
r i o r  n o i s e  l e v e l s  t h a t  a r e  nonrespons ive  t o  t h e  
c o n v e n t i o n a l  means o f  suppress inq  a i r b o r n e  n o i s e  
(ABN) . 

c o n i e r v a t i o n  has made t h e  advanced tu rboprop ,  a 
hiqh-speed p r o p e l l e r  a l s o  known as a p rop fan ,  a 
s t r o n g  c a n d i d a t e  as a p r o p u l s o r  f r t r a n s p o r t  a i r -  
c r a f t  i n  t h e  1990's  and beyond.l,? Both  s i n q l e -  
r o t a t i o n  (SR) and c o u n t e r - r o t a t i o n  (CR) h i q h  speed 
p r o p e l l e r  p r o p u l s i o n  systems a r e  b e i n q  developed 
t o  c r u i s e  a t  f l i g h t  speeds o f  Mach 0.65 t o  0.85. 
These systems a r e  expec ted  n o t  o n l y  t o  match t h e  
f l i g h t  speeds of  t h e  1980 v i n t a g e  t u r b o f a n  f l e e t ,  

The c u r r e n t  wor ld -w ide  i n t e r e s t  i n  energy  
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b u t  t o  o p e r a t e  on 50 t o  60 pe rcen t  l e s s  f u e l .  
They w i l l  consume 15 t o  30 pe rcen t  l e s s  f u e l  t h a n  
advanced t u r b o f a n  enqines. 

A model o f  an SR t r a c t o r  p r o p f a n  i s  shown i n  
F i g .  2. A winq-mounted i n s t a l l a t i o n  o f  t h i s  p r o -  
p e l l e r  i s  p i c t u r e d  i n  F i q .  3. The General  E l e c t r i c  
UDF (unducted  f a n )  eng ine  i s  a un ique  q e a r l e s s  C R  
pusher  hiqh-speed p r o p e l l e r  system des iqned f o r  a f t  
mount inq ,  as shown i n  F ig .  4. A geared CR t r a c t o r  
p r o p e l l e r  system s u i t a b l e  f o r  wing-mount inq i s  
shown i n s t a l l e d  on a fou r -eng ine  m i l i t a r y  t r a n s -  
p o r t  i n  t h e  i l l u s t r a t i o n  o f  F i g .  5 .  A l l  t h r e e  o f  
t hese  i n s t a l l a t i o n s  p r e s e n t  a s t r o n g  p o t e n t i a l  f o r  
unaccep tab ly  h i g h  SBN l e v e l s  i n  t h e  a i r c r a f t  
cab ins .  

A l though  high-speed p r o p e l l e r s  a r e  des igned 
f o r  lowered n o i s e  w i t h  t h e i r  t h i n  h igh l y -swep t  
b lades ,  t h e  superson ic  t i p  speed and t h e  h i q h  b l a d e  
l o a d i n q  o f  t h e s e  p r o p e l l e r s  produce n o i s e  l e v e l s  
some 25 dB o r  more h i g h e r  t h a n  those  of conven- 
t i o n a l  p r o p e l l e r s .  These h i g h  n o i s e  l e v e l s  may 
r e q u i r e  f u s e l a q e  s i d e w a l l  t r a n s m i s s i o n  l o s s  va lues  
o f  50 o r  60  dB a t  a p r o p e l l e r  b l a d e  passaqe f r e -  
quency (BPF) i n  t h e  ranqe o f  150 t o  300 Hz, w i t h  
somewhat l e s s  severe  requ i remen ts  a t  h i q h e r  h a r -  
monics o f  t h e  BPF. I f  t h e  c o n d i t i o n s  t h a t  produce 
h i g h e r  p r o p e l l e r  ABN l e v e l s  a l s o  r e s u l t  u l t i m a t e l y  
i n  h i g h e r  SBN l e v e l s ,  such l e v e l s  on an advanced 
t u r b o p r o p  a i r c r a f t  may w e l l  be  as much as 30 dB 
above t h e  a l r e a d y  unaccep tab ly  h i q h  SBN l e v e l s  of  
t h e  c o n v e n t i o n a l  p r o p e l l e r  a i r c r a f t .  Fur thermore ,  
SBN techno logy  i s  i n  i t s  i n f a n c y ,  and t h e  qenera- 
t i o n  and p r o p a q a t i o n  mechanisms a r e  c u r r e n t l y  t h e  
s u b j e c t  o f  t h e o r y ,  c o n j e c t u r e ,  and exper iment .  

Wh i le  SBN appears t o  be  a ma jo r  t h r e a t  t o  
passenger acceptance o f  t h e  advanced t u r b o p r o p  
commercial  t r a n s p o r t  a i r c r a f t ,  i t s  ve ry  e x i s t e n c e  
i s  based 1argel .y on i n f e r e n c e  f r o m  p r e v i o u s  unsuc- 
c e s s f u l  a t tempts  t o  p roduce a q u i e t  i n t e r i o r  i n  a 
p r o p e l l e r - d r i v e n  a i r c r a f t .  
a u t h o r ' s  knowledge, SBN has never  been unequ ivo-  
c a l l y  i s o l a t e d  and measured i n  an a i r c r a f t  i n  
f l i g h t .  T h i s  i s  due t o  t h e  d i f f i c u l t i e s  i n  sepa- 
r a t i n g  t h e  causes o f  e x c i t a t i o n  o f  t h e  i n t e r i o r  
v i b r a t i n g  surfaces--how much was induced b y  e x t e r -  
n a l  !,BY impjnqement and how much hy s t r u c t u r e b o r n e  
t ransmiss ion .  

To t h e  b e s t  of  the? 

I n  t h e  e a r l y  1980's, w h i l e  r e s p o n s i b l e ,  i n  
c o o p e r a t i o n  w i t h  t h e  A i r c r a f t  No ise  Reduc t ion  
D i v i s i o n  o f  t h e  Lanq ley  Research Center,  f o r  p l a n -  
n i n g  t h e  i n t e r i o r  n o i s e  a c o u s t i c  r e s e a r c h  program 
f o r  t h e  Lewis-manaqed Advanced Turboprop P r o j e c t ,  
t h e  a u t h o r  espoused a number o f  concepts  i n v o l v i n g  
SBN research ,  as q i v e n  below: 

(1) L a b o r a t o r y  model t e s t s  and qround based 
t e s t s  on p r o p e l l e r  a i r c r a f t  a r e  ve ry  v a l u a b l e  even 
though n e i t h e r  c l o s e l y  s i m u l a t e s  i n f l i g h t  SBN 
c o n d i t i o n s .  
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( 2 )  The wake o f  an SR p r o p e l l e r  i m p i n g i n g  on 
a downstream wing, pylon, o r  t a i l  s u r f a c e  produces 
a p e r i o d i c  t o r q u e  load  t h a t  can  p ropaga te  t o  t h e  
c a b i n  i n t e r i o r  as SEN. 

( 3 )  A s t a t o r  row downstream o f  an SR p r o p e l -  

( 4 )  The s e l e c t i o n  o f  an a p p r o p r i a t e  combina- 

l e r  o f f e r s  a means o f  r e d u c i n g  SBN. 

t i o n  o f  b lades  i n  an SR r o t o r l s t a t o r  system can  
reduce  SBN t r a n s m i t t e d  t o  an a i r c r a f t  i n t e r i o r .  
T h i s  concept  has been expanded i n  t h i s  paper  t o  
a l s o  a p p l y  t o  CR p r o p e l l e r  systems. 

n e a r  t h e  w ing  r o o t s  shou ld  be  i n v e s t i g a t e d  as SBN 
sensors.  

( 5 )  S t r a i n  gauges mounted t o  t h e  w i n g  spa rs  

T h i s  paper w i l l  se rve  t o  document t h e s e  con- 
c e p t s  and t o  c i t e  some o f  t h e  c u r r e n t  p e r t i n e n t  
SBN r e s e a r c h  a c t i v i t y .  
Branch o f  t h e  Lang ley  Research Cen te r  i s  c u r r e n t l y  
managing an e x t e n s i v e  in-house cnd c o n t r a c t  
r e s e a r c h  program i n v e s t i g a t i n g  t h e s e  and o t h e r  
concepts  r e l a t e d  t o  SEN i n  p r o p e l l e r - d r i v e n  a i r -  
c r a f t .  
measurement, t h e  f e a s i b i l i t y  o f  v a r i o u s  experimen- 
t a l  and a n a l y t i c a l  approaches i n  SBN research ,  a 
mechanism f o r  SBN genera t i on  as a r e s u l t  o f  p ro -  
p e l l e r  s w i r l  impingement on  downstream a i r f o i l s ,  
and p o s s i b l e  methodologies f o r  r e d u c i n q  SBN i n  
p r o p e l l e r - d r i v e n  a i r c r a f t  w i l l  be  d i scussed  i n  
subsequent s e c t i o n s  o f  t h i s  paper.  

The S t r u c t u r a l  A c o u s t i c s  

The un ique  problems a s s o c i a t e d  w i t h  SBN 

S t ruc tu reborne  No ise  D e t e c t i o n  

Separa t i on  o f  ABN and SBN S i g n a l s  

I n  genera l ,  p rope l l e r -genera ted  SBN cannot  be  
d i r e c t l y  measured i n  t h e  c a b i n  o f  an a i r c r a f t  i n  
f l i g h t .  As i n d i c a t e d  i n  F i g .  6 t h e  c a b i n  i n t e r i o r  
n o i s e  l e v e l  c o n s i s t s  o f  b o t h  ABN and SEN. Because 
o f  t h e  ve ry  h i g h  c o r r e l a t i o n  between p r o p e l l e r  ABN 
and SBN ( t h e  spec t rum o f  each c o n s i s t s  p r i m a r i l y  
o f  t h e  p r o p e l l e r  b lade  passage t o n e  and i t s  ha r -  
mon ics)  a microphone i n  t h e  c a b i n  measures t h e  
combined a c o u s t i c  l e v e l s  a t  each p r o p e l l e r  t o n e  
f requency ,  and t h e  SBN c o n t r i b u t i o n  i s  i n d i s c e r n a -  
b l e  f r o m  t h e  ABN c o n t r i b u t i o n .  D i r e c t  measurement 
o f  SBN r e q u i r e s  some means o f  s e p a r a t i n g  SBN f r o m  
t h e  ABN s i g n a l .  

A c o u s t i c  B a r r i e r  Technique 

r e d u c i n g  t h e  ABN t o  a l e v e l  w e l l  be low t h a t  o f  t h e  
SBN l e v e l ,  as w i t h  a b a r r i e r  t e c h n i q u e  as shown i n  
F i g .  7. 

t e c h n i q u e  a re :  

One way t o  d i r e c t l y  measure t h e  SBN i s  b y  

Two examples o f  a p p l i c a t i o n  o f  t h e  b a r r i e r  

(1) A w a l l  t o  b lock  t h e  a i r b o r n e  n o i s e  p a t h  
( 2 )  An enc losu re  t o  c o m p l e t e l y  s e a l  o f f  t h e  

r e c e i v e r  ( c a b i n  e x t e r i o r )  f r o m  t h e  ABN 
source  

An approach, developed by  W i l l i a m  Mayes o f  t h e  
Lang ley  Research Center and t h e  a u t h o r  i n  an SBN 
ground exper iment  conducted a t  Lang ley  on a 
DeHav i l l and  Twin  O t t e r  a i r c r a f t Y 3  employed t h e  
second o f  t h e  two b a r r i e r  techn iques .  
n o i s e  f r o m  t h e  p r o p e l l e r  was measured i n  t h e  
u n a l t e r e d  ( b a s e l i n e )  s ta te ,  and aga in  w i t h  one and 

I n t e r i o r  

t h e n  two l a y e r s  of  a c o u s t i c  m a t e r i a l  wrapped 
around t h e  fuse lage.  
t h e  p r i n c i p l e  t h a t  known inc reases  i n  s i d e w a l l  
a c o u s t i c  a t t e n u a t i o n  produce a p r e d i c t a b l e  change 
i n  t h e  ABN l e v e l  w i t h o u t  a s i g n i f i c a n t  e f f e c t  on 
SBN. Thus, if p o i n t  (1) i n  F iq .  8 i s  a b a s e l i n e  
c o n d i t i o n ,  i n c r e a s i n g  a t t e n u a t i o n  r e s u l t s  i n  
p o i n t s  ( 2 )  t o  (4 ) .  W i t h o u t  SBN p o i n t s  ( 3 )  and ( 4 )  
wou ld  f a l l  on t h e  a i r b o r n e  n o i s e  c u r v e  a t  ( 3 ' )  and 
( 4 ' 1 ,  r e s p e c t i v e l y .  As t h e  ABN l e v e l  i s  lowered 
be low t h e  SBN l e v e l ,  t h e  c u r v e  becomes asympto t i c  
t o  t h e  h o r i z o n t a l  l i n e  r e p r e s e n t i n q  t h e  SBN l e v e l .  
The l i n e  i s  h o r i z o n t a l  because SBN i s  i n v a r i a n t  
w i t h  ABN b a r r i e r  t r e a t m e n t  l e v e l .  One prob lem 
w i t h  t h i s  approach i s  t h a t  t h e  a c o u s t i c  m a t e r i a l  
wrapped around t h e  f u s e l a q e  may i n f l u e n c e  SBN 
p r o p a q a t i o n  i n  a d d i t i o n  t o  b l o c k i n g  ABN. 

W h i l e  i t  i s  p o s s i b l e ,  i n  p r i n c i p l e ,  t o  meas- 
u r e  SBN b y  t h e  b r u t e  f o r c e  method d e s c r i b e d  above, 
i n  a g i v e n  s i t u a t i o n  i t  must be  p h y s i c a l l y  p o s s i -  
b l e  and f e a s i b l e  t o  suppress  t h e  ABN t o  a l e v e l  
be low t h a t  o f  t h e  SEN, and t o  a c c u r a t e l y  p r e d i c t  
o r  measure t h e  v a r i o u s  a t t e n u a t i o n  l e v e l s .  A t tenu -  
a t i o n  i s  most r e a d i l y  p r e d i c t a b l e  i n  t h e  mass-law 
f r e q u e n c y  ranqe, where f o r  s i n g l e  w a l l  t r e a t m e n t  
t h e  t r a n s m i s s i o n  l o s s  a t  a q i v e n  f requency  v a r i e s  
w i t h  t h e  l o g a r i t h m  o f  t h e  t r e a t m e n t  w e i q h t  p e r  u n i t  
s u r f a c e  area. 

SBN V i b r a t i o n  Pa th  I n t e r r u p t i o n  

T h i s  approach i s  based on  

I t i s  a l s o  t h e o r e t i c a l l y  p o s s i b l e  t o  de te rm ine  
SBN b y  e l i m i n a t i n q  t h e  SBN component f r o m  t h e  meas- 
u r e d  i n t e r i o r  no i se .  The l e v e l  w i t h  SBN removed i s  
s u b t r a c t e d  a n t i l o q a r i t h m i c a l l y  f r o m  t h e  combined 
ABN + SBN l e v e l .  The remainder  i s  t h e  SBN l e v e l .  
T h i s  method, however, can  b e  used t o  measure 
s t r u c t u r e b o r n e  n o i s e  o n l y  when t h e  s t r u c t u r e  b o r n e  
n o i s e  l e v e l  i s  app rox ima te l y  equa l  t o  o r  h i q h e r  
t h a n  t h e  a i r b o r n e  n o i s e .  F o r  c u r r e n t  v i n t a q e  
p r o p e l l e r - d r i v e n  a i r p l a n e s  t h i s  i s  q e n e r a l l y  n o t  
t h e  case. T h i s  approach c o u l d  b e s t  be  used i n  
c o n j u n c t i o n  w i t h  t h e  t e s t i n q  o f  ABN a c o u s t i c  t r e a t -  
ment t o  ensure  t h a t  t h e  measured n o i s e  l e v e l s  a r e  
uncontaminated  b y  t h e  presence of  SBN i n  t h e  t o t a l  
n o i s e  l e v e l .  The method has, perhaps, one o t h e r  
a p p l i c a t i o n .  I t  can b e  used t o  demonst ra te  t h a t  
t h e  s t r u c t u r e b o r n e  n o i s e  component i s  n o t  dominant 
i n  those  cases where n o i s e  measurements w i t h  and 
w i t h o u t  t h e  s t r u c t u r e b o r n e  p a t h  b roken a r e  sub- 
s t a n t i a l l y  equa l .  
method t h a t  have been suqqested a r e  ( 1 )  d i scon -  
n e c t i n q  t h e  w inq  o r  p y l o n  s u p p o r t i n g  an o p e r a t i n g  
enq ine  ( p r o v i d i n g  t h e  t a i l  empennaqe i s  o u t s i d e  
t h e  p r o p e l l e r  s l i p s t r e a m ) ,  ( 2 )  d i smoun t ing  and 
s e p a r a t e l y  s u p p o r t i n q  t h e  e n q i n e l p r o p e l l e r  system, 
and ( 3 )  l o c a t i n g  an e q u i v a l e n t  e n q i n e l p r o p e l l e r  
system (perhaps  ano the r  a i r p l a n e )  near  t h e  t e s t  
a i r c r a f t  f use lage .  Methods ( 2 )  and ( 3 )  can a l s o  
t e s t  p r o p e l l e r  wake e f f e c t s  on a w inq  o r  p y l o n  b y  
u s i n q  f o r w a r d  and r e v e r s e  pitoch o r  by  s h i f t i n q  t h e  
e n q i n e l p r o p e l l e r  a x i s  b y  180 . 

p a t h  hy method (1) wou ld  b e  b y  d e t a c h i n q  t h e  fuse -  
l a q e  from t h e  w inqs  of  a N o r t h  American Rockwel l  
OV-10 Bronco, shown i n  F i g .  9, b y  remov inq  t h e  f o u r  
a t tachment  b o l t s  l e a v i n q  t h e  powerp lan ts ,  winqs, 
and t a i l  empennaqe und is tu rbed .  The lower  D a r t  o f  
t h e  f i g u r e  shows t h e  measured w inq  and v i b r a t i o n  
mode a t  201.5 Hz, wh ich  w i l l  be  d i scussed  i n  a 
l a t e r  s e c t i o n  o f  t h i s  paper .  

Examples of  t h e  use o f  t h i s  

An example o f  b r e a k i n g  t h e  SBN p ropaga t ion  
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Inflight Measurement of SBN 

greater difficulties. ABN suppression methods 
such as the barrier techniques are impractical due 
to the imposition of significant added weight to 
the aircraft, unacceptable drag, the inability of 
the structure to withstand flight aerodynamic 
forces, and the effect of the barrier on aircraft 
flight control and safety. Thus, practical con- 
siderations require that barrier experiments be 
conducted as ground tests. It may be argued that 
the stresses imposed in an aircraft resting on its 
landing gear under ground static conditions are 
quite different from those imposed in the same 
aircraft in wing-supported flight conditions. 
Nevertheless, it may likewise be argued that if 
the physics of SBN generation, propagation, and 
control can be demonstrated and understood on an 
aircraft on the ground, it is likely that the 
principles can also be applied to an aircraft in 
flight. Consequently, it appears that ground 
tests provide a valuable and necessary means for 
studying SBN in full scale aircraft. Furthermore, 
it is also recognized that the source noise pro- 
vided by an operating propeller in static condi- 
tions on the ground differs greatly from that of 
the same propeller in flight. What i s  needed is a 
sensor or measurement technique that is capable of 
measuring SBN directly, but which is insensitive 
to ABN. Such a device would provide a capability 
of evaluating the effectiveness of proposed SBN 
control devices on an aircraft in flight. The 
development of such a sensor technique may be the 
real key to success in the development of SBN con- 
trol technology for propeller transport aircraft 
in flight. 

Measurement of SBN in flight presents even 

Structureborne Noise Generation 

SBN Generation Mechanisms 

Any mechanism by which time-varying forces 
can be transmitted by the enginelpropeller system 
to the aircraft structure is a possible contribu- 
tor to SEN. Mechanical imbalance of the enginel 
propeller rotating system is one obvious source of 
vibration transmission to the engine mounting sys- 
tem Another is nonuniform or off-axis inflow to 
the propeller that produces a variation of lift 
and drag forces on each blade during one rotation 
of the propeller. In addition blade-to-blade 
variations in lift and drag can yield one-per-rev 
harmonic variations in propeller torque, thrust, 
and lateral forces. All of these forces are 
transmitted through the engine and propeller 
mountings, and the tuning of these mountings to 
absorb the attefidant vibrations cc.!d be one step 
in reducing these vibrations. 
used by Unruh4 to reduce SBN by 10 dB in a 
single-engine light aircraft. 

rior noise and vibration of 2 small propeller- 
driven business aircraft was greatly reduced when 
the aircraft was converted from a conventionai 
tail empennage to a T-tail where the horizontal 
stabilizer and elevator system was relocated out- 
side the propeller slipstream, an early indication 
of SBN due to the action of propeller wake. 

This method was 

In one instance the unacceptably high inte- 

In their str ctureborne noise experiment 
Metcalf and Mayes Y concluded that the 

structureborne noise measured in a ground test of 
a Dehavilland Twin Otter was caused by propeller 
blade wake and tip vortex interaction with the 
winq. The barrier method discussed in the previ- 
ous section was used to isolate the SBN by two 
wrappings of the fuselage in acoustic material. 
The SBN level was determined to be 10 or 11 below 
the ABN level. Application of a wrap on the wing 
in the propeller wake region reduced the SBN level 
by 6 or 7 dB, and qave confidence that SBN was, 
indeed, isolated. A mechanism will now be des- 
cribed by which the propeller wake and tip vortex 
produce noise and vibration in the cabin interior 
of winq-mounted propeller-driven airplanes such as 
the Twin Otter. 

Propeller Wake SEN Generation 

An SBN qeneration mechanism unique to 
propeller-driven aircraft is provided by the 
reaction of a downstream airfoil to an upstream 
propeller wake. For aircraft driven by single- 
rotation wing mounted tractor propellers, a winq 
or tail surface located downstream of a propeller 
receives a periodic torque loading at the propel- 
ler blade passage frequency and its harmonic due 
to the unsteady flow produced by the individual 
propeller blades. This periodic torque produces a 
"wiggle," a small periodic flexing of the airfoil 
which is attached to the fuselage structure. The 
resultant flexing of the fuselage results in the 
radiation of sound to the cabin interior for peri- 
odic torques in the audible frequency ranqe. If 
the center of the propeller slipstream passes 
above or below the airfoil, or if the airfoil is 
swept, there will also be net periodic upward and 
downward forces on the airfoil. If present, these 
forces also contribute to a "wiqqle" in the down- 
stream airfoil. 

Most of the flow behind a propeller typically 
follows a helical or swirlinq path, as shown in 
Fig. 10. However, the detailed flow pattern 
throughout the propeller disk is quite complex, as 
shown in the calculated SR-3 propeller wake sec- 
ondary flow plot of Fig. 11 taken from Ref. 5. 
Considerable variation in maqnitude and direction 
is evident. The tanqential component of the flow 
is clockwise (CW) at some points and counterclock- 
wise (CCW) at others. While the spanwise flow is 
mostly toward the tip, in the tip vortex reqion 
the flow is toward the hub on the blade suction 
side of the wake. 
gential direction (circumferential) is, of course, 
cyclical; the pattern repeats from blade to blade. 
In Fig. 11 the blade wake locations are evidenced 
by the propeller tip vortex flow as well as the 
pronounced chanqe in spanwise flow on opposite 
sides of the blade. In the midspan and hub region 
where the solidity is high, the flow is character- 
istic of cascade or channel flow, while in the tip 
reqion the flow is more representative of isolated 
airfoil flow, althouqh this is also due to the 
influence of the tip vortex. 

The nonuniformity in the tan- 

I n  tkc prcpeller wake p!ct cf F i q .  11, i t  may 
be assumed that the center of the vortex is located 
in the vicinity of the propeller blade tip. 
the region lyinq well inside the blade tip reqion 
the flow undergoes only small changes in maqnitude 
and direction; in the blade tip reqion the changes 
are rather severe. Between the blade wakes the 
flow near the tip has only a small swirl Component. 

In 
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I t  may be useful t o  consider  the swir l  flow 
a s  having two tangent ia l  components; a cons tan t  
nontime-variant component analogous t o  a DC c u r r e n t  
flow, and an o s c i l l a t i n g  o r  per iodic  time-variant 
component analogous t o  an  AC c u r r e n t  flow, a s  
i l l u s t r a t e d  i n  Fig. 12. 

Physical evidence of s i g n i f i c a n t  per iodic  
t a n g e n t i a l  f o r c e s  introduced i n  t h e  p r o p e l l e r  wake 
a t  blade t i p  d i s t a n c e  from the p r o p e l l e r  s h a f t  has 
been obtained.  
measured t h e s e  o s c i l l a t i n g  (AC) f o r c e s  i n  terms of 
t he  pressures  imposed on sensors  mounted on oppo- 
s i t e  s i d e s  of a nonl i f t ing  a i r f o i l  which was t r a -  
versed r a d i a l l y  i n  a plane one-propeller diameter 
downstream of t h e  propel ler  plane, a s  shown i n  
Fig.  13. R.M.S. dynamic pressure t r a c e s  f o r  t h e  
advancing propel le r  vane s i d e  a r e  given i n  Fig. 1 4  
a s  a funct ion of  r a d i a l  d i s tance  from t h e  propel- 
l e r  a x i s  f o r  wind tunnel flow Mach numbers of 0.6 
and 0.8. 
p e r i o d i c  pressures  a r e  associated with the propel- 
l e r  t i p  vortex region. 

For a p r o p e l l e r  mounted with i t s  a x i s  of 
r o t a t i o n  on o r  near t h e  wing chord l i n e ,  one 
e f f e c t  of t h e  swir l  flow i n  Fig. 11 i s  t o  impose a 
s teady  o r  DC t w i s t i n g  force or  torque on the down- 
s t ream wing, tending t o  r o t a t e  i t  i n  t h e  v e r t i c a l  
plane i n  t h e  same ro ta t iona l  d i r e c t i o n  as  t h e  pro- 
p e l l e r .  In addi t ion ,  there  i s  an unsteady o r  A C  
to rque  tending t o  cause an o s c i l l a t i n g  r o t a t i o n  of 
t h e  wing around t h e  propel ler  a x i s ,  a s  i l l u s t r a t e d  
i n  Fig. 15. Figure 15 i l l u s t r a t e s  the motion of 
t h e  wing assoc ia ted  with the f i r s t  o rder  mode of 
f l e x i n g  o r  forced vibrat ion of t h e  wing. I f  t h i s  
torque were cons tan t  with time, i . e . ,  with the DC 
component only,  i t  would pose no problem with 
respec t  t o  cabin i n t e r i o r  noise  and vibrat ion.  
However, a s  w i l l  be discussed i n  d e t a i l  l a t e r ,  t h e  
pressure a t  any point  in the p r o p e l l e r  wake, such 
a s  a point  on t h e  wing surface,  var ies  with time 
during a cycle .  The period of t h e  cyc le ,  T ,  i s  
t h e  time required f o r  the p a t t e r n  of Fig. 11 t o  
repea t .  
l e r  r o t a t i o n a l  speed, each blade wake passes any 
given point  a t  the propel ler  blade passage f r e -  
quency, o r  BPF Hence, 

Mi l le r ,  Dittmar, and J e r a c k i 6  

I t  i s  q u i t e  evident t h a t  the l a r g e s t  

Since t h e  pat tern r o t a t e s  a t  t h e  propel- 

1 T=m 
and 

BPF = BN 

where B i s  t h e  number of propel le r  blades and 
N i s  t h e  propel le r  ro ta t iona l  speed i n  revolu- 
t i o n s  per second. 

i t  i s  a l s o  l i k e l y  t h a t  tors ional  modes (spanwise 
t w i s t i n g )  w i l l  a l s o  be excited. 

An example of t h i s  kind of motion i s  shown i n  
F ig .  9 of the vibrat ion mode of t h e  NASA Lewis 
OV-10 North American Rockewll Bronco a i r c r a f t  a s  
measured by L a n g l e ~ . ~  Here the  r i g h t  wing i s  
exc i ted  by a white  noise s ignal  from a shaker 
appl ied  t o  t h e  r i g h t  wing. The nodal l i n e  a t  mid- 
span i s  a t  the enginelpropel ler  loca t ion .  The 
mode shown i s  f o r  201.5 Hz, approximately twice 
the BPF of t h e  propel le r  a t  c r u i s e  speed. Many 
o t h e r  modes were a l s o  measured, many of them 

I n  addi t ion  t o  t h e  bending modes of t h e  winq 

involving t o r s i o n a l  v ibra t ion ,  o r  a t w i s t i n g  
motion of the w i n q  about a s p a r  o r  a leading o r  
t r a i l i n g  edge. With re ference  t o  Fiq. 15 i t  would 
seem t h a t  s t r a i n  qauqes mounted near the t o p  and 
bottom of the winq main s p a r s  near the winq r o o t  
should be a prefer red  choice f o r  a sensor  t o  
d e t e c t  t h e  f l e x u r a l  o r  bendinq wave i n  t h e  wing a s  
shown. The fuse laqe  s t r u c t u r e  m u s t  r e a c t  d i r e c t l y  
t o  t h e  f o r c e s  imposed upon i t  a t  the wing a t tach-  
ment poin t .  Consequently, the d e t a i l s  of winq 
deformation o r  motion away from the wing r o o t  a r e  
probably of l i t t l e  s ign i f icance .  Therefore  t h e  
dynamic s t r a i n  qauge near the r o o t  senses  the 
per iodic  s t r a i n ,  probably a good measure of the 
v ibra t ion  leve l  reaching the fuselage.  Additional 
combinations of gauges mounted f o r e  and a f t  can be 
used t o  sense the t o r s i o n a l  s t r a i n  a t  the wing 
r o o t .  

The main o b j e c t i v e  of the Langley OV-10 
research  e f f o r t  was t o  determine t h e  wing and 
fuse lage  dynamic response of a f u l l  s c a l e  a i r c r a f t  
t o  a v a r i e t y  of e x c i t a t i o n  modes. The winq was 
exc i ted  by impact hammer, by s i n g l e  and by mult i -  
p l e  phased shakers ,  and by the p r o p e l l e r  i t s e l f .  
Motion of t h e  wing and fuse lage  was detected by 
accelerometers  and s t r a i n  gauqes. 
o b j e c t i v e s  was t o  determine appropr ia te  l o c a t i o n s  
f o r  SBN sensors .  From Fiq. 9 i t  i s  q u i t e  ev ident  
t h a t  a nodal point  on the winq would not be a qood 
loca t ion  f o r  an accelerometer intended f o r  sensing 
winq v ibra t ion  response a t  a frequency of 201.5 Hz. 

The development of an SBN sensor  o r  SBN 
d e t e c t i o n  methodology i s  one of t h e  o b j e c t i v e s  of 
t h e  labora tory  model SBN experimental research  
program conducted b y  Unruh8 of t h e  Southwest 
Research I n s t i t u t e ,  c u r r e n t l y  i n  progress .  This  
work i s  being done under c o n t r a c t  t o  Langley. 
U n r u h ' s  tes t  uses a 102 cm ($0 i n . )  diameter fuse-  
lage  model enclosed i n  a 165 cm (65  in . )  diameter 
concre te  pipe t o  provide A B N  sh ie ld inq .  A propel- 
l e r ,  an impact hammer, a speaker, and poss ib ly  
phased shakers  w i l l  be used t o  e x c i t e  t h e  model 
wing at tached t o  t h e  fuse lage  and protrudinq 
through a sea led  opening i n  t h e  ABN s h i e l d .  
Ground-based t r a n s f e r  funct ion measurements r e l a t -  
ing input  f o r c e s  t o  wing r o o t  responses by accel-  
erometers and s t r a i n  gauges and t o  fuse lage  
i n t e r i o r  no ise  l e v e l s  w i l l  be used t o  develop a 
method f o r  measuring SBN i n f l i g h t .  

One of the 

Propel le r  Per iodic  Torque Load on Downstream 
Air fo i l  

The experimental determinat ion of the torque 
loading on the wing a t  a qiven i n s t a n t  would 
r e q u i r e  a d i s t r i b u t i o n  of t h  ins tantaneous pres- 
sures with time f o r  a s u i t a b l e  qr id  covering the 
winq sur faces  exposed t o  t h e  propel le r  wake. 
T h e n ,  f o r  each se lec ted  t ime,  the in teqra ted  prod- 
uct  of the pressure ,  t h e  g r i d  a rea ,  and t h e  d i s -  
t ance  from t h e  propel le r  a x i s  can be  a l g e b r a i c a l l y  
summed t o  y i e l d  a net torque a c t i n q  on the winq. 
From t h e s e  values t h e  time h i s t o r y  of the net  
torque f o r  a complete period can be determined. 

Since an experimental s tudy involves d i f f i -  
c u l t i e s  i n  providing a s u f f i c i e n t  number of sen- 
s o r s  t o  obta in  even a modest reso lu t ion  of the 
unsteady pressure d i s t r i b u t i o n  on t h e  winq behind 
a propel le r  and a l s o  the need f o r  extremely accu- 
r a t e  phase information, an a n a l y t i c a l  s tudy was 
included i n  t h e  Langley SBN program. The ana lys i s  
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by Weir9 readily accommodates the parametric 
investigation of such variables as propeller 
location with respect to the winq, propeller 
thrust, propeller blade number, wing sweep and 
taper, and advance ratio. Test caSes coiiiputer for 
the Twin Otter, the OV-10 Bronco, and the NASA PTA 
aircraft showed significant differences in the 
temporal variation of the spanwise lift distribu- 
tion and the wing root moment. 
system i s  available for analysis of winq 
structural response. 

An effort to completely model the SBN genera- 
tion and propagation process is currently underway 
by the Cambridge Acoustical Associates. This 
Small Business Innovative Research contract work 
is managed by the Langley Research Center. 
obtain experimental data to guide the effort, 
input and transfer impedances of the wing and 
fuselage structures of the NASA-Langley Beechcraft 
Baron 58P laboratory test airframe were measured 
by Cole and Martini.l0 Engines and fuel were 
not present for the tests. 
transfer functions of the fuselage both with and 
without attached wings, structural input impedance 
measurements, and structural-acoustic cross- 
correlations were obtained. The transfer func- 
tions between cabin pressure and excitation force 
applied to the structure indicated substantial 
variability with frequency, with no tendency to 
become asymptotic with higher frequency. 
more, the dynamics of the aircraft structural- 
acoustics systems provides close couplinq of the 
acoustic space in the cabin to many degrees of 
freedom of the structure. These findings indicate 
a probable difficulty in "fine tuning'' a structure 
to minimize cabin response at propeller tone 
frequencies. 

The analysis 

To 

Structural-acoustic 

Further- 

SBN Propagation in Wing or Pylon 

From an acoustics viewpoint, the elastic wave 
of most interest in a structure is the bending or 
flexural wave a combination of compressional and 
shear waves.l* Because of the large transverse 
displacements associated with these waves, they 
readily couple to compressional waves in surround- 
ing fluids. 
excited in a structure such as a wing or fuselage 
by compression waves in a surrounding medium, and 
the structure is likewise capable of exciting com- 
pression waves in a surrounding medium. However, 
Langley tests with strain gauges on the main spars 
of the OV-10 indicated that a pure compression 
wave in the main wing spar may also contribute to 
the propagation of SBN through a wing to the fuse- 
lage. While the velocity of a compressional wave 
in a bar or plate is invariact with frequency, the 
velocity of the bending or flexural wave varies 
with the square root of the frequency. 
propagation process is dispersive, and the wave 
form is not preserved. Considerable research is 
indicated to properly define the precise nature of 
the propagation of SBN in aircraft structures. 

Thus, bending waves are easily 

Thus, the 

rotor results in periodic torque and thrust which 
would ordinarily be carried by the propulsion sys- 
tem mounting and ultimately by the main structure 
of the aircraft. Thus, the CR propeller may also 
function as an SBN generator. 
GE/NASA UDF enqine with the two counter-rotatinq 
blade rows carried by free turbines, strong peri- 
odic reaction torques should not reach the enqine 
mount. A periodic thrust, however, may provide a 
source of SBN qeneration. 

However, for the 

SBN Control Methodology 

SBN Control Concepts 

propeller-driven aircraft appear to have some 
potential. Among these are: 

A variety of SBN control concepts for 

(1) Stator row swirl remover 
(2) Blade number combination selection 
( 3 )  Tuned mechanical absorber 
(4) Tuned wing/fuselage (or pylonlfuselaqe) 

(5) Structural damping 
(6) Compliant airfoil surfaces 

attachments 

Only the first three will be discussed in this 
paper. 

Stator Row Swirl Remover 

The first proposed device consists of a 
number of radially oriented turninq vanes somewhat 
like a propeller that remains stationary instead 
of rotating. These turninq vanes or stators are 
mounted behind the propeller and are designed with 
blade element shape and camber to efficiently turn 
the incoming flow from the propeller to the axial 
direction upon leaving the turning vane as shown 
in Fig. 16. The vanes acting together thus remove 
th4 swirl from the propeller exit flow. 

As mentioned earlier, if the swirl flow behind 
the propeller were to have constant magnitude and 
direction, it would present no problem with respect 
to structureborne noise. 
radial distance from the propeller axis, the flow 
has a constant or DC component and a varyinq or AC 
component. In fact, it is not necessary to remove 
the constant or DC swirl, the component imposinq a 
constant torque force on the wings, in order to 
eliminate structure-borne noise due to swirl 
interaction with the wings. A stator row system 
designed to function solely as a flow straiqhteninq 
device, such as the flow straightening honeycomb 
screens in a wind tunnel, would be quite adequate. 
However, such a stator system provides a very 
attractive means to also remove the 3C swfrl ccm- 
ponent, and thereby increase the propeller propul- 
sive efficiency. 

To be effective in eliminating the AC swirl 
component from the propeller exit flow the down- 
stream stator row must have a reasonable hiah 

However, at any given 

SBN Generation by Counter-Rct:ticn Propellers solidity from hub to tip. Optimum values for a 
given design, of course, must be determined by 
analysis and experiment. The requirement for flow 

row operating in the c i r c u m f e r e n t i a l l y - v a r y i n g  straightening (removing the AC component swirl ) 
swirl from the upstream blade row experiences a is, indeed, a function of the structureborne noise 
cyclic or periodic variation in torque and thrust reduction required in terms of the baseline struc- 
loading determined by the passage of each down- tureborne noise level, the desired final interior 
stream blade through the wake of each upstream noise level, and the benefit provided by other 
blade. The periodic loading of the downstream means of structureborne noise reduction. 

For counter-rotation propellers the aft blade 
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Performance and Acoustic Benefits of Stators 
for SR Prooellers. The use of stators to efti- 
ciently recover the swirl energy from the propeller 
exit flow provides highly significant additional 
benefits. For high speed, high performance air- 
craft such as currently being considered in the 
advanced turboprop aircraft concept, the propeller 
swirl results in lower propeller efficiency due to 
kinetic energy lost in the swirl flow, complicated 
nacelle and wing contouring requirements to mini- 
mize drag, complicated canted engine inlet designs 
due to off axis flow entering the inlet, and low 
speed stability and control problems due to non- 
symnetrical wing contours aft of the engines. 

In a parametric design study of counter- 
rotation propellers for advanced turboprop air- 
craft,l3 the propulsive efficiency of a system 
with seven stators located downstream of a ten- 
blade singlerotation propeller was calculated. 
The propeller efficiency went from 80 to 87 per- 
cent. 
the efficiency calculated for the recommended 
counter-rotation design of two counter-rotating 
propellers with five propeller blades each. 

tureborne noise device are a: follows: 

This value was only 1.1 percent point below 

Some advantages of the proposed stator struc- 

(1) Reduces structureborne noise produced by 
the oscillating aerodynamic loadinq of a 
propeller slipstream on a wing or pylon on 
which it is mounted. 

(2) Increases propulsion system efficiency by 
recovering propeller swirl energy otherwise 
lost. 

For a wing-mounted advanced turboprop propul- 
sion systems designed for cruise at altitudes of 
25 000 to 35 000 ft at flight speeds of Mach 0.6 
to 0.8, the following additional benefits can be 
realized: 

(1) Eliminates or reduces the amount of wing 
(or pylon) leading edge and nacelle 
contouring otherwise required to achieve a 
low drag propulsion system installation 

(2) Eliminates need for complicated canted 
core engine inlet design by eliminatinq 
off-axis flow into the inlet for inlet 
located aft of the stator 

( 3 )  Reduces low speed stability and control 
problems by eliminating nonsymmetrical flow 
over the opposite wings for same rotation 
direction enqines on a twin or four-enqine 
aircraft 

(4) Allows the single-rotation advanced 
propeller (prop-fan) system to approach the 
propeller efficiency of an equivalent 
technology counter-rotation propeller 
system 

Swirl from CR Propellers 

Since a counter-rotation (CR) propeller system 
is designed to remove propeller swirl, such a sys- 
tem may seem ideally suited for a wing-mounted 
tractor propeller configuration with respect to 
structureborne noise. However, while the CR system 
can readily remove the DC swirl component, the flow 

downstream of the second propeller would exhibit a 
relatively high level of AC swirl component, par- 
ticularly if the number of blades in each row is 
small, e.g., on the order of one-half the number 
o f  blades in an equivalent single rotation propel- 
ler design. The effectiveness of swirl removal, 
of either the DC or AC components, is determined 
primarily by the solidity of the downstream blade 
row, be it counter-rotating or fixed. 
a single propeller blade or stator vane would 
process only a small portion of the total flow. A 
sufficient number of rotor blades or stator vanes 
with appropriate chord length, i.e., sufficient 
solidity, is required to substantially reduce the 
AC swirl component. 

For example, 

Blade Number Combination Selection 

SR Propellers. An important parameter to the 
reduction and phasing of the AC swirl reaction 
torque is the number of stator vanes relative to 
the number of rotor blades. If the number of pro- 
peller blades is qiven by B, each downstream stator 
vane "sees" a peak pressure each time a propeller 
blade passes by, or B torque pulses per revolution. 
At a propeller rotational speed of N rps, the sta- 
tor row experiences a periodic torque at a fre- 
quency of BN Hz. If the number of stator vanes is 
also B, all peak torque pulses occur simultaneously 
with a magnitude of B times that of a sinqle pulse 
at the blade passage frequency of BN Hz, the blade 
passaqe frequency. However, if the number of sta- 
tor vanes is some other number V rather than B, 
where B and V contain no common factors, then the 
periodic torque on the stator consists of BV small 
pulses per revolution with a frequency of BVN Hz, 
or V times the blade passage frequency. 

Fig. 17(a), if eight equally spaced stators are 
placed behind the 8-blade SR-3 propeller, the eight 
stators will each experience the reaction torque 
from the nearest propeller blade wake simultane- 
ously. 
are each 45 apart, when propeller blade no. 1 
passes stator vane A, (see Fig. 17(a), a simulta- 
neous passage occurs for blade no. 2 and vane B, 
and for the remaininq combinations of no. 3 and C, 
no.  4 and D, etc. Thus, there will be a torque 
pulse consisting of the combined (added) torques 
for all eight stators for each passage of blade 
no. 1 with one of the stators. The correspondinq 
reaction torque on the nacelle is represented in 
Fiq. 17(b). 

However, the nacelle torque reaction is very 
much different if nine equally spaced stators are 
used instead of 8, as shown schematically in 
Fiq. 18(a). 
only 40 
before, 45 apart. Thus, at the moment the pro- 
peller wake of blade no. 1 I s  passing stator A, 
blade w$ke no. 2 is still 5 away from stator B. 
After 5 more of  propeller rotation, or 5/360 or 
1/72 of a revolution, blade wake no. 2 will pass 
stator B. 
5' or 1/72 or a revolution, blade wake no. 3 will 
pass stator C, no. 4 stator D, etc. 
complete revolution, or 72 5O increments later, 
blade wake no. 8 will have passed stator I, and 72 
small torque pulses will have been imposed on the 
nacelle as shown in Fig. 18(b). As discussed pre- 
viously, with 8 stator vanes, there were only 8 
larqe torque pulses per revolution, as shown in 

For example, as indicated in the schematic of 

S i y e  the rotor blades and stator vanes 

In this case the stator vanes are 
apart while the rotor blades are, as 

At subsequent increments of rotation of 

After one 
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Fig. 17(b). 
tor of Fig. 17(b) are also shown by the dashed 
lines in Fig. 18(b) for comparison. For the gen- 
eral case, the number of torque pulses P per pro- 
peller revolution is given by the relation 

The large pulses from the 8-vane sta- 

P = RS 

where R is number of rotor blades, and S is 
the number of stator vanes, and where R and S 
have no common factor. 
tion of S for a given value of R, the strength 
of the torque reaction pulses on the nacelle sup- 
porting the stator row may be reduced by the factor 
S .  Furthermore, the frequency will be multiplied 
by the factor S .  

A process that would cause a shift to higher 
frequencies would be quite advantageous for ABN. 
Noise reduction as a function of frequency is 
plotted in Fig. 19 for a representative advance 
turboprop aircraft double-wall acoustic design. 
The data are from Fig. 89 of Ref. 12. In the 
experiment by Lockheed-California a 9.0 m, 
(29.5 ft) long section of a Swearinqen Metro I 1  
aircraft was used as a 0.43 scale model of an 
advanced turboprop fuselage. 
placed in an anechoic chamber and the sidewalls 
were excited by simulated propeller noise and by 
white noise. The 3.5 m (11.5 ft) long test sec- 
tion was fitted with a variety of experimental 
high suppression wall treatments designs. 
shown in the figure, increasing the BPF from 300 
to 1200 Hz, an increase by a factor of only 4, 
increases the noise reduction by about 30 dB. 
Thus, the test double-wall reradiated ABN to the 
cabin interior less readily at 1200 Hz than at 
300 Hz. If the reradiation of SEN occurs in a 
like manner, the shifting of the reaction torque 
pulse frequency to a higher frequency would be 
very attractive. 

peller exit flow will have a small oscillating 
swirl flow. Referring again to Fig. 11, it is 
clear that as the 8-blade propeller turns the 
swirl pattern also rotates. Hence, a stator will 
be impinged by the vortex flow from one blade at 
one instant followed by the flow intermediately 
between adjacent blades and at 1/8 of a revolution 
later, be impinged again by the vortex flow from 
the following propeller bladc. Consequently, the 
flow entering the stator will exhibit a range o f  
incidence angles, and the turninq of the flow will 
not be exactly to axial for all circumferential 
locations. The dicrepency in the tangential flow 
component, a variation in the stator deviation 
angle w i t h  a period co r respond ing  t o  the tiqe for  
1/8 revolution, for each spanwise location, will 
be quite small relative to the variation in the 
incidence angle for the same spanwise location. 
Thus, while the time averaged net swirl, the DC 
swirl component, will be zero or nearly zero at 
any spanwise location, the instantaneous values 
will vary from very slightly underturned to very 
slightly overturned during a period. As a conse- 
quence, there will be a small oscillating torque 
on the wing even with the stator providing zero 
net swirl upstream of the wing. 

Thus, by the proper selec- 

The test article was 

As 

Even with properly designed stators the pro- 

The chordwise flow along a given stator sur- 
face will also vary with time. The secondary flow 
(flow perpendicular to the propeller axis) pattern 
on Fig. 11 will rotate at the propeller rotational 

speed. Consequently, if at a qiven instant the 
stator leading edge is coincident with a vortex 
center of Fig. 11, at a moment later the blade 
leading edqe will be coincident with a different 
portion of the flow in the CCW direction, and will 
ultimately be coincident with the vortex of the 
following blade. The stator will have processed 
flow for a complete cycle, i.e., from one blade to 
the following one. Since this is true for all 
stators as well as for all angular locations 
between stators, the flow downstream of the stator 
will exhibit the range of variation from blade to 
blade during the interval of a period and at an 
axial distance or wavelength of llBPF x V,, where 
V is the velocity of the propeller slipstream 
fjow relative to the propellerlwing system. 
there will remain, even in the case where no net 
average swirl remains, instantaneous CW and CCW 
swirl components which, though cancelling each 
other, nevertheless, introduce an oscillating 
pressure force on the downstream winq surface with 
a much reduced magnitude relative to the original 
unsteady swirl flow, and at the same BPF frequency 
as the original swirl. The further reduction of 
this residual oscillating swirl, if large enough 
to jeopardize the attainment of a desired interior 
noise or vibration level, can be accomplished by 
application of a second structureborne noise con- 
trol device, the tuned mechanical absorber, to be 
discussed later. 

In a counter rotating propel- 
ler the selection of the number of forward and aft 
rotor blades also has an important effect on 
vibration transmitted to the enginelpropeller sys- 
tem mounting, and ultimately to the fuselage 
itself. 
single rotation propellers can be used to reduce 
the vibrations transmitted by a counter-rotation 
propeller to the mounting pylon and subsequently 
to an aircraft cabin. For example, consider the 
cyclic torque forces on the aft rotor due to the 
cutting of the wakes of the upstream rotor. 
there are F blades in the forward rotor and F 
blades in the aft rotor, there will be 2F torque 
pulses per revolution on the aft rotor with the 
rotors turning at the same rate but in opposite 
directions. The periodic torque load frequency on 
the aft rotor will be 2FN Hz. However, if the 
number of blades in the aft row is A instead of F, 
and A and F contain no common factors, there will 
be 2FA pulses per revolution of the aft rotor with 
a strength o f  1/A the magnitude of the pulses of 
the previous arrangement. 
vibrations will occur at a higher frequency o f  
2FAN Hz and may be more highly attenuated by the 
aircraft structure. 

Thus, 

CR Propellers. 

An approach similar to that used for 

If 

The reduced strength 

Tuned Mechanical Absorber 

The tuned mechanical absorber is particularly 
suited for reducing vibratory motion in nonplate- 
like structures with low surface strains, and for 
which the vibration frequency spectrum of the 
response has a single resonance, a number of 
. widely-jeparated .- 
separated groups of modes. 
effective in reducing the magnitude of a flexural 
wave in a wing or pylon supporting an engine/ 
propeller system. 

is rigidly fastened to the vibrating member at a 
point o f  hiqh amplitude response, such as an 

r e ~ o x a n c e l ~  31" B ns~'mhnr o f  widely 
It should be 

In this approach a tuned mechanical absorber 
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anti-node. 
absorber for a single de ree of freedom system is 
illustrated in Fig. 20(a7. A schematic of a typi- 
cal physical arrangement of the system is shown in 
Fig. 20(b). In this case a viscoelastically-damped 
rod supports a mass to form a spring-mass oscil- 
lator system. Figure 21, taken from Ref. 14, 
indicates that the vibrational energy removed from 
the system is very sensitive to frequency for 
lightly damped systems (low values o f  the damping 
loss factor, n o ) .  The sharply tuned and lightly 
damped system provides the 1 owest damping system 
weight for a single frequency response in the 
vibrating member. Since advanced turboprop pro- 
pellers are intended to cruise at constant propel- 
ler speed (and constant blade passage frequency) 
the tuned absorber may be an attractive device for 
reducing vibration levels in a wing, pylon, or 
tail surface responding to the vibratory loads 
imposed by a propeller. 
ers can be finely tuned to the forcing frequencies, 
in this case, the BPF and possibly some higher 
harmonics . 

The effectiveness of the tuned mechanical 
absorber has already been demonstrated in reducing 
vibration in an aircraft cabin from the vibration 
set up in the mounting of an out-of-balance engine 
system. Some of the early production models of the 
Douglas DC-9 experienced a difficulty with inte- 
rior noise in the last two or three window seat 
positions. 
about 10 dB higher than the forward cabin noise 
and was dominated by two tones, one at 120 Hz and 
the other at 180 Hz. In the cruise regime, the 
rotor out-of-balance vibration frequencies of 
interest are approximately at 120 Hz for the low 
speed rotor, and 180 Hz for the high speed rotor. 
Higher frequencies, harmonics, or vibration due to 
blade passage did not cause significant sound 
levels. However, the engine vibration levels 
were, in general, within specification limits. 
The low speed rotor includes two fan stages, four 
compressor stages, and three turbine stages; the 
high speed rotor includes seven compressor stages 
and a single stage turbine. 
analysis in conjunction with experiments by Douglas 
determined that an upward and downward motion of 
the engines caused an oscillzting torque in the 
engine support structure. 
the engine mounting and pylon structure caused a 
structural response in the rear bulkhead to which 
the engine mounts were attached. Computer analy- 
sis of the modal patterns for fuselage shell 
vibration for a number of frequencies of interest 
were calculated. The amplitude of vibration was 
on the order of only 0.001 in., as determined by 
the analysis. 

Douglas engineers resolved the problem by 
fabricating tuned vibration absorbers, designed 
for 120 and 180 Hz resonance frequency, and 
attaching these to the engine supports. These 
devices were designed for a noise reduction of 
5 dB for the 120 Hz tone and 12 to 14 dB for the 
more dominant 180 Hz tone. The most probably 
level of the loudest seat on an airplane was 
reduced from 102 dB to 97 dB, while the upper 
limit was reduced from 112 to 102 dB. The "fix" 
was successfully applied to several other noisy 
DC-98 aircraft and shortly thereafter was included 
on production DC-9's. 

The ideal simple tuned mechanical 

Tuned mechanical absorb- 

At these locations the cabin noise ran 

A forced vibration 

The forced vibration in 

Summary and Conclusions 

Structureborne noise in propeller-driven 
aircraft has until recently received little atten- 
tion from engineers and scientists. Now, however, 
as the advanced turboprop propeller offers a sig- 
nificant fuel saving over the currently popular 
turbofan engines at comparable flight speeds, con- 
siderable research is needed to ensure that struc- 
tureborne noise will not hamper the utilization of 
this very attractive propulsion system. 

rotating system and unbalanced aerodynamic forces 
on the propeller, the unsteady components of pro- 
peller swirl produce periodic torques on downstream 
airfoil surfaces that propagate to the aircraft 
cabin as noise. 
tureborne noise for a sinqle-rotation tractor pro- 
peller-driven aircraft is a specially desiqned 
stator row mounted downstream of the propeller. 
By proper selection of the number of stator vanes, 
the strength of the torque reaction forces trans- 
mitted to the fuselage can be greatly reduced and 
the vibration frequency can be shifted to a much 
higher frequency where attenuation by the aircraft 
structure may be more effective. Selection of the 
appropriate blade number combination may also 
reduce SBN in a CR propeller system. 

absorber, a damped mass and spring system, is 
rigidly fastened to the vibrating wing or engine 
mounting pylon to reduce the vibration levels 
transmitted to the fuselage and thereby reduce the 
SBN in the cabin interior. 

Application of the structureborne noise 
theory discussed in this paper and the proposed 
control methods, it is believed, can lead to 
greatly reduced structureborne noise in propeller- 
driven aircraft. In any event, the experimental 
and analytical investigation of the concepts dis- 
cussed here should at least serve to advance cur- 
rent understanding of the structureborne noise 
phenomenon. 

In addition to mechanical imbalance of the 

One approach to reducing struc- 

In another approach a tuned mechanical 
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