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SUMMARY 

C o n t r o l  of n o i s e  g e n e r a t e d  by a i r c r a f t  p r o p e l l e r s  and r o t o r s  i s  i m p o r t a n t  
t o  minimize annoyance o r  d i s c o m f o r t  f e l t  by community r e s i d e n t s  and a i r c r a f t  
passengers .  T h i s  paper  d e s c r i b e s  r e c e n t  NASA and NASA-sponsored r e s e a r c h  on 
t h e  p r e d i c t i o n  and c o n t r o l  of p r o p e l l e r  and r o t o r  s o u r c e  n o i s e ,  on t h e  a n a l y s i s  
and d e s i g n  of f u s e l a g e - s i d e w a l l  n o i s e  c o n t r o l  t r e a t m e n t s ,  and on t h e  measure- 
ment and q u a n t i f i c a t i o n  o f  t h e  r e s p o n s e  of p a s s e n g e r s  t o  a i r c r a f t  n o i s e .  
Source n o i s e  p r e d i c t i o n s  are compared w i t h  measurements f o r  c o n v e n t i o n a l  low- 
speed p r o p e l l e r s ,  f o r  new high-speed p r o p e l l e r s  ( p r o p f a n s ) ,  and f o r  a 
h e l i c o p t e r .  R e s u l t s  from a l i g h t  a i r c r a f t  demonst ra t ion  program are d e s c r i b e d ,  
i n d i c a t i n g  t h a t  about  5-dB r e d u c t i o n  of f l y o v e r  n o i s e  can  b e  o b t a i n e d  w i t h o u t  
s i g n i f i c a n t  performance p e n a l t y .  S i d e w a l l  d e s i g n  s t u d i e s  are  d e s c r i b e d  f o r  
i n t e r i o r  n o i s e  c o n t r o l  i n  l i g h t  g e n e r a l  a v i a t i o n  a i r c r a f t  and i n  l a r g e  t r a n s -  
p o r t s  u s i n g  propfan  p r o p u l s i o n .  The weight  of t h e  added a c o u s t i c  t r e a t m e n t  
i s  e s t i m a t e d  and t r a d e o f f s  between weight  and n o i s e  r e d u c t i o n  are d i s c u s s e d .  
A l a b o r a t o r y  s t u d y  of passenger  r e s p o n s e  t o  combined broadband and t o n a l  
p r o p e l l e r - l i k e  n o i s e  is  d e s c r i b e d .  S u b j e c t  d i s c o m f o r t  r a t i n g s  of combined 
tone-broadband n o i s e s  are compared w i t h  r a t i n g s  of broadband (boundary l a y e r )  
n o i s e  a lone ,and  t h e  re la t ive  importance of t h e  p r o p e l l e r  t o n e s  i s  examined. 

INTRODUCTION 

Noise g e n e r a t e d  by a i r c r a f t  p r o p e l l e r s  and r o t o r s  can  propagate  i n t o  t h e  
a i r p o r t  community and i n t o  t h e  a i r c r a f t  i n t e r i o r  c a u s i n g  annoyance and discom- 
f o r t  of r e s i d e n t s  and p a s s e n g e r s .  The importance of c o n t r o l  i s  i n d i c a t e d  by 
t h e  l a r g e  number of g e n e r a l  a v i a t i o n  a i r c r a f t ,  t h e  i n c r e a s i n g  u s e  of  fixed-wing 
and rotary-wing b u s i n e s s  a i r c r a f t ,  and t h e  i n c r e a s i n g  number of  p r o p e l l e r - d r i v e n  
commuter a i r c r a f t .  I n  a d d i t i o n ,  t h e  need t o  r e d u c e  f u e l  consumption h a s  l e a d  
t o  t h e  s t u d y  of  high-speed, l a r g e  c a p a c i t y ,  p r o p e l l e r - d r i v e n  a i r c r a f t  t o  b e  
used i n  scheduled  a i r l i n e  service as a l t e r n a t e s  t o  c u r r e n t  j e t  a i r c r a f t .  While 
developing  n o i s e  c o n t r o l  methods,  i t  is a l s o  impor tan t  t o  minimize t h e  impact  
of n o i s e  c o n t r o l  on t h e  a i r c r a f t  performance and weight .  

C o n t r o l  of  t h e  n o i s e  a t  t h e  s o u r c e  can  b e  expec ted  t o  r e d u c e  t h e  impact on 
b o t h  community and p a s s e n g e r s .  T h i s  paper  d e s c r i b e s  r e c e n t  s t u d i e s  of t h e  
p r e d i c t i o n  and c o n t r o l  of s o u r c e  n o i s e  genera ted  by c o n v e n t i o n a l  low-speed 
p r o p e l l e r s ,  by new high-speed p r o p e l l e r s  ( p r o p f a n s ) ,  and by h e l i c o p t e r  r o t o r s .  
I n  a d d i t i o n  t o  s o u r c e  n o i s e  r e d u c t i o n ,  n o i s e  c o n t r o l  t r e a t m e n t  i s  u s u a l l y  
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requi red  i n  t h e  a i r c r a f t  s idewa l l  t o  provide a comfortable environment f o r  
passengers .  Recent s t u d i e s  of t h e  a n a l y s i s  and des ign  of a c o u s t i c  t rea tment  
f o r  a i r c r a f t  s idewa l l s  are descr ibed  f o r  a p p l i c a t i o n  t o  l i g h t  gene ra l  a v i a t i o n  
a i r c r a f t  and t o  l a r g e  t r a n s p o r t s  using propfan propuls ion.  Approaches t o  
minimizing t h e  added weight are a l s o  d iscussed .  Minimizing t h e  a i r c r a f t  weight 
o r  performance pena l ty  whi le  providing an accep tab le  environment r e q u i r e s  a 
d e t a i l e d  understanding of t h e  responses  of people  t o  t h e  noise .  Therefore ,  t h e  
f i n a l  t o p i c  d iscussed  i n  t h i s  paper i s  t h e  measurement of passenger response 
t o  n o i s e  and v i b r a t i o n  environments, inc luding  a r ecen t  l abora to ry  s tudy  us ing  
combined broadband n o i s e  and t o n a l  propel le r - type  noise .  The paper summarizes 
t h e  o b j e c t i v e s ,  r ecen t  r e s u l t s ,  and f u t u r e  t r ends  of NASA and NASA-sponsored 
r e sea rch  i n  t h e  t h r e e  areas, wi th  s p e c i f i c  a t t e n t i o n  t o  a p p l i c a t i o n s  t o  
genera l  a v i a t i o n  a i r c r a f t ,  h e l i c o p t e r s ,  and advanced high-speed turboprop 
a i r c r a f t  . 

PROPELLER AND ROTOR NOISE PREDICTION 

The purpose of NASA's p r o p e l l e r  and h e l i c o p t e r - r o t o r  no i se  r e sea rch  
program is t o  provide a technology base f o r  reducing no i se  with a minimum of 
performance, weight ,  and economic p e n a l t i e s .  Noise p r e d i c t i o n  technology 
r e p r e s e n t s  t h e  most b a s i c  p a r t  of t h e  program. The emphasis of t h i s  a c t i v i t y  
i s  on t h e  understanding and p r e d i c t i o n  of n o i s e  us ing  b a s i c  p r i n c i p l e s  of 
physics .  This  r e q u i r e s  a knowledge of t h e  geometry, ope ra t ing  cond i t ions ,  and 
aerodynamic c h a r a c t e r i s t i c s  of the  p r o p e l l e r / r o t o r .  

Low-Speed P r o p e l l e r s  

Examples of n o i s e  c a l c u l a t i o n s  f o r  low-speed p r o p e l l e r s  using r e c e n t l y  
developed technology ( r e f s .  1-3) are shown i n  f i g u r e s  1 and 2. F igure  1 
shows a comparison of measured and ca l cu la t ed  n o i s e  f o r  a l i g h t ,  twin-engine 
t r a n s p o r t  a i r c r a f t .  The d a t a ,  obtained dur ing  an ex tens ive  f l i g h t  test 
program ( r e f .  l ) , w e r e  taken a t  a p r o p e l l e r - t i p  Mach number of approximately 
0.85, a t  an a i r speed  of approximately 55 m / s ,  and wi th  one engine shutdown. 
The a c o u s t i c  measurements w e r e  made i n  t h e  p l ane  of t h e  p r o p e l l e r  wi th  a micro- 
phone mounted on a boom on t h e  a i r c r a f t  wing. The n o i s e  c a l c u l a t i o n s  were 
made us ing  t h e  two methods descr ibed  i n  r e f e r e n c e  3 ,  both g iv ing  t h e  same 
numerical r e s u l t s .  The good agreement shown i s  t y p i c a l  of t h e  comparisons over  
a range of f l i g h t  condi t ions .  

F igure  2 shows another  comparison of measured and ca l cu la t ed  r e s u l t s  f o r  
low-speed p r o p e l l e r s  ( r e f .  2 ) .  The measurements w e r e  made dur ing  t h e  
eva lua t ion  of q u i e t  p r o p e l l e r  des igns  i n  an  anechoic wind tunne l ,  as shown 
i n  t h e  schematic on t h e  r i g h t  s i d e  of t h e  f i g u r e .  The d a t a  are f o r  a 1 / 4 -  
scale model of a l i g h t ,  s ingle-engine a i r c r a f t  p r o p e l l e r  a t  an a i r speed  of 
approximately 30 m / s .  
t h e  airstream 1 diameter  from t h e  cen te r  of p r o p e l l e r  r o t a t i o n .  The a c o u s t i c  
p re s su re  t i m e  h i s t o r y  i s  presented  f o r  approximately two r evo lu t ions  of t h e  
p r o p e l l e r .  The almost p e r f e c t  agreement is  a r e s u l t  of very  c a r e f u l  

Noise d a t a  w e r e  measured wi th  a microphone mounted i n  
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a c o u s t i c  measurements and a c c u r a t e  c a l c u l a t i o n s  of t h e  p r o p e l l e r  aerodynamic 
c h a r a c t e r i s t i c s .  

High-speed P r o p e l l e r s  

High-speed p r o p e l l e r / r o t o r  n o i s e  p r e d i c t i o n  technology i s  evolving 
r a p i d l y  ( r e f s .  3-7). It i s  a d i f f i c u l t  problem because of t h e  r e l a t i v e l y  h igh  
t i p  Mach numbers, advanced b l ade  geometry, and complex aerodynamic f low f i e l d .  
I n  a d d i t i o n ,  t h e r e  i s  l i t t l e  a c o u s t i c  d a t a  a v a i l a b l e  t o  e v a l u a t e  t h e  pre- 
d i c t i o n s  because t h e r e  are no high-speed a c o u s t i c  f a c i l i t i e s  f o r  t e s t i n g  
p r o p e l l e r s .  

A comparison of p red ic t ed  and measured n o i s e  f o r  a compromise test 
cond i t ion  ( r e f .  8 )  is  shown i n  f i g u r e  3. These r e s u l t s  are f o r  a 0.61-m 
diameter ,  two-bladed v e r s i o n  of t h e  high-speed p r o p e l l e r  shown i n  t h e  photo- 
graph. This  p r o p e l l e r  w a s  designed f o r  a f r ees t r eam Mach number of 0.8 and 
w a s  t e s t e d  i n  an  open-jet  wind tunne l  a t  a f r ees t r eam Mach number of 0.3 wi th  
t h e  p r o p e l l e r  rpm increased  so  t h a t  t h e  t i p  Mach number w a s  equa l  t o  t h e  des ign  
va lue  of approximately 1.13. The n o i s e  measurements w e r e  made i n  an anechoic  
chamber surrounding t h e  f r e e  j e t  wi th  c o r r e c t i o n s  a p p l i e d  f o r  t h e  shear - layer  
e f f e c t s .  
which inc ludes  only  t h e  e f f e c t s  of b l ade  th i ckness  and loading.  The agreement 
f o r  t h e  lower harmonics i s  good; howeversthere  i s  a tendency t o  underpredic t  
t h e  l e v e l  of t h e  fundamental. 

The n o i s e  c a l c u l a t i o n s  were made using t h e  method of r e f e r e n c e  9 ,  

This  tendency t o  underpredic t  t h e  fundamental is  d i f f e r e n t  from r e s u l t s  
( r e f .  10) obta ined  i n  a hard-wall wind tunne l  a t  f r ees t r eam Mach numbers 
between 0.6 and 0.85. Reference 10 i n d i c a t e s  t h a t  t h e  n o i s e  l e v e l  a t  t h e  
fundamental frequency i s  n e a r l y  cons t an t  f o r  t i p  Mach numbers above 1.07. A t  
a t i p  Mach number of 1 . 1 4 ,  t h e  n o i s e  l e v e l  p red ic t ed  by t h e  method of 
r e f e r e n c e  9 i s  5 t o  10 dB h ighe r  t han  t h e  va lues  measured i n  t h e  hard-wall  
tunnel .  It has  no t  been e s t a b l i s h e d  whether t h e  d i f f e r e n c e s  between measured 
and c a l c u l a t e d  n o i s e  are due t o  f a c i l i t y  d i f f e r e n c e s ,  measurement techniques ,  
o r  d i f f i c u l t y  i n  modeling t h e  ae roacous t i c  phenomena. This  u n c e r t a i n t y  may be 
reso lved  dur ing  planned f l i g h t  tes ts  of t h e  p r d p e l l e r s  used i n  t h e  s tudy  
descr ibed  i n  r e f e r e n c e  10. 

He l i cop te r s  

He l i cop te r  n o i s e  i s  more d i f f i c u l t  t o  p r e d i c t  than  p r o p e l l e r  n o i s e  because 
of t h e  complex aerodynamic environment i n  which t h e  r o t o r s  ope ra t e .  The n o i s e  
f i e l d  is  h igh ly  dependent upon a i r c r a f t  geometry and aerodynamic environment, 
and t h e  dominant n o i s e  gene ra t ing  mechanism may change wi th  f l i g h t  cond i t ion  
o r  observer  l o c a t i o n s .  

He l i cop te r  n o i s e  p r e d i c t i o n  methodology has  been under development f o r  
many yea r s .  I n  s p i t e  of s i g n i f i c a n t  advances ( f o r  example, r e f .  111, there i s  
s t i l l  no g e n e r a l l y  accepted method which can a c c u r a t e l y  p r e d i c t  h e l i c o p t e r  
r o t o r  no ise .  E f f o r t s  t o  develop b e t t e r  methods have been hampered by t h e  
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p r o p r i e t a r y  n a t u r e  of h e l i c o p t e r  n o i s e  p r e d i c t i o n  methods and a r e luc t ance  t o  
sha re  n o i s e  d a t a  because of compet i t ive  p re s su re  and pending n o i s e  r egu la t ions .  
The absence of a h igh-qual i ty  and complete d a t a  base  f o r  a wide range of 
h e l i c o p t e r  conf igu ra t ions  has  had a nega t ive  impact on t h e  development and 
gene ra l  acceptance of no i se  p r e d i c t i o n  theory .  

Acquis i t ion  of a d a t a  base  has  a l s o  been hampered by t h e  gene ra l  l a c k  
of ground f a c i l i t i e s  wi th  c a p a b i l i t y  f o r  a c o u s t i c  tests of h e l i c o p t e r  models. 
The only f a c i l i t y  s p e c i f i c a l l y  designed f o r  h e l i c o p t e r  n o i s e  r e sea rch  i s  t h e  
Army indoor hover f a c i l i t y  a t  t h e  Ames Research Center ,  which has  proved t o  be  
a va luab le  r e sea rch  t o o l .  A number of o t h e r  f a c i l i t i e s  have been used f o r  
h e l i c o p t e r  no i se  r e sea rch  inc luding  the  Ames 40 x 80 wind tunne l ,  t h e  Langley 
V/STOL tunne l ,  and s e v e r a l  smaller wind tunne l s .  
f ac i l i t i es  is  l i m i t e d  t o  some degree by a c o u s t i c  c h a r a c t e r i s t i c s ,  model s i z e ,  
o r  forward speed c a p a b i l i t y ,  some u s e f u l  r e s u l t s  can be obtained i f  care i s  
taken i n  t h e  experiment design.  This  may e n t a i l  measuring no i se  i n  t h e  near  
f i e l d ,  s i g n a l  averaging t o  minimize background no i se  e f f e c t s ,  o r  t e s t i n g  one 
conf igu ra t ion  r e l a t i v e  t o  another .  For a v a r i e t y  of reasons ,  it has  proven 
d i f f i c u l t  t o  o b t a i n  good, a b s o l u t e  l e v e l  d a t a  i n  t h e  wind tunnel .  It i s  t h i s  
a b s o l u t e  d a t a  which is  requi red  f o r  v e r i f y i n g  and developing b e t t e r  n o i s e  
p r e d i c t i o n  methods. 

Although each of t h e s e  

F l i g h t  tests may prove t o  be t h e  b e s t  source  of h igh-qual i ty  n o i s e  d a t a .  
Two e f f o r t s  w e r e  r e c e n t l y  i n i t i a t e d  t o  assemble e x i s t i n g  f l i g h t - t e s t  d a t a  and 
u s e  i t  t o  assess t h e  s t a t u s  of c u r r e n t  n o i s e  p r e d i c t i o n  methods. The d a t a  
being assembled c o n s i s t s  of n o i s e  d a t a  and ro tor -b lade  p res su re  measurements 
f o r  two h e l i c o p t e r  conf igu ra t ions ,  as w e l l  as a complete set of f l i g h t  
parameters, and w i l l  be  prepared wi th  complete documentation i n  a format 
s u i t a b l e  f o r  computer processing.  These measured d a t a  are c u r r e n t l y  being used 
t o  eva lua te  a new n o i s e  p r e d i c t i o n  method based on an ex tens ion  of t h e  computer 
program descr ibed  i n  r e f .  9 and l i n e a r  a c o u s t i c  theory of r e fe rence  11. I n  
a d d i t i o n ,  ca l cu la t ed  aerodynamic i n p u t s  are being used t o  determine t h e  
s e n s i t i v i t y  of t h e  pred ic ted  no i se  t o  t h e  q u a l i t y  of t h e  input  d a t a .  

One of t h e  conf igu ra t ions  being s tud ied  i s  shown i n  f i g u r e  4 .  It i s  i n  t h e  
15 000-kg gross-weight range and has  a 22-m diameter ,  six-bladed r o t o r  wi th  a 
t i p  speed of about 216 m / s .  Although t h e  s tudy is  not  complete,  t h e r e  have 
been a number of pre l iminary  comparisons between t h e  p red ic t ed  and measured 
n o i s e  d a t a .  
The comparison w a s  made us ing  ca l cu la t ed  r o t o r  a i r l o a d s  f o r  an observer  on t h e  
ground, 305 m ahead of t h e  a i r c r a f t .  The agreement between p red ic t ed  and 
measured n o i s e  l e v e l s  i s  encouraging f o r  t h e  l imi t ed  number of harmonics shown. 
The agreement f o r  g r e a t e r  observer  d i s t a n c e s  is  not  as good. This  i s  due, a t  
least i n  p a r t ,  t o  t h e  f a c t  t h a t  only s p h e r i c a l  spreading e f f e c t s  are included 
i n  t h e  c u r r e n t  c a l c u l a t i o n s .  An a d d i t i o n a l  concern i s  t h a t  t h e  o r i g i n a l  
measured d a t a  contained ground r e f l e c t i o n  e f f e c t s  which w e r e  removed wi th  a 
r e l a t i v e l y  s i m p l e  c o r r e c t i o n  method. These e f f e c t s  w i l l  r e q u i r e  f u r t h e r  
i n v e s t i g a t i o n .  

F igure  5 shows a comparison f o r  a 49-m/s f lyove r  a t  152-m a l t i t u d e .  
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PROPELLER NOISE/PERFORMANCE DEMONSTRATION 

The p r o p e l l e r  noise/performance program is a j o i n t  NASA/EPA program t o  
demonstrate  t h a t  p r o p e l l e r  n o i s e  f o r  gene ra l  a v i a t i o n  a i r c r a f t  can b e  reduced 
i n  a n  economically r easonab le  manner. The goa l  of t h i s  e f f o r t  is t o  reduce 
l i g h t  a i r c r a f t  p r o p e l l e r  n o i s e  by 5 dB(A) whi le  main ta in ing  o r  improving 
p r o p e l l e r  performance. The e f f o r t  c o n s i s t s  of (1) op t imiza t ion  s t u d i e s  t o  
assess t h e  p o t e n t i a l  n o i s e  and performance b e n e f i t s  of v a r i o u s  p r o p e l l e r  
parameters, (2) wind-tunnel tests t o  v e r i f y  des ign  concepts ,  and ( 3 )  f l i g h t  
tests t o  demonstrate  t h e  n o i s e  r educ t ion  technology. P a r a l l e l  e f f o r t s  are 
being conducted a t  t h e  Massachuset ts  I n s t i t u t e  of Technology and t h e  Ohio 
State  Un ive r s i ty .  

The parameters  which a f f e c t  both n o i s e  and performance w e r e  analyzed t o  
determine t h e  t r a d e o f f s  r equ i r ed  t o  opt imize  t h e  p r o p e l l e r .  The r e s u l t s  of 
one such parameter v a r i a t i o n  are shown i n  f i g u r e  6.  This  f i g u r e  shows t h e  
c a l c u l a t e d  e f f e c t  of vary ing  t h e  p o s i t i o n  of t h e  peak of t h e  r a d i a l  load  
d i s t r i b u t i o n  on both  t h e  p r o p e l l e r  n o i s e  and e f f i c i e n c y .  
is t h a t  t h e  n o i s e  l e v e l  can be  reduced s e v e r a l  dB(A) wi thout  a s i g n i f i c a n t  
e f f e c t  on p r o p e l l e r  e f f i c i e n c y .  This  change combined wi th  several o t h e r  
parameter changes can r e s u l t  i n  a s i g n i f i c a n t  n o i s e  r educ t ion  wi th  l i t t l e  o r  no 
performance pena l ty .  

The s i g n i f i c a n t  p o i n t  

I n  o rde r  t o  test some of t h e  concepts  which w e r e  developed dur ing  t h e  
paramet r ic  s t u d i e s ,  two 1 /4-sca le  model p r o p e l l e r s  were t e s t e d  i n  an anechoic  
wind tunnel  ( r e f .  2 ) .  The b a s e l i n e  p r o p e l l e r  w a s  a model of a s tandard  
Cessna 172 p r o p e l l e r .  A "quiet"  p r o p e l l e r  w a s  a l s o  cons t ruc ted  which had a 
s l i g h t l y  smaller diameter  and a wider  b l ade  chord. The n o i s e  r educ t ion  w a s  
achieved through a r educ t ion  i n  t i p  speed due t o  t h e  smaller d iameter  and t h e  
movement of t h e  load  d i s t r i b u t i o n  inboard on t h e  p r o p e l l e r  blade.  

These p r o p e l l e r s  were t e s t e d  over a wide range of  cond i t ions  on a 
p r o p e l l e r  sp inning  r i g  wi th  and wi thout  an a f te rbody t o  s imula t e  an  a i r c r a f t  
fuse lage .  F igure  7 shows t h e  t es t  conf igu ra t ion  i n  t h e  a c o u s t i c  wind tunne l  
wi th  a fuse l age  a f te rbody.  

Af t e r  demonstrat ing t h e  no i se  r educ t ion  techniques  i n  t h e  wind tunne l ,  
f u l l - s c a l e  p r o p e l l e r s  w e r e  designed f o r  f l i g h t  tests. F igure  8 shows t h e  
s tandard  and "quiet"  p r o p e l l e r s  mounted on a Cessna 1 7 2  a i r c r a f t .  The air- 
c r a f t  w a s  flown over  a ground microphone a r r a y  a t  305-111 a l t i t u d e  t o  determine 
t h e  n o i s e  r educ t ion  under FAA n o i s e  c e r t i f i c a t i o n  cond i t ions .  In  a d d i t i o n ,  
a i r c r a f t  rate of climb w a s  measured over a range of a i r s p e e d s  t o  determine t h e  
r e l a t i v e  performance of t h e  two p r o p e l l e r s .  These n o i s e  and performance 
r e s u l t s  are a l s o  shown i n  f i g u r e  8. The "quiet"  p r o p e l l e r  c o n s i s t e n t l y  
produced a n o i s e  r educ t ion  of about 5 dB(A) wh i l e  r e t a i n i n g  climb performance 
c h a r a c t e r i s t i c s  comparable t o  t h e  s tandard  p r o p e l l e r .  
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PROPELLER NEAR-FIELD NOISE 

Design of a c o u s t i c  t rea tment  f o r  an a i r c r a f t  s idewal l  r e q u i r e s  knowledge 
of t h e  e x t e r i o r  no i se  impinging on t h e  s idewa l l  and t h e  i n t e r i o r  n o i s e  l e v e l  
d e s i r e d ,  as w e l l  as knowledge of t he  b a s i c  s idewa l l  s t r u c t u r e .  Impinging n o i s e  
has  been def ined  f o r  both low-speed and high-speed p r o p e l l e r s  and sample r e s u l t s  
are presented i n  f i g u r e s  9 and 10. 

Low-Speed P r o p e l l e r  

Impinging n o i s e  from a low-speed p r o p e l l e r  is  i l l u s t r a t e d  i n  f i g u r e  9.  
The measurements w e r e  made on t h e  fuse l age  of a twin-engine, l i g h t  a i r c r a f t .  
Noise w a s  measured us ing  an a r r a y  of 10 flush-mounted microphones, seven of 
which w e r e  loca ted  i n  a h o r i z o n t a l  l i n e ,  and f o u r  of which were i n  a v e r t i c a l  
l i n e  i n  t h e  p r o p e l l e r  plane.  Minimum c learance  between t h e  s idewa l l  and t h e  
p r o p e l l e r  t i p  w a s  about 0.05 o f  t h e  p r o p e l l e r  diameter .  T e s t s  were run a t  
s e v e r a l  rpm/power combinations i n  s t a t i c  cond i t ions  and f o r  s e v e r a l  forward 
speeds i n  t a x i  tests. Extensive r e s u l t s  are presented i n  r e fe rence  1 2 ;  s ample  
r e s u l t s  are shown a t  t h e  r i g h t  of t h e  f i g u r e .  The r e s u l t s  i n d i c a t e  t h a t  t h e  
e m p i r i c a l  p r e d i c t i o n  agrees  wi th  r e s u l t s  f o r  s t a t i c  tests and t h e  a n a l y t i c a l  
r e s u l t  agrees  a t  low f requencies  wi th  measured d a t a  from t a x i  tests. The 
a n a l y t i c a l  r e s u l t s  w e r e  obtained using t h e  computer program of r e fe rence  9 wi th  
empir ica l  co r rec t ions  f o r  t h e  e f f e c t s  of t h e  s idewa l l  ( r e f .  1 2 ) .  The d i f f e r e n c e  
between s t a t i c  and t a x i  tes t  r e s u l t s  is due t o  t h e  inges t ion  of tu rbulence  t h a t  
i s  generated by t h e  p r o p e l l e r  inf low i r i t e r ac t ing  with t h e  ground. The lower 
n o i s e  l e v e l s  a s soc ia t ed  wi th  t h e  t a x i  cond i t ion  were obtained wi th  a forward 
speed of about 20 m / s  o r  more. From t h i s  f i g u r e  ( i n  a d d i t i o n  t o  f i g u r e s  1 and 
2 1 ,  i t  can be concluded t h a t  p r e d i c t i o n  procedures are adequate f o r  no i se  
l e v e l s  of low-speed, gene ra l  a v i a t i o n  p r o p e l l e r s .  

High-speed P r o p e l l e r  

Near-f ie ld  no i se  of a high-speed, propfan p r o p e l l e r  is  i l l u s t r a t e d  i n  
f i g u r e  10 .  T e s t  d a t a  i n  t h i s  f i g u r e  were obta ined  from re fe rence  13. The test 
se tup  i s  ind ica t ed  i n  t h e  ske tch  a t  t h e  upper l e f t  of t h e  f i g u r e .  The 
p r o p e l l e r  t e s t e d  (shown i n  f i g u r e  3) w a s  a 0.61-m-diameter model of a swept -  
b l ade  p r o p e l l e r  designed t o  o p e r a t e  a t  a forward speed of Mach = 0.8 a t  an 
a l t i t u d e  of 10 .67  km. The b lade  sweep i s  designed t o  reduce no i se  and main ta in  
aerodynamic performance. The tests w e r e  c a r r i e d  out  i n  an  anechoic chamber of 
an a c o u s t i c  wind tunne l  having a i r f l o w  c a p a b i l i t y  a t  Mach = 0.3. A t  t he  power 
cond i t ions  of t h e  tests, t h e  p r o p e l l e r  w a s  f u l l y  immersed i n  t h e  a i r f low.  To 
compensate f o r  t h e  lower speed of t h e  a i r f l o w ,  t h e  model p r o p e l l e r  w a s  run a t  
increased  rpm so t h e  h e l i c a l  t i p  speed w a s  t h e  s a m e  on t h e  model as t h e  f u l l -  
scale des ign  condi t ion .  
diameter  c l ea rance  from t h e  model p r o p e l l e r  t o  s imula te  t h e  a i r c r a f t  fu se l age ,  
and t h e  impinging n o i s e  w a s  measured wi th  an a r r a y  of microphones f lush-  
mounted i n  t h e  c y l i n d e r .  

A b o i l e r p l a t e  cy l inde r  w a s  l oca t ed  a t  0.8 p r o p e l l e r  
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Contours of equal  sound p r e s s u r e  level a t  t h e  blade-passage frequency from 
t h i s  t e s t  are shown a t  t h e  lower l e f t  and p red ic t ed  contours  ( r e f .  1 3 )  are 
shown a t  t h e  lower c e n t e r  of t h e  f i g u r e .  Comparing measured contours  wi th  
p red ic t ed  contours  shows t h a t  t h e  h ighes t  l e v e l  and i ts  l o c a t i o n  ahead of t h e  
p r o p e l l e r  p l ane  are i n  agreement. 
shows reasonable  agreement, t h e r e  are d i f f e r e n c e s  i n  t h e  d e t a i l e d  shapes.  
Improvements i n  t h e  p r e d i c t i o n  procedures  d iscussed  earlier may improve 
agreement. The same a n a l y t i c a l  procedure used t o  c a l c u l a t e  t h e  model r e s u l t s  
w a s  a l s o  used t o  p r e d i c t  impinging n o i s e  f o r  f u l l - s c a l e  f l i g h t  cond i t ions  and 
t h e  r e s u l t s  are shown a t  t h e  lower r i g h t .  For t h i s  f l i g h t  cond i t ion ,  t h e  
maximum n o i s e  occurs  a f t  of t h e  p r o p e l l e r  plane.  The f i g u r e  i n d i c a t e s  t h a t  t h e  
h ighes t  l e v e l  i s  150 dB wi th  a l a r g e  area subjec ted  t o  148 dB. 

While t h e  o v e r a l l  appearance of t h e  contours  

THEORETICAL METHODS FOR INTERIOR NOISE REDUCTION 

Light  A i r c r a f t  

T h e o r e t i c a l  methods f o r  p r e d i c t i n g  i n t e r i o r  n o i s e  l e v e l s  i n  l i g h t  a i r c r a f t  
are under development ( r e f .  1 4 ) .  The methods are intended f o r  use i n  des igning  
minimum-weight s idewa l l  s t r u c t u r e s  having s u f f i c i e n t  n o i s e  t ransmiss ion  l o s s  
t o  provide passenger comfort .  A number of mathematical  models of t h e  s i d e w a l l  
s t r u c t u r e  are  being i n v e s t i g a t e d  t o  f i n d  t h e  s i m p l e s t  model t h a t  p rovides  
accu ra t e  r e s u l t s .  F igure  11 shows t h r e e  s idewa l l  models t h a t  are under 
i n v e s t i g a t i o n .  When using t h e  f l e x i b l e  p a n e l / r i g i d  s t i f f e n e r  model o r  t h e  
f l e x i b l e  p a n e l / f l e x i b l e  s t i f f e n e r  model, an  a r r a y  of subpanels  i s  assembled t o  
r ep resen t  t h e  complete s idewa l l  area. 

The graph i n d i c a t e s  t h e  s e n s i t i v i t y  of i n t e r i o r  n o i s e  t o  added weight f o r  
t h r e e  candida te  n o i s e  c o n t r o l  approaches.  The n o i s e  measured used i s  A- 
weighted dB t o  r ep resen t  passenger comfort;  t h e s e  r e s u l t s  were obtained us ing  
t h e  p a n e l / r i g i d  s t i f f e n e r  model. A l l  t h r e e  t r ea tmen t s  c o n s i s t  of mod i f i ca t ions  
of t h e  s k i n  p r o p e r t i e s .  Each t rea tment  i s  appl ied  s e p a r a t e l y  t o  t h e  s t r u c t u r e .  
The f i g u r e  i n d i c a t e s  t h a t  t h e  curves  f o r  a given t rea tment  tend t o  f l a t t e n  o u t  
as weight i n c r e a s e s ,  sugges t ing  a "diminishing r e t u r n s "  type  of behavior .  
Comparing t h e  t rea tments  shows t h a t  t h e  dampjng provides  t h e  most i n t e r i o r  
n o i s e  r educ t ion  f o r  a given weight and t h a t  i nc reas ing  s k i n  th i ckness  provides  
comparatively s m a l l  r educ t ions .  The r educ t ions  obta ined  by damping are 
s u b s t a n t i a l ;  t h e  o r i g i n a l  l e v e l  of 104 dB(A) is  uncomfortable whi le  t h e  l e v e l  
of about 85 dB(A) is  reasonably  comfortable .  The weight r equ i r ed  (about 
36 kg) 
payload. 

is  l a r g e r  than d e s i r e d  but  s m a l l  compared t o  t h e  a i r c r a f t  weight /  

The t h e o r e t i c a l  p r e d i c t i o n s  have been v e r i f i e d  us ing  s imple l a b o r a t o r y  
panel/box tests ( r e f .  15 ) .  The models are being extended by i n c l u s i o n  of 
a c o u s t i c  t r ea tmen t s  such as f i b e r g l a s s  wool and double  w a l l s ,  and t h e  improved 
model is  t o  be  used i n  a n  i n v e s t i g a t i o n  of optimum t rea tment  f o r  a twin-engine, 
l i g h t  a i r c r a f t  . 
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High-speed Turboprop A i r c r a f t  

Theore t i ca l  s t u d i e s  have been c a r r i e d  o u t  t o  determine t h e  weight and 
conf igu ra t ion  of fuse l age  s idewa l l  a c o u s t i c  t reatment  requi red  t o  provide an 
80-dB(A), cab in  n o i s e  l e v e l  i n  propfan-powered a i r c r a f t  ( r e f s .  1 6  and 17) .  
F igure  1 2  summarizes t h e  r e s u l t s .  The s tudy  requi red  t h e  development of new, 
comprehensive i n t e r i o r  n o i s e  p r e d i c t i o n  methods and considered wide-body, 
narrow-body, and execut ive  a i r c r a f t  f l y i n g  a t  Mach = 0.8 a t  9.14-km a l t i t u d e .  
The fuse l age  s idewa l l  s t r u c t u r e  cons i s t ed  of s k i n ,  s t r i n g e r s ,  and r i n g s  and 
had dimensions and materials t y p i c a l  of cu r ren t  ope ra t iona l  a i r c r a f t .  The 
s t u d i e s  ind ica t ed  t h a t  a d d i t i o n a l  a c o u s t i c  t rea tment  weight i s  requi red  i n  
comparison wi th  t h e  t rea tment  normally expected f o r  tu rbofan  powered ve r s ions  
of t h e  s tudy a i r c r a f t .  Added t rea tment  i s  r equ i r ed  along t h e  fuse l age  from a 
s t a t i o n  s l i g h t l y  ahead of t h e  forward p r o p e l l e r  p lane  t o  t h e  t a i l  s e c t i o n  and 
c i r cumfe ren t i a l ly  around t h e  fuse l age  above t h e  passenger f l o o r .  The s idewa l l  
c o n s i s t s  of t h e  elements i nd ica t ed  i n  t h e  ske tch ;  however, t h e  primary no i se  
c o n t r o l  a c t i o n  i s  provided by t h e  masses of t h e  inne r  t r i m  panel  and o u t e r  
s k i n  a c t i n g  as a double-wall no i se  b a r r i e r .  The weights  requi red  t o  provide 
t h e  80-dB(A) i n t e r i o r  n o i s e  l e v e l  are shown a t  t h e  r i g h t .  I n  gene ra l ,  t hese  
weights  are  less than  2 . 5  percent  of g ross  weight. The shaded po r t ion  of t h e  
bar  i n d i c a t e s  t h e  range of r e s u l t s  obtained from v a r i a t i o n s  of s idewa l l  
conf igu ra t ion  and a n a l y s i s  methods. The weight pena l ty  f o r  t h e  wide-body 
a i r c r a f t  from t h e s e  s t u d i e s  i s  s l i g h t l y  less than  t h e  weight obtained from t h e  
RECAT (reduced energy f o r  commercial t r a n s p o r t a t i o n )  system s tudy;  t hus ,  t h e  
previous r e s u l t  (RECAT) is  confirmed by t h e  more ex tens ive  and in-depth r ecen t  
s t u d i e s .  
sav ing  and d i rec t -opera t ing-cos t  advantage over  tu rbofan  a i r c r a f t ,  even a f t e r  
t ak ing  t h e  a c o u s t i c  weight pena l ty  i n t o  account.  

The RECAT s tudy  showed t h a t  propfan-powered a i r c r a f t  have a fue l -  

PASSENGER COMFORT 

Comfort P r e d i c t i o n  Model 

A program a t  Langley Research Center has  l e d  t o  t h e  development of a model 
f o r  p red ic t ing  passenger discomfort  (o r  acceptance)  f o r  e x i s t i n g  o r  f u t u r e  
t r a n s p o r t a t i o n  veh ic l e s .  Input  t o  t h e  model, f i g u r e  13, i s  t h e  passenger 
v i b r a t i o n  and n o i s e  environment f o r  t h e  v e h i c l e  and output  of t h e  model is  t h e  
t o t a l  discomfort  measured along a discomfort  s c a l e .  Development of t h e  model 
has  involved: (1) empi r i ca l  e s t ima t ion  of discomfort  due t o  s i n u s o i d a l  and/or 
random v i b r a t i o n s  wi th in  s i n g l e  axes ;  (2)  empi r i ca l  e s t ima t ion  of t h e  discomfort  
due t o  v i b r a t i o n  i n  combined axes ;  and (3 )  a p p l i c a t i o n  of empi r i ca l ly  determined 
c o r r e c t i o n s  f o r  t h e  e f f e c t s  of i n t e r i o r  no i se  and du ra t ion  of v i b r a t i o n .  The 
discomfort  scale used t o  measure t h e  output  of t h e  model i s  d isp layed  i n  
f i g u r e  1 4 .  The scale i s  r a t i o  i n  n a t u r e  and anchored a t  discomfort  th reshold .  
The f i g u r e  shows t h e  r e l a t i o n s h i p  between t h e  discomfort  scale ( o r d i n a t e  of 
f i g u r e  14)  and t h e  corresponding percentage ( absc i s sa  of f i g u r e  14) of passen- 
g e r s  who would rate t h a t  discomfort  l e v e l  as being uncomfortable. 
u n i t y  a long t h e  discomfort  scale corresponds t o  discomfort  th reshold ,  i .e . ,  
50 percent  of t h e  passengers  would be uncomfortable. 
procedures used t o  d e r i v e  t h i s  discomfort  scale are given i n  r e fe rences  18 and 

A va lue  of 

Details of t h e  methods and 
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19. 
discomfort  can be obtained from re fe rences  20 and 21. The ex tens ive  informa- 
t i o n  contained i n  t h e s e  r e fe rences  has  been incorpora ted  i n  a computer program 
f o r  ease of c a l c u l a t i o n .  
comparison of va r ious  v e h i c l e s  a long t h e  discomfort  s c a l e .  
t h e  discomfort  l e v e l  produced by va r ious  a i r  and s u r f a c e  t r a n s p o r t a t i o n  
v e h i c l e s ,  r e l a t i v e  t o  discomfort  th reshold .  The discomfort  v a l u e s  f o r  each 
v e h i c l e  w e r e  obtained by us ing  a c t u a l  measured v i b r a t i o n l n o i s e  levels as inpu t  
t o  t h e  r i d e  comfort model. These r e s u l t s  provide an  estimate of abso lu t e  
discomfort  as w e l l  as a q u a n t i t a t i v e  comparison (and ranking)  between 
veh ic l e s .  For example, t h e  commercial j e t  t r a n s p o r t  t oge the r  wi th  t h e  Bay Area 
Rapid T r a n s i t  system and a f u l l - s i z e d  automobile provided t h e  b e s t  r i d e  qua l i ty ,  
i .e . ,  t h e  discomfort  l e v e l s  of each are below discomfort  th reshold .  The 
va r ious  r a i l  v e h i c l e s  ( inc lud ing  t h e  German Bundesbahn and magnet ica l ly  
l e v i t a t e d  v e h i c l e )  produced estimates of passenger discomfort  t h a t  were 
gene ra l ly  somewhat above discomfort  th reshold  and discomfort  w a s  seen t o  
inc rease  as v e h i c l e  speed increased .  A t y p i c a l  c i t y  bus produces a r e l a t i v e l y  
l a r g e  va lue  of d i scomfor t ,  a l though t h e  most uncomfortable r i d e  f o r  which d a t a  
are a v a i l a b l e  w a s  es t imated f o r  a h e l i c o p t e r  i n t e r i o r  n o i s e  and v i b r a t i o n  
environment. However, removal of t h e  n o i s e  component of t h e  h e l i c o p t e r  r i d e  
environment r e s u l t e d  i n  a discomfort  l e v e l  estimate s l i g h t l y  below discomfort  
th reshold ,  t hus  i n d i c a t i n g  t h a t  n o i s e  w a s  t h e  predominant source of passenger 
d i s s a t i s f a c t i o n  wi th in  t h e  h e l i c o p t e r .  The a b s o l u t e  l e v e l s  of discomfort  and 
r e l a t i v e  ranking of v e h i c l e s  shown i n  t h e  f i g u r e  are i n  good agreement wi th  
a c t u a l  passenger experience and, hence,  provide f a c e  v a l i d i t y  of t h e  NASA r i d e  
comfort scale. Fur the r ,  s i n c e  t h e  s c a l e  w a s  developed as common t o  a l l  types  
and combinations of v i b r a t i o n  and no i se ,  i t  provides  a s i m p l e  and concise  
index f o r  comparing t h e  individual/combined a x i s  components of discomfort ,  as 
w e l l  as a des ign  t o o l  f o r  e s t ima t ing  t h e  t r a d e o f f s  t o  passenger r i d e  q u a l i t y  
of va r ious  n o i s e / v i b r a t i o n  v e h i c l e  i npu t s .  

A complete d e s c r i p t i o n  of t h e  r e l a t i o n s h i p  between v i b r a t o r y  i n p u t s  and 

For purposes of i l l u s t r a t i o n ,  f i g u r e  15  provides  a 
The f i g u r e  p r e s e n t s  

Combined Noise and Vibrat ion 

An important p o r t i o n  of t h i s  program has been d i r e c t e d  a t  inc luding  i n  t h e  
model t h e  e f f e c t s  of combined no i se  and v i b r a t i o n  on passenger comfort. 
F igure  16 d i s p l a y s  t y p i c a l  r e s u l t s  of t h i s  research .  The i n d i v i d u a l  curves  of 
f i g u r e  16  i n d i c a t e  t h e  D-weighted n o i s e  l e v e l ,  dB, and v i b r a t i o n  a c c e l e r a t i o n ,  

requi red  t o  produce cons t an t  amounts of o v e r a l l  discomfort  f o r  combina- grms ’ 
t i o n s  of n o i s e  and v i b r a t i o n .  (See r e f .  22 f o r  a d d i t i o n a l  information about 
development of t h e  curves. )  The s o l i d  curves  of t h e  f i g u r e  r ep resen t  subjec- 
t ive  d a t a  f o r  t h e  range of phys i ca l  f a c t o r s  i nves t iga t ed  i n  t h e s e  s t u d i e s ;  
whereas, t h e  dashed curves  r ep resen t  ex t r apo la t ions  over an extended range of 
t h e  phys ica l  f a c t o r s .  Although t h e  ex t r apo la t ions  are f e l t  t o  be reasonable ,  
cau t ion  should be exerc ised  i n  t h e  use  of t h e  ex t r apo la t ed  va lues .  The 
v a l i d i t y  of t h e  ex t r apo la t ions  remains t o  be v e r i f i e d  by f u t u r e  research .  A s  
shown i n  f i g u r e  16 ,  cons tan t  discomfort  curves  w e r e  generated f o r  discomfort  
(DISC) va lues  ranging from discomfort  th reshold  ( D I S C  = 1) t o  va lues  as high 
a s  DISC = 6,  corresponding t o  a very  h igh  degree of discomfort .  The use fu lness  
3f f i g u r e  16  l i es  i n  t h e  f a c t  t h a t  i t  rep resen t s  a very  important source of 
information f o r  determining t h e  t r a d e o f f s  a v a i l a b l e  between n o i s e  and v i b r a t i o n  
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i n  t e r m s  of passenger discomfort .  
(e .g . ,  D I S C  5 o r  6 ) ,  v a r i a t i o n s  of a c c e l e r a t i o n  over  t h e  range shown r e s u l t  i n  
s m a l l  changes of discomfort  l e v e l ,  i n d i c a t i n g  t h a t  n o i s e  l e v e l  i s  t h e  dominant 
f a c t o r  i n  t h e  de te rmina t ion  of o v e r a l l  discomfort .  For low l e v e l s  of d i s -  
comfort ,  however, t h e  n o i s e  l e v e l s  must be reduced s u b s t a n t i a l l y  wi th  inc reases  
of a c c e l e r a t i o n  i n  o rde r  t o  main ta in  a cons tan t  degree of discomfort .  This  
i n d i c a t e s  t h a t  a t  t h e  lower degrees  of d i scomfor t ,  both n o i s e  and v i b r a t i o n ,  
c o n t r i b u t e  s i g n i f i c a n t l y  t o  o v e r a l l  discomfort .  F i n a l l y ,  i t  should be  noted 
t h a t  t h e  threshold  of n o i s e  discomfort  f o r  t h e  combined environment is  
approximately 75 t o  78  dB, LD. 

For example, a t  h igh  l e v e l s  of discomfort  

Passenger Response t o  Tones 

Recent f u e l  conserva t ion  measures have l e d  t o  proposals  f o r  development of 
propel le r -dr iven  a i r c r a f t  f o r  use  i n  commuter as w e l l  a s  high-speed, long-haul 
a p p l i c a t i o n s .  The increased  f u e l  e f f i c i e n c y  of t h e s e  v e h i c l e s  could be o f f s e t ,  
however, i f  passenger acceptance n e c e s s i t a t e s  increased  a i r c r a f t  weight f o r  
purposes of no i se  reduct ion .  A n o i s e  c h a r a c t e r i s t i c  t y p i c a l  of such p rope l l e r -  
d r iven  a i r c r a f t  environments t h a t  may be c r i t i c a l  t o  passenger comfort is  t h e  
low-frequency t o n a l  con ten t .  Research w i t h i n  t h e  NASA Langley program t o  t h i s  
po in t  had not  accounted f o r  t h e  e f f e c t s  of such no i se  on passengers.  Conse- 
quent ly ,  an explora tory  s tudy w a s  conducted t o  examine s u b j e c t i v e  response t o  
propel le r - type  tone  n o i s e s  i n  combination wi th  broadband (boundary l a y e r )  noise.  
The s tudy w a s  conducted i n  t h e  Passenger Ride Qual i ty  Apparatus (PRQA) a t  
Langley Research Center ( r e f .  2 3 ) ,  shown i n  f i g u r e  1 7 .  The s tudy  involved a 
t o t a l  of 96 s u b j e c t s  who eva lua ted  synthesized n o i s e s  us ing  a 9-point discomfort  
category scale. The n o i s e s  cons i s t ed  of t u r b u l e n t  boundary l a y e r  n o i s e  
combined with propel le r - type  no i ses  i n  a f a c t o r i a l  combination of blade- 
passage f requencies  (50, 80,  100, 1 2 5 ,  and 200 Hz), harmonic r o l l o f f  rates 
(0 and 10 dB/harmonic), t one /no i se  r a t i o s  (0 ,  10,  and 20 dB), and n o i s e  levels 
(85, 90, 95, and 100 dB). The r e s u l t s  of t h e s e  tests ind ica t ed  t h a t . n o i s e  
l e v e l  and blade-passage frequency ( tones)  were t h e  primary n o i s e  cha rac t e r -  
i s t i c s  t h a t  determine passenger r e a c t i o n .  The s tudy  r e s u l t s  are  summarized 
i n  f i g u r e  18, which d i s p l a y s  mean s u b j e c t  r a t i n g s  of discomfort  as a func t ion  
of A-weighted no i se  l e v e l .  Mean s u b j e c t  r a t i n g  w a s  obtained by averaging t h e  
r a t i n g s  of t h e  96 s u b j e c t s  f o r  each noise .  The mean sub jec t  r a t i n g s  f o r  t h e  
sounds wi th  tones  f e l l  i n  t h e  reg ion  between t h e  dashed l i n e s .  For comparison, 
t h e  s u b j e c t s  r a t e d  a sound conta in ing  no tones ;  t h e  mean r a t i n g s  f o r  t h i s  
sound are ind ica t ed  by t h e  s o l i d  l i n e  l abe led  "boundary l a y e r  noise"  i n  t h e  
f i g u r e .  There i s  a complex r e l a t i o n s h i p  between discomfort  and va r ious  t o n a l  
c h a r a c t e r i s t i c s  ( tone /no i se  r a t i o ,  fundamental f requency,  and r o l l o f f  ra te) .  
Figure 18 i n d i c a t e s  t h a t  t h e  discomfort  r a t i n g s  of t o n a l  n o i s e s  range from 
s l i g h t l y  less than  boundary l a y e r  ( t h e  lower dashed l i n e ) ,  t o  more discomfort  
than boundary l a y e r  ( t h e  upper dashed l i n e ) .  The maximum d i f f e r e n c e  between 
t o n a l  no i se s  and boundary l a y e r  n o i s e  can be q u a n t i f i e d  by comparing t h e  upper 
dashed l i n e  wi th  t h e  s o l i d  l i n e  on t h e  b a s i s  of equal  sub jec t  r a t i n g ,  as 
ind ica t ed  by t h e  h o r i z o n t a l  l i n e  a t  a r a t i n g  of fou r .  The d a t a  on t h i s  
h o r i z o n t a l  l i n e  i n d i c a t e  t h a t  t h e  most uncomfortable t o n a l  n o i s e  and t h e  
boundary l a y e r  n o i s e  a re  r a t e d  equal  i n  discomfort  when t h e  t o n a l  n o i s e  i s  

708 



5 dB(A) lower i n  level than  t h e  boundary l a y e r  no ise .  Thus, t o  provide 
comfort i n  a p r o p e l l e r  a i r c r a f t  t h a t  is  equal  t o  t h e  comfort i n  a turbofan  
a i r c r a f t ,  t h e  no i se  l e v e l  may need t o  be as much as 5 dB(A) less i n  t h e  
p rope l l e r  a i r c r a f t ,  depending on t h e  s p e c i f i c  va lues  of parameters such as 
tone /noise  r a t i o ,  tone  r o l l o f f  rate, and frequency of t h e  fundamental tone.  
Curren t ly ,  r e sea rch  is  being planned t o  f u r t h e r  examine s u b j e c t i v e  response 
and t o  develop a no i se  metric c o r r e c t i o n  t o  account f o r  t h e  i n t e r i o r  no i se  
environments of t h i s  type  of veh ic l e .  

CONCLUDING REMARKS 

This  paper desc r ibes  r e c e n t  r e s u l t s  of NASA and NASA-sponsored r e sea rch  
on t h e  p r e d i c t i o n  and c o n t r o l  of n o i s e  from a i r c r a f t  p r o p e l l e r s  and r o t o r s ,  
Control  approaches considered inc lude  reduct ion  of t h e  n o i s e  generated by t h e  
p r o p e l l e r  and reduct ion  of t h e  n o i s e  t ransmi t ted  through t h e  a i r c r a f t  s idewa l l  
t o  t h e  i n t e r i o r .  Appl ica t ions  t o  gene ra l  a v i a t i o n  a i r c r a f t ,  high-speed 
turboprop t r a n s p o r t s ,  and h e l i c o p t e r s  are reviewed,and an  explora tory  
l abora to ry  s tudy of passenger response t o  p r o p e l l e r - l i k e  t o n a l  n o i s e s  i s  
descr ibed .  

Comparisons of p red ic t ed  and measured no i se  from low-speed genera l  
a v i a t i o n  p r o p e l l e r s  i n d i c a t e  t h a t  t h e  n o i s e  can b e  p red ic t ed  wi th  s a t i s f a c t o r y  
accuracy provided s u f f i c i e n t  e f f o r t  i s  devoted t o  d e f i n i t i o n  of d e t a i l e d  
aerodynamic p res su re  d i s t r i b u t i o n s .  
wi th  wind-tunnel model s t u d i e s  t o  develop a q u i e t  p r o p e l l e r  t h a t  w a s  shown by 
f l i g h t  test  t o  reduce f lyove r  n o i s e  by about 5 dB(A) i n  comparison wi th  t h e  
s tandard  p r o p e l l e r .  P r e d i c t i o n  of n o i s e  from high-speed p r o p e l l e r s  and 
h e l i c o p t e r  r o t o r s  i s  more d i f f i c u l t  because of t h e  complex b lade  shape and 
aerodynamic flow f i e l d .  However, f a i r  agreement i s  obtained i n  t h e  lower 
frequency harmonics, and several f e a t u r e s  of t h e  n o i s e  genera t ing  mechanisms 
are  under i n v e s t i g a t i o n  t o  improve p red ic t ions .  Theore t i ca l  s t u d i e s  have been 
c a r r i e d  ou t  t o  design s idewa l l  a c o u s t i c  t rea tments  f o r  gene ra l  a v i a t i o n  and 
high-speed turboprop a i r c r a f t .  These s t u d i e s  i n d i c a t e  t h a t  s idewa l l s  can be 
designed t o  provide accep tab le  cabin  n o i s e  levels,  bu t  t h a t  a d d i t i o n a l  weight 
is  requi red .  Passenger s u b j e c t i v e  r a t i n g s  of t o h a l  n o i s e s  and comparison wi th  
r a t i n g s  of broadband (boundary l a y e r )  n o i s e  ind ica t ed  t h a t  t o n a l  no i se  r a t i n g s  
range from s l i g h t l y  less uncomfortable t o  more uncomfortable than  broadband, 
depending on t h e  p a r t i c u l a r  va lues  of tone /noise  r a t i o ,  tone  fundamental 
frequency, and tone  r o l l o f f  rate. 

Current p r e d i c t i o n  methods were used along 

REFERENCES 

1. Magliozzi,  B . :  The In f luence  of Forward F l i g h t  on P rope l l e r  Noise, 
NASA CR-145105, Feb. 1977. 

2. Succi ,  George P.;  Munro, David H. ;  and Zimmer, J e f f r e y  A.: Experimental 
V e r i f i c a t i o n  of P r o p e l l e r  Noise P red ic t ion .  
June 1980. 

AIAA Paper 80-0994, 

709 



3 .  F a r a s s a t ,  F , ;  and S u c c i ,  George P.: A R e v i e w  of P r o p e l l e r  Discrete 
Frequency Noise P r e d i c t i o n  Technology w i t h  Emphasis on Two C u r r e n t  
Methods f o r  T i m e  Domain C a l c u l a t i o n s .  J. Sound and V i b r a t i o n ,  vo l .  71,  
no. 3 ,  Aug. 1980. 

4. Hanson, D. B . ;  and F i n k ,  M. R. :  The Importance of Quadrupole Sources  i n  
P r e d i c t i o n  o f  Transonic  Tip  Speed P r o p e l l e r  Noise.  J. Sound and 
V i b r a t i o n ,  v o l .  62,  no. 1, J a n .  1979. 

5.  

6.  

7.  

8. 

9. 

10. 

11. 

12. 

13. 

14.  

15.  

16.  

Boxwell, D .  A , ;  Yu, Y. H . ;  and Schmitz,  F. H.:  Hovering Impuls ive  Noise - 
Some Measured and C a l c u l a t e d  R e s u l t s .  NASA CP-2052, P a r t  I, May 22-24, 
1978. 

Isom, M. P.: The Theory of Sound Radia ted  by a Hovering Transonic  
H e l i c o p t e r  Blade. P o l y t e c h n i c  I n s t i t u t e  of New York Repor t ,  Poly-AE/ 
AM NO. 75-5, 1975. 

F a r a s s a t ,  F.: Extens ion  of Isom's  Thickness  Noise Formula t o  t h e  Near 
F i e l d .  Letter t o  E d i t o r ,  J .  Sound and V i b r a t i o n ,  v o l .  67,  no.  2 ,  1979. 

Brooks, B.  M . ;  and Metzger,  F. B . :  Acous t ic  T e s t  and A n a l y s i s  of Three  
Advanced Turboprop Models. NASA CR-159667, Jan .  1980. 

Nystrom, P. A.;  and F a r a s s a t ,  F . :  A Numerical Technique f o r  C a l c u l a t i o n  
of t h e  Noise of High Speed P r o p e l l e r s  w i t h  Advanced Blade Geometry. 
NASA TP-1662, 1980. 

D i t t m a r ,  James H . :  A Comparison Between a n  E x i s t i n g  P r o p e l l e r  Noise 
Theory and Wind Tunnel Data. NASA TM-81519, May 1980. 

F a r a s s a t ,  F.: Theory of Noise Genera t ion  from Moving Bodies w i t h  a n  
A p p l i c a t i o n  t o  H e l i c o p t e r  Rotors .  NASA TR-451, 1975. 

Mixson, J .  S . ;  Bar ton ,  C. K . ;  P i e r s o l ,  A. G . ;  and Wilby, J. F.: 
C h a r a c t e r i s t i c s  of P r o p e l l e r  Noise on a n  A i r c r a f t  F u s e l a g e  R e l a t e d  t o  
I n t e r i o r  Noise Transmission.  AIAA Paper  79-0646, Mar. 12-14, 1979. 

M a g l i o z z i ,  B . ;  and Brooks, Bennet t  M.:  Advanced Turboprop A i r p l a n e  
I n t e r i o r  Noise Reduction-Source D e f i n i t i o n .  NASA CR-159668, O c t .  1979. 

Vaicaitis, R.: Noise  Transmiss ion  i n t o  a L i g h t  A i r c r a f t .  AIAA 78-197R, 
J. of A i r c r a f t ,  vo l .  1 7 ,  no. 2 ,  Feb. 1980. 

Vaicait is ,  R . ;  and S l a z a k ,  M.:  Noise  Transmiss ion  Through S t i f f e n e d  
P a n e l s .  J. Sound and V i b r a t i o n ,  v o l .  70,  no. 3 ,  1980. 

Rennison, D. 6.; Wilby, J.  F.;  Marsh, A. H . ;  and Wilby, E. G. :  I n t e r i o r  
Noise C o n t r o l  P r e d i c t i o n  Study f o r  High-speed, Propel le r -Dr iven  
A i r c r a f t .  NASA CR-159200, S e p t .  1979. 

71 0 



17. Revell, J. D.; Balena, F, J,; and Koval, L. R.: Analytical St 
Interior Noise Control by Fuselage Design Techniques 
Propeller-Driven Aircraft, NASA CR-159222, July 197 

18. Dempsey, T. K.:  A Model and Predictive Scale of Passenger Ride Discomfort. 
NASA TM X-72623, Dec. 1974. 

19. Dempsey, T. K.; and Leatherwood, J. D.: Vibration Ride Comfort Criteria. 
Proceedings of the Sixth Congress of the International Ergonomics 
Association, July 1976. 

20. Dempsey, T. K.; Leatherwood, J. D.; and Clevenson, S. A . :  Single Axis 
Vibration Discomfort Criteria. NASA TP-1422, May 1979. 

21. Leatherwood, Jack D.; Dempsey, Thomas K.; and Clevenson, Sherman A . ;  A 
Design Tool for Estimating Passenger Ride Discomfort Within Complex 
Ride Environments. Human Factors Jour., vol. 22, no. 3, 1980. 

22. Dempsey, T. K.; Leatherwood, J. D.; and Clevenson, S. A.: Development of 
Noise and Vibration Ride Comfort Criteria. J. Acoustical Society of 
America, vol. 65, no. 1, Jan. 1979. 

23. Clevenson, S. A.; and Leatherwood, J. D.: On the Development of Passenger 
Vibration Ride Acceptance Criteria. Shock and Vibration Bulletin, 
vol. 43, no. 3, June 1973. 

71 1 



Figure 1.- Measured and predicted noise of general 
aviation propeller. 
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Figure 2.- Measured and predicted noise of general aviation propeller models. 
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Figure 3.- Harmonic noise spectrum of model 
high-speed propeller. Diameter = 0.61 m. 

Figure 4.- Large helicopter type used in flyover noise tests. 
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Figure 5.- Measured and predicted noise  l e v e l s  for helicopter i n  
49-m/s l e v e l  f lyover a t  152-m a l t i t ude .  
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Figure 6.-  Calculated effect of varying radial  load d i s t r i b u t i o n .  
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Figure 7.- Acoustic tests of quiet general aviation propellers 
in anechoic wind tunnel. 
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Figure 8.- Noise and performance flight demonstration. 
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FREQUENCY, H t  

Figure  9.- P r o p e l l e r  no i se  on fuse l age  o f  twin-engine, 
l i g h t  a i r c r a f t .  

F igure  10.- Noise from model high-speed propeller on s imula ted  fuse lage .  
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NOISE/WEIGHT SENSITIVITY STUDY 

Figure 11.- Theoretical studies of interior noise control 
by sidewall treatment on l i g h t  aircraft .  
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Figure 12.- Theoretical studies of sidewalls for interior noise control 
on high-speed turboprop aircraft .  
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Figure 13.- Ride quality model. 
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Figure 14.- Relation between discomfort scale and percent 
of passengers uncomfortable. 
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Figure 15.- Discomfort scale rating of transportation vehicles. 
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Figure 16.- D-weighted noise levels required to produce 
constant discomfort curves as function of vibration 
acceleration. 
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Figure  17.- The Passenger Ride Q u a l i t y  Apparatus 
a t  Langley Research Center .  
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Figure  18.- Sub jec t ive  response to  t o n a l  i n t e r i o r  no ise .  
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