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SUMMARY 

An e x p e r i m e n t a l   i n v e s t i g a t i o n  has been   conducted   of   the   e f fec t  of t ip  
shape mod i f i ca t ion   on   he l i cop te r   b l ade - s l ap   no i se   i nduced  by blade-vor tex  
i n t e r a c t i o n .  The g e n e r a l  rotor model system (GRMS) with  a 3.1  48-m (1 0.33-ft)  
d i a m e t e r ,   f o u r - b l a d e d ,   f u l l y   a r t i c u l a t e d  rotor was i n s t a l l e d   i n   t h e   L a n g l e y  
V/STOL t u n n e l .  Tests were conducted  over a range   of   s imula ted   f l igh t   and  
descent   ve loc i t ies   which   have   been  shown to  produce  blade  slap.  Aerodynamic 
performance  parameters  of  the rotor system were monitored to e n s u r e   p r o p e r l y  
m a t c h e d   f l i g h t   c o n d i t i o n s  among t h e   t i p  shapes. The t u n n e l  was operated i n  
t h e   o p e n - t h r o a t   c o n f i g u r a t i o n ,   w i t h   t r e a t m e n t  to  improve  the acoustic charac- 
t e r i s t ics  of  the test  chamber. 

Four promis ing   t ips   (based  on p r e v i o u s   i n v e s t i g a t i o n s )  were used (ogee, 
subwing, 60° swep t   t ape red ,   and   end   p l a t e ) ,   a long   w i th  a s t a n d a r d  square t i p  
as a b a s e l i n e   c o n f i g u r a t i o n .  T h i s  i n v e s t i g a t i o n   p r o v i d e d  a d e t a i l e d   a c o u s t i c  
e v a l u a t i o n   o f  t h e  r e l a t i v e   a p p l i c a b i l i t y  of t h e  v a r i o u s   t i p   c o n f i g u r a t i o n s  on 
t h e  same rotor sys t em  fo r   b l ade - s l ap   no i se   r educ t ion .  

A c o u s t i c  e v a l u a t i o n s   i n d i c a t e d  t h a t  the  ogee-,  subwing-,  and  swept- 
t a p e r e d - t i p   c o n f i g u r a t i o n s  were e f f e c t i v e   i n   r e d u c i n g   t h e  measured b l a d e   s l a p  
as compared w i t h  t h e   s q u a r e   t i p .   T h i s   e v a l u a t i o n  was based  on  peak-impulse 
ampl i tude   and   f l i gh t - sca l ed ,   A-we igh ted   ove ra l l   sound-p res su re - l eve l   ana lyses .  
These  a n a l y s e s   i n d i c a t e d  t h a t  t h e   e n d - p l a t e   t i p   a c t u a l l y   i n c r e a s e d   b l a d e - s l a p  
n o i s e   t h r o u g h o u t   t h e  t e s t  envelope. 

INTRODUCTION 

Blade s l a p ,  when p r e s e n t ,  is  t y p i c a l l y   r a t e d  as t h e  most o b j e c t i o n a b l e  
source of h e l i c o p t e r   n o i s e   ( r e f s .  1 and 2 ) .  T h i s   i m p u l s i v e   c h a r a c t e r i s t i c  
n o i s e  source can be gene ra t ed  on a h e l i c o p t e r  by t w o  mechanisms:  (1)  high- 
speed   t h i ckness   no i se  or shock-wave  formation  on  the  advancing  blade  t ip;   and 
( 2 )  b l a d e - v o r t e x   i n t e r a c t i o n   i n  low-power d e s c e n d i n g   f l i g h t  or maneuvers. The 
b l a d e - v o r t e x   i n t e r a c t i o n  (BVI)  source of b l a d e   s l a p  is  the  only  form of h e l i -  
copter   noise   mechanisn  which w i l l  be d i scussed   he re in .  

The BVI n o i s e   g e n e r a t i o n  occurs when a b l a d e   i n t e r s e c t s  or passes near   the  
shed  t i p  v o r t e x  of a p rev ious   b l ade   pas sage .   S ing le - ro to r   veh ic l e s   expe r i ence  
t h i s  form  of blade s l a p   d u r i n g   c o n d i t i o n s  of low ro tor -d isk   in f low  such  as 
p a r t i a l - p o w e r   d e s c e n t s   a n d   c e r t a i n   t r a n s i e n t   m a n e u v e r s .  The v o r t e x  core can  
i n t e r a c t   w i t h   t h e  blade a t  v a r i o u s   i n c l i n a t i o n s   r e l a t i v e  to  the   b lade   span ,  as 
described i n   r e f e r e n c e  3 .   These   var ious   in te rac t ions   can  cause unique local 
flaw phenomena wh ich   can ,   i n   t u rn ,  cause d i f f e r e n t   c h a r a c t e r i s t i c   n o i s e   g e n e r a -  
t i o n  ( a l l  i m p u l s i v e   i n   n a t u r e ) .  The p r e c i s e  local f l o w  phenomenon gene ra t ed  is 
v e r y   d i f f i c u l t  to  de termine   and  is n o t   t h e   i n t e n t   o f   t h i s  report; however,  the 
pr ime  cause  of   low-speed  blade  s lap is BVI. The s t r o n g   v e l o c i t y   p r o f i l e   w i t h i n  
t h e   v o r t e x  core seems t o  be t h e   p r i m e   i n f l u e n c e   o n   t h e  rotor blade.   Regardless  



o f   t h e  local f law phenomenon, a r e d u c t i o n  of t h e  p e a k  v e l o c i t y ,  or v o r t e x  
s t r e n g t h ,  would  r educe   t h i s   ve ry   annoy ing   impu l s ive   no i se   du r ing   l ow-speed  
f l i g h t .  

Attempts t o  reduce   the   peak  velocities i n   w i n g - t i p  vortices have  concen- 
trated o n   i n h i b i t i n g   t h e   f o r m a t i o n   o f   t h e   v o r t e x  or caus ing  ear ly  i n s t a b i l i t y  
i n   t h e   v o r t e x   a f t e r   f o r m a t i o n  by   w ing- t ip   a l t e r a t ions .   Four  of t h e  most prom- 
i s i n g  t i p  c o n f i g u r a t i o n s  were chosen for t h i s   i n v e s t i g a t i o n  to  be compared 
( b o t h   i n  acoustic and   aerodynamic   per formance)   wi th   the   convent iona l   square  
t i p  o n   t h e  same rotor system.  These t i p s  are t h e  ogee ( r e f s .  4 t o  9), t he   sub -  
wing ( r e f s .   1 0  and  11 ) ,  t h e  swept t ape red  (refs. 1 2  to 14) ,   and   t he   end  plate  
( r e f .   15 )  . T h i s   i n v e s t i g a t i o n  was conducted  on a r e a l i s t i c a l l y   s c a l e d  model 
rotor sys t em  wi th   i n t e rchangeab le  t i p s  i n  a semianecho ic   w ind- tunne l   f ac i l i t y .  
Tests were conducted for a r a n g e   o f   s i m u l a t e d   f l i g h t   v e l o c i t i e s   ( 4 0  t o  90 k n o t s )  
a n d   f o r  a r a n g e   o f   s i m u l a t e d   d e s c e n t   v e l o c i t i e s  a t  e a c h   f l i g h t   v e l o c i t y   s u f f i -  
c i e n t  to b r a c k e t   t h e  BVI phenomenon. Rotor r e v o l u t i o n s  per minute  (rpm) and  
l ift were h e l d   c o n s t a n t ,   a t   1 2 0 0  rpn and  1.78 kN (400 l b ) ,  r e s p e c t i v e l y ,  
t h roughou t   t he  test .  Due t o  v a r i a t i o n s   i n   r o t o r - r a d i u s   a d v a n c e  ra t io ,  t h r u s t  
c o e f f i c i e n t   a n d   l i f t   c o e f f i c i e n t   v a r i e d   s l i g h t l y  among t h e  t ips .  The rotor sys-  
tem was c a r e f u l l y  trimmed a t  e a c h   s i m u l a t e d   f l i g h t   c o n d i t i o n  for z e r o  moments 
wi th  respect to  ro to r -ba lance  moment c e n t e r .   C a r e f u l   a t t e n t i o n  was applied t o  
ro tor -sys tem  opera t ing  parameters t o  e n s u r e   t h a t   t h e   t i p   c o n f i g u r a t i o n  tested 
was pe r fo rming   ae rodynamica l ly   s imi l a r  t o  t h e   b a s e l i n e  (square) t i p .  An evalu-  
a t ion   o f   the   aerodynamic   per formance   compar ison   can  be o b t a i n e d   i n   r e f e r e n c e  3.  

s YMBOLS 

The u n i t s   f o r   t h e   p h y s i c a l   q u a n t i t i e s   d e f i n e d   i n   t h i s  paper are p r e s e n t e d  
i n   b o t h   t h e   I n t e r n a t i o n a l  System  of  Units ( S I )  and,  where appropriate, paren- 
t h e t i c a l l y   i n  U.S .  Cus tomary   Un i t s .   Conver s ion   f ac to r s   u sed   fo r   t hese   un i t s  
are g i v e n   i n   r e f e r e n c e   1 6 .  

blade  chord,  10.77 c m  (4.24  in. ) 

rotor drag ,  N ( l b )  

rotor l i f t ,  N ( l b )  

peak impulse  pressure,   dynes/cm2 

rotor r a d i u s   w i t h   s q u a r e  t i p ,  1.574 m (5.165 f t )  

d e s c e n t   v e l o c i t y ,  m/sec ( f t /min)  , V, s i n  y 

rotor t i p  speed ,  m/sec ( f t / s e c )  

free-stream v e l o c i t y ,  m/sec (ft/sec) 

coord ina te s   fo r   ogee  t i p ,  cm ( i n . )  
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X , Y ,  c o o r d i n a t e s   f o r   m i c r o p h o n e   l o c a t i o n   i n   t u n n e l ,  m ( f t )  

ci r o t o r - s h a f t   a n g l e  of a t tack,  deg 

Y descent   angle ,   t an"  (D/L), deg 

P advance r a t io ,  VJVT 

52 rotor ro t a t iona l   speed ,   1200  rpm 

Abbrevia t ions :  

BVI  b l a d e - v o r t e x   i n t e r a c t i o n  

OASPL ove ra l l   sound   p re s su re   l eve l ,   f l i gh t - sca l ed ,   A-we igh ted ,  dBA 

rPm r e v o l u t i o n s  per minute  

SPL sound   p re s su re   l eve l ,  dB, (re 0.0002  dynes/cm2) 

TPP rotor t i p - p a t h - p l a n e   a t t i t u d e ,   r e f e r e n c e d  t o  tunne l   geomet r i c  
c e n t e r l i n e ,  deg 

HELICOPTER MODEL AND TEST FACILITY 

Helicopter Model 

The g e n e r a l  rotor model  system (GRMS) i n  t h e  Langley V/STOL t u n n e l  was 
used f o r  t h i s  i n v e s t i g a t i o n  ( re f .  1 7 ) .  The f u s e l a g e ,  1 rotor diameter i n  
l e n g t h ,  was des igned  t o  e n c l o s e   t h e  basic'model, t r ansmiss ion ,   and   con t ro l s   fo r  
t h e  rotor system. A s k e t c h  of the   he l i cop te r   mode l  is p r o v i d e d   i n   f i g u r e   1 .  

The main r o t o r  used  i n   t h i s   i n v e s t i g a t i o n  had f o u r  blades  mounted  on a 
f u l l y   a r t i c u l a t e d  hub .   Rotor -b lade   cons t ruc t ion  was a graphi te   composi te   spar  
wi th   ba lsa- r ibbed ,   t ra i l ing-edge   sur faces   wrapped  by f i b e r g l a s s   s k i n s .  The 
f i v e   b l a d e - t i p   c o n f i g u r a t i o n s  are i l l u s t r a t e d  i n   f i g u r e  2. A l l  r o t o r  rad i i  
were iden t i ca l   excep t   fo r   t he   subwing- t ip   ex t ens ion   and   t he   ogee   t i p .  The 
l a t t e r  had a n   i n c r e a s e d   r a d i u s  to  keep t h e  same planform area as t h e   s q u a r e - t i p  
blade.  The c h o r d   d i s t r i b u t i o n  for t h i s   t i p  is  p r e s e n t e d   i n   t a b l e  I. The NACA 
0012 a i r f o i l  s e c t i o n  was ma in ta ined  t o  t h e   t i p   f o r   t h e   o g e e - t i p   c o n f i g u r a t i o n ,  
which resulted i n  a nonuniform taper. The swept-tapered t i p  used l i n e a r  taper 
between  each a i r f o i l  s e c t i o n .  The d imens iona l  characterist ics of t h e  rotor 
system may be f o u n d   i n   t a b l e  11. 

The rotor hub  was f u l l y   a r t i c u l a t e d ,   w i t h   c y c l i c  and c o l l e c t i v e  pi tch on 
t h e   b l a d e s   c o n t r o l l e d  by a swash   p l a t e   d r iven  by r e m o t e l y   c o n t r o l l e d   a c t u a t o r s .  
Blade   f lapping   and   lead- lag   angles  were measured a t  t h e   f l a p p i n g - h i n g e   o f f s e t  
which was 7.71 -cm (3 .04- in . )   rad ius   f rom  the   ro tor   ax is .  The r o t o r  was d r i v e n  
by twin 67-kW (90-hp) electric motors through a common t r ansmiss ion .  The e n t i r e  
system - rotor, t ransmiss ion ,   and  motor - was mounted  on a s ix-component   s t ra in-  
gage   ba lance   wi th in   the   model  to  measure rotor fo rces   and  moments.  The f u s e l a g e  
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was on a sepa ra t e   ba l ance ,   and  the  complete model was balance  mounted. The 
limited aerodynamic data p r e s e n t e d   i n   t h i s  report are based on  measurements 
ob ta ined  from t h e  rotor ba lance   a lone .  

Wind-Tunnel F a c i l i t y  

The model i n v e s t i g a t i o n  was c o n d u c t e d   i n   t h e   L a n g l e y  V/STOL tunne l .  The 
f a c i l i t y   i n c l u d e s   a n   o p e n - t h r o a t  test chamber wi th  a va r i ab le -wa l l   con f igu ra -  
t i o n   t h a t  is accomplished by r a i s i n g   t h e   s i d e  walls a n d   t h e   c e i l i n g .  The 
d imens ions   o f   t he   r ec t angu la r  j e t  e n t r a n c e  to  t h e  test chamber are 4.42 m 
(14.50 f t )  high by 6.63 m (21.75 f t )  wide.  The c e i l i n g   h e i g h t   i n   t h e   c o n f i g -  
u r a t i o n  is approximately  7 .50 m (24.60 f t )   a b o v e   t h e  test chamber f l o o r .  

In s t rumen ta t ion  

The a c o u s t i c   t r a n s d u c e r s   u s e d   f o r   t h i s   i n v e s t i g a t i o n  were 1 . 2 7 - ~ n  
(0 .50- in . )   d iameter   condenser   microphones   f i t t ed   wi th   s tandard   nose   cones .  
Seven  microphones were p o s i t i o n e d   i n   t h e   f l o w   a r o u n d   t h e   m o d e l ,  as shown i n  
f i g u r e  3. A photograph of t h e   m o d e l   i n s t a l l e d   i n   t h e   t u n n e l   w i t h  floor t rea t -  
ment  and  microphones is p r e s e n t e d   i n   f i g u r e  4. The l o c a t i o n s  of t h e s e  micro- 
phones   r e l a t ive  t o  t h e  rotor hub w i t h   t h e  model a t  c1 = Oo a r e   p r e s e n t e d   i n  
t a b l e  111. Microphones  1,  2 ,  and  3, cons ide red  t o  be i n  t h e  n e a r   f i e l d ,  were 
mounted close t o  t h e   f u s e l a g e   i n   l o c a t i o n s  shown t o  be r e l a t i v e l y   s e n s i t i v e  t o  
BVI b l ade  slap ( r e f s .   1 8  and 19) .   Microphones  5, 6 ,   and  7 ,   considered t o  be 
i n   t h e   f a r   f i e l d ,  were mounted  ahead  of  the  model as f a r  as possible from  the 
rotor,  y e t   i n   t h e   f r e e - f i e l d   e n v i r o n m e n t   o f   t h e   f a c i l i t y ,  a t  about  30° below 
rotor t ip-path  plane.   Microphone 6 was l o c a t e d   o n   t h e   h e l i c o p t e r   c e n t e r l i n e ,  
and  microphones 5 and 7 were l o c a t e d   r i g h t   a n d   l e f t   o f   t h e   c e n t e r l i n e ,  respec- 
t i v e l y .  The d i r e c t i v i t y   o f   t h e  BVI b l ade   s l ap   has   been  shown expe r imen ta l ly  
( r e f s .  1 and   20)   and   theore t ica l ly   ( re f .   21)  to be a maximum a t  about  30° below 
rotor t ip-path  plane.   Microphone 4 was p o s i t i o n e d   i n   t h e   t i p - p a t h   p l a n e  to  
measure   th ickness   no ise  a t  h i g h   t i p   s p e e d s .   S i g n a l s  from each  microphone were 
f e d   t h r o u g h   a n   a m p l i f i e r   a t t e n u a t o r   a n d   i n t o  a 14-channel,  frequency-modulated 
(FM) tape r e c o r d e r   o p e r a t i n g   a t  76.2 cm/sec (30 .0  in / sec)   t ape   speed .   Blade  
azimuth  and time code were also recorded.  

An e v a l u a t i o n  was c o n d u c t e d   o f   t h e   f e a s i b i l i t y  of o b t a i n i n g  r ea l i s t i c  
f r e e - f i e l d   n o i s e   m e a s u r e m e n t s   i n   t h i s   f a c i l i t y   i n   t h e   o p e n - t h r o a t   c o n f i g u r a t i o n  
( r e f .   2 2 ) .   T h e   r e s u l t s   o f  a subsequent   model ing   s tudy  are a v a i l a b l e   i n   r e f e r -  

ence  23.  The recommended t r ea tmen t  to  t h e  f loor,  12.7-cm (5 .0- in . )   th ick   a lu-  
minum p a n e l s   f i l l e d   w i t h   f i b e r g l a s s ,  was ins t a l l ed .   Open-ce l l   po lyu re thane  
(1 0.2-cm (4.00-in.)   th ick)   pads were i n s t a l l e d   o n   t h e   c e i l i n g .  A follow-on 
e v a l u a t i o n   o f   t h e   e f f e c t i v e n e s s  of t h i s  t r ea tmen t  was conducted  and  reported 
i n   r e f e r e n c e  24. R e s u l t s   i n d i c a t e d   t h a t   t h e   h a l l   r a d i u s  was increased   sub-  
s t a n t i a l l y   a n d   t h a t   a c c u r a t e   f r e e - f i e l d   m e a s u r e m e n t s  would be obta ined   up  t o  
about  0 .3  m (1.0 f t )  from  any  surface.  

4 



OPERATING  PROCEDURES AND DATA REDUCTION 

Opera t ing   Procedures  

The occur rence   o f  BVI impulsive  noise   has   been shown t o  be a t  partial- 
power d e s c e n d i n g   f l i g h t .  It  was, t h e r e f o r e ,   n e c e s s a r y  to  d e t e r m i n e   t h e   f l i g h t  
c o n d i t i o n s   ( t u n n e l   v e l o c i t y   a n d   s i m u l a t e d   d e s c e n t   a n g l e )  c r i t i ca l  to BVI gen- 
e r a t i o n  for t h i s   p a r t i c u l a r  rotor system.  The  square- t ip  rotor was used as t h e  
b a s e l i n e  t o  e s t a b l i s h   t h i s   f l i g h t   e n v e l o p e .  A t  e a c h   t u n n e l   v e l o c i t y   s i m u l a t e d ,  
d e s c e n t   a n g l e  was va r i ed ,   beg inn ing  a t  a climb cond i t ion   w i th   no   obse rvab le  
BVI, through maximum BVI, to a h igh   descent   angle   where  BVI was not   observed .  
Th i s   p rocedure   p rov ided  a m a t r i x  of f l i g h t   c o n d i t i o n s   ( f i g .   5 )  a t  wh ich   t he  
rotor sys t em  wi th   o the r  t ips  i n s t a l l e d  was o p e r a t e d .   A c o u s t i c   d a t a   a c q u i s i t i o n  
a t  e a c h   f l i g h t   c o n d i t i o n   f o r   o t h e r  t ips  was t a k e n   s e l e c t i v e l y   b a s e d   o n   o n - l i n e  
i n t e r p r e t a t i o n  of the  a c o u s t i c  wave forms. 

The procedure  used to e s t a b l i s h   e a c h   f l i g h t   c o n d i t i o n  was t o  set  a con- 
s t a n t   t u n n e l   v e l o c i t y   e q u a l  to  t h e   d e s i r e d   f l i g h t  speed, t h u s   s e t t i n g   t h e  
advance r a t io  (p = V f l ~ ) .  Th i s  was f o l l o w e d   b y   a d j u s t i n g   c o l l e c t i v e ,   c y c l i c s ,  
and model a n g l e  of a t t a c k  t o  o b t a i n   d e s i r e d  rotor l i f t  ( i n   t h i s  case, 1 .78  kN 
(400  l b ) ) ,  as w e l l  as ba lanced  rotor p i t c h i n g  moment, r o l l i n g  moment, a n d   t h e  
desired descen t   ang le  (y E t an”  (D/L) )  . With  the rotor system a t  t h e  d e s i r e d  
c o n d i t i o n ,  30  sec of in fo rma t ion  from t h e  microphones  were recorded o n   t h e  FM 
tape recorder. Corresponding model and   tunnel   in format ion  was recorded  s imul-  
t aneous ly   on  t h e  tunnel   computer   da ta -acquis i t ion   sys tem.  

C r i t i c a l  to c o m p a r i s o n   o f   t h e   n o i s e   r e s u l t i n g  from t i p   s h a p e  are  model 
p o s i t i o n   a n d   a t t i t u d e   c o n s i s t e n c y  a t  each  matched test cond i t ion .   Spec ia l  
c o n s i d e r a t i o n  was g iven  t o  c a r e f u l l y   m a t c h i n g   e a c h  t e s t  c o n d i t i o n   o f   t h e  
v a r i o u s  t ips  t o  t h o s e   w i t h  t h e  s q u a r e  t ip .  C y c l i c   c o n t r o l   a n d   c o l l e c t i v e  
s e t t i n g s  may have   been   d i f fe ren t   due  t o  p e r f o r m a n c e   d i f f e r e n c e s ,   b u t   c e r t a i n  
parameters were c a r e f u l l y   m a t c h e d  as much a s   poss ib l e   be tween  t i p  tests. These 
parameters   and estimated v a r i a t i o n s   a r e :   a n g l e  of a t t ack ,  +0.5O; l i f t ,  + 4 4  N 
( + l o  l b ) ;  p i t c h i n g   a n d   r o l l i n g  moment, A560 cm-N (+50   i n - lb ) ;  rotor r o t a t i o n a l  
speed, +5  rpm; and most impor t an t ly ,  TPP, + lo .  The TPP m u s t  r ema in   cons i s t en t  
between t i p  c o n f i g u r a t i o n s   a t   i d e n t i c a l  model o p e r a t i n g   c o n d i t i o n s  t o  minimize 
ambigui ty  related t o  d i r e c t i v i t y  characterist ics of t h e   n o i s e  source. A t  each 
tunne l   ve loc i ty   t e s t ed ,   background   no i se   measu remen t s  were made wi th   b l ades   o f f  
and rotor hub  tu rn ing  a t  t h e  tes t  condi t ion  (1200 rpn).  

Data Reduct ion 

Cor rec t ions  for je t -boundary  and  blockage effects have  been made t o  t h e  
aerodynamic parameters p resen ted   he re in ,   excep t   t he   t i p -pa th -p lane   ang le .  
These   co r rec t ions   i n   an   open- th roa t   t unne l   p r imar i ly   a f f ec t   f r ee - s t r eam  dynamic  
p r e s s u r e  (ref. 25) .  
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Before and after t h e  tests, "pink" and  "white" noise s i g n a l s  were recorded 
to v e r i f y   t h a t   t h e  complete sys tem  (exc luding   the   microphones)   had  a f l a t  fre- 
quency  response  over   the  range of i n t e r e s t   ( 5 0  to  1 0  000 Hz). A l l  microphones 
were calibrated w i t h  a 125-dB pis ton  phone a t  250 Hz b e f o r e   a n d   a f t e r   e a c h  
series of tests. 

The a c o u s t i c  data were ana lyzed  for one-third-octave-band SPL, narrow-band 
SPL, and f l i g h t - s c a l e d ,   o v e r a l l  A-weighted   sound  pressure   l eve l  (OASPL). The 
ana lys i s   u sed  is d e s c r i b e d   i n   r e f e r e n c e  26. Absolu te   va lues  of peak-to-peak 
ampli tude of t h e  BVI impulses  were determined.  The one-third-octave-band  and 
narrow-band  analyses were o b t a i n e d  from a 2 - s e c   ( 4 0 - r o t o r   r e v o l u t i o n )   d i g i t a l  
r eco rd  of each tes t  c o n d i t i o n .  Each acoustic r e c o r d  was band-pass f i l t e r e d  a t  
50 to  1 0  000 Hz a n d   d i g i t i z e d  a t  t h e   r a t e   o f  20  480 samples/sec. Each  record 
was d i v i d e d   i n t o  a number of b locks ,   cor responding  t o  1 rotor r e v o l u t i o n  
(0.05 sec), a n d   t r i g g e r e d  a t  the i n s t a n t   i n  time when t h e   i n s t r u m e n t e d   b l a d e  
p a s s e d   o v e r   t h e   t a i l   o f   t h e   f u s e l a g e .   T h i s ,   w i t h   t h e   d i g i t i z i n g  r a t e  of 
20 480 s a m p l e s / s e c ,   r e s u l t e d   i n  a constant   bandwidth of 19.5 Hz. The  number 
o f   deg rees   o f   f r eedom  ob ta ined   fo r   t h i s   ana lys i s  is 80. 

PRESENTATION OF RESULTS 

The complete data set o b t a i n e d   d u r i n g   t h i s   i n v e s t i g a t i o n  t o  bracket t h e  
complete enve lope   o f  BVI b l a d e   s l a p  (see f i g .   5 )  for each t i p  is a v a i l a b l e   i n  
r e f e r e n c e  27.  Samples  and  analyses  of  these data are p resen ted  as fo l lows:  

F i g u r e  

Ef fec t   o f   descen t   ang le   va r i a t ion   on   s e l ec t ed   one - th i rd -oc tave -band  
s p e c t r a ,   n o i s e   p r e s s u r e  time his tor ies ,   and  narrow-band spectra. 
V, = 51 kno t s ;   squa re - t ip   shape  . . . . . . . . . . . . . . . . . . .  6 t o  9 

Sketch of t y p i c a l  wave forms a t  each  microphone  posi t ion . . . . . . .  1 0  

Direct comparison  of noise gene ra t ed  by d i f f e r e n t  t i p  shapes   on   he l i cop te r  
model a t - s i m i l a r   o p e r a t i n g   c o n d i t i o n s ;  V, = 51 knots :  
One-third-octave-band  analyses;  microphone 3 ;  y . 2.1° . . . . . . .  
P r e s s u r e  time h i s to r i e s ;   mic rophone  3 ;  y . 2.1° . . . . . . . . . .  
One-third-octave-band  analyses;  microphone 5; y . 2.1° . . . . . . .  
P r e s s u r e  time h i s to r i e s ;   mic rophone  5; y = 2.1° . . . . . . . . . .  
One-third-octave-band  analyses;  microphone 3 ;  y . 4.2O . . . . . . .  
P r e s s u r e  time h i s to r i e s ;   mic rophone  3 ;  y . 4.20 . . . . . . . . . .  
One-third-octave-band  analyses;  microphone  5; y . 4.2O . . . . . . .  
P r e s s u r e  time h i s to r i e s ;   mic rophone   5 ;  y . 4 .20  . . . . . . . . . .  

Variat ion  of   peak-to-peak  ampli tude  and  f l ight-scaled,   A-weighted OASPL 
w i t h   d e s c e n t   a n g l e   f o r   d i f f e r e n t  t ips t e s t ed   on   he l i cop te r   mode l  a t  
similar o p e r a t i n g   c o n d i t i o n s :  
V, = 51 knots;  microphones 3 ,  5,  6,  and 7 . . . . . . . . . . . . . .  
V, r~ 56 knots;  microphones 3 ,  5, 6,  and 7 . . . . . . . . . . . . . .  
V, = 61 knots;   microphones 3, 5,  6,  and 7 . . . . . . . . . . . . . .  
V, = 66 knots;  microphones 3,  5, 6,  and 7 . . . . . . . . . . . . . .  
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L a t e r a l - d i r e c t i v i t y   c h a r a c t e r i s t i c s  of b l a d e - s l a p   i n t e n s i t y  for squa re  
t i p  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  21 

DISCUSSION OF  RESULTS 

The BVI b l ade - s l ap  phenomenon has  been shown to  be highly  dependent   on 
f l i g h t   c o n d i t i o n ,   p a r t i c u l a r l y   p a r t i a l - p o w e r   d e s c e n t s .  The f o l l o w i n g   a n a l y s i s  
is s t r u c t u r e d  t o  p r o v i d e   t h e  reader wi th   an   unders tanding  of the  prime  impor- 
t a n c e   o f   t h e   e v a l u a t i o n   t e c h n i q u e ,  as well as t h e   c o m p a r i s o n   i t s e l f .   I n t e r -  
p r e t a t i o n  of t h e  basic acoustic data can be ve ry  c r i t i c a l  i n   e v a l u a t i n g   e v e n  
t h e   e x i s t e n c e  of BVI b l a d e   s l a p .  Though d i r e c t   t i p - t o - t i p   c o m p a r i s o n  of t h e  
n o i s e   c h a r a c t e r i s t i c s  a t  i d e n t i c a l   f l i g h t   c o n d i t i o n s  is important ,  it is shown 
t h a t  to  e f f e c t i v e l y   e v a l u a t e  t h e  r e l a t i v e  effect  of t i p   m o d i f i c a t i o n ,  t h e  com- 
p a r i s o n  mus t  be p re sen ted   ove r  t h e  comple t e   f l i gh t   enve lope  of importance. 
(See f i g .  5 . )  

I n t e r p r e t a t i o n  of Basic Data 

Samples of t h e   b a s i c   n o i s e  data a t  V, = 51 knots  are p r e s e n t e d   i n   f i g -  
ures 6, 7, 8 ,  and 9 €or microphones 1 ,  3 ,  4 ,  and 5 ,  r e spec t ive ly .   These  data 
are p resen ted  for t h e  s q u a r e - t i p   c o n f i g u r a t i o n   o n l y .  The complete se t  of d a t a  
acquired f o r  a l l  t i p s   a t  a l l  f l i g h t  velocities t e s t e d  is a v a i l a b l e   i n   r e f e r -  
ence  27. Each one-third-octave-band SPL spectrum p l o t   c o n t a i n s   b o t h  t h e  d a t a  
for a l l  descen t   ang le s  s i m u l a t e d  a t  t h a t  ve loc i ty   and   background  no ise   wi th  
b l ades  removed but  w i t h  h u b   t u r n i n g   a t  1 2 0 0  rpm. Selected p r e s s u r e  time his -  
tor ies  and  narrow-band spectra are presented   for   each   microphone:   one   for  no 
or l i g h t  blade s l a p  detected, and  one for maximum b l a d e   s l a p  detected ( t y p i f i e d  
by an  impulsive character ( f i g .   7 ( b ) ) .   T h e s e   s a m p l e  data are p resen ted  t o  
i l l u s t r a t e  t h e   p o i n t  discussed i n   r e f e r e n c e  3 tha t   one   mus t  be c a r e f u l   i n  
i d e n t i f y i n g  character is t ic  n o i s e  data as t y p i c a l l y  BVI. 

Based   on   t he   ana lyses   i n   r e f e rences  1 9 and  27 of BVI induced  blade-slap 
da t a   i n   t he   f r equency   domain ,  it would  appear   that   the   one-third-octave-band 
spectra data measured a t  microphone 1 ( f i g .   6 ( a ) )   i n d i c a t e  t he  p resence  of 
b lade   s l ap .   Th i s  is sugges t ed  by the   b road-band  increase   in  SPL above  about 
t h e   t h i r d   h a r m o n i c  of blade-passage  f requency.  T h i s  effect can be s e e n  to 
be a direct  f u n c t i o n  of d e s c e n t   a n g l e .   P r e s s u r e   t i m e - h i s t o r y   i n f o r m a t i o n  
( f i g .  6 (b) 1, however, does n o t   i n d i c a t e  a d i s t i n c t   i m p u l s i v e   c h a r a c t e r   f o r   t h e  
h igh   descent   angle   even   though  the  phenomenon causing  the  higher   broad-band 
n o i s e   l e v e l s  is p e r i o d i c   i n   n a t u r e ,  as ev idenced   by   the   harmonic   conten t   in  t he  
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narrow-band analysis of f igure  6(d) .  T h i s  resu l t  would  seem to  indicate  that  
it was d i f f i cu l t   t o  conclude tha t  BVI blade  slap was experienced. The  same 
resu l t  is evident i n  the  data  acquired  at microphone 4 ( f ig .  8 ) .  However, as 
mentioned before,  the prime d i rec t iv i ty   for  BVI blade  slap has been shown t o  
be i n  the lower front  quadrant  relative  to t h e  tip-path  plane (microphone 5), 
and the  interaction  primarily  occurs on the advancing side of the  rotor 
(microphone 3) . 

One-third-octave-band spectra  data measured a t  microphone 3 ( f i g .   7 ( a ) )  
also show t h e  increase i n  broad-band SPL above the  third harmonic of the  blade- 
passage  frequency.  Pressure  time-history  information  (fig. 7 ( b )  ) conclusively 
indicates  the  presence of BVI blade slap,  w i t h  three d i s t i n c t  interactions 
evident  at  the  descent  angle  for which t h i s  broad-band SPL was the  greatest 
( Y  = 2.15O). I n  fact ,   if  a microphone is  properly  located i n  the   c r i t i ca l  
directivity  pattern of BVI, the  recorded  pressure time history w i l l  always 
indicate blade slap  if  present. Narrow-band analysis of these  data 
( f ig .  7 (d)  ) , however, does not  indicate harmonic content. T h i s  is probably 
the  result  of var iab i l i ty  i n  the  impulse character is t ics  from blade t o  blade 
and revolution  to  revolution,  or simply the  fact   that  more than one impulse 
occurred a t  each blade  passage. Data measured a t  microphone 5 also  indicate 
the  presence of BVI blade  slap. 

These data  analyses  indicate  the importance of microphone p s i t i o n  i n  
determining  the  effects of BVI blade  slap. A sketch of the k i n d  of  wave form 
experienced a t  each location w i t h  blade s lap is  presented i n  f igure 10 .  That 
measured a t  microphone 4 ( f ig .  8), near tip-path  plane, was obviously  not i n  
the most sens i t ive   d i rec t iv i ty   f ie ld  of the phenomenon,  and that  measured a t  
microphone position 1 ( f ig .  6 ) ,  under the  retreating  side of the  rotor, prob- 
ably was a general  periodic  turbulent wake interaction w i t h  no d i s t i n c t  vortex 
interaction. A t  any ra te ,  BVI blade  slap was generated and  most effectively 
measured a t  microphones 3 and 5. Microphones 5, 6, and 7 were a l l  located i n  
the lower front quadrant b u t  were l a t e ra l ly  spaced to  provide some information 
about  the la teral-direct ivi ty   character is t ics  of BVI blade  slap. These data 
(available i n  ref.  3)  are  very  similar  except i n  direct ivi ty   character is t ics ,  
which w i l l  be addressed l a t e r .  

Similar  conclusions can be drawn  from the  basic BVI blade-slap  character- 
istics generated a t  other  simulated  flight  velocities and w i t h  d i f fe ren t   t ips  
instal led.  However, the most important  objective of t h i s  investigation was the 
determination of the effect  of t i p  modification on the  intensity of the measured 
BVI blade  slap. The following  discussion w i l l  be limited  to  data  acquired  at 
microphones 3 and 5 for  reasons  previously  cited. 

Tip-Shape Comparison a t  Similar Model Operating  Conditions 

Sane effect  of tip-shape  configuration on acoustic  characterist ics can 
be evaluated w i t h  t ips   ins ta l led ,  w i t h  the  rotor system operating  at   similar 
flight  conditions. Hawever, as  discussed i n  references 9 and 1 0 ,  the t i p  
change can s h i f t  the  position of  maximum BVI blade-slap  intensity  to a d i f -  
ferent  portion of the f l i g h t  envelope. The effect  of t i p  shape at   s imilar  
operating  conditions is considered f i r s t .  
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A direct comparison of n o i s e   a s s o c i a t e d   w i t h  the  f i v e  t i p  c o n f i g u r a t i o n s  
as measured by microphones 3 and 5 a t  descen t   ang le s  of a b u t  2.1 and 4.2O is 
p r e s e n t e d   i n   f i g u r e  11 . A t  a descen t   ang le   o f  2.1 O, t h e  effect of t i p  shape  on 
one-third-octave-band  analyses  (as measured  by  microphone 3, f i g .  l l ( a ) )  i n d i -  
cates tha t   the   ogee   and   subwing t i p s  are s l i g h t l y   q u i e t e r   t h a n   t h e   s q u a r e  t i p  
i n   t h e   f r e q u e n c y   r a n g e   i m p o r t a n t  for b l ade  slap, and the  end-p la te  t i p  is 
no i s i e r .   These   gene ra l   conc lus ions  also can be drawn  from  the data o b t a i n e d  
from  microphone 5 ( f ig .  11 ( c ) )  . Genera l ly ,   the   ogee ,   subwing,   and  swept- 
tapered t i p s  genera te   no  more n o i s e   t h a n   t h e   s q u a r e  t i p  across t h e  spectrum. 
I n   g e n e r a l ,  a t  the highe r   descen t   ang le   ( f ig s .  11 (e) and  11 (9) ) , one  can  draw 
d i f f e r e n t   c o n c l u s i o n s .  

I t  is possible to c o n t i n u e  t h i s  d i r ec t   compar i son   fo r  each f l i g h t   s p e e d  
and   each   descent   angle  tested. Obv ious ly ,   t h i s   wou ld   l ead  t o  confusion  and a 
l a c k  o f   gene ra l   unde r s t and ing   o f   t he  t i p  effects. R e s u l t s   p r e s e n t e d   i n   r e f e r -  
ence 3 s h o w  t h a t   t h e  maximum va lue   o f  blade s lap for each  t i p  does  not   occur  a t  
t h e  same descen t   ang le .   Tha t  is, t h e   d e s c e n t   a n g l e  for maximum blade s lap f o r  
t h e   s q u a r e  t i p  occurs   between 2.1 5O and 4.23O, €or t h e   o g e e  t i p  between 2.07O 
and 4.24O, f o r   t h e   s u b w i n g  t i p  between 1.1 5O and 2.1 5O, for the   swep t - t ape red  
t i p  between  1.03O  and 2.24O, and for the   end-p la t e  t i p  between 1.01 and 2.1 4O. 
Thus,   even  though  the model o p e r a t i n g   c o n d i t i o n s  are n e a r l y   i d e n t i c a l  among t h e  
t i p   c o n f i g u r a t i o n s ,  t he  cond i t ions   (descen t   ang le )  €or maximum b l a d e   s l a p  a r e  
n o t   c o n s i s t e n t .  

The examinat ion of a c o u s t i c  wave-form d e t a i l s   a t  a s i n g l e  test  o p e r a t i n g  
c o n d i t i o n  does allow t h e   d e t e r m i n a t i o n  of some causes  of acoustic d i f f e r e n c e s  
f o r   d i f f e r e n t   t i p c o n f i g u r a t i o n   c h a n g e s .  A t  a descen t   ang le  of 2.1° (measured 
by  microphone 3 ( f i g .  11 (b)  1 , t h e   o g e e   t i p  caused a r educ t ion   i n   magn i tude   and  
a broadening  of  t h e  second  impulse a t  each  blade  passage.  A l l  t h r e e  impulses 
h a v e   s h i f t e d   p o s i t i o n   r e l a t i v e  t o  time zero  compared  with t h e  s q u a r e - t i p  data,  
which i n d i c a t e s  a s l i g h t   c h a n g e   i n   l o c a t i o n  of the b l a d e - v o r t e x   i n t e r a c t i o n s  
away from t h i s  microphone.  Therefore,  some of t h e  amplitude reduct ion  can be 
applied t o  decay   ve r sus   d i s t ance  of t h i s  no ise .  The data from the  subwing t i p  
s h w  a s l igh t   r educ t ion   i n   impu l se   ampl i tudes   and  a s h i f t   i n   t h e   p o s i t i o n   o f  
t h e   i m p u l s e s ,   r e l a t i v e  t o  time zero ,  towards the  microphone.  Thus,   since  these 
i n t e r a c t i o n s   a r e   s l i g h t l y  closer  to t h e  m i c r o p h o n e ,   t h e   t r u e   i m p u l s e   i n t e n s i t y  
a t  t h e   s o u r c e  is probably  even lower than what  f i g u r e  11 (b )  i n d i c a t e s .  The 
data f o r   t h e   s w e p t - t a p e r e d   a n d   e n d - p l a t e   t i p s   i n d i c a t e  t h a t  t h e  f i r s t  impulse 
a t  each  blade  passage  has  been  narrowed,  and the  p o s i t i o n  of the i n t e r a c t i o n s  
has p robab ly   been   sh i f t ed  closer t o  t h e  microphone.  This is e s p e c i a l l y   t r u e  
f o r   t h e   e n d - p l a t e  t i p .  I n   a d d i t i o n ,  data for the   end-p la t e  t i p  show t h a t   t h e  
t h i r d   i m p u l s e  a t  each blade passage   has   been   grea t ly  reduced in   w id th   and  
inc reased   i n   magn i tude ,   wh ich   exp la ins   t he   h ighe r  SPL a t  h i g h   f r e q u e n c i e s   i n  
f i g u r e  11 (a) . 

T i p S h a p e  Noise Variation  With  Descent  Angle 

Data for t u n n e l  velocities of 51 to 91 knots  are summarized i n  a manner 
which describes the   impulse  p e a k  ampli tude,   impulse  width,   and number of 
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impulses and what  might be h e a r d   s u b j e c t i v e l y  by an   observer .  The impulse 
peak ampli tude,  of course,   can be handled as done  previously ( ref .  91, by 
p r e s e n t i n g   t h e   v a r i a t i o n   o f  p e a k  ampl i tude  of impu l se   w i th   descen t   cond i t ion .  
( I n   t h i s  case, t h e   l a r g e s t  a t  each  blade  passage  averaged  over  2 rotor revo- 
l u t i o n s .  ) The wid th  of the   impulse   and   the  number of impulses   can best be 
d e s c r i b e d   f o r   t h e  mass of in fo rma t ion   enc losed   he re in   by   r e l a t ing  OASPL to 
descen t   ang le .   S ince  human response  to  t h i s   n o i s e  phenomenon is t h e   p r i m a r y  
c o n c e r n ,   t h i s  OASPL should  be  weighted t o  t h e  ear r e s p o n s e   c a p a b i l i t y .  One 
method  has  been  shown t o  be t h e  A-weighted  frequency scale (refs. 27 t o  30) . 
I n   t h i s  case, model-scale   f requencies   must  be conver ted  t o  r ea l i s t i c  f l i g h t -  
scaled f requencies   before   the   A-weight ing   can  be a p p l i e d  t o  t h e  data. T h i s  
was accomplished  by  assuming  that   the   model  was 1 /4 scale of a f l i g h t   v e h i c l e .  
T h i s   S t r o u h a l   s c a l i n g  assumes tha t   no i se   sou rces   depend   on  rotor- t ip  Mach 
number and  l inear  dimensions.   These  A-weighted OASPL v a r i a t i o n s   w i t h   d e s c e n t  
a n g l e   f o r   e a c h   t i p   s h o u l d   p r o v i d e  a measure of the   pu lse-width  characterist ics 
and   ana lys i s   o f   sub jec t ive   r e sponse  by an   observer .  

The v a r i a t i o n s   o f  p e a k  ampli tude  and  f l ight-scaled,   A-weighted OASPL wi th  
descen t   ang le  are p r e s e n t e d   i n   f i g u r e s   1 2  to  1 9 .  These  data  are p r e s e n t e d   f o r  
microphones 3, 5,  6,  and 7 for velocities of  51,  56, 61, 66,  71,  and 76 kno t s ;  
only  data  from  microphone 3 are p resen ted  a t  82  and 91 knots .  Data from a l l  
t i p  c o n f i g u r a t i o n s  are p resen ted   on   each   f i gu re   excep t  for v e l o c i t i e s  above 
71 knots ,  a t  which  the  end-plate  t i p  was n o t   t e s t e d .   U n f o r t u n a t e l y ,   d a t a   f o r  
t h e   o g e e  t i p  a t  v e l o c i t y   o f  91 knots  was n o t   o b t a i n e d .   L a t e r a l - d i r e c t i v i t y  
c h a r a c t e r i s t i c s  of b l ade  s lap as measured  by  microphones 5, 6,  and 7 w i l l  be 
d i s c u s s e d  l a t e r ;  therefore ,   the   compar ison  of t i p - s h a p e   e f f e c t s   d i s c u s s e d   i n  
t h i s   s e c t i o n  w i l l  b e   l i m i t e d  t o  microphones 3 and  5. The d a t a   f o r   t h e  square 
t i p  w i l l  be cons ide red  t h e  base l ine   fo r   compar i son  purposes w i t h   o t h e r  t i p  
c o n f i g u r a t i o n s .  

Ogee t ip . -  I n   g e n e r a l ,   t h e   o g e e  t i p  was e f f e c t i v e   i n   r e d u c i n g   t h e  maxi- 
mum peak ampl i tude  of t h e   b l a d e - s l a p   i m p u l s e   f o r  a l l  t h e   f r e e - s t r e a m   v e l o c i -  
t ies  t e s t e d  (as much as 35 p e r c e n t  a t  V, = 56 k n o t s ,   f i g .   1 3 ( a ) ) ,  as measured 
i n   t h e   n e a r   f i e l d  by  microphone 3 .  It was also e f f e c t i v e   i n   r e d u c i n g   t h e   r a n g e  
of   descent   angles   over  which t h e  impulse was measurable .  However, a t  a f r e e -  
stream v e l o c i t y   o f  66 kno t s ,   t he   ogee  t i p  was a b l e  t o  r e d u c e   o n l y   s l i g h t l y   t h e  
impulse p e a k  ampl i tude .  The f l ight-scaled,   A-weighted OASPL shows a g e n e r a l  
r e d u c t i o n   i n  SPL across t h e   v e l o c i t y   r a n g e   e x c e p t  a t  a f r e e - s t r e a m   v e l o c i t y   o f  
82 knots   and a t  low descen t   ang le s  a t  V, = 51 k n o t s   w h e r e   s l i g h t   i n c r e a s e s  
were measured.  The maximum l e v e l   o f   t h i s  OASPL v a r i a t i o n   w i t h   d e s c e n t - a n g l e  
dec rease  was as much as 3 dBA for f r ee - s t r eam  ve loc i t i e s   o f   51 ,  56,  61,  and 
76 knots .  A s h i f t   i n   t h e   d e s c e n t - a n g l e   v a l u e   f o r  maximum impulse as was found 
i n   r e f e r e n c e  9 f o r   t h e   o g e e  t i p  was o n l y   o b s e r v e d   i n   t h i s   i n v e s t i g a t i o n   f o r  
peak-amplitude  values a t  a f r e e - s t r e a m   v e l o c i t y  of 51 knots .  I t  is impor tan t  
t o  remind  the reader t h a t   t h i s  was a four-bladed rotor as compared w i t h   t h e  
two-bladed rotor u s e d   i n   r e f e r e n c e s  6 and 9. 

The impulse   peak-ampl i tude   da ta   ob ta ined   in   the  acoustic f a r   f i e l d ,  as 
measured  by  microphone 5 ( f i g s .   1 2 ( b ) ,   1 3 ( b ) ,   1 4 ( b ) ,   1 5 ( b ) ,   1 6  ( b ) ,  1 7   ( b )  , 
a n d   1 8 ) ,   g e n e r a l l y  are a n s i s t e n t   w i t h   t h a t   d a t a   m e a s u r e d  under  the rotor 
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d i s k ,   w i t h  a few except ions .   That  is, the  maximum value of  p e a k  ampl i tude  
was decreased  by t h e   o g e e   t i p  by as much as 25   percent  a t  V, = 66 knots 
( f i g .   1 5 ( b )  ) . An excep t ion  to  t h i s  was found a t  V, = 71 k n o t s   ( f i g .   1 6 ( b )  ) , 

where   t he  maximum peak  amplitude was i n c r e a s e d  by 21 p e r c e n t .  The f l i g h t -  
s c a l e d  OASPL i n d i c a t e s   d i f f e r e n t   t r e n d s  i n  t h e   f a r   f i e l d   t h a n   i n   t h e   n e a r  
f i e l d :   t h a t  is, t h e   o g e e   t i p   d i d   n o t   e f f e c t i v e l y  a l t e r  t h e   v a r i a t i o n  of 
OASPL wi th   descent   angle   f rom  tha t   measured  by t h e  square t i p   e x c e p t  a t  
f r e e - s t r e a m   v e l o c i t i e s   o f  56  and 61 kno t s  ( f i g s .   1 3 ( b )  and 1 4 ( b )  ) ,  where 
t h e s e   v a l u e s  were dec reased  by as much as 3 dBA. I n   f a c t ,  a t  cer ta in  
v e l o c i t i e s   ( 6 6  and  82 k n o t s ) ,   t h e   v a l u e s   o f  OASPL were s l i g h t l y   h i g h e r   t h a n  
t h a t   m e a s u r e d   f o r   t h e   s q u a r e   t i p .  

Subwing tip.- The  subwing t i p ,   i n   g e n e r a l ,  was e f f e c t i v e   i n   r e d u c i n g   t h e  
peak   ampl i tudes   o f   b lade   s lap  as much as t h e   o g e e   t i p  (as measured by micro- 
phone 3 ) .  A t  most f r e e - s t r e a m   v e l o c i t i e s ,  it reduced   t he  maximum of t h e  p e a k  
ampl i tude  a s l i g h t   d e g r e e  more t h a n   d i d   t h e   o g e e   t i p .  One except ion   can  be 
seen a t  V, = 82 kno t s   ( f i g .   18 )   where   t he  maximum v a l u e  of  peak  amplitude 
was e v e n   h i g h e r   t h a n   t h a t   o b t a i n e d   w i t h   t h e   s q u a r e   t i p .   I n   g e n e r a l ,   t h e   v a l u e s  
obta ined   of   f l igh t -sca led ,   A-weighted  OASPL were even lower t h a n   t h o s e   f o r   t h e  
ogee t i p  (even a t  V, = 82 k n o t s ) .   T h i s   t i p   r e d u c e d   t h e  maximum  OASPL measured 
by as much as 4 dBA ( f i g .   1 3 ( a ) ) ,  as compared   w i th   t he   squa re   t i p .   In   t he   f a r  
f i e l d  (as measured by microphone 5) , t h e   d e c r e a s e   i n  p e a k  ampli tude  and OASPL 
was a l so   no ted  to be even more t h a n   t h a t   o b t a i n e d  by t h e   o g e e   t i p .  Two excep- 
t i o n s  to  t h i s  case are  evident ,   however .  A t  V, = 51 k n o t s   ( f i g .   1 2 ( b )  ) and 
low descen t   ang le s ,   t he   da t a   i nd ica t e   h ighe r  p e a k  ampli tudes  and OASPL t h a n   t h e  
square  and  ogee  t ips ,   and a t  V, = 76 k n o t s   ( f i g .   1 7 ( b ) )   a n d   v e r y   h i g h   d e s c e n t  
a n g l e s ,  a s l i gh t   i nc rease   i n   peak   ampl i tude   and  OASPL is e v i d e n t .  

Swept - tapered   t ip . -  The swept-tapered t i p  was e f f e c t i v e   i n   r e d u c i n g   t h e  
maximum peak  amplitude as measured   in   the   near   f ie ld   (microphone   3)  a t  a l l  
f r e e - s t r e a m   v e l o c i t i e s   e x c e p t  76 k n o t s   ( f i g .   1 7 ( a ) )   a n d  82 k n o t s   ( f i g .   1 8 ) .  
The f l i g h t - s c a l e d ,  A-weighted OASPL a t  82  and 91 knots   o f   f ree-s t ream  ve loc i ty  
i n d i c a t e s  a small   region  of   higher  OASPL t h a n   t h e   s q u a r e   t i p .   I n   t h e   f a r   f i e l d  
(microphone   51 ,   the   swept - tapered   t ip  was observed  to cause  even a g r e a t e r  
r e d u c t i o n   i n  maximum p e a k  ampl i tude   than   d id   the   ogee   and   subwing  t ips .   This  
is even t r u e  f o r   t h e   g e n e r a l   r e d u c t i o n   i n   p e a k - a m p l i t u d e   v a r i a t i o n   w i t h   d e s c e n t  
ang le   excep t  a t  low descen t   ang le s  a t  a l l   v e l o c i t i e s   t e s t e d .  A t  f ree-s t ream 
v e l o c i t i e s   o f  51 k n o t s   ( f i g .   1 2 ( b ) ) ,  76 k n o t s   ( f i g .   1 7 ( b ) ) ,  82 k n o t s   ( f i g .   1 8 ) ,  
and 91 k n o t s   ( f i g .  1 9) and a t  low descen t   ang le s ,   t he   swep t - t ape red   t i p   gene r -  
a t ed   h ighe r   va lues  of peak   ampl i tude   than   d id   the  square t i p .   I n   g e n e r a l ,   t h e  
measured  values   of   the   f l ight-scaled,   A-weighted OASPL were o b s e r v e d   t o  be 
lower by as much as 4.5 dBA compared  with  the square t i p   ( f i g .   1 3 ( b )  ) , even 
more t h a n   t h a t  of the   ogee   and   subwing  t ips   except  a t  low d e s c e n t   a n g l e s   f o r  
f r e e - s t r e a m   v e l o c i t i e s   o f  71 k n o t s   ( f i g .   1 6 ( b ) ) ,  76 k n o t s   ( f i g .   1 7 ( b ) ) .  

End-p la t e   t i p .  - The e f f e c t  o f   t h e   e n d - p l a t e   t i p  as measured by micro- 
phone 3 can  be  seen to be r e l a t i v e l y   p o o r  i n  r e d u c i n g   t h e  maximum peak  ampli- 
tude  and  f l ight-scaled,   A-weighted OASPL. I n   f a c t ,   t h i s  maximum peak  amplitude 
w a s  g r e a t l y   i n c r e a s e d  by as much as 50 p e r c e n t  a t  71 k n o t s   ( f i g .  1  6 (a) ) . This  
was also obse rved   i n   t he   f l i gh t - sca l ed ,   A-we igh ted  OASPL values .  The g e n e r a l  
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e f f e c t   o n  p e a k  ampl i tude   and  OASPL was t o  s h i f t   t h e   d e s c e n t   a n g l e   r a n g e  of 
l a r g e   i m p u l s e   e f f e c t  t o  lower descen t   ang le s   ( c l imb   cond i t ions  as r e l a t e d  t o  
t h e  rotor s h a f t   a x i s )   a n d  t o  i n c r e a s e   t h e   e f f e c t   o f   t h e   i m p u l s e .   I n   t h e  far  
f i e l d   ( m i c r o p h o n e   5 ) ,   t h e   e n d - p l a t e  t i p  caused a large i n c r e a s e   i n  p e a k  ampli- 
tude   and  OASPL at  low d e s c e n t   a n g l e s   t h a t  was c o n s i s t e n t   w i t h   t h a t   m e a s u r e d   i n  
t h e   n e a r   f i e l d ,   e x c e p t  a t  V, = 51 k n o t s   ( f i g .   1 2 ( b ) ) ,   w h e r e   n o   l a r g e   i n c r e a s e  
i n  maximum p e a k  ampl i tude  or OASPL was observed.  The g r e a t e s t   e f f e c t   c a n  be 
s e e n  a t  a f r e e - s t r e a m   v e l o c i t y   o f   6 6   k n o t s   ( f i g .   1 5 ( b ) ) .  An i n c r e a s e   i n  maxi- 
mum peak  ampli tude  of  26 p e r c e n t   a n d   a n   i n c r e a s e   i n  maximum  OASPL of 4 dBA were 
observed.  

Noise Flight  Envelope  Comparison 

A more g e n e r a l   i n d i c a t i o n  of t h e   e f f e c t  of t i p   s h a p e  on   no i se   gene ra t ion  
can be s e e n   i n   f i g u r e  20.  The d a t a   i n   f i g u r e s  1 2  t o  19  have  been  used to  
o b t a i n   t h e   r e g i o n  of f l i g h t   e n v e l o p e  a t  wh ich   t he  OASPL was g r e a t e r   t h a n  (or 
t h e  same as)  103 dBA (microphone  3) or 92 dBA (microphone  5) . A t  each   f r ee -  
stream v e l o c i t y ,   t h e   d e s c e n t   a n g l e s   w h i c h  bound t h e   h i g h e r   n o i s e   v a l u e s  were 
found.  These  boundaries are p r e s e n t e d   i n  terms o f   d e s c e n t   v e l o c i t y   i n   f i g -  
u re   20 (a )   fo r   mic rophone  3 and   f i gu re   20 (b )   fo r   mic rophone  5, as l i n e s   o f  
c o n s t a n t  OASPL as a func t ion   o f   f r ee - s t r eam  ve loc i ty .   Fo r  a p a r t i c u l a r   t i p  
s h a p e ,   t h e  OASPL values  between these l i n e s  are g r e a t e r   t h a n  (or t h e  same as)  
the   r e f e rence   va lue   o f  OASPL on e a c h   f i g u r e .   F o r   c l a r i t y ,   e a c h   f i g u r e   h a s  
f o u r   s e c t i o n s ,   e a c h   w i t h   d a t a   f o r   t h e   b a s e l i n e  t i p  (square) and   one   o f   the  
o t h e r   t i p s .  Maximum  OASPL is i n d i c a t e d   o n   e a c h   s e c t i o n .   F o r   t h e   n e a r - f i e l d  
microphone  (no. 3 ) ,  f i g u r e   2 0 ( a )  shows a r e d u c t i o n   i n   t h e   f l i g h t   e n v e l o p e   f o r  
c o n s t a n t  OASPL of 103 dBA for   the  ogee  and  subwing t i p ,  w i t h   a n   a t t e n d a n t  
r e d u c t i o n   i n  p e a k  OASPL as compared  with  the square t i p .   I n   f a c t ,   t h e  subwing 
t i p   i n d i c a t e s  a r eg ion   o f  l i t t l e  t o  no  blade s lap  ( i .e . ,  V, = 75   kno t s ) .  The 
s w e p t - t a p e r e d   t i p   d a t a  show ve ry  l i t t l e  r e d u c t i o n ,   a n d   t h e   e n d - p l a t e   t i p   d a t a  
show an i n c r e a s e   i n   f l i g h t   e n v e l o p e   a n d  p e a k  OASPL. The d a t a   ( f i g .   2 0 ( b ) )   f o r  
t h e   f a r - f i e l d   m i c r o p h o n e   ( n o .   5 ) ,   h o w e v e r ,   i n d i c a t e   t h a t  a cons ide rab le   r educ -  
t i o n   i n  t h e  f l i g h t   e n v e l o p e  of c o n s t a n t  OASPL and p e a k  OASPL was ach ieved   w i th  
the   swep t - t ape red  t i p .  L i t t l e  or no   reduct ion  is ev iden t   w i th   t he   ogee   and  
subwing t i p s ,  and   aga in ,   an   i nc rease   i n   t hese   va lues   can  be seen  for t h e  end- 
p l a t e   t i p .  

L a t e r a l - D i r e c t i v i t y   C h a r a c t e r i s t i c s  

Microphones  5,  6,  and 7 were i n s t a l l e d   l a t e r a l l y   i n   t h e   f a r   f i e l d  (see 
f i g .  3 ( h ) ) ,  p r i m a r i l y  to p r o v i d e   s a n e   i n f o r m a t i o n   a b o u t   t h e   l a t e r a l - d i r e c t i v i t y  
c h a r a c t e r i s t i c s   o f   t h e   m e a s u r e d   b l a d e  slap. These   da ta  were n o t   i n t e n d e d  to  
provide  a complete  picture o f   t h e   d i r e c t i v i t y   o f   b l a d e   s l a p   a n d   s h o u l d  be 
r ega rded   on ly  as a n   i n d i c a t i o n   o f   t h e   t r e n d s   i n   l a t e r a l - d i r e c t i v i t y   c h a r a c t e r -  
istics 1 . 3  rotor diameters ahead of ,  and  about 30°  down f rom,   the   cen ter   o f   the  
rotor t ip -pa th   p lane .  

F igu re  21 p r e s e n t s   t h e s e   d a t a   f o r   t h e   s q u a r e - t i p   c o n f i g u r a t i o n  a t  f r e e -  
stream v e l o c i t i e s  of 51.4,  56.2,  61.3,  65.7, 71 . l ,  and  75.9  knots.  Peak ampli- 
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t u d e  of the   impu l se   and   f l i gh t - sca l ed ,  A-weighted OASPL is p r e s e n t e d   f o r  micro- 
phones  5,  6,  and 7 as a f u n c t i o n  of descen t   ang le .   These   f i gu res  show t h a t  
impuls iveness ,  rated by p e a k  ampli tude  and OASPL, is g r e a t e s t  (as much as 4 dBA 
( f i g .  21 ( b ) )  on   t he   advanc ing  side of t h e  rotor for d e s c e n t   a n g l e s   g r e a t e r   t h a n  
2O ( lo  f o r  V, = 65.7 kno t s )   and  is g r e a t l y   r e d u c e d   o n   t h e   r e t r e a t i n g   s i d e .  
A t  descen t   ang le s  less than   t hose   p rev ious ly  quoted and g r e a t e r   t h a n  Oo, t h e  
impulsiveness  is g r e a t e r   o n   t h e   r e t r e a t i n g  side a n d   o n   t h e   c e n t e r l i n e  of t h e  
rotor, but  a t  a much lower increment  of  about  2.5 dBA ( f i g .  20 (d)  ) . These 
l a t e r a l - d i r e c t i v i t y   c h a r a c t e r i s t i c s  are typical of a l l  t i p  c o n f i g u r a t i o n s  
tested. 

CONCLUDING REMARKS 

An e x p e r i m e n t a l   i n v e s t i g a t i o n  has  been  conducted  in  t h e  Langley V/STOL 
t u n n e l  to d e t e r m i n e   t h e   o v e r a l l  character of b lade-s lap   no ise   induced  by 
b l ade -vor t ex   i n t e rac t ion  as a f f ec t ed   by  t i p  conf igura t ion .   Four   conf igura-  
t i o n s   t e s t e d ,  which  have  been  shown t o  r e d u c e   v o r t e x   p e a k   v e l o c i t i e s ,  were an 
ogee  t i p ,  a subwing  t ip ,  a GOo swept-tapered t i p ,  and  an  end-plate t i p .  A 
s q u a r e   t i p  was t e s t e d  t o  e s t a b l i s h  a base l ine   for   compar ison .   Evalua t ions  of 
t h e  acous t ic   per formance   a re   p resented   for   each  rotor c o n f i g u r a t i o n   o p e r a t i n g  
a t  i d e n t i c a l   c o n d i t i o n s .  

Blade s l ap   i nduced  by b l a d e - v o r t e x   i n t e r a c t i o n  is h i g h l y   s e n s i t i v e  t o  
descen t   ang le   and  i s  evidenced  in  one-third-octave-band  and  narrow-band 
a n a l y s e s  b y   a n   i n c r e a s e   i n  t h e  sound   p re s su re   l eve l   above  t h e  th i rd   harmonic  
of  blade-passage  frequency. Care must be e x e r c i s e d   i n   a t t r i b u t i n g  t h i s  
i n c r e a s e  to blade s lap without   evidence  of  s u c h  i n   t h e   p r e s s u r e  time his tor ies .  
I n   t h i s   i n v e s t i g a t i o n ,   t h e  three d i s t i n c t   m u l t i p l e  impulses gene ra t ed  by blade- 
vo r t ex   i n t e rac t ion   and   obse rved  a t  each  blade  passage d id  n o t   r e s u l t   i n   t h e  
t y p i c a l   d i s t i n c t   h i g h   h a r m o n i c   c o n t e n t   i n   t h e  narrow-band  analyses. 

The   ogee   t ip ,  as measured i n  t h e  near  f i e l d  by  microphone 3 o n   t h e   r i g h t  
s i d e  of the f u s e l a g e  , g e n e r a l l y  was e f f e c t i v e   i n   r e d u c i n g  t h e  maximum l e v e l  of 
the  impulse  peak  by as much a s   35   pe rcen t  a t  a free-stream v e l o c i t y  V, of 
56 knots .   Fl ight-scaled,   A-weighted OASPL a n a l y s e s   i n d i c a t e d  a general   reduc-  
t i o n   t h r o u g h o u t   t h e  free-stream ve loc i ty   spec t rum,  w i t h  maximum l e v e l   r e d u c t i o n  
of as much a s  3 dBA. General ly ,   far-f ie ld ,   A-weighted OASPL a n a l y s e s   i n d i c a t e d  
ve ry  l i t t l e  change   in   no ise   genera t ion   as   compared  w i t h  t h e   s q u a r e  t ip .  

The subwing t i p ,  as measured i n  t he  n e a r   f i e l d   a n d  the  far  f i e l d ,  gener-  
a l l y  was more e f f e c t i v e   t h a n  t h e  ogee   t i p   i n   r educ ing   peak   ampl i tudes   and  OASPL 
measurements (as much as 4 dBA (V, = 56 k n o t s ) ) .  

The swept- tapered t i p  was g e n e r a l l y   t h e  most e f f e c t i v e   i n   r e d u c i n g  t h e  
f a r - f i e l d  maximum p e a k  ampl i tude   o f  t h e  impu l ses   and   t he   f l i gh t - sca l ed ,  
A-weighted OASPL measurements (as much as 4.5 dBA (V, = 56 k n o t s ) ) .  However, 
i n   t h e   n e a r   f i e l d ,   r e s u l t s   i n d i c a t e   t h a t   t h e   r e d u c t i o n s  were n o t  as e f f e c t i v e  
as t h e   r e d u c t i o n s   c a u s e d  by t h e  ogee  and  subwing tips. 
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The end-p la te  t i p ,  as m e a s u r e d   i n   t h e   n e a r   f i e l d   a n d   t h e  far f i e l d ,  a c t u -  
a l l y   i n c r e a s e d   t h e  maximum impulse p e a k  amplitude  by as much as 50 p e r c e n t  
(V, = 71 kno t s )   and   t he  OASPL measurements by as much as 4 dBA (V, = 66 k n o t s ) .  

The l a t e r a l - d i r e c t i v i t y   c h a r a c t e r i s t i c s   o f   b l a d e  s lap as m e a s u r e d   i n   t h e  
far f i e l d  for t h e s e  tests i n d i c a t e d   t h a t ,  a t  ro tor -shaf t -axes   descent   angles   o f  
2O and g rea t e r ,   t he   measu red   b l ade  slap was g r e a t e r   o n   t h e   a d v a n c i n g   b l a d e   s i d e  
of   the  hel icopter   path.   For   descent   angles   between Oo and 2O, blade s lap  on 
t h e   r e t r e a t i n g   b l a d e   s i d e  was g r e a t e r   b u t  to  a lesser degree.  

Langley  Research  Center 
Nat ional   Aeronaut ics   and  Space  Adminis t ra t ion 
Hampton, VA 23665 
December 1 0 ,  1979  
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TABLE I.- OGEE PLANFORM AND TRAILINGEDGE  COORDINATES 

r 

I 
I 
I / 

I 
1.000 I 0 
.990 , .090 
.970 
.950 
.920 
.goo 
.850 
.800 
,750 
.700 
.650 
.600 
.550 
.500 
.450 
.400 
.350 

~" - 

.140 

.1 80 

.21 5 

.235 

.285 

.335 

.385 

.435 

.485 

.535 

.5 85 

.635 

.6 85 

.735 

.7 85 
. . -. - . " . - 

XC/C 

0.300 
.250 
.225 
.200 
.175 
.150 
.l 25 
.I15 
.loo 
,090 
,080 
.070 
.060 
.050 
.040 
.020 

0 

r/c 

0.835 
.885 
.91 5 
.950 
.985 

1.025 
1.070 
1.1 00 
1.1 30 
1.1 60 
1 .180 
1.210 
1.250 
1.290 
1.350 
1.370 
1.350 

- 
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TABLE  I1 .- ROTOR  CHARACTERISTICS 

Number of blades . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4 

Airfoil  section . . . . . . . . . . . . . . . . . . . . . . . . . . . NACA 0012 

Radius, m ( f t )  (square  tip) . . . . . . . . . . . . . . . . . . . 1.574  (5.165) 
Blade chord, m ( f t )  . . . . . . . . . . . . . . . . . . . . . . 0.1 077 (0.3533) 
Twist, deg . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . -8 

Solidity  (square  tip) . . . . . . . . . . . . . . . . . . . . . . . . . 0.0871 

Root cutout, m ( f t )  . . . . . . . . . . . . . . . . . . . . . . 0.3148  (1.033) 

TABLE 111.- MICROPHONE  LOCATIONS  RELATIVE TO ROTOR  HUB 

WITH MODEL  AT AN ANGLE OF ATTACK OF Oo 

Microphone 
system 
"" 

1 

2 

3 

4 

5 

6 

7 

. . - "_ . - ._ - "- 
X 

.. . 

" m .  I f t  

0.015 0.05 
. - . "_ - .. . . 

-1 .289  -4.23 

. 01 8  .06 

-3.536 -1 1 .60 

-3.536 -1  1 .60 

-3.530 -1 1 .58 
I 

-3.51 4 -1  1 .53 -1 ". 

Y 

m 

-0.491 

.052 

.515 

2.603 

1 .238 

-. 043 
-1 .280 

- 

ft 

-1 -61 

.17 

1.69 

8.54 

4.06 

-. 1 4 
-4.20 

. .- 

r 
i 
. . .. 

m 

-0.485 
- . .  

-. 485 
-. 482 
-079 

-2.1 24 

-2.1  21 

-2.131 
. .  

ft 

-1.59 

-1.59 

-1.58 

.26 

-6.97 

-6.96 

-6.99 
- A 
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Figure 1 . -  Sketch of helicopter model w i t h  square  tips  installed. 
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(a) Photograph. 

Figur e 2.- Tip conf i gurations tested. 
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(b) Sketch and  dimensional characteristics. 

Figure 2.- Concluded. 
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(a )  Side  view. 

F igu re  3 . -  Sketch of r e l a t i v e   p o s i t i o n s  of model   and  microphone  instal led 
i n   t u n n e l .  
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(b) Top view. 

Figure 3.  - Concluded. 
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Figure 4.- Model in tunnel with treatment and microphones installed. 
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Figure 5.- Test  conditions a t  which square-tip  noise  data were acquired. Descent velocity 

based on rotor  balance  data. 
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(a) One-third-octave-band spectra. 

F igu re  6.- E f f e c t  of descen t - ang le   va r i a t ion   on   no i se   gene ra t ed  by h e l i c o p t e r  
model as measured by microphone 1 .  V, = 51 . 4  k n o t s ;   s q u a r e  tips. 
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(b) Pressure time  histories. 

(c) Narrow-band analysis  (d) Narrow-band analysis 
€or y = -4.490. for y = 4.23O. 

Figure 6.- Concluded. 
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(a)  One-third-octave-band spectra. 

Figure 7.- Effect of descent-angle  variation on noise  generated by helicopter 
model as measured by microphone 3. V, = 51 . 4  knots;  square  tips. 
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Figure 7.- Concluded. 
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(a) One-third-octave-band spectra. 

F igu re  8.-  E f f e c t  of d e s c e n t - a n g l e   v a r i a t i o n   o n   n o i s e   g e n e r a t e d  by h e l i c o p t e r  
model as measured  by  microphone 4. V, = 51.4 knots ;  square tips. 
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Figure 8.- Concluded. 
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(a)  One-third-octave-band spectra. 

F i g u r e  9.- E f f e c t   o f   d e s c e n t - a n g l e   v a r i a t i o n  on no i se   gene ra t ed  by h e l i c o p t e r  
model as measured by microphone 5. V, = 51 . 4  kno t s ;  square tips. 
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(b) Pressure time  histories. 
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for y = -4.490. 

(d) Narrow-band analysis 
for y = 4.230. 

Figure 9. - Concluded. 
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Tip shape v, Y 
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0 Ogee 51.0 2.07 
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b End  plate 50.4 2.14 
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frequency kHz 

(a)  Microphone 3;  y = 2.1". 

Figure 11.-  Effect of t i p  shape on noise  generated by helicopter model a t  
similar  operating  conditions. 
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