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HELICOPTER MODEL ROTOR-BLADE VORTEX INTERACTION IMPULSIVE NOISE: SCALABILITY 
AND PARAMETRIC VARIATIONS 

W. R. Splettstoesser,' K. J. S c h u l t z , '  D. A. Boxwell, and F. H. Schmitz 

U.S. Army Research and Technology L a b o r a t o r i e s  
Aeromechanics Laborat or y 

Ames Research Center  

SUMMARY 

Acoustic data t a k e n  i n  t h e  a n e c h o i c  Deutsch-Niederlaendischer Windkanal (DNW) 
have documented the  b l a d e - v o r t e x  i n t e r a c t i o n  (BVI) i m p u l s i v e  n o i s e  radiated from a 
1 / 7 - s c a l e  model main r o t o r  of t h e  AH-1 series hel icopter .  Averaged model-scale data 
were compared w i t h  ave raged  f u l l - s c a l e ,  i n - f l i g h t  a c o u s t i c  data under similar non- 
dimensional  test c o n d i t i o n s .  A t  low advance  ratios (IJ = 0.164-0.1941, t h e  data 
s c a l e  remarkably well i n  l e v e l  and waveform shape ,  and also d u p l i c a t e  t h e  d i r e c t i v -  
i t y  p a t t e r n  of BVI i m p u l s i v e  noise .  A t  moderate advance r a t i o s  (IJ = 0.224-0.2701, 
t h e  s c a l i n g  d e t e r i o r a t e s ,  s u g g e s t i n g  t h a t  t h e  model-scale rotor is not a d e q u a t e l y  
s i m u l a t i n g  t h e  f u l l - s c a l e  BVI n o i s e ;  p r e s e n t l y ,  no proved e x p l a n a t i o n  of t h i s  d i s -  
crepancy e x i s t s .  C a r e f u l l y  performed p a r a m e t r i c  v a r i a t i o n s  over  a comple t e  m a t r i x  
of t e s t i n g  c o n d i t i o n s  have shown tha t  a l l  of the  f o u r  gove rn ing  nondimensional  
parameters - - t ip  Mach number a t  hover ,  advance ra t io ,  local i n f l o w  ratio,  and t h r u s t  
c o e f f i c i e n t - - a r e  h igh ly  s e n s i t i v e  t o  BVI n o i s e  r a d i a t i o n .  

1. INTRODUCTION 

O f  a l l  of t h e  known s o u r c e s  of helicopter fa r - f ie ld  n o i s e  r a d i a t i o n ,  rotor 
impuls ive  n o i s e ,  when i t  o c c u r s ,  t e n d s  t o  dominate t h e  a c o u s t i c  spec t rum of most 
helicopters. The loud thumping o r  popping so characterist ic of t h e  two-bladed, 
s i n g l e - r o t o r  h e l i c o p t e r  also o c c u r s  on h e l i c o p t e r s  w i t h  more r o t o r  blades,  b u t  a t  a 
h ighe r  r e p e t i t i o n  ra te  t h a t  sounds more l i k e  a machine gun b u r s t .  H e l i c o p t e r  rotor 
impuls ive  n o i s e  is k n o m  t o  o r i g i n a t e  from two d i s t i n c t  aerodynamic e v e n t s :  h igh  
t i p  Mach numbers on t h e  r o t o r ' s  advancing s ide t h a t  c a u s e  n e a r - t r a n s o n i c  d i s t u r -  
bances t o  radiate high-speed impuls ive  n o i s e ,  and b l ade -vor t ex  i n t e r a c t i o n  ( B V I )  
impuls ive  n o i s e  on t h e  advanc ing  and r e t r e a t i n g  sides of t h e  r o t o r  d i s k .  A rather 
e x t e n s i v e  review of t h i s  c u r r e n t  research is given i n  r e f e r e n c e  1. 

' DFVLR, I n s t i  t u t  f u r  Entwurfsaerodynamik, Ab te i lung  Techn i sche  Akus t ik ,  
Braunschweig , W. Germany. 
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Research of the p a s t  feu years has successfully t i e d  the  d e t a i l s  of t h e  high- 
speed impu l s ive  noise s ignature  t o  the  aerodynamic fea tures  of t h e  t ransonic  flow 
f i e l d  surrounding t h e  advancing blade of t h e  high-speed hel icopter  (ref. 1 ) .  Recent 
model-scale a n d  fu l l - sca le  acoust ic  canparisons have shown tha t  t h i s  source of noise 
can be successft;lly s t u d i e d  i n  model s ca l e  (refs. 1-31. Sens i t iv i ty  s t u d i e s  have 
documented t h e  dependence of high-speed impulsive noise  on advancing-tip Mach num- 
ber, and have shown t h a t  high-speed impulsive noise is re l a t ive ly  insensi t ive t o  t h e  
helicopter ro to r  wake or  t h rus t  e f fec ts .  

The spec i f i c  or igins  and s c a l a b i l i t y  of B V I  noise a r e  n o t  as w e l l  understood. 
BVI noise is known t o  occur under descent conditions, especially during an approach 
t o  a landing, and during t u r n s ;  it can even increase t h e  noise level of single- or 
tandem-rotor he1 icopters i n  l eve l  f l i g h t  ( refs .  4-61. Past research and operational 
ex?erienCE: have t ied t h e  occurrence of B V I  t o  interact ions of t h e  ro to r  blade w i t h  
previously shed  t i p  vortices.  T h i s  alone makes BVI noise more d i f f i c u l t  than high- 
speed impgls ive  noise t o  quantify, f o r  t he  radiated noise is a t  least  a function of 
blade-vortcAx gemetry and vortex s t rength,  a s  well as of blade a i r foi l  
charac te r i s t ics .  

From t h e  viewpoints of research and t h e  engineering development, i t  is v e r y  
innportant t o  assess whether t h e  ful l -scale  B V I  phenomena can be duplicated t o  some 
lieasurable degree i n  nodel sea le .  Once t h i s  is demonstrated, model-rotor aerody- 
naaic and acoustic changes can be  explored w i t h  t h e  confidence tha t  those changes 
w i l l  yield results s imilar  t o  those obtained on the  fu l l - sca le  ro tor .  A quantita- 
t i ve  scal ing comparison of t h i s  t y p e  was reported i n  reference 7 f o r  t h e  blade- 
vortex interaction problem of a two-bladed ro tor .  Full-scale acoustic data  were 
gathered by using the in- f l igh t  fa r - f ie ld  acoust ic  measurement t e c h n i q u e  pioneerer! 
by the Aeromechanics Laboratory ( r e f .  8 ) .  A q u i e t  , f ixed-wing a i r c r a f t  (YO-3A) ,  
instrumented w i t h  microphones, was flown i n  fornation w i t h  t h e  subject hel icopter  t o  
gather acoustic data over a matrix of t e s t  conditions known t o  produce BVI noise 
( re fs .  5 and 9 ; .  A l/ ' l-scale model of the main rotor was r u n  under  s imi la r  non- 
diaensional condition: i n  one of t h e  world's larger  anechoic w i n d  tunnels (CEPRA-19,  
France) and acoustic data were gathered f o r  sane of t h e  same nondimensional f l i g h t  
conditions. For t h e  low advance r a t i o  reported,  t h e  comparison between model-scale 
and ful l -scale  data was quite good, showing tP.at in general i t  is possible t o  d u p l i -  
cate  the ful l -scale  B V I  events in  a model-scale tes t .  

However , measurements and tes t ing  problems wi th  both the full-scale and model- 
scale  t e s t s  limited t h e  data presented and prevented an in-depth comparison over a 
f u l l  range of t e s t ing  conditions. The fu l l - sca le  acoustic data could not be aver- 
aged by conventional procedures, because s l o w l y  varying station-keepicg distances 
continuously time-shifted the acoust ic  data w i t h  respect t o  t h e  one-per-rev t r igger .  
The ful l -scale  data that  were presented were estimated t o  be "typical" i n  level and 
b:aveform f o r  a chosen nondimensional condition. Unfortunately, t a i l - ro tor  periodic 
noise was a l so  present f o r  many of the t e s t  conditions and  tended t o  confuse and 
d i s to r t  sane of the charac te r i s t ic  pulse shapes and amplitudes. The model-scale 
data were a l so  affected by several  measurement and t e s t i n g  uncertaint ies .  The open 
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test s e c t i o n  of t h e  CEPRA-19 wind t u n n e l  w a s  ae rodynamica l ly  uns t eady  (2%-31 t u r b u -  
l e n c e  l e v e l ) ,  which caused t h e  t i p - p a t h - p l a n e  of t h e  rotor t o  wander s l i g h t l y  d u r i n g  
a test c o n d i t i o n .  The acoustic data from CEPRA-19 were i n f l u e n c e d  by t h e  3-m, hard- 
walled open- je t  nozzle and t h u s  t h e  measurements were no*. made t o t a l l y  i n  a nonre- 
v e r b e r a n t  f i e l d .  However, t h e  model-scale data were ave raged  t o  a s c e r t a i n  t h e  
g e n e r a l  character of t h e  radiated a c o u s t i c  f l r l d  i n  t h i s  n o n i d e a l  environment .  
Because of these u n c e r t a i n t i e s ,  o n l y  the  low-advance-rat io  case (p = 0.164) w a s  
r e p o r t e d  i n  r e f e r e n c e  7. 

I n  t he  p r e s e n t  work, many of these measurement and t e s t i n g  problems have been 

P. new method of a v e r a g i n g  t h e  i n - f l i g h t  BVI acoustic 
avo ided  or s o l v e d ,  a l l o w i n g  comparisons of model- and f u l l - s c a l e  data o v e r  a f u l l  
r a n g e  of t e s t i n g  c o n d i t i o n s .  
data has been developed t h a t  removes t h e  tail-rotor p e r i o d i c  n o i s e  from t h e  f u l l -  
scale time-histories, independent  of f i x e d  s t a t i o n - k e e p i n g  d i s t a n c e s .  The same 
1 /?-scale AH-1 model rotor was r u n  i n  t h e  German-Dutch wind t u n n e l  ( D N W ) ,  t h e  free- 
world's l a r g e s t  open- je t  a n e c h o i c  wind t u n n e l ,  t o  gather rotor-blade p r e s s u r e s  and 
far-field radiatsd n o i s e .  The h i g h - q u a l i t y  aeroaynamic a n d  a c o u s t i c  environment  of 
t h e  DNW y i e l d e d  . i igh-qual i ty ,  s t eady  model-rotor  a c o u s t i c  data t h a t  are n e c e s s a r y  t o  
address a d e q u a t e l y  the q u a n t i t a t i v e  comparisons between t h e  model- and f u l l - s c a l e  
a c o u s t i c  data over  the f u l l  r a n g e  of nondimensional t e s t i n g  c o n d i t i o n s  under which 
BVI n o i s e  is known t o  occur .  I n  a d d i t i o n ,  t h e  d i r e c t i v i t y  of the  r a d i a t i n g  n o i s e  
f i e l d  is documented a l o n g  w i t h  t h e  more impor tan t  t r e n d s  of n o i s e  l e v e l s  and tem- 
poral shapes wi th  parametric v a r i a t i o n s .  
effor ts  are part of a c o n t i n u i n g  memorandum of u n d e r s t a n d i n g  for c o o p e r a t i v e  
research between t h e  German and American governments.)  

(The t e s t i n g  and subsequen t  d a t a - r e d u c t i o n  

The a u t h o r s  thank t h e i r  many f r i e n d s  a t  t h e  U.S. Army Aeromechanics Laboratory, 
DFVLR, and t h e  DNW for the i r  e x t r a o r d i n a r y  effor ts  on t h i s  project. I n  particular, 
we would l i k e  t o  thank Ozzie Swenson for h i s  a s s i s t a n c e  w i t h  t h e  e l e c t r o n i c s  i n  
deve lop ing  t h e  i n - f l i g h t  a v e r a g i n g  procedure.  We also would l i k e  t o  acknowledge t h e  
help of John D a v i s  i n  p r o v i d i n g  t h e  C-81 trim c a l c u l a t i c n s  shown i n  t h e  paper .  

2. FULL-SCALE ACOUSTIC DATA 

The f u l l - s c a l e  data used i n  t h i s  comparison of model-scale and f u l l - s c a l e  f a r -  
f i e l d  a c o u s t i c s  were g a t h e r e d  u s i n g  t h e  i n - f l i g h t  t e c h n i q u e  developed by t h e  Aero- 
mechanics Laboratory (refs. 5, 9 ,  and 10) .  A q u i e t ,  f ixed-wing a i rcraf t  ( Y O - 3 A 1 ,  
ins t rumented  w i t h  an a r r a y  of microphones,  was f lown  i n  f o r m a t i o n  w i t h  t h e  s u b j e c t  
h e l i c o p t e r  (AH-1) and s t a t i o n a r y  a c o u s t i c  data were o b t a i n e d  over a f u l l  range of 
f l i g h t  c o n d i t i o n s  ( f ig .  1 ) .  For BVI n o i s e ,  selected c o n d i t i o n s  of forward v e l o c i t y  
and ra te  of d e s c e n t  were flown w i t h  t h e  microphone p o s i t i o n e d  d i r e c t l y  ahead of t h e  
h e l i c o p t e r  b u t  approx ima te ly  30° below t h e  r o t o r ' s  t i p - p a t h  p l a n e .  The major  advan- 
tages of t h i s  technique  are t h e  l o n g  data r e c o r d s ,  t h e  absence  of ground reflec- 
t i o n s ,  and t h e  a b i l i t y  t o  f l y  c o n d i t i o n s  t h a t  are conducive t o  p roduc ing  BVI phenom- 
ena .  
h e l i c o p t e r s ,  the f u l l - s c a l e  data p r e s e n t e d  i n  t h i s  paper  were t a k e n  on a n  AH-IS 

Although t h e  p rocedure  has been used t o  e v a l u a t e  t h e  n o i s e  r a d i a t i o n  of many 
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F i g u r e  1 .- F u l l - s c a l e  b l ade -vor t ex  i n t e r a c t i o n  a c o u s t i c  measurement t e c h n i q u e .  

h e l i c o p t e r  i n  1978 and 1979 d u r i n g  two s e p a r a t e  test programs and reported, i n  
unaveraged form. i n  r e f e r e n c e s  5 and 9. 
t h e  BVI phenomena of i n t e r e s t .  

The data are repeatable and c l e a r l y  def ine  

3. MODEL-SCALE EXPERIMENTAL DESIGN 

The model-rotor  tes ts  were performed i n  the DNU, an  atmospheric wind t u n n e l  of 
t h e  c l o s e d - r e t u r n  t y p e .  I t  has three i n t e r c h a n g e a b l e ,  closed, t e s t - s e c t i o n  c o n f i g -  
u r a t i c n s  and one  o p e n - j e t  c o n f i g u r a t i o n  w i t h  a 6- by 8-m (19.7- by 26.2-f t )  nozz le .  
I n  its open- je t  c o n f i g u r a t i o n ,  t h e  t u n n e l  w a s  designed for a c o u s t i c  measurements 
w i t h  low back round n o i s e  i n  an  a c o u s t i c a l l y  treated t e s t i n g - h a l l  volume of more 

frequency is 80 Hz) makes t h e  DNGJ t h e  free w o r l d ' s  largest a e r o a c o u s t i c  wind t u n n e l .  
The t u n n e l  a i s o  has e x c e l l e n t  f i u i d  dynamic q u a l i t i e s ,  w i t h  low uns teady  d i s t u r -  
bances o v e r  t h e  to ta l  t e s t i n g  v e l o c i t y  range .  T h e  DNW characteristics most impor- 
t a n t  fcr rotor a e r o a c o u s t i c  t e s t i n g  are g iven  i n  append ix  A of r e f e r e n c e  2;  addi -  
t i o n a l  i n f o r m a t i o n  is provided i n  r e f e r e n c e  11. The o p e n - j e t  c o n f i g u r a t i o n  wi th  t h e  
6- by 8-m c o n t r a c t i o n  was used  f o r  t h e  rotor tests r e p o r t e d  here. The maximum wind 
v e l o c i t y  i n  t h i s  c o n f i g u r a t i o n  is 85 d s e c  (165 k n o t s ) ,  which c o v e r s  t h e  f u l l  speed 
range  of modern helicopters. 

t h a n  30,000 m $ (1  .O6x1O6 f t 3 ) .  The r e s u l t i n g  good a n e c h o i c  p r o p e r t i e s  (cutoff 

The model-rgtor and microphone i n s t a l l a t i o n  i n  the open t e s t - s e c t i o n  of t h e  DNW 
are shown i n  f i g u r e  2. The Aeromechanics L a b o r a t o r y ' s  r o t o r  test s t a n d  was mounted 
on a s p e c i a l l y  fabricated tower t h a t  placed t h e  r o t o r  on t h e  t u n n e l  c e n t e r l i n e ,  10 m 
(33  f t )  above t h e  testing-hall floor. Th-  in - f low microphones were s u p p o r t e d  by 
s t r e a m l i n e d  struts which were a l s o  a t t a c h e d  t o  t h e  tower s t r u c t u r e .  As shown i n  
f i g u r e  2 ,  t h e  r o t o r  test s t a n d  was shrouded w i t h  an aerodynamic fa i r ing  and wrapped 
w i t h  25 mm of a c o u s t i c ,  open-ce l l ed  foam t o  reduce  sound r e f l e c t i o n s .  An open- 
celled t e x t i l e  material ( h o s p i t a l  bandage) was t h e n  wrapped around t h e  foam t o  
permanently s e c u r e  i t  to  t h e  f a i r i n g .  The same technique  was u s e d  on t h e  three 
main-microphone s u p p o r t  s t r u t s  located w i t h i n  t h e  f ree  j e t .  
of t e s t i n g ,  i t  was thought  t h a t  i t  would be unnecessary to  t r e a t  t h e  microphone 
s u p p o r t s  w i t h  foam; however, o n - l i n e  acoustic c a l i b r a t i o n s  of t h e  test c o n f i g u r a t i o n  

I n  t h e  i n i t i a l  s t a g e s  
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Figure 3.- :4icrophone locations i n  t he  DNW. 

top portion of the ro tor  s tand,  was used  t o  monitw and record ro tor  t h r u s t ,  drag, 
and pitching moments fo r  each test condition. 
selected blade-pressure data were monitored on-line and, a f t e r  proper s ignal  con- 
d i t i o i i i n g ,  simultaneously recorded on three multichannel FM magnetic tape recorders;  
t h e  recorders provided a t o t a l  of 60 channels, which wer- s e t  f o r  a recording speed 
of 76.2 cm/sec (30 in./sec) and  a frequency response of 20 kHz. IRIG-B time-code 
and rotor  azimuth signals were recorded on each tape f o r  synchronization purposes. 
During t h e  1-min data recording, two HP 5420A FFT analyzers were used t o  generate 
on-line instantaneous and averaged time-histories of selected microphones and pres- 
sure  transducers. Wind-tunnel veloci ty ,  temperature, and dew point,  as well a s  
rotor  speed, swashplate control i n p u t s ,  and balance information, were processed 
on-line t o  yield nondimensional t e s t  conditions, u s i n g  a portable HP 85 computer 
d i rec t ly  connected t o  the rotor  balance. 
and t h e  pre tes t  cal ibrat ions performed a r e  described i n  reference 2. 

A l l  the  microphone s igna ls  a n d  

More detai led information about the  setup 

The model ro tor  blades used f o r  the  wind-tunnel t e s t ing  d i d  not exactly match 
t h e  AH-1S 540 rotor  system that  was tes ted  i n  f u l l  s ca l e  ( r e f s .  5 and 9!. Instead, 
t h e  model rotor blades were designed t o  duplicate the AH1-OLS fu l l - sca le ,  pressure- 
instrumented blades, which a l so  have recently been used for  fu l l - sca le  aerodynamics 
and noise tes t ing  by NASA. The t h i c k n e s s  and chord si the fu l l - sca le  540 ro to r  
blade were increased s l i p '  l y  (4% a n d  5%, respect ively)  t o  accommodate surface- 
pressure transducers,  t h u s  defining t h e  OLS a i r f o i l  shapc, The 1,916-m-diam 
(6.3-ft-diam) model rotor  O L S  blades a r e  schematicaliy 5hown i n  f igure  4. 
t h e  differences i n  thickness and chord between the  fu l i - sca le  540 rotor  and the 
model-scale OLS blades a r e  small ,  no correction t o  e i t h e r  data  set has been made i n  
t h e  following comparisons. 

Because 
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4. ACOUSTIC SCALING PARAMETERS 

When the fundamental equations of mass and momentum a r e  wri t ten i n  an acoustic 
analogy form and nondimensionalized, four governing nondimensional t e s t ing  param- 
e t e r s  (MH, the hover t i p  Mach number; u, t h e  advance r a t i o ;  CT, the  t h r u s t  coeffi-  

the  tip-path-plane angle) emerge along w i t h  geometric and time c i en t ;  and a 
scaling. P complete discussion of the nondimensionalization process is given in 
reference 1 ,  and its application t o  the  high-speed impulsive and BVI noise problems 
is given i n  references 2 and 7, respe.ctively. Only t h e  r e s u l t s  of t h i s  procedure 
and its implications w i l l  be discussed i n  t h i s  paper. 

TPP ' 

The f irst  and most obvious condition f o r  comparing model-scale and fu l l - sca l e  
acoust ic  data is geometric s imi l a r i t y .  Thus,  a l l  model dimensicns and geometric 
distances between the  model ro tor  and microphone locations are 1 / Y  times t h e  f u l l -  
s ca l e  values: 

fu l l - sca le  length 
model-scale length 

y = -- 

(For the data presented i n  t h i s  paper, Y = 7.) 
model-scale and fu l l - sca le  hover t i p  Mach numbers (MH) be ident ica l .  
s ional  parameter is the r a t i o  of the ro tor - t ip  speed a t  hover t o  the convection 
speed of t h e  radiat ing acoustic waves, and it is known t o  b e  t he  dominant parameter 
of most rotor acoustic problems ( r e f .  1).  Therefore, t h e  geanetrical  reduction t o '  
model-scale factor  Y must be o f f se t  by an increase of rotor-shaft ro ta t iona l  
speed. However, speed-of-sound differences between model (a ) and fu l l - sca le  

(ao)  conditions m u s t  be accounted fo r .  
model's rotor shaft  (subscript  m for  model) is re la ted  t o  t h e  fu l l - s ca l e  sha f t  
ro ta t iona l  speed by 

A second condition is t ha t  the 
T h i s  nondimen- 

Om 

of t h e  nm Therefore, t h e  ro ta t iona l  speed 

a 

'm a n Om = -  
0 

Also, a u n i t  of model-scale time is re la ted  t o  fu l l - sca le  time (eq. (C4) i n  r e f .  2 )  

t 1 a. 
tm Y a. 

= - -  

m 

A l l  temporal data shown i n  t h i s  paper have been normalized b y  a ro tor  revolution 01' 

fraction thereof,  t h u s  accounting fo r  time-scaling differences.  

If  a l l  of the governing nondimensional parameters a r e  matched, equation (C2) i n  
reference 2 s t a t e s  that  the acoustic pressure coeff ic ient  C' (x',t) of the fu l l - s ca l e  

P rotor is  the same as C '  ( i m , C m ) ,  that  is, 
Pm 
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I f ,  a s  is  normally the case,  dimensional pressure t ime-histories from two separate  
tests a r e  t o  be compared, and i n  which a l l  the governing nondimensional parameters 
have been matched, 
d fferences in poao, which is  proportional t o  the  ambient pressure Po. For con- 
uznience and in concert w i t h  past wind-tunnel acoustic prac t ices ,  a l l  a m u s t i c  data 
presented in t h i s  report  w i l l  be re fer red  t o  ISA s tandard  day, sea-level pressure 
(indicated by an a s t e r i s k ) .  
t e s t i n g  become in terms of ambient pressure r a t i o  

t. is  necessary t o  ad jus t  t h e  pressure levels t o  account for  a 

Thus, model-scale pressures measured during wind-tunnel  

- -  
* -  'm ' ( E  m '  i m 1 - P; ( X m  ,tm 1 

Po a. 'Poao 

- 
2 * *2 Po /Pi 

PA ( X m , i m ,  = 

m m m  

Because the DNW is located near sea  level and because normal operating conditions 
were glways c lose t o  the ISA standard day, only small pressure r a t i o  corrections 
P /Po were necessary fo r  the  model acoustic data presented in t h i s  paper. Similar 

correction procedures a r e  necessary for  f l i g h t - t e s t  data. Again, a l l  a m u s t i c  data  
are referred t o  I S A  standard day, sea-level p re s su re  by 

Om 

Since acoustic data were gathered a t  v a r y i n g p e s s u r e  a l t i t u d e s ,  corrections were 
not ins igni f icant  f o r  f l i gh t - t e s t  data (Po/Po of the order 0.7 t o  0.8). 

Besides scal ing blade geometry and geometric distances between the : 9tor and 
the  measurement microphones, hover t i p  Mach number ( M H ) ,  and time-scaling of tke 
acoustic waveforms, there  a re  a t  least three additional nondimensional parameters 
tha t  should be duplicated i f  model-scale acoustic data a r e  t o  match fu l l - sca le  
data. One of the most important is the advance r a t i o  p, defined t o  be the r a t i o  
of the he l icopter ' s  forward speed of t rans la t ion  d i v i d e d  by t he  t i p  speed of the 
main-rotor a t  hover. To first  order ,  it controls t he  large-scale geometrical 
patterns of the BVI phenomena. If it  is  assumed that  induced-wake d is tor t ions  a re  
small ,  t he  in-plane projection of the locus of points t raced out by each t i p  of the 
rotat ing blades becomes a simple epicycloical  t ip-vortex pa t te rn  ( r e f s .  1 and 6). 
When viewed from above, the  ro tor  appears t o  s l i c e  through the epicycloid patterns 
of previously shed t i p  vort ices .  The resu l t ing  l o c i  of interact ions determine the 
number and s t rength  of the blade-vortex encounters and, t h u s ,  s t rongly influences 
the radiated noise. 
completely specify t h e  ro to r ' s  advancing-tip Mach number MAT, t h a t  is, 

Together, the  advance r a t i o  and the  hover t i p  Mach number 



a n d  t h e  Mach number of the moving acoust ic  so i rces  i n  t h e  radiat ion direct ion,  M r .  
I n  effect ,  a l l  Mach numbers associated w i t h  the  large-scale geometry of B V I  a r e  
governed by the  two nondimensional parameters, ~1 and MH. 

coeff ic ient  CT and nondimensional inflow A--is necessary t o  dupl icate  t h e  
aerodynamic and acous t ic  pressure coef f ic ien ts  of t he  mcjdel-scale and full-scale 
experiments. 

Judicious matching of the  t h i r d  and fourth nondimensional parameters--thrust 

For a geometrically scaled ro to r ,  t h e  t h r u s t  coef f ic ien t  governs the loca l  
angle of a t tack of the  ro tor  blade and t h u s  the  steady-pressure f i e l d .  I n  addi t ion,  
i t  a f fec ts  t h e  average s t rength of the s h e d  t ip-vortex,  t h u s  d i r ec t ly  inf luencing 
the unsteady-pressure f i e l d  as well. The nondimensional inflow 
a l s o  a f f ec t s  the magnitude of the unsteady pressures by governing the  ve r t i ca l  
separation between the vortex and the  ro tor  blade a t  t h e  time of an encounter. I n  a 
rigorous sense, t h i s  parameter should sca l e  over t h e  portion of the ro tor  d i s k  where 
BVIs  occur. However, i t  is often assumed t h a t  by sca l ing  geometric properties and 
CT, an average value i n  space and time of the induced angle a t  t h e  rotor  d i s k  
governs t h e  interact ion probl2m (a  - C T / u ) .  Therefore, i f  CT and  p a r e  d u p l i -  i 
cated i n  the  model- t o  ful l -scale  t e s t ,  the  nondimensional in f low is controlled by 

and replaces  the  nondimensional inflow as the ro to r ' s  tip-path-plane angle, a 
the  fourth nondimensional test var iable ,  

+ 'TPP) A = v(-ai 

a i 

T P P ,  

I n  normal, unaccelerated level  f l i g h t ,  the  helicopter p i l o t  m u s t  t i l t  t h e  ro tor  
tlp-path-plane (aTPP 5 the  angle between the plane of t h e  ro tor  t i p s  and the incom- 
i n g  veloci ty  vector;  posit ive f o r  rearward t i l t )  t o  balance the  drag of the vehicle 
a t  each velocity. The r e s u l t  is an increasingly negative tip-path-plane angle w i t h  
inqreasing forward veloci ty .  I n  a climb, t h e  rotor  m u s t  be t i l t e d  fa r ther  forward 
(-uTPP) both t o  balance drag and t o  oppose gravi ty ,  wherezs i n  a descent the ro tor  
must  be t i l t e d  rearward (+a  ) .  The s t rongest  B V I s  a r e  known t o  occur ,;I t h e  
descent condition, when the tip-path-plane angle is posi t ive,  forcing sections of 
the shed t ip-vort ices  close t o  o r  i n to  t h e  ro to r ' s  tip-path-plane ( r e f s .  5 and 6 ) .  
Similar tip-path-plane angles m u s t  be f l o w n  i n  the wind tunnel t o  generate s imi la r  
model-scale operating cor;di t ions.  

TPP  

Tip-path-plane angle (aTPP) is not usually used a s  a pi lot ing indicator when 
f l y i n g  hel icopters .  Rate of climb ( R / C ) ,  &s well as forward velocity and engine 
torque, is t h e  variable normally used by p i lo t s  t o  judge the s t a t e  of the helicop- 
t e r ' s  performance. However, tip-path-plane angle can be re la ted  t o  r a t e  of climb i n  
steady-state f l i g h t  thlough a s i m p l e  balance of longitudinal forces.  For small 
angles, it can be shown t h a t  
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where 

D f e  2 
W 2ACT IJ - 5  - 

-1 a/c Yf = tan - 60V 

V E forward velocity of the  hel icopter  

f e  equivalent wetted drag a rea  of the helicopter 

A f rotor  d i s k  a rea  of the hel icopter  

T h i s  approximate re la t ion  between tip-path-plane angle and r a t e  of climb is  
plot ted in f igure  6 versus advance r a t i o  f o r  the AH-1S helicopter ( fe  - 14 ft2, 
A = 1520 ft2, and CT = 0.0054) f o r  famil ies  of constant r a t e s  of climb and 
descent. Also shown on the same f i g u r e  (indicated by t h e  crosses)  a r e  calculated 
values from the C-81 trim computer program f o r  the S-model Cobra helicopter 
( r e f ,  12). TTe s iqp le  balance-of-force model and the C-81 trim program agree q u i t e  
well ,  lending confidence t o  the assumption t h a t  the simple re la t ionship  given by 
equation ( 1 )  i s  consistent over the matrix of f l i g h t  conditions tes ted .  

400 600 800 lo00 MH = 0.550- 0.725 
CT 0.0047 -LC 0.0080 

- CALCULATIONS FROM SIMPLE FORCE 
BALANCE MODEL 

X CALCULATIONS FROM C-81 

0 (LEVEL FLlG f- 
DESCENT 

CLIMB I + - 
0 .05 .lo .15 .20 .25 .30 .35 

ADVANCE RATIO, /.I 

Figure 6.- OLS model t e s t ing  envelope. 
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Hadever, t he  accuracy  wi th  which these c o n d i t i o n s  can  be m a i n t a i n e d  d u r i n g  t h e  
testir., is q u i t e  d i f f e r e n t  for t h e  model and f u l l  scale. 
e n - J i r o m e n t  of t h e  DNW, i t  is q u i t e  e a s y  t o  establish s t e a d y - s t a t e  t e s t i n g  condi-  
t i o n s  for the rotor. 
f l a p p i n g  a n g l e s  w i t h  r e s p e c t  t o  the  v e r t i c a l  shaft. Lateral t i p - p a t h - p l a n e  tilts 
were set to zero d u r i n g  a l l  model-scale t e s t i n g .  A l l  is n o t  t h a t  e a s y  in f u l l - s c a l e  
t e s t i n g .  Small but  n o t i c e a b l e  c o n t r o l  movements were n e c e s s a r y  d u r i n g  runs i n  order 
to  h e l p  m a i n t a i n  a correct s t a t i o n - k e e p l n g  p o s i t i o n .  These c o n t r o l  i n p u t s  t ended  t o  
make t h e  full-scale d a t a  more uns teady ,  even though t h e  p i l o t s  were g i v e n  s p e c i f i c  
i n s t r u c t i o n s  n o t  to ho ld  s t a t i o n - k e e p i n g  p o s i t i o n  too t i g h t l y  o n c e  t h e  target d i s -  
t a n c e  was a c q u i r e d .  There is also some q u e s t i o n  about  how each p i l o t  trimmed t h e  
helicopter. I t  is p o s s i b l e  t o  a r r i v e  a t  s t e a d y  l e v e l  f l i g h t  i n  a helicopter w i t h  or 
wi thout  s i d e s l i p ,  t h u s  t e n d i n g  t o  make t h e  f u l l - s c a l e  condi t ior , s  flowrl d u r i n g  t h e  
t e s t i n g  somewht v a r i a b l e  from r u n  t o  run. The n e t  r e s u l t  is t h a t  t h e  e q u i v a l e n c e  
shoun i n  f i g u r e  6 s h o u l d  be viewed s k e p t i c a l l y ,  keep ing  i n  mind t h a t  any f u l l - s c a l e  
c o n d i t i o n s  flQwn were mean values. 
d u p l i c s t e d  i n  model-scale, a r a n g e  of chosen t i p - p a t h - p l a n e  a n g l e s  w a s  f l o w  i n  
sweeps of 0.5O increments  a t  chosen advance ratios. 

I n  t h e  low t u r b u l e n c e  

Tip-path-plane a n g l e s  are e q u i v a l e n t  t o  t h e  l o n g i t u d i n a l  

To e n s u r e  t h a t  t h e  f u l l - s c a l e  BVI phenomena were 

The matrix of t e s t  c o n d i t i o n s  f o r  which i t  was p o s s i b l e  t o  gather both 
i n - f l i g h t  and model-scale a c o u s t i c  data is shown i n  f i g u r e  6 by t h e  shaded area. 
For these combinations of advance r a t i o  and t i p - p a t h - p l a n e  a n g l e ,  t h e  t h r c s t  coefi"i- 
c i e n t  and hcver  t i p  Mach number were f i x e d  a t  t h e  nominal f u l l - s c a l e  v a l u e s :  
CT = 0.OG54 anC MH = 0.664, r e s p e c t i v e l y .  The data  p r e s e n t e d  i n  t h i s  paper empha- 
s ize  b lade-vor tex  i n t e r a c t i o n  i m p u l s i v e  n o i s e  and t h u s  encompass many test p o i n t s  i n  
t h e  left of t h e  shaded r e g i o n  ( i .e . ,  low to  medium advance ra t ios ) .  :.towever. a 
s i g n i f i c a n t  amount of model t e s t i n g  time was s p e n t  e x p l o r i n g  t h e  effect of nondimen- 
s i o n a l  p a r a m e t r i c  changes on BVI i 9 p u l s i v e  n o i s e  as well. The r a n g e s  of t h e  f o u r  
govet-ning nondimensional parameters  c o n s i d e r e d  were as f oilows: 

(MAT = 0.62-0.94) 
Hover t i p  Mach number MH: 0.55-0.72 

Advance ratios p: 0.13-0.35 

Thrus t  c o e f f i c i e n t  CT: 0.0047-0.0080 

Tip-path-plane angle aTpp: - 5 O  t o  +7O 

Most of  t h e  d a t a  were taken  i n  descend ing  f l i g h t  a t  lower advance ra t ios  where BVI 
n o i s e  is knawn t o  be  of pr imary concern.  

5. MODEL-SCALE AND FULL-SCALE COMPARISONS 

I n  prev ious  i n - f l i g h t  measurement i n v e s t i g a t i o n s  of f u l l - s c a l e  rotor BVI impul- 
sive n o i s e  (refs. E;, 7, and 91, i t  was impossible t o  u s e  s i g n a l  a v e r a g i n g  t o  improve 
t h e  s i g n a l - t o - n o i s e  ra t io  of  t he  periodic n o i s e  phenomena. During a t y p i c a l  data 
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run, the  nominal s e p a r a t i o n  d i s t a n c e  between t h e  s u b j e c t  h e l i c o p t e r  and t h e  n o i s e -  
measurement p l a t f o r m  (YO-3A aircraf t )  c o n t i n u o u s l y  changes. Even though these 
changes are q u i t e  small (estimated t o  b e  t3 f t ) ,  t h e y  co r re spond  t o  changes  i n  time 
of abou t  23 msec. I n  effect ,  t h e  l / r e v  t r i g g e r  which cou ld  be used t o  a v e r a g e  t h e  
data has a k3-msec random d e l a y .  Because most of t h e  BVI impulses  are of t h e  order 
of 1 msec wide,  a p r o c e s s o r  that  u s e s  t he  rotor l / r e v  s i g n a l  to  a v e r a g e  t he  
i n - f l i g h t  data is n o t  e f f e c t i v e .  

These problems were overcome for  high-speed i m p u l s i v e  n o i s e  by u s i n g  t h e  
impulses  themse lves  t o  c o n s t r u c t  a t r i g g e r  s i g n a l  (refs. 2, 3,  and 8).  I n  g e n e r a l ,  
deve lop ing  a good t r i g g e r i n g  s i g n a l  is q u i t e  straightforward, i f  the  e v e n t  of inter- 
est is h i g h  i n  level and i f  i t  is periodic--two of t h e  known q u a l i t i e s  of high-speed 
impu l s ive  n o i s e .  T h i s  same procedure  was used  t o  a v e r a g e  t h e  BVI  noise p r e s e n t e d  i n  
t h i s  paper. S i g n a l  c o n d i t i o n i n g  methods xere needed t o  p r e p r o c e s s  t h e  lower l e v e l s  
of t h e  n e g a t i v e  p r e s s u r e  s p i k e  a s s o c i a t e d  w i t h  high-speed impu l s ive  n o i s e .  A t r i g -  
ger s i g n a l  was c o n s t r u c t e d  and used t o  a v e r a g e  t h e  f u l l - s c a l e  a c o u s t i c  d a t a  t o  
improve t h e  s i g n a l - t o - n o i s e  l e v e l  and t o  d e f i n e  more comple t e ly  t h e  character of t h e  
f :Ill-scale BVI wavef orm. 

The r e s u l t s  of t h i s  new a v e r a g i n g  p r o c e d u r e  are i l l u s t r a t e d  i n  f igure ?(a)  f o r  
a t y p i c a l  set of c o n d i t i o n s  known t o  produce B V I  i m p u l s i v e  no i se .  Two unaveraged 
Aigna l s  are shown f o r  one  comple te  rotor  r e v o l u t i o n .  The uppermost one  r e p r e s e n t s  
t h e  most i n t e n s e  BV; p u l s e  and t h e  midd le  o n e  r e p r e s e n t s  t h e  weakest BVI p u l s e  t ha t  
was measured d u r i n g  a f u l l - s c a l e  run .  I n  a l l  cases, BVI p u l s e s  occur  s l i g h t l y  
before t h e  wide ,  n e g a t i v e ,  high-speed impu l s ive -no i se  pu l se .  The g e n e r a l  u n s t e a d i -  
n e s s  of the f u l l - s c a l e  B V I  n o i s e  data is c l e a r l y  demonst ra ted .  F i f t y  p e r c e n t  f l u c -  
t u a t i o n s  of peak impu l s ive -no i se  a m p l i t u d e  can  o c c u r  d u r i n g  t h e  r u n ,  s u g g e s t i n g  t h a t  
very  steady f l i g h t  a t  any f u l l - s c a l e  c o n d i t i o n  d i d  n o t  r e a l l y  e x i s t .  I n  b o t h  t h e  
unaveraged f u l l - s c a l e  da ta ,  t a i l - r o t o r  p e r i o d i c  n o i s e  is also p r e s e n t ,  t e n d i n g  to  
confuse  t h e  i n t e r p r e t a t i o n  of waveform de ta i l s .  Averaging t h e  data (bott.om graph  i n  
f i g .  7 ( a ) )  u s i n g  t h i s  new a v e r a g i n g  p r o c e d a r e  improves t h e  i n t e r p r e t a t i o n  tremen- 
dous ly .  Not o n l y  has t h e  per iodic  t a i l - r o t o r  n o i s e  been reduced  i n  l e v e l  u n t i l  i t  
is n o t  o b s e r v a b l e ,  bu t  t h e  lower-level character of t h e  B V I  a c o u s t i c  f u l l - s c a l e  
p u l s e  is v i s i b l e  for  t h e  f irst  time. Because t h e  d a t a  were averaged  by t r i g g e r i n g  
o n  t h e  f irst  high-speed n e g a t i v e  impu l se ,  t h e  f i rs t  ha l f  of t h e  a v e r a g e  y i e l d s  
b e t t e r  s i g n a l - t o - n o i s e  l e v e l s  t h a n  t h e  second h a l f .  I n  t h e  da ta  tha t  follow, o n l y  
t h e  f i r s t  h a i f  impulse  of t h e  f u l l - s c a l e  da ta  is compared w i t h  t h e  model scale. The 
q u e s t i o n s  sf blade- tu-b lade  p u l s e  ampl i tude  and s h a p e  v a r i a b i l i t y  r ema in  for  a d d i -  
t i o n a l  work. 

I n s t e n t a n e o u s  and averaged  model-scale da ta  fo r  approx ima te ly  t h e  same set of 
nondimensionalized c o n d i t i o n s  a r e  shown i n  f i gu re  7 ( b ) .  
ences  among t h e  maximum, minimum, or a v e r a g e  p u l s e  t ime-histories were o b s e r v e d ,  
o n l y  o n e  i n s t a n t a n e o u s  p u l s e  is p l o t t e d .  T h e  e x t r e m e l y  s t e a d y  environment of t h e  
LNW shows t h a t  t h e  ave rage  pulse l e v e l  and waveform are q u i t e  r e p r e s e n t a t i v e  of any  
s i n g l e  record. 

Because no dramatic differ-  

The comparison of t h e  model-sczle and f u l l - s c a l e  averaged  data f o r  t h i s  o n e  
f l i g h t  c o n d i t i o n  ( t h e  lower  g r a p h s  i n  f i g s .  ? ( a )  and 7 ( b ) )  is q u i t e  remarkable. 
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Even t h e  srrialler details  of  the  a c o u s t i c  waveforms a g r e e  f a i r l y  well i n  c h a r a c t e r  
and l e v e l .  I n  p a r t i c u l a r ,  t h e  smaller impulses  t h a t  a p p e a r  superimposed upon t h e  
n e g a t i v e  s p i k e  of t h e  high-speed i m p u l s i v e  n o i s e  are d u p l i c a t e d .  These were also 
s e e n  i n  t h e  model-scale d a t a  (ref. 7) t a k e n  i n  t h e  CEPRA-19, b u t  i n  t h a t  i n s t a n c e  
t h e y  were thought  t o  be due t o  impulse  r e f l e c t i o n s  from the  t u n n e l  nozz le .  T h e i r  
a p p e a r a n c e  i n  both the  model-scale DNln' data and t h e  f u l l - s c a l e  data shown here 
s u g g e s t s  t h a t  a n o t h e r  impuls ive  n o i s e  soume is b e i n g  measured--perhaps BVI on t h e  
r e t r e a t i n g  s i d e  o f  t h e  rotor d i s k .  

The comparison of model-scale and f u l l - s c a l e  ave raged  a c o u s t i c  data is shown i n  
f i g u r e s  8(a! and 8 ( b )  f o r  a r a n g e  of l o n g i t u d i n a l  and lateral d i r e c t i v i t i e s  fo r  a 
low-speed descent  c o n d i t i o n  known t o  produce BVI. The g e n e r a l  comparisons of dis- 
t i n c t  a c o u s t i c  e v e n t s  f o r  one h a l f  a :otor r e v o l u t i o n  are q u i t e  good for  a l l  of t h e  
microphone l o c a t i o n s  shown. Some small d i s c r e p a n c i e s  i n  ave raged  a m p l i t u d e s  of 
s p e c i f i c  9VI e v e n t s  are o b s e r v e d  a t  c e r t a i n  microphone l o c a t i o n s .  Thcse are 
b e l i e v e d  t o  r e s u l t  from a i r c r a f t  c o n t r o l  d i f f i c u i t i e s  encoun te red  i n  full-scale 
f l i g h t  tests and from t h e  g e n e r a l l y  l imi ted  a c c u r a c y  of full-scale t e s t i n g .  Some of 
t h e  measurement d i f f e r e n c e s  between f u l l  scale and node1 scale are noted  on t h e  
f i g u r e  a t  each s c a l e d  microphone l o c a t i o n .  
speed impuls ive  n o i s e  is most i n t e n s e ,  t h e  high-speed i m p u l s i v e  n o i s e  p o r t i o n  of the 
waveform (large n e g a t i v e  p u l s e )  is s l i g h t l y  l a r g e r  i n  model scale t h a n  i n  f u l l  
scale. This  is due ,  i n  pa r t ,  t o  t h e  s m a l l  i n c r e a s e s  ir! scaled t h i c k n e s s  of t h e  OLS 
model blade s e c t i o n  when compared t o  t h e  s t a n d a r d  f u l l - s c a l e  540 section (ref. 2). 
Because t h e  main i n t e r e s t  here is i n  B V I  n o i s e ,  no c o r r e c t i o n  for t h i s  effect  has 
been made i n  t h e  d a t a  shown. As r e p c r t e d  by many researchers f o r  t h i s  f l i g h t  condi-  
t i o n ,  BVI n o i s e  is s e e n  t o  be most i n t e n s e  aSout  30" t o  45O below t h e  t i p - p a t h  p l a n e  
and d i r e c t l y  ahead  of t h e  h e l i c o p t e r  ( r e f s .  5 and 8 ) .  

I n  t h e  p l a n e  o f  t h e  rotor,  where high-  

The  g e n e r a l  u n s t e a d i n e s s  of t h e  f u l l - s c a l e  BVI a c o u s t i c  data  sugges '  i t h a t  
s t e a d y - s t a t e  trimmed f l i g h t  i n  f o r m a t i o n  w i t h  t h e  YO-3A a i rc raf t  was d i r  cuit t o  
achieve .  T h e  small c o n t r o l  i n p u t s  needed t o  rriaintain s t a t i o n - k e e p i n g  had t h e  
effect ,  t o  some d e g r e e ,  of changing t h e  s t a t e  of t h e  h e l i c o p t e r  d u r i n g  any p a r t i c u -  
l a r  data  run .  To account  f o r  these p o s s i b l e  i n a c c c r a c i e s ,  t h e  model-scale  t e s t i n g  
was performed over  a r a n g e  of nondimensional test v a r i a b l e s .  I n  p a r t i c u l a r ,  t h e  
model-scale  t i p - p a t h - p l a n e  a n g l e  was v a r i e d  i n  incremcnts  of 0.5O t o  ensure t h a t  a 
full-scale e v e n t  would be c a p t u r e d  i n  t h e  model-scale  test .  These were compared 
w i t h  t h e  full-scale d a t a  t a k e n  over  a r a n g e  of rates of c l imb.  T h i s  comparison is 
shown i n  f i g u r e s  9-12 f o r  f o u r  advance  ra t ios  known to  produce E i V I  (11 = 0.164, 
0.194, 0.224, and 0.270).  

I n  t h e  top h a l v e s  of f i g u r e s  9-12, t h e  model-scale  and f u l l - s c a l e  averaged 
J o u s t i c  d a t a  f o r  one half  of a r o t o r  r e v o l u t i o n  are compared. The s i m p l e  f o r c e -  

ba lance  d r a g  model e q u i v a l e n c e  between rotor t i p - p a t h - p l a n e  a n g l e s  and rates of  
descent is indica ted  t o  t h e  r i g h t  of t h e  f u l l - s c a l e  ra tes  of d e s c e n t  axis. I n  t h e  
lower h a l f  of each  f i g u r e ,  t h e  l a r g e s t  v a l u e s  of BVI are p lo t t ed  o n  a magn i f i ed  
s c a l e  so  t h a c  key d i f f e r e n c e s  between t h e  model-scale and f u l l - s c a l e  results can  be 
emphasized. The model-scale  results p r e s e n t e d  are for  t h e  45O-down microphone 
p o s i t i o n .  As d i s c u s s e d  i n  r e f e r e n c e  2,  i t  was f e l t  t h a t  most of t h e  f u l l - s c a l e  30° 
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( a )  Longitudinal d i r e c t i v i t y .  

Figure 8.- C ,.aparison of model-scale and full-scale noise  d i r e c t i v i t y .  
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l o n g i t u d i n a l  p o s i t i o n s  flown were a c t u a l l y  closer to  45O below t h e  rotor 's  t i p - p a t h  
plane.  
l e v e l s  t e n d  t o  be i n c r e a s e d  s l i g h t l y ,  and t h e  high-speed i m p u l s i v e  n o i s e  l e v e l s  
decrease s l i g h t l y  from t h e  30° microphone p o s i t i o n .  However, a l l  t r e n d s  o b s e r v e d  
o v e r  t h e  p a r a m e t r i c  sweep are s i m i l a r  for either microphone l o c a t i o n .  

A s  shown i n  figure 8 ,  a t  t h e  4 5 O  microphone p o s i t i o n  t h e  model-scale BVI 

The r e s u l t s  for  t h e  low advance  ra t io  case (u = 0.164) are shown i n  f igure 9. 
The ave raged  model-scale p u l s e s  are remarkab ly  similar and c o n s i s t a n t  over  t h e  
e n t i r e  r a n g e  of t i p - p a t h - p l a n e  angles considered. A t  n e g a t i v e  t i p - p a t h - p l a n e  
a n g l e s ,  c o r r e s p o n d i n g  t o  c l i m b i n g  f l i g h t ,  two s m a l l  BVI impulses  are s e e n .  A s  t h e  
t i p - p a t h - p l s n e  a n g l e  is made more p o s i t i v e  (simulating l e v e l  and descend ing  f l i g h t ) ,  
t h e  first Jf these two impulses  grows i n  magnitude,  r e a c h i n g  a maximum a t  

A t  aore p o s i t i v e  t i p - p a t h - p l a n e  a n g l e s ,  t h e  magnitude of t h i s  large aTPP 
p u l s e  g r a d u a l l y  decreases, and t h e  EN1 waveform g r a d u a l l y  changes t o  three p o s i t i v e  
impulses .  
i n c r e a s i n g  aTPP, i t  is smaller i n  ampl i tude .  The ave raged  full-scale data e x h i b i t  
almost t h e  same t r e n d s  w i t h  rate of d e s c e n t .  
BVI o c c u r s  a t  a rate of d e s c e n t  of 400 f t / m i n ,  which cor responds  t o  a n  estimated 
t i p - p a t h - p l a n e  a n g l e  of 2 O  (instead of Oo from the model-scale tests). 

= Oo.  

The t h i r d  i 9 p u l s e  p r e c e d e s  t h e  other two and,  a l t h o u g h  growing w i t h  

However, t h e  maximm averaged v a l u e  of 

The maximum ampl i tude  BVI model-scale and f u l l - s c a l e  waveforms are p l o t t e d  o n  a 
larger scale i n  t h e  lower half  of f igure  9 for  The amazing s i m i l a r i t y  
of p u l s e  shape  and a m p l i t u d e  are r a p i d l y  a p p a r e n t .  Even t h e  smaller detai ls  of the  
two waveforms match remarkably  well. However, on v e r y  c l o s e  i n s p e c t i o n ,  t h e  p u l s e  
w i d t h s  of t h e  f u l l - s c a l e  data are, i n  g e n e r a l ,  smaller t h a n  those of t h e  model-scale 
data. Th i s  s u g g e s t s  t ha t  t h e  a v e r a g e  v o r t e x - c o r e  sizes of t h e  t r a i l i n g  v o r t e x  
s y s t e m  of t h e  f u l l - s c a l e  r o t o r  a r e  s m a l l e r  t h a n  t h e  c o r r e s p o n d i n g  mode l - sca l e  v o r t e x  
cores .  Although t h e  a v e r a g e  v a l u e s  of model-scale  and f u l l - s c a l e  BVI match very 
w e l l ,  i t  s h o u l d  be remembered t h a t  sudden burs t s  of large a m p l i t u d e ,  f u l l - s c a l e  B V I  
occur  (see f i g .  7). As shown i n  f i g u r e  9 ,  sudden v a r i a t i o n s  i n  t i p - p a t h - p l a n e  a n g l e  
c a n n o t ,  by themselves ,  e x p l a i n  t h i s  phenomenon i n  model scale. The maximum ampli-  
t u d e s  of t h e  model-scale  BVI  tests never  exceeded t h e  a v e r a g e  v a l u e  shown by more 
t h a n  10%. However, as a l r eady  noted  ( f i g .  7), the  maximu-1 a m p l i t u d e s  of t h e  f u l l -  
scale data exceeded t h e  a v e r a g e  f u l l - s c a l e  v a l u e s  by as much as 50%. 
ancy is thought  t o  be real and is hypo thes i zed  t o  be reiated t o  t h e  d i f f e r e n t  v o r t e x  
s t r u c t u r e s  of t he  model-scale and f u l l - s c a l e  w a k e  sys tems.  

p = 0.164. 

T h i s  d i s c r e p -  

Similar results are found when t h e  model scale and f u l l  scale a r e  compared 
fo r  p = 0.194 ( f i g .  10). Good g e n e r a l  agreement  i n  p u l s e  s h a p e  and peak v a l u e s  
exists fo r  the  BVI n o i s e .  However, t h e  p u l s e  w i d t h s  of t h e  f u l l - s c a l e  BVI waveforms 
are a g a i n  smaller t h a n  t h e  model-scale.  

The agreement between model-scale  and f u l l - s c a l e  averaged data b e g i n s  t o  dete- 
r iorate  fo r  p = 0.224, a s  shown i n  f i g u r e  11 .  However, t h e  enve lope  of t h e  a v e r -  
aged a c o u s t i c  data e x h i b i t s  a f i n e  s t r u c t u r e  t h a t  is j u s t  b a r e l y  n o t i c e a b l e  i n  model 
scale. 
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intense interact ion.  p = 0.224. 

This discrepancy is dramatically i l l u s t r a t e d  i n  f igure  12  for  the v = 0.270 
case. Model-scale averaged waveforms exhibit  smooth, consistent BVI patterns fo r  
the en t i r e  range of tip-path-plane anglc:;. I n  simulated l e v e l ,  steady-state f l i g h t  

= -43), two BVI pulses a re  measu:-ed. As the tip-path-plane angle is (aTPP 
increased, the amplitudes of these increase s l i g h t l y ,  and they a r e  joined by a 
t h i r d ,  small-amplitude pulse. The fu l l - sca le  averaged waveforms look qui te  d i f f e r -  
ent .  They a re  dominated by two rather  intense BVI pulses whose pulse w i d t h s  a re  
about one half t o  one t h i r d  t ha t  of the model-scale data. The amplitude of these 
fu l l - sca le  pulses is, in general ,  l a rger  than tha t  shown i n  the smoother model-scale 
data. A comparison of these differences is seen q u i t e  c lear ly  in t he  lower half  of 
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waveform c a n p a r i s o n s  of most 

f i g u r e  1 2  where t h e  maximum a m p l i t u d e  BVI  model-scale and  f u l l - s c a l e  p u l s e s  a r e  
compared. The f u l l - s c a l e  BVI  data c o n t a i n  two shar*p B V I  p u l s e s  j u s t  before t h e  
large n e g a t i v e  high-speed impuls ive-noise  p u l s e .  
p u l s e ,  o c c u r r i n g  a t  t h e  same time, whose a v e r a g e  a m p l i t u d e  is abou t  o n e  t h i r d  
smaller and  s l i g h t l y  wider  t h a n  t h e  sum of t h e  p u l s e  wid ths  of t h e  f u l l - s c a l e  data. 

The model-scale data have a s i n g l e  

A t  f i rst  g l a n c e ,  t h e  model-scale BVI data look as i f  t h e y  have  been un in ten -  
t i o n a l l y  f i l tered.  However, as ment ioned  i n  an  earlier p a r t  of t h i s  p a p e r ,  t h e  
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frequency response of the recording and analysis  equipment w a s  maintained a t  
20,000 Hz. 
model-scale events whose pulse wid ths  a r e  about 0.5 msec. 

T h i s  should be more than adequate f o r  f a i th fu l  reproduction of BVI 

A t  the present time, we do not know f o r  cer ta in  why the pulse-shape d e t a i l s  of 
the model-scaie and fu l l - sca le  data do not agree a t  higher advance r a t i o s .  Dif’er- 
ences i n  the wake-vortex s t ruc tu re  r e s u l t i n g  from v a s t l y  d i f f e ren t  Reynolds ni Su r s  
o r  from f u l l - s c d e  p i lo t ing  i n p u t s  or both a r e  possible mechanisms. I t  is hop 
tha t  a careful  reduction of the  model-scale pressure data and an associated compari- 
son of fu l l - sca le  pressure data under s imi la r  conditions w i l l  h e l p  resolve the  noted 
differences.  

6. SOME PARAMETRIC VAHIATIONS 

Once it has been demonstrated tha t  the acoustic phenanena of i n t e re s t  a r e  
scalable ,  wind-tunnel tes t ing  can be used t o  explore wide ranges of t e s t  conditions 
in a controlled environment. T h i s  i s  i n  contrast  t o  i n - f l i g h t  fu l l - sca le  t e s t ing ,  
for  which safety of f l i g h t  considerations and pi lot ing techniques l i m i t  the choice 
of conditions tha t  can be flown. I n  t h i s  paper, we have shown t h a t  model-scale 
wind-tunnel t e s t i n g  does duplicate the fu l l - sca le  measured acoust ic  events a t  t h e  
lower advance r a t i o s  (u = 0.164) .  Therefore, the e f fec t  on radiated noise of 
changes i n  t h r u s t  and hover t i p  Mach number is  presented fo r  t h i s  case. 

The change i n  average BVI noise leve l  wi th  changing t h r u s t  l eve l s  i s  shown in 
f igure 13  for  a constant tip-path-plane angle (a  = l o ) .  The peak pressure spike 
of the la rges t  B V I  r i s e s  almost l inear ly  w i t h  t h r u s t ,  almost doub l ing  fo r  a doubling 
of t h r u s t  coeff ic ient .  The la rges t  negative impulse rises much f a s t e r ,  suggesting 
that the interact ion phenomenon is  changing character a t  higher t h r u s t  l eve ls .  

TPP 

Some care must be exercised when interpret ing the data i n  f igure  13. As 
t h r u s t  is increased, there  i s  an increase in the  average i n f l w  t o  the  ro tor  which 
increases the e f f ec t ive  separation distance between the ro tor  tip-path plane and the 
shed tip-vortex system. 
path-pldne angle s h o u l d  be increased (made more pos i t i ve ) ,  t h u s  e f fec t ive ly  reducing 
t h i s  increased in f low resul t ing from increased t h r u s t .  

To maintain the same separation dis tance,  the ro tor  t i p -  

A method of estimating the change i r r  BVI impulsive noise wi th  changing t h r u s t  
levels that  attempts t o  account fo r  t h i s  e f fec t  is shown i n  f igure  14 .  First, the  
maximum posi t ive peak pre.ssure level  i s  found f o r  the la rges t  BVI pulse f o r  a l l  
possible tip-path-plane angles a t  a f ixed advance r a t i o  and a f ixed t i p  Mach number 
a t  hcver. This peak pressure value is then plotted as a function of t h r u s t .  As 
explained above, the tip-path-plane angle a t  which maximum leve ls  of B V I  occur 
increases w i t h  increasing 
impulsive noise is  increased s l i g h t l y  over thd t  shown i n  f igure  1 3  f o r  a constant 
tip-path-plane angle of + I  O .  

C T ,  a s  indicated in f igure 14,  The peak amplit*.ide of R V I  
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Figure 14.- Peak posi t ive pressure versus t h r u s t  coeff ic tent .  

The change i n  BVI impulsive noise w i t h  changes i n  hover t i p  Mach number, MH, is 

is equivalent t o  a variation i n  the advancing-tip Mach 
shown i n  f igure  15 fo r  p = 0.164, CT = 0.0054, and aTPP - + l o .  Because p is 
constant, a var ia t ion i n  MH 
number 
values of the posi t ive and negative pulses occur, demonstrating t h a t  hover t i p  Mach 
number is one of t h e  most s ens i t i ve  design parameters of BVI impu l s ive  noise. 

MAT, which has been added a3 a second scale .  Large increases i n  the peak 
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- 
ROTOR-REVOLUTION 

Figure 15.- Effect of blade-ti? Mach number. 

There a re  a t  l ea s t  two known fac tors  which combine t o  make BVI impulsive noise 
sensi t ive t o  NH. For example, i t  can be argued that  increasing MH a t  constant 
t h r u s t  coeff ic ient  increases the rea l  t h r u s t  on eacn biade, t h u s  increasing the 
s t rength of the t i p  vortices that  a re  shed. However, because the rotor  is operating 
a t  higher t i p  ve loc i t ies ,  the change i n  ar,gle of at.tack (and i n  perturbation pres- 
sure coeff ic ient  , DCp), induced by the stronger tip-vortex system, remains f a i r l y  
constant. Therefore, the BVI impulsive noise leve ls  increase as the hover t i p  Mach 
amber increases,  because the absolute values of perturbation pressure increase i n  
d i rec t  propcrtion t o  the velocity of the ro ta t ing  blades. i t  was a l so  shown i n  
reference 1 3  tha t  the acoustic leve ls  of B V I  ir,  ce r ta in  radiat ion direct ions a re  
strongly related t o  the "trace Mach number" of the interact ion.  Because the t race  
Mach number changes w i t h  changes i n  the hover t i p  Mach number, B V I  impulsive noise 
leve ls  can be increased or decreased, depending on the geomet.ry of the interact ion 
process and t h e  f a r - f i e ld  locat ion of the measurement microphone. The values of 
peak B V I  impulsive noise leve ls  shown i n  f igure  15 a r e  undoubtedly influeticed by 
both of these fac tors .  

7. CONCLUDING REMARKS 

Acoustic data taken i n  the world's l a rges t  anechoic wind tunnel--the DNW i n  The 
Netherlands--have documented the blade-vortex interact ion (BVI) impulsive noise 
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radiated from a l/?-scale main-rotor model of the  AH-1 series helicopter.  The 
model-scale data were compared with fu l l - sca le  in-f l ight  acoustic data under similar 
operating conditions. The major findings of t h e  work t o  date are as follows: 

:. A new method of averaging the acoustic data  gathered by in-f l ight  s ta t ion-  
keeping methods has been developed t h a t  successfully extracts the average BVI noise 
f r m  t h a t  of sources other  t h a n  t h e  main ro to r  emit ted by t h e  helicopter.  
method w a s  successfully used t o  document average levels  and time-histories of BVI  
coise emitted by the AH-1S helicopter over a f u l l  range cf f l i g h t  conditions. 
bothersome ta i l - ro tor  pericdic noise was eliminsted fran the  BVI da ta ,  t h u s  allowing 
a careful in te rpre ta t ion  of detai led waveform characteristics of t h e  main-rotor 
i m p u l s i v e  noise . 

The 

The 

2. A set of nondimensional scal ing equations was used t o  establish and test a 
matrix of model-scale BVI conditions t h a t  were ccmpatihle wi th  fu l l - sca le  BVI  condi- 
tions. Advance r a t i o ,  hover t i p  Mach number, t h r u s t  coef f ic ien t ,  and  loca l  i n f l w  
r a t i o  a r e  t h e  importar L nondimensional parameters. Major d i rec t iv i ty  p ro f i l e s  of 
the radiated noise were documented a t  an advance r a t i o  of 0,164, confirming t h a t  B V I  
noi.se is a collection of h i g h l y  direct ional  phenomena. The peak values of BVI noise 
are radiated predominant ly  30° t o  4 5 O  below t h e  r o t o r  plane i n  t h e  d i rec t ion  of 
forward f l i g h t .  

3. A t  l o w  advance ra t ios  (p = 0.164-0.194), t h e  average BVI aooustic data f o r  
the 1 /?-scale model duplicated the  average fu l l - sca le  B V I  noise data remarkably 
well. Average peak amplitudes and waveform shapes were duplicated f o r  a wide range 
of microphone locations.  Pulse w i d t h s  of the fu l l - sca le  B V I  impulses were s l i g h t l y  
smaller than model-scale pulse w i d t h s ,  suggest ing t h a t  t h e  tip vort ices  shed fran 
t h e  ful l -scale  ro tor  had smaller viscous cores. 

4. A t  moderate advance r a t io s  ( p  = 0.224-0.270). t he  model-scale B V I  acoustic 
r e su l t s  d i d  not duplicate the fu l l - sca le  data v e r y  well. Although t h e  general low-  
frequency shape of the  waveform was s imi la r ,  amplitude a n d  waveform d e t a i l s  of t h e  
BVI pulses were notably d i f fe ren t .  
p u l s e s  t h a t  were not seen i n  model-scale under similar nondimensional conditions. 

The full-scale B V I  data had la rge ,  s h a r p  B V I  

5. Full-scale BVI acoustic data exhib i ted  an uns t ead iness  i n  level  not seen i n  
the model-scale data  taken i n  the  DNW. A l l  of t h e  model-scale da ta  were veyy steady 
under a l l  of the operating ccnditions reported. 

The good agreement a t  low advance r a t i o s  and the lack of agreement between 
model-scale and ful l -scale  BVI data a t  moderate advance r a t i o s  is the  most puzzling 
f i n d i n g  of t h i s  s t u d y .  A t  the  present time, no substant ia ted explanation of t h i s  
fiisagreement can be offered. F u t u r e  e f f o r t s  w i l l  use accust ic  t r iangulat ion and 
cr*-s-correlation of blade pressures w i t h  far-f i e ld  acoustics t o  h e l p  explain !!hy 
t h e  model-scale and  ful l -scale  BVI acoustic waveforms disagree at these moderate 
advance r a t io s .  
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