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THE STATUS OF ROTOR NOISE TECHNOLOGY 

ONE MAN'S OPINION 

Richard P. White, Jr. 
RASA Divis ion ,  Systems Research Labora tor ies ,  Inc.  

SUMMARY 

I n  the  l a s t  two decades,  t h e  somewhat "black ar t"  of rotor no i se  predic-  
t i on  has  grown i n t o  a s c i e n c e  t h a t  might be called Rotor Noise Technology. 
r h i s  t ransformat ion  has  been due to many reasons,  no t  the  least of which has  
3een the growing i n t e r e s t  of t h e  aerodynamicis t  i n  rotor acoustics. This  paper 
A l l  approach the problem of e s t a b l i s h i n g  t h e  state of the  "technology" by 
Eirst i d e n t i f y i n g  t h e  va r ious  c h a r a c t e r i s t i c s  of rotor noise  and then  a s ses s ing  
the  state of technology i n  understanding and p r e d i c t i n g  the  most important of 
these rotor noise  c h a r a c t e r i s t i c s  i n  a real-world environment. 

INTRODUCTION 

On t h e  b a s i s  of experience gained i n  i n v e s t i g a t i n g  propeller noise  (i.e., 
r e f s .  1 to 61, some b a s i c  ae roacous t i c  i n v e s t i g a t i o n s  were conducted on the  
mechanisms associated with h e l i c o p t e r  rotor noise  prior to 1960. Most of 
these  i n v e s t i g a t i o n s ,  however, were centered  around d e f i n i n g  the c h a r a c t e r i s -  
tics of h e l i c o p t e r  no ise  and eva lua t ing  t h e  e f f e c t s  of b a s i c  h e l i c o p t e r  param- 
e t e r s  on these  c h a r a c t e r i s t i c s  (i.e,, refs. 7 and 8 ) .  These i n v e s t i g a t i o n s  
determined t h e  e f f e c t s  of b a s i c  rotor parameters such as blade number, d i s k  
loading,  t i p  speed, b lade  chord, and forward f l i g h t  v e l o c i t y  on t h e  n o i s e  out- 
pu t  of h e l i c o p t e r  rotor systems. The r e s u l t s  of these  s t u d i e s  i l l u s t r a t e d  t h a t  
the b e s t  way to reduce rotor noise  is to reduce the rotor t i p  speed and d i s k  
loading and inc rease  t h e  number of blades.  Many of these  e a r l y  i n v e s t i g a t i o n s  
were prompted by the  thought that  i f  t he  o t h e r  no i se  sources ,  such as engine,  
gear  boxes, accessories, etc., could  be reduced, then  rotor noise  would becom6 
the primary no i se  source of h e l i c o p t e r s  and, t he re fo re ,  means of c o n t r o l l i n g  
rotor noise  should be inves t iga t ed .  

As these  i n v e s t i g a t i o n s  cont inued i n t o  the  s i x t i e s ,  they were expanded 
such t h a t  t h e  o r i g i n  of t h e  va r ious  sources  of rotor noise  and ways of reduc- 
ing these  sources of no i se  were considered (i.e., r e f s .  9 to 12) .  Although 
these s t u d i e s  were more directed toward t h e  measurement of t h e  e f f e c t s  of 
var ious  parameters on t h e  noise  being generated by a rotor system, they began 
to h i g h l i g h t  t h e  e f f e c t s  of va r ious  aerodynamic parameters as the sources  of 
rotor noise.  A s  it became apparent  t h a t ,  due to the  r ap id  advances being made 
i n  t h e  development of new h e l i c o p t e r  conf igu ra t ions  because of t h e  ex tens ive  
app l i ca t ion  of gas  tu rb ines ,  a d e t a i l e d  understanding of the aerodynamic 
f o r c e s  a s soc ia t ed  with t h e  va r ious  sources of rotor noise  must be obta ined  if 
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adequate methods of p red ic t ing  rotor noise  i n  a v a r i e t y  of f l i g h t  condi t ions  
were to be developed. Because  of t h i s  need, the aerodynamicist has become 
increas ingly  involved i n  the exc i t i ng  and chal lenging research  associated w i t h  
the development of s a t i s f a c t o r y  rotor noise  p red ic t ion  techniques. The evolu- 
t i o n  of the understanding and t h e  development of rotor noise  p red ic t ion  tech- 
nology over the  l a s t  decade is the subjec t  of the  review t h a t  is presented 
herein.  

Because this symposium is b a s i c a l l y  e s t ab l i sh ing  the c u r r e n t  "State of 
Rotor Noise Technology," it would be inappropriate  for t h i s  review paper to 
microscopical ly  examine the technology of p red ic t ing  the noise  ou tpu t  of various 
sources. This t a s k  has  been re lega ted  to the sess ion  reviewers. The review 
presented here in  is much more general  i n  na ture  and tr ies to h igh l igh t  the  
state of the  technology i n  understanding and p red ic t ing  the noise  character- 
istics of rotors i n  the real-world environment of he l i cop te r  f l i g h t .  

SYMBOLS 

b 

c, 
C 

CMR 

cP 

*P 

9 

R 

TO 

V 

VD 

VF 

VT 

X 

Y 

span of r e f l e c t i o n  plane model, meters 

Coef f i c i en t  of t h r u s t  

chord of r e f l e c t i o n  plane model, meters 

chord of main rotor, meters 

c o e f f i c i e n t  of pressure 

d i f f e r e n t i a l  pressure, newtons per cent imeter2 

dynamic pressure, newtons per cent imeter2 

radius of t a i l  rotor, meters 

d i s k  loading, newtons per  meter2 

ve loc i ty ,  meters per second 

ve loc i ty  of descent,  meters per minute 

free-stream ve loc i ty ,  meters per second 

v e l o c i t y  of t r a n s l a t i o n ,  meters per second 

chordwise loca t ion  of re ference  po in t  on r e f l e c t i o n  plane 
model, meters 

spanwise pos i t i on  of re ference  po in t  on r e f l e c t i o n  plane 
model, meters 

724 



c i  

x 

Fc 

9 

QMR 

QTR 

ang le  of a t tack ,  degrees  

sweep ang le  of l ead ing  edge with respect to relative airstream, 
degrees  

advance ratio 

azimuth angle ,  degrees  

r o t a t i o n a l  speed of main rotor, r ad ians  per second 

r o t a t i o n a l  speed of t a i l  rotor, r ad ians  per second 

TECKNICAL DISCUSSION 

I n  cons ider ing  t h e  no i se  genera ted  by h e l i c o p t e r  rotors ope ra t ing  i n  a 
real-world environment, it is obvious t h a t  t h e  h e l i c o p t e r  conf igu ra t ion  p l a y s  
an important role i n  t h e  rotor no i se  s igna tu re .  Even to t h e  casual observer ,  
it is obvious,  for example, t h a t  t h e  noise produced by a UH-1, a CH-47, or a 
CH-53 is q u i t e  d i f f e r e n t .  While these  d i f f e r e n c e s  can  be caused by many con- 
f i g u r a t i o n  parameters, such as d i s k  loading ,  b lade  number, number of  rotors, 
and b lade  t i p  speed, t h e  basic sources  of no i se  are a l l  p r e s e n t  i n  varying 
amounts f o r  each conf igura t ion .  The degree to which each n o i s e  source  con- 
t r i b u t e s  to t h e  o v e r a l l  no i se  s i g n a t u r e  of a h e l i c o p t e r  depends upon t h e  h e l i -  
cop te r  and rotor conf igura t ion .  

The p i c t u r e  of a CH-53E shown i n  f i g u r e  1 can be u t i l i z e d  to p o i n t  o u t  
some of the  real-world environmental  e f f e c t s  t h a t  s t r o n g l y  in f luence  the  no i se  
genera ted  by rotors ope ra t ing  i n  a forward f l i g h t  on a realist ic h e l i c o p t e r .  
The CH-53E was not  chosen as an example because of  its no i se  c h a r a c t e r i s t i c s  
b u t  because it was a good picture of a h e l i c o p t e r  i n  f l i g h t  t h a t  could  be used 
to p o i n t  o u t  t he  environmental  e f f e c t s  of i n t e r e s t  t h a t  w i l l  be d iscussed  i n  
f u r t h e r  de t a i l  here in .  . 

I n  viewing the  p i c t u r e  of t he  CH-53E, it can  be v i s u a l i z e d  t h a t  t h e r e  are 
many free and self- induced environmental  e f f e c t s  t h a t  can  a f f e c t  t h e  no i se  char-  
acteristics of t h e  b l ades  i n  the  main rotor. A t  least the  fo l lowing  are of pri-  
mary importance: 

(a) The aerodynamic turbulence  i n  the  f r e e  stream through which t h e  rotor 
f l i e s  

(b) The aerodynamic compress ib i l i t y  e f f e c t s  below t h e  cr i t ical  Mach number 
on t h e  advancing b l ade  v e l o c i t i e s  

(c) Shock waves generated by airflow above t h e  cr i t ical  Mach number near 
9 = 900 

(d) Separated flows generated by h igh  ang le s  of  at tack on t h e  r e t r e a t i n g  
s i d e  of t h e  rotor d i s k  
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(e) The concent ra ted  vo r t ex  flows generated a t  t h e  b lade  t i p s  

(f) The h igh ly  t u r b u l e n t  flow f i e l d  induced by t h e  complete rotor wake 

(9) The effects of fuse l age  blockage and separated f l o w  

The t a i l  rotor has  a l l  of these  same environmental  e f f e c t s  induced by i ts  
own b lades  as w e l l  as those  which t h e  concent ra ted  and g e n e r a l  nonuniform wake 
of t h e  main rotor induce when it i n t e r a c t s  with t h e  f i n  and b lades  of t h e  t a i l  
rotor. When t h e  no i se  generated by the  rotor blades ope ra t ing  i n  t h i s  type  of 
aerodynamic environment is measured, a spectrum similar to the  genera l ized  spec- 
trum shown i n  f i g u r e  2 is obtained.  For t h e  sake of d i scuss ion ,  t h e  spectrum 
has  been separated i n t o  three d i f f e r e n t  c a t e g o r i e s  of noise:  

(a) Noise due to  s t eady  loads 

(b) Noise due to unsteady loads 

(c) Noise due to  incoherent  or random loads 

The no i se  due to t h e  s t eady  loads are related to t h e  i n t e g r a t e d  torque and 
t h r u s t  forces developed by t h e  rotor system to main ta in  f l i g h t ,  
acteristics of t h e  no i se  produced by the  s t eady  r o t a t i n g  loads were predicted 
by Gutin many y e a r s  ago (ref. 13) .  References 2, 4, 5, 14 ,  15, and 1 6  o u t l i n e  
improvements made to G u t i n l s  basic theory to account  for no i se  i n  t he  near 
f ie ld ,  th i ckness  noise ,  and far-field d i s t o r t i o n  due to source t r a n s l a t i o n a l  
motion. Reference 17 was an early attempt to extend Gu t in ' s  basic theory to 
remove its i n h e r e n t  l i m i t a t i o n  when applied to helicopter rotors. Since then  
there have been numerous i n v e s t i g a t i o n s  to improve the  p r e d i c t i o n  of t h e  rota- 
t i o n a l  no i se  produced by t h e  s teady  r o t a t i n g  loads which has resulted i n  theo- 
ries which can adequately predict the  primary c h a r a c t e r i s t i c s  of t h i s  type of 
noise .  The no i se  labeled incoherent  no i se s  are nonperiodic  no i ses  t h a t  are gen- 
erally related to the  v i s c o s i t y  effect of the  a i r  and are due to such phenomena 
as inf low turbulence ,  boundary-laser effects, separa ted  flows, and vor tex  shed- 
ding. Wright (ref. 18) has aptly r e f e r r e d  to t h i s  no ise  as "self-noise." These 
t w o  no i se  sources ,  no ise  due to the  s teady  loadings  and se l f -no i se ,  are be l ieved  
to be unavoidable when ope ra t ing  a helicopter and thus  may be considered to be 
t h e  luwer l i m i t s  to which helicopter no i se  might be lowered. The t h i r d  source  
of noise tha t  has  been l i s ted  i n  f i g u r e  2 is tha t  due to unsteady loads which 
are generated by t h e  prev ious ly  noted real-world environmental  effect i n  which 
he l i cop te r  rotors must operate. Since these  noise  sources do not  arise from 
t h e  loads needed to f l y  t h e  h e l i c o p t e r ,  some au thor s  have l abe led  t h e  ca tegory  
of noise as "excess noise" (ref. 19) .  Since  t h i s  type  of no i se  gene ra l ly  is 
t h e  major c o n t r i b u t o r  to t h e  no i se  i n  t he  frequency spectrum of i n t e r e s t  to 
this symposium, i.e., annoyance, d e t e c t a b i l i t y ,  etc., e s t a b l i s h i n g  t h e  s t a t u s  
of t h e  technology i n  understanding, p r e d i c t i n g ,  and modifying t h i s  ca tegory  of 
no i se  is t h e  one to which t h i s  review w i l l  be directed. 

The basic char- 

The excess  noise  sources  can r e s u l t  from loadings  having f requencies  i n  
the  noted range or from a loading  impulse t h a t  happens only  over a short t i m e  
i n t e r v a l ,  The shorter t h e  t i m e  period, t h e  g r e a t e r  is the  number of harmonics 
of no i se  t h a t  is produced. While t h e  va r ious  types  of loadings  t h a t  result i n  
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the excess  noise  c o n s i s t s  of both types of no i se  sources ,  t h e  m a j o r i t y  of the 
noise  is due to the harmonics of loading impulses which occur one or more times 
i n  the azimuth. The major sources  of rotor noise  which c o n t r i b u t e  to  t h e  excess  
no i se  w i l l  be d iscussed  i n  some deta i l  i n  the  following s e c t i o n s  .of this review 
i n  an attempt to es tab l i sh  t h e  s ta te  of the technology i n  understanding, predict- 
ing, and modifying these sources of noise .  

Blade S t a l l  

Blade s t a l l  can  occur i n  hover around the e n t i r e  azimuth when the  blade 
ang le  is increased  to s u f f i c i e n t l y  l a r g e  va lues  or over  r e l a t i v e l y  small por- 
t i o n s  of the  azimuth i n  forward f l i g h t .  S ince  the blade s t a l l  ang le  of attack 
is s t r o n g l y  affected by the r e l a t i v e  Mach number, s t a l l i n g  can occur  over  t h e  
advancing side of the rotor d i s k  for h igh ly  loaded rotor system i n  forward 
f l i g h t  as well as over t h e  r e t r e a t i n g  side of the rotor d i s k .  When s t a l l  
effects do occur on the advancing blade they produce a g r e a t e r  amount of excess  
noise  than  on t h e  r e t r e a t i n g  side because of the higher  dynamic p res su re  a t  
which it occurs  and the smaller increment of azimuth ang le  over which it occurs .  

Hubbard and Maglieri, i n  1958, demonstrated t h e  l a r g e  effect blade s t a l l  
could have on the no i se  characteristics of a hovering rotor. F igure  3, taken 
from re fe rence  7, p r e s e n t s  data which show t h e  effect of s t a l l  on t h e  o v e r a l l  
no i se  l e v e l  a t  d i f f e r e n t  rotor t i p  speeds as w e l l  as the 'effect of s t a l l  on 
t h e  frequency spec t rum for a rotor t i p  speed of 183 m/sec. 
f i g u r e  3, the s o l i d  symbols r ep resen t  the cond i t ions  a t  which the  au tho r s  ind i -  
cated t h a t  blade s t a l l  was p resen t  and for which t h e  no i se  o u t p u t  was consider-  
ab ly  greater than the cond i t ions  a t  which s t a l l  was no t  present .  The spectrum 
shown i n  t h e  bottom ha l f  of f i g u r e  3 shows how s t a l l  affects  the frequency con- 
t e n t  of the noise.  The au thors  reported that the  no i se  presented  i n  the spec- 
t rum d i d  n o t  have discrete spikes and correlated w e l l  w i t h  t h a t  which would be 
calculated based on the exper imenta l ly  determined S t rouha l  numbers. The au thors  
suggested,  therefore, t h a t  t h e  noise  due to  s t a l l  was probably due to  vor tex  
shedding from the blades. Schlege l ,  e t  al., reported i n  re ference  17 t h a t  the 
noise  generated by small pockets  of s t a l l  on t h e  r e t r e a t i n g  b lade  had s i g n a t u r e  
characteristics similar to tha t  of impulsive noise  and was be l ieved  to be asso- 
ciated wi th  t h e  modulation of high frequency loadings  due t o  discrete vor t ex  
shedding. These results i n d i c a t e  that blade s t a l l  might produce a s i g n i f i c a n t  
amount of noise  i n  t h e  h igher  rotor f r equenc ie s ,  p a r t i c u l a r l y  i f  it occur s  over  
j u s t  a small p o r t i o n  of the azimuth. As noted by the authors  of the  referenced 
i n v e s t i g a t i o n s ,  the noise  produced during s t a l l  may be associated w i t h  discrete 
vor tex  shedding on a cont inuous basis or on a modulated basis during blade vor- 
t e x  i n t e r a c t i o n s  on t h e  r e t r e a t i n g  side. 

I n  t h e  t o p  ha l f  of 

While the referenced i n v e s t i g a t i o n s  were conducted a number of yea r s  ago, 
it is bel ieved t h a t  the understanding of t h e  noise  produced by the aerodynamic 
forces generated during stall has no t  increased  markedly since t h a t  time. 
l a c k  of an i n t e n s i v e  effort to predict s ta l l - induced  loadings  and associated 
noise  has probably been due to the l a c k  of a s u i t a b l e  theory to r e a l i s t i c a l l y  
predict s ta l l - induced  loadings  and because of the need to reduce t h e  more domi- 
nant excess  no i se  sources caused by blade vor tex  i n t e r a c t i o n s  and unsteady 
p o t e n t i a l  airloads. It is be l ieved ,  however, t h a t  because of the p o t e n t i a l l y  

Th i s  
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s t ronger  aerodynamic i n t e r a c t i o n  between the  rotor and fuse lage  t h a t  is  possible 
with the  newer he l icopter  configurat ions t h a t  s ta l l - induced noise  may have more 
s ign i f i cance  i n  t h e  f u t u r e ,  p a r t i c u l a r l y  i f  the  noise  produced by some of the 
more dominant excess  loading sources is reduced. If t h i s  type of noise  source 
does become of more importance i n  the  f u t u r e ,  its p red ic t ion  w i l l  be a very d i f -  
f i c u l t  undertaking i f  it is attempted by o ther  than empir ical  or semi-empirical 
methods. T h i s  is believed to be t he  s ta te  of the  technology as t h e  effort t h a t  
has been directed towards p red ic t ing  t h e  dynamic s t a l l  characteristic of rotor 
blades i n  forward f l i g h t  has not produced a r e l i a b l e  and u s e f u l  p red ic t ion  tech- 
nique. It  is reasoned, therefore, t h a t  the  true p red ic t ion  of s ta l l - induced 
noise  w i l l  be very d i f f i c u l t  and w i l l  r equi re  a reasonable amount of add i t iona l  
research effort. 

Compressibi l i ty  Effects  

I have chosen to separa te  those effects which are due to drag divergence 
and those which are due t o  the  aerodynamic mass acce le ra t ion  around a solid 
a i r fo i l  s ec t ion  a t  higher Mach numbers commonly referred to as thickness  noise.  
The Mach number a t  which drag divergence occurs is a f a i r l y  s t rong  func t ion  of 
angle  of a t t ack ,  i.e., the  higher t h e  angle  of attack the  lower the  drag diver-  
gence Mach number. For rotors i n  which there is not a s t rong  blade vortex 
in t e rac t ion ,  the  increased noise  due to drag divergence effects usua l ly  occurs 
i n  the  rotor azimuth range of loo t o  800. Since t h e  compress ib i l i ty  effects 
due to drag divergence are pronounced only over a small azimuth range, it would 
be expected to produce a s i g n i f i c a n t  amount of noise  a t  the  higher harmonics 
of blade-passage. Arndt and Borgman tend to confirm t h i s  conclusion a s  they 
showed i n  reference 20 t h a t  including the effects of drag divergence i n  the  
p red ic t ion  of r o t a t i o n a l  noise  increased t h e  no ise  s i g n i f i c a n t l y  i n  the  higher 
harmonics of blade passage. Comparison of predicted r e s u l t s  with experimental  
data presented by Cox i n  re ferences  21 and 22 a l s o  showed t h a t  t h e  inc lus ion  
of drag divergence effects s i g n i f i c a n t l y  improved t h e  c o r r e l a t i o n  between t h e  
predicted and experimental  results i n  the  frequency range of excess  noise. 

Figures  4 and 5, taken from reference 23, present  th& angle  of attack and 
Mach number contours,  respec t ive ly ,  determined for a UH-2 f l y i n g  a t  an advance 
ratio of 0.48. It i s  noted t h a t ,  i n  the  azimuth range of loo to 50°, t h e  data 
ind ica t e  t h a t  the  c a n p r e s s i b i l i t y  boundary moves inward leaving  t h e  outer 
20 percent  of the  blade radius  operat ing above t h e  cr i t ical  Mach number. T h i s  
inward movement of the  c a n p r e s s i b i l i t y  boundary is due to the  increase  i n  the  
angle  of a t t ack  and r e l a t i v e  ve loc i ty  over the  same range of azimuth angles.  
With 20 percent  of the  blade radius opera t ing  above the  c r i t i c a l  Mach number 
it would be expected t h a t  t h e  impulsive increase  of drag loading would genera te  
a s i g n i f i c a n t  pressure wave i n  t h e  plane of the  rotor. Since the  movement of 
t h e  compress ib i l i ty  boundary happens only over a small po r t ion  of the  azimuth, 
'it would be expected tha t  higher harmonics of r o t a t i o n a l  no ise  would be pro- 
duced. Increasing t h e  rotor speed, f l i g h t  speed, or the  rotor t h r u s t  increases  
the  angle  of attack and ve loc i ty  over a larger region of the advancing side of 
the  rotor d i sk  and, therefore, t h e  noise  due to drag divergence would increase  
i n  i n t e n s i t y  and be not iceable  over a l a r g e r  range of frequencies.  
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With the advances that have been made in airfoil designs for rotor blades, 
the problem of noise due to compressible drag divergence effects has decreased. 
Cn addition, since most modern rotor noise prediction techniques include the 
2ffects of Mach number in the definition of the airfoil sectional character- 
istics, the prediction of the noise due to compressibility effects can be 
readily handled if the angle of attack and velocity distributions over the disk 
nre known. Unfortunately, this knowledge cannot be gained experimentally and 
:an only be gained by the utilization of predictive free rotor wake flow analy- 
ses such as that presented in reference 24 and extensively expanded since that 
time. 
Yistribution cannot be made, correlation of harmonic loadings indicates that 
relatively good predictions of the radial and azimuthal distribution of angle 
>f attack can be obtained using such analyses techniques. It is believed, 
therefore, that the understanding of the effects of compressibility and the 
nssociated noise produced by helicopter rotors in forward flight is on firm 
jround and that means of predicting the effects of various real-world param- 
sters on this noise source are available if the existing analyses procedures 
sre properly utilized. 

While direct correlation between theory and measured angle of attack 

Rotor Noise Resulting From Blade Vibration 

Prior to discussing other primary sources of excess noise because of pres- 
sure pulses at higher harmonics of blade passage frequencies due to discrete 
iappenings in the azimuth, a brief discussion of the noise that can be gener- 
ited by the structural vibration of rotors will be presented. 
2xcess noise occurs at the frequency of the motion and not at higher harmonics 
>E discrete impulsive pulses. It is believed pertinent to discuss this possible 
?roblem at this point in the review as much of what will be presented in the 
Eollawing portions of the review is associated with model tests. While some 
investigators in the past have postulated that higher harmonic blade vibration 
>f full-scale rotor systems could affect the noise signatures in the higher fre- 
xuency spectrum, no strong evidence of this type of noise source has been found 
Eor full-scale rotors. For small scaled models of full-scale systems, however, 
this source of noise may be of significance due to the higher structural fre- 
xuencies of the scaled models. A recent experience, during wind-tunnel tests 
>f small remotely piloted vehicle (RPV) propeller blades, reminded me of the 
2ossible contamination of rotor noise data due to structural vibration. Fig- 
ure 6 shows a photograph of an R W  propeller blade that generated a significant 
ioise due to the near coalescence of the third flapwise bending frequency with 
the 8/rev harmonic of rotational speed. Figure 7 presents the spectrum of the 
ioise measured for this configuration when it was operating near the resonant 
zondition. As can be seen from the data presented in this figure, the noise 
?roduced by the blade bending vibration dominated the other sources of aerody- 
namic noise generated by the propeller. While it was obvious that the noise 
2roduced by blade vibration had contaminated the noise signature, it might not 
3e so obvious for model rotor systems that have higher damping in the bending 
nodes and for conditions that are not as close to a resonant condition as they 
Mere for the propeller blades. In order to prevent the contamination of the 
ioise signature produced by aerodynamic forces under investigation by that pro- 
duced by structural vibration, it is suggested that the vibration and stability 

This type of 
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characteristics of model rotor systems be determined prior to the collection 
of model noise data to insure that no unwanted structural or aeroelastic 
motions and the associated noise due to these motions are present at the test 
conditions. 

Rotor Impulsive Noise 

As many investigators have said time and time again "impulsive noise is 
one of the most annoying and easily detectable sounds a helicopter can generate 
and when it occurs, it is the dominant source of noise." As such, it is also 
one of the more challenging and exciting areas of research in helicopter noise 
as attested to the large number of research efforts that have been conducted 
and reported by investigators in universities, industry, and government research 
organizations throughout the world. Impulsive noise can be generated by many 
sources and for the purposes of this review the discussion will be divided into 
two different general areas of impulsive noise as indicated in figure 8 .  One 
area is high-speed impulsive noise and the other is blade vortex interaction. 
While these areas of impulsive noise have been somewhat arbitrarily separated 
in this manner for purposes of discussion, it has been shown for some configu- 
rations that the two areas of impulsive noise, shown separated in figure 8 ,  are 
in fact connected. 

High-speed Impulsive Noise 

High-speed impulsive noise has been attributed to intense compressibility 
effects on the advancing blade of a helicopter in high-speed forward flight 
when the advancing tip Mach number approaches or exceeds unity. In the past, 
there have been some differences of opinion as to the major source of this noise 
These differences are the result of the limitations and difficulties of making 
suitable acoustic measurements which have restricted the evaluation of the noise 
source to qualitative observations. Test data, which are obtained during air- 
craft flyovers with ground-based microphones (i.e., refs. 25 and 26), are diffi- 
cult to assess on a quantitative basis due to uncertainties in the retarded 
time effects, the acoustic transmission path, and ground reflection effects. 
Data obtained from tests conducted in conventional wind tunnels may have seri- 
ous limitations, as regards its quantitative value, because of reverberation 
effects and high ambient operational noise levels. Another approach that has 
been utilized to obtain inflight noise data is to place microphones on the 
exterior of an aircraft (i.e., refs. 27 to 29) .  This technique is somewhat 
limited in that' the microphone placement is, by necessity, limited to the heli- 
copter's law to mid frequency acoustic near field and thus, it can be diffi- 
cult to quantitatively assess how much of the noise actually radiates to the 
far field. In addition, to obtain directivity patterns for noise sources that 
radiate in the tip path plane, the use of inflight microphones attached to the 
vehicle generating the noise is extremely difficult, if not impossible. 

In order to surmount the above noted difficulties and limitations, Schmitz 
and Boxwell (ref. 3 0 )  developed a rather unique inflight far-field measurement 
technique to obtain quantitative data of the effects of various flight param- 
eters on the high-speed impulsive noise source. Figure 9 presents a schematic 
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of the inflight far-fieJd measurement technique. This measurement technique 
utilizes a quiet fixed-wing aircraft, instrumented with a microphone, and flown 
to maintain fixed relative positions with a helicopter. 
is thought to have its maximum intensity of radiation in the general direction 
of forward flight, the microphone was installed on the tail of the monitoring 
fixed-wing aircraft which is flown in front of the helicopter as illustrated. 
Estimated values of microphone wind noise and monitoring aircraft noise levels 
indicated that with the proper choice of a fixed-wing aircraft, the periodic 
phenomenon of helicopter high-speed impulsive noise could be quantitatively 
measured, By using this testing procedure, acoustic far-field impulsive noise 
radiation patterns have been obtained by Schmitz and Boxwell for a wide range 
Of steady operating conditions. 

Because impulsive noise 

The flight test envelope over which data have been obtained for a UH-1H 
using this technique is indicated in figure 8 and a sample of the high-speed 
impulsive noise data obtained is presented in figure 10. The data presented 
in this figure were averaged 128 times to eliminate the slight variability due 
to small blade differences as well as to eliminate the random background noise 
which had an amplitude less than 1/10 of the smallest of the primary pressure 
pulse. 

As can be seen from the data presented in figure 10, the negative pressure 
spike, due to intense compressibility effects, dominates the noise signature 
and the amplitude of the spikes is a stronger function of korward speed than 
it is of descent rate. The authors of reference 30 noted that the noise asso- 
ciated with the large negative pressure peaks shown in figure 10 is rich in low 
frequency harmonics (10 to 300 Hz) and radiates not only near the tip path 
plane of the rotor but over wide azimuth angles in the general direction of 
forward flight. In addition, they noted that the extremely rapid increase in 
pressure which closely follows the negative pressure disturbance, forming a 
sawtooth-shaped pressure pulse with some apparent overshoot at high airspeeds 
(fig. lo), dominates the middle and high frequency harmonics (above 300 Hz) and 
radiates within narrow azimuth angles in the direction of forward flight near 
the tip path plane of the rotor. Using the flight test data presented in ref- 
erence 30 as a basis for evaluation, Schmitz, Boxwell, and Vause (ref. 31) 
showed that, through careful testing in an acoustically lined wind tunnel, the 
high-speed impulsive noise characteristics of the full-scale flight vehicle 
could be duplicated by using appropriately scaled models. 
the scaling and modeling technique required to duplicate the high-speed impul- 
sive noise developed by full-scale blades with the use of scaled models, it is 
believed that the more detailed investigation of the source(s) of high-speed 
impulsive noise using advanced flow measurement techniques, such as schlieren 
photography and laser velocimeters, can be conducted with confidence, 

Having established 

It is believed that the data obtained by Schmitz and coworkers in their 
pioneering efforts to quantify the characteristics of high-speed impulsive 
noise (refs, 30 and 31) show the character and dominance of high-speed impul- 
sive noise and provide an excellent quantitative data base for analyzing this 
type of noise source being generated by helicopter rotor blades operating in 
a real-world environment. 

731 



Tangler (ref. 32) has presented some interesting insight into the forma- 
tion of the shock wave associated with high-speed impulsive noise. Through the 
use of schlieren photograph techniques he has shown that the shock waves formed 
on the upper and lower surface of the blade in an azimuth angle range SO0 
to 90° leave the blade as the relative velocity decreases (rlr = 90° to 150°), 
coalesce into a unified shock front, and propagate at an azimuth angle approxi- 
mately 20° to the flight path. Tangler reasoned that the more rapid compresslor: 
and apparent overshoot of the pressure wave measured in the far field and noted 
by Schmitz and Boxwell in reference 30 are due to the strong crescent shock wave 
that is formed and propagated forward. (See fig. 10.) Tangler also noted, on 
the basis of data obtained during an extensive wind-tunnel test program, that 
blade thickness was a significant parameter in high-speed impulsive noise and 
that blade thrust had a significant effect on the directivity pattern of the 
noise that is propagated. 

On the basis of the measurements that have been taken and analyzed during 
the above noted investigations, which represent the present state of experi- 
mental technology in this area of research, it is believed that considerable 
knowledge has been obtained as regards an understanding of the physical charac- 
teristics of the aerodynamic flows associated with high-speed impulsive noise. 
It is obvious, however, that, while some effort has been directed towards deter- 
mining the effect of blade parameters on the shock and noise characteristics 
of high-speed impulsive noise (refs. 31 and 321, much more needs to be done in 
this area to further our understanding and to provide quantitative data in sup- 
port of the development of adequate prediction techniques. 

While. improvements in experimental and measurement techniques have led to 
significant advances in the investigation of the flow physics associated with 
high-speed impulsive noise over the last few years, theoretical means of pre- 
dicting this dominant source of noise has also recently received much attention. 
The papers presented at this meeting, if nothing else, attest to the significant 
effort that is being devoted to this subject area. Although a great deal of 
theoretical effort is now being directed toward the prediction of high-speed 
impulsive noise, a considerable amount of theoretical research effort has been 
conducted over a number of years in this area. 
(ref. 33) looked into the effects of blade thickness on radiated noise. Lyon 
(ref. 34) represented the thickness noise using monopoles and used dipoles to 
represent the force noise. 
by a progression of accelerating "torpedoes." 
he found that monopole thickness effects may be important at advancing tip Mach 
numbers near unity. Arndt and Borgman (ref. 20) related the high-speed impul- 
sive noise to the drag divergence phenomenon at high advancing Mach numbers. 
Although they did indicate that the high-speed impulsive noise could dominate 
the lower frequency spectrum (up to 300 Hz), their results did not correlate 
well with experimental data. 

As early as 1933, Deming 

With these representatives he replaced the blade 
Using this rather unique approach 

It was not until 1969 when Ffowcs Williams and Hawkings rederived the 
classical acoustic equations for bodies moving at high Mach numbers and empha- 
sized the noncompactness of the problem (ref. 35) that the basic theoretical 
formulation for studying high-speed impulsive noise was formed. Much of the 
recent analysis effort has been centered about this basic formulation. 
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Farassat (ref. 361, Hawkings and Lowson (ref. 371, and Isom (ref. 38) 
ipplied the Ffowcs Williams and Hawkings formulation to the high tip speed 
'otor problem using noncompact monopole terms to represent thickness and dis- 
xibuted dipoles to represent the localized pressure. Lowson (ref. 39) working 
.n the frequency domain and comparing results with the data of reference 30 
'eported agreement with experimental data within 3 to 6 dB for a number of 
teasurement points . 

Schmitz and Yu (ref. 40) recently used monopoles to represent thickness 
rffects and dipoles to represent local forces and obtained results similar to 
rowson. 
:adiators in an attempt to improve the correlation between theory and experi- 
tent. While they showed that quadrupole radiation did improve the correlation 
rith experimental data, it was not the reason for the almost 2/1 discrepancy 
)etween the measured and predicted pressures. An important result of the work 
)resented in reference 40 was that a relatively simple and easy to use acoustic 
Bode1 can be utilized to conduct a numerical evaluation of high-speed impulsive 
ioise. 

The authors also included the effect of quadrupole sources as acoustic 

Farassat (ref. 36) and Farassat, Pegg, and Hilton (ref. 41) have canpared 
:he results of Farassat's prediction technique with experimental data and some 
)f these results are presented in figure 11. As can be seen from the results 
)resented in figure 11, the predicted results compare rather favorably with the 
2xperimental data. It is noted, however, that for this case the experimental 
lata do not exhibit the more rapid rise time of the positive pressure gradient 
reported in references 30 and 32. Since this disparity in the pressure pulse 
ias been shown to be of importance to high-speed impulsive noise, it would be 
>f interest to determine if Farassat's theory adequately predicts the impulsive 
ioise when these measured chatacteristics were present. 
?rediction technique to investigate the effects of the airfoil profile on the 
Zharacteristics of high-speed impulsive noise. The results of these predictions 
Mhich are also presented in reference 41 are shown in figure 12. As can be 
seen, airfoil profile was shown to have a significant effect on the negative 
pressure pulse associated with high-speed impulsive noise as the supercritical 
airfoil had a pressure peak almost twice that of the biconvex airfoil. 

Farassat utilized his 

On the basis of the review of recent theoretical efforts directed toward 
the prediction of high-speed impulsive noise due to shock effects, it is con- 
zluded that great advances have been made and that the basic characteristics 
Df this noise source are fairly well in hand. Based on the effort being applied 
in this area, as indicated by the number of papers presented in this meeting, 
one can probably look forward to reliable prediction techniques in the not too 
distant future. 

Impulsive Noise Due to Blade Vortex Interaction 

While impulsive noise due to canpressibility and blade thickness effects 
can result in a discomforting noise in high-speed forward flight, the impulsive 
noise caused by blade vortex interaction during slow-speed descent into a termi- 
nal area can be a more troublesome noise source to the passengers, the surround- 
ing comunity, and the people in the terminal area. Referring to figure 8, the 
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f l i g h t  reg ion  i n  which t h i s  no i se  source is of primary importance, for a t  least 
s i n g l e  rotor helicopters, is gene ra l ly  a t  forward v e l o c i t i e s  of 20 to 40 m/sec 
and for descen t  rates of 50 to  100 m/min. I t  is i n  t h i s  range of f l i g h t  veloci-  
ties and descen t  rates t h a t  the  f r e e l y  deforming rotor wake, conta in ing  the con- 
c e n t r a t e d  v o r t i c e s  t ra i led  from the blade t ips ,  can induce a s t rong  and rapid 
p res su re  f l u c t u a t i o n  on t h e  r o t a t i n g  blades. The number of i n v e s t i g a t o r s  t h a t  
have undertaken research  d i r e c t e d  towards an understanding and p r e d i c t i o n  of 
t h e  no i se  generated by blade vor tex  i n t e r a c t i o n s  are too numerous to re fe rence  
and d i s c u s s  t h e  r e s u l t s  of a l l  t h e i r  efforts. A cross s e c t i o n  of the  inves t iga-  
t i o n s  t h a t  have been conducted can be summarized by a f e w  notab le  r e fe rences  
of previous  effort. These r e fe rences  are S t e r n f e l d ' s  w o r k  i n  r e fe rence  42 on 
tandum rotors: Leverton and Taylor (ref. 43):  Leverton (ref. 44);  Schlege l ,  
e t  a l .  (ref. 17); Widnall ,  e t  a l .  (ref. 45); White and Balcerak (ref. 46); and 
more r e c e n t l y ,  Char les  (ref. 2 9 ) ,  Tangler (refs. 32, 47, and 48) ,  and Schmitz 
and Boxwell (ref. 30) .  On the  basis of t h e  efforts t h a t  have been undertaken 
by these  and o t h e r  i n v e s t i g a t o r s ,  t h e  primary parameters associated w i t h  t h e  
i n t e n s i t y  of t h e  impulsive no i se  due to blade vor t ex  i n t e r a c t i o n s  are t h e  or ien-  
t a t i o n  of the  p rev ious ly  trailed concent ra ted  t i p  vor tex  w i t h  respect to t h e  
i n t e r a c t i n g  blade, t h e  s t r e n g t h  of the  concent ra ted  t i p  vortex,  and t h e  d i s t ance  
of t h e  concent ra ted  t i p  vor tex  from the  i n t e r a c t i n g  blade. S t e r n f e l d  (ref. 42) 
showed t h a t  t he  r e l a t i v e  l o c a t i o n  of the t w o  rotor p lanes  of a tandum he l i cop te r  
was one of the  primary parameters c o n t r o l l i n g  whether impulsive noise  due to 
blade vor t ex  i n t e r a c t i o n s  was obta ined  i n  s t eady- s t a t e  l e v e l  f l i g h t .  F igure  13 
i l l u s t r a t e s  the  type  of vor tex  i n t e r a c t i o n  t h a t  is gene ra l ly  obta ined  w i t h  
tandum rotor conf igura t ions .  The r e s u l t s  presented  i n  f i g u r e  13 were obta ined  
by a r a t h e r  unique smoke v i s u a l i z a t i o n  system developed by t h e  Boeing Vertol 
Ccinpany t h a t  could be used on a wh i r l  tower or during f l i g h t  tests of fu l l - sca l e  
tandum conf igura t ions .  The results obta ined  by S t e r n f e l d  i n d i c a t e  t h a t  t h e  
impulsive no i se  due to the  i n t e r a c t i o n  of a blade w i t h  a concent ra ted  vo r t ex  
was due to t h e  blade of the  rear rotor i n t e r a c t i n g  wi th  t h e  t ra i led  t i p  vor tex  
from t h e  forward rotor, The o r i e n t a t i o n  of t h e  concent ra ted  vor tex  r e l a t i v e  
to t h e  i n t e r a c t i n g  b lade  is shown i n  the  lower lef t -hand part of f i g u r e  13. 
Once t h e  type and l o c a t i o n  of t h e  blade vor t ex  i n t e r a c t i o n  was determined, t h e  
a f t  rotor was moved up so t h a t  the  pa ths  of t h e  a f t  rotor p lane  and t h e  concen- 
trated f r e e l y  deforming vor tex  from t h e  blade of the  forward rotor no longer  
crossed, thus  e l imina t ing  t h e  impulsive noise.  

Tangler ,  i n  r e fe rence  32, through t h e  use of s c h l i e r e n  techniques deter- 
mined a t  least seven possible l o c a t i o n s  of blade vor tex  i n t e r a c t i o n  p o i n t s  for 
a two-bladed rotor i n  descending forward f l i g h t  i n  t h e  range of 0 to  305 m/min. 
F igure  14 i n d i c a t e s  where these p o i n t s  of i n t e r a c t i o n  are w i t h  respect to blade 
azimuth and descent  rate. 
a t  $ = 55O and 70° 
ground. On t h e  basis of s c h l i e r e n  p i c t u r e s ,  it was determined t h a t  the  b lade  
vor tex  i n t e r a c t i o n  a t  = 55O occurred w i t h  a vor tex  t h a t  was 1.5 r evo lu t ions  
o ld  wh i l e  t h a t  which occurred a t  was with a vo r t ex  generated by t h e  
i n t e r a c t i n g  blade dur ing  the  previous revolu t ion .  Since both of these  i n t e r -  
a c t i n g  v o r t i c e s  were below the  blade chord plane,  t h e  v e l o c i t y  induced on t h e  
b lade  by the  vor tex  generated a near son ic  v e l o c i t y  on the  blade r e s u l t i n g  i n  
s t r o n g  bow shock waves. These shock waves radiated a s t r o n g  p res su re  wave much 
i n  the  same manner as the  high-speed impulsive noise  generated by compressi- 
b i l i t y  effects as previous ly  discussed.  I t  is noted, however, i n  re ference  49, 
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that  a very similar b u t  less in tense  impulsive noise  was also generated a t  
spproximately the  same azimuth loca t ions  during tests of a two-bladed rotor 
in descending f l i g h t  having a t i p  speed of only 152 m/sec. It is concluded, 
therefore ,  t h a t  while the  trailed t i p  vortex is the  basic cause of the  impul- 
s ive noise due to blade vor tex  i n t e r a c t i o n  i n  the  f irst  quadrant of the  rotor 
szimuth, the  induced effects of the  vortex can also generate  noise  due to 
zompressibi l i ty  effects i f  the t i p  speed of t h e  blade is s u f f i c i e n t l y  high. 

The inves t iga t ion  conducted by Tangler i n  re ference  32 on the  character 

( i n t e r a c t i o n s  6 
D f  t h e  vortex i n t e r a c t i o n  and the  noise  produced by those i n t e r a c t i o n s  on the  
r e t r e a t i n g  side of t h e  azimuth i n  the  v i c i n i t y  of $ = 270° 
and 7 of f ig .  134)- ind ica ted  t h a t  these i n t e r a c t i o n s  induced local s t a l l i n g  on 
the blades. 
of the  rotor d i s k  was also noted by Cox and Lynn (ref. 50) many years  ago during 
a 1.5g l e f t  turn during a f lyby  of an HU-1A he l icopter .  Figure 15  p resen t s  a 
filtered trace of the noise  measured during the  t i m e  of, blade slap. The au thors  
of reference 50 reasoned t h a t ,  on the  basis of the  c h a r a c t e r i s t i c s  t h a t  were 
measured, t h e  i n t e r a c t i n g  vortex induced s t a l l  on t h e  blade which i n  tu rn  gen- 
e ra ted  high frequency vortex shedding. 
by Schlegel ,  e t  a l .  i n  re ference  17 on the  basis of measurements made of t he  
impulsive noise  generated on the  r e t r e a t i n g  side of the  blade d i s k .  The change 
i n  the  noise  spectrum t h a t  was obtained by Schlegel due to vortex shedding 
induced by s t a l l  is shown i n  f i g u r e  16. 
octave bands when s t a l l i n g ,  which was induced by an i n t e r a c t i n g  vortex,  occurred 
over a small por t ion  of the  azimuth. 

A similar type of impulsive noise  generated on the  r e t r e a t i n g  side 

A similar conclusion was also reached 

More noise  was obtai,ned i n  the  higher 

On t h e  basis of a t  l e a s t  these  s tud ie s ,  it might be concluded t h a t  t h e  
impulsive noise  generated by the i n t e r a c t i o n  of a blade and a concentrated vor- 
t e x  can be associated w i t h  blade s t a l l  and subsequent vortex shedding, impul- 
s i v e  loading of a subsonic blade sec t ion ,  or induced compress ib i l i ty  effects 
on a high t i p  speed rotor. 

Basic to the  p red ic t ion  of any of these vortex-induced impulsive noises  
is t h e  p red ic t ion  of t h e  f r e e l y  deforming pos i t i on  and s t r eng th  of the  trailed 
vor t i ce s  as a func t ion  of the azimuth pos i t i on  i n  which they were o r i g i n a l l y  
formed. 
t i g a t i o n s  i n t o  the  p red ic t ion  of the  s t r eng th  and pos i t i on  of the  v o r t i c e s  
trailed from the  t i p  of rotor blades i n  hovering and forward f l i g h t .  
among these a r e  Landgrebe (refs. 51 and 52) and the  technica l  s taff  a t  t h e  RASA 
Divison of Systems Research Laboratories, whose i n i t i a l  efforts i n  the  develop- 
ment of the Non-Uniform WAke Induced E l o c i t y  (NUWAIVE) p red ic t ion  technique 
are reported-in Yefe rencG 24-and 53. Since these  i n i t i a l  e f f o r t s ,  RASA has 
extended and re f ined  the  force free rotor wake ana lys i s  for use  i n  the  predic- 
t i o n  of the  wake geometries and rotor loads developed by advanced and unique 
rotor systems such as the Advancing glade Concept (Al3C) (ref. 541, t he  Variable 
- Geometry Rotor system (VGRT (ref . 551, and-the "X" Wing conf igura t ion  (%!f. 56) 
being devgloped by the  Naval Ship Research and Development Center (NSRDC). A s  
an example as to t h e  use of the'free wake ana lys i s  i n  conjunction w i t h  t h e  
time dependent rotor noise  p red ic t ion  technique developed by RASA (refs. 57 
and 58) to analyze the  noise  developed by helicopter rotors, the  results of 
ca l cu la t ions  conducted to predict the impulsive noise  generated by the  HU-1A 
i n  a 1.5g climbing l e f t  tu rn  (ref. 50) w i l l  be given. The results of this 

There have been a f e w  inves t iga to r s  who have conducted ex tens ive  inves- 

Notable 
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investigation were previously reported in reference 59 and figure 17 shows the 
location at which the blade intersects the predicted deformed wake. The spec- 
trum of the noise heard by an observer located on the flight path and 305 m 
downstream of the aircraft is shown on the left side of figure 18. The noise 
due to the blade slap is rather weak because it occurs on the retreating side 
of the azimuth and the observer is a long distance from the aircraft. The hump- 
ing characteristic of the noise spectrum is due to the predicted ground reflec- 
tion effects at the observer@s ear located approximately 1.5 m from the ground. 
When the effects due to vortex interaction are removed from the problem the 
spectrum on the right-hand side of figure 18 is obtained. By comparing the two 
spectrums it can be seen that, even though the blade vortex interaction occurs 
in a low region of dynamic pressure, a significant amount of impulsive noise 
is generated. Predicted pressure time histories of the noise during blade vor- 
tex interaction are presented in figure 19. The time history at the top of 
this figure includes both rotational and vortex shedding noise while that at 
the bottom of the figure presents only the rotational components of the noise. 
It can be seen, by comparing these two signatures, that during the interaction 
of the blade and vortex, the vortex shedding noise is significantly greater 
than it is at other times. This characteristic seems to be in agreement with 
that reported in references 17, 32, and 50. It is noted that the reason the 
time history of the blade passage noise is so broad is because of the low rela- 
tive velocity between the blade and airstream on the retreating side of the 
azimuth . 

The NUWAIVE deformed wake analysis and the rotor noise prediction, coined 
P by NASA, are in use by a number of firms, notably Kaman Aerospace and 

Hughes Helicopters to investigate the noise characteristics of various rotor 
systems under development. It is believed that these above noted analysis 
techniques are rather versatile and, if nothing else, provide at least an 
initial step towards the development of a program to predict the noise charac- 
teristics of rotor systems operating in a realistic environment. 

Possibly because of the challenge or because of the inquisitive and imagi- 
native character of the helicopter community, the helicopter aerodynamicist has 
for many years been investigating means of altering the characteristics of the 
trailed tip vortex to either eliminate or significantly reduce the impulsive 
noise associated with the interaction of a blade and a concentrated vortex. 
ore recently, because of the vortex hazard created by jumbo jets the fixed- 
wing aerodynamicist has also been looking extensively into ways of altering 
the characteristics of concentrated trailed vortices. References 60 through 65 
present some results of the investigations that have been conducted and fig- 
ure 20 presents'a pictorial summary of some of the various techniques that have 
been investigated. Tangler, in reference 48, also presented the results of an 
investigation using differential flaps, sub wing tips, and split tip configu- 
rations to alter the characteristics of the tip vortex generated by a rotor 
blade. While some of the configurations shown in figure 20 had some apparent 
beneficial effects on modifying the characteristics of the trailed tip vortex, 
it was found that the performance penalties negated the practical application 
of most of the techniques, Two techniques that have shown promise, however, 
are the Tip Air Mass Injection (TAMI) system illustrated in figure 20 and a 
passive gystzm called-the Ogee tip. 
and one passive, have been rather thoroughly investigated and have shown a 

Since both of these approaches, one active 
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reasonable degree of success  i n  reducing t h e  impulsive noise  due to  blade vor- 
tex in t e rac t ion ,  the  approaches being u t i l i z e d  and the  success tha t  has been 
achieved with both systems w i l l  be reviewed b r i e f l y .  

The TAMI system has been developed over a number of years  by the  RASA 
Division. References 49 and 66 through 73 present the  results of some of these 
s tudies .  
je t  of air  along the a x i s  of the core of the  vortex as it leaves  the  l i f t i n g  
surface. The mass flow and pressure  in j ec t ed  i n t o  the  core of the  vortex causes 
an i n s t a n t  aging of t h e  vortex (rapid r a d i a l  r e d i s t r i b u t i o n  of the v o r t i c i t y )  
as w e l l  as causing a more rapid d i s s i p a t i o n  of the  v o r t i c i t y  because of the  
higher l e v e l  of turbulence induced by the  j e t  stream wi th in  the  vortex core 
(ref. 69) .  Reference 49 presen t s  the  results of tests of the  system conducted 
i n  a wind tunnel  using a model rotor system. Figure 21 shows a photograph of 
the  two-bladed 2.13-m-diameter model rotor system mounted i n  the  Univers i ty  
of Maryland wind tunnel.  The model, during t h i s  test series, had a t i p  speed 
of 152 m/sec and was operated over a l a r g e  range of simulated descent  r a t e s  a t  
an advance ratio of 0.14 for a t h r u s t  c o e f f i c i e n t  This advance 
ratio was chosen as it was the  one t h a t  fu l l - s ca l e  f l i g h t  tests ind ica ted  
passes through the  cen te r  of the most in tense  blade-slap noise  a s  t h e  descent  
ve loc i ty  is increased ( f i g .  8 ) .  The model tests a l s o  confirmed t h a t  a t  an 
advance r a t i o  of p = 0.14 t he  rotor descends through t h e  cen te r  of the  most 
in tense  noise.  Figure 22 p resen t s  some of t h e  results obtained during t h e  model 
test. I t  is noted t h a t  t h e  data presented i n  t h i s  f i g u r e  have been sca led  up 
to full-scale frequencies  and descent  rates. The results, presented on a dB(A) 
b a s i s ?  show t h a t  i n  the continuous-loud banging area (VD = 183 m/min) t h e  over- 
a l l  dB(A) was reduced by 7.5 dB(A);  w h i l e  i n  t h e  a rea  of most in t ense  noise ,  
t h e  o v e r a l l  dB(A) was reduced by only 4.5 dB(A) .  I t  is noted t h a t  the primary 
reduction i n  the  dB(A) was a t  the  higher f requencies  and not  a t  t he  frequency 
range t h a t  c o n t r o l s  t h e  o v e r a l l  dB(A)  (150 t o  300 Hz). T h i s  result is consis- 
t e n t  with t h e  change i n  t he  pressure time histories which showed t h a t  the  i n t e r -  
a c t i v e  spikes were el iminated w i t h  t he  TAMI system opera t ing  but  t h e  l e v e l  of 
the  other r o t a t i o n a l  noise  harmonics was not  altered. These r e s u l t s  i nd ica t e ,  
therefore ,  t h a t  a t  least for impulsive noise  which is not  assoc ia ted  w i t h  com- 
p r e s s i b i l i t y  effects, the  acoustic energy of i n t e r e s t  is concentrated more i n  
t h e  o v e r a l l  turbulence generated by the e n t i r e  rotor wake which is close to the  
rotor plane,  than it is with the  impulsive noise  generated by t h e  discrete 
i n t e r a c t i o n  of a blade w i t h  one or t w o  concentrated vo r t i ce s .  It is bel ieved 
t h a t  this observat ion has very meaningful implicat ions as regards what can be 
done to r e l i e v e  t h e  impulsive noise  due to blade vortex in t e rac t ions .  The 
basic quest ion t h a t  muet be answered is, During f l i g h t  condi t ion  i n  which d i s -  
crete blade vor tex  i n t e r a c t i o n s  occur ,  is t h e  major acoustic energy assoc ia ted  
with the  d i s c r e t e  blade vortex i n t e r a c t i o n s  or w i t h  the  induced turbulence 
generated by a l l  of the  concentrated vortex energy i n  the  rotor wake? It  is 
t h i s  "one man's opinion" t h a t  it is the  la t ter .  It  is bel ieved t h a t  an answer 
to this ques t ion  can be obtained by p resen t  technology, i f  it is proper ly  
appl ied to the  problem. 

The p r i n c i p l e  behind the  TAMI approach is to i n j e c t  a high pressure 

0, = 0.00455. 

I f  the  primary source of excess noise  during descent  is associated w i t h  
the  entire f i e l d  of concentrated vortex energy d is t r ibu ted  below the  rotor, 
then t h e r e  may be a l i m i t  to the  reduct ion of blade-slap noise  t h a t  can be 
obtained i n  t h i s  mode of operat ion.  I f  so, then a review of the  techniques 
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being u t i l i z e d  to reduce b lade  impulsive no i se  during descen t  should be con- 
ducted i n  order to eva lua te  whether the approaches being u t i l i z e d  p r e s e n t l y  have 
t h e  c a p a b i l i t y  of reducing the impulsive noise  to t h e  degree t h a t  is desired. 

As prev ious ly  noted, another  technique of reducing the  impulsive no i se  due 
to  b lade  vo r t ex  i n t e r a c t i o n  t h a t  has been ex tens ive ly  i n v e s t i g a t e d  and which 
has  been shown to have b e n e f i c i a l  e f f e c t s  is a pass ive  t i p  modi f ica t ion  known 
as the Ogee t ip .  A s t r i k i n g l y  similar t i p  shape was u t i l i z e d  on a h e l i c o p t e r  
rotor approximately 50 yea r s  ago. Figure 23 p r e s e n t s  a 1930 photograph of the 
Cur t i ss -Bleeker  h e l i c o p t e r  which had low-aspect-ratio b lades  and a planform 
similar to the planform of j u s t  t h e  Ogee tips. The reason the C u r t i s s - B l e e k e r  
h e l i c o p t e r  u t i l i z e d  such a unique blade planform is n o t  known, but  I venture  to 
sugges t  it w a s  no t  to reduce the impulsive no i se  due to blade vor tex  in t e rac -  
t i o n  during descen t  or to reduce high-speed impulsive noise .  

Research i n t o  the use of the  Ogee t i p  on rotor blades to reduce the 
impulsive noise  and dynamic loads due to blade vor tex  i n t e r a c t i o n s  i n  r e c e n t  
yea r s  is p r e t t y  w e l l  summarized by the i n v e s t i g a t i o n s  reported i n  r e fe rences  74 
through 76. The purpose of the Ogee t i p  is to d i s t r i b u t e  t h e  aerodynamic load- 
ing i n  the t i p  region i n  a manner such t h a t  the v o r t i c i t y  shed a t  the blade t i p  
is more l i k e  a vor tex  sheet than a concentrated l i n e  vo r t ex  which concen t r a t e s  
the vor tex  energy i n  a small compact volume. The e f f e c t i v e n e s s  of the Ogee 
t i p  planform i n  r e d i s t r i b u t i n g  the vor tex  energy is demonstrated by t h e  data 
presented  i n  f i g u r e s  24 through 26. Figure  24 shows p res su re  isobars t h a t  
were measured over  a r ec t angu la r  t i p  of an untapered rotor blade a t  an angle  
of attack of 12O. 
ence  62. As can be seen  from the data presented  i n  f igure 24, t h e  formation 
of the concent ra ted  vo r t ex  i n  the t i p  region genera tes  a s t rong  three- 
dimensional loading d i s t r i b u t i o n  having s t rong  pressure g rad ien t s .  I n  f ig -  
ure  25, pres su re  d i s t r i b u t i o n s  that were measured over the Ogee t i p  show t h a t  
approximately a two-dimensional pressure  d i s t r i b u t i o n  is maintained over  t h e  
e n t i r e  t i p  region. T h i s  type  of smooth pressure d i s t r i b u t i o n  (ref. 76) is 
also maintained over  t h e  Ogee t i p  when t h e  blade is swept forward ( f i g .  26) 
as it would be i n  the second quadrant  of the rotor azimuth. T h i s  is the rotor 
quadrant  where t h e  vo r t ex  is formed t h a t  i n t e r s e c t s  a fol lowing blade to gen- 
erate the impulsive noise.  S ince  the spanwise loading g r a d i e n t s  are gradual  
i n  t h e  reg ion  of t h e  Ogee t i p ,  t h e  v o r t i c i t y  i n  t h e  t i p  reg ion  would tend to 
be t ra i led  as a weak uns t ab le  sheet and thus a l a r g e  diameter d i f f u s e  t ra i led  
vor t ex  would be formed. 

The data presented  i n  this f i g u r e  were obta ined  from refer- 

Some pre l iminary  r e s u l t s  of f l i g h t  tests of the Ogee concept were presented  
by Mantay i n  r e f e r e n c e  77. Since  he is present ing  more detailed results of t h e  
f l i g h t  test i n v e s t i g a t i o n  i n  #is symposium (ref. 78) ,  I w i l l  j u s t  b r i e f l y  d is -  
cuss what I feel are t h e  primary results that have been repor ted  previous ly .  
F igure  27 p r e s e n t s  the p e r t i n e n t  de t a i l s  of the aircraft  that was used during 
t h e  f l i g h t  test. The aircraft was a UH-IH and t h e  noise  generated by t h e  s t an -  
dard and Ogee t i p  blades having the same overall r ad ius  was compared over a 
range of f l i g h t  v e l o c i t i e s  and descent  rates. A brief composite summary of t h e  
d a t a  presented  i n  r e fe rence  77, which I feel summarizes the results obta ined  
as regards  impulsive noise ,  is presented i n  f i g u r e  28. As can be seen  from 
the r e s u l t s  presented  i n  t h i s  f i g u r e ,  which shows the a c o u s t i c  s i g n a t u r e  for 
comparable l o c a t i o n s  wi th in  the r e s p e c t i v e  impulsive noise  boundaries,  t h e  
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pressure t i m e  h i s t o r i e s  are very similar although t h e  peak pressures are some- 
what lower for the Ogee t i p  than they are for the  s tandard tip. It  is suspected 
t h a t ,  s ince  t h e  acous t i c  energy not  assoc ia ted  w i t h  t h e  i n t e r a c t i o n  "spikes" 
has not been a l t e r e d  s i g n i f i c a n t l y ,  a dB(A) weighed spectrum might be similar 
to t h a t  obtained w i t h  t h e  TAM1 system ( f ig .  22 ) .  

It is bel ieved that a major r e s u l t  of the tests discussed i n  re ference  77 
is the change i n  t h e  l oca t ion  of the impulsive noise  area as shown i n  f ig-  
u r e  28. 
i n t e r s e c t s  the impulsive noise  boundary s i g n i f i c a n t l y  opens up the  'noise-freeq ' 

descent-approach corridor ava i l ab le  to the pilot .  Even i f  the  noise  within the  
impulsive noise  boundary is not  altered, t h e  s i g n i f i c a n t  movement of t h e  bound- 
a r y  within the f l i g h t  envelope may be s u f f i c i e n t  for commercial a i r c r a f t  to 
make a q u i e t  descent  i n t o  a terminal  area.  It is bel ieved t h a t  t h e  large move- 
ment of t h e  impulsive noise  boundary might be related to the d i f f e rences  i n  the  
Mach number, loading d i s t r i b u t i o n ,  and radial  loca t ion  of the formation of t h e  
t i p  vortex between the Ogee and standard blades. A series of wind-tunnel tests 
w i l l  be conducted to determine whether, i n  fact ,  t h i s  is t h e  reason for t h e  
s i g n i f i c a n t  change i n  the  impulsive noise  boundary. 

The s i g n i f i c a n t  increase  i n  the descent  rate a t  which the  Ogee t i p  

While t h e  effort to d a t e  on ways to modify t h e  impulsive noise  due to 
blade vortex i n t e r a c t i o n  has been l a r g e l y  experimentally or ien ted ,  it is 
believed t h a t  t h e  s ta te  of the technology is such t h a t  theoretical invest iga-  
t i o n s  to eva lua te  the b e n e f i t s  t h a t  can be derived by variotis approaches can 
be undertaken to provide a t  least  guide l ines  as to what might be expected by 
var ious vortex or blade modifications.  For example, var ious new l i f t i n g  l i n e  
or l i f t i n g  su r face  theories for helicopter rotor blades can predict t h e  required 
de ta i l ed  chordwise-spanwise loading d i s t r i b u t i o n s  i f  the induced v e l o c i t y  dis- 
t r i b u t i o n s  assoc ia ted  with t h e  nonuniform wake and concentrated v o r t i c e s  are 
known. I t  is bel ieved that the ava i l ab le  f r e e l y  deforming wake ana lys i s ,  such 
as NUWAIVE (refs. 24 and 5 3 ) ,  can provide these needed induced v e l o c i t y  dis t r i -  
butions.  Inves t iga t ions  are cu r ren t ly  being conducted a t  FUGA using the  NUWAIVE 
program to determine t h e  effects of var ious modif icat ions to t h e  vortex wake 
structure on t h e  d e t a i l e d  loading d i s t r i b u t i o n s  of h ighly  elastic compliant 
rotor blades. The r e s u l t s  obtained using the NUWAIVE program i n  conjunction 
w i t h  the Rotor Aeroelastic Response Analysis  (RARA), which is an extension to 
t h e  ana lys i s  prGedure  presented i n  re ference  79, i nd ica t e  t h a t  t h e  ana lys i s  
procedures p r e d i c t  the changes i n  loading one might expect due to changes i n  
t h e  vortex structure. It  is believed t h a t  these or similar a n a l y s i s  procedures 
used in  conjunct ion w i t h  a s u i t a b l e  rotor acoustic p red ic t ion  program such as 
TRAMP (refs. 57 and 58) could be u t i l i z e d  to answer t h e  quest ion as  to t h e  
d iv i s ion  of acoustic energy between the discrete blade vortex i n t e r a c t i o n  and 
t h a t  which is due to  t h e  concentrated vortex f i e l d  i n  close proximity to t h e  
rotor during f l i g h t .  It is also bel ieved that these same or similar ana lyses  
could be u t i l i z e d  to establish t h e  reason t h e  impulsive noise  boundaries for 
the Ogee t i p  are s i g n i f i c a n t l y  d i f f e r e n t  from those for the standard blade. 

It is concluded, therefore, t h a t  ana lys i s  procedures which r ep resen t  t h e  
state of the  technology, or with s l i g h t  extensions thereof, can and should be 
u t i l i z e d  to inves t iga t e  var ious aspec ts  of t h e  impulsive noise  due to  blade 
vortex in te rac t ions .  If this effort  is undertaken, it is bel ieved that a much 
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mre rapid advance i n  means of improving the no i se  c h a r a c t e r i s t i c s  of h e l i -  
copters during descent  could be accomplished. 

Noise Due to  T a i l  Rotors 

T a i l  rotor no i se ,  because of its higher  blade passage frequency, can be a 
dominant source of noise  i n  the frequency range of the so-called excess noise .  
On many helicopters i n  which t h e  main rotor impulsive no i se  is n o t  p re sen t ,  t h e  
noise  sou rce  t h a t  draws a t t e n t i o n  t o  t h e  h e l i c o p t e r  as it is approaching is 
t h a t  developed by the t a i l  rotor. I t  is a no i se  source,  however, that has  n o t  
rece ived  much a t t e n t i o n  i n  t h e  past ,  p a r t i c u l a r l y  as  r ega rds  noise  reduct ion .  

Pegg i n  r e fe rence  80 noted t h a t  the t a i l  rotor developed acoustic s igna-  
tures having s i g n i f i c a n t  high harmonic con ten t  along the f l i g h t  pa th  a t  fre- 
quencies  of up to f i v e  times that a t  which the main rotor s i g n a t u r e  is lost  i n  
t h e  background noise .  A reason for t h e  s t r o n g  propagat ion of t h e  t a i l  rotor 
no i se  during these f l i g h t  tests was not  determined. However, a c o u s t i c  data 
taken during f l i g h t  tests of many helicopters show t h e  same type of propagat ion 
c h a r a c t e r i s t i c s  of the  t a i l  rotor along the  f l i g h t  pa th  al though they may n o t  
be as severe as  that  repor ted  i n  r e fe rence  80. 

Hughes Helicopters, during the f u l l - s c a l e  research  program to develop a 
q u i e t  helicopter (ref. 81) ,  recognized t h e  importance of the t a i l  rotor to t h e  
o v e r a l l  no i se  s i g n a t u r e  of a h e l i c o p t e r  and i n v e s t i g a t e d  the effects of v a r i o u s  
parameters  on t h e  noise  characteristics of the t a i l  rotor. It was found t h a t  
by increas ing  the blade number from 2 to 4,  reducing the r o t a t i o n a l  speed, and 
phasing the t a i l  rotor blades i n  azimuth a t  750 by 105O, a s i g n i f i c a n t  reduc- 
t i o n  i n  the  no i se  developed by the t a i l  rotor could  be r ea l i zed .  Th i s  i nves t i -  
g a t i o n  was rather unique i n  t h a t  it was t h e  only  one, as f a r  as is known, which 
had directed a s i g n i f i c a n t  effort  towards reducing the  n o i s e  output  and propa- 
g a t i o n  characteristics of t a i l  rotors. 

A reasonable  ques t ion  t h a t  might be asked a t  t h i s  p o i n t  is, If t a i l  rotor 
noise  is a s i g n i f i c a n t  c o n t r i b u t o r  to t h e  excess  noise  t h a t  provides  e a r l y  
d e t e c t i o n  and c o n t r i b u t e s  to the annoyance characteristics of helicopters, why 
h a s n ' t  more effort been directed towards understanding and reducing t h i s  sou rce  
of rotor noise? I do not  think a unique answer to this ques t ion  can be given,  
b u t  it is suggested t h a t  t h e  answer might l i e  somewhere between t h e  fol lowing 
two answers: 

(1) U n t i l  'a s o l u t i o n  is found to s i g n i f i c a n t l y  reduce main rotor impulsive 
and r o t a t i o n a l  no ise ,  the reduct ion  of t a i l  rotor no i se  is not  going to  s i g -  
n i f i c a n t l y  improve t h e  noise  characterist ics of the helicopter. 

(2) The no i se  associated wi th  tail rotors is so much more d i f f i c u l t  to 
ana lyze  and understand than  t h e  noise  due to main rotors because of the environ- 
ment i n  which it is opera t ing ,  it is not  y e t  a t r ackab le  problem. 

S ince  it is p o s s i b l e  t h a t  answer (1) may be i n v a l i d  i n  t h e  near  f u t u r e ,  I would 
l i k e  to address my comments to the  latter answer. 

7 40 



Is the aerodynamic environment i n  which t h e  t a i l  rotor operates complicated 
nd b a s i c a l l y  a real mess? Y e s ,  without a doubt, it is one of the  most, i f  not  
he most, d i f f i c u l t  aerodynamic environment i n  which a l i f t i n g  surface is required 
b perform. Figure 29 is a ske tch  of "simplified" representa t ion  of the ve loc i ty  
omponents to which a t a i l  rotor is subjected.  As is indica ted  i n  t h i s  f igure,  i n  
dd i t ion  to a l l  of the complicated aerodynamic e f f e c t s  to which a main rotor is sub- 
ected, the  t a i l  rotor also is subjected to  the periodic induced effects of the con- 
en t r a t ed  vortex wake from the main rotor. If the advance ratio is such t h a t  the 
oncentrated v o r t i c e s  from the forward and a f t  po r t ions  of the main rotor d i s k  have 
baths such as shown i n  the top of f i g u r e  29, the r e l a t i v e  ve loc i ty  t h e  tai l  rotor 
fould experience a t  the top of the d i s k  would be somewhat as shown. 
he induced effect of the main rotor v o r t i c e s  is such that it causes a rapid var ia -  
.ion i n  t h e  spanwise loading which can create a s i g n i f i c a n t  source of noise ,  Since 
he tail rotor does not operate a t  the same r o t a t i o n a l  speed as the main rotor, the  
mpulse frequency generated by these i n t e r a c t i o n s  would occur  as t h e  sum of the 
iarmonics of the blade passage frequencies  of the main and t a i l  rotors as on the 
' igure .  While t h e o r e t i c a l l y ,  for every va lue  of N, M can have va lues  of 0 to 00,  

*e practical va lue  of M genera l ly  never exceeds 3. The d i f f e rence  i n  t h e  operat- 
.ng speed of the two rotor systems, fiT,/a, * 5 ,  allows t h e  t a i l  rotor blade to  
.n te rac t  a number of times w i t h  the same group of main rotor v o r t i c e s  during the  
Lime i n t e r v a l  it takes t h e  v o r t i c e s  to cross the t a i l  rotor d i s k .  Because of t h e  
l i f fe rence  i n  the o r i e n t a t i o n  of the blades with respect to the v o r t i c e s  during 
!ach in t e r sec t ion ,  t h e  d i r e c t i v i t y  p a t t e r n  of the impulsive s igna tu re  would be 
l i f f e r e n t  for each in t e r sec t ion .  

As can be seen, 

A t  a lower advance ratio, when t h e  main rotor v o r t i c e s  i n t e r a c t  w i t h  t h e  
re t reat ing blade of the tail rotor, the  r e l a t i v e  v e l o c i t y  the  t a i l  rotor blade 
l ight  see a t  the bottom of the d i s k  is shown a t  t h e  bottom of f i g u r e  29. As can 
)e seen, the v e l o c i t y  g rad ien t s  and, thus, the  loading g rad ien t s  can be l a r g e r  
lue to  the induced e f f e c t s  of the main rotor v o r t i c e s  than they were for t h e  
idvancing blade. Since the  d i r e c t i v i t y  p a t t e r n  of the  impulsive noise  would 
be directed a f t ,  it would no t  create t h e  annoyance or de tec t ion  problems t h a t  
ire caused by the blade vortex in t e rac t ions  w i t h  the advancing blade. Since 
:he v o r t i c e s  are t r ave l ing  i n  the same d i r e c t i o n  as the r e t r e a t i n g  blade of the 
zil rotor, the impulsive frequency due to the  i n t e r a c t i o n s  of the main rotor 
rortices with t h e  t a i l  rotor blade would be a t  lower f requencies  than they were 
for the advancing blade and would be defined by the  r e l a t i o n s h i p  a t  the bottom 
>f f igu re  29. 

If the d i r e c t i o n  of the tail rotor was reversed, the advancing blade and 
re t rea t ing  blades would have approximately the same perturbed v e l o c i t y  dis t r  i- 
mt ions  as indica ted  in  f i g u r e  29 but  would be reversed i n  their azimuth loca- 
:ion i n  t h e  t a i l  rotor d i s k .  With t h e  d i r e c t i o n  of r o t a t i o n  now c l o c k w i s e ,  t h e  
nain impulsive no i se  on the  advancing blade due to the t a i l  rotor/main rotor 
rake  i n t e r a c t i o n  would occur a t  l o w  advance ratios when t h e  rotor w a k e  passed 
wer the lower part of the  t a i l  rotor d i s k  ins tead  of a t  high advance ratios 
v i t h  t h e  t a i l  rotor opera t ing  i n  t h e  counterclockwise d i r ec t ion .  A t  high 
ndvance ratios, however, when the s t r eng th  of the main rotor v o r t i c e s  is higher 
nnd t h e  main rotor wake  is i n t e r s e c t i n g  t h e  top por t ion  of the t a i l  rotor d i s k ,  
the t a i l  rotor with the  reversed d i r e c t i o n  would direct the  impulsive noise  a f t  
nnd t h e  t a i l  rotor no'ise to  an observer of an approaching helicopter would 
appear less than t h a t  of a he l i cop te r  having a t a i l  rotor opera t ing  i n  the  
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counterclockwise direction. On a subjective basis, therefore, a clockwise 
rotation of the tail rotor would seem to be advantageous. 

In actuality, the problems associated with understanding and predicting 
the noise developed by tail rotors are much more complicated than just indicated. 
When the effects of the turbulence generated by the complete main rotor wake, 
the interaction of the main rotor and tail rotor wake flows, the interaction 
of the tail rotor wake (tractor configuration) or inflow (pusher configuration) 
with a lifting vertical fin, and the non-integer rotational speed ratio between 
the main rotor and tail rotor are considered, a more complete understanding of 
the complicated flow field at the tail rotor is obtained. References 82 and 83 
present an excellent discussion on the effects of these various parameters on 
the aerodynamic characteristics of tail rotors and are recommended reading for 
anyone interested in understanding or predicting the noise characteristics of 
tail rotors. 

Recently Leverton, et al., references 84 through 87, reported the results 
of a noise investigation conducted on the tail rotor of the Lynx helicopter at 
Westland Helicopters Ltd. This very interesting and intriguing study investi- 
gated the modulated noise developed by a four bladed tail rotor intersecting 
the main rotor concentrated vortex flow. This modulated noise, labeled a 
"Burbling Sound" by Leverton, was determined to be caused by a main rotor vor- 
tex being intersected four or five times by the tail rotor blades as it passed 
through the tail rotor disk, thus giving rise to groups of impulses as each tip 
vortex of the main rotor passed through the tail rotor disk. Due to this group- 
ing effect and the variation in the amplitude of the pressure pulse, the chain 
of impulses is effectively modulated and the interaction noise is heard as a 
deep throated burbling sound. Figure 30 presents a spectrum of the noise 
measured by Leverton as the helicopter approached (ref. 8 4 ) .  The tail rotor 
peaks as well as the blade passage peaks developed by the main rotor vortices 
are clearly evident- in this spectrum. Figure 31 shows the effect Leverton 
measured for a 130-knot flyby of the Lynx helicopter when the tail rotor direc- 
tion of rotation was changed from counterclockwise to clockwise. Since, at 
this speed, the main rotor wake is interacting with the top portion of the tail 
rotor disk (fig. 291, the significant difference in the noise level during 
approach is explainable as the tail rotor blades are in the retreating side of 
the disk when they intersect the main rotor vortices. The work Leverton pre- 
sented in reference 84, and the associated references, is well worth studying 
as it presents a great deal of information regarding an understanding of the 
tail rotor noise produced by the interaction of the blades of the tail rotor 
with the Concentrated vortices of the main rotor wake. 

Recently an exploratory investigation of the effects of a number of con- 
figuration parameters on the noise produced by tail rotors operating in a real- 
istic aircraft environment was conducted by the RASA Division for the NASA 
Langley Research Center (refs. 89 and 90) .  Figure 32 shows a picture of the 
model that was constructed specifically for these investigations. The model 
was approximately a 1/16-scale version of a UH-1 series helicopter. The main 
rotor blades had a diameter of 91.4 cm, had a chord of 4.45 cm, had a twist 
of -8O from the blade root to blade tip, and were hinged at the 4.2 percent 
blade radius. The tail rotor blades were 19.1 cm in diameter and had a chord 
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If 1 . 1 4  cm. The t a i l  rotor blades had an NACA 0015 a i r fo i l  section, were 
mtwisted, and were mounted 'as cantilever beams to  the t a i l  rotor hub. 

Par meter 

Advance ratio 

Lateral spacing 

Operating mode (pusher, tractor) 
Direc t ion  of ro t a t ion*  

Longitudinal spacing 

Fin blockage area 

T ip  speed 
T a i l  rotor/main rotor speed ratio 
Main rotor t h r u s t  

The helicopter model was designec to duplicate the thrust coefficient, 
m l i d i t y ,  and advance ratio of a full-scale UH-1 series helicopter. With t h i s  
scaling the main and t a i l  rotor wake flaws for the model and the full-scale 
ielicopter would retain the same location i n  space relative to each other and 
20 the rotor blades. 
If 0.30 a t  a tunnel velocity of 30 m/sec, the scaled rotor was designed to 
>perate a t  a lower t i p  speed than the full-scale rotor. Because of t h i s  
scaling the effects of compressibility could not be tested wi th  the model i n  
its present form. 
xovided the capability for variations i n  many of the main rotor wa 
rotor parameters of primary importance. The following table lists these param- 
5ters and the range over which they could be varied: 

However, because of the  requirement for an advance ratio 

The manner i n  which the model was designed and constructed 

E f f e c t  

Large Moderate S l i g h t  

X 

X 

X 
X 

Main rotor c o l l e c t i v e  p i t c h  angle . . . . . . . . . . . . . . . . .  Oo to 20° 
T a i l  rotor c o l l e c t i v e  p i t c h  angle . . . . . . . . . . . . . . . . .  Oo to  Eo 

Shaf t  tilt angle . . . . . . . . . . . . . . . . . . . . .  Oo to  15O nose down 
T a i l  ro to r / f in  o f f s e t  spacing . . . . . . . . . . . . . .  0.20R to 0.31R 

T a i l  rotor/main rotor d isk  long i tud ina l  spacing . . . . .  0 . 5 0 ~ ~ ~  to  4 . 0 5 ~ ~  
T a i l  rotor/main rotor hub v e r t i c a l  spacing . . . . . . . .  -1.85R to 1.62R 
Main rotor r o t a t i o n a l  speed . . . . . . . . . . . . . . .  0 to 4100 rpm . . . . . . . . . . . . . . .  T a i l  rotor r o t a t i o n a l  speed 0 to 13,000 rpm 
T a i l  rotor d i r e c t i o n  of r o t a t i o n  . . . . . . . .  C l o c k w i s e  or countqrclockwise 
T a i l  rotor t h r u s t  mode . . . . . . . . . . . . . . . . . .  Tractor or pusher 
Fin blockage area . . . . . . . . . . . . . .  12% to 25% t a i l  rotor d isk  a rea  

Figure 33 presents a typical spectrum of the noise measured for the heli- 
:opter model a t  an advance ratio of 0.09. The similarity between the character- 
ist ics of t h e  model and full-scale spectrum presented i n  figure 30 are apparent 
snd although not marked i n  figure 30, the peaks a t  
nain rotor wake are very pronounced. 

2NQTR & 2MQm due to the 

The following table presents the general effect of various parameters on 
the noise produced by the t a i l  rotors that were noted during the brief explora- 
tory investigation that was conducted: 

X 

X 

*Since the  inves t iga t ion  d i d  not  ex tens ive ly  inves t iga t e  the  
e f f e c t s  of d i r e c t i v i t y ,  the  e f f e c t  of the  d i r e c t i o n  of r o t a t i o n  
may be somewhat overs ta ted .  
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Pegg, e t  a l .  (ref. 88) have reported dur ing  t h i s  symposium, t h e  r e s u l t s  
of an a d d i t i o n a l  research i n v e s t i g a t i o n  t h a t  NASA has  r e c e n t l y  conducted w i t h  
t h e  same model. 
ob ta ined  dur ing  t h e  brief exp lo ra to ry  i n v e s t i g a t i o n  reported i n  r e fe rences  89 
and 90. 

These r e s u l t s  tend to confirm and expand upon t h e  r e s u l t s  

Since a r a t h e r  sys t ema t i c  set of a c o u s t i c  data on the effects of va r ious  
parameters on t h e  no i se  produced by a t a i l  rotor ope ra t ing  i n  a real is t ic  
environment had been obta ined  (refs. 89 and 901, an effort was undertaken by 
t h e  RASA Div is ion  to determine whether, by u t i l i z i n g  e x i s t i n g  theoretical pro- 
grams, t h e  t a i l  rotor noise  characteristics measured for the  m o d e l  could be 
predic ted .  The ana lyses  that were used i n  t h i s  i n v e s t i g a t i o n  were t h e  advance 
vers ion  of NUWAIVE free wake a n a l y s i s  developed from t h e  a n a l y s i s  presented  i n  
r e fe rence  53 and the  rotor no i se  p r e d i c t i o n  program discussed  i n  r e fe rence  58. 
The r e l a t i v e  pa ths  of the  main rotor concent ra ted  v o r t i c e s  as they  pass through 
t h e  t a i l  rotor d i sk ,  as predicted by the  NUWAIVE program a t  an advance ratio 
of 0.20, are presented  i n  f i g u r e  34. 

A s  can be seen from f i g u r e  34 t he  concent ra ted  vo r t ex  generated i n  the  
forward p o r t i o n  of the main rotor d i s k  passes  through the t a i l  rotor p lane  clos 
to t h e  path of t h e  concent ra ted  vor tex  trailed from the  a f t  p o r t i o n  of t h e  roto 
d i s k .  While the proximity of t h e  two vor tex  paths might be s u r p r i s i n g ,  it is 
as would be expected when t h e  s t rong  upwash induced on t h e  forward vor t ex  f i la-  
ments by the  rotor wake as it passes across the  rotor d i s k  is recognized. To 
o b t a i n  a real is t ic  understanding of the  real effects of the main rotor wake on 
the  noise  produced by a t a i l  rotor, it is be l ieved  t h a t  knowledge of t h e  force- 
free wake p o s i t i o n s  is of paramount importance, p a r t i c u l a r l y  i n  t h e  t r a n s i t i o n  
f l i g h t  regime where the  wake induced effects can be dominant. The solid out-  
l i n e  is the  t a i l  rotor p o s i t i o n  for which a comparison of experimental  and the0 
retical r e s u l t s  w i l l  be presented.  The dashed o u t l i n e  of the  t a i l  rotor d i s k  
are p o s i t i o n s  for which experimental  data are also presented  i n  r e fe rence  89. 

I n  the  fol lowing d i scuss ion ,  var ious  degrees  of sophis tkat ion i n  the  pre- 
d i c t i o n  of the  aerodynamic f low f i e l d  w i l l  be used i n  order to demonstrate t he  
characteristics t h a t  need to be modeled i n  order to predict the  no i se  o u t p u t  
of a t a i l  rotor ope ra t ing  i n  a realistic aerodynamic flow f i e l d .  The f i r s t  
r e s u l t s  t h a t  w i l l  be presented  are based on the  fol lowing assumptions: 

(1) The downwash of t h e  t a i l  rotor is represented  by a uniform flow f i e l d .  

(2) The main rotor wake is represented  by a uniform downwash con ta in ing  
only  t h e  concent ra ted  vortices from t h e  blade tips. 

(3) The t a i l  rotor r o t a t i o n a l  speed is an i n t e g r a l  harmonic of  t h e  main 
rotor r o t a t i o n a l  speed "/Qm = 5.  

The predicted p res su re  t i m e  history of t h e  t a i l  rotor no i se  a t  a microphon 
upstream of t h e  model is presented  i n  f i g u r e  35. The i n t e r s e c t i o n s  of t h e  t w o  
b lades  wi th  the  va r ious  v o r t i c e s  are ind ica t ed  and t h e  obvious p e r i o d i c i t y  of 
the  p res su re  time h i s t o r y  is apparent.  As time cont inues ,  because of the  
assumed i n t e g r a l  r e l a t i o n s h i p  between the  r o t a t i o n a l  speeds of t h e  main and 
t a i l  rotors, t h e  pressure t i m e  h i s t o r y  shown i n  t h i s  f i g u r e  would be repeated. 
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The spectrum of the periodic pressure time history is presented in figure 36. 
4s can be seen, the correlation with the experimental data is very poor. 
Except for the pressure at the first blade passage frequency, the predicted dB 
Level is almost the same throughout the frequency range. Using the actual 
value Q T R / Q ~  = 5.09 
relationship between the main rotor and the tail rotor rotational speeds, 
nTR/fiMR = 5, gives the pressure time history shown in figure 37. A significant 
difference in the wave form of the primary pressure peaks can be seen when this 
pressure time history is compared with that presented in figure 35. If time 
was allowed to continue, each of the following wave forms would be different 
from its predecessor in the same time interval. The spectrum of this pressure 
time history (fig. 37) is presented in figure 38. Comparison of this spectrum 
with that presented in figure 36 shows that, while the pressure peak of the 
first blade passage frequency is predicted fairly well and a small pressure 
peak associated' with the second blade passage frequency is now apparent, the 
correlation of the predicted and measured spectrum has not been improved sig- 
nificantly over that which is predicted on the basis of an integral relationship 
between the rotational speeds of the two rotor systems. The removal of the 
integral relationship between the rotational speeds does remove the repetitive 
characteristic of the spectrum in the frequency range of 0.5 to 4.0 Hz. When 
the complete nonuniform unsteady downwash characteristics of the main rotor 
wake are considered in addition to the concentrated tip vortices, the spectrum 
presented in figure 39 is obtained. As can be seen, the correlation between 
predicted and measured results is rather good with the remaining differences 
probably due to the nonuniform wake effects of the tail rotor. 

instead of the previous assumption of an integral 

On the basis of the results presented in the last series of figures, it 
is concluded that, while some characteristics of the tail rotor noise may be 
evaluated considering only the interaction of the concentrated main rotor blade 
tip vortices with the tail rotor blades, the tail rotor noise is dominated by 
the total unsteady induced velocity characteristics of the main rotor wake. 
In addition, it is apparent that the significant aerodynamic parameters which 
need to be included in an analysis which can be used to predict the noise char- 
acteristics of tail rotors must be at the least the following: 

(1) Definition of the deformed spatial positions of main rotor wake over 
the tail rotor disk 

(2) The induced velocity of the wake of the main rotor on the tail rotor 
inflow and downwash 

(3) Representation of the nonperiodicity and arbitrary phasing of the 
interaction phenomenon 

(4)  Nonuniform wake effects of the tail rotor 

(5) The aerodynamic interference effects of the tail fin on the tail 
rotor inflow and downwash 

It is believed that by extending and modifying deformed wake analysis proce- 
dures, such as that represented by NUWAIVE (ref. 53), the wake-induced aerody- 
namic flow field over the tail rotor disk can be predicted to the required 
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degree of accuracy for inclusion in the rotor noise prediction theory of refer- 
ence 58 so that the effect of various aerodynamic and geometric parameters on 
the noise output of tail rotors can be realistically investigated. It is 
believed that, through the proper application of the above noted predictive 
techniques, a meaningful investigation of ways of reducing tail rotor noise can 
be undertaken. 

As indicated, while the unsteady loadings developed by a tail rotor operat- 
ing in a realistic environment are rather complex and result in a rather complex 
noise signature, it is believed that existing technology, or a relatively minor 
extension of existing technology, if properly utilized, can form the basis of 
analyzing means of relieving the tail rotor noise problem. 

Another unique rotor system that has demonstrated superior performance 
dynamic loads and acoustic characteristics is called the VGR. The concept upon 
which the rotor design is based is to determine the most favorable relationship 
between the location of the rotor system with respect to the wake it develops. 
The rotor system parameters that have been utilized to investigate the most 
beneficial relationship are the relative vertical spacing and the azimuthal 
spacing of the rotor blades with respect to each other. Some results of a 
full-scale test of a VGR system on a whirl tower are presented in figure 40. 
These results were obtained for a six-bladed rotor in which the blades were 
coplanar and spaced 60° in azimuth and also for a corotating rotor system in 
which alternate blades were moved 1 chord below the other three blades. In 
this configuration there are basically two three-bladed rotor systems in which 
the blade phasing between the blades is 120° while maintaining 60° between the 
blades of the total rotor system. The significant reduction in the noise out- 
put of the rotor system when the separated rotor planes was incorporated is 
obvious from the data presented. The effects of both rotor separation and blade 
azimuth phasing on the performance, dynamic loads, and acoustics of the VGR 
concept were investigated theoretically using the deformed wake, loads analysis, 
and noise prediction programs (refs. 53 and 58) .  The investigation (ref. 55)  
indicated results similar to those obtained in hover as it was shown that, with 
the proper blade spacing and phasing, the performance and blade dynamic charac- 
teristics could be enhanced and the acoustic signature altered significantly. 

It is believed that these investigations have shown that although, at 
first glance, the problems associated with predicting the noise characteristics 
of rotor systems operating in a complex flow field seem beyond the scope of 
reality, the proper and knowledgeable application of existing state of the 
technology techniques can be used successfully to investigate the effects of 
various rotor and aerodynamic parameters on the noise characteristics of rotors 
operating in such an environment. 

CONCLUDING REMARKS 

In reviewing the efforts of many investigators over the last 10 to 
15  years, it became obvious that a significant advance has been made in the area 
of Rotor Noise Technology. This is particularly true as regards the understand- 
ing and predictability of the basic aerodynamic mechanisms associated with the 
generation of rotor noise, Le., noise due to steady loadings, canpressibility, 
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snd thickness. 
mvironmental effects, such as free-stream turbulence, the induced effects of 
the rotor wakes, lifting surfaces, and fuselages have not been adequately con- 
sidered in the development of these techniques. It is these self-induced and 
zonfiguration effects which can be the primary reason the basic aerodynamic 
nechanisms result in the undesirable amplification of excess noise. It is 
important therefore to develop prediction programs to include these environ- 
nental effects so that the helicopter rotor noise that must be reduced to 
scceptable levels can be understood and investigated. The following table sets 
Eorth my evaluation of the status of Rotor Noise Technology as regards both the 
basic mechanisms and the application of the basic mechanisms to the real heli- 
copter environment. It is readily apparent, after studying my evaluation, that 

However, it also became apparent that the real helicopter 

UNDERSTANDING 
IMPACT OF BASICS 

ON , 

EXCESS NOISE SOURCE NOISE 
MEN' 

j l M l H  P I F  
A I N  ROTORS x-+ 

S t r u c t u r a l  V i b r a t i o n s  ec-j( 
S t a l l  e3 X 
Free S t r e a m  T u r b u l e n c e  &* X 

B m p r e s s i b i l i t y  E f f e c t s  X 

B l a d e  V o r t e x  I n t e r -  x-* k 
act ions 
Wake T u r b u l e n c e  X X 
B o d y - L i f  t i n g  Surf  ace x--x 

C o m p r e s s i b i l i t y  E f f e c t 9  X-+ 
M<O. 85 

M > O .  85 

In te r fe rence  

S t a l l  X 
X 

C o m p r e s s i b i l i t y  E f f e c t  

C o m p r e s s i b i l i t y  E f f e c t s  

ac t ions  
Wake T u r b u l e n c e  

Main 
T a i l  

M < O .  85 

M>O. 85 

B o d y - L i f t i n g  Surface 
Interference 

rHEORET 
ICAL 

UNDERSTANDING 

- 
P 

x 
x 

- 
- 

x 

- x 
X 
x 
x 
x 
x 

E 

x 
x 
- 

I N  I 

P E R I -  
NTAL 

AL 
MENT 
THEORET- 

HOPE FOR 
NEE1 

ORRE( 
:PERI. 
lNTAL 

- 
3 
ION 
rHEORET- 

L 
F 

x 
x 
3 
X n 
x 
x 
X 
x 

A 
x 
d 

x 
x 
x 

- - 

E 

x 
X 
x 

I do not believe our understanding and prediction of the helicopter self-induced 
environmental effects on rotor noise are on as solid a foundation as that which 
has been developed for the basic noise mechanisms. This is particularly true 
as regards the environment in which the tail rotor operates. As indicated by 
my relatively high rating of the possibility of reducing the excess noise to 
acceptable levels, I believe there should be a reasonable degree of confidence 
in our ability to analyze and predict the self-induced environmental effects. 
To either verify or negate these confidence ratings, I would recommend that 
state-of-the-art predictive techniques (or a minor extension thereof) of the 
helicopter self-induced environmental characteristics be utilized in conjunc- 
tion with the basic noise predictive analysis techniques to determine the true 
State of Rotor Noise Technology. It is believed that such a study is warranted 
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particularly for tail rotors. The results of such an investigation should 
bring to light possible deficiencies in either the understanding of or in the 
parameters required for the prediction of the basic types of noise mechanisms. 
In addition, the results of such an investigation would also establish limita- 
tions in the analyses used for the prediction of the true helicopter rotor 
environment (i.e., rotor wake analyses, rotor body interference analyses). 
Since it is the rotor noise produced in the real-world environment that must 
be reduced and not that produced within the "laboratory" type environment, the 
initial steps in this direction should be undertaken soon. 

One final thought that came to mind during the preparation of,this review 
paper is associated with the validation of theoretical predictive techniques. 
It is rather universally assumed that, if the results of a predictive analysis 
do not match a measured result, the theory must be incorrect. I believe that 
this assumption can be totally inaccurate and it may be responsible for unnec- 
essarily limiting our confidence in the capabilities of various predictive tech- 
niques. A simplified analysis can demonstrate that, if the basic parameters 
which define the equipment and test conditions are not adequately defined, the 
measured results may be extremely misleading and useless as a correlative data 
base. It is recommended that state-of-the-art sensitivity analyses be under- 
taken to evaluate the degree to which the basic system and test parameters must 
be defined in order that the measured noise data have a confidence level to 
within +20 percent. To some, the results of such analyses might be surprising 
as it was to me when I undertook such a study to evaluate parameter input 
requirements for establishing a reliable correlative data base for rotor dynamic 
loads. It is believed important to undertake such an evaluation in order that 
present "data banks" can be analyzed as to their applicability in assessing the 
adequacy of predictive techniques. It may be found that there are no adequate 
data and that a directed effort will be required to develop a suitable data 
bank. 

It is suggested that we can be successful in reducing the excess noise to 
acceptable levels if we are bold enough to open the laboratory door and accept 
the challenge to further the development of the capabilities to understand, 
analyze, and predict the noise developed by rotors in their true operating 
environment . 
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Figure 1.- CH-53E helicopter. 
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Figure 2.- Generalized acoustic spectrum for rotors. 
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Figure 4 . -  Angle of a t t ack  contours. 
UH-2, i.~ E 0.48. 
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Figure 5.- Mach number contours. 
UH-2, 1-1 z 0.48. 
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Figure 6.- RPV prope l l e r  i n  t h e  test  f a c i l i t y .  
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Figure 7.- Noise due t o  p rope l l e r  resonance. 
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Figure 8.- Impulsive noise boundaries for UH-1 
series helicopters. 
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Figure 9.- Schematic of in-flight’ far field 
measurement technique. 
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Figure 10.- Averaged acoustic signature of UH-1H impulsive noise versus 
forward airspeed and rate of descent. 
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Figure 13.- Diagram of tandem rotor wake geometry in forward 
flight during impulsive noise. 
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DIRECTION OF FLIGHT t 

Figure 17.- Predicted deformed wake position of 
UH-1 helicopter in a 1.5g climbing left turn. 
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Eigure 18.- Spectra of UH-1 in a 
1.5g climbing left turn. 
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INTERACTION 

Figure 19.- Pressure time histories 
of a UH-1 in a 1.5g climbing left 
turn. 
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Figure 21.- TAMI model in wind tunnel. 
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Figure 22.- Effect of TAMI on dB(A) weighted spectrum. 
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Figure 23.- Curtiss-Bleeker helicopter - 1930. 
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Figure 24.- Pressure isobars on top surface 
of blade t i p  at a = 12O and A = 0. 
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Figure 25.- Contour pressure plot of the Ogee-tip section 
a t  a = 8O and A = Oo. 
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Figure 26.- Contour pressure plot of the Ogee-tip section 
at a = 8' and X = -2OO. 
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Figure 27.- UtI-lH test helicopter. 

NOISE 

Figure 28.- Peak levels of near-field impulsive noise 
ured by IFAMS. 
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Figure 29.- Schematic diagram of main rotor vortex interactions 
with tail rotor. 
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Figure 30.- Tail r o t o r  noise as measured by Westland Helicopters 
Limited f o r  the Lynx. 
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Figure 31.- Comparison of dB(A) time histories for standard 
and reversed tail rotors at a flyover condition of 50-m 
altitude and 130 knots. 

Figure 32.- Main rotor/tail rotor test model. 
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Figure 33.- Noise spectra at 1 ~ .  = 0.09, 

Figure 34.- Main rotor wake/tail rotor interaction at I.I = 
776 
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Figure 35.- Calculated sound pressure versus time with periodic 
main rotor wake interaction at 1.1 = 0.20. 
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Figure 36,- Calculated noise spectrum with periodic main rotor 

wake interaction at 1.1 = 0.02. 
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Figure 37.- Calcuhted sound pressure versus time with nonperiodic 
mair. ;otor wake interaction at 1.1 = 0.20. 
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Figure 38.- Calculated noise spectrum with nonperiodic main 
rotor wake interaction at  v = 0.20.  
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Figure 39.- Calculated noise spectrum with nonperiodic main rotor wake 
interactiork and nonuniform t a i l  rotor wake at  1-1 = 0.20. 
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Figure 40.- Effect of rotor dissymmetry on noise spectrum 
of a six-bladed rotor in hover. 
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