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INTRODUCTION 

Rotor noise is the primary contributor to the external noise of 
modern gas-turbine-powered helicopters.  Results of several 
research programs (References 1, 2,  and 3) have shown that the 
acoustic pressure time history at an observer's location is due 
almost entirely to the noise output of main and tail rotor 
systems.  This means that the helicopter's detectability and to 
a large extent its effectiveness as a weapons system is deter- 
mined by the noise signature of its rotor system. 

In the past, rotor systems were designed only on the basis of 
performance requirements since no reliable method of noise pre- 
diction existed; therefore, the noise signature of the rotor 
system was unknown until the design was complete and the rotor 
system had been built and tested.  At this point in the develop- 
ment cycle, little change could be made in the design of the rotor 
system without seriously compromising both performance and cost. 

It is known through studies that have been conducted in recent 
years that substantial gains in rotor noise reduction can be 
achieved. This was markedly demonstrated by the Army in its 
recent quiet helicopter program (References 4 and 5), in which 
several manufacturers were supported to investigate what 
improvements could be made in the noise characteristics of one 
of their existing aircraft. Considerable flexibility in compro- 
mising performance was allowed if improvements in noise could 
be achieved.  Results of the program showed that attention to 
the aerodynamic sources of rotor noise could yield significant 
reductions in noise and significantly decrease the distance at 
which the helicopter could be detected. 

The drawback to the quiet helicopter program was that noise 
reduction had to be achieved by modifying existing designs - 
designs which had been developed without initial attention to 
noise.  Because of this, while quieting was achieved, signifi- 
cant penalties were noted in the performance of the helicopter 
as a consequence. 

To avoid these problems, it has been desired for many years to 
have some means of predicting the noise of a given rotor system 
during the design stage.  If this were realizable, design studies 
could be carried out and tradeoffs between noise and performance 
clearly delineated.  Further, for a rotor system designed to 
meet given performance requirements, the optimum, acoustic design 
could be determined.  It is believed that the key to the optimum 
desian of a rotor as reaards noise  is a thorough undorstardinr? 
of the noise generatina mechanisms so that noise reduc*ion 
methods can be evaluated without undertakira an expcrimcnta] 
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proqram ot rotor desiqn and test.  Several studies (References 
1, 2, and 3) have concentrated on the aerodynamic mochanisins of 
rotor noise.  The reports of these studies have shown what are 
the important aerodynamic mechanisms of noise generation for 
helicopter rotors.  In order to use these results, however, an 
acoustic prediction proqram must be devised that ,;ill allow 
subjective as well as scientific evaluation of helicopter rotor 
noise during the design stage. 

There have been efforts to provide such a prediction method in 
the past.  Attempts were first made by empiiical relations and 
scaling to forecast the overall noise level for a rotor design. 
Following this, empirical approaches have been tried that will 
foretell the octave-band noise signature.  But even if overall 
and octave-band forecast techniques are entirely accurate, they 
reveal extremely limited information about a rotor system which 
is yet to be built. 

What is required instead is an analytical tool that can bf- 
applied to a giver rotor system including main and tail rotors, 
or a tandem configuration, and that will provide for either 
hover or forward flight: 

1. A plot of the predicted acoustic pressure time history 
for any observer's location relative to the aircraft. 

2. A plot of the predicted SPL or spectrum. 

3. A tape recording of the predicted rotor noise that can 
be played for subjective evaluation. 

The advantages of such a tool are many.  As noted, it can be 
used for rotor design in which an acoustic evaluation can be 
made of the effects of blade chord, twist, planform, and rota- 
tional speed.  Rotor parameters such as solidity, thrust, and 
number of blades could also be varied and the resulting noise 
signatures studied.  Such a predictive tool would be of great 
value to both the manufacturers of helicopters and the users. 

Tc provide such a predictive method was the ob-ject of the proaram 
reported herein.  This was accomplished by extendinq and modify- 
ina an existing method already develoned by RASA for the Army 
and reported in Reference 3. 
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DESCRIPTION  OF   ANALYTICAL TECHNIQUE 

The  prediction program discussed herein is an extension  of   the 
fundamental work conducted  previously and reported  in 
Reference  3.     The previous  research  effort was  an  investigation 
of  the  fundamental  characteristics  of vortex  noise  produced  by 
a helicopter rotor and   the development of a  technique  by which 
the  acoustic  signature created  by vortex shedding  could  be pre- 
dicted at an observer's  location for any single-rotor  helicopter 
system in hover or forward  flight.     In order to predict the 
total noise signature  from multiple-rotor systems  in hover or 
forward flight,   the program was  expanded to  include  two  rotors 
at arbitrary locations  and  the  steady and harmonic  aerodynamic 
forces that create rotational  noise.     The basic  theoretical 
formulation of the technique  is presented in Reference  3,and  the 
description of the theoretical  technique presented herein is 
associated with the inclusion of two rotors and  the effects of 
rotational noise. 

THEORY 

Rotor noise is produced by aerodynamic forces acting  on the 
blades   (Reference 2).     The  forces on the blades can be modeled 
by dipoles   (Reference  6)   located at  individual blade  sections 
of a  sectionalized blade.     Using this model,   the noise produced 
by the forces acting on the rotor can be determined by evaluat- 
ing   (Reference  2) : 

P(Xo,t)   =  I 
4TICR

2
 (1-MR)

2 
F-Y 

+ (x - Xn)- |F + MR  +  I   (1-M2) 
1   ■ 

1J 1 

(1) 

f 

where \  = sum over the blade stations 

[   ]ti   = evaluation of  those quantities  inside  the brackets 
are at a  "retarded time"  t'  corresponding  to the 
real  time  t 

c  =  speed of   sound   (ft/sec) 

^r   =  location  of   observer   in oround  coordinates   (fO 

R = distance  between  hlade  stet irr   vu    ,L;'ci 

= ((i - x0) • (x - Xn)]: ^   !ft) .A^:»« 
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X = location of blade station in ground coordinates 
(ft) 

"R 

M, 

M 

(Xn - i)-M 

= component of the station velocity in the direc- 
tion of the observer divided by the speed of 
sound 

(io - %) 'M 

= component of the station acceleration in the 
direction of the observer divided by the speed 
of sound 

c 

F « force on blade element (lb) 

5 -= yH + V (ft/sec) 

■ velocity of blade element in ground coordinates 

SH = velocity of rotor hub in ground coordinates 
H  (ft/sec) 
-*■ 

V = velocity of blade element due to rotation in 
ground coordinates (ft/sec) 

«-£(«) 

The quantities in Equation (1) inside the brackets are evaluated 
at a time prior to t since the signal was actually emitted at an 
earlier time due to the finite speed of sound. That is, a 
signal received at an observer's location that was emitted 
from a source at time t"  reauired time '.t = R/c to reach an 
observer (where R is the distance from source to observer, c is 
the speed of sound); t* + .t = t, the real time at which the 
signal is received by the observer. 



With terms comprising Equation (1) formulated, the pressure time 
history at an observer location may be specified once the corces 
at the blade have been specified. Since the forces are repre-
sented by dipoles, the acoustic signrture of the rotor is gener-
ated by a series of moving dipoles located at a number of blade 
stations along the span. The total aerodynamic force at each 
blade station is composed of two different types of forces. The 
first force classification includes nil forces that produce 
rotational noise, which is defined as that portion of a noise 
spectrum which has a number of narrow spikes occurring at inte-
gral multiples of blade passage frequency. While the magnitude 
and direction of the forces can varv with time, the time 
dependence must be harmonic with blade passage. The rotational 
noise forces are the lift and drag forces which are developed 
by the blade section. The second force classification includes 
forces that produce broadband or vortex noise. The forces that 
generate broadband noise have been assumed to be those induced 
by discrete vortex shedding at the blade sections (Reference 3). 
These forces are, therefore, represented by oscillatory forces 
with frequency equal to the vortex shedding frequency based on 
a Strouhal formulation. The vortex shedding frequency is not 
related to the blade passage frequency. These oscillatory 
forces from vortex shedding have both a lift and a drag component. 
As discussed more fully in the next section, the oscillatory 
lift component of the vortex shedding force has been determined 
from experimental data and can be represented by the following 
expression: 

FKL = prt=„ = 2(1 - M) (1 + (§)2) (2) 
OSC 4 

where p = the oscillatory lift per sauare foot at the blade 
o s c station (lb/ft2) 

M = the blade station Mach number >0 

a = the blade station anale of attack (deq) 

The oscillatory drag component has been assumed to be negligible 
and therefore 

FKD = 0 (3) 

Equation (2) is valid for Mach numbers 0 M 1 arc: angles of 
attack 'n; stall. These bounds wore determined by the follow-
ing considerations. First of all, there must be blade motion 
in order to have vortex shedding and so M 0. Also, the trend 
shown from analyzing experimental data (detailed discussion ir. 
the next section) is that the oscillatory lift decreases with 
Mach number. No data, however, were analysed with a sonic-
blade velocity and so the behavior of the vortex shedding 
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phenomena at M-l is not known. Giver, the fact that equation (1) 
is not valid at M=l, it is reasonable to have p -0 at M=l: rosc 
or more precisely, equation (2) is valid only for M 1. Equation 
(2) also indicates that the oscillatory lift increases with angle 
of attack. The anale of attack dependence in equation (2) is 
similar to the angle of attack dependence of the airfoil section 
drag coefficient up to stall. Therefore, equation (2) is assumed 
valid below stall, |u!< stall. 

The force at each of the blade stations is, therefore, repre-
sented by a lift dipole, a drag dipole, and an oscillatory lift 
dipcle with frequency equal to the vortex shedding frequency. 
Motion of the blade element relative to the observer shifts the 
apparent frequency of the oscillatory lift dipole and alters the 
pressure magnitude at the observer location. The resulting noise 
is broadband but modulated by the blade passage frequency. The 
lift and drag forces for hover were determined from blade-element 
momentum theory (as outlined in Gessow and Myers (Reference 7)) 
in terms of radial distributions of angle of attack, inflow 
angle, and flow velocity. The radial and azimuthal distributions 
of angle of attack, inflow angle, and flow velocity for a rotor 
in level flight were determined from the formulation presented 
in Reference 8. The calculation is outlined as follows. The 
radial and azimuthal variation of the flow velocity is determined 
by the vector sum of the rotational velocity and the component 
of the flight velocity parallel to the rotational velocity. The 
wake-induced inflow is assumed uniform and is calculated from the 
thrust coefficient and the advance ratio. The uniform wake-
induced inflow, the inflow due to forward flight, and the flow 
velocity determine the radial and azimuthal dependence of the 
inflow angle. Finally, the radial and azimuthal dependence of the 
angle of attack is determined by subtracting the inflow angle 
from the sum of the collective pitch, the cyclic pitch, and 
the blade twist angles. 

In order to properly sum the force contributions from the indi-
vidual blade stations at the observer location, retarded time 
effects must be included. To elaborate, sounds emitted at the 
same time from a distributed source arrive at the observer 
location at different times because the distributed source is 
generally not equidistant from the observer. The inclusion of 
retarded time effects is accomplished by having the rotor blades 
generate noise from an array of blade stations at regular time 
intervals. The noise from the individual blade stations arrives 
at the observer location at irreqular time intervals which are 
calculated. The irregular tire intervals are then converted to 
regular time intervals by an interpolation techniaue, thereby 
accountinq for retarded time effects. 
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To sum the contributions from the individual blade stations at 
the observer location, the blade element quantities must also be 
transformed from the movino rotor coordinates to the observer 
coordinates.  The transformation from the blade stations to the 
observer location is accomplished using the followinq four 
coordinate systems: modified tip-path-plane coordinate system, 
helicopter coordinate system, G-2 coordinate system, and qround 
coordinate system (see riqure 1). 

The •"cdiCieu tiu-oath-plane coorc'irate svstor's origin is 
located at the rotor hub parallel to tip path plane coordinatet.. 
The positive x coordinate is toward the front of the helicopter. 
The positive z coordinate is directed parallel to the thrust 
vector, away from the rotor mast.  The positive y coordinate 
is chosen so that the coordinate system is right handed. 

The helicopter coordinate system's origin is determined by the 
helicopter location in the ground coordinate system. The posi- 
tive x* coordinate is directed toward the helicopter nose, the 
positive z* coordinate is directed up relative to the helicopter, 
and the positive y" coordinate is chosen so that the coordinate 
system is right handed. 

The G-2 coordinate system origin is located at the rotor hub. 
The G-2 coordinates are parallel to the coordinates of the 
ground system. 

The ground coordinate system's origin is located on the ground 
at any specified point; the Z coordinate is up while the X and 
I coordinates are in the ground plane chosen so that the 
coordinate system is right handed. 

The following discussion specifies the transformations reguired 
from tip-path-plane coordinates to the ground coordinates.  The 
first transformation (1) rotates from the modified tip-path- 
plane coordinates to coordinates parallel to the helicopter 
coordinate system. The second transformation (2) rotates from 
the coordinates parallel to the helicopter coordinate system 
to the G-2 coordinate system.  Since the G-2 coordinate system 
is parallel to the ground coordinate system, only a translation 
is required going from the G-2 system to the ground coordinate 
system. 

(1) Due to the fact that there are basically three types of rctor 
orientations (main rotor, tail rotov on left side of the heli- 
copter, tail rotor on right side of the helicopter), three 
separate rotations are reauired to transform from tip-path- 
plane coordinate to coordinates parallfl to the heMcorter 
coordinates: 



For the main rotors, 

IT] 

cos(a-- + e )  0 8in(a_. + e ) 
FA   m FA    m 

-sin(aFA + 3in)  0  COS(aFA + m 

0 cosa.. sim.. 
LA     LA 

0 -sinaT. cosa 
LA      LA 

[T] 

C08(aFA + ein) 

•8in(apA + em) 

-sin(aFA + 0n,)sinaLA  sin(aFA + 6m)COSaLA 

sinaT- LA LA 

-cos{a_- + e )sinaT. cos(a  + e )cosa 

COSa, 

'FA m LA FA   m' LA 

(4) 

where a  ■ the forward-aft flapping angle relative to the 
shaft/defined positive for forward tilt of rotor 
(rad) 

»T- ■ the lateral flapping angle relative to the shaft, 
"'^  defined positive for left tilt of rotor (rai) 

m mast or shaft angle, defined positive for forward 
tilt of shaft (rad) 

For a  tail rotor on the left side of the helicopter, 

IT]   = 

'COS(aFA  +   V      '8inhf.\  +   VsinaLA     Sin(nFA +   %)COSa 

-sin (a,,-   +   fi_)      -cos{n       +   e   )sina COS{ap-   +   P   )C0S' 

LA 

"FA   '      m'         FA        'm'"*"'LA      ' FA m'~    '   LA | 

-COSu 
LA 

-sina 
LA 

(5) 



For a tail rotor on the right side of tho helicopter , 

(T) 

C08(aFA + V  -8in(üFA + "n^^'LA 8in(..FA + •m)cos.LAi 

8in(aFA + H^) 'FA '  rr'"""LA   —'-FA cos ( 1^. + '_) sin-. 

COSa 'LA 

-COS(ti    + 

sin i 

' ) cos (. . m    LA i 

LA 

(6) 

(2) The rotational transformation from the helicopter coordinate 
system to the G-2 coordinate system is 

(HI 

cosUu +  ii.)      sin(0h + O       0 

•8in(ßh +  ch)      cos{ßh +  ch)       0 

cosa.       0    -sina. 

0 

sino. 

1 

0 

0 

COSa, 

1 0 

0      cost, 

0    -sin« h 

0 

sin$. 

cost, 

[HI  - 

cos (Bj+il'jjcosa.       sin(ßh+i;. ) sin*h+cos (ß.+Cu) sina. sin*. 

-sin (ß.+i. )cosa.       cos (ß.+ii. )cos4ih-sin (oj.+C-u) sina. sinth 

sine -cosa. sin*. 

sin (&u+tu) sin^.-cos (Su+^iJ sina. cos*. 

cos (Pv+^u) sin*.+sin(i?.+4.. ) sina. cosch 

cosa^cos*. 

where g, = yaw, defined positive nose to the riqht (rad) 

i^u * heading, defined positive nose to r:.oht (rad) 

a, - pitch, defined positive nose up (rad) 

<t, ■ roll, defined positive riqht side up (rad) 

(7) 
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Therefore, the transformation from modified tip-path-plane to 
G-2 coordinates is (combining equations for [T] and [H))« 

[R] - [H] IT] (8) 

Again, since there are three basic types of rotor orientation, 
there are three separate positions of the hub in helicopter 
coordinates: 

For a main rotor. 

whub 

*;+ ^m sine., m 

K 
m       m m 

(9) 

For a tail rotor on the left side of the helicopter, 

'hub 

xl + i„ sine.. mm    m 

y' + i_ cose •"m   m    m 
z' 
m 

(10) 

For a tail rotor on the right side of the helicopter, 

x' + i    sine' mm          m 
x« xhub K -  lm co8em 

2« 

(11) 

where x', y*, z' « position of mast hinge in helicopter coordi- 
m  '^  ^  nates (ft) 

m lenath of mast (ft) 

( ] * column representation of x', y', z* 

The position of the hub in coordinates parallel to G-2 coordi- 
nates but with the origin in the helicopter coordinate system 
is 
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xhub " IHI xhub 
(12) 

The position of the blade station in tip-path-plane coordinates 
is 

-r cos^cosß. 

-r sin;cose 

r sin5 

(13) 

where r ■ location of blade station (ft) 

C * azimuthal position of blade (rad) 

S ■ coning angle (rad) 

The position of the blade in G-2 coordinates is 

X - [RJ X (14) 

Therefore, taking into account the translation of the helicopter, 
the blade station location in the ground coordinate system is 

*m\ +  V + xhub * x (15) 

where Z 
H » position of helicopter with respect to ground coordi- 

nates at time t - 0 (ft) 

rH ■ velocity of helicopter (ft/sec) 

^hub " location of hub in coordinates parallel to the G-2 
coordinates but with the origin in the helicopter 
coordinate systen (equation (12)) (ft) 

X ■ position of blade station in G-2 coordinate syster 
(equation (14))(ft) 

In tip-path-plane coordinates, the velocity of the blade station 
due to rotation about the shaft is 

dx 
r sin.ccs 

•r cos.cose (16) 
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where Q  « rotational speed of the rotor (rad/sec) 

The velocity of the blade station in G-2 coordinates is 

V = (R) v (17) 

The total velocity of the blade station in the ground coordinate 
system is 

I - 7H + V (18) 

The force formulation required to transform from the tip-path- 
plane coordinates to ground coordinates are now discussed. 

The unit vectors for lift and drag in the tip-path-plane coordi- 
nate systems are   (see Figure 2) 

-sini{<sin$+cosi|/sin0 cose o 
cosK/sin^+sini/'Sinß cos« 

cosß cos* 

(19) 

-sin^cos^-cos^sine  sin« o 
cosiicos$-sini|/sinB sin<t> o 

-cos6 sirnj o 

where • « inflow angle at blade station (rad) 

In G-2 coordinates, these vectors become 

fL - [R] m 

L  - [R) Id] 

(20) 

(20) 

The rate of change of the unit vectors for lift and drag are 
t    • 

denoted as £ and d, and in G-2 coordinates 

L 

in]  [i] 

IR) Idl 

(21) 

Therefore, the force and its derivative at the blade station 
specified in ground coordinates are (Reference J) 
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m* 

F = qa (CIjfL + Cnfr)) (22) 

F = qa (Cj f^ + FLfL . CDfD + FDfD) 

+ rch Mr   sin(.t + phas) (FKL f. + FKD L,) 

where    q = 1/2 . u- 

= dynamic pressure (lb/ft/) 

p = density of air (lb sec:/ft4) 

u = flow velocity at the blade station (ft/sec) 

a = (ch)Ar 

= area of blade station (ft2) 

(ch) = blade chord at station (ft) 

Ar = width of station (span) (ft) 

FKL 
CL' ci - TTttT   cos {ut + phas) 

= coefficient of blade station lift due to steady 
and oscillatory forces 

C. = coefficient of blade station steady lift 

FKL = oscillatory lift per square foot at blade station 
(see equation (2)) (lb/ft-0) 

ui = vortex shedding frequency (rad/sec) 

phas = phase of blade station shedding frequency initially 
random 

FKD 
Cp, = Cj - . i0  ■  cos Ut + phas) D   d   1/2(U- r 

-   coefficient of blade station drag due to steady and 
and oscillatory forces 

Cd ~ coefficient of blade station steady drag 

FKD = oscillatory dran ner square foot at the blade 
station (sec equation (3)) (lb/ft) 

-•     dC     dC     _• 
•     •     zu i  •      .  "    'Mi 
F, - C + -— r = — u + -t— , -v £ii c 
L    ■    u  ■   nu      d •       u 



F = C, + — C = 
D a u d 

dC. dC. 
u + Ju 

•3— i + — C , du u d 

GENERAL DESCRIPTION OF PROGRAM 

The equations of the previous section were proqrammed for compu-
ter use. The resulting program is discussed in the supporting 
documentation (see Reference 9). The noise produced by heli-
copter rotors is predicted for hover or steady-state flight. The 
noise contributions from each of the stations distributed alonq 
the blades of each of the helicopter rotors are summed at the 
observer's location, taking proper account of retarded time 
effects. The forces actina on each blade element are represented 
by four moving dipoles, one each for the lift, the drag, the 
oscillatory lift, and the oscillatory drag. The program input 
consists of the helicopter rotor design parameters, the helicop-
ter flight condition, the helicopter attitude, the helicopter 
location, the observer position, and the distribution of angle 
of attack, inflow angle, and flow velocity along the rotor blade 
as a function of azimuth. The output of the program consists of 
the digital pressure time history in lb/ft2 at the observer loca-
tion specified. The program output has been plotted and Fourier 
analyzed so that noise spectra can be generated. In addition, 
the digital signal was transformed to an analog signal for sub-
jective evaluation using an IBM 7700 computer which can convert 
a digital to an analog signal. The analog outout (a voltage 
level) therefore corresponds to the digital pressure time history 
that was supplied as input and hence is recorded directly on a 
tape recorder. Since the peak-to-peak value of the predicted 
pressure is known, the input of a sine wave with the same peak-
to-peak voltage as that of the predicted pressure recorded on 
tape will permit the signal to be calibrated using a sound 
level meter. The rms level of the recorded sine wave is just 
0.707 times the peak value of the sine wave. The oeak value of 
the sine wave is one-half the peak-to-peak value of the pre-
dicted pressure in lb/ft2. Therefore, the predicted pressure 
time history is properly calibrated by playing the recorded 
sine wave and adjustinq the volume so the sound level meter 
reads 

i 0. 707 (-5 - o . ) 
SLM = 20 loq m i n , 

! 2 (4 .184 x 10"7) 

wr.zre 4 . - 3 4 •< -C 7 i s t h e r e f e r e n c e p r e s s u r e i n l b / f t 2 . 



DATA  BANK OF  OSCILLATORY  FORCE  CONSTANTS 

It  has  been assumed  that   the   nonperiodic broadband  noise   is   that 
produced by  the   airfoil   shedding  vortices   at   frequencies   deter- 
mined  by  a Strouhal   calculation.     As  explained  previously,   an 
array  of  dipoles   oscillating   at   individual   frequencies  moving 
with  the rotor blade produces   a broadband  signature  at  the obser- 
ver   location,   but   this   random   signature   is modulated by   the  rotor 
passage  frequency.     With  the   frequency of  the oscillatory   forces 
known   from the  Strouhal  calculation,   the  magnitude  of  the  oscil- 
latory  forces  can be determined as  functions of the  section Mach 
number and angle of  attack   from  controlled  rotor  acoustic  tests 
conducted on a whirl  tower.     The magnitudes  can  then be  oarame- 
terized as  functions  of  the  section variables.     This  procedure 
defines  a "data bank":   a  relation containing  information   concern- 
ing  vortex noise  that was   reduced  from  30 experimentally   recorded 
acoustic records. 

FITTING  FOR OSCILLATORY  FORCE   CONSTANTS 

The  basic procedure  used  to determine the  magnitudes of   the oscil- 
latory  force constants was as  follows: 

1. Blade-eli;ment momentum theory was used  to determine   the dis- 
tribution of  angles  of  attack  and flow velocity  across  the 
whirl  tower rotor blade   for  a  thrust value equal  to   *:hat 
attained for  the  recorded  acoustic data. 

2. These angles  of  attack  and   flow velocities were  used  to deter- 
mine   the vortex  shedding   frequency by 

Stu 

where u = vortex shedding frequency 

th = blade section thickness as seen by the flow {for 
most helicopter blades, th equals blade thickness 
since the aerodynamic angle of attack rarci\-  ex- 
ceeds 7 degrees) 

u = flow velocity 

S = Strouhal number 

The Strouhal number was set equal t) 0.J35, held independent 
of section variables.  This Strouhal number was dete mined as 
the "best fit" during the research invcsti"-i'i~.-. reported on 
in Reference 3. 
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3. A 1-ft spanwise station at mid-span and one at the blade tip 
were given an oscillatory pressure of 1 lb/ft: in the lift 
direction.  (The oscillatory draq was set equal to zero 
since acoustic data taken in the plane of the rotor indicated 
that very little noise is produced by vortex sheddinq in that 
direction.) For each of the 1-ft-wide stations, a pressure 
time history was predicted at an observer location appropriate 
to the recorded data. 

4. The predicted pressure time histories were then Fourier 
analyzed and compared to the spectrum of the experimental 
data in the appropriate frequency range.  The oscillatory 
force magnitude at each of the blade stations was adjusted 
so that the predicted spectrum and experimental spectrum 
had the same magnitude in the appropriate frequency range. 

This process resulted in obtaininq two oscillatory pressures in 
the lift direction for different angles of attack and Mach num- 
bers.  Repetition of this process for 30 different rotor confiq- 
urations yielded an array of oscillatory pressures which were 
then parameterized as functions of angle of attack and Mach 
number.  The result of this parameterization was shown previously 
in equation (2). 

DATA ANALYZED 

The acoustic signatures used to create the data bank were 
recorded by Boeing-Vertol durinq their recent whirl tower tests 
(Reference 10) and by NASA/Langley.  The UH-1B data analyzed 
previously (Reference 3) was not included in the data bank. 
The recordings taken from Boeinq's whirl tower data were the 
most extensively documented available. A detailed discussion 
of the data is included in Reference 10. The test conditions 
included tip speeds that ranaed from 600 to 900 ft/sec and 
thrusts that ranged from 63 00 to 3 2,000 lb. The rotor tested 
was that for the CH-47B helicopter.  This rotor has three 
blades, a 30-ft radius, and a chord of 25.25 inches.  The air- 
foil section is the Vertol 23010-1.58.  The twist is -9.13°, 
linear from the center of rotation.  The cutout is 19.2% of 
the blade radius. 

The NASA/Lanaley whirl tower acoustic recordinas were made 
using a modified H-19 rotor.  The rotor has two blades, a 
radius of 26.67 ft, a chord of 16.5 ir. and a twist o^ -8°. 
The tip speeds recorded were S64, 628, 711, and 737 ft/sec. 
The Lhrusts ranqed from 2000 lb and 8000 lb. 

Certain records from the 11-19 data and the CH-47B data were 
copied and analyzed for URC in crcatirg the data bank (see 
Table I).  In order to study the effects of rotor noise 
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directivity, data from two different microphone position« were 
analyzed for each of the rotors.  Table I lists the rotor/ 
microphone locations, tht rotor operating conditions-, and the 
rotor qeometric parameters.  For the CH-47B data, the microphone 
located 100 ft ^rom the rotor axis is called the "aroundM micro- 
phone while the microphone located 284 ft from the rotor axis 
is called the "SD" micronhone (see Fiaure 3 taken from 
Reference 10). 

SAMPLE CALCULATION 

A sample calculation of the previously described procedure for 
determining the oscillatory force magnitude is presented so 
that a detailed understanding of the process that was used to 
generate the data bank can be obtained. The acoustic data that 
is used in the sample calculation was recorded at the "ground" 
microphone for the CH-47B rotor operating at a tip speed of 
7SC ft/sec and a thrust of 21,511 lb.  The "ground" is IOC ft 
from the axis of rotation. The rotor is 47 ft high and the 
microphone is 4.3 ft high. The pressure time history and 
spectrum are shown in Figures 4 and 5. The spectrum has a 1-Hz 
bandwidth over a frequency ranqe of 0 to 67 50 Hz. Only the 
lower frequency portion (0-1700 Hz) is shown, as the higher 
frequency portion contains no distinctive features.  It is noted 
that the pressure time history does not have a stroncr signal 
that repeats with rotor blade passage, which indicates that the 
signal that contributes to rotational noise is weak.  In addi- 
tion, it is noted that a broadband or random signal is very 
prominent in the recorded noise.  The spectrum reflects the 
nature of the recorded pressure time history in that the rotor 
rotational noise is discernible only in the first few harmonics. 

In order to determine the vortex shedding freguencies, the 
distribution of angles of attack and flow velocities must be 
determined.  The output of the blade-element momentum theory 
for the operating conditions appropriate to the recorded data 
is presented in Table II.  Usino this information, a 1-ft-wide 
station centered about a 15-ft radius has a flow velocity of 
377 ft/sec and an angle of attack of 5.4 deg, while a l-ft-wide 
station in the tip region has a flow velocity of 740 ft/sec 
and an angle of attack of 3.2 deg.  The vortex shedding fre- 
quencies in the rotating coordinate system for these two sta- 
tions are 422 and 827 Hz, respectively (Strouhal number « 0.23S, 
blade thickness = 0.21 ft).  An oscillatory pressure of 1 lb/ft 
is specified for each of these 1-ft-wide stations, anc' individu;»! 
pressure time histories are predicted a4 the microohcr.c loca- 
tion corresponding to the experimental -icrophone loc.T.ion; 
see Figures 6 and 7. 
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TABLE   II.     THRUST  CALCULATION  FOR CH-47B 
ROTOR   (TIP   SPEED,   NOMINALLY 
750  FT/SEC;   THRUST,   21,511   LP) 

Radial 
Station 
 (ft) 

Anqle  o. 
Attack 
(rad) 

Inflow 
Anqle 
(rad) 

Flow 
Velocity 

I    (ft/sec) 

5.75 0.092 0.151 145.5 

8.44 0.099 0.130 213.1 

11.14 0.100 0.114 280.6 

13.83 0.097 0.102 348.0 

16.53 0.091 0.094 415.5 

19.22 0.085 0.086 4R2.9 

21.92 0.078 0.078 550.2 

24.61 0.070 0.072 617.5 

27.31 0.063 0.065 684.9 



pronounced   in Fiqure  7 
The pressure time 
the  spectra  shown  in 

As these  plots   indicate,   the   individual   vortex  sheddina   fre- 
quencies  are  shifted  by  the motion  i. r   the  bladf.  relative   to 
the observer.     The  relative   Much  number  of   the Lladt- with 
respect  to  the  observer  also alters  the  r.aqnituae of   the   pres- 
sure  time  historv received  by  the  observer.     The motion  of   the 
blade  toward  the  observer  increases  the  frequency and magnitude 
rf  the  oscillatory  pressure received  by  the  observer and  con- 
versely  as  the  blade noves  away  from  the  observer.     This   effect 
is present  in both plots,   but   it   is more 
because of  the  higher  station velocity, 
histories are Fourier analyzed  to obtain 
Figure  8  and 9,   respectively.     Note  that each station's contri- 
bution  is  a band  of noise.     The width  in  frequency  is  related 
to the  Doppler   shift of  the  shedding  frequency due  to the 
relative motion of the b^de element with respect to the 
observer.     Therefore,  the  frequency band  for the station at  the 
tip is wider than at mid-span.     These frequency bands are com- 
pared  to  the experimental  spectrum,   and  the magnitude differ- 
ences  in decibels are converted  to magnitude differences  in 
pressure.     The pressure differences may be regarded as correc- 
tion factors that are applied  to the control pressure of 
1  lb/ft2.     These two correction  factors are functions of  angle 
of attack  and Mach number.    A repetition of this process  for 
other rotor conditions and configurations yields an array of 
oscillatory pressures as functions of angle of attack and Mach 
number.     For constant Mach number,   the observed angle-of-attack 
dependence of the oscillatory pressures  is depicted below: 
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For  constant  ancle c''  attack,   the   of served   Mach  number depen* 
derce  cf   the os^illatorv  ornssuros   is depicted  below: 
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The. effect of  individual blade  stations  having an overlap of 
their noise signals due to the Doppler  shift has not been 
included since the two control  stations were picked so that 
very little noise energy overlap would exist.     To account for 
the noise energy overlap, a distribution of oscillatory pres- 
sures was  located across the blade  so that the entire spectrum 
of vortex noise could be represented by the unit oscillatory 
pressures.     The magnitudes of  the unit control  oscillatory 
pressures were  then adjusted  so that the predicted spectrum 
matches the  experimental spectrum over  the entire frequency 
range. 

Experimental 

Predicted 

Frequcnry 

The  oscillatory   pressures  that  are determined   by  these means 
are  then  parartu-terized   so  thnt  one expression  can  represent   the 
oscillatorv   forces  generated   by vertex   shedding   as  functions  of 
Mach number   and   -.rale of attack   'see  equation   (2)). 
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RESULTS   -  TEST  CASES 

In order   to  evaluate  the  accuracy   of   the  noise  prediction   pro- 
gram,   a  number  of   comprehensive  test   cases  were devised.     The 
first  test  of   the   prediction   technique  was   to determine   its   capa- 
bility of   reproducing  the  broadband  noise   for  the  rotor  systems 
from which   the   data bank was   created.      In  addition   to  the  broad- 
band  noise,   the   rotational  noise  prediction  technique was   also 
tested   for  these   same  rotor  systems.      These   first  two  checks  were 
accomplished by  predicting the  acoustic data  measured  for  the 
CH-47B  at  the "ground'microphone  100   ft   from  the  rotor  axis.     The 
next  three   test  cases were  conducted  to determine whether  the 
prediction program  could successfully  predict  the whirl  tower 
data  not   included   in   the  data  bank.     These   three  check   cases were 
conducted   for  the  CH-47B data  at   the   "5D"   microphone.     After  the 
successful prediction of the  check  cases, the  UII-1B helicopter 
noise was  predicted  for a hover and steady-state flight configur- 
ation.     In  addition, the Boeing-Vertol   347 helicopter  noise was 
predicted  for hover and steady-state   flight.     Finally»the noise 
produced by  a heavy-lift helicopter configuration was  predicted 
in hover  for two different  thrust  values.     A discussion of  the 
results obtained  from these predictions  is presented on the 
followinq pages. 

CH-47B WHIRL  TOWER 

The  first test of  the program was  to determine the accuracy of 
the rotational noise prediction and  to determine whether the 
parameterization of the oscillatory force magnitudes accurately 
reproduced the broadband noise from which they were derived. 
This  first  test of  the predictive program was carried out for  the 
acoustic data measured by the microphone placed  100 ft  from  the 
rotor axis   (Figure  3)   and for  the rotor operating at tip speed 
of 750 ft/sec and  a thrust of  12,167  lb.     The measured  oressure 
time history  is  shown in Figure 10,  while the  spectrum is  shown 
in Figure   11.     As  noted previously  for  Figures  4  and   5,   the 
pressure  time history recorded at  the ground microphone does not 
have a  strong  signal  that repeats  with  rotor  blade oassaae. 
Therefore,   the  signal  that contributes   to rotational  noise   is 
weak.     Conversely,   the broadband or  random  sicrnal  is dominatina 
the recorded  noise.     The spectrum  shows  a weak rotational  noise 
sianal  in  that only  the  first  few  harmonics  are discernible   frcr 
the  strona broadband  sianal. 

The prediction was  carried  out   for   the   same microphone  location, 
thrust,   and   tip  speed.     The distributions of  anqles of   attack, 
inflow angles,   and   flow velocities   calculated   for   this   confiaura- 
tion are  presented   in Table   ITI.     The  oredicter  pressure  tire 
history and   spectrum are  shown,   resoectively,   ir  riaures   IT   ard 
13.     The  predicted  spectrur  has  a   1-Hz   bandwidt-h,   the  same   3S 



TABLE III. THRUST CALCULATION FOR CH-47B 
ROTOR (TIP SPEED, NOMINALLY 
7 50 FT/SEC; THRUST, 12,1'.7 LB) 

Radial 
Station 

(ft) 

Anale of 
Attack 
(rad) 

Inflow 
Anqle 
(rad) 

Flow 
Velocity 
(ft/sec) 

5.75 0.066 0.127      145.1 

P. 44 0.071 0.108      212.6 
1 

11.14 0.070 0.094      280.0 

13.83 0.067 0.083      347.4 

16.53 0.060 0.076      414.8 

19.22 0.053 
i 

0.068      482.2 
1 

21.92 0.047 0.061      549.5 
1                      | 

27.31 0.033 0.046      684.1 
I 

30.00 0.026 0.038      751.4 



the experimental spectrum. 

In comparing the experimental and predicted pressure time his Lor-
ies (Figures 10 and 12), note the difference in the plotting 
scales. It is noted that the predicted pressure time history has 
a weak rotational noise signal» and the peak-to-peak pressure mag-
nitude of the predicted rotational noise signal is approximately 
equal to the peak-to-peak pressure magnitude of the experimental 
rotational noise signal. The high-frequency noise is broadband 
in nature,and as in the experimental records, the predicted broad-
band noise is modulated at the rotor blade passage frequency. 
The high-frequency, high-magnitude random noise is followed by 
low-frequency, low-magnitude noise (see previous discussion regard-
ing the Doppler shift of discrete vortex shedding). The peak-to-
peak pressure magnitude of the predicted vortex noise signal is 
equivalent to the peak-to-peak pressure magnitude of the experi-
mental vortex noise. 

In order to compare the experimental and predicted spectrums (Fig-
ures 11 and 13), the effects of ground reflection on the experi-
mental record should be described. Reproducing the ground re-
flection calculation presented in Reference 3, the reflected and 
direct wave are in phase and add for the frequencies: 

+ ? . (24) 
a ~ c 2lh 

where f = frequencies at which the reflected signal is in phase 
a with the direct signal (Hz) 

c = speed of sound (ft/sec) 

h * altitude of noise source (ft) 

d = distance of microphone from source along the ground (ft) 

= microphone height (ft) 

n = non-negative integer 

The reflected and direct siqnals are 180° out of phase for the 
frequencies 

/h2 + 
fc = C 2lh—<F' + V 2 ) !25) 

where f = frequencies at which the reflected signal is 180° cut 
c of phase with the direct signal. 
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For the frequency fc, cancellation occurs. The whirl tower is 
47 ft high; the microphone is 4.3 ft hiqh and is 100 ft from the 
rotor axis* Therefore, equation (25) gives the first frequency of 
cancellation as f = 150 Hz (c = 1100 ft/sec, n = 0). Referring 
to Figure 11, the noise minimum in the spectrum at 150 Hz is 
clearly evident. The first frequency region of pressure rein-
forcement occurs from 0 to less than 150 Hz. The next region of 
pressure reinforcement occurs from approximately 150 to 450 Hz. 
If the ground surface effectively reflects the sound, then 6 dB 
should be added to those frequency regions where the reflected 
wave reinforces the direct wave. Effective reflection of sound 
from ground surfaces occurs primarily for low-frequency noise. 
Therefore, when comparing predicted rotational noise with the 
experimental rotational noise, 6 dB must be added to the predicted 
rotational noise in the frequency recrions where the reflected 
wave reinforces the direct wave. Note the excellent comparison 
in the first few harmonics of rotational noise when these effects 
of ground reflection are included. The predicted level of the 
broadband noise also compares quite well with the experimental 
level, except in the low-frequency region. The low-frequency 
broadband noise observed in the experimental record masks out 
much of the rotational noise. This low-frequency broadband noise 
is not observed in the same record recorded at the "5D" micro-
phone, which is 284 ft from the axis of rotation; see Figure 18. 
It is believed that this low-freguency broadband noise is pseudo-
sound; the microphone may be recording flow variations in the 
downwash since the rotor diameter is 60 ft, the whirl tower 
height is 47 ft, and the microphone is only 100 ft from the axis 
of rotation. 

The band of nois« energy seen in the predicted spectrum centered 
about 125 Hz (Figure 13) is caused by one of the inboard stations 
used in the prediction being too wide. This particular station 
did not have sufficient velocity for the Doppler effect to over-
lap the frequency content of its signal with the signals of its 
neighbors. If two or more stations replaced this single station, 
the spectrum would become more continuous as it is in the exper-
imental data. This effect will appear on some of the later pre-
dictions as well. The analog tapes generated from the predicted 
pressure time history sound like the experimental tapes except that 
the predicted tapes are more staccato. Analysis of this and 
other generated tapes for hover has indicated that variability 
in noise from blade passage to blade passage is an important 
effect when subjective evaluations are being conducted. The 
analysis done to date has assumed that quasi-stationary processes 
govern the rotor noise output so that the problem could be made 
tractable. These assumptions have not significantly limited the 
scientific content of the Drogram results, but they have reduced 
the "realism" of the acoustic tapes generated for hover. This 
variability is most apparent jr. the broadband noise associated 
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with discrete vortex   sheddinq  from  the  airfoil  when   the  helicop- 
ter  is  in hover,     ^he  variability  is  best  described  by  referrinq 
to Ficjure  14, taken   from  Reference  3.     As   the   title   indicates,   the 
figure shows   tho   distribution  of  the magnitude   of   the  oscillatory 
lift  force  calculated  over   the  rotor  blade.     These oscillatory 
lift  forces  are   those   assumed   to be   induced  by   vortex   sheddinq. 
The variation  in   the  oscillatory pressures   reflects   the  signal 
variation   fror  blade   passage   to blade  passage.     The   analysis was 
carried out   for   a  UII-ID   in  hover.     The   first   station   is  at  the 
radius of   7   f t# while   the  tenth  station   is   at   the   blade  tip.     Four 
hover cases,   designated  A,   D,   C,   D,   were  analyzed.     The oscilla- 
tory  lift  forces  were   found  to he distributed  about  mean values 
which correspond   to  the oscillatory pressure  parameterization of 
the previous  section   (equation   (2)).     Ooserve  that   the variation 
is  significant  and  is     therefore believed   to  be  very  important  in 
the  subjective  evaluation of  helicopter  noise. 

The next  test  case was  also conducted  for   the CH-47B  rotor  system 
for data recorded  at   the "ground" microphone.     The  tip  speed of  the 
rotor was 750  ft/sec  and the thrust was  21,511  lb.     The recorded 
pressure  time history and  spectrum were  those shown and discussed 
previously in Figures  4  and   5.    The predicted pressure time his- 
tory and spectrum are   shown  in Figures  15  and  16.     The distribu- 
tion of angles of  attack,   inflow angles,   and   flow velocities used 
in  the pi-ediction  are   shown  in Table  II. The  predicted pressure 
time history has   a weaK  rotational  noise  signal  as does  the ex- 
perimental  pressure  tire history   (Figures  15  and  4;   note the dif- 
ference  in scaling).     The high-frequency  noise  is  broadband  in 
nature and  is  associated with vortex  shedding.     As  before,   the 
predicted and  experimental  broadband  noise  is modulated in fre- 
quency and magnitude  by  the  rotor blade  passage   frequency.     The 
predicted and  experimental   spectrums may be  compared  upon making 
the correction  for ground  reflection already outlined.     The 
accuracy of  the  rotational  noise prediction  is   significant in 
spite of  the  fact  that  much of  the experimental   rotational  noise 
is  obscured     by  the   low-frequency broadband   noise  believed  to be 
pseudo-sound   (see  Figures   16  and   5) .     The  predicted   broadband 
noise level   induced  by  vortex  shedding  is  the  same  as  the  experi- 
mental broadband   noise   level.     The predicted  tapes  compare  favor- 
ably with the  experimentally  recorded  noise  except  for  the 
staccato    effect  discussed   previously. 

The  next series  of  tests  was    conducted   for   the  whirl   cower data 
but   for a  rotor  and  micronhone  configuration  net   used   to develop 
the  data  bank.     The   first  of   these  test  condition?   repeats  one 
of   the  earlier  rotor conditions  but was   recorded   at   the   "Sr1" 
microphone.     The   rotor   tip  sneod was   750   ft/sec   and   the   thrust 
was   12,167   lb.     The microphone was   284   ft   rrcr"   the   rotor  axis   and 
is   3.9  ft  off   the   ground.     The  recorded   nrescuro   tiro   history   is 
shown in Figure  17, while  its  sooctrum  i?   sho'-'n   in  Piaure  18.     "he 
rotational   noisr   sianal   is  more  evident   in   the   prossure   tiro 
history recorded   at   the   "50"   ricroohono   than   that   rf   the   i ierticn" 

2'? 



conditions recorded at  the  "ground"  microphone   (see Figure 10) . 
This difference is  partly due  to the directivity of  the noise 
emanating from the  rotor.     The spectrum   (Figure  18)   shows a 
stronger rotational  signal  as well.     It  is  noted   that  approxi- 
mately 10 harmonics of  rotor blade passage are distinguishable 
in  this spectrum.     The broadband noise is also clearly evident 
in both the pressure  time history and  the spectrum.     Since the 
whirl tower  is  47  ft high,   cancellation of  the noise due to 
ground reflection occurs at  430 Hz   (see equation   (25)).     Refer- 
ence to Figure  18  reveals that the ground reflection minimum 
does occur at  430 Hz.     The prediction was carried out  for the 
same microphone location,   thrust,  and tip speed.     The distribu- 
tions of angles of  attack,   inflow anales,  and  flow velocities 
developed by the rotor  are  shown in Table III.     The predicted 
pressure time history and  spectrum are shown  in Figures  19 and 
20  respectively.     With  the correction for ground  reflection 
included,  the vortex noise  levels of the predicted  spectrum are 
just slightly less  than the  levels of the experimental  spectrum, 
but  the rotational  noise prediction is low by 6  to 8 dB. 
Examination of  the experimental spectrum reveals   that  the 
harmonic spikes are separated  by 12.8 Hz,  which means  that the 
rotor was really operating at  256 rpm instead of   the reported 
rotational speed of  239 rpm.     In an effort to resolve this 
discrepancy,  another noise prediction was generated with the 
rotational  speed equal  to  256  rpm and for  the same  thrust of 
12,167  lb.    The distributions of angles of attack,   inflow 
angles,  and flow velocities are shown in Table IV  for  this 
configuration.     For this prediction,  the oscillatory lift   (FKL) 
was  set equal to zero so  that only rotational  noise would be 
predicted.    The resulting  spectrum is shown  in Figure  21.    Note 
that  the higher rotational  speed  increases the magnitude of the 
predicted rotational noise spikes and reduces  their drop-off 
rate with frequency  so  that the predicted rotational  noise 
spectrum   (Figure 21)   compares more favorably with  the experi- 
mental noise  spectrum   (Fiqure  18)   when the ground   reflection 
correction  is  included   in  the  oredicted  spectrum.      It  is 
anticipated  that  the  higher  rotational  speed  will   also  increase 
the  broadband noise   level  of  the oredicted  signature,   thereby 
improving the comparison  between the predicted and   experimental 
broadband  signals. 

The   final  two  test  cases   for   tho CH-47B data  were  conducted  for 
a nominal  tip speed  of   900  ft/sec and  thrusts  of  7023  and  33,279 
lb.     The microphone   location  is  284  ft  from  the  rotor  axis and 
3.9  ft off  the ground.     The  recorded pressure  time  histories 
are   shown  in Figures   22   and   23  while their  spectrum?  are  shown 
in  Figures  24   and   25.     The  rotational   noise  sinnals displayed 
in  these pressure  time  histories and  spectrums  are  dominating 
the  noise signature.     The   noise minimum at   430  Hz   is caused  by 
ground  reflection,   which  also distorts  significantly the  shape 
of   the   analog  rotational   noise  signals. 



TABLF   IV. THlTPT CALCULATION  FOR  CH-4 7B 
ROTOR   (TIP  SPEED,   NOMINALLY 
8 04   fT/SEC;   THRUST,   12,167   LB) 

Radial 
Station 

(ft) 

Anqle of 
Attack 
(rad) 

Inflow 
Anqle 
(rad) 

Flow 
Velocity 
(ft/sec) 

5.75 0.062 0.122 155.3 

8.44 0.065 0.104 227.6 

11.14 0.065 0.090 299.8 

13.83 0.060 0.080 372.0 

16.53 0.053 0.073 444.3 

19.22 0.047 0.065 516.4 

21.92 0.041 0.057 588.5       j 

24.61 0.034 0.049 660.6 

27.31 0.028 0.041 732.6 

30.00 0.021 0.034 804.7 
1 

 1 



-**7" 

Predictions were carried out for the same microphone location, 
tio speed, and thrust values. The distributions of angles of 
attack, inflow angles, and flow velocities for these two Predic-
tions are listed in Tables V and VI. The predicted pressure time 
histories are shown in Figures 26 and 27, while their spectrums 
are shown in Fioures 28 and 29. Note that the predicted Pressure 
time histories are basicallv symmetrical about their mean lines, 
while the recorded pressure time histories ared:ist°^?d ^ J 
effects of ground reflection (Figures 22 and 23). With the mag 
nitude correction for qround reflection included, the v o r t® x 

noise levels of the predicted spectrums for these two cases are 
lower than the levels of the appropriate two experimental spec-
trums by about 4 or 5 dB. The rotational noise predictions are 
low by approximately 10 dB. Examination of the experimental 
spectrums reveals that the harmonic spikes are separatedbylS.C 
Hz for the run with 7023 lb thrust and by 14.9 Hz for the run 
with 33,279 lb thrust. Therefore, the rotational speeds for 
these two runs were really 312 rpm and 297 rpm instead of t® 
reported speed of 286 rpm. In order to determine the change in 
the noise generated, two rotational noise predictions were pre-
pared; the distributions of angle of attack, inflow ®nd 

flow velocity are listed in Tables VII and VIII for the rota-
tional speeds of 312 rpm and 297 rpm respectively. The resulting 
snectrums of the rotational noise are shown in Fibres 30 and 
3i. Again, the higher rotational speeds induce higher levels of 
rotational noise and reduce the drop-off rates wi-th frequency 
the spikes. These spectrums now compare quite well with the 
experimental spectrums when the magnitude correction: J £ e 31 
reflection is included (compare Fiaure 30 with 24 and Fi^re 31 
with 25). The rotational noise spikes in Figure 30 drop off 
more slowly than those of Figure 31, even though the latter 
plot was predicted for a much higher thrust. The thrust affects 
the magnitude level of the rotational noise spikes, but the tip 
speed affects both the magnitude level and the drop-off "te. 
The higher tip speed narrows the wave to a pulse-like structure, 
thereby creatina higher harmonics and reducing the drop off rate 
of the"harmonics. The higher rotational speeds should also 
increase the broadband noise levels of the two predicted signa-
tures so that they compare more favorably with the recorded 
broadband signatures. 

OH-IB IN HOVKR AMD FORWARD FLIGHT 

The next tests were conducted to evaluate the capability of the 
nroarar to oredict the rotor noise of a complete helicopter in 
hover and forward flight. The OH-IB helicopter was chosen for 
these credictior.s, as extensive, we] 1 documented noise data 
exists for this helicopter. These noise tests were reported in 
Peferences 11 anc! 3 and are known as the Wallops Island Tests. 
Some of this data was analyzed previously in Reference 3. For 
the test conditions under this program, however, different 
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TABLE V 
I 

.  THRUST CALCULATION FOP CH-47B 
ROTOR (TIP SPEFD, NOMINALLY 
900 FT/SEC; THRUST, 7,023 LB) 

Radial 
Station 

(ft) 

Anqle of 
Attack 
(rad) 

Inflow 
Anqle 
(rad) 

Flow 
Velocitv 
(ft/sec) 

5.75 0.045 0.102 173.1 

8.44 0.047 0.086 253.8 

11.14 0.045 0.073 334.5 

13.83 0.038 0.066 415.2 

16.53 0.032 0.057 495.8 

19.22 0.027 0.049 576.4 

21.92 0.021 0.040 656.9 

24.61 0.016 0.030 737.4 

27.31 0.011 0.022 818.0 

30.00 0.007 0.011 898.5 
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TABLE VI 

.                        | 

.  THRPPT CALCULATION FOR CH-47B 
ROTOR (TIP SPFED, NOMINALLY 
900 FT/SEC; THRUST, 33,279 LB) 

Radial 
Station 

(ft) 

Anqle of 
Attack 
(rad) 

Inflow 
Anole 
(rad) 

Flow 
Velocity 
(ft/sec) 

5.75 0.095 0.154 174.2 

8.44 0.102 0.132 255.1 

11.14 0.103 0.117 335.9 

13.83 0.099 0.107 416.7 

16.53 0.093 0.098 497,4 

19.22 0.087 0.089 578.0 

21.92 0.080 0.082 658.6 

24.61 0.073 C.075 739.2   | 

27.31 0.065 0.069 819.7 
j 

30.00 0.060 0.059 900.1 

1 

?2 



TABLF VII.  TIIRUFT CALCULATIDN FOR rH-47B 
ROTOR (TIP SPFFD, NOMINALLY 
980 FT/SEC; THRUST, 7,023 LB) 

Radial 
Station 

(ft) 

Anale of 

Attack 
(rad) 

In^lov 
Anale 
frad) 

Flow 
Velocity 
(ft/sec) 

5.75 0.043 i 

i 0.098 188.8 
I 

8.44 0.044 i 0.082 276.8 

11.14 0.041 
i 

i 
i 

0.071 364.9 

13.83 0.034 
i 
■ 

i 0.064 452.9 
1 

16.53 0.029 | 0.055 540.8 

19.22 0.024 0.045 628.7 

21.92 0.019 0.036 716.5 
1 

24.61 0.013 0.027 804.4 

27.31 0.009 
i 

0.017 892.3 

30.00 0.011 i 

1 

0.001 980.2 
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TABLE VIII.  THRUPT CALCULATION FOR CH-47B 
ROTOR (TIP SPEED, NOMINALLY 
933 FT/SEC; THRUST, 33,279 LB) 

Radial 
Station 

(ft) 

Anale of    Inflow 
Attack     Anale 
(rad)     (rad) 

Flow 
Velocity 
(ft/sec) 

5.75 0.091 0.151 180.8 

8.44 0.098 0.130 264.8 

11.14 0.099 0.155 348.7 

13.83 0.094 0.105 432.6 

16.53 0.089 0.096 516.4 

19.22 0.083 0.088 600.1 

21.92 0.076      0.080 683.8 

24.61 0.068      0.074 767.5 

27.31 0.061      0.067 851.1 

30.00 0.064      0.049 934.2 
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conditions were chosen than those analyzed oreviously. The arrav 
of microphone locations is shown in Figure 32, which is reproduced 
from Reference 3. The direction of flight is shown; the hover 
pcsiticr is nominally over microphone 13.  In Reference 3, the 
100-ft-hover acoustic records of microphones 4 and 6 were analyzed 
The acoustic oredictions conducted herein are for the data 
recorded at microphone 10 for 1-he 100-ft hover and the data re- 
corded at microphone 4 for the 122-knot flyby at 100 ft. 

Hover 

Spectrums of the experimentally recorded noise for the 100 ft- 
hover at microphones 4 and 10 are shown in Fiqures 33 and 34. 
The spectral analysis was undertaken on a Ubiquitous Analyzer 
by Boeing-Vertol. The bandwidth is 2 Hz over the frequency 
range of 0 to 1000 Hz. Comparison of these two fiaures reveals 
that ground reflection was effective over a wide frequency range 
and that the ground reflection minimums do not occur at the same 
frequency in the two plots.  Therefore, the two microphones are 
not equidistant from the helicopter as reported. For microphone 
4, the first minimum occurs at 105 Hz; while for microphone 10, 
the first minimum occurs at 125 Hz. This information can be used 
together with equation (25) to determine the helicopter position; 
the helicopter was actually positioned 20 ft to the right of the 
desired location and only 95 ft high.  Therefore, the helicopter 
hub of the main rotor is 220 ft from microphone 10 (180 ft from 
microphone 4) and 95 ft off the ground.  Figure 34 shows that 
the main rotor dominates the frequency region of 0 to 100 Hz 
(the main rotor blade passage is 10.8 Hz). The tail rotor blade 
passage is 5.108 times that of the main rotor, or 55.2 Hz.  The 
first harmonic of the tail rotor is not distinguishable from 
the fifth harmonic of the main rotor in Figure 34 since the band- 
width is only 2 Hz, The second harmonic o^ the tail rotor occurs 
in the frequency region of ground reflection cancellation and 
therefore cannot be seen. The third, fourth, fifth, and sixth 
harmonic of tail rotor are observed at 166, 221, 276, and 332 Hz 
respectively.  Hiqher harmonics are not discernible. The tail 
rotor noise is less important at microphone 4 than at microphone 
10; see Fioures 3 3 and 34. The reason for this difference is 
that at microphone 10 the lift- and drag-induced rotational 
noise are additive, while at microphone 4 the lift- and drag- 
induced noise are subtractive. 

Additional specifications supplied by the Army for the UH-1B 
are:  the main rotor has two blades with a radius of 22 ft and a 
chord of 21 in., the rotational speed is 324 rpm, and the thrust 
is 5200 lb.  The tail rotor also has two blades but with a radius 
of 4.3 ft and a chord of 8.4 in., the rotational speed is 16 56.8 
rpm, and the thrust is 330 lb in hover.  The distributions of 
angles of attack, inflow anqles, and flow velocities are listed 
in Tables IX and X. With the observer located at nicrophonc 10, 



TABLE IX .  THRUST CALCULATION FOR UH-lB MAIN 
ROTOR (TIP SPEED, NOMINALLY 
746 FT/SEC; THRUST, 5,200 LB)      1 

Radial 
Station 

(ft) 

Anqle of 
Attack 
(rad) 

Inflow 
Angle 
(rad) 

  

Flow 
Velocity 
(ft/sec)  ; 

0.0 0.227 0.0 0.0 

2.44 0.062 0.146 83.8      : 

4.89 0.075 0.114 166.9 

7.33 0.075 0.094 249.9 

9.78 0.070 0.079 332.8   ; 

12.22 0.062 0.068 415.6 

14.67 0.053 0.058 498.5   | 

17.11 0.042 0.050 581.3 

19.56 0.031 0.041 664.1 
| 

22.00 0.020 0.033 746.8    1 
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TABLE X 

  — ■ 

.  THRUS1 CALCULATION FOR UH-lB TAIL 
ROTOR (TIP SPEED, NOMINALLY 
746 FT/^FC; THRUST, 330 LB) 

Radial 
Station 

(ft) 

Anale of 
Attack 
(rad) 

i 

Inflow      Flow 
Anole     Velocity 
(rad)  |  (ft/sec)  | 

0.0 0.108 0.0          0.0 

0.47 0.015 0.094       82.3 

0.94 0.023 0.085      164.5 

1.42 0.029 0.079      246.6 

1.89 0.034 0.074 328.6 

2.36 0.038 0.070      410.7 

2.83 0.041 0.068      492.7 

3.31 0.042 0.066      574.8 

3.78 0.044 0.065      656.8 

4.25 0.044 0.064      738.9 
i 



the predicted oressure time historv anci soectrum were 
generated (Figures 35 and 36 respectively). With the 6-dB cor-
rection for ground reflection added to the predicted spectrum in 
the appropriate frequency ranges, the main rotor rotational noise 
spikes match the levels of the experimental main rotor spikes 
(see Figure 34). The vortex noise levels of the prediction also 
compare quite well with the experimental noise levels. The tail 
rotor rotational noise spikes of the prediction are much less 
than the levels shown in the experimental spectrum. 

It was believed that a possible reason for this difference in 
the tail rotor noise was the orientation of the helicopter with 
respect to the microphone. Physically, if the helicopter is 
oriented parallel to the flight path, the plane of the tail rotor 

inclined 68 to a line drawn from the observer to the tail 
r°5?r I?!?15*- If',however» the helicopter is yawed from the flight 
path, the inclination angle decreases and the change in angle 
results m an increase in number of harmonics and the level of 
each harmonic. To illustrate this effect, two tail rotor rota-
tional noise predictions were generated. The rotational speed, 
thrust, and distribution of angle of attack, inflow angle, and 
flow velocity are the same as those used in the prediction shown 
in Figures 35 and 36. The only parameter changed during the pre-
diction is the yaw of the helicopter, i.e., the orientation of 
ne tail rotor with respect to the observer. The first predic-
tion repeats rotor position used in generating the pre-
diction shown in Figures 35 and 36. That is, the tail rotor boom 
is over the flight path. The pressure time history is shown in 
Figure 37, and the spectrum is shown in Figure 38. Note that the 
pressure time history is almost a sine wave; hence, few high har-
monics exist in the spectrum. The second prediction was gener-
ated with the tail rotor boom yawed 60° to the right of the 
flight path. The pressure time history is shown in Figure 39, 
while the spectrum is shown in Figure 40. Note that the magni-
tude of the pressure oscillation has increased by a factor of 4 
and the wave form is distorted from that of a sine wave. The 
spectrum reflects these changes in that the harmonics content has 
increased as well as the magnitude of the spikes. Therefore, it 
is suspected that the difference in the measured and predicted 
spectrums is due to the helicopter's not holding position and ori-
entation during the hover tests. It is noted, however, that the 
tail rotor also operates in the environment of the main rotor, 
which induces irregularities in the tail rotor pressure field, 
and this effect could also contribute to the difference in the 
measured and predicted tail rotor signatures. 

Forward Flight 

The UH-xB forward flight data was recorded under the same test pro 
gran*, as the hover data. The microphone position was 200 ft to the 
right of the fliqht path (microphone 4 in Figure 32). The 
helicopter speed was 122 knots at a nominal altitude of 100 ft. 
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The spectrum of the experimental ncise was generated when the 
helicopter was 1160 ft upranqe (X = -1160 ft) and is shown in 
Figure 41. The positive X axis is in the direction of flight, 
the positive Z axis is directed up, and the positive v axis is 
toward microphone 10 (see Ficure 32). 

It has been shown that a noise spectrum of a moving helicopter is 
meaningful if the helicopter-observer orientation does not' chance 
significantly (see Reference 3) for the time oeriod required to' 
generate the spectrum. Since the length of the data record used 
to generate the spectrum was only 1 second and the helicopter 
! ^ 1 0 V a ! grange, the helicopter-observer orientation 
J ? ™ 9 6 "^nificantly and the spectrum presented in 
Figure 41 is meaningful. In Figure 41, note that the ground re-
flection minimum occurs at 590 Hz, which confirms the reported 

° f the helicopter (see equation (25)). The main rotor 
rotational noise is significant to 300 Hz, and the tail rotor 

n°tSe is si9nificant to 1400 Hz. The broadband noise 
becomes important beyond 1000 Hz. The noise prediction was 

thf- c°n*itions appropriate to the experimental 
predicted spectrum is shown in Figure 42. With 

the 6 dB correction for ground reflection added in the appropriate 
rfnges' th<r Predicted spectrum agrees with the experi-

= spectrum to within a few dB over the entire frequency range. 
thP p ! ™ n r u r are bandwidths. Particularly noticeable is 
mafn ^ agreement in the rotational noise levels of both 
d?oo-of? lt±r0J°rS- m a i n a n d t a i l r o t o r rotational noise drop off rates also are identical in the two plots. 

In order to demonstrate the changes in the noise pressure time 
history during the flyby, the following comparisons of the 
experimental and predicted pressure time histories at three 

helicopter locations during the flyby are shown. In 
addition, the main rotor noise is studied by seDarating the 
rotational noise from the vortex noise. Figures 43 and 44 are 
pressure time histories when the helicopter is at X = -1000 ft 

I fS ®xPefimental record taken from an oscillograph 
trace. Note the double peaks of the tail rotor rotational noise 
pressure pulses. These double peaks are caused by ground reflec-
tion? the separation distance between the double peaks increases 
as the helicopter approaches. The predicted pressure time 

in I - g U r ! 44 * Ifc i s n o t e d t^at "either the 
experimental nor predicted results show much evidence of vortex 

Periodically the main rotor rotational signature 
£ by the tan rotor due to the main rotcr-tail rotor 

phasing causec by the nonmteqral relationship in the rota-
tional speeds. 

^ tw° Plots repeat the format of the previous two, but for 
^ . a. X - -300 ft. Figure 45 is the experimental 

pressure time history. It can be seen that the separation ir. the 
ouble taix rotor peaks has increased from that which is evident 
at X 1000 ft. The predicted pressure time history is shown in 
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Figure 46.    The vortex noise is rlearly evident  in  both the 
experirrental  and predicted  results. 

The next  two plots are the pressure time histories when the heli- 
copter is at  X ■  0  ft.     Figures 47 and  48 are the experimental 
and predicted pressure time histories.     Note that  the tail  rotor 
noise is no longer visible  in either record and that  the main 
rotor vortex noise has become much more prominent.     The tail 
rotor noise disappears because the plane of  the tail  rotor has 
a  large inclination anqle with a  line drawn  from the observer 
to  the tail  rotor hub. 

In order to study the main rotor noise,   the tail  rotor noise was 
removed from the acoustic  siqnature plotted  in Figure 46.    The 
resulting plot shows the main rotor rotational and vortex noise 
at X ■ -500 ft;   see Figure  49.    The main rotor vortex noise at 
X  ■ -500 ft is shown in Figure 50 with a pressure magnitude scale 
three times that of the previous plot.    Note the essentially 
random signal modulated by the main rotor blade passage fre- 
quency.    The main rotor vortex noise at X *  0 ft is  plotted in 
Figure 51,  to the same scale,  and it can be seen that the broad- 
band pressure magnitudes have increased significantly from those 
shown in Figure 50. 

The predicted noise tapes  for the UH-1B flyby are realistic when 
compared to the experimental tapes.    The main rotor  and tail 
rotor rotational noise levels and  frequencies are accurately 
reproduced.    The main rotor,  tail rotor beating phenomenon is 
also evident   (tail rotor rotational speed  is  5.108  times the 
main rotor rotational speed).    The Doppler shift as  the helicopter 
flies r;ast the observer is  present in the predicted  tapes,  and 
the vortex noise sounds like the broadband  noise heard in the 
experimental tapes.    A subjective difference is observable, 
however, due to the fact  that the qround  reflection effects are 
not  in the prediction prooram,   thercbv causing a difference in 
the main rotor and tail  rotor rotational  noise signals when 
compared to the recorded  signals.    The ground-reflected siqnal 
alters not only the pressure magnitude but also the  frequency 
content of the perceived  sional and  thus  is important  in a 
subjective evaluation   (see Fiqures 43,   44,   45,  and  46). 

BOFING-VEPTOL   347   IN   HOVER   AND  FORWARD  FLIGHT 

The  next test  series was conducted  for  the  Boeinn-Vertol  347  in 
hover and  forward   fliaht.     The experimental  data used   in the 
followinq coroarisons were  Generated  by Boeinn  as a  noise reduc- 
tion demonstration.     The  tane records are AM,   and  consequently 
the  low-frequency noise  is   not accurately  reproduced.     Since  the 
recorded data were not   intended  for use in  research,   the doru- 
r.er.tation  is not  as  complete  as  'or  the data  collected  by 
Boeina-Vertol   on   the  vhirl   tower   for   the  rH-47n  rotor. 

iO 
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Hover 

The Boeing—Vertol 347 helicopter has a tandem—rotor configuration. 
Each rotor develops 17,250 lb thrust, has a tip speed of 740 
ft/sec, and has four blades with a radius of 30 ft. The chord 
is 25.25 in. and the twist is —9.13 den. The helicopter is 
hovering in ground effect, and the microphone is located 200 ft 
to the right of the helicopter. The experimental pressure time 
history is shown in Figure 52, and its spectrum is shown in 
Figure 53. Analysis of these two plots indicates that the 347 
helicopter has one rotor operatina in the concentrated vortex 
wake of the other rotor because one of the rotors is generating 
more noise than the other rotor. The time separation of the 
main pressure pulses observable in the pressure time history 
shows a 4/rev signal, yet ideally the signal would be expected 
to be 8/rev since the microphone is located equidistant from 
counterrotating rotors. The spectrum (Fiqure 53) also shows the 
blade passage frequency to be 4/rev rather than 8/rev. Also, the 
high number of harmonics of rotational noise indicates that the 
main source of noise is generated by a blade wake interaction. 
The noise qenerated by blade wake interaction is aggravated by 
the microphone position, as the microphone is located such that 
the advancing blades of both rotors relative to the observer are 
in the blade overlap region where the blade wake interaction 
occurs. A microphone position on the left side of the heli-
copter would reduce the significance of the blade wake inter-
action in relation to the total signature recorded. Without 
detailed information concerning the distribution of angle of 
attack, inflow angle, and flow velocity, the noise prediction 
program cannot predict this type of noise accurately. The pre-
dicted pressure time history of the 347 in hover is shown in 
Figure 54, and its spectrum is shown in Picture 55. Note that 
the predicted vortex noise levels compare quite well with the 
experimental levels; the predicted rotational noise, however, 
has much less harmonic content than the experimental record 
because the predicted noise does not have the blade vortex 
interaction induced noise included. An 8/rev signal is observ-
able in both the pressure time history and the spectrum. 

The blade vortex interaction effect on the noise signature can 
be demonstrated graphically. Two rotational noise predictions 
of the 347 were generated for the forward rotor. The first 
prediction was carried out for the uniform aziiruthal inflow used 
previously. The pressure time history is shown in Figure 56, 
and its spectrum is shown in Figure 57. The second prediction 
was carried out for the same inflow excect. that at one azimuthal 
position an inflow increase in the advancing blade reqion was 
artificially introduced. The resultinq pressure time history 
and spectrum are shown in Pictures 58 and 59. The radical chanqe 
in the pressure time histories is clearlv evident when Fiqures 
56 and 58 are compared. The inflow variation created by a blade 
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wake interaction causes a variation in anale of attack and there-
fore a change in blade station lift and drag. The variation in 
lift and draa causes a significant pressure pulse at the observer 
location. The spectrun of this distorted pressure tine history 
induced higher harmonic noise (see Figures 59 and 57) because 
of the narrow pulse-like structure. The spectrum shown in 
Figure 59 now may be compared to the experimental spectrum, 
Fiaure 53. Note the similarity in the fall-off rates even 
though the calculation performed has been onlv aualitative in 
nature. 

Forward Flight 

The Boeing-Vertol 347 noise data for forward flight was recorded 
200 ft to the left of the flight path. The helicopter had a 
velocity of 203 ft/sec and an altitude of 200 ft. The rotor 
rotational speed was 214 rom. The spectrum of the noise gener-
ated when the helicopter was 875 ft upranae is shown in Figure 
60. The spectrum was valid as long as the helicopter observer 
orientation did not change significantly during the record 
analyzed (see Reference 3). The ground reflection minimums 
occur at 230 and 690 Hz. The exDerimental SDectrum is dominated 
by broadband noise and the turbine noise around 1700 Hz. The 
rotational noise siqnal is not prevalent. The predicted flyby 
noise is shown in Figure 61. The predicted rotational and broad-
band noise levels compare auite well with the experimental levels 
(vortex noise was predicted only above 100 Hz). The predicted 
flyby acoustic tapes also compare favorably with the experimental 
tapes when the turbine noise in the experimental record is dis-
counted. The shift in frequency of the vortex modulated noise is 
noticeable in the tapes as the helicopter flies past the observer. 

The final noise predictions were carried out for the proposed 
heavy-lift helicopter configuration. The predictions were 
generated for the helicopter in hover at two different thrusts. 
The first thrust was chosen to be 120,000 lb, while the second 
thrust was set egual to 60,000 lb. The rotor configuration is 
tandem; each rotor has four blades with a radius of 4 5 ft. The 
rotational speed is 160 rpm and the chord is 42 in. The micro-
phone location is 200 ft to the riqht of the helicopter, 
equidistant from the two rotors. The helicoDter rotors are 100 
ft off the ground. The predicted pressure time history for 
120,000 lb thrust is shown in Figure 62, and its SDectrum is 
shown ir. Figure 63. The noise sicnature is dominated by vortex 
noise; rotational noise in this helicopter observer orientation 
is not siqr.ificant. The broadband noise level is significant 
considering that the spectrum shown in Fiaure 63 has a 1-Hz 

HLH IK HOVER FOR TWO SETS OF ROTOR PARAMETERS 



bandwidth. The noise prediction for 60,000 lb thrust is shown 
in Figure 64; its spectrum is shown in Figure 65.  Note that the 
vortex noise level has dropped almost 6 dB, or a factor of two. 
Ground reflection effects would alter the nature of the predicted 
signal.  In the predicted noise spectrum, the first freouency at 
which the reflected signal cancels the direct sianal would be 
123 Hz, the next freguency at which cancellation would occur is 
369 Hz, etc.  The freguency regions of the spectrum between 
these minimums would have noise energy magnitudes increased up 
to 6 dB depending on the reflection characteristics of the 
ground surface. Also, the blade vortex interaction problem of 
the 347 would apply to the HLH configuration and introduce high 
harmonics of rotational noise in the hover configuration, thereby 
adding significantly to the helicopter detectability. 
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CONCLUSIONS   AND  RECOMMENDATIONS 

This  program has  resulted  in  the  successful  development of   a 
design  tool  that  realistically predicts helicopter  rotor  noise. 
The  Hesiqn  tool has   the  capability  of evaluating  the  acoustic 
characteristics of  new untested  rotor designs  as well  as  evaluat- 
ing  the  effects of basic rotor design  changes on the  acoustic 
signature of existing  rotors.     The  computer design  tool  should 
find popular use in the Government  as well as  the helicopter  in- 
dustry  because  the predictions  are  accurate  and the  program  inputs 
are  just  the geometric and  aerodynamic parameters  of  the  helicop- 
ter rotor system.     One of the most   important  features of  this  tool 
is   that  only  a digital-to-analog  conversion  is  required  in order 
to evaluate the helicopter  noise  prediction subjectively. 

The   following specific  conclusions  were drawn: 

1. Ground reflection effects distort the radiated acoustic 
pressure-time history, and this  distortion is particularly 
important subjectively. 

2. The  variability of broadband  noise  from blade  passage  to 
blade  passage  in  a hover configuration  is  also  important  in 
subjective analysis. 

3. The program can predict  the noise resulting  from blade vortex 
interactions provided the proper aerodynamic information is 
supplied as input to the program. 

4. The parameterization of  the oscillatory  forces  accurately 
represents the broadband noise over the  range of parameters 
normally encountered in  specifying helicopter rotor  systems. 

To  improve  the subjective  application of this  program  the   follow- 
ing  recommendations  are made: 

1, Modify the prediction  program  to  include  the  effects  of  ground 
reflection. 

2. Modify  the prediction program   to introduce  the  variability  in 
rotor vortex noise  from blade  passage to blade  passage. 

It  is  also recommended  that  an effective demonstration of  the 
rotor noise prediction program's   capabilities be  conducted.     The 
ideal  vehicle  for this  demonstration  is the   recently  conducted 
quiet  helicopter program.     The  noise prediction program has  the 
capability ol   i.Lüdic:.inq  the  results of  the quiet  helicopter  pro- 
gram at  p.   fraction cf  the  cost.     The acceptance of  the noise ore- 
diction proqran would   a.1 low  the  scientific  consideration  and 
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subjective evaluation of rotor noise durinq the design stage 
instead of expensive "retro" tvpe eolutiens to or investiqatiens 
of rotor acoustic problems. 
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ZA 
(xty,i) •   modified tip path plant coordinot« 

tytttm 
U'.y', i')« helicopter coordinate tyttem 
(X,Y,Z) •-   6-2 coordinate tyttem 
(X,T,i)    ground coordinate tyttem 

ciFA > foward-aft flapping angle; rotation about y 
OLLA K lateral flapping angle; rotation about x 
9m * thaft angle; rotation about y 
^h > roll;rotation about x1 

OLh • pitch; rotation about y1 

ßh ■ yaw; rotation about i' 
v^i, ■ heading; rotation about z* 

Fiqure 1.    Coordinate Systems Used in the Analysis. 
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to rotation 

Figure 2. Blade Element Forces and Velocities. 
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1 

A Microphone location and direction during flyby 

Figure 32. Relative Positions of Microphones at 
Wallops Island Air Station. 
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