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1. INTRODUCTION

Growing concern over hellcopter external nolse levels has
recently prompted several countries to propose that ncise
1imits be placed upon the aircraft manufacturer.!®? The
increasing importance of noise control has placed new emphasls
on developing accurate hellcopter noise prediction procedures.
Most currently used noise pr. ‘iction techniques are semi-
empirical and thus cannot be reliably employed for designs that
are significantly different from present helicopter con-
figurations.

Recent methods developed for the prediction of helicopuer
noise are based wholly on fundamental acoustic principles.
This paper describes a study of the analysls developed by
Farassat and Nystrom", which requires detailed input specifi-
cations of the rotor characteristics, operating conditions, and
rotor blade surface pressure distribution.

A previous study analyzed certain conditions for the
CH-53A and S-76 helicopters. This present study uses
measured data for an AH-1G helicopter from the extensive
database the Operational Loads Survey (OLS).

The OLS was a comprehensive aerodynamic and structural
loads flight test program conducted by Bell Hellcopter Textron
under U. S. Army sponshorship during the period of Jur 1974
to April 1976. A heavily instrumented maln rotor was flight
tested through a wide range of operating conditions. One
objective of this investigation was to record the rotor's
aerodynamic environment and to record on the ground simul-
taneously acoustic time histories of the operation. To date,
analysis of the aerodynamic data recorded has been directed
toward describing such rotor aerodynamic behavior as retreating
blade stall, normal force variation and distribution angle of
attack variation, and blade/wake interaction.’

Six level flight flyovers ranging from 20 m/sec to 67 m/sec
were chosen for the study from the OLS database. Flights are
at a nominal altitude of 91 m (300 ft). The blade-loading
data were digitized and made available in one-degree increments
for computer processing. The data were reduced into C, and CN
(similar to Cp) values and plotted. A sample Cy three-
dimensional plot 1is shown in Fig. 1. From 30 to 50 revolutions
were provided tc represent each condition.
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These load data were then integrated into a Farassat/Nystrom
noise prediction computer program.3*®* Noise predictions based
on the measured blade lcads were compared to the measured noise.
An evaluation of predictions was made for several flight
veloclties and hellcopter locatlons. A noise prediction based
on theoretlcal blade loads was also made and compared to
the predictions based on the measured loads. Thls second
technique was used to determine if accurate hellicopter noise
predictions could be made using only theoretical quantities.

2. TEST EQUIPMENT*
2.1 Test Helicopter

The OLS program required complex instrumentation to be
mounted on a standard helicopter. All modifications were
made in low load or nonstructural areas to ensure that the [
basic structural integrity of the airframe was not compromised. :

The test heiicopter, a bailed U. S. Army AH-1G helicopter,
and instrumented main rotor are shown in Fig. 2 (the tail
rotor was not instrumented). In addition to the standard
equipment in the helicopter, the following items were installed:
1) A set of modified main rotor blades instrumented with
absolute pressure transducers; 2) a 28-track AR-728 tape
recorder, a stationary FM multiplex, and a telemetry (TM)
transmitter; 3) a rotating FM frequency-division multiplex
system mounted to the hub trunnion; 4) A nose boom mounted
forward of the ship for airspeed and fuselage attitude measure-
nent. Numerous other transducers included hot-wire sensors,
surface flow sensors and accelerometers mounted on the blades,
and accelerometers and microphones mounted on the fuselage.
Fuselage pitch attitude and hub flapping angles were used to
estimate the position of the maln rotor tip path plane.

2.2 Modified Main Rotor Blades

Two main rotor blades were modified as shown in Fig. 3, with
a 3.302-mm constant thickness fairings (gloves) bonded to the
upper and lower surfaces to provide a smooth, contoured,
accurate airfoil surface on which transducers could be mounted.

¥The section on test equipment was written by John Breiger
of Bell Helicopter Textron.
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The blade natural frequencles were kept simllar to the pro-
duction blade by removing a portion cf the midspan welght

and reducing the tip weight. Centrifugal force, mass balance,
and blade weight were maintained within design 1limits,

The glove consisted of stretch-formed alumlnum leading
edge strlps and thin fiberglass afterbody skins supported by a
Nomex honeycomb core. The panels and strips were omitted
at the five radial stations requiring instrumentation. The
Instrumentation was housed in 10-cm-wide rolled aluminum
sleeves that wrap around the blade at those stations. The
trailing edge was extended 3.8 cm beyond the original edge to
a thickness of 2.5 mm. The glove thickness and chord
extension resulted in a 0.4% increase in airfoil thickness
ratlo.

2.3 Blade Instrumentation

One blade contained 110 Kulite absolute pressure trans-
ducers to measure statlec }. "essures. They were on the upper
and lower surfaces from the leading edge to the trailing edge
at 4o, 60, 75, 86.4 and 95.5% radil. At a given station, the
chordwise distribution of transducers on the upper and lower
blade surfaces was the same. Pressure transducers were
concentrated at’ the outboard radlal statlons to record the
major pressure peaks and the 1mportant shock formations.

2.4 Acoustics Acquisition System

Microphones were both mounted on the helicopter and based
on the ground during much of the survey. This study uses only
that data taken using the ground microphones.

The ground-vased acoustic system inclucded threc tripod-
mounted B&K 1-1in. micorphones at standing ear level located
500 ft apart on a line perpendicular to the flight path. The
microphone data were recorded FM at 30 IPS giving a flat fre-
quency response from 0 to 10,000 Hz. The 1ll4-track AR-200
tape recorder also recorded azimuth and elevation signals from
a prototype optical ailrcraft tracker, a voice track, and a
telemetered ievel code signal from the alrcraft to correlate
aircraft time code with ground-based time code.
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3. VALIDATION OF PREDICTION TECHNIQUES
3.1 Acoustic Prediction Method

The nolse field may be deduced from both the shape and motion
of the rotor and from the azimuthal and radlal variations of the
aerodynamic loads. The relation between rotor conditions and the
nolse field 1s expressed as an integral over the blade surface
conditions, with account taken for both the motion between source
and cbserver and the finite sound propagation time acrcss the
rotor disk plane. The set of relatlons that generate the sound
field from the given rotor condition is termed "the acoust.c
calculation"?® and is embodied in the compute: program of Farassat
and Nystrom." This analysis is based on a soiution of the
Ffowes Williams-Hawkings equation and includes terms that account
for both the thickness and loading components of the rotational
nolse. Thickness nolse 1s due to the finite size of the rotor.
Loading nolse 1s due to the forces developed by the rotor. Load-
ing noise is further classified as steady and unsteady loading
noise, where unsteady loading noise 1s due to fluctuations in the
rotor forces.

There are two types of information necessary for the acous-
tic calculations: blade geometry and blade loads. The blade
geometry includes a description of the rotor shape and motion.
The shape description includes the number of bl-des, airfoil
section properties, blade chord and blade twist The motion
description includes the distance between source and observer,
forward velocity of the rotor hub, the rotor rotation rate, the
rotor attitude, and the azimurhal variation of the blade pitching
and flapping. This information is available from the previously
mentioned OLS database. In all cases, the mean experimental
values of the conditions are used.

Blade-1loading information 1s obtained from both measurement
and theory. The OLS base provides measured absolute pressure
data in both radial and chordwise distributions. Of special
importance acoustically is adequate pressure sensing on the
leading edge and near the blade tip. A computer program is used
to obtain the theoretical blade loading. Various methods are
avallable for calculating these loadings, including blade element
momentum analysls and vortex theories. The analysis chosen for
this study 1is one developed by Scully.!? This program assumes
section characteristics for the blade elements. The input in-
cludes the blade shape, rotor velocity, RPM, and desired thrust
coefficient. Calculations are carried out by altering the azi-
muthal variation of the blade root pitch until the desired thrust
coefficient 1s obtained.

Ve A Gt )RR THASEL M. Telk el P A Y e Y bt g S Rramlh e s erawm K er L



To calculate blade ..t s on a helicopter rotor, the
influence of the wake 1s of primary importance. Scully
provides the user wlth several optlons including wake deforma-
tion and alteration of the vortex core (bursting). He finds,
however, that the more complex models of the wake structure
yield no better results than those from a distribution of
vortices on a rigid helical surface. With this result in mind,
the simplest model for the aerodynamic calculation was chosen,
that of a rigid skewed helical vortex sheet. The 1lift per
unit radius 1s tabulated at 6 radial - .ations in 15-degree
increments. Uniform chordwise variat.on in 1lift 1s assumed.

Prior to presenting the results, one must include an
approximate correction for the influence of the ground because
all measurements were made with a microphone mounted 1.2 m
above a mowed grass surface., The ground influence is approxi-
mated by assuming that it 1s a boundary of infinite impedance,
i.e., 1t has a reflection coefficient of one. This 1s
difficult to prove as there are no measurements of ground
impedance in the 10-Hz range. {Note that the blade passing
frequency is 10.8 Hz.) However, Embleton's'! measurements
in the 100~Hz to 1-~kHz range indicate that the reflection
coefficient tends to one as the frequency 1is reduced to zero;
hence, the choice of R = 1.

The helicopter position Is identified by an angle relative
to the ground observer. At 0°, the hellcopter 1s approaching
from the horizon; at 90° 1t 1s overhead; at angles greater
than 90°, the helicopter is .ecedinyg from the observer.
Moreover, the helicopter's position when it emits the sound, 0,
is distinguished from its position when the sound is recelved,
¢. This distinction 1s necessary because the vehicle moves
during the time 1t takes for the sound to reach the observer.

3.2 Review of the Source Terms

To understand the computations, it 1is useful first to
review the baslic expressions for sound generatior from a
moving body. The simplest expressions are those :for sound
generation from a compact source. Though these expressions
are not used in the Farassat/Nystrom program, they have been
shown to be equivalent. ®?!2

Of particular interest 1s the relative influence of the
nugnitude of the loading and thickness source terms, L and V,
and the fluctuating geometrical arcangements between the source
and observer.



In the following discussion, the concept of a point force
source and point volume source 1s introduced. The first suc-
cessful prediction of rotor nolse was due to Gutin using an
expression for sound from a stationary point force.'?® Gutin
replaced the blade forces by a distribution of oscillating
forces in the propeller disk. He then used a solution for the
acoustic field of a stationary point force and the superposition
principle to calculate the harmonics of the propeller noise. A
similar model is used here to motivate the discussion of the
validation test. The rotor blade can be replaced by an array of
points where each point has the force and volume of the associated
section of the rotor blade. The time domain expression for the
pressure field due to these forces is given. For ~ny particular
location of the helicopter rctor and observer, reference to these
point force equations aids the nterpretation of the results.

Consider the farfield expression for the loading ncise from
a compact ~ource?

”~ ~ -‘
S FIT L W
£ Ny (1-m)%\e ot (1-M) \e ot

where pr is the acoustic pressure due to blade loads, r is the
distance between the source and cbserver, t is the time, T; is
the unit vector in the direction from source to observer, ii is
the force vector, Mj is the Mach number based on the source
velocity, Mpr = Mj * ri. Braces indicate the computation is done
at the retarded time.

The calculated pressure field depends on both the force,
Li, and the geometric relations between the source and observer
contained ir the terms: rji. Mp, and Mjy. For observations near
the disk plane, the calculation of the noise is dominated by
the time dependent fluctuations in the geometric parameters.
Here, the greatest effects are due to fluctuations in the term
(1-Mp), which appears in the denominator. Even a simple estimate
of the rotor forces yields a good noise prediction.

However, when the observer 1is on the rotor axis, where
the fluctuations in the geometric parameters are minimal, the
calculated pressure field is dominated by the unsteady loading
term, 9Li/3t. Hence, to calculate the noise accurately when
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the helicopter 1s overhead, a very accurate measure of the
blade loading 1s needed. Much of the discussion in the paper
concerns how accurate an input of rotor loads is needed for an
accurate prediction of the rotor noise.

A simllar expression can also be written for the thickness
noise of a compact source:*?

_ 1 3 1) 1
Py =V [ =T [1-‘Mr 3T (r(l—Mr5)” (2)

where p, 1s the acoustic pressure due to blade thickness, v is the
volume 6f the moving source, and p is the air density. When the
relative velocity between the source and observer is zero (Mp=0),
no nolse is emitted; hence, thickness noise is minimal for ob-
servations made on the rotor axis because the relative velocity
between the source and observed is approximately 2zero.

One asymmetry that appears in both the measured and
predicted noise is the asymmetry in disk plane observations.
In the Bell experiment, a disk plane observation occurs when
the helicopter is on the horiz-n. The asymmetry 1s determined
by whether the helicopter 1is approaching or receding from the
observer. This asymmetry 1is due to the forward motion of the
helicopter. 1In particular, it 1s due to the variation in M
the Mach number based on the relative velocity between the
blade element source and the observer. When the helicopter
approaches the observer, the maximum My occurs at the tip of the
advancing blade and is approximately equal to the sum of the
Mach numbers based on alr speed and tip speed. When the heli-
copter recedes from the observer, the maximum Mp occurs at the
tlp of the retreating blade and 1is approximately equal to the
difference between the Mach numbers based on air speed and tip
speed. Reference to Eqs. (1 and 2) shows that this asymmetry
in Mp results in an asymmetry in the maximum pressure for both
thickness and loading noise.

r?

L]

A word of caution is in order. The discontinuity of the
equations at M, = Z 1s an artifact due to the assumptlon of a
compact source. This discontinuity dlisappears when the finite
extent of the source 1s considered. Proper account of the
finite extent of the source 1s made in the Farassat/Nystrom
program.

10 4
it

B caseb et ot & it

e = PPN



A further caution is needed concerning the Farassat/Nystrom
acoustic program. In the acoustic program, the primary
reference line is the chord line. However, the Farassat/Nystrom
program permits the prograumer to use a simplified procedure,
which includes only forces that are perpendicular to the chord.
All forces that manifest themselves in the surface pressure
distribution can be included in the Farassat/Nystrom program,
even those that result in forces parallel <o the chord. In
this paper, only forces perpendicular to the chord ilne are
included so as to simplify the calculation procedure.  This
does allow a possibility for an avoidable error; when ri is
parallel to the chordline, the procedures used in this paper
give zero loading noise.

3.3 Loading Noise Calculations

The first acoustic computation deals with the details of
the experimental locads. The problem is to determine the best
value of experimental loads to use as an input into the acoustic
calculation. In particular, the problem is to determine
whether it is better to use an average of 50 cycles to describe
accurately the mean properties of the signal, or to use a
single cycle "snapshot" of the load field. Figure 4 shows
the predicted loading noise based on both the instantaneous
and average measured loads. (The effect of blade thickness on
the predicted noise signature is not shown in Fig. 4.) The
most important difference is the pressure spike on the
advancing blade. This spike is greater for the "snapshot"
of the blade loads. This difference is due to slight variations
in the locus of the blade vortex interaction. Though the
variation from one cycle to the next is small, the variation
between a single cycle and an average of many cycles 1is great
enough to affect the acoustie calculations. The effect of
small shifts in the azimuthal location of the pressure spike
1s such that the average pulse is somewhat smaller than the
instantaneous one. This difference reduces the caliculated
acoustical signal. Henceforth, the single cycle of load data
is used because it more accurately represents the height of
the blade vortex linteraction spike.

The next computation concerns detalls of the calculated
loads. The problem is to find out how accurate a description
of the load distributlon is necessary in order to make a
reasonable computation. The simplest load distribution
possible is to compute an average pressure drop,

AP = W/(B*C+R) , (3)

11
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where I* 1s the helicopter weight, B is the number of blades,

C is the rotor chord, and R is the span; i.e., AP is the

weight divided by the blade area. For comparison, the signa-
ture calculated from the theoretical load data and experimental
load is also given. Figure 5 shows the predicted loading

noise based on the three different representations of the blade
loads. )(Again, influence of blade thickness 1s not shown in
Fig. 5.

In Fig. 5, the computation 1s done at the 6 = 8.8° point
(i.e., the observer is almost in the disk plane). Here the
pressure signature from the simple uniform load model is
nearly the same as that from the vortex wake calculation of
the loads. The reason is that the fluctuating sound field 1is
due partly to the load fluctuations and partly to the motion
of the blade. Even a simple calculation of the load field
yields good results in the disk plane.

The most important feature that 1is not modeled correctly
by the uniform load assumption is the pressure spike at 30%
of the blade period. This spike depends on the detailed
character of the blade locads. It 1s due to an increase in the
blade load due to a blade vortex interaction. Reference to
Eq. (2) shows that this alters the calculated load noise by
increasing the steady load term Ly and also by introducing the
unsteady load term 3Lj/d8t. This pressure spike appears in the
predicted noise signature based on the experimental loads and
the loads calculated from Scully's vortex wake model (the
theoretical loads).

Figvve 5 also shows the similarities between the signature
calculs ed from the theoretlcal and measured loads. Both have
a pressure splke at approximately the same time. However,
the magnitude of thils spike is different. Thils discrepancy
becomes more critical- as the vehicle passes overhead. When
the vehicle is overhead, unsteady load fluctua::ions dominate
the noise signature from the main rotor. Hence, a more accurate
calculation of the loads is needed. A further example of this
error is indicated in Fig. 6.

In Fag. 6, the first harmonic level of the "loading noise"
is easl ulated at several observation angles for two blade load
inpu.s. In one case¢, the experimental loads are used; in the
o*ier case, the theoretical loads arz used. At shallow
« hservation angles, the two predictions agree. The predictions
agree because the noilse signature is strongly influenced by
b..ade motion. Overhead, the two predictions disagree. The

13
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source of this disagreement is the incorrect calculation of

the blade loads. Finally, as the helicopter recedes, the dis-
agreement persists. As the hellcopter recedes, the observer
moves closer to the disk plane where the blade motion has a
grezter influence on the loading noise. However, the increasing
influence of blade motion is not sufficient to overshadow the
discrepancy in blade loading when the hellcopter 1s receding.

To further explore the accuracy of noise predictions
usir g theoretical load data a number of calculations were made.
These calculations compare the calculated acoustic signature
based ol. measured blade loads to the signature based on
theor<tical loads. Details of these computations may be found
in Appendix A.

3.4 Narrowband Spectra

Figures 7 to 9 present the narrowband spectral analysis
of the data. These analyses were computed at BBN from coples
of the Bell acoustic data tapes. An analysis 1is perfor.ed
at each of three speeds: 20, 41 and 67 m/sec, at a shallow
observation angle. At 20 m/sec, the spectra at 6 x U45° is
also included as shown in Fig. 10.

On each plot, two angles are listed: ¢ gives the
helicopter location when the signal 1s received; 6 gives the
helicopter location when the sound 1s emitted. The trequency
domain of each spectra is from 0 to 200 Hz. The spectra are
computed by centering a 2-sec interval about the appropriate
point on the data tape and fast Fourier transforming the
segment. This implies a bandwidth of 1/2 Hz, which ylelds
approximately 20 frequency bins per blade passage period. This
procedure 1is necessary to avoid overlap between adjacent
harmonics. The procedure is quite adequate when the helicopter
is moving slowly and close to the horizon. However, as the
helicopter moves faster or approaches the overhead position,
the procedure is less accurate. The reason is that the
azimuthal location of the hellcopter changes by a large amount
in 2 sec under these conditions. In this study, the only
place where helicopter motion in a 2-sec interval 1s especilally
large is at the 6 ~ 90° overhead point.

Each of the predicted spectra in Figs. 7 to 9 uses the
measired blade loads and includes an approximate correction
for ground effect. Only comparisons using calculations on
measured blade loads are presented. The calculations based on
theoretical loads are inaccurate. Also, the measured data 1n

16
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Flg. 7 1s adjusted for a suspected error. Detalls of this
adjustment may be found in Appendix B. 1In all cases, the
prediction and measurements show good agreement. At 41 and 67
m/sec, the agreement is posslble because of the accurate calcula-
tlon of blade thickness noise. Except for the low order har-
monics blade loading is not important. At 20 m/sec, the agree-
ment 1s due to an accurate model of the blade loads. Aiso note
that the main i1otor dominates the noise signature at all observa-
tion angles. This observation is important because later
computations of the OASPL that 1gnore the contribution of the
tail rotor will be made. These computations are justified only
because the tail rotor nolse level 1s less than that oIf the

main rotor.

At the 6 = 45° angle, the results change scmewh 18 shown
in Fig. 10.

Theory and measurement agree at nearly all harmonics.
However, an interesting discrepancy 1s found around the ninth
harmonic (fx100 Hz). Here, the level is grossly underpredicted.
The reason is that the hard ground assumption implies almost
complete destructive interference near this frequency. It 1s
clear that such an effect 1is not observed.

Recall that the ground reflection coefficient is assumed
equal to 1. For reflection coefficients equal to 1, the
Fourler spectra are modulated by the following term

10 log [2 cos(% h sin®)]? . (4)

Here w 1s the angular frequency, ¢ 1s the sound speed, h 1s the
microphone height, and 6 1s the angle at which the sound is
emltted. Note the complete destructive interference occurs
when the cosine function equals zero, which corresponds to a
frequency of 98 Hz in Fig. 10. Com;lete destructive inter-
ference 1s never observed experimentally because of the random
phase shifts between the direct and reflected signal, which

are caused by fluctuations in the atmosphere, and also because
the reflection coefficient 1s not exactly 1.

Additional comparisons between measured and predicted

narrowband spectra are presented in Appendix B. Comparisons
of measured spectra are made to calculated spectra based on
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both measured and theoretlcal blade loads. Also, the prcihlems
assoclated with computing spectra irom a moving helicopte:
are reviewed in greater detall.

3.5 Flyover Noise Levels

Figures 1) to 13 glve the calculated r»ise level versus
observation angle at three vehicle speeds: 20, 41, and
67 m/sec. These speeds represent the lowest, middle, and
highest speeds avallable from the OLS database.? The measured
OASPL are computed from the acoustic data tapes contalning
the pressure time histories. The data tapes are divided into
1/2-sec !‘ncrerients, and then each data sample 1s reduced to
OASPL. The acoustic calculatlons are based on the measured
blade loads. The calculations are adjusted for the influence
of the ground. All calculations are plotted as a fuinctlon of
the angul-r location of the hellcopter.

One interesting feature 1s the shape of the curves. The
low-speed noise curve is approximately symmetric and reaches
its maximum when the helicopter is overhead, 6 = 90°. The
high-speed noise curve, however, is asymmetric with the peax
shifted to an earlier time  when the helicopter is approaching
the observer, 6 = 30°. This trend 1s also evident 1n the
calculated values.

The calculation shows that the asymmetry 1s due to the
increasing influence of the "thickness" noise contribution with
increasing hellcopter speed. The thickness nolise 1is greatest
when the .elicopter approaches the observer. As the hellcopter
passes overhead, the thickness nolse is minimal and does not
increase until the helicopter 1s receding toward the opposite
horizon. (See Figs. 14 to 16.)

The asymmetry in the thickness nolse is due to the varia-
tion in the speed at which the blade approaches the ohserver.
This asymmetry does not appear in the calculated loading noise.
The reason is that nolse due to unsteady force dominates the
loading n~ise when the vehicie is overhead. This unsteady noise
is due to the term 3Li/9t in Eq. (1). If the loading did not
depend on time, the loading noise would nave the same asym-
metrical dependence on observation angle as the thickness noise.
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Finally, as shown in Figs. 11 to 13, the nolse prediction
is best at low speeds and worst at high speeds. At high speeds
(Fig. 13), the calculated noise is smaller than the measured
noise. The discrepancy 1is greatest when the observer 1s near
the disk plane. This observation suggests a possibility for
improving the agreement. One could include the forces
parallel to the chord. Near the disk plane, the ray from source
to observer 1s approximately parallel to the blade chord.
Forces parallel to the chord are not considered in this paper.
Including these forces will lncrease the magnitude of the term
r; « Ly in Eq. (2) and thereby increase the calculated noise.

4. CONCLUSIONS

Accurate agreement between theoretical and measured
helicopter rotational noise 1s possible if the measured blade
loads are used in the computations. In particular, accurate
agreement 1s found when the helicopter is overhead. Overhead,
the helicopter is at a particularly difficult location for
noise precdiction because the noise field is determined primarily
by the unsteady loads. Accurate agreement here is possible
only because of the accurate blade load input.

Some discrepancy between the measured and predicted noise
is found at the highest helicopter velocity investigated
(67 m/sec). At this speed, the noise is underpredicted when
helicopter is approaching the observer. A possibility for
improving the prediction is to consider the influence of
forces parallel to the blade chord. The influence of these
forces is to increase the predicted noise and thereoy bring
the predictions into better agreement with theory.

An evaluation of helicopter noise predictions using
theoretical loads as the basis for the calculation is also made.
Accurate predictions based on theoretical loads are only
possible for a narrow set of observer locations. At these
observer locations, the predicted noise field is dominated by
the influence of blsde motion. When the helicopter is over-
head, accurate predictions based on theoretical blade loads are
not possible. To make better predictions, it 1s necessary to
model the blade loads more accurately than is possible with the
scheme used herein.
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APPENDIX A: COMPARISONS OF CALCULATED PRESSURE TIME
SIGNATURES BASED ON MEASURED AND THEORETICAL
BLADE LOADS

A set of computations was made to evaluate the accuracy
of acoustic signatures based on theoretical blade loads. These
computations compare the acoustic signature based on
theoretical loads to the signature based on measured loads.
All the measured blade loads are from a single rotation period.
This procedure is used to accurately represent the maximum
pressure that can occur due to sudden change in the blade loads.
All the theoretical loads are from Scully's model!® of the
blade response to a rigld skewed helical vortex sheet. A mcre
elaborate model is avallable, however, 1t is not much more
accurate than the model of rigid wake airloads.

Here the acoustic signatures for the "combined loading
noise" are presented. This 1s the loading noise which includes
both near and far fleld terms. Both helicopter position and
speed are considered. The test cases are detailed in Table Al.
These data are later used to compute noise spectra for
comparison to the measured spectra in Appendix B. Fach
position ¢ corresponds to a measured helicopter location as
deduced from the time code on the tape.

The figures are organized by the observation angle (¢).
For each observation angle data for 20, 41, and 67 m/sec is
presented. The loading noise is similar only when the heli-
copter is approaching an observer who 1s approximately in the
disk plane (¢ x~ 10°, Figs. Al to A3). At this observation angle
blade motion effects are more important than detalls of the
blade loads. For observations made at a slightly greater angle
to the disk plane the two calculations begin to disagree
(¢ ~ 17°, Figs. A4 to A6). This discrepancy increases at larger
observation angles (¢ =~ U45°, Figs. A7 to A9), and is most
pronounced when the helicopter is overhead (¢ ~ 90°, Figs. A10
to A12) and persists as the helicopter recedes from the observer
(6 =~ 140°, Figs. Al1l3 to A15). Thus, whenever the details of the
blade loading are more important than blade motion,calculations
based on theoretical loads are inaccurate.
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TABLE Al.

V (m/sec) 20 41 67
Approximate
Observation Angle
) 8 Fig. 0 Fig. G Fig.
~10° 8.6 | &1 8.60 | A2 8.05 | A2
17° 17.65 | AL 15.05 | A5 13.36 | A6
45° h2.49 | AT 40.06 | A8 36.99 | A9
90° 86.46 | A10 83.07 | A11 78.63 | A12
140° 137.51 | A13 139.85 | A1k 143.01 | A15
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FIG.Al. COMBINED LOADING NOISE CALCULATED FROM MEASURED AND THEORETICAL
BLADE LOADS V = 20 m/sec, 8 = 8.46°, ¢ =~ 10°.
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NASA-BBN HELICOPTER NOISE STUDY
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NASA-BBN HELICOPTER NOISE STUDY

COMBINED LORDING NOISE

o V=67 0= ©.05 DEGREES CILCULATED LGRDING
a V=87 0= B8.08 DEGREES EXPERINENTRL _ORDING

000 0.20 0..40 0.60 0.80 1.00
L ] (Y ]
o o
o >
B.- Pﬂ.
8 8
= =

n

= !

RS S

g:_t:' ; =)

o / ,,

>0 " e

2= Voo

i Y

o

O -
S Q
?—. - - ]

]

5 ! 5
o4 rQ
_I.\J N
3 T
0.00 1.00 '

0.20 0.40 0.60 0.80
TIME (FRACTION OF R PERIOD)
FIG. A3. COMBINED LOADING NOISE CALCULATED FROM MEASURED AND THEORETICAL
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NASA-BBN HELICOPTER NOISE STUDY
COMBINED LORDING NOISE

® V=20 6= 17.08 OCORCEE CALCULATES LORDING
A VEES Ox 17.06 OCOREES CXFERINENTAL LORDING
0.00 0.20 0.40 0.60 0.90 1.00
- |
- -
[ -} S
o 5
o -+
- e
w
=
a3 $
5 S
e s
7% e
w
W
[+ 4
3 ¢
& 5
(-3 (-]
o ©
& o
& &
‘0.00 . !

n.20 0.40 0.80 0.80
TIME (FRACTION OF A PERIOD]
FIG. A4. COMBINED LOADING NOISE CALCULATED FROM MEASURED AND THEORETICAL
BLADE LOADS V = 20 m/sec, 6 = 17.65°, ¢ = 17°.
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NASA-BBN HELICOPTER NOISE STUDY
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NASA-BBN HELICOPTER NOISE STUDY
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NASA-BBN HELICOPTER NOISE STUDY
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APPENDIX B: COMPARISONS OF MEASURED NARROWBAND SPECTRA TO
CALCULATIONS BASED ON MEASURED AND THEORETICAL
BLADE LOADS

Figure Bl to Bl2 present the narrowband spectral analysis
of the data. These analyses were computed at BBN from copiles
of the Bell acoustic data tapes. On each plot, two angles are
listed: ¢ gilves the helicopter location when the sound 1is
detected, 6 gives the helicopter location when the zound was
emitted. The figures are organized by the observation angle
¢ = 10°, 17°, 45°, and 90°, At each observation angle, data
for 20, 41, and 67 m/sec are presented. The frequency domain of
each spectra 1s from 0 to 200 Hz, with the sole exception of
Fig. B15 which has a domain of 0 to 1000 Hz.

The spectra are computed by centering a two-second interval
about the appropriate point on the data tape and fast Fouriler
transforming the segment. This implies a bandwidth of 1/2 Hz,
which ylelds approximately 20 frequency bins per blade passage
period. This procedure 1s necessary to avoid overlap between
adjacent harmcnics. It is adequate when the helicopter 1s
moving slow and close to the horizon. However, the procedure
is less accurate when the helicopter moves faster or approaches
the overhead position. The reason 1is that the azimuthal
location of the helicopter changes by a large amount in two
seconds under these conditions. In this study, the only place
where helicopter motion in a two-secnnd interval is especially
large 1s at the ¢ = 90° overhead point.

A better way to proceed 1s to select a time interval equal
to one Dorpler shifted blade passing perilod:

Dt = (1-M cose) -~ T ,

where 7 is the period in the hellicopter frame of reference. 1In
this fashion, the smallest possible time increment 1s selected.
In this study, T = 0.1 sec, hence the change in the angular
position of the vehicle is ncgligible. This procedure requires
a variable bandwidth analyzer which was unavallable at the time
of analysis. An alternate proucedure is to digitize the analog
data tapes and perform a similar analysls on the computer.
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One more note on the spectra is in order. For tue 20 m/sec
case for ¢ ¥ 10° and 17° (Figs. Bl and B4), a 6 dB error is be-
lieved to have been made in producing the spectira. Tals er.or
could have been made by neglecting to record the setiing of a
6 dB amplifier located betwee:n the tape deck and spectrum analyzer.
The error was discovered by logarithmica'ly adding the energy in
each harmonic and noticing that the total energy exceeding the
energy tabulated by Bell in an independent analysis. This error,
of course, could be checked by analyzins the data tapes once
agaln. Rather than incur this extra cost, alternate graphs are
presented which are belleved to be accurate, with the appropriate
reduction of 6 dB from the initial measurement.

On each of the spectra, three computations are presented:

+ spectra from calculated loads 1n a free field
(open squares)

» spectra froa measured loads in a fres fleld
(open circles)

spectra calculated loads including ground reflection
(closed circles).

The first comments concern the spectra from calculated
loads including ground effect; the best estimate of the sound
field. Components are organized first by observation angle
and then by velocity.

At the shallowest observation angle, ¢ x 10°, the spectra
is predicted well (Figs. Bl to B3). There is good agreement at
nearly all harmonics. At 20 m/sec, the calculated level per
harmonic decays more rapidly with increasing harmonic number than
at 41 and 67 m/sec in good agreement with the measured <i=~ta. At
L1 and 67 m/sec, the predictions are accurate at the high irder
harmonics, but inaccurate for the first few harmonics. Ore
possibillity for the error 1s the neglect of forces parallel to
the blade chord. These forces are most important when the
observation is made in the disk plane.

Similar observations are true at ¢ > 17° (Figs. B4 to B6).
The amplitude decrease with increasing frequency is more rapid
at 20 m/sec than at 41 or 67 m/sec. Again the theory predicted
this effect. At 20 m/sec, the theory 1s accurate at all
frequencies. At 41 and 67 m/sec, the theory is accurate at high
frequencies; at low frequencies predictions are lower than the
measured amplitudes.
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At ¢ = U5°, the results change (Figs. B7 to B9). The theory
predicts the observed amplitude accurately at all frequencies
except those frequencies approximately equal to 100 Hz. At
frequencies near 100 Hz, the hard ground assumption implies
nearly complete destructive interference (Fig. B10). This effect
is not observed. This is due, in part, to the incorrect repre-
sentation of the ground impedance. Also, the assumption that the
atmosphere 1is quiescent neglects the random phase shifts that are
caused by sound propagation through atmospheric fluctuation.

This fluctuation-induced pnase shifts between the reflected and
direct signal paths make complete destructive interference
impossible. Hence, the large discrepancy between measurement
ana theory at frequencles near 100 Hz.

When the helicopter is overhead, ¢ = 90°, the theory and
measurement disagree and the errors are not systematic {(Figs. B10
to B12). The discrepancy is due to an inaccurate measurement.
The source of the error in the measurement of the spectra is the
change in the location of the helicopter in the time it takes
to compute the spectra.

Figures Bl3 and Bl4 give the change in the azimuthal loca-
tion of the helicopter in a given time interval. In Fig. B13,
the time interval 1s 2 sec; which is the time interval used to
measure narrowband spectra with a bandwidth of 1/2 Hz. The only
time in which the changes in helicopter location is large is
when the helicopter 1s approximately overhead. As the helicopter
moves faster, the change in location gets larger. In Fig. B13,
the time interval is 1/2 sec; which is the time interval used
to measure the OASPL., For this time interval, the change in
location of the helicopter is small.

Our next comments concern the differences between the spectra
compted from the calculated loads and those computed from the
measured loads. The agreement 1s best at shallow observation
angles and high forward speeds, and worst when the helicopter
is overhead or when it moves slow.

There are two factors which influence the sound field:

* rotor geometry and motion
* blade loading.

The relative influence of these factors determine the -<orrela-
tion between acoustic predictions proceeding from theoretical and
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measured loads. When rotor geometry and motion predominate,

as they do at high forward speed and shallow observation angles,
the two predictions agree. When blade loading has the greatest
influence, as it does at low forward speed and observations near
the rotor axis, the two predictions disagree. The discrepancy
means that acoustical calculations using theoretical loads are
not accurate enough to predict flyover noise levels.

In Fig. B15, the relativ. influence of main rotor and tail
rotor is documented. Below 250 Hz, the main rotor dominates
the spectra. Between 250 and 750 Hz, the tail rotor dominates
the spectra. Above 750 Hz, no structure is seen. This observa-
tion is important because the tall rotor dominates the spectra
in the frequency range where the A-weighting procedure compensates
for the low harmonlc amplitudes. This means any helicopter
nolse prediction scheme for helicopter certification studies should
also include a detailed consideration of the tail rotor noise.

Note that the prediction of OASPL (Figs. 11 to 13) considers
only the influence of the main rotor. This procedure is accurate
because A-welghting is not used to evaluate OASPL. Inspection
of Figs. Bl to B1l2 and B15 reveals that the main rotor noise is
always greater than the tail rotor noise.

TABLE Bl
V(m/sec) 20 41 67
Approximate
Observation Angle

¢ ] Fig. ] Fig. ] Fig.
10° 8.46 Bl 8.80 B2 8.05 B3
17° 17.65 Bh4 15.05 BS 13.36 B6
45° 42.%9 BT 40.06 B8 36.99 B9
90° 86.46 B10 83.07 B1l {78.63 B12
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