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ABSTRACT

The theories, experiments and issues on helicopter rotor noise
are reviewed, The features of 12 existing vind tunnels involved in noise
studies are discussed. The acoustic characteristics of the MIT low noise
open jet wind tunnel have been obtained by eianloying two different calibra-
tion techaiques. One technique is to measure the decay of sound pressure
with distance in the far field. The other techninue is to utilize a speaker,
which was calibrated, as a sound source. Tne sound pressure level (SPL)
versus frequency was obtained in the wind tunnel chamber and compared with
the corresponding calibrated values. The results of two different techniques
agree with each other. Fiberglas board-block units were installeo on the
champoer interior. The free field was increased significantly after this
treatment and the chamber cut-off frequency was reduced to 160 Hz from the
original designed 250 Hz. The flow field characteristics of the rotor-
tunnel configuration were studied by using flow visualization techniques.
The influence of open-jet shear layer on the sound transmission were studied
by using an Aeolian tone #s the sound source. This influence is negligible
in our tunnel operation range. A dynamometer system which was designed to
m asure the steady and low harmonics of the rotor thrust was developed. A
theoretical Mach number scaling formula was developed which can be used to
scale the rotational noise and Dlade slap noise data of model rotors to full

scale helicopter rotors.
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I. INTRODUCTION

Inherent in the operation of VIOL systems is the generation of
noise due to unsteady aerodynamic events which occur as an unwanted conse-
quence of the product 1ift and thrust. There have been many studies of
helicopter noise and quieter vehicles have actually been built, but it is
fair to say that the principle noise reduction technique is to reduce the
rotor tip speed. One's ability to develop purely theoretical methods of
noise prediction and control is hampered by a lack of theoretical methods
for the prediction of unsteady aerodynamic forces on rotcrs -- especially
for those aerodynamic phenomena which are particularly important for noise
generation such as unsteady blade-vortex interaction.

While aerodynamic developments to nredict the higher harnonic
content of these unsteady aerodynamic forces on the blades may yet be
fruitful, at this time, it would not be profitable to attempt a purely theo-
retical analysis to predict VTOL noise. Existing ncise prediction methods
can be classed as semi-empirical. On the other hand, our ability to under-
stand, predict and control VTOL noise has been hampered by lack of experi-
mentai data on the aerodynamics and noise generation of a VIOL rotor in
forward flight -- until now, this data was available largely from flight

tests. 1

]Some acoustic data has been obtained in the hard-walled 40' x 80' tunnel
at Ames Research Center but due to tunnel noise and wall reflection, it is
difficult to interpret. (See for example, Ref., 1) It is, however, useful
to assess the effect of design chenges.
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Because of this situation, we began in 1969 to modify an existing
conventional low-speed w.nd tunrel at MIT to develop a V/STOL noise facility
consisting of an open jet tunnel operating within an anechoic chamber. This
facility began full operation ir Jecember, 1971, and has already been
successfully used in severz2l aerodynamic noise studies. Beginning in June,
1973, under the support of AAMRDL/NASA Contract NAS2-7684, further develop-
ment and calibration have been done to ensure accurate reproduction simul-
tareously of the essential features of both the aerodynamics and acoustics of
VIOL systems. A dynamometer system has been developed to measure the steady
thrust and some 1cw harmonics of it for the model rotor system. A Mach
number scaling formula has oeen derived for scaling the model rotor data to

the real helicopter rotor situation.

II. STATE OF THE ART

i) A Review of Helicopter Noise -- Theory, Experiments and Issues
Aerodynamic noise from main rotcrs is usually grouped into three

classifications: rotational noise, vortex noise, and blade s]ap_z’3

Rota-
tional noise can be defined as the noise a main rotor would produce in an
inviscid fluid, including all harmonic orders of unsteady potential flow
airloads. Vortex noise is often consilered to be the additional noise
radiated due to the turbulent flow on the blade sections and in the rotor
plane (boundary-layer separation, vortex shedding and the cperation of
airfoils in a turbulent wake). A more precise definition would identify
vortex noise as due to random vortex shedding from the airfoils and use the

more general term broadband noise to describe noise due to operation in a

turbulent inflow. We make this distinction here for reasons that will
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become apparent. Blade slap is a characteristic impulsive sound which is

produced when strong interaction occurs between a blade and a trailing
vortex or when a blade tip experiences strong compressibility effects.
Obviously, there is a smooth transition from rotational noise into the
blade-slap condition, but the distinction is usually made. When blade
slap occurs, it dominates all other noise sources.

There are several theoretical and experimental efforts4'9 to model
and predict the blade-slap phenomena which can be isolated as due to blade
vortex interaction or due to compressibility effects on the advancing blade.
In addition, several detailed experimental studies of the causes of vortex

noise on fixed airfoil sections have been r'eport:ed_m‘]2

Theoretical studies of rotor ncn'sew']7

begin by identifying the
primary cause of noise as the unsteady lift (and drag) fluctuations which
act cver the rotor disk. The purely theoretical approach breaks down for
we do not know the unsteady lift fluctuations nor do we ye. have any hope

of being able to predict them in the frequency range of interest for heli-

copter noise, typically above the 30th harmonic of the blade passage frequency.

At this point, most helicopter noise theories employ existing experimental
data to develop a semi-empirical prediction scheme. The development of
semi-empirical prediction metheds to predict ncise as a function of thrust,
number of blades, advance ratio, solidity, tilt angle of the rotor disk and
other parameters is hampered by our lack of experimental data over a wide
range of rotor geometry and operating conditions and our lack of understanding
about the aerodynamic details of the noise generation mechanisms.

The most complete data on rotor noise is currently obtained from

whirl tower tests which, of course, do not simulate high speed forward flight,
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Up to this time, the experimental data about the effect of forward speed
upon rotor noise on which current noise prediction methods are based is
obtained largely from flight tests. The difficulties in obtaining valid
noise data from flight tests which would add to our basic understanding of
rotor noise mechanisms are considerable. For example, background noise,
acoustic transmission, abscrption and reflection characteristics of the
test sight, and wind gusts make meaningful acoustic data difficult to obtain.
In addition, it is difficult to measure the aerodynamic events on the vehicle
simultaneously with the noise they radiate. The time varying character of
the signal in a fly-over makes interpretation of the signal difficult.
directivity information is seldom obtained. Even if mearingful acoustic data
on a known vehicle configuration and operating condition could be obtained,
the constraints of flight tests make the variation of parameters over a wide
range impossible. The range of RPM's over which the main rotor can be
tested is very limited. It is not possible to turn off either the tail
rotor or the engine to assess their effect separately and maintain a simula-
tion of powered flight. The expense of flight tests reduces our ability to
make design cha: _es and determine their effect on system performance and
radiated noise. If this situation existed in the design and operation of
flight vehicles, it would be analogous to being unable to measure the
aerodynamic characteristics of a vehicle until after it was built and flown;
the effect of all design modification would be studied directly by flight
tests on the full scale vehicle.

To obtain an understanding of the basic mechanisms of noise from
V/STOL configurations, simultaneous aerodynamic and acoustic measurements

in a controiled environment are essential. One obvious solution to these

e
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problems is proper simulation of the vehicle and the important aerodynamic
and acoustic interactions in a wind tunnel. Wind tunnel testing for perform-
ance and aerodynamic characteristics is a valuable and standard technique
in aircraft design. Wind tunnel simulation and proper measurement of acoustic
phenomena resulting from unsteady aerodynamic interaction is a more recent
development.

A question which has been repeatedly discussed at technical meetings
on helicopter noise and in the ]iterature]8 is the relative contributions of
vortex and rotational noise to the total noise of the rotor system in forward
flight. While this question can easily be answered with proper experiments
and data reduction techniques, it cannot easily be investigated using flight
test measurements cdue to the non-stationarity of the acoustic signal from
the helicopter as the vehicle flies past the microphone. Whirl towers give
no information about this question since they cannot simulate forward flight.
Such questions indicate a need for data from well-controlled experiments on
which to base theoretical models.

Under a previous ARQ program, we ran a preliminary set of experiments
on rotational noise to explore these questions as well as to define the
experimental techniques and to gain experience with the new model rotor
system. The results of this preliminary set of experiments were presented
in a paper, "Experimental Studies of Rotational Noise in Forward Flight," at
the AHS Mid-East Symposium,2] Essington, Pennsylvania, October, 1972, and
communicated in an oral presentaticn at the Acoustical Society Meetin926 in
Miami, Florida, December, 1972,

In these experiments, we were able to extract the repeated transient
waveform from the total signal, In addition, several interesting features

of the broadband noise were observed as will be discussed helow.

In that experiment, we used two blades on our model rotor with the
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angle of attack equal to 5° (at the tip). The rotor shaft was vertical or
tilted forward, and the blades were free to flap. Runs were made in hover,
and at tunnel speeds of 15, 30 and 40 mph. Spectra of the acoustic signal
were taken for both the total signal and the repeated transient signal
(rotational noise). The time waveform of these two signals were photographed
on an oscilloscope.

Several separate noise mechanisms were identified in that experi
mental investigation:

1. Lew harmonic unsteady loading

2. High harmonic rotational noise due to blade-vortex

interaction

3. Vortex noise

4. Broadband noise

The experimental results that we obtained in the hover condition
demonstrated *the difficulty of obtaining valid noise data in hover as con-
trasted with forward flight where we were abie to obtain meaningful (repeat-
able, understandable) data, It is well known that the aerodynamic flow
field of a rotor in hover is 1ifficult to predict analyticaily ard that,
in this condition, the rotor wake is very unsteady and actually unstab]e.]9

For the rotor in hover, a high broadband noise content would be
expected due to turbulence and unsteadiness in the wake. Also, in the
experimental situation, high broadband noise would be caused by reingestion
due to the proximity of the floor and walls of the test section. This high
level of broadband noise was clearly visible in all of the hover spectra,

With forward speed, the level dropped significantly,
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For the rotor in forward flight, one of the most striking features

of the transient signals was the repeated occurrence of an impulsive noise,
most likely due to blade-vortex interaction. Whenever a strong impulsive
signature was obtained, the higher harmonic content of the total signal was
determined by the higher harmonic content of the rotational noise spectrum.

In these cases, the reduction of helicopter noise requires an understanding,
modeling and control of the discrete unsteady aerodynamic interactions which,
as indicated by the transient signal, occur at various azimuth locations around
the rotor disk. In other cases, the broadband noise determined the levels

in this range of frequencies.

In general, our results showed that with increasing tilt of the
rotor disk, the higher-harmonic content of the rotational noise spectrum
decreased, most likely due to the fact that there is less interaction between
the blades and the vortex wake as the disk is tilted forward.

The rotational noise at the low harmonics of the blade-passage
frequency was the same for both total and averaged signal indicating strong
repeatabiiity of the signal from each blesde nassage in forward flight as
contrasted to hover. As woula be expected, the level of the low harmonics
increased with increasing forward speed due to an increasing asymmetry and
unsteadiness in loading.

A distinctive feature of the broadband noise (we call it vertex
noise) was the peak due to laminar vortex shedding near the blade tin (with
perhaps some complications due to the three-dimensional nature of the flow
near the tip). This peak increiased, not entirely monotonically, with in-

creasing forward speed and shifted slightly to higher frequencies.
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The details of the unsteady aerodynamic mechanisms of the observed
broadband noise generation in forward flight at somewhat lower frequencies
are not completely understood. An examination of the total time wavefr=:
of the acoustic signals revealed "bursts" of broadband fluctuations . .ich
repeat at the same location of each blade passage. This may be due to local
stall caused by a rapid change of inflow conditions with azimuth, or to
stall on the retreating-blade side. With increasing tilt of the rotor disk
tforward, the mid-range broadband noise de:reases somewhat although the
effect is not as pronounced as for the rotational noise. Again, the cause
is Tikely to be less interaction of the blades with the unsteady wake. The
"vortex" noise peak is no’ significantly affected by rotor disk tilt.

Although the results of this study raise many questions that
cannot be answered presently, we believe that these preliminary resuits
demonstrate the utility of the experimental techniques to interpret and

diagnose many of the aerodynamic mechanisms responsible for rotor noise.

ii) Review of Some Existing Facilities for Noise Studies

There exists several wind tunnel facilities which can be exploited
in noise studies. Some are designed specifically for noise stidy, others are
converted from conventional tunnels, and others are ¢c~'y conventional tunne.s.
The top speed, size, background noise and cut-off frequency are all different.
A brief review on these facilities is outlined as follows:
(1) MIT Acoustics and Vibration Laboratory Anechoic Wind Tunnel

The facility is designed spacifically for acouscic studies. It
has an open circuit with an open/closed test section. The upstream settling

chamber has a honeycomb section and several sets of screens. The test section
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is 15" x 15" in dimension. The turbulence level in the test section is iow.
The top speed is 180 fps. The SPL of background noise is less than 85 db
at frequencies above 200 Hz with 150 fps wind speed. The cut-off frequency
is about 500 Hz.

(2) NSRDC Anechoic Wind Tunnel

This test facility is designed for experiments on nc.se. The
test section is 8' x 8'. It has a closed circuit with an open test section.
The test section is enclosed within an anecho®. chamber. It can aiso be
cnerated in a closed test section made with the walls acoustically treated.
The maximum speed is 200 fps. The background noise SPL (1 Hz bandwidth)
is less than 62 db below about 400 Hz and less than 35 db at 10 KHz at

200 fps top speed.

(3) BBN Anechoic Wind Tunnels
There are two acoustic wind tunnels at Bolt Beranek and Newma:

Inc. (BBN).

a) High speed wind tunnel
There are two nozzles available for this open-jet tunnel; 4' x 4' nozzle
and 28" x 40" nozzle. The top speed of the free jet for the large and
the small nozzle is 140 fps and 240 fps, respectively. It may operate
in a closed loop or open in return flow path. The length of the test
section is 30 feet. The overall SPL of background noise is 80 db at
140 fps for large jet and over 90 db at 240 fps for small jet. Inter-
changeable acoustic modes (anechoic or reverberant) are available. The
walls and floor of the anechoic chamber are covered with 2 inch foam with
cavities on the back. The cut-off frequency of this facility is under

investigation presently.
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b) Low speed wind tunnel

There are two open test sections available; a 16" x 16" cross section
and 18 inch diameter round section. It has an open circuit with a 120
fps top speed. This facility has an acoustically treated inlet and
outlet and a plywood chamber with cotton batting. The chamber cut-off

frequency is 180 Hz,

(4) United Aircraft Acoustic Research Tunnel
Two open test sections are available; one with a circular nozzle --
exit area 10 ft.2 and 9 to 1 contraction ratio, the other one with square

2 and 17 to 1 contraction ratio. The tunnel is

nozzle -- exit area 4.5 ft.
of the open circuit type with a honeycomb section and several screens with
vortex generators fitted around the nozzle periphery. The top speed is 690

fps. The chamber cut-off frequency is 250 Hz.

(5) MIT Department of Aeronautics and Astronautics Wi.ad Tunnel
This wind tunnel is of the closed return type and originally had
5" x 7 1/2' test section. It was converted to operate as an open-jet

20 Thz test section is enclosed within a vibration-isolated anechoic

tunnel.
chamber. Fiberglas wedges nave been installed at the tw~ vertical walls of
turning and return sections. The turning vanes were also acoustically treated.

Further development on this facility will be discussed in the next sectiorn.

(6) Pennsylvania State Department of Aerospace Engineering Tunnel

It is of the closed circuit type. The test section can be changed
from open type to closed type or vice-versa. The top speed is 150 fps.
The 4' x 5' test section is enclosed in an anechoic chamber. The endwalls

are acoustically treated.
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(77 RAE Low-Speed Wind Tunnel (England)

This facility has an open-jet test section with circular nozzle
of 24 feet diameter which has spoilers fitted around its periphery. It is
of closed return circuit type and 165 fps is the top speed. The test
section is enclosed in an acoustically treated chamber. The background

noise is between 105 c¢b and 80 4db at frequency below 600 4z at 120 fos. Tae

chamber cut-off frequency is 2 Khz.

(8) DFVLR Subsonic Wind Tunnel {Germany)

This tunnel has an cpen-jet test section with a rectangular nozzle
of area 75 ft.2 It is of the closed circuit type and 260 fps is the top
speed. The first diffuser and corner (upstream c“ the van) are acousticaily

treated and are also fitted with a sound-absorbing splitter. The background

noise SPL is 100 dbA at 260 fps.

(9) AAMRDL (Ames) Wind Tunnel

It is of the closed circuit type. The open test section is 7' x
10'. Ail walls, except the far wall of the anechoic chamber, are covered
with Scot felt 10' x 3' x 2' panels which are made of high density foam. Mo
acoustic calibration has been done at present. In recent blade-slap studies,
it was observed that the first reflection from the wall occurred at about 10 db
iower than the incidence waves. It is believed that tne anechoic treatment
absorbs most of the high frequency components of the incidence sound. This

facility is adequate for blade-slap study.

(10) NASA Largley Wind Tunnel
This tunnel is not in full operation 2t present. The full calibra-

tions are expected to be finished in 5 to 6 wonths. It has a closed circuit

DIV
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with an open test section. There are two vertical open jet test sections
avaiizhle: a 4 ft. diameter round jet with a 125 fps top speed and a 1' x 2'
rectangulsr cross section jet with a top speed of 210 fps. The horizontal
test section is also ava‘lable. The length of test section is 35 feet. The
acoustic treatment of the anechoic chamber around the test section consists
of 3 foot wedges. The cut-off frequency cf the anechoicallv-treated test

section is designed to be 100 Hz. The actual value is not yei determined.

(Y1) NASA Ames 40' x 82' Wind Tunnel

This is the world's largest subsonic wind tunrel. It is of the
closed circuit type and it has a closed test section wita a 340 fps topn
speed. Thic facility is acoustically untreated and requires correction for
reverberation effects. The background noise SPL at 170 fos is less than 100

db at frequencies above 300 Hz.

(12) ONERA Large Subsonic/Sonic Wind Tunnel {France)
This tunnel has a closed circular test section of 26 feet diameter
and a closed return section. The maxiium wind speed is 1.02 Mach number.
The background noise inside the settling chamber of 80 inches diameter is
100 db, at low frequencies falling to 80 db at 2 KHz at a test section speed
of about 330 fps.
The fac*1ities (11) and (12) are mainly for aerodynamic studies,
but scme noise studies have been conducted in these facilities. The reverbera-

tion effects are severe in most cases. Some corrections are usuaily necessary.
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I11. Determination of the Acoustic and Flow Characteristics of the FDL, MIT
Wind Tunnel

A photograph of the model rotor in the open-jet test section is
shown in Fig. 1. The dimensions of the test section are 5' x 7 1/2'; the
top speed is 75 mph. The open-jet test section runs through an anechoic
chamber of dimensions 24' x 12' x 12'. Modifications to the tunnel include
mufflers to quiet the tunnel fan in the frequency range of interest.20 The
background noise in the test section measured with the tunnel running at top
speed at severa: stages during the modification is shown in Fig. 2. The lowest
curve, obtained with additional fiberglas block treatment in the anechoic
chamber, is the present background noise.

For studies of aerodynamic noise, there are several advantages to
a large open jet operating within an anechoic chamber as compared with a
conventional hard-walled wind tunnel. Noise measurements can be made in
th2 low-velocity region beyond the jet which reduces the problem of micro-
phone “self-generated"” wind noise. The absence of wall reflection in the
anechoic environment makes possible detailed studies of the direct.,vity of
the sound field. This, combined with the ability to simulate the aerodynamics
of the rotor in forward flight, makes it possible to nbtain the directivity
of rotor noise as a function of flight conditions.

There are also several disadvantages to ¢ apen-jet tunnel. Although,
on balance, we believe that these effects are aot a prcblem in our facility,
this would have to be verified in tre course of the current develooment.

The presence of the turbulent shear layer at the edge of the jet can give
rise to several problems. One is basic instability of the tunnel flow itself;

in our tunnel, the jet was stabilized by means »f a slotted cowl. The exact
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suppression mechanism and the local flow pattern around the cowl were under
investigation in the current program. Another problem is that the floor of

the background noise is set by noise radiated from the free-jet shear layer;

at our tunnel Mach numbers, this noise floor should be quite low. The presence
of turbulence and non-uniform flow near the jet boundary will scatter and
refract the sound field from a source in the free stream. This effect has

heen studied by using an Aeolian tone as the sound source.

i) Acoustic Measurements

The acoustic characteristics of the anechoic chamber of the FDL,
MIT low noice open jet wind tunnel have been obtained. Two different tech-
niques of calibration were employed and the results were compared.

The first technique is to measure the decay of sound pressure
with distance in far field. If the free field conditions are obtained, the
level of acoustic field decays 6 db per doubling distance. Any 2flections
from surfaces would be shown up as departures from "free field“.

Both white noise and pulsed signals were used in utilizing the
omni-directional speaker. The white noise source was usea to measure the
decay of the sound field in narrow frequency bands in all directions away
from the source. The pulsed signals were uscd to identify any reflecting
surfaces by means of time-until-any-return-pulse measurements. The compari-
son of the results of the white noise testing with the results of the pulsed
signal testing can be used to substantiate each other. Of particular interast
are reflections from interior tunnel walls since these are more difficult
to treat. The speaker was mounted at five different locations; one at the
rotor shaft tip and the other four at the end of the blade tip of our model

rotor with the rotor blade at 0°, 90°, 180°, 270° azimuth positions measured
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from aft of the centerline in the tunnel. The microphone was mounted at a

sufficient number of locations to adequately map out the acoustical properties
of the open tunnel. The test configuration and instrumentation set-up are
shown “n Fig. 3 and 4. Some typical results of the white noise testing are
shown in Figs. 5 and 9. The abscissa h is the distance between the speaker
and nicrophone. Some typical pulise-testing results are shown in Fig. 10.

The horizontal scale is time axis, each grid represents 2 milliseconds. The
vetical scale is the voltage axis. The lower trace is the pulse input to

the speaker and the upper trace is the signal received by the microphone.

The first spike is the incoming pulse signal. The time taken by the reflected
signal to reach the microphone can be calculated and marked, as an arrow under
each picture.

The other technique for calibrating the chamber of the wind tunnel
was to utilize the speaker, which was calibrated in another anechoic chamber
with known characteristics, as a sound source. The sound pressure versus
fre iency as then obtained in the wind tunnel chamber and compared with the
corresponding calibrated values at chosen azimuths, elevations and distances.
The anechoic chamber in the Department of Electrical Engineering, MIT, was
used as a reference for this test. A1l surfaces of that anechoic chamber
are .r<ated with acoustic fiberglas wedges with a depth of approximately three
f..t. A wire mesh suspension was provided for access to the chamber, permit-
ting the floor to be similarly treated. The background noise of that chamber
was observed to be extremeiy low. The measure noise total SPL was 48 db.

The hickcst SPL in the noise spectrum was 43 db at about 25 Hz.
The acoustic characteristics of the Department of Electrical

Engineering, MIT, (EE) anechoic chamber were obtained by the white noise



a4

20

testing technique. The results are shown in Fig. 11. At distances greater
than 2 ft. from the edge of the fiberglas wedge, the acoustic data are seen
to be reverberation-free. The microphone was mounted at various positions
a‘ng a line normal to the surface of the speaker and through its center.
The nearest microphone location was 2 feet from the plane of the speaker.
Traces of SPL vs frequency were obtained at 10 microphone locations.
Measurements of SPL vs freguency ware then made in the chamber of the wind
tunnel at various azimuths. elevations and distances, and were ccmpared with
those obtained ‘n the EE arechoic chamber. Typical examples of the test
results above 250 Hz ar. shcwit in Figs. 12 and 13. We not that the results
shown in Fig. 12 are favorable and those shown in Fig. 13 are not favorable.
The results of the comparison for various positions are shown in Fig. 14.
The coordinates used are shown in Fig. 15. The circle under the r column
means near perfect agreement was obtained above 250 Hz at that microphone
location. The cross means the agreement is not good above 250 Hz.

Before the extensive anechoic treatment, the regions in the FDL,
MIT facility suitable for testing for the frcquency ranges above 250 Hz were
as shown in Figs. 16, 17 and 18. From these results, we know that the reflec-
tion-free space in our chamber was limited and that further anechoic treatment
was required. Various modifications have been made to improve the anechoic
property of the surface. The most effective one is the fiberglas board-block
combination known as Cremer's techm’que.25 This combination consists of
two layers of fiberglas board, one layer of large fiberglas blocks and one
layer of small blocks. The anechoic chamber was covered with these fiberglas
block units. Each unit consists of two 2' x 4' x 2", 3 1b. #1000 spun alass

boards, on top of which one layer of 4" x 4" x 3" ultra-acoustic blocks and
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an¢ thereon one layer of 2" x 2" x 3" blocks have been glued. Each unit was
wrapped with a suitable non-flammable cloth (for health and safety reasons)
and was attached to the chamber ceiling, walls and floor. A total of 70 units
have been made and installed. Fig. 19 shows the anechoic chamber after this
treatment. The treated areas are shown in Figs. 20, 21 and 22. The anechoic
property of ine chamber after treatment is shown in iigs. 23 to 27. We can
see that the free field extends to a much larger region than that before the
treatment. The three-dimensional view of the free field is shown in Figs. 28,
29 and 30. The accurate acoustic measurement in the chamber is thus ensured
free of the reflections from the chamber surface. The lowest frequency above
which the free field condition is obtained is reduced from the designed 250 Hz
down to 160 Hz. The fiberglas block units oroved to be very effective for

the anechoic treatment of the FDL, MIT tunnel.

ii) Flow Visualization in the Anechoic Chamber

The flow field of FDL, MIT's 5' x 7 1/2' open jet wind tunnel was
studied by applying flow visualization techniques. A smoke probe was posi-
tioned at various locations to make an extensive survey of the flow field
at a 15 mph tunnel speed. The survey at other velocities shcwed the same
general flow pattern. The flow pattern observed is sketched in Figs. 31 and
32. The main jet flow is uniform and steady. As shown, the flow between
the shear layer and ceiling is essentially one large eddy and two small ones.
Near the floor, an eddy exists in front of the fiberqglas box and one behind
it. About half of the flow impinging on the cow! spilled out. The spilled
flow adjacent to the cowl circulates to the back of it and is sucked into the
diffuser section tkrough the slot between the cowl and the inlet of the

diffuser section.

-
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About 2/3 of the flo' above the top part of the cowl tends to

circulate towards the right (looking upstream) and then into the cowl slot.
About 1/3 of the flow tends {not as strona) to circulate towards the left

arc eventually into the slot. As shown in Fias. 31 and 32, the flow close

toc the left part of the cowl tends to circulate ana flows into the slot. The
fiye further from the cowl circulates as a “7a eddy and back into the main
Jjet flow,

The cowl is basically a rectangular ring with a half circle cross
section. Three layers of material are used in constructing it. The facing
material is 18 x 16 (number of wires per square inch) anodized aluminum window
screen. A layer of felt is in back of the window screen. Behind the felt,

1 x 1 mesh wires were used as shape supporting material.

Based on this smoke studs, it is believed that the sucking effect
of the cowl slot tends to release the local pressure generated around the
cowl which cuts the pressure reinforcement cycle and in turn the instability
of the tunnel flow. The porous surface with felt as backing material of the
cowl is effective in avoiding edge tone. The disturbance which is generated
at the nozzle tip reaches the porous cowl and is randomized and attenuated.
Consequently, the feed back loop cannot be closed and the edge tone is

avoided.

iii) Flow Reingestion Considerations

Because of the finite size of the wind tunnel, reingestion is always
a problem in hover or at low forward flight speeds. This problem also exists
for a hard-walled tunnel, but the actual details and the conditions for which

it will occur are, in general, different. It is possible that certain
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modifications will postpone problems of reingestion in an open-jet tunnel
(for example, a diffuser system mounted on the floor or a cloth curtain
mounted somewhere between the rotor plan and the floor.) This problem may
be investigated using flow visualization to identify operating conditions
for which the wake is smoothly convected into the diffuser. As an example,
we used this technique to study reingestion problems with our two-bladed
rotor at a tip angle of attack of %°. Under these conditions, we found
that there was a minimum advance ratio below which the reingestion could
occur and meaningful experimental results might be difficult to obtain.
Some typical examples of smoke pictures are shown in Fig. 33. The wake of
the rotor was washed into the cowl for advance ratio larger than .057.

The configurations of 3, 4, 6, 8-blar . rotor were also studied.
The blade tip angle of attack of each blade was set to be 5°., The effect
of rotor blade number on the minimum advance ratio without reingestion is
shown in Fig. 34. The shaft was tilted forward 5° and 10° for a 2 and 4
bladed rotor, respectively. Fig. 35 shows the effect of shaft tilt angle
on the minimum advance ratio without reingestion. Therefore, for each rotor
configuration above the minimum advance ratio, reingestion did not interfere
with the proper simulation of the rotor flow field. The rotor's wake angle
relative to the free stream velocity can be approximated by the expression

2
Ct/u .

Fig. 36 shows the wake angle vs advance ratio. Fig. 37 shows the
wake angle vs the minimum advance ratio without reingestion for different
number of blades.

The flow through the rotor disk was studied using flow visualiza-

tion techniques for various rotor configurations. Some interesting vortex

systems can be seen in the pictures taken. For example, Fig. 38 shows the
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flow of a 2-bladed rotor of 5° blade tip setting for different shaft tilt

anqles. The vortex system is more distinct for increasing shaft tilt angle.
Thic is because of the greater vortex strength and less dissipation due to
less blade-vortex interaction for the larger shaft tilt angle used in these
studies. This may explain why the higher harmonic content of the rotational
noise spectrum decreases as the disk is tilted forward.Z] The helix vortex
system at different stages after its shedding from the rotor blade can be

clearly seen in these pictures, especially in the third picture of rFig. 38.

iv) Shear Layer Effect on Transmitting Sound

The presence of turbulence and non-uniform flow near the jet boundary
will scatter and refract the sound field from a source in the free stream.
This effect has been studied by using Aeolian tones as the sound source.
Three cylinders of diameter 0.375, 0.18, and 0.09 inches were suspended hori-
zontally in the middle plane of the wind tunnel test section to generate pure
tones of frequency 550 Hz, 1.1 kHz and 2.3 kHz, respectively, at 50 mph tunnel
speed. A 1/2 inch B & K condenser microphone was mounted on a frame and at
a distance of 56 inches from the cylinders. The microphone along with the
frame transverses an arc in the middle vertical plane. The measured results
in comparison'with the theoretical directivity pattern of stationary dipole
and convection dipole without shear layer effect are shown in Figs. 39, 40
and 41. The results show that at the running\Mach number (.067, 50 mph) and
microphone angular location, the effect of the shear layer on sound transmit-
ting through it is insignificant. The analytical studies by Amiet27 support
our measured results. In general, the effect of shear layer is believed to

be significant for high Mach number and large microphone angular location.
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IV. MACH NUMBER SCALING FORMULA

The helicopter rotor (rotational) noise is strongly dependent on
the blade tip Mach number in addition to the other parameters. Most nodel
rotor systems (including the FDL, MIT system) cannot s mulate the tip Mach
numbers of real helicopters. A theoretical Mach number scaling formula is,
therefore, necessary in order to apply mod21 rotor noise data to a full scale
helicopter. A Mach number scaling formula has been deveioped and will be
discussed as follows. The detail derivation can be found in Appendix A. The
scaling formula derived may only be applied below the critical tip Mach
number (i.e., the flow field is subsonic everywhere) whicnh is the operation
range of most helicopter rotors.

Our approach is based on the existing theoretical rotor noise

work.]3

The 1011owing assumptions are invol. d in our derivation:

(1) A limited range of a loading harmonic acting on the rator contribute
significantly to each sound harmonic.

(2) C.mparing the relative magnitudes of the Bessel functions occurring
in the theoretical rotor noise expression, the Jn + X(nM %) terms can
be negiected in respect to Jn } x(nM %) terms.

(3) The thrusi. dominates the air loading over the drag and radial compo-
nents for a typical helicopter rotor.

(4) The unsteady blade 1ift coefficient is a function of advance ratio,
Strouhal frequency, blade geometry, the incidence and the normalized

radial location from the rotor hub.

The Mach number scaling formula is derived as

M ¢ r sina
> - o2 2,6 “2,2 1,2 2,2
P(XZ» n, Mt2) - P(X], n, Mt])(Mt]) (C]) (r.z) (Sin(l-l)

R . - o &
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under the condition that Mtl cosay = Mt2 CoSay s in addition that advance ratio,
the observing azimuthal angle, blade geometry (including number of blades),
and the incidences are the same in both cases, where
P(;2, n, Mt2) is the nth harmonic sound power at tip Mach number Mt2
and cbserved at location ;Z(FZ’ Qs ¢2)
P(Q], n, Mt]) is the nth harmonic sound power at tip Mach number M.,
and observed at Tocation ;](?], s ¢])
M is the blade tip Mach number
n is the harmonic number. n = mB. B is the number of
blades m=1, 2, 3.
C is the chord of the blade

Ys Gy ) are the coordinates of the observer location and refer

to Fiqure 42.

o]

Subscripts 1, refer to the rotor's cperation at tip Mach number

My

P(§1, n, Mt1) can be measured by using our model rotor facility. The Mach

Mt2 and observer location X1 Xo» respectively

number scaling formula can then be used to scale the measured model rotor noise
data to that of the real helicopter rotor, P(xz, n, Mtz) under the conditions
outlined under the scaling formuia. The harmonic number n of the measured
model rotor noise data and thr scaled helicopter rotor data are identical, but
the frequencies are not the same because of the different angular velocity in
ooth cases. The derived expression is, in general, not valid at near transonic
Mach numbers. The upper Mach number range at which this scaling formula may

apply requires additional experimental study and verification.
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V. DEVELOPMENT OF THE DYNAMOMETER

i) Design of the Dynamometer

A dynamometer which was designed to measure the steady and low
harmonics of the rotor thrust was developed. Fig. 44 shows the parts and
the assembly of the dynamometer. The rotor hub floats on two sets of flexures
of 1/6 inch thickness. This floating rotor hub can take any number of blades
up to 8. Each flexure consists or four spokes and bctn flayures can be pre-
loaded bv tigntening the nuts at the end of each spoke.

When no pre-loading is applied to the flexures, 'rugitudinai
natural frequency of the system is expected to be 300 cps or hicher. Sirce
bending and torsional modes are higher than the lTongitudinal natural frequency,
these modes do not enter into the consideration of the stability cf the system.
When the model rotor is operated with eight blades at 1000 rpm, the fundamental
blade passage frequency is 133 cps. This frequency is much lower than the
Towest natural frequency of the system. In addition, the natural frequency
of the system can be increased by pre-loading the flexures. Thus, it is
expected that the system will be free of resonance.

Four semi-conductor strain gages were mounted on the lower flexure,
two gages on each of two opposite spokes. These four gages form a temperature
compensating bridge. BLH SPB 3-20-35 semi-conductor strain gages are used.

The nominal resistance of one gage is 350 ohms and the nominal gage factor

is 118. The choice of this kind of gage is based on the following three

considerations:

(1) The total resistance of the gage bridge should be kept as low as possible.
If the resistance of the bridge is high, then the wires connecting the

bridge output terminal and read-out instrument will pick up the external
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noise easily unless a very careful shielding is applied.

(2) The output signal voltage is proportional to the input excitation
voltage. In order to have a higher signal, one needs a higher excita-
tion voltage, the gage resistance should be high in order to keep the
Joule heating low so that the gage will not be overheated. At 250
milliwatts, maximum power should dissipate from the gage mounted on
a good heat sink as is recommended by BLH. The designed power dissipa-
tion of our system is 1/3 of the maximum Timit.

(3) The yage filament length should be so long that a small defect on the
flexure surface will not be sensed, while short enough that it will
it in the limited space.

These considerations led us to choose BLH SPB 3-20-35 semi-conductor strain

gages and an excitation voltage of 6 volts. The strain gage mounting method

and the strain gage balance system is illustrated in Fig. 45 where V is the
excitation voltage of the bridge and AL is the signal voltage. If the

thrust produced by the rotor is 48 1b. (this is the maximum theoretical

thrust expected in the proposed work), the stress on the sections of the

flexure spokes on which the strain gages are mounted is calculated to be

13.3 x 10° psia. The yield ooint of the metal used (17-4 PH steel) is 180 x 103

psi. The maximum dynamometer operating stress is, therefore, less than or

equal to 7.7% of the material yield point. Even if the flexures are pre-
locaded with 100 1bs of tension, the system is still operating at or less than

9.5% of the yield point. Hysteresis of the steel used is expected tu Le

negligible.

The dynamc—eter was designed to mount on the top of the shaft of the
existing model rotor system. The measurement system hlock diagram is shown

in Figure 46.
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ii) Measurement of Natural Frequency

The natural frequency cf the dynamometer was determined experimentally.
Fig. 47 shows the arrangement for the measurement. The dynamometer was mounted
on an aluminun bar which was bolted down to the leads of two electric magnetic
shakers, wnhich were connected to an osciilator. A bridge balancing unit was
uséd to adjust the strain gage balance exciting voltage to 6 v DC and to
balance the gage bridge. The output of the dynamometer was connected to an
oscillescope. By slowly scanning the frequency output of the oscillator and
observing the dynamomei._r output shown on the oscilloscope, the natural fre-
quen.y cf the dynamometer could be determined by noticing that when the shaking
frequency approaches the naturel frequency, the signal amplitude on the oscil-
loscope increases drastically.

The observed fundamental natural frequency was measured as 365 Hz.
The first and second harmonics are 50G Hz and 655 Hz, respectively. The
measured value of the first natural frequency (365 Hz) is close to and better
than the designed value of 300 Hz. For a2 2-bladed rotor at 1000 rpm, the
fundamental blade passage frequency is 33 Hz. The dynamometer can measure
the thrust up to the 10th harmonic without the difficulty o7 resonance.
While for an 8-bladed rotor at 1000 rpm, up to 2nd thrust harmonic can bLe

measured.

iii) Static Calibration of the Dynamometer

The dynamometer was mounted on a test stand and the circuit for the
strain gage bridge was passed through the sliprings in order to best approxi-
mate the operating configuration. The apparatus for th= calibration is shown
in Figure 48. The excitatic: soltage to the strain gage bridge was adjusted
to 6 v DC. Tt was found that since the semi-conductor strain gages used are

very light sensit.ve, the dynamometer had to be wrapped with black paper in
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order that no light could reach the strain gage. The dynamometer was loaded
with a dead weight whicn was increased in units of 5 Ibs. to 40 1bs. after
which it was unloaded in units of 5 Ibs. in order to check for hysteresis.
The strain gage output was read in millivolts from a digital voltmeter at
every 5 1bs. increment. The system had to b2 loaded and unliuaded several
times until the system was "worked in" so that hysteresis effects became
negligible. Figure 49 shows the variation of the strain gage bridge output
with weight when hvsteresis was considered neqligible. The average slope for
the test runs was found to be .557 mv/1b. These runs were made at a tempera-
ture of 85°F. Runs were also made at higher temperatur2s. This was done by
covering the test stand with fiberglas blankets and placing a heat lamp under
the dynamometer. The temperature was regulated by changing the distance of
the lamp to the dynamometer. Runs were made at 90°F and 101°F and it was
found that the slope of the plots (mv/1b) remained constant within the tempera-
ture range tested (as should be expected since the bridge was designed to be

temperature compensating).
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VII. CONCLUSIONS

The low-noise, open-jet anechoic wind tunnel is essential for the
study of nelicopter rotor noise. The free field of our .nechoic chamber was
extended substantially by fiberglas block treatment and the cut-off frequenc;
is reduced to 160 Hz. This fiberglas block treatment is effective and i,
therefore, recommended for anechoic chamber treatment. The Mach number
scaling formula derived is necessary for extrapolating the mode! rotor
rotational noise data to the full size helicopter. The dynamometer system
developed in this program is useful in measuring the important steady and
unsteady thrusts. The effects of turbulence and velocity shear near the
jet boundary on acoustic wave propagation has been determined for our operat-
ing conditions. ftlow field patterns in the anechoic chamber have been mapped.
In conclusion, our facilities and equipment are unique and very suitable for
helicopter rotor noise study in which aerodynamic events and acou-tic radia-

tion are measured simultaneously.
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APPENDIX A

Tne Derivation of Mach Number Scaling Formula for Rotor Noise

The scaling ‘ormula derived may only be applied below the critical tip Macl
number (i.e., the flow field is subsonic evervwhere) which is the cperation
range for most helicopters.

The expression of the ~omplex Fourier coefficient of sound radic.ion
€. in the far field due to a rotating fluctuation point force acting at a

"
drstance R from tine rotor nub is(]3)

-{n-1)

- v nox . A )
“n Ly T A ag? Gay (o + ()7 3550 - b0y
ia

A AD A .
GO} I -+l (LD LN S G M CA2N N IR
+b)\D ((n‘)\)‘] - (-)A ( +A)J ) + nQ! (J'

Rr n-A n n+a 2 [axc n-A
a,r

A g . \ A s

+ (-) Jn+l) + be (J"_x - (-)" 3 n+x)] (1)

The argument of the Bessel functions in Eq.(1) is nM* . The coordinates

are shown in Fig. 42 where

aAT’ b\T = the Fourier coefficients of the thrust of harmonic »

ap° be = the Fourier coefficients of the drag of harmonic A

a,.» bAc = the Fourier coefficients of the radial force, of
harmonic X

Jn-x> Ipsy = the Bessel function of order n-A, n+i respectively,

the argument is ﬂgl

Jn-x, Jn+x = the derivatives of Jn-x and Jn+A’ respectively
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a, = speed of sound
n = the harmonic number of sound n =m8, m=1, 2, ...
B = the number of blades

In Eq. (1), there are two basic terms, I and Jn-re The typical value

of m, B, M and %—are 4, 4,.5 and.5, respectively. The typical value of

n ¥-is 4. The typical values of n and A are much larger than cne except
for the steady and low harmonic loading, i.e., A = 0 or small integer.

It will be shown later that the range of air loadirng for which A contributes
significantly to the sound radiation is n{l1 - K M ¥J <x<n(l +KM %J
wnere K > 1, typically K = 1.36. Therefore, the values of n and X are

much larger than one typically. Thus, Jn+x << Jn— and Jn+x terms cen be

A
neglected.

Only a limited range of air loading harmonics A contributes signi-
ficantly to each sound harmonic n. This can be understood by examining
the behavior of the Bessel function J . As the X increases, the order
of the Bessel function n-A will decrease, evertually becoming negative.
Since 1in = IJ_pl if p is integer, the contribution of each harmonic

loading X to the nth

sound harmonic is symmetrical about X = n. As the
argument of the Bessel function, nM % , is decreasing, the range of |n-)|
in which the magnitude of J_ _, differs from zero is reduced.

When |n-\| »> 1,

! enM % [n-Al
Jpp (M %0 v { 1
er [n-iT L 2|n-x|
eni %
If <1, then Jn_x(nM %) » 0 as |n-x| » large.

2in-x| ~
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i.e.,
enM ¥- y
ln-x| > —— = KnM &
where
K = §= 1.36 (e = 2.718...)

The above argument is not applicable when |n-)| is not much larger
than one. In Fig. 43, we plot the curve |n-i| = f(nM %J. dividing the
iagnitude of Jn-x("M %J larger than 0.0C from that smaller than 0.00.

Tne line of n-x = KnM ¥-is also shown in Fig. 41. It is obvious that the
expression KnM ¥~is a good approximation for f(nM %J. Consequently, the
range of the loading harmonic X which contrioutes significantly to the

sound harmcvic n can be written as.
n{1 - f(nM %)] < xA<n[l + f(n¥ ¥J]

The typical proportion of the force components of a typical heli-
copter rotor is 10 : 1 : 1. By examining Eq. (1), it is observed that
in the inefficient region of radiation {i.e., out of the range n - KnM ¥-< A
< n +XnM %-. the effects of all three components are about equal. However,
over the efficient radiation range, the thrust term dominates. For most
practical purposes, it would apnear to be a good approximation to consicer
the thrust term only. Some numerical calculations-on the noise radiation
due to each force component can be found in Ref. (13) and support this
stimplification.

Based on the above discussion, for practical purposes, Eq. (1) can
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be simplified as

)
A=n+ f(nM L) . -(n-2) | .

C, = ro T2 Uy - bypid, (D) (2)
A=n - f(nM ¥) 4 ar? |

0

If we want to calculate the sound radiation by using Eq. (1) or
Eq. (2), we need more detailed information on the loading harmonics which
is not known up to this point. In the scaling formula derived below, we
do not have to know this information. It is reasonable to assume that the
unsteady blade 1ift coefficient is a function of advance ratio L, Strouhal
frequency A, blade geometry G, incidence . and the normalized radial
location t where the unsteady blade 1ift acts.

~

o7 7 Gl X, 6, a, §) (3)

In the case of a helicopter rotor, the observed scund is the result of
the continuous distributed loading along the blade instead of the point
loading. Therefore, the power spectral density of the sound P(x, n)
observed at location X is

P(L, n) din 1 J a1 J J ¢, (%, n) CA(%, n')dn dn’ (4)
nn'

where C; is the complex conjugate of Cn.

The radial distance n can be normalized as ¢t = E—, where b is the
span of the blade.

Tne air loading in Eq. (2) is
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1 2
5 o(ni) C7 €

o(b2)? ¢ Ypus 25 6, 0, ) (5)

where C is the chord of the blade

122 ¢
Tzt Uy

Substituting Eq. (2) and (5) into Eq. (4), we have

11
N2 WA= e (M 1
- 1 1 nbyx 2.2 2 ° - =
P(X, n) = —[— 2 ] [ b7 C] Z }: J JY (Ua A, G: AU, t)
¢ {4 ar ,A' = n- f(nM X >l T

i

i[¢k{ -¢AIEI]

] -~ ¥ 'x “ll F A%
. YT(u, Ay G, o, t') e J _)\(tht r)Jn—)\(tht r)dt dt

(6)

where Mt is the blade tip Mach number.
i[@xf = ¢A|El]
The phase e is independent of the tip Mach number

"y and the sound observing location.

In Eq. (6), the upper and Tower range of summation and the quantities

behind it depend on n and M, % in addition to u, G, a. Let P(;], n,

¢1)
th

be the n™" harmonic sound power measured at tip Mach number Mt and at loca-
tion ;]- Using the measured P(Y]. n, My;), we want to predict the sound
power P(X,, n, M_,) at tip Mach number M, and Tocation x,. If M (1), =
Mtz(ﬁ)z’ the factor multiplying [pbzszZC]2 in Eq. (6) are identical at

different Mach numbers and ubserving locations. Using Eg. (6), we have

2 .
- _ - t2 6 CZ r] 2 s1na2 2
PXps my Mip) = Plxy m, Mtl)( ﬂ) <C‘]'>(S ST, (7)
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providing Mt](¥)l = Mtz(-}"—)2 and u, G, a are the same in both cases (noting
sina = %-, cosa = %-).

Eq. (7) is applicable for the hovering heiicopter. For the forward
flight case, r in Eq. (6) should be replaced by r(1 - Mor) as sugaested
in Ref. (13), where Moy 1S the component of the forward flight Mach number
Mo in the direction of observer:

Mor = Mo cosB = th cosB = - th cos¢ cosa (8)

The factors 5?-and Mt % in Eq. (7) should be replaced by

r
X_ X - sina
;7 r2(1 + UM, coso cosa)2 r(l + UM, cosa cos¢>)2

" (9)
M, ¥y cosa
Y - t - t

Mt r =7

r(l + th cos$ cosa) r(1 + th cosa €0Sd)

Using Eq. (9), Eq. (6) becomes

nM, sina 2
o5 - (g )0 24 o
r(1 + th CoSa COS¢)
Mt cosa
A» A = n+ f(n )
Z Z 1+th cosa COs¢
Mt cosa
A\, A\' = a - f(n )
1+th cosa OS¢
- - - - 1(¢’"¢ u'u)
J J YT(Us A, G, a, t) YT(Ui Ala G, a, tl) e M At
00 _
z nM, cosqy t'
nM, cosa t t o T a3
J | t ) J } dt dt' (10)

A 1+M, cosa cos} n-x 1HMy cosq coso

, - ‘
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Examining Eq. (10), the same Mach number formula for the forward flight
case is obtained as £q. (7) for the hovering case, providing Mtl cosay =
Mt2 Cosa, the sound harmonic number, the azumuthal angle ¢, the advance
ratio u, the blade geometry G (including the number of blades) and the in-
cidence angle o are the same in both cases. In addition, the fluids nust be

similar.
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Figure | View of test section in low noise acoustic wind tunnel.
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Flow visualization of rotor flow
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