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Far-field acoustic data for a model helicopter rotor have been gathered in a large, open-jet, acoustically treated
wind tunnel with the rotor operating in hover and out of ground effect. The four-bladed Boeing 360 model rotor
with advanced airfoils, planform, and tip shape was tested over a range of conditions typical of today’s modern
helicopter main rotor. Near in-plane acoustic measurements were compared with two independentimplementations
of classical linear acoustic theory. Measured steady thrust and torque were used together with a free-wake analysis
(to predict the thrust and drag distributions along the rotor radius) as input to this first-principles theoretical
approach. Good agreement between theory and experiment was shown at low frequencies (for both amplitude and
phase) at those measurement locations where low-frequency facility distortions were minimal.

Nomenclature 0 = rotor blade pitch angle
ap = speed of sound u = rotor advanceratio, (V/ 2R)
Co = rotor torque coefficient p = density of the fluid
o = rotor thrust coefficient 0o = undisturbed reference density of the fluid
D = rotor diameter o = perturbationdensity of the fluid, (p — py)
ds = elemental surface area of the rotating blade o = rotor solidity
dav = elemental fluid volume Q = rotor rotational rate
My = rotor hover tip Mach number
M, = component of the Mach number of the moving source Introduction
in the direction of the observer ESIGNING rotorcraft for low noise levels from a first-
n = unit normal to the rotor blade surface principles approachrequires accurate theoretical methods that
p = fluid pressure faithfully duplicate the physical sources of noise and their radiated
Py = undisturbed fluid pressure levels. This implies that the theoretical acoustic modeling must be
) = acoustic pressure (P — Py) quantitativelyaccurateto a sufficientlevel of detail so that the effects
R = rotor radius of specific rotor design changes are reflected in the radiated noise
Ry = distance from the rotor hub to the observer levels. Some success has been achieved in predicting large overall
r = distance from the moving source to the fixed observer noise level changes resulting from gross design parameter changes
T;; = Lighthill stress tensor such as rotor-tip Mach number, integrated thrust of the rotor, and
uj = fluid velocity perturbation stress tensor rotor blade thickness. However, many detailed rotor design changes,
u, = perturbation velocity normal to the surface of such as tip shape effects, rotor twist distributions, and rotor airfoil
the blade design, that have been based on theory have not been entirely suc-
Vv = forward velocity of the helicopter cessful, partly because the basic theoretical methods have not been
14 = total velocity at the rotor blade, {(€2r)* + V2}1/2 validated over the conditions under which they have been applied.
v = rotor induced velocity The most straightforward experiment to validate acoustic theory
X, ¥ Z = Duits Nederlandse Wind Tunnel acoustic for rotorcraft also appears to be the simplest to undertake, that of
measurement coordinate system a hovering rotor or propeller. In 1952, Hubbard and Lassiter mea-
x = spatial position of the observer sured the far-field noise of a propeller that was mounted on a static
y = spatial position of a moving source thrust stand with its thrust axis horizontal.! Measured time histories
a = angle between the rotor tip-path-planeand a line of the noise both in and out of the plane of rotation were reported.
drawn from the hub to the observer Linear theory was used to predict the harmonic noise levels. (The
blade forces were modeled by acoustic dipoles, and blade-thickness
Received 11 December 1998; revision received 16 February 2000; ac- effects were neglected.) Agreement within 6 dB for the first 12 har-
cepted for publication 17 February 2000. Copyright © 2000 by the Ameri- monics was reported for a tip Mach number of 0.75. In general,
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in the United States under Title 17, U.S. Code. The U.S. Government has a tunately, no quantitative time history comparison between theory
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Finding high-quality acoustic data for hovering helicopter rotors
is also quite difficult. There are many sources of noise on a conven-
tional helicopter other than the main and tail rotors that contribute to
the measured time histories. In addition, aerodynamic unsteadiness
(which itself can introduce additional noise sources), atmospheric
effects,and groundreflection problems complicatethe measurement
problem. These undefined variables tend to reduce the correlation
between theory and measurement. In an effort to control the un-
steadiness of the hoveringrotor and place the rotor itself effectively
out of ground effect, Leverton measured the noise of an inverted
full-scale helicoptermain rotor (thrust vector pointing down).* Far-
field noise measurements were made by using tethered balloons to
hold the microphonesin position on an arc over the top of the rotor.
The resulting data were quite steady and were at first thought to be
representative of a large, clean rotor. However, turbulence near the
ground was ingestedinto the invertedrotor creating additional noise
sources, which tended to reduce the usefulness of the data. Many
other full-scale experiments have been run on isolated main rotors
in efforts to validate theory,*~® but ground reflections, atmospheric
effects, and the operation of the rotors in aerodynamic ground ef-
fecthave introduced experimentaluncertaintiesin the data thathave
made quantitative validation of theory quite difficult.

High-quality steady hovering acoustic data were gathered at
model scale by Boxwell et al.'> An untwisted one-seventh-scale
UH-1H helicopter two-bladed rotor was operated at Mach numbers
from 0.8 to 1.0 out of ground effect in a specially designed ane-
choic hover chamber. To keep recirculation effects to a minimum,
thrust levels near zero were maintained throughout the Mach num-
ber range. The testing chamber was designed to be anechoic down
to 110 Hz, thus minimizing acoustic reflections from low-frequency
rotor harmonic noise while effectively eliminating reflections from
higher frequency rotor noise. Because high-frequency impulsive
noise was the dominantnoise source at these high effective tip Mach
numbers, the measuring chamber was effectively anechoic; that is,
measurements were notdistorted by reflection from nearby surfaces.
The results of comparing these high-quality data to a first-principle
acoustic analysis revealed the limitations of linear theory. At hov-
ering tip Mach numbers of 0.8-0.88 for the UH-1H rotor, linear
theory predicted the correct waveform of the time history but un-
derpredictedthe peak amplitudeby a factorof two. It was also shown
that the in-plane noise levels were dominated by rotor-thicknessef-
fects and only slightly affected by the thrust and torque of the rotor.
At tip Mach numbers exceeding 0.88, the noise radiation became
dominated by nonlinear acoustic effects that could not be described
by simple linear acoustic theories.

In the last decade and since the completion of this experiment,
there have been several acoustic wind-tunnel programs that have
concentratedon qualitativelymeasuringhelicopternoise. These pro-
grams have focused on the most offensivesourcesof rotorcraftnoise/
annoyance, which are dominated by high-speed impulsive noise
(which occurs at high forward speeds) and blade-vortex interaction
noise (which normally occurs during descending flight).!' =13 Al-
though not usually highlighted, lower-frequency harmonic noise of
hovering rotorcraft can also be important for some military opera-
tions where acoustic detectionis to be achieved or avoided. Because
of potential military uses, publication of acoustic data on existing
or future planned military rotor systems has not been encouraged,
thus limiting the available data sets that can be used for theory/code
validation. However, because no military production of the Boeing
360 model-rotor system is foreseen, publication of acoustic data
in simulated hovering conditions for this rotor has been permitted.
This military sensitivity also explains why there have been no low-
frequency hovering acousticdata reportedin the literature in the last
decade.

In this paper, noise measurements made during hover are com-
pared with linear theory results over the Mach number range typi-
cal of a modern four-bladed helicopter rotor. The known problems
of aerodynamic recirculation, acoustic reflections from nearby sur-
faces, and the proximity of the ground to the rotor were minimized
by carefultestdesign. The modelrotor was mountedin alarge acous-
tically treated room [the Duits Nederlandse Wind Tunnel (DNW)

open-jet wind tunnel] out of ground-acoustic theory validation of
a hovering helicopter rotor and is compared with linear theory at
several elevation angles and distances for several thrusts and Mach
numbers typical of a modern hovering helicopter.

Theoretical Modeling

The noise that is radiated by a body in arbitrary motion is math-
ematically represented by the well-known integral equation
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where T;; =pu;u; + P;; — a2 p' ;. This equation was derived from
first principles in Ref. 14 and has been expanded by many re-
searchers. Acoustic density is explicitly expressed in terms of in-
tegrals over the body surface and the surrounding volume in a ref-
erence frame moving with the body surface. Note that Eq. (1) is
in the strictest sense a nonlinear integral equation over all space.
Often, the right-hand side integrals are assumed to be bounded and
finite and basically independent of the left-hand side. Under these
conditions, all three terms in Eq. (1) can be interpreted as sources
of rotorcraftnoise. This first term represents the noise that is caused
by the body displacing fluid as it traversesits arbitrary path; the sec-
ond term represents the noise due to body surface pressures pushing
on the fluid; and the third term describes the noise that is due to
fluid stress, which becomes important at transonic Mach numbers.
For acoustics, p’ =a§p' so that the left-hand side of Eq. (1) can be
interpreted as acoustic pressure p'.

Only the far-field noise that is generated by thickness effects and
by the steady forces of a hovering rotor turning at low rotational
Mach numbers are considered in this paper. It is also assumed that
the blade surface pressure is known so that the far-field acoustic
pressure can be obtained explicitly by simply evaluating Eq. (1)
with known values of the blade-thickness distribution and surface
pressure. Of course, all sources must be tracked in the circular path
of the hoveringrotor, with particularattention given to source emis-
sion and receiver times, respectively. A sketch of the geometry of
a simple hovering rotor is shown in Fig. 1. Depicted are thickness
(monopole) and pressure (dipole) sources on a single rotating blade.
These thickness and pressure effects can be thought of as distribu-
tions of rotating monopoles and steady dipoles, respectively,and are
described mathematically by the first and second terms of Eq. (1).
According to Eq. (1), the radiated noise due to thickness and steady
loading is simply a time and spatial derivative, respectively, of the
summation of the thickness and pressure source terms taken at the
correctretardedtime. In essence, a simple, linear, three-dimensional
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Fig. 1 Geometry of hovering rotor with steady thickness and loading
distributions.
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wave equation is being solved. The retarded-time operator keeps
track of source emission and receiver times.

Atlow rotational Mach numbers, it is often assumed that the pres-
sures can be integratedchordwise and representedby a spanwiseline
of rotating point forces. This compact acoustic source approxima-
tion has been used extensively by early propeller-noiseresearchers
and is valid when the wavelength of the radiated sound of inter-
est is much larger than the characteristic dimension of the source
(blade chord). Because we are only interested in long-wavelength,
low-frequency sound, this is a valid approximation for the sound
radiated by a hovering rotor with a low tip Mach number. These
integrated forces (lift and drag) distributed along the radius of the
blade at the one-quarter-chordline are also illustrated in Fig. 1.

Despite these simplifications, the rotating geometry of the hov-
ering rotor still makes the computation of the noise a nontrivial
numerical evaluation that is subject to all of the normal errors of
programming. To establish the accuracy of the computations, two
separateevaluationsof Eq. (1) were performed,and the resultscross-
checked before a comparison with experiment was attempted. The
numerical evaluation began with the specification of airfoil geome-
try, the measurement geometry, and the rotor operating parameters
of the Boeing 360 model-rotor. These were then used to run a hov-
ering free-wake analysis to obtain the lift and drag distributions
along the radius of the hovering rotor for each condition. This pro-
cess is shown in Fig. 2. The measured values of thrust and torque
were then used to scale the thrust and drag distribution levels as a
function of radius for each test condition. These data, along with
the known thickness distributions along the radius, were used as
input to two separate acoustic codes to predict the radiated noise
independently.

The aerodynamic loading distributions of this hovering rotor is
shown in Fig. 3. The lift and drag distributions along the radius
leave a very complicated wake system that has a large influence on
those very distributions. The free-wake system of Ref. 15 was used
to generate the typical distributions, which are shown in Fig. 3. The
lift coefficient distributionwas obtained by adjustingthe pitch of the
hovering rotor theoretical model to yield the measured thrust. For
the nominal conditionof C7/ o =0.07, the adjusted pitch angle was
7.5 deg whereas the measured pitch angle was 6.9 deg, only a0.6 deg
difference. The drag coefficient distribution was predictedusing the
same free-wake model, but the integrated drag level was adjusted to
match the measuredtorque on the rotor. For the same nominal condi-
tion, the measured level of torque (C/ o =0.00604) was one-third

§ L L L >
375 .500 750 875 1.000

I i I
625 750 875

R

1 1
375 500

Fig. 3 Typical predicted aerodynamic loading distributions on a hovering rotor.
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higher than the predicted value (Cy /o =0.00450) showing the im-
portance of correcting the theoretical model to match the measured
data. Once these distributions and levels were determined, the lo-
cal blade pressure forces were decomposed into out-of-planeforces
(thrust) and in-plane forces (torque/radius) at each blade element,
which were then used as known quantities in the second term of
Eq. (D).

This procedureis really quite similar to Gutin’s original analysis
except that the numerical evaluation is evaluated for a distribution
of singularities along the radius instead of simple rotating point
sources. Also, as stated earlier, Gutin’s analysis does not consider
the effects of thickness on the radiated noise.

The most straightforward computation of the radiated noise field
is simply a direct numerical evaluation of Eq. (1). This was com-
pared with a frequency-domain calculation in the acoustic far field
(measurementdistance of at least three diameters from the rotor) as
illustrated in Fig. 2. Excellent agreement between the two separate
evaluation methods is shown for the test case of the 360 hovering
model-rotor for the microphone located 15 deg below the plane of
the rotor and 4.6 diameters from the rotor hub. As shown, both of
the linear theoretical prediction methods used in this paper have the
same high fidelity and capture all of the important features of the
noise radiation problem. This comparison of the two separate com-
puter codes essentially validates them both and allows either to be
used with confidence in the comparison with measured data. In the
comparisons that follow, the theoretical predictions that are shown
have been calculated using direct numerical evaluations of Eq. (1)
(for details, see Ref. 16).

Experimental Measurements

The data shown in this paper were gathered in the DNW in a co-
operative effort between the U.S. Army Aeroflightdynamics Direc-
torate, the Boeing Helicopter Company, and NASA Ames Research
Center in the summer of 1986. The testitself comprised a complete
programof measuring the far-field noise and surface blade pressures
on the Boeing 360 model helicopter rotor from hovering flight to
high forward velocities.Only the low-frequencyhoveringnoise data
at selected microphones will be discussedin this paper.!” A descrip-
tion of the high-speed portion of the program is given in Ref. 18;
a comprehensive collection of all of the experimental acoustic data
gathered in this test can be found in Ref. 19.

The Boeing 360 rotor is an advanced high-speed design that has
also been optimized for good hover efficiency. It employs high-
performance airfoils, nonlinear twist, and extensive taper in the tip
region beginning at the 90% radial station. It has a hover design
tip Mach number of 0.636 and is representativeof a state-of-the-art
helicopter rotor of the 1980s. Additional rotor design details are
given in Ref. 17.

The hovering data were gathered with the DNW in the open-
test-section mode. The 10-ft-diam model rotor was mounted on a
series of extension housings on the DNW sting so that the rotor
was positionednear the centerline of the tunnel out of ground effect
(approximately30 ft off the open-test-sectionfloor). The installation
is shown in Fig. 4.

The entire chamber that surrounds the open test section of the
DNW is acoustically treated to eliminate echoes (making the cham-
ber anechoic). In the far corners of the chamber, a simple bulk
fiberglass treatment is used to cover the walls, and near the testing
volume surroundingthe openjet,a 1-m fiberglasswedge treatmentis
used over many of the wall surfaces. The collectorlipis a fiberglass-
screen construction, which also absorbs some acoustic energy. The
collector and nozzle walls are made of steel, which tends to reduce
the effectiveness of the anechoic space. The open-jet calibration of
the DNW without a model in the test section s discussedin Ref. 20.

A scaled three-view sketch of the microphone arrangement re-
portedin this paperis givenin Figs. 5a-5c. Clusters of microphones
at 1.5, 3.0, and 4.6 diameters from the rotor were used to ascertain
the characteristic noise that emanates near the plane of the 360 ro-
tor. The 1.5- and 3.0-diam microphone positions were located in
the upstream tunnel direction; with the 3.0-diam position near the
exit of the tunnel nozzle. The 4.6-diam microphone positions were

Fig. 4 Boeing 360 rotor mounted in the open-jet test section of the
DNW wind tunnel.

located near the wall of the treated chamber in front of the 1-m fiber-
glass wedge treatment. Two additional microphones were located
at 6.5 diameters from the rotor hub in the in-plane position near the
corners of the measuring chamber.

Standard B & K microphones were used for this test. Micro-
phones 1, 2, 14-17 were 0.25 in. (Type 4135) and equipped with
UAO0385 nose cones. Microphones 21-26 were 0.5 in. (Type 4133)
with UA0237 windscreens.

A 32-channel Datacom/VAX751 system was used to digitize the
microphone data with 15-bit (14 plus sign) resolution. A rotor-
generated 1024/revolution clock was used so that 1024 points per
revolution were acquired for each channel for a period of 32 revo-
lutions. A rotor-generated 1/revolution was used to restart this se-
quence 32 times during each data run. In effect, a continuous time
history of 32 revolutions was averaged 32 times for each data chan-
nel. Before digitizing, the analog acoustic signals were low-pass
filtered to 1000 Hz. The analysis of the data was performed in both
the time and frequency domains. Only the time-domainaveragetime
histories were used to validate the theory; they are shown in detail
here. A comparison of the instantaneousand average time histories
is shown in Figs. 6a and 6b for the in-plane microphone 1.5 diam-
eter from the rotor hub. The average data are quite similar to the
instantaneous time history, except for smaller unsteady variations
that contribute less to the average over one rotor revolution. These
smaller unsteady acoustic pressures are thought to be caused by the
unsteady random pressure loading on the rotor. They become more
important relative to the steady pressure terms for noise, which is
measured close to the rotor thrust axis. This unsteadinessis known
to be enhanced by recirculation of the rotor wake within the closed
testing chamber.

Theory vs Experiment

The most direct method of comparing theory with experiment,
simply comparing the average measured time-history data with
time-history predictions, is presented in the following figures. To
avoid near-field acoustic effects, only those microphones 3.0 di-
ameters or farther from the rotor have been considered. Note that
this method of comparing data in the time domain is much more
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precise than simply comparing the amplitudes of harmonically an-
alyzed data. The amplitudes and phases of the theory and the data
are effectively compared by performing the comparison in the time
domain.

The relative contributionsof the thickness, drag, and thrust terms
from linear acoustic theory for a microphone located at —6, 0, and
+15 deg relativeto the rotor plane and at a measurementdistance of
3.0 diameters from the rotor hub is shown in Fig. 7. All three terms
are seen to be important in the noise radiation process at this Mach
number (0.636), which is typical of normal helicopter operation.
Above the plane of the rotor (—6 deg), the contributions of thrust
and drag tend to cancel, lowering the overall amplitude of the total
pressure time history. In the plane of the rotor (0 deg), there is no
thrust contribution to the radiated noise, whereas below the plane
of the rotor (+15 deg), the contributions of thrust and drag tend to
add, making the overall low-frequency signal grow in amplitude.
Note that in general the force (thrust and drag) contributions are
quite different from the thickness contribution to the acoustic time
history. The thickness pulse is quite symmetric whereas the force
pulses are not. This observation has been noted before by other
researchers.%-2!

Comparisons of theory and experiment on a radius of 3 diame-
ters from the rotor hub are shown in Fig. 8. All four microphones
shown are located quite close to the wind-tunnel nozzle, which is
acousticallyuntreated. However, the amplitude comparison with the
measured data at these microphone locations is fairly good. At the
in-plane microphone position, which is in the center of the nozzle,
the agreement with datais nearly perfect. Above and below the rotor
plane, theoretical and measured pulse shapes do not agree as well,
even though the overall amplitudes of the pulses agree quite well. At
the 15-deg down microphoneposition, thereis a notable discrepancy
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between the pulse shapes predicted by theory and that measured by
the experiment. The closer proximity of the nozzle walls to the out-
of-plane microphones is thought to be a contribution to the pulse
shape discrepancies noted.

A similar comparison is made in Fig. 9 for the cluster of mi-
crophones located 4.6 diameters from the rotor hub in the part of
the testing chamber with the most extensive acoustic treatment. The
agreementof theory with datais much better at all of the microphone
locationsshown. The amplitudes and pulse shapesare predicted very
precisely at the same elevation angles shown in Fig. 8.

A furthercomparisonof theory and experimentis shownin Fig. 10
for the two in-plane microphones, which are located the farthest
from the rotor (6.5 diameters from the rotor hub). Notably differ-
ent acoustic amplitudes between the two experimental microphone
positions are shown. At an azimuth angle of 135 deg, theory un-
derpredicts the measured noise, and at an azimuth angle of 45 deg,
theory overestimates the measured data. These two microphones
are not located in the best part of the chamber for low-frequency
measurements’’; the 135-deg microphone is located in an area that
is alongside of the untreated nozzle, and the 45-deg microphone
is alongside the untreated part of the open-jet collector. It is likely
that neither of these locations s sufficiently anechoic for these low-
frequency acoustic signals, and they should not be used for theory
validation.

My
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Cr 0.575 0.636 0.664
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SWFEP
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133A
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138B 1348 1408,
0.10
¥ 135A

Fig. 11 Hovering 360 model-rotor noise test conditions.
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Some very interesting conclusions can be drawn from these ob-
servations. Theory and experiment agree quite well for the Boeing
360 model-rotor tested in hover at this nominal condition at those
microphoneslocated in areas of the measurement chamber that are
adequately treated acoustically. The pulse-shapechanges that occur
when the microphone is moved from above the plane of the rotor
to below the plane are captured quite well by linear theory (Fig. 9).
Thickness, thrust, and drag (torque) all contribute to the resulting
time history. In each case, the amplitude of the overall pulse is pre-
dicted quite well.

Itis also apparentthat there is some distortionin the pulse shapes
at a few microphone locations, the most notable being those micro-
phones located near untreated surfaces of the open-jet wind tunnel.
Similar effects were noted in Ref. 22 for a different wind tunnel.
Measurements made away from these untreated surfaces show bet-
ter correlation with theory. The unsteadinessof the rotor in the close
measurement chamber, owing in part to possible recirculation ef-
fects, could alter the rotor inflow, thus inducing harmonic loading
on the rotor that could distort the pulse shape in certain measure-
ment positions. To check for this possibility, selected hover blade
pressure measurements were reviewed to look for a connection be-
tween unsteady blade pressures and radiated noise. Unfortunately,
because both rotor unsteadiness and reduced anechoic conditions at
low frequencies can distort the measured acoustic pulse, it is a very
difficult task to try to assess the relative importance of each separate
effect. However, a recent review of these pressures indicated that
the variations in blade surface pressures that did occur were ran-
dom in phase. This makes the unsteady pressure variationsunlikely
distortions of the averaged noise data.

Figure 11 presents a matrix of test conditions that were chosen
for further validationstudies. A hover tip Mach number sweep from
0.575 to 0.664 at a nominal thrust coefficient/solidity ratio of 0.07
is shown in Fig. 12 for the in-plane microphone position near the
center of the nozzle. Very good agreement with data is shown, for
both amplitude and phase, over the entire Mach number range. The
peakamplitudelevelstendto be slightlyunderpredictedat the higher
Mach numbers, a result that is consistent with other measured data.’
The underpredictionin level is slight, not the factor of two reported
inthe literaturefor older, thickerhelicopterrotors operating at higher
rotational Mach numbers.

The effectof thrust-levelchangeson low-frequencyradiated noise
levels is shown in Fig. 13. The position at 15 deg below the rotor

10 - ‘ . 10 r r .
8 | e 8 |-
6 L THEORY ——— | 6| ]
EXPERIMENT
£ 4T 18 4 1
g 27 1t 2L ]
2 0 _ A 2 0F % S 7 p
w w
€ 2t {4z 2t 4
4+ 4 s i
-6 } - -6 4
(a) My, = 0.574 (b) My, = 0.636
-8 | < -8 B
-10 L Il It -10 L L L
0 25 50 75 1.00 0 25 .50 75 1.00
TIME - REV TIME - REV
10 T T T
8k
Cr/o =0.0703
- 6| §
<40 ”
o [ « 4F 3
E} - e
i 3.0l woo2f ]
§ z Z P <
£ 2 o y
< ! w
£ 20 € -2} d
o | -4 4
s [
3 1.0+ -6 -
A 3¢ DNW (c) My, = 0.664
u = LINEAR THEORY 8 .
o 0 L i L i i i | -10 L 1 L
575 600 .636 .660 .664 675 .700 o 25 50 75 1.00
M, TIME - REV

Fig. 12 Acoustic theory/experiment validation at different Mach numbers (in-plane microphone).
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Fig. 13 Acoustic theory/experiment validation at different thrusts (15 deg below the rotor plane).

plane was chosen for this comparison because at this location the
measured acoustic pressure is more dependent on the effects of
thrust than are the in-plane microphone positions. Unfortunately, at
this measurement position, the pulse shape is distorted somewhat
(Fig. 8), probablyduetoreflections from the nearby untreated tunnel
nozzle.As showninFig. 13, the measured wave shape at this location
makes the pulse-shape comparisons consistentlyin error in the time
domain. In spite of these consistent local distortions, linear theory
does well in predicting the amplitude of the acoustic pressure over
the entire thrust range.

Conclusions

Careful testing of a hovering model helicopter rotor in an acous-
tically treated chamber (the DNW open-jet wind tunnel) has shown
that classical linear acoustic theory accurately predicts the near in-
plane average amplitudelevel and shape of low-frequencyharmonic
rotor noise of the Boeing 360 model-rotor. Thickness (monopole)
and pressure (dipole) terms are equally important in the acoustics
computations over the hovering tip Mach number range of 0.575-
0.664. Each term has its characteristic waveform, which must be
summed with the correct phase to predict accurately the measured
acousticpressure time history. At the higherhovertip Mach number,
theory tends to slightly underpredict the measured noise levels for
this modern four-bladed model rotor.

The importance of having high-quality measurements with which
to validate acoustic prediction codes has been demonstrated. Details
of the pressure-timehistory are quite dependenton the quality of the
anechoic space in which the measurements are taken. It is necessary
to have a measurementchamber with sufficientacoustic treatmentin
the low-frequency range of interest to be able to quantitatively vali-
date theory. For low-frequency harmonic model rotor noise caused
by steady loading and thickness,acoustic measurementstakenin the
best anechoic parts of the chamber, away from untreated surfaces,
show the best correlation with theory.

The cause of small differences in phase at some microphone po-
sitions between theory and experiment are difficult to resolve. Al-
though the unsteadiness of a hovering rotor in a closed chamber
and reduced anechoic conditions at low frequencies are possible
contributors to this discrepancy, the latter effect is thought to be
responsible the majority of the phase distortion.
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