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Abstract

The German-Dutch Wind Tunnel ("DNW") in The Ne-
therlands has been fully operational for about
four years. When used in its open test section
configuration it represents probably the best
aeroacoustic research facility in existence, al-
lowing large scale or even full scale testing of
aircraft-related noise generators. This paper at-
tempts to illustrate the unique technical capabi-
Tities of the DNW on the example of two major re-
cent research projects, dealing, respectively,
with the noise of General Aviation aircraft pro-
pellers, and helicopter main rotors. For these two
projects, background and technical problem-areas
are outlined, the special experimental set-ups -
as required in a facility of such physically large
size -, the data acquisition and reduction pro-
cedures, and the implications of the wind-tunnel-
test-obtained results for aeroacoustics are deli-
neated. Also, the preparations for a planned near-
term model helicopter main-rotor/tail-rotor aero-
acoustic interaction experiment are discussed. Fi-
nally, an outlook is given on the DNW-potential
for future high qualitiy aeroacoustic research.

1. INTRODUCTION

Aerospace vehicle noise research depends on the
experiment. Corresponding efforts may employ (in-
herently full-scale) flight vehicles which are
tested in actual flight, or - if large enough fa-
cilities are available and the test object itself
is small enough - even in wind tunnels. Here, the
NASA-Ames 40' by 80' tunnel, the RAE 24' tunnel,
or the Boeing Vertol 20' by 20' tunnel are good
examples. Individual noise-generating components
of aircraft, such as propellers, rotors or even
jet-engines by themselves, on the other hand, may
be tested in smaller wind tunnels; here, facili-
ties such as the NASA-Langley 4 by 7 m tunnel, the
ONERA 'Cepra 19' 3-m-diam tunnel, the BBN 4' by 4'
quiet tunnel, the DFVLR-Braunschweig 1 by 1 m
Acoustic Tunnel, the NASA Langley 'Anechoic Flow
Apparatus', or the US-Army Moffet Field R&T-Lab
"Hover Room" come to mind, to name just a few.

These facilities tend to be characterized by some
typical disadvantages: If they are 1large, they
usually suffer from high-level background noise
and inadequate anechoic properties of the surroun-
ding test hall; if they have low background noise
and good anechoic test hall qualities, then they
are usually rather small in size. It now seems,
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however, that a new facility - the DNW - combines
both large physical size and excellent aeroacou-
stic qualities. (Here DNW stands for "Deutsch-
Niederléandischer Windkanal", or translated into
English, "German-Dutch Wind Tunnel"). Consequent-
ly, aeroacoustic researchers flock into this tun-
nel Tike moths into the candle-light (and the
authors of this paper consider themselves moths
too, in this respect), but fortunately, one
doesn't get burned in the DNW, but rather only
enlightened.

(DNW) in
its Open Test Section Configuration

Fig.1 The German-Dutch Wind Tunnel

Since the DNW became operational, a number of
highly successful aeroacoustic research-projects
have been conducted in this facility, mostly by
American, Dutch and German research-scientist -
sometimes within joint ventures - and two of these
shall be discussed in detail in this paper, deal-
ing, respectively with the noise of General Avia-
tion aircraft propellers and helicopter main ro-
tors, the intent being, to illustrate and exempli-
fy the quality of the data obtainable in this new
aeroacoustic research facility.

2. THE AEROACOUSTIC QUALITY OF THE DNW

The DNW, which is located in the Netherlands, is
jointly operated by DFVLR* and NLR*. As shown in
Fig. 1 1in 1its "open test section configuration”,

* for all abbreviations, see end of paper
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it features a (rectangular) nozzle of 6 x 8 m* and
a usable Tength of 20 m between the nozzle and the
square (9.5 x 9.5 m?) collector; the anechoically
treated test hall, surrounding the free-jet flow
has a total volume of about 27000 m*. Typical
background noise levels, as determined in the flow
with a nose-cone-protected microphone are present-

ed in Fig. 2.
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Fig. 2 In-flow-noise Narrow-band Spectra
(6.5 Hz Band-width) Measured with Nose-
cone-protected 1/4" B&K Microphones

The 1longitudinal turbulence intensities in the

core-flow are shown in Fig. 3. It should be noted
that these flow turbulences relate to an open-jet
flow, with 1inherently higher turbulence intensi-

ties, as those obtainable within a closed test
section flow. Details on the aerodynamic and
acoustic qualities of the DNW are presented in
/1 -4/,

3. AEROSPACE VEHICLE NOISE RESEARCH

3.1 Flight Testing vs Wind Tunnel Testing

Fundamentally, aeroacoustic research specifi-
cally on aerospace vehicle related noise genera-

tors - serves to improve noise prediction and
noise reduction capabilities. For both these
objectives, it 1is necessary to understand the

basic noise generating mechanisms and how these
ultimately relate to aircraft operational and
aircraft geometric parameters. Only then is it
possible, to quantify parametric dependences, and
to develop techniques to purposely affect the
sources for minimum noise generation and/or
radiation.

In order to study the very source mechanisms, one
should "break down" any particular type of air-
craft into its various noise-contributing compo-
nents. In the case of a propeller-driven aeroplane
these might be the propeller, the engine (piston
or gas-turbine type), any gears, and the engine-
exhaust. To some extent, airframe-noise contribu-
tors might deserve special attention. In the case
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of a helicopter, these might be the main rotor,
the tail rotor, again the engine(s) of whatever
type, and any gearing. While each of these noise
contributors must be looked at on an individual
basis, some of these interact: for example, the
propeller flow field and its noise-generating pro-
cess may be affected by the engine-cowling, by
wings, or in case of a pusher-configuration by
upstream struts or tail-gear. Furthermore, the
particular installation of the propeller may also
influence the way it radiates 'sound. A wing or fu-
selage surface may act as a reflector and hence
redirect or even emphasize the sound. Likewise,
the tail-rotor of a conventional helicopter ope-
rates in the main rotor unsteady wake, within its
trailing vortices in particular, or within the
wake shed from the main rotor hub. Hence, the in-
teraction of individual noise-contributors is an
important additional source of aircraft noise,
needing particular attention.
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Fig. 3 Lateral Distribution of Normalized RMS-

values of the Longitudinal Velocity-
fluctuations .at a Typical Model Posi-
tion close to the Center of the Open
Test Section (after Michel and Froebel
/3/)

Flight testing the actual aircraft in its natural
environment inherently yields the most realistic
information. Measurements of acoustic signals from
a flying object, however, are affected by Doppler-
shifts; sound must also propagate through an in-
homogeneous and turbulent atmosphere before ar-
riving at a ground-microphone (which may be po-
sitioned some distance above ground, inviting
assorted ground-reflection problems /5/). Hence,
data acquisition, reduction and eventual interpre-
tation is affected by a number of non-source- re-
lated influences, causing sometimes severe data-
scatter.

Without attempting to discredit flight testing
(which of course is indispensable), it must be
stated, that well thought-out wind tunnel experi-
ments provide inherently more stable test condi-
tions, allow almost unlimited variation of test
parameters and also safe off-design operation.
Furthermore, individual aircraft components may be
tested by themselves and/or in appropriate combi-
nations.



The draw-backs of wind tunnel testing, of course,
are also manyfold: excessive aerodynamic back-
ground noise und tunnel turbulence, the proximity
of a shear layer to the model, introducing extra-
neous sound sources, the problem of sound-propa-
gation through the free shear layer, where distor-
tions occur before measurement, the perhaps rather
high "lower"-frequency-1imit of the absorptive
treatment of the test hall walls, and the need of
having to employ scaled models with inherent Rey-
nolds-number problems.

3.2 Noise Certification Related Aeroacoustic
Research

The motivation for any aircraft manufacturer to
develop quiet flight-vehicles is greatly helped by
the legislator, who defines and imposes noise
limits upon all civil aircraft. Internationally,
noise legislation is governed by "Standards and
Recommended Practices - Environmental Protection",
as laid down in the ICAO-Document “ANNEX 16" to
the Convention on International Civil Aviation /6/
where 1in special Chapters for "propeller-driven
aeroplanes above and below certain take-off mas-
ses", for "helicopters", and for “subsonic jet
aeroplanes" the (noise-certification) test proce-
dures, the noise metrics (such as L, or EPNL) are
spelled out in detail, and take-off-hmass-dependent
noise limits are specified. Before obtaining a
flight operational licence, an operator must ac-
quire an official noise certificate, stating com-
pliance with the noise limit; likewise, any new
type of aircraft, or a derived version of an exi-
sting type, must obtain a noise certificate.

Corresponding test procedures are carefully deve-
Toped, field-tested and continuously improved by a
special body of ICAC, the 'Committee on Aviation
Environmental Protection {(CAEP)', which also pro-
poses the noise limits to the Council of ICAO.
Both research projects, to be discussed in the
following, have either directly been triggered by,
or are closely related to certain open questions
pertaining to noise certification procedures.

4. PROPELLER NOISE RESEARCH IN THE DNW

4.1 Problem Statement

Recently, ICAO-CAEP has proposed a new procedure
for the noise certification of propeller-driven
aeroplanes, not exceeding 9000 kg in take-off
mass. The new procedure (which is to replace the
established one, where the aircraft had to conduct
a level overflight at 300 m height above an acou-
stic ground measurement station) now entails an
actual (or simulated) take-off from a “brake-re-
lease"-point 2500 m ahead of the measurement sta-
tion (Fig. 4). The aircraft is to fly with "take-
off power™ throughout the entire test procedure
{until it has overflown the station and the noise
Tevels have dropped by at least 10 dB from the ob-
served maximum), and the maximum A-weighted over-
all noise-level 1is recorded. At least four test
flights are conducted and the obtained levels
averaged for the final noise certification level,
which is to be assessed against the noise limit.

The procedure allows testing within a temperature
window of 2°C to 35°C, while observed levels must
ultimately be corrected towards a reference tempe-
rature of 15°C. Although the question of a suit-
able temperature correction has been debated for
at least 10 years (ever since noise legislation
for-propeller driven aeroplanes was first imple-
mented by ICAG), no universally adopted and ICAO-
approved procedure had been developed, most notab-
ly, since - even dedicated - flight experiments
contained too much scatter, to yield the needed
accuracy for the development of a corresponding
procedure.

brake
releqase

jae————2500m |

Fig. 4 Proposed ICAO Noise Certification Pro-
cedure for Propeller-driven Aeroplanes
not Exceeding 9000 kg in Take- off Mass

In flying through the air, the propeller-tip moves
in a helicoidal manner and it is well known, that
the helical blade (tip) Mach number ("HTM") is the
most influential parameter on noise. The HTM, of
course, is the dimensionless combination of the
speed of sound, the flight (=forward) speed, and
the propeller rotational speed; the speed of sound
also being a function of ambient temperature. It
was thought then, that by varying the rotational
speed of the propeller at a fixed ambient tempera-
ture one would establish an MTM, which could have
also been obtained by keeping both the rotational
and the flight speed constant, but varying tempe-
rature only. The argument being, that, since it is
“solely” the HTM, which affects propeller noise,
it shouid ultimately not matter, how the HTM was
achieved, 1i.e. whether through an RPM-change or
through a temperature change. It was this unproven
postulate, which hovered around, and was in dire
need for substantiation, before a "temperature-
correction" on that basis could be officially made
a part of any ICAO-CAEP temperature-correction
procedure.

Hence, those who advocated a correction procedure,
where the dependence of the (A-weighted certifica-
tion noise) level on HTM could be obtained by fly-
ing the aircraft at different propeller-RPMs in
order to correct for a test-temperature deviating
from the reference-temperature, tacitly assumed
that the flow-field around the propeller-tip would
be identical in any case, no matter, how the HTM
was changed. They further assumed that the rela-
tive inclination of the aircraft (i.e. its atti-
tude towards the oncoming mean flow direction)
would not vary, even if the propeller-RPM was,
say, reduced, and finally, the question of the en-
gine noise contribution and its dependence on any
RPM-change was not really dealt with.
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Thus, the problem, as it presented itself to ICAO-
CAEP was twofold:

(1) Is the noise as radiated by a propeller
solely a function of the helical blade-tip
Mach-number (rather than of the individual
primordial parameters 'flight speed', 'ro-
tational speed' and 'temperature'), thus
allowing a temperature-correction on the
basis of a "level/Mach-number"-dependence
as determined through propeller-RPM changes
within a flight test program?

(2) What quantitative effect has a variation in
aircraft (and hence propeller rotational
plane) attitude on the ensuing radiated
noise level, if the aircraft was to change
its inclination with respect to the onflow-
direction as is to be expected in a climb-
ing-situation?

Within a joint venture, the FAA, the BMV and the
DFVLR undertook a dedicated experimental program
in the DNW, employing 2 full-scale General Avia-
tion type propellers, essentially with the objec-
tive of finding answers for these questions.

4.2 Experimental Approach

(a) Propeller Test Stand

Fig. 5 shows the propeller test stand with the in-

ow microphone array and the drive system instal-
led in the DNW open test section, approximately
halfway between the nozzle and the collector. The
drive system - enclosed within an aerodynamically

p— —

Fig. 5a Schematic of Propeller Test-stand and
In-flow Microphone Array

shaped housing of 0.7 m maximum diameter - is lo-
cated slightly off-center to allow both the pro-

pellers and the microphones to be positioned in
the (low turbulence) tunnel core-flow region. The
distance between the propeller axis and the ("re-
ference") microphone (located in the plane of ro-
tation) corresponds to two propeller diameters.
The drive-unit consists of two DC-electric motors
with a maximum combined

(in a tandem arrangement)

Fig. 5b Propeller Test-stand in the DNW Open
Test Section (Flow from right to left)

power output of 360 kW at a rotational speed of
3000 rpm. The central support pylon of 0.5 m in
diameter is located 2.6 m downstream of the pro-
peller disc-plane.

Tunnel flow temperature was changed by letting the
temperature rise naturally during operation from
an initially low value, while the cooling system
was inoperative. To realize different propeller
disc-plane attitude angles with respect to the
tunnel mean flow direction, the entire set-up
could be moved (on air- cushions) relative to a
ground-fixed center of rotation located directly
underneath the propeller center. Appropriate locks
in the ground allowed to reproduce any predefined
attitude angle within approximately +/-7.5°.

(b) Test Propellers

Two geometrically different 2-blade Hartzell pro-
pellers of 2.03 m diameter were tested (Fig. 6),
one with a round tip and 6.4% thickness at the 75%
radius, the other with a square tip and 8.6% at
the 75% radius. Blade pitch was adjusted manually,
accurate to within +/-0.2°.

Fig. 6 Test Propellers
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{c) In-flow Microphone Arrangement

Seven  B&  1/4-inch-diam. nose-cone-protected
microphones were positioned within the 1low-
turbulence core-flow in the horizontal plane at
different streamwise locations corresponding to
particular geometric radiation angles from the
propelier center (see Fig. 5). In order to avoid
wake-impingement on a downstream-subsequent micro-
phone, the microphones were arranged in a helical-
ly spaced manner.

{d) Reflection Tests

"Bang-tests" served to determine, whether the
set-up was susceptible to any sound reflections
off nearby structural components with correspond-
ing detrimental effects on the ensuing noise sig-
natures. Explosive charges were attached to the
blade-tips, and pressure-time histories at all
microphone positions recorded; this procedure was
repeated for different blade azimuthal angles.

Two typical pressure-time histories - one where no
reflections appear after the initial "bang", and
one where two fairly pronounced reflections occur
- are shown 1in Fig. 7. Where, by such efforts,

MR 2 MP &

PRESSURE
PRESSURE

TIME TIME

Fig. 7 Exampies of "Bang-test"-Results
Left: Absence of Reflections;

Right: Presence of 2 Reflections

“reflecting surfaces" could be identified, they
were covered with absorbtive material, which mea-
sure usually resulted in a substantial reduction
in reflected energy. It was found lateron, how-
ever, that even relatively minor reflections af-
fected the time-history wave-forms and spectra;
Fig. 8 shows such typical effects.

(e) Propeller-performance and Synchronization

To correlate the acoustic data with propeller ope-
rational parameters, the drive system was instru-
mented with various sensors for thrust and torque
(using strain-gauges). Also, rotational speed was
monitored by means of an on-axis pulse generator
(512 pulses/rev). Synchronization of the azimuthal
propeller-blade orientation with the acoustic-data
recordings was attained through a “one-per-rev"
pulse generator.

(f) Data Acquisition

The microphone output signals were recorded via a
multichannel preamplifier system on a l4-channel
FM tape-recorder, tape-speed 15 ips, together with
the rotational trigger pulses and a time-code sig-
nal.

{g) Test Matrix

Within the objectives of the study-program, a test
matrix was established to cover

0 a basic test program

0 a test program on the effect of flow tem-
perature

0 a test program on the effect of propeller
disc-plane attitude
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Fig 8 Detrimental Effect of Sound Reflections
on a Measured Pressure-time History and
Corresponding Narrow-band Spectrum

Within the basic test-program, in essence the
blade pitch-angles were changed, to obtain various
blade-loadings at otherwise constant advance ra-
tios for a range of helical blade-tip Mach-num-
bers; here the ambient temperature was kept con-
stant, and the propeller attitude maintained at a
zero angle. While in essence repeating the basic
test-program, for the temperature-tests the amb-
ient (i.e. flow-) temperature was set at 5°C,
15°C, and 25°; likewise, for the attitude-tests
the propeller test-stand was rotated as a whole to
the various desired positions, for each of thgse
then going through the basic program-matrix again.

(h} Data Processing

A1l analogue data-tapes were digitized, whereby
the one-per-rev-trigger pulse was used to start
the digitization process, with the sample rate
corresponding to the 512 pulse/rev.-signal, (which
had - during testing - been used to adjust the
rotational speed).
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To obtain statistically reliable data, averaging
is necessary. Therefore, approximately 50 time se-
quences (corresponding to the time-intervall of 4
revolutions each) were digitized for every data-
point and respective pressure-time histories were
averaged periodically in the time-domain. By means
of an FFT algorithm, pressure level spectra were
calculated from all averaged pressure-time histo-
ries. A1l individual harmonic levels were printed
out, and this information used to compute both the
overall linear, and the overall A-weighted levels,
‘by appropriately adding up all unweighted or
weighted harmonics.

The data could then be used for two purposes:
First, to determine the dependence of the A-weigh-
ted overall levels on geometric and operational
paramters, most notably on the ambient tempera-
ture, and on the propeller-disc-plane attitude, to
help answer the questions posed above in the con-
text of propeller-aircraft noise certification,
and, second, to further the understanding of pro-
peller noise generation and radiation mechanisms
in general.

The following two sections, therefore, deal with
the results on the temperature and the attitude
tests, respectively, while subsequent sections
discuss the general features of propeller noise,
as obtained "as a by-product" in this study.

4.3 Test-results

Temperature-effect

From propeller- and tunnel-operational, as well as
tunnel aerodynamic data, such as

Propeller rotational speed, n [1/min]
Thrust T [N]

Torque Q [Nm]

Power P (equal to Q-2TL-n/60)
Wind-tunnel flow velocity v [m/s]
Absolute Pressure p [Pa]

Temperature t [K]

Relative humidity ¢ [%]

Blade tip speed, u [m/s]

the advance ratio (X = v/u), the helical blade-tip
Mach-number and the dimensionless propeller power-
coefficient Cp was calculated; here

p
C =
P (n/60)3 07 ¢

(where ¢ is the air-density at the prevailing air-
temperature and humidity, and D is the propeller-
diameter).

Tests conducted for several different blade pitch
angles (but at constant temperature) revealed that
the (A-weighted) overall propeller noise levels
can be normalized with the 1.5th power of the pro-
peller power-coefficient c,. All measured levels -
when plotted vs the helicg blade-tip Mach-number
- then follow one well-défined data-curve. Hence
each propeller exhibits its own individual such
“curve".
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These ensuing basic relationships between noise
level and Mach-number - which are valid in that
particular form however only for radiation in the
plane-of-rotation and a small range of angles in
the forward and rearward arc - are now used as a
reference to check the influence of flow-tempera-
ture.

In Fig. 9 data as measured at different flow-tem-
peratures are plotted versus helical blade-tip

Mach-number both for the round-, and the square-
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Fig. 9 Helical Blade-tip Mach-number Depen-

dence of Normalized Overall A-weighted
Noise Levels Measured Two Propeller-
diameters to the Side in the Plane of
Rotation

tip propeller. It is obvious, that in this case
too, all data points follow exactly the "basic"
curve of each propeller (which curves themselves
are based on a large number of data-points, as
obtained during the basic test-program).

This result now strongly suggests, that there is
no additional temperature effect other than that
implied in the general noise level dependence on
helical blade-tip Mach-number.

It should be emphasized again, that this conclu-
sion is only valid for data which had been norma-
lized beforehand on the basis of a 1.5th power of
the "propeller-input"-power-coefficient. Also, for
otherwise invariant operational conditions, a
“low-temperature environment” tends to slightly
increase the biade-loading, while a "high-tempera-
ture environment" decreases such loading. -Still,



within the temperature range of interest for noise
certification, such minor blade-loading variations
could at most cause level differences of up to
0.5 dB(A).

More importantly, however, it now seems, that it
would indeed be a viable approach to derive a
"correction-curve" by means of repeated flights at
different propeller-rotational speeds, thus estab-
lishing a noise-level-vs-Mach-number-dependence,
which could ultimately be used to correct data
from measuremnent temperature to reference tempe-
rature, provided there was no significant engine
noise contribution.

On the other hand, since the data indicate, that
the slopes of both curves, as shown in Fig. 9 for
the two test-propellers of different blade-thick-
ness and tip-shape, are not too different, one
could simply take a mean-slope for purposes of
‘noise-level/temperature”-correcting all propel-
lers, independent of their geometries and also the
number of blades. Such an approach would certainly
be more than adequate for noise certification pur-
poses; in this case one could dispense with any
additional test-flights (of wvarious propeller-
RPMs} alltogether. A corresponding proposal has
been made to the ICAO-CAEP /7/ for dintroduction
into the new light-propeller-aircraft noise cer-
tification procedure.

4.4 Test-results - Attitude-effect

Comparing noise data, which were measured in the
plane-of-rotation for zero-, and non-zero-attitu-
des, showed levels to increase for positive, and
decrease for negative, values of the attitude an-
gle (definition as indicated in Fig. 5a).

Assuming now, that the "effective noise source"
was tied to that particular propeller-blade which
advances towards the microphone, it becomes obvi-
ous, that positive attitude angles must cause an
increase (and negative attitude angles a decrea-
se), in the local effective blade pitch angle, and
also in the local helical blade-tip Mach-number
{which effect could - in analogy to the aerodyna-
mics of a helicopter rotor - be termed an "advan-
cing blade tip“-effect).

For the particular instant in time where the pro-
peller blade axis is orientated at right angle to
a connecting line between the propeller hub and
the microphone, the corresponding deviations in
blade angle-of-attack and Mach-number may now be
calculated in terms of attitude angle and advance
ratio. Results of a corresponding calculation are

plotted in Fig. 10.

Hence, for a typical advance ratio X of, say, 0.25
and an attitude angle ¢ of +7 deg, for example,
Fig. 10 would indicate an increase in local angle
of attack of about 0.8 deg and at the same time a
rise in Mach-number of about 3 %. From the mea-
sured relationship between angle-of-attack and
power-coefficient for each propeller, one may then
determine, that a 0.8 degree difference in angle
of attack would result in a level-increase of not
more than 0.6 dB(A). Due to the extreme sensitivi-
ty of noise radiation towards helical blade-tip
Mach-number changes, a 3 % Mach-number increase on

the other hand raises the observed noise level by
some 3.5 dB(A), as may be seen from Fig. 9.
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Fig. 10 Propeller Disc-plane Attitude Correc-
tion for Angle of Attack and Helical
Blade-tip Mach-number with Reference
to a Zero-attitude Condition

One may now plot noise levels, as they are mea-
sured for different attitude angles versus a "cor-
rected (i. e. local) Mach-number", as shown in

Fig. 11 (disregarding, however, any blade-loading

correction). Excellent agreement is achieved for
Mach-numbers in excess of 0.7, since all data-
points fit again the same "general curves” for,
respectively, both propellers, which had been
obtained in the basic part of the test program. In
essence, one finds that the proposed correction
procedure could successfully be applied to those
noise signatures which are governed by thickness-
noise radiation.

Therefore, attitude effects as observed near the
plane of rotation can be corrected in a straight-
forward manner for any given advance-ratio and
attitude angle, if for the propeller under con-
sideration, the dependence of the A-weighted noise
levels versus helical blade-tip Mach-number is
known in advance. Such general curve may be deter-
mined for the propeller-disc at zero-attitude, and
no specific attitude-change-tests are necessary.

4.5 Loading-Noise and Thickness-Noise

The results presented in the previous sections
seemingly showed no break in the slope of the
overall A-weighted propeller noise levels, when
plotted against an (albeit normalized) helical
blade~tip Mach-number. This may simply be coinci-
dental, since - although a rise in helical blade-
tip Mach-number increases the number of rotational
harmonics and their respective intensities towards
higher harmonics - the "smoothing" effect of
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A-weighting may also smooth the level-vs-Mach-
number-curve, thus in the end allowing the estab-
Tishment of relatively simple temperature (and al-
so attitude-) correction procedures.
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Fig. 11 (Attitude-) Corrected Helical Blade-

Tip Mach-number Dependence of Norma-
lized Overall A-weighted Noise Level
Directional Maxima, Measured Two Pro-
peller-diameters to the Side

It is of course known, that the two dominant pro-
peller noise mechanisms, namely blade-thickness
and blade-loading, express themselves differently
in the pressure-time wave-forms, and directivity
characteristics.

Singling out the blade-loading effect, by keeping
HTM, and advance-ratio constant, but varying the
power-coefficient by a factor of 10 (through an
appropriate change in blade-pitch), significantly
affects the pressure-time wave-form. Fig. 12 shows
a corresponding result for the square-tip propel-
Ter at a medium test-HTM of 0.72, as measured in
the plane-of-rotation. Both wave forms are diffe-
rent in terms of the ratio of positive-to-negative
pressure amplitudes and the instances-in-time, for
which the respective pressure mimima occur. In
agreement with theory, this result 1is a conse-
quence of the predominance of a pronounced nrega-
tive pressure pulse in case of diminishing blade-
loading, i.e. if thickness-noise dominates the to-
tal noise signature. At the same time, this pres-
sure minimum of a thickness-noise time history is
known to occur at roughly the zero-pressure cross-
ing instant of a loading-noise-dominated pressure
signature.
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A similar change in blade-loading, corresponding
to a power-coefficient variation from 0.01 to 0.13
shows a fairly pronounced effect on the levels for
the blade-rotational fundamental frequency
(HN = 1) and a low harmonic {(HN = 4), while there
is next to no influence for a higher harmonic, the
7th in the case shown (Fig. 13). This behavior de-
monstrates that - in the plane-of-rotation - load-
ing-noise most strongly affects the fundamental
and low blade-harmonic frequencies, while higher
harmonics here are essentially independent of the
blade-loading, and determined entirely by blade-
thickness.
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5.  ROTOR NOISE RESEARCH IN THE DNW

5.1 Problem Statement

Helicopter noise represents a growing environmen-
tal problem since 1its characteristic features
makes it highly annoying. Noise legisiation in
terms of an ICAO-"Standard" for noise certifica-
ting helicopters was first introduced in 1981
(ANNEX 16/Chapter 8), but some uncertainties in
the certification procedures, caused a debate on
the proposed noise limits, being considered either
too severe or too lenient, depending on whose
opinion was asked.

Both the main- and the tajl-rotor are individual
noise-sources with their own characteristic
source-mechanisms; the tail-rotor, furthermore,
operates in the main rotor wake, and this main-
rotor/tail-rotor interaction constitutes an addi-
tional annoying and easily recognizable source of
helicopter noise.

One particular area of uncertainty pertains to the
occurrence {and the control for that matter) of
helicopter 1impulsive noise, the characteristic
"blade-slap”, that makes helicopter noise discer-
nible over large distances. Attempts to accurately
predict the onset, and/or the regimes, within
which impulsive noise would occur for any given
rotor have largely failed, due to the insufficient
quantitative understanding of the impulsive-noise
dependence on rotor-geometry and -operation.
Hence, only empirical schemes were developed to
enable - with an uncomfortably large margin of
uncertainty - the prediction of blade-slap occur-
rence.

Impulsive noise is known to occur especially du-
ring high speed forward flight (where compressibi-
1ity effects predominate near the blade tips), and
certain phases of descend and landing approach
(where the blades may cut through previously shed
vortices) (Fig. 14).

HIGH-SPEED IMPULSIVE

NOISE
1000~ ) sLAP BOUNDARY
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500 |- |BLADE VORTEX INTERACTION|
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M 0
R/D
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~1000 L L 1 : 4 ]
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AIRSPEED, knots

Fig. 14 Typical Regimes of Impulsive Noise
Occurrence as Function of Forward
Flight Speed and Rate of Climb (after
Cox /8/)

Noise certification procedures, as laid down as a
“Standard" in ANNEX 16/ Chapter 8 /see Ref. 6/,
require the helicopter to be noise tested during
take-off, Tevel-flight, and landing-approach.

If a helicopter was certification-tested in an
operational regime (not necessarily corresponding
to its preferred mode of flight), where impulsive
noise would occur during any of the prescribed
certification-procedures, it would be judged
noisy. Another helicopter, which was to operate
outside such critical regimes during certification
testing, would be judged quiet. The onset of im-
pulsive noise under straight-Tevel flight condi-
tions is rather sudden and tends to increase
rapidly in intensity with growing flight speed
(Fig. 15). Likewise, the occurrence of impulsive
noise during descent is restricted to a fairly
narrow range of flight-speed/rate-of-descent com-
binations (see Fig. 14). To develop just noise
certification procedures and corresponding noise
limits, - especially for the level-overflight- and
the approach- test, a thorough understanding of
onset-conditions and operational regimes for any
given helicopter (main rotor) 1is necessary. Such
understanding is also instrumental, to allow for
an increase in flight speed for new-design heli-
copters without excessive noise penalties, or to
specify such flight regimes during landing ap-
proach, where impulsive noise would definitely be
absent.
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Fig. 15 Typical Flight Speed Dependence of
Noise Level during Certification
Testing (from /9/)

Much as flight tests would be suited to most rea-
listically look into relevant problems - and nume-
rous corresponding studies have been conducted 1in
the past /9-11/ -, wind tunnel test$ again lend
themselves for systematic and probably rather more
accurate investigations, inherently allowing wider
and better controllable variations of pertinent
parameteres, as long - however - as scaling prob-
Tems are recognized and fully understood.

The problems to be resolved could thus be formu-
lated in the follwing manner:
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(1) What are the characteristic features of
(a) high speed impulsive noise, and
(b)  blade/vortex-interaction impulsive
noise, and can these be studied in scaled
wind tunnel tests?

(2) How well do wind tunnel model test results
on rotor impulsive noise (both for high
speed conditions, and for conditions of
blade/vortex interaction) scale with
flight test results?

(3) How accurately may farfield radiated im-
pulsive noise (for purposes of predicting
noise certification levels) be computed
from geometrical and operational parame-
ters on purely theoretical grounds?

(4

What role plays the tail rotor contribu-
tion in the total noise signature, speci-
fically for noise certification EPN-
levels, and - more generally - in the he-
licopter detectability at large distances?

To adress the first three of these questions, a
comprehensive experimental/analytical effort was
launched in the DNW within a joint effort of the
US Army Aeromechanics Laboratory (AVSCOM) and the
DFVLR /12 - 14/. To try and answer the fourth
question, dedicated experiments are currently un-
dertaken in the DNW, to be briefly discussed in
Section 6.

5.2 Experimental Approach

(a) Rotor Test Stand

The rotary wing test stand (RWTS) of the Aerome-
chanics Laboratory - a photograph of the set-up is
shown in Fig. 16 - was positioned in the open test
section of the DNW, with the rotor-hub Tocated
mid-way between the nozzle and the collector, and
10 m above the acoustically absorbtive tunnel
floor. The RWTS was driven by a 400 Hz variable
frequency, 90 hp electric motor. The rotor itself
was mounted on a teetering hub assembly with rotor
controls (collective, and longitudinal and lateral
cyclic) provided by a remotely-controlled swash-
plate actuator, allowing also a direct rotor-tip-
path-plane control. The entire assembly was mount-
ed on a six-component strain gauge balance for
thrust, drag and pitching-moment determination.

(b) Model Rotor

A 1/7-geometrically scaled 2-blade rotor - corre-
sponding to an AH-1 series helicopter ("Cobra")
with OLS ("operational loads survey") blades was
mounted on the RWTS. The model rotor diameter of
1.976 m corresponding to one-fourth and one-sixth,
resp., of the DNW nozzle width and nozzle height,
resp., could thus be positioned well within the
clean, low-turbulence core-flow regime. One blade
was instrumented with 32 flush-mounted Kulite ab-
solute-pressure transducers, the other with 18
differential-pressure transducers, located essen-
tially along the leading edge and at several
chord-positions in the blade-tip region.

(c) Microphone Arrangements

Ten B&K 1/4-inch-diam. nose-cone-protected conden-
ser microphones inbedded in foam-layered adapters
were positioned on individual support struts at
several distances upstream, either in the plane of
rotation, or 30° and 45° downward of the rotor
hub, still well within the core-flow. There were
also several out-of-flow microphones.

(d) Acoustic-reflection Prevention

"Bang-tests" were conducted for similar reasons as
outlined in Section 4.2.(d); accordingly, most all
support struts for the microphones, and also the
very support pylon for the rotor hub had to be
wrapped with absorbtive material, since large re-
flecting areas were found to otherwise detrimen-
tally affect the radiated noise signatures.

the DNW

Rotor Test Set-up in
Open Test Section. Insert: Close-up of
Two-blade Rotor

Fig. 16 Model

(e) Data Acquisition

Three multichannel FM tape recorders were used for
blade-surface pressure, and acoustic pressure re-
cordings, operating at 30 ips for recording fre-
quencies up to 20 kHz. To assure synchronization
between the recorders, an IRIG-B time code and
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azimuthal rotor-shaft position related pulses were
recorded simultaneously on all three tape recor-
ders.

Two double-channel FFT-analyzers permitted on-line
analysis of 4 selected channels. Tunnel operatio-
nal data were recorded and/or noted independently
for each data-point.

(f) Test Program

Within the program-objectives, there were essenti-
ally two test phases, comprising simulation of
high-speed impulsive noise, and blade/vortex-
interaction impulsive noise, respectively. Data
were to be compared to available full-scale data
from a thorough flight test program on a Cobra
helicopter conducted by the US-Army /15 and 16/.
Here, the test helicopter flew in formation with a
quiet propeller-aircraft, equipped with micro-
phones, such that helicopter rotor acoustic radi-
ation could be measured at any desired relative
position around the test vehicle. The test ma-
trices for the DNW-tests thus were to cover those
test-parameter variations, that had been obtained
in flight.

For the model-tests, certain combinations of the
tip-path-plane angle and the advance-ratio (of the
blade during its advancing phase) do correspond to
certain rates of climb (or descent), and to cer-
tain straight-level forward flight speeds for the
full-scale flight situation; the tunnel test ma-
trix was therefore to duplicate the corresponding
full-scale flight conditions, as shown in Fig. 17.
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Fig. 17 Operational Envelope for DNW-tests

The rotational blade-tip Mach-numbers, that could
be achieved in the tunnel, ranged from approxima-
tely 0.55 to 0.72, resulting in advancing tip
Mach-numbers of up to 0.92. Equating the important
{non-dimensional) parameters, namely rotational
Mach-number, advance-ratio, as well as thrust-
coefficient in the model tests to those of the
full-scale flight conditions, and furthermore
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adjusting the tip-path-plane angle such that any
desired rate-of-climb or straight level flight
condition was duplicated in the tunnel tests,
assured direct comparibility of full-scale and
model-scale data.

(g)

In essence, all (recorded) anti-aliasing-filtered
analogue-data were A/D-converted, triggered by
both a time-code signal and a 1/rev.-signal. On-
1ine checks and off-line data analyses were con-
ducted in a similar manner as outlined in Section
4.2 in the context of the propeller-noise tests.

Data Processing

Pressure time histories of acoustic events in the
case of rotor aeroacoustic research, are rather
more informative, than spectra. While flight data
are inherently fairly unstable (atmospheric tur-
bulence, flight-control variations, distance chan-
ges between test and observer aircraft, etc), DNW-
tunnel test data were found to be extremely
stable. Hence, in the first case, data averaging
is imperative. Also, a technique, developed by
Boxwell /15/ to extract a main rotor noise sig-
nature from an unstable, and tail-rotor noise con-
taminated, signature, was necessary in the analy-
sis of flight data. This technique makes use of
appropriately strong spikes within the acoustic
signature itself for triggering the analysis pro-
cess, by which method an extremely clear and
"noise-free" signature of the main-rotor flight
noise signature is obtained. This clean signature
is now very well suited for comparison with scaled
tunnel test data.

5.3 Test Results - Blade/Vortex Interaction Noise

The left column in Fig. 18 illustrates the effect
of such processing o% full scale flight data:
Here, the top-, and the middle-frame show unave-
raged data, as they occur for nominally constant
flight conditions. Clearly, the wave-forms and the
amplitudes are rather different; also, the higher-
frequency periodic components of the tail rotor
are clearly visible between the dominating BVI-
spikes. Applying now the above processing tech-
nique with "spike-triggering" and averaging, pro-
duces the bottom frame, now very clearly exhibi-
ting the BVI-waveform-features without any tail
rotor contribution.

The right part of Fig. 18 now shows the correspon-
ding and appropriately scaled data from the tunnel
tests. Firstly, the top (instantaneous) and the
bottom (multiply averaged) waveforms are virtually
identical (illustrating the extremely stable tun-
nel flow conditions). Secondly, the full-scale
flight waveform, and the scaled tunnel test wave-
forms are very similar, indeed.

Fig. 18 was to essentially illustrate the proce-
dure, that allows a physically meaningful compari-
son of full-scale and model-scale data, (showing
the time span of one full rotor revolution with
two major spikes, one for each blade). The parti-
cular features of impulsive, specifically of BVI-
impulsive noise, become more obvious in Fig. 19.
Here, "looking down from above" onto the rotor,
one observes in the top-row (where in-plane for-
ward radiated waveforms are shown) 1in essence
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negative spikes, while in the bottom row (corre-
sponding to a forward, 30°-downward radiation)
positive spikes predominate. These latter ones are
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to be interpreted as blade/vortex-interaction
caused, known to prodominantly radiate into a
downward/forward direction. The "in-plane"- nega-
tive spikes, on the other hand, as shown in the
top row, are related to thickness effects. Also,
in this presentation, each two neighboring frames
correspond to each other, where F/S stands for
full-scale flight, and M/S for model-scale test
results.

5.4 Test-Results - High-speed Impulsive Noise

The data, as depicted in Fig. 19 actually had
shown a BVI-noise dominated case, with a fairly
low advancing tip Mach-number (approximately 0.77)
and an actual (or simulated) rate-of-descent of
400 ft/sec.

Considering now the acoustic signatures for a si-
tuation of straight-level high-speed flight with
an advancing blade-tip Mach-number of 0.84
(Fig. 20) as observed in the forward plane of ro-
tation and in a downward/forward direction, the
ensuing pressure signatures are now all characte-
rized by strong negative spikes, more intense
sti1l in the rotaional plane; this is consistent
with the understanding that high speed impulsive
noise is most pronounced in the rotational plane.
Again, the similarity of full-scale flight (F/S)
and model-scale wind tunnel (M/S) waveforms is ra-
ther striking, exemplifying the excellent scaling
of model towards full-scale data.
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5.5 In-between Considerations

Based on the results, as presented in Sections 5.3
and 5.4, one may well positively answer the first
two questions as posed at the end of Section 5.1:
firstly, the gross and even also rather detailed
features of (full-scale) helicopter rotor impul-
sive-noise pressure-time history waveforms are
very well duplicated in the DNW, provided carefu?
data analysis and processing are employed; second-
ly, scaling for impulsive noise works very well,
even with an, after all relatively small, seventh-
scale, model of a helicopter main rotor.

Attempting to compute such waveforms from first
principles, however, seems not possible. Computa-
tion of the unsteady blade-surface pressure field
for either the high speed flight case or the rapid
descent case has not successfully been attempted.
Computing, however, acoustic radiation into the
farfield from known blade-surface pressure charac-
teristics, seems rather more promising. It was for
this reason, among other things, that surface
pressures were measured in detail within the sub-
ject test program.

5.6 Test Results - Blade-surface Pressures

To relate the farfield-radiated acoustic signa-
tures (as shown in Figs 19 and 20 above), to the
originating time-varying blade-surface pressures,
corresponding time-histories, as measured by means
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Fig. 21 Blade-surface Pressure Time-histories
During One Rotor-Revolution for an
Upper-, and a Lower-Surface Position
Close to the Leading-edge and the
Blade-tip for Experimental Conditions
of Blade/Vortex-Interaction Impulsive
Noise Identical to those Depicted in
Fig. 19 (MAT = 0.77)

of one each upper-, and lower-surface Tlocated
pressure sensor during one revolution, are shown
in Figs. 21 and 22. The respective sensors, which
were %lusﬁ-mounted in the blades, were located
very close to the Teading edge (3% chord-position)
and the blade-tip (97.5% blade station). Fig. 21
then shows the surface pressure-time history on
both blade surfaces for conditions corresponding
fully to those in Fig. 19 above, i.e. for a situa-
tion, where essentially blade/vortex interaction
occurred; clearly there seem to be three encoun-
ters of the blade (tip) with vortices, as obvious
from the rather steep gradients in the pressure
signature. It should be remembered, that it is of
course the time-varying difference in the Tlower
and upper surface pressure signature, which yields
the 1ift variation during one revolution, and
which must be obtained (and integrated) over a
sufficiently large blade area to represent the
acoustic source, whose radiation is ultimately ob-
served at some farfield point.

Fig. 22 presents corresponding results for the
high~speed impulsive noise case, as had been shown
in Fig. 20 above, again for the same pair of
blade-surface sensors.
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Fig. 22 Blade-surface Pressure-time Histories
During One Rotor-Revolution for an
Upper-, and a Lower-Surface Position
Close to the Leading-edge and the
Blade-tip for Experimental Conditions
of High-speed Impulsive Noise Identi-
cal to those Depicted in Fig. 20
(MAT = 0.84)

Similar results have been obtained for a large va-
riety of operational conditions, and blade loca-
tions, such that a data bank 1is now avaiable,
which can be used to develop and/or verify pre-
diction schemes, relating unsteady blade-surface
pressures to radiated impulsive rotor noise.



One such example is shown in Fig. 23, where es-
sentialy on the basis of the "Ffowks-Williams/
Hawkins"-equation - /17/ blade-surface data were
used by one of the authors {Schultz) to calculate
the radiated acoustic time history at some far-
field point. The procedure employed accounts for
both the thickness-noise and the loading-noise-
contribution.

60
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l Blade /7 Vortex — Interaction ]
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.......... measured

Acoustic Pressure
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Fig. 23 Farfield-observed Blade/Vortex-Inter-
action Noise Pressure-time History:
'Calculated' on the Basis of Measured
Blade-surface Pressure-time Histories
and 'Measured' in the Wind Tunnel Ex-

periment (for Conditions Correspon-
ding to Fig 19, bottom-row/center-
frame M/S)

Hence, to answer the third question, posed at the
end of Section 5.3, one must state, that the com-
putation of 1impulsive noise from rotors just on
the basis of geometrical and operational data does
not seem feasable yet. Having however available
experimental blade surface pressure data, then
farfield radiated noise may be computed on that
basis.

6.  FUTURE AEROACOUSTICS PROJECTS

Based on the highly successful outcome of the ex-
perimental research projects on aircraft propeller
noise and on helicopter main rotor noise, as de-
scribed above, there are plans for further utili-
zation of the DNW as a prime aercacustic research
facility. Several projects are in the planning
stage, or even in the phase of execution.

6.1 Large-scale Rotor Testing

The main rotor tests utilizing a 1/7-scale model
rotor, suggested rather excellent scaling towards
full-scale. In some operational regimes (not re-
ported in this paper), however, some less good
scaling was observed, especially during blade/
vortex-interaction. It is suspected, that the re-
lative core-size of the shed vortices, did not
properly scale, causing different results for
model- and full-scale.

Therefore, a test-program is currently underway in
the DNW, using a DFVLR 1/2.5-scaled 4-blade main
rotor corresponding to a B0O-105 main rotor. Within
a joint NASA-Langley/DFVLR research project, tests
are being conducted, which, among other things,
pertain to blade/vortex-interaction noise; results
are to be compared to full-scale flight tests on a
B0-105 planned by DFVLR in the near future to as-
sess again scaling details, this time however for
a modern hingeless 4-blade rotor, rather than the
previously used stiff 2-blade rotor.

6.2 Main-Rotor/Tail-Rotor Interaction

As delineated further up, the role of the tail ro-
tor in the acoustic signature of a helicopter is
not fully understood in its effect on helicopter
detectability and on the final noise certification
levels within the 3 test-procedures. One major
area of uncertainty in the latter context pertains
to its influence at high speed forward flight (one
of the certification procedures) on the ensuing
noise signature. Correcting an EPN-level from
test- to reference-flight-speed requires the
"noise-sensitivity"-{with flight speed)-curve for
the helicopter, which is - of course - affected
by both the main-, and the tail rotor. Correspon-
ding corrections are normally based on the main-
rotor advancing tip Mach-number alone. If the tail
rotor tip Mach-number was to markedly differ from
that of the main rotor, for example, then the tail
rotor might exhibit an influence not related to
the main rotor advancing tip Mach number. Hence
the need, among other things, to study tail-rotor
aeroacoustics in detail.

A corresponding research project in the DNW is
currently conducted by DFVLR, where a 1/2.5-
scaled model tail rotor, fully compatible with the
DFVLR model main rotor, is tested as a combined
system. The tail rotor is dinstrumented with 20
flush-mounted Kulite sensors, to allow acquisition
of time-varying blade surface pressures for the
tail rotor operating by itself, or in the wake of
the main rotor.

6.3 Propeller Noise Tests

While no specific propeller noise research project
is planned in the DNW by DFVLR at this time, con-
siderations towards future studies center about
the effect of disturbed inflow into the propeller
rotational plane, a situation which typically oc-
curs for a pusher-propeller configuration. Here
questions on optimum positioning of upstream
struts or wings for minimum noise generation are
of considerable interest.

7. OUTLOOK

The German Dutch Wind Tunnel has repeatedly proven
to be one of the - if not the - foremost aeroacou-
stic research facility in the world. Research pro-
jects on propeller noise and rotor noise, such as
those reported in this paper (and others, not re-
ported in this paper), have yielded high quality
data, perhaps of benchmark quality. Every new
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aeroacoustic project provides additional

insight

into the DNW's capabilities, and the planning and
execution of new projects gains from the ever
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