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The qualities that are important for helicopter impulsive noise wind-tunnel testing are evaluated by comparing
aerodynamic and acoustic data gathered on a single-scaled model main rotor that was tested in two open-jet wind
anechoicwind tunnelsofmarkedlydifferent size: the CEPRA 19 tunnel in Franceandthe DNW in The Netherlands.
The rotor was instrumented with miniature blade-mounted pressure transducers and was tested on the same rotor
test stand located within the � ow of both open-jet wind tunnels. In-the-� ow rotor acoustic signatures and selected
on-blade dynamic pressure signatures are presented for each facility and discussed in relation to the differences in
tunnel geometry, tunnel � ow quality, and the aeroacoustic characteristics of each facility. This comparison shows
that low backgroundnoise levels, a large in-the-� ow anechoic measurement space, and low in� ow turbulence to the
rotor are necessary toyield high qualityaerodynamicand acousticdata.The best match of acousticdata between the
two facilities occurs when the tip-path plane of the rotor is chosen to match closely dynamicblade-surface-mounted
pressures. Achieving a good match between scaled wind-tunnel acoustics and in-� ight measurements are shown to
be more dif� cult: Agreement is reasonably good at low advance ratios but marginal at higher advance ratios.

Nomenclature
A = rotor disk area, p R2

a0 = speed of sound
CT = rotor thrust coef� cient, T / ( q V 2 A)
D = diameter of the rotor, 2R
MAT = rotor advancing tip Mach number, MH (1 + l )
MH = rotor hover tip Mach number, ( X R) /a0

R = rotor radius
r / D = nondimensionaldistance between the microphone

and the rotor hub
V = forward velocity of the rotor
a TPP = tip-path plane angle of the rotor
D a = peak-to-peakangle of attack wind-tunnel � ow variations
l = advance ratio, V / ( X R)
q = air density
w = azimuth position of the rotor blade, measured from

downstream
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Introduction

M ODEL-ROTOR aeroacoustic testing in wind tunnels by
industry and government research organizations is now

commonplace.1 ¡ 7 The impetus for this testing includesnoise assess-
ments to meet commercial noise regulationsand military detectibil-
ity requirements, the use of new materials that allow the fabrication
of accurately scaled rotor models, and the early evaluation of smart
structures and active control technology to reduce rotorcraft noise
radiation. It is important that rotorcraft manufacturers assess the
acoustic characteristicsof proposed new designs early in the devel-
opment process. If the newly designed or modi� ed rotorcraft is too
noisy, it may not meet the requirements for � ight in the commer-
cial airspace or meet military acoustic detectablity requirements.
Model-scale acoustic testing is proving to be an effective means of
making these assessments.

In the past there have been two levels of aeroacoustictesting: one
thathas emphasizedtheevaluationof parametricdesignchangesand
one for quanti� cation of fundamental noise-generation processes.
There have been many successful attempts to assess the potential
design changes on the radiated noise � eld (for example, see Refs. 4
and 5). In these experiments, the � delity of the parametric results
depended on the aerodynamicand acoustic propertiesof the testing
facility and the degree to which the rotor testing was representa-
tive of full-scale � ight. Wind tunnels with good aerodynamic � ow
properties and little reverberation in the frequency range of interest
generally provided higher quality acoustic results. Similarly, those
rotors with properly scaled aerodynamic and dynamic characteris-
tics captured the important aerodynamic and acoustic phenomena
and yielded more quantitative results. In this parametric testing ap-
proach, it was hoped that the phenomena being investigated were
represented to adequate � delity so that the effect of parametric de-
sign changes on the radiated noise of the actual helicopter rotor
would be correct.
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More quantitative aeroacoustic testing of model-scale rotors has
been shown for certain types of helicopter noise. An in-� ight,
far-� eld method was used to gather a high-quality, full-scale acous-
tic database that was free from ground re� ections.8 The resulting
data were used to compare the results of wind-tunnel tests of aero-
dynamicallysimilar models.When relevantnondimensionalparam-
eters were held constant, excellent scaling of high-speed impulsive
noise was demonstrated.9 Good scaling at low advance ratios for
blade-vortexinteractionnoise was also shown.3 In neither case was
it necessaryto make correctionsfor Doppler shifts, ambient temper-
ature, and wind effects. The impulsive noise phenomena of interest
were quantitativelyscaled.

Although always desirable, in many cases the more quantitative
testing approach is not feasible. As a consequence, an important
and interesting question arises: How much does the aerodynamic
and acoustic properties of the facility itself in� uence the model-
scale results? This paper addresses this question for rotorcraft im-
pulsive noise by comparing rotor aeroacoustic data from tests on
the same rotor tested in two different anechoic wind tunnels: the
Centra d’Essais des Propulseurs (CEPr)—Of� ce National d’Etudes
et de Recherches Aérospatiales (ONERA)-19 (CEPRA-19) in
France and the Deutsch-Niederlaendischer-Windkanal (DNW) in
The Netherlands.

The test rotor was identical, and the tests were conducted in an
identical manner in the two open-jet wind tunnels. The rotor was
instrumented with many unsteady surface-pressure transducers to
de� ne, as completely as possible, the aerodynamicsof the blade. In
the following, an assessmentof the aerodynamicand acoustic prop-
erties of both facilities is presented along with a brief description
of the rotor and rotor stand. This is followed by a comparison of
selected acoustic signatures and unsteady blade pressures taken in
both wind tunnels. Both sets of scaled acoustic data are also com-
pared with full-scale in-� ight data to see how well the model-scale
data replicates the impulsive events of full scale.

Facility Characteristics
General Features

Testingof the rotormodel was � rst conductedin an anechoicwind
tunnel located in France at the Centre d’Essais des Propulseursnear
Paris. This facility, CEPRA 19, is of the open-circuit, open-test-
section design and is one of the larger open-circuit anechoic wind
tunnels in the world (Fig. 1a). A concrete test chamber, in the shape
of one quadrant of a sphere with a 9 m radius, surrounds the open
jet. The walls and � oor are lined with acoustic wedges that are 1 m
long, giving an acoustic cutoff frequencyof about 200 Hz. Both the
entrance and diffuser portions of the tunnel circuit are anechoically
treatedwith acousticbaf� es to protectthe test chamberfromexterior
and tunnel-drive-systembackground noises.

The freejet of the CEPR-19 is 12 m long. A circular 3-m-diam
nozzle was installed for these tests; theoretically it allows a max-
imum jet velocity of 60 m/s. The resulting � ow is collected by a
large, solid � berglass collector and extracted by a centrifugalpump

a) CEPRA 19 wind tunnel b) DNW wind-tunnel complex

Fig. 1 Two anechoic wind tunnels.

to the outside through an acoustic baf� ing system. For these tests,
both the nozzle and collector were made of hard-surface � berglass,
and the nozzle lip was treated with 10 cm of serratedacoustic foam.
An adjacent control room housed all measurement instrumentation
and wind-tunnel and rotor drive controls. Table 1 lists the major
geometric and � ow characteristicsof the freejet. Note that the level
of transverse turbulence (1.1%) for CEPRA 19 in Table 1 is equiv-
alent to rms angle-of-attack variations of about 0.6 deg in the jet.
More detailed information about the CEPRA 19 facility is given in
Refs. 10 and 11 and is summarized in Appendix A of Ref. 12. Note
that since these rotor tests were run, modi� cations to the facility
have been made that have improved the � ow quality of the 3-m
nozzle by an order of magnitude.

The DNW acoustic wind tunnel is a closed-return-type,subsonic
atmospheric wind tunnel with three interchangeable, closed-test-
section con� gurationsand one open-jet aeroacousticcon� guration;
the latter was used for the model rotor tests. Figure 1b shows the
arrangement of the various components of the DNW.

The open-jet con� guration consists of a 6 £ 8 m nozzle with a
testing chamber surrounding the open jet that is 45 m long, 30 m
wide, and 20 m high. The testing chamber walls are acoustically
treated with 1.1-m wedgesgivinga cutoff frequencyof about80 Hz.
The open-jet con� guration was designed to obtain low background
noise levels at � ows up to 80 m/s. This was accomplished in the
design of the facility by choosing a low-tip-speed fan (blade tip
Mach number of 0.5) and by acoustically lining the turning vanes
and the inner collector and transition walls. The major geometric
and � ow characteristicsof the freejet are also summarized in Table 1
for comparison with the CEPRA 19 data. The comparative trans-
verse turbulence level in the DNW of 0.1% (rms angle-of-attack
variation of about 0.1 deg) indicates that the jet � ow in the core of
the jet is quite steady at frequencies above 0.2 Hz. More detailed
information about the DNW facility characteristics are given in
Refs. 13 and 14.

Rotor Installation Characteristics

The rotor used in both tests was a 1
7 -scale model of the AH-1/

Operation Loads Survey (OLS) full-scale two-bladed rotor with
pressure-instrumented blades that was used for aerodynamic and
noise testing by NASA and Bell Helicopter (Refs. 3 and 15). The
model rotor was instrumented with a number of miniature pressure

Table 1 Major geometric and � ow characteristics
of CEPRA 19 and DNW

Characteristics CEPRA 19 DNW

Nozzle cross section Circular, 3-m diam Rectangular, 6 £ 8 m
Free jet length, m 11.84 20.0
Mean � ow velocity range, m/s 0–55 0–85
Axial turbulence level,a % < 0.5 < 0.3
Transverse turbulence level,a % < 1.1 < 0.1
a , peak-to-peak value 3.0 NA

aOn centerline at 40 m/s.
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transducers to measure local surface-pressure distributions on the
rotor blades. The rotor was mounted on a modular test stand se-
cured to the � oor of both facilities such that the upper part of the
stand penetratedthe open jet of both facilities. The upper part of the
stand was similar for both test arrangements: It was aerodynami-
cally fared and wrapped with acoustic treatment to avoid impulsive
re� ections. A more complete description of the rotor test stand is
provided in Ref. 2 for the CEPRA 19 entry and in Ref. 3 for the

a) Installed in CEPRA 19

b) Installed in the DNW open test section

Fig. 2 One-seventh-scale model OLS rotor and test stand.

DNW test. Figures 2a and 2b, taken from these references, illus-
trate the rotor installation in the open jet of each facility. For each
installation, microphones were distributed around the rotor: both
within the freejet and outside of the open-jet core � ow. Several of
the in-� ow microphones were located at the same nondimensional
positions in each facility.

Inherent in wind-tunnel testing of model helicopter rotors is a
large variety of possible operating conditions, one of which is the
variation of the rotor’s tip-path-plane angle with respect to the
freestream � ow. For both tunnels, it was assumed the similar ro-
tor installations (both tests used the same rotor, rotor hub, and test
stand) did not alter the air� ow qualities of the test. Open-jet wall
corrections were estimated before testing,2,16 but because of pre-
diction uncertainties, they were only used to guide the selection of
planned test conditions.Instead,parametric sweeps were conducted
in both tunnels to map out critical testing parameters carefully, for
instance, a sweep of the rotor tip-path-planeangle, which is known
to be sensitive to open-jet boundary effects. In this manner, blade–

vortex interaction (BVI) geometry critical to rotor acoustics would
not be missed in either tunnel installation.(The effect of this will be
seen in data presented in a later section.)

The acoustic characteristics of each facility, however, were not
assumed to be those of previously published tunnel surveys. The
effect of rotor installation, for example, struts and fairings, on each
tunnel’s acoustic environment was investigated before testing was
begun. Two methods were used: 1) background tunnel noise mea-
surement (no rotor running) and 2) impulsive calibrations.

Background Noise

Background noise was measured on all microphones,both in the
� ow and out of the � ow for both tunnels. Results are presented for
two microphone locations 1.5 diameters directly ahead of the rotor
in a hub-centered coordinate system: one in a plane normal to the
vertical and passing through the rotor hub (in-plane) and one down
30 deg from that plane.The out-of-� ow microphonesare not used in
this paper. Treating the unsteady effects of the open-jet shear layer
on radiated rotorcraft acoustics is beyond the scope of this work.
Background noise measurements were analyzed in 40-Hz narrow
bands from dc to 10 kHz with no high-pass � ltering.

The measured levels for the in-plane microphone, as a function
of tunnel velocity, are illustrated in Fig. 3a for CEPRA 19 and in
Fig. 3b for the DNW [sound pressure level (SPL) in decibel RE
2 £ 10 ¡ 5 Pa]. Both tunnels exhibit in-the-�ow background noise
levels that are low enoughto permit the measurementof model-rotor
impulsive noise signatures.The in� ow noise levels for both tunnels
are characterized by higher spectrum levels at frequencies below
100Hzandby agradualdecayin leveltoward thehigherfrequencies,
where levels are typically dominated by wind-induced noise from
the nose cone on the microphone. Above 35 m/s, the CEPRA 19
spectra show generally higher noise levels above 100 Hz. Part of
this increase in level occurs around discrete frequencies, probably
a result of vortex shedding from microphone struts or other pieces
of the rotor installationstructure.The CEPRA 19 backgroundnoise
at 50 m/s exhibits a gradual increase in level with frequency that
is thought to result from broadband loads on the microphone nose
cone and support strut. These loads are likely induced by the larger
unsteady angle-of-attackvariations in the CEPRA 19 � ow and raise
the background threshold by approximately 10 dB at frequencies
above 5 kHz (15 dB above the DNW background noise). The inset
in Figs. 3a and3b shows more clearly the low-frequencybackground
spectrumlevelsnear the rotor fundamentalblade-passagefrequency
of about 80 Hz. Here the background levels can be nearly the same
order of magnitude as the expected rotor noise levels, but averaging
techniques can be used to extract the lower rotor noise harmonics
from the measured signal.

Background noise for the in� ow microphone located 30 deg be-
low the in-plane position is shown in Figs. 4a and 4b for CEPRA 19
and DNW, respectively.The evidence of shedding noise in CEPRA
19 has diminished at this location, and the DNW levels at 80 m/s
have increased slightly, probably a result of shear-layer proximity.
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a) CEPRA 19

b) DNW

Fig. 3 In-� ow background noise vs tunnel velocity for the forward
in-plane microphone position.

a) CEPRA 19

b) DNW

Fig. 4 In-� ow backgroundnoise vs tunnel velocity for the microphone
30 deg down from the in-plane microphone position.

a) CEPRA 19

b) DNW

Fig. 5 Wind-tunnel impulse calibration for several tunnel velocities
for the straight-ahead in-plane microphone.

Impulse Calibrations

The second method for assessing the anechoic properties of
both wind tunnels used impulsive devices (small explosive charges
mounted in the plane of the rotor disk and � red electrically) to de-
termine acoustic re� ections. These initial re� ection tests revealed
unwanted acoustic re� ections from the 3-m nozzle lip and the rotor
stand in CEPRA 19 and from the microphone support struts in the
DNW. Prior to the acquisition of acoustic data, the rotor test stand
was covered with acoustic treatment in CEPRA 19. Absorptivema-
terial was also added to the microphone support structure in the
DNW for the purpose of reducing re� ections by at least 10 dB.

Figures 5 and 6 show the time histories of the re� ection tests
for the in-plane and 30-deg-down microphone positions. The time
histories for the in-planemicrophones (Figs. 5a and 5b) in both tun-
nels indicated that the re� ections were signi� cantly reduced after
acoustic treatment,12 with the DNW almost approximating free-
� eld conditions. Unfortunately, and because of scaling constraints,
the CEPRA 19 microphone located 30 deg below the in-plane mi-
crophone (Figs. 6a and 6b) was positioned close to the acoustically
untreated nozzle and resulted in a re� ection that was stronger than
desired. The problem became more severe with � ow when multiple
nozzle and/or shear-layer re� ections were observed to follow the
initial impulse. The effect of these re� ections is to distort both the
time histories and the power spectra of the measured rotor noise.

Rotor Acoustic Comparisons
Figures 7–9 present a direct comparison of the model-scale OLS

bladeacousticsignaturesas measured in the two facilitiesalongwith
the correspondingfull-scale 540-rotor (OLS) acoustic signaturesas
measured in-� ight. The left-hand sides of Figs. 7–9 illustrate the
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a) CEPRA 19 b) DNW

Fig. 6 Wind-tunnel impulse calibration for several tunnel velocities for the straight-ahead 30-deg-down microphone position.

a) CEPRA 19

b) DNW

c) Full-scale � ight test

Fig. 7 In-plane rotor acoustic comparisons; ¹ = 0.164, MAT = 0.772, and CT = 0.0054.
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a) CEPRA 19

b) DNW

c) Full-scale � ight test

Fig. 8 Acoustic comparisons (30 deg down from in-plane microphone position); ¹ = 0.164, MAT = 0.772, and CT = 0.0054.

instantaneous time history over one revolution whereas the right-
hand sides of Figs. 7–9 illustrate the average of 64 power spectra
of successive time histories. The start times (time » 0 or 1.0) for
both model-scale and the full-scale times histories are somewhat
arbitrary.The model-scalestart times are similar because the geom-
etry of the microphones and the test conditions that are compared
were the same in both facilities and the start time was referenced
to the downstream rotor blade position. The full-scale start times
are arbitrary.The power spectra data are displayed over a harmonic
frequencyaxis, where each line unit is a measure of rotor rotational
rate (about 40 Hz for model scale). For this two-bladed rotor, every
other line in the spectrum is exactly a rotor harmonic of blade-
passage frequency. The 250-line frequency responses in Figs. 7–9,
therefore, correspond to about 10 kHz in model scale.

Figure 7 presents acoustic comparisons for an in-plane micro-
phone at a nominal advance ratio of 0.164 and a thrust coef� cient of
0.0054.As will be explained in a following section, blade pressures
were used to determine comparable rotor � ight conditions (perfor-
mance states) in each facility.Figure7a presents in-planeCEPRA 19

time historyacousticdata for a rotor tip-path-planeangle of 3.5 deg;
Fig. 7b presents DNW data at 1 deg, indicating a 2.5-deg jet angu-
larity difference between facilities at this rotor advance ratio and
thrust coef� cient. This difference in tip-path-plane angle is most
likely due to the differentwind-tunnelwall effects of both facilities.
The full-scale results in Fig. 7c were measured during a 400-ft/min
rate of descent, which theoretically corresponds to a tip-path-plane
angle of 2 deg (Ref. 3).

The time histories, when matched in this manner, show good
overall similarity between model-scale results, especiallywhen one
considers the order of magnitude difference in unsteady � ow an-
gles that existed between facilities. The key events of high-speed
impulsive (HSI) thickness noise (negative pulse at time » 0.22 and
0.77) and BVI noise (positive peaks at time » 0.2 and 0.75) have
been captured. The time histories in the DNW are, however, more
distinct than those in CEPRA 19. The higher backgroundnoise and
the general unsteadinessof the rotor � ow cause the time history of
the CEPRA 19 data to be choppier. The frequency-domain results
follow these same trends with the DNW averaged spectra having
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a) CEPRA 19

b) DNW

c) Full-scale � ight test

Fig. 9 In-plane rotor acoustic comparisons; ¹ = 0.224, MAT = 0.807, and CT = 0.0054.

a better signal-to-noise ratio than CEPRA 19. The location of the
in-planemicrophonewithin the hard-wallednozzle of CEPRA 19 is
probably responsiblefor the small differences in the spectral shapes
at low frequencies, whereas differences at higher frequencies are
thought to be related to the larger angle-of-attack in� ow variations
of CEPRA 19. Note that the average power spectrum of the � ight-
test data retains the tail-rotor-related frequencies in the full-scale
measurements. These tail-rotor peaks/harmonics can be removed
from the data by averaging the data as shown in Ref. 8. This av-
eraging procedure allows a more direct comparison of model- and
full-scale results.

The comparisonbetween � ight-testandwind-tunnelacousticdata
isnotquiteas good.AlthoughtheHSI noisepulseshapesmatchquite
well, the comparisonof high-speedthicknessnoise (time » 0.22 and
0.77) shows the � ightamplitudeof the thicknessnoisepulse is lower
(by about 25%) than the DNW wind-tunnel measurements at this
in-planemicrophoneposition.Differences in BVI noise (time » 0.2
and 0.75) are also noted. In general, the wind-tunnel data appear
larger in amplitude for this in-plane microphone position and have

somewhat different BVI time histories. There are several possible
reasons for this lack of quantitative correlation between � ight-test
and wind-tunnel acoustic data. Because the � ight condition of the
rotorcraft was not chosen by comparing � ight blade pressure data
with wind tunnel blade pressure data as it was with the CEPRA 19
and DNW data, it is possiblethat theoperatingaerodynamicstatesof
the rotors were not exactly the same. The � delity of the wind-tunnel
wall correctionsas well as facility reverberationcharacteristicsalso
can in� uence these comparisons.

Figure 8 shows acoustic data taken at the same testing condition
for a microphoneposition30 deg belowthe in-planemicrophone.At
this measurement location, the BVI acoustic signature (time » 0.2
and 0.7) is stronger in both model- and full-scale results; however,
the CEPRA 19 data show the effect of tunnel-nozzle contamina-
tion, mentioned earlier in the discussion of impulse calibrations.
The rotor signature in the CEPRA 19 depicts a wider thickness
noise component (time » 0.25 and 0.75), probably due to nozzle
re� ections and/or shear-layer distortions. This is also indicated by
the higher level, low-frequency content in the CEPRA 19 spectral
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plots.Similar to the in-planeposition,higher frequencyspectral dif-
ferencesbetween the data taken in the two wind tunnels are noted at
the 30-deg-down measurement position. The DNW data are again
more distinct than the CEPRA 19 data and, for this microphone
position, scale with the full-scale data quite well.

Figure 9 presents results for the in-plane microphone at an ad-
vance ratio of 0.224, a condition known to produce HSI noise
(time » 0.25 and 0.75). The in-plane microphone position is cho-
sen for comparison because it is known that maximum HSI noise
is in this direction. For this higher advance ratio, a tip-path-plane
correction of 2 deg between facilities was estimated. In-plane HSI
noise (time » 0.25 and 0.75) wind-tunnel pulse shapes match quite
well at this in-plane microphone position, but the amplitude of the
CEPRA 19 measurements are slightly larger than the DNW mea-
surements, which are also larger than the full-scale measurements
by about 25%. Differencesbetweenmodel-scaleand full-scalepeak
pressure levels and waveforms of the BVI noise (time » 0.2 and 0.7)
become more evident at this higher speed. The CEPRA 19 data are
the least well de� ned, but neither model-scale test closely replicates
the full-scale results. These discrepancies can also be seen in the
power spectra data (right-hand side of Fig. 9). In the CEPRA 19

a) CEPRA 19 b) DNW

Fig. 10 Upper surface model rotor blade dynamic pressure time histories for several radial positions; ¹ = 0.164, MAT = 0.772, and CT = 0.0054.

tunnel, the signal-to-noise ratio of the acoustic signature is gener-
ally lower, and the spectralshapes are differentwhen comparedwith
DNW data for the reasons cited earlier. The DNW power spectra
data are better de� ned than CEPRA 19 data, but exhibit a marked
difference when compared with full-scale data.

As mentionedearlier, the in-� ight data was not matched using the
blade surface pressures to either wind-tunnel test because no full-
scale blade pressure data are available that could be used to match
the rotor aerodynamic states. This may have resulted in a slight
miss match in the rotor aerodynamics between � ight test and wind
tunneland is a possibleexplanationfor thediscrepanciesat thishigh-
speedhelicopter� ightcondition.Differencesin actualmeasurement
angles and unsteady � ow angularities are two additional possible
explanations for this lack of signature correlation.

Rotor Aerodynamic Comparisons
The scale-model AH-1/OLS rotor was instrumented with 50

miniaturepressuretransducers:32 absolute, � ush-mountedKulite¨

transducers on one of the blades and 18 differential pressure trans-
ducers on the second blade. The absolute transducer locations
were chosen to match some of the radial and chordwise transducer
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positionsin the full-scaleNASA OLS tests.15 The geometricalchar-
acteristics of the model blades and the model-scale transducer loca-
tions are given in Ref. 9.

As already discussed, the � ow aerodynamics of each wind tun-
nel can alter the true operating state of the rotor. To account for
these changes, � ow corrections (wall corrections) for each facility
are usually predicted and applied to the measured performance of
the rotor. For example, a simple theoretical wall correction model
was used in Ref. 2 to indicate that a 1.5-deg correction was ap-
propriate to match CEPRA 19 model data with full-scale data. Be-
cause the rotor blades were instrumentedwith pressure transducers,
a more straightforward method of matching operating conditions
was chosen. Measured blade-pressure time histories were simply
compared over a range of operating conditions to � nd the condi-
tion in each facility that made the aerodynamics on the blade most
similar.

One � ight condition,at an advance ratio of 0.164, is chosen to il-
lustrate the comparison of blade pressures measured in the CEPRA
19 and DNW anechoicwind tunnels. For this advance ratio and at a
constant thrust coef� cient of 0.0054,a parametricsweep of tip-path-
planeanglewas performedin eachfacility.These rotor sweep angles
(from ¡ 5 to +7 deg in theDNW andfrom0 to +5 deg in CEPRA 19)
placed the rotor in a series of � ight conditions (descents) known to
produce BVI. The measured blade pressures and resulting air loads
during this parametric sweep of rotor tip-path-planeangles were ex-
tensively analyzed and compared. This comparison clearly showed
that to match the aerodynamic state of the rotor by attempting to
match bladepressures/loads, an angular tip-path-planedifferenceof
about2.5 deg was requiredbetween facilitiesat this � ight condition.
The comparison also showed that using blade pressures to correct
for in� uencesof wind-tunnelwall effects is a more sensitivemethod
than trying to match acoustic time histories for the same purpose.
The 2.5-deg correction was used in the following comparisons.

Figure 10 presents averaged upper-surface (leading edge 3%
chord), blade-pressure time histories at four blade radial stations
after this angle-of-attack correction procedure had been applied.
The data are shown for one rotor revolution with time = 0 repre-
senting the downstream position of the blade. Figures 10a and 10b
show the CEPRA 19 and DNW results, respectively.The data show
that although the measured blade pressures are matched quite well
on an averagebasis, differencesstill remain. In particular,it was im-
possible to obtain a perfect time history match for both the inboard
and outboard radial pressure transducers.At the more inboardradial
stations at the position of advancing BVI (time » 0.2), the CEPRA
19 impulsesare slightly larger than theDNW pulses.At the outboard
radial stations, the reverse is true. This implies that the wind-tunnel
facility distortionson the � ow are not entirely correctableby simple
matching of blade pressures/loads. There are other facility factors
besides tip-path-planeangle that in� uence the comparison.

There are also some notable differences in the sharpness of the
advancing BVI pulse (time » 0.2) at the outboard radial stations
as seen in Fig. 10. The DNW blade pressure data have very sharp
BVI time historiesand apparentlyhigher signal-to-noiseratios than
the CEPRA 19 data. It is most likely that the higher transverse
turbulence levels of the CEPRA 19 tunnel have had an adverse
in� uence on the CEPRA 19 measured blade pressures, smoothing
out the pulse time histories in most cases. Differences in blade-
pressure time histories are also notable at the outer radial stations
(0.97 radius) at the downstreampositions of the rotor (time » 0.95)
as seen in Fig. 10. Because the rotor tip-path-planeangle is 2.5 deg
more positive (� apped back) in the CEPRA 19 tunnel than in the
DNW, it is closer to the wake of the strut fairing and, therefore, sees
a more pronounced effect.

Figure 11 compares the upper- and lower-surface leading-edge
(3% chord) blade pressuresat nearly the same radial station (within
1% of the 96% blade radius) in the time (left-hand side of Fig. 11)
and frequency (right-hand side of Fig. 11) domains. The instanta-
neous time histories for the CEPRA 19 and DNW have been chosen
to be comparable in level to the average signal over the sampling
period.10 As shown in the left-hand side of Fig. 11, the DNW blade
surface-pressuredatanear theadvancingBVI locations(time » 0.2),

a) CEPRA 19

b) DNW

Fig. 11 Upper and lower surface model rotor blade dynamic pressure
time histories and corresponding average power spectra for one radial
position ( » 0.96 R); ¹ = 0.164, MAT = 0.772, and CT = 0.0054.

are sharperand are indicativeof a more distinct impulsiveevent than
similar data taken in the CEPRA 19 wind tunnel.This same effect is
seen in the right-hand side of Fig. 11 as a slower harmonic rolloff in
the correspondingaverage power spectrum of the DNW data when
compared with CEPRA 19 data. These power spectra are computed
on two-revolution time histories and averaged over 64 cycles. This
gives a frequencyresolutionand response(250 lines) of about20 Hz
and 5 kHz, respectively.The periodicnatureofBVI is also evidentin
the averaged-powerspectraas discretefrequencyharmonics.Higher
harmonics of BVI are more clearly de� ned in the DNW than in the
CEPRA 19 blade surface-pressuredata.This reinforces the observa-
tion that the periodic events that were measured in the DNW tunnel
were more distinct than those measured in CEPRA 19 under the
same simulated � ight condition (performance state).

Conclusions
It has been shown that both the CEPRA 19 and DNW facilities

exhibitin-the-�ow backgroundnoise levels low enoughto permit the
accurate measurement of model-scale radiated impulsive acoustic
signatures. In the DNW, the rotor impulsive noise signatures were
above in� ow backgroundnoise levels at � ow velocitiesup to 80 m/s.
The CEPRA 19 backgroundnoise levelswere higher than the DNW
( » 10–12 dB)at low andhigh frequencies,probablydue to thehigher
turbulence levels in the CEPRA 19 facility.

Having a large anechoic in-the-� ow testing space is important
for quantitative acoustic measurements. For the size of rotor that
was tested (2 m diam), the DNW in its 6 £ 8 m open-jet nozzle
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con� guration allowed scaled placement of in� ow microphones far-
ther from the nozzle structure and from the freejet shear layer than
in the CEPRA 19 with its 3-m nozzle. Impulsive calibrations in-
dicated that the 3-m nozzle of the CEPRA 19 would contaminate
the microphone data at the 30 deg below the in-plane microphone
position where strong BVI impulsive noise signatures are radiated.
These effects were observed in the CEPRA 19 acoustic data in both
the time and frequency domains.

Higher rms transverse turbulence levels (an order of magnitude
larger) in CEPRA 19, as compared with the DNW, affected the
measured acoustic data. Although the spectral shape in the lower
frequencyharmonics(100–2000Hz) was generallythe same in both
facilities, differences in speci� c harmonic levels of up to 10 dB
were noted. This caused the BVI acoustic and onblade pressure
time history measurements to be more distinct in the DNW facility
than those measured in CEPRA 19.

Matching theperformancestateof the rotorbetween facilitieswas
greatly facilitatedby the use of onblade pressure transducers.Blade
pressure measurements taken during rotor-tip-path plane paramet-
ric sweeps indicated that a 2.5-deg tip-path-planeangular � ow dif-
ference (� ow correction) existed between the two facilities at an
advance ratio of 0.164 and a thrust coef� cient of 0.0054. This was
in contrast to a theoretically estimated correction of 1.5 deg. When
the experimental correctionwas accounted for, averaged-measured
blade pressures were more similar in character in both facilities.

HSI acoustic waveforms and power spectra at in-plane micro-
phone measurements ahead of the helicopter were quite similar
for both facilities. Some small differences in levels were observed.
Comparison of HSI wind-tunnel acoustic data with � ight acoustic
data revealed good pulse shape correlation but some discrepancies
in amplitude. Model-scale acoustic data overpredicted the levels of
full-scale HSI noise (by about 25%) at the in-plane microphone
position.

BVI acoustic waveforms and power spectra matched quite well
between the CEPRA 19 and DNW wind tunnels, but did not match
as well when comparedwith full-scaleBVI data. That the full-scale
rotor performance state was estimated and not determined by us-
ing measured � ight dynamic pressuremeasurements (which are not
available) is thought to be a major reason for this lack of correla-
tion.Future programsthat attempt to compare� ightandwind-tunnel
acoustics should match rotor performance states by attempting to
match measured blade surface dynamic pressures.

In summary, it has been shown that it is generally possible to
make quantitative and consistent rotor acoustic measurements in
differentopen-jet, anechoic wind tunnels that contain the important
features of impulsive noise. Low background noise levels, a large
anechoic in� ow testing space, low � ow turbulence of the jet, and
careful matching of the aerodynamic state of the rotor all contribute
to a high-quality test that can replicate many features of full-scale
rotor impulsive noise data.
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