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Abstract

Two tests were completed by NASA Ames
Research Center to measure the acoustics and
performance of an XV-15 rotor. These tests were a
flight test of the XV-15 aircraft and a wind tunnel test
of a single, full-scale XV-15 rotor. Acoustics and
performance measurements were obtained for
helicopter-mode forward flight and descent conditions.
This paper summarizes the data obtained from these
tests. Comparisons are made of blade loads and
acoustics data obtained from the two tests, These
comparisons provide insight into both wind tunnel
and flight test experimental techmiques and
capabilities.

Notation

Cy  rotor torque coefficient
Cr  rotor thrust coefficient
iy nacelle incidence angle, deg
gp Totor tip Mach number
rotor radius, ft
¢,  aircraft angle of attack, deg, positive nose up
Olg shaft angle, deg, positive aft
Q,, rotor tip-path-plane angle, deg, positive aft
B  longitudinal flapping angle, deg, positive aft
il advance ratio
4 rotor solidity ratio
Q rotor rotational speed, rad/sec

Introduction

Tiltrotor aircraft hold the promise to greatly
enhance the air transportation system of the future.
They combine the vertical takeoff and landing (VTOL)
capabilities of helicopters with high speed capabilities
similar to turboprop aircraft. However, capitalizing
on the tiltrotor’s potential requires a greater
understanding of its performance and acoustics,
especially for takeoff and landing.

The XV-15 aircraft was developed in the early
1970's as a proof of concept vehicle. Performance
and acoustics testing were performed during
development to ensure the viability of the concept

(Refs. 1-4). Environmental concems over vertiport
placement has increased the need for in-depth
knowledge of tiltrotor acoustics for landing

approaches (Refs. 5, 6).
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Two recent tests of the XV-15 rotor system have
been performed by NASA Ames, one in flight and the
other in a wind tunnel. The tests were performed to
measure blade-vortex interaction (BVI) noise and
helicopter-mode performance and loads for the XV-15
rotor. One of the goals of these tests was to develop
and validate methods of testing that provide acoustics
measurements of the XV-15 rotor in the wind tunnel
that match measurements made in flight.

In-flight acoustics measurements of the Bell
XV-15 Tiltrotor Research Aircraft were obtained as
part of the In-flight Rotorcraft Acoustics Program
(IRAP). IRAP was established with the objective of
acquiring in-flight acoustic data to validate wind
tunnel measurements. A detailed description of IRAP
is given in Ref. 7.

In addiion to flight testing, a full-scale, single
XV-15 rotor was tested in the National Full-Scale
Aerodynamics Complex (NFAC) 80- by 120-Foot
Wind Tunnel. Acoustics, performance, and loads were
measured for tunne! speeds from 60 to 80 knots, and
for rotor tip-path-plane angles from -15 deg to +15
deg (Refs. 8, 9).

Limited comparisons between the wind tunnel
and flight test measurements for the XV-15 rotor have
been performed. Previous examination of wind tunnel
and flight test measwrements have demonstrated the
challenges involved in making these comparisons.
Blade load measurements for a hingeless helicopter
nain rotor are known to be highly dependent on trim
methods (Ref. 10). Previous studies of BVI acoustics
showed acceptable comparison of wind tunnel and
flight test acoustic signatures in the form of similar
pulse widths and noise levels (Refs. 11, 12).
However, discrepancies were noted in the shaft angle
at which best agreement was obtained.

This paper summarizes results of the two tests of
the XV-15 rotor system. Measurements from each
test are compared, and issues associated with
comparing wind tunnel measurements with tiltrotor
aircraft measurements are presented.

Flight Test

IRAP testing requires two aircraft, the subject
rotorcraft and the NASA YO-3A Acoustics Research
Aircraft. The subject rotorcraft for this test, the
XV.15 Tiltrotor Research Aircraft, consists of an
airplane-style fuselage and wings, with 25-ft diameter



Table 1. XV-15 rotoer characteristics.

Number of blades 3

Rotor radius 125 ft

Blade chord at tip 14 in

Rotor solidity 0.089

Blade twist -41 deg (nonlinear)
Hub precone angle 1.5deg

Rotor airfoils NACA 64-series

rotors mounted on each wingtip. The nacelles and
tarbine engines rotate to vertical to provide hovering
and helicopter mode flight. The nacelles rotate
forward to provide propulsive force in airplane mode
flight and speeds up to 300 knots. The XV-15 rotor
system has three highly twisted, metal blades with a
radius of 12.5 ft (Table 1). A detailed description of
the XV-15 aircraft is found in Ref. 13.

The Y0O-3A is a low-noise airplane modified by
NASA  specifically for  acquiring  in-flight
measurements of rotorcraft noise.  Microphones
mounted on the YO-3A wingtips and vertical tail
measure noise when the alpplane is flown in
formation with a test rotorcraft. A detailed description
of the YO-3A aircraft is found in Ref. 14. Figure 1
shows the XV-15 and the YO-3A in formation.

Flight conditions and microphone locations were
selected to measure the BVI noise from the starboard
rotor of the XV-15. The flight formation of the two
aircraft was maintained such that the starboard wing
tip microphone of the YO-3A was positioned 20 deg
below the starboard rotor hub and at a rotor azimuth
of 150 deg. This was the estimated radiation direction
for peak BVI noise from the starboard rotor and was a
iocation for a microphone that could be readily
matched in the 80-by 120-Foot Wind Tunnel. The
nominal distance between the starboard wing tip
microphone and the starboard rotor hub was three
rotor diameters (75 feet). The relative distance
between the XV-15 and YO-3A was measured with a
laser rangefinder.

Because the two rotors on the XV-15 aircraft
rotate in opposite directions, BVI acoustic radiation
from each rotor will be in widely separate directions.
Therefore, the advancing side BVI noise of the port
rotor should contribute only minimally to the BVI
noise of the starboard rotor measured on its advancing
side. The BVI acoustic measurement from the YO-3A
microphone will essentially be equivalent to testing
the starboard rotor alome. This is an important
assumption when comparing the flight test and wind
tunnel data for the tiltrotor configuration, and was
investigated as part of the wind tunnel experiment.

Test Conditions

The range of test conditions from IRAP testing
of the XV-15 aircraft are summarized in Table 2. All
test flights were flown with the XV-15 in helicopter-
mode, with nacelle incidence angle (i) nominally set
to 90 deg. Steady conditions were necessary for high
quality flight test data, hence low air turbulence, as
assessed by the pilot, was required for each data point.
Multiple data runs with the same flight conditions
were flown to ensure data repeatability.

Flight Test Data Acquisition and Progessing

Flight test conditions, including airspeed, tip
speed, rotor torque, aircraft angle of attack, gimbal
angle, and collective and cyclic control positions were
measured during the IRAP flights. Blade load and
control system loads were also measured. Thirty-
second data records were recorded for each flight
condition. All channels were low-pass filtered (50 Hz
for pitch link, 100 Hz for blade bending moments} to
prevent aliasing. Unlike most rotorcraft tested under
IRAF, the XV-15 was instrumented to provide aircraft
angle of attack and rotor gimbal angle measurements.
Because the gimbaled rotor of the XV-15 is
essentially rigid, the rotor tip-path-plane can be
calculated (4, =0,s+B,c). The shaft angle is computed
using the aircraft angle of attack and nacelle angle
{0=01,-(1,-90)). Rotor torque was directly measured
via gages on the rotor shaft.

Time histories of aircraft separation distance and
trim state, as well as pilot comments, were examined
to select the steadiest section of each 30-sec data
record for analysis. The steadiest 32 revolutions
(about 3 sec) of each data record were selected for
processing.

The acoustic signal at each test condition was
measured using a Bruel & Kjaer 0.5-in microphone
mounted on the starboard wing of the YO-3A, Thirty
seconds of acoustic data were recorded on an FM
analog tape recorder, set to the IRIG Wideband I
standard and operated at 30 ips (resulting in an overall
0-20 KHz frequency response and 48 dB dynamic
range). A lrev azimuth reference transmitted from
the XV-15 was also recorded.

The data were low pass filtered at 5 kHz to

prevent aliasing and digitized at 2048 pointsirev.
The data were then time averaged based on manual

Table 2. Flight test parameters.

Parameter Value
M, 0.69
Cligp -0.4 deg to +2.5 deg
T 0.154 10 0.164
Co- 0.00045 to 0.00060
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selection of a repeating acoustic peak for each blade of
each revolution. This technique (Refs. 11, 12)
eliminated the smearing of the BVI pulse peaks caused
by RPM unsteadiness in standard averaging
techniques. An average acoustic pressure time history
was generated for each flight condition.

Three noise level metrics were obtained by
integrating the respective sound pressure power
spectra: OASPL from the unfiltered specira, dBA from
the A-weighted power spectra, and BLdB from a
bandpass filtered spectra. The bandpass filtering
method was used to highlight BV] events. For this
method, the averaged time histories were digitally
filtered to attenuate frequency content below the 10th
and above the 50th blade passage harmonics. This
preserves the peak-to-peak amplitude and pulse width
of the high amplitude acoustic pulse indicative of the
BVI pulse, while effectively attenuating low frequency
content unrelated to BVI (Ref. 9). The BLAB metric
is used for the results presented in this paper.

Wind Tunnel Test

Wind tunnel testing was conducted in the 80- by
120-Foot Wind Tunnel of the National Full-Scale
Aerodynamics Complex (NFAC) located at the NASA
Ames Research Center (Fig. 2). A single, full-scale,
XV-15 rotor was tested on the Ames Rotor Test
Apparatus (RTA). The rotation direction of the rotor
was the same as the starboard rotor from the aircraft.
Figure 3 shows the model installed in the wind
tunnel. The rotor system and gimbaled hub are actual
afrcraft hardware, with modifications made to facilitate
attachment to the RTA.

The RTA is a special-purpose test stand for
operating rotors in the NFAC. The RTA houses
electric drive motors, a right-angle transrnission, a
5-component rotor balance with 22,000 1b thrust
capacity, and primary and dynamic control systems.
The RTA was mounted in the wind tunnel on a three-
strut support systemn placing the rotor hub nominally
311t (2.5 R) above the wind tunnel figor. The model
angle of attack was changed by adjusting the height of
the tail strut. This installation allowed test stand
angles, and therefore rotor shaft angles, from -15 deg
{forward) to +15 deg (aft). Rotor collective and cyclic
pitch controis were input through the swashplate by
three electro-mechanical/hydraulic actuators.

The 30-by 120-Foot Wind Tunnel test section
has a sound absorbing liner which attenuates acoustic
reflections down to approximately 250 Hz
(absorption>90%?). In addition to the liner, sound-
absorbing foam was attached to portions of the RTA
fuselage and other selected points to eliminate
reflections from hard surfaces. This foam is partially
visible in Fig. 3.

For acoustic measurements, several microphones
were placed around the model as indicated in Fig. 4.
Four traversing microphones (Microphone #1-
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Microphone #4) were placed on the advancing side of
the rotor and 1.8 rotor radii below the rotor to
measure the BVI noise footprint. One microphone
(Microphone #3) was positioned at a distance
matching the starboard wing microphone on the
YO-3A aircraft as flown during IRAP flight testing.
Another microphone (Microphone #6) was placed in a
“mirror-image” position in the wind tunnel test
section to simulate the effect of the port-side rotor of
the XV-13 aircraft as measured by the YO-3A
microphone. The “mirror-image” microphone was
positioned at the proper angle relative to the rotor
hub, but at a somewhat closer distance, as indicated in
Fig. 4, due to test section constraints.

Instrumentation and Data Acquisition

The rotor hub loads were measured by the RTA
rotor balance, which measures lift, drag, and side
forces, together with the rotor pitching and rolling
moments. Also incorporated was an instrumented
flex-coupling to measure rotor torque. The rotor
balance data have not been comected for any
aerodynarnic hub tares. Blade loads, control system
loads, and control inputs were also measured. Radial
locations for the flap bending moment, chord bending
moment and blade torsion measurements are shown in
Fig. 5.

Data acquisition of performance and load
parameters was synchronized to the rotor position,
with 64 samples per revolution, and low-pass filtered
at 100 Hz. Time history data are available for all
channels, and have been corrected to account for
amplitude and phase shifis caused by filtering.

The acoustic data were recorded and processed on a
separate data system.  Bruel and Kjaer 0.5-in
microphones measured the acoustic signals, which
were amplified, anti-alias filtered at 4 kHz, and
recorded on the Acoustic Data Acquisition System
(ADAS). The acoustic data were digitized with 16-bit
resolution (>80 dB dynamic range) at 2048 per rev
(approximately 20k samples per second). Sixteen
revolutions of data were recorded at each test point. A
l/rev azimuth signal was recorded in addition to the
microphone signals.

The acoustic data obtained during the wind tunnel
test were averaged in the time domain with 2048
points (one revolution) per frame. Sixteen frames of
data were utilized in each time average.

Table 3. Nominal wind tunnel test conditions.

My (.690

Ol -15 deg to +15 deg, 1 deg increments
1 0.125, 0.150, 0.170

Cio 0.060, 0.075, 0.090, 0.105




Test Conditions and Envelope

Wind tunnel test data were established using two
methods. The first method used a matrix approach,
and the second sought to match specific operating
conditions with the IRAP test. For the matrix
approach, testing was conducted over a range of
advance ratios, shaft angles, and C;/o’s as shown in
Table 3. Test conditions were reached by first setting
a constant tunnel speed and then varying the rotor
shaft angle while maintaining a constant C,/c. In
general, rotor flapping, as measured by the hub
gimbal angle, was trimmed to zero, so shaft angle
corresponds to totor tip-path-plane angle. Initial runs
established the combination of advance ratio and tip-
path-plane angle for peak BVI noise levels measured
at Microphone #5. Subsequently, detailed acoustic
data were obtained for values of advance ratio and tip
path plane angle at and near the peak BVI conditions.
This included surveys of the acoustic field below the
advancing side of the rotor using the microphone
traverse.

Matching wind tunnel test conditions with those
‘measured during flight required a different approach.
The rotor trim state was not matched exactly between
the wind tunnel and flight test. The longitudinal
flapping on the aircraft results from balancing aircraft
moments for a given flight condition. These vatues
of longitudinal flapping were not obrainable in the
wind tunnel due to control system load constraints.
Therefore, the rotor tip-path-plane angle (0, =0is+fic)
was matched between the two tests, rather than the
shaft angle and longitudinal flapping individually. As
thére was rio direct measure .of rotor thrust on ihe
aircraft, and estimating the rotor thrust from' the
aircraft weight and wing lift was problematic, the
rotor torque coefficient was used as a maiching
parameter. The rotor torque is a direct measurement
from the rotor shaft for both the XV-15 aircraft and
the wind tunnel model. It was assumed that by
matching p, My, 0, and Cg, the rotor thrust for the
two tests will be matched.

Wind Tunnel Results
Performance

Rotor performance was measured for shaft angles
from -15 deg to +15 deg at a constant C/o=0.075,
for three advance ratios (Fig. 6). As shaft angle was
increased, the rotor torque coefficient decreased in a
roughly linear manner for a given advance ratio. At
positive shaft angles, changes in the tunnel speed
result in changes in torque coeificient. However, at
0s=-15 deg, tunnel speed has very little effect on the
power required to maintain thrust. A more detailed
examination of the wind tunnel results, including
hover and forward flight performance, can be found in
Ref. 8.
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Blade I oads

Figure 7 shows the time history of the flap
bending moment at 0.35R as a function of shaft
angle, for p=0.125, and C/0=0.075. This figure
illistrates the changes in magnitude and waveform for
flap bending moment over the range of shaft angles
tesied. The mean value of the flap bending moment
decreases with increasing shaft angle. All shaft angles
show similarly increasing loads on the advancing side,
while differences in loading on the retreating side are
apparent.

Figure 8 shows the time history of the chord
bending moment at 0.35R as a function of shaft
angle, for p=0.125, and C/¢=0.075, The waveforms
and magnitude change significanily over the range of
shaft angles tested.

Acoustics

Figure 9 is a plot of noise levels, measured at
Microphone #5, over the range of tip-path-plane
angles of attack and advance ratios tested, for a fixed
C/5=0.075. The figure shows that the highest noige
levels occurred at o, of approximately +4 deg (nose
up) and advance ratio of 0.170.

Figure 10 demonsirates the acoustic footprint at
the highest measured BVI condition (oy,=4 deg,
1=0.170, C;/c=0.075). Note the highest values are
measured toward the starboard edge of the traverse
range. Future testing will expand the traverse range
to ensure this outer region is suitably measured. A
more detailed examination of the BVI acoustics
measured during the wind tunnel test can be found in
Ref. 9.

Wind Tunnel / Flicht Test Comparisons

The wind tunnel test was conducted after flight
testing, providing an opportunity to match specific
data points. A preliminary comparison between wind
tunnel and flight test measurement has been
performed.  Table 4 shows the matching test
condition examined in this paper. This was the
closest matching condition obtained due to limitations
in the control system hardware specific to the RTA
test installation. Both data sets have been corrected to
account for amplitude and phase shifts caused by
filtering.

Loads

A comparison of the pitch-link load measurement
between the wind tunnel and fiight conditions is
shown in Fig. 11. Both waces show a strong lfrev
component, while the wind tunnel data also have a
higher frequency (S/rev) component. There are two
possible explanations for this. TFirst, the lower filter
setting for the pitch Hnk during the flight test (50 Hz,

.
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Table 4. Matching test condition for XV-15 flight test and wind tunnel test.

I O (deg) Bic (deg) O, (deg) My, Cq
Wind tunnel 0.157 1.5 0.1 1.6 690 00044
Flight test 0.159 0.6 1.3 1.9 .690 00045

vs. 100 Hz in wind tunnel) may be eliminating the
high frequency content. Second, the stiffer control
system of the RTA, compared to that of the aircraft,
could account for the high frequency oscillations.

The aircraft starboard rotor and the wmd tunnel
rotor each had flap and chordwise bending moment
gages at the 35% radial station. A comparison of the
flap bending moment at 0.35R is shown.in Fig. 12.
Both waveforms show the 1/rev and higher frequency
oscillations in flap bending moment. The significant
differences in the mean vajues could be caised by the
different trim methods used in each test. For the
flight test data, the increase in flap bending moment
near the wing locanon of 270 deg could be attributed
to aerodynamlc mteractlon with {he wing. However,
this same increase is seen for the wind tunnel case.
This suggests that for blade loads measurements, the
isolated rotor of the wind tunnel test adequately
models the rotor/wing configuration of the aircrafi.

The chord bending moment at 0.35R is compared
in Fig. 13 for the wind tunnel and flight test
conditions of Table 4. The time histories again show
similar 1/rev and higher frequency osc1liat10ns The
chordwise bending moment corresponds to drag ¢ on the
blade, and thus, rotor torque. Therefore ‘the
agreement of the mean values could result from 'the
choice of Cy, as a matching parameter. If rotor thrust
coefficient were matched, rather than C,, it is
conceivable that flap bending moment would show
better agreement,

Acoustics

The time histories of acoustic pressure measured
at the test conditions of Table 4 ate compared in Fig.
14(a). To facilitate comparison, the flight test data
have been phase shifted so that the BVI pulses align.
Blade-to-blade differences are evident, as are differences
in the regions between the BVI events. However,
overall features of the waveforms, such as pulse width
and the relative  azimuth  separation of
maxima/minima, agree reasonably well.

Figure 14(b) shows the same time history with
an expanded azimuth scale. The amplitude of the BVI
event is larger for the wind tunnel data. This is
consistent throughout the dataset. |

PR

Trim Consideratioris ~ * .
Changes in S’hfaf{ arfgie weré'fc;una to affect the
ampiitude of the BVI occurrence. Comparison of the
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acoustic time history measured in the wind tunnel for
shaft angles from 1.5 deg to -4 deg, showed the best
amplitude match with flight test data was obtained for
a shaft angle of -3 deg (Ref. 9). Figure 15 shows the
acoustic time histories for the conditions of Table 4,
as well as for a shaft angle of -3 deg obtained in the
wind tunnel. The delay in azimuth of the pulse with
the increase in O, is consistent with the increase in
distance to the measurement microphone. The sound
pressure has been distance normalized to account for
the change in source-microphone separation as @,
varies. Note the closer agreement in peak-to-peak
amplitude for the 1.9 deg flight test and -3 deg shaft
angle cases.

This compatison is carried a step further in Fig.
16, which shows the time history of the flap bending
moment for the matching conditions of Table 4 and
for a shaft angle of -3 deg The -3 deg shaft angle
case prov1des a closer match with the mean value
measured in the flight test. It also shows the local
peak in flap bendm° near 350 deg azimuth.

Floure 17 shows the time history of ‘the
chordwxse bendmg moment for' the matching
conditions of Table 4 and for a shaft afiglé’ of -3 deg
1t also captirres, the'hi gher frequency oscﬂlatmns better
than the 1.6 deg case

These results suggest limitations in the matching
of the flight test and wind tunmel data.  The
discrepancy may arise from the tip-path-plane angle
measurement in the wind tunnel or on the aircraft.
The difference may also be caused by the different
rotor thrust or different flapping conditions on each
rotor. It must also be realized that this is based on
comparisons at only one condition.  Additional
comparisons should be completed in order to better
understand these differences,

Conclusigns

Two tests were conducted” by INASA Ames
Research Center to examine the BVI acoustics and
performance of the XV-15 rotor. A flight test of the
XV-15 Tiltrotor Research Aircraft was condacted to
measure the BVI acoustics of the rotor for descent
flight conditions. A wind tunnel test of a single, full-
scale XV-13 rotor was conducted to measure
performance, loads, and acoustics for a range of shaft
angles and advance ratios. Comparison between the
wind tunnel and flight test results provide the
following conclusions:
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Fig. 16. Change in flap bending moment time
history for several tip-path-plane angles
(Cq=0.00044, =0.157).
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Fig. 17. Change in chord bending moment time
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(C=0.00044, p=0.157).
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