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ABSTRACT
A joint acoustic flight test was conducted by NASA Langley Research Center and the U.S. Army Combat Capabilities
Development Command Aviation & Missile Center, with the goal of investigating new methods for acoustic data
collection. The impetus for the effort is the anticipated growth of Urban Air Mobility and Future Vertical Lift vehicles.
Many of these vehicles are expected to have distributed propulsion systems that may result in unsteady vehicle state
conditions even during steady flight. This work examines the acoustic measurements collected during purposefully
unsteady maneuvers performed by an MD530F helicopter. A snapshot microphone array design was deployed for this
test to capture the acoustic signature on the ground from the helicopter under maneuver conditions. An analysis of the
acoustic emissions indicated the presence of blade-vortex interactions, not only during the rolls towards the advancing
side of the main rotor, but also rolls towards the retreating side and during pitch-up maneuvers. The strength of the
interaction noise was found to be strongly dependent on the acceleration of the vehicle.

INTRODUCTION

The NASA Langley Research Center and the U.S. Army
Combat Capabilities Development Command Aviation &
Missile Center conducted a joint acoustic flight test in July
2024. The test was designed to investigate new research
methods for the characterization of rotorcraft acoustic emis-
sions. An MD530F helicopter was used as the test vehi-
cle; however, future tests are anticipated to include Urban
Air Mobility (UAM) and Future Vertical Lift (FVL) vehi-
cles. UAM and FVL vehicles are often designed with mul-
tiple smaller independently controlled propulsors as opposed
to the traditional designs of helicopters. This can lead to ve-
hicle designs that exhibit time-varying propulsor operating
states, even in steady flight, as well as interactional aeroa-
coustic noise sources (Refs. 1, 2). There have been efforts
to study these types of vehicles computationally (Refs. 3, 4),
but full-scale experimental data are scarce and, therefore, will
likely be the focus of future tests. These considerations led
to the inclusion of unsteady maneuvers in the test campaign
as a way to investigate measurement techniques to capture the
acoustic emissions from unsteady flight. Past studies includ-
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ing transient maneuvers highlight the difficulties in capturing
acoustic emissions from unsteady conditions (Refs. 5–8), re-
inforcing the idea that transient maneuvers could serve as suf-
ficient stand-ins for UAM- and FVL-relevant unsteady flight
conditions. The pilot was instructed to attempt to fly each
maneuver as a single-input condition even if that results in
several changes in vehicle state. For instance, speed and pitch
are not adjusted during a roll maneuver, which would be re-
quired to maintain forward speed and altitude. This allowed
the vehicle to lose altitude during the roll. Note that one con-
dition was specified as a combined cyclic and collective pitch
up, which inherently required two inputs, however, the intent
was still to isolate the desired control input.

FLIGHT TEST DESCRIPTION

This flight test was conducted by the NASA/Army Compre-
hensive Rotorcraft Acoustic Flight Test Team at the Sierra
Army Depot’s Amedee Army Airfield from 8 July to 28 July
2024. During this period, data were collected on six flight
days totaling 21 hours of flight testing. Data will be referred to
based on the 6-digit combined NASA run number, FFFRRR,
where FFF is the flight number (Julian date, e.g., 15 July 2024
is 197), and RRR is the run number. A complete overview of
the test, including details on the flight vehicle, is provided
in Ref. 9. The vehicle used for this test was a highly in-
strumented MD530F helicopter, which has an empty weight
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of 782 kg, a counter-clockwise-rotating 5-bladed main rotor
with a diameter of 8.34 m, and a main rotor blade passage
frequency (BPF) of 39.75 Hz.
A variety of weather measurement instrumentation was de-
ployed throughout the test, details of which can also be found
in Ref. 9. Multiple microphone arrays were deployed through-
out the test campaign; however, only the snapshot array was
considered during the testing of maneuvering flight. The
snapshot array was designed to provide uniform hemispher-
ical coverage directly under the vehicle at an altitude of 61
m (200 ft) and used 79 microphones. The microphone posi-
tions were measured with a differential GPS survey system to
capture any deviations between array design and deployment.
The center of the array was used as the origin point of the co-
ordinate system, with positive X being along the flight path,
positive Y to the port side (left) of the vehicle, and positive
Z pointing up. The design of the snapshot array is shown in
Figure 1 in both Cartesian coordinates (as deployed) and in a
Lambert projection. The Lambert projection is oriented such
that it covers the entire lower hemisphere around the vehicle,
where 0◦ azimuth is the tail, 180◦ azimuth is the nose, 90◦

and 270◦ azimuth are starboard and port, respectively, 0◦ el-
evation is the main rotor plane, and -90◦ elevation is directly
below the vehicle. Typically, when forming a noise hemi-
sphere, the rotor plane may be assumed to correspond with
the global horizon plane. However, due to the severity of the
maneuvers, some microphones during the pitch and roll mo-
tions become positioned above the rotor plane, at which point
elevation angles are positive such that 0◦ is still the main rotor
plane and 90◦ is directly above the vehicle. Lastly, five mi-
crophones have been given unique markers in the figures of
this paper to aid in comparison and understanding of the lay-
out under various conditions. Details on the design and data
processing for the snapshot array are described in Ref. 10.
Acoustic data for the snapshot array were collected using
NASA’s Wireless Acoustic Measurement System version II
(WAMS II), which are remotely controlled systems with lo-
cal data storage. Each WAMS II unit includes a microphone,
ground board, GPS receiver, and radio antenna. The GPS re-
ceiver provides UTC timestamps for the recorded data, allow-
ing the synchronization of the collected acoustic, vehicle, and
weather data. Seventy-five of the units utilized GRAS 67AX
microphones (ground-board embedded) and the 4 innermost
units used B&K 4964 microphones (inverted 6.35 mm above
ground boards). All microphones were offset from the cen-
ter of the ground boards to mitigate edge effects, and oriented
such that the microphone was at the far edge of the board rela-
tive to the array center. A deployed WAMS II unit is depicted
in Ref. 9. The units are triggered such that every deployed mi-
crophone starts and stops recording simultaneously. For this
deployment, the microphones were sampled at 50 kHz with
24-bit resolution.
Multiple flight conditions were used for this test, including
level flights, steady climbs, steady descents, hovers, and pre-

Figure 1: Designed layout of snapshot array in Cartesian coor-
dinates (top) and a Lambert hemisphere projection (bottom).

viously mentioned unsteady maneuvers. The design of the test
points for the snapshot array was part of an investigation on
the use of Design of Experiments (DOE) for flight tests. The
DOE schemes are summarized in Ref. 9 and described in de-
tail in Ref. 11. The unsteady-maneuver flight test conditions,
which will be the focus of this work, are summarized in Table
1. The final entry in the table is the steady, level flight con-
dition at the same flight speed and altitude as the maneuver
entry conditions, and will be used as the reference condition
throughout this work. Each condition was chosen to represent
a single-input maneuver from the pilot and flown such that the
maneuver began approximately over the center of the array.

Information on the vehicle’s positional and inertial state
is critical for contextualizing the collected acoustic data.
This information was collected continuously for each flight
day using NASA’s Aircraft Navigation and Tracking System
(ANTS). The data collected by ANTS is described in Ref. 9,
and more detailed descriptions of the ANTS system are in-
cluded in Refs. 12 and 13. The vehicle was also outfitted with
additional instrumentation that recorded information such as
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Table 1: Maneuver Conditions

Condition Code Description Entry Speed (kts) Entry Altitude (m AGL) NASA Run Numbers
M1 Cyclic roll right, fast 75 61 206542, 206544
M2 Cyclic roll left, fast 75 61 206543, 206545
M3 Cyclic roll right, slow 75 61 206546, 206548
M4 Cyclic roll left, slow 75 61 206547 206549
M5 Pitch up, cyclic 75 61 206550, 206553
M6 Pitch up, collective 75 61 206551, 206554
M7 Pitch up, cyclic and collective 75 61 206552, 206555
L3 Steady, level flight 75 61 206501, 206510

the vehicle stick positions. The additional instrumentation is
documented in Ref. 9.

DATA REDUCTION

The following section documents the specific processes ap-
plied to the data used in this work. A more general description
of the data reduction process for this test is provided in Ref. 9.

Vehicle State Data

Vehicle state data were parsed on a per-run basis based on the
recorded Coordinated Universal Time (UTC) and the begin-
ning and end times of recorded acoustic data. All times shown
in this work have been adjusted such that t = 0 s is the time
that the vehicle crossed over the center of the array. Position,
velocity, and acceleration data were adjusted to match the co-
ordinate system described previously. Acceleration, a, will be
reported in this work in units of g’s. Pitch (α), roll (φ ), and
heading (H) angles were also recorded. Flight path angle (γ)
and rates of change for pitch (dα/dt) and roll (dφ /dt) angles
were calculated for each flight. An effective flight path angle
(γeff) was also calculated, using the definition from Ref. 14
and provided in Equations 1-3. Effective flight path angle
provides an estimate of the flight path angle with respect to
the rotor tip-path-plane during transient maneuvers with non-
negligible accelerations in all three dimensions.

#»a (t) = ax(t)î+ay(t) ĵ+(az(t)+g)k̂ (1)

n̂a(t) =
#»a (t)
| #»a (t)|

(2)

sinγeff =
#»v · n̂a

V
(3)

Examples of the extracted and calculated vehicle state data
for condition M1, fast cyclic right turn (NASA run num-
ber 206542), and condition M5, cyclic pitch-up (NASA run
number 206550), are shown in Figures 2 and 4, respectively.

The vehicle data from the M1 condition, shown in Figure
2, demonstrates the single-input nature of the maneuvers.
Specifically, the vehicle was at a roll angle of nearly 75◦ at
t = 0 s, meanwhile the pitch angle at that time was less than
-5◦, as opposed to a positive pitch angle to maintain altitude.
The linear trend of the vehicle heading during the roll ma-
neuver indicates that, although the entry into the roll reached
60◦/s, the roll maneuver was executed as a smooth and con-
sistent arc. A subset of additional vehicle information for run
206542 (M1), also highlighting the unsteadiness of the ma-
neuvers, is shown in Figure 3, where the gray curves are from
a steady, level flight at the same forward speed and entry alti-
tude. The main rotor RPM deviated by less than ±0.3% dur-
ing the steady level flight (± ≈1.5 RPM), whereas the RPM
during the unsteady maneuver varied by over 11 RPM, which
was ≈3%, an order of magnitude greater than the steady flight.
The rate of change of the main rotor RPM (converted to radi-
ans per second squared in the figure) appears even more dras-
tic, with the main rotor RPM varying rapidly throughout the
maneuver. The engine output also greatly increased during
the maneuver, to over double the torque required for the level
flight. Similarly, during the M5 pitch-up maneuver, the head-
ing remained almost unchanged and the roll angle was below
10◦ at t = 0 s while the vehicle was pitched up to almost 45◦.
Both of the test runs shown include strong decelerations in the
X direction, ≈1 g, which is another clear indicator of the pi-
lot’s discipline in executing these as single-input maneuvers.

Acoustic Data

Synchronized collection of acoustic and vehicle state
data allowed for the implementation of time-domain de-
Dopplerization using the method described in Ref. 15. This
method also allows for projection of the pressure time history
to a virtual observer located on a sphere that travels with the
vehicle, where the location of each microphone relative to the
vehicle is then represented by azimuth (ψ) and elevation (θ )
angles. All acoustic data shown in this work have been de-
Dopplerized, distance-corrected onto a sphere with a radius
of 30.48 m (100 ft), and will be shown as a function of source
time. Atmospheric absorption has been neglected, given the
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Figure 2: Vehicle state data for a cyclic roll right, Condition
M1.

short propagation distances (typically ¡500 ft) and frequency
range of interest. The de-Dopplerized pressure time histories
were passed through a 10 Hz high-pass filter and then OASPL
was calculated over 0.25-second intervals.

Unsteady maneuvers have traditionally been associated with
the presence of blade-vortex interaction (BVI) (Refs. 16–18).
The tail rotor for the MD530F is also known to be particularly
noisy across frequencies shared with BVI noise. As such, BVI
noise was extracted using the wavelet transform method de-
scribed in Ref. 19, with the minimum frequency and ampli-
tude cutoffs set to 6 BPF for the main rotor and -6 dB from
the energy of the main rotor BPF, respectively. This method
extracts the pressure time history data associated with BVI.
Blade-vortex interaction sound pressure level (BVISPL) was
then calculated using the BVI extracted pressure time histo-
ries, also over 0.25-second intervals. Pressure time histories
provided in this work have been normalized such that a value
of 1 is equal to the peak pressure across the array during the
reference steady level flight at 75 kts. OASPL and BVISPL
values will be shown in ∆dB, where 0 dB is the peak OASPL
or BVISPL across the array during the reference condition.
A sample comparison of OASPL and BVISPL from the point
of peak roll angle for NASA run number 206542 is shown in
Figure 5, where the gray circles are the microphone positions,
the blue line is the flight track, the red dot is the vehicle loca-
tion, and the black dashed curves represent ∆dB = 0. Note that
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Figure 3: Example of measured unsteady vehicle data dur-
ing a M1 cyclic roll right maneuver (colors) and a level flight
(gray).
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Figure 4: Vehicle state data for a cyclic pitch up, Condition
M5.

the OASPL and BVISPL were calculated using pressure time
histories that were de-Dopplerized and distance-corrected to
a 30.48 m sphere, however, they are shown in the figure pro-
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Figure 5: Comparison of OASPL and wavelet transform-
extracted BVISPL for condition M1.

jected onto the ground plane. This is due to the nature of the
maneuvers, where large pitch and roll motions result in some
of the microphones being above the rotor plane and not lo-
cated on a traditional lower hemisphere.

RESULTS AND DISCUSSION

This work will primarily focus on results from the more ag-
gressive maneuver conditions from Table 1. These maneuvers
provide a unique opportunity to investigate the acoustic emis-
sions from highly atypical conditions, such as maximum roll
angles of 60◦ to 75◦, maximum roll rates approaching 60◦/s,
maximum pitch angles of almost 45◦, and accelerations near-
ing 2 g.

Snapshot Array for Maneuvers

A snapshot array was deployed for this test, as opposed to a
more traditional linear array. Linear microphone arrays typi-
cally operate on the principal that the vehicle is flying a steady
condition such that a full hemisphere under the vehicle can be
created by the different azimuthal and elevation angles that

each microphone passes through during the flyover. The in-
tent behind the snapshot array was to deploy the microphones
in such a way that the entire hemisphere could be generated
from one “snapshot” in time. This is anticipated to be impor-
tant for UAM and FVL vehicles with distributed propulsion
systems, where vehicle conditions such as propulsor rotation
rate may not be reliably steady even in steady flight condi-
tions. More details on the design of the array and analysis of
its general performance are included in Ref. 10. An exam-
ple of the microphone coverage at select points in time from
an L3 steady, level flight is provided in Figure 6. The cov-
erage is shown in a Lambert projection using the previously
described convention. The projections are shown in chrono-
logical order, from left to right, corresponding with the times
indicated by the dashed black lines. Times before and after
the vehicle crosses over the center of the array are included
to demonstrate the clustering and stretching effect that the ve-
hicle approach and retreat from the array has on the position
of the microphones relative to the vehicle. The center pro-
jection, at t = 0 s, is close to representative of the designed
coverage condition of the array. The same five microphones
with unique markers from Figure 1 are also marked in Figures
6 and 7.

A similar set of projections were also created for an M1 flight
condition and are provided in Figure 7. The first and last se-
lected times provide a reference for comparison with the L3
flyover shown in Figure 6. The remainder of the times high-
light a large roll angle with little heading change (t = -1.5 s),
the maximum roll angle (t = 0 s), and the peak pitch angle (t
= 1.5 s). An additional Lambert projection covering the upper
hemisphere around the vehicle (above the main rotor plane)
has been added for each selected point, where the same con-
vention is utilized for the azimuthal angles, and the elevation
angles from 0◦ to 90◦ indicate the horizon to directly above
the vehicle, respectively. The aggressive pitch and roll an-
gles throughout these maneuvers highlight the limitations of
ground-based microphone arrays, with the global horizon line
almost cutting the upper and lower hemispheres in half at t = 0
s. However, the spherical coverage maintained throughout the
maneuvers is still sufficient to allow for a significantly more
comprehensive picture of the acoustic emissions than a linear
array would be capable of. Note how the general axial sym-
metry of the array leads to the projections at t = 4 s in Figures
6 and 7 to be almost indistinguishable, if not for the specially
marked microphones, even though the vehicle has made a 90◦

change in heading. The main limitation of the snapshot array
is due to the microphones all being on the ground plane, lim-
iting the range of elevation angles that can be captured at any
given time. This restriction is likely to not have a simple so-
lution, since past work has indicated that, even at altitudes as
high as 305 m (1,000 ft), data from elevated microphones are
corrupted by ground reflections (Ref. 20). Additionally, future
UAM and FVL deployments are likely to be more concerned
with unsteadiness in the vehicle state than with aggressive ma-
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Figure 6: Lambert projections of microphone distributions at selected times for condition L3.
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Figure 7: Lambert projections of microphone distributions at selected times for condition M1.

neuvers like the ones performed in this test.

Pitching Maneuvers

The pitching conditions will first be considered. Review of the
vehicle state data for the pitch-up maneuvers indicated that the
cyclic pitch-up maneuvers (M5) were significantly more ag-
gressive than the collective pitch-up maneuvers (M6) in terms
of maximum pitch angle, maximum pitch rate, and accelera-

tion. This is not surprising given the mechanics of helicopter
controls. It is therefore also not surprising that the combined
cyclic and collective pitch-up maneuvers (M7) were domi-
nated by the cyclic control input and the vehicle state data
and acoustic emissions from these runs very closely matched
those from condition M5. A subset of this data is provided
in Figure 8, where the legend is shown in order of increas-
ing NASA combined run number from 206550 to 206555. An
interesting observation across all of the pitch-up cases is the

APPROVED FOR PUBLIC RELEASE
6



APPROVED FOR PUBLIC RELEASE

-5 -2.5 0 2.5 5
-30

-15

0

15

30

45

 (
°
)

M5 M6 M7 M5 M6 M7

-5 -2.5 0 2.5 5
-30

-20

-10

0

10

20

30

d
/d

t 
(°

/s
)

-5 -2.5 0 2.5 5

Time (s)

-0.5

0

0.5

1

a
Z

 (
g
)

Figure 8: Subset of vehicle state data vs. time for pitch-up
maneuvers.

double-hump in pitch rate. Given that the pitch angle and ver-
tical acceleration remained fairly steady, it is possible that this
was due to the vehicle passing through a thermal updraft. The
maneuvers were all flown during the second sortie of flight
day 206, when the temperature was increasing. The majority
of the test area that the vehicle flew over was a loose, dry dirt,
however a compacted gravel pad was near the center of the ar-
ray, and the pilot reported thermal updrafts during the sortie,
all suggesting thermals to be the culprit.

Acoustic data were then analyzed against the vehicle state
data to investigate possible contributions to the noise gener-
ation. Acoustic emissions as a function of vehicle state are
provided for a subset of relevant state variables in Figure 9.
Note that the data in Figure 9 are shown as BVISPL∗, where
BVISPL∗ is the mean value across the array of all BVISPL
≥ −3∆dB. The general trend in BVISPL∗ agree with the
previous observations that the collective pitch-up maneuvers
(M6) were significantly less aggressive than the cyclic (M5) or
cyclic-collective combination (M7) pitch-up maneuvers, and
that there is good agreement between the M5 and M7 maneu-
vers. An initial takeaway from this data is that the BVISPL∗

during the collective pitch-up maneuver never exceeded that
of the L3 flyover, suggesting that it is generally the more
acoustic-conscious maneuver. The BVISPL∗ data, when plot-
ted against multiple state parameters, indicates that the strong
acoustic emissions during the more aggressive pitch-up ma-

0 5 10 15 20 25 30 35 40 45
 (°)

-3

0

3

6

9

M5 M6 M7 M5 M6 M7

-20 -15 -10 -5 0 5 10 15

eff
 (°)

-3

0

3

6

9

B
V

IS
P

L
*
 (

d
B

)

-5 0 5 10 15 20 25 30

d /dt (°/s)

-3

0

3

6

9

Figure 9: Subset of vehicle state data and BVISPL for pitch-
up maneuvers.

neuvers are driven primarily by the acceleration of vehicle.
The plots in Figure 9 show that the BVISPL∗ did not occur
at the peak pitch angle or pitch rate, but instead the hysteresis
arc in the bottom plot shows that it did occur at the point of
peak γeff. Recall that γeff is the effective flight path angle when
taking three-dimensional accelerations into account.

Extracted BVI pressure time histories for a cyclic pitch up
(M5) maneuver were queried to further investigate the re-
lationship between BVI noise and pitch angle, pitch rate,
and γeff. Specifically, this was NASA combined run number
206550, which was also presented in Figure 4. The micro-
phone with the highest BVISPL at peak pitch angle was iden-
tified along with microphones at similar azimuth and elevation
angles at the times of peak pitch rate and γeff. This was done to
provide a more one-to-one comparison while simultaneously
helping to identify the directivity of the BVI noise. The plots
in Figure 10 are organized chronologically, such that the top
plot occurred first, and the dashed lines show the location in
time each peak value. The extracted pressure time histories
show that almost no BVI content was present at the maxi-
mum pitch angle, and that the strength of the BVI impulses
during the time of peak γeff were approximately double those
during the peak pitch rate. The azimuth and elevation an-
gles in Figure 10 also show that the peak BVI directivity was
ahead of the vehicle slightly to the advancing side and roughly
60◦ below the horizon, which is consistent with expected BVI
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Figure 10: Wavelet transform-extracted pressure time histo-
ries for condition M5.

directivity. These results, taken together with those in Fig-
ures 4 and 9, suggest that the BVI noise generated during the
pitch-up maneuvers were due to rapid longitudinal decelera-
tion and vertical acceleration (both close to 1 g), combined
with a pitching up of the rotor plane, causing the forward por-
tion of the main rotor to interact with its own wake. However,
this would likely require a portion of the wake near the nose
of the vehicle to be above the rotor plane during steady level
flight. An alternative possibility is that the same factors led to
the aft portion of the main rotor to pitch down into the wake.
More advanced modeling of the rotor wake is required to de-
termine the validity of these hypotheses.

Rolling Maneuvers

Transient rolling maneuvers are often considered favorable
conditions for the generation of BVI noise (Refs. 14,21). Only
the “fast” rolling maneuvers will be investigated in this work,
the cyclic roll right (M1) and cyclic roll left (M2). Key as-
pects of the vehicle state during these maneuvers are com-
pared in Figure 11, where the legend entries are in order based
on NASA combined run numbers from 206542 to 206545.
Importantly, the general conditions experienced by the vehi-
cle during the left and right rolls were very similar (note that
the negative of roll angle and roll rate are shown for the left
turns to aid in the comparison). The largest deviation between
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Figure 11: Subset of vehicle state data vs. time for rolling
maneuvers.

the M1 and M2 conditions were in the accelerations, with the
vehicle experiencing roughly 25% less total acceleration dur-
ing the M2 maneuvers. All three components of acceleration
were lower for the M2 maneuvers, with the largest discrep-
ancy (roughly 20%) in the Y direction (normal to the primary
flight path). However, it is important to note that although the
differences in acceleration between the two maneuvers is non-
negligible, the maximum acceleration for the “weaker” rolls
was still near 1.5 g, making these very aggressive maneuvers.
The similarity in vehicle state data between the M1 and M2
conditions creates a valuable opportunity for comparison. In
addition, it isolates the differences between the two maneu-
vers almost exclusively to the effects of the relative rotation
direction of the rotors.

Acceleration appeared to be the largest driver of BVI noise
generation in the pitch-up maneuvers; however, BVI in rolling
maneuvers is generally considered to be determined more by
roll direction. The main rotor for the MD530F rotates counter-
clockwise, so rolls towards starboard (M1) are towards the
advancing side of the main rotor and rolls towards port (M2)
to the retreating side. The expectation is that rolling towards
the advancing side of the main rotor are more prone to strong
BVI (Ref. 22). With that expectation in mind, the BVISPL
values across the microphone array during M1 and M2 ma-
neuvers are compared in Figure 12. Both plots are taken from
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Figure 12: Comparison of BVISPL for conditions M1 and
M2.

the point of maximum roll angle, which was also the point
with the strongest BVISPL for both cases. Immediately, the
strength and distribution of the BVISPL in each maneuver
draws attention. The relative strength of the BVISPL for both
maneuvers is similar; however, the projected area and direc-
tivity are significantly different.

BVI pressure time histories for the rolling maneuvers were
extracted in a similar manner as the pitching maneuvers (i.e.
from times around the points of peak roll angle, roll rate, and
γeff) to investigate the contributions to the BVI noise. First,
Figure 13 shows the pressure time histories for the M1 ma-
neuver. Strong BVI impulses appear to occur at the maximum
roll angle, directed towards the nose of the vehicle, with sig-
nificantly lower impulse amplitudes correlating to the periods
of peak roll rate and γeff. The alignment of strong BVI with
the peak roll angle appears somewhat at odds with the align-
ment with peak γeff and not peak pitch angle for the pitch-up
maneuver. However, Figure 14 provides valuable insight into
why these observations are actually aligned. During the pitch-
up maneuvers, the vehicle is actively fighting gravity, causing
the parabolic trend in pitch angle vs acceleration and leading
to the maximum acceleration aligning in time with the peak
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Figure 13: Wavelet transform-extracted pressure time histo-
ries for condition M1.

γeff and not the peak pitch angle. Conversely, since the maneu-
vers were executed as approximately single-input maneuvers,
the vehicle rapidly lost altitude during the roll maneuvers, al-
lowing roll angle to have a linear relationship with accelera-
tion and leading to the maximum acceleration and roll angle
aligning in time. Interestingly, although the peak γeff occurs
at the point of peak acceleration for the pitch-up maneuvers,
Figure 14 shows that peak γeff occurs before the peak accel-
eration for the rolling maneuvers. Taken together, the results
from the M1 and M5 maneuvers indicate that the best predic-
tor of when the BVI noise will be strongest during aggressive
maneuvers is the acceleration of the vehicle.

The question still remains as to why the BVI noise during
the retreating-side maneuver appears as strong as it does. Ex-
tracted pressure time histories for the M2 maneuver are shown
in Figure 15. The strong impulses are observed near the peak
roll angle, similar to the M1 roll, which was also shown in
Figure 14 to be near the maximum acceleration for these ma-
neuvers. It is possible for retreating-side roll maneuvers to
lead to BVI. However, the directivity of the noise from the
M2 maneuver is ahead and to port near the horizon, whereas
retreating-side BVI noise is expected to radiate behind the ve-
hicle (Ref. 23). Another interesting observation is in the pe-
riod of the BVI impulses. The period of the main rotor BPF is
0.0252 s, meaning there should be approximately 4 impulses
in between each x-axis tick mark in the pressure time history
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Figure 14: Comparison of pitch (top) and roll (bottom) angles
vs acceleration where the stars indicate the point of peak γeff.

figures. This is true for the impulses shown in Figures 10 and
13, however there appear to be 9 to 10 impulses between tick
marks in Figure 15. Consequently, the tail rotor BPF was 94.9
Hz, leading to a period of 0.0105 s and an expectation of ob-
serving roughly 10 impulses between tick marks. Recall that
the wavelet transform was performed on the data such that
all frequency content below 6 BPF, based on the main rotor
BPF, was removed. The minimum frequency cutoff would re-
move the tail rotor BPF and second harmonic, relying on the
amplitude, relative to the energy of the main rotor BPF, for
the removal of higher order tail harmonics. Typically, this is
assumed sufficient, however tail rotor BVI content could be
retained if the energy in the tail rotor BVI noise was less than
6 dB below that of the main rotor BPF. This suggests that the
BVI noise observed in the fast cyclic left rolls may actually
be tail rotor BVI noise. A rotation into azimuth and elevation
angles relative to the tail rotor plane would then locate the bot-
tom pressure time history in Figure 15 to approximately ahead
and below the tail rotor, which is a more standard direction for
BVI noise. The directivity relative to the tail rotor frame in-
dicates that the BVI is occurring between the tail rotor and its
own wake, not the tail rotor and wake of the main rotor. The
physics also would allow for this possibility, since a starboard
roll (leading to a counter-clockwise yaw) would swing the tail
boom into the wake of the tail rotor. A more rigorous method
for extracting only the main rotor noise contributions, such as
a Vold-Kalman filtering process, would be needed to defini-
tively attribute the BVI noise during the M2 maneuvers to the
tail rotor, however the current analysis strongly suggests that
is the case.
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Figure 15: Wavelet transform-extracted pressure time histo-
ries for condition M2.

CONCLUSIONS

Data was collected for unsteady maneuvers during a recent
Army/NASA joint flight test of an MD530F helicopter. These
unsteady maneuvers were intended to provide an opportunity
to apply experimental methods and analysis techniques to un-
steady flight in preparation for future tests with UAM and FLV
vehicles. A snapshot microphone array was deployed for the
test, which was designed to provide full coverage of an acous-
tic hemisphere at a near-instant in time. This removed the
reliance on the assumption of steadiness that is required when
utilizing linear microphone arrays. An investigation of the mi-
crophone projections onto a vehicle-centered sphere demon-
strated that, although limited by the microphones all being
placed on the ground, the array design was well-suited to cap-
turing unsteady flight conditions. Analysis of the acoustic
emissions during the maneuvers indicated the presence of BVI
noise. This was expected for the conditions where the vehicle
rolled towards the advancing side of the main rotor; however,
BVI noise was also present in the rolls towards the retreating
side of the main rotor and during pitch-up maneuvers. Further
investigation into the retreating-side roll suggests that the BVI
noise captured was actually generated by the tail rotor. It was
hypothesized that BVI during the pitch-up maneuver required
some portion of the main rotor wake be above the main rotor
during steady, level flight, but modeling of the rotor wake will
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likely be required to determine if that is the cause. A com-
monality across the BVI-generating maneuvers was that the
maximum strength of the maneuver occurred near the point
of maximum vehicle acceleration. Interestingly, this aligned
closer with the peak pitch rate during the pitch up maneuvers
and the peak roll angle during the rolling maneuvers. This was
determined to be a result of the single-input nature of the ma-
neuvers, which allowed the vehicle to maintain an increase in
acceleration during the rolling maneuvers but not the pitch-up
maneuvers.
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