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ABSTRACT

An extensive wind tunnel test campaign has been conducted to investigate the acoustic emissions of small
unmanned aerial systems. An L26H propeller was tested with and without two upstream wing configurations
to determine the effect inflow disturbance has on acoustic emissions. A range of propeller revolution rates,
wind tunnel speeds, and yaw angles were investigated, and a subset of the results are documented here. Also
documented is an acoustic detection calculation method that was used to determine the effect inflow
disturbance on the propeller system has on acoustic detection of UAS vehicles. The data clearly proves that
full vehicle aerodynamics are required to predict acoustic detection metrics for UAS vehicles, as upstream
bodies provide a tactically significant increase in acoustic emissions of the vehicle.

1.0 INTRODUCTION

Unmanned aerial systems (UAS) are becoming prevalent within the commercial, private, and government
sectors. With the rise in such systems comes the natural concern of defending against these vehicles.
Research in UAS acoustics is a nascent field, with many researchers beginning to identify and model the
aeroacoustic emissions of these vehicles [1-4]. Much of the research in this field appropriately relies on past
work investigating larger systems, such as helicopter and propeller aircraft [5]. However, some of the
relevant knowledge documented in the literature is unknown by the counter-UAS community, which results
in common pitfalls to modelling and acoustic detection efforts of propeller and rotorcraft vehicles.

The acoustic signature of rotorcraft and propeller vehicles are dominated by the aeroacoustic emissions of
the rotating system. The aerodynamic physics of the rotating system are described by the well-known
Navier-Stokes equations. Those equations can be rearranged using Lighthill’s acoustic analogy into an
inhomogenous wave equation. Ffowcs Williams-Hawkings formulated the Navier-Stokes equation for use
with rotating bodies using Lighthill’s analogy, and their formulation forms the basis of modern rotorcraft
acoustics understanding today [6].

The Ffowcs Williams-Hawkings equation is given as,
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Here, U%is the the d’Alambert (wave) operator, with p representing the acoustic pressure signature. p., is the
density of air, vy, is the local velocity normal to the surface of the rotor blade (fsur) and ¢ is the Dirac delta
function. Tj; is the Lighthill stress tensor, H is the Heaviside functional and |; is the local force acting on the
rotor blade in the i’th direction. The right-hand side of the FW-H equation are aerodynamic forcing terms of
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the acoustic wave equation represented by the left-hand side. The aerodynamics result in forcing terms that
act as monopole, dipole, and quadrupole noise sources.

One example of critical knowledge regards the effect of flow recirculation on acoustic experiments of
rotating systems when testing rotating systems within anechoic chambers [7, 8]. It is known that the acoustic
emissions of rotating systems are primarily a result of the rotor blades moving through the fluid medium
(thickness noise) and imposing a force on the fluid medium (loading noise). As the rotating system generates
thrust, this results in the movement of the fluid. In a closed chamber, this downwash recirculates around the
chamber and is reingested by the rotating system. Ingestion of the turbulent, recirculated flow imposes a
new, unsteady load on the rotor system resulting in a modification to the loading noise emitted by the
system. This flow recirculation, which can cause an increase in noise in excess of 20 dB at the blade passage
harmonics, is not experienced by a rotor system hovering in free flight, outside of a confined environment.

The impacts of flow recirculation on acoustic emissions of small UAS (sUAS) vehicles can be further
generalized. Any event that causes a flow perturbation through the rotor or propeller of the SUAS system will
impact the acoustic signature of the vehicle. This includes the addition of upstream bodies on a pusher
propeller UAS or even the presence of wind in a realistic environment. The effects of upstream bodies on
acoustic emissions, and the resulting changes in acoustic detection of UAS vehicles, will be evaluated below.

2.0 UASDETECTION

The most commonly proliferated source of counter-UAS detection systems in the world is the human. UAS
vehicles, SUAS in particular, are hard to see, have small radar cross-sections, small heat signatures, and
minimal electromagnetic interference emissions. However, they can be relatively loud and produce acoustic
signatures in the most sensitive portion of the human audible range. This makes the human, especially the
human ear, an excellent source of detection and localization for UAS vehicles.

The US Government has MIL-STD-1474E which provides “sound pressure level limits and measurement
procedures to promote personnel safety, speech intelligibility, and security from acoustic detection and
recognition” [9]. The MIL-STD-1474E is applied to “all designed or purchased ... equipment that emit
acoustic noise or contain sources of noise.” The acoustic detection portion of MIL-STD-1474E is discussed
in more detail below and is based off the work contained in Reference [10].

Reference [10] was designed to provide aural non-detectability distances for equipment and facilities that
accounts for “geometric spreading, atmospheric absorption, ground effect, atmospheric turbulence, refraction
due to wind and temperature gradients, barriers, foliage, threshold of hearing, psychoacoustic factors, and
background noise at the listener's location.” The limits developed in the standard are intended to be effective
under most conditions, and provide an excellent tool to use for this discussion.

The specific limitations of the aural detection code assume that a normal young adult is listening for the
sound signature, that the source and receiver are approximately the same height (1.2m), and that the source is
a steady, broadband noise source. This source location and type is not directly applicable to UAS emissions,
as UAS are typically flying overhead, tonally dominated, and unsteady in nature. However, it is assumed that
these effects are minimal for the purposes of this paper. Further research is necessary to determine if this
assumption is valid.

The single most important factor in determining aural detection of any materiel is the background noise at
the receiver’s location. Reference [10] provides two sets of detection parameters, based on two distinct
background noise profiles. ‘Level 1’ background represents a quiet and rural area, with highways and other
major roads at least 4 km away from the receiver. ‘Level 2’ background represents the quietest background
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noise levels likely to be encountered, with a highway or major road at least 10 km away from receiver. One
third octave band levels of the two background levels can be seen in figure 1-1.

The human aural detection model described in Reference [10] employs the absolute threshold of hearing as
prescribed in ISO R-226 (1961). The absolute threshold of hearing represents the lowest sound pressure level
of a tone that can be detected by the average human, 50 percent of the time. Further, the model prescribed
does not allow for binaural detection to occur, as they assumed that the difference between binaural and
monaural listening is insignificant. It is currently unknown what impact the use of a tone-based threshold of
hearing has on acoustic detection of a broadband noise source.
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Figure 1-1: Ambient noise levels as defined by Reference [10].

The human aural detection model assumes a one-third octave band filter bank. Detection occurs in any one
third octave band when a signal (S) to noise (N) ratio (SNR) within any given band is reached. Here, the ‘S’
is the materiel-produced noise, while ‘N’ is the background levels previously described.

The human aural detection model takes into account typical signal detection theory parameters. For the
purposes of Reference [10], a listener’s hit probability was 50%, false alarm rate was 1%, and the listener is
40% as efficient as an ideal listener, with a resulting assumed d’ (d-prime) value of 2.32. These parameters
are the same used in audiometric threshold tests and are characteristic of highly motivated listeners.

2.1  Propagation Implications

Sound pressure levels decrease with spherical spreading in the acoustic far field, which results in a 6 dB
reduction per doubling of distance. Further, atmospheric absorption of the acoustic energy will occur, based
on the distance travelled, frequency of the signal, and relative humidity of the atmosphere.

Reference [10] uses the ‘excess attenuation’ model of atmospheric absorption, which accounts for the
molecular absorption of energy by Nitrogen atoms at low frequencies as well as the molecular absorption of
energy by Oxygen at frequencies above 2 kHz. For the purposes of Reference [10], 15 degrees C and 70%
relative humidity are assumed.

Temperature gradients as well as wind velocity and gradients are also known to affect the local convective
speed of sound, and therefore acoustic propagation parameters. These effects can result in acoustic shadow
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zones as well as “‘hot spots’ of acoustic energy where sound has propagated significantly farther than under
uniform conditions. Reference [10] assumes neutral wind and temperature gradients, so that these factors do
not unduly influence the results.

The ground is also an acoustically complex reflecting surface, which acts on both amplitude and phase of the
incident acoustic wave. In the ideal world, ground reflections can cause perfect cancellation or doubling of
the acoustic emission. In reality, it has been shown by References [11-13] that the ground can provide up to
20 dB of attenuation to a 6 dB of enhancement depending on ground impedance parameters, and is heavily
dependent on the source and receiver heights above ground level.

For the purposes of Reference [10], the ground was assumed to be uniform and covered in grass, so a ground
resistivity of 200 Rayls was used. Foliage and other barriers to sound propagation have also been assumed to
be sparse or non-existent, and so are not accounted for in Reference [10]. Further, the source and receiver
were assumed to be approximately the same height above ground level (1.2 m), which is not directly
applicable for UAS applications.

The ultimate result of the chosen propagation parameters is that detection distances using this model are
likely under-predicted for UAS applications. However, they should still provide useful differences for the
analysis below.

2.2  MIL-STD-1474E Appendix C Use

Finally, MIL-STD-1474E is used to specify the desired acoustic detection distance for a new piece of
equipment [9]. As such, it has taken all of the limitations and implications within Reference [10], with some
potentially undocumented updates, and produced two look-up tables for acoustic detection. Each background
noise level (level 1 and 2) has its own look-up table. In each table the user chooses the preferred detection
distance for their new materiel and the table provides the maximum one-third octave band level that should
be measured, at a specified distance (2m, 10m, or 30m, depending on detection distance) from the article, to
ensure detection does not occur further away than the specified detection distance. This not only provides the
government user their choice in detection distance, but also provides the contractor a reasonable and easy
way to validate that their materiel meets that detection distance.

3.0 EXPERIMENTAL SETUP

An experimental campaign, named the Aerodynamic and Acoustic Rotorprop Test (AART), was undertaken
to determine the impacts of a wing positioned upstream of a propeller in a wind tunnel environment [14]. A
4-bladed L26H Sensenich propeller was experimentally tested in the National Full-Scale Aerodynamics
Complex (NFAC) under 3 distinct configurations. The propeller was tested (1) without an upstream inflow
disturbance device, (2) with a 12 inch chord NACA 0015 “half wing” placed approximately 4 inches in-front
of the propeller and stopping prior to the rotor tips and (3) a “full wing” condition where the same wing
spans all the way across the propeller. A sketch of each potential configuration can be seen in Figure 3-1.

a) No Wing b) Half Wing c) Full Wing

— b ] %’(\__ﬂ P

Figure 3-1: Sketch of AART model wing configurations.
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The NFAC 40- by 80-Foot Wind Tunnel (12.2-m by 24.4-m) is an ideal test facility for aeroacoustic
measurements as the walls and floor of the test section are treated with acoustically absorbent material to
reduce acoustic reflections, providing an absorptivity of greater than 90% at frequencies above 100 Hz [15].
The AART test stand, is mounted on a three-strut support system at the center of the test-section turntable,
seen in Figure 3-2.

Figure 3-2: AART with numbered microphone locations in the NFAC 40- by 80-Foot Wind
Tunnel test section, view looking downstream.

Figure 3-2 shows the downstream view of the AART with the full wing configuration in the NFAC 40- by
80-Foot Wind Tunnel. It can be seen that the support hardware for this test are not acoustically treated, so
some acoustic reflections off these surfaces are expected.

Acoustic data are acquired by eight microphones that are located around the AART test stand, as seen in
Figure 3-2. The microphones are free-field GRAS 40 AC 1/2” microphones coupled with GRAS 26 AJ 1/2
preamplifiers. Microphones 6 and 8 are placed on 5.625-foot (1.7-m) struts and microphones 7, and 9
through 13, are on 15-foot (4.6-m) struts.

Table 3-1 provides the X, Y, Z, distance (Rd), azimuth angle (), and elevation angle (0) of the microphones,
with respect to the propeller center. Here the X-direction is defined as positive in the downstream direction,
the Y-direction is positive toward the access door, and the Z-direction is negative down. Figure 3-3 is a top
view of microphone locations in the NFAC 40- by 80-Foot Wind Tunnel.

Table 3-1. Microphone positions for the AART in the NFAC 40- by 80-Foot Wind Tunnel, with respect to
center of the propeller. Distance (Rd) from hub to microphone as well as azimuth (p) and elevation ()
angles are also provided.

Mic (#) | X(f) | Y () | Z(f) | Re(ft) | P (deg) | © (deg)
6] -05| 101] -92| 136 93 -42
7] 85| 84 02| 119 45 1
8| -06| -10| -92| 136 267 -43
9| -10| 104 01| 144 134 0
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10 | -15.9 5.9 0.2 17 160
11 -10 | -10.3 0.1 144 226
12 -0.4 | -15.6 0.3 15.6 269
13 8.5 -8.4 0.1 11.9 315

(1) Center of coordinate system at rotor hub.

(2) X: Upstream coordinate with negative direction into the wind.

(3) Y: Lateral coordinate with positive toward starboard.

(4) Z: Vertical coordinate with negative downward.

Figure 3-3: AART with microphone locations in the NFAC 40- by 80-FootWind Tunnel test
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section, top view.

All microphone locations are in the acoustic far-field (at least 10 radii from the hub). Microphones 7, and 9
through 13, are at an elevation angle of approximately O degrees and have an azimuthal spacing
approximately every 45 degrees. This provides a close to uniform azimuthal distribution to validate
modelling and simulation tools and is most applicable for aural detection evaluation. Microphones 6 and 8
are in-line with the rotor plane in order to assess symmetry and acquire data that most affect the community

during flyover conditions. Results from microphones 6 and 8 will not be evaluated in this paper.

The data recording and encoding equipment consist of: NFAC Data Acquisition system (DAS), NASA
supplied Dewetron Data Acquisition System (DDAS), AART RPM encoder, 8 free-field microphones, and
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microphone power supply. All microphones were calibrated prior to the test, and calibration was checked in
situ using a GRAS Type 42AA pistonphone.

Acoustic data are collected with the NFAC Data Acquisition system (DAS), as well as the NASA supplied
Dewetron system (DDAS). The additional data acquisition system from NASA has a higher sampling rate,
ideal for acoustic measurements to capture sound at higher resolution (250 kHz per channel). To ensure
consistency between the two systems, a start trigger and 1/rev signal were sent from the NFAC DAS to the
DDAS. The data acquired from the DDAS were collected at a rate of 250 kHz for 13 seconds to ensure 1,250
revolutions of data were acquired for each test point.

Background noise was acquired for every test point, by collecting acoustic data with the AART stand in the
wind tunnel but without the propeller installed. The tunnel fan drive system was turned on to evaluate the
noise caused by air flow over the test hardware, as well as from the tunnel drive system itself. Propeller-on
testing included multiple sweeps of yaw, pitch, advance ratio, tunnel Mach number (MTun), tip Mach
number (MTip), thrust coefficient (CT), and wing configuration.

For the purposes of this paper, we will evaluate two tunnel Mach numbers and two rotor rotation speeds
spanning 6000 to 6500 RPM.

4.0 DATA PROCESSING AND RESULTS

Calibrated acoustic pressure time histories were harmonically averaged using the 1/rev signal to identify the
beginning of each revolution. The 1/rev signal was a “stretched” 1/rev signal, i.e., it has a pulse width longer
than the encoder 1/rev. Each revolution is then interpolated to a common sampling rate of approximately
2,048 points per revolution. An ensemble average is then created by averaging across all 1,250 revolutions.
This ensemble averaging reduces background noise and suppresses uncorrelated broadband noise from the
rotor and wind tunnel system. Figure 4-1 shows the ensemble averaged pressure time history for each of the
wing configuration cases at a tunnel Mach number of 0.11 and a rotor RPM of 6000 at O degrees yaw.

STO-MP-MSG-SET-183 9-7



Acoustic Signature Measurements and Modelling of SUAS Vehicles

sal

organization

Pressure |Pa)

Pressure |Pa)

5.3333

2.6667 |

26667 |
53333
12 34
Time [per revolution]

1/4

BG

No Wing
Half Wing
Full Wing

53333 -

2.6667 | I\ |

26667 |

53333

12 3/4
Time [per revolution]

174

i L L
1 /4

vz
Time [per revolution]

34

Pressure [Pa]

8r

53333

2.6667 |

5.3333|

2.6667|

1/4

3/4 1

1/2
Time [per revolution]

Figure 4-1: Ensemble averaged pressure time history for each of the wing configuration cases
at a tunnel Mach number of 0.11 and a rotor RPM of 6000 at O degrees yaw. Ensemble
averaged background noise (BG) is also provided to show that it is uncorrelated with rotor

RPM.

The microphones were measured at the same location for every measurement point. However,
Reference [9] specifies the required measurement distance and that distance changes based off of the
detection distance of the materiel. In order to make use of the model, the ensemble revolution averaged time
history for each of the investigated microphones is scaled using spherical spreading to the appropriate
distances in the look-up table (2m, 10m, 30m). After scaling to the appropriate distance, the ensemble
revolution averaged time history can then be repeated for an arbitrary number of revolutions, and the
resulting spectra can be calculated with similar resolution to the original signal. This process produces the
average rotor spectra for the tonal components of the signal, and is similar to the process used in Reference
[2]. Figure 4-2 shows the resulting narrowband un-scaled spectra of the ensemble averaged time history
provided in figure 4-1. Also provided in figure 4-2 is the uncorrelated background noise measurement
processed using a half-second increment appropriate for randomly generated noise. This provides some
measure of reference for assessing signal to noise ratio of the experimental setup.

STO-MP-MSG-SET-183



OTAN

Acoustic Signature Measurements and Modelling of SUAS Vehicles

LR R R
o | BG BPF SPL: 68.9 12 Wing BRF SPL: 057 0| BG BPF SPL: 68.9 172 Wing BPF SPL:89.9 |
No Wing BPF SPL: 87.7 1 Wing BPF SPL: 94.6 NoWing BPF SPL:95.2  1Wing BPF SPL: 95.7
L | ‘ L ! ]

120 " " " 120 | :
o 1 100
80 ¥ @ P 1 80 @ @ T 1
g 60 ‘ ' ‘ i g aoh |
% 40 | ” b | ” '“\' I | ' [ 1 E 40 M n ’ .|l|
20 - W'fr W Jls|| L) Uil " ' [T J 21 h“l IJ L mfv JL” L J"J"’I"“ L" ﬂ Lf'\'\T‘I"\:GI

L L L " L
1 2 3 4 5

Frequency [BPF]
iy iy
' @
BG !
—+—— No Wing
Half Wing A
—S— Full Wing i | l ‘
?0." l” “!Lm»“« "-.l. “!)’L,,I i
- BG BPF SPL: 673 1/2 Wing BPF SPL: 90 -
Mo Wing BPF SPL: 947 1 Wing BPF SPL: 94.8
120 ' ' ' ' v - ' B . ' r - | ' ' ' v -
BG BFF SPL: 69 1/2 Wing BPF SPL: 92.2 BG BPF SPL: 69.3 1/2 Wing BPF SPL: 85.8 BG BPF SPL: 69.9 1/2 Wing BPF SPL: 92.2
100 - No Wing BPF SPL: 78.5 1Wing BPF SPL:91.3 | |  NoWing BPF SPL:80.3 1Wing BPF SPL:87.6 | | No Wing BPF SPL: 87.5 1Wing BPF SPL:93.9 |
o

Frequency [BPF] Frequency [BPF] Frequency [BPF]

Figure 4-2: Narrowband spectra of ensemble averaged pressure time history for each of the wing
configuration cases at a tunnel Mach number of 0.11 and a rotor RPM of 6000 at O degrees yaw.
Narrowband background noise (BG) processed in half-second increments is also provided to show
uncorrelated background noise levels.

One-third octave band spectra is then calculated from the scaled narrowband spectra using standard methods
and compared to the look-up table provided in Reference [9]. The reported acoustic detection distance for
each test point and each direction is reported as the first distance in the lookup table at which the test point
was below the allowable threshold for that distance. This process is effectively the reverse method of the
intended process, in which we are attempting to determine what the detection distance of the materiel is,
instead of determining whether the materiel meets its required threshold. The resulting detection distance for
the tunnel Mach number of 0.11 and 6000 RPM condition at 0 degrees yaw is shown in figure 4-3.
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Figure 4-3: Acoustic detection distance (in thousands of feet) for each of the wing
configuration cases at a tunnel Mach number of 0.11, rotor RPM of 6000, 0 degrees yaw, and a
level 1 background.

Now that the process of for evaluating the data for acoustic detection has been established, it is important to
look back at the figures and interpret the physics of the situation. Figure 4-1 shows the no wing case in
comparison to the half wing and full wing configurations. For the clean, no wing configuration the resulting
acoustic emission is as expected for a lightly loaded propeller. Peak acoustic emissions occur in the rotor
plane, with minimal emissions forward and slightly larger emissions to the aft of the vehicle. However,
adding the half or full wing upstream of the propeller causes a drastic increase in the acoustic emissions
forward and aft of the vehicle.

Investigating the effects of the upstream wing on the acoustic emissions, it can be seen in figure 4-1 that the
half wing causes a negative pressure pulse while the full wing configuration causes a sharp positive pressure
pulse in the forward direction. This pulse is due to the effect of the wing modified inflow on the propeller,
resulting in an increase in the loading noise (dipole) term from equation 1. The shape of the noise is a result
of whether the inflow disturbance is symmetric across the rotor system or not. The loading noise term is
known to propagate predominantly forward and aft of the propeller, and so it can be seen that the values
from microphone 12, in the propeller frame, shows only minimal change for these cases compared to the no
wing configuration.

The narrowband spectra in figure 4-2 shows some interesting characteristics as well, consistent with the
analysis just seen in figure 4-1. It can be seen that the data is harmonically driven at the blade passage
frequency, which is 400 Hz for this 4-bladed propeller at 6000 RPM. Subharmonics are seen in the signature
which are likely caused by blade manufacturing and wear that was incurred during the wind tunnel testing, as
well as vibrations in the test stand. It should be noted that the clean configuration, without the upstream
wing, shows a monotonically decreasing sound pressure level at each harmonic which is consistent with
theory and past observations. However, the presence of the wing upstream results in spectra that is no longer
necessarily monotonically decreasing. For the full wing configuration, microphone 9 shows that the second
harmonic is lower than the third through fifth harmonics, while microphone 10 shows that the third harmonic
is lower than the fourth or fifth harmonics. Further, an overall escalation in the higher harmonics is
experienced, and can be seen in the pressure time series within the sharper pulses previously discussed.
Some of the lesser features in the spectra, including the scalloping, are caused by the ensemble averaging and
time series repetitions conducted prior to the spectral calculations.
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The most interesting results for this condition, however, are found in figure 4-3. In this figure, the aural
detection distance for the different wing configurations can be seen, using a level 1 background. Here, the
forward radiating direction shows a marked increase in detection distance, from 2000 feet (610 m) or less for
the no wing configuration, to up to 4000 (1220 m) feet for the full wing configuration. However, at 270 and
315 degree azimuth a decrease in detection distance can be seen to occur for the half wing configuration.
This decrease in detection distance is likely due to a slight destructive interference between the thickness
noise (monopole) and loading noise (dipole) terms in equation 1 for this direction and inflow condition.
Aeroacoustic modelling of the configuration would have to be conducted in order to verify this assumption.
Overall, however, figure 4-3 shows that the presence an upstream body can more than double the aural
detection distance for certain directions, especially in the forward facing directions.

It’s known that thickness noise scales with propeller RPM, as that increases the normal velocity along the
rotor blade. Further, increases in RPM increase the steady loading on the vehicle which will result in
increased loading noise. Combined together, this likely results in larger predicted acoustic detection levels
for the no wing configuration. In fact, this is what can be seen in figure 4-4, which provides the acoustic
detection distance for each wing configuration case at a tunnel Mach number of 0.11 and a rotor RPM of
6500 at O degrees yaw. The no wing condition acoustic detection distance has increased compared to the
6000 RPM case shown in figure 4-3. In the plane of the rotor and behind the vehicle, this increase is quite
substantial. Further, it can be seen forward of the vehicle the half wing and full wing configurations can
result in substantially larger acoustic detection distances due to the inflow disturbance of the wing.

45° 315"

90 0 @270°

135° 225"

160 Nose

*  No Wing
Half-Wing
O Full Wing

Figure 4-4: Acoustic detection distance (in thousands of feet) for each of the wing configuration cases at a
tunnel Mach number of 0.11, rotor RPM of 6500, 0 degrees yaw, and a level 1 background.

Higher Mach number cases were also investigated in the course of the wind tunnel test, and a sample of the
data from Mach 0.20 is presented in figures 4-5 and 4-6. The increased Mach number of the wind tunnel
results
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Figure 4-5: Acoustic detection distance (in thousands of feet) for each of the wing configuration cases at a
tunnel Mach number of 0.20, rotor RPM of 6000, 0 degrees yaw, and a level 1 background.
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Figure 4-6: Acoustic detection distance (in thousands of feet) for each of the wing configuration cases at a
tunnel Mach number of 0.20, rotor RPM of 6500, 0 degrees yaw, and a level 1 background.

in a blade loading on the propeller system approximately one-third the level experienced at the same RPM
but a Mach number of 0.11. This reduction in the blade loading produces a decreased loading noise and
generally results in slightly lower acoustic detection distances for the no wing configurations, as can be seen
by comparing figure 4-5 with figure 4-3, or figure 4-6 with figure 4-4. Changes in acoustic detection are also
seen with the half wing and full wing configuration cases, where generally speaking the inflow disturbance
generated by the upstream body results in increase in the acoustic detection distance of the vehicle compared
to the no wing condition.

Figures 4-3 through 4-6 clearly demonstrate that upstream bodies significantly affect the inflow to a
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propeller and that inflow change results in meaningful modifications to the resulting acoustic detection
distance. This means that modelling the proper aerodynamics of the full vehicle configuration is required for
accurately predicting the acoustic detection of UAS vehicles.

5.0 CONCLUSIONS

An extensive wind tunnel aerodynamic and acoustic test campaign has been conducted where an L26H
propeller was tested in three configurations. The configurations are no upstream wing, a half wing, and a full
wing upstream of the propeller. These configurations were used to determine the effect inflow disturbance
has on acoustic emissions. A range of propeller revolution rates, wind tunnel speeds, and yaw angles were
also investigated, and a subset of the results are documented here.

Also documented is an acoustic detection calculation method that was used to determine the effect inflow
disturbance on the propeller system has to acoustic detection of UAS vehicles. The data shows the clear
impact rotor inflow disturbances have on the emitted acoustic signature and demonstrates the reason why full
vehicle aerodynamic calculations are required to model the acoustic emissions of a UAS.
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One-Third MNon-detectability Distance (meters)
Octave Band
Frequency (Hz) | 5 10 | 15 [ 20 | 25 | 30 | 100 | 200 | 300 | 400 | 500 [ 750 [1,000]1,250] 1,500]2,000] 3,000] 4,000 5,000 6,000
sofl 39 | 39 | 39 | 39 | 39 | s | 25 | 25 | 25 | 25 | 16| 16 | 16| 16| 16 | 16 | 16| 158 ] 16 | 16
63| 42 | 42 | a2 | a2 | a2 | a2 || 28 | 28 | 28 | 28 | 18 | 18 | 18 | 18 | 18 | 18 | 18 | 18 | 18 | 1= One-third octave band data
go] 42 | 42 | a4 | a4 | a4 | aa || 30 | 30 | 30 | 30 ] 20 | 20 | 20 | 20 [ 20 | 20 | 20 | 20 | 20 | 20 )
100 81 | 81 | 81 | 81 | 81 | 81 | 67 | 67 | 67 | 67 | 58 | 58 | 58 | 58 | 58 | 58 | 58 | 58 | 58 | s8 repeated into the MIL-STD-1474E
125] 60 | 60 | 60 | 60 | 60 | 60 | 46 | 46 | 46 | 46 | 36 | 36 | 36 | 36 | 36 | 36 | 36 | 36 | 36 | 36 table
160 42 | 42 | 42 | a2 | 42 | a2 | 28 | 28 | 28 | 28 | 13 | 139 | 139 | 19 | 13 | 13 | 139 | 13 | 19 | 19
200 75 | 75 | 75 | 75 | 75 | 75| e1 | 61 | 61 | 61 | 52| 52 | s2 | 52|52 0 —— 1 — © - -
250] 24 | 24 | 44 | 42 | 24 | 2a ) 30 | 30 | 30 [ 30| 221 | 21 | 21| 21 | 22 . i N
35| 77 | 77 | 77 | 77 | 77 | 77| 63 | 63 | 62 | 63 | 54 | 524 | 54 | 54 | s4 90 - A f‘@\‘- {;’ hci \ .
a00f 94 | 94 | 94 | 94 | 94 | 94 | 80 | 80 | 80 | 80 | 70 | 70 | 70 | 70 | 70 | . 0| 2 / o ‘\\ i {,\\. JREE S o N, g
5000 76 | 76 | 76 | 76 | 76 | 76 j| 62 | 62 | 62 | 62 | 52 [ 52 | 52 | 52 [ 52 | B I 7 A AN 4 Y L oK o’ FS U RN I
630 66 | 66 | 66 | 66 | 66 | 66 § 52 | 52 | 52 | 52 | 42 | 42 | 42 | 42 | 42 | B 70 ot R A NG b o S
800] 99 | 99 | 99 | 99 | 99 | 99 § 85 | 8 | 85 | 85 | 76 | 76 | 76 | 76 | 76 | ¥ | i”;\ Y I:‘QH. o o Ef_ L ;’__.-' * oK _)
1,000 72 | 72 | 72 | 72 | 72 | 72| 58 | 58 | 58 | 58 | 49 | 49 | 49 | 49 [ 45 [ g 60 [ A R RN : ‘5 .
12500 97 | 97 | 97 | 97 | 97 | 97 | 83 | s3 [ ez [ s3a [ 3| 73| iz | 3| 2| 8 50l NN T LAY . i
16000 96 | 96 | 96 | 96 | 96 | 96 | s2 | s2 [ s2 [ s2 [ 73 | 73 | 3 | 3| 73 | B _di 8 E,]’ fr’:‘ '-.__‘\\ U;’f -' o
20000 98 | 98 | 98 | 98 | 98 | 98 | 84 | 84 | sa | sa | 74 | 74 | 74 | 74 | 74 E 40gr— If_.’ PN ]
2,500) 89 | 85 | 895 | 89 | 89 | 89 )| 75 | 75 | 75 | 75 | 66 [ 66 | 66 | 66 | 656 | S 0| . FRVERIRY S ]
31501 96 | 96 | 96 | 96 | 96 | 96 | s2 | s2 | =2 | 22 | 72 | 73 | 73 | 73 | 73 O 2 © —~5-— 2 Meters
qo000f 97 | 97 | 97 | 97 | 97 | 97 | 83 | =3 | &3 | 83 | 72 | 73 | 73 | 72 | 72 20, * u % — -G~ 10 Meters | -
5000] 94 | 94 | 94 | 94 [ 94 | 9a | 80 | 80 [ 8o | 80 | 70 | 70 | 70 | 70 | 70 10# | | [ 30 Meters
63000 85 | a5 | 85 | &5 | 85 | as | 72 | 71 | 71 | 71 | 62 | 62 | 82 | B2 | &2 102 10 104
gooo|l 87 | 87 | 87 | 87 | 87 | a7 | 723 | 73 | 73 | 73 | 62 | &3 | 83 | 63 | &3 £ [Hz]
10,000 80 | s0 | s0 | s0 | 80 | s0 | 66 | 66 | 66 | 65 | 56 | 56 | 56 | 56 | 56 | 56 | 56 | 56 | 56 | s6
2 2 2 2 2 2 10 | 10 | 10 | 10 | 30 | 30 [ 30 [ 30 | 30 | 30 | 30 | 30 | 30 | 30
[N Measurement Distance (meters)
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@ WRAP-UP AND CONCLUSIONS DEVCOM
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 MIL-STD-1474E is capable of being used on wind tunnel data
« Up-stream bodies significantly impact acoustic emissions

« Acoustic impacts are tactically significant, according to MIL-STD-1473E analysis

QUESTIONS?
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