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Nomenclature
f = Frequency [Hz]
Mg, = Tip Mach number
Pg = Bandpassed power [Pa’]
p = Acoustic pressure [Pa]
R = Rotor radius [mm]
S«x = Autospectral density [Pa’/Hz]
0 = Rotor-airframe proximity [mm]
® = Elevation angle [°]
(O] = Azimuth angle [°]
Q = Rotation rate [rev/min]

BPF Blade Passing Frequency

CAD  Computer Aided Design

OASPL Opverall Sound Pressure Level

RAI Rotor-Airframe Interaction

RPM  Rotations Per Minute

SALT  Structural Acoustic Loads and Transmission
sUAS  small Unmanned Aerial System

SPL Sound Pressure Level
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SPSL.  Sound Pressure Spectrum Level

I. Introduction

Small Unmanned Aerial Systems (sUASs), commonly referred to as drones or multirotors, typically utilize several
rotors distributed throughout the airframe, allowing for a lower tip speed and additional maneuverability. Rotors are
typically mounted to the sUAS with a support rod. The rotor blade operates in close proximity to the rod and, as a result,
creates installation noise, sometimes referred to as Rotor-Airframe Interaction (RAI) noise. Unsteady deterministic
noise is generated by the aerodynamic interaction between the rotor and rod that emits an acoustic impulse event each
time the blade passes the rod [1-8]. It has been observed that rapid changes in the potential flow field create impulsive
changes in aerodynamic loading, which produce the impulsive acoustic noise emitted by the RAI [1, 6, 8, 9].

As the rotor approaches the rod, airflow is obstructed and slows down, creating a rapidly changing potential flow
field and a rapid oscillation in the rotor angle of attack [8]. Most research studies fix the rod below the rotor because this
is the typical SUAS rotor-rod configuration. It should be noted that the rod position above or below the rotor considerably
affects the strength of the impulse event. When the rod is fixed above the rotor, stronger pressure fluctuations are
generated on the surfaces of the rotor and rod and emit a stronger acoustic impulse [1]. When the rotor operates in close
proximity to a rigid airframe, lacking any metamaterials to sheath the airframe, the pressure fluctuation on the surface of
the airframe becomes the dominant noise source for the RAI [10].

The rotation rate dictates the frequency of these impulsive aerodynamic events, which results in the RAI predominantly
exciting the harmonics of the blade passing frequency (BPF). While the RAI does not excite the main BPF, higher
harmonics, 2XBPF to 35xBPF, can experience strong amplification, up to 30 dB, compared to an equivalent condition
where the rod is not present, i.e., the isolated rotor case [2, 7]. Most excitations are concentrated at the lower harmonics,
2xBPF to 15xBPF, with the greatest excitation often around the SXBPF for a two-bladed rotor [2].

Multiple studies have investigated the rotor performance in the presence of the rod and have either found that the
average thrust slightly increased [1, 10, 11], decreased [3, 12], or had no discernible change [2, 5, 6] when the rod was
present. However, rapid fluctuations were observed for the instantaneous thrust while the rotor blade approached and
departed from the rod [5, 6, 11, 12]. This aerodynamic loading fluctuation creates unsteady deterministic loading noise.
It produces a dipole directivity, with observers normal to the rod experiencing the strongest emission while observers
colinear with the rod experience minimal excitation [1, 2, 7].

Computational [1, 2, 4-6], experimental [1, 2, 4, 7], and analytical [3, 4, 9] studies have provided insight into the
interaction noise. With the physical mechanism better understood, methods of reducing the interaction noise were

investigated herein. Increasing the separation distance between the rotor and the rod is the most direct method of



reducing the noise [2, 13], although, this is not always practical in reality. Adding standoffs to the rotors increased the
rotor-rod proximity, resulting in an A-weighted overall sound pressure level (OASPL) reduction of 8§ dBA [13]. Adding
permeability to the rod weakens the surface pressure fluctuations and reduces the acoustic emission. Computational
work has shown that a permeable rod could reduce the RAI noise by 20 dB at each harmonic [10]. An experimental
study found that covering a solid rod with structured porous media reduced the OASPL by 3-6 dB [11].

In this study, the RAI problem is revisited experimentally. However, unlike prior studies that evaluated straight rods,
the current effort focuses on RAI noise with curved rods. Curved rods should differ from straight rods as the latter
generates RAI noise that is highly impulsive because the entire rotor span interacts with the rod simultaneously, thereby
generating a near-simultaneous aerodynamic pressure fluctuation along the rotor blade. On the contrary, the impulsive
aerodynamic phenomenon still occurs for the curved rod. However, these impulsive fluctuations do not coincide when
the rod is curved. Instead, the interaction is smeared in time. Although the premise of impulsive smearing by geometric
modification has been applied in other aeroacoustic problems, including swept blades for turbopropellers [14], helicopter
tail rotors [15], personal air vehicles [16], and fans [17, 18], here only an augmented rod geometry was evaluated. In
principle, either the rotor, rod, or both could be curved to smear the impulsive aerodynamic interaction. For this work,
an experiment was conducted in hover within an anechoic chamber to measure the acoustic response for a straight and
curved support rod beneath the rotor for several rotational speeds and rotor-rod separation distance to determine if the

curved support rod reduces the RAI noise.

I1. Experimental Setup

The investigation was conducted at NASA Langley’s Structural Acoustic Loads and Transmission (SALT) facility,
an anechoic chamber with wedge-tip-to-wedge-tip dimensions of 9.5, 6.5, and 4.5 m (I X w X h) rated for free-field
acoustic radiation above 80 Hz [19]. Figure 1(a) shows a computer-aided design (CAD) reconstruction of the facility
with 17 B&K Type 4954-B microphones stationed 2.2 m (=10.8R) away from the rotor hub. In terms of distance from
the wedge tips, the rotor is centered in the room and was fixed at a height of 2.25 m (11R) above the wedges. The CAD
reconstruction shows the structure of the rotor stand and microphones, which were treated with acoustic foam for the
experiment. The rotor was centered in the room and equally spaced between the floor and ceiling, resulting in the
rotor being fixed 2.25 m above the wedges and oriented in the hover position. With the rotor operating in the hover
configuration, the axial direction is pointed at the ceiling and defines the origin of the elevation angle, ®. While the RAI
noise more effectively excited harmonics in-plane with the rotor (® = 90°), it was important to consider the response for
observers below the plane of rotation (e.g., ® = 130°) because this is where a typical observer is expected to be located.
Five microphones from each elevation were examined within this work to capture the directivity trends for in-plane
and below to demonstrate the acoustic response to the proposed rod alteration. Microphones were evenly spaced at

an azimuth of 30° from @ = 210° to 330° with the rod placed at ® = 180°, consistent with the coordinate system of
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Fig. 1 CAD reconstruction of the (a) SALT facility, without the walls, with 10 microphones centered around the
rotor stand and (b) a side view of the rotor.

previous work [4, 9]. Table 1 provides the ® and ® location for each observer. Acoustic signals were acquired on NI

PXIe-4497 cards at a sample rate of 48 kHz.
Table 1 Azimuthal and elevation angle for each microphone.

Mic. MI M2 M3 M4 MS M6 M7 M8 MO MIO
(C] 90°  90° 90° 90° 90° 130° 130° 130° 130° 130°
O] 330°  300° 270° 240° 210° 330° 300° 270° 240° 210°

Figure 1(b) The rotor radius (R) is 203.2 mm and was fixed above a 25.4 mm carbon fiber rod with the proximity of
o between the rotor and rod. The rotor used was a scaled-up version of the Master Airscrew 11x8 with a 2412 NACA
airfoil and was milled out of aluminum, and the chord and pitch distributions can be found in Reference [20]. The
proximity between the rotor and rod was defined as the distance between the trailing edge of the rotor and the upper

most point of the rod at the 75% radial location. This radial location was used because a typical rotor generates its peak



loading at this section. Figure 2(a) shows the first configuration (C1), which acts as the baseline. The new configuration
(C2), shown in Fig. 2(b), replaced the straight rod with the curved rod. The curved rod was defined as the centerline of
the arc length of a circle with a radius of curvature of 0.56R. This curvature was arbitrary and was meant to explore the

efficacy of the curved rod in reducing RAI noise.

Fig. 2 The two rod configurations with (a) the straight rod, C1, and (b) curved rod, C2, underneath the rotor.

For each configuration, 16 runs were conducted at four tip Mach numbers (0.2, 0.24, 0.28, and 0.32) and four
proximities (15, 20, 25, and 30 mm). These proximities are equivalent to §/R = 0.0738, 0.0984, 0.1230, and 0.1476.
Most of the analysis focused on the run conducted at 5200 RPM (M, = 0.32) and 6 = 15 mm because it produced
the strongest RAI response. Preliminary runs showed that runtimes above 8 seconds resulted in recirculation effects,
which were important to mitigate; otherwise, turbulent airflow would have introduced unsteady loading on the rotor
[21]. Comparisons between the configurations were conducted with Welch’s method [22] on 8-second recordings to
generate autospectral estimates using a Hanning window with 75% overlap. The block size was 4096 samples, and the

75% overlap resulted in 372 segments for each run. The resulting frequency resolution was 12 Hz.

I11. Experimental Results
Literature has shown that the RAI noise emits the greatest acoustic impulse normal to the rod [2, 7]. For the straight
rod, surface normals were directed at @ = 270°, while the curved rod has surface normals pointed in all radial directions.
Since the RAI noise is highly directional, caution was taken when comparing emissions at a fixed azimuth location.
Directivity trends were analyzed to verify that the sound pressure level (SPL) was reduced instead of redirected. This
was done with Fig. 3(a) by analyzing the SPL emission at 5xXBPF for the five in-plane microphones (® = 90°) at the
operating condition of My, = 0.32 and § = 15 mm.

In Fig. 3(a), the directivity for the isolated, straight rod, and curved rod were compared, and the figure shows that the



straight rod had the highest SPL emission at SXBPF. This particular harmonic was chosen because it often experienced
the strongest excitation. The emission normal to C1 (® = 270°) was 64 dB (prr = 20x10~° Pa), while C2 emitted a tone
that nearly matched the isolated run, reducing the tone by 20 dB. However, C2 did not completely reduce the RAI noise,
as C2 generated an acoustic emission weaker than C1 but greater than the isolated rotor, for @ = 210° and 240°. These
observers still experienced a significant reduction of 8 dB compared to the straight rod emission. For all microphones in
the plane of rotation (® = 90°), C2 reduced the RAI noise substantially for this harmonic.

Fig. 3(b) shows the directivity for microphones below the plane of rotation (® = 130°) for the isolated, straight rod,
and curved rod cases. Loading was more effectively emitted to observers below the plane of rotation than in the plane of
rotation. As a result, the isolated SPL for these microphones was ~55 dB, a 10 dB increase compared to Fig. 3(a).
Depending on the observer, C1 generated an acoustic impulse 5-10 dB greater than the isolated run. Placing the curved
rod in proximity to the rotor reduces the emission to 55 dB, nearly matching the isolated emission for all observers
below the plane of rotation. Comparing C2 to C1, all microphones measured a reduction in SPL with the curved rod for

this harmonic.
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Fig.3 SPL directivity for SXBPF emitted (a) in-plane with the rotor (® = 90°) and (b) below the plane (® = 130°)
for C1 (@), C2 (m), and the isolated rotor (»).

The acoustic emission was strongest at @ = 270° and @ = 210° for the straight and curved rods, respectively.
Therefore, the sound pressure spectrum level (SPSL) was evaluated for microphones M3, M5, M8, and M10 in Fig. 4.
Microphone 3 is shown in Fig. 4(a), where multiple harmonics, 2XBPF to 13xBPF, exhibited a strong tonal excitation
for C1. Some harmonics were excited by as much as 20 dB because of interaction with the straight rod compared to
the isolated rotor condition. Once the curved rod was installed, the emission was nearly identical to the isolated run.
Emissions measured by M5 for C1, C2 and the isolated rotor are shown in Fig. 4(b). The curved rod exhibited some
harmonic excitation compared to the isolated emission. However, fewer harmonics were excited to a lesser extent than
Cl.

The RAI emission for M8 is shown in Fig. 4(c), and the harmonic excitation above isolated rotor levels was not as

significant for C1 at this elevation angle compared to the equivalent in-plane elevation angle. The curved rod reduced the
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Fig. 4 Autospectra, calculated with Welch’s method, for microphones (a) M3, (b) MS5, (¢c) M8, and (d) M10
emitted by C1 (@), C2 (m), and the isolated rotor (»).

excitation by up to 8 dB for several harmonics. Lastly, Fig. 4(d) shows the emission for M10. The harmonic excitation
for C2 matched C1 at 2xBPF, and was close to C1 levels at 3x and 4xBPF, but otherwise, C2 closely matched the SPSL
tones of the isolated rotor. Across all observers, it was evident that C2 excited fewer harmonics to a lesser extent than C1.
Across all configuration, the main BPF did not exhibit any changes in SPSL. Analytical predictions [4] suggests that the
interaction weakly excites the main BPF but this excitation is dwarfed by the steady (axisymmetric) loading of the rotor.

Up to this point, only one operating condition has been analyzed. All runs from the straight and curved rods were
compared to demonstrate the universal noise reduction of the curved arm. With Welch’s method already estimated,

autospectral density (Syy) between 3xBPF and 13XBPF was integrated to estimate the bandpass power (Pp), defined as

13xBPF
Py = /3 Sux(f) df. (1)

XBPF

in units of Pa2. Equation 2 converts Pp into the bandpass sound pressure level (BSPL):

P
BSPL::HHO&O(—J%). )
Pref

The BPSL equation may seem repetitive because the SPL is estimated in the same manner. However, Eq. 1 changes the
limits of integration from a region around a single harmonic to frequencies between 3XBPF and 13xBPF. Thus, it is
useful to distinguish between SPL and BSPL, even if the only difference between these two metrics is the integration
region. The BSPL was applied to the 16 runs for C1 and C2, and results were compared in Fig. 5 for microphone M3.
All microphones showed similar trends as microphone M3, which was selected for this analysis because it measured the

strongest RAI noise for C1. The BSPL emitted by C1 is shown in Fig. 5(a) as a response to My, and 6. Trends showed



that decreasing ¢ and increasing My, created a stronger tonal emission. While increasing My, strengthens the steady
loading and thickness noise of the isolated rotor, the RAI noise also increased with My, because the higher rotational
speed increased the potential flow field effect and pressure fluctuations on the surface of the rotor and rod. Decreasing ¢
increased the BSPL because a smaller interaction distance further exacerbated the potential flow field and pressure
fluctuations.

The BSPL for C2 as a response to My, and 6 is shown in Fig. 5(b). While the BSPL increased with My, the BSPL
was nearly independent of §. Curving the rod reduced the RAI noise by spreading the interaction in time. Compared to
C1, the curved rod also reduced the BSPL at a fixed ¢ and My;p. Figure 5(c) shows the difference in BPSL, ABSPL,
between C1 and C2. Implementing the curved rod reduced BSPL by 11 dB for the smallest 6. The largest ¢, 30 mm,
showed a more modest reduction of 4 dB. Contour lines for ABSPL were nearly parallel with My, because the curved
rod only reduced the RAI noise and had no meaningful effect on steady loading, thickness, or broadband noise generated
by the isolated rotor for the frequency range evaluated here.
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Fig. 5 BSPL for the (a) straight and (b) curved rod emission towards M3 (® = 270°) and (c) the difference
between these configurations (C1-C2).

IV. Conclusion
This work has shown that the Rotor-Airframe Interaction noise can be significantly reduced by augmenting the shape
of the rod. The curved rod diminished the RAI noise by as much as 20 dB across multiple harmonics. Microphones
in-plane and below the plane of rotation experienced a reduction in sound pressure level when the curved rod was
installed, often exhibiting similar levels as the isolated rotor. Directivity trends showed that the noise reduction was

universal over the range of emission angles tested.
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