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ABSTRACT

In this study, hover performance and acoustic measurements are taken on two different isolated rotors representative
of small-scale, rotary-wing unmanned aircraft systems (UAS) for a range of rotation rates. Each rotor system consists
of two fixed-pitch blades powered by a brushless motor. For nearly the same thrust condition, significant differences
in overall sound pressure level (OASPL), up to 8 dB, and directivity were observed between the two rotor systems.
Differences are shown to be in part attributed to different rotor tip speeds, along with increased broadband and motor
noise levels. In addition to acoustic measurements, acroacoustic predictions were implemented in order to better un-
derstand the noise content of the rotor systems. Numerical aerodynamic predictions were computed using the unsteady
Reynolds-averaged Navier Stokes code OVERFLOW?2 on one of the isolated rotors, while analytical predictions were
computed using the Propeller Analysis System of the Aircraft NOise Prediction Program (ANOPP-PAS) on the two
rotor configurations. Preliminary semi-empirical frequency domain broadband noise predictions were also carried out
based on airfoil self-noise theory in a rotational reference frame. The prediction techniques further supported trends
identified in the experimental data analysis. The brushless motors were observed to be important noise contributors
and warrant further investigation. It is believed that UAS acoustic prediction capabilities must consider both rotor and

motor components as part of a combined noise-generating system.

NOTATION

Rotor thrust coefficient

Rotor blade element chord, m
Narrowband frequency resolution, Hz
Blade element trailing edge bluntness, m
Rotor tip Mach number

Number of coils in brushless motor
Number of poles/magnets in brushless motor
Number of rotor revolutions

Rotor tip radius, m

Reynolds number based on chord

Blade element width, m

Rotor thrust, N (Ibs.)

Blade element zero-lift angle of attack, deg.
Blade element geometric pitch, deg.
Normalized autospectral random uncertainty, %
Observer elevation angle, deg.

Imposed rotor inflow ratio, U./QR

Standard deviation of pressure, Pa

Blade element trailing edge solid angle, deg.
Rotor rotation rate, RPM (rad/s)

INTRODUCTION

The past several years have witnessed a considerable increase
in the presence of and market for unmanned aircraft sys-
tems (UAS) in the United States National Airspace System
(NAS). One of the major challenges facing the Federal Avia-
tion Administration (FAA) is the requirement to institute ap-
propriate policies of regulation to address this increased ve-
hicle demand. Since May of 2014, private companies have
been able to file petitions for exemption from obtaining cer-
tificates of waiver or authorization (COAs) to permit non-
recreational UAS operations for a set of controlled, low-risk
situations (Refs. 1,2). Of the first 500 commercial UAS ex-
emptions granted by the FAA, 71% are rotary-wing in na-
ture (Ref. 3). Of these rotary-wing vehicles, more than 90%
are of the multi-copter variety.

According to the FAA (Ref. 2), UAS are categorized as
“small” if they have an overall weight of less than 55 pounds.
The increase in the number of multi-copter small-scale UAS
(sUAS) in the NAS warrants an understanding of the possi-
ble impacts that these vehicles will have on the civilian pop-
ulation. One of these impacts is how they are acoustically
perceived by humans. The ability to predict the noise gen-
erated by these vehicles is important to aiding in the selec-
tion and/or design of future vehicle configurations that are
deemed suitable for specified missions. It is currently un-
known how well current conventional rotorcraft noise predic-
tion methods will apply to sUAS; however, previous studies



indicate noise-scaling issues for vertical lift vehicles charac-
terized by low Reynolds numbers (Ref. 4). The goal of this
work is to acoustically characterize two off-the-shelf sUAS
rotor systems of similar performance through measurement
and prediction analyses. The rotor blades investigated in this
study are for vehicles that weigh less than 10 pounds, which
are in the lower range of sUAS as defined by the FAA.

This paper begins with an overview of the theoretical
noise source mechanisms associated with rotary-wing vehi-
cles. This is followed by a description of the experiments per-
formed and the noise prediction methods implemented. Ex-
perimental performance and acoustic results for two different
rotor blade configurations will be compared against one an-
other as well against their predicted counterparts.

BACKGROUND

Noise Source Mechanisms

The most common and identifiable rotor noise sources at-
tributable to rotary-wing vehicles shown pictorially in Fig-
ure 1 can be broadly divided into deterministic and non-
deterministic components. The deterministic components in-
clude the following (Ref. 5):

e Thickness noise: noise due to displacement of fluid by
the rotor blade,

e Loading noise: noise due to force exerted on the fluid by
the rotor blade surface,

o Blade vortex interaction noise: impulsive loading noise
due to a tip vortex impacting a following blade, and

e High-speed impulsive noise: high-intensity, in-plane
noise associated with high advancing tip speeds (tran-
sonic flow).

Non-deterministic loading noise - also known as broadband
noise - is the result of turbulent flow interactions on or near the
blade surface. The sources of broadband rotor noise include

e Turbulence ingestion noise (Ref. 0): unsteady loading
noise due to ingestion of atmospheric turbulence into the
rotor,

o Blade wake interaction noise (Ref. 7): noise caused by
blade interactions with rotor wake turbulence, and

e Blade self noise (Refs. §,9): noise produced by scatter-
ing of turbulent flow over the blade trailing edge.

To date, attention has primarily been focused on predic-
tion of the deterministic components of rotor aerodynamic
noise. This is because full-scale helicopters have high rotor
tip speeds, which result in high acoustic amplitudes at the ro-
tor blade passage frequency (BPF) and its associated harmon-
ics. These tonal amplitudes have conventionally dwarfed the
contribution of broadband noise to the overall acoustic signa-
ture. However, prior research has shown broadband helicopter
noise to be an important overall contributor for certain flight
conditions and directionalities (Refs. 7,9).
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Fig. 1. Primary rotor aerodynamic noise sources and as-
sociated directionalities for modern-day, full-scale heli-
copters (Adapted from Ref. 5).

The Unknowns of sUAS Noise

Small-scale UAS (sUAS) provide an interesting challenge to
the tasks of noise characterization and prediction. While the
fundamental aerodynamically-generated source mechanisms
remain consistent with those associated with full-scale heli-
copters, there are numerous unknowns warranting investiga-
tion. These include the effects of the reduced size of the vehi-
cles compared to conventional rotorcraft, the effects of multi-
ple rotors, the balance between tonal and broadband noise, the
relative contributions of rotor blade aerodynamic noise and
motor noise, and the appropriate noise metrics with which to
categorize the vehicles.

An important attribute of the considerably smaller sizes
of rotary-wing sUAS as compared to conventional rotorcraft
is the different flow speed regime that they encounter. This
flow regime is commonly defined in terms of two important
non-dimensional parameters: the tip Mach number and chord-
based Reynolds number at 75% span. These are respectively
defined as

QxR _ PeoxQ*0.75R

Mip = o Rec(0.75R)—T7 (1)

where Q is the rotor rotation rate, R is the rotor tip radius, de
is the ambient speed of sound, p.. is the ambient air density,
c is the rotor blade chord ( in this case at the 75% span loca-
tion), and U is the ambient air dynamic viscosity. It is not
uncommon for full-scale helicopters to exhibit an advancing
tip Mach number in the range of 0.7 < Mj;, < 0.8, whereas a
sUAS multicopter would exhibit one in the range of 0.15 <
Miip < 0.3. Furthermore, a representative Reynolds number
based on the chord at 0.75R of a full-scale helicopter is typi-
cally on the order of Re.(0.75R) ~ 10°, while that for a sSUAS
multicopter is Re.(0.75R) ~ 10* — 10°. In terms of conven-
tional flat plate aerodynamics, the former of these Reynolds
number ranges would fall well into the turbulent flow regime,
while the latter would fall into the laminar-transitional flow
regime. This lack of dynamic similarity results in questions



regarding application of conventional rotorcraft noise predic-
tion tools to platforms of such combined low tip Mach num-
bers and representative Reynolds numbers (Ref. 4).

As was stated previously, analysis and prediction of noise
generated by rotary-wing vehicles has been primarily focused
on the deterministic components of noise. However, with
the reduced scale of sUAS, the relative importance of tonal
and broadband noise contributions is unknown. The reduced
tip speeds of these vehicles are such that high-speed impul-
sive noise is an unlikely contributor, whereas the laminar-
transitional flow speeds to which the vehicle blades are sub-
jected can have considerable broadband self-noise contribu-
tions (Ref. 8). For a case in which a rotary-wing UAS ex-
hibits acoustic tones related to the BPF that are comparable
in amplitude to higher frequency broadband noise, the latter
mechanism may become one of concern for characterization
and modeling.

TECHNICAL APPROACH

Experimental Setup

Tllustrations of the experimental setup utilized in this study
are provided in Figure 2. Experiments were performed in
the Structural Acoustic Loads and Transmission (SALT) ane-
choic chamber facility at the NASA Langley Research Cen-
ter (Ref. 10). This facility is acoustically treated down to
a cut-off frequency of 100 Hz and has interior dimensions
(wedge tip to wedge tip) of 4.57-m (15-ft) high, 7.65-m (25-
ft) wide, and 9.63-m (31.6-ft) long. A total of five 1/4” Type
4939 free-field Briiel & Kjaer microphones in an arc array
configuration are positioned in the acoustic far-field of the ro-
tor test stand in elevation angle increments of 22.5°, from 45°
below the plane of the rotor to 45° above the plane of the ro-
tor. Specifically, the microphones are positioned at a radial
distance of 1.905 m (75 in.) from the motor hub. This dis-
tance corresponds to at least 13R for the rotors tested in this
study. The rotor test stand itself was constructed so that the
plane of the rotor would stand 2.29-m (7.5-ft) above the floor
wedge tips, which corresponds to half of the room height.

The physical rotation rate of the motor outer casing was
measured using a laser sensor-tachometer. The tachometer
provided both a DC voltage as well as a Transistor-Transistor
Logic (TTL) pulse signal indicating each revolution of the
motor housing. Both of these signal outputs served as a mea-
sure of the rotation rate of the rotor-motor apparatus. In addi-
tion, a single-axis Honeywell Type 31 load cell is positioned
directly underneath the motor for measuring thrust (see Fig-
ure 2(c)). This close proximity of the load cell to the rotor
assisted with reducing loading uncertainties associated with
longer moment arms and wake loading. Thrust measurements
are non-dimensionalized in the form of the thrust coefficient,
which is defined as
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All data were acquired at a sampling rate of 80 kHz for a
duration of 30 seconds.
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Fig. 2. Experimental apparatus within the SALT facility.

Two rotors were selected for analysis in this study based
on research of common UAS platforms and component avail-
ability. The first rotor is a carbon fiber replica of one sold
by DJI, a multi-copter UAS manufacturer. The model of the
original rotor from the manufacturer is the DJI 9443 (the rotor
is herein referred to as the DJI-CF rotor). The second rotor
is an injection-molded slow flyer propeller manufactured by
Advanced Precision Composites® . The model of this rotor
from the manufacturer is the APC 11X4.7SF, which is herein
referred to as the APC-SF rotor. An image of these rotors,
as well as their respective radial chord and blade pitch angle
distributions, is provided in Figure 3, while their physical pa-
rameters are provided in Table 1. The chord and pitch angle
data of the DJI-CF rotor shown in Figure 3(b) were extracted
from a high-resolution laser scan of the blade surfaces, while
those for the APC-SF were retrieved from the UIUC propeller
database of Ref. 11. As a result of having a fine resolution
computational surface grid of the DJI-CF rotor, accurate ra-
dial section profiles were able to be extracted for input into
the blade element aero-analysis, which is discussed in the next
section. As for the APC-SF rotor, the radial blade section pro-
files are a blending from an Eppler63-type airfoil near the hub
to a Clark-Y-type airfoil near the tip (as indicated by the man-
ufacturer). Actual profiles of this rotor were not available for
this study. Therefore, the software CROTOR (Ref. 12) was
used to create a blended blade profile interpolation between
these two airfoil shapes along the span of the blade.



The rotors were driven by the same electronic speed con-
troller (ESC) but different motors, as indicated in Table 1.
While this does present a potential inconsistency between the
two rotors regarding motor acoustic content, this is believed to
be minimal due to the fact that they are of nearly identical size
and have the same number of coils and magnetic poles within
the motor housings. Specifically, both motors have N, = 12
coils and N, = 14 magnetic poles.
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Fig. 3. Images and geometric data of rotors analyzed in
this study. Note: APC-SF geometry data obtained from
Ref.

Table 1. UAS rotor parameters.

Parameter Rotor 1 Rotor 2
Name DIJI-CF APC-SF
Diameter,? in. (m) 9.4 (0.24) 11.0 (0.28)
Weight, g (0z.) 12.1 (0.43) 15.0 (0.53)
Motor, Manuf. (Model) DIJI (2212) 3DR (2830-358)
ESC, Manuf. (Model) DIJI (OPTO E300)

“As quoted by manufacturers.

It is important to note that only hover conditions were in-
vestigated in this study. Because the SALT facility is a sealed
room, operation of the rotors for a long time results in recircu-
lation build-up, which can compromise the desired static con-
dition. Evidence of recirculation was found when the voltage
output of the load cell began to exhibit high-amplitude fluctu-
ations indicative of turbulent gust ingestion into the rotor disk
area. Therefore, acoustic data used for post-processing were
limited to a time period preceding this apparent onset of recir-
culation. To maintain consistency across the different rotors
and RPM conditions, a time period of five seconds was estab-
lished for acoustic data post-processing across all test condi-
tions. The upper and lower limit testing conditions for each

rotor are defined in terms of both RPM and Reynolds num-
ber based on chord at 75% tip radius (Re.(0.75R)) in Table 2.
Experimental data points were taken between these condition
limits in increments of 300 RPM.

Table 2. UAS rotor testing condition limits.

Rotor Lower Limit ~ Upper Limit
DII-CF
RPM 3000 7200
Re.(0.75R) 3.0 x 10* 6.8 x 10*
APC-SF
RPM 1800 5100
Re.(0.75R) 3.8 x 10* 1.1x10°

Noise Prediction Methodology

The overall noise prediction process is outlined by the
flowchart presented in Figure 4. Noise predictions are divided
into deterministic (or tonal) noise and random (or broad-
band) noise, both of which require knowledge of the aero-
dynamic conditions experienced by the rotor blades. The
blade aerodynamics are computed using either computational
fluid dynamics (CFD), or blade element analysis. Once the
blade aerodynamics are computed, the deterministic compo-
nents of noise are computed using an impermeable Ffowcs
Williams and Hawkings solver. Broadband noise is com-
puted semi-analytically using the Broadband Acoustic Rotor
Codes (BARC) software suite (Ref. 9). This software suite
predicts rotor self-noise from models developed by Brooks et
al. (Ref. &) for isolated airfoils, and later extended to a model
for rotating blades (Ref. 9). The experimental database that
forms the basis for this method is believed to be applicable
to the current study due to comparable Reynolds and Mach
numbers between it and the rotor blades under current inves-
tigation.

CFD Simulations

CFD simulations were performed on the DJI-CF rotor ge-
ometry using OVERFLOW?2 (Ref. 13), which is an unsteady
Reynolds-averaged Navier-Stokes (URANS) code. This code
was chosen based on previous successes with predicting ro-
tor blade loadings and acoustics for a scaled model of a heli-
copter main rotor (Ref. 14). The simulation is time-marching
in nature, in which multiple rotor revolutions are performed
until convergence is obtained. The optimized second or-
der backward differencing formulation BDF2OPT was uti-
lized with a fixed number of 50 Newtonian sub-iterations
per physical time-step. As a result of this fixed number of
sub-iterations, the L.,—norm(RHS) orders of convergence at
each sub-iteration varied between 3 and 5 depending on the
simulation case. Spatial differencing was performed using a
fourth order central differencing for inviscid terms and a sec-
ond order central differencing for viscous terms. The Spalart
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Fig. 4. Flowchart of the current noise prediction method.

and Allmaras with rotation/curvature correction (SARC) one-
equation turbulence model along with a Detached Eddy Sim-
ulation (DES) was utilized. The computational grid was con-
structed using overset grid generation via the Chimera Grid
Tools v2.1 software package (Ref. 15). The volume grid is di-
vided into a total of thirteen levels, the first of which contain
the near-body grids immediately surrounding the rotor blades
and hub. The remaining twelve levels are Cartesian off-body
grids, the first level of which has a uniform spacing of ap-
proximately 2.5% of the mean blade chord. The finest Carte-
sian grid extends to 1.175R horizontally from the hub center
and to 0.25R above and 2.5R below the rotor disk plane. The
boundaries of the computational domain extend out to 125R.
The near-body and first level off-body grids make up approx-
imately 95.5% of the total 260 million grid points that define
the computational domain. One full revolution took approx-
imately 30 hours to simulate using 1,008 computer cores on
the NAS Pleiades supercomputer, with convergence in thrust
and torque being typically obtained by the fifth revolution of
the rotor. An illustration of the core CFD computational do-
main is provided in Figure 5.

Acoustic predictions are performed using the CFD-
provided impermeable loading data on the blade surfaces.
These data are input into the PSU-WOPWOP code (Ref. 5),
a FW-H solver, to compute acoustic pressure time histories
at defined observer locations. One single rotor revolution’s
worth of CFD data is computed at a physical time resolution
corresponding to 0.25° azimuthal increments, and input into
the acoustic solver in 1° azimuthal increments and run as a pe-
riodic case. As a result, this computational procedure is con-
sidered to provide a measure of the deterministic (or tonal)
components of noise. The process in which the impermeable
blade surface loadings from OVERFLOW?2 are used to com-
pute an acoustic prediction using PSU-WOPWOP is herein
denoted as OF2-PSW.
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Fig. 5. Cross-section view of the first five grid levels of
OVERFLOW?2 computational domain.

Blade Element Analysis

A more computationally efficient prediction method that is
more amenable to use in the vehicle design process was also
studied. The method implemented in this study is ANOPP-
PAS (Ref. 16), which is herein referred to as PAS. While PAS
is originally intended for analysis of propellers in a fixed-wing
configuration, it is selected for consideration in this study due
to its complete set of capabilities. The blade profile analy-
sis modules of PAS include a coordinate transformation us-
ing a Joukowski transformation, potential flow around the
blades computed by Theodorsen’s method using the Kutta
condition to fix circulation, and boundary layer analysis us-
ing the Holstein-Bohlen or Truckenbrodt methods for respec-
tive laminar and turbulent regions. Propeller performance and
induced flow are then computed using Lock’s method with
the Prandtl circulation function for the blade tip region. Fi-
nally, a Subsonic Propeller Noise (SPN) module (see Fig-
ure 4) is utilized for computing acoustic pressure time his-
tories and spectra at defined observer locations. This noise
module is a direct implementation of Farassat’s FIA FW-H
acoustic solver (Refs. 17, 18). The PAS computation time en-
compassing all the mentioned modules for a rotor blade dis-
cretized into 35 sections takes approximately one minute on
a high-performance laptop computer. This computation time
is in stark contrast to the previously-mentioned required CFD
simulation time using OVERFLOW?2 of more than six days
for five full rotor revolutions.

Because PAS was developed for modeling propellers
in flight, a freestream velocity condition is used for non-
dimensionalization purposes. To use PAS in the current ap-
plication, a small non-zero freestream velocity was specified,



which is equivalent to imposing a uniform inflow condition.
The freestream velocity was iteratively adjusted until the pre-
dicted rotor thrust was within 5% of the experimental mea-
surement. It is worth noting that the imposed rotor inflow
ratio reached an upper limit value of Aw max = 0.03 across all
tested conditions. This does have the effect of reducing the
effective angle of attack experienced by the individual blade
elements, and thus the loading of the blade. The effects of this
will be investigated in the following Results section.

Self-Noise Prediction

As shown in Figure 4, blade self-noise prediction is computed
based on inflow conditions along the blade computed either
using OVERFLOW?2 or PAS. The BARC suite implements a
blade element analysis technique in which the noise contribu-
tions of the individual blade elements are summed to yield the
total blade noise. It is formulated based on the noise-boundary
layer correlation data of Ref. 8, which are for NACA 0012
airfoil sections. The modeled noise source mechanisms are
well-documented in Refs. 8,9 and are summarized as follows:

e Turbulent Boundary Layer-Trailing Edge (TBL-TE)
Noise: noise due to pressure scattering from convection
of turbulence of the trailing edge,

e Turbulent Boundary Layer-Separation/Stall (TBL-
SS) Noise: TBL-TE noise at high angles of attack due
to convection of larger-scale turbulent structures past the
trailing edge,

e Laminary Boundary Layer-Vortex Shedding (LBL-
VS) Noise: noise due to vortex shedding past the trailing
edge coupled with aerodynamic feedback loops associ-
ated with laminar boundary layer development,

e Trailing Edge Bluntness-Vortex Shedding (TEB-VS)
Noise: vortex shedding noise from a blunt trailing edge,
and

e Tip Vortex Formation (TVF) Noise: noise due to for-
mation and shedding of the blade tip vortex.

Of the source mechanisms listed above, the LBL-VS is not in-
cluded in the predictions in this study. This is because it is be-
lieved that three-dimensional flow over the surface of the ro-
tor blades disrupts the occurrence of the chord-wise feedback
mechanism required for LBL-VS to occur. All broadband
noise predictions performed in this study utilize the bound-
ary layer curve data of Ref. § corresponding to an untripped
blade section.

The inflow conditions computed using either OVER-
FLOW?2 or PAS serve as inputs to BARC. In addition to local
blade element flow conditions (angle of attack, resultant flow
velocity), geometric parameters of the local blade elements
are also needed. These include blade geometric pitch angle
(B), blade chord length, trailing edge bluntness (H), trailing
edge solid angle (y), width of the blade segment (Ar), and

the zero-lift angle of attack of the blade element (). This
last quantity is very important, as it serves as the reference for
determining the “effective” local angle of attack on which the
boundary layer curves of Ref. § are based. A test for determin-
ing o was conducted by performing a 2-dimensional steady
OVERFLOW?2 simulation on the blade profile of the DJI-CF
rotor at the 75% span location over a range of geometric an-
gles of attack. Lift and drag conditions were recorded from
which a zero-lift angle could be determined. The Improved
Blade Aerodynamics (IBA) module of PAS (Ref. 16) was then
used to compute the same quantity on the same blade profile.
The resulting zero-lift angle computed in IBA was found to be
within 0.2° of that computed using OVERFLOW?2. Therefore,
it was decided that the IBA module of PAS be used to deter-
mine the o values for all blade element profiles analyzed in
this study.

Noise Metrics

Three acoustic metrics are used in this study for comparisons
between predictions and experiment. They are the sound pres-
sure level (SPL) spectrum, the overall sound pressure level
(OASPL), and the A-weighted OASPL (Ref. 19).

RESULTS

The results of this study are divided into five sections. The
first section discusses the performance of the rotors in terms of
static thrust and power draw, with comparisons between com-
putational and experimental data. The second section briefly
discusses post-processing techniques implemented on the ex-
perimental acoustic data. The third section presents experi-
mental acoustic data of both rotors for a range of rotor rota-
tion rates. The final two sections discuss tonal predictions at
principal rotor-associated frequencies with experimental com-
parisons and some preliminary broadband acoustic prediction
results.

Rotor Performance

Figure 6(a) shows the measured Cr variation with RPM for
the two rotors. Note that measurement uncertainties are indi-
cated in the form of error bars, which were computed using
the conventional root-sum-squares (RSS) method. The uncer-
tainty variables accounted for are the 95% confidence inter-
vals of the raw acquired load data, the bias uncertainty of the
load cell, and the 95% confidence intervals of the acquired
RPM data. As the experimental data show, the total com-
puted uncertainties in thrust coefficient decrease with increas-
ing RPM. This is because the largest contributing component
to the uncertainty is the load cell bias uncertainty. Included in
this figure are static thrust coefficient data for the APC-SF ro-
tor provided by Ref. 11, and the predicted thrust coefficients
from the OVERFLOW?2 simulations of the DJI-CF rotor at
three different RPMs. Comparison of the current thrust mea-
surements of the APC-SF rotor with the published reference
data show reasonable agreement, with curve fit deviations of



less than 2% between the two data sets. Furthermore, compar-
ison between the OVERFLOW?2 predictions and the measured
DIJI-CF thrust data also show agreement to within 2.5%. It is
important to note that thrust predictions using PAS are not
shown in this figure due to the iterative process utilized based
on a desired thrust condition.
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Fig. 6. Rotor thrust performance comparisons: (a) thrust
coefficient vs. RPM with APC-SF reference data (Ref. 11),
(b) dimensional thrust vs. power draw.

Figure 6(b) shows the trends of dimensional thrust as a
function of power draw for the two rotor-motor configura-
tions. The purpose of this plot is to demonstrate that while
the two rotors are intended to operate over different RPM
ranges (as indicated in Figure 6(a)), they exhibit very simi-
lar thrust generation profiles. This means that the APC-SF
rotor can be used to generate the same amount of thrust as the
DIJI-CF rotor at a lower RPM with a comparable amount of
power draw. This has important implications because blade-
generated noise generally decreases with decreasing tip Mach
number.

Acoustic Measurement Post-Processing

The acquired acoustic data are processed three ways. The first
and simplest method is to simply treat the acquired time data
as arandom data set. Acoustic narrowband spectra were com-
puted using the fast Fourier Transform (FFT) with a Hanning
window of 75% overlap and a frequency resolution of 5 Hz.

As stated previously, only five seconds of acquired acoustic
data were utilized for post-processing for a given RPM con-
dition. This was both because of the onset of recirculation
as well as RPM drift for longer motor run times. As a result
of this, the autospectral random uncertainty was fairly large
at & = 14.14% (Ref. 20). This translates to a random SPL
uncertainty of u,.sp;, € {—0.66,40.57} dB.

The second post-processing technique utilized on the
acoustic data emulates a deterministic analysis. The purpose
of this method is to more accurately compare acoustic ampli-
tudes at principal frequencies of interest - namely harmonics
of the BPF - between predictions and experiment. For the
current study, analysis was limited to the first two harmon-
ics of the BPF. To isolate the acoustic contributions at these
specific frequencies, a 3rd-order Butterworth narrow band-
pass filter was applied to the time series data, with a £ 40
Hz frequency band centered around the frequency of inter-
est. The TTL pulse signal from the tachometer was used to
parse the time series data into blocks corresponding to indi-
vidual revolutions of the rotor. Acoustic amplitudes of each
frequency of interest were computed by calculating the RMS
of the ensemble-averaged pressure time history across all rev-
olutions: 0o 0

SPLy.gpr = 20log,, 2
Pref
Furthermore, the uncertainties of these tonal amplitudes were
approximated by the 95% confidence intervals of the RMS
pressure values:

3
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(C))

USPL,ppr = 20l0g1o

These uncertainties were typically within the bounds of the
autospectral random uncertainty defined previously.

The third post-processing technique implemented on the
experimental acoustic data is similar to the previous one, how-
ever with the goal of extracting the non-periodic, or broad-
band noise in the microphone signals. This was done again
by parsing the time series data into blocks of rotor revolu-
tions, then computing a mean rotor revolution time history.
This mean revolution time history was then subtracted from
the individual time blocks, which are then FFT-processed as
a random time series. The primary drawback of these latter
two techniques is that they do not account for fluctuations in
the rotor rotation rate. In other words, all time blocks were de-
fined to be the same length, which enforces a condition of con-
stant RPM. As a result of this, these techniques would yield
higher uncertainties in the ensemble-averaged pressure values
at higher frequencies due to phase drift and retain higher fre-
quency tonal content in the broadband-extracted spectrum for
a run condition in which the RPM was seen to vary by a con-
siderable amount.

Experimental Spectra and OASPL Directivities

Figures 7(a) and 7(b) show acoustic spectra of the APC-SF
and DJI-CF rotors at respective rotation rates of Q = 4200



RPM (70 Hz) and 5400 RPM (90 Hz), at an observation angle
of 0 = —45° (below the rotor plane). These figures clearly
illustrate a high-amplitude tone at the respective BPFs of 140
and 180 Hz, as well as additional tonal content at the 2nd-4th
BPF harmonics. There is also a discernible tone at 1.5*BPF
for the DJI-CF rotor, which is believed to be due to differences
in blade-to-blade geometry. Also provided in these figures are
the acoustic spectra of the isolated unloaded motors used for
each of these rotors at the same rotation rates. It can be seen
that the isolated motors contribute a considerable amount of
tonal spectral content over a frequency range corresponding
to approximately 10-14 shaft harmonics. The motor used with
the APC-SF rotor is also seen to contain broadband acoustic
energy in the frequency range of 500 Hz to 1 kHz. Observa-
tion of the rotor-motor spectra for both cases show that the
tone of highest amplitude that is apparently due to the motors
corresponds to a frequency of N,  Q, which is related to the
mechanical “cogging” torque generated as a result of the rota-
tion of the motor outer casing (Ref. 21). There are numerous
other tones in the motor-only spectrum that are believed to
contribute to the rotor-motor spectrum; however, they cannot
be quantified because the effects of rotor blade loading on the
motor noise were not investigated in this study.

Plots of the spectral content of both rotors including motor
noise for a range of rotation rates are provided in Figures 8
and 9. Both rotors show an increase in BPF acoustic ampli-
tude with increasing rotation rate. The APC-SF rotor spectra
in Figure 8 also show an increase in the 2*BPF harmonic with
increasing rotation rate, which correspond to dimensional fre-
quencies of 240, 280, and 320 Hz. The DJI-CF rotor spec-
tra of Figure 9, however, do not show a distinct increasing
trend in 2*BPF acoustic levels. It is also interesting to ob-
serve appreciable broadband acoustic energy for both rotors
for frequencies at and above 1 kHz. The APC-SF rotor shows
a spectral floor of nearly constant energy between 1 and 10
kHz (except for the lowest shown rotation rate of 3600 RPM),
while the DJI-CF rotor shows a spectral floor of increasing
acoustic amplitude up to approximately 20 kHz. An interest-
ing observation is how the high frequency broadband levels
of the DJI-CF rotor are slightly lower for the 6000 RPM case
as compared to those of the two lower rotation rates. The ex-
act cause of this is unknown; however, deflections of the rotor
blades at high rotation speeds may be a possibility. The lo-
cation of high-frequency spectral roll-off appears to increase
with increasing RPM for both rotors.

[lustrations of the broadband spectrum extraction tech-
nique applied to the APC-SF and DJI-CF rotors are provided
in Figures 10 and 11, respectively. The broadband extraction
results show effective removal of the lower frequency BPF
harmonics for both rotor cases. The 1/3-octave results also
show a gradual increase in mid- and high-frequency broad-
band spectral content with decreasing angle of observation.
This is in agreement with the notion that unsteady loading
noise increases with radiation angles away from the plane
of the rotor. Only the negative observation angle results are
shown since similar behaviors are observed for their positive
angle counterparts. The APC-SF rotor results show a con-
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Fig. 7. Acoustic narrowband spectral comparison of APC-
SF and DJI-CF rotor-motor and motor-only configura-
tions. (0 = —45°)

siderable amount of retained higher frequency tonal content
that is believed to be in part due to motor noise. The DJI-
CF results, however, show much cleaner broadband spectra
with much less retained mid- and high-frequency tonal con-
tent. This is because the DJI-CF rotor was observed to ex-
hibit rotation rate fluctuations on the order of +3 RPM for
the case shown. The APC-SF rotor, on the other hand, was
observed to exhibit rotation rate fluctuations on the order of
+20 RPM for the case shown. This is also believed to be
the cause for the lower broadband-extracted levels relative to
the floor of the raw spectra over a frequency range of 5-12
kHz in Figure 10. These results demonstrate the challenges
associated with extracting the broadband levels for the case
of a rotor-motor configuration exhibiting considerable RPM
variations. However, the current results are still useful for ex-
tracting broadband acoustic trends.

The partial directivities of unweighted and A-weighted
OASPL for both rotors are shown in Figure 12. Note that
both OASPL metrics are calculated over a frequency range of
100Hz < f <20 kHz. Figure 12(a) shows an overall increase
in OASPL for the APC-SF rotor at all measured observer an-
gles with increasing rotor rotation rate. This is not the case
for the DJI-CF rotor results of Figure 12(b), which show very
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Fig. 8. Acoustic spectra for the APC-SF rotor at different
rotation rates (0 = —45°).

similar unweighted OASPLs and a surprising decrease in A-
weighted OASPLs with increasing rotor rotation rate. De-
spite the previously mentioned increase in the BPF acoustic
amplitudes with increasing rotor rotation rates, the presence
of higher-frequency broadband noise and loaded motor noise
make it difficult to extract simple acoustic trends based on
rotor rotation rate. This implies that better physical under-
standing and modeling of both brushless motor noise and ro-
tor blade self-noise are needed to more accurately characterize
such sUAS component configurations. The acoustic predic-
tions performed in the remainder of this paper focus on the
deterministic aerodynamically-generated noise from the rotor
blades and some preliminary investigation into characteriz-
ing broadband noise source mechanisms of the rotor blades.
Brushless motor noise characterization is left for future work.

The thrust performance data of Figure 6 showed that both
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Fig. 9. Acoustic spectra for the DJI-CF rotor at different
rotation rates (0 = —45°).

rotors produce similar thrust over different rotation rates. The
APC-SF rotor is intended to operate over considerably lower
rotation rates as compared to the DJI-CF rotor. Therefore, due
to the potential noise benefit of a rotor operating at a lower
tip speed, it is useful to compare the OASPL directivities be-
tween the two rotors for a common thrust condition. Exam-
ples of such occur at Q = 6000 RPM for the DJI-CF rotor
and Q = 3600 RPM for the APC-SF rotor. These run condi-
tions yielded rotor thrust levels of 7' = 0.623 1bs. (2.77 N) and
T =0.642 1bs. (2.86 N), respectively. Figure 13 shows the un-
weighted and A-weighted OASPL partial directivity patterns
for the two rotors under these run conditions. Overall, the
APC-SF rotor is observed to offer a noise reduction benefit
as compared to the DJI-CF rotor, particularly for out-of-plane
observer angles. Specifically, the APC-SF rotor offers an un-
weighted OASPL benefit up to 8 dB at 8 = +-45°, and 6.5 dB
at 6 = —45°. The noise benefits at negative observation an-
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Fig. 10. Broadband spectra extraction results for the APC-
SF rotor (Q = 4200 RPM).

gles are considered to be more important since they represent
locations indicative of vehicle flyover conditions. These ben-
efits are seen to be reduced, however, with the application of
A-weighting to the spectra. This is believed to be primarily
due to the additional noise of the motor in the mid-frequency
range, over which the A-weighting is highest. A-weighting
is also seen to yield an OASPL value for the APC-SF rotor
at the in-plane observer location of 8 = 0° that is higher than
that for the DJI-CF rotor at the same location. Again, this is
believed to be heavily influenced by loaded motor noise. De-
spite the reduced noise benefits implied with the presence of
noise from different motors and A-weighting, there are still
observed noise benefits of 1.8 and 3.6 dBA at respective ob-
server angles of 8 = —22.5° and 6 = —45°. This still rep-
resents a considerable noise reduction for observer locations
that are representative of vehicle flyover conditions.
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Tonal Noise Predictions

The deterministic components of noise are predicted using ei-
ther the OF2-PSW or PAS methods. OF2-PSW was only car-
ried out on the DJI-CF rotor because this was the only rotor
for which a high-resolution computational surface grid was
available. A summary of the simulated conditions presented
for the duration of this paper are provided in Table 3. These
RPMs were selected based on the manufacturer-quoted nomi-
nal operation ranges of these rotors.

Table 3. Rotor simulation runs.
Rotor RPMs Sim. method
DJI-CF 4800, 5400, 6000 OF2-PSW, PAS
APC-SF 3600, 4200, 4800 PAS
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An acoustic comparison between the two prediction tech-
niques and experimental data for the DJI-CF rotor are shown
in Figure 14. Figures 14(a) and14(b) show the BPF and
2*BPF directivities computed from the two simulation tech-
niques across the elevation angle range of —90° < 6 < 90°,
divided into their thickness, loading, and total noise com-
ponents. The rightmost plots in these figures also have the
experimental values included for comparison, which were
computed using the ensemble-averaging technique mentioned
previously. The BPF directivity predictions show excellent
agreement with each other and the experimental data, partic-
ularly in terms of matching the directivity shape trends. The
maximum discrepancy between prediction and experiment in
Figure 14(a) is less than 2.5 dB. The 2*BPF harmonic, how-
ever, shows considerable discrepancies in loading and total
noise directivity behavior between the two predictions. OF2-
PSW predicts a trough in the total noise directivity at this fre-
quency, which is due to the thickness and loading noise being
out of phase with and of comparable amplitude to one another.
PAS, however, does not predict this behavior.
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Fig. 14. Tonal acoustic directivity predictions with com-
parison to experiment of DJI-CF rotor at Q = 5400 RPM.



The abilities of the two prediction techniques to capture di-
rectivity characteristics are investigated further for the 2*BPF
harmonic across the three simulated rotation rates in Fig-
ure 15. The predictions in this figure represent the total noise
at the 2*BPF harmonic consisting of the summation of thick-
ness and loading noise contributions. The OF2-PSW results
show an interesting directivity trend with increasing RPM, in
which the location of the previously mentioned trough due
to phase cancellation of thickness and loading noise sources
shifts to higher angles with increasing RPM. An increase
in RPM also increases the prominence of the loading noise,
which results in better agreement between the OF2-PSW and
PAS predictions over a wider range of propagation angles.
The experimental data appear to agree better with the OF2-
PSW predictions at 4800 and 5400 RPM, while both pre-
dictions are comparable to the available experimental data at
6000 RPM. The discrepancies between PAS and OF2-PSW
predictions at the 2*BPF harmonic are hypothesized to be re-
lated to three-dimensional flow effects along the blade span
which are not modeled in PAS. While the 2*BPF harmonic
contains acoustic energy that is well below that of the BPF for
the majority of observation angles, different flight conditions
may increase the importance of this and higher frequency BPF
harmonics. For the current hover cases investigated, however,
the BPF is the frequency of primary concern.
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Fig. 15. Total noise directivity predictions of 2*BPF har-
monic for DJI-CF rotor with comparison to experimental
data.

PAS was run on both rotors for the conditions indicated
in Table 3, the resulting BPF acoustic amplitudes of which
are shown in Figure 16(a). These results show excellent over-
all agreement in terms of directivity trends and levels, with a
maximum discrepancy of less than 2.5 dB across all shown
conditions. Therefore, for the case of such small rotors in a
clean hover condition, PAS appears to be a suitable, compu-
tationally efficient alternative over computationally expensive
CFD. The BPF predictions of the two rotors for the case of
similar thrust generation are also shown in Figure 16(b). The
results show the DJI-CF rotor to have higher BPF acoustic lev-
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els than the APC-SF due to higher tip speed. Based solely on
the experimental data, the APC-SF rotor offers a noise benefit
increasing from 3.6 dB at 6 = +45° to 8.9 dB at 8 = —45°.
In addition to this reduction in acoustic levels, the reduction
in BPF between these two conditions (120 Hz versus 200 Hz)
offers a potential human perception benefit based on a metric
such as A-weighting of SPL.
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Fig. 16. Total noise predictions at BPF using PAS for the
two rotors. (Note: lines represent predictions, symbols
represent experiments)

Preliminary Broadband Noise Predictions

The BARC analysis code is used to predict broadband noise
in the form of 1/3-octave spectra. BARC requires the local in-
flow conditions at each blade section, which were computed
using either OVERFLOW?2 or PAS in this study. Since CFD



simulations were not able to be performed on the APC-SF
rotor in this study, preliminary broadband predictions are per-
formed for both rotors using the PAS-generated inflow data.
It is important to note that the following predictions are con-
sidered preliminary for two primary reasons. First, the cur-
rent requirement of a non-zero freestream velocity by PAS
makes it a questionable source for reliable inflow data extrac-
tion. Second, application of BARC assumes that the boundary
layer curves corresponding to NACA 0012 airfoils are appli-
cable to the rotors currently being investigated. This is not
necessarily an appropriate assumption since the blade profiles
of the current rotors deviate considerably from NACA 0012
airfoils, both in terms of thickness and camber distribution.
Nonetheless, at this stage, BARC is valuable for identifying
the pertinent broadband noise source mechanisms and scaling
trends.

The individual source mechanisms that contribute to the
total broadband noise are presented for both rotors in Fig-
ure 17 for the rotation rates corresponding to comparable
thrust generation. The corresponding experimental spectra
after implementing the broadband-extraction technique dis-
cussed previously are also provided. As these results show,
the TBL source mechanisms are predicted to be prominent
broadband noise sources for both rotors. Note that the com-
bined contributions of the turbulent boundary layer noise
sources are presented as TBLry, in Figure 17, which rep-
resents the summation of the TBL-TE,,, TBL-TEs, and TBL-
SS source mechanisms. Low frequency broadband noise is
predicted to be strictly due to boundary layer separation ef-
fects (TBL-SS). This is attributed to the higher angles of at-
tack experienced by both rotors along the inboard portions of
their blades, promoting flow separation at or near the trail-
ing edge. Furthermore, this source mechanism, along with
suction-side turbulent boundary layer noise (TBL-TEs), dom-
inates for higher frequency noise on the APC-SF rotor. As
for the DJI-CF rotor, broadband noise at high frequencies is
seen to transition from TBL-TE noise to trailing-edge blunt-
ness (TEB-VS) noise. This makes sense because the trailing
edges of the DJI-CF rotor blades were measured to be con-
siderably thicker with very small trailing edge solid angles as
compared to the APC-SF rotor. Specifically, the mean trail-
ing edge thickness of the DJI-CF rotor was measured to be
40 times larger than that for the simulated APC-SF blade pro-
files. Figure 17(a) also shows considerable broadband under-
prediction for the majority of the shown frequency range as
compared to the experimental data. However, the presence of
a prominent peak at the 1/3-octave band center frequency of
1 kHz illustrates a frequency region where the broadband ex-
traction technique was not effective. Therefore, a refinement
of this broadband extraction technique is planned for future
work.

The performance of the broadband noise prediction is
gauged by testing its behavior for different flow conditions.
The broadband prediction results for three different rotation
rates are shown in Figure 18 for the APC-SF rotor. The over-
all trends of the broadband predictions with respect to rotation
rate are seen to agree with the experimental data. However,
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Fig. 17. Component noise source breakdown for broad-
band predictions for the two rotors. (8 = —45°)

there is seen to be under-prediction across the mid-frequency
range of 630 Hz < f < 3.15 kHz for all rotation rates and over-
prediction at mid- to high-frequencies (3.15 kHz < f < 12.5
kHz) for Q = 3600 RPM, which is shown in greater detail in
Figure 17(b). It is worth noting that observation of the experi-
mental narrowband spectra of the broadband-extracted signals
for these cases (see Figure 10) revealed a considerable amount
of retained mid-frequency tonal content and lower broadband
levels at high frequencies due to appreciable fluctuations in
the rotation rates of the rotor. This is believed to be a con-
tributor to the broadband noise under-prediction at the middle
frequencies and the over-prediction at higher frequencies.

CONCLUSIONS AND FUTURE WORK

This study presents thrust and acoustic data for two rotor con-
figurations representative of rotary-wing sUAS under static
hover conditions at different rotor rotation rates. Tonal noise
associated with the rotor BPF and associated harmonics was
identified, along with a considerable amount of mid- and high-
frequency broadband noise. In addition, the brushless motors
used in this study were also experimentally shown to have
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prominent tonal noise contributions over a frequency range of
high human sensitivity. The APC-SF rotor was able to achieve
a comparable amount of thrust generation to the DJI-CF rotor,
but at lower rotor rotation rate and, thus, at lower tip speeds.
This rotor system was found to offer considerable noise re-
duction benefits. Unweighted and A-weighted OASPL noise
reduction benefits were quantified at 6.5 dB and 3.6 dBA, re-
spectively, at an observer angle representative of vehicle fly-
over conditions. Further analysis of this observed behavior is
planned with the goals of identifying principal blade geome-
try features that can lead to quieter small-scale rotor configu-
rations.

Tonal acoustic predictions were performed utilizing both
high-fidelity CFD (OVERFLOW?2) and blade element analy-
sis (PAS), while preliminary broadband acoustic predictions
were performed using a semi-empirical method (BARC). The
tonal acoustic prediction results using both techniques match
the experimental data well at the rotor BPF, which is the fre-
quency of dominant tonal acoustic energy for the static hover
cases analyzed. These results indicate that a computation-
ally efficient prediction method such as PAS may be suitable
for acoustic characterization of SUAS rotors in static hover
conditions. Preliminary broadband noise predictions using
the BARC identified broadband source mechanisms and scal-
ing trends across different rotor geometries and rotor rotation
rates. Further investigations into trailing edge boundary layer
behavior for representative UAS blade profiles at appropriate
flight Mach and Reynolds numbers are planned. Additional
efforts are also underway to investigate forward flight effects
on the resulting radiated noise, both experimentally and com-
putationally.

The results of this study indicate that both the rotors and
motors of rotary-wing SUAS require consideration for accu-
rately assessing acoustic impacts of these vehicles on human
populations. Further investigations into the effects of blade
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loading on the motor noise are planned in efforts to develop
low-fidelity motor noise models.
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