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ABSTRACT

A model framework for rapid assessement of the noise generated by small-scale rotors, such as those found on
small Uninhabited Aerial Systems (SUAS), is presented. The acoustic signatures of two commercially available
2-blade rotors in hover conditions are considered, namely the DJI-CF 9.4x4.3 and APC-SF 11x4.7 which have a
diameters 0.24 m and 0.28 m, respectively. The model framework is based mainly on semi-imperial models with
limited inputs from Computational Fluid Dynamics (CFD) based solutions. Supplimenting the models using CFD-
based solution inputs leads to a improved acoustic signature prediction. The predicted noises of both narrow-
band and broadband are compared with the experimental measurements, and the agreement is found to be
reasonable.

1 INTRODUCTION

Over the last decade there has been a marked increase in the use of small Uninhabited Aerial Systsems (SUAS)
to fulfil a range of different missions, such as target detection and surveillance. In order to conduct these mis-
sions, it is often necessary for the UASs to work in close range to the target, and therefore their detectability and
tractability become important metrics in their performance and overall mission success. According to Berardini
et al (2017), an effective approach to detect a SUAS is to measure its acoustic signature and thefore being able
to predict the acoustic signature crucial to manage its detectability. In a commercial and recreational context,
the use of UASs in an urban environment has seen increase regulation. Although this does not currently cover
acoustic emissions, growing public concern is expected to see sUAS noise classication and restrictions in the
near future. While the main focus of SUAS design optimisation have been devoted to their performance and effi-
ciency (Deters and Selig 2008, Ol et.al. 2008), the acoustic signature of those systems has attracted relatively
less attention to date (Tinny and Sirohi 2018, Zawodny et al. 2018).

The acoustic signature of SUAS is the product of source generation and radiation. Although some noise sources
are weak in nature, an effective radiaition mechanism can still result in strong acoustic levels. For example low-
Mach-number-flow-induced noise from rotors or propellers, can produce a strong acoustic signature and com-
promise their clandestine operation. A good overall acoustic signature management strategy should include
due consideration to the rotor or propeller noise generation and its mitigation, which in turn requires a thorough
understanding of the underlinying physics, such as source generation mechanisms and sound radiation charac-
teristics, as well as accurate prediction methods. There are a number of well accepted models for the aero-
acoustics of full-scale helicopters, but due to the Mach number and Reynolds number disparity, their applicabil-
ity to small scale sUAS has not yet been fully assessed (Zawodny 2018). In this paper, a framework mainly
based on low-fidelity analytical and semi-empirical models for predicting the acoustic signature of SUAS is pre-
sented. The model framework is applied to the commercially available 2-blade rotors, the DJI-CF and APC, for
assessing the tonal and broadband component of their acoustic signature in hover conditions. The predicted
sound levels are compared with the experimental measurements of Zawodny et al. (2018).
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2 MAIN NOISE SOURCES OF A SMALL UAS

Sound radiated from a sUAS rotor can be classified into narrow-band (tonal/deterministic) and broadband com-
ponents. The narrowband noise sources can be further divided into steady and unsteady loading noise and
thickness noise. According to Brooks et al.(1989) and Blake (1986), the rotor broadband noise contributions
comprise: (i) leading-edge (LE) noise, including turbulence ingestion noise and blade-wake interaction noise; (ii)
turbulence boundary layer trailing-edge (TE) noise; (iii) blunt trailing-edge vortex shedding noise; (iv) tip-vortex
noise; (v) laminar boundary layer transition noise and (vi) flow separation at large angle-of-attack noise. Blunt
TE noise is associated with the interation of the vortex shedding and the TE. Tip vortex noise can be considered
as part of TE noise because it arrised by the interaction between the vortex structure and the passing trailing-
edge.

The steady loading noise of the rotor is generated by a rotational dipole, thus is narrow-banded and of a typical
dipole directivity. The loading on the rotor is steady in the rotating frame but unsteady in the stationary acoustic
medium and generates tonal noise at the harmonics of blade-passage frequency (BPF). This noise source be-
comes significant for high Mach number flows. At low rotor tip speed (low Mach number flow), this noise is nor-
mally low compared to other noise sources except for the thickness noise contribution. The steady noise is re-
lated to the lift force and its distribution on the rotor blade. The thickness noise is generated by the acceleration
of flow local to the rotor as the blade passes through. Like the steady noise, the fluid expansion about the blade
profile is steady in the rotating frame but unsteady in the acoustic medium. This noise source is monopole-like
but has dipole directivity due to the Doppler amplification and becomes significant only when the tip speed is
high (high Mach number flow). For low tip speed, this noise is lower than steady loading noise. In this paper,
only steady loading noise is relavent and analysed.

The LE noise is generated by the interaction between turbulence and the LE of rotor blades, leading to strong
force fluctuations and generation of a high dipole sound. This noise source can produce both tonal and broad-
band noise depending on the characteristics of the turbulent flow that the blades encounter. Another important
contribution to the broadband noise source is TE noise, which is generated by turbulent flow passing the TE of
rotor blades. The TE efficiently scatters the turbulence into radiated noise. This noise is broadband in nature
and well accepted as being an important noise source for low Mach number flows. Other broadband noise, such
as TE bluntness and tip-vortex noise are generated by the interaction between the vortex shedding and the TE.

3 MODEL FRAMEWORK
The governing equation for sound pressure radiation from turbulent flows can be written as

20— 3% = 2108(N] — = [F(N] + [T, H(F)] (1)
gz C0VP =5 ax; " L ax;dx; LY

The terms on the right hand side of Eq. 1 are monopole, dipole and quadrupole noise sources, respectively.
Here Q is the rate of mass injection per unit volume, F; is the component of force vector per unit volume normal
to i, and Tj is the stress tensor. The loading and LE noises attribute to the dipole source, and thickness noise
source is monopole. The TE noise attributed to the quadruple source. Different sources listed in the previous
section are modelled by either an analytic or a semi-empirical model. The noise prediction process is outlined in
the model framework shown in Figure 1.

The tonal noise are predicted using Hanson’s analytic solutions (1980), and the model of Blake (1986) is also
tested. The broadband noises, except the LE noise, are predicted using both BPM model of Brooks et al. (1989)
and the model of Chen & McGillivray (2014). The LE noise is predicted using the model of Amiet (1978). The
inputs for those models are the aerodynamic conditions experienced by the rotor blades, which are obtained
either from CFD simulations or simplified aerodynamic models.
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Figure 1 Model framework

3.1 Bench-mark rotor blades

Two commercial available rotors, DJI-CF and APC-SF, are used to assess the accuracy of the model frame-
work. The nominal geometric properties of two rotors is obtained from the work of Zawodny et al. (2018), and
the schematics of the rotors are shown in Figure 2. The DJI-CF rotor has a diameter of 24 cm while the APC-SF
propeller is of diameter 28 cm. These blades we also laser scanned for the purpose of generating CAD surfaces
from which a 2-D structured mesh could be generated for input into the CFD analysis. It should be noted that
there was some differences found between the nominal genometric data from Zawodny et al. and the scanned
geometry, which may be attributed to manufacturing variation. The measured pitch angles from the scan were
7.63 and 10.20 at 0.75R, where R is the rotor radius, for the DJI-CF and APC-SF rotors respectively. Hence
these pitch angles were used in the CFD analysis, rather than the nominal published values of 8.36 and 9.20
respectively.

B ‘ "

(&) DJI-CF 9.4x4.3 (b) APC-SF 11x4.7
Figure 2 Benchmark 2 blade rotors
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4 RESULTS

The acoustic signatures of two rotors in a hover condition were predicted for standard sea level conditions and
operation condition of 5400 RPM for the for DJI-CF and 4200PRM for the APC-SF rotor. The corresponding
Reynolds numbers for DJI-CF and APC-SF are 5.14 x 10* and 9.00 x 10* respectively.

4.1 Tonal noise

The total tonal noise arising from the steady loading noise and thickness noise is predicted using the model of
Hanson (1980). The predicted results are compared with the measured data of Zawodny (2018). As a further
comparison, the steady loading noise model of Blake (1986) is also tested. The inputs, such as the rotor thrust
and geometric information required by the model are obtained from Zawodny (2018). It should be noted that the
loading distributions along both the chordwise and spanwise directions are simplified in the calculation. For the
chordwise direction, the loading distribution is assumed to be uniform, while for the spanwise direction, a piece-
wise linear distribution is assumed. However, it is possible to implement other more accurate loading distribu-
tions, such as from a 3D CFD analysis, which should lead to more accurate estimation of the tonal noise. This
will be considered in a follow-on study.

The comparison between the predicted and experimentally derived sound pressure level (SPL) and directivity at
two blade passing frequencies (BPF) are shown in Figure 3. Here the the angle 90 is aligned with rotor disc
plane and 0" and 180" degrees coincide with the upstream inflow into the rotor and downstream outflow, respec-
tively. Figure 3(a) shows the results DJI-CF rotor at 5400RPM and Figure 3(b) is for APC-SF rotor at 4200RPM.
It can be seen that for both rotors the steady loading noise dominate the tonal noise at two BPFs, and the thick-
ness noise is low in each case. The predicted total tonal noise for DJI-CF at the second BPF agrees better with
the measurements in terms of the directivity and magtitude. The predicted tonal noise levels at the first BPF for
DJI-CF rotor agree well at the angles between 60°-100" , and the predicted tonal noise level at the first BPF for
APC-SF agree well at the angles outside of that range. It has been found that the noise is decreasing signifi-
cantly at BPF higher than 2BPF.

The performance of Blake’s model for the loading noise is examined, and the results are given in Figure 4. It
can be seen that the loading noise predicted by Blake’s model is 25 dB higher than that using Hanson’s model,
however the two models give a similar directivity.
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Figure 3 SPL comparison of the predicted tonal noises and its directivity with measured data
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Figure 4 SPL comparison between different models for tonal noise (DJI-CF at 5400 RPM)

4.2 Broadband noise

As noted in model frame work presented in Figure 1, the prediction of the broadband noise used CFD-based
simulations to enhance the prediction capability of the empirical models. A brief description of the CFD ap-
proach is introduced in the following section, before presenting comparisons of predicted and experimentaly
measured noise spectrums.

4.2.1 CFD simulation of 2D flow over single blade of DJI-CF and APC-SF rotor

The 3D geometry of each of the blades were obtained via a laser scanning metrology process. A cross-section
of each blade at 0.75R was taken and a smooth curve lofted through the points. An induced inflow angle-of-
attack was calculated using the approximation from Chen (1989). This required a lift curve slope, which was
calculated by running an angle-of-attack sweep using the XFOIL software package version 6.96 from Drela
(1989). By forcing transition to turbulent flow in XFOIL at 5% of chord, the lift curve slopes in the linear pre-stall
region were obtained as 5.439 rad™ and 6.146 rad™ for the APC and DJI cross-sections at 0.75R respectively.
This resulted in calculated effective angles-of-attack, defined as the blade pitch minus the induced inflow angle,
of 4.63 and 3.59 for the APC and DJI profiles, respectively. It should be noted that the physical APC blade,
along with the scanned geometry, had a fine burr on the leading and trailing edges, associated with the injection
molding manufacturing process. These were retained in the surface model used as the basis for the CFD analy-
sis.

For each blade profile, a 2D structure mesh with a C-topology was then generated using Pointwise V18.2 R2. In
each case the profile pitch was set at the appropriate effective angle-of-attack. Care was taken to ensure the
first wall-normal cell height on the blade was approximately y'= 1 to ensure a resolve-to-the wall Reynolds-
Average Navier-Stokes solution. The far-field boundary was approximately 75 chord lengths and centred on
leading edge of the blade. A mesh resolution and domain size sensitivity was also performed to verify the suita-
bility of these parameters.

ANSYS Fluent 19.2.0 was used as the CFD solver and the k- turbulence model with the Shear Stress
Transport (SST) formulation being enabled. The temperature and density at standard sea-level conditions was
set, at 288.15 K and 1.225 kg/m3 respectively.

Solutions for the DJI profiles showed good numerical convergence, with the residuals dropping several orders of
magnitude and force monitors reaching steady values. The APC blade did not converge to a steady solution, as
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the lip at the sharp LE caused the flow to detach and then reattach shortly downstream. The lip on the trailing
edge caused eddies to shed from the trailing edge in pairs, first from the top surface, then from the bottom sur-
face.

The resultant profiles of mean turbulence dissipation rate, mean turbulence intensity field and mean turbulence
kinetic energy field, at a distance downstream of the blade which corresponded to the inflow to the next blade
were extracted. As the APC solution was of oscillatory nature, the profiles where averaged over a series of os-
cillatory cycles.

4.2.2 Noise prediction
The BPM model of Brooks et al. (1989) has been used to estimate the TE noise, the tip-vortex noise, the blunt
trailing-edge vortex shedding noise and laminar flow-to-turbulent transition noises.

The LE noise is generated from the turbulence impingement on the LE of rotor blade, and this turbulent inflow of
the rotor blade is the wake of the upstream rotor blade which is obtained by the steady CFD solution. The 2D
CFD simulations are conducted at the local resultant velocity at 0.75R and turbulence quantities in the wake,
such as turbulent kinetic energy and dissipation rate are used to estimate the turbulent spectrum near the LE.
The downstream distance at which the wake was sampled corresponses to the circumfrential distance between
the blades, that is 7(0.75R), to represent the injestion of the upstream blade wake on the trailing blade.

In the calculation of the LE noise, it is assumed that the streamwise turbulent length-scale is constant over the
span of the rotor blade, and the variation of the turbulent spectrum along the span is purely due to the change of
the resultant velocity. The rotor blade is divided into 40 strips along the span, and the total LE noise is the sum-
mation of noise from each of 40 elements using the method presented by Christophe & Anthoine (2009). The
comparison of using Amiet model combined with the method of Christophe & Anthoine (2009) and with a uni-
form blade of a representative velocity at 0.75R is shown in Figure 5. The results which use the Amiet model
combined with the Christopher & Anthoine is referred to as the “total noise strips” and with the uniform blade of
a representative velocity at 0.75R as “total noise 0.75R”. It can be seen that for both rotors the results obtained
by assuming a blade with a constant chord (based on the 0.75R location) are slightly higher than the inverse
method of Christophe & Anthoine (2009).

The contributions of different noise sources to the total broadband noise for DJI-CF rotor are shown in Figure 6.
It can be seen that the vortex shedding noise is a major contributor to the total noise at the frequency of 16 KHz,
but the LE noise is the dominate broadband noise source across almost all other frequencies. The predicted TE
noise is much lower. The tip-vortex interaction noise and the laminar-to-turbulent flow transition noise are very
low and are not shown here.

The comparisons between the predicted and measured broadband noise for the two rotors at two observation
points of 45  and 22.5 are shown in Figure 5. For the DJI-CF rotor, the LE noise dominates the broadband
noise (Figure 5a). However, for APC-SF rotor, no dominate vortex shedding noise was measured or predicted
(Figure 5b). Similar to DJI-CF rotor, for APC-SF rotor, the leading-edge noise dominates the broadband noise at
the frequency higher than 1 KHz. The predicted total broadband noise levels show a reasonable agreement with
the measurements for that frequency band, particular at the observation point of 22.5". For DJI-CF rotor, the
predicted sound levels match well at frequencies higher than 4 kHz. However, the predicted sound levels show
a poor correlation with the measurements at the frequencies lower than 3 KHz for DJI-CF rotor and 1 KHz for
APC-SF rotor. In order to investigate the cause of those discrepancies, the displacement turbulent boundary
thickness required by BMP model was extracted directly from the CFD solution instead of using the approxima-
tion, however no improvement was obtained.

A further investigation of the cause was to apply the CFD-RANS-based trailing-edge noise model of Chen &
MacGillivray (2014) to the DJI-CF rotor, and the predicted results are included in Figure 5(a). It can be seen that
the total broadband noise predicted using the RANS-based model has shown a much better agreement with the
measurement at the frequencies lower than 5 KHz. The peak of trailing-edge noise is at 1.6 KHz. The broad-
band noise at the frequencies lower than 5 KHz is mainly due to the TE noise. It should be noted that the CFD
solution is a 2D simulation at Reynolds number based on a spanwise location of 0.75R, thus an overestimation
would be expected due to neglecting the variation of Reynolds numbers along the rotor span.
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Figure 6 SPL contributions of different noise sources to the total broadband noise for DJI-CF at 5400RPM

CONCLUSIONS

A model framework based mainly on the low-fidelity semi-empirical models for small scale rotor noise is pre-
sented. The aerodynamic noise produced by two rotors, DJI-CF operating at 5400RPM and APC-SF at
4200RPM is estimated using the framework. The predicted tonal and broadband noises are compared against
the experimental measurements, and the agreement is found to be reasonable. For tonal noise, the prediction
can be improved with more accurate properties of the rotor blade such as the rotor cross-section geometry and
loading distribution. For broadband noise, it has been found that the leading-edge and trailing-edge noise are
major noise sources. Its is expected that the prediction can be improved by using the CFD-RANS based model
inputs in the framework. A more accurate prediction of the broadband noise can be achieved with a full 3D CFD
simulation that will provide a more accurate flow around the rotors and the inputs required by the leading-edge
noise and trailing-edge noise models.
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