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Low-Frequency Intensity Modulation of
High-Frequency Rotor Noise

Woutijn J. Baars* and Daniele Ragnif
Faculty of Aerospace Engineering, Delft University of Technology, 2629 HS Delft, The Netherlands

Rotor noise comprises harmonic features, related to the blade passing frequency, as
well as broadband noise. Even though acoustic spectra yield frequency-distributions of
acoustic energy within pressure time series, they do not reveal phase-relations between
different frequency components. The latter are of critical importance for the development
of prediction- and auralization-algorithms, because these phase-relations can result in low-
frequency intensity modulation of higher-frequency rotor noise. Baars et al. (AIAA Paper
2021-0713) outlined a methodology to quantify inter-frequency modulation, which in the
current work is applied to a comprehensive acoustic dataset of a laboratory-scale rotor at
advance ratios ranging from J = 0 to 0.61. PIV measurements of the blade-induced flow
disturbances complement the acoustic data to elucidate how the vortical flow structures
of one blade impact the inflow of the consecutive blade. The findings strengthen earlier
observations for the case of a hovering rotor (J = 0), in which the modulation of the
high-frequency noise is strongest at angles of § ~ —20° (below the rotor plane). For the
non-zero advance ratios, the modulation becomes dominant in the sector —45° < 6 < 0°, and
is maximum in strength for the highest advance ratio tested (J = 0.61). It is hypothesized
that the intensity-modulation of high-frequency noise relates to the appearance of different
separated-flow features over the suction side of the low Reynolds-number rotor-blades. As
recently detailed in the articles by Grande et al. (AIAA J. 60:2 & AIAA J. 60:9, 2022),
with increasing J, the separation goes from a fully laminar separation, to one that reattaches
and forms a laminar separation bubble, to one that fully separates in a turbulent state.
With an increase of modulation strength with J we conjecture that trailing-edge/shedding
noise, associated with the broadband features of the separated flow, causes the modulation
due to a far-field observer experiencing a periodic sweep through the noise directivity
patterns. Even though the high-frequency noise is more intense in the hover scenario, the
degree of modulation is less since the high-frequency noise field is dominated by turbulence-
ingestion noise that has a more omnidirectional nature.

I. Introduction and context

Urban air mobility (UAM) vehicles and drones comprise rotors that are typically smaller than the single-
rotor technology of conventional helicopters. For instance, it is not uncommon that the many electrical
takeoff and landing (eVTOL) prototype vehicles contain a multitude of rotors, e.g., the Joby Aviation
vehicle includes 6 rotors, the EHang 216 autonomous aerial vehicle has 6 rotors, the Supernal SA-1 eVTOL
aircraft has 4 tiltrotors and 4 sets of stacked co-rotating rotors, and the VoloDrone and VoloCity vehicles of
Volocopter include 18 rotors each. Assessing the rotor noise of new advanced air mobility (AAM) vehicles
has gained a high priority, due to their envisioned operation in densely populated areas.! At the same time,
engineering studies on the noise impact of rotors should be revisited because time-varying aspects of acoustic
waveforms are rarely addressed, while these influence the human perception of rotor noise.

Most studies on acoustic aspects of small-scale rotors consider standard characterization schemes that rely
on time- and /or ensemble-averaging:> 2 results are condensed to a set of interpretable acoustic spectra, their
integrated energy (overall sound pressure level), as well as the directivity patterns of that acoustic energy.
Occasionally, studies do employ time-preserving schemes when dealing with non-stationary acoustic signals
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of fly-over experiments,'® 4 but those focus on the acoustic footprints affiliated with maneuvers of the flight
vehicle. Moving forward, the time-dependent “wop-wop” noise component from larger-size rotorcraft, or even
the higher-frequency “buzzing” noise of drone propellers, is a phenomenon of time-varying noise intensity
and not necessarily a direct perception of the blade passing frequency (BPF), denoted as f,. Current noise
certification standards fall short in capturing time-varying aspects of a noise signal (e.g., the tone-corrected,
effective perceived noise level (EPNL) and/or the A-weighted sound exposure level (SEL) in 14 CFR Part 36).
Paradoxically, there is a growing body of knowledge that such time-varying aspects are highly relevant for the
level of (psycho-acoustic) annoyance.'?> 15720 Because noise levels that comply with a certification standard
are not acceptable to the public per say, it is evident that complementary assessments of noise-perception
aspects are needed.

A. Rotor noise modulation

Understanding the low-frequency modulation of higher-frequency rotor noise is important for the devel-
opment of low-order modelling- and auralization-algorithms,?! 2? as well as psychoacoustic modelling.?* 26
Before considering the temporal variation of rotor noise, a short review of noise sources is provided. Peri-
odic rotor-noise components are classified as thickness noise and blade loading noise.?” 3? A superimposed
component of broadband noise originates from turbulence ingestion (a leading-edge mechanism) and vortical
turbulent-boundary layer motions convecting past the trailing edge. In addition, for low Reynolds-number
propellers, an additional near-wake source comes from the vortex shedding behind laminar and/or turbulent
separation regions.?! And finally, even when the rotor operates in a clean flow, the turbulence-ingestion noise
can become dominant through the onset of blade-vortex interaction (BVI). This interaction is determined
by the distance between the tip-vortex deployed by consecutive blades and the blades themselves.

Temporal variations in the acoustic intensity and characteristic frequency of the noise are dubbed intensity
(or amplitude) and frequency modulations, respectively. In this work we consider the intensity modulation
and refer to this as BPF modulation (BPFM), because its time-scale is prescribed by the rotating motion of
the blade (this is different from the long-timescale variations in noise amplitude and Doppler-frequency shift
that occur for transient helicopter flyover maneuvers'®). Gan et al.? studied temporal variations of rotor
noise from a Bell 206 helicopter in level and descending flight, including effects of aerodynamic interactions
and the noise of the tail rotor. Here we study the effect in a more fundamental setting, using an isolated
rotor. To illustrate BPFM, consider an acoustic spectrum of rotor noise shown in Fig. 1(a). The acoustic
pressure time series associated with the BPF can be generated using a band-pass filter and is shown in
Fig. 1(b). When the high-frequency content of the signal is unmodulated, the time series after high-pass
filtering (in this example f > 10f,) has a time-invariant envelope of the intensity (Fig. 1c). However, due
to the rotating nature of the blade’s noise sources, a modulated intensity-envelope may arise, illustrated in
Fig. 1(d) after artificially modulating the high-frequency carrier signal.
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Figure 1. (a) Typical acoustic spectrum of rotor noise used to illustrate BPF modulation (BPFM). This
spectrum corresponds to a rotor noise time series measured in the current study (microphone B, indicated
in Fig. 3(b), for an advance ratio of J = 0). (b,c,d) Time series of the narrow band-pass filtered signal
encompassing the BPF, and the high-pass filtered (un)modulated noise residing at f > 10f}.

Tt is important to realize that BPFM does not affect an ensemble-averaged spectrum (or any other second-
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order statistics). However, the intensity variations are audible, even when the BPF is inaudible to the human
ear (this is the case especially for large-scale rotorcraft systems for which typically f, < 20Hz). Preserving
the temporal dimension of the data can be done explicitly by performing a time-frequency analysis. By way
of a wavelet transform using a Morlet wavelet, a wavelet power-spectrum (WPS) of a noise signal can be
generated (details of the implementation can be found here®?). Such a time-frequency representation of the
acoustic energy is shown in Fig. 2(a) for a time series that is subject to BPFM. Alongside, in Fig. 2(b),
the ensemble-averaged Fourier spectrum and time-averaged WPS are shown for this stationary noise signal.
Note that the Morlet wavelet has a relatively high temporal resolution—at the expense of a fine spectral
resolution—with a small cone-of-influence (COI) region. With sufficient resolution in time it is evident
that the noise at f > 10f;, exhibits a strong intensity modulation with a time-scale equal to that of the
blade passages (indicated with the periodic attenuation and intensification of energy). An in-depth route to
separate tonal and broadband components is also useful to explore (particularly when harmonics appear at
very high frequencies). In this regard, cyclostationary spectral analysis®® or wavelet-based methods*! can
be considered, but these are beyond the scope of the current paper.
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Figure 2. (a) Wavelet power spectrum (WPS) of a rotor noise time series, corresponding to a case with a

relatively high degree of BPFM (microphone C, indicated in Fig. 3(b), for an advance ratio of J = 0.61). (b)

Global, time-averaged WPS associated with the same data used to construct sub-figure (a), in comparison to
a conventional Fourier-based spectrum.

B. Present contribution and outline

Our work extends the more ‘standard’ time- and/or ensemble-averaged characterization of rotor noise,
by utilizing metrics®® that preserve the temporal variation in the intensity of high-frequency noise. This
intensity-variation is a nonlinear frequency-interaction and refers, in the context of our current work, to the
phase-consistencies between the low-frequency BPF and higher-frequency noise. A primary outcome of the
study by Baars et al.>® was that for a rotor in hover, BPFM is strongest at angles of # ~ —20°. A low-
fidelity listening experiment also indicated that the modulation metrics are well-correlated with the degree of
modulation that is audible. In terms of source mechanisms, the working principle of BPFM may initially be
thought of as a result of the harmonic variation in the source-receiver distance (as a direct result of the rotor
spinning). But if that were to be the case, the degree of a normalized modulation would be more effective at
sideline angles while this is not observed in measurements.?®> As such, a proper quantification of BPFM and
an identification of its source mechanisms is needed. It will inspire new measurement and post-processing
procedures to support noise regulations and the assessment of the noise impact on communities.?%3” For
instance, this can be achieved by including BPFM aspects in realistic auralizations of rotorcraft noise?!:38
and future noise prediction tools.??:3%40

This paper starts by describing an aeroacoustic experiment of a laboratory-scale rotor at advance ratios
ranging from J = 0 to 0.61 (§II). Then, §III covers a brief review of quantifying BPFM, after which
directivity patterns of BPFM are described in tandem with results of the rotor’s inflow disturbances. Since
certain noise sources become more (or less) dominant with a change in J,*! due to the changing separated
flow-features around the blade at relatively low Reynolds-numbers, these data allow for identifying the source
mechanisms responsible for BPFM. Spatial trends of the modulation metrics within the acoustic field of the
rotor are covered in §III, after which a discussion of the source mechanisms is presented in §IV.
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II. Experimental data of a small-scale rotor

A. Experimental setup and rotor operating conditions

In total, two experimental campaigns were conducted: (1) acoustic measurements in the rotor’s near- and
far-field regions, and (2) flow-field measurements using Particle Image Velocimetry (PIV).* All aeroacoustic
measurements were conducted in the anechoic A-Tunnel*! of the Delft University of Technology. This facility
is anechoic at frequencies above 200 Hz and has acoustic treatment on all six walls, except for the nozzle
of the integrated vertical wind tunnel and its exhaust path through the ceiling. Internal dimensions are
roughly 6.4m (L) x 6.4m (W) x 3.2m (H). The wind tunnel inlet measures 0.6 m in diameter and provides

a uniform, low-turbulence intensity inflow velocity (\/LT2 /Uso < 0.05%). Atmospheric pressure, temperature
and relative humidity were practically constant throughout the measurement duration and were taken as
Poo = 101325 Pa, T,,, = 293.15K and RH = 40 %, respectively, yielding a density of p = 1.207kg/m? and a
sound speed of ao, = 343.2m/s.

A rotor test rig was mounted to the circular wind tunnel inlet, supporting a small-scale rotor in hover (see
Fig. 3c). A circular nacelle of 5 cm in diameter embedded a compact 6-axis ATI Mini40 sensor (with maximum
thrust and torque capacities of 40N and 1 Nm, respectively) providing rotor thrust and torque readings. An
LMT 2280 brushless motor was used in combination with a TDK-Lambda power supply to drive the rotor,
comprising a voltage range of 0-60 V and a current range of 0-80 A. A US Digital EM1 transmissive optical
encoder, coupled with a US Digital disk of 25 mm in diameter, gave a one-per-revolution (1P) signal of the
rotor shaft for an accurate reading of its rotational speed and angular position. The induced flow direction
was physically upward in the facility, but in the plots throughout the paper the orientation is flipped upside
down to represent a rotor-in-hover scenario when J = 0. Finally, any flow recirculation was not observed
qualitatively in this relatively large chamber with a large exhaust slit located ~ 6D, downstream of the
propeller (Fig. 3c); it is therefore expected that an intensification of BPF harmonics—that have previously
been linked to a flow recirculation in anechoic chambers*?*—are absent.

(a) (b) Acoustic grid & high-pass filtered noise (J =0).  (c) Setup inverted in z.
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Figure 3. (a,c) Setup with the rotor axis z and radial coordinate r; the rotor hub is at (z,7) = (0,0). (b) Acoustic
grid of 1120 microphone positions mapped out with a linear microphone boom (m = 1 : 40 microphone positions,

and b = 1: 28 boom positions). The acoustic contour is described in the text. Microphones A, B and C are
used later and are situated at p ~ 4.2D, and 6 =~ 19.7°, § = 0° and 6 ~ —19.7°, respectively.

The rotor itself was derived from an APC propeller (model 9x6e); this rotor has a diameter of 9inch
and a pitch of 6inch. For the current setup, the diameter was scaled up to D, = 2R = 0.30m, while all

2All acoustic and flow-field data are available upon request: please email the authors at w.j.baars@tudelft.nl.
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blade elements were re-shaped with a NACA 4412 airfoil. The rotor, made of an aluminium alloy, was
manufactured in-house using CNC machining and with a 0.4 to 0.8 um Ra finish. This rotor is identical
to the one used in benchmarking studies (i.e., BANCX) focusing on the flow transition over the blades
and its influence on the aeroacoustic performance.?!>**%* The rotor spun at a rate of w = 131.0rev/s
(7860 RPM), resulting in a BPF of f, = 262.0Hz. Rotor-rotational speed was kept constant to within
+0.1% with the aid of a closed-loop PID-type controller working with the 1P signal. The Reynolds number
was Reqrs = ¢7527w0.75R/v = 1.33 - 10°, based on the blade chord of ¢75 = 22.4mm at r» = 0.75R, and
the tip Mach number was My, = 21wR/as = 0.355. Predicting the noise can be difficult at low Reynolds-
numbers,*® 4747 when the rotor operates with a reduced efficiency. Hence, the experimental data can aid
the validation of simulations.

To consider a variation in rotor-blade loading (and represent forward flight velocities), various advance
ratios were considered. The advance ratio is defined as J = Uy /(w2R) = U /Utip, and four different
values were considered by changing the tunnel inflow velocity: J = 0 (hover), 0.24, 0.41 and 0.61 (with
inflow velocities of Uy, & 0, 9.6, 16 and 24 m/s, respectively). Thrust and torque measurements are currently
available for the hover scenario only (J = 0, Table 1). Coefficients of thrust (Cr) and torque (C;), and the
figure of merit (FM), were calculated following the relations in Eq. (1). Here A = 7R? is the rotor disk area
and power coefficient Cp is taken equal to C.. Rotor power in Watts is taken as P = 27wwr.

T S SN
pA (27wR)*’ T pA(2mwR)*R’ V2Cp

Cr (1)
The absolute thrust and torque, as well as the FM, agree reasonably well with a parametric study on
small-scale rotors (Tinney & Sirohi”). Our thrust and torque coefficients are ~ 20 % higher and may be
caused by a small blockage effect of the rotor test stand in the wake, in comparison to experiments with
an unobstructed wake. Deviations in thrust (3 %) and torque (33 %), from the manufacturer’s performance
data, are attributed to simplifications in the theoretical predictions used to generate those performance data.

When considering non-zero advance ratios, the thrust coefficient is known to decrease with an increase
in J, due to the lower rotor disk loading. The torque coefficient stays roughly constant for J < 0.4 due
to the separated flow close to the root of the blades, resulting in large drag values as reported by Grande
et al.3! The propulsive efficiency does increase with .J,% 3! since the blade-section’s angle of attack reduces
below the stall angle and the torque decreases sufficiently fast so that the rotor efficiency peaks at J ~ 0.6
(these studied considered w = 67 rev/s, but the performance trends are expected to be similar for our current
rotational speed of w = 131rev/s).

Table 1. Operating conditions of the D) = 0.30 m diameter rotor in hover at 7860 RPM.

J | Usx (m/s) f, (Hz2) My,  Rews | F.(N) 7 (Nm) P (W) Cr C., FM
o] o 2620 0355 1.33-10° | 228 044 36216 1.79-1072 2.31-10~% 0.74

B. Measurements of the acoustic field and rotor-induced flowfield

Acoustic data were acquired using a linear microphone boom with 40 sensors, comprising an equidistant
spacing of 60 mm. Free-field microphones were oriented such that their measuring diaphragms were co-planar
with the measurement plane (this orientation avoids having to point the normal vector of the diaphragm to
an aeroacoustic sound source location that can be ambiguous*®*?). A free-field microphone correction was
applied in all spectral analyses to account for the intrusive nature and form factor of the microphone (90°
grazing incidence waves), although it only marginally affects the intensity at f > 10kHz. For each advance
ratio J, the acoustic field was mapped out by translating the microphone boom to 28 radial positions
(traversing step of 80 mm), resulting in a total of 28 x 40 = 1120 positions for which pressure time series
p(z,7;t) are available (see Fig. 3b).

The sensors used were 1/4in. free-field microphones (GRAS 40PH), with a frequency response range of
5Hz to 20kHz with a +2dB accuracy (and a £1dB accuracy from 50 Hz up to 5 kHz) and with a dynamic
range of 32 dBA to 135 dB, with a sensitivity of 50 mV /Pa. Microphones were calibrated in situ with a GRAS
42A A piston-phone. All 40 microphones were IEPE powered and simultaneously sampled with several NI
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PXTe-4499 sound and vibration modules (on-board filtering prior to digitization with a 24-bit accuracy).
All signals were sampled at a rate of f; = 51.2kHz for a duration of T' = 40seconds (2Tw =~ 10480 blade
passages); this was confirmed to be more than sufficient for converged bispectral statistics®” at the low-
est frequency of interest. For spectral-based analysis, the one-sided spectrum is taken as ¢pp(z,7; f) =
2(P(z,1; f)P*(z,7; f)), where P(z,r;f) = Fp(z,r;t)] is the temporal FFT and (-) denotes ensemble-
averaging. Sound pressure spectrum levels (SPSL) in dB/Hz follow SPSL(z, 7; f) = 101og;(¢pp (2,73 ) /P%¢)s
with pret = 20 uPa. Ensemble-averaging was conducted using FFT partitions of N = 16fs/w samples, to
ensure that the discrete frequencies align with the BPF and its harmonics; this reduces the leakage of tonal
energies into neighboring frequencies.” The value of N yields a spectral resolution of df = 8.2 Hz and 653
ensembles with 50 % overlap.

For all analyses, the raw pressure time series were subject to a band-pass filter, with a flat response
between 60 Hz and 15 kHz, suppressing the non-anechoic, low-frequency content and the energy beyond the
upper frequency range of the microphone. The SPSL was also corrected for atmospheric absorption (ANSI
S1.26-1996) with an assumed propagation distance from the rotor hub (primarily affecting f > 10kHz). In
addition, an A-weighting was applied (ANSI S1.6-1967) to account for the relative loudness perceived by
the human ear®' and primarily attenuates energy at f < f,. Finally, it was confirmed that motor-only noise
was far less intense than the rotor noise. As an example, the acoustic pressure spectra shown in Figs. 4(a,b)
correspond to microphone B, for J = 0 and 0.41, respectively. Raw and corrected pressure spectra of the
rotor noise are shown, as well as the corrected noise spectra of only the motor (spinning without rotor, but
at the same RPM) and the noise floor of the facility (with only the wind tunnel running for the J # 0 cases).
The motor noise alone has the expected spectral peak at f = w = f;,/2 and is also relatively dominant in
the vicinity of f = 14w = 7fp, which is caused by the 14 magnetic poles of the motor. Nevertheless, the
magnitude of the noise floor and motor-only noise are low compared to the rotor noise.

(a) (b) i

80 r ' = = mic. B 1 80 r _:_ = = mic. B 1
A ===- mic. B, abs. ===- mic. B, abs.
mic. B, abs. + A mic. B, abs. + A

SPSL (dBA/Hz, re: 20uPa)
SPSL (dBA/Hz, re: 20uPa)

noise floor

noise floor

10° 10t 10? 10° 10t 10?
f11s f11s

Figure 4. Acoustic spectra for (a) J =0, and (b) J = 0.41, corresponding to microphone B (indicated in Fig. 3b).
Plots include spectra of the raw acoustic time series (dashed), a spectrum after correction for atmospheric
absorption (dash-dotted), and a spectrum with an additional A-weighting applied (solid). SPSL magnitudes
of the BPF are indicated with horizontal bars and correspond to the amplitude of a pure tone at f = f;, (see
text). Spectra corresponding to the motor-only scenario and the noise floor of the facility (and wind tunnel
noise in the case of J # 0 is) are also shown.

Flow-fields were captured using a stereoscopic 2D3C-PIV setup (Fig. 5) that is similar to the one reported
by Grande et al.,*"** except for a few differences. With a double cavity Quantel Evergreen EVG00200
Nd:YAG laser, a sheet was created to illuminate a relatively large region on one side of the rotor axis. Our
current PIV field-of-view (FOV) aids in detailing the vortical flow structures in the near-vicinity of the rotor
blade. Two Imager sCMOS cameras were used with 2560 x 2160 px2. Two Nikon lenses were mounted with
Scheimpflug adapters, each with a 60 mm focal length and an f# of 11. In this current work we only consider
500 image-pairs that were acquired in a phase-locked sense using the 1P signal. A sample result of the PIV
campaign is shown in Fig. 5(b) and is described in the caption.
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Figure 5. (a,c) Setup with the PIV field-of-view. (b) Contour of the phase-averaged vertical velocity U, at a
near-zero phase angle behind the blade, for J = 0; vectors show the in-plane velocity with a vector-skip of 15.
Superimposed are two red iso-contours of in-plane vorticity at magnitudes of w, = 1500 s~! and 7500s~1.

C. Sound pressure level statistics

Basic features of the acoustic data are documented here to generate an appreciation of the different noise
characteristics of the rotor, with varying the advance ratio J. For brevity, the case of J = 0 is chosen
to present a few intermediate results. First, recall that a spatial topography of the integrated SPSL over
f > 10, was shown in Fig. 3(b). This integrated, high-pass filtered noise content is referred to as p;qy, and
its spatial contour clearly demonstrates that the higher-frequency broadband noise exhibits the well-known
quadrupole directivity pattern.?”°2 Throughout the remainder of the paper the f > 10f, range is used
in defining the high-frequency noise content. Changes in the 10f, threshold do not affect the conclusions
made. The acoustic data can be condensed to directivity arcs for ease of interpretation: SPSL statistics
corresponding to all 1120 measurement points were projected to a rotor-hub-centered” arc with a virtual
radius of p = 5D,,. In this projection a spherical spreading-law was adopted, according to p « 1/p. Thus,
when data collapse, it implies that all measurement points were located in the acoustic far-field. Results for
P10y, are presented in Fig. 6(c), showing an excellent collapse of the data. This is further accentuated with
the set of three lines (solid, dash-dotted, dashed), resulting from a fit to the projected data from the three
most outward upper-vertical-lower perimeters of locations spanned by the microphone grid, respectively.
Variations are less than ~ 1dBA and these variations are more pronounced for large angles 6, for which
the microphones on the vertical boom were relatively close to the walls of the anechoic chamber. Withal,
collapse of Py, data is expected: the acoustic wavelength corresponding to 10f; is A/ Dy = axe/(10f3) /D), =
0.43, meaning that all microphone locations were situated in the acoustic far-field, except for the closest
measurement points at a region around 6 = 0°.

When performing the same data-projection procedure for the OASPL (integral of the spectra over the
entire frequency range), we obtain the directivity shown in Fig. 6(a). The absence of collapse suggests that
some locations, in terms of the OASPL, were not yet situated in the acoustic far-field. When considering
the SPSLs of only the BPF content®, and performing again a spherical projection to a virtual arc with a

bSince the noise is, on-average, emitted from the center location of the spinning rotor-blades, this hub-centered source
position resulted in the best collapse of the data in Figs. 6(b,c).

“Here, the SPSL magnitude is taken as the root-mean-square amplitude of a time-series resembling the pure BPF tone as
was shown in Fig. 1(c), being A/+v/2 for a harmonic wave with amplitude A. By computing the SPSL magnitude this way,
instead of taking the peak of the spectrum at f = f;, it is ensured that the magnitude is independent of the chosen spectral
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-80

Figure 6. Noise directivity patterns for advance ratio J = 0, obtained via spherically projecting all 1120 data
points to a rotor-hub-centered arc of radius p = 5D,. Sub-figures correspond to the (a) OASPL, (b) SPSL of
the BPF, and (c) integrated SPSL over f > 10f, (points are colored per the unprojected noise levels).

radius p = 5D,, we obtain the SPSL pressure denoted as p;, (Fig. 6b). Rotor-thickness noise, as well as
the loading noise from thrust and torque, classifies primarily as an acoustic dipole source, and its radiated
noise is strongly confined to a region around the rotor plane. For the thrust-producing rotor this periodic
noise has a maximum intensity that is oriented slightly towards the downstream direction. Since the BPF
has an acoustic wavelength of A\/D,, = ax/f»/Dp =~ 4.3, only a subset of data points lie within the acoustic
far-field. Data points closer to the rotor are subject to evanescent pressure waves from the source.

Noise directivity patterns of p, and py,y, are now generated for all four advance ratios J, following the
same procedure as described above for J = 0. In order to visualize the result, only the curves found through
a fitting procedure to the projected data from the most far-field locations are considered. Again, these fits
are done to the three most outward upper-vertical-lower perimeters of locations spanned by the microphone
grid. Results shown are shown in Figs. 7(a,b) for the BPF content and high-frequency noise, respectively.
Two primary trends are observed. Firstly, the BPF tone reduces in amplitude due to the lower intensity of
the thickness/loading noise (an increase in advance ratio causes a direct decrease in disk loading). Secondly,
the high-frequency noise reduces in overall amplitude too, but does not exhibit a monotonic decrease with
an increase in J. That is, the high-frequency noise content decreases for J = 0 — 0.24 — 0.41, but then
increases again for the highest advance ratio of J = 0.61. This complex behaviour is related to noise sources
associated with the change in separated-flow features over the blade.?’*” With increasing .J, the separation
goes from a fully laminar separation (J = 0), to one that reattaches and forms a laminar separation bubble
(J = 0.24 and 0.41), to one that fully separates in a turbulent state (J = 0.61). For the latter case, the
(trailing-edge) noise of the shedding is more intense than for the laminar separation, resulting in an increase
in noise intensity compared to the two intermediate advance ratios. The reason why the high-frequency
noise is so dominant for the J = 0 case (recall the magnitude of the directivity pattern shown in Fig. 6c¢) is
because of the turbulence-ingestion noise through the onset of a weak blade-vortex interaction.

Finally, this section merely illustrates the quality of the data and the fact that acoustic data were taken
in both the acoustic near- and far-field. Note however that the BPFM analysis of §III is unaffected by
the pressure decay obeying (or not obeying) a far-field trend. Specifically, the modulation metrics are
correlation-based and thus energy-normalized.

resolution df. In practise, the amplitude is obtained by taking the magnitude of SPL(z,7; f) = 10log;o(¢pp(z,7; f)df/pZ;) at
f = fu. Note that ¢pp in dBA/Hz is premultiplied by df, to obtain the BPF peak amplitude in dBA.
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Figure 7. Noise directivity patterns, as per Figs. 6(b,c), but now for all four advance ratios J. Each set of
three lines (solid, dash-dotted, dashed) resembles a fit to the projected data from the three most outward
upper-vertical-lower perimeters of the microphone grid. For sub-figure (b) with the integrated SPSL over
f > 10f, the directivity pattern of J = 0 is omitted to keep the radial scale condensed (the J = 0 case was
already shown in Fig. 6c¢).

D. Flow-field in the blade’s near-vicinity

Results of PIV are shortly described here to provide an overview of the primary flow features induced by
(and encountered by) the rotor blade. Phase-locked fields of various flow quantities at a near-zero phase
angle behind the blade are shown in Fig. 8, for all four advance ratios J. Fields of the in-plane vorticity wyg
are shown in Figs. 8(a~d). Locations of the spiraling tip vortices are well-identified, as well as the vorticity in
the wake sheet of the blade. For the three non-zero advance ratios, this blade wake connects the tip vortex
at a wake age of 180° to the rotor hub location where a relatively weak root vortex ‘folds’ around the nacelle.
For the J = 0 case, the tip vortices and wake sheets have a small axial spacing, causing an interaction of
the wake sheets associated with the 180° and 360° wake ages. As expected for lower blade loading, the
vorticity magnitude decreases with an increasing value of J. In order to further elucidate on the flow-field
encountered by the blade, we concentrate on the horizontal and vertical velocity components. Figs. 8(e-h)
and Figs. 8(i-1) show filled contours of the horizontal velocity U, (positive outboard) and vertical velocity U,
(negative downward). Superimposed on these two sets of plots are two iso-contours of the in-plane vorticity
to highlight the location of the tip vortices. It becomes apparent that the vortical flow-field leading to the
onset of the tip-vortex causes an inboard motion of the flow on the blade’s suction side and outboard on
the blade’s pressure side. For J = 0, the inboard horizontal velocity reaches more than 10 % of the rotor-tip
velocity. This high velocity magnitude is the consequence of the contracting slipstream and an inboard flow
induced by the preceding blade’s tip vortex situated with its core less than 0.2R below the rotor plane. For
this advance ratio, turbulence-ingestion noise is expected to be dominant. Even for the J = 0.24 case the
tip vortex with a 180° wake age trails relatively close to the pressure side of the blade and an imprint of this
vortical flow still appears clearly at the bottom edge of the blade near r/R =~ 0.6. Only for J > 0.41 the
influence of the vortical flow from the preceding blade does no longer affect the flow around the successive
blade, in terms of a horizontal velocity disturbance in the phase-locked mean-sense. Finally, see Grande et
al.?! for detailed PIV-based velocity fields in the cross-section of the blades at r/R = 0.6.
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Figure 8. Filled contours of the (a-d) in-plane vorticity wg, (e-h) horizontal velocity U,, and (i-1) vertical
velocity U, for all four advance ratios J. Superimposed on all plots are two red iso-contours of in-plane
vorticity, wg, corresponding to normalized vorticity magnitudes of wyD, /Ui, = 3.5 and 7.0.

III. Blade passing frequency modulation

A. Phase-averaged acoustic signature

Here we make a first attempt to visualize BPFM in a quantitative manner, using phase-averaged pressure
data, denoted as p(z,r;7) with 7 being the time coordinate within one full rotor-revolution. Signatures of
the phase-averaged pressure are shown in Fig. 9. First we show for each advance ratio J the phase-averaged
pressure time series for (1) the BPF tone py, and (2) the phase-averaged pressure in the absence of the BPF
(thus p — Py, with the red thick line). Since microphones A, B and C are located at the same radial distance
p (Fig. 3b), the time-series affiliated with the BPF is nearly identical at all three locations. Signature p — py
is primarily the resultant of the 2°? and higher-order harmonics being phase-consistent with the BPF, thus
surviving the phase-average. The finer undulations within the signal (for instance clear in the mic. B signal
in Fig. 9b) correspond to roughly the 7*" harmonic (postulated to be motor noise as discussed earlier). By
construction, the signature does not contain any (phase-inconsistent) broadband noise. Nevertheless, BPFM
can still be visualized in an easy manner: in the background of the red curves are 15 ensembles of the raw
acoustic pressure, high-pass filtered at f > 10f;,. In addition, upper and lower envelopes to the intensity of
these signals are shown, which were created using a Hilbert transform and by considering all 5240 rotation-
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ensembles. A strong link between the variation in the high-frequency noise intensity and the BPF signal is
clearly noticeable. For the mic. C signal (particularly for J = 0.24, 0.41 and 0.61), the intensity variation is
well-correlated to the BPF signal, while this degree of correlation is less strong for mic. A. Next, BPFM will
be quantified with correlation-based scalar metrics.

Do

D — Dy (red), proy, ensembles

(a) J=0 (b) J = 0.24 (¢) J = 0.41 (d) J = 0.61
2 | mic. A | | mic. A | |mic. A | |[mic. A |
P s N
o T U b d e i) fas A A
2F 1 F 1P 1 |
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o ERINIRT| RIS AR
WY T U i T R - TA
ot 10 WW [ I |
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Figure 9. Phase-averaged acoustic pressure signatures. For all four advance ratios J, from top-to-bottom:
BPF tone p,; phase-averaged pressure signal in the absence of the BPF tone, p — pp, in red; phase-averaged
envelope of the high-pass filtered signal piof, (dark grey) and 15 ensembles superimposed (light grey). All
graphs are for one full revolution of the 2-bladed rotor.

B.

Scalar metrics and directivity patterns of modulation

Baars et al.?® described methods for quantifying BPFM. The various scalar metrics involved in this process

are

briefly summarized below, and it must be emphasized that these are computed from a single acoustic

pressure time series.

(i) Through a bispectral analysis, the dominant quadratic inter-frequency coupling can be found out of

(i)

all possible frequency combinations present within a signal. This analysis effectively correlates two
frequency components, fi and fo, to their sum (f3 = f1 + f2) or difference and can be expressed as an
auto-bicoherence, 77, (f1, f2), according to:

- |Pppp (f1, f2) |°
PP pp (f1) dpp (f2) Gpp (1 + f2)

Here, the numerator is the cross-bispectrum, taken as ¢ppp (f1, f2) = 2(P (f1 + f2) P* (f1) P* (f2)).
Coordinates z and r are omitted for ease of notation. Note that vgpp( f1, f2) indicates the degree of
normalized correlation between the energy at fi and fs, and the energy at f1+ fo (here we only consider
sum-interactions, and not the difference-interactions per f3 = f; — fo, as we are interested in how the
low-frequency BPF modulates higher-frequency noise). A sample auto-bicoherence spectrum is shown
in Fig. 9 of Baars et al.?®> Typically, a ridge of relatively strong correlation appears along f; = fs,
meaning that the BPF is phase-coupled to a broad range of frequencies within the same signal, f; > fp.
Said quadratic coupling is generally suppressed in phase-averaging (§ IT1I.A) because the phase in the
cross-bispectrum can still vary per triad. A single metric I'?,  is constructed by averaging 'ygpp( f1, f2)

ppp
for the primary frequency fo = f; and all possible quadratic frequency doublets residing at f; > 10 f3.

€ [0,1]. (2)

The concept of modulating- and carrier-signals allows for the application of standard linear correla-
tion methods. The modulating signal py(t) is taken as the BPF-associated time series, while a carrier
signal p,(t) is taken as the time series resulting from high-pass filtering at f > 10f;. An envelope
capturing the time-varying intensity of the latter signal can be generated through a Hilbert transform
Dr(t) = |Hpn(t)]]. By correlating the modulating signal p,(t) with the carrier envelope pp(t), we obtain
the temporal cross-correlation R, (7) = (py(t)pn(t — 7)); when normalised with the standard deviations
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we obtain the normalised correlation coefficient, p,(7) € [0,1]. Finally, two modulation metrics are de-
fined: the correlation strength, p, = max[p(7)], and the phase ¢, = 7o, fo(27), where 7,,, is the temporal
shift for which the maximum correlation value occurs.

Note that all modulation metrics considered in the current work are correlation-based and energy-normalized
(I‘%pp, pa and ¢, ). Hence the acoustic pressure-decay is irrelevant, and the analysis is applicable to a single
acoustic pressure time series anywhere in the acoustic near- or far-field regions. All three metrics are
computed for each of the 1120 acoustic signals and the results for two advance ratios, J = 0 and 0.41, are
shown in Figs. 10 and 11, respectively.

(a)s (b) (c)
6 Ff,pp Pa ba/(27)
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Figure 10. For the case of J = 0, spatial topographies of: (a) the auto-bicoherence-based metric l"f,pp, (b)
the modulation strength p,, and (c) the relative phase ¢, between modulating & carrier signals. A reference
(dashed) line corresponding to § = —14° is indicated in sub-figures (a) and (b).
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Figure 11. For the case of J = 0.41, spatial topographies of: (a) the auto-bicoherence-based metric I‘f,pp, (b)

the modulation strength p,, and (c) the relative phase ¢, between modulating & carrier signals. A reference

(dashed) line corresponding to § = —14° is indicated in sub-figures (a) and (b).

It is apparent that the BPFM strength, captured by metrics F]%pp and p,, show a similar pattern for
J = 0.41, thus highlighting the robustness of the two metrics. Moreover, the strength is considerably weaker
for J = 0. Later on in this section we detail the difference in BPFM strength for changes in the advance ratio.
When we here focus on the J = 0.41 case with its pronounced BPFM strength, it is seen that the metrics are
maximum for § = —14° (grey dashed line in Figs. 11a,b). This will result in a distinguishable “wop-wop” or
“buzzing” character of the noise at that polar angle. The strength of BPFM remains constant with outward
distance. Even though this is expected for a pure convective acoustic wave field, it was never shown explicitly.
It furthermore validates the quality of the acoustic data in the free-field simulated environment: e.g., the
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modulation is not related to nodes or anti-nodes caused by reflections and acoustic waves interfering in an
in- and/or out-of-phase manner.

The phase relationship between modulating and carrier signals is shown in Fig. 11(c) and is important
for auralization methodologies.”! An out-of-phase behaviour corresponds to a phase of ¢, = 0.5(27), which
would mean that the BPF signal leads the occurrence of highest-intensity in pioy, by half-a-period of the
BPF. For the sector where the BPFM strength is large (say —45° < 6 < 0°), the phase in Fig. 11(c)
equals roughly ¢, = 0.25(27): the BPF signal thus leads the associated, periodic intensity variation in the
high-frequency noise by a quarter period of the BPF (this is also apparent from the mic. C signal in Fig. 9¢).

It is important to realize that Ff,pp is derived from the magnitude of the auto-bicoherence (and here
does not include phase information of the underlying auto-bispectrum). As such, the strength of BPFM
in the classical sense (a buzzing/breathing of higher-frequency noise at a rate of the BPF) is quantified by
pPa and ¢, in the remainder of this work. That is, the phase of the frequency content in the ‘total’ carrier
signal, relative to the modulating signal, was preserved in the two-point correlation analysis through the
identification of ¢,, while Ff,pp is a measure of the phase-coupling on a per-frequency basis.

In order to infer the influence of the advance ratio J on BPFM, similar results were constructed as the
ones shown in Figs. 10 and 11, but now for all four advance ratios. Since it was furthermore confirmed
that the metrics were invariant with outward radial distance p, the directivity patterns of the metrics are
presented with polar plots. Figs. 12(a) and 12(b) show the directvity patterns of p, and ¢,, respectively.
Individual data points are shown with small markers, as well as a fit line through these data for each J.

(a) 60 (b) 60

— J=0
— ] =0.24

-20

0.8

80

Figure 12. Directivity patterns of BPFM, for all four advance ratios J, with in (a) the modulation strength
pa, and (b) the relative phase ¢, between modulating & carrier signals.

Observations on the BPFM-directivity patterns can be summarized as follows, and will be described in
terms of the underlying source mechanisms in §IV.

(i) Current directivity patterns confirm earlier observations of BPFM for a hovering rotor (J = 0): mod-
ulation is predominantly present within the downstream sector, with a maximum strength towards
0 ~ —20°. Still, a small degree of BPFM is present above the rotor disk plane.

(ii) For the non-zero advance ratios the BPFM remains weak above the rotor. The phase reaches a near-
constant value of ¢, = 0.8(27) and is indicative of a slight temporal ‘lead’ of the high-frequency noise
intensity, relative to the BPF.

(iii) Below the rotor plane, the BPFM is significantly stronger for the non-zero advance ratios. In the sector
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of —45° < 6 < —5° the BPFM strength slightly increases from J = 0.24 to the highest advance ratio
tested, J = 0.61, although the overall directivity pattern is very similar. The maximum strength resides
around @ = —14° for all non-zero J, and the associated phase remains roughly constant at a temporal
lag of the high-frequency intensity, of ¢, ~ 0.25(27).

IV. Source mechanisms of BPF modulation

One driving factor involved in the BPFM can be thought of as the periodic variation in the source-
receiver distance, due to the advance and retreat of the rotor blades. However, this effect alone would be
more effectively felt at sideline angles than in the upstream and downstream regions. Given that the BPFM
strength was identified to be maximum in the downstream region, the variation in source-receiver distance
cannot be the root cause of BPFM. In an attempt to unravel the trends in BPFM, we first focus on the high-
frequency noise content of rotor noise signals. When adopting a crude categorization, high-frequency noise
can come from two source mechanisms: (1) noise associated with turbulence-ingestion, primarily affecting
the leading-edge noise source mechanisms, and (2) noise associated with trailing-edge mechanisms and the
shedding of (coherent) flow features from the separated region over the blade’s suction side. Fig. 13 presents
a conceptual schematic of the noise directivity patterns associated with these sources, and in the reference
frame that is fixed to the rotor blades. In a side view (Fig. 13a), the trailing edge noise signature has a
noise directivity that is tilted forward, while leading-edge noise is more omnidirectional. A top view of the
noise directivity patterns is drawn in Fig. 13(b) and accentuates the following characteristics of the noise.
First, the source mechanisms of trailing-edge noise and the noise associated with shedding flow features
is relatively coherent along the span of the blade. Directivity wise this results (per blade) in a dominant
lobe forward (although still noticeable behind the blade). As a consequence of the rotor blade spinning,
the far-field observer experiences a sweep through the directivity pattern and given the directive nature
of this noise source, the BPFM of this noise source alone is strong. Secondly, when concentrating on the
source mechanism of leading-edge turbulence ingestion, and in particular the outboard part of the blade
encountering imprints of the tip vortex from the preceding blade, the noise directivity originates from the
blade tip and is relatively more omnidirectional due to the relatively small nature of this noise source (not
present along the entire blade span). When a far-field observer experiences a sweep through the directivity
pattern due to the rotating blades, the relative strength is less than for the trailing edge-noise.

(a) Side view directivity patterns (b) Top view directivity of TE/shedding noise and turbulence-ingestion noise

TE/shedding noise

-\ TT noise -\

—>
rotor plane

Far-field
TE/shedding noise observer _\.

Figure 13. Schematic illustration of directivity patterns in the context of high-frequency noise. Both trailing
edge (TE) and flow shedding-type, as well as turbulence-ingestion (TI) noise due to the onset of blade-vortex
interaction (BVI) noise source mechanisms are considered. A far-field observer is subject to a higher (relative)
degree of high-frequency modulation when the TI source is absent.

When we now first focus on the BPFM trends for non-zero advance ratios, the leading-edge noise source
mechanism related to the onset of BVI is absent (particularly for the two highest advance ratios, recall
the discussion of Fig. 8). As such, the modulation is strong since the high-frequency noise content is
dominated by the very directive trailing-edge noise generating mechanisms. These mechanisms include
(partially reattaching) laminar separation bubbles at the suction side of the blade, as well as a separated
region from a fully turbulent state. Specifically, the bubbles were found for the cases of J = 0, 0.24 and 0.41,
and did increase in size when moving towards the trailing edge when the angle of attack was decreasing®'
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(when the advance ratio J was increasing). So for the largest separation bubbles extending all the way up to
the tips of the rotor blades, the wake vortex shedding and its associated noise are dominant. For J = 0.61
the wake vortex shedding becomes even more dominant when there is no reattachment of the separated flow
region. When inspecting the acoustic spectra this can also be observed. Fig. 14 presents acoustic spectra
in the upstream (Fig. 14a), sideline (Fig. 14b), and downstream regions (Fig. 14c). When focusing on the
latter, the spectrum associated with J = 0.61 clearly has a larger amplitude than the J = 0.24 and 0.41
cases.

(a) 80
upstream region
p=4.40D,
0 = 18.6°

(mic. m =33, b= 10)

SPSL (dBA/Hz, re: 20uPa)
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=
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0 =0.0°

(mic. m = 26, b =10)
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Figure 14. Acoustic spectra in the (a) upstream, (b) sideline, and (c) downstream regions of the acoustic field,
for all four advance ratios J. All spectra are corrected for atmospheric-absorption and are A-weighted. SPSL
magnitudes of the BPF are indicated with horizontal bars and correspond to the amplitude of a pure tone at
f = fv (see text). Spectra corresponding to the noise-floor of the facility (and wind tunnel noise in the case of
J # 0 is) are also shown.

When concentrating on the hover case (J = 0), the directive trailing-edge noise source mechanisms must
still be present. However, the noise-content at the high-frequency portion of the spectrum is dominated
by the turbulence-ingestion mechanism. This can be observed from the spectra at upstream, sideline, and
downstream angles. In all cases the spectrum is dominant when considering the range f > 10f3, and a
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multitude of harmonics (spectral-peaks) are still present. Because the high-frequency noise is dominated by
this component, the perception of modulation is less due to the more omnidirectional noise directivity of
this leading-edge mechanism, dominated by the rotor-tip blade region.

V. Concluding remarks

A comprehensive study was presented on how the advance ratio (and the associated change in noise source
mechanisms) influences the so-called blade passage frequency modulation (BPFM). Correlation-based metrics
were successfully applied to high-fidelity acoustic datasets, spanning both the near- and far-field regions of
an isolated rotor. It was hypothesized that the appearance of a strong BPFM is related to an acoustic
observer—at a fixed position relative to the rotor—experiencing sweeps through the directivity pattern of
trailing-edge /shedding noise (fixed to the spinning rotor blade). This type of directive noise is dominant
at high-frequencies for non-zero advance ratios, and thus results in the largest degree of modulation. For
the hover scenario, the high-frequency noise content is dominated by turbulence-ingestion noise, a source
mechanisms affiliated with the leading-edge of the rotor blade and the tip vortex from the preceding blade
residing in close proximity to the successive blade. It was conjectured that the more omnidirectional noise
directivity of this leading-edge mechanism, dominated by the rotor-tip blade region, results in a relatively
weaker modulation.

Future work should strengthen our hypotheses, by way of incorporating reduced-order models of the
broadband noise sources in predictive tools for the tonal noise content (e.g., through implementation of
a compact dipole/monopole Ffowcs-Williams and Hawking’s acoustic analogy,”® and (empirical) directivity
patterns of the leading- and trailing-edge noise sources). When concerning human perception and annoyance,
future work should explore the connection between the engineering BPFM metrics and psycho-acoustic
metrics. Once this connection has been established, BPFM metrics can facilitate the assessment of the
noise impact of AAM vehicles (by for instance applying it to data of high-fidelity numerical computations of
rotor noise®* %% or other noise prediction frameworks?? 3%4%:°7) " A modulation metric can also form a cost
function in a design optimization for low-noise rotor technologies.?®
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