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ARTICLE INFO ABSTRACT

Keywords: This paper presents a comprehensive experimental analysis of the noise characteristics of
Rotor noise an isolated tilt-rotor system under edgewise flight conditions. The investigation explores the
Aeroacoustics effect of rotor tilt on noise and aerodynamics using flow velocity, thrust, and far-field noise
Tilt rotor

measurements. Flow field results show that as the tilting angles vary, there is a change in
speed over the rotor blade surface, which influences vortex formation and wake attributes. The
far-field noise spectra revealed a significant decrease in sound pressure level with increasing
tilt angle, predominantly evident in both the high-amplitude tonal peaks and the broadband
signal within the low-to-mid frequency range. The directivity patterns of the overall sound
pressure level also demonstrated a reduction in magnitude with the tilting of the rotor. This
reduction was observed consistently across all top-plane observation points, with a monopole
directivity trend. Meanwhile, in the side plane array, the decrease was primarily evident above
the plane of rotation with a dipole directivity pattern. The radiation direction at which the
minimum sound pressure level occurs was identified near the rotation plane, irrespective of the
tilt angle. Furthermore, the time-dependent noise analyses revealed dominant and persistent
signal characteristics at the blade passing frequency, whereas the mid-frequency range exhibited
more intermittent behaviour, and the high-frequency range indicated transient characteristics.

Wind tunnel experiment
Urban air mobility

1. Introduction

The noise produced by rotating blades has long been a subject of global scientific interest. This field has become particularly
significant in recent years due to the emergence and rapid expansion of the Urban Air Mobility (UAM) industry. As this sector
continues to evolve, the demand for extensive aeroacoustic investigations intensifies to facilitate the design of quieter aircraft
for UAM. This pursuit is driven by safety considerations and the pressing environmental challenge of noise pollution. The sound
emissions from electrically driven propellers of this emerging mode of transport carry broad implications, affecting both the
environment and public acceptance [1,2]. Therefore, the challenge lies in achieving a twofold objective: first, minimising decibel
levels to ensure regulatory compliance, and second, effectively managing the noise footprint in densely populated metropolitan areas
and around Vertiports [3-5].
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The tilt-rotor concept, an innovative design that enables aircraft propellers or rotors to pivot from a vertical to a horizontal
orientation, was first developed in the 1950s. The Vertol VZ-2 was a pioneering example of this technology, successfully demon-
strating multiple transitions between hovering and forward flight [6]. Today, this innovative design is a core component of many
Vertical Takeoff and Landing (VTOL) aircraft, particularly within the UAM sector.! This mechanism allows UAM vehicles, such as
air taxis and passenger drones, to take off and land vertically, similar to conventional helicopters, with rotors progressively tilting
for forward flight, resembling a turboprop aeroplane. This unique combination of vertical lift and high-speed cruising ability allows
efficient navigation within complex urban environments without the need for long runways [7].

From an aerodynamic perspective, the rotor blades of a tilt-rotor system encounter a highly complex flow field during the
transition from vertical to horizontal flight, leading to intricate aerodynamic interactions that directly impact blade loading
conditions [8,9]. The tilting of the rotor disc changes the angle at which the rotor blades interact with the incoming airflow. Ho
and Yeo conducted a comprehensive study on the aerodynamic loading of rotor blades of several existing helicopters in forward
flight [10]. The key observations from this study involve the flow structure and specific aerodynamic challenges that a typical
helicopter rotor faces in forward flight. Using an isolated system, the study represented rotor blades as lifting lines divided into
several ‘aerosegments’. Each segment produces a complex vortex-rich flow at the near-wake region, which comprises a combination
of trailing and shedding vortices. The latter are shed at every blade rotation considering the change in azimuthal position. Beyond
this point, a less complex far-wake model was considered, comprising a discrete tip vortex and a large-core vortex, representing the
inboard wake sheet trailing across the entire blade span.

Like other rotary-wing systems, tilt-rotors also exhibit a similarly complex sound generation mechanism. This complexity is
further increased due to the transition process intrinsic to their operation, making the understanding and managing of noise a
significant challenge. The noise produced by isolated tilt-rotors consists of tonal and broadband elements. The tonal part of this
noise spectrum is generated at the blade passing frequency and its harmonics. The tonal noise contribution, which is deterministic in
nature, recurs with every rotation of the rotor blade. Tonal noise primarily depends on the rotor’s operational conditions, influenced
by its tip speed and the flow condition it encounters [11,12]. Predominantly, two main mechanisms are responsible for generating
this tonal component: the loading noise and thickness noise. The former results from the aerodynamic forces exerted on the rotating
blades relative to the surrounding air, while the latter derives from fluid displacement by the blade surfaces [13]. In this study,
the role of thickness noise is negligible due to the low tip Mach number considered, which is less than 0.7 [14]. Meanwhile, the
variation in the unsteady loading noise caused by blade-vortex interactions (BVI) is more dominant, particularly in the case of rotors
in edgewise flight. BVI occur when the tip vortex or unsteady wake of a preceding blade impacts the successive blade, resulting in
high amplitude tonal noise repeated precisely at the harmonics of the BPF at each blade revolution [15]. During the edgewise flight,
the tip vortices of the blade can be ingested into the rotor and cause a rapid and local change in the angle of attack and a sudden
change in blade load [13]. In addition to these tonal noise sources, rotor noise also comprises broadband noise, which is stochastic
in nature, is mainly generated by turbulent flow across the tilt-rotor, significantly contributed by both turbulent boundary-layer
trailing-edge noise and turbulence ingestion noise at the leading edge [16] and the boundary-layer interactions of the rotor blade
with its wake [17].

While many preceding studies have delved into the acoustics study of a small-scaled rotor in edgewise configuration, such as
found in [18-22], most of these studies focused on a single and fixed position without much attention to the effects of skewed
inflow caused by tilting the rotor disc. Yang et al. conducted an experimental study on the influence of the shaft angle on the
aerodynamic and aeroacoustic performance of a multicopter rotor during forward flight conditions, tested at a rotational speed of
6000 rpm [23]. Their work demonstrated the impact of the shaft angle on multicopter performance metrics, including thrust, power,
moments, and Sound Pressure Level (SPL). The study observed that increasing shaft angle, with a constant rotation speed, decreases
these performance indicators. However, the analysis and interpretation of why lower shaft angles corresponded to higher SPLs were
limited, and the study did not include a flow visualisation. A more detailed understanding of this relationship would therefore
provide better insight into the mechanisms by which the shaft angle influences noise generation and propagation. The rotor size
and the range of shaft angles tested were also restricted in Yang et al. study. Their tested rotor was only 8 inches in diameter, nearly
43% smaller than the rotor tested in the present study. Despite these limitations, their study provides an invaluable foundation for
further research.

Therefore, the present study aims to provide a detailed analysis of the effects of shaft angle on rotor noise characteristics. The
investigation involves a comprehensive experimental analysis of noise generated by a small-scale tilt-rotor under hovering and
edgewise flight conditions. The present study investigates aerodynamics’ impact on the acoustic signature and visualises the flow
field at each position. The paper is organised as follows. Section 2 introduces the experimental setup, detailing the tilt-rotor rig and
instrumentation. Section 3 provides a detailed discussion of the results in five sub-sections. Section 3.1 presents the loading and the
flow field characteristics of the rotor. The characterisations of noise spectra are discussed in Section 3.2, followed by Section 3.3,
which focuses on the directivity trend of the overall sound pressure level. Section 3.4 specifically highlights the contribution from
the multiple harmonic tones, while Section 3.5 presents findings on the time-dependent nature of the radiated noise. Finally, the
paper is concluded with Section 4, where we summarise the findings and present some remarks for future studies.

1 https://evtol.news/aircraft.
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2. Experimental methodology
2.1. Measurement setup

Investigations on the tilting effects of an isolated rotor were performed at The University of Bristol’s aeroacoustics facility, which
comprises a closed-circuit open-jet wind tunnel with a large anechoic chamber. The chamber dimensions were 7.9 m X 5.0 m X 4.6 m
(L x W x H), with a cut-off frequency of 160 Hz. For the current studies, a nozzle measuring 0.5 m in width and 0.775 m in height
was utilised, providing a reliable speed range between 5 to 40 m/s and a nominal turbulence intensity level of 0.2%. A detailed
description of the facility can be found in Mayer et al. [24].

An off-the-shelf two-bladed APC propeller with 0.3048 m diameter and 0.1016 m geometrical pitch was employed in the study,
which corresponds to a pitch-to-diameter ratio of 0.3. The rotor was tested at various tilting angles, from 0° to 30°. These angles
were measured from the upright position of the rotational axis (zero tilt) to the position when the rotor disc was tilted. The rotor
blade was driven by a 40 A speed-controlled brushless motor powered by a DC bench power supply, regulated up to a maximum
of 25 V. The motor speed was modulated by varying the throttle settings of the Electronic Speed Control (ESC), and the resulting
electrical current was measured at the power supply. The rotor blade rotation speed was determined by measuring the electrical
pulse signals from one of the three wires of the brushless DC motor. A reading of the rotation speed was also obtained using a
DT-2234C+ reflective optical sensor, providing a one-per-revolution signal of the motor casing. The aerodynamic loading data were
collected using an ATI Mini40E 6-axis load cell, calibrated by the manufacturer for a measurement uncertainty at the 95% confidence
level. A National Instruments PXIe-1082 data acquisition system simultaneously captured loading and far-field noise data for 16 s
at a sampling rate of 2!¢ Hz.

The rotor was positioned at the centre of the open jet nozzle, approximately 0.6 m from the nozzle exit, as illustrated in the
schematics drawing of the experimental setup in Fig. 1. Acoustic measurements were recorded using 37 GRAS Sound and Vibration
model 40PL ‘1‘ inch-diameter microphones, with an upper limit of 142 dB and a frequency range of 10 Hz to 20 kHz. The microphones
were installed on a far-field overhead and side plane arc, capturing noise measurements within top plane observation points of
0 = 40° to 150°, and the side array angles between ¢ = +75° and —55°, as illustrated in 1. The microphone arrays were located
at distances from the rotor’s plane of rotation proportionate to the rotor diameter, D. The top array was placed at a distance of
5D, while the side array was positioned at a distance of 3D. A distance correction factor was applied to the data to compare both
microphone arrays (top and side), assuming spherical wave propagation in a free field. Background noise data was also acquired to
quantify other undesirable noise sources, such as background flow noise, reflective surfaces and unloaded electrical motor noise [25].

2.2. Analysis method

The rotor aerodynamic performance was evaluated using the thrust data measured at the blade hub along the rotational axis.
The measurements were taken for 16 s. The thrust values are then normalised in the form of non-dimensional thrust coefficients,
Cr, defined as,

T
 p(QRPA
where p is the air density, A is the rotor disc area, and T is the time-averaged aerodynamic thrust force exerted along the rotor’s
rotational axis and normal to the rotor disc. When transitioning from a vertical lift position (i.e. « = 0°) to a forward tilt position
(i.e. @ > 0°), the rotor blade encounters changes in the aerodynamic conditions. These changes influence the periodically varying
aerodynamic load produced by the rotor blade.

Furthermore, particle Image Velocimetry (PIV) was also employed to visualise the influence of the tilting angles on the flow
field surrounding the blade. The illumination was achieved with a 200 mJ Nd:YAG dual-cavity laser at a repetition rate of 15 Hz.
The images were recorded by a 4 MP FlowSense CCD (Charge-Coupled Devices) camera with a 2048 x 2048 pixels resolution.
Measurements were taken on the x-z plane near the rotor blade’s hub for a field view of 310 mm x 310 mm, which corresponded
to a domain of 2R X 2R in the streamwise and vertical directions. The laser sheet was located at z = 0.2R, as shown schematically
in Fig. 2(b). A total number of 1200 image pairs were captured to calculate the time-averaged velocity field for each case. The
instantaneous velocity vector fields were calculated via Dantec DynamicStudio software with an interrogation window of 16 pixels
x 16 pixels, which yields an effective grid size of 1.5% of the blade’s radius (0.14 mm/px). The DynamicStudio software was also
used to conduct the uncertainty analysis of the images following the uncertainty quantification methodology detailed in [26,27],
ensuring precise peak detection and displacement estimation. The assessment method takes into account the sub-pixel displacement
of seeding particles within the interrogation windows of each image pair, as well as the cross-correlation analysis used to determine
particle displacement and instantaneous airflow velocity. The uncertainty in the measurements was found to be less than 1%.

Fig. 2(a) illustrates the projection of various loading and velocity components acting on a rotor, positioned at a tilting angle of «
under an edgewise inflow condition. The freestream velocity U, is approaching the rotor from right to left. The in-plane projection
of this velocity onto the rotor disc can be mathematically defined as U, = U, cos a, while the out-of-plane is U, = U sina. The
aerodynamic forces exerted on the rotor, such as the thrust and torque, are represented in the figure by T and Q, respectively.

The far-field noise results are presented in terms of the frequency-dependent energy content of the pressure fluctuations. The
energy content is expressed in terms of the sound pressure level (SPL) in dB and is calculated as,

®
SPL = 101og (%) )
pre/'

, @

Cr
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Fig. 1. Schematics of the wind tunnel setup with the test rig, microphone arrays in the top and side planes. The definition of the tilting angle, «, and the global
coordinate system are also illustrated.

where ¢, is the power spectral density of the measured far-field pressure fluctuations, and p,,, = 20 pPa is the reference sound
pressure. The power spectral density of the pressure fluctuations (¢,,) was estimated by using Welch’s method [28], where the data
from the transducers are segmented for 32 equal lengths with 50% overlap and windowed by the Hamming function, resulting to
a frequency resolution of Af =2 Hz. The data obtained yields an absolute uncertainty of +0.05 dB with a 95% of confidence level.

The overall sound pressure levels (OASPL) derived from the top and side microphone arrays are analysed to provide charac-
teristics of the far-field directivity of the radiated noise for rotors at various tilting angles. The OASPL of the far-field noise was
calculated by integrating the acoustic energy spectrum with respect to frequency over the frequency range 100 Hz < f < 20,000 Hz
as,

OASPL = 10 - log;, [M] , 3)
P ref
where PSD(f) is the power spectral density of the sound pressure, and p,,, is the conventional reference pressure of 20 pPa.
The wavelet transform method is also employed to analyse the acoustic pressure time signal from the rotor, denoted p(z). The
method involves projecting the input signal onto a compact set of support functions, referred to as wavelets, that are localised in
both time and frequency domains. The wavelet transform of the signal (w(s, 7)) is the inner product between p(r) and the wavelet

family y(?), that is,

wn =52 [ o (5 @
— S

)
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Fig. 2. Schematics representation of (a) a rotor blade in tilted edgewise flight condition, illustrating key aerodynamic forces and velocity components during
edgewise inflow conditions adopted from [23], and (b) the definition of field of view for PIV measurement. The definition of the tilting angle, «, and the global
coordinate system are also illustrated.

where s € R* is the scale dilation parameter, and z € R is the translation parameter corresponding to the position of the wavelet in
the physical space. The term y* ( '_T’) represents the complex conjugate of the mother wavelet y (r), which was dilated and translated.
A detailed explanation of the method is available in Refs. [29,30].

3. Results and discussion

This section details the experimental findings, starting with the presentation of the aerodynamic load data and its correlation
with the velocity field obtained through PIV measurements. Subsequently, far-field acoustic results are analysed by comparing the
spectral and directivity characteristics of the rotor noise at various tilt positions using the measurement from both the top and side
plane arrays. Finally, the results of the time-frequency analyses of the acoustic data are presented to explore the intermittent and
persistent characteristics of the radiated noise. The test was performed at a constant rotational speed of 22 = 5500 rpm, corresponding
to a blade passing frequency of approximately 183 Hz. This speed was selected to ensure compatibility with the cut-off frequency
of the anechoic chamber, which is 160 Hz, and to closely align with the rotational speeds used in existing literature [23,31]. The
mean freestream velocity, U,,, was varied between 0 to 20 m/s, corresponding to a range of advance ratio, y, between 0.09 to 0.34.
The advance ratio was calculated considering the influence of the tilting angle (a), inflow velocity, rotational speed (£2), and the
radius of the blade (R), such that y = U cosa/R2R.

3.1. Loading performance and flow field characteristics

Fig. 3 presents the thrust coefficient of the rotor under varied tilting angles and inflow velocities. The results demonstrate a
consistent decrease in the C; with an increase in tilting angle across all tested inflow velocities, as shown in Fig. 3(a). The decrease
in the thrust coefficient with increasing tilt angles can be explained using the Blade Element Momentum Theory (BEMT), based on
the assumption that the blade can be radially discretised into a series of small two-dimensional elements or sections along its length.
Each blade element can be considered as a rotating lifting surface, where the local aerodynamic forces and moments are evaluated
at each section then integrated along the blade span.

Fig. 4 presents an illustration of the flow velocity components and the aerodynamic forces acting on a blade section at any
azimuth position, . Here, the datum rotor blade’s azimuth angle w = 0° is located at the rear of the propeller disc. ¢, 8, and o’
denote the blade’s elemental inflow angle, pitch angle and local angle of attack, respectively. It can be seen from Fig. 4 that the
blade section is subjected to a flow velocity vector, V, which can be decomposed into a horizontal flow component, V;, tangential
to the plane of rotation and a vertical flow velocity component, V,, perpendicular to plane of rotation. Considering the effect of the
rotor tilt angle, a, and the freestream velocity, U, these velocity components can be given as:

V,=Qr+ Uy cosasiny (5)

V,=Uygsina+V, (6)
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Fig. 3. Comparisons of thrust coefficients relative to the (a) tilting angles and (b) advance ratios at a constant rotation speed of 5500 rpm. The highlighted
case in yellow corresponds to the operational conditions that were tested in the PIV analysis at U, = 16 m/s. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)

\

Fig. 4. The two-dimensional force and velocity components acting on a rotating propeller blade section.

velocity. Meanwhile, d L, d D, and dT are the elemental aerodynamic lift, drag and thrust forces respectively, generated by the blade
element.

where Q is the rotational speed of the blade, r is the radial distance of the element from the rotational axis, and V; is the induced
From Egs. (5) and (6), it can be shown that for a given freestream velocity, U, increasing the propeller tilt angle, a, reduces the
perpendicular flow component, V,, while it reduces the tangential velocity component in the advancing side (0° < y < 180°) and
increases it in the retreating side (180° < w < 360°). In all cases, it can be shown that these changes in the flow velocity components
due to increasing the tilt angle, a, will lead to an increase in the inflow angle, ¢, which will in-turn reduces the local elemental
angle of attack, o’ and hence the lift generated by the blade element, for non-stalled cases. Therefore, increasing the propeller tilt
angle will decrease the thrust produced by the blade element and eventually by the whole propeller. The reduction in thrust will
lead to a small decrease in induced velocity, V;, but this change is not large enough to reverse the effects of increasing the propeller
tilt, @, on the inflow angle, ¢, and the local angle of attack, «’. Example cases illustrating the changes in V;, Vs o' and d L with
variation of propeller tilt angle are provided in Fig. 5.

In addition to aerodynamic effects, rotor tilting also impacts the loading noise. The decrease in thrust coefficient at higher tilt
angles correlates with reductions in tonal noise at the blade passing frequency (m = 1). This reduction in sound pressure level with
increased tilting is shown in Figs. 8 and 9, and is explored in more detail in Section 3.2. The change in C; with respect to a also
increases with inflow velocity, as shown by the increased magnitude of thrust coefficients for higher inflow velocity cases, specifically
when the inflow velocity reaches approximately U, > 12 m/s. This observation indicates that the thrust coefficient is more sensitive
to changes in the tilting angle under higher inflow velocity. The results also reveal that at « = 20°, the thrust coefficients remain

consistently comparable across different inflow speeds. Furthermore, at higher tilting angles of « > 20°, a decrease in C; was
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Fig. 5. Example aerodynamic quantities of a spinning blade element, over azimuth angle, y, for varying tilt angles at a constant inflow velocity of 16 m/s
and rotational speed of 5500 rpm. Representative values were used for the blade element parameters and aerodynamic conditions. (a) Perpendicular velocity
component V,, (b) Tangential velocity component V;, (c) Local angle of attack of the blade element, o', and (d) Elemental thrust dT, calculated using standard
BEMT [32]. Dashed lines in (d) represent the mean dT values in one revolution.

observed with increasing inflow velocity. The thrust coefficient (C;) is also represented as a function of advance ratio (u), as shown
in Fig. 3(b), over a range of inflow velocities between U, = 0 to 20 m/s to explore the variations in C; at each tilting position.
In the case of the vertical edgewise position, « = 0°, the thrust coefficient increases from 0.0095 at 8 m/s to 0.0133 at 20 m/s.
Meanwhile, at « = 20°, C; remained nearly constant, with an average of approximately 0.0089 across all tested inflow velocities.
Conversely, at « = 30°, the thrust coefficient decreases from 0.0083 at 8 m/s to 0.0067 at 20 m/s.

To elucidate the state of the flow with varying tilt angles, two analyses were performed on the PIV data. First, the velocity
flow field was examined to visualise the flow ingestion, flow acceleration and downwash flow regions at different tilting angles.
Subsequently, the mean turbulent kinetic energy (T K E) levels were analysed to quantify the energy content within the flow field
and, more specifically, within the regions where turbulence ingestion has occurred. The PIV measurements were performed under
varying tilting angles at a freestream velocity of 16 m/s and a constant blade rotation speed of 5500 rpm, as indicated in Fig. 3.
The mean velocity and TKE results will be again later used in Section 3.2 to explain any noise increase due to turbulence ingestion.
The tilting effects were analysed within a tip-to-tip domain from x = —1R to x = +1R, where R represents the radius of the blade.
The measurements were taken on the x—y plane adjacent to the hub of the rotor with an offset along the z-axis by approximately
0.2R. This location sat on the advancing side of the rotor disc, which experienced higher velocity components in edgewise flight
conditions compared with the retreating side of the rotor.

In the vertical hovering position (a = 0°), as shown in Fig. 6(a), the flow is observed to be drawn from the upstream half of the
blade to the downstream half, generating a strong wake structure behind the rotor. This interaction results in localised acceleration
zones, evidenced by the increased velocity, particularly within the domain both upstream of the rotor and above the rotation plane
(i.e. y/R > 0 and x/R > 0) as well as within the wake of the blade below the rotation plane (i.e. y/R < 0 and x/R < 0). As the
tilting angles increase, two main flow behaviours emerge. Firstly, the flow region above the upstream half of the rotor appeared to
be less disturbed and reduced in acceleration. Secondly, at the wake of the rotor, the region of accelerated flow expands, especially
between —1 < x/R < +0.5, and becomes more pronounced at higher tilting angles.

The PIV data were further analysed to evaluate the mean TKE, allowing for clearer visualisation of specific points within the
flow field. The mean turbulent kinetic energy was calculated as, TKE = O.S(E2 +172), where u and v were the root-mean-square values
of the vertical and streamwise velocity components, respectively. Fig. 7 presents line plot representations of TKE values at specific
streamwise locations on the rotor disc, under the same operating conditions. The results are presented at ten streamwise locations
spanning from the blade’s downstream tip (x = —1.0R) to the upstream tip (x = +1.0R) at increments of 0.2R. To enhance clarity, the
plane of rotation for the rotor during the non-tilting condition (i.e., « = 0°), located at a vertical position of y/R = 0, is highlighted
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Fig. 6. Time-averaged total velocity contour normalised against the freestream velocity (U,,, /U,) for (a) a = 0°, (b) a = 10°, (¢) a = 20°, and (d) « = 30°.
These contours were obtained at a constant rotational speed of 5500 rpm and an inflow velocity of 16 m/s.

in the figure. At the tip region of the upstream half of the rotor (i.e. x = +1.0R), as shown in Fig. 7(e), TK E levels are minimal for
all tilt angle cases, indicating undisturbed and low turbulent kinetic energy in the flow. Moving towards the hub at x = +0.2R, as
shown in Fig. 7(a), high levels of TK E can be observed along the plane of rotation at y/R = 0, especially for « = 0°. Within the
downstream region, between x/R = —0.2 and x/R = —1R, as shown in Fig. 7(f)-(j), stronger TK E levels can observed above the
rotation plane. A large discrepancy between the vertical edgewise case (« = 0°) and forward tilting cases (a > 0°) is evident at the
tip region of the downstream half of the blade, as seen in Fig. 7(f). These elevated levels of TKE at a« = 0° are representative of
significant turbulence in the flow, which can be indicative of flow separation and increased aerodynamic losses. Such conditions
can lead to higher induced drag, which contributes to the higher thrust coefficient observed at this angle, as shown in Fig. 3(b).

3.2. Far field noise spectra

Figs. 8 and 9 present the far-field noise spectra for an observer at § = 90° (i.e., top array), and ¢ = 0° (i.e., side array), for the
rotor at different tilting angles of « = 0°, 10°, 20°, and 30°, and for different inflow conditions, namely U, =0, 12, 16 and 20 m/s.
As before, the tests were performed using a two-bladed rotor (b = 2), at a constant rotation speed of £ = 5500 rpm, resulting in a
blade-passage frequency of 183.33 Hz. In both Figs. 8 and 9, discrete tonal peaks occurring at the BPF and its harmonics dominate
the frequency spectrum of up to 2000 Hz, irrespective of the rotor tilting angle. The non-dimensional number of the blade passing
frequency, m, is defined as m = f/BPF, where f is the frequency. In the figure m = 1 peak corresponds to the fundamental blade
passing frequency, and the m = 2, and m = 3 peaks are the first and second harmonics of the BPF. As can be seen in Figs. 8
and 9, the results show that the SPL magnitude at the BPF decreases with the tilt angle, consistent with the observation of thrust
coefficient in Fig. 3. The observed reduction in BPF amplitude with respect to the tilt angle can be attributed to the decrease in the
thrust coefficient, i.e. steady loading acting on the blades as previously discussed in Section 3.1. As described in Section 3.1, the
increase in the tilt angle of the rotor leads to a reduction in the mean thrust acting on the rotor in the flow regime. This leads to
a consistent reduction of the noise at the blade passing frequency at all inflow velocity cases considered here. These decreases are
particularly noticeable within the BPF and the first two harmonics (i.e. m = 1 to 3) in the frequency range 183 Hz < f < 732 Hz,
by approximately 2 to 10 dB. Nonetheless, the general trend remains consistent at higher frequencies, dominated by the blade’s
broadband self-noise.

At the hover condition, i.e., U, = 0 m/s, as shown in Figs. 8(a) and 9(a), the SPL spectra are characterised by a high number of
multiple harmonics peaks over a wide range of frequencies. Additionally, high amplitude sub-harmonic tonal components are also
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Fig. 7. The comparison of turbulent kinetic energy along the blade disc area, measured along the x—y plane at z = +0.2R for operation at constant 5500 rpm
and 16 m/s inflow velocity. The results are presented for the upstream half of the rotor at streamwise positions of (a) x = +0.2R, (b) x = +0.4R, (c) x = +0.6R,
(d) x =+0.8R, and (e) x = +1.0R, as well as at the downstream half of the rotor at (f) x = —1.0R, (g) x = —0.8R, (h) x = —0.6R, (i) x = —0.4R, and (j) x = —0.2R.

observed at m = 1.5,2.5, ..., both from the top and side observation arrays, often regarded as the rotor shaft noise. As can be seen
from Fig. 8(a), the m = 1.5 noise can be higher than the fundamental blade passing frequency noise in static conditions. As shown,
the magnitude of the m = 1.5 noise can increase with the tilt angle, due to the aerodynamic loading and moment imbalance caused
by the electric motor during this phase of operation. As can be seen in Figs. 8(b)-(d) and 9(b)—(d), increasing inflow velocities leads
to a reduced number of these peaks, especially within the mid-to-high frequency ranges from f = 2000 Hz. The effect of tilting on
the far-field spectra can be clearly observed in the non-zero inflow velocity cases, where the results for « = 30° case, for example,
show the lowest magnitude of SPL within the frequency range between 183 Hz to 5000 Hz. Meanwhile, the highest SPL magnitudes
are that of a = 0°, which also corresponds to the rotor position where the aerodynamic load is the highest. The decrease in SPL,
over the mid-frequency range (i.e. 1000 Hz to 5000 Hz), with tilting becomes more pronounced for rotor operating in higher inflow
velocities, as evident in Figs. 8(d) and 9(d). As observed earlier in Fig. 3(b), the aerodynamic loading acting on the rotor also has
its largest variation with « at high inflow velocity, consistent with the observation here for the radiated noise.
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At lower tilting angles and higher inflow velocities, the broadband noise levels in the mid-range frequencies are noticeably higher
and more mid-frequency tonal peaks are present in the noise spectra, as seen in Figs. 8 and 9. The observed increase in broadband
noise levels may be attributed to the increased blade self-noise across broad mid-range frequencies. Section 3.1 shows that at a
hover position (8 = 0°), the increase of flow velocity relative to the freestream velocity (U, /U,) occurs over the entire rotor disc
surrounding the blade, as shown in Fig. 6(a). However, at higher tilting positions, the flow velocity increases predominantly in the
wake of the blade as can be seen in Fig. 6(b), (c) and (d). These results suggest a complex flow pattern including turbulence and flow
separation at a = 0°, which become more significant at higher inflow velocities due to the level of separation and interaction with the
blade. On the other hand, the presence of the mid-frequency tonal peaks is likely linked to the re-ingestion of tip vortices interacting
with the blades. The frequencies of these tonal peaks correspond to the higher-order integer multiples of the BPF, influenced by the
rotor’s periodic rotational dynamics. This blade-tip vortex interaction is significantly influenced by the energy content of the flow
interacting with the rear half of the rotor disc, as evidenced by the increased turbulence kinetic energy of the flow near blade tip
at a non-tilting position, as shown in Fig. 7(f). Meanwhile, the high-frequency noise remained relatively comparable across various
rotor tilting angles and inflow velocities, which suggests that the primary source of high-frequency broadband noise, i.e. the blade
self-noise, is less affected by the tilt angle and that the state of unsteady loading acting on the blade has not changed greatly over
this tilting range.

3.3. Directivity of overall sound pressure level

Fig. 10 presents the OASPL directivity of the rotor noise for ten tilting positions, ranging from a = 0° to a = 30°, at different
inflow velocities. The data are collected using the top microphone array, see Fig. 1, over 40° < 0 < 140°. Fig. 10(a) shows the results
for the static thrust condition of U, = 0 m/s, and Fig. 10(b)-(d) present the results at inflow velocity of U, = 12, 16 and 20 m/s,
respectively. Under the static thrust condition, i.e. U, = 0 m/s, as shown in Fig. 10(a), the rotor’s tilting angle was found to have
minimal influence on the OASPL over the observation locations of 40° < # < 90°. However, there is a noticeable difference in the
OASPL by about 3 to 4 dB between the case of @ = 0° and 30° over 90° < 6 < 140° observation positions.
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Under non-zero inflow conditions, i.e. edge-wise inflow, a difference in the magnitude of OASPL with « is evident, which increases
with the inflow velocity. Additionally, when observing the inflow velocity range of 12 to 20 m/s, the OASPL magnitude exhibits
a decrease as the tilting angle increases. Specifically, from a = 0° to 30°, the reduction in OASPL of about 5 to 10 dB can be
observed, indicating a significant noise reduction with the tilting angle. The directivity trends consistently indicate the maximum
OASPL radiation near 6 = 90° for each operation setting, and this is comparable across all presented rotor tilting angles.

Fig. 11 presents the OASPL directivity from the side observer positions between ¢ = +75° and —55° for tilting positions ranging
from a = 0° to 30°, at different inflow velocities of Uy, = 12, 16, and 20 m/s. Under static thrust conditions, as shown in Fig. 11(a),
there are no noticeable differences in OASPL can be observed across all side observation positions, consistent with the findings from
the top array results in Fig. 10(a). As the inflow velocity increases, the radiation pattern changes, as shown in Fig. 11(b)-(d), where
a dipolar directivity pattern emerges with the dipolar axis aligned near the rotor plane (¢ = 0°), i.e. the lowest noise radiation
direction. The effect of tilting for the non-zero inflow cases is more significant outside the rotor plane (¢ # 0°), where the changes
in OASPL can be clearly observed above the plane at ¢ = +45°, with OASPL decreasing at higher tilting angle («), especially under
higher inflow velocities. This trend of reduction in the OASPL with tilting angle is evident across all tested tilting positions between
a=0°to 30° at U, = 12, 16, and 20 m/s inflow velocities, similar to what observed in Fig. 10.

Fig. 12 presents the trend of OASPL versus the thrust coefficient (C;) under different operating conditions as a result of rotor
tilting at the observation positions of # = 90° and ¢ = 0°. Each subplot represents the OASPL at six different rotor tilting angles,
namely, a = 0°, 10°, 15°, 20°, 25°, and 30°. These values are plotted against C; for a rotor operating at a constant rotational speed
of 2 = 5500 rpm and varying inflow velocities from U, = 8 to 20 m/s. The blue-dashed lines in the figure demonstrate data trends
at fixed inflow speed settings, aiding in the visual perception of trends across different rotor tilting angles.
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Based on the analyses of the noise data in Figs. 8 and 9, operational envelopes are constructed to highlight the influence of
operational settings on the overall noise characteristics of the tilting rotor configuration. As can be seen, a region can be identified
as the “Rotor induced-turbulence ingestion zone”, distinguished based on the increase in SPL values due to turbulence interaction
observed Figs. 8 and 9. As can be seen in the spectra, there is a noticeable increase in broadband noise levels within the low to
mid-frequency range, between 170 Hz to 7000 Hz. This increase is more pronounced at a lower tilt angle (a« < 20°) and high inflow
speed, resulting in the ingestion of rotor self-induced turbulence. This observation is supported by our findings from Fig. 7, where
significantly higher levels of TK E were observed over the downstream half of the rotor for the cases with low tilt angle cases,
leading to turbulence interaction with the rotor.

A distinctive pattern in the OASPL and C; distribution across various tilting angles emerged from the constructed operational
envelopes, as presented in Fig. 12(a) and (b). Within the “Rotor induced-turbulence ingestion zone”, identified at a < 20°, there is a
direct correlation between increases in the OASPL and C;. However, at a = 20°, while the OASPL increases with inflow velocity,
Cr remains approximately constant at 0.009. Beyond a > 20°, a reduction in OASPL is evident despite the increasing Cy. It is
important to note that while results from other microphone locations are not presented here, OASPL distribution trends from other
microphones across the arrays were analysed and found to exhibit similar and consistent patterns.

3.4. Blade passing frequency tonal noise

Figs. 13 and 14 present the noise directivity at the blade passing frequency (m = 1), as measured at the top plane and side plane
arrays, respectively. Results are presented for a rotor operating under different inflow velocities of U, = 12, 16, and 20 m/s. Here,
the sound pressure level SPL,,_, is calculated by integrating the noise data over BPF-10 Hz and BPF+10 Hz frequency band.

In both Figs. 13 and 14, a consistent pattern is observed in the directivity trends of SPL,_, across all tested tilting angles. The
far-field radiation in the top plane shows that regardless of the inflow velocity, the maximum radiation is consistently directed
towards 6 = 90° (See Fig. 13). Comparing the SPL,_, noise magnitudes in the top plane array, a difference of approximately 7 to
9 dB is observed between the « = 0° and « = 30° tilt angle cases. The results from side planes, on the other hand, show a slightly
different distribution trend in the regions above and below the rotor’s rotation planes, approximately at ¢ = +40° and ¢ = —40°,
respectively (See Fig. 14). As can be seen, the magnitude of SPL,_; as measured from the side plane indicates a reduction of up to
9 dB with increasing tilt angle from a = 0° to « = 30°, particularly at the upper region above the plane of rotation. This observation
is also consistent with the trend observed between the thrust coefficient and 6 presented in Fig. 3, i.e. lower aerodynamic loading
at higher tilting angle, which leads to reduced m = 1 noise.

The correlation between SPL,_, and C; is investigated to understand the relationship between the rotor’s aerodynamic loading
performance and the radiated tonal noise at the blade passing frequency. Figs. 15 and 16 present the SPL — C; plots for the
microphone on the top and side plane arrays. The data correspond to an observation position at # = 90° from the top array and two
positions at ¢ = +40° and ¢ = —40° from the side array. At an inflow velocity of 20 m/s, the SPL — C; trend from the top plane
array, shown in Fig. 15, indicates a change of approximately 7 dB in SPL,,_, and around 0.0066 in C; (equivalent to 5 N in thrust)
when the rotor transition from a vertical lift position of @ = 0° to a forward tilt position of 30°.

For the side plane array at the same inflow velocity of 20 m/s above the rotation plane (i.e. ¢ = +40°), as shown in Fig. 16(a),
the tilting of the rotor leads to a change of around 5 dB in SPL,_, for the same thrust variation as observed in the top array.
Conversely, below the rotation plane (i.e. ¢ = —40°), the SPL,,_, remain unchanged with only 1 dB of difference with varying
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Fig. 14. The directivity of the sound pressure level at the blade passing frequency (SPL,_,) as measured at the side plane array for the tilting rotor under (a)
U, =12 m/s, (b) U, =16 m/s, and (¢) U, =20 m/s.

rotor tilt angle, as can be seen in Fig. 16(b). These observed trends SPL — C; show that rotor tilt influences BPF noise and thrust
differently on the top and side planes. On the top plane, both noise and thrust change with rotor tilt, whereas on the side plane,
specifically below the plane of rotation, the noise shows minimal change despite variations in tilt.

Following the narrowband SPL analysis at the fundamental blade passing frequency, the investigation is extended to include
higher-order harmonics of the BPF. The frequencies of these harmonics are the integer multiples of the BPF, within the low-to-mid
frequency range up to 7000 Hz. The sound pressure levels at these multiple harmonics of BPF (i.e. SPL,,_, to SPL,_¢) were integrated
within a narrow-band frequency window of +10 Hz around the frequency of the harmonics.

Figs. 17 and 18 present the comparison of the SPL for the BPF (i.e. m = 1) and the five harmonics (i.e. m = 2 to 6) as functions of
the rotor’s thrust coefficient across different operating conditions. These SPL distributions, derived from the top (i.e. & = 90°) and
side plane (i.e. ¢ = +40°) observer positions, represent how SPL varies for each harmonic when the rotor operates at a constant
rotational speed of 5500 rpm under varying tilting angles and inflow velocities ranging from 8 to 20 m/s. Given the complex
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Fig. 16. Distribution of SPL calculated within BPF+10 Hz, presented at the side array microphones of (a) ¢ = +40°, and (b) ¢ = —40°, respectively, plotted
against the thrust coefficient.

behaviour of the results with increasing inflow velocity, particularly for the higher harmonics response (m > 1), the results for each
tilt angle are represented as scattered data points. However, to provide a sense of the overall trend, data points for the two extreme
tilting angles, « = 0° and a = 30°, are connected.

Based on Figs. 17 and 18, it is apparent that the magnitude of SPL, measured from the top and side planes of the rotor, is
consistently higher across all harmonics when the rotor is upright (« = 0°) than when tilted (« = 30°). When assessing the difference
in sound pressure level (4SPL), a dependency on the rotor’s tilt angle is evident. The magnitude of ASPL clearly suggests that SPL
is lower at the highest tilt position (¢ = 30°) under increased inflow velocities than at « = 0°. All examined harmonics of the
blade passing frequency exhibit similar trends, where the associated SPL remains comparably lower for the case of larger tilt angle
(a = 30°) than at « = 0°.

3.5. Time frequency analysis of noise signal

Until now, the analysis has utilised the Fourier Transform method to gain insights into the effects of rotor tilting on the spectral
and directivity characteristics of the noise. However, this method is fundamentally frequency-oriented and inherently averages out
the data, which effectively overlooks critical time-domain information. This section will now focus on the temporal characteristics
of the radiated noise by employing wavelet analysis.

Fig. 19 presents the wavelet scalograms of the rotor noise obtained from the microphone at = 90° on the top array for varying
tilt angle cases. The scalograms reflect a time-frequency distribution under constant operational settings of an inflow velocity of
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Fig. 17. Comparison of sound pressure levels across the fundamental BPF and five harmonics against the rotor’s thrust coefficient, as measured from the top
plane observation position of § =90°: (@) m=1, (b) m=2, (¢) m=3, (d) m=4, (e) m=5 and (f) m = 6. To highlight the trend, solid lines connecting data for
a =0° and a = 30° are included. Data are obtained from a rotor operating at a constant rotational speed of 5500 rpm with varying tilting angles and inflow
velocities ranging from 8 to 20 m/s.

16 m/s and a rotation speed of 5500 rpm. For brevity, only a limited time window is shown as the inherent trends of the signals are
consistent throughout the entire time-series data. To ensure no physical phenomena with a long life span are missed in this analysis,
the wavelet post-processing was performed using over 50 rotor revolutions. A comprehensive check has been conducted across the
full sampling duration, confirming the uniformity of the trends. The vertical dotted lines indicate the rotor revolution time. Results
are presented for a 0.04-s window, corresponding to approximately 3.6 rotor revolutions at a rotation speed of 5500 rpm.

As expected, a consistent characteristic of the signal is demonstrated at the fundamental blade passing frequency (m = 1) across
all tilt angle cases, showing persistent behaviour at this frequency in contrast to the intermittent patterns observed at other ranges
of frequencies. It is important to note that continuous lines in the scalograms are indicative of periodic signals [33]. However, the
variation in wavelet scale intensity across different tilting angles reveals the impact of rotor tilting on the signal at BPF. The BPF
signal response evolves gradually from a consistently high-intensity wavelet scale at « = 0° to a less intense state with increased
tilt angle, as illustrated in Fig. 19 (a)-(d). This trend demonstrates the sensitivity of the signal’s energy at BPF to the rotor’s tilt
angle. The energy levels at the fundamental BPF exhibit predominance behaviour that could potentially have implications on
the perception of noise annoyance [34]. The effect of rotor tilting is also visible in the lower range of frequency, specifically at
f < 1000 Hz, characterised by slightly less intense patterns than those at BPF. These intermittent signals are dominant at « = 0°,
spreading across multiple harmonics of BPF. However, the trend becomes less pronounced and eventually fades with increasing
tilting angles. In the high-frequency range, approximately 5000 Hz < f < 25,000 Hz, the results reveal evident intermittent signals.
This intermittent behaviour, characterised by discontinuous amplitude modulation zones within the wavelet scales, is particularly
apparent in the higher frequency ranges, which can significantly contribute to the perception of noise annoyance [35]. These high-
frequency intermittent energy zones are clearly defined at @ = 0°, appearing twice in a rotation. However, as tilting angles increase,
these zones become less noticeable, demonstrating a more random pattern, which suggests a change in the nature of high-frequency
intermittency.
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Fig. 18. Comparison of sound pressure levels across the fundamental BPF and five harmonics against the rotor’s thrust coefficient, as measured from the side
plane observation position of ¢ = +40°: (@) m=1, (B) m=2, (c) m=3, (d) m=4, (&) m=5 and (f) m = 6. To highlight the trend, solid lines connecting data
for @ =0° and a = 30° are included. Data are obtained from a rotor operating at a constant rotational speed of 5500 rpm with varying tilting angles and inflow
velocities ranging from 8 to 20 m/s.

Fig. 20 presents the wavelet scalograms for the rotor noise, measured from the side array microphones of ¢ = —40° under
the same operational settings as the top array results. For brevity, only a limited time window is shown as the inherent trends of
the signals are consistent throughout the entire time-series data. The time span for one complete revolution of the rotor blade is
indicated within the boundary of the dotted black lines in the graph for clarity. Compared to the top array, the side array results
also display a dominant and consistent signal for the fundamental blade passing frequency (m = 1) across all tilt angle cases. The
impact of rotor tilting is apparent in the intensity of wavelet scales across different tilting angles. Specifically, the signal response
at BPF is noticeably intense for « = 0° but gradually decreases as the tilt angle increases.

The side array results also revealed intermittent signals in the lower frequency range (f < 1000 Hz). These trends, which
were prevalent over multiple harmonics, were dominant at « = 0° and diminished progressively as the tilt angle increased. This
observation aligned with the top array data, reinforcing that the rotor’s lower-frequency noise was susceptible to the tilt angle.
Intermittent signals were also found to dominate at the high-frequency range at approximately 5,00 Hz < f < 25,000 Hz, forming
discontinuous zones of amplitude modulation. Contrary to the top array observations, where the zones became less noticeable with
increasing tilting angles, on the side plane, they remained consistent regardless of the tilting angles. This persistence in behaviour
highlights a notable difference in the intermittent nature of high-frequency signals based on the observation positions, which is
important, given that these signals are significant factors in evaluating annoyance [35]. These findings emphasised the importance
of considering observational positions when assessing potential noise impacts and their implications on noise perception.

4. Conclusion
In this comprehensive study, the impact of tilt angle on the noise characteristics of an isolated tilt-rotor system was analysed in
various edgewise inflow conditions. The study showed that tilting of the rotor significantly impacts its thrust performance, where

a consistent decrease in thrust was observed at increased tilt angle across all tested inflow velocities. The PIV flow measurements
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Fig. 19. The wavelet scalograms of the rotor noise, as measured at the top plane observer position of § = 90°, for tilting cases of (a) « = 0°, (b) « = 10°, and
(c) @ =20°, and (d) a = 30° under a constant operation inflow and rotation speed of 5500 rpm and 16 m/s.

revealed that the distribution of total velocity and mean turbulent kinetic energy within the field of view are both affected by the
rotor tilt angle. At a lower tilting angle, there was an observable increase in turbulence energy in the flow, which gets re-ingested
into the rotor. This, in turn, resulted in an increase in the noise radiation produced by the rotor. The spectral and time-dependent
characteristics of the radiated noise exhibited a dependence on the rotor tilt angle, particularly at the blade passing frequency and
its harmonics. The mid-frequency broadband noise levels were significantly higher for lower tilting angles compared to larger ones,
especially at higher inflow speeds. However, the high-frequency noise remained relatively unaffected by the change in tilting angle.
Furthermore, the direction of minimum radiation for the sound pressure level within a narrowband of the fundamental blade passing
frequency (SPL,,_,) was consistently prevalent near the rotation plane, irrespective of the tilt angle, similar to the OASPL directivity
trend.

The SPL - C; correlation analyses at the largest tested inflow velocity of 20 m/s revealed the influence of rotor tilting on the
aerodynamic and aeroacoustic behaviours. As the rotor transitions from a vertical lift position of a = 0° to a forward tilt position of
a = 30°, an approximately 49% reduction in thrust was measured, and a 7 dB decrease in the sound pressure level at BPF (SPL,,_;)
was observed in the top plane. This SPL — C; trend was similar to those observed from the side plane of rotation. In contrast, the
SPL,_, radiated below the rotation plane remained nearly unaffected with rotor tilt changes. Further investigation into the time-
frequency characteristics of the acoustic data revealed the temporal behaviour of the radiated noise across both lower and higher
frequency ranges. In addition, persistent characteristics were evident at the BPF, while intermittent and transient characteristics
were observed within the mid and higher frequency ranges, respectively.
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