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ARTICLE INFO ABSTRACT
Keywords: The growing demand for quiet unmanned aerial vehicles (UAVSs) calls for noise prediction tools ca-
Noise prediction pable of capturing the complex aerodynamic interactions occurring in rotor-airframe integrations

Potential interaction
Propeller noise
Conformal mapping
Unmanned aerial vehicles

at low computational cost. This paper presents an analytical framework to predict the potential-
interaction tonal noise generated by a propeller operating upstream of its supporting strut, a dom-
inant contributor to the acoustic signature of small UAVs. Aerodynamic sources of loading noise
from the propeller and strut are modelled using potential-flow solutions, while a hypotrochoidal
conformal mapping is employed to represent the inflow distortion induced by struts with arbitrary
non-circular cross-sections. The method requires as input the spanwise distribution of steady loads
from an isolated propeller, estimated through an unsteady panel solver that offers a favourable
trade-off between computational efficiency and simulation fidelity. Analytical predictions are val-
idated against experimental data for struts of varying cross-section diameters and shapes, different
blade numbers, and multiple far-field observer locations. The results confirm that the models ac-
curately capture the dominant physics of propeller-strut potential interaction, predicting sound
pressure levels within 3 dB for most observer angles and blade-passing-frequency harmonics. The
potential of the proposed methodology to support UAV noise optimisation is demonstrated by ad-
dressing the sound radiated by propellers with struts featuring spanwise-varying cross-sections.

1. Introduction

The rapid proliferation of small-size unmanned aerial vehicles (UAVs), particularly multicopters, has transformed both civilian
and military operations owing to their agility, versatility, and low operating costs [1]. Their applications span agriculture, logistics,
environmental monitoring, disaster response, public safety, surveillance, and defence, making them increasingly present in urban
and rural environments [2]. However, this growth raises critical concerns about their noise emissions [3], which can adversely affect
human health, community acceptance, and wildlife, while also compromising stealth in military applications. The design of low-noise
UAVs is therefore essential, yet highly challenging, due to the intricate mechanisms involving aerodynamic sound generation and
propagation [4]. Achieving this goal requires reliable prediction tools to be available throughout every stage of development, with
analytical modelling being particularly valuable in the early-design phase, when the detailed geometry of the propulsion system is
still unknown.

From a physical perspective, UAV noise arises primarily from rotor self-noise, linked to steady loads and thickness sources [5],
and from complex interactions between rotors, interactions with the airframe, and non-uniformity in the upstream inflow, which
induce flow distortions and thus unsteady loads on the propellers. These influences of the installation environment on the propulsion
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\begin {equation}F_{b,\phi }^{(s)}(r) = L_s(r) \cos {\gamma }, \quad \quad F_{b,z}^{(s)}(r) = - L_s(r) \sin {\gamma }. \label {eq:bladeforces}\end {equation}
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system, commonly referred to as aerodynamic installation effects [6], contribute to tonal components at the blade passing frequency
(BPF) and its harmonics, as well as broadband noise [7,8]. Such sound sources are further affected by the low Mach and Reynolds
numbers and the transitional flow regimes typical of UAV blade operation [9], which increase sensitivity to unsteady aerodynamic
effects [10]. In addition, the presence of airframe components or other solid surfaces modifies the propagation and diffraction of UAV
noise compared to free-field conditions, altering its acoustic footprint without affecting the actual sources, provided that no acoustic
feedback loop occurs [11]. These influences are typically described as acoustic installation effects and fall outside the scope of the
present study.

Among the various aerodynamic installation effects, a significant contribution to the noise radiated by a UAV arises from the
potential interaction between the rotors and the downstream supporting struts owing to their close proximity in typical UAV archi-
tectures. Because the dominant physics of this interaction depend more on global parameters, such as strut cross-section and rotor-strut
spacing, than on fine geometric details, it can be studied using simplified sub-systems, e.g. a propeller combined with a downstream
cylinder. Following this approach, Zawodny and Boyd [12] performed experiments and numerical simulations to investigate rotor-
airframe interaction noise in several propeller-cylinder arrangements under hovering conditions. Their analysis identified the cylinder
as the dominant tonal noise source for higher BPF harmonics and out-of-plane observation angles, especially when positioned in close
proximity to the propeller. These noise contributions were observed to decrease with increasing spacing and, more generally, to be
highly sensitive to geometry, relative positioning with the rotor, and phase interference effects with the noise from the propellers. In
contrast, broadband noise levels remained largely unchanged across configurations, indicating that this component was dominated
by rotor self-noise. A similar experimental study on a propeller-cylinder configuration was conducted by Gojon et al. [13], who con-
firmed the dominant role of the strut in far-field noise radiation by systematically varying propeller blade numbers and the cylinder
cross-section, size, and spacing relative to the rotor. For two-bladed propellers, steady aerodynamic performance and noise emitted
at the BPF remained mostly unchanged, but higher-order BPF harmonics increased significantly, producing two distinct humps in the
frequency spectrum. In the case of three- and four-bladed propellers, the presence of the cylinder had a non-negligible influence on
thrust and torque, thus affecting the noise directivity pattern at the BPF. The database generated in this study was recently released
as open source by Gojon and Jardin [14] and was used as a validation test case for the methodology proposed in the present research
work. The conclusions of Gojon et al. [13] were corroborated by the numerical study of Doué et al. [15], which showed that the BPF
harmonic amplitudes corresponding to the first of the two frequency humps observed experimentally were produced by the cylindri-
cal strut. At higher BPF harmonics, the noise source was concentrated in the strut region beneath the propeller blade tip, indicating
a noise generation mechanism associated with tip vortex impingement.

Several researchers have attempted to analytically model propeller-strut potential interaction noise in the past decade. Using
a hybrid analytical-numerical approach, Roger and Kucukcoskun[16] investigated the sound predictions in the early-stage design
of a helicopter tail-rotor architecture. The study focused on the interaction of the rotor with stationary vanes or supporting struts,
making use of simplified linearised unsteady aerodynamic theories to determine the lift fluctuations acting as sound sources on the
rotor blades. Despite approximations in flow distortion modelling, which was based on the two-dimensional potential flow around a
circle, the analytical formulations yielded predictions considered reasonably accurate for preliminary design studies or noise impact
assessments. The same approach was later followed by Roger and Moreau[17] to model the potential flow distortion around the
struts, treated as circular cylinders, in quadcopter rotors. In this work, the authors developed analytical tools capable of providing
fast and reliable predictions for varying input parameters, such as rotor-strut distance and blade number. Roger et al. [4] proposed a
methodology to predict the loading noise generated by rotor blades interacting with the potential field of a cylindrical strut, which
was formulated as a diffraction problem, i.e. including acoustic installation effects. In this case, the presence of the strut was modelled
using scattering theory and a Green’s function tailored to a rigid cylindrical geometry [18]. The low-frequency amplification of rotor
noise due to cylinder scattering was qualitatively reproduced. This study was later extended by Rendén-Arredondo et al. [19], who
performed high-fidelity simulations to investigate how propeller-strut spacing affects both the flow field and the resulting acoustic
signature. The simulation data were then used as input to the analytical model of Roger et al. [4], yielding better agreement with the
measurements than that achieved using the analytical approach alone. Wu et al. [20] developed two uncoupled methods to describe the
unsteady loading noise radiated from the propeller and the strut in a rotor-cylinder configuration. The first method was based on the
work of Parry and Crighton [21], which addressed the interaction of an aerofoil with the potential field generated by a periodic array
of downstream elliptical cylinders, while the second method relied on a description of the flow field by means of complex potential
theory. The authors reported a reasonable agreement between the analytical calculations and the experimental data. Vella et al. [22]
employed a similar two-dimensional framework to predict the potential noise generated due to the propeller-cylinder interaction
in one of the experimental configurations of Gojon et al. [13]. Interestingly, their models correctly reproduced the envelope of the
first frequency hump associated with cylinder radiation and the directivity patterns of several BPF harmonics. Likewise, Rendén-
Arredondo et al. [23] applied the same methodology to calculate the unsteady loads and noise for a similar rotor-strut configuration,
which showed good agreement with high-fidelity simulations and experimental data. Although they slightly overpredicted propeller
noise at the BPF due to unmodelled three-dimensional effects and flow regime changes near stall, the models reproduced overall
noise levels, spectra, and directivity patterns, confirming the usefulness of such methods despite the strict underlying assumptions.

Most of the prediction tools discussed above require experimental or high-fidelity numerical data as input for the models, par-
ticularly for spanwise loading distributions on the propeller and induced velocities. Low-fidelity approaches, such as blade element
momentum theory (BEMT), are considered less reliable due to their sensitivity to low-Reynolds-number effects on the propeller blades
and their limited ability to accurately capture blade-tip phenomena, resulting in significant uncertainties [4]. This limitation reduces
the applicability of analytical methods, especially in cases where high-fidelity simulations or experimental data are unavailable. In
this research work, we propose an alternative approach, making use of a fast mid-fidelity simulation framework to generate the aero-
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dynamic data needed for mathematical modelling. It is important to emphasise that only data associated with an isolated propeller
need to be simulated, as the unsteady aerodynamic effects induced by the presence of the strut are modelled analytically.

Furthermore, the methodology proposed in the aforementioned piece of literature was developed only for struts assimilated to
straight circular cylinders, which are mathematically easier to handle. However, in practical applications, supporting struts often
feature non-circular cross-sections, tapered geometries, or aerofoil-like profiles designed to reduce drag and noise. Such realistic
geometries introduce potential distortions that cannot be accurately captured by the simplifying assumption of a circular cylinder of
constant cross-section. For instance, both Zawodny and Boyd [12] and Kim et al. [24] investigated the effect of conical struts placed
in proximity to a propeller on tonal noise radiation and concluded that variations in spanwise cross-sections can be associated with
increased efficiency of sound generation compared to straight cylindrical geometries.

A recent attempt to extend analytical predictions beyond circular cylinders was presented by He et al. [25], who adapted the
method of Parry and Crighton [21] to evaluate the potential-interaction tones generated by a rotor operating upstream of aerofoil-
shaped struts in multi-rotor UAVs. The struts were modelled as simplified lifting surfaces subjected to potential-flow disturbances,
and the resulting noise predictions showed reasonable agreement with both numerical simulations and experimental measurements.
However, their formulation remains limited to aerofoil geometries and does not generalise to arbitrary strut shapes. A comprehensive
analytical prediction approach applicable to generic rotor-strut configurations is thus needed but remains lacking. In addition to
assessing the suitability of mid-fidelity methods for generating accurate inputs to noise prediction models, our paper aims to address
this gap by proposing a methodology to model potential interaction noise in generic rotor-strut arrangements. We pursue this objective
using conformal mapping techniques, which enable the analysis of potential flows past bluff bodies of nearly arbitrary shape [26].

The remainder of the document is structured as follows. The analytical models describing the various noise generation mechanisms
in a generic rotor-strut configuration, together with the mapping approach, are presented in Section 2. The measurement setup used
to validate the methodology, along with the mid-fidelity simulation framework proposed to calculate the aerodynamic inputs, is
described in Section 3. In Section 4, the main results are outlined and discussed, including the application of the proposed methodology
to struts with non-circular and spanwise-varying cross-sections. Finally, conclusions are drawn in Section 5.

2. Theory

This section aims to provide a description of the noise generated in a propeller-strut arrangement with minimal mathematical
effort. As introduced in Section 1, several aeroacoustic mechanisms contribute to the overall sound radiation in this configuration.
Thickness noise originates from the displacement of air by the rotating blades, with its intensity strongly influenced by the blade
thickness. Blade loading noise arises from the aerodynamic loads acting on the blades, which can be steady, i.e. driven by the overall
aerodynamic properties of the rotor such as thrust and torque, or unsteady, i.e. resulting from flow non-uniformities across the rotor
disc, like the potential flow distortion introduced by the presence of a downstream strut [27]. Additional strong noise sources are
also distributed on the strut as a result of time-varying aerodynamic potential interactions, including blade circulation effects and the
impact of wake or tip vortices on the strut [22]. As this component is stationary, steady loads or thickness do not contribute to noise
radiation, and the radiated sound pressure originates only from unsteady loading sources.

In the analytical formulation that follows, we model separately the sources of aerodynamic noise and the sound propagating from
these sources, adopting the classical framework of acoustic analogies [5]. The emphasis here is on the tonal noise contributions, which
are deterministic in essence. Several assumptions are required for mathematical tractability: (i) both blade and strut are considered
unswept, acoustically compact in the chordwise direction, and subject to a low-reduced-frequency approximation for the unsteady
aerodynamic response, which limits the frequency range of applicability of the proposed methodology; (ii) the observer is located in
the geometric far-field and is defined according to the spherical coordinate system shown in Fig. 1, with R, ©, and ® being the radial
distance, polar angle, and azimuthal angle, respectively; (iii) the radial loads on the blade and the strut are deemed negligible; (iv) the
flow distortions induced by the presence of the strut are described as small disturbances superimposed on an axisymmetrically-uniform
base flow, and fluctuations in the aerodynamic forces are assumed to be small compared to the steady loads.

2.1. Blade loading noise

The loading noise generated by a propeller operating in a stationary distortion is radiated at multiples of the BPF, which is defined
as mBQ/(2r), with B being the number of blades and Q the rotational speed. In the geometric far-field, the complex-valued sound-
pressure amplitude computed at the observer location x and at the mth harmonic of the BPF, with the standard negative exponential
time convention e~27/! for monochromatic waves, reads [28]

ik,,p Be~kmpR
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where ¢, is the speed of sound, J, is the Bessel function of the first kind of order », and k3 = mBQ/c, is the wavenumber related to
the mth BPF harmonic. F b(i; and F;? are the tangential and axial blade loading harmonics, respectively, and represent the complex-
valued coefficients of the Fourier series of the periodic forces per unit span acting on the blade element of radius r from the rotor axis.
The steady components of these loading distributions, corresponding to the s = 0 harmonic, comprise the mean aerodynamic loads
produced by the propeller. Owing to the assumptions of aerodynamic compactness and zero sweep, the blade can be described by a
single azimuthal location, and the integration is carried out only along the radial direction, which is compatible with a strip-theory
approach to rotor noise.



R. Zamponi et al. Journal of Sound and Vibration 637 (2026) 119805

Z
observer
Q 1
GO R i
rotor disc gy //J
\g‘) ////,
£ -

strut

Fig. 1. Reference system definition for the propeller-strut setup. In red an annular strip at the generic radius r. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. Two-dimensional unwrapped representation of the annular strip of arbitrary radius in Fig. 1 expressed in a Cartesian reference frame. The
strut is assimilated to a cylinder of circular cross-section subjected to the velocity induced by an infinite sum of blade passages.

Eq. (1) states that the acoustic pressure p,,p can only be predicted once the blade loading harmonics are known as source terms,
which is a matter of aerodynamics. In a rotor-strut configuration, F[ff) and F[fsz) are generated by the mean-flow distortion induced by
the downstream strut. A simple two-dimensional analytical model to calculate this distortion was proposed by Roger et al. [29] and
is based on the classical incompressible solution for the potential flow around a circle. The present work builds upon that model and
aims to generalise it to struts of arbitrary shapes in Section 2.4.

Fig. 2 shows an unwrapped representation of an annular strip of radius r in the propeller-strut arrangement depicted in Fig. 1.
The propeller blade sections, which are separated by 2zr/B and are assimilated to flat plates due to the small blade thicknesses,
translate past a cylindrical strut of circular cross-section with a velocity Qr. Each blade features a chord ¢ and is placed at a pitch
angle « corresponding to a stagger angle y with respect to the rotor axis, while D; is the strut diameter. The mid-chords of the blades
lie at a distance of L from the centre of the circular cross-section. The strut is immersed in the airflow induced by the propeller
U, which comprises an axial component, i.e. the downwash, and a tangential component, i.e. the swirl, with «, denoting the flow
swirl angle defined according to Fig. 2. These quantities are evaluated at the level of the rotor disc as if the propeller were isolated,
which implies that possible variations in the induced velocities due to the presence of the strut are neglected, consistently with a
no-coupling assumption [22]. Moreover, the flow acceleration downstream of the propeller due to the slipstream contraction is here
ignored, allowing U, to be considered uniform throughout the unwrapped two-dimensional domain. In the following derivations, we
will omit the radial dependence of ¢, a, y, U;, and « for the sake of clarity.
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The flow distortion on the rotor disc caused by the strut can be analysed by solving the equivalent two-dimensional incompressible
potential flow problem. We introduce the complex potential function f(¢), which depends on the complex variable ¢ = & + i. Here,
& and n represent the Cartesian coordinates in the two-dimensional flow plane centred on the strut, as shown in Fig. 2. According to
the Milne-Thomson circle theorem, the complex potential produced by a cylinder in a uniform free stream reads [30]

. D? .
[ = iUi(ce““O - 4—ge‘“0>, )

where U; = |U;|. The flow velocities in the &- and #-directions can then be computed by u({) = R{df/d¢} and v(¢) = —-F{af/d¢},
respectively. The blade segments experience these velocity components as an upwash, which is defined as the projection of the
velocity disturbance normal to the chord. Considering that ¢ = r¢p and n = L on the rotor disc, the upwash disturbance at radius r is

w(r,¢p) = — [u(r, ¢)— U, sin ao] sina + [u(r, ¢) — U, cos ao] cos a. 3)

An interesting point to make is that the two-dimensional nature of this model offers an advantage when dealing with struts of non-
uniform cross-section and varying distances from the propeller. In this regard, both D, and L can be thought of as functions of the
radius r. We will address this point in Section 4.3.

Although w is stationary, the blade experiences a periodic azimuthal distortion in its reference frame. Consequently, the sth
harmonic of the upwash disturbance can be obtained through a Fourier series expansion:

2
wy(r) = % /0 w(r, ) dg, s> 1. (4)

Each distortion harmonic w, excites the blade loading harmonic of the same order through an unsteady aerodynamic transfer function.
Under the assumption of aerodynamically compact blade chords, i.e. we neglect chordwise phase variations in the unsteady loads,
this lift function can be obtained from Sears’ theory [31]. A formulation of the unsteady lift response for the case of a rotor cascade
interacting with the potential field produced by a stator cascade was derived by Kemp and Sears[32] and reads

K(o. ) = C)[Jo() — i, ()] + i;"Jl ), 5)

with

o= sQc _ isc i
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and C being the Theodorsen function [33]. Here, U, is the projection of the relative velocity seen by the blade section (see Fig. 2),

which is given by

U,(r) = \/(Qr - U; sin ao)z + (U; cos ao)z, (6)

on the chord line. An approach based on Sears’ model indeed requires that the incoming mean velocity be aligned with the chord and
that the disturbance vector of the velocity, i.e. the upwash w, be normal to it. In practical applications, the propeller blades typically
operate at non-zero averaged angles of attack, making the projection of the relative velocity necessary to define an equivalent Sears’
problem.

The harmonics of the unsteady lift per unit span are subsequently derived as

L(r) = mpycU,(Nwy(r)K*, 7)

where p, is the fluid density, * denotes the complex conjugate, which is required according to the adopted convention e2#/ for
monochromatic waves, and the lift harmonics associated with negative s are computed as L_; = L}. Finally, L; can now be decom-
posed into the axial and tangential loading distributions in Eq. (1) following

Fo)() = Ly(rcosy,  Fr) = —Ly(r)siny. (8)

2.2. Blade thickness noise

For thin unswept propeller blades featuring acoustically compact chords, we can express the complex-valued sound-pressure
amplitude computed in the geometric far-field at the mth harmonic of the BPF due to the air volume displaced by the motion of the
blade as [28]
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root
Here, Ah denotes a representative thickness of the blade section, expressed per unit chord length [27]. For compact blade chords, the
maximum normalised thickness 7/c provides an adequate approximation. This formulation highlights how the thickness contributes
to the source strength, and the result is independent of the blade angle of attack or camber. Unlike rotor loading noise, the thickness
source strength is defined exactly by the blade geometry, making its evaluation more straightforward.
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Fig. 3. Schematic of the equivalent two-dimensional incompressible potential problem associated with the unwrapped representation in Fig. 2. The
blade sections are replaced by point vortices located at the mid-chord and characterised by a circulation I'.

2.3. Strut loading noise

As mentioned above, the propeller-strut potential interaction also includes sources of loading noise distributed on the strut surface.
At short separation distances, the unsteady loads on this component are dominated by the potential field induced by the nearby passing
blades [20]. The method used to describe this noise source is analogous to that adopted for modelling propeller-radiated sound and
is based on the prediction of rotor-stator noise proposed by Hanson[34]. The idea is to assimilate the strut to a stator with one
non-profiled vane. The resulting expression for the complex-valued sound-pressure amplitude at the mth harmonic of the BPF for an
observer in the geometric far-field reads

ikmBefikmBR
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What distinguishes Eq. (10) from Eq. (1) is that only one loading harmonic contributes to each sound harmonic m, since the strut is
stationary [22]. The remaining terms in the two formulations are almost identical, including the Bessel functions, which implies that
strut and blade loading noise are emitted at the same frequencies and exhibit a similar radiation efficiency of the source terms. As in
the previous cases, the integration is performed solely along the radial direction.

The noise prediction problem reduces once again to finding a suitable modelling framework for the tangential and axial loads
acting on the strut. A simple approach based on the incompressible potential flow problem around a two-dimensional circular cylinder
was recently formulated by Wu et al. [20] and subsequently employed by Vella et al. [22]. We will extend this analytical model to
accommodate struts of nearly-arbitrary shapes in Section 2.4.

A schematic of the equivalent potential flow problem is depicted in Fig. 3. The principle is to assimilate the lifting blade cross-
section to a point vortex located at the mid-chord, placed successively at various horizontal positions relative to the strut cross-section
to simulate the blade passage. At each radial position, the point vortex carries a circulation I', defined as positive for counter-clockwise
rotation (see Fig. 1), and related to the lift per unit span acting on the local blade section. It is important to note that the choice of
placing the point vortex at the blade mid-chord, although consistent with previous literature [22], is arbitrary and may introduce
uncertainty in the estimation of the relative distance between the vortex and the strut, affecting the unsteady loads imparted on the
latter. A more realistic approach to the problem would be to model the blade section as a vortex line distributed along the chord,
which will be addressed in future work.

For the aerodynamic rotor-stator problem defined by the lift function in Eq. (7), a formulation for the quasi-steady circulation
that accounts for the azimuthal periodicity of the flow distortion in the propeller reference frame, and hence for the unsteady effects
linked to the propeller-strut coupling, reads [32]

[oo]
D) =Ty + Y, mew (e [Jo(u) — i, (w)]". an
0
where Ty = L/(p,U,) is the circulation associated with the steady lift force per unit span L through the Kutta-Joukowski theorem,
which provides the greatest contribution to I'.
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We can now modify the flow potential in Eq. (2) to include the contribution of the point vortex representing the blade passage
and its image according to the Milne-Thomson circle theorem [35]:

4 27 a

where ¢, = £, + in, denotes the complex coordinate of the point vortex translating in the positive &-direction at the level of the rotor
disc, i.e. &, = Qrt and 5, = L. The unsteady Bernoulli principle allows the fluid pressure p to be determined from the flow potential
according to

. D? . : ; D?
O = iU,~<Ce“’“ - —Se‘“ﬂ> - log(¢=¢,) + 5 log <—S - 4;‘), (12)

a
p&) + %pUU(Zj)2 + poa—(f = constant, 13)

where U($)? = u(¢)* + v(¢)? = |df()/d¢|> and @ = R{f()}, with the latter representing the velocity potential. The constant on the
right-hand side of Eq. (13) can be calculated by considering a point at |{| — oo, yielding
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Do, being the static pressure of the fluid. The pressure p is defined throughout the fluid domain, including on the strut surface, which
is parametrised using the azimuthal angle 6, as ¢, = D,e'% /2. In light of the above, the relative pressure extracted on the strut reads
[20]

PE) =P = 300[UF ~ U] + s o e (:;Dz . 15)
v T,

This formulation considers a single blade passage. In practice, the propeller blades pass over the strut at periodic intervals of T, =
27 /(BQ), which, in the corresponding two-dimensional potential flow problem, is equivalent to considering an infinite cascade of point
vortices translating along the &-direction, spaced 2zr/B apart (see Fig. 3). We account for this effect by summing the contributions
of n vortices with complex coordinates ¢, (t + T,,n) in Egs. (12) and (15), with » ranging from —oco to co.

Eq. (15) can now be integrated over the strut surface to retrieve the total tangential and axial forces per unit span exerted on this
component:

D. 2 D. 2z
Fs,qﬁ("* t) = _TA /0 p(Cx) cos 0& dem Fs,z(r’ t) = _73 /0 p(é’s) sin ex des’ (16)
which can be expanded in Fourier series because of their periodic nature. The corresponding sth harmonics read
(s) 1T isBQt (s) 1T isBQt
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and are used in Eq. (10) to predict the acoustic pressure radiated by the strut. It should be noted that the potential flow past a
cylinder does not accurately represent the flow in the aft portion of the strut, where separation is likely to occur. This may affect
the outcome of the integration in Eq. (16). Nevertheless, it can be argued that the surface pressure contributing most to the force
estimation originates from the front region, which is exposed to the effect of the blade passage, so deviations in the aft section are
not expected to significantly impact the integration results.

2.4. Conformal mapping

The two-dimensional potential flow models implemented in Sections 2.1 and 2.3 have been formulated for a strut characterised by
a circular cross-section. Starting from these analytical solutions, we can address the problem of computing the potential flow around
a generic polygonal-shaped cylinder, closer to a realistic strut, using the conformal mapping technique. In particular, a conformal
transformation makes it possible to relate the simple circular boundary in the reference ¢-plane to a polygonal boundary in the physical
plane. Since Laplace’s equation governing the potential flow is invariant under conformal transformations, the known solution for the
circular cylinder can be mapped back into the physical plane owing to the superposition principle of potential flow, thus capturing
the influence of the effective strut geometry on the flow field.

In the present study, we employ a hypotrochoidal mapping function to recreate various polygonal geometries with finite radii at
the corners, following the approach of Solanki and Sharma [36]. A hypotrochoid is a type of cycloidal curve traced by a point located
at an offset distance p from the centre of a circle of radius R, as it rolls without sliding inside a fixed circle of radius R, (see Fig. 4
for the example of a square cross-section cylinder). It is defined by the parametric equations

R;—R,
x,(8,) = (Ry — R,)cos (6, + ;) + pcos —= 0~
r
18)

. . Rd - Rr
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Fig. 4. (a) Schematic of the hypotrochoid used to generate a square cross-section cylinder and (b) corresponding potential flow field for a free
stream at «, = =/18. The dashed lines indicate the reference prescribed geometry, while the solid lines show the resulting hypotrochoidal curve.
Input parameters for the hypotrochoid are listed in Table A.1.

where 6, allows for the rotation of the polygonal-shaped cylinder from the positive real axis. The corresponding mapping function
reads
p 1 0,

)C+—— e, a9

2() = R [( e

- L

N
where N = R;/R, and the complex coordinate ¢ is defined outside the hypotrochoid. For a closed curve, N should be an inte-
ger number greater than 2. p ranges from 0 to R, and determines the radius of the corners and the straightness of the polygonal
sides.

We calculate the resulting complex flow velocity by differentiating the potential function f derived from Egs. (2) and (12) with
respect to the hypotrochoidal mapping function defined in Eq. (19). Applying the chain rule gives

feoy - _ _ 1N\ 9f(Z) ,

@) =uz) = iZ) = Ry (1= 7 ) 55 @), (20)
where ¢/ = d¢/dZ. Here, the multiplicative term R,;(1 — 1/N) compensates for the scaling introduced by the mapping, as follows
from Eq. (19) in the limit p — 0 [36]. The velocity components in the &- and #-directions can then easily be derived from the real and
imaginary parts of the right-hand side of Eq. (20), respectively, and used to compute the upwash experienced by the propeller blade
in Eq. (3) and the velocity magnitude U in Eq. (15). This approach preserves the applicability of the Milne-Thomson circle theorem
to the flow potential f since the construction is carried out in the ¢-plane before mapping to the physical one.

Furthermore, the term involving d¢/dt in Eq. (15) is unaffected by conformal mapping because the map is time-independent.
Owing to the coordinate invariance of the unsteady Bernoulli equation, and to the fact that the constant value of 0f /ot as { — o is
unchanged with respect to the circular cross-section case, the relative pressure on the mapped strut surface Z; = Z(¢,) reads

= L2 Nypp gt i1 0
WZ) =P = 500[UF =UZ)| + g7 =R SRR 2D
-
The loads acting on the polygonal-shaped strut are finally obtained from
2r 2
F () = —/ P(Z)x(0,)dog,  F, (1) = —/ 2(Z)y,(0)db,. (22)
0 0

These expressions for the forces per-unit-span can now be substituted into Eq. (17) to estimate the corresponding loading
harmonics.

It is worth noting that, although the derivations presented in this section are tailored to a hypotrochoidal conformal mapping,
the approach remains general and can be readily extended to other mapping functions Z. For example, aerofoil-shaped struts can be
represented using a Karman-Trefftz transform [35], while models for the potential flow past permeable bodies [37] can be employed
to assess the interaction-noise mitigation achievable with porous struts, as recently demonstrated by Crawshaw et al. [38]. Similarly,
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Fig. 5. Experimental setup from ISAE-SUPAERO for the propeller-strut interaction measurements carried out by Gojon et al.[13]. Picture taken
from the open database published by Gojon and Jardin [14].

the method proposed by Baddoo and Ayton[39] for deriving the potential flow through an infinite cascade of aerofoils enables
the analysis of multiple struts placed in close proximity, for which the superposition principle may no longer apply. Moreover, the
methodology is applicable even when no closed-form conformal mapping is available, and the complex velocity must therefore be
evaluated numerically, e.g. using lightning solvers, which provide a computationally-efficient means of computing potential flows in
arbitrary domains [40].

3. Materials and methods
3.1. Experimental setup

The noise prediction methodology proposed in this paper is validated through comparison with the data included in the open
database of Gojon and Jardin [14], which refers to the measurements from Gojon et al. [13] in the ISAE-SUPAERO anechoic chamber.
Fig. 5 shows a picture of this experimental setup, which is briefly described below. The facility is characterised by a cut-off frequency
of 80 Hz and is equipped to accommodate a rotor test stand, allowing the installation of a propeller-strut arrangement (see Fig. 5)
with the possibility of varying the vertical distances of the strut from the rotor disc plane. Rotor actuation is provided by a Faul-
haber 3274G024BP4-3692 brushless DC motor, while rotational speed, measured in revolutions per minute (rpm), is monitored and
regulated in real time through an MC5010 motion controller. Aerodynamic loads are recorded using a six-axis ATI Nanol7 load cell
located directly below the motor.

Far-field acoustic measurements were performed by means of a directivity array equipped with 13 GRAS 40PH CCP free-field
microphones. The array was placed at R = 1.62m from the rotor centre, corresponding to approximately eight rotor diameters, and
spanned polar angles from 6, = —7/3 to 6, = /3 in increments of Af,,, = /18, with 0 defined at the rotor disc plane. The test
rig was mounted on a turntable that allows azimuthal rotation of the rotor-strut assembly along the rotor disc plane in steps of
Agexp = 7/18. The combined use of the directivity array and turntable enabled near-complete spherical directivity measurements,
excluding the polar regions. Acoustic signals were sampled at a frequency of 51.2kHz over a recording period of 16s.

Several variations of rotors and struts were manufactured through stereolithography 3D printing. The rotor blades were based on a
NACA 0012 aerofoil section, extruded along the span with a constant chord length of ¢ = 25 mm and a uniform pitch angle of « = z /18,
and were configured for clockwise rotation, meaning that Q and I are negative. Each rotor had a tip radius of r;;, = 100 mm and a root
radius of r,,; = 16 mm, with the number of blades ranging from B = 2 to B = 4. For these propellers, it is reasonable to expect that the
assumption of acoustic compactness introduced in Section 2 remains valid up to f =~ 3.4 kHz, according to the compactness criterion
proposed by Amiet [41]. The rotors were tested in conjunction with cylindrical struts of diameters D; = 10mm, 15 mm, and 20 mm,
denoted as D10, D15, and D20, respectively, as well as struts with square and triangular cross-sections of side lengths D, = 10 mm,
indicated as S10 and T10, respectively. The rotational speeds were varied between 4000 rpm and 8000 rpm, although the acoustic
results presented in this paper are only reported for the maximum speed, with the strut placed 20 mm below the rotor disc plane and
the propeller orientated to direct its wake towards the strut. Here, the separation distance is defined as the gap between the rotor disc
plane, taken as the plane intersecting the blades at the mid-chord, and the strut centreline, consistent with the parameter L defined
in Section 2.
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Fig. 6. Thrust and torque convergence studies for the two-bladed propeller at 8000 rpm for different levels of mesh refinements. The number of
surface panels along the span is indicated in the colour bar, while the dotted lines denote the Richardson extrapolation.

3.2. Numerical simulation

The numerical simulations in this study are carried out using FlightStream®, a commercial unsteady panel software based on the
surface vorticity method. The solver incorporates a Prandtl-Glauert correction to account for compressibility effects and a viscous
correction that couples the potential flow field with a boundary-layer integral formulation [42]. In this framework, the propeller
blades are modelled as impermeable surfaces carrying source and doublet distributions. In contrast, the wake is represented as a
vortex sheet discretised into filaments, which are shed from the trailing edges by the Kutta condition and convected along with the
local velocity.

The setup of the simulation environment and the mesh convergence analysis are performed for the two-bladed propeller operating
at 8000 rpm. At 80 % of the blade span, where most aerodynamic loads are concentrated, the Mach and Reynolds numbers based on
¢ are approximately 0.2 and 1.15 x 10°, respectively. We employ a transitional boundary-layer model to capture the onset of flow
transition, which affects both thrust production and skin-friction losses. A semi-empirical separation model based on the Valarezo-
Chin criterion [43] is used to detect flow detachment at the blade tip by monitoring the pressure recovery along the suction side.
Once separation is detected and its location identified, semi-empirical pressure values are applied to the separated surfaces. Finally,
the vorticity-based formulation of the solver enables the inclusion of an induced-drag correction, computed from the integrated
circulation and the downwash at the blade trailing edges.

The mesh convergence study is conducted by comparing the experimental data with the predicted steady thrust and torque
values obtained for different mesh resolutions. We evaluated seven meshes with progressively increasing refinement. In all cases,
the chordwise-to-spanwise resolution ratio is kept constant at 3.25, while a two-sided clustering is applied in both directions to
refine the blade tip, root, and the leading and trailing edges. The total number of surface panels per blade is determined by the
product of the chordwise and spanwise discretisations. The outcome of this analysis is illustrated in Fig. 6. Mesh convergence is
considered achieved when more than 5200 surface panels per blade are used, corresponding to 130 chordwise and 40 spanwise
stations. Here, the variations in thrust and torque relative to the finest mesh considered, i.e. for 11700 surface panels, are 2.46 % and
0.27 %, respectively, while the variations relative to the extrapolated Richardson solution [44] are 2.55% and —0.04 %, respectively.
Moreover, the converged solution yields a thrust deviation of —7.92 % and a torque deviation of 2.79 % compared to the experimental
measurements. These trends differ from typical panel-method predictions, which generally produce accurate thrust estimates but tend
to significantly overpredict torque, indicating that certain viscous transitional mechanisms may not be fully captured by the simplified
models employed. In this regard, high-fidelity simulations conducted by Shenoy et al. [45] on a similar configuration showed that
a laminar separation bubble with turbulent reattachment develops in the outboard region of the blade at high rotational speeds,
extending over a large portion of the chord. The Valarezo-Chin criterion can detect the onset of this separation, but it does not resolve
the boundary-layer dynamics or the subsequent reattachment. As a result, the laminar separation bubble is effectively modelled as a
local loss of lift rather than a transitional region with pressure recovery.

Fig. 7 provides a visualisation of the instantaneous flow field of the two-bladed propeller after four revolutions, illustrating the
wake filaments shed at the blade trailing edges and the roll-up of the tip vortices. The first three revolutions correspond to a transient
during which the propeller-induced velocity builds up and the wake is convected downstream at progressively higher speeds. By the
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Fig. 7. Visualisation of the instantaneous flow field after four revolutions of the propeller. The colour scale on the blade indicates the surface
pressure coefficient C,, while that on the wake filaments denotes the normalised vorticity &. The wake shed by one blade is rendered transparent
for improved clarity.

fourth revolution, the induced velocity reaches a steady value, although the start-up wake still forms a stagnating vorticity region
that causes oscillations in blade loading. To mitigate this effect, the solver implements a wake-termination feature that retains only
the wake filaments shed during the last user-specified iterations and discards the older ones. Since statistical convergence of the
aerodynamic loads can be achieved by considering the wake shed over a single propeller revolution [46], the wake-termination tool
is configured here to retain only the filaments associated with the fourth revolution.

In each simulation, the time increment is chosen to produce an angular advancement of approximately /18 per iteration. With
this temporal resolution and setup, and for 5200 surface panels, the computation of one propeller revolution requires less than 5 min
on 8 CPU cores of a commodity laptop with AMD Ryzen 7 PRO 7840U processors. For comparison, the large-eddy simulation of the
same propeller from Shenoy et al. [45], run on 4664 CPU cores, required about 1.37 h per revolution.

Simulations were carried out for blade numbers of B = 2, 3 and 4 and a range of rotational velocities from 4000 rpm to 8000 rpm with
increments of 1000 rpm. The results are reported in Fig. 8. For the two-bladed propeller, the numerical computations systematically
underpredict thrust across all operating points. A nearly constant offset is found between the computed and measured thrust, which
implies that the relative error decreases with increasing rotational speed. The torque is well captured across the speed range, showing
a slight overestimation at lower speeds and a slight underestimation at higher speeds.

Overall, for even-bladed rotors, the performance predictions agree well with the measurements. The three-bladed configuration,
however, shows increasing discrepancies between predicted and experimental loads as the rotational speed increases. Gojon et al. [9]
observed that the ISAE-SUPAERO three-bladed rotor is more efficient than the four-bladed configuration, delivering the same thrust
with lower torque at high rotational speeds. This behaviour has been attributed to competing mechanisms associated with low
Reynolds-number effects, blade-vortex interactions, and reduced blade loading [47], phenomena that the solver does not model with
sufficient fidelity. An evaluation of how these limitations affect the noise predictions will be presented in Section 4.1.

3.3. Model inputs and test matrix

The analytical models presented in Section 2 are adapted to reproduce the experimental setup of Gojon et al. [13]. The ambient
conditions are set at p, = 1.20kgm™ and ¢, = 340 ms~!, and the blade geometry is discretised using the chord and pitch parameters of
the ISAE-SUPAERO propeller outlined in Section 3.1. The spherical reference frame used in the experimental arrangement is related
to that of the analytical formulation through the transformation (R,©,®) = (R, z/2 — Ocxps T = Pexp)s proposed by Vella et al. [22].
Within this coordinate system, the strut is positioned at ® = 0, equivalent to ¢, = #, as depicted in Fig. 1.

Our prediction method requires as input the steady loading distribution of the isolated propeller along the radius estimated in
Section 3.2, i.e. in the absence of the strut. In fact, we assume that the strut has a negligible influence on the mean aerodynamic
performance of the propeller under hovering conditions, while its unsteady aerodynamic effects are accounted for analytically based
on this distribution. The axial and tangential components of the propeller induced velocity U; are then calculated from these steady
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Fig. 8. Comparison of experimental and simulated (a) thrust and (b) torque for propellers with different blade numbers B = 2, 3 and 4 (indicated
by the number in the legend). Solid and dashed lines represent quadratic polynomial fits to the experimental and simulation data, respectively.
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Fig. 9. (a) Axial and tangential loading distributions along the propeller blade span. (b) Induced velocity magnitude distribution generated by the
propeller, where symbol colours represent the corresponding flow swirl angles. The data refer to the case with B = 2, and the vertical dashed lines
indicate the propeller root.

loads. In this case, we model the rotor as an idealised actuator disc imparting a pressure jump to the flow. Considering the annular
ring of radius r and width dr on the disc in Fig. 1, the sectional thrust dT is related to the axial induced velocity U, , by momentum

theory, according to

dTr
U . = ——. 23
bz V 4xpyrdr 23)

The tangential induced velocity U, ;4 arises from the swirling motion imparted by the propeller. Imposing conservation of angular
momentum makes it possible to relate this velocity component to the sectional torque dQ applied by the propeller, yielding

b 90 -
’ él-ﬂporzdrUi,Z

The flow swirl angle is finally obtained from «, = arctan (U,-,¢ /U,.). Fig. 9 shows an example of the loading distributions and the
resulting induced velocities and flow swirl angles for the two-bladed propeller used as input in the analytical model.

It is relevant to stress that, as mentioned in Section 2.1, this discretisation of the induced velocity field does not incorporate
the effects of flow acceleration due to slipstream contraction, which is a necessary simplification to maintain the uniform-stream
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Table 1

Test matrix considered for the validation of the analytical
modelling among those included in the database of Gojon
and Jardin [14]. The data refer to a constant rotational speed

of 8000 rpm.
D10 D15 D20 T10 $10
B=2 v v v v
B=3 v
B=4 v
/2 /2
3n/4 /4 3n/4 /4
/T /T
0.8 0.8
0.6 0.6
- 0.4 - 0.4
- A2 — A2

Sn/4 Tr/4 Sn/4 Tr/4
37/2 37/2
-1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1
w (ms™t) w (ms™t)
(a) (b)

Fig. 10. Contours of the upwash velocity disturbance induced by the (a) D15 and (b) D20 struts at L = 20 mm. The propeller spins clockwise.

assumption when computing the flow potential f. Moreover, we ignore three-dimensional effects occurring at the blade tip. The
impact of these simplifications on noise prediction will be assessed in Section 4.

Finally, the proposed prediction methodology is validated against various propeller-strut configurations contained in the open
database of Gojon and Jardin[14], including different rotor blade numbers, strut diameters, and strut shapes. An overview of the
resulting test matrix is provided in Table 1.

4. Results and discussion

In this section, we compare the results of the analytical calculations with the experimental data. We first apply the model to
struts with circular cross-sections, illustrating the influence of strut diameter and propeller blade number on the radiated noise.
The analysis is then extended to non-circular cross-sections, making use of the hypotrochoidal conformal mapping introduced in
Section 2.4. Finally, we employ the analytical framework to predict the noise generated by a propeller in the presence of struts with
spanwise-varying cross-sections, demonstrating its potential as an optimisation tool for UAV designs.

4.1. Struts with circular cross-sections

The upwash disturbance defined in Eq. (3) directly affects the unsteady lift generated by the blade segment through Sears’ theory.
Therefore, the analysis of this velocity component is indicative of the sources of unsteady loading noise radiated by the blade. For this
purpose, the w contours on the propeller disc are shown in Fig. 10a and b for the D15 and D20 struts, respectively. As expected, the
strut with the larger diameter induces a broader and more intense flow distortion region on the propeller disc, concentrated around
$exp = 7. Due to the flow swirl angle, each blade experiences the blockage imposed by the strut before passing over the component,
whereas a region of induced-velocity increase, associated with negative upwash, develops past it. For both strut configurations,
higher w values are concentrated near the blade tip region (r/ry, ~ 0.8 — 0.9), in agreement with the U; distribution shown in Fig. 9b.
Consequently, the dominant sources of blade unsteady loading noise are expected to originate from this region.
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Fig. 11. Time-varying (a) tangential and (b) axial forces per unit span exerted on the D15 strut at L =20 mm due to the passage of the blade at
different radial stations during one period T,. The data refer to the case for B = 2.
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Fig. 12. Predicted directivity pattern of the far-field noise radiated at the BPF by the two-bladed propeller with the D15 strut at L = 20 mm. The
black dots denote the corresponding experimental measurements.

A similar scenario characterises the unsteady loads on the strut produced by the blade passage. The time-varying F, , and F,,
distributions for the D15 strut and the two-bladed propeller over one period T, are shown in Fig. 11a and b, respectively. Both loads
exhibit impulsive behaviour confined to the short time interval in which the blade is in close proximity to the strut. This result
supports expanding F; , and F . in Fourier series to represent the periodic nature of the strut unsteady loading, as the effects of two
consecutive blade passages are sufficiently separated, and their individual contributions can be linearly superposed. This assumption
was also confirmed for configurations with more blades, which correspond to shorter periods T}, though those results are omitted
here for brevity. Moreover, while the tangential loading distribution features a sign inversion that depends on whether the blade
is approaching or moving away from the strut, the axial one remains mostly negative and reaches a larger magnitude, suggesting
a dominant contribution to the radiated noise. Likewise, the peak of these unsteady loading distributions occurs at r/r;;, ~ 0.8 — 0.9
due to the higher values of I at this radial location, which are predominantly determined by steady loads and, in turn, influence the
strength of the point vortices representing the blade passage.

The accuracy in modelling the aerodynamic quantities discussed above determines the prediction of potential-interaction noise.
The total far-field acoustic pressure is obtained by incoherently summing the contributions of the rotor, comprising blade loading
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Fig. 13. Experimental spectra and predicted harmonics of the far-field noise radiated by the two-bladed propeller with the D15 strut at L = 20 mm for
(@) [Bexps Pexpl = [0,7/2], () [Oerys Pexp] = [7/18, 01, (€) [Oexps Pexpl = [57/18,57/18], and (d) [y, Peyp] = [=7/3, 87/9]. The frequency axis is normalised
by the BPF, whereas the transparent markers denote conditions for which the acoustic compactness assumption imposed in the analytical model is
no longer valid.

(Eq. (1)) and thickness noise (Eq. (9)), and of the strut (Eq. (10)), reflecting the weakly coupled nature of the implemented models.
In the subsequent analysis, we compute the sound pressure levels L, with a reference pressure of 2 x 107 Pa. Fig. 12 shows the
resulting radiation pattern generated by the two-bladed propeller operating upstream of the D15 strut at the BPF, together with the
experimental data. At this frequency, the propeller-strut configuration exhibits the typical toroidal directivity of rotor steady loading
noise, with maximum sound levels radiated sideways in the rotor plane and minima along its axis. No effect of the strut is observed,
as noise at the fundamental frequency for a two-bladed propeller is expected to be determined solely by the mean aerodynamic
performance of the rotor and by the blade thickness. An excellent qualitative agreement is found between the prediction and the
measurements throughout the domain.

The computed BPF harmonics of the far-field pressure for the same propeller-strut configuration are compared with the exper-
imental spectra in Fig. 13 for several observer positions. Rotor and strut noise levels are shown separately, as well as their overall
contribution. In addition, only the BPF harmonics for which the assumption of acoustic compactness holds are highlighted (see Sec-
tion 3.1). For all considered locations, the model predicts the BPF amplitude within 1 dB, supporting the qualitative observations from
Fig. 12 and confirming that the contribution of strut loading noise at the fundamental frequency is negligible. When the observer lies
within the propeller disc and normal to the strut axis (Fig. 13a), noise at higher BPF harmonics predominantly originates from the
strut, as previously reported by Gojon et al. [13]. The analytical model accurately reproduces the envelope of the frequency hump
centred on the fifth harmonic, with deviations generally below 1dB, except between the fourth and seventh harmonics, where the
noise is slightly underestimated. These discrepancies may be attributed to physical mechanisms not captured by the model, such as
flow-separation effects or tip-vortex interactions. Interestingly, although its contribution to the harmonics is negligible, the unsteady
loading noise from the blades remains of the same order as the envelope of the sub-harmonics occurring at multiples of the shaft
frequency 0.5 BPF, which are attributable to possible rotor imbalance [13].
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Fig. 14. Experimental and predicted directivity patterns of the far-field noise radiated at the fifth harmonic of the BPF by the two-bladed propeller
with the D15 strut at L = 20 mm for (a) Dexp = 7/2, (b) Dexp = 05 (©) ey, = 57/18, and (d) Dexp = 87/9.

We also observe a general satisfactory agreement between the analytical calculations and the measurements when the observer
lies in the immediate vicinity of the strut axis (Fig. 13b). In this case, the noise radiated by the rotor exceeds that produced by the strut
up to the tenth BPF harmonic, because the observer is located near the direction of minimum radiation of the dipole associated with
strut loading noise, i.e. along its axis' At the third BPF harmonic, the predicted sound pressure level overestimates the experimental
level, which might be related to destructive interference between noise sources that is not encompassed by the model, as the rotor
and strut contributions are summed incoherently.

When the observer is positioned at an intermediate azimuthal angle and at a positive polar angle away from the rotor disc
(Fig. 13c), the predicted overall noise agrees well with the experimental spectra, and the harmonic envelope is accurately captured.

! Since the strut does not radiate along its axis, the strut loading noise model is not defined at [Oexps Pexpl = [0, 0]; this observer location is therefore
excluded from the present analysis.
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Fig. 15. Experimental spectra and predicted harmonics of the far-field noise radiated by the two-bladed propeller with the D20 strut at L = 20 mm
for (a) [Oexps Pexpl = [0, /2] and (b) [BOexps Pexpl = [z/18,0]. The frequency axis is normalised by the BPF, whereas the transparent markers denote
conditions for which the acoustic compactness assumption imposed in the analytical model is no longer valid.

In contrast, when it is placed at negative polar angles (Fig. 13d), the analytical calculations consistently overestimate the experimental
data for frequencies ranging from the second to the sixth BPF harmonics. A partial shielding effect in the measurements, caused by
the presence of the strut between the propeller and the microphones, could potentially contribute to this trend for 7/2 < ¢, < 37/2.

The radiation patterns of the far-field pressure computed at the azimuthal observer positions from Fig. 13 are shown in Fig. 14
for the fifth BPF harmonic, which is representative of the frequency hump associated with the potential-interaction contribution. In
general, the analytical model accurately predicts both the shape and amplitude of the experimental directivity profiles. In most cases,
the unsteady loading noise from the strut is found to dominate over that from the rotor, except at angles close to its axis, confirming
the findings of Gojon et al. [13]. Furthermore, the asymmetry in the radiation pattern observed in the measurements is not captured
by the prediction method, resulting in a slight underestimation at positive polar angles and a slight overestimation at negative ones,
as observed in the spectra in Fig. 13c, and d. Similarly, this behaviour could be attributed to phase-interference effects not considered
in the estimation of strut loading noise.

The results discussed above confirm that the proposed prediction method successfully describes the noise radiated by the rotor and
strut due to potential interactions for a specific propeller-strut arrangement. The focus is now shifted to assessing whether the model
can reproduce the effects of changes in the geometrical parameters of the system. For the sake of brevity, only the sound pressure
levels at two observer locations are considered in the following. Fig. 15 shows the comparison between the predicted BPF harmonics
and the experimental spectra for the two-bladed propeller operating upstream of the D20 strut while maintaining the same rotor-strut
separation distance as before. This configuration was selected by Vella et al. [22] for the validation of their prediction methodology.
In general, the same considerations made for Fig. 13 also apply to the larger strut. The total L, value at the BPF remains unchanged,
as the different strut has only a negligible influence on the steady loads of the propeller. Also in this case, for an observer on the
propeller disc and normal to the strut axis (Fig. 15a), the model for the strut unsteady loading noise captures the envelope of the
frequency hump centred on the fifth harmonic, although still with a slight underestimation of its levels, while the model for the
blade unsteady loading noise is closer to the frequency hump associated with the sub-harmonics. Moreover, the same overestimation
occurring at the third BPF harmonic for an observer orientated near the strut axis (Fig. 15b) is maintained here.

The satisfactory agreement between the analytical predictions and the experimental data for the D20 case also extends to the
directivity patterns at the fifth harmonic for ¢, = 7/2 and ¢, = 0, which are shown in Fig. 16a and b, respectively. Although the
prediction method is unable to reproduce the asymmetric distribution observed in the measurements, the deviation for positive polar
angles is smaller than in the D15 case and does not exceed 3 dB. This result indicates that the model correctly captures the domi-
nant physical mechanisms governing the propeller-strut potential interaction and that the simplifications made in the mathematical
derivations, e.g. in the discretisation of the induced velocity of the propeller (see Section 3.3), do not significantly compromise the
noise prediction accuracy.

We obtain a similar outcome for a strut with a smaller circular cross-section. The predicted BPF harmonics of the far-field pressure
for the two-bladed propeller operating upstream of the D10 strut are compared with the measurements in Fig. 17, whereas the
corresponding radiation patterns are shown in Fig. 18. As in the other configurations, for an observer lying within the propeller
disc and normal to the strut axis (Fig. 17), the model accurately predicts the sound pressure level at the BPF and the envelope of
the frequency hump around the fifth harmonic, although the experimental data are slightly more underestimated, particularly at
the second BPF harmonic. The more pronounced underprediction is also evident in the directivity profile at ¢, = z/2 (Fig. 18a),
especially for positive polar angles. These results are consistent with the previously observed trend, in which higher D, values lead
to more accurate strut loading noise predictions. The situation differs for an observer located near the strut axis (Fig. 17b), where the
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Fig. 16. Experimental and predicted directivity patterns of the far-field noise radiated at the fifth harmonic of the BPF by the two-bladed propeller
with the D20 strut at L = 20 mm for (a) Gexp = 7 /2 and (b) Gexp = 0.
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Fig. 17. Experimental spectra and predicted harmonics of the far-field noise radiated by the two-bladed propeller with the D10 strut at L = 20 mm
for (a) [Oexps Pexpl = [0,7/2] and (b) [Oexps Pexpl = [z/18,0]. The frequency axis is normalised by the BPF, whereas the transparent markers denote
conditions for which the acoustic compactness assumption imposed in the analytical model is no longer valid.

rotor contribution dominates. In this case, the experimental levels are correctly reproduced, including that at the third BPF harmonic.
Similarly, the comparison between the measurements and the analytical calculations at ¢.,, = 0 (Fig. 18b) exhibits a more consistent
agreement due to the predominance of noise generated by the propeller.

Finally, increasing the number of blades is expected to influence the unsteady loads on the strut, as the time interval between
consecutive blade passages decreases and the potential interactions that they induce occur more frequently. The predicted BPF
harmonics and the corresponding experimental spectra for the three-bladed and four-bladed propellers operating upstream of the
D15 strut are shown in Fig. 19 for the two considered observer positions. In these cases, the model slightly underpredicts the BPF
peak, most likely due to a more pronounced underestimation of the steady loads by the numerical flow solver compared to the two-
bladed configuration (see Fig. 8). Furthermore, the assumption that the presence of the strut does not affect the mean aerodynamic
performance of the rotor becomes progressively less valid as the propeller solidity increases, as noted by Gojon et al.[13] (see
Section 1). Focusing on higher frequencies, for B =3 (Fig. 19a and b), the frequency hump centred on the fifth BPF harmonic is
correctly predicted, with performance similar to the corresponding two-bladed propeller case.
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exp

In contrast, for B =4 (Fig. 19¢, d), we observe two different trends. When the rotor noise dominates, i.e. for observers close to
the strut axis, the experimental data are correctly reproduced, except for the discrepancy at the third BPF harmonic also observed
in the previous results. Conversely, when the strut noise dominates, the envelope shape is captured, but the measured sound levels
are significantly underpredicted, suggesting that, while the unsteady loading sources on the blades are well represented by the
inflow-distortion modelling, those on the strut are not adequately estimated. This effect may result from a higher sensitivity of the
flow-potential model in Eq. (12) to the aerodynamic input since the strength of the vortices that represent the blade passages is related
to the steady thrust generated by the propeller.

4.2. Struts with non-circular cross-sections

A modification in the cross-section shape of the strut alters both the inflow distortion it induces on the propeller disc and the
resulting unsteady loading imparted on its surface. Here, we consider the square cross-section strut tested by Gojon et al. [13], i.e. the
S10 configuration, to assess the capability of the model to reproduce the potential interaction generated by struts with non-circular
cross-sections. A representation of the potential flow past the S10 strut cross-section was previously shown in Fig. 4b, while Appendix A
reports a list of different geometries that can be described using the proposed conformal mapping, including the T10 configuration
from ISAE-SUPAERO.

Fig. 20 shows the comparison of the upwash disturbance contours on the propeller disc produced by the D10 and S10 struts.
Despite having the same frontal area, the two strut configurations induce different inflow distortions due to the higher blockage,
which, in turn, influences the unsteady loading noise from the propeller. The spanwise distribution of w is similar in both cases and
reflects the corresponding induced velocity profile of the rotor. This implies that optimising the local cross-section of the strut by
shape modification alone, while preserving structural integrity, is feasible and could reduce the inflow distortion in the region near
the blade tip, which contributes most significantly to the radiated noise.

The predicted BPF harmonics for the two-bladed propeller operating upstream of the S10 strut are shown in Fig. 21, together with
the experimental spectra for the same observer locations addressed above. Overall, the analytical calculations agree well with the
measurements, successfully capturing the shape of the frequency-hump envelope and the corresponding sound levels, which feature
slightly higher values with respect to the D10 case. This noise increase, previously reported by Gojon et al. [13], is directly linked to
the stronger inflow distortion observed in Fig. 20. Interestingly, the measured frequency hump associated with the BPF sub-harmonics
is considerably attenuated when compared to the circular cross-section strut. The origin of such a trend remains unclear at this stage.

The radiation patterns shown in Fig. 22 confirm the suitability of the method to predict the noise from this configuration. Fair
agreement is achieved between the experimental and analytical results for ¢, = z/2 (Fig. 22a), while the model slightly overpredicts
the measurements for ¢, =0 (Fig. 22b). By comparing these results with the directivity profiles in Fig. 18, it appears that the
noise increase on the rotor disc due to the more significant potential distortion is not maintained throughout the range of polar
angles, especially for z/6 < 6,,, < 7 /3, where comparable sound levels are observed. This behaviour suggests that the underestimation
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observed at positive polar angles for both the D10 and S10 strut configurations may result from an additional noise contribution not
accounted for by the analytical model and that is less sensitive to the strut architecture.

4.3. Struts with spanwise-varying cross-sections

In the previous sections, we extensively validated the proposed analytical framework for different propeller-strut arrangements
and far-field observers. The objective is now to employ it to infer general trends and guidelines for the aeroacoustic optimisation
of integrated propeller-airframe designs by investigating the geometrical parameters that can minimise potential-interaction noise.
To this end, the effect of the propeller-strut distance on the unsteady loading noise radiated at the second and fifth BPF harmonics
is shown in Fig. 23 for an observer on the propeller disc orientated perpendicularly to the strut axis, i.e. at [0y, $exp] = [0, 7/2].
Data are computed for various strut configurations and are expressed in Pa to more clearly highlight changes in acoustic pressure
as L varies. For m = 2, the pressure amplitude is maximum at the shortest propeller-strut distance and gradually decays for larger
L until it reaches a plateau, suggesting that, when the strut is farther away, the noise emitted at this frequency may be dominated
by the rotor steady loading and thickness noise. We observe a consistent trend across all cross-section diameters when the acoustic
pressure is expressed as a function of the non-dimensional parameter L/D,. Conversely, for m = 5, the sound level is considerably
higher in the vicinity of the strut and decays exponentially with increasing distances, becoming negligible for L/D, > 3. For in-
stance, when represented on a decibel scale, the amplitude of the fifth harmonic for the D15 case exhibits an approximately linear
decay with respect to the propeller-strut spacing, with an average slope of about —1.1dBmm~! over the considered range. This out-
come is consistent with the experimental findings of Gojon et al. [13] and aligns with the potential nature of the interaction under
analysis.
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Table 2

Parameters defining the investigated tapered circular cross-section struts. The
strut diameters linearly vary from the root to the tip of the propeller. For each
case, the strut axis is parallel to the rotor disc, implying that L remains constant.

Case # Sketch B(-) L(m) Dy (m) Dyip(m)
—— 1T ——
1 SEEm] 2 0.02 0.01 0.02
—— 1T 17—
2 W 2 002 0.02 0.01
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In view of the above, both the distance between the propeller and the strut and the blockage induced by the latter, which depends
on its size, are key parameters that significantly influence the potential-interaction noise radiation. This insight can guide the design of
supporting struts with cross-sections that change along the radius. As mentioned in Section 2, the strip approach used for discretising
the blade and strut loads allows the parameters D, and L to be expressed as functions of r. It is worth noting that the two-dimensional
strip formulation presented in Section 2.3 for the strut loading noise neglects the influence of the potential field generated at other
radii. This approximation is generally acceptable for straight cylinders but may become less accurate for tapered geometries, where
the inboard contribution to the local potential field can be comparatively stronger. To mitigate this effect, we assume D, and L to
vary slowly with r.

With the goal of analysing the impact of a spanwise-varying cross-section on the noise emissions, we considered two reference
cases of tapered struts, where the cross-section diameter changes progressively from the root to the tip of the propeller: one with
D, monotonically increasing from root to tip (Case 1) and the other with D; monotonically decreasing from root to tip (Case 2). In
both scenarios, the distance between the strut axis and the propeller disc remains constant. The geometrical parameters defining the
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Fig. 25. Predicted directivity patterns of the far-field noise radiated at the fifth harmonic of the BPF by the two-bladed propeller with the tapered
circular cross-section struts outlined in Table 2 and the D15 strut for (a) ¢, = 7/2 and (b) ¢, = 0.

reference cases are listed in Table 2. It should be emphasised that these strut configurations are intended here as didactic examples
and are not meant to represent realistic designs.

Fig. 24 shows the predicted BPF harmonics for the two-bladed propeller operating upstream of the two tapered struts. The reference
case associated with the D15 strut, which features approximately the same surface area as the tapered configurations, is also included
as a baseline for comparison purposes. The analysis focuses on two observers positioned normal to and in the vicinity of the strut
axis. The sound pressure levels at the BPF are identical across all configurations, as they are dominated by rotor steady loading and
thickness noise. In contrast, for both observer positions, the noise levels at higher harmonics display significant differences, with
Case 2 being consistently quieter than Case 1. Notably, the AL, between the two tapered cases increases with increasing frequencies,
ranging from 1.4 dB at the second harmonic to 9.7 dB at the tenth harmonic for ¢, = 7/2 (Fig. 24a) and from 0.2dB to 8.5dB over the
same range for ., = 0 (Fig. 24b). The baseline configuration exhibits acoustic pressure levels that generally fall between those of the
tapered designs throughout the frequency range. The maximum AL, between the baseline and Case 2 is also found at high frequencies
and reaches 5dB and 4.4 dB at the tenth harmonic for ¢, = 7/2 and ¢, = 0, respectively. Focusing on the fifth harmonic, the AL,
values remain nearly constant across all polar angles, as shown by the corresponding radiation patterns in Fig. 25. These results
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demonstrate that local variations in strut geometry within the region of dominant sound generation can produce substantial changes
in the radiated far-field noise.

5. Conclusion

This research work presents an analytical methodology to predict the potential-interaction tonal noise in a propeller-strut ar-
rangement with minimal mathematical effort and low computational cost. Individual models describing blade loading noise, blade
thickness noise, and strut loading noise are implemented and validated with an open-source database based on measurements from
ISAE-SUPAERO. The aerodynamic sources and their sound radiation are modelled separately, with the former represented using po-
tential flow solutions and the latter evaluated through Hanson’s theory. In this framework, we propose a novel approach based on
hypotrochoidal conformal mapping to describe the potential flow around polygons of various shapes, with the aim of predicting the
unsteady loading sources generated by struts featuring non-circular cross-sections.

The model uses as input the spanwise distributions of the steady loads produced by an isolated propeller, which are assumed
not to be affected by the presence of the strut and are estimated through an unsteady panel solver based on the surface vorticity
method. The numerical results show reasonable agreement with the experimental static loads, exhibiting deviations of less than 8 %
in thrust and 3 % in torque for a two-bladed propeller operating at 8000 rpm. The discrepancy becomes more pronounced for higher
numbers of blades, particularly in the case of the three-bladed propeller, suggesting that some physical mechanisms influencing the
mean aerodynamics of the rotor are not fully encompassed by the mid-fidelity method. Nevertheless, despite its intrinsic limitations,
this approach provides aerodynamic input data of sufficient accuracy for use within the noise prediction model while requiring only
a fraction of the computational cost of higher-fidelity simulations. Such a trade-off makes it an attractive option for both industry
and research applications.

We validate the analytical method against measurements for struts with different cross-section diameters and shapes, varying
blade numbers, and multiple far-field observer locations. Overall, a satisfactory agreement is reached between the predictions and
the experimental data for all BPF harmonics where the assumption of acoustic compactness remains valid, implying that the dominant
physics of the propeller-strut potential interaction are correctly captured. For the two-bladed propeller, we estimate the sound pressure
levels at the BPF, which are primarily governed by steady loading and thickness noise, with an accuracy within 1dB across all
directivity angles, confirming the suitability of our numerical approach for providing input data.

At higher harmonics, the model accurately reproduces the envelope shape of the frequency hump associated with potential interac-
tion and estimates its level within 3 dB for most observer positions. More substantial deviations appear only at specific BPF harmonics
or at polar angles far from the rotor disc. This may be attributed to secondary noise generation mechanisms that are not represented
in the mathematical formulation, such as tip-vortex interaction or phase interference, with the latter being neglected since the rotor
and strut contributions are summed incoherently. Moreover, the prediction results are found to be more accurate when the distortion
is more significant, i.e. for larger strut diameters. In this regard, we can infer that, when the strut blockage reduces, the unsteady
loading noise associated with the potential interaction contributes less to the overall noise. This allows other physical mechanisms of
viscous nature, also neglected in the model, to become more relevant.

For propellers with a higher number of blades, the prediction accuracy decreases, particularly in the estimation of the unsteady
loading noise from the strut, which appears to be more sensitive to the aerodynamic input. In addition, the assumption that the strut
has a negligible effect on the aerodynamic performance of the propeller becomes less valid as the rotor solidity increases, leading to
further underestimation of the steady loads. A more accurate numerical computation of the steady aerodynamic input of the rotor in
the presence of the strut would be required in this case.

The analytical framework is then successfully applied to predict the potential interaction noise radiated by a propeller operating
upstream of a square cross-section strut, thereby validating the use of the conformal-mapping approach. The results show that a square
cross-section induces a stronger inflow distortion on the propeller disc than an equivalent circular cross-section of approximately the
same size, thus affecting the associated unsteady loading noise. The methodology is not restricted to the specific mapping considered
in this study but provides a general basis for reproducing a broad range of strut geometries and configurations. The possibility
of prescribing arbitrary strut shapes opens novel opportunities for noise prediction models that have not yet been explored in the
aeroacoustic community.

Finally, we demonstrate the capability of the proposed methodology to serve as an optimisation tool for UAV design through a
parametric study assessing the influence of the strut-propeller distance on potential interaction noise. The sound produced by both
the propeller and the strut due to unsteady loads is found to decay exponentially with increasing distances, becoming negligible
for L/D, > 3, in agreement with the literature. This finding has relevant implications for the design of struts with spanwise-varying
cross-sections. Results from two tapered strut configurations, in which the cross-section diameter gradually changes from the blade
root to the tip, show that a local variation in the strut geometry within the region of dominant noise sources, e.g. at r/r;, ~ 0.8 — 0.9,
can lead to dramatic modifications in the radiated far-field noise. This application confirms that, despite its limitations and underlying
assumptions, the proposed analytical approach can be effectively used to capture trends and variations in response to changes in input
data, providing the level of accuracy required to identify minimum-noise UAV configurations in the early-stage design phase.
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Appendix A. Conformal mapping parameters for various polygonal shapes

Table A.1

Parameters defining various polygonal shapes obtained using the hypotrochoidal
mapping function with reference to the sketch in Fig. 4a. The dashed lines indi-
cate the reference prescribed geometry, while the solid lines show the resulting
hypotrochoidal curve.

Hypotrochoid N =Rq/R, () Ra/Ds() p/R. () 6 (rad)

2 0.75 0.33 /2
3 0.62 0.58 Tn/6
4 0.77 0.42 /4
5 0.55 0.35 /2

A set of polygonal shapes reproducible with the hypotrochoidal mapping function in Eq. (19), along with the parameters defining
them, is given in Table A.1. Curves for N ranging from two to five are included. For each case, we specify the radius of the directing
circle R, and the offset p, which controls the smoothness of the corners, in order to reproduce a regular polygon with a side length
of D,, or, for the vertical ellipse, major and minor axes of D, and D,/2. These data are meant to offer an easy way to model the
potential flow around struts with realistic cross-sections.
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