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This paper investigates the prediction accuracy and time efficiency of two distinct low-fidelity methods for 
predicting the tonal and broadband noise of a drone rotor in axial and non-axial inflow conditions. These are 
both derived from an aerodynamic rotor model based on the blade element momentum theory, respectively 
coupled with a time- and a frequency-domain solution of the Ffowcs Williams-Hawkings integral equation 
applied to a radial distribution of acoustically compact and non-compact sources. Experimental data and scale-

resolving lattice-Boltzmann/very-large eddy simulation results for a two-bladed small unmanned aerial system 
in transitional boundary layer conditions are used to validate the low-fidelity approaches. Comparison between 
low-fidelity, high-fidelity and experimental results reveal that the underlying sound generation mechanisms are 
accurately modeled by the low-fidelity methods, which therefore constitute a valid tool for the preliminary design 
of quiet drone rotors and for the estimation of the community noise impact of drone operations.

1. Introduction

Recent advancements in battery technology and the effective deploy-

ment of distributed electric propulsion systems in various unmanned 
aerial vehicles and urban air mobility platforms have highlighted the 
growing adoption of multi-propeller configurations as the preferred 
propulsion method. While these innovations offer significant perfor-

mance advantages, they also pose a substantial challenge: community 
noise impact, particularly during low-altitude operations in densely pop-

ulated urban settings. This noise concern represents a key obstacle to the 
broader integration and future deployment of air mobility and drone op-

erations within urban environments.

Propeller noise spectra are characterized by the presence of both 
tonal and broadband components. Tonal noise arises from deterministic 
sources, including thickness noise, which is due to the fluid displaced 
by the moving blades, steady-loading noise, which is caused by the 
steady forces acting on the blades, and unsteady-loading noise, which 
primarily results from local distortions in the inflow or non-axial in-

flow conditions, say when the propeller shaft is not aligned with the 
incoming airflow. In non-axial inflow, each blade experiences periodic 
variations in the local angle of attack, leading to fluctuations in blade 
loading that generate periodic unsteady-loading noise at harmonics of 
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the blade-passage frequency (BPF) [1]. This situation commonly oc-

curs in maneuvering conditions, such as during take-off or landing of 
propeller-driven aircraft, and during vertical/horizontal flight conver-

sion of vertical takeoff and landing (VTOL) vehicles. In both cases, the 
noise impact on the exposed communities must be properly evaluated 
and regulated, as recently discussed in [2]. This study focuses on the 
prediction of unsteady-loading noise generated under non-axial inflow 
conditions, assuming a uniform inflow without local distortions. Broad-

band noise, on the other hand, includes turbulence ingestion noise, 
blade-wake interaction noise, and blade self-noise. The latter originates 
from turbulent pressure fluctuations in the boundary layer or from sep-

arations and vortex shedding. Most notably, self-noise is due to the scat-

tering of turbulent boundary layer fluctuations by the trailing edge [3]. 
This is the only broadband noise generation mechanism considered in 
the present study.

High-fidelity (H-F) numerical approaches, which combine compu-

tational fluid dynamics (CFD) simulations with the Ffowcs-Williams 
Hawkings (FW-H) acoustic analogy, are widely used to study propeller 
noise. Among these methods, the lattice-Boltzmann/very large eddy 
simulation (LB/VLES) method, has been applied to different classes of 
rotor aeroacoustic problems, including small propellers for unmanned 
aerial systems [4–7], larger propellers for urban air mobility vehi-
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Nomenclature

𝐵 number of blades

𝑐 blade chord

𝑐0 sound speed

𝐶𝑑 2D drag coefficient

𝐶𝑙 2D lift coefficient

𝐶𝜕𝑟𝑇
𝜕𝑟𝑇 ∕(𝜌𝑛2𝐷3)

𝐶𝜕𝑟𝑄
𝜕𝑟𝑄∕(𝜌𝑛2𝐷4)

𝐷 propeller diameter

𝐽 advance ratio, 𝐽 = 𝑉∞∕(𝑛𝐷)
𝑀∞ free stream Mach number

𝑚 acoustic harmonic number

𝑛 rotational speed, 𝑛 =Ω∕2𝜋
𝑄 torque

𝑅𝑒 Reynolds number

𝑅 blade radius

𝑟 radial coordinate

Δ𝑟 width of a blade element

𝑇 thrust

𝑉∞ free stream velocity

𝑉𝐴 axial component of 𝑉∞
𝑉𝑍 in-plane component of 𝑉∞
𝑉𝑎 sectional axial velocity

𝑉𝑖 sectional induced velocity

𝑉𝑡 sectional tangential velocity

𝑊 sectional relative velocity

𝛼 airfoil angle of attack

𝛼𝑃 propeller angle of attack

𝛽 blade twist angle

𝜙 inflow angle

𝜓 azimuthal angle

𝜕𝑟𝑇 sectional thrust

𝜕𝑟𝑄 sectional torque

𝜌 fluid density

Ω rotational frequency

cles [8], and electric passenger-aircraft [9], under different operating 
conditions, ranging from hovering [4–7] to forward flight [9,10], and in 
non-axial inflow conditions [5,7]. H-F simulations become prohibitively 
expensive when evaluating propeller noise under several non-axial in-

flow conditions, such as during takeoff flight. This is especially chal-

lenging when optimizing low-noise flight procedures and trajectories, 
which often require thousands of simulations across different flight and 
operating conditions [8]. As a result, there is a growing need for com-

putationally efficient and reliable methods to predict propeller noise for 
flight mission analysis and community noise assessment.

Low-fidelity (L-F) approaches, on other hand, predict propeller noise 
by coupling aerodynamic and acoustic models. The accuracy of these 
L-F methods largely depends on the aerodynamic model used. Among 
the popular methods, blade element momentum theory (BEMT) is com-

monly employed for preliminary aerodynamic analysis and rotor design, 
particularly for propellers and wind turbines. BEMT has proven consis-

tently reliable in producing results that align closely with experimental 
data, while maintaining low computational costs [4,11,9,12]. However, 
the BEMT used in these studies assumes a uniform axial inflow and thus 
cannot account for contributions from unsteady loading of the propeller 
at incidence. In this study, the BEMT approach is extended to predict un-

steady loading on a propeller operating under non-axial uniform inflow. 
While the current work focuses on isolated rotors, the methodology can 
be adapted to multi-rotor configurations by incorporating wake induc-

tion effects from adjacent rotors, as demonstrated in recent work by 
Usov et al. [13].

From a theoretical standpoint, the solutions derived from the FW-H 
equations, which describe the noise radiation resulting from arbitrary 
motions of surfaces in a fluid, offer a comprehensive approach that con-

siders the effects of various noise generation mechanisms. Notably, for-

mulations such as Farassat 1 and 1A are extensively used to calculate the 
noise generated by rotating machines, including propellers translating 
with an incidence in a quiescent medium [14]. As an alternative to these 
formulations, Ghorbaniasl and Lacor [15] introduced a time-domain 
moving medium formulation that explicitly considers the aerodynamic 
and acoustic effects of non-axial inflow with arbitrary direction. In an 
effort to enhance computational efficiency and applicability from tran-

sonic to supersonic tip speeds, Ghorbaniasl et al. [16] later proposed a 
frequency-domain version of the time-domain moving medium formu-

lation. In the current study, two different BEMT approaches - extended 
to model unsteady loadings under non-axial inflow conditions - are cou-

pled to a frequency-domain FW-H formulation derived by Ghorbaniasl 
et al. [16] and a compact monopole/dipole forward-time Farassat’s 1A 
formulation [17], respectively, in order to predict the noise radiated by 

propellers at incidence. This represents the first original contribution of 
this research.

Despite the existence of several L-F approaches, their computational 
accuracy and efficiency have not been comprehensively examined. To 
address this gap, the aforementioned two L-F approaches are compared 
in terms of computational accuracy and runtime against H-F simula-

tion results and wind tunnel measurement data obtained from previous 
benchmark studies [4,5]. This comparison constitutes the second origi-

nal contribution of this paper.

The remainder of the paper is organized as follows. In Section 2, an 
overview of the L-F approaches is presented. The reference propeller and 
H-F simulation setup are presented in Section 3. The results are discussed 
in Section 4. Finally, conclusive remarks are reported in Section 5.

2. Overview of low-fidelity methodologies

In this study, two different low-fidelity rotor aeroacoustic solvers 
are considered: LOPNOR, an in-house code developed by the leading au-

thor, and Opty𝜕𝐵-BEMT/Opty𝜕𝐵-PNOISE, part of the multi-purpose toolkit 
SIMULIA Opty𝜕𝐵®. Both solvers follow a two-step approach. First, they 
compute aerodynamic loads and boundary layer properties along the 
blade span using a BEMT method: LOPNOR incorporates XFOIL [18], 
while Opty𝜕𝐵-BEMT uses an embedded 2D viscous panel code [4]. Sec-

ond, they calculate tonal noise by assuming a radial distribution of 
equivalent thickness and loading noise sources, and trailing-edge noise 
by means of a semi-analytical formulation based on the boundary layer 
properties in proximity of the trailing edge. LOPNOR is only able to 
compute the tonal noise radiation. The aerodynamic and aeroacoustic 
models used in both solvers are briefly outlined below.

2.1. LOPNOR

The LOPNOR solver is initially validated against H-F simulation re-

sults and outdoor measurements [9]. The BEMT approach employed in 
LOPNOR assumes uniform axial inflow and, therefore, cannot account 
for unsteady (periodic) loadings from the propeller at incidence. This 
limitation is addressed by an extended BEMT approach that accounts 
for the unsteady effects, which will be outlined in the following section.

When a propeller operates in non-axial inflow, the freestream veloc-

ity 𝑉∞ is decomposed into two components: 𝑉𝐴 along the rotation axis 
and 𝑉𝑍 in the rotor disk plane, with respect to the propeller incidence 
angle and rotational axis, as illustrated in Fig. 1. Due to the nonzero in-

cidence angle 𝛼𝑃 , both the local velocity and the angle of attack 𝛼 for 
each blade section vary with the azimuthal position 𝜓 on the rotor disk. 
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Fig. 1. Illustration of propeller operating in non-axial inflow and propeller co-

ordinate system (adapted from [19]).

Consequently, an imbalance of lift and drag forces occurs on a blade sec-

tion over a full revolution. These imbalances create a pitching moment 
𝑌 around the 𝑌𝑝 axis and a rolling moment 𝑍 around the 𝑍𝑝 axis. Ad-

ditionally, 𝑉𝐴 = 𝑉∞ cos𝛼𝑃 reduces the freestream velocity effect in the 
axial direction, while 𝑉𝑍 = 𝑉∞ sin𝜓 introduces a variation in cross flow 
dependent on the blade azimuthal position, 𝜓 , which will be discussed 
further below.

As illustrated in Fig. 2, on the advancing side of the propeller, where 
0 < 𝜓 < 𝜋, the in-plane component of the freestream 𝑉𝑍 aligns with the 
direction of blade rotation. This alignment increases the tangential ve-

locity at a blade element, expressed as 𝑉𝑡(𝜓) = 𝑟Ω + 𝑉∞ sin𝛼𝑃 sin𝜓 −
𝑉𝑖𝑇 , with 𝑉𝑖𝑇 representing the tangential component of the induced 
velocity. The axial velocity on the advancing blade side is given by 
𝑉𝑎(𝜓) = 𝑉∞ cos𝛼𝑃 + 𝑉𝑖𝐴 and is independent of 𝜓 . Consequently, the lo-

cal relative wind speed 𝑊 (𝜓) =
√
𝑉 2
𝑎
+ 𝑉 2

𝑡
increases. The inflow angle 

𝜙(𝜓) on the advancing side is then expressed as:

𝜙(𝜓) = tan−1

(
𝑉∞ cos𝛼𝑃 + 𝑉𝑖𝐴

𝑟Ω+ 𝑉∞ sin𝛼𝑃 sin𝜓 − 𝑉𝑖𝑇

)
. (1)

On the retreating side of the propeller, as depicted in Fig. 2b, where 
𝜋 < 𝜓 < 2𝜋, the in-plane component of the freestream, 𝑉𝑍 , opposes the 
direction of blade rotation. This opposing direction reduces the tangen-

tial velocity, 𝑉𝑡(𝜓) = 𝑟Ω − 𝑉∞ sin𝛼𝑃 sin𝜓 − 𝑉𝑖𝑇 , and consequently, the 
local relative wind speed, 𝑊 (𝜓). The inflow angle is determined by the 
following relation:

𝜙(𝜓) = tan−1

(
𝑉∞ cos𝛼𝑃 + 𝑉𝑖𝐴

𝑟Ω− 𝑉∞ sin𝛼𝑃 sin𝜓 − 𝑉𝑖𝑇

)
. (2)

Following the BEMT formulation in the axial inflow case [9], the 
sectional thrust and torque on an annulus of width Δ𝑟 can be obtained 
by establishing a BEMT balance for the non-axial inflow case as follows:

Δ𝑇 (𝜓, 𝑟) = 4𝜋𝑟𝜌(𝑉∞ cos𝛼𝑃 + 𝑉𝑖𝐴)𝑉𝑖𝐴Δ𝑟

= 1
2
𝜌𝑜𝑊

2𝑐(𝐶𝑙 cos𝜙−𝐶𝑑 sin𝜙)𝐵Δ𝑟, (3)

Δ𝑄(𝜓, 𝑟) = 4𝜋𝑟3𝜌(𝑉∞ cos𝛼𝑃 + 𝑉𝑖𝐴)𝑉𝑖𝑇Δ𝑟

= 1
2
𝜌𝑜𝑊

2𝑐(𝐶𝑙 cos𝜙+𝐶𝑑 sin𝜙)𝐵𝑟Δ𝑟, (4)

where 𝑟 is the blade radial coordinate, 𝜌 is the fluid density and 𝑐 is 
the blade sectional chord, 𝐵 is the number of blades. The local angle of 
attack, 𝛼(𝜓), is determined by the difference between the blade twist 
angle, 𝛽, and the inflow angle, 𝜙(𝜓), such that 𝛼(𝜓) = 𝛽 − 𝜙(𝜓). The 
Eqs. (3)-(4) are solved in an iterative procedure with initial guesses 
for the axial and tangential induced velocities. Upon determining the 
Reynolds number (Re) and angle of attack seen by a blade element at 
each 𝜓 , the associated lift and drag coefficients 𝐶𝑙 and 𝐶𝑑 are interpo-

lated from the 2D meshes of 𝐶𝑙(Re, 𝛼) and 𝐶𝑑 (Re, 𝛼) values at each 𝜓
established in a prior step.

The discussion above assumes a quasi-steady condition, implying 
that the aerodynamic response to changes in inflow angle occurs in-

stantaneously. However, under non-axial inflow, the blade sectional 
response is delayed due to downwash at the leading edge, reducing 
lift coefficient and causing a phase lag between inflow variation and 
aerodynamic response [20]. Accounting for these unsteady effects im-

proves predictions of blade force temporal response and in-plane loads 
compared to quasi-steady solutions [21,22]. This work applies the Sears 
function to account for unsteady effects, following a similar approach 
used in previous work by van Arnhem et al. [22]. This method converts 
the quasi-steady radial load distributions, given by Eqs. (3)-(4), into the 
frequency domain and applies corrections using the Sears function. Fur-

ther details can be found in [22].

Aeroacoustic calculations are performed by implementing the fre-

quency-domain solution of the convected FW-H equation, as derived by 
Ghorbaniasl et al. [16]. This formulation explicitly incorporates both 
aerodynamic and acoustic effects of non-axial inflow. A notable dis-

tinction of this formulation, in contrast to the time-domain approach 
presented in [15], is its freedom from the Doppler singularity and sim-

pler expression of acoustic source terms compared to those of the time-

domain formulation. In the following sections, this solver will be re-

ferred to as LOPNOR-FWH. The solver operates on a single-core, unlike 
Opty𝜕𝐵-PNOISE, which, as discussed in the following section, supports 
concurrent execution across multiple cores. All computations are per-

formed on a laptop equipped with an Intel Core i9 2.3 GHz processor.

2.2. Opty𝜕B

The rotor aeroacoustic L-F model available in Opty𝜕𝐵 has been de-

scribed in [4]. Similarly to LOPNOR, it is based on a BEMT model sup-

plied by Opty𝜕𝐵-BEMT, with sectional aerodynamic polars and boundary 
layer properties computed with an embedded proprietary viscous panel 
code based on Drela and Giles’ method [23]. The radial distribution 
of lift and drag coefficients are then converted by Opty𝜕𝐵-PNOISE into 
constant pressure distributions on the three faces of a radial wedge of 
the same sectional area of the original blade, following the compact 
monopole/dipole formulation put forward in [17]. In order to take into 
account the effects due to sweep/lean angular deflection of the blades, 
the original definition of the leading- and trailing-edge lines is kept in 
the surrogate geometrical model of the blade. Moreover, as recently 

Fig. 2. Flow directions of advancing and retreating blade sections [19]. 
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Fig. 3. Propeller geometry, airfoil chord and twist spanwise distributions. 

shown in [24], the model is able to account for a circumferential vari-

ation of the blade geometry and angular spacing, the latter having at-

tracted also the interest of drone rotor researchers [25]. A time-domain 
acoustic analogy calculation is then applied by automatically executing 
Opty𝜕𝐵-FOXWHAWK, which makes use of a forward-time formulation of 
Farassat 1A formulation [26]. This results in periodic noise signals due 
to the fluid displacement and to the steady loading applied on the blades. 
In the presence of a non-axial flow, the sectional upwash velocity is eval-

uated along the rotor revolution, subsequently Fourier-transformed in 
time, and finally used to calculate an unsteady lift fluctuation by means 
of a von Kármán-Sears model. The corresponding pressure distribution 
is added to the steady contribution prior the FW-H calculation. This 
results in periodic noise signals due to both steady and unsteady load-

ings applied on the blades. A stochastic inflow turbulence model can be 
also used to calculate turbulent unsteady loading, but this model is not 
used in the present study. The noise radiated by the turbulent boundary 
layer is finally computed by means of a finite-chord thin airfoil semi-

analytical model, with leading-edge acoustic back scattering taken into 
account [27]. A Corcos model is used to estimate the spanwise correla-

tion length, but desingularized in the zero-frequency limit by means of 
the damping function 1 − e−�̃�

2∕0.09, where �̃� = 𝜔𝛿∗∕𝑈𝑒 is the reduced 
frequency based on the sectional boundary layer displacement thickness 
and edge velocity, while the wall-pressure spectra at the trailing edge 
are computed using a revisited version of Schlinker & Amiet model [28], 
fed with boundary layer properties extracted at 97.5% and 95.0% of the 
chord on the suction and pressure side, respectively. The broadband 
noise spectra are converted into stochastic signal contributions added 
to the periodic noise signatures.

3. Reference propeller and LB/VLES numerical setup

The geometry herein considered is a two-bladed propeller designed 
at TU-Delft (Fig. 3a) and extensively examined in previous experimen-

tal [29,30] and numerical [4,5,31,6] studies. It is characterized by a 
radius 𝑅 = 0.15 m and NACA 4412 airfoil sections, which are merged 
with the propeller hub by elliptical sections (for 𝑟∕𝑅 < 0.2). The airfoil 
chord and twist spanwise distributions are provided in Fig. 3b. The pro-

peller hub radius is 1.25 cm and connected to a nacelle of 5 cm diameter 
and 52 cm length.

In this work, the propeller is operated at fixed angular velocity 
(𝑛 = 83.33 RPS, i.e. Ω = 523.6 rad/s) and 𝑉∞ = 10 m/s, resulting in 
an advance ratio 𝐽 = 0.4 and a BPF of 166.67 Hz. The resulting tip 
Mach number is 0.23 and the Reynolds number 𝑅𝑒 based on the chord 
at 75% of the radius is about 9 ⋅ 104. Two different values of the pro-

peller yaw angle are considered to investigate the effects of an angular 
inflow, namely 𝛼𝑃 = 0◦ and 15◦. The free-stream static pressure and 
temperature considered are 𝑝∞ = 99000 Pa and 𝑇∞ = 293.15 K, respec-

tively.

H-F simulations have been carried out by means of the commercial 
CFD software SIMULIA PowerFLOW®. Fig. 4 shows the computational 
setup [5], which was used to generate the high-fidelity reference data 
used to validate the L-F methodologies herein proposed. The fluid do-

main is a spherical volume of 325𝐷 radius centered around the pro-

peller. Free-stream static pressure and velocity, and turbulence intensity 
of 0.1% of the free-stream velocity are prescribed on its outer bound-

ary. The experimental anechoic wind tunnel geometry is not modeled 
in the computational setup. However, an acoustic sponge is used to 
dissipate the out-going acoustic waves and minimize the backward re-

flection from the outer boundary, thus reproducing a digital anechoic 
environment. The acoustic sponge is defined by two concentric spheres 
of radius 15𝐷 and 55𝐷, respectively, centered around the propeller. The 
fluid kinematic viscosity is gradually increased starting from its physical 
value within the inner sphere, up to an artificial value two orders of mag-

nitude higher outside the outer one. A zig-zag transition trip is employed 
on the suction side of the blade to facilitate the VLES scheme transi-

tioning from a scale-modeling to scale-resolving behavior, thus allowing 
the formation of turbulent structures within the boundary layer causing 
trailing-edge noise radiation. The zig-zag trip is characterized by a thick-

ness of 0.17 mm, amplitude and wavelength of 0.9 mm, and is located at 
25% of the chord on the suction side of the blade for 𝑟∕𝑅 > 0.2 (Fig. 4). 
No trip is used on the blade pressure side, since no laminar-to-turbulent 
boundary layer transition is expected to occur based on the Opty𝜕𝐵-BEMT 
computations. This approach has been successfully validated in previ-

ous studies on the prediction of the performances and tonal/broadband 
noise radiation of a low-speed propeller in axial and non axial inflow 
conditions [4,32,5]. It is worth mentioning that these simulations have 
been performed before the introduction of a new VLES model in Pow-

erFLOW that, when the mesh resolution is sufficiently high, promotes 
a spontaneous transition between modeled to resolved turbulence [31] 
in the boundary layer, without the need of a physical trip. This new 
model is also key to predict the occurrence of laminar separation bub-

bles.

Fig. 4 shows the details of the computational setup and grid close 
to the propeller geometry. The propeller and hub are encompassed by a 
volume of revolution that defines the Local Reference Frame (LRF), i.e. 
the rotating sliding mesh domain used to enable the propeller rotation. 
The solid FW-H integration surface used to compute the far-field noise 
radiation coincides with the propeller, hub and nacelle surfaces. A total 
of 16 Variable Resolution (VR) regions are used to discretize the whole 
fluid domain, with the finest resolution level (VR15) placed around the 
blade trip and trailing-edge. A resolution of 200 voxels along the mean 
chord (22.85 mm) is used in the second finest resolution level (VR14), re-

sulting in a smallest voxel size of 0.06 mm, a mean 𝑦+ ≃ 5 on the blade 
surface and an overall mesh size of 107 million voxels. The computa-

tional cost is 840 CPUh/rev on a 430 cores cluster with Intel Xeon CPU 
E5-2697 2.6 GHz. The whole fluid domain is initialized with the instan-

taneous flow solution from a statistically converged coarser simulation. 
Hence, after a settling time corresponding to 2 propeller revolutions, 
the sampling of relevant flow data is started for 10 additional revolu-

tions. Acoustic data is sampled at 365 kHz with spatial averaging of 
0.5 mm on the solid FW-H integration surface. Fourier transformed data 
is obtained with 2 Welch blocks, 50% overlap and Hanning windowing, 
corresponding to a bandwidth of 16.6 Hz (BPF 0.1).
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Fig. 4. Sketch of computational setup (left, not drawn to scale) and near body grid (right). (For interpretation of the colors in the figure(s), the reader is referred to 
the web version of this article.)

Fig. 5. Fluctuating thrust (top) and torque (bottom) coefficient for the 𝛼𝑃 = 15◦ case. 

4. Results

4.1. Unsteady thrust and torque distributions on the rotor disk

The L-F prediction capabilities of the unsteady thrust and torque dis-

tributions on the rotor disk are investigated by comparing results with 
reference H-F data. The fluctuating, mean-removed, sectional thrust and 
torque distributions, 𝐶 ′

𝜕𝑟𝑇
and 𝐶 ′

𝜕𝑟𝑄
, are compared in Fig. 5. As expected, 

due to the non-axial flow condition, a classical 1-rev asymmetric pattern 
of the disk loading is obtained. More specifically, two distinctive fea-

tures are visible in both the H-F and L-F results. First, the highest and 
lowest values occur slightly after 𝜓 = 90◦ and 𝜓 = 270◦, respectively. 
This is due to the delayed blade aerodynamic response to the upwash 
velocity variation that, in the L-F methods, is taken into account by the 
unsteady aerodynamics airfoil response. Second, variations on the ad-

vancing side are higher than those on the retreating side, primarily due 

to the larger increase in the local airfoil angle of attack on the advanc-

ing side compared to its reduction on the retreating side [5]. Both L-F 
approaches capture these features.

The H-F results exhibit the presence of some irregularities that are at-

tributed to the following aspects. The first one is the presence of the trip 
in the simulations, which generates local flow fluctuations and makes 
the sectional load extraction more difficult. The second is related to the 
sectional load extraction procedure that was not very robust at the time 
when these loads were evaluated. A new procedure is currently in place 
and it will be used in future to update these results.

Finally, it is interesting to notice that both the H-F and the LOPNOR-

BEMT torque distributions exhibit a double main lobe pattern, with a 
small drop around 𝑟∕𝑅 = 0.5. This pattern is not visible in the Opty𝜕𝐵-

BEMT results. Due to the presence of the aforementioned artifacts in the 
H-F loading extraction procedure, it is not meaningful to speculate on 
the physical nature of this feature at the present stage.
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Fig. 6. Sketch of the microphone array used of far-field noise computation. 

Fig. 7. Far-field noise spectra at three microphones on array 1 and both axial (top) and non-axial flow conditions (bottom). 

4.2. Far-field noise spectra

The L-F prediction capabilities of far-field noise are examined in 
this subsection by comparing the L-F results against the H-F results and 
the wind tunnel measurements. As illustrated in Fig. 6, three different 
microphones, vertically aligned along two opposite linear arrays, are 
considered: Mic. 3, located at (0.6, 1.2, 0.0) m in a free-stream and hub-

centered reference system, and Mic. 11 (-0.6, 1.2, 0.0) m are positioned 
outside the untitled propeller plane (𝛼𝑃 = 0◦), while Mic. 7 (0.0, 1.2, 
0.0) m is located within the untitled propeller plane.

The far-field noise spectra are computed for all microphones on ar-

ray 1 for both axial and angular inflow cases and compared against 
data from H-F and experimental measurements, as shown in Fig. 7. For 
𝛼𝑃 = 0◦, at Mic. 3, LOPNOR shows good agreement with the measure-

ments at the first and second BPF harmonics, while Opty𝜕𝐵 underpre-

dicts the tonal peaks at both BPF harmonics. At Mic. 7, both LOPNOR and 
Opty𝜕𝐵 show good agreement at the first BPF with both measurements 
and H-F data, but they underpredict the tonal peaks of the second BPF 
compared to the measurements, while showing good agreement with the 
H-F data. At Mic. 11, both L-F predictions exhibit a very good agreement 
with the measurements and the H-F data at both BPF harmonics. For all 
microphones, Opty𝜕𝐵 shows a fairly good agreement with the H-F re-

sults across the whole frequency range. In contrast, LOPNOR only shows 
emerging tonal peaks up to the third harmonics, with significantly lower 

values at the third BPF harmonic due to its lack of broadband noise cal-

culation capability. This limitation will be addressed in future studies.

For 𝛼𝑃 = 15◦, an overall increase in noise levels at all microphones is 
observed compared to 𝛼𝑃 = 0◦, particularly at Mic. 7. LOPNOR shows ex-

cellent agreement with both the measurements and H-F data for the first 
BPF at all microphones. In contrast, Opty𝜕𝐵 slightly underpredicts the 
tonal peaks at the first BPF. At the second BPF, LOPNOR significantly 
underpredicts the tonal peaks at Mic. 3 and Mic. 7, although this un-

derprediction is slightly less pronounced at Mic. 7. Conversely, Opty𝜕𝐵

shows excellent agreement with the measurement data at the second 
harmonics of the BPF across all microphones. Unlike for the axial inflow 
condition, LOPNOR predicted the tonal peaks at the third BPF reasonably 
well compared to the measurements. It also shows good agreement with 
the H-F data at Mic. 3 and Mic. 7, it slightly overpredicts the H-F results 
at Mic. 11, while maintaining excellent agreement with the measure-

ment data. Similarly, Opty𝜕𝐵 shows good agreement with the H-F data 
across all higher harmonics at Mic. 3, fairly good agreement at Mic. 7, 
and an overprediction at Mic. 11. Notably, LOPNOR shows very good 
agreement with Opty𝜕𝐵 and reasonable agreement with the H-F data 
across all harmonics at Mic 7, while a poorer prediction at Mic. 3 and 
Mic. 11. This suggests that tonal noise due unsteady loading becomes a 
significant contributor at higher harmonics.

The far-field noise spectra at microphones distributed on array 2 are 
shown in Fig. 8. For axial inflow conditions, similar trends as for the 
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Fig. 8. Far-field noise spectra for three microphones on array 2 and both axial (top) and non-axial flow conditions (bottom). 

microphones on array 1 can be observed, and in particular some un-

derpredictions of the BPF harmonics compared to measurements likely 
due to the presence of additional unsteadiness in the experiments due 
to flow recirculation in the test chamber, and globally a slightly better 
agreement with the H-F results. Moreover, the Opty𝜕𝐵 results confirm a 
fair broadband noise prediction capability.

It should be noted that measurements at all microphones exhibit sig-

nificant tonal peaks at BPF 0.5, 1.5, and 2.5. These peaks are attributed 
to an imperfect balance of the blade loading on the two blades in the test 
rig. This mechanism is not present in the simulations since a perfectly 
symmetric rotor is considered.

Although tracking the specific reasons of discrepancy in tone level 
prediction is not the final goal of this work, it should be also mentioned 
that the H-F results have been obtained by neglecting the mean-flow 
convection effects, under the assumption that the sound propagation 
mostly occurs in quiescent conditions outside the wind-tunnel jet. On the 
contrary, the L-F predictions take into account a free-stream convection. 
As a matter of fact, comparisons between H-F and Opty𝜕𝐵 results for the 
same rotor in hover conditions and higher rotational speed carried out 
in [33] exhibit an almost perfect agreement of tonal levels.

As a conclusive remark of this subsection, it is worth arguing that, in 
general, rotor noise tones are submitted to several uncertainties, both 
in measurements and predictions. Therefore, a meaningful one-to-one 
tonal level comparison would require a characterization of the uncer-

tainties associated with every process, as recently pointed out in [33].

4.3. Noise power level

The investigation of the L-F prediction capabilities of propeller noise 
at incidence is concluded with the calculation of the noise power level 
(PWL). This represents the acoustic energy generated by the propeller, 
independently of distance and observation angle. The PWL spectrum is 
evaluated by integrating the power spectral densities (PSD) of the noise 
computed at microphones distributed on a spherical array of radius of 
10R, centered around the propeller hub, using the following formula 
[5]:

PWL(𝑓 ) =

𝜋

∫
0 

2𝜋

∫
0 

𝑅2
𝑠
sin(𝜃)

[1 +𝑀∞ cos(𝜃)]2PSD(𝑓, 𝜂, 𝜃)
2𝜌0𝑐0

d𝜂 d𝜃, (5)

where 𝑓 is the frequency, 𝑅𝑠 is the sphere radius, and 𝜃 and 𝜂 are the 
latitudinal and longitudinal angular coordinates, respectively, with the 
free-stream being directed from the northern (𝜃 = 0◦) to the southern 
(𝜃 = 180◦) pole of the sphere. A total of 375 microphones, equally dis-

tributed along 15 parallel (i.e. 𝜃 coordinate) and 25 meridian (i.e. 𝜂
coordinate) points, have been used.

Fig. 9. Comparison between Power Watt Level (PWL) spectra from H-F simula-

tion, Opty𝜕𝐵 and LOPNOR for 𝛼𝑃 = 0◦ and 𝛼𝑃 = 15◦.

The PWLs computed with both L-F solvers are compared against H-F 
data for axial (𝛼𝑃 = 0◦) and angular inflow (𝛼𝑃 = 15◦) conditions, as de-

picted in Fig. 9. For the axial inflow condition, both LOPNOR and Opty𝜕𝐵

slightly overpredict the first BPF tone compared to the H-F results, while 
showing a much better agreement at the second BPF. Notably, Opty𝜕𝐵

exhibits excellent agreement with H-F data across the entire frequency 
range. Under the angular inflow condition (𝛼𝑃 = 15◦), predictions at 
the first BPF improve significantly compared to the axial inflow condi-

tion. However, LOPNOR overpredicts the H-F result at the second BPF, 
whereas this overprediction is smaller with Opty𝜕𝐵, which shows a bet-

ter overall agreement with the H-F data compared to LOPNOR.

The PWL predictions suggest that noise emissions of the propeller 
at incidence are accurately predicted by both L-F approaches, which 
can be therefore used for rotor noise prediction at incidence, with sig-

nificantly reduced computation time compared to H-F calculations, as 
detailed in Table 1. The CPU time for the broadband Opty𝜕𝐵-PNOISE cal-

culation includes the noise spectra calculation and the broadband signal 
auralization prior merging of the tonal and broadband signals. This sec-

ond step, which is indeed an optional one, is the most expensive part 
of the broadband noise signals calculation. Moreover, in order to have 
a high frequency sampling of the synthetic broadband noise signals, 
the Opty𝜕𝐵-PNOISE calculations were performed with 500 time-steps per 
blade passing period. For the sake of consistency, the same time step was 
used for the tonal noise calculations. Since a much lower value would be 
sufficient to recover the proper tonal noise levels, the reported CPU time 
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Table 1
Comparison of CPU time between LOPNOR-FWH and Opty𝜕𝐵-PNOISE for 375 
microphones. T indicates tonal component, while B represents broadband com-

ponent.

Solver 𝛼𝑃 # CPU cores CPU time (T) [s] CPU time (B) [s] 
Opty𝜕𝐵-PNOISE 0◦ 10 57 914 
LOPNOR-FWH 0◦ 1 40 N/A 
Opty𝜕𝐵-PNOISE 15◦ 10 64 924 
LOPNOR-FWH 15◦ 1 12204 N/A 

for tonal noise calculations are much higher than what is really needed 
for pure tonal noise predictions. On the other hand, the CPU time of 
LOPNOR-FWH for the axial flow condition reflects a reasonable compu-

tational time for a frequency-domain solver typically used for propeller 
tonal noise calculations, considering only three harmonics. However, for 
the non-axial case, the CPU time increased significantly due to the con-

sideration of 101 harmonics to cover the full frequency range, ensuring 
consistency with the other two predictions on the PWL noise calcula-

tion. Therefore, a direct comparison of CPU time with Opty𝜕𝐵-PNOISE 
for the non-axial condition does not reflect reality. Nevertheless, it is 
interesting to report these CPU time figures for the sake of future refer-

ence.

5. Conclusion

The accuracy and computational efficiency of two low-fidelity meth-

ods for propeller tonal and broadband noise prediction in both axial and 
non-axial flow scenarios were investigated. Experimental data and scale-

resolving LB/VLES CFD results for a two-bladed small unmanned aerial 
system under transitional boundary layer conditions were used as a ref-

erence. The following conclusions are drawn:

• The comparison of unsteady loading predictions indicates that, both 
L-F approaches provide satisfactory predictions of the unsteady 
thrust and torque distribution on the rotor disk in non-axial flow 
conditions.

• For far-field noise spectra predictions, both L-F approaches show ex-

cellent agreement with high-fidelity and measurement data in axial 
conditions. Opty𝜕𝐵 accurately predicts broadband noise at higher 
harmonics, while LOPNOR lacks this capability. In non-axial condi-

tions, both methods capture significant increases and decreases in 
noise levels at the first harmonics of BPF across all microphones. 
However, LOPNOR systematically underpredicts the tonal peak at 
the second BPF on array 1, while Opty𝜕𝐵 does so on array 2.

• Under non-axial conditions, tonal noise from unsteady loading can 
substantially contribute to the lower to mid frequency range, com-

parable to other broadband noise sources in this range.

• Opty𝜕𝐵 accurately predicts PWL at all frequencies with slight over-

prediction up to the 11th BPF, while LOPNOR accurately predicts 
the first two BPF tonal peaks in axial conditions. However, for non-

axial conditions, LOPNOR considerably overpredicts the second BPF, 
while capturing the trend at higher harmonics.

• For the tonal noise calculation, the two low-fidelity approaches ex-

hibit similar computational costs.

The results suggest that both approaches can be effectively utilized 
for predicting tonal noise of propellers under non-axial inflow condi-

tions with acceptable accuracy and significant reduction in computation 
time compared to H-F predictions. Additionally, Opty𝜕𝐵 can be em-

ployed to predict broadband noise across the entire frequency range. 
The dominance of tonal noise from unsteady loading in the lower to 
mid-frequency range, compared to broadband noise sources, will be in-

vestigated in future work.

Finally, new LB/VLES high-fidelity simulations will be performed in 
the future using a recently released extension of the PowerFLOW VLES 

model [31,6], which was developed to address low-Reynolds number 
flows, to incorporate the effects of the laminar separation bubble on the 
aerodynamic loading and thus providing a more reliable benchmark for 
the assessment of the L-F methodologies.
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