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Abstract

Community noise remains a key barrier to the public acceptance of cargo delivery drones, particularly dur-
ing hover and transition flight. This paper presents the development of a noise-optimized hover propeller for
a lift-and-cruise vertical take-off and landing cargo drone under a performance-critical transient asymmetric
inflow condition using a Multidisciplinary Design Optimization (MDO) framework that simultaneously consid-
ers aerodynamic and acoustic performance. An analysis of the resulting Pareto-optimal designs identifies
the key geometric and aerodynamic mechanisms responsible for lower farfield noise emissions. The results
show a noise reduction potential exceeding 5 dB(A), with reduced rotational speed emerging as the primary
characteristic of the low-noise designs. Adaptations of the chord and twist distributions enable the required
thrust to be maintained at lower rotational speed through increased blade area and sectional lift coefficients,
while the resulting increase in torque and motor current ultimately limits further noise reduction. Despite in-
creased aerodynamic loading, reductions in both thickness and loading noise are achieved. Validation against
higher-fidelity unsteady Computational Fluid Dynamics shows good agreement in integral aerodynamic perfor-
mance, dominant tonal components, and principal directivity characteristics, while revealing an underprediction
of approximately 5 dB(A) in the maximum A-weighted level, primarily due to differences in higher-frequency
harmonic content.

Keywords: Unmanned Aerial System, Hover Propeller, Noise Optimization, Computational Aeroacoustics,
Transient Flight

1. Introduction

Recent surveys indicate that the public is generally receptive to cargo delivery drones, particu-
larly for emergency applications, but concerns about increased community noise remain. A primary
mitigation strategy is to reduce noise at its dominant source, implying the adjustment of the propeller
geometry to minimize its noise generation. Multidisciplinary Design Optimization (MDO) provides an
effective framework for this task [2, [3]. Unlike traditional methods that focus on a single property,
such as efficiency, MDOs provide the possibility of considering multiple constraints when identifying
an optimal propeller design. By parametrizing the airfoil geometry, blade shape parameters and over-
all propeller characteristics, MDQOs can iteratively find new propeller geometries that account for both
aerodynamic performance and acoustic emissions simultaneously [3]. Moreover, multiple and even
conflicting operating points can be included as constraints to achieve an optimal trade-off design.
E.g., [2] designed a dual-mode propeller optimized for cruise, while treating hover as an additional
constraint. The final desigh demonstrated a significant reduction in the maximum A-weighted sound
pressure level (La max) Of approximately 7 dBA during cruise, at the cost of a 5% efficiency penalty,
while still maintaining adequate hover capability.

Since drones operate in close proximity to the public during hover and transition, these operating
conditions are particularly critical with respect to community noise emissions. Consequently, opti-
mizing hover propellers to minimize their acoustic signature is of major importance. As stated by [4],
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propellers intended for Urban Air Mobility applications must function in complex, highly interactive
flow environments that differ significantly from axial inflow conditions typically assumed in propeller
design. Their study examined the aerodynamic loading of propellers under asymmetric inflow condi-
tions and showed that increasing the inflow velocity angle leads to larger blade-loading oscillations.
These enhanced unsteady loads, in turn, amplify the magnitudes of blade passing frequency (BPF)
and its harmonics.

In this context, the Technical University of Munich is developing a noise-optimized hover propeller for
the vertical take-off and landing (VTOL) cargo drone 'PW.Orca’ of German manufacturer Phoenix-
Wings GmbH [5]. Based on the MDO framework of [2], the propeller blade geometry is optimized
for a performance-critical transient flight condition, yielding a Pareto front that captures the trade-off
between total performance efficiency and noise emissions. From this design space, representative
configurations are selected to identify key noise-reduction mechanisms. The results for the minimum-
noise propeller obtained from the MDO approach are further compared to the results generated via
Computational Fluid Dynamics (CFD), employing a hybrid acoustic analogy approach that couples an
Unsteady Reynolds-Averaged Navier Stokes (URANS) solver with a Ffowcs Williams—Hawkings (FW-
H) acoustic solver [6]. The key contribution of this work is the systematic investigation of geometric
propeller noise mitigation mechanisms for a transient flight condition, which has received limited
attention in previous studies.

2. Methods

The PW.Orca [5] displayed in Figure is a separate lift-and-cruise cargo drone equipped with 2
cruise and 6 hover propellers. Its wingspan and maximum takeoff weight are 2.98 m 52 kg, respec-
tively. The baseline hover propeller utilized for these investigations is a 2-bladed, fixed-pitch 29 in
propeller with-a maximum chord ¢, = 0.0666 m and root (r/R = 0.2) twist angle ) = 14.5°. The
respective chord and twist distributions are displayed in Figure over the non-dimensional radial
position, with » and R being the local and total propeller radius. The blade utilizes a radially constant
airfoil cross-section, shown in Figurewith a NACA 0012 profile included for reference.
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(a) PW.Orca. (b) Chord and twist distribution. (c) Airfoil.

Figure 1 — Lift-and-cruise VTOL cargo drone PW.Orca (image courtesy of Phoenix-Wings GmbH)
and its baseline hover propeller characteristics.

With the underlying goal of improving the noise signature of the PW.Orca during noise-critical mission
segments, the fixed-pitch hover-propeller geometry is optimized using the MDO framework by [2]. Its
general workflow is described next.

2.1 Basics Regarding the Optimization Workflow

The objective is to identify a propeller design that achieves an optimal trade-off between low noise
emissions and high efficiency at a specified operating point within a predefined design space. The
optimization problem is formulated as a constrained multi-objective optimization, where noise is min-
imized while satisfying performance and feasibility constraints.

To ensure a physically meaningful and computationally manageable design space, geometric and
operational constraints are imposed. Firstly, the design variables and their permissible ranges need
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to be defined. These include airfoil contour parameters as well as blade and propeller shape parame-
ters such as chord, twist, or the number of blades. Further, a target operating point is specified by the
freestream inflow conditions, a required thrust level, and electric motor characteristics and limitations.
To promote robust performance beyond the design condition, additional operating points can be in-
troduced as constraints. These ensure feasibility across a range of operating conditions and enforce
trade-offs between competing objectives, such as cruise and hover performance. Additionally, the
observer locations used for the acoustic evaluation must be defined.

The optimization is implemented as an iterative stochastic selection search. First, an initial population
of propeller geometries is generated to explore the design space. Successfully evaluated designs
are used to identify an initial Pareto front, representing the best trade-off solutions between total
efficiency 1., and selected noise metric, e.9. La max. This implies that designs on the Pareto front are
not simultaneously outperformed by another design in both objectives; improving one objective would
therefore require sacrificing performance in the other. Subsequently, new candidate geometries are
generated by perturbing the current Pareto-optimal designs. The resulting designs are re-evaluated
and the Pareto front is updated iteratively. Notably, the perturbation size is progressively reduced over
the course of the optimization, shifting the search from broader exploration towards local refinement.
The procedure is repeated until the prescribed number of iterations is reached, ultimately yielding
a set of Pareto-optimal propeller designs. Note that the total efficiency accounts for aerodynamic,
motor and electronic speed controller efficiencies.

The aerodynamic design evaluation is performed using the in-house developed Synthesis and Analy-
sis Rotor Framework (SARF) presented by [7], a propeller performance calculation tool that is based
on the Blade Element and Momentum Theory (BEMT). In addition to axial inflow conditions, SARF
enables the analysis of oblique inflow scenarios and accounts for tip losses via the Prandtl tip loss
factor [8]. Following classical BEMT, the blade geometry is discretized radially, while the analysis
is extended across a full rotor revolution using a discrete circumferential resolution to capture the
time-varying aerodynamic loading. In an iterative process, sectional aerodynamic quantities such
as lift and drag forces, inflow angle, and induced velocity are determined. The required aerody-
namic coefficients are obtained from precomputed airfoil databases spanning a range of Mach and
Reynolds numbers, thereby accounting for variations in polar characteristics under different local
flow conditions. This finally yields the integrated propeller performance, including, but not limited to,
thrust, torque, and aerodynamic efficiency. Within the optimization loop, SARF is iteratively executed
for each candidate design to determine the rotational speed required to meet the prescribed target
thrust at all specified operating points (target and constraint conditions). Subsequently, the capability
of the motor to supply the required output power is assessed, and infeasible designs are discarded.
The remaining feasible designs are then evaluated acoustically.

The acoustic computations are focused on tonal noise and are performed using the state-of-the-art
acoustic solver PSU-WOPWORP [9], which is fully integrated into the optimization loop. The solver
implements the F1A formulation [10] of the FW-H equation [11], whereby the far-field sound pressure
is decomposed into thickness and loading noise contributions. Thickness noise is computed from the
blade surface geometry, requiring the node coordinates and surface normals of the discretized blade
mesh. For the loading noise, PSU-WOPWOP supports the use of spanwise line force vectors instead
of surface pressure distributions. This reduces the original surface integrals to computationally less
expensive line integrals along the blade span. For obtaining these line forces, differential lift (dL) and
drag (dD) forces acting on a blade element must be computed from

dL = %vfelcCL , (1)
dD = %vrzelcCD , (2)

where p is the density, ¢ the local chord length, v, the local inflow velocity, and C; and Cp are the
sectional lift and drag coefficients.

To also account for asymmetric inflow conditions, the original formulation of v,; assuming solely axial
inflow is herein extended by including the tangential component of the freestream velocity U.., which
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changes over one rotation depending on the azimuthal blade position y. The resulting axial and
tangential velocity components, u,x and u.,,, at a blade element can then be expressed as:

Uax = U COS Ol (3)

Utan = U SIN Qo SIN Y + Q7 . (4)

o.. denotes the freestream inflow angle, and Qr the tangential velocity induced by rotor rotation.
Following [7], v results in

Vrel = ng + utzan - Viznd ’ (5)
where vyq is the local induced velocity. Notably, the velocity decomposition assumes a planar inflow
representation and does not include a freestream velocity component perpendicular to this plane.

2.2 Case-specific Propeller Optimization Setup

In the present study, the optimization is restricted to blade shape parameters, while the airfoil ge-
ometry is not optimized but adopted from the baseline propeller (see Figure and kept constant
along the radius. Neglecting blade sweep entirely, the main design variables reduce to radius, chord,
and twist. Due to the fixed installation position of the hover propellers on the vehicle, the propeller
radius is restricted to a maximum increase of 5% relative to the baseline design. Since the hover
propellers are inactive during cruise and aligned with the flight direction to minimize parasitic drag,
the number of blades is fixed at two. Powertrain limitations are taken into account by imposing a
maximum allowable electric current of 60 A, thereby constraining the feasible operating conditions.
The selected acoustic objective for the optimization is the Ly max. To evaluate the far-field noise
emissions of the candidate designs, eight receiver locations are defined on a circular arc with a
radius of 30 m around the rotor center in a plane perpendicular to the rotor disk. The receivers
are located upstream of the rotor, where pronounced acoustic radiation is anticipated under oblique
inflow conditions [12,[13]. The receivers are evenly distributed over an angular range spanning from
10° above to 30° below the rotor plane, as sketched in Figure [2|
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Figure 2 — Schematic of the propeller geometry, coordinate system definition, receiver placement
(red dots), and freestream inflow definition set for the optimization. U.. .. and U..;., designate axial
and tangential freestream inflow velocities.

With the aim to achieve a meaningful noise reduction where it matters most while maintaining robust
performance across all flight states, a performance-critical flight condition was selected as target op-
erating point. It corresponds to a 45°climb at 4.24 m/s with a thrust requirement of 100 N. This condi-
tion represents a transient flight phase in which the drone operates close to the public, making noise
emissions particularly relevant. Furthermore, the 45° climb constitutes a thrust-demanding operating
point, ensuring that the optimized propeller meets aerodynamic requirements under high loading con-
ditions. Additionally, a static thrust condition of 150 N is included as a secondary constraint to ensure
adequate hover performance. Atmospheric conditions correspond to the ISA standard atmosphere
[14] at 500 m above sea level.
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Without imposing explicit efficiency or noise constraints, the MDO tool systematically explores the
design space by varying the adjustable design parameters and ultimately outputs all feasible pro-
peller designs along with their key geometric, aerodynamic, propulsive, and acoustic performance
parameters. This allows a direct comparison of most efficient and least noise-polluting designs.

2.3 Result Verification via CFD

To verify the aerodynamic and acoustic predictions obtained from the optimization framework, a
higher-fidelity CFD simulation of the minimum-noise design is performed under identical operating
conditions. A hybrid acoustic analogy approach is employed, in which the unsteady flow field is re-
solved using URANS and the resulting aerodynamic solution is subsequently used as input to an
acoustic solver based on the FW-H acoustic analogy [11].

The CFD simulation is conducted using Simcenter STAR-CCM+. The computational domain consists
of a stationary spherical freestream region with a radius of 50R and a rotating cylindrical region
enclosing the propeller, with a radius of 1.08R and a thickness of 0.3R. The computational mesh
comprises approximately 12.6 million cells, with local refinement around the blade geometry and
within the wake region. Propeller motion is represented by rigid-body rotation of the inner region.
Turbulence is modeled using the Shear Stress Transport (SST) model in combination with an All-
y* wall treatment. An implicit coupled solver with second-order spatial and temporal discretization is
employed using a physical time step of 1 x 10~* s and eight inner iterations per time step. In total, nine
rotor revolutions are simulated, corresponding to a physical time of 0.1723 s. The first four revolutions
are used to establish a periodic flow field, while the final five revolutions are used for the acoustic
evaluation. The general numerical setup and mesh strategy are based on the methodology described
for a full-vehicle simulation in [6] and are adapted here to the isolated-propeller configuration.

The software-integrated acoustic solver employs the Farassat 1A formulation [10]. Notably, broad-
band noise contributions are not explicitly resolved, as the applied URANS approach does not resolve
the turbulent flow structures responsible for their generation. The acoustic pressure is evaluated us-
ing a spherical array of 222 receivers uniformly distributed at a radius of 30 m from the propeller
center. This provides full angular coverage of the radiated sound field, enabling the analysis of tonal
spectra, directivity patterns, and overall sound pressure levels. Figure [3]illustrates the lower receiver
hemisphere and the adopted azimuth (W) and elevation (®) angle conventions.

For consistency, an identical receiver sphere is reconstructed from the optimizer results. The resulting
aerodynamic and acoustic predictions are then compared to quantify the deviations between the
BEMT-based optimization framework and the higher-fidelity CFD solution.
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Figure 3 — Schematic of the lower receiver hemisphere illustrating the adopted convention for the
azimuth angle W and elevation angle ®.
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3. Results

Figure[4a] presents the Pareto front obtained for the 45° climb condition, showing the optimal trade-off
solutions between L, ... and the total efficiency n,,. The results indicate a noise reduction potential
exceeding 5 dBA with a 3.5% sacrifice in n,,, relative to the baseline design. To identify the optimizer’'s
strategy for low-noise or high-efficiency propeller designs, five representative configurations along the
Pareto front are selected for further analysis. Design 1 provides the highest noise reduction potential.
Designs 2 and 3 exhibit nearly identical L4 ... levels, while the latter operates at a slightly higher
M- A similar comparison can be conducted between the baseline and Design 5, which achieves
approximately the same L4 ,..x as the baseline design while providing a 1.2% increase in efficiency.
Finally, Design 4 is selected because it shows the same n,, as the baseline configuration while
reducing L mqx by 2 dBA.

Figure presents top views of the selected propeller geometries, providing a first qualitative im-
pression of the geometric variations along the Pareto front. While the radius of all optimized designs
remains within +£1% of the baseline propeller radius, substantial differences in chord distributions
can already be observed. Notably, care must be taken when interpreting these representations, as
a stronger blade twist distribution can distort the apparent blade geometry. Nevertheless, a general
trend of increasing blade area with decreasing L n.. Can be observed. For a quantitative analysis,
the selected designs are next compared and examined in terms of their integral performance pa-
rameters, providing a deeper insight into differences in thrust capability, power requirements, and
efficiency.
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Figure 4 — Pareto front of feasible propeller designs optimized for a 45° climb at 4.24 m/s and target
thrust of 100 N, highlighting the selected designs chosen for further analysis.

3.1 Integral Performance Parameters

Figure |5 summarizes the characteristic performance parameters of the selected Pareto-optimized
designs relative to the baseline propeller. As shown in Figure [5a] rotational speed RPM decreases
consistently toward the low-noise end of the Pareto front, with Design 1 operating 589 min~! below
the baseline. This clear correlation already identifies reduced RPM as a key characteristic of the
low-noise designs. Physically, lower RPM reduces the blade tip velocity, which is a well-established
mechanism for reducing propeller noise emissions [15, [16]. Since all designs are constrained to
generate the same target thrust of 100 N, operation at lower RPM requires increased aerodynamic
loading. As a first indication of how the optimizer accommodates this requirement, Figure |5b|shows a
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tendency of increasing solidity o for the low-noise designs. The additional blade area associated with
higher o contributes to maintaining the required thrust at reduced rotational speed. Notably, Design 2
achieves the second-lowest noise level while exhibiting approximately the same o as the baseline.
This points toward the important role of detailed radial blade geometry and sectional operating con-

ditions in enabling operation at reduced RPM.

3800 3 0.080 45 —¢
3600 3722 E | b e
® 0.070 e
3400 ) ¢ 4.0 Y
e e ¢
32001 o 0.060 °
3133 °
3000
1234 5BL 1234 5BL 1234 5BL
Design [-] Design [-] Design [-]
(a) RPM[min™]. (b) o[—]. (c) O[Nm].
0.290 e
1480 i 1 0.840 ¢
1475 0.289 ® 0.830 °
(] @] ’
1470 ® © 0.288 0.820
Q@
1465 0287/ © oglor ©°
® ¢ )
1460 0.286 0.800
123 45BL 1234 5BL 1234 5BL
Design [-] Design [-] Design [-]
(d) P[W] (e) naero[_]- (f) nel[_]'

Figure 5 — Performance parameters of Pareto-optimized and baseline (BL) propeller designs.

As shown in Figure [5c] the lower RPM is accompanied by an increase in torque Q. However, higher
torque does not imply higher mechanical power P, since the latter depends on both torque and ro-
tational speed. Figure [5d demonstrates that the increase in torque is largely compensated by the
simultaneous reduction in RPM, resulting in only small differences in P between the investigated
designs. In fact, the minimum-noise Design 1 requires slightly less mechanical power than the base-
line. This is also reflected in the aerodynamic efficiency 1n...,, presented in Figure All Pareto-
optimized designs exhibit a higher n,.,, than the baseline, while the differences between the designs
remain small. The relatively low absolute values result from the low-advance-ratio operating condition
(/ =~ 0.1), where induced-flow effects dominate. Furthermore, no clear relationship between 1., and
La max is Observed. E.g., Designs 1 and 5 have nearly identical n,.., despite being at opposite loca-
tions along the Pareto front (Figure [4a). This demonstrates that 1, is not the primary parameter
governing the noise-efficiency trade-off.

Instead, the electrical efficiency n,; in Figure |51 exhibits a strong relationship with the position along
the Pareto front. The combination of lower rotational speed and higher torque shifts the electric mo-
tor to a less favorable operating condition, resulting in decreasing n,; toward the low-noise designs.
This effect is also reflected in the motor current: Design 1 reaches the imposed current limit of 60 A,
whereas Design 5 requires 50 A. Since motor torque is approximately proportional to current, its
limitation ultimately constrains further reductions in RPM and, consequently, the achievable acous-
tic benefit. The geometric and sectional mechanisms enabling the low-RPM operating strategy are
examined in the following.
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3.2 Geometric and Aerodynamic Mechanisms

Figures [6a]and [6b] show the chord and twist distributions of the selected blade designs. The chord
distribution determines the available lifting area along the blade span, while the twist contributes to
setting the local aerodynamic operating conditions. All optimized designs shift the maximum chord
cmax from the inner blade region toward the mid-span, with Designs 1-3 reaching ¢, near 0.5R.
This results in a more elliptical chord distribution and increases the load-carrying capability of the
mid-span sections [17]. Toward the outer span, the efficiency-oriented designs exhibit strong chord
taper, whereas the low-noise designs retain larger chord values. This trend is most pronounced for
Design 1. The resulting increase in blade area, consistent with the higher o identified in Section (3.1},
provides the additional lifting area for generating the required thrust at reduced RPM.
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Figure 6 — Blade geometry parameters and mean lift coefficient C; and local angle of attack o, for
one rotation along the non-dimensional radius for the Pareto-optimized and baseline blade designs.

The twist distributions of the optimized designs also differ significantly from the baseline. They exhibit
higher twist values close to the hub, while farther outboard all designs except Design 2 follow a
distinctly non-linear behavior. Design 2 exhibits a linear decrease in twist over most of the blade
span. A non-linear twist distribution is therefore neither unique to nor required for low-noise operation,
indicating that different twist distributions can establish the sectional operating conditions required by
the respective designs.

The aerodynamic consequences of these geometric modifications are reflected in the radial distri-
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butions of the local angle of attack oy, and sectional lift coefficient C, shown in Figures [6c| and [6d|
Despite the asymmetric inflow condition, the azimuthal variations of these quantities remain small.
Thus, the graphs represent the average distributions over one rotor revolution. The baseline exhibits
a uniform «,. and C, over much of the mid-span, with C; =~ 1.1-1.2. In contrast, the optimized de-
signs reach higher oy, in the inner-to-mid-span region and higher C; nearly across the entire span
with maximum C, = 1.5. This demonstrates that the aerodynamic adaptation to low-RPM operation is
achieved through both the available lifting area and high sectional lift coefficients. Notably, toward the
outer span, the interaction of C; with the chord length becomes particularly apparent: designs with
stronger chord taper maintain comparatively high C;, allowing a high sectional loading to be main-
tained despite the reduced lifting area. In contrast, Design 1 retains a larger chord and can generate
outer-span forces over a larger lifting area without requiring correspondingly high C;.

A qualitatively similar radial behavior of o4, and C;. is observed at the constrained 150 N static-thrust
operating point (not shown), although their absolute magnitudes differ. This similarity is consistent
with the low advance ratio of the transient-flight design condition (J = 0.1), for which the sectional flow
remains strongly dominated by the rotational and induced velocity components. The investigated 45°
climb condition therefore remains comparatively hover-like in terms of its mean radial aerodynamic
behavior. The oblique freestream primarily introduces an additional azimuthal variation in blade load-
ing, which becomes apparent in the rotor-disk distributions of the sectional thrust loading d7/dr
presented in Figure[7]

(a) Design 1. (b) Design 2.

(d) Design 4. (e) Design 5. (f) Baseline.

Figure 7 — Sectional loading dT /dr over the rotor disk for baseline and Pareto-optimized designs
(propellers rotate counterclockwise; U., ;q, from the bottom).

Focusing on the general radial trend, all designs exhibit low sectional thrust generation inboard, fol-
lowed by increasing dT /dr toward the mid-to-outer span and unloading at the blade tip. However, the
radial position and magnitude of maximum loading differ between designs. While the baseline (Fig-
ure [7f) concentrates its highest sectional loading at radial positions below 0.8R, Design 1 (Figure [7a)
maintains high loading over a broader outer-span region and carries substantial loading farther out-
ward than any other configuration.

Superimposed on this radial loading distribution is the azimuthal variation introduced by the oblique
inflow, with the highest dT /dr occurring on the advancing side of the rotor disk. The resulting cyclic

9
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variation in integrated blade thrust ranges from approximately 7.4% to 8.5% of the corresponding
mean blade thrust. Interestingly, Design 1 exhibits the largest variation, although the differences
between the designs are minor. This observation is nevertheless noteworthy in combination with its
pronounced outer-span loading: the minimum-noise configuration neither unloads the outer blade
region nor exhibits reduced cyclic thrust variations, which are mechanisms expected to generally
reduce acoustic emissions [18, [19]. This indicates that the acoustic benefit of Design 1 cannot be
attributed to conventional aerodynamic unloading or reduced cyclic load variations. Instead, this
counterintuitive combination motivates a closer examination of the resulting acoustic characteristics
and, in particular, the role of rotational speed in the following section.

3.3 Acoustic Performance of Noise-optimized vs. Baseline Designs

To assess the underlying acoustic source mechanisms independently of frequency weighting, the fol-
lowing analysis first considers unweighted sound pressure levels, while A-weighted levels are evalu-
ated later for comparison with the acoustic optimization objective. To identify how acoustic reductions
are achieved, the tonal noise is separated into its thickness- and loading-noise contributions. Figure[§]
presents both components at the eight receiver locations defined in Section Recalling Figure 2|
the receivers are positioned in a plane perpendicular to the rotor disk in upstream direction.
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Figure 8 — Acoustic noise emissions at the receiver locations used during the optimization. The
tangential component of the freestream inflow velocity U.. 1an is directed from the right to the left.

Figure [8a shows that thickness noise Linickness reaches its maximum close to the rotor plane, with the
baseline producing substantially higher levels than all optimized designs. Thickness noise originates
from the displacement of the surrounding fluid by the moving blade and therefore depends on both
blade kinematics and blade volume [20]. The reduced rotational speeds of the low-noise designs
decrease the local blade velocities and contribute to the observed reduction. However, RPM alone
does not explain the ranking among the optimized configurations. Most notably, Design 5 operates
at the highest rotational speed while exhibiting the second-lowest Lini«ness l€Vels, whereas Design 1
operates at the lowest rotational speed but does not yield the minimum thickness-noise contribution.
This demonstrates the additional influence of blade geometry: Design 5 combines low solidity with
strong chord taper toward the outer span, reducing blade volume in regions of high tangential velocity.
Conversely, the low-noise designs retain larger chord values farther outboard, which can partially
counteract the acoustic benefit of their reduced rotational speed. Design 2 appears to provide the
most favorable combination of both effects: it operates at substantially reduced RPM while retaining
a solidity comparable to the baseline, resulting in the lowest Linickness l€vels.

10
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For loading noise Lipading, the reduction in RPM competes with the increased aerodynamic loading
required to maintain the prescribed thrust. While the increased aerodynamic loading would be ex-
pected to also increase the acoustic source strength, reducing RPM increases the timescale over
which the rotating force field varies relative to a stationary observer. Figure [8b|supports this interpre-
tation: despite its pronounced outer-span loading, Design 1 exhibits the lowest loading-noise levels,
while Lioading generally increases with RPM across the optimized designs. Thus, the minimum loading
noise is not achieved by unloading the blade, but by enabling the required thrust to be generated at
substantially lower rotational speed.

In addition to this magnitude trend, Lioading €xhibits a pronounced asymmetric directivity, with maxi-
mum levels below the rotor plane. Under purely axial inflow, the aerodynamic loading is approximately
invariant with blade azimuth. Within the considered elevation plane, the resulting loading-noise di-
rectivity would be approximately symmetric across the propeller plane and the highest levels would
be expected within the propeller plane [13]. Under oblique inflow, however, the aerodynamic condi-
tions vary with blade azimuth, resulting in periodic variations of the blade loading over one revolution.
Consequently, the loading-noise radiation becomes asymmetric and the dominant radiation lobe is
displaced below the propeller plane. Goyal et al. [13] similarly identified the azimuthal variation of
blade loading as the primary mechanism responsible for changes in noise directivity at nonzero inflow
angles. The similar directivity across the optimized designs therefore suggests that the optimization
primarily changes the loading-noise magnitude while retaining the characteristic asymmetry imposed
by the oblique inflow.

Comparing the two source mechanisms, the reduction relative to the baseline is more pronounced
for thickness noise than for loading noise. While both benefit from reduced rotational speed, the
loading-noise reduction is partly offset by the increased aerodynamic forces required to maintain
thrust. Thickness noise is not subject to this opposing aerodynamic effect. Nevertheless, loading
noise remains the dominant contribution, with maximum levels of approximately 60—-63 dB compared
with 48-53 dB for thickness noise. Consequently, the stronger reduction in thickness noise has a
comparatively limited effect on the total tonal-noise level.

Overall, the optimization demonstrates that substantial noise reductions can be achieved by enabling
operation at significantly reduced rotational speed. Through adaptations of the blade geometry and
sectional operating conditions, the optimizer identifies designs that maintain the prescribed thrust
at lower RPM. Despite the associated increase in aerodynamic loading and the periodic variations
in blade loading introduced by the 45° inflow angle, reductions in both thickness and loading noise
are achieved. Further exploitation of this low-RPM strategy is ultimately constrained by the motor
operating limits. As Design 1 represents the minimum-noise configuration within the investigated
design space, it is selected for the subsequent CFD-based validation of the BEMT-based optimization
approach.

3.4 Validation of Optimization Results with CFD Data

The BEMT-based optimization framework relies on a reduced-order representation of the propeller
aerodynamics, enabling the evaluation of a large number of designs at comparatively low computa-
tional cost. Generating the complete acoustic receiver sphere for a single propeller design requires
approximately 0.3 CPU h. To assess the validity of the resulting predictions, the minimum-noise de-
sign is additionally evaluated using higher-fidelity CFD. In contrast to the BEMT formulation, CFD
resolves the three-dimensional, time-dependent flow field and therefore provides an independent nu-
merical reference for assessing the simplified optimization framework, however, at a substantially
higher computational cost of approximately 1255 CPU h. The comparison is performed at three lev-
els: integral aerodynamic performance, tonal spectral characteristics and directivity, and the resulting
A-weighted noise levels.

Table [1|summarizes the differences in average thrust, torque and 1., predicted by the optimizer and
CFD. Overall, both methods show good agreement, with CFD predicting slightly lower thrust (-2.4%),
higher torque (+4.9%), and consequently lower 1., (-7.3%). These deviations are consistent with
the higher-fidelity representation of three-dimensional and unsteady flow phenomena in CFD that are
nor resolved within the BEMT formulation [21].
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Table 1 — Average aerodynamic parameters for the noise-optimized design derived by the optimizer

versus the CFD simulation.

NOISE-OPTIMIZED HOVER PROPELLER FOR TRANSIENT FLIGHT

Method Mean Thrust [N] | Mean Torque [Nm] | Mean 1.,
Optimizer 100.00 4.48 0.288
CFD URANS 97.06 4.70 0.267

Beyond the integral aerodynamic quantities, Figure [9|compares the tonal spectra predicted by the op-
timizer and CFD for the forward (¥ = 180°, ® = 0°) and downward (® = —90°) emission directions. In
both directions, distinct peaks occur at the blade-passing frequency (BPF) of 104 Hz and its harmon-
ics, demonstrating that the BEMT-based framework reproduces the dominant tonal structure obtained
from CFD. The amplitude of the fundamental BPF agrees within approximately 2 dB for both observer
directions. Differences become more pronounced at higher harmonics and depend on the observer
direction. In the forward direction, both methods exhibit a similar decay of the dominant harmonics up
to approximately 5 - BPF, while CFD predicts additional high-frequency harmonic content beyond this
range. In the downward direction, the optimizer predicts higher amplitudes for several higher-order
harmonics. Since the thickness-noise contribution approaches zero along the propeller axis, these
differences are predominantly associated with the loading-noise contribution.

60 '—Optimizer 1 60 | '—Optimizer'—
---CFD ---CFD
5,40 i L - 540 L
2 'I: f 2
— iy ‘I\ Lo ) o —1
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(a) Forward emission direction (¥ = 180°) (b) Downward emission direction (® = —90°)

Figure 9 — Comparison of noise spectra in selected emission directions obtained via optimizer and
CFD.

To examine whether the agreement in spectral characteristics extends to the spatial radiation pat-
tern, Figure [10| compares the directivity of the unweighted sound pressure level L and its individual
thickness- and loading-noise contributions. The evaluation is performed in the plane perpendicular
to the rotor disk and aligned with the flight direction (¥ = 0°/180°), at a constant observer distance
of 30 m. Despite differences in absolute level, the optimizer reproduces the characteristic asymmet-
ric directivity predicted by CFD (Figure [10a). Both methods show the highest levels below the rotor
plane, with L, located between & = —15° and —30°. Agreement is particularly good across the
lower hemisphere, whereas larger deviations occur for observers above the rotor disk.

The separated source contributions provide further insight into these differences. The thickness-
noise directivity (Figure|10b) exhibits the expected symmetric radiation pattern, with two distinct lobes
showing maximum levels close to the rotor plane and decreasing levels toward the propeller axis. This
characteristic shape is reproduced by both methods, with particularly good agreement near the rotor
plane. Toward the propeller axis, however, the predictions increasingly diverge. While the BEMT-
based solution approaches the theoretically expected vanishing thickness-noise contribution along
the propeller axis [13], the CFD-based prediction retains finite levels. This discrepancy is likely tied to
numerical differences in how the FW-H equation is evaluated within the respective acoustic solvers.
It was found that the CFD-based thickness-noise prediction exhibits unexpected high-frequency con-
tent, which has also been reported by [21] and could could contribute to the observed deviations.

In contrast to the approximately symmetric thickness-noise field, the loading-noise directivity (Fig-
ure exhibits a pronounced asymmetry. Both methods predict elevated levels below the rotor
plane, with the dominant radiation lobe again centered between ® = —15° and —30°. The close
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agreement in the orientation of this lobe indicates that the BEMT-based framework captures the prin-
cipal effect of the azimuthally varying blade loading induced by the oblique inflow. Since loading noise
dominates the total tonal level, its asymmetric radiation pattern also explains the corresponding shape
of the overall directivity. Differences in Lipaging magnitude remain, particularly above the rotor disk,
where CFD predicts higher levels over several observer angles. These deviations indicate limitations
of the reduced-order aerodynamic representation in reproducing the complete unsteady blade load-
ing obtained from CFD. Nevertheless, the dominant radiation direction and the overall asymmetric
loading-noise pattern are consistently reproduced by both methods.

90° 90° 90°

60° 120° 60° T 120° 60° I 120°
30° N ot 150° 30° 150°
0° -180°
-30° -150°
-60° -120° -60° ' -120° -60° ! -120°
-90° -90° -90°
(a) L [dB] (b) Lihickness [dB] (C) Lloading [dB]
| —— Optimizer - - -CFD|

Figure 10 — Directivity plots within the plane perpendicular to the rotor disk and aligned with the
forward flight direction (¥ = 180°/ 0°) comparing optimizer and CFD results.

Finally, the comparison is extended to the A-weighted sound pressure level, which is of particular
relevance since Ly max constitutes the acoustic objective of the optimization. In addition, A-weighting
accounts for the frequency-dependent sensitivity of human hearing and is therefore relevant for as-
sessing community noise. Figure [11|compares L, over the lower receiver hemisphere at a distance
of 30 m. Both methods reproduce the general radiation pattern, with the highest levels occurring in
the forward-facing sector between approximately ¥ = 150° and 260°. This agreement is also reflected
in the location of Ly max sSummarized in Table 2| Although the optimizer underpredicts the maximum
level by 5 dB(A), both methods predict a similar emission direction, confirming that the maximum
noise levels are radiated within the range of elevation angles identified in Figure [{0]

Table 2 — Magnitude and emission angles of Ls max for the noise optimized design as predicted by the
optimizer and the CFD simulation.

Method Lamax [AB(A)] | W[ | @[]
Optimizer 44.8 200 | -24
CFD URANS 49.8 200 | -16

Notably, the optimizer-predicted L max reported in Table 2] is higher than the Ljmax = 42.9 dB(A)
reported for Design 1 on the Pareto front (see Figure [4a). This deviation arises from the limited
receiver set used to evaluate the acoustic objective, as defined in Section Reconstruction of the
complete receiver sphere identifies a higher predicted maximum outside this original receiver set.
Thus, the increase from 42.9 to 44.8 dB(A) results from the spatial sampling of the acoustic objective,
while the remaining difference to the CFD prediction reflects differences between the two prediction
methodologies.

Larger differences between optimizer and CFD are apparent in the low-noise region. While the CFD
solution predicts the minimum-L, region approximately along the propeller axis (see Figure [T1a),
the optimizer predicts a broader low-noise region that is displaced toward the backward emission
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direction (¥ = 0°). The location and extent of this low-level region therefore differ more strongly
between the methods than suggested by the previously discussed unweighted directivity. The three-
dimensional projections in the upper-right insets of Figure [T1] additionally reveal the behavior over
the full receiver sphere. While CFD maintains comparatively high A-weighted levels over much of
the upper hemisphere, the optimizer predicts substantially lower levels for observers above the rotor
disk. The discrepancy in Ly is therefore not restricted to individual observer directions but extends
over substantial regions of the radiated sound field.

. L, [dBA]
90°
120° 60° | & 50
yal o

150° 150° 30° 45
180° 180° 0° 40
210° 210° 330° 35

240° 300° 240° 300°
270° 270° 30

(a) CFD. (b) Optimizer.

Figure 11 — Top view of the lower noise hemispheres showing the A-weighted sound pressure level,
Ly, at a radial distance of 30 m from the rotor center (flight direction toward ¥ = 180°). Inset shows a
3D perspective view of the full acoustic field.

A more quantitative view of these differences is provided in Figure which shows AL = Legp — Loy
and ALy = Lacrp — La,op across the lower noise hemisphere. Positive values indicate an under-
prediction by the optimizer relative to the CFD simulation. For the unweighted level, AL remains
within approximately +5 dB over the majority of observer locations. In contrast, AL4 is predominantly
positive over large parts of the hemisphere, revealing a systematic tendency of the optimizer to un-
derpredict the A-weighted level compared to the CFD simulation. The deviations reach ~7 dB(A)
within the rotor plane and exceed 10 dB(A) in observer regions with high elevation angles aft of the
rotor. The substantially different spatial distributions of AL and AL, demonstrate that the discrepancy
cannot be described by a simple constant offset between the two prediction methods.

The substantially larger deviations in Ly compared with the unweighted level L can be traced to the
spectral differences identified in Figure [9] The unweighted level is dominated by the strong low-
order tonal components, for which both methods show comparatively good agreement. A-weighting
strongly attenuates these low-frequency components, thereby increasing the relative contribution of
the higher harmonics [22]. Consequently, discrepancies in higher-frequency harmonic content have
a considerably greater influence on L4 than on L. This effect is particularly apparent in the forward
spectrum, where CFD predicts elevated harmonic content around 1 kHz that is not reproduced by
the optimizer. The systematic underprediction of L, therefore primarily reflects differences in spectral
content rather than a failure to reproduce the principal radiation direction.

Overall, the CFD comparison supports the use of the BEMT-based framework for identifying aero-
dynamic and acoustic design trends, as it reproduces the integral propeller performance, dominant
tonal components, and principal radiation characteristics with comparatively low computational effort.
However, the observed discrepancies in higher-order harmonic content and the resulting systematic
underprediction of L, demonstrate that the framework should not be interpreted as a high-fidelity
predictor of absolute A-weighted noise levels. In addition, the difference between the optimization
objective and the reconstructed full-sphere Ly max highlights the importance of sufficient receiver cov-
erage when defining the acoustic objective. The framework is therefore most appropriately used for
computationally efficient design-space exploration and comparative acoustic optimization, followed
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by higher-fidelity assessment of selected configurations.
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Figure 12 — Top view of the lower noise hemispheres showing the level differences
(A=CFD—BEMT) in unweighted and A-weighted sound pressure levels (AL and AL4) at an
observer radius of 30 m.

4. Conclusion

This study investigated the aerodynamic and acoustic mechanisms governing the noise optimization
of a hover propeller under a 45° climb condition. The optimization identifies a noise-reduction po-
tential exceeding 5 dB(A) relative to the baseline for a 3.5% reduction in total efficiency. Reduced
rotational speed emerges as the main characteristic of the low-noise designs, enabled by adapta-
tions of the blade geometry and sectional operating conditions. Importantly, the acoustic benefit is
achieved despite increased aerodynamic loading and without reduced cyclic load variations, demon-
strating that conventional aerodynamic unloading is not a prerequisite for low-noise operation. The
associated efficiency penalty is primarily electrical rather than aerodynamic, with the motor operating
limits ultimately constraining further noise reduction.

The acoustic analysis confirms reductions in both thickness and loading noise, while retaining the
characteristic asymmetric directivity associated with the oblique inflow. Comparison with higher-
fidelity CFD shows good agreement in integral aerodynamic performance, dominant tonal compo-
nents, and principal radiation characteristics, but reveals an underprediction of approximately 5 dB(A)
in Ly max- Overall, the results demonstrate the suitability of the BEMT-based framework for compu-
tationally efficient comparative acoustic optimization, while higher-fidelity methods remain necessary
for accurate prediction of absolute noise levels.
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