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Aerodynamic and acoustic interactions in installed propeller configurations can have
significant effects on overall noise levels. In this paper, we present a mid-fidelity approach that
combines a panel-vortex particle method for aerodynamic prediction with a novel time domain
boundary element method (TDBEM) for acoustic prediction to efficiently resolve installation
effects on tonal noise. The approach is applied to a propeller-wing configuration originally
presented and tested by Zawodny et al. (2021) [1]. Aerodynamic and acoustic predictions are
compared against experimental data to assess the proposed approach, as well as to investigate the
interactional mechanisms responsible for the far-field noise. The results show strong potential
to capture interaction noise, although some discrepancies remain for aspects of the unsteady
aerodynamic and acoustic predictions at certain wing placements. Breakdowns of acoustic
contributions in the installed propeller configurations reveal significant effects from propeller
potential interaction, wake impingement, and scattering mechanisms. The near-field spatial
scaling of the propeller acoustic field with the propeller diameter is observed to have a strong
impact on the scattering effect from the wing, leading to a significant scattered contribution
even though the far-field acoustic wavelength is much larger than the wing chord.

I. Introduction

Recent interest in propeller-driven electric vertical takeoff and landing (eVTOL) concepts has highlighted the
importance of aerodynamically generated noise as a significant design consideration for many aircraft. Particularly in
urban settings, reducing noise levels is a priority for mitigating adverse health and environmental impacts and improving
public acceptability [2]. It is therefore increasingly important to develop computationally efficient numerical capabilities
to model noise sources as early as possible in the design process.

Compared to isolated propellers and rotors, installed propeller configurations introduce additional interactional
noise sources. Installation effects include aerodynamic interactions that create noise sources due to wake impingement
and potential interactions, as well as acoustic installations that affect propagation, namely scattering and shielding by
vehicle surfaces. A characterization of the combined effects of all interaction phenomena is necessary to inform design
choices, and there is a need for computationally efficient noise prediction tools that can assess contributions from both
aerodynamic and acoustic interactions for complete installed propeller configurations.

To resolve interactional noise sources, coupled CFD-CAA methods are typically applied to solve for the near-field
flow and propagate acoustic pressure signals from the near-field sources to the far field. Most work on installed
propeller configurations has focused on the use of high-fidelity CFD techniques, including large eddy simulation (LES)
methods [3]], unsteady Reynolds-averaged Navier Stokes (URANS) methods [1], and hybrid RANS/LES methods such
as detached eddy simulation [4} [S]. While these methods demonstrate good accuracy, they remain prohibitive for early
design stages and multi-query tasks such as design optimization. Mid-fidelity simulation techniques based on inviscid
panel methods coupled to vortex particle method (VPM) wake models provide a computationally efficient alternative
capable of resolving key unsteady flow features. These methods are particularly suited to efficient modeling of unsteady
wake interactions because they represent compact vortical structures without dissipation artifacts and do not require
a volume mesh. Panel-VPM solvers have previously been applied to prediction of isolated and installed propeller
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tonal noise [[6H9] coupled with boundary integral formulations of the Ffowcs Williams-Hawkings (FWH) aeroacoustic
analogy [10]].

Despite encouraging results for capturing interactional noise sources through CFD-aeroacoustic analogy methods in
general and panel-VPM with FWH in particular, scattering and shielding effects are typically neglected by widely-used
aeroacoustic analogy approaches [[L1]. In some cases, scattering and shielding can be captured directly if high-fidelity
compressible computational fluid dynamics (CFD) simulations are used to obtain an acoustically resolved field, and all
noise sources are subsequently included in the integration [12l]. However, resolution of acoustic propagation within
compressible CFD simulations is severely limited by numerical dissipation artifacts, contamination, and computational
constraints [[13]. Additionally, many CFD methods that are applied to propeller noise prediction are inherently unable
to resolve acoustic propagation directly, including incompressible CFD [14], URANS, and mid-fidelity panel-VPM
approaches. As a result, scattering and shielding effects frequently require a separate computation. A recent review
of urban air mobility (UAM) noise research by Rizzi et al. [2] highlighted the need for robust, integrated scattering
approaches to address a gap in current noise prediction methodologies.

There are several approaches for including scattering and shielding effects in acoustic propagation, all with strengths
for different applications. Grid-based methods, which solve propagation equations such as the acoustic perturbation
equations (APE) [[15], offer the greatest accuracy and flexibility for boundary conditions, background flows, and
acoustic source representations. However, they require a volume grid over the entire domain, which is computationally
prohibitive for an early design and optimization tool. Geometrical acoustics (GA) methods [16] approximate acoustic
waves as particles that propagate along rays, with models for diffraction along smooth surfaces and at sharp edges.
This approximation is formally valid in the high frequency limit and applies to propagation from frame-fixed sources.
Frequency domain boundary element methods [[17] solve the Helmholtz equation at a single harmonic frequency
for a frame-fixed source distribution. These methods are accurate at all frequencies; however, the computational
complexity increases rapidly, limiting attainable frequencies, and broadband sources require separate computations
at each frequency of interest. Time domain boundary element methods [[18}[19] (TDBEM) solve the acoustic wave
equation, allowing efficient simulation of transient sources, including arbitrarily moving or rotating source distributions.
While implementation of TDBEMs is difficult due to the 3+1 dimensional spacetime setting, they include all frequencies
in a signal together in a single computation. Equivalent source methods (ESM) are similar to BEMs, with both
frequency domain [20] and time domain [21] formulations, and many of the same strengths and limitations. In contrast
to BEMs that solve for layer potentials distributed on the scattering surface, ESMs represent the scattered field using
equivalent sources located inside a scattering body. This simplifies the numerical implementation at the cost of degraded
performance for thin bodies and near edges, additional free parameters (including source positions) that must be tuned
to different geometries, and reliance on ad hoc stabilization methods [22].

Scattering of installed propeller noise, especially at early design stages, has some specific constraints compared
to other types of noise sources. In particular, propellers are rotating, broadband noise sources, with significant low
frequency content. For configurations with wings as a significant scattering surface, it is important to accurately model
thin surfaces with sharp trailing edges. Additionally, boundary-based methods generally offer lower computational
costs compared to grid-based methods and are especially advantageous for use with meshless aerodynamic solvers,
where coupling to a grid-based CAA solver would defeat the dimension reduction achieved for the flow simulation step.
Finally, most unsteady aerodynamic computations are performed in the time domain, leading to a natural coupling with
time domain aeroacoustic methods. For these reasons, TDBEM formulations are especially promising for installed
propeller noise prediction in combination with both mid-fidelity panel-VPM methods and other aerodynamic solvers.

In this work, we introduce a unified unsteady time domain approach to efficiently resolve tonal interaction noise,
including aerodynamic installation effects from wake and potential interactions and acoustic installation effects from
scattering and shielding. We couple an inviscid panel method with a viscous VPM wake model [23] for flow simulation
to a Galerkin TDBEM [19] with forcing from the FWH aeroacoustic analogy to compute the far-field acoustic pressure.
The approach is applied to study a propeller-wing configuration originally tested in a recent experimental campaign by
Zawodny et al. (2021) [1]]. The experimental measurements reported by Zawodny et al. are used to assess the proposed
approach, and the numerical results are also used to analyze the significance of various physical mechanisms on the
installation effects observed in the far-field acoustics.



I1. Methodology

A. Aerodynamics

Aerodynamic simulations of the propeller-wing configuration are performed using the panel-VPM solver DUST [23].
DUST is an open-source computational fluid dynamics tool designed for efficient simulation of eVTOLSs and other
complex configurations. DUST uses an inviscid panel method with constant strength source-doublet panels to represent
aircraft surfaces, solving for circulation over lifting bodies by enforcing the Kutta condition at the trailing edge. This
approach requires a surface discretization for all aircraft elements, but removes the need for a more computationally
expensive volume mesh.

DUST resolves the wake behind lifting surfaces with regularized Lagrangian vortex particles shed from each trailing
edge panel. The stretching term is solved according to the transpose scheme, which has the advantage of explicitly
conserving circulation [24]. Viscous diffusion in the wake is modeled with the particle strength exchange method [24].
The discrete nature of the vortex particle wake lends itself to stable solution of complicated wake-airframe interactions.
While the vortex particles do not maintain core overlap through remeshing or other means, DUST does implement the
divergence relaxation scheme of Pedrizzetti [25]. DUST includes compressibility effects at low subsonic Mach numbers
via the Prandtl-Glauert correction. More details on the implementation of the mixed panel-VPM approach are provided
by Montagnani et al. (2019)[26] and Tugnoli et al. (2021) [23].

Previous studies of aerodynamic interactions in installed propeller configurations using DUST have shown relatively
good agreement in large-scale flow features compared to high-fidelity CFD and experiment [27, 28]. While this
panel-VPM approach does not resolve incoherent wake structures or broadband noise sources, it may be able to capture
coherent primary wake structures with sufficient accuracy to model important tonal installation effects.

B. Acoustics

The far-field acoustic pressure p’ is computed via several substeps. First, at each timestep, the acoustic sources are
extracted from the flow field and radiated to the far field in the absence of scattering effects according to the FWH
Formulation 1A of Farassat [29] (hereafter referred to as the incident field denoted p;). The incident acoustic velocity
on the solid surface geometry is evaluated with the V1A formulation of Ghorbaniasl et al. [30] from the same flow field
quantities. The total acoustic pressure field is then computed as the sum of incident and scattered components, where
the scattered pressure field p’ is obtained by the TDBEM with the incident acoustic velocity as forcing to satisfy the
acoustic boundary condition on the scattering surface.

Both F1A [29] and V1A [30] are formulated in terms of primitive variables of the flow, which are obtained from the
panel-VPM. In keeping with the boundary discretization, we integrate the monopole and dipole distributions directly
over the surface of the geometry and neglect the quadrupole terms in the volume integral. This approximation eliminates
the need for careful selection of an integrating surface within the flow, and is often suitable for far-field noise estimation
at low tip Mach numbers when contributions from quadrupole terms are expected to be minimal[31]. Both solvers
implement a source time approach[32] in which acoustic pressure contributions are evaluated on the integrating surface
at each emission timestep and are propagated to the observer time domain, where the full acoustic signal is constructed.

To account for the presence of non-compact solid bodies during the propagation step, we apply a recently developed
spacetime Galerkin TDBEM [19]. From an incident acoustic field, the TDBEM computes a scattered field such that the
total field satisfies the acoustic boundary condition on the scattering surface.

Assuming a uniform background flow, we apply the Prandtl-Glauert-Lorentz (PGL) transformation [33] to solve the
scattering problem for the acoustic potential ¢ in the setting of the acoustic wave equation in a medium at rest:
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where s is the transformed acoustic source distribution, cg is the speed of sound, and x and ¢ denote the spatial and
temporal coordinates in the transformed variables. Other classes of background flows can be considered using different
variable transformations, such as the low Mach number approximation due to Taylor [34], and the weakly nonuniform
approximation of Mancini et al. [35]. In this work, the uniform background flow approximation is applied because it
matches the propagation assumptions of the moving observer FWH formulation without the quadrupole term.

We apply the sound-hard boundary condition, which is equivalent to requiring zero normal acoustic velocity
(acoustic potential gradient) in the transformed coordinates, or zero energy flux in physical coordinates [33]. The normal



gradient on the boundary due to the incident contribution is:
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where 6% denotes the gradient in the normal direction, x and ¢ are the observer space and time variables, y and 7 are

emission space and time variables, and G (x, y,t, T) is the free-space Green’s function for the acoustic wave equation:
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To obtain a total field that satisfies the boundary condition, the scattered field must be a homogeneous solution of
(i.e., with s (x, 1) = 0) with the Neumann boundary condition:
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where I is the scattering surface.
The TDBEM computes the scattered component based on the first kind spacetime-conforming Galerkin formulation
of Ha-Duong [36]. The boundary element approach represents the scattered field with surface distributions of the

double layer potential, which corresponds to the jump in acoustic potential over the boundary ¢ = [%]. The first kind
boundary integral equation for the double layer potential is:
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forx € I', t € [0,T], with initial condition ¢, (x,0) = 0. Bamberger and Ha-Duong [37]] show that the appropriate
weak form of (3)) for full Galerkin discretization is:
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for all test functions 7 belonging to the same space as the trial functions, where 77 denotes the time derivative. The weak
form is discretized with piecewise linear test and trial basis elements in space and time on a triangular surface mesh.
After evaluating the scattered acoustic potential in transformed coordinates, the scattered pressure can be recovered

as:
dds a¢s)
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where p. is the ambient density, U is the uniform background flow velocity, and X and T are the spatial and temporal
coordinates in the physical variables.

The spacetime Galerkin formulation is notable for being unconditionally stable [36}137]]. It also has a number of
numerical and practical advantages over alternative TDBEM schemes, such as Burton-Miller reformulation with point
collocation [38]]. Galerkin approaches avoid the introduction of additional numerical parameters that must be tuned, as
is the case in Burton-Miller reformulation, where a coupling parameter must be chosen carefully to obtain accurate
results [39]]. The double spatial integration required by the full Galerkin approach gives greater flexibility because it
allows simulation of open scattering surfaces and coincident source-scatterer surfaces, which result in hypersingular
integrands in the collocation approach. Finally, Galerkin methods benefit from a quasi-best approximation property in
the energy norm that tends to result in more accurate solutions with a given discretization compared to collocation
methods [40], which may be particularly beneficial given the high asymptotic cost scaling of integral methods.
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I11. Propeller-Wing Configuration and Experimental Results
In this paper, the panel-VPM-TDBEM approach is applied to a tractor propeller-wing configuration tested by
Zawodny et al. (2021) [].



(c) Front view of propeller-wing configuration.

Fig. 1 Propeller-wing geometry, consisting of a three-bladed propeller installed on a nacelle below a rectangular
wing. The wing leading edge is located at (AX, 0, AZ) relative to the center of the propeller disk. The flyover
observer array is located 3.5 m from the propeller axis at an azimuthal angle y = 220°.

A. Experimental Measurements

The experiments were conducted by Zawodny et al. [[1] in the Low Speed Aeroacoustic Wind Tunnel (LSAWT)
facility at the NASA Langley Research Center. This facility is an open-circuit, open-jet anechoic wind tunnel, with a
cut-off frequency of 250 Hz. The test section was outfitted with a linear array of 28 6.35 mm-diameter B&K model 4939
microphones, located 3.5 m from the propeller axis at an azimuthal angle of 220° below the configuration. Propeller
thrust and torque were measured with an ATI-IA Mini45 load cell. Steady and unsteady pressures were measured at
several chordwise and spanwise positions on the wing using pressure taps and a 3.2 mm thick sleeve containing a row of
Kulite LQ-064 sensors.

The propeller-wing configuration consisted of a three-bladed Mejzlik 16x11 propeller with a diameter of 0.2 m. The
propeller was installed on a nacelle located below the midspan of a NACA 63,-215 MOD B wing with 0.406 m chord
and 2.44 m span. The wing was mounted on a traverse and was positioned at several vertical and axial separations
relative to the propeller. In particular, experimental data are available for axial separations ATX € [0.25, 1.5] and vertical
separations % € [0.5,2]. Measurements were collected at a constant propeller rotational speed of € = 6000 rpm at an
advance ratio of J = 0.592. The reported acoustic data focus on the first blade passage frequency (BPF) due to motor
noise contamination at higher harmonics.

B. Numerical Setup

The propeller-wing configuration geometry in DUST is shown in Figure[I] Two modifications are made compared
to the experimental setup. First, a notional nacelle geometry is used as the tested hub and nacelle geometries were
not available. Second, the span of the wing is decreased to 1.2 m to reduce the computational cost while retaining
the portion of the wing responsible for installation effects. Several propeller discretizations, ranging from 1392 to
4176 panels, are considered to determine the sensitivity to spatial resolution. The wing and nacelle discretizations
are not varied but are very highly resolved, with 5580 and 1242 panels, respectively. The wing includes a spanwise
refinement region out to 1.5R on each side of the centerline. The timestep is also varied from 3-9° blade azimuth per
step to determine temporal resolution requirements. Simulations are run for ten total revolutions, and aerodynamic and
acoustic data are collected over the last five revolutions after the simulations have stabilized.

The scattering analysis focuses on the wing as the primary scattering body. Separate acoustic surface discretizations



are used because the requirements for a high-quality acoustic surface mesh are different from the surface panel
discretization. In particular, the acoustic discretization prioritizes uniformly sized nearly isotropic meshes in the
transformed PGL coordinates. To assess spatial resolution requirements, two different surface discretizations are
considered with 1384 and 2500 elements. Because of difficulties interpolating between separately generated aerodynamic
and acoustic discretizations, the scattering analysis uses forcing from the blade and nacelle but neglects the self-scattering
of sources on the wing. This mechanism will be considered in future work.

IV. Aerodynamic Analysis
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Fig.2 Stabilization of isolated propeller thrust and torque coefficients compared with experimental measurement.
Thrust is consistently well predicted, while the torque is underpredicted. The sensitivity to spatial and temporal
resolution is small.

To assess the accuracy of the DUST simulation and determine resolution sensitivities, aerodynamic results are
compared against the reported experimental measurements. Figure 2]compares the isolated propeller thrust and torque
coeflicients over the ten simulated revolutions. Both coeflicients stabilize rapidly within the first three revolutions,
and display little sensitivity to either spatial or temporal resolution. While the thrust coefficients track closely with
experiment, the torque is significantly underpredicted. This is expected because viscous stresses are not captured by the
inviscid panel formulation.

Figures and compare nondimensionalized root mean square fluctuating pressures CI’J on the wing in the

,RMS
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Fig. 3 Chordwise distributions of C;) rums along the wing centerline (A}TX =0.25, % = 0.5). The sensitivity to
spatial and temporal resolution is small.

ATX =0.25, ATZ = 0.5 position. Figureshows chordwise slices along the centerline on the suction and pressure sides.
The suction side shows substantial underprediction at the leading edge and better agreement downstream, while the
pressure side shows decent agreement over the chord. The sensitivity to both propeller spatial resolution and temporal
resolution is relatively small. Figure[]shows chordwise slices near the tip vortex path at Y = —0.866R. Here, substantial
deviations from experiment are observed on both the suction and pressure sides. The leading edge shows decent
agreement on both sides, while the fluctuations are significantly overpredicted downstream of the leading edge. This may
be due to the inviscid slip wall boundary condition and the absence of a boundary layer, which allows vortical strucures
to stretch and intensify near the wall without the damping effect of the viscous shear layer, causing unphysically large
pressure fluctuations behind the leading edge. The distributions show little sensitivity to propeller spatial resolution but
significant sensitivity to increased temporal resolution.

The aerodynamic comparison raises questions about the accuracy of the pressure fluctuations caused by the tip
vortex impingement as captured by DUST. While the resolution study is not exhaustive and, in particular, does not
include the effects of varying wing spatial resolution, the overall resolution in both space and time is relatively high
for a mid-fidelity simulation. These discrepancies may represent a broader limitation of mid-fidelity aerodynamic
solvers that do not capture viscous near-wall effects for propeller-wing interaction problems. A comparison with a
boundary layer-resolving aerodynamic solver would be useful to assess whether this limitation substantially limits the
noise prediction capabilities.
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Fig.4 Chordwise distributions of C’ _RMs hear the tip vortex path (Y = —0.866R) on the wing (AX 0.25, AZ
0.5). The sensitivity to spatial resolutlon is small, while reducing the timestep results in a substantlal 1ncrease in
fluctuations on both suction and pressure sides.

V. Acoustic Analysis

Due to the availability of experimental measurements, the acoustic analysis focuses on the first BPF. Far-field acoustic
predictions are compared for across varying spatial and temporal resolutions to determine resolution requirements.
Figure [5|compares sound pressure level (SPL) flyover directivity at varying propeller spatial resolution and temporal
resolution for both the isolated propeller (propeller and nacelle only, with no wing present in aerodynamic or acoustic
computations) and the installed configuration with wing locatlon =0.25, AZ = 0.5. The installed propeller directivity
is plotted without the scattered component (incident component pl only) to hlghlight the resolution effects on the noise
sources. The isolated propeller directivity shows no sensitivity to temporal or spatial refinement. The installed propeller
directivity shows minimal sensitivity to spatial refinement except around € = 135°, where a finer propeller discretization
leads to a more pronounced drop in the SPL. Changes in temporal resolution result in moderate changes in SPL at most
flyover angles. On the basis of these acoustic results, together with the aerodynamic comparisons presented in Section
V] a coarser propeller spatial resolution of 1392 panels combined with the smallest 3° timestep seems to provide the
best compromise of accuracy and cost. Subsequent results are obtained using this combination of propeller spatial
resolution and temporal resolution.

The spatial resolution sensitivity of the TDBEM scattering computation is also considered. The directivity of the
scattered contribution p with two acoustic meshes is shown in Figure[6] While the directivities are qualitatively similar,
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(a) Isolated propeller SPL at selected spatial resolutions.
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(c) Isolated propeller SPL at selected temporal resolutions. (d) Installed propeller SPL (without scattering) at selected

temporal resolutions.

Fig. 5 Comparison of isolated and installed flyover directivities at different spatial and temporal resolutions.

the level is reduced by up to five dB for the larger mesh. Future work will compare a larger hierarchy of acoustic meshes
to obtain full convergence of the scattered contribution. For subsequent results, the higher resolution mesh with 2500

surface elements is used.

The installed propeller flyover SPL directivity is compared against experimental measurements to assess the accuracy
of the panel-VPM-TDBEM approach. Two sweeps of wing positions are considered: a vertical sweep with constant
AX/R =0.25atAZ/R =0.5,0.75,1.0, 1.5, and an axial sweep with constant AZ/R = 0.5at AX/R = 0.25,0.5,1.0, 1.5.
The simulated and measured installed propeller directivities are compared in Figures[7]and [8]for the vertical and axial
position sweeps, respectively. The isolated propeller simulation and measurement is included for comparison.
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Fig. 6 Comparison of scattered contribution at different acoustic surface mesh spatial resolutions. The wing
location % =0.25, % = 0.5 is shown for Af = 3° and 1392 blade panels.

Overall, many key qualitative features of the installed configuration directivities are captured, but significant
discrepancies also remain. At the nearest wing location (% = 0.25, % = 0.5), the amplification at low and high
flyover angles is captured, with good agreement near 8 = 45° and 6 = 150°. The intermediate angles are underpredicted
relative to the experiment, although qualitative features such as the dip at # = 100° and the peak at 6 = 130° are
captured. At ATX =0.25, ATZ = 0.75, the low and high flyover angles are again accurately captured, but a very significant
discrepancy exists in the intermediate angles, where a substantial decrease in the in-plane levels is not captured. At
% =0.25, % = 1.0, the qualitative shape of the directivity is captured, including a slight dip in the propeller plane,
but the levels are overpredicted relative to the measurement, particularly around § = 45° and 8 = 120°. At the largest
vertical separation (% =0.25, % = 1.5), the simulated installation effects are very small. A slight amplification near
6 = 140° over the isolated case is captured at a level comparable to the experiment, but the measured amplification
from 0 = 45° to 8 = 90° is not observed. At ATX =0.5, ATZ = 0.5, the simulation captures amplification around 8 = 45°
but the dip in the measured directivity near § = 80° is instead shifted forward to 8 = 60°, resulting in significant
underprediction at this location. The agreement is good in the propeller plane and at 8 = 150°, but a second dip is
observed around 6 = 140° that is missing from the measured directivity, leading to significant underprediction. At
% =1.0, ATZ = 0.5, the simulated and measured directivities are qualitatively very similar, with a consistent offset of
around five dB. Both directivities show higher levels around 6 = 45° and reduced levels around 6 = 120°. Finally, at
the largest axial separation (% =1.5, % = 0.5), minimal installation effects are observed in the simulated directivity,
resulting in significant underprediction at forward angles and overprediction around 6 = 130°.

To identify the physical mechanisms in the simulated results, differences between selected acoustic contributions are
plotted for the vertical and axial wing location sweeps in Figures[9]and[I0] respectively. In particular, three important
interaction mechanisms, propeller potential interaction, wake impingement, and acoustic scattering, are investigated by
comparing the difference between the installed and isolated propeller blade contribution (SPL v, p1ade—SPLp biade)s
the difference between the total SPL with and without the wing contribution (SPL;0;q1—SPLyo wing), and the difference
between the total SPL. with and without the scattered contribution (SPL;,;q;—SPL;ncident), T€spectively. These
interaction mechanisms are not exhaustive, but they are hypothesized to be among the most significant in installed
propeller configurations [1].

The blade installation comparison (SPL ., p1ade—SPLp piade) shows significant differences of over 10 dB at low
and high flyover angles, with minimal effect in the propeller plane. The differences are observed to decrease very rapidly
with increasing vertical and axial separation. This comparison is expected to be dominated by the propeller interaction
with the potential flow around the wing leading edge that drives changes in the local blade angle of attack as it passes
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Fig.7 Comparison of measured and simulated installed propeller flyover SPL directivities at varying vertical
wing locations. The measured and simulated isolated propeller directivities are also included for reference.

near the wing. The observed trends are well-explained by this mechanism. In particular, it primarily affects the blade
loading, leading to the observed forward and backward directivity effects, and it decreases rapidly as the wing leading
edge is moved away from the propeller disk.

The wing contribution comparison (SPL; ;4 —SPL;,, wing) shows significant differences above 15 dB, primarily
around 6 = 120° for the closest wing locations, with reduced differences at forward and backward directivities. The
effect decreases rapidly with increasing vertical separation, while it decreases more slowly with axial separation. This
contribution is expected to be dominated by the wake impingement effect on the wing. This explanation also aligns well
with the observed trends. In particular, the effect decreases more slowly with axial separation when the wing remains in
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Fig. 8 Comparison of measured and simulated installed propeller flyover SPL directivities at varying axial wing
locations. The measured and simulated isolated propeller directivities are also included for reference.

the propeller slip-stream than with vertical separation when the wing moves above it.

The scattered contribution comparison (SPL;o:q1—SPLincidens) Shows comparable magnitudes of over 15 dB. This
comparison directly corresponds to the scattering of the acoustic fields radiated by the propeller and nacelle off the wing.
Unlike the other two comparisons, the scattering effect is significant at all directivities, depending on the wing position,
and does not noticeably decrease until vertical or axial separations are above one propeller radius. These trends are
explained by the characteristics of the near-field acoustic pressure distribution around the propeller. Figures[TT]and
[T2] show the phase of the propeller acoustic field on selected horizontal, meridional, and azimuthal slices, revealing
the spatial structure of the incident acoustic field at key locations. The propeller is not a compact noise source and
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Fig. 9 Breakdown of installation effects for the vertical wing location sweep: (a) total installation effect
compared against experiment; (b) difference between installed and isolated blade contributions, indicative of the
propeller potential interaction mechanism; (c) difference between installed directivities with and without the
wing contribution, indicative of the wake impingement interaction mechanism; (d) difference between installed
directivities with and without the scattered contribution, corresponding to the scattering acoustic interaction
mechanism.

is therefore characterized by different length scales in the near field and far field. In the far field, the acoustic length
scale is the wavelength, which is on the order of the wing span and far larger than the wing chord, resulting in weak
incident gradients and minimal scattering. The near-field length scale is determined by the propeller diameter, which
is over an order of magnitude smaller than the wavelength. Therefore, while the scattering surface is acoustically
compact with respect to the far-field length scale, it is not compact with respect to the near field, resulting in significant
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Fig. 10 Breakdown of installation effects for the axial wing location sweep: (a) total installation effect compared
against experiment; (b) difference between installed and isolated blade contributions, indicative of the propeller
potential interaction mechanism; (c) difference between installed directivities with and without the wing
contribution, indicative of the wake impingement interaction mechanism; (d) difference between installed
directivities with and without the scattered contribution, corresponding to the scattering acoustic interaction
mechanism.

scattering effects for wing positions near the propeller disk. The azimuthal and meridian slices show a near field that
extends around one propeller radius in front and behind the propeller disk. Above the propeller disk and more than
one radius in front or behind the disk there is a transition region, with length scales that fall in between the near-field
scale and the wavelength. Finally, the far-field length scaling is mostly recovered starting about four radii from the
propeller. The difference between the immediate near field and the transition scaling is especially apparent comparing
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Fig. 11 The cosine of the phase angle of the propeller incident acoustic contribution is plotted on horizontal and
meridian planes to visualize the spatial structure: (a) horizontal plane at % = 0.5, corresponding to the wing

plane at the smallest vertical separation; (b) horizontal plane at ATZ = 1.5, corresponding to the wing plane at the
largest vertical separation; (c) the meridian plane on the centerline. The propeller incident contribution from the
% =0.25, % = 0.5 wing location is shown, although the structure of the acoustic field is illustrative of all the

installed and isolated cases.
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Fig. 12 The cosine of the phase angle of the propeller incident acoustic contribution is plotted on azimuthal
planes to visualize the spatial structure: (a) azimuthal plane at % = 0.25, corresponding to the wing leading
edge at the smallest axial separation; (b) azimuthal plane at ATX = 1.5, corresponding to the wing leading edge at
the largest axial separation. The propeller incident contribution from the % =0.25, % = 0.5 wing location is
shown, although the structure of the acoustic field is illustrative of all the installed and isolated cases.

the azimuthal slices in the region behind the propeller disk and the two wing positions in the % = 0.25 slice. The
nearest three positions in both the vertical and axial location sweeps have substantial portions of the wing leading edge
in the propeller near field, and show scattered contributions of up to 15 dB. The farthest positions in both sweeps are
located in the transition region, resulting in significantly less scattering.

Overall, all three interaction mechanisms are found to be significant across the selected wing positions. At the
nearest wing positions, all three have similar contribution magnitudes. The total installation effect in these positions
(roughly % € [0.25,0.5], % € [0.5,0.75]) is therefore dependent on complex phase interactions between at least

three significant mechanisms. For intermediate positions (roughly ATX =1, ATZ = 1), the scattering mechanism seems to

dominate, with the wing leading edge located in the propeller near field. Finally, the largest separations (ATX = 1.5,
% = 1.5) result in lower total installation effects, as all three mechanisms are reduced to within 5 dB. While not
exhaustive, the combination of these three interaction mechanisms explains a significant portion of the observed

installation effect.
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VI. Conclusions

In this work, we present a method for efficient prediction of tonal noise from installed propeller configurations. The
method simulates the 3D unsteady flow field with a panel method coupled with a viscous VPM wake model. The
acoustic pressure is calculated by computing an incident field with the FWH aeroacoustic analogy and then accounting
for the presence of scattering surfaces in the propagation region with a space-time Galerkin TDBEM. The approach
therefore models installation effects due to both aerodynamic interactions and scattering without requiring a volume
mesh.

The approach is applied to study a propeller-wing configuration originally tested by Zawodny et al. (2021)[1].
Aerodynamic and acoustic predictions are compared with experimental measurements to assess the ability of the present
approach to capture the installation effects. Multiple spatial and temporal discretizations are considered to assess
sensitivities to resolution. While good agreement is found for mean aerodynamic quantities, a comparison of wing
surface pressure fluctuations near the tip vortex path shows significant deviations from experiment that may be related to
the inviscid boundary condition in the panel-VPM methodology. Future comparison with a boundary layer-resolving
aerodynamic solver is necessary to determine the cause of this discrepancy and its effect on the far-field acoustics.

The predicted and measured SPL directivities are compared at the BPF for several wing positions. These comparisons
show important areas of agreement that capture key installation effects, although some discrepancies remain. The
components of the predicted solution are decomposed to highlight three physical mechanisms hypothesized to be
important in the propeller-wing interaction. Propeller potential flow interaction, wake impingement, and acoustic
scattering are all shown to be significant, with similar contribution magnitudes of around 15 dB at the nearest wing
position. Both the potential interaction and the wake impingement appear to decrease quickly with increasing separation,
although the wake impingement mechanism decreases more slowly for axial separation than for vertical separation. The
scattering contribution is found to decrease the slowest, remaining above 15 dB out to vertical and axial separations
of one radius. A key finding is the significance of both aerodynamic and acoustic installation effects that must all be
included to accurately capture installed propeller noise.

The length scale of the propeller near field is found to have an important effect on the acoustic scattering contribution.
Slices of the phase of the propeller pressure field at the BPF show a near-field region with length scales determined
by the propeller diameter, extending to about one radius. There is a transition region with intermediate spatial scales
between one and four radii, while the spatial scales approach the far-field wavelength beyond four radii. The strong
scattering contributions observed for up to one radius of vertical or axial separation are attributed to the short near-field
spatial scale, which is over an order of magnitude smaller than the acoustic wavelength. Beyond the propeller near field,
the scattering effect decreases substantially as the acoustic spatial scale approaches the wavelength. These observations
imply that significant propeller noise scattering may occur from bodies much smaller than the acoustic wavelength
if placed in the appropriate part of the incident field. In particular, a scattering body cannot be determined to be
acoustically compact on the basis of frequency alone without considering the spatial structure of the propeller acoustic
field.

Overall, the present approach appears to have strong potential for computationally efficient prediction of tonal
installed propeller noise. Further work will investigate remaining discrepancies between predictions and experimental
measurements for both aerodynamic and acoustic quantities and add missing interactional mechanisms such as the
self-scattering contribution by the wing. Finally, future work will include additional numerical and geometric parameter
studies of propeller-wing configurations, considering variables such as the propeller rotation rate and advance ratio that
are not examined in this work.
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