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Numerical Investigation of the Aerodynamic and Aeroacoustic
Interactions Between a Tractor Propeller and a Lifting Wing

Jack E. Barker∗†, Alessandro Zarri‡, Julien Christophe§, and Christophe Schram¶

von Karman Institute for Fluid Dynamics, 1640 Rhode-St-Genèse, Belgium

The Urban Air Mobility market is currently experiencing rapid growth with significant
investments directed toward the development of novel aircraft designs aimed at enhancing
performance efficiency and reducing climate impact. Nevertheless, the emergence of noise
pollution as a result of aircraft flying closer to previously undisturbed populations is now a
pressing concern. Tonal noise, in particular, is widely recognized as the most prevalent and
disruptive form of noise pollution. This study proposes a hybrid computational methodology
that prioritizes the evaluation of installation effects on a single tractor propeller and wing
case, with a specific focus on tonal noise. The hybrid methodology consists of simulating the
near-field aerodynamics over the different geometries using an unsteady Reynolds-Averaged
Navier-Stokes commercial solver to determine the equivalent sources. Then, the calculation
of the acoustic scattering and propagation is handled by a commercial numerical acoustic
solver based on the Finite Element Method. This low-order methodology allows discriminating
between aerodynamic and acoustic installation effects with moderate computational times.
The directivity results indicate that both aerodynamic and acoustic installation effects cause
moderate changes in sound level. However, the aerodynamic installation has a greater impact
on the directivity, particularly above and below the wing. The noise generated by the unsteady
flow over the wing in the propeller-wing geometry is comparable to the levels of propeller noise.
However, it radiates in directivity additional to that of the blades, thereby changing the overall
directivity and sound level significantly.

I. Introduction
The Urban Air Mobility (UAM) market is new and rapidly growing with approximately $5.5 billion invested in their

development as of 2021, which is forecasted to exceed $32 billion worldwide by 2035 for intercity UAM services, with
the overall market scope reaching up to $320 billion [1]. Here novel aircraft designs are being investigated with the goal
of increased performative efficiency and reduced overall climate impact. These concepts include a range of designs such
as leading-edge distributed electric propulsion (DEP) [2], over-the-wing electric propulsion [3], tip-mounted electric
propulsion [2], contra-rotating propellers[4], shrouded propellers [5], and combinations of these.

While many of these designs appear promising, the noise generation of the systems must also be addressed, since
such concepts are often built to fly lower and closer to communities that were previously undisturbed by air traffic
noise [6, 7]. These vehicles may be disturbing to both humans [8] as well as animals and their habitats [9].

This study primarily examines DEP in tractor (also called puller) configurations for forward-flight applications,
examining how the addition of a wing affects an individual propeller’s performance and noise-generating mechanisms.
Propellers are known to create tonal noise at frequency peaks that correspond to the Blade Passage Frequency (BPF)
and its harmonics [10, 11], as well as broadband noise from the motion of the propeller and random force fluctuations
associated with turbulence.

The Ffowcs-Williams and Hawkings analogy (FW-H) describes flow-induced sound generation using quadrupolar,
dipolar, and monopolar equivalent sources, corresponding to different mechanisms [12]. Considering the propeller first,
at low subsonic tip Mach numbers and for an acoustically compact blade chord, two mechanisms are found to be most
relevant: thickness noise and loading noise. Thickness noise is a result of the displacement of the air by the volume of
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the propeller and is modeled as a monopolar term. Loading noise is related to the forces on the blades and is modeled as
a dipolar term [11]. Those forces can be steady when the propeller rotates in an azimuthally-homogeneous flow field
(steady-loading noise), or unsteady. In the second case, the unsteadiness can result from the ingestion of a wake or
boundary layer for example, or be caused by a nearby downstream element inducing a potential distortion of the flow
traversed by the blades. Besides the noise produced by the propeller, the impingement of its wakes on the wing causes
lift fluctuations of the latter, which also radiate unsteady loading noise. Those mutual interactions between the propeller
and airframe are called aerodynamic installation effects [10].

Both mechanisms are periodic, so the main contribution to loudness is constituted by harmonic tones, viewed as one
of the most bothersome components of the emitted spectrum [13]; because of this, this study will concentrate on tonal
noise and neglect broadband noise. Furthermore, the propeller model used in this project has a small thickness-to-chord
ratio, so thickness noise is not the focus of this paper.

In addition to the aerodynamic effects, the scattering of the propeller noise by the wing can significantly change the
directivity and cause either shielding or amplification effects in both the near- and far-field. These acoustic installation
effects [14] will also be investigated in this paper.

A similar wing-propeller problem was studied, experimentally and numerically, by Zawodny et al. [15]. In their
study acoustic predictions showed equivalent contributions from the propeller and wing loading noise sources, and
suggested that both aerodynamic and acoustic installation effects need to be considered when analyzing a propeller-wing
geometry. They also used a stationary monopole and simplified geometry to determine the scattering effects which, as
noted in the paper, does not fully model the case and led to results that do not fully agree.

The objective of this work is to determine the relative importance of the aerodynamic and acoustic installation
effects on a single tractor propeller-wing case. A hybrid computational methodology is proposed to this end, in which
an unsteady Reynolds-Averaged Navier-Stokes (uRANS) commercial solver is used to determine the equivalent sources,
and the calculation of the acoustic scattering is handled by a commercial numerical acoustic solver based on the
Finite Element Method (FEM). This low-order methodology allows discriminating between aerodynamic and acoustic
installation effects with quite moderate computational times.

II. Methodology
The TUD-XPROP-S model, featuring six blades and a spinner, is depicted in black in Figure 1. The propeller has

a radius of 0.1016 m and a pitch of 30◦ at 70% span. Every simulation is run using a rotation speed of 8858.2 RPM,
giving an advance ratio of 𝐽 = 1 with a freestream speed of 30 m/s and a blade tip Mach number of 0.29. This also
corresponds with a Reynolds number of 4.45 × 104 at the tip with a chord of 6.8 mm. In what follows, the BPFs will be
found at frequencies equal to 6𝑛 𝑓𝑟𝑒𝑣 , with 𝑛 = 1, 2, . . . and 𝑓𝑟𝑒𝑣 = 147.64 Hz.

For the case of the isolated propeller, an arbitrary nacelle was designed to approximate the housing and support
from the wind tunnel test. The validation results from the wind tunnel are based on a force sensor detecting thrust from
only the spinner-blade assembly, therefore the particular form of the nacelle should have little influence [16]. In the
propeller-wing case (see Figure 1), the geometry based on the wind-tunnel experiments carried out in Ref. [17] was also
provided by TU Delft; however, the wing tips were extended to reduce tip effects on the solution as the wind tunnel
geometry is not simulated. In this model, an NLF-MOD22(B) airfoil [18] is mounted at ≈ 5◦ to the freestream flow and
thrust direction with the propeller plane 0.85 diameters ahead. This distance is a typical distance for a propeller-wing
geometry and the one used in the experimental campaign.

A. uRANS Flow Simulations
To model the flow around the propeller, the commercial software Simcenter STAR-CCM+ Version 17.02 is used [19].

This solves the unsteady Reynolds Averaged Navier-Stokes (uRANS) equations with Menter’s Shear Stress Transport
turbulence model [20]. A compressible flow solution is used to accurately predict the flow characteristics at the given
tip Mach number.

The simulation is initialized using a steady RANS solution employing a three-dimensional coupled implicit scheme
for a moving reference frame (MRF) approach around the propeller region. This approach is similar to the one used
in [21]. For the uRANS simulations, a second-order temporal discretization is used with a time step of 1.881 × 10−5 s,
which corresponds to 1◦ of rotation. The same MRF region is used to create a sliding mesh for the uRANS simulations,
and its width is set to 1.25𝐷, where 𝐷 is the propeller diameter. This width is selected to ensure a uniform mesh size at
the interface of the sliding region and the rest of the mesh at every angle of rotation of the blade, similarly following
Ref. [22]. In addition, with the time step of 1◦ at the furthest diameter, the displacement of a cell is not more than the

2

D
ow

nl
oa

de
d 

by
 T

ec
hn

is
ch

e 
U

ni
ve

rs
ite

it 
D

el
ft

 o
n 

Fe
br

ua
ry

 3
, 2

02
5 

| h
ttp

://
ar

c.
ai

aa
.o

rg
 | 

D
O

I:
 1

0.
25

14
/6

.2
02

3-
40

56
 



Fig. 1 Full wing geometry with nomenclature.

length of the cell next to it in the non-rotating domain. This ensures continuity across the interface creating lower errors
at the transition from rotating to steady regions.

Moreover, this width is used as a sizing parameter, such that 𝐿 = 1.25𝐷, and determines the rest of the domain size.
The domain is a bullet-shaped domain with a radius of 12.5𝐿 for the spherical inlet, which causes the cylinder to have
the same radius. The diameter extends 25𝐿 downstream. This domain size is selected to ensure that the boundaries do
not influence the local solution.

The boundary conditions are set as follows: the inlet is a velocity inlet with a 30 m s−1 component in the axial
direction, the sides are a boundary-normal freestream, and the exit is a pressure outlet. These boundary conditions
provide uniformity between simulations by allowing the domain to be utilized for all models examined, including
potential future distributed propulsion simulations. The boundary conditions are shown in Figure 2(a).

The cell count for this study is purposefully kept as low as possible resulting in a mesh size for the isolated propeller
of approximately 12.5 × 106 cells and 20 × 106 cells for the propeller-wing configuration. The mesh is tailored to
increase cell count in critical areas such as blade roots and tips, however, it was also found that refining the path of the
tip vortices is crucial for retaining flow information downstream to the wing. As a result, both the isolated propeller and
propeller-wing cases were solved using the hollow cylinder depicted in Figure 2(b).

In order to meet the solver requirements, a prism layer consisting of 15 layers with a thickness of approximately
0.5 mm was applied to all surfaces near the blade. The number of layers was reduced to 5 on the extended area of the
wing to decrease the cell count and computational time. This allowed for a 𝑦+ < 1 for most of the blade, nacelle, and
wing section of interest. The uRANS simulations used 10 sub-iterations per time step, resulting in a continuity residual
of below 10−6 in both the isolated propeller and propeller-wing cases. The radial momentum residuals were below 10−3,
and the axial momentum was below 10−5. Additionally, the turbulent kinetic energy in the isolated case was resolved to
a value of 5× 10−8, whereas in the propeller-wing case, it was resolved to 10−6. All residuals are non-normalized values.

(a) (b)

Fig. 2 (a) A diagram of the total domain used for all aerodynamic simulations and the corresponding boundary
conditions for each surface. (b) Mesh cut plane depicting the refinement section, the sliding mesh boundary, and
the extra hollow-cylinder refinement.
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B. FEM Acoustic Simulations
The tonal noise emissions for this study are calculated using a commercial Finite Element Method (FEM) solver,

Simcenter 3D [23]. The surfaces of the geometric models are discretized with linear triangular elements of 3 mm in
order to accurately describe the geometry, which can still be complex despite neglecting the blades (represented in the
model as equivalent sources). In the cases in which the wing is present parts of the wing’s upper and lower surface are
coarsened to 8 mm to help lower the computational load.

The FEM domain exterior surface boundary condition is a non-reflective surface with an Automatically Matched
Layer coupled with a Kirchoff radiation surface [24]. This allows for the acoustic solution to be propagated to listener
locations outside the computational domain. Between these two boundaries, tetrahedral elements are used to fill
the volume. The elements in this mesh are chosen such that they generally follow the rule-of-thumb that considers
about 6 elements per wavelength of the frequency of interest, however, thanks to the use of the Adaptive Order FEM
solver employed in the software, which refines the mesh as needed for each frequency analysis, this sizing is less
constrictive [23].

(a) (b)

Fig. 3 Directivity definition for the acoustic results in the (a) horizontal plane (top-down view), and (b) in the
vertical plane.

The CFD solver allows the output of CFD General Notation System (CGNS) files which can be used to describe the
pressure over the surfaces in the simulation. These files are then used as inputs for the acoustic solver. For this study,
two sets of data were exported: i) from the isolated propeller case the pressure on the six blades (not including the
spinner or nacelle) was taken, ii) in the propeller-wing case the pressure on the six blades and the pressure over the
section of the wing immediately behind the propeller were taken as separate files for the same physical time step (again,
neither including the spinner nor nacelle).

For the data from the blades, which are rotating sources, fixed dipole sources are calculated in an analogous
reconstruction of rotating dipolar sources; this is known as the source-mode method [25]. The dipole source strengths
are obtained by integrating the transient pressure field over 5 acoustically-compact segments per blade. The three
components of the force per segment are calculated and in the frequency domain reconstructed from the rotating source
to stationary components. These source modes are then projected on the high-order degrees of freedom of the finite
element problem.

For the pressure data over the wing section, the sources are modeled as surface dipoles. In simulations that include
the wing as a source, it is represented as solely a distribution of equivalent dipoles, thereby removing the wing from the
acoustic model as a scattering entity, assuming that the dipoles account for the scattering. This implies that the acoustic
pressure fluctuations radiated by the propeller and wing were able to propagate from the blades to the other surfaces in
the compressible CFD simulation. Under this condition, the pressure data from the wing surface already includes the
pressure fluctuations due to the acoustic pressures. For more details on both source types see Ref. [23].

Typical CFD second-order schemes require around 18-25 nodes per wavelength to properly refine the propagation
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of the acoustic pressure [26]. In the CFD simulations of this study, the refined region of the hollow cylinder has the
fidelity to propagate acoustic pressure up to frequencies corresponding with the 14𝑡ℎ BPF but, in the coarse region
only wavelengths up to the 3𝑟𝑑 BPF can be considered using this criterion conservatively (the 4𝑡ℎ BPF falls near
the minimum). Additionally, it should be noted that this particular criterion has been established solely for use with
homogeneous meshes, rather than accounting for the discontinuity resulting from the implementation of the hollow
cylinder method. As a result, the current analysis will concentrate solely on the first and second BPFs, as these
frequencies are more resistant to this issue.

III. Results

A. Validation of Aerodynamic Methodology
The use of a hollow cylinder refinement in the aerodynamic simulation allowed the propagation of the flow effects

of the blades downstream to interact with the wing. As visualized in Figure 5 the tip vortices from each individual
propeller, represented by the 𝜆2 criterion, propagate sufficiently far downstream to detail the interaction with the wing.
This shows that information can travel both downstream and upstream at locations of interest in the simulation.

The performance characteristics obtained from the simulation show that the isolated propeller simulation was
sufficiently accurate. Experimental data at an advance ratio of 𝐽 = 1 and an inlet velocity of 30 m s−1 for the isolated
propeller from TU Delft resulted in a temporally averaged thrust coefficient of 𝑇𝑐 = 0.45 ± 0.005 for the blades and
spinner where 𝑇𝑐 = 𝑇/(1/2𝜌0𝑣

2
0𝜋𝑅

2) [16]. The simulation gives a value of 𝑇𝑐 = 0.477 at the same conditions which is
within 6% of the experimental results. A mesh refinement study on the simulation also showed less than a 0.1% change
in thrust between 12.5 million and 22 million mesh sizes (Figure 4(a)).

(a) (b)

Fig. 4 (a) Mesh convergence study of the blade thrust for the isolated propeller case. (b) Axial velocity profiles
upstream and downstream of the propeller compared with experimental data [16].

In order to further validate the accuracy of the aerodynamic simulation, axial velocity profiles were measured
upstream and downstream of the propeller and compared with the experimental data from TU Delft. At the same
advance ratio and inlet velocity previously compared the simulation showed a maximum difference of 1.25% from the
experimental data at 0.2 radii upstream of the propeller, and 4.25% at 1.2 radii downstream. The general trend of the
axial velocity profiles is well captured for the isolated propeller case as shown in Figure 4(b). These results demonstrate
how well the simulation captured the propeller’s flow characteristics and suggest that it is able to appropriately detail the
propeller’s interaction with the wing.

B. Aerodynamic Effects of the Wing
The aerodynamic installation effects of the wing cause the flow characteristics to alter in the area of the propeller-wing

interaction. The flow behind the propeller in the presence of the wing, as visualized in Figure 5(a), does not follow the
path that is anticipated for an isolated propeller. This change in wake direction and shape is detailed in Figure 5(b)
which compares the simulation results with and without the wing. In the lateral direction, the wing appears to shift the
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vortices in the direction of rotation. This is due to the up-going blade creating an increased angle of attack over the wing
and lower pressure over the upper surface while the down-going blade performs the opposite effect.

There is also an influence on the potential flow from the wing which curves the streamlines, and thus the blade tip
vortices around it. The effect can be seen upstream but appears to be minimal at the distance of the propeller’s plane of
rotation. This change in the flow field alters the inflow conditions experienced by the propellers increasing the thrust of
the blades by 3.5%. While this change is small, this variation alone will change the overall noise. The distortion of the
flow also causes a shift in the mean force direction which creates low-order azimuthal distortion.

(a) (b)

Fig. 5 (a) The vorticity magnitude on the 𝜆2 criterion for 𝜆2 = −1.5 × 105 1/s2 of propeller-wing case. (b)
Diagram of the path difference between the isolated propeller case and the propeller-wing case.

C. Verification and Comparison of Acoustic Methodologies
For the case of the isolated propeller, it is expected that the directivity results would only vary with the listener angle

relative to the axis due to axial symmetry. This is indeed observed in Figure 6(a) for the main radiation directions, with
some deviations for directivities near the axis where the amplitudes are much weaker. This is due to the resolution
limitations of the CFD solution. Small or negligible fluctuations of pressure are not fully resolved in the thrust direction
leading to inconsistent results possibly dominated by numerical noise in different listener planes. From this, only results
at the harmonics and generally near the plane of rotation are analyzed for the isolated propeller.

In Figure 6(b) the results of the isolated propeller acoustic simulation using the uRANS-FEM hybrid methodology
are compared with the solution to the Ffowcs-Williams and Hawking acoustic analogy using the Farassat 1A formulation
that is included in the commercial CFD solver [19, 27]. In this solid surface FW-H model, the sources include both the
loading and thickness noise. The results between the two methodologies closely agree for the loading noise, verifying
the applicability of the hybrid methodology approach for predicting the acoustic signature of isolated propellers in the
far-field field near the plane of rotation for the propeller. This plot also indicates that loading noise is dominant over the
thickness noise along the principal radiation angles.
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Additionally, the shape of the directivity indicates a strong influence from the tangential component of the force. If
the force were solely fluctuating in the axial direction, there would be no noise in the plane of rotation. In this case, the
magnitude of tangential force oscillations is found to be almost half the value of thrust amplitude at the first harmonic.

(a) (b)

Fig. 6 (a) Directivity at the 1𝑠𝑡 BPF in perpendicular planes around the isolated propeller. (b) Noise components
at the 1𝑠𝑡 BPF of the isolated propeller comparing the solid surface FW-H solution and the FEM-Source Mode
method solution.

D. Aerodynamic Installation Effects on Blade Noise
The thrust BLHs on the reference propeller blade are shown in Figure 7(a) for the free propeller, and in Figure 7(b)

in the presence of the wing. Each graph in Figure 7 shows the BLHs calculated over three successive revolutions of
the CFD run, in order to highlight the periodic behavior of the calculated forces. It shows fairly low levels for the
fluctuations, at least 4 orders of magnitude smaller than the mean component. Given these low values of the BLHs,
their interpretation should be conducted with care, especially for the highest harmonics that would correspond to large
azimuthal orders of the distortion, hardly justifiable on physical grounds and that could be more related to numerical
artifacts.

The potential distortion introduced by the wing at the level of the propeller is expected to show relatively low
azimuthal orders, corresponding to the mean flow deflection associated with the lift of the wing and to the deflection of
the streamlines approaching its leading edge. Comparing the thrust BLHs without the wing (Figure 7(a)) and with the
wing (Figure 7(b)) shows that the first BLHs are indeed substantially increased in the presence of the wing, gaining 3 to
4 orders of magnitude for the first three BLHs. But higher harmonics, up to the 16th or so, seem also affected by the
presence of the wing. Those differences should however be interpreted with care, as the absolute values of those BLHs
remain fairly low and potentially subject to numerical inaccuracies, even if they remain constant for the three successive
revolutions presented here. The higher BLHs and the steady loading are only marginally affected by the presence of the
wing.

Considering now the noise radiation (Figure 8(a)), at the 1𝑠𝑡 BPF changes in the sound level are relatively balanced
in the rotor plane, with an increase of 2.01 dB in the blade down direction (between 90◦±15◦ in the horizontal plane)
and a decrease of 3.92 dB (between 270◦±15◦ in the horizontal plane). Additionally, there is an increase of 6.94 dB
below the propeller and a decrease of about 6.83 dB above it. These results indicate that the aerodynamic installation
primarily affects directivity.

It is interesting to note that the introduction of the wing’s aerodynamic effects results in more sound below the wing
than for the free propeller. This finding is significant in the context of Urban Air Mobility (UAM) applications, where
this type of geometry will fly overhead of the typical listener.

The wing’s presence has a noticeable impact on the noise generated, even when the leading edge is 0.85 diameters
downstream, as in this case. This effect is due to the induced velocity upstream of the wing, which causes the upper
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(a) (b)

Fig. 7 (a) Thrust BLHs of a single propeller for the isolated propeller. (b) Thrust BLHs of a single propeller in
the presence of the wing.

portion of the blade to experience higher velocity and the lower part to experience lower velocity relative to each other.
Despite this asymmetry, the maximum change in inflow velocity is only 4.7%, which explains the small change in
loading. However, these velocity differences cause the blade to experience varying angles of attack throughout its
rotation, resulting in changes in loading during a blade’s revolution. As a result, the periodicity of the sound produced
increases, leading to the observed BLH increases.

The directivity of the second BPF is more significantly affected by the presence of the wing than the first one. This
is justified by the increase of the BLHs with frequencies close to 𝑓 / 𝑓𝑟𝑒𝑣 = 12 that was observed in Figure 7. It should
however be reminded that even in presence of the wing, the magnitudes of those BLHs being 5 orders of magnitude
below the steady loading, their accuracy might remain questionable given the low-order discretization schemes of the
CFD solver. The aerodynamic installation effects on the second BPF would need to be verified using higher-order
schemes.

E. Acoustic Installation Effects on Blade Noise
The installation of a wing behind the propeller introduces a solid body into the aerodynamic domain that will scatter

waves generated by the rotating blades. This phenomenon is of particular relevance, given that the chord length of
the wing is 30 cm, while the wavelength of the first BPF is approximately 38.4 cm. The wing is therefore not compact
along its chordwise direction. Furthermore, the wing is situated in the near-field of the blade sources, and previous
research has demonstrated that the scattering of the acoustic near-field can substantially affect the far-field directivity as
well, irrespective of the compactness of the scattering body [28]. A comparison of cases with and without acoustic
installation effects is presented in Figure 8(b), highlighting the impact of this phenomenon.

Regarding the horizontal plane, effectively the plane of the wing despite the angle of attack, the directivity exhibits
minimal changes at the dominant lobes. The minor amplification observed originates from scattering sources on the
wing, which radiate outward. Two small jumps at approximately 30◦ and 340◦ result from thrust noise scattered off the
wing’s surface. The absence of sources from the spinner, combined with the shielding effect of the wing and nacelle,
results in the gap between these two jumps. Finally, the bump in the forward directivity is attributable to direct scattering
off the wing’s leading edge and the nacelle.

Much like the horizontal plane, the sound level increases in almost all directivities in the vertical plane. The only
directivity in which the noise is decreased is at an angle of 10◦ in which the shielding of the wing reduces the sound.
The increased levels between 120◦ and 210◦ are due to the scattering of the leading edge. In general, it appears that the
effects of acoustic installation are slightly smaller than that of aerodynamic installation with a maximum increase of
6.11 dB in the rotor plane above the wing and 3.13 dB in the rotor plane below it. The average change in the lobes in
both planes is only 3.12 dB.
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(a) (b)

Fig. 8 (a) Directivity of XPROP-S propeller blade sound at 10𝐷 from free acoustic propagation with and without
the aerodynamic presence of the wing. (b) Directivity of XPROP-S propeller blade sound at 10𝐷: comparing the
installed blade sources in free field propagation and in the acoustic presence of the wing body.

F. Wing Noise
We can now compare the noise emitted by the propeller, subject to the aerodynamic installation effects, with the

noise radiated by the equivalent dipoles generated from the unsteady pressure fluctuations on the wing itself. The
pressure fluctuations on the region of the wing that is wetted by the propeller slipstream are predominantly induced
by the impingement of the spinning blade wakes. It should however be noted that because we solve the compressible
Navier-Stokes simulations, albeit with a low-order discretization scheme, we cannot exclude that the dipoles carried
by the wing account not only for the wake interaction but also for the acoustic scattering of the propeller near-field
emissions.

From the results shown in Figure 9, it is concluded that wing noise is a very important source of noise when
considering a propeller-wing configuration such as this. In the horizontal plane, both the wing and the blade sources
have approximately the same peak SPL however, the directivities are very distinct. As previously discussed, the propeller
noise is primarily in the plane of the rotor; the wing noise, however, is dominant in the perpendicular direction. This
follows what is expected considering the dominant orientation of the wing normal vectors along which the dipole
elements radiate. In the vertical plane, the wing noise dominates in almost every direction often by more than 18 dB
with a maximum difference of 20.0 dB at the 1𝑠𝑡 BPF. The shape of the directivity is also indicative of the two surfaces
of the wing (pressure side and suction side) generating noise with distinct lobes above and below the horizontal axis.
The second BPF follows the same trends in the vertical plane and is less consistent in the horizontal plane but also
generally follows the same directivity trends.

IV. Conclusions
The work reported in this paper permits drawing some conclusions about the relative importance of aerodynamic

and aeroacoustic installation effects in tractor DEP configurations. The key questions were about the relative importance
of the propeller and wing as equivalent sources, and how the presence of the wing is affecting the propeller blade forces
and acoustic scattering.

The impact of the wing on the steady aerodynamics of the propeller was found to be minimal, as the large distance
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Fig. 9 The directivity of the blade noise and wing noise, both including scattering effects from the wing.

between the rotor plane and the leading edge of the wing resulted in a slight increase in thrust by 3.5% of the propeller
blades being observed. In contrast, the presence of the wing caused a significant increase in the first thrust BLHs, well
above the variations that could be attributed to the simulation uncertainty.

This significant increase in the BLHs is somehow unexpected if we start from the assumption that the dominant
interaction would be the distortion of the flow field traversed by the blades that is caused by the deflection of the
streamlines as they approach the leading edge. This potential effect is indeed known to be localized in a region that
scales roughly with the radius of curvature of the leading edge [29], while the propeller is placed much further upstream.
We conjecture that the strengthened BLHs are actually mostly associated with the upwash mean velocity induced by the
lifting wing, inducing an off-axis incoming inflow on the propeller plane. This potential interaction, apparent from
the trajectory of the tip vortex path, extends indeed at much larger distances. It would be difficult to avoid unless
the supporting pylon is considerably lengthened, making it an impractical solution. In addition, the associated noise
generation would depend on the angle of attack of the aircraft.

The result of this aerodynamic installation is a change in directivity at the two first BPFHs with the largest change at
the first BPF being a 6.94 dB increases below the wing and a large increase in the plane of rotation at the second BPF.
The radiation of the second BPF is however much weaker, with peak emissions about 20 dB below those of the first BPF.

The acoustic installation had a slightly lower effect at both harmonics, not changing the overall shape by much but
increasing the noise in almost every direction by an average of 3.12 dB in the lobes. The scattering of the leading edge
does, however, cause an increase of up to 20 dB in the axial direction where there was previously negligible noise.

But for the downward radiation directions, the most significant source of noise appears to be the wing subjected to
the incoming wakes of the propeller blades, and its associated equivalent dipoles. In the vertical plane, the sound from
the wing dominates the propeller noise by more than 20 dB in some directions. It turns out that despite the Doppler
amplification that applies to the propeller blade, the acoustic non-compactness of the wing makes it a more efficient
acoustic source. The predominance of the wing dipolar field is even more marked for the second BPF, with acoustic
levels similar to those of the first BPF, whereas the propeller noise is much reduced for this second BPF.

In the future, determining the dependence of higher harmonics on numerical refinement will be of interest. The hybrid
approach presented in this work will also permit investigating the effects of different wing shapes, blade-leading-edge
distances, and multi-propeller configurations to understand how different variables affect the overall noise, discriminating
between potential and viscous, and the aerodynamic and acoustic installation effects.
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