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ULTRA-TIGHT SEPARATION DISTANCES
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ABSTRACT

eVTOLs and other distributed propulsion aircraft often
leverage the benefits of many propellers, resulting in re-
duced (ultra-tight) propeller-wing separation. Even minor
variations in this separation can amplify Blade Passing
Frequency (BPF) harmonics and broadband noise, chal-
lenging compliance with increasingly stringent noise reg-
ulations. To address these concerns, reliable numerical
simulations are essential in early-stage aircraft design. In
this study, a systematic experimental validation campaign
was carried out to confirm the fidelity of simulation re-
sults in capturing noise trends under subtle propeller-wing
separation changes. PowerFLOW, a high-fidelity aeroa-
coustics solver, was used to model various propeller-wing
separation distances in both the chordwise and spanwise
directions, ranging from 10% to 50% of the propeller di-
ameter. The simulations are validated against experimen-
tal data for a propeller placed near a NACA 0012 wing
inside a semi-anechoic chamber. Time-synchronous anal-
ysis of the measured and numerically predicted acoustic
noise signals identified the first three BPF harmonics and
broadband noise. Amplifications of up to 20 dB in the
BPF peaks and up to 10 dB in broadband noise were ob-
served as the separation distance decreased. Overall noise
levels and directivity trends from the simulations agreed
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with measurements within 5-10 dB, which aligns with the
expected accuracy for high-fidelity modeling.
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1. INTRODUCTION

Distributed electric propulsion (DEP) systems have
emerged as promising configurations for future aircraft,
offering improved efficiency, reduced emissions, and
enhanced design flexibility compared to conventional
propulsion systems. These configurations typically fea-
ture multiple electric motors with small propellers dis-
tributed across the airframe, achieving an integration be-
tween propulsion and airframe. While DEP systems
present numerous advantages, the close proximity be-
tween propellers and wings creates complex aerodynamic
interactions. Those interactions can significantly impact
both performance and noise emissions. Noise remains a
critical concern for urban air mobility (UAM) applica-
tions, where stringent noise regulations must be met to
ensure community acceptance and operational viability.
Recent investigations reveal that propeller-wing po-
sitioning substantially influences aerodynamic perfor-
mance. Close positioning enhances thrust and lift up to
a 30% increase in wing lift and 45% higher thrust when
propellers were near the wing trailing edge [1]. Rotorcraft
analyses highlight the intricate flow interactions among
rotors and wings, underscoring the tight coupling between
aerodynamic performance and acoustic outputs in designs
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where efficient propulsion must balance against commu-
nity noise requirements [2].

However, propeller-wing proximity simultaneously
amplifies acoustic emissions in various manners. Tonal
noise increases up to 20 dB at blade passing frequen-
cies [1]. Small adjustments in wing placement signifi-
cantly affect propeller inflow, with SPL increases of 5 to
12 dB as the wing moves from a factor of 0.5 to 0.75 of
the propeller radius [3]. In semi-analytical approaches [4],
propeller-wing interactions modify both tonal and broad-
band noise, with closer propeller-wing separation aug-
menting noise levels up to 10 dB compared to isolated
propeller results.

The complex interplay between aerodynamic forces
and acoustic emissions necessitates complementary ex-
perimental and computational approaches. Numerical
simulations reveal intricate noise generation mechanisms,
including tonal and broadband noise with complex direc-
tivity patterns [5]. However, computational methods re-
quire experimental validation, particularly for tightly po-
sitioned propeller-wing configurations where flow physics
become increasingly complex. State-of-the-art computa-
tional aeroacoustic tools, particularly Lattice Boltzmann
Methods implemented in PowerFLOW [6], have demon-
strated effectiveness in capturing these phenomena when
properly validated, as shown in references [7, 8] for pro-
peller applications.

Considering the complex aerodynamics and aeroa-
coustic phenomena between a propeller and wing in close
vicinity, this study aims to compare numerical results ob-
tained with PowerFLOW to experiments featuring a wing
in close proximity to a propeller for various spanwise and
streamwise positions. After this point, this work is divided
into methodology, results and conclusions.

2. METHODOLOGY
2.1 Method Overview and LBM Formulation

PowerFLOW is a commercial implementation of a LBM
solver embedded in hybrid RANS/LES, referred to as
Very Large Eddy Simulations (VLES). Lattice Boltzmann
(LBM) solvers build upon discretizing the Boltzmann-
BGK equation into fixed velocity sets derived from
Hermite expansions [9-11]. The collision—propagation
scheme is often expressed as:
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where f, is the distribution function, x is the position

vector, &, is the discrete velocity vector, ¢ is time, 7 is the

relaxation time, and féo)

function.

The method within a hybrid RANS/LES framework
is implemented by modifying collision operators with
blended relaxation times to incorporate turbulent viscos-
ity. Complex geometries are handled through immersed
boundary techniques with fractional cell volumes, while
rotating components utilize dynamic meshes with refer-
ence frame transformations. Far-field acoustics are com-
puted via the Farassat 1A formulation [12] using pressure
and velocity signatures from a cylinder around the pro-
peller and wing system. More details specifically applied
to PowerFLOW can be found in [6].

is the equilibrium distribution

2.2 Numerical Setup and Post-processing
2.2.1 Mesh

Lattice Boltzmann solvers such as the one employed in
this research rely on cartesian mesh constructed around
the propeller and the wing surface. As mentioned in the
previous section, the simulations consider the same ge-
ometries as the experimental setup. Special attention were
given to the interaction between the propeller wake and
the wing. This mesh is constructed with special refine-
ment to the region inside the noise source region. Some
special refinements were also made in the propeller tips
and trailing edges. The assumptions resulted in converged
meshes between 170M to 200M depending on the airfoil-
prop distances and 1M timesteps, equivelent to 10 physi-
cal propeller rotations.

2.2.2 Boundary conditions

Boundary conditions were constructed in order to mimic
the experimental environment, in the boundaries of the
computational domain an acoustic absorbing boundary
condition is imposed around the propeller in order to cap-
ture the anechoic conditions of the experiments. The pro-
peller is embedded inside a rotation cylinder, resulting in
a dynamic mesh strategy in order to impose a 5000 RPM
rotation.
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For correctly predicting the turbulent variables calcu-
lated on the propeller surface, a zigzag transitional strip is
constructed on the propeller using the same methodology
as defined in Reference ( [8]).

2.2.3 Post-processing

The next step in post-processing is the signal analysis of
the propagated noise. The analysis first relies on Power
Density Spectra (PSD) of the propeller noise pressure time
signal, calculated in both numerical data and experimental
data. For the numerical data, the pressure time signal is
obtained through means of the far-field noise propagation.
The analysis follows the same microphones defined for
the experiment.

In order to evaluate the directivity, results are ana-
lyzed in OASPL, but also for signal decomposed BFPs
(tonal noise) and broadband. These results are obtained
through Time Synchronous Analysis [13].

2.3 Parametric Study

The parametric study is designed to evaluate the effect
of the propeller-wing positioning on the noise generated
by the propeller, encompassing both numerical simula-
tions and experiments for the same configurations. The
propeller and wing are based on an APC 14x10 dual-
bladed propeller with a diameter of 300 mm [7] and a
NACA 0012 airfoil. Positions are varied spanwisely (Z)
and streamwisely (X), as defined in Figures 2a, 2b, and
3a, for spanwise variation and Figures 3a, 3b for stream-
wise, inclusing Figure 2a.

For the microphones positions considered in this ex-
periments one set of 9 microphones is used. This con-
figurations ranges from angles between -45° and 45° , as
depicted in Figure la. The microphones are placed at a
distance of 2 m from the propeller wing system, consid-
ering that the microphones are placed on the floor and the
propeller is located at 1.6 m from the floor.

Experiments replicated the numerical setup geome-
tries and configurations. Testing occurred in a 5.2 x 5.2 x
3.5 m semi-anechoic chamber (100 Hz cutoff frequency).
The propeller-wing system utilized adjustable aluminum
profiles, with a T-Motor U3 KV700 and Alpha 40A 6s
ESC for propulsion. Measurements were taken using
GRAS 46AE microphones and an ATIT mini40 load cell,
with data acquired through PXIe-4499 boards (National
Instruments). Figure 1b shows the complete setup within
the chamber.
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(a) Microphone setup for the experiments. The
unshielded array is located at a distance of 2 m
from the propeller-wing system.

(b) Experimental setup with the propeller and
wing in the middle of the semi-anechoic cham-
ber.

Figure 1: Microphone array and experimental setup.
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Figure 3: Positions of the propeller and wing varied
streamwisely with Z fixed at 100 mm
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3. RESULTS
3.1 Experimental comparison

Figure 4a compares numerical (lines) and experimental
(markes) OASPL directivity for spanwise positions rang-
ing from 100 mm to 200 mm at 5000 RPM at z fixed in
-30 mm. The numerical results accurately reproduce both
directivity patterns and noise level increments due the re-
duction of the spanwise Z distance, with absolute differ-
ences below 5 dB. Figures 4b—4d present tonal peaks at
BPF harmonics. For the first BPF minor variation occurs
when Z is reduced from 200 mm to 100 mm, but the sim-
ulations are able to obtain the same increment trend as the
experimental results. For the second BPF a consistent in-
crement close to 10 dB is observed for each increment,
which is captured by the simulations for most of the mi-
crophone direction, with an exception for the downstream
microphones. A similar trend is observed for the third
BPEF, but in this case, the simulation seems to have more
diffcult to reproduce the trend between a z at 200 mm and
150 mm.

Figures 5a—5d present a similar analysis for stream-
wise variation (z) of the propeller-wing ranging from -30
mm to 210 mm at 2 fixed in 100 mm. The same differ-
ences between numerical and experimental results are ob-
served, as well as the captured of the noise trends. The
exception is the second BPF in z at 105 mm, where for
the microphone in -27.5°, the simulation results seem to
diverge from the experimental pattern.

It is important to highlight that in the case of stream-
wise variation, there is an important increment of the sec-
ond BPF only when z is modified from -150 mm to -30
mm, close to 20 dB. The BPFs remain almost inaltered
when z is varied from 210 to 105 mm.
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(a) Overall Sound Pressure Level (OASPL).
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(b) Acoustic tonal contribution at the first Blade
Passing Frequency (BPF1) for spanwise varia-
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(c) Acoustic tonal contribution at the second
Blade Passing Frequency (BPF2) for spanwise
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(d) Acoustic tonal contribution at the third Blade
Passing Frequency (BPF3) for spanwise varia-
tions .

Figure 4: Directivity distribution for the streamwise
fixed propeller-wing configurations. Different rela-
tive positions of the propeller and wing along the ver-
tical axis are compared.
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(a) Overall Sound Pressure Level (OASPL).
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(b) Acoustic tonal contribution at the first Blade
Passing Frequency (BPF1) for the propeller-
wing arrangement at fixed .
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(c¢) Acoustic tonal contribution at the sec-
ond Blade Passing Frequency (BPF2) for the
propeller-wing arrangement at fixed .
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(d) Acoustic tonal contribution at the third Blade
Passing Frequency (BPF3) for the propeller-
wing arrangement at fixed .

Figure 5: Directivity distribution for the spanwise
fixed propeller-wing configuration at fixed . Differ-
ent relative positions of the propeller and wing along
the vertical axis are compared.
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4. CONCLUSIONS

In this paper, simulations were validated against experi-
mental results to confirm the fidelity of the numerical re-
sults in capturing noise trends under propeller wing dis-
tances variation spanwisely and streamwisely. Power-
FLOW numerical results for OASPL and BPF peaks rang-
ing from the first to the third BPF, extracted using Time
Syncronous Analysis, were compared to measurements.

In temrs of spanwise variations, results showed that
the numerical simulations were able to capture the trends
of the OASPL and BPF peaks, with differences generally
below 5 dB. Important increments in the second and third
BPF due to the reduction of the spanwise distance were
efectivelly captured by the simulations, with differences
below 5 dB. For the streamwise variations, the same trends
were observed, with the exception of the second BPF for a
propeller-wing distance of 105 mm, where the simulations
diverged from the experimental results, specifically for the
microphone in -27.5°. In summary, the numerical results
were able to capture the trends of the OASPL and BPF
peaks, with differences generaly below 5 dB, demonstrat-
ing the capability of the numerical simulations to repro-
duce the experimental results in tightly coupled propeller-
wing configurations.
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