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ABSTRACT
This study aims to enhance the understanding of the upstream-downstream interaction between propellers and
wings in terms of their acoustic impact using high-fidelity simulations. By comparing the high-fidelity CFD
results with medium-fidelity results obtained using a viscous vortex particle method, the validity of each model
assessed with respect to experimental data. The research focuses on a propeller placed upstream of a wing,
with the wing positioned at various horizontal and vertical offsets to evaluate the sensitivity of noise to wing
placement. The isolated propeller thrust is found to match well with the experimental data. However, when
the wing is present, the thrust is over-predicted compared to the experimental data. The pressure coefficient
and its root-mean-square (RMS) values are used to evaluate the wing aerodynamics. The RMS of the pressure
coefficient reveals significant unsteady loading near the wing leading edge due to the interactional effect be-
tween the propeller and the wing. In terms of noise prediction, the isolated propeller noise is well predicted in
both high-fidelity and medium-fidelity simulations, but marginal improvement is observed in the high-fidelity
simulations. When the wing is present, the wing loading noise exceeds the propeller loading noise, particularly
in closer proximity to the propeller. It is found that the vertical offset of the wing relative to the propeller has
a more significant influence on the noise produced at the blade passing frequencies compared to the horizon-
tal offset. As the leading edge of the wing approaches the blade tip at Ψ = 0, noise levels increase. Finally,
the directivity of the noise is compared with experimental data for the propeller and wing configuration. The
predictions do not agree as well with the experimental data as desired, possibly due to the over-prediction of
propeller thrust, the associated inaccuracies in the phase of the wing noise, and the acoustic shielding by the
wing.

INTRODUCTION

The aerodynamic interaction between propellers and wings
has gained significant interest recently, particularly for mod-
ern high-speed tiltrotors, unmanned aerial systems (UAS),
and advanced air mobility (AAM) aircraft that use distributed
electric propulsion. Tiltrotors, for instance, have the ability
to transition from hover to forward flight, enabling them to
fly faster than traditional helicopters. Despite this, limited re-
search has been conducted to understand the impact of flow
interactions on the performance, aerodynamics, and acoustics
of such vehicles. In order to advance the design of these air-
craft, it is necessary to have validated predictive capabilities
and an improved understanding of the detailed flow physics
and acoustics. This requires the use of high-fidelity computa-
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tional fluid dynamics (CFD) to accurately capture the intricate
flow physics and predict the aerodynamic noise generated by
both the propeller and wing.

Previous studies have demonstrated that the installation ef-
fects of propeller and wing interaction have a significant im-
pact on propeller and wing unsteady loading, as well as over-
all vehicle performance (Refs. 1–4). These unsteady aero-
dynamic loads can exacerbate the noise generated by the pro-
peller blades. Moreover, the impingement of propeller tip vor-
tices and wakes on the wing can induce unsteady aerodynamic
force fluctuations on the wing, which in turn lead to noise.
Turbulent flows from rotor wakes, in particular, can gener-
ate a combination of nearly periodic and stochastic loads on
the wing surface, resulting in both narrowband random noise
and broadband noise. Furthermore, additional unsteady load-
ing can be generated from the interaction between propeller
wakes, flaps, and other propellers. At high angles of attack
and during transition, flow separation on the wing and flaps
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can substantially influence propeller and wing interactional
aerodynamics and acoustics. Therefore, it is essential to un-
ravel the complex flow physics involved in propeller and wing
interaction and determine the directivity, level, and character-
istics of propeller and wing interactional noise sources.

In a recent investigation using high-fidelity CFD, Lim (Ref. 1)
analyzed the mechanisms of rotor and wing interactions in
the XV-15 tiltrotor. Lim found that wing thickness and lifting
wing circulation can cause perturbations of in-plane and out-
of-plane velocities on the blade. These perturbations resulted
in changes in the propeller blade angles of attack, leading to
3/rev harmonic loadings for a three-bladed propeller. How-
ever, Lim did not examine the aerodynamic noise.

While high-fidelity CFD is necessary to investigate detailed
flow physics, performing sensitivity studies for a wide range
of parameters may be impractical due to CFD’s computa-
tional costs. Zhang et al. (Ref. 2) used medium-fidelity vor-
tex models in the Rotorcraft Comprehensive Analysis System
(RCAS) (Refs. 5, 6) to investigate proprotor and wing acous-
tics. They found that the effect of interactional aerodynamics
on acoustics is significant, and the noise increase due to the
interaction could be as large as 10 dB or more. However, they
did not include the wing as a noise source, which could be
significant. Quackenbush et al. (Ref. 3) used medium-fidelity
numerical models in CHARM to predict proprotor/wing/flap
interactions and validated their vehicle performance predic-
tions against experimental data (Ref. 7). However, the corre-
lation with pitching moment data showed significant depen-
dence on model settings, and detailed unsteady aerodynamics
and acoustics were not presented.

Stephenson et al. (Ref. 8) conducted experimental studies in
a wind tunnel on the interactions between a pusher propeller
and a wing. The tests were conducted with various rotation
rates, wind tunnel speeds, yaw conditions, and wing configu-
rations (none, half, and full). However, the authors reported
data measurement issues related to acoustic reflection, flow
and tunnel noise, and microphones being impinged from up-
stream wakes. Despite these data issues, the results showed
that the presence of an upstream body can significantly impact
the acoustic emissions of a propeller system. Furthermore,
the study found that any unique change in wing configura-
tion, such as going from half to full wing, produced a distinct
acoustic emission from the propeller system. This highlights
the importance of accurate modeling of upstream bodies for
predicting acoustic emissions correctly.

Previous studies demonstrate the importance of interactional
aerodynamics of the proprotor and wing problem on perfor-
mance and acoustics. However, physical understanding of
the interactional aerodynamics and noise for proprotor and
wing has not been well developed due to the limitations of
previous work and the inherent complexity of rotor/wing and
rotor/rotor interactions. The current medium-fidelity vortex
models (free-wake or vortex particle method) may not be so-
phisticated enough to accurately capture complex flow behav-
ior during interactional aerodynamics. Additionally, narrow-
band random noise and broadband noise, significant contrib-

utors to annoyance and civil noise certification metrics, may
increase for proprotor and wing interactions due to turbulence
flow interactions between the rotor wake, wing, and flaps or
interactions between rotors. However, these non-deterministic
noise sources have not been thoroughly studied for propro-
tor and wing interactions. Current empirical models for rotor
broadband noise are unlikely to capture these effects.

In the current paper, the Mejzlik propeller (Ref. 4) is se-
lected to study the aerodynamic and acoustic interactions be-
tween a propeller and wing. The main objectives of this paper
are to utilize high-fidelity CFD to capture aerodynamic noise
sources on both the propeller and wing, investigate the noise
characteristics and sensitivity for different wing positions, and
compare noise predictions between CFD and mid-fidelity vor-
tex methods such as a viscous vortex particle method. This
paper solely focuses on the tonal noise generated from the
propeller blades and wing, specifically the first blade pass-
ing frequency (BPF). Li and Lee (Refs. 9–11) highlighted the
importance of broadband noise in rotorcraft noise. However,
broadband noise will not be considered in the current paper. A
companion paper (Ref. 12) presents some preliminary results
of broadband noise of the Mejzlik propeller with wing.

TECHNICAL APPROACH

Model

This paper studies the Mejzlik 16x11 3-bladed propeller and
validates against wind tunnel experiments (Ref. 4). Figure 1
shows the complete configuration of the CFD model. The pro-
peller geometry is obtained from off-the-shelf sources. The
motor and spinner are modeled as a single solid object, which
is referred to as the nacelle. On the other hand, the wing
is disconnected from the propeller-nacelle assembly. This is
consistent with the reference wind tunnel setup, which uses a
traverse wing assembly to place the wing in proximity of the
propeller without fastening the wing to the nacelle. The wing
section shape is the cambered NACA 632 − 215 MOD B air-
foil. The span of the wing is 3 ft, with the mid-span located
at the propeller centerline. Table 1 summarizes the geometric
parameters and flow conditions.

The model is simulated as an isolated propeller and with the
wing in six different positions. The wing with closest proxim-
ity to the center of the propeller is (△x = 0.25R,△z = 0.5R)
where R indicates the propeller blade radius. From this point,
the wing moves either upward or aft. There are two addi-
tional variations in the wing height △z = 0.75R and △z = R.
The horizontal wing positions are △x = 0.5R, △x = R and
△x = 1.5R. Figure 2 shows the wing leading-edge location
for the simulations as blue diamonds.

Figure 3 shows a schematic of the measurement locations for
the pressure coefficient (Cp) along the chordwise direction on
the wing. The advancing and retreating locations are used to
extract data for Cp. Figure 4 shows the measurement locations
for the root-mean-square (RMS) of the pressure coefficient
fluctuation (C′

p,RMS). The inboard and tip vortex trajectory lo-
cations are used to extract the RMS.
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Fig. 1: CFD model for propeller-nacelle assembly with wing
surface and the definition of azimuth angle.

Table 1: Configuration geometry and flow conditions.

Parameter Value
Propeller radius 7.875 in

RPM 6000
M∞ 0.068
Mtip 0.361

Advance ratio (J) 0.592
Wing chord 16 in
Wing span 36 in

Wing angle of attack (α) 0◦

Fig. 2: Wing positions used for simulations shown as blue
diamonds (Ref. 4).

Fig. 3: Schematic of Cp measurement locations (Ref. 4).

CFD Grid

The propeller geometry is modeled in the near-body mesh us-
ing structured overset grids created with the aid of Chimera

(a) Inboard Wake (b) Tip Vortex Trajectory

Fig. 4: Schematic of C′
p,RMS measurement locations (Ref. 4).

Grid Tools (Refs. 13, 14) and inhouse UCD-BladeGenerator
(Ref. 15). The blade is connected to the stationary nacelle via
a sliding mesh collar grid. The wing is detached from the na-
celle and uses rounded cap grids to enclose the gaps of the
O-type grid.

The near-body grids, shown in Fig. 5, extend one blade chord
length from the surfaces of the propeller and nacelle. The
spacing of the grid components is measured with respect to
the reference chord. The reference chord, cref, is chosen to be
the chord length where r/R = 0.75, which is 1.2 inches. The
blade surface uses 125 points in the chordwise direction, both
on the suction and pressure sides. There are 150 points along
the span of the blade with 0.1% cref spacing at the tip to re-
solve gradients in the vortices, where cref represents the blade
tip chord length. The surface normal spacing of the near-body
grids increases from y+ = 0.5 at the wall to 10% cref. The
level-1 refinement box overlaps with the near-body mesh and
has a uniform Cartesian grid spacing of 10% cref. This re-
finement box is necessary to capture the fine details in the
propeller wake. Its domain is set to fully enclose the pro-
peller wake and tip vortices, as shown in Fig. 6. The Carte-
sian off-body grids are extended from the refinement box to
the freestream boundary conditions in eight-level increments.
The computational domain is a cube with a length, width, and
height equal to 20 propeller radii. The grid spacing is are sum-
marized in Table 2, while the computational points required
for this mesh are provided in Table 3. A total of 24.9 million
grid points are used in the near-body mesh, while 15.8 million
grid points are used in the off-body mesh. Therefore, the total
number of grid points used is 47.3 million.

Table 2: Grid spacing

Grid spacing location Grid Spacing
Tip spanwise spacing 0.1% cref

Leading-Edge chordwise spacing 0.05% cref
Trailing-Edge chordwise spacing 0.02% cref

Wall-Normal spacing (y+< 1)
Level-1 Spacing 10% cref

CFD Simulation

NASA’s OVERFLOW (Refs. 16, 17) is used as CFD tool
to solve unsteady compressible Reynolds-averaged Navier-
Stokes (RANS) equations. To capture the detailed vortical

3



Fig. 5: The blade surface grid with a slice of the near-body
volume grids.

Fig. 6: Near-Body and off-body grids of the Mejzlik propeller
with nacelle and wing

Table 3: Grid points

Component Grid Points Percent of Total
Blade 2.54 M 5.4%

Propeller & Nacelle 8.96 M 18.8%
Wing 2.84 M 6%

Near-Body 24.9 M 52.6%
Off-Body 15.8 M 47.4%

Total 47.3 M 100%

eddies in the wake region, the Spalart-Allmaras (SA) delayed
detached eddy simulation (DDES) turbulence model is used.
The simulation is advanced by 0.25 azimuthal degrees per
physical time step. Dual-time stepping with 40 pseudo-time
subiterations is used for each physical time step. A second-
order backward temporal differencing scheme and a fifth-
order central spatial scheme for inviscid flux terms are used.

OVERFLOW has been widely used in the field of rotor-to-
rotor interactional aerodynamic and acoustic problems. For
example, Jia and Lee have recently applied OVERFLOW
to study the aeroacoustics of coaxial rotors (Refs. 18–20),
quadrotors (Ref. 21), and side-by-side rotors (Ref. 22).

RCAS Simulation

Although this paper focuses on high-fidelity CFD, results
were compared against the viscous vortex particle method
(VVPM) mid-fidelity model in RCAS (Refs. 5, 6). This com-
parison is useful to evaluate the differences between CFD and
medium-fidelity results and to assess whether a subset of CFD
results can provide guidance to improve the medium-fidelity
models.

Quoting Ref. 5, “The Rotorcraft Comprehensive Analysis
System (RCAS) is a comprehensive analysis developed by the
U.S. Army to provide state-of-the-art rotorcraft modeling and
analysis technology for Government, industry, and academia.
It is a multi-disciplinary software system capable of detailed
modeling a wide range of rotorcraft configurations operating
in hover, forward flight, and maneuvering flight to predict per-
formance, loads, vibration, flight dynamics, and aeroelastic
stability.” RCAS is a medium-fidelity level tool enabling more
rapid testing of designs than CFD approaches – at the cost of
accuracy and detail. For this study, RCAS is used to model
a Mejzlik propeller with the intent of focusing on the aero-
dynamic modeling for periodic test cases to allow for acous-
tic analysis. As such, the RCAS simulation models an iso-
lated case of the Mejzlik propeller (Fig. 7), and an interaction
case of the Mejzlik propeller in front of an unswept wing with
NACA 632−215 MOD B airfoil throughout the span (Fig. 8).
The propeller alone is first used to establish a baseline vali-
dation before moving to the interaction case. The blades and
wing are modeled as structurally rigid and the only control
implemented is a collective pitch bearing. Adjustment of the
collective pitch is used to match the thrust coefficient of ex-
perimental data. In the noise prediction, only loading noise
from the propeller and wing is considered.

The aerodynamic model for RCAS defines a constant rota-
tional rate for the propeller, which is chosen to match the test
conditions used in the CFD simulation. VVPM is selected for
calculating the inflow of the propeller because it simulates the
interactional effects between the propeller and a wing, which
cannot be captured by a prescribed or free-wake method. A
periodic analysis is chosen to calculate the performance and
acoustics in level, axial flight. Vortex particles are released
from 20 spanwise segments along each blade. Seven airfoils
are also specified spanwise for the blades of the propeller,
each with C81 lookup tables of lift, drag, and moment co-
efficients. The specified airfoil geometries are generated by
measurements of the propeller CAD model, which implement
closer spacing near the blade tip to best resolve the twist distri-
bution of the original propeller. In the current paper, however,
NACA 0012 airfoils with zero-lift angle of attack correction
are utilized in the C81 table.

Aeroacoustics

The Ffowcs Williams and Hawkings (FW-H) solver PSU-
WOPWOP (Refs. 23–27) is used to predict thickness and
loading noise from propeller blade and wing surfaces using
Farassat’s formulation 1A (Refs. 28, 29).
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Fig. 7: Aerodynamic model of the isolated propeller in RCAS

Fig. 8: Aerodynamic model of the propeller-wing in RCAS

The loads on the propeller remain invariant from one revo-
lution to another to within a tolerance of 0.1% thrust once
the solution is converged. Hence, the loading is considered
periodic, and only one revolution of surface data is used to
predict the noise. The surface data is extracted at every 0.5◦

azimuthal angle over the last revolution. The surface pressure
and loading data are then propagated to the observers in the
FW-H equation through an undisturbed atmosphere. The im-
permeable surfaces, including the propeller blades and wing,
are used to calculate the acoustic contributions from the thick-
ness noise and loading noise from the propeller and wing.

Tonal noise acoustic pressure and sound pressure level (SPL)
are obtained at microphones. The directivity is calculated
at the first BPF at 28 observer locations in a linear array, as
shown in Fig. 9. The linear array is parallel to the propeller
axis at a distance of 3.5 m at its closest point. This places the
closest observer 17.5 blade radii from the propeller, which is
in the acoustic far field . The elevation angle of the observers
range from 45◦ to 150◦, as measured from the axis of rotation
of the propeller, as shown in Fig. 9(a). The microphone array
has also a lateral angle of 50◦, as shown in Fig. 9(b).

RESULTS

Aerodynamics

Flow Fields Figures 10 and 11 visualize flow interactions be-
tween the propeller and the wing with its leading-edge located

(a)

(b)

Fig. 9: Linear array of microphone positions with respect to
propeller: (a) elevation angle and (b) lateral angle

at (△x = 0.25R, △z = 0.5R) from the center of the propeller.
Figure 10 shows vorticity contours in a side view that cuts
through the center of the propeller, visualizing the propeller
tip vortices and the boundary layers near the wing and nacelle.
The contraction of the tip vortex is more pronounced above
the wing suction side after the flow passes by the wing due
to the flow suction effect. Weak vortices are also shed at the
root-nacelle connection from the sliding mesh grid. Figure 11
shows the iso-surface of the normalized Q-criterion colored
by the vorticity magnitude in an isometric view. The wingspan
in the computation is large enough to completely contain the
propeller tip vortices and avoid interaction between the pro-
peller wake and wing tips. It is expected that the interaction
of the propeller tip vortices with the wing generates unsteady
pressure fluctuations on the wing.

Fig. 10: Vorticity contours in the side view at the center of the
propeller and wing.

Figure 12 shows the pressure coefficient contours at an instant
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Fig. 11: Iso-surface of normalized Q-criterion colored by the
vorticity magnitude.

in the plane that cuts through the center of the nacelle for the
isolated propeller and the propeller with the wing. It clearly
shows the wing increases the pressure on the pressure side of
the propeller, leading to an increase in the propeller thrust,
which will be quantified in more detail later. Additionally, it
has been observed that the wing is influenced by the poten-
tial flow or pressure exerted by the propeller blades. This will
induce unsteady aerodynamics on the wing, which generates
noise, in addition to the propeller wake and tip vortex interac-
tions with the wing.

(a)

(b)

Fig. 12: Pressure coefficient contour: (a) without the wing and
(b) with the wing mounted.

Thrust and Torque The isolated propeller aerodynamics are
calculated as the averaged value from all blades during the
last revolution of the simulation. The quantities evaluated are
the thrust coefficient (CT = T/ρ∞n2D4

p) and torque coefficient
(CQ =Q/ρ∞n2D5

p), where ρ∞ is the freestream density, n is the
revolutions per second, and Dp is the propeller diameter. The
thrust coefficient is predicted within 2% of the experimental
measurements. However, the torque coefficient has 11% de-
viation compared to the measurements. The thrust and torque
calculations are summarized in Table 4.

Table 4: Thrust and torque coefficient comparison between
simulation and experiment (Ref. 4)

Experimental Simulation Error (%)
CT 0.0874 0.0890 1.78
CQ 0.0128 0.0113 11.78
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(b)

Fig. 13: Variation of the propeller thrust as a function of the
wing position : (a) vertical movement and (b) aftward move-
ment (Experimental data are from (Ref. 4)).

Figure 13 shows the effect of the wing position on the pro-
peller’s thrust evaluated with computational prediction and
experimental results, with the experimental results including
2% error bars. As the wing is positioned closer to the pro-
peller disk, the bound circulation from the wing increases the
propeller thrust, as shown in Fig. 13(b). Additionally, the pro-
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peller thrust decreases as the wing position moves upward, as
shown in Fig. 13(a). However, the simulation over-predicts
this behavior. Although the trends are well captured in the
simulations, the thrust is consistently over-predicted. This
high-magnitude thrust can affect the noise levels, not just from
the propeller but also from the wing due to the interaction
effect. For instance, the tip vortex and wakes generated by
the propeller blades convect rapidly in high thrust conditions,
leading to alterations in both the magnitude and phase of the
unsteady loading experienced by the wing. This will be dis-
cussed in more detail later.

Propeller Aerodynamics The vertical and horizontal posi-
tion of the wing affects the thrust distribution on the propeller
disk. Figure 14 shows the sectional thrust coefficient of one
blade throughout one revolution of the isolated propeller. For
the steady freestream and unobstructed wake, the thrust con-
tour for the isolated propeller is azimuthally invariant. Fig-
ure 15 shows the effect of the wing location on the sectional
thrust coefficient as the relative increase of sectional thrust
with respect to the isolated propeller. The horizontal bar indi-
cates the wing position. When the wing is included, the pro-
peller thrust increases over the majority of the propeller disk
for all wing positions. However, the thrust decreases in the
inboard section near Ψ = 90◦ (directly to the left), especially
at △x = 0.25R. The maximum increase in sectional thrust is
near the wing leading-edge due to the wing circulation creat-
ing an increased angle of attack on the blades. As the wing
moves downstream, the results approach the characteristics of
the isolated propeller.

Fig. 14: Thrust of one blade over one revolution for the iso-
lated propeller.

Figures 16 and 17 show the distribution of sectional thrust
coefficient along the blade span when the blade is posi-
tioned perpendicular to the wing (Ψ=0◦) and along the az-
imuth angle for r/R = 0.9, respectively. The wing’s ver-
tical position affects distribution of thrust on the propeller
disk, whereas increasing the wing’s horizontal distance tends
to make the distribution more uniform. Hence, only varia-
tion in vertical wing positions are included. All wing posi-

Fig. 15: Relative sectional thrust coefficient as a per-
cent increase from the isolated propeller with the wing
mounted at: (a) (△x = 0.25R ,△z = 0.5R), (b) (△x =
0.25R ,△z = 0.75R), (c) (△x = 0.25R ,△z = 1.0R), (d)
(△x = 0.5R ,△z = 0.5R), (e) (△x = 1.0R ,△z = 0.5R), (f)
(△x = 1.5R ,△z = 0.5R)
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0
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Fig. 16: The radial distribution of thrust when the blade is at
Ψ = 0◦ for varying wing heights..
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Fig. 17: Sectional thrust variation over one revolution of one
blade at 90% radius for varying wing heights.

tions, (△x=0.25R, △z=0.5R), (△x=0.25R, △z=0.75R), and
(△x=0.25R, △z=1R), increase the sectional thrust compared
to the isolated propeller. However, the (△x=0.25R, △z=0.5R)
wing position contributes more to the inboard section and the
gained thrust diminishes near the tip where the downwash
from the suction side of the wing begins to create an ad-
verse effect. Meanwhile, the wing position at (△x=0.25R,
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△z=0.75R) contributes more of the increased thrust near the
tip where the wing leading-edge creates an increased angle
of attack on the blade sections. Although the wing position
(△x=0.25R, △z=1R) does not differ in thrust from the iso-
lated propeller until 50% blade radius, the gained thrust is
more consistent and maintains the largest thrust increase near
the tip.

Figure 17 shows the sectional thrust coefficient near the tip
(r/R = 0.9) throughout one revolution. The sectional thrust
coefficient increases with proximity to the leading-edge of
the wing. However, at Ψ=0◦ the bound vortex and down-
wash from the wing increases the perpendicular velocity on
the propeller near the tip, which in turn decreases the angle
of attack and thrust. As the wing moves upward, the region
of the downwash moves beyond the propeller disk and dimin-
ishes the effect. While the wing located at △z = 1R avoids the
thrust deficit at Ψ=0◦, the thrust increase is less than the other
wing positions over a majority of the azimuth angles. For
all wing positions, the peak thrust magnitude is within 4% of
each other, but the twice per revolution component of thrust
variation becomes weaker as the wing moves upward from the
center of the propeller. The increase in propeller thrust is also
skewed toward the advancing side of the propeller between
Ψ=180◦ and Ψ=360◦. The peak thrust as the blade approaches
the wing leading edge is slightly greater than the peak after
the blade passes the wing. After the blade passes the wing,
the lowest thrust is reached. This is due to the wing thickness
effect. As the flow diverts from the wing’s leading edge the
blade tangential velocity of a blade approaching the wing in-
creases while the tangential velocity of a blade moving away
from leading edge decreases.

Wing Aerodynamics Figure 18 shows Cp comparisons for
the prediction and experiment at various wing positions. The
value is averaged over a period equal to one revolution of the
propeller. The predictions demonstrate strong agreement with
the measured data across all cases. Figure 19 shows the RMS
of the Cp fluctuations (C′

p,RMS). This quantity is useful for ana-
lyzing the unsteady loading noise source on the wing, induced
by the propeller and wing interaction. It is evident that the
leading edge has higher amplitudes of C′

p,RMS, indicating the
primary wing loading noise source location. Overall, a close
agreement is observed between the prediction and experiment.
However, the deviation is more distinct near the leading edge.
This could be attributed to the inaccurate capture of the pro-
peller tip vortex and wakes. However, it is confirmed that our
predicted results are very similar to the predicted results in
reference (Ref. 4).

Aeroacoustics

The aeroacoustics of both the isolated propeller and the pro-
peller with the wing are estimated using CFD and RCAS sim-
ulations and validated against experimental data. Thickness
and loading noise are assessed using an impermeable FW-
H surface from the CFD. Although RCAS simulations only
include the loading noise, it is shown from the CFD results

that the loading noise is dominant and within 3% of the total
SPL for the fist BPF of the isolated propeller. As the acoustic
frequency increases, the experimental data becomes predom-
inantly influenced by motor noise (Ref. 4). Consequently, the
analysis shows tonal noise up to the fourth BPF, and most of
the comparisons with experimental data are conducted at the
first BPF. Moreover, the impact of the wing’s position is eval-
uated as it shifts along the propeller axis or above the wing.

Isolated Propeller Acoustics The SPL of the isolated pro-
peller, predicted using CFD and RCAS, is compared with ex-
perimental data in Fig. 20. The observer location in the linear
microphone array is chosen to be nearly overhead, which has
an elevation angle of 93◦. The simulations capture the first
two BPFs. A summary of the comparison between the pre-
dictions and experimental results is provided in Table 5. The
first BPF is accurately predicted by both medium-fidelity and
high-fidelity methods, with CFD yielding marginally better
results. For the second BPF, CFD provides better agreement
with the experimental data than RCAS.

Table 5: SPL at the first and second BPFs.

Source First BPF Second BPF
Experimental SPL (dB) 69.9 53.3

CFD SPL (dB) 69.7 50.3
RCAS SPL (dB) 69.1 47.7
CFD Error (%) 0.3 5.6

RCAS Error (%) 1.1 10.5

The components of the isolated propeller’s acoustic pressure
time history and acoustic spectrum for the CFD simulations
are depicted in Fig. 21. Both thickness and loading noise ex-
hibit the same period but with a 45◦ phase shift. Loading noise
contributes more significantly to the total acoustic pressure,
as its peak acoustic pressure is 2.2 times greater than that of
the thickness noise. In the frequency spectrum, loading noise
dominates the first BPF. It is 5.46 dB higher than the thick-
ness noise, resulting in a total sound pressure level (SPL) of
70.5 dB. The discrepancy lessens at the second BPF, where
the loading noise is only 2.22 dB greater, yielding a total SPL
of 50.0 dB.

The directivity of the isolated propeller acoustics is assessed
at a linear array of observer locations, as shown in Fig. 9, and
the results are depicted in Fig. 22. The directivity is validated
for the first three BPFs. The CFD and RCAS predictions are
compared with wind tunnel measurements of both the motor-
driven propeller and the motor alone. CFD and RCAS pre-
dictions demonstrates good agreement with the wind tunnel
measurements for the first BPF as shown in Fig.22(a). CFD
provides a marginally better results than RCAS. The second
BPF in Fig.22(b) also exhibits satisfactory correspondence
with the experimental values for moderate elevation angles
(φ = [60,105]◦). However, the third BPF in Fig. 22(c) is con-
sistently under-predicted across all elevation angles. Nonethe-
less, the total noise measured is predominantly influenced by
the propeller’s motor for the second and third BPFs. Since the
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(d) Retreating Side
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(f) Retreating Side

Fig. 18: Cp on the wing with the wing leading positioned at (a), (d): (△x = 0.25R ,△z = 0.5R), (b), (e): (△x = 0.25R ,△z =
0.75R), (c), (f): (△x = 0.25R ,△z = 1.0R). The advancing and retreating sides refer to the locations spaced 4 in from the
propeller centerline.
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(f) Tip Vortex Trajectory

Fig. 19: C′
p,RMS on the wing with the wing leading positioned at (a), (d): (△x = 0.25R ,△z = 0.5R), (b): (△x = 0.25R ,△z =

0.75R), (c): (△x = 0.25R ,△z = 1.00R), (e): (△x = 0.5R ,△z = 0.5R), (f): (△x = 1.0R ,△z = 0.5R).

motor masks the propeller noise at higher harmonics, only the
first BPF will be used for the acoustic directivity validation
for the propeller with wing cases later.

Propeller with Wing Acoustics The wing’s influence on
acoustics, as well as its impact on the propeller’s acoustics,
are examined. The trends in acoustic pressure, SPL, and di-
rectivity are assessed in relation to changes in wing position.
A detailed analysis of the wing’s effect on propeller acoustics
is conducted for a single observer and a single wing position

(△x = 0.25R,△z = 0.5R), which is the closest to the pro-
peller. The observer location is positioned at a 93◦ elevation
angle.

Figure 23 illustrates the noise generated by the propeller sur-
face for both the isolated propeller and the propeller with the
wing present. Flow interactions between the propeller and
wing do not affect the thickness noise, so the loading and total
noise are shown. Overall, SPLs at the first and second BPFs
increase by 1.1 dB and 0.34 dB when the wing is mounted.
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Fig. 20: Comparison of SPL from CFD and RCAS simula-
tions for the isolated propeller with experimental data from
reference (Ref. 4) at a microphone positioned at 93◦.
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Fig. 21: Predicted noise components based on CFD for the
isolated propeller at a microphone positioned at 93◦: (a)
acoustic pressure time history and (b) SPL.

The acoustic contributions for the propeller-wing system are
shown in Fig. 24. As the wing remains stationary in a con-
stant, low-speed freestream flow, its thickness acoustic pres-
sure becomes zero. The wing and propeller loading noise
contribute equally to the SPL of the first BPF. However, the
propeller’s acoustics decay more rapidly with higher harmon-
ics compared to the wing. The wing loading noise exhibits
higher harmonic acoustics. Similar to the isolated propeller,
the loading noise contributes more significantly to the sound.

The relative acoustic contribution between propeller and wing
for each wing position are displayed in Fig. 25. The pro-
peller’s acoustics exhibit a weak dependence on the wing po-
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Fig. 22: Isolated propeller noise directivity comparison: (a)
first BPF, (b) second BPF, and (c) thrid BPF. (Experimental
data are from reference (Ref. 4).)

sition. As the wing moves upward, the composition of the
wing’s loading noise changes. When the wing is positioned
half the propeller radius above the propeller axis, △z = 0.5R,
in Fig. 25(a), the SPL is 71.3 dB. As the wing continues to
move upward, the SPL reaches 79 dB in Fig. 25(c). In the
propeller slipstream, the flow exhibits greater energy near the
tip. Additionally, when the wing is at its highest position,
the propeller thrust reaches its maximum. Overall, as the
wing height increases, the high thrust on the propeller disk
influences on the wing surface, not just in the magnitude but
also in the phase, as will be discussed in the next paragraph.
When the wing is nearest to the propeller center, the second
and third BPFs have SPLs of approximately 55 dB, while the
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Fig. 23: Propeller noise with and without the wing mounted
(when mounted at △x = 0.25R,△z = 0.5R).
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Fig. 24: Relative contribution from propeller and wing to
noise for the wing position of △x = 0.25R ,△z = 0.5R: (a)
time history of acoustic pressure and (b) SPL

fourth BPF exhibits an SPL of 50 dB. For the wing located at
△z = 0.75R and △z = R in Fig. 25(b)-(c), the second BPF
remains above 50 dB, with the higher harmonics diminishing
rapidly as the third BPF falls below 50 dB and the fourth BPF
drops below 40 dB. As the wing position moves further away
from the propeller in Fig. 25(d)-(f), the wing noise diminishes
more noticeably at higher harmonics.

Figure 25 also reveals that the effect of the vertical wing posi-
tion on SPL is more pronounced than the axial location. This

is presented in greater detail in the acoustic pressure time
histories in Fig. 26. As the wing height increases, the pro-
peller acoustic pressure remains almost the same while the
wing acoustic pressure becomes higher than that of the pro-
peller noise. However, these changes in the magnitude do
not entirely explain the total pressure magnitude. The phase
between the propeller and wing noise must also be consid-
ered. When the wing is closest to the propeller axis, the phase
difference is most pronounced. In Fig. 26(a), the total noise
peak-to-peak value has a similar magnitude to the propeller
and wing components. In contrast, the propeller and wing
noise are nearly in phase for the other two positions. The am-
plitude of the total acoustic pressure is significantly increased
for wing heights 0.75R and 1.0R in Fig. 26(b)-(c). The in-
creased wing noise peak-to-peak values and constructive in-
terference between propeller and wing noise lead to an 8 dB
increase in the first BPF SPL, as shown in Fig. 25(b)-(c).

The directivity is evaluated at a linear array of observer lo-
cations for all wing positions and presented in Fig. 27. The
CFD and RCAS predictions are compared against the wind
tunnel measurements for the first BPF. The directivity de-
pends on wing position, but the trends from the experimen-
tal data, CFD, and RCAS simulations do not align. The null
region above the propeller, observed in the experiment when
the wing is 0.75R above the propeller axis in Fig. 27(b) does
not occur in either simulation. The CFD simulations show the
best agreement with the experiment at high elevation angles
when the wing’s axial position is 0.25R behind the propeller.
However, as the wing moves away from the propeller, the
directivity calculations deviate further from the experiment
across all elevation angles. The CFD simulation predicts a
large null region at low elevation angles as the wing moves
aft of the propeller, but this is not observed in the experiment
nor predicted in the RCAS simulations. Acoustic scattering
by the wing can also significantly alter the directivity espe-
cially at higher elevation angles, which was not included in
the simulations.

It is crucial to recognize that the first BPF sound is sensitive
to phase shifts, as destructive interference can occur when the
propeller and wing acoustic pressure are out of phase, as dis-
cussed earlier in the context of Fig. 26. The over-prediction
of thrust in the simulations, as shown in Fig. 13, can result in
faster convection of the propeller wake and an artificial phase
lead for the wing’s acoustic pressure. The incorrect phase an-
gle between the propeller and wing acoustics pressure could
generate inaccurate destructive and constructive interference
at certain elevation angles, leading to inaccuracies in the di-
rectivity. It would be interesting to reexamine the directivity
plots after trimming the propeller thrust.

CONCLUSIONS

In this paper, the aerodynamics and aeroacoustics of the Mejz-
lik propeller, both with and without a wing, were investigated
using high-fidelity CFD and medium-fidelity VVPM. For the
isolated propeller, the thrust was accurately predicted, but the
torque was over-predicted by about 10%. As the wing moves
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Fig. 25: Sound pressure level contribution from the propeller and wing: (a) (△x= 0.25R ,△z= 0.5R), (b) (△x= 0.25R ,△z=
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Fig. 26: Sound pressure level contribution from the propeller and wing: (a) (△x= 0.25R ,△z= 0.5R), (b) (△x= 0.25R ,△z=
0.75R), (c) (△x = 0.25R ,△z = 1.0R).

closer to the propeller hub vertically and to the propeller
blades horizontally, the propeller thrust increased. However,
the prediction overestimated the thrust increase. The sectional
thrust distribution on the propeller blades was investigated as
a function of the blade radius and azimuthal angle for vari-
ous wing positions. The predicted wing pressure coefficient
matched well with the experimental data on both the advanc-
ing and retreating sides for different wing positions. The RMS
of the pressure coefficient exhibited a significant increase near
the leading edge, indicating unsteady loading on the wing due
to propeller-wing flow interactions. However, some discrep-
ancy between the prediction and the experimental data was
observed at the leading edge.
The noise of the isolated propeller was well validated between
predictions and experimental data at the first BPF. The CFD
prediction demonstrated a slight improvement over the RCAS
prediction at the first and second BPFs. It was observed that
the loading noise was higher than the thickness noise, and
the wing noise exceeded the propeller noise, particularly at
the closest wing position. The propeller loading noise exhib-
ited little dependence on the wing position. Conversely, the

wing was highly sensitive to its position. As the wing height
increased, the first BPF noise rose while maintaining higher
harmonic acoustics. When the wing was moved away from
the propeller, the SPL diminished across the entire frequency
spectrum.
Capturing the directivity of acoustics was found to be chal-
lenging. Wind tunnel data revealed a minimum in SPL at
higher elevation angles, ranging from 90◦ to 135◦, depend-
ing on the wing position. On the other hand, CFD simula-
tions showed a minimum SPL at lower elevation angles, be-
tween 45◦ and 90◦, for most wing positions. Possible factors
contributing to these discrepancies include simulation errors
related to the over-prediction of the thrust coefficient, which
may affect the phase relationship between the propeller and
wing acoustics leading to constructive and destructive inter-
ference. Incorrect capture of the phase between the propeller
and wing, potentially due to a higher propeller thrust causing
faster convection of the propeller wash, can result in inaccu-
rate phase differences between the propeller and wing acous-
tics. In the future, the directivity will be reexamined with the
thrust matched simulations. Acoustic scattering by the wing
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Fig. 27: First BPF SPL directivity: (a) (△x = 0.25R ,△z = 0.5R), (b) (△x = 0.25R ,△z = 0.75R), (c) (△x = 0.25R ,△z =
1.0R), (d) (△x = 0.5R ,△z = 0.5R), (e) (△x = 1.0R ,△z = 0.5R), (f) (△x = 1.5R ,△z = 0.5R).

can also significantly alter the directivity especially at higher
elevation angles, which was not included in the simulations.
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