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ABSTRACT

Propeller-wing interactions are a complex noise phenomenon and the noise prediction of these interactions is extremely
relevant for the design and production of novel VTOL aircraft. This research provides a better understanding of these
interactions from a medium-fidelity approach. The medium-fidelity approach can offer more rapid understanding of
the acoustic impact of a design than high-fidelity approaches, but given the complexity of the propeller and wing flow
interactions, the validity of acoustic predictions is of concern. This paper studies the noise directivity of multiple
propeller-wing configurations with comparisons against experimental and high-fidelity CFD. The studies performed
involve an isolated propeller, three wing positions in propeller-wing setups, and two cases where the wing-only and
propeller and wing are placed at a 5-degree angle of attack. The results provided include per-source acoustic time
pressure histories, in-plane SPL spectra, and stereographic projections of hemisphere array directivity. This research
demonstrates that a medium-fidelity approach is capable of estimating propeller-wing interaction noise but with some
discrepancies between experiment, medium-fidelity, and high-fidelity.

INTRODUCTION

Propeller-wing configurations are a source of complex
noise relevant to the design and production of novel VTOL
aircraft. Common propeller-wing configurations include
tiltrotor and tiltwing designs, with applications to advanced
air mobility (AAM) aircraft. One such example arises in the
development of aircraft using distributed electric propulsion,
in which there are many propellers placed on wings to pro-
vide lift. As these designs become more feasible with today’s
technological advancements, the current understanding of the
acoustic implications of such designs requires further study.

Some of the current work to understand the fundamental
causes of the acoustic implications appears in studies about
the aerodynamic interactions that occur between propellers
mounted to wings. In the case of tiltrotor aircraft, Lim (Ref. 1)
studied the XV-15 rotor on a full-span wing when the aircraft
is cruising at 220 knots. Lim identified that various interac-
tions occur between the rotors and the airframe when in this
configuration. These effects include the wing circulation and
upwash affecting the inflow of the proprotor, the proprotor
downwash periodically exciting lift on the wing, and the blade
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root and nacelle vortex convecting past the wing. Through
high-fidelity simulation, Lim was able to identify and separate
the multiple aerodynamic interactions between the proprotor
and wing to identify the changes in blade loading when the
proprotor is isolated and when the wing is introduced.

Similar work was continued on the study of the XV-15
tiltrotor by Zhang et al. (Ref. 2). This work expands upon the
work from Lim on the study of proprotor-wing aerodynamic
interactions through a medium-fidelity analysis with RCAS
and PSU-WOPWOP. Zhang et al. modeled the XV-15 rotor
and full-span wing to focus on the interactions between the
proprotor and wing, excluding those from the nacelle, fuse-
lage, and empennage. This work validates that there are sig-
nificant loading differences when the tiltrotor operates in the
presence of a wing. Additionally, this work begins studying
the acoustic impact of interactional aerodynamics by provid-
ing the noise directivity of the tiltrotor; however, this study
did not include the wing as a noise source in the prediction.

From an experimental approach, Zawodny, Boyd, and Nark
prepared a propeller-wing configuration in the NASA Lang-
ley Low Speed Aeroacoustic Wind Tunnel (LSAWT) (Ref. 3).
Their experiment places the leading edge of a wing at various
locations rearward and upward relative to the propeller hub. In
doing so, they studied some of the aerodynamic performance
changes, such as the change in propeller thrust, wing pressure



coefficient, and axial Mach number upstream of the propeller
as the wing is placed in different positions. Furthermore, they
provided more focus on the aeroacoustic results from both the
wing and the propeller by using a linear array of 28 micro-
phones ahead of and behind the setup to study the directivity
of the noise. This provided a new understanding that there
are significant changes in noise caused by the aerodynamic
interactions between a propeller and wing.

Recently, research by Trembois et al. (Ref. 4) furthers
the study of aeroacoustic interactions by expanding upon the
work by Zawodny et al. Through high-fidelity analysis with
NASA OVERFLOW, this research considers a computational
setup of the experimental case and offers more detail about
the aerodynamic and aeroacoustic interactions. Specifically,
it studies the aeroacoustic phenomenon from an individual
source perspective, including the propeller and wing as unique
noise sources. These sources are also split into thickness and
loading tonal noise sources to check how each noise source
changes as the aerodynamic configuration changes.

This paper intends to expand upon the research by Trem-
bois et al. to focus on the medium-fidelity approach to study-
ing the aeroacoustic interactions in propeller-wing configu-
rations. The medium-fidelity analysis is critical for acous-
tic prediction since it offers a more rapid study of configura-
tions than high-fidelity approaches, saving the cost and time
of preparing and running high-fidelity simulations. More-
over, these faster analyses can be useful for understanding
the acoustic impact of future VTOL aircraft during the de-
sign process. For these cases, the propeller and wing are
tested at 0° and +5° angles of attack relative to axial flight.
It is worthwhile noting that this paper only focuses on tonal
noise, not including broadband noise, even though broadband
noise can also be an important noise source for AAM air-
craft (Refs. 5-7).

TECHNICAL APPROACH

To study the propeller-wing interactional noise phe-
nomenon, this research references a recent experiment at
NASA Langley Research Center reported by Zawodny et al.
(Ref. 3) with a propeller-wing setup with a 16x11 in., diameter
by pitch, Mejzlik 3-bladed propeller and an NACA 63, —215
MOD B airfoil for the wing. The setup is tested for aerody-
namic performance and acoustic measurements for a 3-bladed
propeller on a wing in the Langley Low Speed Aeroacoustic
Wind Tunnel (Fig. 1). To test for different propeller-wing con-
figurations, the propeller position is held constant while the
wing leading edge is moved to different positions. The lead-
ing edge positions varied between 0.5 and 1.5 propeller radii
above the propeller and between 0.25 and 2.0 propeller radii
behind the propeller, as shown in Fig. 2 (from Ref. 3).

RCAS Model

To simulate this setup with a medium-fidelity computation,
the Rotorcraft Comprehensive Analysis System (RCAS) is se-
lected (Ref. 8). For reference, “The Rotorcraft Comprehen-

Figure 1: Experimental propeller-wing setup (Ref. 3).
Note, the orientation of the wing in relationship to the pro-
peller is inverted in the experiment as compared to Fig. 2.
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Figure 2: Wing leading edge location relative to the pro-
peller hub, i.e., X/R =0.0, Z/R = 0.0 (Ref. 3). The red
diamonds indicate the wing locations used for the RCAS
predictions in this paper.

sive Analysis System (RCAS) is a comprehensive analysis de-
veloped 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 ca-
pable of detailed modeling a wide range of rotorcraft config-
urations operating in hover, forward flight, and maneuvering
flight to predict performance, loads, vibration, flight dynam-
ics, and aeroelastic stability (Ref. 8). Additionally, RCAS is
a widely-used software tool that offers a medium level of fi-
delity for more rapid prototyping of designs than CFD or ex-
perimental approaches. As such, it may not capture the same
detail as higher fidelity approaches. Still, RCAS remains an
appropriate medium-fidelity tool for studying propeller-wing
interactions.

The propeller and wing are considered rigid in their struc-
tural models. While it is possible to enable structural deforma-
tion of the propeller and wing, the rigid models are selected
for simplicity. To determine the propeller location, it is at-
tached by a rigid connection that extends forward from the



Figure 3: RCAS propeller and wing geometry with wing
at AX/R=0.25, AZ/R=0.5.

Z

Figure 4: RCAS propeller and wing geometry with wing
at AX/R=1.5, AZ/R=0.5.

leading edge of the wing (see Figs. 3 and 4). This connection
is purely structural and does not affect the aerodynamic calcu-
lation. Additionally, this model does not include the nacelle.
The propeller is designed with a collective node to allow for
adjusting the pitch of all blades. Adjusting the collective in
this model allows for matching the thrust coefficient of the
experiment for the acoustic predictions.

The aerodynamic model attempts to match the original test
case as well as possible. To do so, it specifies 7 airfoils along
the span of each propeller blade. The airfoil geometry is ex-
tracted from a CAD model of the Mejzlik 16x11 propeller
and smoothed to remove surface abnormalities and provide a
sharp trailing edge. These seven airfoils are each simulated
using C8lgen to generate aerodynamic tables of lift, drag,
and moment coefficients in C81 format. C8lgen is a wrap-
per for ARC2D which prepares 2D grids for airfoil simula-
tion (Refs. 9,10). ARC2D is a Navier-Stokes CFD solver from
NASA Ames Research Center that solves Reynolds-averaged
Navier-Stokes equations for 2D compressible flow (Ref. 11).
Preparing the 2D airfoil grids in C81gen and running ARC2D
for 2D compressible flow allowed for generating aerodynamic
coefficient lookup tables for each spanwise section at the rele-
vant angles of attack, Reynolds numbers, and Mach numbers.
RCAS then uses these lookup tables to compute the inflow
of the propeller and export the periodic loading from the pro-
peller and wing. Furthermore, the airfoil chord and twist are
determined from the CAD model. These are provided in 21

Figure 5: CFD near-body grids with the wing at AX /R =
0.25, AZ/R=0.5.

spanwise segments with cosine spacing in the radial direction
to ensure there is sufficient resolution to model the original
propeller. The wing from the experiment is a 63, —215 MOD
B airfoil, so C81gen and ARC2D have also been used to gen-
erate aerodynamic coefficient lookup tables of the wing for
the simulation.

However, an important limitation of this modeling ap-
proach is that in RCAS the wing is modeled as a lifting line,
rather than a lifting panel. This is a limitation of RCAS and
results in only a spanwise distribution of loading on the wing,
rather than a 2-dimensional loading across both the span and
chord of the wing. It is expected this may cause differences
between the medium- and high-fidelity loading and loading
noise generated by the wing.

The inflow model used in RCAS for this case is a Viscous
Vortex Particle Method (VVPM). VVPM is selected because
it is an inflow model capable of simulating the interactional
effects between a propeller and wing. This is not an effect
that could be studied by the prescribed or free-wake methods
available in RCAS (Ref. 4).

CFD Model

NASA OVERFLOW is selected for the high-fidelity model.
OVERFLOW is a CFD tool that solves unsteady compress-
ible Reynolds-averaged Navier-Stokes equations. OVER-
FLOW has been extensively applied to predict the aerody-
namics and aeroacoustics of rotating blades including coaxial
rotors (Refs. 12-14), side-by-side rotors (Refs. 15, 16), and
quadrotors (Ref. 17). For this model, the CFD mesh is mod-
eled with curvilinear overset grids. The near-body grids are
composed of three unique geometries: the propeller blades,
the wing, and the nacelle as shown in Fig. 5. The propeller
and wing are both modeled with O-type grid topology. The
spinner is not modeled, instead the blade grids slide along the
nacelle surface grids. The grids were created with Chimera
Grid Tools (Refs. 18,19) and UCD-BladeGenerator (Ref. 20).

The propeller and wing grids are created using 250 chord-
wise points, 150 spanwise points, and 65 points off the sur-
face. The chordwise spacing for the blade and wing grids is
0.05% and 0.02% local chord spacing at the leading and trail-
ing edge. The gap at the tip of the blades and wing is closed



with a cap grid. The domains of the blade grids are connected
to the nacelle via a collar mesh. The reference chord, cpef,
is defined as the blade chord length where /R = 0.75, which
is 1.2 inches. All near-body grids grow from a volume-wise
spacing of y+ = 0.9 at the surface to 10% cyer. This matches
the finest off-body grid spacing, which is adjacent to the near-
body grids. The off-body grids are coarsened in 8 steps to
form a cube with sides that are 20 times the length of the blade
radius, doubling in size each coarsening. Six revolutions are
required to converge the CFD solution. Each time step uses 20
subiterations and advances the blade one-quarter of a degree.

Aeroacoustic Model

PSU-WOPWOP (Refs. 21-24) is used to calculate the tonal
acoustic predictions for the simulated cases. It is a Ffowcs
Williams—Hawkings solver that uses an implementation of
Farassat’s Formulation 1A (Refs. 25,26) to calculate the thick-
ness and loading noise of these cases. To calculate the tonal
thickness noise, PSU-WOPWOP requires the surface geome-
try of the test case. To calculate the tonal loading noise, PSU-
WOPWORP requires force vectors acting on the geometry of
the test case. Consequently, the surface geometry and loading
force vectors for PSU-WOPWOP must be generated by an ex-
ternal analysis. Acoustic scattering by the wing has not been
considered in any of the noise computations.

In this work, RCAS computes the information needed
by PSU-WOPWOP. The coupling between RCAS and PSU-
WOPWORP originates from the work by Sharma, Cole, and
Brentner in Ref. 27. The coupling uses the RCAS outputs for
the propeller to generate the required PSU-WOPWOP loading
input. This work extends the coupling program by enabling
the conversion of the RCAS wing outputs to allow for PSU-
WOPWOP loading predictions on the wing. This updated sys-
tem enabled RCAS to provide the aeroacoustic model with the
required loading files for acoustic prediction. The required ge-
ometry files come from a CAD model of the propeller, as used
in the CFD calculations.

In PSU-WOPWOP, a microphone array is prepared to
match the setup used in the experiment. Accordingly, the ar-
ray is a line of 28 microphones placed between elevation an-
gles, ¢ =45° and 150°, shown in Fig. 6. They are also placed
at a horizontal offset of 6 = 50° (Fig. 7) to match the exper-
iment. The radial distance to the nearest microphone in the
array is 3.5 m. This is the nearest in-plane observer at ¢ =
93°. For each observer of the array, PSU-WOPWOP is set up
to calculate the acoustic pressure. This permits the calculation
of noise spectra through Sound Pressure Level (SPL) for the
various propeller-wing configurations, as well as comparisons
of the noise directivity through SPL of the first Blade Passage
Frequency (BPF) at various elevation angles, ¢.

RESULTS

The RCAS model of the 16x11 3-bladed propeller is com-
plete and demonstrates reasonable performance characteris-
tics as compared to the experimental results. The performance
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Figure 6: Side view of the microphone array with wing at
AX/R=0.25, AZ/R = 0.5 (Ref. 4).

Figure 7: Front view of the microphone array with wing
at AX/R=0.25, AZ/R = 0.5 (Ref. 4).

of the propeller-wing model with the leading edge of the wing
placed at 0.25 radii behind and 0.5 radii above the propeller
hub is provided in Table 1. This case trims the collective pitch
to match the thrust coefficient of the experiment results to en-
sure a fair comparison of the BPF SPL across the test cases.
Upon trimming, the case applies a 0.59° collective pitch to the
propeller. The trim procedure successfully matches the exper-
imental thrust coefficient. Similarly, the comparison validates
that it matches the blade tip Mach number, freestream Mach

Table 1: Mejzlik 16x11, 3-bladed propeller operating pa-
rameters with a wing installed in the nearest position,
AX/R=0.25, AZ/R=0.5.

Exp Comp % Error
Tip Mach number | 0.361 0.361 -
Freestream Mach number | 0.068 0.068  specified
Advance Ratio (J) 0.592 0.592 -
Thrust Coefficient (C7) | 0.0948  0.0948 target
Power Coefficient (Cp) | 0.0128 0.0117 8.40
RPM 6000 6000 specified
Collective Pitch (deg) 0.0 0.59 -
Speed of sound (82.9F) (ft/s) | 1141.7 1141.7 -




number, and therefore advance ratio well. Once RCAS trims
the model to the desired thrust, the predicted power coefficient
is lower than the experiment by an error of 8.40%.

A Note About the RCAS Loading Predictions

During the final assembly of this paper, an error was found
in the wing loading in the RCAS setup. When that error was
corrected, the RCAS loading for the wing was much higher
(approximately 50 times the loading predicted by the CFD
for the wing) even though the propeller loading predicted by
RCAS was at the expected levels. Analysis of the results, and
many separate checks, confirmed that the problem was only
for the wing results, and it appeared to be only a scale fac-
tor. The source of this error was not determined in time for
this paper, but the magnitude of the error was approximately
the same as the ratio of the wing to propeller area (all three
blades). Hence, the wing loading was reduced by a scale fac-
tor of 1/39.3 in the RCAS computations including the wing. It
is not claimed that this is the source of the error, but the scal-
ing was used to produce representative results for the paper.

In-Plane Acoustic Predictions

Acoustic predictions are provided below for three config-
urations. One configuration tests only the propeller for con-
firmation that the model is set up correctly. The latter two
configurations test for two propeller-wing positions. The first
propeller-wing position places the leading edge of the wing
a quarter of the propeller’s radius downstream of the pro-
peller, and half of the propeller radius above the propeller axis
of rotation. This is denoted as AX/R = 0.25, AZ/R = 0.5.
The second propeller-wing position places the leading edge
of the wing 1.5 propeller radii downstream and 0.5 propeller
radii above the propeller. This is denoted as AX/R = 1.5,
AZ/R=0.25.

For the isolated propeller configuration, results are pro-
vided for a single, in-plane observer (¢ = 93°) in Figs. 8 and
9. Figure 8 shows the acoustic pressure recorded by the ob-
server over one revolution. The three periods result because
each blade passes by the observer during one revolution of the
propeller. Figure 9 shows the SPL spectrum from this acous-
tic pressure for the in-plane observer. In Fig. 9 the SPL pre-
dictions based on the RCAS medium-fidelity and the OVER-
FLOW high-fidelity airloads are compared with the experi-
ment. This spectrum shows that the SPL at the first BPF (300
Hz) and second BPF (600 Hz) match very well across the three
datasets. The results from RCAS and OVERFLOW loading
for the first BPF is 71 dB while the experiment is 68 dB. For
the second BPF, RCAS has an SPL of 51 dB, while OVER-
FLOW has 52 dB, and the experiment has 53 dB. These results
for the isolated case demonstrate that the medium-fidelity ap-
proach is capable of matching experimental acoustic results
of the first two BPF frequencies; however, the missing broad-
band noise differentiates the medium-fidelity result at other
frequencies — particularly above the second BPF.
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Figure 8: Predicted components and total acoustic pres-
sure vs. time at the in-plane location with RCAS loading
for the isolated propeller.
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Figure 9: Comparison of measured and predicted SPL at
the in-plane observer location for the isolated propeller us-
ing RCAS and OVERFLOW loading.

Results are provided for the baseline wing case, AX /R =
0.25, AZ/R = 0.5, for the same single, in-plane (¢ = 93°) ob-
server in Figs. 10 and 11. Figure 10 shows the acoustic pres-
sure at the observer over a single revolution for each noise
source. The propeller thickness noise in Fig. 10 is identical to
the isolated rotor in Fig. 8, which is expected. The propeller
loading noise appears to be only slightly different from Fig. §,
which is due to the influence the wing has on the propeller
blade loading. In addition to the propeller noise sources, there
is an additional noise component due to the unsteady loading
from the propeller on the wing, as shown in Fig. 10. The wing
loading noise is a dominant source for this observer location
and the RCAS-based loading yields a periodic result at the
shaft rotation rate, but the individual pulses associated with
each blade’s wake passing over the wing are not identical.
This behavior is not expected and not seen in the high-fidelity
results (not shown). More research is needed to determine the
source of this anomaly.



Figure 11 shows the corresponding SPL spectrum. Acous-
tic predictions for the medium-fidelity RCAS blade loads and
high-fidelity OVERFLOW blade loads are compared, and the
experimental results are shown for the first BPF. The acous-
tic predictions of the first BPF differ by approximately 8 dB
between the RCAS and OVERFLOW blade loading cases,
bracketing the experiment with medium-fidelity overpredict-
ing and the high-fidelity result underpredicting the experimen-
tal value. For the second BPF in Fig. 11, the agreement be-
tween the two predictions is similar to the first (about 6 dB),
but the predictions diverge for the third BPF and beyond, with
the RCAS loading acoustic prediction substantially higher
than the OVERFLOW loading acoustic prediction in this case.
This may related to the anomalies already noted for the RCAS
loading computations, but more investigation is needed to de-
termine the full nature of any problem in the RCAS loading
prediction.

Results for the in-plane observer (¢ = 93°) with wing posi-
tion AX/R = 1.5, AZ/R = 0.5 are shown in Fig. 12, which
compares the SPL spectrum for acoustic predictions using
RCAS and OVERFLOW loading. A comparison of the first
two BPFs reveals a small difference of only 2 dB between the
two predictions. In this case, the SPL level of the third BPF for
the RCAS case is significantly higher than the OVERFLOW
case, which is consistent with the overprediction past the sec-
ond BPF found in Fig. 11. It is speculated that the first two
BPF agreements are better because the wing is farther away
from the propeller.

SPL Directivity Predictions

Additional results consider the directivity of the noise
across the linear microphone array of 28 microphones placed
in the experiment (Ref. 3) and shown in Figs. 6 and 7. Since
the first BPF is most relevant for noise, the SPL of the first
BPF is plotted for 45° < ¢ < 150° for comparison with the ex-
periment. The directivity of the first BPF of predicted SPL for
the isolated propeller with RCAS loading is shown in Fig. 13.
This comparison shows that acoustic prediction with RCAS
loading agrees quite well (with 2-3dB) across the range of
45° < ¢ < 130°, but is not as good for ¢ > 130°. The direc-
tivity of the prediction seems shifted by A¢ ~ 5° — 10°. The
source of the directivity shift is not apparent at this time.

The noise directivity for the baseline wing case, AX /R =
0.25, AZ/R = 0.5, is shown in Fig. 14. The experimental
measurements are compared with predictions based on RCAS
and OVERFLOW loading. RCAS loading results in an under-
prediction of the SPL of the first BPF ahead of the propeller
(45° < ¢ <70°) and then is higher than the experiment from
80° < ¢ < 150°. Furthermore, the directivity of the RCAS
loading-based predictions does not agree very well with the
experiment, but the maximum difference is still within 8 dB.
In contrast, the OVERFLOW loading yields SPL predictions
that are closer to the experiment for 45° < ¢ < 120° but then
are substantially too low for ¢ > 120°. The source of this
discrepancy is currently unknown.
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Figure 10: Predicted components of the propeller and
wing acoustic pressure vs. time, using RCAS loading. The
wing is located at AX /R =0.25, AZ/R=0.5.
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Figure 13: Measured and predicted directivity of the first
BPF for the isolated propeller on the linear microphone
array.
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Figure 14: Measured and predicted directivity of the first
BPF for the linear microphone array with the wing located
at AX/R=0.25, AZ/R=0.5.

The noise directivity for the wing position AX/R =
1.5, AZ/R = 0.5 is shown in Fig. 15. The RCAS load-
ing acoustic prediction is within 3 dB of the experiment for
45° < ¢ < 120° and the directivity shape is also better than in
Fig. 14. The OVERFLOW loading acoustic prediction agrees
quite well with the experiment both in level and directivity
shape. The improvement in both prediction directivities is
consistent with Fig. 12 and is likely because the wing is far-
ther from the propeller, thereby decreasing the significance of
the propeller-wing interaction effect.

The noise directivity for the wing position AX/R =
0.25, AZ/R = 1.0 is shown in Fig. 16. In this wing loca-
tion, both the RCAS and OVERFLOW loading-based acous-
tic predictions agree quite well with the experiment, although
the RCAS results are not as close for ¢ > 120°. The good
agreement for this wing location is also consistent with de-
creased propeller-wing interaction. Also, it should be pointed
out that the OVERFLOW loading acoustic prediction matches
the shape of the directivity for all angles 45° < ¢ < 150°.
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Figure 15: Measured and predicted directivity of the first
BPF for the linear microphone array with the wing located
at AX/R=1.5, AZ/R=0.5.
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Figure 16: Measured and predicted directivity of the first
BPF for the linear microphone array with the wing located
at AX/R=0.25, AZ/R=1.0.

In the Zawodny et al. experiment (Ref. 3), the propeller-
wing configuration was placed at +5° angle of attack in addi-
tion to the 0° angle of attack shown in all the previous predic-
tions of this paper. The three angle of attack configurations
predicted in this work are shown in Fig. 17 for the wing loca-
tion AX/R = 0.25, AZ/R = 0.5. The 0° angle of attack case
is shown in Fig. 17a for reference. The next configuration set
the wing to +5° incidence relative to the freestream velocity,
while the propeller was left at 0° incidence (Fig. 17b). The
third configuration sets both the propeller and wing at +5°
angle of attack relative to the freestream velocity (Fig. 17c).

The noise directivity along the linear array for the two dif-
ferent +5° angles of configuration was calculated for both
RCAS and OVERFLOW loading, shown in Fig. 18. The noise
levels were slightly higher when the propeller and wing were
adjusted to +-5° incidence as compared to when only the wing
was inclined +5° for both RCAS and OVERFLOW loadings.
But, as in the 0° angle of attack case, previously shown in
Fig. 14, the directivity of the RCAS and OVERFLOW load-



Baseline prop and wing

Freestream Velocity

(a) Setup for the AX /R = 0.25, AZ/R = 0.5 wing position with
no angle of attack.

+5° wing only

—)

Freestream Velocity

(b) Setup for the AX /R = 0.25, AZ/R = 0.5 wing position, for
the +5° wing angle.

+5° prop and wing

N
= @

Freestream Velocity

(c) Setup for the AX /R = 0.25, AZ/R = 0.5 wing position, for
the +5° propeller and wing angle.

Figure 17: Geometry of propeller and wing for various
angle of attack configurations.

ing cases are somewhat different. For the RCAS loading case,
both the +5° angle of attack levels are lower than in Fig. 14
while for the high-fidelity case, the noise levels are some-
what higher in both +5° angle of attack cases. These changes
cause the difference in acoustic predictions of the first BPF
for RCAS and OVERFLOW loading along the linear array to
be somewhat less than in the 0° angle of attack case. More
study is needed to determine the reason why each of the cases
behaves as they do.

Hemisphere Observer Acoustic Predictions

In addition to the comparisons of noise directivity on the
linear microphone array, the noise predictions based on RCAS
loading provided on a hemisphere observer below the pro-
peller. This gives more information about how the noise
changes in other directions at a constant distance. The noise
predictions are made on a hemisphere with a radius of 13.4
propeller radii from the propeller hub, as shown in Fig. 19.
The hemisphere has 21 equally spaced observers in the az-
imuth direction (0° < y < 360°) and 21 equally spaced ob-
servers in the elevation direction (—90° < ¢ < 0°), where
¢ = 0° is the x — y plane and ¢ = —90° is 13.4 propeller radii
directly below the propeller hub. In Fig. 19, v is positive in
the clockwise direction and ¢ is negative in the downward di-
rection.
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Figure 18: Measured and predicted directivity of the first
BPF for the linear microphone array with the wing located
at AX/R=0.25, AZ/R = 0.5, for the +5° cases

Figure 19: View of hemisphere of observers with positive
azimuth Y and negative elevation ¢ angles indicated. The
sphere radius is 13.4 propeller radii R, ¥ = 0° is directly
in front of the propeller, ¢ = 0° is in the x — y plane, and
¢ = —90° directly below the propeller.

Figure 20: View of spherical projection of the hemisphere
of observers in Fig. 19. Here ¢ = —90° at the center of the
circle and increase radially to the outer edge where ¢ =0°.
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Figure 21: Stereographic projection of OASPL directivity
for the isolated propeller with RCAS loading.
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Figure 22: Stereographic projection of OASPL directivity
for the baseline propeller-wing case with the wing located
at AX = 0.25, AZ = 0.5 with RCAS loading.

For visualization, these hemisphere observers are projected
to a 2D surface through stereographic projection, as shown in
Fig. 20. In Fig. 20, v and ¢ are shown in the positive direc-
tions, with y = 0°, ¢ = 0° directly in front of the propeller
and ¢ = —90°, the center, is directly below the propeller hub.
The stereographic projection provides a good sense of the di-
rectivity on the sphere while providing a view of all elevation
angles. Plotted on the projection are contours of the overall
SPL (OASPL) recorded at each observer, integrated over one
revolution of the propeller.

The first case considered is the OASPL prediction using
RCAS loading for the isolated propeller case, Fig. 21. The
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Figure 23: Stereographic projection of OASPL directivity
for the baseline propeller-wing case with the wing located
at AX =0.25, AZ = 0.5 with OVERFLOW loading.

isolated propeller case is relatively simple because the OASPL
is the same at any azimuth angle around the propeller axis of
rotation. This directivity is seen in Fig. 21 where the contour
band along a line from y = 90° to y = 270° is the plane of
the propeller rotation. This figure also shows there is some
distortion from spherical projection as the observer position
approaches ¢ = 0°, which is the top of the hemisphere.

For the case where the leading edge of the wing is placed in
the nearest proximity to the propeller (AX /R =0.25, AZ/R =
0.5), shown in Fig. 22), there is an asymmetry of the OASPL
contours due to the presence of the wing. There is a larger
region of the maximum OASPL levels on the y = 90° side
of the hemisphere, where the propeller rotates upward toward
the lower surface of the wing. On the y = 270° side of the
hemisphere, the propeller approaches the upper surface of the
wing from the top as the propeller rotates downward. The
region of maximum OASPL level is smaller and shifted rear-
ward on this side of the hemisphere. This asymmetry is due to
the loading noise generated by the wing due to the unsteady
wing loading caused by the propeller wake.

When the wing is shifted rearward (AX/R = 1.5, AZ/R =
0.5), shown in Fig. 24, the region of highest OASPL levels has
shifted rearward and is primarily below and behind the wing.
This change is thought to be a result of the propeller wake
interacting with the wing at a later time than in Fig. 22. The
fact that the highest OASPL level is now behind and below the
wing is speculated to be a result of the propeller wake going
more below the wing. Future work will focus on verifying this
hypothesis.
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Figure 24: Stereographic projection of OASPL directivity
for the propeller-wing case with the wing located at AX =
1.5, AZ = 0.5 with RCAS loading.
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Figure 25: Stereographic projection of OASPL directivity
for the propeller-wing case with the wing located at AX =
0.25, AZ = 1.0 with RCAS loading.

Next, when the wing is shifted upward (AX/R =
0.25, AZ/R = 1.0) instead of rearward, a similar change in
directivity is seen when comparing Fig. 25 to Fig. 22 as is
seen when comparing Fig. 24 to Fig. 22. The region of high-
est OASPL is very similar in Figs. 24 and 25, both below and
behind the propeller and wing, but the noise away from that
region is significantly lower. This change is likely because
now the propeller wake is entirely below the wing and is only
close to the wing at the top of the propeller wake.
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Figure 26: Stereographic projection of OASPL directivity
for the case with only the wing adjusted to +5° angle of
attack with RCAS loading.
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Figure 27: Stereographic projection of OASPL directivity
for the case with the propeller and wing adjusted to +5°
angle of attack with RCAS loading.

Now, adjusting the wing case to have a +5° angle of attack
relative to the freestream (Fig. 26), the noise becomes more
symmetric about the axis of rotation and has OASPL levels
comparable to the isolated propeller case in Fig. 21. The sit-
uation is similar when both the propeller and wing are set to
+5° angle of attack, as shown in Fig. 27. Such low OASPL
levels were not expected and are likely due to the wing not
having the same levels as in the 0° angle of attack case. More
study is required to understand these results, but it is likely
that the computations in Figs. 26 and 27 are incorrect.



CONCLUDING REMARKS

This work has demonstrated that the acoustic interactions
between a propeller and wing are complex, but they can be
modeled by medium- and high-fidelity methods with varying
degrees of accuracy. Through this study, multiple propeller-
wing configurations were tested. These included three cases
where the leading edge of the wing was placed close to the
propeller, farther behind, and farther above the baseline wing
location to compare acoustic predictions with experimental
results. Through analysis of acoustic pressure time histo-
ries of the noise sources, SPL spectra of the in-plane noise,
and linear and hemispherical arrays of microphones for the
noise directivity, this research demonstrates that a medium-
fidelity approach is capable of estimating propeller-wing in-
teraction noise, but with some discrepancies between experi-
ment, medium-fidelity, and high-fidelity. Predictions at both
fidelity levels agreed very well for the isolated propeller,
which is expected. When the interaction between the pro-
peller and wing is included in the noise predictions the agree-
ment between fidelity levels and experiment is often not as
good. In general, the high-fidelity approach is more accurate,
but at a substantial computation cost. Hence, there is still a
desire to improve medium-fidelity tools to obtain reasonable
predictions due to the much lower computational cost.

There is more work required to understand where the short-
comings of the medium-fidelity approach lie in this work.
First, the anomaly in the wing loading computed by RCAS
needs to be resolved and then the cases reassessed to deter-
mine if the the results are consistent with those presented in
this paper. Also, further study is needed for the angle of attack
cases to determine why the wing influence decreases so dra-
matically in the medium-fidelity approach. These two investi-
gations may show that there is only one problem that presents
itself in two different ways. The high-fidelity OVERFLOW
results have already been used to help determine the problems
with the RCAS computations, but more work is needed in this
area. Once the algorithm and code problems are addressed, it
will be possible to assess the difference between the approxi-
mations in RCAS as compared to the first principles approach
used in CFD—and potentially improve the RCAS modeling.

Finally, while the noise directivity is often largely due to the
tonal noise, as predicted in this paper, there remain differences
identified in the higher harmonic noise between the computa-
tional analyses and the experiment. It is known from current
practice and ongoing research that the higher harmonic noise
is broadband noise, which was not included in the predictions
from this paper. Development and application of broadband
noise prediction tools will therefore aid in providing a more
complete understanding of noise amplitudes and directivity,
assisting in reducing the differences between computation and
experiment.
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