Aeroacoustics of in-flight propeller-wing in pusher configuration
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In this study, we investigate the noise produced by a propeller installed in a pusher
configuration in close proximity to a wing. Experiments are conducted in a state-of-the-art
anechoic wind tunnel to observe the impact of both static and in-flight conditions on overall
noise generation. We found that as the separation distance increases, the interaction between
the propeller and wing diminishes, causing the overall noise to approach levels similar to those
of the rotor alone. A comprehensive comparison of predictions and measured results across
various separation distances aids in understanding dominant noise mechanisms over a range of
propeller and wing separations. At low separation distances, the potential field is the dominant
mechanism of noise generation, while at higher separations, wake interaction is found to be the
dominant source. This, in turn, facilitates understanding of noise generation from installed
propellers and enables the design of low-noise configurations and the establishment of noise
control strategies for installed propellers.

I. Introduction

In recent years, there has been a notable increase in the adoption of propeller-based architectures, such as regional
aircraft, Urban Air Mobility (UAM), and propeller drones, driven by the emergence of electric and distributed propulsion
systems [1]. These systems, known for their lightweight nature, offer 10-20% higher performance compared to
conventional turbofan engines at moderate flight speeds [2,13]. According to a report, the advanced air mobility market
in the United States alone is projected to reach a substantial annual value of $115 billion USD by 2035 [4]. However, a
significant concern associated with propeller-driven aircraft is their noise level, attributed to steady loading and unsteady
aerodynamic loading caused by various interaction mechanisms related to the propeller installation [3} 5} 16].

Understanding the various noise sources linked to propeller architectures is crucial. Notably, the propeller-wing
configuration, with the propeller mounted in a pusher configuration, is a key feature of advanced propulsion systems.
Akiwate et al. [7]] have discussed the various noise sources associated with propellers installed in a puller configuration
[8]]. It’s important to note that the noise characteristics of an installed propeller in operation differ significantly from
those of an isolated propeller [9-12]. The noise radiation from an isolated propeller with subsonic tip speed is well
understood, following the pioneering work of Gutin [13]]. Over the last few decades, the tonal interaction noise
of contra-rotating propellers has been extensively discussed, and theoretical formulations for noise radiation from
contra-rotating propellers are well developed and validated [3} 5} [14-19].

The current study focuses on an experimental campaign of installed propeller noise in both static and in-flight
conditions, comparing the results with available analytical prediction schemes. This study is conducted in the
state-of-the-art anechoic wind tunnel facility at the Boldrewood Innovation Campus, University of Southampton.
During experiments, various parameters are considered, including the separation distance between the propeller and
wing, in-flight and static conditions, and wing incidence. These experimental results provide deeper insights into
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noise generation mechanisms, including both tonal and broadband components. Comparing predicted results with
measurements will help understand dominant noise generation mechanisms and establish effective control strategies.

II. Experimental set-up and procedure
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Fig. 1 (a) photograph of experimental rig inside the anechoic wind tunnel (b) close view of the prop-wing
configuration and mountings (c) photograph of wing mounted on side plate (d) schematic of microphone array

A. Propeller rig

The experimental investigation was conducted on the 16x5.5 APC propeller. The rig consisted of a rotor powered by
a U7-V2.0 KV280 motor from T-Motor, mounted on a MINI45 ATTI 6-axis load cell. An Electronic Speed Controller
(FLAME 80A 12S V2.0 ESC) was used to control the motor speed to produce the required thrust by the propeller.
The precise rotational speed of the propellers was measured using an ICP Laser Tachometer sensor. The complete
propeller setup with load cell and motor was mounted to the hand-adjustable and lockable stand, as seen in Fig. [Tb] The
separation distance between the propeller and wing was varied by moving the propeller forward and backward using an
adjustable stand while the wing was fixed in position by side plates. Due to the relatively low maximum torque (1.209
N-m) of the rig, the experiments were conducted at a maximum flow speed of 25m/s. At this maximum speed, we were



still able to achieve 10N of thrust. Therefore, all our experiments were limited to a thrust of 10N.

B. Wing geometry

For the experiments, we utilized a symmetrical NACA0012 airfoil made of carbon fiber. The airfoil had a chord
length of 0.5m and a span of 1m. It was affixed between two circular aluminum side plates (10mm thickness, 260mm
radius). The construction involved a thin carbon fiber shell enveloping a single rectangular aluminum spar at the
maximum thickness point. Despite the airfoil featuring pressure tapings along its centerline, they remained unconnected
and unused in this experiment.

To install the aerofoil in the wind tunnel nozzle, we utilized a pair of 10mm thick aluminum side plates. These
plates were connected to the nozzle flange through a set of 4 stainless steel L brackets bolted to the end of each plate (2
on each side, as shown in orange color in Fig. [Ic). The plates were flush-mounted with the interior wall of the nozzle.
Each side plate featured a large circular recess at its center, allowing for the flush mounting of the aerofoil and its smaller
circular side plates. To adjust the aerofoil’s angle of incidence, we rotated it within its circular recess and secured it at
pre-drilled 5-degree intervals, up to a maximum angle of 20 degrees. It’s crucial to note that the aerofoil could only be
operated at a maximum angle of 5 degrees of incidence. Beyond this point, the jet from the nozzle would miss the
collector, as it was directed downward at higher angles of incidence. Therefore, we restricted our measurements to the 0
and 5 degrees of angle of incidence.

C. Microphone array and far-field measurements

A linear array of 7 microphones was chosen for the tests. This array allowed us to measure the broadband and tonal
band noise and calculate the overall sound power around the mid-chord of the aerofoil. GRAS 46BE high-performance
L4* free-field microphones were employed across this array, with 7 microphones distributed along an aluminum cantilever
beam mounted to the roof of the wind tunnel nozzle (refer to Fig. [Id). This linear microphone array covered the polar
angle of aperture from 66 degrees to 114 degrees. Microphone 5 was positioned in line with the trailing edge of the
aerofoil. The distance between microphone 5 and the trailing edge of the wing at zero degrees of angle of incidence was
1.078m.

Acoustic pressure levels were recorded at a fixed 10N of thrust across varying rotor aerofoil separation distances
(Z/D) from 0 to 1. The conversion of sound pressure measurements to sound power was accomplished using equation
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In this equation, S, (w) represents the spectral density of sound power radiated over the range of polar angles.
Spp(w, 8;) denotes the acoustic pressure (Power Spectral Density) measured from a microphone in the array at polar
angle 6; with respect to the rotor axis. The variables R, 6, Aé;, p, and ¢ are defined as follows: R is the radius of
the microphone array, 8 is the polar angle of the microphone position with respect to the rotor axis, Ag; is the angle
between two adjacent microphones in the array, p is the density of the ambient air, and c is the speed of sound. Sound
Power Level spectra was calculated from spectral density by PWL(w) = 101log;((Sy (w)/W¢s). The Overall Sound
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I11. Analytical predictions

The noise generation mechanism of the rotor operating close to the other structures such as a wing is quite different
from a single propeller in an uninstalled condition [[7, 9H12, [20H22]. When a rotor is closely spaced to a wing, such as a
prop-wing configuration in UAM, drones or regional aircraft, acoustic and aerodynamic interaction occurs between the
rotor and the wing. In the current study we are focusing on such such prop-wing configuration with a wing located at
upstream of the rotor. The noise generation mechanisms of the rotor in uninstalled conditions are already described
in the previous literature [3, |5, [23]]. However, this section provides a quick summary of the prediction schemes used
in the current study. We utilise analytical or semi-analytical prediction schemes for each type of source mechanism
involved, including rotor in both uninstalled and installed conditions [7]]. Most noise sources have tonal and broadband
components.



1. Tonal noise

The mean square tonal sound pressure P2, at the discrete harmonic of combination of m’" and n’" indices is
expressed in terms of the geometric and working parameters as
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Here, B, R;, and r, are the blade number, propeller tip radius, and observer distance, respectively. The term I is
spanwise integral which consists of the source term, radiation term, and the source non-compactness along the chord.
This integral varies for each type of source and it can be expressed in general form as
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In general, the integral I is of type
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where, rj, is the hub radius, z = rR; is non-dimensional radius, J,, is the Bessel function of order v which is
related to front rotor blade number (Bf) and rear wing blade number (Bg) as v = mBr — nBg. Here m and n
are the indices for the front rotor and rear wing, respectively. Ira, Ivscw, ITvrr, IrPoT, and Irpor are the integrals
for rotor-alone, viscous-wake interaction, tip-vortex, forward potential, and rearward potential, respectively. The
Konn = Wmn /[co(1 — Mycos6)] is the discrete wave number at respective frequencies. A special case where index n = 0
represents a case of rotor-alone under investigation. This represents the stationary loading on the rotor blades. One of

the important terms in integral is source S(r) which depends on the type of source mechanism under consideration.

2. Broadband noise

Broadband self-noise of the rotor is produced by the interaction of the boundary layer with its trailing edge while the
interaction broadband noise is generated due to the impingement of the turbulent wakes of the front wing on the leading
edge of the rear rotor. The prediction scheme used in the current study is based on the semi-empirical formulation of
Blandeu [6] which takes account of source non-compactness along the chord and makes use of strip theory to account
for spanwise variation of geometric and aerodynamic parameters. For self-noise, isolated flat plate response by Amiet
[24, 25]] is used with correction by Roger and Moreau [26] to consider the effect of skewed gusts, and the surface
pressure spectrum at the trailing edge is computed by the model proposed by Rozenberg [27]]. The panel method code
XFOIL [28] was used to estimate the boundary layer parameters at the trailing edge of propeller blade and wing, which
serves as input to the surface pressure spectrum model. In the case of interaction noise, turbulent wake parameters are
estimated from the mean wake parameters and the unsteady response of the rear blades is computed from the method
described by Amiet [29,130]. The broadband sound pressure level from the pressure spectral density SS,,, for respective
broadband sources is estimated by the following expression.
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Here, b, Ar, q, U,, k, are the half chord length, strip width, turbulence azimuthal mode order, sectional velocity,
and span-wise wave number, respectively. Subscripts 1 and 2 are used to denote the quantity or parameter related
to the respective wing or rotor. D; and D,,; are the radiation terms for respective sources while LTE and LLE are
the unsteady loading term due to trailing edge and leading edge, respectively. @, is the wave number spectrum of
turbulent upwash velocity and S, is the wavenumber spectral density of the surface pressure cross-spectrum. A more
detailed explanation and estimation of the above terms is given in PhD thesis [6].

IV. Results

In this section, we will look into the acoustic measurements obtained using the linear microphone array discussed in
the previous section. In order to comprehend the impact of wind speed and installation effects, we conducted a series of
measurements for the propeller alone, the propeller with side plates, and the propeller-wing with side plates at various
flow speeds and separation distances between the propeller and wing. Additionally, we explored the influence of the
wing angle of incidence on the overall noise of the propeller-wing configuration. In the following subsection, we will
analyse the effects of these individual parameters on the overall noise. Further, we have compared the noise levels from
the pusher (propeller downstream of wing) configuration with those of puller (propeller upstream of wing) for the same
thrust and separation distance between propeller and wing.

Prior to conducting any sound measurements, all microphones were calibrated with the pistonphone, and the load
cell and tachometer were calibrated and verified using propeller performance data.

A. Rotor alone

At first, we performed measurements of the propeller’s performance at various speeds and compared them with the
baseline data provided by the manufacturer. Next, a series of baselines were established to observe background noise
from the wind tunnel and the effects of adding certain apparatus into the anechoic chamber.
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Fig.2 (a) comparison of measured propeller performance with manufacturer data (b) rotor alone OSWL with
flow at U=15m/s and without flow

In the initial scenario, the wind tunnel ran without any propeller-wing or side plate inside the chamber (except for
the microphone array), and background noise was noted to ensure it didn’t affect the measurements. This was carried
out at four different flow speeds: 0, 15, 20, and 25 m/s. Following that, the rotor and stand were mounted to the mesh
floor. At four different fixed thrusts (4, 6, 8, 10N), baselines were recorded for the stationary rotor (U=0) and in-flight
rotor (U=15m/s). All experiments were conducted using a 16x5.5 APC propeller.

Figure [2a] displays the comparison of measured and manufacturer performance data over a range of thrust at a
no-flow condition. It is observable that the speed-versus-thrust curve closely aligns with the given data, indirectly
confirming the calibration of the tachometer and load cell used to measure speed and thrust produced by the propeller.

As a first step, we examined the rotor-alone Overall Sound Power Level (OSWL), which integrates over frequency
and space, to observe the variation in propeller noise over the thrust range for both with and without flow conditions.
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Fig. 3 Rotor alone SPL at microphone location 3 with and without side plates at 10N thrust

For this study, a flow condition of U=15m/s was chosen. With flow, to produce the same thrust as that of the no-flow
condition, the propeller had to run at a much higher rpm compared to the no-flow condition. Results showed that, as
expected, with flow, the overall noise level of the propeller increased due to both an increase in tonal and broadband
noise source strengths.
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Fig. 4 Rotor alone OSWL with and without side plates at 10N thrust

Further, the entire propeller-wing configuration had to be tested together with the wing-mounting side plates. These
mounting plates might add considerable noise to the overall measurements. Therefore, we examined the effect of the
side plates on the noise spectrum from the propeller at microphone location 3 and plotted it in Fig. [3} From the spectrum
plot, it can be seen that for the no-flow case (Fig. [3a)), the SPL spectra were affected by the acoustic scattering due to
plates, especially at the fundamental BPF where SPL was significantly amplified. In contrast, the SPL spectra were less
affected in the presence of flow, as shown in Fig. Bb] This indicates that flow effects dominate over plate scattering.

Further details on how this scattering affects overall noise are shown in Fig. [d] It can be observed that scattering
from the plate has amplified overall noise without flow (Fig. fa). The increase in overall noise is predominant in its
tonal component, while broadband noise remains almost the same (see Fig. @ However, with the flow, the overall
noise levels with and without the plate remain almost the same. This could be due to the flow effect and refraction,
which led to a slight reduction in tonal noise and an increase in broadband noise compared to the without-plate case.
Therefore, overall noise with the plate for a flow case remains the same. The increase in tonal noise without flow due to



plate scattering needs to be assessed carefully while measuring the overall noise from the complete propeller-wing
configuration.

B. Wing alone

To assess the impact of wing-alone noise on the overall noise generated by the propeller-wing configuration, our
initial focus was on examining wing-alone noise across a range of flow speeds. This involved removing the propeller and
mounting stand, then affixing the wing to side plates and attaching it to the wind tunnel nozzle flange using L brackets,
as illustrated in Fig[Ic| Subsequently, we conducted measurements of the overall noise for flow speeds ranging from
10m/s to 25m/s, considering the airfoil at zero degrees ( = 0°) and at five degrees (@ = 5°) of angle of incidence, as
depicted in Fig. 3
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Fig. 5 Overall wing alone noise at different flow speeds.

Upon analysis, we observed that beyond U=15m/s, the overall noise from the wing remained consistent in both cases.
This noise emanates from two primary sources: wing trailing edge noise, attributed to the scattering of the boundary
layer, and wing leading edge noise, resulting from the interaction of incoming flow with the wing’s leading edge.
Notably, one of the predominant contributors to noise is the wing’s trailing edge, which is primarily influenced by the
thickness of the boundary layer at the trailing edge. At lower speeds and higher angles of incidence, the boundary layer
thickness tends to be thicker, leading to elevated broadband noise—a trend that aligns with our current measurements.

However, at higher flow speeds, the boundary layer thickness at the trailing edge is relatively smaller, exerting a
lesser impact on the overall noise. It should be noted that the broadband noise is observed to scale approximately as U*
to the flow velocity, which is in line with expectations for broadband noise.

C. Propeller and wing

In this section we will look at the overall noise generated by the propeller-wing in pusher configuration. We looked
at the two different cases of propeller-wing with wing being at angle of incidence of @ = 0° and @ = 5°. The total overall
noise has been compared with rotor-alone noise to evaluate the interaction noise. We also look at the effect of flow on
overall noise. For current study we have performed all propeller-wing measurements at flow speed of U=15m/s and
propeller thrust of 10N. Furthermore, this section also provides a comparison of noise levels with the puller (propeller
upstream of wing) configuration for the same propeller and wing separation distance and thrust requirement.

1. Wing at incidence a = 0° and a = 5°

Now, we investigate into an examination of the overall noise produced by the propeller-wing in a pusher configuration
with the wing set at an angle of incidence, & = 0°. Fig@illustrates the overall noise levels, considering both scenarios
with and without airflow, across a spectrum of normalized separation distances between the propeller and the wing.
The separation distance (Z), measured from the propeller’s hub to the wing’s mid-chord location, is normalized by the
propeller diameter (D). This standardization ensures a consistent basis for comparison.
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Fig. 6 Propeller wing noise and its comparison with rotor alone noise at 10N thrust and at wing incidence o = 0°

In Fig[6al a comparative analysis is presented, showcasing the measured overall noise alongside its tonal and
broadband components in relation to the rotor-alone scenario under no-flow conditions. The results indicate a consistent
trend: as the separation distance between the propeller and wing increases, the overall noise diminishes, aiming to
approach the noise level produced by the rotor-alone configuration. This reduction is attributed to the decreased
interaction between the propeller and wing, leading to a decline in unsteady loading on both the wing and propeller.
Consequently, at significantly greater separation distances, the overall noise is predominantly governed by the rotor-alone
noise.
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Fig.7 Propeller wing noise and its comparison with rotor alone noise at 10N thrust and at wing incidence o = 5°

Transitioning to Fig[6b] the focus shifts to similar measurements of the propeller-wing configuration under the
influence of a flow speed of U=15m/s. As anticipated, the overall noise is notably higher in the presence of airflow
(in-flight) compared to the static (no-flow) condition. This elevation in noise levels can be attributed to a substantial
increase in source strengths of interaction and rotor-alone noise.

In general, the source strength of unsteady interaction acoustic noise sources increases with an increase in sectional
velocity. In presence of flow, to produce the same thrust, the propeller rotates at a higher speed compared to the
no-flow case, leading to higher sectional velocities and thus higher acoustic source strengths. We have observed that the
interaction noise source consistently dominates over a range of separation distances considered for this study, which was
not the case under no-flow conditions. This suggests that even the presence of a small flow will alter the dominant noise



source mechanism for the propeller-wing configuration, and the noise may be dominated by the interaction noise sources
even at higher separation distance. However, changes in propeller blade number, tip speed, and thrust requirements may
alter this balance.

Figure [7]shows similar measured results to those of the previous section, but with reduced separation distance points
and the wing at an incidence of a = 59, We have observed similar trends to those with no wing incidence; however,
overall noise (including individual noise sources) is slightly higher. This suggests that an increase in wing incidence
tends to increase the unsteady interaction with the rotor. Due to constraints on wing incidence, we have restricted our
study to @ = 5°. In the near future, we will explore the effect of higher wing incidence on interaction noise sources.

2. Comparison with propeller upstream (puller)

To assess the comparative noise levels between puller and pusher configurations, this section focuses on comparing
noise levels from both configurations at the same separation distance between the propeller and wing and thrust
requirement. To do this, we performed noise measurements at a range of separation distances. However, the upstream
propeller separation distance was limited to Z/D = 0.87 because the propeller was close to the nozzle of the wind
tunnel. Figure[8a]shows a comparison of overall noise levels for pusher and puller configurations at 10N thrust. It was
observed that the puller configuration follows the same trend as the pusher configuration, but the noise level with the
pusher configuration is consistently higher (approximately 5dB) than the puller configuration over the entire range of
separation distances. Additionally, it is noteworthy that even though the propeller was running at a slightly higher RPM
for the puller configuration (see Fig. [8b), the overall noise for the puller configuration was found to be lower. One reason
for the pusher configuration being noisier is that the propeller operates in the wakes of the wing and produces higher
unsteady noise. This suggests that the puller configuration will be acoustically advantageous compared to the pusher
configuration for the same propeller thrust and separation distance between the propeller and wing. However, their
detailed aerodynamic performance needs to be assessed for the particular aircraft architecture and design requirements.
We will be able to see the individual dominant mechanisms for the pusher configuration in the next section.
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Fig. 8 Comparison of pusher and puller configurations at U=15m/s and 10N thrust.

D. Comparison of measured results with predictions

In this section, we will compare the measured results with the prediction methodology discussed in Section
We will examine each noise source individually and its physical mechanism of noise generation, then compare the
overall noise level with the measured results. To do this, we have estimated aerodynamic quantities such as lift and drag
coeflicients, local incidence along the blade and wing span, boundary layer, etc., using XFOIL as discussed in a previous
study [31]]. Since the main aim of the research is to analyse the dominant noise mechanisms at various separation
distances, we have utilised XFOIL to estimate approximate quantities that serve as inputs to the noise prediction models
discussed in Section[ITl] Predicting accurate acrodynamic quantities is beyond the scope of the current study and requires
dedicated, in-depth investigation.



Figure Da]illustrates the comparison of measured and predicted overall noise levels with contributions from rearward
potential field interaction and tonal wake-interaction. Here, rearward potential represents the noise due to unsteady load
on the rearward propeller caused by the bound potential field of the upstream wing, while wake-interaction represents
noise from the interaction of wing wakes with the downstream propeller. The results in Fig. Qa]reveal that although
there are considerable differences between measured and predicted results, the predictions follow the same trend as
the measured results. This difference may arise from the numerous simplifications made in predicting aerodynamic
quantities. More interestingly, we have plotted dominant contributions from viscous wake-interaction and potential field,
allowing us to identify the regions dominated by individual mechanisms. The potential field turns out to be the dominant
mechanism of noise generation at smaller separation distances and decreases rapidly with increasing separation distance
between the rotor and wing. This is understandable because the wing has a strong bound potential field in its close
proximity, which decreases rapidly as we move away. At lower separations, the propeller operates in the bound potential
field of the wing, which produces unsteady loading on the propeller and acts as the dominant mechanism of noise
generation. As we move further away from the wing, wake-interaction mechanism takes over and becomes the dominant
mechanism. Since the strength of wake-interaction source does not decrease rapidly compared to the potential field, it
continues to be a dominant mechanism over the range of separation distances considered in this study. To gain a clearer
understanding, we have plotted the source strengths of both potential field and wake-interaction against measured noise
levels, as shown in Figure 0b]
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Fig. 9 Comparison of measured and predicted noise over a range of separation distance in pusher configuration

It can be observed that at lower separation distances (approximately below Z/D = 0.7), the potential field has a
higher source strength compared to wake-interaction, but it decreases rapidly with an increase in separation distance.
Beyond Z/D = 0.7, wake interaction continues to be the dominant mechanism. The source strengths of the potential
field and wake-interaction not only depend on the separation distance but also on the number of blades, flow speed,
propeller rotational speed, etc. Therefore, changes in these parameters will alter this source balance and need to be
considered while designing propeller-wing configuration for low-noise.

V. Conclusion

The results presented in this paper emphasize significant differences in noise signatures between an installed propeller
in a pusher configuration and rotor-alone noise. When the propeller is placed near the wing, there’s a noticeable shift in
the noise generating mechanisms, resulting in different dominant sources of noise. The presence of airflow, simulating
in-flight conditions, notably increases overall noise, encompassing both rotor-alone and interaction noise.

As the distance between the propeller and wing increases, the interaction decreases, leading to reduced unsteady
loading on the propeller/wing system and a subsequent decrease in overall noise. This trend continues, with greater
separation resulting in noise levels approaching those of rotor-alone noise. For the same thrust requirement and
separation distance between the propeller and wing, the pusher configuration is found to be noisier than the puller
configuration. Furthermore, this study offers a qualitative comparison of predicted noise levels with measurements,
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aiding in understanding dominant noise mechanisms at various propeller and wing separations. At low separation
distances, the potential field is the dominant mechanism of noise generation, while at higher separations, wake-interaction
sources become dominant. The strengths of these individual mechanisms depend on separation distance, flow speed,
propeller rotational speed (thrust requirement), and the number of blades, among other factors, which alter this balance.
Therefore, careful selection of these parameters is crucial in achieving a low-noise configuration when designing
propeller-wing configurations.
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