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ABSTRACT

In the pursue of new urban air mobility solutions, the
VENUS project served as a test bench for a real-world ap-
plication of distributed electric propulsion aircraft. Exper-
imental investigations were carried out on a wing model,
equipped with three tractor propellers, derived from a re-
alistic regional aircraft configuration inside an open jet
acoustically treated wind tunnel. Wall pressure fluctua-
tions induced by the multiple propeller configuration on
the wing were investigated, in particular on the leading
edge of the wing, on the flap, and inside the gap between
the flap and the wing. Measurements of the acoustic foot-
print and of the polar directivity were carried out using
three far-field microphone arrays. The parameters varied
during the measurements included propeller blade pitch
angle, flap deflection angle and wing angle of attack, as
well as the distances between the propellers and with re-
spect to the wing. The importance of the different gener-
ation mechanisms on the far-field noise and their depen-
dency on the position along the wing and test parameters
was assessed applying two-point statistics.

Keywords: wall pressure fluctuations, DEP, propellers,
wind tunnel.

1. INTRODUCTION

In recent years we witnessed the increased popularity of
the distributed electric propulsion (DEP) with a variety of
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new technologies and aircraft concepts being developed.
DEP aircraft concepts feature multiple electric propulsors
around an airframe and one or more independent electric
generators or energy storage devices [1].

Experimental investigations using high resolution
PIV, force and aeroacoustic measurements were carried
out in [2] finding that the noise distribution for twin-
rotor configurations is a function of azimuthal angle and
separation distance. Systematic testing on different dual
propeller configurations were conducted both numerically
and experimentally in [3] in order to gain insight in the
mutual interaction effect on thrust and noise levels. In
these two latter papers, two-bladed propellers for UAV
applications were considered. A benchmark experiment
on wake-ingesting propellers is discussed in [4], includ-
ing fluctuating pressure and aeroacoustic analysis.

Realistic wing models with multiple bladed propellers
were investigated in three different EU funded projects.
In [5] we find the results of the study of a wing model
equipped with three propellers with three blades each,
both in tractor and pusher configuration in the framework
of the ARTEM project. The project ERaCLE was focused
on the aeroacoustics of a wing model propelled by two
five-bladed pusher propellers [6]. In the current paper, the
experimental database of the VENUS project was investi-
gated with a focus on the wall pressure fluctuation analy-
sis, and its correlation to the emitted far-field noise.

2. EXPERIMENTAL SET-UP

The VENUS model is inspired by a short range regional
aircraft, with each wing powered by three distributed pro-
pellers to be used mainly in take-off and landing. Each
propeller is composed of four blades. The blade geome-
try and the propellers positions along the wing were op-
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timized with aerodynamic and aeroacoustic constraints.
The experimental set-up is described in detail in [7].
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(b) Cross-section view

Figure 1: Fluctuating pressure sensors positions.
The wing is seen from the pressure side.

A picture of the wing with the baseline DEP relative
position and the position of the sensors is shown in Fig. 1
a, as seen from the pressure side of the wing, as the wing
model was installed upside-down inside the wind tunnel.
The unsteady pressure sensors (Knowles FG-23629-P16
capsule electret microphones) were installed on both sides
of the central propeller, named left (L) and right (R) as
seen when facing the flow, on three lines (internal, central
and external with respect to the centre of the wing) with
the aim of covering the interaction area between the pro-
pellers. Along the airfoil, the positions are marked with
different letters and are mainly gathered around the lead-
ing edge, on the flap and in the gap between wing and flap.
All the propellers spin counter-clockwise as seen from the
flow, with a blade pitch angle of 17°. In the baseline po-
sition, the propeller blades are aligned on the same plane,
at a distance from the wing of 0.52D and a hub to hub
distance of 1.05D. The wing chord is equal to 1.14D. All
the tested propellers positions can be found in Tab. 1. The
wing is also equipped with a high lift device: the flap de-
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flection angles are 6 = 20° in take-off and § = 35° in
landing position. The wing pitch angle is set to 5° in both
cases.

Table 1: Propellers’ position in the DEP configura-
tions tested.

AY/D | AX/D | AX/D

0-1,02 | 1,2 0
XY1 [ 105 | 052 |052
XY2 | 1.05 | 041 | 041
XY3 [ 105 |041 | 063
XY4 [ 1.05 | 063 | 041
XY5 | 1.05 | 052 | 063
XY6 | 0984 | 041 | 0.63
XY7 | 0984 [ 063 | 041

3. RESULTS AND DISCUSSION

The fluctuating pressure signals from the wall micro-
phones on the wing are analysed in this section. The tests
analysed herein are performed in take-off wing configu-
ration (AoA=5°, flap deflection 20°) with all three pro-
pellers running in-phase at an advance ratio of J = 0.654.
The Reynolds number of the incoming flow is Re,, =
0.81 - 106, whereas for the propeller, Reg.75 = 1.3 - 105,
based on the propeller chord at the 75% propeller-blade
station. The fluctuating pressure coefficient is defined as
Cp,rms = %”, where o, is the standard deviation of the
fluctuating pressure and ¢ is the dynamic pressure mea-
sured in the wind tunnel test section.

An interesting feature is that sensors on the central
lines show a notable difference in the spectra on both sides
of the wing as we can see from the spectra measured in
the baseline configuration in Fig. 2. We notice that the
sensors on the external and internal lines of microphones
exhibit tonal components up to around the 12th shaft fre-
quency, whereas the central line of microphones exhibits
an additional set of tonal spikes at higher frequency, in
some cases up to the 36th BPF in some cases. This ef-
fect may be ascribable to the interaction between the vor-
tices from the two adjacent propellers, and it is registered
on both right and left side of the wing (see convention in
Fig. 1). As the AoA is increased, this effect remains ev-
ident only on the pressure side of the wing, as probably
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Figure 2: PSD of the fluctuating pressure from sen-
sors in position C, right side of the wing - baseline.
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Figure 3: PSD of the fluctuating pressure from sen-
sors in the gap between flap and wing - baseline.

the sensors on the upper side are screened by the airflow
separating at the leading edge.

In Fig. 3, the spectra of the wall pressure in the gap
between wing and flap are shown for the baseline configu-
ration. These sensors are only installed on the line denoted
as internal (green line in Fig. 1). On the right side of the
wing, where we expect the disturbed wake of the central
propeller to be impinging on the pressure side, the high
frequency decay of the spectra has the same rate in E and
F, around f(~7/2). On the left side of the wing, where the
tip vortices from the central propeller are not impinging
on these sensors, we have different features in the E and
F positions. For the sensor E, we notice that the tone at
the shaft frequency is not present, whereas the successive
harmonics have a higher amplitude than in the F position.
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Figure 4: Trends of ¢, ;s along the wing model in
different DEP configurations.
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Figure 5: PSD of the fluctuating pressure from sen-
sor B, central line, right side - DEP configuration ef-
fect.
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Figure 6: Trends of ¢, s along the wing model
with different flap deflection angles.

Also the high frequency decay has a lower rate in F with
respect to E, and in both cases is lower than the right side.

The effect of the different DEP configurations on
the fluctuating pressure is investigated in Fig. 4, where
also the results on the clean wing (i.e. without propeller
blades) are included. Notable differences may be ob-
served on the central lines of microphones, where the in-
teraction between adjacent propellers is captured. In par-
ticular, configurations XY 6 and XY'7 exhibit the highest
maximum value in position B and the lowest minimum in
position G. This effect may be ascribed to the propellers
planes overlapping or to the increased distance between
the propellers axes. An intermediate value is found for
position XY 2, which has the three aligned propellers in
their closest position with respect to the wing. The trends
of the ¢, ,ms on the external and internal lines are quite
similar, with a local maximum on the leading edge, in po-
sition B or C depending on the line, and with another local
maximum in position L on the upper side of the flap. The
pressure fluctuations in the gap between the flap and the
wing exhibit the highest values, with differences with re-
spect to the other sensors up to 0.05 on the right side and
up to 0.1 on the left side. This latter value may be be af-
fected by the impinging wake from the propellers. Similar
results are obtained in take-off and landing configurations.

In order to further investigate the origin of the maxi-
mum value of the fluctuating pressure, in Fig. 5, the spec-
tra in position B from the central (blue) line on the right
side of the wing are shown, for all the DEP configura-
tions tested. The difference between the overlapping discs
configurations and the others becomes obvious looking at

1722

the mid-high frequency part of the spectra, where a sub-
stantially higher level of energy is observed. The high
frequency decay of the spectra from configurations XY6
and XY7 is approximately f(~7/3), typical value for the
turbulent boundary layer acoustic-transition [8]. For the
configurations with no overlap, the slope of the spectra
decreases rapidly after the second shaft frequency.
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Figure 7: Trends of ¢, ;s along the wing model
with different wing pitch angles.
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Figure 8: Comparison between PSD of the fluctuat-
ing pressure, farfield noise and cross-spectrum.

The effect of the flap deflection on the fluctuating
pressure is shown in Fig. 6 for the baseline configura-
tion in take-off, with the results from the sensors located
along the internal line on the right side as an example. The
landing configuration (§ = 35°) exhibits the higher fluc-
tuation, followed by the take-off and the side-line, with
differences in the order of 0.005. This is especially true
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Figure 9: Covariance between the fluctuating pres-
sure sensors and farfield noise.

for the sensors in the gap between the wing and the flap.
In Fig. 7, the results from the same sensors are plotted
at different wing pitch angles. At 10°, there is a ¢p ypms
up to 0.02 higher, due to separation effects. For angles
between 0° and 5° the values are similar, whereas for ex-
ceeding angles the fluctuations increase with the AoA, in-
dicating a flow separation occurring. For the sensors in the
gap between wing and flap the situation is different, with
the fluctuations increasing with the AoA at all angles.
The cross-spectra were computed between the pres-
sure sensors on the wing and one farfield sensor located
at the centre of the acoustic footprint of the wing, near
the propeller plane. An example is shown in Fig. 8, for
the sensor in position C on the central line on the right
side of the wing. The baseline configuration in take-off
is considered. We can see a strong correlation on the first
four shaft frequencies. The cross-spectrum also unveils
the higher frequency tonal components which are more
evident in the wall pressure spectra. The broadband com-
ponent maintains the same shape as the far-field noise.
The covariance between the signals was then obtained
integrating the cross-spectra, in order to understand which
positions affect mostly the emitted noise (Fig. 9). The
maximum correlation between the signals is found in the
gap between the flap and the wing, although there are
other areas concurring in a notable manner to the noise
emission. In particular, we find a second maximum at the
sensors in position B on the central lines, where the vor-
tices from the adjacent propellers are interacting and im-
pinging on the wing. In this position, flow separation may

occur at the examined AoA of 5°. A lower local maxima
is also found at sensors in position C on the internal lines,
which are closest to the central propeller. When compar-
ing different flap positions, we find a higher correlation
on sensors positions D and L when the flap is deflected
with respect to the sideline configuration. As the the an-
gle of attack is increased, the maximum correlation moves
towards positions C and D on the left side of the wing, i.e.
where the outflow from the propeller is impinging on the
wing. Also the correlations measured on the flap in G and
L increase with the AoA.

4. CONCLUSION

Wall pressure fluctuations on a DEP configuration were
analysed in order to find the underlying mechanisms lead-
ing to noise generation. Signals are acquired from 44
fluctuating pressure sensors installed at different stations
along the wing, surveying different areas on the airfoil,
such as the leading edge of the wing, the gap between
wing and flap and the flap.

The interaction between the adjacent propellers has
a visible effect on the wall pressure fluctuations and is
highly correlated with the acoustic footprint. Regarding
the propellers relative position, the configurations with
overlapping propellers discs and the greatest distance be-
tween their axes are responsible for the highest wall pres-
sure fluctuations impinging on the wing. An influence of
the flap deflection angle is also visible, with pressure fluc-
tuations increasing with increasing deflection. The wing
angle of attack is in its turn responsible for increasing
the fluctuations, especially above 5°, due to separation ef-
fects.

The cross-correlation between the wall pressure fluc-
tuations on the wing and the farfield emitted noise was
then examined. The highest correlation with the farfield
noise is found in the gap between the wing and the flap,
which is also responsible for the highest contribution to
the pressure fluctuations on the wing. In addition, the
points where the interacting tip vortices from the adjacent
propellers are impinging on the wing are the second high-
est correlated with the acoustic footprint.
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