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ABSTRACT

Accurately measuring the self-noise of unmanned aerial
vehicles (UAVs) is crucial for acoustic characterisation,
noise reduction optimisation, and gaining public accep-
tance and certification of these aircraft. An on-board
measurement setup allows direct and flexible detection of
acoustic phenomena in different flight conditions, without
the need for external sensor installations with the prob-
lem of continuously changing measurement distance and a
complex measurement setup. For reliable measurements,
especially at higher flight or wind speeds, an effective mi-
crophone windscreen is essential. This windscreen should
ideally shield the microphone from ambient and propeller
airflow while introducing minimal additional turbulence
noise, which could otherwise mask the UAV’s self-noise
and reduce measurement accuracy. In this study, the air-
flow around the microphone of a quadrocopter UAV was
experimentally analysed for different flight conditions us-
ing stereo PIV measurements and a wind tunnel. Based on
the results, optimisation possibilities for the microphone
windscreen solution were investigated in an aeroacoustic
wind tunnel. Starting from commercially available wind-
screens, different designs were investigated and refined to
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effectively suppress hydrodynamic pressure fluctuations
that overlap with the UAV self-noise. The results illustrate
how airflow patterns change in different flight situations
and highlight practical optimisation strategies to improve
the accuracy of UAV self-noise measurements.
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1. INTRODUCTION

Multirotors, commonly known as drones or Unmanned
Aerial Vehicles (UAVs), have evolved rapidly from fu-
turistic concepts to practical tools used in diverse com-
mercial and public service applications. Examples of
their widespread adoption include autonomous package
deliveries already operational in regions such as Australia
[1] and upcoming implementations planned in the United
Kingdom and elsewhere [2]. Additionally, their inherent
flexibility has enabled them to perform various special-
ized tasks, ranging from media production, such as aerial
photography and videography, to medical logistics like the
rapid transport of blood samples [3], and critical roles in
rescue and reconnaissance missions [4–6] or in the agri-
culture [7]. The increased use of UAVs introduces sig-
nificant challenges, most notably the issue of noise emis-
sions [8]. Drone-related noise pollution has become a con-
tentious issue, often leading to public concern and regula-
tory scrutiny. Engineers and developers thus face the dual
challenge of effectively reducing noise emissions while si-
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multaneously adhering to regulatory acoustic limits, simi-
lar to those established for other technical equipment like
heat pumps [9]. Moreover, enhancing energy efficiency
remains crucial, as it directly affects the operational range
and flight duration of multirotor systems. Prior research
at the Chair of Fluid Mechanics (LSTM) has investigated
correlations between propeller-generated thrust and noise
emissions under controlled hover conditions, confirming a
strong link between aerodynamic performance and acous-
tic output [10]. However, to thoroughly characterize and
understand UAV acoustics, it is essential to expand analy-
ses beyond hover conditions. Realistic flight operations,
including horizontal, climbing, and descending maneu-
vers, involve complex aerodynamic interactions that sig-
nificantly influence the acoustic footprint of the aircraft.
The reason for this is that each of these flight maneu-
vers exhibits specific aerodynamic characteristics [11] and
phenomena also known from helicopters. These include
the vortex ring state in vertical flight, blade-vortex inter-
actions, flow separations, or Mach number effects [12].
In order to capture the noise emissions of multirotors,
there are essentially two approaches: external measure-
ments using microphone(s) on the ground or direct on-
board measurements with microphone(s) on the drone it-
self. However, external measurements are associated with
drawbacks, as they usually require a multitude of specif-
ically arranged microphones [13], entail complex evalu-
ations, and the variability of the drone’s position during
flight as well as atmospheric sound propagation effects
[14] limit the measurement accuracy. An on-board mea-
surement using one or more microphones offers a flexi-
ble and practical alternative, allowing acoustic data to be
recorded directly and continuously during flight. Nev-
ertheless, other challenges arise, particularly due to hy-
drodynamic pressure fluctuations caused by the propeller
flow as well as the self-motion of the multirotor and am-
bient wind. Previous studies have shown that, especially
at higher flight speeds, significant masking effects due to
hydrodynamics impair the measurement of the actual self-
noise [10]. Furthermore, it has been demonstrated that the
positioning of the microphone has a significant impact on
the measured sound spectrum. While other publications
have positioned microphones on lateral arms [15], future
placement is intended to be centrally above the drone,
near the horizontal center of mass and without altering the
moments of inertia about the horizontal axes. This posi-
tioning reduces unwanted influences on flight stability and
agility, enables better comparability of the measurements.
Furthermore, as demonstrated in the volumetric PIV in-

vestigation by Wolf [16], is that in the suction area, where
significantly less turbulence occurs compared to a place-
ment beneath the drone. This study clearly illustrated
not only the reduction in turbulence but also the behav-
ior of the flow—including blade vortices and other flow
phenomena during various flight maneuvers—in different
regions around the drone. For our purposes, it is partic-
ularly important to analyze how the flow behaves in the
suction area, especially in terms of flow direction and tur-
bulence levels, where the effects of the drone’s body flow
are most pronounced. Therefore, the subsequent analysis
will focus on characterizing the flow in this critical region.

2. FLOW CHARACTERIZATION

Figure 1. The measurement setup.
To enable future investigations of wind protection

variants under realistic conditions, a detailed flow analysis
using Stereo-PIV is conducted. The measurements were
carried out in the wind tunnel of the Chair of Fluid Me-
chanics (LSTM). This wind tunnel has a cross-sectional
area of B = 1.87m × H = 1.40m and a test section
length of L = 2.4m, featuring a central test table and an
integrated turntable. A schematic picture of the measure-
ment setup is shown in Fig. 1.

The quadrocopter used for the measurements was
equipped with D = 15-inch propellers (T-Motor NS15x5)
and has a flight weight without payload of mQuadrocopter =
3.1 kg. This UAV represents a typical 5-kg class system
with a payload capacity of 2 kg, providing an excellent
research platform. As shown in Fig. 2, the quadrocopter
has canopy with an oval planform and proper extrusion to
facilitate a better characterization of its surrounding air-
flow. Most of the onboard electronics, are housed within
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the canopy and the battery hangs under it, so there is a
minimal influence to the flow above, with only the elec-
tronic speed controlers slightly outside the canopy.

Figure 2. Dimensions of the investigated quadro-
copter.

For the Stereo-PIV measurements, two PCO.2000
cameras with Sigma lenses (f = 18–35 mm F1.8) and
Scheimpflug adapters were employed. The system was
calibrated and aligned using a specialized calibration de-
vice and an optical calibration plate. Scheimpflug optics
ensured that both cameras shared the same focal plane, al-
lowing reliable three-dimensional (XYZ) measurements.
Particular care was taken to ensure that the seeding parti-
cles (propylene glycol) were accurately assigned through-
out the measurement volume. The flow was illuminated
by a pulsed Nd:YAG laser (Quantel Twins BSL 200),
and data evaluation was performed using the software
PIVView3C. The measured plane was located centrally be-
tween the rotors of the multirotor, as illustrated in Fig. 3.
This plane is particularly relevant for understanding the
flow, as the measurement microphone will be positioned
here in the future.

The current and rotational speed were individually
set and monitored for each motor. The multirotor was
mounted on a 6-component force balance for the si-
multaneous measurement of aerodynamic forces on the
turntable. The propeller thrust for each flight condi-
tion was validated using the 6-component force balance.
The relative deviation between the experimentally mea-
sured thrust Fmeas and the theoretically required thrust for
weight compensation at a tilt angle θ was calculated as:

Figure 3. Illustration of the investigated measure-
ment plane.

∆F% =

(
Fmeas cos(θ)

mg
− 1

)
× 100%. (1)

The rotor speeds were determined experimentally
during several test flights, with each relevant flight ma-
neuver being performed multiple times and the recorded
rotational speeds and currents averaged. These averaged
rotor speeds were then precisely reproduced for each mo-
tor seperately in the wind tunnel.

2.1 Hover Case

In a hover case no external airflow is applied, which poses
a challenge for PIV measurements since, without addi-
tional flow, the seeding particles are not sufficiently trans-
ported to characterize the velocity field. To overcome this,
the airflow generated by the propellers was utilized. The
thrust produced by the rotating propellers induces a pas-
sive airflow in our closed-loop wind tunnel (Göttinger de-
sign), that transports the particles. However, this passive
flow leads to a circulation that establishes a relative air-
flow of approximately vpassive = 1.86m/s. This passive
flow reduces the inflow angle on the propeller blades and
consequently diminishes the generated thrust, so that the
expected T = 30.5 N for hover is not fully reached, as
seen in Fig. 4. To compensate, the propeller speed was
increased by 200 rpm, which in turn raised the passive
airflow to about vpassive = 1.94m/s. As a result, instead
of a pure hover, the condition is more akin to a slow climb
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Figure 4. Thrust curve in hover case through passive
air flow after turning on the motors at 2 s.

at vvertical = 1.94m/s. Analysis of the flow field in Fig.
5 shows that at a distance of the Z-coordinate in the body-
fixed frame, ZUAV = 100 mm from the drone a stagnation
zone with low velocities between 1m/s ≤ u ≤ 1,5m/s
exists; at ZUAV = 200 mm and ZUAV = 300 mm the ve-
locity increases to v ≈ 2.5 m/s, and then decreases again
to about v = 2 m/s at ZUAV = 400 mm. Furthermore, the
flow direction remains largely consistent with only minor
deflections very close to the drone at ZUAV ≈ 50 mm,
where slight redirection components are observed.

Figure 5. Averaged flow field at vhorizontal = 5m/s
with the Z-coordinate indicated in the body-fixed
frame.

2.2 Horizontal Flight with a Speed of 5 m/s

The conditions for the case of vhorizontal = 5m/s are sum-
marized in Table 1.

Parameter vhorizontal = 5m/s

Tilt Angle, θ [◦] 4.1
Thrust Deviation, ∆F% 1.08%

Table 1. Flight conditions at vhorizontal = 5m/s.

Figure 6 illustrates the averaged flow field obtained
under these conditions. The analysis reveals a pronounced
stagnation zone in the immediate vicinity of the multiro-
tor body, where the local flow velocity drops to approxi-
mately v = 3.5m/s. At a distance of around ZUAV =
100 mm from the vehicle, distinct velocity peaks emerge,
reaching up to v = 8m/s. As the distance from the
multirotor increases further, the flow velocity gradually
diminishes, converging to the nominal flight speed of
vhorizontal = 5m/s. Moreover, while the flow direction
near the body exhibits significant deviations, it increas-
ingly aligns with the flight trajectory at larger distances.

Figure 6. Averaged flow field at vhorizontal = 5m/s
with the Z-coordinate indicated in the body-fixed
frame.

1692



11th Convention of the European Acoustics Association
Málaga, Spain • 23rd – 26th June 2025 •

2.3 Horizontal flight with a speed of 10 m/s

The conditions for the case of vhorizontal = 10m/s are sum-
marized in Table 2.

Parameter vhorizontal = 10m/s

Tilt Angle, θ [◦] 10.0
Thrust Deviation, ∆F% 2.98%

Table 2. Conditions at vhorizontal = 10m/s.

A similar flow pattern is observed at a higher hori-
zontal flight speed of vhorizontal = 10m/s, as shown in
Fig. 7. Here is also a strong stagnation zone was observed
immediately at the multirotor body, which, at a distance
of ZUAV = 100 mm, exhibits strong flow velocity peaks
of up to v = 12m/s. This increased velocity then con-
tinuously decreases with further distance and approaches
the actual flight speed. Again, it is evident that near the
multirotor body there are significant deviations in the flow
direction from the actual flight direction, while at greater
distances the flow direction corresponds to the flight tra-
jectory.

Figure 7. Averaged flow field at vhorizontal =
10m/s with the Z-coordinate indicated in the body-
fixed frame.

2.4 Horizontal Flight with a Speed of 15 m/s

For the case of vhorizontal = 15m/s the conditions are
shown in Table 3.

Parameter vhorizontal = 15m/s

Tilt Angle, θ [◦] 16.6
Thrust Deviation, ∆F% -2.98%

Table 3. Flight conditions for vhorizontal = 15m/s.

In the vhorizontal = 15 m/s case (see Fig. 8), a simi-
lar behavior is observed as in the previously investigated
horizontal flow fields at different speeds. Very close to
the drone, within less than ZUAV = 100 mm, a stagna-
tion zone with considerably reduced flow velocities v ≈
8 m/s is present, accompanied by strong flow deflections
near the drone body. At a distance of around ZUAV =
100 mm, a pronounced velocity peak is observed, reach-
ing v ≈ 15 m/s. With increasing distance from the drone,
the flow velocity gradually decreases and eventually con-
verges to the nominal flight speed of vhorizontal = 15 m/s
at about ZUAV = 400 mm. Moreover, the flow direction
progressively aligns with the flight trajectory of the drone.

Figure 8. Averaged flow field at vhorizontal =
15m/s with the Z-coordinate indicated in the body-
fixed frame.
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2.5 Summary of Flow Conditions

The present measurements reveal that in all investigated
flight maneuvers, a pronounced stagnation zone develops
in close proximity to the drone body. At approximately
ZUAV = 80 mm from the drone, the flow field exhibits
significantly increased velocities, with local speeds ex-
ceeding the nominal flight speed of up to 60%. As the dis-
tance from the drone increases, the flow gradually aligns
with the flight trajectory and approaches the vehicle’s ac-
tual speed. At ZUAV = 200 mm, the velocities remain
slightly elevated compared to the flight speed, while from
around ZUAV = 300 mm onward, the measured flow ve-
locity essentially matches the nominal flight speed. Al-
though a larger separation, such as ZUAV = 400 mm,
would provide even more favorable flow conditions, it
would necessitate a considerably larger mounting struc-
ture for the microphone.

These findings are critical for the future design of the
wind protection system. The windscreen should be strate-
gically positioned to avoid the stagnation zone, where el-
evated flow velocities are very close to and the directions
the flow are changing. It is also expected that there is
higher turbulence intensity within the stagnation region.
So it is advisable to place the microphone in an area where
the flow has already aligned with the flight trajectory and
speed. Future investigations will focus on a detailed anal-
ysis of the turbulence distribution and its impact on the
measurements, ultimately guiding the optimal positioning
of the wind protection.

3. INVESTIGATION OF VARIOUS WIND
PROTECTION VARIANTS

In future investigations, the characterized flow conditions
will serve as the basis for evaluating various wind protec-
tion variants under realistic conditions. To illustrate the
potential of these designs, preliminary results from exper-
iments conducted in an aeroacoustic wind tunnel are pre-
sented in Fig. 9. These measurements were performed
at an approach velocity of v = 10m/s with a 90◦ inci-
dence angle (i.e., perpendicular to the microphone). The
following wind protection variants were tested:

• MTG Standard Foam Wind Protection 50 mm (re-
ferred to in the spectrum as Foam)

• Rycote Baseball (referred to in the spectrum as
Baseball)

• Rycote Cage with foam + Deadcat (referred to in
the spectrum as Deadcat)

• Rycote Classic Softie (referred to in the spectrum
as RCS)

• Rycote Super Softie (referred to in the spectrum as
RSS)

Figure 9 provides a comparison of the different wind
protection variants at v = 10m/s. Additionally, two mi-
crophones were placed outside the primary flow region,
and their averaged measurements (denoted as ‘outside’
in the spectrum) were used as reference values to ac-
count for the baseline hydrodynamic influence. The exter-
nal measurements consistently showed low flow-induced
noise, whereas significant differences became apparent
when evaluating the wind protection variants.

Notably, the standard foam wind protection (Foam)
exhibited average sound pressure levels of approximately
Lp,Mittel ≈ 48 dB, similar to those observed for the RSS
and Baseball variants. In contrast, the Deadcat demon-
strated a considerable advantage over the foam by reduc-
ing overall sound pressure levels by roughly ∆Lp,Mittel ≈
4 dB. This improvement is particularly pronounced in the
low-frequency range (f < 500Hz), where hydrodynamic
pressure fluctuations are most influential. The Deadcat
achieves a sound level reduction of about ∆Lp ≈ 11 dB
compared to the foam there. Moreover, the frequency
responses of the variants differ significantly in certain
ranges. For instance, a switching behavior is observed
where the Foam variant outperforms RSS in specific fre-
quency bands, and vice versa. In some cases, characteris-
tic spectral peaks, presumably due to flowinduced effects
or structural noise from the wind protectors, were also de-
tected and warrant further investigation.

At a higher approach velocity of v = 20m/s, even
more pronounced differences emerge (see Fig. 10). Un-
der these conditions, the classic foam variant performs the
poorest. Although its performance up to about f > 100
Hz remains comparable to that of the other variants, from
around f < 200 Hz onward its sound pressure levels in-
crease dramatically by at least 10 dB compared to all other
wind protection types a trend that continues well into the
high kHz range. Of course it is not made for such flow
velocities, it is more like a reference in this case. In con-
trast, the RCS variant performs best in the low-frequency
range f < 300 Hz but exhibits a significant level increase
at higher frequencies. Overall, when the entire frequency
spectrum is considered, the Deadcat consistently shows
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Figure 9. Comparison of the different wind protec-
tion variants at a flow velocity of v = 10m/s.

the best performance, achieving an overall improvement
of ∆Lp ≈ 17 dB compared to the classic foam. The pres-
ence of characteristic peaks in some of the spectra sug-
gests specific flow-induced components or inherent struc-
tural noise from the wind protectors, aspects that will be
examined in more detail in future studies.

Figure 10. Comparison of the different wind protec-
tion variants at a flow velocity of v = 20m/s.

Lastly, it is important to note the varying sizes of the
wind protection variants. In drone applications, where
size and weight are critical parameters, finding an optimal
balance between effective wind protection and minimal
impact on the vehicle is essential. Future work will focus
on refining this balance under realistic flow conditions.

4. CONCLUSION AND OUTLOOK

By employing Stereo-PIV measurements in a wind tunnel,
we characterized the complex airflow around a quadro-
copter under various flight conditions. Our analysis re-
vealed that, regardless of the maneuver, a pronounced
stagnation zone develops in close proximity to the drone
body, with local velocities exceeding the nominal flight
speed of up to 60%. As the distance increases, the flow
gradually aligns with the flight trajectory and converges
to the actual movement speed, highlighting the impor-
tance of sensor placement for accurate noise measure-
ments. Furthermore, we evaluated several wind protec-
tion variants in the aeroacoustic wind tunnel. Preliminary
results indicate that commercially available windscreens,
particularly the Deadcat variant, can significantly reduce
the impact of hydrodynamic pressure fluctuations on the
measured sound pressure levels. Notable differences in
the frequency response among the tested variants empha-
size the need for an optimized design that minimizes addi-
tional turbulence and noise while maintaining a compact
form factor. Looking ahead, future work will focus on a
more comprehensive analysis of the turbulence distribu-
tion within the stagnation zone and its impact on acous-
tic measurements. This will enable further refinement of
the wind protection design, ensuring optimal microphone
placement. The goal is to develop a universally applica-
ble windscreen that reliably isolates the UAV’s self-noise,
thereby improving measurement accuracy and facilitating
broader acceptance of UAV operations in both commer-
cial and regulatory contexts.
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investigation of a free-flying quadcopter using Shake-
The-Box Lagrangian particle tracking,” Experiments
in Fluids, vol. 65, p. 152, Oct. 2024.

1696


