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Introduction
This study presents a numerical aeroacoustic analysis of
a commercial quadrotor drone (DJI Mini 3) using the
MGLET solver. The drone features non-parallel rotor
axes and vertically offset front and rear rotors due to
its foldable-arm design, resulting in complex rotor–body
interactions. The investigation follows a stepwise ap-
proach. First, a single-rotor configuration is simulated
to validate thrust and assess reconstructed rotor blades,
which deliver the same thrust at the same rotational
speed while reducing resolution demand and simulation
cost. Second, a phase-relation study is conducted, in-
spired by [1], considering in-phase, 90° phase-shifted,
and random-phase configurations to determine the phase
arrangement minimizing tonal noise. Finally, installa-
tion effects are studied by comparing four-rotor and full-
drone simulations using the in-phase configuration, fol-
lowing the methodology of [2]. Numerical results are
compared to experimental measurements by evaluating
blade-passing frequency noise levels for plausibility. The
study highlights the combined impact of rotor–body in-
teractions, installation effects, and phase synchronization
on drone noise, providing validated insight into realistic
UAV acoustic behavior and supporting efficient, high-
fidelity simulation strategies.

The drone subjected to investigation is a small hobby
drone with foldable arms. The front and rear rotors are
at different heights and the rotational axes are all non-
parallel. This geometry leads to complex rotor and rotor-
body interactions. The rotors have a diameter of 150
mm, with a tip Mach number of Matip = 0.165. The
chord length at 70% span is c0.7r = 13.2mm leading to a
Reynolds number of ReC0.7r

≈ 50000.

Figure 1: Geometry of the drone DJI Mini 3

Measurements
In order to generate reference data to compare the sim-
ulation results against and check the plausibility of the
simulations, measurements of the drone are conducted in
the hover condition.A single fixed microphone is used in
a simple setup. The drone is then measured at different
positions relative to the microphone at a distance of 1m
as seen in Figure 2.

The naming of the measurement positions correspond to
the positions in the sphere array used in the simulations.

The microphones directly above the drone are referred
to as North, directly below South and in-plane Belt. In
order to take measurements for the Belt positions, the
drone is rotated by 90 degrees and 4 different measure-
ments are taken in the Belt position.

Figure 2: Left: Sketch of the measurement positions, right:
Microphone array in the simulations.

The measurement results show a typical directional be-
haviour as seen in Figure 3. The microphones above and
below (North and South) the drone measure high lev-
els of acoustic pressure, whereas the levels on the sides
(Belt) are much lower. Significantly high levels of acous-
tic pressure below 1st BPF seen in the South measure-
ments (below the drone) are due to the downwash of
the drone itself hitting the microphone. The transpar-
ent bands around the solid lines show the spread in the
measurements. There is a large spread in the South mea-
surements. During measurements above the microphone
it was harder to keep the drone stable, due to wind and
its proximity sensors. In the hovering state, the drone
has a main rotational rate of 120 Hz, however, it also
switched to 100 Hz occasionally.
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Figure 3: 1/3 Octave spectra of the measurements up to
7200 Hz or 30th BPF.
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Simulations
The CFD/CAA solver MGLET [3] uses a Hydrodynamic-
Acoustic-Splitting approach, coupling an incompressible
wall modeled LES method with Acoustic Perturbation
Equations to predict the sound generation. A hierarchi-
cal Cartesian grid with immersed boundary is generated
to discretize the domain and the geometry. The domain
with a size of [X,Y,Z] = [3 m, 3.5 m, 3 m] is discretized
by approximately 128 million cells. Half of the cells are
in the finest resolution region, which discretizes the vol-
ume swept by the rotor blades (Figure 4). The largest
cell size is 17.92 mm in the far field. The volume up to
the spherical microphone array is resolved with a maxi-
mum cell size of 8.96mm, which allows the resolution of
acoustic waves up to 6092 Hz.

Figure 4: Simulation domain and the discretization of the
swept volume.

In order to create statistics and generate converged spec-
tra, a total of 12 revolutions are simulated. The first
two revolutions are regarded as transient and the last 10
are used to create statistics and spectra. 12 revolutions
correspond to a physical time of 0.1 seconds. All of the
full drone simulation variants with these settings cost ap-
proximately 16000 CPUh. An instantaneous image of the
flow structures can be seen in Figure 4.

Figure 5: Snapshot of isosurfaces of Lambda2 criterion at
the end of the simulation coloured by velocity magnitude.

Geometry Preparation
The original blade geometry has very thin profiles (≈
0.2mm) and sharp edges. The geometry discretization
algorithm used does not allow sharp edges. Since one
motivation of the study is to do the analyses at an afford-
able computational cost, the blade profiles are modified
and made thicker. The blade profile used in the study
is a flat plate of 1.34 mm thickness and rounded leading
and trailing edges with a radius of 0.67 mm. In addition
to this, the blade pitch is increased by 6° to generate the
necessary thrust. Other than these modifications, the
twist of the blade and the chord lengths along the span
remain unchanged. A comparison between the original
blade and the modified geometry can be seen in Figure
5. These modifications require a plausibility check by
comparison of the results with the measurements.

Figure 6: Comparison of the original and the modified ge-
ometries.

Thrust Plausibility
The first parameter to check for plausibility is the thrust.
Since the measurements are conducted in a hovering con-
dition, it is very straightforward to compare. The drone
itself weighs 249 g, which means a thrust of 0.61 N is
required from each propeller. A four propeller config-
uration without the body is simulated and the thrust
generated by a single propeller can be seen in the Figure
5. An average thrust of 0.54 N is generated by a single
propeller in this configuration. This is 12% less than the
required thrust for hovering. However, this deviation is
accepted, since further increasing the blade pitch would
risk a stall.
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Figure 7: Thrust generated by a single propeller over time.
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Acoustics Plausibility
The average acoustic pressure spectra of the sphere array
compared with the average of the measurements provide
an initial assessment of plausibility of the simulations.
Here, the full drone with the in-phase rotors are used for
comparison. The simulated average sphere array spec-
trum shows a good agreement with the measurements
and shows the characteristics of a drone spectrum. The
first, second and third BPF peak levels are comparable to
the measurements. At high frequencies, the simulation
levels are about 2-3 dB lower than the measured levels,
which might be the result of the rounded leading and
trailing edges and increased profile thickness. The 4th
BPF is highly overestimated.
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Figure 8: Comparison of measurement and simulation 1/3
octave spectra of acoustic pressure. Top left: Sphere array;
Top right: South array; Bottom left: North array; Bottom
right: Belt array.

The comparison of the spectra South, North and Belt
show that the directional behaviour of the drone acous-
tics were able to be predicted with the simulation. North
and South spectra are much louder than the Belt spec-
trum, as also seen in the measurements. In these arrays,
we see again a good agreement in the peak levels, but the
high frequencies are quieter then the measurements, ex-
cept for the Belt array. The deviation seen in the North
spectrum below 1st BPF is due to the downwash in the
measurement. The overestimation of the 4th BPF peak
in North and South arrays hint towards a numerical dis-
turbance that propagates in the vertical direction and
this behaviour is consistent throughout the whole study.
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Figure 9: Comparison of measurement and simulation nar-
rowband spectra of acoustic pressure. Top left: Sphere array;
Top right: South array; Bottom left: North array; Bottom
right: Belt array.

Analysis of the narrowband spectra (Figure 9) show that
the BPF peak levels in South and North arrays show a
good comparison between the simulations and measure-
ments. However, the peaks in the Belt array are over-

predicted by the simulations. The base noise level of
the simulations are much lower than the measurements,
since the measurements are done in an open field with
wind, turbulence and noise, whereas the domain in the
simulations are turbulence free and perfectly still.

Analysis of Phase Effects

Figure 10: Different phase relations between the rotors in
simulations. Left: in-phase; Middle: 90° Phase; Right: ran-
dom phase

After establishing the plausibility of the simulation setup,
the first analysis is done for the phase effects. Three dif-
ferent phase configurations are analysed. These can be
seen in Figure 10. As stated in [1], the in-phase configu-
ration is expected to be the loudest.

The average 1/3 octave spectra of the sphere array show
that the main-phase effect is seen in the lower frequency
BPF peaks. With the 90° phase and random phase con-
figurations, a significant decrease in the first BPF peak
is observed. This is in line with the expectations. The
high-frequency noise levels are affected only very slightly.
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Figure 11: Comparison of spectra of acoustic pressure with
different phase relations. Top left: Sphere array (1/3 octave);
Top right: South array; Bottom left: North array; Bottom
right: Belt array.

To evaluate the directionality of the phase effects, nar-
rowband spectra of South, North and Belt arrays are
evaluated. In the North and South arrays, a reduction of
approximately 14 dB is seen at the 1st BPF peak with
90° phase difference. However, this effect is not as strong
in the Belt array and the effect of phase relation between
the rotors is in general limited in-plane. All of the BPF
peaks are reduced with the variants not in-phase, which
also affects the high-frequency noise levels.
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Analysis of Rotor-Body Interaction

Figure 12: Simulation geometries for rotor-body interaction
analysis. Left: with body; Right: without body

The effect of the rotor-body interaction is expected to be
observed in both the acoustics and the thrust behaviour
as seen in [2]. Simulations are conducted with the rotors
in-phase configuration, both with and without the drone
body as seen in Figure 12.
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Figure 13: Comparison of spectra of acoustic pressure with
and without the drone body. Top left: Sphere array (1/3
octave); Top right: South array; Bottom left: North array;
Bottom right: Belt array.

Comparison of the 1/3 octave spectra of the sphere array
show that there is no significant change occurs in the
low-frequency and the peak levels remain the same. The
effect of the rotor-body interaction is seen only after the
4th BPF, where the variant without the body is quieter
by approximately 2 dB.

The evaluation of the South, North and Belt arrays show
that, without the body, the BPF peak levels in the high-
frequency range after 4th BPF are dampened in the ver-
tical direction. However, this effect is negligible in plane.
The Belt array shows however, a reduction in the base
noise level without the body in the higher frequencies.
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Figure 14: Left: Sketch of the rotor-body interaction region;
Right: Thrust behaviour during one revolution.

The rotor-body interaction also has an effect on the
thrust behaviour. In Figure 14, this effect is visualized
with the example of the front left propeller. The tip-tip
interaction occurs at 1/4 revolutions. During this in-
teraction, the thrust is reduced in both configurations.
Afterwards, the thrust recovers without the body. How-
ever, with the body, following the tip-tip interaction, the
rotor-body interaction occurs at around 3/10 revolutions.
Thus the thrust keeps decreasing in the configuration
with the body.

Conclusions and Outlook
In this study, we were able to show that it is possi-
ble to obtain plausible acoustics and thrust behaviour
at an affordable cost with a simplified blade geometry.
When compared to the measurements, the simulations
showed a good agreement, both in low-frequency and
high-frequency behaviour. The simulations captured the
directional behaviour of the drone very well, such that
the acoustic pressures are higher in the vertical direction
compared to the levels in plane. The simulations are qui-
eter in the high-frequency range, which might be due to
the modifications done to the blade profile.

With the current setup, it has been possible to show that
the phase affects (tip-tip interaction) mostly affects the
BPF peaks at the lower frequencies and the rotor-body
interaction mostly affects the high-frequency behavior.

The future work after this study would be to investigate
the cause of the overestimation of the 4th BPF peak,
which is assumed to be an error in the geometry dis-
cretization, analysis of frequency filtered acoustic fields to
obtain a better understanding of the acoustic behaviour,
investigation of the scattering effects due to the drone
body and investigation of non-equal rotor speeds.
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