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Motivation
The development of a future-proof aircraft requires a
holistic approach to design from the preliminary design
stage. In the area of propeller aircraft, new concepts
are being developed with a focus on distributed electric
propulsion, where multiple propellers can lead to vibra-
tions and increased cabin noise under certain operating
conditions. To address this, both airframe and propul-
sion integration designs can be adapted to effectively re-
duce cabin noise. As noise is not only a source of dis-
comfort but can also have a detrimental effect on health,
it should be considered from the early design stage. This
study uses a new numerical simulation approach enabling
an early analysis of cabin acoustics for an aircraft with
five distributed pull propellers on each side, using a pre-
liminary design of the geometry and an estimate of the
pressure field. For the excitation a simplified calculation
of the pressure distribution on the skin was achieved by
using an advanced analytical bulk model of the propeller
sources in combination with a fast multipole acoustic
boundary element method solver. On the vibroacous-
tic side the symmetries of the reduced cabin geometry
were exploited so that only half of the aircraft needs to
be calculated. This workflow allows the investigation of
cabin noise for different propeller configurations as well
as the determination of critical and least critical propeller
phase shifts.

Workflow
For the purpose of cabin noise assessment in the early
stages of aircraft development, in this paper a workflow
is used that can be divided into four main phases. Firstly,
based on the preliminary aerodynamic and structural de-
sign of the aircraft, the material properties and charac-
teristic dimensions of the geometry are determined. This
data forms the geometrical framework of the aircraft fuse-
lage, which is then modelled in Salome. The represen-
tative parameterized model consists of the airframe with
stiffeners and floor, the insulation, the interior and the
cabin. The model is discretised and meshed with respect
to the maximum frequency range considered in prepa-
ration for the finite element solver. To ensure sufficient
mesh resolution, at least 10 nodes per wavelength are
defined. The cabin noise excitation on the outer skin is
determined on the basis of a boundary element method
code, using an analytical model of the incident propeller
sound field. Based on this airborne noise excitation, the
propagation of structure-borne noise through the aircraft
fuselage into the cabin can be calculated. The in-house
elPaSo [1] (Elementary Parallel Solver) finite element
solver is used for the simulation to calculate the sound

pressure level inside the cabin for the acoustically domi-
nant blade passing frequencies.

Geometry and mechanical properties of the fuselage
components in accordance with the preliminary design

Aircraft design

Modelling the simplified aircraft geometry and meshing the
model according to the frequency range considered

Modelling and meshing

Application of the pressure loads resulting from the
propellers on the outer skin of the aircraft

Apply loads and characteristics

Calculating the sound pressure in the cabin using a finite
element solver

Cabin noise calculation

Figure 1: Workflow for the calculation of the cabin noise at
the preliminary aircraft design stage.

Preliminary aircraft design
The aircraft under consideration is being developed as
part of the DFG project SynTrac [2] and is a short-
range propeller aircraft similar to the ATR 72. The
aircraft is designed to carry 70 passengers and, due to
the early stage of development, only the fuselage shape,
wing design, propulsion system, stiffening elements such
as stringers, frames and floor, and rough internal lay-
out have been determined. To calculate the transmitted
noise, the fuselage must be enriched with the primary vi-
broacoustically effective components and representative
materials such as insulation, interior trim and the damp-
ing of the seats.

Figure 2: Geometry model of the propeller aircraft devel-
oped as part of the preliminary aircraft design. [2]
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• Modeled by 9-node shell elements with fixed 

connections

• Material is anisotropic CFRP

• Consists of outer skin, stiffeners and floor
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• Cover plates are 9-node Shell Elements

• Internal structure with 27-node Fluid Elements

• Consists of a honeycomb structure

• Recess for the overhead compartment
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• Modeled by 27-Node Fluid Elements

• Calculation of the sound pressure in the cabin

• Seats and people are taken into account via global 

damping factor
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• Strong coupling with the adjacent areas

• Modeled by 27-Node Fluid Elements

• Modeled by equivalent fluid approach

• Consists of aircraft-grade glass wool
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Figure 3: Vibro-acoustic model with four main areas, airframe, insulation, interior trim and cabin, used for finite element
calculation of the sound field inside the cabin.

Modelling and discretisation
Based on the geometric data, the model of the aircraft
can be seen in Figure 3 and is made up of four main areas
[3]. From the excited airframe, the main sound transmis-
sion path is through the insulation, the interior trim and
the cabin.
The airframe, consisting of the outer skin, floor, frames
and stringers, is modelled with a shell formulation of
9-node quads and is made of Carbon Fibre Reinforced
Polymer (CFRP). A constant thickness is assumed for
all airframe structures as this is a preliminary design at
an early stage in the design process. Structural damp-
ing is accounted for by a damping loss factor η(f) based
on measurements on CFRP panels from Blech [3]. The
pressure during cruise flight is accounted for by subject-
ing the elements to a preload that accurately simulates
pressurisation.
The insulation is strongly coupled to the adjacent ar-
eas, the outer skin and the interior trim. The selected
material is aircraft glass wool and can be simulated as
a Helmholtz domain with complex material parameters
(equivalent fluid approach) [4] and is modelled with 27-
node fluid elements.
Composed of honeycomb sandwiches, the interior panel
combines a lightweight core with skins of glass fibre re-
inforced plastic (GRP) [5]. The core is modelled as a
27-node hexahedron and the top and bottom faces are 9-
node quad shells. The material parameters are therefore
based on experimental data from Blech [3], which also
includes structural damping.

The cabin, where the sound pressure field is to be cal-
culated, is strongly coupled to the interior lining and
the floor. The discretisation considers 27-node hexahe-
drons to model the acoustic waves in the cabin. To fur-
ther reduce the computational effort, the cabin is discre-
tised more coarsely than the adjacent areas and is there-
fore coupled to these areas with nonconforming elements.
The damping provided by passengers and seats is imple-
mented by a global damping factor. [3]
The cabin noise pressures can be calculated by coupling
all major areas, airframe, insulation, interior and cabin
in the next step.

Pressure fields as surface loads
Cabin acoustics is determined using a simplified fuselage
model that incorporates the pressure excitation from the
distributed propellers. Their pressure signature on the
skin is determined by DLR’s fast multidomain multi-
pole boundary element solver FM-CAS [7] using the inci-
dent field from an explicit analytical model derived from
aeroacoustic propeller theory as outlined in [8]. The flow
effect is neglected in the pressure propagation. Each pro-
peller can be excited individually with its pressure am-
plitude and phase and applied accordingly.
Although all propellers are identical, Figure 4 shows that
their excitations turn out quite differently on the fuselage
surface. The largest amplitude of 122.57 dB occurs in the
immediate vicinity of the nearest propeller. The result-
ing pressure field is primarily effective in the immediate
area around the propeller and is characterised by low
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amplitudes at the ends of the aircraft. As the distance
between the propellers increases, the maximum ampli-
tudes decrease to 87.8 dB for the most distant propeller.
Despite the overall lower amplitudes, this has an effect
over the entire length of the aircraft and therefore has a
different effect on the acoustic behaviour in the cabin.
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60

10

0

20

30

40

50

70

Prop 1 (𝑛𝑒𝑎𝑟𝑒𝑠𝑡)

Prop 2

Prop 3

Prop 4

Prop 5 (𝑓𝑎𝑟𝑡ℎ𝑒𝑠𝑡)

Figure 4: Left: The resulting pressure fields of the individ-
ual propellers on the outer skin in dB. Right: The resulting
pressure fields in the aircraft cabin from the respective pro-
peller excitations in dB.

Cabin noise calculation
The resulting model, meshed in Salome, is processed in
the elPaSo pre-processor, where the pressure loads of the
propellers are applied to the skin. In order to take into
account the interaction of the different components, the
nodes of the nonconforming and conforming meshes are
strongly coupled, allowing the prediction of the sound
transmission inside the cabin. In addition, the materials
are assigned to the shells, fluids and bricks, where the
damping is also taken into account. This allows the vi-
broacoustic model to be solved with elPaSo, while only
half of the aircraft needs to be calculated due to a symme-
try boundary condition, thus saving computational effort
and is taken into account by a correction factor after the
calculation [3]. For the considered BPF, the chosen mesh
resolution is up to 10 nodes per wavelength.
The sound pressure levels in the cabin for the five pro-
pellers are shown in Figure 4 right, with significant dif-
ferences in the average sound pressures of 63.06 dB from
the closest propeller and 47.02 dB from the farthest.

Phase variability of cabin pressure
Based on the simulation of the pressure fields generated
by the individual propellers, an energetic sum of their
contributions would give the average pressure level across
all possible propeller phase relations, which occur due
to even slight rpm shifts. Assuming these constantly
changing phase relations, the energetic sum for the 5
propellers could be calculated as 100.85 dB for the 1st
BPF and 65.55 dB for the 2nd BPF. However, the sound
pressure amplitudes vary considerably depending on the
phase shift of the propeller pressures in relation to each
other, so a parameter variation is carried out to obtain
the maximum and minimum sound pressures. In order
to take into account the influence of the head positions in
the cabin, especially of the passengers, who spend most
of the flight time in this position, the typical head posi-
tions in the x-y-z direction (at 122.5 cm above the floor,
at a distance of 0.47 m and 0.91 m from the centre plane
and at a distance of 1 m along the flight axis [6]) are de-
fined for the average sound level calculation and then the
pressures at the closest nodes are selected and averaged
according to the nearest neighbour principle, as there are
only minimal differences due to the fine discretisation.

Representative passenger 
head positions

Figure 5: For the variation of the phase angle, the 34 head
positions of the passengers in one half of the aircraft were
considered.

An evolutionary optimisation algorithm is used to de-
termine the maximum and minimum pressures for each
BPF, varying the phase angles in relation to each other.
In this way it can be excluded that constructive and de-
structive interferences strongly influence the simulation
result when only one configuration is considered. In the
first step, the entire parameter space is considered with
phase offsets from 0 to 2 π.
The resulting cabin SPL for the first BPF in Figure

6 shows a significant difference of up to 9.61 dB for the
different phase offsets. Considering the head position,

Figure 6: The critical SPLmax and minimal SPLmin are
calculated from the cabin noise distribution from the phase
variations for the 1st BPF.
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the average is 65.04 dB in the critical phase offset and
66.62 dB for the whole cabin volume. This represents
the critical case, i.e. the highest noise exposure for the
passengers and must be reduced accordingly. The best
case scenario equates to an average SPL of 57.01 dB in
the head position and 61.32 dB in the entire cabin. It can
be assumed that the excitation in the first BPF produces
the largest amplitudes even considering the human audi-
tory surface and is therefore of particular importance.
The resulting cabin noise of the second BPF is, as ex-
pected, on average 19.03 dB lower than with the domi-
nant excitation, as can be seen in Figure 7. The averaged
pressure for the critical case is 41.65 dB averaged over the
head positions and 39.59 dB over the whole cabin. By
optimising the phase shift of the propellers in relation to
each other, this can be reduced to 22.62 dB averaged over
the head positions and 24.07 dB over the whole cabin.

Figure 7: The critical SPLmax and minimal SPLmin are
calculated from the cabin noise distribution from the phase
variations for the 2nd BPF.

Thus, a simple model can be used to estimate cabin noise
at the most critical frequencies in the preliminary aircraft
design, allowing conclusions to be drawn about propeller
placement, where the greatest coupling occurs, and pos-
sible optimisation approaches.

Conclusion
A workflo effects
of an alternativ
peller, on
sign proce
liminary
of the aircraft
are selected.
model is created
mum frequency
model for
calculate
lated prop compare configurations
via the phase variance. The solution with the finite el-
ement solver elPaSo allows a computationally efficient
calculation of the sound pressures so that the optimum
and critical phase shift for the first two blade passing
frequencies (BPF) can be determined. The calculated
sound pressures can be used to evaluate the effects of the
propulsion excitation on the cabin acoustics and to make
adjustments for a quieter cabin.

It has been shown that the propeller closest to the fuse-
lage in the 1st BPF is primarily responsible for the cabin
noise and amounts to 63.06 dB over the entire cabin. The
excitation of the propellers with increasing distance oc-
curs with reduced amplitude, but with less focus in the
propeller zone, so that the entire length of the aircraft is
excited. It has also been shown that the excitation in the
second BPF results in significantly lower sound transmis-
sion into the cabin and significantly lower sound pressure
levels.
The next step is to systematically investigate the criti-
cal and optimum propeller positions and drive configura-
tions, varying the pressure excitation and therefore the
cabin noise. The simplified model will also be validated
by comparison with further numerical simulations. In ad-
dition to the propeller excitation, other excitations such
as the turbulent boundary layer have a major impact on
cabin acoustics and will be implemented and considered
in future work.

Acknowledgments
The authors gratefully acknowledge the support received
by the German Research Foundation (DFG) within the
Collaborative Research Center CRC TRR 364 (Project
ID 498601949).

References
[1] H.K. Sreekumar, S.C. Langer, 2023. elPaSo

Core - Elementary parallel solver core module
for high performance vibroacoustic simulations.
https://doi.org/10.24355/dbbs.084-202301301305-0

[2] Transregion Collaborative research Center 364: Syn-
tergies of Highly Integrated Transport Aircraft.
https://www.trr-syntrac.com

[3] C. Blech. Wave-resolving aircraft cabin noise
prediction, volume 2022,1 of Schriften des
Instituts für Akustik. Shaker, Düren, 2022.
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