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Introduction (mid).  Auralizations are generated for the solution,

The acoustic environment inside an aircraft cabin plays
an important role, as it has a significant influence on
passenger comfort [1] and can make a decisive contribu-
tion to product acceptance, especially for new aircraft
concepts or technologies. It is therefore necessary to
enable and carry out reliable and in-depth evaluations
in the aircraft design process.
Despite uncertain design parameters at an early stage in
the development, efficient simulations enable to predict
cabin noise throughout multiple design iterations. Most
commonly, sound pressure levels in the frequency range
are available after successful simulation using the finite
element method (FEM). With the help of auralization
methods, audio signals can be generated based on
these simulation results, which enable psychoacoustic
assessment, via metrics or listening experiments. This
increases the depth and quality of the results.
This contribution presents a perception-based evaluation
concept for aircraft cabin noise in the design stage of
a regional aircraft mobility concept developed by the
Cluster of Excellence ”Sustainable and Energy-Efficient
Aviation” (SE?A) [2]. It is a propeller-driven, battery-
powered electric aircraft with top level requirements
similar to ATR-72. Figure 1 depicts an early design
rendering of the aircraft as well as the evaluation
framework.

Based on the simulation model as well as propeller
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Figure 1: Early rendering of the SE 2A short-range air-
craft and the perception-based evaluation framework.

and boundary layer excitations (left), the acoustic
pressure inside the cabin is computed with the FEM

and finally, a perception-based evaluation is conducted
through listening experiments and psychoacoustic metric
calculation (right).

Simulation

In order to compute acoustic pressure inside the aircraft
cabin, the FEM was chosen to achieve a wave-resolving,
high-fidelity result. As for the model, one half of a cabin
segment is considered to reduce computational effort.
Figure 2 shows an extruded view of the cabin model
which is based on Blech [3]: The outer domain is the air-
frame including stringers, which is modeled by 9-noded
shell elements. This domain is where the excitations
are applied as load forces on each surface element. The
resulting vibration radiates into the insulation domain,
which is a porous medium modeled with an equivalent
fluid approach. This medium is coupled to the interior
trim, which also consists of 9-noded shell elements.
Finally, sound radiates into the cabin, where 27-noded
fluid elements are used. The dimensions of the cabin are
3m in length, 2m in height and approximately 1.3m
spanwise from the symmetry boundary to the cabin’s
wall.

In this case study, two excitations are included: An
excitation by the propeller and and excitation by the
turbulent boundary layer (TBL) in a cruise-flight
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scenario at Mach 0.42. The propeller excitation at a ro-
tational speed of n = 13.67 s~ ! is provided by the DLR
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(German Aerospace Center) and detailed in [4]. The
TBL excitation is derived from pressure fields that are
computed with RANS simulations and a subsequent ap-
plication of the Uncorrelated Wall Plane Wave approach,
detailed in [5].

The acoustic pressure inside the cabin is computed with

Figure 2: Extruded view of the cabin model displaying
the coupled domains and cabin dimensions.

this strongly-coupled vibroacoustic model for both exci-
tations individually according to Eq. 1

(K —w’M)p = F, (1)

where K and M denote the stiffness and mass matrices.
The angular frequency is given by w. p is the vector of
Degrees of Freedom and the right-hand side term F de-
notes the excitation vector.

Eq. 1 is solved with our in-house code elementary Par-
allel Solver (elPaSo) [6] in the frequency range up to
fmaz = 1000 Hz — for the propeller case at the blade pass-
ing frequency and its harmonics, for the TBL case with
a step size of 2 Hz starting at 16 Hz. A higher examined
maximum frequency would require a finer computational
mesh, which increases the computational effort.

After obtaining a pressure distribution inside the cabin
for the chosen frequency range, the frequency response
function is taken at approximately a passenger head po-
sition and serves as the input to the auralization frame-
work.

Auralization

In order to conduct listening experiments to assess the
aircraft cabin noise, stimuli need to be generated. Three
different signal components are considered individually
and finally mixed together, to create the final sound.
Figure 3 displays the sound pressure levels across the
frequency range resulting from the three different signal
components as well as their superposition. The compo-
nents are as follows:

1. TBL noise: To auralize the TBL noise (Fig. 3 (a)),
subtractive synthesis is used [7]. For this, arbitrarily
long white noise is filtered by the cabin’s simulated
frequency response function. The result of this is
representative broadband noise up to 1000 Hz with
a spectral amplitude distribution that matches the
simulation results.

2. Propeller noise: To auralize the propeller noise
(Fig. 3 (b)), additive synthesis is used [7]. Here, the
pressure fluctuations at the propeller’s blade passing
frequency and its harmonics, that have been propa-
gated into the cabin fluid, are simply superimposed
to create the propeller’s tonal signal.

3. Noise above 1000Hz: High frequency content,
that is not available from the FEM simulation, is
added above 1000Hz from freely available flight
recordings (Fig. 3 (¢)). A previous study has found
that this addition contributes to the signal’s authen-
ticity by adding ventilation noise as well as human
chatter, but it does not significantly influence the
perception and judgment of the simulated content
[8]-
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Figure 3: Cabin noise sources and auralization methods
included in the auralization process.

With this auralization framework, a wide variety of stim-
uli with variable length can now be generated for several
variations of interest. These could be based on inves-
tigating simulation model parameters, excitation types
and models or varying the additional recorded content.
Enabling listening experiments in general allows for test-
ing the experimental setting as well, such as varying the
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listening environment, the attention focus or even the sig-
nal length. The planned experiments and their stimuli
are detailed in the following section.

Planned listening experiment procedure
The listening experiments are set up with Sennheiser
"HD 660S2’ open-back headphones and a HEAD acous-
tics labP2’ equalizer, as depicted in Figure 4. To ensure
the output levels are as intended, the reproduction sys-
tem is checked with a calibrated Briiel & Kjaer *Type
4101-B’ binaural microphone (represented by the artifi-
cial head, which is not actually used) and adjusted ac-
cordingly. A graphical user interface on a touch screen is
used to gather the participants’ answers.

Unlike what is displayed in Figure 4, the listening envi-
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Figure 4: Reproduction setup for the planned listening
experiments (same as previously used in [8]).

ronment for the planned experiments is no longer a listen-
ing chamber with nearly anechoic properties [8], where
the focus was set on undivided attention on the signals.
Instead, the listening experiments will be conducted in
a realistic aircraft cabin simulator which can be viewed
in Figure 5, with a focus on authenticity and immersion.
It is located at the Institute of Flight Guidance (IFF) at
TU Braunschweig.

Figure 5: Listening experiment environment for the
planned experiments: Realistic aircraft cabin simulator
located at the IFF, TU Braunschweig.

As for the stimuli, cabin noise is auralized according to
the previous section for the reference configuration as well
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as a simulation model parameter variation, which mirrors
the parameter variation investigated in [8]. The available
signals are (1) the reference configuration’s cabin noise,
(2,3) noise after varying the airframe Young’s modulus,
(4,5) noise after varying the outer skin thickness and (6,7)
noise after varying the cabin fluid’s bulk modulus.
In the first phase of the experiment, the goal is to as-
sess the preference probability of the signals relative to
each other. For this, the test procedure is also mirrored
to the one used in our previous study [8]: The signals
with a length of 5s are evaluated with forced choice A-
B-comparisons for all pairings regarding their preference.
Additionally, the pairings similarity is asked on a seven
step scale, with the idea in mind, that the preference of
two distinct is worth more than the preference of two
identical signals. The graphical interface for one such
pairing used in the previous study is displayed in Fig-
ure 6.

The same parameter variation and procedure as in

’ Listen to this audio sample

Listen to this audio sample ’
You can play this sample 2 times
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Figure 6: Graphical interface example for the first phase
of the listening experiment: A signal pairing is presented
with a forced-choice preference question and a similarity
assessment.

the previous study [8] are chosen in order to compare,
whether the inclusion of engine noise and the authentic
listening environment will influence the preference prob-
abilities of the signal variations or whether it will have
no effect. The expectation is that the preference proba-
bilities should remain approximately the same due to the
nature of the variations’ effects on the propagation prop-
erties of the sound, e.g. thicker airframe skin requiring
more energy to be excited and therefore reducing the ra-
diated sound inwards. An example of the results that are
available by conducting this type of experimental proce-
dure is shown in Figure 7.

The plot shows the inverse weighted preference probabil-
ity (weighted by similarity ratings) of the signal varia-
tions on the x-axis as violin plots, which consist of a ker-
nel density estimate of all participants’ answers in blue
and overlaid box-plots displaying median values as white
dots, mean values as white bars. With two additional
y-axes, A-weighted sound pressure levels (orange) and
loudness levels (violet) of these signals are displayed right
next to the violins. This plot highlights...

1. that a clear trend regarding the preference of these

1387



DAS|DAGA 2025 Copenhagen

. Lpwy Ly
a) Window seat B phon

68
v

v 66 [78
S ¢ v.
06 . S P
| v
— 04 v s

. # 62 |,
0.2

1-P L

72

0.8 .

Wp py ¥V Ly

0.0

XN & X \e;/ -bx
& Y E S
Figure 7: Weighted preference probability as an exem-

plary result of parameter variations in phase 1 of the
listening experiment [8].

signals could be found,

2. that the two chosen metrics reliably predict the par-
ticipants’ preferences and

3. that the listening experiments enable significant sta-
tistical insights into the preference evaluation of the
model parameter variation.

Once the variation assessment is concluded, the second
phase of the experiment focuses on evaluating a minute
long version of the reference case more in-depth with
semantic differentials geared towards the following at-
tributes: a) Pleasantness or annoyance (as an addition to
phase 1 results), b) authenticity and immersion, c¢) safety
and comfort. Additionally, the influence of attention fo-
cus will be investigated by dividing the participants into
two groups. One group will focus on listening to the sig-
nal without distractions while the second group will be
asked to read a short article while the signal is playing,
therefore not entirely focusing on the signal. Ultimately,
the goal of the second experiment phase is to quantify
the signal quality not relative to other signal variations,
but according to an inner reference, and therefore gauge
the effectiveness of the auralization framework to create
recognizable aircraft cabin noise.

Summary

Efficient simulations coupled with an auralization frame-
work enable perception-based evaluation possibilities
early on in the design phase of an aircraft in order to
ensure passenger comfort and product acceptance.
With a regional air mobility concept of the SE 2A clus-
ter of excellence as a study object, FEM simulations of a
cabin segment have been carried out up to 1000 Hz, tak-
ing TBL and propeller excitations into account. Based
on the simulation results, listening experiment stimuli
are generated with the presented auralization framework
which includes the broadband TBL noise, tonal propeller
noise and recorded high frequency content above 1000 Hz.
The stimuli represent the reference configuration as well
as a model parameter variation of the airframe Young’s
modulus, the outer skin thickness and the cabin bulk
modulus.

Listening experiments are planned based on these stim-
uli with a headphone reproduction system in a authentic
aircraft cabin environment. The experiments are divided
into two phases: The first phase aims to verify preference
probabilities of the parameter variation, which has been
investigated in a previous study already, but with en-
riched stimuli and a changed listening environment. The
second phase focuses on an in-depth investigation of the
reference configuration noise and aims to quantify pleas-
antness, authenticity and comfort of it. By dividing the
participants into a group focusing on the signals and a
group being distracted by a reading exercise, the influ-
ence of attention focus is an additional point of interest.
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