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Abstract
The climate targets set out in the “European Green Deal” call for the consideration and implementation of climate-friendly 
propulsion concepts and sustainable fuels in future aircraft configurations. This puts the use of very efficient propeller 
engines into the focus of aircraft design. However, these pose major challenges, especially to cabin acoustics, due to high, 
tonal sound pressure levels on the fuselage. The design of noise control measures requires the competence to predict the 
resulting interior noise as early as possible in the design process of the vehicle. This requires a high level of geometric and 
structural detail regarding the fuselage structure and cabin components. With increasing frequency range, the necessary 
structural details also increase, which have to be resolved in the simulation models due to the associated decreasing structural 
wavelength. Especially in the context of aircraft pre-design, there is usually not enough information available for a detailed 
vibro-acoustic modeling of the fuselage and cabin components, which allows a meaningful prediction of the vibrations 
and thus the cabin noise. Therefore, the knowledge-based tool Fuselage Geometry Assembler (FUGA) is developed for the 
targeted enrichment of preliminary design data with knowledge for detailed numerical analyses. This paper describes the 
knowledge-based geometry and model generation in FUGA, which can consider the necessary (increasing) level of detail 
for the vibro-acoustic prediction already in the preliminary design. For this purpose, aircraft data sets in the preliminary 
design data format Common Parametric Aircraft Configuration Schema (CPACS) form the modeling basis. Originating 
from the aircraft preliminary design, these initially describe the outer shell of the vehicle and are extended by detailed 
structural information that defines the geometric boundary conditions for component placement in cabin design. For the 
cabin components, the open-source geometry kernel Open Cascade Technology (OCCT) is used to provide geometries at 
the level of detail required for subsequent analyses. The geometry models are then discretized in open source (e.g. Gmsh) 
or commercial meshers and further used for numerical analysis. Finally, the prediction of cabin noise is demonstrated as a 
Proof of Concept using the example of a short-haul propeller-driven aircraft and the feasibility of the proposed method is 
indicated by investigating the sensitivity of resulting simulation models to the fuselage skin thickness.
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1  Introduction

The prediction and evaluation of interior noise for the 
cabins of novel aircraft concepts is a complex process, 
which brings together the expertise of different disciplines. 
Since human hearing covers a wide frequency range, 
the models and details considered therein must be built 
according to the principles of the particular method used. 
Peiffer [1] gives a comprehensive overview in which 
frequency range which method has to be used for vibro-
acoustic simulation. In the low-frequency range, in which 
the global structural behavior is largely deterministic in 
nature, the Finite Element Method (FEM) can be used. 
In the high-frequency range, on the other hand, which 
can be characterized largely by statistically distributed 
local vibration modes, the Statistical Energy Analysis 
(SEA) is applied. The mid-frequency transition region 
is characterized by a superposition of global structural 
modes and statistically distributed local modes. This 
region is especially difficult to characterize with 
methods of experimental modal analysis [2] as well as 
to validate simulatively. According to Peiffer, hybrid 
methods from FEM and SEA are used here in particular. 
Alternatively, Dynamic Energy Analysis (DEA) operating 
on the discretized meshes of the FEM offers a promising 
alternative for use in the high frequency range [3]. In order 
to generate vibro-acoustic modeling guidelines [4] for the 
various analysis models and to match and validate them 
with experimental measurement data, a research platform 
of a fuselage section with internal cabin equipment [5] was 
created with the Acoustic Flight-Lab.

Excitation sources of cabin noise can be induced by the 
flow around the aircraft, generated by the engines, as well 
as by internal systems and aggregates. A complete calcula-
tion chain from engine installation to cabin noise analysis 
is described by Omais [6]. In particular, the importance of 
holistic consideration of installation effects on the quality 
of the cabin noise prediction is emphasized when counter-
rotating open rotors are used as sources of noise. Further-
more, imbalances in the engines can also cause vibration, 
which, for example, transmits through the wing structures 
into the cabin interior [7]. Blech et al. [8, 9] highlight the 
need to use a wave-resolving discretization of the relevant 
structural and acoustic regions even in the presence of 
broadband excitation by the engine jet.

The objective of the present work is to provide a cabin 
noise prediction capability from preliminary design data 
using a novel propeller engine aircraft configuration. A 
knowledge-based engineering (KBE) design methodology 
is used to calculate additional design details and gener-
ate wave-resolving computational models at the overall 
aircraft design level.

The fundamentals of knowledge-based geometry and 
model generation in Fuselage Geometry Assembler (FUGA) 
for cabin noise prediction are described by the authors [10]. 
As a modeling basis, aircraft concepts in the preliminary 
design data format Common Parametric Aircraft Configura-
tion Schema (CPACS, www.cpacs.de) [11] are used. These 
originate from the aircraft pre-design tool openAD [12] and 
initially describe mostly the geometry of the outer envelope 
of the vehicle. The pre-designs are then extended in FUGA 
by detailed structural information that defines the boundary 
conditions in the cabin design. For the cabin components, 
the open-source geometry kernel Open Cascade Technology 
(OCCT) [13] is used to provide geometries at the level of 
detail required for subsequent analyses. Here, the geometry 
models are subsequently discretized using the open source 
meshing library Gmsh [14]. Geometries including material 
properties can also be exported for meshing in commercial 
tools [15] and further used for numerical analysis.

For this knowledge-based methodology described in 
Sect. 2, this paper describes an extension compared to Hesse 
et al. [10] to include additional, geometric details. These 
include, for example, the specific assignment of material 
properties of the various skin field segments, the structural 
modeling of window geometries and the cargo hold as well 
as the meshing of interior cavities and the automated setup 
of fluid–structure interaction (FSI). While the detailed skin 
properties and window cutouts can be used, for example, to 
account for structural changes in terms of structural shield-
ing against propeller release, cavity meshing including FSI 
allows for consideration of insulating materials as well as 
prediction of the distribution of sound pressure levels in the 
cabin interior. The calculation of interior noise resulting 
from these structural measures is performed in Sect. 3. Sec-
tion 4 concludes the paper with a final discussion.

2 � Knowledge‑based methodology

In this article, Sect. 2.1 first describes the KBE methodol-
ogy, which is implemented in FUGA and used for the deri-
vation of multi-fidelity geometries. Subsequently, Sect. 2.2 
gives an overview of the rules for fuselage and cabin design, 
on the basis of which solver-agnostic FE models for the cal-
culation of sound transmission into the cabin interior are 
generated automatically, as described in Sect. 2.3.

2.1 � Fuselage Geometry Assembler

In the FUGA tool implemented in the Python programming 
language, a knowledge-based design methodology (KBE) 
is implemented. Since this KBE methodology as well as its 
graph-based implementation is described very comprehen-
sively in Walther et al. [16], only a brief overview of the 
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main components is given here. The KBE methodology is 
composed of the following three building blocks:

•	 a data repository, which contains the available product 
data,

•	 the knowledge repository, including all design rules,
•	 an inference engine, which defines the execution order of 

the rules.

The role of the data repository in the present work is largely 
taken over by the description of considered structures in 
the product model CPACS in its current version 3.5. The 
detailed definition of the fuselage structure of transport air-
craft in CPACS can be taken from Scherer and Kohlgrüber 
[17] whereas the aircraft cabin and its components are 
described in Walther et al. [18].

Design rules are implemented in executable Python 
classes that inherit from a common base class. Each rule 
returns a value in the data repository, which can contain 
(CPACS-native or -foreign) data in any form, e.g. numerical 
values, tables, geometries, but also computational meshes 
and parameters for finite element models.

In FUGA, a graph-based inference engine based on the 
Python package NetworkX [19] is used. These building 
blocks can be used to extend the available design details 
for the aircraft configuration described within a CPACS 
dataset and consistently generate additional product data in 
the form of additional entries in the data repository. This 
KBE methodology implemented in FUGA is the basis for 
an automated generation of CAD geometries described in 
the following section.

2.2 � Rulesets for fuselage and cabin design

In this section, an overview of the rule formulation is given 
for the model generation in coupled fuselage and cabin 
design. The model setup for cabin noise prediction is divided 
into CAD-based geometry design and automated meshing as 
well as property assignment of these geometries.

For the geometric modeling of the primary fuselage 
structure, the established definition within CPACS is 
used [17]. The conversion rules of a CPACS data set 
into geometries are formulated in the form of geometry 
operations, which are implemented in FUGA on the basis 
of OCCT. Furthermore, it is possible to enrich the aircraft 
design with additional cabin- and structure-specific 
knowledge by means of executing design rules from the 
knowledge repository for fuselage and cabin design. The 
fundamentals of knowledge-based fuselage modeling 
as implemented in FUGA are described by Walther and 
Ciampa [20]. Rules for the design of internal structural 
elements such as frames, stringers, as well as floor 
structures and pressure bulkheads are presented. An initial 

skin field thickness distribution is also given, although 
in-flight maneuvering loads are not yet considered for 
their calculation. Nonetheless this approach provides an 
efficient methodology for initializing the structure. This 
initial fuselage design subsequently provides the boundary 
condition for the placement and connection of the cabin 
components [21].

In the current CPACS definition for structures of the 
cabin lining, these are described as purchased parts [18]. 
Since no separate parametric description is provided for 
them, they are generated in FUGA with internal parame-
ters. Geometry models calculated automatically in OCCT 
are shown in Fig. 1a–c using the example of a fuselage bar-
rel. It is apparent here, that the arrangement of the sidewall 
panels is based, for example, on the frame spacing. Since 
structural details such as the window geometries are con-
structed from the central CPACS definition, consistency 
between the fuselage structure and the generated sidewall 
can be automatically ensured.

An essential philosophy of modeling is the constraint that 
resulting geometries are generated in a watertight way. If 
this condition is met, the interiors can be generated as solids 
for further processing. These solids are in turn used in the 
subsequent generation for the modeling of the air in the pas-
senger cabin and cargo hold as well as the acoustic and ther-
mal insulation. An example of the internal solids is shown 
in Fig. 1c, with the insulation cavity shown in beige and 
the passenger cavity in blue. Red, orange and gray describe 
other air-filled areas in the cargo hold and underfloor areas, 
respectively.

In addition to the presented fuselage barrel with equally 
distributed structural regions, special parts such as the wing-
fuselage transition can also be defined and considered as 
geometries in the modeling for FE models. The generation 
of FE models from the presented geometries is described in 
the following chapter.

2.3 � Rulesets for finite element model generation

Based on the geometry modeling for the fuselage and cabin 
design described in the previous section, the rules of model 
generation for the FEM are presented in this section. Based 
on the geometries generated with OCCT, wave-resolving 
discrete meshes for noise prediction are to be created. For 
this purpose, the library Gmsh is used, which provides vari-
ous algorithms for meshing and is also based on geometry 
descriptions using OCCT.

The model generation within FUGA is performed using 
Gmsh as follows: All structural components are first indi-
vidually meshed using shell elements with linear or quad-
ratic shape functions under specification of a maximum 
element size. Subsequently, structural connections are cre-
ated using rivets or vibration isolators via corresponding 
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spring or fastener elements. Figure 1d–f gives an overview 
of exemplary FE computational meshes, which were 
calculated with the previously presented approach. The 
assigned property IDs are plotted in color. Finally, the 
cavity solids are discretized and the FSI is defined at 
selected surfaces. Currently, linear as well as quadratic 
tetrahedra are supported for fluid meshing. Since structural 
components and cavities are meshed independently, the 
FSI-definition at interaction surfaces is formulated using 
non-conformal meshes. On the structure side, the fuselage 
surface, floor panels as well as the cabin linings are 
currently considered for coupling to the air cavities. The 
model creation is not tailored to a specific FE software, 

but solver-agnostic and the models can be exported for 
calculation in Nastran and Ansys.

3 � Prediction of cabin noise

In this chapter, cabin noise prediction is performed in cruise 
flight condition and the sensitivity to the fuselage skin thick-
ness is investigated. For this purpose, first in Sect. 3.1, the con-
sidered aircraft configurations are presented and in Sect. 3.2, 
the acoustic excitation generated by the propellers is described. 
In Sect. 3.3, the simulated results of the configurations are 
presented and compared for two different fuselage thickness 
distributions.

(a) Fuselage structure geometry (d) Fuselage structure mesh

(b (serutcurtsgninilnibaC) e) Cabin lining meshes

(c (seitivacdiufllanretnI) f) Fluid cavity meshes

Fig. 1   Fuselage and cabin geometries (a–c) along with exemplary finite element meshes (d–f) for the vibro-acoustic simulation generated by 
FUGA​
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3.1 � Aircraft configuration

The DLR project EXACT (Exploration of Electric 
Aircraft Concepts and Technologies) has set itself the 
task of investigating aircraft concepts that can significantly 
reduce the environmental impact of future air traffic [22]. 
The reductions in greenhouse gas emissions should not come 
at the expense of noise emissions into the cabin. Therefore, 
the ability to evaluate cabin acoustics from the preliminary 
aircraft design for as many different configurations as 
possible is needed to assess potentials of a multitude of 
aircraft configurations as early as possible. Due to high 
efficiency potentials, the targeted emission reduction puts 
the focus on the use of liquid hydrogen fueled propeller 
engines as propulsion systems [23, 24]. The short-haul 
aircraft configuration from the EXACT project considered 
here can accommodate 240 passengers according to the 
cabin plan shown in Fig. 2. Furthermore, it is equipped with 
two hydrogen tanks in the unpressurised part of the fuselage 
behind the rear pressure bulkhead containing the fuel for the 
powertrain. Since a high propeller radius is beneficial for 
the propeller efficiency and cruise efficiency decreases with 
increasing blade number, a high radius propeller with a low 
number of blades is considered for the aircraft. This leads 
to very low blade passing frequencies, where the traditional 
passive noise reduction does not yield high reductions of 
the noise transmission into the cabin. For more details on 

the aircraft configuration with an assumed entry into service 
of 2040, the reader is referred to Burschyk et al. [25]. The 
aircraft features a 7-bladed propeller with a radius of 3.2 m 
and a rotation frequency of ≈ 8.8 Hz in cruise conditions.

A special characteristic of using open rotors or propellers 
as opposed to shrouded engines is that additional measures 
must be taken in the event of rotor blade release [26]. Other-
wise, they could potentially damage the fuselage at the rotor 
plane and injure the passengers inside. One such measure is 
a structural shielding in the form of thickening of the fuse-
lage skin in the vicinity of the rotors [24]. Such a structural 
alteration also affects the sound transmission into the cabin, 
since the latter is essentially driven by the mass per unit 
area of the structural skin panels [27]. Here, a transmission 
reduction into the passenger cabin is expected due to the 
targeted introduction of additional mass in the area of the 
propeller plane, where a particularly high acoustic excitation 
is generated. The knowledge-based engineering approach 
presented in the preceding chapter allows to create simula-
tion models to investigate the influence of such a measure 
introduced in the early design stages of an aircraft.

The two considered aircraft configurations are shown in 
Fig. 3, where configuration � has additional shielding against 
the release of a propeller blade compared to configuration � . 
Configuration � is additionally shown in Fig. 4 in a side 
view. The dimensioning of the additional thickening was 
based on the work of Ritter [24]. In the dark gray skin area, 

Fig. 2   Cabin layout of the considered aircraft configuration

(a) Configuration A noitarugfinoC)b(gnidleihstuohtiw B with shielding

Fig. 3   Depiction of the two considered aircraft configurations comparing window layout, structural panel segmentation and shielding area
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the full thickening is considered; in the gray skin area above, 
the thickening is 70% of the maximum thickness. In addition, 
no windows are present in the shielding region thus yielding 
a reduced passenger comfort but counteracting an additional 
structural weakening.

It should be noted at this point that the configuration � 
does not seem to make much sense in this form, since a 
safety precaution such as a shielding according to [26] must 
be present in any case. Nevertheless, a comparison of the 
resulting sound pressures in the cabin for both configurations 
allows for an evaluation of the influence, which results from 
an additional shielding.

3.2 � Propeller excitation

The noise field generated by the propellers on the outer skin 
of the fuselage is to be used as an excitation for the cabin 
noise prediction. The cabin noise is calculated in the form of 
a harmonic analysis in the frequency domain. Accordingly, 
the excitation is imposed as pressure fluctuations in the 

harmonic frequencies corresponding to the integer multiples 
of the blade passing frequency (BPF). As the most dominant 
excitation is provided in the first three harmonic frequencies 
of the BPF, these are investigated in the following section. 
A comprehensive overview of calculation methods for 
propeller noise in the frequency domain is given by 
Kotwicz Herniczek et al. [28].

In the present work, the sound pressure distribution on the 
fuselage skin is calculated according to [29]. This empiri-
cal method is characterized by a fast calculation, which is 
based on the global design data from the propeller and does 
not require a detailed design of the blade geometry. The 
resulting excitation of the left-sided propeller in the flight 
direction on the fuselage surface at the BPF is shown in 
Fig. 5. Due to the solver-agnostic generation of the FE mod-
els using FUGA according to Sect. 2.3, the excitation can be 
applied to both Nastran and Ansys models. For Nastran it 
is exported in the form of PLOAD4 entries; for Ansys, on 
the other hand, additional SURF154 elements are generated 
on the hull surface, on which the pressurization is defined.

Fig. 4   Side view of the 
blade release shielding for 
configuration �

Full shielding

70% shielding

Fig. 5   Sound pressure 
distribution of the acoustic 
propeller excitation in cruise 
flight in the blade passing 
frequency ≈ 62 Hz
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3.3 � Vibro‑acoustic evaluation

The resulting cabin noise is calculated under the excitation 
described at the previous chapter. For this purpose, the 
simulation models created in FUGA of the two aircraft 
configurations presented in Sect.  3.1 are used. The 
simulation model of the fuselage structure of configuration � 
is shown in Fig. 6. In addition to the FE models presented 
in Sect.  2.3 on a fuselage barrel, additional structures 
are shown here on the whole fuselage level, such as the 
pressure bulkheads, the wing box including the keelbeam, 
and the hydrogen tanks placed in the aft fuselage segment. 
The respective property ids with unique materials and 
skin thicknesses of the FE model are depicted here by the 
different colours, showcasing e.g. the realisation of the panel 
segmentation as well as the window layout shown in Fig. 3. 
The cabin lining and fluid are defined analogously to Fig. 1 

over the entire cabin area. In the air-filled cargo cavity, there 
is an additional cutout from the wing box.

In the present work, the calculation is performed using 
SOL 108 in Nastran. With a number of ≈ 16.4 ⋅ 106 degrees 
of freedom, the solution takes about 7600 s per frequency 
on a CPU of the type Intel™ Xeon™ Gold 5120 CPU @ 
2.20GHz. The influence of the additional fuselage shielding 
on the interior noise is shown in Fig. 7. This shows the sound 
pressure level reduction ΔLp , which is defined as

in the listening plane of the passengers in the cabin. This 
listening plane was assumed to be at 1.3 m above floor level 
at which the FE model was cut and the sound pressure was 
evaluated at the remaining nodes. It becomes evident in 
Fig. 7, that a lot of local effects occur regarding the reduction 

(1)ΔLp = L
�
− L

�

Fig. 6   Vibroacoustic simulation 
model of the fuselage structure 
for Configuration �

(a) BPF

(b) 2·BPF

(c) 3·BPF

Fig. 7   Sound pressure reduction ΔLp in the listening plane of the passengers in the cabin
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or increase of sound pressure. This is due to the resonant 
behaviour of the fuselage structure, the cabin linings and the 
acoustic cavities in the low-frequency regime.

For a global comparison of both configurations, the 
acoustic potential energy (APE) Epot is considered, which 
is calculated as

Through the volume integral of all sound pressure squares, 
it thus represents a global measure for the radiated 
interior noise. A qualitative comparison of the APE level 
(  L = 10 log(Epot∕E0) dB, reference E0 = 10−12 J   dB)  i s 
depicted in Fig. 8. In the BPF, an increase of 2.1 dB can 
be observed in the passenger cabin, whereas in the second 
harmonic of the BPF, a reduction of 1.5 dB results. Thereby, 
according to Fig.  7b, a strong reduction of the sound 
pressure levels is especially noticeable in the vicinity of the 
propeller plane. In the third harmonic of the BPF, the APE 
is reduced slightly by 0.6 dB. Analysis of additional metrics, 
such as structural and acoustic intensity [30] and modal 
characteristics of the primary structure, respectively, may 
provide further insight into the mechanisms of the sound 
reduction.

It is also noticeable in Fig. 8, that although the noise is 
increased in the fundamental BPF, there is an overall reduc-
tion in cabin noise with additional thickening. In the low-
frequency regime, the structural modes dominate the sound 
radiation into the aircraft cabin. Therefore, the added mass 
shifts a modal eigenfrequency of the fuselage structure 
closer to the fundamental BPF. These results are nonethe-
less indicative that, as expected, the increase in mass on the 
primary structure is accompanied by an overall reduction 
in acoustic radiation into the cabin. This demonstrates the 

(2)Epot =
1

4�c2 ∫V

|p|2dV .

prediction of cabin noise from pre-design aircraft data of a 
short-haul propeller-driven aircraft and the feasibility of the 
proposed method as indicated by the sensitivity analysis of 
resulting simulation models to the fuselage skin thickness.

4 � Conclusion

This paper describes the knowledge-based model generation 
of prediction models for aircraft cabin noise. This represents 
a decisive step towards estimating the influence of design 
changes to the fuselage or cabin lining on cabin noise from 
the aircraft preliminary design. As an exemplary design 
measure, the shielding against the release of propeller blades 
was investigated, which results in a reduction of cabin noise 
especially in the second and third harmonic of the blade 
passing frequency. Here, significant progress was made in 
noise prediction at the overall aircraft level from pre-design 
data through the automated generation of wave-resolving 
simulation models including the fluid–structure interaction 
implemented in FUGA.

The modeling for the cabin noise prognosis covers many 
essential details which are not yet necessarily known in the 
aircraft preliminary design. For this reason, the prediction 
models contain many assumptions which must be validated 
in further work and checked for credibility. To this end, 
experimental characterizations on realistic aircraft fuselage 
structures are carried out [30] with the goal to have common 
modeling guidelines and update parameters and properties of 
the automatically generated FE models [4, 31]. The equally-
distributed thickness (apart from the blade release shield-
ing) of the fuselage skin assumed here is acceptable for the 
comparative analysis of two configurations. In the future, the 
thickness distribution of the skin fields should be taken from 
a panel and beam sizing process taking into account the real-
istic maneuvering loads; such a sizing process is described 
by Sinha and Klimmek [32]. With CPACS as a common 
data basis, the conditions for a consistent consideration of 
structural design and vibroacoustics are given.

Future work will also add geometrically more 
sophisticated methods for describing and vibro-acoustically 
modeling additional systems, the cabin seats, as well as 
the thermal and acoustic insulation. Furthermore, solver 
efficiency plays an essential role in large-scale simulations 
[33, 34] and is a key limitation in the models presented in 
this work. For this purpose, methods are investigated to 
provide and solve the simulation models with appropriate 
fidelity for the problem under consideration. Since the 
model generator FUGA described in this thesis was 
implemented solver-agnostically, exporting it to open 
source computational code like the Elementary Parallel 
Solver (elPaSo) [35] is also in active development, which 

BPF 2·BPF 3·BPF

10 dB

A
co
us
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c
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l
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gy

[d
B
]

Without shielding
With shielding

Fig. 8   Reduction of acoustic potential energy due to the additional 
shielding
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will enable further research towards solution efficiency and 
model order reduction methods.
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