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Abstract

In this paper, a knowledge-based approach to support analysis model generation is proposed, which aims to
improve consistency among the models used by different contributors in collaborative multi-disciplinary design
optimization, while also being open for adaptation to novel product architectures. This is accomplished by
providing linked design rules in a centralized repository, outlining relationships between different data points
in a central product data format such as CPACS (Common Parametric Aircraft Configuration Schema). Using
graph-based methods, the rules can be combined and executed to provide new product data, which is required
for increasingly detailed analysis model generation, based on previously available information in CPACS. In this
way, the method is open for extension to account for novel product architectures or different design paradigms,
simply by adding new rules to the rule repository.

The tool FUGA (Fuselage Geometry Assembler), which implements the approach for the fuselage design
problem is also presented. Fuselage design includes aspects of preliminary aircraft design, structural design,
cabin design, which are closely interlinked. Furthermore, the range of requirements w.r.t. the level of detail
of the different analysis models involved is large, ranging from a simple outer mold line and mass points in
preliminary design, to detailed 3D models required for industrialization. It is shown how FUGA is applied to
provide consistent geometry models tailored to the specific requirements of the different disciplines.

The extensibility of the approach is demonstrated by including an additional set of rules for placing liquid

hydrogen (LH2) tanks in the fuselage.
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1 Introduction

In order to improve capabilities for aircraft assessment during early design phases, much of the
recent research on multi-disciplinary design optimization is aimed towards extending the scope of the
optimization to new disciplines, such as manufacturing or certification [4} [5]. It has been shown
how the complexity of the design problem can be managed in distributed collaborative processes by
breaking it down into smaller disciplinary design tasks handled by disciplinary experts [6H8]. Whereas
a common data format such as CPACS (Common Parametric Aircraft Configuration Schema) [9+11]
is applied for product data exchange along the so-called digital thread in these processes [2, [3], the
task of building the actual analysis model is usually left to the disciplinary tool provider [12-14].



EXTENSIBLE AIRCRAFT FUSELAGE MODEL GENERATION

Libraries exist to support the model generation by translating key sections of CPACS into CAD geom-
etry [15H17]. However, depending on the respective fidelity levels of the current and the preceding
tools in the process, the tool provider will have to augment any additional information they require to
build the analysis model, which is not yet provided by the product data model. Taking the fuselage as
an example, a structural designer might need to add frame and stringer distributions, while a cabin
designer might add exit positions, both of which are mutually dependent. Currently, there is no auto-
matic way to enforce consistency between the respective assumptions, instead requiring the experts
to be aware of design choices made outside of their domain. As the number of disciplines increases,
this becomes increasingly difficult to accomplish manually.

Another critical aspect is, that disciplinary analysis tool providers are responsible to adapt their initial-
ization tools to changes in architectural requirements, e.g. newly added product components. This
creates room for errors or inconsistencies and impairs the flexibility of the overall design process.

To overcome these limitations, a knowledge-based approach is introduced to automate the data
initialization task and assert consistency with previously generated product data, which is outlined in
section[2] The methodology relies on CPACS as a central product data format and a central repository
of design rules to provide relationships between different data points. New product architectures
can be taken into account by introducing additional rules. In addition to the augmented CPACS
product data set, the method can also provide a CAD geometry model tailored to specific disciplinary
requirements, further reducing ambiguities for analysis model generation.

As an example, the sets of design rules implemented in the fuselage design tool FUGA (Fuselage Ge-
ometry Assembler) are presented in section (3} which provide design and geometry model generation
capabilities e.g. for the fuselage structure and the cabin.

Finally, the capability of the tool to produce consistent geometry models corresponding to the required
levels of fidelity of different disciplinary analyses related to the fuselage, is demonstrated for a con-
ventional single aisle configuration in section In a second step, the rule set is updated to include
liquid hydrogen (LH2) tanks in the fuselage, as proposed by Brewer [18], Silberhorn et al. [19], and
Hartmann and Nagel [20]. The resulting design is compared to the conventional baseline in section

4.2

2 Knowledge-based methodology

The methodology implemented in FUGA is inspired by knowledge-based engineering (KBE) as de-
scribed e.g. by Chapman and Pinfold [21] and La Rocca [22]. The goal is not only to provide a model
generator, which can provide geometry models at several levels of fidelity, but also to assert, that all
additional model details are generated from a consistent parametric basis. This can be accomplished
using a KBE system. La Rocca lists several fundamental elements of any such system, including

* A work space or data repository, which contains the product data,
* A knowledge repository, which contains design rules for the product,

» An inference (or reasoning) engine, which decides which rules to deploy to generate additional
required data.

Implementations of these elements are provided in FUGA. To begin with, the available information
on the product is stored in a central product data model, described in section [2.1, which takes the
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role of the data repository. As new information becomes available, the central product data model is
updated accordingly.

The second element is the design rule or knowledge repository, introduced in section Here, rela-
tionships between individual pieces of data are stored as executable software following a functional
and declarative paradigm. Rules can be defined for both data from CPACS and non-CPACS data
such as auxiliary variables or CAD geometry.

Finally, the design problem is set up based on the information provided by the central product data
model and a query for specific pieces of product information made by a user. If the requested in-
formation is not available, graph-based techniques are applied to identify a sequence of rules for
computing the requested values. This constitutes the inference engine, discussed in section

In section |2.4} it is then explained, how the KBE methodology can be leveraged to produce multi-
fidelity geometry models.

2.1 Central product data model: CPACS

The Common Parametric Aircraft Configuration Schema (CPACS has been introduced to provide a
common data exchange format for different disciplines, scales and levels of fidelity in aircraft design
[10]. Since its introduction, it has been developed continuously and applied in many projects at the
German Aerospace Center (DLR) [11].

Many different authors have made contributions to develop CPACS in their respective fields. The
earliest example has been published by Liersch and Hepperle [9], who not only introduce the overall
structure of CPACS, but also provide a description of the outer mold line (OML) of aircraft bodies
e.g. the wing and fuselage. Each body is defined using a sequence of predefined section profiles.
Building upon this definition of the OML, Scherer and Kohlgriber [23] introduce detailed descriptions
of fuselage structure components to CPACS. Moreover, Walther et al. [24] present a cabin definition,
which allows for the incorporation of detailed component models.

FUGA manages data from CPACS as part of its data repository. However, the contents of the data
repository are not limited to entries in CPACS. Instead, any data type in Python can potentially be
stored. This includes CAD models via the Open Cascade Technology (OCCT) CAD library [25]. It
is also possible to use container formats, such as lists or arrays, which enables efficient vectorized
formulations of rules.

2.2 Design rule repository and rule set management

All design rules in FUGA are implemented and stored as Python classes, which inherit from a common
base class. According to the functional paradigm, each rule can only provide the value of a single
entry of the data repository, which can be accessed via its unique resource identifier (URI). The URI
is stored in the provides attribute of the class. In contrast, any number of data repository entries
can be requested as inputs. The corresponding URIs are stored in a set in the requires attribute.
The compute method accepts a Python-dictionary as input, which contains all data repository entries
specified in the requires set, and returns the new value of the data repository entry specified by the
provides attribute. Beyond this, knowledge engineers are free to adapt the classes as they require.

Since only one return value can be provided per function, the design knowledge base for any given
component usually consists of many different rules. Therefore, rules can be grouped into rule sets,

Thttps://cpacs.de
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Figure 1 — N2 chart showing the rules sets for a basic outside-in design.

to provide a more accessible structure. Integrated problems can be addressed by combining the
capabilities of multiple rule sets. By default, FUGA provides design rule sets fort he structure and the
cabin layout. Corresponding rule sets for the geometry model generation are also available. However,
it is also possible to deploy additional rule sets, to reflect changes in the top level system architecture.
Similarly to the method resolution in object-oriented programming, newly added rules will overrule
existing ones if they share the same provides attribute.

Figure [T] provides an overview of the default rule sets in FUGA, corresponding to a basic outside-in
cabin design, in an N2 chart, built using the openMDAQ framework [26]. Contrary to inside-out design,
where the fuselage is designed around the cabin, the cabin is designed to fit a given outer fuselage
geometry. Aside from rule sets providing interfaces to CPACS and geometric modeling capabilities
for the individual components, the two aforementioned design rule sets are present in the system.
They are further discussed in sections[3.2/and [3.3]

The N2 chart also provides an understanding of the dependencies between rule sets, marked by
the off-diagonal entries. Outgoing connections of the individual rule sets, placed on the main diago-
nal, are placed in the same row, whereas incoming connections are placed in the same column. It
shows, that the inputs for the outer loft and wing model generation are provided by the CPACS file 10
component, whereas the inputs for the structure and the cabin are provided by the design rule sets.
Since the structure design rule set produces raw CPACS data, not all of its outputs go straight to the
structural modeling rule set, but are passed through the data preparation sets first.

Moreover, it is worth noting, that the two design rule sets are mutually dependent, i.e. cabin data is
required for the structural design and vice versa.
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Figure 2 — Maximal connectivity graph of the design and modeling rules by rule sets.

2.3 Graph-based inference engine

The approach to rule representation introduced in [2.2) follows a declarative programming paradigm,
where logical relationships are stated without a predefined control flow. It is left to the framework
to determine the appropriate execution sequence at runtime. Graph-based techniques have been
applied to resolve the dependencies in multi-disciplinary design analysis and optimization workflows
as shown e.g. by Pate et al. [27] and Gent [28]. Very similar techniques can be applied for the
inference engine in KBE problems. The approach implemented in FUGA is based on the NetworkX
Python package [29] and has been described in detail by Walther et al. [17].

The system of rules constituted by the rule sets can be modeled as a directed graph as shown in
figure [2, where the nodes represent a rule (or a data repository entry, since only one is provided per
rule) and the edges illustrate the data flow between the rules. This graph is the maximal connectivity
graph (MCG), which contains all known relationships in the design system.

During system initialization, the data repository is filled with the available information. This can be
accomplished e.g. by importing data from a CPACS data set. To generate additional data the design
engineer makes a query, for missing entries. The KBE problem is then formulated based on which
data is available and which data is requested. To determine the solution, the full problem graph (FPG)
is be extracted from the MCG. The root nodes of the FPG, i.e. nodes with no incoming connections,
contain the data available in the data repository, whereas the leaf nodes, i.e. the nodes with no
outgoing connections are rules, which provide the data requested.

Based on the FPG, an execution sequence for the active rules can be determined, which is referred to
as the problem solution graph (PSG). If no cycles are found, i.e. the FPG is a directed acyclic graph,
Kahn’s topological sorting algorithm [30] will yield a feasible execution sequence. The approach
works irrespectively of the available rules, as long as a path can be traced from the known to the
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requested nodes. As such, extensions of the rule repository via additional rule sets can be taken into
account without additional effort.

Another advantage of the graph-based approach is that the information on the descendants of a data
repository entry, i.e. to which rules it is a direct or indirect input, is always available. This is valuable,
if an entry in the data repository is changed unexpectedly, e.g. through user intervention. In this case,
the system will automatically invalidate all of the entry’s descendants to avoid inconsistencies in the
data.

2.4 Multi-fidelity geometry

The above building blocks, can be utilized to reason on the available information from CPACS and
generate additional product data consistently. In this way, design capabilities can be implemented.
In addition, the same methodology can also be used to derive product geometry models from avail-
able parametric data in CPACS. This task is commonly performed using the TiGL Geometry Library
for CPACS [16l [31], which can not only generate CAD representations of the outer geometry, but also
some additional details such as wing structures and movables. It is implemented using the OCCT
CAD library. Furthermore, TiGL provides the TiGL Viewer, a popular tool for visualizing CPACS files.
However, TiGL does not provide modeling capabilities for the fuselage interior descriptions in CPACS.
Furthermore, only one geometric representation at a specific level of detail for a given component in
CPACS is available. Thus, if more or fewer details are required to build a given disciplinary analysis
model, the geometry must be manipulated by the responsible engineer, which increases the risk of
inconsistencies in distributed processes.

The concept, that different analyses require different abstractions of the product geometry is referred
to as multi-fidelity [32}, 33]. Several authors have proposed so-called Multi-Model Generators (MMG)
to cater to multi-fidelity requirements [22} |34].

To support MMG capabilities, the geometric model generation in FUGA based on CPACS is formu-
lated in a way similar to a feature tree known from CAD applications, on top of the OCCT library. A
feature tree links geometric shapes and operations, such as Boolean operations, extrusions, etc., to
create new components and details based on previously known shapes. This allows for the creation
of more detailed geometry, such as a wing with wingbox and movables, based on less detailed ge-
ometry, e.g. the wing outer shape, and additional information, e.g. wingbox and movable definition
volumes.

With this approach, geometry can be requested from any point along the feature tree. The inference
engine in FUGA will detect and compute the required input geometries, and omit unnecessary details,
which have not been requested. This allows for very efficient geometry model generation. Another
benefit of this formulation is the possibility to connect design and model generation capabilities. This
enables the ad-hoc generation of additional design details, which are missing from CPACS as they
are required for the model generation.

3 Fuselage and cabin desigh and model generation rule sets

The design rules are a crucial element of any KBE system. In order to manage the complexity, the
design rules in FUGA are grouped into rule sets roughly corresponding to design tasks i.e. prelim-
inary design, structural design, cabin layout and hydrogen tank integration. An introduction of the
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Figure 3 — Distribution of profile and component offsets Ax.

knowledge covered by the different rule sets is provided in the following. Both design relationships,
which provide the means to compute unknown product data based on the known data, and geometric
modeling rules, which are required to assemble CAD geometry from the parametric data stored in
CPACS are included.

3.1 Fuselage outer mold line manipulation rule set

Different approaches to describe the outer geometry of a passenger aircraft fuselage have been
described. Depending on the specific design task, either a clean sheet design or a modification of an
existing design, e.g. for family concepts, which share the same cross-section, can be performed.
Many authors show clean sheet geometric design approaches, leveraging CAD modeling [16 |35,
36]. A common trait of all these approaches is, that the fuselage surfaces are built from a series of
cross-section profiles combined with several guide curves, usually the top and the bottom and the
side curve of the fuselage. A clean sheet design offers the freedom, to manipulate both the cross
section e.g. according the number of seats abreast in the cabin, and the lengths of the different
segments.

Even so, in many cases, some aspects of the design may already be prescribed, e.g. the cross-
section for family concepts. The fuselage geometry design task may therefore be reduced to the task
of finding the necessary fuselage length. This can be accomplished by modifying only the length of
the cylindrical section for an existing design provided by a preliminary design synthesizer such as
openAD [37]. Due to its simplicity and the easy implementation in CPACS, the approach has been
selected for the tank integration task in this study.

To apply the desired length difference Al, an offset Ax must be applied to each fuselage profile in
CPACS. As illustrated by figure (3 this is accomplished by dividing the fuselage into three sections.
While the forward section is not modified, the rear section, including the empennage, is offset by
the length difference Al. Applying constant offsets across the sections has the advantage, that the
shape of the non-cylindrical sections remains unchanged, which is in line with a length increase of
the cylindrical section. In the middle section, which also contains the wing, the engines and the main
landing gear, an offset of %’ is applied, to retain a credible wing position.

This distribution is only an estimate and the final result should be validated by re-running the prelimi-
nary design synthesizer with the updated fuselage assumptions. However, it is considered sufficiently
accurate to illustrate the subsequent integration problems within the scope of this study.
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Figure 4 — Multi-fidelity representations of profile-based structural elements.

3.2 Structural layout and geometry generation rule set

Based on the OML, several elements of the fuselage structure must be generated, due to their signif-
icance to the cabin layout generation. Key structural elements include the frames, the floor structure
and the pressure bulkheads. A set of rules, which can be applied to create a structural layout for
CPACS, has been described by Walther and Ciampa and is included in FUGA.

To begin with, the positions of the pressure bulkheads along the longitudinal axis of the fuselage
are determined. A common passenger transport aircraft has pressure bulkheads at the front and at
the rear. The positions are described in terms of offsets from the fuselage end points. If structural
information for a vertical tail plane (VTP) is available, the rear bulkhead can also be placed at the
VTP front spar.

The bulkhead positions are part of a set of main frame positions, which also include wing attachments
and door frames. Regular frames are distributed between the main frames based on a nominal frame
pitch. The default rule is to place frames at equal distance between two main frames. The number of
frames is selected so that the actual frame pitch is less than or equal to the nominal frame pitch.
The floor is determined by a given height for the cabin floor, specified by a z-coordinate. The floor
structure consists of crossbeams, longitudinal beams, support struts and floor panels. A crossbeam
is placed at each frame position, at an offset prescribed by the longitudinal beam profile height.
Support struts may be added at each crossbeam at a given lateral position based on the designated
cargo container size.

Aside from the design, the model generation is also implemented in FUGA. Using the knowledge-
based approach, the level of detail of the geometry can be tailored to requirements due to different
disciplines or levels of fidelity. An example of this is the representation of extruded structural stiffeners
such as frames or stringers, which are defined in CPACS as an extrusion of a cross-section profile
along a curve as described by Scherer and Kohlgriber

In global finite element models, used for structural analysis and sizing, the stiffeners are modeled
as beam elements. In this case, the profile is not modeled geometrically, but taken into account
via beam properties instead. As a result, it is not necessary to compute the extrusion of the profile
along the curve explicitly. The corresponding geometry model is shown in figure For higher
fidelity analysis or detailed visualization, it may however be desirable to consider the cross-section
in more detail using a volumetric representation of the components. In this case, the extrusion can
not be avoided, as displayed in figure [4b] For intermediate cases the extrusion of the profiles is also
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Figure 6 — Example LOPA for a single aisle configuration.

possible without explicitly modeled wall thickness, which is useful e.g. for shell representations in
detailed FEM models.

Explicitly modeled structural cutouts, as displayed in figure [5a], are another example for optional de-
tails. They are defined using Boolean operations, which can become expensive to compute. Similarly
to the extruded profiles, explicitly modeled cutouts are not required e.g. for global finite element mod-
els. Therefore, the computation of the cutouts can also be omitted as shown in figure [5b

3.3 Cabin layout generation rule set

Some structural details, such as the placement of the door cutouts, and consequently the frame
distribution, can not be determined reliably without knowledge of the cabin layout. Furthermore,
accurate knowledge of the cabin is useful to determine the required length of the fuselage. Walther
et al. [39] introduce an approach to generate cabin details based on external component models,
which has been implemented in FUGA.

A primary result of the cabin generation is the layout of passenger accommodation (LOPA) as given in
figure[B] It contains the distribution of the seats and the monuments, such as galleys and lavatories.
In addition, the spaces allocated for the aisle and the passageways and assist spaces at the exits are
shown. The description of the cabin arrangement as shown is fully supported by CPACS [24].

The number of passengers, the seat pitch, the types of seats and number of seats abreast for each
class are among the necessary inputs for the cabin generation. Furthermore, the number and widths
of the aisles must be provided. The exit types can either be prescribed or computed automatically
based on the number of passengers using an optimization algorithm [40]. The longitudinal positioning
can be defined using either passenger percentages or explicit seat block sizes. The corresponding

9
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Figure 7 — Cabin space determination based on frame heights.

passageways and assist spaces are designed according to certification requirements [41]. Monu-
ments are placed at predefined slots relative to the exit passageways.

Aside from the elements of the LOPA, rules for the placement of the secondary structure, including
sidewall panels, overhead storage bins, and ceiling panels are also provided. The placement and
sizing of these components is performed based on the frame positions and the available cabin space.
The space is constructed from the volume circumscribed by the tips of the frames, as illustrated by
figure [7, which is intersected with a box representing the space limits due to the floor height, the
cockpit rear wall and the rear pressure bulkhead.

Similarly to the structure, a variety of geometry models can be derived from the cabin data, depending
on disciplinary analysis requirements. The CPACS definition allows for triangulated models of cabin
components, like the one shown in figure as inputs, which can provide an arbitrarily high level
of detail. For many applications, such as space allocation analysis, the high amount of detail is,
however, not needed and unnecessarily reduces performance. Instead, a simplified bounding box
representation can be derived from the model, as displayed in figure [8b]

For applications, such as dynamic structural analysis, only the mass and position of the component
is relevant, which can be provided in a point mass representation as illustrated by figure [8c} To this
end, cabin components of the groups operator items, payload and furnishings are evaluated based
on empiric and geometric relations. Combined, the three weight chapters contribute approximately
the same mass as the empty mass of the aircraft. For the mass estimation, the geometric place-
ment information available from the cabin design process can be reused and does not need to be
recalculated. These capabilities are deployed as an additional rule set for FUGA an can therefore be
integrated seamlessly with the other design and modeling capabilities.

3.4 Liquid hydrogen tank geometry rule set

To further illustrate the extensibility of the knowledge-based approach, a new rule set to model the
integration of LH2 tanks into the fuselage is introduced. For the purpose of this integration study,
a simplified parametric representation of the tanks is selected, based on simple geometric input
parameters. The estimation of more accurate parameter values has been discussed in separate
studies e.g. by Silberhorn et al. and Burschyk et al. [42].

10



EXTENSIBLE AIRCRAFT FUSELAGE MODEL GENERATION

RaS

(a) Original seat mesh (b) Bounding box from seat mesh  (c) Point mass from bounding box

Figure 8 — Multi-fidelity cabin components.

Figure 9 — Section view of the liquid hydrogen tank with insulation (blue) and wall (grey).

The tank wall is assumed to consist of two layers as shown in figure [9] On the one hand, there is
the inner tank wall made of aluminum or steel, which must sustain the pressure loads from within the
tank. On the other hand, an insulation layer is required to avoid excessive heating of the fuel, whose
temperature is significantly lower than the ambient temperature.

To facilitate integration into the fuselage, the tank is designed inward from the outermost layer. To
this end, a surface representation of the outer shape is constructed first. As illustrated by figure [10a},
the tank consists of a truncated eccentric cone, which is defined by two circular sections with the
centers ¢; and ¢, and the radii r; and r,, and two spherical closing caps with the lengths [/, and /;. To
achieve a smooth transition, a fillet with the radius rsi;.; is applied at the common edges, as shown
in figure [100]

Based on the outer shell, offset-surfaces by the thicknesses of the insulation #;,,5,4ri0n and the wall ¢,
are computed. The innermost offset-surface circumscribes the available fuel storage volume, which
can be computed via OCCT using Gauss integration.

To integrate the tank, the aforementioned design parameters must be determined based on the design
data available for the fuselage. It is assumed, that the tank is placed between the rear bulkhead and
the front spar of the horizontal tail plane (HTP), which yields the available length. The number of
tanks installed back-to-back n,,,.s is another design parameter, that can be specified. For redundancy

11
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(a) Base primitives (b) Fillets applied

Figure 10 — Tank outer shape modeling steps.

Figure 11 — Determination of sections from cabin space surface.

reasons, at least two tanks should be installed. If multiple tanks are present, it is assumed, that the
available length is divided evenly between the tanks.

To determine the positions ¢; and radii r; of the circular sections, the surface shown in figure 7] which
has been constructed from the frame tips to determine the cabin space, can be reused. Assuming
a fixed closing cap length I.. = I} = I, the longitudinal positions of the sections can be determined
from the bounds. The circular section parameters are then given by the inner circle of the slice of the
fuselage surfaces at these positions, as illustrated by figure [11]

4 Application examples

The design capabilities of FUGA are demonstrated using a stretched single aisle configuration for
240 passengers, similar to the Airbus A321neo. In a first example in section [4.7] the multi-fidelity

12
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Use case Extruded structure  Cutouts Cabin components  Consider secondary  Target tool
GFEM geometry false false point true Gmsh
TiGL export false true box false TiGL Viewer
Immersive visualization true true mesh true Blender

Table 1 — Assignment of fidelity settings to the three use cases.

geometry capabilities are highlighted by deriving models at different levels of fidelity from a single
source file, according to the requirements of different use cases. A second example provided in
section where a hypothetical liquid hydrogen tank is added to the baseline configuration, serves
to illustrate the extensibility of the knowledge-based approach.

4.1 Multi-fidelity geometry for the baseline single aisle configuration

Table [1] lists the three use cases considered in this section along with the respective requirements
for the level of fidelity of the models. As discussed in section (3, the level of detail of the extruded
reinforcements and the cutouts can be manipulated on the structural side, whereas simplified rep-
resentations may be used for the cabin components. It is also possible to omit certain component
groups, e.g. the secondary structure.

GFEM geometry with cabin masses From a purely geometrical perspective, the global finite ele-
ment model (GFEM) geometry shown in figure [T2]is the simplest use case. The goal is to assemble a
geometry model, which can be fed to a tool like Gmsh [43], to generate a suitable finite element mesh.
As mentioned previously, structural details are usually expressed via element properties, rather than
detailed geometric representation.

Although the contribution of the cabin is rarely considered in typical GFEM analyses e.g. for struc-
tural sizing, cabin mass points are also provided, which can be added to the model as point mass
elements. The figure shows the final mesh and the point masses plotted in the scientific data visual-
ization tool Paraview?]

On the other hand, some model details commonly found in the state of the art for CPACS-based
GFEM (s. [12, [13]), have not yet been implemented, such as detailed wing-fuselage intersection
regions.

CAD export for TiGL As mentioned previously, the TiGL Viewer is a visualization tool, which is
widely used in the CPACS community. Therefore, an adequate interface is desirable, in order to
make the additionally supported component geometries from FUGA accessible to people familiar
with TiGL. Ideally, the model should convey information similar to the LOPA shown in figure [6]

Since both TiGL and the FUGA geometry modeling rule sets are built upon the OCCT library, an
interface can be implemented using the native BRep format. BRep is designed for CAD geometry,
and is therefore not well-suited for exchange of triangulated mesh data, which is used to represent
the cabin component models. Consequently, the bounding box representations are stored instead.
Furthermore, the structural cutouts are included to show the door positions. The frames and floor
structures are again represented using curves, to manage file size and display performance in the

2https://www.paraview.org/
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Figure 12 — Geometry model for GFEM generation and cabin point masses.

TiGL Viewer. The stringers are omitted to reduce clutter. The resulting model as displayed by the
TiGL Viewer is given in figure[13]

Immersive visualization mesh The immersive visualization model shown in figure [14]is the most
complex of the models shown. It is intended as an alternative to physical cabin mock-ups, e.g. for
evaluation of human factors, providing a digital counterpart by leveraging e.g. virtual reality (VR)
technology. The success largely depends on the level of immersion, which can be augmented by
providing a high level of detail. Consequently, all the options in table [1| are set to their maximum
values. A particularly important point is that, unlike in the previous example, the secondary structures
i.e. panels and overhead storage bins are not omitted, but represented by detailed meshes, since
they occupy a large section of the field of vision in the cabin. The resulting mesh is exported to the
general-purpose 3D modeling environment Blende where it can be further prepared for application
in VR-compatible video game engines [44].

4.2 Fuselage-integrated LH2 tank

In this section, a liquid hydrogen tank is integrated into the fuselage from the previous example
to showcase the extensibility of FUGA. To accommodate the tank, the length of the fuselage is in-
creased, while the number of passengers remains unchanged w.r.t. the baseline design. Accordingly,
the outside-in design system shown in figure[f{|must be extended as shown in figure[15] Both the fuse-
lage extension rule set described in section[3.7]and the tank design rule set described in section [3.4]
which are highlighted in orange, have been added.

The fuselage extension rule set only requires the baseline geometry data from CPACS as input,
along with a nominal frame pitch from the structural design rule set to provide an option to express
the added length in terms of number of frames. The updated raw geometry data is then either passed
through data preparation again or accessed directly by the outer loft model generation.

3https://www.blender.org/
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Figure 13 — Fuselage details shown in TiGL viewer.

Figure 14 — Cut view of a detailed geometry model of structure and cabin for interactive cabin
visualization.
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Figure 15 — N2 chart of the liquid hydrogen tank integration design system.

The tank design is formulated in terms of the available space between the bulkhead and the HTP
front spar, as illustrated by the incoming connection from the wing and structure model generation
rule sets. These positions can be manipulated via the change in fuselage length Al. On the other
hand, the tank must provide sufficient space for a given amount of fuel resulting in a target volume
Viwo. The tank volume Vi g» is a function of both the change in fuselage length and detailed geometric
parameters given in section 3.4}

Vi (Al’ lec, rfilletatinsulationatwallantanks) . (1)
To simplify the problem, the detailed tank parameters are fixed, which reduces the design problem to
Vira (Al) = Vigo. )

The relationship V.2 (Al) can be expressed in FUGA by resetting the value for Al in the data reposi-
tory, invalidating all of its descendants, and re-evaluating the system to receive the updated volume.
The problem can then be solved for the necessary Al for the fuselage by finding the scalar root for

g(Al) = Vi (Al) — Vitr =0 (3)

using e.g. the secant method. In this way, the feedback connection between the fuselage and tank
design rule sets, which is marked in orange in figure can be integrated into the system and
resolved. In this study, the secant method implemented in SciPy is applied.

The resulting geometry models are shown in figure assuming a design with one, two or three
tanks. For a hypothetical short-range design mission, a target volume V5, = 55m> is assumed,
based on reference data by Brewer and Burschyk et al. [42].

A summary of the distribution of the individual tank volumes and lengths is provided in figure [17]
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Figure 16 — Detailed geometry output for layouts with integrated LH2 tank.
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Figure 17 — Comparison of tank volume and length for the layouts given in figure

While the accumulated volumes amount to the prescribed 55m° in all cases, the distribution of the

volume among the tanks, if multiple tanks are installed, is biased towards the front. This is due to the
assumption of evenly divided tank lengths, which are also reflected in the figure. In combination with
the decreasing cross-sectional area of the fuselage towards the rear, it causes the tank volumes to
decrease. Thus, a criterion for the relative tank sizes based on an even distribution of the volume may
in fact be preferable for the sake of improved redundancy. The cumulative tank lengths show a clear
advantage to having the least number of tanks possible, since less space is lost due to intermediate
walls.

The above results show a consistent geometric solution for a tank integration. This is not neces-
sarily synonymous with a feasible engineering solution. A fuselage length increase of up to 10m will
inevitably have substantial impact on the overall aircraft design, requiring changes e.g. in the wing
and empennage sizing, or the landing gear. Therefore, it is important to iterate the results with a
preliminary design synthesizer, such as openAD before making a final assessment of the design.

5 Conclusion

In this paper, a knowledge-based methodology has been presented, which can be applied to gener-
ate product details necessary to supply geometry models for analyses for different disciplines or at
different levels of fidelity. Using CPACS as an aircraft product data repository and a comprehensive
set of design and model generation rules, provided by the KBE tool FUGA, it has been shown, that
consistent geometry models tailored to specific fidelity requirements of various use cases can be
provided.

Furthermore, the concept of rule sets has been introduced, which can be used to structure the avail-
able rules and deploy them according to the design task at hand. New rule sets can be added to
expand the scope of the design capabilities, or incorporate different product architectures. The feasi-
bility is demonstrated by expanding an outside-in fuselage design process with new rule sets to solve
the problem of integrating a liquid hydrogen tank into the fuselage.

The results show, that the knowledge-based system implemented in FUGA can help integrate design
and geometry generation tasks. They also show, that geometrically feasible solutions do not always
correspond to valid engineering solutions. For instance, for the hydrogen tank example, better in-
tegration, both with preliminary aircraft design and hydrogen tank detail design will be necessary to
provide a reliable design proposal. The value of FUGA in this scheme is, that it can provide consistent
suggestions for the respective experts to evaluate.

Furthermore, improvements can be made to the knowledge-base, not only by adding new rule sets,
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but also by expanding the existing rule sets. For example, adding the wing-fuselage intersection areas
to the structural modeling rule set will further improve the geometry model for the GFEM generation,
whereas an implementation of a fully automatic cabin layout generator based only on the number of
passengers will enable more complex tank integration scenarios, where the tank size can be traded
with the fuselage length and the number of passengers.

With its extensible modular architecture and support for multi-fidelity geometry, FUGA has the poten-
tial to become a knowledge hub for highly integrated multidisciplinary design and analysis processes
of the fuselage and cabin, providing product data ranging from a basic LOPA to complex on-board
system layouts. In this way, it can provide the basis for applications as diverse as finite element analy-
sis for vibro-acoustics, manufacturing simulation and human-centered assessment using VR. As a
result, further research is ongoing, both to develop stable automatic interfaces to analysis tools and to
formulate further existing design knowledge, e.g. on on-board systems or manufacturing processes,
in terms of FUGA rule sets.
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