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Abstract

Liquid hydrogen (LH;) as an energy source is viewed as a potential path to achieve carbon
neutral commercial aviation, albeit accompanied by a plethora of structural, thermal and
safety challenges that still need to be resolved. With respect to a LH; tank’s structural
integration aspect, static, damage tolerance and impact/crashworthiness responses need
to be investigated. In the present work, an efficient structural integration concept of LH,
tanks into a Regional Commercial Aircraft fuselage is proposed, analyzed and preliminary
designed, as part of the Clean Aviation project HERFUSE. The main purpose of the work is
the feasibility assessment of introducing adhesively bonded solutions in the connection
of LHj tanks to the aircraft fuselage. The initial design of the potential mounting system
configuration was investigated via a finite element parametric simulation model that was
developed for this purpose and used to analyze different variations in the proposed concept,
under certification relevant load cases. Different variations in the mounting system were
assessed, considering their effect on the stress concentrations developed in the fuselage and
the tank structure, as well as induced deformations and potential joints debonding. The
results indicated that the utilization of adhesive bonding elements in the design of an LH,
tank integration system is conceptually efficient, although the specific configuration-related
shortcomings that were identified need to be tackled. As far as the preliminary design study
results are concerned, the minimum required number of joining elements were identified
and an initial mass prediction of the mounting system was performed to be used as initial
value in the entire hybrid—electric novel aircraft design loop. Future studies on the detailed
design and sizing of the mounting system, as well as to incorporate dynamic crash analyses
and implementation of energy absorbing elements are needed.

Keywords: aviation; finite element modelling; cryogenic tank; liquid hydrogen; structural
integration; composite aircraft fuselage

1. Introduction

The aviation sector currently accounts for approximately 2.5% of global CO, emis-
sions. Following the COVID-19 pandemic, the industry has rebounded, and global air
travel demand is projected to double by 2050. Even by assuming that the current pace of
technological advancements will keep on, the net-zero carbon emissions goal of aviation
by 2050 is not achievable without a disruptive technological breakthrough. This means
that meeting the set ambitious climate targets requires radical aircraft redesigns that revisit
fundamental design assumptions which have remained largely unchanged for decades
such as electric and hydrogen propulsion. The adoption of liquid hydrogen (LH;) as an
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aviation fuel introduces substantial challenges related to storage, integration, safety, and
certification. In contrast to conventional kerosene fuel systems, LH, must be stored at
cryogenic temperatures, requiring vacuum-insulated tanks and specialized distribution
systems and novel integration solutions.

Among the most critical challenges associated with LH-powered aircraft is the struc-
tural integration of the fuel tanks. Conventional aircraft store fuel within internal cavities
of the wings or conformal or non-conformal tanks in the fuselage. LH, tanks are typically
spherical or cylindrical and must be installed within the rear unpressurised fuselage section.
Their integration must satisfy multiple requirements stemming from structural limitations
under normal operating conditions and their behavior in emergency landing situations to
ensure the appropriate level of damage tolerance and safety.

Research on hydrogen-powered aviation dates back to the second half of the twentieth
century. A notable early demonstration is the Tupolev Tu-155, a modified Tu-154 aircraft
that operated using hydrogen fuel for one of the trijet’s engines. In more recent decades,
research initiatives such as the Cryoplane [1], H2ELIOS [2], and fLHYing tank [3] projects,
have contributed to advancing hydrogen aviation concepts. However, much of this work
has focused primarily on the development of cryogenic fuel tanks, as well as the logistical
and economic aspects of hydrogen adoption, including infrastructure requirements and
turnaround constraints, rather than on structural integration challenges.

From a material selection viewpoint, hydrogen-material interactions are of primary
importance due to the potential degradation of the materials properties. Hydrogen em-
brittlement of metallic materials as well as hydrogen permeability in composite polymers
necessitate understanding of the internal mechanisms that take place in fuel tanks’ ma-
terials, since hydrogen comprises very small molecules. Among other, a metallic alloy
widely used in extreme environments, such as gaseous hydrogen tanks, owing to its high
strength and corrosion resistance is Inconel 718 (IN-718). Banerjee and Balasubramanian
investigated aspects such as hydrogen adsorption, hydrogen diffusion and dislocations
of the crystal structure of IN-718 [4]. Their findings illustrate that hydrogen diffusion is
relatively slow, however it depends on temperature, hydrogen concentration as well as
the quality of the material and defects in its microstructure. Polymeric composite systems
under cryogenic conditions have also been investigated, e.g., Grenoble and Gates investi-
gated the permeation of hydrogen through polymer liners in Type IV cryogenic tanks [5],
concluding that problems with permeability arise due to microcracks in the material, which
occur under mechanical and thermal loads. Given that these microcracks are unavoidable,
damage tolerance and monitoring leak rates become the primary design considerations in
these cases.

Relevant insights can also be drawn from studies on liquefied natural gas (LNG)
aviation concepts, given the similarities in storage requirements and integration challenges.
Rompokos et al. [6] investigated the feasibility of LNG implementation in civil aviation,
focusing on tank design, fuel composition, airframe modifications, and propulsion system
performance using a Boeing 737-800 short- to medium-range (SMR) aircraft as a reference.
Their results indicated reduced mission fuel mass and CO, emissions, albeit at the expense
of increased energy consumption and reduced range.

From a logistical and economic perspective, Mukhopadhaya and Rutherford [7] as-
sessed the performance characteristics, fuel-related costs, and emissions of LH,-powered
aircraft, examining both a regional turboprop (ATR 72) and an SMR aircraft (A320neo).
Their findings suggested that LH,-powered aircraft could contribute to achieving long-
term climate goals, despite performance penalties and higher energy consumption per
passenger, and remain favorable compared to non-biomass sustainable aviation fuels.
Mangold et al. [8] investigated LH; refueling procedures in comparison with conventional
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Jet-A operations, concluding that although LH; refueling is generally slower, the differences
are not prohibitive and can, under certain conditions, approach conventional refueling
times. They further assessed the implications for airport infrastructure and aircraft design.

Several review studies have addressed hydrogen aviation from a broader systems
perspective. Nisi and Tang [9] reviewed the state of the art in hydrogen technologies,
with particular emphasis on cryogenic storage, blended-wing-body aircraft concepts, and
distributed propulsion systems, while also evaluating regulatory and economic barriers.
Tiwari, Perkis and Doherty [10] surveyed both academic and industrial developments
related to hydrogen aircraft and their enabling technologies, concluding that such aircraft
are technically feasible and could enter service by mid-century, provided that environmental
impacts and supporting infrastructure are adequately addressed.

From a technical standpoint, El-Adawy et al. [11] reviewed hydrogen storage solutions
for aviation, identifying weight, volume, and safety as the principal challenges. Three
storage states were considered: compressed gaseous hydrogen, cryogenic liquid hydrogen,
and solid-state storage using chemical carriers, adsorbents, and metal hydrides. The authors
emphasized that the integration of hydrogen storage systems remains an unresolved
challenge, necessitating extensive redesign of aircraft structures and systems.

Focusing specifically on LH; storage in aircraft, several studies have examined cryo-
genic tank design and performance. Johnson, Baltman and Koci [12] evaluated insulation
concepts to quantify venting requirements and their impact on fuel consumption, conclud-
ing that vacuum-insulated composite tanks offer superior performance. Tzoumakis, Fo-
topoulos and Lampeas [13] investigated the design of an internally stiffened, foam-insulated
cryogenic tank for regional aircraft using a coupled thermal-mechanical approach. Xisto
and Lundbladh [14] examined LH; storage limitations for long-range aircraft, particularly
the performance of rigid foam-insulated tanks integrated within conventional airframes,
reporting increased energy consumption compared to Jet-A-powered configurations.

Giannopoulos and Theotokoglou [15] proposed a preliminary methodology for de-
riving simplified loading spectra for fatigue and damage-tolerance assessment of LH,
tanks, highlighting the lack of experimental data on fracture toughness and crack growth
behavior at cryogenic temperatures. Certification-related challenges were discussed by
Spencer [16], who examined issues such as crashworthiness, explosion prevention, and
inerting across multiple aircraft configurations. Gomez and Smith [17] analyzed conformal
tank integration concepts, focusing on tank sizing, fuselage modifications, and stress distri-
butions under critical loading conditions. Onorato, Proesmans and Hoogreef [18] compared
hydrogen tank integration strategies across different aircraft sizes, concluding that integral
tanks are more advantageous for larger aircraft and that distributed tank configurations can
offer energy efficiency benefits. Gallois, Giannopoulos and Theotokoglou [19] conducted
a qualitative assessment of LHj tank crashworthiness, comparing fuselage-internal and
above-cabin tank placements, emphasizing the dependence of optimal solutions on aircraft
layout and evolving airworthiness requirements.

Despite extensive research on tank design and hydrogen aircraft operation and logis-
tics, a significant gap still remains in the structural integration of LH, tanks within the
aircraft fuselages. Specifically, the previous mentioned research has primarily focused
on cryogenic tank design and insulation technologies, as well as logistic and economic
aspects of LH, adoption in commercial aviation, with almost no attention given to the
important topic of structurally integrating LH, tanks into fuselages. As a result, the com-
prehension of the mechanisms and limitations associated with LH; tank integration in the
LH,-powered aircraft is completely lacking, while there are no published investigations
with respect to appropriate mechanical integration concepts of LH, tanks into commercial
aircraft. In this context, the present study performed in the frame of the Clean Aviation
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project HERFUSE [20], includes a proposal of a structural integration mounting concept,
based on adhesively bonded brackets to the crown of the fuselage and the tank upper
section. In addition, the proposed concept is analyzed, investigated and preliminarily
designed. A parametric finite element model is developed for this purpose and used to
parametrically simulate the mechanical response of the system, in order to evaluate the
mechanical performance of different concept configurations under inertial loads deriving
from EASA’s certification requirements for the CS25 aircraft. The performed investigation
resulted in the successful assessment of the feasibility of the proposed concept, provided
initial appropriate design configurations and identified the key design aspects that require
further development towards the detailed design of the integration solution.

2. Proposed Structural Integration Concept

The structural integration of double-walled, vacuum-insulated cryogenic tanks within
an aircraft fuselage presents a particularly challenging design problem. Key considerations
include minimizing heat transfer through the interfaces to the tank, ensuring damage-
tolerant resistance of the connection between the tank and the airframe, and ensuring
adequate protection against excessive tank deformation and failure under emergency and
crash landing conditions.

In parallel, specific design measures are required to mitigate the risk of tank failure.
As discussed in [16], hydrogen exhibits a wider flammability range and a significantly
lower ignition energy threshold than conventional kerosene fuels. Furthermore, due to
hydrogen’s low boiling point (approximately 20 K at atmospheric pressure), any leakage
from a cryogenic tank would result in rapid vaporization, thereby increasing ignition and
explosion risks. The current certification specifications have been developed primarily for
kerosene-based fuel systems and are not directly applicable to LH, storage.

To address these safety considerations, the positioning of the tank within the fuselage
is critical. In the proposed concept, the upper side of the fuselage frames area was selected,
in order to avoid direct mounting of the tank on the lower fuselage side, which undergoes
excessive deformation and failures in the critical situations of an emergency landing or crash.
This leads to the mounting of the hydrogen tank on the upper fuselage area, suspending it
from its upper side. Due to the difference in diameter between the fuselage and the tank,
and the eccentric upwards offset installation, a clearance between the tank and the lower
fuselage elements is created. This space allows for adequate fuselage deformation during
impact or crash landing scenarios and provides sufficient volume for the introduction
of energy-absorbing structures below the tank, thereby enhancing crashworthiness, as
illustrated in Figure 1.

With respect to the selection of joining elements, an efficient integration concept must
employ joints that minimize stress concentrations into both the fuselage and the tank, while
limiting thermal conduction into the tank. In this frame, and to address structural integrity
and damage tolerance requirements, bonded joints are proposed and investigated as the
primary load transfer elements. Given the known limitations of bonded joints, particularly
their susceptibility to debonding under peel or normal loading, appropriate joining ge-
ometries were selected that redirect the load path, such that the bondline is predominantly
loaded in shear. Various alternative joint geometries, such as those illustrated in Figure 2,
have been previously investigated for aeronautical applications, e.g., [21]. Based on an
initial analysis and the current application requirements, the L-joint type was initially
identified as the more suitable and was adopted for the proposed integration system.

As mentioned prior, to enable the attachment of the tank to the upper crown of the
fuselage, shear loaded adhesively bonded joints are investigated. Adhesive bonding is se-
lected over mechanical joints to reduce stress concentrations. High-performance cryogenic
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tanks are usually constructed from laminated composites, as are most modern aircraft fuse-
lages, to achieve a higher strength to weight ratio. Laminated composites are susceptible to
delamination and bearing type failures when connected via mechanical fasteners. Adhesive
bonding provides a uniform distribution of the load over a larger area, minimizing the risk
of damage to these materials, providing a higher level of damage tolerance, an essential
aspect of attaching the highly sensitive composite cryogenic tanks. To mitigate the risk of
disbond under normal loads, shear loaded joints providing a more reliable connection are
selected. The joint geometry that was selected was double symmetrical L-joints. The lower,
horizontal flange of the joints is bonded to the outer surface of the tank, while the vertical
flange is bonded to the faces of the frames, which provide adequate rigidity and strength
to receive the loads exerted by the tank’s mass. Figure 3 illustrates the examined structural
integration approach. Attaching the tank from the top of the fuselage significantly reduces
the risk of the structural integrators penetrating the tank, as would be the case with at-
taching the tank to the bottom of the fuselage, since under high loads, detachment of the
brackets is expected.

Fuselage

Energy Absorbing

Figure 1. Schematic representation of eccentricity between the tank and the fuselage.

L

L-Joint Profile

A

T-Joint Profile Symmetric L-Joint Pi-Joint H-Joint | L-Joint and H-Joint
Profile Profile |Profile Combination

Figure 2. Schematic representation of the considered bonded joint profiles, L-profile selected.

Selection of materials for the proposed mounting concept was performed based on
applicability as well as meeting the specific demands of the concept’s components. The
materials used for the structural components of the fuselage—tank interfaces are summa-
rized in Table 1. These materials have been selected due to their relevance to aerospace
applications and their well-documented mechanical behavior in the existing literature.
AS4 carbon fiber reinforced PEEK thermoplastic matrix was used in the fuselage barrel
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section. Compared to thermoset composite materials, the internal semicrystalline structure
of thermoplastics leads to improved fatigue [22,23] and impact damage tolerance [24-28].
Non-Crimp Fabric (NCF) T700 carbon fiber reinforced RTM6 resin was used for the tank—
fuselage structural interfaces. High out-of-plane mechanical performance is required in
applications such as brackets; therefore, NCFs composites have been selected, as acceptable
materials in such applications, as is demonstrated in [29-32].

Fuselage Frame

(b)

Figure 3. (a) Structural integrator isometric view (fuselage frame, tank and brackets colored in green,

cyan and orange/yellow respectively), (b) structural integrator sketch side view.

Table 1. Mechanical properties of the materials used.

Properties AS4/PEEK  T700/RTM6
Elastic modulus in fiber direction—Eq; [GPa] 129 [33] 128 [34]
Elastic modulus transverse to fiber direction—FE,, [GPa] 9.4 [33] 10.5 [34]
Elastic modulus through the thicknessE33 [GPa] 9.4 [33] 10.5 [34]
Poission’s ratio on XY plane—vqp 0.32 [33] 0.3 [34]
Poission’s ratio on XZ plane vi3 0.32 [33] 0.3 [34]
Poission’s ratio on YZ plane vy3 0.35[33] 0.3 [34]
Shear modulus on XY plane—Gj, [GPa] 4.5 [33] 4.22 [34]
Shear modulus on XZ plane—Gj3 [GPa] 4.5 [33] 4.22 [34]
Shear modulus on YZ plane—Gj3 [GPa] 3[33] 4.22 [34]

Ply thickness [mm] 0.125 0.125

Provided that the main objective of the present study is to assess the structural re-
sponse and restraint effectiveness of different integration configurations rather than to
perform their detailed design, the material modeling was kept simple; thus, the post-
failure behavior (material plasticity and failure) were not modeled, which however, did
not prevent the comparison between the different variations in the structural integration
approach, and the drawing of conclusions regarding the most promising configurations of
the proposed concept.

Perfect bonding conditions were assumed at all interfaces of the global model. Debond-
ing and interface failure at global geometry level will be considered in future studies using
more detailed tank and fuselage geometries. For the Cohesive Zone Modelling (CZM),
FM300 film adhesive properties were used, since it is widely used in the aviation sector,
both civilian and military. The performance of the adhesive is reported under a wide range
of conditions, i.e., static in [35,36], fatigue in [37] and under hot and humid environments
in [38,39]. The properties used for the CZM analysis are presented in Table 2.

Structural integration systems for onboard energy storage must withstand not only
normal operating loadings, but also those arising from other scenarios, such as emergency
landings and crash events. According to EASA CS-25.561 and CS-25.963 [40], large transport
aircraft must satisfy prescribed inertial load requirements in the forward, rearward, upward,
downward, and lateral directions. These inertial loads were considered as the most critical
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loads that drive the design, while aerodynamic and ground loads have already been
considered in the fuselage structural design. For the present analysis, rearward acceleration
was not considered due to the geometric symmetry of the model and its relatively low
magnitude (1.5 g) compared to the forward acceleration case (9 g). This load case will be
included in future studies as the model evolves toward a more detailed fuselage geometry
to ensure completeness. The load cases presently examined are presented in Table 3.

Table 2. Mechanical and fracture properties of FM300 film adhesive.

Properties Value
Young’s modulus—E [GPa] 2.45 [35]
Shear modulus—G [GPa] 0.89 [35]

Strength in normal direction—o¢ [MPa] 53 [36]
Normal strain at failure—e¢; >5% [35]

Shear strength—r; [MPa] 35 [37]
Fracture energy release rate in Mode I—Gj. [N/mm] 1.82 [35]
Fracture energy release rate in Mode II—Gyj. [N/mm] 4.897 [35]

Table 3. Static inertial load cases examined.

Direction Magnitude
Forwards 9 g (88.29 m/s?)
Downwards 6 g (58.86 m/ s?)
Upwards 3g(29.43m/s?)
Lateral 3g(29.43 m/s?)

Having conceptually designed the mounting system, the effects of its main parameters
on the structural response of the fuselage frames and the tank shell are studied in the
following sections.

3. Development of Parametric Simulation Model of the Mounting System

3.1. Model Geometry

A fuselage barrel section representative of a regional or commuter-class aircraft was
modeled to investigate the critical design features of the proposed tank integration concepts,
illustrated in Figure 4. The primary response quantities of interest include load distribution
within the structural integrators, stress levels in fuselage components, and the stress and
displacement response of the tank.

Figure 4. Isometric view of the geometry examined.
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3.1.1. Fuselage Section

A circular fuselage cross-section representative of a regional aircraft was selected
for this study. The resulting structural behavior is expected to be representative of more
complex fuselage configurations under the examined loading conditions. Details for the
fuselage barrel section are presented in Table 4. The primary dimensions are also illustrated

in Figure 5.

Table 4. Fuselage barrel section details.

Dimension Value Units
Fuselage section length 5750 mm
Fuselage section diameter 2720 mm
Fuselage section skin thickness 1 mm
Fuselage section material AS4 /PEEK -
Fuselage section lamination [0/45/90/—45]s -
> ©2720mm 2

; 355 mm

21810 mm 4—' 500 mm

>

wuw 00zs

5750 mm

>

<
»

Figure 5. Fuselage and tank primary dimensions.

The fuselage section includes forty C-shaped stringers evenly distributed along the
circumference, corresponding to an angular spacing of 9°. These stringers provide longitu-
dinal stiffness and facilitate the transfer of axial loads along the fuselage. Their dimensions

are listed in Table 5.

Table 5. Stringers’ geometrical details.

Dimension Value Units
Stringer profile C-Shaped
Stringer width 3 mm
Stringer height 10 mm
Stringer thickness 1 mm
Stringer Material AS4/PEEK -
Stringer Lamination [0/45/90/—45]s -
No. of Stringers 40 -

The fuselage frames were modeled using a T-shaped cross-section to facilitate attach-
ment of the support brackets. This representation provides sufficient fidelity to capture load
paths and deformation behavior, and the results are expected to be transferable to more
detailed frame geometries. The geometric details of the frames are presented in Table 6.
Sketches with the frames’ and stringers’ profiles are presented in Figure 6.
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Table 6. Frames’ geometrical details.

Dimension Value Units
Frame profile T-Shaped -
Frame width 30 mm
Frame height 40 mm

Frame thickness 4 mm
Frame material AS4/PEEK -
Frame lamination [0/45/90/ —45]45 -
Frame pitch 500 mm
] 3

40

30 ~ i

(@) (b)

Figure 6. (a) Frames’, (b) stringers’ profiles.

3.1.2. LH, Tank

Independent vacuum-insulated LHj; tanks typically consist of two concentric shells—
an inner pressure vessel and an outer shell—connected by thermally efficient supports
designed to minimize heat transfer. As the detailed internal structure and insulation system
are beyond the scope of the present work, the tank walls were modeled with increased
thickness relative to practical designs. Similarly, the pressure of the inner tank is typically
between 3 and 6 bar, however this pressure does not have a significant effect on the outer
shell that is modeled presently. The selected approach reduces the likelihood of localized
buckling, wrinkling, or unrealistic stress concentrations.

The tank is positioned eccentrically within the fuselage, with its center located 355 mm
above the fuselage centerline. This offset was selected to allow for crashworthiness tolerance
and has a direct influence on the structural response, particularly under longitudinal and
lateral inertial loading. The dimensions of the tank are presented below in Table 7 and have
been selected as representative of a regional aircraft LH, tank. The total mass of the tank is
1100 kg. This mass is derived by an assumption of 600 kg of fuel mass, plus an additional
300 kg of systems, in addition to the mass of the tank’s structure. The tank was modeled as
a deformable cylindrical shell with hemispherical end caps. Internal stiffening structures,
commonly used in practice, were not explicitly modeled.

Table 7. Tank geometric details.

Dimension Value Units
Tank length 5200 mm
Tank radius 905 mm
Tank material AS4/PEEK -
Tank lamination [0/45/90/ —45]4g
Tank thickness 4 mm
Total tank mass 1100 kg
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3.1.3. Tank—Fuselage Structural Interface Concept

The interface brackets proposed in the present work consist of L-shaped joints and
are symmetrically attached to both the fuselage frames and the tank. Given the T-shaped
profile of the frames, symmetrical L-joints provide consistent load transfer characteristics.
Hereafter, the structural integration components will be referred to as brackets, with each
bracket consisting of two L-joints. The dimensions and characteristics of the structural

integrators are listed in Table 8.

Table 8. Structural integrator geometric details.

Dimension Value Units
Bracket width 150 mm
Inner bracket height 115 mm
Outer bracket height 165 mm
Bracket material AS4/PEEK -
Bracket lamination [0/45/90/ —45]4s -
Bracket thickness 4 mm
Bond surface area on frame per L-joint for inner brackets 5572 mm?
Bond surface area on frame per L-joint for outer brackets 5640 mm?
Bond surface area on tank per joint 22,526 mm?

Four integration configurations were parametrically investigated based on an initial

estimation of the expected load distribution:

e Configuration A: Eight brackets attached to the frames from the top.

e Configuration B: Eight brackets attached from the top at a wider angular spacing.

e  Configuration C: Sixteen brackets combining Configurations A and B.

e Configuration D: Twelve brackets similar to Configuration C, excluding four outer

brackets near the mid-length of the tank.

The additional mass for the installation of the LH, tank structural integrations config-

urations is presented in Table 9.

Table 9. Installation mass for the four configurations.

Configuration Mass (kg)
A 3.798
B 3.783
C 7.580
D 5.689

The representative geometry and bracket layouts for each configuration are illustrated

in Figure 7.

Expected advantages and disadvantages of the four configurations are presented

in Table 10.

Table 10. Advantages and disadvantages of the four configurations examined.

Configuration Advantages Disadvantages
Simplicity of less structural Fewer structural integrators lead
integrators to higher load on each bracket
Configuration A E .
reurat xpected advantageous Reduced expected mechanical

mechanical response under
axial loads

performance under lateral loads
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Table 10. Cont.

Configuration Advantages Disadvantages
Simplicity of less structural Fewer structural integrators lead
Configuration B integrators to higher load on each bracket

Expected advantageous
mechanical response under
lateral loads

Reduced expected mechanical
performance under axial loads

Best expected mechanical
Configuration C performance among the
configurations

Increased installation mass
and complexity

Mechanical performance
Configuration D possibly comparable to
Configuration C

Trade-off between complexity,
mass and performance

Figure 7. The four configurations examined.

3.2. Finite Element Modeling Details

The analyses performed were quasi-static and no sloshing or similar dynamic phenom-
ena were considered. Similarly, in this work, emphasis was placed on the mechanical aspect
of the integration, and therefore no thermal phenomena were simulated. Heat insulation
design aspects are primarily considered during the design of the cryogenic tanks, which is
beyond the scope of the present work. Due to the tank thermal insulation, investigation of
the bonding behavior under such temperature gradients is not required in the present study.
Similarly, hydrogen embrittlement due to hydrogen permeation is not considered, because
the structural integrators between the tank and the fuselage are not in contact with the fuel
nor in its proximity. The simulations of the LH; tank integration scenario into the fuselage
barrel section were performed using ANSYS Workbench 2025R1 with the Mechanical APDL
solver. The geometry was developed in SpaceClaim, enabling parameterization for efficient
geometric modifications. The geometry was then imported into ANSYS Mechanical, where
material properties, ply orientations, and laminate definitions were assigned.

SHELL181 elements were employed for all shell components. To ensure that the
numerical results were independent of the mesh density, a mesh convergence study was
performed setting the convergence criterion to 2.5% difference in node displacements
between the iterations; as a result, an element size of 10 mm was selected for the structural
integrators and the stringers, 5 mm for the frames and 50 mm for the tank and the fuselage
skin, providing accurate stress predictions, while avoiding numerical singularities and
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maintaining reasonable computational cost. A figure of the shell elements formulation [41]
as well as the model’s element discretization is displayed in Figure 8.

)

KL
j y
I J

Triangular Option

not recommended
KEYOPT(11) =0 . ) KEYOPT(11) = 1

(a)

Figure 8. (a) SHELL181 element formulation, (b) model element discretization.

Contact definitions, boundary conditions, and inertial loads were subsequently ap-
plied. The additional mass of the tank was input as a distributed load on the inner surface
of the tank. The fuselage barrel section was fixed at both ends, and inertial loads were
applied to the entire assembly as illustrated in Figure 9. No additional loads were con-
sidered, as the modeled section is located aft of the rear pressure bulkhead within an
unpressurized compartment.

T
1

Figure 9. Finite element model boundary conditions.

The mechanical response of the four configurations was evaluated by examining the
state of the structural integrators, their effect on the tank and on the fuselage. The reaction
forces of the structural integrators, the load distribution as well as their stress distribution
were analyzed to examine whether each configuration can effectively carry the loads. The
effect of the structural integration approach on the tank was investigated by examining the
stress distribution and the displacement and deformation of the tank, while the effect on
the fuselage was analyzed by the stress distribution on the frames and the stringers.

3.3. Component Level Cohesive Zone Modeling

Following the global analyses, component-level CZM was performed on selected
critical brackets, to assess the potential for debonding. Critical brackets were identified as
those experiencing the highest normal and shear loads in the global model.

The local debonding analyses were conducted using LS-DYNA R8, due to its flexibility
in switching between implicit and explicit solution schemes when convergence issues arise.
In explicit analyses, care was taken to minimize dynamic effects and ensure that kinetic
energy remained negligible relative to internal energy.

At the component level, brackets were modeled using constant-stress solid elements
(ELFORM_01), while the adhesive layer was represented using four-point cohesive el-
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(a)

ements (ELFORM_19) [42] with a bilinear traction-separation law (MAT_138) [43]. A
schematic of the element formulation and constitutive behavior is provided in Figure 10.

traction

Figure 10. (a) Cohesive element formulation in LS-DYNA [42]. (b) Bilinear traction-separation
material model [43].

Boundary conditions were applied such that the upper end of the model was fixed,
while the load extracted from the corresponding global analysis was applied on the bracket,
illustrated in Figure 11.

(b)

Figure 11. Component level model geometry (a) isometric view, (b) side view.

This multi-scale modeling approach provides a robust framework for evaluating
structural integration concepts, identifying critical stress regions, and assessing the relative
performance of different configurations under representative inertial loading conditions.

4. Concept Variations Results and Discussion

In the present analyses, emphasis is placed on the relative performance of the four
alternative configurations rather than on absolute stress or displacement values. In certain
cases, as prefaced, high stress values beyond the strength of the materials might be observed
due to lack of damage modeling. Given the nature of this investigation as a feasibility
study, comparing different configurations is still possible even with this limitation. In
next studies, enhancement of the representative geometry will yield more realistic results
via optimization and more detailed design, bracket resizing or local reinforcement of the
components involved.

The following results compare the mechanical response of the structural integrators
and their effects on the tank, fuselage frames and stringers. More specifically, the presented
magnitudes include load distribution and stress levels in the brackets, tank displacement
and stress, and stress on the fuselage barrel section. Bracket loads are grouped into four
categories according to their position, as illustrated in Figure 12. In the load distribution
bar charts that follow, the primary bars represent the average load within each group, while
the secondary black bars indicate their minimum and maximum values.
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Figure 12. Grouping of structural integrators.

For the vertical and lateral inertial load cases, loads were transformed into a local
coordinate system for each bracket. Loads acting normal to the tank surface were extracted
to evaluate normal (peel or compressive) loading, while transverse components were used
to assess shear loading, as illustrated in Figure 13. Results are presented on a per-load-case
basis, with the primary objective of assessing the applicability and performance of each
structural integration configuration.

Global Z

Global Y

>

Figure 13. Transformation of force reaction on structural integrators from global (green) to bracket
(red) coordinate system.

4.1. 9 g Forward Acceleration Introduced as Static Inertial Load

The forward acceleration case represents the most critical loading scenario due to the
high inertial forces involved. Analysis of the longitudinal reaction forces on the brackets,
presented in Figure 14a indicates that configurations with a higher number of brackets
result in a more uniform load distribution. Under this load case, adhesive bonds are most
susceptible to debonding, particularly in regions where load transfer induces bending in
the brackets between the fuselage frames and the tank attachment points.

Across all configurations, a consistent load distribution pattern is observed; brackets
located near the upper region of the tank experience higher loads than those positioned
closer to the sides. This behavior is attributed to the reduced compliance of the upper
brackets, which have shorter effective lengths due to the eccentric placement of the tank
relative to the fuselage centerline.
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Load Distribution per Row of Brackets -
Longitudinal Inertial Load Case

Maximum Bracket Stress - Longitudinal
Inertial Load Case
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Figure 14. Longitudinal inertial load case, (a) longitudinal load distribution among the brackets for

m Configuration B
m Configuration D

(a)

the four configurations per row of brackets, (b) peak stress on the brackets.

In Figure 15 the stress distribution on the structural integrators is presented. Configu-
rations C and D exhibit more uniform stress distributions and reduced peak stresses in the
brackets. In contrast, Configuration B displays the highest bracket stress levels, primarily
due to increased bending associated with the longer bracket lengths resulting from the
greater eccentricity between the tank and the fuselage.
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Figure 15. Longitudinal inertial load case—stress contour plot on the structural integrators for the
four configurations.

The tank displacement and deformation results presented in Figure 16 indicate that
Configuration C provides the highest degree of restraint, with Configuration D yielding
comparable performance. Stress levels on the tank, available in Figure 17, remain low for all
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configurations; however, Configurations A and B exhibit higher peak stresses and less uniform
stress distributions compared to Configurations C and D. Both the peak tank displacement
and the peak stress on the tank for each configuration are presented in Figure 18.

Unit: mm Unit: mm
1001
IL‘

Unit: mm Unit: mm
-8.8615 ~10.003
-9.3018 10456
-9.7421 1092
1063 128

i/
— C—
Figure 16. Longitudinal inertial load case—tank displacement of the four configurations.
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Figure 17. Longitudinal inertial load case—tank stress of the four configurations.
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Figure 18. Longitudinal inertial load case, (a) maximum tank displacement, (b) maximum stress on
the tank.

The fuselage response similarly benefits from distributing the load across a larger
number of structural integrators. The results in Figure 19 indicate that stress levels in
the frames remain low for Configurations A, C and D, while the maximum values are
reported in Figure 20. Similarly, Figure 21 indicates that configurations A, C, and D result
in significantly lower peak stress levels in the stringers compared to configuration B. The
maximum stress in the stringers is presented in Figure 22.
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Figure 19. Longitudinal inertial load case—stress contour plot on the frames of the four configurations.
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Figure 20. Longitudinal inertial load case—maximum stress on the frames for the four configurations.
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Figure 21. Longitudinal inertial load case—stress contour plot on the stringers of the four configurations.
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Figure 22. Longitudinal inertial load case—maximum stress on the stringers for the four configurations.
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Overall, the longitudinal inertial load case demonstrates that performance is primarily
governed by the ability of the integration concept and fuselage longerons to effectively carry
axial loads. The relatively high stress levels observed in this case are a consequence of the
certification-required acceleration magnitude combined with the top-mounted tank support
strategy. Configurations C and D displayed superior performance, while configuration
A displayed good mechanical response for the fuselage but high stress levels for the
brackets. The load level on the structural integrators will be further analyzed during the
CZM analysis.

The stress distribution observed in the stress contour plots of this inertial load case
was similar for the rest of the cases. Therefore, hereafter, the reader can refer back to the
contour plots above while substituting the peak stress values reported in the bar charts.
Any deviation in the observed mechanical response will be reported in each components’
accompanying description.

4.2. 6 g Downward Acceleration as Static Inertial Load

The 6 g downward acceleration case is also critical, as excessive normal loading could
lead to debonding of the structural integrators and subsequent contact between the tank
and the lower fuselage structure. Load distributions are examined in terms of both local
normal (Z-axis) and transverse (Y-axis) components in Figure 23. The results indicate that
Configurations C and D exhibit a more even load distribution among the brackets than
Configurations A and B, owing to the increased number of load paths.

Normal Load Distribution per Row of Brackets Shear Load Distribution per Row of Brackets -
- Vertical Downwards Inertial Load Case Vertical Downwards Inertial Load Case

15,000

8000

12,500
10,000

7500 I
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I § 4000
S 3000 _
2000 T
1000
0

2ndrow  3rdrow  4throw Irstrow 2ndrow  3rdrow 4th row
M Configuration B M Configuration A M Configuration B

Configuration D M Configuration C Configuration D
() (b)

Figure 23. Downward vertical inertial load case, (a) normal load distribution and (b) shear load
distribution among the brackets for the four configurations per row of brackets.

Brackets located near the mid-length of the tank contribute significantly less to load
transfer than those near the tank ends, indicating that Configuration D performs compara-
bly to Configuration C for this load case. Stress distributions in the brackets are relatively
uniform for Configurations C and D, whereas Configuration A exhibits higher stress levels
due to bracket orientation and proximity to the tank apex, as indicated in Figure 24.

From Figure 25, it can be observed that increased bracket count results in lower tank
stress levels and improved restraint. Configuration B demonstrates tank displacement
lower than configuration A and comparable to Configurations C and D, despite employing
fewer brackets; however, stress levels in the tank for the eight bracket configurations remain
similar and higher than the other two.

Stress distributions within the tank are generally uniform across all configurations
and remain within acceptable limits.
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Figure 24. Downward vertical inertial load case—maximum stress on the brackets.
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Figure 25. Downward vertical inertial load case, (a) maximum tank displacement, (b) maximum
stress on the tank.

Configuration B exhibits the least favorable fuselage response, with higher stress
concentrations observed in frames in Figure 26a, while configuration A exhibits the highest
level of stress on the stringers.

Maximum Frames Stress - Downward Maximum Stringer Stress - Downward
Vertical Inertial Load Case Vertical Inertial Load Case
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(a) (b)

Figure 26. Downward vertical inertial load case—maximum stress on the (a) frames and (b) stringers
for the four configurations.

To conclude, the downward inertial load case demonstrates that structural integrators
positioned closer to the sides of the tank produce more favorable results. Configuration
B resulted in bracket stress levels comparable to Configurations C and D, while configu-
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ration A led to higher stress levels both on the tank and structural integrators as well as
the airframe.

4.3. 3 g Upward Acceleration as Static Inertial Load

Load distribution trends for the 3 g upward acceleration case are similar to those
observed in the downward case. Normal loads, presented in Figure 27a, are higher for
configurations A and B compared to Configurations C and D, while transverse loads
remain at similar levels for configurations A, C and D. In this scenario, normal loads
acting on the brackets are compressive and therefore do not contribute to debonding;
nevertheless, accurate representation of both load components remains important for
comparative assessment.

Normal Load Distribution per Row of Shear Load Distribution per Row of Brackets
Brackets - Vertical Upwards Inertial Case - Vertical Upwards Inertial Case
7000 4000
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3000
5000 _
=z
4000 5 2000
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2000 1000
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Irstrow 2ndrow 3rdrow  4throw 1rstrow  2ndrow 3rd row 4th row
B Configuration A M Configuration B M Configuration A M Configuration B
M Configuration C ® Configuration D M Configuration C i Configuration D
(a (b)

Figure 27. Upward vertical inertial load case, (a) normal load distribution and (b) shear load
distribution among the brackets of the four configurations per row of brackets.

The results in Figure 28 indicate that bracket stress levels across all configurations
remain at low levels, and therefore no significant performance differences can be ob-
served. This result is primarily attributed to the lower acceleration requirement in the
upward direction.

Maximum Bracket Stress - Upward Vertical Inertial Load Case

Stress (Mpa)
[y
&

50
25
0

M Configuration A m Configuration B m Configuration C m Configuration D

Figure 28. Upward vertical inertial load case—peak stress on the brackets.

Figure 29a,b indicate that tank displacement and stress levels are similarly low for all
configurations, and no configuration-specific limitations are identified.

Stress levels in the fuselage frames and stringers also remain low, although configura-
tion B exhibits higher stress concentrations in the frames as illustrated in Figure 30. Overall,
all configurations meet the requirements for this inertial load case, provided appropriate
sizing and local optimization are applied.
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Figure 29. Upward vertical inertial load case, (a) maximum tank displacement, (b) maximum stress
on the tank.
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Figure 30. Upward vertical inertial load case—maximum stress on the (a) frames and (b) stringers for
the four configurations.

Regardless, while the results bear resemblance to the downward acceleration inertial
load case, stress levels, tank displacement and deformation remained at low levels for all
four configurations.

4.4. 3 g Lateral Acceleration as Static Inertial Load

Results for the lateral acceleration case are presented next. Load distributions are
examined in terms of both local normal (Z-axis) and transverse (Y-axis) components in
Figure 31a and Figure 31b respectively. Configuration A experiences significantly higher
transverse loads in addition to normal loads, a direct consequence of the bracket placement
relative to the tank center of mass.

Stress analysis of the brackets confirms that configuration A is poorly suited to resist
lateral inertial loads, with substantially higher stress levels compared to the other config-
urations, as indicated by the high stress levels in Figure 32. Although configuration A
demonstrated adequate performance under longitudinal loading, its proximity to the top
of the fuselage crown limits its ability to restrain lateral tank motion.

This behavior is further reflected in the tank response, with Configuration A exhibiting
higher lateral displacement and stress levels, illustrated in Figure 33a and Figure 33b re-
spectively. The remaining configurations demonstrate similar and acceptable performance.
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Figure 31. Lateral inertial load case, (a) normal load distribution and (b) shear load distribution
among the brackets of the four configurations per row of brackets.
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Figure 32. Lateral inertial load case—peak stress on the brackets.
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Figure 33. Lateral inertial load case, (a) maximum tank displacement, (b) maximum stress on the tank.

The fuselage response follows the same trend, with configuration A producing more
localized and elevated stress levels in both frames and stringers as indicated in Figure 34.

Configurations B, C and D displayed similar performance and acceptable stress levels.
Configuration A serves as a clear indication of the need to laterally restrain the tank, in the
case of mounting from the top of the airframe.
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Figure 34. Lateral inertial load case—maximum stress on the (a) frames and (b) stringers for the
four configurations.

4.5. Disbond Analysis

Following the stress and displacement analysis presented above, local analysis at
component-level was performed to assess the potential debonding resistance of the struc-
tural integrators. For each configuration and inertial load case, the bracket experiencing the
highest tensile and shear loads was selected for detailed modeling of the adhesive interface
using the Cohesive Zone Modeling approach, as shown in Figure 35.

(b)

Figure 35. CZM analysis—disbond of bracket from frame, (a) isometric view, (b) close-up of disbond.

The analysis results indicated that the fuselage/tank structural interfaces of all four
configurations are capable of sustaining the applied loads for all inertial load cases exam-
ined, except the 9 g forward acceleration. In the 9 g scenario, debonding was predicted,
driven primarily by the bending of the brackets and fuselage frames. Redirecting these
loads to be predominantly axial would significantly reduce the risk of debonding. In
Figure 35 the disbond between the bracket and the frame under the loading exerted by the
longitudinal inertial load is presented.

A summary of the peak loads extracted from the global analyses and the corresponding
loads recorded in the CZM simulations are provided in Table 11.

The load displayed in Table 11 is the resultant load while in Figures 14a, 23, 27 and 31
the axial or transverse to the orientation of the bracket component of the force is presented.
In Figure 36, the outer and inner brackets of the first row are presented, to illustrate the
position of the most critical brackets examined in the component-level analysis.

The performed analysis identified the main aspects that need to be taken into con-
sideration in the LH; tank structural integration. Configuration A provided acceptable
results only under longitudinal inertial loads. However, the performance under lateral
inertial loads was significantly worse than the other configurations and is therefore not
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considered acceptable. Although configuration B’s performance resulted in stress levels not
significantly higher for most load cases than Configurations C and D that possessed more
brackets, its performance under longitudinal inertial loads severely lacked in comparison
to the other configurations. Configuration C provided the best performance both for the
tank as well as the airframe under all loading conditions, while Configuration D provided
similar results and therefore constitutes an acceptable optimization of the 16 bracket config-
uration. Therefore, Configurations C and are D can sufficiently transfer the loads for the
tank to the fuselage under all of the load cases. They prevail over the other two configura-
tions, highlighting the need to effectively restrain the tank under all loading directions as
well as the minimum acceptable total bond area between brackets and frames to maintain
uniform load transfer examined as the one corresponding to Configuration D, equal to
134,272 mm?. Configuration D is considered an optimized version of Configuration C,
providing this mass saving, while Configuration C provides further redundancy in case of
bracket disbond.

10 oF

Figure 36. Outer brackets highlighted in orange hue and inner brackets highlighted in yellow hue.

Table 11. Comparison between expected load from parametric analysis and maximum load calculated
by component-level CZM analysis.

Expected Resultant Resultant Load from

Configuration Inertial Load Case Critical Bracket Load (kN) CZM Analysis (kN) Disbond

9 g longitudinally forwards 1st Row 16.69 13.4 Yes

A 6 g downwards 1st Row 13.15 13.15 No
3 g upwards 1st Row 6.58 6.58 No

3 g laterally 1st Row 20 20 No

9 g longitudinally forwards 1st Row 153 12.8 Yes

B 6 g downwards 1st Row 12.69 12.69 No
3 g upwards 1st Row 6.39 6.39 No

3 g laterally 1st Row 9.76 9.76 No

9 g longitudinally forwards 1st Row, Inner 11.22 10.6 Yes

c 6 g downwards 1st Row, Inner 8.87 8.87 No
3 g upwards 1st Row, Inner 443 443 No

3 g laterally 1st Row, Outer 5.27 5.27 No

9 g longitudinally forwards 1st Row, Inner 12.8 10.9 Yes

D 6 g downwards 1st Row, Inner 9.94 9.94 No
3 g upwards 1st Row, Inner 492 4.92 No

3 g laterally 1st Row, Outer 6.04 6.04 No
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5. Conclusions and Future Work

The present study assessed the feasibility and the performance of several variations
in a structural integration concept for liquid hydrogen (LHj) tanks integration within
a fuselage barrel section representative of hybrid—electric regional aircraft. Taking into
account the crashworthiness perspective, the positioning of the tank towards the upper
fuselage crown and its fixation to the upper fuselage section was selected, in order to allow
excessive deformation of the lower fuselage structure, without a direct contact with the
tank during crash landing events.

The simulation results demonstrated the feasibility of the developed concept, as well
as that an effective LH; tank integration requires structural configurations capable of ac-
commodating inertial loads acting in multiple directions, rather than being optimized for a
single dominant load case. More specifically, configurations optimized primarily for longi-
tudinal loading were shown to perform poorly under lateral accelerations, and vice versa,
highlighting the need for balanced multi-directional load transfer. Increased bracket count
and improved load-path continuity resulted in more uniform load distribution, reduced
peak stresses in both the tank and the fuselage and improved overall restraint performance.

Based on the developed numerical model, detailed design and optimization of the in-
tegration brackets can be performed, taking into consideration the results of the performed
analyses and incorporating energy absorbing structures beneath the tank, as well as within
the structural integrators themselves. An integrated solution combining optimized support
brackets with strategically placed energy-absorbing structures is expected to result in tank
integrity under high-magnitude longitudinal and vertical inertial loads.
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