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Abstract

The integration of liquid hydrogen (LH2) as an energy carrier leads to unconventional fuel storage concepts,
resulting in higher uncertainties during the conceptual design phase compared to kerosene fueled aircraft con-
cepts. Due to the novelty of LH> powered aircraft designs, there is a lack of empirical data and established
methodologies, which often necessitates a reliance on technical assumptions across various disciplines. Con-
sequently, the present study focuses on the maturation of an existing LH2 aircraft design featuring a caudal
tank integration concept, which has been identified in prior research as the most favourable configuration. The
maturation is achieved by employing detailed component design studies and higher-fidelity simulations and
subsequently integrating the findings into the overall aircraft design process. The on-board and hydrogen sys-
tem architecture is derived, including a detailed system topology. Additionally, an engine model specifically
designed for hydrogen combustion considering the pre-conditioning of hydrogen is integrated. For the struc-
tural integration of the hydrogen tanks, an initial crash concept is developed and crash simulations are carried
out for selected crash cases to validate the concept. Furthermore, the updated LH; aircraft is compared with
its previous iteration and a technologically equivalent aircraft powered by sustainable aviation fuel (SAF). The
results indicate that the engine mass is lower than previously assumed and mid-cruise thrust-specific energy
consumption shows a deviation from initial expectations, yet still demonstrates an improvement over the engine
of the SAF aircraft. Furthermore, the detailed component design studies reveal an increase in mass for the
hydrogen systems as well as an increase of the fuselage mass penalty for the integration of the LH, tanks
and associated crash concepts. Overall, the mission efficiency of the revised LH; aircraft design is increased
compared to its previous version.

Keywords: Overall Aircraft Design, Hydrogen Aircraft, Propulsion Technology, System Design, Crashworthi-
ness

1. Introduction

In order to mitigate the environmental impact of the aviation sector and achieve long-term climate
targets [1], liquid hydrogen (LH2) has emerged as a promising energy carrier. The application of LHz
in aviation raises new challenges for the aircraft design process. The low volumetric energy density of
LH> demands cryogenic storage conditions, significantly increasing the complexity of tank integration
within the aircraft. Consequently, unconventional tank integration concepts must be employed, result-
ing in substantial alterations to the common aircraft design of tube and wing configurations. These
alterations fundamentally challenge the conventional aircraft conceptual design process, which re-
lies predominantly on empirical handbook methods whose validity is rooted in the extensive data of
conventional, kerosene fueled aircraft.
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Current conceptual overall aircraft design studies on LH» aircraft configurations [2, 3] 14} 5, 6, (7, 18] 9]
continue to utilise these established methodologies, supplementing them with specific technological
assumptions specified for LHo aircraft design. For instance, divergent approaches are observed
regarding mass estimations. While [2] assumes a mass penalty for the structural integration of the
LH> tanks, [5] assumes that the fuselage mass remains constant, as the additional structural mass
is offset by the removal of secondary structures in the tank region. Furthermore, although [6] sizes
the tank integration structure based on regulatory loads for emergency landing conditions, the impact
on the overall fuselage mass due to structural reinforcement is not considered, nor is the structural
layout validated through dedicated crash simulations. Similarly, the treatment of propulsion efficiency
for the substitution of kerosene by hydrogen varies. In [7] an additional reduction factor for specific
fuel consumption (SFC) of 4.3% based on Brewer [10] is applied to the utilised hydrogen engine
model, while in [8] the gas turbine efficiency is assumed to increase by 3.0%, and [9] scales the fuel
consumption based on the difference in fuel calorific values between kerosene and hydrogen.
Parallel to these conceptual studies, significant progress has been made in detailed research focus-
ing on individual components. Detailed studies have advanced the maturation of cryogenic tanks
modeling [11, [12], thermodynamic characteristics [13} [14], thermal insulation [15], and combustion
systems [16}17,/18]. Due to the highly interconnected nature of aircraft design, detailed results at the
component level inevitably have an impact on the overall aircraft and its performance. Consequently,
it is essential to systematically integrate these refined findings into the conceptual design in order to
replace initial technical assumptions. This integration is of particular value in establishing a research
baseline, as such a reference point serves as the foundation for numerous subsequent studies.

In a preceding study [19], the author derived a LH> research baseline for the short-medium range
segment (DLH25) from a research baseline powered by sustainable aviation fuel (SAF) [20]. In view
of the absence of design methodologies and established empirical data for LHy, powered aircraft,
the initial derivation of the baseline was necessarily dependent on a substantial number of technical
assumptions and approximations, particularly with regard to system masses, structural integration
effects, and engine performance. The present study extends the DLH25 research baseline by in-
creasing its level of maturity. The objective is to evolve the baseline from a conceptual framework into
a more refined and detailed reference point by effectively replacing specific technological assump-
tions with more sophisticated simulation results, detailed component studies and more rigorous con-
straints. By substituting these assumptions with enhanced data, a more critical revision of the aircraft
configuration can be performed, allowing for a detailed comparison between the initial assumptions
and the refined design. This includes the integration of a detailed on-board system architecture that
includes the hydrogen fuel-systems and a detailed system topology. Closely related is the integra-
tion of an ultra high bypass ratio turbofan engine that has been designed for the combustion of LH»
and also considers the pre-conditioning of hydrogen. Moreover, the framework for integrating diverse
crash concepts into the DLH25 is established. This framework encompasses the structural integra-
tion of an initial crash concept for the LHy tanks, which is executed on the basis of specific crash
scenarios and analysed through the utilisation of high-fidelity crash simulations. The corresponding
results of these higher-fidelity findings are finally integrated into the DLH25 research baseline and
compared to the previous assumptions.

The remainder of this paper is structured as follows: Following the introduction, the methodology
for the multidisciplinary and multifidelity aircraft design workflow is detailed. This section includes
the interface to the detailed component design studies, as well as the methodology for the studies
themselves, specifically covering the on-board LH» system architecture, the LH, engine design, and
the crashworthy structural integration of the LH» tanks. Chapter 3 presents the corresponding results
of these detailed component design studies. In Chapter 4, the initial assumptions are compared
with the updated results derived from the detailed studies. These results are then integrated into
the overall aircraft design, and the DLH25 is compared to both its predecessor and a technologically
equivalent SAF powered aircraft. Finally, Chapter 5 concludes the paper with a summary of the
findings and an outlook for future work.
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2. Methodology

For the overall aircraft design, an established, multidisciplinary and multifidelity design workflow is
employed [21]. This workflow is capable of ingesting results from the component design studies as in-
puts and, accordingly, adjusting the entire hydrogen aircraft design. Due to its extensive parametriza-
tion, rapid iterations can be performed using multifidelity data, feeding the revised concept back into
the component studies until a converged solution is achieved.

2.1 Overall Aircraft Design

The foundation for the overall aircraft design process consists of the Top-Level Aircraft Requirements
(TLARs) and the D239 reference configuration, a conventional short-medium range aircraft concept
reflecting a 2020 technology level. This configuration served as the reference aircraft for the de-
velopment of the SAF research baseline DLR-F25 including a 2035 technology level, which in turn
provides the framework for the LH> research baseline DLH25. While the most critical TLARs are
presented in Figure [1| next to the three aircraft designs, detailed specifications of the TLARs, the
D239, and the resulting DLR-F25 SAF research baseline are documented in [20]. The present study
adopts the DLH25 concept, as derived in [19], as its initial baseline. The DLH25 is characterized
by a conventional tube-and-wing architecture, incorporating a low-wing arrangement and under-wing
mounted ultra-high bypass ratio (UHBR) turbofan engines. To facilitate the integration of LH> tanks
within the aft fuselage, the fuselage length and cross-section have been increased relative to the
reference configuration. Additionally, the high aspect ratio of the wing, including a swept trailing edge
at the kink, necessitates the implementation of a body-mounted landing gear.

Parameter Value
' ) ) Design Range 2500 NM
Design PAX 239
Z Mass per PAX 95 kg
Design Payload 25000 kg
Mach Cruise 0.78

Approach Speed 136 kis

Figure 1 — Aircraft concepts D239, DLR-F25 and DLH25 and key TLARs

The DLR’s internal iterative, multidisciplinary and multifidelity overall aircraft design workflow has
been established using the Remote Control Environment [22] framework and is depicted in Figure [2|
Tools from different DLR institutes are integrated to incorporate various specialist disciplines in the
design process. The CPACS schema is used as the interface for data exchange between the various
tools [23]. A comprehensive description of the process is available in [19], encompassing detailed
elaborations on each individual tool.

The result of the multidisciplinary and multifidelity aircraft design process is a CPACS dataset con-
taining the initial aircraft geometry, component masses, center of gravity (CoG) positions, as well
as aerodynamic and engine performance characteristics. This dataset serves as the starting point
for the subsequent component design studies. The aircraft geometry defines the available spatial
boundaries for the integration of the on-board and LH» system architectures, as well as geometric
installation space in the tank mounting area for the crash concept. Initial engine performance is rep-
resented by an engine performance map, which resolves engine specific performance parameters,
specifically thrust and fuel mass flow, as functions of Mach number and altitude. The design of the
LH»> engine, considering the required heat flows for LH> pre-conditioning, is predominantly dictated by
the thrust requirements derived from the initial aircraft design, in addition to the off-take requirements
that emerge from the on-board system architecture design. In addition to the thrust requirements,
the sensitivities to changes in engine geometry, mass and specific fuel consumption relative to block
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Figure 2 — Multidisciplinary and multifidelity overall aircraft design (OAD) workflow including the
component design studies

energy consumption are determined for the LH»> engine design. The results of the component de-
sign studies are subsequently fed back and integrated into the aircraft design loop. Specifically, the
respective component masses, CoG positions and spatial requirements for the on-board and LH>
systems architecture, as well as the crash structure, derived from the high-fidelity simulations are
incorporated. The engine mass and geometry is updated and the initial low-fidelity performance map
is replaced by the engine performance map resulting from the component design.

2.2 On-Board and LH, System Design

For the conceptual design of relevant on-board and LHz systems, the Overall System Design (OSD)
framework developed by the Institute of Aircraft Systems Engineering at the Hamburg University
of Technology is employed [20] 24, 25| 26]. It provides methodologies to conduct comprehensive
design studies and analyses of on-board system (OBS) architectures based on physics-based sizing
routines. Central to this approach is the integration of the CPACS interface [23, 27], which enables
the import of relevant parameters from the OAD process. The OBS sizing results, such as masses,
center of gravity positions, and engine power off-takes, are fed back to seamlessly close the overall
aircraft design loop [28].

Based on the imported OAD data, two methodologies, SArA and GeneSys, are applied in sequence.
The SArA methodology focuses on the functional-logical definition of the OBS architecture, utiliz-
ing model-based systems engineering (MBSE) techniques [24]. This step establishes the functional
structure of the system and its logical interdependencies. Furthermore, SArA enables rapid ex-
ploration of the solution space and identification of the most promising architectural solutions by
means of a comprehensive requirements management, database-driven knowledge [30] and tech-
nology management [31], safety assessment [32], and early functional integration testing [33]. The
promising, pre-selected OBS architecture is handed over to GeneSys for physics-based, parametric
conceptual systems design.

In GeneSys, first, the system components are geometrically placed within the aircraft model and
physically interconnected using representative elements such as ducts, pipes, or electrical cabling
as specified by the functional-logical architecture model created in SArA. This step results in the
generation of a detailed system topology as depicted in Figure [9] (Chapter [3.1). Second, preliminary
component sizing is carried out based on physics-based and semi-empirical scaling laws derived
from manufacturer data or detailed system design (DSD) methods. This step yields estimates for
relevant key design parameters, such as component masses, total system masses, volumes, and

4
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Figure 3 — Overall Systems Design framework with integrated LH> system conceptual design,
adapted from [29]

CoG positions. As a final step, GeneSys performs a quasi-static simulation of the system’s behaviour
over a representative mission. This simulation provides estimates of the power demands placed on
the propulsion system, specifically bleed air and shaft power requirements [20), 25| [26) 134, 135].

The conceptual sizing of the LH»> supply system is integrated into the OSD framework. It supports
the parametric conceptual design of a cryogenic LHy supply system for hydrogen powered aircraft.
The objective of the sizing routine is to estimate mass, dimensions, thermal losses under defined
operating conditions and component-level constraints. For the routing of the LH, pipes, an auto-
routing algorithm is employed to consider allowable routing zones and segregation rules with regards
to other OBS, e.g., the electric supply system [36]. A comprehensive breakdown of the LH2 supply
system sizing methods is provided in [37].

2.2.1 Geometric Layout of the LH> System Components

Figure |4 depicts the geometric layout of the two LH» tanks and the associated cold boxes as well
as the assumed Hy pipe cross-section. In general, the volume of each tank is calculated based on
the storage pressure and the required LH> fuel mass, considering ullage and unusable fuel volume.
The insulation thickness is determined based on the allowable heat ingress into the tank, which
results from the defined dormancy time requirement using steady-state heat conduction. A more
detailed analysis of the tank structure and its insulation is provided in [38]. For the cold box, a
cylindrical container is assumed, housing the relevant components for tank pressure management
and LHy distribution. The two cold boxes are arranged in a nested configuration to save space along
the length of the fuselage. They may be arranged either one above the other or side by side. The
required volume of the cold box is calculated, and the corresponding diameter and length are defined.
With regard to hydrogen pipes, both the tank GHz venting pipe system and the LH, distribution pipe
system are sized. According to Figure |4} it is defined that both the GH, and the LH» pipe consists

Pipe cross-section Side view A Front view (A-A)
[
A i
Diank | Grank ! Tank
Sl fnstank ) forward
Ltank
tms,cb
ch
Tank forward Cold box Cold box Cold box
\ v forward ‘k aft

Ininzr Insulation OLimzr o bo/x :‘_ ” <ITT> >
CV';” layer &EH Insulation incl. sheath aft A 2 [ —2—p

Figure 4 — Geometric layout of the tanks and cold boxes, and cross-section of the LH»/GH> pipe
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of an inner pipe, an insulation layer, and an outer pipe. The inner diameter of the inner pipe is
calculated based on the occurring mass flow rates. The inner pipe wall thickness is sized by burst
pressure. Subsequently, the insulation thickness and, thus, the inner diameter of the outer pipe are
derived based on the insulation medium and the assumed maximum allowable heat ingress. Finally,
the outer pipe’s wall thickness is calculated based on the assumed pressure of the insulation medium.
For solid insulation materials, a fixed wall thickness is assumed, since in this case, the outer pipe only
represents a protective layer.

2.2.2 Parameter Assumptions for the LH»> System Sizing

Table [2]summarizes the design assumptions for the LH> supply system. Tank parameters encompass
operating pressures, LH> mass and volume constraints, as well as geometric and material properties.

Parameter Unit Value
LH, tanks
Nominal pressure bar 1.2
Venting pressure bar 2.5
Burst pressure safety factor - 1.5
Dormancy time h 6
Ullage volume % 3
Unusable LH» volume % 7
Insulation material - Polyurethane foam
Wall material - 2219 aluminium alloy
Cold boxes
Insulation material - Aerogel
Insulation thickness m 0.1
LH2 and GH: pipes
LH> max. mass flow rate per engine kg/s 0.33
LH> max. flow velocity m/s 9
GHz max. flow velocity m/s 20
Distribution nominal pressure bar 5
Burst pressure safety factor - 1.5
Insulation material LH» pipe - Vacuum
Insulation material GH» pipe - Nitrogen
Wall material inner/outer pipe - Stainless steel
Max. heat ingress W 20
Pipe thermal conductivity W/(m - K) 16.3

Table 2 — Sizing parameter and assumptions for the LH» supply system design

Regarding volumetric constraints, Burschyk et al. [38] state that the tank’s ullage volume can be
assumed to be 3%. Furthermore, [39] defines the total unsuable fuel mass (comprising ullage and
unpumpable LH2) as 10%. Consequently, excluding the ullage volume, an unsusable LH, mass
fraction of 7% is adopted. For the cold boxes, assumptions regarding the diameter and the insulation
are required. The components inside the cold box are already insulated, but to further decrease heat
ingress, each cold box comprises a layer with Aerogel insulation with a fixed thickness. This is a
relevant aspect for the mass estimation of the cold boxes. A volume safety factor of two, accounting
for a limited packing density of the components within the cold box housing, is applied. The sizing
of the pipe system depends on the flow rates and velocities. Furthermore, assumptions are made
regarding the pipe and insulation materials, as well as the allowable heat ingress. Using the assumed
roughness, the pressure losses occurring from the distribution pumps to the cold boxes and then to

6
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the engine can be determined. The LH> needs to be delivered to the engine perimeter at 5 bar. As
part of the engine subsystem architecture, the LHy is conditioned and compressed to high pressures.

2.3 Hydrogen Direct-Combustion Engine

The conceptual engine design is developed using the virtual propulsion framework GTlab [40, 141, /42],
while thermodynamic cycle analyses are performed with the DLR performance program (DLRp2) with
an appropriate gas model for hydrogen [43]. Figure 5| presents the engine schematic that accounts
for basic integration effects of the hydrogen conditioning system on engine performance: To preheat
the hydrogen to 300 K at cruise conditions, the customer bleed, engine oil and core exhaust gas are
used as heat source. The pressure losses and energy extraction of the recuperating heat exchanger
(HEX) in the core exhaust section as well as the required power to drive the high-pressure hydrogen
pump are fed back into the performance calculation.

The multidisciplinary engine design workflow employs a multi-point design strategy. Thrust, power,
and bleed requirements are determined for take-off, end-of-field, second-segment, top-of-climb, and
cruise conditions. Cycle parameters are then estimated to deliver the required thrust and off-takes
across all operating points without violating technological limits. Based on the resulting cycle data, a
knowledge-based method is used for flow-path sizing, and engine mass is derived using part-based
semi-empirical correlations following [44] and applied in [45]. An initial estimate for the mass of
the engine’s hydrogen conditioning system is included. A simplified aerodynamic analysis uses the
geometric flow-path definition in combination with cycle data to compute velocity triangles as well
as mean flow and loading coefficients for all turbomachinery components. Component polytropic
efficiencies are predicted using a correlation-based approach that accounts for entry-into-service
effects, operational conditions, component loading, and size, as described in [46]. Spool speeds are
constrained by turbine disk loading limits and by circumferential speed limits at compressor inlets
and at the low-pressure turbine exit. These predicted efficiencies and spool speeds are iteratively
propagated through all disciplinary models until convergence is achieved.

For the selected engine configuration, thrust ratings are defined and performance maps covering
the operational envelope between minimum and maximum rated thrust are generated as functions
of Mach number and altitude. These maps, together with the engine dimensions and mass, serve
as inputs to the aircraft design process. Engine sizing is manually iterated until the available engine
thrust and the required thrust of the overall aircraft configuration converge.
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Figure 5 — Schematic LHz engine architecture for an unmixed geared turbofan engine with
recuperative heat exchanger and an additional power-off take for the LH> high-pressure pump

2.4 Crashworthiness Demonstration

The integration of LH, tanks is a critical challenge in LH» aircraft design, as safety levels must align
with conventional standards despite the current lack of defined crashworthiness certification require-
ments. This study addresses these uncertainties through full-scale simulations focusing on fuselage
breakup, longitudinal crash loads, and local loads within the rear fuselage.

2.4.1 Crashworthiness Demonstration Strategy

The present study focuses on the development of a framework for analysing LHy tank integration
concepts for the DLH25. The method covers the steps from model generation to concept evaluation
across multiple scales, including the component, major component and full-scale levels. It is based
on a crash demonstration strategy for LH» tank integration, which was developed as part of several

7
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research projects at DLR [47], as illustrated in Figure [6] In addition to the framework development,
the proposed approach is applied to a representative crashworthy LH tank integration concept to
evaluate the method. The analysis evaluates crash energy absorption, crash kinematics, as well as
the response of tank mounts and acceleration levels in the rear fuselage section with integrated LH,
tanks. Cabin safety aspects and potential crash effects of the novel rear fuselage on the cabin area
are not considered.

- full airplane crash impact & slide-out:
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- final proof for showing compliance

physical test  |M&S credibility
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Figure 6 — Proposal of a crashworthiness demonstration strategy for LH» tank integration (adapted
and redrawn from [47], licensed under CC BY 4.0)

Based on this approach, several finite element models for the DLH25 configuration were generated
as shown in Figure[7] The simulation models are divided into three groups: Component level, Major
component level, Full-scale level.

Figure 7 — Model overview
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Before moving to the component, major component, and full-scale models, the fuselage section mod-
els of the cockpit (a) and cabin regions (b) and (c) are analysed to confirm the FE model response.
At the component level, the fuselage section models with forward (d) and rear LH» tanks (e) are used
to analyse the crashworthy tank integration concept including limiting tank accelerations, preventing
tank intrusion and limiting tank deformation. At the major component level, the extended rear fuse-
lage model containing both tanks (f) is used to investigate crash interactions of tanks, systems and
the rear pressure bulkhead. At the full-scale level, the full airplane model (g) is used for both, the
assessment of local crash loads at the tanks under real-world crash conditions, and for the final proof
of the concept including a combination of horizontal and vertical impact conditions as well as airplane
slide-out effects [47].

2.4.2 Crash Load Cases

Crashworthiness requirements and load cases for showing compliance with certification rules are
not yet defined for LH» aircraft concepts. Based on today's certification specifications and published
special conditions for other novel designs, crashworthiness requirements and load cases for LH, tank
integration into transport airplane were derived by DLR [47]. These requirements and load cases
solely represent a scientific view and shall support research work. These derived load cases consider
three categories: (a) fuel tank integrity drop tests at the fuselage section level, (b) airplane level crash
impact scenarios, and (c) airplane level sliding on the ground scenarios. In this section, load cases
are discussed that are used to analyse the fuselage section and full airplane FE models.

Component and major component levels

1) Vertical drop test with v, = 9.14 m/s (30 ft/s). This load case is based on FAA special condi-
tions [48, 149] which are required for novel airplane designs, as well as various FAA/NASA drop
test and full-scale airplane crash tests [50, 51].

2) Horizontal 16 g triangular acceleration pulse, as shown in Figure [8a] including corresponding
velocity change (Figure and displacement change (Figure [8c). This load case is based
on EASA CS 25.562 [52] (Emergency landing dynamic conditions), as well as FAA sled tests
documented in [53] 54| 55, 56]. The requirements for this load case are higher compared to
CS 25.561 mass retention requirement. The motivation for the 16 g pulse is that the LH» tank
masses are located behind the cabin and breaking loose would result in catastrophic failure.
Therefore, these masses should meet at least the same requirements as the seat and restraint
systems which are related to in CS 25.562.
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Figure 8 — Triangular 16 g acceleration pulse for the horizontal load case and resulting kinematic
response

Full-scale level

1) Purely vertical load case with v, = 9.14 m/s (30 ft/s), vx = 0 m/s, pitch angle 0° and friction
coefficient of 0.3 between the impact surface and the fuselage. This load case is analysed to
evaluate the influence of higher full fuselage mass compared to the fuselage section drop tests.
This load case is based on [57].
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2) Combined load case with v, = 9.14 m/s (30 ft/s), vy = 80 m/s (262 ft/s), pitch angle 0° and
friction coefficient 0.8 between the impact surface and the fuselage. By increasing the friction
coefficient, this load case simulates a crash landing on soft soil without explicitly modelling the
soil. It is analysed to evaluate the influence of combined vertical/horizontal impact velocity and
high friction coefficient on the tank mounts loads at the full-scale level that are compared with
the horizontal load case on the fuselage section level. This load case is based on [57].

3. Component Design Studies

The primary objective of this chapter is to advance the design maturity of the DLH25 by transitioning
from technical assumptions to technical specifications for certain disciplines. Specifically, the on-
board and LH> system architectures are derived based on the initial aircraft concept. The resulting
specifications for power and bleed air offtakes, in conjunction with the thrust requirements derived
from the conceptual design, serve as essential boundary conditions for the subsequent development
of the LH2, UHBR engine. Finally, the chapter describes the initial crash concept, followed by an
analysis of the structural integration of the LH» tanks through crash simulations.

3.1  On-Board Systems Architecture

The following chapter presents the integration aspects and conceptual sizing results of the DLH25’s
overall on-board systems architecture. The emphasis is placed on the on-board LH» supply system,
and a comparison is made with the corresponding on-board system architecture of a technologically
equivalent SAF research baseline. The OBS topology of the DLH25 as an output of the OSD frame-
work is depicted in Figure[9] It comprises all major mass and power relevant OBS and is generated
based on the aircraft geometry using knowledge-based and auto-routing algorithms [36].
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Figure 9 — Topology of the on-board systems of the DLH25 as an output from the OSD framework

3.1.1 Definition of the On-Board LH> Supply System Architecture

Figure[10shows the functional-logical representation of the defined reference architecture of the LH>
system of the DLH25. The main subsystems comprise two LH, tanks, two cold boxes with one cold
box for each LH» tank, a GH» venting pipe system and a LHy distribution pipe system.

The cold box houses all components required for the pressure and temperature management of the
tank, overpressure safety functionalities, and the LH» distribution pumps in an integrated unit. The
components inside the cold box themselves are insulated, and additionally, the cold box housing
features an insulation layer for minimum heat ingress. A fraction of the LH> mass flow from the tank
is vaporized by means of electric heaters to maintain the pressure inside the tank as soon as the
fuel level decreases. Both, the LH» distribution pumps and the electric heaters are installed in a
parallel-redundant configuration.
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Figure 10 — Schematic LH» on-board system architecture of the DLH25

Moreover, both tanks comprise a normal venting system to release overpressure GH> and an abnor-
mal venting system, which prevents tank bursting in case the normal venting system malfunctions.
For safety reasons, the cold box features an abnormal venting system as well in case of abnormal
pressure build-up inside the cold box. The tanks can be fueled and defueled via the ground con-
nectors. Both tanks are connected to a single fueling and a single defueling connector. The flow of
hydrogen is controlled via dedicated flow valves.

During normal operation, each tank supplies one engine. For abnormal operation or if the tanks have
different fill volumes, a cross-flow valve connects each tank with every engine. The auxiliary power
unit (APU) comprises an Ho-powered gas turbine and is nominally supplied by the aft LH» tank. The
LH> is transported to the engines via the pipe network. As outlined in Section section the liquid
hydrogen is subjected to a conditioning process using engine heat prior to combustion within the
engine.

3.1.2 GHo/LH> Pipe Routing Concepts

The routing of the tank venting pipes follows a direct path and does not necessitate a more so-
phisticated analysis. The GH2 venting pipes are routed from the tanks along the leading edge of the
vertical stabilizer, with the GH2 outlet situated at the top of the vertical stabilizer. However, for the LH»
pipe routing between the LH» tank and engine perimeter, different concepts, as depicted in Figure
are analysed. The LH2 pipe routing concept poses a particular challenge for low-wing configu-
rations such as the DLH25, as the pipes eventually interfere with the cabin or the emergency exits,
whilst at the same time they must not significantly affect either the primary airframe structure or the
aerodynamic characteristics of the aircraft. The LH> pipes must not be routed within the pressurized
cabin area, since in case of leakages, the passengers are directly exposed to a potential flammable
gas. In the wing area, the pipes should be routed through or along the spars wherever possible. With
respect to the development of relevant LH» pipe routing concepts, the three approaches depicted in
Figure [T1]are discussed in the following.

The upper routing options, whether placed externally (Figure [{1a), between fuselage frames (Fig-
ure [T1a), or via non-pressurized channels (Figure [11b), either degrade aerodynamic performance
through necessary fairings or require significant structural reinforcements. In contrast, the lower rout-
ing (Figure[T1c) along the rear fuselage minimizes aerodynamic drag and structural mass by avoiding
both cabin penetration and fairings. Despite its proximity to the rear emergency exit, the lower routing
is selected for its lower system complexity and minimal aerodynamic impact. The resulting safety risk
at the rear emergency exit is addressed by segmenting the LHx pipeline with shut-off valves, allowing
for rapid flow interruption in case of an emergency.

Ongoing design considerations include LH» return lines to decouple supply and consumption dynam-
ics and manage transient fluctuations. A trade-off analysis between a liquid recirculation loop and
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(a) Upper routing (b) Upper routing through cabin (c) Lower routing

Figure 11 — Different LH> pipe routing concepts for the DLH25

a buffer tank in the wing’s non-cryogenic section, as well as evaluations of GH, recirculation and
wingtip venting for hydrogen dispersion, are beyond the scope of this study and require separate
analysis.

3.1.3 LH> Supply System Conceptual Design Results

A key aspect in the scope of applying the OSD framework for overall OBS design is the design of the
on-board LH; supply system. Table [9] (Appendix) lists the results of the relevant system components
concerning geometry, mass, and power demand. For cost-efficiency and ease of industrialization,
a standardized cold box unit is used, resulting in both units being identical. The distribution system
comprises two separate networks: LH» pipes routed from the tanks to the engines, and GH, venting
pipes routed to the tip of the vertical stabilizer.

3.1.4 Overall System Mass Results

Figure illustrates the mass delta of the DLH25 by comparing it to the SAF-powered DLR-F25.
Most conventional systems exhibit negligible mass deviation, which is attributable to the comparable
on-board systems architecture. The mass of the ice protection system is reduced for the DLH25 due
to geometric modifications. Despite the system’s low baseline mass, these changes result in a sig-
nificant impact. Variations in landing gear actuation, lighting, APU, and utility systems (hydraulic and
pneumatic) result from geometrical differences between the DLR-F25 and DLH25, such as varying
cable and pipe lengths. Particularly for the hydraulic power supply system, the increased fuselage
length and the T-tail configuration of the DLH25 (Figure compared to the DLR-F25 necessitate
a greater pipe routing length. Consequently, this results in a higher hydraulic fluid volume and addi-
tional pipe brackets, leading to an increase in system mass. The LH> supply system constitutes 44%
of the DLH25’s total system mass. Compared to the DLR-F25 fuel system, this represents a mass
increase of 1490%, underscoring the significant challenges associated with the mass integration of
hydrogen infrastructure. The integration of the LHx supply system also impacts the electrical power
system, which increases in mass by 13% due to the higher power demand required for LH, distri-
bution pumps and electric heaters for tank pressure management. The LH> conditioning system is
excluded from this analysis, as it is attributed to the engine. Across all systems, the overall mass delta
between the DLR-F25 and the DLH25 is 75%. Figure [13] compares the on-board and LH, storage
and system masses with the previous iteration of the DLH25 [19]. The total delta across all on-board
system masses excluding LH» related masses is 4.9%, resulting from the transition of OEM-based
sizing in the previous design to a physics-based approach considering actual system locations within
the aircraft. Further changes are observed within the LH, storage and systems masses. Specifically,
the total structural mass of both LH> tanks decreases from 5630 kg to 5170 kg. This reduction is
attributed to an improved gravimetric index (Gl), due to an optimized volume distribution, a reduction
in the unusable fuel mass fraction, and a lower total fuel requirement due to the increased efficiency
of the DLH25 (see Chapter [4.). Conversely, the LH» system architecture shows a mass increase of
510 kg, primarily attributable to the detailed routing of the piping system. These effects nearly offset
one another, such that the net reduction of 3.4% in total LH» storage and systems mass is mainly a
result of the decreased unusable fuel mass.
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Figure 12 — Changes in the on-board systems masses of the DLH25 compared to the DLR-F25
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Figure 13 — On-board system and LH» systems mass breakdown comparisons for the initial DLH25 [19]
(solid) and the updated DLH25 (hatched)

3.1.5 Engine Power Off-Take Results

This section summarizes the engine bleed air and power off-takes required by the OBS for the design
mission of 2500 nautical miles. First, Figure [14] depicts the customer bleed air demands per engine,
comparing the SAF-powered DLR-F25 with the DLH25. The bleed air mass flow peaks during climb
and descent are characterized by the engagement of the ice protection system. The continuous mass
flow during cruise contributes to the environmental control system. Since the passenger amount for
both aircraft, the DLR-F25 and the DLH25, is equal, the demand of the environmental control system
is similar. The small differences between the two aircraft originate from the different mission profiles
and the slightly different wing geometry, and thus different ice protection sections at the wings.

In Figure [15] the mechanical engine shaft power off-takes per engine are illustrated. Specifically, the
total demands are characterized by the sum of all individual on-board hydraulic and electric consumer
demands. Smaller peaks are visible at the beginning and towards the end of the mission profile that
can be attributed to the operation of the landing gear and high-lift systems. Otherwise, the base
load shown represents the operation of a large number of electrical loads as well as the total internal
hydraulic leakage. The shaft power peaks mid-cruise originate from the operation of the galleys. In
general, the shaft power demand is higher for the DLH25 (61 kW) than for the DLR-F25 (50 kW), due
to the higher LH2 distribution pump power compared to kerosene pumps and the required electrical
power for LH» vaporization for the tank pressure management.
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Figure 15 — Mission shaft power demand of the DLH25 in comparison to the DLR-F25 for one engine

3.2 Hydrogen Direct-Combustion Engine

This section presents the characteristics of the hydrogen direct-combustion engine of the DLH25
in direct comparison to the the DLR-F25 baseline engine operated with kerosene or SAF. Engine
requirements are provided in Table[3]and performance characteristics are shown in Table 4] Required
heat flows for hydrogen pre-conditioning are depicted in Figure [16{and engine flow path dimensions
are shown in Figure [17]

3.2.1 Engine Requirements Results

The sizing engine conditions for the configurations DLR-F25 and DLH25 do not differ in altitude and
Mach number requirements. While also customer off-takes are the same, the DLH25 requires more
power off-takes to supply aircraft on-board systems (Chapter [3.1.5). Table [3] presents data for the
operating conditions mid cruise of the typical misson, Top-of-Climb (TOC) as a hypothetical maximum
sizing condition to ensure optimal step climbs and Maximum Take-Off (MTO) both at a standard and
hot day for the design misson as well as End-of-Field (EOF) and 2nd Segment (2ndSeg) for one
engine inoperative. The thrust demand of the DLH25 aircraft is significantly higher compared to the
DLR-F25 baseline aircraft (see Table [3). The required thrust is 28 % increased at mid cruise of the
typical mission and 16 % for the sizing maximum top-of-climb (TOC) condition.

3.2.2 Engine Performance Results

The engine performance results are presented in Table The fuel heating value of hydrogen is
with 119.1 MJ/kg significantly higher compared to Jet-A1 with 43.3 MJ/kg. Therefore, the fuel-to-air
ratio is ~ 60 % lower for the hydrogen engine. The combustion of hydrogen produces much more
water compared to kerosene. Due to the high amount of water, the exhaust gas that enters the
turbines has ~ 6 % higher specific heat capacity and thereby, allows to extract more specific turbine
work compared to the kerosene case. The high heat capacity increases the fuel efficiency of the
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Parameter Unit  Configuration Cruise TOC MTO-0 MTO-15 EOF 2ndSeg
Thrust [N] DLR-F25 17828 23046 124710 124710 86872 76109
DLH25 22847 26760 143990 143990 103300 82590

rel. Dev. % 28.2 16.1 15.5 15.5 18.9 8.5

Thrust [Ibf] DLR-F25 4008 5181 28036 28036 19530 17110
DLH25 5136 6016 32370 32370 23223 18567

Mach number [] DLR-F25 0.78 0.76 0 0 0.228 0.239
DLH25 0.78 0.76 0 0 0.239 0.250

Altitude [m] DLR-F25 11277.6 112776 0 0 11 122
DLH25 112776 11277.6 0 0 11 122

Flight Level [100ft] DLR-F25 370 370 0 0 0 4
DLH25 370 370 0 0 0 4

ATjsa K] DLR-F25 0 10 0 15 15 15
DLH25 0 10 0 15 15 15

Power Off-Take [W] DLR-F25 -50 -50 -95 -95 -95 -95
DLH25 -60 -60 -140 -140 -140 -140

rel. Dev. % 20.0 20.0 47.4 47.4 47.4 47.4

Customber Bleed  [kg/s] DLR-F25 0.425 0.425 0 0 0 0
DLH25 0.425 0.425 0 0 0 0

Table 3 — Overview of engine requirements and direct comparison between DLR-F25 and DLH25 for
different operating conditions: Cruise, Top-of-Climb (TOC), Maximum Take-Off (MTO), End-of-Field
(EOF) and 2nd Segment (2ndSeg).

core engine and allows to reduce core size, i.e. an engine core operated with hydrogen is smaller
compared to a kerosene reference providing the same output power.

The thrust ratio referring cruise to TOC increases from 0.77 to 0.85 for the LHy aircraft. The higher
thrust ratio causes a higher power setting with increased temperatures and pressures at cruise con-
ditions. Both engines are sized for T4y = 1707 K at maximum TOC and T3 max = 913 K at MTO. Due
to the different thrust ratios, the operating temperature T41 is 49 K hotter, the overall pressure ratio
(OPR) is 4 % and T3 is 11 K higher at cruise operation for the DLH25 engine. A higher temperature
T4q at cruise imposes challenges for service life and time on wing. An increased combustor inlet
temperature Tj increases the formation of NOx emissions. Furthermore, the fan face axial inflow
Mach number is 2.7 % higher for the DLH25, since both engines are sized for the same flow capacity
of the fan at TOC.

The bypass ratio (BPR) was optimized for the DLR-F25 engine as described in [20]. It is expected
that the optimum BPR is in the same region for the DLH25 as for the DLR-F25 and therefore, BPR is
set to 15.1 for both engines. This facilitates the comparison of both engines but eventually neglects
a small potential for further optimization, which should be exploited in the future.

The change of the exhaust gas composition due to a higher amount of water for hydrogen direct-
combustion does also affect the fan pressure ratio. The exhaust gas has more energy remaining
after the expansion in the turbines and the core nozzle produces higher jet velocities. In order to
maintain the optimal ratio of ideal nozzle velocities between the bypass and core nozzle (velocity
ratio is equal to the transmission efficiency), also the ideal jet velocity of the bypass nozzle increases
which requires a higher fan pressure ratio of 1.42 at cruise compared to 1.36 for the kerosene engine.
The fan inlet mass flow increases with 10.3 % at TOC, which is less compared to the change in
required thrust. This is caused by the higher ideal jet velocities and the higher specific power of the
hydrogen-operated core engine. In combination with the increased fan pressure ratio, the corrected
mass flow at the core engine’s inlet indicates engine core size and is only 2.3 % higher at TOC even
if the engine provides 16.1 % more thrust.

In total, the thrust specific energy consumption (TSEC) is 3.3 % lower at cruise for the hydrogen
engine (DLH25) compared to the kerosene variant (DLR-F25). The more efficient use of chemical
energy of hydrogen is mainly related to the higher specific heat capacity of the exhaust gas due to
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more water resulting as the product of combustion and allowing to extract more specific energy from
the exhaust flow.

Parameter Unit Configuration Cruise TOC MTO-0 MTO-15 EOF 2ndSeg
TSEC [J/s/N] DLR-F25 620.0 626.6 270.3 279.0 386.6 391.6
DLH25 599.2 610.8 277.9 287.7 399.4 402.5

rel. Dev. % -3.3 -2.5 2.8 3.1 3.3 2.8

OPR [] DLR-F25 411 49.9 38.0 38.0 35.9 33.0
DLH25 42.7 47.9 37.8 37.7 36.4 31.2

rel. Dev. % 4.0 -3.9 -0.6 -0.8 1.4 -55

BPR [] DLR-F25 15.1 13.6 14.2 14.2 14.9 15.4
DLH25 15.1 14.2 14.7 14.7 15.3 16.2

rel. Dev. % 0.0 4.8 3.1 3.0 2.3 5.1

Fan Pressure Ratio [] DLR-F25 1.36 1.44 1.34 1.34 1.32 1.29
DLH25 1.42 1.48 1.37 1.37 1.35 1.29

rel. Dev. % 4.7 3.1 2.2 22 2.8 0.6

Fan Face ax. Mach [] DLR-F25 0.620 0.684 0.503 0.503 0.502 0.476
DLH25 0.637 0.682 0.511 0.511 0.518 0.468

rel. Dev. % 2.7 -0.2 1.5 1.5 3.2 -1.8

Fan Inlet Mass Flow  [kg/s] DLR-F25 224.3 227.2 563.2 549.0 564.5 538.6
DLH25 251.4 250.6 627.9 612.1 638.4 588.0

rel. Dev. % 12.1 10.3 11.5 11.5 13.1 9.2

FAR [] DLR-F25 0.02556 0.02975 0.02834 0.03002 0.02946 0.02819
DLH25 0.01031 0.01166 0.01137 0.01207 0.01197 0.01105

T3 K] DLR-F25 769 850 872 913 906 885
DLH25 780 839 873 913 912 875

rel. Dev. % 1.4 -1.3 0.1 0.0 0.7 -1.1

T4 K] DLR-F25 1632 1821 1799 1881 1859 1805
DLH25 1680 1817 1824 1900 1894 1804

rel. Dev. % 3.0 -0.2 1.4 1.0 1.9 0.0

T41 K] DLR-F25 1529 1707 1690 1767 1747 1696
DLH25 1578 1707 1717 1790 1784 1699

rel. Dev. % 3.2 0.0 1.6 1.3 21 0.2

Table 4 — Overview of engine performance characteristics and direct comparison between DLR-F25
and DLH25 for different operating conditions: Cruise, Top-of-Climb (TOC), Maximum Take-Off (MTO),
End-of-Field (EOF) and 2nd Segment (2ndSeg).

3.2.3 Pre-Conditioning Heat Flow Results

The LH> high-pressure pump supplies the pre-conditioning system with pressurized fuel and requires
an additional power off-take from the high-pressure shaft of 165 kW at cruise. The pre-conditioning
system itself is not modelled here but it is expected that such a system is capable of providing
enough heat to reach the targeted fuel temperature of 300 K for all operating points. Details on
pre-conditioning system studies can be found in [43]. The required energy to preheat the pressurized
hydrogen comes from different sources. The engine oil and the customer bleed dedicated for the
aircraft’s ECS are cooled. The remaining energy is recuperated from the engine exhaust flow using a
heat exchanger after the turbine exhaust casing and upstream of the core nozzle. The recuperative
heat exchanger is assumed to cause an additional pressure loss of 3 % during cruise operation. The
resulting heat flows are presented in Figure[16] A total heat flow of up to 1317 kW is required at take-
off and 435 kW at cruise. The heat flow during cruise operation is mainly provided by recuperation
(50 %) and the oil system (35 %) while the share of cooling the customer bleed is rather low (15 %).

16



ADVANCED MODELING AND ANALYSIS OF A LIQUID HYDROGEN SHORT-MEDIUM RANGE AIRCRAFT CONCEPT

1500

W LH2 Heat Flow to 300 K [kW] = Exhaust Recuperation [kW] Oil Heat Flow [kW] % ECS Heat Flow [kW]

1250

1000

Heat Flow [kW]
~
b

500

250

777777

Mid-CR TOC MTO-SLS-MAX-0 MTO-SLS-MAX EOF 2ndSeg
Operating Condition

Figure 16 — Overview of required heat flows for LH> pre-conditioning to reach a fuel temperature of
300 K at relevant operating conditions

3.2.4 Engine Flow Path and Mass Results

Figure[17]shows the estimated flow path model of the DLH25 engine compared to the DLR-F25 SAF
baseline engine. The fan diameter of the hydrogen engine is only 5 % larger while providing 16.1 %
more thrust capability at TOC. The nacelle length increases by 2.5 % and its wetted area by 2.1 m2.
The total engine length increases by ~ 0.4 m mainly due to the integration of the recuperative heat
exchanger upstream of the core nozzle. The bare engine mass of the DLH25 is with 2814 kg heavier
compared to the DLR-F25 engine (=~ 8 %). It includes a rather optimistic mass allocation for the LH»
pre-conditioning system resulting in +290 kg additional mass compared to a kerosene-based fuel and
thermal management system.

5.16m

3.71m

3.87m

DLR-DLH25 Engine

Bare Engine Mass 2814 kg

i Recuperative
| _Heat Exchanger

m — —
I -
8 Stages 2 srageg%mﬂﬂﬁm
.//J-
"

4 Stages
—

T T
] |
\
| | | ‘ | DLR-F25 Engine
| |
/ | | ‘ | |
1
A | \I \l ‘ l I\ \ Bare Engine Mass 2583 kg
* | L

—L

e 3 St
—__3 Stages

04m

4.82m

Figure 17 — Comparison of engine flow path models for the hydrogen direct-combustion
configuration (DLH25) compared to the SAF baseline (DLR-F25).
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3.3 Evaluation of Crashworthiness Demonstration Strategy

The crashworthiness demonstration strategy presented in Section[2.4]is utilized in the present section
to evaluate the initial crashworthy LH» tank integration concept. The modelling of the fuselage, LH»
tanks and the contained LHy, as well as the tank integration concept are presented, followed by a
discussion of the simulation results at component, major component and full-scale level.

3.3.1 Setup of Crash Model

The structural modelling of fuselage sections and full-scale aircraft is carried out with DLR’s process
chain tool Parametric Numerical Design and Optimization Routines for Aircraft (PANDORA) [58].
This process chain tool enables the generation of models with varying level of detail depending on
the application case [59]. The fuselage is modelled using a conventional stringer-frame design with
typical aluminium alloys 2024 and 7075.

The LH> tank model for the crash simulations includes an inner shell (inner vessel) and an outer
shell (outer jacket). In this simplified approach, the two shells are connected at the dome areas by
continuous rings as shown for the forward LH> tank in Figure The inner vessel contains LHz,
while the outer jacket encloses the insulation layer. As part of the crash concept, the insulation layer
between the two shells, with a thickness of 145 mm, was discretized using solid elements and the
mechanical properties of aerogel were assigned [60]. This constitutes a conservative approach due
to low stiffness and energy absorption capabilities of aerogel materials.

The liquid hydrogen was modelled using Smoothed Particle Hydrodynamics (SPH) according to [61],
[62]. This approach aims to capture the dynamic fluid behaviour under realistic crash conditions and
to estimate resulting sloshing loads on the LH» tank structure and its mounting system. Compared
to conventional jet fuels (pyr = 0.775 - 0.840 g/cm?3), LH» exhibits a substantially lower density of
pLH, = 0.071 g/cm3. Consequently, the sloshing effects of LH, are expected to be substantially
lower compared to those of jet fuels. The SPH particles were generated using LS-PrePost 4.9.12.
A constant particle spacing (pitch) of 35 mm was defined in x-, y-, and z-directions. As a generic
example in this study, a liquid height corresponding to mid-height on the forward side of each tank
was introduced to define a representative fill level. Due to the non-symmetric, conical geometry, this
definition results in different volume fractions, corresponding to fill levels of 48.9% (forward tank) and
39.8% (rear tank). At these fill levels, the forward LH, tank contains 0.65 - 10° particles and the rear
tank contains 0.23 - 108 particles.

The finite element (FE) models used for the crash simulations at the component, major component,
and full-scale levels are shown in Figure The load cases described in Chapter [2.4.2] are applied,
with a distinction made between vertical (grey) and horizontally dominant (black) load cases during
the evaluation of the results.

Horizontal loading

—> —>
—> —>
ay, —» ay, —»
—> —>
—> —>

(a) Component level (b) Major component level

(c) Full-scale level

Figure 18 — FE models and the according vertical (grey) and horizontal (black) crash load cases
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3.3.2 Initial Crashworthy LH»> Tank Integration Concept
Design considerations for crashworthy LH» tank integration are discussed in [47]. The present study
builds upon these findings. The crashworthy sub-structure is implemented as an energy-absorbing
framework positioned beneath the LH, tank, as illustrated in Figure [T9a and Figure [T9b] It consists
of a curved crossbeam that aligns with the LHy tank, the longitudinal elements and energy absorbing
struts. The crushing distance of the struts is s = 350 mm. The wall thickness of the curved cross-
beam is adjusted so that it can withstand the crushing loads from the energy absorbing struts and
provide sufficient stiffness to prevent extensive compliance movement towards the LHy tank. The
wall thickness of the energy absorbing struts is adjusted so that the crushing distance is maximized
at an impact speed of 9.14 m/s (30 ft/s) at the fuselage section level. The longitudinal elements are
intended to stabilize the curved crossbeam and the energy absorbing struts, and to prevent them
from tilting under vertical loads.
This specific structural crash tank integration concept presented here was initially investigated as
part of the Clean Aviation project FASTER H2 [63], [64]. As illustrated in Figure [19a]and Figure [T9b}
the LH» tank is integrated into the fuselage via spokes and x-rods. The spokes extend from the
tank dome to the fuselage, providing primary vertical support for the tank. In the lower fuselage
region, specifically within the sub-tank framework, the spokes are connected to both the longitudinal
elements and the curved crossbeam. A total of 24 spokes are employed to support the LH» tank,
comprising 12 at the forward dome and 12 at the rear dome. Longitudinal support is provided by
12 x-rods that extend from the outer jacket to the fuselage, arranged in two parallel rows of six rods
each. As illustrated in Figure the wall thickness of the fuselage patches (skin, stringers, and
frames) surrounding the constrained interpolation nodes is conservatively increased to 8 mm.
Pre-crash Mid-crash
Inner vessel (inner shell) S

12 spokes per tank dome / Outer jacket (outer shell)
(quasi-isostatic support)

Curved crossbeam:
) Airframe internal \
__— Insulation load attenuation \

» 350 mm

12 x-rods
(mass retention) Spoke tank __ |
mounts N

Reinforced
skin-stringer-frame
structure

Energy absorbing struts |
tangential to tank shell: | Crushable framework

~ tHSZPFEPre?t‘?T}tEd Prevention of tank penetration | (350 mm crash stroke)
4 pariicles Longitudinal elements:  Tank to framework contact
Inner vessel and outer jacket Lower airframe design: Stabilisation of the in case of crash:
are connected by dome rings Prevention of unrolling kinematics curved crossbeam Secondary load path
(a) LH2 tank integration concept (b) Crashworthy structure for LHz tanks

Figure 19 — Structural integration concept

3.3.3 Response Under Vertical Loading

This section presents the structural response of the forward LH, tank across component, major com-
ponent and full-scale levels under vertical loading as described in section[2.4.2l Symmetric boundary
conditions (Ux = 0, Ry = 0, R, = 0) were applied at the front end of the component and major com-
ponent models to simulate full aircraft conditions. Figure 20| shows the von Mises equivalent stress
distribution for the component, major component and full-scale models, respectively, at the time of
maximum internal energy (t = 75 ms, 85 ms and 130 ms).

The sub-tank structure was designed based on loads derived from the component-level fuselage
section, utilizing the full available crushing distance to minimize load transfer to the LHy tank’s outer
jacket. Accordingly, the curved crossbeams were dimensioned to withstand the crushing forces ex-
erted by the sub-tank struts. However, deformations and loads on the sub-tank structure, the outer
jacket, and the insulation increase significantly when transitioning from the component level to the
major component and, ultimately, the full-scale level. This increase is primarily attributable to the
substantially higher structural mass of the complete fuselage in the full-scale model. The fuselage
region that contains the forward LH tank is not only stressed by the mass of the fuselage from the
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Figure 20 — von Mises equivalent stress distribution in GPa at maximum crushing displacement

conical section on the rear edge, but also by the mass of the passenger cabin on the forward edge.
Given that the cabin region exhibits a higher mass per frame than the tank compartment, and its
cargo hold remains empty, the overall deformation of the sub-floor area is significantly more pro-
nounced than that beneath the sub-tank structure. Consequently, the structural loads transmitted to
the fuselage section containing the forward tank are amplified. To align the component level results
with full-scale results, the fuselage section model must incorporate inertial effects on both edges in
addition to the symmetric boundary conditions. The missing mass of the conical and cabin regions
must be added to the rear and forward edges by applying equivalent line loads at these edges.

The tail section and the sub-tank structure of the rear tank exhibit minimal plastic deformation, as
they are situated outside the primary crush zone. In contrast to the forward tank’s crash structure,
which undergoes significant structural deformation, the rear assembly remains largely stable. Based
on these simulation results, the rear crash structure was optimized by reducing its mass to one-third
of the original design, resulting in a total weight saving of 180 kg.

Figure[21]depicts the tank accelerations in global z-direction at lateral tank surface, with the evaluation
nodes shown in Figure [21b] at full-scale level. The results on component and major component
level are depicted in the appendix (Figure [28). The peak acceleration is about 32 g at the full-
scale level. To facilitate preliminary design, these results are compared with idealized rectangular
(12.2 g) and triangular (24.4 g) acceleration pulses, evaluated for an impact velocity of v, = 9.14
m/s (30 ft/s) and a crushing distance of s = 350 mm. Despite the observed peaks, the measured
acceleration values remain largely within the analytical bounds of the idealized pulse shapes. To
improve the fidelity of these results, subsequent studies must incorporate detailed material properties
and tank models to precisely determine the structural reaction. The inverse proportionality between
acceleration and crushing distance underscores a critical design trade-off: reducing the minimum
acceleration of 12.2 g by half would require doubling the crushing distance to 700 mm, resulting in a
considerable impact on the overall aircraft.
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Figure 21 — Accelerations in z-direction at lateral tank surface (forward LH5 tank)

3.3.4 Response Under Horizontal-Dominated Loading

This section presents the structural response of the forward LH, tank at the full-scale level under
horizontal-dominated loading as described in section [2.4.2]

Figure [22| compares the axial forces in the x-rods at full-scale level. The results for the component
and major component level are depicted in the appendix (Figure [29). In general, the forward x-rods
are subjected to significantly higher loads than the rear ones. A peak force of approximately 117 kN
is measured at the full-scale level. The comparatively low loading of the rear x-rods indicates that a
configuration with a single row of x-rods may be sufficient. The non-uniform loading of the forward
X-rods is caused by their orientation. To achieve a more uniform load distribution among all x-rods
and to reduce potential overloading of the surrounding structure, the integration of load limiters into
the x-rods may be considered (e.g. energy absorption by progressive bearing failure [65]).
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Figure 22 — Axial forces in the x-rods (forward LH» tank)

Figure[23|shows the full-scale crash simulation with combined velocity components at four time points
(t =100 ms, 200 ms, 300 ms, 400 ms). The fuselage contour plot shows the von Mises stress in
GPa, while the SPH particles are coloured by global x-velocity in m/s. The fuselage impacts the
surface simultaneously along its full length. Most of the vertical kinetic energy is absorbed by plastic
deformation of the fuselage while the spokes experience significant axial tensile forces. These forces
cause noticeable deformation of the tank dome, especially in the forward tank (Figure att =
100 ms). As previously discussed for the x-rods, load limiters can be integrated into the spokes to
prevent local overloading and to achieve a more uniform distribution of axial loads. This enables
controlled deformation at a defined load level and reduces further load transfer to the surrounding

21



ADVANCED MODELING AND ANALYSIS OF A LIQUID HYDROGEN SHORT-MEDIUM RANGE AIRCRAFT CONCEPT

structure, including the tank dome and fuselage. The results demonstrate that the structure maintains
its structural integrity under the specific applied load case, with no fuselage break occurring.
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Figure 23 — Full-scale crash simulation with combined velocity components. The fuselage structure
is shown with von Mises stress (GPa) and the SPH particles in the tanks are coloured by x-velocity
(m/s)

4. Aircraft Design and Assessment of DLH25

The following chapter details the outcomes of the aircraft design process, providing a comprehensive
overview of the resulting DLH25. The resulting data of the iterative aircraft design process including
the component design studies are consolidated into a cohesive aircraft architecture, presenting the
finalized conceptual aircraft design of the DLH25. A comparative analysis is subsequently performed
in order to highlight the primary differences between the current design and its predecessor, with a
particular focus on the influence of revised LH» technological assumptions. The chapter concludes
with a quantitative comparison of the LH> concept with a technically equivalent SAF-powered air-
craft, thereby providing a basis for evaluating the impact of hydrogen integration on overall aircraft
performance.

4.1 Revision of previous assumptions

The integration of liquid hydrogen as an energy carrier constitutes a revolutionary shift in fuel stor-
age concepts and thus poses a significant challenge to the conceptual aircraft design. There is a
notable lack of established methodologies for the integration of cryogenic tanks and associated com-
ponents. As a result, the previous conceptual investigation was required to set technological
assumptions for the utilisation of LH>. The present study enables some of these approximations to
be replaced by higher-fidelity analysis and simulation results, thereby increasing the maturity of the
overall design. The key modifications to the existing technological assumptions for the aircraft design
are summarized in Table Bl

With respect to engine performance, the preliminary assumption of a general 5% performance in-
crease, attributed to the higher specific heat capacity of the exhaust gas, has been superseded by a
new performance map derived from the LH» turbofan engine design, taking the thermodynamic cycle
design and flow path sizing into account. Consequently, a generalized assessment of SEC perfor-
mance is no longer pursued. Instead, the performance map enables the consideration of all operating
states along the entire flight envelope, including off-design operating points. An analysis of the data
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Component Technology Results Rationale
Factor in [19]
Engine Performance +5% Fully replaced  The engine performance benefit was replaced
(Mid-Cr.: +3.3%) by a complete engine performance map.
Fuselage Mass +7% +1340 kg Updated mass for crash structure. +1% for
(9%) tank removal systems and access panels.

Spacing for Cold Box 1.5m 1.05m Necessary geometrical spacing for cold box
integration from detailed system design.

Mass for LH2 systems 730 kg 1240 kg Higher mass driven by specific mass for LHy/

(incl. LH2/GH2 pipes) GHo> pipes as depicted in Table@

Unusable Fuel Mass 10% 7% Updated result from system design as depicted
in Table

Wing Mass +5% +5% Compared to DLR-F25.

No relief of wing structure due to dry wing.

Table 5 — Updated results for previous technology assumptions applied during conceptual aircraft
design phase of the DLH25

presented in Table [4]indicates that the LH, engine achieves a 3.3% reduction in thrust-specific energy
consumption at the mid-cruise point compared to a technologically equivalent SAF-powered UHBR
engine. While the mass of the tank integration and crash structure was previously estimated at 7%
of the total fuselage mass, it can now be accurately quantified with 1340 kg (9% of fuselage mass).
Additionally, a mass penalty of 1% of the fuselage mass is still assumed for tank removal systems and
maintenance access panels. The detailed system design revealed that while the inter-tank spacing
could be reduced from 1.5 m to 1.05 m, the total LH> system mass, including the LH2/GH> piping,
increases by 510 kg up to 1240 kg and the unusable fuel mass fraction can be set to 7%. For the
wing structure, the assumption of a 5% mass increase for the dry wing is maintained being a potential
objective for future detailed design studies.

4.2 Design lteration DLH25

To refine the initial configuration, targeted investigations were conducted at the overall aircraft design
level to identify potential improvements of the DLH25. Specifically, the transition from a conventional
tail to a T-tail configuration eliminates the intersection of the horizontal stabilizer with the fuselage,
thereby increasing the available volume for tank integration in the rear section, as can be seen in Fig-
ure This reduces not only the fuselage mass but also decreases the wetted area and improves
overall aircraft performance. The positioning increases the lever arm of the HTP and its aerody-
namic efficiency due to reduced interference from downwash effects caused by the wing, allowing
for a smaller HTP area. However, this configuration also necessitates consideration of increased
structural mass and increased frame thickness required for T-tail integration. Simultaneously, the fuel
distribution was optimized by allocating 70% of the total volume to the forward tank and 30% to the
rear tank. The rear tank was narrowed to ensure sufficient clearance for the fuselage structure, partic-
ularly to accommodate the increased frame thickness required for the T-tail integration. This revised
distribution reduces the surface-to-volume ratio (S/V) of the LH; tanks by 4.3%, thereby reducing the
total structural mass leading to an increase of the strucutral gravimetric index of 1.8%. This mass
reduction is attributed to both a decrease in the required wall material and a reduction in insulation
thickness, as the diminished surface area lowers the overall heat ingress. The combination of these
two modifications, the T-tail configuration and the revised volume distribution, enabled a reduction in
total fuselage length by 2.7%. This shortening leads to a direct decrease in the overall CoG shift, the
structural mass of the fuselage and its overall wetted area leading to an increase in fuel efficiency of
2.8%.

The DLH25 aircraft, consolidated from the results of the component design studies, is depicted in the
three-view drawing in Figure[25 The required geometrical spacing for both the hydrogen systems and
the tank crash structure are provided within the fuselage, with the resulting masses and CoG positions
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Parameter Delta
Fuselage Length -2.7%
S/V Ratio -4.3%

Gl (structural) +1.8%

Figure 24 — Tail section comparison between conventional (grey) and T-tail (blue) configuration
including different tank volume distributions

fully accounted for. Furthermore, the UHBR-LH»> engine, considering the required heat flows for LH»
pre-conditioning, was integrated into the overall configuration by incorporating the corresponding
mass, geometry, and performance map. The key parameters of the resulting DLH25 including a
MEM- and a drag-breakdown are summarized and compared to the previous DLH25 concept in
Table [7]and Figure [26]

Figure 25 — Three-View of the updated DLH25

The results indicate that the OEM of the updated DLH25 is reduced by 2.7%, which consequently
leads to a 2.1% reduction in MTOM. This mass reduction is attributable to several factors illustrated
in the MEM mass breakdown (Figure [26a). Firstly, the engine designed for LH, combustion proved
to be lighter than initially assumed, with its mass decreasing from 8870 kg to 8090 kg. Furthermore,
the aero-engine matching for the take-off performance was optimized. A reduction of the take-off lift
coefficient ¢ 1o to 1.9 resulted in a higher lift-off speed and thus, higher rotation speed, to satisfy the
requirement of a balanced field length of 2200 m. This increased the dynamic pressure at the HTP
allowing for a smaller HTP design, as its dimensions were previously sized by the take-off rotation
requirement. This modification resulted in a mass saving of 380 kg and a reduction in zero-lift drag
(ca,0) by 7 drag counts (26b). The fuselage mass remained nearly constant, as mass savings from
the modified tail configuration were offset by an increased mass requirement for the crash concept.
Due to the overall weight reduction of the DLH25, the maximum landing mass (MLM) is also lowered.
This parameter is decisive for the sizing of the wing area, given the constant wingspan and the
specified TLAR criterion of an approach speed of 136 kts. Thus, the aspect ratio increases by 3.1%,
which, combined with the reduced wetted area of a shorter fuselage and a smaller HTP, enhances
the aerodynamic efficiency. Consequently, the L/D ratio increases by 4.6% for the evaluation mission
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Key Sizing Parameters Unit DLH25[19] DLH25 Delta [%]
(initial) (update)
W/S = MTOM/Sref kg/m? 591 590 -0.2
T/W = SLST/MTOM - 0.330 0.319 -3.3
Masses
Max. Take-Off Mass t 93.4 91.4 2.1
Max. Landing Mass t 88.3 86.5 2.0
Max. Zero Fuel Mass t 87.0 85.3 -2.0
Operating Empty Mass t 62.0 60.3 2.7
Max. Fuel Mass t 6.5 6.1 -6.2
Block Fuel (2500 NM) t 54 5.1 -5.4
Block Energy (2500 NM) GJ 643 608 -5.4
Block Energy (800 NM) GJ 228 214 -6.1
Geometry
Wing Span m 45 45 0.0
Wing Aspect Ratio - 12.8 13.1 +2.3
Wing MAC m 4.26 4.2 -1.4
Wing Ref. Area m? 158 155 -1.9
Fuselage Length m 51.4 49.7 -3.3
Propulsion

Equivalent static thrust

(SL/ISA) kN 152 143 -5.9
TSEC cruise average (800 NM)  MJ/s/kN 0.588 0.599 +1.8

Aerodynamic

CLcruise (800 NM) - 0.58 0.58 0.0
I—/Dcruise, average (800 NM) - 17.5 18.3 +4.6
CL,max,TO - 2.1 1.9 -9.5
CL max.L - 2.76 2.76 0.0

Table 7 — Key characteristic parameter of the initial DLH25[19] and the updated DLH25

(800 nautical miles, 22705 kg payload). Although the engine is on average 1.8% less efficient during
the cruise phase of the evaluation mission than its predecessor, the overall efficiency of the DLH25
increases by 6.1%.

4.3 Performance comparison to a SAF powered Research Baseline

To contextualize the updated DLH25 hydrogen concept and its resulting performance, the DLH25 is
compared in the following step with the reference configuration D239 (technology level 2020), as well
as with the DLR-F25, a SAF research baseline equivalent to the 2035 technology level. Initially, the
geometric differences between the DLH25 and the DLR-F25 are illustrated in the three-view drawing
in Figure It is evident that the DLH25 exhibits both a larger fuselage diameter (5.3 m) and a
longer fuselage (49.7 m) than the DLR-F25, despite the fuselage shortening resulting from the T-tail.
Due to the unswept trailing edge of the wings, both concepts employ a body-mounted landing gear.
The wingspan is initially maintained at 45.0 m to ensure a consistent length of the foldable wing tip,
thereby ensuring compliance with the 36.0 m gate limit.

The key characteristics of the D239, DLR-F25, and DLH25 are compared in Table |8, with the fol-
lowing analysis focusing specifically on the DLR-F25 and DLH25. The increase of 30.2% in OEM
for the DLH25 is primarily attributed to the integration of liquid hydrogen tanks and systems, and the
necessary crash structure. The 63.5% reduction in fuel mass limits the overall increase in MTOM to
6.7%. However, the disparity in energy density and the resulting fuel mass lead to a 16.6% increase
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Figure 26 — MEM and drag breakdown comparisons for the initial DLH25 [19] (solid) and the updated DLH25
(hatched)

in MLM. Given the approach speed constraints (TLAR) and a constant wingspan, this necessitates
an increase in wing area, which reduces the aspect ratio by -16.0% and consequently impairs the
aerodynamic efficiency of the DLH25. A comprehensive aero-structural optimization of the wingspan
for both concepts remains a compelling objective for future research. For the evaluation mission, the
aerodynamic performance drops from an L/D of 19.5 to 18.3. Conversely, the TSEC of the DLH25 is
improved by 3.1%, a result of the transition to hydrogen combustion. Compared to the DLR-F25, the
DLH25 exhibits an increase in block energy of 16.5% for the design mission and 20.2% for the eval-
uation mission. In contrast, when compared to the D239, the DLH25 achieves a reduction in block
energy consumption of 6.0% and 1.0% for the design and evaluation missions, respectively. Notably,
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Figure 27 — Three-View comparison of the DLR-F25 (blue) and the DLH25 (yellow)
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the efficiency of the LH» aircraft degrades more rapidly than that of the SAF aircraft when operating in
off-design points. This performance gap is attributed to the higher OEM, due to the structural mass of
the hydrogen storage systems, combined with a smaller fuel mass delta, which penalizes off-design
range deviations more heavily.

This result underscores the current technical challenges associated with the integration of liquid hy-
drogen storage into an aircraft design. However, prior research indicates that LH>-powered aircraft
exhibit a higher sensitivity to efficiency alterations compared to SAF powered aircraft. Specifically,
Kugler et al. [66] demonstrated that the integration of revolutionary technologies on LH»> powered air-
craft, such as the Truss-Braced Wing or Open Fan architectures, yields more pronounced efficiency
improvements than their SAF equivalents, thereby potentially narrowing the existing performance
gap. Furthermore, Silberhorn et al. [67, [68] identified potential for further efficiency enhancements
through the implementation of mild hybridization via fuel cell integration, a technological pathway that
offers significantly fewer synergies for SAF configurations, as they lack an onboard hydrogen source.
Consequently, it is imperative that future evaluations adopt a holistic approach, extending the analy-
sis beyond pure block energy efficiency to include direct operating costs (DOC) and climate impact
parameters. Ultimately, by systematically addressing the integration challenges of LH», this study re-
inforces the position of liquid hydrogen as a viable energy carrier for the long-term decarbonization of
the aviation sector. Furthermore, these results indicate that continued research and further detailed
investigations, as demonstrated in this study, hold potential for additional efficiency improvements.

Deltato Delta to

Key Sizing Parameters Unit D239 DLR-F25 DLH25 D239 DLR-F25
[%] [%]
W/S = MTOM/Sref kg/m? 720 659 590 -18.1 -10.5
T/W = SLST/MTOM - 0.319 0.296 0.319 0.0 +7.8
Masses

Max. Take-Off Mass
Max. Landing Mass
Max. Zero Fuel Mass
Operating Empty Mass

93.5 85.7 91.4 2.2 +6.7
79.2 74.2 86.5 +9.2 +16.6
75.6 71.3 85.3 +12.8 +19.6
50.6 46.3 60.3 +19.2 +30.2

— o~ o~ — — —

Max. Fuel Mass 18.4 16.7 6.1 -66.8 -63.5

Block Fuel (2500 NM) 15.0 12.1 5.1 -66.0 -57.9

Block Energy (2500 NM) GJ 647 522 608 -6.0 +16.5

Block Energy (800 NM) GJ 216 178 214 -1.0 +20.2
Geometry

Wing Span m 36 45 45 25.0 0.0

Wing Aspect Ratio - 9.9 15.6 13.1 +32.3 -16.0

Wing MAC m 4.3 3.54 4.2 2.3 +18.6

Wing Ref. Area m? 130 130 155 +19.2 +19.2

Fuselage Length m 44 .51 44 .51 49.7 +11.7 +11.7
Propulsion

Equivalent static thrust

(SL/ISA) kN 147 125 143.0 2.7 +14.4

TSEC cruise average (800 NM) MJ/s/kN  0.643 0.618 0.599 -6.9 -3.1

Aerodynamic

CLycruise (800 NM) - 0581 0593 058 '0.2 '22

L/Dcruise’ average (800 NM) - 1 7.5 1 9.5 1 8.3 +4.6 '6.2

CL,max,TO - 2.4 2.3 1.9 -20.8 -17.4

CL max.L - 3.05 2.845 2.76 -9.5 -3.0

Table 8 — Key characteristic parameter comparison between D239, DLR-F25 and DLH25
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5. Conclusion and Outlook

The present study has enhanced the design maturity of the DLH25 research baseline by integrating
component design data into the preliminary design process and re-evaluating initial technological as-
sumptions. The resulting updated baseline provides a robust foundation for subsequent research into
the integration of next-generation technologies. A key contribution of this work was the integration of
an LH2>-UHBR engine, considering the necessary heat flow for the hydrogen pre-conditioning system.
When compared to a technologically equivalent SAF-powered engine, the LH» variant is 8.9% heav-
ier. However, it achieves a 3.3% reduction in specific energy consumption at the mid-cruise point,
correcting the previously assumed improvement of 5.0%. On a system level, the on-board and LH»
systems exhibit a mass increase of 75% relative to a SAF aircraft, with the structural and crashworthy
integration of the LH»> tanks contributing a mass penalty of 1340 kg. To mitigate these challenges,
configurational optimizations were implemented, including the transition to a T-tail to increase vol-
umetric capacity and optimize fuel distribution. These changes resulted in a 2.8% improvement in
block fuel efficiency, contributing to an overall increase of 6.0% compared to the predecessor of the
DLH25. When compared to the DLR-F25 SAF research baseline, the DLH25 exhibits an increase
in block energy of 16.5% for the design mission and 20.2% for the evaluation mission. Conversely,
it demonstrates a superior block energy efficiency to the current state-of-the-art kerosene reference
aircraft by 6.0% on the design mission and 1.0% on the evaluation mission.

Future research will focus on optimizing the interface between the LH, tanks and the crash struc-
ture to establish more precise sizing criteria and including additional load cases. Furthermore, the
integration of novel technologies, such as Truss-Braced Wing and Open Fan architectures, and a
comprehensive assessment of direct operating costs (DOC) and climate impact relative to SAF will
be conducted. To further increase the technological maturity of the concept, detailed CFD analyses
will be performed to evaluate the trim drag impact for the larger shift on CoG compared to the SAF air-
craft. Additionally, the aero-structural behavior of the wing and a wingspan trade-off study, including
a comparison with the SAF baseline, represent potential areas for further investigation.
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9. Appendix
Parameter Unit LH; tank forward LH, tank aft
Outer bigger diameter m 4.6 3.4
Outer smaller diameter m 4.14 1.5
Insulation thickness m 0.14 0.15
Inner wall thickness mm 7.0 5.0
Length m 6.3 8.2
Inner volume mé 714 30.6
Mass kg 3350 1820
Parameter Unit Cold box forward Cold box aft
Outer diameter m 1.84 1.84
Inner diameter m 1.63 1.63
Shell wall thickness mm 3.5 3.5
Length m 0.72 0.72
Separation betw. tanks m 1.05 1.05
Mass kg 314 314
Max. power (pressure man- kW 25.2 25.2
agement)
Max. power (LH2 pump) kW 23 2.3
Parameter Unit LH, distribution pipe GHaz venting pipe
Max. mass flow kg/s 0.33 0.02
Inner pipe outer diameter mm  31.8 25.0
Inner pipe wall thickness mm 2.6 2.0
Outer pipe outer diameter mm  70.0 51.0
Outer pipe wall thickness mm 2.9 2.6
Total length m 76 20
Mass kg 524 87
Length-specific mass kg/m 6.9 4.3

Table 9 — Results of the LH> supply system sizing process
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Figure 28 — Accelerations in z-direction at lateral tank surface (forward LH> tank)
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