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Abstract

Liquid Hydrogen (LH2) as an energy carrier for passenger aircraft has the potential to combine
low climate impact and high lifecycle energy efficiency. Due to its significantly different
physical properties compared to kerosene, the integration of LH2 fuel storage and distribution
systems interacts with the general configuration of the aircraft. In order to assess promising
configuration combinations quantitatively, an aircraft design and assessment framework is
further developed. These additions are aimed at capturing the interdependencies originating
from the fuel system integration choices at the aircraft level and quantifying the effect of trim
drag. The framework is applied to a selection of LH2 mid-to-long-range aircraft designs. A
comparison of the mass breakdown, aerodynamics breakdown and performance indicators
such as specific energy consumption is carried out for the framework-generated aircraft
models. A trim drag induced block fuel penalty is quantified for the aircraft selection as well
as a mitigation strategy based on operational constraints.

Keywords: aircraft design; liquid hydrogen; aircraft design framework; aircraft configuration;
tank integration; trim drag

1. Introduction

A significant number of conceptual and preliminary aircraft design studies have
already been carried out on Tube-and-Wing Liquid Hydrogen (TWLH?2) aircraft in the
CS-25 class [1,2]. Usually a wider range of configuration choices for a certain payload and
range combination are assessed qualitatively first, followed by a quantitative and more
detailed comparison for the most promising designs. For large aircraft, trim and stability
constraints are stated as a reason why a forward-aft tank integration is necessary [3]. It
is claimed an aft fuel integration leads to excessive trim drag and tail-down load [2]. To
methodically evaluate such claims, particularly in terms of target functions like specific
block energy, the design process must include methods that can accurately model the key
differences between kerosene and hydrogen propulsion systems of different topologies
across multiple disciplines. Compared to current kerosene-powered aircraft, mass and
volume for the fuel storage and distribution system (FSDS) are significantly increased. In
conceptual aircraft design the gravimetric efficiency of tanks can be assumed in a top-down
approach [4] or be calculated in a bottom-up approach based on the actual geometry such
as in [5,6]. Fuel distribution system (FDS) parameters can be determined in a similar way,
for example in a top-down approach calibrated by a bottom-up method [5]. When fuel
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lines are routed outside of the fuselage to potentially ease certification, fairing weight
and aerodynamic effects should be considered [6]. Trim drag is either not considered
during preliminary LH2 aircraft design studies and mentioned as an uncertainty [7] or the
effect is considered but not quantified [1,5]. Some preliminary design methods [8] do not
adequately account for the actual static margin, particularly in larger LH2 aircraft, where
fuel distribution can cause a significant shift in the center of gravity (COG). This paper
focuses on enhancing the modeling methods for the cryogenic fuel storage and distribution
system (FSDS) and trim drag, with the goal of achieving higher fidelity in assessing the
configuration choices for TWLH?2 aircraft.

2. Methodology

The preliminary aircraft design workflow from the EXACT project [9] is used to
calculate the concepts in this paper. In this framework, multiple Python-based tools
are connected leveraging the RCE platform [10], resulting in a multidisciplinary and
multifidelity workflow, where the results of midfidelity tools are either directly fed back or
used to calibrate low-fidelity models, as shown in Figure 1. Data exchange between the
tools is carried out in the CPACS data schema [11]. The framework has been continuously
enhanced during the course of the project in order to capture as many relevant effects
as possible in the preliminary design stage. A bottom-up approach for LH2 storage and
systems sizing (Section 2.1), trim drag calculation in the mission analysis to capture the
effects of different tank integration strategies (Section 2.2), and a physics-based wing
structure sizing tool were introduced.

Overall System Requirements and Scenarios
Top-Level-Aircraft-Requirements, Technology, Economic, Ecological boundary conditions
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Figure 1. Schematic visualization of the aircraft design workflow.

OpenAD is DLR’s main conceptual aircraft design tool [12]. It is a standalone tool
capable of sizing a consistent aircraft starting from a small set of top-level requirements.
OpenAD is built on semi-empirical formulae and it is used both as a design initiator and
for synthesis of the different disciplines in the EXACT2 workflow. The fuselage and wing
structure are sized in detail in dedicated sub-workflows. Firstly, relevant loads on fuselage
and wings are calculated based on initial components data provided by openAD [13]. Sec-
ondly, the primary structures are resized considering analytically calculated stress flows
based on the cutloads from the load cases [14]. To account for the dry wing, the fast wing
optimization framework Lightworks [15] is used, which applies analytical constraints re-
lated to buckling stability, structural strength, and manufacturability. Finally, the secondary
structures are sized with handbook methods.

2.1. Liquid Hydrogen Systems and Storage Sizing

The following methods use a bottom-up, physics-based approach, allowing the ac-
curate capture of the interdependencies of the fuel system and overall aircraft in design
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trades. The storage tank sizing [6] starts with geometry generation and allowances for
pressurization and unusable fuel calculations. The structural sizing of the tanks is then
performed with an inbuilt surrogate model based on a CFRP winding optimization for
various shapes [16]. Additionally, the mass and volume of crash structures and internal
and external mounts are derived based on [17]. A multi-layer vacuum-insulated structure
and CFRP vessels are assumed for the tanks of the aircraft concepts investigated in this
paper, which are sized for 2 bar (a) operating pressure. The LH2 systems consist of the
distribution, venting, refueling and pressurization systems. These subsystems are derived
from energy balances and affinity laws for components [18,19]. The aircraft geometry- and
fuel-specific boundary conditions at the engine interface are extracted and used as input
parameters. The schematic fuel system architecture assumed for this study is depicted
in Figure 2. Assuming that LH2 lines should be routed outside of the pressurized area
of the fuselage, fairing structures are sized. The additional drag is calculated by adding
the wetted surface to the fuselage and increasing the form factor to account for pressure
drag penalties.

= Engine Feed Line
------ Pressurization Line

——= Fuel Cell Feed Line
=+ == Recirculation Line

Vent Line

Fueling Line

= 0=
—x
« —

Figure 2. Schematic topology of the LH2-fuel system, adapted from [18].

2.2. High-Speed Performance and Trim Drag Calculation

The Aircraft Mission Calculator (AMC) solves the equations of motion for fixed
timesteps of the mission flight trajectory, taking into account the engine and aerodynamic
performance characteristics of the aircraft. The initial cruise altitude is optimized to min-
imize the total energy consumption and a cruise segment based on specific air range is
applied. Furthermore, the AMC has the capacity to calculate a trimmed flight trajectory.
For that purpose, the component-wise pitching moment characteristics of the aircraft,
which are included within the aerodynamic performance output generated by openAD,
are taken into consideration. The component-wise pitching moment characteristics, as
well as the horizontal tailplane efficiency influenced by the downwash of the wing, are
determined using, among others, handbook methods from Roskam [20], Multhopp [21] and
Datcom [22]. Along the cruise segment of the trajectory, the required tailplane deflection
to sustain moment equilibrium is computed. This calculation incorporates the pitching
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moment contribution of the aircraft components, thrust, and weight. The method was
calibrated based on the D300 reference aircraft model with data from [23].

3. Aircraft Concepts

In the scope of the EXACT project (EXACT—Architecting Aviation: https://exact-dlr.de/,
accessed on 1 October 2025), many relevant propulsion technologies and aircraft market
segments are evaluated regarding their economic and ecological potential. One such seg-
ment is the MLR (Medium-Long-Range) segment, with design ranges between 3000 and
5000 nautical miles. Therefore, both a Sustainable Aviation Fuel (SAF)-powered baseline
(D350-TF) and a TWLH2 (D350-TFLH2) aircraft family are created for Entry into Service (EIS)
in 2045. For each family the largest concept is chosen for evaluation, since it dictates the sizing
for most aircraft components.

3.1. MLR Baseline Concept

The reference aircraft is the D300, a DLR redesign of the Airbus A330-900 based on
publicly available data. The D350-TF family is created from the D300 reference aircraft, see
Figure 3. Based on the airport capacity-constrained DLR passenger demand forecast, the
largest surge in both passenger and flight volume will be in the seat class of 300—400 by
2050 [24]. Therefore, the design payload is increased by 30% compared to the reference,
resulting in a 300—400 passenger capacity based on the family member for a typical two-
class layout. Design range was reduced to 4500 Nautical Miles, which based on a route
network data analysis will be sufficient to achieve >95% of the missions and Available-Seat-
Kilometers (ASK) of the reference aircraft [25].

Other Top-Level Aircraft Requirements (TLARs) were kept constant or within the
same class, see Table 1. High-Bypass-Ratio Turbofans (BPR = 14) and a composite wing
including foldable wingtips are introduced to reduce the folded wingspan below 52 m,
thus allowing usage of airport facilities with Code D. Otherwise incremental improvements
to the reference aircraft in composite structure, manufacturing techniques, aerodynamics
and turbofan thermal efficiency are assumed. This is modeled by a 3% reduction in the
empennage mass, a 5% reduction in the fuselage structure, a 1% reduction in zero-lift drag
and an increase of 6% in gas turbine efficiency.

17.8 m

LI 73.4m

Figure 3. Three views of the D350L-TF baseline.

3.2. LH2-MLR Concepts

The D350-TFLH2 aircraft family largely shares the same TLARs and baseline technol-
ogy assumptions as the D350-TF. A 3% increase in gas turbine efficiency (compared to the
baseline) is achieved when burning LH2. The hydrogen aircraft have a 7.20 m wide fuse-
lage with twelve-abreast seating in order to keep the fuselage length below 80 m and thus
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comply with current airport gate infrastructure. Non-Integral, Carbon Fibre-Reinforced
Plastic (CFRP) vacuum-insulated tanks are used for fuel storage. The conical forward tank
is installed into the unpressurized nose compartment as depicted in the three views in
Figure 4a. With the cockpit situated in an upper deck above the passenger compartment,
the forward and downward visibility requirement from CS 25.771 [26] can be maintained
while the cockpit is retained within the pressurized cabin. This allows the flight deck access
from the cabin suggested by C525.772b and CS25.772c [26], which is a main point of uncer-
tainty for Fwd-aft tank integration concepts where the forward tank is situated between
the cockpit and cabin. The visibility constraint limits the forward tank size to 35% of the
total fuel capacity. This design trade will be compared against an aft-aft tank integration in
the D350L-TFLH2DD concept for the same TLARs and technology assumptions as for the
D350L-TFLH2. The horizontal tailplane of the D350L-TFLH2DD was dimensioned using a
simplified approach by increasing the volume coefficient by approximately 30% compared
to the D350L-TFLH2.

Table 1. TLARs for D350L-TF.

TLAR Value & Unit
Design PAX 400
PAX Mass 105 kg
Design Range 4500 NM
Mach Cruise 0.82
Approach Speed 147 kts/Cat. 3
Wing Span Folded <52 m/Code D
@7 20m
63.9m
m
77.8m 77.3m I

(a)
Figure 4. Three views of (a) D350L-TFLH2 and (b) D350L-TFLH2DD.

4. Results and Discussion

Compared to the SAF baseline, the following effects can be observed for the hydrogen
designs. A mass increase in fuselage structure, main gear, operator items and power units,
which can be attributed to increased fuselage volume, maximum landing mass (MLM),
unusable fuel mass and FSDS mass (Figure 5b). The observed reduction in wing mass
for the hydrogen concepts is under investigation and likely requires further calibration
of the wing sizing method since the increased inertia loads were captured accurately.
Despite the 15% increase in operating empty mass (OEM) the TWLH2 aircraft mission
fuel mass reduction of over 50% leads to a 3.5% lower maximum take-off mass (MTOM).
Moreover, the LH2 concepts suffer an aerodynamic penalty of up to 10% compared to
baseline due to the increased wetted fuselage area and fuel line fairings, see Figure 5c. The
aft-aft integration shows a slight advantage over the forward-aft integration, since fuel
line exposure and fuel-required fuselage volume are slightly lower. This can be attributed
to a more efficient FSDS as shown in Figure 6.

A general trend of rising gravimetric tank efficiency 77storqge With increasing volume
is visible. The forward tank of the D350L-TFLH2DD stands out due to its more efficient
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cylindrical shape compared to the other conical shaped tanks. When considering the fuel
distribution system (FDS), total efficiency #1,¢, drops are more pronounced for tanks with
lower fuel capacity. The forward D350L-TFLH2 tank is most affected by this effect, since
FDS mass is more depending on the pipe length than on the tank volume. As evident in
Table 2 the emergency venting piping is mainly responsible for the elevated FDS mass
since the venting point is situated at the top of the vertical tailplane. With a venting point
above the cockpit a similar FDS mass to the aft-aft tank integration may be achieved for
the forward-aft configuration. However fuel fairing mass and drag penalty would still
be elevated for the forward—-aft configuration by a factor between 1.6 and 2.2. Figure 7a
shows the specific block energy consumption for the hydrogen concepts. Figure 7b shows
the difference in specific block energy consumption w.r.t. the D350L-TFLH2DD. Results
are presented for both trimmed and untrimmed conditions, enabling quantification of the
impact of trim-induced drag across the different configurations. The D350L-TFLH2DD
exhibits a slight performance advantage in this metric by 1%, attributable to the combined
effects of its marginally lower weight and reduced aerodynamic drag compared with the
D350L-TFLH2. The trim drag penalty for the aft-aft tank integration is considerable at
4%, while the less penalized Front-aft integration concept is now around 2% more energy
efficient. The penalty appears mostly constant between the design range and 3000 nautical
miles and starts to drop for shorter missions. This is due to the calculation method, where
trim drag is only calculated in cruise, which has a decreasing share of the mission fuel
consumption as the flight range reduces. This effect counteracts the less favorable COG
positions for lower fuel loads on the D350L-TFLH2DD, which should lead to an increase
in trim drag for shorter missions of this concept. Therefore the numbers given in Figure 7
should be regarded as minimum values.

D350L-TF
200000 ™= D350LTFLH2
=== D350L-TFLH2DD

150000

100000

Mass in kg

50000

D350L-TF
30000 mmm D350L-TFLH2 20.0
N D350L-TFLH2DD

25000

1
—
o
=

20000

.D-

15000

Mass in kg
LD-Ratio L

10000

D350L-TF
5.0 —— D350L-TFLH2
—— D350L-TFLH2DD

5000

0.2 0.4 0.6 0.8
Cruise Lift Coefficient Ci, cruise

O

Figure 5. Comparison of the D350L baseline and hydrogen concepts. (a) TOM breakdown for design
mission. (b) OEM component mass breakdown. (c) Initial cruise aerodynamic performance.

For the aft-aft tank integration, a design trade is conducted to mitigate the trim drag
impact by imposing an operational limit on the rearmost flight center of gravity (COG)
position. This constraint effectively shifts the wing forward, bringing the average mission
COG closer to the static margin, thereby reducing the trim penalty. This mechanism is
illustrated in Figure 8a, where the fuel burn line shifts in response to the operational
constraints. The introduction of the minimum payload factor, denoted as mp, incorporates
a portion of the design payload into the calculation of the rearmost COG case. For the
aft-aft integration this is the combination of the OEM and maximum fuel mass. This
COG position will rarely be reached in regular operations but is more common on ferry
flights near the maximum range. For such operations, a trim weight is required, with
the weight for a trim weight positioned at the most forward cargo bay estimated for the
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D350L-TFLH2DD in Figure 8. When positioning the main landing gear with a tip-back
angle constraint, the minimum payload will not be considered for the relevant rearmost
COG in order to ensure ground stability at all times. This leads to the main gear position
moving aft relative to the wing as it is pushed forwards. At some point, a wing integration
of the main gear is not feasible anymore. At an mp of 0.5 for the wing gear attachment point
relative to the local wing chord the feasibility limit of the D350L-TFLH2DD is probably
reached, see Figure 8b. The effect on specific block fuel energy is considerable; with an mp
between 0.25 and 0.5 the aft-aft configuration can reach similar performance in terms of
specific block energy as the forward—aft configuration, see Figure 7. The corresponding
ferry flight trim weight will be between 2000 and 5000 kg, which can be achieved using
between two and four LD3 Unit Load Devices (ULDs) at their maximum gross weight.
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Figure 6. Topological and geometric effects on FSDS efficiency.

Table 2. D350L concept FDS breakdown.

Unit TFLH2 TFLH2DD
Subsystem - Fwd Aft Fwd Aft
Distribution kg 323 376 348 389
Venting kg 345 259 227 246
Refueling kg 156 156 165 165
Press kg 8 8 9 9
Misc kg 273 267 257 267
Total Mass kg 1107 1066 1006 1077
Fairing
Mass kg 610 370
Fairing dcs 0.6-1.1 03-05
Drag
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Figure 7. Trim drag and mitigation strategies for the D350L hydrogen concepts. (a) Specific block
energy consumption (b) Difference in block energy consumption relative to the D350L-TFLH2DD.
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Figure 8. Effects of mp variation on (a) COG diagram; fuel burn line visualized for minimum and
design payload. (b) Main gear position and trim weight for ferry flights.

5. Conclusions

The interdependencies of the FSDS with mass and drag due to the tank shape, size
and position was demonstrated for the two configurations assessed. Overall, the FDS mass
contribution to the OEM increase was found to be limited and becomes less significant with
rising tank size, as the FDS mass primarily scales with the piping distance between the tank,
engine, and venting point. The trim drag penalty for larger LH2 aircraft with aft-aft tank
integration was quantified to be at least 4% in specific block fuel energy. However, it was
shown that introducing an operational constraint in the form of a minimum payload could
reduce this penalty, bringing the aft-aft configuration’s trim drag penalty down to 1-2%,
which is comparable to the 0.6% penalty for the forward-aft integration. Only conventional
trimming using the HTP was considered in this analysis. Modern long-range aircraft
use advanced trailing-edge devices to manage lift and drag through variable camber and
differential flap settings [27], which could potentially mitigate small trim drag penalties.
As such, the trim drag difference may have limited impact on overall mission performance.
While the trim drag issue for the aft-aft LH2 tank integration was addressed in this paper,
it must be mentioned that the take-off rotation requirement might require additional design
trades if the assumed HTP area is maintained. Overall the demonstrated additions to
the design process will allow for more detailed analyses of configuration design choices
regarding tank integration and engine placement in a future publication.
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