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Abstract: Stringent sustainability goals are set for the next generation of aircraft. A promis-
ing novel airframe concept is the ultra-high aspect ratio Strut-Braced Wing (SBW) aircraft.
Hydrogen-based concepts are active contenders for sustainable propulsion. The study com-
pares a medium-range Liquid Hydrogen (LH2) to a kerosene-based SBW aircraft designed
with the same top-level requirements. For both concepts, overall design, operating costs,
and emissions are evaluated using the tool SUAVE. Furthermore, aerostructural optimiza-
tions are performed for the wing mass of SBW aircraft with and without wing-based fuel
tanks. Results show that the main difference in the design point definition results from
a higher zero-lift drag due to an extended fuselage housing the LH2 tanks, with a small
reduction in the required wing loading. Structural mass increases of the LH2 aircraft due
to additional tanks and fuselage structure are mostly offset by fuel mass savings. While
the fuel mass accounts for nearly 25% of the kerosene design’s Maximum Take-Off Mass
(MTOM), this reduces to 10% for the LH2 design. The LH2 aircraft has 16% higher operating
costs with emission levels reduced to 57-82% of the kerosene aircraft, depending on the
LH2 production method. For static loads, the absence of fuel acting as bending moment
relief in the wing results in an increase in wing structural mass. However, the inclusion
of roll rate requirements causes large wing mass increases for both concepts, significantly
outweighing dry wing penalties.

Keywords: strut-braced wing; hydrogen; ultra-high aspect ratio wing; aerostructural
optimization; aircraft design

1. Introduction

In an effort to increase the drive towards more sustainability in aviation, stringent
sustainability goals have been set by the European Commission [1] and NASA [2] for the
next generation of aircraft. With current aircraft and propulsion concepts reaching their
respective performance limits, these goals require new approaches in both airframe and
propulsion solutions. One promising airframe concept is the Ultra-High Aspect Ratio Wing
(UHARW) [3]. For a given required wing area, the high aspect ratio and, hence, increased
wingspan reduce induced drag and, therefore, increase fuel efficiency. However, the
aerodynamic load also increases the wing bending moment and, hence, the structural mass
of the wing, limiting the overall benefits. For medium-range designs, the mission fuel mass
starts to increase exponentially when the wing aspect ratio exceeds 16 [4]. To counteract this,
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the addition of a strut can reduce the bending moment by up to 50% [5]. Further benefits
and wing weight reduction can be gained from advanced composite materials that allow
aeroelastic tailoring of the wing [6]. The addition of a strut to alleviate bending moments
allows for a smaller wing structure, with reduced wing thickness and chord length, thereby
reducing transonic wave drag and spanwise crossflow disturbances [7]. For these reasons,
recent studies in UHARW have focused on the Strut-Braced Wing (SBW) configuration for
transonic mid-range aircraft [5,8,9]. Design studies for short- and long-range designs have
also shown benefits over current designs [10].

Regarding propulsion, hydrogen-based concepts are active contenders for more sus-
tainable aviation and the combination with SBWs to increase the overall benefits. As
hydrogen does not emit CO;, the climate impact will be reduced compared to kerosene
variants [11]. Hydrogen has a higher gravimetric energy density than kerosene, but a much
lower volumetric energy density. Thus, while the total fuel mass is decreasing, the tanks
required for storage necessitate a larger airframe. Cryogenic storage increases the density,
but requires additional systems and insulation to keep temperatures low [12]. A selection
of previous studies on conventional Liquid Hydrogen (LH2) aircraft designs, from short- to
long-range aircraft, is presented in Table 1. The results show that hydrogen is a viable fuel
for a wide variety of missions.

Table 1. Comparison of some existing conventional hydrogen-based aircraft concepts.

Category Range Passengers OEM MTOM Fuel Fuel Fraction Reference
Regional 500 nm 72 146t 229t 08t 3.5% [13]
Short 1500 nm 180 48t 68 t [14]
Short 2160 nm 150 582t 78t 47t 6.0% [15]
Short 2462 nm 150 498t 748t 57t  7.7% [13]
Medium 2970 nm 180 571t 793t 63t 7.9% [16]
Medium 4000 nm 290 132t 175t [14]
Medium 4860 nm 300 123t 176t 21t 12.0% [15]
Medium 4144 nm 295 136t 205t 24t 11.7% [13]
Long 5500 nm 420 149t 224t 24t 10.7% [17]
Long 7500 nm 380 113t 184t 31t 16.7% [18]
Long 10,260 nm 400 162t 250t 45t 17.8% [15]
Long 6400 nm 400 128t 196t 22t 11.2% [19]

UHARWE are intrinsically less rigid than conventional wings. This leads to geomet-
rically non-linear behavior in deflections that cannot be accurately modeled using linear
analysis models. These inaccuracies lead to errors in the conventional wing sizing models,
as well as errors in wing weight estimation. As such, it is necessary to consider these
geometric non-linearities due to the strut’s deformation and apparent buckling under
negative load cases [20]. Previous work has performed aerostructural optimization on
kerosene-based SBWs [21,22]. The optimized wing showed a 30% reduction in wing weight
and an 8% reduction in Maximum Take-Off Mass (MTOM) over the initial sizing using
conventional handbook methods. Investigating the aerostructural effects on wing mass
for SBWs becomes more important with a hydrogen-based concept, as the loss of fuel in
the wings to act as bending moment relief has a large effect on the resulting wing stresses
and hence requires higher wing structural mass. Previous studies indicate that the dry
wing of LH2 aircraft is typically expected to be 7-10% heavier than that of conventional
kerosene-fueled aircraft [23]. This weight increase is primarily attributed to the absence of
fuel within the wing structure, which in conventional designs helps to offload some of the
structural loads during maneuvers with a positive load factor. Without the fuel’s internal
mass providing this offloading effect, the dry wing has to be structurally reinforced to
handle the same loads, resulting in increased weight. Such findings align with the general
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understanding that alternative fuel aircraft require significant structural modifications to
maintain performance and safety standards.

This study compares the influence of LH2 propulsion on a medium-range SBW aircraft
and evaluates the changes in aircraft design, operating costs, and emissions. Furthermore,
aerostructural optimizations are performed for both wings to evaluate the impact of a
dry wing on the wing mass for SBW aircraft and compare wing masses to a kerosene-
based concept.

Section 2 describes the aircraft design framework as well as the models implemented
to represent SBW aircraft and hydrogen networks. In Section 3, the resulting aircraft designs
are compared by key performance parameters. Aerostructural optimizations of both wings
are performed to evaluate the effects of a dry wing on the total mass. Finally, Section 4
provides conclusions of both investigations.

2. Methodology

The study investigates the influence of LH2 propulsion on a medium-range UHARW
SBW aircraft. For the two concepts, LH2- and conventional kerosene-based, the basic
aircraft design, operating costs, and emissions are compared. Furthermore, aerostructural
optimizations are performed for the wing mass of SBW aircraft with and without wing fuel
tanks under varying load constraints.

2.1. Conceptual Design
2.1.1. Initial Sizing

The aircraft sizing and analysis procedure uses a two-step approach shown in Figure 1.

Inputs Outputs: Sized Aircraft
(Assumptions: HLFC, Load Alleviation, etc.) [G try] (M' P—— )
eome ission Profile
(Top-Level Requirements (TLRS)) [Weightsj ( Performance )
( Initial Aircraft Configuration )
Guessed Weights Yes
T No
\1’(— Meet TLRs?
Initial Sizing Module T
Constraint analysis and the first aircraft sizing

iteration

Constraint Analysis

Mission Analysis Module
Components Sizing Weigh.t b(rAealS(([iJ(XV\x; ];)nd mission iteration
analysis (in
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for the Whole Mission olerang
Propulsion Analysis
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(Empennage] ( Landing Gear)

Initially
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Figure 1. Conceptual aircraft sizing and analysis procedure.

The aircraft’s initial sizing is performed using in-house conceptual sizing software [4,10],
based on semi-empirical formulas and physics-based analysis methods. It is used to develop
constraint diagrams for initial design point definition, as well as the fully defined and sized
aircraft based on the chosen design point and top-level geometry definition parameters.
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To create the constraint diagrams, a set of user-defined Top-Level Requirements (TLRs),
including cruise altitude and airspeed, ground runs, ceilings, stall speeds, and climb rates,
is required. Additionally, basic information regarding the desired aircraft configuration,
such as wing planform parameters, average thickness, type of high-lift devices, and initial
drag estimations, is needed. The constraint diagrams are then created using methods
from Gudmundsson [24] and Loftin [25], while high-lift estimations are performed using
Torenbeek [26] and Roskam [27]. The Oswald efficiency factor is estimated using the
method presented by Nita [28], accounting for the given wing planform parameters. Fol-
lowing the design point determination, the wing, engines, and empennage are sized using
methods from Torenbeek [26], Roskam [27], and Gudmundsson [24], updated for SBWs
where necessary [10]. The resulting performance is cross-checked to ensure it remains
within the performance given by the constraint diagram through simple aerodynamic and
performance analyses. This process is iterated until a converged aircraft geometry results.

In a second step, the geometry is imported into the open-source Stanford University
Aerospace Vehicle Environment (SUAVE) code [29]. The code contains modifications to
include hydrogen-based power trains, hydrogen tank sizing and mass estimations [23,30],
SBW, and UHARW geometry and weight estimations [10], as well as emission and cost
analysis models [23,31], as described later in this section. SUAVE performs a full mission
simulation and performance breakdown of the aircraft concept. It is used to fine-tune the
aircraft concept for a consistent design capable of flying the design mission, including
all relevant mission segments. It internally iterates for mass convergence and resizes the
aircraft accordingly. With the mission-converged aircraft, a final check verifies that all
initial TLRs and design requirements are still adhered to before delivering the final design.
Otherwise, the sizing process will run again until all requirements are adhered to.

The main inputs to the mission analysis module are the aircraft geometry, initial
MTOM estimation, and the flight mission specifications. The main mission is subdivided
into three climb segments, a cruise segment, and five descent segments. The reserve
mission is split into two climb segments, a diversion cruise, hold, and two descent segments.
Within the vehicle setup, the engine is sized according to the Thrust-to-Weight Ratio (T/W)
determined in the constraint diagram. For each mission segment, SUAVE uses a root-
finding algorithm to find an equilibrium of forces, using angle of attack and thrust lever
position as variables. The results are used to estimate the engine thrust and fuel flow along
the mission segments. To determine the aircraft component masses, the FLOPS weight
estimation method [32] is used. The combination of weight breakdown and total mission
fuel is used to create a MTOM. This value is used as an iterable to determine if the aircraft
concept has converged, or if the wing and propulsion system need to be resized according
to the T/W and Wing Loading Ratio (W/S) values from the constraint diagram.

The basic SUAVE version does not include analysis modules for SBW concepts. For re-
search into SBWs, a Class I wing weight estimation that includes mass terms for struts [33]
is implemented in the mass module. This method is based on a physics-based wing weight
estimation tool that takes aileron efficiency and aeroelastic effects into account.

A main advantage of the SBW configuration is that it enables higher aspect ratios than
are currently common. These UHARW aircraft create some further design considerations
that should be taken into account in the conceptual stage and are implemented in the
presented sizing methodology. As LH2 will be stored in fuselage tanks, a correction
factor to account for higher wing weight due to the dry wing of 7%, in line with current
literature [23], is applied to the LH2 concept. Part of the presented study also investigates
the validity of this assumption under different load cases in a later section.

One of these issues is compliance with airport gate restrictions. To adhere to Interna-
tional Civil Aviation Authority (ICAO) Class C gates and hence a wingspan of <36 m, the
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wings need to be foldable, with an associated penalty in wing mass [34] included in the
SBW weight estimation model as well.

To increase flow laminarity over the wing, the wing leading edge sweep angle should
not exceed 18° to limit the transversal flow instabilities [35]. Regarding airfoils, the maxi-
mum thickness-to-chord ratio is chosen as 11.4% [8,35]. The wing thickness is kept constant
from the wing root to the strut attachment position. The thickness-to-chord ratio is kept
constant from the strut attachment to the wing folding position, and conventional thickness
distributions are used for the remaining wing segment [8].

The strut is considered a structural element without any lift contribution to the aircraft
at cruise. Structurally, it can be designed in a spindle shape since the chord is sized by
buckling. The strut is attached to the main landing gear attachment in the fuselage and the
main wing spar. It is designed with a symmetric airfoil of 18% maximum thickness-to-chord
ratio [33].

2.1.2. Hydrogen Propulsion Network Model

The implemented hydrogen network model consists of corrections to the basic turbine
performance cycle, fuel tank sizing, and mass estimations based on stresses [23,30]. The
basic SUAVE engine model is implemented via a physics-based cycle analysis model [36].
Ultra High Bypass Ratio (UHBR) engines are used for the concept. Studies show that
UHBR engines can reduce the Specific Fuel Consumption (SFC) by 21% compared to
the conventional turbofan engines, such as the one currently modeled in SUAVE [37].
Furthermore, implementing the hydrogen expander cycle to convert the kerosene-burning
engine models to hydrogen combustion reduces the SFC by another 4.3% [12]. Thus, a
constant total SFC reduction of 25.3% is implemented while the engine diameter is increased
by 30% [37] to account for both factors.

The mass estimations of the additional fuel system components due to the hydrogen
network are split into two parts [23]. The fuel tank is actively sized through structural and
thermodynamic analysis [38]. The peripherals are sized through constant terms [12].

The required fuel tank size is determined in an iterative manner by the required
mission fuel, boil-off losses due to tank thermodynamics, and the fuselage geometry. This
thermodynamic model estimates the internal pressure variations and tank heat transfer
at each time step throughout the mission [39]. The heat transfer rate is a function of the
insulation material and thickness. The total insulation is composed of several insulating
layers, each acting as a thermal resistor in series with non-linear properties depending
on its current temperature [38]. The total heat transfer rate resulting from this series of
thermal resistors is implemented in the pressure equation [40] and solved iteratively for the
unknown layer temperatures and heat transfer rate. Taking miscellaneous heat leaks due
to other propulsion system components into account, the resulting boil-off is increased by
30%. Based on limit pressure constraints for fill and venting pressures, the liquid-to-tank
fraction is computed [12,41]. The total tank volume and the required mission fuel mass are
found in this fraction.

The resultant tank mass is found through an analysis of hoop and dome stresses of the
resulting structure [38]. Using the limit load factor and the maximum pressure differential
between the hydrogen and ambient conditions, the required structural wall thicknesses are
computed, assuming aluminum as the tank material in this case.

2.1.3. Cost Estimation

The modified SUAVE includes an analysis of Direct Operating Costs (DOC) and
production costs [23,31], based on [42]. DOC is used to compare the estimated market
competitiveness of the two concepts. The total DOC is a summation of the energy, main-
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tenance, capital, crew, and fee components [42]. A maintenance gain factor (kg) is added
to Equation (1) to consider the influence of novel aircraft technology. This correction
factor is assumed to account for the increased maintenance complexity of SBWs and the
hydrogen network.

DOC = DOCEnergy + DOCcrew + ngOCMaintenance + DOCCapitul + DOCPees 1)

The basic cost model for airframe pricing is based on Roskam [27], with the relevant
correction factors for novel materials, unconventional aircraft, and design complexity set to
the maximum value within Roskam’s given ranges to model the expected development
and manufacturing complexities of this unconventional design. A further addition to the
capital cost was made to account for the LH2-tank cost [14]. The aircraft is assumed to fly
2000 cycles per year, in line with typical values for mid-range aircraft. For all labor costs
and rates, 2010 values are used and inflation corrected for a comparison in 2050.

2.1.4. Emission Estimation

A further point for comparison of the impact of a LH2 version on the SBW is equivalent
emissions. The implemented emissions model [23,31] is based on methods shown in [11,43]
to determine the Sustained Global Temperature Potential (SGTP).

For comparability, the final emissions are represented as equivalent CO,-emissions
in Equation (2), accounting for actual CO,, NOy, contrails, cirrus clouds, and production
emissions.

Mmco,eq = (koElco, fim + k1k2 EINo, fim CEmia NO, ?
JFk3k4CFmid,AlC)Aka + mCOQ,eq,production
The Emission Index (EI) for CO, is constant at 3.16; for NOy, it is dependent on
fuel type and flight condition [44]. f;,, represents the fuel flow rate, and ARy, represents
the incremental flight range. The emissions for Aviation Induced Cloudiness (AIC), the
combination of contrail and cirrus effects, are only a function of altitude and range in
this model.

cp . _ SGTR,  SGTPo, — SGTPy, .
midNOx = §GTPco, 0% ' SGTPco, O ' SGTPco, 4
SGTPcantrail SGTPCirrus SGTPCH4 (4)

CFpig,alc = SGTPco Scontrail T SGTPco Scirrus + SGTPco SCH,
2 2 2

The correction factors for the emission species (CF) vary with aircraft altitude. To
represent changes throughout the mission, the emission model is integrated into the SUAVE
mission analysis to calculate local emissions along the mission. The CFs are defined in
Equations (3) and (4). The values for SGTPs are taken from [45] and shown in Table 2. The
forcing factors (s) as functions of altitude are obtained from [45] and shown in Figure 2.

Finally, the emissions are adapted to the fuel type in Equation (2) via constants k;—ky.
Production effects are accounted for in the kerosene model as 22% of total flight emis-
sions [31]. For the LH2 model, the emissions depend on the hydrogen production process.
The model accounts for three types: green, blue, and gray hydrogen. The respective
production emissions described in [46] are used in this model.
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Table 2. SGTP indices for the emission species considered in the model [45].

Emittant SGTP
CO, 3.58 x 1071 [K/kgco,]
O3, 7.79 x 10712 [K/kgno, ]
051 —9.14 x 10713 [K/kgNno, ]
CH,4 —3.90 x 10712 [K/kgNno, ]
Contrail 1.37 x 10713 [K/km]
Cirrus 412 x 10713 [K/km]
44,000
40,000
36,000
)
= 32,000
<]
©
2 28,000
=
©

24,000

OSS

—4—CH, &0,
—a— AIC

0 02505075101.2515175 20
forcing factor s

20,000

16,000

Figure 2. Radiative forcing factor data for NO, and AIC as function of altitude [45].

2.2. Coupled Adjoint Aerostructural Optimization

A coupled adjoint aerostructural wing optimization tool, FEMWET, was developed
by Elham and van Tooren [47]. This tool seamlessly integrates a Quasi-Three-Dimensional
(Q3D) aerodynamic solver with a finite beam element structural solver, utilizing the Newton
method for tight coupling. Recently, Ma et al. [21] enhanced FEMWET by integrating a
geometrically non-linear composite structural model, alongside modifying the Q3D solver
to accommodate the analysis and optimization of Natural Laminar Flow (NLF).

FEMWET was originally developed as a versatile platform for conventional can-
tilevered wings. However, significant modifications were made to adapt it for UHARWSs
and, in particular, SBWs. These enhancements include the explicit modeling of the strut as
a finite beam element and its coupling with the wing structure at the attachment points. Ad-
ditionally, the structural model was refined to handle geometrically non-linear composite
thin-walled beams. These advancements allow FEMWET to account for large displace-
ments and rotations inherent to lightweight, flexible SBW designs. Further details on these
modifications can be found in [21,48].

The integration of structural and aerodynamic solvers in FEMWET is managed through
the Newton method, addressing the coupled problem of flexible UHARWS. The system
is defined by four governing equations: those of the Vortex Lattice Method (VLM), Finite
Element Method (FEM), level flight conditions, and the Q3D method. The tool uses finite
beam elements placed at the wing box elastic axis to model the wing and strut structure.
Both beams are connected at the wing/strut attachment point.
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The aerostructural coupling includes a transfer of aerodynamic loads from the VLM
mesh to the structural FEM mesh, and the transfer of displacements from the FEM to
the VLM solver. This information transfer is performed through interpolation techniques.
Figure 3 shows an example of the VLM and FEM meshes for the SBW.

In the optimization process, a gradient-based approach is employed, using a coupled
adjoint derivative calculation for sensitivity analysis to enhance efficiency. FEMWET’s
novelty in this work lies in its first application to explore the influence of the dry wing
concept on the wing structural weight for UHARWS. It is employed to investigate potential
wing mass penalties due to the absence of fuel in the wings to act as a bending moment
relief. The effects of different positive and negative initial load cases are investigated, as
well as stiffness requirements for sufficient roll control due to aeroelastic effects.

Strut-FEM mesh
I VLM mesh

Aileron

Figure 3. Example of aerodynamic and structural meshes for a SBW.

In the optimization process, a gradient-based approach is employed, using a coupled
adjoint derivative calculation for sensitivity analysis to enhance efficiency.

In this study, FEMWET is used for an investigation of the influence of the dry wing
concept on the wing structural weight for UHARWS. It is used to investigate potential
wing mass penalties due to the absence of fuel in the wings to act as bending moment relief.
The effects of different positive and negative limit load cases are investigated, as well as
stiffness requirements for sufficient roll control due to aeroelastic effects.

3. Results
3.1. Aircraft Conceptual Sizing

Both conventional and LH2-based aircraft are designed for EASA CS-25 require-
ments [49]. Initially, TLRs similar to the Airbus A320 have been considered. Ma et al. also
performed a detailed sensitivity study to identify the most influential TLRs parameters and
investigated their effect on aircraft performance, mainly to reduce energy consumption [50].
The outcome of that sensitivity study identified some changes in the TLRs to further im-
prove aircraft energy efficiency, such as reducing the cruise Mach number to M0.735. The
modified TLRs used to design the aircraft in this study are presented in Table 3.

The aircraft is designed with an aspect ratio of 25, based on other UHARW stud-
ies [8,51,52]. Due to the large resulting wingspan, the wing includes a folding mechanism
to adhere to the 36 m wingspan requirement of an ICAO C-gate, similar to the A320. This
feature is represented in the design through additional terms in the weight estimation
module [34]. Furthermore, some advanced airframe technologies are considered for this
next-generation passenger aircraft [10]: the strut-braced wing will use NLF airfoils. Hence,
the percentage of laminar flow over the wing is increased to 50%, and 55% over the tail.
Improvements in materials and structures, especially tow-steering of composites, allow a
20% weight reduction over metal structures. Improvements in control surface design and
operation result in improved load alleviation opportunities. Hence, the maximum load
factors can be reduced to +1.5 g and —0.5 g [53].
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Table 3. Top-level design requirements for the SBW aircraft.
Parameter Value
Cruise Mach number 0.735
Max. Mach number 0.82
Passengers 150
Range 3400 nm
Reserves Contingency fuel 3%
Diversion range 200 nm
Holding (1500 ft) 10 min
Cruise altitude 33,000 ft
Service ceiling 38,500 ft
Takeoff field length <6400 ft (ISA and sea level)
Landing distance <4500 ft (ISA and sea level)
Approach speed 136 kts true airspeed
Airport (ICAO C) Wing span 36 m
Main landing gear span 9m
Certification regulation CS-25

The aircraft’s design mission profile is shown in Figure 4. Within the SUAVE frame-
work, the mission is divided into multiple segments. The main mission range is 3400 nm,
with a 200 nm diversion segment and 30 min of holding fuel. For the main mission, climb
and descent are further discretized into three segments of constant speed and constant
climb/descent rate. Furthermore, a reduced contingency factor of 3% of the trip fuel is
applied [10].

Climb Cruise Descent Reserves

< > < > < h >

Hold
>

*—0e

< > <

Range Reserve range
Figure 4. SBW mission profile.

An earlier study has shown that fuel savings can be achieved for this aircraft config-
uration at a lower Mach number [50], hence the operating Mach was reduced from the
baseline M(.78 to a more optimal M0.735 for the aircraft designs.

Figure 5 shows the resulting design points for the conventional kerosene-based and
the LH2-based designs. Comparisons are made to the reference Airbus A320, as well as
several other high aspect ratio wing concepts from literature: the SUGAR [8], SE2A-MR [4],
D8.5 [52], and SD8.5 [2]. These concepts are all sized for a similar mission and passenger
capacity and thus are suitable comparison points for the new design point. Within the sizing
methodology, certain performance values regarding zero-lift drag of the airframe have to
be assumed. These change depending on the final configuration. As such, the diagrams are
updated in an iterative manner with the SUAVE mission simulation. The shown figures
represent only the final converged performance values from the sizing process.

The Figure 5a shows that all SBWs have much lower T/W and W/S compared to the
reference A320. All SBW design points, including the current design, are in the same region
of the diagram, indicating that the difference to the A320 design point is inherent to the SBW
design and to be expected. It also shows that stall speed/landing distance requirements
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are not limiting this design and should thus open a large proportion of airports to potential
service for the SBW designs. The current design is limited by the climb rate and service
ceiling constraints, an expected result for a transport category aircraft. Figure 5b shows the
changes in the constraints due to the conversion to LH2 as a fuel type. As all other TLRs
remain the same, the main change in the input parameters results from a higher zero-lift
drag due to an extended fuselage housing the LH2 tanks. Results show that while all
flight-based constraints are moving towards higher T/W, the curved lines of the limiting
constraints actually allow a small reduction in the required wing loading. Although cruise
and turn constraints are more affected by the changes, they are still not limiting. The
numerical design point values are shown in Table 4. It can be seen that the differences
between the two concepts are small.

—Cruise —Climb Turn —Take-off
—Ceiling —Landing © Design Point ® A320
® SUGAR SE2A-MR ~ eD8.5 ®SD8.S
0.5
0.45
0.4
0.35 .7
0.3
%0.25 () ———
EE— e —
0.2
0.15
0.1
0.05
0
40 60 80 100 120 140 160
Wing Loading [Ib/ft?]
(a)
—Cruise —Climb Turn —Take-off
—Ceiling —Landing © Design Point ® A320
©® SUGAR SE2A-MR ~ eD8.5 ®SD8.5
0.5
0.45
0.4
035 7
0.3
§0-25 ee® e
0.2
0.15
0.1
0.05
0
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Wing Loading [1b/ft?]
(b)

Figure 5. Constraint diagrams and selected design points for conventional SBW (a) and LH2 SBW (b).

Table 4. Design points for both aircraft concepts.

Kerosene LH2

T/W [-] 0.3029 0.311
W/S [kg/m?] 4245 419.4
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3.2. Geometries

The aircraft geometric definition is performed through the sizing procedure described
in the previous section. The NASA supercritical airfoils SC(2)-0412 and SC(2)-0410 are
used for the wing root and tip, respectively. The tail uses a NASA SC(2)-0010. The main
wing quarter-chord sweep angle is set to 12.5 degrees, following a trade-off between flow
laminarity and compressibility drag over the wing. The high-wing configuration features
two UHBR turbofans between the wing and the struts, with a folding element outboard
of the strut attachment. The chord of the strut is sized by buckling constraints, with an
18% thick airfoil for structural rigidity [54]. The key geometric parameters of both aircraft
designs are summarized in Table 5.

Table 5. Aircraft geometry comparison between kerosene and LH2 SBW designs.

Parameter Kerosene LH2
Wing
Aspect ratio 25 25
Span 63.65m 64.66 m
Area 162.1 m? 167.2 m?
Taper ratio 0.35 0.35
Quarter chord sweep 12.5° 12.5°
Root chord 3.02m 3.04 m
Dihedral -1.5° -1.5°
Root & kink thickness 12% 12%
Tip thickness 10% 10%
Strut
Aspect ratio 23.03 23.03
Span 31.08 m 31.08 m
Area 41.97 m? 41.97 m?
Taper ratio 0.8 0.8
Quarter chord sweep 10° 10°
Root chord 1.5m 1.5m
Dihedral 11° 11°
Thickness 18% 18%
Vertical tail
Aspect ratio 1 1
Span 57m 517 m
Area 324 m? 26.8 m?
Taper ratio 1 1
Quarter chord sweep 40° 40°
Thickness 10% 10%
Horizontal tail
Aspect ratio 5 5
Span 10.4m 10.2m
Area 21.7 m? 20.9 m?
Taper ratio 0.35 0.35
Quarter chord sweep 20° 20°
Dihedral -3° —3°
Thickness 10% 10%
Fuselage
Length 39.0m 52.4m
Diameter 41m 41m

For visualization of the resulting concepts, Figure 6 showcases the resulting aircraft
geometries, created in OpenVSP.
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Figure 6. Isometric view of conventional (a) and LH2 (b) SBW aircraft concept.

A better comparison of the resulting geometries presented in Table 5, Figure 7 presents
a top-view overlay of the two concepts, as well as the reference A320. The figure clearly
shows the significantly larger, yet much more slender wing of the SBW designs. The folding
element can be seen at an equivalent span location to the A320’s winglets. It further shows
that while the fuselage of the LH2 design is 13.4 m longer, the actual increase in wingspan
and area is small. This is mostly due to structural mass differences being offset by fuel mass
savings. Thus, no significant changes in wing design would be necessary to design LH2
SBW or conventional SBW aircraft.

K&

Y
U

Figure 7. Aircraft design shape overlay of conventional (blue), LH2 (red), and A320 (black).
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3.3. Masses

The resulting masses are shown in Table 6 and graphically in Figure 8. Table 6 shows
the MTOM, fuel, and empty mass, including a component breakdown. The MTOM barely
changes between the two designs. This is consistent with results from other studies [23] for
conventional layouts. The higher gravimetric energy density of LH2 results in a reduction
of 60% of the required mission fuel. This advantage is counteracted by the increase in
fuselage size and hence mass, as well as the additional structural mass due to the LH2
tanks. The empty mass breakdown also shows a non-linear effect of the fuselage length on
the mass. Despite only increasing by 13.4 m (34%) in length, the mass increases by 46.5%.
An alleviating effect can be observed with the tail structure. Both the geometry and mass
show reductions for the LH2 aircraft. The longer fuselage increases the moment arm of
the tailplanes and hence allows for smaller surfaces for the same tail volume coefficient
and stability / controllability requirements. The large wing mass increase of 10.7% is due
to two factors. The generally larger design of the LH2 and hence the wing accounts for a
3.5% increase in mass. The further increase of 7% is due to larger structural requirements
to account for a dry wing, and hence a reduction in wing bending moment relief [23].
Nevertheless, both aircraft show an 11-13% reduction in MTOM over the A320. The
conventional SBW furthermore has 22% lower fuel and 14% lower empty mass. Thus, even
the conventional SBW aircraft is already significantly lighter and more sustainable than
current-generation aircraft.

Table 6. Aircraft mass comparison between kerosene and LH2 SBW designs.

Parameter Conventional LH2 Difference A320 for Reference [55]
MTOM 68,802 kg 70,129kg  +1.9% 79,000 kg
Fuel 16,381 kg 6543 kg —60.0% 20,980 kg
Empty 38,201 kg 48,660 kg  +27.4% 44,300 kg

Propulsion 4696 kg 4906 kg +4.5%

Nacelles 536 kg 545 kg +1.7%

Landing gear 2319 kg 2360 kg +1.8%

Wing 9748 kg 10,791 kg +10.7%

Horizontal tail 415 kg 401 kg —3.4%

Vertical tail 905 kg 774 kg —14.5%

Fuselage 7066 kg 10,354 kg +46.5%

Systems 12,063 kg 12,569 kg +4.2%

LH2 tanks - 6124 kg -

Paint 453 kg 542 kg +19.6%

The two pie charts in Figure 8 show how the relative breakdown changes between the
two concepts. While the fuel mass accounts for nearly a quarter (23.8%) of the conventional
MTOM, this reduces to about 10% for the LH2 design. The fuselage contribution increases
from 10% to 15% MTOM, with the LH2 tanks taking up another 10%. As such, care should
be taken in the conceptual design of LH2 aircraft if weight estimation methods are based
on a specific fraction of the MTOM. For secondary parts such as landing gears, systems, or
propulsion that are not affected much by this change, the differences are small. However,
for all parts that are directly influenced by fuel volume or fuselage size, discretion is advised
in the design phase.



Aerospace 2025, 12,77

14 of 23

Mass breakdown
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Mass breakdown
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1.1% (542 kg)
(774 kg)

(401 kg)
(b)
Figure 8. Mass breakdown for conventional SBW (a) and LH2 SBW (b).

3.4. Costs

Operating costs of the aircraft are shown in Figure 9 on a per flight and per seat-mile
basis. The largest DOC component is the fuel. Despite the large difference in estimated
unit fuel price (Jet-A 1.31 €/kg, LH2 3.04 €/kg), the LH2 fuel is 7% cheaper due to the
lower required mission fuel mass. The largest discrepancy is seen in the maintenance
costs. This is also the factor with the largest uncertainty. Due to the SBW configuration, a
maintenance gain factor of 2 is assumed. The addition of a LH2 system is estimated with
an additional factor of 1.5. Hence, for the LH2 aircraft, fuel and maintenance costs are
expected to be approximately the same while for the conventional design, maintenance has
a much smaller proportion. Capital costs are also expected to be higher, mostly due to the
extra development costs of the cryogenic hydrogen systems and tanks. The propulsion type
has only a negligible influence on the crew and fees. Thus, despite having lower overall
fuel costs, the LH2 aircraft has 16% higher operating costs compared to the conventional
kerosene version.
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Figure 9. DOC breakdown for both aircraft designs on a per flight (a) and per seat-mile (b) basis.

3.5. Emissions

Emission results are compared in Figure 10. Although the actual emittants are different
per phase, for comparability, all emissions are represented as CO, equivalents. For the
LH2 aircraft, the method of production has a major influence on the total emissions. For
comparison, three different categories are shown. Grey hydrogen is created from natural
gas or methane using the steam reforming process. Blue hydrogen is created through the
same process, but the resulting CO, emissions are captured and stored. 10-20% of the
generated carbon cannot be captured; thus, this is a 'low-emission” generation. Green
hydrogen is the only ‘clean” hydrogen generation, produced by splitting water using
electricity generated by renewable sources. The results show that the production emissions
for blue hydrogen are ~10% lower than for grey hydrogen. Despite the majority of carbon
created in the gas-burning process being captured, the additional energy required to drive
the capture and storage process negates most of this benefit. The additional complexity of
the production process also results in higher production emissions than kerosene. Green
hydrogen has no production emissions due to the water hydrolysis process.
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Hydrogen has a higher flame temperature and would thus create higher NO, emis-
sions at a similar equivalence ratio. However, the wider flammability limits of hydrogen
allow for leaner combustion and thus a lower resultant flame temperature, which can
significantly reduce the overall NO, emissions to ~35% of kerosene. The AIC results from
contrails and cirrus clouds due to emitted water freezing. Hydrogen has 2.58 times higher
water emissions. However, due to much lower soot levels in the exhaust, the created ice
crystals are larger and optically thinner. These effects are opposite but approximately equal
in magnitude, leading to a 7% reduction in overall AIC for the hydrogen aircraft. Overall
emission levels are 57-82% of the kerosene aircraft, depending on the LH2 source. Results
show the relevance of green sources for LH2 production for more sustainable aviation, but
also that even then, hydrogen-powered aviation is far from climate-neutral.

350
I Production
mm CO,

300 A . NOX

m AIC

= = N N
o (€] o v
o o o o

Equivalent CO, emissions [t]

w
o

Grey H; Blue H» Green H» Kerosene

Figure 10. Production and in-flight emissions for the aircraft concepts, converted to equivalent CO,
emissions.

3.6. Wing Structure Optimization Results

This section describes a series of wing aeroelastic optimizations using the FEMWET
tool to investigate the structural design and weight of dry and wet wings of the created
SBW concepts and evaluate potential weight penalties due to the absence of fuel in the
wing to act as bending moment relief. FEMWET calculates the inertial loads due to the
wing and fuel masses for aeroelastic analysis and structural optimization. The difference
between the dry and wet wings can be considered by removing the fuel from the wing. The
consequences are automatically considered in the FEMWET simulation.

The MTOM of the LH2 aircraft is approximately 2% larger compared to the kerosene
aircraft, as given in Table 7. However, despite the higher MTOM, the wing loading is
approximately 3% lower for the LH2 design. This reduction in wing loading is attributed to
the additional drag of the longer fuselage, which requires a lower wing loading to maintain
the same takeoff and landing requirements.

Table 7. Key parameter comparison between kerosene and LH2 SBW designs.

Configuration MTOM Sw Fuel Mass
Conventional 68,802 kg 159.9 m? 16,381 kg
LH2 70,129 kg 167.9 m? 6543 kg

Difference +1.93% +5.0% —60.0%
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To investigate the dry wing behavior, a series of aeroelastic optimizations are per-
formed for both the dry and the wet wings of the LH2 and conventional aircraft designed
in this research. The optimization formulation is presented as follows:

minimize Wy 1s(X)
with regard to  x = [t,;, tsi tfs i trs,i]
Failure, <0
subject to 1— LLS <0 (5)

s,min

Xiower £ X < Xupper

The wing and strut are segmented along the span into 15 and 7 sections, respectively,
each comprising four equivalent panels: the upper skin (including stringers), lower skin
(including stringers), front spar, and rear spar. The thicknesses of these panels are defined
as design variables. Therefore, a total of 88 design variables are utilized. Each equivalent
panel is subdivided into four elements for stress and failure criteria calculations, while
each spar panel is divided into two elements for the same purpose. The failure criteria
encompass tension and compression failures, as well as Euler and shear buckling. Overall,
the optimization includes 3072 constraints on structural failure and one constraint on
aileron effectiveness. Previous research has shown that aileron effectiveness is an active
constraint in deriving the structural design of the wing [21]. The structural weight of the
wing has been shown to increase quadratically with the requirements for the effectiveness
of the aileron [56]. Therefore, such a constraint is added to ensure the roll performance
requirement of the aircraft can be satisfied. In this constraint, Ls and L; min represent the
derivative of the roll moment due to aileron deflection for the wing and the minimum
required value to meet the roll requirements, respectively. More detail on the aileron
design for this SBW and the importance of including roll moments in an aerostructural
optimization for SBWs can be found in [56].

The primary objective of this research is to investigate the differences in structural
design and mass between wet and dry wings. To investigate how the presence or absence
of fuel within the wing affects the overall design and performance of the wing structure
under various load conditions, multiple optimizations are performed to design the wing
structures for both conventional (wet) and LH2 (dry) configurations. These optimizations
involve the minimization of the wing mass under different load cases, including positive
and negative g-loads, as well as roll maneuvers. The roll moment requirements in this
study are derived from flying quality regulations such as MIL-F-8785C for the transport
aircraft class [57]. The aileron layout and sizing are described in detail in [56].

Table 8 provides an overview of the different load cases considered for aeroelastic
optimizations of the SBW aircraft. These include pull-up and push-down maneuvers, roll
conditions, and cruise scenarios, each characterized by different weight, altitude, Mach
number, and load factors. Flight altitude and speed are based on an analysis of critical load
cases within the flight envelope of the aircraft, similar to [58]. These do not necessarily
correspond to operational limitations, but ensure structural integrity at all critical points
within the designated flight envelope. The reduced load factors of 1.5 and —0.5 (instead of
2.5 and —1) are based on the assumption of a load alleviation technology [21].

By analyzing these variations, the aim is to gain insights into the structural reinforce-
ments necessary for dry wings, which lack the internal fuel mass that typically aids in load
distribution in wet wings. This comprehensive analysis helps in understanding the impact
of fuel presence on the wing’s structural integrity and informs the design considerations
for future alternative fuel aircraft.
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Table 8. Load cases of the SBW aircraft.
Load Case  Type Weight  Altitude [m] Mach Load Condition [g]
1 Pull-up Wro 7500 0.78 1.5
2 Push-down  Wrg 7500 0.78 —-0.5
3 Roll Wies 4000 0.75 1
4 Cruise Wes 10,058 0.735 1

Table 9 provides the aeroelastic optimization results of the wing for single load condi-
tions, presented as resulting masses for the wing (1my,), strut (m,), and total wing system
(Myw+st). Under the +1.5 g load condition, the LH2 design is 13.8% heavier than the conven-
tional design. In the +2.5 g load condition, the LH2 wing is significantly heavier by 16.8%.
The increased weight is attributed to the structural reinforcements required to handle the
higher loads in wing structures. For the —0.5 g load condition, the LH2 wing is only 4.2%
heavier than the conventional wing. This difference is smaller because the negative load
case does not benefit from the fuel’s weight reduction compared to positive load cases.
Here, the fuel weight in the wing increases the loads on the wing rather than decreasing
them, making the wet wing almost as heavy as the dry wing, despite its lower MTOM.
Under the —1.0 g load condition, the LH2 design shows a 7.7% increase in weight. Under
this condition, wing-based fuel does not provide any bending moment relief for either
concept. The higher MTOM of the LH2 aircraft leads to higher structural loads which,
together with the larger wing area, result in a heavier wing structure.

Table 9. Aeroelastic wing mass optimization results for single load conditions.

Configuration Load Condition My, st, kg my,, kg mgs, kg
Conventional +15¢g 7300 5685 1616
LH2 +15¢g 8473 6747 1726
Difference +13.8% +15.7% +6.37%
Conventional +25¢g 8040 6361 1679
LH2 +25¢g 9669 7883 1786
Difference +16.8% +19.3% +5.99%
Conventional —-05¢g 7467 5818 1646
LH2 —05¢g 7792 6103 1686
Difference +4.21% +4.67% +2.37%
Conventional -10g 8702 6983 1719
LH2 -10g 9425 7650 1775
Difference +7.67% +8.71% +3.15%

After this insight, a new series of optimizations has been performed to investigate
a more realistic wing structural design, including both positive and negative static loads
as well as roll moment requirements. Previous studies on wing aerostructural design
optimization have shown that the requirements for roll performance, i.e., the influence of
aeroelastic effects on aileron effectiveness, can have a large influence on wing structural
design and mass [21,59]. Table 10 presents the full optimization results for various load
conditions. A notable outcome is that the wing weight is the same under 1.5 g/—0.5 g and
2.5 g/—1g. This indicates that, indeed, the aileron effectiveness constraint was the critical
condition for wing structural design and mass, in line with the previous studies [21,56].
Under the +1.5 g/—0.5 g load condition with a roll moment constraint, the LH2 design is
only 1.75% heavier. The weight increase under multi-load conditions is primarily driven
by the necessity to balance both positive and negative load cases, with the latter having a
dominant effect. For the +2.5 g/—1.0 g load condition with a roll moment constraint, the
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same masses can be observed. Thus, for this SBW design, the aileron effectiveness and roll
moment constraint supersedes the maximum load case requirements for both conventional
and LH2 versions. The heavier structure is necessary to meet the higher load requirements
imposed by the roll moment constraint.

Table 10. Aeroelastic wing mass optimization results for combined load cases incl. roll requirements.

Configuration Load Condition My, 45, kg my,, kg mg;, kg
Conventional +1.5g/—0.5g/Roll 14,117 12,123 1994
LH2 +1.5g/—0.5 g/Roll 14,368 12,359 2009
Difference +1.75% +1.91% +0.747%
Conventional +2.5¢g/—-1.0g/Roll 14,117 12,123 1994
LH2 +2.5g/—1.0g/Roll 14,368 12,359 2009
Difference +1.75% +1.91% +0.747%

From the optimization results in Table 9, it can be seen that the structural weight
penalty of the wing structure from the dry wing design strongly depends on the applied
load case. For a final design using +2.5 g/ —1 g as design load factors, the difference in
wing mass can be up to 17%. This is significantly higher than other studies investigating
SBW aircraft, which estimate that the dry wing of LH2 aircraft is typically expected to be
7-10% heavier than that of conventional kerosene-fueled aircraft [23].

On the other hand, when including roll rate requirements in the wing design and
optimization, as shown in Table 10, it can be seen that the structural weight penalty of the
wing structure from the dry wing design is not large for this SBW aircraft under study.
However, the total mass of the wing has increased by 48.6% (LH2) and 75.6% (conventional).
As such, the importance of aileron design and placement significantly outweighs the effects
of wet or dry wings for UHARW and SBW aircraft and needs to be taken into account
already at a conceptual design level for credible results.

4. Conclusions

The study investigates the influence of Liquid Hydrogen (LH2) propulsion on a
medium-range Strut-Braced Wing (SBW) aircraft by comparing the LH2 to a kerosene-
based SBW aircraft designed with the same top-level requirements. For the two aircraft,
overall design, operating costs, and emissions are compared. Furthermore, aerostructural
optimizations are performed for the wing mass of SBW aircraft with and without wing
fuel tanks.

Initial sizing is performed using a highly modified version of the open-source Stanford
University Aerospace Vehicle Environment (SUAVE) tool, with modules to estimate the
performance of hydrogen direct burn engines and hydrogen tank sizing, correlations for
Ultra-High Aspect Ratio Wing (UHARW) weight estimations, as well as Direct Operating
Costs (DOC) and emission estimations.

For the same set of Top-Level Requirements (TLRs), the results show that the main
difference in the design point definition results from a higher zero-lift drag due to an
extended fuselage housing the LH2 tanks, with a small reduction in the required wing
loading. The increase in total wingspan and area is small because the structural mass
increases of the LH2 aircraft due to additional tanks and fuselage structure are offset by fuel
mass savings. Both aircraft show an 11-13% reduction in Maximum Take-Off Mass (MTOM)
over the A320. The conventional SBW furthermore has 22% lower fuel requirement and a
14% lower empty mass. Both SBWs have much lower Thrust-to-Weight Ratio (T/W) and
Wing Loading Ratio (W/S) compared to reference A320. While the fuel mass accounts for
nearly a quarter (23.8%) of the kerosene design’s MTOM, this reduces to about 10% for the
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LH2 design. The fuselage contribution increases from 10% to 15% MTOM, with the LH2
tanks taking up another 10%.

For the LH2 aircraft, overall fuel costs are expected to be approximately equal to
those of the conventional design. Capital and maintenance costs are expected to be higher,
mostly due to the extra development costs and maintenance complexity of the cryogenic
hydrogen systems and tanks. Overall, the LH2 aircraft has 16% higher operating costs
compared to the conventional kerosene version. On the other side, overall emission levels
are 57-82% of the kerosene aircraft, depending on the LH2 production method, and there is
a 7% reduction in overall contrail emissions for the LH2 aircraft.

It is hence concluded that no significant changes in wing design would be neces-
sary to design LH2 SBWs compared to conventional SBW aircraft. While the fuel mass
reduces for the LH2 design, the extended fuselage housing the LH2 tanks contributes to
an increase in weight. Thus, care should be taken in the conceptual design of LH?2 aircraft
if weight estimation methods are based on a specific fraction of the MTOM. Even the
conventional SBW aircraft is already significantly lighter and more sustainable than current
generation aircraft.

For static loads, the absence of fuel acting as bending moment relief in the wing results
in a 17% increase in wing structural mass. However, if roll rate constraints are included
in the wing design process, then much more restrictive aileron effectiveness requirements
cause a large increase in overall wing weight for both aircraft, with the difference due to a
dry wing reducing to less than 2%. As such, the importance of aileron design and placement
significantly outweighs the effects of wet or dry wings for UHARW and SBW aircraft, and
needs to be taken into account already at a conceptual design level for credible results.
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Abbreviations

AIC Aviation Induced Cloudiness
DOC Direct Operating Costs

EI Emission Index

FEM Finite Element Method
ICAO  International Civil Aviation Authority
LH2 Liquid Hydrogen

MTOM Maximum Take-Off Mass
NLF Natural Laminar Flow

Q3D Quasi-Three-Dimensional
SBW Strut-Braced Wing

SEC Specific Fuel Consumption



Aerospace 2025,12,77 21 of 23

SGTP Sustained Global Temperature Potential

SUAVE  Stanford University Aerospace Vehicle Environment
T/W Thrust-to-Weight Ratio

TLR Top-Level Requirement

UHARW  Ultra-High Aspect Ratio Wing
UHBR Ultra High Bypass Ratio

VLM Vortex Lattice Method
W/S Wing Loading Ratio
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