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Abstract: This paper proposes a performance analysis of a medium-range airliner powered by
liquid hydrogen (LH;) propulsion. The focus is on operating performance in terms of achievable
payload and range. A non-conventional box-wing architecture was selected to maximize operating
performance. An optimization-based multidisciplinary design framework was developed to retrofit a
baseline medium-range box-wing aircraft by designing and integrating the fuel tanks needed to store
the LHj; several solutions were investigated for tank arrangement and layout by means of sensitivity
analyses. As a main outcome, a performance analysis of the proposed LH,-powered box-wing aircraft
is provided, highlighting the impact of the introduction of this energy carrier (and the integration of
the related tank systems) on aircraft operating performance; a comparative study with respect to a
competitor LHj-retrofitted tube-and-wing aircraft is also provided, to highlight the main possible
operating differences between the two architectures. The findings reveal that the retrofitted box-wing
can achieve long-range flights at the cost of a substantially reduced payload, mainly due to the
volume limitations imposed by the installation of LHj tanks, or it can preserve payload capacity at
the expense of a significant reduction in range, as the trade-off implies a reduction in on-board LH,
mass. Specifically, the studied box-wing configuration can achieve a range of 7100 km transporting
150 passengers, or shorter ranges of 2300 km transporting 230 passengers. The competitor LH;-
retrofitted tube-and-wing aircraft, operating in the same category and compatible with the same
airport apron constraints, could achieve a distance of 1500 km transporting 110 passengers.

Keywords: liquid hydrogen; box wing; aircraft design; optimization; climate neutrality; green
aviation; multidisciplinary design; performance analysis

1. Introduction

As a result of the continuously growing concerns about climate change and environ-
mental sustainability, and the constant search for technological advancements, the aviation
industry stands at a crossroads. The demand for air travel continues to raise, driven by
global connectivity and economic growth [1,2], but so does the imperative to reduce the
industry’s carbon footprint [3,4]. The pressing need to mitigate the environmental impact
of aviation has accelerated the exploration of disruptive non-evolutionary solutions, both
in the field of unconventional airframes [5,6] and alternative propulsion technologies [7].
Innovative configurations such as truss-braced wing [8,9], blended wing-body [10,11], and
box-wing [12,13] have shown their potential to introduce improvements for aerodynamic
and structural performance, and consequently to reduce fuel consumption per passen-
ger transported. Regarding research on innovative propulsion, different technological
solutions are currently under deep investigation. Specifically, electrical energy (stored in
batteries) and sustainable aviation fuels (SAF) represent a compelling alternative to the
current kerosene [14,15]. Electric-powered aircraft, discussed in detail in [16-18], exhibit a
main penalizing issue related to the low gravimetric energy density of batteries that intro-
duces large detrimental weight increase; hence, electric or hybrid-electric aircraft may only
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be designed to reduce fuel consumption and related emissions for short flight distances,
for aircraft belonging to commuter up to the regional category [19-21], whereas some
benefit can be gained with much difficulty if medium- and long-range aircraft are consid-
ered [22]. However, to assess the actual emissions of hybrid-electric aircraft, the electricity
production methods should be taken into account; specifically, a clear transition towards
renewably sourced electricity production is compulsory for an actual general reduction
in emissions [20,23,24]. Alternative fuels that have the potential to reduce overall aircraft
emissions belong to the SAF category. According to Ref. [25], SAF made from organic
components (e.g., biomass) can reduce lifecycle emissions by up to 80%, and up to 40% if
mixed with current kerosene. Hydrogen is also considered a sustainable fuel, but differently
from organic-based fuel, it is typically produced by a process named electrolysis, which
extracts hydrogen molecules from water [26]. The main issues related to actual hydrogen
utilization are the high cost of the production process and its dependence on electricity,
which still relies on a considerable share of fossil sources [27,28]. However, hydrogen, with
its high energy density and low emissions, has emerged as a frontrunner in the quest for
sustainable aviation [29,30]; this energy carrier, despite its high gravimetric energy density
(about three times that of current kerosene [30]), has the main drawback of low volumetric
energy density, which makes it difficult to store in an aircraft at room temperature. To
limit the volume needed to store hydrogen, two solutions can be adopted: liquid hydrogen
and cryo-compressed hydrogen. Both solutions allow for increasing volumetric energy
density, but storage is more difficult due to the very low temperature (which is close to
absolute zero) and/or high pressure required. Detailed overviews on hydrogen and its
applications in aviation are reported in Refs. [31-33]. Encouraged by the potential benefits
of the introduction of hydrogen propulsion into civil aircraft, in 1970s, NASA evaluated the
impact in terms of payload, range, emissions, cost, and main airport requirements needed
to include this technology [34-36]. In 2000, the European project Cryoplane assessed if
hydrogen-based aircraft could be a viable solution to mitigate aviation climate impact [37].
Promising results have been achieved in Ref. [38], which found a MTOW reduction of
25-30% with respect a kerosene-based large aircraft (400 pax). In Ref. [39], the design of a
long-range hydrogen aircraft is carried out by maintaining the same passenger capacity
and range of an Airbus A350 and lengthening the fuselage. In Ref. [40], the design of a
short-medium-range hydrogen aircraft, whose fuselage is the same as that of an Airbus
A320, is discussed. Ref. [41] presented the assessment of the structural mass of a hydrogen
aircraft hosting tanks in the rear part of the fuselage, carrying 250 pax for a range of 1500 nm.
Ref. [42] describes a conceptual design framework for different aircraft categories (from
regional up to long-range) aimed at designing hydrogen aircraft that host forward and aft
tanks. Ref. [43] details a conceptual retrofitting methodology for hydrogen aircraft. As
aircraft architectural changes may be needed (or advisable) for the effective installation
of cryogenic tanks, in terms of available volumes, external aerodynamic shape, or struc-
tural integration, unconventional airframes could be an incisive solution. In Ref. [44], a
comprehensive analysis of hydrogen-based blended-wing-body aircraft is presented. In
Ref. [45], a conceptual retrofitting methodology for hydrogen-powered box-wing (BW)
aircraft is presented: this preliminary study on box-wings lays the foundation for further
investigations, which this paper aims at dealing with.

Indeed, one step further in developing efficient low-emission future aircraft can be
achieved by integrating advanced propulsion systems with unconventional airframes, as
in the case proposed in this research; namely, in this work, the focus is on the box-wing
configuration. Box-wing aircraft, also known as PrandtlPlane [12,46] and represented
in Figure 1, rely on a lifting system designed according to the best wing system theory
proposed by Prandtl [47] and demonstrated by Frediani [48], which identifies the wing
system with the minimum induced drag.
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Figure 1. Box-wing aircraft artistic representation.

The box-wing architecture was chosen for this study because of the performance
capabilities it can offer, based on results available in the literature. Indeed, if such a
concept were exploited to achieve an increase in payload, the box-wing would allow
for a significant increase in attainable MTOW, while maintaining the same wingspan of
conventional competitors and without penalizations in aerodynamic performance [49]; this
is due to the higher lifting capability provided by two individual staggered main wings
and the related advantages in terms of induced drag reductions. These box-wing features
have already been explored for different applications; for the regional aircraft category,
coupling the box-wing airframe with a hybrid-electric powertrain, fuel consumption gains
are achieved in the whole operating envelope with respect to a tube-and-wing with the
same propulsion system, also providing advantages in terms of direct operating cost and
COy emissions [50,51]. Regarding the medium-range sector, the results of the PARSIFAL
project [52] showed that the box-wing configuration, while maintaining the maximum
wingspan compatible with ICAO ‘C’ airport aprons (i.e., maximum wingspan equal to 36 m),
is capable of transporting a payload approximately 66% larger than that of competitors
operating in the same sector, providing reductions in fuel consumption per passenger-
kilometer estimated at around 22% [49]. The increase in payload is enabled by a re-design
of the fuselage, which is not circular but almost elliptical in shape, allowing for considerably
more internal volume than in single-aisle aircraft, and also to the increased lifting capability
of the box-wing lifting system.

In the present study, it is the possibility of having a larger availability of internal
volume, without penalties in terms of overall aircraft size and aerodynamic performance,
that may represent the key feature of the box-wing for the integration of LH, propulsion [45].
In fact, for LH,-powered aircraft, the problem of integrating the tanks in the fuselage is
crucial, and having a flexible solution in terms of available volume may be decisive for
the actual implementation of this technology. This paper aims to provide a performance
analysis of the medium-range box-wing hydrogen-powered aircraft by retrofitting the
medium-range box-wing aircraft described in [49], hence without modifying its external
aerodynamic shape and main structure. An optimization-based design procedure is used
to explore the design space and discuss the performance trend of this concept, mainly
focusing on the different possibilities of LH, tank design and integration; specifically, the
performance analysis is configured to provide major focus on the operating capability of
such a concept, by discussing the trade-off between available volume for LH; tanks, room
for passenger seats, and maximum achievable flight range.

The paper is structured as follows: Section 2 describes the state of the art in the
design of aeronautical hydrogen technology and the related main challenge, i.e., storage.
Section 3 provides an overview of the design methodology; in Section 4, the LH; box-
wing’s performance is discussed, and Section 5 proposes a comparative performance study
between box-wing and tube-and-wing hydrogen-based aircraft. Some limitations of the
approach here proposed are outlined in Section 6, and finally the conclusions are given in
Section 7.

2. H, Storage Systems

The design of hydrogen-based aircraft is characterized by the integration of an energy
carrier, which has different physical features with respect to current kerosene: in fact,
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hydrogen shows a specific energy about three times higher than kerosene, but a lower
density, which also depends on the thermodynamic state of the hydrogen, as described
in the diagram of Figure 2. Specifically, hydrogen stored at room temperature would be
in low density gaseous form and requires a huge volume, which is not compatible with a
typical aircraft’s available internal volume. To increase its density, hydrogen must be stored
as liquid or compressed gas; in both cases, the temperature needed is close to absolute zero
(cryogenic condition), and hence hydrogen should be stored in specific tanks capable of
maintaining these severe conditions.

Temperature [°C]
-260 -240 -220 -200 -180 -160 -140 -120 -100 -80 -60 -40 -20 0 20 40

1 - Liquid (Pressure atm - 4 bar)
2 - Cryo-compressed (Pressure 700 - 1000 bar)
3 - Pressurized (Pressure 250 - 700 bar)

Density (kg/m?® - g /L)
8

4 bar

I
13 33 53 73 93 13 133 153 173 193 213 233 253 273 293 313
Temperature [K]

Figure 2. Density-temperature diagram of hydrogen. Image adapted from [53].

Consequently, the cryogenic tank design represents a challenging task, and their
onboard integration to transport airplanes increases the complexity of the overall aircraft
design. In fact, due to the low available volume, hydrogen cannot be stored in the wing,
and hence the most intuitive solution is to provide room for its storage in the fuselage
(examples are depicted in Figure 3). This solution, hence, introduces the need to provide a
proper design and assessment of the tanks’ integration in the fuselage structure; indeed, this
solution causes a reduction in the available internal volume for the payload or a redesign of
the aircraft’s fuselage (with potential penalties in aerodynamic drag), but also an increase
in operating empty weight [38,54,55].

arcraft

Figure 3. Examples of hydrogen tank integration in fuselages: without airframe modifications ((left),
image adapted from [56]), and with fuselage modification ((right), image adapted from [57]).

To store hydrogen in a high-pressurized gaseous state or in liquid state, ad-hoc tanks
should be designed. Specifically, for the cryo-compressed gaseous case, tanks should be
designed to bear very high internal pressure levels, introducing possible severe struc-
tural weight penalties and raising concerns about safety; hence, this solution tends to be
discarded for aeronautical applications [31,56]. Internal pressures for cryogenic liquid
hydrogen are significantly less critical, but the tank’s material should still be robust to em-
brittlement [58,59]. Embrittlement causes a reduction in material properties (e.g., material
yield stress); thus, the reliability of the tanks is a primary goal in safely storing hydrogen.
Accordingly, the choice of high strength-to-weight ratio material is relevant for proper
tank design; materials such as aluminum alloys, composite materials, stainless steel, and
titanium alloys can be ideal candidates to guarantee adequate strength-to-weight ratio
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at cryogenic temperature [59]. Liquid hydrogen, selected for the application discussed
in this study, allows for increases in volumetric density and can be stored at a pressure
close to ambient pressure, as depicted in Figure 2. Nevertheless, the need to maintain
temperature to keep the hydrogen in liquid (cryogenic) state requires that the tanks must
be properly insulated; indeed, the gradient of temperature between the hydrogen and
the external environment generates a heat flow that could cause the LH; to boil, i.e., a
change in state of the hydrogen from liquid to gaseous. This effect creates a biphasic system
composed in the lower part of the tank of liquid hydrogen, and in the upper part of gaseous
hydrogen. The boiling effect increases the tank’s internal pressure, which must be limited
to avoid increased stress in the structural wall of the tank; this is prevented by means of a
proper venting valve, which allows for the expulsion of the gaseous hydrogen at a specific
preset venting pressure. To reduce the heat flow toward the tank as much as possible,
thermal conductivity of the tanks must be as low as possible, so tanks must have a proper
shape and ad-hoc insulation material. A shape with a low surface-volume ratio should be
considered in order to increase the thermal insulation; regarding the insulation material,
the most used are foams [60,61]. Solutions with active refrigeration were investigated
in [62], but the increased complexity of the system and the associated increased weight
may overcome the potential related benefits. A typical LH; tank is composed of (i) skin,
(i7) insulant material, and (iif) structural material (see Figure 4). The skin represents a
separator between the insulant material and the external volume surrounding the tank,
the insulant material aims at increasing the thermal resistivity in order to reduce the heat
flow affecting the hydrogen state, and the structural part of the tank aims at bearing the
loads (e.g., due to the internal pressure) and should be made of a material that exhibits
a high strength-to-weight ratio. Typical materials that can be used for structural walls
range from aluminum to composite [31,59]. Currently, there are different ways to insulate
the tank: (i) closed cell foam, (i) multilayer insulation. Closed cell foams are generally
made of polystyrene, polymethacrylimide, or polyurethane, whose thermal conductivity
depends on the temperature [57]. Multilayer insulation consists of lightweight reflective
sheets assembled in many thin layers. These layers are typically made of polyimide and/or
polyester films and allow for a reduction in heat flow [57,58].

A
_’! A-A Structural
T wall
LH, )
; Skin
i Insulant
A

Figure 4. Sketch of the longitudinal section (left) and cross-section (right) of LH, tank.

Two types of tanks can be used to store hydrogen: integral or non-integral tanks.
Integral tanks are part of the structural frame of the aircraft and can be used as a load
bearing structure; non-integral tanks are vessels attached to the structural frame of the
aircraft. There are some differences between them: (i) non-integral tanks increase the
aircraft’s empty weight [42]; (ii) non-integral tanks are generally located in the fuselage
because the low volume of other areas, such as the wings, does not allow a sufficient
amount of hydrogen to be stored, whereas integral tanks can be shaped to be installed in
different areas; (iif) the mass estimation of an integral tank is not trivial and depends on
which area of the aircraft it is integrated, whereas the mass estimation of a non-integral tank
is generally independent of its location; (iv) the external area of integral tanks is directly
wetted by the airflow, whereas non-integral tanks are in contact with the aircraft frame
structure, which affects the heat flow [54]. From the above description, it is clear that
integral tanks offer a larger design space and would require a deep modification to the
aircraft structure. In this study, a retrofitting procedure that does not change the aircraft
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Fuselage-tank
cross section
layout and n. tank

structure was considered and, in this respect, non-integral tanks are more suitable. The
design and integration of the tanks plays a key role in the development of liquid hydrogen
aircraft, as they have a relevant impact on its main performance. In this preliminary study,
the investigation of the sizing and integration of the tanks allow for defining some of their
main features:

e  Weight: by defining the geometry and by means of a thermo-structural sizing ap-
proach for pressurized vessels, it is possible to estimate the weight of the tank system,
including both structural and insulation contributions.

e  Available volumes: the design, the shape, and the number of tanks integrated inside
the aircraft enable the computation of the maximum available volume that can be used
to store hydrogen.

e Hydrogen thermodynamics: the assessment of the tank’s internal hydrogen state
dynamics, taking into account both consumption and venting, is helpful to provide
indications on the flight endurance achievable using different tank configurations
and layouts.

e  Payload implications: it is to be expected that the integration of large tanks could result
in reductions in the available volume for internal furnishings, and thus in reductions
in the number of transported passengers.

Hydrogen, as an energy carrier, can be used in two different ways: as a liquid directly
injected in the thermal propulsion system, or as gas that powers fuel cells [31,63], which
in turn generate electricity for the electric motors. Both solutions have beneficial effects
to reduce aircraft emissions; in fact, during operation, a fuel cell generates only water
vapor; liquid hydrogen-based turbomachinery, despite suppressing CO, emissions, has
the disadvantage of generating NOy emissions [31,64], whose impact on climate cannot
be neglected.

3. Design Methodology for LH; Aircraft
3.1. Conceptual Design Framework

In this section, a summary of the design methodology, proposed more in detail in
Ref. [45], is given. The developed methodology follows the schematic workflow depicted
in Figure 5, and it allows for LH; retrofitting of kerosene aircraft (baseline) for both conven-
tional (i.e., tube-and-wing, TW) and any unconventional airframe, such as the box-wing in
the present case.

—

Tank Mission
structural  |— ¥,  performance
sizing analysis

W1o and range
estimation

Figure 5. Scheme of the LH; retrofit design workflow.

To initialize the design process, some main assumptions related to the retrofitting
strategy adopted in this study have been made; specifically, the following main features of
the retrofitted aircraft do not change with respect to the baseline: (i) the size of the aircraft,
(ii) its external shape (tanks are integrated inside the fuselage), (iii) the airframe structural
mass, and (iv) the aerodynamic performance (i.e., aerodynamic polar curves under different
operating conditions); furthermore, the LH,-retrofitted aircraft MTOW should not exceed
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that of the baseline aircraft. For the present study, the reference baseline medium-range BW
aircraft is taken from the design study proposed in Ref. [49]; in Table 1, the main features of
this BW configuration are reported together with those of a medium-range conventional
TW aircraft. The latter is the CeRAS CSR-01 [65], an open access medium-range benchmark
aircraft database, and it is used for the comparative assessment presented in Section 5. The
fuselage cross-sections reported in Table 1 show the differing shape chosen for the BW,
which allows for a larger internal volume for passenger cabin accommodation and/or for
the housing of cryogenic hydrogen tanks.

Table 1. Main data of baseline box-wing and tube-and-wing configurations.

Parameter Box-Wing Tube-and-Wing
MTOW 125,130 kgg 76,820 kg
Wingspan 36 m 36 m
Number of pax 308 186
Harmonic range 5720 km 4790 km
Block fuel 21,844 kg 13,670 kg
Fuselage length 443 m 37.6m
Fuselage internal height (max.) 4.05m 4.05m
Fuselage internal width (max.) 540 m 4.05 m
Aspect ratio (height/width) 0.75 1
Cabin layout Double aisle, 2-4-2 abreast Single aisle, 3-3 abreast
& D &
(W is approimated a8 il ()
BW is approximated as elliptical) V2 A 20 20 N

The first step of the retrofitting procedure is the geometry definition and structural
sizing of the hydrogen tanks, which are non-integral and are integrated into the fuselage in
two different possible modes: “full-section” (FS) layout and “partial-section” (PS) layout.
In the FS case, one or more tanks can occupy the entire fuselage cross-section, reducing the
space for passengers’ cabin and cargo hold, whereas in the PS case, one or more tanks can
be hosted in a specific area of the cross-section, e.g., in the cargo hold only without affecting
the available volume for passenger seats. Figure 6 depicts a generic schematic example
of FS and PS layouts. In addition, one or more groups of tanks (11;) can be selected by the
designer, to be placed in the fore and aft area of the fuselage; an example of two groups of
tanks is depicted in Figure 6—center.

The selected general tank geometry is depicted in Figure 7; it consists of a cylindrical
part closed by two semi-ellipsoidal endcaps. The cylindrical part, whose length is L., is
borne by two supports, whose relative distance is ds, which provide the physical connec-
tion between the tanks and fuselage. Figure 7—left shows all the main parameters that
define the geometry of the tanks: external radius R, the endcaps aspect ratio f; (defined
according to Equation (1)), the thickness of the insulant material ¢;,,, and the thickness of the
structural material of cylindrical (t.) and semi-ellipsoidal (t.) regions. The tank is modeled
as tangential to the internal surface of the fuselage; the tangent point is identified by means
of the angle ¢, the angle that defines the parametric equation of the ellipse, identified as
depicted in Figure 7—right; and the radius is defined according to Equation (3).
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f=h/w 2)

R = Iy/ f2cos2¢ + sin’¢ ©)

L. is the height of the semi-ellipsoidal endcap, R; is the external radius of the structural
material, and f is the height-to-width ratio of the fuselage cross-section.

- .mua LA A LA .uwu LA — SIS bl LA,

Figure 6. Artistical representations of possible tank—fuselage integration layouts: FS (left), FS with
two groups of tanks (center), PS (right).

Fuselage skin

Xy

)r
t.

‘4—10

Rc,i
tc m
v

T

S — LC —>
Figure 7. Lateral view (left) and cross-section (right) of tank integration.

The thickness of the structural material is calculated according to the ASME methodol-
ogy [66,67], considering the loads defined in [35]. Specifically, the tanks are subject to (i) an
internal pressure that is higher than the external pressure (at cruising altitude) of a quantity
equal to Ap, and (ii) inertial loads acting along the vertical direction (z-axis of Figure 7)
and horizontal direction (x-axis of Figure 7) obtained by multiplying the tank weight by a
specific load factor (i.e., the ratio between the inertial load and the tank weight). The data
related to the loads are reported in Table 2. The structural thickness is sized through an
iterative procedure such that the longitudinal and circumferential stresses induced by Ap
are not larger than the yield stress material (considering a safe factor of 1.5); then, the maxi-
mum tensile stresses induced by the longitudinal and vertical load factors are evaluated
and a buckling verification is performed. In case these verifications are not satisfied, the
tank thicknesses are updated until convergence is reached. The selected material is the
aluminum alloy AA2219, which has yield stress equal to 400 MPa at 20 K; the selected foam
material is polystyrene, whose properties are described in [45].
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Table 2. Main data used for tank structural design.

Reference Quantity Value
Tank internal pressure 144.8 kPa [35]
Tank external pressure 22.6 kPa

Vertical load factor 3
Horizontal load factor 6

In the case of FS layout, the presence of the tanks in the fuselage causes a reduction
in available volume to accommodate passengers onboard; accordingly, the number of
passengers is computed by means of Equation (4), where 7, indicates the number of
passengers in the retrofitted aircraft, 1), represents the number of passengers in the reference
aircraft, knp is the number of seats abreast, L; is the total length of the tanks, n; is equal to
1 or 2, depending on if there are single or multiple groups of tanks, and I; is the seat pitch.

N neLy 41
ny =, —knp% 4)

Ly = L.+2L, )

By means of Equation (4), operating items’ (such as furnishing, seats, galleys, equip-
ment, etc.) weights are recalculated by means of the models proposed in Ref. [68]. The
airframe structural weight is kept fixed at that of the baseline, whereas the propulsion sys-
tem weight is increased by 1%; this derives from the assumption that current turbofans can
be modified to run with hydrogen, see Ref. [69], and the increase derives from the necessity
to install a dedicated heat exchanger for the hydrogen before its entry to the combustion
chamber, as also proposed in [69]. These updates, together with the additional weight
introduced by the tanks, allows for recomputing the operating empty weight (OEW) of the
retrofitted aircraft. After this stage, as schematically reported in the diagram of Figure 5,
the mission simulation of the aircraft is carried out; it includes both the simulation of the
longitudinal dynamics of the aircraft and the thermodynamic analysis of the hydrogen in
the tanks in each timestep of the mission (more details are reported in the Appendix A).
The simulation involves the following assumptions: (i) the aircraft is defined as a point
mass, i.e., the aircraft model has two degrees of freedom in the vertical plane; (ii) specific
fuel consumption (SFC) of the engines is considered constant in all phases of the mission
and equal to one-third of the baseline aircraft SFC such that the energy spent per unit
thrust is equal for kerosene and hydrogen engines [69]; (iii) climb and cruise phases are
simulated by time-integrating aircraft dynamics equations by means of the Euler method;
(iv) the thermodynamics of hydrogen are also evaluated concurrently at each timestep
of the simulated flight phase (i.e., ground holding, taxi-out, take-off, climb, and cruise),
allowing for the assessment of the hydrogen phase, the evaluation of possible boil-off of
the liquid hydrogen, the related internal pressure variation, and the computation of the
gaseous hydrogen expelled through the venting valve; (v) consumption in the descent
and diversion phases is considered as a pre-set weight fraction, to avoid iterations of the
simulations of the mission, and hence reduce computational time, as detailed in Ref. [45].
Table 3 summarizes the main assumptions on the mission profile. Regarding the hydrogen
thermodynamic simulation, the following initial conditions were considered: fill rate of
the available volume of the tanks equal to 95%; venting pressure equal to 1.1 of the initial
internal pressure (equal to 144.8 kPa [35]).
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Table 3. Main data of the mission profile.

Mission Phase Time Duration Assumption
Ground holding 28 min [61]
Taxi-out 15 min ICAO LTO cycle [70]
Take-off 0.7 min Full thrust
Climb Calculated Pre-set flight program [71]
Cruise Calculated M=0.79 @11,000 m
Descent Not simulated Fixed fraction

The aircraft take-off weight Wrq is computed according to Equation (6):
Wro = OEW* + (mppp + mp)g (6)

where OEW™ is the updated operating empty weight of the retrofitted aircraft, mpp is the
mass of the LH; stored onboard, m, is the payload mass, and g is gravity.

3.2. Optimization-Based Aircraft Retrofitting

This section aims at describing the optimization-based design model, developed in
MatLab and built on the design workflow of Section 3.1, used to generally assess the
effects of LHj tank integration on BW performance. The optimization procedure was set
up to size different possible onboard tank layouts, and to assess mission performance
for box-wing configurations retrofitted with LH, propulsion. Since the external shape of
the aircraft is kept the same as the baseline, and therefore the aerodynamic performance
and airframe structural weight (excluding tanks) are fixed and known, the optimization
procedure defined by Equations (7) and (8) mainly involve design variables related to tank
integration, as defined in Table 4; specifically:

max X(x) )

over:
lh S X S Uy (8)

where X is the flight distance flown in the standard mission, set as objective function to
be maximized; the vector of the design variable x is constituted by {L., f, ¢, ds, tin, Ri};
and Iy and uy, are its lower and upper boundaries, respectively. These have been varied
within the intervals reported in Table 4 to explore the available design space, to hence
design tank layouts with very different features, as discussed in Section 4. Namely, L. is
the length of the cylindrical part of the vessel (as shown in Figure 7—left); f; is the endcap
aspect ratio defined in Equation (1); ¢ is the angular parameter defined in Figure 7—right
and allows for defining the tank position within the fuselage cross-section; d; and t;, are
the distance between the external supports of the tanks and the thickness of the insulant,
respectively, as already defined in Section 3; and R, is the radius of the smallest tank that
can be installed onboard.

L and f; define the longitudinal section geometry of the tanks. By varying the design
variables ¢ and Ry, instead, it is possible to change the position, dimension, and number of
the tanks in the aircraft cross-section, as depicted in Figure 8; namely, the maximum number
of tanks is installed compatibly with the minimum radius R,. This is a design lever useful
for design configurations that need a catwalk between the tanks and the fuselage walls;
given the highly innovative nature of hydrogen propulsion technologies for aeronautical
applications, current regulations do not establish any recommendations in this regard;
however, the room for a catwalk is likely to be ensured [31,72].
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Table 4. Upper bound and lower bound of the design variables.
Design Variable I up
Lc [m] 3 15
ft 0.5 1
¢ —90° 90°
ds [m] 1.2 5
tiy [cm] 3 25
Ry [m] 0.3 15
2.0 20 20
15 15 15
1.0 1.0 1.0
_ 05 _ 05 _ 05
£ 00 E 00 E 00
N .05 N 05 N 05
1.0 1.0 1.0
15 15 15
2.0 2.0 2.0
27 18 09 00 09 18 27 27 -18 -09 00 09 18 27 27 -18 -09 00 09 18 27
20 y [m] » y [m] 2o y [m]
15 15 15
1.0 1.0 1.0
_ 05 _ 05 .05
£ 00 E 00 E 00
N 05 N 05 N 05
10/ 1.0 1.0
15 15 15
2.0 20 2.0 : ;
27 -18 09 00 09 18 27 27 18 -09 00 09 18 27 27 -18 -09 00 09 18 27
y [m] y [m] y [m]

Figure 8. Examples of fuselage tank integration cross-sections; R;; = 0.09 m (top); Ry, = 0.45 m (bottom).

The optimization framework implemented in MatLab utilizes a local optimization
algorithm, specifically, a sequential quadratic programming method, coupled with a multi-
start procedure. In this study, the optimization setup is not provided to design a specific
optimum solution, but to map the available design space, in order to identify—if any—the
major trends between the design parameters related to LH; tank integration and aircraft
mission performance.

In order to assess the performance of the LH; box-wing, it was decided to evaluate
three different possible layouts for tank integration: an FS configuration with a single
set of tanks (FSp); an FS configuration with two sets of tanks in the fore and aft areas,
respectively (FS); and a PS configuration, where the tanks are integrated into the aircraft’s
cargo hold. The first two FS solutions are reasonably the most capable of increasing the
aircraft’s flight endurance, as they allocate a large internal volume for the storage of liquid
hydrogen; however, this could lead to significant payload reductions. For this reason, the
PS solution, in which the passenger cabin remains unchanged compared to the baseline,
was also investigated; in this case, however, limited flight endurance compared to the
baseline could be expected. Even though FS, could introduce higher penalization in terms
of cabin volume reductions, this layout is noteworthy for study as it represents a design
lever towards aircraft longitudinal balance.

To verify these assumptions, and to discuss the performance of the aircraft under
investigation, the analysis of the results is proposed in Section 4.

4. Results
4.1. Case 1: Full Section Layout

This section describes the main results related to the FS layout configurations with
one (fore, labeled FS1) and two sets of tanks (fore and aft, labeled FS,). The main results in
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terms of operating performance, i.e., payload and range, are depicted in Figure 9, where
each marker represents a retrofitted hydrogen-based box-wing aircraft, designed by means
of the optimization tool detailed in Section 3; the red marker indicates the value for the
baseline configuration (kerosene-based). Figure 9—left highlights a trade-off correlation
between the number of passengers and range; this trade-off depends on two opposite
physical properties of hydrogen: high specific energy, i.e., the energy stored for a unit
mass, from one side, and low volumetric density from the other. The low volumetric
density of hydrogen is the main cause of the necessity of very large tanks when long-range
missions are accomplished, as shown in Figure 9—right, which depicts how the range X
changes with the tank volume V;. The necessity to integrate large tanks into the fuselage
introduces reductions, even very severe, in the available internal volume for passenger
seats; in general, for every tank arrangement, the LH,-retrofitted BW aircraft exhibit a lower
payload than the baseline configuration, even for short or very short ranges. These trends
on payload and range highlight the main compromise that the introduction of hydrogen
as an energy carrier implies for aircraft transportation: LH; allows for the substitution of
current fossil fuel, hence boosting aircraft operations” decarbonization, but the integration
of LH, storage systems implies a sharp reduction in operating performance. In fact, if we
analyze the data in Figure 9—left in terms of payload-range pairs, it can be seen that long
and very long ranges are achievable with cabin configurations that can accommodate only
a few dozen passengers; such solutions are to be discarded because they are of almost
no practical interest. A less penalizing trade-off occurs for typical medium-haul routes,
e.g., 6000 km (or 4000 km) can be achieved with a passenger count of about 150 (or 190);
these figures are close to those typical of aircraft currently operating in the medium-range
sector. Shifting to short-haul, the hydrogen-retrofitted box-wing is able to cover a distance
of 1500 km with a passenger count of about 230.
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Figure 9. Range vs. number of passengers (left) and vs. tanks total volume (right).

It is interesting to note that tanks with similar general dimensions can imply different
operating performance. In this regard, Figure 10 shows that, for both FS; and FS, layouts,
there are several tank configurations that have the same total cylindrical length but result
in different available volumes for accommodating passenger seats. To discuss this aspect,
two couples of configurations, A’ and B’ for the FS; group, and C" and D’ for the FS; group,
were selected; the tanks belonging to the same FS group exhibit same L. and R values but
different f;; the latter influences the total length of the tank and hence the available volume
for the passenger cabin. The impact of f; on the internal cabin volume is more relevant
for tanks with larger diameter, and its penalizing effect doubles for the FS, layout. It is
therefore the total tank length that has a direct impact on the number of passengers, see
Equation (4).
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Figure 10. 1, vs. L (left); detail of the tank shapes for same L. and R but different f; (right).
A noteworthy aspect of LH; tank integration is related to the achievable range, with
a fixed number of passengers, and hence total tank length; indeed, aircraft integrating
tanks having the same total length can have significant differences in maximum range, see
Figure 11. This is related to the internal tank volume, which is correlated to the solution the
optimizer finds for tank integration in the fuselage cross-section, by acting on ¢ and Ry;.
Indeed, as presented in Section 3.2, these two parameters define the position and number
of tanks (1) in the fuselage cross-section, and, consequently, the internal tanks’ volume.
To underline this aspect, four tank configurations, named A, B, C, and D and shown in
Figure 11, are selected; their main features are reported in Table 5. Considering FSy, i.e.,
cases A and B, the number of tanks in the cross-section #;. is equal to one for both, and the
only difference lies in ¢, which directly affects the radius of the tanks. The differences in
terms of tank position and shape introduce a reduction, for the case B, in internal volume
and, hence, in energy stored of 22.1% with respect to case A, causing a range reduction
of 22.4%. It is interesting to underline that these variables, ¢ and R,;,, are very useful for
the case a catwalk is required by regulation; consequently, it becomes very easy to add a
related constraint to the optimization procedure. Considering the selected example for FSy,
i.e,, cases C and D, the ny. are different, one and two, respectively; the larger cross-section
area in case C allows for storing 23% more energy with an increase of 25.2% in terms of
range. In this case, both solutions do not allow for a catwalk.
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Figure 11. Range vs. total length (left); detail of tanks” aircraft arrangement (right).
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Table 5. Main data of the tanks for cases A, B, C, and D.
Parameter A B C D
Layout FSy FSy FS, FS;
Wro 92,143 kg 89,836 kg 91,816 kg 89,438 kg
X 7730 km 5990 km 9770 km 7810 km
p 116 116 84 84
Lc 12.85 m 14.98 m 7m 7.5m
tin 9.8 cm 20.9 cm 3.3 cm 10 cm
ft 0.99 0.50 0.64 0.75
¢ —74° —51° 83° 0°
Nie 1 1 1 2
R 1.98 m 1.84 m 2.02m 1.52m 1.18 m
Lt 16.6 m 16.6 m 9.5m 9.6 m 9.1m
Vi 172 m? 134 m? 107 m? 56 m? 31m3
Energy stored (F)  1.37 x 10° MJ  1.07 x 10°MJ  1.71 x 10° MJ 1.39 x 10° MJ

Figure 12—left shows the trends of the mass of vented hydrogen during the evolution
of the design mission for the four example cases listed in Table 5. It can easily be seen that
the vented mass depends mainly on the thickness of insulation t;,, with which the tank is
coated. Indeed, the thickness of the insulation material affects the thermodynamics of the
tank; in particular, the thicker the insulation material, the greater the thermal resistance.

Accordingly, the heat flow fraction (i.e., the ratio between the heat flow Q and the maximum

heat flow Q,,,, calculated in the four study cases) towards the liquid hydrogen stored in the
tank is reduced in the case of highly thickened insulant foam, as shown in Figure 12—right.
High thickened foam reduces the amount of heat received by the liquid hydrogen, so the
boiling effect is mitigated, and the amount of mass vented is reduced. Figure 12—right
also shows that the heat flow depends on the altitude of the aircraft. On the ground, the
temperature of the air surrounding the tank depends on the weather conditions at the
airport (in this case study, a standard temperature of 15 °C was considered); the heat
flow, which is proportional to the temperature difference between the region inside (i.e.,
the hydrogen) and outside (i.e., the air) the tank, is maximum in this phase. As altitude
increases, the temperature of the air decreases and the temperature difference between
the air and the hydrogen becomes progressively smaller; consequently, the heat flow is
minimum during the cruise phase. An in-depth discussion of the complex thermodynamic
evolution of cryogenic hydrogen inside insulated tanks is described in Refs. [45,60].
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Figure 12. Vented hydrogen mass vs. mission time (left) and heat flow fraction vs. time (right).
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A feature to be discussed regarding LH, aircraft is the mass breakdown. Starting from
the fuel, LH; specific energy is about three times that of the current kerosene; this means
that for a unit kg of burned hydrogen, the energy supplied is three times higher than that of
kerosene. This is highlighted in Figure 13—left, which reports the range ratio X/X*, i.e., the
ratio between the range accomplished by each LH,-retrofitted aircraft and the harmonic
range of the baseline, see Table 1, vs. the fuel mass ratio my/ m;‘f, i.e., the ratio between
the hydrogen mass burned and vented by each retrofitted BW and the block fuel of the
baseline at the design point. The data show that in the case of the range being close to that
of the baseline, namely, X/X* = 1, the hydrogen consumption is almost one-third of the
fuel consumption of the baseline. The absolute values of hydrogen consumption for the
retrofitted aircraft are provided in Figure 13—right.
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Figure 13. Range ratio vs. fuel mass ratio between retrofitted configurations and reference baseline
(left) and range vs. mass of loaded hydrogen (right).
Figure 14 shows the trends of the mass of tanks (m;), operating items (m,,), and
OEW as the range varies. In particular, it can be observed that the mass of the tanks
(Figure 14—left) increases as the range raises, as longer tanks are installed to accomplish
the mission (cf. Figure 11), whereas the opposite occurs for the mass of the operating
items, which tends to decrease (Figure 14—center), as these are directly related to the
decreasing passenger number. The increase in the mass of the tanks is larger than the
reduction observed for the mass of the operating items; as a result, generally, for all the
LH,-retrofitted BW aircraft, the OEW slightly increases for larger ranges, as shown in
Figure 14—right; furthermore, the presence of the tanks introduces OEW increases with
respect to the 308-passenger baseline.
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Figure 14. Tank mass (left), operating and system mass (center), and OEW (right) vs. range.

As it is possible to intuitively expect, the fuel mass fraction (Figure 15—Ileft) increases,
whereas the payload weight fraction decreases (Figure 15—center), for configurations with
longer range. Nevertheless, the already discussed reduction in payload, together with the
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significantly lower fuel weight needed due to the three-times higher gravimetric energy
density of LH; than kerosene, lead to a significant reduction in take-off weight compared to
the baseline MTOW, see Figure 15—right. These data, therefore, allow for the expectation
of further reductions in MTOW if the retrofitting approach is discarded for a complete
“from scratch’ redesign of the hydrogen BW aircraft.
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Figure 15. LH; (left) and payload (center) weight fractions vs. range; Wro (right) vs. range.

An important aspect to evaluate in tank design is the gravimetric efficiency 7, i.e., the
ratio between the mass of fuel stored in the tank and the sum of the mass of the tank and the
fuel. Given the same design requirements and constraints for the tanks, having high values
of #; indicates higher storage efficiency. The trend of this parameter as the V;/t;, ratio
changes is shown in Figure 16—left, which shows that as the V; /t;, ratio increases (i.e., large
tanks and low thickened insulation), tank efficiency increases. The gravimetric efficiency
cannot increase significantly because as the internal tank volume increases, the structural
mass increases as well, as shown in Figure 16—center. In addition, Figure 16—center shows
that insulation mass is generally lower than structural mass, and the discrepancy is much
more evident as tank volume increases. The thickness of the insulant affects the effective
use of the hydrogen stored onboard, as depicted in Figure 16—right. Indeed, in case of high-
thickened foam, the fraction of burned hydrogen 7y, (i.e., the ratio between the burned
hydrogen and the sum of burned and vented hydrogen) is almost one, meaning that almost
all the stored hydrogen is effectively burned by the engines. In case of low-thickened foam,
part of the energy is lost due to the boiling and venting of the hydrogen.
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Figure 16. Tank gravimetric efficiency vs. volume-insulant thickness ratio (left), mass breakdown of

tank vs. tank volume (center), and fraction of burned hydrogen vs. insulant thickness (right).

An additional element to be discussed is the payload-range energy efficiency (PREE), a
metric commonly used to assess aircraft productivity [55,73]; PREE is defined as the product
of flight distance X and payload weight per unit of energy spent E, see Equation (9).

©)
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In the case of LH; aircraft, to compute the energy spent to fly, we consider both burned
and vented hydrogen. The results, depicted in Figure 17—left, show that the retrofitted
hydrogen aircraft generally exhibit a significantly lower PREE than the reference aircraft;
the maximum hydrogen aircraft productivity is located in the range of 2000-5000 km; then,
it decreases. The degraded performance of LH; aircraft with respect to kerosene-based
aircraft is mainly related to a lower operating performance in terms of payload-range;
Figure 17—center shows that the payload-range product for hydrogen-retrofitted aircraft
npX divided by the value of the baseline at its design point n, X" is always significantly
lower than 1: this highlights that the payload reduction to allow for tank integration is
more impactful than the possible range extensions. Potential reductions in energy spent to
fly, achieved for retrofitted aircraft for ranges shorter than 7000 km (see Figure 17—right)
do not compensate the degraded operating performance.
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Figure 17. PREE vs. range (left) and comparison of PREE’s contributions between retrofitted and
reference aircraft: payload-range contribution (center) and energy contribution (right).

In the end, what emerges is that a loss in operating performance is needed if con-
ventional fuel is to be converted to LHj, and thus if it is to cut CO, emissions. The large
disadvantage in terms of volumes required for LH, storage results in reductions in the
payload-range combinations that significantly lower the aircraft’s operating envelope.
For this specific reason, in this study, it was decided to retrofit a high-capacity aircraft
such as the box-wing developed in [49]; in this case, although limitations in operating
performance of the retrofitted configurations are apparent, payload-range combinations
typical of current short-medium-range (SMR) aircraft can still be achieved. On the other
hand, retrofitting current SMR aircraft would result in excessive payload-range reductions,
undermining the practical potential of such a retrofit. This aspect will be discussed in
Section 5.

4.2. Case 2: Partial Section Layout

This section provides a comparative analysis for the FS (both with one or two groups
of tanks) and PS layouts focusing on operating performance and weight. As shown in
Figure 18, in the PS layout tanks are located below the cabin floor, in the hold; the constraint
imposed by the dimension of the hold implies a strong reduction in tank radius, and,
consequently, in the available volume.

Figure 19—Ileft highlights that the configuration retrofitted with the PS layout can fly
significantly shorter distances than the FS layout. On the other hand, the PS configuration’s
tank integration does not reduce passenger cabin volume. The amount of stored hydrogen
is much lower in the case of the PS layout (see Figure 19—right), and, consequently, the
range is strongly reduced.
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Figure 18. Generic example of partial section tank integration.
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Figure 19. Range (left) and mass of LH; (right) vs. tank total length.

The advantage of installing LH, tanks in the PS layout, hence, lies in the hypothetical
non-reduction in the number of passengers, as the tank integration does not affect passenger
cabin volume. It has been specified that the non-reduction of the number of passengers
is hypothetical because the installation of the PS tanks affects the cargo hold’s volume,
which is necessary to allow for each passenger to travel with at least one piece of baggage.
Figure 20—Ileft shows the estimates of the available hold volume V; and the required hold
volume V., calculated by considering one unit of luggage per passenger with a volume of
0.113 m3 [74], for both FS and PS configurations. All the FS configurations comply with the
constraint on V., due to the fact that the installation of tanks also leads to reductions in
the number of passengers. The number of passengers for PS configurations, on the other
hand, is constant, and for longer tanks, the available hold volume decreases; for some
configurations, therefore, the constraint is not respected, and the layout could be considered
unfeasible. The maximum range for feasible PS configurations with 308 passengers is about
930 km, see Figure 20—right. For some configurations for which the constraint is slightly
exceeded, some practical solutions could be found, such as a slight reduction in the number
of passenger seats to reduce V. or to allocate some of the cabin volume for baggage loading.
In general, however, the volume of the hold is an aspect that cannot be overlooked when
dealing with large tank integrations.
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Figure 20. Available vs. required hold volume (left) and maximum feasible range for PS (right).

In terms of OEW), there are no significant differences between the FS and PS cases
(Figure 21—Ileft). This is because the aircraft retrofit only affects the operating items” weight
and that of the installed tanks, as depicted in Figure 21—center, whereas the main structural
weight of the aircraft remains unchanged. The differences in Wrg, see Figure 21—right,
are basically related to the differences in mass of hydrogen stored and the number of
passengers, and hence in payload weight.
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Figure 21. OEW (left), operating and tank mass (center), and take-off weight (right) vs. range.

5. Comparison of Box-Wing and Tube-and-Wing Configuration

In this section, a comparison between hydrogen-powered box-wing and tube-and-
wing configurations is presented. The comparative study is carried out by applying both the
configurations the methodology describes in Section 3. The main data of the two baseline
aircraft are reported in Table 1.

In this case, to provide a general preliminary comparative analysis between the
two architectures, sensitivity analysis is used. In this way, rather than having scattered
results such as those obtained by means of optimization-driven design (see Section 4), it
is possible to select common metrics to discuss the main performance comparison. For
both the architectures, a single group of tanks in FS layout is considered, in two different
solutions: with and without a catwalk (width equal to 0.80 m). The solutions that maximize
cross-section tank area are selected, namely, with ¢ = 90° in the case without catwalk for
both BW and TW, and ¢ = 80° and ¢ = 0° in the presence of a catwalk for BW and TW,
respectively (see Figure 22).
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Figure 22. Sketch of no-catwalk (left) and catwalk (right) solutions for TW an BW.

A sensitivity analysis of two parameters, namely, the ratio between L, and 2R and t;,,
is carried out, and the related variation range is detailed in Table 6. The first parameter has
a direct correlation with the geometry, and the second is the main parameter affecting the
hydrogen thermodynamics; both are relevant for tank weight, volume, and hydrogen state
evolution. The other parameters are kept fixed, see Table 6.

Table 6. Main parameters for sensitivity analysis.

Parameter Box-Wing Tube-and-Wing
No catwalk Catwalk No catwalk Catwalk
Catwalk width Om 0.8m 0Om 0.8m
ft 0.62 0.62 0.62 0.62
¢ 90° 80° 90° 0°
ds/L¢ 0.80 0.80 0.80 0.80
L:./2R 1-3 1-3 1-3 1-3
tin 1-25 cm 1-25 cm 1-25 cm 1-25 cm

Figure 23 reports the results of the sensitivity analysis in terms of achieved range for
both the BW and TW, with and without catwalk. The results for both the configurations
show that the maximum range value reached for any L. /2R is around t;, = 60 mm. Two op-
posite effects related to the insulant thickness play a key role in this regard: the available
internal volume and the vented hydrogen mass during the mission. If ¢;,, becomes smaller,
the tank internal volume, and hence the stored hydrogen, increases. On the other hand,
if the insulant is thinner, the lower thermal resistivity of the tank eases LH; venting and
hence results in greater hydrogen dispersion; the results in terms of vented hydrogen mass
are shown in Figure 24. As a secondary effect, big volumes of insulant material can also
introduce penalizing weight increases. The specific minimum value found in this case
(tin ca. 60 mm) depends on geometrical and material properties; hence, it is not a general
reference; on the other hand, this result highlights the need to find a trade-off between
thermodynamic efficiency and storage volume for the hydrogen, depending on the specific
study case. The effect of L./2R on range is quite direct, as R is fixed and increasing L.
allows for larger volumes of stored hydrogen. The differences in range between the TW
and BW with the same pairs (L_./2R, t;,), in the case without a catwalk (see Figure 23),
are mainly related to differences in MTOW, see Table 1; embarking with the same amount
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of hydrogen, but having a lower MTOW, allows for the TW configurations to fly longer.
The situation is reversed in the case of the presence of the catwalk, see Figure 25, as the
radius of the tanks installed on the TW is significantly smaller, leading to tanks with lower
volumes than those installed on the corresponding BWs.

Catwalk: NO
& 7100
8750 = X [km] =X [km]
\ &_r 6500 7'7
8000

25 \/7250/ \59005300
e \/6500/ [~ N—C —
& 4700
—

~___5750

4100

.
I

1S e 5000 3500
4250 ' 2900/
K%oo 27507 —%wo 1700™]
T w0 10 a0 20 50 100 150 200 250
tin [mm] tin [mm]

Figure 23. Sensitivity of range to L./2R and t;,, for TW (left) and BW (right) for no catwalk case.

[ X [km]] 0.2

50 100 150 200 250 50 100 150 200 250
tin [mm] tin [mm]

Figure 24. Sensitivity of the vented H; to L./2R and t;,, for TW (left) and BW (right) with catwalk.

I

3 Catwalk: YES
5500
5000 =X [km] S~ 6500 = X [km]
~_ " [~ 5900
2.5 4000 \/5300
v | " 3500 4700
i 3000 L
1.5 /

4100
2500 / 3500 ]
2000 2900 2300
1500 10007 W 17001

50 100 150 200 250 50 100 150 200 250
ty, [mm] tin [mm]

%

Figure 25. Sensitivity of range to L. /2R and t;,, for TW (left) and BW (right) for yes catwalk case.

In every case, however, the TW configuration experiences severe payload reductions,
due to the lower availability of internal cabin volume with respect to the BW; Figure 26
shows the contour maps of the number of passengers for TW and BW, together with the
range isolines in the case of the presence of a catwalk. TW can embark with a maximum
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100

of 110 passengers for short ranges of about 1500 km (2700 km, without catwalk), reduced
to 70 passengers for medium ranges of about 5500 km (8700 km, without catwalk). On
the other hand, BW can embark with maximum of 230 passengers for short ranges of
about 2300 km, reduced to 150 passengers for medium ranges of about 7100 km. The
detailed analysis of the operating potential, hence payload and range pairs, turns out to be
of paramount relevance to assess the effective potential to introduce hydrogen-powered
aircraft in the medium-range transport sector.

230
210
190
170
150 &
130

110

70

150 200 250 50 100 150 200 250
ty, [mm] tin [mm]

Figure 26. Sensitivity of np to L. /2R and t;, for TW (left) and BW (right) with catwalk.

The results proposed here are consistent with the findings in the literature. Ref. [38]
shows that for long-range transport aircraft, a reduction in payload (about 21%) is expected,
as well as in harmonic range (about 37%). In Ref. [40], the integration of a fuselage tank
in a short-to-medium range aircraft with the same fuselage as the Airbus A320 leads to a
reduction in the number of passengers (about 40%) and harmonic range (about 30%) com-
pared to the kerosene version. To counteract the penalty in aircraft operating performance,
some authors have lengthened the reference fuselage to accommodate the same number of
passengers as the kerosene aircraft. Ref. [39] shows that fuselage—tank integration causes an
increase in fuselage length of 37.2% with respect to the baseline aircraft, which negatively
affects aircraft OEW (+38.8%) and lift-to-drag ratio (—13.6%). Similar results in terms of
increase in OEW were achieved in Ref. [42].

6. Limitations of the Approach

The observations made in Sections 4 and 5 provide interesting insights into the per-
formance potential of liquid hydrogen-powered aircraft. Relevant trade-offs emerge, e.g.,
between payload and range, and there are macroscopic indications of how and which tanks
should be integrated in the fuselage. In general, these indications represent an initial basis
for the design’s development, and are quite qualitative, given the conceptual nature of the
methods and models used. It is clear that, in order to have quantitatively more accurate
indications, and to increase the level of detail analyzed, it is necessary to continue with
higher-fidelity analysis tools and with the introduction of several aspects that have been
neglected in this work. This section aims to briefly summarize and comment on some of
these aspects.

First, the actual structural integration between tanks and airframe was neglected. It is
indeed necessary to provide the design of reliable attachment systems in the case of non-
integral tanks, or to redesign the entire main fuselage structure in the case of integral tanks.
In both cases, it is possible to predict non-negligible increases in structural mass, and in
general, these aspects cannot be addressed with simplified models and require specific and
accurate physical modelling (e.g., FEM models). Furthermore, the safety aspects inherent
to both tank-airframe integration and the sizing of the tank itself, with respect to both static
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and fatigue loads, must be taken into careful consideration; at present, only assumptions
can be made in terms of safety factors, but a design aimed at what will be the certification
requirements [59,75] is mandatory. Furthermore, aspects of assembly and installation in
the fuselage, inspection, and maintenance cannot be neglected if a feasible concept is to
be developed.

The issue of balance and control of the center of gravity for longitudinal and lateral
stability and control is of crucial importance in the design of an aircraft; hydrogen-filled
tanks are heavy and are intended to be installed in the tip areas of the fuselage, with a
significant impact on the position of the center of gravity; in addition, large masses of
hydrogen are burnt, with a significant impact on the evolution of the longitudinal position
of the center of gravity during the mission. These aeromechanical aspects may affect
the actual feasibility of the analyzed solutions and must therefore be taken into account
from the earliest design stages, as, for example, proposed in [76] for a box-wing fueled by
conventional kerosene.

Finally, it is worth noting that while the detailed study of hydrogen aircraft technological
advancement could lead to feasible solutions, it is necessary to interface such developments
with the entire infrastructural context surrounding them. In detail, in fact, studies on the
capability of airports to receive, store, and handle liquid hydrogen in a safe, efficient, and
environmentally friendly manner should be developed concurrently, see Refs. [77,78]. Adap-
tation of airport facilities to refuel liquid hydrogen aircraft [79] is a crucial aspect and could
represent a bottleneck disconnected from aircraft technology development.

7. Conclusions

In this work, the overall operating performance of liquid hydrogen-powered transport
aircraft was described. Specifically, by means of a conceptual design workflow developed
ad-hoc for such aircraft, the main performance attributes of medium-range box-wing
aircraft retrofitted with hydrogen propulsion were described. The choice to use this non-
conventional lifting configuration as a reference baseline derives from (i) its aerodynamic
potential, i.e., the possibility of increasing lift-to-drag ratio and load capacity compared to
a conventional aircraft of the same size; (ii) the possibility of exploiting these characteristics
to design a fuselage with a larger cross-section compared to single-aisle competitors, and
thus to have more volume to integrate the bulky hydrogen tanks. The focus, therefore, was
given primarily to the design of these tanks and their integration within the aircraft; this
aspect, in fact, influences weights, volumes, and hydrogen thermodynamics during the
mission, and thus has fundamental implications on performance at the aircraft level.

The results, although conceptual, reveal that if conventional fossil fuel is to be replaced
by liquid hydrogen to achieve CO, emissions abatement, a trade-off must be paid in terms
of reduced operating performance. In particular, a reduction in payload is necessary with
respect to the baseline aircraft; if we consider the same harmonic range (5700 km) for
the kerosene-fueled box-wing baseline and the hydrogen-fueled one, a 50% reduction in
payload can be estimated for the latter; a smaller reduction of about 25% is obtained if,
however, a typical flight distance of the short-range category (about 1500 km) is considered.
The operating performance penalty is evident. The choice of the box-wing baseline to
be retrofitted is justified specifically in this aspect; in fact, although the reduction com-
pared to the reference is significant, this hydrogen-retrofitted configuration still allows for
230 passengers to be transported for 1500 km, or 170 passengers for 4800 km. The latter
figure is close to the current scenario for mid-haul aircraft. The same hydrogen retrofitting,
carried out on a conventional tube-and-wing aircraft similar to those currently operating
in the medium-range category, would result in deteriorating performance figures for an
actual entry into service; in fact, for a 4800 km mission, a maximum of 90 passengers could
be transported.

It should also be noted that the proposed results are only of conceptual origin; a further
increase in detail of the analysis, aimed at introducing aspects and constraints arising from
issues related to structural integration, safety, certification, stability, maintenance, and
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installation, could further downward revise the operating performance estimates discussed
here. On the other hand, the retrofit approach here used could inhibit certain design levers
that would instead introduce aspects beneficial to performance. In general, therefore,
in the future, such aspects will be modelled and integrated into the design workflow to
increase knowledge of the technologies discussed in this paper and provide an enhanced
performance estimation scenario to deliver an additional building block in the study of
hydrogen-powered aircraft.
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List of Symbols and Abbreviations

Symbol Description Unit
ds Distance between the external supports of the tank m
E Energy stored MJ
ft Ratio between L. and R;

g Standard gravity

h Height fuselage cross-section m
kn, Number of abreast seats

Iy Upper bound vector of design variables

Lc Length of the cylindrical part of the tank m
L, Length of the end cap of the tank m
Is Pitch seat m
Lt Total length of the tank m
M Mach number

mLH, Liquid hydrogen mass stored onboard kg
ms Fuel mass of hydrogen aircraft kg
m; Fuel mass of reference aircraft kg
myy, Vented hydrogen mass kg
mlf_l2 Burned hydrogen mass kg
Mop Operating mass kg
mp Payload mass kg
my Tank mass kg
My i Insulant mass of the tank kg
My st Structural mass of the tank kg
1p Number of passengers

ny, Number of passengers of reference aircraft

ny Number of groups of tanks

Nic Number of tanks in the cross-section

0 Heat flow per unit of time kW/s
Qpax Max heat flow per unit of time kW/s
R Radius of the tank m
R, Radius of the tank to store hydrogen (cylindrical part) m
R, Radius of the tank to store hydrogen (end cap) m
R Minimum radius of the tank to install m
Rs Radius of the structural part of the tank m
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te Thickness of structural material (cylindrical part) cm
te Thickness of structural material (end cap) cm
tin Insulant thickness cm
uy Lower bound vector of design variables
Ve Cargo volume m3
Ver Cargo volume requested m>
Vi Tank internal volume m3
w Width fuselage cross-section m
Wro Aircraft take-off weight kg s
X Flight distance of hydrogen aircraft km
X* Flight distance of reference aircraft km
x Design variables vector
Ap Difference between tank internal and external pressure ~ Pa
i Tank gravimetric efficiency
1H, Fraction of burned hydrogen
¢ Angle that defines the position of the tank deg

Abbreviation
BW Box-wing
CeRAS Central Reference Aircraft System
FS Full section
ICAO International Civil Aviation Organization
LH, Liquid Hydrogen
LTO Landing Take-Off
MTOW Maximum take-off weight
NASA National Aeronautics and Space Administration
OEW Operative empty weight
PREE Payload-range energy efficiency
PS Partial section
SAF Sustainable aviation fuel
™ Tube-and-wing

Appendix A Mission Simulation

The aircraft dynamics equations for the aircraft point-mass model in the longitudi-
nal plane:
gv‘ =T — D — Wsiny
%V'f = L — Wcosy

Ve = Vcosy (A1)
V, = —Vsiny
W = —TSFCT

where W is the aircraft weight, V the aircraft speed, L is the lift, T the engine thrust, D is the
drag, vy is the trajectory slope, g is the gravity acceleration, x and z are the longitudinal and
vertical axis, respectively, and TSFC is the thrust-specific fuel consumption. The mission pa-
rameters, such as the trajectory and performance (e.g., distance covered, fuel consumption,
travel time, etc.) are calculated by time, integrating differential equations (A1); a detailed
focus on the mission simulation and performance analysis is provided in Ref. [80]. The
Euler forward method is used for the numerical integration of the equations of motion; a
general formulation of this model is proposed in Equation (A2):

y(t+At) = y(t) + y(t)At (A2)

where y is a generic function of time f and y represents its time derivative; the mission
is discretized in timesteps At. The mission is divided in taxi-out, take-off, climb, cruise,
descent, approach, landing, and taxi-in, see Figure A1; the flight dynamic equations need a
proper set of initial conditions and a flight program selected for each phase, see Table 3;
more details are provided in Ref. [49]. The hydrogen thermodynamic model is discussed in
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the previous authors’ reference [45], in which an appendix is also introduced to provide
the related mathematical model.

Euler integration: t + At

Input: Simulation output:
*  Aero perfo. Co=f(Cr) ¢ Flight parameters (Ah, Ax, V, etc.)
c , 8%, V, » H,
*  Flight programme ¢ Forces update (W, D, L, T)
*  Engine perfo. TSFC ¢ Fuel flow H, in-tank
state dynamics
L
l.pl'
Axsﬂ.—zT/ Step
\ jrmmm e, Y
ll \\
Cruise
W,
o
&
O

Taxing Take-off

Figure A1. Scheme of the mission simulation; image taken from [45].

A sketch of the flowchart representing the methodology implemented in MATLAB
is represented in Figure A2. The whole methodological framework developed is widely
discussed in ref. [45].

Ref. aircraft input: fuselage cross section Tank input: geometric parameters and Ref aircraftinput:
____________ 1 materials (including insulation) :— T weight breakdown
v v v v
Fuselage-Tank LH,, insulant Structural Aircraft Estimation of LH, for

Convergence on

cross-section ™| and structural [>| sizing of weight =1  Descent, Diversion

walls’ thickness?
layout mass estimation tank walls

i

Ref aircraft input: polar curve — ------------- '
;

update and Reserve (LHzp)

Total Range

Aircraft Thermodynamic (End-of-Cruise
Simulation Mission Residual LH,
= =1 performance: > simulation: Range + Descent
Time (t) parameters > LHyppp ?
burnt LH, est. vented LH, est. Range)
| and other output
T t+ At P
|

Figure A2. General workflow representing the developed methodology; image adapted from [45].
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