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Abstract

Preliminary design trades for the liquid hydrogen storage system of a short-range aircraft are presented. Two promising
insulation methods, namely rigid foam and multilayer insulation, are identified as main design drivers. In addition, the maxi-
mal pressure and the shape of the hydrogen storage tank influence the aircraft performance and the insulation efficiency.
In this study, the hydrogen storage tanks are integrated in wing pods. The main effects driven by the design parameters are
addressed using conceptual and preliminary methods: models are carried out for the storage mass, additional drag, propel-
ler efficiency loss and the dynamical thermodynamic behavior of the liquid hydrogen storage. These effects are coupled
making an integrated design method necessary. For the sizing of the liquid hydrogen storage, a multidisciplinary workflow
is set up including the aircraft sensitivities on the design mission block fuel. The trade-off study reveals the opposing trend
between insulation efficiency and aircraft performance. For the insulation architecture based on rigid foam, the penalties
implied by the storage tank on aircraft level and the penalties due to vented hydrogen can be balanced and result in minimal
block fuel for the design mission. The application of multilayer insulation avoids venting during the design mission, but has
an increased penalty on the aircraft performance compared to rigid foam insulation. Besides the criterion of minimal block
fuel, the dormancy time is compared, indicating the thermal efficiency. Applying multilayer insulation, the dormancy time
can be increased significantly calling for a discussion of operational requirements for hydrogen-powered aircraft.

Keywords Liquid hydrogen storage design - Trade-off study - Hydrogen-fueled aircraft - Liquid hydrogen storage
integration

1 Introduction related with this technology, the integration of the liquid

hydrogen storage is seen as one of the main issues: the vol-

Regarding the environmental goals of the aviation industry
[1], the application of liquid hydrogen (LH2) as an energy
carrier is an ongoing debate. Despite many challenges
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ume and weight of the storage compartment as well as the
cryogenic properties of liquid hydrogen have a significant
influence on the aircraft design and performance. Therefore,
new aircraft concepts are investigated recently. Several types
of LH2 storage integration are discussed in the literature
[2-6], each of them coming with specific advantages. The
goal of this study is to assess the integration of the storage
compartment in wing pods. Wing pods are easy to access
and due to its proximity to the consumers, the uncertainties
involved with the fuel delivery system design are minimized.
On the other hand, the increase of aerodynamic drag implies
a drawback to this type of integration compared to, e.g.,
an integration of the storage tank in the rear [3]. Besides
the type of integration, design specifications concerning
the liquid hydrogen storage affect the aircraft performance.
Therefore, this trade-off study is conducted to provide design
trends and to capture the relevant effects and sensitives. The
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paper is divided into the following parts. Section 2 deals
with the methodology and the modeling of the liquid hydro-
gen storage and its effects on the aircraft performance for
this type of integration. In Sect. 3, the conducted parameter
study is explained and their results are discussed. Section 4
concludes the paper.

2 Methodology

For the integration of cryogenic hydrogen in an aircraft,
many aspects have to be considered. For instance, the air-
craft performance is penalized directly by the additional
mass of the storage tank and the increase of aerodynamic
drag compared to a conventional design. Moreover, the pods
interfere with the propeller air flow decreasing the propul-
sive efficiency. Besides the geometrical and structural inte-
gration, the usage of liquid hydrogen implies additional chal-
lenges to the design. Due to its cryogenic properties, liquid
hydrogen is subject of complex heat and mass transport,
resulting in evaporation at steady state and thermal equilib-
rium. Therefore, vapor must be vented for a given pressure
level, which may cause fuel loss depending on the system
architecture of the fuel system. Within this study, vented
hydrogen is regarded as fuel loss. The intensity of these
effects depends on certain design decisions. In this case,
the insulation concepts have an impact on the storage mass
and the insulation efficiency: a well-insulated storage cor-
relates with a heavy tank. Moreover, the allowable pressure
level in combination with the initial fuel condition affects
the dormancy time. A subcooled liquid extends the timespan
for which venting is not necessary. However, supplying sub-
cooled liquid hydrogen is an energy-intensive process and
the trade-off between aircraft performance improvements
and ground operations is beyond the scope of this study.
Another key design decision is the geometric realization of

the storage compartment, since the volume-to-surface ratio
is an important parameter for the insulation efficiency and
the shape affects the aircraft performance directly. Most of
the effects depend on each other forming a coupled sys-
tem. The interaction of these effects is shown qualitatively
in Fig. 1. Analyzing the interactions, two feedback loops
can be found. The first feedback loop deals with the aircraft
performance: the aircraft performance determines the block
fuel for the given flight mission. A certain storage volume
is needed to store the total amount of fuel. This volume is
converted to a shape following external geometry generation
rules. Since the shape influences the drag, propeller block-
age and storage mass, the first feedback loop is closed. The
second feedback loop takes the thermodynamic behavior of
the liquid hydrogen storage into account. In case of venting,
additional fuel for the mission has to be stored in advance.
That changes the amount of the total fuel and influences the
storage volume and geometry, respectively. Again, the stor-
age shape is fed back to the insulation efficiency determining
the possible fuel loss in case of venting.

Considering the main interdependencies, an integrated
design method is required to conduct this trade-off study.
The following sections describe the aircraft concept, the
modeling of the main effects and the design philosophy.

2.1 Aircraft concept

To study the influence of the LH2 storage integration on
aircraft level, a conceptual aircraft design from the German
Aerospace Center (DLR) internal project EXACT (Explora-
tion of Electric Aircraft Concepts and Technologies) is used
[7]. The design represents an advanced (entry into service
in 2040) turboprop aircraft which uses two liquid hydrogen-
driven gas turbines for power generation, shown in Fig. 2.
Two power trains, each including a gas turbine and a liquid
hydrogen storage, are installed into wing pods on each side

Fig. 1 Complex interaction
requires a coupled approach
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Fig.2 LH2-fueled aircraft concept

of the wing. Two large propellers mounted in front of the
wing pods are used for propulsion.

The overall aircraft design process is supported by vari-
ous disciplinary tools being integrated into a workflow
within the remote component environment (RCE) [8]. The
tool openAD [9] is used to initialize the aircraft sizing with
a minimal set of top-level aircraft requirements (TLARSs)
and synthesize the results from the disciplinary tools. This
conceptual aircraft design tool is mainly based on empirical
and semi-empirical methods and allows a flexible integration
of different disciplines within the workflow. Moreover, the
flight performance and consumed energy for a specific mis-
sion are provided by a DLR-developed trajectory calculation
model. Depending on the aerodynamic and engine perfor-
mance, the equation of motion is solved resulting in a step-
wise two-dimensional description of the mission trajectory
for the high-speed regime. For the low-speed performance,
the tool LSperfo [10] provides the data for take-off and land-
ing. Prior to the design of the LH2-fueled concept aircraft,
the workflow has been calibrated with reference data from
the A321neo. To enhance the integration of disciplinary
tools, the standardized common parametric aircraft con-
figuration schema (CPACS) [11] is used for data exchange.

2.1.1 Key characteristics

The key aircraft characteristics are listed in Table 1. The
aircraft is capable of 250 passengers (PAX) in a single class
layout and represents a stretched version of a family concept
which could be a potential successor of the A320 family.
The design range of 1500 nm and Mach number of 0.62
are set in the context of a sustainable short-range turboprop
aircraft. The resulting key parameters are, e.g., maximum
take-off mass (MTOM) of 69.6 t and lift-to-drag ratio (L/D)
of 17. More information on the conceptual aircraft can be
obtained from [7].
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Table 1 Key aircraft concept characteristics
Parameter Unit Value
Entry into service - 2040
MTOM t 69.6
OEM t 432
L/D - 17
Design range nm 1500
Design payload t 23.75
Design PAX number - 250
Design cruise mach number - 0.62
Initial cruise altitude ft 27000
Service ceiling ft 33000

2.1.2 Block fuel characteristics

To assess the implications of the design choices on the air-
craft performance, the sensitivities regarding the block fuel
of the design mission are used. The variation of operating
empty mass (OEM), zero-lift drag and propulsive efficiency
imitates the variation of storage mass, aerodynamic drag
and the propeller blockage of the wing pods. To quantify
these effects, the aircraft sizing workflow is used, which is
explained in Sect. 2.1. To derive the sensitivities, the TLARs
are kept fixed for each aircraft sizing loop. Depending on
the combined variation of OEM, zero-lift drag and propul-
sive efficiency, each solution represents a converged aircraft
design including resizing effects. For the converged aircraft
concepts, the mission performance is calculated and serves
as a response surface.

Figure 3 shows exemplary the sensitivities in percent
block fuel difference at a propulsive efficiency loss of 1 %
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Fig.3 Aircraft sensitivities in percent block fuel for the design mis-
sion at 1 % propulsive efficiency loss
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by the variation of zero-lift drag and OEM. The figure indi-
cates a linear dependence of the block fuel difference within
the boundaries of the variable parameters.

Assumptions regarding the hydrogen storage tank of the
aircraft concept have been made in previous studies. These
assumptions serve as a starting point for the evaluation of
the penalties implied by the storage tank design within the
parameter study. For the storage, mass per tank 1187.5 kg
is assumed and the aerodynamic drag per wing pod is set to
1679.1 N. The propulsive efficiency loss due to propeller
blockage is presumed to be 1 %. Applying these assumptions
for the aircraft concept, the total design mission block fuel is
calculated as 2139.4 kg and the design mission fuel reserves
to 599.5 kg hydrogen, respectively.

2.2 Storage models

The main effects of the integration approach are considered
using conceptional and preliminary design methods at this
stage of the study. The following subsections deal with the
modeling approaches.

2.2.1 Storage geometry

The shape of the storage geometry can be divided into the
following parts: a tank dome, a cylindrical segment and a
conical segment closed by a spherical dome. For the front
dome, a torispherical configuration is chosen as described
in Brewer [4]. The shape of the conical end depends on
the maximal diameter: to decrease pressure-induced drag,
the ratio of diameter to aft length and aft diameter is kept
constant which will be discussed in Sect. 2.2.3. Figure 4
illustrates the variation of the storage geometry for a con-
stant volume and a variable diameter of the cylindrical sec-
tion. The geometric model for the storage is created using
the knowledge-based engineering framework Codex [12].
Using this framework, a parameterized model is generated
describing all the layers of the tank. Based on this model,

Fig.4 Iso view on storage geometry; volume is kept constant while
the diameter is varied
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a geometric representation of the tank can be exported
and calculations on this geometry can be performed. For
example, the fill level and the corresponding interface area
between the liquid and gaseous hydrogen can be determined
for a given filling ratio. In addition, the volume and surface
area of each storage layer are calculated.

2.2.2 Storage mass

The storage mass consists of the storage compartment walls,
the insulation layers, adjacent systems and installation pen-
alties. First, the insulation architectures are described fol-
lowed by the calculation procedure for internal and external
overpressure to size the compartment walls. Two insulation
architectures are compared within this study. Both of them
are displayed in Fig. 5. The first storage concept features
a single-wall compartment of aluminum followed by rigid
foam, a vapor barrier, soft foam and finally a thin layer of
Kevlar. For both concepts, an integral tank design has been
chosen for the podded tanks so the last layer is directly
exposed to the ambient. This concept is one of the candi-
date insulation concepts proposed in Brewer [4]. The second
insulation architecture is based on a double-walled storage
compartment with the space in between evacuated, similar
to Stroman et al. [13]. Nevertheless, this insulation inher-
its some features of the first insulation concept. The outer
layers are composed of soft foam and Kevlar and the inner
insulation layer consists of rigid foam. This layer is added
for safety in case of vacuum loss, as proposed in Brewer [4].
The mass of the operational systems are given by Brewer [4].
Depending on the insulation architecture, a vacuum pump
system and a purge system, as well as a pressurization and
vent system are needed. In addition, an installation factor
referred to the storage mass of about 8 % is applied, which
is comparable to the assumed value in Brewer [4]. The mass
of the fuel system is included in the aircraft concept.

The storage walls with internal overpressure are sized in
accordance with the guidelines of AD2000 [14]. Equation 1
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Fig.5 Insulation architecture based on the rigid foam (A) and multi-
layer insulation (B). Materials: (1) aluminum, (2) rigid foam, (3) soft
foam, (4) multilayer insulation, (5) vapor barrier, (6) Kevlar
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shows the minimum required wall thickness ¢ for cylindrical
pressure vessels in its original form (additional factors and
margins for welding, wear, etc. can be neglected according
to the guidelines).

D -
=t (1)
26/S+p

The pressure p usually represents the limit pressure defined
as the maximum pressure that is allowed during operation.
Instead of the limit pressure, an ultimate pressure is used
to account for additional loads from gusts and maneuvers.
According to Brewer [4], the ultimate pressure equals 1.5
times the limit pressure. The stress o depends on the mate-
rial’s resistance. According to Brewer’s fatigue analysis, a
design stress of 172 MPa can be used for aluminum alloy
2219 T851 considering a maximum of 40,000 cycles [4].
The safety factor S is set to 1.5 which is usually used in
aviation. For the dome and cone section, the same wall
thickness is assumed as required in the cylindrical section.
This assumption allows for a simplified geometry generation
reducing the complexity of the thermodynamic modeling.
A dome- and cone-specific wall thickness determination
approach from the AD2000 [14] showed a neglectable wall
increase compared to the cylindrical approach for torispheri-
cal domes and cone angles below 10°, respectively. For the
double-walled storage structure, a hard vacuum is applied to
fulfill the requirements of the multilayer insulation. There-
fore, the outer aluminum vessel has to be sized for external
overpressure. The calculation of the wall thickness is con-
ducted following the calculation procedure suggested in [14]
for cylindrical pressure vessels exposed to external overpres-
sure. Plastic deformation and elastic instability are the sizing
parameters according to [14]. For the material properties, the
same assumptions are made as for the internal overpressure.
An ovality of 1.5 % is allowed. To minimize the wall thick-
ness, a stiffener concept is applied as proposed by the calcu-
lation procedure. Therefore, double-T beams with a length
of 50 mm and outer width of 10 mm serve as stiffeners.
The unsupported length between the stiffeners is optimized
to ensure a lightweight combination of wall thickness and
stiffener distance. The mass is calculated as mass per area
including stiffener mass and mass of the wall. This is applied
to the surface area of the MLI layer.

2.2.3 Aerodynamicdrag

The aerodynamic drag is assessed according to Torenbeek
[15]. The proposed method accounts for the profile drag of
cylindrical bodies including variable nose and tail sections,
such as fuselages and wing pods. Torenbeek’s method is
not only well suited for the present drag estimation as it
represents a simple approach on the one hand, but it is also

sensitive for a variation of the nose and tail geometry on the
other hand. Equation 2 shows the composition of the profile
or base drag coefficient Dp, .

Dpy =Dpop - (1 +f)+ADp, 2)

The flat plate friction drag coefficient Dy ,, is determined
by an empiric correlation for turbulent flow according to
Schlichting and Truckenbrodt [16] (assuming turbulent flow
along the whole length). Pressure drag is considered by the
shape factor f;. The drag increment AD, , accounts for the
additional pressure drag of short-tail sections (tail length
smaller than two times the diameter). For more details con-
cerning the parameter determination and a detailed descrip-
tion of the drag coefficient estimation in Eq. 2 the reader
is refered to [15]. The aerodynamic relevant shape, being
exposed to the free stream, and thus the overall wetted sur-
face includes the outer storage surface itself (except for the
pressure dome) and an additional covered installation space
in front of it. The resulting intersected body, here referred
to as the wing pod fairing, is shown in Fig. 6.

The fairing’s nose and tail section length can be optimized
in terms of minimizing the overall fairing drag while providing
sufficient space for fuel and systems. For the nose section, the
optimum length is found to equal its base radius. For the tail
section, the optimum length is found to be equal to two times
its base diameter. For the following drag penalty assessment,
cruise conditions are assumed. In addition, two installation
factors are applied: 1.1 for interference drag and 1.05 for addi-
tional friction drag due to the slipstream of the propeller.

2.2.4 Propeller blockage

Propeller blockage refers to the effect of retarding the airflow
through the propeller caused by an object (e.g., fuselage,
nacelle or wing pod) directly behind it [17]. The blockage
effect is considered by reducing the propeller efficiency
compared to an isolated propeller. A conservative approach
is chosen as the propeller is designed for variable *fictive’
spinner radius representing the presence of the pod fairing
downstream. Consequently, for a given propeller diameter
(a maximum diameter of 5.3 m is chosen limited by the
ground clearance) and thrust requirement, more shaft power
is required resulting in a reduced efficiency. The chosen
propeller design method according to Adkins and Liebeck
[18] combines the momentum theory and the blade element

Fig.6 Shape of wing pod fairing including the installation space
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Fig. 7 Propeller efficiency loss due to blockage by the wing pod fair-
ing downstream [15-18]

theory while considering the conditions for minimum
energy loss. Figure 7 shows the efficiency ratio (efficiency
of blocked propeller divided by efficiency of isolated pro-
peller) depending on the diameter ratio (propeller diameter
divided by spinner diameter). As can be seen, the diameter
ratio should be higher than two to reduce the efficiency loss.

2.2.5 Thermodynamic analysis

To predict the ullage pressure, the heat and mass transfer of
the liquid hydrogen storage tank, a dynamical model is car-
ried out. The liquid hydrogen and vapor, as well as the tank
structure and insulation layers are considered. The modeling
approach is explained in the following section.

To describe the thermodynamic behavior of the hydrogen
storage, a reduced lumped-parameter model based on [19] is
used within this study. This model applies basic conserva-
tion laws for the mass and energy exchange processes of a
rocket propellant loading with liquid hydrogen. Referring to
Fig. 8, the control volumes (CV) for the adapted model in
this study are shown.

It distinguishes between liquid (CV 1) and gaseous hydro-
gen (CV 2) separated by an interface in between the two
phases (CV 3). The inner containment wall is split into two
control volumes depending on the filling level: a CV adja-
cent to the vapor (CV 4) and one surrounding the liquid
hydrogen (CV 5). In this sketch, the insulation layers are
represented by a single CV (CV 6), but are composed of
different layers depending on the insulation architecture. The
skin layer (CV 7) envelopes the insulation layers and sets the
system boundary to the ambient.

@ Springer

Fig.8 Sketch of the liquid hydrogen storage, its control volumes,
mass and energy flows

All control volumes exchange energy and/or mass.
From the liquid control volume, LH2 is withdrawn and
fed to the consumer, while the schedule of the mass flow
depends on the thrust requirements of the flight mission. In
addition, mass is exchanged at the interface, which will be
described in detail at the next paragraph. Heat flux through
the compartment wall is modeled by natural convection at
the boundary between fluid and wall. Therefore, empirical
equations for horizontal and vertical heat transfer coeffi-
cients are used, which are given for the lumped parameter
approximation in appendix B of [20]. Since the heat trans-
fer coefficients depend on the tank geometry, the shape of
the storage compartment is simplified as a cylinder with
same radius and volume to apply the empirical equations.
Unlike reference [19], the temperature of the liquid is
time-dependent and its density depends on the tempera-
ture. For the calculation of the thermodynamic properties
of the liquid, like density, saturation pressure and satura-
tion temperature, an open-source application [21] is used.

A very thin and massless film is introduced separating
the vapor from the liquid hydrogen. The film is considered
to be in saturated condition. Its temperature is assumed to
be uniform and therefore is related to the vapor pressure
[19, 20, 22]. Considering these assumptions, the energy
balance equation for the film can be derived

Qv - Ql + le(hevap) = w =0 (3)

dr
where the mass flow for evaporation or condensation J,,
results in the balance of heat transfer at the interface. The
heat flux is denoted as QV(Z) and h,,,, represents the enthalpy
of evaporation. In contrast to [19], the used model does not
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account for different modes of interfacial heat exchange, but
is assumed to be dominated by natural convection at the
interface as discussed by [22] and correlations for horizontal
heat transfer coefficients are applied [20].

The vapor phase is modeled as an ideal gas [19] with
time-dependent temperature and density. Since no helium
is applied for pressurization, GH2 is the only gas pre-
sent in the ullage volume. The mass flows crossing the
boundaries are the evaporation or condensation mass flow
at the interface. Also, the venting or pressurization mass
flow crosses the control volume boundary when needed.
For the energy balance, heat fluxes from the compartment
wall and interface are considered, as well as the power
due to compression (expansion) of the vapor. In addition,
the transfer of energy resulting from the external mass
flows and their corresponding enthalpy are included in
energy balance. A detailed description of the mass and
energy balances can be obtained from [19].

Besides the fluid, the storage compartment and insula-
tion are included in the dynamical model. Each layer is
considered a control volume having a heat capacity. In
between the layers, heat is exchanged via conduction. The
material properties of the insulation materials are tem-
perature dependent and given in [4]. In case of multilayer
insulation (MLI), a different approach is applied. In [23],
the heat transfer of MLI is discussed for ideal and realized
insulation systems showing a wide range of total heat flux.
This heat flux can be divided into three parts: heat flux by
radiation, gas conduction and solid conduction [23, 24].
The correct prediction of the heat flux depends on multiple
factors and the application of the semi-empirical equation
of [24] needs a calibration of a tested insulation system.
Therefore, data from a calibrated multilayer insulation for
a mobile liquid hydrogen tank is used [13] for this analysis
and is implemented for a steady-state condition depending
on the temperature difference. The requirements for the
insulation of reference [13] are a vacuum pressure below
1077 torr and equivalent heat flow of 5.9 W/m? for an outer
vessel temperature of 298 K.

The heat exchange with the ambient at the skin layer
is estimated by a method proposed in [25]. For the flight
range below Mach 2 it is assumed, that the recovery tem-
perature equals the skin temperature. Therefore, the skin
temperature directly depends on the flight condition and
the total temperature delta is determined by the difference
between the temperature of the skin layer and the bulk
temperature of LH2 or GH2, respectively. All correlations
form a set of ordinary differential equations [19, 22]. This
initial value problem is treated with the integrate library
of the python package SciPy [26].

2.3 Integrated storage sizing

The sizing of the storage compartment is described in
this section. The interdependencies, which are discussed
qualitatively in Sect. 2, are transformed into an executable
workflow within RCE [8] using CPACS [11] to connect the
various tools. This methodology is analogous to the aircraft
sizing procedure described in section 2.1. For the illustra-
tion and postprocessing, the parametric aircraft geometry
modeler TiGL [27] is applied. Figure 9 represents the sizing
workflow for the trade-off study.

Starting with a combination of design parameters and
the aircraft data, the design loop is entered. Iteratively, the
storage geometry is generated and the storage mass, aero-
dynamic drag and propeller blockage are calculated, as
explained in Sects. 2.2.1, 2.2.2, 2.2.3, 2.2.4, the sensitivi-
ties regarding the design mission block fuel are estimated
based on these effects and applied to the already calculated
sensitivity data of Sect. 2.1.2. As a result, the block fuel for
the design mission is adjusted and serves as an input for
the dynamical simulation of the design mission. Within this
simulation, the thermodynamic behavior of the liquid hydro-
gen storage is analyzed following the modeling approach in
Sect. 2.2.5. At the end of the mission, the remaining liquid
hydrogen, the vapor and the vented hydrogen are estimated.
The ratio of block fuel to fuel reserves is compared to the
design mission. This fuel ratio is taken as convergence cri-
teria. If the reserves are underestimated (overestimated),
the sizing fuel mass and the storage volume are increased
(decreased). By the application of the convergence loop, the
two feedback loops described in Sect. 2 can be addressed.
This procedure is repeated for the given set of design param-
eters. The converged designs are discussed in the following
section.

3 Results

This section deals with the results of the trade-off study.
First, the design parameters are defined, then the different
types of insulation are compared regarding the penalties on
aircraft performance and fuel loss due to venting, as well as
block fuel and dormancy time.

3.1 Parametric study

For the trade-off study, three aspects are identified as main
design drivers: the storage geometry, the maximal pressure
level and the insulation concept. As already discussed in
Sect. 2, these parameters serve mostly as inputs for the cou-
pled interactions and therefore are used as design param-
eters. To influence the geometry of the storage tank only the
outer diameter of the cylindrical section is varied, while the
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types of insulation are applied: multilayer insulation and
rigid foam insulation. For the latter, the insulation thickness
is also varied affecting not only the insulation efficiency, but
also the shape and mass of the storage tank. In Table 2, the
value ranges of the design parameters are listed.

3.2 Design mission

The sizing of the storage compartment is based on the design
mission. The range of the design mission is 1500 nm and the
cruise Mach number of 0.62. For the 250 passengers, a pay-
load of 23.75 tons is assumed. The time-dependent altitude
and fuel flow per tank are illustrated in Fig. 10. The fuel flow
depends on the aircraft performance and is shown exemplary
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Fig. 10 Time-dependent altitude and fuel flow for the design mission

for an insulation based on rigid foam with a variable insula-
tion thickness of 6 cm and a maximal pressure of 2.0 bar.
In Figs. 11 and 12, temperature variation of the hydro-
gen control volumes (CV 1-3) and pressure variation for
the exemplary design mission are presented. Initially, the
vapor and liquid are set at 21.5 K, corresponding to a satu-
ration pressure of about 1.5 bar. The temperature distribu-
tion of the insulation layers is calculated at steady state on
ground before the mission is simulated. At this point, the
liquid volume fraction is 95 %. Typical values of initial
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Fig. 12 Exemplary pressure variation for the design mission

ullage volume for propellant tanks for space applications
are in the range of 3-10 % [28].

During the mission the temperature of the liquid
increases up to the point, where the maximal operating
pressure is reached and venting must be applied. After
this state, the heat flux entering the storage tank directly
leads to an increase of boil-off since saturated conditions
are reached. The pressure and temperature variation of the
vapor are coupled by the ideal gas assumption. At the point
of maximal fuel flow, pressure drops due to the expansion
of the vapor. The pressure gradient is determined by the
heat transfer into the vapor and the change of its volume.
Increasing (decreasing) the insulation quality, the pressure
gradient decreases (increases). In addition, increasing the

maximal operating pressure venting has to be applied at a
later point in time.

3.3 Rigid foam insulation

The results of the parameter study of the rigid foam insula-
tion are discussed in the following sections. In Sect. 3.3.1,
the effects on the aircraft performance and fuel loss due to
venting are described. Based on that, the total block fuel for
the sized storage compartments is compared in Sect. 3.3.2.

3.3.1 Aircraft performance and hydrogen venting

The effects imposed by the design parameters can be inter-
preted as fuel penalties. Two competing phenomena are
identified: the indirect effect on the aircraft performance and
the fuel loss of vented hydrogen. In Fig. 13, the performance
penalty and the vented hydrogen are shown.

In the left column of Fig. 13, the combined effects of the
storage mass, the aerodynamic drag and propeller blockage
are shown. For each pressure level, the variation of outer
radius and variable insulation thickness are displayed. The
distribution of the contours is similar for each pressure level.
A minimal influence on the aircraft performance exists for a
radius in between 1.0 and 1.2 m and for the minimal insula-
tion thickness. In contrast to that, for a thick insulation and
big radii, the aircraft performance is penalized the most.
The fuel penalty increases with increasing maximal pressure
level. To understand the contour, the effects are described
separately.

The calculation of the storage compartment mass shows
different dependencies. The weight of the insulation layers
scales with the surface of the storage tank and the insula-
tion thickness. The biggest fraction of the weight of all
layers takes the inner structural aluminum layer. Here, the
trend points into diverging directions. Like the insulation,
the mass scales with the surface area, but the thickness of
the aluminum wall depends on the radius and the pressure
level, respectively. For example, the minimal wall thick-
ness at 0.9 m radius and max. pressure of 1.5 bar equals to
1.7 mm following the calculation approach of Sect. 2.2.2,
while the maximal wall thickness is 4.5 mm at 1.4 m radius
and 3.0 bar max. pressure.

The propeller blockage only depends on the outer pod
diameter. For the maximal diameter of 2.8 m, the propul-
sive efficiency loss caused by propeller blocking is estimated
to 1.77 % and for the minimal diameter to 0.45 %, respec-
tively. Since the influence is not linear on the pod diameter,
especially bigger diameters are penalized and therefore this
restraint sets a boundary for the integration as wing pods.

The aerodynamic drag depends primarily on the outer
radius since this parameter defines mostly the shape of the
wing pod. In addition, the sizing volume and the insulation
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Fig. 13 Block fuel penalties (rigid foam insulation) due to aircraft performance (left) and fuel loss by venting (right) in % compared to fixed initial assumptions

@ Springer



Liquid hydrogen storage design trades for a short-range aircraft concept

889

thickness impact the shape. The minimal aerodynamic drag
is obtained for a radius of 1.2 m and a minimal insulation
thickness, and equals to 2154 N per pod. For smaller and
bigger radii, the drag increases: bigger radii lead to dispro-
portionate drag increase and for smaller radii the influence
of the increased wetted area (the shape gets thinner and
longer) predominates the aerodynamic drag. These effects
in combination with the sizing volume lead to the contours
presented on the left column and represent the first feedback
loop.

On the right side of Fig. 13, the effect of the second feed-
back loop is displayed: the fuel loss due to hydrogen vent-
ing. The fuel loss due to hydrogen venting is obtained from
the thermodynamic mission simulation. As explained in the
previous section, the point in time when venting is applied
depends on the total heat flux entering the storage compart-
ment, as well as the allowable pressure. Moreover, the total
heat flux determines the mass flow of vented hydrogen.

Again, the fuel loss due to venting is expressed in per-
centage with respect to initial assumptions. Similar to the
penalties on aircraft level, the contours are shown for a vari-
ation of radius and insulation thickness. The different pres-
sure levels are addressed for each plot. Three trends can be
observed considering the fuel loss due to venting. The first
trend deals with the insulation quality. Increasing insulation
thickness minimizes the heat flux per area.

Second, a high volume to surface ratio is favorable con-
cerning the total heat flux. Therefore, the solutions with the
biggest radius suffer the least fuel loss to venting. Especially
for smaller radii and thick insulation, the generation of shape
has an effect on the vented hydrogen. Since the outer radius
is fixed as an input, with increasing insulation thickness, the
inner radius of the hydrogen containment decreases. For a
given sizing volume, the cylindrical part of the shape has to
be stretched and this ultimately results in a low volume to
surface ratio.

The last trend, which can be observed, relates to the maxi-
mal pressure determining the time-dependent start of hydro-
gen venting. While for a maximal pressure of 1.5 bar venting
is applied from the start, none of the hydrogen vapor has to
be vented during the mission for a variable insulation thick-
ness greater than 6 cm and 3.0 bar maximal pressure. An
additional increase of the maximal pressure does not result
in less venting during the design mission. Summarizing the
trends, the thermodynamic objectives are contrary to the
penalties on aircraft level.

3.3.2 Design mission block fuel

The design mission block fuel is a key indicator of the trade-
off study. Since the penalties on aircraft performance and
fuel loss due to hydrogen venting follow opposing trends, the
design mission block fuel combines the two feedback loops.
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Fig. 14 Block fuel variation of rigid foam insulation
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«Fig. 15 Comparison of various aspects of multilayer insulation (left)
and rigid foam insulation at variable insulation thickness of 6 cm
(right); *dormancy time estimated for 50 % liquid volume and ISA
conditions at sea level

In Fig. 14, the variation of design mission block fuel per
storage tank considering the rigid foam insulation is illus-
trated. Each maximal pressure level is represented by a plot.
The block fuel varies depending on the outer radius and the
insulation thickness.

For the lowest maximal pressure level of 1.5 bar, hydro-
gen venting dominates the design trade. A minimal block
fuel is obtained for a thick insulation and a relatively big
radius of about 1.2 m, stressing the importance of insula-
tion quality if a low pressure level is applied. At a maximal
pressure level of 2.0 bar, a significant decrease of the design
mission block fuel is reached compared to the lowest pres-
sure level. Since the penalties on aircraft level only slightly
increase, the main difference is implied by the reduction of
hydrogen venting, which is in the range of 3 % ref. block
fuel. The optimal insulation thickness shifts to a variable
insulation thickness of 8 cm at an outer radius of 1.2 m.
Setting the maximal pressure level to 2.5 bar the optimal
parameter range shifts toward 6 cm variable insulation thick-
ness, where the global minimum of design mission block
fuel is obtained. For the aircraft, the minimal block fuel
is estimated to 2271.6 kg (1135.8 kg per storage compart-
ment). An additional increase of the maximal pressure level
does not result in a further decrease of block fuel. Hydrogen
venting is only reduced for storage compartments with thin
insulation and small radius, and the increase in storage mass
is applied to all designs.

3.4 Multilayer insulation

The design trades of the multilayer insulation depend on
the storage compartment shape and the maximal pressure
level. A variation of the insulation quality (e.g., a variation
of the vacuum pressure or the number and density of heat
shields) was beyond the scope of this study. A comparison
of rigid foam insulation and multilayer insulation is illus-
trated in Fig. 15, where, in the left column, MLI and, in the
right column, rigid foam at a variable insulation thickness
of 6 cm are shown. Four different aspects are compared to
each other: the penalties on aircraft performance and due
to hydrogen venting, the design mission block fuel and the
dormancy time.

Comparing the penalties on aircraft performance, the
multilayer insulation has an increased influence. Due to
a higher mass of the double-walled storage structure and
additional systems like the vacuum system, the storage mass
is increased by a factor in the range of 1.8-2.1 depending
on the design parameters. Therefore, the penalty in percent

block fuel is 3 % higher on average. The aerodynamic drag
and propeller blockage are only slightly affected, since the
shape is comparable for the chosen insulation thickness.

Since the total heat flux is drastically decreased by the
application of multilayer insulation, no hydrogen must be
vented during the design mission. For every flight phase, the
pressure is maintained above the initial pressure by external
evaporation of liquid hydrogen. In contrast to rigid foam
insulation, the feedback loop regarding fuel loss due to vent-
ing is avoided for the storage sizing.

Considering the design mission block fuel, the contours
of multilayer insulation are similar to the contours of the
penalties on the aircraft performance, as there is no bal-
ancing between hydrogen venting and decreasing aircraft
performance. The minimum design mission block fuel of
multilayer insulation is estimated at the boundary of the
parameter space at minimal pressure level and in between
1.1 and 1.2 m radius. Comparing the minimal design mis-
sion of the two insulation concepts, the optimal rigid foam
concept performs about 1 % better in terms of block fuel
with regard to the assumptions of this study.

Another aspect of the comparison is the dormancy time.
The dormancy time depends on the initial and boundary
conditions and the insulation quality. Since the initial and
boundary conditions might vary for every mission, for the
comparison of the insulation quality the initial conditions are
set to a liquid temperature of 21.5 K at saturation pressure
and a filling ratio of 50 %. The ambient temperature is set
to international standard atmosphere (ISA) conditions on
ground, while solar heat gain is neglected. The shapes of the
contour of both insulation concepts have a similar appear-
ance: With higher pressure the dormancy time is expanded.
In addition, the total heat flux is influenced only by the ratio
of volume to surface since the heat flux per area is identi-
cal for each insulation concept. A significant offset between
the multilayer insulation and the concept based on rigid
foam can be observed. Even for a maximal pressure level of
2.0 bar, MLI outperforms every parameter combination of
rigid foam insulation. This shows the advantage of MLI for
ground handling and operation.

4 Summary and conclusion

For the integration of a liquid hydrogen storage compart-
ment in wing pods, a trade-off study was conducted. A
short-range turboprop aircraft concept serves as a use-case
and its sensitivities regarding mass, aerodynamic drag and
propeller blockage are used to estimate the influence of
the storage integration on the aircraft performance. To
model these effects, conceptual and preliminary design
methods are applied. A dynamical model for the thermo-
dynamic behavior of the liquid hydrogen storage is used
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enabling mission simulations. The effects of the integra-
tion approach are coupled making an integrated sizing of
the storage compartment necessary. Two feedback loops
are identified and interpreted as penalties on aircraft per-
formance and penalties due to hydrogen venting, respec-
tively. These opposing trends can be influenced by the
design parameter of the trade-off study. The storage tank
diameter, the insulation type and thickness, and the maxi-
mal ullage pressure level are chosen as parameters and
span the design space. For the combination of these design
parameters, the liquid hydrogen storage compartment is
sized for the design mission of the aircraft concept.

The sizing of the insulation concept based on rigid foam
is driven by the balance between fuel loss due to hydrogen
venting and the influence of the wing pods on the aircraft
performance. An optimal parameter combination is found
at 1.2 m outer radius, a variable insulation thickness of
6 cm (resulting in an overall insulation thickness of about
11 cm) and a maximal pressure level of 2.5 bar. In contrast
to the rigid foam insulation concept, the sizing of the mul-
tilayer insulation is influenced by the aircraft performance
only, since the high insulation quality avoids venting dur-
ing the design mission. This advantage is combined with
an increase of the storage mass leading to a higher influ-
ence on the aircraft performance. The optimal parameter
combination for the multilayer insulation concept regard-
ing the design mission block fuel is an outer radius in
between 1.1 and 1.2 m and the minimal pressure level.
Comparing the optimal designs, the rigid foam concept
performs 1 % better in terms of block fuel on the design
mission. Considering the dormancy time, multilayer insu-
lation outperforms the insulation concept based on rigid
foam. The findings of the design study show design trends
rather than optimal solutions.

Within this study, not all aspects of the integration and the
comparison of the insulation concepts could be included. For
instance, the material choices for the rigid foam insulation
and the reliability of the vacuum insulation of MLI and its
implications to failure may influence the design decisions.
Moreover, the interaction of the fuel delivery system with
the hydrogen storage on the one side and the consumer on
the other might impose further requirements. The fuel sys-
tem architecture also creates possibilities to utilize exces-
sive gaseous hydrogen, which was regarded as loss within
this study. In addition, future work could include advanced
modeling techniques, like temperature stratification of the
hydrogen storage to improve the prediction of the ullage
pressure [20]. Also, more advanced structural methods for
each storage tank sections and different material selections
are of interest. As a concluding remark, it can be stressed
that the required thermodynamic performance of the storage
tank influences strongly the overall aircraft design. Consid-
ering this influence, the definition of the thermodynamic
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requirements has to be chosen carefully and remains a chal-
lenge for the application of cryogenic hydrogen in the avia-
tion sector.
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