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INTEGRATING CRYOGENIC TANKS MODEL IN HYDROGEN AIRCRAFT
DESIGN FOR PARAMETRIC PERFORMANCE ANALYSIS
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IONERA , 2 Av. Edouard Belin , Toulouse, France
2|SAE-SUPAERO, 10 Av. Edouard Belin , Toulouse, France

Abstract

In response to the climate crisis, the aviation industry pledged through ICAO to become climate neutral by
2050. A promising solution to achieve this goal is the introduction of hydrogen-fueled aircraft, as they could
emit no greenhouse gases in flight. Using hydrogen as fuel on an aircraft presents however huge challenges,
especially due to its complex storage, as it must be stored in pressurized cryogenic tank. This study focuses
on the integration of a medium-fidelity cryogenic hydrogen tank model into an overall aircraft design tool (FAST-
OAD) and its exploitation to conduct several parametric studies on a medium-range, tube- and wing hydrogen
aircraft. Results show a wide range of tank and aircraft performance, justifying the need for a hydrogen tank
model in conceptual design. A strong dependency of aircraft performance on fuselage radius is highlighted,
although not due to the hydrogen tank. The maximum design pressure of the tank is the second most important
parameter for aircraft performance, suggesting tanks with a low design pressure differential.The increased
amount of hydrogen that would need to be vented can be favorably offset by using thicker insulation, with a
zero-venting design remaining feasible. A trade-off analysis between integral and non-integral tanks was also
made, and it shows a small advantage to the integral configuration. With the best-identified configuration, the
energy consumption of hydrogen aircraft appears to be a few percent above that of conventional aircraft at
iso-technology level.

Keywords: Aircraft Design, Hydrogen Tank, Conceptual Design, Multidisciplinary Analysis, MDA, Model,
Parametric study, Configuration

1. Introduction

The worrying prospect of current climate change prompted countries around the globe to sign the
Paris Agreement in 2015, which aims to limit the temperature increase on earth to 2°C by 2100. The
challenge is to rapidly cut greenhouse gas emissions in the next few decades to reach global carbon
neutrality by 2050, as the Intergovernmental Panel on Climate Change has demonstrated that there
are the main cause of current global warming[1]. The aviation industry also announced through the
International Civil Aviation Organization (ICAO) in 2022 that it will reach climate neutrality by the mid-
century, when it is currently responsible for 5-6 % of the radiative forcing on earth (including non-CO2
effect)[2]. If sustainable aviation fuel (SAF) could reduce aircraft carbon emissions in the short-
medium term, it is likely that it will not be sufficient to reach net zero as SAF availability will be limited
and it doesn’t solve the non-CO2 impacts. Another promising but challenging solution is therefore the
introduction of carbon-free fuels, like hydrogen. Hydrogen combustion or hydrogen fuel cells don’t
emit carbon, so hydrogen-powered aircraft would fly carbon-free. If hydrogen can be produced in a
sustainable way, aircraft life-cycle emissions would be really low, especially as studies have shown
promising possibilities to reduce NOx emissions and mitigate contrails’ impact of hydrogen turbines
[31[4].

A hydrogen-fueled aircraft represents a very disruptive concept from conventional airliner. If some
prototypes have already flown in the past, none have already been fully designed, built, or certified,
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and they would require a profound change in airports and air traffic ecosystems. This concept also
requires a profound revision of classical design and certification methods. Brewer summarized in [5]
all the knowledge available at his time at NASA over hydrogen aircraft and he was one of the first
to build models for a commercial, tube- and wing, hydrogen-powered aircraft. Since then numerous
studies tried to design and assess the performance of very innovative concept. The European cry-
oplane study [6] showed for example in 2003 that this solution should be technically viable, although
lots of further research and development were required. More recent research funded by the Eu-
ropean Union confirmed the potential of hydrogen for air transport. [7]. Verstraete used Brewer’s
work as the basis for his long-range aircraft model. Cipolla et al. [8] and Palaia et al. [9] investi-
gated the retrofitting of the european box-wing short—-medium-range aircraft project PARSIFAL into
an hydrogen aircraft. Van Woensel[10] designed a hydrogen version of the Flying V. Quiben et al.
[11] developed an aircraft sizing tool called MOTIVATION to retrofit an A320 into a hydrogen aircraft.
Prewitz et al. [12] estimated the performance of a regional hydrogen aircraft similar to the ATR-72.
Maniaci [13] compared the energy consumption of hydrogen and kerosene aircraft. Most of those
studies concluded that hydrogen aircraft have the potential to reduce the climate impact of air travel,
but they highlighted the technical and economic challenges that they represent.

If hydrogen aircraft are so difficult to design, it is mainly due to the storage of hydrogen onboard.
Hydrogen gas has indeed a very low energy density at standard temperature and pressure. Except
maybe for regional flight, which is not the focus of this study, it must then be stored in liquid form at
20K to reach an acceptable energy density, which is still four times lower than kerosene. Hydrogen
tank must therefore be cryogenic and pressurized and will require a large space, meaning it will
represent a non-negligible weight. Tank design becomes then critical for aircraft performance,as
demonstrated by Adler and Martins in [14] where they showed with the Breguet range equation that
the energy consumption of a hydrogen aircraft increased exponentially when the tank gravimetric
index [1] fell below 50%. Huete et al. confirmed this fact [15] by showing how the deliverable range
for a wide-body aircraft almost doubles when the gravimetric index increases from 0.3 to 0.85. In
their sensitivity analysis on the performance of a wide-body hydrogen aircraft, Jagtap et al. [16] also
determined that for current technology, the gravimetric index should be at least 0.52 to match the

concurrent kerosene aircraft range.
e (1)

My + Myank

Hydrogen tanks are the result of compromises between safety requirements, ease of integration into
the airframe, and thermal and structural performance, so a large variety of design configurations ex-
ist. To estimate the feasibility or performance of a hydrogen aircraft during conceptual design, it is
then necessary to model those different solutions at this stage and compare them as studies dis-
agree on the best solution. A cryogenic tank model is made of two part : a structural sizing model
and a thermodynamic model to evaluate how much hydrogen is lost due to boil-off, i.e hydrogen
changing state from liquid to gas. Verstraete’s tank thermodynamic model[17] is the base on which
many authors built their own hydrogen cryogenic tank model, like Winnefeld et al. [18] who compared
different hydrogen tank geometries, Van Woensel [10] in the flying V, Sekaran et al. [19] who looked
at a hydrogen-powered turbo-electric distributed propulsion concept, or Gomez and Smith [20] who
sized an hydrogen tank for medium-range civil aircraft. This model assumes a steady state and a
homogeneous state inside the tank to determine the hydrogen lost in boil-off due to incoming heat
leakage.A few studies, like [21] tried however to use a more detailed approach inspired by what can
be done in the space launcher industry [22]. For the structural design, both Verstraete and Brewer
studied mainly the integral concept, where the fuselage is also the tank wall because it should re-
duce the aircraft’s empty weight. Brewer considers a stiffening structure for his tanks that is sized
according to certification constraints in terms of limit and ultimate load. His methodology, like the
one from Gomez et al. [20] for structural design is, however, based on finite-element and design-
specific. The lack of generic capabilities and the high fidelity level complicate its use in conceptual
design. Verstraete only sized the tank wall for the pressure differential and didn’t consider a stiffening
structure. Like most of the previously cited authors, Winnefeld and al. adopt a similar methodology
in their non-integral tank study [18] but include elliptical tank design capabilities. Their simulation
concluded that elliptical tanks have a significant structure weight penalty, degrading tank efficiency
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as the structure represents at least 70% of tank empty mass. They also found a decrease in stor-
age density when fuel is split into several smaller tanks. Onorato et al. [23] built a hydrogen aircraft
multidisciplinary design analysis framework also based on Verstraete tank thermodynamic and struc-
tural models. They used this framework to compare multiple tank configurations and confirmed that
an integral tank is indeed more efficient, especially at longer ranges, or that larger fuselages tend
to decrease aircraft efficiency. They stressed, however, that the optimal tank configuration depends
on the aircraft category, justifying the need for a parametric and adaptive sizing framework. To fully
explore all possible designs however, it must be relatively quick to run in order to be integrated into
an iterative optimization process.

The purpose of the present work is to use a new higher-fidelity thermodynamic [24] and structural
model [25] of an aircraft’s hydrogen tank into FAST-OAD [26], which is an overall aircraft design tool.
The new thermodynamic tank model doesn’t consider the tank to be homogeneous but composed of
three control volumes that exchange mass and energy. The structural model is able to size the tank
wall and the stiffening structure for both integral and non-integral tank. This is done by following the
current certification constraints of the CS-25 relative to pressurized cylinders [27]. The generic sizing
tool created allows the study of various tank configurations and technologies. Parametric studies
are conducted to evaluate the sensitivity of aircraft or tank efficiency to tank design variables. The
structure of this paper will first describe this new model and how it was implemented in FAST-OAD.
Several parametric studies and design of experiments on hydrogen tank configurations will then be
presented to highlight and quantify hydrogen aircraft performance dependency on tank or mission
parameters.

2. Methodology

2.1 FAST-OAD : an Aircraft Design Tool

Aircraft design is a complex process as it involves multiple disciplines (aerodynamics, structure, con-
trols, etc.) that are coupled because some disciplines depend on other discipline output. The basic
example is the structure-aerodynamic coupling: aerodynamic loads on the wing depend on its shape,
while those loads deform the structure of the wing, thus changing the shape of the wing and so the
associated aerodynamic loads. This interdependence can be represented in an eXtended Design
Structure Matrix (XDSM) diagram, as in figure [f]

{ initial guess / E

Aerodynamic oads

2:
Structure

/OWE / /deformations /

Figure 1 — lllustration of the aerodynamic-structure discipline coupling in aircraft design within an
XDSM graph

To solve this coupling problem and lots of others present in aircraft design, the multidisciplinary de-
sign analysis and optimization (MDAQ) paradigm have emerged sin the end of the 90s . The idea with
MDAQO is to solve an analysis with multiple coupled disciples in an iterative and automated process.
This was implemented for aircraft design by ONERA and ISAE-SUPAERO in FAST-OAD (Future
Aircraft Sizing Tool Overall Aircraft Design) [26]. In its current version, FAST-OAD loops the multi-
disciplinary analysis around the aircraft block fuel mass. It computes indeed the fuel mass required
for the mission based on an initial maximum take off weight (MTOW) guess and sizes the structure
based on this fuel mass and the Top Level Aircraft Requirements (TLARS). It can then determine the

3
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Figure 2 — FAST-OAD multidisciplinary Analysis process [26]

. Aircraft char risti Val ni
TLAR Value | Unit craft characteristics | Value | Unit
Passenoer 539 MTOW 101 | tons
g MLW 84.3 | tons
Payload 25 tons
. OWE 545 | tons
Cabin layout 3x3
. Block fuel 21.9 | tons
Design range 2500 NM
. . Max L/D 17.4
Cruise altitude 33000 | ft . )
) Wing surface 138 m
Cruise speed 0.78 | mach :
: . Maximum Thrust 173 kN
Thrust-to-weight ratio | 0.35
, Fuselage length 45.5 m
Aspect ratio 9.9 .
Wingspan 37 m

Table 1 — Reference kerosene aircraft characteristics

updated MTOW of this aircraft as it knows the structure’s mass. It can finally recompute the updated
fuel mass with a time-step integration of the mission profile and restart the process until the fuel mass
and aircraft mass converges on a feasible aircraft design. The MDA process is represented on figure

To ease the MDA process, FAST-OAD was implemented in Python under the OpenMDAO format de-
veloped by NASA [28] which was specifically tailored for this type of problem.

FAST-OAD was developed originally for conventional Tube and Wing (T&W) small to medium range
aircraft. The models used in the various disciplines are mainly analytical and based on typical aircraft
design literature or are in-house models. The FAST-OAD also incorporates a low-fidelity aerodynamic
model for low-speed aerodynamics during take-off and landing, a "rubber" engine model [29], as well
as a quasi-static method for mission analysis. The code has been validated against the specifications
of an Airbus A321 [30]. A reference kerosene aircraft has been created, whose design mission and
main characteristics are presented in Table[f]

However, to be able to design hydrogen aircraft, some modules of the program had to be modified:

» Propulsion module: Several conventional aircraft have already been converted to hydrogen (for
example the US successfully modified a B-57 to fly on liquid hydrogen [31] in the 1960’s). This
suggests that a hydrogen turbine won’t differ that much from a conventional gas turbine. At
the conceptual design level and for a first approach, it was considered acceptable to represent
hydrogen turbines in FAST-OAD with the same rubber engine as conventional ones. The con-
sumed fuel flow was just modified with respect to the ratio of specific energy between hydrogen
and kerosene. By taking also into consideration the improvement in fuel consumption of new
engines currently in production, the specific fuel consumption was reduced by a factor of 3.28
compared to a CFM-56 like engine.
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Component | Mass (kg)
Fuel lines 200
Venting system 150
Refuel-Defuel system 300
Pressurization system 50

Table 2 — Mass of cryosystems included in the design, adapted from Brewer [5]

* Geometry module: The geometry module defines the geometry of all aircraft components
based on their masses and a few empiric rules. This module was modified to determine the
tank geometry depending on block fuel. The choice was made in this study to always place the
tank(s) behind the cabin for safety reasons. Placing it in front of the cabin would indeed prevent
access to the cockpit during flight and might compromise passenger safety in the event of a
crash. If those concerns turn out to be unfounded in the future, the tank could then be easily
placed anywhere along the fuselage.

The tanks considered are cylindrical tanks with hemispherical or elliptical bulkheads. The ge-
ometry module first computes the fuel volume with the block fuel mass and liquid hydrogen
density, which depends on liquid hydrogen initial temperature. To avoid rapid variation in tank
pressure in the case of fuel withdrawal or fuel expansion due to temperature elevation, a 3%
margin in tank required volume is added. The tank’s external diameter is equal to the fuselage
diameter, which is determined by the cabin layout, so it becomes possible to estimate the re-
quired tank length, taking into account the tank’s insulation and wall thickness and the volume
available in each bulkhead, varying with their shape. The model also allows for the fuel to be di-
vided into multiple tanks in the fuselage, in which case the distribution ratio must also be given.
The tank length plus one meter dedicated to other cryogenic systems (pump, valve, refueling
system, gauge, etc) is then added to the fuselage length.

+ Weight module: In this discipline, the structural model presented in Section [2.pis added to
determine the tank mass and center of gravity based on the previously defined geometry. This
mass is added to the airframe mass. The mass of other cryogenic systems required for a
hydrogen aircraft like pumps, valves, refueling systems or fuel lines, is taken from Brewer’s
estimations [5] and presented in table 2] However, as Brewer considered a double-deck long-
range hydrogen aircraft with four separate tanks, the total weight for those systems was divided
by two, considering the focus of this work is on medium-range aircraft with one or two tanks
only.

» Handling quality module (HQ): while sizing the tank geometry, the center of gravity of the tank
is also computed to be considered when assessing the stability and control of the aircraft.

+ Performance module: In the original FAST-OAD design loop, the performance discipline eval-
uates the previously sized aircraft on its mission with a time-step integration. In the hydrogen
adapted FAST-OAD, after this step where the consumption, velocity and altitude of the aircraft
are determined at any given time, the mission is post-processed by the tank thermodynamic
model presented in Section 2.8 This leads to an estimation of the amount of hydrogen boil-off,
which is then added to the total block fuel.

2.2 Tank structure sizing

The structural model of the tank is an important part of tank design process, as the majority of the
tank weight is indeed due to its structure. In addition to storing hydrogen, the tank structure serves at
least two other goals: it must be able to hold a pressure differential between the interior and exterior
of the tank and be able to endure bending, torsion, and shear loads transmitted by the fuselage. Even
in the case of a non-integral tank, some of these loads will inevitably be transmitted by the supporting
structure of the tank inside the airframe.
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Figure 3 — Tank structure [25]

As the liquid hydrogen is stored at 20K, the tank internal pressure should always stay above the
external pressure to avoid air or water leaking inside and freezing, clogging the fuel system. The
hydrogen boil-off will, on the other hand, cause a gradual rise in pressure. The tank is therefore sized
to withstand a maximum pressure differential with the exterior, above which the excess pressure will
have to be vented. As the tank is situated in a non-pressurized part of the fuselage, the atmospheric
pressure outside will vary with altitude. This means that the acceptable range for pressure inside
the tank also depends on altitude. In the case of an integral tank concept, the structure is part of
the fuselage and must, as a consequence, also support the different bending and shear loads of the
fuselage. The methodology used to size the tank structure is, for the most part, the one described by
the authors in [25]. A brief summary of the methodology and its latest evolution is presented in the
following paragraph.

For a cylindrical-shaped tank, the structure can be divided into three main components visible in figure
[3t the tank wall, the frames, and the stringers, the last two ones forming the stiffening structure. The
stringers are longitudinal stiffeners, while the frames are circular ones. In the current CS-25, the role
of each component of a pressurized cylinder, such as the tank or the fuselage, is very specific. Each
has indeed different requirements[27]: the wall must withstand the operational load alone, which is
the bending, shear, torsion, and pressure load encountered during a nominal mission. l.e., the wall
must be thick enough to not suffer plastic deformation under those loads. To satisfy that constraint,
the stress tensor [3] in the wall is computed and checked against a design criteria. The currently
implemented model can use the classical Von Mises criteria, or a more innovative criteria based on
principal strains presented in equation |2l This last criteria was originally built for composite materials,
but it can be used for metallic structure as well.

—3x% 10_3 <egnp<er<g<45x% 10_3 (2)

The bending and shear loads transferred by the fuselage to the tank are computed with a simple
beam model presented in [25]. To improve accuracy, the additional lift required to compensate for the
downward force of the horizontal stabilizer is now taken into account.

% ny(e) 0
(0= [ orie) o B o N
0 0 0

The wall should also not buckle under the operational load. As the wall buckling depends on stringers
and frame pitches (respectively a and b on figure [3), this criteria determines how many frames and
stringers are needed on the tank.

Between the operational load and the ultimate load, defined as two times the operational load, the wall
might buckle, so the super stiffening structure must be able to bear all the loads. The super stiffening
structure is composed of the frame and stringer plus a small part of the wall around their attach point
that should not buckle [32], as represented on figure [4] Frames and stringers’ sections are then sized
so that the super stiffeners remain below the break stress at the ultimate load but also remain in
elastic deformation at the limit load, defined as the ultimate load divided by 1.5 (approximately 1.33

6
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Figure 4 — Super stiffener representation [25]

times the operational load). This last sizing process was simplified as the formal optimization problem
presented in [25] was deemed unnecessarily computation-intensive. It was replaced by the solving
of equation [4]to determine the stringers section and of equation [5|for the frame section.

APmr? M,sin(0)
2 B NitreA <0,
Nstl’g(lswl +A5[rg) ]trz(wt_i_w)

2nr

O1.,1(stringer) =

N, 15W?Ny,e  APr  M_sin(6) APrr*w,  15M,sin(0)w?

A2 strg A tiVstrg o ¥4 15 3 t ¥4 t > 0 4
gy A (v + 27r 20, + nrio, )+ 15w, Nitrg O nrio, = (4)
APLtankr

01,1 = <o,
1(frames) meme(l 5Wt2 T Aframe) e
APL,,,
Aframe > rank? - ISWt2 (5)
frameOe

Once the skin thickness and stiffeners sections are determined, it becomes possible to compute their
volume and so their masses.

2.3 Tank thermal analysis

A liquid hydrogen tank is said to be cryogenic because it must keep the fuel at around 20K. Design-
ing such a tank requires a detailed thermodynamic analysis to determine the required insulation and
how the liquid hydrogen will evolve during the mission. The tank will indeed not stay at a constant
temperature or pressure during the whole mission. The heat leaking inside the tank will cause hydro-
gen to boil off, which will increase the internal pressure. The tank is therefore in a a periodic cycle
of self-pressurization and venting, where hydrogen is released in order to stay below the maximum
design pressure for which the tank structure have been sized. The adopted thermodynamic model
for both the self-pressurization and venting phases is similar to the detailed in a previous paper of the
authors [24], with some improvements coming from recent discoveries. It will be summarized in the
following paragraphs.

In the entire thermal model, the thermodynamic properties of chemical species are computed using
the CoolProp Python library [33].

2.3.1 Thermal circuit model

The thermodynamic model of the tank is divided into three parts: the thermal circuit, which estimates
how much heat is entering the tank; the boil-off model, which describes the evolution of the fuel in the
tank in response to this heat inflow; and the venting phase, which occurs when the pressure reaches
its maximum.
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Figure 5 — Heat flows impacting a cryogenic hydrogen tank

The first part is called the thermal circuit model because it uses an analogy with electrical circuit,
replacing electrical resistance with thermal resistance to determine the incoming heat flow. This
methodology allows for a division in incoming heat flow into the tank between different physical phe-
nomena. Each phenomenon is associated with its own heat flow, which is individually computed and
then summed up. The model considers two surfaces that are assumed to always be in thermal equi-
librium: the tank internal surface, the tank wall, and the tank external surface, called here the tank
skin, which can also be the aircraft skin if the tank is integral.

For the tank skin, four heat flows represented on figure [5] can be considered [17], [34]:

« Convective heat flow : Qs com

+ Conductive heat flow through the insulation: Q.o

Radiative heat flow towards the exterior environment: Q.4

Solar irradiation: Qyuiar

For the internal wall of the tank, two phenomena should be taken into account:

« Natural convection on the internal wall: Qi cony

+ Conductive heat flow through the insulation: Q.o

The authors are aware that in cases where the wall temperature is above the saturation temperature,
hydrogen should boil directly on the wall, affecting the convective heat flow and gas volume. The
phenomenon is however highly non-linear and effort is still ongoing to incorporate it, but in the mean
time the assumption that the convective heat flow is sufficient was made, as in the majority of previous
studies.

With the thermal equilibrium assumption, 7,,,;; can be obtained by solving the following system:
Qext,conv + Qrad - Qsolar - Qcond =0 (6)

Qint,conv — Opoit — Qcond = 0

The system [g] is in fact solved several times, one for each "region” of the tank. Those regions are
defined by their internal environment (gaseous or liquid hydrogen) and the external environment
(aircraft interior or atmosphere, lit or not by the sun) they are in contact with. This yields multiple heat
flows entering the gaseous or liquid hydrogen volumes. Those heat flows are then summed up to
determine the total flow arriving in each phase.
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2.3.2 Boil off model

Once the heat transfer to the liquid and gaseous hydrogen is known, it becomes possible to determine
the evolution of both hydrogen phases. Unlike most previous studies, the model used here doesn’t
make the homogeneous tank assumption but considers three separate control volumes: bulk liquid
hydrogen, gaseous hydrogen (also called the ullage), and the interface between both. The interface is
an infinitely thin layer with a definite temperature but no mass, like Ramos in [35]. The state of these
control volumes can be fully described with only four variables: T, 7;, m, and V,. By applying the
conservation of energy law to each volume and at each time step, the system|/|is obtained. Here,
a modification to the model developed in [24] can be observed with the addition of the term V;5,7;
in the time variation of the gaseous volume. This allows the thermal expansion of liquid hydrogen
to be taken into account. If this term is neglected, the ullage volume tends to increase too slowly.
Consequently, the liquid volume decreases too quickly, which leads to an artificial over-consumption
(because the hydrogen in question disappears from the tank but is not in reality consumed by the
engine). Due to the relatively high thermal expansion coefficient of liquid hydrogen, taking this phe-
nomenon into consideration can represent a difference of several hundred kilograms of hydrogen on
an entire mission (the density of liquid hydrogen decreased by 10% between 14K and 21K).

mg = _hmpfcp,z(%’;Tlg)i(hg*hsm) + Mipoil +mpressurization

Tg _ Qeg— Qs — Py Vottghg+-hytingi—ritgug

by g (7)

iy 1BiT

i — Qe tQu+PVi—tivghithyriny —riuy
! miCp 1

A representation of the model can be seen in figure [f|

Figure 6 — Self-pressurizing hydrogen tank model [24]

2.3.3 Venting

The tank thermal model is integrated into FAST-OAD, where the user can define an initial tank pres-
sure, temperature and fill level. With this and the mission profile computed in the performance mod-
ule (including the altitude, velocity and consumption of the aircraft at each time step), it is possible
to solve both systems [6] and [7] and estimate the evolution of the tank state during the mission. With
the inevitable heat leakage into the tank, hydrogen boil-off caused an increase in pressure. Once
the maximum pressure is reached, hydrogen must be vented. The venting phase is modeled as an
instantaneous gas ejection, with an amount of gas released equal to what is necessary to make the
pressure drop to the minimal pressure admissible in the the tank. The temperature of the ullage after
venting was previously assumed to be equal to the saturation temperature in [24]. Investigations

9
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Figure 7 — Medium range aircraft design mission profile

showed that in some tank configurations this could lead to an ullage mass increasing during venting,
which is physically impossible. The reason behind this phenomenon is that the temperature after
venting doesn’t drop to the saturation temperature. To determine the ullage mass lost during venting,
the conservation of energy law is applied to the ullage :

dE
Y rinh = —*
out dt
titghg = titgutg +mgcy o Ty (8)
The ideal gas law can also be derived :
. R .
PoVe = —— (g Ty + Tomy) (9)

My

By combining the two previous equations, the derivative of the ullage mass becomes[10}

(10)

As the variation of pressure during venting, equation can be solved in one or several step to
determine the new ullage mass (100 steps implemented in the model). The ideal gas law gives then
the ullage temperature after venting.

3. Results

With the tank model now fully integrated into FAST-OAD, it becomes possible to design hydrogen
aircraft and assess their performance and how they depend on tank configuration. The focus is here
on a narrow-body aircraft with 240 passengers and a 2500 NM design range, which is similar to the
A321 neo. lts design mission profile is represented in figure [/ along with the evolution of hydrogen
consumption during the mission.

A first set of analysis was conducted to visualize how the tank design parameters impact the entire
aircraft. To get a broad overview, it was decided to conduct a Design of Experiment (DOE) on some
tank design parameters This led to the identification of a few parametric studies of interest that
are presented in Section

A few design choices were still fixed for this first study:

10
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Table 3 — Tank model inputs

Inputs Value Unit
Mission and Design Passenger 239
Seat per row 6
Range 2500 NM
Cruise altitude 33 000 ft
Cruise speed 0.78 mach
Dormancy time 30 min
Thrust-to-weight ratio 0.35
Aspect ratio 9.9
Tank initial State Pressure 1.5e5 Pa
Ullage temperature 25 K
Fill level 97%
Insulation Thermal conductivity 0.026 W.m'K!
(Polyurethane Foam) Density 33 kg.m—3
Tank material Density 2825 kg.m—3
(Aluminium 2026) Poisson ratio 0.33
Young modulus 73.8 GPa
Elastic limit stress 240 MPa
Elastic break stress 420 MPa
Thermal conductivity 230 Wm~ ' K!

Tank skin infrared emittance 0.9
Tank sink solar absorptance  0.26
Model time step 10 S

« the aircraft is equipped with only one hydrogen tank
* the tank is integral and placed behind the cabin
» The insulation is a polyurethane foam placed inside the tank

* the tank structure is in aluminum
Table [3| summarizes the tank design inputs that were fixed.

3.1 Tank Design of Experiment

The design of experiment was carried out on the seven aircraft parameters presented in table
Those seven parameters are continuous variable that all affect the hydrogen tank. Max AP and min
AP correspond to the maximum and minimum pressure differential between the tank interior and the
external environment. The initial liquid temperature is the liquid hydrogen temperature at the start
of the mission, while the insulation thickness is the thickness of the polyurethane foam insulating
the tank. The fuselage width directly determines the tank diameter, as it is an integral tank. Fi-
nally, the shear and bending transmission ratios are introduced to assess how much the bending
and shear load-bearing constraints affect the tank design. Here, a transmission ratio of 1 means the
tank must withstand the full load present in the fuselage, while a ratio equal to 0.1 means that only
10% of the fuselage load is passed to the tank. Its structure can so be sized for a much reduced load.

A four hundred points DOE was built with the Latin Hypercube Sampling (LHS) method and the
bound indicated in Table For each DOE point, an aircraft was sized with the model presented
previously in Section[2. Figure [8|represents for each design five key performance indicators or aircraft
characteristics, where boil off is the amount of hydrogen that had to be vented due to boil off and
tank-adjusted gravimetric index (Gl) is defined in equation This index takes into account the
amount of hydrogen boil-off to differentiate tanks with good insulation, whereas the classical index
could advantage tanks that are light due to poor insulation.
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Table 4 — Tank inputs DOE

Inputs lower upper Unit
max AP 0.8 4 bar
min AP 0.2 0.6 bar
Initial liquid temperature 15 21 K
Insulation thickness 0.02 0.2 m
Fuselage width 3.9 5.5 m
Shear load transmission ratio 0.1 1

Bending load transmission ratio 0.1 1
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Figure 8 — Design of Experiment on tank design variables
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Several conclusion can be deduced from Figure 8}

(11)

» The adjusted gravimetric index ranges approximately from 0.55 to 0.85 across all the designs.
This highlights the dependency of tank efficiency on design choices, justifying the inclusion of

tank sizing in the aircraft preliminary design stage.

» The tank weight and efficiency seem most affected by the maximum design pressure differential,
as points in the most left column are grouped along lines which indicates a strong correlation.
An increase in the max AP can also significantly increase the length of the fuselage, proba-
bly because it increases the required block fuel mass, requiring a bigger tank. The amount
of vented hydrogen however doesn’t seem to depend significantly on the maximum pressure
differential, although the zero venting design are more common for higher max AP

» The fuselage width is the parameter most impacting the mass of block fuel, much more than
max AP. An increase in width of 1.5 m results in a 20-25% increase in block fuel, with a linear
relation between fuselage width and block fuel (the cabin layout and length are however fixed in
this analysis). The mass of the tank, its efficiency, or the mass of vented hydrogen don’t seem
to be affected a lot by this variable. The fuselage length starts to decrease when the fuselage
width, i.e., tank radius, starts to increase, which is logical as its volume depends on its radius
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Figure 9 — Impact of maximal pressure differential and insulation thickness on tank efficiency

squared. However, this trend disappears quickly as the increase in block fuel leads to more
storage volume required, meaning a longer tank and a longer fuselage.

« The amount of vented hydrogen decreases exponentially with the insulation thickness. With a
very small insulation layer, the amount of unusable hydrogen can be very high (around 500kg
with a 2 cm thick insulation layer), but this drops quickly. However, a very thick layer of 20 cm
doesn’t always prevent venting, probably when it is combined with a low max AP.

» The initial liquid temperature seems to have a small effect on the total amount of vented hy-
drogen, which is logical as a colder liquid will takes some time before it reaches saturation
temperature. It also have a small impact on the fuselage, i.e the tank length as in this model
the tank is sized with a hydrogen liquid density corresponding to the initial temperature.

» The transmission ratio of the shear loads have no visible effect on the aircraft and tank perfor-
mance, or the effect is too small compared to the other parameters to distinguish. The bending
transmission ratio might have a light impact on tank weight and efficiency, but it is one or two
orders of magnitude lower.

With most gravimetric indexes above 0.5, it also suggests that hydrogen aircraft are feasible and
should have comparable energy consumption to kerosene aircraft. This DOE clearly states nev-
ertheless that some tank parameters have a significant impact on hydrogen aircraft performances
and characteristics. The scale of this impact can vary significantly between parameters, so more
in-depth parametric studies were conducted in the following section to quantify more precisely this
dependency.

3.2 Parametric studies

3.2.1 Influence of tank insulation and design pressure

While designing a cryogenic hydrogen tank, two of the most important design variables are the insu-
lation thickness and the maximum pressure differential the tank structure has to withstand. For both,
increasing their value will reduce the hydrogen lost due to boiling and venting at the cost of added
empty weight. To get some insight into this trade-off, a parametric study on those two variables was
carried out. In this analysis, the same assumption as in the previous section [3.lare made. The tank
is fully integral, so the fuselage bending and shear loads are fully transmitted to the tank structure.
The fuselage width is fixed at 4 m, similar to current medium-range aircraft like the A320 family.

Figure [9illustrates how this trade-off affects tank performance. It can be observed that the amount of
vented hydrogen during the mission can be significant for light insulation, with around 1 tons of hydro-
gen lost for 1 cm thick insulation. This loss decreases nevertheless exponentially with the thickness of
the insulation, resulting in improved adjusted gravimetric indexes. The optimal insulation thickness to
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Figure 10 — Impact of maximal pressure differential on tank mass (insulation thickness fixed to 7 cm)

maximize the gravimetric index lies around 6-7 cm depending on the maximum AP, with an optimum
ranging from 0.6 for high pressure to 0.78 for low pressure differential. This 20% wide range seems
constant across all insulation thicknesses. Figurg10] shows that total tank mass rises almost linearly
with maximum AP for a 7 cm thick insulation, and the constant range mentioned previously indicates
that it is the case for all insulation thicknesses. Figureg[10] confirms results already reported by the
authors in [25], i.e., the significant contribution of the stiffening structure to the total tank mass. This
contribution becomes even more important as the sizing pressure differential increases. It indeed
represents around half of the mass when the maximum AP is above 3 bars.

Zero venting designs can be achieved with reasonable insulation thicknesses, for example 5 cm if the
maximum AP is set above 2.5 bars[9] This threshold is harder to reach with a lower maximum AP,
with at least 10 to 12cm required if AP = 1 bar. It should finally be noted that if the configuration is not
a zero-venting design, the sensitivity of hydrogen boil-off to insulation thickness is very strong. The
amount of hydrogen lost can so quickly represent a non-negligible block fuel percentage. Correctly
identifying the optimum insulation thickness is therefore absolutely necessary, and comfortable safety
margins should be introduced. A longer dormancy phase after landing could also lead to a higher
amount of hydrogen being vented. If venting is prohibited during that phase, it could set severe
constraints on insulation thickness, as presented in Section[3.2.p

3.2.2 Influence of fuselage width for integral tanks configurations

According the DOE presented in Figure [8} if tank characteristics like insulation thickness and design
pressure strongly impact its performance, the fuselage width has the biggest impact on aircraft ef-
ficiency. To understand this phenomenon more in detail, a parametric study on this parameter was
conducted. The same design hypotheses are made so the tank is still integral, i.e., its diameter is
equal to the fuselage width, and 7 cm of insulation are placed inside the tank. Figure [T1] shows the
evolution of the block fuel and the tank mass with respect to the fuselage diameter for different values
of the maximum design pressure differential. As expected, on the left graph, block fuel increases sig-
nificantly with fuselage width (approximately +10%/m). This is true for all maximum design pressure
differential.

The right graph in Figure [T1]illustrates that fuselage diameter has only a small impact on tank mass,
especially at low design pressure. Increasing the tank radius will indeed increase the stress in the
wall and stiffening structure, as it depends on the radius. It results in a thicker wall and a bigger frame
section, as the stress depends on that radius. But it also increases the volume-to-external surface
ratio, meaning that less wall surface is needed, diminishes the stress due to the bending moment and
reduces the tank length, requiring shorter stringers and maybe fewer frames. This explains why the
mass of the tank can even decrease a little when the tank radius grows[12]
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If the tank mass stays almost constant when the fuselage width increases, the rise in aircraft con-
sumption comes logically from other factors. After a deeper analysis, two contributions arise: a
heavier fuselage and a bigger wetted surface, resulting in more drag. The impact on those two contri-
butions can be seen in Figure[13} by increasing the fuselage diameter by 1.5 m, the empty weight of
the aircraft can rise by 15 to 20% depending on the maximum design pressure. The lift-to-drag ratio
is also reduced by approximately 4-5%, which explains the rise in fuel consumption. Those results
are, however, probably overestimating this increased consumption as the length of the fuselage is not
reduced (the cabin layout remains a single aisle with 6 seats (3—3) per row across the whole study).
The semi-empirical relations used to determine fuselage mass were also created for single-aisle, alu-
minum fuselages. New wide-body fuselages are made from composite material, which significantly
reduces their mass.

To confirm the strong impact of the fuselage radius on aircraft efficiency, another analysis was con-
ducted. Three twin-aisle aircraft with different cabin layouts were modeled and compared to a refer-
ence single-aisle aircraft. The selected cabin layouts are 7 passengers per row, distributed as 2-3-2
seats, 9 passengers per row (3-3-3) and 10 passengers per row (3-4-3). Unlike the previous anal-
ysis, this time the cabin length is optimized according to the number of seat rows it must contain.
The evolution of aircraft characteristics with each cabin layout compared to the reference aircraft is
presented in Figure As expected, the block fuel rises significantly for larger fuselages compared
to a single-aisle, with a maximum increase of 18% for the 10 seats per row cabin layout. This is due
to the augmentation of the empty weight as well as the degradation of the aerodynamic efficiency.
Wider fuselages are indeed shorter, but they still represent a bigger wetted area, resulting in a bigger
mass and more friction drag. Even the tendency of the hydrogen tank to maintain an almost constant
gravimetric index doesn’t compensate for the disadvantage of a bigger fuselage.

3.2.3 Integral and non-integral tank trade-off

In previous analysis, modeled tanks were all considered integral tanks, where the entire fuselage
bending and shear load is transmitted to the tank. However, some hydrogen aircraft design present
a non-integral tank, which is placed inside the fuselage. This allows for easier insulation, as it can
placed on the external surface, and easier integration into current aircraft designs. Some drawbacks
of this configuration are the more complex access to the tank for inspection or repairs and the added
weight of the fuselage surrounding the tank. The transmission of fuselage bending and shear loads
will also depend on the tank’s attaching structure. As this structure is not modeled into the current
FAST-OAD version, a parametric study was made to determine how much those loads can affect the
tank design. In this analysis, the insulation thickness was fixed to 7 cm and the maximum design
pressure differential was set at 1 bar.

Figure [15] shows the evolution of tank gravimetric efficiency and block fuel with the proportions of
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Figure 14 — Evolution of hydrogen aircraft characteristics and performance of twin-aisle cabin
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0.85 Shear transmission ratio
— 1.0
0.85 7500 1
0.84 1 ; — 0
— 0.7
§ 0.83 ) 0.55 7450 4 Shear transmission ratio
£ — 0.4 — 1.0
9 — —
£ 0.82 025 E] — — 085
g 0.1 = 7400 — 07
.% 0814 :;: — 0.55
4 8 7350 o
o o 4
2 0.80 A m 0.25
3 0.1
) Integral tank
< 0.794 7300
0.78
72501
0.77
T T T T T T T T T T
0.2 0.4 0.6 0.8 1.0 0.2 0.4 0.6 0.8 1.0
Bending transmission ratio Bending transmission ratio
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Figure 16 — Impact of fuselage loads transmission on hydrogen tank mass

the fuselage’s shear and bending loads that are transmitted to the tank. The shear load impact is
negligible on the tank design, having a visible effect only for low bending load transmissions ratio,
although the effect remains small. However, the bending moment can significantly affect the tank.
Figure [16]illustrates indeed how a tank that must fully withstand the bending moment of the fuselage
can be around 70% heavier than a tank that is lightly loaded. This is due mainly to the increase
in tank wall and stringer mass: their contribution to total tank mass almost doubles when the load
transmission ratio goes from 0.1 to 1. It results in a gravimetric efficiency index that drops by 0.08,
explaining the higher block fuel.

These results seem to suggest that a non-integral tank can offer better performance if a limited
amount of bending load is transmitted to it. But as the structure to fix such a tank into a fuselage
was not considered in this analysis, further investigations are needed to assess how much the added
weight of this system would reduce this advantage. In any case, the fuel efficiency of hydrogen
aircraft with a non-integral tank appears to be always 2% to 4% above that of an integral tank design,
even without considering the structure to attach a non-integral tank. This is due to the weight penalty
of having a fuselage around the tank.

3.2.4 Influence of design range hydrogen aircraft efficiency

In recent history, improvements in aircraft engine-specific consumption have often resulted in in-
creased maximum range for each new aircraft generation. The reason for this can be seen in figure
on the left graph, where the energy consumption of a kerosene aircraft increase linearly with the
design range. This means that increasing the design range for jet-A-fueled aircraft doesn’t signifi-
cantly affect the average fuel consumption per nautical mile. Unlike conventional aircraft however,
the average energy consumption of hydrogen aircraft seems more dependent on their design range
past 2000 NM.

This can be linked to the hydrogen tank gravimetric index quickly dropping after 1700 NM in Figure[17]
As more fuel is needed for the mission, the hydrogen tank becomes indeed longer. This deteriorates
its surface-to-volume ratio, leading to a lower thermal efficiency and a higher empty mass-to-volume
ratio, which explains the evolution of the gravimetric index. It also necessitates a longer fuselage,
generating more friction drag, something that doesn’t affect kerosene aircraft, which can easily store
fuel in its wing up to 3000NM.

Those reasons explain the difference in energy consumption between conventional and hydrogen
aircraft. Between 1000 NM and 2000 NM, this difference decreases from 9% to 7%, probably because
the tank performance is stable. After 2000 NM design range, it grows wider again, such that hydrogen
aircraft consume 10% more energy at 2500 NM and 12% at 3000 NM.
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Figure 17 — Evolution of aircraft energy consumption and tank efficiency with design range

3.2.5 Influence of a zero venting constraint during dormancy phase

With the current air transport organization, aircraft can spend several hours at the airport between two
flights. During the night, they can stay up to 12 hours parked on the runway. This time is called the
dormancy time, and some airlines have expressed concerns about the safety constraints of hydrogen
aircraft during that phase. Safety regulations might indeed forbid all potential venting of hydrogen on
the ground to avoid a fire or an explosion. Therefore, a trade-off analysis is necessary to assess the
feasibility of a hydrogen aircraft design that eliminates the need for venting during dormancy.
Figure[18[shows the results of a sensitivity analysis where the insulation thickness and the dormancy
time varied between respectively from 4 to 40 cm, and from 0 to 12 hours.The sensitivity to the
maximum design pressure differential was not analyzed (it was fixed to 1 bar), as previous analysis
demonstrated the better trade-off of improving the insulation.

Results show above all that a long dormancy phase will significantly increase the block fuel. This is
due to ever lots of hydrogen will being vented for low insulation thickness, or because of the volume
and weight of very thick insulation deteriorate aircraft performance. The mass of the empty tank is
indeed multiplied by 4 between a 5¢cm and 40 cm thick insulation (half of it due to the insulation weight
and half to the longer tank required). With the current model, even a 40cm thick insulation is insuf-
ficient to have a zero venting dormancy of more than 7 hours. With a more reasonable 20 cm thick
insulation, a dormancy time of around 2 hours can be achieved at the cost of a small degradation of
the block fuel. Those results suggest that the constraint of zero venting during dormancy is extremely
impactfull and should be reduced if possible. Alternative solution like connecting the aircraft to the
fuel distribution system where it could vent hydrogen gas could be more economically interesting.
Otherwise more efficient insulation technologies like multi-layer or vacuum insulation should be used,
but with a probable high impact on the tank weight.

4. Conclusion

This work capitalized on the hydrogen tank sizing methodology previously developed by the authors
by integrating it into the aircraft design tool FAST-OAD. The structural sizing of the tank was added to
the aircraft’s overall structure design, while the mission module is now post-processed by the thermo-
dynamic model to estimate the amount of hydrogen vented during a mission. The hydrogen aircraft
design framework created was used to conduct parametric studies in order to assess the impact of
tank and mission parameters on aircraft performance. The major impact on aircraft efficiency seems
to be the fuselage radius, which also determines the tank radius. In this regard, wider fuselage always
resulted in lower global performance due to their bigger surface, which led to a heavier structure and
higher drag. The characteristics of the hydrogen tank also depend on its radius, but its gravimetric
index remains nearly constant as different factors balance each other out. The adjusted gravimetric
index is however strongly affected by the maximum pressure differential between the tank interior
and exterior. A high maximum design pressure can therefore negatively affect fuel consumption. The
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insulation can also have a major impact, but the amount of hydrogen to be vented during a mission
decreases exponentially with its thickness and a zero-venting design can be achieved. Concerning
non-integral tank, fuel consumption always appears to be a few percent higher than integral design.
The exact increase depends on the proportion of bending moment that is transmitted from the fuse-
lage to the tank, ranging from 2% to 4%. The best tank configuration seems therefore to be a integral
tank with a maximum design pressure of 1 bar to 1.5 bar and an insulation thickness of 7-10 cm for
a low-venting design. A zero-venting policy during the dormancy period could nevertheless require a
thicker insulation, but it would mean a significant deterioration of the fuel efficiency for periods above
2 hours. In the end, the best identified medium range hydrogen aircraft configuration would consume
approximately 10% more energy than conventional kerosene aircraft, while still having the benefit of
zero CO2 emission in flight.
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