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Abstract

Global warming is one of the main problems faced by modern society. Human emissions
of carbon dioxide and other greenhouse gases are the primary drivers of the global tem-
perature increase. Aviation, which currently relies on fossil fuels, contributes for 3.5% to
climate warming caused by human activities and is expected to grow further. The use of
hydrogen as an alternative energy source can eliminate CO2 emissions during flights and
can reduce the climate impact of aviation by 50-75% through hydrogen combustion and
75-90% with fuel-cell propulsion. Despite these advantages, hydrogen presents unique
challenges, including storage complexities due to its low energy density and cryogenic
requirements. The main objective of this thesis is to investigate methods to mitigate
hydrogen storage impacts on jet aircraft weight and aerodynamics, focusing on a configu-
ration with a hydrogen tank positioned in the rear fuselage. The goal is to explore the use
of elliptical cross-section fuselages and tanks to reduce the wetted area while maintaining
the same volume, potentially reducing weight and aerodynamic drag. For the preliminary
design of hydrogen-burning jet aircraft, the TITAN software developed by Politecnico di
Milano has been utilized. The first step of this thesis is to adapt TITAN for both conven-
tional and hydrogen-burning aircraft, validating it through existing models such as the
Airbus A320ceo and Airbus A350-900, which are representative of short-medium and long
range aircraft, respectively. The second step involves the design of two existing aircraft
converted to hydrogen-powered planes through the addition of a cylindrical tank with a
circular cross-section at the rear of the fuselage. Lastly, the thesis includes the design
of aircraft with fuselage of elliptical cross-section that meet the same requirements as
the reference aircraft. This modification results in a reduction of the Maximum Take-Off
Mass for long-range aircraft compared to the circular fuselage configuration. However, for
short-medium range aircraft, no improvements are observed.

Keywords: CS25 airplane, preliminary design, hydrogen propulsion, TITAN software,
elliptical cross-section fuselage





Abstract in lingua italiana

Il riscaldamento globale è uno dei problemi più grandi che la società moderna deve af-
frontare. Le emissioni di anidride carbonica e altri gas serra causate dall’uomo sono le
principali responsabili dell’aumento della temperatura globale. L’aviazione contribuisce
per il 3.5% al riscaldamento climatico causato dalle attività umane ed è destinata a
crescere ulteriormente. L’uso dell’idrogeno come fonte di energia alternativa può ridurre
le emissioni di CO2 durante i voli sia attraverso la combustione dell’idrogeno che con la
propulsione a celle a combustibile. Nonostante questi vantaggi, l’idrogeno presenta sfide
uniche, tra cui la complessità di immagazzinamento, dovute alla sua bassa densità ener-
getica e ai requisiti criogenici. L’obiettivo principale di questa tesi è analizzare soluzioni
per ridurre l’impatto dei serbatoi dell’idrogeno sulla massa e sull’aerodinamica dei velivoli
a getto, concentrandosi su una configurazione con un serbatoio di idrogeno posizionato
nella parte posteriore della fusoliera. Lo scopo è studiare se l’utilizzo di fusoliera e ser-
batoi a sezione ellittica possono portare a una riduzione della sua superficie bagnata per
ottenere una diminuzione della massa e della resistenza aerodinamica. Per il progetto
preliminare dei velivoli, è stato utilizzato il software TITAN, sviluppato dal Politecnico
di Milano. La prima fase di questa tesi consiste nell’adattare TITAN allo studio di tur-
bofan convenzionali e a idrogeno, validandolo rispetto ai modelli esistenti come gli Airbus
A320ceo e A350-900, rappresentativi rispettivamente degli aerei a corto-medio raggio e
a lungo raggio. Il secondo passo prevede la progettazione di due aerei esistenti conver-
titi in aerei a idrogeno attraverso l’aggiunta di un serbatoio cilindrico a sezione circolare
nella parte posteriore della fusoliera. Infine, la tesi include il dimensionamento di velivoli
con fusoliera a sezione ellittica a partire dagli stessi requisiti dei velivoli di riferimento.
Questa modifica per gli aerei a lungo raggio porta a una riduzione del MTOM rispetto
alla configurazione con fusoliera a sezione circolare. Tuttavia, per gli aerei a corto-medio
raggio, non si osservano miglioramenti.

Parole chiave: velivoli CS25, progetto preliminare, propulsione a idrogeno, software
TITAN, fusoliera a sezione ellittica
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1

Introduction

Motivation

Global warming is one of the main problems that today’s society must face. Human
emissions of carbon dioxide and other greenhouse gases are the main drivers of the global
increase in temperatures. Aviation currently relies on fossil fuels and its emissions are
responsible for 3.5% of climate warming caused by humans [2] and it is expected that
air transport will continue to grow in the future, Airbus predicts in its Global Market
Forecast continued annual growth of 3.6% in revenue passenger km for the next 20 years
[3]. Therefore, it is necessary to find alternative sources of energy that can significantly
decrease the climate impact of aviation. The International Air Transport Association
(IATA) approved a resolution for the global air transport industry to achieve net-zero
carbon emissions by 2050, this promise aligns the air transport sector with the Euro-
pean Green Deal’s objectives. A potential scenario envisions that a significant portion
of this reduction will be achieved through sustainable aviation fuels (SAF). New propul-
sion technologies, such as hydrogen, are expected to contribute as well. Additionally,
efficiency improvements will play a role. The remaining reductions could be managed
through carbon capture and storage, along with offsets. [4]

SAF is still considered as an almost net carbon-neutral fuel and serves as a viable short-to-
medium-term solution, while hydrogen-powered propulsion has the potential to drastically
mitigate climate impact. By using hydrogen, emissions of CO2 during flight are eradi-
cated, with the added benefit of a potential carbon-free production. When factoring in
non-CO2 emissions and acknowledging the uncertainties surrounding their effects, recent
assessments indicate that hydrogen combustion could reduce the climate impact during
flight by 50% to 75%, while fuel-cell propulsion could achieve reductions of 75% to 90%.
[5]

Furthermore, as a versatile energy carrier which can be produced from a diverse array of
primary energy sources, hydrogen (H2) can enhance the reliability of aviation fuel supply,
thus mitigating the geopolitical tensions that arise from the concentration of fossil fuel
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resources in limited geographical areas. [6]

Hydrogen-powered jet aircraft state of the art and fu-

ture developments

The concept of utilizing hydrogen as an aviation fuel has been around for nearly a century.
However, substantial supply chain and technical obstacles still exist, and the tangible
benefits remain uncertain. Numerous reviews have been conducted on hydrogen-related
technologies for aviation, addressing both the potential and the challenges associated with
its use.

There have been several notable attempts to utilize hydrogen in aviation over the years,
each building on previous advancements. In 1957, the National Advisory Committee
for Aeronautics (NACA) conducted research into the feasibility of using liquid hydrogen
as a jet fuel, when a modified Martin B-57 bomber flew with an engine able to switch
from jet-fuel to hydrogen. This early research laid the groundwork for understanding the
properties and potential of hydrogen as an aviation fuel. In the 1980s the Soviet Union
took a pioneering step by converting a Tupolev Tu-154 airliner into the Tu-155 proto-
type, which became the world’s first experimental aircraft to use cryogenic fuel, including
liquid hydrogen and natural gas. In both cases, only one of the engines was converted
to run on cryogenic fuel. In the early 21st century, Boeing developed the Phantom Eye,
a high-altitude, long-endurance unmanned aerial vehicle (UAV) powered by liquid hy-
drogen. The Phantom Eye successfully completed its first flight in 2012, demonstrating
the potential for hydrogen in UAV applications. The German Aerospace Center (DLR)
introduced the HY4 in 2016. This hydrogen fuel cell-powered aircraft, developed with
several partners, showcased the feasibility of hydrogen fuel cells in manned aviation with
its successful maiden flight. Furthering this progress, H2FLY, a German company, has
been working on hydrogen-electric powertrains for aviation. Their HY4 aircraft, a four-
seater, successfully flew using hydrogen fuel cells, marking another milestone in hydrogen
aviation technology. Simultaneously, ZeroAvia, a startup focused on developing hydrogen-
electric powertrains for regional aviation, conducted several test flights with a hydrogen
fuel cell-powered six-seater aircraft. Their efforts aim for commercial deployment by the
late 2020s, emphasizing regional aviation as an initial market for hydrogen-powered flights.

All these attempts have demonstrated the feasibility of using hydrogen as an aviation fuel,
while also highlighting the problems to be solved and the challenges to be faced.

Airbus aims to introduce the world’s first hydrogen-powered commercial aircraft by 2035.
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To achieve this, their ZEROe project is exploring four design concepts that utilize hy-
drogen as their energy source through two types of technologies that complement each
other, enhancing overall benefits. In one approach, hydrogen combustion, gas turbines
are powered by hydrogen using modified fuel injectors and fuel systems, similar to current
aircraft. Another method uses hydrogen fuel cells to generate electrical energy, which then
powers electric motors that drive a propeller or fan, creating a fully electric propulsion
system that differs significantly from existing aircraft propulsion. The turbofan configu-
ration, designed for medium and long-range flights of over 2,000 nm, can carry fewer than
200 passengers and features two hybrid-hydrogen turbofan engines. The liquid hydrogen
storage and distribution system is located behind the rear pressure bulkhead. The tur-
boprop configuration is intended for shorter ranges of over 1,000 nm and accommodates
fewer than 100 passengers. It employs two hybrid-hydrogen turboprop engines driving
eight-bladed propellers, with the liquid hydrogen storage and distribution system also
situated behind the rear pressure bulkhead. The Blended-Wing Body design, suitable for
long-range flights of over 2,000 nm and fewer than 200 passengers, offers a wide interior
that provides multiple options for hydrogen storage and distribution. In this design, the
liquid hydrogen tanks are located beneath the wings, and propulsion is provided by two
hybrid-hydrogen turbofan engines. Last, the fully electric concept, unveiled in December
2020, is designed for ranges of 1,000 nm and fewer than 100 passengers. It uses a fully
electric propulsion system powered by fuel cells. [7]

In summary, there are primarily two methods for using hydrogen to generate the necessary
thrust: fuel cells and combustion. The former involves the reaction of H2 with oxygen
within these units, producing electrical power in a process reverse to electrolysis. Con-
versely, the latter employs hydrogen in a more conventional manner, burned like fuel in
a turbofan engine. Fuel cell systems present the best solution for airplanes with medium
range capabilities. However, for larger and heavier aircraft, hydrogen-powered turbines
emerge as the only viable propulsion option.

Hydrogen-powered turbofan engines, specifically designed to combust liquid hydrogen,
offer a promising solution for long-range and heavy aircraft. These engines operate by
injecting gaseous hydrogen into the combustion chamber, where it mixes with air and
ignites to produce thrust. One of the key benefits of hydrogen combustion in turbofan en-
gines is the potential for significantly lower emissions compared to conventional kerosene.
The primary byproduct of hydrogen combustion is water vapor, with negligible amounts
of nitrogen oxides (NOx), especially when using advanced combustion techniques such as
lean premixed combustion.

The main differences from conventional kerosene-powered aircraft primarily stem from
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hydrogen’s higher specific energy and the distinctive storage challenges it poses due to its
lower energy density. Hydrogen must be stored as a compressed gas or cryogenic liquid
to achieve practical energy densities. The highest energy density for hydrogen is obtained
for liquid hydrogen storage, but it is still four times lower than kerosene’s. This sub-
stantial storage need demands significant redesigns of aircraft to accommodate larger or
more efficient tanks. Additionally, while hydrogen itself is lightweight, its storage requires
specialized tanks that incur a weight penalty relative to kerosene storage. This added
weight can offset the benefits of hydrogen’s high energy content per unit mass. Further-
more, handling hydrogen in its cryogenic state presents another significant hurdle. Liquid
hydrogen must be stored at extremely low temperatures (-253°C), requiring advanced ma-
terials and technology to maintain these conditions, which increases both the complexity
and cost of using hydrogen as an aviation fuel.

Conventional integral tanks located in the wings do not meet the requirements mentioned
above; therefore, they are not suitable for containing hydrogen. Highly compressed hy-
drogen requires pressure vessel tanks, often cylindrical, to carry the pressure loads.

Many studies have been conducted on the possible configurations of an aircraft with large
hydrogen tanks. Interestingly, all studies concluded that a conventional tube and wing
aircraft, with evolutionary enhancements to the fuselage, wings, and other components,
is the most promising configuration in the early stages. [8]

A study conducted by Verstraete [6] on long-range hydrogen-burning transport aircraft
has provided some intriguing insights.One of the main discoveries from the study is that
by storing fuel in fuselage tanks, the traditional wing size constraint due to fuel storage
capacity can be eliminated. This means hydrogen aircraft can have significantly smaller
wing areas. For the aircraft examined in the study, this translated to a 31% reduction in
wing area. Interestingly, this design change also leads to a substantial decrease in block
fuel weight, which in turn reduces the take-off gross weight by about 30% for large, long-
range transport aircraft. Despite the presence of heavy and bulky liquid hydrogen tanks,
the operating empty weight of the aircraft remains relatively unchanged compared to
conventional aircraft. However, the smaller wings and larger fuselage of hydrogen-fueled
aircraft result in reduced aerodynamic efficiency. But this drawback is counterbalanced
by the lower block fuel weight, which ultimately results in about an 11% reduction in
energy utilization for the flight.

Further analyses were performed in Caccetta’s MSc thesis [9], in which both short-medium
range and long-range hydrogen-burning aircraft designs were explored. It was found that
these hydrogen-powered aircraft have a lower Maximum Take-Off Mass compared to con-



| Introduction 5

ventional designs. The longer fuselage required to house the liquid hydrogen tanks in-
creases the airframe mass and Operating Empty Mass. Yet, the significant reduction in
fuel weight compensates for this increase. Since liquid hydrogen is much less dense than
jet fuel, it occupies more volume. Additionally, while the wing area decreases due to
the same design wing loading, the overall wetted area of the hydrogen-burning aircraft is
higher. This leads to a lower wetted aspect ratio and a higher parasite-drag coefficient,
contributing to poorer aerodynamic performance compared to jet-fuel aircraft. The air-
craft’s fineness ratio becomes quite high, and such a combination of a relatively small wing
and a stretched fuselage could lead to structural and aeroelastic challenges. This inno-
vative design deviates from conventional aircraft configurations and may require further
structural analyses to validate its feasibility.

Objectives

As discussed in the previous paragraph, one of the main challenges of the hydrogen-
powered aircraft is the storage of hydrogen onboard aircraft, because the typical integral
wing tanks used for jet fuel can’t maintain hydrogen under the right conditions of pres-
sure or temperature. Thus, they have to be replaced by cylindrical (or semi-cylindrical)
tanks located in the fuselage, but this solution entails aircraft weight, dimensions and
aerodynamic penalties.

Therefore, the objective of this thesis is to find a solution to reduce the impact of the
hydrogen tanks on the aircraft from a weight and aerodynamic point of view. More
specifically, it is aimed at assessing the possibility of using elliptical cross-section fuselage
and tanks to reduce fuselage wetted area while maintaining the same volume and verifying
if this configuration yields a reduction of weight and aerodynamic drag.

Methodology

This work starts from the results obtained in Caccetta’s thesis [9], in which preliminary
sizing of hydrogen-burning aircraft was performed by replacing the propulsion systems of
existing aircraft with hydrogen-burning engines and adding cryogenic tanks. The clean-
sheet sizing of two new hydrogen-burning aircraft was also conducted, resulting in a lower
Maximum Take-Off Mass but increased length due to the dimensions of the tanks.

These studies were conducted using HYPERION, a tool developed by Politecnico di Mi-
lano for the preliminary sizing of aircraft. HYPERION is suitable for studying hydrogen-
burning aircraft, thanks to the work carried out in various theses.
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In Sobatti’s thesis [10], the thermodynamic model implemented to realistically simulate
a kerosene-burning turbofan is described, along with the modifications made to adapt it
for hydrogen fuel. The thesis explains the related outcomes, savings, and overall improve-
ments.

The non-integral cryogenic tank model, implemented in HYPERION by Guevara [11], is
based on the formulation proposed by Winnefeld [1]. This model considers geometrical,
mechanical, and thermal aspects, enabling the determination of the tank’s volume, mass,
and dimensions, as well as simulating the vented hydrogen mass.

To improve the preliminary sizing results, this thesis takes the next step by performing
the preliminary design of hydrogen-burning aircraft. This will provide the geometric
characteristics of the aircraft’s subsystems, namely wing, fuselage, tail, and landing gear,
leading to more accurate results.

For the preliminary design of hydrogen-burning jet aircraft, TITAN software, developed
by Politecnico di Milano since 2020, has been used. TITAN combines two tools: HYPER-
ION, which performs the preliminary sizing of the aircraft based on mission requirements
and regulations, and ARGOS, which, based on Class I Aircraft Sizing Methodology, en-
compasses a preliminary design stage focused on determining the overall geometric layout
of the aircraft, including weight and aerodynamic performance estimation.

A more detailed description of TITAN is given by Estrada Briz and Raimo [12], who
implemented it for the preliminary sizing of pure electric and hybrid-electric airplanes.

Therefore, the first objective of this thesis is to expand TITAN’s functionalities to perform
the preliminary design of both conventional and hydrogen-burning jet aircraft.

To compare the results obtained with the developed models, two existing jet aircraft
are used as references throughout the work. These aircraft are selected based on their
characteristics and the flight categories they belong to:

• A320ceo for short-medium range aircraft

• A350-900 for long range aircraft

All reference values cited in the work and labeled as real values have been sourced from
Jane’s [13] or official documents, like [14] and [15], unless otherwise stated.

After TITAN is modified to size turbofan engines, it can be utilized to perform the sizing
of innovative aircraft concepts and study how their characteristics vary based on different
design parameters.
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Structure of the work

This work is divided into three main sections, in addition to the introduction and conclu-
sions:

• Chapter 1: Preliminary sizing of jet aircraft This chapter focuses on the
methodology used for sizing jet aircraft, particularly on the models developed to
adapt TITAN to jet aircraft scenarios. In order to validate the procedure, the
chapter concludes with the sizing of some existing aircraft.

• Chapter 2: Hydrogen-burning jet aircraft With the tool developed and vali-
dated in the previous chapter, the sizing of hydrogen-powered aircraft is carried out
for both short-medium and long-range scenarios.

• Chapter 3: Hydrogen-burning jet aircraft with elliptical fuselage In this
chapter, solutions with elliptical fuselage are developed to attempt to improve the
results obtained in the previous chapter.
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aircraft

This chapter describes the method used for the preliminary design of jet aircraft. First,
it explains how TITAN works and outlines its limitations in sizing turbofan engines.
Next, it illustrates the modifications made to enable it to perform the preliminary design
of jet aircraft. The final part of the chapter presents the results of the sizing of two
existing aircraft, which are compared with real-world values in order to validate TITAN
for turbofan aircraft.

1.1. TITAN

TITAN is a methodology developed by Politecnico di Milano for the preliminary design
of pure electric and hybrid-electric airplanes. It is the combination of two tools:

• HYPERION performs the preliminary sizing of the aircraft based on mission re-
quirements and regulations. It estimates the fuel, engines, and airframe masses
required to performe an assigned design mission with a prescribed payload.

• ARGOS, based on Class I Aircraft Sizing Methodology, involves the design of the
subsystems that constitute the aircraft, namely the fuselage, wing, tail and landing
gear. Based on their geometric characteristics, this phase includes also the analysis
of weights and balance, aerodynamic characteristics and aircraft performance.

The process begins with HYPERION which provides an initial estimation of the wing
overall sizing and a weight breakdown of the aircraft: non-propulsive airframe mass,
Power Generation System and fuel, batteries and electric motors, and hydrogen tanks
in case of hybrid architecture. Following, Argos initializes utilizing input data from two
different sources: the output data from HYPERION and a specific input file with data
for the aircraft configuration. The combination of HYPERION and ARGOS creates a
complete solution for aircraft preliminary design. To have a reliable solution, the out-
put weights from both tools must be equivalent; thus, an iterative loop is implemented
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through TITAN in which the ARGOS output for the non-propulsive air-frame mass and
the aerodynamic data (parasite drag and Oswald factor) is utilized for a new solution of
HYPERION. This process is repeated until the relative error between the output Maxi-
mum Take-Off Mass from both solutions converge. Once convergence is reached, a final
iteration of HYPERION is performed with the definitive inputs. When both solutions
are in agreement, the convergence histories, a CAD drawing and the numerical results are
printed.

The entire procedure is shown in Figure 1.1:

Figure 1.1: TITAN flow chart architecture.

The steps performed within ARGOS are the following:

• Wing sizing
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• Engine sizing

• Fuselage design

• Empennage sizing

• Landing gear sizing

• Weight and balance

• Stability analysis

• Drag estimation

• Performance evaluation

In order to use TITAN for the design of turbofan aircraft, most of these steps have under-
gone minor modifications. Meanwhile, the procedure for tail sizing has been completely
revised to obtain more accurate values, and the procedure for calculating the zero-lift
drag coefficient CD0 has been updated to improve the computation of subsonic drag and
to account for the contribution related to the transonic regime in which jets operate.

The models used are taken from aircraft design books, such as Sadraey [16] and Raymer
[17], and adapted to meet the specific needs of this work.
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1.2. Tail sizing

This section describes the procedure for the empennage sizing. The method used is valid
for aircraft with traditional configuration, i.e. aft-tail, and with the empennage consisting
of two surfaces, one horizontal and one vertical.

The main purpose of the tail of an aircraft is to ensure longitudinal and lateral-directional
trim, stability and control. In the procedure described below, the tail is sized to meet the
stability requirement, and then it is verified that the trim and control requirements can
be satisfied.

Tail design consists of an iterative process because knowledge of the whole aircraft is
necessary, therefore, the procedure used also includes subsequent steps in the aircraft
sizing process, which are influenced by the tail and, in turn, influence it:

• Weight and Balance: This phase involves calculating the aircraft’s weight based
on the geometry, dimensions and material density of its components, as well as
determining the aircraft’s weight distribution.

• Stability: In this section, all the stability derivatives of the aircraft are calculated.

• Drag Estimation: In this section, the parasite drag coefficient of the aircraft is
calculated based on the dimensions of the various components computed in the
previous stages.

Before starting the description of the models, it is useful to define the reference system
that is used to describe the position of the components:

• x-axis along the fuselage center line, positive toward the tail: longitudinal position
measured starting from the nose of the aircraft

• y-axis along the right wing: lateral position measured starting from the fuselage
center line

• z-axis positive upward: vertical position measured starting from the fuselage center
line

Furthermore, for the longitudinal dynamics the clockwise direction is assumed to be pos-
itive.



1| Preliminary design of jet aircraft 13

1.2.1. Wing longitudinal position

The first step to address is the longitudinal positioning of the wing, which will have a
significant impact on the sizing of the tail, as it affects both the position of the aircraft’s
center of gravity and aerodynamic center.

For an aircraft with a traditional configuration, i.e. an aft-tail, for the aircraft to be
stable, the wing can initially be positioned so that the center of gravity of the entire
aircraft, without the tail, coincides with 30% of the mean aerodynamic chord. [17]

Therefore, the position of the center of gravity of the aircraft is computed for several
positions of the wing and the one that satisfies the following condition is selected:

XCG −Xwing
CG = (hCG − hwing

CG )C̄ (1.1)

where:

• XCG is the center of gravity longitudinal position

• Xwing
CG is the wing center of gravity longitudinal position

• hCG = 30% of MAC, as suggested by [17]

• hwing
CG = 40% of MAC, as suggested by [17]

• C̄ is the mean aerodynamic chord of the wing

The variables hi denotes the non-dimensional position with respect to the MAC of the
wing and are defined as:

hi =
Xi −XLE

C̄
(1.2)

where XLE is the longitudinal position of the leading edge of the wing.

This dimensionless quantity will also be used in the subsequent sections.

1.2.2. Procedure

In order to fully define the horizontal and vertical tail of an aircraft, six quantities must
be determined, from which all other parameters can then be calculated:

• Horizontal tail area Sht
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• Horizontal tail arm lht, that is defined as the distance between the horizontal tail
aerodynamic center and the wing aerodynamic center

• Horizontal tail nondimensional lift-curve slopes coefficient Cht
L/α

• Vertical tail area Svt

• Vertical tail arm lvt, that is defined as the distance between the vertical tail aero-
dynamic center and the wing aerodynamic center

• Vertical tail nondimensional lift-curve slopes coefficient Cvt
L/α

At the early design stage, the vertical tail arm is assumed to be equal to the horizontal
tail arm: lvt = lht .

Additionally, the nondimensional lift-curve slopes coefficients depend on the airfoil se-
lected for the tail surface:

CL/α
=

Cl/α

1 +
Cl/α

πAR

(1.3)

The most suitable airfoil is selected from a database of symmetric airfoils, as the horizontal
tail needs to behave in similar manner in positive and negative angles of attack. Further-
more, the tail must be free from compressibility effects; therefore, both the horizontal and
vertical tail profile must be thinner than the wing profile section.

The remaining three parameters, Sht, Svt and lht, cannot be calculated independently
because they are closely related to each other. In fact, the moment generated by the tail
is given by the product of the tail arm and the tail lift, which in turn depends on the
tail surface. To maintain longitudinal trim or ensure a certain level of stability, there
are indeed multiple combinations of tail arm and tail surface possible: as the tail arm is
increased, the tail area must be decreased, while as the tail arm is reduced, the tail area
must be increased.

A criterion must be chosen to determine the best combination of these three parameters.
Two very significant aircraft general design requirements are low aircraft mass and low
drag. Both tail mass and drag depend on its dimensions, thus on its area.

Therefore, the sizing process is carried out through the resolution of a constrained opti-
mization problem. The objective is to find the minimum tail surface area that guarantees
the stability requirements.
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min(Sht + Svt) such that

SMdes =
XCG − XAC

C̄

CNβdes = CNβ

(1.4)

The stability requirements are imposed through the static margin (SM) for longitudinal
stability and the derivative of the yawing moment due to the sideslip angle (CNβ

) for
lateral-directional stability.

The mathematical formulation of the relationships between the parameters to be calcu-
lated and the stability requirements is outlined below.

To describe the aeromechanical behavior of the aircraft, a simplified scheme known as the
two-surface model was used, where the aircraft is idealized as a combination of a partial
aircraft, consisting of the wing and fuselage, and a horizontal tail. Under conditions
of horizontal straight and level flight, only the forces acting on the aircraft’s plane of
symmetry are considered. Additionally, in this initial part, it is assumed that the thrust
of the engines and the drag are aligned with the aircraft’s center of gravity. The interaction
between the two lifting surfaces is described only by the downwash angle, which is the
angle by which the airflow is deflected due to the presence of the wing before reaching the
tail.

The longitudinal aerodynamic forces of the aircraft, lift and pitching moment, are de-
scribed by the following equations:

{
L = Lwb + Lht

MP =Mwb
P +Mht

P

(1.5)

Figure 1.2: Aerodynamic forces and weight acting in the aircraft’s plane of symmetry.
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The pitching moment can be expressed with respect to the aerodynamic center of the
aircraft:

MAC =Mwb
ACwb + (XACwb −XAC)qdSa

wbαwb +Mht
ACht + (XACht −XAC)q

ht
d S

htahtαht

(1.6)

where qhtd = rqqd is the reference dynamic pressure for the tail, Sht = rSS its reference
surface, awb and aht the wing-body and tail nondimensional lift-curve slopes with respect
to the angle of attack. The aerodynamics angles of attack are defined as:

αwb = α + iwb (1.7)

αht = α− ε(α) + iht (1.8)

where iwb and iht are the incidence angles and ε is the downwash angle ε(α) = ε0 + ε/αα,
that depends only on wing characteristics:

ε0 =
2CLwing

πAR
(1.9)

∂ε

∂α
=

2CLwing/α

πAR
(1.10)

The aerodynamic center of the aircraft is defined as the point where the pitching moment
coefficient remains constant regardless of the angle of attack:

MAC/α
= 0 (1.11)

Applying the condition expressed in Equation 1.11 to Equation 1.6 and adimensionalizing
it with respect to the wing area S and dynamic pressure qd, the following equation is
obtained:

CMAC/α
= (XACwb −XAC)a

wb + rqrS(XACht −XAC)a
ht(1− ε/α) = 0 (1.12)

From this expression, knowing the position of the aerodynamic center of the wing and
tail, the aerodynamic center of the entire aircraft can be determined:
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XAC = XACwb −
rqrSa

ht(1− ε/α)

awb + rqrSaht(1− ε/α)
(XACwb −XACht) (1.13)

where:

XACht = XACwb + lht

XACht = XACwb + lht

The second term in the expression of the static margin is the center of gravity of the
aircraft:

XCG =

∑
X i

CGm
i +Xht

CGm
ht +Xvt

CGm
vt∑

mi +mht +mvt
(1.14)

where:
mht = mht(Sht, lht)

mvt = mvt(Svt, lht)

Xht
CG = Xwing

AC + lht + 0.05C̄ht

Xvt
CG = Xwing

AC + lht + 0.05C̄vt

Thus, the static margin can be expressed as a function of the horizontal and vertical tail
surface areas and the tail arm:

SM =
XCG −XAC

MAC
= f(lht, Sht, Svt) (1.15)

The yawing moment due to sideslip angle derivative CNβ
is given by the sum of two

contributions: wing-body and vertical tail. The second contribution depends on the
dimensions of the vertical tail and its distance from the wing:

CNβ
= Cwb

Nβ
+ Cvt

Nβ
(lht, Svt) = f(lht, Svt) (1.16)
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So, the minimization problem to solve in order to obtain the three unknowns can be
expressed as:

min(Sht + Svt) such that

{
SMdes = SM(lht, Sht, Svt)

CNβdes = CNβ
(lht, Svt)

(1.17)

The input values to express the stability requirements have been chosen within the inter-
vals indicated by Sadraey [16].

Literature TITAN input
A320 A350-900

SM 0.1 to 0.3 0.30 0.14
CNβ

0.05 to 0.4 0.27 0.15

Table 1.1: Stability inputs for tail sizing.

New aircraft may have smaller static margins due to advanced aerodynamic designs and
fly-by-wire systems allowing for more optimized performance and handling. In contrast,
older aircraft tend to have larger static margins to ensure stability with more conventional
aerodynamic designs and manual control systems, reflecting the design philosophies and
technological limitations of their time. This explains the difference in static margins
between the two aircraft, which were designed with almost 30 years of difference between
them.

To solve the problem, given the implicit relationships between the parameters, a built-in
function of Matlab, fmincon, a non-linear programming solver that minimizes a function
subject to linear equalities and inequalities, was used.

In addition to formulating the problem as expressed in 1.17, fmincon requires an initial
guess, that has been defined as:


lht0 = Lf/2

Sht
0 = VHSC̄/l

ht
0

Svt
0 = VV Sb/l

ht
0

(1.18)

where Lf is the fuselage length, VH and VV are respectively the horizontal and vertical tail
volume coefficients, two important non-dimensional parameters that provide information
about the stability and maneuverability of the aircraft. A higher value of the tail volume
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coefficient indicates a relatively larger or more distant tail from the aircraft’s center of
gravity, which can improve stability but may have a negative impact on maneuverability.
Conversely, a lower value indicates a relatively smaller or closer tail to the center of gravity,
which can improve maneuverability but may compromise stability. The values of these
coefficients can be obtained from literature and vary depending on the type of aircraft
being considered.

Trim

In order to verify if the empennage will be able to maintain the aircraft trimmed without
considering control surfaces, the longitudinal trim equation was applied to calculate the
lift that the tail must generate and the incidence angle relative to the fuselage at which it
must be positioned when the center of gravity of the aircraft is located halfway between
the most forward and the most aft positions.

The expression of moment equilibrium around pitch axis applied to the center of gravity
of the aircraft is:

MCG =Mwb
CG +Mht

CG = 0 (1.19)

that can be written in expanded form as:

Mwb
ACwb + (XACwb −XCG)qdSC

wb
L +Mht

ACht + (XACht −XCG)q
ht
d S

htCht
L = 0 (1.20)

The horizontal tail aerodynamic pitching moment can be neglected due to its small value:

Mwb
ACwb + (XACwb −XCG)qdSC

wb
L + (XACht −XCG)q

ht
d S

htCht
L = 0 (1.21)

Dividing by qd, S and MAC and knowing that CL = Cwb
L +rqrSC

ht
L , the following simplified

expression is obtained:

CMwb
o

+ CL(h− h0)− rqVHC
ht
L = 0 (1.22)

where:

CMwb
o

= CMaf

ARcos2(Λ)

AR + 2cos(Λ)
+ 0.01αt
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This aerodynamic moment coefficient is frequently negative and is thus often called a
nose-down pitching moment because it tends to pitch the nose of the fuselage downward.

From Equation 1.22, the tail lift coefficient required to mantain the aircraft trimmed can
be computed:

CLht =
CMwb

o
+ CL(h− h0)

rqVH
(1.23)

By utilizing the relationships between the angles and the aerodynamic characteristics of
the tail and the airfoil, the angle of incidence of the horizontal tail can be determined:

iht = αht − α + ε =
Cht

L

CLα

− α + ε (1.24)

The values obtained from these calculations are valid only for a single center of gravity
position. But, during flight, fuel is consumed, causing the distribution of masses within
the aircraft to change and the center of gravity to shift within a certain range. Thus,
trimming the aircraft in all flight conditions is ensured by the control surfaces, particularly
the elevator, whose design will be discussed in the next section.

Control

To verify that the designed tail can also ensure the control of the aircraft, it is necessary
to conduct a preliminary design of the control surfaces, particularly the elevator and the
rudder. In fact, the tail must be large enough to accommodate control surfaces capable
of generating the force necessary to transition from one equilibrium condition to another
without reaching excessively large deflections.

Elevator The elevator is a pitch control device which can generate a variation in tail
lift through both positive and negative deflections. In the design of the elevator, four
parameters should be determined:

• Elevator chord

• Elevator span

• Maximum elevator up-deflection

• Maximum elevator down-deflection

These parameters are interrelated and each parameter has a unique constraint. For ex-
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ample, the elevator’s maximum deflection should be less than the value that would cause
flow separation or result in the horizontal tail stalling. Therefore, the chord and span of
the elevator are set to their maximum allowable values and verify that the deflection does
not exceed the maximum value.

Literature TITAN input

bE/bht 0.8 - 1 1
CE/Cht 0.2 - 0.4 0.4

Table 1.2: Inputs for elevator sizing.

There are two requirements that elevator must satisfy:

• Take-Off Rotation: the elevator design to be such that the pitch angular acceleration
θ̈ is greater than a desired value.

• Longitudinal trim: the elevator must keep the aircraft balanced in every flight con-
dition.

The take-off rotation requirement dictates the maximum up-deflection of the elevator,
while the maximum down-deflection of the elevator is determined by the longitudinal trim
requirement. The former is computed for the most forward center of gravity position, the
latter for the most aft CG position.

There are three governing equations of motion that determine the aircraft equilibrium at
the instant of rotation:


T −D − µN = ma

N = W − (Lwb − Lht)

−MW +MD −MT +MLwb +MACwb +MLht +Ma = Img
yy θ̈

(1.25)

From which it is possible to derive the expression for the required tail lift for take-off:

Lht =
Lwb(Xmg −Xwb

AC) +ma(ZCG − Zmg)−W (Xmg −XCG)

Xht
AC −Xmg

+

+
D(ZD − Zmg)− T (ZT − Zmg)− Img

yy θ̈)

Xht
AC −Xmg

(1.26)

The control surface deflection angle required for the tail to generate this lift is:



22 1| Preliminary design of jet aircraft

δupE =

(
Cht

L

Cht
Lα

− αh

)
τE

(1.27)

where τE is the elevator effectiveness, which is a function of elevator-to-tail chord ratio.

The longitudinal trim equations in cruise condition are:


L = W

D = T

MA + T · ZT = 0

(1.28)

From which the expression for the maximum down deflection can be derived:

δdown
E = −

(
TZT

qdSC̄
+ CM0

)
CLα + (CL1 − CL0)CMα

CLαCMδe
− CMαCδe

(1.29)

where CMδe
is the pitching moment due to elevator deflection derivative coefficient and

CLδe
is the lift due to elevator deflection derivative coefficient:

CMδe
= −CLht

α
rqVH

bE

bht
τE (1.30)

CLδe
= CLht

α
rq
Sht

S

bE

bht
τE (1.31)

They express the dependence of the deflection on the size of the stabilizer.

Rudder The rudder is a directional control device which can generate a variation in tail
lift through both positive and negative deflections. In the design of the elevator, three
parameters should be determined:

• Rudder chord

• Rudder span

• Maximum rudder deflection

The procedure used is similar to the one described for the elevator: the chord and span of
the rudder are set to their maximum allowable values and verify that the deflection does
not exceed the maximum value.
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Literature TITAN input

bR/bht 0.7 - 1 1
CR/Cht 0.15 - 0.4 0.4

Table 1.3: Inputs for rudder sizing.

There are several requirements that the rudder must satisfy, that depends on the aircraft
type, mission and configuration. For multi-engine aircraft directional trim in case of
asymmetric thrust is the most critical case for a rudder ([16]), thus the rudder will be
designed in order to satisfy this requirement.

In a multi-engine aircraft, if engines are not aligned along the fuselage centerline, direc-
tional trim must be maintained when the critical engine fails. This failure scenario causes
an undesirable yawing moment that the rudder must counteract.

The summation of yawing moments must be null:

TLyT + Lvlv = 0 (1.32)

where TL is the asymmetric thrust, yT is the distance between the engine and the fuse-
lage center line and Lvlv is the moment generated by the rudder deflection, that can be
expressed also as:

Lvlv = qdSbCNδR
δR (1.33)

Therefore, the required rudder deflection to directional trim the aircraft in an asymmetric
thrust condition is:

δR =
TLyT

−qdSbCNδR

(1.34)

The complete procedure for tail sizing is illustrated in Figure 1.3.
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Aircraft Components 

Characteristics

Weight and Balance 

w/o Tail

Weight and Balance

Stability

Vertical Tail

Horizontal Tail

min(Sht + Svt)

Wing longitudinal position

Sht, Svt , lht

Tail inputs

Drag Estimation

Trim and control 

verified?

NO

YES

Figure 1.3: Tail sizing procedure.
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1.2.3. Results

As seen in the previous section, the procedure for tail sizing requires specific inputs, which
are summarized in the table 1.4.

A320 A350-900

Horizontal SM 0.30 0.14
Tail VH 1.1 0.9

Vertical CLβ
0.27 0.15

Tail VV 0.09 0.07

Table 1.4: Tail sizing inputs.

The results obtained through the resolution of the minimization problem for the two
aircraft used as references in this work, A320ceo and A350-900, are presented below:

Real TITAN Relative difference

Sht 31.00 m2 30.61 m2 -1.26 %
Horizontal bht 12.45 m 11.54 m -7.30 %

Tail lht 18.70 m * 18.76 m 0.32 %
VH 1.09 * 1.17 7.34 %
Svt 21.50 m2 21.33 m2 -0.79 %

Vertical bvt 5.87 m 5.75 m -2.04 %
Tail lvt 18.70 m * 18.76 m 0.32 %

VV 0.09 * 0.09 0.00 %

Table 1.5: Airbus A320 - Results of tail sizing.

* Estimated values: these values have been estimated from real data using the same
formulas implemented in ARGOS. For further details, refer to Appendix A, where the
complete procedures are outlined.

The relative difference is defined as the TITAN result minus the real value, divided by
the real value.
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Real TITAN Relative difference

Sht 81.00 m2 80.92 m2 -0.10 %
Horizontal bht 18.79 m 18.76 m -0.16 %

Tail lht 34.00 m * 34.65 m 1.91 %
VH 0.81 * 0.82 1.23 %
Svt 51.00 m2 51.32 m2 0.63 %

Vertical bvt 9.42 m 8.92 m -5.31 %
Tail lvt 34.00 m * 34.65 m 1.91 %

VV 0.06 * 0.06 0.00 %

Table 1.6: Airbus A350-900 - Results of tail sizing.

For both aircraft, the estimated surface areas of the tail, both horizontal and vertical, are
highly accurate, with relative differences of less than 1%. Similarly, the calculation of the
moment arm yields values very close to the actual ones, with a percentage error consis-
tently below 2%. Regarding other parameters, there are more significant discrepancies,
particularly with TITAN tending to underestimate the tail span. However, the values of
the volumetric coefficients are generally close to the estimated real values, except for VH

of the A320, which is higher than the real value because, as discussed in Section 1.4.1,
TITAN underestimates the mean aerodynamic chord, which is inversely proportional to
this value.

Overall, it can be stated that this tool demonstrates a good level of accuracy in calculating
the characteristic parameters of the tail.

Trim

Table 1.7 presents a comparison of various characteristic angles related to the horizontal
tail.

A320 A350-900
CLH

-0.02 -0.01
αH -0.22 ° -0.10 °
α 2.22 ° 2.08 °
ε 3.76 ° 3.41 °
iH 1.32 ° 1.23 °

Table 1.7: Horizontal tail characteristic angles.
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Both values of horizontal tail lift coefficient CLH
are negative, indicating a downward lift

force generated by the horizontal tail in both aircraft, with the A320 having a slightly
higher magnitude. The horizontal tail angle of attack is negative for both aircraft, suggest-
ing a downward deflection. The downwash angle, representing the downward deflection
of airflow behind the wing, is higher for the A320 compared to the A350-900, suggesting
a stronger downwash effect for the A320. Both aircraft have a positive incidence angle
for the horizontal tail, indicating an upward tilt relative to the longitudinal axis of the
aircraft, with the A320 having a slightly higher angle.

Overall, the A320 tends to exhibit slightly higher magnitudes in most parameters com-
pared to the A350-900, indicating subtle differences in their aerodynamic configurations
and stability characteristics.

Table 1.8 presents the values of the other stability derivatives calculated within ARGOS.

Stability derivative Typical value TITAN
(1/rad) A320 A350-900

CMα -0.3 to -1.5 -1.64 -0.66
CNr -0.1 to -1 -0.26 -0.16

Table 1.8: Stability derivatives.

It can be seen that all the values are within the expected ranges.

Control

Table 1.9 presents the sizing results for the control surfaces located on the tail of the
aircraft, specifically the elevator and rudder, obtained by applying the requirements illus-
trated in the previous paragraph.

Limit values A320 A350-900

ELEVATOR
δdown
E +20 ° 15.6 ° 11.8 °
δupE -25 ° -3.2 ° -9.8 °

RUDDER
δR ±30° 27.6 ° 28.3 °

Table 1.9: Control surfaces deflections.

The elevator deflection values lie within the margins that ensure there is no flow separation
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or horizontal tail stall. Additionally, the rudder deflection does not exceed the maximum
allowable value.

These results confirm the validity of the empennage sizing process.
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1.3. Zero-Lift Drag Estimation

The procedure for calculating the zero-lift drag coefficient CD0 in ARGOS has been up-
dated to improve the computation of subsonic drag and to account for the contribution
related to the transonic regime in which jets operate.

While in HYPERION a Class I method is used to derive the zero-lift drag coefficient by
historical-statistical analysis, in ARGOS a Class II method is implemented, in which all
components of the aircraft, whose geometric parameters are known, are analyzed sepa-
rately.

The component buildup method, described in [17], calculates the subsonic parasite drag
for each part of the aircraft by determining a flat-plate skin-friction drag coefficient (Cf)
and a component "form factor" (FF) that accounts for the pressure drag caused by viscous
separation. Then it factors in the interference effects on the component drag as a factor
(Q). The total drag for each component is found by multiplying the wetted area by Cf, FF,
and Q. Additionally, miscellaneous drags (CDmisc

) from special features like flaps, landing
gear that isn’t retracted, an upswept rear fuselage, and the base area are calculated and
added to the total drag. This total also includes estimated contributions for leakages and
protrusions (CDL&P

).

The transonic flow regime extends roughly from Mach 0.8-1.2. Technically, it is defined
as the Mach numbers at which there is both subsonic and supersonic flow around the
aircraft. The increase in drag as an aircraft accelerates through the transonic regime,
called the "drag rise", is due to the formation of shocks.

The complete expression for the parasite drag coefficient is given below:

CD0 =

∑
(CfcSwetc)

Sref

+ CDmisc
+ CDL&P

+ CDwave (1.35)

The main components considered in this analysis are the fuselage, the wing, the tail and
the engines.

The method for calculating the contribution of wave drag is already implemented within
HYPERION and is described by Caccetta [9], therefore it is added in ARGOS.

The wave drag is a function of Mach number:

CDwave = 20(M −Mcrit)
4 (1.36)
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Mcrit is associated with the drag divergence Mach number (Mdd), which indicates the
Mach number at which the drag on the wing starts to increase sharply:

Mcrit =Mdd − 3
√
0.1/80 (1.37)

Mdd is calculated using an empirical formula specifically for swept wings, which are com-
monly used in CS25 aircraft because they help to increase Mdd, thereby reducing wave
drag:

Mdd =
0.95

cos(Λc/2)
− t/c

cos2(Λc/2)
− 0.1CL

cos3(Λc/2)
(1.38)

1.3.1. Wetted area

In order to improve the values of subsonic parasite drag coefficient computed by AR-
GOS the method used for calculating the wetted area has been analyzed in more detail.
OpenVSP [18], an open-source software tool used for the rapid modeling and analysis of
aircraft configurations, was used to obtain reference values.

In accordance to most of the textbooks the wetted area calculation in ARGOS was per-
formed by summing the wetted area of each individual component without accounting
for intersections. In particular, the formulas used for calculating the wetted area of each
component were taken from Torenbeek [19].

In OpenVSP, two different values of area are calculated: the theoretical area, which is
the summation of wetted area of each component, and the wetted area, which is the
actual wetted surface area, calculated by considering the components within the aircraft
assembly.

From Table 1.10 and Table 1.11 the results are shown:
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OpenVSP
Theoretical Wetted Relative

area area difference

Fuselage 416 m2 406 m2 -2.4 %
Wing 256 m2 217 m2 -15.2 %

Horizontal tail 63 m2 47 m2 -25.4 %
Vertical tail 47 m2 47 m2 0.0 %

Engines 62 m2 62 m2 0.0 %
Total 844 m2 778 m2 -7.8 %

Table 1.10: Airbus A320 - Wetted area from OpenVSP.

OpenVSP
Theoretical Wetted Relative

area area difference

Fuselage 1099 m2 1046 m2 -4.8 %
Wing 954 m2 827 m2 -13.3 %

Horizontal tail 165 m2 135 m2 -18.2 %
Vertical tail 109 m2 109 m2 0.0 %

Engines 202 m2 202 m2 0.0 %
Total 2531 m2 2303 m2 -8.8 %

Table 1.11: Airbus A350-900 - Wetted area from OpenVSP.

The relative difference is defined as wetted area minus theoretical area, all divided by
theoretical area.

It can be noticed that there is a significant difference regarding the fuselage, the wing
and the horizontal tail. Therefore, it was decided to update the calculation of the wetted
area of these elements by subtracting the intersection area: the wetted area of the wing is
adjusted by removing the portion located inside the fuselage, and the same adjustment is
made for the horizontal tail. For the fuselage, the intersections with the wing, horizontal
tail, and vertical tail are excluded.

The results obtained from ARGOS are reported in the following tables and compared
with the values from OpenVSP.
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OpenVSP ARGOS
Theoretical Wetted Relative Initial-guess Wetted Relative

area area difference area area difference

Fuselage 413 m2 407 m2 -1.5 % 416 m2 406 m2 -2.4 %
Wing 256 m2 217 m2 -15.2 % 262 m2 225 m2 -14.1 %

Horizontal tail 63 m2 47 m2 -25.4 % 63 m2 49 m2 -22.2 %
Vertical tail 47 m2 47 m2 0.0 % 44 m2 44 m2 -

Engines 62 m2 62 m2 0.0 % 77 m2 77 m2 -
Total 844 m2 778 m2 -7.8 % 856 m2 800 m2 -6.5 %

Table 1.12: Airbus A320 - Comparison between theoretical area and wetted area computed
both by OpenVSP and ARGOS.

OpenVSP ARGOS
Theoretical Wetted Relative Initial-guess Wetted Relative

area area difference area area difference

Fuselage 1099 m2 1046 m2 -4.8 % 1093 m2 1078 m2 -1.3 %
Wing 954 m2 827 m2 -13.3 % 938 m2 847 m2 -9.9 %

Horizontal tail 165 m2 135 m2 -18.2 % 163 m2 134 m2 -17.7 %
Vertical tail 109 m2 109 m2 0.0 % 105 m2 105 m2 -

Engines 202 m2 202 m2 0.0 % 231 m2 231 m2 -
Total 2531 m2 2303 m2 -8.8 % 2513 m2 2396 m2 -5.0 %

Table 1.13: Airbus A350-900 - Comparison between theoretical area and wetted area
computed both by OpenVSP and ARGOS.

The initial-guess area for ARGOS is the wetted area computed before taking into account
the intersections of the components. The relative difference is defined as wetted area
minus initial-guess area, all divided by initial-guess area.

From these tables, it is important to observe the relative differences between the theo-
retical area and wetted area for OpenVSP, and the initial guess area and wetted area
for ARGOS. While the absolute values from ARGOS differ from those of OpenVSP due
to differences in input — the component dimensions calculated within ARGOS do not
exactly match the actual values used by OpenVSP — the relative differences are very
similar: the deviations are all below 3 percentage points, slightly higher for the A350.
This indicates that the procedure used yields reliable results, producing a wetted area
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that, compared to the initial one, is similar to that obtained from OpenVSP.

In Table 1.14 and Table 1.15, the wetted areas calculated with the two tools and their
relative difference are summarized. The relative difference is defined as the wetted area
calculated by ARGOS minus the wetted area calculated by OpenVSP, divided by the
latter.

OpenVSP ARGOS Relative difference

Fuselage 407 m2 406 m2 -0.2 %
Wing 217 m2 225 m2 3.7 %

Horizontal tail 47 m2 49 m2 4.2 %
Vertical tail 47 m2 44 m2 -6.4 %

Engines 62 m2 77 m2 19.3 %
Total 778 m2 800 m2 2.8 %

Table 1.14: Airbus A320 - Comparison between wetted area computed by OpenVSP and
ARGOS.

OpenVSP ARGOS Relative difference

Fuselage 1046 m2 1078 m2 3.1 %
Wing 827 m2 847 m2 2.4 %

Horizontal tail 135 m2 134 m2 -0.7 %
Vertical tail 109 m2 105 m2 -3.7 %

Engines 202 m2 231 m2 14.4 %
Total 2303 m2 2396 m2 4.0 %

Table 1.15: Airbus A350-900 - Comparison between wetted area computed by OpenVSP
and ARGOS.

Despite a certain difference remaining between the values calculated by ARGOS and those
obtained from OpenVSP, in the following tables, it can be seen how this approach brings
the values of individual CD0 contributions much closer to those of HYPERION calculated
using statistical regressions. As will be seen in the validation chapter, this leads to the
calculation of fuel mass with minimal error compared to the real value.
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1.4. Validation

The models described earlier have been properly transformed into script functions and
integrated into TITAN.

In order to validate TITAN for turbofan aircraft, the entire sizing process has been per-
formed for 2 jet aircraft:

• A320ceo for short-medium range aircraft

• A350-900 for long range aircraft

and the results are presented in the following sections.

For both aircraft, the actual values of the masses, the dimensions of the subsystems, and
the aerodynamic characteristics will be compared.

1.4.1. Airbus A320ceo

The Airbus A320ceo is a single-aisle,
narrow-body aircraft primarily utilized
for short and medium-haul flights. It
is one of the most popular and widely
used models in the Airbus family due to
its operational efficiency and flexibility.
The A320 typically carries between 150
and 180 passengers, depending on the in-
ternal configuration. Its typical flight
range is about 5,000-6,500 km, mak-
ing it ideal for continental and domes-
tic flights. The aircraft is equipped with
engines such as the CFM56.

Figure 1.4: Airbus A320ceo.

In order to perform the preliminary design TITAN needs several inputs, divided into
inputs used by HYPERION and inputs of ARGOS.
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Specification Value

Number of passengers 179
Payload 19,500 kg

Design range 3,750 km
Quarter-chord sweep angle 25°
Long range cruise Mach 0.78
High speed cruise Mach 0.82

Stall speed EAS 113 kn
Take-Off distance 7,185 ft
Landing distance 4,921 ft

Table 1.16: Airbus A320 - HYPER-
ION inputs.

Specification Value

Wing position Low
Horizontal tail position Low and aft

SM 0.30
VH 1.1
CNβ

0.27
VV 0.09

Seat pitch 0.74 m
Seat width 0.50 m
Aisle width 0.64 m

Number of seats per row 6
Fuselage upsweep angle 14 °

Table 1.17: Airbus A320 - ARGOS
inputs.

In Table 1.18, the results of the mass calculations are compared with the values obtained
from HYPERION and the real values.

Real HYPERION TITAN Relative difference
1 2 3

Airframe 37,240 kg 38,770 kg 36,758 kg 4.11 % -1.29 % -5.19 %
Engines 4,860 kg 4,692 kg 4,450 kg -3.46 % -8.44 % -5.16 %

Fuel 16,200 kg 15,839 kg 16,237 kg -2.23 % 0.23 % 2.51 %

OEM 42,100 kg 41,822 kg 41,980 kg -0.66 % -0.28 % 0.38 %
MZFM 61,800 kg 61,520 kg 61,423 kg -0.45 % -0.61 % 0.16 %
MTOM 78,000 kg 77,359 kg 77,660 kg -0.82 % -0.44 % 0.39 %

Table 1.18: Airbus A320 - Comparison between masses computed by HYPERION and
TITAN and real values.

In Table 1.18, "Real" stands for official data and the relative differences are defined as:

1. HYPERION−Real
Real

2. TITAN−Real
Real

3. TITAN−HYPERION
HYPERION



36 1| Preliminary design of jet aircraft

The results in terms of masses obtained from HYPERION are improved by TITAN. In
particular, the airframe mass and fuel mass have values very close to the actual ones,
because TITAN provides a geometric description of the aircraft, yielding more reliable
estimates compared to the regressions used in HYPERION.

The following table compares the calculated geometric characteristics with the actual
values:

Real TITAN Relative difference

WING

S 124 m2 125.34 m2 1.08 %
b 34.10 m 34.31 m 0.62 %

AR 9.37 9.39 0.21 %
C̄ 4.27 m * 3.91 m -8.43 %

FUSELAGE
Lf 37.57 m 37.57 m 0.00 %
Df 4.05 m 4.07 m 0.49 %
Sht 31.00 m2 30.61 m2 -1.26 %

HORIZONTAL bht 12.45 m 11.54 m -7.30 %
TAIL lht 18.70 m * 18.76 m 0.32 %

VH 1.09 * 1.17 7.34 %
Svt 21.50 m2 21.33 m2 -0.79 %

VERTICAL bvt 5.87 m 5.75 m -2.04 %
TAL lvt 18.70 m * 18.76 m 0.32 %

VV 0.09 * 0.09 0.00 %

ENGINE
Le 2.62 m 2.97 m 13.36 %
De 1.73 m 1.21 m 42.98 %

Table 1.19: Airbus A320 - Comparison geometric characteristics.

* Estimated values: see Appendix A.

As can be seen in the Table 1.19, the calculation of geometric characteristics is generally
very accurate. Specifically, for the wing, the only value that shows a relatively higher
difference is the mean aerodynamic chord, but this value is compared to an estimate of
the real value. The fuselage, on the other hand, shows very precise results, which is
expected considering that the procedure for its sizing relies more heavily on the inputs
from ARGOS rather than the values obtained from the other steps of TITAN. The results
for the tail have already been discussed in the previous section. The component that
shows the most significant difference is the engine, but it also has the least impact on the
rest of the results.
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1.4.2. Airbus A350-900

The Airbus A350-900 is a wide-body air-
craft designed for long-haul flights. It is
part of the A350 XWB family, known for
its fuel efficiency and passenger comfort.
The A350-900 typically carries between
300 and 350 passengers, depending on
the configuration. Its range is about
15,000 km, allowing for intercontinen-
tal flights without stops. The aircraft is
powered by two three-spool Trent XWB-
84 turbofan engines.

Figure 1.5: Airbus A350-900.

Specification Value

Number of passengers 420
Payload 53,600 kg

Design range 10,800 km
Quarter-chord sweep angle 25°
Long range cruise Mach 0.78
High speed cruise Mach 0.82

Stall speed EAS 113 kn
Take-Off distance 7,185 ft
Landing distance 4,921 ft

Table 1.20: Airbus A350-900 - HY-
PERION inputs.

Specification Value

Wing position Low
Horizontal tail position Low and aft

SM 0.14
VH 0.9
CNβ

0.15
VV 0.07

Seat pitch 0.80 m
Seat width 0.51 m
Aisle width 0.46 m

Number of seats per row 9
Fuselage upsweep angle 13 °

Table 1.21: Airbus A350-900 - AR-
GOS inputs.

In Table 1.22, the results of the mass calculations are compared with the values obtained
from HYPERION and the real values.
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Real HYPERION TITAN Relative difference
1 2 3

Airframe 125,446 kg 122,033 kg 123,598 kg -2.72 % -1.47 % 1.28 %
Engines 14,554 kg 13,804 kg 13,438 kg -5.08 % -7.67 % -2.65 %

Fuel 86,200 kg 83,053 kg 88,862 kg -3.65 % 3.09 % 6.99 %

OEM 140,000 kg 131,420 kg 138,378 kg -6.13 % -1.16 % 5.29 %
MZFM 193,800 kg 185,210 kg 191,677 kg -4.43 % -1.09 % 3.49 %
MTOM 280,000 kg 268,263 kg 280,540 kg -4.19 % 0.19 % 4.58 %

Table 1.22: Airbus A350-900 - Comparison between masses computed by HYPERION
and TITAN and real values.

In Table 1.22, "Real" stands for official data and the relative differences are defined as:

1. HYPERION−Real
Real

2. TITAN−Real
Real

3. TITAN−HYPERION
HYPERION

Despite TITAN providing a very precise value for the MTOM, there is an imbalance in the
calculated sub-masses. In particular, TITAN tends to underestimate the structural mass
and overestimate the fuel mass. The former result can be explained by the extensive use of
composites in the A350-900: the formulas used within ARGOS to calculate the structural
mass are derived from the literature using statistical equations based upon sophisticated
regression analysis, in some cases initiated with physics-based models. In these cases, the
use of composites is considered only by decreasing the mass by 10%, leading to a result
that is not very accurate. The higher fuel mass calculated by TITAN for the A350-900
compared to the real value can be attributed to the advanced aerodynamic efficiency
and engine performance of the A350-900, which are not fully accounted for by the older
statistical models used in TITAN. These models were developed based on data from
earlier aircraft designs, which have different performance characteristics. Consequently,
TITAN’s estimation methods tend to overestimate the fuel required for the more fuel-
efficient A350-900, leading to a higher calculated fuel mass than what is actually needed.

The following table compares the calculated geometric characteristics with the real values:
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Real TITAN Relative difference

WING

S 443 m2 459 m2 3.61 %
b 64.75 m 66.03 m 1.97 %

AR 9.46 9.50 0.42 %
C̄ 7.30 * m 7.42 m 1.64 %

FUSELAGE
Lf 65.26 m 65.27 m 0.01 %
Df 6.04 m 6.06 m 0.33 %
Sht 81.00 m2 80.92 m2 -0.10 %

HORIZONTAL bht 18.79 m 18.76 m -0.16 %
TAIL lht 34.00 * m 34.65 m 1.91 %

VH 0.81 * 0.82 1.23 %
Svt 51.00 m2 51.32 m2 0.63 %

VERTICAL bvt 9.42 m 8.92 m -5.31 %
TAIL lvt 34.00 * m 34.65 m 1.91 %

VV 0.06 0.06 0.00 %

ENGINE
Le - m 4.78 m -
De 2.99 m 2.22 m 25.75 %

Table 1.23: Airbus A350-900 - Geometric characteristics.

* Estimated values: see A.

As shown in Table 1.23, the geometric characteristic calculations are generally highly
accurate.

1.4.3. Conclusions

It can be concluded that TITAN represents a valid tool for the preliminary sizing of jet
aircraft, as the results show a minimal difference compared to the real values.

More specifically, for short to medium-range aircraft, the estimation of sub-masses is more
accurate than for long-range aircraft. However, in both cases, the Maximum Take-Off
Mass estimate differs by less than 1% from the actual value.

The most pronounced differences are due to the nearly thirty-year gap between the two
designs: the A320 is an aircraft designed in the 1980s, for which the statistical relation-
ships work very well, whereas the A350-900 is a technologically advanced aircraft. This
technological advancement includes the use of more modern materials and construction
techniques that are not fully captured by the older statistical models used in TITAN.
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As a result, the application of these models to the A350-900 can lead to less accurate
predictions of structural mass and fuel mass.

The element that shows the most significant deviation from the real values is the engine,
whose sizing in terms of dimensions and mass could be improved.
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In this chapter, the sizing of two existing aircraft converted to hydrogen-powered planes
through the addition of a cylindrical tank with a circular cross-section at the rear of the
fuselage is described.

This study has already been conducted in a previous thesis using HYPERION, that only
estimates the required fuel, engines and airframe masses for a design mission with a set
payload, and simulates the mission to obtain the time history of the main flight mechanics
quantities.

The objective is to achieve more accurate results through TITAN, as this software not only
performs the preliminary sizing but also designs the aircraft subsystems. These results
will then be compared with those obtained previously.

Before analyzing the results, it is necessary to describe the modifications made to accom-
modate the hydrogen tanks. The first part of this chapter describes the model for sizing
the cryogenic hydrogen tanks, while the second part presents the sizing results.

2.1. Hydrogen tank sizing

Transporting and storing liquid hydrogen requires the use of special tanks capable of
maintaining it at very low temperatures and resisting high pressures. These tanks, often
constructed from materials like carbon composites or stainless steel, are designed with
double walls to provide insulation and minimize heat transfer. Additionally, they incor-
porate safety features to prevent leaks and ensure the integrity of the stored hydrogen, as
it is highly flammable and can present safety hazards if not handled properly. The design
and construction of these tanks are crucial to ensure the safe and efficient utilization of
hydrogen as a fuel source.

In this work the cryogenic tanks for liquid hydrogen are designed using Winnefeld’s model.
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This approach, implemented in HYPERION by Chacha Guevara [11], specifically empha-
sizes non-integral elliptical designs for the tanks.

The aim of the procedure is to calculate the tank volume for a specific mission while max-
imizing the efficiency of the storage system. This is achieved through an iterative process
that repeats the geometrical design, mechanical design, thermal design, and calculations
of pressure variation inside the tank and boil-off losses. This is done to adjust the tank
volume if the fuel mass changes to compensate for venting losses, as the vented mass must
be accounted for in the storage system.

The most relevant part of the model for this work is the geometric description, which
allows for the study of how to integrate the tank into the fuselage.

The tank consists of a cylindrical central section with an elliptical cross-section and two
ellipsoidal end caps.

Figure 2.1: Tank geometrical description from [1].

Three dimensionless parameters are defined to fully describe the shape of the tank:

ϕ =
a

c
ψ =

b

c
λ =

ls
lt

The first one will be used in the next chapter to describe the cross-sectional shape of the
fuselage.

A fundamental parameter for assessing the efficiency or effectiveness in terms of mass
capacity of a storage system is the gravimetric index. It is defined as the ratio of the mass
of the stored fuel to the total mass of the system:
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ηgrav =
mH2

mH2 +mtank

(2.1)

The gravimetric index of LH2 tanks increases with the size of the aircraft. This correlation
arises from the design principle of matching the GH2 consumption rate with the LH2

evaporation rate. Larger aircraft consume GH2 at a higher rate, allowing for more heat
leakage. Consequently, less insulation is needed, reducing the overall weight of the storage
system and increasing the gravimetric index. [11]

In TITAN, the tank sizing is performed within HYPERION because it requires specific
input parameters such as fuel mass, maximum and minimum pressure inside the tank,
information that is obtained from the time simulation of the sizing mission.

The tool provides several outputs, including total hydrogen mass, tank mass, tank geom-
etry, the heat power rate entering the tank, the amount of heat needed to vaporize the
hydrogen, the pressure inside the tank at each time instant, the venting mass flow rate,
and the total mass lost.

These results are then used as inputs by ARGOS to perform fuselage sizing. In subse-
quent iterations of TITAN, the fuselage dimensions are reinserted into HYPERION as
constraints for tank sizing.
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2.2. Short-medium range aircraft

In this section, the Airbus A320, a narrow-body jet airliner widely used for short-medium
haul flights due to its efficiency and reliability, is modified by adding a hydrogen tank
behind the passenger cabin, as illustrated in Figure 2.2. This modification maintains the
aircraft’s payload capacity but changes the fuselage structure.

Figure 2.2: A320H - Top view.

The aircraft is designed to meet the same requirements as the conventional A320.

Specification Value

Number of passengers 179
Payload 19,700 kg

Design range 3,750 km
Diversion range 150 km

Loiter time 30 min
Long range cruise Mach 0.78
High speed cruise Mach 0.82

Stall speed EAS 113 kn
Take-Off distance 7,185 ft
Landing distance 4,921 ft

Table 2.1: A320H - Design requirements.
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The resulting mass breakdown is shown in Figure 2.3.

Figure 2.3: A320H - Mass breakdown.

As shown in Figure 2.3, the structural mass does not include the hydrogen tank.

Table 2.2 compares the aircraft simulated with TITAN in both the conventional and
hydrogen configurations with the actual aircraft. Meanwhile, Table 2.3 compares the
mass breakdown obtained with TITAN to that from HYPERION.

A320 Real A320 TITAN A320H TITAN Relative difference
1 2 3

Airframe 37,240 kg 36,758 kg 36,883 kg -1.29 % -0.96 % 0.34 %
Engines 4,860 kg 4,450 kg 4,053 kg -8.44 % -16.60 % -8.92 %

Fuel 16,200 kg 16,237 kg 6,432 kg 0.23 % -60.29 % -60.38 %

OEM 42,100 kg 41,980 kg 43,453 kg -0.28 % 3.21 % 3.51 %
MZFM 61,800 kg 61,423 kg 63,204 kg -0.61 % 2.27 % 2.90 %
MTOM 78,000 kg 77,660 kg 69,636 kg -0.44 % -10.72 % -10.33 %

Table 2.2: A320H - Comparison between masses computed by TITAN for conventional
and hydrogen-burning aircraft and real values of conventional aircraft.

In Table 2.2, "Real" stands for official data and the relative differences are defined as:
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1: TITAN−Real
Real

2: TITAN H2−Real
Real

3: TITAN H2−TITAN
TITAN

The main difference between the conventional A320 and the A320H lies in the fuel mass.
Hydrogen, having a much lower density than conventional fuel, results in a fuel mass that
is slightly more than one-third of the traditional fuel’s mass.

The structural mass of the A320H, as calculated by TITAN, is slightly larger than that
of the A320 due to its larger fuselage. However, because of the increased length, the tail
surfaces are smaller since the arm is longer. Therefore, the increase in fuselage mass is
partially offset by the decrease in tail mass.

For the A320H, the Operative Empty Mass and Maximum Zero-Fuel Mass are approx-
imately 3% larger than those of the conventional aircraft due to the presence of the
hydrogen tank, which in this case weighs 2,132 kg and has a gravimetric index of 0.75.

A320 Real A320H A320H Relative difference
HYPERION TITAN 1 2 3

Airframe 37,240 kg 39,318 kg 36,883 kg 5.58 % -0.96 % -6.19 %
Engines 4,860 kg 4,964 kg 4,053 kg 2.14 % -16.60 % -18.35 %

Fuel 16,200 kg 6,025 kg 6,432 kg -62.81 % -60.29 % 6.75 %

OEM 42,100 kg 47,047 kg 43,453 kg 11.75 % 3.21 % -7.64 %
MZFM 61,800 kg 66,751 kg 63,204 kg 8.01 % 2.27 % -5.31 %
MTOM 78,000 kg 72,766 kg 69,636 kg -6.71 % -10.72 % -4.30 %

Table 2.3: A320H - Comparison between masses computed by HYPERION and TITAN
and real values of conventional aircraft.

In Table 2.3, "Real" stands for official data and the relative differences are defined as:

1: HYPERION H2−Real
Real

2: TITAN H2−Real
Real

3: TITAN H2−HYPERION H2
TITAN

The structural mass calculated by HYPERION is greater than that calculated by TITAN
because HYPERION uses an approximate method. In this case the fuselage mass is com-
puted through a historical-statistical regression in which the fuselage length is expressed
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as the sum of the original length and the tank length. Consequently, this method provides
a less accurate result.

As for the Maximum Take-Off Mass, TITAN confirms the results of HYPERION, provid-
ing even more optimistic values.

As mentioned in the previous chapter, TITAN includes the geometric sizing of the aircraft,
with the results reported in Table 2.4, compared to actual values and results for the
simulated aircraft.

A320 Real A320 A320H Relative difference
TITAN TITAN 1 2 3

WING
S 124.00 m2 125.34 m2 109.60 m2 1.08 % -11.61 % -12.56 %
b 34.10 m 34.31 m 32.10 m 0.62 % -6.44 % -5.87 %

AR 9.37 9.39 9.39 0.21 % 0.21 % 0.00 %
MAC 4.27 m * 3.91 m 3.65 m -8.43 % -6.65 % -14.52 %

FUSELAGE
Lf 37.57 m 37.57 m 46.23 m 0.00 % 23.05 % 23.05 %
Df 4.05 m 4.07 m 4.07 m 0.49 % 0.49 % 0.00 %

Lf/Df 9.28 9.23 11.37 -0.54 % 22.59 % 23.19 %
H-TAIL

Sht 31.00 m2 30.61 m2 18.95 m2 -1.26 % -38.87 % -38.09 %
bht 12.45 m 11.54 m 9.08 m -7.30 % -27.07 % -21.32 %
lht 18.70 m * 18.76 m 23.87 m 0.32 % 27.65 % 27.24 %
VH 1.09 * 1.17 1.13 7.34 % 3.67 % -3.42 %

V-TAIL
Svt 21.50 m2 21.33 m2 14.62 m2 -0.79 % -32.00 % -31.46 %
bvt 5.87 m 5.75 m 4.76 m -2.04 % -18.91 % -17.22 %
lvt 18.70 m * 18.76 m 23.87 m 0.32 % 27.65 % 27.24 %
VV 0.09 * 0.09 0.10 0.00 % 11.11 % 11.11 %

Table 2.4: A320H - Comparison between geometric characteristics computed by TITAN
for conventional and hydrogen-burning aircraft and real values of conventional aircraft.

The wing area of the hydrogen-powered aircraft is reduced by 12.56% compared to the
jet-fueled version, due to the reduced MTOM. A smaller wing area means lower wing-
generated resistance. However, it also leads to an increase in the zero-lift drag coefficient,
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because, as shown in Equation 1.35, CD0 is inversely proportional to the reference area.

Both horizontal and vertical tail surfaces are significantly smaller compared to a conven-
tional aircraft, with reductions of approximately 40% and 30%, respectively. Despite this,
trim and control requirements are still met.

The addition of the hydrogen tank results in a 23% increase in fuselage length. The diam-
eter remains unchanged, as passenger cabin requirements, which determine the fuselage
cross-sectional shape, have not changed. This combination results in a 23% increase in
the slenderness ratio. However, as shown in Table 2.5, the wetted area of the fuselage
increases by nearly 30%.

The combined effect of these changes contributes to a 26.56% increase in the fuselage CD0 .
The increase in slenderness ratio leads to a decrease in the zero-lift drag coefficient, while
the increase in wetted area causes it to rise.

A320 A320H Relative difference

Sfus
wet 406 m2 518 m2 27.59 %

Swet 800 m2 853 m2 6.62 %
Lf/Df 9.2 11.4 23.91 %
Cfus

D0
0.0128 0.0162 26.56 %

CD0 0.0289 0.0326 12.80 %

Table 2.5: A320H - Comparison between aerodynamic characteristics computed by TI-
TAN for conventional and hydrogen-burning aircraft.

The goal should therefore be to find the right combination of fuselage length and diameter
that reduces the CD0 .
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2.3. Long range aircraft

In this section, the Airbus A350-900, a wide-body jet airliner renowned for its long-
range capabilities, fuel efficiency, and advanced aerodynamics, is modified by integrating
a hydrogen tank behind the passenger cabin, as illustrated in Figure 2.4. This modification
preserves the aircraft’s payload capacity while changing the fuselage structure.

Figure 2.4: A350-900H - Top view.

The aircraft is designed to meet the same requirements as the jet-fueled Airbus A350-900.

Specification Value

Number of passengers 420
Payload 53,800 kg

Design range 10,800 km
Diversion range 170 km

Loiter time 30 min
Long range cruise Mach 0.78
High speed cruise Mach 0.82

Stall speed EAS 113 kn
Take-Off distance 7,185 ft
Landing distance 4,921 ft

Table 2.6: A350-900H - Design requirements.
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Figure 2.5: A350-900H - Mass breakdown.

Figure 2.5 shows the resulting mass breakdown, where the structural mass doesn’t include
the hydrogen tank.

Table 2.7 compares the simulated aircraft using TITAN in conventional and hydrogen con-
figurations against the real aircraft. In contrast, Table 2.8 contrasts the mass breakdown
derived from TITAN with that from HYPERION.

A350 Real A350 TITAN A350H TITAN Relative difference
1 2 3

Airframe 125,446 kg 123,598 kg 102,581 kg -1.47 % -18.23 % -17.00 %
Engines 14,554 kg 13,438 kg 9,144 kg -7.67 % -37.17 % -31.95 %

Fuel 86,200 kg 88,862 kg 16,406 kg 3.09 % -80.97 % -81.54 %

OEM 140,000 kg 138,378 kg 117,777 kg -1.16 % -15.87 % -14.89 %
MZFM 193,800 kg 191,667 kg 171,299 kg -1.09 % -11.61 % -10.63 %
MTOM 280,000 kg 280,540 kg 188,032 kg 0.19 % -32.85 % -32.97 %

Table 2.7: A350-900H - Comparison between masses computed by TITAN for conventional
and hydrogen-burning aircraft and real values of conventional aircraft.

In Table 2.7, "Real" stands for official data and the relative differences are defined as:
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1: TITAN−Real
Real

2: TITANH2−Real
Real

3: TITANH2−TITAN
TITAN

The airframe mass is 18% lower due to significantly reduced wing surface, as shown in
Table 2.9. The hydrogen mass is one fifth that of jet fuel, as expected given its much
lower density. These factors collectively result in an aircraft that is one third lighter than
its conventional propulsion counterpart. When comparing this table with Table 2.2, it
becomes evident that the differences between the jet-fueled and hydrogen-powered aircraft
are much more pronounced compared to the A320.

A350 Real A350-900H A350-900H Relative difference
HYPERION TITAN 1 2 3

Airframe 125,446 kg 99,847 kg 102,581 kg -20.41 % -18.23 % 2.47 %
Engines 14,554 kg 9,766 kg 9,144 kg -32.90 % -37.17 % -6.37%

Fuel 86,200 kg 16,739 kg 16,406 kg -80.58 % -80.97 % 0.16 %

OEM 140,000 kg 115,077 kg 117,777 kg -17.80 % -15.87 % 2.35 %
MZFM 193,800 kg 175,861 kg 171,299 kg -9.26 % -11.61 % -2.59 %
MTOM 280,000 kg 185,627 kg 188,032 kg -33.70 % -32.85 % 1.30 %

Table 2.8: A350-900H - Comparison between masses computed by HYPERION and TI-
TAN and real values of conventional aircraft.

In Table 2.8, "Real" stands for official data and the relative differences are defined as:

1: HYPERION H2−Real
Real

2: TITAN H2−Real
Real

3: TITAN H2−HYPERION H2
TITAN

As discussed in the previous chapter, TITAN encompasses the geometric sizing of the
aircraft. The results, shown in Table 2.4, are compared with actual values and the results
from the simulated aircraft.
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A350 Real A350 A350H Relative difference
TITAN TITAN 1 2 3

WING
S 443 m2 459 m2 293 m2 3.61 % -33.86 % -36.17 %
b 64.75 m 66.03 m 52.78 m 1.97 % -18.49 % -20.07 %

AR 9.46 9.50 9.50 m 0.42 % 0.42 % 0.00 %
MAC 7.30 * m 7.42 m 5.93 m 1.64 % -18.77 % -20.08 %

FUSELAGE
Lf 65.26 m 65.27 m 75.08 m 0.01 % 15.05 % 15.03 %
Df 6.04 m 6.06 m 6.06 m 0.33 % 0.33 % 0.00 %

Lf/Df 10.8 10.8 12.4 0.00 % 14.81 % 14.81 %
H-TAIL

Sht 81.00 m2 80.92 m2 31.68 m2 -0.10 % -60.89 % -60.85 %
bht 18.79 m 18.76 m 11.74 m -0.16 % -37.52 % -37.42 %
lht 34.00 * m 34.65 m 39.88 m 1.91 % 17.29 % 15.09 %
VH 0.81 * 0.82 0.73 1.23 % -9.88 % -10.98 %

V-TAIL
Svt 51.00 m2 51.32 m2 24.54 m2 0.63 % -51.88 % -52.18 %
bvt 9.42 m 8.92 m 6.17 m -5.31 % -34.50 % -30.83 %
lvt 34.00 * m 34.65 m 39.88 m 1.91 % 17.29 % 15.09 %
VV 0.06 0.06 0.06 0.00 % 0.00 % 0.00 %

Table 2.9: A350-900H - Comparison between geometric characteristics computed by TI-
TAN for conventional and hydrogen-burning aircraft and real values of conventional air-
craft.

The wing surface area is 33.86% smaller compared to the A350-900 because the hydrogen-
powered aircraft is one-third lighter. The horizontal and vertical tail areas are significantly
smaller than those of a conventional aircraft, reduced by approximately 60% and 50%,
respectively. This reduction occurs because the tail arm increases due to the longer
fuselage, and as discussed in the Chapter 1.2, for the same stability requirements, the tail
arm and the surface area are inversely proportional. With the addition of the hydrogen
tank, the fuselage lengthens by 15%, leading to a 14.81% increase in the slenderness ratio
and a 17.90% increase in the wetted area.

This significant reduction is due to the high fuel mass fraction, approximately 30%, for
conventional long range aircraft. The switch to hydrogen enables a significant reduction
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of the energy storage mass, despite negative effect of the tank mass.

A350 A350H Relative difference

Sfus
wet 1,078 m2 1,271 m2 17.90 %

Swet 2,391 m2 2,080 m2 -13.01 %
Lf/Df 10.8 12.4 14.81 %
Cfus

D0
0.0073 0.0124 69.86 %

CD0 0.0187 0.0242 29.41 %

Table 2.10: A350-900H - Comparison between aerodynamic characteristics computed by
TITAN for conventional and hydrogen-burning aircraft.

As shown in Table 2.10, the increase in the wetted area of the fuselage results in an
approximately 70% increase in Cfus

D0
. This increase is also influenced by the smaller wing

surface area.

Therefore, in this case, even more than for short-medium range aircraft, it is crucial to
find a way to limit the increase in parasite drag coefficient caused by the addition of the
hydrogen tank.

2.4. Conclusions

The preliminary design described in this chapter confirms the results obtained in previous
studies discussed in Introduction, in some cases even improved upon them. The additional
data provided by TITAN allows for a better understanding of how the specific dimensions
of each aircraft component influence the overall aircraft design.
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As observed in the previous chapter, converting conventional turbofans into hydrogen-
powered turbofans results in a significant increase in fuselage length, which can cause
structural instability and increase the wetted area of the aircraft, leading to a higher
zero-lift drag coefficient.

Therefore, this chapter explores different solutions to limit the increase in fuselage length.
Specifically, the cross-sectional shape of the fuselage is modified to become elliptical to
increase the number of seats per row and, with the same total number of passengers,
decrease the number of rows, thereby reducing cabin length. Additionally, the hydro-
gen tank can also be designed with an elliptical cross-section to reduce its length while
maintaining the same volume.

The first section of the chapter describes the model for sizing the fuselage. Following this,
various configurations for both short-medium range and long-range aircraft are analyzed,
with particular attention to how all significant parameters vary with changes in cross-
sectional shape:

1. Case 1: Fuselage and hydrogen tank elliptical cross-section with Hi im-
posed Starting from the original circular shape, additional seats are added to each
row. The height of the fuselage remains unchanged, while the width is increased to
form an ellipse that can accommodate the new number of seats per row.

2. Case 2: Fuselage and hydrogen tank elliptical cross-section with ϕ im-
posed Once the minimum value of ϕ necessary to increase the number of passengers
per row is determined, an increase in ϕ is tested to reduce the fuselage height, and
consequently the equivalent diameter and wetted area, to evaluate if this leads to
improvements in the structural mass and aerodynamic characteristics of the aircraft.

3. Case 3: Fuselage elliptical cross-section and hydrogen tank circular cross-
section The variation in the cross-sectional shape of the hydrogen tanks leads to a
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significant increase in their mass. Therefore, in the final case analyzed, the fuselage
shape is elliptical, while the tanks remain circular.



3| Hydrogen-burning jet aircraft - Elliptical cross-section fuselage 57

3.1. Elliptical fuselage

The main idea of this thesis is the modification of the fuselage shape, transitioning from
a circular cross-section to an elliptical one.

Therefore, the procedure for sizing the fuselage cross-section has been adjusted to accom-
modate this case as well, while everything else, such as the length calculation, remained
unchanged.

The main function of the fuselage is to contain the payload, so the constraint to be re-
spected in the fuselage design is that it must be able to contain the passenger cabin. In
particular, for the design of the cross-sectional shape, the equation of an ellipse circum-
scribed to a rectangle representing the aircraft cabin is used.

In Figure 3.1 all the quantities that will be used in this paragraph are represented:

• WC: cabin width

• HC: cabin height

• Wi: fuselage internal width

• Hi: fuselage internal height

• Wf : fuselage external width

• Hf : fuselage external height

• ZC: distance between center of the cabin and center of the fuselage

The equation that describes the internal shape of the fuselage is the following:

x2

(Wi/2)2
+

y2

(Hi/2)2
= 1 (3.1)

By ensuring that the ellipse is circumscribed around the cabin, the equation becomes:

W 2
C

W 2
i

+
H2

C

H2
i

= 1 (3.2)

from which Wi and Hi can be derived.
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To define the ratio between the width and height of the fuselage, the same parameter
used for the cross-sectional shape of the tank is employed:

ϕ =
Wi

Hi

=
Wf

Hf

(3.3)

ZC

HC

HfHi

WC

Wi

Wf

WsWa

Figure 3.1: Fuselage cross-section dimensions.

The cabin dimensions are derived from the number of passengers per row, that is an input
of ARGOS, and from requirements specified by certifications:

Wc = Wana +Wsns (3.4)

where Wc is the cabin width, Wa the aisle width, Ws the seat width, na the number of
aisles and ns the number of seats.

The number of aisles is determined by the number of seats per row. In fact, according to
CS 25.817 [20]:

"On aeroplanes having only one passenger aisle, no more than 3 seats abreast may be
placed on each side of the aisle in any one row."

Therefore, up to 6 passengers per row require a single aisle, whereas 7 or more require
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two aisles.

Two methods can be chosen to define the ellipse:

1. The internal height of the fuselage is imposed and knowing the dimensions of the
cabin, the width is calculated using equation 3.2:

Wi = WcHi

√
1

H2
i − (Hc + 2ZC)2

(3.5)

Knowing Hi and Wi, the following parameter can be calculated:

ϕ =
Hi

Wi

(3.6)

2. The shape is imposed through the parameter ϕ and knowing the dimensions of the
cabin, the height is determined using equation 3.2:

Hi =

√
W 2

c + ϕ2(Hc + 2ZC)2

ϕ
(3.7)

By multiplying the height by ϕ, the width is also obtained:

Wi = ϕHi (3.8)

Once the internal dimensions are calculated, the external dimensions are obtained using
an empirical equation, given by [21], based on statistical data on the difference between
the inner and external diameters.

Wf = 1.045Wi + 0.084

Hf = 1.045Hi + 0.084

(3.9)

(3.10)

The equivalent diameter of the fuselage, as suggested by Torenbeek [19], is defined as:

Df =
√
WfHf (3.11)

It is important to highlight how changes to the cross-sectional shape of the fuselage
also impact the number of passengers on the aircraft. Specifically, the total number of
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passengers may not be divisible by the new number of passengers per row, potentially
resulting in an incomplete row. The criterion for deciding whether to keep or remove this
row is as follows: if the last row does not exceed 70% of the number of passengers per
row, it is removed. Otherwise, it is retained and filled completely to utilize the full length
of the fuselage. Therefore, in the cases analyzed in the following sections, there may be
slight variations in the total number of passengers.
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3.2. Short-medium range aircraft

For the analysis of the short-medium range aircraft, the Airbus A320 is chosen as the
baseline aircraft, as in the previous chapters.

The reported parameters are those most closely related to the addition of the tank and
the modification of the fuselage.

3.2.1. Case 1

The first case analyzed involves maintaining the fuselage height equal to that of the actual
aircraft while increasing its width to accommodate more seats per row, as shown in Figure
3.2.

In the configuration of the previous chapter, the Airbus A320H features 6 seats per row.
Therefore, in this section, the following two cases will be analyzed:

• 7 passengers per row

• 8 passengers per row

Figure 3.2: A320H - Variation in the cross-sectional shape of the fuselage with increasing
number of passengers per row (NPPR).
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As mentioned in the previous section, the total number of passengers and the number of
aisles change in the three cases:

NPPR = 6 NPPR = 7 NPPR = 8

Number of aisles 1 2 2
Number of rows 30 25 22

Number of passengers 179 175 176

Table 3.1: Airbus A320H - Number of passengers.

The following tables present the characteristic dimensions of the subsystems that are most
affected by the presence of the hydrogen tank.

NPPR = 6 NPPR = 7 NPPR = 8

ϕTANK 1 1.31 1.45
LTANK 8.66 m 7.59 m 7.25 m
HTANK 3.81 m 3.81 m 3.81 m
WTANK 3.81 m 5.00 m 5.52 m

Tank mass 2,132 kg 9,115 kg 10,681 kg
ηgrav 0.75 0.45 0.42

Table 3.2: Airbus A320H - Comparison hydrogen tank Case 1.

As shown in Table 3.2 and Table 3.3, the cross-sectional shape of the tank is the same
as the fuselage. As the number of seats increases, the width of the tank also increases,
resulting in a larger frontal area and consequently a decrease in length.

The most important aspect to consider, however, is the increase in mass associated with
the deviation from the circular section. When transitioning from ϕ = 1 to ϕ = 1.3 and
ϕ = 1.45, the mass increases by 328% and 400%, respectively. This occurs because any
deviation from a circular cross-section design gives rise to bending moments in the shell
upon pressurization [22]. Consequently, the tank thickness must increase to withstand
greater loads, leading to a greater mass.

The increase in tank mass results in a significant decrease in the gravimetric index, indi-
cating a deterioration in tank efficiency.
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NPPR = 6 NPPR = 7 NPPR = 8

ϕf 1 1.3 1.45
Lf 46.25 m 41.57 m 38.90 m
Wf 4.06 m 5.31 m 5.86 m
Hf 4.06 m 4.06 m 4.06 m
Df 4.06 m 4.65 m 4.88 m

Lf/Df 11.37 8.94 7.97

Table 3.3: Airbus A320H - Comparison fuselage Case 1.

Table 3.3 shows that the decrease in the number of seat rows due to the increased number
of seats per row, along with the reduction in tank length, leads to a decrease in fuselage
length of 10% in the case with 7 seats per row and of 16% in the case with 8 seats per
row, resulting in the fuselage being only 1 meter longer than the traditional aircraft.

However, the slenderness ratio decreases due to the increase in the equivalent diameter,
which represents a deterioration from an aerodynamic perspective.

NPPR = 6 NPPR = 7 NPPR = 8

SWING 109 m2 131 m2 136 m2

SwetFUS
518 m2 511 m2 493 m2

Swet 853 m2 910 m2 911 m2

CD0FUS
0.0155 0.0150 0.0151

CD0 0.0326 0.0318 0.0319

Table 3.4: Airbus A320H - Comparison aerodynamic characteristics Case 1.

The most interesting data reported in Table 3.4 is the decrease in the wetted area of
the fuselage, which behaves as expected given its reduced length. The total wetted area
increases due to the larger wing area, which is related to the increase in mass, as can be
seen in Table 3.5.

Both CD0 values decrease, but their value is inversely proportional to the wing area, so it
is necessary to determine if their decrease is related to this aspect.
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NPPR = 6 NPPR = 7 NPPR = 8

Tank mass 2,132 kg 9,115 kg 10,681 kg
Fuselage mass 10,767 kg 11,921 kg 12,188 kg
Airframe mass 36,883 kg 41,569 kg 42,860 kg

Fuel mass 6,432 kg 7,402 kg 7,818 kg
MTOM 69,636 kg 83,012 kg 86,481 kg

Table 3.5: Airbus A320H - Comparison masses Case 1.

The Table 3.5 shows the variations in the masses of some components. The mass of the
fuselage increases due to the increase in its equivalent diameter. This, combined with
a larger wing area, leads to an increase in the structural mass of the entire aircraft.
Generally higher masses result in a greater amount of hydrogen needed to complete the
mission. The MTOM increases by 19% and 24%, respectively.

In summary, varying the shape of the fuselage in this case does not result in a reduction of
the MTOM. Instead, the MTOM actually increases compared to the conventional turbofan
case, where the MTOM is 78,000 kg.

From these initial results, we can see that an elliptical fuselage with an elliptical tank does
not lead to a general improvement in aircraft characteristics due to the tank. However, it
does show some positive aspects regarding the wetted area of the fuselage.

3.2.2. Case 2

In this section, the focus will be on the fuselage to assess whether the previous results
can be improved. Once the minimum value of ϕ necessary to increase the number of
passengers per row is determined, an increase in ϕ is tested to reduce the fuselage height,
and consequently the equivalent diameter and wetted area, to evaluate if this leads to
improvements in the structural mass and aerodynamic characteristics of the aircraft.

For the case of 7 seats per row, values of ϕ = 1.3, ϕ = 1.4, and ϕ = 1.5 are analyzed.
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Figure 3.3: A320H - Variation in the cross-sectional shape of the fuselage with increasing
ϕ.

The dimensions of the tank are not shown because they remain almost unchanged.

ϕ = 1.3 ϕ = 1.4 ϕ = 1.5

Lf 41.57 m 41.25 m 40.75 m
Wf 5.31 m 5.44 m 5.50 m
Hf 4.06 m 3.91 m 3.69 m
Df 4.65 m 4.62 m 4.51 m

Lf/Df 8.94 8.94 9.05

Table 3.6: Airbus A320H - Comparison fuselage Case 2 with 7 seats per row.

Increasing the ellipticity of the fuselage’s cross-sectional shape results in a slight reduction
in its length, as the length of the tail cone depends on the height of the fuselage, which
decreases. A decrease in the equivalent diameter can also be observed, leading to a slightly
higher slenderness ratio. This is a positive aspect from the standpoint of aerodynamic
resistance.
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ϕ = 1.3 ϕ = 1.4 ϕ = 1.5

SWING 131 m2 133 m2 133 m2

SwetFUS
511 m2 504 m2 486 m2

Swet 910 m2 921 m2 903 m2

CD0FUS
0.0150 0.0145 0.0140

CD0 0.0318 0.0316 0.0310

Table 3.7: Airbus A320H - Comparison aerodynamic characteristics Case 2 with 7 seats
per row.

As can be seen in Table 3.7, as ϕ increases, the wetted surface area of the fuselage
decreases. Since the wing surface area remains the same, its contribution to drag also
decreases.

ϕ = 1.3 ϕ = 1.4 ϕ = 1.5

Tank mass 9,115 kg 9,856 kg 10,174 kg
Fuselage mass 11,921 kg 11,807 kg 11,341 kg
Airframe mass 41,569 kg 42,236 kg 41,764 kg

Fuel mass 7,402 kg 7,598 kg 7,476 kg
MTOM 83,012 kg 84,704 kg 84,399 kg

Table 3.8: Airbus A320H - Comparison masses Case 2 with 7 seats per row.

Regarding the masses, since the tank is elliptical, they remain approximately 20% higher
compared to the circular fuselage case.

For the case where each row has 8 seats, values of ϕ = 1.45, ϕ = 1.5, and ϕ = 1.6 are
analyzed.

ϕ = 1.45 ϕ = 1.5 ϕ = 1.6

Lf 38.90 m 38.73 m 38.40 m
Wf 5.86 m 5.88 m 6.03 m
Hf 4.06 m 3.94 m 3.80 m
Df 4.88 m 4.81 m 4.79 m

Lf/Df 7.97 8.04 8.02

Table 3.9: Airbus A320H - Comparison fuselage Case 2 with 8 seats per row.
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ϕ = 1.45 ϕ = 1.5 ϕ = 1.6

SWING 136 m2 137 m2 138 m2

SwetFUS
493 m2 484 m2 475 m2

Swet 911 m2 917 m2 912 m2

CD0FUS
0.0151 0.0147 0.0144

CD0 0.0319 0.0318 0.0315

Table 3.10: Airbus A320H - Comparison aerodynamic characteristics Case 2 with 8 seats
per row.

ϕ = 1.45 ϕ = 1.5 ϕ = 1.6

Tank mass 10,681 kg 10,907 kg 11,419 kg
Fuselage mass 12,188 kg 11,934 kg 11,814 kg
Airframe mass 42,860 kg 43,129 kg 43,267 kg

Fuel mass 7,818 kg 7,831 kg 7,835 kg
MTOM 86,481 kg 87,017 kg 87,700 kg

Table 3.11: Airbus A320H - Comparison masses Case 2 with 8 seats per row.

The fuselage mass decreases because the diameter decreases.

Summarizing, increasing ϕ leads to a more elliptical fuselage cross-section, resulting in a
shorter, wider, and lower fuselage. This change improves the slenderness ratio and reduces
the wetted surface area, thereby decreasing drag coefficients. However, the mass of the
elliptical tank increases, affecting the overall weight metrics. Despite these mass increases,
the aerodynamic benefits such as reduced drag may contribute to overall performance
improvements.

3.2.3. Case 3

From the previous sections, it has been observed that transitioning from a circular fuselage
cross-section to an elliptical cross-section results in a reduction of the wetted surface area,
thereby improving the zero-lift drag coefficient. However, modifying the cross-sectional
shape of the tank leads to a significant increase in its mass.

Therefore, in this section, the case of an elliptical fuselage cross-section combined with
a circular cross-section hydrogen tank will be analyzed. This approach aims to leverage
the aerodynamic improvements from the fuselage modification without encountering an
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increase in mass.

Both the case with 7 seats per row and the case with 8 seats per row will be analyzed.

The following tables also include the characteristic dimensions of the circular cross-section
case.

ϕ = 1 ϕ = 1.3 ϕ = 1.4 ϕ = 1.5

LTANK 8.66 m 9.32 m 10.11 m 11.13 m
HTANK 3.81 m 3.85 m 3.66 m 3.45 m
WTANK 3.81 m 3.85 m 3.66 m 3.45 m
ηgrav 0.75 0.75 0.75 0.75

Tank mass 2,132 kg 2,306 kg 2,258 kg 2,187 kg

Table 3.12: Airbus A320H - Comparison hydrogen tank Case 3 with 7 seats per row and
circular tank.

In this case, the tank has a circular cross-section with a diameter equal to the internal
height of the fuselage. Therefore, as ϕ increases, the diameter decreases and the length
increases. The variations in mass are minimal; in fact, the gravimetric index does not
change.

ϕ = 1 ϕ = 1.3 ϕ = 1.4 ϕ = 1.5

Lf 46.25 m 43.35 m 43.52 m 43.79 m
Wf 4.06 m 5.31 m 5.44 m 5.50 m
Hf 4.06 m 4.10 m 3.91 m 3.69 m
Df 4.06 m 4.67 m 4.61 m 4.50 m

Lf/Df 11.37 9.29 9.43 9.72

Table 3.13: Airbus A320H - Comparison fuselage Case 3 with 7 seats per row and circular
tank.

The fuselage length decreases less significantly compared to the cases analyzed in the
previous sections because, in this case, we only have the shortening of the passenger cabin
and not the tank. At the same time, the equivalent diameter increases, resulting in a
deterioration of the slenderness ratio.
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ϕ = 1 ϕ = 1.3 ϕ = 1.4 ϕ = 1.5

SWING 109 m2 116 m2 115 m2 114 m2

SwetFUS
518 m2 541 m2 537 m2 529 m2

Swet 853 m2 887 m2 878 m2 862 m2

CD0FUS
0.0128 0.0174 0.0173 0.0169

CD0 0.0326 0.0342 0.0339 0.0334

Table 3.14: Airbus A320H - Comparison aerodynamic characteristics Case 3 with 7 seats
per row and circular tank.

Despite the decrease in wetted area as ϕ increases, it remains larger than in the case of
a circular fuselage. The larger wetted area, combined with the lower slenderness ratio,
means there is no improvement in aerodynamic characteristics compared to the original
case. This is also reflected in the masses shown in Table 3.15.

ϕ = 1 ϕ = 1.3 ϕ = 1.4 ϕ = 1.5

Tank mass 2,132 kg 2,306 kg 2,258 kg 2,187 kg
Fuselage mass 10,767 kg 12,515 kg 12,429 kg 12,152 kg
Airframe mass 36,883 kg 39,669 kg 39,478 kg 38,977 kg

Fuel mass 6,432 kg 7,047 kg 6,942 kg 6,786 kg
MTOM 69,636 kg 73,531 kg 73,135 kg 72,310 kg

Table 3.15: Airbus A320H - Comparison masses Case 3 with 7 seats per row and circular
tank.

The case with ϕ = 1.5 is the one that comes closest to the circular fuselage case, albeit
without improving it. When comparing these two cases, we can see that the elliptical
shape of the fuselage leads to an increase in the equivalent diameter and thus to a higher
fuselage mass and an increase in the wetted area. Despite the fuselage’s wetted area being
associated with a larger wing area in the CD0 calculation, the lower slenderness ratio,
resulting from the shorter fuselage, leads to a fuselage CD0 that is 7% greater.

The results for the case with 8 passengers per row are presented in the following tables.
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ϕ = 1 ϕ = 1.45 ϕ = 1.5 ϕ = 1.6

LTANK 8.66 m 9.64 m 10.17 m 10.93 m
HTANK 3.81 m 3.81 m 3.70 m 3.55 m
WTANK 3.81 m 3.81 m 3.70 m 3.55 m
ηgrav 0.75 0.76 0.76 0.76

Tank mass 2,132 kg 2,334 kg 2,301 kg 2,281 kg

Table 3.16: Airbus A320H - Comparison hydrogen tank Case 3 with 8 seats per row and
circular tank.

ϕ = 1 ϕ = 1.45 ϕ = 1.5 ϕ = 1.6

Lf 46.25 m 40.56 m 41.45 m 41.70 m
Wf 4.06 m 5.86 m 5.88 m 6.03 m
Hf 4.06 m 4.06 m 3.94 m 3.80 m
Df 4.06 m 4.88 m 4.81 m 4.80 m

Lf/Df 11.37 8.48 8.60 8.71

Table 3.17: Airbus A320H - Comparison fuselage Case 3 with 8 seats per row and circular
tank.

Compared to the case with 7 passengers per row, there is a greater shortening of the
fuselage, but this is associated with a larger diameter. Therefore, the slenderness ratio is
even lower.

ϕ = 1 ϕ = 1.45 ϕ = 1.5 ϕ = 1.6

SWING 109 m2 117 m2 116 m2 116 m2

SwetFUS
518 m2 520 m2 526 m2 527 m2

Swet 853 m2 866 m2 871 m2 867 m2

CD0FUS
0.0162 0.0180 0.0178 0.0177

CD0 0.0326 0.0347 0.0344 0.0342

Table 3.18: Airbus A320H - Comparison aerodynamic characteristics Case 3 with 8 seats
per row and circular tank.
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ϕ = 1 ϕ = 1.45 ϕ = 1.5 ϕ = 1.6

Tank mass 2,132 kg 2,334 kg 2,301 kg 2,281 kg
Fuselage mass 10,767 kg 12,701 kg 12,752 kg 12,834 kg
Airframe mass 36,883 kg 40,058 kg 40,093 kg 40,150 kg

Fuel mass 6,432 kg 7,233 kg 7,165 kg 7,074 kg
MTOM 69,636 kg 76,081 kg 74,144 kg 74,036 kg

Table 3.19: Airbus A320H - Comparison masses Case 3 with 8 seats per row and circular
tank.

With a few minor differences, the conclusions that can be drawn from these data are the
same as those of the previous case.

3.2.4. Conclusions

In summary, for short-medium range aircraft, the use of an elliptical fuselage cross-section
does not offer improvements compared to a circular cross-section fuselage. This is because,
without the ability to use elliptical tanks due to their increased weight, the shortening
of the fuselage achieved solely by reducing the number of passenger rows is not sufficient
to decrease the wetted area enough to improve the aerodynamic characteristics of the
aircraft.

ϕ = 1 ϕ = 1.3 ϕ = 1.4 ϕ = 1.45 ϕ = 1.5 ϕ = 1.6

NPPR = 6 69,636 kg - - - - -
NPPR = 7 - 73,531 kg 73,135 kg - 72,310 kg -
NPPR = 8 - - - 76,081 kg 74,144 kg 74,036 kg

Table 3.20: Airbus A320H - Maximum Take-Off Mass of Case 3.

As shown in Table 3.40, none of the cases analyzed have a Maximum Take-Off Mass lower
than that of the circular fuselage case. However, all values are lower than the Maximum
Take-Off Mass of the traditional aircraft.
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3.3. Long range aircraft

For the analysis of the long range aircraft case, the Airbus A350-900 is chosen as the
baseline aircraft, as in the previous chapters.

The reported parameters are those most closely related to the addition of the tank and
the modification of the fuselage.

3.3.1. Case 1

The first case analyzed involves keeping the fuselage height the same as the current aircraft
while expanding its width to fit more seats per row, as illustrated in Figure 3.4.

In its current configuration, the A350-900 has 9 seats per row. Thus, in this section, the
following two scenarios will be examined:

• 10 passengers per row

• 11 passengers per row

Figure 3.4: A350-900H - Variation of the cross-sectional shape of the fuselage with in-
creasing number of passengers per row.
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In Table 3.21, it is shown how the number of rows and the total number of passengers
vary with the number of seats per row.

NPPR = 9 NPPR = 10 NPPR = 11

Number of aisles 2 2 2
Number of rows 46 42 38

Number of passengers * 420 420 418

Table 3.21: Airbus A350-900H - Number of passengers.

* All-economy configuration

The following tables show the characteristic dimensions of the subsystems most influenced
by the inclusion of the hydrogen tank.

NPPR = 9 NPPR = 10 NPPR = 11

ϕTANK 1 1.1 1.2
LTANK 9.81 m 9.58 m 7.25 m
HTANK 5.72 m 5.72 m 5.72 m
WTANK 5.72 m 6.18 m 6.78 m
ηgrav 0.75 0.51 0.47

Tank mass 5,431 kg 16,502 kg 19,998 kg

Table 3.22: Airbus A350-900H - Comparison hydrogen tank Case 1.

As shown in Table 3.22, the variation in ϕ, although modest, results in an increase in
tank mass by approximately 200% to 300%, consequently lowering the gravimetric index.

NPPR = 9 NPPR = 10 NPPR = 11

Lf 75.08 m 71.72 m 67.90 m
Wf 6.06 m 6.54 m 7.17 m
Hf 6.06 m 6.06 m 6.06 m
Df 6.06 m 6.30 m 6.59 m

Lf/Df 12.47 11.38 10.30

Table 3.23: Airbus A350-900H - Comparison fuselage Case 1.
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From the Table 3.23, it can be observed that for both cases, there is a fuselage shortening
of 5% and 10%, and an increase in diameter of 4% and 9%, resulting in a decrease in the
slenderness ratio of 9% and 17%.

NPPR = 9 NPPR = 10 NPPR = 11

SWING 293 m2 324 m2 335 m2

SwetFUS
1,271 m2 1,252 m2 1,219 m2

Swet 2,080 m2 2,141 m2 2,136 m2

CD0FUS
0.0119 0.0112 0.0111

CD0 0.0242 0.0232 0.0231

Table 3.24: Airbus A350-900H - Comparison aerodynamic characteristics Case 1.

In this case, as the number of seats per row increases, there is a reduction in the wetted
area of the fuselage by 1.5% and 4%. Consequently, the CD0 decreases, also due to the
increased wing area.

NPPR = 9 NPPR = 10 NPPR = 11

Tank mass 5,431 kg 16,502 kg 19,998 kg
Fuselage mass 31,569 kg 32,311 kg 32,750 kg
Airframe mass 102,581 kg 109,475 kg 112,193 kg

Fuel mass 16,406 kg 17,507 kg 17,891 kg
MTOM 188,032 kg 207,973 kg 214,884 kg

Table 3.25: Airbus A350-900H - Comparison masses Case 1.

There is a slight increase in fuselage mass due to the larger diameter, and a greater
increase in structural mass due to the larger wing surface area.

The Maximum Take-Off Mass increases in both the 10 seats per row and 11 seats per
row due to the increased tank mass. However, unlike in the short-medium range aircraft
case, the mass increase remains below that of the traditional aircraft configuration, by
approximately 25%.

3.3.2. Case 2

In this section, the focus will be on the fuselage to determine if previous results can be
improved. Once the minimum value of ϕ required to increase the number of passengers
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per row is established, an increase in ϕ will be tested to reduce the fuselage height and,
consequently, the equivalent diameter and wetted area. This will be done to evaluate
whether it leads to improvements in the structural mass and aerodynamic characteristics
of the aircraft.

For the case of 10 seats per row, values of ϕ = 1.1, ϕ = 1.2 and ϕ = 1.3 are analyzed.

Figure 3.5: A350-900H - Variation in the cross-sectional shape of the fuselage with in-
creasing ϕ.

The dimensions of the tank are not shown because they remain almost unchanged.

ϕ = 1.1 ϕ = 1.2 ϕ = 1.3

Lf 71.72 m 70.20 m 69.10 m
Wf 6.54 m 6.70 m 6.74 m
Hf 6.06 m 5.60 m 5.24 m
Df 6.30 m 6.10 m 5.86 m

Lf/Df 11.4 11.5 11.8

Table 3.26: Airbus A350-900H - Comparison fuselage Case 2 with 10 seats per row.

Increasing the ellipticity of the fuselage’s cross-sectional shape results in a slight decrease
in its length, as the length of the tail cone depends on the height of the fuselage, which



76 3| Hydrogen-burning jet aircraft - Elliptical cross-section fuselage

diminishes. Furthermore, a reduction in the equivalent diameter can be observed, leading
to a slightly elevated slenderness ratio. This is a favorable aspect from the aerodynamic
point of view.

ϕ = 1.1 ϕ = 1.2 ϕ = 1.3

SWING 324 m2 325 m2 323 m2

SwetFUS
1,252 m2 1,182 m2 1,128 m2

Swet 2,141 m2 2,092 m2 2,035 m2

CD0FUS
0.0112 0.0104 0.0100

CD0 0.0232 0.0227 0.0222

Table 3.27: Airbus A350-900H - Comparison aerodynamic characteristics Case 2 with 10
seats per row.

As shown in Table 3.27, as the parameter ϕ increases, the wing area remains unchanged,
whereas the wetted area of the fuselage decreases, resulting in a reduction of the zero-lift
drag coefficient.

ϕ = 1.1 ϕ = 1.2 ϕ = 1.3

Tank mass 16,502 kg 18,885 kg 19,984 kg
Fuselage mass 32,311 kg 29,959 kg 28,231 kg
Airframe mass 109,475 kg 108,048 kg 106,100 kg

Fuel mass 17,507 kg 17,168 kg 16,706 kg
MTOM 207,973 kg 208,579 kg 207,175 kg

Table 3.28: Airbus A350-900H - Comparison masses Case 2 with 10 seats per row.

In this case, as ϕ increases, the wetted area of the fuselage decreases. Consequently, the
fuselage mass decreases, and so does the CD0 , resulting in a decrease in Maximum Take-
Off Mass. However, the MTOM still remains higher than the circular case due to the
tank mass.

For the case of 11 seats per row, values of ϕ = 1.2, ϕ = 1.3 and ϕ = 1.4 are analyzed.
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ϕ = 1.2 ϕ = 1.3 ϕ = 1.4

Lf 67.90 m 65.69 m 64.64 m
Wf 7.17 m 7.22 m 7.27 m
Hf 6.06 m 5.57 m 5.21 m
Df 6.59 m 6.34 m 6.15 m

Lf/Df 10.3 10.4 10.5

Table 3.29: Airbus A350-900H - Comparison fuselage Case 2 with 11 seats per row.

As ϕ increases, both the length and the diameter of the fuselage diminish, thus the
slenderness ratio augments.

ϕ = 1.2 ϕ = 1.3 ϕ = 1.4

SWING 335 m2 334 m2 332 m2

SwetFUS
1,219 m2 1,134 m2 1,085 m2

Swet 2,136 m2 2,073 m2 2,021 m2

CD0FUS
0.0111 0.0104 0.0099

CD0 0.0231 0.0226 0.0222

Table 3.30: Airbus A350-900H - Comparison aerodynamic characteristics Case 2 with 11
seats per row.

As shown in Table 3.30, the variations in fuselage dimensions lead to a reduction in
its wetted area, which, combined with the increase in slenderness ratio, results in an
improvement in the CD0 .

ϕ = 1.2 ϕ = 1.3 ϕ = 1.4

Tank mass 19,998 kg 21,673 kg 22,524 kg
Fuselage mass 32,750 kg 30,069 kg 28,490 kg
Airframe mass 112,193 kg 110,207 kg 108,375 kg

Fuel mass 17,891 kg 17,669 kg 17,381 kg
MTOM 214,884 kg 214,290 kg 212,857 kg

Table 3.31: Airbus A350-900H - Comparison masses Case 2 with 11 seats per row.

In summary, increasing ϕ results in a shorter, wider fuselage with a more elliptical cross-
section. This improves the slenderness ratio and reduces the wetted surface area, decreas-
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ing drag coefficients. However, the elliptical tank’s mass increases, impacting the overall
weight. Despite this, the reduced drag can enhance overall performance.

3.3.3. Case 3

From previous sections, it has been noted that shifting from a circular fuselage cross-
section to an elliptical shape reduces the surface area in contact with the air, thereby
enhancing the zero-lift drag coefficient. However, altering the tank’s cross-sectional shape
substantially augments its mass.

Therefore, in this section, the scenario where an elliptical fuselage cross-section is paired
with a circular hydrogen tank is examined. This strategy aims to capitalize on the aerody-
namic enhancements brought about by reshaping the fuselage, while avoiding an escalation
in mass.

Both configurations, with 10 seats per row and 11 seats per row, will be analyzed.

The tables presented will also include the characteristic dimensions of the circular cross-
section case.

ϕ = 1 ϕ = 1.1 ϕ = 1.2 ϕ = 1.3 ϕ = 1.4

LTANK 9.81 m 10.09 m 11.45 m 12.89 m 14.36 m
DTANK 5.72 m 5.68 m 5.24 m 4.88 m 4.56 m
ηgrav 0.75 0.75 0.76 0.76 0.76

Tank mass 5,431 kg 5,488 kg 5,190 kg 4,968 kg 4,785 kg

Table 3.32: Airbus A350-900H - Comparison hydrogen tank Case 3 with 10 seats per row
and circular tank.

The diameter of the tank is constrained by the internal height of the fuselage. Therefore,
as ϕ increases, the internal height decreases, consequently reducing the frontal area of the
tank and increasing its length.
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ϕ = 1 ϕ = 1.1 ϕ = 1.2 ϕ = 1.3 ϕ = 1.4

Lf 75.08 m 72.00 m 71.50 m 71.40 m 70.71 m
Wf 6.06 m 6.56 m 6.66 m 6.71 m 6.76 m
Hf 6.06 m 5.97 m 5.56 m 5.18 m 4.85 m
Df 6.06 m 6.26 m 6.09 m 5.89 m 5.73 m

Lf/Df 12.4 11.5 11.7 12.1 12.3

Table 3.33: Airbus A350-900H - Comparison fuselage Case 3 with 10 seats per row and
circular tank.

As shown in Table 3.33, for values of ϕ greater than 1, both the length and the equivalent
diameter of the fuselage decrease, becoming shorter by up to 5%, while the slenderness
ratio increases.

ϕ = 1 ϕ = 1.1 ϕ = 1.2 ϕ = 1.3 ϕ = 1.4

SWING 293 m2 296 m2 290 m2 285 m2 280 m2

SwetFUS
1,271 m2 1,257 m2 1,208 m2 1,173 m2 1,130 m2

Swet 2,080 m2 2,070 m2 2,001 m2 1,948 m2 1,890 kg m2

CD0FUS
0.0124 0.0122 0.0118 0.0115 0.0112

CD0 0.0242 0.0244 0.0240 0.0236 0.0233

Table 3.34: Airbus A350-900H - Comparison aerodynamic characteristics Case 3 with 10
seats per row and circular tank.

The fuselage CD0 decreases as its wetted area diminishes. The reduced mass leads, which
is shown in Table 3.35, to a smaller wing area, coupled with a lower fuselage CD0 , resulting
in an overall reduction in CD0 .

ϕ = 1 ϕ = 1.1 ϕ = 1.2 ϕ = 1.3 ϕ = 1.4

Tank mass 5,431 kg 5,488 kg 5,190 kg 4,968 kg 4,785 kg
Fuselage mass 31,569 kg 32,324 kg 30,498 kg 29,174 kg 27,866 kg
Airframe mass 102,581 kg 103,923 kg 100,858 kg 98,672 kg 96,566 kg

Fuel mass 16,406 kg 16,659 kg 16,105 kg 15,690 kg 15,294 kg
MTOM 188,032 kg 189,783 kg 185,645 kg 182,656 kg 179,813 kg

Table 3.35: Airbus A350-900H - Comparison masses Case 3 with 10 seats per row and
circular tank.



80 3| Hydrogen-burning jet aircraft - Elliptical cross-section fuselage

Starting from ϕ = 1.2, there is an improvement in mass characteristics. The fuselage mass
decreases due to reductions in both equivalent diameter and total length. These factors
collectively contribute to decreased overall mass. As a result, a decrease of approximately
3% in MTOM is achieved in this scenario.

Given the positive results achieved in the case with 10 seats per row due to the fuselage
length reduction, we are now analyzing the scenario with 11 seats per row, which allows
for an even further shortening.

ϕ = 1 ϕ = 1.2 ϕ = 1.3 ϕ = 1.4 ϕ = 1.5

LTANK 9.80 m 10.33 m 11.58 m 12.94 m 14.36 m
DTANK 5.72 m 5.65 m 5.25 m 4.91 m 4.61 m
ηgrav 0.75 0.75 0.76 0.76 0.76

Tank mass 5,424 kg 5,531 kg 5,252 kg 5,037 kg 4,878 kg

Table 3.36: Airbus A350-900H - Comparison hydrogen tank Case 3 with 11 seats per row
and circular tank.

As shown in Table 3.36, increasing the ellipticity of the fuselage section results in a
decrease in its height and consequently reduces the diameter of the tank. Therefore, the
length of the tank increases significantly, reaching up to 50% longer when ϕ = 1.5.

ϕ = 1 ϕ = 1.2 ϕ = 1.3 ϕ = 1.4 ϕ = 1.5

Lf 74.20 m 68.90 m 67.66 m 67.55 m 67.72 m
Wf 6.07 m 7.17 m 7.22 m 7.27 m 7.32 m
Hf 6.07 m 5.99 m 5.57 m 5.21 m 4.91 m
Df 6.07 m 6.55 m 6.34 m 6.15 m 5.99 m

Lf/Df 12.2 10.4 10.7 10.9 11.3

Table 3.37: Airbus A350-900H - Comparison fuselage Case 3 with 11 seats per row and
circular tank.

Despite the increase in tank length due to the wider fuselage, the overall length decreases,
being only 2 meters longer than the traditional aircraft.
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ϕ = 1 ϕ = 1.2 ϕ = 1.3 ϕ = 1.4 ϕ = 1.5

SWING 293 m2 298 m2 292 m2 287 m2 284 m2

SwetFUS
1,271 m2 1,235 m2 1,175 m2 1,142 m2 1,119 m2

Swet 2,071 m2 2,049 m2 1,979 m2 1,921 m2 1,884 m2

CD0FUS
0.0124 0.0125 0.0121 0.0118 0.0115

CD0 0.0241 0.0246 0.0242 0.0238 0.0235

Table 3.38: Airbus A350-900H - Comparison aerodynamic characteristics Case 3 with 11
seats per row and circular tank.

ϕ = 1 ϕ = 1.2 ϕ = 1.3 ϕ = 1.4 ϕ = 1.5

Tank mass 5,431 kg 5,531 kg 5,252 kg 5,037 kg 4,878 kg
Fuselage mass 31,569 kg 32,984 kg 30,945 kg 29,738 kg 28,864 kg
Airframe mass 102,581 kg 105,023 kg 101,770 kg 99,753 kg 98,268 kg

Fuel mass 16,406 kg 16,874 kg 16,323 kg 15,900 kg 15,575 kg
MTOM 188,032 kg 191,221 kg 186,911 kg 184,099 kg 182,008 kg

Table 3.39: Airbus A350-900H - Comparison masses Case 3 with 11 seats per row and
circular tank.

3.3.4. Conclusions

In summary, for long range aircraft, the use of an elliptical fuselage cross-section leads to
an improvement in Maximum Take-Off Mass. Starting from ϕ = 1.2 for 10 passengers per
row and ϕ = 1.3 for 11 passengers per row, there is a decrease in the MTOM compared
to the case with a circular cross-section fuselage.

ϕ = 1 ϕ = 1.1 ϕ = 1.2 ϕ = 1.3 ϕ = 1.4 ϕ = 1.5

NPPR = 9 188,032 kg - - - - -
NPPR = 10 - 189,783 kg 185,645 kg 182,656 kg 179,813 kg -
NPPR = 11 - - 191,221 kg 186,911 kg 184,099 kg 182,008 kg

Table 3.40: Airbus A350-900H - Maximum Take-Off Mass of Case 3.

Specifically, in the optimal case with 10 passengers per row and ϕ = 1.4, the aircraft is
4.4% lighter.





83

4| Conclusions and future

developments

In this work, a method for the preliminary design of both conventional and hydrogen-
burning jet aircraft is presented. Additionally, the study examines how the characteristics
and performance of hydrogen-powered aircraft vary with changes in the fuselage cross-
sectional shape.

Specifically, the following results may be highlighted:

1. The models implemented to adapt TITAN for the study of both conventional and
hydrogen-burning jet aircraft are able to accurately compute aircraft characteristics.

The estimated surface areas of the tail, both horizontal and vertical, are highly
accurate, with relative differences of less than 1%. The calculation of the moment
arm yields values very close to the actual ones, with a percentage error consistently
below 2%. However, there are more significant discrepancies in other parameters,
particularly with TITAN tending to underestimate the tail span. Overall, this tool
demonstrates a good level of accuracy in calculating the characteristic parameters
of the tail.

Regarding the calculation of wetted area, despite some differences between the values
calculated by ARGOS and those obtained from OpenVSP, the new approach brings
the values of individual CD0 contributions much closer to those of HYPERION,
which are calculated using statistical regressions. This leads to the calculation of
fuel mass with minimal error compared to the real value.

2. It can be concluded that TITAN is a valid tool for the preliminary sizing of jet
aircraft, as the results show minimal differences compared to real values and it
allows for more accurate results compared to HYPERION.

Specifically, for short to medium-range aircraft, the estimation of sub-masses is more
accurate than for long-range aircraft. However, in both cases, the MTOM estimate
differs by less than 1% from the actual value.
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The most significant differences are due to the nearly thirty-year gap between the
two designs: the A320, designed in the 1980s, aligns well with the statistical relation-
ships, while the A350-900, being a technologically advanced aircraft, uses modern
materials and construction techniques not fully captured by the older statistical
models used in TITAN. Consequently, applying these models to the A350-900 can
lead to less accurate predictions of structural mass and fuel mass.

3. TITAN is used to design hydrogen-burning aircraft with a circular-section tank
placed at the rear of the fuselage.

Hydrogen, having a much lower density than conventional fuel, results in a fuel mass
that is slightly more than one-third of traditional fuel’s mass for short-medium range
aircraft. This leads to a Maximum Take-Off Mass that is 10.72% lighter compared
to its jet-fueled counterpart. However, due to a 23% longer fuselage and a 12%
smaller wing area, there is an increase in the zero-lift drag coefficient CD0 by about
13%.

Long-range aircraft exhibit a reduction in fuel mass of about 80%. Consequently,
they are 33% lighter compared to their traditional configuration. The fuselage is
15% longer, leading to an 18% rise in wetted area, while the wing area is 34% smaller.
The combination of these two factors results in an escalation of the zero-lift drag
coefficient CD0 by approximately 30%.

4. Studies on varying fuselage cross-section shows two main results. The variation of
fuselage cross-section results in a reduction of its wetted area, whereas modifying the
tank’s cross-sectional shape leads to a significant increase in their mass. This is due
to the generation of bending moments in the shell when deviating from a circular
cross-section design under pressurization. Therefore, while adjusting the fuselage
shape and integrating elliptical hydrogen tanks holds potential for reducing drag
and enhancing aerodynamic efficiency, substantial challenges related to increased
structural mass and reduced gravimetric efficiency need to be overcome to achieve
overall performance improvements in future aircraft designs.

5. Therefore, the most promising configuration for achieving improvements is with an
elliptical fuselage cross-section and a circular fuselage tank for hydrogen.

For short-medium range aircraft, adopting an elliptical fuselage cross-section does
not provide advantages over a circular cross-section. The inability to use elliptical
tanks due to their increased weight, combined with fuselage shortening achieved
only by reducing passenger rows, does not sufficiently decrease the wetted area to
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enhance the aircraft’s aerodynamic performance. In the optimal scenario with 7
passengers per row and ϕ = 1.5, the MTOM is 72,310 kg, which is approximately
4% heavier than the circular fuselage case.

Conversely, for long range aircraft, a slight improvement is achieved with fuselage
designs having ϕ greater than 1.2. The best case involves an aircraft with 10 pas-
sengers per row and ϕ = 1.4, with an MTOM of 179,813 kg, which is 4.4% lighter
than the circular cross-section fuselage case.

Starting from the results obtained for hydrogen-burning aircraft, further research involves:

1. As observed in Point 4 and 5, better results are achieved for long range aircraft.
Therefore, in the future, the study could be extended to even larger aircraft.

2. In the future, if more innovative technologies for hydrogen tank construction, such
as the use of composites, are developed to limit the increase in mass for elliptical
cross-sections, configurations similar to cases 1 and 2 could be reconsidered.
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A| Appendix A

Estimated values

Some of the real values used to compare the results obtained in this work aren’t available
from official sources, therefore they have been computed starting from known values. For
sake of completeness the methods by which they were obtained are described below.

Mean aerodynamic chord From Raymer [17], the mean aerodynamic chord of a
swepted lifting surface can be computed as:

C̄ =
2

3
Cr

1 + λ+ λ2

1 + λ
(A.1)

Input values are taken from [14] and [15]. Therefore, the values obtained for the wings
are:

A320 A350-900

INPUT
Cwing

r 6.10 m 13.47 m
λwing 0.27 0.38

ESTIMATE
C̄wing 4.27 m 7.30 m

Table A.1: Real value of Mean Aerodynamic Chords of wing, horizontal and vertical tail

Tail arm The tail arm is defined as the distance between the wing aerodynamic center
and the tail aerodynamic center. Therefore, it is obtained from Figure A.3 and Figure
A.6.
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Tail volume coefficient The definitions of tail volume coefficients are:

VH =
Shtlht

SC̄
(A.2)

VV =
Svtlvt

Sb
(A.3)

But the arm and the MAC are in turn estimated, therefore also the volume coeffient are
considered as estimated values.

A320 A350-900

VH 1.09 0.81
VV 0.09 0.06

Table A.2: Tail coefficient values
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Figure A.1: A320 - Side view

Figure A.2: A320 - Front view

Figure A.3: A320 - Top view
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Figure A.4: A350-900 - Side view

Figure A.5: A350-900 - Front view

Figure A.6: A350-900 - Top view
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