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1. Introduction

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 temperature
increase. Aviation, which currently relies on fos-
sil fuels, contributes for 3.5% to climate warming
caused by human activities [2]| and is expected
to grow further.

The use of hydrogen as an alternative en-
ergy source can eliminate COgy emissions dur-
ing flights. Despite this advantage, hydrogen
presents unique challenges, including storage
complexities due to its low energy density and
cryogenic requirements. One of the main chal-
lenges of hydrogen-powered aircraft is the stor-
age of hydrogen onboard because the typical in-
tegral wing tanks used for jet fuel can’t maintain
hydrogen under the right conditions of pressure
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.
The main objective of this thesis is to investigate
solutions to mitigate hydrogen storage impacts
on jet aircraft weight and aerodynamics, focus-
ing on a configuration with a hydrogen tank po-

sitioned in the rear fuselage. The goal is to ex-
plore the use of elliptical cross-section fuselages
and tanks to reduce the wetted area while main-
taining 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. TI-
TAN combines two tools: HYPERION, which
performs the preliminary sizing of the aircraft
based on mission requirements and regulations,
and ARGOS, which, based on Class I Aircraft
Sizing Methodology, encompasses a preliminary
design stage focused on determining the overall
geometric layout of the aircraft, including weight
and aerodynamic performance estimation.

2. Preliminary design of jet air-
craft

The first step of this thesis is to adapt TITAN
for both conventional and hydrogen-burning air-
craft, 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.

In order to use TITAN for the design of turbo-
fan aircraft, most of the steps have undergone



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 Cp,
has been updated to improve the computation
of subsonic drag and to account for the contri-
bution related to the transonic regime in which
jets operate.

The models used are taken from aircraft design
books, such as Sadraey [4] and Raymer [3|, and
adapted to meet the specific needs of this work.

2.1. Tail sizing

The main purpose of the tail of an aircraft is to
ensure longitudinal and lateral-directional trim,
stability and control. In the procedure imple-
mented in this work, the tail is sized to meet the
stability requirement, and then it is verified that
the trim and control requirements can be satis-
fied. The parameters S', SV* and 1" that define
the empennage cannot be calculated indepen-
dently because they are closely related to each
other. To maintain longitudinal trim or ensure a
certain level of stability, there are multiple com-
binations 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. Therefore, the siz-
ing process is carried out through the resolution
of a constrained optimization problem. The ob-
jective is to find the minimum tail surface area
that guarantees the stability requirements:

SMes = SM(11¢, Bt gvt)

min(SP + 'Y :
CN@des = CNﬁ (lht7 SVt)

(1)

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 (Cn,) for lateral-directional
stability.

TITAN input
A320 | A350-900

0.30 0.14
0.27 0.15

Literature

SM | 0.1t00.3

Cn, | 0.05 to 0.4

Table 1: Stability inputs for tail sizing.

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
Horizontal
S 31.00 m2 | 30.61 m2 | -1.26 %
pht 1245m | 11.54m | -7.30 %
1t 18.70 m * | 18.76 m 0.32 %
Vi 1.09 * 1.17 7.34 %
Vertical

gvt 21.50m? [ 21.33m? | -0.79 %
bvt 5.87 m 5.75 m -2.04 %
Jvt 18.70 m * | 18.76 m 0.32 %
Vv 0.09 * 0.09 0.00 %

Table 2: Airbus A320 - Results of tail sizing.

Real TITAN Relative
difference
Horizontal
Sht 81.00 m? [ 80.92m? | -0.10 %
bht 1879 m | 1876 m | -0.16 %
1ht 34.00m * | 34.65 m 1.91 %
Vu 0.81 * 0.82 1.23 %
Vertical

Svt 51.00 m? [ 51.32 m? 0.63 %
[ 9.42 m 8.92 m 531 %
vt 34.00 m * | 34.65 m 1.91 %
Vv 0.06 * 0.06 0.00 %

Table 3: Airbus A350-900 - Results of tail sizing.

* Estimated values

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

The estimated surface areas of the tail, both hor-
izontal and vertical, are highly accurate, with
relative differences of less than 1%. The calcula-
tion of the moment arm yields values very close
to the actual ones, with a percentage error con-
sistently below 2%. However, there are more sig-
nificant discrepancies in other parameters, par-
ticularly with TITAN tending to underestimate
the tail span. Overall, this tool demonstrates a
good level of accuracy in calculating the charac-
teristic parameters of the tail.

2.2,

The procedure for calculating the zero-lift drag
coefficient Cp, in TITAN has been updated to

Zero-Lift Drag Estimation



improve the computation of subsonic drag and
to account for the contribution related to the
transonic regime in which jets operate.

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

+ Cp

misc

(2)
The method for calculating the contribution of
wave drag is already implemented within HY PE-
RION and is described by Caccetta [1], therefore
it is added in ARGOS.
In order to improve the values of subsonic para-
site drag coefficient computed by ARGOS the
method used for calculating the wetted area
has been analyzed in more detail. OpenVSP,
an open-source software tool used for the rapid
modeling and analysis of aircraft configurations,
was used to obtain reference values.
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 in-
tersections 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.

OpenVSP | ARGOS | Relative

difference
Fuselage 1046 m? | 1078 m? 3.1%
Wing 827 m? 847 m? 2.4 %
Horizontal tail 135 m? 134 m? 0.7 %
Vertical tail 109 m? 105 m? 3.7 %
Engines 202 m? 231 m? 14.4 %
Total 2303 m? | 2396 m? 4.0 %

+ CDL&P + CDwave

OpenVSP | ARGOS | Relative

difference
Fuselage 407 m? 406 m? -0.2 %
Wing 217 m? 225 m? 3.7 %
Horizontal tail 47 m? 49 m? 4.2 %
Vertical tail 47 m? 44 m? 6.4 %
Engines 62 m? 77 m? 19.3 %
Total 778 m? 800 m? 2.8 %

Table 4: Airbus A320 - Comparison between
wetted area computed by OpenVSP and AR-
GOS.

The relative difference is defined as the wetted
area calculated by ARGOS minus the wetted
area calculated by OpenVSP, divided by the lat-
ter.

Table 5: Airbus A350-900 - Comparison between
wetted area computed by OpenVSP and AR-
GOS.

Despite a certain difference remaining between
the values calculated by ARGOS and those ob-
tained from OpenVSP, in the following tables,
this approach brings the values of individual
Cp, contributions much closer to those of HY-
PERION calculated using statistical regressions.
This leads to the calculation of fuel mass with
minimal error compared to the real value.

3. Hydrogen-burning jet air-
craft - Circular cross-section
fuselage

The second step of this thesis involves the design
of two existing aircraft converted to hydrogen-
powered planes through the addition of a cylin-
drical tank with a circular cross-section in the
rear part of the fuselage.

In this work the cryogenic tanks for liquid hy-
drogen are designed using Winnefeld’s model [5].
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 cylindri-
cal central section with an elliptical cross-section
and two ellipsoidal end caps.

Side view Sectional view

Figure 1: Tank geometrical description from [5].

Three dimensionless parameters are defined to
fully describe the shape of the tank:
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The first one will be used in the next section
to describe the cross-sectional shape of the fuse-
lage.

3.1.

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. This modification maintains the aircraft’s
payload capacity but changes the fuselage struc-
ture.

Short-medium range aicraft

The wing area of the hydrogen-powered air-
craft is reduced by 13% compared to the jet-
fuelled 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.

The addition of the hydrogen tank results in a
23% increase in fuselage length, that leads to
a 23% increase in the slenderness ratio. How-
ever, 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 Cp,.

3.2.

In this section, the Airbus A350-900, a wide-
body jet airliner renowned for its long-range ca-
pabilities, fuel efficiency, and advanced aerody-
namics, is modified by integrating a hydrogen

Long range aircraft

A320 A320H Relative
Real TITAN difference
Airframe | 37,240 kg | 36,883 kg | -0.96 %
Engines | 4,860 kg | 4,053 kg | -16.60 %
Fuel 16,200 kg | 6,432 kg | -60.29 %
OEM | 42,100 kg | 43,453 kg | 3.21 %
MZFM | 61,800 kg | 63,204 kg | 2.27 %
MTOM | 78,000 kg | 69,636 kg | -10.72 %

Table 6: A320H - Comparison between masses
computed by TITAN for hydrogen-burning air-

craft and real values of conventional aircraft.

tank behind the passenger cabin.

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

For the A320H, the Operative Empty Mass and
Maximum Zero-Fuel Mass are approximately 3%
larger than those of the conventional aircraft due
to the presence of the hydrogen tank.

A320 A320H Relative

Real TITAN difference

S 124.00 m? | 109.60 m? | -11.61 %
Ly 37.57m | 46.23m | 23.05%
Sfus. 406 m? 518 m? 27.59 %
Swet 800 m? 853 m? 6.62 %
L¢ /Dy 9.2 11.4 23.91 %
Ciys 0.0128 0.0162 | 26.56 %
Cb, 0.0289 0.0326 12.80 %

Table 7: A320H - Comparison between aerody-
namic characteristics computed by TITAN for
conventional and hydrogen-burning aircraft.

A350 A350H Relative

Real TITAN difference

Airframe | 125,446 kg | 102,581 kg | -18.23 %

Engines | 14,554 kg 9,144 kg -37.17 %

Fuel 86,200 kg | 16,406 kg | -80.97 %

OEM | 140,000 kg | 117,777 kg | -15.87 %

MZFM 193,800 kg | 171,299 kg | -11.61 %

MTOM | 280,000 kg | 188,032 kg | -32.85 %
Table 8 A350-900H - Comparison between

masses computed by TITAN for hydrogen-
burning aircraft and real values of conventional
aircraft.

The airframe mass is 18% lower due to signif-
icantly reduced wing surface. The hydrogen
mass is one fifth that of jet fuel, as expected
given its much lower density. These factors col-
lectively result in an aircraft that is one third
lighter than its conventional propulsion counter-
part. The differences between the jet-fueled and
hydrogen-powered aircraft are much more pro-
nounced compared to the A320.

The wing surface area is 33.86% smaller com-
pared to the A350-900 because the hydrogen-
powered aircraft is one-third lighter. 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.



A350 A350H Relative

difference

S 443 m? | 293m? [ -33.86 %
Ly 65.26 m | 75.08m | 15.05%
Sfus 1 1,078 m? | 1,271 m? | 17.90 %
Swet | 2,391 m? | 2,080 m? | -13.01 %
L¢ /Dy 10.8 12.4 14.81 %
Chs | 0.0073 | 0.0124 | 69.86 %
Cp, 0.0187 0.0242 | 29.41 %

Table 9: A350-900H - Comparison between aero-
dynamic characteristics computed by TITAN for
conventional and hydrogen-burning aircraft.

The increase in the wetted area of the fuselage
results in an approximately 70% increase in C]%“s.
This increase is also influenced by the smaller
wing surface area.

4. Hydrogen-burning jet air-
craft - Elliptical cross-section
fuselage

The last step of the thesis is the design of aircraft
with fuselage of elliptical cross-section that meet
the same requirements as the reference aircraft.
Three cases for both short-medium range and
long-range aircraft are analyzed:
e Fuselage and hydrogen tank elliptical cross-
section with fuselage height imposed
e Fuselage and hydrogen tank elliptical cross-
section with ¢ imposed
e Fuselage elliptical cross-section and hydro-
gen tank circular cross-section

Fuselage cross-section
T T T T

T T

——nppr = 6| |

——nppr = 7
nppr = 8

Figure 2: Short-medium range aircraft - Varia-
tion in the cross-sectional shape of the fuselage
with increasing number of passengers per row.

For short-medium range aircraft, configurations

with 6, 7 and 8 passengers per row (NPPR) are
analyzed. For long-range aircraft, configurations
with 9, 10 and 11 NPPR are considered.

In Table 10 and Table 11 are shown the results of
two cases where the variations of certain quanti-
ties with respect to ¢ are most clearly observed.

] NPPR \ 6 \ 7 \ 8 \
PTANK 1 1.31 1.45
Tank mass | 2,132 kg | 9,115 kg | 10,681 kg
Fuel mass | 6,432 kg 7,402 kg 7,818 kg

MTOM 69,636 kg | 83,012 kg | 86,481 kg

Table 10: Short-medium range aircraft - Case 1.

The most relevant aspect that emerges from this
research is the increase in mass associated with
the deviation from the circular section. When
inreasing ¢, the tank mass grows up to 400%.
This occurs because any deviation from a cir-
cular cross-section design gives rise to bending
moments in the shell upon pressurization. Con-
sequently, the tank thickness must increase to
withstand greater loads, leading to a greater
mass.

y | 0=13][¢=14]¢=15]

L¢ 4157 m | 41.25 m | 40.75 m
D 465m | 462m | 45l m
L¢/Ds 8.94 8.94 9.05
Swing | 131 m? | 133 m? | 133 m?
Swetpus | P11 m? | 504 m? | 486 m?
Swet 910 m? | 921 m? | 903 m?
Cpopys | 0.0150 | 0.0145 | 0.0140
Cbo 0.0318 | 0.0316 | 0.0310

Table 11: Short-medium range aircraft - Case 2
with 7 seats per row.

Increasing ¢ leads to a more elliptical fuselage
cross-section, resulting in a shorter, wider and
lower fuselage. This change improves the slen-
derness ratio and reduces the wetted surface
area, thereby decreasing drag coeflicients.
Therefore, the case of an elliptical fuselage cross-
section combined with a circular cross-section
hydrogen tank is the best one. This approach
aims to leverage the aerodynamic improvements
from the fuselage modification without encoun-
tering an increase in mass due to the hydrogen
tank.

These trends are observed for both classes of
aircraft considered. However, in the third case,
they lead to different results.



4.1. Short-medium range aicraft

For short-medium range aircraft, the use of an
elliptical cross-section fuselage does not offer im-
provements compared to a circular cross-section
fuselage. This is because, without using ellip-
tical tanks due to their increased weight, the
shortening of the fuselage achieved only by re-
ducing the number of passenger rows is not suf-
ficient to decrease the wetted area enough to im-
prove the aerodynamic characteristics of the air-
craft. None of the cases analyzed have a Maxi-
mum Take-Off Mass lower than that of the cir-
cular fuselage case. However, all values are lower
than the Maximum Take-Off Mass of the tradi-
tional aircraft.

4.2. Long range aircraft

For long range aircraft, the use of an ellipti-
cal cross-section fuselage leads to an improve-
ment in Maximum Take-Off Mass. Starting from
¢ = 1.2 for 10 passengers per row and ¢ = 1.3
for 11 passengers per row, there is a decrease in
the MTOM compared to the case with a circular
cross-section fuselage. Specifically, in the opti-
mal case with 10 passengers per row and ¢ =
1.4, the aircraft is 4.4% lighter.

5. Conclusions

In conclusion, the main results of the work are:
e The models implemented to adapt TITAN
for the study of both conventional and
hydrogen-burning jet aircraft are able to ac-
curately compute aircraft characteristics.

e TITAN is a valid tool for the preliminary
sizing of jet aircraft, as the results of the
preliminary design of Airbus A320ceo and
Airbus A350-900 show minimal differences
compared to real values and it allows for
more accurate results compared to HYPE-
RION.

e The preliminary design of hydrogen-
burning aircraft with a circular-cross sec-
tion tank placed in the rear fuselage shows
that these aircraft are lighter than their
conventional counterparts. However, due to
a longer fuselage and a smaller wing area,
there is an increase in the zero-lift drag co-
efficient Cp,,.

e Studies on varying fuselage cross-sections
reveal two main results. Firstly, changing
the fuselage cross-section reduces its wet-

ted area, leading to a decrease in aerody-
namic drag. However, modifying the tank’s
cross-sectional shape results in a significant
increase in their mass, which negates the
aerodynamic improvements achieved.

e The best configuration is an elliptical cross-
section fuselage and a circular tank for hy-
drogen. For short-medium range aircraft,
adopting an elliptical fuselage cross-section
does not provide advantages over a circu-
lar cross-section. Conversely, for long-range
aircraft, a slight improvement is achieved
with fuselage designs having ¢ greater than
1.2. The best case involves an aircraft with
10 passengers per row and ¢ = 1.4 which is
4.4% lighter than the circular cross-section
fuselage case.
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