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Abstract
A study to assess the feasibility of a supersonic transport aircraft (SST), which is hydrogen-powered, was undertaken.
For this purpose, the aircraft design environment Aircraft Design Box (ADEBO) of TU Munich was modified for kerosene
and hydrogen SST design. The modifications for the kerosene SST design were validated with the design of a reference
aircraft, using the same requirements as the Concorde, which resulted in a close match. Using this reference, a baseline
liquid hydrogen-powered SST with as little configurative changes as possible was designed, which led to significant changes
on overall aircraft level. Among the changes were a small increase in maximum take-off mass, alongside large increases
in operating empty mass, energy consumption in the design mission, and zero-lift drag. The placement of hydrogen tanks
inside the fuselage also led to an increase of the fuselage length to over 80m, which violates airport constraints. To remedy
these implications, in a parametric study, a modernized engine was used in the design of the liquid hydrogen-powered
SST. Although this engine change significantly reduces the design masses, energy consumption, and fuselage length,
its aerodynamic efficiency in cruise decreases in comparison to the baseline hydrogen SST. However, this design shows
potential for the improvement of aerodynamic characteristics via configurative changes, such as a new wing planform and
fuselage shaping. To fully understand the potential of the aircraft presented in this study, in the future, the evaluation of their
sonic boom characteristics and climate impact should be undertaken.
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NOMENCLATURE

Symbols
CD0 Zero-lift drag coefficient [−]

CD0Sref Zero-lift drag area [m]

CD Drag coefficient [−]

CL Lift coefficient [−]

hceiling Service ceiling [FL]

hTOC Top of climb altitude [FL]

k Induced drag coefficient [−]

L/D Lift-to-drag ratio [−]

Ma Mach number [−]

R Range [km]

Sref Wing reference area
[
m2

]
T/W Thrust-to-weight ratio [−]

Vstall Stall speed
[
ms−1

]
W/S Wing loading

[
Nm−2

]
Abbreviations
AAA Advanced Aircraft Analysis
ADEBO Aircraft Design Box
AIAA American Institute of Aeronautics and Astro-

nautics
ASK Available Seat Kilometers
ATAG Air Transport Action Group
AVL Athena Vortex Lattice
CFRP Carbon Fiber Reinforced Polymer
FL Flight Level
FLOPS Flight Optimization System
IATA International Air Transport Association
ICAO International Civil Aviation Organization

LH2 Liquid Hydrogen
MLM Maximum landing mass
MPLM Maximum payload mass
MTOM Maximum take-off mass
OEM Operating empty mass
PrADO Preliminary Design and Optimisation Program
RDS Raymer’s Design System
SST Supersonic Transport Aircraft
TLAR Top-Level Aircraft Requirement
TSFC Thrust-Specific Fuel Consumption

1. INTRODUCTION

The air transport market is expected to grow substantially,
even when facing rising energy costs and environmental
concerns. The International Air Transport Association
(IATA) expects the global passenger travel to return to
pre-pandemic levels by 2024 and continue its growth by
3.3% per year afterwards, reaching 8 billion passenger jour-
neys per year by 2040 [1]. The Air Transport Action Group
(ATAG) and the International Civil Aviation Organization
(ICAO) have both set goals for their members to achieve
net zero CO2-emissions in aviation by 2050 [2, 3]. Since a
supersonic transport aircraft (SST) offers a considerable
reduction in flight times compared to subsonic aircraft,
the number of available seat kilometers (ASK) in a fixed
time period can be increased. A hydrogen-powered SST
combines the opportunity of increasing the total ASK with
CO2-neutral flight, addressing both issues simultaneously.
Evaluating the potential of such an aircraft requires the
consideration of phenomena exclusive to supersonic flight,
such as supersonic wave drag. Therefore, the aircraft
design environment of the Chair of Aircraft Design at the
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Technical University of Munich, which is called the Aircraft
Design Box (ADEBO) [4], will be extended with methods for
supersonic transport aircraft design. This paper introduces
the implementation of changes in ADEBO for kerosene and
liquid hydrogen (LH2) SST design. Using these changes,
the feasibility of an LH2 SST on the basis of the Concorde
is examined and discussed.

2. STATE OF THE ART ON SUPERSONIC & HYDROGEN
AIRCRAFT DESIGN

Designing an SST is not a new endeavor. Multiple programs
were conducted in the past, resulting in two production air-
craft. These efforts are summarized in Section 2.1. A short
overview of previous research efforts into hydrogen propul-
sion in SSTs is presented in Section 2.2. Known aircraft
design environments for SST design are introduced in Sec-
tion 2.3.

2.1. Previous Kerosene SST Programs

In the 20th century, multiple SST programs were launched
with different range, payload, and cruise speed require-
ments. The most well-known of these programs is the
partnership between Britain and France, which resulted
in the Concorde. This cooperation resulted from the two
nations working independently on similar aircraft concepts
with comparable requirements, therefore deciding to merge
their efforts. The Concorde had a cruise Mach number of
2.02 and entered service in 1976. The USA also conducted
their own evaluation of multiple SST designs with different
ranges and speeds, deciding on a Boeing design with a
cruise speed of Mach 2.7 with variable sweep wings. This
program underwent many changes, such as the replace-
ment of the variable sweep wing with a delta wing. In spite
of these efforts, this program was canceled in 1971. The
USSR designed and built the Tupolev TU-144, which had
distinct features such as retractable canards improving low
flight speed characteristics, low-bypass turbofans, and no
wing twist. However, the inability of this aircraft to cruise
in supersonic speeds without using its afterburners led to
high operating costs. After 1983, it was withdrawn from
service. [5]

2.2. Previous Hydrogen SST Studies

Studies on supersonic hydrogen-driven aircraft have been
conducted for many decades. In this section five represen-
tative studies will be presented. One of the first research
on hydrogen SSTs was conducted by Brewer in 1974. The
study was subdivided into two phases: In the first phase,
Brewer conducted a parameter analysis to identify a pre-
ferred configuration. This configuration was then investi-
gated in more detail in the second phase. A structural basic
design, the cryogenic fuel tanks, and a thermal protection
system were established. The design requirements were a
cruise Mach number of 2.7, a range of 4, 200 NM, and a pay-
load of 22, 226 kg, which corresponds to 234 passengers.
For the trade-off investigations, a kerosene SST with the
same design criteria was used as the baseline. The focus
of the trade-off studies was on the environmental assess-
ment in relation to noise, sonic boom overpressure, and ex-
haust emissions, besides the cost and the energy demand
per seat mile. [6]
Further research on hydrogen-driven supersonic aircraft
concepts was conducted at the University of Tokyo. Yuhara
and Rinoie published different concepts. The first three

concepts had a design Mach number of 1.6. In the study
of 2010, a comparison of a kerosene and a hydrogen SST
for a design range of 3, 500 NM and 60 passengers was
presented. In addition, an investigation of a double-bubble
fuselage configuration was conducted. With a design range
of 6, 000 NM and a payload of 100 passengers, a baseline
concept (kerosene-fueled) and an LH2-fueled SST were
designed. A special focus was put on the investigation of
the use of hydrogen to reduce the sonic boom level. In
2012, a second study was published with a design range of
3, 500 NM and a payload of 50 passengers. The feasibility
of an LH2-powered SST was shown with the help of a
multi-point optimization. The aim of the optimization was,
among others, to minimize the sonic boom in order to
achieve a low-boom vehicle. Two years later, a study with
the focus on the performance and environmental impacts
of LH2 SST concepts was conducted. A comparison to a
kerosene-fueled aircraft regarding the performance, climate
changes, the sonic boom, NOx emissions, and airport noise
was executed. [7–11]

2.3. Aircraft Design Environments for SST Design

Conceptual aircraft design is iterative in nature, involving
many different design disciplines (e.g., aerodynamics,
propulsion, structures, etc.). This is why computer pro-
grams for conceptual aircraft design have been developed,
combining the analysis methods of the different disciplines,
facilitating the work of the design engineer. Amongst the
most well-known aircraft design environments in research
are the Flight Optimization System (FLOPS) by NASA from
1984 and the more recent open-source program SUAVE by
Stanford University (2017). Both are capable of designing
subsonic as well as supersonic civil transport aircraft as
they provide methods for supersonic aerodynamic calcu-
lation [12, 13]. Furthermore, optimization algorithms are
included. In Germany, the Preliminary Design and Opti-
misation Program (PrADO) and its supersonic extension
PrADO-Sup were developed at Technical University of
Braunschweig in the 1990s [14, 15]. It includes a grid
generator and the higher order panel code HISSS [16] for
supersonic aerodynamic handling. Commercial aircraft
design environments capable of supersonic aircraft design
are, among others, Raymer’s Design System (RDS) and
Advanced Aircraft Analysis (AAA) based on the methods
described in the books by Raymer and Roskam [17,18].

3. METHODOLOGY

In this section, the methodology used to conduct the de-
sign study for an LH2 SST is described. As a starting point,
the aircraft design environment ADEBO, its working princi-
ples, and a subsonic transport aircraft design schedule is
introduced in Section 3.1. This subsonic schedule is then
extended with the required calculation methods for an SST
design, which are further explained in Section 3.2. This re-
sulting SST design schedule is then used to design an SST
with the same top-level aircraft requirements (TLARs) and
aircraft configuration, in order to validate the used method-
ology. This aircraft is introduced and compared to the Con-
corde in Section 4.1. As the next step, the SST design
schedule is modified to use LH2 as the energy source, which
is further explained in Section 3.3. With as few configura-
tive changes as possible to enable the comparison with the
kerosene variant, a baseline LH2 SST is then designed using
this schedule with the same TLARs. The resulting baseline
LH2 SST is presented in Section 4.2.
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3.1. ADEBO and Subsonic Transport Aircraft Design
Schedule

Within this work, the aircraft design are undertaken using
the aircraft design environment ADEBO [4]. This Matlab-
based environment is under development at TU Munich and
is intended for the design of fixed-wing aircraft configura-
tions of various classes. This includes subsonic civil trans-
port aircraft, unmanned aerial vehicles, and fighter aircraft.
It is based on an object-oriented aircraft data model allow-
ing flexible and modular extension. Besides in-house de-
sign methods and tools, also interfaces to external programs
such as, e.g., the aerodynamic analysis program Athena
Vortex Lattice (AVL) by Drela [19] exist. For a more detailed
overview of ADEBO the reader is referred to [4].
The subsonic transport aircraft design schedule used as a
baseline for the extension to SST design capabilities, mainly
follows the methodology outlined by [4] with small adapta-
tions. A flowchart of the schedule is shown in Appendix A.1.
At first, TLARs and initial assumptions need to be defined
in job 1. In the next job, the fuselage is designed based
on the number of passengers to be carried and the class
layout. Then, basic aerodynamic figures are estimated with
handbook methods (job 3) to enable the point performance
determination in the next step. With the help of a constraint
diagram, the required thrust-to-weight ratio and wing load-
ing for the design are evaluated. Using an initial estimate
of the maximum take-off mass (MTOM), this allows to cal-
culate the wing area and the sea level thrust. The mission
performance module (job 5) then makes use of the fuel frac-
tion method and operating empty mass (OEM) regression
by [18] to estimate the fuel mass and OEM. The aircraft’s
MTOM is updated and iterated within the first iteration loop.
After convergence, the turbofan sizing is undertaken in job 6
and the previous calculations are repeated with an updated
thrust-specific fuel consumption (TSFC) until convergence
is reached. Thereafter, the wing and tail are sized in jobs 6
and 7. Component masses are determined using handbook
methods, e.g., by [20, 21] and the positioning of the wing
and fuselage group is adjusted to meet a defined relative
center of gravity position of the empty aircraft in job 10. With
this information, the OEM is updated and the configuration
aerodynamics are calculated in the last job. This is done
by combining the vortex lattice program AVL, the zero-lift
drag component build-up method by [17] and the transsonic
wave drag estimation by Malone and Mason [22]. At last,
the overall iteration loop is then triggered until the MTOM is
converged. During post-processing, the TLARs are checked
and a detailed design report is generated.

3.2. Kerosene SST Design Schedule

In this section, the changes made to the subsonic design
schedule in ADEBO for the kerosene-powered SST design
capability are introduced. These changes were made with
the goal of designing a kerosene-powered SST with the
same TLARs and overall configuration as the Concorde.
Therefore, the design mission and the TLARs which were
used are presented, afterwards the required changes are
presented for each job. A flowchart of the final SST design
schedule can be found in Appendix A.1.

3.2.1. Job 1: TLARs, Design Mission, Assumptions

Alongside updating the initial assumptions, such as the
maximum take-off mass (MTOM) or the wing reference area
(Sref) at the beginning of the design process with Concorde
values, the wing and vertical tail shapes are modeled with

more detail compared to the subsonic schedule. This
is required because the aerodynamic calculations in the
supersonic flow regime require more specific geometric
descriptions of these surfaces compared to the reference
subsonic design schedule. Since a high number of parti-
tions would be needed to approximate an ogee curved-wing
in ADEBO (the leading and trailing edges of a partition can
only be linear), the wing and vertical tail are approximated
as cropped double-delta wings. An illustration showing the
approximated geometry is shown in FIG 1.

Partition 1

Partition 2

FIG 1. Wing geometry approximation

A list of some of the assumptions and TLARs used for the
Concorde re-design can be found in TAB 1.

TAB 1. Assumptions and TLARs for the Concorde re-design

Description Parameter Value Source

Maximum take-off mass MTOM 185, 070 kg [23, p. 14]
Maximum payload mass MPLM 12, 700 kg [23, p. 14]
Maximum landing mass MLM 111, 130 kg [24, p. 1.1.16]
Cruise Mach number Macruise 2.02 [23, p. 14]
Top of climb altitude hTOC FL520 Own calculation
Service ceiling hceiling FL600 [25]
Range with max. payload R 6, 230 km [23, p. 14]
Stall speed Vstall 65.3 ms−1 [25]

FIG 2 shows the design mission used for the reference
kerosene SST.

FIG 2. Concorde design mission profile

The climb and descent distances in the design mission are
calculated using the rates of climb and Mach numbers avail-
able from Eurocontrol [25]. Subsequently, these distances
are subtracted from the design range to yield the cruise dis-
tance. The top-of-climb altitude is determined to be FL520,
so as to result in the service ceiling of FL600 at the end of
cruise.

3.2.2. Job 2: Fuselage Sizing

For the fuselage sizing, the methodology developed by
Howe [26] based on the cabin layout and number of pas-
sengers is used. This method was already previously
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available in ADEBO, only the specific values for SSTs
mentioned by Howe are implemented. The fuselage shape
is modeled as a cylinder between two Von Kármán ogives
for the nose and tail.

3.2.3. Job 3: Basic Aerodynamics

The basic aerodynamics calculation was modified consider-
ably, since the existing functions had to be complemented
with methods to estimate aerodynamic characteristics in the
supersonic flow regime. The zero-lift drag (CD0) and induced
drag (k) coefficients in the supersonic flow regime are cal-
culated with methods based on Torenbeek [27, Ch. 7]. The
zero-lift drag in the subsonic regime is calculated with an
equivalent skin friction method based on Roskam [28] and
Raymer [17], which was already available in ADEBO. The
induced drag coefficient k in subsonic flight is calculated us-
ing a method by Nita & Scholz [29], which allows for the es-
timation of the Oswald factor using geometric parameters.
Additionally, the lift curve slope estimations in the subsonic
and supersonic regimes are conducted with a method de-
veloped for cranked delta wings by Paniszczyn [30].

3.2.4. Job 4: Point Performance

The next step in the design schedule is to determine the wing
loading (W/S) and thrust-to-weight ratio (T/W) of the aircraft
using previously determined point performance criteria. Al-
though some criteria such as the service ceiling and maxi-
mum airspeed are known, the maneuvering masses at those
points are unknown. Therefore, these unknown masses are
adapted to obtain the known W/S and T/W values of the
Concorde.

3.2.5. Job 5: Mission Performance

The mission performance calculation is performed using
a slightly altered version of the method used in the sub-
sonic design schedule, to account for the supersonic drag
coefficients calculated in the basic aerodynamics calcula-
tion. This method from [18] requires energy fractions for
all mission phases except cruise and loiter. The energy
fractions of the cruise and loiter phases are calculated using
Breguet’s range and endurance equations.
The mission fuel mass breakdown by [31] is used to deter-
mine the relationship between trip fuel and contingency fuel.
A further 5% of the trip fuel as final reserves [32] is added
to the sum of trip, loiter, and contingency fuel to obtain the
total fuel mass.
Using the total fuel mass and the design payload, the oper-
ating empty mass (OEM) is determined using a regression
method with factors for supersonic civil aircraft described by
Roskam [18].

3.2.6. Job 6: Engine Sizing

Since the goal of this study is to design an SST with no con-
figurative changes compared to the Concorde, and engine
data from the Olympus 593 engines are available, the Olym-
pus 593 data for the rubber engine sizing with a method de-
scribed by Nikolai & Carichner [33, p. 469] are used. The
thrust and thrust-specific fuel consumption (TSFC) maps for
the engines are then created using a method by Howe [26].

3.2.7. Job 7: Wing Sizing

In comparison to the subsonic design schedule, this job is
modified to only calculate the internal fuel tank volume, since

the wing planform was previously defined during job 1 and
the wing area was defined during job 4.

3.2.8. Job 8: Tail Sizing

The vertical tail volume is updated to the value stated by
Roskam [28, p. 204] for the Concorde, along with the re-
moval of the horizontal tail sizing algorithm. The tail area is
determined using the vertical tail volume and the lever arm,
obtained by positioning the trailing edge of the tail in the aft of
the fuselage. Since the tail area and the positioning changes
each time the lever arm is changed, this calculation is iter-
ated until convergence is reached.

3.2.9. Job 9: Component Mass Estimation

This job required significant changes for an SST design,
since the structural elements and systems of an SST dif-
fer considerably compared to a subsonic transport aircraft.
Since it was not possible to identify a single methodology for
all structural and systems masses, the components were di-
vided into a structures group and a systems group. The goal
was to use a single methodology for each group to stay con-
sistent with the mass estimation.
For the structures group, the mass estimation methods for
the wing, fuselage, and vertical tail described by Howe [26]
are used, because they are deemed the most suitable for
an SST design. For the systems group, mostly methods de-
scribed by Torenbeek [20] were used with two exceptions: 1)
Paint mass is determined by a method described by Roskam
[28], since Torenbeek does not offer a paint mass estimation
method. 2) A method specific to SSTs for the air condition-
ing and pressurization system is available from Howe [26],
therefore this method is used.

3.2.10. Job 10: Positions and CG

The desired empty center of gravity location is updated to
52% of the root chord for the Concorde [34]. Otherwise, the
wing positioning algorithm is not changed compared to the
subsonic schedule.

3.2.11. Job 11: Configuration Aerodynamics

As with the basic aerodynamics calculation, the more de-
tailed configuration aerodynamics calculation also had to be
updated for the supersonic flow regime and the peculiarities
of an SST design. For the zero-lift drag calculation in the
subsonic flow regime, the parasite drag calculation function
of OpenVSP [35] was used, complemented by interference
drag increments specified by Raymer [17, p. 425].
The zero-lift drag in the supersonic regime is calculated in
two steps: the friction drag and wave drag. The friction drag
is calculated in the same way as in job 3 (basic aerodynam-
ics), however on the more detailed component level rather
than on the whole aircraft level. The wave drag calculation
is performed via OpenVSP [36], using an implementation of
the method described by Harris [37].
The lift and induced drag characteristics of the whole con-
figuration are calculated using a method developed by Stau-
dacher [38], which is available in ADEBO and is applicable
to both the subsonic and supersonic flow regimes (for further
information see [39]).
The aerodynamic center of the configuration in subsonic and
supersonic flight is estimated with an empirical method from
the DATCOM [40].
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3.3. LH2 SST Design Schedule

In this section, the changes performed to the kerosene SST
design schedule to enable the use of hydrogen as energy
source are explained. The overall logic of the design sched-
ule is kept the same in general except for one change: The
fuselage design job (job 2) is moved into the iterative cal-
culation loop. Since the LH2 tanks cannot be stored inside
the thin wings (required for favorable flight performance in
supersonic flight), they have to be placed inside the fuse-
lage. Thus, the fuselage needs to be re-sized in each itera-
tion. The job to calculate fuel tank volume inside the wings
(job 7) is therefore removed. A flowchart of the LH2 SST
design schedule is shown in Appendix A.1.

3.3.1. Job 1: TLARs, Design Mission, Assumptions

This job is largely unchanged, since the TLARs and the de-
sign mission are the same as for the kerosene SST. The
assumed TSFC of the Olympus 593 engines is divided by a
factor of 2.807, because of the smaller lower heating value
of kerosene in comparison to LH2 [41,42].

3.3.2. Job 2: Fuselage Sizing

The fuselage sizing job is changed significantly, because the
LH2 tank sizing also takes place in this job. The LH2 tanks
are sized using an in-house tank sizing method [43] based
on Brewer [44] and Steiner [45]. The high surface temper-
ature in supersonic flight was accounted for by sizing the
insulation layer of the LH2 tanks using the maximum stag-
nation temperature for the Concorde (130 ◦C, [46]) as the
outer temperature. A layout of four LH2 tanks was used,
with two of them in the nose and the other two in the tail.
All tanks are non-integral and conically shaped to maximize
the volume usage inside the nose and tail. The tank layout
is illustrated in FIG 3.

FIG 3. Tank layout for an LH2 SST

The volume required for the LH2 tanks is very large. To min-
imize a fuselage length increase, the cabin is changed from
a single-deck to a double-deck, allowing for a larger fuse-
lage diameter. An LH2 SST design by Brewer [6] is used as
a reference point for the double-deck cabin definition. The
fuselage diameter is calculated using the number of seats in
a row in the upper and lower decks defining the upper and
lower deck widths. An illustration of the double-decker cabin
can be found in FIG 4.

· 

FIG 4. Double-deck cabin layout for an LH2 SST

Job 3 (basic aerodynamic calculation) was not changed in
comparison to the kerosene SST design schedule.

3.3.3. Job 4: Point Performance

In the point performance calculation, the manuevering
mass for each requirement is updated for the more light-
weight LH2 as the energy source. Because the assumed
manuevering masses are specified as fractions of MTOM
and less fuel mass compared to kerosene is burned in
flight, these manuevering mass fractions need to increase
for an LH2 SST. A new design point for the LH2 SST is
also needed to keep the same approach speed as the
kerosene SST. For this reason, the wing loading of the
kerosene SST in approach conditions (3000 Nm−2) is set
as the target value for the LH2 SST in approach. However,
since the point performance job calculates the required
wing loading at maximum take-off mass, this wing loading
had to be scaled for the maximum take-off mass using an
assumed-mass-at-approach-to-MTOM ratio, which was set
at 81.4%. Therefore, the desired wing loading at maximum
take-off mass for the LH2 SST is determined to 3688 Nm−2.
Small deviations of this value are deemed to be acceptable
for this study.

3.3.4. Job 5: Mission Performance

The methodology to calculate the mission performance is
not changed compared to the kerosene SST design sched-
ule. However, the coefficients for the OEM regression are
changed using data from previous LH2 SST design studies.
The regression line is illustrated in FIG 5.

X
X
XX

X

X

XX
X
XXX

X

X

FIG 5. OEM regression line for LH2 SSTs based on data from
previous LH2 SST design studies [7–9,11,47]
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3.3.5. Job 6: Engine Sizing

This job is only modified with the scaling factor for TSFC
between kerosene and LH2 previously mentioned in Sec-
tion 3.3.1.
Job 7 (tail sizing) was not changed compared to the
kerosene SST design schedule.

3.3.6. Job 8: Component Mass Estimation

The component mass estimation is changed to account for
the impact of using LH2 as an energy source. Multiple parts
of the aircraft are impacted by this change, such as the fuse-
lage and the wing, as well as propulsion and fuel systems.
The masses of the LH2 tanks are calculated using the
previously mentioned tank sizing method by [43] based on
Brewer [44] and Steiner [45]. The fuselage mass calculation
is split into two calculations, separating the pressurized and
unpressurized sections. The pressurized section consists
of the cabin and the cockpit. The rest of the fuselage is
assumed to be unpressurized. The surface areas of the
pressurized and unpressurized sections are computed and
used to calculate the respective masses using the method
by Howe [26].
Some mass penalties are applied to reflect the need of ad-
ditional stiffening or isolation in different components and
systems, such as the support structure for the LH2 tanks,
double-deck cabin, extra pressure bulkheads and insulation
for the fuel lines. The fuselage mass is increased by 6%,
the wing mass also by 6%, and the fuel system mass is in-
creased by 80% [44].
The propulsion system mass estimation method by Toren-
beek, which was used in the kerosene SST design sched-
ule, also included the fuel tank masses, which is redundant
for an LH2 study. For this reason, an alternative method by
Raymer [17] is used. Additionally, the furnishing mass esti-
mation method by Torenbeek also had to be replaced, since
the increase in operating empty mass caused by the con-
version to LH2 as the energy source, led to large increases
in furnishing mass for the same cabin. Therefore, an alter-
native method by Howe [26] is used.
Jobs 9 (positions and CG) and 10 (configuration aerodynam-
ics) were not changed compared to the kerosene SST de-
sign schedule.

4. RESULTS & DISCUSSION

In this section, the results from the design schedules in-
troduced in Sections 3.2 and 3.3 are presented and dis-
cussed. In Section 4.1, the SST design schedule is vali-
dated with a Concorde re-design and a comparison of the
results with published Concorde data. Afterwards, the Con-
corde re-design is used as a baseline to design an LH2 SST,
which is presented in Section 4.2. An LH2 SST with new en-
gines is presented in Section 4.3 as a parametric study.

4.1. Kerosene SST

The main goal of the kerosene SST design was to validate
the calculation methods and overall design schedule logic,
using an aircraft with a well-established dataset for compar-
ison. The Concorde was selected as the reference aircraft
for this purpose. TAB 2 shows a comparison of selected val-
ues between the kerosene SST designed in ADEBO and the
Concorde.

TAB 2. Comparison of selected aircraft parameters between
the kerosene SST and published Concorde values [23,
48]

Name Kerosene SST Concorde Change

MTOM [kg] 185, 660 185, 070 <1%
OEM [kg] 77, 589 78, 700 −2%
MLM [kg] 111, 489 111, 130 <1%
Sref [m2] 360 358 <1%

Fuselage length [m] 59.5 61.6 −4%
CD0 in cruise [-] 0.0111 0.0117 −5%
L/D in cruise [-] 6.99 7.00 <1%

W/S at take-off [Nm−2] 5, 063 5, 071 <1%
T/W at take-off [-] 0.365 0.37 −2%

In FIG 6, a comparison of top and side views of the kerosene
SST designed in ADEBO and the Concorde is shown. The
black outline represents the Concorde, whereas the gray ar-
eas represent the kerosene SST designed in ADEBO.

FIG 6. Comparison of top and side views of Concorde and
kerosene SST

The shown values of the kerosene SST closely match the
values of the Concorde. Small discrepancies exist in operat-
ing empty mass and the zero-lift drag in cruise. The reason
for these deviations is likely to be the fuselage length, which
is 2.1 m shorter compared to the Concorde, as can be seen
in FIG 6. Since the goal of this study was to validate the
used calculation methodologies, and not to calibrate them
to an existing aircraft, this deviation of the conceptual de-
signs was acceptable. The wing and tail positions, which
are slightly more forward than those of the Concorde, are
also affected by the fuselage length being shorter.
A detailed comparison of the component masses between
both aircraft is shown in FIG 7.
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FIG 7. Comparison of component masses between the
kerosene SST and published Concorde data from [5]

Some more minor discrepancies can be observed here,
such as the fuselage mass. Since the fuselage is 2.1 m
shorter than the Concorde, this is reflected also in the
fuselage mass, which is around 1, 200 kg lower. Neverthe-
less, the calculation results with respect to the orders of
magnitude for all components were found to be acceptable
for this conceptual design study.
Besides the component weights, also the supersonic aero-
dynamics can be determined very well with the implemented
methodology: The kerosene SST drag polar as calculated
by ADEBO, matches the published Concorde drag polar in
[48] (see FIG 8).

0 0.005 0.01 0.015 0.02 0.025 0.03

0

0.05

0.1

0.15

0.2

CD [-]

C
L
[-]

Kerosene SST at Ma = 2.02
Concorde at Ma = 2.02

FIG 8. Drag polars of kerosene SST and the Concorde [48]

The characteristic of the published Concorde polar over the
CL range is matched well by the kerosene SST calculated
data. As previously mentioned, the zero-lift drag is slightly
underestimated. One possible reason for this could be the
fuselage length underestimation.
In conclusion, the methods implemented in the kerosene
SST design schedule were deemed satisfactory in their
accuracy of predicting characteristics and sizing compo-
nents. More data on the kerosene SST can be found in
Appendix A.2.

4.2. Baseline LH2 SST

In this section, the baseline LH2 SST, which was designed
with as little configurative changes as possible compared to
the kerosene SST, is introduced. As previously mentioned
in Section 3.3, some configurative changes were necessary,
such as a double-deck cabin instead of a single-deck cabin.
Nevertheless, the LH2 SST was designed to the previously
mentioned wing loading to keep the same low speed per-
formance, while determining the thrust-to-weight ratio ac-
cording to the TLARs to keep the same high-speed perfor-
mance. Therefore, the comparability between kerosene and
LH2 SSTs is ensured.
A comparison of selected aircraft parameters between the
kerosene and LH2 SSTs is shown in TAB 3.

TAB 3. Comparison of selected aircraft parameters between
the kerosene SST and baseline LH2 SST

Name Kerosene SST Baseline LH2 SST Change

MTOM [kg] 185, 660 189, 434 2%

OEM [kg] 77, 589 132, 083 70%

MLM [kg] 111, 489 157, 230 41%

Sref [m2] 360 511 42%

Fuselage length [m] 59.5 89.0 50%

CD0 in cruise [-] 0.0111 0.0125 13%

L/D in cruise [-] 6.99 6.51 −7%
Trip fuel [kg] 76, 474 35, 591 −53%

Trip energy [MJ] 3.30 · 109 4.27 · 109 29%

W/S at take-off [Nm−2] 5, 063 3, 637 −28%
T/W at take-off [-] 0.365 0.570 56%

Using LH2 as the primary energy source leads to significant
changes in key aircraft parameters. The OEM increases
by 70%, leading to an increase of 41% in maximum landing
mass. The reduction of fuel mass by 53% is insufficient for
a reduction in MTOM, which increases by 2%. The overall
higher mass of the baseline LH2 SST, as well as the reduced
lift-to-drag ratio (L/D) lead to an increase in the energy con-
sumption during the design mission by 29%. This increase
in drag is caused by the overall larger dimensions and the
resulting increase in parasitic drag, as well as wave drag due
to volume. Another important value is the fuselage length,
which increases by 50% to 89m, therefore being larger than
the maximum length of 80 m required for airport operations.
From the visual comparison of both aircraft (see FIG 9) it
can be seen that the aircraft dimensions increase substan-
tially. The wing loading requirement for the LH2 SST causes
a significant increase of 42% in wing area. The fuselage
is also significantly larger to accommodate the large LH2
tanks. The vertical tail is smaller in the baseline LH2 SST,
since the available lever arm is larger and the tail volume is
kept the same.
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FIG 9. Comparison of top and side views of kerosene and base-
line LH2 SSTs

FIG 10 provides a comparison of the component masses of
the two aircraft.

FIG 10. Comparison of component masses between kerosene
and baseline LH2 SSTs

The increase in the overall aircraft dimensions, as well as
OEM and MLM lead to an increase in almost all component
masses. The mass penalties applied to the wing and fuse-
lage structures alongside the propulsion system mass for
the conversion to LH2 as the primary energy source also
play a role in this increase. The LH2 tanks, which were not
included in the kerosene SST, also contribute significantly
(12.07%) to the OEM. The vertical tail mass decreases in
the baseline LH2 SST, consistent with its smaller area. The
furnishings mass decreases slightly because of the different
methodology used in comparison to the kerosene SST.
More data regarding the baseline LH2 SST, such as a more
detailed mass breakdown and a drag polar in cruise can be
found in Appendix A.3.

4.3. LH2 SST with New Engines

After the definition of the baseline LH2 SST, possible para-
metric studies to further shorten the fuselage length and
therefore enable operability of an LH2 SST were considered.
Since the goal of this study is to evaluate LH2 SSTs which
have the same TLARs compared to the Concorde, and ma-
jor configurative changes are also out of the scope of this pa-
per, studies in this regard were not considered. However, an

interesting parametric study is to replace the Olympus 593
engines with a new engine, which could enable savings in
fuel consumption and also possibly in propulsion mass. For
this purpose, the data of the ETU-Phoenix engine designed
by [49] is used for the rubber engine sizing. This report won
the student engine design competition by the American Insti-
tute of Aeronautics and Astronautics (AIAA) in 2020-2021.
Compared to the Olympus 593 engine, this engine has a
23% lower TSFC alongside being 20% lighter. The resulting
LH2 SST with new engines is presented and compared to
the baseline LH2 SST in this section.
FIG 11 shows a comparison of top and side views and TAB 4
shows selected aircraft parameters of the baseline LH2 SST
and the LH2 SST with new engines.

FIG 11. Comparison of top and side views of baseline LH2 SST
and LH2 SST with new engines

TAB 4. Comparison of selected aircraft parameters between
the baseline LH2 SST and the LH2 SST with new en-
gines

Name Baseline
LH2 SST

LH2 SST
with new engines Change

MTOM [kg] 189, 434 154, 457 −18%
OEM [kg] 132, 083 106, 980 −19%
MLM [kg] 157, 230 128, 199 −18%
Sref [m2] 511 414 −19%

Fuselage length [m] 89.0 72.7 −18%
CD0 in cruise [-] 0.0125 0.0178 42%

L/D in cruise [-] 6.51 5.24 −20%
Trip fuel [kg] 35, 591 28, 099 −21%

Trip energy [MJ] 4.27 · 109 3.37 · 109 −21%
W/S at take-off [Nm−2] 3, 637 3, 661 1%

T/W at take-off [-] 0.57 0.70 23%

The new engines have a substantial impact on the whole
aircraft. Due to the lower TSFC and lower propulsion mass,
all other masses are also reduced considerably due to the
related snowball effects. Therefore, the wing area can be
reduced while the wing loading is kept almost constant. The
desired effect of the fuel mass reduction on the fuselage
length is achieved, which is reduced to 72.7 m. However,
this reduction in fuselage length leads to a significant in-
crease in zero-lift drag, especially wave drag, since the fine-
ness of the fuselage is reduced. The high drag is also re-
flected in the high thrust-to-weight ratio required to keep the
same Mach number and service ceiling. Regardless of the
very high zero-lift drag (42% higher) and low L/D in cruise
(20% lower), the trip energy consumption of the LH2 SST
with the new engines is reduced to an amount similar to the
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kerosene SST. This implies that the total energy consump-
tion can be further reduced with configurative measures to
improve aerodynamic performance.
A breakdown of the supersonic zero-lift drag areas
(CD0 · Sref) of both aircraft provides more insight into
the influences on drag. FIG 12 shows such a comparison.
The zero-lift drag areas are closely tied to the wetted areas
of each component. The reduction of the zero-lift drag
areas of the wing and fuselage, as well as the increase
in the propulsion and vertical tail zero-lift drag areas are
hence in line with the expectations. However, as previ-
ously mentioned, the increase in supersonic wave drag
is substantial, leading to the low supersonic L/D of the
whole configuration. Configurative measures to reduce the
supersonic wave drag could be an increase of the fuselage
fineness up to the required maximum fuselage length of
80 m and a careful wing-fuselage shaping to minimize the
gradient of cross-sectional area change.

FIG 12. Comparison of supersonic zero-lift drag breakdowns
of baseline LH2 SST and LH2 SST with new engines

5. CONCLUSION & FUTURE WORK

The aircraft design environment ADEBO was successfully
extended for SST design, alongside further modifications for
the capability of using LH2 as the primary energy source.
The methodologies used to estimate aircraft characteristics
of an SSTwere validated with a kerosene SST design, which
closely matched the Concorde. Using this aircraft as a ref-
erence, a baseline LH2 SST was designed to the same re-
quirements. Options for possible parametric studies were
introduced and discussed, since the fuselage length of this
LH2 SST was too long for operational requirements. As the
final result, an LH2 SST with modernized engines was pre-
sented, which achieved the desired specifications.
However, this aircraft is not at its optimum regarding many
aspects. The lift-to-drag ratio of 5.24 in cruise is in dire need
of improvement. To show the true potential of a future LH2
SST design, further configurative changes are needed, such
as a wing planform optimized to the fuselage, so as to mini-
mize the gradient of cross-sectional area change, and there-
fore supersonic wave drag. Since the requirement of a max-
imal total length of 80 m is not yet met, a fuselage design
with a higher fineness ratio could also be considered. Along-
side these changes, LH2 tanks produced of carbon fiber re-

inforced polymer (CFRP) can be used instead of the alu-
minum design currently implemented in this study, reducing
the overall mass of the proposed aircraft further.
Even with an optimized LH2 SST, further open questions re-
garding the future of such a design remain. For example, the
problem of sonic booms associated with supersonic flight is
not addressed in this study. For this purpose, the SST de-
sign schedule in ADEBO could be extended with methods
to estimate and evaluate the acoustic characteristics of the
proposed aircraft. Combining the high surface temperatures
associated with supersonic flight and very low temperatures
of LH2 also has to be investigated further, with creating syn-
ergies from both effects as the focus. Another open question
is the evaluation of the climate impact of these SST aircraft.
Although LH2 combustion is CO2-neutral, it would still lead
to the release of a large amount of water vapor at high alti-
tudes, which may contribute significantly to the climate im-
pact via the depletion of the ozone layer [50]. Therefore,
a climate impact assessment method, which is compatible
with the peculiarities of supersonic flight, should be imple-
mented in the future.
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A. APPENDIX

A.1. Design Schedules
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A.2. Kerosene SST

FIG 15. OEM breakdown of kerosene SST

A.3. Baseline LH2 SST
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FIG 16. Drag polars of reference kerosene SST and baseline
LH2 SST

FIG 17. OEM breakdown of baseline LH2 SST

A.4. LH2 SST with New Engines
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FIG 18. Drag polars of baseline LH2 SST and LH2 SST with new
engines

FIG 19. OEM breakdown of LH2 SST with new engines
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