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Abstract
Hydrogen aircraft are strong candidates in the fight to reduce climate emissions in aviation. The main challenge in design-
ing hydrogen aircraft lies in the storage of hydrogen, which requires four times more volume compared to kerosene 
alternatives. Furthermore, to ensure crashworthiness, it is desirable to prevent damage to the hydrogen tank during a crash 
landing by reducing its diameter via the crashed diameter coefficient. This requires a longer tank, which snowballs into 
larger, less efficient aircraft. The objective of this research is to quantify the effect of the crashed diameter coefficient on 
aircraft performance. This has been done by modifying a hydrogen aircraft design framework to include crashworthiness 
and performing multidisciplinary design optimizations that minimize mission energy. Additionally, a number of design 
variables were varied to study how different design parameters affect the tendencies, such as changing the span limit, seats 
abreast or the payload-range requirement. It was found that accounting for the crashed diameter coefficient can increase 
the fuselage length and maximum take-off mass by 17% and 6%, respectively, for a medium range aircraft like the Airbus 
A320. Alternatively, if the length of the fuselage is kept fixed, a 20% reduction in payload or a 60% reduction in range 
would be required. Overall, it has been found that crashworthiness needs to be considered in the preliminary stage of 
hydrogen aircraft design.
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OEI	� One engine inoperative
OEM	� Operating empty mass
OPR	� Overall pressure ratio
OVER	� ‘Over-sized’ aircraft; a larger aircraft category 

(with more seats abreast) performing the mis-
sion of a smaller aircraft category

REG	� Regional-type aircraft, based on Embraer E175
SEC	� Specific energy consumption [MJ/(Ns)]
SPAN	� Relaxed span limit on BASE aircraft
TET	� Turbine entry temperature [K]
TLAR	� Top-level aircraft requirements
TSFC	� Thrust specific fuel consumption [kg/(Ns)]
XDSM	� Extended design structure matrix

List of symbols
(h/r)dome	� Ratio between the tank dome height and the 

tank radius [–]
βcrash	� Crashed diameter coefficient [–]
ηgrav	� Gravimetric efficiency of hydrogen tank [–]
ηov	� Overall propulsion efficiency [−]
λ	� Taper ratio [−]
Λ0.25	� Wing quarter-chord sweep [deg]

Abbreviations
LH2	� Liquid hydrogen
BASE	� Baseline aircraft, with no modifications
BPR	� Bypass ratio
DPAY	� Aircraft with modified payload requirement 

compared to BASE
DRANG	� Aircraft with modified design range require-

ment compared to BASE, whilst proportionally 
modifying the ferry range

FW	� Framework
HPC	� High pressure compressor
LHV	� Lower heating value [J/kg]
LPC	� Low pressure compressor
MDO	� Multidisciplinary design optimization
MED	� Medium-range aircraft, based on Airbus A320
MTOM	� Maximum take-off mass
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g	� Constraint vector
x	� Design vector
V 	� Tail volume coefficient [−]
Π	� Pressure ratio [−]
ρ	� Density [kg/m3]
A	� Wing aspect ratio [−]
b	� Wing span [m]
CD	� Drag coefficient [−]
CL	� Lift coefficient [−]
d	� Diameter [m]
Dfus	� Fuselage diameter [m]
e	� Oswald efficiency factor [−]
fW 	� Landing mass factor [−]
fV,extra	� Extra volume allowance of hydrogen tank 

[%]
h	� Altitude [m]
M	� Mach number [−]
m	� Mass [kg]
r	� Range or radius [km or m]
S	� Wing surface area [m2]
s	� Distance [m]
T	� Thrust [N]
tbl	� Block time [h]
Vtank	� Tank volume [m3]
W	� Weight [N]

Sub- and superscripts
*	� Optimal solution
0	� Sea-level condition or initial value
0.25	� Measured at quarter-chord
afse	� Airframe systems and equipment
app	� Approach condition
bl	� Block mission parameter
cr	� Cruise condition
eng	� Engine
fus	� Fuselage
harm	� Harmonic
ht	� Horizontal tail
L	� Lower bound
ops	� Operations
pol	� Polytropic
TO	� Take-off condition
U	� Upper bound

1  Introduction

Aviation’s climate impact in 2011 was estimated to be 
responsible for 3.5% of anthropogenic emissions [1], and by 
2050, carbon dioxide emissions from aviation are expected 
to double compared to the year 2000 [2]. To meet the cli-
mate goals set by many countries, drastic measures are 

required across all areas of aviation, from operations to the 
development of new technologies. This context has renewed 
interest in alternative fuels and propulsion concepts that can 
enable a sustainable future for aviation.

Hydrogen has emerged as a promising solution for sig-
nificantly reducing aviation emissions. When used as a 
fuel, whether burned in modified gas turbines or converted 
to electricity via fuel cells, hydrogen yields no direct CO2 
emissions; low or zero NOx in combustion and fuel cells, 
respectively [3]. In terms of energy content, hydrogen offers 
a gravimetric energy density around three times higher than 
conventional Jet-A kerosene [4, 5] (∼120 MJ/kg versus ∼
43 MJ/kg), meaning far less fuel mass is required for a given 
mission. These attributes make hydrogen an attractive can-
didate for aviation’s decarbonization [3, 6].

However, hydrogen’s advantages come with large sys-
temic challenges. Liquid hydrogen (LH2), requires four 
times as much volume as compared to kerosene for the same 
amount of stored energy [7], and it is important to mention 
that this does not include the volumes of all associated ther-
mal insulation and cryogenic systems [8]. LH2 is the only 
viable option for hydrogen storage on long-range aircraft, 
providing the lightest tanks and highest energy density nec-
essary to address mass and volume limitations [9]. Out of all 
proposed tank integration options, including overhead tanks 
[4, 8, 10, 11] and wing podded [12], the most researched 
options are tanks in the fuselage [4, 13–19], or tanks in the 
main body of the aircraft for blended wing-body designs [3, 
20, 21]. Studies show that for energy-optimal aircraft, com-
pared to the kerosene counterpart, LH2 aircraft have a 6% 
increase in OEM, 16% increase in fuselage length and a 4% 
decrease in lift-to-drag [22].

Current models likely overestimate the allowable tanks 
size and hydrogen fuel quantity, pointing an overly optimis-
tic picture of aircraft performance and range. None of the 
aforementioned studies designing hydrogen-powered air-
craft considered constraints related to the behavior of the 
airframe under controlled crash scenarios, such as emer-
gency landing. The airframe significantly deforms under 
such scenarios, and in the present study we refer to this 
overall deformation as the crashworthiness performance of 
the airframe. There are many safety hazards associated with 
LH2 systems for commercial aviation due to its high flam-
mability. Via a preliminary safety assessment, Simonetto et 
al. [23] identified damage to the LH2 system due to a col-
lision or crash as one of the most significant risks. It is evi-
dent that in the event of a crash landing, damage to the LH2 
system would be catastrophic. Current conceptual studies 
generally assume that any available volume inside the fuse-
lage can be utilized for LH2 storage, effectively ignoring its 
crashworthiness performance.
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For conventional aircraft, the evaluation of crashworthi-
ness is commonly performed relatively late in the design 
process, typically left until after static sizing [24], involving 
detailed models that already contain specifics about the lay-
out of primary structural elements such as frames, stringers, 
skin, cross beams and so forth. However, for LH2 aircraft it 
is expected that the crashworthiness performance directly 
influences the amount of hydrogen that can be stored in a 
given fuselage configuration, becoming a constraint that is 
coupled with the aircraft performance and sizing.

The present study is the first to quantitatively include 
crashworthiness in the preliminary design of hydrogen-
powered aircraft, by adopting a design philosophy to 
prevent damage to the LH2 systems, while removing the 
simplification to fill the entire fuselage cross-section with a 
hydrogen tank that is adopted by current studies. This phi-
losophy is a conservative choice aligned with the recogni-
tion that the crashworthiness behavior of large LH2 tanks 
is not well characterized [25]. The basic idea is to allow 
sufficient crashworthiness performance of the fuselage air-
frame to attain enough crushing distance before the crash 
deformations reach the hydrogen tank.

This manuscript is structured as follows. Section  2 
describes the optimization framework, how crashworthiness 
is accounted for in a conceptual aircraft design library, and 
the different cases that are going to be analyzed in section 
4. Before that, section 3 describes the verification of the air-
craft design library with crashworthiness. A review of the 
assumptions involved in the hydrogen tank design is per-
formed with sensitivity studies in section 5. Finally, section 
6 presents the conclusions and recommendations.

2  Methodology

2.1  Crashed diameter coefficient

The ability of a fuselage structure in absorbing the energy 
of the crash can be modeled by the crashed diameter coef-
ficient (or simply the crash coefficient) βcrash [26]. It is 
defined equivalently by Eq. (1) or Eq. (2), where D stands 

for diameter and A for cross-sectional area, with the latter 
definition allowing for non-cylindrical fuselages. The coef-
ficient quantifies the available crushing stroke of the air-
frame, and dictates the maximum cross-section available for 
critical components, such as the LH2 system, to ensure the 
deformation zone does not spatially intersect these compo-
nents and thus prevents catastrophic damage during a crash 
landing.

βcrash = Dcrash

Dfus
� (1)

β2
crash = Acrash

Afus
� (2)

The definition of the crashed diameter coefficient can be 
exemplified via the A320 fuselage drop test [27] shown 
in Fig.  1. With this figure, the crashed diameter coeffi-
cient of the A320 fuselage can be approximated by mea-
surement; Dcrash = 2.62 m and Dfus = 3.95 m, yielding 
βcrash = 0.663.

Fuselages with large crash coefficients are efficient in 
absorbing the energy of the crash, and hence have relatively 
small crushing distances. This allows a large proportion of 
the fuselage cross-section to be utilized for critical compo-
nents such as the hydrogen tank. Large crash coefficients 
are desirable as to increase the usable cross-section area of 
the fuselage.

By definition, using the crashed diameter coefficient 
in the design prevents tank rupture, which is the primary 
defence against catastrophic fuel release. However, in rela-
tion to crashworthiness requirements, this metric does not 
represent occupant injury criteria, such as the dynamic 
response index (DRI), head injury criterion (HIC), or lum-
bar loads. Furthermore, the coefficient does not explicitly 
account for post-crash fire mechanisms related to inertial 
failures (e.g. rupture of fuel lines) or evacuation path main-
tenance (e.g., significant damage on the cabin floor or door 
frame deformation), relying instead on the assumption that 
tank-structure geometric separation is a fundamental pre-
requisite for guaranteeing passenger safety during and after 
a crash.

Although βcrash has been accounted before for the design 
of hydrogen-powered eVTOLs [26], the effect of the crashed 
diameter coefficient on aircraft performance has not yet 
been studied. Reducing the diameter of the hydrogen tank 
in accordance with βcrash for the same payload and range 
would require a larger fuselage, snowballing into a heavier 
and potentially more costly aircraft. The precise extent to 
which this would occur remains to be determined, being the 
focus of the present study.

Fig. 1  A320 drop test, modified from LePage [27]. On the left is the 
fuselage pre-crash and on the right post-crash
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2.2  Optimization problem formulation

A multidisciplinary design optimization (MDO) is used to 
design energy-optimal aircraft for an assumed value of the 
crashed diameter coefficient. Then, as βcrash is varied, the 
associated aircraft can be compared and the effect of crash-
worthiness can be quantified. The aircraft design library that 
performs the complete aircraft conceptual sizing is based on 
Proesmans and Vos (2024) for hydrogen aircraft [22], but 
modified with the addition of βcrash. This section addresses 
firstly the optimization formulation in subsection 2.2. Then, 
the modifications on Proesmans’ framework are explained 
in subsection 2.3 and finally in subsection 2.4 the differ-
ent scenarios that will be considered are introduced. These 
scenarios aim to identify key parameters that can be used 
to control or reduce the effect of the crash coefficient. The 
MDO problem definition is based on that of Proesmans and 
Vos [22], and is defined as follows:

minimize
x

F (x) = Efuel(x)

subject to W/S ⩽ 1
2 ρ0

(vapp

1.23

)2
CLmax /fW

b ⩽ bmax
TETTO ⩽ TETTO,max
OPRcr ⩽ OPRcr,max

CLcr ⩽
CLbuffet

1.3
= 0.86 · cos Λ0.25

1.3
xL

i ⩽ xi ⩽ xU
i for i = 1, 2, . . . , 9

� (3)

The objective of the optimization problem is to minimize 
the mission energy Efuel, which is equivalent to minimiz-
ing the fuel mass mfuel, by varying the nine design vari-
ables that comprise the design vector x. These variables 
are related to the airframe, engines, and mission, and are 
summarized in Table 1 with their bounds [22]. These design 
variables are selected to control key conceptual design 
decisions and offer a large design space, while limiting the 
size of the design vector. The wing planform is controlled 
through the wing aspect ratio, wing loading, and Mach num-
ber. Planform parameters such as sweep angle, taper ratio, 

and thickness-to-chord ratio are derived from conceptual 
design rules [28, Appendix C]. The engine design variables 
determine the on-design thermodynamic cycle in cruise 
conditions, which are in turn set by the cruise Mach number 
and altitude design variables.

The four constraints are collectively grouped by g, and 
define limits for parameters related to the geometry, engine 
performance, and aerodynamics that are directly influenced 
by the design variables and that could not be readily imple-
mented through conceptual design rules [28]. The first con-
straint ensures that the wing loading is compatible with the 
approach speed vapp, which is given as a Top-Level Aircraft 
Requirement in subsection 2.4. The second constraint limits 
the span to the maximum allowed within a specific ICAO 
category. The third and fourth constraint restrict the maxi-
mum turbine entry temperature at take-off (ISA+15) and the 
overall pressure ratio at the top-of-climb to 2000 K and 60, 
respectively [28]. The final constraint prevents the buffet 
onset condition, via the lift coefficient in cruise. The mis-
sion energy is evaluated at the harmonic point, as further 
explained in subsection 2.4.

Figure 2 shows the structure of the MDO in the format of 
an extended design structure matrix. An optimization algo-
rithm feeds the design vector to the convergence loop that 
performs the complete aircraft conceptual sizing. Once the 
aircraft is converged to 0.01% of the operating empty mass 
(OEM), the constraints are evaluated. The convergence iter-
ations consist of three main disciplines, each composed of 
smaller modules [22, Section 2.2]. The airframe discipline, 
that is expanded in Fig. 3, performs a Class-I sizing, builds 
the quadratic drag polar, and estimates the OEM of the air-
craft based on Class-II component weight estimations. In 
the Class-I sizing step, the minimum thrust-to-weight ratio 
(TTO/W ) is selected which meets the take-off, cruise speed, 
cruise altitude, and CS25 climb gradient constraints (take-
off path, aborted landing, OEI take-off and OEI approach), 
for the wing loading selected by the optimize and limited by 
the approach speed.

The drag polar and thrust from this first module are used 
to thermodynamically size the turbofan and perform off-
design analyses. The latter provide the necessary inputs to 
determine the conceptual geometry and mass of the turbofan 
engines and the nacelles. This airframe discipline also deter-
mines the location of the wing that minimizes the size of 
the horizontal tail, considering the center-of-gravity excur-
sion and longitudinal stability and trim conditions [22]. The 
outputs from the airframe discipline, together with engine 
parameters, are fed to a mission analysis based on the con-
ceptual lost-range method [29]. This analysis provides an 
update of the harmonic fuel mass mfuel,harm. The OEM and 
mfuel,harm estimates are used to re-evaluate the MTOM and 
continue until the design parameters converge.

Table 1  Design variables and their respective bounds, from Reference 
[22]
Variable Description [unit] Lower 

bound 
(xL)

Upper 
bound 
(xU )

W/S Wing loading [kN/m2] 3.00 6.50
A Wing aspect ratio [–] 7.00 12.0
BPR Bypass ratio in cruise [–] 6.00 11.0

Πfan
Fan pressure ratio in cruise [–] 1.30 1.80

Πlpc
LPC pressure ratio in cruise [–] 1.20 1.80

Πhpc
HPC pressure ratio in cruise [–] 15.0 25.0

TET Turbine entry temperature in 
cruise [K]

1350 1700

hcr
Initial cruise altitude [km] 6.00 12.0

Mcr
Cruise Mach number [–] 0.50 0.90
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2.3  Changes to framework - hydrogen tank sizing 
with crashworthiness

The modifications made to the design framework of Proes-
mans and Vos [22] are highlighted in red in Figs. 2 and 3. 
The crashed diameter coefficient (βcrash) is imposed exter-
nally, and it only influences the airframe sizing module via 
the hydrogen tank sizing in the geometry creation routine. 
The hydrogen tank is modeled as a cylindrical non-integral 
tank behind the cabin [22]. Three hyper-parameters drive 
the tank geometry and weight:

	● (h/r)dome, the ratio between dome height and tank ra-
dius. It affects the length and mass of the tank, but the 
latter is not accounted for in the model. It is taken to be 
0.3.[22]

	● fV,extra, extra volume allowances. It accounts for con-
traction and expansion, ullage, internal equipment and 

trapped fuel, but it does not account for boil-off. It is 
taken at 3.8% [22]

	● ηgrav = mfuel/(mfuel + mtank), gravimetric index. It is 
taken at 0.773 [18].

Given the maximum fuel mass mfuel,max obtained 
from the ferry range rferry, and the density of LH2 
(ρLH2 = 71 kg/m3), the maximum tank volume Vtank can 
be obtained via Eq. (4).

Vtank = mfuel,max

ρLH2

(1 + fV,extra)� (4)

The length of the tank ltank is computed by Eq. (5).

ltank = 1
πr2

tank

[
Vtank − 4π

3
r2
tankhdome

]
+ 2hdome

where hdome = rtank · (h/r)dome

� (5)

And finally, the radius of the hydrogen tank rtank is modi-
fied as shown in Eq. (6).

rtank = Dfus,inner/2 crashworthiness−−−−−−−−−−→ rtank = βcrashDfus,outer/2� (6)

In the above, Dfus,inner and Dfus,outer are the fuselage 
inner and outer diameters, respectively. The difference 
∆D = Dfus,outer − Dfus,inner accounts for insulation and 
structural components, and is constant for the aircraft cat-
egory in question. It can be seen that in Proesmans’ frame-
work, by default, the aircraft is designed with a usable 
diameter that is equivalent to the following crashed diam-
eter coefficient:

Fig. 3  Airframe design and analysis workflow (step 2 of workflow in 
Fig. 2), adapted from [22]. Modifications are shown in red

 

Fig. 2  Extended design structure 
matrix, adapted from [22]. Modifi-
cations are shown in red
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βmax = Dfus,inner

Dfus,outer
� (7)

For narrow-body aircraft, ∆D = 15 cm [28]. Therefore, 
for a six-abreast configuration βmax ≈ 0.963, whilst for a 
four-abreast configuration βmax ≈ 0.950. The symbol has 
been given the subscript max as any higher βcrash would be 
incompatible with a non-integral tank.

In the present work, the mass of the crashworthiness 
structure that would ensure a given crash coefficient has not 
been accounted for in the mass of the fuselage, such that 
changes in fuselage mass are mainly due to changes in fuse-
lage length associated with the different crash coefficients. 
This limitation is further discussed in subsection 4.6.

2.4  Top-level aircraft requirement cases

This study focuses on two main aircraft categories; regional 
(REG) and short/medium-range (MED) aircraft. Top-Level 
Aircraft Requirements (TLAR) for the baseline (BASE) 
aircraft are given in Table 2. The values are based on the 
Embraer E175 [30] and Airbus A320 [31] for the regional 
and short/medium-range aircraft, respectively.

Starting from these ‘BASE’ aircraft, a number of devia-
tions are considered with the aim of evaluating how other 
design parameters play a role in the sensitivity of βcrash. In 
this study, four cases are considered; the effect of the maxi-
mum span limit, the number of seats abreast, and changes to 
the payload and range requirements. 

1.	 SPAN: to evaluate the effect of a larger wing span. This 
option relaxes the span constraint to the next ICAO gate 
category. For both REG and MED aircraft, this is 42 m.

2.	 OVER: "over-sized" option, to study (mainly) the 
effect of the seats abreast. This is done by having a 

MED aircraft perform the mission of the REG aircraft. 
The resulting aircraft’s TLAR are a combination of the 
REG and MED aircraft; it has the maximum structural 
payload, harmonic range, and ferry range of the REG 
aircraft, and the rest of the parameters from the MED 
aircraft category.

3.	 DPAY: to evaluate the effect of changing the payload 
requirement. This option varies the maximum structural 
payload by a factor fpay ∈ [0.25, 1.4]. From this payload 
mass, the number of passengers is computed from the 
maximum number of rows that can be filled. The extra 
mass is considered as cargo mass.

4.	 DRANG: to evaluate the effect of changing the range 
requirement. This is done by varying both the harmonic 
range and the ferry range by a factor frang ∈ [0.25, 1.4].

The relationship between the deviation studies and the top 
level aircraft requirements can be found in Table 3.

The reason why RANG specifies changes to rferry stems 
from how the hydrogen tank is sized (refer to subsection 
2.3). The maximum fuel capacity is determined by the ferry 
range. Thus, if the effect of varying the design range is to be 
studied, the ferry range needs to be considered in some way. 
In this study, it is assumed that rferry varies proportionally 
with rdes. This ensures that rferry/rdes remains constant, 

Table 2  Top-Level Aircraft Requirements of BASE [30, 31]
Requirement [unit] Regional 

[REG]
Short/
medium 
range 
[MED]

Maximum structural payload mpl,max 
[metric tons]

10.1 18.2

Harmonic range rharm [km (nm)] 2410 (1300) 3200 (1730)
Ferry range rferry [km (nm)] 4630 (2500) 6750 (3645)
Approach speed vapp [m/s (kts)] 69.0 (134) 70.0 (136)
Take-off length (ISA SL conditions) 
[m (ft)]

1700 (5580) 2100 (6890)

ICAO Reference Code 3C 4C
Maximum span bmax [m] 36.0 36.0
Diversion range rdiv [km (nm)] 185 (100) 463 (250)
Loiter time thold [min] 45 35
Landing mass factor fW  [-] 0.97 0.94
Seats abreast nabreast [-] 4 6

Table 3  Deviations of Top-Level Aircraft Requirements from BASE. 
The symbol ‘=’ refers that the TLAR is equal to that of the category of 
aircraft it refers to; i.e. REG SPAN has a vapp associated to the REG 
category
Requirement [unit] BASE SPAN OVER DPAY DRANG
Maximum structural 
payload mpl,max 
[metric tons]

= = REG ×fpay
=

Harmonic range 
rharm [km (nm)]

= = REG = ×frang

Ferry range rferry 
[km (nm)]

= = REG = ×frang

Approach speed vapp 
[m/s (kts)]

= = MED = =

Take-off length (ISA 
SL conditions) [m 
(ft)]

= = MED = =

ICAO Reference 
Code

= ↑ MED = =

Maximum span bmax 
[m]

= ↑ MED = =

Diversion range rdiv 
[km (nm)]

= = MED = =

Loiter time thold 
[min]

= = MED = =

Landing mass factor 
fW  hydrogen [-]

= = MED = =

Seats abreast nabreast 
[-]

= = MED = =
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implying that the same relative fuel mass is used for the 
ferry range independently of frang.

3  Verification

The verification of the aircraft design framework (FW) for 
conventional kerosene-based aircraft has been discussed in 
earlier research [28, 32]. These previous verification steps 
concluded that the design modules can estimate the mass 
and geometry parameters of regional aircraft (Embraer 175 
[30]) and medium-range aircraft (Airbus A320 [31]) with 
−4.2% to +2.5% accuracy. The framework tends to underes-
timate the masses by up to −1.6% for both aircraft. Geom-
etry parameters on the other hand are overestimated for the 
A320 and underestimated for the E175.

The remainder of this section aims to verify the imple-
mentation of the crashed diameter coefficient that is 
explained in section 2. The verification is performed by 
comparing the current framework after the implementation 
of βcrash, with the energy-optimal MED aircraft of Proes-
mans and Vos (2024). To verify the framework with the 
coefficient implemented, the crashed diameter coefficient 
is set at βmax = 0.963. As discussed in subsection 2.3, this 
value for a MED six-abreast aircraft causes the diameter of 
the hydrogen tank to be equal to the inner fuselage diameter, 
and hence is equivalent to the results of the previous imple-
mentation without crashworthiness considerations.

The verification process is divided into two distinct 
stages to decouple the evaluation of the objective func-
tion (the aircraft synthesis routine) from the optimization 
algorithm. Referring back to Fig. 2, the converger (1,5-2) is 
treated separately from the optimization (0,7-1).

First, to verify changes on the aircraft synthesizer, the 
different frameworks are compared using the same input 
design vector. This design vector is composed of the opti-
mized design variables from Proesmans and Vos [22] that 
minimize mission energy; these are shown in the first col-
umn of Table 5. In the second column, the results of the cur-
rent framework setting βcrash = 0.963 are shown. Overall, 
looking at the right side of Table 4, it can be concluded that 
the implementation of βcrash has been done correctly, as no 
changes can be observed in any of the parameters. Hence, 
with the implementation of the crashed diameter coefficient, 
the objective function evaluates to the same value of mis-
sion energy.

On the other hand, the optimized design variables to 
minimize mission energy are compared in Table 5. From 
the previous discussion, the differences between the two 
are only attributed to the different optimization algorithms 
used, as the objective function renders the same numerical 

value. Proesmans used an implementation of the Nelder-
Mead Simplex algorithm in the software modeFRONTIER 
with two termination criteria (termination accuracy of 1 
×10−5 and a maximum number of function evaluation of 
2000 [22]). The current implementation uses the SLSQP 
algorithm implemented in SciPy with the default termina-
tion criteria [33]. In this particular execution, the starting 
point was set at the optimum from Proesmans and Vos [22]. 
Overall, these discrepancies show that the current optimizer 
converges to a different optimum, with a slightly better 
objective function value. It is interesting to note that the 
current optimization setup favors the upper bound of wing 
aspect ratio and the bypass ratio.

Table 4  Verification of the aircraft design convergence, using design 
variables from Table 5 in [22] for the energy-optimal LH2 MED air-
craft
Parameter [unit] Proesmans 

(2024) [22]
FW with 
βcrash = 0.963

Diff. 
[%]

MTOM [metric tons] 64.5 64.5 +0.0
OEM [metric tons] 42.8 42.8 +0.0
S [m2] 115 115 +0.0
b [m] 36.0 36.0 +0.0
Λ0.25 [deg] 18.0 18.0 +0.0
λ [-] 0.310 0.310 +0.0
lfus [m] 43.5 43.5 +0.0

Sht [m2] 38.9 38.9 +0.0
(L/D)cr [-] 18.4 18.4 +0.0

(T/W )TO [-] 0.303 0.303 +0.0

TTO [kN] 192 192 +0.0

TSFCcr [10−5kg/(N s)] 0.5 0.5 +0.0
ηov,cr [%] 38.6 38.6 +0.0
SECcr [10−4MJ/(N s)] 5.52 5.52 +0.0
Energy [MJ/(pax km)] 0.57 0.57 +0.0
tbl [h] 5h22m 5h22m +0.0
NAC,max [103] 15.2 15.2 +0.0

Table 5  Verification of implementation of crash diameter coefficient; 
comparison of MED aircraft optimized for mission energy
Parameter [unit] Proesmans 

(2024) [22]
FW with 
βcrash = 0.963

Diff. 
[%]

A [-] 11.3 12.0 +6.4
W/S [kN/m2] 5.50 5.34 −2.9
BPR [-] 9.77 11.00 +12.6
Πfan [-] 1.70 1.63 −4.4
Πlpc [-] 1.50 1.57 +4.8

Πhpc [-] 22.3 23.4 +5.0

TET [103 K] 1.47 1.48 +0.7
hcr [km] 10.8 11.0 +2.0
Mcr [-] 0.720 0.735 +2.2
Energy [MJ/(pax km)] 0.57 0.56 −2.4
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4  Results and discussion

In this section, the optimizations are performed, as described 
in section 2, for the different cases given in subsection 
2.4. Firstly, the BASE aircraft is studied. Then the SPAN 
and OVER cases are investigated, followed by DPAY and 
DRANG. This section concludes with the limitations of the 
present framework.

4.1  BASE aircraft

The trends of the crashed diameter coefficient against 
important aircraft performance parameters are discussed 
for energy-optimal MED aircraft, and then REG aircraft. 
Figure  4 shows the deviations of the parameters with 
respect to the βcrash = 0.963 aircraft, for the MED BASE 
case.

It can be seen that as the crash coefficient is reduced, the 
fuselage dramatically increases in length, up to 48% longer 
compared to that of βcrash = 0.963, due to the increased 
length of the hydrogen tank that is needed to accommodate 
the smaller crashworthy diameter. Furthermore, the wing 
loading remains constant at its maximum feasible value 
for all βcrash. Since the wing loading is constant and the 
MTOM increases, so must the wing surface area by the 
same amount. The wing aspect ratio has to decrease to 
not exceed the wing span limits, wing span which remains 
at its upper bound for all βcrash. This decrease in aspect 
ratio causes a poorer climb gradient performance, which 
increases the thrust loading. Notice how the cruise altitude, 
OPR, BPR and TET show invariance with βcrash for the 
MED BASE aircraft. The jump in TET at βcrash = 0.85 
is likely numerical noise in the optimization. Compared to 
the βcrash = 0.963, when the crash coefficient is reduced to 
0.663 the MTOM and mission energy experience increases 
of 6% and 9%, respectively.

With the same dataset of baseline MED aircraft, different 
deviations are obtained when setting a different reference 
point. When βcrash = 0.663 is set as such a reference point, 
the graph can be used to estimate the improvement or reduc-
tion of the aircraft performance when the crash coefficient 
is increased or decreased from the value of the A320, as 
seen in Fig. 5. The resulting geometries are better visualized 
when plotting the geometry against the A320 top view in 
Fig. 6.

In Table 6, a mass breakdown of the OEM is included for 
selected MED BASE aircraft with different crashed diam-
eter coefficients. As expected, changes in βcrash have the 
greatest impact on the fuselage mass, which drives most of 
the variation in OEM. However, these results only reflect 
the geometric effects of the crashed diameter coefficient; 
additional mass required for the crashworthiness structure 
is not accounted for in the Class II weight estimation. This 
limitation is further discussed in subsection 4.6.

For energy-optimal REG aircraft, the trends are differ-
ent, as shown in Fig. 7. The most noticeable change is that 
now the span is not limiting, but the wing aspect ratio is. 
The optimizer chooses to decrease the wing loading as the 
crash coefficient is reduced. Since the take-off constraint is 
limiting in the thrust-loading versus wing-loading diagrams 
(refer to Appendix  A.1), this explains why the thrust load-
ing curve also decreases with a similar trend. The reason 
that both curves don’t intersect exactly for lower crash coef-
ficients hinges on the effect of the cruise speed. As the cruise 
speed is reduced, the sweep angle also decreases, which 
increases the landing CL,max. This relaxes both the landing 
and take-off constraints in the constraint diagram, but only 
the latter is active. Consequently, as the wing-loading is 
simultaneously reduced, the thrust-loading decreases even 
further. As a consequence of a smaller wing loading and a 
larger MTOM, the wing surface must increase, and since the 
wing aspect ratio remains constant, the span also increases.

Fig. 4  Deviations of MED BASE 
aircraft with respect to that at 
βcrash = 0.963
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Compared to the medium-range aircraft, the effect of 
crashworthiness is significantly reduced; notice that the 
fuselage length increases only by around 34% compared to 
48% at βcrash = 0.500, whilst the MTOM increases by 4% 
for the regional aircraft compared to 6% for βcrash = 0.663.

These differences between the MED BASE and REG 
BASE aircraft are caused by the relative length of the base-
line tank to the fuselage length. At βcrash = 0.963, the ratio 
of tank length to fuselage length is 6 m/44 m = 0.136 
for the MED aircraft, which is larger compared to 
4.5 m/40 m = 0.112 for the REG aircraft. This means that 
the tank, relative to the fuselage, is longer for the MED air-
craft than the REG aircraft. The larger the ratio, the more 
sensitive the aircraft will be to changes in βcrash.

Table 6  OEM mass breakdown for MED BASE for different crash coefficients

βcrash
Component mass [metric tons (% OEM)] OEM

[metric tons]Fuselage Wing Engines Empennage H2 tank
0.500 15.8 (30.5 %) 8.8 (17.1 %) 7.7 (14.9 %) 1.1 (2.2 %) 1.7 (3.3 %) 51.7
0.663 11.9 (26.0 %) 8.4 (18.2 %) 6.9 (15.0 %) 1.1 (2.4 %) 1.5 (3.2 %) 46.0
0.800 10.6 (24.2 %) 8.1 (18.5 %) 6.5 (14.9 %) 1.1 (2.4 %) 1.4 (3.1 %) 43.9
0.963 9.5 (22.4 %) 8.0 (19.0 %) 6.4 (15.0 %) 1.0 (2.5 %) 1.3 (3.1 %) 42.3

Fig. 7  Deviations of REG BASE 
aircraft with respect to that at 
βcrash = 0.963

 

Fig. 6  Top view for MED BASE aircraft for different crash coeffi-
cients. The x-axis is such x = 0 at the quarter-chord of the mean aero-
dynamic chord. The A320 top-view [31] is shown for reference

 

Fig. 5  Deviations of MED BASE 
aircraft with respect to that at 
βcrash = 0.663
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Overall, these results already answer the research ques-
tion posed in the introduction; the performance of the aircraft 
is very sensitive to different crashworthiness capabilities of 
the fuselage structure, especially with respect to the fuse-
lage length, fuel volume, and MTOM. The following sec-
tions address different ways the trends can be improved.

4.2  SPAN aircraft

For the MED BASE scenario, it is seen that the maximum 
span is a limiting factor. This section aims to discuss the 
effect of relaxing the span constraint. Figure  8 shows the 
tendencies of βcrash with respect to the βcrash = 0.963 case. 
It can be seen that the wing aspect ratio is now at its upper 

bound for all designs; the numerical value is increased com-
pared to the MED BASE case. Similarly to the REG BASE 
aircraft, the optimizer chooses to decrease the wing loading 
for smaller crashed diameter coefficients. The thrust-load-
ing remains invariant in spite of the change in wing load-
ing because the OEI approach constraint is active. Figure 9 
shows the elementwise comparison between the SPAN and 
BASE cases for every crash coefficient. Here it can be seen 
that the decrease in fuselage length is very limited, only at 
1% for the βcrash = 0.600 case. The increase in wing aspect 
ratio causes a reduction in mission energy by around 2%, 
which reduces the fuel mass by the same amount. How-
ever, the increase in wing aspect ratio also increases the 
wing mass. The combination of these two effects cause the 
MTOM of the MED SPAN aircraft to be around 2% larger 
than the MED BASE case for any βcrash. Graphically, for 
βcrash = 0.700, the different aircraft geometries are plotted 
in Fig. 10.

Fig. 10  MED BASE and MED SPAN aircraft top view for 
βcrash = 0.700, overlayed on top of A320 fuselage [31]

 

Fig. 9  Relative deviations of MED SPAN aircraft with respect to MED 
BASE aircraft, for every βcrash

 

Fig. 8  Deviations of MED SPAN 
aircraft with respect to that at 
βcrash = 0.963
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4.3  OVER aircraft

Increasing the number of seats abreast can be a possible 
solution to aircraft with small crashed diameter coefficients 
and long fuselages. In this study, this is modeled via the 
‘over-sized’ option; having a MED aircraft perform the mis-
sion of a REG aircraft, as explained in subsection 2.4. By 
increasing the number of seats abreast the effect is twofold. 
Firstly, the fuselage length is automatically reduced due to 
a smaller cabin length. The actual percentage reduction is a 
function of the number of passengers and the initial num-
ber of seats abreast. The reduction in fuselage length and 
increase in fuselage diameter reduce the fuselage’s slender-
ness ratio, which affects the drag and weight contributions 
of the fuselage. Secondly, larger fuselage diameters allow 
for larger absolute crushing distances for the same crashed 
diameter coefficient, or alternatively, a larger crashed diam-
eter coefficient for the same crushing distance.

The results of the optimizations for the REG OVER air-
craft are shown in Fig. 11, and compared in Fig. 12 to the 

REG BASE aircraft in an elementwise fashion. Although 
the trends are similar to the that of BASE aircraft, there are 
notable differences that ought to be discussed.

Firstly, it can be seen that the fuselage length increases 
at a lower rate compared to the REG BASE aircraft; at 
βcrash = 0.500, the percentage difference compared to 
βcrash = 0.963 is 27% for the OVER case compared to 34% 
for the BASE case. As discussed in subsection 4.1 this is 
thought to be due to the relative length of the baseline tank 
to the fuselage length. In Fig. 12 it can be seen that convert-
ing an aircraft from the BASE type to OVER type results 
in a decrease of around 28% in fuselage length, albeit an 
increase in 19% and 11% in MTOM and mission energy, 
respectively. These results are independent on the crash 
coefficient. Similar to the REG BASE scenario, the wing 
aspect ratio is at the upper bound for REG OVER aircraft. 
The decrease in fuselage length can be better visualized in 
Fig. 13.

Fig. 13  REG BASE and REG OVER aircraft top view for 
βcrash = 0.600, overlayed on top of A320 fuselage [31]

 

Fig. 12  Deviations of REG OVER aircraft from REG BASE aircraft, 
for every βcrash

 

Fig. 11  Deviations of REG OVER 
aircraft with respect to that at 
βcrash = 0.963
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An important difference can be observed on Fig.  11. 
It appears that βcrash = 0.700 is a threshold point, below 
which the optimizer chooses to decrease the wing loading 
and the cruise speed significantly. Similarly to the MED 
SPAN case, the thrust-loading is unaffected because the 
active constraint in the thrust-loading versus wing-loading 
diagram is the OEI approach condition. This explains the 
deviations of wing-area and span. It is interesting to note that 
the ratio of horizontal tail surface to wing surface increases 
slightly with decreasing crash diameter coefficient. This 
could be due to the increase in CL,max, from the decrease 
in cruise speed (via the sweep angle). An increasing CL,max 
requires a larger tail to trim the aircraft in landing, or in 
other words, the controllability performance is negatively 
affected. However, the horizontal tail surface to wing sur-
face ratio is lower in REG OVER aircraft compared to REG 
BASE aircraft (refer to Fig. 12). This is due to a smaller c.g. 
range in over-sized aircraft, mainly attributed to the fewer 
number of passenger rows (smaller cabin length), and to a 
lesser extent to the smaller tank length and larger MTOM.

It can be concluded that increasing the seat abreast is an 
effective way of decreasing the length of the fuselage, at the 
cost of a heavier aircraft that is more fuel consuming.

4.4  DPAY aircraft

Another way of altering the effect of βcrash is by changing 
the design payload. The results of the optimizations when 
varying both the coefficient βcrash and the payload factor 
fpay are shown in Fig. 14. The vertical axes of the graph 
can be changed to any variable of interest. For the purpose 
of this study, the length of the fuselage and MTOM are 
assessed. The latter is the parameter most sensitive to βcrash

, while the former is an important design parameter. The 

graphs can be interpreted as follows. When moving verti-
cally, the crash coefficient and the variable of interest vary, 
while the payload remains fixed; when fpay = 1, the results 
are identical to the MED BASE case. Moving along the 
level curve involves keeping the crash coefficient constant 
while adjusting the payload and plotted variable accord-
ingly. More interestingly, moving horizontally involves 
varying the payload and the crashed diameter coefficient 
while keeping the variable of interest fixed.

Suppose an aircraft is originally designed for a crashed 
diameter coefficient of 1.000, but the fuselage is discovered 
to perform at a βcrash = 0.650. Furthermore, consider that 
the aircraft is to be redesigned by reducing the payload to 
allow more space for the tank. To keep the same fuselage 
length, by following the red line in Fig. 14a, it can be seen 
that a reduction of 22% in payload is needed. To keep the 
MTOM constant, only 10% of payload needs to be removed. 
More importantly, this figure shows how expensive a rede-
sign could have been when crashworthiness is not consid-
ered already during the preliminary design.

4.5  DRANG aircraft

Similarly to the previous section that focused on the pay-
load, the design range can also influence the effect of the 
crashed diameter coefficient. As explained in subsection 
2.4, the hydrogen tank is sized for the ferry range. In this 
study, as the design range is changed, the ferry range is 
reduced proportionally such that rferry/rdes remains 
constant. The results can be seen in Fig.  15, and can be 
interpreted in the same way as Fig.  14, as explained in 
subsection 4.4.

Compared to the case of changing payload require-
ment, it can be observed that the slope of the level curves 

Fig. 14  Effect of changing the design payload and crash coefficient for a MED aircraft. The red line in both figures coincides with the aircraft with 
βcrash = 1.000 and fpay = 1.00
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of βcrash is smaller, meaning that the plotted variables 
(fuselage length and MTOM) are less sensitive to changes 
in range requirement. Suppose again that an aircraft is 
designed for βcrash = 1.000, but later in the design it is 
discovered that the fuselage performs at βcrash = 0.750. If 
a redesign is made such that the design range is varied as 
described above, whilst keeping the fuselage length con-
stant, the design range needs to be decreased by around 
50%! If the MTOM wants to be conserved instead, the 
design range must be reduced by 25%. A smaller slope 
requires one to shift further to the left to keep the param-
eter of interest constant.

The reason behind the smaller slope and the asymptotic 
behavior in the range plots compared to the payload plots 
is due to the (lack of) variation in cabin length. When the 
payload is reduced, both the cabin length and the tank length 
are reduced, which together significantly change the fuse-
lage length. On the other hand, when the range is reduced, 
the reduction in fuselage length is only due to the decrease 
of tank length. Hence, in the limit as the tank length goes 
to zero, the fuselage length approaches a constant value 
because the cabin length doesn’t change. This explains both 
the asymptote and the smaller slope.

Furthermore, referring back to the discussion of subsec-
tion 4.1 with the ratio of tank length to fuselage length to 
explain the sensitivity of aircraft performance parameters 
to changes in crash coefficient, when the payload is varied, 
this ratio remains fairly constant. This can be seen in Fig. 14 
with lines of constant βcrash being parallel. However, when 
the range is reduced, the ratio of tank length to fuselage 
length decreases, implying that the aircraft is less sensi-
tive to changes in βcrash. This is seen in Fig. 15; as frang is 
reduced, the difference between the line of βcrash = 0.500 
and that of βcrash = 1.000 reduces.

4.6  Limitations

It is important to discuss the limitations of the present study, 
and how this influences the above results; 

1.	 Scrape angle concerns. Proesmans and Vos’ framework 
[28] assumes the landing gear is attached to the wing, 
but does not consider the scrape angle as a criterion for 
wing placement. Low crash coefficients yield extremely 
long aircraft, and to comply with the scrape angle the 
wing needs to be positioned further aft, which requires a 
larger tail and snowballs into a heavier aircraft. This was 
studied by Manzano [34].

2.	 Fuselage mass. The crashworthiness structure that would 
ensure a given crash coefficient has not been accounted 
for in the mass of the fuselage. Furthermore, when the 
fuselage length is large due to a low crash coefficient, 
its Class-II weight estimation based on similar aircraft 
becomes less applicable. Therefore, the fuselage mass 
is underestimated in this study, and accounting for the 
crashworthiness structure would only worsen the snow-
ball effect.

3.	 High surface area-to-volume for low crash coefficients. 
When the crash coefficient is low, the length of the tank 
becomes several times larger than its diameter. If it were 
a single tank, it would be thermodynamically less effi-
cient at maintaining a low temperature, so hydrogen 
would boil-off at a higher rate [3]. Boil-off is already not 
accounted for in the fV,extra, but this greater hydrogen 
loss is much more significant for lower crash coefficients 
and may be non negligible. On the contrary, if the tank 
were to be split into smaller tanks to reduce boil-off and 
single-point-failures, its increase in mass has also not 
been accounted for. Both of these arguments also suggest 

Fig. 15  Effect of changing the design range and crash coefficient for a MED aircraft. The red line in both figures coincides with the aircraft with 
βcrash = 1.000 and frang = 1.00
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that ηtank is not independent on the crash coefficient; its 
relationship is left as a recommendation.

4.	 Vertical positioning of the tank. The vertical position-
ing of components is not analyzed in the framework, but 
effect of the crashed diameter coefficient with long tanks 
for small βcrash would influence the moment of inertia, 
and hence the dynamic response of the aircraft.

5.	 Tank not placed inside tail. The length of the fuselage is 
computed as the sum of the cockpit length, cabin length, 
tank length and tail length. There is no attempt at reduc-
ing the fuselage length by placing part of the tank inside 
the tail segment. This would improve the trends observed 
in this study.

6.	 Increased effective crashed diameter coefficient in the 
tailcone. When the hydrogen tank extends into the tail-
cone, if the diameter of the tank is unaltered, the crush-
ing distance below the tank is reduced. This implies a 
larger effective βcrash than that designed for a section of 
maximum fuselage diameter. This can be seen in Fig. 16, 
where D′

tail < Dfus. To evaluate if this detail is impor-
tant, the actual crash dynamics need to be studied, which 
is deemed outside the scope of the research. These con-
siderations have not been accounted for; it is the maxi-
mum fuselage diameter that is used to size the tank via 
the crash coefficient, as explained in subsection 2.3.

5  Sensitivities

Given the modifications on the hydrogen tank geometry 
due to the crash coefficient, it is important to review the 
assumptions involved with the mass and geometry of the 
tank via the gravimetric index, the extra volume allowance 

Fig. 17  Sensitivity of the objec-
tive function, mission energy, with 
respect to hydrogen tank param-
eters for an energy-optimal MED 
BASE aircraft

 

TANK

Fig. 16  Example of increased effective crash coefficient in tailcone
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and the geometry of the tank domes. This has already been 
discussed by Proesmans [28], but for cost-optimal aircraft, 
without the influence of the crashed diameter coefficient.

Figure  17a shows how a reduction in crash coefficient 
makes the objective function more sensitive to changes in 
gravimetric index, in the order of 2%. This is explained by 
the larger tanks that are required for smaller crash coeffi-
cients; changes in mass are more significant.

In Fig. 17b a decreasing βcrash causes the mission energy 
to be less sensitive to changes in gravimetric index. Simi-
larly to the gravimetric index, as βcrash is lowered, the tank 
becomes longer, and changes in the dome height have a 
smaller effect on the total volume capacity of the tank.

Finally, in Fig. 17c it can be seen that a smaller βcrash 
significantly increases the sensitivity of the mission energy 
on the extra volume allowances, by a factor up to 4. For 
smaller βcrash values, larger volume allowances are associ-
ated with even longer tanks, which snowballs into a more 
fuel consuming aircraft. As a follow up to limitation number 
3, described in subsection 4.6, it is left as a recommendation 
to identify the volume allowance equivalent to modeling 
boil-off in the tank for small values of βcrash. An approach 
as implemented by [18] could be used for this. It is seen that 
the line of βcrash = 0.800 is shows more sensitivity to that 
of βcrash = 0.700; this is thought to be an anomaly and is 
left for further study.

6  Conclusion and recommendations

The objective of this research is to quantify the effect of 
the crashed diameter coefficient on aircraft design by per-
forming multidisciplinary design optimizations of energy-
optimal aircraft and comparing solutions of different crash 
coefficients. It is found that, for the same payload and range 
requirements, accounting for the coefficient increases the 
fuselage and maximum take-off mass by around 17% and 
6%, respectively for a short/medium-range aircraft type. 
For a regional aircraft, the effect is much less pronounced, 
increasing the fuselage length and maximum take-off mass 
by approximately 13% and 4%, respectively.

Increasing the span limit has limited influence on the ten-
dencies. The improvement in fuel consumption is absorbed 
by the increase in maximum take-off mass, yielding similar 
fuselage lengths overall. On the other hand, the ‘oversized’ 
option that increases the number of seats abreast is very 
beneficial to reduce the fuselage length by 27%, but with the 
drawback of 19% larger MTOM and 11% mission energy. 

However, when looking at the absolute area available for a 
crash structure, such a consideration might be interesting.

It is found that the MTOM and fuselage length are more 
sensitive to changes the payload requirement than changes 
in the range requirement. If the fuselage length is kept con-
stant, and the crashed diameter coefficient is reduced from 
1.000 to 0.663 (the A320 fuselage value), either the payload 
requirement is reduced by at least 20%, or the design range 
is reduced by at least 50%, under the assumption that the 
ferry range is reduced proportionally.

The limitations of this study lie primarily in the fact that 
the wing placement is not adjusted according to the scrape 
angle and that a non-conservative estimation of the fuselage 
mass is used which does not account for the added mass 
of the crashworthy structures. Incorporating these changes 
would only exacerbate the existing trends, and is left as a 
recommendation to study. Furthermore, structural sizing for 
varying crash coefficients is another interesting follow-up 
research topic. On the other hand, the wing aspect ratio was 
limiting in several optimizations. The effect of increasing the 
upper bound could also be considered, provided that appro-
priate wing weight estimations for these high aspect ratios 
allow. Furthermore, the study can be extended to consider 
long-range aircraft (although, as illustrated in [18], these 
aircraft already suffer from dramatic increases in fuselage 
length in a LH2 version), as well as other seat-abreast con-
figurations or continuous variations in the fuselage diameter 
(although the current results and other studies [18] suggest 
that benefits are unlikely). Similarly, the effects of optimiz-
ing for cost and climate, instead of energy is left as a recom-
mendation. Also, a follow-up study could be conducted on 
the relationship between the tank gravimetric index and the 
crash coefficient.

Overall, the effect of crashworthiness in the design of 
hydrogen aircraft has been confirmed to be significant. If 
unaccounted for in preliminary design, the consequences 
can be disastrous.

Appendix

Constraint diagrams

This appendix presents the constraint diagram in the form 
of thrust-loading versus wing-loading of the MED BASE 
(Fig.  18) and REG BASE (Fig.  19) aircraft, for crashed 
diameter coefficients βcrash = 0.963 and βcrash = 0.500.
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