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Abstract

Long haul flights cause over half of total yearly aviation carbon emissions, while only accounting for 6 %
of yearly flights. The Royal Netherlands Aerospace Centre (NLR) is researching radical aircraft configu-
rations with novel propulsion technologies, one of which is liquid hydrogen combustion blended wing
body aircraft. The goal of this thesis is to research the effect of the internal layout of long range hydro-
gen combustion blended wing body concepts on their aircraft level performance. The internal layout
consists of the cabin design and placement of the hydrogen tanks with respect to the cabin. This thesis
includes the creation of a conceptual design tool, evaluation of the concepts with optimal aircraft level
performance, effects of top level requirements on the concept performance and a sensitivity analysis
of the performance metrics to the design inputs. The aircraft level performance metrics that are con-
sidered are the operational empty mass, cruise L/D ratio, maximum L/D ratio, fuel mass and the static
margin.

A conceptual design tool is created using the ParaPy package for Python. The tool includes analysis
models and methods to evaluate the performance of the concepts. The fidelity of those analysis models
and methods allows for a computationally efficient evaluation of the concepts, while maintaining suffi-
cient accuracy for the purpose of the design tool. Limitations with respect to the aerodynamic analysis
model are found, which stem from inaccuracies in the wave drag estimation. These limitations arise at
high Mach numbers (> 0.85) and high lift coefficients (> 0.3). Limitations with respect to the structural
weight estimations are also found.

The internal layout depends on the cabin exit option and hydrogen tank placement with respect to
the cabin. The exit options are option 1 (additional leading edge doors, no rear doors), option 2 (ventral
exits at the rear) or option 3 (maximum length constraint, no rear doors). The cabin can then have a
different number of spanwise bays, which defines the geometry of the cabin.

The concepts with the minimum fuel burn for two considered design ranges and payloads are found
to be concepts with 3 cabin bays and between 40 and 45 % of the hydrogen fuel placed next to the cabin.
The considered design ranges and payloads are: 350 passengers and a range of 10000 km and 250 pas-
sengers and a range of 7000 km. Exit options 1 and 2 result in the best fuel burn, while exit option 3
resulted in a higher fuel burn compared to the other two options for both design points. For the 350
passenger concepts exit option 3 resulted in a 3.6 % higher fuel burn, for the 250 passenger the fuel burn
difference is 1.3 %. The 250 passenger concepts have a smaller spread in fuel burn, indicating the inter-
nal layout has a smaller effect on performance for these concepts. The differences in maximum L/D are
small, with a maximum difference between the optimal designs for each cabin option being 2 %. The
differences in OEM are higher, with the maximum difference being 8.4 %.

The cruise conditions of the concepts are optimised, after which the optimal concepts for each exit
option are compared. For the 350 passenger concepts a reduction in fuel burn of around 10 % is ob-
served for all three optimal cabin option concepts. For the 250 passenger concepts this reduction is
slightly less than 20 %. The model presents limitations in terms of the effects of flying at different cruise
conditions, however it is expected that optimising the cruise conditions for 250 passenger concepts re-
sults in larger fuel burn reductions compared to the 350 passenger concepts.

In the sensitivity analysis it is found the cabin leading edge sweep angle (which also defines the
transition region sweep) and ratio of the fuel placed next to or behind the cabin have the largest effect
on the performance metrics. The wave drag estimation method used in this work reduces the certainty
of the conclusions that are drawn with respect to those parameters.
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ṁbo Hydrogen Boil-off Rate kgs−1

mt ank Tank Mass kg
Neng Number of Engines -
Nt ank Number of Tanks -
nbay s Number of Cabin Bays -
Nu Nusselt Number -
np Number of Passengers -
nul t Ultimate Load Factor -
Pamb Ambient Pressure Pa
Pmax Maximum Tank Pressure Pa
Pr Prandtl Number -
Q̇ Heat Rate W
QN Engine Interference Coefficient -
q Dynamic Pressure Pa
R Range m
R Thermal Resistance KW−1

Ra Rayleigh Number -
Ral t Alternate Range m
Rai r Air Thermal Resistance KW−1

Rcond Conduction Thermal Resistance KW−1

Rconv Convection Thermal Resistance KW−1

Ri ns Insulation Layer Thermal Resistance KW−1

Rr ad Radiation Thermal Resistance KW−1

Rstr uc Structural Shell Thermal Resistance KW−1

R1 Stress Ratio -
R2 Stress Ratio -
Re Reynolds Number -
ri Tank Inner Radius m
ro Layer Outer Radius m
rt ank Tank Outer Radius m

xi



0. Nomenclature

Symbol Definition Unit

S Wing Planform Area m2

Sa f t Aft Body Planform Area m2

Scab Cabin Floor Area m2

Sr e f Reference Wing Surface Area m2

Swet Wetted Surface Area m2

Sw Outer Wing Reference Area m2

SM Static Margin -
sF L Landing Field Length m
T Thrust N
Tamb Ambient Temperature K
Ti ns Insulation Temperature K
TH2 Hydrogen Temperature K
Tsur f Tank Surface Temperature K
TOP Take-Off Parameter Nm−2

TSFC Thrust Specific Fuel Consumption gkN−1 s−1

t Layer Thickness m
ti n Insulation Thickness m
tr Outer Wing Root Airfoil Thickness m
ts Structural Shell Thickness m
t/c Thickness to Chord Ratio -
(t/c)wi ng Outer Wing Thickness to Chord Ratio -
V Flight Velocity ms−1

VA Approach Velocity ms−1

Val t Alternate Velocity ms−1

VS Stall Velocity ms−1

Vt ank Tank Volume m3

W Weight N
Wa f t Aft Body Weight kg
Wcb Front Centerbody Weight kg
Ww Outer Wing Weight N
WZ F Zero Fuel Weight N
W /S Wing Loading Nm−2

(W /S)r e f Reference Wing Loading Nm−2

wd Rear Door Margin m
xcg Center of Gravity X Coordinate m
xnp Neutral Point X Coordinate m
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1
Introduction

1.1. Motivation
The aviation industry is an essential industry in the modern world, by providing the fastest means of
transportation and connecting the world. Since the industrial revolution in the 18th century, CO2 levels
in the atmosphere have risen dramatically due to anthropogenic emissions [1]. This has resulted in an
increase in global temperature [2]. Currently aviation is responsible for a significant amount of global
carbon emissions with a share of 2.5 % of total global carbon emissions in 2019. Including non-CO2

effects aviation is estimated to be responsible for 3.5 % of global radiative forcing. Of the total CO2 emis-
sions from the aviation industry, more than half of those emissions were caused by long range flights
(> 4000 km) in 2020. This is while long range flights only accounted for roughly 6 % of the total number
of flights in that year [3]. This indicates reducing emissions of long range flights is crucial. Although
efficiency improvements of aircraft have resulted in a decrease in energy intensity and thus CO2 inten-
sity, demand increases outweigh this. The result is an overall increase in CO2 emissions from aviation.
To add to this, it is expected other industries will decarbonise faster than aviation, which will lead to
the share of global emissions of the aviation industry to rise further in the future [4]. Current efficiency
improvements and fleet renewal will not be sufficient to reduce carbon emissions in the industry. In
a forecast for the year 2050, it is clear more radical technology improvements are necessary, as well as
usage of sustainable aviation fuels and infrastructure improvements as shown in Figure 1.1 [5].

Figure 1.1: Estimated aviation CO2 emissions between 2005 and 2050 [5]

A promising new fuel for aircraft is hydrogen, as combustion of the fuel does not result in CO2 emis-
sions, producing only water vapour [6]. However, the fuel comes with a number of challenges. While the
specific energy of liquid hydrogen is about 3 times as high as Jet-A1 fuel, the energy density is 4 times
lower [7]. This means that although 3 times less fuel mass is required, the required storage volume is 4
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times as high for liquid hydrogen aircraft. Besides this challenge, other challenges are present in han-
dling and storing the cryogenic hydrogen, producing the hydrogen fuel economically and sustainably
and designing hydrogen propulsion systems. A aircraft configuration that is promising for the use of
hydrogen as a fuel is the Blended Wing Body (BWB) concept. The blending region (where the thick
centerbody transitions to the slender outer wing) of this configuration presents a large volume that is
impractical for the storage of passengers or cargo, however it can be used for storing hydrogen fuel [8].
Inherently, the BWB concept presents a better surface area to volume relation due to its shape, providing
more internal volume to store fuel in compared to tube and wing (TAW) aircraft.

Previous studies have investigated the general feasibility of the BWB concept [9–15], while more
recent studies have investigated hydrogen powered BWB aircraft [16–23]. The BWB concept is expected
to be a feasible configuration for the usage of liquid hydrogen fuels, presenting similar energy penalties
when switching to hydrogen as TAW aircraft. This means that the efficiency improvements of kerosene
BWB aircraft compared to TAW aircraft [10] are also expected for hydrogen variants [18].

The studies on hydrogen BWB aircraft that were published recently have not focused on the effects of
different hydrogen tank layouts in the aircraft in detail. The resulting aircraft internal layout, gravimetric
efficiency of the tanks and their effects on the total aircraft level performance have not been studied in
detail.

1.2. Research Scope, Objective and Questions
This work, which is performed at the Royal Netherlands Aerospace Center (NLR), investigates the rela-
tion between the internal layout of long range, liquid hydrogen combustion powered BWB aircraft and
their overall aircraft level performance by designing several aircraft variants at a conceptual level using
a parametric aircraft design and analysis model. The research includes the creation of this parametric
design and analysis model and the analysis of different variants to evaluate their performance, accord-
ing to the following set performance metrics: maximum L/D, operational empty mass (OEM), mission
fuel mass and static margin. The following main research question has been formulated:

What effect do the LH2 fuel tank shape and positioning, cabin layout and corresponding outer shape
of an H2 turbofan powered BWB concept have on its aircraft level performance?

To help answer the main research question the following subquestions have been formulated:

1. What is an achievable parameterisation of the internal layout (cabin shape, fuel tank geometry
and placement) of the concept to adequately assess its effect on the aircraft level performance?

2. What BWB concept variant(s) provide(s) the best performance according to set performance met-
rics?

3. What are the effects of top level requirement choices within the mid to long range class (payload,
design range) on the feasibility and performance of the concept(s)?

4. What is the sensitivity of the aircraft level performance to the design parameters and disciplines?

First a review of relevant literature is presented in chapter 2, after which the methodology used to
answer the research questions is explained in chapter 3. Verification and validation of the methods
will be performed in chapter 4. The results will be presented in chapter 5 and the conclusions and
recommendations of this work will be discussed in chapter 6.
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2
Literature Review

In this chapter existing literature on BWBs and LH2 propulsion will be reviewed. First, in section 2.1 the
BWB concept in general will be treated, after which literature on LH2 usage in aircraft will be reviewed
in section 2.2. Next, previous work on BWBs with LH2 combustion will be explained in section 2.3 and
finally conceptual BWB modelling aspects will be reviewed in section 2.4.

2.1. BWB Concept
2.1.1. Flying Wings
Before the BWB concept was created, flying wings had already extensively been researched and even
developed. The first flying wings were already being developed in the early 20th century, mainly in
Europe. The most groundbreaking work was done by the Horten brothers, who developed many flying
wing aircraft. One of their designs is the Horten 229, one of the first jet powered flying wing aircraft
[24] (shown in Figure 2.1). The Horten 229 was never taken into service, only performing prototype test
flights in 1945.

Figure 2.1: The Horten 229 in flight [25]

In the United States, the Northrop Corporation was founded in the 1920s. This corporation devel-
oped flying wing aircraft throughout the 20th century. This work resulted in the development of the
XB-35, an experimental propeller driven flying wing, shown in Figure 2.2. THe prototype had its first
flight in 1946 [26]. The XB-35 was modified by replacing the propeller engines with jet engines, which
resulted in the YB-49, shown in Figure 2.3. The YB-49 prototype flew first in 1947 and generally showed
good performance, however stability issues and crashes caused the project to be discontinued [27].
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Figure 2.2: The Northrop XB-35 flying wing [26] Figure 2.3: The Northrop jet powered YB-49 flying wing [27]

Some time later, Northrop developed the B-2 flying wing, a heavy bomber. Having its first flight in
1989, the B-2 turned out to be a success and was put into service in 1993. The B-2 Spirit is shown in
Figure 2.4

Figure 2.4: The Northrop B-2 Spirit heavy bomber [28]

2.1.2. Boeing Baseline BWB-450
Following the success of the B-2 flying wing, interest in flying wing concepts was reignited. This resulted
in a small study performed at McDonnell Douglas, funded by NASA. The goal was developing and com-
paring new subsonic transport technologies for a design mission of 800 passengers and a 13000 km
range. At first there were issues with circular fuselage pressure vessels, directing the design back to a
conventional TAW configuration. Removal of the circular pressure vessel constraint and further devel-
opment resulted in the first and second generation BWB transports [10]. The second generation 800
passenger concept is shown in Figure 2.5. It has a double deck passenger cabin layout to fit the large
number of passengers. The feasibility and performance of this concept was evaluated using several
analyses. The aerodynamical features of the concept were evaluated using a CFD analysis, after which
a scaled wind tunnel test was performed to validate the accuracy of the CFD results for a BWB concept.
A critical attention point was the stability and control of the concept. It was decided that stability aug-
mentation was a requirement for this concept. A flight demonstrator with an augmentation system was
tested and showed excellent handling qualities. In terms of performance the concept achieved a higher
L/D than conventional aircraft at that time (23 vs 19). These improvements are the result of a decrease
in wetted area to reference area ratio of the BWB aircraft of 33 % compared to a TAW aircraft [10].
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Figure 2.5: Second generation 800 passenger BWB concept [10]

After demonstrating the feasibility of the 800 passenger BWB concept, a preliminary design of a
BWB transport was made at Boeing. For this study it was decided that the original top level requirement
point of 800 passengers and 13000 km is not realistic for the market at the time. Instead, a 468 passenger
and 14000 km range concept was developed, which will hereafter be referred to as the BWB-450. This
concept has a single three-class passenger deck with the cargo placed under the passenger deck. In
Figure 2.6 the concept is shown.

Figure 2.6: Boeing baseline BWB-450 concept [10]

Besides aiming for a more realistic payload-range combination, this concept was also designed
with airport wing span requirements in mind. An optimisation procedure was performed to obtain
the baseline concept. Due to the combination of the payload carrying capacity and lifting capacity in
the blended region of the concept, a BWB aircraft has strong interactions of the different aircraft disci-
plines. The strong interactions and unconventional nature of the concept mean conventional empirical
design methods are not suitable for the design of a BWB aircraft. An optimisation framework integrat-
ing all the different disciplines into one design method is therefore necessary [10, 29]. An optimisation
was performed with the goal to minimise the take-off mass while satisfying all constraints. This resulted
in the baseline BWB-450 concept. Instead of preserving a near-elliptic spanwise load distribution, this
concept was trimmed using a different spanwise load distribution and wing washout. This resulted in a
statically stable flying wing, as opposed to earlier concepts [10].
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A performance comparison of the baseline BWB-450 was also made, which showed significant im-
provements with respect to a conventional configuration at the time. The concept was compared to the
A380, expecting a reduction in fuel burn per seat of 32 % and a reduction in MTOM of 18 % compared
to an A380. The improvements are due to improved aerodynamic efficiency of the concept (lower wet-
ted area), inherently different load cases in the structure and the use of composites in the centerbody.
Other interesting advantages of the concept were identified to be noise reductions due to the shielding
of the engines by the centerbody and easy adaptation to more or less payload by changing the number
of spanwise bays in the cabin configuration [10].

2.1.3. Other Concepts
The improved aerodynamic efficiency of the BWB-450 can be explained by both the centerbody carrying
the payload and the outer wings generating lift [15]. Due to the demonstrated advantages and feasibil-
ity of the BWB-450 concept, other researches into BWB aircraft were set up. A program jointly funded
by the EU and the USA was set up, including several projects on BWB concepts (Okonkwo and Smith
[29] based on Kozek and Schirrer [15]). Several BWB concepts followed from this program, which are
the VELA, NACRE, SAX-40 and the ACFA 2020. The VELA project resulted in a very large capacity BWB
concept, designed for 750 passengers and long range. From this, the NACRE concept followed. This
project focused on integration of the engines aft of the center of gravity, the laminar wing and passen-
ger evacuation [15]. The VELA and NACRE designs both have the engines under the wing, as shown in
Figure 2.7. The VELA concept was estimated to have a saving potential of about 10 % in mass and 4–8 %
in aerodynamic efficiency during cruise compared to a TAW configuration [15].

Another project in this program was the Silent Aircraft Initiative, which aimed to drastically reduce
aircraft noise using buried top mounted engines. The concept was designed as a long range aircraft
for 215 passengers. The final configuration was obtained through an aerodynamic optimisation, which
achieved an elliptical span distribution on cruise which yields a large aerodynamic efficiency improve-
ment with respect to BWB designs at the time (2010). It achieved this while having a comfortable static
margin of 5–10 % and improved stall speed [12]. The SAX-40 concept is shown in Figure 2.8. The final
project in the program is the ACFA 2020 project which resulted in a long range, 450 passenger BWB de-
sign. The focus of this project was designing an ultra-efficient mid-size BWB, as well as designing a flight
control system. The project resulted in a BWB design with improved aerodynamic efficiency [30]. The
design is shown in Figure 2.9. Specifications of the BWB concepts discussed are given in Table 2.1, note
that the discussed concepts are all powered by conventional kerosene turbofan engines.

Figure 2.7: The VELA BWB design [13]
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Figure 2.8: The SAX-40 BWB design [31] Figure 2.9: The ACFA 2020 BWB design [15]

Table 2.1: Specifications of different BWB concepts

BWB-800 [10] BWB-450 [9] SAX-40 [12] ACFA 2020 [14]
Passengers [-] 800 468 215 450

MTOM [kg] - 373000 151000 402000
OEM [kg] - 187000 94000 255000

Range [km] 13000 14000 9300 13000
Cruise Mach Nr [-] 0.85 0.85 0.8 0.85

L/D [-] 23 22 25.1 24.2

A number of advantages and disadvantages of the BWB concept have been identified in studies on
the concept. The advantages and disadvantages are listed below:

Advantages

• Significant improvements in aerodynamic efficiency with respect to conventional TAW aircraft.
Considering the L/D values given in Table 2.1 and conventional aircraft having an L/D in the range
of 15–20 (Salazar et al. [32], based on Torenbeek [33]), it is clear the BWB concept is expected to
yield significant improvements.

• Decreased structural mass [10]. Although a disadvantage of the BWB concept is the non-circular
cabin shape resulting in higher cabin mass, the overall aircraft mass is lower compared to conven-
tional aircraft.

• Noise reductions [10, 12]. Liebeck [10] states that shielding of the engines due to the centerbody
and avoidance of noise reflecting on the lower wing surface result in reduced noise.

• Improved boarding time, Sgueglia [34] performed boarding simulations on a BWB in the same size
class as an A320. The study found improved boarding times for the BWB concept.

Disadvantages

• Non-circular cabin shape which is not optimal for pressure loads. This results in increased fuse-
lage mass, however as explained earlier the overall aircraft mass is expected to be lower [10].

• A smaller number of windows due to the cabin shape, which affects the passenger experience [35].

• Challenges with respect to control and stability. Due to the tailless nature of BWBs, achieving a
positive static margin requires careful design [10]. Ehlers et al. [36] found major deficiencies in
the dynamic stability of the NACRE BWB concept, requiring the implementation of active control
to achieve sufficient handling qualities.

• Emergency evacuation of passengers is a challenge for the BWB concept, especially for larger ca-
pacity designs [10]. Sgueglia [34] argues that as boarding times are sufficient evacuation times
should also be sufficient. This is yet to be confirmed however.

• Cruise cabin deck angle requirements pose a challenge for designing BWB concepts, as the fuse-
lage is also a lifting surface [10].
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2.2. LH2 In Aircraft
The need for emission reductions in aviation has resulted in the search for alternative fuels. A promising
fuel is hydrogen, which does not emit any CO2 when combusted [6]. The usage of hydrogen to power
aircraft is a topic that has been researched for almost a century, resulting in a large amount of literature
[37]. For this study not all aspects of hydrogen aircraft will be taken into account and only relevant
aspects for this research will be considered. The relevant topics that will be treated are LH2 storage and
LH2 combustion.

2.2.1. LH2 Storage
Hydrogen has a specific energy of 2.8 times that of kerosene. On the other hand, hydrogen has an energy
density that is 4 times lower than kerosene, when cryogenically stored [38]. This means the total mass of
fuel required will be lower, but the storage volume is increased considerably. The large storage volume
is the dominant driver for hydrogen aircraft configurations [37].

The entire fuel system will include hydrogen storage, control and distribution systems. As the con-
trol and distribution systems fall out of the scope of this research, only literature on the fuel storage will
be considered. The other parts of the fuel system will be modelled as black boxes with a certain mass,
based on empirical relations given in literature (like Brewer [7]). An important figure of merit for fuel
storage is the gravimetric efficiency, which is defined by Equation 2.1 [8]. WH2 is the weight of hydrogen
in the tank, Wt ank is the tank weight and ηg r av is the gravimetric efficiency.

ηg r av = WH2

WH2 +Wt ank
(2.1)

Adler and Martins [8] states that the tank gravimetric efficiency has a large effect on the overall de-
sign and performance of hydrogen aircraft. The energy usage relative to kerosene aircraft for different
ranges and gravimetric efficiencies is given in Figure 2.10. The data is based on the Breguet range equa-
tion for constant cruise conditions and L/D [8]. It can be seen that the gravimetric efficiency has a
dramatic impact on the energy usage, with the biggest effect on long range aircraft.

Figure 2.10: Energy usage of a conventional aircraft powered by hydrogen, relative to kerosene for different ranges and
gravimetric efficiencies [8]

Besides being stored cryogenically, hydrogen can also be stored in gaseous form under high pres-
sure. Adler and Martins [8] compiled data on several existing or designed hydrogen tanks. A plot with
the collected data is given in Figure 2.11. As can be seen in the plot, liquid hydrogen tanks perform best
in terms of gravimetric efficiency and volumetric energy density. The duration the hydrogen needs to
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stay in the tank has a large effect on gravimetric efficiency, as more insulation is required for long stor-
age durations due to boil-off of the hydrogen. Tanks for space vehicles consume the hydrogen quickly,
meaning the accepted boil-off rate is much higher than for aircraft. This allows the tanks to have little
insulation, increasing the gravimetric efficiency [8]. Combining the data in Figure 2.10 and Figure 2.11
it can be seen for long range aircraft liquid hydrogen is the only viable option due to the higher attain-
able gravimetric efficiencies and the superior volumetric energy density. The focus will therefore be on
liquid hydrogen storage options.

Figure 2.11: Gravimetric efficiency and energy density of various hydrogen tanks [8]

Analysing storage options in aircraft is not straightforward, as the aircraft configuration imposes
physical limits on the size and shape of the tank. The fuel flow required by the engine has a large effect
on the tank design as well. The size, shape and fuel extraction all have an effect on the boil-off rate of the
tank and thus the required insulation. In trade-off studies it is therefore necessary to have a detailed tank
model [38]. Heat flow into the tank is proportional to the surface area of the tank. To minimise boil-off,
it is therefore important to minimise the surface area to volume ratio of the tank. This means a spherical
tank with maximum diameter is best for low boil-off [8]. Several studies have looked at different tank
shapes and architecture and their effect on gravimetric efficiency. Huete and Pilidis [39] found that the
insulation technology used and maximum pressure of the tank have a considerable effect on tank gravi-
metric efficiency. The study also found that for large tanks the radius has the largest effect on gravimet-
ric efficiency, while the length and volume of the tank have a smaller effect. For maximum gravimetric
efficiency the radius should be as large as possible. The study also suggests the optimum tank configu-
ration can only be determined using a system level analysis, as there is a trade-off between aerodynamic
efficiency and tank gravimetric efficiency. This is reflected by gravimetric efficiencies showing smaller
variations for different tank volumes (and thus lengths) while keeping the tank radius constant. Dannet
[40] found that small cryogenic tanks placed in the wing are not feasible due to either very thick and
heavy insulation or a large, unsafe boil-off rate. Rompokos et al. [41] states that large cylindrical tanks
need to be subdivided to avoid stability issues due to the hydrogen moving in the tank. Huete and Pi-
lidis [39] found that for vacuum insulated tanks, splitting of the tanks does not have a negative effect on
gravimetric efficiency. However the study also found that generally foam insulated tanks are superior
to vacuum insulated tanks. Foam insulated tanks have a mass penalty when split. This means splitting
of tanks is an important consideration as well. Another advantage of split tanks is having redundancy
when a tank fails, ensuring fuel flow to the engines [41].

Besides the tank properties there are other factors that influence the hydrogen storage system, such
as structural loads, stratification, mixing of the hydrogen and venting. Venting is necessary when the
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pressure in the tank reaches the pressure limit. Hydrogen is vented overboard to avoid any further pres-
sure buildups [41]. Stratification increases pressure buildup in the tank, however mixing results in a
pressure drop [42]. Mixing of the tanks and venting of hydrogen throughout a flight has an effect on the
total pressure buildup in the tank [41]. Onorato et al. [43] concluded that an efficient venting strategy
has a small positive effect on the aircraft mass, however a negative effect on energy consumption. Be-
sides accounting for pressure buildup, the tank also needs to be at a pressure higher than the ambient
pressure to avoid outside air from leaking into the tank [8]. Tanks can be integral or non-integral, which
has an effect on the tank properties. Integral tanks need to carry structural loads as well, however they
can take up more space in the fuselage and can be closer to a spherical shape. On the other hand, non-
integral tanks can be placed anywhere in the aircraft and are not bound to the outer shape of the aircraft
[8].

Other challenges to consider in the design of a storage system are hydrogen permeation and em-
brittlement. Hydrogen is a small molecule, meaning it permeates through materials easily. Hydrogen
embrittlement affects many materials, making the material more brittle when exposed to hydrogen
molecules. Materials are more prone to cracking under stresses below their yield strength, which poses
a safety issue. To account for these effects careful material selection is necessary [38]. The permeation
of hydrogen and its wide range of flammability pose crucial safety considerations [41].

2.2.2. LH2 Combustion
Stored hydrogen obviously needs to be used to propel the aircraft. For hydrogen aircraft there are two
main propulsion methods, namely hydrogen combustion in gas turbine engines and hydrogen fuel cells
in combination with electric propulsors [8]. As this research will focus on hydrogen combustion in
turbofan engines, only literature on this topic will be considered.

The feasibility of hydrogen combustion in turbojet engines was first demonstrated by Pratt & Whit-
ney in 1956, when a modified jet engine was successfully run on LH2, showing good combustion charac-
teristics (Pratt et al. [44], based on Mulready [45]). After this an LH2 fuel system was installed on a B-57
jet and one of its turbojet engines was powered by hydrogen. For those tests a ram air heat exchanger
was used to gasify the LH2 before combustion. Ground tests demonstrated the ratio between TSFC be-
tween the two fuels is roughly the same as the ratio in heat of combustion, which indicates there is no
efficiency loss when using hydrogen (Pratt et al. [44], based on Witcofski [46]). Currently GE Aerospace,
Rolls-Royce, Pratt & Whitney and Safran are all working on hydrogen turbofan engines and have plans
to build and test hydrogen engines. In one of those projects CFM is working on modifying a GE Passport
engine (used on Bombardier Global business jets) to run on hydrogen. This engine is planned to be
tested on an A380 demonstrator, including liquid hydrogen tanks by 2025 (Adler and Martins [8], based
on Airbus [47]).

The design of gas turbine engines running on hydrogen will require some changes with respect to
conventional kerosene gas turbine engines. Several studies investigated the characteristics of conven-
tional gas turbine engines being run on hydrogen. Boggia and Jackson [6] found that the fuel system
and combustion chamber require redesigns. Another change should be made to the turbine and noz-
zle areas. This study simulated a conventional engine running on hydrogen. Other studies agree, as
Corchero and Montañés [48] states that adapting a conventional engine to hydrogen does not require
large-scale hardware changes, however changes to section areas have to be made to allow for effective
engine matching. Here GasTurb was used to simulate a conventional baseline engine on hydrogen. An-
other study suggested that changes need to be made to the fuel supply system, combustion system and
the addition of a hydrogen heat exchanger [49].

Several studies found the need for changes to the combustion chamber [6, 49]. When compared
to kerosene hydrogen burns at higher temperatures at a certain equivalence ratio, burning about 100K
hotter than kerosene. However, hydrogen is able to be combusted much leaner than kerosene [49]. This
is illustrated in Figure 2.12. As can be seen in the figure, the operating range of hydrogen extends into
much lower equivalence ratios than the range for kerosene. Although overall temperatures might be
higher for hydrogen, the ability to operate in leaner conditions allows hydrogen to have lower flame
temperatures than kerosene. In theory this reduces NOx emissions of the combustor. There are some
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important considerations, however. Imperfections in mixing of fuel and air can create local high tem-
perature flame pockets. Due to the high stoichiometric flame temperature of hydrogen it is important
to avoid these local pockets, through good design of the fuel injection scheme. This should ensure good
mixing [49].

Figure 2.12: Flame temperature of kerosene and hydrogen combustion at different equivalence ratios [49]

One study researched how to run gas turbine engines on hydrogen with minimum NOx emissions.
To do this, the APU of an A320 was run on hydrogen. The APU was run with the original combustor and
with an improved combustor for better mixing. The NOx emissions were then compared to the kerosene
baseline [50]. The results are shown in Figure 2.13. Note that the equivalence ratio of the hydrogen
combustion is lower than kerosene, to achieve equal heat release. As can be seen in the figure, hydrogen
combustion in the regular combustor leads to comparable NOx emissions as for kerosene. The modified
combustor for improved mixing leads to considerable decreases in NOx emissions, however.

Figure 2.13: NOx emissions for kerosene and hydrogen combustion, with and without mixing [50]

Besides evaluating NOx emissions in hydrogen gas turbine engines, several studies have researched
the overall performance of hydrogen engines. As mentioned earlier, Corchero and Montañés [48] anal-
ysed the performance of a gas turbine engine running on hydrogen using the GasTurb simulation soft-
ware. In this study a baseline engine was taken and its performance on hydrogen and kerosene was
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compared. Several modifications were then made to the engine cycle to quantify the effects on overall
engine performance. When running the baseline engine at equal thrust for hydrogen and kerosene, im-
provements are observed in the hydrogen variant. The turbine inlet temperature (TIT) of the hydrogen
engine is about 37 K lower for equal thrust, which suggests an increase in engine life can be achieved,
as the turbine will experience lower temperatures. Another interesting improvement is observed in the
specific energy consumption (SEC). An improvement of around 1 % can be observed, which can be ex-
plained by the change in fuel properties when burning hydrogen. Note that the hydrogen engine has
an external heat exchanger to heat the hydrogen to 250K before injection into the combustion cham-
ber. The study also evaluated the effect of fuel temperature before injection on overall performance
of the engine. Figure 2.14 shows this effect for the engine with an external heat exchanger. The TSFC
improves with increasing fuel temperature (1–3 %), however this also results in a slight increase in TIT
(about 1–2 K) [48].

Figure 2.14: Change in TSFC of hydrogen temperature, compared to a temperature of 25K [48]

Another study performed simulations of different engine configurations running on both kerosene
and hydrogen. To identify the fundamental effects of hydrogen combustion a simple turbojet engine
was simulated, running on kerosene and hydrogen [6]. This study found a similar improvement in SEC
for the hydrogen engine as found in Corchero and Montañés [48]. For equal TIT an improvement of
about 1.5 % in SEC was observed, as well as an increase in net thrust. Corchero and Montañés [48]
mentioned this improvement can be explained by different fuel properties, however Boggia and Jack-
son [6] dives deeper into the exact reason behind this improvement. In the simulations two changes
are observed, namely the mass flow after the combustion chamber being lower for the hydrogen vari-
ant (due to the lower TSFC of hydrogen) and a different gas composition. The decreased mass flow
results in larger temperature and pressure drops in the turbine, which results in decreased thrust. On
the other hand, the gas composition of a hydrogen engine is different. No CO2 is present and instead
much more water is present. This causes the specific heat of the gas mixture to be higher than when
burning kerosene. Overall, the increased specific heat outweighs the reduced mass flow in the turbine
and exhaust, with improved performance as a result. The change in massflow is also what causes the
need for different turbine/nozzle areas for engine matching [6].

Boggia and Jackson [6] next focuses on different turbofan configurations, running on hydrogen. Re-
sults are compared to a kerosene reference. For the conventional configuration, again improvements
with respect to the kerosene baseline can be observed. For equal TIT, the SEC increases with 1.7 % and
2.8 % at take-off and cruise thrust, respectively. An increase in thrust was also observed, which means
that for equal thrust the TIT would be lower. As mentioned earlier, this would have a positive effect on
turbine life. Different configurations were also simulated. As the LH2 is stored cryogenically, it offers a
large heat sink that can be utilised. The following configurations are found to be promising: Precooling
of inlet air with the LH2 heat sink and preheated fuel using the hot exhaust air. The first configuration
causes the compression work to decrease, as the compressor temperature is lower. This results in im-
proved performance and additionally the lower temperature improves engine life. An improvement in
TSFC of 5.7 % with respect to the hydrogen baseline engine was observed, however a mass increase is
also expected due to the configuration change. The second configuration also results in an improve-
ment in TSFC of 3.9 %, but no mass increase is expected. The study found both configurations to be
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interesting and technically feasible, without additional turbomachinery. Safety wise the engines should
also be acceptable [6].

Maniaci [51] compiled the results of several full engine cycle analyses and computed the average
performance changes of the hydrogen engines compared to the kerosene baseline. It found an average
improvement of approximately 3 % in SEC during take-off and an average improvement of approxi-
mately 1 % during cruise.

Improvements in engine performance are clearly expected when switching to hydrogen. The LH2

can be used as a heat sink for further improvements in performance. However, Abedi et al. [52] is less
optimistic about improvements using the heat sink. As the fuel heat management system has a con-
siderable effect on overall engine performance, this study created a detailed fuel architecture and heat
management system to evaluate the effect of different architectures on engine performance. The per-
formance is compared to a baseline LH2 engine without a dedicated fuel heat-management system.
The study considered precoolers and intercoolers in the compression system, evaluating different de-
sign points of the heat exchangers. The LH2 is heated by the air in the compressors, similarly to the
precooler in Boggia and Jackson [6]. For the precooler the study found a positive, but very limited im-
pact on engine impact. For the intercooler it found an improvement of 0.3 % in terms of TSFC. The study
does however foresee more significant improvements in TSFC with an optimised engine cycle and in-
tercooler. The engine analysed here has a conventional engine cycle.

2.3. Previous Work on LH2 BWBs
2.3.1. Top Level Requirements of Considered Studies
So far the BWB concept and general findings on LH2 in aircraft have been discussed. BWB aircraft pow-
ered by hydrogen turbofans with LH2 storage have been a new area of research in the recent years. There
have been conceptual studies which will be discussed in this section.

As explained earlier, although LH2 has a higher gravimetric energy density, a challenge is its much
lower volumetric energy density. To account for the high required storage volume conventional aircraft
might not be the best choice [8] and require significant changes to the fuselage or a reduction in pas-
senger capacity [16]. BWB aircraft show more potential when combined with hydrogen as a fuel, due
to the inherently large internal volume and high aerodynamic efficiency. Adler and Martins [8] states
that the blending region between the cabin and outer wings offers a large volume that is unusable for
cargo storage, however it can be used to store the hydrogen fuel with a low drag penalty. This promising
combination of technologies resulted in several studies researching the potential of LH2 BWB aircraft
powered by turbofans. In Table 2.2 the top level requirements of the concepts evaluated in the consid-
ered studies are listed, as an overview. The findings of each study will be discussed after. As shown in
the table most studies considered long range aircraft, while Chan et al. [19] performed a comparative
study and ONERA considered a short-medium range aircraft. It is apparent the concept in Karpuk et al.
[17] has a significantly lower cruise altitude than the other concepts. This is because this study assumed
reduced turnaround times and based the mission conditions on reaching the same aircraft availability
as existing aircraft. The reduced turnaround time therefore allowed this concept to fly lower and slower.

Table 2.2: TLRs of considered LH2 BWB studies

BWB Concept Passengers [-] Range [km] Cruise Mach Nr [-] Cruise Altitude [ft]
Smith [16] 550 13900 0.85 35000

Karpuk et al. [17] 378 10600 0.79 25000
Adler and Martins [18] 420 10200 0.8 35000

Chan et al. [19] 200-800 3700–15700 0.8 39000
ONERA [21] 150 5100 0.78 40000

2.3.2. Findings of LH2 BWB Studies
Smith [16] is one of the earliest publicly available studies that considered a liquid hydrogen powered
BWB aircraft. The goal of this work was to design a long range LH2 BWB in the same capacity category
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as the Boeing 747. A conceptual design was created using a combination of analysis methods for con-
ventional aircraft and previously applied methods for BWBs. The study mainly focused on checking the
feasibility of the design and considered many aspects of the aircraft, without diving deeper into any of
the specific aircraft disciplines. The baseline BWB-450 was used as a reference for the layout of the air-
craft. For the hydrogen tanks only the internal volume was checked to see if the fuel could fit. It did not
give any indication on the performance (with respect to energy consumption, emissions) of the aircraft
with respect to TAW aircraft or kerosene BWB baselines. It did however conclude that the aircraft meets
all the performance and operational requirements that were considered. Challenges were identified
with respect to the static margin, which was found to be small. The study recommended class 3 analy-
ses to evaluate the static margin. Other issues include passenger comfort due to the absence of windows
and evacuation. Recommendations were also made with respect to more detailed aerodynamic analy-
ses to have a better understanding of the centerbody aerodynamics. A maximum L/D of around 23 is
estimated. Finally, the combination of the BWB concept with LH2 was found to mitigate each other’s
disadvantages, due to the low maximum lift coefficient of BWB aircraft and the large required volume
for LH2 storage.

A large limitation of this work is the lack of a more critical analysis of the fuel tank placement and
mass. The study considered a large number of fuel tanks distributed over the centerbody and outer
wings. The fuel tank mass was calculated using a conventional mass estimation method with a mass
penalty of 50 % to account for heavier tanks [16]. Considering earlier discussed findings on LH2 fuel
tanks in aircraft the feasibility of the tank layout and accuracy of the tank mass are questionable.

A more recent study was performed by Karpuk et al. [17]. In this study a long range LH2 BWB con-
ceptual design is created and assessed. Several novel technologies are also implemented into the design
and a comparative assessment is made between the hydrogen BWB and a kerosene one. The technolo-
gies that were implemented are load alleviation, advanced structures, boundary layer ingestion and
ultra-high bypass ratio engines. The load alleviation is implemented through a maximum load fac-
tor reduction, while the advanced structures translates to a reduction in airframe mass. The BLI and
UHBPR engines are implemented through TSFC improvements. The aerodynamic shape of the aircraft
was optimised in the study to minimise drag, subject to internal volume constraints. Comparisons of
the planforms of the kerosene BWB and hydrogen BWB are given in Figure 2.15 and Figure 2.16. The
extending and narrowing of the cabin for the hydrogen BWB can clearly be observed, as well as the sig-
nificant size increase of the hydrogen BWB to provide the internal volume required for the hydrogen
fuel.

The study found that there is a large dependence of the planform on the size of the fuel tanks. The
size of the tanks had a large effect on cabin sizing, planform dimensions and aerodynamic character-
istics of the aircraft. Narrowing and extending the cabin was found to avoid range limitations of the
aircraft. However, it was mentioned a longer and narrower cabin creates concerns with respect to crash
safety. The performance of the aircraft was evaluated through an emission analysis, which included
production emissions of the hydrogen. Flight energy consumption was estimated, as well as the effect
of the novel technologies. It was found that the individual novel technologies have a significant effect
on the optimised aircraft planform, with conflicting effects. Significant improvements in energy con-
sumption are expected, as well as emission reductions. The emissions are estimated using a detailed
model that takes the flight altitude into account. When blue hydrogen (produced through natural gas
reforming with carbon capture) is used a CO2 equivalent emission reduction of 18 % with respect to the
kerosene BWB is estimated. A reduction of 44 % compared to a Boeing 777 was estimated, while for
green hydrogen (electrolysis with renewable electricity) a reduction of 88 % was estimated. The com-
parison is made based on a reference mission. A significant increase in energy consumption of around
27 % is estimated compared to the kerosene BWB. This is due to the larger planform which is necessary
to allow for sufficient internal volume for the hydrogen fuel, which outweighs the decreased mass due
to the lower fuel mass. An energy consumption decrease of 35 % is estimated compared to the reference
Boeing 777. This decrease is due to the improvements of the BWB concept itself and the use of novel
technologies [17].

Karpuk et al. [17] implemented a more realistic placement of the tanks, placing cylindrical tanks
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in the centerbody of the aircraft. A structural analysis and thermodynamic analysis was applied for
estimating the tank mass and sizing the tanks. Where possible, the analysis tools are validated and show
conservative results. A more detailed discussion of the analysis tools is provided later in this chapter.
The implementation of a detailed tank model gives more confidence in the results, however the study
included novel technologies, which provide an optimistic estimation of the aircraft performance. The
aircraft is compared to a currently flying aircraft, which does not include the novel technologies. A
significant portion of the emission improvements is therefore due to those technologies. As explained
earlier, for the design cruise conditions the study looked at the flight availability of the aircraft. It made
an optimistic assumption by reducing the turnaround time, making flying lower and slower a viable
design condition. The reference conventional aircraft does not fly at a lower altitude, which means part
of the emission improvements are due to flying lower and slower.

Figure 2.15: Scaled planform comparison of kerosene and LH2 BWBs Karpuk et al. [17]

Figure 2.16: Absolute planform comparison of kerosene (black) and LH2 (blue) BWBs [17]

Adler and Martins [18] performed a comparative study between kerosene and LH2 aircraft. Compar-
isons between a kerosene and hydrogen version of both a TAW and BWB aircraft were made. Conceptual
designs of each aircraft were made, after which the energy consumption of each version is estimated.
The study focuses on evaluating which aircraft configuration is better suited to switching to hydrogen
fuel. The BWB concept is designed to provide similar cabin area to a Boeing 787-9, while the planform
is taken from reference BWBs (such as the BWB design from Liebeck [10]). No novel technologies were
implemented in any of the aircraft designs. The study performed an optimisation of the aerodynamic
shape with internal volume constraints. The tanks were placed in the centerbody next to the cabin and
were assumed to be conformal with the aircraft shape, meaning the hydrogen fuel is assumed to take up
the full volume of this aircraft region. A gravimetric efficiency was assumed for the conformal tanks. The
cabin was not modified compared to the kerosene BWB. The kerosene BWB and LH2 BWB planforms are
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shown in Figure 2.17. The conformal hydrogen tanks are indicated in red in the figure. The biggest dif-
ference between the planforms that can be observed is the centerbody of the BWBs. The centerbody of
the hydrogen BWB is significantly widened to provide sufficient internal volume for the hydrogen fuel.

Figure 2.17: Planforms of kerosene and LH2 BWBs [18]

The study found the hydrogen BWB to have an increase in energy consumption of 3.8 %, compared
to the kerosene BWB. The hydrogen TAW aircraft was found to have an increase of 5.1 %, compared to
the kerosene TAW aircraft. This indicates the BWB configuration performs slightly better when modified
to be powered by hydrogen. It must be noted that the assumed gravimetric efficiency is an optimistic
one, resulting in the conclusion that BWB configurations might not be the silver bullet for LH2 stor-
age. The energy penalties for switching to hydrogen are similar for both aircraft configurations. The
study recommends more work to be done on different LH2 packaging options in combination with an
aerodynamic shape optimisation. The assumption of conformal tanks with a gravimetric efficiency is a
limitation to the study, as the conclusions drawn on energy consumption depend highly on the assumed
gravimetric efficiency. A plot indicating this dependency is given in Figure 2.18, showing this for both
the BWB and kerosene aircraft. This results in a more interesting conclusion of this study, which is that
the energy consumption of a BWB aircraft is less sensitive to the tank gravimetric efficiency than TAW
aircraft [18]. Another limitation is the analysis of only one cabin layout, as modifications to the cabin
shape were shown to have an effect on the aircraft performance in Karpuk et al. [17].

Figure 2.18: Aircraft energy consumption vs LH2 tank gravimetric efficiency [18]

Chan et al. [19] investigated the effect of different alternative fuels on the design and performance
of BWB aircraft. The study considered several capacity designs, as well as a span of mission ranges. The
emissions and energy consumption of the different aircraft designs are compared to each other and to
a TAW aircraft. For designs with cryogenic tanks several cylindrical tanks are placed in the centerbody
next to the cabin, as well as several tanks in the area behind the cabin. The diameter of the tanks is
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limited by the airfoil shape. It is not clear whether a detailed tank analysis is applied to estimate the
tank size and mass. A detailed mission analysis is applied to estimate the energy consumption of each
design, while the emission analysis is based on emission factors, yielding CO2 equivalent emissions. The
LH2 designs for different capacities are shown in Figure 2.19. Note that the planform does not change,
however the internal layout does.

Figure 2.19: LH2 designs for different passenger capacities [19]

An advantage of the LH2 BWB concept was found to be the flexibility in internal layout. The cabin,
fuel tank and cargo layout can be changed without any changes to the exterior of the aircraft [19].
Liebeck [10] also mentions this advantage for kerosene BWB aircraft. Chan et al. [19] did however find is-
sues with small capacity BWB aircraft. Because the centerbody is an airfoil shape, meeting cabin height
requirements is an issue. For the same reason the diameter of the cylindrical cryogenic tanks is limited,
making it hard to fly long range missions with a small BWB. A proposed solution is using a larger BWB
where volume normally reserved for the cabin is used for fuel storage. The study also found that the
hydrogen BWB needs to operate away from the optimum L/D lift coefficient, due to the increased mass
from the cryogenic tanks. Similarly to Karpuk et al. [17], it was also concluded that hydrogen BWB need
to be bigger than kerosene counterparts to provide storage volume. The result is increased energy con-
sumption compared to kerosene BWB aircraft. The energy consumption of different capacity designs
powered by hydrogen and kerosene was compared as a function of mission range. In Figure 2.20 the
specific energy consumptions of different aircraft designs is given.

(a) 200 passengers (b) 400 passengers

Figure 2.20: Energy consumption of different BWB aircraft designs for a span of ranges [19]
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In the plots it can be observed that for 200 passengers the hydrogen BWB has a significantly higher
energy consumption than the kerosene BWB for all ranges. Until a mission range of around 7000 km
the energy consumption is higher than the TAW aircraft, however after this the energy consumption of
the LH2 BWB is lower. For low capacity aircraft hydrogen BWB have a higher energy consumption for
every mission range. This trend changes as the capacity is increased. For the 400 passenger aircraft the
energy consumption of the hydrogen BWB is higher for short to medium range missions and is roughly
equal for long range missions, eventually dropping below the kerosene BWB’s energy consumption for
very long range missions. The tipping point is found at a mission range of roughly 11000 km. In terms of
energy consumption the BWB aircraft are superior to the TAW aircraft for every range, according to this
study. The reason for the hydrogen BWB improving for longer ranges is the decreased fuel mass (and
thus decreased MTOM) outweighing the increased internal volume at long ranges [19].

The fidelity of the models used in Chan et al. [19] is comparable to Karpuk et al. [17] and Adler and
Martins [18]. The tank placement and volume is determined accurately, however the paper does not
mention any thermodynamic or structural analyses to determined the tank mass and usable volume.
Similarly for earlier discussed studies only one cabin and tank layout was considered, without any com-
parison between different layouts.

Nguyen Van et al. [21] (ONERA) analysed the conceptual design of a short-medium range low capac-
ity LH2 BWB. In earlier work the conceptual design of a kerosene BWB was created, which was used as
a baseline for the hydrogen variant. Gauvrit-Ledogar et al. [53] describes this baseline BWB aircraft. A
multidisciplinary design and optimisation framework was used to create the conceptual BWB, as well as
an LH2 TAW aircraft for reference. In the design, no novel technologies (such as BLI, load alleviation etc)
were implemented. During the design phase the study found issues related to the balance and stability
of the aicraft. The kerosene baseline has engines on top of the aft fuselage, however for the hydrogen
BWB the engines were moved under the outer wing to fix the balance issues. The optimisation of the
design and replacement of the engines resulted in a feasible conceptual design. The concept is shown
in Figure 2.21.

Figure 2.21: ONERA hydrogen BWB concept [21]

Compared to the kerosene BWB the hydrogen BWB did not show any improvements in terms of
mass and energy consumption. The MTOM increased by about 7 %, while the energy consumption for
the design mission increased by 10 %. Although the energy efficiency decreased, the hydrogen BWB
is feasible without affecting mission requirements. A sensitivity study with respect to the gravimetric
efficiency was performed to compare the hydrogen aircraft to each other and their kerosene reference
aircraft. In Figure 2.22 the energy efficiency of the hydrogen TAW and BWB aircraft is shown for different
gravimetric efficiencies. In Figure 2.23 the relative energy efficiency of the hydrogen aircraft compared
to their kerosene reference aircraft is shown. From these results the study concluded that the energy
consumption is highly dependent on the tank gravimetric efficiency. It also concluded that BWB aircraft
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are better suited for LH2 integration, as the relative energy efficiency increased less than for the TAW
aircraft. The overall energy consumption is also lower for the BWB aircraft [21]. However, even for opti-
mistic gravimetric efficiencies the hydrogen aircraft do not show improvements in energy consumption
with respect to the kerosene reference aircraft.

Figure 2.22: Energy efficiency vs gravimetric index for
ONERA hydrogen aircraft [21]

Figure 2.23: Relative energy efficiency vs gravimetric index
for ONERA hydrogen aircraft, compared to kerosene

reference aircraft [21]

For the internal layout the study considered a detailed model and identified several critical areas
that should stay clear of fuel tanks. This resulted in most tanks being placed behind the cabin. For de-
termination of the usable internal volume of the tanks a thermodynamic analysis was applied, however
for the mass a gravimetric efficiency was assumed. As the energy consumption is highly dependent on
the gravimetric efficiency and a gravimetric efficiency was assumed, it is questionable how accurate the
absolute performance results of the hydrogen BWB are. The sensitivity study does provide interesting
conclusions.

2.3.3. Comparison of Different Studies
The different hydrogen BWB studies can be compared to each other to give an overview of the overall
findings so far. In Table 2.3 this comparison is given in a structured way.
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Table 2.3: Comparison of findings of LH2 studies

Study Performance
Metric

Reference A/C Internal Layout and
Detail of Tanks

Conclusions

Smith [16] L/D No reference Baseline BWB-450
cabin with several
tanks in centerbody
and outer wing.
Only tank volume
considered.

Aircraft meets
performance goals,
high L/D, issues
with evacuation,
passenger comfort
and small static
margin.

Karpuk et al.
[17]

Emissions, energy
consumption and
DOC

Kerosene BWB and
Boeing 777

Extended and
narrowed cabin,
tanks next to cabin
in centerbody.
Detailed structural
and thermodynamic
analysis of tanks.

Emission
reductions, high
energy demands
and large
dependence of
planform on tank
size. Issues with
evacuation, crash
safety and stability

Adler and
Martins [18]

Energy
consumption

Kerosene variant of
same configuration

Cabin based on
B787-9 floor area.
Conformal tanks
placed in
centerbody next to
cabin, with assumed
gravimetric
efficiency.

BWB better suited
to LH2 integration
than TAW. Higher
energy
consumption than
kerosene BWB, even
for optimistic
gravimetric
efficiency.

Chan et al. [19] Emissions and
energy
consumption

A321, Boeing 777,
A380 and kerosene
BWB

Multiple tanks next
to and behind
cabin, cabin is
narrowed or
widened for
different capacities.

For low capacity and
low range BWB have
increased energy
consumption.
Better suited for
large capacity and
long range missions.

ONERA [21] Mass and energy
consumption

Kerosene TAW and
BWB aircraft

Same cabin as
kerosene BWB,
tanks placed mostly
behind cabin, some
tanks next to it.
Thermodynamic
analysis for tank
volume, gravimetric
efficiency for mass

All hydrogen aircraft
have increased
energy
consumption
compared to
kerosene. Hydrogen
BWB has higher
mass than kerosene
BWB. BWB is better
suited to LH2

integration than
TAW.

2.4. BWB Modelling Aspects
To analyse BWB conceptual designs, analysis models are required. The different disciplines of the BWB
aircraft have to be modelled with acceptable fidelity to allow for aircraft level performance analyses. The
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modelling approaches of several BWB studies (Both kerosene and LH2) are discussed in this section.

2.4.1. Aerodynamic Models
For determining the aerodynamic characteristics of BWB concepts several models can be used, ranging
from low to high fidelity. The main aerodynamic characteristics that were modelled by most studies
were the pressure forces, drag components and the maximum lift coefficient. Some studies used high
fidelity aerodynamic models that captured most of the characteristics in one analysis. Patel et al. [22]
created a surrogate model using results from viscous and non-viscous CFD analyses. This surrogate
model was then used in a design optimisation. Nieuwenhuizen [54] used a drag polar constructed using
an aerodynamic model from earlier work [55]. Based on design changes this drag polar is modified.
Faggiano [55] runs an Euler CFD analysis, after which viscous effects are computed with other methods.
Versprille [56] also uses an Euler CFD method with separate methods for the viscous effects. Other
studies used lower fidelity models for the inviscid aerodynamics, that required separate analyses for the
different drag components.

Pressure Forces
For the studies that did not use higher fidelity methods such as CFD it was found vortex lattice methods
were used. Athena Vortex Lattice (AVL) [57] is the most widely used vortex lattice method, being used by
several studies [17–19, 58]. Liebeck [10] and Smith [16] also use vortex lattice methods, but not AVL. The
vortex lattice method is a numerical analysis method that computes non-viscous aerodynamic forces,
such as lift, induced drag and aerodynamic moments. The AVL software allows the definition and analy-
sis of full aircraft, including nacelles and fuselages. As vortex lattice methods only compute non-viscous
forces, separate methods for determining the different drag components are necessary. The drag break-
down given in Equation 2.2 is used in most studies, where CDi is the induced drag, CDp is the profile
drag, CDw is the wave drag and CDadd is additional drag such as parasitic drag from probes or antennas.
Note that the induced drag is taken from AVL in most studies and separate methods are used for the
other drag components.

CD =CDi +CDp +CDw +CDadd (2.2)

Additional Drag
The additional drag components were not considered by every study. In the ONERA study a constant
drag coefficient was added to the total drag coefficient to account for parasitic drag [59]. Brown [58]
used a method from Roskam [60] to account for additional drag.

Profile Drag
Profile drag is the combination of skin friction drag and form drag. Most studies computed the flat plate
friction coefficient and applied corrections to this coefficient using form factors [17, 18, 21, 55, 56]. This
is done for airfoil sections at different stations along the span, after which the individual contributions
are summed. Chan et al. [19] used empirical relations from Howe and Rorie [61], which computes all
drag components except lift induced drag with one empirical relation. Liebeck [10] also evaluates multi-
ple airfoil sections at different spanwise stations and uses the airfoil section properties and vortex lattice
solution to compute the profile drag. It is not specified how this is exactly computed.

Wave Drag
The computation of the wave drag is a crucial part of the aerodynamic analysis for BWB aircraft. The
reasons for this will be explained later, when the validation of used aerodynamic models will be dis-
cussed. It is found that most studies use semi-empirical relations. Adler and Martins [18] uses a method
described in Kays [62]. The BWB aircraft is divided into 2D airfoil sections at different spanwise sta-
tions. The drag divergence Mach number is then calculated for each section, after which a drag rise is
calculated using an empirical relation. The total wave drag is then obtained by summing all the section
contributions. The same method is used in the aerodynamic model from ONERA [59]. Karpuk et al. [17]
uses a similar method, where first the critical Mach number for 2D sections is computed. After this the
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drag rise can be obtained using the ratio between the freestream Mach number and the critical Mach
number and empirical data. The method is explained in detail in Shevell and Bayan [63]. Brown [58]
uses a different method. Here a conventional emprical drag prediction method is used, which is ex-
plained in Feagin and Morrison [64]. This method relates the overall geometry of wings and fuselages to
the wave drag. The wave drag method for wings is used for the outer wings of the BWB. A conventional
fuselage method is used for the centerbody, based on the centerbody area distribution. The drag polar
used in Nieuwenhuizen [54] includes wave drag, however in this work the design is changed after which
corrections are applied to the drag polar. As this does not include any corrections on wave drag, the
drag divergence Mach number is computed. If this is higher than the cruise Mach number the design
changes are accepted, as no uncaptured drag rise is expected.

Maximum Lift Coefficient
Estimating the maximum lift coefficient of a BWB aircraft is not straightforward as using trailing edge
flaps is challenging. Roman et al. [9] mentions no flaps can be used, since there is no tail to balance the
aerodynamic moment created by the flaps. Hefazi et al. [65] investigated the use of a trailing edge flap
system in combination with a belly flap. The study found that the take-off field length was improved,
however the maximum lift coefficient decreased compared to a baseline without the high lift system.
Only a few studies considered the maximum lift coefficient of the conceptual design. One of the meth-
ods used to estimate the maximum lift coefficient is the critical section method, which was used by
Liebeck [10] and Adler and Martins [18]. This method considers the lift coefficient of the individual 2D
airfoil sections. When the first 2D section reaches its maximum section lift coefficient the total aircraft
lift coefficient at this angle of attack is taken as the maximum total lift coefficient. Karpuk et al. [17] ap-
plied leading edge slats to the outer wings to increase the critical angle of attack of those sections. The
effect of slats on the sectional maximum lift coefficient was taken from Torenbeek [66]. For preliminary
sizing a reference value for the maximum lift coefficient will be used, as the aircraft geometry has not
been defined yet. Brown [58] and Smith [16] mention the use of reference values for preliminary sizing.

Validation of Aerodynamic Models
Determining the aerodynamic characteristics is a crucial part of the conceptual design of a BWB aircraft,
due to the unconventional nature of the configuration. Special attention will therefore be given to the
validation of some of the discussed aerodynamic models. Roman et al. [9] compared the results from
wind tunnel tests with results from CFD. It was found that CFD can accurately predict the aerodynamic
characteristics of BWB aircraft. In Figure 2.24 the drag polars of the first generation BWB presented in
Liebeck [10] is given, constructed from both wind tunnel tests and CFD analyses.

Figure 2.24: BWB concept drag polars, from wind tunnel tests and CFD [9]
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Hileman et al. [12] validated the use of a vortex lattice method to compute pressure forces. The
aerodynamic characteristics of the SAX-29 concept (one of the earlier concepts in the Silent Aircraft
Initiative) were determined using a full viscous CFD analysis and a 2D vortex lattice method. The com-
puted pressure distributions are given in Figure 2.25. Qualitatively the pressure distributions are similar
for the CFD and vortex lattice methods. Differences in the pressure distributions are observed in the for-
mation of shockwaves on the outer wings, as the vortex lattice method is unable to capture shockwaves
and only applies a compressibility correction. The vortex lattice method does capture the centerbody
and junction region between the outer wing and centerbody well, compared to the CFD results.

Figure 2.25: Computed pressure distributions of SAX-29 concept at a Mach number of 0.8 [12]

Karpuk et al. [17] validated its aerodynamic model by comparing it to a high fidelity CFD analysis.
The computed lift curves, drag polars and moment curves are compared. The resulting curves are given
in Figure 2.26. For the lift it can be seen the high fidelity analysis has a slightly higher lift slope at the
cruise Mach number due to better prediction of compressibility effects. Onset of flow separation can
also be seen, which is not predicted by the low fidelity analysis. For lower Mach numbers there are no
significant differences between the two methods. For the drag polar large differences can be observed
at the cruise Mach number. The CFD analysis predicts a significantly higher drag coefficient at high
lift coefficients and seems to diverge from the low fidelity results. This is due to better capturing of
shockwaves in the high fidelity analysis. Overall, at higher angles of attack and cruise Mach numbers
the low fidelity method does not accurately predict the aerodynamic characteristics of the BWB concept.
If high cruise lift coefficients are avoided by proper design of the BWB the low fidelity aerodynamic
model is deemed accurate enough. When comparing the moment curves, it can be seen the high fidelity
predicts lower moment coefficients (more negative). This results in a static margin shift. However, this
shift is a conservative one, meaning the low fidelity method predicts a more conservative static margin
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[17].

(a) Lift curve (b) Drag polar

(c) Moment curve

Figure 2.26: Aerodynamic characteristics of BWB computed by a high fidelity CFD (ADFlow) analysis and low fidelity
aerodynamic model [17]

Moens [59] found similar results for the drag polar, when comparing the aerodynamic model for the
ONERA hydrogen BWB with results from CFD. The drag polar is given in Figure 2.27.

Figure 2.27: Drag polar of the SMILE BWB concept computed by a low fidelity aerodynamic model and a high fidelity CFD
analysis (M = 0.78) [59]
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Similarly to Karpuk et al. [17], the CFD analysis predicts a higher drag coefficient at higher lift coef-
ficients than the low fidelity analysis, at cruise conditions. This is due to better capturing of wave and
viscous drag [59]. The same argument can be made that the low fidelity model is accurate enough if high
cruise lift coefficients are avoided.

2.4.2. Structural Mass Models
For the conceptual design of a BWB it is important to have a structural mass model that allows fast and
reliable estimations of the aircraft structural mass. Since the primary structure of a BWB aircraft is dif-
ferent from a conventional aircraft, conventional methods such as Roskam [67] cannot be used. Bradley
[68] created a semi-empirical method to rapidly estimate the structural mass of BWB concepts. The
method also provides a sizing method for the passenger cabin. This method was widely used by previ-
ous studies to estimate the primary structure mass [16–18, 20, 22]. FEM analyses were performed on a
BWB design, followed by a regression analysis using the FEM results. The result is regression equations
to calculate the centerbody mass, as a function of the MTOM, cabin area, number of engines on the aft
body and centerbody shape. The results of the regression equations were validated using predictions by
Boeing, showing good agreement [68].

The other mass groups are conventional, meaning conventional methods can be used. Adler and
Martins [18] computed the outer wing mass using a conventional method, however the method used
for the mass of subsystems is not explained. Karpuk et al. [17] also does not mention what method is
used for the mass of conventional mass groups. Smith [16] uses regression estimations from Raymer [69]
and Roskam [67]. Patel et al. [22] also uses regression estimations, however from Wells et al. [70]. Chung
et al. [20] uses a detailed method to calculate the mass of subsystems. Using component dimensions,
material properties and structural requirements those masses are calculated.

Brown [58] uses the method from Howe [71] to calculate the primary mass of a BWB aircraft. An
ideal wing mass is calculated, after which penalty factors are applied to this mass based on components
placed on the wing. The method is not validated however. Brown [58] uses regression estimations for
the other mass groups, using relations from Torenbeek [66].

2.4.3. Propulsion Models
For estimating the characteristics of the propulsion system different models are used. Adler and Martins
[18] uses a surrogate model, based on a model of the CFM56 engine from pyCycle [72]. Improvements
with respect to the TSFC of the CFM56 engine were applied, to account for improvements in more mod-
ern engines. To account for hydrogen usage the SEC was assumed to be equal to the kerosene SEC of
the engine. Based on SEC improvements found in earlier discussed literature in subsection 2.2.2 this
is a reasonable, conservative assumption. The fuel flow and thrust of the engine are linearly scaled,
maintaining the same TSFC.

Karpuk et al. [17] uses the method described by Cantwell [73]. The method calculates the engine
cycle using isentropic relations, with polytropic efficiencies to account for losses. TSFC changes based
on the fuel properties are applied to the calculations to account for the use of hydrogen in the engine.

Other studies used models that are not transparent. Nguyen Van et al. [21] used an in-house code,
without giving any details on the method used in this code. Chan et al. [19] integrated the NASA En-
gineSim software into its design tool, however the exact integration method was not explained. Docu-
mentation on the exact calculation method used by the tool was not found.

Nieuwenhuizen [54] did not apply a detailed propulsion analysis. Instead a fuel fraction method
was used to estimate the fuel burn. Performance constraints were used to size the propulsion system.
Brown [58] also only sized the propulsion system based on performance constraints and did not apply
a detailed propulsion model.

2.4.4. Tank Sizing and Internal Layout Models
Another crucial part of modelling an LH2 BWB concept is the internal layout and the hydrogen tank
sizing. Different methods were used to model the internal layout. For sizing the passenger cabin the
method explained in Bradley [68] is used by most studies [17, 19, 20]. Based on the required seating area
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a total bay length will be computed. The total length will then be divided over several side-by-side bays,
giving a cabin shape.

Adler and Martins [18] and Nieuwenhuizen [54] sized the passenger cabin based on the total re-
quired cabin area as well, however applied their own method to define the cabin shape. Both studies
based the cabin shape on earlier concepts, such as the one given in Liebeck [10]. Smith [16] copied the
cabin layout of the Baseline BWB-450 and removed a bay to allow the placement of hydrogen tanks.

For sizing the tanks models with various fidelities were used. As explained earlier, Smith [16] only
computed the available internal volume for the hydrogen fuel. Similarly, Adler and Martins [18] com-
puted the available internal volume, however a tank gravimetric efficiency was assumed to calculate the
tank mass. In the ONERA project a similar approach was taken, assuming a gravimetric efficiency for the
tanks. However, for determining the usable volume of the tanks a thermal analysis was applied. Based
on the required dormancy time, maximum allowable pressure, ambient temperature and the insulation
material properties the internal and external volume of the tank was determined. Only the heat flux
from convection was considered, using methods from Verstraete [38] to compute the heat flux.

For BWB aircraft only Karpuk et al. [17] applied a more detailed tank sizing method. The component
mass breakdown method from Brewer [7] was used to estimate the mass of fuel system components
other than the tank. The mass of the hydrogen fuel tanks was estimated using structural and thermo-
dynamic analyses. Using limit load factors the tank is sized to withstand hoop stress. This is based on
the limit load factors given by Brewer [7]. The insulation thickness and mass are calculated based on
analyses given by Verstraete [38]. In this study only the heat flux through the insulation layers and the
tank walls was considered. Each layer has its own resistivity, resulting in a total thermal resistance for
the tank. Iterations are made until the heat flux through each of the sub-layers is equal [38]. The insu-
lation thickness was determined using this method and a maximum allowable boil-off in the tanks. It is
not clear how exactly the boil-off was modelled and what the allowances were.

Studies on conventional aircraft configurations have also implemented tank sizing models that are
usable for an LH2 BWB. Rompokos et al. [41] applied a detailed thermodynamic model to evaluate the
pressure evolution inside the tank during a mission. This model considered thermal conduction, con-
vection and radiation. The thermal resistance of the aluminium wall was neglected since it is magni-
tudes lower than that of the insulation. The tank is also structurally sized, according to the ASME code.
The tank is structurally sized for pressure differences only. To account for stratification a pressure rise
factor is applied to the theoretical value obtained by assuming a homogeneous tank. During several
flight phases (taxi, take-off, climb, descent and landing) mixing is assumed. During those phases the
pressure is modelled to drop back to the theoretical value. In Figure 2.28 the pressure evolution during
a mission is shown.

Figure 2.28: Pressure evolution inside a hydrogen fuel tank during a mission of a conventional LH2 aircraft [41]
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Tarbah [74] applied a similar method. The tank is sized for structural loads using the pressure dif-
ference and the ASME Code. The thermodynamic analysis also takes conduction, convection and radi-
ation into account. Here only three conduction layers are modelled, which are the inner and outer wall
and the insulation layer. The insulation layer thickness is computed based on the maximum allowable
pressure and the boil-off rate. Stratification was ignored in this tank model.

Palaia et al. [75] uses a similar method as the earlier discussed studies for the thermodynamic and
structural analysis, however starts from a certain hydrogen mass in the tanks. In this study a conven-
tional and box wing aircraft with LH2 tanks are analysed. The tank is optimised based on achieving
maximum range. The fuel consumption and vented fuel due to boil-off is simulated throughout the en-
tire mission duration. Once there is just enough fuel left in the tank for the descent and landing phases
of the mission the simulation stops and an achieved range is computed. The insulation material, thick-
ness and tank geometry are all variables that can be changed. In Figure 2.29 the design space for a
conventional aircraft and a box wing aircraft with different tank designs is given, where LC /2R is the
length to diameter ratio of the tank, ti n is the insulation thickness and np is the number of passengers.
The contour lines are range values.

Figure 2.29: Payload and range design space for different tank designs [75]

Onorato et al. [43] included a slightly simplified tank model for a conventional aircraft configuration.
The structural sizing was also done based on the pressure loads, however for the heat flux into the tank
only conduction with a single insulation layer was considered. The tank is assumed to be homogeneous
through mixing, while the outside tank wall temperature is assumed to be equal to the air temperature.
The inner tank wall temperature is assumed to be equal to the fuel temperature. For the insulation layer
properties the average temperature between the inner and outer tank walls is taken. This study did
however take heat leakage through the support structure and piping into account, as well as hydrostatic
pressure increase due to accelerations. For the masses of other hydrogen fuel system components an
adapted Class 2 estimation equation from Torenbeek [66] was used. The pressure evolution inside the
tank throughout the mission is simulated in this study, which is used in combination with an iteration
loop to determine the required insulation thickness to avoid exceeding the maximum allowable pressure
inside the tank. This iteration loop is included in a full conceptual design model.

2.4.5. Mission Analysis Models
For analysing a mission several methods can be used, ranging from simple to very detailed. The sim-
plest method used is a fuel fraction method, based on typical fuel fractions for short mission phases
and a cruise fuel fraction. The cruise fuel fraction can be computed using the Breguet range equation
(Equation 2.3), where R is the cruise range, V is the flight velocity, g is the gravitational acceleration
and Πcr ui se is the cruise fuel fraction. The fuel fractions of other mission phases are taken from typical
values found in literature, such as Roskam [76]. This method is used by several BWB studies [16, 20, 54].
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More detailed models for the mission analysis are also used. Adler and Martins [18] performed a
mission analysis with a time integration. At each timestep in the mission the correct lift coefficient
and throttle setting is set to balance the mass and drag of the aircraft at that time. An in-house design
tool is used, in which this mission analysis model is incorporated. The model is efficiently solved using
a monolithic solution and analytical derivatives. Karpuk et al. [17] also performs a detailed mission
analysis. This is done using the SUAVE software, which enables the analysis of the aircraft state at every
timestep in a mission and computes the fuel burn for a certain mission based on this [77]. Chan et al.
[19] and ONERA (Gauvrit-Ledogar et al. [53]) use a similar time integration method to determine the
mission performance.

2.4.6. Weight and Balance
The balance and stability is a crucial part of designing a BWB aircraft, due to the lack of a conventional
tail to balance the aircraft. In the conceptual design of a BWB it is therefore important to adequately
predict the stability of the aircraft. Most of the considered studies evaluated the center of gravity and
neutral point location to determine the static margin [10, 16, 17, 19, 20, 53, 58]. Gauvrit-Ledogar et al.
[53] also considered dynamic longitudinal stability. It considered the trim glide, which is the ability of
the aircraft to be balanced with sufficient actuator margin during approach. It also considered trim turn,
which is the same condition with a steady turn rate. Another consideration was the trim take-off, which
is the take-off rotation authority. The maneuver point was also determined, which is an extension of
the neutral point that takes dynamic effects into account. Brown [58] considered longitudinal control-
lability, by sizing elevators at the aft of the centerbody. The elevator is modelled in AVL to analyse its
effectiveness.

Dynamic stability was not considered much. Karpuk et al. [17] computed stability derivatives using
AVL, however from validation with CFD it was found that the AVL results for dynamic stability are op-
timistic. Chan et al. [19] also determined stability derivatives, however it is not mentioned with what
method exactly. Considerable differences in yaw and roll moment were observed between the CFD and
AVL analyses. This is shown in Figure 2.30. Differences in pitching moment are also observed, which
have already been explained in subsection 2.4.1.

(a) Yaw moment vs sideslip angle (b) Roll moment vs sideslip angle

Figure 2.30: Yaw and roll moment characteristics of a BWB aircraft, computed by a CFD solver and AVL [17]
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3
Methodology

In this chapter the methodology used to output results and answer the main research question is de-
scribed. In section 3.1 the structure of the design model is explained, in section 3.2 the preliminary
sizing of BWB concepts is explained and in section 3.3 the geometry definition of BWB concepts is de-
scribed. After this, the method used for the aerodynamic analysis is discussed in section 3.4, the tank
sizing method is detailed in section 3.5 and the engine sizing method is explained in section 3.6. In
section 3.7 the Class 2 weight estimation methods are explained and the stability analysis of the BWB
concepts is described in section 3.8. Finally, in section 3.9 the concept optimisation procedure is de-
tailed and in section 3.10 a summary of important assumptions is given.

3.1. Parametric Model Framework
To achieve the research objective of this work it is necessary to create a BWB conceptual design tool.
To evaluate various different BWB variants easily, a parametric model is required that allows automatic,
easy and extensive modification of TLRs and aircraft parameters. For this purpose the model is created
on the ParaPy1 platform, which is a Python library that provides multiple useful features. Among other
features, the platform provides dependency tracking between variables, a geometry library and a user
interface that allows easy visualisation of the created geometry and manipulation of model inputs. The
library also provides built-in links between ParaPy models and analysis software, such as AVL.

The model framework that is used is similar to typical ones for conventional aircraft. First prelim-
inary sizing (or Class 1 sizing) and a constraint analysis is performed, after wich the aircraft geometry
is created and analysed. From this a component weight estimation (or Class 2 weight estimation) can
be performed and iterations between Class 1 and 2 weight estimations are performed to converge the
aircraft concept to a reliable weight estimate. Following this, optimisation algorithms are applied to
optimise the aircraft planform for range and longitudinal static stability. This is explained in depth in
section 3.9 An N2 chart of the Class 1 – Class 2 iteration framework is given in Figure 3.1.

1https://parapy.nl/
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Figure 3.1: N2 chart showing Class 1 – Class 2 iteration framework

In this design loop the Class 2 OEM and L/D are fed back into the preliminary sizing module. The
iterations run until the difference between the Class 1 and Class 2 OEMs is less than 0.05 %.

3.2. Preliminary Sizing
The first step in the design process of a BWB concept is the preliminary sizing of the aircraft. First
Class 1 weight estimations of the concept will be performed, after which a constraint analysis is done to
determine the wing and thrust loading of the aircraft.

3.2.1. Class 1 Weight Estimation
The Class 1 weight estimation method provides a first estimate of the weight of the top level weight
groups of the concept. This includes the payload mass (PM), fuel mass (FM), operational empty mass
(OEM) and the maximum take-off mass (MTOM), which are related according to Equation 3.1 The
method used to perform the estimations is based on the method for conventional aircraft explained
in Roskam [76]. First the payload mass is estimated, based on the number of passengers and required
number of crew members. This means the mass of the crew members is budgeted in the payload mass,
while it could also be included in the OEM. This will not affect the resulting required fuel mass and
MTOM. After this the design mission fuel fraction is computed (end of mission weight to MTOM frac-
tion). The fuel fraction definition is given in Equation 3.2, where M1 is the total mass of the aircraft at
the start of a mission phase and M2 the total mass at the end of the phase.

MTOM = OEM+PM+FM (3.1) Π= M2

M1
(3.2)

For the short flight phases reference fuel fractions from Roskam [76] are taken, however these are
for kerosene aircraft. To account for the usage of hydrogen the fuel fractions are corrected based on the
lower heating values (LHV) of the fuels. This results in the following fuel fractions for the short mis-
sion phases given in Table 3.1. Note that the fuel fraction corrections do not include any aerodynamic
changes of the BWB concept compared to TAW aircraft. The required hydrogen fuel mass is therefore a
conservative estimate.
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Table 3.1: Fuel fractions of short mission phases

Mission Phase Fuel Fraction
Engine start, warm-up 0.9964

Taxi 0.9964
Take-off 0.9982

Climb 0.9929
Descent 0.9964

Landing, taxi, shutdown 0.9971

The fuel fractions for the longer mission phases are estimated using methods described in Roskam
[76]. For the cruise mission phase the Breguet range equation is used, which is given in Equation 3.3.

Πcruise = 1

e
R·g ·TSFC
V ·(L/D)

(3.3)

To determine the fuel fraction, the design mission range (R), gravitational acceleration (g ), TSFC,
cruise velocity (V ) and L/D are required. The cruise velocity depends on the cruise altitude and Mach
number entered by the user. The user also determines the design mission range, which is actually the
design cruise range, as the climb and descent phases of the mission are not taken into account in the
design range. The first time the Class 1 weight estimation is performed a reference value is taken for the
L/D . After this the L/D is updated based on the results of the aerodynamic analysis model, which will
be explained later in this thesis. The reference value is an average value obtained from several hydrogen
BWB studies [17–20, 22]. For the TSFC of the concept a reference value is taken from literature represent-
ing the current state of the art high bypass ratio turbofan engines. The TSFC values of several reference
engines are taken from the Janes database2 and datasheets given in Jenkinson et al. [78]. An average
value is obtained, which is corrected for the use of hydrogen. As explained earlier in subsection 2.2.2,
the SEC of hydrogen engines shows small improvements compared to that of kerosene engines. To stay
conservative the SEC of turbofan engines on both fuels are assumed to be equal. This means the ob-
tained average TSFC is corrected using the LHVs of the two fuels. In section 3.6 the used reference TSFC
as well as the method used to obtain it is explained.

For the alternate flight phase the Breguet range equation is also used. Corrections are applied to
the inputs, as the optimal cruise altitude cannot be reached in the alternate phase. The L/D value is
assumed to be 75 % of the reference cruise L/D . The TSFC is increased with 50 %, while the alternate
cruise velocity is assumed to be 250 kts. An alternate range of 200 km is used. All those values are taken
from Roskam [76].

For the loiter flight phase cruise conditions are assumed. A loiter period of one hour is assumed,
based on the loiter time assumed in Roskam [76]. The fuel fraction for this phase is computed using the
Breguet endurance equation given in Equation 3.4, where E is the endurance time.

Πloiter = 1

e
E ·g ·TSFC

(L/D)

(3.4)

The total design mission fuel fraction (Πtot al ) is then obtained by taking the product of all the indi-
vidual fuel fractions. The next step is constructing a trendline between the OEM and MTOM of other
H2 BWB concepts from literature. This trendline can be used in combination with the total mission fuel
fraction and known payload mass to obtain the OEM, MTOM and FM. The different mass groups and
fuel fraction are related to each other with Equation 3.5 and the OEM-MTOM trendline, which allows
the determination of each mass group. The trendline is given in Figure 3.2. The datapoints are several
H2 BWB concepts taken from literature, which are discussed in more detail in section 2.3 [16–18, 20–23].

MTOM = OEM+PM

Πtot al
(3.5)

2https://customer.janes.com/
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Figure 3.2: Trendline of OEM and MTOM of H2 BWB concepts from literature

3.2.2. Constraint Analysis
After computing the Class 1 weight estimations the wing and thrust loading of the aircraft needs to be
determined. This is done based on a number of critical flight cases from CS25 certification specifications
[79]. These flight cases impose constraints on the wing and thrust loading of the BWB concept aircraft.
The sizing method for each constraint is based on the methods explained in Roskam [76]. The following
flight cases/constraints are taken into account in the constraint analysis:

• Landing field length.

• Take-off field length.

• Climb gradients: one engine inoperative (OEI) take-off climb gradients (CS25.111, CS25.121a-c),
all engines operative (AEO) balked landing (CS25.119) and OEI balked landing (CS25.121d).

• Cruise speed requirements.

• Maximum wing span.

Landing Field Length
The landing field length imposes a constraint on the wing loading based on the approach speed. The
aircraft should have a margin to the stall speed during landing. The approach speed is related to the
landing field length by Equation 3.6 [76], where sF L is the landing field length in ft and VA is the ap-
proach speed in kts. The approach speed is assumed to be 23 % higher than the stall speed (CS25.125).
After determining the stall speed using the landing field length, based on the maximum lift coefficient
in landing configuration the wing loading constraint from the landing field length can be computed
(maximum wing loading to meet stall speed).

sF L = 0.3V 2
A (3.6)

The landing field length is assumed to be equal to the landing field length of the A350-900 at sea
level conditions [80], which is a length of 2000 m. The maximum lift coefficient for the BWB concept is
an estimated value based on several literature sources. Like in Brown [58] the maximum lift coefficient
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in clean configuration is 1.1, while in take-off and landing configuration it is 1.3. This is based on Kawai
[81] and van Dommelen and Vos [82]. As mentioned in subsection 2.4.1 high lift device design for a BWB
aircraft is not straightforward, while several sources highlight challenges with using flaps. Therefore
for the conceptual design of a BWB aircraft reference lift coefficient values are assumed, along with
only the use of leading edge slats (which represents the 0.2 increase in lift coefficient from the clean
configuration).

Take-Off Field Length
For the take-off field length the take-off parameter (TOP) method described in Roskam [76] is used.
Some modifications are made based on Nieuwenhuizen [54] however. Rather than using a certain field
length as an input, Equation 3.7 is used to compute the required take-off parameter for the BWB concept
aircraft, where W /S is the wing loading, T /W is the thrust loading and CLT O is the take-off lift coefficient.
Reference data for existing aircraft is taken from Jenkinson et al. [78] to compute the TOP for those air-
craft (B777-200, A330-200, B767-200, B767-300). An average TOP is then computed which is used for the
BWB concept constraint analysis. The average reference TOP used for the BWB concept is 7500 Nm−2.
Note that the TOP sizing is performed for sea level conditions. This average TOP is equivalent to a TOFL
of roughly 1790 m, based on the relation given in Roskam [76].

TOP = W

S

W

T

1

CLT O

(3.7)

Climb Gradients
Sizing the thrust loading to climb gradient requirements is done for several conditions, as mentioned
earlier. The following conditions are taken into account:

• CS25.111: minimum climb gradient of 1.2 % at take-off with OEI, slats extended, gear up, V =
1.2VS and take-off thrust.

• CS25.121a: minimum climb gradient of 0 % (lift-off) at take-off with OEI, slats extended, gear
down, V = 1.1VS , V = 1.2VS and take-off thrust.

• CS25.121b: minimum climb gradient of 2.4 % at take-off with OEI, slats extended, gear up, V =
1.2VS and take-off thrust.

• CS25.121c: minimum climb gradient of 1.2 % at take-off with OEI, slats retracted, gear up, V =
1.25VS and at maximum continuous thrust.

• CS25.121d: Minimum climb gradient of 2.1 % at aborted landing with OEI, slats extended, gear
down, V = 1.4VS and take-off thrust.

• CS25.119: Minimum climb gradient of 3.2 % at aborted landing with AEO, slats extended, gear
down, V = 1.23VS and take-off thrust.

In order to compute the required thrust loading for each flight condition Equation 3.8 is used [76],
where CGR is the climb gradient percentage divided by 100. In order to apply this equation an estimate
of the lift to drag ratio needs to be made. This is done using Equation 3.9 and the estimation method
described in Roskam [76] for CD0 . As all the flight velocities for the climb gradient requirements are
multiples of the stall velocity, the required lift coefficients can be determined using the maximum lift
coefficient and stall velocity multiple. Using the known lift coefficient and Equation 3.9, CL/CD can be
determined, which is the same as the L/D .

To compute the zero lift drag coefficient, estimates of the reference wing area, wetted surface area
and parasite area are required. The estimated wing area is computed using an average from reference
wing loadings for BWB aircraft from literature [12, 15, 23, 53, 58], which is 2500 Nm−2. The wetted sur-
face area is then calculated using an estimation method from Roskam [76] which is based on regression
relations and requires the MTOM of the aircraft. The wetted area is reduced by 33 % to account for lower
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wetted surface areas of BWB aircraft [10, 19]. The parasite area is also computed using regression re-
lations from Roskam [76], assuming a flat plate friction coefficient of 0.003. The clean CD0 can then
be computed, using Equation 3.10 and the estimated wetted surface area ( f ) and reference planform
area (S). Based on the aircraft configuration (slats, landing gear) corrections are applied to the zero lift
drag coefficient and the Oswald efficiency factor. With the required lift coefficient known, the total drag
coefficient can be determined.

T

W
= 1

L/D
+CGR (3.8) CD =CD0 +

C 2
L

πAe
(3.9) CD0 =

f

S
(3.10)

Cruise Speed and Maximum Wing Span
The required thrust and wing loading for cruise conditions are also estimated using the method from
Roskam [76]. The thrust and wing loading are related to each other by Equation 3.11. The clean zero lift
drag coefficient found for the climb gradient is used again, however 15 drag counts are added to account
for the wave drag in cruise conditions, based on Moens [59] and Brown [58]. Note that the thrust and
wing loadings are to be corrected for the aircraft weight at start of cruise (known from the fuel fractions
earlier described), while the thrust loading is to be corrected for the available thrust at cruise altitude
(23 % of the take-off thrust is available at cruise altitude [76]).

T

W
=CD0 q

S

W
+ W

S

1

πq Ae
(3.11)

The maximum wing span constraint is based on a reference aspect ratio, maximum wing span and
corresponding maximum wing area. The reference aspect ratio is 4.8 and is taken from BWB concepts
from literature [15, 58]. The maximum wing area is then calculated using Equation 3.12.

S = b2

A
(3.12)

All the constraints are combined to find the maximum possible wing loading and minimum required
thrust loading. In Table 3.2 the assumed reference values for the initial sizing and constraint analysis are
compiled. An example constraint map for a BWB concept is given in Figure 3.3.

Table 3.2: Assumed reference values for preliminary sizing

Parameter Value Unit
(L/D)r e f 20 -
(L/D)al t 15 -

Val t 250 kts
Ral t 200 km
Eloi t 60 min

Landing Field Length 2000 m
Take-Off Parameter 7500 N/m2

Clean CLmax 1.1 -
Take-Off/Landing CLmax 1.3 -

(W /S)r e f 2500 N/m2

C f ,r e f 0.003 -
eclean 0.8 -
esl at s 0.75 -

Cruise Thrust Ratio 0.23 -
Ar e f 4.8 -
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Figure 3.3: Example constraint map of a 250 passenger BWB concept aircraft

3.3. BWB Geometry Definition
After performing a first estimate of the aircraft weight breakdown, thrust requirements and size of the
aircraft, the geometry is generated. This includes the internal geometry such as the cabin and tanks,
after which the external geometry is constructed using airfoil sections along the span of the aircraft.
Placement and fitting of these airfoil sections will be explained later in this section.

3.3.1. Cabin Sizing and Exit Design
The first step in the generation of the aircraft geometry is the sizing of the cabin, as all other components
will be placed around the cabin which will result in the full internal geometry of the aircraft. The cabin
is sized to fit the number of passengers, as well as required cargo volume. The method of Bradley [68]
is used to define the cabin shape. In this method a regular cabin is divided in multiple bays, which are
placed side by side to create a homeplate shape. A typical cabin layout with 3 bays is shown in Figure 3.4.
The cabin sizing also includes the design of the exits, which will be explained in more detail later.

Cabin Sizing
First the total cabin length to fit the passengers, lavatories and galleys needs to be computed. For the
cabin length the method from Roskam [83] is used. This method estimates the cabin length based on
the number of passengers in each seating class and the seat pitch. For this work a 2 class configuration
is assumed (business and economy). Seat pitches are taken from typical numbers for current long haul
carriers. Approximately 90 % of the total capacity is economy class (the exact ratio changes as rows are
completely filled). For economy class a 3-3 abreast configuration per bay is used, while for business
a 2-2 abreast configuration per bay is used. The 3-3 abreast economy configuration follows from the
maximum number of 3 seats abreast for one aisle (and thus one bay). The height and width of a bay are
estimated using Roskam [83], at 2.13 m and 3.48 m, respectively. Extra length is added for lavatories and
galleys, based on the number of passengers. Using data from Roskam [83] an average galley/lavatory
area per passenger is computed, which is used to compute the additional length for the cabin sizing.
After determining the total cabin length, the method of Bradley [68] is used to determine the total cabin
planform shape, based on the number of spanwise bays.

For the cargo volume it is assumed most of the area under the passenger cabin can be used for
cargo. Part of this area is reserved for the landing gear and other components, 20 % of the cabin length
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(and corresponding area) is reserved at both the front and rear of the cabin for those components. The
remaining cabin area can be used to place cargo under. According to Roskam [83] the cargo hold height
needs to be a minimum of 0.95 m to allow cargo personnel to work in the hold. From the estimated
required cargo volume from Roskam [83] it is found that this minimum height results in more than
sufficient available cargo volume under the cabin. The total height of the cabin (passenger + cargo
hold) is therefore found to be 3.2 m, by adding the passenger bay height, floor thickness (22 cm) and
cargo hold height.

Figure 3.4: BWB cabin layout with 3 bays [68]

Exit Design
Besides sizing the cabin for fitting passengers and cargo, attention needs to be given to the design of exit
doors. When considering cabin designs from literature the most commonly used layout is having the
main boarding doors at the leading edge of the cabin, with additional exits at the rear portion of the side
wall and rear cabin wall [10, 13, 21, 34, 53, 58]. The leading edge doors lead directly out of the aircraft
structure, while for the rear doors it is unclear where the doors lead to.

As earlier discussed in chapter 2, emergency evacuation is a challenge for BWB aircraft. Since emer-
gency evacuation times are directly linked to the cabin and exit design, extra attention needs to be given
to the exit design. This is further reinforced by a number of requirements from CS25. For the intended
aircraft size, requirement CS25.807 states that at least one floor level emergency exit is required at the
rear of the cabin, while the longitudinal distance between two exits may not be more than 18.3 m. The
location of the cabin within a BWB aircraft poses another point of uncertainty. Rear exits would be sit-
uated far inside the centerbody, which means a floor level exit corridor would lead all the way through
the centerbody and transition region onto the outer wing. It is not clear what effects this would have on
the centerbody structure and if this type of exit would be feasible at all. A solution could be the usage of
ventral exits at the rear of the aircraft, leading down through the floor (similar to the Boeing 727 ventral
exit [84]). This would however violate the floor level exit requirement from CS25.807.

Considering the CS25.807 requirements, the location of the cabin within a BWB aircraft and the lack
of detailed exit designs in literature, the exit design of a BWB cabin is not straightforward. An additional
issue is the presence of hydrogen tanks next to and behind the cabin, which limits the placement of
exits there. Since this work focuses on the conceptual design of a BWB aircraft, a detailed analysis of the
emergency evacuation performance is not performed. Instead, three cabin design options are consid-
ered and their effects on the overall aircraft layout and performance are evaluated. The following cabin
design options are considered:

1. Additional LE Doors. No rear doors are placed while ignoring the sidewall length constraint from
CS25.807. Instead, an increased number of doors are placed at the cabin leading edge. This choice
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is supported by findings from Chen et al. [85], where evacuation simulations were performed for a
4 bay, 380 passenger BWB cabin. One of the evacuation scenarios had the rear doors fully blocked
and found the evacuation time to be sufficient with guidance from the cabin crew. A total of 4
front doors were still available in this scenario. To account for the blockage of one side of the
cabin (so half of the leading edge doors) additional doors are placed at the leading edge.

2. Ventral Exits. Ventral exits are placed at the rear of the cabin which lead sideways and are as-
sumed to satisfy the rear door requirement from CS25. To account for the ventral exits an area
next to the cabin is kept free from hydrogen tanks, the width of this area is based on the B727 ven-
tral exit size. An additional margin is taken to account for structural elements and/or a protective
wall.

3. Max Sidewall Length. No rear doors are placed to avoid issues with the tank placement or cen-
terbody structure. This will however violate the rear door requirement from CS25. The CS25.807
requirement on distance between exits is imposed on the cabin sidewall length. Half of this dis-
tance is taken as the maximum sidewall length (9.15 m). This means that the cabin will have an
increased number of bays, increasing the cabin width drastically.

Note that the number of doors placed is dictated by the allowed number of passengers per door from
CS25.807. The number of doors placed will in turn have an effect on the length of the cabin, as spanwise
aisles are placed between the doors. In Figure 3.5 an example diagram is given of the different cabin exit
design options. For simplicity a one class configuration is shown, however in the design tool a two class
configuration is assumed (business and economy).

Figure 3.5: Diagram showing the different cabin exit design options

3.3.2. Geometry Parameterisation
Since the generation of the aircraft needs to be performed automatically in a parametric model, an ef-
ficient and flexible parameterisation of the geometry is required. This is based on the parameterisation
used in Karpuk et al. [17], with some modifications. For this work a tank region behind the cabin is
added and a consistent sweep angle of the cabin leading edge (cabin front wall) and the side tank region
leading edge (front wall) is maintained. It must be stressed that this means the cabin sweep angle (Λcab)
input determines the leading edge sweep angle of both the centerbody and the transition region. The
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actual airfoil leading edge sweep of the cabin region will be different due to the addition of the cockpit
at the nose. The airfoil leading edge in this region will connect from the cockpit nose to the start of the
side tank region leading edge. The top view of the geometry parameterisation is shown in Figure 3.6.

Note that the internal geometry (so excluding the lifting surface constructed using airfoils) is sym-
metric in z-direction, to avoid complicating the placement of components. As no lateral stability anal-
yses will be performed in this work the outer wing does not have a dihedral angle. Logically, the entire
aircraft is symmetric about the centerline (symmetry line is indicated in Figure 3.6).

Figure 3.6: Planform parameterisation of generated BWB concepts

3.3.3. Baseline External Geometry
After sizing and generating the internal geometry the external geometry needs to be defined. As men-
tioned earlier a number of airfoil profiles are placed along the span of the aircraft. The outer shape is
then created by lofting along those airfoil profiles. Each airfoil profile will have a position, airfoil shape,
thickness, twist and chord. The position is based on the geometry parameterisation earlier described,
while the chord and thickness are determined by either fitting of the airfoil around the internal geom-
etry or user inputs (for the outer wing). The airfoil shape and twist have an effect on the aerodynamic
performance and stability. Since the conceptual design tool should allow efficient evaluation of differ-
ent variants and comparisons between those variants will be made it is decided to avoid optimisation
of airfoil shapes. Instead, baseline airfoil shapes are taken from the BWB design from Qin et al. [11].
As will be explained later, the twist distribution will be subject to an optimisation. The baseline twist
distribution will also be based on Qin et al. [11].

The centerbody region of the aircraft is defined as the region within the cabin and side tank span.
The centerbody airfoil section shapes and baseline twists are taken from Qin et al. [11]. Up to 60 % of
the centerbody span the reflexed airfoil shape shown in Figure 3.7 is used. From 75 % of the centerbody
span until the start of the transition region a symmetric airfoil shape is used. Between 60 and 75 % of
the centerbody span the airfoil shape is an interpolation between the reflexed and symmetric airfoils.
For the outer wing the supercritical airfoil shown in Figure 3.8 is used. The airfoil shape in the transition
region is an interpolation between the symmetric and supercritical airfoils.

The baseline twist distribution is based on the twist distribution given in Qin et al. [11]. Since the
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spanwise position of the airfoil sections is different compared to Qin et al. [11], it is replicated as much
as possible. In Figure 3.9 the twist distribution from Qin et al. [11] is shown, while in Figure 3.10 the
baseline twist distribution used in this work is shown. The twist angle of the airfoil sections is defined as
being positive for a nose up rotation of the airfoil. Note that the spanwise position of the sections may
vary across different concept variants and the twist angles will be included in a design optimisation.
The twist angles of the first three centerbody sections (the most central ones) are constant across those
sections to avoid large jumps in twist angle due to the close spanwise proximity of those sections. Those
large jumps are observed to cause large lift coefficient spikes in the AVL computations.

Figure 3.7: Reflexed centerbody airfoil profile [11] Figure 3.8: Supercritical outer wing airfoil profile [11]

Figure 3.9: Twist distribution of the reference BWB
geometry [11] Figure 3.10: Baseline twist distribution of a typical BWB

concept generated by own design tool

3.3.4. Fuel Tank and Airfoil Fitting
With the cabin sized, the fuel tanks can be placed around the cabin. As shown in Figure 3.6 there are
two regions in which the tanks can be placed. The amount of tanks to be placed in each region depends
on the fuel fraction of the total fuel per region, which is determined by the user as an input. The total
required fuel mass follows from Breguet range equation applied in the Class 1 weight estimation. Then
the total fuel volume can be computed using the density of LH2, which is 71 kg/m3 [7]. The available
fuel volume in a tank is based on the tank sizing method, which is explained in detail in section 3.5. The
placement of fuel tanks is done automatically by the design tool for both the side and aft fuel tanks.

Side Fuel Tank Fitting
The method to fit the side fuel tanks is based on the method described in Karpuk et al. [17]. The tanks
are placed side by side next to the cabin, fitting between the front wall of the tank region and the aft wall
of the tank region. The aft wall of the side tank region can be moved based on the margins required for
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optional rear ventral exits. A top view of the side tank fuel region is shown in Figure 3.11 and a rear view
of the fuel tank region is shown in Figure 3.12. Note that wd is the rear door margin, which depends on
the exit design and required margin for potential rear doors. The height of the outboard side tank region
wall (ht ,s) is a user input.

The hydrogen tanks are assumed to be cylindrical tanks with hemispherical end caps, as this is the
most extensively researched tank shape based on the literature findings presented in subsection 2.2.1.
As can be seen in Figure 3.12 in the y-z plane the tanks are circles fitted in a trapezoid. Karpuk et al. [17]
uses a method to fit diameters in a trapezoid, with the maximum possible diameter. As found in sub-
section 2.2.1 the diameter of hydrogen tanks should be as high as possible to achieve better gravimetric
efficiencies. This fitting method is therefore used to determine the tank diameters, the resulting span-
wise position of each tank and the corresponding length of each tank (based on the front and aft wall
positions at that spanwise station). An optimisation algorithm can vary the side tank region span to find
the span at which the available fuel volume in the side tanks satisfies the required fuel volume for this
tank region. Some jumps in volume are present when a new tank is added. To solve this, if the optimiser
is unable to find a span that satisfies the volume requirement a second optimisation is performed that
applies small variations to the outboard wall height to satisfy the volume requirement.

Figure 3.11: Top view of side tank region

Figure 3.12: Rear view of side tank region

Aft Fuel Tank Fitting
A similar method is used to fit the tanks in the aft fuel tank region. The procedure for this is slightly
more complex as the airfoil fitting depends on the length of this region. A top and side view of the aft
tank region are given in Figure 3.13 and Figure 3.14, respectively.

The position of the trailing edge of the centerbody is determined using the airfoil fitted around the
cabin sidewall. The aft wall of the centerbody internal components is placed at 75 % chord of this airfoil
section, while the front wall of the cabin is placed at 10 % chord of this section (based on the values used
in Karpuk et al. [17]). This is indicated in Figure 3.14. The height of the aft wall is the cabin height if
there are no aft tanks, however when aft tanks are placed determining this height is more complex. In
this case the airfoil thickness is scaled such that there is enough height for the cabin at the location of
the cabin aft wall. From this scaling the available height at the tank region aft wall is determined.
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Figure 3.13: Top view of aft tank region

Figure 3.14: Side view of aft tank region

Viewed from the side, this forms a trapezoid shape in which circles can be fitted using the method
from Karpuk et al. [17]. Again an optimisation algorithm is used which can vary the aft tank region
length, finding the optimal tank region length to satisfy the required fuel volume in this region. Some
modifications are made to this algorithm, as the length of the tanks depends on the available center-
body width and is equal for all tanks. This causes a jump in available fuel volume when a new tank is
added, which results in the optimiser not finding a suitable tank region length in some cases. To fix this,
the tank region length which results in the closest matching fuel volume is computed, after which the
length of the last tank is corrected to match the required fuel volume. An example of this is given in
Figure 3.15. When both side tanks and aft tanks are present, a margin of 0.5 m is taken at the rear of the
cabin between the two tank regions to account for fuel system components attached to the tanks. This
margin is also taken into account when ventral exits are placed at the rear of the cabin.

Figure 3.15: Example of modification of length of last aft tank to satisfy required fuel volume

Airfoil Fitting
As the internal components are now all placed, the outer geometry can be fitted around the internal
components which results in the lifting surface of the BWB aircraft. As mentioned earlier, the position
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of the trailing edge of the centerbody is determined during the fitting of the aft tanks. All the other
centerbody airfoil sections will have the same trailing edge position, leading to a straight trailing edge.
Determination of the leading edge of each section follows from the front edge of the internal geometry
being at 10 % chord of the airfoil section. With the leading edge and trailing edge positions known,
the chord of each airfoil section is also known. The position and height of the aft wall of the internal
geometry is then used to determine the required thickness to chord ratio of each airfoil section. A margin
in the required airfoil height at the aft wall position is taken to account for structural elements.

It must be noted that the airfoils are fitted with no twist angle, while the internal components are
aligned with the aircraft reference frame. After fitting the airfoils the airfoil twist is applied. In chapter 4 it
will be verified whether the airfoil fitting is done sufficiently, without any components clipping through
the outer skin.

The outer wing is sized following the method from Karpuk et al. [17]. The centerbody planform
area follows from the internal components, while the total planform area is known from the Class 1
sizing. The root chord of the outer wing is determined based on the aircraft span and required outer
wing planform area. The transition region span is 7.5 % of the total span. This is to create a smooth
transition in thickness from the centerbody to the outer wing. An additional airfoil section is placed
between the centerbody and start of the transition region with its trailing edge more forward than the
centerbody trailing edge. This ensures a more smooth transition from the centerbody to the outer wing
at the trailing edge.

A constraint is placed on the outer wing aspect ratio and root chord. As a certain wing loading is
required from the constraint analysis, based on the estimated MTOM a certain total planform area is
required. The required centerbody planform area turns out to be large, which is a result of the hydrogen
tanks and cabin area required for an LH2 BWB aircraft. This means in many cases the required outer
wing planform area to match the required total area is very small or even negative. To avoid the genera-
tion of unfeasible or unrealistic outer wing shapes the aspect ratio is defaulted to 10 if the aspect ratio is
higher than 10 or negative (which is a result of the very low/negative planform area). The root chord is
constrained with a minimum value of 5 m for aircraft with more than 300 passengers, and a minimum
of 4 m for aircraft with less than 300 passengers. The outer wing is generated up to the total wing span
which is a user input. A conservative value of 10 is chosen to ensure aerodynamic efficiency of the outer
wing while keeping confidence in the structural weight estimate of the outer wing by avoiding very high
aspect ratios. If outer wing constraints are enforced, the actual wing loading of the concept will be differ-
ent from the estimated wing loading from the constraint analysis. The user can input other geometrical
parameters of the outer wing, such as the thickness to chord ratio, taper ratio and leading edge sweep
angle. A winglet is also generated at the wing tip, with constant inputs. The winglet has a cant angle of
30°, a leading edge sweep angle of 60°, a taper ratio of 0.32 and a length of 4 m. As will be explained in
more detail in section 3.8 the lateral stability of the BWB concepts is not considered. This means there
is no method which sizes the winglets and any vertical tails according to stability requirements.

Assumed reference values that are used in the geometry definition of the BWB concepts are listed in
Table 3.3.
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Table 3.3: Assumed reference values for the BWB geometry definition

Parameter Value Unit
Economy Seats Fraction 90 %
Business Seats Fraction 10 %
Economy Seats Abreast 3-3 -
Business Seats Abreast 2-2 -

Cabin Height 3.2 m
Cabin Bay Width 3.48 m

Front Bulkhead Chordwise Position 10 %
Rear Bulkhead Chordwise Position 75 %

btr /b 0.075 -
Winglet Cant Angle 30 deg

Winglet Leading Edge Sweep Angle 60 deg
Winglet Taper Ratio 0.32 -

Winglet Length 4 m
Outer Wing Aspect Ratio Limit 10 -

3.4. Aerodynamic Analysis Model
A crucial part of the conceptual design tool is the aerodynamic analysis model. As mentioned in sec-
tion 2.4 the unconventional nature of BWB aircraft complicates the usage of low fidelity aerodynamic
models. For this work methods from literature are selected which have been applied to BWB aircraft in
earlier studies. Validation of the methods in those studies and validation of the methods used in this
work will improve the confidence in the aerodynamic model. This will be explained in detail in chap-
ter 4.

3.4.1. Pressure Forces
For the pressure forces a vortex lattice method is used. Besides being computationally efficient, the
method has been used in several earlier BWB studies in which the accuracy of the method has also been
proven sufficient (refer back to subsection 2.4.1). As the design tool is made in ParaPy, the choice is made
to use AVL to compute the pressure forces. ParaPy offers a direct link between the generated geometry
from ParaPy and the input for AVL, which improves consistency between the generated geometry and
the AVL input. Flight conditions are automatically computed and set by the design tool depending on
the cruise condition inputs chosen by the user.

3.4.2. Drag Components
The AVL analysis computes the induced drag using the Trefftz plane analysis [57], however it is unable to
compute the viscous drag components. Those components are therefore computed using other meth-
ods. The drag buildup method explained in Gur et al. [86] is used as a reference to compute the total
drag of the aircraft. The full drag buildup includes the induced drag (computed by AVL), profile drag
and wave drag. Following Gur et al. [86] the additional profile drag due to lift is ignored, as it is small.
The interference drag is also ignored, as it is assumed that variations in thickness are smooth enough to
not cause significant interference drag.

Profile Drag
For the profile drag the basic method explained in Gur et al. [86] is used. The profile drag for each in-
dividual external aircraft component is computed using Equation 3.13, where C f is a flat plate friction
coefficient, Swet is the wetted surface area of the component, Sr e f is the reference wing area of the air-
craft and FF is the form factor of the component. The total profile drag coefficient is found by summing
all the individual components. The lifting surface is divided in trapezoidal wing elements by AVL, which
are used for the profile drag computation. The profile drag of the nacelles is also computed.
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CDp =C f FF
Swet

Sr e f
(3.13)

First the flat plate friction coefficient needs to be determined. A composition of the laminar and tur-
bulent friction coefficients is computed based on the length of the laminar and turbulent flow regions.
To determine the length of each region the transition point is estimated. Based on a diagram given
in Gur et al. [86], an assumed technology factor of 0 and the leading edge sweep angle of the trape-
zoidal wing elements being over 30°, the transition Reynold number is assumed to be 4×106. In case
the leading edge sweep angle of a wing element is lower than 30° this transition Reynolds number is a
conservative number, as later transition would be expected for lower sweep angles. Based on the total
Reynolds number of the wing element and the transition Reynolds number the location of the transition
point can be computed. The laminar friction coefficient is computed using the Blasius relation (Equa-
tion 3.14) and the turbulent friction coefficient is computed using the compressible Schlichting relation
(Equation 3.15). The form factors are computed using the relations given in Moens [59]. For the wing
form factor Equation 3.16 is used and for nacelles Equation 3.17 is used. Note that t/c is the thickness
to chord ratio of the wing element andΛc/2 is the half chord sweep angle of the wing element.

C f ,l am = 1.328p
Re

(3.14) C f ,tur b = 0.455

(log10 Re)2.58(1+0.144M 2)0.65 (3.15)

FFwi ng =
[

3.4004
t

c
−0.4578

(
t

c

)2

+13.0119

(
t

c

)3]
cos2Λc/2 +1 (3.16)

FFnac = 1+0.35
Dnac

Lnac
(3.17)

For the engine nacelle drag computation the method from Moens [59] is used. The nacelle is com-
posed of two casings, one for the engine fan and one for the engine core. The profile drag for each
casing is computed separately, after which they are combined to compute the total nacelle profile drag.
To compute the total nacelle profile drag Equation 3.18 is used. QN is an interference coefficient which
accounts for interference effects between the engine nacelle and the aircraft surface. This coefficient de-
pends on the distance between the nacelle and the aircraft surface and is determined using the method
from Moens [59]. For the nacelle drag the flow is assumed to be fully turbulent, which means the turbu-
lent flat plate friction coefficient is used. The Reynolds number depends on the length of the nacelle.

CDeng = Neng
(
QN CDnac1 +CDnac2

)
(3.18)

Parasite drag from small components such as probes or antennas is added as a constant percentage
of the total profile drag. Similar to Moens [59] 2.5 % is added.

Wave Drag
Since the BWB aircraft will be operating at high Mach numbers in cruise, the wave drag needs to be
determined. When using empirical relations this is not straightforward for BWB aircraft, as those rela-
tions are for conventional aircraft configurations. Still, empirical relations are used to compute the wave
drag, with some modifications based on findings in literature. Similarly to the profile drag computation
the wing elements used by AVL are used for the wave drag computation. The wave drag for each wing
element is computed and the total wave drag is found by summing all the individual contributions.

First the divergence Mach number of a wing element is computed using the Korn equation extended
with simple sweep theory, which is given in Equation 3.19 [87]. The Korn coefficient κA depends on the
airfoil and the values are taken from Gur et al. [86]. For supercritical airfoils a Korn factor of 0.95 is used
and for conventional airfoils a Korn factor of 0.87 is used. The lift coefficient CL of each wing element is
available from the AVL results. The critical Mach number can now be determined using Equation 3.20.

MDD cosΛc/2 + CL

10cos2Λc/2
+ t/c

cosΛc/2
= κA (3.19) Mcr = MDD − 3

√
0.1

80
(3.20)
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With the critical Mach number now known, Lock’s fourth power law can be used to compute the
wave drag per wing element (Equation 3.21 [88]. If the freestream Mach number is larger than the critical
Mach number Lock’s fourth power law is used to compute the wave drag of the wing element. If not, no
wave drag is added.

CDw = 20(M −Mcr )4 Sr e f

Swet
(3.21)

At first this method was applied to the whole BWB geometry, however this resulted in unrealistically
high wave drag values. This prompted further research into wave drag of BWB aircraft. Wave drag results
from the CFD analysis performed in Qin et al. [11] show that a negligible amount of wave drag is present
over the thick centerbody of the BWB aircraft (as shown in Figure 3.16). Sargeant et al. [89] supports
these findings, showing strong shocks over the centerbody with a 2D aerodynamic calculation. However,
a 3D Navier-Stokes calculation does not show any strong shocks over the thick centerbody due to 3D
pressure relief effects. Lyu and Martins [90] shows similar findings with a CFD analysis of a BWB aircraft.
Strong shocks are observed over the transition region and outer wing, but no shocks over the centerbody
as shown in Figure 3.17. In Qin et al. [11] the wave drag diminishes from a t/c of around 12 %. In Sargeant
et al. [89] it is mentioned no wave drag is present over the thick centerbody with a t/c of 14 %. Based on
these findings it is decided to ignore the centerbody in the wave drag calculations and only calculate the
wave drag for the transition region and outer wing. A limit of 15 % is also imposed on the t/c of a wing
strip, meaning if the t/c exceeds this value the wave drag is assumed to be 0 due to the thickness effects
observed in literature. The absolute sweep angle of a wing strip is limited to 70° to avoid unrealistic
spikes in wave drag. Mason [87] only includes empirical data for sweep angles up to 70°, thus this sweep
angle is taken as the limit.

Figure 3.16: Spanwise local wave drag coefficient distribution over a
BWB aircraft [11]

Figure 3.17: Shocks (indicated in gray) over a BWB
aircraft surface [90]

3.4.3. Optimal Lift Coefficient Estimate
For evaluating the maximum achievable L/D of a concept, the optimal lift coefficient is estimated. This
is done to avoid evaluating the L/D at a sweep of lift coefficients, which is computationally expensive
(especially when performing the sensitivity analysis). As a simplification to avoid large computation
times, the drag polar of the concepts is assumed to follow the standard form, which is given in Equa-
tion 3.22. Using this assumption the optimal lift coefficient for maximum L/D can be estimated, which
results in Equation 3.23. The aspect ratio A is known from the aircraft geometry, however the span effi-
ciency factor e and CD0 need to be determined. As is found later in section 4.1 the optimal lift coefficient
typically lies between 0.2 and 0.3. For this reason the span efficiency factor and CD0 at a lift coefficient
of 0.25 are used to estimate the optimal lift coefficient. Knowing the optimal lift coefficient, the aerody-
namic model is run again to estimate the maximum L/D.

CD =CD0 +
C 2

L

πAe
(3.22) CL,opt =

√
CD0πAe (3.23)
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Assumed reference values used in the aerodynamic analysis method used in this work are sum-
marised in Table 3.4

Table 3.4: Assumed reference values for the aerodynamic analysis method

Parameter Value Unit
Profile Drag Technology Factor 0 -
Transition Reynolds Number 4×106 -

Parasite Drag/Profile Drag 0.025 -
Conventional Airfoil Korn Factor 0.87 -
Supercritical Airfoil Korn Factor 0.95 -

Wave Drag t/c Limit 0.15 -
Wave Drag Leading Edge Sweep Limit 70 deg

3.5. Liquid Hydrogen Tank Sizing
To assess the effect of different tank sizes and aspect ratios (length to diameter ratio) a tank sizing
method based on methods from literature is included in the conceptual design tool. The aim of this
sizing method is to make an estimate of the tank mass and available hydrogen volume in the tank based
on the outer shell geometry of the tank. Note that the sizing model computes the available hydrogen
volume, as the outer shell geometry of the tanks is determined by the available room in the aircraft’s
interior. An optimiser then finds the required size of the tank regions (and thus the size, shape and
number of tanks) to satisfy the required fuel volume. The sizing method is incorporated in the Class 1 –
Class 2 iterations and subsequent optimisation, meaning long computation times are to be avoided.

The tanks in this work are assumed to be cylindrical, non-integral tanks with hemispherical end
caps. The structural shell is made out of Aluminium 2219-T851 (based on Onorato et al. [43]), while
the insulation material used is polysterene (based on Tarbah [74]). The tanks consist of an outer insu-
lation layer and inner structural shell, as shown in Figure 3.18. This choice is based on the tank design
described in Onorato et al. [43]. The tank is non-integral, which means mounting points are required
for the tanks. The mass of those mounting points is included in the structural sizing explained in sub-
section 3.5.1. The outer tank radius rt ank and tank length Lt follow from the tank fitting discussed in
subsection 3.3.4. The structural and thermal sizing of the tank determine the structural thickness ts ,
insulation thickness ti n and resulting inner radius ri . As mentioned in subsection 3.3.4 the tanks are
fitted based on a required fuel volume in an iterative manner using an optimisation algorithm. As the
available fuel volume of a tank depends on the thickness of the structural and insulation layers of the
tank, for each iteration in this optimisation those layers are sized.

Figure 3.18: Diagram of LH2 storage tank
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3.5.1. Structural Sizing
The structural sizing is performed using the method described in Onorato et al. [43]. This method sizes
the structural shell thickness according to the pressure loads acting on the tank. Tank and material
properties used in the sizing of the structural shell are given in Table 3.5. The properties are taken from
Brewer [7], which are also used by Onorato et al. [43]. For the maximum pressure in the tank a higher
value is assumed to make a conservative estimate of the structural shell thickness. To compute the
thickness of the cylindrical part of the structural shell Barlow’s formula is used (Equation 3.24). The
maximum pressure Pmax is a design choice, while the ambient pressure Pamb depends on the flight
altitude. Note that the ambient pressure is used, meaning the tanks are not placed in the pressurised
part of the centerbody. The radius used for sizing the structural shell is the tank outer radius. As the
outer radius, structural shell thickness and insulation thickness are all dependent on each other, another
iteration loop is avoided by assuming the structural shell radius to be the outer tank radius. This is a
conservative assumption as the actual radius of the structural shell will be lower than the tank outer
radius due to the insulation thickness. This means the required structural thickness will be higher than
the thickness that would be found with an iteration loop. The weld efficiency ew is taken from Brewer
[7].

Table 3.5: Tank properties used for structural sizing [7, 43]

Parameter Value Unit
Maximum Tank Pressure 4 bar

Design Stress Aluminium 2219-T851 172 MPa
Ultimate Stress Aluminium 2219-T851 234 MPa

Stress Ratio R1 0.43 -
Weld Efficiency 0.8 -

Density Aluminium 2219-T851 2840 kg/m3

ts = (Pmax −Pamb) · rt ank

σ ·ew
(3.24)

As explained in Onorato et al. [43], determination of the design stress σ is done by applying the
Goodman relation twice to account for fatigue limits. Equation 3.25 is used to compute the fatigue limit
for reversed loading, where σa,−1 is the fatigue limit, σa,R1 is the design stress of the material, σb is the
ultimate stress of the material and R1 is the stress ratio (ratio between maximum and minimum stress
experienced by the material). The values for reversed loading are all taken from Brewer [7]. The same
relation is used again with Equation 3.26 to obtain the design stress for the structural shell. Note that
the stress ratio R2 depends on the minimum and maximum stress experienced by the structural shell.
As this is directly proportional to the pressure difference in the tank, the ratio between the minimum
and maximum pressure difference is used to determine R2.

σa,−1 =
σa,R1

1− σa,R1 ·0.5·(1+R1

σb

(3.25) σ= σa,−1

1− σa,−1·0.5·(1+R2

σb

(3.26)

The structural thickness of the spherical end caps is half of the computed structural shell thickness
[43]. The mass of the support structure is 1.8 % of the total tank mass (including fuel) and is added after
computing the total tank mass. This means the assumption is made that the support mass increases
linearly with the tank mass [43].

3.5.2. Thermal Sizing
As no detailed mission analysis with timesteps is performed, it is not possible to evaluate the time-
based pressure evolution in the tank. Instead, the insulation thickness will be sized based on a required
boil-off rate. This required boil-off rate is based on a dormancy time of 12 hours, which represents
overnight parking of the aircraft (based on findings from Huete and Pilidis [39]). The dormancy time is
the time it takes for the gaseous hydrogen in the tank to reach the maximum pressure of the tank when
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the tank is not being used. The method explained in Tarbah [74] will be used with some modifications.
The tank is modelled as multiple thermal layers with each their own thermal resistance. In Figure 3.19
the different layers are shown. The tank properties used in the thermal sizing are given in Table 3.6.
Note that the air temperature around the tank is assumed to be equal to the ambient temperature. The
ambient temperature Tamb and hydrogen temperature TH2 are known, while the other temperatures
will depend on the heat rate into the tank and the thermal resistance of each layer.

Figure 3.19: Thermal layers used to perform thermal sizing

Table 3.6: Tank properties used for thermal sizing [74, 91, 92]

Parameter Value Unit
Ambient Temperature 288.15 K

Dormancy Time 12 hrs
Hydrogen Temperature 20 K

Hydrogen Density 70.85 kg/m3

Hydrogen Heat of Evaporation 447 kJ/kg
Emissivity Insulation 0.9 -

Conductivity Aluminium 2219-T851 120 W/m/K
Conductivity Polysterene 0.022 W/m/K

Conductivity Air 0.0255 W/m/K
Polysterene Density 32 kg/m3

The heat rate into the tank depends on the boil-off rate and is computed using Equation 3.27, where
Q̇ is the heat rate into the tank in W, ṁbo is the hydrogen boil-off rate in kg/s and∆He is the heat of evap-
oration of liquid hydrogen in J/kg. The maximum boil-off rate that is used to compute the heat rate into
the tank is taken from Tarbah [74] and scaled according to the tank volume. As will be discussed further
in section 4.2 the boil-off rate scaling based on Tarbah [74] is tuned using gravimetric efficiency results
from Huete and Pilidis [39] for a similar tank with a dormancy time of 12 hours. Using Equation 3.28 the
required boil-off rate is computed. Note that this means the required boil-off rate is assumed to scale
linearly with the total tank volume.

Q̇ = ṁbo ·∆He (3.27) ṁbo = 1.12 ·10−4 ·Vt ank (3.28)

After determining the required heat rate into the tank the thermal resistance of each layer is com-
puted. First the thermal resistance between the surrounding air and the tank surface is computed. As
can be seen in Figure 3.19 radiation and convection is taken into account. The radiation heat transfer
coefficient is computed using Equation 3.29, where σbol t is the Stefan-Boltzmann constant.

hr ad =σbol t eo

(
T 2

sur f +T 2
amb

)(
Tsur f +Tamb

)
(3.29)
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The convection heat transfer coefficient is computed using Equation 3.30, where D t ank is the di-
ameter of the tank, ka is the thermal conductivity of the ambient air and Nu is the Nusselt number
of the tank. The Nusselt number of the tank is computed using Equation 3.31 for which the cylinder
Nusselt number is computed using Equation 3.32 and the sphere Nusselt number is computed using
Equation 3.33.

hconv = ka ·Nu

D t ank
(3.30) Nu = Lc yl ·Nuc yl +D t ank ·Nusph

Lc yl +D t ank
(3.31)

Nuc yl =

0.6+ 0.387Ra1/6(
1+ (0.559

Pr

)9/16
)8/26


2

(3.32) Nusph = 2+ 0.589Ra1/4(
1+ (0.469

Pr

)9/16
)4/9

(3.33)

The Rayleigh (Ra) and Prandtl (Pr ) numbers are computed using Equation 3.34 and Equation 3.35,
respectively. In these equations g is the gravitational acceleration, νa is the kinematic viscosity of the
ambient air and αa is the diffusivity of the ambient air. The volumetric thermal expansion coefficient
β for an ideal gas is the inverse of the temperature, which in this case is the ambient temperature. The
values of the kinematic viscosity and diffusivity of the ambient air are computed for the ambient air
temperature of 288.15 K, using the approximation relations given in Colozza and Kohout [93].

Ra = g ·β · (Tamb −Tsur f )D3
t ank

νa ·αa
(3.34) Pr = νa

αa
(3.35)

After calculating the air layer heat transfer coefficients the total thermal resistance of the air layer can
be computed using Equation 3.36. With the thermal resistance of this layer now known, the heat transfer
through the layer can be computed using Equation 3.37, where ∆T is the temperature difference across
the layer and R is the thermal resistance of the layer. The thermal resistance and temperature difference
across a layer both depend on each other, meaning an iteration loop is necessary to find the surface
temperature of the tank that satisfies the required heat rate into the tank based on the boil-off rate.

Rai r = 1

2πrt ank Lc yl +4πr 2
t ank

· 1

hr ad +hconv
(3.36) Q̇ = ∆T

R
(3.37)

After determining the surface temperature of the tank the conductive heat transfer through the in-
sulation and structural layers is computed. Per Tarbah [74], the conduction through the tank layers can
be computed based on the conduction through a sphere and cylinder occurring in parallel. The total
conductive thermal resistance of a layer is computed using Equation 3.38. The spherical and cylindrical
thermal resistances are computed using Equation 3.39 and Equation 3.40, respectively. In these equa-
tions k is the thermal conductivity of the material of the layer, ro is the outer radius of the layer, t is the
thickness of the layer and Lc yl is the length of the cylindrical section of the tank.

Rcond =
(
R−1

cond ,c yl +R−1
cond ,sph

)−1
(3.38)

Rcond ,sph = 1

4πk

(
1

ro
− 1

ro − t

)
(3.39) Rcond ,c yl =

ln ro
ro−t

2πLc yl k
(3.40)

The allowed heat rate into the tank and the thickness of the structural layer are known from Equa-
tion 3.27 and Equation 3.24 respectively, however the thickness of the insulation layer is still unknown.
The thermal resistance and therefore temperature of each layer depends on those values. The temper-
atures of the tank surface and of the hydrogen in the tank are known, while temperatures across layers
must be consistent. Based on this an iteration loop finds the insulation thickness and resulting thermal
resistance of each layer that satisfy the surface and inside temperature of the tank.

After computing the required thickness for each layer the mass of the tank can be computed using
the volume of each layer and the density of the materials. The available volume for the liquid hydrogen
fuel is computed using the internal volume of the tank and a number of allowances. Based on Onorato
et al. [43] a ullage allowance of 2 % is included, an allowance for contraction and expansion of 0.9 %
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is included and an allowance of 0.6 % for internal equipment is included. Mass allowances are also
accounted for, which are computed as a percentage of the total tank mass including the fuel mass and
are added to the tank mass. A mass allowance of 4.3 % is added for hydrogen required to pressurise the
tank, while an allowance of 0.3 % is taken to account for trapped fuel in the fuel system. Note that mass
allowances for the hydrogen fuel systems (heat exchangers, pumps, pipes etc) are computed separately
in the Class 2 weight estimations, which will be explained in detail in section 3.7.

3.6. Engine Sizing
Based on the required thrust loading from the constraint analysis, the engines can be sized. Normally in
the conceptual design phase an existing reference engine is chosen that satisfies the thrust requirement,
however due to the parametric nature of this work no discrete engine can be chosen. Instead, data of
several state of the art turbofan engines is collected and used to size the engines for this work. This
data includes TSFC, dry weight and TO thrust data and dimensions of the engines. The collected data is
shown in Table 3.7. For the TSFC of the engine an average is taken from all the reference engines, which
is computed to be 13.7 g/kN/s. Based on the literature findings earlier discussed in subsection 2.2.2
no SEC penalties are expected when switching from kerosene to liquid hydrogen (minor improvements
were found). This means the TSFC of the hydrogen engines is computed based on the assumption that
the SEC is equal to the SEC of kerosene engines. The found average TSFC is therefore corrected based
on the lower heating values of kerosene and LH2, resulting in a TSFC of 4.94 g/kN/s for the hydrogen
turbofan engines.

Table 3.7: Engine data used for engine sizing [78, 94]

Engine TO Thrust [kN] TSFC [g/kN/s] Diameter [m] Length [m] Dry Weight [kg]
GEnx 310 14 2.8 4.9 5600

GEnx-2B67 295 14 2.67 4.7 5440
Trent 1000 320 14.3 2.85 4.7 5400

Trent XWB84 374 13.5 3.0 5.8 7300
GE9X 490 - 3.35 5.7 9600

Trent 7000 324 14.3 2.85 4.8 6400
LEAP-1A 130 13.1 1.98 3.3 3150

PW1100G 130 12.9 2.06 3.4 2850

For the sizing of the engines the collected engine data is used. The data is used to construct trend-
lines relating all geometric and weight properties to the take-off thrust of the engines. Since a required
take-off thrust is computed by the design tool, using this thrust and the trendlines the engines can be
sized. The trendlines are shown in Figure 3.20, Figure 3.21 and Figure 3.22.

Figure 3.20: Engine TO thrust versus dry weight trendline Figure 3.21: Engine TO thrust versus fan diameter trendline

50



3.7. Component Weight Estimation 3. Methodology

Figure 3.22: Engine TO thrust versus length trendline

After sizing the engines based on the TO thrust a value is added to the fan diameter to account for
the engine nacelles. A constant value of 0.6 m is used, which is based on values of the reference engines
used. The user of the design tool can choose whether to mount the engines under the wing or on the
afterbody. This choice will have effects on the weight estimations of the outer wing and aft body, on
the CG of the aircraft and on the nacelle drag (through the interference coefficient QN discussed in
section 3.4).

3.7. Component Weight Estimation
With the geometry definition, engine sizing and tank sizing complete, the component weight estimation
(Class 2 weight estimation) of the aircraft can be performed. Since the BWB concept is an unconven-
tional configuration, special attention is given to the methods used to perform the weight estimations of
unconventional components. The Class 2 weight estimation includes the weight of the centerbody, aft
body, outer wing, fuel tanks, engines, landing gear and other systems. The fuel tank and engine weight
are already computed in the sizing of those components (see the previous sections), while for the land-
ing gear and other systems the empirical Torenbeek relations from Roskam [67] for conventional aircraft
are used to estimate the weight. Special attention has been given to the other components, as these can-
not be considered similar to conventional aircraft.

3.7.1. Centerbody and Aft Body Weight
Accounting for a large part of the empty weight of the aircraft, adequate estimations of the centerbody
and aft body weights is crucial. As explained in section 2.4 the most commonly used method to estimate
those weights in literature is the method from Bradley [68]. This method is developed for kerosene BWB
aircraft that do not have a large region containing hydrogen tanks next to or behind the passenger cabin.
The semi-empirical method was created by performing a FEM analysis on a reference BWB aircraft,
for which mass predictions were available from Boeing. A regression analysis was performed to create
empirical relations to estimate the structural mass. These relations provided accurate estimations of
the centerbody structural weight, compared to the predictions from Boeing. Okonkwo [95] observed
decent agreement between the method from Bradley [68] and Howe [71], which is another structural
mass estimation method for BWB aircraft. In Okonkwo [95] it was found the method from Howe [71]
slightly overestimates the structural weight, while this method also requires several inputs that are hard
to obtain at the conceptual design stage.

The method from Bradley [68] divides the centerbody into the front centerbody weight and the aft
body weight. The regression formula for the front centerbody is based on the FEM analysis of the pres-
surised BWB cabin and is given in Equation 3.41. In this equation Scab is the floor area of the passenger
cabin in ft2, the weights are in lbs. In Bradley [68] the aft body is treated as a horizontal tail and its weight
is estimated using Equation 3.42, where Sa f t is the planform area of the aft body, Neng is the number of
engines mounted on the aft body andλa f t is the taper ratio of the aft body. With the geometry definition
in this work the taper ratio can be 0 in some cases if the center and outboard lengths of the aft body are
taken to define the taper ratio. Since a large part of the aft body is rectangular it was chosen to compute
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an average taper ratio of the aft body (the taper ratio of an equivalent trapezoidal aft body shape). This
was done using Equation 3.43, based on the planform area, length of the rectangular area (La f t ) and
span (ba f t ) of the aft body.

Wcb = 5.698865 ·0.316422 ·MT OM 0.166552 ·S1.061158
cab (3.41)

Wa f t = (1+0.05 ·Neng ) ·0.53 ·Sa f t ·MT OM 0.2 · (λa f t +0.5) (3.42)

λa f t =
2Sa f t

ba f t
−La f t

La f t
(3.43)

The method explained is created for kerosene BWB aircraft, meaning some modifications are re-
quired to account for the structural mass of the hydrogen tank regions. At first the planform area of
the side tank region was included in the cabin floor area, while the planform area of the aft tank region
was included in the aft body planform area. This yielded significantly higher mass estimations for the
front centerbody than expected. The aft body weight estimates did not present issues. Several meth-
ods were applied for the front centerbody mass and compared. Jagtap et al. [23] applied the unmodi-
fied method from Bradley [68] with a 6 % mass penalty to account for the hydrogen tank regions. This
method is tried, as well as considering the side tank region as an outer wing and applying the Torenbeek
outer wing weight method from Roskam [67], while computing the cabin weight using the unmodified
Bradley method. Another method that is tried is computing the side tank region weight using the aft
body Bradley method and computing the cabin weight using the unmodified Bradley method. The final
method that is considered also uses the aft body relation, but inputs the number of tanks as Neng in
the equation. This offers some physical effects of the structure having to support more or less hydrogen
tanks. The estimated front centerbody weights for different side tank region planform areas are given in
Figure 3.23. Note that the original centerbody weight method is the method where the side tank area is
included in the cabin floor area.

It can clearly be seen that the originally applied method results in very high estimates of the cen-
terbody weight. The overestimation can be explained by the relation for the front centerbody weight
being created for a pressurised structure. The side tank regions are not pressurised, meaning including
this area in the cabin floor area results in overestimations of the structural weight. The penalty method
applied in Jagtap et al. [23] does not account for changes in the side tank area, while the Torenbeek
outer wing method results in low weight estimates. Another thing to consider is that the aft tank region
structural weight is accounted for with the aft body planform area and the Bradley aft body relation.
Drastically different structural weights of the side or aft tank regions could influence the comparison of
the overall performance of variants with large differences in fuel distribution. This fact and the uncer-
tainty in what method is the most accurate due to the lack of references from literature, means using
different methods for both tank regions could have undesirable effects on the conclusions drawn from
this work. It is therefore decided to compute the side tank region structural weight using the aft body
relation as well. For both the aft body and side tank region weights the number of tanks placed in each
region is used as Neng in Equation 3.42.
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Figure 3.23: Front centerbody weight estimation using different methods, the red dotted method was selected in this study

3.7.2. Outer Wing Weight
The weight estimation of the outer wing requires special attention, as the outer wing will not contain
any fuel. Due to the lower weight supported by the wing the bending moment experienced by the wing
during flight will be higher. This means empirical weight estimation relations set up for conventional
wings need to be adjusted. The Torenbeek wing weight estimation method given in Roskam [67] will be
used to compute the unadjusted wing weight. This relation is given in Equation 3.44, where WZ F is the
zero fuel weight, nul t is the ultimate load factor, Sw is the reference area of the outer wing and tr is the
thickness of the root airfoil section. All weights are in lbs, while all dimensions are in ft. The minimum
value for the ultimate load factor from CS25 is taken, which is 2.5. A safety margin of 50 % is applied to
the load factor.

Ww = 0.0017WZ F

(
bwi ng

cosΛc/2

)0.75 [
1+

(
6.3cosΛc/2

bwi ng

)0.5]
n0.55

ul t

(
bwi ng Sw

tr WZ F cosΛc/2

)0.3

(3.44)

Based on Roskam [67] weight penalties or benefits are applied to the computed wing weight. For
spoilers and speedbrakes 2 % is added, 5 % is substracted as the landing gear are not mounted under the
wing and if the engines are mounted under the outer wing another 5 % is substracted. Corrections to the
wing weight are applied to account for the wing not carrying any fuel. Healy et al. [96] investigated the
effect of dry wings on wing weight. The weight of a dry wing is compared to the reference wing weight
for different wing spans for an A320 reference aircraft. The work found the wing weight penalty to be
roughly 3.5 % at an aspect ratio of 10, observing an almost linear increase in weight penalty to 6 % for an
aspect ratio of 20. Taflan et al. [97] supports those findings, finding a weight penalty of 3.4 % for a B737
reference wing with an aspect ratio of 10. Based on those findings a weight penalty of 3.5 % is applied
to outer wings with an aspect ratio of 10 or lower. The generation of outer wings with an aspect ratio
higher than 10 is avoided, as explained in subsection 3.3.4.

3.7.3. Center of Gravity Estimation
The center of gravity is estimated using the computed component weights and the position of the com-
ponents. For the fuel tanks and engines the CG location can be easily found using the built-in CG loca-
tion attribute of their geometries in the ParaPy model. For the centerbody the CG is assumed to be at
the CG location of the passenger cabin. The CG of the side tank region is placed at the area weighted
centroid when viewing the planform from the top. Viewed from the side the aft body has a triangular

53



3.8. Stability Analysis 3. Methodology

shape, meaning the CG location of this component is assumed to be at 1/3 of its length. The CG location
of the outer wing is estimated based on typical locations given in Roskam [67]. For the other systems
typical CG locations given in Roskam [67] and Kays [62] are used.

No longitudinal stability analysis is applied to place the landing gear. Instead, the nose gear is as-
sumed to be placed at 10 % of the center section chord, after which the CG location without the main
landing gear is computed. The main landing gear is then placed 5 % of the center chord behind this CG
location. After this the overall CG location is computed. Note that the landing gear locations are based
on recommendations given in Roskam [98] and landing gear locations of BWB designs from literature,
such as from Liebeck [10]. The volume required by the landing gear has to be taken into account. This is
done by reserving the front and rear 20 % of the cabin (with respect to the cabin length) for the landing
gear. This affects the total available volume for cargo. The cargo volume can be checked in the design
tool and if not enough volume is available for cargo the cabin height can be increased by the user.

3.8. Stability Analysis
In this work the static longitudinal stability of the BWB concepts in cruise is considered. For the concep-
tual design phase more detailed analyses, such as dynamic or lateral stability, are not considered. With
the center of gravity location determined, the next step is determining the location of the neutral point.
Using these two locations the static margin of the aircraft can be determined.

The clean neutral point of the BWB concepts is computed by AVL. For the stability analysis the begin
of cruise conditions are taken to determine the clean neutral point. The clean neutral point does not
take the engine nacelles into account, meaning a correction is applied to account for those. The nacelle
correction method from Torenbeek [66] is used. The relation to compute the neutral point shift is given
below.

∆
xnp

c̄
=

Neng∑
i=1

kn
b2

nLn

CLα
Sc̄

(3.45)

Where ∆xnp /c̄ is the total nondimensional shift in neutral point due to the nacelles, bn is the width
of the nacelle, Ln is the distance between the nacelle and the mean aerodynamic chord, CLα

is the lift
slope of the clean aircraft and c̄ is the mean aerodynamic chord. The factor kn takes the type of engine
placement into account. The factor is −4 for nacelles mounted in front of the leading edge of the wing
and −2.5 for engines mounted to the sides of the rear fuselage. For BWB concepts with engines mounted
on the aft body it is assumed the same factor as for rear fuselage mounted engines can be used.

As the correction requires the distance between nacelles and the mean aerodynamic chord and the
mean aerodynamic chord length, the mean aerodynamic chord has to be determined. This is done
based on the planform of the BWB concept. Since the aircraft planform is defined by airfoil sections
at different spanwise positions, the planform is a composition of trapezoidal wing elements. The mean
aerodynamic chord of each trapezoidal wing element can be determined using Equation 3.46 and Equa-
tion 3.47 for the mean aerodynamic chord length and y coordinate of the leading edge, respectively [99].
The x coordinate of the leading edge is determined using the leading edge sweep angle of the trapezoidal
element and the spanwise position of the mean aerodynamic chord. The full aircraft mean aerodynamic
chord is found using an area weighted average of the individual element lengths and coordinates. In the
equations c̄i is the mean aerodynamic chord of a trapezoidal element, λi is the taper ratio of an element,
Cr,i is the root chord of an element, yr,i is the y coordinate of the leading edge of an element and bi is
the span of an element.

c̄i = 2

3
cr,i

(
1+λi +λ2

i

1+λi

)
(3.46) ȳi = yr,i + bi

2
· 1+2 ·λi

3+3 ·λi
(3.47)

3.9. Concept Optimisation
After sizing the baseline BWB concept, the design inputs of the concept are not optimal yet. To draw
meaningful conclusions regarding the best performing concept, it is important to optimise the concepts
for minimum fuel burn. Besides this, the baseline concepts are not guaranteed to be statically stable
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(positive static margin). The planform of the BWB concepts will be optimised for maximum range, after
which the Class 1 – Class 2 iterations are repeated to find a reduced fuel mass for the design range. This
will be done for two TLR points. The baseline optimisation will be performed for a 350 pax, 10000 km
range BWB. After this a second optimisation will be performed for a 250 pax, 7000 km range BWB.

3.9.1. Planform Optimisation 350 Passengers
As explained earlier, there are 3 options for the exit design of the passenger cabin. For each exit design
the cabin can have different numbers of bays. This means a large number of baseline concepts can be
generated, with each requiring an optimisation. Since the available computational time is limited, some
concessions are made. First, the number of design variables has to be limited. Based on the outcomes of
the sensitivity analysis presented in section 5.1 design variables with a small effect on the aircraft perfor-
mance are omitted. The variables that are included are the cabin sweep angle, outer wing sweep angle,
side fuel ratio and the airfoil section twist angles. Although the sensitivity of the wing thickness is only
slightly smaller than that of the outer wing sweep, the large effect of the outer wing sweep on the static
margin is the deciding factor for including the outer wing sweep in the design variables and excluding
the wing thickness. In the model 10 airfoil sections define the BWB geometry (excluding the winglet
tip section). The three center airfoil sections defining the cockpit nose shape will have a constant twist
angle between those sections to avoid large jumps in leading edge and trailing edge shape. This caused
unrealistic jumps in the lift distributions computed by AVL. This means one twist angle variable will de-
fine the twist angle of those 3 sections. A total of 8 twist angles therefore define the twist distribution of
the concepts. The twist angles indices are visualised in Figure 3.24.

Figure 3.24: Diagram showing twist angle indices

The design variables are written to vector form. The design vector used for the planform optimi-
sations is given in Equation 3.48. A total of 11 design variables are included in the optimisation. Note
that Λcab is the leading edge sweep angle of the cabin, Λw is the leading edge sweep angle of the outer
wing and φ f is the side fuel ratio (fuel volume next to the cabin as a ratio of the total fuel volume). After
performing the Class 1 – Class 2 iterations for the baseline concept a certain fuel mass is found for the
required design range. To avoid repeating the Class 1 – Class 2 iterations for every function evaluation in
the optimisation, the achievable range with the earlier determined fuel mass is maximised. A minimum
static margin is imposed as a constraint. The formal objective function is given in Equation 3.49. The
minimum static margin is set at 5 %, which results in the constraint function given in Equation 3.50.
A value of 5 % is chosen as the aerodynamic model overestimates the static margin, which will be ex-
plained in more detail in section 4.2.

x = [
Λcab ,Λw ,φ f ,θ1−8

]
(3.48)
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f (x) =− R

Rdes
(3.49) g (x) = SM −5 (3.50)

The optimisation algorithm used is the COBYLA algorithm included in the SciPy package, available
in Python. This is a 0th order method, requiring only the function values. As the model is non-linear, not
fully continuous and expensive to run, gradient information will not be reliable and expensive to obtain.
A test run was performed with a gradient based algorithm with limited design variables. This test run did
not converge to an optimum. The algorithm makes a linear approximation of the design space around
the starting point and finds the optimum of this approximation. It then repeats the process from this
new point until a certain step size tolerance is met. The algorithm minimises the objective value, hence
the negative objective function. The COBYLA algorithm is sensitive to scaling as the initial step size and
final tolerance of the design variables are one set value. This means all design variables should have
the same scale. The lower and upper bounds for the scaled design variables are set at 0.8 and 1.2. The
unscaled bounds are given in Table 3.8, as well as the initial values of the design variables. The upper
limit for the cabin sweep angle of 66° is based on the limit used in Karpuk et al. [17]. Note that the
initial value of the side fuel ratio φ f and its bounds differ per cabin design, based on a feasible range
determined before the optimisations. The twist angle bounds are based on a +/- 2° change in angle with
respect to the baseline twist distribution. It must be stressed that the concepts are optimised for cruise
conditions only. The performance of the concepts at low speed conditions is not considered, both due
to limiting the scope of this work and limitations of the aerodynamic analysis model (see section 4.2).

minimise f (x)

s.t. g (x) ≥ 0

Table 3.8: Design variable bounds for the planform optimisations

Parameter Initial Value Lower Bound Upper Bound
Λcab [deg] 55 44 66
Λw [deg] 35 28 42
θ1 [deg] -2 -4 0
θ2 [deg] -1 -3 1
θ3 [deg] -0.5 -2.5 1.5
θ4 [deg] -0.25 -2.25 1.75
θ5 [deg] 0.25 -1.75 2.25
θ6 [deg] 0.5 -1.5 2.5
θ7 [deg] 1 -1 3
θ8 [deg] -2 -4 0

As mentioned, the initial side fuel ratio and the bounds depend on the cabin design. Cabins with a
low number of bays (long, narrow cabins) have more room next to the cabin, with limited width behind
the cabin for tanks. The opposite is true for cabins with more bays (short, wide cabins). Before running
the optimisations feasible ranges for the side fuel ratio were evaluated for the different cabin designs.
To add to this, the cabin can have three exit design options. For the baseline TLRs considered, which
are given below in Table 3.9, exit design option 3 results in only one feasible cabin design to satisfy the
sidewall length constraint, a cabin with 7 bays. Exit design options 1 and 2 result in a longer cabin or less
room for fuel tanks. This means for a cabin with 7 bays only exit design option 3 is considered, as this
results in the smallest cabin with the most room for tanks. It is expected the other two exit designs would
result in increased cabin weight due to the additional doors and resulting cabin length. The number of
bays considered range from 2 – 6, while there are 2 exit design options per cabin. Each concept also has
the option of having wing mounted or aft mounted engines. This means a total of 11 cabin designs are
possible which have 2 engine options. A total of 22 concepts will therefore be optimised. In Table 3.10
the variants and their cabin designs are listed. The initial side fuel ratios are also included. Note that
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for each variant two engine options are considered. The variants will therefore be referred to as variant
1-Wing, 1-Aft, etc.

Table 3.9: TLRs of the BWB concepts for the baseline planform optimisations

Parameter Value Unit
Passengers 350 -

Cruise Altitude 35000 ft
Design Cruise Range 10000 km
Cruise Mach Number 0.8 -

Airplane Class VI -
Wing Span 80 m

Table 3.10: BWB baseline cabin designs for optimisation

Variant nbay s [-] Cabin Option φ f ,0 [-] φ f ,l [-] φ f ,u [-]
1 2 1 - Additional LE Doors 1 0.5 1
2 3 1 - Additional LE Doors 0.6 0.5 0.7
3 4 1 - Additional LE Doors 0.45 0.2 0.7
4 5 1 - Additional LE Doors 0.25 0 0.5
5 6 1 - Additional LE Doors 0.1 0 0.5
6 2 2 - Ventral Exits 1 0.5 1
7 3 2 - Ventral Exits 0.6 0.5 0.7
8 4 2 - Ventral Exits 0.3 0.2 0.7
9 5 2 - Ventral Exits 0.15 0 0.5

10 6 2 - Ventral Exits 0.1 0 0.5
11 7 3 - Max Sidewall Length 0 0 0.5

3.9.2. Planform Optimisation 250 Passengers
A second planform optimisation of different BWB concepts is performed for a different TLR point, com-
pared to the baseline. The optimisation procedure is the same as the baseline optimisation, however
the TLRs are changed and the baseline concepts are different. The TLRs are given in Table 3.11.

Table 3.11: TLRs of the BWB concepts for the second planform optimisations

Parameter Value Unit
Passengers 250 -

Cruise Altitude 35000 ft
Design Range 7000 km

Cruise Mach Number 0.8 -
Airplane Class V -

Wing Span 65 m

Since the cabin size and required fuel will be different due to the TLR changes, the feasible baseline
concepts have to be reconsidered. It is found a 7 bay cabin is not feasible, while two cabins are feasible
for exit option 3. As in the first optimisation no direct comparison was made between exit option 3 and
the other two options (with the same number of bays) this will be performed in this optimisation for a
cabin with 5 bays. For a cabin with 6 bays only exit option 3 is considered. The baseline variants are
given in Table 3.12. The other planform parameters have the same initial values and bounds as in the
baseline optimisation (Table 3.8).
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Table 3.12: BWB baseline cabin designs for the optimisation with TLR changes

Variant nbay s [-] Cabin Option φ f ,0 [-] φ f ,l [-] φ f ,u [-]
A 2 1 - Additional LE Doors 1 0.5 1
B 3 1 - Additional LE Doors 0.45 0.2 0.7
C 4 1 - Additional LE Doors 0.3 0 0.5
D 5 1 - Additional LE Doors 0.1 0 0.5
E 2 2 - Ventral Exits 1 0.5 1
F 3 2 - Ventral Exits 0.45 0.2 0.7
G 4 2 - Ventral Exits 0.3 0 0.5
H 5 2 - Ventral Exits 0.1 0 0.5
K 5 3 - Max Sidewall Length 0 0 0.5
L 6 3 - Max Sidewall Length 0 0 0.5

3.9.3. Cruise Conditions Optimisation
After optimising the planform of the BWB concepts, the cruise conditions of the concepts are optimised.
This is to check if the cruise conditions will have a significant effect on what the optimal concept will be.
This optimisation is a simpler one, as it only includes two design variables, the cruise altitude and the
cruise Mach number. Just like in the planform optimisation the range will be maximised for a constant
fuel mass. After this the Class 1 – Class 2 iterations will be performed again to find the new fuel mass for
the design range.

The static margin will not be considered in this optimisation, meaning it is an unconstrained optimi-
sation. This is done to reduce computational time. After optimising the cruise conditions the stability
is checked manually. The bounds and initial values are given in Table 3.13, note that the maximum
Mach number is 0.84. As will be explained later in section 4.2 the aerodynamic model loses its accuracy
past higher Mach numbers (0.85+) meaning a bound is imposed on the optimisation. To stay on the
conservative side the bound is set at 0.84.

The design space was found to be continuous and smooth. This and the reduced number of design
variables resulted in the choice to use the SLSQP algorithm provided by SciPy. This is a gradient based
method which approximates the objective function around the starting point of an iteration using gradi-
ent information. For smooth and continuous functions this method shows faster convergence than the
COBYLA algorithm. This was tested before performing the optimisations for the full concept batches.

It is important to stress that there are limitations of the model with respect to the cruise altitude
as well. First of all, pressurisation of the cabin is not considered, meaning effects of a larger or lower
pressure difference between the cabin and the ambient air are not captured. A constant TSFC value is
used in the model, meaning altitude and velocity effects on the engine efficiency are not considered.
Finally, the cruise altitude will affect the time to climb. Effects of a longer or shorter time to climb are
also not included in the model.

Table 3.13: Design variable bounds for the cruise conditions optimisations

Parameter Initial Value Lower Bound Upper Bound
Cruise Altitude [ft] 35000 30000 48000

Cruise Mach [-] 0.8 0.76 0.84

3.10. Summary of Assumptions
Because of the unconventional nature of BWB concepts and this work being at a conceptual level, a
number of assumptions have been made in the creation of the design tool. It is important to highlight
assumptions that are made. The assumptions are also explained in the relevant sections, however here
they are summarised for clarity:

• Evacuation times for the different cabin exit options are assumed to meet certification require-
ments.
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• The low speed aerodynamic characteristics of the BWB concepts are not considered in this work.
Concepts are optimised for their cruise performance only.

• Only the static longitudinal stability of the concepts is considered. This means the vertical tail
sizing is omitted in this work and the concept is symmetric in z-direction, with no dihedral angle
applied to the outer wing.

• Additional profile drag due to lift, interference drag and trim drag are ignored.

• The parasite drag is added as a constant percentage of the total profile drag.

• The centerbody wave drag is ignored, meaning the wave drag is only computed for the transition
region and outer wing of the BWB concepts.

• For the engines a constant TSFC is assumed, based on the same SEC as state of the art turbofan
engines. This means the TSFC is scaled based on the LHV of the fuels. Altitude and velocity effects
on the TSFC are not considered.

• Effects of the cabin pressurisation on the cabin structural weight are not considered.

• Effects on the fuel mass due to the time to climb and descent for different cruise altitudes are not
considered. For all cruise altitudes the same fuel fractions for those mission phases are used.

• The hydrogen tanks are assumed to be cylindrical, non-integral tanks with spherical end caps.
The mass of the mounting structure is added as a constant percentage of the tank mass.

• The hydrogen tank insulation layer is sized based on a required boil-off rate for a dormancy time
of 12 hours at sea level conditions at an ambient temperature of 288.15 K. Effects of hot conditions
on the dormancy time and required boil-off rate are not considered. Pressure and hydrogen phase
evolutions in the tank and their effects on the boil-off rate are not considered.

• The hydrogen tank structural layer is sized based on the largest pressure difference loads experi-
enced by the tank, including fatigue cycles. Other loads are not considered.

• The nose gear is placed at 10 % of the center section chord, with respect to the nose of the aircraft.
The main landing gear is placed 5 % behind the center of gravity (excluding the landing gear) of
the aircraft.

• For the landing gear 20 % of the cabin length is kept free at the front of the cabin and 20 % of the
cabin length at the rear. The volume that is kept free is subtracted from the available cargo hold
volume (so no effect on the passenger cabin volume).

• The cabin leading edge sweep angle variable also determines the leading edge sweep angle of the
side tank region and transition region of the BWB concepts.
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4
Verification & Validation

In this chapter the conceptual design model and the applied methods will be verified and validated
where possible, to check if the outputs of the model are reliable and correct. In section 4.1 correct
implementation of model elements will be verified, after which the outputs of the analysis models and
methods will be validated using reference data from other work in section 4.2.

4.1. Verification
Verification of the implemented models is important to obtain confidence in the created conceptual
design tool. Due to the combination of several different methods to create the design tool it is not
possible to verify every applied model. Consistency of the created BWB geometries and correct fitting of
the hydrogen tanks are verified visually, the Class 2 weight estimation methods are checked by hand, the
AVL inputs are verified and the induced drag computed by AVL is checked using the standard induced
drag equation. Furthermore, the computations of the neutral point and static margin are verified, the
consistency of the Class 1 – Class 2 iterations is checked and the accuracy of the estimated maximum
L/D is verified. For verification of the design tool an example BWB is generated. The specifications of
this concept are given in Table 4.1.

Table 4.1: Specifications of the example BWB used for verification of the design tool

Parameter Value
Passengers [-] 350

Cruise Altitude [ft] 35000
Design Range [km] 10000

Cruise Mach Number [-] 0.8
OEM [kg] 191000

MTOM [kg] 260000
nbay s [-] 4
φ f [-] 0.4

Λcab [deg] 55
Λw [deg] 35
(t/c)w [-] 0.08

b [m] 80

The created BWB geometries are verified visually, by inspecting whether airfoil fits are correct with-
out any internal components clipping through the outer aircraft surface. Sweep angles are inspected
for consistency across trapezoidal wing elements, as well as the straight trailing edge. The tank fitting
algorithm is verified by visualising the trapezoid in which the circles (tank cross-section) are fitted. This
is shown in Figure 4.1, where it can be seen the circles are correctly fitted in the trapezoid formed by the
cabin side wall and the outboard tank region wall.

The correct functioning of the tank fitting algorithm is also verified using the required and available
fuel volumes. Evaluation of several different variants resulted in the available fuel volume satisfying the
required fuel volume with a maximum tolerance of around 1 %.
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Figure 4.1: Front view of side tank region for verification of the tank fitting algorithm

For the weight of the pressurised cabin the computed weights by the model were compared to re-
sults from hand calculations to verify the correct implementation of the weight equation. Similar verifi-
cations are performed for the Class 2 weight methods from Roskam [67].

For the AVL analysis the AVL geometry that is generated by ParaPy is verified. In Figure 4.2 the ParaPy
geometry of a BWB concept is given and in Figure 4.3 the resulting AVL geometry is shown. As can be
seen the geometries are consistent. The AVL input files are also checked manually for consistency in the
airfoil section leading edge positions, airfoil coordinates and twist angles.

Figure 4.2: Example BWB geometry generated in ParaPy Figure 4.3: Example BWB geometry generated in AVL

Similarly to the verification performed in Brown [58], the induced drag results from AVL are verified
using the theoretical induced drag, which is computed using Equation 4.1 where e is the span efficiency
factor. In Figure 4.4 the induced drag from AVL and theoretical induced drag for a sweep of lift coeffi-
cients and for span efficiency factors of 0.7, 0.8 and 0.9 are shown. The BWB variant used to compute the
induced drag has a span efficiency factor of 0.8 at a lift coefficient of 0.2 and an aspect ratio of 4.64. At a
lift coefficient of 0.6 the span efficiency factor is 0.86. Note that the aspect ratio used for the theoretical
induced drag is set equal to that of the BWB concept.

CDi =
C 2

L

πAe
(4.1)

From the computed drag values it is clear AVL provides an accurate estimate of the induced drag of
the aircraft. For positive lift coefficients higher than 0.1, the induced drag computed by AVL falls in be-
tween the theoretical induced drag lines for a span efficiency factor of 0.8 and 0.9. This is also the range
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of span efficiency factors computed for the example BWB, meaning it is expected that the AVL induced
drag falls in between those two theoretical induced drag values. At low and negative lift coefficients the
computed induced drag is higher than expected. This phenomenon is also observed by Brown [58]. At a
lift coefficient of 0 the induced drag is nonzero, which is not what is expected theoretically. Due to dis-
cretisation errors and nonzero local lift coefficients some downwash is still present in the Trefftz plane,
which results in a nonzero induced drag. As the aerodynamic analysis is run for lift coefficients between
0.1 and 0.3, the induced drag computed by AVL and used to generate results for this work is deemed
sufficient.

Figure 4.4: Verification of induced drag computed by AVL

AVL is also used to estimate the location of the neutral point of the BWB concepts. The pitching
moment around the neutral point should be constant for different angles of attack. To verify the correct
estimation of the neutral point, the pitching moment around the neutral point is computed for a sweep
of angles of attack. The moment around the center of gravity is also computed. Both pitching moments
are plotted, which is shown in Figure 4.5. Note that the neutral point used in this verification is the
clean neutral point, as the AVL analysis does not include effects of the nacelles. As observed in the
plot, the value of the pitching moment around the neutral point does not change for different angles of
attack. This means AVL correctly computes the neutral point position. The pitching moment around the
center of gravity has a negative slope, which is also expected. The concept used for these calculations is
different from the example BWB used for the other parts and has a positive static margin of 3.60 %.

Figure 4.5: Verification of neutral point computed by AVL
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The computed static margin from the aerodynamic analysis model can also be verified using the
computed moment and lift slopes and Equation 4.2. For the concept used for the neutral point verifica-
tion dCm/dCL was computed to be −0.0365, which means a static margin of 3.65 % (vs 3.60 % computed
by the aerodynamic model). The static margin computed by the aerodynamic analysis model includes
nacelle corrections, which causes the difference between the two values.

−
( xnp

c̄
− xcg

c̄

)
= dCm

dCL
(4.2)

As a BWB does not have a tail, the neutral point coincides with the aerodynamic center. The aero-
dynamic center of a wing can be estimated by computing the aerodynamic center of the mean aerody-
namic chord, which is already computed by the aerodynamic analysis model for the nacelle corrections
(refer to section 3.8). This method relies purely on the planform of the wing and does not include the
lift and moment distribution of the wing or Mach number effects. It can be used to verify whether the
computed neutral point is at a reasonable location. For the concept used to verify the AVL analysis the x
coordinate of the clean neutral point computed by AVL is 22.93 m. The x coordinate of the aerodynamic
center computed using the planform method is found to be 23.96 m. As expected, different locations
are found because of the reasons mentioned earlier. The error between the two methods is 4.5 %. The
locations are close however, meaning the neutral point determination by AVL is considered to be done
correctly.

The consistency of the Class 1 – Class 2 iterations is checked by running the iterations from differ-
ent starting points. Regardless of starting point the iterations should converge to the same OEM. In
Figure 4.6 the iterations are started as would be done regularly, from the first Class 1 sizing for a given
concept. In Figure 4.7 the iterations are first done for another concept, after which the planform param-
eters are set to those of the concept used for the first convergence shown in Figure 4.6. As observed in
the plots, in both cases the OEM converges to the same value, which is 174000 kg. This means conver-
gence is independent of the starting point and no inconsistencies are expected in the Class 1 – Class 2
iterations.

Figure 4.6: Class 1 – Class 2 iterations convergence from initial
Class 1 sizing

Figure 4.7: Two sequential Class 1 – Class 2 iterations: first for
another BWB variant and then for the same BWB planform as

in Figure 4.6

As explained in subsection 3.4.3 the optimal lift coefficient for maximum L/D is estimated. To check
whether this is done accurately the L/D will be computed for a sweep of lift coefficients using AVL to
find the maximum L/D and optimal lift coefficient. This is then compared to the estimated values. In
Figure 4.8 the L/D computed by AVL is plotted for a sweep of lift coefficients for an example BWB con-
cept. The estimated optimal lift coefficient using the method explained in section 3.4 and optimal lift
coefficient found by AVL are marked in the plot. The estimated optimal lift coefficient is found to be
0.266, while the exact optimal lift coefficient is found to be 0.276. The absolute difference in computed
lift coefficient is 3.6 %. Using the optimal lift coefficients to compute L/D with AVL, the estimated maxi-
mum L/D is found to be 23.34 and the exact maximum L/D is 23.36, which yields a difference of 0.09 %.
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While the lift coefficient has a considerable error, the maximum L/D is estimated accurately. This is due
to the L/D being fairly constant around the optimal lift coefficient.

Figure 4.8: L/D versus lift coefficient for the example BWB concept for verification of estimated maximum L/D

4.2. Validation
Validation of the outputs of the model is important to check whether the model produces realistic esti-
mates of the characteristics of the BWB concepts. The cabin sizing method is checked, the Class 2 weight
estimations are validated, the high level weight groups are checked and the tank sizing method is vali-
dated. After this, a crucial part of the model is validated, which is the aerodynamic analysis method.

The cabin sizing method can be validated using the results from Bradley [68]. In this work a 365
passenger cabin is sized with 5 cabin bays. The same inputs are applied to the cabin sizing function
in the design tool. In Table 4.2 the outputs from the design tool are compared to the outputs given in
Bradley [68]. Note that Lw all is the length of the sidewall. As can be seen, there are some differences in
the cabin length and width. This is due to differences in exit design between the cabins and a different
bay width. In this work extra doors and aisles are placed to account for evacuation issues with BWB
cabins. The cabin area shows good agreement with the results given in Bradley [68].

Table 4.2: Cabin sizing verification results

Parameter Own Model Bradley [68] Difference [%]
Passengers [-] 365 365 -

nbay s [-] 5 5 -
Λcab [deg] 45 45 -
Lcab [m] 23.03 22.40 2.81

Lw all [m] 14.33 13.26 8.07
bcab [m] 17.4 18.3 -4.92
Scab [m2] 325.1 326.28 -0.36

Extra attention has been given to the structural weight methods used in the design tool in section 3.7.
Validation of the used structural weight methods is therefore necessary to obtain confidence in the used
methods. The mass breakdown of the example BWB concept is computed and compared to available
data for hydrogen BWB aircraft from literature. The mass breakdown data is given in Table 4.3.
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Table 4.3: LH2 BWB mass breakdown as a ratio of MTOM

Component Example BWB Karpuk [17] Adler [18] Chung [20] Patel [22]

Centerbody 0.281 0.106 0.185 0.232 0.164
Outer wing 0.116 0.164 0.175 0.100 0.111

Total structure 0.397 0.270 0.360 0.332 0.275

Landing gear 0.041 0.039 0.054 0.015 0.039
Engines & nacelles 0.123 0.045 0.067 0.108 0.172

LH2 Tanks 0.071 0.098 0.069 0.014 0.036

Flight controls 0.009 0.011 0.018
Hydraulics 0.01 0.012 0.015
Electrical 0.008 0.016 0.018
Avionics 0.012 0.022 0.017
De-ice 0.01 0.001 0.001
Oxygen 0.002 0.013

APU 0.008 0
Containers 0.004 0.011 0.007
Fuel system 0.011 0.054
Furnishing 0.027 0.074 0.050

Others 0.022 0.034
Systems & items 0.101 0.172 0.099 0.223 0.173

OEM 0.734 0.625 0.650 0.700 0.695
Payload 0.135 0.268 0.247 0.231 0.210

Fuel 0.131 0.107 0.103 0.069 0.053
MTOM [kg] 260000 261000 213000 260000 54000

As observed in the table, there are some discrepancies in weight fractions between the different
designs from literature. As weight estimation methods for BWB aircraft are unproven and the designs
from literature incorporate different novel technologies and propulsion systems, it is expected that the
weight fractions show discrepancies. The weight fractions found in this work are in the same orders of
magnitude as those found in literature.

The centerbody weight is taking up a larger portion of the total aircraft weight compared to the
designs from literature. The large difference compared to the design from Karpuk et al. [17] can be
explained by structural weight reductions applied in that work, through new materials and load allevia-
tion technologies. The total structure weight fraction is quite close to the one found in Adler and Martins
[18], however the individual fractions are different. This could be an accounting difference, as the tran-
sition region weight is included in the centerbody weight group in this work and might be included in
the outer wing group in Adler and Martins [18] (this is not specified). The structural weight fractions are
quite close to those from Chung et al. [20].

The fuel tank group also shows some differences, which can be explained by different assumed or
calculated tank gravimetric efficiencies. Chung et al. [20] and Patel et al. [22] use different propulsion
technologies, which could explain the differences in the engine and nacelle weight group. Considering
the higher level weight groups, such as total structure, systems & items, OEM, payload and fuel the
different designs show good agreement. The payload fraction found in this work is considerably lower.
This can be explained by the payload in this work being only the passengers and their luggage, while in
the designs from literature additional cargo weight is added. Since this work aims to compare different
BWB variants for the same payload and range, this does not present an issue.

The tank sizing model used in the design tool plays an important part in collecting meaningful data.
Validation of the model is therefore crucial to obtain confidence in the results. As explained in sec-
tion 3.5 the insulation layer of the tank is sized based on a certain boil-off rate when standing on the
platform. When using the boil-off rate (normalised for tank volume) given in Tarbah [74] the resulting
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insulation layer thicknesses and gravimetric efficiencies do not agree with those found in literature well.
The input boil-off rate is therefore tuned using data given in Huete and Pilidis [39]. In that work several
different tank designs are sized for a certain dormancy time, yielding the gravimetric efficiency of the
tank. The outputs of the tank sizing model in this work are compared to those from Huete and Pilidis
[39] and the boil-off rate is tuned to fit the gravimetric efficiency as closely as possible for a tank with
a dormancy time of 12 hours. In Figure 4.9 the final fit is shown. The data shown is for a 100 m3 cylin-
drical foam insulated tank, with an aluminium structural shell. The tank is designed for a dormancy
time of 12 hours in Huete and Pilidis [39]. It was found the normalised boil-off rate (normalised by tank
volume) had to be decreased with a factor of 6 to obtain a good fit between the computed gravimetric
efficiency from this model and that from literature. It can be seen at low tank radii the tank sizing model
in this work underestimates the tank gravimetric efficiency, however this is on the conservative side.
The tanks generated in this work mostly have radii higher than 0.5 m, meaning the model is deemed
accurate enough for its purpose.

Figure 4.9: Validation of computed tank gravimetric efficiency for different tank radii with a constant tank volume of 100 m3

The thicknesses of the tank layers and the gravimetric efficiency are further validated by comparing
outputs to those given in Onorato et al. [43]. In Table 4.4 the tank inputs and computed sizing outputs
are given and compared to those from literature. As can be seen, the insulation thickness is considerably
higher for the tank sized using this work’s sizing model. This can be explained by the difference in sizing
methods, as in this model the tank is sized for a defined boil-off rate. In Onorato et al. [43] the pressure
evolution in the tank is computed in a timestep based mission analysis, which is then used to determine
the required insulation thickness. The differences in structural shell thickness can be explained by a
different stress ratio used (as it is not clear what is used in Onorato et al. [43]) and different tank end
caps. Overall the tank sizing model can be considered accurate enough for the purpose of this work,
also considering the computational time of the final optimisation loop.
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Table 4.4: Validation data of tank sizing model

Parameter Own Model Onorato et al. [43]
Pmax [bar] 3 3
rt ank [m] 1.3 1.3
Lt ank [m] 3.59 3.59
ti n [mm] 206 99

ts,c yl [mm] 2.9 2.0
ts,sph [mm] 1.4 2.0
mt ank [kg] 363 303
m f uel [kg] 736 802
ηg r av [-] 0.670 0.726

The aerodynamic analysis model is a crucial part of the design tool. Reliable and accurate estimates
of the lift, drag and stability of the concepts are essential to draw useful conclusions in this work. To
validate the aerodynamic model, data from literature is used. Qin et al. [11] analysed the aerodynamic
characteristics of a BWB concept using high fidelity CFD analyses. The BWB geometry used is described
in detail, meaning it is a useful reference to validate the aerodynamic model in this work with.

The baseline geometry used in Qin et al. [11] is replicated to validate the aerodynamic model used
in the design tool. In Figure 4.10 the BWB geometries are shown.

(a) Geometry from Qin et al. [11] (b) Replicated geometry in ParaPy for AVL analysis

Figure 4.10: BWB geometry used for validation of aerodynamic model

The CFD results for the baseline geometry given in Qin et al. [11] are compared to the results of the
aerodynamic model used in the design tool of this work, for a cruise altitude of 37700 ft and a cruise
Mach number of 0.85. In Figure 4.11 the lift and drag vs angle of attack results for the validation BWB
geometry are shown, while in Figure 4.12 the drag polar is shown.
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(a) Lift vs angle of attack (b) Drag vs angle of attack

Figure 4.11: Lift and drag data for validation of aerodynamic model [11]

Considering the lift vs angle of attack results, it is clear the low fidelity aerodynamic model used in
this work accurately predicts aircraft lift for an angle of attack below 4°. In the CFD data from Qin et al.
[11] a change in lift slope is present from an angle of attack of 4°, due to shock induced flow separation
over the outer wing [11]. The low fidelity aerodynamic model is not able to predict flow separation, as
AVL only predicts inviscid forces, while the viscous and wave drag forces are estimated using empirical
methods that do not take flow separation into account. As explained earlier in section 5.2 the low speed
performance of the concepts is not considered. This is in part due to the inability of the aerodynamic
analysis method to predict flow separation.

The drag vs angle of attack results show good agreement at low angles of attack. From an angle of
attack of 3° and higher the drag is underestimated by the low fidelity model used in this work. This is
caused by underestimation of the wave drag at higher angles of attack and not capturing the additional
drag created by the stalled outer wings. The same can be observed in the drag polar. At low lift coeffi-
cients the low fidelity model accurately predicts the lift and drag characteristics of the BWB concept. At
lift coefficients higher than 0.3 the drag is underestimated. This underestimation of the drag at higher
lift coefficients by low fidelity models is observed in literature as well. Karpuk et al. [17] and Moens [59]
observe the same phenomenon.

Figure 4.12: Drag polar data for validation of aerodynamic model [11]

In this work only the cruise lift and drag characteristics are required. As LH2 BWBs require a large
planform area to accommodate the hydrogen tanks, the wing loading is low. This means that the re-
quired cruise lift coefficient is low as well. Cruise lift coefficients exceeding 0.3 have not been observed
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in this work. Based on the lift and drag validation data and low required lift coefficients the low fidelity
aerodynamic model is considered sufficiently accurate.

The individual drag components are also given in Qin et al. [11], which are used to validate the pre-
diction of those components by the low fidelity aerodynamic model. In Table 4.5 the drag components
for the lift coefficient closest to the expected cruise lift coefficient for the concepts in this work are listed.
Note that the drag coefficient values are in drag counts (10−4) and CDw,i includes the wave and induced
drag components. As observed in the table, the total predicted drag is very accurate, with a precision
of 0.4 %. The individual drag components show larger differences. In Qin et al. [11] no separate values
for the wave and induced drag are given, which means the wave drag is assumed to be included in the
pressure drag component. It is therefore unclear whether the differences lie in the wave drag or induced
drag. The profile drag is underestimated by the low fidelity aerodynamic model.

Table 4.5: Drag breakdown validation

Parameter Aerodynamic Model Qin et al. [11] Difference [%]
Cruise Altitude [ft] 37700 37700 -

Cruise Mach [-] 0.85 0.85 -
CL [-] 0.2305 0.2305 -

CD [cts] 212.0 211.1 0.43
CDw,i [cts] 122.8 132.6 -7.39
CDp [cts] 89.17 78.48 13.6
L/D [-] 10.87 10.92 -0.43

The pitching moment characteristics predicted by AVL are validated as well. In Figure 4.13 the pitch-
ing moment validation results are shown. In the CFD results from Qin et al. [11] a pitch break can be
seen from an angle of attack of 3°. This is due to the shock induced flow separation over the outer wings.
For the same reasons discussed earlier, the low fidelity aerodynamic model used in the design tool is
not able to predict this. When looking at the linear part of the CFD results and comparing to the low
fidelity results, it is clear that the low fidelity model predicts a more negative slope. As the lift slopes are
similar (shown in Figure 4.11) and the static margin is proportional to dCm/dCL (Equation 4.2), the low
fidelity aerodynamic model predicts a larger static margin for this BWB geometry than the CFD analysis
performed in Qin et al. [11].

Figure 4.13: Pitching moment data for validation of aerodynamic model [11]

When considering similar validation procedures performed in literature for the pitching moment,
differences in moment slope are observed as well. Karpuk et al. [17] also used AVL to predict the pitching
moment of BWB concepts and compared the results to high fidelity CFD analyses. For the kerosene
BWB concept considered in that work a similar moment slope was found, while for the LH2 BWB the
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low fidelity model predicted a smaller static margin than the one predicted by CFD (this is shown in
Figure 2.26c). Conflicting accuracies in pitching moment slope are observed between the validation
performed in this work and those performed in Karpuk et al. [17], despite AVL being used in all cases.
The BWB geometries used for the validations have considerable differences, meaning the differences
in accuracy could be a result of different geometries. In any case, the pitching moment predicted by
AVL presents a limitation of the aerodynamic model. As the purpose of this work is to compare BWB
variants to each other, it is expected the fundamental differences in configuration and their effects on
the aircraft level performance will not be clouded by an error in static margin prediction. For future work
it is desired to perform a high fidelity analysis of the generated BWB geometries (rather than validating
using one geometry from literature) to evaluate the accuracy of the AVL pitching moment more reliably.
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5
Results & Discussions

In this chapter the results that are generated by the design tool are presented and discussed. In sec-
tion 5.1 the results of the sensitivity analysis are presented and in section 5.2 the results of the planform
optimisations for both TLR points are shown. Finally in section 5.3 the cruise conditions optimisation
results are presented.

5.1. Sensitivity Analysis
Before performing the optimisation of the BWB concepts, a sensitivity analysis is performed to identify
the effect of changing design parameters on the aircraft level performance metrics. The performance
metrics that are considered are the OEM, fuel mass, cruise L/D and static margin. To find the sensi-
tivities, three different BWB variants are generated and their OEMs are computed until convergence
between the Class 1 and Class 2 weights. After this, the design parameters will be changed and the Class
1 – Class 2 iterations will be performed again to find the new converged point. The performance metrics
at this new point will then be computed and compared to the metrics of the baseline designs.

5.1.1. Baseline Designs for Sensitivity Analysis
Three different variants are generated to evaluate whether the BWB configuration will have a significant
effect on the trends observed in the sensitivity analysis. The variants considered are a BWB concept with
all fuel tanks placed behind the cabin, a BWB concept with all fuel tanks placed next to the cabin and a
BWB concept with a mix of both fuel tank regions. The top level requirements are given in Table 5.1 and
the specifications of the concepts are given in Table 5.2.

Table 5.1: Top level requirements for the BWB concepts used for the sensitivity analysis

Parameter Value
Passengers [-] 350

Cruise Altitude [ft] 35000
Design Range [km] 10000

Cruise Mach Number [-] 0.8
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Table 5.2: Baseline specifications of BWB concepts used for the sensitivity analysis

Design Parameter Aft Fuel Variant Side Fuel Variant Mixed Fuel Variant

MTOM [kg] 280000 238000 257000
OEM [kg] 207000 167000 188000
PM [kg] 35300 35300 35300
FM [kg] 36900 35200 33900

L/Dcr ui se [-] 19.9 17.0 19.9
L/Dmax [-] 21.8 21.1 23.0

Static Margin [%MAC] -3.8 3.2 -2.6
ηg r av [-] 0.641 0.642 0.642

A [-] 4.21 4.98 4.70
Sr e f [m2] 1520 1290 1360
nbay s [-] 7 3 4
φ f [-] 0 1 0.4

Λcab [deg] 50 50 50
Λw [deg] 35 35 35
λw [-] 0.3 0.3 0.3

(t/c)w [-] 0.08 0.08 0.08
b [m] 80 80 80

Note that the concepts are not optimised for range or stability, but have the baseline twist distribu-
tion and baseline sweep angles. This means that no conclusions can be drawn from the overall perfor-
mance of these concepts yet. The shown concepts merely serve to perform the sensitivity analysis. The
number of cabin bays nbay s is determined based on where the fuel tanks are placed to allow enough
space for the tanks. All baseline variants have the engines mounted under the outer wing. The plan-
forms of the BWB concept variants are given in Figure 5.1. The parameters that will be changed are the
planform input parameters (Λcab , Λw , λw and (t/c)w ) and the cruise conditions. The effects of moving
the engines from under the wing to the aft body will also be evaluated. The sensitivity of the metrics to
the side fuel ratio φ f will be evaluated for the mixed fuel concept only. The sensitivities of the metrics
to the tank gravimetric efficiency and the twist angles of the airfoil sections will also be evaluated.

(a) Aft fuel BWB concept (b) Side fuel BWB concept (c) Mixed fuel BWB concept

Figure 5.1: Planforms of the BWB concepts used for the sensitivity analysis
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5.1.2. Planform Sensitivity
Evaluation of the sensitivity of the performance metrics to the planform parameters of the BWB con-
cepts helps identify what planform parameters have a large effect on the overall performance of a BWB
concept. This provides more insight when performing planform optimisations of a BWB aircraft. In
this section the planform sensitivity is evaluated for the aforementioned baseline BWB concepts. The
planform parameters that are considered are the cabin sweep angle, outer wing sweep angle, outer wing
taper ratio and outer wing t/c. As mentioned, for the mixed fuel concept the effect of moving more fuel
volume next to the cabin will be evaluated.

Side Fuel Variant
In Figure 5.2 the planform sensitivity results for the side fuel variant are shown. Note that the + and
- in front of the design variables indicate a +10 % or −10 % change of that variable with respect to the
baseline values shown in Table 5.2. The percentages shown in the matrix indicate the change of that
performance metric with respect to the baseline performance metric. For the static margin the change
is expressed as a percentage of the mean aerodynamic chord.

Figure 5.2: Planform sensitivity matrix for the side fuel BWB variant

As observed in Figure 5.2, the cabin sweep angle has a large effect on all the performance metrics.
An increase in cabin sweep angle causes a decrease in OEM, which is caused by the side fuel tank region
being more tapered. This reduces the structural weight of this region, despite the aftbody getting wider
and thus heavier due to the increased centerbody span (due to the larger cabin sweep angle the side
tank region span increases but becomes more tapered). The opposite effect is observed for a decrease
in cabin sweep angle. For an increase in cabin sweep angle the maximum L/D ratio increases. This is
caused by a decrease in profile drag. The magnitude of the maximum L/D changes are between 3 % and
4 %. Again the opposite is observed for a decrease in cabin sweep angle. The effects on the cruise L/D are
a result of the changes in OEM and maximum L/D. A decrease in OEM means the cruise lift coefficient
decreases, moving it away from the optimal lift coefficient for maximum L/D. In the sensitivity of the side
fuel variant this is reflected by the increase in cruise L/D being a lower percentage than the increase in
maximum L/D, due to the decreased OEM damping this increase through lift coefficient changes. The
fuel mass effects are a result of the changes in cruise L/D and OEM. For the side fuel variant it can be seen
an increase in cabin sweep angle causes a decrease in OEM and increase in cruise L/D, meaning the fuel
mass decreases by roughly 6 %. The effect of the cabin sweep angle on the static margin is as expected.
While an increase in cabin sweep angle will move some cabin mass more aft, the outer centerbody lifting
surface and outer wing moving aft overrule the mass effects. The neutral point therefore moves aft more
than the center of gravity, increasing the static margin.

For the other planform variables a much smaller sensitivity is observed. The second largest sen-
sitivities are observed for the outer wing leading edge sweep angle. As expected, an increase in outer
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wing sweep angle results in an increase in OEM. The opposite is observed for a decrease in outer wing
sweep angle. More interestingly, the maximum L/D is roughly equal for an increase in outer wing sweep
angle, while it decreases for a decrease in sweep angle. The decrease in maximum L/D is caused by an
increase in wave drag over the outer wing. Again the cruise L/D is a result of the changes in OEM and
maximum L/D. In the case of the outer wing the cruise L/D follows the trend of the OEM. An increase
in OEM causes an increase in cruise L/D, despite no changes in maximum L/D. For a lower outer sweep
angle the maximum L/D decreases and the OEM decreases, meaning a reduction in cruise L/D is ob-
served. Due to conflicting effects of the OEM and cruise L/D on the fuel mass the sensitivity of the fuel
mass to the outer wing sweep angle is small. The static margin follows an opposite trend compared to
the cabin sweep angle. In this case the change in center of gravity of the outer wing is larger than the
change in neutral point of the outer wing, causing a decrease in static margin for a larger sweep angle.
The opposite is observed for a decrease in outer wing sweep angle.

An increase in outer wing taper results in a larger OEM, which is expected. The opposite is observed
for a decrease in outer wing taper. The maximum L/D improves for a larger taper ratio and the opposite
is observed for a decrease in taper ratio. Combining the OEM and maximum L/D effects, it is seen the
cruise L/D increases for an increase in taper ratio, since the OEM and maximum L/D both increase. The
sensitivity of the fuel mass is low, as the the cruise L/D and OEM have conflicting effects. The sensitivity
of the static margin is also small. Considering the outer wing thickness slightly larger sensitivities are
observed than for the taper ratio. A thicker wing results in a lower OEM, with the opposite effect being
observed for a thinner wing. The effect of the wing thickness on the maximum L/D is also as expected.
The effect of the wing thickness on the cruise L/D and fuel mass then follow from those sensitivities.

Mixed Fuel Variant
In Figure 5.3 the planform sensitivity results for the side fuel variant are shown. For this variant the effect
of changing the side fuel ratio is also evaluated.

Figure 5.3: Planform sensitivity matrix for the mixed fuel BWB variant

For the cabin sweep angle sensitivity it is clear lower sensitivities are observed compared to the side
fuel variant. As the side fuel tank region is smaller for this variant, the cabin sweep angle will have
a smaller effect on the planform of the aircraft (as the cabin sweep also determines the sweep angle
of the side tank and transition regions). For an increase in cabin sweep angle the OEM decreases, for
the same reasons as for the side fuel variant. The opposite effect is observed for a decrease in sweep
angle. Similar sensitivities as for the side fuel variant are also observed for the maximum L/D, albeit a
smaller magnitude. In this case for a higher cabin sweep angle the increase in maximum L/D is caused
by an improvement in span efficiency. The decrease in maximum L/D is caused by a reduction in span
efficiency. The cruise L/D is lower for both an increase and decrease in cabin sweep angle. This is
because the increase in aerodynamic efficiency for an increase in sweep angle is outweighed by the
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decrease in OEM, which results in a reduction in lift coefficient away from the optimal lift coefficient of
the variant. In the case of a decreasing cabin sweep angle the decrease in aerodynamic efficiency is the
deciding factor, resulting in a decrease in cruise L/D as well. For an increase in cabin sweep angle the
cruise L/D and OEM changes are conflicting, resulting in a small sensitivity of the fuel mass to the cabin
sweep angle. For a decrease in the cabin sweep angle this is not the case, resulting in a larger sensitivity.
Similarly to the side fuel variant, the static margin shows a large sensitivity to the cabin sweep angle.

The sensitivity of the performance metrics to the side fuel ratio is considerable. For an increase in
side fuel ratio the side tank region becomes larger, while the aftbody becomes smaller. For the OEM
the decrease in aftbody structural mass outweighs the increase in side tank region mass. For a decrease
in side fuel ratio the changes in the two mass groups roughly cancel each other out. It must be noted
that for both an increase and decrease in side fuel ratio the fuel mass is lower. Since there is a snowball
effect and the OEM does not change for a decrease in side fuel ratio, it can be expected the isolated OEM
(without Class 1 – Class 2 iterations) of the variant would increase. For an increase in side fuel ratio the
maximum L/D does not change much. For a lower side fuel ratio there is an increase in maximum L/D,
caused by a slight decrease in profile drag and higher span efficiency. The cruise L/D decreases for a
higher side fuel ratio due to the decrease in OEM. For a lower side fuel ratio the increase in cruise L/D
is purely caused by the improved aerodynamic efficiency, as the OEM does not change. The fuel mass
reduces for both an increase and decrease in side fuel ratio. As a higher side fuel ratio results in a higher
fuel and structural mass next to the cabin and a lower one behind the cabin, a higher static margin is
observed. The opposite happens for a decrease in side fuel ratio.

The outer wing parameters again have a smaller effect on the performance metrics. The outer wing
sweep angle has the most considerable effect on the OEM, cruise L/D and fuel mass. The sensitivities
are comparable to those of the side fuel variant.

Aft Fuel Variant
The planform sensitivity results for the aft fuel variant are given below in Figure 5.4.

Figure 5.4: Planform sensitivity matrix for the aft fuel BWB variant

The sensitivity of the performance metrics to the cabin sweep angle is highest for this variant as well.
However, the trends observed are different. The OEM has a smaller sensitivity and decreases for both
an increase and decrease in cabin sweep angle. To get a better understanding of the exact source of the
lower OEM sensitivity, the effect of the cabin sweep angle on the isolated structural mass is evaluated.
It is found that the structural mass of the aft fuel variant barely changes for a changing cabin sweep an-
gle. This means that the OEM changes observed are due to the snowball effect caused by L/D changes.
When considering the maximum L/D changes, for an increase in cabin sweep angle the L/D changes
significantly. The improvements in maximum L/D are caused by an improved span efficiency, a slight
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decrease in profile drag and a decrease in wave drag over the transition region of the variant (since the
sweep angle of the transition region is the same as the cabin sweep angle). As discussed in section 3.4,
the estimation of the wave drag over the centerbody is a limitation of the aerodynamic model. For this
reason the maximum L/D sensitivity to the cabin sweep angle is also computed without the wave drag
contributions of the transition region and outer wing. The reason this is not done for the other two vari-
ants is because for those variants the total wave drag (and the changes in wave drag) are negligible. For
an increase in cabin sweep angle the maximum L/D (ignoring the wave drag) increases with 1.58 %, due
to an improved span efficiency and slight decrease in profile drag. For a decrease in cabin sweep angle
the opposite happens: the span efficiency reduces and a slight increase in profile drag is observed. The
result is a change in maximum L/D of −1.32 %. Since the isolated OEM does not change considerably, it
can be expected that the cruise L/D follows the maximum L/D changes, resulting in opposite trends for
the cruise L/D and fuel mass for changes in the cabin sweep angle when ignoring the wave drag. When
including the wave drag in the sensitivities to the cabin sweep angle, it can be seen the maximum L/D
and cruise L/D improve for both an increase and decrease in cabin sweep angle, due to the decrease in
wave drag. This results in a lower fuel mass for both cabin sweep angle changes.

For the aft fuel variant the outer wing planform parameters have larger effects on the performance
metrics, compared to the other two variants. This can be explained by this concept having a larger outer
wing compared to the centerbody (see Figure 5.1), which means changes to the outer wing have a larger
impact on the total planform of the aircraft. The sensitivity of the OEM to the outer wing sweep angle is
as expected, a larger sweep angle increases the OEM while the opposite is observed for a smaller sweep
angle. The maximum L/D effects are more complex, as the L/D decreases for both a smaller and larger
outer wing sweep angle. In the case of a larger sweep angle this is caused by a decreased span efficiency.
For a smaller sweep angle the small decrease in maximum L/D is caused by an increase in wave drag
over the outer wing, despite a small improvement in span efficiency. In terms of cruise L/D the OEM
effects are dominating, meaning a larger sweep angle results in a larger cruise L/D due to an increase in
OEM. The opposite is observed for a smaller sweep angle. The sensitivity of the performance metrics to
the wing taper ratio are small, however the thickness of the outer wing has a larger effect on the metrics.
The effects are as expected. The effect of the outer wing parameters on the static margin is quite small
for this variant.

Engine Positioning
The effects of mounting the engines under the wing or on the aftbody are also evaluated. The perfor-
mance metrics of the side fuel variant with both engine options are included in Figure 5.5. The differ-
ences stated are with respect to the variant with wing mounted engines.

The effects of moving the engines from the wings to the aftbody are similar for all three variants.
The increase in OEM is caused by an increase in aftbody and outer wing structural weight. As no en-
gines are mounted under the wing, less load alleviation is present resulting in an increase in outer wing
weight. Since the engines are now mounted on the aftbody, this structure has to carry the weight of the
engines, meaning the aftbody weight increases as well. The result is a considerable OEM increase for
all three variants. The maximum L/D improves with aft mounted engines for all variants. This is due
to the engines being placed at a more favourable distance from the aircraft surface, which means less
interference drag between the nacelles and aftbody surface is estimated. The cruise L/D increases with
a larger percentage, which is due to the aircraft flying at a higher and more optimal lift coefficient as a
result of the increased OEM.

Combining the effects on the OEM and cruise L/D, the fuel mass increases for the mixed and aft fuel
variants due to the OEM increase outweighing the L/D improvements. As the side fuel variant has a
smaller OEM increase the fuel mass change is negligible. It must be noted that this work does not take
boundary layer ingestion into account, which can be implemented for aft mounted engines. The effect
on fuel burn of aft mounted engines could therefore change with the implementation of this technology.
Another consideration for aft mounted engines is shielding of engine noise. The static margin of all
variants decreases significantly, due to the center of gravity moving aft.
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(a) OEM sensitivity (b) Cruise L/D sensitivity

(c) Fuel mass sensitivity (d) Static margin sensitivity

(e) Maximum L/D sensitivity

Figure 5.5: Sensitivity of performance metrics to engine position for different BWB variants. Differences indicate change from
wing mounted to aft mounted engines

5.1.3. Twist Angle Sensitivity
The effects of changing the twist angles of the airfoil sections on the cruise L/D and static margin are
evaluated to determine whether the twist angles are to be included in the optimisations. The twist angles
have no direct effect on the weights of the aircraft, only through cruise L/D changes the weights will
change when iterating between Class 1 and Class 2. In the optimisations the Class 1 – Class 2 iterations
are not performed, meaning the twist angle sensitivity is computed without performing the iterations.
The changes of the performance metrics are calculated for a 2° increase of each individual twist angle.

The results for the cruise L/D sensitivity to the twist angles for the BWB variants are given below in
Figure 5.6. As explained earlier in section 3.3, the twist angle of the first three centerbody airfoil sections
is constant across those sections. This means twist angle 1 is the twist angle of those three sections,
which are the sections defining the cockpit shape. Twist angles 2 and 3 are the twist angles of the 4th
and 5th centerbody airfoil sections, which still have a reflexed airfoil profile. Twist angles 4–6 are those
of the airfoil sections defining the transition region, which have a symmetric airfoil profile. Twist angles
7 and 8 are those of the outer wing airfoil sections with a supercritical airfoil profile.

When considering the effect of the different twist angles on the cruise L/D, it can be seen the cen-
terbody section twist angles have a comparable effect on the L/D. Increasing twist angle 1 results in an
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increase in cruise L/D, while increasing twist angles 2–6 results in a decrease in cruise L/D (except for
twist angles 2 and 3 for the side fuel variant). An increase in twist angle of the outer wing root section
results in a decrease in cruise L/D, with a slight increase in cruise L/D for an increase in the twist angle
of the tip airfoil section.

(a) Aft fuel variant (b) Side fuel variant

(c) Mixed fuel variant

Figure 5.6: Cruise L/D sensitivity to a 2° twist angle increase for the BWB variants

The effect of the twist angles on the static margin of the variants is evaluated and the results are
given in Figure 5.7. As shown in the results, the effect of each individual twist angle on the static margin
is not very large. The trends across the variants are similar. Increasing the first twist angle improves the
static margin, while increasing twist angles 3–5 results in a decrease in static margin. Twist angle 6 shows
an improvement in static margin for an increase in twist angle for all the variants. For the outer wing,
increasing the twist angle of the root section (twist angle 7) decreases the static margin, while increasing
the angle of the tip section improves the static margin.

Considering the significant effects on the L/D of the aircraft and considering that combined changes
of the twist angles could improve the static margin significantly, all the twist angles analysed in this sec-
tion are included in the optimisations. The outer wing taper ratio and t/c are not included in the op-
timisations. As shown in subsection 5.1.2 the sensitivities of the performance metrics to those design
parameters are relatively small. The decision is made to reduce the computational time of the optimi-
sations by not including those design variables. Overall, it is clear that the complex sensitivities of all
the performance metrics to the planform parameters and twist angles of the BWB concepts require an
optimisation procedure to thoroughly search the design space for an optimal concept.
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(a) Aft fuel variant (b) Side fuel variant

(c) Mixed fuel variant

Figure 5.7: Static margin sensitivity to a 2° twist angle increase for the BWB variants

5.1.4. Cruise Conditions Sensitivity
The sensitivities of the OEM, cruise L/D, fuel mass and maximum L/D to the cruise conditions have
been computed for the three variants. The cruise Mach number and cruise altitude were changed with
respect to the baseline values. The Class 1 – Class 2 iterations were then performed to find the new
converged design for the changed cruise conditions.

Side Fuel Variant
In Figure 5.8 the cruise condition sensitivity results for the side fuel variant are shown. In the matrix it
is shown that the maximum L/D decreases for a higher Mach number, with the opposite happening for
a decrease in Mach number. The changes in maximum L/D are mainly caused by wave drag changes,
for a higher Mach number the wave drag increases and the opposite happens for a lower Mach number.
The sensitivity of the cruise L/D to the Mach number follows the same trend, however the magnitude of
the sensitivity is higher. This is due to the aircraft flying at a lower lift coefficient (further away from the
optimal) when flying faster and due to the aerodynamic efficiency decreasing for a higher Mach number.
The opposite is observed for a lower Mach number. The changes to the OEM are caused by the snowball
effect which is a result of fuel mass changes. When considering the Breguet range equation, flying faster
is beneficial for the required fuel mass. The cruise L/D reductions when flying faster however outweigh
this benefit, resulting in an increase in required fuel mass. The opposite is again observed for a lower
Mach number.

When considering the sensitivity of the metrics to the cruise altitude it is clear this BWB variant has
a high sensitivity to the altitude. When flying higher, the maximum L/D increases. While the wave drag
and profile drag slightly increase, a considerable increase in maximum L/D is observed. This can be
explained by a large change in fuel mass when flying higher or lower. This has a large effect on the span
and size of the side fuel tank region. This results in large changes in the aspect ratio of this BWB variant
when changing the cruise altitude. At the same time flying at a different altitude will change the air
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density, resulting in a change in the required cruise lift coefficient. For an increase in cruise altitude
the maximum L/D increases as well as the cruise lift coefficient, resulting in an increase in cruise L/D.
Logically, the fuel mass required reduces. The opposite is observed for flying at a lower altitude.

Figure 5.8: Cruise condition sensitivity matrix for the side fuel BWB variant

Mixed Fuel Variant
The cruise condition sensitivities are also computed for the mixed fuel variant. In Figure 5.9 the results
for this variant are shown. Similar sensitivities of the metrics to the cruise Mach number are observed
as for the side fuel BWB variant, with only the magnitude of the sensitivities being slightly lower.

For changes in the cruise altitude different sensitivities are observed for the maximum L/D. When
flying at a higher altitude the profile drag increases slightly, which causes the small reduction in maxi-
mum L/D. The opposite happens for a lower altitude. The effects of the cruise lift coefficient changing
due to the different air densities are dominating, which means the sensitivities of the cruise L/D and
fuel mass are comparable to those of the side fuel BWB variant, albeit a smaller magnitude. The differ-
ent maximum L/D sensitivity can be explained by this BWB variant having a much smaller side fuel tank
region. This means changes in fuel mass have a smaller effect on the aspect ratio of this variant.

Figure 5.9: Cruise condition sensitivity matrix for the mixed fuel BWB variant

Aft Fuel Variant
The cruise condition sensitivities of the last BWB variant, the aft fuel variant, are shown in Figure 5.10.
When considering the magnitude of the sensitivities of the performance metrics to the cruise Mach
number it is clear they are higher compared to those of the side fuel and mixed fuel BWB variants.
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Changes in the wave drag for different Mach numbers are larger for this BWB variant than for the other
two, which results in a higher sensitivity of the maximum L/D to the cruise Mach number. The cruise
L/D and fuel mass sensitivities are also higher as a result of this.

The sensitivity of the maximum L/D to the cruise altitude is comparable to that of the mixed fuel
variant. Flying at a higher altitude results in an increases in profile drag, which causes a reduction in
maximum L/D. Despite this the higher lift coefficient required causes the cruise L/D to increase, which
results in a decrease in required fuel mass. The opposite is observed when flying at a lower altitude.

Figure 5.10: Cruise condition sensitivity matrix for the aft fuel BWB variant

5.1.5. Gravimetric Efficiency Sensitivity
The sensitivity of the OEM, fuel mass and cruise L/D to the tank gravimetric efficiency is analysed. This
is done by multiplying the total tank mass by a mass factor and performing the Class 1 – Class 2 iterations
as usual. This means any volume effects of having thicker structural or insulation layers are not consid-
ered, solely the mass effects. Across the different variants the same trends are observed. The results for
the side fuel variant are given in Figure 5.11, the results for all the variants are given in Appendix A.

The results obtained for the OEM and fuel mass are as expected. As the tank mass increases the
required fuel mass for the design mission and the OEM of the aircraft increase as well. As there is a
snowball effect (more fuel means more OEM, which means more fuel etc.), for low gravimetric efficien-
cies the OEM and fuel mass increase at a higher rate. For gravimetric efficiencies below what is shown
in the results the weights increase rapidly, causing a sharp increase in the required amount of tanks. For
the side fuel variant this means not enough room is available next to the cabin for all the required tanks.
The gravimetric efficiency at which this happens is below 0.45.

The effect of the gravimetric efficiency on the cruise L/D depends on the outer shape of the aircraft
and the cruise lift coefficient. For all variants similar behaviour is observed. As the gravimetric efficiency
decreases, the cruise L/D increases slowly. This is due to the aircraft getting heavier and flying at a higher
cruise lift coefficient. At a certain point the increased fuel mass requires additional tanks which causes
a large change in outer shape, which is the jump to a different cruise L/D observed for the side fuel and
aft fuel variants (for the aft fuel results see Appendix A). After this the increasing weight increases the
cruise lift coefficient while the outer shape does not change significantly, meaning the cruise L/D slowly
increases again.
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(a) OEM sensitivity (b) Cruise L/D sensitivity

(c) Fuel mass sensitivity

Figure 5.11: OEM, cruise L/D and fuel mass sensitivity to tank gravimetric efficiency for the side fuel BWB variant

5.2. Planform Optimisation
As explained in section 3.9, an optimisation is performed to find the optimal BWB concept. Since there
are 3 different exit design options and it is unclear which option offers the best evacuation and safety
features, the best concept for each exit design will be presented and compared to each other. For the
full list of the considered baseline variants refer back to section 3.9. The aircraft concepts will be ranked
based on the fuel burn for the design missions. Only feasible designs (statically stable and able to reach
the range) will be considered. If the difference in fuel burn between the wing engine and aft engine
variants is small, the aft engine variant will be prioritised. When mounting the engines on the aft body
this provides noise shielding, as well as the opportunity to apply BLI technologies. For reference, the
planform optimisation of one BWB concept takes around 1 hour of computational time on a regular
laptop.

5.2.1. 350 Passenger TLR Point
The planform optimisation results for the 350 passenger TLR point are presented in this subsection. For
exit option 1 the optimal variant is found to be 2-Aft (3 cabin bays). Variant 6-Aft (2 cabin bays) is found
to be the optimal variant for exit option 2. As there is only one viable cabin design for exit option 3, this
variant is logically the optimal one for this exit option. Renders of the 3 concepts are given in Figure 5.12
and diagrams of the planforms are given in Figure 5.13. The weight specifications and performance
metrics of the 3 concepts are listed in Table 5.3 and the geometrical specifications of the concepts are
listed in Table 5.4. Note that bcb is the width of the complete centerbody, including the side tank region
and excluding the transition region.
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(a) BWB variant 2-Aft (b) BWB variant 6-Aft

(c) BWB variant 11-Aft

Figure 5.12: Isometric view renders of the planform optimised concepts (350pax, 10000 km)

(a) BWB variant 2-Aft (b) BWB variant 6-Aft

(c) BWB variant 11-Aft

Figure 5.13: Planform diagrams of the planform optimised concepts (350pax, 10000 km)
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For all the exit design options the best concepts had a small difference in fuel burn between the
wing mounted and aft mounted engine options. It is therefore decided to select the aft engine variants
for reasons discussed earlier. As can be seen, the concept with exit design option 1 has the lowest fuel
burn for the design mission. All the concepts have an ample static margin, giving confidence in the
stability in the concepts despite the AVL pitching moment limitations discussed earlier in section 4.2.
Compared to the best performing concept, 2-Aft, concept 7-Aft has an increase in fuel burn of 0.3 %,
which is negligible considering the accuracy of the model. The fuel burn of concept 11-Aft is 3.6 %
higher. When comparing the fuel burn of the absolute worst concept (of all cabin designs) to the best
concept, the difference in fuel burn is 21.9 %. The largest difference in maximum L/D between the
optimal concepts per exit option is computed to be 2 %. The maximum difference in OEM is 8.4 %.

Table 5.3: Weight and performance specifications of the planform optimised concepts for the different exit options (350pax,
10000 km)

Parameter Exit Option 1 Exit Option 2 Exit Option 3
Variant 2-Aft 6-Aft 11-Aft

OEM [kg] 182000 179000 194000
FM [kg] 30200 30300 31300

MTOM [kg] 247000 244000 261000
SM [%] 13.1 7.3 9.7

L/Dcr [-] 22.1 21.6 22.7
L/Dmax [-] 25.2 24.7 25.2

CL,cr [-] 0.153 0.158 0.172
mt ank [kg] 16800 18200 17400
ηg r av [-] 0.642 0.625 0.642

Table 5.4: Geometrical specifications of planform optimised concepts for the different exit options (350pax, 10000 km).
Design variables that are on a variable bound are in bold

Parameter Exit Option 1 Exit Option 2 Exit Option 3
Variant 2-Aft 6-Aft 11-Aft

nbay s [-] 3 2 7
nt anks [-] 9 7 5
φ f [-] 0.46 0.83 0

Λcab [deg] 66.0 66.0 62.8
Λw [deg] 31.1 36.3 32.0
Sr e f [m2] 1430 1370 1350

b [m] 80 80 80
bcb [m] 23.7 20.4 24.4
btr [m] 10.9 11.0 11.0

bwi ng [m] 45.4 48.6 44.6
A [-] 4.48 4.68 4.75

c0 [m] 60.3 61.2 54.2
Lcab [m] 33.0 40.4 26.6
bcab [m] 10.4 7.0 24.4
Scab m2 283 254 359

The larger fuel burn of concept 11-Aft can be explained by the drastically different cabin shape due
to the sidewall length constraint of exit design option 3. Since the cabin is almost a perfect triangular
shape, the larger diagonal part in the cabin makes for a more inefficient distribution of the cabin bays.
This is clearly shown by the much larger cabin floor area of the 7 bays cabin, compared to the cabins with
2 or 3 bays. Since the cabin structural weight depends highly on the cabin floor area, the cabin structure
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of concept 11-Aft is much heavier. This is reflected by the larger OEM of this concept. The cruise L/D
is larger for concept 11-Aft, as it is flying at a higher cruise lift coefficient due to the increased weight,
while the maximum L/D is comparable for the 2 concepts. Despite the cruise L/D improvements, the
fuel burn is larger due to the larger aircraft weight.

When comparing the concepts for exit options 1 and 2, the difference in fuel burn is very small. The
addition of the ventral exits at the rear of the cabin limits the length of the tanks next to the cabin to keep
space free for the ventral exits. It appears the addition of the ventral exits at the rear of the cabin has a
considerable effect on the aircraft level performance, as the concept with ventral exits and 3 cabin bays,
concept 7-Aft, has an increase in fuel burn of 3.3 % compared to concept 2-Aft (which has exit option 1).
This is caused by a lower cabin leading edge sweep angle, which leads to a lower cruise L/D. The leading
edge sweep angle is lower to allow the side tank region span to be higher. The increased side tank region
span offsets the limited length of the tanks in terms of available volume in the tank region. The side
tank fuel ratios of concepts 2-Aft (0.461) and 7-Aft (0.459) are roughly equal. For the ventral exit option
(option 2) it turns out that a 2 bay cabin with the ventral exits (concept 6-Aft) has a lower fuel burn than
one with 3 bays (concept 7-Aft), leading to concept 6-Aft being the optimal one for exit option 2. The
cabin of concept 2-Aft is wider compared to the cabin of concept 6-Aft, which leads to a larger triangular
part of the cabin. For the same reasons as discussed earleir, the result is a higher cabin area. The higher
cabin area of concept 2-Aft causes the OEM to be higher, compared to concept 6-Aft. Despite the higher
OEM the cruise L/D of concept 2-Aft is higher, resulting in a slightly lower fuel burn for this concept.

As the fuel tank fitting is based on the cabin height (including the cargo hold), the tank diameters
of the different concepts are comparable, as the cabin height is constant for the concepts. This results
in comparable gravimetric efficiencies for the concepts as well. Concept 6-Aft has a slightly lower gravi-
metric efficiency, which is caused by its tanks being roughly the same diameter, but considerably longer.
This affects the total gravimetric efficiency.

When comparing the planforms and shapes of the concepts, it is clear a large cabin sweep angle
leading to a narrow centerbody leads to the best aircraft performance. In fact, the cabin sweep angle of
66° is on the upper bound, which is the case for concepts 2-Aft and 6-Aft. Even with a drastically differ-
ent cabin shape the outer shape is quite comparable. It can be argued that the difference in fuel burn
between the best and worst cabin exit designs of 3.6 % indicates drastically different internal layouts
lead to a comparable aircraft level performance.

The twist and thickness distributions of the optimal concepts for each exit design are given in Fig-
ure 5.14 and Figure 5.15, respectively. For all the concepts the thickness of the centerbody increases
when moving further outboard. This is due to the required height of the internal components not chang-
ing, however due to the swept cabin leading edge the chord length of the airfoil sections decreases. The
jump in twist distribution at around 25 % of the semi-span observed for each of the concepts is caused
by the change in airfoil profile at roughly this location. The airfoil profile changes from a reflexed one to
a symmetrical one.

Figure 5.14: Twist angle distribution of the optimal BWB
concepts (350pax, 10000 km)

Figure 5.15: Thickness to chord ratio distribution of the
optimal BWB concepts (350pax, 10000 km)
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5.2.2. 250 Passenger TLR Point
The planform optimisation is also performed for BWB concepts with 250 passengers and a design range
of 7000 km. For this TLR point only the aft-mounted engine options are considered, for the same reasons
as discussed in the previous subsection. For exit option 1 the optimal variant is found to be concept B (3
cabin bays), while concept F (3 cabin bays) is the optimal variant for exit option 2. Two different cabin
designs are feasible for exit option 3 (meaning they satisfy the sidewall length constraint), however the
optimal variant is concept K (5 cabin bays). Renders of the optimal concepts are given in Figure 5.16
and planform diagrams are given in Figure 5.17 The weight specifications and performance metrics of
the 3 optimal concepts are listed in Table 5.5, while the geometrical specifications are listed in Table 5.6

(a) BWB variant B (b) BWB variant F

(c) BWB variant K

Figure 5.16: Isometric view renders of the planform optimised concepts (250pax, 7000 km)

Table 5.5: Weight and performance specifications of the planform optimised concepts for the different exit options (250pax,
7000 km)

Parameter Exit Option 1 Exit Option 2 Exit Option 3
Variant B F K

OEM [kg] 109000 108000 114000
FM [kg] 15800 15700 15900

MTOM [kg] 151000 149000 155000
SM [%] 20.4 18.1 15.0

L/Dcr [-] 20.0 19.6 20.6
L/Dmax [-] 24.8 24.6 24.9

CL,cr [-] 0.147 0.145 0.160
mt ank [kg] 8600 8400 9100
ηg r av [-] 0.648 0.651 0.636
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(a) BWB variant B (b) BWB variant F

(c) BWB variant K

Figure 5.17: Planform diagrams of the planform optimised concepts (250pax, 7000 km)
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Table 5.6: Geometrical specifications of the planform optimised concepts for the different exit options (250pax, 7000 km).
Design variables that are on a variable bound are in bold

Parameter Exit Option 1 Exit Option 2 Exit Option 3
Variant B F K

nbay s [-] 3 3 5
nt anks [-] 6 6 4
φ f [-] 0.45 0.41 0

Λcab [deg] 66.0 64.8 64.9
Λw [deg] 40.2 39.2 37.8
Sr e f [m2] 910 910 860

b [m] 65 65 65
bcb [m] 20.0 20.2 17.4
btr [m] 9.9 9.9 9.9

bwi ng [m] 35.1 34.9 37.7
A [-] 4.66 4.66 4.89

c0 [m] 46.2 45.4 44.8
Lcab [m] 26.6 25.9 23.2
bcab [m] 10.4 10.4 17.4
Scab m2 216 212 243

The concept with exit option 2 (ventral exits, concept F) offers the best performance in terms of
fuel burn, however the difference compared to the other concepts is small. Although the cruise L/D
of this concept is the lowest out of the 3 concepts, it has the lowest OEM, which results in a slightly
lower fuel burn than the other concepts. The low cruise L/D is caused by both a low lift coefficient and
low aerodynamic efficiency overall, which can be seen when comparing the maximum L/D values of
the concepts. The low OEM of concept F can be explained by the tank gravimetric efficiency being the
highest out of the concepts and the cabin area being the smallest. The optimal concept for exit option 1,
concept B, has a 0.6 % higher fuel burn compared to concept F. Concept K, with exit option 3, has a 1.3 %
higher fuel burn for the design mission. The largest difference in maximum L/D between the optimal
concepts for the exit options is found to be 1.2 %, while the maximum difference in OEM is 5.7 %.

When comparing the optimal concepts for exit options 1 and 2, the concepts appear to be very
similar. Both concepts B and F have a cabin with 3 bays and around 40 to 45 % of the total fuel next
to the cabin. Similarly to what is observed for the other TLR point, the ventral exits limit the length of
the side tanks. This causes more tanks to be placed behind the cabin for concept F (represented by the
lower side tank ratio). It also causes the cabin leading edge sweep angle to be slightly lower, to allow a
larger side tank region span. Although those changes compared to concept B cause the aerodynamic
efficiency of this concept to be lower, the shorter cabin of concept F (due to the different exit design)
results in a lower cabin weight. As the side fuel tanks of concept F are shorter than those of concept B,
but the same length, the gravimetric efficiency is slightly higher. Those factors result in a lower OEM
and ultimately in a slightly lower fuel burn for concept F.

Larger differences in planform are observed between concept F and concept K. Due to the sidewall
length constraint the optimal concept for exit option 3 has 5 cabin bays and all of the fuel tanks behind
the cabin. Similar to what is seen for the 350 passenger concepts, a wider cabin results in a larger cabin
area. This causes the OEM of concept K to be considerably higher than that of concept F. Another factor
contributing to the higher OEM is the gravimetric efficiency. Although the tanks have similar radii as
those of concept F, the length of the tanks behind the cabin is higher, causing a lower gravimetric effi-
ciency. On the other hand, the cruise L/D of concept K is much better, resulting in only a slightly higher
fuel burn for this concept. The higher cruise L/D of concept K can be explained both by a higher cruise
lift coefficient and a better aerodynamic efficiency, which is represented by the higher maximum L/D of
this concept. When considering the geometrical specifications of concept K, it is clear the aspect ratio
of this concept is higher than that of concept F due to a lower planform area. This lower planform area
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can be explained by the concepts with side fuel tanks having an unused part of the aftbody behind the
side tanks. The concept with only fuel tanks behind the cabin has the fuel tanks stretching the whole
aftbody span.

Just as for the 350 passenger TLR point, the argument can be made that although the internal layouts
of the BWB variants differ significantly, the aircraft level performance is comparable. Even more so for
this TLR point, as the worst exit option has a 1.3 % higher fuel burn compared to the best exit option. For
the 350 passenger TLR point this difference is 3.6 %. The difference in fuel burn between the absolute
best and worst BWB variants (across all the cabin designs) for the 250 passenger TLR point is found to be
8.7 %. This difference is 21.9 % for the other TLR point. The outer shapes of the optimal BWB concepts
are very similar as well, when considering the planform diagrams in Figure 5.17.

In Figure 5.18 the twist angle distributions of the optimal concepts are shown and in Figure 5.19
the thickness to chord distributions are shown. The thickness distributions of concepts B and F are
very similar, while the thickness of the centerbody of concept K is considerably higher. The twist angle
distributions of concept B and F are quite similar as well, with larger differences observed for concept
K.

To confirm that exit options 1 and 2 result in reduced performance compared to exit option 3 for
wide cabins, a cabin with 5 bays was evaluated for all the exit options. As expected the concept with exit
option 3 delivered the best performance in terms of fuel burn out of the three concepts considered.

Figure 5.18: Twist angle distribution of the optimal BWB
concepts (250pax, 7000 km)

Figure 5.19: Thickness to chord ratio distribution of the
optimal BWB concepts (250pax, 7000 km)

5.3. Cruise Conditions Optimisation
After obtaining the planform optimised concepts, the cruise conditions of those concepts are optimised.
As explained in subsection 3.9.3 the planform input parameters of the BWB concepts are not changed
and only the cruise altitude and cruise Mach number are changed. After finding the optimal cruise
conditions the Class 1 – Class 2 iterations are performed to find the new fuel mass required for the
design mission. The new converged BWB concepts are indicated by the addition of ’-cruise’ to their
variant names.

5.3.1. 350 Passengers TLR Point
The results for the BWB concepts for a design mission of 350 passengers and range of 10000 km are
presented and discussed in this subsection. Just as for the planform optimisation the optimal concept
for each exit design is presented. The weight, performance and cruise condition data of the optimal
concepts is given in Table 5.7. The geometrical specifications of the concepts are listed in Table 5.8
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Table 5.7: Weight, performance and cruise condition specifications of the cruise condition optimised concepts for the
different exit options (350pax, 10000 km). Design variables that are on a variable bound are in bold

Parameter Exit Option 1 Exit Option 2 Exit Option 3
Variant 1-Aft-cruise 6-Aft-cruise 11-Aft-cruise

Cruise Mach [-] 0.84 0.84 0.84
Cruise Altitude [ft] 46400 41000 43900

OEM [kg] 179000 176000 190000
FM [kg] 27000 27300 28400

MTOM [kg] 241000 238000 254000
SM [%] 6.9 7.2 11.3

L/Dcr [-] 24.0 23.3 24.1
L/Dmax [-] 24.0 24.7 24.2

CL,cr [-] 0.244 0.189 0.232
mt ank [kg] 18700 17200 15500
ηg r av [-] 0.590 0.613 0.647

Table 5.8: Geometrical specifications of the cruise condition optimised concepts for the different exit options (350pax,
10000 km). Design variables that are on a variable bound are in bold

Parameter Exit Option 1 Exit Option 2 Exit Option 3
Variant 1-Aft-cruise 6-Aft-cruise 11-Aft-cruise

nbay s [-] 2 2 7
nt anks [-] 7 7 5
φ f [-] 0.95 0.83 0

Λcab [deg] 66.0 66.0 62.8
Λw [deg] 33.4 36.3 32.0
Sr e f [m2] 1370 1350 1350

b [m] 80 80 80
bcb [m] 20.2 19.7 24.4
btr [m] 11.0 11.0 11.0

bwi ng [m] 48.8 49.3 44.6
A [-] 4.68 4.74 4.75

c0 [m] 61.6 61.2 54.2
Lcab [m] 40.6 40.4 23.2
bcab [m] 7.0 7.0 24.4
Scab m2 256 254 359

At first the optimiser found the optimal cruise altitude for variant 6-Aft-cruise to be 47000 ft, how-
ever the removal of 2 side tanks due to a reduced required fuel mass caused the concept to be unstable
(SM < 5 %). When imposing the static margin constraint on this concept it is found the cruise altitude is
limited to 41000 ft.

For exit option 2 the optimal concept did not change, however for the first exit option concept 1-
Aft-cruise is now the optimal concept. The required fuel mass for the design mission reduced by 10.8 %
for the optimal concept for exit option 1, when optimising the cruise conditions. For exit option 2 the
required fuel mass reduced by 10 % and for exit option 3 it reduced by 9.4 %. The difference in fuel mass
of concept 6-Aft-cruise compared to concept 1-Aft-cruise is now 1.1 %, while the difference of concept
11-Aft-cruise compared to 1-Aft-cruise is now 5.2 %. The percentage difference in fuel burn between
the optimal concepts increases when the cruise conditions of each concept are optimised, compared to
the optimal concepts with constant cruise conditions. The difference in fuel burn between the absolute
best and worst cruise condition optimised concepts is found to be 18.4 %, which is slightly lower than the
spread in fuel burn for the planform optimised concepts for this TLR point. The difference in maximum
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L/D for the optimal concepts for each exit design is 2.9 %. For the OEM spread of the optimal concepts
the difference is found to be 8 %. This is comparable to the differences found for the planform optimised
concepts, with constant cruise conditions.

As observed in Table 5.4 the cruise lift coefficients of the planform optimised concepts for constant
cruise conditions are quite low, resulting in a considerably lower cruise L/D compared to the maximum
achievable L/D. The low cruise lift coefficients can be explained by a low wing loading of the BWB con-
cepts. To fly at a higher lift coefficient the altitude can be increased, which is what is observed in the
cruise condition optimisations. For this TLR point the optimal cruise altitudes found are in the range
of 41000 to 46000 ft, which is quite high. As mentioned in subsection 3.9.3 the effects of changing the
cruise altitude are not captured fully in this model, through limitations which are explained in that sub-
section. The cruise Mach number of all the concepts is at the upper limit (which is set due to limitations
of the wave drag estimations), as flying faster means less time is spent in the air, reducing the fuel burn.
The estimated wave drag did not significantly limit the cruise Mach number within the bounds, only in a
few concepts (3-Aft-cruise, 5-Aft-cruise). A more accurate wave drag estimation could impose different
limits on the cruise Mach number, meaning the used model has some limitations with respect to the
accuracy of the optimal cruise Mach number.

In Figure 5.20 renders of the optimal concepts are given and in Figure 5.23 planform diagrams are
given. In Figure 5.21 the twist distributions are shown and in Figure 5.22 the thickness to chord distri-
butions are given. When comparing the different concepts it is again clear concept 11-Aft has the worst
performance due to the larger OEM, caused by the wider cabin. Despite having the best gravimetric
efficiency and cruise L/D, the large OEM of this concept causes the fuel burn to be higher. Concept
6-Aft-cruise is very similar to concept 1-Aft-cruise, however due to the margin taken at the rear for the
ventral exits more fuel is placed behind the cabin for concept 6-Aft-cruise. This is represented by the
lower side fuel ratio of this concept. It can also be seen that the gravimetric efficiencies of concepts
1-Aft-cruise and 6-Aft-cruise are quite low, which is a result of the side tanks being quite long, while the
most outboard side tanks have a relatively low tank radius as well. It is clear the designs with a narrow
cabin (2 cabin bays) and most of the fuel next to the cabin are the best performing concepts for this TLR
point.

(a) BWB variant 1-Aft-cruise (b) BWB variant 6-Aft-cruise

(c) BWB variant 11-Aft-cruise

Figure 5.20: Isometric view renders of the cruise condition optimised concepts (350pax, 10000 km)

91



5.3. Cruise Conditions Optimisation 5. Results & Discussions

Figure 5.21: Twist angle distribution of the cruise condition
optimised BWB concepts (350pax, 10000 km)

Figure 5.22: Thickness to chord ratio distribution of the cruise
condition optimised BWB concepts (350pax, 10000 km)

(a) BWB variant 1-Aft-cruise (b) BWB variant 6-Aft-cruise

(c) BWB variant 11-Aft-cruise

Figure 5.23: Planform diagrams of the cruise condition optimised concepts (350pax, 10000 km)

5.3.2. 250 Passenger TLR Point
The cruise condition optimisations are also performed for the second TLR point, which is 250 passen-
gers and a design cruise range of 7000 km. The weight, performance and cruise condition specifications
of the optimal concepts are given in Table 5.9 and the geometrical specifications are listed in Table 5.10.
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Table 5.9: Weight, performance and cruise condition specifications of the cruise condition optimised concepts for the
different exit options (250pax, 7000 km). Design variables that are on a variable bound are in bold

Parameter Exit Option 1 Exit Option 2 Exit Option 3
Variant A-cruise E-cruise K-cruise

Cruise Mach [-] 0.84 0.84 0.84
Cruise Altitude [ft] 48000 48000 48000

OEM [kg] 102000 101000 105000
FM [kg] 13000 12800 12800

MTOM [kg] 140000 139000 143000
SM [%] 15.3 17.1 22.2

L/Dcr [-] 23.1 23.3 24.1
L/Dmax [-] 23.4 23.7 24.4

CL,cr [-] 0.243 0.240 0.272
mt ank [kg] 8100 7600 7200
ηg r av [-] 0.616 0.626 0.639

Table 5.10: Geometrical specifications of the cruise condition optimised concepts for the different exit options (250pax,
7000 km). Design variables that are on a variable bound are in bold

Parameter Exit Option 1 Exit Option 2 Exit Option 3
Variant A-cruise E-cruise K-cruise

nbay s [-] 2 2 5
nt anks [-] 4 4 3
φ f [-] 1 1 0

Λcab [deg] 66.0 65.9 64.8
Λw [deg] 36.2 39.9 37.8
Sr e f [m2] 870 870 790

b [m] 65 65 65
bcb [m] 15.9 16.3 17.4
btr [m] 9.9 9.9 9.9

bwi ng [m] 39.2 38.8 37.7
A [-] 4.88 4.87 5.36

c0 [m] 46.9 46.5 41.1
Lcab [m] 31.6 31.3 23.2
bcab [m] 7.0 7.0 17.4
Scab m2 192 191 242

The optimal cruise altitudes of all the optimal concepts is found to be the upper bound set in the
optimisation, which is 48000 ft. Again the limitations of the model with respect to the cruise altitude
and the low wing loading of the original concepts causes the cruise altitude to be quite high. At this
altitude the cruise L/D of all three concepts is much closer to the maximum L/D, as the lift coefficient is
closer to the optimal one. The cruise Mach numbers are also on the upper bound, for reasons discussed
in the previous subsection.

For this TLR point the optimal concepts for the first two exit options shifts to a more narrow cabin
when optimising the cruise conditions. Instead of the optimal designs having 3 cabin bays for those
exit options, the optimal designs now have 2 cabin bays and all of the fuel next to the cabin. Similarly
to the planform optimised concepts, exit option 2 provides the best performance in terms of fuel burn,
together with exit option 1. The optimal concepts for the other exit options have a very comparable
performance though, as concept A-cruise has a 1.6 % higher fuel burn than concept E-cruise. Concept
K-cruise has a similar fuel burn to concept E-cruise. When comparing concepts A-cruise and E-cruise it
can be seen the concepts are very similar. The tank gravimetric efficiency of concept E-cruise is slightly
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better, as the length of the side tanks is smaller. Although this results in a slightly wider centerbody, the
reduced fuel tank mass and slightly lower cabin mass result in an overall lower OEM of this concept. The
aerodynamic efficiency of this concept is also better, resulting in the lower fuel burn. Concept K-cruise
has a larger OEM due to the wider cabin, which has a larger cabin floor area and thus larger cabin mass.
However, the cruise and maximum L/D of this concept are higher than those of concept E-cruise. The
OEM and L/D differences cancel each other out, with a similar fuel burn as a result.

The fuel burn of the best cruise condition optimised concept for the first exit option reduced by
17.8 %, while for the second exit option this reduction is 18.7 %. For the third exit option the fuel burn
of the best concept reduced by 19.3 %. The difference in fuel burn between the absolute best and worst
cruise condition optimised BWB concepts for this TLR point is 8.5 %. The percentage spread between
the best and worst concepts did not change much when optimising the cruise conditions, as this spread
is 8.7 % for the planform optimised concepts. For the maximum L/D the difference between the opti-
mal concepts each exit option is 4.3 %, which is slightly higher than what is observed for the planform
optimised concepts. The difference in OEM of the optimal concepts is found to be 4 %, which is lower
than the difference in OEM of the planform optimised concepts.

Renders of the cruise condition optimised concepts for the 250 passenger TLR point are shown in
Figure 5.24 and planform diagrams of the concepts are shown in Figure 5.27. The twist and thickness
distributions are presented in Figure 5.25 and Figure 5.26, respectively. The planforms of concepts A-
cruise and E-cruise are very similar, which is also represented by the thickness distribution. Concept
K-cruise has a larger centerbody thickness to chord ratio, which is caused by the shorter centerbody.
When moving outboard the thickness increases further, which is due to the constant cabin height but
decreasing chord length of the airfoil sections. For concepts A-cruise and E-cruise this effect is less,
as the tank radius is decreasing when moving outboard. This means although the chord length of the
airfoil sections is decreasing, the required height of the sections is also decreasing. The same trends in
the thickness to chord ratio distributions are observed for the concepts of the other TLR point as well.
The twist angle distributions are different between the concepts for this TLR point.

(a) BWB variant A-cruise (b) BWB variant E-cruise

(c) BWB variant K-cruise

Figure 5.24: Isometric view renders of the cruise condition optimised concepts (250pax, 7000 km)
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Figure 5.25: Twist angle distribution of the cruise condition
optimised BWB concepts (250pax, 7000 km)

Figure 5.26: Thickness to chord ratio distribution of the cruise
condition optimised BWB concepts (250pax, 7000 km)

(a) BWB variant A-cruise (b) BWB variant E-cruise

(c) BWB variant K-cruise

Figure 5.27: Planform diagrams of the cruise condition optimised concepts (250pax, 7000 km)
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6
Conclusions & Recommendations

6.1. Conclusions
In this work the effect of different cabin and fuel tank layouts of hydrogen combustion BWB concepts
on their aircraft level performance has been researched. It is clear that the multidisciplinary nature
of LH2 BWB concepts results in complex interactions between the different disciplines. To evaluate the
sensitivity of the aircraft level performance metrics to design inputs and optimise concepts according to
those metrics a conceptual design tool for LH2 BWBs is created using the ParaPy Python package. This
design tool includes a flexible parametric model that can define a large variety of BWB concepts with
a limited number of inputs and generates the concepts automatically based on those inputs. The tool
automatically generates the aircraft geometry and is able to output renders of the concepts. The design
tool has verified and validated analysis models and methods with sufficient fidelity for the purpose of
the study. The limitations of the design tool are taken into account when interpreting results from the
tool. Finally, the design tool is able to compute the performance metric sensitivities and optimise BWB
concepts within a reasonable computational time.

To evaluate different cabin layouts three different exit options were considered. Exit option 1 has
additional doors at the leading edge of the cabin and no rear doors, exit option 2 has ventral exits at the
rear of the cabin and exit option 3 imposes a sidewall length constraint on the cabin. In the planform
optimisation it is found that concepts with narrow cabins are the best performing concepts. For a ca-
pacity of 350 passengers and a design cruise range of 10000 km a cabin with exit option 1 (additional
LE doors) and 3 cabin bays resulted in the lowest fuel burn for the design mission. This concept has
roughly 45 % of the hydrogen fuel next to the cabin. For a capacity of 250 passengers and a design cruise
range of 7000 km a cabin with exit option 2 (ventral exits) and 3 cabin bays resulted in the lowest fuel
burn. This optimal concept has roughly 40 % of the hydrogen fuel next to the cabin. This means for both
TLR points a cabin with 3 bays and just under half of the fuel next to the cabin yielded the optimal fuel
burn for the respective design missions. The optimal concepts all had a large cabin leading edge sweep
angle (this sweep angle also applies to the outer centerbody and transition region) of around 66°. For
both TLR points exit option 3 (sidewall length constraint) resulted in the highest fuel burn.

The spread in performance between the best and worst performing concepts is evaluated as well.
All the cabin designs resulted in a feasible concept according to the performance constraints set in this
work. For the 350 passenger TLR point the difference in fuel burn between the best and worst exit op-
tions (so between their respective optimal concepts) is found to be 3.6 %. For the 250 passenger TLR
point this difference is 1.3 %. When considering the spread in fuel burn between the absolute best and
worst concepts (considering the optimised concepts for all the cabin designs), a larger spread in fuel
burn is observed for the 350 passenger concepts than for the 250 passenger concepts. The largest dif-
ference in maximum L/D that is observed is 2 %, which means the spread in maximum L/D is smaller
between the concepts. This largest difference of 2 % is observed for the 350 passenger BWB concepts.
In terms of OEM the differences are higher, which is caused by the concepts with wide cabins having a
significantly higher cabin mass. The largest difference observed here is 8.4 %, also for the 350 passenger
concepts. As the largest differences in performance are observed for the 350 passenger concepts, the
internal layout seemingly has a larger effect on the performance of those concepts, compared to the 250
passenger concepts. It can also be concluded that the internal layout has a significant effect on the fuel
burn and OEM of long range hydrogen BWBs, but a smaller effect on the maximum L/D.

When optimising the cruise conditions for minimum fuel burn high optimal cruise altitudes are
found, which is due to the low wing loading of the BWB concepts. This low wing loading causes lower
lift coefficients than the optimal lift coefficient for maximum L/D. Flying higher means the cruise lift
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coefficient is increased, closer to the optimum. For the 250 passenger concepts the optimal cruise alti-
tude is higher (48000 ft, which is on the bound set during the optimisation) than for the 350 passenger
concepts (41000 - 46000 ft). For both TLR points a high cruise Mach number of 0.84 is found to be the
optimum, which is on the bound set during the optimisation. It must be noted that due to limitations
of the model those results give an indication of what the optimal cruise conditions are. The wave drag
estimation used in this work has limitations, meaning the Mach number in the optimisations is limited
to 0.84. For the cruise altitude, cabin pressurisation, time to climb and engine efficiency effects are not
taken into account. For the 350 passenger concepts optimisation of the cruise conditions resulted in
a reduction in fuel burn of around 10 % for all three exit options, compared to the planform optimised
concepts flying at constant cruise conditions. For the 250 passenger concepts this reduction is found
to be almost 20 % for all three exit options. For the 250 passenger concepts a larger reduction in fuel
burn is therefore expected when optimising the cruise conditions. The spread in fuel burn between the
absolute best and worst designs after the cruise condition optimisations is also evaluated. For the 350
passenger TLR point the spread is 18.4 %, while for the 250 passenger TLR point the spread is 8.5 %. The
difference in L/D of the optimal concepts for each exit option did not change significantly compared
to the planform optimised concepts. The maximum L/D difference for the 250 passenger concepts in-
creased slightly, while the difference in OEM decreased. For the 350 passenger concepts the differences
in OEM and L/D are comparable. Based on this it can be concluded that the spread in performance does
not change significantly when optimising the cruise conditions.

The sensitivities of the performance metrics (OEM, maximum L/D, cruise L/D, fuel burn and static
margin) to the planform design inputs of the concepts are also evaluated. This is done for three BWB
variants with drastically different fuel tank distributions, to also evaluate any internal layout effects on
the sensitivity. Out of the design variables considered it is found that the cabin leading edge sweep
angle has the largest effect on all the performance metrics, for all the BWB variants. For the side tank
variant the magnitude of the sensitivities is the largest. For a 10 % change in the planform parameters
the sensitivity of all the metrics have a magnitude of 3 to 6 %, while this is around 2 % for the mixed fuel
variant and around 5 % for the aft fuel variant. For all the variants the static margin has a large sensitivity
to the cabin sweep angle. The nature of the L/D and OEM sensitivities is different between the variants.
The side fuel and mixed fuel variants show the same interactions, however the aft fuel variant shows
different interactions. The effects of different cabin sweep angles are governed by changes in wave drag
for the aft fuel variant, with only a small effect on OEM (while OEM effects are larger for the other two
variants). Due to the uncertainty in the wave drag estimation method the sensitivities of the aft fuel
performance metrics to the cabin sweep angle are also evaluated when excluding the wave drag. This
resulted in similar interactions as the other two variants.

The design variable having the second largest sensitivity for all three variants is found to be the outer
wing leading edge sweep angle. For all three variants the magnitude of the sensitivities of the OEM and
cruise L/D to the outer wing sweep angle is around 1 %. The static margin sensitivity is around 0.5 %.
The sensitivity of the fuel mass is not larger than 0.5 %. The magnitude of the sensitivities to the outer
wing thickness is comparable to those of the outer wing sweep angle, except for the static margin. This
sensitivity is very low. The side fuel ratio has a large effect on the performance metrics as well, with
sensitivities as large as 5 % for a change in side fuel ratio of 10 % with respect to the baseline ratio. The
effect of the tank gravimetric efficiency on the performance metrics is as expected. A lower gravimetric
efficiency results in a higher OEM and fuel mass. On the other hand, as the required cruise lift coef-
ficient increases, the cruise lift coefficient increases causing a higher cruise L/D for lower gravimetric
efficiencies. Airfoil section twist angle changes of 2° resulted in a large sensitivity of the cruise L/D to
those twist angles, with sensitivities around 1 to 2.5 %. The sensitivity of the static margin to the twist
angles is small (< 0.05 %). It is clear the cabin leading edge sweep angle and side fuel ratio are crucial
design parameters for the performance of hydrogen BWBs. Both those parameters influence the shape
of the centerbody, while the wave drag over the centerbody is neglected in this work. It is therefore hard
to draw conclusions on the sensitivity of those parameters with a high level of certainty. For this a high
fidelity analysis of the wave drag would be required.

The effect of changing the cruise conditions is identified in this work as well. It is found that the
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cruise altitude has a very large effect on the cruise L/D, with sensitivities as large as 11 % for a change
in altitude of 3000 ft. The sensitivity of the fuel burn to the cruise altitude is estimated to be as high as
9 %. The effects of the altitude on the cruise lift coefficient and the maximum L/D amplify each other,
resulting in large changes in cruise L/D and fuel mass. The sensitivity of the cruise L/D to the cruise
Mach number is lower, with magnitudes as high as 5.5 %. The cruise L/D and velocity effects on the fuel
burn are conflicting, meaning the fuel mass sensitivity to the cruise Mach number is lower. Sensitivities
not higher than 3.5 % are computed. It can be concluded that optimising the cruise altitude is crucial
for hydrogen BWBs, due to the low wing loading of the concepts. This causes the concepts to fly at lift
coefficients considerably lower than the optimal lift coefficient.

6.2. Recommendations
As explained in section 3.10, a number of assumptions have been made in this work. Based on these
assumptions several recommendations for future work can already be made. Firstly, including the low
speed aerodynamic characteristics of the BWB concepts can impose limits on the design variables that
are based on physical phenomena. A clear example would be the cabin leading edge sweep angle, which
is now bound with a maximum value based on literature. Including the low speed performance could
impose a physics based limit on this variable. Another limitation resulting from the aerodynamic anal-
ysis method in this work is the wave drag estimation. No dedicated low fidelity wave drag estimation
methods exist for the centerbody and transition region of a BWB aircraft. The creation of such a low
fidelity method specifically for BWBs could aid tremendously in future conceptual studies on BWB air-
craft, especially in designing the centerbody.

Generally, more detailed modelling of several disciplines considered in this work can improve the
quality of the results. This includes a time integration based mission analysis, detailed engine model,
inclusion of the lateral and dynamic stability characteristics of the BWB concepts, detailed pressure evo-
lution in the hydrogen tanks and effects of the cabin pressurisation on the cabin structural weight. The
detailed engine model, time integration mission analysis and cabin pressurisation effects can cause sig-
nificant improvements in the quality of the cruise condition optimisation results. Modelling and place-
ment of smaller components in the interior of the concepts is also recommended. Examples of these
smaller components are the landing gear and balance of plant components for the hydrogen propulsion
system. A detailed pressure evolution of the tanks could provide a better physical basis for the sizing of
the insulation layer, as in this work it is sized based on a required boil-off rate which is determined based
on data for a tank with a dormancy time of 12 hours.

In this work it became clear no validated low fidelity methods exist for estimating the structural
weight of the regions of the centerbody where hydrogen tanks are placed. To aid in future conceptual
work on hydrogen BWB aircraft the creation and validation of a low fidelity method to estimate the
structural weight of those parts of a BWB aircraft is highly recommended.

As only cylindrical tanks with hemispherical end caps are considered in this work, it is recom-
mended to research other shapes in future work, such as oval tanks. Splitting of the hydrogen tanks
is also not considered in this work. Constraints on the shift in center of gravity during flight can result
in tank splitting being required. Additionally, tank splitting can in some cases result in an improvement
in tank gravimetric efficiency. In this work the tank diameters are determined based on the cabin height
(including cargo hold) and an outer tank region wall height. In future work it is recommended to in-
vestigate the effect of increasing this height. On the one hand it is expected this would lead to a thicker
centerbody, however the gravimetric efficiency will improve. It is expected a balance between those two
effects would be found.

For the optimisation of the planform parameters only a limited number of design variables were
considered, to reduce computational times. For future work it is recommended to expand the optimisa-
tion by including more design variables, such as the outer wing span, outer wing taper ratio, outer wing
thickness and the height of the outboard wall of the side tank region. Airfoil profile optimisations are
also recommended. Another concession that was made in the optimisations is the range being max-
imised for a constant fuel mass, after which the Class 1 – Class 2 iterations are performed one time to
find the new fuel mass for the design range. It is expected more optimal results can be obtained if the
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Class 1 – Class 2 iterations are performed for each function evaluation, with the objective to minimise
the fuel mass for a certain design range.
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A
Additional Sensitivity Analysis Results

(a) Aft fuel variant (b) Side fuel variant

(c) Mixed fuel variant

Figure A.1: OEM sensitivity to the tank gravimetric efficiency for the BWB variants
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A. Additional Sensitivity Analysis Results

(a) Aft fuel variant (b) Side fuel variant

(c) Mixed fuel variant

Figure A.2: Fuel mass sensitivity to the tank gravimetric efficiency for the BWB variants

(a) Aft fuel variant (b) Side fuel variant

(c) Mixed fuel variant

Figure A.3: Cruise L/D sensitivity to the tank gravimetric efficiency for the BWB variants
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