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SI 1. Review of conceptual aircraft design process

The initial stage of the aircraft design process is called ‘conceptual design process’ and
‘preliminary sizing’ by Raymer [1] and Roskam [2], respectively. In most cases, conceptual
design begins with specific design requirements. These are set by company-generated models,
market research/survey, or by the prospective customer, towards the future needs of the
customers. The design requirements comprise parameters such as aircraft range, payload, speed
requirements, etc. for civil or military applications. Figure SI 1 depicts the conceptual design
process in more detail. In some cases, a design may be initiated as an innovative idea instead
of a response to a given requirement. For example the aircraft project called ‘flying wings’ was
not conceived in response to a requirement. It was a product of Northrop’s idea of a ‘better
airplane.” Before initiating a new aircraft design, a decision has to be made as to what
technologies will be used depending on the timeframe in which the aircraft is expected to enter
in service [1,3].

The effort for conceptual design begins with a conceptual sketch. This is a rough
illustration of what the design might look like. A good conceptual sketch will include the
approximate geometries, shape, and locations of the major aircraft components. The conceptual
sketch may be used to evaluate the weight fractions and aerodynamics by comparing it to prior
designs. These approximate evaluations are helpful for providing a first estimate of the
necessary fuel weight and total weight for performing a designed mission, by a process known
as ‘sizing.” The conceptual sketch might not be even required for the initial sizing if the design
resembles a prior design. The initial sizing gives the specific data required for developing an
initial design layout, which is a three-view engineering drawing completed with geometries,
shapes, and locations of the major aircraft components, and any other internal components that
are large enough to affect the overall shaping of the aircraft. It is used to verify that everything
fits [1].
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Figure SI 1. Conceptual aircraft design process (source [1])



The initial layout is examined to find out whether it will perform the mission as
predicted by the first-order sizing. The actual weights, aerodynamics, and installed propulsion
features are examined and are subsequently used for carrying out a detailed sizing calculation.
Moreover, the performance capabilities of the design are estimated and compared to the
mentioned requirements. Optimisation is used to find the lightest aircraft that will perform the
design mission while meeting all performance requirements. The outcome of the optimisation
comprises a better estimate of the necessary fuel weight and total weight for meeting the design
mission. These also include necessary revisions to the wing and engine sizes. This often would
require a fresh or revised design layout within which the designer implements these
modifications and other changes recommended by other efforts. The revisions to the drawing,
after some iterations, are then evaluated in detail by specialists, where they ensure that the
design under consideration meets the requirements of their specialty. The final product of these
efforts will be an aircraft design which can confidently be handed over to the next phase i.e.,
the preliminary design stage. Although further changes can be expected in the preliminary
design phase, significant revisions will not take place if the efforts in the conceptual design
phase have been successful.

SI 2. Aircraft data known and calculated
SI2.1 Structural weight of different BWB aircraft sections

The three fuel cases that are examined are Jet-A, 100% synthetic paraffin kerosene
(SPK) and liquid hydrogen (LH»). Even though operating empty weight (OEW), payload
weight, and gross take-off weight (GTOW) of N+2 blended wing body (BWB) powered by
two ultra-high bypass ratio (UHB) geared turbofan engine (GTF) aircraft (301 passengers) is
known from resource [4], the structural weight of different components or sections of the
NASA N+2 BWB aircraft is required in the LH> aircraft design process primarily for
restructuring the aircraft for the installation of LH» tank and insulation. NASA’s study [4],
which is used as a reference study for setting the design requirements for the current work, uses
the ‘Hybrid wing body Conceptual Design and structural optimisation’ (HCDstruct) tool for
modelling the BWB structure. The structural weights of different sections of NASA N+2 301
passenger BWB aircraft using HCDstruct is published in resource [5], which is summarised in
Table SI 1. Resource [5] includes the structural analysis of the NASA N+2 301 passenger BWB
aircraft which is based on a model validated with two separate BWB design cases. The
structural addition to the BWB aircraft due to the LH> integral tank systems, comes in the form
of a weight penalty. Verstraete [6] uses a weight penalty of 6% of the fuselage weight (of a
tube-wing aircraft) to account for the additional structure required for attaching the structure
of the integral LH> tank systems with the fuselage structure. In the current work, for the BWB
aircraft the LH> tanks are installed in the inner wings and aft body. Therefore, the additional
structural weight for installing the integral LH> tank systems is calculated to be 1,632 kg which
1s 6% of 27,220 kg (cumulative weight of the wings and aft body).



Table SI 1. Structural weights of different sections of NASA N+2 301 passenger BWB
aircraft [5]

System BWRB aircraft section Weight (kg)
1 Centre body 22,703
2 Cockpit 905
3 Aft body 4,074
4 Wing 23,146
5 Additional structural weight for installing integral LH> tank 1,633
systems [= 6% of 27,220
(3+4)]

SI 2.2 Structural weight of the conventional jet fuel and 100% SPK tank in BWB

The structural weight of the conventional jet fuel tank is important because this weight
must be subtracted from the baseline BWB aircraft (powered by conventional jet fuel) and at
the same time adding the LH> tank systems weight, while modelling the LH> aircraft. The
structural weight of the conventional jet fuel tank in NASA N+2 301 passenger BWB aircraft
is not known from any of NASA’s studies [4,5,7-10]. Goraj [11] conducts design and
optimisation of fuel tanks for BWB aircraft. Through their BWB aircraft design, Goraj finds
that the weight of the conventional jet fuel tank systems is 284 tonnes (fuel weight and
structural weight of tank) for fuel mass of 280 tonnes. Therefore, the structural weight of the
conventional jet fuel tank is 4 tonnes for 280 tonnes of fuel mass. Referring to the reference
study [4], the total fuel weight carried at mission start (Wr 1) (of conventional jet fuel) for
NASA N+2 301 passenger BWB aircraft is known to be 73,965 kg. Therefore, for maintaining
the same non-dimensional ratio of fuel weight and structural weight of tank of the study by
Goraj, the structural weight of conventional jet fuel tank of the NASA N+2 301 passenger
BWSB aircraft is calculated to be 1,057 kg (~1.057 metric tonne).

Additionally, for 100% SPK there is a need for extra tank system. The additional tank
weight will be estimated using the findings of the study by Goraj [11] discussed above. It will
be observed in the result section (main paper) that this additional increase in tank weight for
accommodating 100% SPK at mission start i.e., W o (slightly less mass dense), at start is
insignificant (19 kg increase).

SI2.3 LH; tank systems weight

A study by Khandelwal et al. [12] reviews different types of hydrogen tanks for
aviation applications (configuration, shape, insulation, and tank materials). Another study by
Verstraete et al. [13] examines different types of tank and insulation materials for hydrogen
tanks for sub-sonic aviation application. Both studies suggest that integral type of hydrogen
tanks of cylindrical shape with elliptical caps/heads are preferred for aviation applications.
Aluminium alloy is the preferred tank wall material. An external tank insulation configuration
using foam as the insulating material is preferable for the LH> tank to be used on a sub-sonic
aircraft. These findings are used towards the selection of hydrogen tank type in this work.



The gravimetric index, gravimetric efficiency, or gravimetric storage density (7), which
is defined as the ratio of cryogenic fuel weight to the sum of the dry tank weight and cryogenic
fuel weight [13—16]. It is observed from our previous study [17] that foam-based cryogenic
tanks for LH> aircraft with range greater than 9,000 km have 0.74 < 5 < 0.881. The study by
Beck et al. [18] models an LH> powered BWB very large twin aisle (VLTA) aircraft (design
range 11,400 km for 531 passengers) that has tank # = 0.77. Advances in lighter and stronger
composite materials have recently shown LH: cryogenic tank # = 0.92 for manufactured tanks
[19] (which could improve in future), and that too for a small size tank (diameter 1.2 m and
length 2.4 m). A study by Sjoberg et al. [20] model a light weight LH> tank (4.7 m length and
3 m diameter) using composite materials with # = 0.94 for a full tank, in comparison with
metallic tank having # = 0.71. For LH> cases in this work, an average # = 0.78 with insulation
thickness of 8.1 cm is used according to the study by Verstraete et al. [13] towards the
estimation of the cryogenic tank systems weight for given Wr o1 Using # = 0.78 for a given
(capacity) Wrotal, the unknown i.e., tank weight, can be estimated.

SI2.4 BWB aircraft geometry
SI2.4.1 Selection of BWB airfoils

In terms of aircraft geometry, the data for NASA N+2 BWB aircraft is not
completely known from the (NASA) study by Nickol et al. [4] (used as a reference study for
setting design requirements in the current work). One of the designers/authors of NASA’s
BWB known from resource [4], was associated with Garmendia’s PhD thesis [21], where the
air-foil thickness to chord ratio (t/c) of the BWB 301 is indicated.
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Figure SI 2. Thickness to chord (t/c) ratio of the transonic air-foils along the span for
BWB geometric modelling (using data from [21])

The t/c ratio of the transonic airfoils used for BWB geometric modelling in this work
is provided in Figure SI 2. Figure SI 2 shows the comparison of the t/c from the study by
Garmendia and t/c used in this work. At the aircraft root 11.5% t/c is recommended by
Garmendia and the same t/c is used here (air-foil coordinates source [22]). At the end of cabin
(y/semi-span of 18%), 15% t/c is recommended by Garmendia and 15.5% t/c is used here as
this is the closest available transonic air-foil in open literature (air-foil coordinates source [23]).



For outer wings 8% t/c is recommended by Garmendia and the same t/c is used here (air-foil
coordinates source [24]).

S[2.4.2 Other geometric dimensions
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Figure SI 3. Cabin layout of NASA N+2 BWB aircraft for 301 passengers where
dimensions are in inches (source [10], Copyright: work of the US government and
public use is permitted)

In terms of the geometric dimensions, except the span no other dimension are known
for the NASA N+2 BWB aircraft from resources [4,5,7-10]. The span of the aircraft under
design consideration is known to be 76.2 m. A study by June et al. [25] indicates three-view
engineering drawings of the NASA N+2 BWB aircraft that seats 301 passengers. Knowing the
aircraft span, the other geometric information of the aircraft will be estimated via a reverse
engineering approach. Using the three-view engineering drawing, the outer mould line of the
aircraft will be developed in SolidWorks. Figure 1 in resource [25] shows the three-views of
NASA N+2 BWB aircraft for 301 passengers. From the top view of this figure, the aircraft
outer mould line (OML) can be traced in SolidWorks by setting the aircraft span to 76.2 m.
Once the OML is traced with the known span as a reference, the remaining geometric
information can be obtained. The wing dihedral angle is also estimated using SolidWorks from
the front view. Based on the front and top view of the aircraft, the airfoils are positioned along
the spanwise direction (known from SI § 2.4.1). Figure SI 3 shows the cabin layout of NASA
N+2 BWB aircraft for 301 passengers. It is to be noted that the dimensions in the said figure
are in inches. The length of the cabin is 23.67 m, and the maximum cabin width is 14.11 m.



SI 3. Aircraft weight sizing methodology
SI 3.1 Propulsion

The propulsion aspect of the weight sizing process is described in detail in [26]. UHB
GTF engines are designed for the set research objectives and design requirements, which
powers the BWB aircraft using conventional jet fuel, 100% SPK, and LH; fuel (separately).
The results for engines fired by conventional jet fuel, 100% SPK, and LH> fuel comprise of
performance analysis at on-design point and all off-design points, along with the engine weight.
The thrust specific fuel consumption (TSFC) at all points in the flight mission profile
(discussed in main paper §2.3) are input to the weight sizing process. More specifically, they
are inputs to Breguet’s range equation (discussed ahead in detail) which is used for estimating
the fuel mass consumed during the aircraft operation. Additionally, the engine weights are
inputs to the aircraft weight sizing process, as these contribute to GTOW of the aircraft which
determines the fuel consumed over the flight mission.

SI 3.2 Aerodynamics

In terms of aerodynamics, the lift to drag ratio (L/D) is calculated using standard
equations at three operating conditions: climb, cruise, and loiter. The drag coefficient (Cp) is
estimated using equation SI 1, assuming that it is the sum of the zero-lift drag coefficient and
lift-induced drag coefficient, and that there is no wave drag,

2
Co = oo+ 7ms (S11)
where Cpo ="t and (SI 2)
Waircraft
€ = ——Fa 13
LT 05p,5V2 (SI3)

Cp,o 1s the coefficient of zero-lift drag, C}, is the coefficient of lift, AR is the aspect ratio for a
given aircraft, and e is the Oswald’s efficiency factor — a correction factor that is representative
of change in drag with lift of a 3D wing in comparison with an ideal wing that has same AR
with an elliptical lift distribution. Wave drag modelling is a high order or high-fidelity analysis,
which is beyond the scope of this work. AR, e, and Cr are respectively known to be 6.1 (Table
1 in main paper), 0.85 (for large twin aisle [LTA] aircraft [27]), and 0.0025 (modern/advanced
large transport jets [28]). The aircraft wetted area (Swet), 1s estimated from the aircraft geometric
model developed in SolidWorks. The wing area (S) is known from Table 1 in the main paper
to be 944.73 m? for the NASA N+2 BWB aircraft. GTOW can be calculated once the weights
of all aircraft systems are known. The lift coefficient is given by equation SI 3. Knowing the
Mach number and altitude for climb, cruise, and loiter, both airspeed (V) and air density (p,)
are known. The aircraft weight (Wircrafe ) at climb, cruise, and loiter, is the average weight (of
start and end of each operation) of the aircraft during each of the three conditions, estimated
from the weight sizing process. After both the lift coefficient and drag coefficient are



calculated, L/D is calculated for the climb, cruise, and loiter. In cruise, the aircraft thrust to
weight ratio (7/W) is equal to the reciprocal of the L/D ratio of the aircraft. The (minimum)
thrust requirement at cruise is calculated from the estimated L/D and aircraft weight, as both
are known from the weight sizing process.

SI 3.3 Fuel fraction for Jet-A, SPK and LH>

The fuel fraction (FF) is a measure of the fuel consumed during a given aircraft
operation. For example: FF value of 0.995 for taxi-out operation means that the weight of fuel
consumed during taxi-out operation is (1-0.995 =) 0.5% of the aircraft weight at the beginning
of taxi-out operation. FF can be used for individual aircraft mission segments such as taxi,
cruise, descent, etc. and/or for the entire mission. The product of FFs for all mission segments
represents the FF of the aircraft over the entire mission. For example: If the product of all FFs
is 0.8 then it means that the weight of fuel consumed during entire mission is (1-0.8 =) 20% of
the aircraft weight at the beginning of the mission.

Table SI 2. Fuel fraction provided by Roskam [2] with recommended modifications to
Roskam’s FFs for Jet-A, and FFs recommended for LH:

Segment Operation Roskam’s FFs  Modified FFs FFs
(Jet-A) [2] (Jet-A) (LH>2)

1 Engine start and warmup 0.99 0.9964 0.9987
2 Taxi-out 0.99 0.9964 0.9987
3 Take-off 0.995 0.9982 0.9994
4 Climb 0.98 . climb fclimb
5 Cruise ff,cruise ff,cruise ff,cruise
6 Descent 0.99 0.9964 0.9987
7 Loiter ff,loiter ff,loiter £, loiter
8 Land, taxi-in, engine shutdown 0.992 0.9971 0.9989

Overall FF  Product (1-8) Product (1-8) Product (1-8)

Table SI 3. Fuel fraction (FF) provided by Roskam [2] with recommended modifications to
Roskam’s FFs for Jet-A, and FFs recommended for 100% SPK

Segment Operation Modified FFs FEs
(Jet-A) (100%SPK)
1 Engine start and warmup 0.9964 0.9965
2 Taxi-out 0.9964 0.9965
3 Take-off 0.9982 0.9982
4 Climb f,climb ff,climb
5 Cruise . cruise fF cruise
6 Descent 0.9964 0.9965
7 Loiter ff loiter ffloiter
8 Land, taxi-in, engine shutdown 0.9971 0.9972

Overall FF

Product (1-8)

Product (1-8)




Roskam [2] provides the FFs for a transport jet using conventional jet fuel (Jet-A).
Roskam’s FFs for all mission segments except cruise and loiter, are provided in Table SI 2. For
a long-range LTA aircraft that is considered in this work, the fuel expenditure in non-cruise
and non-loiter phases is significantly lower as compared to that in cruise and loiter phases. The
product of these FFs (not including cruise and loiter FFs) by Roskam is approximately 0.936,
which means that weight of fuel consumed in these mission segments is 6.143% of GTOW of
the aircraft. For cruise and loiter, the FFs can be calculated using Breguet’s range equation
(discussed ahead).

The FF for climb, cruise, and loiter can be calculated using equations SI 4, SI 5, and
SI 6 respectively (discussed next). However, Roskam’s FFs are based on historical data (older
aircraft before 1990s). The fuel efficiency of aircraft introduced in the past two decades have
improved significantly. Therefore, there is a need for modifying the FFs provided by Roskam,
based on the recent literature. The GBD report of the Royal Aeronautical Society [29] and the
study by Kenway et al. [30], both model the aircraft performance using the modified Breguet’s
range equation. For all operations except cruise and loiter, both studies model the weight of
fuel consumed to be 2.2% of GTOW (also used for modelling in our previous studies [17,31]).
This weight of fuel consumed (2.2% of GTOW) during all operations except cruise and loiter
is 64.19% less than the fuel weight predicted using Roskam’s FF (6.143%). As mentioned
before, the Roskam’s FF are based on historical aircraft and thus modifications are
recommended. The modified FF (64.19% improvement to Roskam’s FF) for Jet-A are listed in
Table SI 2. For example: FF value of 0.99 for taxi-out operation means that the weight of fuel
consumed during taxi-out operation is (1-0.99 =) 1% of the aircraft weight at the beginning of
taxi-out operation. The improvement of 64.19% means that instead of 1% GTOW, only 35.81%
of 1% GTOW was the amount of fuel consumed. Therefore, the FF is 0.9964. It is to be noted
that for the ‘climb’ operation, Roskam provides a defined value of FF for historical aircraft. In
this work, modifications are not made to the defined value by Roskam (FF) for climb phase as
the performance during the climb operation will be modelled using Breguet’s range equation
as represented by equation SI 4 (discussed next). The reason for this is that compared to the
other operations except cruise and loiter, the effects of better aircraft aerodynamics of a BWB
is prominently observed during climb.

If the GTOW is 300,000 kg for a Jet-A aircraft and the modified Roskam’s FF for
‘engine start and warmup’ operation is 0.9964 (from Table SI 2), then the fuel consumed during
this aircraft operation is [300,000 x (1-0.9964) =] 1,080 kg and the aircraft weight at the end
of this operation or in the beginning of (the next operation) take-off is [300,000 — 1,080 =]
298,920 kg. Similarly, for each of the other mission segments the aircraft weight and fuel
consumption for respective mission segments, are calculated. Wrpiock is the block fuel weight
which is defined as the total fuel weight consumed in all segments in the mission.

For LH, powered BWB aircraft, the FFs are different compared to Jet-A case. This is
because for same work output if 1 kg of LH> fuel is used, then 2.865 kg of Jet-A is consumed
equivalently (as studied in [17,31] and [26]). Therefore, this results in weight reduction of
65.1% and lower fuel mass of LH> need to be carried on the aircraft. This effect is reflected
through the FFs as shown in Table SI 2. The FF calculation for LH> is as follows. For example:
The modified FF for Jet-A during the taxi-out operation is 0.9964, which means that the fuel
weight consumed during the taxi-out operation is 0.36% of aircraft weight at the start of the



taxi-out stage. For the same energy content during the taxi-out stage, accounting the 65.1%
reduction in fuel weight (described above) while switching from Jet-A to LH», the FF for LH»
is calculated to be [0.9964 + (1-0.9964) x (1-(1/2.865)) =] 0.9987 i.e., LH> fuel weight is 0.13%
of aircraft weight at the start of the taxi-out stage. Similarly, the other FFs are calculated and
listed in Table SI 2 for LH> powered aircraft. This is similar to the approach used by Beck et
al. [18] for their LH, powered VLTA BWB aircratft.

The FFs of 100% SPK powered aircraft are expected to be slightly different than the
FFs of Jet-A aircraft since SPKs have slightly higher gravimetric energy density than Jet-A.
Recalling the results of engine performance from [26], for the same thrust production, the
energy released by 1 kg Jet-A is equal to energy released by 0.98 kg of 100% SPK (2% fuel
weight saving). This effect is reflected through the FFs as shown in Table SI 3. The FF
calculation for different SPKs is as follows. For example: The modified FF for Jet-A during
the taxi-out operation is 0.9964, which means that the fuel weight consumed during the taxi-
out operation is 0.36% of aircraft weight at the start of the taxi-out stage. For the same energy
content during the taxi-out stage, accounting 2% reduction in fuel weight (described above)
while switching from Jet-A to 100% SPK, the FF for 100% SPK is calculated to be [0.9964 +
(1-0.9964) x (1-0.98) =] 0.9965. Similarly, the other FFs are calculated and listed in Table SI
3 for different SPK powered aircraft.

For each of the mission segments, the FF determines the fuel consumed during that
mission segment for known aircraft weight at the beginning of that mission segment. Therefore,
using FF the aircraft weight at end of a mission segment or beginning of the next mission
segment can be calculated, for a known mission profile. The FF during climb (M cjimp) 18

calculated from Breguet range equation with the form seen in equation SI 4, and is given by,
1

M+ ctimp =
ff,climb d ’
oo %Zance)*TSFC/ . (S14)
(5)]

e
where endurance during climb is calculated in minutes [and equals the ratio of cruise altitude
and rate of climb (RoC)]. The RoC used is 3,000 ft/min [32] or 914.4 m/min (standard value
used for transport jets) to a cruise altitude of 10,668 m (or 35,000 ft in the current work as per
design requirements or mission profile discussed in §2.3 of the main paper). For the cruise and
loiter (additional cruise), the method is similar. Instead of using endurance in the equation, both
range and velocity are input (values are known from §2.3 of the main paper). The FF during
cruise (Mg s cryise) 1s calculated from Breguet range equation with the form seen in equation SI
5, and is given by,
1
Mff,cruise = cruise range*TSFC/ 5 (SI5)

V(R

e

and the FF during loiter (Mg jo¢er) 18 calculated from Breguet range equation with the form
seen in equation SI 6, and is given by,

M = :
ff.loiter [loiter range*TSFC/
velocity*(—g)]

(SI 6)

e



The product of all FFs in the mission gives the FF value for the entire mission. The TSFC
values for climb, cruise, and loiter come from the engine model developed in GasTurb 13
software tool [33] (see [26]), and L/D calculation as described in SI §3.2.

The average aircraft weight during climb, cruise, or loiter, is absorbed in equations SI
1 — SI 3 that enable the estimation of L/D. After GTOW is estimated, using the above FFs, the
aircraft weight at beginning of climb can be calculated but the aircraft weight at the end of
climb is unknown and so is the L/D. Both L/D and aircraft weight at the end of climb are
calculated through simple iteration looping, as they are linked via weight sizing process.
Similar approach is used for cruise and loiter for the estimation of L/D and aircraft weight at
the end, of respective aircraft operation.

SI3.4 Aircraft systems weight

In the current work, three separate BWBs are considered for design analysis. The first
is powered by conventional jet fuel (Jet-A), the second is powered by LH> and the third is
powered by 100% SPK fuel. Table SI 4 lists the aircraft systems weight for Jet-A BWB aircraft
(baseline) and LH> BWB aircraft. Similarly, Table SI 5 lists the aircraft systems weight for Jet-
A BWB aircraft (baseline) and 100% SPK BWB aircraft.

SI13.4.1 Jet-A BWB aircraft

As discussed in §7.3, the ratio of Wrplock and Wr ol of the Jet-A NASA N+2 BWB
aircraft is 0.9 [4]. In this work, similar value for the said ratio is used during the iteration
process of the weight sizing process for estimating the aircraft operational energy consumption.
For the BWB conventional jet fuel (baseline) case of this work, except for the engine weights
and Wk total, there is no other change compared to the Jet-A BWB aircraft [4].

The total propulsion systems weight comprises of weight of the bare engine, nacelle,
inlet, mounting, and accessories, for two engines. GTOW of Jet-A BWB aircratft is essentially
OEW from the Nickol et al. [4] study minus the total propulsion systems weights predicted by
Nickol et al., and adding the total propulsion systems weights estimated from [26], the design
payload weight and Wk ot (calculated iteratively) as indicated in Table SI 4. Therefore, for Jet-
A BWB aircraft, beginning with a guess of Wr o, all inputs are known for estimating the
mission fuel burn. Knowing GTOW, the aerodynamics (SI §3.2), the FFs (modified FFs and
FFs based on Breguet’s range equation for Jet-A, from SI §3.3), and TSFCs at different points
in flight mission ([26]), W plock for Jet-A BWB aircraft can be calculated iteratively according
to the flowchart shown in Figure 2 (main paper) until the ratio of W piock and W total 0f 0.9 is
met.

S134.2 LH, BWB aircraft

The weight sizing process that calculates the mission/block fuel consumption, is more
iterative for LH, BWB aircraft as compared to Jet-A BWB aircraft. This is because LH; BWB
aircraft has addition of new components like the LH> tank systems and additional structural
weight for installing the integral LH> tank systems, along with the LH> fired propulsion
systems.



Table SI 4. Aircraft systems weight for Jet-A BWB aircraft (baseline) and LH2 BWB aircraft

System Aircraft system V\E?:)ht Source
1 Total propulsion systems weight 17,076 [4]
[2 x (weight of bare engine + nacelle + inlet + mounting
+ accessories)]|
2 OEW (NASA BWB) 114,907 [4]
3 Weight of the conventional jet fuel tank 1,057  Calculated in SI
§2.2
4 OEW without propulsion systems and tank 96,774 =2-1-3
5 Payload weight (design) 53,570 [4]
6 WE total (Jet-A) Calculated iteratively using
ratio of 0.9 of W piock and
WE total
7 GTOW of NASA N+2 BWB (301 passengers) Jet-A 242,441 [4] or (2+5+6)
aircraft
8 Total propulsion systems weight in the present work Based on [26]
[2 x (weight of bare engine + nacelle + inlet + mounting (Jet-A and/or LH> engines)
+ accessories)]
9 GTOW of Jet-A BWB aircraft (baseline) [current work] =2-1+8+5+6
10 Weight of LH; tank systems Calculated using model
described in SI §2.3
11 Additional structural weight for installing integral LH> 1,633  Calculated in SI
tank systems §2.1
12 WE total for LH» BWB aircraft Calculated iteratively using
ratio of 0.9 of W piock and
WF total
13 GTOW of LH, BWB aircraft [current work] = 4+8+5+10+11+12

The hydrogen fuel systems for an aircraft comprise of storage tanks, a feed and
distribution system, and an interface fuel panel [34]. The feed and distribution system consists

of all lines, valves, pressure and temperature sensors, heat exchangers, pumps, and regulators
needed to create a safe cryogenic fuel system. As discussed in [26], considering that hydrogen
has higher flame speeds as compared to Jet-A fuel, the diameter of the hydrogen fuel lines is
expected to be lower than that for Jet-A. This has a potential to reduce the weight of fuel lines.
The effect of above-mentioned hydrogen fuel systems except the fuel storage tank, on aircraft
weight is assumed to be negligible in this work.



Table SI 5. Aircraft systems weight for Jet-A BWB aircraft (baseline) and 100% SPK BWB

aircraft
System Aircraft system “Zilgg)ht Source
1 Total propulsion systems weight 17,076 [4]
[2 x (weight of bare engine + nacelle + inlet +
mounting + accessories)]
2 OEW (NASA BWB) 114,907 [4]
3 Weight of the conventional jet fuel tank 1,057 Calculated in SI
§2.2
4 OEW without propulsion systems and tank 96,774 =2-1-3
5 Payload weight (design) 53,570 [4]
6 Wr total (Jet-A, NASA) 73,965 [4]
7 Wk total (calculated in this work) Calculated iteratively using
ratio of 0.9 of Wk plock and
WF,total
8 GTOW of NASA N+2 BWB (301 passengers) Jet-A 242,441 [4] or (2+5+6)
aircraft
9 Total propulsion systems weight in present work Based on [26]
[2 x (weight of bare engine + nacelle + inlet + (Jet-A and/or SPK engines)
mounting + accessories)|
10 GTOW of Jet-A BWB aircraft (baseline) [current work] =2-1+9+5+7
11 Additional weight of 100% SPK tank systems Calculation described in SI
§2.2
12 Wk total for SPK BWB aircraft Calculated iteratively using
ratio of 0.9 of W plock and
W¥ total
13 GTOW for 100% SPK BWB aircraft [current work] =2-1+9+5+11+12

GTOW of the LH> powered aircraft will be different than that of the conventional jet

fuel powered aircraft because of lower weight of hydrogen fuel to be carried on-board, addition
of LH> tank systems, and additional structural weight for installing the integral LH> tank
systems in the BWB aircraft, along with the LH> fired propulsion systems. As shown in Table
SI 4, GTOW of LH, BWB aircraft is calculated by: subtracting the total weight of Jet-A
propulsion system (17,076 kg) [Nickol et al. [4] study] and the weight of conventional jet fuel
tank (1,057 kg) from the OEW of NASA N+2 BWB (301 passengers) Jet-A aircraft (of 114,907
kg), and then adding: the total LH> fired propulsion systems weight (based on [26]), the payload
weight (53,570 kg), the weight of LH> tank systems (calculation described in SI §2.3), the
additional structural weight for installing the integral LH> tank systems (1,633 kg, calculated
in SI §2.1), and Wr ot (calculated iteratively for maintaining the same ratio of W plock and
Wk total, as that for Jet-A BWB aircraft, of 0.9). The iterative process for LH» BWB aircraft is
discussed in detail in §2.5 (main paper).



SI13.4.3 SPK BWRB aircraft

100% SPK case requires insignificant modification to tank system as the density of
100% SPK is slightly lower than Jet-A as discussed in [26] and in SI §2.2. GTOW of 100%
SPK powered aircraft will be different than that of the conventional jet fuel powered aircraft
because of slightly lower fuel weight of 100% SPK fuel (as this fuel has slightly high
gravimetric energy density) to be carried on-board compared to Jet-A case. As shown in Table
SIS, GTOW of 100% SPK BWB aircraft is calculated by: subtracting the total weight of Jet-
A propulsion system (17,076 kg) [Nickol et al. [4] study] from the OEW of NASA N+2 BWB
(301 passengers) Jet-A aircraft (of 114,907 kg), and then adding: the total SPK powered
propulsion systems weight (based on [26]), the payload weight (53,570 kg), and Wk tota1 0f 100%
SPK carried on the aircraft (calculated iteratively for maintaining the same ratio of W piock and
W total, as that for Jet-A BWB aircraft, of 0.9). Additionally, for the 100% SPK case there is an
(insignificant) addition of extra tank system for accommodating a slightly less dense fuel than
Jet-A. The iterative process for 100% SPK BWB aircraft is discussed in detail in §2.5 (main

paper).
SI 4. Results
SI4.1 Iteration parameters for LH; aircraft cases

Table SI 6. Convergence criteria and T/W ratio constraints for LH: aircraft cases during the
iteration of the weight sizing process

Parameter Value
Convergence criteria* 0.9
(Ratio of Wr plock and W total)
Minimum 7/W at top of climb (TOC)** 0.04851
Minimum 7/W at sea level static (SLS)** 0.262

* For all three cases of LH; aircraft
** Only for case 2 and 3 of LH; aircraft (as described in section 7.4.5)

For the Jet-A BWB aircraft case, using the weight sizing process, the ratio of Wrpiock
and Wr ot 1 0.9. For 100% SPK and three cases of LH> considered in this work, the above
ratio of Wrplock and Wr ot (0f 0.9) is set as the convergence criteria for the weight sizing
process, according to the methodology described in §2.5 (main paper).

Additionally, using the weight sizing process for the Jet-A BWB aircraft and known
data, the 7/ ratios at sea level static (SLS) and top of climb (TOC) are calculated to be 0.262
and 0.04851, respectively. These two T/W ratios are set as constraints (minimum values to be
met) in the weight sizing process for both Cases 2 and 3 of LH» aircraft, according to the
methodology described in §2.5 (main paper). Case 1 of LH» aircraft, by the problem
formulation, remains unaffected by the lighter aircraft (LH> use) and its engines produce the
same thrust as produced by the engines of Jet-A BWB aircraft. Similarly, 100% SPK BWB
aircraft remains unaffected by the slightly lighter aircraft and their engines produce the same
thrust as produced by the engines of Jet-A BWB aircraft. Therefore, the 7/W ratio (minimum)



constraints at SLS and TOC (0.262 and 0.04851 respectively) are not considered for iteration
purposes in the weight sizing process for case 1 of LH; aircraft and 100% SPK. Resultantly,
T/W at SLS and TOC for case 1 of LH> aircraft is greater than Jet-A BWB aircraft, and case 2
and 3 of LH> aircraft, because it is an unoptimized case where the engines are producing more
thrust than required, for a lighter aircraft. Similarly, 7/ at SLS and TOC for 100% SPK
aircraft is slightly greater than Jet-A BWB aircraft. The convergence criteria and 7/W
constraints are summarised in Table SI 6.

SI4.2 Aerodynamics

The BWB wingspan, S, and AR in this work (for Jet-A use, 100% SPK use, and LH>
use [all three cases]) are 76.2 m, 944.73 m?, and 6.1, respectively, as discussed in section 7.3.1.
Swet (for Jet-A use, 100% SPK use, and LH> use [all three cases]) is calculated to be 2,132 m?
(22,944 ft?) using the SolidWorks geometric model.

The cruise L/D ratio of the NASA N+2 BWB aircraft (Jet-A) is 23.7 [4]. In this work,
through the weight sizing process of the BWB the cruise L/D ratio for Jet-A, Case 1 LH;, Case
2 LH», Case 3 LH», and 100% SPK are 23.7, 22.51, 22.45, 22.36, and 23.66, respectively. It
can be observed that the cruise L/D ratio of the Jet-A and 100% SPK BWB case are similar to
values for the NASA N+2 BWB aircraft (Jet-A).

SI4.3 Propulsion
S14.3.1 TOC thrust prediction

As discussed previously, the required thrust at the TOC point is predicted by two
methods. The first method is using the service ceiling thrust equation, and the second method
is using the 7/W ratio of the baseline (Jet-A BWB aircraft) case. The inputs to the service
ceiling equation come from the weight sizing process and the 7/W ratio at TOC for the
(baseline) Jet-A BWB aircraft is calculated to be 0.04851 (as discussed before). The aircraft
weight at the end of climb is known from the weight sizing process and using the known 7/W
ratio of 0.04851, the required thrust can be calculated. The maximum of thrust values calculated
using the above two methods becomes the thrust required to be produced.

Table SI 7. Prediction of TOC thrust using the service ceiling equation and the constraint
of T/W ratio of 0.04851 for LH: aircraft cases

_ . . LHz (kN)
T h : -A (k
OC thrust prediction (per engine) using Jet-A (kN) Case | Case?  Case3
1. Service ceiling equation (section 7.3.3) 54.83 46.17 45.94 45.63
2. T/W ratio of 0.04851 * 46.29 46.02 45.66
Thrust produced ([26]) 55.603 55.603** 46.35 46.12

*For Jet-A case, the thrust at TOC is known to be 55.603 kN as per the design requirements set
by using Nickol et al. [4] study
** Case 1 1s where thrust production remains unchanged (not optimised)




Table SI 8. Prediction of TOC thrust using the service ceiling equation and the constraint of
T/W ratio of 0.04851 for 100% SPK aircraft

TOC thrust prediction (per engine) using: Jet-A (kN) 100% SPK
1. Service ceiling equation (section 7.3.3) 54.83 54.46
2. T/W ratio of 0.04851 * 55.24
Thrust produced ([26]) 55.603 55.603

*For Jet-A case, the thrust at TOC is known to be 55.603 kN as per the design requirements set by
using Nickol et al. [4] study

The comparison of thrust prediction at TOC using the two methods is summarised in
Table SI 7 and Table SI 8 for LH> and 100% SPK, respectively, relative to the baseline Jet-A
case. It is to be noted that the thrust per engine is known to be 55.603 kN, which is a design
requirement. Hence this thrust value determines the 7/W ratio at the TOC point. Thus, this
thrust value is not listed corresponding to the second method that uses the TOC 7/W ratio of
0.04851, and the above discussion is noted in Table SI 7 and Table SI 8. Additionally, LH>
Case 1 is where thrust production remains unchanged, by problem definition, despite the thrust
requirement being lower since the aircraft is lighter due to use of LH> fuel (high gravimetric
energy density).

As can be observed from Table SI 7 and Table SI 8, the required thrust predicted by
using both the service ceiling equation and the 7/W ratio, are very similar. This builds a
confidence in the model developed. Additionally, the thrust per engine at TOC is known to be
55.603 kN from the design requirement based on Nickol et al. [4] study, for Jet-A case. The
service ceiling equation, which takes inputs from the weight sizing process discussed in this
work predicts thrust per engine of 54.83 kN. It is to be noted that this difference is because the
Jet-A engines used in Jet-A BWB aircraft are significantly lighter than engines used in Nickol
et al. [4] study and Wr ol is calculated to be lower than Nickol et al. study (see [26]). The total
propulsion systems weight comprises of the weight of bare engine, nacelle, inlet, mounting,
and accessories, for two engines. The total propulsion systems weight of Nickol et al. [4] study
and the Jet-A BWB aircraft in this work (see [26] for details) are 17,076 kg and 12,319 kg,
respectively. The Jet-A BWB aircraft designed in this work is lighter than NASA N+2 BWB
aircraft by Nickol et al. [4], which results in a lower thrust requirement. Therefore, this
difference in the thrust is anticipated. Despite this non-uniformity, the thrust prediction
between the two methods is similar. As LH> aircraft gets more optimised (case 2 and 3), the
thrust requirement reduces as compared to case 1, which is anticipated.

S[4.3.2 Propulsion systems performance and weight

The inputs (performance parameters) to the weight sizing process for Jet-A and the
three cases of LH» are summarised in Table SI 9, and for Jet-A and 100% SPK are summarised
in Table SI 10. These are selected parameters that are relevant to the weight sizing process.
The reader is advised to see [26] to find other parameters related to the propulsion systems (not
relevant to the discussion in this work). The total propulsion systems weight of Nickol et al.
[4] study is 17,076 kg. It can be observed from Table SI 9 that the total propulsion systems
weight of Nickol et al. study is significantly greater than Jet-A case (and 100% SPK) of the



current work (by ~4.7 tonnes) and all three cases of LH> (by ~4.8 tonnes, ~5.4 tonnes and ~6.3

tonnes for case 1, 2, and 3, respectively). The discussion on the reasons for the propulsion
systems weight reduction is detailed in [26]. Additionally, it can be observed from Table SI 10

for 100% SPK case the total propulsion systems weight is similar to the for Jet-A case of this

work.

Table SI 9. Performance of propulsion system at different points in the flight mission profile

for Jet-A and LH: fuel (three cases) and their weights

) LH>
Parameters Units Jet-A Case 1 Case 2 Case 3
Total propulsion systems weight kg 12,319 12,259 11,666 10,769
Performance characteristics per engine
TOC Mach, altitude -,m 0.8 at 0.8 at 0.8 at 0.8 at
10,668 m 10,668 m 10,668 m 10,668 m
TSFC  g/kN-s 12.400 4.328 4.284 4.160
Thrust required kN 55.603 46.29 46.02 45.66
Thrust produced kN 55.603 55.603 46.354 46.12
Cruise Mach, altitude -,m 0.84 at 0.84 at 0.84 at 0.84 at
10,668 m 10,668 m 10,668 m 10,668 m
TSFC  g/kN-s 12.667 4.424 4.351 4.278
Thrust required kN 42.25 40.24 40.15 40.02
Thrust produced kN 51.61 51.68 51.09 43.12
SLS Mach, altitude -,m Oat0Om 0Oat0Om Oat0Om 0OatOm
TSFC  g/kN-s 5.124 1.778 1.761 1.690
Thrust required kN 299.9 251.09 249.62 247.69
Thrust produced kN 303.89 304.53 263.83 261.14
Climb Mach, altitude -,m 0.47 at 0.47 at 0.47 at 0.47 at
5,334 m 5,334 m 5334m  5,334m
TSFC  g/kN-s 9.798 3.413 3.389 3.266
Thrust produced kN 94.94 95.54 96.96 82.58
Loiter Mach, altitude -,m 0.6 at 0.6 at 0.6 at 0.6 at
1,500 m 1,500 m 1,500 m 1,500 m
TSFC  g/kN-s 12.175 4.234 4.195 4.067
Thrust produced kN 114.67 115.46 120.05 98.02




Table SI 10. Performance of propulsion system at different points in the flight mission profile
for Jet-A and SPKs and their and weights

Parameters Units Jet-A 100% SPK
Total propulsion systems weight kg 12,319 12,319
Performance characteristics per engine
TOC Mach, altitude -, m 0.8 at 10,668 m 0.8 at 10,668 m
TSFC g/kN-s 12.400 12.150
Thrust required kN 55.603 55.24
Thrust produced kN 55.603 55.603
Cruise Mach, altitude -,m 0.84 at 10,668 m 0.84 at 10,668 m
TSFC g/kN-s 12.667 12.411
Thrust required kN 42.25 42.16
Thrust produced 51.61kN 51.61kN 51.61kN
SLS Mach, altitude -,m 0Oat0Om 0OatO0Om
TSFC g/kN-s 5.124 5.022
Thrust required kN 299.9 301.83
Thrust produced kN 303.89 303.85
Climb Mach, altitude -,m 0.47 at 5,334 m 0.47 at 5,334 m
TSFC g/kN-s 9.798 9.600
Thrust produced kN 94.94 94.95
Loiter Mach, altitude -,m 0.6 at 0.6 at
1,500 m 1,500 m
TSFC g/kN-s 12.175 11.929
Thrust produced kN 114.67 114.70

SI 4.4 Characteristics of LH» tank systems

Figure SI 4 shows the LH> tank integration with BWB aircraft for Case 1 LH> aircraft
(semi-span). This is a generic view without any tank dimensions. For all three LH; aircraft
cases, three fuel tanks are placed on each of the two sides of the cabin and the three fuel tanks
are placed aft of the cabin. The tank dimensions and fuel volume for all three LH> aircraft cases
are provided in Table SI 11.

Table SI 11 shows the LH> tank geometry and dimensions for three cases (semi-span)
considered in the current work. The total fuel requirement for case 1 at the beginning of the
mission is calculated iteratively to be 24.25 tonnes (341.56 m?) in the weight sizing process,
which is the highest of the three LH> cases because it is an unoptimized case. This means that
the volume of the tank required will be the highest of the three cases. The tank is designed in a
piece-wise manner as discussed in §2.5 (main paper). The radius and the length for each piece
of the tapered cylinder/frustum are listed in Table SI 11. Considering the total aircraft, for case
1, the total designed tank volume is calculated to be 341.66 m>. The weight of the total tank
system is calculated to be 6,840 kg for case 1. Similarly, the total fuel requirement for case 2
at the beginning of the mission is calculated iteratively to be 23.82 tonnes (335.47 m?) in the
weight sizing process (tank dimensions shown in Table SI 11). Considering the total aircraft,



for case 2, the total designed tank volume is calculated to be 336.86 m>. The weight of the total
tank system is calculated to be 6,718 kg for case 2. Additionally, the total fuel requirement for
case 3 at the beginning of the mission is calculated iteratively to be 23.35 tonnes (328.84 m?)
in the weight sizing process (tank dimensions shown in Table SI 11). Considering the total
aircraft, for case 3, the total designed tank volume is calculated to be 329.32 m>. The weight of
the total tank system is calculated to be 6,586 kg for case 3.

Cockpit and passenger cabin

23.67m

35m

Hinge-line of Elevons
(constraint during LH, tank mstallation)

38.1m

A
A 4

Figure SI 4. LH: tank integration with BWB aircraft for Case 1 LH2 aircraft (semi-
span)



Table SI 11. LH: tank geometry and dimensions for three cases considered in the current

work

el f1

Case 1, Case 2, and Case 3 (Common tank systems to three cases)

Outer Piece Outer Piece Outer Piece
Section i length  Section  radius length  Section  radius length
radius (m)
(m) (m) (m) (m) (m)

al 0.45 0 jl 0.6275 0 ql 0.448 0
bl 0.9975 1.8 kl 0.8485 2 rl 0.57 2
cl 1.29 1.85 11 0.964 2 sl 0.6 2
dl 1.49 2 ml 0.9825 2 tl 0.57 2
el 1.5775 2 nl 0.905 2 ul 0.495 2
f1 1.543 2 ol 0.765 2 vl 0.4475 1.1855
gl 1.3795 2 pl 0.675 1.1855
hl 1.15 2

il 1 1.1855

Case 1 (remaining tank systems)
Outer Piece Outer Piece Outer Piece
Section radius (m) length  Section  radius length  Section  radius length
(m) (m) (m) (m) (m)

a2 0.275 0 j2 1.144 0 r2 0.215 0
b2 0.36 0.5 k2 1.094 2 s2 0.31 1
c2 0.549 1 12 1.0125 2 t2 0.5 2
d2 0.9 2 m2 0.893 2 u2  0.5895 0.95
e2 1.045 0.95 n2 0.7825 1.05 v2 0.677 1.05
2 1.17 1.05 02 0.674 0.95 w2 0.775 2
g2 1.3 2 p2 0.4175 2 x2 0.84 2
h2 1.385 2 q2 0.29 1 y2  0.8825 2
i2 1.435 2




Case 2 (remaining tank systems)

Outer Piece Outer Piece Outer Piece

Section radius (m) length  Section  radius length  Section  radius length
(m) (m) (m) (m) (m)
c2 0.549 0 j2 1.144 0 u2  0.5895 0
d2 0.9 2 k2 1.094 2 v2 0.677 1.05
e2 1.045 0.95 12 1.0125 2 w2 0.775 2
2 1.17 1.05 m2 0.893 2 X2 0.84 2
g2 1.3 2 n2  0.7825 1.05 y2  0.8825 2
h2 1.385 2 02 0.674 0.95
i2 1.435 2 p2 04175 2
Case 3 (remaining tank systems)

Outer Piece Outer Piece Outer Piece

Section radius (m) length  Section  radius length  Section  radius length
(m) (m) (m) (m) (m)

c2 0.549 0 j2 1.144 0 v2 0.677 0
d2 0.9 2 k2 1.094 2 w2 0.775 2
e2 1.045 0.95 12 1.0125 2 x2 0.84 2
2 1.17 1.05 m?2 0.893 2 y2  0.8825 2
g2 1.3 2 n2  0.7825 1.05
h2 1.385 2
i2 1.435 2

SI4.5 Aircraft weight and fuel consumption breakdown over flight mission

Table SI 12. Fuel fractions, aircraft weight and fuel consumption over flight mission of Jet-A

BWRB aircraft
FF tart weight Fuel used
No. Segment Start weig uel use
- kg kg

1 Engine start and warm-up ~ 0.9964 236,398 847
2 Taxi-out  0.9964 235,551 844
3 Take-off  0.9982 234,708 420
4 Climb  0.9975 234,287 584
5 Cruise  0.7474 233,704 59,035
6 Descent and approach ~ 0.9964 174,669 626
7 Loiter  0.9846 174,043 2,678
8 Land, taxi-in and shutdown  0.9971 171,366 491

170,875
. . WF,b]ock =

Total 0.72  (weight of aircraft at the end of
. . 65,523

flight mission)

Using the aircraft weight sizing process detailed in §2.5 (main paper), the aircraft
weight and the fuel consumption over the flight mission are calculated for the baseline case
(Jet-A BWB aircraft), 100% SPK, and three cases of LH» aircraft. Tables SI 12, SI 13, SI 14,



SI 15, and SI 16 provide the FFs, aircraft weight and fuel consumption over one flight mission
for Jet-A BWB aircraft, case 1 (LH2), case 2 (LH2), case 3 (LHz), and 100% SPK, respectively.
It can be observed that the ratio of the Wrpiock of Jet-A case and case 1, 2, and 3 is 3:1, 3.06:1,
and 3.13:1, respectively.

Table SI 13. Fuel fractions, aircraft weight and fuel consumption over flight mission of LH2

case 1
No. Segment FF Start weight Fuel used
- kg kg

1 Engine start and warm-up ~ 0.9987 195,325 244
2 Taxi-out  0.9987 195,080 244
3 Take-off  0.9994 194,837 122
4 Climb  0.9991 194,715 172
5 Cruise  0.8984 194,543 19,758
6 Descent and approach ~ 0.9987 174,786 218
7 Loiter ~ 0.9947 174,567 932
8 Land, taxi-in and shutdown  0.9990 173,635 174

173,461
. . WF,block =

Total 0.89  (weight of aircraft at the end of
. . 21,863

flight mission)

Table SI 14. Fuel fractions, aircraft weight and fuel consumption over flight mission of LH>

case 2
FF igh Fuel
No. Segment Start weight uel used
- kg kg

1 Engine start and warm-up  0.9987 194,177 243
2 Taxi-out  0.9987 193,935 242
3 Take-off  0.9994 193,692 121
4 Climb  0.9991 193,571 170
5 Cruise  0.8998 193,401 19,384
6 Descent and approach ~ 0.9987 174,018 218
7 Loiter  0.9947 173,800 923
8 Land, taxi-in and shutdown 0.9990 172,887 173

172,704
: . W¥ block =

Total 0.89  (weight of aircraft at the end of
. . 21,473

flight mission)

The ratio of gravimetric energy densities of LH> fuel and Jet-A is (120/43.2=) 2.78. The
above ratio of the block fuel consumption of Jet-A aircraft and LH; aircraft is ~3:1 as compared
to the ratio of the gravimetric energy densities of LH> and Jet-A of 2.78:1. This means that LH»
aircraft design analysis, in general, cannot be just limited in terms of the effect of improved
TSFC due to the use of a high gravimetric energy density fuel (like LH») in propulsion systems.
The effect of the aircraft weight reduction (and thrust requirement reduction leading to smaller
engines the resulting reduction in the engine weight) while carrying less weight of a high



gravimetric energy density fuel (like LH>), also contributes to the above ratio of Wrpiock (of Jet-
A aircraft and LH» aircraft) of ~3:1, though as observed the effect of improved TSFC is
dominant. For 100% SPK cases (Table SI 16), Wrpiock 1s of similar magnitude as that of Jet-A.

Table SI 15. Fuel fractions, aircraft weight and fuel consumption over flight mission of LH>

case 3
No. Segment FF Start weight Fuel used
- kg kg

1 Engine start and warm-up ~ 0.9987 192,677 241
2 Taxi-out  0.9987 192,436 241
3 Take-off  0.9994 192,196 120
4 Climb  0.9992 192,076 162
5 Cruise  0.9010 191,913 19,003
6 Descent and approach ~ 0.9987 172,910 216
7 Loiter  0.9948 172,694 894
8 Land, taxi-in and shutdown  0.9990 171,800 172

171,628
. . WF,block =

Total 0.89  (weight of aircraft at the end of
. . 21,049

flight mission)

Table SI 16. Fuel fractions, aircraft weight and fuel consumption over flight mission of 100%

SPK
FF igh Fuel
No. Segment Start weight uel used
- kg kg

1 Engine start and warm-up ~ 0.9965 234,798 824
2 Taxi-out  0.9965 233,974 821
3 Take-off ~ 0.9982 233,152 409
4 Climb  0.9976 232,743 568
5 Cruise  0.7514 232,175 57,727
6 Descent and approach ~ 0.9965 174,449 612
7 Loiter  0.9849 173,837 2,623
8 Land, taxi-in and shutdown 0.9972 171,213 481

170,733
. . WF,block =

Total 0.73  (weight of aircraft at the end of
. . 64,065

flight mission)

SI4.6 LH> BWB aircraft landing weight analysis

Considering an emergency situation, the landing weight of an aircraft is an important
factor. The ‘safe’ landing weight is dependent on the structural weight of the aircraft. Roskam
[2] recommends 0.84 to be an average permissible ratio of the aircraft landing weight and the
aircraft GTOW, for a transport jet. In the event of an emergency landing immediately after
take-off, the pilot performs fuel jettison or dumps the conventional jet fuel in air so that the
aircraft weight goes below its permissible landing weight. However, in the case of an aircraft



powered by LH>, this highly flammable fuel cannot be dumped into the atmosphere in events
of emergency landing. Since the present work uses the same airframe/structure from the study
by Nickol et al. [4] [NASA N+2 Jet-A BWB 301 passengers (PAX) aircraft], the permissible
landing weight of Jet-A BWB aircraft, BWB LH; aircraft (all three cases), and NASA N+2
BWB 301 PAX (Jet-A) aircraft, are the same. Therefore, the GTOW of the NASA N+2 BWB
301 PAX (Jet-A) aircraft (GTOWnasa) determines the average permissible landing weight for
the said aircraft, Jet-A BWB aircraft and BWB LH; aircraft (all three cases). Table 2 (main
paper) lists the ratio of GTOW/GTOWnasa for Jet-A BWB aircraft and BWB LH; aircraft (all
three cases). It can be observed that the GTOW/GTOWnasa ratios for case 1, 2, and 3 of BWB
LH; aircraft are 0.806, 0.801, and 0.795, respectively. This means that with BWB LH> aircraft
(all three cases), there is no need to conduct fuel jettison of a highly flammable hydrogen fuel
in the event of an emergency landing, because its GTOW is lower than the average permissible
landing weight considering its structure. This finding is of great significance considering the
safety issue associated with LH> use in an aircraft.

SI 4.7 Miscellaneous performance results
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Figure SI 5. Variation of specific energy consumption (SEC) with range for BWB
aircraft powered by different fuels for 83.1% load factor
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Figure SI 6. Variation of SEC with range for BWB aircraft powered by different fuels
for 100% load factor

The detailed design point energy performance and aircraft characteristics of 100% SPK
BWRB aircraft is included in SI §4.9. Figure SI 7 shows the relationship between OEW and
GTOW of aircraft in service, of future (other studies), and future aircraft designed in this work
(only Jet-A and 100% SPK) (readers are advised to see Table SI 17 for source of aircraft data).
It 1s to be noted that Figure SI 7 also includes the tube-wing [A350-1000] 100% SPK aircraft
modelled in our previous study [31]. It can be observed from Figure SI 7 that the relationship
between OEW and GTOW for the aircraft designed in this work is very similar to that of aircraft
that have already entered in service. GTOW is an indirect measure of the structural weight of
the aircraft, payload, and the fuel weight (Wgpiock and W tota1). 100% SPK aircraft cases have
similar (magnitude of) OEW and GTOW as that of BWB Jet-A case, hence these lie in the
vicinity of the BWB Jet-A case. For compactness, only the names of recent aircraft in service
and the aircraft designed in this work (along with reference aircraft) are mentioned in Figure
SI7.

Referring to Figure SI 7, the data points on left (GTOW< 1.0E+5), centre
(1.0E+5<GTOW<4.0E+5), and right (GTOW>4.0E+5) are primarily of small aircraft (short
range), LTA and small twin aisle aircraft (medium and long range), and VLTA (large quads
and long range), respectively. All these data points used for creating both Figure 8 (§3.3 in the
main paper) and Figure SI 7, are listed in Table SI 17. Additionally, by using the developed



equation in Figure SI 7, and knowing either OEW or GTOW, the GTOW or OEW can be
estimated for low-order modelling.
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Figure SI 7. Relationship between OEW and GTOW of aircraft in service, of future
(other studies) and future aircraft designed in this work (only Jet-A and 100% SPK)

(see Table SI 17 for source of data)

Table SI 17. OEW and GTOW of aircraft already into service, in literature and aircraft designed

in this work

Aircraft GTOW (kg) OEW (kg)
27 Aircraft already into service ([2,35-37])
727-200 83,824 45,359
737-200 52,390 27,955
737-300 56,472 31,720
747-200B 351,534 172,365
747-SP 285,763 147,417
757-200 99,790 59,157
767-200 136,078 81,230
DC8-Super 71 147,417 73,799
DC9-30 54,885 25,941
DC9-80 63,503 36,177
DC10-10 206,384 111,086
DC10-40 251,744 122,952
Lockheed L1011-500 231,332 111,357
Fokker F28-4000 33,112 17,546
Rombac-111-560 45,200 24,386
VFW-Fokker 614 19,958 12,179



BAe 146-200 40,596 21,999
A300-B4-200 164,999 88,500
A310-202 131,995 76,616
Ilyushin-11-62M 162,000 69,400
Tupolev-154 90,000 43,499
A330-200 229,998 120,499
Airbus A320 73,498 42,100
Boeing 777-200 229,518 140,659
A380-800 559,993 270,012
Boeing 787-8 227,930 117,707
A350-1000 316,000 155,129
Nine futuristic aircraft (Jet-A and 100% SPK) [4,31,38]
Over wing nacelle 98 — direct drive engine 40,728 23,977
Over wing nacelle 160 — GTF 64,350 35,551
BWB 216 — GTF 142,364 82,169
BWB 400 — GTF 318,661 174,793
MIT H3.2 BWB 213,445 95,243
Nickol et al. NASA N+2 BWB-GTF 301 PAX 242,441 114,349
Jagtap et al. (2023) A350-1000 100% SPK 313,404 155,314
This study BWB Jet-A 237,685 110,151
This study BWB 100% SPK (see SI 4.9 for details) 234,798 110,169
54 LH; aircraft [17,18,31,39-61]

Aircraft GTOW (kg) OEW (kg)
Jagtap et al. (2023) (366 PAX 13,870 km) tank index 0.78 2,68,516 1,83,371
Jagtap et al. (2024) N+2 (366 PAX 13,870 km) tank index 0.88 2,13,149 1,44,321
Jagtap et al. (2024) N+3 (366 PAX 13,870 km) tank index 0.88 2,08,358 1,43,155
Brewer (400 PAX 10,186 km) 1,68,740 1,03,300
Brewer (130 PAX 2,778 km) 45,510 29,780
Brewer (200 PAX 5,556 km) 79,600 51,540
Brewer (400 PAX 5,556 km) 1,43,330 90,340
Brewer (400 PAX 18,520 km) 2,49,400 1,49,840
Verstraete (150 PAX 4,000 km) 78,000 58,200
Verstraete (300 PAX 9,000 km) 1,75,700 1,22,900
Verstraete (400 PAX 14,000 km) 2,50,100 1,61,600
Troeltsch et al. (400 PAX 11,853 km) 1,96,000 1,28,000
Proesmans et al. ATR (67 PAX 2,410 km) 32,200 20,500
Proesmans et al. COC (67 PAX 2,410 km) 33,100 21,500
Proesmans et al. ATR (130 PAX 3,200 km) 63,600 41,200
Proesmans et al. COC (130 PAX 3,200 km) 64,500 42,600
Proesmans et al. ATR (253 PAX 10,800 km) 2,44,000 1,56,000
Proesmans et al. COC (253 PAX 10,800 km) 2,48,000 1,63,000
Gomez et al. (194 PAX 9,000 km) 1,33,676 1,08,897
Airbus Cryoplane (185 PAX 7,400 km) 87,600 61,200



Silberhorn et al. (2019) (165 PAX 5,740 km) Rear tank
Silberhorn et al. (2019) (165 PAX 5,740 km) Top tank
Silberhorn et al. (2019) (165 PAX 5,740 km) Pod tank
Beck et al. BWB (524 PAX 11,408 km)

Silberhorn et al. (2022) (261 PAX, 7,220 km)

Lammen et al. (300 PAX, 3,704 km)

Onorato et al. (72 PAX, 926 km)

Onorato et al. (150 PAX, 4,560 km)

Onorato et al. (295 PAX, 7,674 km)

Huete et al. (232 PAX, 10,370 km)

Mourouzidis et al. (332 PAX, 8,890 km) tank index 0.45
Mourouzidis et al. (332 PAX, 8,890 km) tank index 0.67
Huete et al. (388 PAX, 6,112 km)

Huete et al. (720 PAX, 3,334 km)

Smith et al. (242 PAX, 4,250 km)

Karpuk et al. (~210 PAX, 4,000 km)

Karpuk et al. BWB (378 PAX, 10,580 km)

Ramm et al.

Burschyk et al. (250 PAX, 2,778 km)

Adler et al. (420 PAX, 10,186 km)

Adler et al. BWB (420 PAX, 10,186 km)

Barton et al. (108 PAX, 3,000 km) 12.5 km cruise altitude
Barton et al. (108 PAX, 3,000 km) 14 km cruise altitude
Oak et al. (132 PAX, 5,740 km)

VanLandingham et al. (~40 PAX, 1,948 km)
VanLandingham et al. (~180 PAX, 6,575 km)

Camboni (150 PAX, 3,000 km)

Palaia et al. (116 PAX, 7,730 km)

Palaia et al. (116 PAX, 5,990 km)

Palaia et al. (84 PAX, 9,770 km)

Palaia et al. (84 PAX, 7,810 km)

This study BWB LH> Case 1 (301 PAX 13,890 km)
This study BWB LH> Case 2 (301 PAX 13,890 km)
This study BWB LH> Case 3 (301 PAX 13,890 km)

67,819
66,045
64,584
2,88,994
1,28,670
1,64,900
22,900
77,000
2,10,000
3,09,000
3,03,000
263000
2,73,000
2,87,000
1,29,000
65,591
2,60,846
82,100
69,600
2,44,861
2,12,835
63,000
68,000
56,426
15,805
75,379
62282
92,143
89,836
91,816
89,438
1,96,339
1,95,206
1,93,732

44,334
42,605
41,084
2,01,003
92,245
1,28,600
14,600
52,000
1,41,000
2,38,000
2,29,000
1,89,000
2,00,000
1,94,000
98,150
42,668
1,62,900
54,800
43,200
1,62,312
1,38,286
44,000
48,000
39,592
11,357
50,937
42813
70,000
70,000
70,000
70,000
1,18,194
1,17,501
1,16,505

SI4.8 Weight sizing of BWB LNG aircraft

Similar to our previous study [31], two liquid natural gas (LNG) cases are considered
here for BWB powered by LNG (gravimetric energy density of 50 MJ/kg and density 424
kg/m? [62]). The first LNG case uses a hypothetical value of # = 0.78, similar to LH> case. In
the second LNG case, a present-day (best) value of # = 0.63 is used, which is similar to the
values used in transportation of LNG fuel via trucks [63]. In the LNG BWB aircraft weight
sizing process, similar process schematic (Figure 2 of main paper) and methodology discussed
in §2.5 are used for both LNG cases, as that used for (same thrust requirement) LH> case 1



(LNG has similar gravimetric energy density on the order of Jet-A but has approximately half
the Jet-A fuel density). This is based on the finding of our previous study [31]. For both LNG
cases, the fuel will be stored in the volume available as per the tanks designed for LH» case 1
in BWB wings, which has the maximum fuel volume storage requirement. The FF for Jet-A
and both LNG cases are calculated according to the methodology discussed in SI §3.3, and
these are listed in Table SI 18. The propulsion system is designed according to the methodology
detailed in [26] using GasTurb 13. Table SI 19 lists the performance of propulsion system at
different points in the flight mission profile for Jet-A and LNG (two cases) and their weights.

Table SI 18. FFs for Jet-A, and FFs for LNG cases

Segment Operation Modified FFs FFs FFs
(Jet-A) (LNG case 1) (LNG case 2)

1 Engine start and warmup 0.9964 0.9969 0.9969
2 Taxi-out 0.9964 0.9969 0.9969
3 Take-off 0.9982 0.9985 0.9985
4 Climb 0.9975 0.9979 0.9979
5 Cruise 0.7474 0.8504 0.8077
6 Descent 0.9964 0.9969 0.9969
7 Loiter 0.9846 0.9881 0.9879
8 Land, taxi-in, engine shutdown 0.9971 0.9975 0.9975

Overall FF 0.72 0.83 0.79

Table SI 19. Performance of propulsion system at different points in the flight mission profile
for Jet-A and LNG (two cases) and their weights

Units Jet-A LNG case 1 LNG case 2
Total propulsion systems kg 12,319 12,319 12,319
weight
TOC Mach, altitude -,m 0.8 at 10,668 m 0.8 at 10,668 m 0.8 at 10,668 m
TSFC  g/kN-s 12.400 10.669 10.669
Cruise Mach, altitude -,m 0.84 at 10,668 m 0.84 at 10,668 m 0.84 at 10,668 m
TSFC  g/kN-s 12.667 10.898 10.898
SLS Mach, altitude -,m 0Oat0Om 0Oat0Om OatO0Om
TSFC  g/kN-s 5.124 4.409 4.409
Climb Mach, altitude -,m 0.47 at 5,334 m 0.47 at 5,334 m 0.47 at 5,334 m
TSFC  g/kN-s 9.798 8.430 8.430
Loiter Mach, altitude -,m 0.6 at 1,500 m 0.6 at 1,500 m 0.6 at 1,500 m
TSFC  g/kN-s 12.175 10.475 10.475

Table SI 20 provides a comparison of BWB aircraft performance powered by Jet-A,

LH>, and LNG (both cases). The effect of LNG cryogenic tank # can be observed from Table
SI 20. With increasing 7, the aircraft range and Wk total increases, and the OEW decreases. This
is similar to the observation made in our previous study [31] for tube-wing LNG aircraft. For
both LNG cases, the GTOW = maximum take-off weight (MTOW) (of BWB Jet-A structure)
during the weight sizing process. Both BWB LNG cases do not meet the design target range as



the GTOW = MTOW and the weight sizing process ends, and no more fuel can be added to the
aircraft. For LNG case 1 which has highest cryogenic tank # of the two cases, the aircraft
reaches a range of 12,052 km. Therefore, LNG is not identified as an alternative fuel for use in
a future N+2 BWB aircraft (since target design range is not met).

Table SI 20. Comparison of BWB aircraft performance powered by Jet-A, LH2, and LNG (both

cases)
Cryogenic
Cryogenic GTOW Wrotal WEplock  tank
BWB OEW (kg) OEW/GTOW et ’ ' R k

tank # (kg) (ke) oA (kgy (kg) volume ange (km)

(m*)
Jet-A - 236,398 110,150 0.466 72,678 65,523 - 13,890
LNG Cl1 0.78 236,398 126,588 0.535 56,241 50,704  132.65 12,052
LNG C2 0.63 236,398 137,591 0.582 45,238 40,784 106.7 9,263
LH; C1 0.78 195,325 117,505 0.497 24,250 21,863 341.6 13,890
LH> C2 0.78 194,177 116,790 0.494 23,818 21,473 335.5 13,890
LH> C3 0.78 192,677 115,760 0.49 23,348 21,049 329 13,890

V)

;(I)D(I)f - 234,798 110,169 0.466 71,061 64,065 - 13,890

SI4.9 Weight sizing of BWB 100% SPK aircraft

Table SI 21 provides the performance comparison of Boeing 777-200 LR and future
aircraft (Jet-A BWB aircraft and BWB 100% SPK aircraft) over one flight mission. BWB
100% SPK aircraft has similar performance metrics as that of BWB Jet-A aircraft. BWB 100%
SPK case has insignificant energy efficiency improvement of 0.19%. This is similar to the
findings of Hileman et al. [64] (0.3% improvement in energy efficiency), Proesmans et al. [57]
(similar energy consumption), and that of our previous study [31] (0.17%), for a tube-wing
aircraft. Additionally, for the 100% SPK BWB aircraft there is an insignificant increase in the
OEW (of 19 kg in fuel tank weight) to accommodate slightly less mass-dense (100% SPK) fuel

than Jet-A. It is to be noted that 100% SPK is not a drop-in fuel presently.



Table SI 21. Performance comparison of Boeing 777-200 LR and future aircraft [Jet-A BWB
aircraft and BWB 100% SPK aircraft] over one flight mission

Aircraft range: 13,890 km (Current scenario)

Aircraft

Jet-A block fuel consumption

Jet-A block fuel energy

(kg) consumption (TJ)
Boeing 777-200LR 125,705 5.43
Aircraft range: 13,890 km (Future scenarios)
) Nickol et Jet-A BWB BWB 100% SPK
Parameters Units . .
al. [4] aircraft aircraft
GTOW kg 242,441 236,398 234,798
OEW kg 114,907 110,150 110,169
Payload weight kg 53,570 53,570 53,570
W¥ total kg 73,965 72,678 71,059
GTOW / GTOWnasa - 1 0.975 0.968
We block kg 66,683 65,523 64,065
Block fuel energy TJ 2.88 2.83 2.82
Block fuel energy reduction as % 47% 47.88% 47.97%
compared to Boeing 777-
200LR
Block fuel energy reduction as % - 0.187%
compared to Jet-A BWB
aircraft
(L/D) at cruise - 23.7 23.7 23.656
Block fuel weight/total fuel - 0.9 0.9 0.9
weight
/W (SLS) - 0.252 0.262 0.264
/W (TOC) - - 0.04851 0.04883
Structurally (average) permissible ratio of 0.84

aircraft landing weight and GTOW, for

transport jet

(according to Roskam [2])

More information:

First author’s other research work can be found in [17,26,31,65-85].
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