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Abstract. Motivated by concerns over rising costs of Jet-A fuel and the current
limitations of “drop-in” fuel substitutes, it is proposed that biomethane (or Bio-
LNG) provides a promising sustainable aviation fuel. This paper discusses some
technical considerations for converting a jet airliner to biomethane fuel. Following
consideration of aircraft configuration alternatives and performance issues, a
conceptual design is presented where cryogenic methane is stored in both an
insulated wing-box and under-wing pods. It is concluded that the weight penalty of
such a cryogenic fuel system would be relatively modest, hence the range and
payload capability of existing Jet-A aircraft can be matched.
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Introduction

In 2012, the aviation sector consumed $209 billion (US) of Jet-A (Avtur) fuel [1],
emitting 634 million tonnes of CO, into the atmosphere [2]. In the next 20 years, it is
predicted that the annual demand for commercial airline passenger transport will grow
from 5.1% to 12.8% revenue passenger-km [3]. However, IATA and ACARE have set
challenging targets for the reduction of carbon emissions by 2050. To meet these
targets, net carbon-emissions per seat-km must be substantially reduced, without
imposing any significant increase in Direct Operating Cost (DOC).

1. Future Aviation Fuel Options
1.1. Drop in Fuels

To achieve carbon-emission targets many “drop-in” biofuels have been proposed
[4-6], however current production rates and market prices limit their near-future use as
a blend with Jet-A [7]. Drop-in biofuel production requires large areas of land and
extensive use of fertilizer, pesticide and water, etc., and is therefore not capable of
supporting the global aviation fleet [5, 8]. Furthermore, the cost of existing drop-in
biofuels is significantly higher than Jet-A fuel [9]. Another option as a drop-in solution
involves the use of synthetic Jet-A or “Syn-Jet” made from natural gas through the
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Fischer-Tropsch (FT) process [10]. However, the FT process does not result in any net
CO; emission reduction. Synthetic fuels are therefore not considered a viable solution
for sustainable aviation [11].

1.2. Liquefied Natural Gas (LNG), Biomethane and Bio-LNG

IATA data shows that the global price of Jet-A fuel has risen substantially in
recent years [12], essentially following the fluctuating price of crude oil. Meanwhile,
US Energy Information Administration (EIA) data suggests that the US import price of
Liquefied Natural Gas (LNG) has become decoupled from crude oil [13] and is
presently only about 20% of the Jet-A price on an equal energy basis (Figure 1).

LNG consists of more than 90% liquid methane (LCHj), but also includes small
fractions of liquid ethane, propane, nitrogen and other impurities. The obvious
disadvantage is that LNG is a cryogen and storage tanks need to be thermally insulated
[14], since LCHy4 boils at 111-126 K at 1-3 bar [14, 15]. In order to operate LNG
fuelled aircraft, a global infrastructure change to supply and store LNG at airports is
required. Despite to the high infrastructure costs, LNG aircraft operations could offer a
profitable and prudent investment due to the abundance of low cost LNG fuel [16].
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Figure 1. Jet-A Fuel Price (upper) vs. LNG Price (lower). Data sourced from the US EIA [13].

Stoichiometric fuel-air combustion equations show that a 20% reduction in CO,
emission may be achieved using LNG instead of Jet-A (for the same heat release). To
achieve further reductions, liquid biomethane would have to be blended with LNG, to
create “Bio-LNG”. Biomethane is produced from biogas and potentially reduces net
CO, emissions by up to 97% relative to petroleum fuels [17], in line with the “EU
Flightpath 2050 objectives for CO, emissions and sustainable biomass fuel derivation
[18, 19]. Biomethane is a relatively energy efficient biofuel per hectare of land
available and is already used in the automotive and maritime sectors [19]. For example,
liquid biomethane is already used safely in airports to fuel passenger buses [20].

1.3. Previous Proposals for LNG Aircraft

The use of LNG in aviation has been considered by Beech, Lockheed and Tupolev.
In 1980, Beech successfully flew a Beech Sundowner aircraft on LCH4 [21]. Lockheed
performed a major LCHy aircraft study in 1980 [22] and Tupolev flew a Tu-156 test
aircraft on LNG in 1986 [23] .
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More recently, interest in LNG in aviation has gained renewed interest: Greitzer
[24] proposes LNG as a future fuel in the NASA “SUGAR N+4” research initiative and
Kawai presents compelling arguments for a dual fuel (LNG plus Jet-A) Blended Wing
Body (BWB) aircraft [25]. It is interesting to note that Kawai was influenced by Gibbs
et al. [26] who submitted a proposal for an LNG fuelled aircraft to the 2011 Airbus
“Fly-Your-Ideas” competition (see acknowledgements).

2. System Requirements and Performance
2.1. System Requirements

The following top-level system requirement targets were set:

1) The LNG fuelled aircraft shall offer Airbus A320-A350 sized aircraft, at least
a 20% reduction in net CO, emission per seat-km.

2) The Bio-LNG fuelled aircraft shall offer Airbus A320-A350 sized aircraft, at
least a 50% reduction in net CO, emission per seat-km.

3) The payload and range of the (Bio-) LNG aircraft shall not be inferior to that
of an equivalent-sized Jet-A fuelled aircraft.

4) Operating safety levels shall exceed those of Jet-A aircraft

5) LNG shall be supplied at all airports, such that the delivery price is sufficient

to bring-out a DOC reduction compared to the equivalent-sized Jet-A aircraft,
allowing for the development costs of the LNG aircraft.

2.2. System Architecture
A system overview is presented for Bio-LNG fuelled aircraft in Figure 2. The

shaded subsystems represent the primary subsystems that were considered during the
design process.
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Figure 2. System architecture for the Bio-LNG aircraft

ENVIRONMENT AVIONICS PROPULSION AUXILLIARY AIRFRAME
SEGMENT SEGMENT SEGMENT POWER SEGMENT
] SEGMENT
CABIN AIR | |
HEATING AND FUEL FUEL THERMAL | POWERPLANT | DIRECT FUSELAGE
COOLING METERING AND MANAGEMENT METHANE
p—— SENSORS SOLID OXIDE EMPERNALE.
= RE/DEFUELING
FUEL CELL —n
OXYGEN
FUEL SAFETY
p—— HEAT AFT POD APU e
EZCHANGERS & SUCTION
FUEL TANKS
WEATHER SUBSYSTEM UNDERWING
FUEL PUMPING e PODS
AND BLEED AIR
DISRIBUTION
OIL




394 M. Burston et al. / Conceptual Design of Sustainable Liquid Methane Fuelled Passenger Aircraft
2.3. Range and Payload

The performance of the Bio-LNG fuelled aircraft was investigated using Airbus
A320 and A350-900 baselines [27]. A comparison of the range-payload characteristics
of Jet-A and Bio-LNG variants with equal gross take-off weight is provided in Figure 3.
To achieve this performance it was found that the cruise lift-to-drag (L/D) value of the
modified aircraft cannot fall below approximately 7% of the Jet-A equivalent while the
dry mass penalty of LNG subsystem changes must be less than about 2 tonnes (A320
case), assuming a specific fuel consumption gain of about 10% (section 3.2).
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Figure 3. Range and Payload for different A320 fuel configurations, GTOW, 73.5 tonnes.

PAYLOAD / kg

3. Aircraft Configuration and Subsystems
3.1. Configurations Options and Evaluation Methods

Previous studies of cryogenic fuel aircraft have placed fuel tanks primarily within
the fuselage [21, 22, 24, 26, 28-30]. However, such configurations have disadvantages.
In particular, placing fuel tanks within the fuselage compromises useful space and
requires high load factor mountings, i.e., there is a weight penalty [24]. Also any
leakage of CHy4 vapour inside the fuselage could result in the accumulation of an
explosive mixture (Section 4.3). Early in this design study, it was therefore decided to
store Bio-LNG within the wing-box, also noting the advantage of distributed span-
loading. However, to match Jet-A on an equivalent energy content basis, the wing-box
volume of existing aircraft would have to be increased by about 45%, hence under-
wing mounted fuel pods are proposed (Section 3.3).

Although tail engine configurations have recently been considered by Airbus [31],
in the past two decades Airbus and Boeing have selected the under-wing engine
arrangement. Given the aforementioned leakage issue, through fuselage LCH4 piping is
rejected and under-wing engine configurations are preferred (Figure 4).
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Figure 4. Bio-LNG aircraft concepts to achieve increased fuel tank volume

3.2. Propulsion

Necessary changes to the turbofan engine technology are relatively minor. Bio-
LNG fuelled turbofan engines will have at least 10% reduced specific fuel consumption
compared with Jet-A [14]. Along with the decrease in CO, (and CO) emissions, a 30-
50% reduction in NOy emissions is also reported by Fulton [32]. Introduction of
compressor intercooling and integration with direct methane fed Solid Oxide Fuel Cells,
could offer further performance gains [33, 34].
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3.3. Use of a Goldschmied-Type Annular Suction-Slot to Reduce External Pod Drag

Using Goldschmied’s experimental data [35-37] the predicted drag penalty of the
under-wing pods can be substantially reduced by using a small turbofan (or APU
powered air-pump) mounted aft of each pod (Figure 5). This would result in a minimal
increase in overall fuel consumption (in comparison with a non-integrated system). It is
estimated that the effective drag penalty caused by the under-wing pods is less than 5%
of overall cruise drag [38]. However, it is also recognized that aecrodynamic testing of
this promising concept at Reynolds numbers in excess of 107 and Mach 0.8 is required.
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Figure 5. Under-wing pod cutaway, with boundary layer suction and active drag reduction

4. Technical Challenges

Many technological challenges associated with the introduction of Bio-LNG were
identified, including: on ground and in-flight boil-off of Bio-LNG; prevention of wing
and pod icing; specific safety issues concerned with Bio-LNG aircraft operations;
necessary propulsion system changes (within the powerplant itself); Bio-LNG pumping
requirements and the need for insulated fuel piping; monitoring of Bio-LNG fuel usage
and fuel tank state; airframe changes and unique structural issues such as cyclic thermal
shock; centre of gravity management by fore-aft Bio-LNG fuel transfer; Bio-LNG
ground refuelling operations and offloading Bio-LNG as required. Only a few of these
items will be addressed here.

4.1. Boil-off and Thermal Management

According to Kawai [25], foam insulated tanks would not permit a sufficiently low
LNG boil-off rate and he recommends heavy vacuum-insulated (Dewar-type) tanks.
However, in reaching this decision, Kawai assumed that the boil-off rate on the ground
(without any cryo-cooling system) would have to be limited ‘to 0.1% per day’ or just
0.0011 kg/s (4 kg/h) for an A350-900. If, instead, it is assumed that the aircraft has to
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supply a CH, vapour fed APU system with an output of 127 kW, then the gas feed rate
would need to be at least 0.122 kg/s (440 kg/h). Thus, the boil-off rate during periods
of unsupported ground operation can be two orders of magnitude higher than Kawai
estimates. Moreover, if CHy vapour feed is also assumed during take-off and climb
periods, then there is a demand for much higher boil-off rates. For an A350-900 sized
aircraft, the high thrust boil-off rate needs to be approximately 1.8 kg/s (6500 kg/h). A
dual mode fuel subsystem, whereby Bio-LNG is pumped between a well-insulated
under wing pod, and a lesser insulated wing-box tank with a much higher surface area
to volume ratio, is attractive.

4.2. Icing Prevention

Icing is not thought to be major problem at one third of the chord where in wing-
box cryogenic Bio-LNG storage is proposed. Icing occurs at the leading edge and heat
transfer between the wing-box and the leading edge is relatively minor. Hence,
conventional leading edge de-icing systems [39] should be sufficient to prevent in-
flight icing [38], despite predictions that central wing region surface temperatures could
drop to 180 K while in the stratosphere. Icing is predicted to occur on the nose of each
under-wing pod. To address this, a free spinning aerodynamic tip on the pod nose to
shed any ice accumulation is proposed. This design solution was inspired by the Rolls-
Royce rubber nose tip used on the spinners of their aero-engines [40].

4.3. Safety Issues

There are many safety considerations associated with the use of Bio-LNG. Two
are prominent. Firstly, vapour leakage from pipes into closed areas containing air might
allow an explosive gaseous mixture to form. To mitigate this during the configuration
study, it was decided that elimination of in-fuselage tank storage was necessary.
Internal wing zones filled with air (either side of wing box) can be readily flushed with
secondary airflow. Secondly, impacts with ground vehicles, bullets and bird strikes
were considered. Further work is needed to determine acceptable structural design
solutions.

5. Design Study Outcomes

A simplified decision matrix (Figure 6) was used to select the final preferred
configuration. Of course, this is just a down-selection procedure, but it serves the
purpose of illustrating the impact of pertinent design issues.

Configuration “Z” (Figure 7) was provisionally found to best satisfy the system
requirements and technology challenges (Section 2.1 and Section 4). In particular, this
configuration appears to offer sufficiently low boil-off rates for ground storage and
higher boil-off rates during flight (Section 4.1), whilst having an acceptable cruise L/D
and dry mass penalties (Section 2.3)

The evaluation methods used in this study were commensurate with a conceptual
design study, and therefore require further substantiation. In particular, key technical
areas that require attention are primarily concerned with icing (Section 4.2) and safety
issues (Section 4.3).
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Figure 6. Configuration Decision Matrix
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Figure 7. Selected Design (Configuration ‘“Z”)
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6. Recommendations

Despite the use of simplified methodologies and assumptions, the design outcome
appears to be realistic and promising in terms of feasibility and sustainability.

It is therefore recommended that a preliminary concurrent design study of the
promising concept(s) that are presented is justified and should be undertaken. A
concurrent approach is necessary, since many inter-related pertinent issues need to be
considered simultaneously. These issues not only include extensive technical changes
to aircraft systems, but also changes to ground infrastructure including whole matter of
sustainable biomethane production. In summary, a comprehensive eco-economic (Life
Cycle Cost) super-system model is needed to support concept design selection and
preliminary aircraft design optimization.
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