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Abstract
More electric engines (MEEs) and more electric aircraft (MEA) are mainly implemented to address
the global warming issue and make engines more fuel efficient. Developing technology has made them
applicable. This paper presents a detailed introduction to the MEE for civil aircraft, including its
architecture, characteristics and performance, as well as the potential benefits of fuel consumption and
emissions reduction. It is obvious that the adoption of electric components, such as active magnet

bearings, electric starters and generators and electric fuel pumps, is beneficial. It is especially
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advantageous when mechanical, hydraulic and pneumatic systems with great weight and complex
structures are eliminated. Moreover, the exploration of electric propulsion systems indicates that the
potential profits are large and tempting. The challenges and technology bottlenecks for MEEs are also
discussed. With the further development of battery and motor technology, the MEE will undoubtedly

play a dominant role in the civil aircraft market.

Key words: More electric engine, More electric aircraft, Electric components,Electric propulsion

system, Civil aircraft

1. Introduction

Civil aviation has seen a soaring increase in recent years, which is greatly attributed to rapidly
developing economies, prosperous tourism and close international cooperation, as shown in Fig. 1 [1].
This has encouraged the aviation industry and upset environmental protection groups because if more
aircraft are put into use, more fossil fuel is consumed, which would produce unacceptable amounts of
emissions such as carbon dioxide (CO2) and nitrogen oxide (NOx). According to Reference [2], the
CO2 emitted by aircraft reached 2% of total CO2 emissions in 2008. As global warming is becoming a
worldwide concern, the Advisory Council for Aviation Research and Innovation in Europe (ACARE)
fully understood the issue and set a short-term goal for the aviation industry of reducing CO2 and
nitrogen dioxide emissions by 50% and 80%, respectively, by 2020. Moreover, further reductions of
25% and 10% are required for CO2 and NOx by 2050 as a long-term task [2]. A summary of emission

target goals for the industry is shown in Fig. 2 [2][3].
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Fig. 2 Emission reduction goals [2][3]
In fact, manufacturers are dedicated to seeking solutions to burn less fuel not only because of

environmental issues but also because of economic benefits. First, the concepts of more electric aircraft
(MEA) and more electric engines (MEEs) were developed simply to replace the secondary power
systems in hydraulic, pneumatic and mechanical systems with electric systems. In a conventional
aircraft, hydraulic power is mostly used to drive landing gear, retraction, braking and engine actuation.
Although it is robust and has a higher power density, its drawbacks of heavy weight, higher leakage
possibility and large-scale size outweigh its advantages. The pneumatic power system extracts energy
from the bleed air and mainly serves the environment control system and anti-ice system. However, air
bleeding comes at the expense of making the gas turbine engine less efficient with lower thermal
efficiency, and it worsens the specific fuel consumption (SFC). In regard to the mechanical system, the
part of greatest concern is the gearbox, which transports the power from the power source to the
components. Its disadvantages are obvious; for example, the transmission efficiency needs to be taken
into consideration because of friction. Additionally, the bearing wear and extra cooling oil contribute to

the unsatisfactory performance. Then, the electric power system appeared in the 1940s [4], and it began
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to be treated as a source for the secondary power system. In fact, the introduction of electric power has
simplified the aircraft internal structure and engine configuration by eliminating the extraction of air
from the compressor, removing the drive gearbox and replacing the lubricating oil system. The engine
is more efficient since there is little or no bleed air, which can improve SFC and reduce fuel consumption.
Currently, electric power can be utilized for actuation systems, ice protection systems, control systems
and fuel pumping [5]. The accomplishment of MEA depends greatly on MEE technology, including
active magnetic bearing (AMB) systems, actuation systems, actuators, generators, and distributed
control systems, which are the primary parts of MEEs. Numerous investigations have been conducted
on the MEE. In fact, the most successful cases of electric power application are the Boeing 787 and
Airbus 380, which mount more electrical systems than any other previous planes [4][6]. For example,
the A380 partially equips its flight control actuators with electric power [7]. Moreover, the B787’s
environmental control system and ice protection system have been taken over by electric systems [8],
thus eliminating the bleeding air system, improving the engine efficiency and reducing fuel

consumption. Comparisons between MEEs and traditional systems are depicted in Fig. 3 [9].
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Fig. 3 MEE and traditional system comparison [9]
From the perspective of improving fuel efficiency, the most effective approach is to refine the

Reduced fuel burn & CO, emissions

Effectiveness

propulsion system or the gas turbine (GT) that provides thrust for aircraft takeoff, climbing and cruising.
Although the geared turbofan (GTF) engine proved to be an effective measure to improve propulsive
efficiency and curb emissions [10], researchers around the world are attempting to find a way to

implement electric power for conventional GTs. Six types of electric propulsion systems combining



electric trains and conventional GTs were proposed by NASA [11]. There have been several
explorations of electric engine development. Boeing super ultra green aircraft research (SUGAR) would
benefit from the parallel hybrid electric engine, which is predicted to cut back the fuel flow and reduce
SFC by up to 75% under cruise conditions; see Fig. 4 [12]. NASA N3X and Airbus General Aviation
are also examples of exploring the usage of electric propulsion systems, as shown in Fig. 5 [11]. The
benefits are obvious and dramatic: on-board fuel consumption is lower and emissions are

correspondingly lower.

Fig. 5 NASA N3X aircraft [11]
This paper first introduces the key components and electric propulsion system of the MEE. Then,

overall performance improvements of the MEE are discussed, as well as the economic and
environmental benefits. In addition, the evolution of technologies and possible challenges for the MEE
are described. Moreover, applications of the MEE and their future development are highlighted. Finally,
conclusions summarizing all the key points of the MEE for civil aircraft are obtained.
2. Architecture of the MEE

As mentioned above, the main components of MEA and MEEs include AMBEs, flight control systems
(FCSs), environmental control systems (ECSs), distributed control systems (DCSs), ice protection

systems (IPSs), electric fuel pumps (EFPs), electric starters/generators (SGs) and electric actuators



(EAs). The typical no-bleed engine configuration can be seen in Fig. 6. The energy generated by the
GT is transported to generators and then supplies electric power for the actuators, starters, air
conditioning system, icing protection system, cabin pressurization, fuel pumping and so on.

This chapter not only describes the details of the AMB, SG, EA and EFP but also covers the electric

propulsion system.
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Fig. 6 No-bleed engine architecture of the MEA [5]
2.1 Active Magnetic Bearing

The bearing system plays a crucial role in maintaining the engine shaft, rotors and stators. The
working condition of roll and ball bearings for the conventional GT is harsh, with high temperatures,
high rotation speeds, and complex cooling and sealing requirements. Besides, the bearings support high-
pressure components and low-pressure components. Therefore, the complexity and weight as well as
the maintenance cost are tremendous. Then, the concept of AMBs is adopted, which takes advantage of
magnetic suspension theory and uses electromagnetic force to separate the rotor and stator. The
architecture of the AMB system is shown in Fig. 7, consisting of electromagnetic bearings, gap sensors,
a controller and a power amplifier [13][14]. The working theory is that the system utilizes noncontact
gap sensors to monitor the shaft dynamics, such as the accelerated velocity and vibration amplitude,
and then transmits the signal through the controller to make comparisons with the desired values. If
they do not match, power adjustment commands are sent, and adjustment is performed by the

electromagnetic bearing via the power amplifier.
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A comparison between the conventional bearing system and the AMB system is shown in Fig. 8. The

electromagnetic bearings eliminate the physical connection between them, thus eliminating the oil
system and reducing friction losses as well as weight penalties. Moreover, since the AMB system is
under the supervision of the active control system, it can actively indicate the shaft dynamics during
engine operation, which provides a good way to monitor, analyze and diagnose issues in the whole

engine.
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Fig. 8 Comparison between conventional bearings and AMBs [15]
2.2 Electric Starter/Generator

The electric SG for the MEE has two different uses. The SG first starts the engine and assists it at
idling speed. After that, it becomes a generator, which converts the engine shaft power into electricity
and supplies the other electric systems of the MEA. Currently, three kinds of SG systems are commonly
employed in the aviation industry. They are the three-phase, brushless, synchronous SG, the switched
reluctance SG, and the permanent magnet SG [16]. Fig. 9 shows the electric SG. For the first type of
SG, the second stage excites the first stage via a diode rectifier, and the third stage receives excitation

from the permanent magnets; therefore, the system is self-sustaining and can output power at a wide

7



range of frequencies. Additionally, it has a noncontact brush, featuring high reliability and durability,
and is well accepted in the industry [17]. Switched reluctance SGs can be operated under fault
conditions [18] and endure higher speed and worse working conditions with relatively high power
density. Finally, the permanent magnet generator is thought to be ideal for the MEE because of its high
reliability, durability, and power-to-weight ratio [19]. In addition, it suits the distributed propulsion
system well.

The increasing demands for electricity on board exceed the ability of traditional constant-speed
constant-frequency systems (CSCFs). Therefore, as a promising alternative, the variable-speed
constant-frequency (VSCF) system has emerged, which removes the constant-speed drive (CSD).

VSCF will prove itself as a better solution for SGs in the near future.

Fig. 9 An electric SG [20]
2.3 Electric Actuator

Electric actuation has made fault detection easier since there are an increasing number of electric
components mounted in the engine and aircraft. As shown in Fig. 10, electrohydrostatic actuators
(EHAS) and electromechanical actuators (EMAS) are the most common electric actuators [21]. For the
EHA, the electric motor provides pressure and actuates the hydraulic system, which is connected to a
pump. For the EMA, the motor is linked to a gearbox and a ballscrew, and the power from the electric
motor is then converted to the actuator’s motion. Undoubtedly, the EMA possesses the merits of a low
weight and simplified structure, which are important for MEE design. In addition, the attrition rate and
degradation can be detected by the control system. Kang [22] proposed a dynamic power consumption

estimation method for the primary and secondary control surface EMAs. Furthermore, both the



numerical simulation and flight test validation were carried out to uncover the advantages of EMAs.
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Fig. 10 EHA and EMA [21]

The fuel system is an important component since it provides all the fuel needed to boost the engine

and keep the engine working. The conventional fuel system is comprised of a fuel tank, fuel metering

unit, and fuel pump connected to the accessory gearbox (AGB), as shown in Fig. 11. If the engine

accelerates, there is an increased fuel requirement, and then the AGB drives the fuel from the tank to

the pump. The fuel flow is determined by the metering unit. The excess fuel returns from the bypass

circuit via valves to the fuel tank, with a reduction in efficiency and an increase in fuel temperature.

However, the electric fuel system eliminates the AGB, metering unit, bypass valves, and air-cooled oil

cooler, making it possible to reduce weight and improve oil heat management and system efficiency [9].

These goals are achieved by utilizing a motor-driven fuel pump, fuel pressurizing valve and pressure

sensors. According to [9], the cruise SFC and total flight mission block fuel enjoy an approximate 1%

reduction by applying the electric fuel system, as shown in Fig. 12.
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Fig. 11 Configuration of the fuel pump system [9]
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Fig. 12 SFC improvement for the MEE [9]
2.5 Electric Propulsion System

In addition to the electric components discussed above, in recent years, there has been an increasing
demand for propulsion systems to be electrified. The electric energy derived from the battery or engine
becomes the source that drives the fan.

2.5.1 Series hybrid electric propulsion system

Fig. 13 shows a typical series hybrid electric propulsion system (SHEPS). The GT engine is linked
to the motor drive, which is mechanically linked to the fans. The GT is utilized to boost the motors, and
then the fuel energy is converted to electricity, which boosts the fan to produce thrust. The on-board
battery could also be an alternative energy source. The concept of the SHEPS is suitable for distributed
propulsion systems and turbopropellers.

However, since there are some losses during the battery discharge process, not all the output power
of the GT or battery pack is fully utilized. Normally, for current state-of-the-art systems, the motor and
battery efficiencies are 0.92 and 0.95, respectively, and the motor specific power and battery specific
energy are approximately 5 kW/kg and 200 W-hr/kg [23], indicating that there is too much loss in the
SHEPS. The drawbacks of the battery pack weight might offset its SFC improvement simply because
the electric power has to be equal to the fuel energy, which is an enormous amount of power with an

unacceptable battery or motor weight penalty.
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Fig. 13 Series hybrid electric propulsion system [11]
2.5.2 Parallel hybrid electric propulsion system

Fig. 14 shows the configuration of the parallel hybrid electric propulsion system (PHEPS). The most
obvious difference between the SHEPS and PHEPS is that the GT and electric engine are connected to
the fan and supply power of the PHEPS. This makes the PHEPS more flexible and could avoid the
battery and motor weight penalty since not too much energy is needed from the electric engine.

For this kind of configuration, there are two strategies of employing electric power. The first method
is to use electric power to make up for thrust-demanding segments, such as the takeoff (TO) and top of
climb (ToC) phases [24]. In this case, the engine could be sized at its optimum performance point, and
the engine size might be reduced. Moreover, the turbine blade stress and life cycle could greatly benefit
from the decreased turbine entry temperature (TET), SFC, block fuel and emissions improvements.
However, there is a potential risk that cannot be ignored. In the case of an emergency, the battery may
not function properly when the whole engine power is needed for safety purposes. This could also be a
barrier to engine certification.

The other strategy is to carefully split the conventional engine power and the electric power over the
whole flight envelope to take full advantage of the hybrid engine. Thus, the conventional GT is still
designed for the maximum power requirement segment, although it is slightly heavier than the engine
mentioned in the first method. However, the weight reduction from the electric engine could compensate
for this.

In summary, the flexibility and operability of the PHEPS have provided engine manufacturers with
an opportunity to explore and design a hybrid engine to save money and reduce toxic exhaust gases.
Series/parallel hybrid electric propulsion would clearly combine the SHEPS and PHEPS and could also

be a good choice for the MEE.
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Fig. 14 Parallel hybrid electric propulsion system [11]
2.5.3 Turboelectric propulsion system

A turboelectric propulsion system (TEPS) does not require a battery pack for propulsive power, so
the weight of the electric engine is dramatically decreased. Consequently, it is no longer confined by
battery technology, as shown in Fig. 15. For the full TEPS, all the output power from the GT is converted
into electric power and drives the individually distributed fan with the motor. The partial TEPS has two
sources of engine power, i.e., the gas turbine and electric engine, although the energy of the electric
engine comes from the gas turbine. The advantage of this configuration is that it is much easier for the
electric engine to transfer energy to the distributed fans. According to [11], the TEPS has been identified

as the most feasible electric propulsion system entering service within the next one to three decades.

* Genetalor
 Fuel

Motor

(a) Turboelectric engine (b) Partial turboelectric engine

Fig. 15 Turboelectric propulsion system [11]
2.5.4 All-electric propulsion system

Fig. 16 demonstrates the conceptual design of the all-electric propulsion system (AEPS). Clearly, as
a very ambitious design, the AEPS is predicted to be available only on small aircraft because of the
large battery mass. As a consequence, relatively little emission is achieved. From this perspective,
unmanned and commuter aircraft would be good choices for the AEPS. For example, Byun utilized the
electric-powered UAV for thrust control loop design [25]. Considering the technological limitations,

there is still a long way to go for the AEPS to enter civil aircraft market.
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Fig. 16 All-electric propulsion system [11]
3 Performance of the MEE

The profits of utilizing so many electric components together in the engine are difficult to estimate;
therefore, for the electric components, the main advantages are weight, efficiency, durability and
operability. However, from the perspective of the fuel consumption and emissions of the whole flight
mission, it would be better to understand the benefits that electric propulsion systems bring.

3.1 Flight Mission Profile for Civil Aircraft

First, a typical flight mission profile for civil aircraft is plotted in Fig. 17. There are three main parts,
of which the trip fuel part is the most important. It can be divided into a few segments, such as taxiing
out, takeoff, climb, cruise, descent, land, and taxiing in. Among them, the maximum TET always occurs
at takeoff, while the ToC is power demanding, and the cruise segment burns the highest amount of fuel.

Regarding diversions, more stored fuel than the fuel to be consumed is prepared on board in case the
plane cannot arrive at the planned airport or must travel to an alternative airport. Additionally, reserve

fuel must be taken into consideration to cope with unpredictable emergency conditions.
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Fig. 17 Typical flight mission profile for civil aircraft [26]

3.2 Benefits of Electric Components
There are numerous studies on the benefits of utilizing electric components. The most common
characteristics of these parts are that they reduce the weight and simplify the structure, making fuel

efficiency and maintenance much easier. For the AMB, its ability to endure high temperature and high

13



speed is vital, and it can operate in environments of 600 °C and 50000 rpm [27]. Reference [28] shows
that the electric SG system can start the engine at a rate of 55% in no more than 40 s and that the stator
current is 20% less than the nominal value. Reference [29] reveals that the reluctance switch SG can
perform a 15-second engine starting procedure from O rpm to 25000 rpm with a system efficiency
exceeding 80% over most of the working speed range. In regard to EA, Reference [21] sets 737-800 as
the baseline to investigate the EHA and EMA system and finds that the hybrid EHA system enjoys a 9%
weight reduction compared to the all-EHA system. Reference [9] compares the EFP and conventional
fuel pump systems and finds that the SFC at cruise and during the mission dropped by 1% each by
implementing the EFP system.

3.3 Benefits of Electric Propulsion Systems

3.3.1 Engine Sizing

In the previous section, strategies to add electric power to conventional GTs were discussed. However,
for series hybrid, turboelectric and all-electric engines, there seems to be no good way to minimize the
size of the engine due to the battery weight penalty. Regarding the parallel hybrid and partial
turboelectric engines, since the conventional GT is also part of the energy source, the power split or
thrust split could be investigated to balance the GT weight and battery weight.

Reference [23] designed the conventional geared turbofan (¢cGTF) and hybrid geared turbofan (hGTF)
engines. The cGTF is based on the SUGAR aircraft, while the hGTF is sized according to the T4 limit,
and the core size of the hGTF has decreased by 17% compared to its competitor. Reference [30] shows
a 50% weight reduction in the core engine, which is sized to cruise conditions. The problem is that the
takeoff weight increases by at least 10% for a short-range mission. Hence, it is necessary to size the
engine properly from a trade-off perspective.

3.3.2 Performance

For a conventional gas turbine, SFC is an appropriate parameter to assess the engine, but for the
electric system, it would be better to calculate the thrust specific power consumption (TSPC) [31], as
shown in Equation 1. This indicates the power provided by the core GT and electric engine compared

to the net thrust and incorporates the effects of the electric energy consumed.
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TSPC — PSup[)ly — PFuel + PBauery (1)
F F

However, when electric energy is injected, the steady point performance always moves toward peak
efficiency, meaning that the system is more efficient if the battery weight penalty is neglected. Thus,
another important and effective way to evaluate aircraft performance is to adopt the concept of the

energy specific aircraft range (ESAR) [31], which is related to the flight range and energy consumed.

1% ><£
EsAR=R____ D _ ()
dE  TSPCxW

In Equation 2, V is the airplane flight speed, L/D is the lift/drag coefficient, and W is the airplane
weight.

Additionally, block fuel consumption and economic cost comparisons would be a good choice.
Reference [26] conducted a thorough investigation of a hybrid electric engine by setting up six cases
with different electric power injection plans in different segments with a Rolls-Royce Ultrafan as the
baseline engine. Both long-range and short-range flights, 3500 km and 900 km respectively, were
simulated to search for the optimal design. The results showed that when electric power is injected at
the TO, climb, and descent segments, the fuel saved is 0.4% and 5.66% for the 3500 km and 900 km
flight missions, respectively, while the energy consumption is reduced by 2.6% and increased by 0.7%
for the 900 km and 3500 km flight missions, respectively. This comparison reveals that it is beneficial
to apply electric engines for short-range missions with current technology. For long-range travel, it is
better to wait for a breakthrough in battery technology. Moreover, Reference [30] analyzed a parallel
hybrid electric engine combined with turboprop. The mission concept of operation (CoO) for 250 km
incorporated electric power at the TO and climb, which resulted in 30% and 25% reductions in fuel and
energy costs, respectively. This reference assumes battery specific energy deploying 2030 technology.
A comprehensive research regarding optimization of the hybrid electric propulsion system for A320-
type aircraft revealed that the optimum flight range for the PHEPS was about 600 nm with 12.55% fuel
reduction [32]. More importantly, it uncovered that further benefits would be achieved with the battery

technology development.
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3.4 Emissions

CO2, NOx, and noise, which are the most concerning exhaust outcomes of the GT, have been strictly
regulated by the International Civil Aviation Organization (ICAQO). The introduction of MEEs could
dramatically reduce emission problems, especially carbon dioxide and noise issues. CO2 contributes
most to global warming because of its strong ability to absorb heat from the sun and reradiate it to the
environment. In fact, the CO2 produced by the GT could simply be connected to the fuel burn. More
fuel means a greater chemical reaction in the combustor. Fortunately, fuel is reduced when electric
power is injected, so CO2 emissions could be reduced to some extent.

For mitigating noise disturbance, the electric propulsion system claims little effect since the noise of
SUGAR VOLT is only 1 EPNdB lower than that of SUGAR HIGH [12]. Reference [33] estimated the
noise level by comparing a 1 MW motor application with a lower fan pressure ratio, although the results
were not optimistic. However, this does not mean that electric power has no potential to decrease noise
emissions. On the contrary, electric power has made it possible to design engines with a higher bypass
ratio (BPR). Additionally, less power is needed from the core GT, resulting in a smaller engine size and
making the fan noise lower than that of the conventional GT. In addition, as the enthalpy drop across
the low-pressure turbine (LPT) blades also decreases, the exhaust velocity could be lowered, and the
noise would decrease. N3X is said to be 64 EPNdB quieter than the current architecture [34]. Since
CO2 and noise regulations could be even more stringent in the future, there is an urgent need to explore
the redesign of engines considering electric energy.

4 Challenges and Future Development

Before moving to the conclusions, some challenges facing the MEE and its future development
should be stated. There are a few problems that the MEE/MEA has to address in order to embrace a
larger market. The first and most important is the weight of the motor and battery. The specific power
of the motor and specific energy of the battery are still not high enough to eliminate the weight penalty,
especially when the very large power requirement of the electric propulsion system is taken into
consideration. In addition, the need for cryocooling might lead to an inefficient motor. Moreover, the

life cycle of the battery should also be considered. The second issue that cannot be ignored is safety and
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certification. More electric components in the engine mean more unknowns and uncertainty, so it would
be difficult to prove that the MEE could satisfy the requirements of legislation. The integration of
aircraft and engines should also be considered in order to make the system work in the most efficient
way and burn less fuel as well as enable easy maintenance.

However, there is no doubt that the MEE is promising and will be promoted as long as there are
breakthroughs in battery and motor technology. Then, it will see a prospering market in the aviation
industry, especially for civil aircraft.

5 Conclusions

This paper presents a thorough introduction to the MEE for civil aircraft. The architecture of electric
components and electric propulsion systems are depicted with the advantages of utilizing electric
assemblies. Afterwards, the benefits of utilizing the MEE are discussed from the perspective of mission
fuel consumption and emissions. It is worth mentioning that if the electric propulsion system were
accessible, there would be nonnegligible benefits regarding fuel consumption and energy usage.
Consequently, the targets of saving money and curbing emission are achieved concurrently. Although
there are still some barriers to be overcome, the prospects for the MEE in civil aircraft are excellent.
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