





























fan rotational speed, and the torque-power ratio is somewhat
higher in this case. Nonetheless, these light weight motors
contribute to a very light weight propulsion system. Each
motor weighs 110 1b, and with cables included, the total
turboelectric propulsion system weighs slightly more than
5100 Ibs.

The NASA aircraft design study of [33] is continuing, and a
preliminary comparison of the aircraft described in this section
has been made with a similar aircraft designed with high
bypass ratio turbofan engines. These turbofan engines are
assumed to be an advanced version of the new geared turbofan
(GTF) engine now under development by Pratt and Whitney
Aircraft. The design point bypass ratio of the engine is
nominally 10 with a fan pressure ratio in the 1.45-1.5 range.
The engines for this aircraft are placed above the wing to
provide shielding to reduce noise. One can consider that the
electric propulsion system also represents a very high bypass
ratio engine with the fan (bypass) flow displaced from the core
flow through the turboshaft engines. In the design presented
above, the equivalent bypass ratio is approximately 13.

A preliminary comparison of the two aircraft is given in
Table III. Both aircraft are designed for short-field operation,
and, as a result, they have relatively high total takeoff thrust to
gross weight ratios. To accommodate the multiple fans, the
aircraft with the electric propulsion system is designed with a
larger and higher aspect ratio wing. The result is a much
shorter field length capability for this aircraft.

The gross weight of the electric powered aircraft is
approximately 5% lower than the turbofan powered aircraft
primarily due to a reduction in the propulsion system weight,
but no comparison of the range of each aircraft has been made
yet. However, the electric powered aircraft does have higher
parasite drag due to the added surface area of the fan nacelles,
and this will have an effect on cruise aerodynamics and thus
on range capability. Also, note that the thrust specific fuel
consumption of the electric propulsion system is slightly
greater than that of the high bypass ratio turbofan propulsion
system. With the proper engine cycle for the turboshaft
engine, it is expected that the specific fuel consumption at
cruise will be comparable for both aircraft. A complete
evaluation of range will include operation of the aircraft. It is
anticipated that aircraft with an electric propulsion system will
be able to operate with a single engine operating at high
efficiency through the descent phase of the mission thus
offering further fuel savings.

TABLE III

COMPARISON OF AIRCRAFT PERFORMANCE
N+2 Characteristic N+3
0.80 Cruise Speed (Mach) 0.80
36,000 Cruise Altitude (ft) 36,000
83.33 Wingspan (ft) 100
9.29 Aspect Ratio 10.36
81,650 Takeoff Gross Weight (Ibs) 77,311
109 Takeoff Wing Loading (psf) 80
0.46 Takeoff Thrust-to-Weight Ratio 042
4,644 Takeoff Field Length (ft) 2415
3,132 Landing Field Length (ft) 1,755
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C. Distributed Turboelectric Propulsion for Hybrid Wing

Body Aircraft

Meeting future goals for aircraft and air traffic system
performance may well require new airframes with more highly
integrated propulsion. Previous studies have evaluated hybrid
wing body (HWB) configurations with various numbers of
engines and with increasing degrees of propulsion-airframe
integration. One recently published configuration [11] with 12
small conventional engines partially embedded in a HWB
aircraft (shown in Fig. 25) served as the airframe baseline for
the turboelectric concept aircraft described below.

To achieve high cruise efficiency, this high lift-to-drag ratio
HWB was adopted as the baseline airframe along with
boundary layer ingestion inlets and distributed thrust nozzles
to fill in the wakes generated by the vehicle. The distributed
powered-lift propulsion concept for the baseline vehicle used a
simple, high-lift-capable internally blown flap or jet flap
system with a number of small high bypass ratio turbofan
engines in the airframe. In that concept, the engine flow path
from the inlet to the nozzle is direct and does not involve
complicated internal ducts through the airframe to redistribute
the engine flow. In addition, partially embedded engines,
distributed along the upper surface of the HWB airframe,
provide noise reduction through airframe shielding and
promote jet flow mixing with the ambient airflow.

Range (nm) 3,000
Payload (Ib) 40,000
Takeoff Gross Weight (Ib) 189,000
Landing Weight (Ib) 152,000
Total Fuel (Ib) 44,100
Block Fuel (Ib) 37,700
Block Time (h) 6.92
Initial Cruise Altitude (ft) 39,000
Takeoff Field Length (ft) 2,450

Fig. 25. Hybrid Wing Body Aircraft used as baseline airframe for
turboelectric HWB.

Fig. 26. Two views of a sixteen-fan hybrid wing body aircraft and a cross
section of one of the superconducting-motor-driven fans in its duct.
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To improve performance and to reduce noise and
environmental impact even further, a turboelectric propulsion
system was proposed for that vehicle. The turboelectric
concept aircraft [13] shown in Fig. 26 uses essentially the
same airframe but employs a number of superconducting
motors to drive the distributed fans rather than many small
conventional turbofan engines. The power to drive the electric
fans is generated by two remotely located gas-turbine-driven
superconducting  generators (at each wing-tip). This
arrangement allows many small partially embedded fans while
retaining the superior efficiency of large core engines, which
are physically separated but connected through electric power
lines to the fans. Descriptions of the vehicle, the
superconducting system, and the propulsion system are
described in [13] with some "zeroth-order" weight and
efficiency comparisons to the multiple turbofan system.
Preliminary analysis suggests that fuel savings might be
greater than six percent for a turboelectric propulsion system
compared to the same frame with distributed discrete
turbofans.

Beyond fuel savings related only to the propulsion system,
however, turboelectric propulsion introduces a very high
degree of aircraft design and operational flexibility as a result
of decoupling power production from power consumption, as
has been noted earlier in this paper. Lightweight
superconducting generators, motors and power cables allow a
small number of efficient large turbo-generators to power an
arbitrary number of propulsor units. Either can be placed
practically anywhere and in various orientations on the
vehicle. This flexibility opens up design possibilities not
obtainable with discrete large turbofans or with distributed
propulsion systems that employ mechanical power distribution
by gearboxes and shafts. Fuel savings resulting from this
design freedom may be book-kept as drag reduction rather
than under thrust production. Remembering that thrust must
equal drag in steady level flight, we may further note that
there is only a limited amount of fuel saving to be gained by
engine improvement whereas fuel saving from drag reduction
is more open ended. Large engines already extract half or
more of the fuel energy, very close to the thermodynamic
limit. Drag reduction by boundary layer ingestion and wake
filling are yet to be fully analyzed and exploited and will
require engine/airframe integration and a distributed
propulsion approach to be realized.

In spite of uncertainty of the future level of refrigerator and
AC superconductor technology, we summarize some weight
and efficiency estimates from [13] that are based on the level
of development that we expect for all-superconducting
generators and motors. A sizing code [34] for fully
superconducting motors and generators was used.
Optimization was performed to minimize motor (or generator)
weight plus refrigerator weight. The refrigerator, even with
our aggressive 2030 assumptions, weighs ~70% as much as
the motor or generator that it cools. Efficiencies, including the
refrigerator power, are at least 99.4%. The expected weight of
a motor or generator with its cooler is considerably less than
the weight of a turbine engine core for equal power. Weight
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and efficiency comparisons are made in Table IV among three
propulsion systems: a 16-fan turboelectric propulsion system,
16 independent small turbofan engines, and 2 large
conventional turbofans. The turboelectric system weighs 5000
Ib (2300 kg) more than the 16-engine system but has 9% lower
TSFC (Thrust Specific Fuel Consumption) including the 1%
electrical and refrigeration loss at takeoff. Weights exclude
propulsors (fans), which would have similar total weights in
all systems. TSFC values shown in Table IV are based on best
present-day values for the engine size. Refrigerator weight is
based on 5 Ib/HP-input (3 kg/kW-input) and 30% efficiency,
and HTS AC losses corresponding to a 12-um filament. As
noted above, even with this optimistic assumption (about
equal to the weight of just the cold head in today’s
cryocoolers), the weight overhead of the refrigeration is such
that the optimizer pushes the operating temperature of the
superconducting components to a relatively high 49K (at the
expense of having larger and heavier electric machines) to
reduce refrigeration needs.

To compare the turboelectric system with the 16-turbofan
system, by balancing out the opposite effects of lower SFC and
higher weight of the turboelectric system, the Breguet range
equation, sufficient to determine relative ranking, is applied to
both systems, with the requirement of equal aircraft range and
approximating the entire flight as cruise. Solving for the
required change in fuel weight between the 16-engine case and
the turboelectric case, we find that the turboelectric aircraft
would require 7%, or 3000 Ib (1400 kg) less mission fuel. Thus,
the slightly heavier turboelectric aircraft would have a net fuel
savings of roughly 7% on each flight, compared to the baseline
aircraft powered by 16 small engines. This estimate must be
refined by a detailed mission analysis. Known omissions in
the weight estimates of the electric system include the
superconducting transmission lines (estimated at only 3% of
the turboelectric system weight) and other power management
and distribution components.

A comparison between the turboelectric case and two large
(presumably podded) turbine engines can also be made based
on the numbers in Table IV. One can see that the entire
refrigerated turboelectric system weighs 6300 1b (2900 kg)
more than two large turbofan engine cores of 42,000 HP each
(with no weight allowance for podding) and would be ~1%
less efficient at takeoff because of the electrical losses. A
liquid-hydrogen-cooled turboelectric system would weigh
3600 1b (1600 kg) more than the large turbofan engine cores.
Thus, the propulsion system weight for an HWB using podded
engines would be significantly less than either of the two
turboelectric ~ systems  discussed, = with  consequent
accompanying reductions in fuel burn. However, the use of
two separate podded engines would provide no short take-off
capability and only limited noise reduction, no drag reduction
and none of the other potential benefits and capabilities that
have been mentioned above. It is therefore still very
advantageous to switch to turboelectric propulsion, even with
the slight weight penalty.
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TABLE 1V
COMPARISON OF DIFFERENT PROPULSION SYSTEMS
Propulsion Weight,Ib  Efficiency, TSFC,
System Components (ke) % hr!
Two 42 380
hp engine (3733%(; - 0.57
cores
Two 42 380
hp electric
generators (13%%%(; 99.7 -
Turboelectric (including .
distributed fans ~ refrigerators)
(refrigerated) Sixteen
5250-hp
motors (2413)%(; 99.4 —---
(including
refrigerator)
15000
Total (6800) 99.1 -
Two 42 080-
hp engine 7300 -—-- 0.57
peng (3300)
cores o
Two 42 080-
hp electric 1900
Turboelectric generators (860) 99.9+ o
distributed fans (LH, cooled)
(LH; cooled) Sixteen
5250- hp 3100
motors (LH, (1400  0F
cooled)
12 300
Total (5600) 99.9 -—-
Conventional Sixteen
small 10 000 «
distributed 5250-hp (4500) ol 0.63
turbofans engine cores
Conventional
large gwgn4%n(()300_ 8700 0.57
nondistributed Cgregg (4000) -
turbofans )

* Relative to 42,000-HP engine core at 0.57 thrust specific fuel consumption.

If the motors and generators were cooled by liquid
hydrogen (with only enough carried on the aircraft to provide
refrigeration) rather than refrigerators, then the turboelectric
system would weigh 2300 Ib (1000 kg) more than the 16-
engine system, and the required jet fuel is reduced by 4000 Ib
(1800 kg), or 9% (calculated from the efficiency advantage of
the large engines, without accounting for the replacement of
jet fuel energy with liquid hydrogen energy), and TOGW
(Take-Off Gross Weight) drops by 560 1b (255 kg). This
estimate does not include corrections for the weight of the
liquid hydrogen (which would provide about 5% of the
aircraft’s fuel energy) and its tankage and accessories,
compared to the corresponding weight reduction of the jet
fuel, tankage, and components. (It may be noted that, for the
same energy, liquid hydrogen has almost 4 times the volume
but only one-third the weight of jet fuel.)

VIII. CONCLUSIONS AND RESEARCH DIRECTIONS

Electric aircraft have long been considered due to a number
of operational and environmental benefits that could be
derived from such transition. Electric aeropropulsion would
offer tremendous benefits in the design of aircraft, ushering in
the possibility of revolutionary concepts that are quieter and
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much more energy efficient, thus enabling sustainable
aviation. Conventional electric machines are too heavy to ever
be considered for this extremely weight sensitive application,
thereby warranting the need to investigate the feasibility of
superconducting machines as an alternative: motors to drive
propulsion fans, and generators to power such load.

The authors reviewed numerous case studies concerning the
application of superconducting rotating machines to aircraft.
Detailed design studies for HTS propulsion motors supported
by experimental validation have convinced us that
superconducting rotating machines today can achieve power
densities comparable with that of turbine engines (3-8 kW/kg).
This remarkable achievement, however, is still not enough for
deployment into commercial aircraft. Electrically-propelled
airliner aircraft would become feasible when power densities
approach 25 kW/kg for motors and 50 kW/kg for generators,
which appears to be achievable with fully superconducting
machines (both inductor and armature).

The design examples of HTS motor-drive aircraft that were
studied indicate that turbo-electric propulsion using
superconducting machines can substantially contribute
towards achieving the aggressive goals set for overall fuel
efficiency. This is primarily due to the separation of power
generation devices and propulsors, which offers an
unprecedented level of design freedom facilitating the
integration of short take-off capabilities into aerodynamically
efficient body shapes (i.e, very high lift/drag ratio).

This promising new application cannot come to fruition
without further research and development on HTS
superconducting materials and refrigeration technology. A
development roadmap includes:

e Develop and demonstrate fully superconducting
rotating machines in the range of 25-40 kW/kg for
motors, and 40-80 kW/kg for high rotation speed
generators (up to 15,000 RPM)

e Develop low AC loss HTS conductors (<10 W/A-
m @ 500Hz, equivalent to 10 um filament) for
fully superconducting machines

e Develop cryocoolers capable of 30% of carnot
efficiency and weighing less than 3 kg/kW-input
(or alternative lightweight refrigeration schemes)

e Refine the  physics-based models for
superconducting machines and ancillaries to
continue exploration of aircraft design space and
alternative concepts

It is important to consider that safety and reliability are
primary considerations in the aircraft industry, so that no new
technology will be introduced without a solid track record of
implementation and test. Even though the concepts discussed
here may be slated for first service in 20-25 years, the
superconducting machines to power them need to be a
somewhat mature and tested technology 15-20 years from
now. This is an instance in which the market pull will be
strong, but the technology has to be ready before the pull is
fully expressed. It means that funding and effort for the
developments outlined above need to start soon, and be
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sustained for the next decade or more. It should be pointed out
that the development of ultra-compact superconducting
generators and motors, and the associated lightweight
cryocooling, could also be applied to other mass-market
transportation applications such as trucks, busses, or even cars
if compact enough. Realization of these applications could be
the next big opportunity for superconductivity to fully realize
its game-changing potential.
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