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Abstract

For future air traffic to remain competitive in a rapidly changing transportation market, sustainable
growth has to be achieved through significant improvements in aircraft efficiency and emissions. These
are unlikely to be realized through the incremental improvements of existing aircraft configurations.
Therefore alternative propulsion systems and their integration into novel aircraft designs may become
key enablers for future air transport solutions.

Within the scope of the 2017 DLR and NASA Design Challenge an interdisciplinary design study
was conducted to assess and evaluate possible aircraft configurations which enable the integration
of alternative propulsion technologies. Major attention was given to the simulation and assessment
of key aircraft features including the airframe, aerodynamics and propulsion system. The resulting
Urban Liner design incorporates and combines advantages of promising aerospace technologies to
achieve the ambitious goals of DLR and NASA and deliver outstanding operational performance.

In this report design considerations and technical developments are discussed and simulation
results are presented. A market analysis identifies future trends and demands in aviation, deriving
a targeted market positioning with respect to the technical capabilities of hybrid propulsion. The
resulting operational requirements dictate the concept’s initial sizing and performance figures. The
Urban Liner’s basic layout integrates noise reduction objectives at the initial design stage to maximize
potential savings. The resulting low noise configuration is iteratively optimized from an aerodynamic
and structural standpoint to integrate the alternative propulsion design.

To identify an engine technology that best fits this silent configuration and drastically reduces
nitrogen oxide emissions, promising propulsion technologies are assessed and a final design is selected
from a multivariable GasTurb design optimization study. It is established that a hybrid propulsion
system enables the usage of a single turbo fan, provided that the specific energy densities of batteries
is above a critical limit of 600 Wh/kg. The resulting single turbofan hybrid configuration has the
potential to reduce LTO and cruise NO, emissions by more than 80%.

To compensate the additional system weight a concept for a combinational use of the electric fans
is presented. The final design includes a split wing root structure which encapsulates the aircraft
cabin and a system for maintaining laminar flow during cruise. In a 300 PAX configuration the U-
Liner offers a 53% improvement in fuel consumption per PAX relative to a current generation Airbus
A321.
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1 INTRODUCTION

1 Introduction

Global air traffic growth at its current pace can only be sustainable if environmental and societal
needs are actively considered during development of new aircraft. In order to achieve the goals
defined by the Euorpean Commission in Flightpath 2050, ACARE and NASA, new aircraft concepts
must be developed and implemented as current configurations are unlikely to meet these goals [1].
Urbanization and emerging city-pairs play a significant role as they entail high-frequency passenger
and freight transport demand between major hubs as well as smaller city airports. Connecting major
hubs already accounts for a majority of todays air traffic [2] and due to the continuous growth
prediction of metropol cities, especially in the Asian Pacific area, the need for high-capacity aircraft
will continuously grow. This market segment consequently yields enormous economic potential for
future airline operations |[3].

The challenge of reducing aircraft fuel consumption, pollutant and noise emissions while maintain-
ing the industry’s exceptionally high safety standards relies on the conscientious application of new
technologies including fully or hybrid electric propulsion systems. Increasing environmental awareness
of the aerospace industry also resulted in the introduction of NOx limtations to the [CAO regulations
on aircraft emission. The initial target of improving local air quality around airports was eventually
expanded to other flight phases after additional concerns were raised about the NOx emissions pro-
duced during cruise [4]. To this point commercial aircraft design was primarily focused on minimizing
operating costs while environmental concerns were brought up at a post design stage [5]. In order to
achieve outstanding environmental performance during takeoff and landing as well as in cruise, envi-
ronmental considerations must be integrated at an early stage of the aircraft design process. Hence
for future air transport to be able to compete with new forms of transportation especially on short
distances it must decrease its dependence on oil as the industry is vulnerable to fuel prices [4].

The aim of this project is to address these societal and technological changes by developing an
ultra-efficient low-noise subsonic aircraft with an entry into service (EIS) horizon of 2035, bearing in
mind the associated challenges such as low operating costs and passenger acceptance. This implies
fast turnaround times for airlines whereas passengers are interested in comfort and quick boarding,
among other things.

Based on a market analysis and industry forecasts, the requirements for such an aircraft are
presented in the following section. The decisions leading to the Urban Liner Concept are outlined
as a result of the market requirements. With an EIS in 2035, different scenarios are conceivable
regarding the market evolution but also technological developments. Designing a future aircraft
fulfilling the goals set by international organisations thus implies diverse assumptions relating to
regulatory constraints. For the sake of concept feasibility, a minimum technological readiness level
of 5 is suggested. The aircraft architecture therefore rests on previous research by DLR and NASA
in combination with relevant scientific work. Detailed descriptions of the integrated systems and
enabling technologies are provided to foster the understanding of the concept at hand. The focus of
this paper is directed on the overall aircraft design and implies current technologies such as chevron
nozzles without explicit indication.

The U-Liner incorporates a wide variety of technological advancements with the focus on com-
bining these into an overall feasible and consistent aircraft configuration. The hybrid propulsion
configuration in conjunction with laminar flow control and advanced composite materials provides
new perspectives on component arrangement possibilities. As the propulsion system represents a
major enabler of the overall design, a significant part is dedicated towards its specifications.

Progress in fields such as battery technology, material science and production engineering opens
several new possibilities but can also limit the applicability of concept studies. In order to prove the
concept to be viable, a sensitivity analysis follows the aircraft system description. Finally an overview
is provided to assess the Urban Liner Concept based on the societal and environmental requirements.



2 MEETING FUTURE DEMANDS

2 Meeting Future Demands

Resulting from the EIS horizon of 2035, the aircraft will need to address the market until at least
2050. As these forecasts are extremely vague, the necessary possibility of adapting to new market
segments influences the overall design. The strong increase in RPKs predicts 41°030 new deliveries
within the next two decades [6]. A big part thereof results from Asia’s economic growth, followed by
North America and Europe [6]. Deriving these global trends, demand for cruise-efficient short takeoff
and landing (CESTOL) jet aircraft emerges to fulfill environmental goals on one hand and provide
market fit on the other. The specification for seating at least 200 passengers puts the U-Liner in the
range of current twin-aisle aircraft.

Low-cost carriers will potentially control about 60% of the short-haul market [3|, asking for fast
turnaround times and high passenger densities. Given that the average stage-length of current com-
mercial air transport is relatively short (3668nm for an A330-200 [7]) only medium range capabilities
are required. A minimum range of 6000km however is regarded as essential for flexible route planning
which also coincides with the 5950km target design range of the Airbus A321 [8]. This represents a
reasonable range for hybrid electric propulsion.

The demand for aircraft ultimately stems from airline operations, favoring low operating costs and
operational freedom. In combination with increasing air traffic, this opens up a scenario of twin-aisle
aircraft entering the single-aisle market on short-haul flights assuming the operating costs thereof are
within comparable reach for hybrid powered aircraft. Passenger densities for these twin-aisle airplanes
can be lowered and therefore quicker turnaround times become possible as the PAX per aisle ratio
decreases.

Next to commercial air transport, freight traffic is expected to grow even faster than passenger
traffic at 4.8% per year with the biggest opportunities in mid-sized freighters [3]. About 63% of
freighter deliveries will be met by converted passenger airplanes [6].

The combination of these market constraints suggests a medium range aircraft in the 270-300
passenger spectrum with sufficient payload capabilities to serve as a freighter as well. In order to best
adapt to the market situation 20 years from EIS, the option of a family concept shall be maintained.
An eye should also be kept on production costs and times as the worldwide twin-aisle fleet will more
than double until 2032 [3|. This strengthens the idea of family building because both production costs
and times entail a fairly simple fuselage design with recurring construction patterns. Furthermore
the engineering experience available in designing tube-like fuselages significantly reduces development
costs.

Figure 1: Three-View Drawing of the Urban Liner Concept
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The goal of reaching ultimate operational freedom includes fitting into either a 36m airport box
with precision parking assistance systems or a 39m box. The latter is presumed to be a consequence
of progressively larger aircraft being demanded by the continues growth in air traffic [3]. As soon
as airlines are able to operate twin-aisle aircraft equally to single-aisle aircraft at airports regarding
costs and space, the blurring of single- and twin-aisle market segments is predestined. This fosters
once more the demand for high seat capacity on the baseline aircraft. Folding wingtips offer the
possibility to increase the maximum wing span with regard to the parking position, however not to
the extent required for the specified lift generation capability. Therefore the fuselage is designed as a
lifting widebody which helps in generating lift.

In order to meet the market requirement of 300 passengers in a single-class configuration, the
U-Liner’s twin-aisle cabin is equipped with eleven seats abreast. The widebody optionally allows for
faster turnaround times through a triple-aisle cabin configuration with ten seats abreast in which case
the U-Liner can seat up to 272 passengers.

Future demand for low separation distances at airports restrict the maximum takeoff weight to
remain below 136t to minimize wake turbulence and thereby takeoff intervals. Combined with the
payload requirement, the upper limit of 136t was chosen.

As a result of the wide fuselage and the MTOW specification, the U-Liner is capable of transporting
up to 26 LD3 cargo containers on the lower deck, a part of which are used as battery containers to
power the hybrid propulsion system. This puts the aircraft in direct comparison with the A330-200
(26 LD3s [8]) despite the U-Liner’s shorter cabin length.

The propulsion system is designed to meet the environmental requirements regarding noise emis-
sions, fuel consumption and LTO NOx as well as cruise NOx emissions. Given that today’s aircraft
will still hold a major share of the worldwide fleet in 2035, minimum cruise speeds of Ma 0.75 are
also necessary for conveniently integrating the U-Liner into air traffic.

3 Low Noise Design

For the U-Liners 2035 entry into service horizon, the goal is to reduce noise emissions by at least 42dB
relative to ICAO Stage 4, resulting in a maximum cumulative effective perceived noise level of 249.6
EPNdAB for the specified MTOW. As the broad range of human noise perception is characterized by
a logarithmic scale of sound pressure levels, not only technology needs to improve drastically [1] but
also regulations need to adapt in favor of these novel technologies.

Sound pressure levels are measured at the sideline, approach and flyover which emphasizes the
importance of a silent overall aircraft configuration rather than single technology improvements. At
the approach, airframe noise and engine noise are roughly the same size [9] whereas fan noise dominates
flyover and sideline noise levels [10]. Airframe noise is mainly caused by the landing gear and wing
high-lift devices [1,9] and scales predominantly with airspeed and distance to the observer [11]. This
emphasizes the importance of low approach speeds through high lift coefficients, optimized approach
procedures and improved climb rates.

Engine noise primarily consists of fan noise at approach and fan exhaust and jet noise at the
sideline [12]. The maximum jet sources are generally to be found 5 to 7 nozzle diameters downstream
[12].

3.1 Airframe

Previous studies by DLR, NASA, MIT and Boeing among others regarding noise reduction were as-
sessed and evaluated, laying the foundation for the U-Liner’s airframe design. It is generally considered
that Blended Wing Bodies (BWB) offer the most promising airframe noise reduction capabilities due
to the large planform noise shielding and effective low-speed lift generation |1|. These noise levels are
currently only matched by the MIT Double Bubble concept which is predicted to emit 213 EPNdB
cumulative [13]. These noise level predictions however are considered to be rather optimistic [1],
nonetheless the Double Bubble concept serves as a baseline for noise level predictions due to its
similarities in airframe design and turbofan placement.
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Although BWB noise emissions are predicted to be far superior to current tube-and-wing configu-
rations they fail to meet the market requirement of being family concept-friendly. Even if scaling the
BWB was an option, development and production times and costs become unusually high. In con-
trast to conventional tube-and-wing configurations, the individuality and size of BWB airframe parts
presents a major issue even for advanced production techniques such as 3D printing. Furthermore
its unfavorable cabin pressure loads imply a massive weight penalty which ultimately recommends a
hybrid wing body design with a tube-like fuselage instead of a flying wing. This design approach also
resolves the BWB issue of problematic emergency egress solutions.

The aerodynamically required higher incidence angle at takeoff or landing lowers the comfort
level of passengers and the crew. Evacuation time with an extraordinary wide inner body, increases
drastically [14]. Therefore a 7.3m wide lifting body is designed primarily with regard to its engine
noise shielding capabilities. In addition, it offers a viable option for the high-density configuration
with 300 passengers in a single-class configuration, bearing in mind airport box compatibility.

The smooth fairing between the fuselage and the wing is derived from BWB designs to minimize
airframe noise and interference drag. As the thick wing root requires hybrid laminar flow control to
minimize its drag, it also enables new approaches to hybrid propulsion arrangements.

Combining the rear mounted engine with the U-Liner’s high wing position ultimately allows the
application of a light, small size landing gear. The highly turbulent flow around the undercarriage
causes it to be a primary source of airframe noise during approach. The U-Liners main landing gear
therefore is equipped with a 'toboggan’ fairing which is found to be at TRL 7 [15,16]. Since the
Double Bubble already accounts a 1.9dB noise reduction for the application of faired undercarriage
compared to its baseline aircraft [13] no further improvements are assumed for the U-Liner.

3.2 Propulsion System

The U-Liner introduces a turbo electric distributed propulsion (TeDP) system that incorporates an
advanced turbo fan (TF) technology and six distributed electric fans (EFs). The EFs are located in
the thick inner part of the wing and in the rear section of the aircraft. The single TF is located on
top of the upper rear section allowing the ultra wide body to shield agains jet, fan and turbine noise.
Additional noise shielding is provided by the vertical stabilizers as well as by positioning the TF two
diameters upstream of the tail’s trailing edge. This measure is estimated to reduce fan exit and core
noise by up to 9.6dB [1].

EF Wing Inlet prannE
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Figure 2: Electric Fans Inlet Positioning

The combination of six distributed EFs and a single TF engine with a design bypass ratio of 16.6,
offers great potential to minimize noise levels by increasing the overall engine air flow and therefore
reducing the engines specific thrust and outlet velocities. As illustrated by equation 1, these factors
are most critical for the generation of jet noise [17].

7
OASPLje o< 10 log((?) ) (1)



3 LOW NOISE DESIGN

The GasTurb optimization, which is discussed in more detail in section 6.4, estimates a reduction
of engine outlet velocities by up to 60% compared conventional configurations. This significantly
improves noise emissions as well as the engine’s propulsive efficiency [18,19].

To fully benefit from the TeDP technology two general drawbacks of hybrid propulsion have to be
compensated. First the additional system weight and secondly the conversion loss when transferring
energy from the TF to the EFs [20]. The U-Liner concept therefore introduces an EF system that is
designed to entirely avoid conversion losses by operating completely separated from the TF system.
The EFs support the TF in thrust intense phases during take off and all the way until the top of
climb has been reached. The TF then exclusively powers the aircraft during cruise. The additional
weight of the electric system however remains within the aircraft and has to be compensated either
by improving the engine’s efficiency or the aircraft’s aerodynamics. Both improvement opportunities
are utilized and discussed.

A key design consideration of the U-Liner is the usage of the electric systems during cruise, not for
propulsion but for reducing the aircraft’s friction drag through the application of hybrid laminar flow
control (HLFC) which is discussed in detail in section 4. This combinational use of the electric system
represents a new opportunity to compensate its additional weight. It requires an engineering solution
that allows the use of the EFs either for propulsion or HLFC. The U-Liner therefore integrates the six
EFs into the inner wing and rear section and introduces a variable inlet geometry illustrated for the
wing in Fig 3. The two states of the propulsion system differ in the air flow by controlling the in- and
outlet flaps indicated in red. During thrust intense mission phases these flaps are open allowing the
EF to work as a propulsion system. In cruise when the TF is at its design thrust, it does not depend
on the EF support. The variable inlet geometry then closes and only a small amount of the EF’s
power is used to ingest the boundary layer on the upper front section of the wing to enable HLFC.
The additional advantages for the high lift system are discussed in section 4.

uuuuuuuuuuuuu UU\—/ W
ﬁopvmw ) ) ) ) ) ) ) ) ] )
BOTTOM VIEW U

Figure 3: EF Variable Inlet Geometry in the Wing Section
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The variable inlet geometry is located on the bottom part of the wing to enable optimal inlet
stream conditions for the EF during the propulsion support in the climb sections where the aircraft
experiences an high angle of attack. The rear inlets also close during cruise. Their implication on the
tail design is discussed in section 4. The propulsion system and all implications of electrical energy
as well as a sizing and performance analysis are separately discussed in section 6.

3.3 High Lift Devices

Slotted leading edge devices and trailing edge flaps are major contributors to airframe noise. These
become redundant owing to the U-Liner’s advanced airfoils as well as adaptive trailing edge structures
in combination with the electric fan integration. Natural laminar flow (NLF) airfoils generate sufficient
lift to eliminate the need for a leading edge high-lift device [1]. Additionally, they result in considerably
lower friction drag.

To provide enough lift at low speeds, the wing’s trailing edge is continuously flexed instead of using
conventional slotted flap mechanisms. These morphing trailing edge devices offer the possibility to
eliminate noise caused by slots and flap track fairings. Previous research [21,22] and testing in
operational environments [23] demonstrated the feasibility thereof. The high lift coefficient required
for low-speed lift generation is not only achieved by the morphing flap but also through blowing air
onto the flexible trailing edge surface. This circulation control system as seen in Fig 3(b) increases the
impulse of the boundary layer, delaying the flow separation. Thereby the flap effectiveness and in turn
the overall lift coefficient are increased. Eventually the high lift coefficient allows for landing speeds
as low as 120kts, reducing approach noise by 4 EPNdB compared to a common 140kts approach [12].

Furthermore, passive trailing brushes have the potential to almost completely eliminate source
noise [9]. Model aircraft experiments thereof reveal a possible reduction of up to 4dB [24], opera-
tional implementation of these polypropylene or metallic fibers however remain yet to be investigated.

High Bypass Ratio Noise shielding
\ 7 Morphing flaps
\T X /

Distributed Propulsion !:J“lmmm
-y LN
e .‘ {""“ (;ng
ST

No leading edge device

No flap track fairings

Short faired landing gear

Figure 4: Noise Reduction Technologies

3.4 Operational Noise Savings

Perceived noise levels can be lowered within airport regions not only by airframe and propulsion design
but also through optimized approach procedures. Staying at cruise altitude longer and performing a
steep low-drag low-power approach can reduce noise levels up to 3.9dB while having minimal impact
on flight time and fuel consumption [25]. This matches the estimated 3dB noise reduction of the
Double Bubble which are taken into account on the basis of a steep 4 degree approach trajectory [13].
These flightpaths in combination with optimal deployments of high-lift devices and landing gear as well
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as accurate approach speeds allow for minimization of noise impact through low noise augmentation
systems [25].

Effective perceived noise levels are time-integrated sound levels. The approximated dependence on
the distance between the moving aircraft and the observer is between the first and second power |26].
Hence by increasing the climb rate, community noise can be lowered. The high total thrust generated
by the TeDP enables take off field lengths of 1500m and climb rates of 2800 ft/min, increasing the
distance to the noise measurement point located at 6500m from the runway start compared to current
aircraft.

The combination of multiple noise-reducing components results in an overall effective perceived
noise level well below ICAO Stage 4 limits, however more precise estimations require CFD simulations
and wind tunnel tests which have not yet been conducted at this time. Additional effects caused by
the electric fan integration such as mechanically induced vibrations and noise due to electromagnetic
field generation remain to be assessed.

4 Aerodynamic Layout

For the U-Liner’s aerodynamic layout two primary design targets are the reduced fuel consumption
and the low noise footprint. In order to achieve these goals it is essential to reduce the overall drag
of the aircraft and eliminate primary noise sources of the airframe. This is achieved by exchanging
the conventional flap track systems with a continuously deformed wing skin structure referred to as
morphing wings. Effects of this feature are discussed in section 4.4.

The two most significant contributors to the overall drag are viscous drag with more than 50% and
induced drag with approximately 30% [10]. To achieve an improved aerodynamic performance these
have to be reduced. The share of friction drag plays a dominant role during cruise which accounts for
most of the mission time. Lowering friction drag therefore has great potential to reduce fuel burn,
emissions and costs.

The motivation behind laminarization is the reduction of friction drag achieved by a laminar
boundary layer. Surfaces with a laminar boundary layer have nearly an order of magnitude less
friction drag than surfaces with a turbulent boundary layer [27|. Laminarization generally has an
increasing effect for larger size aircraft. Based on research regarding laminar flow on transport aircraft
surfaces [10,28-35], an aircraft in the U-Liner’s size and weight category is expected to achieve a 15%
L/D improvement through laminarization. This would result in a 15% reduction in fuel consumption.
As mentioned in section 2 laminarization is a key feature of the U-Liner’s aerodynamics. The effects
and associated theories of laminarization therefore are discussed in the following section.

4.1 Natural and Hybrid Laminar Flow Control

Natural laminar flow (NLF) is a passive technique that uses optimized pressure gradients to maintain
a laminar boundary layer. For active boundary-layer flow control (LFC), suction is applied through
small holes in the wing’s upper surface area to maintain the laminar state at high Re numbers.
Three main types of instabilities that cause boundary layer transitions have to be kept in mind [10].
The Tollmien-Schlichting instability (TST) and Cross-flow instability (CFT) are closely related to
the LE sweep angle. Attachment Line instability (ALI) is caused by the fuselage boundary layer
disturbances along the wing’s leading edge. The Re number and related sweep angle of their occurrence
is represented on Fig 5 [10].

Relatively low chord lengths with the corresponding low Re numbers or small leading edge sweep
angles allow the laminar boundary layer to be passively maintainable up to a desirable distance from
the leading edge. With increasing Re numbers laminarization is only achievable with active flow
control. In order to reduce the flow control system complexity hybrid laminar flow control appears
to be the most promising technique.
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As the U-Liner’s wing houses the EFs, an
increased root chord length is required. With
the U-Liner’s taper ratio this in turn allows the Figure 5: Laminar Flow Boundaries
above mentioned HLFC until 50% of the half
span, as seen on Fig 3. On the outer wing area, starting at a chord length where NLF can no
longer be maintained, the boundary layer is passively controlled.

Reynolds number in millions

4.2 Airfoils for NLF and HLFC

Maintaining laminar flow is strongly dependent on the pressure gradient, which is in turn dependent
on the flight Ma number. The German Aerospace Research and Test Institution developed a high
Re number NLF airfoil, with a cruise Ma 0.74 and Re number of 26.5e6 [31]. These values are very
close to the U-Liners NLF wing section. This DEVLR-LV2 NLF airfoil was therefore selected for the
design.
The airfoil’s lift curve slope illustrates the po-
tential benefits of NLF with the reduced drag sec-
Q tion, the so called laminar bucket. The wing
loading was determined to keep the U-liner’s outer
wing section within the beneficial lift curve area.
This is in accordance with the desired elliptical
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Figure 6: The NLF Airfoil and its Polar

Desirable pressure distribution of HLFC airfoils have been described by NASA [37]. A high ca-
pacity HLFC transport aircraft study [27] was the primary source for the U-Liner’s HLFC airfoil.
The airfoil is designed for cruise conditions of Masp 0.8 with Apgp of 28°. The corresponding 2D
values are similar to the U-Liner’s HLFC wing section with a general leading edge sweep of 18° and
Masp 0.75. Again for the preliminary design, this airfoil was selected with thickness adjustments
due to structural reasons. The modified HLFC airfoil is illustrated in Fig 3.

After the selection of the NLF and HLFC profiles, with their resulting thickness value it is possible
to determine the sweep angle required to keep the wave drag as low as possible. At the modified HLFC
profile section a higher sweep angle is required due to its higher profile thickness relative to the NLF
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section of the U-Liner. As wave drag of a subsonic aircraft accounts only for a small percentage in the
overall drag value it is only mentioned that laminar profiles, such as transonic designs, expand the
drag divergence Ma number further [10]. Reduction of the cruise Ma number from the conventional
0.8-0.85 to 0.75 allows using smaller leading edge sweep angles, which benefits the laminar flow around
a NLF wing. This reduced sweep angle in turn reduces wing weight, increases maximum lift coefficient
and reduces terminal noise footprint. The sweep angles have been defined with the help of Torenbeek’s
equation [38| for supercritical 2D sections and later on verified with Korn’s equation which is based
on empirical data of second generation supercritical airfoils [39].

4.3 'Wing Design

The U-Liner’s wing system as schematically represented in Fig 3 uses the EFs located in the wing to
produce the required ingestion force for the HLFC control during cruise. The ingested airflow is used
to eliminate the bleed air requirements of the turbofan engine during cruise. At takeoff and landing
where the mass flow for the EFs is greatly increased, additional inlet and outlet slots are opened at
the lower surface of the increased incidence wing. This was discussed in section 3.2. The HLFC mass
flow from the front upper surface is than additionally led to the inlet opening mass flow, constituting
together the overall mass flow required for the EFs. The accelerated outlet airflow is deflected into two
parts. It produces the required blowing mass flow for the circulation control wing (CCW) system, and
produces thrust while exiting the aft section of the wing. The lower maximum angle of attack due to
the NLF profile could be compensated by the U-Liner’s wing configuration, as the CCW technology
increases high lift coefficients, even at moderate angle of attacks. This enables the U-Liner’s NLF
wing section to generate more lift during takeoff and landing and enables the operational request for
short runway lengths.

4.4 High Lift System

A promising solution for reducing mechanical complexity of conventional high lift systems is the CCW
concept. This employs tangential blowing over the trailing edges through slots and prevents trailing
edge separation, thus encouraging favorable pressure gradients for high lift coefficients. Combined
with leading edge blowing 2D lift coefficients greater than 7 are realizable. With moderate blowing
rates lift coefficients greater than 3 were measured at 0 angle of attack [40,41]. Tests to measure the
lifting capability of a 3D CCW wing resulted in lift coefficients exceeding 5 [41]. Pneumatic leading
edge devices were identified to have a remarkably greater effectiveness than the Kruger flaps used in
the reference configurations [40].

The application of CCW in the U-Liner greatly lowers takeoff and landing speeds which in turn
reduces the required runway lengths and enable a smaller noise footprint due to steep climb out
and eliminated flap tracks [41]. A NASA study evaluated the effectiveness of applying this concept
to a Boeing B737 wing. The typical 15 moving elements per wing were replaced with the CCW
flaps and leading edge system, resulting in a maximum of 3 moving components per wing [42]. This
emphasizes how strongly the high lift system complexity is reduced with the use of CCW technology.
The U-Liner’s pneumatic leading edge device is the frontal upper suction area. This is not only
beneficial as no other leading edge high lift system has to be installed, but also because the energy
requirement for relaminarization accomplished with leading edge blowing could typically be an order
of magnitude greater than the energy requirement of delaying separation achieved with suction [43] .
Fig 3 represents the above mentioned high lift systems incorporated in the U-Liner’s wing.

4.5 Wing Drag Reduction

The induced drag of a long-range transport aircraft at cruise conditions is the second largest comn-
tributor to total drag. This value is much greater at low speeds where it may account for 80% to
90% of the aircraft’s total drag [10]. A typical way to decrease the lift-induced drag is to increase
the aspect ratio of the wing. However wing aspect ratio is a compromise between aerodynamics,
structure characteristics and operational aspects such as the airport gate sizes. The alternative is
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to develop wing-tip devices acting on the tip vortex. A parametric study was done to research the
relative advantages of winglets and wing-tip extensions [44]|. The results illustrated that for most tip
extension a better performing winglet is found. For the preliminary design of the U-Liner a blended
winglet is incorporated with a height of 6% of the half-wing span. This wing tip geometry is estimated
to result in an induced drag reduction by 4% [34].

One of the reasons for the high wing location is its aerodynamic efficiency as 60% of the lifting
force is generated on the upper surface of the wing. A high wing configuration maximizes the usable
upper wing surface. For this reason the U-Liner has a higher maximal lift coefficient and in turn lower
approach and stall speeds than conventional configurations. ONERA conducted a study on the wing
body fairings for high wing subsonic aircrafts. The resulting optimal shape which is comparable to
the U-Liner reduces interference drag by 8% [45].

4.6 Lifting Fuselage Design

Aerodynamic shape optimization for transport aircraft results in a more slender lifting center-body
with distinct wings [14]. As a consequence and because of the difficulties related to BWBs, the optimal
solution to meet the operational and low noise requirements is a configuration with increased fuselage
lift but a separated wing section. The U-liner’s final fuselage design benefits from the following
aerodynamic effects:

e The higher carryover lift enables the reduction of the exposed wing area and its weight and
reduces the induced drag [46]

e Following the design aspects of a tailless airplane the fuselage’s centerline is reflexed for pitch
trim, which shrinks the required horizontal tail size and download

e The shorter cabin reduces the CG range, further shrinking the tail [46]

e Engine positioning reduces the engine-out yaw moments, shrinking the vertical tail area and
weight

It has to be highlighted that the wetted area determines friction drag, while induced drag is
inversely proportional to span. As a consequence a higher wetted aspect ratio (AR) is desirable. A
comparison of wetted AR vs. AR of reference configurations is represented in Fig 7. This figure
underlines that a configuration between classical tube-and-wing and BWDB is a desirable solution.

—&— Aspect Ratio

6
. / —— Wetted AR

2 ’k—.___ _./*
0
X488 A330 A321 U-Liner
BWB

Figure 7: Lift Distribution and Aspect Ration Comparison

The upswept aft fuselage surface typically contributes to the form drag of the aircraft, and causes
the generation of vortices to form on the underside of the aft fuselage. One of the most promising
solution for this problem is the usage of small strakes published recently as the Microvanes [47].
Bonding these strakes onto the aft fuselage on either side of the bottom section slows the vortex
formed by the upswept aft of the aircraft. For a high wing aircraft this solution is estimated to allow
a 3% reduction of cruise fuel consumption [48].

10
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4.7 Reduced Tail Size

Laminarization of the tail surfaces and nacelle provides a significant reduction of the overall drag of
the airplane [10,28-35]. Reducing the wetted area of the tail lowers the overall drag even further. Its
profile drag and the increase of induced drag from the tail download both directly lower the overall
Cr/Cp. The wetted area reduction therefore is one of the driving factors for the development of the
flat rear fuselage airplane with the integrated empennage concept of Airbus [49]. Similarly to the
HLFC fin of the A320 [50], the U-Liner’s vertical tail surface has a leading edge sweep that is too
high for the adherent Re number to enable natural laminar flow. This requires active laminar flow
control to maintain a laminar boundary layer on the U-Liners vertical tail. The high lift coefficient of
the wing during landing has to be balanced by the tail. To realize a reduced tail size, blown elevator
control surfaces are required. The system is represented in Fig 8. At the outer section (A-A), only
a blowing plenum is used to reduce the system complexity. As the U-Liner uses its EFs for landing
the generated airflow is partly deflected to the upper surface of the horizontal tail. The purpose of
this is to outweigh the shielding effect of the windmill-state TF engine and to increase the dynamic
pressure on the surface.

Figure 8: Horizontal Tail Lift System

As a secondary effect thrust vectoring of the EFs occurs as a result of the elevator deflection. For
blown trailing edge surfaces with no leading edge device an increase of ACE, of 2 is achievable [51].
As a consequence for the U-Liner’s tail Craztair 3-7 was assumed for further analyses.

If active stability augmentation systems are involved in the initial aircraft design the static margin
(SM) can be reduced to lower values [52,53]. This allows a reduced tail size which also reduces the
tail weight. Due to lower SM reduced tail download is required and the induced drag decreases. For
a transport aircraft the tail is typically sized by the maximum required download at landing.

U-Liner System Failure Following the wusual pitch-trim and pitch-

07 stability relations [46], the horizontal tail vol-
0,6 ‘ ume coefficient of the U-Liner with respect to
05 static margin is presented in Fig 9. It is illus-
04 | trated that under normal operating conditions
v, ‘ due to the greatly increased lift coefficient of
03 the tail, a relatively low tail volume coefficient
0,2 vy, is sufficient. The U-liner’s tail was sized
0,1 SM . with its vy of 0.518 to maintain a safe landing
0 | in case of an electric system failure interrupting

0 0,05 0,1 0,15 0,2 the airflow for the blown tail high lift system.

A safe landing can be executed even if the slot

Figure 9: Horizontal Tail Volume Coefficient blowing system of the elevator entirely fails. In

this emergency situation the high lift system of
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the wing is not applied, in order to reduce its maximal lift coefficient that has to be counterweighted
by the tail surface. This situation requires a high speed emergency landing but does not impose a
safety critical event.

Crmaz  CrLmagtaii SM Azeg/c Required vy, Actual v,
Active Systems 2.8 3.7 0.1 0.51 0.41 0.518
Failure of Systems 1.6 14 0.1 0.51 0.51 0.518

Table 1: Required and Actual Horizontal Tail Volume Coefficient

To reduce the complexity of the horizontal tail the use of active flow control next to the blown
plenum system was avoided. In case the elevator blowing plenum system fails, the airfoil has to provide
adequate low speed properties to counterbalance the lift generated by the wing. The objective of the
tail design was to select an airfoil which is a satisfactory compromise between high speed and high lift
values, as these values are generally in conflict to each other. Following a study for reducing tail size of
commercial aircraft [53], a helicopter rotor blade was selected as an initial design for the tail’s airfoil.
This airfoil is represented in Fig 8. For the U-Liner’s reduced tail size the wide range of aerodynamic
conditions appearing in a single cycle of a helicopter rotor blade (forward running higher speed blade
with opposite side rearward running lower speed blade) represents a suitable airfoil design.

Table 2 contains the static longitudinal and directional derivatives of the U-Liner and a comparison

to their typical values according to Sadraey [52]:

4.8 Estimation of Maximum Subsonic L/D

Requirement Symbol Typical Value U-Liner
(1/rad)

Static Longitudinal Stability Cpa —0.3 to —1.5 —0.53

Static Directional Stability Chp 0.05 to 0.4 0.12

Table 2: Stability Derivatives of the U-Liner

For a rough estimation of the maximum aerodynamic efficiency a two term approximation of the drag

polar as mentioned by Torenbeek [10] is applied.
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Figure 10: Lift over Drag Comparison
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C'teq represents the equivalent skin friction
drag coefficient based on the total airplane’s
wetted area. Extracting the friction drag
coefficient from research data based source
[54] and assuming fully turbulent surfaces,
Ceq is equal to 0.00316.

A detailed zero-lift drag calculation
was conducted based on the Component
Buildup Method from Raymer [55] which
allows to include the effect of laminar-
ization in the calculation with turbulent
and laminar flat-plate skin friction coeffi-
cients for each main component of the air-
craft.
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The drag polar in Fig 10 is determined based on the form factors, component interference factors
and the additional drag due to the upswept aft fuselage section. For a comparison the Airbus A321’s
polar is calculated using the equivalent skin friction coefficient and span efficiency factor according
to Raymer [55|. The above mentioned drag reduction technologies of HLFC and the reduced tail size
drastically improves the L/D of the U-Liner compared to the A321. Hence a L/D of 23 appears to
be a realistic assumption for the U-Liner concept.

5 Structural Optimization

The structural layout is based on the aerodynamic design, bearing in mind operational conditions
and production feasibility. In order to achieve the specified emission goals and payload capabilities,
aiming for low structural weight is crucial. Therefore the U-Liner relies on the efficient application of
fibre-reinforced polymers. The fuselage and wing structures are made from fatigue-resistant carbon
fibre composites which simultaneously allow for higher humidity within the cabin compartment and
therefore greater comfort. Monolithic composites are applied in areas that are exposed to high shear
stresses like the wing root whereas sandwich constructions lower structural weight where bending is
the primary load form, including the wing’s leading edge as well as the folding wing tip. Applying
sandwich constructions in load bearing components is currently prohibited by regulatory constraints
however are deemed necessary in order to reach the aspired objectives set by international organisa-
tions. On top, technological improvements in simulating and making use of the material’s anisotropy
is factored with a 10% improvement regarding mass estimations.

5.1 Load Alleviation Systems

The wing root bending moment represents a design driver regarding the structural layout of the wing.
For the purpose of weight reduction, load alleviation systems find application on the U-Liner. These
offer the possibility to lower bending moments without adding mechanical complexity to the aircraft.
Shifting the lift vector closer to the wing root by deflecting ailerons upwards and trailing edge flaps
downwards can drastically reduce wing root bending moments [56,57] and thereby make thinner wing
skins possible. Previous research shows that load alleviation systems allow for more payload while
keeping the vertical load factor constant [56].

ultimate gust load factor

ultimate maneuver load factor
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Figure 11: Reduced Vn-Diagram based on Load Alleviation Systems
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Compliant with EASA CS25, the aircraft needs to withstand limit loads occurring at 2.5g with
a safety factor of 1.5. Active maneuver and gust load alleviation on the other hand guarantee safe
operations of the aircraft within a reduced Vn-diagram. The vertical limit maneuvering load factor
is therefore lowered from 2.5 to 1.7 while the ultimate maneuvering load factor is adjusted to 2.55,
keeping a safety factor of 1.5.

In order for the gust envelope to take into account the load reductions from the gust load alleviation
system, a linear dependency of gust loads on gust speeds is assumed [58]|. Reversely the relevant
gust speeds are lowered linearly with the load reduction potential of the system for a Vn-diagram
integration. Assuming the gust load alleviation system to be able to safely reduce wing root bending
moments by 25%, the maximum load experienced by the aircraft at design speed for maximum gust
intensity Vp exceeds the maneuver limit load of 1.7. The ultimate gust load factor of 3.0 is therefore
more relevant for the structural design as opposed to the ultimate maneuver load factor of 2.55.
Applying a system capable of effectively alleviating gust loads, maneuver loads as well as suppress
flutter eventually changes the limiting structural specifications to other loads like landing [59].

5.2 Wing Root Design

The smooth interface between the lifting tube-like fuselage and the wing enable the hybrid propulsion
arrangement in the first place. On the other hand, the wing is placed at an aerodynamically favorable
position three quarters up the fuselage. Consequently, a new approach to the wing root design has
been applied. The split root arrangement is easily distinguishable from classical layouts as it is
designed to encapsulate the cabin compartment between the upper and lower wing skin. It carries
the loads of the upper skin and stringers through the cabin ceiling while the lower wing skin and
stringers are guided alongside the cabin floor as seen in Fig 12. The integration height of the electric
fans coincides with the cabin middle. Consequently the maximum deflection angles of the upper and
lower wing skin are similar. The air intake for the electric fans is mounted through openings in the
spars. As the spar webs are insignificant for load handling this only implicates restrictions for the
fuel system. The duct inlets at the wing surface are unproblematic from a structural point of view
because both leading and trailing edge surfaces are not carrying any significant loads.

Figure 12: Wing-Fuselage Intersection with EF Integration
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The low sweep angle minimizes structural weight by requiring only 8 omega stringers which offer
optimal torsional stiffness. Taking into account also the missing landing-gear integration at the wing,
no additional spar at the wing root is necessary. The front and rear spars are supported further into
the cabin compartment through additional walls without interrupting the available cabin or cargo
space, eventually reaching the central axis where they are joined with their counterpart to create
a continuous load transfer. In order to evaluate the concept, analysis regarding buckling, material
stresses and deflections were conducted by the means of Finite Elements Methods (FEM). To make
use of the same model for both FEM and future Computational Fluid Dynamics simulations, the
wing is modelled in between jig- and flight-shape.

Since the wing root’s moment of inertia is extraordinarily high as a result of the encapsulated
cabin, the design driving load case for wing skin thickness is buckling. The structural layout has been
engineered to prevent local as well as global buckling by shifting the critical eigenvalues beyond 1
for a limit gust load. At the leading and trailing edge this is primarily achieved through sandwich
constructions. The spars and wing skin are monolithic laminates mainly due to the difficult load
transfer into sandwich panels. Composite stresses caused at 2g are found to be insignificant for
component sizing compared to buckling. A representative wing lift distributions results in material
stresses well below first failure stresses.

At the attachment of the top wing skin to the fuselage, span-wise wing stringers and longitudinal
fuselage stringers intersect to prevent the area from buckling however only the influence of the wing
stringers was investigated.

Another key feature of the U-Liner concept are the folding wingtips. The outermost 4m each side
are folded downwards prior to reaching the parking position in order to fit inside the airport boxes
previously discussed. Downward-folding is enabled once again by the high wing position and favors
load distribution at the hinge compared to upwards folding. The fuel tanks are placed between the
outer electric wing-fan and the hinge for the folding wingtips while the space between the innermost
rib and the fuselage is preserved for batteries to constantly counteract the wing root bending moment.
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Figure 13: Wing Displacement [mm| at 2g

5.3 Fuselage Structures

The high wing of the U-Liner not only affects the cargo space but also leads to a landing gear
integration in the fuselage and allows for optimal longitudinal positioning as the wing position is no
constraint. The freight compartment is interrupted at the integration point to provide enough space
for the main landing gear and ensuring an adequate track width. Next to the cargo space, vertical
stabilizers assist in bearing the cabin pressure loads of the dual-elliptical fuselage cross section.
Resulting from the high-density configuration of 300 PAX, four type A exit doors are placed on
each side of the cabin to ensure safe evacuation. These are embedded in a full composite fuselage
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design similar to modern aircraft. The recurring structural pattern aims to reduce production costs
while encouraging the family concept design.

Figure 14: High-Density Single-Class Cabin Layout

The unconventional layout of 11 seats abreast keeps the
fuselage short compared to current twin-aisle aircraft and Single Class 3.5.3 301 PAX
can be adapted to 10 seats abreast in either twin- or triple-
aisle configuration. The latter arises from the requirement
to lower boarding times and thereby enhance profitability. Two Class 343 E/C 939 PAX

Single Class 3-2-2-3 272 PAX

At the rear of the fuselage, the load transfer from the 2-2-2 B/C
single turbofan is assumed to be feasible. Without further
investigation also the implementation of the electric engine Table 3: Cabin Configurations

pair at the aft section is deemed unproblematic because of

the limited thrust level. The air duct inlets leading to the additional fans require the installation of
a hydraulic system. These technologies however exist already and are not assumed to be hindering
the concept from a structural point of view.

6 Low NOx Propulsion System

A primary design target of the U-Liner concept is to reduce nitrogen oxide (NO,) emissions in the
near airport environment and during cruise in higher altitudes. Therefore the potential of alternative
propulsion technology is investigated and the application of a hybrid electric system further evalu-
ated. The turbo electric propulsion system introduced in section 3.2 is discussed in more detail. This
includes a performance assessment to incorporate operational requirements as a baseline for the sub-
sequent component sizing. The resulting electric system is combined with a promising TF technology
which is down-selected from a number of multivariable TF cycle optimization studies that were con-
ducted in the simulation tool GasTurbl2. The resulting engine performance figures are compared to
current TF technologies and potential improvements in efficiency and NO, emissions are presented.

6.1 Investigation of Alternative Propulsion Systems

To achieve an 80% reduction of LTO NO, emission hybrid electric energy concepts, hydrogen fuels
and fuel cells were examined for alternative aircraft propulsion. Systems however that contain large
amounts of hydrogen suffer from severe drawbacks. Most critical is the high operational safety risk, the
contrail cloud emission and the increased system complexity especially when incorporating cryogenic
tank cooling [4,20]. The hydrogen tanks also cause a noticeable weight penalty to the aircraft. The
U-Liner therefore focuses on incorporating electric energy as a possible alternative to TF propulsion.

A key metric for the applicability of electric energy in aircraft propulsion is the specific energy
density of batteries. Today specific energy densities of Li—Ion batteries are limited to 200-300 Wh/kg
which is approximately 2.5% of Kerosine fuel [60,61]. Improving these energy densities receives a great
amount of research attention and technological advancements in battery materials are expected to
enable higher densities [60]. Estimations until 2035 mostly range from 500 - 1500 Wh/kg [60]. The
most promising Li — Oz combination has the potential to reach up to 1750 Wh/kg |20] but the
feasibility of a Li — O batteries is highly uncertain and not considered to be a realistic technology for
an EIS 2035 Aircraft [20,62]. The U-Liner concept therefore incorporates a more realistic sulfur based
battery system which is expected to yield an energy density of 500 - 1250 Wh/kg until 2025 [20].
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Based on these estimations an energy density of 1150 Wh/kg is chosen for the EIS 2035 U-Liner
concept. This density is far off from the 2000 Wh/kg limit which was identified to enable universally
electric flight for short range transportation aircraft [63]. A pure electric design therefore is considered
to be infeasible but the combination of electric and turbo propulsion remains as a possible alternative
to conventional TF technology. The impact of the energy density on the feasibility of the concept is
discussed in a sensitivity analysis in section 7.3.

Introducing electrical energy to an aircraft’s propulsion system enables advantages linked to the
characteristics of electric motors. Their energy conversion throughout the entire efficiency chain is
far superior to a heat engine [20,61]. Maximum available power outputs of EFs may be considered as
independent from Ma number and operating altitude when assuming appropriate heat management
[61]. This is contrast to turbo engines which depending on their BPR loose about 80% of their thrust
output at the initial cruise altitude (ICA) [61,64]. Power densities of normal conducting electric motors
range from 2 to 10 kW /kg which is already comparable to gas turbine power densities [60]. Optimistic
estimations expect high temperature superconducting electric motors to reach power densities of up
to 40 kW /kg until 2035 [60]. These systems however rely on advanced cryogenic cooling techniques
which introduce a high level of system complexity to the aircraft [65]. This complexity has to be
controlled in order to enable the technology for application in transport aircrafts. The U-Liner
concept therefore relies on a rather conservative power density estimation of 3.8 kW /kg including
motors, cooling, cables, inverters and crosslinks.

6.2 Performance Baseline

With the U-Liner competing in a short to medium range market segment it has to deliver flight
performance figures that are similar to an Airbus A320 type aircraft. The mission profile in Fig 15
lists the climb performance figures of the U-Liner and the ROC figures of a short range reference
aircraft as a comparison. The reference data is taken from the CeRAS database [66]. The table
contains only data that is relevant for sizing the components of the propulsion system. This includes
all mission segments from taxiing until the TOC as well as the critical OEI case. These represent
relevant inputs for the sizing of the battery system. Descent, loiter and approach however do not
effect battery sizing due to the large ETOPS reserve of the OEI case far surpassing the amount of
energy required for these flight segments. They also do not effect the sizing of the electric motors due
to their part load characteristic.

Energy| Electric Hybrid Turbo Fan Electric Electric
FL330 : A320 Type
FL300 U-Liner
FL100
35 ft \
Taxi |T/Oto| Climbto [ Climbto| TOCat | Cruise at |Descent to| Loiter| Decent to Final
Mission Phase 35ft [ FL100 FL300 FL350 FL300- FL100 1500ft |Approach ETOPS 90
(3000m) | (9000m) | (11000m)| FL350
Time [min] 26 0.7 4 11 7 460 - - - - 90
ROC A320 [ft/min] - 400 2400 1800 1200 500 - - - - 100
ROC U-Liner [ft/min] - 400 2800 1600 1200 500 - - - - 100
ROC U-Liner [m/s] - 2.0 14.0 8.0 6.0 2.5 - - - - 0.50
Airspeed [knots] 25 120 250 310 310 Ma 0.75 - - - - -
Airspeed [m/s] 13 60 130 160 160 220 - - - - 167.20
[SEP Rate [m/s] | - [800] 1558 | 867 | 577 | - | - 1 -1 - 1 - 1 /[ o7 |
[ sizingConstraint | - | TET | E-Power | -] - [ TF Thrust | Irrelevant for Sizing (-) | [ Battery |

Figure 15: Mission Profile

The operational requirements from the mission profile are processed into two separate performance
assessment charts in Fig 16. The left chart contains all sizing constraints for take off, the right chart
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6 LOW NOX PROPULSION SYSTEM

all constraints during the climb segments.
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Wing Loading [N/m 2] Wing Loading [N/m 2]

Figure 16: Performance Assessment Charts

Two basic figures of merit used for the performance assessment are the aircrafts wing loading and
specific excess power (SEP). SEP represents the utilizable energy difference at a specific point in time
it can be used for acceleration or climb power.

dH 'V dV
SEP = —+ — - — 3
dt+g dt )

The SEP curves in the take off chart on the left side of Fig 16 represent the thrust required for
accelerating to take off velocity and reaching the 35 ft altitude. The runway curves represent the
distance required for the Aircraft to lift off. They include a safety factor of 1.2 to account for the
acceleration-stop distance [58]. The design point for take off illustrated by the red dot, is driven by
the required SEP to accelerate to take off velocity on a short 1500m runway. The resulting thrust
to weight ratio of the U-Liner is above the limit for a typical 2200m runway limit [66]. Fig 16
illustrates the strong dependency of the SEP and runway limits on the aircraft’s wing loading. This
was incorporated as a key factor for the U-Liner’s wing design.

A critical design point for every propulsion system is to ensure a safe take off even in the unlikely
event of an engine failure. In order to comply with FAA and ICAO regulations the remaining SEP
for OEI has to ensure at least a ROC of 100 ft/m [67|. For hybrid configurations this SEP minimum
most often imposes a critical sizing constrain on the secondary power systems [68]. Fig 16 illustrates
the SEP limit for the OEI case as a lower boundary for the secondary power system. To ensure
additional safety the U-Liner aims to achieve this minimum even if the TF and one EF fail.

The performance analysis on the right side of Fig 16 determines the thrust levels required to
achieve the pursued climb performances. A major design targets is to increase the maximum ROC
from take off to FL100 by 20% in order to minimize noise levels in the near airport environment.
This climb segment requires the maximum SEP and therefore imposes a critical sizing constrain on
the overall propulsion design. The high ROC to FL100 allows the following climb segments to be
performed with a lower ROC requiring less SEP to reach the cruise altitude. The design thrust at
cruise conditions results from the thrust to drag balance of forces at maximum cruise velocity. It
represents the design point for the TF System and is the baseline for all cycle optimization studies.
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6 LOW NOX PROPULSION SYSTEM

6.3 Component Sizing

To size all components of the hybrid propulsion system, the performance figures were taken as a
baseline. A major design target is to avoid TF part load conditions and to relocate the TF design
point from TOC to cruise conditions. This prevents oversizing and improves cruise efficiency. The
TF thrust levels at the different mission phases were determined via a GasTurb simulation in which
the cruise condition represented the design point and all other segments were treated as off-design
points. The electric system then has to compensate the undersized TF performance during the climb
segments and at take off. Table 4 summarizes all required thrust, power and energy demands for
sizing the system components.

Taxi |T/Oto| Climbto | Climbto| TOCat | Cruise at | Descent to| Loiter| Decentto| Final
Mission Phase 35 ft FL 100 FL300 FL350 FL300- FL100 1500ft |Approach ETOPS 90
(3000m) | (9000m) | (11000m) | FL350

Throttle TF [%] 0% | 100% [ 100% 100% 100% 100% 0% 0% 0% 0% 0%

EF Power [%] 3% 79% 93% 43% 48% 3% - - - - 57.74%
[Time [min] | 26 Jo7 ] 4 | 1a | 7 [ a0 | - T[T -T - T - 11 9 ]
[Req. Thrust [kN] | 28.02 J400.25] 262.80 | 12420 9631 [ 5438 | - [ - [ - [ - ] [ 4807 |
TF Thrust [kN] 0.00 |217.53| 163.14 [ 87.01 54.38 54.38 . - - - 0

EF Thrust [kN] 28.02 [182.72| 99.66 37.19 41.93 0.00 - - . - 48.07
TF Power [MW] 0.00 |13.05| 21.21 13.92 8.70 11.96 - - - : 0.00

EF Power [MW] 0.42 | 12.60 14.89 6.84 7.71 0.40 - - . = 9.24
TF AUX Power [MW] 0.00 0.60 0.75 0.75 0.75 0.95 - - - - 0.00

EF AUX Power [MW] 0.60 0.00 0.00 0.00 0.00 0.00 - - - - 0.95

Req. E-Energy [MWh] 0.44 0.15 0.99 1.25 0.90 3.07 - - - - 13.86

Req. TF Energy [MWh]| 0.00 0.16 1.46 2.69 1.10 99.01 . . - - 0.00
Total Energy [MWh] 0.44 0.31 2.46 3.94 2.00 102.07 - . - - 13.86
| sizingConstraint | - [ TET [ E-Power -] = | TF Thrust | Irrelevant for Sizing (-) | [ Battery

*E-Efficiency n=n_el n_pr=0.87 Total Battery Weight @ 1150 Wh/kg E - Motors @ 3.8 kW/kg

E_EL Req. [MWAh] 20.66 ETOPS 90 [t] 17.96 Power [MW] 16.00

P_EL/P_Total [%] 0.17 ETOPS 120 [t] 21.98 Weight [kg] 4210.53

Table 4: Electric System Sizing

The electric power requirement P.; depends on the EFs net thrust F'IV, the aircraft’s flight velocity
V and the product of the engine’s electric efficiency 7., and propulsive efficiency 7, [68]. The electric
energy requirement is determined as the product of the EF power requirement and the time of the
flight segment.
_FN-V

p,=-""7 4
‘ Tlel = Tlpr ()

The increased ROC to FL100 and the substantial EF support during take off require a great amount
of thrust but only for a short period of time at low flight velocities. The steep climb angle and the
EF support during take off therefore represent a sufficient solution for significantly reducing noise
levels by incorporating the advantages of electric propulsion. The resulting TeDP design contains six
electric motors with a combined output of 16 MW. This design offers a 25% margin over the OEI
minimum and a 10% margin in case of OEI and one EF failure.

A TeDP system with a single large TF instead of two small Turbofans is considered for the U-Liner
design. This configuration has a lot of potential for reducing emissions and noise levels. The OEI
case however imposes a critical sizing constraint on the electric energy supply system. It has to store
enough energy for a 90 minute flight under OEI optimal conditions in order to comply with FAA
and ICAO ETOPS90 regulations. The resulting battery size leads to a noticeable weight addition. A
conventional two TF system therefore appeared to be the superior design solution in the early concept
stages. But some additional considerations were taken into account. The U-Liner aims to position
the TF system on the rear upper section of the aircraft in order to shield against fan, jet and turbine
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6 LOW NOX PROPULSION SYSTEM

noise. This would force the two TFs to be positioned within very close distance which is critical for
safe operation. An uncontained disc failure e.g could severely damage the other TF and therefore be
a single point of failure in the propulsion system [69]. In order for the two TF arrangement to offer
appropriate system redundancy a protective casing would have to be incorporated to shield against
these types of failures. But the location’s long arm of lever causes a high weight sensitivity which
imposes a major drawback of the two TF system.

The weight difference of the two arrange- Weight Ttem Unit Single TF Two TFs
ments is calculated in Table 5. The differ- Battery kg 17964 5914
ence in battery weight results from the ad- Turbo Fans kg 2600 4600
ditional energy reserve the one TF system Casing kg 400 1600
requires for an ETOPS 90 certification. The Mission Fuel kg 20000 21350
TF weights were calculated using empirical Total kg 40964 33464
correlations taken from Raymer [55] and the Weight Difference kg 7499 0
weights of the casings are estimated based Growth Factor kg  1.058 0

on material strength and density. Mission Weight Addition kg 7937 0

fuel weights were determined iteratively due

to their dependency on SFC. Balancing all Table 5: Comparison of Propulsion Systems

component weights including a growth fac-

tor [58] results in a 7937 kg weight penalty of the one TF System. This weight penalty has to
be compensated by an improvement in TSFC. To calculate this required TSFC improvement which
would represent a break even of the two systems, the specific air range can be used as a key figure
of merit for vehicular performance [61,64|. For a comparison of the two systems the aerodynamic
performance L/D and the cruise velocity Vi are assumed to be the same. The only differences occur
in fuel consumption ATSFC' and in the systems integrated aircraft weight Am 4.

ar _ Ve L 1 -0 (5)
dW ~ ATSFC D g¢-Ama

To achieve the same specific air range the one TF System has to compensate the 7937 kg weight
penalty by improving its TSFC in cruise conditions by 5.8 % compared to the two TF system. This
result is the baseline for finding an optimal TF arrangement that incorporates the NO, reduction
targets as well as noise levels and efficiency requirements.

6.4 Turbo Fan Cycle Optimization

To determine a TF technology that can achieve the required TSFC and NO, reduction, a number
of cycle performance optimizations were simulated in GasTurbl12. Due to the support of the EFs,
the TF can be sized for cruise instead of the usual top of climb conditions. The design point for all
simulated cycles was therefore set to Ma 0.75 in ISA conditions at the initial cruise altitude. This
cruise design point avoids oversizing and part load of the TF in cruise. It results in an increased
combustor loading for the simulation and causes TF cycle temperatures to rise during cruise. Higher
cycle temperatures of conventional TF cycles demand higher OPR levels to achieve optimal core
efficiencies and reduce cruise TSFC [64]. The combination of high cycle temperatures and high OPRs
however increases the engine’s NO, emission |64]. This trade off between TSFC and NO, is known
to be a general conflict of interest that limits the ability of conventional TF technology in achieving
both efficiency improvements and emission reductions [64]. Hence a new core concept of the research
program NEWAC [70] was down-selected from a number of promising TF technologies that were
investigated as alternatives. It incorporates compressor intercooling and recuperation using heat
exchanger technology. This advanced cycle technology referred to as intercooled recuperated aero
engine (IRA) was assessed in a multi variable cycle optimization study to reduce TSFC and NO, at
the design point in cruise. Off-design performance and HPT material heat resistance were considered
as constraints for TET and net thrust at take off. To illustrate part of this optimization, a parametric
iteration of the key variables BPR and burner exit temperature is plotted in Fig 17.
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Figure 17: Parametric Optimization of IRA Cycle

The parametric plot on the left side of Fig 17 illustrates the trade off between TSFC and NO,
for an IRA cycle with an OPR of 36. The engine’s NO, severity parameter Syo, [71], illustrated
by the colored zones, reaches a minimum in TSFC at one specific thrust level. Lowering the OPR
to 26 (right plot) however, changes the general structure of the Syo, zones and allows to improve
the engine’s TSFC at the same Syo, value. The new optimum illustrated by the black dot, has
a lower TSFC and a higher BPR without increasing the engines NO, emission. The TET of the
new optimum only differs by less then 1%. This could not be achieved with a conventional TF cycle
which requires increased OPRs and TETS to improve efficiency levels at higher BPRs [64]. The IRA
technology therefore offers great potential for reducing NO, emissions and improving overall engine
efficiency [70,72].

Incorporating an IRA engine into the U-Liner concept yields some additional advantages for the
heat exchanger technology. The IRA cycle largely benefits from the constant burner exit temperatures
caused by the increased cruise loading condition. Conventional TETSs in cruise are 300-400K below
their corresponding take off values [72]. The optimal preliminary design point of the IRA cycle has
a TET of 1733K during cruise and 1760K at take off in ISA+10 conditions. This flat temperature
profile offers an ideal environment for the application of heat exchangers. The resulting improvement
in cruise TSFC for a single large TRA engine is determined to be 15.3% compared to a system with
two GTFs and 7.5% compared to a system with two smaller IRA engines (all with the same polytropic
efficiencies). The efficiency gain of the single engine system therefore exceeds the required limit of
5.8%, causing it to be the superior propulsion system for the U-Liner concept. The IRA engine is
also beneficial for reducing noise emissions. This is due to the smaller core diameters that in turn
allow for higher BPRs at the same fan diameter.

6.5 Performance Comparison

To examen the U-Liner’'s NO, emission, the LTO cycle conditions were simulated as off-design points
for the IRA performance cycle. The reduction in total LTO NO, emission is estimated to be 82%
relative to a current generation Airbus A321. The corresponding characteristic value D,/ Fy would be
78% below the CAEP 6 Limit. This already accounts for a drastic reduction of LTO NO, emissions
but it does not yet satisfy the design requirement. The reduction however represents an accurate es-
timation using a valid cycle design of a GasTurb optimization. To underline the impact of advanced
cycle technology and hybrid propulsion a detailed comparison of LTO NO, emission is given in table
6. The data for the A321’s CFM56-5B2/P is taken from the ICAO Emission Database [73].

The GasTurb results presented in Table 6 are entirely based on a model for dual annular combustors
and therefore do not account the effect of ultra low NO, combustion technology such as RQL [71].
These new combustor types have tremendous potential to further reduce NO, emissions but simulat-
ing their cycle performance requires the addition of empirical correlations for RQL combustors [74].
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7 CONCEPT FEASIBILITY

A321 U-Liner

ICAO Landing and Take Off Cycle | 2x CFM56-5B2/P (2001) | 1x IRA Engine (2035)

Mode Power [%]| Time [s] | Fuel Flow ElInoq Fuel Flow ElInoq
[kg/s] [g/kg fuel] | [kg/s| [g/kg fuel|

Take Off 100 42 1.992 23.6 1.3633 17.22
Climb 85 132 1.598 19.6 1.0386 13.34
Approach 30 240 0.55 9.2 0 0
Taxi 7 1560 0.194 4 0 0
Aircraft LTO NO, Emission [g] 15446 2814.84
Reduction of LTO NO, Emission 82%

Table 6: LTO NO, emission comparison

The resulting emission predictions should therefore be regarded as rough estimations.

To determine the effect of an RQL combustor an empirical correlation for RQL technology |74]
was incorporated in the GasTurb performance simulation. The resulting LTO NO, estimation yields
a D,/Fy of 6.89 which is 87% below the CAEP 6 Limit and therefore exceeds the design target.
A comparison of these results to current generation TFs based on the ICAO Emission Database is
illustrated in Table 7 [73].

A321 A320 A321 Neo U-Liner
CFM56-5B2/P | CFM56-5B6/P | PW 1133G-JM | IRA + RQL Comb.
(2001) (2006) (2017) (2035)
OPR 31.57 24.64 38.9 26.76
Dy /Fy 64.9 46.9 38.3 6.89
| % below CAEP6 Limit | - 4.5% | 8.8% | 50.0% | 87.3% |

Table 7: Comparison of Characteristic Value

The CAEP Limits increase with higher OPRs which does not favor the IRA engine of the U-Liner.
The low OPR however largely contributes to the reduction of cruise NO, emission. For a comparison
of cruise NO, emission the CeRAS Reference Aircraft [66] is not entirely suitable due to its V2500
engine being older than 2005. To obtain a more accurate comparison a 2005 CFM56 was simulated in
the same flight conditions as the IRA engine. The simulation determines the IRA cycle to have a 74%
lower cruise NO, emission on the 3200nm design mission. This is again a tremendous reduction but
short of the design target. To achieve the required 80% reduction in cruise NO, the U-Liner relies
on the additional emission saving potential of alternative biofuels which have recently been identified
to have a major impact on cruise emissions |75].

From an efficiency standpoint the U-Liner’s propulsion system largely benefits from the single IRA
engine’s TSFC of just 13.09 g/kNs. This 20% improvement over the simulated CFM56 causes the
U-Liner to consume 53% less fuel per 100 PAX km than a current generation Airbus A321. Compared
to a larger Airbus A330-200 in a 300 PAX configuration the reduction in fuel consumption per 100
PAX km is beyond 60%.

7 Concept Feasibility

7.1 Weight Estimation

The weight estimation is based on a semi-empirical method taken from Torenbeek [10]. In order
to compare the calculated system weights to current aircraft, the same method has been applied to
both Airbus A321 and A330-200 as the U-Liner fills the size gap between these two. The primary
target of lowering the structural weight is enhanced through the application of composite materials.
In combination with technological advancements and making use of the material’s anisotropy, weight
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saving factors of 5-15% were assumed for different components with respect to the semi-empirical
method.

For the fuselage, wing and empennage structures

Weight [t] A330-200  A321 a 10% overall weight saving was presumed. The
MTOW 136 -38% W) +53% wing weight estimation is based on the FEM
Fuselage 12.4 -25% 27 +28% model, predicting a 8.4t structure. The wing po-
Wing 8.4 -28% 2720 +24% sition in conjunction with the rear engine mount
Empennage 3.1 -33% | 71+82%  also separates the landing gear from the wing
Landing Gear 4.9 -9% [L11-9% structure, simultaneously making it shorter and
furhotdn 4.4 -579% ) -2% thus lighter. This has been factored with a 15%
Systems S ~55% \N\277272Z2 +51% weight reduction for the undercarriage. The
Fuel 20 -71% [ENTN7]-15% . .
structural savings for the single turbofan have
Design Payload 28 +4% [ +63% been med with moderate 5% th d
OEW 86.9 28% S v81% e W OALTate 970 as BHeSe ads

vancements mainly concern the engine casing.
EFsandBattery ~ 21.9 The batteries required for the hybrid configura-
tion add a significant system weight due to the
ETOPS certification. This however leads to sub-
stantial savings in fuel which directly influences
the operational competitiveness of the U-Liner.
Incorporating the battery weight into the OEW results in an overall reduction of 36% thereof com-
pared to the A330-200 and a 61% increase compared to the A321. Furthermore the payload capability
is superior to both baseline aircraft, underlining the usability as a short range freighter after decom-
mission from passenger transport.

Figure 18: Weight Estimation and Comparison

7.2 Cost Comparison

A primary goal resulting from the operational requirements is to reduce the Direct Operating Costs
of the U-Liner. About 80% thereof are resembled by Cash Operating Costs (COC) 7], consisting
of crew, maintenance, fee and fuel costs. An early estimation based on the method proposed by
Thorbeck [76,77] is illustrated in Fig 19. These values were calculated for 1000 flight cycles assuming
the same flight times for the U-Liner, Airbus A321 and A330-200. For comparison purposes, the costs
are presented per passenger.

In this comparison the A321 is the aircraft with

the lowest fees for landing, ground handling and A330-200 A321
navigation since these are dependent on MTOW

and payload. Maintenance costs scale with OEW Fuel -64% | ! 1-33%
and are highly dependent on the aero engine Fees +3% +35%
used. Due.to the single turbofan c.onﬁguratlo.n Maintenance 7% [0 +2%

of the U-Liner the number of turbine stages is

lowered to three for the entire aircraft which en-

ables significant savings in maintenance costs. M

Furthermore, the fuel consumption per 100 PAX Ccoc -24% +8%

km is estimated to be 53% below an Airbus A321

for a 3200nm design mission. The aircraft com-

parison is based on a 2016 US airline fuel price Figure 19: Per-Passenger Cost Comparison

of 0.34Euro/liter [78]. The fuel costs are com-

plemented by the electric energy required for the hybrid propulsion system which is predicted to
be 10MWh for the entire design mission. As electricity prices vary greatly between different coun-
tries |79], the price was assumed to be 0.28 Furo/kW h. Despite minor drops in fuel prices in recent
years, the general trend is expected to continue upwards [3]. This supports the hybrid propulsion
design for the U-Liner with the given entry into service horizon.
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7.3 Sensitivity Analysis

The U-Liner’s single TF design requires a large battery to provide enough energy in case of the single
TF failing. One of the most critical variables therefore is the specific energy density of the battery
system. To identify a minimum specific energy density the concept’s sensitivity of this parameter is
investigated. At a specific energy density of 1150 Wh/kg the single TF system has to deliver a 5.8%
improved TSFC to compensate its the additional battery weight. The resulting minimum TSFC of
14.2 g/kNs is illustrated in Fig 20. This minimum however varies with the specific energy density. The
black line in Fig 20 represents all combinations where the reduced TSFC of the single TF system ex-
actly compensates its battery weight penalty and achieves the same specific range as a two TF system.

15 1 The TRA engine however has an esti-
mated TSFC of 13.09 g/kNs and there-
14r fore manages to improve the specific
sk range by 10%. This is illustrated as
o the green line. For lower energy den-

—_— [ . . . .
é’m— EN sfcy‘ this specific rapge improvement
) 2 shrinks due to the increased battery
g” S weight. The advantage of the sin-

L .
= %) gle IRA engine reaches zero at 600
101 ® Min TSFC @ 1150 Wh/kg 065 = i
Single IRA Engine Design Point : Wh/kg EVGI‘y energy den81ty below
— A Specific Range = 0 . .. ..

ot — — 5% improved Specific Range 10.6 this minimum limit would cause the

10% improved Specific Range : : :
10% lose Spocifc Range. lo.55 single IRA engine to achieve less spe-
8 — Min Energy Density for single TF Concep cific range than a configuration with

! ] 3 ‘ 05

0 400 800 1200 1600 2000 two GTFs and a smaller battery. The
Specific Energy Density of Batteries [Wh/kg] red line at 600 Wh/kg therefore repre-

sent the minimum energy density re-
quired for the single turbofan concept

Figure 20: Sensitivity Analysis
to be feasible.

8 Conclusion

The Urban Liner concept introduces a new aircraft configuration that incorporates and combines
advantages of promising aerospace technologies to achieve the ambitious goals of DLR and NASA
and deliver outstanding operational performance. To achieve the 42 dB noise reduction target the U-
Liner introduces a single turbo fan hybrid design which is expected to reduce engine outlet velocities
at take off by up to 60% compared to current configurations. The engines remaining jet stream, fan
and turbine noises are shielded by the U-Liner’s wide body and twin vertical tail system. This design
is expected to significantly reduce sideline and flyover noise levels. It is combined with a morphing
wing high lift system to reduce approach noise and achieve the cumulative noise reduction target.

The final airframe design has the noise shielding advantages of a BWB but avoids the economic
drawbacks related to them. The U-Liner’s advanced tube-and-wing configuration well cooperates with
existing airport infrastructure and allows for future family concepts. It benefits from the introduction
of advanced aerodynamics which achieve a significant reduction in the aircraft’s overall drag. The
reduced tail size as well as the application of hybrid laminar flow utilize the distributed electric
fans during cruise and therefore represent additional measures for maximizing usability of hybrid
propulsion.

The advanced aerodynamic technologies were integrated in a structural airframe design which was
assessed and optimized using Finite Element Methods. The resulting layout not only takes advantage
of carbon fibre materials for weight savings but incorporates their material properties to realize new
design opportunities. The innovative split wing root design with its variable inlet geometry allows the
integration of the electric fans and their combinational use to deliver propulsive support and reduce
drag during cruise. This major feature of the U-Liner represents a new solution for compensating the
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additional system weight of a hybrid aircraft. The support of the electric fans allow the turbo fan
to be sized for cruise conditions instead of the usual top of climb conditions. This avoids oversizing
of the turbo fan and by itself improves efficiency and emissions. It enables new turbo fan design
opportunities and technologies.

The GasTurb cycle design optimization study that was based on the new cruise design point,
identified the intercooled recuperated aero engine as the most promising turbo fan technology for
the U-Liner’s design targets. The heat exchanger hereby largely benefits from the steady loading
conditions and the resulting flat temperature profile of the hybrid system. Combined with an ultra
low NO, combustor, the simulation of the intercooled recuperated aero engine estimates an 87%
reduction of the LTO characteristic NO, emission value relative to the CAEP 6 limit. Cruise NO,
emissions are estimated to be 74% lower compared to the simulated EIS 2005 CFM56 reference engine.
With the addition of alternative biofuels a cruise NO, reduction beyond 80% is expected.

With the advanced aerodynamic and propulsive technologies of the U-Liner cruise fuel consump-
tion per PAX is estimated to be more than 50% lower relative to a current generation Airbus A321.
Compared to a larger Airbus A330-200 in a 300 PAX configuration the reduction in fuel consumption
per 100 PAX km is beyond 60%. These results lead to a very competitive market position of the
U-Liner. To compare its operational capabilities a payload and range diagram is illustrated in Fig
21. It underlines the market positioning of the U-Liner. The aircraft offers a slightly larger maximum
payload capacity than an Airbus A330-200 but only for a short range. For medium range missions
the U-Liner offers superior payload and range capabilities to an Airbus A321.

At the design range of 3200nm the U-

Liner manages a 50% increased payload 45 ‘ ‘
relative to the A321, making it an ideal — U-Liner ETOPS90
aircraft for high payload capacities on :X;Z'?er ETOPS1201
medium range missions. The application A330 - 200
of a hybrid propulsion system also in-

volves operational implications. The bat-
tery weight of the U-Liner varies with the
requested ETOPS certification. This in-
troduces additional flexibility for airline
operations. A standard ETOPS 90 ver-
sion is considered most profitable but a
possible ETOPS 120 version would offer
increased route flexibility and combined
with a larger fuel capacity lends itself for
longer flight operations. The specific bat- 0 20‘00 40‘00
tery energy density however limits the air- Range [nm]

craft’s ability for long haul applications.

An ETOPS 180 certificate would require Figure 21: Payload Range Diagram
increased energy densities or an alterna-

tive two turbo fan configuration.

Payload [t]
>

6000 8000

The U-Liner was developed as a pre-concept investigation study and encourages future research to
further investigate its suggested technologies for noise and emission reduction. All noise predictions
presented in the report are entirely based on comparisons and handbook methods. For a more accu-
rate estimation of aircraft noise emissions a computational fluid dynamics model would be of great
value. It would also allow a more detailed aerodynamic revision of the airframe and wing geometry.
More accurate engine emission predictions are expected when incorporating future field testing data
of low NO, combustors into the engine’s performance simulation.
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